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Abstract: Galaxies are thought to grow through star formation or by interacting with each other. To
understand which process dominates, we investigated the contribution of major mergers to the galaxy
mass assembly across cosmic time. We made use of recent observations from the ALPINE survey
to analyze the morphology and kinematic information provided by the [CII] 158 um line observed
in z ~ 5 star-forming galaxies. We found that 40% of galaxies in that epoch were undergoing
merging. By combining our results with studies at lower redshift, we computed the cosmic evolution
of the merger fraction, estimating that major mergers could contribute up to 30% to the cosmic
star-formation rate density at z > 4.
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1. Introduction

When the Universe was only ~1 Gyr old, galaxies began to experience a rapid evo-
lution with an increase in their size, stellar mass, and metal content and forming the first
ordered structures that turned into the spiral, elliptical, or irregular sources we observe
today. The growth of these galaxies can be explained through several processes, such as
internal star formation or the refueling of new fresh gas that can be accreted both from
the surrounding intergalactic medium or via major mergers (i.e., two or more interacting
sources with a stellar mass ratio typically lower than 4). Although in situ star formation
and gas accretion seem to be the ruling path for galaxy assembly at lower redshift (e.g., [1]),
evidence for the increasing role of mergers in earlier epochs has been found (e.g., [2,3]).

An estimate of the number of major mergers at different cosmic times is not trivial.
Ongoing or post-mergers are typically characterized by morphological or kinematic dis-
turbances, while galaxies that are going to interact with each other are seen as close pairs
in the sky. However, these methods require respectively high resolutions and spectro-
scopic observations in order to provide a robust estimate of the merger fraction, which are
mostly missing at very high redshifts. Moreover, rest-frame UV /optical surveys (usually
explored to spot interacting galaxies at a given cosmic time) could be biased against very
dust-obscured merging components, underestimating the real merger rate (e.g., [4]).

In this work, we exploited the data obtained by the ALMA Large Program to IN-
vestigate [CII] at Early times (ALPINE; [5-7]) to compute the first statistically significant
estimate of the merger fraction in a sample of normal (with the term normal, we refer to
galaxies lying along the star-forming main sequence of galaxies (e.g., [8-10])) star-forming
galaxies (SFGs) at the end of the Reionization epoch (i.e., at z ~ 5). ALPINE collected
~70 h of ALMA observations of the [CII] 158 um line and the surrounding continuum
in a sample of 118 primordial sources, previously selected in the rest-frame UV to be
along the main sequence (e.g., [10]) of SFGs at 4 < z < 6, thus being representative of the
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average galaxy population in that epoch. Furthermore, all the targets benefitted from a
wide multiwavelength coverage and spectroscopic redshifts from previous observational
campaigns, making ALPINE a golden sample for the study of the processes involved in
the first stages of galaxy formation in the high-redshift Universe and, particularly, for the
computation of the major merger fraction. Indeed, the rest-frame far-infrared [CII] line is
less affected by dust extinction than optical tracers, providing morphological and kinematic
information on dust-obscured merger components that could be partially or completely
missed by the UV /optical surveys.

This paper is structured as follows: in Section 2 we describe the data, methods, and
criteria used to estimate the merger fraction. The results and discussion of the merger
fraction, its evolution with the cosmic time, and the merger contribution to the galaxy mass
assembly are reported in Section 3. A summary and conclusions are provided in Section 4.
Throughout this work, we adopt a A—CDM cosmology with Hy = 70 km s~! Mpc~!,
O, =03,and Qy =0.7.

2. Methods

The ALPINE survey took advantage of ALMA Band 7 (275-373 GHz) observations
to detect the [CII] line at the 158 pum rest-frame and the surrounding continuum emission
from a sample of 118 star-forming galaxies at 44 < z < 4.6 and 5.1 < z < 5.9. The
ALMA data cubes of the ALPINE targets were reduced and calibrated using the Common
Astronomy Software Applications (CASA; [11]) pipeline. A line-search algorithm was
applied to each continuum-subtracted cube resulting in 75 [CII] detections (with a signal-
to-noise ratio S/N > 3.5) and 43 non-detections. First, we performed a morphological and
kinematic classification of the 75 [CII]-detected galaxies in ALPINE by examining their
continuum-subtracted data cubes from the data release 1 [5]. For each target, we inspected
the channel maps surrounding the emission line, the intensity and velocity maps, the
integrated spectrum, the position—velocity diagrams (PVDs) produced along the major and
minor axis of the velocity map, and the multiwavelength ancillary data at the position of
the source. Mergers are typically characterized by the presence of two or more components
in the optical images and/or in the ALMA intensity maps and PVDs, as well as by complex
behavior in the channel maps and multiple peaks in the [CII] spectra. Following these
criteria, we found that 23 out of the 75 ALPINE galaxies could be good major merger
candidates, and we used them to obtain the first measurement of the merger fraction from
the [CII] observations at z ~ 5.

