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Abstract

We present a multiwavelength study of IC 860, a nearby post-starburst galaxy at the early stage of transitioning
from blue and star forming to red and quiescent. Optical images reveal a galaxy-wide, dusty outflow originating
from a compact core. We find evidence for a multiphase outflow in the molecular and neutral gas phase from the
CO posmon—velocny diagram and NaD absorption features. We constrain the neutral mass outflow rate to be
~0.5 M., yr~', and the total hydrogen mass outflow rate to be ~12 M., yr~'. Neither outflow component seems
able to escape the galaxy. We also find evidence for a recent merger in the optical images, CO spatial distribution,
and kinematics, and evidence for a buried active galactic nucleus in the optical emission line ratios, mid-IR
properties, and radio spectral shape. The depletion time of the molecular gas reservoir under the current star
formation rate is ~7 Gyr, indicating that the galaxy could stay at the intermediate stage between the blue and red
sequence for a long time. Thus the timescales for a significant decline in star formation rate (quenching) and gas
depletion are not necessarily the same. Our analysis supports the quenching picture where outflows help suppress
star formation by disturbing rather than expelling the gas and shed light on possible ongoing activities in similar
quenching galaxies.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Active galactic nuclei (16); Galaxies (573); Post-
starburst galaxies (2176); Galaxy quenching (2040); Galaxy physics (612); Galactic and extragalactic
astronomy (563)

Supporting material: machine-readable tables

1. Introduction and red sequences and the intermediate stage as the green
valley."”” Through cosmic time, the galaxy number density
increases in the red sequence while it decreases in the blue
sequence (e.g., Bell et al. 2007, 2012). Such findings prompt a
galaxy evolution scenario where blue galaxies evolve onto the
red sequence as star formation (SF) diminishes because gas is
consumed in stars or becomes unavailable for stellar synthesis.

Many mechanisms can cause the reduction in SFR
(quenching). External processes such as galaxy mergers can
result in energetic starbursts that exhaust the available gas,
leaving the merger remnant quenched (e.g., Hopkins et al.
2006; Sparre & Springel 2016). Mergers may as well trigger
stellar and/or active galactic nuclei (AGN) feedback that could

If we take a snapshot of all galaxies and sort them based on
their colors and morphologies, we find that present-day
galaxies fall predominantly in two distinct populations: either
blue, star-forming spirals (late-type galaxies, hereafter LTG) or
red, quiescent ellipticals and lenticulars (early-type galaxies,
hereafter ETG; Hubble 1926; Baldry et al. 2004). This
bimodality is often demonstrated on the stellar mass versus
star formation rate (SFR; or related quantities like color)
diagrams. We refer to the two galaxy populations as the blue

* Herschel is an ESA space observatory with science instruments provided by
European-led principal investigator consortia and with important participation

from NASA.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

violently heat and expel the remaining gas (e.g., Naab &

5 Note that the color-mass-based classification does not contain information
about the gas in the galaxies. When we refer to the blue (red) sequence galaxies
in this paper, we implicitly assume that they are gas rich (deprived) as in the
traditional picture.
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Burkert 2003; Bournaud et al. 2005). Ram pressure stripping
can also remove gas as a galaxy falls into a cluster (Gunn &
Gott 1972). Examples of internal quenching mechanisms
include morphological quenching and AGN feedback. Mor-
phological quenching refers to the scenario where a galaxy
builds up its central bulge over time to a point that the gas in
the galaxy is stable against gravitational collapse. Morpholo-
gical quenching does not require removal or termination of gas
supply and acts on a long timescale of several Gyrs (e.g.,
Martig et al. 2009; Colombo et al. 2018; Lin et al. 2019;
Méndez-Abreu et al. 2019). AGN feedback refers to the
scenario where the AGN redeposits energy and momentum into
its host galaxy via outflows and/or radiation, and is often
invoked to explain the rapidity of gas heating or expulsion
necessary for short quenching timescales. AGN feedback is
thought to be responsible for keeping a galaxy quenched (e.g.,
Hopkins et al. 2008; Terrazas et al. 2016, 2017). However, the
nature of AGN feedback is still uncertain, as is its efficacy at
rapidly removing the entire reservoir of star-forming fuel and
globally halting SF. Observational evidence of galaxy quench-
ing from AGN feedback remains circumstantial (e.g.,
Smethurst et al. 2017; French et al. 2018), although in
simulations AGN feedback plays an important role in
quenching (e.g., Zheng et al. 2020).

It is unlikely that a single mechanism is responsible for
galaxy quenching, and multiple quenching mechanisms will
affect galaxies across their lifetime, working in collaboration to
ensure galaxies stay quenched (Smethurst et al. 2017). The goal
of studying this transition stage in galaxy evolution is to
disentangle the relative importance of different quenching
mechanisms. In addition to the mysterious interplay between
different quenching mechanisms, the blue to red evolutionary
path has its own complications. Schawinski et al. (2014)
showed that blue ETG and blue LTG transit quite differently to
the red sequence. The ETG show a rapid cessation of SF and
transit the green valley rapidly (the fast quenching track), while
the LTG experience a more gradual decrease in SFR. Thus
regarding the green valley as a transition phase for all galaxies
might be overly simplistic. Identifying the initial properties and
pathways taken by these dying galaxies is essential to build a
complete understanding of galaxy evolution.

In this work, we examine the fast quenching track by
studying one of the post-starburst galaxies (PSBs): IC 860.
PSBs have quenched their SF both rapidly and recently (<1
Gyr), so it is promising that they will reveal visible evidence for
the quenching triggers (see French 2021 for a review on PSBs).
PSBs consist of <1% of the galaxy population by z~ 0.5 and
are more common at higher redshifts (e.g., Wild et al. 2016),
where high-quality and spatially resolved data are harder to
obtain. Despite being rare, PSBs might be an important phase in
galaxy evolution, as ~40%—-100% of galaxies are expected to
pass through this phase (Zabludoff et al. 1996; Snyder et al.
2011; Wild et al. 2016). Recent studies (French et al. 2015;
Rowlands et al. 2015; Alatalo et al. 2016a) showing that local
PSBs have significant cold gas reservoirs highlight the unique
timescale they represent: we are catching them in the act of
depleting their remaining star-forming fuel.

IC 860 is a nearby PSB for which we have obtained
exquisite multiwavelength data to probe different activities
such as outflows and AGN. Parent PSB samples containing IC
860 have been statistically studied in several works (e.g.,
Alatalo et al. 2016a; French et al. 2018). In particular, Aalto
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et al. (2019) did a case study on IC 860 with millimeter
wavelength data focusing on the galactic center, and found that
IC 860 hosts a nuclear outflow of dense molecular gas. It is also
probable that the infrared (IR) emission within the galaxy
originates from a compact core of ~10 pc in size (Aalto et al.
2019), which makes IC 860 a particularly interesting example
to study the impact of nuclear activity on the cessation of SF.
IC 860 can serve as a local laboratory of galaxy evolution to
reveal the multiple events going on inside these quenching
galaxies. We present the data used in this study in Section 2,
and describe our analysis in Section 3. Results and discussion
are provided in Sections 4 and 5, respectively. We summarize
our findings in Section 6. Throughout this paper, we assume a
flat cosmological model with Hy=70kms ' Mpc ™', Q,, =
0.3, and Q4 =0.7.

2. Data

IC 860 is a nearby (z =0.0129 from SDSS Data Release 7,
hereafter DR7; Abazajian et al. 2009) luminous infrared galaxy
(LIRG) with Lig = 10'""* L (Chu et al. 2017). It is a late-type
spiral galaxy with a bar at the center and appears to be heavily
obscured by dust. We first briefly describe the parent sample IC
860 belongs to in Section 2.1, and present other data on this
particular galaxy in the rest of Section 2.

2.1. Shocked Post-starburst Galaxies

PSBs are defined as galaxies that have rapidly quenched
their SF in the last ~1 Gyr and are traditionally found by
requiring simultaneously the absence of prominent ionized
emission lines (associated with young energetic stars) and the
presence of strong Balmer absorption features (associated with
intermediate-age A-type stars). While these criteria can identify
transitioning galaxies, they ignore other energetic processes
like AGN and shocks that can also produce strong emission
lines, and thus catch galaxies only after they have already
quenched and transformed.

To account for this selection bias, Alatalo et al. (2016b)
created the Shocked POststarbust Galaxy Survey (SPOGS'®),
which is a catalog of PSBs hosting emission line ratios
consistent with shocks. This catalog is based on Sloan Digital
Sky Survey (SDSS) DR7 (Abazajian et al. 2009) and the Oh-
Sarzi-Schawinski-Yi absorption and emission line catalog (Oh
et al. 2011). First, a subsample of emission line galaxies are
selected based on their high-quality continuum and emission
line fitting (see Section 2.1 in Alatalo et al. 2016b for more
details). Gas with emission lines consistent with the shock
excitation are then selected utilizing the [OII]/HB versus
[N1]/He, [S1]/He, and [O1]/He line diagnostic diagrams
(the BPT diagrams; Baldwin et al. 1981; Veilleux &
Osterbrock 1987). Shocked post-starburst galaxies (SPOGs)
are galaxies that satisfy the following:

1. they have strong Balmer absorption characterized by
EW(Ho) > 5 A;

2. they lie within the polygon ‘“shock region” defined by
Equations (1)-(9) in Alatalo et al. (2016b) of all three
diagnostic diagrams;

3. they are not falling consistently inside the SF and
composite regions of all three diagnostic diagrams.

16 http: //www.spogs.org
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Table 1
HST WEFC3 Observations (Program 14715, 4 Orbits)

Observation ID Channel Filter Exposure Time
(s)
ID8N02010 IR-FIX F160W 406
ID8N02020 UVIS2 F606W 800
IDSNO2WPQ IR-FIX F140W 203
ID8N02030 UVIS2 F814W 750
IDSN01010 UVIS2 F438W 600
IDSN01020 UVIS2 F275W 2500
IDSN01030 UVIS2 F336W 2000
ID8N01040 UVIS2 F275W 2400
IDSN01Q9Q IR-FIX F140W 203

SPOGs selected with the above criteria trace a younger
population (e.g., French et al. 2018) than traditional PSBs
selected by requiring no prominent emission lines (e.g.,
Goto 2007), and can catch a galaxy when its SF is abruptly
diminishing. IC 860 is one of the SPOGs that lies on the blue
end of the green valley, and thus provides a window into the
very early stages of galaxy transition.

2.2. Hubble Space Telescope Imaging
2.2.1. Multiband Imaging

Near-UV (NUV), optical, and near-infrared (NIR) images of
IC 860 were obtained with the Wide Field Camera 3 (WFC3)
across seven broadband filters on the Hubble Space Telescope
(HST) in 2017 March and December (see Table 1 for details).
The final data products are obtained from the Mikulski Archive
for Space Telescopes (MAST)'” at the Space Telescope
Science Institute and can be accessed via https://doi.org/10.
17909 /tvgs-sa69. All images are full frame and were processed
with the standard reduction pipeline CALWF3 (Ryan et al.
2016). Cleaned images were coadded, registered, and scaled to
a common pixel scale with the AstroDrizzle task of the
HST DrizzlePac software package (Gonzaga et al. 2012). There
are two independent observations with filters F140W (IR) and
F275W (NUV), and we again use AstroDrizzle to
combine them into one final image for each filter. We use the
lacosmic! package (van Dokkum 2001) to remove cosmic
rays in the final image products.

2.2.2. Spatially Resolved Spectral Energy Distributions

We also construct spatially resolved spectral energy
distributions (SEDs) using the seven HST images. The five
UV-optical HST images have a resolution of ~0.0396 arcsec
per pixel, while the two IR images have a resolution of
~0.128 arcsec per pixel. We first align the images and match
them in resolution using AstroDrizzle. With the flat field
calibrated products from MAST, we drizzle all the images to
align with north, and set the final resolution of the UV-optical
images to that of the IR images. The flat field calibrated
products also contain the estimated error in each pixel, and we
drizzle the error images in the same way to get the final error
images matched in orientation and resolution. With the
matched HST images, we have a 7-point SED with its
associated flux error for each pixel at HST IR pixel resolution.

