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ABSTRACT

Context. Galaxy mergers are thought to be one of the main mechanisms of the mass assembly of galaxies in the Universe, but there is still little
direct observational evidence of how frequent they are at z & 4. Recently, many works have suggested a possible increase in the fraction of major
mergers in the early Universe, reviving the debate on which processes (e.g., cold accretion, star formation, mergers) most contribute to the mass
build-up of galaxies through cosmic time.
Aims. To estimate the importance of major mergers in this context, we make use of the new data collected by the ALMA Large Program to
INvestigate [CII] at Early times (ALPINE) survey, which attempted to observe the [CII] 158 µm emission line from a sample of 75 main-sequence
star-forming galaxies at 4.4 < z < 5.9.
Methods. We used, for the first time, the morpho-kinematic information provided by the [CII] emission, along with archival multiwavelength data
to obtain the fraction of major mergers ( fMM) at z ∼ 5. By combining the results from ALPINE with those at lower redshifts from the literature,
we also studied the evolution of the merger fraction through cosmic time. We then used different redshift-evolving merger timescales (TMM) to
convert this fraction into the merger rate per galaxy (RMM) and in the volume-averaged merger rate (ΓMM).
Results. We find a merger fraction of fMM ∼ 0.44 (0.34) at z ∼ 4.5 (5.5) from ALPINE. By combining our results with those at lower redshifts,
we computed the cosmic evolution of the merger fraction which is described by a rapid increase from the local Universe to higher redshifts, a
peak at z ∼ 3, and a slow decrease toward earlier epochs. Depending on the timescale prescription used, this fraction translates into a merger rate
ranging between ∼0.1 and ∼4.0 Gyr−1 at z ∼ 5, which in turn corresponds to an average number of major mergers per galaxy between 1 and 8 in
∼12.5 yr (from z = 6 to the local Universe). When convolved with the galaxy number density at different epochs, the merger rate density becomes
approximately constant over time at 1 < z < 4, including values from 10−4 to 10−3 Gyr−1 Mpc−3, depending on the assumed TMM. We finally
compare the specific star formation and star-formation rate density with the analogous quantities from major mergers, finding a good agreement
at z > 4 if we assume a merger timescale that quickly decreases with increasing redshift.
Conclusions. Our new constraints on the merger fraction from the ALPINE survey at z ∼ 5 reveal the presence of a significant merging activity
in the early Universe. Whether this population of mergers can provide a relevant contribution to the galaxy mass assembly at these redshifts
and through the cosmic epochs is strongly dependent on the assumption of the merger timescale. However, our results show that an evolving
TMM ∝ (1 + z)−2 agrees well with state-of-the-art cosmological simulations, suggesting a considerable role of mergers in the build-up of galaxies
at early times.

Key words. galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: kinematics and dynamics – early Universe

1. Introduction

How galaxies grow their stellar mass through cosmic time is
still one of the most puzzling questions of modern cosmology.
During the last decades, two major physical mechanisms have
been proposed to contribute or dominate the build-up of galax-
ies at different epochs of the Universe: the accretion of cold gas
(both from the internal reservoir or from the outer environment
of galaxies) and the merging of galaxies.

The first process requires the supply of new cold gas to
the galaxy from the filaments of the cosmic web, refreshing
and/or enhancing the star formation (e.g., Kereš et al. 2005;
Dekel et al. 2009). Although this could be one of the main modes
of galaxy assembly (e.g., Kereš et al. 2009; Bouché et al. 2010),
direct observations of gas flowing through the filaments are
tricky while indirect evidence has increased over the last years

† Passed away.

(Bouché et al. 2013, 2016; Zabl et al. 2019). However, in situ
star formation is observable through a variety of different prox-
ies and up to the earliest epochs (e.g., Madau & Dickinson 2014
and references therein).

Galaxy mergers are also thought to play an important role
in the stellar mass growth over cosmic time. They are rela-
tively common through the history of the Universe and are
observable with different methods and at different stages. The
merging of galaxies is a natural prediction of the hierarchical
structure formation model (White & Frenk 1991; Springel et al.
2005; Klypin et al. 2011) for which dark matter halos grow
their mass and affect the build-up of galaxies in the Uni-
verse (Kauffmann et al. 1993; Khochfar & Burkert 2005). Not
only can mergers increase the stellar mass of galaxies (up to
a factor of 2 for major mergers, i.e., for galaxies of nearly
equal stellar mass; López-Sanjuan et al. 2012; Oser et al. 2012;
Kaviraj et al. 2014), but they can also trigger starbursts and
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active galactic nuclei (AGN; Silk & Rees 1998; Kartaltepe et al.
2012; Chiaberge et al. 2015; see also Shah et al. 2020 who found
that galaxy interactions do not significantly enhance AGN activ-
ity up to z ∼ 3), in some cases blowing the gas out from
the galaxy which arrests, at least temporarily, the formation of
new stars (Silk & Rees 1998; Fabian et al. 2006; Cattaneo et al.
2009). Therefore, observing mergers at different epochs is key
to shed light on the relative contribution of the distinct processes
that rule the assembly of galaxies in the Universe.

Depending on which phase the merger is passing through,
there are two main ways to estimate the incidence of such events
at a given epoch. On-going and post-mergers could lead to the
formation of post-starburst (PSB) galaxies (at least in groups
or clusters; e.g., Wu et al. 2014; Lemaux et al. 2017) and leave
morphological or kinematic imprint on the merging or coalesced
system such as tails of stripped material, irregular shapes, dis-
turbed velocity fields, and/or deep absorption lines in the spectra
of PSBs (e.g., Le Fèvre et al. 2000; Conselice et al. 2003, 2008;
Jogee et al. 2009; Wild et al. 2009; Casteels et al. 2014). How-
ever, observations of these features could be hampered by the
spatial resolution needed to resolve the morphological details
highlighting the presence of a merger (especially at high red-
shifts), or confused by diverse galaxy types that can mimic the
kinematics or morphology of a merging system.

On the other hand, galaxy pairs that are going to merge
in a certain timescale can also be identified based on some
selection criteria regarding their spatial and velocity separation
(e.g., Le Fèvre et al. 2000; Patton et al. 2000; Lin et al. 2008;
de Ravel et al. 2009; López-Sanjuan et al. 2012; Ventou et al.
2017; Mantha et al. 2018; Duncan et al. 2019). Typically, close
pairs must lie within a defined radius with a projected separa-
tion in the sky that could be as wide as 50 kpc and, in case of
spectroscopic surveys, have a relative velocity not larger than
∆v = 500 km s−1 (i.e., ∆z ∼ 0.0017) which excludes those pairs
that are not gravitationally bound (e.g., Patton et al. 2000).

Both these methods can provide an estimate of the merger
fraction through cosmic time but, as they probe different phases
and timescales of the merging, they can lead to discordant results
if not interpreted properly. However, even by adopting the same
observational method, a large scatter is present in the literature
for the merger fraction and the corresponding merger rate at
all redshifts. This could be attributed to several reasons: i) the
different criteria used for selecting galaxy pairs; ii) the distinc-
tion between major and minor mergers for which a dual uncer-
tainty has to be taken into account, both in the pair ratio which
can be obtained from the stellar mass (López-Sanjuan et al.
2013; Tasca et al. 2014; Man et al. 2016; Ventou et al. 2017;
Duncan et al. 2019) or the flux (Bluck et al. 2012; Man et al.
2012, 2016; López-Sanjuan et al. 2015), and in the major (or
minor) merger definition having a threshold in mass or flux ratio
ranging between 2–6 (Xu et al. 2012; Ventou et al. 2017, 2019);
iii) the merger timescale used to convert the pair fraction into a
merger rate, which in turn depends on the method used for char-
acterizing mergers, on their selection criteria, and on the prop-
erties of the galaxies undergoing a merger (Kitzbichler & White
2008; Jiang et al. 2014; Snyder et al. 2017).

Several studies tried to constrain the fraction of major merg-
ers and the merger rate out to z . 2 (e.g., de Ravel et al. 2009;
López-Sanjuan et al. 2011, 2013; Lotz et al. 2011; Xu et al.
2012). During this time, the merger fraction is found to increase
with redshift as ∝(1 + z)m, where 1 . m . 5, depending on
the luminosity, the stellar mass and the spectral type of galax-
ies, leading to a large scatter in the literature. Only a handful
of works have extended these measurements to higher redshifts.

For instance, Conselice & Arnold (2009) used both pair counts
and morphological studies to investigate the presence of merg-
ers at 4 < z < 6 and their contribution to the galaxy assem-
bly, finding a possible peak in the merger fraction at z ∼ 3
followed by a decline which suggested a deviation from the
power-law trend found at lower redshifts. However, the results
by Conselice & Arnold (2009) do not distinguish between major
and minor mergers and could have been subject to large uncer-
tainties due to photometric redshifts. A peak in the cosmic evo-
lution of the merger fraction is also found at 1 . z . 3
by more recent observational studies (e.g., Mantha et al. 2018;
Duncan et al. 2019) which, however, do not provide conclusive
statements given the large above-mentioned differences on the
selection and definition of the mergers (see for example the
results by Mantha et al. 2018 for both stellar mass- or flux-
selected pairs).

In this paper we take advantage of the recent data col-
lected by the ALMA Large Program to INvestigate [CII] at
Early times (ALPINE; Béthermin et al. 2020; Faisst et al. 2020;
Le Fèvre et al. 2020) to further constrain the importance of
major mergers to the galaxy mass assembly at the end of the
Reionization epoch and through cosmic time. This survey allows
us to add a key additional piece of information to the wealth of
multiwavelength data already available for each targeted galaxy
thanks to the ALMA observations of the ionized carbon [CII]
at 158 µm rest-frame and the surrounding continuum. The 3D
(i.e., RA, Dec, velocity) information enclosed in each ALPINE
data cube is of great importance for identifying morphological
and kinematic disturbances highlighting the presence of possible
merging components. In particular, Le Fèvre et al. (2020) made
a first fundamental step in the morpho-kinematic classification of
the ALPINE galaxies, finding a high fraction (∼40%) of mergers
(both minor and major) at z ∼ 5 among the ALPINE sample. An
in-depth analysis of two merging systems found in ALPINE at
z ∼ 4.6 was made later by Jones et al. (2020) and Ginolfi et al.
(2020), showing the strength of these observations in the identi-
fication and characterization of this kind of sources in the high-
redshift Universe.

Previous works estimated the merger fraction by exploit-
ing morphological information or direct pair counts obtained
through rest-frame optical observations and photometric or spec-
troscopic redshifts, as derived from optical ionized gas trac-
ers (e.g., Conselice & Arnold 2009; Xu et al. 2012; Ventou et al.
2017). Here, for the first time, we make use of the rest-frame FIR
[CII] line to compute the major merger fraction in the early Uni-
verse. As this line is less affected by dust extinction than optical
tracers, morphological and kinematic analysis of this emission
can reveal the presence of mergers with dusty components that
are partially or completely obscured in the optical bands. Follow-
ing these previous studies, we thus refine the fraction of mergers
at the redshifts explored by the ALPINE survey and analyze in
detail their [CII] emission combined with optical data for esti-
mating their incidence at z > 4 and, along with other values in
the literature, through cosmic time.

This paper is structured as follows: in Sect. 2 we describe the
data used to estimate the merger fraction, and the previous works
on the morpho-kinematic classification of the ALPINE galaxies
on which we based our analysis. The criteria used for select-
ing mergers from the ALPINE sample, the methods employed
for their characterization and the estimated parameters are stated
in Sect. 3. The results on the merger fraction and merger rate,
their evolution with the cosmic time and their contribution to the
galaxy mass assembly are reported in Sect. 4. We discuss our
results and summarize them in Sects. 5 and 6, respectively.
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Throughout this work, we adopt a Λ − CDM cosmology with
H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. Stellar masses
are normalized to a Chabrier (2003) initial mass function (IMF).

2. Data

The ALPINE survey was designed to detect the [CII] line at
158 µm rest-frame and the surrounding FIR continuum emis-
sion from a sample of 118 star-forming galaxies at 4.4 <
z < 5.9, avoiding the redshift range 4.6 < z < 5.1
due to a low-transmission atmospheric window. The cam-
paign took ∼70 hours of observation with ALMA in Band
7 (275–373 GHz) during cycles 5 and 6. The ALPINE tar-
gets are drawn from the Cosmic Evolution Survey (COSMOS;
Scoville et al. 2007a,b) and Extended Chandra Deep Field
South (E-CDFS; Giavalisco et al. 2004; Cardamone et al. 2010)
fields and have secure spectroscopic redshifts from the VIMOS
UltraDeep Survey (VUDS; Le Fèvre et al. 2015; Tasca et al.
2017) and DEIMOS 10K Spectroscopic Survey (Hasinger et al.
2018). The rest-frame UV selection (LUV > 0.6 L∗) ensures
that these sources lie on the so-called main-sequence of star-
forming galaxies (e.g., Noeske et al. 2007; Rodighiero et al.
2011; Tasca et al. 2015), being thus representative of the under-
lying star-forming, UV-detected galaxy population at z ∼

5 (e.g., Speagle et al. 2014). Due to the location of the
ALPINE targets in these well-studied fields, archival multiwave-
length data are available from the UV to the near-IR (e.g.,
Koekemoer et al. 2007; Sanders et al. 2007; McCracken et al.
2012; Guo et al. 2013; Nayyeri et al. 2017), reaching the
X-ray and radio bands (e.g., Hasinger et al. 2007; Smolčić et al.
2017), allowing us to recover physical quantities such as stellar
masses (9 . log(M∗/M�) . 11) and star-formation rates (SFRs;
1 . log(SFR/M� yr−1) . 3) through spectral energy distribution
(SED)-fitting (Faisst et al. 2020).

