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ABSTRACT

Luminous and Ultra-luminous IR galaxies ((U)LIRGs) are critical for investigating feedback mecha-
nisms due to a combination of intense star formation (SF) episodes and active galactic nuclei (AGN),
particularly in the context of complex galaxy interactions. We conduct a detailed analysis of the
IIZW 096 merging system using the Multi-Unit Spectroscopic Explorer (MUSE) on the Very Large
Telescope (VLT), combining high-resolution Narrow Field Mode (NFM) and large-area Wide Field
Mode (WFM) observations. We mapped the morphology, kinematics, and ionizing radiation of the
system’s gas by fitting atomic emission lines and the optical continuum. We identify three or more
distinct galaxies within IIZW 096, revealing rotational patterns and complex interactions consistent
with acollapsing small galaxy group. The kinematics and ionization structures suggest high star for-
mation rates and 'shock-driven processes, which align with this proposed scenario. Focusing on the D1
compact region, which contributes 40-70% of the system’s IR emission, and combining information
from archival multi-wavelength observations, we find strong evidence of a heavily obscured AGN pow-
ering it. Our analysis of the internal structure, interactions, and merger state of II ZW 096 offers novel
insights into the galaxy evolution processes in this dynamic and highly chaotic system.
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1. INTRODUCTION

Major mergers play a crucial role in the context of hi-
erarchical galaxy evolution. These interactions produce
features such as bridges and tidal tails due to gravita-
tional forces (see e.g. Canalizo et al. (2007); Bennert
et al. (2008); Ramos Almeida et al. (2011); Pierce et al.
(2023)), as predicted by merger simulations (Toomre
1972; Quinn 1984; Hernquist & Spergel 1992; Cattaneo
et al. 2005; Lotz et al. 2008; Feldmann et al. 2010). In-
side galaxies, gravitational torques cause gas inflow to
the center (Mihos & Hernquist 1995), generating star-
bursts (SB) and triggering the active galactic nuclei
(AGNs). Hence, the kinematics of galaxy mergers are
critical to understanding the physical processes in this
phase, which can significantly change a galaxy’s evolu-
tion.

The interactions between galaxies are critical in the
"cosmic cycle’ model (Sanders et al. 1988), as they can
trigger bursts of star formation, induce feedback pro-
cesses that alter fundamental properties such as metal-
licity and gas content, and drive morphological transfor-
mations through mergers and tidal interactions (Matteo
et al. 2005; Kewley et al. 2013). Hopkins et al. (2005)
describe the different stages transited by a galaxy under-
going a major merger. It begins with merging dark mat-
ter (DM) halos containing isolated galaxies. Once in a
single merged halo, galaxies begin to interact, losing an-
gular momentum and temporarily increasing their Star
Formation Rate (SFR). As the distance between nuclei
decreases, galaxy disks collide, igniting intense star for-
mation (SF) and AGN activity due to increased gas in-
flow to the center. The large amounts of centrally con-
centrated dust absorb the optical and UV emission from
young stars and the AGN, re-emitting it at IR wave-
lengths, leading to the Luminous or Ultra Luminous In-
frared Galaxy ((U)LIRG) phase (LIRG; L;r > 1011 L
and ULIRG; Lrg > 10*2L,). This merged galaxy could
undergo a luminous quasar phase, initially hosting an
obscured AGN, which, once the supermassive black hole
(SMBH) has grown sufficiently, would expel the mate-
rial via feedback action (Granato et al. 2004; Brandt &
Hasinger 2005; Granato et al. 2006; Lapi et al. 2006;
Hopkins et al. 2007), until the SFR decreases due to
the lack of gas or to the negative feedback caused by
energetic sources (AGNs, stars and supernovae). Af-
ter reaching a semi-virialized state, the resulting galaxy
would be classified as a massive elliptical galaxy with low
or non-SF activity. In this scenario, (U)LIRGs represent

a critical step. They are among the most luminous and
active galaxies in the Local Universe, with SFR reach-
ing up to ~100 Mg /yr, meaning that they are rapidly
growing their stellar bulge and the SMBH (Armus et al.
2009). Their active and fast nature makes them perfect
candidates for understanding the interplay between the
increased SF and SMBH growth.

The Great Observatories All-sky LIRG Survey (Ar-
mus et al. 2009, GOALS) is a multiwavelength sur-
vey covering radio to X-ray observations, incorporat-
ing data from various facilities to study over 200 local
(U)LIRGs pre-selected from the TRAS Revised Bright
Galaxy Sample (RBGS; Sanders et al. 2003), spanning
a wide range of optically classified galaxies: AGN, low-
ionization nuclear emission-line region(LINER), SB; and
interaction stages: minor mergers, major mergers, and
non-interacting galaxies. As such, GOALS provides a
diverse sample of galaxies with enhanced infrared emis-
sion in the local universe, enabling the study of physical
processes with higher resolution.

II1ZW 096 is one of the LIRGs from the GOALS sam-
ple. Tt is a local (z = 0.0365) merging system with
Lir = 8.7 x 10! Ly (Armus et al. 2009). According
to the merger classification system of Stierwalt et al.
(2013), this system is in the ¢ stage: strong tidal tails,
amorphous disks, and other signs of merger activity pre-
ceding the coalescence of both nuclei into a single enve-
lope. This merger was previously identified with four
IR peaks (Goldader 1997): two of these, IIZW 096A
and I1ZW 096B, have been identified as galaxies based
on their morphology, while the other two regions, des-
ignated C and D, remain unclassified, as can be seen
in Figure 2. Consequently, the system is classified as a
merger of two galaxies.

Previous Spitzer observations revealed that up to
80% of the Lg_1000um comes from the D region, out-
side of the central galaxies(IIZW 096A and IIZW 096B)
in the merger (Inami et al. 2010). Higher resolution
James Webb Space Telescope (JWST) observations (In-
ami et al. 2022) aid our understanding of the key phys-
ical regions, indicating that 40-70% of the 8-1000um
emission originates from a compact region designated
as D1, which has a radius of no more than 175 pc at
this wavelength and less than 70 pc at 33 GHz (Barcos-
Murtioz et al. 2017). They used the 6.2 yum PAH EQW
diagnostic, distinguishing starbursts—characterized by
high EQW due to strong PAH emission—from AGNs,
where a dominant hot dust continuum and PAH de-



struction yield low EQW. The intermediate EQW mea-
sured in D1 indicates that this region may harbor a dust-
obscured AGN.

Ricci et al. (2021) analyzed this system in X-rays us-
ing Chandra and XMM-Newton, finding that the entire
system, including both galaxies and the additional IR
peaks, was well-fitted by a star formation model. Con-
sequently, this analysis cannot be used to classify D1,
as the contribution from the other merger sources con-
taminates its classification. Additionally, their study re-
ported no detection of D1 with NuSTAR, meaning that
the presence of a heavily obscured AGN cannot be ex-
cluded. However, this non-detection sets an upper limit
on the AGN luminosity, which depends on the unknown
column density. Hence, the dynamics and composition
of this system, especially in D1, are still not fully under-
stood.

In this work, we present VLT/MUSE data for the
merging system II ZW 096 to study the ionized gas’s spa-
tial distribution and physical properties, including its
excitation mechanism and kinematics. By combining
this information with Chandra X-ray and ALMA Band
3 data, we aim to understand the nature of regions like
D1 and reconstruct the system’s dynamical stage, pro-
viding insight into its structure, interactions, and the
number of galaxies involved. This work is organized as
follows: Section 2 details the IFU data and analysis.
Section 3 describes the system’s morphology. In Section
4, we present the emission line flux, velocity, and ve-
locity dispersion maps along with ionization diagnostic
diagrams. Section 5 examines Chandra X-ray data for
ionization classification. Finally, Sections 6 and 7 con-
tain the discussion and conclusions. In this paper, we
assume a ACDM cosmology with hy = 0.7, Q,,, = 0.27
and Q) = 0.73 (Hinshaw et al. 2009).

2. DATA DESCRIPTION AND ANALYSIS
2.1. Data description and basic reduction

IIZW 096 was observed with MUSE in the Wide
Field Mode (WFM) on September 23, 2016 (program
ID 097.B-0427; PI G. Privon) and later in the Nar-
row Field Mode (NFM) assisted by Adaptive Optics
(AO) on July 2, August 24, 27, and 30, 2022 (program
ID 109.23AX.001; PI E. Treister). The WFM seeing-
limited observations consist of four exposures with inte-
gration times of 800s each, for a total of 3200s on-source.
The NFM observations consist of three different point-
ings, dubbed NFM-South, NFM-East, and NFM-NW,
centered on the brightest sources in the system. All
the NFM observations had exposure times of 600s each.
NFM-NW comprises six exposures, NFM-South seven
exposures, and NFM-East one, for a total exposure time
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of 3600 s, 4200 s, and 600 s, respectively. For the NFM-
East pointing, two exposures were available (taken on
2022-08-25T04:24:41.038 and 2022-08-28T03:59:19.123),
but we employed only the former and discarded the lat-
ter due to its much inferior data quality in terms of spa-
tial resolution and thus signal-to-noise ratio. For both
the WFM and NFM observations, subsequent exposures
were rotated by 90° and slight offsets in RA and Dec to
improve the data reduction process. The spatial offsets
were £0.5” for the WFM data and 40.1” for the NFM
observations.

We performed the data reduction using the ESO
MUSE pipeline (Weilbacher et al. 2020; versions 2.6 and
2.8.1 for the WFM and NFM data, respectively) by em-
ploying the software ESO Reflex (Recipe flexible exe-
cution workbench; Freudling et al. 2013), that gives a
graphical and automated way to execute the Common
Pipeline Library (CPL; Banse et al. 2004; ESO CPL De-
velopment Team 2014) reduction recipes with EsoRex
(ESO Recipe Execution Tool; ESO CPL Development
Team 2015), within the Kepler workflow engine (Altin-
tas et al. 2004). The pipeline reduction corrects the data
for bias, flat field, illumination, wavelength calibration,
flux calibration, geometric reconstruction of the data
cube, sky subtraction, and exposure combination. In the
case of the WFM data, the sky background to be sub-
tracted was determined from within the scientific field of
view (FOV) regions free of emission from the target. In
the case of the NFM data, given the smaller FOV, ded-
icated offset observations of the sky background, ~30-
40" away from the target, were obtained and used for
the sky subtraction. The FWHM seeing of the combined
WEFM cube varied across the wavelength range, with val-
ues between 0.76-0.94”, which correspond to 0.55-0.74
kpc at the distance of the system. For the NFM-AO
observations, no point-like source was detected in the
field of view. Hence, a representative spatial resolution
of ~0.1"”, corresponding to ~80 pc was assumed. The
measured galactic E(B-V) value is 0.083 (Schlegel et al.
1998). Given the minimal level of extinction implied,
this correction would be negligible and hence not ap-
plied.

2.2. Data analysis

Figure 1 presents a color composite of the MUSE
WEFM data. The blue, green, and red channels corre-
spond to the continuum collapsed in the [5200-5700] A,
[7000-7500] A, and [8600-9100] A wavelength ranges, re-
spectively. The purple cross indicates the E region and
the tidal tail of IIZW 096A. An example of a character-
istic spectrum from this region is shown, displaying clear
Balmer absorption features from the stellar population.
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Figure 1. Color composite image of the MUSE WFM data with examples of spectral fits from selected regions. The blue,
green, and red channels correspond to the continuum collapse in the [5200-5700]A, [7000-7500]A, and [8600-9100] A ranges,
respectively. Spectrum 1 is a Balmer absorption spectrum from the HB + [OIII] of the tidal tail of IIZW 096A in the direction
of C+D, also representative of the E region. The black lines represent the spectra, the red lines show the spectral fit, and the
blue regions highlight the masked emission lines. Spectra 2 and 3 show fits of continuum-subtracted emission lines, requiring
two Gaussian components in the Ha + [NII] region. The black lines show the spectra, the blue dashed lines represent the
individual Gaussian fits, and the red lines show the total model, combining the contributions from both Gaussians. Spectrum
2 corresponds to the emission from the center of IIZW 096A, extracted from the NFM-South, marked by the cyan cross, using
both narrow and broad Gaussians for the fit. Spectrum 3 uses two narrow Gaussians (with similar o), represented by the
green crosses. It corresponds to the region where IIZW 096A overlaps with IIZW 096B, also representing the overlap between
ITZW 096A and the C+D region.

