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A B S T R A C T 

We conduct a comparison of the merging galaxy populations detected by a sample of visual identification of tidal features 
around galaxies as well as spectroscopically detected close pairs of galaxies to determine whether our method of selecting 

merging galaxies biases our understanding of galaxy interactions. Our volume-limited parent sample consists of 852 galaxies 
from the Galaxy And Mass Assembly (GAMA) surv e y in the redshift range 0.04 ≤ z ≤ 0.20 and stellar mass range 9.50 ≤
log 10 ( M � / M �) ≤ 11 . 0. We conduct our comparison using images from the Ultradeep layer of the Hyper Suprime-Cam 

Subaru Strategic Program (HSC-SSP) to visually classify galaxies with tidal features and compare these to the galaxies in the 
GAMA spectroscopic close-pair sample. We identify 198 galaxies possessing tidal features, resulting in a tidal feature fraction 

f tidal = 0.23 ± 0.02. We also identify 80 galaxies involved in close pairs, resulting in a close pair fraction f pair = 0.09 ± 0.01. 
Upon comparison of our tidal feature and close pair samples we identify 42 galaxies that are present in both samples, yielding 

a fraction f both = 0.05 ± 0.01. We find evidence to suggest that the sample of close pairs of galaxies is more likely to detect 
early stage mergers, where two separate galaxies are still visible, and the tidal feature sample detects later-stage mergers, where 
only one galaxy nucleus remains visible. The o v erlap of the close pair and tidal feature samples likely detect intermediate-stage 
mergers. Our results are in good agreement with the predictions of cosmological hydrodynamical simulations regarding the 
populations of merging galaxies detected by close pair and tidal feature samples. 

K ey words: galaxies: e volution – galaxies: interactions – galaxies: structure. 

1  I N T RO D U C T I O N  

The currently accepted model for the evolution of galaxies in the early 
Universe into the galaxy populations we observe today is known as 
the ‘Hierarchical Merger Model’. This model is a direct consequence 
of the � CDM model of the Universe, and postulates that the growth 
of the universe’s highest-mass galaxies is dominated by merging 
with lower-mass galaxies (e.g. Lacey & Cole 1994 ; Cole et al. 
2000 ; Robotham et al. 2014 ; Martin et al. 2018 ). Observationaly, 
we have been able to study the impact of major mergers (mass ratios 
> 1:4) on galaxy evolution using close pairs of galaxies (e.g. De 
Propris et al. 2005 ; Holwerda et al. 2011 ; Robotham et al. 2014 ; 
Banks et al. 2021 ). Ho we ver, minor mergers are thought to play a 
significant role in galaxy evolution. For example, Martin et al. ( 2018 ) 
use the Horizon-AGN cosmological hydrodynamical simulation to 
study the morphological evolution of galaxies with stellar masses 
abo v e 10 10 M �. The y show that on av erage, elliptical galaxies hav e 

� E-mail: a.desmons@unsw.edu.au 

undergone more mergers than disc-like galaxies and that minor 
mergers (mass ratios < 1:3) are responsible for the majority of galaxy 
morphological transformation at z < 1. 

Although spectroscopic samples of close pairs are crucial to 
advancing our knowledge of the role of mergers in galaxy evolution, 
they possess some limitations. If a secondary galaxy has already 
been ripped apart or absorbed into its host galaxy or if the secondary 
galaxy is too low mass to detect, it will not be included in the 
sample. Spectra are also often only measured for brighter (i.e. more 
massive) galaxies than those detected in imaging. This means that 
close-pair samples will be biased towards brighter more massive 
merging systems and will not provide information about mergers with 
the more pre v alent lo w-mass galaxies. As a consequence, we lack 
observational confirmation on the contribution of low-mass galaxies 
to the merging process. 

Galaxies undergoing mergers typically also show signs of dis- 
turbance in their morphology, known as tidal features. These tidal 
features present as faint diffuse non-uniform regions of stars that 
extend into space from a galaxy, and can only be detected in very 
deep images (e.g. L ́opez-S ́anchez 2010 ). By using tidal features to 
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detect merging galaxies, we can detect fainter mergers and mergers 
where the secondary galaxy is too low mass to be detected by close 
pair samples, allowing us to assemble a more complete sample of 
merging galaxies and better characterize the impact of mergers on 
galaxy evolution (Johnston et al. 2008 ). 

Detection of tidal features is typically achieved through visual 
identification of optical images. Tidal features are classified based on 
their morphology (e.g. Atkinson, Abraham & Ferguson 2013 ; Kado- 
Fong et al. 2018 ; B ́ılek et al. 2020 ). They are generally separated 
into two main classes: ‘shells’, which are umbrella-like envelopes of 
stars curving around the host galaxy, often forming concentric arcs 
(e.g. Malin & Carter 1983 ; Quinn 1984 ), and ‘streams’, which are 
narrow filaments that emanate from the primary galaxy (e.g. Toomre 
& Toomre 1972 ; Kaviraj, Martin & Silk 2019 ). The type of tidal 
features found around a galaxy depends on the properties of the host 
galaxy. The properties of these features can reveal information about 
the merger which created them, such as the mass of the progenitor 
galaxies and the morphology of the galaxies involved in the merger, 
either elliptical or disc-like (Hendel & Johnston 2015 ). 

Past research involving the visual identification and classification 
of tidal features has mainly been based on observations of relatively 
small samples of galaxies (see e.g. Mart ́ınez-Delgado et al. 2009 , 
2015 ; Holwerda et al. 2011 ; Hood et al. 2018 ; B ́ılek et al. 2020 ). 
These generally define a tidal feature fraction, where f tidal is the 
fraction of galaxies in a given sample that host tidal features. In these 
works, f tidal typically ranges from 0.10 ≤ f tidal ≤ 0.30 depending on 
the selection criteria of the parent sample (e.g. parent surv e y, galaxy 
type, environment) and whether the authors included only distinct 
tidal features (e.g. Hood et al. 2018 ) or also included weaker potential 
tidal features (e.g. Atkinson et al. 2013 ) in their sample. 

There also exist other methods of detecting merging galaxies, for 
example using optical coefficients such as concentration, asymmetry, 
Gini, or M 20 (e.g. Conselice 2003 ; Conselice, Rajgor & Myers 2008 ; 
Conselice, Yang & Bluck 2009 ; Lotz et al. 2011 ). One can also study 
the distribution and velocity structure of the neutral hydrogen gas 
in galaxies to detect disturbed and merging galaxies (e.g. Holwerda 
et al. 2011 ). Although these methods are also useful ways of detecting 
interacting galaxies, they are not the focus of this paper. 

The different methods of detecting interacting galaxies have also 
been considered through analysis of cosmological hydrodynamical 
and N -body simulations of galaxy evolution. One such simulation 
performed by Lotz et al. ( 2011 ) used hydrodynamical merger 
simulations to estimate the observability time-scale (T obs ) of ongoing 
mergers and found T obs ∼ 600 Myr for close pairs with a range 
of projected separations. Tidal features, on the other hand, are 
estimated to remain observable for a few billion years after a merger 
both by N -body simulations (e.g. Hendel & Johnston 2015 ) and 
observational studies (e.g. Huang & Fan 2022 ). The significantly 
longer observability period of tidal features compared to close pairs 
makes them a valuable tool in the detection of galaxy mergers, both 
past and present. 

One caveat of using visual classification to identify merging 
galaxies is the introduction of human bias into the analysis. Martin 
et al. ( 2022 ) conducted an analysis of the frequency and visibility of 
tidal features using ∼8000 mock images from the hydrodynamical 
simulation NEWHORIZON (Dubois et al. 2021 ) classified by 45 
e xpert classifiers. The y also obtained a measure of variation between 
classifiers using a subset of ∼600 images which were each classified 
5 times. Martin et al. ( 2022 ) found that below a limiting surface 
brightness μr ∼ 30 mag arcsec −2 , galaxy projection (or viewing 
angle) was the more significant source of disagreement between clas- 
sifications rather than disagreement between individual classifiers. 

They also found that while concurrence between classifiers improved 
with deeper imaging, galaxy morphologies became more complex, 
which introduced more uncertainty to the precise characterization of 
the tidal features. 

