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ABSTRACT

Post-starburst galaxies (PSBs) are defined as having experienced a recent burst of star formation, followed by a prompt truncation
in further activity. Identifying the mechanism(s) causing a galaxy to experience a post-starburst phase therefore provides integral
insight into the causes of rapid quenching. Galaxy mergers have long been proposed as a possible post-starburst trigger.
Effectively testing this hypothesis requires a large spectroscopic galaxy survey to identify the rare PSBs as well as high-quality
imaging and robust morphology metrics to identify mergers. We bring together these critical elements by selecting PSBs from
the overlap of the Sloan Digital Sky Survey and the Canada—France Imaging Survey and applying a suite of classification
methods: non-parametric morphology metrics such as asymmetry and Gini-M,(, a convolutional neural network trained to
identify post-merger galaxies, and visual classification. This work is therefore the largest and most comprehensive assessment of
the merger fraction of PSBs to date. We find that the merger fraction of PSBs ranges from 19 per cent to 42 per cent depending
on the merger identification method and details of the PSB sample selection. These merger fractions represent an excess of
3-46x relative to non-PSB control samples. Our results demonstrate that mergers play a significant role in generating PSBs,
but that other mechanisms are also required. However, applying our merger identification metrics to known post-mergers in the
MlustrisTNG simulation shows that 70 per cent of recent post-mergers (S200 Myr) would not be detected. Thus, we cannot

exclude the possibility that nearly all PSBs have undergone a merger in their recent past.
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1 INTRODUCTION

Galaxies broadly fall into two categories, star-forming and quiescent,
but can be further characterized by their morphology, colour, gas
contents, and kinematics (Strateva et al. 2001; Kauffmann et al.
2003a; Baldry et al. 2004; Driver et al. 2006; Wuyts et al. 2011;
Bell et al. 2012). Cosmological simulations and observations agree
that over billions of years, actively star-forming spiral galaxies
are evolving into quiescent ellipticals, but the mechanisms causing
this transition are complex and poorly understood (e.g. Binney &
Tremaine 1987; Lacey & Cole 1993; Somerville & Davé 2015).
Identifying a population of galaxies that are actively transitioning
from star-forming to quiescence allows us to study the mechanisms
driving the quenching process. Post-starburst galaxies (PSBs)' offer
such an opportunity. PSBs are characterized by spectra which
indicate the presence of recently formed stars in a period of elevated
star formation, yet no ongoing star formation (Dressler & Gunn 1983;
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!Originally known as ‘E4+A’ or ‘K+A’ galaxies due to having spectra typical
forred (K), quiescent elliptical (E) galaxies but with the unusual superposition
of the spectral features of A-type stars (* + A’).

Couch & Sharples 1987). The juxtaposition between recently formed
stars and a lack of ongoing star formation indicates a rapid truncation
in star formation. Additionally, their diverse morphologies (Yang
et al. 2008; Meusinger et al. 2017; Pawlik et al. 2018) and kinematic
structure (Pracy et al. 2009, 2013; Chen et al. 2019) indicate that the
rapid change in the star formation of PSBs is coincident with a rapid
change in the global properties of the galaxy. Thus, PSBs are viewed
as an integral probe of rapid galaxy evolution.

Cosmological simulations (e.g. Davis et al. 2019; Pawlik et al.
2019) show that a variety of mechanisms can cause galaxies to rapidly
quench and become PSBs including ram pressure stripping and
outbursts from active galactic nuclei (AGN). However, both major
and minor mergers have been shown to be the most frequent cause
of PSBs in simulations (Davis et al. 2019). Furthermore, hydrody-
namical simulations of individual galaxy mergers show that mergers
can induce a burst in star formation followed by rapid quenching into
a post-starburst phase, eventually progressing to become quiescent
ellipticals (Wild et al. 2009; Snyder et al. 2011; Zheng et al. 2020).
While not all mergers go through a post-starburst phase, mergers with
higher mass ratios, higher initial gas contents, and prograde orbital
configurations have been shown to induce stronger and longer lasting
PSB signatures (Bekki et al. 2005; Wild et al. 2009; Snyder et al.
2011; Pawlik et al. 2018; Zheng et al. 2020). Indeed, observationally,
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it is the most asymmetric mergers that exhibit the highest PSB
fractions (Rowlands et al. 2018; Ellison et al., in preparation).

Observationally, PSBs have been shown to be present in dense
clusters and caused by ram pressure stripping (Werle et al. 2022).
However, PSBs at low redshift are found predominantly in the field
rather than in clusters (Zabludoff et al. 1996; Blake et al. 2004;
Quintero et al. 2004; Goto 2005; Hogg et al. 2006; Wild et al. 2009;
Yan et al. 2009; Rowlands et al. 2015), indicating that environmental
quenching mechanisms like ram pressure stripping are unlikely to
be the dominant cause of PSBs. Some PSBs are observed to have
AGN (Goto 2006; Tremonti, Moustakas & Diamond-Stanic 2007;
Wild et al. 2007; Wild, Heckman & Charlot 2010; Yesuf et al. 2014)
and AGN have been found to be more prevalent in interacting pairs
and recent post-mergers (Ellison et al. 2019). Significant fractions
of PSBs are found to have irregular and disturbed morphologies
indicative of a recent merger or major gravitational interaction
with another galaxy (Zabludoff et al. 1996; Blake et al. 2004;
Goto 2005; Yang et al. 2008; Pracy et al. 2009; Alatalo et al.
2016b; Pawlik et al. 2016, 2018; Meusinger et al. 2017; Sazonova
et al. 2021). Quantitatively, the merger fraction of post-starbursts
has been determined to be anywhere from 13 percent (Blake
et al. 2004) to 60 per cent (Pracy et al. 2009). However, numerous
factors will impact the the merger fraction of the PSB population,
including the precise definition of a ‘PSB’ and how a merger
is identified.

The observed morphology of a galaxy merger is highly sensitive
to the image quality, particularly the depth and resolution of the
image (Lotz, Primack & Madau 2004; Pawlik et al. 2016; Bottrell
et al. 2019a). In some cases, galaxy merger features may persist for
up to ~1 Gyr, but regularly begin to settle and become fainter on
the order of ~200 Myr after coalescence (Mihos 1995; Lotz et al.
2008; Bottrell et al. 2022). Considering that PSBs are typically 0.5 to
1 Gyr removed from the onset of the burst (Wild et al. 2010, 2020),
the information regarding a PSB’s (non-)merger history may have
already faded beyond detection. Specifically, Pawlik et al. (2016)
found that the observed merger fraction of young PSBs reduced from
43 per cent (<300 Myr after starburst) to 21 per cent (>300 Myr after
starburst) as the PSBs age. Due to the rapidly fading morphological
information, the reported merger fractions of PSB samples are likely
lower limits of the true fraction of recent mergers and interactions.
Deeper imaging enhances low surface brightness features such as
fading tidal tails and higher spatial resolution imaging allows for
internal disturbances to be resolved (Sazonova et al. 2021). Thus,
higher quality imaging should allow for more mergers to be detected,
approaching the true value of recent mergers. For example, when
Yang et al. (2008) revisited the same galaxies from Zabludoff et al.
(1996) with deeper and higher resolution imaging from the Hubble
Space Telescope, the detection of merger features increased from
5/21 (24 per cent) to 11/20 (55 per cent).

The diversity of PSB merger fractions reported in the literature
is demonstrated in Table 1. The wide range of reported values is
caused by a heterogeneous selection of PSBs across different studies,
small samples of PSBs, and differing merger identification methods
(including the quality of imaging used). By selecting PSBs using
different techniques, these studies are identifying slightly different
populations for which the merger fraction may be different (see
fig. 14 in Meusinger et al. 2017). Additionally, PSB merger fractions
estimated from small samples (most previous studies contain only a
few tens of objects) are subject to statistical error which contributes
to the spread in reported values. Finally, visual identification of
mergers is a subjective process and depends strongly on the quality
of the imaging. Both the biases of the different classifiers and
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variation in the quality of imaging can be addressed if the merger
identification methods are also applied to a robust control sample.
Unfortunately, direct comparison to a control sample has not been
commonly implemented. The purpose of this work is to address many
of these shortcomings using (1) a large sample of PSBs, (2) high-
quality imaging, (3) a robust control sample, and (4) a broad suite of
morphology metrics and merger identification methods. To address
the differences that may incur from different selection methods,
we study two samples of PSBs with differing selection criteria
in tandem.

In this work, we use the Canada—France Imaging Survey (CFIS)
which offers deep and high-resolution imaging and has a large
overlap with the Sloan Digital Sky Survey (SDSS) which offers
optical spectra of sufficient quality for PSB selection (Section 2). This
combination allows for a detailed morphological study (Section 3)
with a large sample of PSBs (Section 4) of which we take advantage
to quantify a robust merger fraction of PSBs (Section 5). Finally, in
Section 6, we test how the improved image quality offered by CFIS
(compared to SDSS) affects our results.

2 DATA

2.1 SDSS imaging and spectroscopy

The seventh data release of SDSS (DR7; Abazajian et al. 2009)
includes optical spectra and u-, g-, -, i-, and z-band images for over
900000 galaxies in the northern sky.? In this work, we use SDSS
spectra and r-band imaging.

SDSS spectra have a spectral resolution of R ~ 800-2200 over
the wavelength range 3800-9200 A and are collected from optical
fibres which have an on-sky aperture of 3 arcsec. Thus, the spectra
only include light from the central ~500 pc for lower redshift (z ~
0.025) galaxies and from the central ~4 kpc for higher redshift (z ~
0.25) galaxies in the survey. SDSS r-band imaging has a pixel scale
resolution of 0.396 arcsec pixel ™!, a median seeing of 1.4 arcsec, and
a 1o sky noise (i.e. depth) of 24.3 mag arcsec™2.

SDSS has been widely used to study galaxies at scale and, as a
result, the value of the survey has grown through the production
of ancillary data products. In particular, the Max-Planck-Institute for
Astrophysics-John Hopkins University (MPA-JHU) data catalogues®
provide photometric stellar mass estimates following the methods of
Kauffmann et al. (2003a) and Salim et al. (2007) as well as star
formation rates (SFRs) based on Brinchmann et al. (2004). The
stellar masses from the catalogue are aperture-corrected total stellar
masses and the SFRs are measured primarily from H o emission for
star-forming galaxies and from calibration of the 4000 A break in
cases where there is no Ha emission. For most PSBs, the SFR is
measured using the latter. Due to the rapidly changing SFR of PSBs
and the relatively long time-scale of 4000 A break sensitivity to
SER, the 4000 A break-calibrated SERs are likely overestimating the
instantaneous SFR in PSBs. SFRs are used to primarily select star-
forming control galaxies and only to provide context to the PSBs and
therefore any overestimation of PSB SFRs has no impact our analysis.
We also use the emission-line fluxes computed by Kauffmann et al.
(2003b) which have been further corrected for internal galactic
reddening. In total, there are 674 448 galaxies in SDSS DR7 with
the ancillary data listed above.