This demonstrates that, prior to fitting the emission the flux for certain lines. For this purpose, the penalized
lines, it was necessary to account for this absorption. pixel-fitting (pPXF) package (Cappellari 2016) was em-
These corrections are essential to accurately determine ployed. The pPXF package fits the spectra using a lin-
the emission line fluxes, as neglecting the Balmer ab- ear combination of single stellar population (SSP) tem-

sorption would lead to a significant underestimation of plates, incorporating multiplicative and additive Leg-
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Figure 2. Multiple observations of IIZW 096. In all panels, the region’s names follow the nomenclature of Goldader (1997). (a)
Composite color image of IIZW 096 using JWST/MIRI F560W (red), HST/NICMOS F160W (green), and HST/ACS F435W
(blue). (b) Color image from Figure 1, where blue, green, and red correspond to images collapsed over the following emission-
line-free wavelength ranges: [5200-5700] A, [7000-7500] A, and [8600-9100] A. The dashed squares indicate the FOV of the three
NFMs: the one centered on IIZW 096A is the NFM-South, the one containing the C+D region is the NFM-East, and the one
centered on I1ZW 096B is the NFM-NW. (c)—(e) MUSE/NFM white-light images covering the [8600-9100] A range. The red
sources correspond to JWST/MIRI observations from Inami et al. (2022), labeled with an ID not shown on the map to reduce
visual clutter, while the blue sources are CO/ALMA detections from Wu et al. (2022). In the latter, source names are preceded
by the letters A, B, and C, corresponding to IIZW 096A in NFM-South, IIZW 096B in NFM-NW, and the C+D region in
NFM-C, respectively. The sources detected in both emissions are DO and D1, which are referred to by their full names due to
their relevance in this work.

endre polynomials to account for mismatches between 0.01”; for the NFM South 0.013"”; for the NFM NW
the templates and the observations. Contaminated re- 0.091”; and for the NFM East 0.013".
gions in the spectra, such as emission lines and areas af- To obtain a more accurate estimation of the emission
fected by adaptive optics (AO) in the NFM, were masked line flux, we follow the procedure described by Venturi
during the fitting process. The extended MILES (E- et al. (2018). Initially, a Voronoi tessellation (Cappellari
MILES) (Vazdekis et al. 2016) SSP templates were used 2009) is applied to a region free of emission lines in the
due to their large spectral coverage [1680-50000] A. The wavelength range of 7000-7300 A, aiming for a minimum
pPXF package was executed within the GIST (Galaxy S/N of 30 for spaxels with S/N >1. This method com-
IFU Spectroscopy Tool) pipeline (Bittner et al. 2019). bines adjacent spaxels until the desired S/N threshold
The WFM and NFM data cubes were astrometrically is reached. pPXF is applied to the binned cube from
aligned using Gaia Data Release 3 (Brown et al. 2021). the tesselation, generating a model of the continuum
Due to the large FoV of the WFM, multiple sources of the spectra for each bin, which is subtracted spaxel-
were available for calibration. In the NFM, we used by-spaxel from the original data cube by rescaling it to
the sources DO, B2, and A0 (identified as sources by the observed continuum flux at the spaxel level to mit-
Gaia) for the East, NW, and South paintings, respec- igate any bin-to-spaxel flux discrepancy, resulting in a
tively. The achieved astrometric accuracy in RA and continuum-free, non-binned cube.

DEC after the alignment is the following: for the WFM



A new Voronoi tessellation is then applied to this cube,
using a given emission line as a reference. Depending on
the specific goal, different lines are used to obtain the re-
quired S/N. For the optical diagnostic diagrams (Bald-
win et al. 1981; Veilleux & Osterbrock 1987), the Hf
line was used for the tessellation, ensuring a minimum
S/N of 3 while excluding spaxels with S/N < 1. The
instrument has lower spectral resolution and efficiency
at bluer wavelengths, so the tessellation was performed
on Hp, the shortest wavelength line covered by MUSE,
to generate this diagram, ensuring more reliable results
for this diagnostic. A second tessellation was performed
using Ha, with a minimum S/N of 3, while excluding
spaxels with S/N <1. This line is typically the bright-
est in the spectra, resulting in smaller bins and thus
reducing the decrement in spatial resolution due to the
tessellation. This binning is used to analyze the system’s
morphology, kinematics, and SFR. Although the [N II]
A6549, A6583 doublet often poses challenges to measure
accurately in optical spectra due to its proximity with
Ha, in this case, the line velocity dispersions are suf-
ficiently narrow to successfully separate them without
degeneracies in the fit.

The fitted emission lines are then: HZ A4861, [O III]
A4959, A5007, [O I] A6300, Ha A6563, [N II] A6549,
A6583, and [S II] A6717, A6730. The Python Spectro-
scopic Toolkit package (Ginsburg et al. 2022) was used
to perform the emission line fitting. To reduce the de-
grees of freedom in the fits, the [O III] and [N II] dou-
blets ratios were fixed to their theoretical values of 1:3
(Osterbrock 1989).

Complex line profiles were observed in the system, re-
quiring more than one Gaussian component to fit them.
In Figure 1, we present different cases for the Gaussian
fits. For the WFM and NFM-South, three cases were
considered for fitting the lines: (1) a single Gaussian
component, (2) two Gaussian components with similar o
but distinct velocities, and (3) two components, referred
to as narrow and broad, where the latter has a higher
o and lower amplitude. The second case is presented
by the region where IIZW 096 A appears to overlap with
the C+D regions and I1ZW 096B, where the superposi-
tion of structures generates these line profiles. The cyan
cross near the center of I ZW 096 A marks the third case.
In the NFM-East, two scenarios were identified: (1) a
single Gaussian component and (2) two Gaussian com-
ponents with similar ¢ but distinct velocities. The sec-
ond scenario is the same as previously presented by the
green cross, where the C+D region and ITZW 096A in-
teract, possibly due to the superposition of structures.
The NFM-NW is well-modeled with a single Gaussian
component.

The reduced x? criterion was used to discriminate be-
tween the best Gaussian combinations. A two-Gaussian
component model was selected if its reduced x? was
smaller than 80% of the value resulting from the one-
Gaussian component model. In the case of two possible
two-Gaussian combinations, such as for the NFM-South,
the model with the smaller reduced x? was chosen. Fur-
ther details on the kinematics are provided in Section
4.2.

3. MORPHOLOGICAL DESCRIPTION OF THE
SYSTEM

IIZW 096 is a complex system whose interactions are
not yet fully understood. To gain better insight into
this merger, Figure 2 presents a series of images of
the system. Figure 2a shows an RGB image composed
of HST/ACS F435W (optical; blue) (PID 11196, PI
A. Evans, (Inami et al. 2010)), HST/NICMOS F160W
(NIR; green) (PID 11196, PI A. Evans, (Inami et al.
2010)), and JWST/MIRI F560W (MIR; red)(PID 1328,
PI Armus, L., (Inami et al. 2022)). The four IR peaks
identified by Goldader (1997)—A, B, C, and D—are
shown, along with the low-surface-brightness region out-
side the main interaction, E. As A and B have been iden-
tified as galaxies, we refer to them as IIZW 096A and
ITZW 096B.

IIZW 096A is prominent for its bright optical (blue)
emission and contains multiple bright clumps in the MIR,
near its center, possibly due to UV radiation from highly
star-forming clumps that is absorbed and re-emitted at
this wavelength. The color of IIZW 096B is dominated
by optical (blue) emission, with an increasing MIR con-
tribution (red) in the clumps along its spiral arms, simi-
lar to ITZW 096A. At its center, enhanced NIR emission
(green) is observed, possibly associated with an older
stellar population or an increased dust content.

To the east, a prominent tidal feature links
ITZW 096A with the C+D region, where the majority
of the MIR luminosity (red) is emitted, hosting multi-
ple bright sources identified in both the NIR and MIR.
Approximately 7 kpc from the C+D region lies the E
region, characterized by significantly lower brightness
(Goldader 1997). Between E and C+D, multiple optical
sources are detected, suggesting a possible connection
between these two regions as remnants from an interac-
tion.

Figure 2b presents the same color composite image
from Figure 1. IIZW 096A is the brightest galaxy, with
no prominent emission in red, consistent with high SF
with lower obscuration. The C+D region and the center
of IIZW 096B are dominated by red, which may result
from an increased dust content or dust-obscured star



formation. The dashed white rectangles indicate the
FoV of the three NFM cubes: NFM-South, NFM-East,
and NFM-NW.

Figures 2¢, 2d, and 2e are continuum images collapsed
over the same wavelength range as the red color in Fig-
ure 2b. In these images, the red sources denote com-
pact detections by JWST/MIRI F560W (Inami et al.
2022), at a spatial resolution of 0.18”. They are la-
beled with an ID, but these labels are not shown on the
maps to reduce visual clutter. The blue sources corre-
spond to CO/ALMA detections (Wu et al. 2022), with a
spatial resolution of 0.16”, while the purple sources are
detected in both datasets. Figure 2c shows the optical
continuum image of I ZW 096A.1t hosts several clumps,
with the brightest ones detected by IR emission. Figure
2d presents the continuum emission of the C+D region.
The brightest sources are DO and D1, the IR bump. To
the northeast, the C region contains multiple sources
detected in CO and IR. Figure 2e shows the optical im-
age of IIZW 096B. Some compact sources are detected
in CO in the direction of the C+D region.

4. EMISSION LINE ANALYSIS
4.1. Morphology

The morphology and kinematics of the system are an-
alyzed using the flux, velocity, and velocity dispersion
maps from the total Gaussian fits (Figure 1 ). The
Voronoi tessellation based on Ha was used to balance
spatial resolution and sensitivity within the cube, ensur-
ing a minimum S/N of 3 while excluding spaxels with
S/N<1. The flux map allows for a detailed analysis of
the system’s morphology. Figure 3 shows maps of mea-
sured Ha emission per spaxel from both the WFM and
NFM data, where the contours represent the continuum
emission in the [8600-9100] Arange. Several tidal tails
and disrupted regions are observed, typical features of
the gravitational interactions in this system, revealing
its complexity.

In the WFM, the brightest source is IIZW 096A,
which, as shown in Figure 2, is dominated by optical
emission linked to unobscured SF, coinciding with bright
Ha emission. To the northeast, a prominent tidal tail
extends toward the C+D region. The spectra in Fig-
ure 1 (green) indicate a superposition of structures be-
tween this tidal tail and the C+D region from the dou-
ble peak emission lines. Although the WFM does not
resolve the individual sources in C+D visible in Fig-
ure 2, the brightest Ha emission is found in the D re-
gion. To the northwest of this region, multiple sources in
Ha and the continuum are observed in the direction of
ITIZW 096B. This region is characterized by the overlap
of the three main structures—C-+D, IIZW 096A, and
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ITZW 096B —referred to as the “triple overlap region”.
To the north direction is IIZW 096B, exhibiting a clear
spiral structure, with several bright clumps in its arms
and center, with an execs in MIR (Figure 2).

At ~ 7 kpc from the C+D region lies the E region,
where bright filaments pointing towards region C are ob-
served, possibly indicating a previous interaction. This
region shows low Ha emission and prominent HS ab-
sorption line, indicative of a lower amount of ionized
gas and a post-starburst (SB) episode (Goto 2007).

The NFM’s higher resolution reveals finer spatial de-
tails from the center of the systems and the interaction
with their companions. In the NFM-South, several com-
pact sources are found near the center, some of which
have been identified by their MIR emission, possibly rep-
resenting SF clumps with higher amounts of dust. In
the northeast direction, the Ha and continuum emission
highlight the emission from the C+D regions, connected
by the tidal tail (represented by the white arrow), as the
FoV of this data cube covers part of this region.

In the NFM-East, the structures from IIZW 096A
are also evident to the southwest, as its FoV includes
parts of this galaxy. The increased spatial resolution
reveals several compact sources, mostly detected by
JWST/MIRI, suggesting a high dust amount. Their
chaotic distribution suggests significant disruption from
the merger, possibly involving the E region, as indicated
by the connecting filaments in the WFM (Figure 2). Un-
fortunately, the NFM pointings do not cover the E re-
gion, preventing a more detailed analysis of this region.
Finally, the NW NFM pointing contains multiple com-
pact sources, that from its red excess in the MIR, (Figure
2), suggest clumps of SF with higher amounts of dust.