Recent works have attempted to overcome such issues by us- 
ing machine learning techniques to detect and classify merging 
galaxies. Machine learning models relying on labelled training 
sets from observational surv e ys hav e shown great success (e.g. 
Pearson et al. 2019 ; Walmsley et al. 2019 ) but potentially learn 
the same bias introduced by visual classification as the galaxies 
used for training have to be identified visually. Ho we ver, works 
using machine learning models trained on images from hydro- 
dynamical simulations (e.g. Snyder et al. 2019 ; Bottrell et al. 
2019 ) to classify merging galaxies have access to the full history 
of simulated galaxies and are therefore confident that a galaxy 
has been involved in a recent merger. Bottrell et al. ( 2019 ) use 
idealized and ‘fully real’ images (simulated images inserted into 
real SDSS surv e y fields) from hydrodynamical simulations to in- 
vestigate how machine learning models perform when trained on 
different types of simulated images. They found that even networks 
trained on the ‘fully real’ images reached high (87 per cent) 
accuracy, suggesting that training models on simulated data be- 
fore applying them to real data sets may be a way of automat- 
ing, and removing observational bias from tidal feature detec- 
tion. 

Our goal in this work is to understand the differences in the 
galaxies selected based on visually identified tidal features com- 
pared to spectroscopic close pairs. We use the Galaxy And Mass 
Assembly (GAMA; Driver et al. 2011 ) surv e y and its associated 
spectroscopically identified Close Pair sample (Robotham et al. 2011 , 
2014 ). The Hyper Suprime-Cam Subaru Strategic Program (HSC- 
SSP; Aihara et al. 2018 ) surv e y Ultradeep layer provides galaxy 
images with the sensitivity required to detect faint tidal features, 
with a limiting depth of μr ∼ 28 mag arcsec −2 . These images, paired 
with the GAMA spectroscopic catalogues which provide accurate 
distances to the HSC-SSP galaxies, provide the first opportunity to 
compare an observationally detected visually identified tidal feature 
sample and spectroscopic close pair sample for the same data set. 
The primary aim of this work is to determine whether our method 
of selecting merging galaxies biases our understanding of galaxy 
interactions. 

Section 2 details the data sources used in this work and the selec- 
tion of our sample of galaxies. Section 3 presents the results of our 
analysis including the fractions of galaxies in close pairs and galaxies 
with tidal features as well as the dependence of these fractions on 
galaxy properties. Section 4 compares the results obtained in this 
paper to previous observational studies and models. We present 
our conclusions in Section 5 . Throughout this paper, we assume 
a flat � CDM cosmology with h = 0.7, H 0 = 100 h km s −1 Mpc −1 , 
�m = 0.3, and �� 

= 0.7. 

2  DATA  S O U R C E S  A N D  SAMPLE  SELECT IO N  

The data for this work are sourced from the GAMA surv e y for 
spectroscopic data and the HSC-SSP Public Data Release 2 (PDR2) 
for deep galaxy images. In this section, we detail the data we use; the 
process of selecting a volume-limited sample; how the classification 
of this sample will be performed and the assignment of confidence 
levels to these classifications; how we assign a colour cut to classify 
red, more likely to be early-type, and blue, more likely to be late type 
galaxies; and finally how we calculated the uncertainties presented 
in the analysis of our sample. 
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Figure 1. The pink region shows the Ultradeep layer of the HSC-SSP survey. 
The blue rectangle shows the sample selection applied here. Adapted from 

the HSC-SSP Available Data website 1 . 

2.1 The Galaxy And Mass Assembly sur v ey (GAMA) 

The GAMA surv e y is a spectroscopic surv e y carried out at the 3.9 m 

Anglo-Australian Telescope (AAT) o v er 210 nights (2008–2014) 
using the optical AAOmega multiobject spectrograph (Driver et al. 
2011 , 2022 ; Hopkins et al. 2013 ; Liske et al. 2015 ; Baldry et al. 
2018 ). The surv e y is split into fiv e re gions co v ering ∼286 de g 2 down 
to a depth of r < 19.8 mag and consists of ∼300 000 galaxies. For 
this work, we focus on the GAMA G02 region delimited by 30.2 ◦

≤ RA ≤ 38.8 ◦ and −10.25 ◦ ≤ Dec. ≤ −3.72 ◦, as this is where 
the HSC-SSP PDR2 (Aihara et al. 2019 ) Ultradeep images o v erlap 
the GAMA sample. The G02 region of the GAMA surv e y has a 
high spectroscopic completeness of 95.5 per cent, achieved through 
multiple visits to the same fields (Baldry et al. 2018 ). This makes it 
an excellent resource for this work. 

The GAMA surv e y data are stored in a data base which is separated 
in Data Management Units (DMUs) that combine specific data to 
be used in different analyses. In this paper, we make use of the 
GAMA Galaxy Group Catalogue (G 

3 C; Robotham et al. 2011 ), 
which provides positions and redshifts for GAMA galaxies used 
to select the GAMA Close Pair sample, and the StellarMasses 
DMU to obtain galaxy stellar masses. 

2.1.1 GAMA G 

3 C 

The G 

3 C (Robotham et al. 2011 ) contains four data tables, two 
of which will be used for this project, namely the G3CGalv10 
and G3CGalPairv10 catalogues. The G3CGalv10 catalogue 
contains properties of 204 110 galaxies from the parent GAMA 

sample which were selected by setting a limit of the redshift quality 
and imposing restrictions on the CMB-frame redshift 0.003 < z CMB 

< 0.6. Additionally, to be included in the G3CGalv10 catalogue, 
galaxies had to have a Surv e y Class ranking greater than four, 
meaning the y hav e r -band magnitude r < 19.8 mag and satisfy r - 
band star-galaxy separation. These galaxies were then used to select 
the GAMA close pair sample. We use a subset of the G02 region 
data since we are only interested in the re gion o v erlapping with 
the Ultradeep HSC-SSP region. Hence, we only keep galaxies in 
the central portion of the Ultradeep HSC-SSP observ ations, sho wn 
by the blue rectangle in Fig. 1 , for which 34.8 ◦< RA < 36.5 ◦ and 
−5.4 ◦< Dec. < −4.0 ◦. Applying these cuts, we are left with 2327 

galaxies in the region where the GAMA G02 re gion o v erlaps the 
Ultradeep HSC-SSP region. 

The second catalogue we make use of is the G3CGalPairv10 
catalogue, which contains information about the GAMA close pair 
sample. The GAMA close pair sample uses a friends-of-friends (FoF) 
algorithm to classify galaxy pairs (Robotham et al. 2011 , 2014 ) using 
three thresholds of projected spatial separation r sep and radial velocity 
separation v sep , namely: 

(i) r sep < 20 h −1 kpc ∧ v sep < 500 km s −1 

(ii) r sep < 50 h −1 kpc ∧ v sep < 500 km s −1 

(iii) r sep < 100 h −1 kpc ∧ v sep < 1000 km s −1 

To be confident that the close pairs we select are definitely 
interacting, we use the second threshold and only select close pairs 
within 50 h −1 kpc and 500 km s −1 of each other. The full close pair 
catalogue contains 31 823 galaxy pairs, of which 11 213 satisfy our 
r sep and v sep threshold. After applying our Right Ascension and 
Declination cuts, we are left with 125 galaxy pairs in the region where 
the GAMA G02 region overlaps the Ultradeep HSC-SSP region. 

2.1.2 Stellar masses 

We use the StellarMasses DMU (Taylor et al. 2011 ) to obtain 
galaxy stellar masses. These are measured by stellar population 
synthesis (SPS) modelling. For the G02 region, the masses are esti- 
mated using photometry from the Canada–France–Hawaii Telescope 
Le gac y Surv e y (CFHTLS; Ilbert et al. 2006 ) which is preferred as it 
is deeper. When that is not available, we use masses estimated using 
photometry from the Sloan Digital Sky Survey (SDSS; York et al. 
2000 ). For our sample of 2327 galaxies, 97 per cent of the stellar 
masses come from CFHTLS, 3 per cent come from SDSS, and 2 
galaxies do not have mass information, reducing our parent GAMA 

sample to 2325 galaxies. 