Zhttps://classic.sdss.org/dr7/
3https://wwwmpa.mpa-garching. mpg.de/SDSS/DR7/
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Table 1. A summary of the methods and results from previous studies of the merger fraction of PSBs in comparison to this work. (a) Describing the quality
of imaging used by each study in a brief table cell is not attainable. Here, we quote a descriptive title (for those familiar with the imaging programme or
seeking more details) and the pixel scale resolution. While the pixel scale resolution is not more or less important than depth and atmospheric seeing, it is the
only image quality metric used ubiquitously across all studies listed here and happens to correlate fairly well with the quality of imaging attained. (b) (H) is
the average equivalent width of H 8, Hy, and Hé. (c) While Goto (2005) studies a sample of 266 ‘E + A’ PSBs, only 24 were visually inspected. (d) As
calculated from table 4 of Pawlik et al. (2018). (e) As calculated using publicly available data from Sazonova et al. (2021). (f) Sazonova et al. (2021) have a

control sample but do not compute a merger excess.

PSB selection

Sample size

Imaging? [arcsec pixel '] Merger identification Merger fraction

Merger excess

Zabludoff et al. (1996) H)P =554 21 1.7 (STScl Digitized Visual inspection 24 per cent No controls
EW(On]) > 2.5 A Sky Survey)
Blake et al. (2004) H) >55A 56 0.67 (Supercosmos Visual inspection 13 per cent No controls
EW(On)) > —2.5 A Sky Survey)
Blake et al. (2004) EW(HS) > 5.5 A 71 0.67 (Supercosmos Visual inspection 6 per cent No controls
EW(Ou]) > —25A Sky Survey)
Goto (2005) EW(HS) > 5.0 A 24¢ 0.396 (SDSS) Visual inspection 29 per cent No controls
EW(On)) > —25A
EW(Ha) > —3.0A
Yang et al. (2008) Zabludoff et al. (1996) 20 0.05 (HST) Visual inspection 55 per cent No controls
Pracy et al. (2009) Zabludoff et al. (1996) 10 0.145 (Gemini) Visual inspection 60 per cent No controls
Alatalo et al. (2016b) EW(HS) > 5.0 A 52 0.396 (SDSS) Visual inspection 37-46 per cent No controls
Shocked emission
CO Detection
Pawlik et al. (2018) PC2 >0 29 0.396 (SDSS) Ag>04 14 per cent 2.54
Quiescent
Pawlik et al. (2018) PC2>0 41 0.396 (SDSS) Visual inspection 20 per cent 2.9
Quiescent
Pawlik et al. (2018) PC2 >0 49 0.396 (SDSS) Ag>04 10 per cent 1.8
Emission
Pawlik et al. (2018) PC2 >0 67 0.396 (SDSS) Visual inspection 24 per cent 3.6
Emission
Sazonova et al. (2021) Alatalo et al. (2016b) 26 0.039 (HST) Ag>04 46 per cent® f
Sazonova et al. (2021) Alatalo et al. (2016b) 26 0.039 (HST) Visual Inspection 27-54 per cent -
This work Goto (2005) 157 0.187 (CFIS) Ag > 04 26 per cent 2.9
This work Goto (2005) 157 0.187 (CFIS) CNN 30 per cent 16
(p > 0.5)
This work Goto (2005) 157 0.187 (CFIS) Visual inspection 42 per cent 9.9
This work PC2 >0 533 0.187 (CFIS) Ag>04 19 per cent 2.6
PCl < —1.5
This work PC2>0 533 0.187 (CFIS) CNN 16 per cent 8
PCl < —1.5 (p>0.5)
This work PC2 >0 533 0.187 (CFIS) Visual inspection 28 per cent 9.6
PCl < —1.5

2.2 CFIS imaging

The Ultraviolet Near Infrared Optical Northern Survey (UNIONS)
is a collaboration of wide-field imaging surveys of the Northern
hemisphere. UNIONS consists of CFIS,* conducted at the 3.6-
metre Canada—France—Hawaii Telescope on Maunakea, members
of the Pan-STARRS team, and the Wide Imaging with Subaru
HyperSuprime-Cam of the Euclid Sky (WISHES) team. Together,
UNIONS will assemble deep imaging of the Northern sky in the

“https://www.cadc-ccda.hia-iha.nre-cnre.ge.ca/en/community/unions/Meg
aPipe_CFIS_DR3.html
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u, r, i, and z bands. In this work, we use the CFIS r-band imaging
only.

The second CFIS data release (CFIS DR2) has r-band images of
over 373 million sources spread over 2800 deg” of northern sky,
packaged into 12600 0.25 deg? tiles. CFIS imaging offers superior
depth and resolution relative to that of SDSS. CFIS has a pixel scale
resolution of 0.187 arcsec pixel ™! and in the  band it has a median
seeing of 0.69 arcsec and a 1o sky noise of 25.4 magarcsec™>.
The superior depth of CFIS images allows for the observation of
low surface brightness features that would be undetectable in SDSS
imaging. To exemplify the difference CFIS imaging makes, we
present both the CFIS (left) and SDSS (right) r-band image of a
PSB that happens to have faint merger features in Fig. 1.
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Figure 1. An example of a PSB with faint merger features as imaged by
CFIS (left) and SDSS (right). The images are normalized and displayed
on equivalent logarithmic scales. Relevant morphology parameters (see
Section 3) for merger classification are shown in the top left corners of
each image. Although the merger features are much more evident in the CFIS
image, based on the non-parametric morphology metrics both surveys would
reach the same qualitative result: shape asymmetry identifies this as a merger,
while asymmetry and the Gini-Mj( merger statistic do not.

Galaxies in CFIS are matched to those in SDSS using their on-sky
positions with a matching tolerance of 3 arcsec. Of the 674448
galaxies in SDSS DR7, there are 168 477 galaxies with coverage in
CFIS DR2.

3 METHODS

3.1 statmorph morphologies

Several previous works have produced morphology catalogues
for SDSS galaxies (e.g. Simard et al. 2011; Mendel et al. 2014).
Here, we extend these past efforts in two ways. First, we determine
quantitative morphologies for a broad range of metrics that are
developed for the identification of mergers. Second, we determine
these metrics in a homogeneous and reproducible way using deep
and high-resolution CFIS imaging.

To meet these objectives, quantitative morphologies for
each galaxy are computed using the Python package statmorph
(Rodriguez-Gomez et al. 2019). statmorph takes the background-
subtracted image of the galaxy, binary segmentation map identifying
pixels belonging to the target galaxy, a point spread function (PSF),
and a weightmap (see Section 3.1.4 for more details) and returns 43
non-parametric morphological statistics and the seven parametric
quantities needed to construct a single 2D Sérsic profile (Sérsic
1963). Although all of the non-parametric morphology metrics are
well established in the literature, for completeness we briefly review
the definitions of the metrics relevant for identifying mergers used
herein and provide references for readers desiring more detailed
descriptions.

3.1.1 Asymmetry

Asymmetry (Conselice, Bershady & Jangren 2000), A, quantifies

the azimuthal asymmetry of a galaxy’s light profile. To extract

this information, the image is rotated by 180°, subtracted from

the original image and normalized by the total flux. To account

for contributions to the asymmetry from the background noise, the

average asymmetry of the background is subtracted from the total:
_ Zlly — Lol

A= ——— — Apgr,s 1
E|10| bgr ()
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where [ is the flux of a pixel in the original image, /g is the flux
of the same pixel after the image has been rotated by 180° about the
centre of the galaxy, determined by minimizing the value of A, and
Ayg is the average asymmetry of the background. The sum is carried
out over all pixels within 1.5 Petrosian radii of the galaxy’s centre.

Low values of asymmetry indicate the galaxy is very azimuthally
symmetric, a common feature of early-type galaxies with spheroidal
morphologies (Conselice 2003). Spiral galaxies inherently have
slightly elevated asymmetries due to naturally occurring asymmetric
features like dust lanes and clumpy star formation (Conselice 2003).
Higher asymmetry values are common amongst galaxies exhibiting
strong merger and post-merger signatures; Conselice (2003) suggests
galaxy mergers are those with A > 0.35.

3.1.2 Shape asymmetry

Shape asymmetry (Pawlik et al. 2016), A, is defined in the same way
as asymmetry (see equation 1) but instead of each pixel having an
intensity, /, each pixel is given a binary value: 1 if the pixel belongs
to the galaxy, O otherwise. The binary mask used to measure shape
asymmetry is distinct from the binary segmentation map provided to
statmorph as input and is generated internally by statmorph
following the method described in Pawlik et al. (2016). The point
around which the image is rotated is the same as the point in the asym-
metry measurement which minimizes the light-weighted asymmetry.

By calculating the asymmetry of the binary mask rather than the
flux of the image itself, equal weight is given to pixels belonging
to both the faint and bright regions of the galaxy. Comparatively,
standard light-weighted asymmetry would weight the central region
of the galaxy in Fig. 1 200-500x as much as the tidal features
around it. Hence, the shape asymmetry statistic is more sensitive to
low surface brightness features, such as fading tidal streams. This
is of particular importance since faint tidal features may be key to
identifying late-stage mergers expected for our PSB sample.

Pawlik et al. (2016) suggest that a threshold value of Ag > 0.2
can be used to reliably identify mergers in SDSS. It is important to
note that the definition of shape asymmetry given in Pawlik et al.
(2016) has an additional factor of 1/2 compared to the definition
of Conselice et al. (2000) and, importantly, Rodriguez-Gomez et al.
(2019). When the factor of 1/2 is accounted for, the Pawlik et al.
(2016) recommended merger threshold becomes Ag > 0.4.

Pawlik et al. (2016) note that shape asymmetry will depend on
the limiting magnitude of the imaging. It is therefore necessary to
reassess an appropriate threshold for identifying mergers in CFIS
imaging. The CFIS r-band images of approximately 200 galaxies
were visually inspected in order to identify merger features. We found
that a threshold of Ag > 0.4 remained a good nominal threshold for
the identification of merger features.