7 hitps: //mast.stsci.edu/portal /Mashup /Clients /Mast/Portal.html
18 https:/ /lacosmic.readthedocs.io/en/latest/
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2.3. Integral Field Spectroscopy (IFS)

Optical IFS data of IC 860 is from the Wide Field
Spectrograph (WiFeS; Dopita et al. 2007, 2010). WiFeS is an
integral field spectrograph on the Australian National Uni-
versity 2.3 m telescope at the Siding Spring Observatory. The
data were obtained in 2015 May with the spectral resolution
configuration Ry =3000 and R..q=7000. The standard
pyWiFeS data reduction pipeline (Childress et al. 2014) was
applied to all collected image slices, which were then
synthesized into calibrated spectral cubes. The final data
products are one blue and one red spectral cube, each with
pixel resolution of 17, covering air wavelength ranges of
~3500—5700 and ~5400—7000 A, respectively.

In order to better fit the stellar continuum and determine the
stellar kinematics, we combine the spectral cubes into one final
cube. The blue cube and the red cube overlap in the wavelength
range ~5400—5700 A, and have slightly different overall flux
levels. To keep the information from both cubes, we first scale
the red cube flux to the same level as the blue cube flux for each
spaxel using the fluxes near the overlapping region, but exclude
the overlapping region because the red spectra are very noisy.
We then take the Welghted average of the blue and red spectra
for the overlapping region ~ and propagate the flux error
accordingly. We set the weights of the blue spectra to be slowly
declining from 1 to 0.58 and the weights of the red spectra to be
one minus those of the blue by trial and error, so as to minimize
the influence of noisy red spectra on the spectral shape in the
overlapping region while still keeping the red data. To further
check the quality of this combination, we sum all spectra in the
combined cube and convolve the summed spectrum with SDSS
g and r filters to calculate fluxes as observed through these two
filters. The resulting g-band and r-band fluxes agree well with
the SDSS values. Finally, we resample the combined data cube
to a logarithmically uniform wavelength grid covering ~3500
—7000 A (the same wavelength range of the combined spectra)
with Alog(\) =1.53 x 10" *A.

The original IFS data also lack a world coordinate system
(WCS). We manually add a WCS to the combined cube by
matching the blue cube image to the SDSS g-band image of the
galaxy. We check that under this WCS the red cube image also
matches the SDSS r-band image.

2.4. CO Molecular Gas and Radio Continuum

IC 860 was observed in '2CO(10) with the Combined Array
for Research in Millimeter-wave Astronomy (CARMA)20 in
semesters 2012a and 2014a for a total of 5 hours. CARMA is
an interferometric array of 15 radio dishes (6 x 10.4 and
9 x 6.1 m) located in the Eastern Sierras in California (Bock
et al. 2006). The data reduction was done using the
Multichannel Image Reconstruction, Interactive Analysis and
Display (MIRIAD; Sault et al. 1995) package. The integrated
intensity (moment(0) and mean velocity (momentl) maps were
then constructed from the data cube, following the procedure in
Alatalo et al. (2013). The pixel resolution of the final data
products is 0742, w1th a beam size 2”3 x 1”3 and an rms of
7.1 mJy in a 20 kms ™' channel. The CO velocity in this data is

® The blue and red IFS data have different wavelength spacing. We thus first
resample the red spectra (flux and error) to match the blue spectra in a flux-
conserving way with SpectRes by Carnall (2017).

20 http: //www.mmarray.org
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in the radio convention. We convert it to the optical convention
in a later analysis for comparison with other velocity data.

The CARMA data also measured the 113 GHz radio
continuum emission in IC 860. The continuum map was
obtained by first isolating the line-free channels using the
MIRIAD task uvlin,?' and then inverting the line-free
visibilities using the multifrequency synthesis options with
MIRIAD. We measure the continuum flux to be 6.15 +0.06
mly and include the flux in Table 5.

We use the total CO luminosity of IC 860 (see also McBride
et al. 2014) and a Milky Way CO-to-H, conversion factor
aco=43M. (Kkms ' pc?) ! (Bolatto et al. 2013) to derive
the total molecular gas mass in the galaxy,
M Hy)o = (1.79 & 0.54) x 10° M,,, where the error repre-
sents the 30% calibration uncertainty.

2.5. Spectral Energy Distribution of the Entire Galaxy

Photometric data of the entire galaxy has been measured
from far-UV (FUV) to far-infrared (FIR), allowing us to
construct and fit the SED. IC 860 is observed with the Galaxy
Evolution Explorer (GALEX; Martin et al. 2005), the 2 Micron
All Sky Survey (2MASS; Skrutskie et al. 2006), and Spitzer
(Werner et al. 2004). We measure the fluxes following Alatalo
et al. (in preparation), similar to the way in U et al. (2012). IC
860 was also observed with the Herschel Space Observatory
(Pilbratt et al. 2010), and the photometry was published in Chu
et al. (2017). The Spitzer and Herschel observations are part of
the Great Observatories All-sky LIRG Survey (GOALS) with
data accessible via GOALS Team (2020). In addition, we
include optical photometry from SDSS DR7 ugriz bands, mid-
infrared (MIR) photometry from the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010, 2019), NUV to NIR
photometry from HST/WFC3, and FIR photometry from
AKARI (Murakami et al. 2007). For WISE data, we take the
aperture magnitudes (e.g., w3gmag) for extended sources of the
W3 and W4 filters, then add zero-point corrections of 0.03 and
—0.03 following Jarrett et al. (2012). We convert the WISE
magnitudes to fluxes including a color correction dependent on
the spectral slope®” with a further color correction to the W4
band due to rising spectral slopes in this band (Brown et al.
2014). The HST fluxes are measured from the imaging
described in Section 2.2.1 with the photutils® package.
The AKARI data is from the Far-Infrared Surveyor (FIS;
Kawada et al. 2007) Bright Source Catalogue (version 1;
AKARI Team 2020).

Every flux with wavelength <2 pum is corrected for Milky
Way extinction using the Galactic extinction values from
Schlafly & Finkbeiner (2011) provided in the NASA Extra-
galactic Database (NED?*), and converted to Jy before the SED
fitting. Finally, we convolve the catalog errors in quadrature
with a calibration error of 10% of the flux for SDSS, HST,
Herschel, Spitzer, WISE W3, AKARI data, and 20% of the flux
for GALEX, 2MASS, WISE W4 data, to account for
differences in the methods used to measure the total
photometry across different surveys and uncertainties in the
spectral synthesis models used to fit the underlying stellar

21 http: / /www.atnf.csiro.au /computing /software /miriad /doc /uvlin.html
22 http: / /wise2.ipac.caltech.edu /docs /release /allsky /expsup /sec4_4h.html
2 hitps: //photutils.readthedocs.io /en/stable/

24 http:/ /ned.ipac.caltech.edu
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populations. The flux densities are summarized in Table 5 in
Appendix A.

2.6. X-Ray Observations

IC 860 has been observed both by the Nuclear Spectroscopic
Array Telescope (NuSTAR; Harrison et al. 2013) and the
Advanced CCD Imaging System (ACIS; Weisskopf et al.
2000) on Chandra. Chandra observed IC 860 twice, once in
Cycle 10 on 2009 March 24 for 19.15ks (PI Alexander;
observation ID, hereafter ObsID, 10400) and again serendipi-
tously in Cycle 22 on 2020 May 22 for 19.8ks (PI Lanz;
ObsID 22622). NuSTAR observed IC 860 on 2018 February
01 for 72.5ks (PI Lanz; ObsID 6031024002).

While this would seem like a wealth of data, IC 860 is not
significantly detected by NuSTAR and only weakly, if
significantly, detected by Chandra. In a 30" aperture placed
around IC 860 in the NuSTAR observation, the count rate is
consistent with the background level. By contrast, a 3” aperture
on the Chandra observations yields 9 and 6 total counts in the
Cycle 10 and Cycle 22 observations, respectively.”> We use
these observations to constrain the intrinsic X-ray luminosity of
the galaxy’s core in Section 3.5.

2.7. Radio Observations

The basic radio properties of IC 860 have been reported
previously in the literature (e.g., Baan & Klockner 2006; Parra
et al. 2010). IC 860 harbors a compact (subarcsecond), nuclear
radio source with a luminosity of 1.15x 102 WHz !
(1.61 x 10*® erg s ') at 1.4 GHz based on the NRAO Very
Large Array (VLA) Sky Survey (NVSS; Condon et al. 1998).

In addition to NVSS, IC 860 has been observed and detected
in several other wide-field, public radio surveys spanning a
broad range of frequencies. We summarize these survey data in
Table 2 and use them to explore the radio spectral properties of
IC 860 in Section 5.3.2.

2.8. Spitzer Infrared Spectrograph Spectrum

IC 860 was observed with the Spitzer Infrared Spectro-
graph (IRS). The low-resolution IRS spectrum covers 5-38 ym
and has been analyzed in previous work (e.g., Petric et al. 2011;
Inami et al. 2013; Stierwalt et al. 2013, 2014; Petric et al. 2018;
Lambrides et al. 2019). IC 860’s MIR emission is relatively
compact and is completely covered by the IRS slit (Stierwalt
et al. 2014 calculated the total-to-slit flux ratio at 8 um to be 1).
We show the spectrum with some important features labeled in
Figure 1.

The MIR spectrum contains important information about the
galaxy’s dust properties and any obscured AGN. IC 860 shows
deep silicate absorption at 9.7 ym, indicating the existence of a
large amount of dust along the line of sight. The MIR slope
characterized by the flux ratio F3o,m/F)5,m is particularly steep
compared to other LIRGs analyzed in Stierwalt et al. (2013),
where they proposed that the steep slope could be caused by
both high dust obscuration and high dust temperature.

The spectrum also contains emission from polycyclic
aromatic hydrocarbons (PAH), nebular emission lines, and
H, rotational lines. PAH emission is a good tracer of SF.

25 The decrease in counts is probably due to a combination of low number
statistics and the decreased sensitivity of ACIS due to the build up of
contaminant (Marshall et al. 2004).


http://www.atnf.csiro.au/computing/software/miriad/doc/uvlin.html
http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
https://photutils.readthedocs.io/en/stable/
http://ned.ipac.caltech.edu
http://ned.ipac.caltech.edu
http://ned.ipac.caltech.edu
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Table 2
Radio Survey Data for IC 860
Survey Freq (MHz) Orwrm (arcsec) Stotal (MJY) Speak (mMJy) References
TGSS ADR1 150 25 484 +69 393+£49 Intema et al. (2017)
VCSss* 340 15 444 +8.8 44.0+8.8 Peters et al. (2021)
RACS 887 15 442 + 8.8 42.0+84 McConnell et al. (2020)
NVSS 1400 45 30.8 £6.2 no data Condon et al. (1998)
FIRST 1400 5 323+£6.5 312+£6.2 Becker et al. (1995)
VLASS 3000 25 342+£0.2 329+0.1 Lacy et al. (2020); Gordon et al. (2020)

Note.” Data from the VLITE® Commensal Sky Survey (VCSS®) are preliminary. Flux bias corrections of 38% and 48% have been added to the peak and total flux
values, respectively.b The VLA Low-band Ionosphere and Transient Experiment (VLITE; Clarke et al. 2016; Polisensky et al. 2016) is a commensal instrument on the
VLA that records data simultaneously at 340 MHz during regular VLA observations.” VCSS data are taken simultaneously during VLASS.

Stierwalt et al. (2013) measured the equivalent width (EW) of
the 6.2 ym PAH emission of IC 860 to be 0.43 um. Compared
to that of typical SF galaxies (>0.54 ym) and AGN host
galaxies (<0.27 pm), they suggested that the MIR emission in
IC 860 is likely from a SF-AGN composite origin. The lack of
robust detection of [Ne IlI] and [Ne V], which are tracers of SF
and AGN respectively, also indicates neither SF nor AGN
emission is particularly strong or is heavily obscured in this
galaxy. The detection of H, rotational lines points to the
existence of warm molecular gas in the galaxy. Using the IRS
spectrum, Petric et al. (2018) estimated for IC 860 the mass and
temperature of the warm molecular gas to be 1.43 x 10’M,,
and 404 K, which suggests a non-SF heating source. We
discuss more about the SFRs and existence of an AGN later in
Section 4.6, Section 5.1, and Section 5.3.

3. Analysis
3.1. Stellar Kinematics with pPXF

Before fitting the kinematics, we first apply the Voronoi
binning method (Cappellari & Copin 2003) to the combined IFS
cube based on data near the Ha wavelength to increase the
signal to noise ratio (S/N) of the spectra. We choose a
wavelength range that encompasses the entire Ho line, and use
the mean S/N of data slices within this wavelength range as the
initial S/N for the binning process. We exclude spaxels with
S/Nu. < 1 and set the target S/N of Ha to be 8, as a high
emission line S/N is also desired when fitting the ionized gas
kinematics (Section 3.2). The spectra in each bin are combined
by taking the average. Under this binning scheme, the final S/N
at 4000 A, where important information about the stellar
populations lie, is ~5. This binning scheme thus should allow
us to adequately measure the stellar kinematics. We test that
Voronoi binning at 6000 A (a line-free continuum region) to a
target S/N of 10 produces almost identical fitting results.