2.2 The Hyper Suprime Cam Subaru Strategic Program 

(HSC-SSP) 

The HSC-SSP surv e y (Aihara et al. 2018 ) is a three-layered grizy - 
band imaging surv e y carried out with the Hyper Suprime-Cam (HSC) 
on the 8.2 m Subaru Telescope located in Hawaii. In this work, we 
use the images from the HSC-SSP Public Data Release 2 (PDR2; 
Aihara et al. 2019 ). During the development of this project the HSC 

Public Data Release 3 (HSC-PDR3; Aihara et al. 2022 ) became 
available. Although this is an updated version of the HSC-PDR2, 
we do not use this data due to the differences in the data treatment 
pipelines. HSC-PDR2 fulfils the requirements for our study and has 
been widely tested for low surface brightness studies (e.g. Huang 
et al. 2018 , 2020 ; Li et al. 2022 ; Mart ́ınez-Lombilla et al. 2023 ). The 
surv e y comprises of three layers: Wide, Deep, and Ultradeep which 
are observed to surface brightness depths of μr ∼ 26.4, μr ∼ 27.4, and 
μr ∼ 28.0 mag arcsec −2 , respectiv ely. We use the Ultradeep re gion 
pictured in Fig. 1 , with the blue rectangle showing our sample’s 
right ascension and declination limits. We use this region as it is the 
only HSC-SSP PDR2 Ultradeep region that overlaps with GAMA. 
The HSC-SSP PDR2 has a median i band seeing of 0.6 arcsec and a 
resolution of 0.168 arcsec per pixel. 

To access the HSC-SSP galaxy images, we use the UNAGI PYTHON 

tool (Huang et al. 2019 ) which allows us to create multiband ‘HSC 

cutout’ images of size 355 × 355 pixels or 60 × 60 arcsecs. 
Our analysis of the tidal feature and close pair samples includes 

a comparison of g–i galaxy colour, as a general indicator of galaxy 
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Figure 2. Distribution of redshift and stellar masses of the 2325 parent 
GAMA galaxies in the HSC-SSP Ultradeep Region. The red rectangle shows 
our final volume-limited sample of 852 galaxies. 

morphology, between the two samples. We retrieve the rest-frame 
g- and i- band magnitudes for the galaxies in our sample from the 
HSC-SSP PDR2 photoz mizuki catalogue as these results are 
deeper than the CFHT or SDSS measurements used for the GAMA 

stellar mass estimates described in Section 2.1.2 . These rest-frame 
magnitudes were inferred from the results of the MIZUKI (Tanaka 
2015 ) template-fitting code. 

2.3 Sample selection 

To ensure that we can observe tidal features in our galaxies, we 
limit our sample to the redshift range 0.04 ≤ z ≤ 0.2, so that 
galaxies are close enough to be visually classified and the effects 
of evolution do not affect our analysis. We verified that the fraction 
of tidal features presented in Section 3 are unchanged as a function 
of redshift. To ensure that our sample of galaxies is consistent in 
their stellar masses o v er this redshift range, we apply stellar mass 
limits of 9.50 ≤ log 10 ( M � /M �) ≤ 11.00. Applying these limits, we 
get the final volume-limited sample of 852 galaxies shown in Fig. 2 . 
There is a visible gap in the redshift range 0.10 ≤ z ≤ 0.14 with an 
absence of g alaxies. This g ap is caused by sky-line contamination in 
GAMA spectra at those wavelengths but does not affect the analysis 
presented here. To ensure high completeness in our sample, we only 
include close pairs which have a companion galaxy that also meets 
our selection criteria. This ensures that our sample remains complete 
in both the low mass and high redshift regimes. After doing this, 
we are left with 46 galaxy close pairs whose members are both in 
our volume-limited sample. This is the sample presented through the 
remainder of this paper. 

Due to the higher pre v alence of lo w-mass galaxies (e.g. Taylor 
et al. 2011 ; Baldry et al. 2012 ), it is more likely that higher-mass 
galaxies in our volume-limited sample could have a companion 
galaxy with mass ratio < 1:3, than the lower-mass galaxies, where 
such lower mass companion galaxies are below GAMA’s detection 
limit of r ∼ 19.8 mag. To confirm that this effect does not bias our 
conclusions, we verified that all our conclusions remain qualitatively 
unchanged for a confirmation sample with stellar mass limits 10.00 ≤
log 10 ( M � / M �) ≤ 11 . 0. For this confirmation sample, companion 
galaxies were not restricted to only being in the volume-limited 
sample, but instead were restricted to a stellar mass ratio ≥1:3 
(major mergers) such that galaxies across our entire mass range 
had an equal probability of detecting a major close companion. 
This confirmation sample contains 605 total galaxies and 28 close 
pairs. The results presented in Section 3 are calculated using the 
larger sample of 852 galaxies as the larger range of stellar mass 

Figure 3. Example galaxies with tidal features in our sample ( gri -band cutout 
images). T op left: shells. T op Right: stream. Bottom left: asymmetric halo. 
Bottom Right: double nucleus. 

and colour in this sample allows for a more detailed analysis of 
mass and colour dependence in the tidal feature and close pair 
subsamples. All conclusions based on the results presented in 
Section 3 hold true for the confirmation sample unless otherwise 
discussed. 

2.4 Detection and classification 

The visual identification of the tidal features present in our galaxy 
sample will be based on a simplified form of the classification 
schemes used in B ́ılek et al. ( 2020 ) and Martin et al. ( 2022 ). Their 
categories include: 

(i) Shells: concentric radial arcs or ring-like structures around a 
galaxy 

(ii) Tidal tails: prominent, elongated structures expelled from the 
host galaxy. These usually have similar colours to that of the host 
galaxy. 

(iii) Stellar streams: narrow filaments orbiting a host galaxy. 
(iv) Plumes or asymmetric stellar haloes: diffuse features in the 

outskirts of the host galaxy, lacking well-defined structure like stellar 
streams or tails. 

(v) Double nuclei: Galaxies which are visibly merging but where 
both objects are still clearly separated. 

The categories are not mutually e xclusiv e, and galaxies with 
multiple features can belong to multiple categories simultaneously. 
Tidal tails and stellar streams share very similar morphologies and 
upon analysis of our sample appear to be indistinguishable. Because 
of this, we do not try to distinguish between these two types of 
tidal features in our analysis and label both types as stellar streams. 
Shells have been shown to primarily originate from minor mergers 
(Kado-Fong et al. 2018 ), while stream-like features can originate 
from minor or major mergers (e.g. Knierman et al. 2012 , 2013 ; 
Hendel & Johnston 2015 ; Rodruck et al. 2016 ). We therefore expect 
that the use of tidal features will enable us to detect both major 
and minor mergers. Fig. 3 shows examples of each type of feature 
from our data set. The classification was performed by the first 
author. 
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Figure 4. g–i colour as a function of stellar mass. The dashed line shows the 
line of best fit for the Red Sequence and the solid line shows the separation 
between blue (below), and red (abo v e) galaxies. 

2.5 Defining a colour cut 

In our analysis, we make use of g–i colour as an indicator of 
morphology by using the tendency for redder galaxies to be quiescent 
early-types and bluer galaxies to be star-forming late-types (e.g. 
Taylor et al. 2015 ). Hence, by comparing the colours of the galaxies 
present in our samples, we can determine whether tidal feature or 
close pair samples are more likely to be associated with a particular 
galaxy colour. 

