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ABSTRACT

Powerful outflows are thought to play a critical role in galaxy evolution and black hole growth. We present the first large-scale
systematic study of ionized outflows in paired galaxies and post-mergers compared to a robust control sample of isolated
galaxies. We isolate the impact of the merger environment to determine if outflow properties depend on merger stage. Our
sample contains ~4000 paired galaxies and ~250 post-mergers in the local universe (0.02 < z < 0.2) from the Sloan Digital
Sky Survey Data Release 7 (SDSS DR 7) matched in stellar mass, redshift, local density of galaxies, and [O 111] A5007 luminosity
to a control sample of isolated galaxies. By fitting the [O 111] A5007 line, we find ionized outflows in ~15 per cent of our entire
sample. Outflows are much rarer in star-forming galaxies compared to active galactic nuclei (AGNs), and outflow incidence and
velocity increase with [O 111] 25007 luminosity. Outflow incidence is significantly elevated in the optical + mid-infrared selected
AGN compared to purely optical AGN; over 60 per cent show outflows at the highest luminosities (Lo 15007 2 10*? erg s7h),
suggesting mid-infrared AGN selection favours galaxies with powerful outflows, at least for higher [O 111] A5007 luminosities.
However, we find no statistically significant difference in outflow incidence, velocity, and luminosity in mergers compared to
isolated galaxies, and there is no dependence on merger stage. Therefore, while interactions are predicted to drive gas inflows
and subsequently trigger nuclear star formation and accretion activity, when the power source of the outflow is controlled for,

the merging environment has no further impact on the large-scale ionized outflows as traced by [O 111] A5007.
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1 INTRODUCTION

Hierarchical models of the Universe and observations suggest that
mergers play a critical role in galaxy evolution. Mergers are thought
to drive morphological transformations (e.g. Toomre & Toomre 1972;
Schweizer 1982; Rothberg & Joseph 2004), trigger star formation
(e.g. Ellison et al. 2008; Woods et al. 2010; Patton et al. 2011,
2013; Wong et al. 2011; Liu, Shen & Strauss 2012; Scudder et al.
2012b), and trigger AGN (e.g. Canalizo & Stockton 2001; Hopkins
et al. 2008; Ellison et al. 2011; Lackner et al. 2014; Satyapal et al.
2014; Weston et al. 2017; Blecha et al. 2018; Goulding et al. 2018),
although the merger-AGN connection is a topic of vigorous debate,
particularly at higher redshifts (Cisternas et al. 2011; Kocevski et al.
2012; Simmons et al. 2012; Villforth et al. 2014, 2017; Rosario et al.
2015; Schawinski et al. 2015; Bruce et al. 2016; Mechtley et al.
2016; Shah et al. 2020). Similarly, the connection between mergers
and star formation at higher redshifts is also debated (Khochfar &
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Silk 2011; Xu et al. 2012; Kaviraj et al. 2013; Perret et al. 2014;
Fensch et al. 2017; Pearson et al. 2019). Despite these debates, the
currently accepted paradigm of galaxy evolution begins with young,
blue disc galaxies merging and ends with the formation of large ‘red
and dead’ elliptical galaxies, where some form of feedback from the
enhanced nuclear activity is required to quench star formation in the
host galaxies.

An outflow is one form of feedback that is typically invoked as the
primary mechanism that suppresses star formation in such mergers.
However, it is not completely clear if these outflows are sufficient
to cause quenching (e.g. Springel, Di Matteo & Hernquist 2005;
Hopkins et al. 2006; Pereira-Santaella et al. 2018; Fluetsch et al.
2019; Ellison et al. 2021), or if they result in an elevation in the star
formation activity (e.g. Silk 2013; Zubovas et al. 2013; Cresci et al.
2015). None the less, outflows have long been known to be present in
purely star forming, isolated galaxies at low redshifts (e.g. Heckman,
Armus & Miley 1990; Rupke, Veilleux & Sanders 2005a) and more
moderate (0.5 < z S 1) redshifts (e.g. Nestor et al. 2011; Geach
et al. 2018). For recent reviews, see Rupke (2018) and Veilleux
et al. (2020). In star-forming galaxies, there are clear indications
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that the incidence and velocity of the outflows are correlated with
the stellar mass, central concentration, star formation rate, and star
formation surface density, with a clear increase in the incidence in the
most active star-forming galaxies (e.g. Rupke, Veilleux & Sanders
2005b; Davies et al. 2019; Leung et al. 2019), with the latter two
examining high-redshift samples (1 < z < 4). Indeed, powerful
outflows are found to be ubiquitous in high-redshift star-forming
galaxies, where the star formation rates and surface densities are
high (Weiner et al. 2009; Rubin et al. 2010; Genzel et al. 2011;
Forster Schreiber et al. 2019; Swinbank et al. 2019). Outflows have
also long been known to be present in isolated AGN, with clear
indications that their incidence and velocities are correlated with
AGN luminosity and perhaps Eddington ratio (e.g. Woo et al. 2016;
Lutz et al. 2020; Wylezalek et al. 2020; Avery et al. 2021). Radio
properties (e.g. radio luminosity) of galaxies can also play a role in
outflow incidence and properties (e.g. Zakamska & Greene 2014;
Molyneux, Harrison & Jarvis 2019; Santoro et al. 2020); however,
we do not explore the radio properties of the galaxies in our sample
in this work.

It is well-known that nuclear star formation and accretion activity
are both enhanced in mergers and show a clear dependence on merger
stage (e.g. Ellison et al. 2011, 2013b; Satyapal et al. 2014). It is
thus expected that outflows would be prevalent in mergers, and that
their incidence and properties might show a dependence on merger
stage. Indeed, many studies have detected outflows in interacting
galaxies and mergers (e.g. Rupke et al. 2005a; Rupke, Veilleux &
Sanders 2005c; Soto & Martin 2012; Westmoquette et al. 2012;
Veilleux et al. 2013; Baron et al. 2018; Geach et al. 2018; Pereira-
Santaella et al. 2018; Herrera-Camus et al. 2020; Guolo-Pereira et al.
2021). However, these studies have by and large been carried out
on small samples of galaxies, and often target ‘extreme’ objects,
such as ultraluminous infrared galaxies (ULIRGs) or dust reddened
quasars (e.g. Sturm et al. 2011; Cicone et al. 2014; Rupke, Giiltekin &
Veilleux 2017; Lutz et al. 2020; Veilleux et al. 2020; Fluetsch et al.
2021, and references therein), which are not representative of the
general galaxy population. In addition to these studies, follow-up
observations of the several hundred galaxies with double-peaked
narrow emission line profiles in optical surveys have revealed that
the vast majority are associated with gas outflows in mergers (e.g.
Barrows et al. 2013; Miiller-Sanchez et al. 2015; Comerford et al.
2018; Nevin et al. 2018) in both low and moderate (z < 1.6) redshifts,
again suggesting a close tie between galaxy—galaxy interactions and
the presence of outflows. There have also been attempts to quantify
the relative role played by star formation and accretion activity on
driving the outflows, with indications that the outflow incidence and
velocities are higher in galaxies harbouring AGN (e.g. Harrison et al.
2016; Concas et al. 2017; Smethurst et al. 2019; Avery et al. 2021),
even at redshifts out to z ~ 3.8 (Leung et al. 2019).

