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A B S T R A C T 

We present a comprehensive analysis of galaxy close-pair fractions and major merger rates to e v aluate the importance of mergers 
in the hierarchical growth of galaxies o v er cosmic time. This study focuses on the previously poorly understood redshift range of 
z ≈ 3 –9 using JADES observations. Our mass-complete sample includes primary galaxies with stellar masses of log ( M � / M �) = 

[8 , 10], having major companions (mass ratio ≥ 1 / 4) selected by 5 –30 pkpc projected separation and redshift proximity criteria. 
Pair fractions are measured using a statistically robust method incorporating photometric redshift posteriors and available 
spectroscopic data. The pair fraction evolves with redshift and shows dependence on the stellar mass: at log ( M � / M �) = [8 . 0 , 8 . 5] 
there is an increase up to z ∼ 5 –6, followed by a turno v er, while at higher stellar masses there is a flattening and weak decline with 

increasing redshift. Similarly, the derived galaxy major merger rate increases and flattens beyond z ∼ 6 to 2 –8 Gyr −1 per galaxy, 
showing a weak scaling with stellar mass, driven by the evolution of the galaxy stellar mass function. A comparison between 

the cumulative mass accretion from major mergers and the mass assembled through star formation indicates that major mergers 
contribute approximately 3 –13 per cent to the total mass growth o v er the studied redshift range, which is in agreement with the ex 
situ mass fraction estimated from our simple numerical model. These results highlight that major mergers contribute little to the 
direct stellar mass growth compared to in situ star formation but could still play an indirect role by driving star formation itself. 

Key words: galaxies: formation – galaxies: high-redshift – galaxies: interactions. 
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alaxy mergers have long been predicted to play a significant role
n the evolution and o v erall mass build-up of the galaxy population
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hrough the hierarchical growth of dark matter haloes in the Lambda
old dark matter ( � CDM) cosmological model (White & Rees 1978 ).
 fundamental question from an evolutionary perspective is how
assive galaxies have accumulated their stellar mass. It is believed

hat galaxies grow through two main channels: the formation of new
tars via the accretion of cold gas from their surrounding intergalactic
edium and mergers with nearby galaxies, resulting in a single,
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ore massive galaxy. The relative contribution of these channels 
o galaxy mass growth, particularly at early epochs, remains poorly 
onstrained. While galaxy star formation rates (SFRs) have been 
eliably measured in the past, determining the galaxy merger rate 
 v er cosmic time and assessing the relative importance of these
rowth mechanisms is considerably more challenging. In this paper, 
e present the most e xtensiv e study to date about the importance of
ergers in the mass growth of galaxies in the first 2 Byr of cosmic

istory. 
In addition to understanding the mass build-up of galaxies, mergers 

ere first proposed to e xplain observ ed trends in the physical
roperties of galaxies. In their seminal paper, Toomre & Toomre 
 1972 ) identified two spiral galaxies in the process of merging by
bserving morphological disturbances and tidal tails. Since then, 
ergers have been considered crucial in the structural evolution and 
orphological transformation of massive elliptical galaxies (Barnes 
 Hernquist 1996 ; Bell et al. 2006 ; Naab, Khochfar & Burkert 2006 ;
ournaud et al. 2011 ). Gas-rich mergers have been found to trigger

tarburst events (exceptionally high rates of star formation), and 
erging galaxies exhibit enhanced SFRs compared to isolated ones 

Mihos & Hernquist 1994 ; Patton et al. 2011 , 2013 , 2020 ; Torrey
t al. 2012 ; Lanz et al. 2013 ; Moreno et al. 2015 , 2019 ; Pearson
t al. 2019 ; Gardu ̃ no et al. 2021 ; Ellison et al. 2022 ; Thorp et al.
022 ; Montenegro-Taborda et al. 2023 ; Duan et al. 2024b ; Reeves
 Hudson 2024 ; Yuan et al. 2024 ). Mergers can also trigger active

alactic nuclei (AGNs) activity (Silk & Rees 1998 ; Hopkins et al.
008 ; Ellison et al. 2011 ; Satyapal et al. 2014 ; Gao et al. 2020 ;
ickley et al. 2023 ; Li et al. 2023 ; Duan et al. 2024b ; Sharma
t al. 2024 ), and the most luminous AGNs, ultra-luminous infrared 
alaxies, and extreme emission-line galaxies are often associated 
ith mergers (Kartaltepe et al. 2010 ; Ellison et al. 2013 ; Gupta

t al. 2023 ; Marshall et al. 2023 ; Perna et al. 2025 ). Moreo v er,
itten et al. ( 2024 ) recently disco v ered sev eral Ly α emitters with

lose companions at z > 7, concluding that mergers may drive 
y α emission in these early systems and facilitate the escape of
y α photons from ionized bubbles (see also Saxena et al. 2023 ;
itstok et al. 2024 ). This intense star formation activity in mergers is

ubsequently quenched (Hopkins et al. 2008 ; Toft et al. 2014 ; Ellison
t al. 2022 ), leading to quiescent galaxies characterized by low or
uppressed SFRs. This sequence of events ultimately contributes to 
ulge formation, resulting in the massive elliptical galaxies observed 
n the local Universe. Recently, it has been found that mergers can
lso induce bar formation in spiral galaxies at high redshifts (see 
.g. Fragkoudi et al. 2025 ). Galaxy mergers are directly related 
o the mergers of supermassive black holes, which produce a low- 
requency gra vitational-wa ve background that has been measured by 
he North American Nanohertz Observatory for Gravitational Waves 
NANOGrav) Collaboration (Agazie et al. 2023 ). Therefore, it is 
rucial to accurately measure and constrain the galaxy merger history 
hroughout cosmic time to understand these physical processes better. 

There are two main methods to empirically study the fraction 
f galaxies that are undergoing mergers: (i) counting the galaxies 
hat are in close pairs on the projected plane of the sky and from
his estimating the abundance of mergers – close-pair method (e.g. 
epf & Koo 1989 ; Le F ̀evre et al. 2000 ; Patton et al. 2002 ; L ́opez-
anjuan et al. 2015 ; Man, Zirm & Toft 2016 ; Mundy et al. 2017 ;
antha et al. 2018 ; Duncan et al. 2019 ; Conselice et al. 2022 ;
uan et al. 2024a ), (ii) finding systems that are at the late stages or
ave recently completed merging based on disturbed morphologies 
morphological method – that can be further broken down to 

uantitative techniques, i.e. using morphological parameters (e.g. 
onselice et al. 2003 ; Lotz et al. 2008b ; Jogee et al. 2009 ; Desmons
t al. 2023 ; Rose et al. 2023 ; Dalmasso et al. 2024 ), and more
ecently, using deep learning to identify mergers (e.g. Pearson et al.
019 , 2022 ; Ferreira et al. 2020 ; Bickley et al. 2022 ; Margalef-
entabol et al. 2024 ), or qualitative methods, for example, visual
lassifications (e.g. Kartaltepe et al. 2015 ), and studies that utilize
he identification and presence of tidal signatures (e.g. Kado-Fong 
t al. 2018 ; Mantha et al. 2019 ). These two methods complement
ach other as they probe different phases of galaxy mergers with
if ferent observ ability time-scales. Ho we ver, one of the main sources
f uncertainty in the derived merger rates is the time-scale itself,
hich makes comparisons between the results obtained by the two 
if ferent methods dif ficult and ambiguous. In addition, se veral other
ethods exist based on the internal kinematics from spectroscopy 

e.g. velocity fields) to identify galaxies involved in mergers or 
ecent merger remnants (e.g. Jesseit et al. 2007 ; Shapiro et al. 2008 ).
everal JWST /NIRSpec IFU works, mostly as part of the Galaxy
ssembly with NIRSpec IFS (GA-NIFS) surv e y, hav e found and

tudied mergers and multiple companion groups, both in star-forming 
alaxies (SFGs; e.g. Arribas et al. 2024 ; Jones et al. 2024 ; Lamperti
t al. 2024 ; Marconcini et al. 2024 ; Rodr ́ıguez Del Pino et al. 2024 ;
choltz et al. 2025 ) and in AGNs (e.g. Perna et al. 2023 , 2025 ;
arshall et al. 2024 ). These are studies on individual systems with

patially resolved spectroscopy in 2D regions of typically r < 10 kpc ,
sing a methodology rather different from this work. In the following
ext, we will only focus on the close-pair methodology to constrain
he galaxy merger rate. 

When determining merger rates by the close-pair method, the main 
alaxy and its companion(s) have to satisfy some selection criteria. 
he typical criteria are that galaxies have to be at the same (or similar)

edshift, which translates to being at a close radial distance from each
ther and within some projected 2D physical separation (usually in 
he range 20 –50 kpc) on the sky to be close-pairs. In observational
tudies, the challenge lies in constraining these potential pairs in the
hird spatial coordinate, i.e. requiring them to be close in redshift.
n spectroscopic surv e ys this corresponds to a maximum velocity
ffset of ∼ 500 km s −1 . However, few large spectroscopic surv e ys
xist that probe deep enough to measure redshifts for a mass-
omplete sample at a meaningful scale, especially at high redshifts. 
nstead, most works resort to photometric redshifts from large deep 
hotometric surv e ys and define a similar criterion in redshift space
although less restrictive due to the uncertainty in photometric 
edshifts), usually defined as δz/ (1 + z) � 0 . 01 (e.g. Molino et al.
014 ; Man et al. 2016 ), which translates into a velocity uncertainty
f 3000 km s −1 . Ho we ver, only using the peaks of the photometric
edshift posterior distributions and their 1 σ uncertainties (e.g. Man 
t al. 2016 ; Mantha et al. 2018 ) leads to information loss about the
xact shape of the probability distribution function (PDF) and could 
ead to unreliable results. The method developed by L ́opez-Sanjuan 
t al. ( 2015 ) therefore incorporates the full posterior distribution of
he photometric redshifts and propagates the associated uncertainties 
hroughout the full close-pair analysis (see also Mundy et al. 2017 ;
uncan et al. 2019 ; Conselice et al. 2022 ). In this work we use the

ame method to obtain close-pair fractions. 
The first observational studies of galaxy close-pair fractions relied 

n robust spectroscopic data sets but could only study bright and
assive galaxies at low redshifts up to z ∼ 1 . 2 (e.g. Patton et al.

002 ; Lin et al. 2004 ; Kartaltepe et al. 2007 ; L ́opez-Sanjuan et al.
012 ; Xu et al. 2012 ). All of these results agree that the major
alaxy pair fraction increases with redshift, evolving as a power law.
o probe merger fractions at higher redshifts, studies had to rely
n large photometric surv e ys, either by identifying morphologically 
isturbed systems (using CAS and M 20 /Gini parameters e.g. as in
MNRAS 540, 2146–2175 (2025) 
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3

onselice, Rajgor & Myers 2008 ) or by looking for close-pairs
sing photometric redshifts derived from fluxes measured in multiple
ands (e.g. Bluck et al. 2009 ; Williams, Quadri & Franx 2011 ; Man
t al. 2016 ; Mantha et al. 2018 ). These latter works mainly utilize
eep photometric data using Hubble Space Telescope ( HST ) from
arge surv e ys such as the Cosmic Assembly Near-infrared Deep
xtrag alactic Leg acy Survey (CANDELS; Koekemoer et al. 2011 ),
nd study close-pair fractions in the range of z ∼ 0 –3. Although at
ow redshifts, all studies agreed that the pair fraction rises, at these
ntermediate redshifts of z ∼ 2 –3, some find a further increase, a
attening evolution, or in some cases, even a turnover. This shows

hat there was already a significant uncertainty in close-pair fraction
rends found by HST at z ∼ 3. It is important to note that all
hese works only use the peak values of the derived photometric
edshifts, which could be highly affected by uncertainties. Therefore,
orks propagating the entire probability distributions of photometric

edshifts throughout their analysis by the method described in L ́opez-
anjuan et al. ( 2015 ) are generally more robust. Although these
tudies provide more reliable results (Mundy et al. 2017 ; Conselice
t al. 2022 ) and probe to higher redshifts (up to z ∼ 6, see Duncan
t al. 2019 ), they still disagree on the trends of the pair fraction
nd merger rate evolution. Other instruments and surv e ys also
nvestigated the number of close-pairs at higher redshifts (up to
 ∼ 6 –7), such as the Multi Unit Spectroscopic Explorer (MUSE)
eep fields (Ventou et al. 2017 , 2019 ), Subaru Hyper Suprime-Cam
maging surv e ys (Shibuya et al. 2022 ), or the ALMA [CII] surv e ys
e.g. ALPINE; Romano et al. 2021 ). Similar to previous studies, these
esults do not resolve the disagreement between a steep increase or
urno v er in pair fractions at high redshifts. It is also worth noting that

ost of these studies mentioned abo v e use significantly different
election functions and employ different projected separation limits
see Table 2 for a list of a fe w rele v ant studies), which makes
omparison difficult and might amplify the lack of agreement. 

The advent of the JWST (Gardner et al. 2006 , 2023 ) opens a new
indow upon the study of galaxy mergers at high redshifts using
eep photometry by the NIRCam instrument (Rieke et al. 2023a ),
omplemented by high-resolution spectra from NIRSpec (Jakobsen
t al. 2022 ; B ̈oker et al. 2023 ). A high number of recent studies
resent disco v eries at high redshifts about early galaxy formation,
nd in particular related to galaxy mergers (e.g. Claeyssens et al.
023 ; Hashimoto et al. 2023 ; Hsiao et al. 2023 , 2024 ; Jin et al.
023 ; Suess et al. 2023 ; Tacchella et al. 2023 ; Treu et al. 2023 ;
lberts et al. 2024 ; Carnall et al. 2024 ; de Graaff et al. 2024 ; Decarli

t al. 2024 ; Duan et al. 2024a , b ). A recent study by Duan et al.
 2024a ) examines close-pair fractions and major merger rates in
he redshift range 4 . 5 ≤ z ≤ 11 . 5 using the probabilistic method

entioned previously, where they find rising merger rates up to
 ∼ 6 followed by a flattening. In the discussion section, we review
he differences and impro v ements compared to their study. 

The aim of this study is to investigate the redshift evolution of
lose-pair fractions and major galaxy merger rates at the ambiguous
nd previously underexplored redshift range of z ∼ 3 –9. We use deep
hotometric and spectroscopic observations of the GOODS-South
nd GOODS-North fields by the JWST Advanced Deep Extragalactic
urv e y (JADES) collaboration (Eisenstein et al. 2023a ). We adopt

he statistical method developed by L ́opez-Sanjuan et al. ( 2015 ),
ut instead of analysing a luminosity-selected galaxy sample, we
erform a sample selection based on stellar masses as in Mundy
t al. ( 2017 ). We find that the close-pair fraction rises and peaks at
 ≈ 5 –6, followed by a turno v er at higher redshifts that also scales
ith the stellar mass of the primary galaxies. In the case of merger

ates, we find that there is an increase and a subsequent flattening
NRAS 540, 2146–2175 (2025) 
eyond z ≈ 6. The resulting mass accretion rate is significantly (by
 factor of ∼5) lower than the star-forming main sequence (SFMS)
FR at these high redshifts. This suggests that mergers are not the
ominant channel for the mass growth of galaxies and contribute to
bout 3–13 per cent of the ex situ mass fraction of an average galaxy.

The paper is structured as follows. Section 2 provides an o v erview
f the catalogues and data products used in this study, starting with
n o v erview of the JADES surv e y. We detail the methodology for
btaining photometric redshifts and compare them with existing
pectroscopic surv e ys, as well as discussing the deriv ed stellar
asses and their completeness. Section 3 outlines the process

or identifying close pairs, including selection criteria and sample
election based on redshift and stellar mass. We also describe the pair
robability function and correct for selection effects. In Section 4 ,
e present results on the pair fraction and its evolution with redshift.
ection 5 co v ers the conversion of observational pair fractions into
 physically meaningful major merger rate by assuming a merger
bservability time-scale. Section 6 discusses our findings, including
volutionary trends, comparisons with cosmological simulations, and
he relationship between star formation and merger rates. Finally,
ection 7 summarizes our work and highlights the main conclusions.
Throughout this paper, we adopt the AB magnitude system (Oke
 Gunn 1983 ). We use a standard cosmology with �m 

= 0 . 310,
� 

= 0 . 689, and H 0 = 67 . 66 km s −1 Mpc −1 (Planck Collaboration
I 2020 ), and we refrain from using the little h notation for the
ubble parameter (Croton 2013 ). Throughout our analysis, we use

he ASTROPY python package (Astropy Collaboration 2022 ), and
ts subpackage astropy.cosmology , where we assume a flat
 CDM cosmology with parameters from Planck Collaboration VI

 2020 ). 

 DATA  

n this section, we present the various data sets utilized to measure
he close-pair fractions of galaxies, which we will later convert into
ajor merger rates. We start by discussing the data and footprints

rom the JADES surv e y, followed by a description of the estimated
hotometric redshifts and their quality assessment, as well as the
vailable spectroscopic data. Finally, we explain how stellar masses
re calculated for each galaxy using spectral energy distribution
SED) fitting, as well as the o v erall stellar mass completeness of
he different surv e y re gions. 

.1 JADES sur v ey 

he JADES (Eisenstein et al. 2023a ) is the deepest and most e xtensiv e
 xtragalactic surv e y to date, probing the areas of the Great Obser-
atories Origins Deep Surv e y (GOODS; Giavalisco et al. 2004 ),
o v ering the Hubble Ultra Deep Field (HUDF; Beckwith et al. 2006 )
n the GOODS-South region, and the GOODS-North region. JADES
s a joint GTO program between the NIRCam and NIRSpec GTO
eams that consists of NIRCam imaging, NIRSpec spectroscopy, and

IRI imaging. With DR3 and previous data releases (Eisenstein
t al. 2023b ; Rieke et al. 2023b ; Bunker et al. 2024 ; D’Eugenio
t al. 2025 ), complemented by JWST Extragalactic Medium-band
urv e y (JEMS; Williams et al. 2023 ) and First Reionization Epoch
pectroscopically Complete Observations (FRESCO; Oesch et al.
023 ) data, JADES has more than ∼175 arcmin 2 area co v ered by
–10 photometric filters ( ∼200 arcmin 2 in F 444 W ) and o v er 6000
pectra. It probes down to an unprecedented photometric depth of
0.8 AB magnitude in F 444 W . 
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Figure 1. Footprint of the JADES GOODS-South and GOODS-North fields from the mosaics as RGB images (using the F 090 W , F 200 W , and F 444 W bands). 
Both the GOODS-South and GOODS-North field is further divided into deep and medium tiers based on the exposure time in the F 444 W band, with the deep 
tier indicated by the orange area with exposure time above the threshold of T 

GS 
exp = 32 . 5 ks and T 

GN 
exp = 9 . 5 ks , respectively. The GS-Deep tier corresponds to the 

JADES DR1 and JOF footprints. 
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a consistent resolution across photometric bands. 