3.1.3 Gini-Mzo

The Gini coefficient (Lotz et al. 2004), G, is defined as the mean of
the absolute difference of the light curve from a uniform distribution
where the variable X describes the flux in each pixel and is ordered
from lowest to highest flux:

1

G= m:&i —n—-1DX:|, )

where 7 is the number of pixels associated with the galaxy and X is
the mean of flux of the pixels belonging to the galaxy.

MNRAS 516, 4354-4372 (2022)
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The Gini coefficient is independent of the location of the brightest
pixel and tends towards unity if the light from the galaxy is
concentrated in a small number of pixels. If all of the galaxy’s light
were to come from a single pixel, G = 1, and if the light is evenly
distributed across every pixel in the galaxy, G = 0. For a galaxy
with a recent burst of star formation in the central regions, we might
expect an increase in the Gini coefficient.

Before defining M, we first introduce the second moment of total
light distribution, M. The second moment of light, related to the
spacial variance of the light distribution, is the summation of the flux
of each pixel f; multiplied by the squared distance from the centre:

Mg =Y M; =Y fi[( —x)" + i — y)], 3

where x, and y, are x- and y-coordinates of the centre, determined
by selecting the x- and y-coordinates that minimize M;q;.

My, then, is defined as the second moment of the brightest pixels
that produce 20 per cent of the galaxy’s light, normalized by the total
second moment of the galaxy. If pixels are ordered from highest to
lowest flux, M is calculated as

M
My = logy, (Xl:vl[

) ,whilez fi < 0.2 for 4)

i
tot

In tandem, the Gini coefficient and My, can be used to identify
galaxies with large portions of the total light profile contained within
a small number of spatially separated pixels. Thus, Gini and Myg
are particularly potent indicators of early-stage galaxy mergers.
Lotz et al. (2008) suggest that at low-redshift (z < 1.2), galaxy
mergers have Gini and My values such that G >—0.14M;, + 0.33.
Rodriguez-Gomez et al. (2019) define the Gini-M,, merger statistic,
S(G, Myy), as the distance of a galaxy in the Gini-My plane from the
merger cut-off line defined by Lotz et al. (2008). By this definition,
mergers are defined by having S(G, M) >0.

3.1.4 statmorph implementation

In order to compute quantitative morphologies for a galaxy with
statmorph, several inputs are required:

(1) Image: Each galaxy’s image is a 100 arcsec x 100 arcsec cut-
out from a CFIS tile. The selected field of view ensures that, for
even the largest, low-redshift galaxies, the entire stellar light profile
including all potential extraneous low surface brightness features are
contained entirely within the image with ample surrounding sky for
robust sky statistics to be determined.

(i) Weightmap: The weightmap provided to statmoxrph is the
map of inverse variance generated by the CFIS calibration pipeline
for the same region of sky, converted to a standard deviation
weightmap.

(iii) Binary segmentation map: The segmentation map is generated
using sep (Barbary 2016), the Python implementation of Source
Extractor (Bertin & Arnouts 1996). We tune the input parameters
of sep such that identified sources must have a minimum of five
contiguous pixels with values greater than 1.5x that of the fiducial
background noise. Nearby sources, particularly foreground stars and
close pairs, are deblended internally by Source Extractor.> Sources
identified that are not the primary target are included in the mask.

SImplemented with input parameters deblend nthresh=32 and de-
blend_cont=0.05.

MNRAS 516, 4354-4372 (2022)

(iv) Mask: statmorph interprets the mask as pixels the user
wishes to be ignored from the morphology calculations. The mask
for each galaxy includes the pixels belonging to sources identified
by Source Extractor that are not the primary target but still in the
field of view, pixels with flux values lower than —50, and pixels with
values of exactly 0. The latter two specifically mask out chip gaps
and other survey artefacts.

(v) Point spread function: The PSF is approximated as a 2D
Gaussian profile with a full width at half-maximum (FWHM)
specific to the atmospheric seeing experienced by each galaxy and in
accordance with its region within the CFIS tile. The PSF is only used
by statmorph when computing the best-fitting Sérsic profile.

A unique galaxy cut-out, weightmap, segmentation map, and PSF
were generated for each galaxy in the overlap of CFIS DR2 and SDSS
DR?7 and passed to statmorph. 2.8 per cent of galaxies did not have
successful statmorph fits, often due to incomplete imaging at the
edge of CFIS coverage. An additional 8.5 per cent of the remaining
galaxies raise a general morphology flag. Since the flag cannot be
traced back to determine which morphology calculation caused the
problem, we disregard all morphology parameters for any galaxy with
such a flag. This leaves us with 149923 galaxies with trustworthy
CFIS morphology measurements and complementary SDSS spec-
troscopic data products. The 149923 galaxies represent the parent
sample from which we will later select our PSBs and controls.

3.2 Convolutional neural network post-merger classification

In addition to the non-parametric morphologies described in Sec-
tion 3.1, we use recent advances in machine learning that have
developed artificial neural networks for the purposes identifying
galaxy mergers (e.g. Pearson et al. 2019; Ferreira et al. 2020, 2022;
Bottrell et al. 2022). Accounting for observational effects in the
training of the neural network has proved crucial to a network’s
performance (Bottrell et al. 2019b; Ciprijanovié et al. 2021). Hence,
we utilize a convolutional neural network (CNN) trained to identify
mergers specifically in CFIS from Bickley et al. (2021).

The CNN is capable of detecting mergers in CFIS by learning
and synthesizing morphological features indicative of recent mergers
from the 100-1 run of the IllustrisTNG cosmological simulation
(Springel et al. 2017; Marinacci et al. 2018; Naiman et al. 2018;
Nelson et al. 2018; Pillepich et al. 2018). The CNN learns from
post-mergers identified using the merger trees created by SUBLINK
(Rodriguez-Gomez et al. 2015), following the methodology of Hani
et al. (2020). The merging galaxies must have had their subhaloes
coalesce within the timeframe of one snapshot in the simulation
(fpost-merger S 162 Myr; Patton et al. 2020), occurred at a time where
z < 1, and have stellar mass ratios © > 0.1. Furthermore, their
merger remnants must have a total stellar mass between 10'°Mg
and 10">M,. The post-merger and non-post-merger training samples
naturally include a range of early- and late-type morphologies and
star formation histories. Realistic survey effects are integrated into
the training of the CNN using the RealSim-CFIS code,’ a version
of Realsim’ (Bottrell et al. 2019b) with specifications unique
to CFIS. For further details regarding the CNN’s construction,
training, and validation, we refer the reader to Bickley et al.
(2021).

The CNN is trained to classify galaxies as post-mergers or
non-post-mergers using the simulated CFIS-realistic image of the

6github.com/cbottrell/Real SimCFIS
7 github.com/cbottrell/Real Sim
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galaxy only; no additional information such as photometry data or
star formation history of the galaxy is provided to the CNN. For
each galaxy image, the network returns a floating point prediction,
p(x), between 0 and 1, quantifying the certainty in its post-merger
prediction. Traditionally, p(x) > 0.5 is interpreted as a positive
prediction (in this case, a positive post-merger prediction) and p(x)
< 0.5 is interpreted as a negative result (in this case, a non-post-
merger prediction). However, this threshold can be raised to enhance
the purity of the post-merger sample (e.g. Bickley et al. 2021).
While some previous works have used CNNs to classify galaxies
into their morphological types (e.g. Dieleman, Willett & Dambre
2015; Huertas-Company et al. 2015), this CNN is designed to
predict whether a given galaxy is a post-merger or non-post-merger
only.

When tested on synthetic images of IllustrisTNG galaxies
with CFIS realism applied, the CNN achieves a success rate of
post-merger identification of ~89 percent with no significant
dependence of the recovery rate on galaxy properties such as mass
ratio (Bickley et al. 2021). Furthermore, approximately half of the
false-positive post-mergers are pre-coalescence interacting galaxies
that go on to merge within 500 Myr. For the purposes of connecting
PSBs to merger and interaction origins, including pre-coalescence
merging galaxies is not an issue.

Bickley et al. (2022) have applied the neural network to the 168 477
galaxies in the overlap of CFIS DR2 and SDSS DR7, generating
floating point post-merger predictions for each galaxy. The authors of
Bickley et al. (2022) further distilled 2000 galaxies with floating point
predictions p = 0.75 into a pure sample of 699 visually confirmed
post-mergers. Using the raw floating point predictions allows us to
identify mergers with high completeness, while using the visually
confirmed sample of post-mergers allows us to identify mergers with
high purity. Hence, both the p(x) values and the visually confirmed
sample are used in Section 5.2 to compute a merger fraction
of PSBs.

3.3 Visual classification

Due to the vast and ever-increasing amount of available astronomical
data and the variability of human classification leading to a lack of
reproducibility, the field is moving away from visual classification
as a core analysis method. Yet, our two PSB samples (consisting
of 157 and 533 galaxies, respectively, and the selection of which
is described in the following section) are still small enough that
visual classification of the entire sample is a reasonable endeavour.
The identification of mergers from the sample by-eye can then
be compared to the various automated results as well as pro-
vide a more consistent comparison to many previous works (e.g.
Zabludoff et al. 1996; Blake et al. 2004; Goto 2005; Yang et al.
2008).

For this analysis, each galaxy is classified as either (1) a single
galaxy with a disturbed morphology indicative recent merger or
interaction, (2) a galaxy with a clear ongoing interaction with
a companion galaxy, or (3) possessing no clear merger features.
Galaxies classified as non-mergers may include isolated galaxies,
galaxies with a companion in the frame but with no obvious
interaction features (possibly due to either projection effects or
a pre-pericentric companion), as well as galaxies for which the
correct classification is unclear. The visual classification of post-
starbursts and controls (the selection of which is described in the
following section) is done in a randomized order, so as to remove
any subconscious bias. The contrast, scaling and orientation of the r-
band image cut-out are free to be manipulated by the classifier (SW)
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but no additional information such as mass, colour, or redshift is made
available.

4 POST-STARBURST SAMPLE SELECTION

Traditionally, ‘E + A’ PSBs are selected on the basis of strong Balmer
absorption lines (such as H§ and H y) and weak nebular emission
lines (such as Ha and [O11]) (e.g. Blake et al. 2004; Goto 2005,
2007). Strong Balmer absorption is indicative of significant light
contributions from A- and F-type stars. A-type stars have a lifetime
of ~1 Gyr and so their presence implies recent star formation. On
the other hand, Ho and [O11] are emitted by regions of active star
formation. Thus, their absence implies that, although star formation
has occurred in the last ~1 Gyr, there is no ongoing star formation
at the time of observation. Together, these spectroscopic indicators
describe a galaxy that had a recent burst in star formation that has
subsequently ceased quite rapidly.