3. Results and Discussion
3.1. Major Merger Fraction

As we did not have estimates of the stellar mass for most of our individual merging
components, we first defined the major merger candidates based on their K;-band flux ratio
(i.e., 1 < ux < 4), as the K; band is a good tracer of the stellar mass of galaxies up to high
redshift. However, as the K;-band ratio was available for only 9 out of the 23 candidate
mergers, we complemented this information with the [CII] flux ratio obtained from the
spectral components of each system. We found a good agreement between the [CII] and
Ks-band flux ratios for the objects having these two measures in common, with 12% of this
subsample having g > 4, suggesting a possible minor merger contamination. Therefore,
we defined the major merger fractions in the two ALPINE redshift bins (at mean redshift
z ~ 4.5 and 5.5, respectively) as:

Z}\Tz}a chomp

=0. 1
fvm = 0.88 Ny, 1)

where the factor 0.88 accounts for the uncertainty on the real merger nature (as discussed
above), N;, represents the number of all the mergers in our sample, Ng is the number

of ALPINE galaxies in the considered redshift bin, and wiomp is the weight associated
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with each merger to correct for incompleteness. More specifically, mergers whose major
component is close to the threshold of the observable [CII] flux may have a secondary
minor component that will be lost because of instrumental limitation. For this reason, we
weighted each minor component in our sample as follows:

S (L, z)dL

) 2
[ o(L,z)dL @

Weomp (L/ Z) =

where ®(L, z) is the [CII] luminosity function derived from the UV-selected central ALPINE
targets [12], Ly, is the luminosity corresponding to the limiting flux of each ALPINE point-
ing, Ly is associated with the flux of the primary component F; cyyj, and L, corresponds to
Fy e = Fu e /4, based on our definition of a major merger (see [3] for more information).

We obtained fypy = 0447511 and fypy = 0.34701% at z ~ 4.5 and z ~ 5.5, respectively.
These results are shown in Figure 1, along with the major merger fractions computed from
other works in the literature in samples of galaxies with stellar masses and merger selection
criteria similar to ours. In particular, the grey points at z > 4 were obtained by [13] through
morphological analysis and pair counts for a sample of optically-selected galaxies. Their
data points were lower than our results, possibly highlighting the incompleteness of the
optical surveys due to missing the dust-obscured merger components, which are instead
bright in the FIR. We also combined data at z < 4 with our measurements at z ~ 5 to
provide the cosmic evolution of the major merger fraction (excluding the points from [13],
as they did not differentiate between major and minor mergers), finding a rapid increase
fromz = 0 to z ~ 2, a peak at z ~ 2-3, and a possible slow decline for z > 3. A similar
trend is also predicted by theory, as found by [14] from the Evolution and Assembly of
Galaxies and their Environments (EAGLE) hydrodynamical simulation [15].

Time since Big Bang [Gyr]
4 3 2 1.5 1

13 9 6 5 .2 1 0.9
I I 1 I I I I I I I
—— EAGLE - log(M+/Mg) > 9.5 O UV/optical surveys
1.00H— Best-fitting function ‘A’ This work

0.10F

Fraction of major mergers

0.01

0 1 2 3 4 5 6

Redshift

Figure 1. Cosmic evolution of the major merger fraction fypn from the local to the early Universe.
Grey circles show the data collected from the literature at different cosmic times through pair counts
and/or morphological studies. Orange stars are the fyn estimates from this work. The solid pink
line and the shaded region are the best fit to the data with a combined power-law and exponential
function and the associated 10 error, respectively. The solid blue line represents the redshift evolution
(up to z = 4) of the major merger fraction from the EAGLE simulation. The dashed line is an extension
of that curve to higher redshifts.



