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ABSTRACT

We present high-resolution Keck Cosmic Web Imager (KCWI) and MUSE IFU spectroscopy of VV 114, alo-
cal infrared-luminous merger undergoing a vigorous starburst and showing evidence of galactic-scale feedback.
The high-resolution data allow for spectral deblending of the optical emission lines and reveal a broad emission
line component (0poaq ~ 100-300 km s™!) with line ratios and kinematics consistent with a mixture of ioniza-
tion by stars and radiative shocks. The shock fraction (percent ionization due to shocks) in the high velocity
gas is anticorrelated with projected surface number density of resolved star clusters, and we find radial density
profiles around clusters are well fit by models of adiabatically expanding cluster winds driven by massive stel-
lar winds and supernovae (SNe). The total kinetic power estimated from the cluster wind models matches the
wind+SNe mechanical energy deposition rate estimated from the soft band X-ray luminosity, indicating that at
least 70% of the shock luminosity in the galaxy is driven by the star clusters. Hubble Space Telescope narrow
band near-infrared imaging reveals embedded shocks in the dust-buried infrared nucleus of VV 114E. Most of
the shocked gas is blueshifted with respect to the quiescent medium, and there is a close spatial correspondence
between the shock map and the Chandra soft band X-ray image, implying the presence of a galactic superwind.
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The energy budget of the superwind is in close agreement with the total kinetic power of the cluster winds,

confirming the superwind is driven by the starburst.

Keywords: VV 114, Interstellar shocks, Luminous Infrared Galaxies, Galactic feedback

1. INTRODUCTION

Galaxy mergers serve as extreme laboratories for studying
feedback—the process by which energy and momentum in-
put from star formation and active galactic nucleus (AGN)
activity regulate the growth of galactic stellar mass and
supermassive holes. While cosmological simulations rou-
tinely invoke feedback to explain galaxy properties both on
the individual and population levels, its implementation re-
mains highly idealized, particularly on sub-resolution scales
where stellar winds and supernovae interact with the multi-
phase ISM (Schaye et al. 2015; Naab & Ostriker 2017; Vo-
gelsberger et al. 2020). These theoretical limitations cre-
ate a pressing need for empirical constraints, yet observa-
tional studies face their own challenges. Although galactic
outflows are commonly detected in starbursts and mergers,
their driving mechanisms—and ultimate impact on star for-
mation—remain poorly understood. Radiative shocks, for
instance, may either suppress star formation by disrupting
molecular clouds (Hopkins et al. 2013) or enhance it through
gas compression and inflows (Elmegreen & Elmegreen 1978;
Kinoshita et al. 2021a; Rich et al. 2011). Such ambiguities
persist because most observations lack the resolution to con-
nect galaxy-scale outflows to their originating sources (e.g.,
individual star clusters) or trace their local interaction with
the ISM.

This gap in understanding stems largely from the inher-
ently multiscale nature of feedback, which operates across
spatial scales from star-forming regions (tens of pc) to
galaxy-wide outflows (several to tens of kpc). Current fa-
cilities cannot simultaneously resolve these scales in distant
galaxies, making local luminous and ultra-luminous infrared
galaxies (LIRGs/ULIRGs; Lig > 10! L (Soifer et al. 1987))
indispensable laboratories. These extreme starbursts host
powerful galactic winds and pervasive shocks (Veilleux et al.
2005; Rich et al. 2011; Westmoquette et al. 2012; Rich et al.
2015), while their proximity enables observations at the crit-
ical scales needed to dissect feedback mechanisms. Studying
how energy propagates from individual sources through the
ISM in these systems provides fundamental insights into how
energetic processes govern galaxy evolution.

The transformative impact of AGN-powered outflows and
galactic superwinds on their host galaxies is evident in their
localized effects on the ISM, with shocks being one of the
most easily observed signposts of feedback. Shocks are
present whenever matter propagates through a medium at
a rate faster than the local sound speed, and often accom-

pany galactic outflows, jet-interstellar medium (ISM) inter-
actions, supernovae (SNe), and large-scale tidally-induced
gas motions in mergers (e.g., Saito et al. 2017.) While shocks
can suppress star formation by disrupting giant molecular
clouds (GMCs) over short timescales (<1 Myr; Hopkins
et al. 2013), they may also work to promote star formation
over longer timescales by radiatively dissipating the kinetic
energy of ambient gas, causing it to fall into the potential
well of the galaxy (e.g., Rich et al. 2011), or on local scales
via gas compression (e.g., Kinoshita et al. 2021b, Humire
et al. 2025.) (U)LIRGs are ideal testbeds for estimating the
energetics and timescales involved in AGN- and starburst-
powered feedback through shocks which propagate through
the gas-rich ISM. In this paper, high-resolution, wide areal
coverage optical spectroscopic and near-IR photometric ob-
servations of the shocked ISM are used to constrain the en-
ergetics, timescales, and feedback effect of a galactic-scale
starburst.

The LIRG (Lir[8 — 1000 um] = 4.5x 10" L) VV 114 (=
IRAS F01053-1764 = IC 1623 = Arp 236) is a nearby (D, =
84 Mpc, 1” = 410 pc) mid-stage merger in the Great Obser-
vatories All-sky LIRG Survey (GOALS; Armus et al. 2009),
consisting of two progenitor galaxies with a projected nuclear
separation of approximately 8 kpc (Evans et al. 2022). The
merger is gas-rich, with a total molecular gas mass of My, =
5.1x10' Mg (Yun et al. 1994) and total neutral gas mass of
My =7.2x10° M, (van Driel et al. 2001), and with massive
stellar (M, = 1.62x10'! M; Howell et al. 2010) and dust
(Mgus = 1.2x10% M; Frayer et al. 1999) components. The
eastern component (VV 114E) is heavily obscured by dust,
rendering it invisible at UV wavelengths, but beyond ~1 pum,
VV 114E becomes the dominant luminosity source of the
merger (Knop et al. 1994; Doyon et al. 1995; Scoville et al.
2000; Soifer et al. 2001; Le Floc’h et al. 2002; Charmandaris
et al. 2004; Evans et al. 2022). The total IR-to-UV flux ratio
of VV 114 is 11.2 (Howell et al. 2010), indicating that most
of the energy sources in the system are buried behind dust in
the eastern component. Mostly due to the long wavelength
emission from the eastern component, VV 114 is one of the
brightest objects in the IRAS Bright Galaxy Sample (Soifer
et al. 1987). Keck MERLIN observations at 12.5 pm resolve
the nucleus of VV 114E into two bright cores, one to the
NE and the other to the SW, separated by ~1.”6 (= 630 pc;
(Soifer et al. 2001; Evans et al. 2022), possibly indicating that
VV 114E is itself a merger remnant (Rich et al. 2011). James
Webb Space Telescope (JWST) imaging reveals that the NE
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and SW cores have mid-IR colors consistent with a dust-
buried starburst and a heavily obscured AGN, respectively
(Evans et al. 2022). In line with this picture, JWST near- and
mid-IR spectroscopy shows properties ro-vibrational emis-
sion signatures of molecular gas toward the AGN are incon-
sistent with those expected in starbursts (Buiten et al. 2024).
JWST mid-IR spectroscopy also reveals deep absorption due
to aliphatic hydrocarbons and amorphous silicates in the NE
core and low polycyclic aromatic hydrocarbon (PAH) equiv-
alent widths in the SW core, consistent with a heavily ob-
scured starburst and AGN, respectively (Rich et al. 2023).
The nucleus of VV 114E also shows elevated [Fe 11]/Pfa line
intensity ratios, broadening and multiple kinematic compo-
nents in the mid-IR H, and forbidden lines, suggestive of
shocks and outflows associated with and extending by ~1
kpc beyond the bright IR cores (Rich et al. 2023).

The western component (VV 114W) is bright at UV and
optical wavelengths (Knop et al. 1994; Goldader et al. 2002),
hosting numerous UV-bright massive star clusters (Linden
et al. 2021). Although both VV 114E and VV 114W fea-
ture hard-band (3-8 keV) X-ray emission (brighter and more
compact in VV 114E), almost all of the soft-band (0.3-2.0
keV) X-ray emission from the system is detected towardsr
and around VV 114W (Grimes et al. 2006). HST STIS
imaging shows that VV 114W has a large far-UV luminosity
(Lruy = 2.2 x 10'°L)), comparable to high redshift Lyman
break galaxies (Heckman et al. 2005). FUSE far-UV spec-
troscopy reveals strong, broad interstellar absorption lines
with a pronounced blueshifted component toward and around
VV 114W, while WiFeS optical integral field unit (IFU) spec-
troscopic observations of VV 114 show elevated diagnostic
line ratios across the merger (Grimes et al. 2006; Rich et al.
2011). These observations imply strong feedback activity in
the form of outflows and shocks in VV 114.

This paper is organized as follows. In Section 2, we discuss
our observations and data analysis techniques. In Section 3,
we present the results of the optical emission line spectro-
scopic analysis, and provide a theoretical shock mixing se-
quence framework to interpret the distribution of diagnostic
emission line ratios. Section 4 includes physical interpre-
tations of the narrow and broad emission line components
based on their respective velocity dispersions and diagnostic
line ratio distributions. The optical spectroscopic and near-IR
photometric results are discussed in the context of feedback
in VV 114 on a galactic scale and within the dust-obscured
nucleus of VV 114E. Evidence for a galactic superwind and
its properties are also discussed in Section 4. A summary of
the work and the main conclusions are enumerated in Section
5. Throughout this work, we assume a standard cosmology of
Q,, =0.286, Q5 =0.714, and Hy = 69.3 km s~ Mpc™! based
on the 13-year Wilkinson Microwave Anisotropy Probe Cos-
mology (Bennett et al. 2013).

Figure 1. HST ACS/WFC three-channel optical image of VV 114.
Red is the F660N image isolating Ho emission, green is the F§14W
(~I band) image and blue is the F435W (~B band) image. The
tilted yellow and upright white boxes are the MUSE and KCWI
fields of view, respectively. Isointensity levels of the F814W image
are shown as white contours, which will also appear in all maps
presented hereafter. VV 114W appears blue with pink H II regions,
VV 114E appears orange due to its large visual extinction. 1” =
400pc, North is up and East is to the left. There is significant overlap
between the IFU datasets, which covers the full merger system. An
annotated version of this map, with the various regions of interest
marked, is shown in Figure Al in Appendix A.