1 
We divide the JADES photometric sample into four different tiers 
ased on the area and exposure time. Both the GOODS-South and 
OODS-North fields have different flux depths due to multiple 
bservations and exposure times. Therefore, we divide the footprints 
y imposing an exposure threshold of T 

GS 
exp = 32 . 5 ks for GOODS- 

outh, and T 

GN 
exp = 9 . 5 ks for GOODS-North. In the case of GOODS- 

outh, the area that was observed with longer exposure time than 
 

GS 
exp is defined as GS-Deep and corresponds to the JADES footprint 

rom DR1 (Rieke et al. 2023b ) and the JADES Origins Field (JOF;
isenstein et al. 2023b ) and it is indicated on Fig. 1 . The remaining
rea in the GOODS-South field is defined as GS-Medium , which 
orresponds to an exposure time lower than T 

GS 
exp and was released 

s part of DR2 (Eisenstein et al. 2023b ). Similarly, GOODS-North 
s divided into a deep and medium region based on the integration
ime. 

Here, we list the co v erage by different photometric bands that
re later used in photometric redshift estimates and SED-fitting 
o obtain stellar masses (see Sections 2.2 and 2.4 ). We use
ADES NIRCam photometry in bands F 090 W , F 115 W , F 150 W ,
 162 M , F 200 W , F 250 M , F 277 W , F 300 M , F 335 M , F 356 W , F 410 M ,
nd F 444 W , which are available in both GOODS-South and -
orth Deep and Medium tiers. This is supplemented by deep 
edium-band photometry in F 162 M , F 250 M , and F 300 M as

art of the JOF observations (Eisenstein et al. 2023b ), which 
s contained in our GS-Deep tier. In addition, we use JEMS
Williams et al. 2023 ) NIRCam photometry in the F 182 M , F 210 M ,
 430 M , F 460 M , and F 480 M bands as part of GOODS-South.
oth GOODS fields are further complemented by FRESCO (Oesch 
t al. 2023 ) and CONGRESS (GOODS-North) F 444 W NIRCam
hotometry, obtaining the most e xtensiv e co v erage in this band.
urthermore, both GOODS fields have ancillary HST photomet- 
ic observations using the ACS bands F 435 W , F 606 W , F 775 W ,
 814 W , F 850 LP , and from the IR bands F 105 W , F 125 W , F 140 W ,
nd F 160 W . 
For the photometric catalogues, we are using internal versions 
0.9.3 for GOODS-South and v0.9.1 for GOODS-North, most of 
hich were released as part of DR2 (Eisenstein et al. 2023b ) and DR3

D’Eugenio et al. 2025 ) and is publicly available on Mikulski Archive
or Space Telescopes (MAST; https:// archive.stsci.edu/ hlsp/ jades ). 1 

 detailed description about the exact catalogue construction can be 
ound in Rieke et al. ( 2023b ), and here we give a brief summary
f the main steps as these could significantly affect the number
f sources and satellites detected, and hence the pair fractions 
erived. A detection catalogue of blended sources is first generated 
sing Photutils (Bradley et al. 2024 ), adopting a threshold of
NR ≥ 1 . 5. Deblending is performed on the segmentation map 
tilizing a logarithmically scaled F 200 W image. For larger segments,
urther deblending is applied with the deblend sources func- 
ion from Photutils . Satellite sources are identified by running 
etect sources on the high-pass filtered outer light profiles of 
xtended sources. Compact sources missed or excluded in previous 
teps are reco v ered by reapplying source detection to blank regions,
sing a threshold of SNR = 3 . 5. The final segmentation map serves
s the basis for constructing the photometric catalogue. Object 
entroids are determined using the windowed position algorithm pro- 
ided in Photutils , with implemented Source Extractor 
Bertin & Arnouts 1996 ) methodology, applied to the NIRCam long-
avelength signal image. Elliptical sizes, orientations, and Kron radii 

with K = 2 . 5) for each source are derived from the signal image.
he photometric catalogues provide flux measurements in multiple 
pertures for each source, with forced photometry performed at 
bject positions identified during detection. In this analysis, we 
se Kron apertures applied to images convolved ( KRON CONV ) to
MNRAS 540, 2146–2175 (2025) 
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Figure 2. One-to-one comparison between the estimated photometric red- 
shifts from EAZY and all the available spectroscopic redshifts from JADES 
and other surv e ys as indicated by the colours. This comparison is for objects in 
the GOODS-South field, including only the highest-quality redshifts and the 
best coordinate matches between the photometric and spectroscopic sources. 
There is a good agreement between the two types of redshifts with an outlier 
fraction of 6.91 per cent. The cloud of outlier point at z spec ∼ 3 –4 below the 
one-to-one line might be present due to EAZY confusing the Lyman-break 
with a Balmer-break, and hence estimating the photometric redshifts to be 
much lower. 
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.2 Photometric redshifts 

.2.1 EAZY 

e obtain photometric redshifts for every galaxy in the GS and
N fields by using the photometric redshift code EAZY (Brammer,
an Dokkum & Coppi 2008 ). EAZY is a template fitting code
hat combines galaxy spectra to fit the observed photometric data
y searching for the best fit on a redshift grid. The templates
nd assumptions made for our fits are detailed in section 3.1 of
ainline et al. ( 2024b ). We take z a as the photometric redshift,
hich corresponds to the minimum in the χ2 of the fit. The grid

earch is performed in the redshift range z = 0 . 01 –22 with a step
ize of 	z = 0 . 01. 

Here, we briefly summarize the templates used in the EAZY
ts. We started with the modified version of the original seven

emplates from Brammer et al. ( 2008 ) to include line emission,
nd complemented them with a dusty and a high-equi v alent width
emplate (Erb et al. 2010 ). We further supplemented these by seven
ew JADES templates 2 (Hainline et al. 2024b ) that were optimized
or better redshift estimates using mock-galaxy observations from the
A GU AR simulation (W illiams et al. 2018 ). These templates better
o v er the colour space of JA GU AR galaxies, including blue UV-
right and red dusty galaxies, and were generated by using flexible
tellar population synthesis ( FSPS ; Conroy & Gunn 2010 ). For a
omprehensive description of the EAZY templates used for the fits,
e refer the reader to Hainline et al. ( 2024b ). 

.2.2 Photometric redshift probability distributions 

e obtain the photometric redshift posterior distributions from EAZY
y using the χ2 ( z) outputs of the fits. Assuming a constant prior
or the redshift, we calculate the posterior distribution by P ( z) =
xp [ −χ2 ( z) / 2] with a normalization of 

∫ 
P ( z)d z = 1 . 0. We note

ere that generally, z a does not coincide exactly with z peak , which
s internally calculated by EAZY as a probability-weighted average
edshift. As described in Hainline et al. ( 2024b ), we use z a as the
est photometric redshift in the following analysis. We note here
hat recent studies found that photometric redshift estimation could
e affected by the Eddington bias (see e.g. Serjeant & Bakx 2023 ;
onnan et al. 2024 ) that leads to higher estimated values than the

rue population, therefore we compare our sample with a robust
pectroscopic redshift catalogue (see Section 2.3 ). 

.2.3 Odds quality parameter 

he odds quality parameter O is a proxy for the reliability of the
hotometric redshift fit, and it is a useful measure to select a robust
ample of galaxies with accurate photometric redshifts and a low
ate of catastrophic outliers. The odds parameter is defined as the
edshift PDF integrated over a small region ±K(1 + z a ) (Ben ́ıtez
000 ; Molino et al. 2014 ) around the best photometric redshift z a , 

 = 

∫ + K(1 + z a ) 

−K(1 + z a ) 
P ( z − z a )d z, (1) 

here K is a surv e y-specific constant. Previous studies have em-
irically chosen values for K in the range 0 . 0125 –0 . 05 (e.g. L ́opez-
anjuan et al. 2014 , 2015 ; Molino et al. 2014 ), which typically
epend on the photometric redshift accuracy of the data. For example,
olino et al. ( 2014 ) adopt K = 0 . 0125 for medium-band filters,
NRAS 540, 2146–2175 (2025) 
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hile Conselice et al. ( 2022 ) use a larger value of K = 0 . 05 in the
ase of broadband filters. In this work, we choose K = 0 . 03 since
e have photometric redshifts that have relatively high accuracy
btained from multiple wide- and medium-band JWST filters and
dditional HST photometry. 

In our initial sample selection, we require that all objects must have
n odds parameter O ≥ 0 . 3. This choice of odds cut is consistent with
revious studies (e.g. L ́opez-Sanjuan et al. 2015 ; Mundy et al. 2017 ;
onselice et al. 2022 ), and ensures that our initial sample has accurate
nd robust photometric redshifts. This odds quality cut significantly
educes the initial sample (discarding ∼40 per cent of the sources
n both GS and GN). 

.3 Spectr oscopic r edshift catalogue 

o assess the accuracy of the estimated photometric redshifts from
AZY , we compare them to spectroscopic redshifts. We compile
 catalogue containing all the available spectroscopic redshifts of
bjects falling in the JADES footprints. We include spectroscopic
edshifts from the JADES NIRSpec observations (Bunker et al. 2024 ;
’Eugenio et al. 2025 ), the FRESCO and CONGRESS surv e ys

F. Sun, pri v ate communication; see also Meyer et al. 2024 for
 α and Co v elo-P az et al. 2025 for H β+ [O III ] catalogues, and

urv e y paper by Oesch et al. 2023 ), the MUSE DR2 (Bacon et al.
023 ), the MUSE-Wide DR1 (Urrutia et al. 2019 ), the ASPECS
ALMA SPECtroscopic Surv e y in the UDF) Large Program (Decarli
t al. 2019 ), and a collection of all publicly available spectroscopic
edshifts from le gac y observations falling in the CANDELS fields
GDS collection on Fig. 2 ; N. Hathi, pri v ate communication). The
atalogue is built by coordinate matching and correcting for any
ystematic coordinate offsets between surv e ys. The classification
f reliability and quality of the spectroscopic redshifts from these
ifferent surv e ys is conv erted to a unified system, categorizing them
s secure/best (1), less confident (2), and unreliable (3). 

https://zenodo.org/records/7996500
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Our final assembled catalogue of spectroscopic redshifts consists 
f 5382 sources in the GOODS-South and 2591 in the GOODS- 
orth field, falling within the best category in quality and coordinate 
atch. The assembled spectroscopic redshift catalogue is compared 

o the matched photometric redshift catalogue from EAZY . We plot 
he highest quality matched sources for GOODS-South in Fig. 2 . 

e defined the outlier fraction as | z spec − z phot | / (1 + z spec ) > 0 . 15.
verall, there is a good agreement between the two redshifts, with 

n outlier fraction of 6.91 per cent for GS and 13.62 per cent for
N. The higher outlier fraction in case of GN is likely due to the

hallower depth compared to GS and to the fewer number of medium
hotometric bands available, making the EAZY fits less constrained. 
he average difference between the spectroscopic and photometric 

edshifts is 〈 z spec − z phot 〉 = 0 . 026 for GS. The scatter around the
ne-to-one relation is measured by the Normalized Median Absolute 
eviation (NMAD), which is defined as 

NMAD = 1 . 48 × median 

(∣∣∣∣ δz − median ( δz) 

1 + z spec 

∣∣∣∣
)

, (2) 

here δz = z spec − z phot . For the GS sample, this quantity is σNMAD =
 . 065, which reflects a good agreement between the spectroscopic 
nd photometric redshifts and the robustness of the catalogue. We 
ote that at high redshift ( z > 8), damped Lyman-alpha (DLA)
bsorption might bias photometric redshifts upwards (Fujimoto et al. 
023 ; Finkelstein et al. 2024 ; Willott et al. 2024 ; Helton et al. 2024a ;
ainline et al. 2024b ). Ho we ver, our sample of interest (3 ≤ z ≤ 9)

s barely affected by this bias. 
Beyond this comparison being a useful and necessary check on 

he photometric redshifts estimated by EAZY , we also compile a 
atalogue of the best available redshifts, including the spectroscopic 
edshifts instead of the photometric ones if available. If multiple z spec 

xists for an individual object, we select the best match and highest
uality for our catalogue. If multiple z spec of the same highest quality
nd match exist for a single source, we take the average of the
pectroscopic redshifts if they are in good agreement ( δz spec < 0 . 1).
n very few cases, there is a disagreement between the highest quality
pectroscopic redshifts, and we do not include these values in our 
nal catalogue of best available redshifts. 

.4 Stellar masses 

or our close-pair selection to find major mergers, a crucial parameter 
or the galaxies considered is their stellar mass. We obtain stellar
asses by two different codes, which allows us to perform two 

ndependent analyses and compare the results, providing a further 
heck on the robustness of this study. 

.4.1 Prospector 

o obtain a robust catalogue of stellar masses, we run Prospector
Leja et al. 2017 ; Johnson et al. 2021 ) for a subsample that is
ele v ant to this study. Prospector is an SED-fitting code that uses
ayesian inference to estimate galaxy parameters using different 
riors, emplo ying an FSPS framew ork (Conro y, Gunn & White
009 ; Conroy & Gunn 2010 ) through python-fsps (Johnson 
t al. 2024 ), using Markov Chain Monte Carlo methods through 
mcee (F oreman-Macke y et al. 2013 ) to explore the parameter
pace and determine the probability distributions of various galaxy 
roperties employing dynamic nested sampling by dynesty . The 
ode incorporates models for stellar populations, star formation 
istories, including non-parametric SFH (Leja et al. 2019 ), dust 
ttenuation, nebular emission (Byler et al. 2017 ), and other physical 
rocesses, which allows for robust estimates and uncertainties for 
arameters such as stellar mass, SFR, metallicity, and dust content 
see e.g. Tacchella et al. 2022 ; Robertson et al. 2023 ). On the
ther hand, it is computationally resource-intensive and significantly 
lower than eazy-py but provides more accurate and robust results. 

Therefore, we only fit a subsample of galaxies using Prospec-
or from our initial catalogue (57 863 fits in total for GS and GN),
orresponding to the redshift range of 3 ≤ z ≤ 9 abo v e a signal-to-
oise ratio (SNR) threshold in the flux of SNR > 3 measured in the
444W band, which significantly reduces the number of objects to 
e fitted. The SED fitting used in this work is detailed in Simmonds
t al. ( 2024 ), and we briefly summarize the priors used and their
llowed ranges. We assume a Chabrier ( 2003 ) initial mass function
IMF) with mass cut-off at 0.1 and 100 M �, a top-hat distribution
between log ( M � / M �) = 6 and 12) for the stellar mass prior, a non-
arametric SFH prior (Leja et al. 2019 ) with eight time bins, a free
onization parameter with an upper limit of log 〈 U〉 max = −1 . 0, and
e allow the stellar metallicity to be in the range 0 . 01 − 1 Z �. We

ssume a two-component dust model (Charlot & Fall 2000 ; Conroy
t al. 2009 ), which accounts for the differential effect of dust on
oung stars ( < 10 Myr) and nebular emission lines through different
ptical depths and a variable dust index (Kriek & Conroy 2013 ).
inally, we assume a constant photometric redshift prior based on 

he EAZY photo- z estimates, or fixing the redshift at the spec- z if
vailable in our previously compiled catalogue. 

We note here that the estimated stellar masses by Prospector
re robust; nev ertheless, the y can be prone to uncertainties due to the
ifferent assumptions in the priors. One such source of uncertainty 
s the choice of the prior SFH (Tacchella et al. 2022 ; Whitler et al.
023 ), for which we choose a non-parametric model (continuity 
FH; Leja et al. 2019 ). In this model, the SFH is divided into
ight different SFR bins, with the first and last bins fixed 5 Myr
nd z = 20, respectively, and the remaining time bins divided
nto equal intervals of log 10 ( t lookback ). The ratios between adjacent
ime bins are determined by the bursty-continuity prior (Tacchella 
t al. 2022 ). In this model, we adopt the Student’s t-distribution
with width σ = 0 . 3) for fitting for the 	 log ( SFR ) between the
eighbouring bins, which prevents sharp transitions (Leja et al. 
017 ). Furthermore, this model is also supported by Lower et al.
 2020 ), who demonstrate that non-parametric SFHs outperform 

raditional parametric models and lead to significantly impro v ed 
nd robust stellar masses. Another source of uncertainty can be the
hoice of IMF that can introduce variations in the resulting stellar
asses (Conroy 2013 ). These uncertainties caused by the different 
odel assumptions would likely introduce systematic offsets in the 

stimated stellar masses, and since we estimate the completeness 
nd define the mass bins self-consistently, the resulting pair fractions 
 ould lik ely be similar in the offset stellar mass bins. 

.4.2 eazy-py 

e also obtain the stellar mass of each photometric source by eazy-
y (Brammer et al. 2008 ; Brammer 2021 ), which is a set of python
hotometric redshift tools based on EAZY . It is a fast template-
tting SED code that outputs different galaxy parameters beyond 
nly estimating the photometric redshift, such as the stellar mass, 
FR, age, luminosity, and UBVJ colours. Although these parameter 
stimates are often crude and uncertain, the main advantage of this
ode is its speed compared to other more sophisticated SED-fitting 
odes, which makes it ideal for our large data set (o v er 300 000
hotometric sources in total). 
MNRAS 540, 2146–2175 (2025) 
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Table 1. Flux limits derived from the 5 σ point-source depths measured in 
the different tiers for GOODS-North and GOODS-South fields, and the area 
of each footprint calculated from the non-zero pixels in the F 444 W band. 

Tier 5 σ flux limit [nJy] Flux limit [AB mag] Area [arcmin 2 ] 

GN-Deep 4.34 29.81 36 .97 
GN-Medium 6.99 29.29 68 .29 
GN 5.75 29.50 105 .26 
GS-Deep 1.97 30.66 33 .59 
GS-Medium 4.36 29.80 65 .37 
GS 3.37 30.08 98 .96 

Figure 3. Stellar mass distribution of our sample in the GOODS-South 
field, with grey dots representing masses estimated with Prospector . The 
stellar mass completeness limit is calculated by the method of Pozzetti et al. 
( 2010 ). The red dots represent the M lim 

values of the faintest 20 per cent 
galaxies, while the red circles with black edges are the M min values in each 
redshift bin (width of 	z = 0 . 5), obtained by taking the 90 th percentile 
of the M lim 

distribution. The black solid curve is the redshift-dependent 
completeness limit M 

comp 
� ( z) obtained by fitting a logarithmic curve to 

the M min values. Throughout this work we focus on the redshift range 
of z = 3 − 9, and the stellar mass range of log 10 ( M � / M �) = 8 − 10. The 
red hatched box represents a fixed arbitrary stellar mass bin centred around 
log ( M � / M �) = 9 . 5 ± 0 . 5, which determines the primary galaxy sample (in 
the example above N primary = 308 ) around which we search for major com- 
panions. The blue hatched box is the corresponding secondary sample (where 
N secondary = 1120 ), which represents a larger pool of galaxies that contains 
potential satellites with up to 1/4 lower mass than the primary galaxies. 
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These stellar masses are used for an independent analysis of pair
ractions using a data set that is less robust, which is discussed in
ppendix C . 

.5 Stellar mass completeness 

t is important to accurately assess the completeness of our surv e y
nd different sub-tiers in order to perform a robust close-pair analysis
t high redshift, where the incompleteness in stellar mass could
otentially significantly affect the trends observed in the evolution
f close-pair fractions and major merger rates. 