We fit the stellar continuum and obtain the stellar velocity
and velocity dispersion using the penalized pixel-fitting method
(pPXF?®) by Cappellari (2017), which is an upgrade to the
original algorithm by Cappellari & Emsellem (2004). We use
the theoretical model-based stellar templates from Delgado
et al. (2005), computed with the stellar isochrones from the
Padova group (Bertelli et al. 1994; Girardi et al. 2000, 2002),
covering ages of 0.004—17 Gyr and metallicities Z =0.019
(solar), 0.008, and 0.004. We first match (degrade) the spectral
resolution of the templates to that of our data using the

26 We use the Python package ppxf version 7.4.2: https: //pypi.org/project/
ppxf/.

match_spectral_resolution function from the data
analysis pipeline (DAP?”) of the Mapping Nearby Galaxies at
Apache Point Observatory (MaNGA) survey (Westfall et al.
2019). Each template spectrum is then resampled to log-linear
wavelengths and normalized by its median flux. We fit the
continuum with major emission lines, the NaD absorption
feature, and the 5577 A skyline masked, plus an additive
Legendre polynomial of degree 10 to account for template
mismatch and systematics in the flux calibration. An example
of the binned spectrum and its fitted continuum is shown in
Figure 2. The final stellar velocity and stellar velocity
dispersion maps are shown in Figure 3 and further discussed in
Section 4.3.

3.2. lonized Gas Properties with LZIFU

We use LZIFU (Ho et al. 2016), an IDL toolkit for fitting
multiple Gaussian components to emission lines to determine the
properties of ionized gas in IC 860. Considering that the two IFS
data cubes have different spectral resolutions, we run LZIFU in
its two-sided data mode on the blue and red data cubes to best
preserve the information. LZIFU accepts an external continuum
cube with a linear wavelength grid, so we interpolate the log-
linear stellar continuum cube obtained with pPXF (Section 3.1)
to the blue and red data cube wavelength grids, and have LZIFU
skip its continuum fitting step.

LZIFU subtracts the given continuum before the emission
line fitting process. To account for the possibility of multiple
kinematic components, we run the program three times, using
1-3 Gaussian components to fit all emission lines. A visual
inspection of the model fits indicates that the one-component
case best fits the data. The flux errors in the IFS cubes are
propagated through the emission line fitting process to produce
the error on the flux measured for each emission line. We use
the results from the one-Gaussian-component fitting hereafter.

LZIFU provides maps of emission line fluxes, velocity and
velocity dispersion. The program was designed to fit all
emission lines simultaneously with each kinematic component
constrained to share the same velocity and velocity dispersion.
In our case where we only fit one Gaussian (one kinematic
component), we get one velocity map and one velocity
dispersion map representative of all emission lines. The maps
are shown in Figure 3. Given that the ionized gas velocity
information is mainly constrained by the strongest emission
line Ha, the velocity maps of ionized gas are masked such that
only bins with Ha flux S/N> 3 are used.

2 https: //sdss-mangadap.readthedocs.io /en/latest/
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Figure 1. Low-resolution Spitzer IRS spectrum of IC 860. Some important line features are labeled with vertical lines, and the numbers near the lines indicate the
wavelengths. IC 860 exhibits deep silicate absorption feature at 9.7 pm, emission from PAH, nebular emission lines, and H, rotational lines. The steep slope F3q ;m/

Fi5 um is indicative of hot dust possibly heated by an AGN.

3.3. NaD Kinematics Fitting

We detect absorption features of the resonant Nal doublet
at 5891.583 and 5897.558 A (vacuum wavelengths, also
referred to as NaD) in our binned IFS data. Stars and
interstellar medium (ISM) can both contribute to the NaD
absorption in galaxy spectra. With our primary interest in
finding the evidence of an outflow, we focus on the ISM
contribution to the NaD doublet, which traces cool (T < 10*
K), metal-enriched gas. We convert our IFS data from air
to vacuum wavelengths then fit the velocity of NaD with
respect to the stellar velocity using a Bayesian inference
method utilizing the EMCEE®® package (Foreman-Mackey
et al. 2013). Our approach closely follows that in Roberts-
Borsani & Saintonge (2019) and is described briefly below. We
refer the readers to their work (and references therein) for more
details.

We exclude the stellar contribution to the NaD absorption by
removing from the spectra the stellar continuum fit in
Section 3.1. The NaD wavelength range is masked when
fitting the continuum, because the stellar models only account
for NaD absorption from the stars, not the ISM. The Hel
emission line at 5875.67 A is also masked in the continuum
fitting since it is close enough to the NaD line that it could
affect the residual profile. The choice of stellar model used in
the continuum fitting can affect the estimated NaD due to stars.
Roy et al. (2021) found that different models (theoretical and
empirical) estimated the stellar component of NaD absorption
generally within a variation of ~10%—30%. This variation is
relatively small and mostly affects the fitted line depths rather
than the line centers. The quality of the continuum fitting is
verified by visual inspection. We remove the stellar continuum
by dividing each spectrum by its continuum fit. The He I line is
separately fitted and subtracted if it is present. Additionally, we
fit a first-order polynomial to the continuum-normalized

2 https: //emcee.readthedocs.io/en/stable/

spectrum in the wavelength range immediately (~20 A)
blueward and redward of the NaD profile and divide the
residual by the polynomial fit. This is to account for any
systematic errors in the continuum fitting. Before fitting the
NaD feature, each spectrum is shifted to the stellar rest frame
using both the redshift and the corresponding stellar velocity,
so that the final fitted NaD velocity is with respect to the stars
(which we call Avy,p). We use the velocity of the fitted NaD
line center throughout this work.

We fit the NaD EW with and without removing the stellar
continuum (EWign and EWighv g sears T€SpPectively) and proceed
to fit the NaD velocity only when the spectrum shows
significant NaD absorption after removing the stellar con-
tinuum (S/NNaD > 10, EWISM > 0.5 A, and EWISM >
0.1EWismiswar). The absorption profile is modeled by the
analytical function from Rupke et al. (2005a):

IN=1- Cr+ Cr X e~ BN -R(A) (1)

where Cis the velocity-independent covering factor, related to
the clumpiness of the gas along the line of sight, and 75(\) and
Tr(A) are the optical depths of the Nal line at 5891.583 and
5897.558 A, respectively. Specifically, the optical depth is
expressed as the following:

T(N)=
To X ef()\f(/\O+A)\0ffse!))2/(()\0+A/\oﬁse()hD)/C) (2)

where 79, Ao, bp, and ¢ are the central optical depth of each line
component, the central wavelength of each line component, the
Doppler line width, and the speed of light. The wavelength
offset is converted from the velocity offset by Age=
Av)g/c. The NaTl 5891.583 A line has twice the depth of the
Nal 5897.558 A line (1o/Tor = 2, Morton 1991), and the
optical depth parameter can be derived from the column density


https://emcee.readthedocs.io/en/stable/
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Figure 2. One of the spectra from the combined IFS data cube after binning, overplotted with its best-fit continuum (Section 3.1). This spectrum is from the bin at the
center of the galaxy. The gray shaded areas are masked during the continuum fitting, and the zoomed-in views for some important spectral features are shown in the
smaller panels. The overall weak emission lines and strong Balmer absorption lines reflect the post-starburst nature of IC 860. There appears to be a small mismatch
between the spectrum and the fitted continuum between 5400 and 5700 A, where the original blue and red data cubes overlap, which could be caused by the noisy data
in the original red cube. This small mismatch should not affect our results since there are no prominent spectral features within this region, and we test that our data

combination is reliable in Section 2.3.
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Figure 3. Fitted kinematic position angles (black solid lines, with black dotted
lines representing uncertainties) overplotted on the corresponding velocity
fields (centered on the galaxy systemic velocity). The axes are in spatial units
(1 kpc indicated by a bar), and the colorbars are in kilometers per second. The
gray lines are logarithmically spaced contours from 30% to 95% of the
integrated IFS flux peak. North is up in all plots, and the small ellipse in the CO
velocity panel shows the beam. The position angles indicate that the stars and
molecular gas are kinematically misaligned.
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N(Nai) = (3)

where )y and f are the rest-frame vaccuum wavelength and
oscillator strength, respectively. Throughout this study, we
assume A\ =5897.55A and f=0.318 following Morton
(1991). The parameters left free in the fitting process are bp,
Cr, N(NaI), Av.

When the absorption line profile is well fitted by only one
kinematic component, no outflow is detected, and the fitted
velocity is the systemic velocity of the neutral gas traced by
NaD. We fit all our qualified spectra (10 in total) with one
(systemic) and then two (systemic + outflow) kinematic
component(s) and inspect the results to determine which
scheme best fits each spectrum. When fitting with two
components, the systemic component velocity is fixed to the
one-component fitted velocity, since any inflow or outflow
feature would manifest itself as a shifted component with
respect to the systemic line center. 9 out of 10 spectra are best
fit by one component, and one spectrum is best fit by two
components. The second component in this bin traces a
blueshifted wing compared to the systemic line center,
indicating the presence of an outflow. The outflow velocity is
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Figure 4. The middle panel shows the vn,p map (in kilometers per second, with respect to the galaxy systemic velocity) on top of the HST V-band image, while the
surrounding panels show the normalized NaD ISM profiles overplotted with the best-fit models (black lines with shaded areas representing uncertainties), in the same
color as the corresponding bin on the map. The outflow bin is marked with an arrow. The y-axes of all panels are set to the same scale. The blueshifted wing (red line)
around the systemic component (green line) of the NaD absorption in the bottom left panel indicates the presence of an outflow, and the corresponding bin on the map
overlaps with the dust cone. The vertical dashed lines in the small panels mark the stellar rest-frame vacuum wavelengths of the NaD doublet.

taken to be the velocity difference between the systemic and
outflow components (58 km sfl). We also obtain from this
fitting other parameters such as N(NaI) and C;, which are later
used to calculate the mass outflow rate. To make the derived
NaD velocity field with respect to the stellar velocity (Avnap)
comparable to the velocity fields of other components in
Figure 3, we obtain the NaD velocity field with respect to the
galactic systemic velocity (vnap) from vnap = AvNap +
Vi — Veys, Where vy is defined as the stellar velocity at the
galactic center. We show this vn,p map and NaD profiles in
Figure 4 and further discuss the results in Section 4.4.

We observe in Figure 4 that the line center of NaD is
redshifted compared to the vacuum rest-frame wavelength in all
bins. This could imply that there might be cool neutral gas
infalling toward the galaxy, but further analysis with higher-
quality data is required to confirm this.