While it is clear that outflows are associated with galaxy mergers,
it is unclear how the merger environment itself impacts the incidence
and properties of these outflows. In order to determine the effect
of the merger on the outflows, a systematic study of outflows in
mergers compared to a matched control sample of isolated galaxies
must be conducted. However, there has thus far been no large-scale
systematic study that examines the properties of outflows in galaxy
mergers compared with isolated galaxies to determine if the merger
environment enhances or suppresses the outflowing material, and
to explore how the presence and properties of outflows depend on
merger stage. Most importantly, since there have not yet been any
outflow studies in which galaxy mergers have been compared to
a matched control sample of isolated galaxies, the exact effect of
mergers on outflows is not yet known, and the dependence of outflow
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properties on merger stage is completely unexplored. Since mergers
induce gas inflows (e.g. Barnes & Hernquist 1991; Blumenthal &
Barnes 2018), it might be natural to expect that the outflow incidence
and properties are suppressed in merging galaxies compared to
isolated galaxies. Alternatively, the gas inflows and subsequent
increase in the central gas densities might cause the outflows to sweep
up more material, thereby increasing the outflow luminosity and
resulting in an enhancement of the outflow incidence and energetics
in mergers. Mergers also cause a dilution of the central gas phase
metallicity (e.g. Kewley et al. 2010; Ellison et al. 2013b; Thorp et al.
2019). Together with the enhanced nuclear activity, mergers may
disturb the interstellar medium (ISM) in some way that enhances the
outflows. Given that galaxy mergers are thought to play a major role
in a galaxy’s morphology, star formation rate, nuclear accretion rate,
metallicity, and gas content, exploring the incidence and properties
of outflowing gas in mergers is of fundamental importance to our
understanding of the critical role galaxy mergers play in galaxy
evolution.

In this paper, we carry out the first large-scale systematic study
of outflows in merging environments compared to non-merging
environments. This paper builds upon a large body of work on
galaxy pairs and post-mergers, drawn from the Sloan Digital Sky
Survey (SDSS), that uses robust control samples of isolated galaxies
to quantify the impact of mergers on galaxy and AGN properties
(Ellison et al. 2008, 2010, 2011, 2013a,b; Patton et al. 2011, 2013,
2016; Scudder et al. 2012b, 2015; Satyapal et al. 2014; Ellison,
Patton & Hickox 2015). Here, we utilize the [O111] A5007 emission
line to trace ionized gas in pairs, post-mergers, and isolated galaxies,
with the goal of isolating the impact of the merging environment on
outflow properties. We examine ~4000 paired galaxies and ~250
post-mergers, consisting of AGN and star-forming (SF) galaxies,
matched to a control sample of ~12000 galaxies. In Section 2,
we provide details on the construction of the pair, post-merger
and control samples, and discuss our fitting procedure and outflow
selection criteria in Section 3. In Section 4, we discuss the bulk
outflow characteristics of our sample, while in Section 5 we examine
outflow properties as a function of projected physical separation
(rp). In Section 6, we discuss the implications of our results, and
Section 7 contains a results summary and directions of future work.
Throughout this paper, we assume a flat Lambda cold dark matter
(ACDM) cosmology with Hy = 70 km s~! Mpc™!, Q,,, = 0.27, and
Qp =0.73.

2 SAMPLE SELECTION

2.1 Galaxy pair and post-merger samples

The galaxy-merger sample used in this work has been described in
depth in previous papers in this series and is drawn specifically from
the sample described in Satyapal et al. (2014). We refer the reader to
this previous work for full details on the sample, and the careful
considerations applied to remove any selection effects. In brief,
the pairs sample consists of close spectroscopic galaxy pairs, and
visually classified post-mergers from the Sloan Digital Sky Survey
Data Release 7 (SDSS DR, Abazajian et al. 2009) Main Galaxy
Sample. The extinction-corrected r-band Petrosian magnitudes are
between 14.0 < m, < 17.77, the redshift range is 0.02 <z < 0.2, and
all objects are spectroscopically classified as a galaxy. Projected
physical separations are required to be r, < 8Oh7_01 kpc and the
relative velocity must be AV < 300 km s~!. Further, the stellar
mass ratios between the pairs must be 0.25 < M;/M, < 4 in order
to select major mergers. It should be noted that not every galaxy
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pair is visibly interacting; it is possible some of these galaxies may
never merge or are non-interacting projected pairs. These galaxies
are referred to as ‘paired galaxies’.

The visually classified post-merger sample is initially drawn from
the Galaxy Zoo (Lintott et al. 2008) catalogue presented by Darg
et al. (2010). Ellison et al. (2013b) imposed further restrictions on
the post-merger sample by removing ‘normal’ irregular galaxies and
pairs that have not fully coalesced into an appropriate post-merger
state, among other requirements. This sample of visually classified
post-merger galaxies is referred to as the post-merger sample.

For convenience, we will refer to the paired galaxies, which
represent the ‘early’ stages of galaxy interactions (0-80 kpc), and
the post-merger sample, which represents the ‘late’ stages of galaxy
interactions (i.e. post-coalescence), collectively as the ‘merger’
sample.

Finally, the merger sample is matched to the final public all-sky
Wide-field Infrared Survey Explorer (WISE) source catalogue,' where
a merger is matched if the positions agree to within six arcsec.
Since we employ mid-infrared AGN classification in one of our
sub-samples (as discussed in the paragraph below), we require that
all objects be detected with a signal-to-noise greater than 5o in
the 3.4 um W1 and 4.6 um W2 bands. Our initial merger sample
thus consists of 321 post-mergers and 5026 paired galaxies, with
~ 55 per cent of galaxies meeting the WISE detection criteria.

The galaxies in our sample are classified as AGN or SF galaxies
based on optical narrow emission line ratio Baldwin—Phillips—
Terlevich (BPT) diagnostics (Baldwin, Phillips & Terlevich 1981)
and mid-infrared colour selection. For optical selection, we use the
traditional KO3 (Kauffmann et al. 2003) and K01 (Kewley et al.
2001) selection criteria to classify galaxies as KO1 AGN, K03 AGN,
and KO3 SF using extinction-corrected fluxes provided by Scudder,
Ellison & Mendel (2012a). KO1 AGN are taken to be ‘pure’ AGN,
whereas KO3 AGN are dominated by AGN activity, but starbursts
may contribute to the ionized emission. KO3 SF galaxies (hereafter
SF galaxies) are dominated by stellar activity, but may have a small
contribution (up to 3 percent, Stasinska et al. 2006) from AGN.
However, see Agostino et al. (2021) for an alternative view on the
‘mixing sequence’ picture. We remove possible AGN contamination
from our SF sample by requiring our SF galaxies to have a WISE
colour cut of W1 — W2 < 0.5 since optical flags might not detect
some AGN, especially in late-stage mergers when AGNs are highly
obscured by gas and dust (Satyapal et al. 2014; Ellison et al. 2019).
Since mid-infrared selected AGNs are more common in mergers
(Satyapal et al. 2014; Blecha et al. 2018), we also sub-divide the
merger sample into ‘WISE + BPT’ AGN to determine if mid-infrared
selection has an impact on outflow properties. Here, we require both
an optical AGN (either KO1 or K03) and an infrared AGN detection
(W1 — W2 > 0.5). While the WISE colour cut we impose here is more
relaxed than the common W1 — W2 > 0.8 cut, it is not significantly
less reliable and provides a more complete sample of AGN at z <
0.5 (Blecha et al. 2018). We require the WISE AGN to be BPT AGN
so we can control for the power source of the outflow; since we
impose an [O111] A5007 luminosity matching requirement between
mergers and controls (see below paragraph), we want to ensure the
[O11] 25007 is tracing the AGN luminosity. Galaxy properties such
as the stellar mass and total star formation rate (SFR) are taken from
the Mendel et al. (2014) and Brinchmann et al. (2004) catalogues.
‘We note that while the SFR for SF galaxies is computed by modelling
the H « emission line, the SFR for AGN is computed using D4000.

Uhttps://wise2.ipac.caltech.edu/docs/release/allsky/
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2.2 Matched control sample

The merger sample is compared to a set of physically similar isolated
galaxies, drawn from the same data base as the mergers, so that
each merger has a matched set of controls associated with them.
We consider a galaxy to be isolated if the projected distance r,
to its closest spectroscopic companion is greater than 200 kpc. As
discussed in Perez, Tissera & Blaizot (2009) and following Ellison
et al. (2010, 2013a) and Scudder et al. (2012b) controls are matched
simultaneously in redshift, mass, and local density of galaxies, all of
which may show a dependence on outflow incidence and properties.
Since the [O 111] A5007 luminosity can affect outflow properties (see
Fiore et al. 2017), we also match in this parameter. Further, matching
in redshift and [O111] 25007 luminosity ensures that our ability to
detect an outflow will not be biased towards either the mergers or
controls. SF galaxies are additionally matched in SFR. The local
density of galaxies is defined as

v, = (M

where d,, is the projected distance in Mpc to the nth nearest neighbour
within 21000 km s~!. Normalized densities 8, are computed relative
to the median %, within a redshift slice of +0.01. Following Satyapal
et al. (2014), we take n = 5. Intuitively, this local density of
galaxies describes the large-scale neighbourhood of a given galaxy.
In our case, we use the fifth nearest neighbour to characterize
this density. As explained in Perez et al. (2009) and Ellison et al.
(2010), this parameter is sensitive to the SFR and gas content of a
galaxy — isolated galaxies can have larger amounts of cold gas and
subsequently enhanced star formation compared to mergers. Hence,
an unbiased control sample must account for this parameter.