.5.1 5 σ point-source flux depth estimates 

he first step to assess the stellar mass completeness is to estimate
he 5 σ point-source flux depths of our different subfields. For
his purpose, we use the full mosaics of the GS and GN fields
NRAS 540, 2146–2175 (2025) 
n the F444W band. We perform aperture photometry using the
hotutils python package (Bradley et al. 2024 ) for a fixed 0 . 3 ′′ 

iameter aperture. We use the segmentation map obtained from
ource Extractor (Bertin & Arnouts 1996 ), perform a binary
ilation (expands the regions flagged by the segmentation map to
 xclude an y contamination caused by e xtended sources), and create
 mask for any source pixels based on the segmentation map or any
on-observed area. After sigma-clipping, we obtain the final mask
o ensure that we only put apertures on the background, which are
ot affected by any source pixels. We randomly place apertures with
 constant diameter of 0 . 3 ′′ where we measure the flux and use the
0 per cent enclosed energy radius to do aperture correction (resulting
n an aperture correction factor of 1.52). Finally, we calculate the 5 σ
ux limit, which corresponds to the point source flux depth of the
urv e y considered. Additionally, while we measure the depth for
xed 0.3 arcsec apertures, the Kron-apertures for the selected initial
ample are similar on average, with a median value of ∼0 . 23 arcsec ,
nd therefore the o v erall effect is small and the choice of 0 . 3 arcsec
s a good approximation for the depth estimates. 

We perform this measurement for the four different tiers defined
n Section 2.1 . We obtain 5 σ flux limits of 1.97 nJy (30.66 AB
ag), 4.36 nJy (29.80 AB mag), 4.34 nJy (29.81 AB mag), and 6.99

Jy (29.29 AB mag) for the GS-Deep, GS-Medium, GN-Deep, and
N-Medium subfields respectively (see Table 1 ). These 5 σ limits

re lower (fainter) than the values cited in previous JADES release
apers (Eisenstein et al. 2023b ; Rieke et al. 2023b ; Hainline et al.
024b ; D’Eugenio et al. 2025 ), which is partly due to using different
perture sizes and using more data that was observed after the data
eleases which increases the flux depths. 

.5.2 Completeness analysis 

e perform the stellar mass completeness analysis by adopting the
ethod described in Pozzetti et al. ( 2010 ). We aim to find a redshift-

ependent stellar mass completeness limit M 

comp 
� ( z), abo v e which we

ssentially have a complete sample in stellar mass and potentially
an observe all types of galaxies. In our flux-limited sample, the
imiting stellar mass we can observe depends on the redshift and
he mass-to-light ratio M � /L . Therefore, we calculate a minimum

ass M min for individual redshift bins of width 	z = 0 . 5, where we
ssume that all galaxies can be observed above a typical M � /L . 

In each redshift bin, we calculate M min by first calculating the
imiting stellar mass M lim 

of each galaxy. The limiting stellar mass
s the mass a galaxy would have at its spectroscopic (or photometric)
edshift if its apparent magnitude ( m AB measured in F 444 W ) were
qual to the limiting magnitude of the surv e y or subfield considered,
hich we obtain from the 5 σ flux limits. The limiting stellar mass

an be obtained by 

og ( M lim 

) = log ( M � ) + 0 . 4( m AB − m 

lim 

AB ) , (3) 

here m 

lim 

AB is the limiting magnitude of the surv e y considered
measured in the F444W mosaic; see Section 2.5.1 ). We then look
t the resulting distribution of M lim 

and only include the faintest
0 per cent galaxies in each redshift bin. To obtain the 90 per cent
ompleteness limit M min in each redshift bin, we take the 90 th 

ercentile of the M lim 

distribution. Finally, we obtain the redshift-
ependent stellar mass completeness limit M 

comp 
� ( z) by fitting a

ogarithmic curve to the M min values at different redshifts, as shown
n Fig. 3 . These completeness limits are different for each subfield,
ut in general, are in the range log 10 ( M � / M �) ≈ 7 –8 depending on
edshift, with GS-Deep having the most complete and GN-Medium
eing the least complete out of our four subfields. 
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 CLOSE-PA IR  M E T H O D O L O G Y  

his section discusses our methodology for finding close pairs of 
ajor galaxy mergers at a wide redshift range. We adopt the close-

air selection method developed by L ́opez-Sanjuan et al. ( 2015 ),
here we make use of the full photometric redshift PDF to propagate

he associated uncertainties, as opposed to only using the peaks of
hese distributions. Ho we ver, instead of selecting a sample based 
n the flux ratio of galaxies (as in L ́opez-Sanjuan et al. 2015 ), we
erform a selection based on the stellar mass ratio, as it was done
n Mundy et al. ( 2017 ). Although we mainly follow the selection
ethod described in these tw o w orks with some minor modifications,
e describe this method in full detail below. See Table 2 for examples
f close-pair selection methods and criteria applied by other studies. 

.1 Close-pair selection criteria 

ll studies usually define three main selection criteria to find major 
alaxy mergers. As the name ‘close-pair’ suggests, galaxies have 
o be within some defined physical separation r max projected on the 
lane of the sky, which translates to an observed angular separation 
max . To a v oid confusing star -forming clumps within the same galaxy
ith mergers and ensure clearly deblended sources, many studies 
efine a minimum separation r min as well (and corresponding θmin ). 
he second criterion for two galaxies to be in a close pair is close
roximity in the radial direction. In spectroscopic studies, this is 
sually defined as 	v max ≤ 500 km s −1 in velocity space (e.g. Patton 
t al. 2000 ), while in photometric surv e ys this translates to close
roximity in photometric redshift space (e.g. 	z < 0 . 1; Man et al.
016 ). For finding major mergers, the third requirement is that the
tellar mass ratio between the secondary and the primary galaxy is
= M 2 /M 1 ≥ 0 . 25 (e.g. Lotz et al. 2011 ). For minor mergers, this

alue is usually defined as 0 . 1 ≤ μ ≤ 0 . 25. Once the number of close
airs is determined, the pair fraction f pair can be easily computed 

 pair = 

N pair 

N 1 
, (4) 

here N pair is the number of close-pairs, and N 1 is the number
f primary galaxies within some pre-defined initial sample, e.g. a 
olume-limited sample of galaxies within a specified mass bin. 

To summarize these three main selection criteria for finding close 
airs of major galaxy mergers: 

(i) Close projected physical separation r min ≤ r ≤ r max (with our 
hoice of r min = 5 kpc and r max = 30 kpc ), 3 translating to close
ngular separation on the sky θmin ≤ θ ≤ θmax , 

(ii) Close proximity in redshift or velocity space, 
(iii) Stellar mass ratio abo v e μ ≥ 0 . 25 to find major mergers. 

In the following text, we describe in detail the moti v ation and
mplementation of these selection criteria for a large photometric 
urv e y, where we include the P ( z) distributions of the estimated
hotometric redshifts. 

.2 Initial sample selection 

n this section, we describe how we selected the initial galaxy 
ample for our analysis. First, we limit our sample to the photometric
edshift range of 3 ≤ z ≤ 9, which is an underexplored redshift range
n the study of galaxy mergers. We choose this lower and upper
edshift limit, as the z < 3 range has been studied e xtensiv ely in
 For an analysis using different separation criteria see Appendix D . 

t  

a  

σ

revious research on pair fractions and merger rates, and at z > 9,
ur catalogues contain very few objects after pre-selection (less than 
.1 per cent of the z > 3 sample), making a meaningful analysis
ifficult. 
We clean our initial sample by requiring a signal-to-noise ratio 

n the F444W KRON CONV photometry (Kron-aperture placed on 
mages that have been convolved to the same resolution) of SNR ≥ 3
o filter out background noise and false detections (reduction to 52
er cent of the parent photometric sample of ∼110 000 objects).
e perform an odds cut of O ≥ 0 . 3 as described in Section 2.2.3

o only include galaxies with well-constrained photometric redshifts 
rom EAZY (a further reduction to 63 per cent of the sample from
he previous step). Furthermore, we remo v e an y known interlopers,
uch as 9 brown dwarf candidates (Hainline et al. 2024a ), and falsely
dentified objects belonging to diffraction spikes of bright stars (see 
ection 3.4.3 ), resulting in a further reduction by ∼5 per cent of the
emaining sample. Finally, we compute the stellar mass completeness 
imit for each tier (GS-Deep, GS-Medium, GN-Deep, GN-Medium) 
s described in Section 2.5.2 , and require all primary (and also
econdary) objects to be abo v e M 

comp 
� ( z). 

.2.1 Redshift and stellar mass bins 

ollowing the initial sample selection, which is uniformly applied 
or the full analysis for each tier, we define different redshift and
tellar mass bins, and we compute the pair fractions within each of
hese bins. We define the redshift bins equally between 3 < z < 9
ith widths of 	z = 1, i.e. we obtain results at half redshifts. We

hen define different constant stellar mass bins which do not depend
n redshift. Due to the varying number density of objects having
tellar masses abo v e the completeness limit at different redshifts, we
efine bins with non-equal sizes, centred at log ( M � / M �) = 8 . 25 ±
 . 25 , 8 . 75 ± 0 . 25 , 9 . 50 ± 0 . 50. These bins were chosen such that
hey are al w ays above M 

comp 
� ( z). We select primary galaxies from

hese stellar mass bins and will search around them for lower mass
atellites in the following parts of the close-pair selection. We can
mmediately determine the secondary sample of galaxies based on 
he stellar mass from the primary sample, as the stellar mass ratio
s fixed for major mergers at μ ≥ 0 . 25. The primary and secondary
ample for a given fixed stellar mass bin is visualized in Fig. 3 (the
umber of primary galaxies within each bin can be found in Table 3 ).

.3 Pair probability function 

n this section, we discuss in detail how we select close pairs from our
hotometric surv e y in a probabilistic and statistically robust manner.
e build the pair probability function (PPF) throughout this section, 
hich mathematically codifies the selection criteria from Section 3.1 . 

.3.1 Redshift probability function 

s the first step and most crucial feature of this work, we assess the
roximity of potential pairs in redshift space, i.e. closeness in radial
istance. To perform this, we incorporate in our analysis the full
osterior distributions of the estimated photometric redshifts output 
rom EAZY . If there is an available spectroscopic redshift for a galaxy
rom our compiled z best catalogue described in Section 2.3 , we use
hat instead. To include a z spec in this probabilistic framework, we fit
 narrow Gaussian to this redshift assuming a standard deviation of
z = 0 . 01 and normalization of 1. 
MNRAS 540, 2146–2175 (2025) 
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M

Table 2. Summary of the selection criteria of close-pair studies that are frequently referenced in this work, displaying the redshift and stellar mass ranges 
probed, the projected separation criteria, and the selection method, i.e. either spectroscopic, photometric (using the peak photometric redshifts), or probabilistic 
(using the full posterior distributions of the photometric redshifts). 

Study Redshift range Mass range, log ( M � / M �) r sep [kpc] Selection method 

L ́opez-Sanjuan et al. ( 2015 ) [0.4, 1] M B ≤ −19 , −19 . 5 , −20 a [10, 50] h −1 Probabilistic, based on P ( z) 
Man et al. ( 2016 ) [0.1, 3] > 10.8 [10, 30] h −1 | z 1 − z 2 | / (1 + z 1 ) < 0 . 1 b 

Mundy et al. ( 2017 ) [0.005, 3.5] > 10, 11 [5, 30] Probabilistic, based on P ( z) 
Ventou et al. ( 2017 ) [0.2, 6] ≥ 9 . 5, < 9 . 5 [5, 25] h −1 	v max < 500 km s −1 

Mantha et al. ( 2018 ) [0, 3] > 10 . 3 [5, 50] ( z 1 − z 2 ) 2 ≤ σ 2 
z, 1 + σ 2 

z, 2 
c 

Duncan et al. ( 2019 ) [0.5, 6] [9.7, 10.3], > 10.3 [5, 30] Probabilistic, based on P ( z) 
Conselice et al. ( 2022 ) [0, 3] > 11 [5, 30] Probabilistic, based on P ( z) 
Duan et al. ( 2024a ) [4.5, 11.5] [8, 10] [20, 50] Probabilistic, based on P ( z) 

Notes. a Sample selected by B -band luminosity. 
b For z 1 < 1, and < 0 . 2 for z 1 > 1. 
c This study used both photomteric and spectroscopic redshifts, and σ are the photometric redshift errors. 
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We define the redshift probability function Z( z) as the convolution
f the two individual redshift posteriors P 1 ( z) and P 2 ( z) of a given
rojected close-pair as 

( z) = 

2 × P 1 ( z) × P 2 ( z) 

P 1 ( z) + P 2 ( z) 
= 

P 1 ( z) × P 2 ( z) 

N ( z) 
, (5) 

here N ( z) is a normalization defined as 

( z ) = 

P 1 ( z ) + P 2 ( z) 

2 
, (6) 

hich is implicitly constructed such that 
∫ ∞ 

0 N ( z)d z = 1. Therefore,
he meaning of Z( z) is the number of fractional pairs for a given
lose-pair considered at redshift z. For a redshift bin, 

∫ z max 

z min 
Z( z)d z

ives the number of fractional close-pairs for a system within that
edshift range considered. Therefore, the total number of fractional
airs for a given system of two galaxies can be computed as 

 z = 

∫ ∞ 

0 
Z( z )d z (7) 

hat ranges between 0 and 1. This quantity N z essentially relates
o the probability of the two galaxies within the system considered
eing at the same redshift. See Fig. 4 for examples. 
The real power of this analysis is that we can propagate the

ncertainty associated with the photo- z estimates throughout our
alculations by the redshift probability function Z( z). 

.3.2 Angular separation mask 

he second step is to select galaxies from the secondary sample
hat are in close projected physical distance to galaxies from the
rimary sample. We start by defining physical separations between
he primary galaxy and its companion, as this can be related to the
ynamics of the merger. Many previous studies defined a constant
hysical separation ranging between r = 5 and 50 kpc h 

−1 (e.g.
 ́opez-Sanjuan et al. 2015 ; Man et al. 2016 ; Mundy et al. 2017 ;
uncan et al. 2019 ; Conselice et al. 2022 ; Duan et al. 2024a ).
he choice of maximum separation is crucial for the resulting pair

ractions and the comparison to previous results, as we expect
 higher number of companions within larger separation limits.
herefore, we choose a constant separation of r max = 30 kpc for
asier comparison, where we refrain from further usage of the
imensionless Hubble parameter h (Croton 2013 ), as stated before. In
he Appendix, we also discuss the physical moti v ation and effects of a
edshift-dependent separation limit. As for the minimum separation,
e choose r min = 5 kpc , which is moti v ated by the higher resolving
NRAS 540, 2146–2175 (2025) 
ower of JWST , taking care of deblending issues (i.e. single galaxy
ith clumps or two galaxies) even at z ∼ 9. This lower separation

riterion is further moti v ated by the typical sizes being ∼0 . 5 –2 kpc
or galaxies at these redshifts (Allen et al. 2024 ; Miller et al. 2024 ;

orishita et al. 2024 ; McClymont et al. 2025b ; Westcott et al. 2025 ).
or a pair fraction analysis using different separation criteria, see
ppendix D . 
We convert the projected physical separation to an observable

ngular separation by using the angular diameter distance. Therefore,
he angular separation will be redshift-dependent according to 

max ( z ) = 

r max 

d A ( z ) 
and θmin ( z ) = 

r min 

d A ( z ) 
, (8) 

here d A ( z) is the angular diameter distance that depends on
edshift and the assumed cosmology. To calculate d A ( z) we use
he angular diameter distance(z) function from as-
ropy.cosmology . 
Finally, using the notation of L ́opez-Sanjuan et al. ( 2015 ), we

efine an angular separation mask for each potential close-pair as 

 

θ ( z) = 

{ 

1 , if θmin ( z) ≤ θ ( z) ≤ θmax ( z) 

0 , otherwise , 
(9) 

hich is a binary mask having the same length as the P ( z) array
rom EAZY . For each redshift bin considered, this binary mask will
ave a window of allowed angular separations. 

.3.3 Pair selection mask 

he third step is to ensure the correct stellar mass ratio for the pairs
onsidered to find major mergers. We start by defining a mask to
elect the primary galaxies in a mathematical form corresponding to
hat is described in Section 3.2.1 

( z) = 

{ 

1 , if M 

lim , 1 
� ( z) ≤ M �, 1 ( z) ≤ M 

max 
� 

0 , otherwise 
, (10) 

here M �, 1 ( z) is the redshift-dependent stellar mass of the primary
alaxy and 

 

lim , 1 
� ( z) = max { M 

min 
� , M 

comp 
� ( z) } , (11) 

here M 

min 
� and M 

max 
� are the lower and upper bounds of the stellar

ass bin considered, and M 

comp 
� ( z) is the redshift-dependent stellar

ass completeness limit calculated in Section 2.5.2 . We note here
hat in the computation of M 

lim , 1 
� ( z), we use M 

comp 
� ( z max ) at the

pper bound of the redshift bin considered z max since the stellar
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Figure 4. Left panel: example of a candidate close-pair system at z 1 = 4 . 22 + 0 . 08 
−0 . 13 (primary galaxy), where the red curve indicates the photometric redshift 

posterior distribution P 1 ( z) of the primary galaxy, and the blue curve represents P 2 ( z) for the companion galaxy. Both are well-constrained posteriors with unique 
narrow peaks, where the dashed vertical lines indicate the location of the peaks. The black continuous curve is the cumulative integral of the redshift probability 
function Z( z), resulting in a high number of fractional pairs N z indicated on the figure, meaning that they are at the same redshift with a high probability. 
The two galaxies also satisfy the stellar mass ratio criterion, with values displayed in the upper left corner, where μ is the mass ratio. The total contribution of 
the two galaxies to the pair counts is given by N pair = 

∫ 
w 2 ( z) × PPF ( z)d z = 1 . 09, which is greater than unity due to a boosting by the correction weights. A 

cut-out of two galaxies from the mosaic is displayed on the inset, showing that the system is within a small angular separation. Right panel: another example of 
a close-pair candidate that only passed the close separation criterion by a narrow margin. Although the peak photo- z values are close to each other ( z a ≈ 4 . 0), 
the posteriors are less constrained, and the o v erlap between them is smaller, resulting in a lo wer N z (lo wer probability of being a real close-pair). The posteriors 
also have secondary peaks, suggesting that the estimated photometric redshifts are less reliable. 
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ass completeness limit determined monotonically increases with 
edshift. 

We further note that the stellar mass of the galaxy is expected
o evolve with redshift. However, our fitting codes ( EAZY or
rospector ) do not output the covariance of M � with z. Therefore,
e simply assume that the stellar mass scales as 

 � ( z) = M 

peak 
� 

(
1 + z 

1 + z peak 

)2 

, (12) 

here M 

peak 
� corresponds to the stellar mass output from eazy-py 

r Prospector at the peak of the redshift posterior z peak (more 
pecifically at z a ). This approximation is based on the redshift-
uminosity relation by assuming a constant mass-to-light ratio. 