2. DATA AND ANALYSIS
2.1. KCWI Optical IFU Data

Observations were conducted with the Keck Cosmic
Web Imager (KCWI, Morrissey et al. 2018), a wide-field,
seeing-limited integral field spectrograph optimized for high
throughput in the 3500-5600 A bandpass on the Keck II tele-
scope. The KCWI observations presented here were obtained
on UT 2021 Sep 13 under clear sky conditions, with subarc-
second seeing ~0.”63. We employed a 9-point dither pattern,
arranged in a 3 x 3 rectangular grid centered on VV 114, for
contiguous coverage across a 35" x 50" area, plus two dedi-
cated sky exposures. All exposures were 300 s long. Most of
the central regions were sampled at least twice due to over-
lap in the dither pattern, resulting in effective integrations of
greater than 300 s there.

The observations were made with the instrument in the
BM-L configuration (blue medium resolution grating with
the large slicer), for a central wavelength of 4100 A and a
dispersion of 0.24 A pixel™'. This setup results in a resolu-
tion of R~2000 (Avy=64 km s™') across the spectral range
3650-4550 10\, covering the [O II] A\ 3726, 3729, [Ne III]
)\ 3869, [Ne III] A 3967, HS A 4102, and Hvy A 4340 A emis-
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sion lines. The setup gives a field of view of 33" x 20."4,
with slit width-limited angular resolution (0.”29 sampling
rate along the 1.”4-wide slit.) The detector was binned by
a factor of 2 x 2. Bias frames, dark frames, thorium-argon
calibration lamp spectra, as well as dome flats and twilight
flats were collected during the observing night.

Basic reduction and wavelength solution for the spectro-
scopic data were performed using the official KCWI data re-
duction pipeline KCWI_DRP v1.0'. The reduction pipeline
also performs flux calibration of the science frames using ob-
servations of standard stars, and applies sky subtraction using
the dedicated sky pointings to account for contamination by
sky emission lines and continuum. The instrumental contri-
bution to the emission line widths was measured by fitting
Gaussians to several emission lines with high signal-to-noise
ratio (SNR) in the thorium-argon lamp exposures. The in-
strumental width (FWHM) for the emission lines was found
to be 2 A.

The individual KCWI spectral cubes were cropped and co-
added using the CWIToOLS? package (O’Sullivan & Chen
2020), written in Python. The spectral axis of the KCWI
cubes was cropped to remove coverage outside the 3650—
4550 A range, and extra padding in the X, y spatial axes,
which is introduced in the official DRP. CWITOOLS co-adds
the individual cubes by placing all spaxels onto a common
co-add grid. The minimum spatial sampling of the input is
taken as the uniform spatial sampling of the output co-added
cube, in this case resulting in square 0.”29 (= 120 pc) spax-
els. In areas covered by only one pointing, pairs of spaxels in
the horizontal (RA) direction contain identical 1-D spectra.

2.2. MUSE Optical IFU Data

The publicly-available MUSE data were collected from the
ESO Science Archive Facility (Program Id 097.B-0427; PI:
G. Privon). The reduced MUSE spectral cube has a spectral
resolution of R~3000 (Avy=43 km s~!) across the spectral
range 4750-9352 10\, covering the HZ A 4861, [O III] A\ 4959,
[O III] A 5007, [N II] A 6548, Hae A 6563, [N II] A 6583, and
[S II] AX 6716, 6731 A emission lines. The square field of
view is 1.”88 per side with a spatial sampling rate of 0.”2, and
overlaps with most of the area covered by KCWI. The MUSE
cube was cropped spatially to match the on-sky coverage of
the KCWI co-added cube, and rebinned to give identically-
sized spaxels.

2.3. HST/WFC3 Near-Infrared Imaging Data

Near-IR images of VV 114 were collected with the Hubble
Space Telescope (HST) Wide Field Camera 3 (WFC3) as part
of a larger program (Program ID 17285; PI: V. U) to identify

! https://kewi-drp.readthedocs.io/en/latest/
2 https://cwitools.readthedocs.io/en/v0.8/

and characterize shocked atomic gas in (U)LIRGs using near-
IR emission line intensity ratios. Images of VV 114 in the
F110W broad-band filter and the F128N narrow-band filter
were collected on 7 June, 2023 during a single orbit. The
archival HST/WFC3 F160W and F130N images of VV 114,
taken on 23 July, 2019 (Program ID 15649; PI: R. Chandar)
were obtained from the Hubble Legacy Archive.

The two emission lines targeted in the program were
the [Fe 1] A1.26pm fine structure line of Fe* and the
Pag A1.28um hydrogen recombination line, since the [Fe
11]/Paj3 emission line ratio is an established diagnostic of
shocks in the ISM (Larkin et al. 1998; Riffel et al. 2013,
2021). [Fe 11] is a particularly powerful shock diagnostic
since in the normal ISM, iron is heavily depleted onto dust
grains, whereas the passage of shocks breaks up grains, lib-
erating iron back into the gas phase to be photoionized. To
estimate the line emission from the two narrow-band images
it was necessary to remove the continuum contribution which
was measured from the two broad-band images. The first step
in the image analysis was to register all four images to a com-
mon pixel coordinate space so that the same pixel position
on two images corresponds to the same position on the sky.
Image registration was done using the python package AS-
TROALIGN?, which identifies common asterisms in multi-
ple images and estimates the affine transformation between
them. After image registration, a 3¢ cut to the HST counts
images was applied (noise measured in several regions of the
images far from the main galaxy.) Images were then con-
verted to flux density units. Following Larson et al. (2020),
the continuum in each pixel of the narrow-band images is
estimated by linear interpolation using the flux in the neigh-
boring blue (F110W) and red (F160W) images, and then sub-
tracted to yield a line flux image.

The reduction steps above resulted in line images of the [Fe
11] and Pag3 transitions, i.e., the continuum-subtracted F128N
and F130N images, covering a wide field (2.”3 x 2.”1) that in-
cludes the entire galaxy with an on-sky angular sampling rate
of 0.”126 in both detector directions. The [Fe 11]/Pa8 im-
age is the result of taking the simple ratio of the two line
images and masking pixels with negative flux (the result of
continuum subtraction using noisy pixels in the broad-band
images.) As a final step, the [Fe 11]/Pag image was registered
to the KCWI cube so the line ratio could be compared with
the optical IFU data on a pixel-by-pixel basis.

2.4. Resolved Star Cluster Catalog

Some of the results presented here are based on the re-
solved super star cluster (SSC) catalog from Linden et al.
(2021), which was constructed using resolved source pho-
tometry from HST WFC3/UVIS F336W and ACS/WFC

3 https://astroalign.quatrope.org/en/latest/
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F814W and F435W broad-band optical imaging, as detailed
in Evans et al. (in preparation). Sources identified with
Source Extractor (Bertin & Arnouts 1996) across all three
bands were considered detections. Of the 453 detected
sources, clusters were defined as those with a FWHM < 3
pixels, corresponding to an average size of ~22 pc. The final
catalog includes 180 confirmed clusters across the VV 114
merger.

2.5. Optical Emission line Fitting and Decomposition

The KCWI+MUSE observations resulted in 21,296 inde-
pendent optical spectra spanning the full extent of VV 114,
Gaussian functions were fit to the bright emission lines using
the python spectral analysis tool BADASS* (Sexton et al.
2021). The input spectra are first corrected for cosmological
redshift and the contribution from instrumental broadening,
before being modeled by several physical components. The
continuum and absorption features were modeled as a stel-
lar line-of-sight velocity distribution (LOSVD), using Penal-
ized Pixel-Fitting (PPXF?, Cappellari 2017) which employed
the simple stellar population template from the Indo-U.S. Li-
brary of Coudé Feed Stellar Spectra (Valdes et al. 2004), cho-
sen to match the spectral resolution of the IFU observations.
Emission lines were fit with Gaussian functions. Further de-
composition of the spectra to include Fe II emission features
and an AGN power-law continuum did not improve the qual-
ity of the fit for the majority of the spaxels, so these compo-
nents were not included.

The stellar continuum and emission lines were fit simul-
taneously in each of the individual spectra using an iterative
maximum likelihood approach. The parameters of the best-
fitting components and their uncertainties, e.g., stellar veloc-
ities, emission line fluxes, velocities, and dispersions are re-
turned along with the x? goodness-of-fit statistic, as well as
the total model spectrum. We computed the SNR for each
emission line by taking the ratio of the peak flux density to
the rms standard deviation in the flux density of the redward
neighboring continuum.

Visual inspection reveals widespread complex emission
line profiles. The non-Gaussian emission line profiles tend
to be asymmetric and skewed towards the blue, however,
lines with redward skew, or double-peaked profiles were also
observed. Each emission line profile was fit with a single
Gaussian component model and then a double Gaussian com-
ponent model. The Bayesian Information Criterion (BIC)
was used to evaluate whether a double component Gaussian
model representation of the emission lines could be justified.
The BIC is similar to the X2 goodness-of-fit statistic, but in-
cludes a term that penalizes over-fitting:

4 https://github.com/remingtonsexton/BADASS3
5 https://pypi.org/project/ppxf/

BIC = kIn(n)—2In(L), (1)

where L is the likelihood function of the model, & is the num-
ber of parameters for the model (2 for a single Gaussian and 4
for double Gaussians), and # is the number of spectral points
in the data set by the spectral sampling rate of the instrumen-
tal configuration. The significance of the double-component
model was assessed by comparing the BIC values of the mod-
els:

6BIC = BICSingle Gaussian — BICDouble Gaussians + (2)

Conventionally, a threshold of dgic > 10 is used to rule out
the hypothesis that the simpler model is the best description
of the data (Kass & Raftery 1995; Swinbank et al. 2019;
Avery et al. 2021). In a manner similar to Reichardt Chu
et al. (2022), who opted for a much larger threshold value
of dgic > 500 for spectrally resolving outflows in a star-
bursting disk galaxy, for the data presented here, a threshold
of dgic > 1000 was most suitable for classifying bona fide
double-component emission lines. Spaxels were further di-
vided into those with a weak (500 < dgic < 1000), moderate
(1000 < dgic < 2000), and strong (dgic > 2000) likelihood
that a single-component model is inadequate to describe the
emission line profiles, examples of which are shown in Fig-
ure 2. In the present work, only emission lines with signal-
to-noise SNRy;,e > 10 were considered.