3.4. SED Fitting with PiXedfit

We perform the SED fitting with the Python package
pixXedfit® (Abdurro’uf et al. 2021), which is a powerful
tool in fitting both spatially resolved SEDs and a single SED
for the entire galaxy. In our fitting of both the entire galaxy’s

2 htps: //github.com/aabdurrouf/piXedfit

SED and the spatially resolved SEDs, we use models that
assume a double power-law SF history (because of its
flexibility in modeling the rising and falling phases), the
Chabrier (2003) initial mass function (IMF), and the two-
component dust model of Charlot & Fall (2000). The model
spectra are generated using the Flexible Stellar Population
Synthesis (Conroy et al. 2009). We also add in the dust
emission and AGN dusty torus emission when generating the
models, but do not include the intergalactic medium absorption
and the nebular emission because IC 860 is relatively nearby
and shows weak emission lines in the IFS data. The dust
emission modeling follows the energy balance principle, where
the amount of energy attenuated by the dust in the UV is equal
to the amount of energy reemitted in the IR (da Cunha et al.
2008). piXedfit uses the Draine & Li (2007) dust emission
templates to describe the shape of the IR SED, and the AGN
templates from the Nenkova et al. (2008a, 2008b) CLUMPY
models to model the AGN-heated dusty torus emission. When
generating random models for the fitting, we follow the default
settings on the prior ranges in piXedfit for most of the
parameters, while changing the ranges for some parameters to
better fit the situation of IC 860. We provide the list of
parameter prior ranges that we modify in Table 6. The final
prior ranges of the parameters are wide enough to cover a
variety of physical situations.


https://github.com/aabdurrouf/piXedfit
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Figure 5. FUV to FIR SED of the entire galaxy plotted with the median posterior model spectrum from the MCMC SED fitting technique (Section 3.4.1), with shaded
regions showing the 16th—84th percentile uncertainties. The colored squares represent the actual data while the gray circles represent the model predictions.
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Table 3

IC 860 Derived Characteristic Properties
Derived Property Value Descriptions
log(M[M_)) 10.9670:9¢ Stellar mass
T 127793 Dust optical depth of the birth cloud in the Charlot & Fall (2000) dust attenuation law
P 2117518 Dust optical depth of the diffuse ISM in the Charlot & Fall (2000) dust attenuation laws
log(Maus[M]) 7.421092 Dust mass
log(Age[Gyr]) 0.804911 Mass-weighted age of the stellar population
log(fagn) —3.97138 AGN luminosity as a fraction of the galaxy bolometric luminosity
i [deg] 54 Galaxy inclination angle derived from axial ratio
MH,) [M] (1.79 + 0.54) x 10° Total molecular gas mass derived from CO luminosity
Voeurral [Km s '] 58-100 Neutral outflow velocity from NaD absorption fitting
Violecular [km s 200-340 Molecular outflow velocity from the CO PV diagram
Meurral M, yr’l] 0.5 Neutral mass outflow rate from NaD absorption fitting
MH)outiow [Mo] 2 x 108 Total hydrogen outflow mass derived from extinction maps
MH) M, yr '] 12 Total hydrogen mass outflow rate
MMHy)outfiow [Mo] 108 Molecular outflow mass derived from redshifted emission on the CO PV diagram
MH,) M, yr’l] 04 Molecular mass outflow rate from outflow mass and velocity

Note. Parameters in the upper half of the table are obtained from the SED fitting (Section 3.4.1), with superscripts and subscripts indicating the 84th and 16th
percentile errors from the posterior distributions. The outflow velocities and mass outflow rate are represented as ranges here to account for the effect of galaxy

inclination.

3.4.1. The Entire Galaxy

the SED using sets of models with and without including the

We use piXedfit’s Markov Chain Monte Carlo (MCMC)
posterior sampling method when fitting the SED of the entire
galaxy, using the total photometry measurements described in
Section 2.5. The model library contains 800,000 random SEDs.
We use 100 MCMC walkers, and 600 steps per walker. We fit

AGN dusty torus emission and find models with this
component produce a better fit to the photometry. We thus
adopt the results from fitting with models including the AGN
component. The best-fit SED model is shown in Figure 5, and
relevant fitted parameters are listed in Table 3. Our best-fit
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model seems to underestimate the flux in the MIR, while fitting
the rest of the data points well. Strong MIR emission has been
widely seen in PSBs and likely includes contributions not only
from SF but also from AGN, strong PAH features, dust-
enshrouded AGB stars, and/or warm dust (Alatalo et al. 2017
Smercina et al. 2018). The nature of the MIR excess in PSBs is
not yet understood, so SED models for typical galaxies might
not accurately reproduce the MIR properties of PSBs. Similar
underestimations of MIR emission in PSBs by SED models
have also been observed by Suess et al. (2022). Pereira-
Santaella et al. (2015) performed SED fitting on IC 860 with
similar physical assumptions as described at the beginning of
this section. Although our derived galaxy properties such as the
dust mass are similar to their results, their best-fitting model
underestimates the flux in both the optical and the MIR. For IC
860, we speculate that there is a source of warm dust not
represented in the models, which could be an extremely
obscured AGN or compact starburst (also discussed in Aalto
et al. 2019). The AGN luminosity from the SED fitting is less
than 10 of the galaxy bolometric luminosity and is likely an
underestimate given that the model underestimates MIR flux.
The AGN bolometric fraction as estimated from pure MIR data,
however, is also small (0.06 in Diaz-Santos et al. 2017). Thus
our SED fitting results agree with the literature, and we discuss
more evidence for the presence of an AGN in Section 5.3.

3.4.2. The Spatially Resolved SEDs

The spatially resolved SEDs use the HST data described in
Section 2.2.2. To prepare the data for the SED fitting, we select
the galaxy region from the HST image using an elliptical mask
with the major axis being the r-band Petrosian radius from
SDSS DR16, since » band is the deepest band. The axis ratio of
0.6 is from the g-band isophotal b/a reported by SDSS
following Masters et al. (2010). We increase the S/N of the
SEDs utilizing the binning function in piXedfit. To achieve
reasonable S/N while best preserving the spatial resolution, we
set the binning target S/N to 1.5, 3, and 5 for bands F275W,
F336W, and all other bands, respectively. This results in 1710
bins. We correct the UV-optical part of the binned SEDs for
Milky Way extinction in the same way as we correct the entire
galaxy’s SED (Section 2.5).

Given the large number of SEDs, we use piXedfit’s
random dense sampling of parameter space (RDSPS) method to
achieve a faster runtime. The model library contains 800,000
random SED models. Abdurro’uf et al. (2021) has shown that
the RDSPS method produces results as good as the MCMC
method. Following their work, we use a Student’s t likelihood
function with a degree of freedom v ~ 2. Examples of spatially
resolved SEDs with their best fits are shown in Figure 6. From
these SEDs at different locations of the galaxy, there appears to
be a continuum color gradient from the ends to the center of the
bar. The color of the SEDs at the ends of the bar is bluer. This
color difference could be caused by differences in dust
properties and/or stellar age. Disentangling the influences
from dust and stellar age in this case requires multiwavelength
data of higher spatial and spectral resolution and is beyond the
scope of this paper, but could be helpful in constraining the
locations of recent SF. We also obtain the extinction Ay in each
bin from fitting the SEDs. Further application of the Ay maps is
discussed in Section 4.5.
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3.5. X-Ray Luminosity with Forward Modeling

To test for the presence of an AGN at the center of IC 860
(more discussions in Section 5.3), here we present our efforts to
determine the luminosity of this possible AGN using the X-ray
observations.

The X-ray observations provide too few photons to reliably
determine the intrinsic X-ray luminosity of IC 860’s AGN, as a
low count rate can be due to low luminosity, high obscuration,
or both. However, we can still place constraints on the
parameter space of luminosity and obscuration on the basis of
the normalization set by the count rate and approximate the
spectral shape as measured by the hardness ratio. We set these
constraints using a forward modeling analysis applied to each
of the three observations, following the methodology detailed
in Lanz et al. (2022). Specifically, for each observation, we
generate 1000 realizations of spectra obtainable in the observed
exposure time that is consistent with 416 different combina-
tions of intrinsic 2—10 keV luminosity and obscuration levels
(set by the column density ng). These 416 power-law models
have 26 different luminosities ranging from 10°° to 10* erg
s~ and 16 obscurations between 10" and 10** cm 2. We set
the photon index to 1.8 (Piconcelli et al. 2005; Dadina 2008)
and use sherpa’ (Freeman et al. 2001) to generate a simple
power law, which is then normalized based on the desired
luminosity and the 55.8 Mpc luminosity distance of IC 860.
sherpa then creates 1000 realizations of this normalized
power law, but now with two additional absorption compo-
nents: the local value for this parameter pair and a constant
foreground obscuration with ny=1.03 X 10%? cm™ 2 (HI4PI
Collaboration et al. 2016). Absorption is applied with the
xsphabs photoelectric absorption model. Once all of the
models have been generated, we determine the following: (1)
the likelihood that each of the 416 models is consistent with the
observation by calculating the fraction of spectra (1000 per
model) within the hardness ratio range of the observation as
determined with the Bayesian Estimation of Hardness Ratios
(BEHR; Park et al. 2006) program; and (2) the likelihood for
yielding a total photon number (0.5-8keV for Chandra,
3-24keV for NuSTAR) in the range of the observed photon
number plus or minus the Gehrels uncertainty (Gehrels 1986).
We then multiply these two constraints together to determine
the likelihood that a particular model matches both the
normalization and shape constraints imposed by the observed
counts. Figure 7 shows the parameter space and constraints of
the models for all three data sets. Our modeling robustly rejects
cases where the intrinsic luminosity is >10** erg s, but tells
a mixed story for lower-luminosity scenarios. An intrinsic
luminosity of 10*'-10** erg s~ ' only works in heavily
obscured cases, and we cannot significantly reject the
possibility of L~ 10*—10*' erg s~'. However, the intrinsic
luminosity range of 10°°-10*" erg s~ !, hitting the lower end of
our models, has the highest number of spectra consistent with
the observations from all three data sets with an average
likelihood per model of 12%-16% (panels (c), (f), and (i) in
Figure 7). Ricci et al. (2021) recently investigated the X-ray
luminosity of a sample of LIRGs including IC 860, and
reported the intrinsic AGN luminosity of IC 860 to be <10%*-7¢
erg s ' at2-10keV and <10°*® erg s ' at 10-24 keV, which
are consistent with our estimations.

30 https: //cxc.cfa.harvard.edu/sherpa/index.html
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Figure 6. Examples of spatially resolved SEDs constructed from HST imaging data plotted with their best-fit models (Section 3.4.2). The left panel is a colormap
showing the binning scheme, and the right panels are SEDs from different galaxy regions marked by colored points on the bin map. The color of the data points on the

SED matches the color of its location markers on the bin map.

4. Results
4.1. Optical Morphology

High-resolution HST images (Figure 8) reveal some
interesting morphological features in IC 860. IC 860 is a
barred spiral galaxy, but apart from the two spiral arms
originating from the two ends of the bar, there appears to be a
third arm, which could be a tidally induced spiral structure,
indicating that IC 860 is slightly disturbed in morphology.
According to N-body simulations, minor mergers could trigger
episodic SF bursts, and the most likely remnants of these minor
mergers are disturbed spirals (Bournaud et al. 2007). Thus IC
860 might have gone through a recent merger, and we discuss
more merger evidence in Section 4.3. In the UV images (filters
F275W, F336W), the spiral arms are less prominent while the
bar stands out. This means UV-emitting young stars are mostly
located in the central bar region of the galaxy, and IC 860
might correspond to the outside-in quenching scenario.

One other prominent morphological feature is the dust
filaments that trace the shape of a cone. Such dusty cone
structures have been seen to correlate with neutral outflows
traced by NaD (e.g., NGC 1808, Phillips 1993). Thus the dust
filaments in IC 860 provide smoking gun evidence for a dust-
rich outflow originating from the center of the galaxy. The HST
image in filter F6O6W (V band) with an unsharp mask in the
middle bottom panel of Figure 8 not only clearly reveals the
dust cone but also indicates that this disrupted dust feature is
galaxy wide.

The color difference images (right column of Figure. 8)
show the differences in AB magnitudes between one bluer and
one redder HST band. These images reveal red, filamentary
structures at the galactic center, characteristic of dust. The dust
at galactic center appears very dense, and the core of IC 860 is
classified as a compact obscured nucleus in Aalto et al. (2019),
where they estimated a H, column density N(H,) = 10*°cm—?
at the center.
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Figure 7. Agreement of mock spectra created during forward modeling analysis (see Section 3.5 for more detail) with observed constraints from three X-ray
observations of IC 860. The x-axes are the intrinsic 2-10 keV luminosity of the AGN, while the y-axes are the local obscuration column density. Each row shows the
comparison to a different data set, labeled on the right. Left: the likelihood that each model (defined by an intrinsic luminosity and its obscuration) could create the
number of observed 0.5-8 keV (Chandra) or 3-24 keV (NuSTAR) photons, effectively acting as a constraint on normalization of the model. Middle: the fraction of the
1000 spectra generated for each model that had a hardness ratio consistent with the range determined with BEHR based on the observation, effectively acting as a
constraint on the spectral shape of the model. Right: the combined constraint to determine the models most likely to have both the normalization and spectral shape of
the AGN needed to reproduce the sparse observed data. While the three data sets do not tell a completely consistent story, they firmly rule out bright AGN with

intrinsic luminosity above 10** erg s™'.

Although the orientation of the galaxy is hard to determine,
we hypothesize that the right side of the galaxy is the side that
is tilted away from us. This is because the dust filaments are
more clearly seen on the right side of the galaxy in Figure 8.
NaD absorption from the ISM also lies on the right side of the
galaxy (Figure 4, middle panel).