The collected ALMA data were reduced and calibrated
using the standard Common Astronomy Software Applications
(CASA; McMullin et al. 2007) pipeline and each data cube was
continuum-subtracted to obtain line-only cubes with channel
width of ∼25 km s−1 and beam size ∼1′′ (with a pixel scale of
∼0.15′′; Béthermin et al. 2020). A line search algorithm was
then applied to each continuum-subtracted cube resulting in 75
[CII] detections (S/N > 3.5) out of 118 ALPINE targets (of
which 23 sources were also detected in continuum).

For a more in-depth description of the overall ALPINE
survey, the observation and data processing, and the multi-
wavelength analysis see Le Fèvre et al. (2020), Béthermin et al.
(2020) and Faisst et al. (2020), respectively.

Previous morpho-kinematic classifications

Le Fèvre et al. (2020) performed a preliminary morphological
and kinematic classification of the 75 ALPINE targets show-
ing [CII] emission. In particular, the channel maps around the
emission line, the intensity (moment-0) and velocity (moment-1)
maps, the integrated [CII] spectra, the position-velocity
diagrams (PVDs) along the major and minor axis of velocity
maps, and the multiwavelength data at the position of the source
were visually inspected by an internal team of the ALPINE col-
laboration that placed these galaxies in the following classes:

1. Rotators. The galaxies in this class are characterized by a
single source in the ancillary data and show a clear velocity gra-
dient in the moment-1 maps which then implies a tilted (straight)
PVD along the major (minor) axis. They can also exhibit a
double-horned profile in the integrated spectra.

2. Mergers. In case of interacting systems the presence
of two or more components in the optical images within the
ALMA field of view and/or in the moment-0 maps and PVDs
is expected. A complex behavior in the channel maps and in the
[CII] spectra could be visible.

3. Extended Dispersion Dominated. These sources extend in
[CII] emission over multiple ALMA beams and are typically
characterized by straight PVDs along the major and minor axis
and by a Gaussian line profile.

4. Compact Dispersion Dominated. As opposed to the class
3 galaxies, these objects are unresolved in the moment-0 maps.

5. Weak. These targets are too weak to be visually classified
into one of the above classes.

Le Fèvre et al. (2020) found that ∼40% of the ALPINE
galaxies are undergoing a merging phase and that ∼13% of the
targets are possibly forming an ordered disk at z ∼ 5. Extended
and compact sources make up 20% and 11% of the sample,
respectively, with the remaining galaxies (16%) being too com-
plex or weak to be classified. These results possibly suggest a
large contribution of the mergers to the galaxy mass assembly at
z ∼ 5. However, such a qualitative classification could be prone
to different kinds of uncertainties arising from the subjectivity of
the method.

On the other hand, Jones et al. (2021) expanded this initial
classification of the ALPINE targets by using the tilted ring
fitting code 3DBarolo (3D-Based Analysis of Rotating Objects
from Line Observations; Di Teodoro & Fraternali 2015). Their
selection criteria led to a successful fit of 39% of the ALPINE
parent sample (i.e., 29 out of 75 sources) and to a robust classi-
fication of 14 sources. This new quantitative analysis confirmed
the morpho-kinematic diversity of the ALPINE galaxies found
by Le Fèvre et al. (2020) but resulted in a somewhat different
statistics with 43% of rotators, 36% of mergers, and 21% of
dispersion-dominated galaxies.

As we aim to compute the contribution of mergers to the
galaxy mass assembly in the early Universe, a robust estimate
of the fraction of mergers at z ∼ 5 is required. We thus per-
form a further and in-depth morpho-kinematic investigation of
the ALPINE [CII]-detected galaxies based on the same classifi-
cation criteria used in Le Fèvre et al. (2020) and on the results
by Jones et al. (2021).

3. Methods

To examine the merger fraction at z ∼ 5, we take advan-
tage of the continuum and [CII] emission maps of the tar-
gets from the ALPINE data release 1 (DR1; Béthermin et al.
2020)1. Briefly, for each source the CASA task UVCONTSUB was
used to obtain line-only cubes. The continuum was first esti-
mated in the uv-plane by masking the spectral channels con-
taining line emission2 and fitting a model to the visibilities,
and it was then subtracted to the data cubes. With the CASA
IMMOMENTS task the spectral channels that included the emis-
sion line were summed up to produce the velocity-integrated
intensity (moment-0) maps, that is M0(x, y) = ∆v

∑
i Ii(x, y),

where Ii is the intensity of the ith pixel at the position (x, y),
∆v is the velocity width between two consecutive channels, and
the sum is over all the channels containing the spectral line

1 DR1 data are available at https://cesam.lam.fr/a2c2s/data_
release.php.
2 For a detailed description of the procedure used to estimate the range
of spectral channels containing line emission for all the [CII]-detected
galaxies, see Sect. 6.1 in Béthermin et al. (2020).
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(Béthermin et al. 2020). By masking all the pixels below 3σ
(where σ is the rms estimated in the moment-0 map), we also
compute the intensity-weighted velocity (moment-1) and veloc-
ity dispersion (moment-2) maps, defined as M1 =

∑
i Iivi/M0

and M2 =
√∑

i Ii(vi − M1)2/M0, respectively. It is worth not-
ing that in the analysis by Le Fèvre et al. (2020) the morphol-
ogy and kinematic of the [CII] line were inspected within the
2σ emission contours of the moment maps. In this work, we
decide to select only the pixels above the 3σ level in order to be
less affected by possible spurious emissions that could alter the
effective morphology and velocity field of the targets (however,
we find that this choice does not significantly change our final
results).

With the CASA IMFIT task we fit one 2D Gaussian com-
ponent to each source in the moment-0 map, retrieving best-fit
parameters such as the peak intensity and integrated flux den-
sity, and morphological information like the coordinates of the
[CII] emission peak, the full width at half maximum (FWHM)
of the major and minor axis of the Gaussian and its position
angle (PA). If the [CII] morphology shows the presence of dif-
ferent spatially-resolved components in the vicinity of the main
ALPINE target (as in case of mergers), we fit an individual
2D Gaussian to each of them in order to retrieve the above
morphological and kinematic information for all the observed
sub-structures. We then make use of the morphological central
position provided by the 2D Gaussian best-fit on each ALPINE
target3 to produce the PVDs along the major and minor axis with
the CASA IMPV task, with an averaging width of five pixels and
a pseudo-slit length of 3′′ (if not otherwise stated). Conversely to
the analysis made by Le Fèvre et al. (2020) in which the major
axis was aligned with the morphological PA, we decide to pro-
duce the two PVDs with the major axis oriented along the direc-
tion of major velocity gradient in the moment-1 map, and with
the minor axis perpendicular to the major one. In this way, we
increase the chances of identifying possible mergers or rotating
galaxies in the ALPINE sample4.

Lastly, we extract the spatially-integrated 1D [CII] spectrum
of each target within the 3σ contours at the position of the source
from the moment-0 map using the CASA task SPECFLUX.

3.1. Mergers characterization

Figure 1 shows two examples of the data analyzed for each
[CII]-detected source. Taking as a reference the left set of pan-
els, we display at the top the [CII] morphology superimposed
on the HST/ACS F814W (left) and UltraVISTA (UVista) Ks
(right) cutouts centered on the UV rest-frame coordinates of
the ALPINE target. We also show the >3σ emission contours
from the optical images. In the second row, the moment-1 and
moment-2 maps are reported color-coded for the velocity and
velocity dispersion, respectively. In the velocity field map the
major and minor axis used to produce the underlying PVDs
(color-coded for the flux intensity in Jy/beam) are shown. The
axis are centered on the coordinates retrieved from the 2D
Gaussian fit on the intensity map and are represented with

3 In case of multiple spatially-resolved [CII] emissions, we use the
position provided by the Gaussian fit on the global system rather than
the positions obtained by fitting individual 2D Gaussians to each of the
observed components.
4 Two merging systems with different velocity fields or a rotating
galaxy with a clear velocity gradient would be ideally represented with
separated components in the PVDs and with an “S-shape” in the PVD
along the major axis, respectively.

the direction along which the PVDs are computed. The PA of
the major axis is measured from north through east. Both the
moment-1 and moment-2 maps are smoothed by using a bilinear
interpolation. Finally, the lower panel reports the [CII] spectrum
(in black) extracted from the continuum-subtracted data cube
and modeled with a single and a multiple-component Gaussian
function (in this latter case, we show also the possible single
components shaping the global spectral profile).

The described panels report the morpho-kinematic analysis
of one of the sources classified as merger both by Le Fèvre et al.
(2020) and by the analysis undertaken in this work5, that is
DEIMOS_COSMOS_773957 (DC_773957) at z[CII] = 5.68.
There are many lines of evidence for considering this galaxy in a
merging phase. First, the [CII] emission is elongated toward the
East at >3σ, resulting in a clearly disturbed morphology. Fur-
thermore, two peaks of emission at 3σ are resolved in the UVista
Ks band, which could indicate a close pair of objects or the pres-
ence of a dust screen. The velocity field is also quite disturbed,
with the PVD along the major axis presenting two 3σ compo-
nents (solid contours) separated in velocity by ∼140 km s−1 and
with a slight spatial offset. These two components are also vis-
ible in the [CII] spectrum with green and blue lines. A third
minor component at ∼ −200 km s−1 could be instead due to a
faint satellite nearby the ALPINE target and it is fairly visible in
the PVDs within the 2σ contours. It is worth noting that, even
though with a single Gaussian function we find an integrated
flux of the line that is comparable with that obtained from the
multicomponent fit, the above-mentioned three components are
needed in order to reproduce the observed [CII] spectrum.

Moreover, to obtain a more robust sample of mergers we
compute, for each of the analyzed merger candidate, the rms of
the observed spectra and use it to compute the signal-to-noise
ratio (S/N) of the possible merging components. In particular, we
obtain the integrated [CII] fluxes of the two principal Gaussian
components of each spectrum and divide them by the product
between the rms and the corresponding FWHM. We thus con-
sider as mergers only those systems for which the minor (in
terms of the [CII] integrated flux) component has S/N ≥ 3.
The S/N for the major and minor components of each system
are reported in Table 1.

Another example of merging galaxies is provided on
the right of Fig. 1 by the morpho-kinematic analysis of
vuds_cosmos_5100822662 (vc_5100822662) at z[CII] = 4.52.
This source was classified as a merger both by Le Fèvre et al.
(2020) and Jones et al. (2021). Indeed, two close and spatially
resolved components are clearly visible in the moment-0 and
optical maps. From the PVD along the major axis6, the two
merging systems are at the same velocity but spatially sepa-
rated by ∼1.5′′ (i.e., ∼10 kpc at z ∼ 4.5). In such a case, it is
not possible to compute the contribution supplied by each indi-
vidual source to the global shape of the line directly from the
[CII] spectrum. However, we can provide an estimate of the inte-
grated flux from the spectrum of each single component by mod-
eling the total [CII] emission in the moment-0 map with two 2D
Gaussian functions. In this way, we can extract the spectrum
of the resolved component from the continuum-subtracted data
cube at the position and with the shape provided by the best-
fit parameters from the model (i.e., centroid, major and minor
FWHM). For this specific ALPINE target, the spectra of the two

5 We note that Jones et al. (2021) classified this target as ‘uncertain’,
following their classification criteria.
6 In this case, we use a pseudo-slight of 4′′ of length in order to cover
all the 3σ emission from the velocity map.
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Fig. 1. Left: morpho-kinematic analysis of the ALPINE target DC_773957 at z[CII] = 5.68. First row: HST/ACS F814W (left) and UltraVISTA
DR4 Ks-band (right) images centered on the UV rest-frame position of the target. Each cutout is 6′′ × 6′′ wide. The cyan contours show the [CII]
ALMA emission starting from 3σ above the noise level. Yellow contours in the optical maps represent 3, 5 and 7σ emission. In the lower left
corner, the ALMA beam (white) and HST or UltraVISTA resolutions (green) are displayed. Second row: moment-1 (left) and moment-2 (right)
maps color-coded for the velocity and velocity dispersion in km s−1. The velocity map reports the direction of the major (solid) and minor (dashed)
axis (centered on the coordinates returned by the best-fit 2D Gaussian model on the moment-0 map) along which the PVDs are computed. Third
row: PVDs along the major (left) and minor (right) axis color-coded for the flux intensity in each pixel. Dashed contours include the 2σ emission
in the maps while 3, 5 and 7σ emission is represented by solid lines. Fourth row: [CII] spectrum (black histogram) extracted within the 3σ
contours of the intensity map. The gray shaded band marks the 1σ level of the spectrum while the dashed vertical line shows the zero velocity
offset computed with respect to the redshift of the [CII] line. Purple, blue, and green lines are three individual possible components of the merging
system, resulting in the global profile in red. The shaded areas under the curves represent the channels used to compute the [CII] intensity maps
of the corresponding individual components. A single Gaussian fit is also visible with a dashed-orange line. Right: morpho-kinematic analysis of
the ALPINE target vc_5100822662 at z[CII] = 4.52. Same panels as in the left figure. In the bottom panel we report the [CII] spectra of the major
(blue) and minor (green) merger components extracted at the positions of the two resolved emissions, as further described in the text.

merging components are shown in the bottom row of the figure
as the blue and green histograms. As can be seen, their sum is
quite consistent with the shape of the original [CII] spectrum.