However, the traditional selection of PSBs requires strict cuts
in nebular emission lines that exclude galaxies with some ongoing
star formation and galaxies with other ionization methods such as
AGNSs and shocks. Moreover, galaxies that have recently started to
quench their star formation may have some remnant star formation
occurring and should be included. Furthermore, both AGN and
shocked emission have been shown to be present in significant
numbers of PSBs (Tremonti et al. 2007; Wild et al. 2007; Yesuf
et al. 2014; Alatalo et al. 2016a, b; Sazonova et al. 2021). Principal
component analysis (PCA) methods have proven capable of selecting
PSBs without strict cuts in nebular emission which allow for the
inclusion of PSBs with AGN, shocks, and residual star formation
(Wild et al. 2007; Pawlik et al. 2016, 2018). In this work, we assess
the merger fraction of both traditionally selected (no emission lines)
and PCA selected (emission lines permitted) PSBs.

4.1 PSBs from traditional selection methods

In order to assemble a sample of PSBs using a more traditional
selection method, we draw from a pre-existing catalogue® of ‘E 4 A’
PSBs in SDSS DR7 generated by Goto (2007). The catalogue uses
the following criteria to classify 816 galaxies as PSBs:

EW(HS) > 5.0A
EW(Ou)]) > —2.5 A°
EWHa) > —3.0A
r-band S/N > 10

For the purposes of our morphology analysis, we further require
that the PSBs drawn from this catalogue have mass and redshift mea-
surements from SDSS and CFIS imaging with flag-free statmorph
morphologies, of which there are 169.

In the analysis presented later in this paper, we will quantify the
fraction of PSBs that are classified as mergers (using the metrics
defined in Section 3). In order to contextualize the PSB merger
fraction, it is necessary to also assess the merger fraction in a non-
PSB control sample. If PSBs are triggered by mergers, we expect to
see an elevated merger fraction in the PSB sample compared with
the control sample.

The control sample should represent the progenitors of the PSB
sample. In this way, we can fairly compare the merger fraction of

8 Accessed at http://www.phys.nthu.edu.tw/~tomo/cv/index.html
9Convention dictates that emission lines have negative equivalent widths
while absorption lines are positive.
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Figure 2. The location of the E4A PSBs (green stars) and their star-forming
controls (light green circles) in the context of the star-forming main sequence.
The parent sample of ~150 000 galaxies (with SDSS data products and flag-
free CFIS morphologies) is shown as a 2D histogram where the grey scale
represents the number of galaxies in each bin.

the pre-starburst event to the post-starburst remnant. Therefore, the
pool from which we select star-forming controls is defined as being
within 1o (~0.24 dex) of the SFR-M, star-forming main sequence,
excluding galaxies with emission lines indicative of AGN or LINERs
as governed by the Kauffmann et al. (2003a) parametrization. We
anticipate that the number of identified mergers in this control sample
will be quite low. Thus, it is imperative that the control sample has
ample size for robust conclusions despite the difficultly of counting
statistics of rare events. Therefore, each PSB is matched to 10 star-
forming galaxies of approximately equal stellar mass and redshift.
This is done by iterating 10 times through the PSB sample, each
time selecting the closest match in log(M,)-log(z) space from the
pool of controls. If in any of the 10 iterations a PSB does not have
a matched control within the matching tolerance of 0.2 dex in mass
and 0.02 in redshift, that PSB is removed from our final sample and
its previously matched controls are returned to the pool. There are
157 PSBs that successfully match 10 controls which typically differ
by much less than the maximum tolerance; the average absolute
difference between the PSBs and their controls is AM, = 0.011 dex
and Az = 0.003. The positions of these PSBs and their controls in
relation to the star-forming main sequence in shown in Fig. 2 and the
resulting stellar mass and redshift distributions are shown in Fig. 3.
Henceforth, we will refer to the sample selected in this way as E+A
PSBs.

4.2 PSBs from PCA

PCA is a technique wherein a one-dimensional spectra with n data
points is represented as a single point in n-dimensional space. A large
sample of spectra such as SDSS DR7 becomes a cloud of points in
n-dimensional space and orthogonal lines of greatest variance are
considered eigenspectra on to which all other SDSS DR7 spectra are
projected. The eigenspectra are numbered in order of the amount of
variance each contributes to all spectra in SDSS. The projections on
to the first and second eigenspectra give values for principle com-
ponents 1 and 2 (PC1 and PC2). The first two principle components
carry enough information such that the evolutionary state of a galaxy
can be roughly determined from only two components. PC1 captures
very similar information as the 4000 A-break strength (D,4000) and
conveys information about the age of the galaxy’s stellar population,
while PC2 is approximately equivalent to a measure of excess Balmer
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Figure 3. The stellar mass (top panel) and redshift (bottom panel) distribu-
tions of the PCA PSBs (blue), PCA star-forming controls (light blue lines),
E+A PSBs (green), and E4A controls (light green lines). Note that since
there are 10 controls for each post-starburst, the histograms of the controls
are weighted by a factor of 1/10 so they can be compared directly to the
post-starburst distributions.

absorption given the age of the stellar population and, as such, can
be used to differentiate PSBs from the broader population.

To construct a more inclusive sample of PSBs than is afforded
by traditional (no emission line) methods, we utilize the PCA
catalogue'® of SDSS DR7 spectra from Wild et al. (2007). In order
for the PCA to be reliable, the spectra require a g-band S/N >8 (Wild
et al. 2007; Pawlik et al. 2018). Hence, we only consider galaxies
above that threshold. To select PSBs, we employ the same cut as in
Pawlik et al. (2018):

PC2 — PC2, > 0.0.

Using only this cut, however, includes a significant amount of
quiescent galaxies with high values of PC1 in our PSB sample. While
these galaxies may have excess Balmer absorption given the age of
their stellar population, the high stellar population age indicates that
these galaxies have quenched their star formation long ago. This is
not the population that we wish to study and so we make an additional
cut:

PCl 4+ PCley < —1.5.

10 Accessed at http://www-star.st-and.ac.uk/vw8/downloads/DR7PCA html
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There is uncertainty in the existing literature about whether
post-starbursts with high dust contents are truly post-starbursts or
star-bursting galaxies with light from O- and B-type stars being
preferentially obscured by dust (Smail et al. 1999; Poggianti & Wu
2000; Miller & Owen 2001; Goto 2004; Wild et al. 2007; Yesuf et al.
2014; Pawlik et al. 2018). Nielsen et al. (2012) have shown that this is
not a problem for the selection method used in Goto (2005) but Pawlik
etal. (2018) found that, based on SDSS imaging, the morphologies of
PCA-selected ‘dusty PSBs’ were consistent with their star-forming
controls. Hence, we must recognize that the population of dusty PSBs
studied by Pawlik et al. (2018) is too ambiguous to be included in
our sample and must be removed.

We quantify the dust content in a galaxy using its Balmer
decrement. The Balmer decrement is the ratio between the strength
of the redder Ho emission line to the bluer H . Since dust
preferentially scatters shorter wavelengths, galaxies with Balmer
decrements higher than the natural ratio of 2.86 have more dust
(Osterbrock & Ferland 2006). The signal to noise of the Balmer
decrement is defined as

1
S/N = .
VA/(S/N)na)? + (1/(S/N)up)?
Following Pawlik et al. (2018), we require PSBs with nebular
emission (which we define as having Balmer S/N > 3) to meet the
following criteria:

(&)

Hoal/HB < 6.6if M, > 3 x lO'OM@, or
Ha/HB <52if M, <3 x 10"°M,.

As for the E4+A PSBs, we must compile a control sample of star-
forming non-PSBs for the PCA sample. Since the PCA PSBs are
defined in PC1-PC2 space, we also draw controls from the PC1-PC2
plane. Following the method employed by Pawlik et al. (2018) but
with different bounds, the pool from which the PCA controls are
drawn is restricted to the following regime of the PC1-PC2 plane:

PCl — PClyy > —5.0
PC1 + PClyy < —2.0
PC2 — PC2y > —1.0
PC2 + P2y < 0.0.

Each PCA-selected PSB is matched in stellar mass and redshift
to 10 star-forming controls using the same method outlined in the
previous subsection. 533 PCA PSBs are successfully matched to 10
controls. The average absolute difference between the PSBs and their
controls is AM, = 0.017 dex and Az = 0.003. The redshift and stellar
mass distribution of the matched samples is shown in Fig. 3 and their
locations in the PC1-PC2 plane are shown in Fig. 4. Henceforth,
we will refer to the sample of PSBs selected in this way as PCA
PSBs.

5 RESULTS

The primary objective of this work is to assess the fraction of mergers
in the PSB samples and to quantify whether this fraction is in excess
of expectations given the matched control samples. The merger
fraction of each sample is assessed with three approaches: quan-
titative morphologies computed with statmorph (Section 5.1),
CNN post-merger predictions (Section 5.2), and visual classification
(Section 5.3).

To quantitatively compare PSBs to their controls, we use the
merger fraction, f, and excess disturbance frequency, Q. For a given
continuous morphology metric, X, that we wish to use as a merger
indicator, a threshold, 7, must be set beyond which galaxies are
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Figure 4. The location of the PCA PSBs (blue stars) and their star-forming
controls (light blue circles) in the PCI-PC2 plane. The parent sample
from which they are selected is shown as a 2D histogram where the grey
scale represents the number of galaxies in each bin. To the right of the
figure, at high values of PCI, galaxies are typically quiescent ellipticals
and in the bottom left corner, galaxies are typically recent starbursts (Wild
et al. 2007).

considered to be a merger. Hence, the merger fraction, f, and excess
disturbance, Q, are defined as

NX>T
=MD ©
and
QX — fX.PSBs ) (7)
f X, Controls

5.1 Quantitative morphologies

In Fig. 5, we present a summary of the statmorph-derived
morphologies of the PSB and control samples for metrics commonly
used to identify mergers. In each panel, the distribution of the
PCA PSBs and the E4-A PSBs is shown with blue and green filled
histograms, respectively. The distribution of their controls is shown
as unfilled histograms of the corresponding lighter colours. Since the
controls outnumber the PSBs by a factor of 10, the counts of the
controls are weighted by a factor of 1/10. Presenting the data in this
way preserves the relative size of the PCA and E4+A PSB samples
while also allowing for direct comparison between the distributions
of the PSB samples and their controls. The vertical dashed lines
indicate the medians of the distributions for which exact values can
be found in Table 2. A more detailed description of each panel is
described in the subsections that follow.