4.2. Kinematics

Fits to the detected emission lines were used to ob-
tain the line-of-sight (LOS) velocity and velocity dis-
persion of the ionized gas. Figures 4 and 5 represent
the velocity and velocity dispersion, respectively, of the
total Ha emission line fit, and Table 1 contain the kine-
matic parameters from the different regions (see Section
4.2.1 for more details). All velocity measurements are
relative to z = 0.0365. The instrumental spectral res-
olution of MUSE ranges from 72 to 46 km/s, from Hp
to [SIIJA6731, respectively. Specifically for Hey, one of
the key lines used in our kinematic analysis, the instru-
mental resolution is approximately 50 km/s. This value
sets a lower limit on the velocity dispersions that can be
reliably measured from the MUSE data. We find small
variations in the velocity dispersion measurements in the
overlapping regions of the South and East NFM point-
ings. These differences are smaller than ~6 km/s, while
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Figure 3. Maps of the H, line flux per spaxel for the II ZW 096 system. Contours represent the collapsed emission in the
[8600-9100]A range, with scale bars of 5 kpcs in the WFM and one kpc in the NFM. The five regions are labeled by their names
IIZW 096A, I1ZW 096B, C, D, and E. In the NFM, the red sources correspond to JWST/MIRI observations from Inami et al.
(2022), while the blue sources are CO/ALMA detections from Wu et al. (2022). In the latter, source names are preceded by the
letters A, B, and C, corresponding to IIZW 096A in NFM-South, ITZW 096B in NFM-NW, and the C+D region in NFM-East,
respectively. The sources detected in both JWST/MIRI and CO/ALMA emissions are DO and D1, which are referred to by
their full names due to their relevance in this work. Top left: Map of the WFM cube, with the NFM FoV represented by dashed
rectangles. Top right: Map of NFM-South, covering IIZW 096A, where new sources near the nucleus and in the interacting
region are resolved. The white arrow represents the tidal tail extension in the C+D direction. Bottom left: Map of NFM-East,
showing the resolved sources from C and D. Bottom right: Map of NFM-NW, revealing multiple sources near the center and in
the interaction regions.

the uncertainty in the velocity dispersion measurements edges, where the double-peak emission lines appear, as
is ~10-15 km/s. shown in Figure 1. At the outer regions of IIZW 096A,

In Figure 4, the velocities in the WFM map are rela- as the galaxy begins to fade, the velocity gradient of
tive to the systemic velocity of IIZW 096B center, -148 IIZW 096B becomes apparent, which can be explained
km/s, revealing a clear velocity gradient due to rotation. if ITZW 096A is in front of I1ZW 096B, where dust is
IIZW 096A also shows a velocity gradient in the east hindering its emission, and therefore, its velocity. A sim-

and west directions, with significant deviations at the ilar situation occurs between I1ZW 096A and the C+D



Table 1. Kinematic properties of the systems.

System Vays PA (°) i (%) R (kpc) Vmax (km/s)
IIZW096A -269 km/s 99° 4+ 24° 40° £+ 21° 2 Y
IIZW096B -148 km/s 170° + 5° 65° £+ 15° 9 165

D1 -156 km/s

Notes. Kinematic properties of the systems. (1) System name. (2) Systemic velocity (Vsys) in km/s, relative to z = 0.0365. (3)
Position angle (PA) in degrees. (4) Inclination angle (i) in degrees. (5) Spatial extent of the system (R) in kiloparsecs (kpc).
(6) Maximum velocity (Vmax) in km/s.
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Figure 4. Velocity map extracted from the H, emission line. The contours, regions, and sources are defined in Figure 3 .Top
left: WFM map, with the velocity centered on IIZW 096B and the FoV of the NFM pointings marked with dashed lines. Top
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clear gradient visible, indicating relatively complex kinematics. Bottom right: NFM-NW map. Velocity is centered on galaxy
nucleus B0, highlighting an observed gradient along the major axis.

region. The C+D regions reveal complex kinematics, likely due to a more advanced merger stage. To the
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Figure 5. Velocity dispersion of the H, emission line. The contours, regions, and sources are defined in Figure 3. Top left:
Velocity dispersion of the WFM cube with the NFM pointings marked with dashed rectangles. Regions with velocity dispersion
>120 km/s exhibit double-peaked emission lines due to the overlap of structures at different velocities. Top right: NFM-South
map, where, as in the WFM, the overlap with the C+D region and II1ZW 096B results in higher dispersion (> 120 km/s).
Bottom left: NFM-East map, where the overlap with IIZW 096A in the southwest direction results in double-peaked lines. In
the north and south directions, similar profiles are observed. Bottom right: NFM-NW map, revealing higher dispersion in the

center of IIZW 096B.

north of D, a redshifted stripe is observed, that appears
to converge toward D. This could indicate material flow-
ing towards this region. In the E region, a gradient is
observed along a position angle (PA) of 165°, but it is
challenging to characterize due to the spatial resolution
of the WFM map.

The NFM reveals more details about the kinematics.
In the NFM-South, where the velocity map is relative to
the systemic velocity of IIZW 096A center (Table 1), as
we approach the edges, in regions where double peaks
are observed, the gradient deviates because the emission

from the overlapping component begins to dominate. In
the NFM-NW, where the map is relative to the systemic
velocity of IIZW 096B center, the velocity gradient is
even more pronounced. In the NFM-East, where the ve-
locity map is relative to the velocity of D1 (-156 km/s),
despite the increase in spatial resolution, no velocity gra-
dient is observed, further highlighting the complexity of
this region. Also, the redshifted stripe of >120 km/s is
observed more in detail, converting in what appears to
be between D0 and D1.
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Figure 6. Maps of the flux, velocity, and velocity dispersion of the three different components from the H, emission line in
NFM-South. The contours, regions, and sources are defined in Figure 3.Top panels: Maps of IIZW 096A, referred to as the
main component. The flux map reveals the same compact sources near the center and the tidal tail extending toward the C+D
region. The velocity map shows a velocity gradient that deviates in the western regions with double-peaked emission lines and
a redshifted component near the center. The velocity dispersion increases in the same direction as the double peaks blend due
to limited spectral resolution. The dashed rectangles indicate zoomed-in views, as shown in the central panels. Central panels:
Maps of the broad component, zoomed into the central part of the galaxy. The velocity maps reveal a gradient perpendicular to
the main velocity gradient, accompanied by the high-velocity dispersion (>200 km/s) source PO. Bottom panel: Maps of the
interacting component in the direction of the C+D region and the tidal tail extending toward IIZW 096B. The map is centered

on the Vyys of D1.

The velocity dispersion map of the WFM, shown in
Figure 5 reveals several regions with ¢>120 km/s, like
the superposition of IIZW 096A with the C+D region
and with IIZW 096B, and to the north and south direc-
tion of the C+D region. These regions are characterized
by double-peak line profiles, as shown in Figure 1, where
the two Gaussian components exhibit similar o. This
type of profile is commonly observed in mergers (Com-
erford et al. 2018). However, the possibility of outflows
can be ruled out due to their low-velocity dispersion and
location far from the galaxy center. This suggests that

their origin is more likely the result of the superposition
of merging structures at different velocities.

The NFM observations show an increase in velocity
dispersion in the NFM-NW. The center of I1ZW 096B
exhibits values of o ~100 km/s, consistent with turbu-
lence or shocks (Monreal-Ibero et al. 2006, 2010, see
Section 4.3 for further details). The NFM-East region
shows a region with 0>130 km/s between C1, C2, and
C3, which are also characterized by double-peak emis-
sion lines. These features likely originate from structures
with different velocities, possibly remnants of the inter-
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Figure 7. Bbarolo models for IIZW 096A and I1ZW 096B. The contours, regions, and sources correspond to those already
defined in Figure 3. The left column presents the data, the central column presents the model, and the right the residuals (data-

model). For IIZW 096B, only the blueshifted side was used to generate the model. Top-panels:

Bbarolo model of IIZW 096A

fitting the NFM-South data, using a PA = 92° and a ¢ = 40°, with a maximum velocity of 57 km/s. The residuals highlight the

NRCI1 in the center and the NRC2 in the north direction of ID3. Top-panels:

Bbarolo model for II ZW 096B, using the WFM

data, using a PA=170° and a ¢=65° with a maximum velocity of 165 km/s. The residuals suggest that IIZW 096A is located
in front of the redshifted region of this galaxy, with dust obscuring the redshifted side of II ZW 096B.

actions. The bright sources, such as D1 and DO, show
values around ~90 km /s, consistent with hosting shocks
(Monreal-Ibero et al. 2006, 2010). The redshifted stripe
of ~ 120 km/s displays a velocity dispersion of ~ 120
km/s, characterized by containing double peaks.

As observed from the NFM-South velocity dispersion
map, IIZW 096 A contains multiple double-peak regions.
Also, near A0, the center of the galaxy, a broad com-
ponent is observed (Figure 1), so thanks to the in-
creased spatial resolution of this observation, we can
separate these components to analyze the kinematics of
ITZW 096A and better understand the origin of these
complex line profiles. The criterion used to separate
the emission from IIZW 096A and the interacting com-
ponents is based on the velocity continuity. Specifically,
regions where double-peaked emission lines show abrupt
velocity changes are identified as interacting structures.
This method applies to velocities within the range of [-
80, 80] km/s, which corresponds to the velocity of the
blue-shifted side of the galaxy, less affected by interac-
tions (centered on the systematic velocity of I ZW 096 A,
Table 1). Outside this velocity range, components are
classified as interacting structures. In the central region,
all components with >120 km/s are classified as broad
components, as the maximum velocity dispersion ob-

served for the narrow components near the center does
not exceed this value.

Figure 6 presents the different components’ flux, ve-
locity, and velocity dispersion maps. The first row shows
the maps of ITZW 096 A, with a dashed orange rectangle,
indicating the zoomed-in region of the second row, which
corresponds to the broad component. Both are relative
to the systemic velocity of IIZW 096A. The third row
represents the interacting component relative to the sys-
temic velocity of D1 (Table 1), given that part of these
structures belong to the C+D region. In the upper row,
the velocity gradient of IIZW 096A is clear, with a PA
of ~100°. At the galaxy’s edges, the velocity gradient
becomes less distinct as the overlapping structures dom-
inate the emission. The sources Al and A2 are likely
part of IIZW 096A, as their systematic velocities are
closer to this galaxy. At ~2 kpc to the northwest, the
tidal tail’s velocity dispersion (o) reaches values >110
km/s, likely due to unresolved double-peaked lines in
large Voronoi-binned spaxels. In the galaxy’s center, a
redshifted component of ~50 km/s is detected, pointing
in the south direction. Due to its low-velocity dispersion
(o0 ~ 80 km/s), the possibility of it being an outflow is
low and is more likely to be a structure related to the
merger. The middle row reveals a high-dispersion struc-
ture (o > 200km/s) with slightly blueshifted velocities,



reaching up to 90 km/s. While this structure does not
exhibit particularly high fluxes or velocities, its velocity
dispersion is consistent with the presence of an outflow;
we will refer to this feature as PO (potential outflow).
Its location is defined based on criteria from a sample of
local weak starburst outflows (Couto et al. 2021), iden-
tifying this biconical structure with velocities between
—60 and —90 km/s and velocity dispersion exceeding
180 km/s. We apply this threshold as a mask for future
calculations and to highlight this region in Figure 6. The
bottom row presents the interacting structures. In the
east direction, sources ID4, ID5, and ID6 are identified,
likely part of the D region due to their velocities be-
ing closer to the systemic velocity of D1. Conversely,
to the west of IIZW 096A, a newly identified structure
appears, which, when compared to Figure 2, seems to
be a tidal bridge resulting from an interaction, pointing
in the direction of IIZW 096B.

4.2.1. Kinematic modeling

We use the Bbarolo software (Teodoro & Fraternali
2015) on its 2D version mode to model the velocity fields,
focusing exclusively on the kinematics. This code re-
constructs velocity fields with independent tilted rings,
making it possible to fit one side of the system (e.g., the
approaching or receding side of the galaxy) and sym-
metrize the results on the opposite side (see, e.g., del
Moral-Castro et al. (2019)). We fitted IIZW 096A and
IIZW 096B, where potential rotating components are
observed. The same process was attempted for the DO
and D1 regions, but in these cases, a reliable fit could not
be obtained due to the small size of the source, which
prevented the construction of robust models. All pa-
rameters obtained are summarized in Table 1

For I1ZW 096B, we considered only the blueshifted
side since I1ZW 096A obscures the redshifted part. An
attempt was made to use both sides of the galaxy, yield-
ing the same position angle (PA) and inclination (¢) as
when using only the blueshifted side. However, the ex-
tension of the rotating disk could not be determined due
to its relative position concerning ITZW 096A. Mean-
while, for IIZW 096A, both sides were considered for
the model. The WFM data was used for II ZW 096B be-
cause its larger FoV allows us to capture the full extent
of the galaxy. This was not necessary for I1ZW 096A,
as the NFM already covers it completely.