A complete description of each individual merging system
found from this work in the ALPINE survey is reported in
Appendix A.

3.2. Comparison with previous classifications

With the methodology introduced in the previous section,
we proceed for a new morpho-kinematic classification of the
ALPINE targets. As the main aim of this work is to find the
contribution of mergers to the galaxy mass assembly at z ∼ 5

from the ALPINE survey, we particularly focus on this class of
sources, in order to obtain the final sample of mergers needed to
estimate the major merger fraction in the early Universe.

As done by Le Fèvre et al. (2020), we visually inspect the
ancillary data, the intensity maps, the velocity and velocity dis-
persion fields presented in Sect. 3.1 to search for the pres-
ence of multiple components or disturbed morphology near the
position of the targets. The channel maps, the spectra and the
PVDs are checked together searching for consistent emission
features. By taking into account the results of the initial qual-
itative classification by Le Fèvre et al. (2020) and of the more
recent quantitative analysis of a subsample of the ALPINE tar-
gets by Jones et al. (2021), we proceed with a more in-depth
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Table 1. Physical parameters of the mergers.

Minor Major
Source z1 z2 ∆v rp µ[CII] µK FWHM re S/N FWHM re S/N

[km s−1] [kpc] [km s−1] [kpc] [km s−1] [kpc]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
CG_38 5.5731 5.5698 152.3 2.7 1.8 – 96.9 1.4 3.8 165.9 2.0 3.9
DC_308643 4.5238 4.5221 92.3 3.0 1.2 – 85.4 1.0 4.5 85.6 1.4 5.3
DC_372292 5.1345 5.1374 144.0 1.8 2.7 2.9 82.8 2.2 4.1 157.9 3.7 5.7
DC_378903 5.4311 5.4293 94.5 0.9 1.9 – 70.0 4.4 (∗) 3.6 111.2 1.3 4.2
DC_417567 5.6676 5.6700 106.7 5.3 2.1 – 84.8 1.0 3.1 163.9 4.0 3.4
DC_422677 4.4361 4.4378 92.8 0.0 1.4 – 95.7 1.0 4.7 93.1 0.5 6.7
DC_434239 4.4914 4.4876 206.1 5.5 6.9 – 103.5 3.9 4.5 441.8 3.4 7.2
DC_493583 4.5122 4.5141 103.4 1.0 4.7 – 64.8 3.3 3.6 139.5 1.0 8.0
DC_519281 5.5731 5.5765 158.0 0.9 4.5 – 95.7 0.9 3.1 163.8 2.3 8.3
DC_536534 5.6834 5.6886 234.6 4.4 2.7 – 113.9 1.9 3.6 228.5 2.6 4.9
DC_665509 4.5244 4.5261 95.9 1.0 2.0 – 70.5 4.5 (∗) 3.0 107.0 2.4 4.0
DC_680104 4.5288 4.5308 106.4 0.0 1.0 – 89.5 0.5 3.7 111.6 8.7 (∗) 4.7
DC_773957 5.6802 5.6770 141.2 3.0 1.6 5.6 118.0 1.3 5.9 179.5 1.7 6.2
DC_814483 4.5823 4.5796 145.5 7.9 2.4 – 128.1 1.1 3.3 192.7 2.8 4.2
DC_818760 4.5626 4.5609 92.3 9.9 1.3 2.6 127.1 2.4 10.4 271.0 2.9 18.3
DC_834764 4.5076 4.5055 119.0 1.0 1.7 – 96.2 1.4 (∗) 5.1 143.8 3.1 5.8
DC_842313 4.5547 4.5406 751.5 11.6 32.9 1.5 229.9 4.3 (∗) 5.1 1089.7 1.7 5.9
DC_859732 4.5353 4.5315 205.2 4.9 3.9 – 55.4 1.7 (∗) 3.0 176.4 3.3 (∗) 3.7
DC_873321 5.1545 5.1544 4.5 6.5 1.2 3.1 171.2 1.3 4.9 219.3 2.8 7.6
vc_5100541407 4.5628 4.5628 1.9 13.8 1.6 1.4 203.8 4.4 (∗) 3.5 166.5 1.2 6.9
vc_5100822662 4.5210 4.5205 22.3 10.9 1.6 1.7 189.6 4.0 5.1 192.7 2.0 8.0
vc_5101209780 4.5724 4.5684 217.3 10.8 4.1 2.5 126.1 2.3 4.4 303.9 6.6 7.4
vc_5180966608 4.5294 4.5293 8.9 7.2 3.0 3.7 243.6 1.8 3.4 231.6 4.3 10.9

Notes. The right side of the table shows the measurements of FWHM (in km s−1), [CII] emission size (in kpc), and S/N for both the minor and
major components, intended as such in terms of their integrated [CII] fluxes. The asterisk near the size of some of the sources indicates a bad re
estimate from the best-fit parameters of the 2D Gaussian fit on the moment-0 maps of the individual components.

characterization of the [CII]-detected galaxies aimed at obtain-
ing a robust merger fraction at z ∼ 5. Adopting the same
criteria described in Sect. 2 to differentiate the targets and con-
sidering the S/N of the minor merger component as described
in Sect. 3.1, we find a slightly lower fraction (∼31%, 23 out
of 75 [CII]-detected sources) of mergers7 if compared to the
40% found by Le Fèvre et al. (2020), with 12, 20 and 7% of
the sample made by rotating, extended and compact dispersion
dominated sources, respectively. To be more conservative in the
classification of the galaxies (especially for obtaining a more
robust merger statistics), we define the remaining 30% of the sam-
ple as ‘uncertain’, a new category that includes the weak galax-
ies (as described in Le Fèvre et al. 2020) and also objects that, by
visual inspection, present features that are intermediate to those of
various classes. This category is similar to the ‘uncertain’ (UNC)
class introduced in Jones et al. (2021) that, based on the results
of the 3DBarolo fits, contains sources they are unable to classify
because of the low S/N and/or spectral resolution, or contrasting
evidence in their classification criteria. Although the uncertain
category is populated by a significantly larger fraction of sources
with respect to the weak class (∼16%) in Le Fèvre et al. (2020),
we recover the same qualitative morpho-kinematic distribution of

7 Some of the mergers found by Le Fèvre et al. (2020) were also ana-
lyzed in terms of the tilted ring model fitting by Jones et al. (2021) who
found that the kinematic of those sources could be even compatible with
rotating disks or dispersion dominated galaxies, or that the sensitivity
and resolution of the data are too low for a conclusive classification
(see Appendix A).

the previous analysis, confirming the high fraction of rotators and
mergers at these early epochs.

3.3. Physical parameters estimate

For each source classified as merger we measure several physical
quantities that help us to estimate the merger fraction at z ∼ 5.
From the spectra, we compute the [CII] flux ratio between the
major and minor components of the merger8, that is µ[CII] =
F1,[CII]/F2,[CII], finding a good agreement with the corresponding
ratio computed from the PVDs. To obtain the integrated fluxes of
the individual galaxies, we use a Gaussian decomposition of the
global [CII] spectrum, as described in Sect. 3.1. When allowed
by the resolution, we also take the UVista Ks-band flux ratio
of the two merging sources, namely µK ≡ F1,K/F2,K , where
F1,K and F2,K are the integrated fluxes obtained by fitting a 2D
Gaussian function to the major and minor components of the
merger in the considered band, respectively. Then, from the
spectral features, we also obtain the separation in velocity (∆v)
between the intensity peaks of the merger components, and the
FWHM both for the individual objects and single (overall spec-
trum) source.

We measure the projected distance (rp) between the centers
of the merger components as rp = θ × dA(zm), where θ is the

8 In the case the merging system is composed by more than two
sources, we only consider the two major components in terms of their
[CII] fluxes.
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angular separation in the sky (in arcsec) between the two galax-
ies and dA(zm) is the angular diameter distance (in kpc arcsec−1)
computed at the mean redshift zm of the two sources. In case the
two components are not spatially resolved in [CII], we consider
the distance between the two best-fit centroids returned by the
2D Gaussian fit on their moment-0 maps. Similarly to what has
been done in Ginolfi et al. (2020), the latter maps are obtained
by collapsing the channels including the emission of the individ-
ual components. Such a case is shown, for instance, in Fig. 1 for
the target DC_773957. The shaded blue and green areas under
the curves in the spectrum mark the collapsed channels used
for building the [CII] intensity maps of the two components.
As it can be seen, the velocity channels assigned to each com-
ponent are not overlapping with each other. If instead the two
objects are spatially resolved but at the same velocity (as for
vc_5100822662), we are not able to create the [CII] moment-0
maps of the individual components (i.e., the two sources emit at
the same frequency and we cannot disentangle their contribution
in [CII]) and we measure the distance directly from the [CII]
intensity map or from the PVDs.

Finally, we compute the size of the single components by
fitting a simple 2D Gaussian model to the [CII] intensity maps
obtained as described above. Following Fujimoto et al. (2020),
we refer to the merging component size as the circularized effec-
tive radius re defined as re ≡

√
a b, where a and b are the

best-fit semi-major and semi-minor axis, respectively. When the
source is resolved, we use the best-fit beam-deconvolved a and
b parameters, otherwise we take the beam-convolved sizes pro-
vided by the fit and correct them for the ALMA beam (the
average beam minor axis of ALPINE is ∼0.8′′). It is worth not-
ing that Fujimoto et al. (2020) measured the [CII] effective radii
by fitting the line visibilities with the CASA task UVMULTIFIT
and assuming an exponential-disk profile. However, by applying
our more simplistic size measurements to the ALPINE galaxies
analyzed by Fujimoto et al. (2020) and considering the mergers
as single components, we found a good agreement with their
results. A larger scatter is found only for some of the objects
classified as mergers whose size measurements are flagged as
unreliable by Fujimoto et al. (2020), likely because of the com-
plicated [CII] morphology.

From now on, we refer to re when talking about the size of a
source. All the information presented in this section is reported
in Table 1.

3.4. Description of the merger sample

We show in Fig. 2 (upper panel) the difference in velocity
between the merger components as a function of their projected
distance rp for all the possible merging systems in ALPINE.
In the upper-left corner, we report the uncertainties assumed
for these data. The error on ∆v is obtained by the sum in
quadrature of the average uncertainty on each spectral element
(i.e., 25 km s−1). To estimate the typical error on the projected
distance, we consider two random centroids corresponding to
the initial positions of the minor and major components of
the merger. Then, we obtain the distribution of the errors on
the centroids as provided by the 2D Gaussian best-fits on the
intensity maps of the merging components, and extract from
that N = 1000 values used to perturb the initial positions. At
each iteration, we re-compute the projected distance between
the perturbed positions of the two components. We thus esti-
mate the average uncertainty on rp as the standard deviation of
the distribution of the N projected separations (corresponding to
∼0.3 kpc).

To derive a robust major merger fraction ( fMM), we decide
to consider as mergers only those systems in which the compo-
nents are separated by no more than ∆v ≤ 500 km s−1, assum-
ing that this is the limit for a system to be gravitationally bound
(e.g., Patton et al. 2000; Lin et al. 2008; Ventou et al. 2017). As
shown, all the mergers in our sample satisfy this constraint
except one source. As analyzed in detail in Appendix A, this
system is composed by the ALPINE target DC_842313 and a
peculiar neighbor source with a large FWHM and [CII] flux, and
could even be a merger of three galaxies with a ∆v between the
target and the further third component smaller than 500 km s−1.
We thus account for this object in the computation of the merger
fraction.

Also, we consider as reliable mergers only those systems
with a projected distance larger than the typical [CII] sizes of
individual galaxies at these redshifts. Indeed, closer components
could just represent clumps of star formation within the same
galaxy, faking the presence of a merger by affecting the mor-
phology and kinematics of the [CII] line. From the size mea-
surements of the ALPINE galaxies we find an average [CII] size
of ∼2.1 kpc, that is in good agreement with the median value
found by Fujimoto et al. (2020) and with the typical distance
between galaxies and satellites or mergers (>2 kpc) at z > 4 (e.g.,
Carniani et al. 2018; Whitney et al. 2019; Zanella et al. 2021).
Therefore, we use this value as a threshold to classify the secure
merging systems.

The two selection criteria on the distance and velocity sep-
arations define the gray region in Fig. 2 which thus includes
the sources that are classified as robust mergers. However, we
cannot exclude a priori the systems with rp < 2.1 kpc as they
could be structures in an advanced stage of merging that we are
not able to resolve with ALMA because of their close proximity
and observational limitations (i.e., large synthesized beam, lim-
ited sensitivity). It is worth noting that, in some cases, spatially
close clumps are observed with HST within the typical ALPINE
beam size. However, the lack of redshift information for these
sources prevent us from considering them as associate galax-
ies experiencing a merging. This could have an impact on our
results, possibly reducing the estimated major merger fraction
(and, consequently, the merger rate) at z ∼ 5. For these reasons,
we also show in Fig. 2 (bottom panels) the individual sizes of
the minor and major components of each of the possible merg-
ers as a function of their FWHM. The colors and marker sym-
bols are the same as in the top panel, while the hatched markers
highlight those objects with a bad re estimate from the fit, after
a visual inspection of the residuals. We also show for compari-
son the data of the individual ALPINE galaxies (excluding the
mergers) as light squares. As it can be seen, the sizes of the indi-
vidual components lie, within the uncertainties, among those of
the ALPINE targets. This suggests that all the individual compo-
nents we are analyzing could be merging galaxies and that, with
the current data, we cannot exclude them from the computation
of the merger fraction at z > 4.