Of our 852 galaxies, six of them did not have magnitude infor- 
mation due to incomplete data in the HSC-SSP data base, so we did 
not include them in our colour cut calculations. These galaxies do 
not belong to any one particular subsample presented in Section 3 . 
To define a colour cut, we plotted the g–i colour with respect to 
stellar mass for the 846 galaxies with colour information in our 
sample (Fig. 4 ). Within this distribution the red sequence of galaxies 
is visible redwards of g–i ∼ 1.0. We fit a straight line to the region 
1.0 ≤ g–i ≤ 1.4 to obtain the red sequence distribution and took the 
1 σ root-mean-square scatter below the fitted line to be our red versus 
blue galaxy cut-off point (e.g. Brough et al. 2017 ). This red versus 
blue cut-off is illustrated in Fig. 4 and follows the relationship: 

g − i = 0 . 15 × log 10 ( M � / M �) − 0 . 56 (1) 

We verify that the results presented in Section 3 hold true when 
the fit to the red sequence is varied. We explored three variations 
of this fit, first moving the lower limit of the g–i fit to 1.05 ≤ g–
i ≤ 1.4, secondly by implementing a lower stellar mass limit 
log 10 ( M � / M �) ≤ 10 . 1 to our fit, and thirdly by implementing 
both the lower g - i limit and the lower stellar mass limit. The 
results presented in Section 3 remain qualitatively unchanged unless 
otherwise specified. After applying our red versus blue galaxy 
selection, we find 453 red galaxies and 393 blue galaxies in our 
sample of 846 galaxies with colour information. Red galaxies are 
slightly more pre v alent with a fraction of f red = 0.54 ± 0.02 compared 
to blue galaxies which have a fraction f blue = 0.46 ± 0.02. For our 
confirmation sample, red galaxies are more pre v alent with a fraction 
of f red = 0.70 ± 0.02 compared to blue galaxies which have a fraction 
f blue = 0.30 ± 0.02. This is a direct consequence of the mass–colour 
relation and is an expected result of raising our lower stellar mass 
limit. 

2.6 Uncertainties 

Throughout this paper, the uncertainties on the presented fractional 
quantities are estimated using the beta distribution quantile technique 
to calculate confidence intervals (Cameron 2011 ). We use this method 

to calculate our confidence intervals as it is well suited to smaller 
fractions and performs well for small-to-intermediate sample sizes. 
All uncertainties in this paper will be given at a confidence level of 
c = 0.683 equi v alent to 1 σ . 

3  RESULTS  

In this work, we wish to analyse how the selection of merging 
galaxies biases our understanding of galaxy interactions. Earlier 
studies focusing on galaxy interactions (e.g. De Propris et al. 2005 ; 
Holwerda et al. 2011 ; Robotham et al. 2014 ; Kado-Fong et al. 
2018 ) have relied either on a spectroscopic close-pair sample, or 
on a visually identified sample of interacting galaxies exhibiting 
tidal features, to draw their conclusions. Here, we will compare 
the properties of a visually identified sample of interacting galaxies 
exhibiting tidal features, and a spectroscopic close-pair sample drawn 
from the same parent sample. To do this, we analyse the differences 
in the distribution of stellar mass, type of tidal feature, and colour of 
galaxies between the two samples as well as examine the properties 
of galaxies that appear in both samples. All quantities calculated here 
are summarized in Table 1 . 

3.1 T idal featur e and close pair fractions 

We calculate the fractions of tidal features and close pairs present in 
our sample of galaxies. The tidal feature fraction is defined as: 

f tidal = 

N tidal 

N gal 
, (2) 

where N gal is the total number of galaxies in our sample, and 
N tidal is the total number of galaxies visually classified as pos- 
sessing tidal features in our volume-limited sample. We identify 
198 galaxies with tidal features. This yields a tidal feature fraction 
of f tidal = 0.23 ± 0.02. The close pair fraction is the fraction 
of our whole sample of galaxies that are present in the GAMA 

spectroscopic close pair sample. When using the close pair fraction to 
calculate galaxy merger rates, several correction factors are usually 
applied (e.g. Patton et al. 2000 ; De Propris et al. 2005 ; Holwerda 
et al. 2011 ). Given that the focus of this paper is to determine 
whether any observed galaxy possesses companion galaxies, not 
to calculate the galaxy merger rate or frequency of mergers, we 
use the uncorrected fraction of galaxies in close pairs, defined 
as: 

f pair = 

N pair 

N gal 
, (3) 

where N pair is the total number of galaxies in the GAMA close pair 
sample in our volume-limited sample. We identify 80 galaxies that 
are in close pairs where both galaxies are in our volume limit. This 
yields a close pair fraction of f pair = 0.09 ± 0.01. 

To conduct our comparison of the tidal feature and close pair 
samples, we wish to look at the galaxies that are in both samples 
or in one but not the other. To do this, we split our tidal feature 
and close pair samples into three subsets: tidal feature only (TFO), 
close pair only (CPO), and close pair and tidal feature (CP + TF). 
The fourth subset contains galaxies which are not in close pairs nor 
possess tidal features, referred to as the Neither sample from here 
onward. 

We calculate the fraction of galaxies in each subset. In our 
volume-limited sample of 852 galaxies, we identify 38 galaxies 
that are in close pairs only, 156 galaxies that only possess tidal 
features, 42 galaxies that are both in close pairs and possess tidal 
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Table 1. Number, fraction of total, and mean stellar mass of galaxies in each sample described in Section 3 and the number, fraction, and mean colour of 
red and blue galaxies in each sample. The TFO, CPO, and CP + TF samples are the Tidal Feature Only, Close Pair Only, and Close Pair and Tidal Feature 
samples, respectively. 

N f Mean log 10 ( M � /M �) N red f red x̄ red (g–i) N blue f blue x̄ blue (g–i) 

Whole sample 852 – 10.21 ± 0.01 453 0.54 ± 0.02 1.14 ± 0.01 393 0.46 ± 0.02 0.77 ± 0.01 
Tidal feature sample 198 0.23 ± 0.02 10.37 ± 0.03 121 0.62 ± 0.04 1.17 ± 0.01 74 0.38 ± 0.04 0.78 ± 0.02 
Close pair sample 80 0.09 ± 0.01 10.26 ± 0.04 49 0.62 ± 0.06 1.16 ± 0.02 30 0.38 ± 0.06 0.78 ± 0.03 
TFO sample 156 0.18 ± 0.01 10.39 ± 0.03 91 0.59 ± 0.04 1.18 ± 0.01 62 0.41 ± 0.04 0.78 ± 0.02 
CPO sample 38 0.04 ± 0.01 10.19 ± 0.05 19 0.51 ± 0.08 1.17 ± 0.04 18 0.49 ± 0.08 0.80 ± 0.03 
CP + TF sample 42 0.05 ± 0.01 10.34 ± 0.05 30 0.71 ± 0.08 1.15 ± 0.02 12 0.29 ± 0.08 0.75 ± 0.05 
Neither sample 616 0.72 ± 0.02 10.16 ± 0.01 313 0.51 ± 0.02 1.12 ± 0.01 301 0.49 ± 0.02 0.76 ± 0.01 

features, and 616 galaxies neither in close pairs nor with tidal 
features. The TFO, CPO, CP + TF, and Neither fractions are as 
follows 

f TFO = 0 . 18 ± 0 . 01 

f CPO = 0 . 04 ± 0 . 01 (4) 

f CP + TF = 0 . 05 ± 0 . 01 

f Neither = 0 . 72 ± 0 . 02 , 

The fraction of galaxies in close pairs only, f CPO , and the fraction 
of galaxies both in close pairs and possessing tidal features, f CP + TF , 
are similar but these two subsets consist of different galaxies. 
The fraction of galaxies possessing tidal features, f TFO , is signif- 
icantly larger than both f CPO and f CP + TF , indicating that galaxies 
are significantly more likely to possess tidal features than be in 
close pairs, and 53 ± 6 per cent of galaxies in close pairs will 
also possess tidal features (see T able 1 ). W e calculate the mean 
radial separations of galaxies in the CPO and CP + TF samples 
and find r̄ sep = 34.3 ± 1.8 h −1 kpc for the CPO sample, and 
r̄ sep = 21.7 ± 1.7 h −1 kpc for the CP + TF sample. Galaxies which 
are both in close pairs and possess tidal features therefore have 
significantly lower mean radial separations than galaxies which are 
only in close pairs. 

In the following sections, we compare the galaxy properties for 
these four subsets to establish the properties of galaxies in close pairs 
and galaxies with tidal features. 

3.2 Dependence on stellar mass 

In this section, we investigate whether galaxy merger samples 
detected through close pairs or the presence of tidal features depend 
on the stellar mass of the galaxies. 