3. RESULTS

This Section provides an overview of the results drawn
from the analysis of the optical spectroscopic datasets. First,
a statistical description of the optical emission line decom-
position and fitting to the IFU data (Section 3.1) is provided,
followed by detailed descriptions of the individual emission
line component velocity dispersion maps and excitation di-
agnostic diagrams (Sections 3.2-3.3). Finally, in Section
3.4, a theoretical photoionization-shock ionization mixing
sequence framework is developed.

3.1. Emission Line Decomposition Statistics

Many of the spectra in the KCWI and MUSE cubes re-
quired more than a single Gaussian component to accurately
characterize the emission line profiles. In particular, 44% of
all spaxels had dgjc > 1000, 32% had dg;c > 2000, and 6%
had dgic > 10000. A map of ¢ calculated from fits to the
Ho emission line in the MUSE cube can be seen in Figure 3.
Emission lines with very large dgc values tend to be concen-
trated in the various tidal arms to the south of the merger, in
extended nebulae to the north, and in the overlap region. The
NU V-bright tidal stream to the northeast (see Figure A1) and
across large areas of the western progenitor have dgjc values
consistent with single-component emission line profiles.
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Figure 2. Single- and double-component fits to the Ha emission line. Shown in the three panels are examples of where the statistical model
comparison metric (dgic, see Section 2.5) indicates a weak (left), moderate (middle), and strong (right) likelihood that a double-component fit
is the best description of the data. In the present work, emission line profiles with dgic < 1000 are classified as single-component lines.
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Figure 3. Spatial distribution of the dgic parameter measured from
fits to the Ha emission line. Spaxels with SNRy. < 10 are masked
(grey) and areas falling outside the combined IFU field of view are
white. The blue contours are isointensity levels from the HST ACS
F814W image, as in Figure 1. The image demonstrates that a large
fraction of spaxels contain emission line profiles that are best de-
scribed with multiple kinematic components.

Since many of the emission line profiles are best described
using two Gaussian components that differ most obviously
in their linewidths, “C1” is defined as the narrower compo-
nent and “C2” as the broader component for a given emis-
sion line fit. Observable differences in the line component
widths likely result from a combination of microscopic and
macroscopic velocity broadening, hence, throughout the pa-
per the terms linewidth and velocity dispersion are used in-
terchangeably. The velocity dispersion distributions for C1
and C2 (corrected for instrumental broadening) are shown in
Figure 4 for the Hey, [O 111], and [O 11] lines, for spaxels with
SNRjine > 10 and dpjc no > 1000. The median and standard
deviation of the C1 component is similar between the three
emission lines, i.e., 5 =39 +20 km s~!, 519" = 63 + 18,
and 59" = 42420 (1-0 standard deviation).

The C2 linewidth distribution also has a similar median

and standard deviation between the three lines: 5¢y* = 145+

37 kms™!, 59" = 182+ 57, and 519" = 182 + 57 for Ha,
[O 1], and [O 11]. Based on these descriptive statistics and
the histograms in Figure 4, it is clear that C2 can be easily
distinguished from C1 on the basis of the component velocity
dispersion.

As can be seen in Figure 4, there is a small overlap in
the histograms, indicating a small number of spaxels (~5
%) containing two line components with similar linewidths
(Aoca_c1 <50 km s7!)) Spatially, spaxels with low Aocy ¢
appear concentrated along the periphery of the tidal/disturbed
arms of the western component that are populated with star
clusters. The largest differential linewidths are seen in the
dusty regions to the SE and N of the eastern progenitor. Re-
gions around resolved young star clusters are characterized
by a C2 component that is ~200 km s~ broader than CI.
Application of velocity dispersion cuts to the two distribu-
tions, e.g., oc; < 100 and o¢; > 100 km s7!, were not made
since they did not significantly alter the results (only a small
number of measurements are excluded for any sensible dis-
persion cut.)

3.2. Velocity Dispersion Maps

Velocity dispersion maps for the C1 and C2 components
of the Ha, [O 111], and [O 11] emission lines observed with
MUSE and KCWI are presented in Figure 5. Maps include
spaxels with dgic > 1000 and SNRy;,. > 10. The colorbars
are scaled according to the velocity dispersions spanned in-
dividually by C1 and C2 in order to highlight differences
in their velocity fields. As a result of SNR cuts on each
emission line, the higher-ionization [O I1I] dispersion maps
cover a smaller area than the recombination line and the low-
ionization [O 11] line, since Ha has higher emissivity across
a wider range of environments, and since O* can be formed
at larger separations from ionizing sources than O**. Masked
regions are colored grey and the HST/ACS F814W contours
are shown in white for reference.

The C1 component of all three emission lines has large ve-
locity dispersions (=60 km s7!) to the south, between the SE
and SW tidal arms, in the overlap region, and to the north
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Figure 4. Velocity dispersion distributions for the two kinematic
components (C1 and C2) fitted to the Ha, [O 111], and [O 11] emis-
sion lines with dgic > 1000 and SNRj,e > 10 across the entire
merger. Dotted and dashed vertical lines mark the medians of
the C1 and C2 distributions, respectively. The histograms demon-
strate that the overwhelming majority of emission line profiles with
dgic > 1000 have components with quite distinct velocity disper-
sions.

and west of VV 114W. For reference, the various regions of
VV 114 are indicated in the atlas shown in Figure Al. All
three emission lines show low C1 velocity dispersions across
large regions of the star-forming disk of VV 114W. While
maps demonstrate that the H 1T regions along the SW tidal
arm are associated with low C1 velocity dispersion in the re-
combination line and in [O 111], the C1 dispersions of the [O

11] line are large in this region, suggesting the [O I1]-emitting
gas is at a different physical depth along the line-of-sight, oc-
cupying a lower-ionization shell farther from the star clusters
in the SE tidal arm. More generally, toward ionizing sources,
the [O 11]- and [O 111]-emitting gas may lie at different depths
along the line-of-sight in a similar manner to what would be
expected for the case of an idealized a Stromgen sphere with
a stratified ionization structure. Therefore, for sight lines to-
ward ionizing sources, the Ha and [O 111] dispersion maps
may probe different vertical “layers” of the ISM than the [O
I1] maps.

The C2 maps have, by definition, larger velocity disper-
sions than the C1 maps at every spaxel position. Spatially, the
gas traced by the C2 component has a distinct velocity dis-
persion structure compared to C1, which is most obvious in
the oxygen maps where C2 dispersions appear to vary more
dramatically as a function of position. In particular, the [O
111] map shows a concentration of very high dispersion gas to-
ward and to the south of VV 114E, and between the southern
tidal arms. In the broad line [O 11] map, there is a much larger
contrast in velocity dispersion between VV 114W and the re-
gions to the south of the merger than is seen in the C1 [O
11] map. Whereas the C1 and C2 maps both show smaller ve-
locity dispersions toward the star-forming disk of VV 114W,
regions of high o¢; are not generally regions of high o,
suggesting that the C2 component is emitted by gas that is
physically distinct from the Cl-emitting gas, and possibly
responding to different physical drivers of turbulence.

3.3. Optical Excitation Diagnostics

Optical diagnostic line ratios from the MUSE and KCWI
observations are shown in Figure 6 for spaxels with dgic >
1000 and SNRjjpe > 10. From left to right are the Baldwin-
Phillips-Terlevich (BPT; Baldwin et al. 1981), Veilleux-
Ostriker (VO87; Veilleux & Osterbrock 1987), [Ne 111]/[O
11] vs. [N 11J/He, and [O 01]/[O 11] vs. [N 1I]/Ha diagrams,
with top and bottom rows showing the C1 and C2 compo-
nents. In the top and bottom rows, points are colored by
the velocity dispersion of the C1 and C2 components of [O
111], respectively, with colorbars indicating the ranges. In the
bottom-left corner of the [N 1T]/Ha panels (first column) are
arbitrarily placed points with errorbars representing the me-
dian RMS uncertainty in the logarithmic line ratios, propa-
gated from the flux density measurement errors in the dat-
acubes.

Each diagram in Figure 6 features grids of photoioniza-
tion (black) and radiative shock ionization (green) models
composed from diagnostic line ratios predicted for a range
of ionizing source, shockwave, and nebular properties. The
grids were generated with the MAPPINGS V° photoioniza-

6 https://mappings.readthedocs.io/en/latest/index. html
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the velocity dispersions spanned by C1 and C2 to highlight differences in their velocity structure. White contours are the same as in Figure 1.

tion and shock modeling code (Dopita & Sutherland 1996;
Sutherland & Dopita 2017). The photoionization grids were
constructed from a series H 1I region models. The ioniz-
ing spectral energy distribution (SED) was simulated with
the STARBURST99 spectral synthesis code (Leitherer et al.
1999), using a range of ionization parameters (6.5 < log(Q)
< 8.5). Model nebular spectra were generated by exposing
model gas clouds with abundances varying between 7.6 <
log(O/H) + 12 < 9.2 to each SED, for a total of 45 model H
11 regions (photoionization grid points).

The MAPPINGS V shock model grids were ac-
quired from the Mexican Million Models Shock Database
(3MDBSs’; Morisset & Delgado-Inglada 2014; Alarie &
Morisset 2019.) The shock model grid extracted from this
database has the same input parameters as the Allen et al.
(2008) MAPPINGS III library of fast radiative shocks, but
was recalculated with MAPPINGS V. In particular, the
shocked gas has solar metallicity, a preshock density of 1
cm™!, while the transverse magnetic field and shock velocity
varied between 107* < B< 10 1G and 100 < vgpocx < 500 km
s~'. The models predict line emissivities for gas downstream
from the shock that is photoionized by the extreme UV and
X-ray portions of the radiation field (mostly EUV photons for

7 http://3mdb.astro.unam.mx:3686/

Venoek < 200 km s7!) emitted by hot gas cooling immediately
behind shock fronts (Dopita & Sutherland 2003).