Finally, we provide an estimate of the stellar mass range cov-
ered by our merger components. We only have information on
the stellar mass of the merging system as a whole through SED-
fitting measurements (Faisst et al. 2020) because the majority of
the merger candidates are not resolved in most of the optical and
near-IR bands. We make the assumption that M∗,1 + M∗,2 = M∗
and define the mass ratio as µ = M∗,1/M∗,2, where M∗,1 and M∗,2
are the stellar masses of the primary and secondary galaxy (i.e.,
M∗,1 > M∗,2) and M∗ is the total mass of the system from the
SED-fitting. Then, we set µ = 4 as a threshold to separate major
(1 ≤ µ ≤ 4) from minor (µ > 4) mergers (e.g., Lotz et al. 2011;
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Fig. 2. Top panel: velocity separation between the components of each ALPINE merger as a function of their projected distance. Each target is
represented by its own color while the symbols are different for z ∼ 4.5 (circles) and z ∼ 5.5 (hexagons) galaxies. The gray shaded region shows the
area of the plot populated by galaxies which are more likely to be real mergers, with a projected distance larger than >2.1 kpc and ∆v < 500 km s−1.
The error bar on the top-left corner represents the typical error on each value. Bottom panel: FWHM as a function of re for the minor (left) and
major (right) components of each merger. The colors and symbols are the same as in the top panel. Hatched markers identify the sources for which
the best-fit size estimate is not reliable, after a visual inspection of the residuals. The dashed black lines mark the average [CII] size of the ALPINE
targets (as estimated in this work), represented with small light squares in the background.

Mantha et al. 2018; Duncan et al. 2019) and use this value to
solve the above equations for M∗,1 and M∗,2. With the assump-
tions above, we obtain a stellar mass distribution of the major
components ranging between log(M∗,1/M�) ∼ 9.0 and 10.7,
with a mean value log(M∗,1/M�) ∼ 10 (reducing by ∼0.2 dex
if assuming µ = 1). We want to stress that this is just an exercise
that is intended to provide an estimate of the stellar mass range
of the merger components we are analyzing and that helps us in
the comparison of our estimates with those of previous works.
Indeed, we are not considering that some of the merger compo-
nents are resolved in the Ks band and have their own mass ratio
(see Sect. 4.1). Therefore, following the above considerations,
we can conclude that the close pairs of our sample are charac-
terized by rp < 20 kpc, ∆v < 500 km s−1, and average stellar
masses log(M∗/M�) ∼ 10.

3.5. Accounting for completeness

When deriving the merger fraction, we have to consider the
possibility of missing a certain number of mergers because of
the faintness of the minor component. Indeed, mergers with a

principal component near the threshold of the observable [CII]
flux may imply the presence of a secondary component that
could be lost by instrumental limitations. To account for this,
we must correct for the incompleteness of our sample.

Previous works typically assumed corrections based on
the limiting flux or stellar mass of the corresponding survey
(e.g., Patton et al. 2000; López-Sanjuan et al. 2011; Mundy et al.
2017; Duncan et al. 2019). ALPINE is not a flux-limited survey
as each individual ALMA pointing reaches different depths (e.g.,
Béthermin et al. 2020). For this reason, we adopt the classical
completeness corrections found in the literature but considering
for each object its limiting flux. In particular, we apply a weight
to each minor component of our sample defined as

wcomp(L, z) =

∫ L1

L2
Φ(L, z) dL∫ L1

Llim
Φ(L, z) dL

, (1)

where Φ(L, z) is the [CII] luminosity function derived from the
UV-selected central ALPINE targets (Yan et al. 2020), Llim is the
luminosity corresponding to the limiting flux of each ALPINE
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Fig. 3. Distributions of the Ks-band (turquoise histogram) and [CII]
(hatched histogram) flux ratios between the components of each merg-
ing system. Inset: comparison between the [CII] and Ks-band ratios for
the sources having this information in common, both at z ∼ 4.5 and
z ∼ 5.5 (represented as yellow and gray circles, respectively). The green
area marks the region of the figure with µK < 4. The dashed black line
reports the 1:1 relation between the two quantities.

pointing, L1 is associated to the flux of the primary component
F1,[CII], and L2 corresponds to F2,[CII] = F1,[CII]/4. We compute
the [CII] luminosities by following Solomon et al. (1992) with
the relation

L[CII] = 1.04 × 10−3 F[CII] D2
L(z) νobs(z) [L�], (2)

where F[CII] is the integrated flux (in Jy km s−1), DL(z) is the
luminosity distance (in Mpc) at the redshift of the galaxy, and
νobs(z) is the observed frequency of the [CII] line (in GHz). We
also assume that wcomp = 1 when L2 > Llim. Such a correction
corresponds to the ratio between the number density of galax-
ies with [CII] flux higher than F2,[CII], and the number density
of galaxies with a flux higher than the flux limit of each ALMA
pointing.

4. Results

4.1. The fraction of major mergers in ALPINE

The aim of this work is to derive the fraction of galaxies under-
going a major merger at z ∼ 5 and to estimate their contribution
to the galaxy mass assembly through cosmic time. Although the
cosmic evolution of minor mergers is still poorly constrained at
these redshifts, several studies suggest that they are more fre-
quent in the nearby Universe showing a decreasing fraction for
z & 3 (López-Sanjuan et al. 2011; Lotz et al. 2011; Ventou et al.
2019). We thus have to take into account a possible contamina-
tion from them in our sample.

First, as we do not have the stellar mass information for
the majority of our merger components, we define as major
mergers those candidates for which the Ks-band flux ratio is
smaller than 4, that is 1 < µK < 4. The Ks band is indeed a
good tracer of the stellar mass of galaxies up to z ∼ 4 (e.g.,
Laigle et al. 2016). At higher redshifts, the rest-frame Ks band

samples the emission below the Balmer break (Ks-band corre-
sponds to rest-frame ∼3600 Å at z ∼ 5, taking as a reference
the mean wavelength of the filter) which is no more directly
linked to the stellar mass of the galaxy. In these cases, mid-
IR bands could be better tracers of the galaxy stellar masses
than the Ks filter, but their worst resolution do not allow us to
spatially resolve the close galaxies for which we have the Ks
fluxes. For comparison, López-Sanjuan et al. (2013) used the i-
band ratios to identify major mergers. At the redshifts explored
in their work (0.9 < z < 1.8), the observed i band corresponds
to ∼3000−3500 Å rest-frame (which is quite similar to the wave-
length range covered by the Ks band at the highest redshift of our
sample). They compared these ratios with those obtained from
the Ks band (sampling the emission between 8000 and 10 000 Å
rest-frame, thus tracing better the stellar mass content of the
galaxies), finding no significant changes in their major merger
classification, and then supporting the i-band results. Therefore,
following these arguments, we consider µK reasonably compa-
rable to the stellar mass ratio of our sources, treating cautiously
these estimates for those galaxies at the highest redshifts of our
sample.

The Ks-band ratio is available for 9 out of 23 mergers, while
for the remaining sources we only have the [CII] flux ratio,
from which we cannot draw conclusions about the nature of the
merger. These two ratios are shown in Fig. 3 where it is evi-
dent that the majority of the sources have both µK and µ[CII]
smaller than 4. Furthermore, in the inset we compare the [CII]
and Ks-band flux ratios for the objects having these two mea-
sures in common9. There is a good agreement between the two
ratios for some of the objects in the figure, but others show a
large scatter from the 1:1 relation, suggesting that complex phys-
ical processes could take place in these systems. However, we
find that 7 out of 8 sources (i.e., ∼88% of this subsample) have
µK < 4 while only one system shows a larger Ks-band flux ratio.
Although a larger statistical sample would be needed, we can
interpret this as an indication of the minor merger contamina-
tion of our sample. Indeed, if we consider that only the sources
outside the green region contribute to the minor merger contam-
ination (thus lying at µK > 4), we can assume that the 12% of
all the objects having only the µ[CII] information is affected by
minor mergers (or, equivalently, that only the 88% of that sam-
ple contains major mergers). We note that, when excluding from
this statistics the sources at z ∼ 5.5 (whose Ks-band ratio is less
reliable as a tracer of their stellar mass), all the objects in the
inset of Fig. 3 have µK < 4, raising the fraction of major mergers
in this subsample to 100%. This is taken into account later, when
estimating the uncertainty on the merger fraction.

We define the major merger fractions in the two ALPINE
redshift bins (at mean redshift z ∼ 4.5 and 5.5, respectively) as

fMM = 0.88

∑Np

j=1 w j
comp

Ng
, (3)

where Np represents the number of all the mergers in our sample,
Ng is the number of ALPINE galaxies in the considered redshift
bin, and w j

comp is the weight associated to each merger to cor-
rect for incompleteness (see Sect. 3.5). The factor 0.88 accounts
for the statistical uncertainty on the real merger nature (the fact
that the 12% of the µ[CII]-only subsample could be affected by

9 Both in the main figure and in the inset we do not report the measure
of the [CII] flux ratio for the merger DC_842313 (i.e., µ[CII] ∼ 33). We
also do not consider this source in the statistics described in the text
because, as elaborated in Appendix A, this is a peculiar source.
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Fig. 4. Cosmic evolution of the major merger fraction fMM from
the local to the early Universe. Colored squares show the data col-
lected from the literature at different cosmic times through pair counts,
both with spectroscopic (de Ravel et al. 2009; López-Sanjuan et al.
2013; Tasca et al. 2014; Ventou et al. 2017) and photometric (Xu et al.
2012; Duncan et al. 2019) redshifts, and/or morphological studies
(Conselice & Arnold 2009). Blue stars are the fMM estimates found in
this work. The solid black line and the shaded region are the best-
fit to the data with a combined power-law and exponential function
and the associated 1σ error, respectively. Finally, the solid brown line
illustrates the parameterized redshift evolution (up to z = 4) of the
major merger fraction from the EAGLE simulation for galaxies with
log(M∗/M�) > 9.5. The dashed line is just an extension of that curve to
higher redshifts.

the presence of minor mergers). Note also that, as detailed in
Sect. 3.4, we are not excluding any source with rp < 2 kpc
because the individual sizes of these merger components are
comparable with those of the ALPINE galaxies.

To attribute an uncertainty to fMM we consider two extreme
cases. At first, as an upper limit to the major merger fraction, we
count all the mergers in each redshift bin and divide them by Ng,
independently of their components projected distance and flux
ratio. This uncertainty includes also the case in which our sam-
ple is not contaminated by minor mergers (i.e., all the analyzed
mergers are major). As a lower limit instead, we only take the
mergers whose components have rp > 2 kpc, assuming that all
the individual components with a smaller projected separation
are not major mergers (see discussion above). Then, given the
small statistics on both the total number of ALPINE galaxies and
the subsample of mergers, we compute the corresponding Pois-
sonian errors and add them in quadrature to the above-mentioned
uncertainties.

With these assumptions and from Eq. (3) we obtain f z4
MM =

0.44+0.11
−0.16 and f z5

MM = 0.34+0.10
−0.13, at z ∼ 4.5 and z ∼ 5.5, respec-

tively. These results are shown in Fig. 4 and reported in Table 2
along with the numbers used for their computation at both
redshifts. We note that, by using Eq. (3), we recover a merger
fraction ∼30% higher than obtained if not accounting for com-
pleteness corrections. It is also interesting that, assuming that
12% of the mergers are minor would imply a minor merger
fraction of at least ∼5%, in agreement with the estimates by
Ventou et al. (2019) at z > 3 (i.e., 0.08+0.07

−0.05). It should be noted
that this fraction could be even higher. Indeed, the relatively low

Table 2. Number of sources at z ∼ 4.5 and z ∼ 5.5 from the ALPINE
survey used for the computation of the major merger fraction.

z ∼ 4.5 z ∼ 5.5

Ng 46 29
Np 15 8
Np,corr 23 11
fMM 0.44+0.11

−0.16 0.34+0.10
−0.13

spatial resolution of the ALPINE survey does not allow us to
constrain the minor merger fraction at z ∼ 5 (Le Fèvre et al.
2020), as we are not able to detect faint satellites that are instead
expected to be in the neighborhood of z > 4 galaxies by simula-
tions (e.g., Pallottini et al. 2017; Kohandel et al. 2019).

Finally, it is worth mentioning that ∼10% of the ALPINE
targets are part of a massive proto-cluster of galaxies (PCI
J1001+0220) at z ∼ 4.57 located in the COSMOS field
(Lemaux et al. 2018). In principle, high-density environments
like those in high-z proto-clusters, or groups and low-mass clus-
ters at lower redshift, could enhance the merging activity, result-
ing in a merger rate that could be several times larger than
what expected in lower-density regimes (e.g., Lin et al. 2010;
Lotz et al. 2013; Tomczak et al. 2017; Pelliccia et al. 2019). To
account for this possible caveat, we compare the ALPINE mem-
bers of the proto-cluster with the mergers in Table 1, finding that
only two of them are part of the observed over-density. How-
ever, by removing these two sources from our analysis, we do
not find any significant change in the merger fraction at z ∼ 4.5
and, consequently, in the estimate of the merger rate.