The initial parameter to determine is the systemic ve-
locity, veys, as this will locate the kinematic center of
the system. For IIZW 096A, we allowed this param-
eter to vary freely and observed that it converged to
—269km/s, which differs from the value measured at
the center, or A0 (—239km/s). This discrepancy arises

13

due to the presence of the redshifted velocity structure
of 50km/s in the southern direction, which was previ-
ously identified. This structure is located near the cen-
ter, and its emission obscures the true systemic velocity.
By allowing this parameter to vary freely in Bbarolo,
the value of —269km/s was the one that converged, en-
abling symmetrical velocities around a stable PA. With
the vgys obtained, the model converge to a PA = 99°
4 24° and ¢ = 40° £ 21°. For IIZW 096B, the values
converge to an vsys = 148km/s, PA = 170° £+ 5°, and
i = 65° + 15° all summarized in Table 1 . Figure 7
shows the resulting model and residual maps. The top
row shows ITZW 096A, indicating that the rotation ex-
tends up to 2 kpc, with a maximum velocity of 57 km/s.
From the residual, the galaxy is consistent with rotation.
However, the regions in the outer parts of the galaxy
exhibit high residuals, where the influence of interac-
tions is more prominent, causing the rotational motion
to no longer be followed. Additionally, two prominent
structures deviate from the rotation. The most promi-
nent structure is the redshifted feature near the center,
named NRC1 (Non-Rotating Component 1), which is
likely related to a structure produced by the merger due
to its low dispersion (¢ = 80 km/s). Based on its ve-
locity dispersion and a velocity range between 40 and
50 km/s, we use this criterion to define the region. The
second structure is the compact region located in the
northern direction of ID3, named NRC2 (Non Rotat-
ing Component 2), which, compared to the surrounding
clumps, is not bright in Ha (Figure 3), possibly being a
dense region of stars moving at different velocity com-
pared to the rotation of the galaxy. NRC1 and NRC2
are shown in Figure 7. In the bottom panels, IIZW 096B
exhibits a rotating distribution with no prominent resid-
uals, up to approximately 9 kpc, reaching a velocity of
~ 165 km/s. The redshifted region, to the south, is not
able to be fully fitted due to the influence of IIZW 096 A.

4.3. Ionization sources

The IFU data allows to classify the different regions
acording to their principal ionization mechanism. In
the optical range, the most common method for classi-
fication is the optical diagnostic diagram Baldwin et al.
(1981); Veilleux & Osterbrock (1987). These diagrams
utilize a combination of emission lines to classify sources
into categories such as SF, Seyfert, Low-Ionization Nu-
clear Emission-Line Regions (LINERs), and Composite
systems, which are powered by more than one ioniza-
tion mechanism. To ensure reliable measurements, we
apply Voronoi binning based on the HS emission line,
requiring a minimum S/N = 3, and excluding spaxels
with S/N < 1.
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Figure 8. [N II]\6584/Ha diagnostic diagrams (Baldwin et al. 1981) of the WFM and NFM. The contours, regions, and sources
were already defined in Figure 3 , in addition to the sources NRC1, NRC2 and PO presented in Figure 7 and 6. The green color
represents SF, blue represents composite, magenta represents Seyfert, and gray represents LINER, with each color weighted by
the Ha flux. The HII and shock models from Farage et al. (2010) and Rich et al. (2010) are shown as points outlined in black.
These represent a shock contribution ranging from 0% (orange points connected by black lines) to 100% (cyan points connected
by black lines). The intermediate points correspond to shock contributions of 5%, 20%, 40%, and 60%. In the diagrams, the
point sources presented in the maps are shown according to their respective mean line ratios. For the NFM-South diagram, the
black contours represent the distribution of the emission lines of the tidal tail of IIZW 096A. The yellow points in the WFM
map represent the line ratios of D1, the same as for the NFM-East, but with the latter being resolved. The error bars for the
D1 point are 0.01 and 0.1 in the x and y axis. In the bottom-left panel, the NFM-East diagnostic diagram, the yellow contours
indicate the location of the ALMA band 3 continuum, highlighting the concentrated emission in D1. The theoretical limit for
ionization in a pure SF scenario is indicated by the black line from Kewley et al. (2001). In the [N II] diagram, the curve
below this limit represents the classical separation between SF and Seyfert, as reported by Kauffmann et al. (2003). The regime
between these curves, defined as composite, marks the transition between high-ionization SF and Seyfert. The line separating
the LINER and Seyfert classifications is taken from Schawinski et al. (2007) for the [N II] diagram and from Kewley et al. (2008)
for the [O I} and [S II] diagrams.

We employ three diagnostic diagrams for classifica- (2003); Schawinski et al. (2007); Kewley et al. (2008)

tion: to distinguish between Seyfert (magenta), SF (green),
e The [NTI] diagram, using the line ratios LINER (grey), and composite (blue) regions. Eor the
log([O TTT] A5007,/H}3) versus log([N IT] A6583/Ha) WEFM data, we use the flux from the full Gaussian fit,
’ while for the NFM-South, only the emission identified
e The [SII] diagram, wusing the line ratios as originating from ITZW 096A in Section 4.2 is used for
log([O III} A5007/HB) versus log([S IT] A(6717 + the line flux ratios. In the other NFM regions, a single
6731)/Ha), fitted component is used for the analysis. In both the di-
) ) ) ) agnostic diagrams and the maps, the data is weighted by

e The [OI] diagram, wusing the line ratios

log([O III} A5007/H3) versus log([O 1) A6300/Ha).

The flux line ratios maps are presented in Appendix A
for comparison. Extinction has a negligible effect on the
BPT diagram because it involves ratios of emission lines
that are very close in wavelength, minimizing differential
extinction. Figures 8, 9, and 10 show these diagrams for
the WEM and NFM data. We adopt the classification
schemes from Kewley et al. (2001); Kauffmann et al.

Ha flux to make it easier to identify the spatial regions
in the diagrams.

For the WFM diagrams and maps, we have marked
the regions of II ZW 096 A with black dashed lines, those
of ITZW 096B with purple dashed lines, and the regions
C+D and the one connecting to E with red dashed
lines. The E region has not been included due to the
low S/N of the fainter lines required to produce each
diagnostic diagram. In the NFM diagrams, we plot a
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Figure 10. Same as Figure 8, showing in this case the [O I]A6300/H, diagnostic diagram (Veilleux & Osterbrock 1987). The
green color represents SF, magenta represents Seyfert, and gray represents LINER. The error bars for the D1 point are 0.07 and
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mixing sequence from purely HII photoionized regions
to completely shock-excited models. These shock mod-
els were introduced by Farage et al. (2010) and Rich
et al. (2010), who used the MAPPINGS code (Allen
et al. 2008). The velocities generated by these mod-

els were based on the observations of merging LIRGs
in Rich et al. (2011), which, compared with ITZW 096,
show similar values. The HII region models were gener-
ated using Starburst99 (Leitherer et al. 1999). These
regions are plotted with varying ionization parameters
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Q(H), the flux of ionizing photons divided by the hydro-
gen atomic density, ranging from log Q(H)=8-6.5, con-
sistent with typical values for HII regions (Dopita et al.
2000). The shock models are shown for velocities rang-
ing from [200 - 100] km/s. In addition to the models, the
identified sources, which were presented in Figure 2, are
shown in the diagnostic diagrams, each represented by
the mean of their line ratios. In addition, the mean line
ratios of the sources NRC1, NRC2, and PO from NFM-
South are also included. For all the sources represented
in the line ratio diagrams, in the participating emis-
sion lines, we have previously subtracted the estimated
contribution due to the emission from the surrounding
galaxy. This was done by computing the emission-line
fluxes in nearby regions around each analyzed source,
which were then appropriately scaled by the correspond-
ing areas and subtracted from the source’s flux in each
emission line, thus allowing us to isolate the emission
from each analyzed source.

In the WFM diagrams, SF dominates the ionization
across all three diagrams, particularly in IIZW 096B.
However, in the prominent tidal tail of IIZW 096A,
which extends toward the C+D region, the ionization is
classified as composite in the [N II] diagram, SF in the
[S IT] diagram, and SF and Seyfert in the [O I] diagram.
This shift is consistent with expectations for merging
systems, likely driven by shocks from SB activity or gas
interactions (Monreal-Ibero et al. 2006, 2010; Medling
et al. 2021). The C+D region exhibits a combination
of SF and Seyfert classifications in the [S II] and [O I]
diagrams. At the same time, it falls within the SF and
composite categories in the [N II] diagram. [O I] and [S
I1] are lower ionization potential (IP) lines, making them
more sensitive to phenomena such as merger-induced
shocks or winds from the starburst. These processes
can significantly influence the diagnostic diagrams, so
the increase in ionization is likely related to the region’s
highly disturbed morphology and kinematics, suggesting
a past interaction. The yellow points in the WFM map
represent the line ratios of D1, where the spatial region
was selected based on NFM-East observations. How-
ever, due to the spatial resolution of the WFM and the
proximity of DO, this emission is a combination of both
sources. As a result, its ionization classification is un-
der composite, but this is likely severely affected by the
contamination from the surrounding sources near D1.

In all three NFM diagrams, there is clear evidence
of strong star formation activity, as indicated by the
prominent Ha emission. This makes it possible to rule
out more evolved low-mass stars, such as AGB stars,
as the main ionizing sources. These stars are typically
associated with older stellar populations, which, due to

their harder spectra, tend to fall within the LINER clas-
sification (Belfiore et al. 2016, 2022). Therefore, in the
regions covered by our three NFM pointings, younger
stellar populations, shocks, or possibly AGN feedback
are more plausible ionizing sources.

In the NFM-South diagrams, SF is the dominant ion-
ization mechanism. FExcept for PO, all regions in the
diagram fall under this classification across the three
diagnostic diagrams. Compared with the HIT + shock
models, the shock contribution ranges from 0 to 20%,
with HII regions characterized by log(Q(H)) between
7.25 and 8. Examining the sources A0, ID1, ID3, and
NRC2, we find that they are consistent with the high-
est values of Q(H). Their spectra exhibit a prominent
“blue bump” around 4650 A, a feature characteristic of
Wolf-Rayet (WR) stars. WR stars represent a short-
lived evolutionary phase (Meynet & Maeder 2005) of
the most massive stars (> 25 M), occurring after they
leave the main sequence, and are characterized by their
emission of very energetic photons, consistent with the
higher values of Q(H). (For reference, a map of the blue
bump distribution is shown in Appendix B.) Based on
the study of the merging LIRG Antennae (Weilbacher
et al. 2018), leaking Lyman-continuum (LyC) photons
(A < 912 A) from HII regions have been identified as a
viable ionization mechanism. In this study, the line ratio
of [OIII] A5007 / [SII] AX6716,6731 was used as a sensi-
tive diagnostic of the ionization parameter and can indi-
cate density-bounded regions that allow LyC escape. In
such cases, the low-ionization zone is reduced or absent,
leading to high [O III}/[STI] ratios. In the central region
of the Antennae Galaxy, values of [OIII]/[SII] > 2.5
were found to be strong indicators of LyC leakage, de-
spite no general trend across all HII regions. Using this
value as an indicator, the regions A0, ID1, ID3, and
NRC2 exhibit ratios higher than this limit, where the
WR stars could provide the energetic photons responsi-
ble for the LyC leakage.