4.2. Ionization Mechanisms

We use several diagnostic diagrams (Figure 9) to study the
ionization mechanisms in IC 860. To begin with, we plot the
well-known [O 111]/HS versus [N 1I]/Ha BPT diagram. Utiliz-
ing emission line fluxes obtained in Section 3.2, we calculate
the above line ratios and classify whether a bin is ionized by SF
or AGN and shocks using the demarcation lines from
Kauffmann et al. (2003) and Kewley et al. (2001). We also
plot the shock ionization boundaries from Alatalo et al.
(2016b). Only the emission lines with measured fluxes greater
than 30 are used. There are few significant detections of the
[O 1] line, so we use the 30 value as the upper limit for the
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[O 1] flux in cases where the other three lines are detected
above 30. All of our data points lie above the pure SF
ionization line and fall inside the shock boundaries, indicating
the presence of other ionizing sources such as AGN, shocks,
and/or post-AGB stars.

We measure the EW of Ha on the binned IFS data. In
Figure 9, we plot the Width of Ha versus NI (WHAN
diagram; Cid Fernandes et al. 2011), which uses EWy,, and the
[N1]/He flux ratio. The advantage of the WHAN diagram is
that it uses only two of the strongest emission lines and can be
applied to weak emission line galaxies where other lines are not
detected. Accounting for the uncertainty on our EWg,
measurement, three bins are classified as weak AGN ionization
at 30 level, and the rest are classified as retired galaxies.
Retired galaxies (in our case retired spaxels) are systems that
have stopped forming stars and whose old stellar populations
make at least a substantial contribution to the ionizing field. We
overlay the WHAN classification map of our bins on the
unsharp masked HST V-band image and see that the weak
AGN ionized bins are located near the galactic center.
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Figure 8. Left: images from HST WFC3 filters F275W (NUV band), F336W (U band), F160W (H band). Middle top: a three-color image of IC 860 constructed from
HST WEFCS filters F814W, F606W, F438W, as R, G, and B channels, respectively. This image clearly reveals that IC 860 is a barred spiral galaxy. Middle bottom:
F606W (V-band) image after applying an unsharp mask to increase the contrast of the weak features. We can clearly see the dust cones (wide opening angle outlined
by the red lines) suggesting a galaxy-wide outflow. The overlaid contours represent the 113 GHz radio continuum source from CARMA (Section 2.4), with the beam
size indicated at the upper right. The contour levels are 30%, 50%, 70%, and 90% of the maximum flux. Right: color difference images of IC 860’s central regions
(marked by the red box on the three-color image). All images follow the convention that north is up and east is left.

4.3. Kinematics of Different Components: Evidence for Merger
History and Outflow

The maps of the velocity and velocity dispersion of the stars,
ionized gas, and CO molecular gas are plotted in Figure 3. The
stars and CO show coherent rotation patterns as expected in
LTG and ETG that contain gas disks (e.g., Davis et al. 2011).

To compare the kinematics of different components in the
galaxy, we fit the kinematic position angles (PA) based on their
velocity fields using the PaFit>' package, which implements
the method presented in Appendix C of Krajnovi¢ et al. (20006).
When fitting for the PA of each component, we center each
velocity field by subtracting from each field the corresponding
fitted velocity at the galactic center. This is to make sure that
the final fitted PA accurately bisects the velocity field following
the definition of PA.

The PA of the stars, the CO molecular gas, and the ionized
gas are determined to be 26°.54+10°5, 2°5+9°2,

31 https:/ /pypi.org/project/pafit/
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43°,0 4 42°.8, respectively,” and are plotted together with
the velocity fields in Figure 3. Each velocity field is centered to
the systemic velocity, which is the stellar velocity at the
galactic center.

The kinematic PA of the stellar velocity and the CO velocity
disagree with each other at 2o level, and thus the stars and
molecular gas could be kinematically misaligned. ISM gas
could come from both stellar mass loss and external
interactions such as mergers. Angular momentum conservation
requires that the gas from stellar mass loss to be kinematically
aligned with the stars that produce them, while external gas can
enter a galaxy with any angular momentum. Misalignment of
the angular momenta of gas and stars has been used to
determine the external origin of gas, such as a recent merger in
several previous works (e.g., Davis et al. 2011; Belfiore et al.
2017; Bryant et al. 2019). This misalignment in IC 860 could
similarly suggest an external origin of the gas and that IC 860

32 The angles quoted here are with respect to north following the convention,
which is vertical up in Figure 3.
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Figure 9. Left: the [N 11]/Ha vs. [O 1] /H/ diagnostic diagram. The dashed and solid lines are demarcation lines for SF and AGN ionization, from Kauffmann et al.
(2003) and Kewley et al. (2001), respectively. The [O III] line is not robustly detected (>30) in many bins, so we use the 30 value as the upper limit for the [O III] line
flux (gray squares with downward arrows). Bins where all four lines are robustly detected are shown as red stars. The green lines show the shock ionization boundaries
from Alatalo et al. (2016b). Middle: the WHAN diagnostic diagram with classifications shown in different colors. The star-forming category, which is not shown
because no spaxels meet this classification, lies to the upper left of the plotted region. Right: the WHAN classification map on top of the HST V-band image. The
center of the galaxy is classified as weak AGN ionization while the remaining regions are consistent with the retired galaxy category (Section 4.2).

could possibly have gone through a merger event. While the
stellar velocity field shows a regular rotation pattern, the
velocity maps of the ionized and the molecular gas show more
than just simple rotation. The CO gas shows a velocity gradient
along an axis that is offset from its kinematic PA. The velocity
field of the ionized gas is complicated, and its PA is poorly
constrained.

To look for evidence of an outflow, we plot the integrated
CO spectrum in Figure 10. The CO line profile is well fitted by
a single Gaussian function centered at the galaxy’s systemic
velocity, without the need for a second Gaussian component
tracing the higher-velocity gas. The reason for lack of outflow
evidence in the CO integrated spectrum could be that the CO
luminosity of the outflowing gas is small, or that the data are
not sensitive enough to detect the faint wings signifying the
high-velocity gas (e.g., as seen in NGC 1266 by Alatalo et al.
2011, 2015).

We further explore the CO velocity structure using the
position—velocity (PV) diagram. We show in Figure 11 the PV
diagram of the CO spectral cube, sliced along and perpend-
icular to the fitted stellar kinematic PA. The uncertainty (o) in
the PV diagram is propagated using the thickness of the PV
slab and the uncertainty in the CO cube, which is taken to be
the robust standard deviation of several line-free slices in the
cube. We observe a small redshifted blob deviating from the
bulk motion of CO detected at the 3¢ level, in the slice
perpendicular to the stellar PA (marked by a red circle in
Figure 11). This blob is ~2.5arcsec (0.67 kpc) from the
galactic center and lies on the left side of the galaxy, which is
the opposite side to the location of blueshifted NaD absorption
(Section 3.3). Thus this redshifted emission from gas likely not
in the disk might be tracing the outflowing gas that is moving
away from us behind the disk. A dense outflow in IC 860 was
previously reported by Aalto et al. (2019) via the detection of
blueshifted CS (76) absorption and blueshifted HCN (32)
emission in the central ~10 pc region. They hypothesized that
this nuclear outflow might be the base of a larger-scale outflow.
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Figure 10. Integrated CO spectrum of IC 860 created using the momentO map
as a mask. The spectrum (black) is well fitted by a Gaussian function centered
at the systemic velocity of the galaxy (red), and the lower panel shows the
residuals.

3500

This blob we see on kpc scales could imply a molecular
outflow, which might be related to the nuclear outflow, but
given the distances and velocities, we are uncertain about
whether they belong to the same outflow structure. Comparing
the velocity of the outflow blob to the systemic velocity of the
CO gas, the velocity of the molecular outflow is estimated to be
Vimolecular ~ 200 km s~ 1. We estimate the mass contained in the
blob by summing up the CO flux inside the blob and convert it
to molecular mass using a conversion factor aco=0.8 M
(Kkms™! pc2)7l for outflows (Bolatto et al. 2013). The mass
of the blob is ~10° M, and is 1% of the total molecular gas
mass (listed in Table 3). If this feature showing disturbed gas is
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Figure 11. The position—velocity (PV) diagrams obtained from slicing the CO
data cube along (top) and perpendicular to (bottom) the stellar kinematic PA.
The black contours on the PV diagrams mark 3o, 50, 100, 150, and 200 levels,
respectively. The left columns are contours of the CO momentO map (green) on
top of the HST F606W image. The green contour levels are logarithmically
spaced from 13% to 90% of the peak CO momentO flux. The small ellipse in
the upper corner shows the beam, and the pink lines outline the slabs for the PV
diagrams. The high-velocity blob marked by the red circle in the lower right PV
diagram is suggestive of disturbed gas not following bulk gas motion, possibly
outflowing gas moving away from us. The location of the circled blob is
marked by a red star on the HST image on the left.

indeed an outflow, it could represent a small amount of the
outflowing material, and we calculate the total hydrogen
outflow mass in Section 4.5. Although redshifted emission in
the PV diagram is suggestive of an outflow, higher S/N CO
observations with finer velocity resolution are required to
confirm outflowing gas.

In addition to the PA misalignment between the stars and
molecular gas, the distribution of the molecular gas also
indicates a possible recent merger. On the left column of
Figure 11, we plot contours of the CO(1-0) integrated intensity
(moment0) on top of the HST V-band image. These contours
show that the molecular gas is concentrated within the central
~1 kpc of the galaxy. Such a centrally concentrated gas
distribution can happen after a merger, where the gas dissipates
the angular momenta during collisions and gets funneled into
the center (e.g., Sanders & Mirabel 1996; Ueda et al. 2014).

4.4. Neutral Gas Kinematics

In the NaD ISM profiles shown in Figure 4, the one bin
where the two-component fitting performs better than the one-
component fitting overlaps spatially with the dust cone. The
NabD profile in that bin shows a blueshifted wing in addition to
the systemic component. Since NaD in the ISM traces cool,
neutral gas, this blueshifted wing in the spectrum suggests the
presence of a neutral outflow. Taking the outflow velocity to be
the velocity difference between the systemic and outflow
components, we estimate Veuqa ~ 58 km s~!. All bins show
evidence of the bulk motion of neutral gas redshifted with
respect to the systemic velocity, which could indicate gas
inflow.
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The spectral fitting measures the velocity along our line of
sight, but given the orientation of the galaxy, we are likely not
seeing the outflow directly face on. Thus the outflow velocity
of ~58 km s~ is only a lower limit. To estimate the inclination
angle of IC 860, we utilize the relation between the inclination
angle 7 and the axial ratio b/a in Masters et al. (2010):

Coszi — M
1 — ¢?

We use the g-band isophotal b/a reported by SDSS (~0.6)
following Masters et al. (2010), and assume an intrinsic axial
ratio for spirals ¢ =0.15 (according to Masters et al. 2010, a
reasonable range is 0.1 to 0.2). The galaxy inclination angle
derived this way is ~54° and Vpeura corrected for this
inclination is ~100 kms~'.** This value is still a rough
estimation due to the complexity of galaxy geometry, which the
above equation is unable to account for.

In estimating the mass outflow rate, we follow Rupke et al.
(2005b), assuming a spherically symmetric, mass-conserving
wind that travels at velocity v:

“

Moy = Qumg N(H) v r

N{ED) — N(NaT) .
y(NaI))d(NaI))Z(NaI))

&)
(6)

In Equation (5), §2 is the solid angle subtended by the wind at
its origin, my is the mean atomic weight (with a pu=1.4
correction for relative He abundance), N(H) is the column
density of hydrogen along the line of sight, v is the central
velocity of the outflow, and r is the distance of the outflow to
the galactic center. Equation (6) shows how the column density
of hydrogen is derived from the sodium column density N
(Na1), where y(Nai)=N(Nai)/N(Na) is the assumed ioniz-
ation fraction (here we assume 0.1), d(Nal) is the depletion
onto dust (here we assume log d(Nal)= —0.95, a Galactic
value), and Z(Nal) is the Na abundance (here we assume
Z(Nal=1log[N(Na)/N(H)] = —5.69, the solar metallicity). The
outflow is only detected in one spatially resolved bin, so here
we only estimate the quantities of this particular bin. Using our
fitted log N(Na I)[cm_z] ~13.97, we obtain log N(H)/cm_2
~21.61. Following Roy et al. (2021), who also analyzed
spatially resolved NaD absorption, we replace (vr in
Equation (5) with CAnap/fou, Where An,p is the on-sky
projected area of the part comprising the NaD outflow, and 7,
is the outflow timescale ~R/v. This gives the following:

. v
Moy = pmy G N(H) Anap —.

out

(N

We take Angp to be the sky area covered by the outflow IFS
bin, which is 12 arcsec?, and R, to be the distance between the
outflow bin center and the galactic center, which is ~5 arcsec.
The fitted C for the outflow bin is ~0.2, which is related to the
clumpiness of the gas along the line of sight. Putting everything
together and correcting for galaxy inclination, we estimate the
neutral component of the outflow to have My, ~0.5 M., yr".
The uncertainty associated with this number can be large since
the ionization fraction and dust depletion of Na are uncertain.