5.1.1 Gini-M3y merger statistic

In the lower left panel of Fig. 5, we show histogram distributions of
the Gini-M;( merger statistic for the PSB samples (solid histograms)
and their respective controls (open histograms). Looking first at the
results from the PCA-selected samples, we find that the PCA PSBs
have elevated values of the Gini-My, merger statistic relative to
their star-forming controls. However, at the merger threshold of S(G,
Myy) > 0, the merger fraction of the PCA PSBs is only fg.m,, =
(7.5 £ 1.1) percent, at least a factor of 2 lower than expected based
on previous studies (see Table 1). Nonetheless, the PCA PSBs have
a higher merger fraction than that of their controls which have a
merger fraction of fg.m,, = (4.2 & 0.3) percent. This translates
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Figure 5. The distributions of four morphology parameters relevant to identifying mergers for the PCA PSBs (blue), PCA-controls (light blue), traditionally
selected PSBs (green), and their controls (light green). In each panel, the medians of each population are plotted as vertical dashed lines and the values of those
medians can be found in Table 2. Note that since there are 10 controls for each post-starburst, the histograms of the controls are weighted by a factor of 1/10 so

they can be compared directly to the post-starburst distributions.

Table 2. The median value of several morphology parameters for each of the samples derived from CFIS imaging. The
lower and upper errors on each median are calculated using the 16th and 84th percentiles, respectively.

Sample A As G My S(G, Mag) CNNp
0.08 0.18 0.04 0.20 0.03 0.43
PCA PSBs 0.0675:98 0.257018 0.5670-04 —1.94%929 —0.053%3  0.05%042
PCA controls 0.11+0%8 0.22+041 0.5019:0 —1.8210:47 —0.081004  0.0170:09
0.06 0.26 0.03 0.13 0.02 0.64
E+A PSBs 0.055:98 0.27+5:28 0.57%303 —1.94%013 —0.041302 0.14%0%4
E+A controls 0.13+0:%9 0.23+0:12 0.5070:%3 —1.8019% —0.083%  0.0025:%

to an excess over the controls of Qg.m,, = 1.8 £0.3 for PCA
PSBs.

The result is much the same for the E4-A PSBs for which the
default Gini-M 5 threshold gives fg.m,, = (7.0 &= 2.0) per cent with
an excess over the controls of Q = 1.4 &£ 0.4. The excess of mergers
in the E+A PSBs over their controls is consistent with one, in part
due to the statistical uncertainty that comes with a smaller sample
size. Therefore, at the default threshold, the Gini-M ,, merger statistic
does not seem to identify a statistically significant surplus of mergers
in the E+A sample of PSBs.

In theory, it is possible to explore the potential merger excess
in the PSB sample using a more strict Gini-Mpy cut (i.e. larger
values of S(G, My)). Indeed, with the other statistics (A, Ag,
and the CNN prediction) we will perform such a test. However,
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the number of galaxies in any of the PSB or control samples
with S(G, My) > 0 is quite small and so no statistically robust
conclusions can be drawn. Furthermore, galaxies contaminated by
a foreground star near its nucleus have highly concentrated and
spatially separated light distributions that artificially enhance S(G,
Myy), sometimes causing false-positive merger identifications. These
cases are difficult to deblend or flag as doing so would also remove
double-nuclei pre-coalescence merging galaxies and galaxies with
clumpy star formation from our morphology catalogue. Foreground
star contamination affects each population equally which is, in part,
driving the excess to unity.

From hydrodynamical simulations of individual galaxy mergers,
Lotz et al. (2008) find the Gini-My merger indicator fades more
rapidly than other morphology metrics. Thus, S(G, Myj) seems to
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identify ongoing mergers and interactions more effectively than late-
stage post-mergers (this is discussed further in Section 7). For our
PSBs, which are expected to be several 100 Myr removed from the
starburst event, S(G, M) does not seem to be a particularly salient
merger indicator.

5.1.2 Asymmetry

Significant fractions of galaxies with moderate asymmetries in
the control samples is to be expected; both late-type discs (A
=0.15 4 0.06; Conselice 2003) and edge-on discs (A =0.17 £ 0.11;
Conselice 2003) will contribute a number of moderately high
asymmetry measurements due to clumpy star formation and the edge-
on view of dust lanes in discs. However, the asymmetry distributions
presented in the top left panel of Fig. 5 show that both samples of
PSBs tend to have lower asymmetry measurements than their star-
forming controls. So, relative to their star-forming controls, PSBs
actually have suppressed asymmetries, and even more dramatically
so in the case of E+A PSBs.

Adopting a threshold of A > 0.35 to discriminate mergers from
the sample gives a merger fraction of f; = (1.9 + 0.6) percent
for the PCA PSBs, translating to an excess over their controls of
Q4 = 0.9 £ 0.3. Thus, the number of identified mergers in the
PCA PSBs is consistent with no change from their star-forming
controls. The merger fraction of the E4+A PSBs is even lower at fy =
(1.3 £ 0.9) per cent. In fact, there are fewer mergers in the E4-A PSB
sample than in their star-forming controls with a excess below one
of 04 =04 £023.

In Fig. 6, we explore how our results are affected by the asymmetry
threshold used to define a merger. In the top panel we present the
merger fraction of the PCA and E4+A PSBs as a function of the
asymmetry threshold used to define a merger with solid blue and
green curves, respectively. For comparison, we show on the same
panel the merger fraction of the PCA controls (light blue) and E4+A
controls (light green). The shaded areas around the curves represent
the binomial error of the merger fraction which are propagated into
the lower panel. In the lower panel, we show the excess of mergers
in the PSBs over their controls for the PCA PSBs (dark blue) and
E+A PSBs (dark green). In this case, we find that there is an excess
number of galaxies with very high asymmetries (A 2 0.5) in both
PSB samples but equal or fewer mergers in the PSB samples than
their star-forming controls (Q4 < 1) for all other considered merger
thresholds.

The suppressed asymmetries of the PSB samples cause the merger
fractions determined using asymmetry to be significantly lower
than previous studies would suggest (see Table 1) and lower than
those identified using the Gini-M,, merger statistic in Section 5.1.1.
However, there is an additional nuance not previously considered:
PSBs selected on the basis of SDSS centrally located optical fibres
would, by definition, have had a recent burst in star formation
in the central region of the galaxy. It is likely that the central
burst in star formation would produce a very bright, azimuthally
symmetric light profile at the centre of the galaxy which would
increase the denominator of equation (1) with negligible change
to the numerator, systematically driving down the asymmetry
calculation of each PSB (see Appendix A for a more detailed
discussion).

If, due to the nature of the galaxies we are observing, our PSBs
are expected to have bright, concentrated, azimuthally symmetric
cores, ordinary asymmetry may not be the best metric to derive
a merger fraction of PSBs as these bright, symmetric centres
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Figure 6. Top: The merger fraction of PCA PSBs (blue line) and E4+A
PSBs (green line) compared to their star-forming controls (dotted lines)
as a function of the threshold above which a galaxy would be considered
a merger. For example, using a threshold of A > 0.1 to identify mergers
results in ~20 per cent of E+A PSBs being classified as mergers. Since all
galaxies typically have a positive asymmetry, 100 per cent of galaxies in all
samples would be classified as mergers if a A > 0 threshold were imposed.
Bottom: The excess fraction of mergers in each sample relative to their star-
forming controls as a function of the asymmetry threshold used to identify
mergers based on the asymmetry of their light profiles. The black dashed line
represents the line of equality between the merger fraction of the PSBs and
their controls.

are weighted much more heavily than any faint, asymmetric tidal
features. Perhaps shape asymmetry, which takes the asymmetry of
the binary mask rather than the flux of each pixel in the image
and thus distributes more statistical weight to faint tidal features,
will be a more applicable metric for identifying mergers in the PSB
populations.

5.1.3 Shape asymmetry

Pawlik et al. (2016) suggest a threshold of As > 0.2 is appropriate
for the identification of mergers from SDSS imaging. However, as
noted in Section 3.1.2, a factor of 2 difference in the definition
of Ag translates this to a threshold of 0.4 for the statmorph
measurements. From a visual inspection of the CFIS images, we also
confirm that this is an appropriate threshold for our sample. Adopting
a threshold of As > 0.4, we find that the merger fraction for the PCA
PSBsis fa, = (19 £ 2) per cent with an excess over their controls of
Qag = 2.6 £ 0.3. At the same threshold, the merger fraction of the
E+A PSBs is f4, = (26 = 3) per cent which is significantly higher
than that of the PCA PSBs, yet the excess over their controls is the
same within statistical uncertainty at Q 4, = 2.8 £ 0.4.
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Figure 7. Same as Fig. 6 but considering shape asymmetry.

As was done previously for asymmetry to explore the effect of the
threshold used to classify a galaxy as a merger, we calculate f4; and
Q 4, for arange of possible thresholds. The green and blue curves in
the top panel of Fig. 7 show that, regardless of our selected threshold,
both samples of PSBs exhibit higher fractions of asymmetric low
surface brightness tidal features than their controls (light blue and
green dotted lines). Furthermore, the excess disturbance frequency
is greater than one for both samples at all considered thresholds and
the values of Q 4, for both samples steadily increase as the threshold
is increased. This indicates that the fraction of very highly disturbed
PSBs (As > 0.6) is in excess over the controls by a factor of Q ~
5. Due to the sensitivity of shape asymmetry to faint tidal features
expected for PSBs and the agreement of the shape asymmetry merger
fraction with previous studies, shape asymmetry seems to be a more
reliable automated merger detection method than using Gini-M;( or
asymmetry (see Section 7 for a more detailed discussion).

5.2 CNN post-merger prediction

In the bottom right panel of Fig. 5, we show the distributions of the
floating point post-merger predictions assigned to each sample by the
CNN. Typically in machine learning binary classification problems,
the default threshold above which the output is considered a positive
prediction is p > 0.5. The CNN finds that a majority of PSBs are
assigned a floating point prediction less than 0.5 and therefore are
not recent post-mergers. The distributions are so strongly clustered
around the non-post-merger prediction (0) that we choose to display
the distributions in log-scale so that differences between the samples
at higher values of p can be seen.

At the default threshold of p > 0.5, the PCA PSBs have a merger
fraction of fonn = (16 &= 2) per cent and an excess over their con-
trols of Qcnn = 8 = 1. In contrast, at the default threshold of p > 0.5,
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Figure 8. Same as Figs 6 and 7 but considering the CNN post-merger
predictions. Predictions closer to 1 are more likely to be mergers and
predictions closer to 0 are more likely to be isolated galaxies. The shaded
region of the plot is distinct and represents the number of galaxies with p
2> 0.75 that were visually confirmed (VC) by Bickley et al. (2022) to be
post-merger galaxies.

the E+A PSBs have a merger fraction of fonn = (30 £ 4) per cent,
in excess over their controls by a factor of Qcny = 16 £ 4. These
fractions indicate that post-merger galaxies are approximately twice
as abundant in the E4A PSBs than in the PCA PSBs.