4.2. Cosmic evolution of the major merger fraction

During the last years, a large number of studies focused on
the estimate of the merger fraction at different redshifts and
on its evolution through cosmic time (e.g., Le Fèvre et al.
2000; Conselice et al. 2003; Conselice & Arnold 2009;
López-Sanjuan et al. 2013; Mundy et al. 2017; Ventou et al.
2017; Mantha et al. 2018; Duncan et al. 2019). However, the
choice of various selection criteria on the spatial and velocity
separation for the pair counts, the different mass ranges probed
by each author and the diverse threshold in µ to distinguish
between major and minor mergers make a direct comparison
between the many results found in the literature quite prob-
lematic. Therefore, we now compare the major merger fraction
found from this work at 4 < z < 6 with those computed from
samples of galaxies with similar stellar masses and merger
selection criteria.

At z < 1, Xu et al. (2012) evaluated the major merger frac-
tion from a sample of close pairs drawn from the COSMOS sur-
vey (Ilbert et al. 2009). From that work we select only the results
in the stellar mass bin 9.8 < log(M∗/M�) ≤ 10.2, to be consis-
tent with the average stellar mass of our sample. At this epoch we
also account for the merger fraction computed by de Ravel et al.
(2009) who analyzed a sample of spectroscopically confirmed
galaxy pairs from the VIMOS VLT Deep Survey (VVDS;
Le Fèvre et al. 2005) with log(M∗/M�) > 9.5. At 1 < z < 4,
López-Sanjuan et al. (2013) and Tasca et al. (2014) exploited the
VUDS, VVDS and the Mass Assembly Survey with SINFONI in
VVDS (MASSIVE; Contini et al. 2012) surveys to estimate fMM
from merging systems with spectroscopic measurements and
average stellar masses log(M∗/M�) ∼ 10. Ventou et al. (2017)
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Table 3. Description of the selection criteria and sample properties in previous pair counts studies and in this work.

Literature Redshift range Major/Minor separation ∆v rp Primary Galaxy Mass
[km s−1] [kpc]

(1) (2) (3) (4) (5) (6)

de Ravel et al. (2009) 0.5 < z < 0.9 F1/F2 ≤ 4.0 ≤500 <20 log(M∗/M�) ≥ 9.5
Xu et al. (2012) 0 ≤ z ≤ 0.6 M1/M2 ≤ 2.5 ≤500 (∗) 5 − 20 9.8 < log(M∗/M�) ≤ 10.2
López-Sanjuan et al. (2013) 0.9 < z < 1.8 F1/F2 ≤ 4.0 ≤500 <20 9 < log(M∗/M�) < 11
Tasca et al. (2014) 1.8 ≤ z ≤ 4.0 M1/M2 ≤ 4.0 ≤500 <25 9 < log(M∗/M�) < 11
Ventou et al. (2017) 0.2 ≤ z ≤ 4.0 M1/M2 ≤ 6.0 ≤500 <25 log(M∗/M�) ≥ 9.5
Duncan et al. (2019) 0.5 ≤ z < 3.5 M1/M2 ≤ 4.0 ≤500 (∗) 5−30 9.7 < log(M∗/M�) < 10.3
This work 4.4 ≤ z < 5.9 M1/M2 ≤ 4.0 ≤500 <20 9 . log(M∗/M�) . 11

Notes. The asterisks in Col. 4 indicate the works in the literature that made use of photometric redshifts to define the selection criterion on the
velocity separation between pairs.

observed the Hubble Ultra Deep Field (Beckwith et al. 2006)
and the Hubble Deep Field South (Williams et al. 2000) with
the Multi Unit Spectroscopic Explorer (MUSE) to constrain the
galaxy major merger fraction up to z ∼ 6. However, we take
only their data points with log(M∗/M�) ≥ 9.5 which extend up to
z ∼ 3. Finally, we get the pair fraction computed by Duncan et al.
(2019) in a mass-selected (9.7 < log(M∗/M�) < 10.3) sample of
galaxies drawn from the CANDELS survey (Grogin et al. 2011;
Koekemoer et al. 2011) using a probabilistic approach based on
their photometric redshifts. All these works assume a projected
separation rp < 30 kpc between the merger components and
a difference in velocity ∆v ≤ 500 km s−1. Most of them adopt
µ < 4 to identify the major merger population, with µ com-
puted either as the ratio between the stellar mass of the primary
and secondary galaxy in the system or as the difference in mag-
nitude between the two components. The only exceptions are
from Xu et al. (2012) and Ventou et al. (2017) that make use of
a mass ratio of 2.5 and 6, respectively (however, as stated by
Ventou et al. 2017, adopting a mass ratio limit of 4 implies the
loss of only a few sources in their sample, not significantly alter-
ing the final statistics). Table 3 summarizes the main features of
the samples from which the observational data at z < 4 intro-
duced above are taken.

As shown in Fig. 4, we combine these data with our mea-
surements at z ∼ 5 to provide the cosmic evolution of the
major merger fraction. Traditionally, this is parameterized with
a power-law fitting formula of the form

fMM(z) = f0 (1 + z)m, (4)

where f0 is the merger fraction at z = 0 and m is the
index that rules the redshift evolution. Our data suggest a
slight decline of the merger fraction at z > 4, with a possi-
ble peak at lower redshift, as also previously found by other
studies (e.g., Conselice & Arnold 2009; Ventou et al. 2017;
Mantha et al. 2018; Duncan et al. 2019). Therefore, we make
use of a combined power-law and exponential function to fit our
observational data, such as

fMM(z) = α (1 + z)m exp(β(1 + z)), (5)

where β controls the exponential side of the curve and f0 =
α exp(β). By using a non linear least square algorithm, we fit our
data both with Eqs. (4) and (5). Taking advantage of the Bayesian
information criterion (BIC), we find a significant statistical evi-
dence (∆BIC > 10) in favor of the combined power-law and
exponential form for describing the evolution of the merger frac-
tion through cosmic time. These results are in contrast with those

by Duncan et al. (2019) who, also relying on the BIC, found that
there was no strong statistical evidence in favor of one of the
two above-described parameterizations. This difference could be
attributed to the fact that, for stellar masses log(M∗/M�) ∼ 10,
they measured the major merger fraction up to z ∼ 3, while in
this work our new ALPINE data allow us to constrain this quan-
tity up to earlier epochs (i.e., z ∼ 5).

For these reasons, we show in Fig. 4 the best-fitting func-
tion to our data obtained through Eq. (5), and use the results
from this parameterization for the rest of the work. In partic-
ular, the parameters of this fit are α = 0.024 ± 0.003, m =
4.083 ± 0.501 and β = −0.797 ± 0.189 which are in good
agreement with those found by Duncan et al. (2019) when fit-
ting the CANDELS data points for galaxies with stellar mass
9.7 < log(M∗/M�) < 10.3. For comparison, we also show the
results obtained by Conselice & Arnold (2009) exploiting mor-
phological analysis and pair counts for a sample of Lyman-break
drop-out galaxies at 4 < z < 6 with masses log(M∗/M�) > 9−10.
Their data points are lower than our results but still comparable to
them within the uncertainties. Anyway, as they do not differenti-
ate between major and minor mergers, we do not include them in
the computation of the cosmic evolution of the merger fraction.

We show in Fig. 4 the best-fit parameterization of the major
merger fraction found by Qu et al. (2017) for galaxies with
log(M∗/M�) ≥ 9.5 from the Evolution and Assembly of Galax-
ies and their Environments (EAGLE) hydrodynamical simula-
tion (Schaye et al. 2015). They adopted a stellar mass ratio . 4
to identify major mergers and the same parameterization as in
Eq. (5), obtaining a cosmic evolution of fMM that is similar to
ours up to z ∼ 4 (the higher redshift reached by the simulation).
Extending their prediction to earlier epochs, a slightly milder
redshift evolution with respect to our results is found. However,
the two trends are still in good agreement with each other.

Finally, it is worth noting that we are recovering the cos-
mic evolution of the merger fraction by comparing galaxies
with a constant stellar mass range at all redshifts. We are
aware that, in this way, we are not necessarily tracing the same
galaxy population through cosmic time, as instead achieved
with constant cumulative comoving number density selections
(Papovich et al. 2011; Conselice et al. 2013; Ownsworth et al.
2014; Mundy et al. 2015; Torrey et al. 2015)10. Nevertheless, as
the majority of the observational and theoretical works in the
literature make use of the constant stellar mass selection to

10 Although this is no more assured in case of major mergers or strong
changes in star formation (e.g., Leja et al. 2013; Ownsworth et al.
2014).
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Fig. 5. Left panel: redshift evolution of the major merger rate. The solid lines with the shaded regions represent the best-fitting functions to the data
assuming three different merger timescales and their associated 1σ uncertainties, respectively. The cosmic evolution of RMM computed from the
halo-halo merger rate by Dekel et al. (2013), from the empirical model by Hopkins et al. (2010), and from the Illustris (Rodriguez-Gomez et al.
2015) and EMERGE (O’Leary et al. 2021) simulations are also shown with dashed dark blue, turquoise, cyan, yellow and orange lines. The dotted
turquoise line shows the extrapolation of the Hopkins et al. (2010) merger rate to higher redshifts. Right panel: cumulative number of major merg-
ers per galaxy over cosmic time. Solid lines represent the cumulative distributions obtained by integrating Eq. (8) adopting the merger timescale
prescriptions of Kitzbichler & White (2008), Jiang et al. (2014) and Snyder et al. (2017). The shaded regions are the associated uncertainties
computed from the best-fit errors on the merger rate cosmic evolution.

estimate the fraction and rate of major mergers through cos-
mic time, such a choice allows us to make a fair comparison
to these works and provides a quite easily quantifiable observa-
tional benchmark for future studies.

4.3. Galaxy major merger rate

The major merger fraction can be translated into the merger rate
RMM (i.e., the number of mergers per galaxy and Gyr) as

RMM(z) =
Cmerg fMM(z)

TMM(z)
, (6)

where fMM(z) is the pair fraction at redshift z estimated in
Sect. 4.2, and Cmerg is the fraction of close pairs that will eventu-
ally merge into a single system in a typical timescale TMM(z).
This last term represents the major source of uncertainty in
the merger rate computation and is usually obtained through
simulations based on the dynamical friction timescales affect-
ing the merging components (e.g., Kitzbichler & White 2008;
Lotz et al. 2010; Jiang et al. 2014; Snyder et al. 2017).

Kitzbichler & White (2008) applied a semi-analytic model to
the Millennium simulation (Springel et al. 2005) outputs finding
an average merging time that depends linearly on the redshift and
projected distance of the pair and weakly on the stellar mass of
the main galaxy, namely TMM ∝ rp M−0.3

∗ (1 + z/8). This relation
is valid at z ≤ 1, while at higher redshift it becomes

T−1/2
MM = T−1/2

0 + f1z + f2(logM∗ − 10), (7)

where T0 is the merging time at z = 0, M∗ is the stellar
mass of the primary galaxy, while f1 and f2 are two coeffi-
cients of the parameterization. A mass dependence similar to
the z ≤ 1 Kitzbichler & White (2008) timescale (TMM ∼ M−0.2

∗ )
was also found by Lotz et al. (2010) for mergers in the stel-
lar mass range 9.7 < log(M∗/M�) < 10.7 but in a smaller
sample. More recent works explored a different redshift evolu-
tion of the merger timescale. For instance, Jiang et al. (2014)

took into account the mass loss due to dynamical friction
of the virial masses of galaxies experiencing a merger and,
by using a high-resolution N−body cosmological simulation,
found TMM ∝ H(z)−1/3, where H(z) is the Hubble parameter
at redshift z. An even stronger redshift evolution was found
by Snyder et al. (2017) by comparing mass-selected close pairs
with the intrinsic galaxy merger rate from the Illustris simula-
tions (Genel et al. 2014; Vogelsberger et al. 2014). They found
TMM = 2.4 (1 + z)−2 but for primary galaxies with stellar mass
range 10.5 < log(M∗/M�) ≤ 11. It is better to specify that, in
the case of Snyder et al. (2017), TMM does not correspond to the
merger timescale of Eq. (6), rather it is the merger observability
timescale which already includes the effects of the Cmerg term.
Nevertheless, we refer to that as TMM for simplicity.

For the rest of this work, we compare the results obtained
with the merger timescales provided by Kitzbichler & White
(2008), Jiang et al. (2014) and Snyder et al. (2017), in order
to highlight the large differences in the final outcome due to
the choice of this parameter. About the probability for a pair
to merge over a certain timescale (i.e., Cmerg), it is usually
fixed to 0.6 (e.g., Lotz et al. 2011; Mantha et al. 2018). How-
ever, as in most cases this quantity is already included in the
merger timescale prescriptions provided in different works (e.g.,
Duncan et al. 2019), we set Cmerg = 1 throughout.

With these assumptions, we present in Fig. 5 (left panel) the
cosmic evolution of the merger rate, as obtained by combining
our new z > 4 ALPINE data with those at lower redshifts from
the literature. For each data point we compute RMM from Eq. (6),
adopting the three different merger timescales defined above11

and fit the resulting data with the same functional form used for

11 When adopting the merger timescale by Jiang et al. (2014), we just
consider the TMM redshift evolution found in their work (i.e., TMM ∼

H(z)−1/3) and normalize it to TMM(z = 0) from Kitzbichler & White
(2008). This is also similar to setting a constant merger timescale of
∼1 Gyr.
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Table 4. Best-fit parameters and 1σ uncertainties obtained by fitting the merger fractions and merger rates with a power-law plus exponential
functional form of the type α(1 + z)m exp(β(1 + z)).