The NRC1 region, due to its  higher
log([NII] A6583/Hcv) ratio and distinct kinematics com-
pared to the rotation pattern, is a candidate for be-
ing ionized by alternative mechanisms such as shocks.
Meanwhile, the PO region shows the highest shock con-
tributions in the system, ranging from 5 to 40%. Given
its high velocity dispersion (o ~ 200km/s), an outflow
origin cannot be excluded. The black contours in all
three diagrams represent the line ratios of the tidal
tail in the C+D direction. These are consistent with a
higher shock fraction, ranging from 40 to 100%. This
agrees with its classification as Seyfert and LINER in the
[SII] and [OI] diagrams, and as composite in the [NII]
diagram, where an increase along the x-axis of all three



diagrams indicates a higher flux of photons with lower
energy ionizating the gas, caused by shocks (Monreal-
Ibero et al. 2006, 2010). In the NFM-NW diagrams, the
central region B0 shows a maximum shock contribution
of 20% in the [NII] diagnostic, explaining its classifica-
tion as composite in this diagram. This slight increase
in ionization, possibly related to turbulence or shocks,
is also reflected in the increase in velocity dispersion, as
shown in Figure 5. The best-fitting HII region model
corresponds to log(Q(H)) values between 6.75 and 7 for
this source. Meanwhile, the other sources are consis-
tent with HII regions and no shock contribution, with
log(Q(H)) values from 7 to 7.25. In the NFM-East
pointing, the error bars were derived from the fit uncer-
tainties in D1, which are assumed to be representative
of measurements in this region. The point sources show
a higher contribution from shocks, reaching up to 40%
with log(Q(H)) values ranging from 7 to 8, consistent
with young SP influenced by stronger shock contribu-
tions. The second-brightest source, DO, is consistent
with an HIT region of log(Q(H)) = 7.75 in all three
diagrams, in agreement with previous studies identify-
ing it as a powerful star-forming region (Donnan et al.
2024). The regions with higher values along the x-axis in
the three diagrams exhibit stronger shock contributions,
from 40 to 100%, and are located in the exterior parts of
regions C and D (see Appendix A for reference). These
are classified as either Seyfert, LINER, or Composite.
Based on their complex morphology and kinematics, it
is reasonable to suggest that this system has been sig-
nificantly affected by interactions, leading to enhanced
ionization due to shocks. Some regions in the C region
show higher values of log([OIII] A5007/H/3), between
0.5 and 0.7, and lower values of log([NII] A6583/Ha),
between —0.9 and —0.8 (see Appendix A for reference).
Compared to the SB line ratios from the Antennae
galaxy in Gunawardhana et al. (2020), these regions are
consistent with HII regions ionized by a starburst with
a high value of Q(H) and relatively low gas metallicity.
These regions also exhibit [O IIT]/[STI] >2.5, suggesting
the presence of LyC leaking due to this younger SP
activity. The yellow point corresponds to the line ratios
obtained by integrating the spectrum of D1 with a ra-
dius of 0.23"”, based on the measurements from Inami
et al. (2022). In the [NII] diagram, this point is clas-
sified as Seyfert, although it lies near the classification
boundary, especially considering the error bars. In the
[SII] and [O]] diagrams, the point is classified as SF,
but if we consider the error bars, the Seyfert classifi-
cation cannot be ruled out. In addition, the models
cannot fully reproduce the observed line ratios, raising
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the possibility of an additional ionizing source in this
region. This will be further discussed in Section 6.

In all three diagnostic diagrams, the yellow contours
on the map correspond to the continuum emission from
ALMA Band 3, with D1 standing out as the brightest
source, exhibiting very compact emission. This suggests
that D1 is a compact source emitting in the millimeter
wavelength, driving increased ionization and approach-
ing the threshold for AGN classification in the optical
diagnostic diagrams.

4.4. FExtinction

High optical extinction is common among major
galaxy mergers, where high concentrations of gas and
dust are present, particularly in the case of (U)LIRGs
(Veilleux et al. 2009). The optical extinction can be
parametrized through Apg,, which can be estimated
from the Balmer decrement, H,/Hg. We employed the
Calzetti et al. (2000) attenuation law for a galactic dif-
fuse ISM, with Ry =3.12, and an intrinsic Balmer decre-
ment Ha/H3=2.86, assuming a Case B Recombination,
for an electron temperature = 10*K, a standard choice
in SF galaxies (Osterbrock 1989). Figure 11 presents the
derived extinction values from the WFM and NFM data
cubes.

The WFM map highlights the obscured C+D region,
reaching values up to Ag, ~ 4.5 in D, emphasizing the
large amounts of dust in this region. IIZW 096A has an
Apgo ~ 1.5 at its center, while I ZW 096B shows similar
values at the center of the galaxies and in the SF clumps
in its arms. The E region does not show high extinction
values, indicating a relatively lower dust amount.

The NFM-South shows that the bright clump in Ha
from Figure 3 has Apg,=1.4, suggesting that these are
regions of intense SF with a large amount of dust. To
the south of the nucleus, an area with similar A ya val-
ues is observed, marked with dash lines, spatially co-
inciding with the structure previously identified as the
redshifted component near the center in the kinematic
modeling (Figure 7). This structure exhibits a velocity
dispersion of o ~ 80 km/s. It extends up to 0.7 kpc,
bending towards IIZW 096B, to the region of double-
peaked lines, and may represent a structure produced
by an interaction.

The NFM-NW pointing shows high extinction values
primarily in three regions: the center of the galaxy and
two sources located north and south of the nucleus, with
Ao ~ 3. These regions also coincide with bright emis-
sion in Hey, similar to ITZW 096A: SF clumps associated
with a large amount of dust. In NFM-East, D1 is re-
sponsible for the highest Ay, with a peak value of 5.4.
However, the entire C+D region is characterized by a
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Figure 11. Ay, map of the WFM and NFM, derived from the observed H,/Hg ratio. The contours, regions, and sources are
defined in Figure 3.Top left: WFM map, where the D region presents the highest Ay, values.Top right: NFM-South map. The
compact sources detected by JWST/MIRI contain the highest Apo values. The dashed white area represents the high Awa
bent structure in the direction of IIZW 096B. Bottom left: NFM-East map. The entire C+D region is characterized by high
Ao values, especially in D1. Bottom right: NFM-NW map. The compact sources, identified by their strong Ha emission,

exhibit the highest A, values.

high extinction of Ap,~3 due to large amounts of dust
distributed around the whole area.

Using the Balmer decrement, we can correct the Ha
flux to derive the intrinsic spatially-resolved SFR of the
galaxies, a crucial parameter to characterize them phys-
ically. It could not be done for the C+D region, as it has
not yet been determined whether all the emissions orig-
inate from SF. The main ionization mechanism of the
other galaxies has been identified as SF in section 4.3,
so we can assume that the majority of the Ha emission
is produced by this process. Adopting the relation from
Kennicutt (1998), the SFR for ITZW 096 A is SFR ;=12

Mg yr— %, while for IIZW 096B, it is SFRg.=18 Mg
yr~!. Diaz-Santos et al. (2017) report the total SFR of
both galaxies, obtained through X-ray observations, as
SFR4=30.6 My, yr—!, which is consistent with the sum
of the values we have derived for both galaxies. As for
the E region, an SFRy,=0.4 was obtained, consistent
with its faint Ha emission.

5. ANALYSIS OF CHANDRA X-RAY DATA
5.1. Data description

The X-ray data were taken with Chandra Advanced
CCD Imaging Spectrometer (ACIS; Garmire et al. 2003)
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Figure 12. Smoothed X-ray images using a Gaussian filter with a 0.5” x0.5'radius from the soft, 0.5-2 keV, and hard, 2-8 keV,
bands. The contours, regions, and sources are the same as defined in Figure 3. The green circles represent the apertures used

to calculate the HR in D1 and IIZW 096A.

from Twasawa et al. (2011), on 2007-09-10, with an ex-
posure time of 14.57 ks. The data reduction was done
following standard procedures, using CIAO v.4.15 and
the Chandra Calibration Database, CALDB v.4.10.7.
Data were reprocessed with the chandra repro task to
generate the final event table. In this analysis, we fo-
cus on the comparison between the soft(][0.5-2]KeV) and
hard([2-8]KeV) X-ray data. The dmcopy task was used
to separate these energy ranges and measure the total
count in each aperture.

5.2. X-ray analysis

In Figure 12, we present the soft ([0.5-2] keV) and hard
([2-8] keV) X-ray emission detected by Chandra. The
images have been smoothed using the csmooth CIAO
task, using a Gaussian filter with a circular radius of
0.5”, for better visualization. IIZW 096A exhibits the
strongest emission in the soft X-ray, with emission from
the galaxy itself and extending into the tidal tail in the
direction of the C+D region. The C+D region exhibits
dominant hard X-ray emission, with its peak slightly
offset from the D1 source (~ 1”). Nonetheless, D1, lo-
calized by the green circle, exhibits significant emission
in the hard X-ray regime. In the soft band, to the south
of the filament connecting the east region with E, there
are three faint sources, two of which coincide with the
optical continuum. Iwasawa et al. (2011) describe these
sources as possible remnants of a past interaction, which
could be connected with the E region due to its vicinity.

The Hardness Ratio (HR), defined as HR = (H —
S)/(H + S), where H and S are the background-
corrected counts in the hard and soft bands, respec-
tively, was used to characterize the spectral shape of
the X-ray emission. This color index is useful when

there are insufficient counts to generate a statistically
meaningful spectral fit, as for D1. This value was cal-
culated using the Bayesian Estimator of Hardness Ratio
(BEHR,; Park et al. 2006). This code estimates the HR
and its uncertainties, focusing on the low-counts Pois-
son regime using the source and background counts in
the two energy bands. The counts in the different bands
were obtained with the dmstat task from CIAO. For
IIZW 096A we use an aperture centered on the galaxy
(RA: 20857™24.03%, DEC: +17°07'36.07"), with a ra-
dius of 3.53”, to enclose the galaxy and its most promi-
nent tidal tails, represented by the green circle. As for
D1, we use an aperture, represented by the green cir-
cle, of 0.5”radius. The HR of IIZW 096A is -0.56 +
0.08, having an excess of soft x-rays, dominated by low
energy photons possibly originated in SF and shock pro-
cesses. Iwasawa et al. (2011) obtained an HR = -0.57 +
0.07 for the entire system, indicating that in II ZW 096A
predominantly dominates the X-ray emission. The HR,
of D1 is 0.1+0.3. The error bars in this case are large
due to the low number of counts of the source, unlike
ITZW 096A. However, D1 is still consistent with a hard
source. Compared to Iwasawa et al. (2011), the C+D
region has an HR = 0.05 + 0.14, which is still consis-
tent with an obscured AGN. However, this X-ray color
is contaminated by the surrounding sources near D1.

6. DISCUSSION
6.1. Characterizing Ionization and Interaction

In this section, we describe the interactions and ion-
ization around the system, starting from the west side of
the merger, composed by IIZW 096A and II1ZW 096B,
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Table 2. Gas-phase metallicity of the systems.

System 12+log(O/H) Center (RA°, Dec®) ¢ (°) a (") b (")
IIZW 096 A 8.53 £ 0.14 314.356, 17.129 0 6 6
IIZW 096A tidal tail ~ 8.58 4+ 0.11 314.349, 17.127 55 11 3
I1ZW 096B 8.65 + 0.15 314.348, 17.130 165 11 6
E 8.46 4+ 0.16 314.356, 17.129 45 6 5
C+D 8.52 4+ 0.2 314.352, 17.128 65 4 3

Notes. 12 + log(O/H) of the systems in IIZW 096, with the respective elliptical apertures to obtain this value. (1) System
name. (2) Gas-phase metallicity expressed as 12+log(O/H) with the N2 method, using Curti et al. (2020) calibration. (3)
Center of the aperture to obtain the gas metallicity (RA, Dec). (4) Inclination angle (i) in degrees. (5) Semi-major axis (a) in

arcseconds. (6) Semi-minor axis (b) in arcseconds.
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Figure 13. Ha and [O IIIJA5007 Velocity maps for the E region.

represent a physical length of 3 kpcs.

and moving in the east direction, which contains the
C+D and E regions.