Now that we have ensured the correct selection function for the 
rimary galaxy, we have to define a pair selection mask for the
econdary galaxy, satisfying the major merger criterion. We define 
he pair selection mask as 

 

pair ( z) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

1 , if M 

lim , 1 
� ( z) ≤ M �, 1 ( z) ≤ M 

max 
� 

and M 

lim , 2 
� ( z) ≤ M �, 2 ( z) ≤ M 

max 
� 

0 , otherwise , 

(13) 

here M �, 2 ( z) is the redshift-dependent stellar mass of the secondary
alaxy and 

 

lim , 2 
� ( z) = max { μM �, 1 ( z) , M 

comp 
� ( z) } , (14) 

here the criterion for the mass ratio 0 . 25 ≤ μ ≤ 1 is imposed to
earch for major mergers. 
.3.4 Pair probability function 

e are now equipped with the mathematical forms of the three
election criteria to combine them into a single function that can be
sed to select close pairs in a probabilistic way, which is the strength
f this analysis. We define the PPF as 

PF ( z) = Z( z) × M 

θ ( z) × M 

pair ( z) . (15) 

The integral of this function over the full redshift range gives the
robability of a system of two galaxies being in a major merger
lose-pair, 

∫ ∞ 

0 PPF ( z )d z . Two examples of close-pair candidates at
edshift z ∼ 4 selected by the abo v e method can be seen in Fig. 4 . 

.4 Correction for selection effects 

n this section, we address the different potential selection biases 
hat affect the selection function we defined previously. We assign 
tatistical weights to correct for each of these effects and include this
n the final calculation to determine the close-pair fractions. 

.4.1 Mass incompleteness 

n the case of primary galaxies that are close to the stellar mass
ompleteness limit, the mass range to look for secondary galaxies 
ill be more strongly affected by incompleteness. Mathematically, 

his happens when μM �, 1 ( z) ≤ M 

comp 
� ≤ M �, 1 ( z). This is due to the

equirement in equation ( 13 ) that the M �, 2 ( z) has to be abo v e the
ompleteness limit. Therefore, there is a lower chance of finding 
atellites around a primary galaxy, and the results will be biased. 

To account for this selection bias, we assign statistical weights 
o the secondary galaxies to boost their number counts, as we
MNRAS 540, 2146–2175 (2025) 



2156 D. Pusk ́as et al. 

M

m  

m  

p  

r  

c  

n  

(  

J  

a  

A  

w

w

w  

o  

t  

r  

e

w

w  

c  

 

i  

b  

o

3

T  

p  

r  

(
 

w  

p  

c  

W  

i  

a

O

 

fi  

O  

o  

g
 

r  

d

w

w

3

F  

P  

r  

w  

g  

n
 

f  

o  

a  

e  

e  

r  

f
 

t  

r  

θ  

d  

d  

p  

s  

a  

t  

e  

t  

p  

e

w

 

s  

2  

w  

(  

w

3

U  

s  

t  

i  

f
 

w

w

F  

v  

t  

a

w

w  

f  

s

ight potentially miss some of them due to the incomplete stellar
ass search range available. Similarly, we assign a weight to the

rimary galaxies close to the stellar mass completeness limit to
educe their number counts and, hence, their biasing effect. To
ompute these weights, we compare the expected and the observable
umber density of galaxies by using the galaxy stellar mass function
SMF), φ( M � , z). We combine the most recent SMFs available from
WST observ ations (Nav arro-Carrera et al. 2024 ; Harv e y et al. 2025 )
nd extrapolate it to the highest rele v ant redshifts, as described in
ppendix B . Each secondary galaxy gets the following completeness
eight assigned 

 

comp 
2 ( z) = 

⎡ 

⎢ ⎢ ⎢ ⎣ 

∫ M �, 1 ( z) 

M 

lim , 2 
� ( z) 

φ( M � , z)d M � ∫ M �, 1 ( z) 

μM �, 1 ( z) 
φ( M � , z)d M � 

⎤ 

⎥ ⎥ ⎥ ⎦ 

−1 

, (16) 

hich is the inverse of the ratio between the expected number density
f observable galaxies (abo v e the mass completeness limit) and the
otal number density of galaxies corresponding to the mass search
ange around the primary galaxy at a given redshift. Similarly, for
ach primary galaxy, we assign the weight 

 

comp 
1 ( z ) = 

∫ M 

max 
� 

M 

lim , 1 
� ( z) 

φ( M � , z )d M � ∫ M 

max 
� 

M 

min 
� 

φ( M � , z )d M � 

, (17) 

hich compares the expected number density of galaxies abo v e the
ompleteness limit to the number density for the full stellar mass bin.

As Fig. A1 shows, these mass completeness weights can drastically
ncrease, approaching the mass completeness limit, with values
lowing up at the limit due to the ratio in their definition. To a v oid
 v er-correcting our results, we clip the values of w 

comp 
2 at 10. 

.4.2 Photometric redshift quality 

he next weighting is incorporated to account for the quality of the
hotometric redshifts. This is realized through the odds sampling
ate (OSR), which was originally introduced in L ́opez-Sanjuan et al.
 2015 ). 

The odds quality parameter O (Ben ́ıtez 2000 ; Molino et al. 2014 )
as already discussed in Section 2.2.3 , which essentially encodes the
robability of a galaxy being found within a narrow redshift interval
entred on the peak of the photometric redshift posterior distribution.
e also require an odds cut of O ≥ 0 . 3 in our pre-selection. The OSR

s simply the ratio between the number of galaxies abo v e this criterion
nd the total number of galaxies at magnitude m , defined as 

SR ( m ) = 

∑ 

N ( O ≥ 0 . 3) ∑ 

N ( O ≥ 0) 
. (18) 

We calculate the OSR in magnitude bins of width 	m = 0 . 25 and
t a sigmoid curve to the data points to find a continuous function for
SR ( m ) at each value of m . For this purpose, we convert the fluxes
f each galaxy measured in the F444W filter to AB magnitudes and
et an OSR ( m ) curve such as in Fig. A2 . 

Finally, to compute the photometric redshift quality weight cor-
esponding to each galaxy, we take the inverse of the OSR value as
efined below 

 

OSR = 

1 

OSR ( m ) 
, (19) 
NRAS 540, 2146–2175 (2025) 
here m is the AB magnitude of the galaxy in the F 444 W filter. 

.4.3 Survey boundaries 

inally, we assign weights to correct for incomplete surv e y areas.
rimary galaxies that lie close to the surv e y boundaries or masked
egions (where artefacts were masked out during the data reduction)
ill have a reduced area around them to look for potential secondary
alaxies. This effect does not significantly alter the final results,
evertheless, we correct for it. 
Furthermore, we note here that additional masks were created

or bright stars and their diffraction spikes. During the initial runs
f the merger selection code, it was found that a large number of
rtificial sources along the diffraction spikes of bright stars (due to an
rroneous ‘shredded’ source identification by the automatic source
xtraction) significantly boosted the close-pair fraction at certain
edshifts. Therefore, we generously masked these artefacts, which
urther reduced the size of the search area and altered its shape. 

We calculate the area weight by performing photometry on
he annulus surrounding each primary galaxy at inner and outer
adii corresponding to r min and r max . In practice, since θmin ( z) and
max ( z) are redshift-dependent through the angular diameter distance
 A ( z), the fraction of available area, f area ( z) will be also redshift-
ependent and has to be calculated at each redshift-step. We use the
hotutils python package (Bradley et al. 2024 ) to compute the
um o v er the area within a fix ed annulus around a source (see for
n example Fig. A3 ), containing pixels with non-zero values and
he sum o v er the same area including pixels with zero flux which is
qui v alent to the masked area. The ratio of these two values gives
he area fraction f area ( z). To correct for the unavailable area and
otentially missed secondary galaxies, we assign an area weight to
ach primary galaxy within our sample 

 

area ( z ) = 

1 

f area ( z ) 
. (20) 

In practice, we find that the o v erall effect of these weights is
mall, on average being 1 –2 per cent (see also e.g. Duncan et al.
019 ). Therefore, to make our merger selection code more efficient,
e only e v aluate these area weights at the best available redshift

see Section 2.3 ) of each primary source. Hence, we assume that
 

area ( z) = w 

area for the rest of the analysis. 

.4.4 Combined weightings 

ltimately, we combine all the weightings mentioned abo v e into
ingle weights assigned to each primary and secondary galaxy. We
hen include these weights, accounting for different selection biases,
n integrating the pair probability functions to calculate close-pair
ractions. 

In the case of each primary galaxy, two of the aforementioned
eights are combined, and the total weight is given by 

 1 ( z) = w 

comp 
1 ( z) × w 

OSR 
1 . (21) 

or each secondary galaxy around a primary galaxy, we need to con-
olve the total weight of the primary with the weights corresponding
o the secondary (as its selection is dependent on the former), getting
 total combined pair weight of 

 2 ( z) = w 

area 
1 × w 

comp 
1 ( z) × w 

comp 
2 ( z) × w 

OSR 
1 × w 

OSR 
2 , (22) 

here we include w 

area 
1 only for the secondary galaxy as it accounts

or potentially missing satellites around a primary source, with the
ubscript ‘1’ further stressing this point. 
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We further note that the redshift-dependence of w 1 ( z) and w 2 ( z)
rises due to the redshift-dependence of the mass completeness 
eights, which further depends on the previously calculated mass 

ompleteness limit. We calculate this on the same redshift grid as
he posterior output of EAZY for consistency. The most significant 
ontribution usually comes from w 

comp 
2 ( z). Hence, a clipping is

ecessary to a v oid o v er-boosting with this weight, as described
reviously. 
These weights are combined with the pair probability function 

or each potential pair, allowing us to measure volume-limited pair 
ractions. 

.5 Final integrated pair fractions 

inally, using the results from all previous steps, the total integrated 
air fractions can be calculated as follows. For each primary galaxy 
 from the initial sample, the number of associated close-pairs in 
he redshift range z min ≤ z ≤ z max (within each redshift bin) can be
omputed by 

 

i 
pair = 

∑ 

j 

∫ z max 

z min 

w 

j 

2 ( z) × PPF ij ( z)d z, (23) 

here j are the indices of each potential secondary galaxy around 
he primary that satisfies the pre-selection criteria, PPF ij ( z) are the 
air probability functions for each pair considered given by equation 
 15 ) (see Section 3.3.4 ), and w 

j 

2 ( z) are the pair weights associated
ith each secondary galaxy given by equation ( 22 ). 
Similarly, the contribution to the number of primary galaxies for 

ach system i within a z-bin corresponding to N 

i 
pair , is given by 4 

 

i 
1 = 

∫ z max 

z min 

w 

i 
1 ( z) × P i ( z) × S 1 ( z)d z, (24) 

here P i ( z) is the normalized redshift posterior distribution function 
f the primary galaxy (see Section 2.2 ), w 

i 
1 ( z) is the corresponding

eight given by equation ( 21 ), and S 1 ( z) is a selection function for
he primary galaxy sample. This selection function incorporates the 
nitial selection criteria described in Section 3.2 , and its mathematical 
orm is given by equation ( 10 ) (note that we added an extra ‘1’ index
o emphasize that it is the primary galaxy selection function). 

Finally, we have derived all the necessary quantities to redefine 
nd calculate the galaxy close-pair fraction (given by equation ( 4 )).
he pair fraction for a redshift-bin of z min ≤ z ≤ z max , using the
robabilistic methodology described abo v e, has the following form 

 pair = 

∑ 

i N 

i 
pair ∑ 

i N 

i 
1 

, (25) 

nd for the sake of completeness, the full form of the pair fraction is
iven by 

 pair = 

∑ 

i 

∑ 

j 

∫ z max 

z min 
w 

j 

2 ( z) × PPF ij ( z) dz ∑ 

i 

∫ z max 

z min 
w 

i 
1 ( z) × P i ( z) × S 1 ( z) dz 

. (26) 

In the case of different subfields (i.e. GS-Medium, GS-Deep, GN- 
edium, GN-Deep) the total pair fraction can be calculated by 

 pair = 

∑ 

k 

∑ 

i N 

i,k 
pair ∑ 

k 

∑ 

i N 

i,k 
1 

, (27) 
 We note that many previous publications include a 
∑ 

i in front of this 
quation. We consider this to be a typo as it leads to mathematically erroneous 
esults – in the final form of the pair fraction, there would be a double 
ummation o v er i for N 

i 
1 . 

P
A
e
s

 

s  
here the index k corresponds to the subfield, and the stellar
ass completeness limit M 

comp 
� ( z) is calculated separately for each

ubfield. 

.6 Bootstrapping analysis 

e estimate the uncertainties on the f pair values using the common
ootstrapping technique (Efron 1979 , 1981 ). The merger selection 
ode estimates the pair fractions and their errors for each stellar
ass–redshift bin by randomly drawing a primary sample of galaxies 
ith replacement from the initial sample and performing for N 

ndependent realizations. We set N = 100 for most of our analysis
s we find that the uncertainties relatively quickly converge after a
ew resamples. 

The standard error on the pair fraction in each bin from the
ootstrapping analysis is given by 

f pair = 

√ ∑ 

i ( f 
i 
pair − 〈 f pair 〉 ) 2 
N − 1 

, (28) 

here 〈 f pair 〉 is the average pair fraction of the N independent
ealizations given by 

 f pair 〉 = 

∑ 

i f 
i 
pair 

N 

. (29) 

All the abo v e definitions and calculations are incorporated in the
erger selection python code. We measure the pair fraction in 

his probabilistic approach for a large sample of ∼110 000 galaxies
size of the original photometric catalogue before sample cleaning) 
or both GOODS-South and GOODS-North. For a few examples of 
lose-pairs found by the code, see Fig. 5 , which shows close-pairs
ith a high probability of being actual mergers ordered in a Toomre

equence, and Fig. 6 for examples of peculiar multimerger systems. 
ig. 6 System B is an extended clumpy object where the failed
eblending results in identifying a spurious close-pair system with a 
igh multiplicity. A visual inspection of 500 randomly selected close- 
airs from our final catalogue shows that approximately ∼3 per cent 
f the sample may be affected by deblending issues. This percentage 
s likely even lower regarding the number of galaxies affected since
hese pairs often have a high multiplicity. Ho we ver, these problems
ainly occur at lower redshifts in extended objects, where the number 

ounts are sufficiently high to a v oid significant boosting by these
purious pairs. 

 PA IR  FRAC TI ON  

n this section, we discuss the results of the probabilistic close-pair
raction analysis. We present our fiducial results for the previously 
efined data set and selection criteria and compare them to the
xisting literature. We also investigate the effect on the resulting 
air fractions using different data sets and varying some parameters 
n the selection criteria. In the next section, we convert the pair
ractions to the merger rate by assuming a merger time-scale. 

.1 Major merger pair fraction evolution with redshift 

n our fiducial analysis, we use stellar masses obtained from 

rospector and a redshift-independent separation criterion. See 
ppendix C for an alternative analysis using stellar masses from 

azy-py , and Appendix D for a redshift-dependent separation 
election criterion. 

Pair fractions are calculated in the redshift range z = 3 –9 and
tellar mass range log ( M � / M �) = 8 . 0 –10 . 0 and physical projected
MNRAS 540, 2146–2175 (2025) 
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Merging sequence of close galaxy pairs at z~3Merging seequence of cclose galaxyy pairs at z~3

12 pkpc

1.5"

z=3.76 z=3.33 z=3.45 z=3.60

z=3.13 z=3.63 z=3.71 z=3.50

z=3.09 z=3.20 z=3.55 z=3.12

z=3.09 z=3.38 z=3.68 z=3.72

Figure 5. Close galaxy pairs with a high probability of being actual mergers ( N z > 0 . 8) at 3 < z < 4. The RGB cutouts (with blue, green, and red assigned to the 
F090W , F200W , and F444W bands, respectively) are ordered by decreasing projected separation between the close pairs (from the top-left to the bottom-right) in 
an attempt to build a Toomre sequence (Toomre & Toomre 1972 ) of merging galaxies at z > 3. The primary galaxies are indicated by the longer half-crosshairs, 
and the secondary galaxies by the shorter crosshairs. The redshifts of the primary galaxies are shown on the top-right corner of each cutout (with the redshift of 
the secondary galaxies being at the same or similar values). The angular and proper physical scale (calculated at z = 3 . 5) is displayed on the top-left cutout, and 
all the other cutouts have the same scale (with some minor differences in the proper physical scale due to the deviation from z = 3 . 5). The order of these close 
pairs in the Toomre sequence is both determined by the projected separation and by visual inspection, where one might see tidal features and bridges forming 
on the bottom row of the cutouts. 
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eparation between r = 5 –30 kpc, as defined in Section 3.2.1 . Results
re plotted in Fig. 7 for the three stellar mass bins, and values can be
ound in Table 3 . Pair fractions in the lowest stellar mass bin (8 . 0 ≤
og ( M � / M �) < 8 . 5) show the most significant evolution. There is an
NRAS 540, 2146–2175 (2025) 
ncrease up to z ∼ 6, where 37 per cent of the galaxies have major
ompanions, and it subsequently turns o v er to a declining trend. Pair
ractions in the higher stellar mass bins show little evolution with
edshift, with potentially a slight decrease. We note that data points
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Multiple major galaxy merger systems at z>3

Figur e 6. Multimer ger systems at z > 3 with a high probability ( N z > 0 . 75), showing an abundant variation of morphologies and multiplicities, reflecting the 
complexity of these major mergers at high redshift and the difficulty of finding them. The primary galaxy (the most massive galaxy considering all pairs in the 
system) is indicated by a white circle on each RGB cutout, with half-crosshairs pointing to the secondary galaxies. The redshifts of the primaries are displayed 
in the top-right corner, as well as the proper physical scale at that redshift for each cutout. Systems A, C, and D have multiple satellites around each primary 
galaxy. Ho we v er, the y likely hav e ev en more companions but with a lower probability than our selection threshold (and hence not displayed) due to less reliable 
photometric redshifts that spectroscopic observations could confirm in the future. System C falls within the FRESCO footprint, and therefore, all candidates 
have spectroscopic redshifts from grism observations. The bright galaxy at the lower left of the cutout is likely to be also a member, but it was not selected by the 
code as having a different spec- z from higher priority MUSE Wide observations (see Section 2.3 for the spec- z classification). System B is a peculiar case where 
we only display the primary galaxy, as the companions identified by the close-pair selection code are likely clumps associated with the same structure. This 
extended clumpy morphology causes deblending to fail, which in turn translates to lik ely f alse close-pairs. These few peculiar systems (likely only ∼3 per cent 
of the sample) would require further morphological analysis for confirmation, which is beyond the scope of this paper. 