TMM α m β

Merger fraction fMM
– 0.024 ± 0.003 4.083 ± 0.501 −0.797 ± 0.189

Merger rate RMM
Kitzbichler & White (2008) 0.020 ± 0.003 4.282 ± 0.488 −1.036 ± 0.182

Jiang et al. (2014) 0.015 ± 0.002 4.350 ± 0.492 −0.740 ± 0.184
Snyder et al. (2017) 0.010 ± 0.001 6.083 ± 0.501 −0.797 ± 0.189

the merger fraction. We show the best-fitting functions to these
data (and their 1σ uncertainties) in Fig. 5 and report the corre-
sponding parameters in Table 4.

As evident, all the three functions show a steep increase of
the merger rate from the local Universe to z ∼ 1. However, at
higher redshifts they lead to large differences about the inci-
dence of these sources at early epochs. When considering the
Kitzbichler & White (2008) timescale, we find a redshift evolu-
tion which is similar to what obtained in Sect. 4.2 for the merger
fraction, with a peak at z ∼ 2.5 and a quite fast decrease at higher
redshifts. Both the merger rate evolutions obtained with TMM(z)
by Jiang et al. (2014) and Snyder et al. (2017) show instead a
milder redshift attenuation at z & 4. In particular, the increas-
ingly smaller merger timescale found by Snyder et al. (2017)
involves a very large merger rate in the early Universe com-
pared to the other functions, possibly implying a significant role
of major mergers in the galaxy mass assembly at z ∼ 5.

We then compare our results with the cosmic evolution of
several expected merger rates from simulations. At z < 3,
Hopkins et al. (2010) found that RMM ∝ (1 + z)1.8 for galax-
ies with log(M∗/M�) > 9 and µ < 3. This redshift evolu-
tion is comparable to our best-fitting function with TMM(z) ∝
H(z)−1/3 at 1 . z . 3. However, if we extrapolate their results
up to z ∼ 6, we find that their predicted major merger rates
could be larger (by ∼0.5 dex) with respect to our observations.
A stronger and increasing redshift dependence was found by
Rodriguez-Gomez et al. (2015) for the merger rate from the
Illustris simulations. By exploiting their parametric fitting for-
mula with a stellar mass12 of log(M∗/M�) = 10 and an average
mass ratio µ = 2 over cosmic time (see Sect. 4.5), the simulation
tends to over-predict our observed merger rates at z ∼ 0, while it
underestimates them at intermediate redshifts. We also show the
merger rate predictions found by O’Leary et al. (2021) using the
results from the Empirical ModEl for the foRmation of Galax-
iEs (EMERGE; Moster et al. 2018). In particular, they modeled
the merger fraction evolution as in Eq. (5) and then convolved
it with a typical merger timescale to obtain RMM as a func-
tion of redshift. We consider their best-fit parameters describ-
ing fMM for galaxies with log(M∗/M�) ≥ 9.7 and projected dis-
tance rp < 30 kpc. When convolving this fMM(z) with a merger
timescale TMM ∝ H(z)−1/3 and with a power-law scaling as
TMM ∝ (1 + z)−2 we obtain a lower and milder RMM cosmic evo-
lution with respect to our major merger rate results obtained with

12 It is worth noting that, as also stated by Snyder et al. (2017) and
O’Leary et al. (2021), the mass ratio defined by Rodriguez-Gomez et al.
(2015) is evaluated at the time when the secondary galaxy has achieved
its maximum stellar mass. This prevent us to make a direct comparison
among the results of this and the other simulations.

a Kitzbichler & White (2008) timescale, and a comparable trend
with the Jiang et al. (2014)-based evolution, respectively. Lastly,
we show the predicted halo-halo merger rate by Dekel et al.
(2013) which over-predicts the observed merger rates at low red-
shifts but is in good agreement with the Snyder et al. (2017)-
based RMM at z ∼ 6.

We compute the average number of mergers a galaxy under-
goes between 0 < z < 6 by integrating the merger rate over time
as

NMM =

∫ z2

z1

RMM(z)
(1 + z)H0E(z)

dz, (8)

where E(z) =
√

Ωm(1 + z)3 + ΩΛ, assuming a flat Universe (i.e.,
Ωk = 0). We show in Fig. 5 (right panel) the cumulative number
of major mergers as a function of redshift adopting three differ-
ent timescales, with the 1σ uncertainties derived from the errors
on the major merger rate cosmic evolution. The average num-
ber of mergers computed with the Kitzbichler & White (2008)
and Jiang et al. (2014) prescriptions is low, ranging between 0.5
and 1.4 down to z = 0. This is consistent, for instance, with
the results by Mundy et al. (2017) who found that galaxies with
log(M∗/M�) > 9.5 at z ∼ 3.5 (selected at constant number den-
sities, thus representing the progenitors of log(M∗/M�) > 11
galaxies at z ∼ 0) undergo ∼0.5 major mergers between 0 <
z < 3.5. However, if we assume an evolving merger timescale as
2.4 (1 + z)−2 (Snyder et al. 2017), the average number of merg-
ers since z = 6 increases significantly, reaching NMM ∼ 8 at the
present day. Interestingly, this is similar to the result obtained
by Conselice & Arnold (2009) that found NMM ∼ 7 by integrat-
ing Eq. (8) from z = 6 to 0, and assuming a constant merger
timescale TMM = 0.35 (which is equal to the average timescale
by Snyder et al. 2017 at z < 6; see their Fig. 15). When exam-
ining our results at higher redshifts, we find that the number of
mergers diminishes quickly. In particular, at z > 4, NMM . 1
if we consider the Kitzbichler & White (2008) and Jiang et al.
(2014) merger timescale evolution, suggesting that, in these sce-
narios, not every galaxy will undergo a merger during this epoch.

4.4. Merger rate density

As discussed in Sect. 4.3, the merger rate traces the number of
merger events per galaxy at a given mass and redshift. A more
informative quantity is the volume-averaged merger rate which
is defined as

ΓMM(z) =
fMM(z) n(z)

TMM(z)
, (9)

where fMM and TMM are the previously defined merger frac-
tion and merger timescale, and n(z) is the number density of
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Fig. 6. Merger rate density as a function of redshift. The squares rep-
resent the volume-averaged merger rates computed from the literature
data at z < 4 adopting the Kitzbichler & White (2008) prescription for
the merger timescale. The blue stars are the ALPINE data at z ∼ 5 from
this work. The error bars are obtained by combining in quadrature the
uncertainties on the merger fractions and on the number densities. The
darker hatched area reports the results including errors by Mundy et al.
(2017) at z < 3.5. The lighter area only shows their extrapolation to
higher redshifts. The dashed yellow and brown lines display the evolu-
tion of ΓMM found with the EMERGE simulation (O’Leary et al. 2021)
for galaxies with log(M∗/M�) > 9 and log(M∗/M�) > 10, respectively.

galaxies in Mpc−3. The latter is computed by integrating the
galaxy stellar mass function (GSMF) in a certain redshift bin
and between a minimum and maximum stellar mass limit in the
range Mmin

∗ < M∗ < Mmax
∗ . In particular, we exploit the GSMFs

best-fit parameters from Mortlock et al. (2015), Santini et al.
(2012) and Davidzon et al. (2017) at z < 3, 3 < z < 4 and z > 4,
respectively, after converting into a Chabrier (2003) IMF. How-
ever, it is worth noting that, as stated in Mundy et al. (2017),
making use of different GSMF parameterizations does not sig-
nificantly change the final results. We thus integrate these func-
tions from log(M∗/M�) = 9 to log(M∗/M�) = 11, in order to
include the full possible range of galaxy masses for the consid-
ered data at different redshifts. We estimate the errors on n(z) by
perturbing the corresponding GSMF with the associated uncer-
tainties on its best-fit parameters at each redshift. We repeat this
procedure 104 times, recomputing the integrated number densi-
ties at each step. From the perturbed distributions we then obtain
the 16th and 84th percentiles as the 1σ errors on n(z).

Figure 6 shows the merger rate density computed with
Eq. (9) for each of the data introduced in Sect. 4.2 and for
the two z > 4 ALPINE bins. For the sake of simplicity, in
this case we report only the data points obtained by adopt-
ing the Kitzbichler & White (2008) prescription for the merger
timescale. When using the TMM(z) redshift evolution from
Jiang et al. (2014) and Snyder et al. (2017), we obtain similar
trends but shifted to higher merger rate densities. The error bar
on each point is computed by propagating the merger fraction
and number density uncertainties on Eq. (9). At 1 . z . 5,
Duncan et al. (2019) found that the volume-averaged merger
rate is quite constant. On the other hand, from our data we
find a slight decrease both at z < 1 and at z > 4. At these

early epochs, this difference could be caused by the poor con-
straints on the GSMFs adopted by Duncan et al. (2019) which
result in large uncertainties on their data, making it impossible
to draw robust conclusions at z ∼ 5. Nevertheless, our derived
merger rate densities are in agreement, within the uncertain-
ties, with other results derived in the literature. For example,
Mundy et al. (2017) studied the evolution of the merger rate den-
sity up to z ∼ 3.5 for a large sample of log(M∗/M�) > 10 galax-
ies. They found that, for close pairs with projected separations
5 < rp < 20 kpc, the ΓMM(z) evolution is better described by
a power-law of the form Γ0(1 + z)γ, with Γ0 = 1.64+0.58

−0.41 × 10−4

and γ = 0.48+1.00
−1.15. We report their results, along with the uncer-

tainties, in Fig. 6 and extrapolate them to the redshifts explored
by ALPINE. As evident, our data points are comparable with
the results by Mundy et al. (2017). If we also fit our merger
rate densities (derived assuming the Kitzbichler & White (2008)
merger timescale) with a power-law function we obtain Γ0 =
(2.40 ± 0.63) × 10−4 and γ = −0.16 ± 0.23, that are consistent
with the above outcomes. The power-law fit on the data com-
puted with the timescales by Jiang et al. (2014) is in agreement
with the Mundy et al. (2017) findings, as well. If we instead con-
sider the results obtained with the Snyder et al. (2017) timescale,
we find a rapid increase of the merger rate density with redshift,
which departs from the upper envelope of Mundy et al. (2017)
already at z & 1.

Finally, we also show the results from the EMERGE simu-
lation (O’Leary et al. 2021) for galaxies in two different stellar
mass bins. The two curves in the figure represent the intrinsic
merger rate from the simulation for major mergers (i.e., µ < 4)
selected basing on their main progenitor mass, thus describing a
population of galaxies that will undergo a merger after a certain
time. Galaxies with log(M∗/M�) > 9 are characterized by an
increase of the merger rate density up to z ∼ 1, an almost con-
stant ΓMM until z ∼ 4 and a slow decrease to the highest redshifts.
At larger stellar masses, a slighter increase of ΓMM is present at
low redshifts, while a steeper decrease in the early Universe is
found. Both these trends are comparable to the one obtained in
this work after exploiting data at different redshifts and includ-
ing the new estimates at z > 4 from the ALPINE survey. The
fact that they are systematically smaller than our results could
be ascribed to several factors, such as the lower merger frac-
tion evolution found in their simulation or the measure of the
intrinsic merger rate which is computed when the merging pro-
cess is already happened (thus possibly enhancing the merger
timescales with respect to our assumptions).

4.5. The major merger specific mass accretion rate

By taking advantage of the merger rates and merger fraction
deduced in the previous sections, we now provide an estimate of
the average stellar mass gained by a galaxy during a merger event
over cosmic time. To this aim, we compute the major merger
specific mass accretion rate as RMM µ−1, where µ is the aver-
age mass ratio. We find that, for each data sample used to com-
pute the merger rate at different redshifts, µ−1

∼ 0.5, includ-
ing the average mass ratio from our sample of major mergers
for which we know µK . Therefore, we just take the best-fitting
functions to the cosmic evolution of the merger rate and multi-
ply them by a factor ∼0.5 to obtain the specific mass accretion
rate in Gyr−1. Our results are reported in Fig. 7 along with the
specific star formation rate (sSFR) evolution obtained by differ-
ent authors (Dekel et al. 2009; Speagle et al. 2014; Tasca et al.
2015; Khusanova et al. 2021). As shown, star formation seems
to be the dominant mode of mass growth at all epochs. However,
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Fig. 7. Left: comparison between the redshift evolution of the specific mass accretion rate (as derived from RMM) and the specific star formation
rate. The solid lines with the shaded regions are the best-fitting functions (and corresponding uncertainties) to the same RMM data of the left panel
of Fig. 5 at different merger timescales divided by the average mass ratio µ through cosmic time. The dot-dashed lines are several specific star
formation rates from the literature (Dekel et al. 2009; Speagle et al. 2014; Tasca et al. 2015). The sSFR by Dekel et al. (2009) is normalized to
sSFR(z = 0) = 0.1, as in Tasca et al. (2015). The dark cyan diamonds are the values by Khusanova et al. (2021) from the ALPINE survey. Right:
Stellar mass accretion rate density (ρMM) as a function of redshift (top panel). Solid and dashed lines represent the best-fits to the data assuming
double power-law, and combined power-law and exponential functions, respectively. The shaded regions highlight the uncertainties resulting from
the choice of the fitting form. The colors correspond to alternative merger timescales and are the same as in the left panel. The dotted curve reports
the mass accretion rate density, ρill, obtained from the Illustris simulation, as described in the text. The dot-dashed red line shows the SFRD (ρSFRD)
by Madau & Dickinson (2014). The red diamonds are the total SFRD values obtained from the ALPINE survey (Khusanova et al. 2021). Bottom
panel: ratio between ρMM and ρSFRD as a function of cosmic time. The dashed horizontal line marks a ratio equal to 1.

if we assume a merger timescale TMM ∝ (1 + z)−2 (Snyder et al.
2017), the specific mass accretion rate reaches the sSFR at
z > 3, being comparable to it within the uncertainties. There-
fore, we cannot exclude that major mergers may have signif-
icantly contributed to the galaxy mass assembly in the early
Universe. In particular, if the galaxy growth is dominated by
cold gas accretion, the sSFR should evolve with redshift as
(1 + z)2.25 (e.g., Dekel et al. 2009). Some authors find instead
a flattening of the trend or even a possible decrease with redshift
as from the ALPINE data (Tasca et al. 2015; Faisst et al. 2016;
Khusanova et al. 2021), leaving space to other mechanisms that
could regulate the assembly of galaxies at high redshifts, such as
major mergers (e.g., Tasca et al. 2015; Faisst et al. 2016).