The excitation diagrams in Figure 6 demonstrate the C1
line ratios are more often consistent with the H 11 grids,
whereas the C2 ratios more often occupy the region between
the H 11 and shock grids and within the shock grids them-
selves. The (log) median [N 11]/Ha values for the C1 and
C2 distributions are -0.58+0.19 and -0.45+0.10, and for
[O 11/HB, they are 0.2740.11 and 0.23+0.17. The (log)
median ratios of [S 1I]/He, [Ne 11]/[O 11], and [O 1I1}/[O
11] are -0.44+0.15, -1.384+0.19, and -0.26+0.36 for C1, and
-0.39£0.20, -1.1540.14, and -0.31£0.35 for C2. The aggre-
gate positions of the C1 and C2 measurements are shown in
Figure 7. Although the distributions have significant over-
lap, it is clear from Figure 7 that C2 is more consistent with
shock ionization, with the largest separation in the [Ne 11]/[O
1] vs. [N 11]/Ha diagram. There is an almost vertical con-
tinuation of points seen in the BPT diagrams, more clearly
in C2. These points are spatially concentrated towards the H
11 regions of the SW tidal arm. The C2 lines also show a dis-
tinct sequence of large [O 111]/[O 11] but small [N 11]/Ho ra-
tios (with small velocity dispersions), all occurring on the
western edge of the VV 114W disk and toward the H 1T re-
gions in two southern tidal arms. This last sequence may be
the result of [O 111] and [O 11] probing gas at different phys-
ical depths, giving unphysically large [O 111]/[O 11] ratios in
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sightlines passing through regions with a high degree of ion-
ization stratification.

For both C1 and C2, there is a clear gradient in velocity
dispersion versus position on the diagrams, with ojony in-
creasing from left to right (moving from the H 11 grids to the
shock grids). Additionally, the C2 distributions show a gra-
dient in direction perpendicular to the H 11-shock sequence
such that the regions with the largest C2 velocity dispersion
have elevated [N I1]/Ha and [S 11]/Ha but relatively low [O
nI/Hg, [Ne n1]/[O 11], and [O 11}/[O 11].

3.4. Theoretical Shock Mixing Sequence

The left panels of Figure 8 show the [O 1I]/HS vs. [S
1I]/Ha diagnostic diagrams for the C1 and C2 components
(small points), overlaid with a theoretical shock mixing se-
quence (filled squares.) The mixing sequence is bracketed at
low [S 11]/Ha by the locus of H II region models with solar
metallicity, shown as dark blue squares connected by a blue
line, spanning ionization parameters from 6.5 < log(Q(H)) <
8.5, and at large [S 1]/Ha by the sequence of radiative shock
models with solar metallicity, magnetic field B = 1 uG, pre-
shock density of 1 cm™, and spanning shock velocities 100
< Vghook < 250 km s7!. A total of 54 unique 10g(Q)-Vshock
pairs result from the 9 H 11 models and 6 shock models. For
each pair (Q;, Vshockj), the [S 11[/Ha and [O 111]/H/3 emission
line ratios predicted for gas ionized by some mixture of stel-
lar photoionization and shock ionization is given by

Rmix = (] _fshock)RHII(Qi) +fshockRshock(Vshock7j)7 (3)

where Ry (Q, 1) represents the predicted line ratio for the
H 11 photoionization model with solar metallicity and the i*"
log(Q) value and Rghock (Vshock,j) TEPresents the predicted line
ratio for the shock model with solar metallicity, magnetic
field B =1 uG, preshock gas density n =1 cm~, and the j®
Vshock Value. finock 18 the shock fraction that defines the mix-
ing sequence and takes on values 0, 0.05, 0.2, 0.4, 0.8, and
1. For a mixing fraction of unity, the line ratios are just those
predicted by the shock models. Observed points in the left-
most panels of Figure 8 are colored based on the interpolated
shock fractions f of the mixing sequence points.

4. DISCUSSION
4.1. Physical Nature of the C1 and C2 Components

Across most of VV 114, the recombination lines and
collisionally-excited lines feature a secondary broad compo-
nent that accounts for almost half the optical line emission of
the galaxy. The results demonstrate that the two components
have velocity dispersions that differ by Ao ~ 120 km s™!, and
the excitation diagrams show that while C1 is mostly pho-
toionized gas, C2 is by varying degrees ionized by the hard
radiation fields produced in interstellar shocks. The physical

interpretation of the two components, based on these results,
is developed in this Section.

4.1.1. The Narrow Component

The integrated Ho flux of the galaxy, from summing the
C1 and C2 components of Ha in spaxels with dgjc > 1000,
SNRy, > 10, and corrected for internal extinction using the
Balmer decrement from the MUSE observations of Ha and
Hp, is Fio = 8x10 B erg s em™ (Lo =7 x 10" erg s7')
The integrated flux of the Ha C1 component constitutes 54
percent of the integrated Ha flux. The ratio is similar for
Hp (51 percent) and ranges between 45 — 54 percent for the
forbidden lines. Most of the C1 flux in Ha and [O 111] orig-
inates in VV 114W and the tidal arms at positions surround-
ing resolved star clusters, but the [O II] emission is less well
correlated with the location of bright clusters.

Measured from the [O 11], [O 111], and Ha lines, the typ-
ical C1 linewidth is & = 48 km s~!. Correcting for a ther-
mal broadening of operm ~20 km s'at 7, ~ 10* K in the
Ha line (~5 km s7! for [O 111]), and having already cor-
rected for instrumental broadening, the corrected mean dis-

persion is Geon = /02— 02— 02 = 46 km s™'. Simi-
lar linewidths are commonly observed in many young star
forming regions (e.g., Melnick et al. 2021), with a variety of
theories to explain their width beyond the thermal broaden-
ing contribution, including the turbulent stirring effect within
star-forming regions caused by the motions and winds from
low-mass stars, gravitational broadening caused by the virial
motions of individual gas clouds in the ISM or the multiple
unresolved expanding shells.

Turbulence driven by the random motion of low-mass stars
and their bow shocks through star-forming clouds, i.e., the
“cometary” shocks model of interstellar turbulence (Tenorio-
Tagle et al. 1993) can be immediately ruled out, since the data
show no clear evidence for a positive correlation between lu-
minosity and velocity dispersion in the Ha lines, which is a
prediction of the model and often observed in giant H 11 re-
gion (Melnick 1979; Terlevich & Melnick 1981).

Another possibility is that the velocity dispersion of the
C1 component arises from gravitational broadening, wherein
the line emission originates from photoionized surfaces of
multiple unresolved gas clouds within the spaxel. If these
clouds are dynamically coupled through mutual gravitational
interactions, and their motions are virialized, then the con-
tribution to the observed velocity dispersion would follow
ovir = v/GM/R. A crude estimate of the enclosed gas mass
within each spaxel follows from assuming the molecular
component (which dominates the ISM mass), plus the stel-
lar mass component, can be evenly divided among the indi-
vidual spaxels, and yields My ~107 M, per spaxel. Using
R ~ 60 pc from the projected physical size of the spaxels, the
velocity dispersion contribution from internal virial motions
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Figure 6. Optical diagnostic emission line ratios with fluxes from the C1 (top) and C2 (bottom) kinematic components using spaxels with
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Figure 7. Diagnostic excitation diagrams as in Figure 6 but showing the median line ratios of C1 and C2 as blue and red boxes, with standard
deviations of the distributions represented with errorbars. Lines and grids are the same as in Figure 6.

would be oyi; ~ 30 km s~!. The emission line velocity dis- correlation between linewidths and their own flux (inclined
persions, corrected for thermal and instrumental broadening, bands), which are seen for the C1 component in the KCWI
are still in excess of this contribution, requiring an addition and MUSE data. The analytical model first developed by
source of turbulence for the C1-emitting gas. Dyson (1979) and further elaborated by Tenorio-Tagle et al.

Integrating unresolved expanding shells along the line-of- (1996) predicts that intrinsically Gaussian supersonic profiles
sight could result in supersonic emission line profiles and vr should only arise from a collection of wind-driven shells
was proposed by Chu & Kennicutt (1994) as an explana- if the distribution of shell ages is strongly peaked, which
tion for the supersonic linewidths they measured in the giant implies an unrealistic star formation history. For any other
H 11 region 30 Doradus. In the analytic model of Munoz- shell age distribution, the predicted line shapes are always
Tunon et al. (1996), one effect of integrating unresolved flat-topped, which is not observed here. However, Tenorio-

expanding shells along the line of sight (LOS) is an anti- Tagle et al. (1996) demonstrate that if the intrinsic super-
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maps of the galaxy color-coded based on where the spaxel falls on the mixing sequence. The white filled circles are star clusters cataloged in
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fraction vs. local surface number density of star clusters for all spaxels (grey points). The analysis is repeated for the C1 components (top row)

and C2 components (bottom row).

sonic (usually flat-topped) emission line profiles are nar-

rower than v, & 20, where oG = \/ 02 +05.... then the

observed profile will be Gaussianized due to the convolu-
tion with 0. For the MUSE data, ojpg ~ 43 km s™!, hence
oG ~ V4324202 ~ 47 km s~'. Therefore, the integration of
unresolved shells along the LOS can contribute to a velocity
dispersion of up to ~100 km s~! before clear departures from
Gaussian line profiles are observed. Thus, a combination of
gravitational broadening by the virialized motions of unre-
solved clouds in the beam, as well as H II region expansion
driven by massive stars can be used to explain the turbulent
linewidths of the C1 component.