The matching tolerance on redshift is £0.05, while for mass and
local galaxy density it is £0.1 dex. The [O11] A5007 luminosity
tolerance is 10 per cent. We attempt to match each object in our
merger sample with three unique controls. Mergers that could not be
matched with at least three unique controls were dropped from the
sample. Our matching criteria leaves us with 1906 SF mergers, 1375
K03 AGN mergers, 562 KOl AGN mergers, and 72 WISE + BPT
AGN mergers, including paired galaxies and post-mergers.

We note that while we do employ WISE colour cuts on our control
sample when appropriate (e.g. when making the control sample for
WISE + BPT AGN and filtering AGN from our SF control sample),
the WISE controls do not necessarily have the same 5o detection in
the first three WISE bands as the mergers do.

3 SPECTRAL FITTING PROCEDURES AND
OUTFLOW CRITERIA

3.1 Spectral fitting software

We use the [O11] A5007 emission line to trace outflows in all
mergers and controls. This line is one of the strongest features in
the optical spectrum of all emission line galaxies, and is located
in a wavelength region free from strong stellar absorption features.
Since it is produced in the lower density narrow line region, any
asymmetry and broadening of the profile can often be attributed
to large-scale winds. For these reasons, it is commonly used in
the literature to search for and characterize outflows (e.g. Harrison
et al. 2014; Bae & Woo 2016; Cicone, Maiolino & Marconi 2016;
Kakkad et al. 2016; Zakamska et al. 2016; Wylezalek et al. 2020).
Spectral fitting is done with the open-source PYTHON code Bayesian
AGN Decomposition Analysis for SDSS Spectra (BADASS) version
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Figure 1. Example spectra fits. Subsequent identifiers are the DR7 SpecObjIDs. Top panel: AGN SDSS 456217686624436224 exhibits a reasonably strong
outflow detected both in the initial testing and with EMCEE. The bad fit to the H # emission line is caused by a poor stellar template match to the continuum and
does not impact our results. Second to top panel: AGN SDSS 407803917544456192 was fit for an outflow with EMCEE, but the fit was not significant enough
to be classified as an outflow. Second to bottom panel: AGN SDSS 160665218618228736 failed the initial testing, hence EMCEE did not fit it for an outflow.
Bottom Panel: SDSS 631860897941291008 shows a reasonably strong outflow in a SF galaxy.
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Table 1. Bulk properties of each sub-sample. The average for each sub-sample property along with upper and lower errors are given. Outflow fraction
errors were computed using binomial statistics with a 95 per cent confidence interval. A 2o mean standard error is used for all other errors. Note that the
outflow luminosity listed here refers to the luminosity in the outflow component of the line profile, and we only require mergers to have one successfully

analysed control.

KO3 SF KO3 SF KOl AGN  KOIAGN  KO3AGN KO3 AGN  WISE + BPT WISE + BPT

Property Merger Control Merger Control Merger Control Merger Control
Total objects 1906 5396 562 1610 1375 3922 72 205
logio(Lomys007) (erg s™1) 4044953 40.4492 41.095-% 41.099% 40.919:0¢ 40.909:93 41.6313 41.63)08
Outflow fraction (per cent) 0.52034 0.5607 14.063-3 14.47; 84 7.3413) 7.73588 38.891332 4244740
log1o(Loutiow) (erg s™1) 40.065-31 40.03%-18 40.719-13 40.72597 40.66Y-12 40.699-9 40.809-18 40.875:%
Outflow velocity (km s~!) 40033 32080 69079 73039 70039 72039 710149 83080
log10(SFR) (M. yr) 05405 0508 04 oaspht 0%l 0addB o9l osigR

7.6.5.2 A full description of the code can be found in Sexton et al.
(2021). Here, we just give a brief summary of the fitting techniques
and input parameters. BADASS works by modelling various spectral
components (e.g. power-law continuum, emission lines, etc.) and
sequentially subtracting them from the spectra to be fit independently.
Once these components are subtracted off, only the underlying stellar
continuum remains. The stellar continuum may be fit with either
empirical stellar templates or a single stellar population model,
depending on the quality (signal-to-noise ratio, S/N) of the spectrum.
Emission lines may be fit with a variety of line profiles, but here we
use a Gaussian profile that is fit for amplitude, FWHM, and velocity
offset. Initial fits to the spectra are obtained using the SLSQP algorithm
from the standard PYTHON library SCIPY.OPTIMIZE.MINIMIZE. The
parameter fits from this algorithm are then used as the initial guesses
for a Markov Chain Monte Carlo (MCMC) algorithm, implemented
by the EMCEE package (Foreman-Mackey et al. 2013), to estimate
robust parameter uncertainties.

Outflow presence may be (and, in this work, is) tested for during
the initial fit by fitting both a single Gaussian and a double Gaussian
model to the [O111] A5007 emission line. The fit is repeated for a set
number of iterations (50 in our case) with slightly different initial
guesses, which provides a more reliable estimation of parameter
values than a single fit. The median value for the fitted parameters
is used to assess the possible presence of outflows by comparing
the fitted parameters (amplitude, FWHM, and velocity offset) of the
‘core’ and outflowing line components. If the uncertainty overlap
between the core and outflowing component for one of these
parameters is within a certain user-defined o value (e.g. 1o, 20), then
BADASS assumes there is no outflow. In addition to this uncertainty
check, a statistical F-test is performed to compare the single and
double Gaussian models. This test effectively calculates how much
better the double Gaussian fit is and if using it is justified. The
resulting F-statistic is converted to a p-value, and if it is less than a
user-defined value then BADASS assumes there is no outflow. If the
preliminary outflow tests are passed, the final fit using EMCEE will
include an outflow component in the model.

The AGNs we are fitting are type II AGN, so we disable
unnecessary fitting components (namely AGN power law, broad
lines, and Fe Il contamination). For the preliminary outflow testing,
we check for overlapping uncertainties in the FWHM and velocity
offset parameters, and apply the F-test as described above. Although
the purpose of the preliminary outflow testing is to discard spectra

Zhttps://github.com/remingtonsexton/BADASS3
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that clearly do not have outflows, there is a danger that a weak
outflow will be overlooked during the initial fit. To guard against
that, we apply generous cutoffs for the outflow tests. Specifically,
we only require the core component and outflow component FWHM
and velocity offset parameters to be different at a 0.5¢ level, and the
F-test p-value be greater than 0.70. Fits with outflows that do not
meet the initial criteria for detection will not significantly improve
in the final fit using MCMC, and will hence not be reliably detected.
False-positives detected by EMCEE will be flagged when the final fits
are analysed (see Section 3.2). The SF spectra are fit in the same
way as the AGN spectra. However, we do not require outflows to
be blueshifted in the SF galaxies because outflows in SF galaxies
have a much more symmetrical line profile even in the presence
of outflows and are thus much harder to detect (see Sections 3.2
and 4).

For both the AGN and SF spectra, we run the MCMC sampler for
a minimum of 5000 iterations and a maximum of 25 000 iterations
using 20 walkers. We use the ‘median’ convergence option in
the autocorrelation analysis which uses the median autocorrelation
time of all free parameters to assess if the MCMC chains have
converged. Effectively, if enough parameters have converged, the
MCMC analysis will stop before it reaches 25 000 iterations. Once
the parameters have converged, the MCMC will continue sampling
for 5000 iterations. These iterations are used to generate the posterior
distribution and subsequently the best-fitting parameter values and
their uncertainties.