Phys. Sci. Forum 2023, 7, 30

40f6

3.2. The Contribution of Major Mergers to the Galaxy Mass Assembly

To quantify the importance of major mergers in the growth of galaxies, we computed
the mass accreted via merging per unit time and volume across cosmic time, i.e., the mass
accretion rate density pym(z). This quantity can be compared to the other mechanisms
of mass accretion, such as the mass gained through the process of star formation, usually
represented by the star-formation rate density (SFRD), and is thus of key importance for
understanding the role of mergers in the Universe. By assuming that the increase in the
stellar mass for each merger and at each redshift is given by M, i, where 7 is the average
mass ratio of our sample, and M, is the average stellar mass obtained by integrating the
galaxy stellar-mass function, the mass accretion rate density can be defined as:

ovm(z) = 71 M, T (2). 3)

Here, I'viv(2) is the merger rate density, which represents the number of mergers per
galaxy and per unit time and volume. The latter depends on the merger timescale Ty (z),
the time after which a pair of two galaxies merges into a single system. This represents the
major source of uncertainty in the computation of pyppv, and it is usually obtained through
simulations (e.g., [16-18]). We report the cosmic evolution of the ppp in Figure 2 (on top).
The solid lines show the best-fitting curves to the data assuming a combined power-law and
exponential function for different merger timescales. To compare the relative contribution
of mergers and star formation to the mass assembly of galaxies through cosmic time, we
also show the SFRD from [19], as well as the newest SFRD obtained with the ALPINE
data [20], which indicate a possible z > 4 evolution of the SFRD that is shallower than
previously thought. The bottom panel of the figure shows the ratio between the major
merger and star formation contributions to the stellar-mass accretion in galaxies in different
epochs. Depending on the assumed merger timescale, the contribution of major mergers to
the SFRD at z ~ 5 varies from less than 5% (assuming [16]) to nearly 30% (assuming [18]).
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Figure 2. The stellar mass accretion rate density (opnv) as a function of the redshift (top panel). The
solid lines represent the best fits to the data assuming the combined power-law and exponential
functions. The colors correspond to different merger timescales. The dot-dashed red line shows the
SFRD by [19]. The red diamonds are the total SFRD values obtained from the ALPINE survey [20].
The bottom panel reports the ratio between the pypy and the SFRD as a function of cosmic time. The
dashed horizontal line marks a ratio equal to 1.
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4. Conclusions

In this work, we explored the role of major mergers in the stellar mass assembly of
galaxies at z ~ 5 by taking advantage of [CII] observations from the ALPINE survey for a
significant statistical sample of star-forming galaxies. In particular:

*  We identified 23 mergers out of 75 [CII]-detected galaxies, corresponding to ~31%
of the sample. By using Equation (1), we put the first constraint from the [CII]
observations on the fraction of major mergers shortly after the end of the Reionization
epoch, which amounted to fypy = 0.44707¢ and fynv = 0.34751% at z ~ 4.5 and
z ~ 5.5, respectively. By combining these measurements with previous works at lower
redshifts, we obtained the cosmic evolution of the merger fraction, which highlighted
a larger presence of interacting galaxies at early times than in the local Universe, as
also predicted by simulations (see Figure 1).

*  We estimated the stellar mass accretion rate density (opn) due to major mergers,
comparing it with the SFRD cosmic evolution (see Figure 2). Depending on the choice
of the merger timescale, we found that the contribution of major mergers to the global
star-formation rate ranged between 5% to 30% at z ~ 5.

These results suggest that major mergers could have played a significant role in the
galaxy mass assembly during the first phases of galaxy formation. However, further
investigation is needed in order to firmly establish the relevance of this mass-growth
channel in the picture of the galaxy evolution. More sophisticated simulations will put
better constraints on the merger timescale, which represents by far the largest uncertainty
on this kind of analysis. Furthermore, larger statistical samples and deeper resolution will
allow us to identify different merger stages and confirm the large fraction of interacting
galaxies at early times.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this article are available online at https://cesam.lam.
fr/a2c2s/data_release.php (accessed on 1 March 2023).

Acknowledgments: This paper is based on data obtained with the ALMA Observatory under the
Large Program 2017.1.00428.L. ALMA is a partnership of the ESO (representing its member states),
NSF (USA), and NINS (Japan), together with the NRC (Canada), MOST and ASIAA (Taiwan), and
KASI (Republic of Korea), in cooperation with the Republic of Chile. The Joint ALMA Observatory is
operated by ESO, AUI/NRAO, and NAO]J. M.R. acknowledges support from the Narodowe Centrum
Nauki (UMO-2020/38/E/ST9/00077).