Fig. 5 illustrates the fractions of galaxies in the TFO, CPO, CP + 

TF, and Neither samples as a function of stellar mass. The fraction 
of TFO galaxies shows a continuous increase with stellar mass, 
increasing from 0.12 ± 0.03 for 9.5 ≤ log 10 ( M � /M �) ≤ 9.85 to 
0.34 ± 0.04 for 10.57 ≤ log 10 ( M � /M �) ≤ 11. The fraction of galaxies 
in the CPO and CP + TF samples do not appear to have a significant 
relationship to the stellar mass within these galaxies, although 
galaxies in the CP + TF sample do have significantly higher mean 
stellar mass than galaxies in the Neither or CPO samples (Table 1 ). 
This difference in mean stellar mass for the various subsamples does 
not hold true for our confirmation sample as a direct consequence 
of the limited stellar mass range of this sample. The fraction of 
galaxies neither in close pairs nor with tidal features shows an inverse 
relationship with stellar mass, which is likely the inverse of the rela- 
tionship between stellar mass and the fraction of galaxies with tidal 
features. 

Figure 5. Fraction of galaxies as a function of stellar mass for the tidal 
feature only (TFO; top panel), close pair only (CPO; middle-top panel), close 
pair and tidal feature (CP + TF; middle-bottom panel), and Neither (bottom 

panel) subsamples. Each bin contains ∼170 parent galaxies. The TFO fraction 
shows a continuous increase with increasing stellar mass, whilst the Neither 
sample decreases. 

3.3 Dependence on galaxy colour 

In this section, we investigate whether the g–i colour of the galaxies 
is dependent on which sample they belong to: TFO, CPO, CP + 

TF , or Neither. W e calculated the mean blue and red colour for the 
galaxies in each of our four subsamples, provided in Table 1 . The CP 

+ TF sample has a significantly higher number of red galaxies than 
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Figure 6. Fraction of galaxies as a function of g–i colour for the TFO (top 
panel), CPO (middle-top panel), CP + TF (middle-bottom panel), and Neither 
(bottom panel) subsamples. Each bin contains ∼170 parent galaxies. Both 
the TFO and CP + TF sample detect redder galaxies than the CPO or Neither 
samples. 

blue galaxies, and this is also the case for the TFO sample, albeit less 
strong. When changing the conditions of our colour cut, as described 
in Section 2.5 , the CP + TF sample still has a significantly higher 
number of red galaxies, ho we ver the TFO sample is more dependent 
on the precise separation between red and blue galaxies. The fractions 
of red and blue galaxies in the TFO sample as approximately equal. 
To further our colour analysis, we show in Fig. 6 , the fraction of 
galaxies in the TFO, CPO, CP + TF, and Neither samples in g–i 
colour bins. Fig. 6 confirms that both the TFO and CP + TF samples 
detect redder galaxies than the CPO or Neither samples. The galaxies 
in the Neither sample, on the other hand, are bluer than those in the 
CPO sample. This is consistent with the finding in Section 3.2 that 
the CP + TF sample isolates the most massive, and hence reddest, 
galaxies from the galaxies in close pairs. 

We find that the fractions of red and blue galaxies in samples of 
interacting galaxies (Table 1 ) are independent of whether the sample 
is a close pair or a tidal feature sample, with both samples detecting 
a higher fraction of red galaxies than blue galaxies. This is likely a 
consequence of galaxies with tidal features and galaxies in close pairs 

Figure 7. Fraction of galaxies hosting shell, double nucleus, plume, and 
stream features as a function of stellar mass. The dashed lines show the mass- 
bin edges, with each bin containing ∼ 170 parent galaxies (i.e. including those 
without tidal features). Shells are only present around higher mass galaxies 
whereas streams, plumes, and double nuclei are present around galaxies with 
a wide range of stellar masses. 

having higher average stellar masses than the non-interacting sample. 
This is confirmed by the absence of a difference in the fraction of red 
and blue galaxies between the tidal feature, close pair, and Neither 
sample in our confirmation sample. 

3.4 Dependence on feature type 

In this section, we investigate whether the type of tidal feature 
exhibited by a galaxy is dependent on the g–i colour or stellar mass 
of that galaxy. We also investigate whether there is a correlation 
between the type of tidal feature a galaxy exhibits and whether it 
belongs to the TFO or CP + TF sample. 

Fig. 7 illustrates the fractions of shells, streams, plumes, and 
double nuclei in our whole sample as a function of stellar mass. 
Fig. 8 shows the g–i colour distribution as a function of galaxy 
stellar mass for galaxies with shells, streams, plumes, and double 
nuclei. Table 2 gives the total fraction of galaxies with shells, streams, 
plumes, and double nuclei in our sample. These figures show that 
in our sample shells are only detected around higher mass galaxies 
where log 10 ( M � /M �) ≥ 10.10 and are usually found around galaxies 
close to the blue versus red cutoff. Streams and plumes, on the other 
hand, share similar distributions, appearing around galaxies at a wide 
range of colour and mass, but, as seen in Fig. 7 , increase in pre v alence 
with increasing stellar mass. Double nuclei also appear in galaxies at 
a wide range of colour and mass and seem to show a weak increase 
in pre v alence with increasing galaxy stellar mass. 

Fig. 9 compares the fractions of type of tidal feature in the TFO 

and CP + TF samples. In both samples, shells are the least frequent 
type of tidal feature, and plumes have similar pre v alence across the 
two samples. Streams are more frequent in the TFO sample but the 
difference is not enough to be statistically significant, considering 
our 1 σ error bars. Galaxies with double nuclei are significantly more 
likely to also be classified as close pairs, with the fraction of galaxies 
in the TFO sample possessing double nuclei being 0.28 ± 0.04 and 
rising to 0.93 ± 0.06 for the CP + TF sample. Upon inspection 
of our images, all of the galaxies in the TFO sample with double 
nuclei appear to have a secondary galaxy that is either too close 
to the host galaxy or too small to be marked as a close pair by 
GAMA. This is likely due to the GAMA close pair sample being 
based on SDSS imaging which is shallower than HSC-SSP Ultradeep 
imaging with larger seeing ( ∼2 versus ∼1 arcsec full width at half- 
maximum; Hill et al. 2011 ; Aihara et al. 2019 ), and therefore small, 
faint, or close secondary galaxies would not be distinguishable from 
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Figure 8. g–i colour as a function of stellar mass for galaxies with shells 
(top), streams (middle-top), plumes (middle-bottom), and double nuclei 
(bottom). The dashed lines show our dividing line between red and blue 
galaxies. Shells are only present around higher mass galaxies close to the red 
versus blue cutoff. 

Table 2. Fraction and mean stellar mass of host galaxies with shells, streams, 
plumes, and double nuclei in our sample. Uncertainties are given to 1 σ . 

Feature type 
Fraction of all 

galaxies 
Mean 

log 10 ( M � /M �) Mean g –i colour 

Shell 0.02 ± 0.01 10.56 ± 0.06 1.03 ± 0.05 
Stream 0.11 ± 0.01 10.42 ± 0.04 1.05 ± 0.02 
Plume 0.10 ± 0.01 10.44 ± 0.04 1.03 ± 0.03 
Double nucleus 0.10 ± 0.01 10.33 ± 0.04 1.02 ± 0.03 

the host galaxy . Additionally , 2 of the 3 galaxies in the CP + TF 

samples which do not have a double nucleus do have a visible, but 
not obviously interacting, secondary galaxy in the cutout. The other 
galaxy in the CP + TF sample which was not visually classified 
as having a double nucleus has a larger radial separation than the 
area co v ered by our cutout (Robotham et al. 2014 ), meaning that 
the secondary galaxy is outside our field of view. From this, we 
conclude that whether a galaxy with tidal features is also in a close 
pair appears only to be strongly related to the double nucleus visual 

Figure 9. Fractions of the type of tidal feature for the TFO (green), and CP 
+ TF (blue) samples. The CP + TF sample has a high fraction of galaxies 
with double nuclei. Streams, plumes, and shells have similar fractions in the 
TFO and CP + TF sample. 

classification, rather than the presence of shell, plume, or stream 

features. 

4  DI SCUSSI ON  

We have conducted an analysis of tidal features and close pairs 
for 852 GAMA galaxies located in the o v erlap of the GAMA G02 
region and the HSC-SSP Ultradeep region in the redshift range 
0.04 ≤ z ≤ 0.20 and mass range 9.50 ≤ log 10 ( M � /M �) ≤ 11.00. We 
calculated the tidal feature and close pair fractions and examined their 
dependence on galaxy stellar mass and colour, as well as quantifying 
the type and distribution of tidal features present in our sample. This 
section compares these results with those obtained from previous 
analyses. 