Although a p > 0.5 is a standard decision threshold in machine
learning and despite the high performance of the CNN, Bickley et al.
(2021) discuss how the application of this cut for a general data set of
galaxies is expected to lead to a merger sample that is only 6 per cent
pure (see also Bottrell et al. 2022). The degree of impurity is likely to
be less extreme for our sample which is expected to have an excess
of mergers. We improve our assessment of the CNN merger fraction
in two ways. First, in Fig. 8 we explore how the value of fonn
would differ over a range of potential merger thresholds wherein
higher values of p indicate higher confidence in the post-merger
prediction from the CNN leading to a more pure sample of post-
mergers. Second, by counting only visually confirmed post-mergers
with p > 0.75 as identified post-mergers we distil a pure sample of
post-mergers albeit one that is incomplete.

The top panel of Fig. 8 shows that regardless of the CNN prediction
threshold used, the merger fraction of PSBs galaxies is significantly
higher than that of their star-forming controls and even higher for the
E+A PSBs. The merger fraction in both samples decreases gradually
as the threshold increases. This signifies a gradual exchange of com-
pleteness for purity when progressively higher decision thresholds
are used. Thus, using any choice of threshold above which galaxies
will be considered mergers will be somewhat arbitrary.

Using thresholds higher than p > 0.5 to classify galaxies as mergers
increases the excess over the controls significantly. At very high

220Z 1890100 Z| U0 Jasn Aieiqi smaipuy 1S 10 Ausiaaiun Aq G8E€80/9/¥SEH/S/9 1L S/a1oNIB/SBIUW/WOD dNo-oIWspeoe//:sdny Wolj papeojumoq


art/stac1962_f7.eps
art/stac1962_f8.eps

thresholds (p 2 0.85) where the CNN has given galaxies a very high
probability of being a post-merger, very few control galaxies are
classified as post-mergers with this high confidence and as a result
the excess of post-merger galaxies in both samples of PSBs is of the
order of Q ~ 100 (£70).

The shaded area of Fig. 8 indicates the number of visually con-
firmed mergers from Bickley et al. (2022). This represents our purest
sample of mergers, but is still a lower limit of the total post-mergers
in the populations for two reasons. First, only galaxies assigned a
post-merger probability of p > 0.75 were visually inspected and
there may be some true post-merger galaxies that did not meet that
threshold from the CNN. Second, the quality of imaging, orientation
of the galaxy, and time-scale of the merger features relative to that of
post-starburst features may also cause galaxy mergers to be missed
(this is discussed in more detail in Section 6). However, the latter
would affect the classification of mergers in both the PSB and control
samples proportionally. Thus, while the merger fractions may be
lower limits, the excess over the controls is more robust. With this
in mind, the visually confirmed CNN-predicted merger fraction of
PCA PSBs is fenn, ve = (7 £ 1) per cent with an excess over their
controls of Qcnnve = 29 £ 9. Comparatively, the merger fraction of
the E4+A PSBs is fenn, ve = (15 £ 3) per cent with an excess over
their controls of Qcnnve = 46 £ 22.

5.3 Visual classification

The identification of mergers by visual classification is not infallible
and certainly subjective, but still provides a good comparison to
previous studies and a sanity check for our other metrics. Hence,
both the E+A and PCA PSB samples in their entirety were visually
classified following the strategy outlined in Section 3.3. Because
the control samples are 10 times larger than the PSB samples, only
the best-matched control of each PSB are classified for comparison.
147 of the 533 PCA PSBs are visually classified as having disturbed
morphologies indicative of a recent merger or interaction giving a
merger fraction of fyc = (28 £ 2) percent. In contrast, only 16 of
the 533 best-match star-forming controls are identified as mergers,
translating to an excess in the PCA PSBs of Qyc = 9.6 + 0.3.
On the other hand, 66/157 (42 per cent) E4A PSBs are identified
as post-merger galaxies, in excess of their controls by a factor of
Ovc = 9.9 £ 0.4. Thus, from directly inspecting the galaxy images
of the PSB and control samples we find a significantly higher fraction
of recent mergers in the E+A PSBs than in the PCA PSBs but
when compared to their respective control samples, their excesses
are statistically equivalent. This result is consistent with the findings
from the non-parametric morphology methods (see Section 5.1.3)
and from the CNN post-merger classifications (see Section 5.2) and
therefore insensitive to the merger identification method.

6 THE EFFECT OF IMAGE QUALITY

The depth, atmospheric blurring, and the on-sky pixel scale res-
olution of the imaging can dramatically affect the non-parametric
morphology values assigned to a particular galaxy. The effect is
so pernicious that the same galaxy imaged with two different
observing programmes in the same bandpass can have vastly different
morphology measurements. In this section, we explore the effect
of image quality on our non-parametric morphologies and their
associated merger fractions with a particular emphasis on comparing
the image quality of CFIS to that of SDSS.

The merger fraction of post-starburst galaxies
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Truth CFIS SDSS

.

Figure 9. Example synthetic images for the archetypal post-merger galaxy
from the IlustrisTNG simulation described in Section 6.1. The left-hand
panel is the ‘ground truth’ image with no PSF blurring and minimal sky
noise. The mock CFIS and SDSS images (middle and right-hand panels)
are coadded with sky noise, convolved with a PSF and binned to the pixel
scale appropriate for each survey. These synthetic SDSS and CFIS images
represent the orange and blue crosses in Fig. 10 and are used in the experiment
presented in Section 6.2. All three images are normalized and displayed on
equivalent logarithmic scales.

6.1 Testing variable image quality with IllustrisTNG

To test the sensitivity of S(G, Myg), A, and Ag'' to the quality of
imaging (including quality superior to that of CFIS) from which
they are derived, we apply our morphology analysis to synthetic
galaxy images from the IllustrisTNG simulation. Galaxies from the
simulation have no sky noise or atmospheric blurring and have a
higher resolution than most imaging systems. From a pristine state
free from observational effects, the images can be degraded to varying
levels of image quality, including that of CFIS and SDSS, and the
variability of the derived morphologies can be tested accordingly.

Synthetic galaxy images are generated from the stellar mass
distributions of galaxies in the simulation, used here as a proxy
for its stellar light profile. Each synthetic image is generated at the
same field of view as the real CFIS images used in this work and at an
‘observed’ redshift of 0.05. To simulate atmospheric blurring and sky
noise, the galaxy profile is convolved with a 2D Gaussian function
with varying FWHMs and is coadded with values drawn from a
normal distribution with varying standard deviations. The images
are then binned to the pixel scale of CFIS. For a single galaxy, a
range of FWHMs from 0.1 to 1.7 arcsec and depths from 23.5 to
25.5 mag arcsec™2 are combined to form a 9 x 9 grid of synthetic
images with varying quality. An additional 82nd image is generated
at a depth of 30 mag arcsec™ and without any blurring effects as a
‘ground truth’ comparison. Each of the 82 images are run through
statmorph as outlined in Section 3.1.4.

Since we expect the dependence of non-parametric morphology
metrics on depth and atmospheric blurring to differ between galaxies,
we present a case study of one archetypal post-merger galaxy in
IlustrisTNG. The 3.51 x 10'° My, galaxy in question is at 7 =
0.33 of the simulation and has undergone a merger with a mass
ratio of u = 0.553 within the last snapshot of the simulation
(tpost-merger S 162 Myr). In Fig. 9, we display the ‘ground truth’
image of this archetypal galaxy with minimal realism applied as
well as the degraded synthetic images at the image quality CFIS and
SDSS. Several late-stage merger features are present including faint,
extended, asymmetric tidal tails, a double-nucleus, and a diffuse
stellar halo. As a result, the ground truth shape asymmetry (Ag ~
0.76) and Gini-Myy merger statistic (S(G, M) ~ 0.06) are each well

"We do not test the sensitivity of the CNN post-merger prediction to variable
image quality since it is trained specifically for CFIS-like images. Reliably
testing a CNN’s ability to recover post-mergers at different image qualities
would require retraining the CNN at every image quality tested.
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above their respective merger thresholds and thus the galaxy would
be classified as a merger by both metrics. However, the ground truth
asymmetry is only moderately high (A ~ 0.28) placing it below the
Conselice (2003) merger threshold of 0.35. In Fig. 10, we show how
each of the morphology metrics deviate from the ground truth as the
image quality varies across the 9 x 9 grid of synthetic images.

The top panel of Fig. 10 shows that the calculated asymmetry
value decreases from the ground truth by a maximum of —0.208
at the lowest quality imaging. However, at the maximal depth and
minimal atmospheric blurring considered, the difference from the
ground truth is minimized to less than 0.003. The diagonal trend
indicates that asymmetry tends to be affected equally by atmospheric
blurring and image depth, consistent with asymmetry being sensitive
to both asymmetric tidal features and high spacial frequency internal
disturbances (Sazonova et al. 2021). For additional context, Fig. 10
indicates the typical image quality of CFIS and SDSS images with the
blue and orange crosses, respectively. For this post-merger galaxy,
the asymmetry in CFIS is ~0.1 higher (36 per cent closer to the true
value) than if it were measured using SDSS imaging. However, this
post-merger galaxy would not be considered a merger in either of the
surveys as the ground truth galaxy profile is simply not asymmetric
enough to surpass the merger threshold.

In the middle panel of Fig. 10, we repeat the comparison of true
and observed metrics, but now for shape asymmetry. The left-to-
right trend evident in the deviation from ground truth of the shape
asymmetry indicates that the variation in the shape asymmetry is
driven largely by the depth of the imaging rather than the atmospheric
blurring. This is consistent with shape asymmetry being sensitive
to asymmetric low surface brightness features (Pawlik et al. 2016)
and neglecting internal disturbances. As the depth of the imaging
improves, the shape asymmetry increases to a value ~0.16 higher
than the ground truth before decreasing again to be within 0.02 of
the ground truth, on average, in the column of highest depth images.
As a result, the shape asymmetry of this galaxy would be higher in
SDSS than in CFIS. In this case, the shape asymmetry decreases at
higher depths because the binary segmentation map begins to include
the ultra faint diffuse halo which happens to be more symmetric than
the less faint tidal tails. Nonetheless, this galaxy’s shape asymmetry
exceeds the nominal merger threshold of 0.4 and thus would be
classified as a merger regardless of the image quality used in our
experiment.