The placement of the C1 line ratios relative to the model
grids shown in Figure 6 does not indicate the narrow line gas
follows a shock mixing sequence, instead, the line ratios are
overall consistent with the H II region models or fall behind
the Kewley et al. (2001) star-forming galaxy line. For the C1
component, the line velocity dispersion has no clear correla-
tion with line ratios (Figure 6) or with shock velocity (bottom

panel, Figure 9), indicating the kinematics C1-emitting gas
are not responding to shocks.

Overall, the C1 line ratios shown in Figure 6 are con-
sistent with H 1I region-like photoionization rather than by
shocks. The most likely interpretation of C1 is that it traces
the photoionized ISM, with turbulent velocities dominated
by H 1I region expansion plus a smaller contribution from
the unresolved virial motions of the parent molecular clouds
within the beam. The ionization and excitation of the Cl1-
emitting gas is dominated by stellar ionizing radiation fields
rather than shocks.

4.1.2. The Broad Component

The velocity dispersion of C2 is on average 120 km s~

greater than C1. The IFU data do not indicate that the
linewidth of C2 is correlated with its own flux, so cometary
stirring by low-mass stars in star-forming regions can not be
used as the primary explanation for the C2 linewidths. Fur-
thermore, as shown in Section 4.1.1, gravitational broadening
can only account for o ~ 30 km s~! and is therefore not the
origin for the large C2 linewidths. Finally, it seems rather un-
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between 100 and 250 km s™'. The boxes are colored by increasing
shock velocity (from blue to red). For the C2 component, there is a
clear gradient in ojouy) in the direction of increasing shock velocity,
which is demonstrated in the bottom panel.

likely that integration of unresolved expanding shells along
the LOS can contribute up to 200-300 km s~! without any
signs of line splitting at the resolution of the IFU data pre-
sented here, and as discussed in 4.1.1, if shell expansion

contributes more than ~100 km s™! of broadening, then flat-
topped emission lines should have been observed. Clearly,
some other mechanism is needed in order to explain the large
velocity dispersions and line ratios of the C2-emitting gas.

In all of the diagnostic diagrams, the C2 component oc-
cupies the space between the photionization and shock grids,
and in some cases the ratios fall directly on the latter. Further-
more, there is a gradient in the C2 velocity dispersions across
the various BPT planes, generally showing an increased dis-
persion in the direction of increasing [N 11]/Ha (or [S 11]/Ha)
and decreasing [O 111]/H/. The shock velocity at each spaxel
was estimated in a similar manner to fihock (c.f. Section 3.4),
i.e., by comparing the position on the BPT diagram with an
interpolated surface of vghocx values built from the discrete
points that comprise the mixing sequence (Figure 9.) To cap-
ture the general shape of the vg,ock sSurface, a mixing sequence
that connects a single H 11 region model at solar metallicity
and with log(Q) = 7.25 to the locus of shock grids at solar
metallicity and B =1 uG (see the top two panels of Figure
9). In the bottom panel of the same Figure, blue points are
the predicted shock velocity for C1 plotted against the ve-
locity dispersion. No correlation can be seen here, since re-
gions with any value of o¢; see practically the entire range
in predicted vsock Values. However, the same panel clearly
shows that C2 velocity dispersions and shock velocity are
correlated, indicating that the kinematics of C2 are respond-
ing to shocks. Interstellar shocks naturally explain both the
emission line ratios and turbulent broadening of the C2 emis-
sion line components, but what is the source of shocks in this
galaxy?

The origin of shocks, or shock-like signatures in the ISM
of galaxies is varied. Cloud-cloud collisions, expanding su-
pernova blastwaves, massive stellar winds, H IT region expan-
sion into the ambient ISM, turbulent mixing layers, and jet-
ISM interactions are all examples of systems where shocks
arise (Slavin et al. 1993; Dopita & Sutherland 1996; Allen
et al. 2008). Certainly, in the case of VV 114, large-scale
tidal motions of the merger could be contributing to the ap-
pearance of shocks via compression in cloud-cloud collisions
or shear-induced turbulent mixing layers (Rich et al. 2011,
2015; Slavin et al. 1993), but it is conceivable that the com-
bined winds and supernovae from the numerous and widely-
distributed star clusters are an additional, or even the domi-
nant, source of interstellar shocks.

In the middle column of Figure 8, regions of VV 114 are
color-coded by shock fraction, and the locations of resolved
star clusters from Linden et al. (2021, 2023) are shown as
white filled circles. The right panels of the same figure are
plots of shock fraction versus local surface number density
of clusters (grey points). For the C2 component there is
a strong anticorrelation between cluster density and shock
fraction, such that shocks are more prevalent in the regions
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between and beyond the clusters rather than cospatial with
the clusters themselves. This is consistent with a collimated
galactic-scale wind (e.g., Medling et al. 2015), and/or with
shock fronts from the widely-distributed clusters having an
amplified effect on the ISM when they intersect in the inter-
stitial regions between dense star-forming regions.

4.2. Feedback from Cluster Winds

The total luminosity in Ho contributed by shocks was es-
timated by summing the luminosity in the broad line com-
ponents with oc, > 100 km s~ from spaxels with SNRy,, >
10 and dgjc > 1000. The extinction-corrected total C2 Ho lu-
minosity is Lya,c2 = 3.1% 10*! erg s7!. The threshold values
adopted for o¢y, SNRy,, and dgjc are stringent enough that
the derived Ly c2 is likely a lower limit. Using Figure 11 in
Rich et al. (2010) and assuming an average shock velocity of
160 km s~', the total shock luminosity is Lenock = 75 X Lya,c2
=23x10" erg s~

The electron density of the warm ionized gas was esti-
mated with PYNEB® (Luridiana et al. 2013) using single-
component fluxes of the [S II] doublet, and assuming an
electron temperature of 7, = 10* K. Spaxels in the IFU data
are grouped based on proximity to cataloged star clusters,
such that each spaxel is assigned to its nearest cluster. For
each cluster, a radial density profile is constructed using the
densities measured from the spaxels within its assigned re-
gion, and using their distances from the cluster. The density
profiles are fit with models of steady-state, spherically ex-
panding adiabatic winds (Chevalier & Clegg 1985, hereafter
CC85.) The model was originally applied to galactic-scale
superwinds driven by overlapping supernova explosions in
the central starburst (Heckman et al. 1990), but has also been
successfully applied on the scale of super star clusters (e.g.,
Wiinsch et al. 2007; Murray et al. 2011). The model is com-
pletely determined by the the total energy and mass depo-
sition rates (Er and My), which define the terminal asymp-
totic velocity Voo o = (2Er/Mr)'/?, assumed in all our fits to
be 2000 km s~! based on standard models of cluster-driven
winds (e.g., Stevens & Hartwell 2003, Wiinsch et al. 2011.)
The 1-D hydrodynamic equations for the wind fluid are

1 d

S () =q @)
du dP
pu =gy T )]
1d 2o/l o v PN\
Sl G- o

8 https://pypi.org/project/pyneb/

where 7 is the radial coordinate and P, p, and u are the pres-
sure, gas density, and velocity, and + is the ratio of specific
heats (y=15/3). For r < R, the volume-averaged mass and
energy injection efficiencies are ¢ = Mt/V, Q = Ep/V, with
V =47R2 /3. For r > Ry, ¢ = Q =0. The solutions for the

C

Mach number M are given in Chevalier & Clegg (1985) as

[(fy— 1)+2//\/l2} (14+y)/12(57+D)] [3,y+ ]/Mz}—(3'y+1)/(5'y+1) o
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for r < Ry and
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for r > Ry.. With dimensionless radius r, = r/Ry., the di-
mensionless velocity and density u, and p., expressed as

u=uM;'""E}"*, )
3/2 +—1/2 -
p=p.MyE;R2, (10)

can be solved as a function of radius using the radial Mach
number profiles:

=M (E) (OO
po=( 41‘72); (r < Ry) (12)
po= (Lm/(%)z) (r> Ry). (13)

Interior to the radius Ry, individual massive stars inject en-
ergy and mass in the form of hot, low density winds, which
propagate and intersect with one another, creating an over-
pressurized zone with a large, constant electron temperature.
Beyond Ry, the pressure and electron density fall off as 1/r2.
Although star clusters with ages greater than 50 Myr, corre-
sponding to the lifetime of stars with M = 8M,, no longer
contribute type II SNe or massive stellar winds (except for
slower asymptotic giant branch stellar winds), they are not
excluded from our wind analysis since their winds may still
be propagating through the ISM beyond Ry.. Star clusters
which show an increasing radial electron density profile, or
where the density profile is too sparsely sampled, are ex-
cluded from the analysis, resulting in a final sample of 66
clusters out of the total 180 from the Linden et al. (2021)
HST catalog. In all wind model fits, the parameter v, is
fixed at 2000 km s™', and Et and R are free to vary indepen-
dently between the limits 10 < Ep < 5x 10*? erg s and
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10 <Ry, <2x10° pc. Individual star clusters are expected
to have injection radii of order several tens of pc (Silich et al.
2004; Wiinsch et al. 2007, 2011), significantly below the
angular resolution of the IFU observations presented here.
The radial density profiles show turnover radii of order sev-
eral hundred pc, which is likely attributable to the combined
effect of multiple unresolved and/or embedded star clusters
within the same region all contributing to a combined multi-
cluster wind.