4.1 T idal featur e and close pair fractions 

We identify in our sample of 852 galaxies a total of 198 galaxies 
with visible tidal features and 80 galaxies in close pairs. This yields 
a total tidal feature fraction of f tidal = 0.23 ± 0.02 and a total close 
pair fraction of f pair = 0.09 ± 0.01. 

To compare the conclusions drawn from the close pair and tidal 
feature samples, we also separated the tidal feature and close pair 
samples into three subsets: close pair only (CPO), tidal feature only 
(TFO), close pair and tidal feature (CP + TF), and a fourth subset 
containing galaxies which are not in close pairs nor possess tidal 
features, referred to as Neither. We identify 38 galaxies that are in 
close pairs only, 156 galaxies that only possess tidal features, 42 
galaxies that are both in close pairs and possess tidal features, and 
616 galaxies that are neither in close pairs nor possess tidal features. 
This yields the fractions f CPO = 0.04 ± 0.01, f TFO = 0.18 ± 0.01, 
f CP + TF = 0.05 ± 0.01, and f Neither = 0.72 ± 0.02. 

Previous tidal feature analyses found tidal feature fractions of 
f tidal = 0.25 ± 0.01 (Atkinson et al. 2013 ), f tidal = 0.28 ± 0.04 (B ́ılek 
et al. 2020 ), f tidal = 0.17 ± 0.01 (Hood et al. 2018 ), f tidal = 0.73 
(Tal et al. 2009 ), f tidal = 0.057 ± 0.002 (Kado-Fong et al. 2018 ), 
f tidal = 0.03 ± 0.003 (Adams et al. 2012 ), f tidal = 0.42 ± 0.06 (Sheen 
et al. 2012 ). These results are compared in Fig. 10 . Tidal feature 
fractions show a strong dependence on the redshift, stellar mass, and 
imaging depths limits used in the analysis. The works which were 
carried out on samples with similar redshift, stellar mass, and imaging 
depth limits to this work are found to be in good agreement with our 
findings (e.g. Atkinson et al. 2013 ; B ́ılek et al. 2020 ). Those which 
had shallower observing depths than the HSC-SSP Ultradeep layer 
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Figure 10. Tidal feature fractions in the literature. The horizontal error bars 
indicate the redshift range of the sample studied. Our results are in excellent 
agreement with those of Atkinson et al. ( 2013 ) and B ́ılek et al. ( 2020 ). The 
other fractions are calculated for samples with different redshift, stellar mass, 
and imaging depths limits to this work (see the text). 

used here, making faint tidal features much harder to detect, found 
lower tidal feature fractions (e.g. Hood et al. 2018 ; Kado-Fong et al. 
2018 ). Moreo v er, Kado-F ong et al. ( 2018 ) used a wider redshift range 
in their work, with an upper limit of z = 0.45, finding the detection 
of tidal features increasingly difficult for lower mass galaxies at 
these high redshifts. The significantly higher tidal feature fraction 
of Tal et al. ( 2009 ) can be attributed to the fact that their sample 
consisted only of massive red early-type galaxies, precisely the type 
of galaxies we found were most likely to possess tidal features. The 
galaxy samples studied by Adams et al. ( 2012 ) and Sheen et al. 
( 2012 ) were composed of massive spheroidal galaxies located in 
clusters. Therefore, our results are not directly comparable due to 
these different sample selections. Despite studying similar samples 
of galaxies, the tidal feature fraction found in Adams et al. ( 2012 ) 
and Sheen et al. ( 2012 ) are significantly different, likely due to the 
different surface brightness limits in these studies. 

Although there are numerous works studying systems of merging 
galaxies through analysis of close pair samples, such as those of 
Darg et al. ( 2010 ) and Robotham et al. ( 2014 ), no value for the total 
close pair fraction could be found in those references. Ho we ver, 
in their work analysing the stellar mass dependence of GAMA 

close pairs with masses 8 ≤ log 10 ( M � /M �) ≤ 12 in the redshift 
range 0.05 ≤ z ≤ 0.20, Robotham et al. ( 2014 ) calculated the 
fraction of galaxies involved in major (mass ratio < 3 : 1) close 
pair interactions. They found an upper limit on the major close 
pair fraction of f major = 0.09–0.13 in our mass range of interest 
of 9.50 ≤ log 10 ( M � /M �) ≤ 11.00. In our confirmation sample of 605 
galaxies we found 43 galaxies involved in major mergers, giving a 
major close pair fraction of f major = 0.07 ± 0.01, in agreement within 
our 3 σ uncertainty. 

De Propris et al. ( 2007 ) studied the connection between close 
pairs and asymmetry using a sample of 3184 galaxies from the 
Millenium Galaxy Catalogue (MGC) and found a close pair fraction 
of 0.041 ± 0.004. This is lower than the close pair fraction 
calculated here; ho we ver, their close pair selection criteria required 
that pairs had r sep < 20 h −1 kpc, significantly smaller than our limit 
of r sep < 50 h −1 kpc. Holwerda et al. ( 2011 ) studied close pairs in the 
Westerbork observations of neutral Hydrogen in Irregular and SPiral 
galaxies (WHISP) sample. In the sample of 339 galaxies, they find 
24 galaxies with close companions, resulting in a close pair fraction 
of 0.07 ± 0.02, but 13 per cent based on H I disturbance. WHISP is a 
targeted surv e y, based on the Uppsala General Catalogue. Although 
this close pair fraction is in agreement within 3 σ of the fraction 

calculated here, its lo wer v alue can be explained by the brighter 
limiting surface brightness of the Uppsala General Catalogue. 

4.2 Dependence on stellar mass 

We analysed the stellar mass dependence of our CPO, TFO, CP + 

TF, and Neither samples in Section 3.2 . We found that the fraction of 
TFO galaxies shows a continuous increase with stellar mass. We also 
found that the fraction of galaxies in the CPO and CP + TF samples 
do not appear to have a significant relationship to the stellar mass 
within these galaxies, although galaxies in the CP + TF sample do 
have significantly higher mean stellar mass than those in the Neither 
sample. 

In their study of CFHT Le gac y Surv e y galaxies, Atkinson et al. 
( 2013 ) found a strong relationship between the stellar mass of 
galaxies and the occurrence of tidal features, finding that tidal 
features such as shells, stellar streams, and tidal tails occur much 
more frequently in galaxies with stellar masses log 10 ( M � /M �) > 

10.5. Similarly, B ́ılek et al. ( 2020 ) found a statistically significant 
increase of the incidence of shells, streams, and disturbed outer 
isophotes with the increasing stellar mass of the galaxy. They 
hypothesized that this increase in tidal feature occurrence at higher 
masses stems from the fact that more massive galaxies have stronger 
gravitational attraction and stronger tidal forces, leading to higher 
rates of tidal features. The stellar mass dependence of the total tidal 
feature fraction and the tidal feature fraction in our TFO sample that 
we observe are in good agreement with those findings. 

Darg et al. ( 2010 ) studied 3003 close pairs of galaxies drawn 
from the SDSS in the redshift range 0.005 < z < 0.1 and stellar 
mass range 8.0 ≤ log 10 ( M � /M �) ≤ 12.0. They found that galaxies 
in close pairs are on average more massive than non-interacting 
galaxies. This is corroborated by our study, where galaxies in close 
pairs have an average mass log 10 ( M � /M �) = 10.26 ± 0.04 and 
non-interacting galaxies have a significantly lower average mass of 
log 10 ( M � /M �) = 10.16 ± 0.01. In their study analysing the stellar 
mass dependence of close pairs, Robotham et al. ( 2014 ) find no 
evidence of a relationship between the stellar mass of galaxies and the 
likelihood of galaxies being in close pairs for the stellar mass range 
9.50 ≤ log 10 ( M � /M �) ≤ 11.00. This is consistent with our findings 
regarding the absence of a relationship between galaxy stellar mass 
and the close pair fraction in both the whole close pair sample and 
the CPO and CP + TF samples. 