Figure 7. Redshift-evolution of the major galaxy close-pair fractions for 
three different stellar mass bins. Uncertainties are obtained by bootstrapping 
with 100 resamples. The lowest stellar mass bin shows the most clear 
evolution by increasing up to z ∼ 6 and then turning o v er at higher redshifts. 
Pair fractions at higher stellar mass bins show little to slightly decreasing 
evolution with redshift o v erall. Each data point represents the pair fraction 
in a given redshift and stellar mass bin for the o v erall sample, including all 
subfields (e.g. GS and GN, deep and medium tier). 
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epresent the total pair fractions in a given bin for the o v erall sample,
hich is obtained by equation ( 27 ) and not by averaging the values
btained by each subfield. Bins at high redshifts (abo v e z ∼ 7 –8)
an become unreliable as the number counts of primary (massive) 
alaxies become very low and are prone to variations, especially at 
he higher stellar mass bins (see Table 3 ). Therefore, we decided to
iscard the data points at the highest redshifts at z ∼ 8 –9 for the
og ( M � / M �) = 8 . 5 –9 . 0 and log ( M � / M �) = 9 . 0 –10 . 0 stellar mass
ins as it can be seen in Fig. 7 (see Fig. 8 for measurements in the
ndividual tiers for these bins). 

We also look at the field-to-field variation of the pair fractions in
ach stellar mass bin, which can be seen in Fig. 8 . The most significant
ariation can be found in the log ( M � / M �) = 8 . 0 –8 . 5 stellar mass
in, with the GS-Medium results differing from the other three the
ost. We note that, for the log ( M � / M �) = 8 . 0 –8 . 5 bin, the GS-
edium results drive the peak of f P to be at z ∼ 5 –6, and without
S-Medium the peak becomes less evident. This higher close-pair 

ount could be driven by the presence of multiple overdensities at
 ∼ 5 –6, disco v ered by Helton et al. ( 2024a , b ). Since this lowest
tellar mass bin is the closest to the mass-completeness limit, we
xpect that it is still some what af fected by incompleteness, even after
sing the appropriate correction weights, defined in Section 3.4.1 . 
hile the statistical uncertainties estimated by bootstrapping do not 

eflect this, there could still be a systematic uncertainty affecting 
ur completeness estimates due to a higher time-variability of star 
ormation in low-mass and/or high-redshift galaxies (see e.g. Sun 
t al. 2023 ). In our stellar mass completeness estimates, based on
he method of Pozzetti et al. ( 2010 ), we implicitly assume the same
olours for the undetected galaxy population below the completeness 
imit, which might be strongly affected by the higher burstiness in
tar formation of low-mass galaxies at high z . Furthermore, based on
hese plots, we conclude that our samples in the different subfields
re not significantly affected by cosmic variance. 

.2 Comparison to literature 

n this section, we compare our results for the pair fractions with those
f the existing literature. This is a difficult task as most other works
se different stellar mass bins or separation limits or both (e.g. see
able 2 ). Nevertheless, we attempt to find results from the literature
MNRAS 540, 2146–2175 (2025) 
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Figure 8. Redshift-evolution of the close-pair fractions for three different stellar mass bins, represented by the three subplots. Each subplot displays the 
field-to-field variation within each bin for the four subfields (e.g. GS and GN, deep and medium tier), with the lowest stellar mass bin showing the most 
v ariations. Overall, cosmic v ariance does not seem to significantly affect the resulting pair fractions. The averages here represent the o v erall pair fractions as 
calculated from the union of the four subfields (equation 27 ) instead of just calculating the mean. For the two highest stellar mass bins we do not show the 
averages at the highest redshift bin at z ∼ 8 –9 as the size of the initial sample is not sufficiently large to allow us measuring pair fractions robustly. 

Table 3. Number of primary galaxies ( N primary ), and the measured major merger pair fraction ( f p ) and merger rate ( R M 

) values at each respective redshift and 
stellar mass bin, with their associated uncertainties. Uncertainties for pair fractions are estimated using bootstrapping (using 100 resamples) and carried forward 
to calculate uncertainties for merger rates. 

Redshift [3 . 0 , 4 . 0] [4 . 0 , 5 . 0] [5 . 0 , 6 . 0] [6 . 0 , 7 . 0] [7 . 0 , 8 . 0] [8 . 0 , 9 . 0] 

Mass range ( log M � / M �) Number of primary galaxies, N primary 
a 

[8 . 0 , 8 . 5] 3655 2842 2170 1523 501 234 
[8 . 5 , 9 . 0] 2295 1397 662 350 95 37 
[9 . 0 , 10 . 0] 1613 760 312 104 34 10 

Mass range ( log M � / M �) Pair fraction, f P 
[8 . 0 , 8 . 5] 0 . 19 ± 0 . 10 0 . 31 ± 0 . 15 0 . 37 ± 0 . 17 0 . 34 ± 0 . 16 0 . 19 ± 0 . 09 0 . 11 ± 0 . 05 
[8 . 5 , 9 . 0] 0 . 20 ± 0 . 10 0 . 21 ± 0 . 11 0 . 12 ± 0 . 06 0 . 14 ± 0 . 07 0 . 08 ± 0 . 04 0 . 02 ± 0 . 01 b 

[9 . 0 , 10 . 0] 0 . 14 ± 0 . 06 0 . 12 ± 0 . 07 0 . 09 ± 0 . 04 0 . 12 ± 0 . 05 0 . 06 ± 0 . 02 0 . 09 ± 0 . 05 b 

Mass range ( log M � / M �) Merger rate, R M 

(Gyr −1 ) 

[8 . 0 , 8 . 5] 1 . 60 ± 0 . 80 3 . 91 ± 1 . 92 6 . 46 ± 3 . 05 8 . 08 ± 3 . 66 5 . 64 ± 2 . 64 4 . 04 ± 1 . 88 
[8 . 5 , 9 . 0] 1 . 70 ± 0 . 85 2 . 67 ± 1 . 33 2 . 20 ± 1 . 02 3 . 29 ± 1 . 56 2 . 49 ± 1 . 30 0 . 57 ± 0 . 33 b 

[9 . 0 , 10 . 0] 1 . 18 ± 0 . 52 1 . 52 ± 0 . 85 1 . 62 ± 0 . 77 2 . 89 ± 1 . 14 1 . 75 ± 0 . 68 3 . 38 ± 2 . 01 b 

Notes. a We note here that these values reflect the number of primary galaxies falling into each redshift-stellar mass bin based on their stellar mass and peak 
photometric (or spectroscopic) redshift ( z a ) falling within the bin limits. For the purposes of the pair fraction measurement, the total numerical contribution of 
the primary galaxies in each bin is given by 

∑ 

i N 

i 
1 , where N 

i 
1 is given by equation ( 24 ). 

b The values presented in the table abo v e are included for the sake of completeness. Ho we ver, we do not plot or use them in our further calculations, as the 
number counts from the initial sample selection in these bins are too low to perform a reliable analysis. 
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hose selection criteria are the closest to our choices and compare
hem to our results. In the Appendix, we discuss multiple variations
f selection criteria for the fiducial analysis and their effects on the
esults. 

For comparing results from the existing literature to our findings,
e attempt to keep the distinction between the three stellar mass

anges. While this categorization is not al w ays perfectly clear and
ell defined in the source papers, we nevertheless try to associate
ata points with one of the three stellar mass bins (e.g. if a data
oint is slightly abo v e log 10 ( M � / M �) = 10, we will include it in the
 ≤ log 10 ( M � / M �) < 10 bin). 
The final results for pair fractions and their comparison to values

rom the literature can be found in Fig. 9 . The values associated with
he three stellar mass bins are colour-coded, and uncertainty bands for
esults from this work are plotted but omitted in the case of literature
esults to a v oid o v ercrowding the figure. The blue upward-pointing
NRAS 540, 2146–2175 (2025) 
riangles represent data from Conselice et al. ( 2003 ) for morpholog-
cally selected M � > 10 8 M � major mergers at z ≤ 3, while the blue
ownward-pointing triangles data from Conselice et al. ( 2008 ) for
alaxies selected by a similar method in the 10 8 − 10 9 M � range. The
lue circles represent results from a spectroscopic close-pair study by
e Ravel et al. ( 2009 ) for a sample of M B ≤ −18 galaxies at z < 1,
hat approximately corresponds to > 10 8 M �. The blue, orange, and
reen diamonds correspond to measurements from Casteels et al.
 2014 ) that match our stellar mass bins for z < 0 . 2 galaxies, selected
y a morphological method. Orange and green squares represent
easurements from deep MUSE observations by Ventou et al. ( 2017 )

xtending up to z ≈ 6. The green downward-pointing triangles show
esults from Mundy et al. ( 2017 ) for M � > 10 10 M � galaxies with
 = 5 –30 kpc separations. The blue and orange rightward-pointing
riangles show results from Ventou et al. ( 2019 ) of the MUSE deep
elds that approximately match our stellar mass bins. The green
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Figure 9. The evolution of major galaxy pair fractions measured in this work and their associated uncertainty bands, colour-coded by stellar mass. Data points 
from the existing literature (Conselice et al. 2003 , 2008 , 2022 ; de Ravel et al. 2009 ; Casteels et al. 2014 ; Mundy et al. 2017 ; Ventou et al. 2017 , 2019 ; Duncan 
et al. 2019 ; Dalmasso et al. 2024 ; Duan et al. 2024a ) are plotted with uncertainties omitted to a v oid o v ercrowding the figure, and their specific details are 
described in the text. Although most of these works use different selection criteria and stellar mass ranges, we attempted to select the closest, most rele v ant and 
colour-coded so that they approximately match our stellar mass bins. We find that the pair fractions weakly scale with stellar mass and that pair fractions at 
higher stellar masses peak at later epochs (i.e. at lower redshifts). We also observe a slight turnover in the pair fraction trends at the highest redshifts. 
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Table 4. Fit parameters for the pair fraction ( f p ) and merger rate ( R M 

) for 
three stellar mass bins for an assumed power law + exponential model of 
the form C × (1 + z) m × e τ (1 + z) , where C is f 0 for the pair fraction, and R 0 

for the merger rate. The fitting is done using the weighted non-linear least 
squares method with uncertainties incorporated as weights. We also provide 
o v erall fits for the full mass range of log ( M � / M �) = [8 , 10] considered for 
all available data assuming the same functional form as before, for both the 
pair fractions and merger rates. Although this fit is somewhat forced and 
erases the scaling relation with stellar mass, it is useful and simplifies further 
calculations. 

Fit parameters C × 10 2 m τ

Mass range ( log M � / M �) Pair fraction, f p 
All 3 . 71 ± 0 . 24 2 . 27 ± 0 . 20 −0 . 48 ± 0 . 07 

Mass range ( log M � / M �) Merger rate, R M 

(Gyr −1 ) 

[8 . 0 , 8 . 5] 2 . 20 ± 0 . 20 4 . 18 ± 0 . 29 −0 . 42 ± 0 . 07 
[8 . 5 , 9 . 0] 2 . 25 ± 0 . 37 3 . 36 ± 0 . 40 −0 . 27 ± 0 . 11 
[9 . 0 , 10 . 0] 2 . 61 ± 0 . 17 2 . 90 ± 0 . 20 −0 . 20 ± 0 . 06 
All 2 . 49 ± 0 . 16 2 . 85 ± 0 . 20 −0 . 16 ± 0 . 06 
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pward-pointing triangles represent CANDELS data from Duncan 
t al. ( 2019 ) for 10 9 . 7 < M � / M � < 10 10 . 3 , extending up to z ≈ 6.
he green circles show results from Conselice et al. ( 2022 ) for
any different data sets for M � > 10 11 M �. The open black circles

how recent results from Duan et al. ( 2024a ) using JWST data
or the same o v erall mass range as this work (hence no colour
oding) and similarly for results from Dalmasso et al. ( 2024 ) that
se morphological parameters to select close-pairs. 
We fit a power law + exponential function to all the data points

rom both our measurements and the literature, which is theoretically 
oti v ated by the Press–Schechter formalism for merging galaxies 

Carlberg 1990 ; Conselice et al. 2008 ) and seems to better describe
he pair fraction evolution in the literature. This function has the 
orm 

 P ( z, M � ) = f 0 × (1 + z) m × e τ (1 + z) , (30) 

here f 0 , m , and τ are parameters for which we perform weighted
on-linear least squares fitting with uncertainties incorporated as 
eights. The fitted parameters and their uncertainties can be found 

n Table 4 . We find that the fit is worse in the case of the individual
tellar mass bins, and therefore, we omit these from Table 4 and do
ot plot them in Fig. 9 . 
There is a clear difference between the pair fraction evolution 

ith redshift in the case of the three different stellar mass bins.
ased on the measured values (displayed in Fig. 9 ), the peak of the
air fractions is at lower redshifts for increasing stellar masses of the
rimary galaxies. The pair fraction trend in the lowest stellar mass
in has the steepest evolution and is dominating at higher redshifts.
he opposite can be said about pair fractions in the highest stellar
ass bin. There is also a slight turno v er in the trends of pair fraction

volution in all three cases. 
 M A J O R  M E R G E R  R AT E  

hile the galaxy close-pair fraction is a useful quantity to identify
ergers, it is a purely observational one that depends on the exact
ethodology chosen, such as the selection criteria definitions and 

he stellar mass range being probed. Therefore, it is hard to compare
irectly to other studies that use slightly different selection param- 
ters. Conversely, the merger rate is a physically more meaningful 
uantity that is universal (cf. SFR) and can be directly compared
ith results from different methodologies (such as derived from 

lose-pair fractions or morphological identification). Converting the 
bserved close-pair fractions to merger rates requires the assumption 
f a merger observability time-scale, which is discussed in the next
ection. 
MNRAS 540, 2146–2175 (2025) 
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Figure 10. Comparison between the merger observability time-scale derived 
by Snyder et al. ( 2017 ) that is redshift-dependent, and the time-scale of 
Conselice et al. ( 2022 ) that is also mass-ratio dependent, and 10 per cent 
of the Hubble time. They agree well, especially at higher redshifts, with the 
lowest being the time-scale by Snyder et al. ( 2017 ), which we choose as our 
fiducial time-scale for deriving the merger rates. 
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We define two merger rate quantities that are fundamental to the
tudy of galaxies via mergers. The first is the merger rate per galaxy
 R M 

), which traces the number of mergers occurring per unit time per
assive galaxy. The second is the merger rate density ( � M 

), which
s the o v erall merger rate per comoving volume in cMpc 3 . 

.1 Mer ger obser v ability time-scale 

onverting the inferred pair fractions to merger rates requires the
ssumption of a merger observability time-scale that corresponds to
he duration when the merger can be selected as a close pair. 

Typically, the merger rate is defined in the following form 

 M 

( z , M � ) = 

f merg ( z , M � ) 

τmerg ( z ) 
= 

f P ( z , M � ) × C merg 

τmerg ( z ) 
, (31) 

here f merg is the merger fraction , i.e. the fraction of galaxies within
 sample that will actually merge, and τmerg is the merger time-
cale (dynamical time) that is redshift dependent. Here, we make a
istinction between the pair fraction and merger fraction , where the
ormer is the fraction of observed close pairs, and the latter is the
raction of galaxies that will actually merge. The conversion factor
etween the quantities is denoted by C merg , which is necessary as two
earby galaxies will only have some probability to eventually merge
 v er some time-scale and might orbit each other for a significantly
onger time (e.g. due to a long dynamical friction time-scale; Duncan
t al. 2019 ). A typical value of C merg = 0 . 6 is assumed, which is
erived from simulations for all possible merging scenarios (Lotz
t al. 2011 ; Conselice 2014 ; Mundy et al. 2017 ). Ho we ver, this
alue is approximate and other sources place it in the range C merg ∼
 . 4 –1 . 0. 
In this work, we define the merger rate as 

 M 

( z , M � ) = 

f P ( z , M � ) 

τP ( z ) 
( Gyr −1 ) , (32) 

here f P is the pair fraction that we measured before, and τP (or
obs ) is the merger observability time-scale , which factors in the
ffects associated with C merg in equation ( 31 ). The observability
ime-scale is the duration a merging pair can be identified in a galaxy 
atalogue. 

The derived merger rate is sensitive to the right choice of the
bservability time-scale (hereafter just merger time-scale or time-
cale for shortness) according to equation ( 32 ). Various previous
tudies established that this time-scale is roughly constant with time
t lower redshifts (typically z < 3) ranging between τP ( z) ∼ 0 . 3 –1 . 0
yr (Conselice 2006 ; Kitzbichler & White 2008 ; Lotz et al. 2008a ,
010 ). Ho we ver, more recent studies using the IllustrisTNG sim-
lations (Genel et al. 2014 ; Vogelsberger et al. 2014 ) at higher
edshifts disco v ered that the merger time-scale does have a redshift
ependence and evolves as a power law (Snyder et al. 2017 ; Duncan
t al. 2019 ) 

P ( z) = 2 . 4 × (1 + z) −2 Gyr . (33) 

A further refined version of the equation above by Conselice et al.
 2022 ) based on TNG300-1 is also dependent on the mass ratio such
hat 

P ( z) = a × (1 + z) b with a = −0 . 65 ± 0 . 08 

×μ + 2 . 06 ± 0 . 01 

b = −1 . 60 ± 0 . 01 , (34) 

We note these quantities do not differ greatly from the typical halo
ynamical time-scale, 0 . 1 t H ( z), where t H ( z) is Hubble-time (i.e. age
NRAS 540, 2146–2175 (2025) 
f the Universe) at redshift z, as can be seen in Fig. 10 . For our
ducial merger rate analysis, we advocate for the time-scale derived
y Snyder et al. ( 2017 ), similarly to Duncan et al. ( 2019 ). 

.2 Merger rate per galaxy 

sing all definitions and results from abo v e, we are now able to
alculate the galaxy major merger rate, given by equation ( 32 ). This
uantity essentially measures the average number of mergers per
assive (primary) galaxy. We note here that this is equivalent to

etting C merg = 1 in equation ( 31 ) and just using the appropriate
erger time-scale as in Duncan et al. ( 2019 ), Conselice et al. ( 2022 ),

nd Duan et al. ( 2024a ). 
As the merger time-scale decreases with redshift, the merger rate

een in Fig. 11 increases at higher redshifts even though pair fractions
re declining or constant in that range. Our results show that merger
ates at different stellar mass bins steeply increase with redshift at
ntermediate redshifts ( z ∼ 3 –6) and then become constant at high
edshifts ( z ∼ 6 –9) in the range of 2 –8 Gyr −1 per galaxy. At the
owest stellar masses, it seems that there might be a turno v er at
 ∼ 6 –7. Ho we ver, this might be affected by the uncertainties in
he stellar mass correction weights, especially at high redshifts and
ow stellar masses, or potentially due to the lower limit (i.e. 5 kpc)
dopted for the distance to consider a close pair. 