It should be noted that BADASS will not fit spectra that are of
insufficient quality, as determined by the number of ‘good’ channels.
A good channel is defined by having flux and flux errors greater than
zero at each pixel, and not being flagged by the SDSS for having
bad pixels. If the fraction of good channels in a spectrum is less
than 60 per cent, then the spectrum will not be fit. This will cause
additional mergers to be dropped from the final analysis, since a
merger that was matched with three controls may not have three
controls that are of sufficient quality.

3.2 Outflow selection criteria

As discussed in Section 3.1, we use a SLSQP bootstrap algorithm to
perform an initial test for outflows, as well as a statistical F-test. For
this initial test, we require that the outflowing component be broader
than the core by only 0.5¢. Further, the p-value returned by the F-
test must be greater than 0.70, indicating we are 70 per cent confident
that our [O111] 25007 line profile is best modelled by two Gaussian
components instead of one. If a spectrum passes the initial outflow
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test, then an outflow component is included in the final MCMC
model. Even if BADASS detects an outflow in the initial fit, the final fit
given by EMCEE may not be reliable. To ensure outflows are robustly
detected, the final fits must meet the following criteria. First, the
outflow amplitude must be at least 1o above the noise floor of the
spectrum. Secondly, the FWHM of the outflow component must be
larger than the FWHM of the ‘core’ line within 1o (in other words,
the FWHM values between the line core and outflow component
should not overlap within the uncertainties given by MCMC). Finally,
for AGN only, the velocity offset of the outflow component must
be blueshifted with respect to the core line by at least 1o. This
blueshift requirement is consistent with numerous other studies that
interpret broad, blue-wing components of emission lines as outflow
signatures (e.g. Holt, Tadhunter & Morganti 2008; Mullaney et al.
2013; Zakamska & Greene 2014; Carniani et al. 2015; Balmaverde
et al. 2016; Harrison et al. 2016; Kakkad et al. 2016; Geach et al.
2018; Guolo-Pereira et al. 2021). Note that we do not impose a blue-
shift requirement on the outflow component for SF galaxies. The
vast majority of [O111] A5007 line profiles in SF galaxies are highly
symmetrical, but some show an underlying broad component or a
slightly blue-shifted asymmetry in their line profile. We choose to
be inclusive in our outflow definition for SF galaxies such that the
profiles with an underlying broad component are flagged as outflows.
The physical motivation for this decision is presented in Kadir et al.
(in preparation), where they employ the biconical outflow model of
Bae & Woo (2016) and simulate the effects of extinction on the
outflowing [O 111] A5007 line profile in an obscuring medium. These
simulations show that when outflows arise from extended regions,
as expected in SF galaxies, the observed line profile arising from the
integrated emission from the outflow is less affected by extinction
and therefore displays a more symmetrical line profile compared to
an outflow arising from a compact region of deeply embedded gas
around an AGN. While we choose to relax the blue-shift requirement
for SF galaxies for these reasons, we point out that the outflow
incidence in SF galaxies is not significantly altered if the blue-shift
requirement is imposed — the outflow incidence decreases from ~0.5
to ~0.4 percent in both the merger and control samples — leaving
the results from this work unchanged. Similarly, if we relax the
blue-shift requirement in our AGN to account for more uncommon
outflow line profiles, such as redshifted profiles or underlying broad
profiles, the number of outflows in our AGN merger and control
samples increases by 280. However, this increase does not alter our
conclusions. We finally visually inspect the final fits and discard 11
lingering spurious outflow detections in the entire sample of mergers
and controls.

Of course, our ability to detect an outflow will depend on the S/N
of the spectrum. The majority (>90 per cent) of spectra in our sample
have a S/N greater than five in the [O 111] A5007 line, with only about
two per cent of the sample having a S/N less than three. Although
we have no explicit S/N requirement when matching the mergers to
controls, by matching in [O111] A5007 luminosity and redshift we
ensure that our ability to detect an outflow is not biased towards
either the merger or its associated controls (assuming the aperture
and exposure time is the same, or nearly so, for all targets).

It should be noted that there is no single definition of an outflow
when examining emission lines. While blue-shifted absorption lines
provide an unambiguous signature of outflows (Veilleux et al. 2013),
the exact origin of the broad, blue-shifted, component of emission
lines is more uncertain. As discussed in Cicone et al. (2016), such
a component may be the result of galaxy interactions or virialised
motions within the galaxy. Further, outflows can produce a variety
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of emission line profiles; depending on outflow orientation and dust
extinction, an outflow might create a non-Gaussian or redshifted
Gaussian line profile (Bae & Woo 2016). Outflows may also create
a double-peaked [O 111] A5007 emission line profile (e.g. Comerford
etal. 2018; Nevin et al. 2018). Dual AGN may also generate a double-
peaked line profile (e.g. Rosario et al. 2011), but high resolution
imaging and spectroscopy suggest that the majority of these double-
peaked line profiles are associated with outflows (e.g. Shen et al.
2011; Miiller-Sanchez et al. 2015). Regardless, our outflow selection
criteria, as explained earlier in Section 3.2, is well-justified by the
literature.

Similarly, there is no single definition of outflow velocity. A
common measure of outflow velocity is Wy, (e.g. Zakamska &
Greene 2014), which is defined as the flux enclosing 80 per cent of
the emission line. For a Gaussian profile, there is a simple relation be-
tween Wgy and the FWHM of the line, namely Wgy = 1.088 FWHM.
However, there are other common measures of outflow velocity, the
main difference being the velocity offset v, between the outflow
and core emission line component is taken into account. While
this definition is also used (e.g. Toba et al. 2017; Manzano-King,
Canalizo & Sales 2019), we prefer to use the Wy, metric because
Vofr 18 sensitive to the amount of extinction in a galaxy (Bae & Woo
2016), and our mergers have a higher amount of extinction than our
controls (see Section 6).

Fig. 1 shows example fits to a variety of spectra. Various cases
corresponding to different outflow test conditions described above
are highlighted, including a strong outflow detection in an AGN,
an outflow that was ‘found’ during preliminary testing but was not
significant when fit with EMCEE, no outflow detection at all, and
an outflow detection in an SF galaxy. We note that the outflow in
the AGNs are much more asymmetrical than it is in the SF galaxy.
Indeed, this is a general characteristic with outflows in our sample
— SF galaxies, even in the presence of outflows, are much more
symmetrical than their AGN counterparts (again, see Section 4).

4 GENERAL OUTFLOW CHARACTERISTICS IN
THE SAMPLE

Since our sample allows us to explore the dependence of outflow
incidence and properties with various galaxy properties in a large,
statistically significant sample, we first present the general results
from our analysis in our full sample. In Table 1, we show selected
properties of the full merger and control samples for each of the sub-
classes. Quoted values are the average of the entire sub-sample that
could be matched with three unique controls, at least one of which
was successfully fitted by BADASS. Uncertainties on the outflow
incidence fraction are given by binomial counting statistics with a
two-sided 95 per cent confidence interval, in accordance with Gehrels
(1986). All other uncertainties in the table are given by the standard
error of the mean, multiplied by 1.96 for the 95 per cent confidence
interval.

From Table 1, we observe several clear results on the general
characteristics of the sample. First, the fraction of SF galaxies
(both mergers and controls) with outflows is significantly lower
(between a factor of ~14 for KO3 AGN and a factor of ~80 for
WISE + BPT AGN) compared to all of the AGN sub-samples. This
is also clearly seen in Fig. 2, where it is readily apparent that the
outflow fraction is much higher in the AGN-dominated region of
the BPT diagram. This is in qualitative agreement with a number of
other studies that reveal that the outflow incidence is significantly
lower in SF galaxies compared to AGNs (e.g. Cicone et al. 2016;
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Figure 2. BPT diagrams of the entire merger (top panel) and control (bottom
panel) samples. Darker colours indicate denser regions populated by objects
with no outflows. Contours enclose the regions containing 99.5, 95, and
68 per cent of the objects without outflows. The orange dashed line denotes
the KO3 SF curve, below which galaxies are dominated by star formation.
The solid green line denotes the KOI AGN curve, above which galaxies are
dominated by AGN. Red diamonds indicate objects with outflows.