Conflicts of Interest: The authors declare no conflict of interest.

1. Bouché, N.; Dekel, A.; Genzel, R.; Genel, S.; Cresci, G.; Forster Schreiber, N.M.; Shapiro, K.L.; Davies, R.I.; Tacconi, L. The Impact
of Cold Gas Accretion Above a Mass Floor on Galaxy Scaling Relations. Astrophys. J. 2010, 718, 1001-1018. [CrossRef]

2. Duncan, K;; Conselice, C.J.; Mundy, C.; Bell, E.; Donley, ]J.; Galametz, A.; Guo, Y.; Grogin, N.A.; Hathi, N.; Kartaltepe, ].; et al.
Observational Constraints on the Merger History of Galaxies since z ~ 6: Probabilistic Galaxy Pair Counts in the CANDELS
Fields. Astrophys. J. 2019, 876, 110. [CrossRef]

3. Romano, M.; Cassata, P.; Morselli, L.; Jones, G.C.; Ginolfi, M.; Zanella, A.; Béthermin, M.; Capak, P; Faisst, A.; Le Fevre, O,; et al.
The ALPINE-ALMA [CII] survey. The contribution of major mergers to the galaxy mass assembly at z ~ 5. Astron. Astrophys.

2021, 653, A111. [CrossRef]

4.  Jones, G.C.; Béthermin, M.; Fudamoto, Y.; Ginolfi, M.; Capak, P; Cassata, P.; Faisst, A.; Le Fevre, O.; Schaerer, D.;
Silverman, J.D.; et al. The ALPINE-ALMA [C II] survey: A triple merger at z ~ 4.56. Mon. Not. R. Astron. Soc. 2020, 491, L18-L23.

[CrossRef]

5. Béthermin, M.; Fudamoto, Y.; Ginolfi, M.; Loiacono, F; Khusanova, Y.; Capak, P.L.; Cassata, P.; Faisst, A.; Le Fevre, O.; Schaerer,
D.; et al. The ALPINE-ALMA [CII] survey: Data processing, catalogs, and statistical source properties. Astron. Astrophys. 2020,

643, A2. [CrossRef]


https://cesam.lam.fr/a2c2s/data_release.php
https://cesam.lam.fr/a2c2s/data_release.php
http://doi.org/10.1088/0004-637X/718/2/1001
http://dx.doi.org/10.3847/1538-4357/ab148a
http://dx.doi.org/10.1051/0004-6361/202141306
http://dx.doi.org/10.1093/mnrasl/slz154
http://dx.doi.org/10.1051/0004-6361/202037649

Phys. Sci. Forum 2023, 7, 30 60f6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Faisst, A.L.; Schaerer, D.; Lemaux, B.C.; Oesch, P.A.; Fudamoto, Y.; Cassata, P; Béthermin, M.; Capak, P.L.; Le Fevre, O.; Silverman,
J.D.; et al. The ALPINE-ALMA [C II] Survey: Multiwavelength Ancillary Data and Basic Physical Measurements. Astrophys. J.
Suppl. Ser. 2020, 247, 61. [CrossRef]

Le Fevre, O.; Béthermin, M.; Faisst, A.; Jones, G.C.; Capak, P,; Cassata, P.; Silverman, ].D.; Schaerer, D.; Yan, L.; Amorin, R.; et al.
The ALPINE-ALMA [CII] survey. Survey strategy, observations, and sample properties of 118 star-forming galaxies at 4 < z < 6.
Astron. Astrophys. 2020, 643, Al. [CrossRef]

Noeske, K.G.; Weiner, B.].; Faber, S.M.; Papovich, C.; Koo, D.C.; Somerville, R.S.; Bundy, K.; Conselice, C.J.; Newman, J.A,;
Schiminovich, D.; et al. Star Formation in AEGIS Field Galaxies since z=1.1: The Dominance of Gradually Declining Star
Formation, and the Main Sequence of Star-forming Galaxies. Astrophys. J. 2007, 660, L43-1L46. [CrossRef]

Rodighiero, G.; Daddi, E.; Baronchelli, I.; Cimatti, A.; Renzini, A.; Aussel, H.; Popesso, P.; Lutz, D.; Andreani, P; Berta, S.; et al.
The Lesser Role of Starbursts in Star Formation at z = 2. Astrophys. . 2011, 739, L40. [CrossRef]