We show measurements from this work and results from the
iterature in Fig. 12 . Our results are plotted with uncertainty bands
nd are colour-coded by stellar mass, as previously shown in the case
f pair fractions. Values of merger rates and associated uncertainties
an be found in Table 3 . We also plot results from the existing
iterature, as in the case of pair fractions. In this case, ho we ver, we
se values for merger rates as quoted in the respective papers if
he y e xist, where these are often calculated from pair fractions by a
ifferent choice of merger time-scale that is more appropriate for the
espective data set. Not all works discuss merger rates, and in these
ases, we use the same merger time-scale as we used to convert our
easured pair fractions (see Section 5.1 ). 
We fit a power law + exponential model to our measured merger

ates and results from the literature for each stellar mass bin, as in
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Figure 11. Evolution of the galaxy major merger rate ( top panel ) and merger 
rate density ( bottom panel ) with redshift for the three stellar mass bins 
between z ≈ 3 − 9. Merger rates steeply increase at intermediate redshifts 
( z ≈ 3 − 6), after which they flatten and become constant at high redshifts 
( z ≈ 6 − 9). At lower stellar masses, potentially there could be a turno v er 
beyond z ≈ 7. The same can be observed in the case of the redshift evolution 
of the merger rate densities, which show a stronger scaling with stellar mass. 
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he case of pair fractions, having the form 

 M 

( z, M � ) = R 0 × (1 + z) m × e τ (1 + z) , (35) 

here R 0 , m , and τ are parameters for which we perform weighted
on-linear least squares fitting with uncertainties incorporated as 
eights. The fitted parameters and their uncertainties can be found 

n Table 4 , and the fitted curves are plotted in Fig. 12 with the
espective colour coding. 

.3 Merger rate density 

nother useful quantity to measure the merger rate that is frequently 
sed in the literature is the merger rate density or total merger rate.
he merger rate density describes how many mergers are occurring 
er unit time per unit comoving volume at a given redshift. We define
he comoving merger rate density as 

 M 

( z , M � ) = 

f P ( z , M � ) n c ( z , M � ) 

τP ( z ) 
, (36) 

here n c ( z, M � ) is the comoving number density of (primary)
alaxies within a redshift and stellar mass bin. The comoving number 
ensity of galaxies is calculated by directly integrating the SMF 

equation B1 ) for a given stellar mass and redshift bin. While the
 olume-a veraged galaxy merger rate � M 

( z) is a useful measure, in
he following text, we will only use the number of mergers per
assive galaxy, i.e. the merger rate R M 

( z). 

.4 Mass accretion rates 

e define the specific mass accretion rate (sMAR) as in Duncan
t al. ( 2019 ) in the following way: 

MAR ( z) = 

. 

M 

M 

= R M 

( z) μ, (37) 

here μ is the median mass ratio (or merger ratio). This quantity is
nalogous to the sSFR and measures the rate of mass accumulated by
ergers per unit mass. The merger ratio μ can be computed in each

tellar mass–redshift bin by finding the median of the cumulative 
istribution of pair fraction as a function of merger ratio (see Fig.
1 in Appendix E for an example). These median merger ratios vary
ith stellar mass and redshift, and their average is 〈 μ〉 = 0 . 485 (see
ig. E2 in Appendix E ). 
Another way of calculating the specific mass accretion rate is to

imply take the mass accretion rate ρ1 / 4 and divide it by the average
tellar mass of primary galaxies (Duan et al. 2024a ) as 

MAR ( z ) = 

. 

M 

M 

= 

ρ1 / 4 ( z ) 

M ∗, 1 ( z ) 
= R M 

( z ) 
M ∗, 2 ( z ) 

M ∗, 1 ( z ) 
, (38) 

here the mass accretion rate (MAR; analogous to SFR), which is
he average amount of mass added through mergers per galaxy per
nit time, is defined as 

1 / 4 = R M 

( z) × M ∗, 2 ( z) , (39) 

here the subscript ‘1 / 4’ denotes that this quantity is for major
ergers. The average stellar mass of the primary and secondary 

alaxies in each redshift bin, respectively are defined using the galaxy 
MF φ( M � , z) as 

 ∗, 1 ( z ) = 

∫ M 

max 
� 

M 

min 
� 

φ( M � , z ) M � d M � ∫ M 

max 
� 

M 

min 
� 

φ( M � , z )d M � 

(40) 

 ∗, 2 ( z ) = 

∫ M �, 1 

μM �, 1 

φ( M � , z ) M � d M � ∫ M �, 1 

μM �, 1 

φ( M � , z )d M � 

. (41) 

ow the ratio of the average stellar mass of the secondary and
rimary galaxies will be essentially the same as 〈 μ〉 , and we find that
 M ∗, 2 / M ∗, 1 〉 = 0 . 474 (see Fig. E2 ). This average value is close to
he median merger ratio found by the previous method, and although
t has a stellar mass–redshift variation, we make the assumption that

= 0 . 48 for the rest of the calculations. 
Finally, we plot the specific mass accretion rate as a second y -axis

n Fig. 12 since it is just a rescaled version of the merger rate by
 factor of μ that we calculated earlier. This allows us to directly
ompare the contribution to mass accretion by mergers via sMAR 

nd star formation via sSFR on the same plot. We plot five different
FMS sSFRs for comparison from Speagle et al. ( 2014 ), Faisst
t al. ( 2016 ), Popesso et al. ( 2023 ), McClymont et al. ( 2025a ), and
immonds et al. (in preparation). The model by Speagle et al. ( 2014 )
as empirically determined from a compilation of 25 studies from 

he literature, is valid in the z ∼ 0 − 6 range, and is well described
y a single time-dependent function. The study by Faisst et al. ( 2016 )
nds a SFMS sSFR with a stronger po wer-law e volution at z < 2 . 2
MNRAS 540, 2146–2175 (2025) 
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M

Figure 12. Evolution of the galaxy major merger rate with redshift for the three stellar mass bins between z ≈ 3 − 9. Merger rates increase at intermediate 
redshifts ( z ≈ 3 − 6), after which they flatten and become constant at high redshifts ( z ≈ 6 − 9). By fitting a power law + exponential curve to our measured 
merger rates and the ones available from the literature calculated at different stellar mass bins (Conselice et al. 2003 , 2008 , 2022 ; de Ravel et al. 2009 ; Casteels 
et al. 2014 ; Mundy et al. 2017 ; Ventou et al. 2017 , 2019 ; Duncan et al. 2019 ; Dalmasso et al. 2024 ; Duan et al. 2024a ), it becomes evident that the evolutionary 
trends show a weak mass dependence. Overlaid is the specific SFR of the SFMS at M � = 10 9 M � for different prescriptions from the literature (Speagle et al. 
2014 ; Faisst et al. 2016 ; Popesso et al. 2023 ; McClymont et al. 2025a ; Simmonds et al. in preparation) which can be directly compared to the specific mass 
accretion rate (sMAR) as plotted on the right-hand side axis (essentially a rescaling of the merger rate; see Section 5.4 ). The coloured bands show the range of 
the sSFRs for the stellar mass range considered in this study, where the hatched sections are extrapolations of each respective relation. The sSFR is comparable 
to or larger than the sMAR in all cases, indicating that in situ star formation dominates o v er stellar mass accretion via major mergers. 
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extrapolation for z < 0 . 5) and a weaker power-law evolution at
 > 2 . 2 (extrapolation for z > 6) with redshift, using data from the
iterature and spectroscopic data from the COSMOS field (Scoville
t al. 2007 ) with median stellar mass of ∼ 10 9 . 8 M �. Popesso et al.
 2023 ) use a large sample of SFGs at 0 ≤ z ≤ 6 with stellar masses
0 8 . 5 − 10 11 . 5 M � and find a flattening sSFR abo v e z ∼ 3. Since all
hese empirical SFMS prescriptions are extrapolations beyond z ∼ 6,
nd they show flattening sSFRs at higher z that could be affected by
election effects, we opt for the model of McClymont et al. ( 2025a ).
heir sSFR is derived from the THESAN-ZOOM simulation (Kannan
t al. 2025 ) and increases at higher redshifts, being valid for the z > 3
ange. This SFMS choice is further supported by a good agreement
ith an observational counterpart based on the JADES data set at
 ∼ 3 –9 by Simmonds et al. (in preparation). 

 DISCUSSION  

n this section, we discuss the potential origins and implications of
ur measurements of galaxy close-pair fractions and major merger
ates in the broader context of galaxy formation and evolution,
ocusing on the mass assembly of galaxies through cosmic time.

e give possible explanations for the evolutionary trends found and
ompare them to predictions and results from large-scale cosmolog-
cal simulations. We compare the importance of galaxy mergers and
tar formation in terms of mass assembly, particularly focusing on
he difference between in situ star formation versus ex situ stellar

ass accretion. 

.1 Qualitati v e reasoning behind the evolutionary trends found 

n this work, we utilize the deepest available data from JWST NIR-
am photometry through JADES observations, combined with all
vailable spectroscopic data, to measure galaxy close-pair fractions
NRAS 540, 2146–2175 (2025) 
nd derive major merger rates in the poorly understood redshift
ange z ∼ 3 − 9. We successfully incorporate the full posterior
istributions of the estimated photometric redshifts and propagate
hem throughout our analysis to find robust results with reliable
ncertainties. 
The redshift evolution of the galaxy close-pair fraction shows a sig-

ificant dependence on the stellar mass bin considered for selecting
he primary galaxies. In the case of the log 10 ( M � / M �) = [8 . 0 , 8 . 5]
tellar mass bin, there is an increase in pair fractions at redshifts
 ∼ 3 –5, peaking at z ∼ 5 –6, that is followed by a turno v er (see
ig. 8 ). For log 10 ( M � / M �) = [8 . 5 , 9 . 0] a similar, but weaker peak
an be observed at z ∼ 4 –5, followed by a decreasing trend. For
he third stellar mass bin at log 10 ( M � / M �) = [9 , 10], a flat and
lightly decreasing trend can be seen, and if there is a peak as in
he previous cases, it is at z ∼ 3 –4 or at lower redshift. Therefore,
e conclude that the redshift where the pair fraction turns o v er

ncreases with decreasing stellar mass. The same behaviour was
bserved in the theoretical study of Hu ̌sko et al. ( 2022 ), which is
ased on the Planck Millennium cosmological simulation. This can
e explained by the stellar mass range of interest passing into the
xponentially decreasing regime of the galaxy SMF at increasing
edshifts. Based on recent studies (e.g. Navarro-Carrera et al. 2024 ;

eibel et al. 2024 ; Harv e y et al. 2025 ) the characteristic stellar
ass ( M 

� ), where the SMF transitions from a power-law decline for
assive galaxies to an exponential cut-off, has a weak dependence

n redshift. This transition happens at different redshifts for the
ifferent stellar mass bins considered (the characteristic stellar mass
eing in the range M 

� ≈ 10 10 −11 M �), and we simply expect the pair
ractions to trace this sudden absence of massive galaxies at higher
edshifts. 

Although the ∼ 200 arcmin 2 area studied in this work is small
ompared to the entire sky, we conclude that we are not significantly
ffected by cosmic variance since results from both GOODS-South
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nd GOODS-North agree well within the uncertainties (see Fig. 8 ).
ased on our results, there is more variation between the Deep and
edium regions within each field. This suggests that there is more 

ependence on the depth of the regions considered and, subsequently, 
n stellar mass completeness. 
We also note here that in the literature, two closely related 

uantities are reported in general, namely the close-pair fraction and 
he merger fraction , highlighted by Hu ̌sko et al. ( 2022 ). While either
f these can be converted to a merger rate by assuming an appropriate
ime-scale, there is a significant difference between them. The close- 
air fraction is measured from dynamical and geometrical selection 
riteria, that is, close separation projected on the sky and proximity in
edshift or line-of-sight velocity. On the other hand, merger fractions 
re determined by selecting close pairs by morphological parameters 
hat show signs of interactions or an early merging phase. This latter
uantity attempts to measure the true fraction of galaxies that will 
ctually merge, whereas the former includes random projections as 
ell, which will not merge. At high redshifts ( z � 6), the close-pair
ethod is more reliable for large samples, as it is currently difficult

o select mergers based on morphological parameters (although it 
as been attempted by e.g. Dalmasso et al. 2024 ). 

We observe similar trends in the pair fractions and merger rates, 
lthough, for the latter, the redshift evolution is weaker. Our results
uggest a flattening in merger rates beyond z ∼ 6, which is also
ighlighted in the trends of the fitted power law + exponential curves
or each stellar mass bin. Focusing only on the results from this work,
ne can also see a slight turno v er at the highest redshift bins for the
ifferent stellar mass ranges. This can be again explained by entering 
he exponentially decreasing regime of the SMF at high redshifts, as
n the case of close-pair fractions (Hu ̌sko et al. 2022 ). 

We also compare our results with recent studies of pair fractions
nd merger rates. Duan et al. ( 2024a ) use a similar probabilistic
pproach to this work (although slightly different selection criteria, 
.g. separation limits r = 20 –50 kpc), using data from eight JWST
ycle-1 fields, adding up to an area slightly smaller ( ∼190 armin 2 )

han in this work. They use Bagpipes (Carnall et al. 2018 ) for
ED-fitting to obtain stellar masses adopting a log-normal SFH, 
ompared to Prospector with a non-parametric continuity SFH 

sed in this work. They look at the same o v erall stellar mass range
f log 10 ( M � / M �) = [8 , 10], but they do not carry out a full analysis
n smaller stellar mass bins within this mass range as compared 
o this current work. Ho we v er, the y find lower pair fractions in
ubsample selected at higher stellar masses ( log 10 ( M � / M �) = 9 –10)
hat declines beyond z ∼ 5 compared to a subsample with lower 
tellar masses ( log 10 ( M � / M �) = 8 –9), which is qualitatively in
greement with our results. Overall, their data points match our 
esults well, falling within our uncertainty ranges, as seen in Figs 9
nd 12 . Furthermore, Dalmasso et al. ( 2024 ) also investigate close-
air fractions at high redshifts in the same stellar mass range but
sing morphological parameters to identify mergers. They find a flat 
volution with redshift, and we convert their pair fractions using 
he time-scale chosen for our analysis to calculate merger rates. 
imilarly, the merger rates converted from their pair fractions fall 
ithin our reported uncertainty ranges. 

.2 SFR versus merger rate 

o further assess the importance of major mergers in a quantitative 
ay, we directly compare them to the other main channel of mass
rowth–star formation. One direct comparison is based on calculating 
he mass accreted by mergers and by star formation. 
To calculate the cumulative mass accretion by mergers, we simply 
ntegrate the mass accretion rate (MAR; equation 39 ) for the desired
osmic time or redshift range as 

M( z) = 

∫ z 

z 0 

ρ1 / 4 ( z)d z, (42) 

here z 0 is chosen at z = 9 (which is the upper redshift limit of
his study) and z is at each subsequent point, and ρ1 / 4 ( z) is the mass
ccretion rate defined previously. We calculate this cumulative mass 
ccretion from mergers, where for simplicity, we assume an o v erall
t for the merger rate R M 

( z) (given in Table 4 ) for the calculation of
1 / 4 ( z). 
To directly compare the mass accreted from major mergers o v er

ime, we calculated a similar quantity for the mass accreted by star
ormation. Here, we use the SFMS fit of McClymont et al. ( 2025a )
o derive the sSFR at log 10 ( M � / M �) = 9, the central mass in our
otal stellar mass range of interest. This SFMS sSFR is derived
rom the THESAN-ZOOM simulation (Kannan et al. 2025 ) that shows
 rising sSFR at high- z. We note here that this simulation-based
FMS is in good agreement with its observational counterpart, 
hich is calculated using the JADES data set by Simmonds et al.

in preparation; see Fig. 12 ). In the next section, we will discuss
he moti v ation and ef fect of this choice of sSFR compared to other
rescriptions in more detail. 
We integrate this SFR the same way as we did for the MAR of
ergers to obtain the cumulative mass accretion by star formation. 
he ratio of these two quantities gives us an approximate way to
easure the ex situ mass fraction (only due to major mergers) in

n average galaxy lying on the SFMS. The resulting ex situ mass
raction ( f ex −situ ) has a weak evolution in the redshift range of z ≈
 –9 between 1 –8 per cent , with a median value of ∼ 5 per cent (see
he purple curve on Fig. 13 ). Although approximate, this is one direct
alculation to quantitatively assess the importance of major mergers 
rom our inferred quantities, which shows that in situ star formation
s the dominant channel for the mass growth of galaxies compared
o major mergers. 

We note here that these results are in contrast with a similar
alculation performed by Duan et al. ( 2024a ), where they find that
he contribution of major mergers to galaxy stellar mass is 71 ( ±25)
er cent (equi v alent to the contribution from star formation). As
heir merger rate values agree well with our results, this discrepancy

ight arise because they use sSFRs estimated by Bagpipes instead 
f using a SFMS prescription. To further look into this disagreement,
e looked at the median sSFR values of the entire initial sample at
0, 50, and 100 Myr measured by Prospector and found a good
greement with the McClymont et al. ( 2025a ) and Simmonds et al.
in preparation) SFMS sSFR trends. Therefore, we conclude that our 
x situ fraction estimates are consistent between SED-derived and 
imulation-based measurements. 

.3 In situ versus ex situ star formation 

o look in more detail at the difference between the in situ versus
x situ mass fraction of galaxies due to star formation and major
ergers from another perspective, we build a simple model for galaxy
ass growth. We would like to note that our numerical model only

ocuses on major mergers, and we discuss the potential effect of
inor mergers at the end of this section. Our model includes both

as-poor mergers (also referred to as dry merg er s in the literature)
nd gas-rich mergers (also known as wet merg er s ). Ho we ver, in the
atter case, it only considers the stellar component, i.e. it ignores the
MNRAS 540, 2146–2175 (2025) 



2166 D. Pusk ́as et al. 

M

Figure 13. The redshift evolution of the cumulative ex situ stellar mass 
fraction due to major mergers from our numerical model that simulates the 
mass growth of galaxies using the merger rate from our measurements (valid 
for the 10 8 –10 10 M � stellar mass range) and assuming an SFR which al w ays 
lies on the SFMS of McClymont et al. ( 2025a ). We plot the median and 
the corresponding 16 th and 84 th percentiles of the distribution of the results 
from our numerical model of 50 000 galaxies. The median reaches only 
up to about ∼ 13 per cent of ex situ fraction even at low redshifts. In the 
inset figure, we plot the mass growth history of three example galaxies from 

our simulation that have undergone several major mergers throughout their 
evolution, reaching final stellar masses indicated under each respective curve. 
We also plot the f ex −situ found by weighting it by the SMF (purple curve), and 
the f ex −situ estimated by taking the ratio between the stellar mass accreted 
and by mergers by star formation (grey dotted line; Section 6.2 ). All three 
calculations give similar results ranging between 3 –13 per cent , placing in 
situ star formation as the dominant channel for the mass growth of galaxies 
compared to major mergers. 
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as that would be accreted and fuel star formation (as well as the
riggering of star formation itself). 