Concas et al. 2017; Manzano-King et al. 2019). Further, Figs 3 and 4
show alternate BPT diagrams, both of which indicate outflows are not
common in low-ionization nuclear emission-line regions (LINERs).
This is in contrast to what was found by Hermosa Muifioz et al.
(2022), where they detected ionized outflows in ~50 per cent of their
LINER sample. However, even though our sample luminosities are
comparable, their observations make use of higher resolution IFU
data which is generally more sensitive to outflow detections than our
lower resolution data (see Section 6).
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Figure 3. Alternate BPT diagram of the entire merger (top panel) and
control (bottom panel) samples. Darker colours indicate denser regions
populated by objects with no outflows. Contours enclose the regions con-
taining 99.5, 95, and 68 per cent of the objects without outflows. The solid
green line separates AGN from SF galaxies, while the orange dashed line
separates Seyfert galaxies from LINERs. Red diamonds indicate objects with
outflows.

From Table 1, we also see that the outflow fraction in opti-
cal + mid-infrared selected AGNss is roughly a factor of four times
higher than the outflow fraction in optically selected AGNs, and
almost two orders of magnitude higher than that found in SF galaxies.
This is also clearly seen in Fig. 5, which shows the WISE colour—
colour diagram for our full sample.

We further note that there is no statistically significant difference
between the mergers and controls in any of our four samples (SF,
K03 AGN, K01 AGN, and WISE + BPT AGN) in Table 1. However,
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Figure4. Alternate BPT diagram of the entire merger (top panel) and control
(bottom panel) samples. Darker colours indicate denser regions populated
by objects with no outflows. Contours enclose the regions containing 99.5,
95, and 68 percent of the objects without outflows. The solid green line
separates AGN from SF galaxies, while the orange dashed line separates
Seyfert galaxies from LINERs. Red diamonds indicate objects with outflows.

the four samples do show a statistically significant difference in their
outflow incidence, with the more stringent AGN selection techniques
displaying higher outflow incidences. Indeed, only ~0.5 per cent of
the SF galaxies have an ionized outflow. KO3 AGNs have a much
higher outflow incidence near ~7.5 per cent, while KO1 AGNs have
an outflow incidence of ~14 per cent. The WISE 4+ BPT AGNs have
the largest outflow incidence by far at ~40 per cent.

At first glance, the excess of outflows in optical + mid-infrared
selected AGN might simply seem to be a consequence of the
variation in the luminosity across the sub-samples, with mid-infrared
selected AGNs representing the more luminous objects in the sample.
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Figure 5. WISE colour—colour diagrams of the entire merger (top panel)
and control (bottom panel) sample. The green box displays the mid-infrared
colour cut described in Blecha et al. (2018), with WISE AGN populating
the box’s interior. Note our colour cut only requires W1 — W2 > 0.5.
Red diamonds indicate objects with outflows. Darker colours indicate denser
regions populated by objects with no outflows. Contours enclose the regions
containing 99.5, 95, and 68 per cent of the objects without outflows.

Intuitively, more luminous galaxies can, in principle, drive more
luminous outflows which are easier to detect, a result that is indeed
reported in a number of previous works (Hill & Zakamska 2014;
Woo et al. 2016; Concas et al. 2017; Avery et al. 2021). The trend
of outflow incidence increasing with [O 11T] A5007 luminosity is also
seen in the general properties of our samples, as shown in Fig. 6.
Here, objects with outflows are noticeably skewed towards higher
[Omma] A5007 luminosity values. However, the increased outflow
incidence in optical + mid-infrared selected AGN is not simply
a consequence of variation in [O 1] A5007 luminosity across the
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Figure 6. Distribution of [O111] A5007 luminosity of the entire merger (top
panel) and control (bottom panel) sample. The grey bars indicate galaxies
with no significant outflows, while red bars indicate galaxies with significant
outflows.

sub-classes, as can be seen in Fig. 7 where we plot the mean outflow
fraction as a function of the [O 111] A5007 luminosity for each of the
various sub-classes. It is readily apparent that while the outflow inci-
dence increases with increasing [O 111] A5007 luminosity, the outflow
fraction is consistently significantly higher in AGN compared with
SF galaxies at all [O111] A5007 luminosities. Further, optical + mid-
infrared selected AGN display elevated outflow fractions compared
with optically selected AGN, particularly at the highest [O 111] 25007
luminosities. Our results therefore indicate that the incidence of
outflows is higher in AGNSs, a result that is independent of total
luminosity or SFR. Additionally, our findings suggest that mid-
infrared selection in particular may favour outflows, a result that
is reported for the first time in this work (see Sections 5.1 and 6 for
further discussion of this result).
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Figure 7. Outflow incidence as a function of [OmI] A5007 luminosity,
separated into our various sub-samples for the entire merger (top panel) and
control (bottom panel) sample. Errors are computed using binomial statistics
with a two-sided 95 per cent confidence interval. Horizontal spacing between
data points within each bin is arbitrary and only serves to enhance readability.

Finally, we also see from Table 1 that the SF galaxies typically
have outflow velocities on the order of ~300 km s~! while AGNs
typically have outflow velocities of the order of ~700 km s~!. This is
again generally consistent with the literature (e.g. Rupke, Veilleux &
Sanders 2002; Rupke et al. 2005b; Veilleux & Rupke 2005; Harrison
et al. 2014; Liu et al. 2020; Smethurst et al. 2021). The average
outflow velocity in our SF control sample is lower than the average
AGN outflow velocity by about four sigma. We additionally note
that there is no significant difference between the outflow velocity
among our three AGN samples.

While there is a statistically significant enhancement in the
[O111] A5007 outflow luminosities in the AGN compared to the SF
galaxies, this enhancement appears only marginal.
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5 OUTFLOW CHARACTERISTICS AS A
FUNCTION OF MERGER STAGE

In this section, we examine outflows as a function of merger stage.’
In each plot, we bin the data in increments of 20 kpc. While this
choice of binning is somewhat arbitrary, this particular choice allows
for a generally acceptable number of objects in each bin, while still
probing an acceptable range of r,. Note that in all figures with r,
displayed on the horizontal axis, the first bin covering the —20 to
0 kpc range corresponds to the post-merger objects. As discussed in
Section 2, our controls are matched in redshift, stellar mass, local
density of galaxies, and [O11] A5007 luminosity. SF galaxies are
additionally matched in SFR.

5.1 Outflow incidence

Fig. 8 shows the average outflow incidence rate in each bin for both
the mergers and controls as a function of r, in AGN. Asin Table 1, we
compute error bars according to binomial statistics using a two-sided
95 per cent confidence interval — the confidence interval covers 2.5—
97.5 percent, or 95 percent, of the uncertainty. Unlike in Table 1,
we require all mergers to have three controls successfully analysed
by BADASS in order to be included in this Figure. In Fig. 8, we see
that the outflow fraction in the mergers and their matched controls
shows no statistically significant difference in any r, bin.

The WISE + BPT pairs and their controls typically have an outflow
incidence around 40 percent in each bin, with each bin typically
having around 10 total mergers. While the post-mergers and their
controls have an outflow incidence around 50 per cent, the large error
bars in each bin suggest there is no significant difference between
the merger and control samples in outflow incidence as r, changes.

The outflow incidence in the optical AGN is much lower, with
the KO3 AGN incidence being slightly below 10 per cent in each bin
and the KO1 AGN being slightly above 10 per cent in each bin. The
K03 AGN typically have a few hundred mergers in each bin, while
the KO1 AGN typically have around 100 mergers in each bin. In

3Strictly speaking, we examine outflow properties as a function of the
projected physical separation r,. While later stage mergers are typically
found at smaller values of r,, paired galaxies can increase in r, after a
close encounter. Hence, it is possible to find a ‘late stage’ merger at higher r,,
values.
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Figure 9. Average outflow incidence in each bin of projected physical
separation r,, for KO3 star-forming galaxies. Errors are computed using
binomial statistics with a 95 per cent confidence interval. Horizontal spacing
between data points within each bin is arbitrary and only serves to enhance
readability.

both cases, there is no statistically significant difference between the
mergers and controls in each bin.