33 Similarly, the v,,oecuiar corrected for galaxy inclination is ~340 km s7L
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Figure 12. The Ay extinction maps from spatially resolved SED fitting with HST data (Section 3.4.2). The mean errors for Ay pirthcioud and Ay giffusersm are 1.6 and
1.3, respectively. The sector marks the outflow cone region selected to constrain the hydrogen outflow mass (Section 4.5).

But since we assume typical values widely used in the
literature, comparing this M, to that found in other studies
(Section 5.2) should still be able to reflect the strength of the
outflow in IC 860.

The HT spectrum of IC 860 from Mirabel & Sanders (1988)
shows an absorption line profile with a blue wing, which is
further evidence for a neutral gas outflow. The velocity width
of the absorption line (measured as the width at 20% of the
peak absorption) is 200 km s~ '. The possibility of simultaneous
HT emission and absorption makes it challenging to estimate
the column density and total mass of HI in IC 860 from
spatially unresolved data, and a higher spatial resolution of HI
is needed.

4.5. Total Hydrogen Mass in the Outflow

While the dust cone structures in the HST images show
compelling evidence for a large-scale outflow, we find
evidence for a small mass of outflowing molecular gas, which
may not represent the total outflow mass. We thus turn to dust
to constrain the total hydrogen (HT and H,) outflow properties,
since dust lives in the same environment as the neutral and
molecular gas and has been observed to be entrained in galactic
winds and outflows (see Veilleux et al. 2005 for a review.)

From the spatially resolved SED fitting (Section 3.4.2), we
obtain the Ay extinction maps as shown in Figure 12. The two
types of extinction from the two-component dust model
(Charlot & Fall 2000) are associated with dust in the stellar
birth cloud and in the diffuse ISM. Generally, we would expect
the extinction from the stellar birth cloud to dominate over that
from the diffuse ISM, as the stellar birth cloud is cooler and
denser and thus dustier. Our fitted range of Av pimh cloud
(~2.7-2.9) is indeed larger than that of Ay giffuse 1sm (~1.2-2).
The mean errors for Ay pirth cloud a0d Av gifruse 1sm are 1.6 and
1.3 from the spatially resolved SED fitting (Section 3.4.2),
respectively.

Using the relation between the total hydrogen column density
and the extinction (Bohlin et al. 1978) with the assumption of a
galactic extinction law (Ry=Ay/E(B— V) =3.1),

N(H)/Ay = 1.8 x 10*! cm~?mag~!, (3)
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we can obtain the total hydrogen (N(H)= N(H i)+ 2N(H,))
column density in each pixel from the corresponding Ay value,
and further convert the column density to mass in each pixel by
multiplying by the pixel area and the atomic mass of hydrogen.
Since we do not see high Ay regions delineating specific
locations of the dust, we use the optical HST image to define
the region of the dust cone. We can only clearly see one side of
the dust cone, so we define a sector encompassing the dust
filaments on the right side of the image (see the leftmost panel
in Figure 12). We sum up the masses in pixels within this
sector to calculate the total hydrogen mass in the outflow.
Finally this mass is multiplied by 2 to account for the other side
of the outflow assuming a symmetric biconical outflow
geometry. The outflow mass derived from Ay pih cloud 1S
(2.644+0.03) x 10°M., and that from Ay guseism 1S
(1.69 £ 0.02) x 10°M..,. The errors quoted here are obtained
from propagation of the Ay errors and are likely underestimates
given the existence of other uncertainties that are difficult to
quantify (e.g., the Ay conversion factor, the selection of the
outflow region). Thus the hydrogen outflow mass derived from
the two types of Ay are consistent. Although Av pirth cloud 18
expected to dominate, it is not a surprise here that the
Av giffuse ism-derived outflow mass is nonnegligible, as IC 860
is not a star-forming galaxy with dense stellar birth clouds, and
the large-scale outflow might have mixed the dust with the
diffuse ISM, which would contribute to the extinction caused
by the diffuse ISM.

To estimate the hydrogen mass outflow rate from M./ fous
we assume an outflow timescale 7, ~ Rou/v, Where Ry is the
distance between the NaD outflow bin center and galactic
center (~5", Section 4.4), and v is the observed neutral gas
outflow velocity (~58 km s_l, Section 4.4). We take
Moy ~2 x 108 M., (the average of masses derived from the
two types of Ay). After correcting for the galaxy inclination,
the total mass of outflowing hydrogen is ~12 M. yr '. This
mass outflow rate is a reasonable order of magnitude
estimation, although there are several uncertainty factors. First,
the conversion from Ay to N(H) is uncertain. The fact that part
of the gas within the selected cone region could be disk gas
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Table 4
IC 860 SFR from Different Indicators

SFR Indicator (Wavelength) SER [M_ yr '] Uncertainty Factors

Ha 0.66 + 0.73 Highly extincted; contamination by AGN and shock ionization
Pac 0.35 +0.07 Contamination by AGN and shock ionization

[Ne 11] + [Ne 111] 0.54 +0.07 Contamination by AGN and shock ionization

IR (24 pm) 8.43 £0.68 Contamination by AGN and shock ionization; dust heated by old stars
FUV (0.153 pm) + Total IR (8-1000 z:m) 11.19 £2.24

FUV (0.153 pm) + IR (25 pim) 7.40 £ 0.60

Note. All values reported here assume a Kroupa (2001) IMF.

would lead to an overestimation of the total outflowing mass.
On the other hand, the Ay from the spatially resolved SED
fitting could be an underestimation of the true extinction level
in some regions where the extinction is so high that essentially
the entire stellar population is obscured. In such cases, the
measured Ay values are for the visible portion of the stellar
population only. These highly obscured regions likely exist
near the center of IC 860 as suggested in Aalto et al. (2019),
which also agrees with the high column density implied by the
deep 9.7 um silicate absorption feature in the MIR spectrum
(Figure 1). Thus our outflow mass estimation using Ay could
miss some dense gas and underestimate the true outflow-
ing mass.

4.6. Star Formation Rate

The determination of SFRs for PSBs is difficult. Most
commonly used SFR indicators are uncertain in PSBs either
because they suffer from contamination from AGN activity
and/or heating from old stellar populations or because they are
calibrated using star-forming galaxies. We calculate the SFR
for IC 860 using different global SFR indicators and summarize
the values in Table 4.

We start with SFR indicators using IR fluxes or combina-
tions of UV and IR fluxes that do not require dust extinction
corrections. The IR and UV + IR SFRs are from (Calzetti 2013,
and references therein), assuming a Kroupa (2001) IMF. We
use flux densities from GALEX (0.153 ym) and Spitzer
(24 pm) from Section 2.5 and convert them to luminosities.
The total IR luminosity (8—1000 pm) is from U et al. (2012),
and the IR luminosity at 25 um is approximated by that at
24 pym (the difference is only ~2% based on Kennicutt et al.
2009 and Calzetti et al. 2010). The uncertainties on the derived
SFRs are propagated from the flux density uncertainties
(assuming a 20% uncertainty on the total IR luminosity).

The IR and UV + IR SFRs trace SF over a long timescale
(100 Myr). To get a sense of recent (~10 Myr) SF activity,
we use other SFR indicators based on emission line luminosity:
Ha, Paa, and [NeII] + [Ne 1I]. We use the measured Ho flux
from the IFS data (Section 3.2), and correct for extinction using
the Ay maps® from spatially resolved SED fitting
(Section 3.4.2). We use the Ay from the diffuse ISM as this
is what affects the reddening in the stellar continuum and thus

3 The HB line is poorly detected in the IFS data as mentioned in Section 4.2,
and appears in absorption in the SDSS spectrum. This makes it difficult to do
the extinction correction via the traditional Balmer decrement approach, so we
use our measured Ay values instead.
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the SED, and divide the values by 0.44 to account for the
differences between the reddening from the stellar continuum
and from the ionized gas (E(B — V)sar=0.44 E(B — V)gas
according to Calzetti et al. 2000). The extinction map has finer
resolution than the binned IFS flux map, so we take the median
(robust standard deviation) of all Ay values within a Ha flux
bin as the extinction (extinction error) of the corresponding bin.
The corrected Ha fluxes in all bins are then summed and
converted to Ha luminosity. We derive the SFR from the Ha
luminosity following Equation (2) in Kennicutt (1998), and the
uncertainty of SFRy,, is estimated by propagating the errors in
both the Ay and the measured Ha flux. We divide this SFRy,,
by 1.6 to convert from a Salpeter (1955) to Kroupa (2001) IMF
following Calzetti (2013).

The extinction-corrected Paar luminosity is from Alonso-
Herrero et al. (2006), and we adjust the value according to our
cosmological parameters. Alonso-Herrero et al. (2006) mea-
sured the Pac luminosity from HST images covering the entire
galaxy, so we do not further apply aperture corrections to their
value. The L(Paa)-SFR relation is converted from the L(Ha)—
SFR relation in Kennicutt (1998), assuming case B recombina-
tion and a Kroupa IMF: SFR[M.., yr '] =4.24 x 10~ *'L(Pac)
[ergs/s]. Alonso-Herrero et al. (2006) did not provide an
uncertainty for L(Paa), so we estimate a 20% uncertainty in
SFRp,,. The [Nell] + [Nell] luminosity is measured in
Lambrides et al. (2019) by integrating the Spitzer IRS
spectrum. As described in Section 2.8, the spectral slit covers
the MIR emission of the whole galaxy. We calculate SFRy,
following Equation (13) in Ho & Keto (2007), assuming the
fractional abundances of [Nell] and [Nell] to be 0.75 and
0.01, respectively, based on Ho & Keto (2007), and propagate
the luminosity uncertainties to obtain the uncertainty in SFRye.

To put the derived SFRs into context, we compute the SFR
and gas surface densities and compare them to the Kennicutt—
Schmidt relation (KS relation; Kennicutt 1998). This relation
was revisited in Kennicutt & De Los Reyes (2021), and we use
the results from this more recent study hereafter. We assume
that the molecular gas and SF are cospatial, and use the radius
of the CO gas distribution (1 kpc) to calculate the area of the
gas and SF regions. The total molecular gas mass is
M (Hy)o = (1.79 £ 0.54) x 10°M,, derived in Section 2.4.
We plot the data and the empirical relation from Kennicutt &
De Los Reyes (2021) along with our results in Figure 13. The
uncertainty of Y, includes the error in the total molecular
mass, 50% error in the gas radius, and an additional 80% error
in the total molecular gas mass due to the CO — H, conversion
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Figure 13. Surface densities of the molecular gas mass and star formation rate
compared to the Kennicutt—Schmidt star formation relation. We assume that the
molecular gas and SF are cospatial, and use the radius of the CO gas
distribution (1 kpc) to calculate the area of the gas and star formation regions.
The data and the empirical relation from Kennicutt & De Los Reyes (2021) are
plotted in black, while the estimations for IC 860 are plotted in color. The
longer timescale SFRs (IR and UV + IR as indicators) are consistent with
starburst on the relation, while the recent SFRs (Ha, Pacy, and Ne as indicators)
lie below the relation.

factor. The uncertainty in Ygrg includes the error in SFR and
50% error in the SF radius. More discussion of the SFRs and
KS relation is presented in Section 5.1.

5. Discussion
5.1. Star Formation Suppression

PSBs have been observed to lie below the KS relation (e.g.,
French et al. 2015; Smercina et al. 2022). For IC 860, SFRy,,,
SFRp,,, and SFRy. do lie below the relation as expected
(Figure 13), showing that it has already started its quenching
process and is currently in a state of inefficient SF given its
molecular gas content.

The SFRs from IR and UV + IR calibrators are ~15 times
larger than those from emission line calibrators and are
consistent with starburst galaxies on the KS relation. The
post-burst age of IC 860, defined as the time elapsed since 90%
of the stars formed in the recent burst, was estimated to be
5558 Myr in French et al. (2018). Thus SFR indicators
involving IR luminosity that are tracing a SF timescale of
2100 Myr may well capture the burst in the galaxy’s SF
history. In this case, these SFRs being consistent with starbursts
actually corroborates that IC 860 is a young PSB.