In our numerical model, we start with a sample of 50 000
alaxies with initial stellar masses randomly sampled from a linear
istribution of masses with slope α = −1 . 5 between 10 −1 M � and
0 6 M � at z = 16. We then look at the stellar mass growth evolution
f these galaxies o v er 10 000 time-steps until z = 0 . 5. Our choices
or these values are reasonable but somewhat arbitrary; nevertheless,
hey do not significantly affect the outputs we are interested in since
hese initial conditions are quickly erased by the nearly exponential
rowth of galaxies at these early times. During the evolution, at
ach time-step, we increase the mass of each galaxy in our initial
ample by the amount of mass assembled by star formation, where
e use the SFMS from McClymont et al. ( 2025a ) (see Fig. 12 ). We
iscuss the effects of different choices of sSFRs at the end of this
ection. We also require that star formation is shut down when the
alaxy reaches the quenching threshold mass of M quench = 10 10 . 8 M �,
hich is the location of the knee of the SMF . W e also introduce a
urstiness parameter for the star formation, that is, 10 b with b being
 random number drawn from a Gaussian distribution centred at 0
ith σ = 0 . 3. We multiply the SFR with this burstiness parameter at

ach step, and it is independent of the previous step. To first order,
his takes into account the dispersion around the SFMS (Tacchella,
orbes & Caplar 2020 ). 
The probability that a merger takes place is given by the merger

ate at each time-step. For the merger rate, we use a single mass-
ndependent fit from this work for simplicity, that is parametrized
n equation ( 35 ) with fitted parameters given in Table 4 (see also
NRAS 540, 2146–2175 (2025) 
ig. 12 ). We assume a Poisson distribution for a merger occurring,
s these events are independent and relatively rare o v er a short time
eriod. If there is a merger in a given time-step, we calculate the
ass accreted through the merger by multiplying the merger rate
 M 

at that time (redshift) by the time-step and a fraction of the main
alaxy’s mass. This fraction is the mass ratio that is a random number
n the range μ = [0 . 25 , 1] for a major merger for the purpose of this
imulation. In the subsequent time-step, there is an independent draw
or a merger to take place or not (for examples of galaxy mass growth
istories, see the inset in Fig. 13 ). 
This model allows us to calculate the ex situ mass fraction of

alaxies by using empirical values such as merger rates and SFMS
FRs, as well as some simple assumptions. We plot in Fig. 13

he cumulative ex situ mass fraction, f ex −situ , that is, measuring the
edshift-evolution of the mass accreted from mergers compared to
he total mass of the galaxy. We plot the median of f ex −situ and the
6 th and 84 th percentiles of the distribution of the galaxy sample
rom our simulation. As we might have expected based on Fig. 12 by
omparing the merger rate to the sSFR, the ex situ mass fraction is
lightly lower at higher redshifts ( ∼ 3 per cent at z = 9) and slowly
ncreases with cosmic time (to ∼ 13 per cent at z = 3). In other
ords, based on this calculation, major mergers contributed less

o the mass build-up of galaxies at earlier times and subsequently,
heir relative contribution increased (see the blue curve in Fig. 13 ).
o we ver, e ven at lo w-z, the median of f ex −situ reaches about 13
er cent, and the 84 th percentile goes slightly below ∼ 40 per cent .
his is in agreement with our previous estimate of the ex situ mass

raction in Section 6.2 and places major mergers as a significant but
ot primary contributor to the mass assembly of galaxies. 
In a third calculation to estimate f ex −situ , we integrate the SMF

Appendix B ) between M min = 10 8 M � and M max = 10 12 M � to
btain the cosmic stellar mass density (cSMD), and perform the same
ntegration for a SMF convolved with the median f ex −situ calculated
y the numerical model. This latter calculation should, in principle,
ive the contribution of major mergers to the cSMD. Finally, we take
he ratio between the two quantities at redshifts in the range z = 3 –9
o obtain a SMF weighted f ex −situ (see the grey dotted curve in Fig.
3 ), which shows a similar redshift evolution as the previous fraction
t slightly lower values. All three calculations give consistent values
f f ex −situ , ranging between 3 –13 per cent , and showing a weak
edshift evolution. 

We also look at the ex situ mass fractions as a function of the stellar
ass of the galaxy. We plot in Fig. 14 the median f ex −situ values of the

istribution of the galaxies from our simulation at different redshifts.
otably, we observe a scaling of ex situ mass fractions with redshift,
here f ex −situ is higher for lower redshifts, as expected from Fig. 13 .
here is a sudden steep increase in f ex −situ abo v e a mass of 10 10 . 8 M �,
hich is not surprising, as this is our chosen threshold mass abo v e
hich a galaxy quenches its star formation, and the only remaining
ay to accrete more mass is through major mergers in this model.
his is in agreement with predictions from Behroozi, Wechsler &
onroy ( 2013 ) and Behroozi & Silk ( 2015 ) (c.f. fig. 2 in Behroozi &
ilk 2015 ). These results are also in agreement with the findings of
odriguez-Gomez et al. ( 2016 ), Tacchella et al. ( 2019 ), and Hu ̌sko
t al. ( 2022 ) based on the Illustris, IllustrisTNG, and GALFROM
imulations at z = 0. We also observe the same scaling with redshift
s the one reported in Tacchella et al. ( 2019 ). Furthermore, these
esults seem to be consistent with observations of quiescent galaxies
t lower redshifts at z ∼ 2 (Ji & Giavalisco 2022 , 2024 ; Ji et al. 2024 ).
ince these galaxies are already quenched by the time of observation,

heir star formation must have stopped in earlier times. Based on
etailed analysis of morphology and kinematics of these galaxies,
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Figure 14. Ex situ mass fraction f ex −situ from our numerical model at 
different stellar masses and redshifts. We observe that the f ex −situ stays 
approximately constant in the 3 –13 per cent range for stellar masses up 
to ∼ 10 10 . 8 M �, after which it quickly increases due to our mass threshold 
for quenching star formation. After a galaxy completely quenches its star 
formation, it can only grow its mass by mergers in this model, which leads to 
the up-tick in f ex −situ abo v e the quenching threshold. We can also observe a 
dependence on redshift, where f ex −situ values are lower for higher redshifts. 
For comparison, we plot the ex situ mass fraction trends predicted by the 
Illustris (Rodriguez-Gomez et al. 2016 ), IllustrisTNG (Tacchella et al. 2019 ), 
and GALFORM (Hu ̌sko, Lacey & Baugh 2022 ) simulations at z = 0, and 
find that they are in good agreement with our results. Ex situ mass fractions 
measured from observations of local galaxies at z ≈ 0 (Seigar, Graham & 

Jerjen 2007 ; Spa v one et al. 2017 , 2018 , 2020 ; Cattapan et al. 2019 ; Iodice 
et al. 2020 ) also seem to match well our model predictions. 
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hey conclude that quiescent galaxies with log ( M � / M �) > 11 should
ave a significant ex situ mass contribution (e.g. mergers) to alter 
heir structure after quenching, while the ex situ contribution is much 
maller for lower mass log ( M � / M �) < 11 quiescent galaxies. 

We note here that our results for the ex situ stellar mass fractions
epend on the choice of the SFMS prescription. We use the SFMS 10 

t of McClymont et al. ( 2025a ), which is derived from the THESAN-
OOM simulation (Kannan et al. 2025 ). This SFMS is in good agree-
ent with observational measurements based on JADES data (Sim- 
onds et al. in preparation; see Fig. 12 ), as well as Prospector -

eri ved sSFR v alues of our sample. Other SFMS fits from the
iterature, which are based directly on observational measurements 
f stellar mass and SFR (e.g. Speagle et al. 2014 ; Faisst et al. 2016 ;
opesso et al. 2023 ) agree well with each other in the z < 3 range (see
ig. 12 ), ho we v er, the y div erge at the higher redshifts (beyond z ≈ 6)
nd lower masses ( log ( M � / M �) < 9) which we consider in this work.
dditionally, the flattening of the SFMS evolution at high- z, which is

een in observational SFMS prescriptions, can be mostly explained 
y selection effects (McClymont et al. 2025a ). We therefore opt 
or a simulation-derived prescription, which is not subject to these 
ffects and instead shows a rising sSFR at high- z. Nevertheless, 
e run our numerical model using an sSFR from Speagle et al.

 2014 ), Faisst et al. ( 2016 ), and Popesso et al. ( 2023 ), and find ex
itu mass fractions in a similar range (below ∼ 16 per cent ) and 
ostly even lower due to the higher sSFR values in the different

rescriptions. Ho we ver, in these cases, the weak redshift evolution 
f f ex −situ is reversed, and it is in general higher at higher redshifts
nd subsequently slowly decreases with decreasing redshift (as it is 
xpected based on Fig. 12 ). As an additional check, we also run the
umerical model for the observational SFMS by Simmonds et al. 
in preparation) and find similar but slightly higher f ex −situ values 
5–12 per cent) than our fiducial calculation. Therefore, while the 
umerical values and the weak redshift scaling slightly change based 
n the assumed SFMS, our o v erall conclusion about dominant in
itu star formation compared to the effect of major mergers still does
old o v erall, independent of the choice of the SFMS prescription. 
We further note here that our findings regarding the in situ versus

x situ mass growth of galaxies are based only on major mergers
nd do not take into account any contributions from minor mergers,
.e. mergers with mass ratios of ≤ 1 / 4. According to the hierarchical
rowth model of galaxies, minor mergers are expected to be more
ommon than major mergers (e.g. Fakhouri, Ma & Boylan-Kolchin 
010 ). Previous models predicted that quiescent galaxies mainly 
row via gas-poor minor mergers rather than major mergers (e.g. 
ezanson et al. 2009 ). Studies by HST found that the size growth
f massive quiescent galaxies is caused by a significant number of
inor mergers (see e.g. Newman et al. 2012 ; Belli, Newman & Ellis

015 ). A recent study using JWST by Suess et al. ( 2023 ) found a
arge population of low-mass companions (mostly having mass ratios 
 1 / 10) around massive quiescent galaxies ( log ( M � / M �) > 10 . 5).
heir results suggest that in the redshift range 0 . 5 ≤ z ≤ 3, minor
ergers are potentially the main drivers of quiescent galaxy size 

rowth and can also introduce radially decreasing colour gradients. 
o we ver, the study of minor mergers is beyond the scope of this
aper and will require a further independent study to constrain their
ate of occurrence. 

.4 Comparison to theoretical models 

n this section, we compare our results to findings from large-scale
osmological simulations and semi-analytical models. The existing 
esults from the literature can be divided approximately into two 
ain categories, namely, studies that claim that merger rates flatten 

r turn o v er at high redshifts depending on the mass selection (e.g.
u ̌sko et al. 2022 ); and sources that advocate for the monotonic

ncrease of merger rates with redshift (e.g. Hopkins et al. 2010a ;
odriguez-Gomez et al. 2015 ; O’Leary et al. 2021 ). 
Our results agree well qualitatively with the predictions of Hu ̌sko

t al. ( 2022 ) using the Planck Millennium cosmological simulation
nd the GALFORM semi-analytical model of galaxy formation (Baugh 
t al. 2019 ). Interestingly, most models show an increase in merger
ates at all redshifts, unlike GALFORM , which predicts a plateau
nd a turno v er depending on the stellar mass of interest. Although,
u ̌sko et al. ( 2022 ) calculated the merger rate at log 10 ( M � / M �) =

9 , 10 . 3 , 11], all these results show similar trends to our findings,
here they rise and then stabilize at intermediate redshifts, and 

ubsequently turn o v er (see fig. 6 from the cited work). The y e xplain
his by the exponential drop-off in the galaxy SMF. They find similar
ehaviour in the close-pair fractions (see fig. 7 in their work), where
he turno v er at higher masses mo v es to ward lo wer masses with
ncreasing redshift, reflecting the pattern seen in the merger rate. 
gain, this shift occurs because fewer galaxies populate the steeply 
eclining tail of the SMF. This trend is more prominent in our
bservational measurements, as can be seen in Figs 7 and 9 . This
s further supported by not only the decreasing ratio of massive and
atellite galaxies (i.e. pair fractions) but also the absolute number 
ounts of primary galaxies declining at high redshifts, as expected. 

Notably, Hu ̌sko et al. ( 2022 ) highlight an interesting differ-
nce between physical pairs (with actual 3D separations matching 
heir projected distances) and projected pairs (with significantly 
arger line-of-sight separations than their projected distances, i.e. 
he galaxies will not merge), which cannot be disentangled in 
MNRAS 540, 2146–2175 (2025) 
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bservational studies as opposed to simulations. Their results reveal
hat physical pair fractions, analogous to merger fractions, remain
early constant with stellar mass, while projected pair fractions
ecline with increasing mass, consistent with the decreasing trend of
he SMF. Notably, even at high stellar masses, about half of all pairs
re due to projection (reducing by a similar amount the merger rate).
 or these massiv e systems, projected pairs are predominantly found
ithin the same dark matter halo. 
Other theoretical models predict qualitatively similar trends for

oth pair fractions and merger rates. The empirical model EMERGE
O’Leary et al. 2021 ) predicts a flattening in pair fractions and a
eak turn o v er at high redshifts, including a scaling with the stellar
ass selection, as found by this work. Similarly, the merger rates

alculated from their mock observations can be best described by a
ower-la w e xponential evolution. Moreo v er, Endsle y et al. ( 2020 )
se the UniverseMachine semi-empirical model to produce
ock observations for JWST and find similar results as from
ALFORM and EMERGE . Findings from Illustris by Snyder et al.
 2017 ) also agree with these results, especially at the lower redshift
egime. 

On the contrary, some simulation-based predictions claim an ever-
ising merger rate with redshift, even for the high stellar mass regime
e.g. M � > 10 11 M �). It has been well established in the past that
he dark matter halo–halo merger rate rises with redshift (e.g. Genel
t al. 2008 , 2010 ; Fakhouri et al. 2010 ). Therefore, assuming a direct
orrelation between the halo–halo and g alaxy–g alaxy merger rates,
t would be expected that the latter also increases with redshifts.
sing the Illustris simulation, Rodriguez-Gomez et al. ( 2015 ) claims

hat the major merger rate increases as a power law with redshift, in
greement with the semi-empirical models of Stewart et al. ( 2009 )
nd Hopkins et al. ( 2010a ), having a similar redshift dependence
s the halo merger rate. As discussed in Hu ̌sko et al. ( 2022 ), these
iscrepancies could arise for several reasons, such as differences in
efinitions and methodology. The Stewart et al. ( 2009 ) and Hopkins
t al. ( 2010a ) models, like EMERGE and GALFORM , assign merger
imes when a halo becomes a subhalo but do not track subhalo
volution within the primary halo. Additionally, their results rely
n abundance matching up to z = 2, making predictions at higher
edshift extrapolations. 

Our results relating to f ex −situ are consistent with the findings
f Baker et al. ( 2025 ), where they look at in situ versus ex situ
ass build-up for quiescent galaxies in the FLAMINGO simulations

Schaye et al. 2023 ) and conclude that on average high- z quies-
ent galaxies have not undergone multiple major mergers ( ∼0 . 6
ajor + minor mergers per galaxy per Gyr using our definition) and

hat their mass growth was dominated by in situ star formation. 

.5 Caveats and further improvements 

ere, we discuss the main uncertainties related to our analysis of
erger rates. The three main sources that could bias our calcula-

ions are incompleteness, photometric redshift uncertainties, and the
ssumed merger time-scale. 

We conduct a detailed assessment of the stellar mass completeness,
s presented in Section 2.5.2 , and define our primary mass bins to
e abo v e the completeness limit. We assign weights to account for
ases where the mass approaches the completeness limit or when
he secondary mass bin partially enters the incomplete regime, as
escribed in Section 3.4.1 . These weights depend on the assumed
MF (see Appendix B ) and might fully account for the incomplete-
ess. Therefore, we might still be affected by incompleteness at
igh redshifts. Another systematic source of uncertainty simply lies
NRAS 540, 2146–2175 (2025) 
ithin the nature of photometric redshifts estimated by EAZY . We
erform an odds quality parameter cut (see Section 2.2.3 ) to keep
he sources with well-defined photo- z’s and also assign a weight
ccounting for less constrained redshifts in the case of fainter objects
see Section 3.4.2 ). We also compare the photometric redshifts to
vailable spectroscopic redshifts and find a good agreement (see
ection 2.3 ). Ho we ver, considering all this, our sample could still
e affected by uncertainties due to projection effects and increased
air probability functions due to the larger o v erlap between wider
hotometric redshift posteriors. Furthermore, another selection effect
ould be related to the distance limits adopted in the definition of
lose-pairs, and in particular, the lower limit of r min = 5 kpc . This
ould affect the inferred merger rates in the higher z samples, for
hich the merger time-scale is shorter. 
Finally, the assumption of a merger observability time-scale

as a significant impact on the conversion of pair fractions to
erger rates, which should be seriously considered. As we discuss

n Section 5.1 , the choice of time-scale is crucial for estimating
erger rates, and various parametrizations exist in the literature. We

hoose the observability time-scale given by Snyder et al. ( 2017 ),
hich is obtained from the Illustris simulation (Genel et al. 2014 ;
ogelsberger et al. 2014 ) in order to reconcile the merger rates with

he pair counts directly measured from the simulation. It has a redshift
ependence proportional to ∼ (1 + z) −2 , which leads to shorter time-
cales at higher redshifts, which in turn raises the declining tail of
air fractions. Merger time-scales unfortunately remain impossible
o measure directly at high redshifts, and the current theoretical
stimates differ by factors of 2–3 (Conselice 2006 ; Kitzbichler &

hite 2008 ; Lotz et al. 2008a , 2010 ; Hopkins et al. 2010b ; Snyder
t al. 2017 ; Conselice et al. 2022 ; Hu ̌sko et al. 2022 ), therefore by
hoosing one particular time-scale we are inevitably biased to that
ssumed theoretical model. 

 SUMMARY  A N D  C O N C L U S I O N S  

his study presents a comprehensive analysis of the major merger
istory of galaxies in the redshift range z ≈ 3 –9, leveraging the
nprecedented depth of the JADES data set. By combining advanced
robabilistic methodologies for incorporating photometric redshift
osteriors and robust corrections for selection effects, we provide
o v el insights into the role of major mergers in galaxy evolution
uring the early Universe. 
We apply a probabilistic method that takes into account the

ull photometric redshift posterior distributions and available spec-
roscopic redshifts to select major merger close-pairs with mass
atios > 1 / 4 within projected separations of r p = 5 –30 kpc for
tellar masses in the range log 10 ( M � / M �) = [8 , 10]. We perform
he analysis in sub-tiers of the GOODS-South and GOODS-North
amples from JADES. We also correct for potential biases and
election effects when compiling our close-pair sample. Our main
esults can be listed as follows: 

I. Close-pair fraction evolution: our analysis reveals that the
volution of galaxy pair fractions with redshift follows a distinct
attern depending on the stellar mass range considered. In the
owest stellar mass bin (8 . 0 ≤ log ( M � /M �) < 8 . 5), the pair fractions
ncrease up to z ∼ 5 –6 and exhibit a turno v er at higher redshifts. In
he case of the two higher mass bins, there is a flattening and weak
ecline with increasing redshift. This turno v er suggests a reduced
bundance of close pairs at the earliest epochs, possibly due to fewer
alaxies populating the steeply declining tail of the SMF. At higher
tellar masses, the pair fractions show less variation with redshift,
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ointing to a more stable merger history for massive galaxies. Our 
esults agree well with those of previous close-pair studies. 