Finally, in the lower panel of Fig. 10, we assess the impact of image
quality on S(G, My). In contrast to shape asymmetry, S(G, My)
changes dramatically with atmospheric blurring but is less affected
by a change in image depth. We attribute this to atmospheric blurring
distributing the flux of the bright nuclei over more pixels, reducing G
and increasing My, and the additional depth having little influence
on the brightest pixels in the image. In the range of CFIS image
quality, this galaxy would be marginally considered a merger, but in
SDSS the image has been degraded to a degree that it would not be
classified as a merger.

With this test, we have shown that the sensitivity of S(G, Myy), A,
and Ay to the depth and atmospheric blurring of the imaging differs
between each metric. However, we have repeated this experiment
on many galaxies and found that the magnitude of each metric’s
sensitivity depends on the morphological features inherent to the
galaxy in question. For example, the shape asymmetry of a galaxy
with asymmetric tidal features is expected to increase with increased
depth as more asymmetric features are detected, while a galaxy
without such features will exhibit minimal change in its shape
asymmetry with increased depth (see also Pawlik et al. 2016).
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Figure 10. The asymmetry (top), shape asymmetry (middle), and Gini-
M;( merger statistic (bottom) of a simulated post-merger from IllustrisTNG
convolved with a Gaussian PSF with varying FWHM and coadded with sky
noise at various depths. Each grid is coloured by the resulting difference
from the ground truth morphology of the galaxy, as defined at a depth of
30 mag arcsec > and no PSF blurring. The orange and blue crosses portray
typical image quality of SDSS and CFIS, respectively. All images are binned
to the pixel scale of CFIS: 0.187 arcsec pixel ~'.
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Table 3. The fraction of recent post-merger galaxies from the
TustrisTNG simulation that would be detected as a merger using au-
tomated non-parametric morphology metrics. Realistic observational
effects such as atmospheric blurring, pixel scale resolution, and sky
noise tuned to typical CFIS and SDSS imaging are applied to the
synthetic images of 7971 simulated post-mergers.

A>0.35 Ag > 04 S(G, M) >0
SDSS realism 2.5 per cent 28 per cent 21 per cent
CFIS realism 6.8 per cent 30 per cent 30 per cent

6.2 The fraction of undetected mergers in CFIS and SDSS

In the previous subsection, we have established that a post-merger
galaxy may be given a different merger classification depending on
the morphology statistic implemented and the quality of the imaging
used. In the case described in Section 6.1, the asymmetry suggests
the example post-merger galaxy is a non-merger at both CFIS and
SDSS image quality, the shape asymmetry indicates it is a recent
post-merger for the entire range of image qualities, and the Gini-Mpg
merger statistic classified it as a merger in CFIS imaging but not
SDSS. We now assess how image quality representative of SDSS
and CFIS will affect our ability to identify mergers from a statistical
sample of simulated post-merger galaxies.

We use a sample of 2332 recent IllustrisSTNG post-mergers at z
< 1 of the simulation. To be considered, the merger must have been
significant (i > 0.1) and the post-merger remnant galaxy must have
a mass between 10'°M, and 10'>M,. Each post-merger is observed
from four distinct viewing angles; each viewing angle provides
a new stellar light distribution of a post-merger event, effectively
enhancing the post-merger sample by a factor of four to 9328. The
9328 post-merger images are scaled in angular size as if they were
at an observed redshift of 0.05 and then degraded to the pixel scale
resolution and typical atmospheric blurring and depth of CFIS and
SDSS (see Section 2) before being processed by statmorph as
described in Section 3.1.4. 7971 of these galaxies have flag-free
morphologies for both the mock SDSS and CFIS images.

With 7971 mock-observed post-mergers in hand, we can assess the
ability of A, Ag, and S(G, M) to identify recent post-merger galaxies
using merger thresholds of 0.35, 0.4, and 0.0, respectively. For each
of the three metrics, the number of simulated post-mergers that would
be identified as such is shown in Table 3. Only 6.8 per cent of the
post-merger sample was identified as a merger based on their mock-
observed CFIS asymmetries. However, this is an improvement over
the 2.5 per cent that would have been identified using SDSS imaging.
S(G, M) recovers 30 per cent of post-mergers when using CFIS-
realistic imaging, an improvement over the 21 per cent recovered us-
ing SDSS imaging. Shape asymmetry appears to be equally effective
as S(G, My) at identifying recent mergers, identifying 30 per cent
with CFIS-realistic imaging and 28 percent with SDSS-realistic
imaging.

CFIS imaging allows for a greater number of post-mergers to be
detected using non-parametric morphologies. However, more than
70 per cent of galaxies that have undergone a merger within the last
~200 Myr do not exhibit the features necessary to be detected using
non-parametric morphology merger indicators. By the time a post-
merger galaxy that goes on to rapidly reduce its SFR and would be
considered a post-starburst (2500 Myr later), the merger features
will likely have faded further and even fewer post-mergers would
be recovered. Thus, based on the results presented in Section 5.1,
we cannot exclude the possibility that the entire PSB sample is of
merger origin.

The merger fraction of post-starburst galaxies
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6.3 The difference in PSB merger fraction in CFIS and SDSS

It is clear from our tests with IllustrisTNG that the quality of
imaging has a significant effect on the computed non-parametric
morphologies and thus the number of mergers detected. We now
return to our observed data sets and repeat our morphological
analysis using SDSS imaging to understand how the improved image
quality offered by CFIS changes the non-parametric morphologies
of galaxies and how that difference alters the PSB merger fraction
results from Section 5.

The 168 477 galaxies in CFIS DR2 and SDSS DR7 were processed
with statmorph again, but with SDSS r-band images instead
of CFIS. The implementation is identical to the description in
Section 3.1.4 except for minor changes to the treatment of the
weightmap and segmentation map. Weightmaps are not available
for SDSS images as they are for CFIS, so a gain is provided
to statmorph instead. Using a gain or weightmap does not
have any effect on the non-parametric morphologies computed by
statmorph. The segmentation map was generated the same way
but in some cases the target galaxy was too faint in SDSS to be
detected by Source Extractor. In such cases, the detection threshold
was reduced from 1.5¢ to 1.10, and if the galaxy was still too faint
to be detected, it was discarded from the catalogue. The difference
in derived morphologies when using CFIS and SDSS imaging for all
~170000 galaxies in the overlap between the surveys is described
in detail in Appendix B.

We reanalyse the merger fraction of PSBs with the three non-
parametric morphology metrics derived from SDSS and by visual
classification of the SDSS images. Retraining and rerunning a CNN
to identify mergers in SDSS would be a significant undertaking
that is outside the scope of this work. Furthermore, we restrict
our analysis here to only the PCA PSBs since it is our intention
to compare the effect of image quality on our results, not PSB
selection strategy. We use the PCA PSB sample instead of the
E+A PSB sample simply because it is larger and allows for more
statistically robust conclusions to be drawn. When selecting the PSB
and control samples in Section 4, we required galaxies to have flag-
free CFIS morphologies. For a fair comparison between CFIS and
SDSS galaxies, we require that every PSB and its controls have both
flag-free CFIS and SDSS morphologies. This limits the PCA PSB
sample size to 488.

In Sections 6.1 and 6.2, we found that for recent mergers from
the IllustrisTNG simulation, the image quality can have a significant
effect on the derived value of S(G, M) for post-merger galaxies
and on the number of identified mergers using the same metric;
a similar effect is observed for the PSB sample. Recall that in
Section 5.1.1, we found that the S(G, My))-derived merger fraction
for the full sample of 533 PSBs was (8 + 1) percent, a factor of
1.8 & 0.3 over their controls. Once the PSBs and their controls with
SDSS morphology flags are removed, the merger fraction of the 488
remaining PSBs with CFIS imaging changes to (7 &= 1) percent, a
factor of 2.3 £ 0.7 more than their controls. Using SDSS imaging
to determine the merger fraction of the same 488 PSBs reduces the
merger fraction to (6 £ 1) percent, but still a factor of 1.7 £ 0.4
more than their controls. Thus, fewer mergers are identified in
the same sample but within statistical error the same S(G, My)
results derived using CFIS imaging would be recovered using SDSS
imaging.

In general, the asymmetry of galaxies in CFIS tend to be higher
than in SDSS (see Appendix B). For the sample of 488 PSBs, CFIS
imaging gives a merger fraction of (1.8 £ 0.6) per cent, translating to
an excess of (0.9 £ 0.3) over their controls at a threshold of A > 0.35.
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Figure 11. The same as Fig. 6 but considering a subset of the PCA PSBs
and their star-forming controls defined by each PSB and its matched control
having flag-free morphologies for both CFIS and SDSS imaging. The orange
curves show how our results would differ if we were to use SDSS imaging
instead of CFIS.

In SDSS, the merger fraction of PSBs is (0.6 4= 0.4) per cent, three
times less than in CFIS but translating to a statistically equivalent
excess over their controls of (1.2 4+ 0.7).

In Fig. 11, we test how the merger fraction and excess would
change in CFIS and SDSS using various asymmetry thresholds to
identify mergers. In the top panel of Fig. 11, we see that regardless of
the asymmetry threshold used, there are fewer identified mergers in
SDSS than in CFIS. While in CFIS PSBs have reduced asymmetries
and thus fewer identified mergers than their controls at intermediate
asymmetry thresholds, the same is not true for SDSS because the
poorer image quality already dictates lower asymmetries in both
samples. This drives the excess in SDSS to unity for almost all
considered thresholds. In CFIS, there are a small number of galaxies
with very high asymmetries (A > 0.5) which generate an excess at
high thresholds. These are not present in the SDSS sample and since
there are no galaxies in either the PSB or control samples with high
asymmetries, the excess becomes incalculable.

Adopting a merger threshold of Ag > 0.4, the CFIS merger
fraction is (19 £ 2) percent, a factor of 2.6 + 0.3 over the
controls. In SDSS, the merger fraction is only marginally lower
at (16 £ 2) percent, in excess of their controls by a factor of
2.3 £ 0.3. Thus, at the default merger threshold, the same conclusion
would be drawn using either survey. It is only at higher and lower
merger thresholds that the difference in quality of imaging offered
by each survey makes a difference in the conclusion, as shown in
Fig. 12. At lower thresholds, the merger fraction is higher in SDSS
because galaxies with inherently low asymmetry have higher shape
asymmetry in SDSS than in CFIS due to noise and resolution effects
(see Appendix B). The noise and resolution affect PSBs and controls
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Figure 12. The same as Fig. 7 but considering a subset of the PCA PSBs
and their star-forming controls defined by each PSB and its matched control
having flag-free morphologies for both CFIS and SDSS imaging. The orange
curves show how our results would differ if we were to use SDSS imaging
instead of CFIS.

equally and so there is no difference between the excess merger
fraction at low thresholds. At higher merger thresholds, the excess
over the controls in CFIS continues to increase to Q ~ 8. In SDSS,
the shallower imaging causes fewer PSBs to have very high shape
asymmetries and thus the excess over the controls stagnates at Q ~
2. Therefore, while the merger excesses are similar for SDSS and
CFIS images when asymmetry is used (Fig. 11), shape asymmetry
finds a higher merger excess in the deeper imaging.