Similarly, Fig. 9 shows the average outflow incidence in SF galax-
ies. The outflow incidence here is much less than the corresponding
value for AGN, with a typical outflow incidence being only a fraction
of a per cent. While there is an apparent jump in outflow incidence
in the post-merger bin, this is because there are only 73 total objects
in the post-merger bin (with a single outflow detection), while the
other bins typically have a couple of hundred mergers in them.

Naively, it might be expected that the outflow incidence in both
mergers and matched controls will increase at smaller pair separa-
tions, since AGN fraction and mid-infrared luminosity increase at
smaller pair separations (Ellison et al. 2013a; Satyapal et al. 2014).
However, this is not the case in our sample because of the way our
sample is constructed. Since we require that mergers and controls
are matched in [O 111] 25007 luminosity, the most luminous mergers,
which are preferentially found at the smallest pair separations, do
not have enough corresponding control galaxies with comparable
luminosities and are therefore omitted from our sample. As a result,
no enhancement in outflow incidence at smaller r,, is seen.
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Figure 10. Average outflow velocity in each bin of projected physical separation r,, for the WISE + BPT sample (left-hand panel), KO3 AGN sample (middle
panel), and KOl AGN sample (right-hand panel). Errors are computed by averaging the upper (lower) uncertainties associated with each data point in each bin
to obtain the final upper (lower) uncertainty for the average in each bin. Each merger is only required to have a minimum of one control with an outflow in order
to be included in the plot. Horizontal spacing between data points within each bin is arbitrary and only serves to enhance readability.

Further, we note that the difference in the outflow occurrence
rates between our samples is not solely due to different luminosity
ranges between the samples. As discussed in Section 4, Fig. 7
shows that even for the same [O111] A5007 luminosity range, SF
galaxies have fewer outflows compared to AGN by a factor of
about eight. Additionally, the KO1 and KO3 AGN samples have
comparable luminosities across all r, bins, yet outflows are more
common in KO1 AGN by as much as a factor of about two. While
the WISE + BPT AGN do indeed have higher luminosities than
the optical AGN in each r, bin, we again see in Fig. 7 that even
in the same luminosity bin, outflows are more common in the
WISE + BPT sample by as much as a factor of about two at the
highest [O 1] A5007 luminosities. This suggests that not only is
the presence of an AGN necessary to create and drive powerful
outflows, but the specific AGN selection technique can play an
important role in characterizing the ionized outflows. We discuss
the significance of the enhanced outflow rate in the WISE + BPT
AGN in Section 6.

5.2 Outflow velocity

We also explore the outflow velocity in AGN mergers compared
to their matched controls as a function of r,. As discussed in
Section 4, we use Wgy = 1.088 FWHM to measure outflow velocity.
However, we do not use the standard error of the mean to compute
the uncertainties in this section. Each individual data point has its
own upper and lower uncertainty value given by our final MCMC
fit for each spectrum, and we attempt to take that uncertainty into
account here. The uncertainties reported correspond to a 1o level, so
we multiply them by 1.96 for consistency with previous sections.*
Fig. 10 shows the average outflow velocity for each r, bin. The
uncertainties on these data points are obtained by averaging the
upper uncertainties together to obtain the average upper uncertainty,
and similarly for the lower uncertainty.

In order for a velocity to be included in the plot, we must have a
merger with an outflow and at least one control with an outflow. For
this reason, the 60-80 kpc bin in the WISE + BPT outflow velocity
plot does not contain any data points. The third bin (20-40 kpc) in
this figure hints at a possible suppression of outflow velocities at this

4The posterior distribution of the outflow FWHM parameter is generally
Gaussian for objects that have an outflow.
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merger stage. However, this dearth is marginal and disappears if we
use error bars corresponding to the 99 per cent level. The KO3 and
KO1 AGN outflow velocities do not show any significant differences
as a function of r,. We do note that the WISE + BPT and KO1 AGN
outflow velocities are slightly elevated in the post-merger sample;
however, the error bars in each of the bins are too large to draw
any conclusions here. We omit the corresponding plot of the outflow
velocity as a function of r, for the SF sample because there are not
enough outflows in this sample to make any meaningful remarks.
Fig. 11 shows the outflow velocities as a function of [O 111] A5007
luminosity for each sub-sample. First, we note that the SF sub-sample
has systematically lower outflow velocities than the AGN samples at
all luminosities. Further, as the [O 111] A5007 luminosity increases, the
outflow velocity in the SF sub-sample steadily increases. However,
we only observe a significant increase in outflow velocity in the
highest luminosity bin for the AGN sub-samples. Evidently, the
presence of an AGN is important in driving high-velocity outflows.

5.3 Outflow luminosity

Fig. 12 shows the outflow luminosity in the mergers and controls as
a function of r, for the three AGN sub-samples. Again, the final bin
in the WISE + BPT AGN plot does not have any objects because
there is no merger with an outflow that also has a control with an
outflow in that bin. Since the uncertainty on the flux and redshift is
exceedingly small for each object, we compute uncertainties using
the standard error of the mean here. In all three sub-samples, we
again see that there is no significant difference between the mergers
and controls. Again, we omit the outflow luminosity figure for the
SF sample because there are not enough outflows in this sample to
draw any significant conclusions.

‘We note that since we have not matched our controls in SFR for
AGN, it is important to examine the SFR in mergers and controls to
see if this could impact possible outflow trends presented here. Fig. 13
shows the SFR as a function of r, in the mergers and controls. For
the WISE + BPT AGN sample we see that there is no appreciable
difference between the merger and control SFR, though there is
possible slight elevation seen in the post-merger bin and 60-80 kpc
bin for the mergers. In the KO1 and KO3 AGN samples, we see
a clear enhancement of the SFR in the post-mergers, and only the
post-mergers. This is expected, since the SFR is known to naturally
increase in our post-mergers sample (see figs 5 and 6 in Ellison
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Figure 11. Average outflow velocity in each bin of [O 111] 5007 luminosity
for the merger (top panel) and control (bottom panel), separated into our
various sub-samples. Errors are computed using a 2o standard error of the
mean. Horizontal spacing between data points within each bin is arbitrary
and only serves to enhance readability. The SF data point in the fourth bin of
the merger plot has zero error because it is the only object in that bin.

et al. 2013b). However, elevations in SFR are unlikely to impact our
results since the SFR enhancement in the post-merger bin is likely
not sufficient to drive outflows as suggested by Fig. 7, where it is
evident that the outflow incidence remains at zero percent at all
but the highest [O111] A5007 luminosities. Hence, the effect of not
matching our controls in SFR is insufficient to cause any significant
impact on our results. Moreover, there is no enhancement in the
outflow incidence, velocity, or luminosity in the post-merger bin that
could be caused by an elevated SFR.

6 DISCUSSION

The above analysis yields several main results. First, we see in
Figs 7 and 11 that the ionized outflow incidence and velocities, as
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traced by the [O 111] A5007 line, are significantly lower in SF galaxies
compared with AGN even when normalizing by the luminosity of
the [O 111] A5007 line. While the outflow incidence in both AGN and
SF galaxies increases with the [O 1] A5007 luminosity, the outflow
incidence is by far the greatest in galaxies that harbour an AGN.
This general result is consistent with numerous other studies that
report a low outflow incidence in SF galaxies compared to AGN
(e.g. Cicone et al. 2014; Harrison et al. 2016; Concas et al. 2017;
Leung et al. 2019; Lutz et al. 2020; Avery et al. 2021). Similarly,
the outflow velocity in SF galaxies is significantly less than those
galaxies hosting an AGN, (~300 km s~ versus ~700 km s~').
We only note an increase in average outflow velocity in the most
luminous [O 111] A5007 bins. While we do expect a correlation with
outflow velocity and [O111] A5007 luminosity, others (e.g. Veilleux
et al. 2013; Fiore et al. 2017) have shown a much stronger trend
with (bolometric) luminosity and outflow velocity. The discrepancy
can, at least in part, be attributed to different measures of outflow
velocity (e.g. using purely the velocity offset, 90th percentile of the
emission line, or some combination of these) and different sample
luminosity ranges (often being several orders of magnitude higher
than ours). However, this may not fully explain our discrepancy with
[O111] 25007 luminosity and outflow velocity. Fig. 1 in Scholtz et al.
(2021) shows a strong correlation between Wgy and [O 111] 25007
luminosity for local (z < 0.4) AGN in SDSS in our luminosity range.
While we do not find such a strong correlation, we note our results are
self-consistent and are robust for the questions we are investigating.