Blumenthal et al. ( 2020 ) used the hydrodynamical cosmological 
simulation IllustrisTNG-100 (Nelson et al. 2019 ) to test the use 
of visual classification of tidal features to detect interacting galaxy 
systems. They generated 446 galaxy pairs which were identified 
as interacting based on their trajectories (non-Visually Identified 
Pairs). The pairs were also visually classified as interacting or non- 
interacting based on the presence of tidal features (Visually Identified 
P airs). The y found that the Visually Identified Pairs tend to have 
higher stellar masses and have undergone a close passage twice as 
recently as the non-Visually Identified Pairs. This is consistent with 
our finding that the number of galaxies possessing tidal features 
increases continuously with increasing stellar mass. 

4.3 Dependence on galaxy colour 

We investigated the galaxy colour dependence of our CPO, TFO, 
CP + TF, and Neither subsamples in Section 3.3 . We found that the 
TFO, and CP + TF subsamples possess a larger fraction of red, and 
therefore more likely to be early-type galaxies, whilst the Neither 
subsample has an equal fraction of red and blue galaxies. 
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Both Atkinson et al. ( 2013 ) and B ́ılek et al. ( 2020 ) found that 
all types of tidal features are more common in red galaxies than in 
blue galaxies, with a bias to ward massi ve early-type galaxies. Lotz 
et al. ( 2011 ) found that three galaxy formation models, including 
two semi-analytical models and one abundance matching model, 
predict that at low redshifts, the population of merging galaxies is 
dominated by mergers with low gas fractions, associated with red 
early-type galaxies as opposed to the high gas fractions associated 
with blue late-type galaxies. Both the conclusions of visual studies, 
such as those of Atkinson et al. ( 2013 ) and B ́ılek et al. ( 2020 ), and the 
predictions from hydrodynamical simulations, such as those of Lotz 
et al. ( 2011 ) corroborate our findings that the merging populations 
in the local Universe are dominated by red early-type galaxies rather 
than blue late-type galaxies. Ho we ver, the conclusions from these 
works and this paper contradict those of Hood et al. ( 2018 ). Hood 
et al. ( 2018 ) found that tidal features are more likely to occur in gas- 
rich (19 per cent ) galaxies associated with late-type galaxies, than 
g as-poor (13 per cent ) g alaxies, associated with early-type g alaxies. 
Ho we v er, this discrepanc y can be attributed to the Hood et al. ( 2018 ) 
sample being focused on nearby ( z ∼ 0.02) galaxies, allowing 
them to detect more low-mass, and hence g as-rich, g alaxies. They 
also used the gas-to-stellar mass ratio for galaxies in their sample, 
leading to a different definition between gas content and colour for 
their sample than the one assumed in these analyses. 

Darg et al. ( 2010 ) concluded that galaxy close pairs exhibit a 
higher spread in both red and blue colours compared to galaxies 
not in close pairs. They also found that below stellar masses of 
log 10 ( M � /M �) ∼ 10.5 elliptical galaxies were rare, regardless of 
whether these galaxies were in close pairs or not. Ho we ver, the 
data used by Darg et al. ( 2010 ) were based on much shallower 
observations (SDSS), making low-mass elliptical galaxies harder 
to detect. We find no evidence for a rarity of red galaxies below this 
stellar mass in our analysis (Fig. 4 ). Ho we ver, we are using galaxy 
colour as an indicator of morphology which is not a perfect identifier 
(e.g. Taylor et al. 2015 ). We also do not find evidence that galaxies 
in close pairs exhibit a higher spread in colour at either the red or 
blue ends compared to galaxies not in close pairs. We instead find 
that galaxies in our Neither sample appear to be slightly bluer than 
galaxies in close pairs. 

4.4 Dependence on type of feature 

In Section 3.4 , we calculated the pre v alence of shells, streams, 
plumes, and double nuclei in our sample, finding fractions 
f shell = 0.02 ± 0.01, f stream 

= 0.11 ± 0.01, f plume = 0.10 ± 0.01, and 
f double nucleus = 0.10 ± 0.01 for shells, streams, plumes, and double 
nuclei, respectively. We analysed the distribution of shells, streams, 
plumes, and double nuclei as a function of g–i colour and galaxy 
stellar mass to establish whether a correlation exists between the 
type of tidal feature present and the properties of the host galaxies. 
We also compared the fractions of shells, streams, plumes, and double 
nuclei between our TFO and CP + TF samples to determine whether 
there is a dependence between the type of tidal feature exhibited 
and whether galaxies are also in close pairs. We found that shells 
were the least common type of tidal feature, only found around 
higher mass galaxies, log 10 ( M � /M �) ≥ 10.10. In contrast, streams, 
and plumes appeared around galaxies with a wide range of colour 
and mass, but appeared to increase in pre v alence with the increasing 
stellar mass. Double nuclei also appeared in galaxies with a wide 
range of colour and mass and appeared to show a weak increase in 
pre v alence with increasing galaxy stellar mass. We also found that 
galaxies with double nuclei were significantly more likely to also 

be classified as close pairs, with the fraction of galaxies in the TFO 

sample possessing double nuclei being 0.28 ± 0.04 and rising to 
0.93 ± 0.06 for the CP + TF sample. Galaxies in the TFO sample 
with double nuclei appear to have secondary galaxies which were 
either too close to the host galaxy or too small to be marked as close 
pairs in the GAMA surv e y. 

In their study of visually classified HSC-SSP galaxies with tidal 
features, Kado-Fong et al. ( 2018 ) found shells to be the least common 
type of tidal feature with an occurrence fraction of f shell = 0.01 and 
found that galaxies which host shells have predominantly redder g–i 
colours and greater stellar masses than galaxies without tidal features. 
They also found a significant deficit of shells around late-type 
galaxies with the majority of shell hosts being early-type galaxies. 
They found a stream occurrence fraction of f stream 

= 0.05 and that 
galaxies which exhibit streams span the full range of stellar masses 
and colours present in the non-interacting sample at a given redshift. 
This fraction of galaxies possessing streams is lower than we find 
here but this can be attributed to the shallower observations of the 
HSC-SSP Wide layer used in their analysis. Our observations agree 
with those of Kado-Fong et al. ( 2018 ) with respect to shells being 
the least common type of tidal feature and being found e xclusiv ely 
around galaxies with high stellar masses. Ho we ver, the colours of 
the galaxies which host shells in our sample are usually close to 
the blue versus red cutoff as opposed to being found predominantly 
around redder galaxies. This difference could be attributed to the 
shells having bluer colours than their host galaxies (Kado-Fong et al. 
2018 ), and the HSC-SSP Ultradeep photometry incorporating these 
bluer colours with the host galaxy, causing the galaxy to appear bluer. 

In agreement with our results, Atkinson et al. ( 2013 ) also found 
shells to be the least common type of tidal feature in their study of 
CFHT Le gac y Surv e y galaxies. B ́ılek et al. ( 2020 ), ho we ver, found 
a pre v alence of 10–15 per cent of shells, streams, and plumes in 
their study of tidal features. This can be attributed to their sample 
being composed only of massive early-type galaxies and thus being 
primarily high stellar mass, red galaxies which this work as well as 
Atkinson et al. ( 2013 ) and Kado-Fong et al. ( 2018 ) have found to be 
the most likely type of galaxy to host shells. 

Martin et al. ( 2022 ) analysed the pre v alence of dif ferent classes 
of tidal features as a function of stellar mass and limiting surface 
brightness, using mock images from the NEWHORIZON hydrody- 
namical simulation. They found that at brighter limiting surface 
brightnesses ( μr < 28 mag arcsec −2 ) streams and tails did increase in 
pre v alence with increasing stellar mass but at fainter limiting surface 
brightnesses ( μr ∼ 35 mag arcsec −2 ) showed similar prevalence 
across their entire stellar mass range ( ∼50 per cent ). This suggests 
that the pre v alence of streams and tails may not be dependent on 
galaxy stellar mass, but instead, since they are the faintest types of 
tidal features, are simply not visible below a certain limiting surface 
brightness. Ho we ver, in agreement with our findings, Martin et al. 
( 2022 ) found that shells did increase in pre v alence with increasing 
stellar mass regardless of the limiting surface brightness. 