An example fit of the adiabatic wind model to the radial
electron density profile is shown in Figure 10 for cluster #84.
A subset of the analyzed clusters and their derived wind prop-
erties are listed in Table 1. The full sample is presented in
Tables A1 and A2 in Appendix C. For approximately 40% of
the selected clusters, the radial density profiles are flat. It is
possible that the characteristic turnover to inverse > densities
is beyond the probed radius, which is limited by proximity to
the neighboring clusters. In these cases, Ry is fit to the far-
thest radial point in the measured profile, making Ry and Er
lower limits for such clusters, as indicated in Tables A1 and
A2. The ensemble of fitted Et and Ry, values (after using 1-0
clipping to remove the 5 clusters with Er > 6.7 x 10*' erg
s™') shows a moderate correlation (7pearson = 0.64; p-value =
3x107®), and similarly if only considering the models fit to
flat profiles (7pearson = 0.74; p-value = 10%) In light of the
fact that ET and R are free parameters, such a correlation
must be driven by the data rather than a functional relation-
ship between the model parameters. Thus, the cluster-driven
wind model is a reasonable interpretation of the spatial den-
sity distribution in VV 114. By summing the fitted Ey values
across the full sample, the total energy injection rate from
the resolved star clusters is ©E7 > 1.6x10% erg s~!, or 70%
Lshock‘

In the absence of AGN, the soft band X-ray (0.3-2.0 keV)
flux provides an independent measure of the energy input
from massive stellar winds and SNe. The diffuse thermal
X-ray emission encompassing both progenitors has a total
absorption-corrected soft band X-ray luminosity of Lx =
2x10* erg s7! (Grimes et al. 2006). With an efficiency of
5§{f = 0.4-10 per cent, massive stellar winds and supernova
explosions convert their mechanical energy into heating the
ISM, forming a hot, X-ray luminous diffuse medium with
emission peaking in the soft X-ray band (Oti-Floranes &
Mas-Hesse 2010; Franeck et al. 2022). The total soft-band
X-ray luminosity is 107* x Ly, (Grimes et al. 2006), imply-
ing S = 1 per cent, hence the total stellar wind and super-
nova mechanical energy injection rate is E, ~ 2x10* erg
s7!, in close agreement with the value obtained from fitting
the CC85 cluster wind model to the density profiles around
young clusters.

Another point of comparison for the total cluster energy
injection rate would be the global energy injection rate esti-

i
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Rsc = 379.9 pc
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Figure 10. Example CC85 model fit to the radial density profile
of ionized gas surrounding cluster #84. The [S 11]-derived electron
density in spaxels at increasing projected separation from the star-
forming cluster are shown as black filled squares, incuding only
spaxels closer to this cluster than to any other. The red line is the
best-fitting CC85 cluster wind model to the data. The rest of the
model fits are shown in Figure A3 in Appendix C.

mated from the star formation rate (SFR). The infrared bolo-
metric luminosity of VV 114 is Lig = 4.5x10'! M, (Sanders
etal. 2003), corresponding to a SFR of 66 M, yr~!. Since the
star formation is evenly divided between the east and west
components (Goldader et al. 2002), the SFR for VV 114W
is 33 M, yr~'. Taking this SFR as input, starburst 99
models (Leitherer et al. 1999) imply a total kinetic energy in-
jection rate from SNe and stellar winds in VV 114W of LEg
=1.4x10% erg s™!, which is in very good agreement with the
summed energy injection rate from the clusters.

The cluster wind analysis indicates that the combined stel-
lar winds and SNe from the young massive star clusters dis-
tributed around the galaxy contribute at least ~70% of the
turbulent energy in the ISM of the galaxy via shocks. Given
the total mass in the merger, the binding energy of the molec-
ular gas reservoir is U = 3 x 10°® erg and the dynamical time
is tgyn = 140 Myr. Following the analysis of NGC 3256 by
Rich et al. (2011), if all the shock energy is channeled into
dissipating the total mechanical energy of the molecular gas,
the dissipation timescale would be 40 Myr, meaning the gas
should decouple and flow inward before rotational support
can be restored. The dynamical time was computed assuming
the molecular gas is supported against infall by rotation since
12CO(1-0) observations indicate a large N-S velocity gradi-
ent (e.g., lono et al. 2004), however, several authors illustrate
the difficulty in ascribing the complex molecular gas velocity
field of VV 114 with pure rotation, instead suggesting the gas



Table 1. Derived properties of individual star clusters in VV 114. The full table can be found in Appendix C.

SHOCKS TRACE FEEDBACK IN STARBURST LIRG VV 114

ID* R.A.[deg] Dec[deg] log(M/My)* log(alyr)® Ry [kpcl Er[10*' ergs™]
20 16.950256 -17.505949 5.63328 8.0845 0.30 0.48
27  16.948508 -17.506545 4.48672 6.01317  1.10 4.64
32 16.947912 -17.50706  4.37472 723817 057 238
37 16.947986 -17.507059 7.64905 8.28497  0.77 3.90
39 16.947811 -17.507157 5.0789 7.2159 0.54 1.76
40 16.947009 -17.507432 5.03637 6.61453  0.40 1.11
42 16.947036 -17.505462 6.1175 6.97089  0.60 15.51
44 16.946733 -17.507178 5.49096 8.28497  0.51 0.80
47  16.948495 -17.50992  5.23679 6.70362  0.31 8.84
53 16.946749 -17.5076  4.00205 6.79271  0.37 0.93
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Note. ¢ values taken from Linden et al. (2021).

is already decoupling from the galactic potential and may be
dominated by the radial or streaming motions of inflow (or
outflow) (Yun et al. 1994; Iono et al. 2004). Therefore, in the
case of VV 114, shocks may already be acting as an efficient
mechanism for funneling star-forming gas inward to fuel a
future starburst, despite their tendency to locally disrupt gi-
ant molecular clouds on shorter timescales. The presence of
shocks in the overlap region may explain ALMA observa-
tions of high dense gas fractions but low gas star formation
efficiency there (Saito et al. 2018), by temporarily lowering
the star formation efficiency locally but at the same time pro-
moting the accumulation of dense gas as mechanical energy
is being dissipated.

4.3. Embedded Feedback

The maps of the [Fe 11]/Pa3 near-IR emission line ratio de-
rived from HST/WFC3 narrow band imaging cover a large
portion of VV 114, comparable to the maps of [N 11]/Ha and
[S 11]/Hae. The [N 11], [S 11], and Ha fluxes discussed in
this subsection were derived from single component fits to
those emission lines in the MUSE data to facilitate compar-
ison with near-IR line fluxes from the narrow band imaging
data which do not distinguish multiple kinematic component
fluxes. The signal of the narrow band HST images was suf-
ficient to map [Fe 11]/Pa/3 across most of the two progenitors
and the overlap region, as well as the distorted spiral arm to
the south. The two optical and one near-IR line ratio maps
(smoothed using a Gaussian kernel with ¢ = 1 pixel) have
a similar large-scale pattern (see Figure A2 in Appendix B):
regions with small line ratios are seen mostly in the west-
ern progenitor and elevated line ratios are seen in the eastern
progenitor and overlap region.

In Figure 11, the spatial correlations between [N 11]/Ha,
[O 11)/Hp, and the near-IR [Fe 11]/Paj3 ratio are quantified.
The left panel shows the distribution of [N I1I]/Ha vs. [Fe
11]/Paj3 values across the entire distribution of pixels, show-
ing a modest correlation (7pearson = 0.61) within the shared
MUSE-HST FoV. A linear fit to the distribution gives log([N

11}/Ha) = 0.16 log([Fe 11]/PaB) - 0.48. The lack of correla-
tion for the [O 111]/HS vs. [Fe 11]/Pag data is likely a result
of [O 111])/HS being much more sensitive to radiation field
hardness than to shocks. Not shown is the [S 11]/Ha vs. [Fe
11]/Pag distribution, which also yields a modest correlation
(Ppearson = 0.65.) The correlations described here demonstrate
that the near-IR [Fe 11]/Paf emission line ratio is a good
photoionization vs. shock indicator that also has the added
benefit of probing conditions of gas embedded behind dust
screens.

Based on the linear fits to the [N 11]/H« vs. [Fe 11]/Paj dis-
tribution, the lower and upper empirical near-IR demarcation
lines [Fe 11]/Pag = -0.22 and 0.3 (Riffel et al. 2013) corre-
spond to log([N 11]/Ha) = -0.52 and -0.43. While neither of
these values are as large as the one-dimensional Kauffmann
et al. (2003) demarcation line at log([N 11]/Ha) = -0.35 that
efficiently separates starbursts from AGN and shocks in the
BPT diagram (e.g., Agostino et al. 2023), points above the
upper demarcation line in [Fe 11]/Pa would be clearly in-
consistent with pure H 11-like photoionzation regardless of
the [N II]/Ha ratio, which can be seen by comparing the
dotted vertical line with the grey H 11 region grid in the left
panel of Figure 11. The figure also shows that [Fe 11]/Pa/3 is a
more robust shock diagnostic since the H 11 and shock grids
used here are more widely separated along that dimension
(~1 dex) than for [N 1I]/He in the classical BPT diagram.

The eastern progenitor and overlap region, indicated with
a black box in Figure 12, contain most (24/34) of the pixels
with log([Fe 11]/Pag) 2 0.2, the rest are located in the very
bright northern star-forming region of VV 114W (brightest
F814W contour). These points are marked as large filled
circles in Figure 11 and with open magenta squares in the
right panel of Figure 12, mostly in the high visual extinction
(Ay > 6) regions to the north of the bright IR cores (cyan
crosses). Although very elevated [N 11J/Ha values are de-
tected toward some of the same regions, the optical and near-
IR emission lines are likely forming in physically different



16 KADER ET AL.

0.0 — 5
! : b
— —0.21 : 4 a
(o]
I <
=~ —0.41 3 —
= <> =
=2
= —06- 2 8
(@]
S g
— -0.81 1 -
-1.0 T T 0

5 0.6 1.0

4 —~ 044" 0.8
X > o
T \ 1.

3 . S 021\ = 06 ©

2 = 0.0 0.4-¢
2 2
s)

1 = —0.2 020

0 -0.4 0.0

—Il ' 0 1
log([Fe I1)/Pag)

|
N

log([Fe 11]/Pap)

“10 -08 -06 -04 -02
log(IN Il]/Ha)

Figure 11. Comparisons between the optical and near-IR emission line ratios for areas of VV 114 covered by both MUSE and HST are shown
in the left and middle panels. The solid black line is a linear regression to the [N 11]/Ha vs. [Fe 11]/Pag data. The large circles outlined in black
have log([Fe 11]/Paj3) > 0.2, and are mostly located toward the highly extincted eastern component (regions enclosed in magenta boxes in the
right panel of Figure 12). Dashed and dotted vertical lines are empirically-established demarcations between H II, AGN, and shocked gas (e.g.,
Riffel et al. 2013.) The right panel is a BPT diagram including spaxels inside the shared MUSE-HST FoV, colored-coded by shock fraction,
and showing the high [Fe 11]/Pag regions as large black-outlined circles. Grey and green grids are photoionization and shock models.

locations along the line-of-sight. In high extinction regions,
caution must be taken when inferring excitation mechanisms
from optical line ratios, since the detected optical emission
may only originate on the near side of the dust screens, rather
than the embedded region one may wish to probe.