II. Major merger rate evolution: we convert the pair fractions 
o major merger rates by assuming a merger time-scale, and we 
bserve an apparent flattening in the merger rate evolution beyond 
 ∼ 6, stabilizing in the range of 2 –8 Gyr −1 per galaxy, depending
n the stellar mass range considered. This behaviour reflects the 
nterplay between the evolution pair fractions and the assumed 
erger observability time-scale and the influence of the observational 

election criteria. The impact of stellar mass on inferred merger 
ates is weak, nevertheless evident across the studied redshift range. 
ur inferred merger rates match well with previous studies, and 

n exponential-power law functional form can well describe their 
 v erall redshift evolution. 
III. Merger contribution to mass growth: a comparison between 

he cumulative stellar mass accretion from major mergers and the 
ass assembled through star formation through a numerical model 

nd, similarly, integrating the SMF convolved with the ex situ 
raction consistently reveal that major mergers (in the mass range 
og 10 ( M � / M �) = 8 –10) contribute approximately 3 –13 per cent to
he total mass growth o v er z ≈ 3 –9. This contribution is substantial
ut secondary to in situ star formation, which remains the primary 
river of stellar mass build-up during this epoch in comparison 
ith major mergers. These findings are consistent with predictions 

rom cosmological simulations, which similarly estimate major 
ergers as a significant but not dominant channel for mass as-

embly in the early Universe. These results provide a critical con- 
traint on the merger-driven growth of galaxies in the high-redshift 
niverse. 
IV. Methodological advances: the probabilistic framework fur- 

her refined and applied in this study ensures robust results by 
ncorporating full photometric redshift probability distributions and 
pplying correction weights for mass incompleteness, photometric 
edshift quality, and surv e y boundaries. This methodology o v er-
omes key limitations of previous works and paves the way for future
tudies of galaxy interactions using JWST data. Our approach also 
ighlights the importance of using mass-selected samples for deriv- 
ng meaningful close-pair fractions and merger rates, particularly at 
igh redshifts and low stellar masses probed. 

This work establishes that major mergers, while an important 
spect of hierarchical galaxy formation, play a supplementary role 
n galaxy mass growth during the early Universe. The trends in 
air fractions and merger rates support the view that mergers are a
econdary process, acting in concert with star formation to shape 
he evolution of galaxies. Nevertheless, mergers could still drive star 
ormation within galaxies, and hence, the physical properties of these 
ergers should be studied next. By constraining the merger history of

alaxies at z ≈ 3 –9, this study provides a benchmark for theoretical
odels and lays the groundwork for future observational efforts to 

xplore galaxy assembly at even higher redshifts with JWST and 
eyond. 
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PPENDI X  A :  C O R R E C T I O N  W E I G H T S  

n this section, we discuss in more detail the various correction
eights (introduced in Section 3.4 ) applied to the PPF for finding
ajor galaxy close-pairs. 
The first weight applied is a correction for stellar mass incom-

leteness (see Section 3.4.1 ). Fig. A1 shows the strength of the
ass completeness weights as they approach the mass completeness 

imit M 

comp 
� ( z). Each subfield (i.e. GS and GN, deep and medium

iers) will have its own corresponding mass completeness weights, 
s these depend on M 

comp 
� ( z), which in turn directly depends on

he 5 σ point-source limit of the field. These weights are calculated 
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Figure A1. The magnitude of the mass completeness weights on the stellar 
mass–redshift plane, which are statistical weights incorporated in the pair 
probability function to account for potentially missing galaxies due to reduced 
search range in the proximity of the mass completeness limit. As the top panel 
for w 

comp 
1 and the bottom panel for w 

comp 
2 show, the strength of these weights 

exponentially increases, approaching the mass completeness limit. 

Figure A2. Dependence of the OSR on the AB magnitude of the galaxies 
(calculated from fluxes measured in F 444 W ) for the GS-Medium field. As 
the objects get fainter, the OSR significantly drops, meaning the y hav e poorly 
constrained photometric redshifts. We fit a sigmoid curve to these data points 
to obtain a continuous OSR ( m ) relation. 

Figure A3. Example of missing search area around a galaxy at z phot = 2 . 73 
in the primary sample in GS-Medium. The inner circle (red) corresponds to 
r min and the outer circle to r max . We are interested in the available search 
area in the annulus between the two circles. In this particular case, there is a 
missing area (represented by white) to the left of the source due to the surv e y 
boundary and to the top right due to a masked diffraction spike of a nearby 
bright star. Hence, we compute f area = 0 . 66 for this primary galaxy. 
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s  
rom the ratios of expected number densities of galaxies using the
MF for a given mass bin by equations ( 16 ) and ( 17 ). In the case
f the primary galaxy’s mass completeness weights ( w 

comp 
1 ; top

anel of Fig. A1 ) there are just three mass bins, and they are not
eavily affected by incompleteness (as they were chosen to be above
 

comp 
� ( z)). On the other hand, weights corresponding to secondary

alaxies have to be calculated for each possible stellar mass ( w 

comp 
2 ;

ottom panel of Fig. A1 ), and usually significantly affect the
alculations (as mass bins of secondary galaxies can potentially
nter the incomplete regime at higher redshifts). As these weights
xponentially increase in magnitude when approaching the mass
ompleteness limit and also depend on the assumed SMF, we balance
heir contributions by clipping w 

comp 
1 at the [0 . 1 , 1 . 0] and w 

comp 
2 at the

1 , 10] range. 
The second weight applied to the PPF accounts for the quality

f photometric redshifts for galaxies by their brightness. The odds
uality parameter O ef fecti vely measures ho w well defined is the
rimary peak of photometric redshifts (as discussed in Sections 2.2.3
nd 3.4.2 ). The odds sampling rate (OSR) is the ratio between
he number of objects abo v e an odds parameter threshold value
 O ≥ 0 . 3) and the total number of objects within a magnitude bin of
idth 	m = 0 . 25, which translates to the quality of the photometric

edshifts versus the brightness of the source, or how peaked are
he photo- z posteriors. Fig. A2 shows the OSR curve for the GS-

edium field. The deeper we probe objects at higher magnitudes,
he worse the photometric redshift quality becomes; hence, the OSR
ecreases. According to this, we are potentially missing multiple
rimary and secondary galaxies due to their poorly constrained
hoto- z’s. Therefore, we account for these potentially missing close-
air candidates by multiplying the pair probability functions of faint
bjects by w 

OSR to boost their number counts. All magnitudes are
alculated from F 444 W fluxes, as this filter has the most e xtensiv e
o v erage in our fields, and all objects should be detected in this band,
ven at high z . 

The third weight we apply is to account for potentially missing
econdary galaxies due to incomplete search annuli around primary
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alaxies (see Section 3.4.3 ). This could be caused by two main
easons: a primary galaxy being close to the surv e y boundary (in
ost cases, less than 50 per cent of the search area missing) or

ue to masked regions (see Fig. A3 for an example). As mentioned
arlier, we mask out bright stars and strong diffraction spikes, as
hey can introduce artificial objects and, hence, many close-pairs 
hat are, in fact, artefacts. These area weights have the weakest effect
n our results. Nevertheless, we implement them for completeness. 
e calculate the area weights for each field separately before using

hem for the close-pair finding algorithm. 

PPEN D IX  B:  G A L A X Y  STELLAR  MASS  

U N C T I O N  

ere, we present the galaxy stellar mass function (SMF) assumed 
or this work based on two recent high-redshift JWST studies by 
avarro-Carrera et al. ( 2024 ) and Harv e y et al. ( 2025 ). 
The first work, by Navarro-Carrera et al. ( 2024 ), uses JWST data

rom the HUDF and UKIDSS Ultra Deep Surv e y field, comple-
ented with ancillary data from CANDELS to measure the galaxy 
MF for redshifts at 3 . 5 < z < 8 . 5 probing down to stellar masses of
 10 8 M �. Harv e y et al. ( 2025 ) extend measurements to the redshift

ange of 6 . 5 < z < 13 . 5 and uses deep JWST NIRCam observations
rom the PEARLS and other publicly available surv e ys (CEERS,
LASS, JADES GOODS-South, NGDEEP, and SMACS0723) to 

ompile a sample of high- z galaxy candidates and measure the SMF.
We adopt a Schechter function (Schechter 1976 ) as in both cited

orks and combine their results for the three fit parameters. This
unction has a power-law shape with an exponential fall-off and is
haracterized by three parameters: α, M 

� , and � 

� . The SMF has the
ollowing logarithmic form: 

 ( log M) = ln (10) � 

� e −10 log M−log M � 
(

10 log M−log M 

� 
)α+ 1 

d log M, 

(B1) 

ith α being the slope of the low-mass end, M 

� is the characteristic
tellar mass at which the function turns from a power law to an
xponential fall-off, and � 

� controls the overall scaling of the SMF. 
For these three parameters, we take the results from the two papers

bo v e and fit lines using least-square fitting, including measurement 
ncertainties (see Fig. B1 ). In the case of the characteristic stellar
ass, we fix it at a value of log 10 ( M 

� / M �) = 10 . 7, which is
igure B1. Redshift evolution of the parameters of the galaxy SMF used in this
arv e y et al. ( 2025 ). For comparison, we also plot results from Weibel et al. ( 2024 )

t log 10 ( M 

� / M �) = 10 . 7, assuming redshift independence. We fit a line for α and c
sing least-squares fitting with uncertainties. 
oti v ated mainly by previous studies and the seemingly weak
ependence on redshift. For α, we fit a line but cap it to a constant
alue of α = −2 . 2 at z > 9 . 5. For log 10 � 

� , we simply fit a line. We
se these combined parameters in our SMF to co v er intermediate
nd high redshifts with deep JWST data. 

PPENDI X  C :  RESULTS  WI TH  EAZY-PY 

n this section, we discuss a variation of our fiducial analysis of major
alaxy close-pairs, using stellar masses computed with eazy-py . 

Running eazy-py takes significantly less computational re- 
ources than Prospector ; ho we ver, it results in less reliable
tellar masses and other estimated physical parameters. Therefore, 
e obtain stellar masses for each photometric source, resulting in a

ignificantly larger o v erall sample. F or consistenc y with the fiducial
nalysis, we choose the same redshift limit, SNR, and odds selection
riteria, resulting in an initial sample with a size comparable to the
rospector analysis. Fig. C1 shows the stellar mass distribution 
f our sample against redshift. We perform the same completeness 
nalysis as in Section 2.5.2 by Pozzetti et al. ( 2010 ), and we observe a
ignificantly larger scatter in the 90th percentile completeness limits 
n the redshift bins, especially at 4 < z < 5. 

We perform the same close-pair selection as described in Section 3 ,
ith the exception of using a data set with stellar masses estimated by
azy-py instead of Prospector . We present our results in Fig.
2 , where we find an almost constant evolution on pair fractions with

edshifts in all three stellar mass bins. There is a weak decline after
 ≈ 5, which is more pronounced in the higher stellar mass bins. It is
nteresting to compare this result with Fig. 7 , where the most striking
ifference is between the trends found in the 8 . 0 ≤ log 10 ( M � / M �) <
 . 5 mass bin. In our fiducial model, there is a pronounced increase,
 strong peak at z ≈ 6, followed by a decline at high- z, whereas
ere, we find an almost flat evolution. Although we conduct the
ame analysis in this case, we are more confident in the results from
he fiducial analysis, as we better trust the stellar masses estimated
y Prospector than the ones from the fast template-fitting code 
azy-py . Nevertheless, this additional analysis shows the effect of 

he adopted SED-fitting codes that can significantly alter the results. 
ltimately, large spectroscopic surv e ys at high redshifts could give
recise and accurate close-pair measurements that are currently not 
et available for a large enough sample. 
MNRAS 540, 2146–2175 (2025) 

 work based on recent JWST studies by Navarro-Carrera et al. ( 2024 ) and 
, and we find a good agreement o v erall. We fix the characteristic stellar mass 
ap it at the lowest allowed value of α = −2 . 2, while we fit a line to log 10 � 

� 
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M

Figure C1. Stellar mass distribution and completeness calculation for the 
total GOODS-South sample using masses calculated by eazy-py . A 

significant scatter can be observed in the 90th percentile completeness limits 
between the different redshift bins, which is caused by the lower accuracy of 
eazy-py compared to Prospector . While the o v erall sample size is larger 
compared to the Prospector fits, as each photometric source will have a 
stellar mass estimate by eazy-py , the initial sample after pre-selection on 
which we perform our analysis has a similar size. 

Figure C2. Evolution of the major merger close-pair fractions with redshift 
stellar masses estimated by eazy-py , instead of Prospector as in the 
fiducial analysis. We observe an almost constant and slightly declining 
trend (beyond z ≈ 5) with increasing redshifts, where the decline is more 
pronounced at the higher stellar mass bins. There is a significant contrast 
between the results from the fiducial analysis and this one, mainly in the 
lowest stellar mass bin, that might be caused by the lower accuracy of eazy- 
py . 

A
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Figure D1. Redshift dependence of the virial radii of dark matter haloes 
corresponding to the primary galaxies that we adopt as the redshift-dependent 
close-pair selection criterion. The square markers represent the values at 
each stellar mass–redshift bin. The constant separation criterion of r sep = 

[5 , 30] kpc from the fiducial close-pair analysis is highlighted as a light blue 
rectangle for better comparison with the redshift evolution of the virial radii. 

Figure D2. Close-pair fraction evolution using stellar masses from 

Prospector , but adopting a redshift-dependent separation criterion instead 
of a constant one, based on the virial radii of the dark matter haloes hosting 
the primary galaxies. We find that the pair fractions are smoothly declining 
for all stellar mass bins, in contrast to the results found in the fiducial analysis. 

c  

m  

l  

d  

z  

t  

e

R

w  

a  

e  

h  
PPENDIX  D :  PA IR  F R AC T I O N S  AT  

E DSHIFT-DEP ENDENT  S E PA R AT I O N S  

n this section, we discuss another variation of the fiducial close-
air analysis, where we use a redshift-dependent separation criterion
nstead of a constant one. 

The separation criterion for this analysis is based on the virial
adius of the dark matter halo hosting each primary galaxy at each
edshift. To estimate this radius, we use the stellar mass–halo mass
elation from Behroozi et al. ( 2019 ) using the UniverseMachine
ode. From this parametrization, we obtain the peak halo mass M halo 
NRAS 540, 2146–2175 (2025) 
orresponding to the stellar mass M � in the centre of each stellar
ass bin (at 8.25, 8.75, and 9.5 log M �, respectively). In the case of

og 10 ( M � / M �) = 9 . 5 the parametrization of Behroozi et al. ( 2019 )
oes not go beyond z = 8 . 6 and we extrapolate the trend up to
 = 9, which gives reasonable results (see Fig. D1 ). We can compute
he virial radius corresponding to the peak halo masses using the
quation 

 vir = 

(
2 GM halo 

	 c H 

2 ( z) 

)1 / 3 

, (D1) 

here H ( z) is the Hubble parameter, G is the gravitational constant,
nd we assume 	 c = 200 for the density contrast. Using this
quation, we get redshift-dependent virial radii for the DM haloes
osting the average primary galaxy in each redshift bin (see Fig. D1 ).
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We adopt these redshift-dependent virial radii as the new sepa- 
ation criteria that we determine for each stellar mass–redshift bin 
as indicated by the square markers on Fig. D1 ). Here, we make the
ssumption that if a secondary galaxy is closer to the primary than
he corresponding virial radius of the DM halo hosting it, then the
ystem forms a close pair and will eventually merge. This is a simple
ssumption that is physically moti v ated. 

The resulting pair fractions are plotted in Fig. D2 , which show
ome what dif ferent behaviour than the fiducial analysis and the 
esults from eazy-py . For this analysis, we are using stellar masses
rom Prospector as in the fiducial analysis. We find that the pair
raction declines with redshift in all stellar mass bins considered. 
he decline is smoother and goes to lower values than in the fiducial
nalysis (c.f. Fig. 7 ). In comparison, this is simply caused by the
maller search radius around high- z primary galaxies according to 
he relation from Fig. D1 . Ho we ver, this might be physically more

oti v ated than looking at a constant separation criterion, as the dark
atter haloes at high- z were significantly smaller than the ones at

ower z, and therefore gravitational interaction and mergers took 
lace at smaller physical scales. 
This analysis shows that choosing a different separation limit 

ignificantly affects the resulting close-pair measurements. We also 
ote here that most previous works adopted a constant separation 
imit, whereas a redshift-dependent one is physically more moti v ated. 

PPEN D IX  E:  M E D I A N  MASS  RATIO  

ere, we discuss in more detail the analysis of the merger ratio
istribution of our sample and the calculation of the average merger 
atio. This step is essential to convert the merger rate R M 

( z) to the
pecific mass accretion rate (sMAR) (see equation 38 ). 

First, we calculate the median mass ratio (merger ratio) μ for our 
lose-pair sample. This can be done by computing the pair fraction 
 P ( > μ) in each redshift–stellar mass bin abo v e increasing values of
(see Fig. E1 for an example). We then calculate the median value

f the mass ratio from this cumulative pair fraction distribution by 
xtrapolation to find the μ value at which the distribution reaches the 
0 th percentile. We also fit a curve to the average f P ( > μ) values that
s described by a parametrization (Duncan et al. 2019 ) of the form 

 P ( > μ) = A ×
(

1 

μ
− 1 

)B 

. (E1) 

We then calculate the median mass ratios in each stellar mass–
edshift bin and plot them on Fig. E2 . Interestingly, we find that
here is a considerable variation of μ values at different redshifts and 
tellar masses. This is mainly due to having fewer close pairs in the
igher mass bins that are difficult to resolve into smooth f P ( > μ)
istributions to infer μ. We simply take the average of all these
edian mass ratios to compute 〈 μ〉 = 0 . 485. 
We compare the previously computed average median mass ratio 

 μ〉 to a predicted mass ratio based on the SMF. This is done by
alculating the ratio between the predicted average mass in the 
econdary stellar mass bins M ∗, 2 ( z), and the primary stellar mass
ins M ∗, 1 ( z) defined in equation ( 41 ). We calculate these ratios for
he three stellar mass bins and find that they are similar and have a
eak dependence on redshift (as seen in Fig. E2 ). We then take the
2025 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
igure E1. Example distribution of close-pair fractions with increasing 
ass ratio cuts for the stellar mass-redshift bin indicated on the plot for

he four tiers and their averages. This is a cumulative distribution as pair
ractions with lower μ values contain close-pairs with higher mass ratios 
han that μ limit (e.g. f P ( > μ = 0 . 3) also contains close-pairs included
n f P ( > μ = 0 . 4)). We calculate the median mass ratio in this bin by
alculating the 50th percentile of this distribution by extrapolation and also
t a curve described by equation ( E1 ). 

igure E2. Empirically determined median merger ratios from the f P ( > μ)
umulative distributions in each stellar mass–redshift bin. We find that there
s a significant scatter in these values a higher redshifts, which is due to the
ow number counts of close-pairs that results in a poor resolution of f P in
erms of merger ratio, subsequently leading to less reliable μ. We also plot the
edshift evolution of the predicted merger ratio of 〈 M ∗, 2 ( z) / M ∗, 1 ( z) 〉 using
he SMF. The averages of these two quantities are displayed on the figure and
gree well with each other. 

verage of these ratios and find that 〈 M ∗, 2 ( z) / M ∗, 1 ( z) 〉 = 0 . 474.
his is in good agreement with our empirically determined value 

rom the f P ( > μ) distributions. 
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