Each PSB and best-match star-forming control were classified by
eye as outlined in Section 3.3. Since visual classification does not rely
on statmorph morphologies, we return to the full sample of 533
PCA PSBs. Recall from Section 5.3 that the visual classification
of the PCA PSBs with CFIS images gave a merger fraction of
(28 £ 2) percent with an excess over their controls of Qvc =
9.6 £ 0.3. Since SDSS has shallower and lower resolution imaging,
there are many cases where merger features are too faint to be seen.
As aresult, classification with SDSS imaging truncates the number of
identified mergers resulting in a merger fraction of (17 & 2) per cent
and an excess of 5.7 + 0.3.

The tests presented in Section 6 have shown that all metrics
identify incomplete numbers of mergers and are sensitive to the
depth and resolution such that more mergers are identified in deeper
and higher resolution imaging. These factors are likely to be one of
the main reasons for the diversity of results quoted in the literature
(see Table 1). The use of CFIS imaging allows us to identify a more
reliable merger fraction than previous studies that use SDSS imaging.
However, our results also indicate that even higher quality imaging
than CFIS would extend the number of identifiable mergers. The
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merger fractions derived from CFIS imaging are therefore likely to
be a lower limit of the true merger fraction of PSBs.

7 DISCUSSION OF PSB AND MERGER
TIME-SCALES

In Section 5, we quantified the merger fraction of PSBs using a
variety of merger identification methods, each with varying minimum
thresholds above which a galaxy is classified as a merger. We have
often referred to the fact that if the initial starburst was caused by
a merger, then its post-merger features will fade (perhaps beyond
detection) by the time the galaxy becomes a post-starburst. However,
our analysis uses strict post-starburst definitions and thus does not
provide any insight into how the number of identified mergers would
change in an evolutionary epoch after the initial starburst but before
the galaxy becomes a post-starburst by our definitions. In Fig. 13, we
present a retrospective assessment of the merger fractions computed
using the default thresholds of several merger identification metrics
throughout the entire PC1-PC2 plane. To provide context for the
evolution of a (post-)starburst galaxy through the plane, we have
overlaid a model evolutionary track of a starburst of 0.03 Gyr
duration and burst mass fraction of 3 per cent (SFRpy = 43Mg/yr)
superimposed upon a quiescent galaxy spectrum from Wild et al.
(2007).

With the additional context of the PC1-PC2 plane and the merger
fractions from Section 5, the efficacy of each merger identification
method used to assess the merger fraction of PSBs can be better
understood. Asymmetry (top left panel of Fig. 12) identifies signif-
icant numbers of starburst galaxies (located in the lower left corner
of the plane, where the starburst track begins) as mergers. However,
the number of identified mergers using asymmetry decreases rapidly
as the starburst evolves and the merger features begin to fade. By
the time a starburst galaxy reaches the post-starburst phase, as
indicated by the region bounded by the grey dotted lines, very few
galaxies remain detectable as mergers based on their asymmetry
calculation, consistent with the low merger fraction measured in
Section 5.1.2.

The Gini-Myy merger statistic (lower left panel of Fig. 12) behaves
very similarly but persists further into the post-starburst phase than
asymmetry. However, it should also be noted that the merger fraction
remains at ~ 5—10per cent throughout the PC1-PC2 plane indicating
a significant number of false-positive merger predictions. Both
observations of the Gini-M 5, merger fractions in the PC1-PC2 plane
are consistent with the results found in Section 5.1.1. Furthermore,
both asymmetry and the Gini-M,( merger statistic are confirmed to
be most effective at identifying interacting or very recent post-merger
galaxies, but less so for the late-stage post-mergers expected in the
post-starburst phase.

Shape asymmetry (top right panel of Fig. 12) identifies significant
fractions of mergers in recent starbursts but, unlike asymmetry, the
information persists well into the post-starburst phase. However,
shape asymmetry at its default threshold identifies ~5 percent
of galaxies as mergers throughout the PC1-PC2 plane, perhaps
indicating a large number of false-positive contamination.

The CNN (lower right panel of Fig. 12) does not predict a
high merger fraction in the starburst region of the PC1-PC2 plane
because it was trained to specifically find post-merger galaxies and to
exclude interacting galaxies and ongoing pre-coalescence mergers.
The region where the CNN predicts a fraction of post-merger galaxies
210 per cent is approximately the same as the region from which we
selected our PSBs. Remarkably, this is the only region in the plane
where this is the case indicating that a very significant fraction of
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CNN-predicted post-mergers in the overlap of CFIS and SDSS are
PSBs (see Ellison et al., in preparation).

The panels in Fig. 13 that use non-parametric morphology statistics
as merger indicators suggest that the recovered merger fraction imme-
diately after the starburst event may be as high as ~30 per cent. This
merger fraction decreases significantly in the cases of asymmetry
and the Gini-My, merger statistic as the model post-starburst track
progresses and merger features fade. However, shape asymmetry
and the CNN post-merger prediction maintain a merger fraction as
high as ~30 per cent in several bins within the post-starburst regime,
indicating they are the more reliable merger identification methods
within the context of PSBs. Recall that in Section 6.2, we found
that only ~30 per cent of very recent post-mergers in IllustrisTNG
would be recovered using the same metrics. Thus, it remains an
open question whether the majority of PSBs in our sample which are
not identified as mergers are caused by mergers with rapidly fading
merger features that are undetected by our metrics or because other
non-merger mechanisms are generating (post-)starburst galaxies.

8§ SUMMARY

Previous studies have found that significant fractions of PSBs have
disturbed morphologies indicative of a recent merger or interaction
with another galaxy (e.g. Zabludoff et al. 1996; Blake et al. 2004;
Yang et al. 2008; Pawlik et al. 2018). However, poor sample statistics,
low-quality imaging, and inconsistent methods of both selecting
PSBs and identifying mergers contribute to a wide spread of reported
merger fractions (see Table 1) and restrict the field from converging
on a quantitative understanding of the importance of galaxy mergers
to rapid quenching. In this work, we have addressed these issues
by assembling two large samples of PSBs using an ‘E + A’
selection technique (Goto 2005) and a PCA selection technique
(Wild et al. 2007) from the overlap of SDSS DR7 (which offers
spectra for identifying PSBs) and CFIS DR2 (which offers deeper and
higher resolution imaging than SDSS). We have assessed the merger
fraction of the two samples of PSBs using three merger identification
strategies: non-parametric morphology statistics (Rodriguez-Gomez
et al. 2019), a CNN trained to identify post-merger galaxies in CFIS
(Bickley et al. 2021), and by visual inspection of the galaxy images.
In Fig. 14, we present a visual summary of our main conclusions:

(i) The merger fraction of a given sample of PSBs is subject
to change when different merger identification methods are
applied. We find that the merger fraction of PCA PSBs vary from
19 per cent using shape asymmetry, to 16 per cent using the CNN, to
28 per cent when visually classified (see Section 5 and Figs 7-8).

(ii) The merger fraction of a given sample of PSBs is subject
to change when a different post-starburst selection strategy is
implemented, but the excess number of mergers compared to the
control sample remains the same. This conclusion is ubiquitous
for the E4+A and PCA PSBs across all three merger identification
strategies implemented (see Section 5 and Figs 6-8).

(iii) The merger fraction of a given sample of PSBs is subject to
change when different quality of imaging is used. For example, the
visually classified merger fraction of PCA PSBs is 28 per cent when
using deep and higher resolution CFIS imaging and only 17 per cent
when using lower quality SDSS imaging (see Section 6 and Figs 11—
12).

(iv) There is a clear excess of mergers in the two samples of
post-starbursts studied in this work indicating post-starbursts are
often caused by mergers (see Section 5 and Figs 6-8). Since the
merger fraction is not 100 per cent, other mechanisms may be causing
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Figure 13. The merger fraction, as determined using the default threshold of four merger identification metrics, throughout the entire PC1-PC2 plane. The
merger fraction is determined in each bin and then smoothed by a 3 x 3 kernel. The colour—merger fraction relationship is equal for each of the four panels, as
quantified by the colour bar on the right. Overplotted in black is a model evolutionary track of a tophat starburst of 0.03 Gyr duration and burst mass fraction of
3 per cent from Wild et al. (2007). The track begins 35 Myr after the onset of the starburst (5 Myr after it ends) and the arrows are placed 0.05, 0.1, 0.2, 0.5, 1,
and 2 Gyr after the onset of the burst. The dotted grey line indicates the PCA PSB selection region described in Section 4.
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Figure 14. Left-hand panel: A visual summary of the calculated merger fractions for a range of merger definitions, PSB selection methods, and image quality.
While each coloured bar represents the PSB merger fraction, the black line gives the merger fraction of the matched star-forming controls. Right-hand panel: A
visual summary of the excess merger fraction in the PSB samples over their star-forming controls for a range of merger definitions, PSB selection methods, and
image quality. The dashed black line indicates proportional mergers in the PSBs and their controls. Both panels: Each merger identification method is subject to
a different interpretation: S(G, Myg) is best for identifying only very recent mergers and has a significant non-merger contamination; asymmetry is not sensitive
to faint asymmetric features and is thus only sensitive to recent and extreme mergers; shape asymmetry is more sensitive to faint asymmetric features and thus
detects more mergers in the PSB sample than standard asymmetry; the default CNN threshold identifies a more reliable sample of post-mergers with fewer
non-merger contaminants than other automated methods; the visually confirmed CNN sample has near-perfect purity but only identifies a subset of all mergers;
visual classification may be the truest representation of the merger fraction of these samples but is a subjective process that will not be applicable to large data
sets.
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galaxies to become post-starbursts. However, our tests with simulated
post-mergers have shown that non-parametric morphology metrics
only recover ~30 percent of recent post-mergers (see Section 6.1
and Table 3). Thus, we cannot rule out that nearly all PSBs are post-
mergers with a majority of PSB merger features having faded beyond
detection.
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