4.6. The major merger mass accretion rate density

Similarly to what done in Sect. 4.5 for the specific mass accre-
tion rate, we exploit here the major merger rate density to obtain
an estimate of the mass accreted through major mergers per
unit time and volume for galaxies in a given stellar mass range,
ρMM(z). This quantity can be compared to the other mechanisms
of mass accretion, such as the mass gained through the process of
star formation, and is then of fundamental importance to under-
stand the role of mergers in the Universe.

Following Duncan et al. (2019), we assume that the increase
in stellar mass for each merger and at each redshift is given by
M∗ µ

−1, where µ is the average mass ratio defined in Sect. 4.5 and
M∗ is the average stellar mass calculated through the GSMF. The
latter is computed as

M∗(z) =

∫ Mmax
∗

Mmin
∗

Φ(z,M∗) M∗ dM∗∫ Mmax
∗

Mmin
∗

Φ(z,M∗) dM∗
, (10)

where Φ(z,M∗) represents the shape of the GSMF in a cer-
tain redshift bin. We estimate the uncertainties on M∗(z), as
previously done for the number density, by recomputing it N
times after perturbing the corresponding GSMF with its asso-
ciated errors. At each redshift, we obtain a typical uncertainty of
∼0.5 dex. In this way, the stellar mass accretion rate density can
be estimated as

ρMM(z) = µ−1 M∗ ΓMM(z). (11)

We report the cosmic evolution of ρMM in Fig. 7 (right panel, on
top). The dashed lines show the best-fitting curves to the data
assuming a combined power-law and exponential function, as
done for the merger fraction and merger rate, for different merger
timescales. As shown, at z > 1 the curves start to decrease quite
rapidly to lower mass accretion rate densities.

Following Mundy et al. (2017), we then provide the major
merger accretion rate density computed with the results from
the Illustris simulation, ρill(z). We convolve the specific mass
accretion rate by Rodriguez-Gomez et al. (2016) with the num-
ber density of galaxies by Torrey et al. (2015) as

ρill(z) =

∫ Mmax
∗

Mmin
∗

∫ µmax

µmin

Φill(z,M∗) ṁaccr(z,M∗, µ) dµ dM∗, (12)

where Φill is the shape of the GSMF at redshift z and stellar mass
M∗, and ṁaccr represents the average amount of mass accreted by
a single galaxy when the merger occurs. As done for ρMM, we
integrate the GSMF in the range 9 < log(M∗/M�) < 11 and the
mass accretion rate for mass ratios between 1 < µ < 4, account-
ing for major mergers. The result of the integration is reported in
Fig. 7 as a function of redshift. As can be seen, the computed
ρill is comparable with our findings, lying between the best-
fit curves obtained by adopting the Kitzbichler & White (2008)
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and Snyder et al. (2017) prescriptions for the merger timescale,
respectively. Moreover, the shape of the curve is quite similar
to those deduced by our analysis, with a fast decrease at high
redshifts.

To compare the relative contribution of mergers and star
formation to the mass assembly of galaxies through the cos-
mic time, we also show the star-formation rate density (SFRD)
from Madau & Dickinson (2014), after converting for a Chabrier
IMF13. Moreover, we find that our data are also well fit by a
double power-law of the form assumed by Madau & Dickinson
(2014) for the SFRD, although we find no significant differences
between the two functional forms when comparing them with a
BIC statistics. The results of these fits are reported in the figure
(solid lines), showing a flatter trend to the early Universe with
respect to the combined power-law and exponential curves. In
the bottom region of the figure we show the ratio between the
major merger and star formation contributions to the stellar mass
accretion in galaxies at different epochs. Looking at both curves,
if we assume the merger timescales by Kitzbichler & White
(2008) and Jiang et al. (2014), major mergers seem to contribute
less than 10% to the galaxy mass assembly compared to the star
formation mechanism at all redshifts. For comparison we also
report, in the top panel, the total (UV+IR) SFRD obtained with
the ALPINE data (Khusanova et al. 2021). These measurements
indicate a possible z > 4 evolution of the SFRD that is shallower
than previously thought, further decreasing the importance of
major mergers to the mass assembly of galaxies at these epochs.
On the other hand, adopting the Snyder et al. (2017) timescale
prescription, a larger contribution of mergers in the early Uni-
verse is in place which becomes comparable to that provided by
the star formation at z & 6.

5. Discussion

5.1. The importance of the merger timescale

As evidenced by the results presented in Sect. 4, one of the major
sources of uncertainty in the investigation of the contribution of
major mergers to the mass assembly of galaxies through cosmic
time is the typical time needed for a pair of objects to coalesce
with each other. Indeed, this parameter is critical for converting
the pair fraction into a merger rate, affecting all the derived quan-
tities as well. Because of this, it could represent the main rea-
son of disagreement between models and observations noticed
in many works.

Previous studies often assumed TMM as a constant over
time. However, the emerging picture of a possibly decreas-
ing (as found in this work) or nearly flat merger fraction
through high redshifts (Conselice & Arnold 2009; Ventou et al.
2017; Mantha et al. 2018), compared to the increase of the
merger rate found in most simulations over the same epoch
(e.g., Hopkins et al. 2010; Rodriguez-Gomez et al. 2015), sug-
gests that a redshift-dependent merger timescale is more suit-
able to reconcile models and observations. Here we show
the results derived from three different merger timescales
(Kitzbichler & White 2008; Jiang et al. 2014; Snyder et al.
2017), as introduced in Sect. 4.3, and compare them with
state-of-the-art simulations. Kitzbichler & White (2008) found a
merger timescale which slightly depends on the primary galaxy
mass and that increases with redshift, leading to lower values of
the merger rate when moving to early epochs. On the other hand,
Jiang et al. (2014) and Snyder et al. (2017) found a slow and fast
13 To convert SFRs from Salpeter (1955) to Chabrier IMF we multiply
by 0.63 (e.g., Madau & Dickinson 2014).

decrease of TMM over time, respectively, implying a larger con-
tribution from mergers to the galaxy mass assembly at z > 4.

Looking at Fig. 5 (left panel), the merger rates obtained from
the Kitzbichler & White (2008) timescale prescription are not
easily reproducible by models. In fact, although we find val-
ues of RMM comparable to those of the EMERGE simulation
(O’Leary et al. 2021) at z & 5, the latter are computed with
a Jiang et al. (2014)-like evolving timescale which can provide
TMM values up to 5 times lower than the Kitzbichler & White
(2008) ones at these epochs. A good agreement with the TMM ∝

H(z)−1/3 merger rates is found by convolving the EMERGE
pair fraction evolution with the decreasing Snyder et al. (2017)
timescale (again using smaller merging times in the simulation
with respect to the observations) and with the outputs of the
Hopkins et al. (2010) simulations, at least at z < 3 (indeed,
they predicted larger merger rates with respect to our findings
at earlier epochs). However, in this case, we note that the merger
rates from Hopkins et al. (2010) are properly computed up to
z ∼ 3 and that the high-redshift extrapolation could be dif-
ferent from the real outputs of their simulation. Moreover, the
observed shift between our findings and the EMERGE results
due to the different choice of the merger timescale could be
ascribed to the merger fraction evolution which, from their
simulation, is smaller than ours. Finally, the fast-decreasing
merger timescale by Snyder et al. (2017) lead to merger rates
which are more than an order of magnitude larger than those
from the Kitzbichler & White (2008) and Jiang et al. (2014) pre-
scriptions. Adopting this formalism, we find that our merger
rates are larger than those predicted by the Illustris simulations
(Rodriguez-Gomez et al. 2015) (with an average mass ratio ∼2)
and comparable with the merger rates of Mhalo ∼ 1012 M� by
Neistein & Dekel (2008), Dekel et al. (2013) at z ∼ 6.

Duncan et al. (2019) found a good agreement
between their observations and simulated merger rates
from Rodriguez-Gomez et al. (2015) for galaxies with
log(M∗/M�) > 10.3, while they also obtained higher val-
ues than those predicted for lower mass galaxies. However, the
results of that simulation depend significantly on the adopted
mass ratio. Indeed, assuming µ > 2, the Illustris simulation is
able to reproduce our observations, at least at z & 4. Moreover,
Mantha et al. (2018) also found merger rates comparable to
those predicted by Rodriguez-Gomez et al. (2015) up to z ∼ 3
by dividing their observed pair fraction by the Snyder et al.
(2017) merger timescale.

These results suggest that to reconcile observations and sim-
ulations, a redshift-evolving timescale should be employed when
converting the pair fraction into a merger rate, with a TMM
decreasing toward early epochs likely being the most suitable
choice. However, many other factors can affect the RMM esti-
mates, like the probability of merging Cmerg or the dependency
of the merger timescale on several properties like the stellar mass
of the galaxies, the on-going phase of the merger or the selection
criteria of the close pairs. For these reasons, further investiga-
tion is needed in order to obtain more robust conclusions on the
incidence of merger through cosmic time.

5.2. The contribution of major mergers to the galaxy
mass-assembly

The relative contribution of the different mechanisms driv-
ing the galaxy mass assembly through cosmic time has yet
to be ascertained. The most favored scenario predicts cold
accretion and in situ star formation as the principal sources
of stellar mass increase in galaxies, with major mergers
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only playing a minor role in the galaxy build-up (e.g.,
Dekel et al. 2009; Conselice et al. 2013; Kaviraj et al. 2013;
Sánchez Almeida et al. 2014). However, during the last years
several works started to suggest a prominent contribution of
mergers within this context, opening again the debate on the
importance of these events in the framework of galaxy evolution
(e.g., Tasca et al. 2014; Mantha et al. 2018; Duncan et al. 2019).

Depending on the merger timescale adopted, with our new
ALPINE data we can find large merger rates up to high red-
shifts which could imply a substantial contribution of these
events to the galaxy mass accretion at early epochs. We find
that the stellar mass accretion rate density due to major merg-
ers has a similar redshift evolution as the cosmic SFRD
(Madau & Dickinson 2014) and that, assuming the Snyder et al.
(2017) merger timescale, they become comparable with each
other at redshifts approaching the Reionization epoch. However,
the lack of further constraints on the most suitable choice for the
merger timescale prevent us from providing firm conclusions.
Indeed, looking at Fig. 7 (right panel), the importance of major
mergers in the assembly of galaxies could be very different, espe-
cially at high redshifts, depending on all the above-mentioned
caveats and also on the adopted fitting function. It is worth noting
that the comparison between the SFRD and the mass accretion
rate density in Fig. 7 is not intended to provide the contribution
of major mergers to the global star formation through cosmic
time, rather it represents the relative importance of the two pro-
cesses to the galaxy mass assembly at a given epoch.

Despite this, we can certainly affirm that major mergers are
frequent processes in the early Universe and must be accounted
for when considering the mechanisms of galaxy assembly across
cosmic time.

6. Summary and conclusions

In this work, we investigate the role of major mergers in the stel-
lar mass assembly of galaxies at z ∼ 5. To this aim, we take
advantage of the recent [CII] observations of a significant sta-
tistical sample of normal star-forming galaxies in the early Uni-
verse, as carried out by the ALMA large program ALPINE. The
large amount of data (both spectroscopic and photometric) avail-
able for these sources combined with their new morphological
and kinematic characterization made possible by the 3D [CII]
information, allow us to put one of the first constraints on the
fraction and rate of mergers shortly after the end of the Epoch of
Reionization. Indeed, only a handful of works have been under-
taken so far about the study of the mergers contribution to the
build-up of galaxies at z > 4, among which some are affected by
large uncertainties due, for instance, to the lack of spectroscopic
redshifts which properly identify close pairs. In the following,
we summarize our major results:

– We identify 23 mergers, corresponding to ∼31% of the 75
ALPINE [CII]-detected galaxies, with an average stellar mass
of the most massive galaxies of log(M∗/M�) ∼ 10. We find
major merger fractions fMM = 0.44+0.11

−0.16 and fMM = 0.34+0.10
−0.13

at z ∼ 4.5 and z ∼ 5.5, respectively, after taking into account
the presence of minor mergers and correcting for completeness.
These results are in good agreement with morphological studies
by Conselice & Arnold (2009) at the same redshifts and, when
combined with previous works down to the local Universe, sug-
gest a cosmic merger fraction evolution with a rapid increase
from z = 0 to z ∼ 2, a peak at z ∼ 2−3, and a possible
slow decline for z > 3. This trend is well described by a com-
bined power-law and exponential function and is quite compara-
ble with the outputs of the EAGLE hydrodynamical simulations

from which Qu et al. (2017) claim that major mergers contribute
less than 10% to the stellar mass gain in galaxies less massive
than log(M∗/M�) = 10.5, attributing a leading role to the in situ
star formation.