However, dust can be heated by an AGN and reemit the
energy in IR; therefore the SFR from IR-based SF indicators
could be overestimated. In addition, IR luminosity is known to
overestimate the SFR in quiescent galaxies and PSBs. At
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longer wavelengths, the contribution to IR emission from dust
heated by low-mass long-lived stars also becomes prominent.
Specifically, Smercina et al. (2018) found that the total IR flux
enhanced by the A-star population could increase the estimated
SFR by a factor of >3-4, and Hayward et al. (2014) found that
the total IR flux could overestimate the true SFR by a factor of
230 during the post-starburst phase. The indicators that
combine both UV and IR fluxes take into account both direct
starlight and dust-processed light, and essentially use the IR
emission to correct the UV emission for dust attenuation.
However, they are still affected by the dust heating from the old
stars and tend to overestimate SFR for galaxies that have a
substantial fraction of old stars (e.g., Abdurro’uf et al. 2022).
These UV + IR SFR indicators also suffer from systematic
uncertainties from the different samples and simulations they
are calibrated on, which involve mostly star-forming galaxies
(Kennicutt & Evans 2012).

Emission line luminosity is directly affected by the number
of ionizing photons from young stars; therefore the SFRs
derived from Ha, Pac, and Ne emission lines should be
representative of the galaxy’s recent SF activity. However,
there are still caveats. One important uncertainty that affects all
emission line SFRs is the ionization source. As discussed in
Section 4.2, IC 860 hosts AGN and/or shock ionization, so SF
is not the only contributor to the emission line luminosity.
Additionally, the high column density of dust in IC 860 makes
our extinction corrections uncertain. The central region of IC
860 has such high column density (Aalto et al. 2019) that free—
free emission (thus Ha and Paa luminosity) might be
suppressed. Although the Paaw and Ne lines are less affected
by extinction, the recent SFR could still be underestimated due
to the extremely high dust column. Wild et al. (2011) tested
that dust extinction corrections can recover the Ha luminosity
reasonably well even in dusty ultraluminous LIRGs, and the
agreement of our three emission line derived SFRs provides
reassurance that they are reliable. In this case, the dominating
uncertainty factor in emission line derived SFRs is AGN
contamination, which indicates that the true recent SFRs are
smaller than what we estimate. Thus the observed deficit
relative to the KS relation should be robust, and IC 860 has
recently moved below the relation.

A further source of uncertainty is the assumption that the SF
area is the same as the molecular gas. Aalto et al. (2019)
estimated that the IR luminosity could come from the central
~10 pc. If the area used for the SF surface density is much
more compact than assumed, this would push the SFR surface
density above the KS relation, consistent with extreme
starbursts. However, the bulk of the molecular gas is not
cospatial with this extreme IR knot (similar to what is seen in
NGC 1266; Alatalo et al. 2015). Therefore, the SF efficiency in
the majority of the molecular gas would fall even farther below
the KS relation in this case. Additionally, due to the highly
obscured nature of IC 860, it is unclear whether all of the IR
luminosity can be attributed to SF (Aalto et al. 2019).

5.2. Strong or Weak Outflow?

In previous sections, we have presented evidence that IC 860
could host a multiphase outflow and estimated the mass and
velocity of each outflow phase. In Section 4.1, we present the
optical morphology of IC 860 from multiband HST observa-
tions, showing the clear presence of dust filaments that radiate
outward from the nucleus. In Section 4.3, the CO-traced
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molecular gas is shown to have the nondisk component visible
on the PV diagram as redshifted emission, which is suggestive
of outflowing gas. Section 4.4 shows that there is a blueshifted
component in the NaD absorption profile, and its corresponding
location on the sky is spatially consistent with the dust
filaments. This section aims to put these observations to context
and determine the nature of the outflow present in this galaxy.

We first compare our estimated outflow properties with other
results in the literature. Roberts-Borsani & Saintonge (2019)
studied the neutral outflow properties of 300,000 local
(0.025 < z<0.1) inactive and AGN-host galaxies in SDSS via
NaD absorption line fitting. They reported outflow velocities in
the range of 69-370 kms ' with a median of 160 kms™". In
higher-mass galaxies (10 <log(M[M.]) < 11.5), they found
neutral mass outflow rates in the range of 0.14—1.74 M, yr—' for
an SFR range of —0.16 <log SFR [M, yr '] <1.23. IC 860
with log(M[M.]) = 10.95, and SFR discussed in Table 4 falls
within the mass and SFR range of typical local galaxies, but its
neutral outflow velocity and mass outflow rate lie on the lower
end of their results.

For star-forming galaxies, Chen et al. (2010) applied a
similar method using NaD absorption lines to a sample of
~140,000 nearby (0.005 < z < 0.18) SF galaxies and reported
an outflow velocity range of ~120-160 kms '. Thus the
neutral gas outflow velocity of IC 860 is lower than those of
typical star-forming galaxies in the local universe.

Outflows have been detected in PSBs as well. Tremonti et al.
(2007) reported large outflow velocities of 500-2000 kms™" in
a small sample of PSBs at z~0.5 using the MgII absorption
lines. More recently, Baron et al. (2022) found ionized and
neutral outflows in their sample of 144 PSBs. Their ionized
outflows have a mean mass outflow rate of ~1 M. yr ' and a
median outflow velocity of 766 km s~ '. Their neutral outflows
have a mean mass outflow rate of 10 M. yr ' and a median
outflow velocity of 633 kms™'. They compared the velocities
of their ionized and neutral outflows to other studies and found
these are roughly similar to those outflows observed in local
AGN and LIRGs. However, both the neutral outflow velocity
and the neutral mass outflow rate in Baron et al. (2022) are
much larger than what is found in IC 860. While we report the
neutral outflow velocity based on the line center of the
blueshifted spectral component, these studies defined their
outflow velocity to be the maximum velocity from the
spectrum (blueward of the line center). This discrepancy would
naturally lead to our outflow velocity being smaller, but should
not be enough to account for the large differences we see here.

To further investigate whether the outflow in IC 860 is able
to escape the galaxy, we compare the outflow velocities in
different phases to the circular velocity of the galaxy, estimated
from an empirical relationship for low-redshift star-forming
galaxies35 involving the stellar mass: Veje = J2'S, where S is
the kinematic parameter log S = 0.29 log M, — 0.93 (Heckman
et al. 2015; Simons et al. 2015). The estimated v, for IC 860
is ~250 kms~', which is larger than the estimated outflow
velocity in the neutral phase (58-100 kms™"), and consistent
with that in the molecular phase (200-340 km s~ ). Since the

3 Although this relationship is for star-forming galaxies, the estimated circular
velocity for IC 860 from this relation is very close to that from the typical
equation veje = /GM /r, where M here is the total galaxy mass including stars,
gas, and dust, and r is the total radius from the 2MASS All-Sky Extended
Source Catalog from NED. Therefore, IC 860 may have a gravitational
potential similar to that of star-forming galaxies, and we adopt v, from this
empirical relationship in the text.
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Figure 14. MIR color plot of IC 860 with AGN selection regions shaded in
colors (Section 5.3). Although IC 860 does not fall in the AGN region, it is
extremely close. As discussed in the text, IC 860 is actually a SF-AGN
composite.

escape velocity of a galaxy is larger than the circular velocity,
the multiphase outflow in IC 860 is unlikely to escape, or only
marginally escapes the galaxy.

Our findings imply that the outflow in IC 860 is relatively
weak. The kinetic energy of the total hydrogen outflow from
Imv? is ~2 x 10°° erg. Using SFRy, and a timescale of
~16 Myr based on the distance traveled by the neutral outflow
(~1.6 kpc from the galactic center, after correcting for galaxy
inclination) and the neutral outflow velocity (~100 kms™'
after correcting for galaxy inclination), assuming 10%
efficiency in energy transfer from supernovae to the ISM
following Murray et al. (2005), the energy deposition from
supernovae since the onset of the outflow is ~1 x 10> erg
based on Equation (34) in Murray et al. (2005). The outflow
kinetic energy and the supernovae deposited energy are
consistent considering possible uncertainties in these numbers.
Thus the outflow in IC 860 could be driven by SF.

5.3. Evidence for an AGN and Its Impact

The study of ionization mechanisms in IC 860 in Section 4.2
shows that the central region of the galaxy is consistent with
being ionized by a weak AGN. However, it is known that such
emission line ratio diagnostic diagrams have trouble distin-
guishing between shocks and AGN, and IC 860 hosts an
outflow that could produce shocks. Here we discuss additional
evidence from other observations that support the presence of
an AGN.

5.3.1. Mid-infrared Colors and Spectrum

We use Spitzer observations at 3.6, 4.5, 5.8, and 8.0 um to
evaluate the MIR color of IC 860, and compare it to the AGN
selection criteria in Lacy et al. (2004, 2007, 2013). The AGN
region and the position of IC 860 are plotted in Figure 14.
Although IC 860 does not fall in the AGN region, it is
extremely close (consistent within 20). Other AGN selection
criteria utilizing MIR colors based on both empirical
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(Stern et al. 2005; Donley et al. 2012) and theoretical (Satyapal
et al. 2018) methodology show that IC 860 does not lie close to
their selected AGN regions. The reasons for an object to be
missed by these criteria could be that the AGN is weak and/or
too obscured, and the PAH emission from stars enters the
8.0 um band. In fact, this is exactly the case for IC 860: its core
is dusty, and its MIR spectra (Figure 1) shows PAH emission
lines. The PAH emission lines in IC 860 are weaker than those
in other SF galaxies in Stierwalt et al. (2013), and its strong
rising continuum at the redder end of the MIR spectrum is
strongly suggestive of an AGN. Spoon et al. (2007) classified
the MIR spectra of IR galaxies based on the EW of the 6.2 um
PAH feature and the strength of the 9.7 ym silicate feature, and
IC 860 falls onto the branch that could be thought of as an
intermediate stage between a fully obscured galactic nucleus
and an unobscured nuclear starburst. Furthermore, Diaz-Santos
et al. (2017) used a range of MIR indicators with the IRS
spectrum, and estimated for IC 860 the AGN fractional
contribution to the MIR luminosity and bolometric luminosity
to be 19% and 6%, respectively. Thus we speculate that IC 860
may be a SF-AGN composite system from the MIR data
perspective.

The MIR emission lines of IC 860 have been investigated in
previous studies (Petric et al. 2011; Inami et al. 2013; Stierwalt
et al. 2013; Petric et al. 2018). MIR molecular H, lines probe
gas with temperatures between ~100 and 1000 K, typically
representing a few percent of a galaxy’s total molecular gas
reservoir. The galaxies hosting AGN have relatively more and
warmer H, than the galaxies that do not, and this excess H,
appears to be connected with shocks and outflows (Hill &
Zakamska 2014; Petric et al. 2018; Lambrides et al. 2019;
Minsley et al. 2020; Riffel et al. 2020). For IC 860, Petric et al.
(2018) found a H, temperature of ~400K, consistent with
LIRGs whose AGN contribution is more than 50% of the IR
luminosity. IC 860 is one of the few LIRGs (~4%) with a H,
S(5) rotational line detection in Petric et al. (2018). While these
MIR H, properties alone are not sufficient to determine that IC
860 hosts an AGN, they are consistent with a non-SF source
heating the warm molecular gas.

5.3.2. Radio Continuum

Radio continuum observations provide an extinction-free
tracer of emission that may arise from an AGN or compact
starburst. Unambiguously determining the origin of a compact,
low-luminosity radio source in the nucleus of a nearby galaxy
is inherently challenging (e.g., Nyland et al. 2016), but the
radio properties (including the radio morphology, brightness
temperature, and spectral shape) offer important constraints.

Utilizing the data summarized in Table 2, we measure the
radio spectral shape of IC 860. In Figure 15, we plot the radio
spectrum of IC 860 from 150 MHz to 3 GHz along with
selected cutout images. All flux values represent total fluxes,
and we conservatively assume flux errors of 20% in order to
account for systematic uncertainties between the different
surveys. Since the radio source in IC 860 is known to be
compact, these observations should be capturing the total
emission without resolving out flux. We used the radio spectral
modeling tools*® from Patil et al. (2022) to fit the radio
spectrum. We find the radio spectrum is best fit by a power-law
(S, ocv?) with a~ —0.15. The flat radio spectral index is

36 https://github.com/paloween/Radio_Spectral_Fitting
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consistent with optically thin synchrotron emission from a
compact, self-absorbed radio source, such as a low-luminosity
AGN jet. Future low-frequency radio continuum observations
in the tens of MHz regime (e.g., with the Low Band Array of
LOFAR) would enable a test of this hypothesis.