In the eastern nucleus, the near-IR and optical emission
line ratios indicate varying degrees of shock excitation. Since
this region has very high dust extinction, and since the near-
IR observations have a higher optical depth, the natural con-
clusion is that in this region, the ionized gas is subject to feed-
back in the form of shocks, both at the near side of the dust
layers and in the embedded ISM. There are several resolved
star clusters in the vicinity of the nucleus of VV 114E (white
filled circles on the map in Figure 12), but they all have rela-
tively low visual extinction, indicating that they are not sub-
stantially embedded. While these clusters may be contribut-
ing to the feedback seen in the optical emission in the region
(e.g., cluster #26 which is closest to the high [Fe 11]/Paj re-
gion), the only obvious sources of feedback for the gas seen
in the near-IR must be deeply embedded as well, possibly
the embedded star-forming regions seen with VLA by Song
et al. (2022) (red crosses in Figure 12) or a nuclear starburst
in the NW core, or even the AGN in the SW core, as revealed
by Rich et al. (2023) (who also detect strong shocks from
elevated [Fe 11]/Pfa in this region).

4.4. Galactic Superwind

The shock fraction maps presented in Figure 8, espe-
cially for the C2 component, show a clear radially increas-
ing gradient. Such large-scale structure is often observed
in the [NIIJ/Ha and [S IIJ/Ha optical line ratios of objects
with galactic superwinds (e.g., Shopbell & Bland-Hawthorn
(1998); Rich et al. (2010); Sharp & Bland-Hawthorn (2010);
Westmoquette et al. (2011); Kreckel et al. (2014)). The ra-
dial gradient may represent the true distribution of shocks,
occurring preferentially away from the star-forming disk of
VV 114W, where interactions between the primary volume-

filling wind fluid and the ambient medium are strongest.
Bright (and narrow) line emission from the central starburst
and dust extinction likely dilute the shock signal near the cen-
ter of the galaxy, also contributing to the appearance of the
radial gradient.

Evidence for a superwind in VV 114W was first reported
by Grimes et al. (2006), who detected strong, broad inter-
stellar absorption lines with a pronounced blueshifted com-
ponent in the far-UV FUSE spectra. The FUSE observations
imply outflowing material entrained by the wind with a pro-
jected velocity of 300-400 km s~!. The narrow C1 compo-
nent of Ha likely traces large-scale rotation, showing a north-
south velocity gradient that can also be clearly seen in the
ALMA molecular gas velocities (Saito et al. 2015). As can
be seen in the left panel of Figure 13, the broad C2 compo-
nent of Ha is almost everywhere blueshifted by 100-300 km
s~! with respect to the narrow C1 component, strongly sug-
gesting non-rotational motions. This result was verified by
producing moment 3 (skew) maps for several of the bright
emission lines in the MUSE data, which show a close spa-
tial correspondence with the differential velocity map, i.e.,
predominantly negative values of skew are found across the
merger. The distribution of projected differential C2-C1 ve-
locities (Avyga(C2-C1)) across the merger is shown in the
right panel of Figure 13, where it can be seen there are three
distinct components: although some regions have C1 and C2
gas moving together (green dashed line), most of the broad
component is blueshifted with respect to C1 (blue dashed
line.) A third, redshifted component (red dashed line) can be
seen in the right panel of Figure 13: almost all of these posi-
tions are toward the SW tidal arm (highlighted in Figure A1),
but these kinematics likely reflect expansion of ionized bub-
bles or H 1I regions rather than the far-side of a galactic su-
perwind, since at these positions the C2 and C1 components
have similar, and relatively small, velocity dispersions and
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Figure 12. Left: Map of the visual extinction toward VV 114 calculated from the Balmer decrement and adopting the Calzetti et al. (2000) dust
attenuation law (Ry = 4.05). The black contours are the same as in Figure 1, the red contours are placed at values of Ay =-2.5, 0, 3.5, 5, and
7.5 mag. The black box encloses the area displayed in the [Fe 11]/Paf map in the right panel. The zoomed-in [Fe 11]/Pa3 map reveals several
regions of very high near-IR line ratios (outlined with magenta squares). Cyan crosses mark the locations of the two mid-IR-bright cores of VV
114E, and the white filled circles are star clusters located in the high extinction region.

form double-peaked profiles (kurtosis of the emission lines
tends to be large in these regions, also see Figures 2 and 5.)

4.4.1. Dynamical State of the Wind

If the wind is isotropic (47 sr opening angle) and is driven
by the starburst, it should inflate a bubble of entrained ISM.
Figure 8 clearly shows an abrupt transition in C2 shock frac-
tion from ~40 to 80% that occurs at a radius of rpupple ~
4 kpc (matching the ~100 contour that encloses ~70% of
the soft band X-ray flux in the Chandra image, see Figure
14), consistent with the shock-dominated wind-ISM inter-
face defining the surface of a symmetric wind-blown bub-
ble. In projection, this is coincident with the outer edge of
VV 114W, determined by visual inspection of the HST broad
band F435W and F814W images. In the nomenclature of
Heiles (1990), this is possibly consistent with the bubble un-
dergoing blowout, where the outflowing material has reached
the edge of the galactic disk (e.g., Mac Low & Ferrara 1999.)

The total kinetic energy in the wind-entrained ionized gas
can be estimated using an assumed outflow velocity and
by summing the mass of the C2-emitting gas, i.e., Mc, =
me(HO)/(neozB), where my, is the proton mass, 7. is the elec-
tron density, ap is the Case B recombination coefficient,
and where Q(H®), the number of ionizing Lyman continuum
photons s™!, can be computed from the extinction-corrected
Ha luminosity: Q(H®) = (Lyo/Ena) (ap/oes) (Osterbrock
& Ferland 2006). Assuming a deprojected wind velocity of
Vexp = 2000 km s~! (the same velocity used in the cluster wind
models v a), the estimated kinetic energy of the entrained
ionized gas is Exj, ~ 8 X 105811;1 erg.

The energy budget of the wind can be assessed by compar-
ing the observed kinetic energy injection rate, Exin = Eiin / Tdyn,
to the energy output from the starburst which was estimated
in Section 4.2. For ryuppie = 4 kpe and vex, = 2000kms™, the

dynamical time (assuming a constant energy injection rate) is
tayn = 2 Myr, yielding Eyin ~ 1.2 x 10% n;! ergs™. Adopting
a reasonable value for the electron density in the outflowing
ionized gas, n. = 100 cm™ (close to the galaxy-wide average
from the [S 1T] measurements), the total kinetic energy of the
outflow is Eyj, =8 x 10 erg, and the kinetic energy injection
rate is Eiin = 1.2 x 10* erg s7!, in very close agreement with
the mechanical energy injection rate from the cluster winds
that was estimated in Section 4.2 (XEr ~ 1.6 x 10* ergs™),
confirming that stellar winds and supernovae from the star
clusters are the likely power source for the superwind.

4.4.2. Galactic Impact of the Superwind

The mass outflow rate (Mom) and mass loading factor
(1 = Moy /SFR) are important for gauging the wind’s im-
pact on the galaxy. The mass outflow rate is Moy =
10Mbubble,7Vbubble,lOOOrgdbbleﬁkpC Mg, yr!', where Miyppie 7 is the
mass of ionized gas in 10'M, © and Viubble, 1000 1S the expansion
velocity in units of 1000 km s~!. The total mass of outflowing
ionized gas is Mion = 10" M, and using vey, = 2000kms™!,
the mass outflow rate is Moy ~ 5 Mg yr‘l, which is the same
value derived by Grimes et al. (2006). The mass loading fac-
tor, assuming SFR = 33 My yr! in VV 114W, is  ~ 0.2.
While in principle Myyppie,7 includes both the mass of the en-
trained ionized medium and the primary wind fluid itself, the
optical observations presented here do not provide a means
of measuring the latter, therefore, the mass outflow rate and
mass loading factor should be considered lower limits.

5. SUMMARY AND CONCLUSIONS

1. Decomposition of optical emission line profiles from
the wide-field IFU observations reveals a secondary,
broad and blueshifted component across much of the
galaxy, contributing nearly 50% of the total Ha flux.
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Figure 13. C2-C1 differential heliocentric radial velocity map (left) and distribution (right), derived from fits to the Ha line in the MUSE
datacube, the black contours are as in Figure 1. The best-fitting three-component Gaussian mixture model is overlaid on the histogram: the
blue and red components represent regions of VV 114 where the broad C2-emitting gas blue- or redshifted velocities with respect to C1, the
green component represents regions where the C2 component has similar velocities to C1 (rotation), and the black curve is the total model. The
emission line velocities are consistent with a strong, broad emission line component that is blueshifted with respect to galactic rotation across

much of the merger.
I 1.0

r0.8

tribution to shocks from the merger itself, massive stel-

~17.504 - lar winds a SNe contribute to shocks in the ISM.

4. The ISM around young massive clusters has electron
density profiles consistent with predictions from adi-
abatic expanding cluster wind models. Models are fit
to all young clusters then summed to give the predicted
total starburst energy deposition rate which agrees well
with the stellar mechanical energy input rate estimated

Ho.2 from both the soft band X-ray luminosity and from the

SFR. The resolved star clusters contribute the majority

(~70%) of the total shock energy in the merger.

—17.506 -

T
o
o

—17.508 +

Dec (deg)
Shock Fraction

T
I
'S

—17.5101

—17.512 9

T
0.002
+1.694el 5

T T
0.006 0.004

RA (deg)

T T
0.010 0.008

. The widespread shocks driven by winds from star
clusters would be sufficient to cause the entire
~10'°M, cold gas reservoir to dissipatively fall into
the potential well of the merger in much less than a dy-
namical time, if the shock energy could be efficiently
coupled with the cold gas mass.