– We convert the merger fraction into the merger rate per
galaxy by adopting different redshift scaling for the typical time
of merging (TMM). The results we obtain are strongly depen-
dent on the choice of TMM. For instance, Kitzbichler & White
(2008) found a merger timescale evolution which diverges more
and more from that of Snyder et al. (2017) moving to high red-
shift. When using the first timescale prescription, we obtain
RMM ∼ 0.09 and RMM ∼ 0.07 Gyr−1 at z ∼ 4.5 and z ∼ 5.5,
respectively. However, these numbers are more than an order
of magnitude larger if TMM ∝ (1 + z)−2 is used. Accordingly,
this uncertainty propagates to all our subsequent outcomes that
involve the choice of a merger timescale.

– By integrating the merger rate over time we obtain the
average number of mergers a galaxy undertakes during its cos-
mic history from the early to the local Universe which goes
from less than 1 to ∼8 mergers at z = 0, depending on the
adopted merger timescale prescription. Our results are quite in
agreement with the outputs of several cosmological simulations,
especially when adopting the redshift-dependent Snyder et al.
(2017) merger timescale with which we can match the large
merger rates predicted at high redshifts by the Illustris simula-
tions (Rodriguez-Gomez et al. 2015) and the halo-halo merger
rate by Dekel et al. (2013).

– Another important quantity we estimate is the volume-
averaged merger rate ΓMM, that is the merger rate RMM multi-
plied by the number density of galaxies at a given redshift and
for a specific stellar mass range. We find a nearly constant ΓMM
at intermediate redshifts in agreement with previous works in the
literature (Mundy et al. 2017; Duncan et al. 2019), and a possi-
ble decrease at both z < 1 and z > 4.

– We take advantage of the two observationally-estimated
merger rates to provide a constraint on the contribution of major
mergers to the galaxy mass assembly through the cosmic epochs.
From the merger rate per galaxy, we obtain the average stellar
mass accreted per major merger per unit of mass and compare it
with the sSFR computed from different authors. The latter seems
to dominate over the specific mass accretion rate at all times.
However, when considering a rapidly evolving merger timescale
like TMM ∝ (1 + z)−2, the two quantities become comparable
within the uncertainties at z > 4. We then estimate the mass
accretion rate density from ΓMM and compare this quantity to
the well-known SFRD cosmic evolution (Madau & Dickinson
2014). We note that the contribution of major mergers to the
global star formation rate ranges between being approximately
equal to the SFRD to less than 1% of it, depending on the exact
choice of the merging timescale, the parametric form used to fit
the data, and the redshift.

To conclude, major mergers could have played a signifi-
cant role in the galaxy mass assembly through cosmic time,
especially when merger timescales from recent literature, in
which TMM decreases rapidly with increasing redshift, are
taken into account. However, future investigation is needed
in order to finally establish the importance of such events in
the complex picture of the galaxy evolution. In particular, a
larger statistical sample of spectroscopically confirmed galax-
ies, observed with deeper resolution, will allow us to con-
firm the large fraction of mergers at early times and their
incidence at different redshifts, unveiling the relative contribu-
tion of each process to the build-up of galaxies through the
Universe.
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Appendix A: Individual description of
mergers

We present here the characterization of the mergers analyzed in
this work, as illustrated in Section 3.1 and Figure 1. For each
source, we show the moment maps, the PVDs, and the integrated
[CII] spectrum. Due to the peculiarity of these objects, we briefly
comment on them in the following, also highlighting possible
differences and similarities with the previous morpho-kinematic
classifications.
CG_38: Le Fèvre et al. (2020) classified this galaxy as a merger.
Although the low S/N and small spatial extent, we include this
source in our analysis as it shows multiple peaks in the PVDs that
are associated to different components in the [CII] spectrum.
DC_308643: this source was classified as a merger by
Le Fèvre et al. (2020). The moment-1 map shows a clear veloc-
ity gradient suggesting the presence of a rotating disk. However,
a similar velocity map could also be reproduced by two merging
components in an advanced phase of merging. This is suggested
by the two close components visible in the PVD along the major
axis and by the shape of the [CII] line which deviates from that
of a single Gaussian.
DC_372292: we confirm the merger classification of this object
by Le Fèvre et al. (2020). As for DC_308643, a possible velocity
gradient is present in the moment-1 map. However, two compo-
nents separated in velocity by ∼ 200 km s−1 are clearly visible in
the PVDs and in the spectrum.
DC_378903: we classify this source as a merger as in
Le Fèvre et al. (2020). Despite the low S/N and spatial extent,
we manage to decompose the [CII] spectrum in two guassian
components that are also visible at 3σ in the PVDs and in the
channel maps.
DC_417567: this source was classified as a merger by
Le Fèvre et al. (2020) because of the disturbed [CII] morphol-
ogy and the presence of multiple peaks in the PVDs. These
are reproduced by different Gaussian components in the over-
all [CII] spectrum. This target was also analyzed by Jones et al.
(2021) which classified it as uncertain because of its low S/N.
However, the poor 3DBarolo fit supports the merger classifica-
tion for this object.
DC_422677: as in Le Fèvre et al. (2020), we classify this source
as a merger, mainly because of the presence of multiple compo-
nents in the PVDs and in the spectrum.
DC_434239: this object was classified as a merger both by
Le Fèvre et al. (2020) and Jones et al. (2021). The [CII] mor-
phology is extended and disturbed, as well as that from the
UVista Ks band. The PVDs show multiple peaks and we need
at least three components to reproduce the global shape of the
[CII] spectrum.
DC_493583: we classify this source as a merger as in
Le Fèvre et al. (2020). Two separate components are visible both
in the PVDs and in the spectrum, with a fainter minor object
emerging from the noise at v ∼ −200 km s−1.
DC_519281: this source was classified as a merger by
Le Fèvre et al. (2020). The complex velocity map and PVDs sus-
tain this interpretation. Further evidence for ongoing merging
activity is provided by the analysis of Jones et al. (2021) (even if
they classify this object as uncertain because of the low S/N and
spatial resolution).
DC_536534: the [CII] emission from this galaxy is spatially
resolved in different clumps, allowing Le Fèvre et al. (2020) to
classify it as a merger. The PVDs are clearly disturbed and mul-
tipeaked, and the integrated spectrum shows the presence of at
least three different emitting components.

DC_665509: previously classified as a merging system
(Le Fèvre et al. 2020), this source shows multiple components
both in the spectrum and in the PVDs with the two major emis-
sions at v ∼ 0 and v ∼ 150 km s−1.
DC_680104: this object was classified as a merger by
Le Fèvre et al. (2020). It shows a faint secondary component at
3σ in the moment-0 map which is also visible in the PVD along
the major axis at a spatial offset of ∼ −1 arcsec with respect
to the main target. Although the S/N of this source is low, we
consider it as a merger, mainly because of two peaks of emis-
sion in the PVDs at the same spatial position but separated by
∼ 150 km s−1 in velocity. These are also visible in the [CII] spec-
trum.
DC_814483: the presence of multiple components in the optical
images and the quite disturbed morphology of the [CII] emis-
sion led Le Fèvre et al. (2020) to classify this galaxy as a merger.
We confirm the previous classification also noting the complex
velocity field and the multiple components in the spectrum, pos-
sibly associated to peaks of emission in the PVDs.
DC_818760: this source was studied in detail by Jones et al.
(2020) and then further analyzed by Jones et al. (2021). It is
likely a triple merger, with the two main components visible in
the optical maps and close in velocity (as shown by the PVD
along the major axis), and another fainter source completely
obscured in the optical and separated both in space and velocity
from the other two objects. We thus confirm the previous merger
classification by Le Fèvre et al. (2020) and Jones et al. (2021).
In this analysis, we use a pseudo-slit 7.5 arcsec wide to recover
the full [CII] emission, and we consider only the two close com-
ponents with the larger [CII] fluxes and optical emission.
DC_834764: this source was classified as an extended
dispersion-dominated galaxy by Le Fèvre et al. (2020). How-
ever, the peaks of emission in the PVDs, the shape of the emis-
sion line, and the quite disturb velocity field suggest the presence
of multiple components. We thus classify this object as a merger.
DC_842313: this galaxy is quite peculiar and was classified as
a merger by Le Fèvre et al. (2020). The optical maps show the
presence of two or three components. Indeed, the ALPINE tar-
get is at the center of the maps, clearly visible in the HST F814W
image, while a brighter and larger component also detected
in [CII] is present toward the north, particularly visible in the
UVista Ks-band map. This is the well-studied submillimeter
galaxy J1000+0234 (e.g., Capak et al. 2008; Schinnerer et al.
2008; Jones et al. 2017), and it was serendipitously observed
in ALPINE (Loiacono et al. 2021). This galaxy has a large
line width (i.e., ∼ 1000 km s−1) and is separated in veloc-
ity by ∼ 750 km s−1 from the main ALPINE target. As we
are considering only those systems with a velocity separation
∆v ≤ 500 km s−1 (assuming these components as gravitation-
ally bound; Patton et al. 2000), we should exclude it from our
analysis. However, considering only the emission arising from
the spectral channels associated to the main target DC_842313,
we find further evidence of an ongoing merging. In particu-
lar, we note a disturbed [CII] morphology elongated toward the
extended Ks-band contours in the southwest region of the optical
image, and peaks of emission in the PVDs coinciding with mul-
tiple components in the spectrum. For these reasons, we think
that this could be a triple merging system, and we keep it in
the analysis of the merger fraction. In this case, the moment
maps and PVDs show the emission from both the main target
and J1000+0234, obtained considering all the spectral channels
including the [CII] emission from the two sources. The bottom
panel displays instead the individual normalized integrated spec-
tra of the two components.
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DC_859732: this galaxy was classified as a merger by
Le Fèvre et al. (2020). Two distinct components are present in
the [CII] spectrum, partially visible in the PVDs due to the low
S/N.
DC_873321: this galaxy was classified as a merger both by
Le Fèvre et al. (2020) and Jones et al. (2021). The [CII] emis-
sion is elongated toward the two bright sources visible in the
UVista Ks band. These two components are at the same velocity,
being indistinguishable in the PVDs and their spectra are shown
in the bottom panel of Fig. A.11 (right).
vc_5100541407: the extended [CII] morphology coincident
with the two optical components visible in the maps, allowed
Le Fèvre et al. (2020) to characterize this source as a merger.
Jones et al. (2021) classified it as uncertain instead, mainly
because of their adopted classification criteria. Given the morpho-
logical and kinematic information on this galaxy, we also consider
it as a merger of two components emitting at the same velocity. A
pseudo-slit 4.5 arcsec wide is used to compute the PVDs.

vc_5101209780: this galaxy was classified as a merger both by
Le Fèvre et al. (2020) and Jones et al. (2021), and it was the sub-
ject of a further and in-depth analysis by Ginolfi et al. (2020).
The [CII] moment-0 map clearly shows the presence of two
major components, as also confirmed by the optical images.
Two fainter components are also found in the spectrum and
PVDs, which are computed by adopting a pseudo-slit 4.5 arcsec
wide.
vc_5180966608: Le Fèvre et al. (2020) classified this object
as a merger while Jones et al. (2021) considered it as uncer-
tain, mainly because of the [CII] spectrum which resembles
that of a single, extended source. We find more evidence for
a merging system. Indeed, at least two optical components
are visible both from HST and UVista within the 3σ [CII]
emission contours. The velocity gradient is quite disturbed and
several peaks of emission are present in the PVDs, more visi-
ble along the minor axis (which is aligned with the two optical
sources).

Fig. A.1. Morpho-kinematic analysis of the ALPINE targets. First row: HST/ACS F814W (left) and UVista DR4 Ks-band (right) images centered
on the UV rest-frame position of the target. Each cutout is 6′′ × 6′′ wide. The cyan contours show the [CII] ALMA emission starting from 3σ
above the noise level. Yellow contours in the optical maps represent 3, 5 and 7σ emission. In the lower left corner, the ALMA beam (white) and
HST or UltraVISTA resolutions (green) are displayed. Second row: moment-1 (left) and moment-2 (right) maps color-coded for the velocity and
velocity dispersion in km s−1. The velocity map reports the direction of the major (solid) and minor (dashed) axis (centered on the coordinates
returned by the best-fit 2D Gaussian model on the moment-0 map) along which the PVDs are computed. Third row: PVDs along the major (left)
and minor (right) axis color-coded for the flux intensity in each pixel. Dashed contours include the 2σ emission in the maps while 3, 5 and 7σ
emission is represented by solid lines. Fourth row: [CII] spectrum (black histogram) extracted within the 3σ contours of the intensity map. The
gray shaded band marks the 1σ level of the spectrum while the dashed vertical line shows the zero velocity offset computed with respect to the
redshift of the [CII] line. Colored thin lines show individual possible components of the merging system, resulting in the global profile in red. The
shaded areas under the curves represent the channels used to compute the [CII] intensity maps of the major and minor individual components. A
single Gaussian fit is also visible with a dashed-orange line.
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Fig. A.2. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.3. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.4. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.5. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.6. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.7. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.8. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.9. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.10. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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Fig. A.11. Moment maps, PVDs and spectral decomposition for the ALPINE mergers, as described in Figure A.1.
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