IIZW 096A shows evidence of two prominent struc-
tures: the tidal tail in the C+D direction and the
other in the direction of IIZW 096B, the NRC1. For
the NRC1 region, we gained insight into the interaction
by combining kinematics, ionization, and extinction in
the NFM-South region. From the Bbarolo model (Fig-
ure 7), it is clear that this central structure does not fol-
low the galaxy’s rotation pattern, with velocities reach-
ing up to 50 km/s. Its distinct kinematics, the higher
log([NII} A6583/Ha) ratio compared to other compact
sources in the galaxy, and its point source-like shape, all
suggest that it may be ionized by the remnant of a star,
such as a planetary nebula (PNe) or a supernova rem-
nant (SNR). In the original BPT diagram (Baldwin et al.
1981), PNe typically show log([NII] A6583 /H«) between
0.0 and 0.5, and log([OI] A6300/He) between 0.0 and
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0.5, both higher than the values observed in this source.
Additionally, they exhibit log([OIII] A5007/HB) > 1,
which clearly rules out this scenario. As for the SNR, a
commonly used criterion to classify SNRs, particularly
ones with low shock velocities, is log([O I] A6300/Ha:)>-
1.76 (Kopsacheili et al. 2020). The NRC1 region shows
values consistent with this criterion. Unfortunately,
these models are based on the contribution of shocks
to the ionization of emission lines, while in merging sys-
tems, other mechanisms, such as tidal interactions, can
also produce shocks. Using these diagnostics alone to
distinguish SNRs in such environments is hence unre-
liable. Therefore, for NRC1, an SNR origin cannot be
excluded, nor a contribution from shocks induced by the
interaction with the companion galaxy. But this struc-
ture shows A g, values up to 1.4 (Figure 11), bending in
the direction of IIZW 096B, represented by the dashed

lines. This phenomenon becomes evident when com-



pared with Figure 2a. This redshifted structure, char-
acterized by high Ay, likely represents a tidal tail pro-
duced by an interaction, possibly a bent arm containing
a high SF clump with a large amount of dust (as indi-
cated by its bright Ha emission and elevated Ap,)—a
recurring feature in this system. Its velocity dispersion
of ~ 80 km/s, significantly higher than the instrumen-
tal resolution, is consistent with a structure generated
by interaction (Monreal-Ibero et al. 2006, 2010), where
shocks induced by this event lead to increased ioniza-
tion, explaining its composite classification in Figure 8.

For the tidal tail in the direction of C+D, an increase
in ionization has been identified, classified as Composite
in the [NII] diagram or Seyfert and SF in the [SII] and
[OI] diagrams (Figures 8, 9, 10). These last two opti-
cal diagrams are sensitive to low-ionization events due
to their lower IP, indicating that this ionization is likely
not caused by a Seyfert but by other phenomena, such
as shocks, winds from SB or photoionization from more
evolved stars. The line ratios, shown by the black con-
tours in the diagnostic diagrams (Figures 8, 9, and 10),
indicate a significant shock contribution, ranging from
40 to 100%. This is consistent with the increase along
the x-axis, where emission lines with lower ionization po-
tential are typically enhanced in the presence of shocks
(Monreal-Ibero et al. 2006, 2010). From the X-ray ob-
servations, IIZW 096A shows a hardness ratio (HR) of
—0.56 £ 0.08, characterized by soft emission originating
from the tidal tail in the C+D direction. Combining the
optical and X-ray data, this region appears to be ion-
ized by shocks, which compress and heat the gas, pro-
ducing collisional ionization that enhances the emission
of low-ionization species. This suggests an increase in
the number of ionizing photons with relatively low en-
ergies. In addition, as shown in Figure 1, the tidal tail
exhibits a prominent Hf absorption line — a signature
of post-starburst (post-SB) events (Goto 2007). This
region, which resembles diffuse ionized gas, is consis-
tent with photoionization from both young massive stars
and possibly by hot, evolved low-mass stars, typical of
post-SB populations, as observed in galaxies with recent
star formation (Belfiore et al. 2016, 2022). Such condi-
tions can produce line ratios characteristic of LINER,
Seyfert, or composite classifications in diagnostic dia-
grams. The observed increase in ionization likely results
from a combination of shocks and post-starburst activ-
ity, suggesting that IIZW 096A is already being affected
by the interaction. In contrast, IIZW 096B appears rel-
atively undisturbed, retaining its spiral arms and show-
ing largely stable rotation and morphology. In the op-
tical diagnostic diagrams, both the ionization from the
sources and the gas remain at levels not typically asso-
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ciated with shocks or winds from intense star formation
triggered by interactions. This is further supported by
the low shock contribution indicated by the models, re-
inforcing the interpretation that IIZW 096B is less af-
fected by the merger.

In the center of II ZW 096 A, we have successfully iden-
tified the emission from PO, with velocities between —60
and —90 km/s and a velocity dispersion greater than 180
km/s. For outflows, the blueshifted velocities are easier
to observe, as the obscuration by the galaxy can hide
the redshifted counterpart of these winds. Compared
to a sample of weakly ionized outflows from local star-
forming galaxies analyzed by Couto et al. (2021), these
kinematic values fall within the range of such weak out-
flows. To compare their luminosities, we measure in this
region Ly, = 4 x 1032 W, which places it at the lower
end of the outflow luminosities. This suggests that, if
this is indeed an outflow, it is very weak, even compared
to those in star-forming galaxies. This interpretation is
consistent with its line ratios, which match models with
only a 5 to 40% shock contribution, supporting the idea
of a relatively mild interaction with the surrounding gas.
Another possibility for the origin of this structure is that
it could be part of the bent structure NRC1, but with
different motions compared to it. Both possible origins
can explain the increased ionization to composite in the
center, either due to winds from high SF or by the in-
teraction of structures due to the merger. As for the
compact sources AQ, ID1, ID3, and NRC2, we have suc-
cessfully identified ionization from WR stars and also
found evidence suggesting LyC leakage, which could ex-
plain their similarities with HII region models featuring
higher Q(H) values. In contrast, the remaining sources,
such as Cl1, C2, and ID2, are better matched by HII
models with lower Q(H).

The kinematic modeling of IIZW096B and
ITZW 096A presented in Figure 7 provides valuable
insight into their rotation and interaction. The upper
panel in Figure 7 shows that IIZW 096A is well de-
scribed by a rotating model with a PA = 99° + 24° and
an ¢ of 40° £ 21°, extending up to 2 kpc. The residuals
highlight the previously discussed NRC1, suggesting its
possible origin as a tidal tail. To the north of the ID3
source, the NRC2 does not follow the galaxy’s rotation,
possibly representing a dense region of star formation
(due to its location in the diagnostic diagram) that
does not follow the galaxy’s rotation pattern. Similarly,
ITZW 096B is successfully modeled as a rotating disk
with a PA = 170° 4+ 5° and an 4 of 65° 4+ 15°, extending
up to 9 kpc, and its residuals do not reveal any promi-
nent structures, supporting the argument that it is less
affected by the merger.
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To estimate the magnitude of the merger between
these two galaxies, we compare the stellar masses of
these two galaxies. Using the 3.5 ym method along with
JWST/NIRCam F356W data, we derive approximate
mass estimates, utilizing the kinematics to separate the
components and determine the photometric apertures.
These values provide a rough idea of the merger’s cate-
gory rather than precise measurements and help us as-
sess the system’s interaction. We use the Wen et al.
(2013) correlation, specifically the equation for late-type
galaxies, since both galaxies exhibit signatures of spiral
arms, to derive the stellar mass:

M,
logy <M> = (0.679 £ 0.002)+

©
vL,(3.4nm)
Lo

(1)
(1.033 +0.001) x log;, (

The 3.3 pm PAH feature falls within this filter. To
correct for its contribution, we use the spectrum of
IIZW 096 from the AKARI Infrared Camera (IRC; On-
aka et al. 2007). The spectrum is obtained from the
entire system, meaning that the PAH contribution to
the JWST/NIRCam F356W filter represents an upper
limit. By masking the PAH emission line, we fit the
continuum with a polynomial, selecting the lowest pos-
sible degree that minimizes the X2 ,.q- Considering
the filter’s response, we obtained a maximum PAH con-
tribution of 25% to the band. Including this contribu-
tion, we estimated stellar masses of 2.2 4 0.4 x 101° M,
for ITZW 096A and 4.5 4 0.8 x 10'° M, for IIZW 096B.
While these values are approximate, they provide a use-
ful indication of the interaction’s magnitude, suggest-
ing that this is a major merger, as its stellar mass
ratio is 1.2-2.6. After characterizing IIZW 096A and
IIZW 096B, we now move on to the east side of the
merger, focusing on the regions C+D and E.

On the east side of the system, the first prominent
structure is the triple overlap region, combining the in-
fluence from the three main components: I1ZW 096A,
ITZW 096B, and C+D. IIZW 096A is connected by a
prominent tidal tail, while IIZW 096B is linked by a
structure with multiple bright clumps that, combined
with the classification as SF in the optical diagnostics,
highlights the presence of high SF activity.

Further to the east lie the C+D and E regions, which
appear to be the most disrupted by the merger, as ev-
idenced by their disturbed morphology, complex kine-
matics, and line ratios in the diagnostic diagrams. As
discussed in Section 4.3, the C regions shows regions
suggesting the presence of LyC leaking, due to young
SP. Also, the outskirts of regions C and D exhibit high

shock contributions, ranging from 40 to 100%, consis-
tent with their classification as Seyfert and Compos-
ite. This interpretation aligns with the [MgIV] analysis
by Pereira-Santaella et al. (2024), who also concluded
that shocks play a dominant role in these regions. The
compact sources within this area show elevated Q(H)
values, between 7 and 8, along with significant shock
contributions. This suggests intense star formation ac-
tivity coupled with shocks, likely driven by the interac-
tion between regions E and C+D. Additionally, the ve-
locity dispersion map (Figure 5) reveals multiple areas
with double-peaked line profiles and total velocity dis-
persions exceeding 120 km/s. These features indicate
the presence of kinematically distinct components along
the same line of sight, likely the result of a past interac-
tion, providing further evidence of the violent nature of
this event. There is, however, some uncertainty regard-
ing the E region. Is it a remnant of the C+D region or a
separate system? To address this, we analyze the kine-
matics of the E region to search for signatures such as
rotation, which would support the galaxy scenario. We
also examine the gas metallicity and compare it with
that of the other system to check for any differences,
further supporting the idea that it is a separate galaxy.
In Figure 13, we present the kinematics of the E region
based on the [O IITJA5007 and He lines. We observe a
velocity gradient in both maps, with a consistent PA of
approximately 165°, suggesting rotational motion. We
further applied the mass-metallicity relation (MZR) to
assess whether the E region aligns with the scaling rela-
tion. The MZR, which describes the increase of metal-
licity with stellar mass due to processes regulating gas
accretion, star formation, and outflows, uses the oxygen
abundance relative to hydrogen (12 + log(O/H)) as a
proxy for gas metallicity. This merger contains multiple
diffuse ionized gas (DIG) regions, such as the E region
and inner regions in IIZW 096A and I1ZW 096B, which
behave differently from HII regions, due to the lower sur-
face brightness, differing physical conditions, and con-
tamination by multiple ionization sources (Dale et al.
2009; Belfiore et al. 2016). Hence, standard gas metallic-
ity estimators based on well-behaved HII regions, such
as the N2 diagnostic ([NII]\6583/Ha), are highly un-
certain. Therefore, the method proposed by Pilyugin &
Grebel (2016) was used, based on the line ratios of [N
IT] A6549 + A6583 / H3 and [S II] A6717 + \6730 / HS,
which shows good consistency with abundances derived
from auroral line temperature measurements.

In Table 2, we present the median metallicity of all
regions and the elliptical apertures used to obtain these
values, allowing us to compare the metallicity between
the different regions. With the metallicity from the E



region, we can compare it with its stellar mass and see
if it follows the MZR as an argument for being a galaxy.
The metallicity of the E region is 8.46 £ 0.16, and from
the 3.4um method using JWST/NIRCam F356W, we
obtain its stellar mass of 2.6 & 0.4 x 10°Mg,. Using the
Curti et al. (2020) calibration of the MZR, this stel-
lar mass corresponds to a gas metallicity of 8.6 + 0.07,
consistent with the metallicity obtained with the N2S2
method. Now, comparing the metallicities of the other
regions, including those in the tidal tail of IIZW 096A,
which appear to point toward region E (see white arrow
in Figure 3) and could suggest a physical connection, we
find that the metallicity of region E is consistent with
the rest within the uncertainties. Therefore, metallicity
cannot be used as evidence to support the identification
of region E as a separate galaxy in the merger. However,
the fact that the E region follows the MZR supports the
claim that this is a separate galaxy.

6.2. FEwvidence for an AGN in D1

In this section, we search for the existence of an ob-
scured AGN in D1 based on available multi-wavelength
data. It is important to note that some previous stud-
ies could not spatially resolve the D1 region and, hence,
were contaminated by surrounding extended emissions.
Baan & Klockner (2006) classified IIZW 096 as a pure
SB using Far Infrared (FIR) (spatial resolution of 15”)
and radio (spatial resolution of 1), based on three pa-
rameters: the FIR -radio ratio, brightness temperature
(Tp) and the radio spectral slope («). Sources like DO,
located at ~ 0.5”0f D1, contributed to the emission, thus
contaminating its classification.