Figure 14. Spatially resolved shock fraction for the broad compo-
nent (C2) ionized gas, traced by the optical emission line ratio [S
11]/Ha, as in Figure 8. The Chandra soft band (0.3-2.0 keV) X-ray
image is represented by the black contours at the 4, 10, 20, and 800
levels. The resolved X-ray emission aligns closely with the spatial
structure of shocks, suggesting they both trace the energetic inter-
action between a galactic wind fluid and the ambient ISM. 6. Near-IR imaging data provide [Fe 11]/Pa/3 ratios across
much of the merger. The near-IR ratio map has good
spatial correspondence with the optical line ratio maps.
Model grids of photoionization and shocks are bet-
ter separated in optical-near-IR excitation diagrams in-
volving the [Fe 11]/Paf ratio than in the classical opti-

cal excitation diagrams.

2. The narrow component (C1) has line ratios consistent
with stellar (H 1I-region-like) photoionization, while
the broad component (C2) is more consistent with a
shock mixing sequence. C2 linewidths are correlated
with shock velocities predicted from models of inter-

stellar shocks. 7. Most of the regions with very high [Fe 11]/Pas ra-

tios occur north of the highly extincted nucleus of VV

. The shock fraction in C2 gas is strongly anticorrelated

with the surface number density of resolved star clus-
ters, suggesting that, in addition to a possible tidal con-

114E, where optical ratios are also large. Since the
area has large visual extinction, the [Fe 11]/Paj ra-
tio must be probing to higher optical depth, indicating
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feedback on both the exposed and veiled layers of VV
114E. The energy source for the embedded feedback
in VV 114E is not clear, but might involve the nuclear
starburst in the NW core or the AGN in the SW core.

8. The ionized gas kinematics, showing a blueshifted
broad component across most of the merger, and the
shock map together imply an ongoing galactic super-
wind which has entrained ambient material into a ~4
kpc bubble that is possibly undergoing blowout. The
superwind is powered by the starburst, since the en-
ergy budget of the bubble is in very close agreement
with the kinetic energy input rate found from summing
the individual cluster winds. The mass outflow rate is 5
Mg, yr!, in agreement with the value derived from far-
UV spectroscopic observations (Grimes et al. 2006).
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APPENDIX

A. VV 114 ATLAS

Throughout the paper, various regions of VV 114 are referenced. For convenience, this appendix contains a JWST MIRI

F770W image of VV 114 with labeled boxes indicating major structures of the galaxy. The black contours are the same as in
Figure 1.

SE Tidal Arm

SW Tidal Arm

Figure Al. JWST MIRI F770W image of VV 114 with markers indicating prominent regions visible in the optical and mid-IR wavebands. The
black contours are the same as shown in Figure 1.

B. EMISSION LINE RATIO MAPS

Emission line ratios from the optical MUSE IFU data ([N 11]/Ha and [S 11]/Ha) and from the near-IR HST imaging data ([Fe
11]/Pa) are shown in this appendix section for reference. The optical images are masked to include only spaxels where [N 11],
[S 11], and Ha had SNR > 10, and the near-IR image was limited to where the flux density was f) > 30 based on pixel values in

background portions of the image far from the galaxy. The line images were masked to include only portions of the galaxy where
SNR > 10 for all five emission lines.
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Figure A2. Left to right: maps of the logarithmic [N I1]/He, [S 11]/He, and [Fe 11]/Paf emission line ratios. The line ratio images are

individually scaled to the 3-o envelope around the pixel median value to highlight the similarity in spatial trends between the images. Contours
are the same as Figure 1.
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C. CLUSTER WIND MODEL FITS TO STAR CLUSTERS

Presented here are the cluster wind model fits to the radial electron density profiles of the gas surrounding 66 star clusters in
VYV 114, as well as the correlation that was found between the fitted values of ET and R.. The best-fit parameters for each cluster
can be found in Table 1. Panels have identical ranges in logarithmic radius (0.5 < log(dcster[pc]) < 4) and electron density
(-0.5 < log(Ne[cm™]) < 3.5). For each cluster, the measurements that comprise the radial density profile come from all those
spaxels closer to that cluster than to any other, which explains the variation in the number of points in each plot. Also included in
this Appendix section is the correlation between the kinetic energy injection rate Et and injection zone radius Ry, among the 66
cluster wind fits (Figure A4.)
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Figure A3. Radial electron density profiles of ionized gas surrounding the various star clusters in VV 114 (black points) fitted with the CC85
cluster winds model (red curves.) Cluster ID numbers come from Linden et al. (2021).
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Figure Ad. There is a moderate correlation between the energy injection rate Et and injection radius R, excluding the 5 clusters with
Er > 6.7 x 10" erg s™!, with a Pearson correlation coefficient of rpeuson = 0.64; p-value = 3x 107 (blue points). The red points are best fitting
wind model parameters for clusters showing flat density profiles, where we find a stronger correlation between Et and R: rpearson = 0.74; p-
value = 107, The parameters are correlated despite not being tied in the model fitting process, suggesting the cluster wind model is a reasonable
description of the radial density profile data.



SHOCKS TRACE FEEDBACK IN STARBURST LIRG VV 114

25

Table A1. Derived properties of individual star clusters in VV 114. Inequality symbols indicate the fitted parameters are lower limits. (Contin-

ued from Table 1.)

ID R.A.[deg] Dec[deg] log(M/Ma)* log(al/yr)® R [kpc] Er [10* ergs™]
56 16.946442 -17.506558 8.19667 8.70816  >0.83 >0.90
57 16.946103 -17.506868 5.50136 6.61453  0.52 0.64
59 16.946966 -17.507904 4.25439 6.97089  0.48 0.59
64  16.946698 -17.508163 5.02657 6.4809 >134  >696
66  16.945989 -17.506781 4.82115 723817  >064  >1.18
71 16.946339 -17.508488 5.50141 6.4809 >137  >551
73 16.945421 -17.506156 5.09149 732726  >0.83 >1.09
74 16.944432 -17.506156 5.19157 630272  0.32 0.75
77 16.946048 -17.507362 6.48685 741634 057 0.90
78  16.946077 -17.50782  6.81534 873044  >086  >1.55
79 16.945831 -17.506947 5.31299 670362  >0.50  >0.56
80  16.945393 -17.506409 4.95967 7.01544  >0.55 >0.45
81  16.945539 -17.506419 5.38145 746088  >084  >1.18
82  16.94596  -17.507268 5.45724 6.01317  >045 >0.45
83  16.946164 -17.508365 5.03922 6.4809 0.57 0.65
84 16945128 -17.506544 5.90003 723817  0.38 0.48
85  16.945873 -17.50728  5.84428 726043  >080  >138
90  16.944782 -17.506406 4.74754 6.70362  0.33 0.22
92 16.944784 -17.506763 4.86946 6.70362  >0.55 >0.81
96  16.944851 -17.506476 4.53686 6.61453  >046  >0.61
98  16.944592 -17.506061 5.16999 8.06224  0.26 0.12
99  16.945253 -17.507264 5.78702 6.4809 >0.54  >0.71
100 16.944724 -17.506559 4.74227 6.97089  >0.33 >0.18
101 16.944855 -17.507322 5.95446 6.4809 >0.52  >0.72
102 16.94532  -17.506976 6.00108 630272 >0.63 >0.83
103 16.946092 -17.508643 5.97105 630272  >0.59  >0.51
105 16.945096 -17.507322 4.91831 7.01544  >0.83 >1.96
106 16.944492 -17.506629 5.51087 8.44089  >0.49  >0.35
110 16.944214 -17.507279 4.38643 6.61453  0.55 0.48
111 1694478  -17.507754 5.21742 6.01317  0.55 1.57
113 16.945057 -17.507268 6.35229 7.14907  >0.57  >0.75
115 16.945353 -17.508308 5.5505 8.41862  >0.98 >1.40

Note. ¢ values taken from Linden et al. (2021).
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Table A2. Derived properties of individual star clusters in VV 114. Inequality symbols indicate the fitted parameters are lower limits. (Contin-
ued from Table Al.)

ID* R.A.[deg] Dec [deg] log(M/Mg)*  log(alyr)® Ry [kpe] Er [10* ergs™]

117 16.944648  -17.506919  5.77168 8.17362 >0.61 >0.76
118 16.944752  -17.507531  4.45422 6.4809 >0.57 >1.37
120 16.944733  -17.507444  6.2568 6.70362 >0.53 >0.94
121 16.945259  -17.508404  5.34374 6.97089 >0.77 >0.95
123 16.944564  -17.506918  5.81343 6.01317 >0.65 >0.86
128 16.944503  -17.506893  4.46098 6.70362 >0.74 >0.82
131 16.946019  -17.510753  6.69745 8.06224 0.80 9.72
134 16.944898  -17.50895 4.67393 6.70362 0.41 0.41
135 16946266  -17.511211  4.1396 6.79271 0.50 5.89
140 16.94382 -17.507018  5.29772 6.70362 >0.48 >0.29
141 16943238  -17.506891  4.46725 6.97089 >0.53 >0.33
142 16943671  -17.506675  5.37092 8.12908 0.69 0.68
144 16944169  -17.507668  6.12845 8.68588 0.81 1.37
145 16944753  -17.50903 5.27769 7.2159 >1.05 >2.37
150 16943718  -17.508348  4.74218 7.88407 >0.56 >0.32
153 16.94291 -17.50806 5.36093 7.52771 0.47 0.56
154 16.943587  -17.507753  4.7744 6.70362 0.55 0.53
155 16.943661  -17.508698  4.45091 6.70362 >0.90 >0.88
156 16.943324  -17.508057  6.56955 6.70362 >0.42 >0.29
157 16.94353 -17.508268  4.76702 7.23817 0.45 0.28
158 16943514  -17.508197  5.61672 8.03997 0.40 0.25
160 16943091  -17.507907  4.8025 6.4809 0.59 0.87
162 16.943251  -17.508129  5.81006 8.73044 1.50 3.92
179 16.9459361 -17.5058213 5 6 0.57 45.16

Note. “ values taken from Linden et al. (2021).
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