4.5 Merger stages detected by close pair and tidal feature 
samples 

In this section, we examine the overlap (CP + TF samples) and 
divide (CPO and TFO samples) between our tidal feature and 
close pair samples to determine whether these two methods of 
detecting merging galaxy samples detect the same populations of 
merging galaxies. If close pair and tidal feature samples detected 
the same populations of merging galaxies, we would expect the 
o v erlap between our samples to be significantly greater than we find. 
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Ho we ver, we do find that galaxies in close pairs will also possess tidal 
features about 53 per cent of the time ( N CP + TF / N All close pairs = 49/93; 
see Table 1 ) and that there is o v erlap between the galaxy populations 
detected by close pair and tidal feature samples. Additionally, the 
high fraction of double nuclei present in the CP + TF sample 
(0.93 ± 0.06) strongly suggests that this dual-identified sample 
detects close pairs with smaller separations than the CPO close 
pairs, where dynamical friction is already strong enough to have 
pulled out stellar material from the galaxies. This was confirmed 
by calculating the mean radial separation of galaxies in the CPO 

and CP + TF samples. We found r̄ sep = 34.3 ± 1.8 h −1 kpc for 
the CPO sample, and r̄ sep = 21.7 ± 1.7 h −1 kpc for the CP + 

TF sample, confirming that the CP + TF sample does indeed 
detect close pairs with significantly smaller separations than the 
CPO sample. This is in excellent agreement with the conclusions 
of De Propris et al. ( 2007 ) who studied 3184 galaxies from the 
Millenium Galaxy Catalogue (Liske et al. 2003 ) and found an in- 
crease in galaxy asymmetry (e.g. tidal features) with decreasing pair 
separation. 

Lotz et al. ( 2011 ) used hydrodynamical merger simulations to 
estimate the observability time-scale (T obs ) of ongoing mergers 
and found close pairs to be observable for ∼600 Myr in the pre- 
merger stage. Holwerda et al. ( 2011 ) argue mergers are visible for 
longer based on H I disturbance which is consistent with Huang & 

Fan ( 2022 ) and our observations here that mergers are visible for 
longer in tidal features. Lotz et al. ( 2011 ) also found that galaxies 
exhibiting morphological disturbances such as tidal features are 
often observed at a late stage in the merger process, where two 
nuclei are counted as a single object; while galaxies classified as 
close pairs are often observed at an early stage in the merger 
process. The findings of Robotham et al. ( 2014 ) corroborated 
this idea, with their analysis finding that highly disturbed close 
pairs will, on average, be more likely to merge on shorter time- 
scales than close pairs with no signs of visual disturbance. This is 
because they find galaxies in highly disturbed close pairs to typi- 
cally have smaller separations than galaxies in non-disturbed close 
pairs. 

Our results are in good agreement with the conclusions of Lotz 
et al. ( 2011 ) and Robotham et al. ( 2014 ), with the CPO sample 
likely detecting early-stage mergers, where two separate galaxies 
are still visible, and the TFO sample detecting predominantly late- 
stage mergers, where generally only one galaxy nucleus remains 
visible. Both the close pair sample and tidal feature sample are 
more likely to detect red galaxies but the tidal feature sample is 
more likely to detect merging galaxies with slightly higher stellar 
masses, with mean stellar masses, log 10 ( M � /M �) = 10.39 ± 0.03 
and 10.19 ± 0.05, for the TFO and CPO samples, respectively. 
The tendency for the tidal feature sample to detect galaxies with 
higher stellar masses is expected if the galaxy mergers detected 
are predominantly late-stage mergers which have already accreted 
stellar mass from their merging companion. The CP + TF sample 
appears to detect intermediate-stage mergers, with 93 ± 6 per cent 
of galaxies in this sample possessing visible double nuclei, com- 
pared to only 28 ± 4 per cent of galaxies in the TFO sample. 
Of the 3 galaxies in the CP + TF sample that do not possess 
visible double nuclei, one of them has a secondary galaxy too 
f ar aw ay to detect in our postage stamp images (60 × 60 arcsec; 
∼100 kpc), and the other two have a secondary galaxy that is not 
obviously interacting. We expect the galaxies in the CP + TF 

sample to be more likely to merge on shorter time-scales than 
galaxies in the CPO sample, as per the findings of Robotham et al. 
( 2014 ). 

5  C O N C L U S I O N S  

We have analysed a volume-limited sample of 852 galaxies with 
spectroscopic redshifts between 0.04 ≤ z ≤ 0.20 from the region 
of o v erlap between the G02 region of the GAMA surv e y and the 
Ultradeep layer of the HSC-SSP surv e y. In this papern we have 
compared the galaxy properties for a sample of merging galaxies 
detected by visual classification of tidal features and a sample of 
merging galaxies detected spectroscopically via close pairs. This is 
the first time that such deep images have been available for a sample 
of galaxies that also has a sample of close pairs defined, allowing us 
to undertake this analysis on a homogeneous sample of galaxies. 

(i) We identified 198 galaxies possessing tidal features, resulting 
in a tidal feature fraction of f tidal = 0.23 ± 0.02. We also identified 
80 galaxies involved in close pairs, resulting in a close pair fraction 
of f pair = 0.09 ± 0.01. We identified 42 galaxies that were present 
in both samples which yielded an o v erlap fraction of f CP + TF = 

0.05 ± 0.01. The relatively small overlap fraction confirms that tidal 
feature samples and close pair samples detect different populations 
of merging galaxies, or populations in different stages of merging. 

(ii) We analysed the dependence of the close pair fraction and 
tidal feature fraction on galaxy stellar mass, and find that the fraction 
of galaxies in close pairs remains consistent o v er our mass range, 
whereas the fraction of galaxies with tidal features increases with 
increasing stellar mass. This indicates that samples relying on the 
presence of tidal features to detect merging galaxies are more likely 
to detect galaxies with higher stellar masses. 

(iii) We found similar colour distributions for both the tidal feature 
and close pair samples. Additionally, both the tidal feature sample 
and close pair sample possess a larger fraction of red, and therefore 
more likely to be early-type galaxies. The sample of galaxies with 
neither tidal features nor in close pairs, on the other hand, has an 
equal fraction of red and blue galaxies. 

(iv) We calculated the pre v alence of shells, streams, plumes, and 
double nuclei in our sample, finding fractions f shell = 0.02 ± 0.01, 
f stream 

= 0.11 ± 0.01, f plume = 0.10 ± 0.01, and 
f double nucleus = 0.10 ± 0.01 for shells, streams, plumes, and dou- 
ble nuclei, respectively. Shells were the least common type of 
tidal feature, only being present around higher mass galaxies, 
log 10 ( M � /M �) ≥ 10.10. Streams and plumes, on the other hand, 
appeared around galaxies with a wide range of colour and mass, 
but appeared to increase in pre v alence with increasing stellar mass. 
Double nuclei also appeared in galaxies with a wide range of colour. 

(v) We find that galaxies with double nuclei were significantly 
more likely to also be classified as close pairs, with the fraction 
of galaxies with tidal features only possessing double nuclei being 
0.28 ± 0.04 and rising to 0.93 ± 0.06 for galaxies both in close 
pairs and with tidal features (i.e. the CP + TF sample). This suggests 
that the sample of galaxies only in close pairs (CPO) likely detects 
early-stage mergers, where two separate galaxies are still visible, 
and the sample of galaxies only with tidal features (TFO) detects 
predominantly late-stage mergers, where only one galaxy nucleus 
remains visible. 

(vi) The tidal feature sample is more likely to detect merging 
galaxies with slightly higher stellar masses. The tendency for the 
tidal feature sample to detect galaxies with higher stellar masses 
is expected if the galaxy mergers detected by this sample are 
predominantly late-stage mergers which have already accreted stellar 
mass from their merging companion. The sample of galaxies both 
in close pairs and with tidal features (CP + TF) appears to detect 
intermediate-stage mergers, with 93 ±6 per cent of galaxies in this 
sample possessing visible double nuclei, compared to only 28 
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±4 per cent of galaxies in the TFO sample. Galaxies in the CP + 

TF sample that do not possess visible double nuclei either have a 
secondary galaxy too far away to detect in our postage stamp images, 
or the secondary galaxy is not obviously interacting. 

Based on the results obtained in this paper, we recommend that 
future works wishing to obtain a complete picture of merging galaxies 
in the Universe should opt to use both close pair and tidal feature 
samples. When both types of samples are not available, analyses 
should take into account the different merging populations detected 
by either sample. 
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