Vardoulaki et al. (2015) introduced a method using o
maps measured at 1.49 and 8.44 GHz to classify highly
obscured sources. AGN-dominated systems show cen-
tral a values <0.5, with surrounding values >1.1, indica-
tive of energy loss. Wu et al. (2022) applied this tech-
nique to the D region. The o maps, derived from the 3
GHz and 9 GHz VLA bands with a resolution of 1”x1”,
show values up to 1.1 at the edges, around ~2”from
the D region, and approximately 0.5 in the center, plac-
ing D1 at the boundary between AGN-dominated and
SB/AGN classifications.

Ricei et al. (2021) concluded that the X-ray spec-
trum of IIZW 096 is well-fitted by an SF model, but
the contribution from the whole system makes this clas-
sification unreliable for D1. In addition, the NuSTAR
non-detection leaves the possibility that D1 could host
a heavily obscured AGN, likely Compton thick.

JWST observations have provided unprecedented spa-
tial and spectral resolution. In the mid-IR, Inami
et al. (2022) classified D1 using the F770W/F560W
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color, a proxy for the 6.2 pm PAH EQW. This diag-
nostic distinguishes SB, characterized by a high EQW
due to strong PAH emission, from AGN, which ex-
hibits lower equivalent width values due to hot dust
continuum emission and PAH destruction by hard ra-
diation. D1 falls in the middle of this classification;
therefore, an SB is as consistent as a highly obscured
AGN. Garcia-Bernete et al. (2024) modeled NIRSpec
and MIRI/MRS spectra to find that D1 likely con-
tains a buried AGN with a significant contribution
from star formation. Consistently, Garcia-Bernete et al.
(2025) developed a shorter-wavelength IR diagnostic us-
ing PAH EW 6.2 um/3.3 um vs. the continuum ratio
3 wm/5 pm. The PAH EW decreases in deeply obscured
nuclei due to dust absorption, while the continuum ratio
rises steeply in buried AGN, creating a mid-IR bump.
In this diagnostic, D1 falls in the obscured nucleus re-
gion, indicating a highly obscured AGN. Using the same
data, Donnan et al. (2024) used a differential extinction
model, revealing strong SF activity and a hot, isolated
dust component at T" ~ 1000 K, likely driven by AGN
heating. These IR models suggest that D1 contains a
combination of both AGN and SF contributions.

Previous observations by Barcos-Mutioz et al. (2017)
used high-resolution VLA 33 GHz data to characterize
D1, reporting a size <70 pc. These observations provide
a crucial probe of the SF activity in the system, revealing
a highly compact SB with an SFR surface density consis-
tent with the maximum starburst scenario proposed by
Thompson et al. (2005). It is argued that the most ex-
treme ULIRGs may represent “Eddington-limited” star-
forming systems, or “maximum starbursts,” where SF
occurs at the maximum rate allowed by the dominant
feedback mechanism, i.e., radiation pressure on dust.
When this limit is exceeded, a common inference is that
a significant fraction of the luminosity in the system may
originate from an AGN. Given its high SFR surface den-
sity and compact nature, D1 likely experiences signifi-
cant radiation pressure effects, which could drive out-
flows or suppress further star formation. In this work,
regardless of the assumed gas fraction in the calculations
or whether supernova feedback is considered, D1 consis-
tently appears as a super-Eddington system, suggesting
the potential presence of an AGN from this emission
excess.

Here, we present optical evidence further supporting
the presence of an AGN, which, combined with ALMA
and Chandra data, suggests the existence of an accret-
ing SMBH and vigorous star formation. Extinction has
a minimal effect on the BPT diagram because it uses
emission line ratios that are close in wavelength, reduc-
ing the impact of differential extinction. Therefore, even
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the high optical extinction observed in D1 (Section 4.4)
has only a minor influence on the diagnostic results. The
outstanding spatial resolution of the NFM allows us to
dissect the ionization of D1, revealing some areas clas-
sified as Seyfert. Whereas, in the WFM, D1 is blended
with the brighter, less extinct DO, leading to an overall
SF classification (yellow point in Figure 8, 9, 10). This is
most clearly observed in the [N II] diagram, where the
increase of log([O III|/HpB) is characteristic of a hard
photoionization source such as an AGN (Baldwin et al.
1981; Kewley et al. 2001). The D1 region, represented
by the yellow point in the [S II] and [O I] diagnostic
diagrams, is also consistent with an AGN classification
when considering the error bars. A possible explanation
for the ionization in region D1 could be a PNe, as its line
ratios are consistent with those observed in such objects
according to the original BPT diagram (Baldwin et al.
1981). However, the most luminous PNe reach [OII]]
luminosities of at most 2 ~ 103 ergs™! (Ciardullo et al.
2002). As discussed in Section 4.3, we obtained the spec-
trum of D1 and, after correcting for optical extinction,
derived an [OIII] luminosity of ~ 1042 ergs™!, far ex-
ceeding the expected range for PNe, and hence arguing
against this scenario. This value could help classify how
strong of an AGN D1 is, based on its [OIII] luminos-
ity (Kauffmann et al. 2003). However, the contribution
from star formation could not be reliably quantified, so
a definitive classification as weak or strong remains un-
certain.

This result supports various studies in the infrared,
which conclude that D1 is a combination of an SB and
a heavily obscured AGN. For instance, Donnan et al.
(2024), using a differential extinction model with NIR-
Spec + MIRI JWST data, conclude that the AGN is
affected by higher dust obscuration levels in comparison
to the SB, meaning that the optical diagnostics should
be dominated by this high SF component, placing D1
near the edge of the Seyfert classification as observed.
To test if non-AGN ionization is capable of produc-
ing the line ratios observed in D1, we use a pure SB
model with CLOUDY (Ferland et al. 2013) in combina-
tion with shocks emission modeled using MAPPINGS III
(Allen et al. 2008). We refer to Appendix C for the de-
tails of the two models and the parameters used. The
combined ionization sources cannot reproduce the ob-
served line ratios in the D1 region, meaning that an
additional ionization source is required, thus supporting
the presence of an (obscured) AGN.

The ALMA Band 3 continuum emission (84-116 GHz)
can trace thermal dust emission. However, considering
D1’s compact size (as shown in Figure 8 from the ALMA
Band 3 emission and as measured by Inami et al. 2022),

the radiation could also originate from synchrotron self-
absorption in the nuclear plasma due to its compactness
and high density, which are related to an AGN (Kawa-
muro et al. 2022; Ricci et al. 2023). For this highly dense
and obscured source, observations at lower frequencies
(e.g., Band 1) would be necessary to classify the source
using the spectral slope and confirm the presence of an
AGN. If we assume that all the 100 GHz emission comes
from the AGN, we can compute an upper limit for the
column density, Ny, by applying the Fa_10.kev/F100 GHz
relation from Ricci et al. (2023). Using the X-ray flux
from the C+D region (Ricci et al. 2021) and the 100 GHz
flux from ALMA Band 3 (S, = 1.4x 1073 Jy), we obtain
a ratio < 2.7, suggesting log Ny(cm™2) > 24.5, being
evidence of a highly obscured AGN, consistent with the
results obtained by Garcia-Bernete et al. (2024) of a log
Ny(em™2) ~ 24.1 - 24.4. However, this value should
be considered an upper limit, as dust may significantly
contribute at 100 GHz, given that this region has been
identified as highly compact with a large amount of dust
(Inami et al. 2022).

In the Chandra X-ray data, D1 has too few counts to
generate a statistically meaningful spectral fit. For this
reason, we rely on the HR instead. D1 has an HR of
0.1£0.3, which suggests it is consistent with a hard X-
ray source (HR >0), a characteristic of the X-ray spec-
trum of an (obscured) AGN. However, this HR deter-
mination is not statistically significant, and it could be
due to the dominance of emission from an obscured star-
forming region. Moreover, the non-detection by NuS-
TAR does not rule out the presence of a heavily obscured
AGN, likely Compton thick.

Summarizing, the high-resolution [NII], [SII], and [OI]
diagnostic diagrams from the NFM, combined with the
ALMA and Chandra data, support the presence of an
obscured AGN in D1, possibly coexisting with a highly
dense SB. The violent interaction between C+D and E
has heavily disrupted this region, causing a significant
loss of angular momentum in gas and dust, which may
fuel the SMBH in D1. In particular, Figure 4 shows a
redshifted stream extending north of the D region, likely
the source of the inflowing material feeding the nuclear
activity in D1.

6.3. Merger stage

In Figure 14, we combine the system’s morphology,
kinematics, and ionization analyses presented in this
work. We propose that the current merger stage of
ITZW 096 involves at least three systems, further divided
into two distinct merger stages.

The west side of the system, which includes
IIZW 096A and I1ZW 096B, remains in the initial stage
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Figure 14. Representation of the merger stage of IIZW 096. IIZW 096A is shown in green, IIZW 096B in magenta, and the
C+D and E regions are represented in blue. IIZW 096A exhibits two main interactions: the prominent tidal tail extending
toward C+D, characterized by shocks and the post-SB event, and another interaction directed toward I1ZW 096B. To the east
of this galaxy lies the triple-overlap region, which contains multiple star-forming clumps from the three main systems. To the
north is IIZW 096B, with its prominent spiral arms, indicating that it is less perturbed by the merger. To the east are the C+D
regions and the obscured AGN in D1, while between C+D and E, filaments connect these regions, remnants of their interaction.

of the fusion. Despite being involved in the merger,
as evidenced by the numerous SF clumps, tidal tails
(Larson et al. 2019) and possible outflows from high
SF, their morphology and kinematics remain relatively
undisturbed, still exhibiting spiral arms and rotation in
each disk. With the stellar mass and SFR, we obtain
the difference of each component to the main sequence
(MS) for z ~ 0 (Elbaz et al. 2007). IIZW 096A has a
AMS = 9 and IIZW 096B a AMS = 13, being SF galax-
ies, occupying the same region as local (U)LIRGs (e.g.,
see Figure 12 of Eser et al. (2014))

The merger’s east side comprises the E and C+D re-
gions. The stellar mass of the C+D region has not been
obtained, but by comparing it to E with IIZW 096A
and IIZW 096B, a mass ratio of 8.5+2 and 1744 is de-
rived, respectively. This indicates that the E region side
of the merger represents a minor merger (with a mass
ratio <1:3). For this side of the system, we propose
two different scenarios. First, E and C+D were part

of the same galaxy, and an interaction with I1ZW 096 A
and/or IIZW 096B tore this galaxy apart, causing sig-
nificant disruption and separating the SMBH in D1 from
the rest of the galaxy, leaving the E region behind. The
second scenario is that E and C+D are separate sys-
tems. Due to low orbital circularity (€), a direct collapse
between them resulted in a straight-line plunge interac-
tion, causing C+D to be highly disrupted (Solanes et al.
2018). In both scenarios, the velocity gradient in E could
arise from a rotating disk of the galaxy or from a tidal
arc, where the northern part shows receding velocities
(redshifted). In contrast, the arc changes direction and
becomes approaching (blueshifted).

This side of ITZW 096 is more advanced in the merger
stage, where the interaction it undergoes triggers a rapid
starburst episode in E, evidenced by its prominent Hf
absorption lines and its position below the MS, with a
AMS = —0.4. Additionally, the interaction causes sig-
nificant disruption around the SMBH in D1, where the
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gas and dust lose their angular momentum, feeding the
SMBH and igniting the AGN, a process commonly ob-
served in advanced stages of interaction (Kocevski et al.
2015), where a possible inflow feeding D1 could originate
from the redshifted stream in the north direction of D.