It is important to note that outflow incidence rates vary widely
throughout the literature. Our bulk outflow detection rates in our
AGN sub-samples are slightly lower than the lower end estimates
of outflow incidence found in the literature. For instance, Manzano-
King et al. (2019), Roberts-Borsani et al. (2020), Wylezalek et al.
(2020), Smethurst et al. (2021), and Avery et al. (2021) find outflow
incidence rates in the ~10-30 per cent range. However, Soto et al.
(2012), Veilleux et al. (2013), Villar Martin et al. (2014), Perna et al.
(2017), Toba et al. (2017), and Rakshit & Woo (2018) find that out-
flows are exceedingly common, at both moderate and high (z < 2.6)
redshifts, with incidence rates in the ~40-95 per cent range. There
are many reasons for this wide range, including differences in spectral
resolution (higher resolution data often find more outflows than lower
resolution data), sample luminosities (outflows tend to be more com-
mon in galaxies with higher bolometric luminosities), and different
fitting techniques. Even though outflow incidence is highly variable
in the literature, overall trends such as outflow velocity/incidence
increasing with bolometric luminosity, are generally consistent.

In SF galaxies, the outflow incidence shows a significant increase
only at the highest [O 111] 25007 luminosities in our study, as indicated
in Fig. 7. Indeed, the outflow incidence in SF galaxies is near
zero per cent, except at the highest luminosities where it is about
five per cent. Even then, the outflow detection rate is far below that
found in the other sub-samples. This is consistent with other studies
in which the outflow incidence is ~zero per cent in galaxies at the
lowest luminosities (e.g. Concas et al. 2017), but is significantly
higher in more luminous SF galaxies at redshifts closer to the peak
in the cosmic star formation history (e.g. Rubin et al. 2010, 2014;
Kornei et al. 2012; Forster Schreiber et al. 2019), perhaps suggesting
that there is some threshold above which SF can drive powerful
outflows. Indeed, studies have suggested a minimum SFR surface
density for outflows to be launched in SF galaxies at both moderate
(z ~ 1) (Kornei et al. 2012) and low (z ~ 0) (Roberts-Borsani et al.
2020) redshifts. Again from Fig. 7, it is clear that for log;o(Louy
[ergs s~']) = 40.5 the outflow incidence for galaxies harbouring
AGN is significantly above that for the SF galaxies with comparable
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luminosities — a result that is independent of presence or absence
of a galaxy merger. This suggests that the presence and energetics
of the AGN is needed to drive large-scale outflows, at least at these
moderate luminosities. Alternatively, the conditions in the galaxies
hosting AGNs could be such that it is easier to drive the outflow. For
example, recent studies of the central kiloparsec region of AGN hosts
have found lower molecular gas fractions compared with SF galaxies
(Ellison et al. 2021), a result that is consistent with recent MaNGA
IFU studies (Sanchez et al. 2018). The greatest molecular depletion
factors found by Ellison et al. (2021) are at the highest luminosities,
possibly suggesting that either the radiation field or shocks produced
by the AGN reduces the central molecular gas fraction, making it
easier to drive the currently observed outflows.

These results also suggest, for the first time, that the outflow
incidence is dependent on the AGN selection technique, with Fig. 7
showing that optical + mid-infrared selected AGN have the highest
outflow fraction compared to purely optical AGNs at a given
luminosity, especially at the highest [O111] A5007 luminosities. It
is not immediately apparent why this might be the case. This result
is not a consequence of differences in AGN luminosity between
AGN classes, and the mid-infrared selected AGN in our sample are
also required to be optically BPT AGNs. One possibility is that
mid-infrared selected AGNs are found in galaxies with elevated star
formation rates compared to optical AGN with the same luminosity,
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at least at higher luminosities. Hence, it is possible that both the AGN
and enhanced star formation activity in these galaxies contribute to
driving powerful outflows. Alternatively, the nuclear environment
of our mid-infrared selected AGN may be denser than our optical
AGN, thereby providing more raw material to power the outflow. It
is worth noting that the outflow incidence in mid-infrared selected
AGN is over 60 percent at the highest luminosities, and may be
slightly elevated compared to optical AGN in other higher luminosity
bins. This 60 percent outflow incidence is similar to Bohn et al.
(2022), where they found ionized outflows in ~60 per cent of their
mid-infrared selected AGN, with similar [O 111] A5007 luminosities.
Note, however, the outflow incidence in WISE + BPT AGN is only
significantly elevated in the highest [O111] A5007 luminosity bin in
the control sample. While this result is only apparent in the control
sample, the control sample has about two to three times the number
of objects in each sample compared to the corresponding luminosity
bin in the mergers (15 versus 36 WISE + BPT AGN, 8 versus 29
KO1 AGN, and 10 versus 28 KO3 AGN), hence our control sample
provides a more statistically robust result. Further, while there is
marginal overlap in the error bars at the 95 per cent confidence level,
they do not overlap at the 93 per cent confidence level. To assess the
true significance of the difference in outflow incidence between the
WISE + BPT AGN and optical AGN in this bin, we utilize Fisher’s
exact test and a binomial Continuous Distribution Function (CDF)
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to test for homogeneity between the samples. Our null hypothesis
is that the WISE + BPT AGN and KOl AGN (or KO3 AGN) have
the same proportion of outflows. Fisher’s exact test returns a p-value
of only ~0.003 in both sample comparisons. The binomial CDF
returns a p-value of ~0.03 in both sample comparisons. Therefore,
we reject the null hypothesis and conclude that outflows are more
common in the WISE + BPT AGN compared to optical AGN in the
highest luminosity bin (41.8 < Lious007 < 42.5) to a confidence
level greater than ~97 per cent. Therefore, our work demonstrates
that at the highest [O 111] A5007 luminosities, optical + mid-infrared
selected AGNs do have a statistically significant higher outflow rate
compared to AGNs that are only selected optically. Thus, at least
at sufficiently high [O11] A5007 luminosities, mid-infrared colour
selection might be an effective strategy for finding outflows in large
samples of galaxies.

The main result of this work is, while the galaxy sub-type and
luminosity have a clear impact on the incidence and velocity of
outflows, Figs 8 and 9 show that there is no statistically significant
difference between these properties in mergers relative to a matched
control sample, at any merger stage. We note that while the AGN
incidence and SFR in mergers are generally expected to increase with
decreasing pair separation, because we are requiring our controls to
be matched in [O 111] A5007 luminosity, in addition to mass, redshift,
and local galaxy density, we can isolate the role of the merging
environment on the outflow properties. We note that the goal of this
work is to determine the effect of the merger alone on the presence and
properties of outflows. In order to perform the test we have designed,
we must match in [O111] A5007 luminosity when constructing our
control sample because we know outflow incidence and velocity is
correlated with luminosity. It is also clear that matching in stellar
mass and redshift is critical since outflow incidence is found to be
a function of stellar mass (e.g. Avery et al. 2021) and IFU studies
have shown that outflows are centrally concentrated (Liu et al. 2020;
Avery et al. 2021; Hogarth et al. 2021), indicating that aperture size
will strongly impact outflow detection and properties. After these
matching criteria are met, it is clear that there is no effect on the
presence, velocity, and luminosity of outflows that results from the
merger environment, at least as traced by the [O 111] A5007 line.