Another possibility for the origin of the radio emission is SF.
Given the flat radio spectral shape, thermal emission associated
with SF (i.e., free—free emission from H I regions) is plausible.
Using the calibration from Murphy et al. (2011), we find that an
SFR of 8.4 M. yr ' could lead to the observed level of radio
continuum emission at 1.4 GHz. This SFR is consistent with
the IR and UV + SFR estimates summarized in Table 4. The
radio emission could therefore conceivably arise from SF.
However, the radio SFR has a large uncertainty and could be
biased by AGN contamination.

Previous high-resolution imaging studies of IC 860 with the
VLA have revealed a compact morphology with a deconvolved
size upper limit of 6 < 0”.2 (<50 pc; Baan & Klockner 2006).
The brightness temperature of IC 860 at 1.43 GHz based on the
VLA-A-configuration data from Baan & Klockner (20006) is
log(7T,,/K) = 5.04. Since free—free emission is constrained to
log(T;,/K) < 5.0, this argues against a compact starburst origin
(Condon et al. 1991). However, the synchrotron emission
associated with SF (e.g., radio supernova remnants) cannot be
completely ruled out (Nyland et al. 2017). Very long baseline
interferometry (VLBI) may help further constrain the presence
of a radio-emitting AGN in the nucleus of IC 860. Single-
baseline fringe detections with the European VLBI Network at
4.8 GHz reported in Parra et al. (2010) support the presence of
a compact, high-brightness temperature source consistent with
an AGN. A future radio imaging study on milliarcsecond scales
is needed to provide more robust constraints. Overall, we
conclude that the radio properties of IC 860 are consistent with
the presence of a low-luminosity radio AGN, but we cannot
completely rule out a SF origin with the currently avail-
able data.

Distinguishing AGN and compact starbursts is indeed
challenging. Baron et al. (2022) found some systems selected
to have post-starburst signatures based on their optical spectra
were in fact obscured starbursts. Aalto et al. (2019) studied the
inner ~10 pc region of IC 860 and concluded that the central
energy source could be an AGN or an extremely compact
starburst, or both. If the central energy source is a starburst, it
would require a top-heavy IMF with a high SFR ~ 10-20
M, yr " purely in massive stars. IC 860 shows an abnormal
ratio between L(Pac) and L(IR) compared to other local LIRGs
(Figure 3, Alonso-Herrero et al. 2006), with L(IR) being much
larger than what would be expected from L(Pac). This fact
again implies that IC 860 is extremely dusty, and such high
obscuration significantly complicates the process of determin-
ing the nuclear energy source. Nevertheless, we see evidence
pointing toward an AGN; though there could be a coexisting
central compact starburst.

5.3.3. Feedback?

Whether AGN feedback can significantly affect the evol-
ution of PSBs remains a mystery. Greene et al. (2020)
postulated that increased AGN activity in younger PSBs is
due to the availability of gas fuel in these systems, rather than
AGN feedback shutting down SF in older systems. Lanz et al.
(2022) recently analyzed Chandra X-ray observations of 12
SPOGs and found that the AGN, if present, have high
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Figure 15. The radio spectrum of IC 860 based on selected, public, wide-field radio surveys. The best-fit power-law model (with a spectral index of aw = —0.15) is
shown by the solid line. The dashed line illustrates the fit to a synchrotron self-absorption model typical of compact radio emission arising from an AGN. The radio
spectral models follow the definitions from Patil et al. (2022). Further details on the radio surveys used in this analysis are provided in Table 2. The smaller panels
show the selected cutout images (5’ x 5') from the radio surveys used in the spectral modeling, which demonstrate the highly compact nature of the radio source in

IC 860.

obscuration and/or low luminosity. They suggested that it is
more likely that these AGN are along for the ride while the
galaxies transit from blue to red rather than driving the
transition, which could also be the case for IC 860.

Our results show that the AGN in IC 860, if it exists, is very
weak. It is classified as a weak AGN in the WHAN diagnostic
diagram (Section 4.2), and has an intrinsic X-ray luminosity
likely less than 10*° erg s~' (Section 3.5). However, high
obscuration might also contribute to the observed low
luminosity. Vibrationally excited HCN emission was detected
at the core of IC 860 (Aalto et al. 2019) and is thought to trace a
heavily obscured stage of evolution before nuclear feedback
mechanisms are fully developed (Falstad et al. 2019). Thus the
AGN feedback in IC 860 appears to be at an early stage, but we
are not yet sure if it is connected to the quenching of SF.

5.4. IC 860 as a Local Laboratory for Galaxy Evolution

Although PSBs represent an important stage in galaxy
evolution, they are rare in the local universe and more abundant
at higher redshifts (e.g., Wild et al. 2016). IC 860 is a local
laboratory allowing us to study what is happening inside
quenching galaxies.

Since the discovery of large molecular gas reservoirs in
PSBs (e.g., French et al. 2015; Rowlands et al. 2015), the
traditional picture of powerful AGN-driven outflows removing
and/or heating gas in the galaxies (e.g., Hopkins et al. 2008)
has been challenged. IC 860 is one example of the PSBs that
contain large gas reservoirs. Under the current SFR, the gas
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depletion time (Tgep = Mgas /SFR) of IC 860 is ~7 Gyr.
Rowlands et al. (2015) found similar long depletion times in
their sample of 11 PSBs at low redshifts. Such accumulating
evidence leads to the picture where the significant decline in
SFR (quenching) and gas depletion have very different
timescales. Present-day PSBs might not contribute significantly
to the growth of the red sequence galaxy population even
though they quenched rapidly: they are able to stay at the
intermediate stage for a long time of several Gyr (Rowlands
et al. 2018). Nevertheless, there are still uncertainties in this
picture of galaxy evolution. Despite the estimated long gas
depletion time, we are unable to tell whether gas would stay in
the galaxy, or some other events might happen to remove the
gas or trigger SF again.

What could be hindering the SF in these PSBs? The outflow
in IC 860 is unlikely to escape the galaxy (Section 5.2) but
could disturb the gas enough that it is stable against collapsing
into new stars. This quenching by turbulence scenario has been
observed in another PSB, NGC 1266, where Alatalo et al.
(2015) found a molecular gas outflow with large My ~
110 M. yr ' that was unable to escape the galaxy. More
recently, Smercina et al. (2022) used high-resolution CO data
to probe the conditions of the ISM in PSBs and concluded that
SF is suppressed by significant turbulent heating. Indeed,
energy injection by turbulent heating is a plausible cause for the
SF suppression seen in IC 860.

Mergers have been commonly found in PSBs, with evidence
for ~50% of PSBs being morphologically disturbed (e.g.,
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Blake et al. 2004; Yang et al. 2008; Pawlik et al. 2016).
Sazonova et al. (2021) studied 26 PSBs in the same parent
sample (SPOGs) containing IC 860 using high-resolution HST
snapshots and found that 88% of them were structurally
disturbed. We observe several signs of a recent merger in IC
860 (Section 4.1, Section 4.3). Our work thus complements
previous findings of mergers being capable of suppressing SF
(e.g., van de Voort et al. 2018; Davis et al. 2019).

Based on our findings, we summarize the possible life story
of IC 860: The turning point of this galaxy’s life is marked by a
merger event. The merger ignited SF that became a starburst,
consuming most of the gas originally inside the galaxy.
Meanwhile, the external gas brought by the merger dissipated
its angular momentum through collisions and sank into the
center of the galaxy. The central black hole of the galaxy was
fueled by gas and became an AGN. The starburst episode
quickly ended, and the merged system finally stabilized and
became a barred spiral galaxy with a asymmetric spiral
morphology and a multiphase outflow. The gas at the center
does not share the same kinematics as the stars, and is
prevented from making new stars by feedback likely from the
AGN. With a low level of remaining SF and a large gas
reservoir, the galaxy would stay at the intermediate stage for
several Gyr if no stronger outflow episodes happen, until it
finally becomes a quiescent elliptical galaxy. This evolutionary
picture could be applicable to other PSBs. More high-
resolution observations of the gas kinematics at the centers of
PSBs, including IC 860, will help to understand the final fate of
these quenching galaxies.

6. Conclusions

It has been well established that galaxies evolve from blue
and star forming to red and quiescent. IC 860 is a nearby PSB
that has just experienced a starburst and is currently on its way
to the red sequence. The fact that IC 860 is on the brink of
transition suggests that it might contain visible evidence for the
triggers of this important transformation. The exquisite multi-
wavelength data from X-ray to radio enable us to investigate in
detail the different activities happening in this galaxy, using it
as a local laboratory for studying properties of PSBs at higher
redshifts. We find the following:

1. The CO molecular gas is compact (r~ 1 kpc) and
centered on the galaxy nucleus, and is kinematically
misaligned with the stars. High-resolution HST images
reveal a disturbed, asymmetric spiral morphology. This
evidence suggests that IC 860 probably went through a
recent merger, which could be the trigger of its starburst
and subsequent quenching. Our results complement
previous findings that mergers play an important role in
quenching galaxies.

2. We find evidence for a multiphase outflow from the CO
PV diagram (suggesting a molecular component) and in
the NaD absorption spectra (suggesting a neutral
component). Dust cone structures in the HST images
suggest a galaxy-wide dust-rich outflow originating from
the galactic center. However, comparing our estimated
outflow velocities with the circular velocity of the galaxy
suggests that the outflows are unable to, or merely
marginally escape the galaxy. This result supports the
picture where outflows suppress SF by disturbing rather
than expelling the gas reservoir.

22

Luo et al.

3. The SFRs derived from Hea, Pac, and Ne emission line
luminosities show that the current SF in IC 860 is
suppressed given its molecular gas surface density. Under
these SFRs, the depletion time of the molecular gas is ~7
Gyr, meaning that the galaxy would continue to harbor a
large gas reservoir, unless future mechanisms remove or
heat the remaining molecular gas. Thus the timescales for
significant decline in SFR (quenching) and gas depletion
are not necessarily the same.

4. We find evidence for the existence of a weak AGN in the
optical emission line ratios, MIR properties, and radio
spectral shape. The AGN is probably at an early stage of
developing its feedback mechanism. Our results imply
that AGN very likely play a role in quenching, but it is
unclear whether they are dominant factors driving the
change, or merely collateral events as quenching
happens. Investigations with more high-resolution and
deep data on a larger sample of PSBs are desirable.
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Appendix A

Astr'opl'lysical Resear.cl'l Cpnsortiqm ' for the Participa'ting Photometric SED of IC 860
Institutions. The Participating Institutions are the American o )
Museum of Natural History, Astrophysical Institute Potsdam, We summarize in Table 5 the observed total photometric
University of Basel, University of Cambridge, Case Western SED data of IC 860 plotted in Figure 5 (colored squares) and
Reserve University, University of Chicago, Drexel University, the 113GHz continuum  flux observed by CARMA
Fermilab, the Institute for Advanced Study’ the Japan (Section 2.4). The CARMA continuum flux is not used in the
Participation Group, Johns Hopkins University, the Joint SED fitting but is included here for completeness.
Table 5

Photometric SED of IC 860
Filters Central Wavelength (xm) Flux Density (Jy) Flux Density Error (Jy)
GALEX FUV 0.1516 222 x 1077 8.98 x 10°°
GALEX NUV 0.2267 191 x 107* 6.13 x 1077
SDSS u 0.3351 2.11 x 107° 378 x 107*

Note. Fluxes with filter wavelength less than 2,m have been corrected for Milky Way extinction (Section 2.5). The full version of this table is available in the online
version.

(This table is available in its entirety in machine-readable form.)
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Appendix B
Parameter Priors Ranges in SED Fitting

We list in Table 6 the parameter prior ranges used in fitting
the entire galaxy’s SED (Section 3.4.1) and the spatially
resolved SEDs (Section 3.4.2). Only the values different from
the piXedfit default are listed.

Table 6
Parameter Prior Ranges Used in the SED Fitting

Prior Range, Entire Prior Range, Spa-

Parameter in piXedfit Galaxy tially Resolved
Lower Upper Lower Upper

log_tau_range —1.5 1.2 —1.5 1.2
log_alpha_range —-1.5 1.5 —-1.5 1.5
log_beta_range —-1.5 1.5 —-1.5 1.5
dust_index_range -2.2 0.4 —-2.5 0.5
dust]_range 1.0 4.0 0.0 5.0
dust2_range 1.0 4.0 0.0 5.0
log_tauagn_range 0.7 4.0 e
log_gamma_range —4.0 —-0.8

log_umin_range —-1.0 2.0

log_gpah_range —-1.5 1.2

Note. Only values different from the piXedfit default are listed.

(This table is available in machine-readable form.)
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