The IIZW 096 system resembles a compact galaxy
group (CG). These are associations of 3 to 10 galaxies
within projected radii of a few tens of kiloparsecs (Sohn
et al. 2016). Tzanavaris et al. (2010) analyzed a sample
of local CGs and found that their locations on the MS
do not differ much between each group member. This
suggests that IIZW 096 is a unique system where the
different galaxies are distributed across the MS. In this
system, IIZW 096A and ITZW 096B are classified as SB
galaxies, while the E region is identified as inactive. This
configuration is reminiscent of the dual merger Mrk 266,
where the two nuclei are in different stages of the merger
process (Ruby et al. 2024). As the merger evolves, the
different components will move closer to nuclear coales-
cence. The gas and dust will lose angular momentum,
further increasing SF and possibly igniting additional
AGNs (Foord et al. 2020). This process could reduce
the SMBH merger time by a factor of 10 compared to
a binary merger (Blaes et al. 2002), generating an even
more violent and short-lived phase. Millennium sim-
ulations (Ryu et al. 2018) found that 42% of massive
galaxies (10'1~12 M) undergo more than one significant
merger. This indicates that systems like IIZW 096 are
the predecessors of some of the most massive galaxies in
the universe, and observing these rare phases in the lo-
cal universe is essential for understanding the formation
and evolution of galaxies.

7. CONCLUSIONS

A detailed analysis of the morphology, kinematics,
and ionization of the merging LIRG IIZW 096 was
conducted using VLT /MUSE optical IFU observations.
Thanks to the large FoV of the WFM and the high spa-
tial resolution of the NFM, we have been able to resolve
and understand better this complex system, its merger
stage, and the ionization of its different components. By
fitting the main optical emission lines, we obtained flux,
velocity, and velocity dispersion maps, as well as optical
diagnostic diagrams to characterize the system and com-
pare it with HIT 4 shock models, in order to distinguish
the contribution of each photoionization source. We con-
cluded that ITZW 096 comprises three or more galax-
ies. The Ha flux maps identify two central galaxies,
ITZW 096A and ITZW 096B, still recognizable as spirals
and less affected by gravitational interactions. Multiple
clumps have been identified, associated with both spi-
ral arms and collision regions, such as the triple overlap

region, which exhibits higher extinction and star forma-
tion indicative of compressed molecular gas. Combin-
ing the flux and kinematics maps, we separated various
double-peaked emission line regions associated with in-
teracting zones to model their kinematics, obtaining a
PA =99° + 24° and i = 40° £ 21° for IIZW 096A, and
a PA = 170° + 5° and ¢ = 65° + 15° for I1ZW 096B.
The residuals reveal a tidal tail of IIZW 096A in the
direction of IIZW 096B and a region of high density of
stars not following the rotation pattern of the galaxy. In
addition, to estimate the magnitude of the merger be-
tween these two galaxies, the JWST NIRCam F356W
filter was used as a proxy for stellar mass, yielding stel-
lar masses of 2.2 & 0.4 x 1019 My, for IIZW 096A and
4.5+0.8 x 1019 M, for IIZW 096B, implying that these
two galaxies are undergoing a major merger. Further-
more, by separating the emission line components, we
were able to analyze the kinematics of a broad compo-
nent at the center of IIZW 096A. Due to its velocity (-60
t0 -90 km/s) and velocity dispersion (>180 km/s), there
is a possibility that this is a weak outflow from a region
of high SF, as suggested by its composite ionization in
the [NII] diagram. We thus labeled it as ”potential out-
flow,” or PO.

The east side of the system is highly disrupted and
strongly affected by the interaction. The C+D region
contains multiple bright clumps with high extinction,
reaching Ap, ~5.3 in D1, consistent with its high L;pg.
We also identified the E region, a faint system con-
nected to the C+D region, visible in the flux map and
the color image. The kinematics in the C+D region
are very complex, revealing multiple double-peaked lines
due to structures with different velocities in the same
FoV, likely residuals from the interaction. The E region
shares a velocity gradient across different lines with the
same PA, suggesting a possible rotating disk.

From the resolved optical line diagrams, the dominant
classification of the system falls under SF, except for
the colliding regions. The tidal tails of the IIZW 096 A
show increased ionization, evidenced by the match with
the HIT + shock models with higher shock contributions,
also supported by the high soft X-ray emission detected
by Chandra. In addition, these regions show a promi-
nent HB absorption line, where hot young stars and pos-
sibly more evolved and hot stars could also be provid-
ing the photons to increase the ionization. This means
that these regions show an increase in ionization from
shocks plus a post-SB event, meaning that this galaxy
is more affected by gravitational forces in comparison
to ITZW 096B, where there is no evidence of a higher
shock contribution. In addition, the compact sources of
this galaxy are also best matched by HII regions with



high log(Q(H)) between 7.25 and 8, whereas IIZW 096B
is better matched with HII region models with lower
log(Q(H)), between 6.75 and 7.25. The C+D region
shows a similar behavior, where the compact sources
are better fitted by HII models with higher log(Q(H)),
between 7 and 8, and also exhibit a higher shock con-
tribution. This, combined with its complex morphology
and kinematics, suggests a past interaction. Moving to-
ward the E region, we can trace the remnants of this
interaction through the increase in ionization observed
in the [OI] diagram, attributed to the lower ionization
potential of this line.

By combining the diagnostic diagrams, ALMA, and
Chandra observations, we argue that D1 contains a
highly obscured AGN in combination with a compact
starburst. This is supported by the optical line classi-
fication of D1 as an AGN, and by its high Liosrp), of
~ 10*2 erg/s. Given its compactness and density, the
ALMA Band 3 continuum indicates that this compact
source could be attributed either to thermal dust emis-
sion or to synchrotron self-absorption associated with an
obscured AGN. Using Chandra data, we computed the
Hardness ratio (HR), resulting in a positive value (-0.56
+ 0.08) consistent with a hard source and supporting
the presence of an obscured AGN. These three lines of
evidence make a strong case for an (obscured) AGN in
D1.

Combining the morphological, kinematic, and ioniza-
tion information, we propose the merger stage depicted
in Figure 14, highlighting the two evolutionary stages.
In a relatively early merger stage, the west side shows
remnants from the interaction, such as tidal tails, SF
clumps, and shocks in the interacting regions, while con-
serving its morphology and kinematics, being classified
as SB galaxies. On the other side, the east side is at a
more advanced stage. It consists of two systems, C+D
and the E regions, where we proposed two scenarios.
First, E and C+D are part of the same galaxy, disrupted
by an interaction with IIZW 096 and/or II1ZW 096B.
The other scenario is that E and C+4D are isolated
galaxies, and from a direct interaction, C+D gets highly
disrupted, fueling the SMBH in D1. This interaction
rapidly quenched the E region in both scenarios, with
its SF phase occurring on a short timescale. As the sys-
tem evolves, a new reservoir of gas and dust may further
ignite activity, increasing SF and possibly triggering ad-
ditional AGN(s).

The richness and complexity of this nearby system is
a clear example of the diverse and somewhat chaotic na-
ture of these multiple galaxy interactions, which could
be essential in understanding the formation and evolu-
tion of the most massive galaxies in the Universe. In
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this work, we studied in detail the highest resolution
optical IFU data cubes available to date of a relatively
nearby system, demonstrating how much more challeng-
ing it would be to perform a similar analysis at higher
redshifts, where such multiple encounters are expected
to be more frequent.
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APPENDIX

A. APPENDIX: EMISSION
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Figure 16. Emission line flux ratio of log([N II] A6583/Hc). The contours, regions, and sources are defined in Figure 3, in
addition to the PO, NRC1 and NRC2 of IIZW 096 A
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Figure 17. Emission line flux ratio of log([S II] A(6717 4 6731)/Hca). The contours, regions, and sources are defined in Figure
3, in addition to the PO, NRC1 and NRC2 of II ZW 096A
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Figure 18. Emission line flux ratio of log([O I] A6300/Ha). The contours, regions, and sources are defined in Figure 3, in
addition to the PO, NRC1 and NRC2 of ITIZW 096 A

B. APPENDIX: BLUE BUMP

In Figure 19 we present a map of the ”blue bump”, a characteristic spectral feature of Wolf-Rayet (WR) stars.
This map was constructed by collapsing the datacube within the spectral range 4650-4707 A, which contains the blue
bump emission, and then subtracting the continuum contribution from an adjacent spectral window of equal width
(47074764 A). This subtraction technique isolates the WR feature by removing the underlying stellar continuum and
ensures that we are specifically tracing the WR, population rather than continuum-dominated regions. We show the
results for both the WFM and the NFM-South, with the latter pointing exhibiting the most prominent blue bump
features.
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Figure 19. Map of the blue bump excess characteristic of WR stars, measured in the 4650-4707 Aspectral range where this
feature is identified. Only the NFM-South pointing is shown, as it is the only one exhibiting this signature. The WFM map is
included for reference to illustrate that IIZW 096A is the only galaxy with prominent emission of this feature. The contours,
regions, and sources are defined in Figure 3

C. APPENDIX: EMISSION LINE RATIO MODELING OF D1
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Figure 20. [N II] diagnostic diagram as presented in Figure 8, with the emission line ratios produced by CLOUDY + MAPPINGS
III. A 5 Myr starburst (SB) is synthesized using PopStar (Moll4 et al. 2009), assuming a gas metallicity between 0.5-0.7 Zg.
Solar abundances are assumed for the shocks, with a velocity of 150 km/s, B=10 uG, and a pre-shock density ranging from
100 to 1000 cm~2. The results are represented in red and blue, with variations in the ionization parameter log(U) and the
metallicity of the gas in the SB. The observed line ratios in the D1 region are shown in yellow.
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We use a pure SB model with shocks to test whether this ionization mechanism can reproduce the optical line ratios
observed with MUSE-NFM. The choice of excluding an AGN is due to the lack of prior studies providing a range of
values for key AGN parameters, such as the ionization parameter, Ny, and hydrogen density. In contrast, for the SB
case, previous studies (Inami et al. 2010) have characterized the stellar population D1 age, a key parameter for modeling
the line ratios. Without similar constraints for an AGN, its inclusion would introduce significant degeneracies. Thus,
we first assess whether an SB+shock model alone can explain the observations.

For the SB, we use CLOUDY (Ferland et al. 2013), a radiative transfer simulation code capable of reproducing line
ratios under specific conditions in a non-equilibrium gas. The ionization is driven by a young SB synthesized with
PopStar (Molla et al. 2009), using a Kroupa IMF with lower and upper mass limits of 0.15-100 M. We select an age of
5 Myr, based on estimates from the CO index and Br v equivalent width (Inami et al. 2010), a gas metallicity between
0.5-0.8 Zg derived from the N2 diagnostic (Marino et al. 2013) using the NFM observations, and a radius of 134 pc
(Wu et al. 2022). With CLOUDY, we generate a grid of models varying the metallicity and the ionization parameter U,
a dimensionless quantity that represents the ratio of the ionizing photon flux to the gas density, indicating the degree
of ionization in a gas cloud.

For the shocks, we use the MAPPINGS III models from Allen et al. (2008), adopting a velocity (vs) of 150 km/s. This
choice is based on the results of Pereira-Santaella et al. (2024), who used MgIV to trace shocks in D1 and concluded
that velocities of 150 km/s best agree with the observed line ratios. We consider solar abundances with a pre-shock
density n. ranging from 100-1000 cm 2. Wu et al. (2022) estimates the density of D1 as 4 x 10* cm ™2, meaning that
the values closest to the observations should be from n=1000 cm~3. Additionally, we use the maximum magnetic
field strength (B) available in the models, 10 uG, to test the most extreme conditions capable of producing higher
ionization.

The two models provide line ratios normalized to H3. To combine the contributions of the SB and shocks, we require
the luminosity of one of the lines. For the SB, we use an SFR=60 Mg, /yr, as derived from JWST/MIRI observations
(Inami et al. 2022) and converted it to Ly, using the relation from Kennicutt (1998). From this, we calculate the
remaining luminosities of the [N II] diagnostic diagram lines from the line ratios provided by the models. For the
shocks, Rich et al. (2015) analyzed local U/LIRGs at different merger stages and found that shocks may contribute
up to 50% of the Ha luminosity in late-stage mergers in the absence of an AGN. Here, we assume half of the Ha
luminosity derived for the SB as the contribution from shocks. However, this should be considered an upper limit, as
an AGN can further contribute to this luminosity.

In Figure 20, we present the non-AGN models produced by combining SB and shocks and compare them with the
observed D1 points. The two different colors, red and blue, represent the same SB model varying the ionization
parameter log(U) and metallicity, but with different pre-shock densities (100 and 1000 cm~3 ). Both models adopt the
same v and maximum B provided by MAPPINGS III but differ in pre-shock densities. The ionization from non-AGN
sources is expected to lie between the two grids at different densities within the SF and Composite regions of the [N
IT] diagnostic diagram. However, to reproduce the D1 point, an additional ionization source is required, supporting
the presence of an AGN.
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