Speagle, ].S.; Steinhardt, C.L.; Capak, PL.; Silverman, ].D. A Highly Consistent Framework for the Evolution of the Star-Forming
“Main Sequence” from z ~ 0-6. Astrophys. J. Suppl. Ser. 2014, 214, 15. [CrossRef]

McMullin, J.P.; Waters, B.; Schiebel, D.; Young, W.; Golap, K. CASA Architecture and Applications. In Proceedings of the
Astronomical Data Analysis Software and Systems XVI, Tucson, Arizona, USA, 15-18 October 2006; Astronomical Society of the Pacific
Conference Series; Shaw, R.A., Hill, F., Bell, D.J., Eds.; Astronomical Society of the Pacific: San Francisco, USA, 2007; Volume 376,
p- 127.

Yan, L.; Sajina, A.; Loiacono, F.; Lagache, G.; Béthermin, M.; Faisst, A.; Ginolfi, M.; Fevre, O.L.; Gruppioni, C.; Capak, P.L.; et al.
The ALPINE-ALMA [C II] Survey: [C II] 158 pm Emission Line Luminosity Functions at z ~ 4-6. Astrophys. J. 2020, 905, 147.
[CrossRef]

Conselice, C.J.; Arnold, J. The structures of distant galaxies-II. Diverse galaxy structures and local environments at z = 4-6
implications for early galaxy assembly. Mon. Not. R. Astron. Soc. 2009, 397, 208-231. [CrossRef]

Qu, Y,; Helly, J.C.; Bower, R.G.; Theuns, T.; Crain, R.A.; Frenk, C.S.; Furlong, M.; McAlpine, S.; Schaller, M.; Schaye, J.; etal. A
chronicle of galaxy mass assembly in the EAGLE simulation. Mon. Not. R. Astron. Soc. 2017, 464, 1659-1675. [CrossRef]

Schaye, J.; Crain, R.A.; Bower, R.G.; Furlong, M.; Schaller, M.; Theuns, T.; Dalla Vecchia, C.; Frenk, C.S.; McCarthy, 1.G.; Helly,
J.C.; etal. The EAGLE project: Simulating the evolution and assembly of galaxies and their environments. Mon. Not. R. Astron.
Soc. 2015, 446, 521-554. [CrossRef]

Kitzbichler, M.G.; White, S.D.M. A calibration of the relation between the abundance of close galaxy pairs and the rate of galaxy
mergers. Mon. Not. R. Astron. Soc. 2008, 391, 1489-1498. [CrossRef]

Jiang, C.Y;; Jing, Y.P; Han, J. A Scaling Relation between Merger Rate of Galaxies and Their Close Pair Count. Astrophys. J. 2014,
790, 7. [CrossRef]

Snyder, G.F; Lotz, ].M.; Rodriguez-Gomez, V.; Guimarées, R.d.S.; Torrey, P.; Hernquist, L. Massive close pairs measure rapid
galaxy assembly in mergers at high redshift. Mon. Not. R. Astron. Soc. 2017, 468, 207-216. [CrossRef]

Madau, P; Dickinson, M. Cosmic Star-Formation History. Annu. Rev. Astron. Astrophys. 2014, 52, 415-486. [CrossRef]
Khusanova, Y.; Bethermin, M.; Le Fevre, O.; Capak, P; Faisst, A.L.; Schaerer, D.; Silverman, ].D.; Cassata, P.; Yan, L.; Ginolfi, M.;
et al. The ALPINE-ALMA [CII] survey. Obscured star formation rate density and main sequence of star-forming galaxies at z > 4.
Astron. Astrophys. 2021, 649, A152. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.3847/1538-4365/ab7ccd
http://dx.doi.org/10.1051/0004-6361/201936965
http://dx.doi.org/10.1086/517926
http://dx.doi.org/10.1088/2041-8205/739/2/L40
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.3847/1538-4357/abc41c
http://dx.doi.org/10.1111/j.1365-2966.2009.14959.x
http://dx.doi.org/10.1093/mnras/stw2437
http://dx.doi.org/10.1093/mnras/stu2058
http://dx.doi.org/10.1111/j.1365-2966.2008.13873.x
http://dx.doi.org/10.1088/0004-637X/790/1/7
http://dx.doi.org/10.1093/mnras/stx487
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1051/0004-6361/202038944

	Introduction
	Methods
	Results and Discussion
	Major Merger Fraction
	The Contribution of Major Mergers to the Galaxy Mass Assembly

	Conclusions
	References