If galaxy mergers cause gas inflows induced by gravitational
torques, one might suppose that the outflows might be more difficult
to drive in galaxy mergers compared to their matched controls.
However our study demonstrates that no such impact is seen in the
large-scale outflows. We note that in this work, we only explore the
presence of ionized outflows, their velocities, and their luminosities.
The derived outflow properties, such as the mass outflow rate and
mass loading factor, require knowledge of additional parameters such
as the radial extent of the outflow and the electron density in the
outflowing gas, which are difficult or impossible to constrain given
the single aperture data presented here. As discussed in Harrison et al.
(2018), the electron density alone is a large source of uncertainty in
these energetics calculations, with resulting calculations having up
to three orders of magnitude uncertainty. We are also limited to the
spatial regions covered by the SDSS fibres, so we cannot explore
the spatial extent of the outflows. A robust determination of the
outflow energetics will require high signal-to-noise and high spatial
resolution IFU data in order to constrain the extent and mass of
the outflow. Thus, while there is no clear difference in the outflow
incidence and velocities in mergers relative to isolated controls,
the mass outflow rates could be different, particularly if there are
differences in the electron density within the entrained wind or in
the spatial extent of the warm ionized gas in mergers relative to their
matched controls.
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While there have not been any large-scale systematic studies
that compare outflow properties in various merger stages relative
to a robust control sample, Hill & Zakamska (2014) examined 115
ULIRGs for excess H, emission, which they interpreted as evidence
of an outflow. Their findings are mixed. They find a weak positive
correlation between H, and tidal tails of a galaxy, whose length can
be used to estimate the stage of a galaxy merger. This correlation
suggests that the outflows they found are more likely to be in
advanced mergers. However, they do not find evidence of H, being
correlated with nuclear separation. It should be stressed that, unlike
this work, their study did not compare their mergers to a robust
control sample. None the less, their findings also suggest that there
is no correlation between outflows and mergers, and no dependence
on merger stage.

It is important to note several caveats to our work. First, we do not
explicitly match our AGN sub-sample in SFR. As a result, the SFR
in our post-merger sample is enhanced relative to their controls.
However, this enhancement in SFR does not produce an excess
of outflows in our post-merger sample, implying that the SFR is
not high enough to influence the results of our study. Secondly,
the ionized outflows probed by the [O11] A5007 line are based
on single-fibre observations. There could be differences in mergers
relative to their controls seen in the centrally concentrated gas — the
outflow signatures could be diluted in the larger aperture observations
presented here. Indeed, Debuhr et al. (2010) suggest that major
mergers can enhance outflows in the nuclear region of galaxies,
but cannot generate large-scale outflows. Higher spatial resolution
observations would be required to explore differences on scales
closer to those at which the outflows are physically launched. The
SDSS utilizes a three arcsec fibre, which corresponds to a physical
distance of ~5 £ 2 kpc at a redshift of 0.0835 £ 0.0355 (the
average and standard deviation of the redshift in our pair sample),
which is comparable to the effective radius of the galaxies in our
sample. While aperture effects may play a role, recent MaNGA
results (e.g. Avery et al. 2021) have shown that the outflows traced
by the [O 111] 15007 line are centrally concentrated, with ~67 per cent
of outflowing galaxies showing the bulk of their broad-component
wind signature encompassed within the effective radius of the galaxy.
Further, there could be systematic differences in the attenuation of
the optical emission lines in mergers relative to the controls, either
as a result of foreground material from the inflowing gas from the
merger, or changes in the dust attenuation in the entrained wind
as a result of metallicity changes in the outflowing gas from the
merger. There could also be differences in the metal enrichment
of the outflowing gas from nuclear star formation, a phenomenon
that has been previously suggested in low-redshift galaxies in the
MaNGA survey by Avery et al. (2021). Further, it is possible that
the inflowing gas in mergers could cause significant obscuration of
the optical line emission, preferentially causing outflows in mergers
to be more elusive than in the control when using optical lines. We
examine this possibility by plotting the extinction, as measured by
E(B—V), as a function of r,. Fig. 14 shows the extinction in mergers
and controls in each bin for our AGN sub-samples. Note that in the
WISE + BPT AGN extinction we see an elevated extinction in the
post-mergers for both the mergers and controls. In the KO3 and K01
AGN, we see that there is a significantly heightened extinction in
the mergers compared to the controls in nearly every r, bin. Fig. 15
shows a similar extinction plot for SF galaxies. In any case, we see
that there is generally a higher level of obscuration in the mergers
compared to the controls in all sub-samples, except in the WISE +
BPT sample. Finally, we note that the [O 111] A5007 luminosity may
not be reliable for tracing AGN luminosity in the WISE 4+ BPT AGN
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sample. As shown in Fig. 14, the WISE + BPT AGN tend to be
more heavily obscured than the optical AGN. If the central AGN in
the WISE 4 BPT sample additionally heats the dust near the central
engine, the [O111] A5007 line might not be as accurate of a tracer
for AGN bolometric luminosity as it is in the less obscured optically
identified AGN.

7 CONCLUSIONS

In this paper, we have conducted the first large-scale systematic study
of ionized outflows in galaxy pairs and post-mergers matched to a
carefully constructed, robust control sample in order to determine
the effect of mergers on the prevalence and properties of these
outflows, and to explore the dependence on merger stage. Our sample
consists of ~4000 galaxies at various merger stages drawn from
the SDSS DR7, comprised of SF galaxies, optical AGN, and mid-
infrared colour-selected AGN, classified based on the KO1 and K03
AGN classification schemes. Each merger is matched in stellar mass,
redshift, local density of galaxies and [O111] A5007 luminosity (SF
galaxies are additionally matched in SFR) to three isolated control
galaxies. We examined the kinematics of the [O 111] A5007 emission
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line to search for blueshifted, asymmetrical emission line profiles,
which are interpreted as ionized outflows. Our results are summarized
as follows:

(1) The merging environment has no statistically significant impact
on the incidence or properties of the ionized outflows, and there is
no dependence seen on merger stage.

(ii) Ionized outflows are significantly less common in SF galaxies
compared to galaxies that host an AGN in the sample as a whole, even
when normalizing by the luminosity of the [OTiI] A5007 line. This
result is consistent with numerous other studies exploring ionized
outflows in galaxies. Further, outflows are much less common in
LINERs compared to Seyferts.

(iii) The outflow incidence and velocity increase with [O 111] A5007
luminosity for both SF galaxies and galaxies harbouring AGN.
In contrast to AGN, there is a threshold in the SF galaxies of
logio(Liowm (ergs s7h) 2 41.5 below which the outflow incidence is
near zero per cent.

(iv) Outflow velocities are lowest in the SF galaxies, with an
average of ~300 km s~!. The average outflow velocity in all AGN
sub-samples is ~700 km s,

(v) The outflow incidence depends on the presence of AGN and
AGN selection technique, with optical4+mid-infrared selected AGN
showing the largest outflow incidence. SF galaxies have an outflow
incidence of only ~0.5 per cent, while KO3 AGN have an incidence
of ~7 percent and KOl AGN have an incidence of ~14 per cent.
Optical 4+ mid-infrared selected AGN have an average incidence
of ~40 percent, with an incidence rate of ~60 percent at the
highest [O 111] A5007 luminosities. Mid-infrared colour selection may
therefore be an effective pre-selection strategy for finding outflows
in large samples of galaxies.

(vi) The outflow luminosity is lowest in SF galaxies, with an aver-
age of log, o (Lounow[ergs s7!7) ~40.0. AGNs have a slightly elevated
average outflow luminosity of logo(Lowow[€rgs s71]) ~40.7.

While these results suggest that the merging environment does not
have a significant impact on the presence or properties of ionized
outflows, our observations are based on large aperture, single-fibre
observations. If outflows are more concentrated in the centres of
galaxies, the signatures of the outflowing gas could be diluted in
the spectra analysed here. Further, optical emission lines in mergers
could be more heavily attenuated compared to the controls. Near-
infrared spectroscopic observations are necessary to fully understand
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the effects of extinction and the resulting impact on the outflow
incidence and properties. In order to obtain a complete understanding
of how ionized outflows behave in mergers, higher spatial resolution
near-infrared IFU data are needed.
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