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ABSTRACT

| 2020

—) We present ALMA observations of a merging system at z ~ 4.57, observed as a part of the ALMA Large Program to INvestigate [CII]
™) at Early times (ALPINE) survey. Combining ALMA [CII]158 um and far-infrared continuum data with multi-wavelength ancillary
| data we find that the system is composed of two massive (M, 2 10'° M) star-forming galaxies experiencing a major merger (stellar

mass ratio rpss 2 0.9) at close spatial (~ 13 kpc; projected) and velocity (Av < 300 km s7!) separations, and two additional faint
narrow [CII]-emitting satellites. The overall system belongs to a larger-scale protocluster environment and is coincident to one of
—its overdensity peaks. ALMA reveals also the presence of [CII] emission arising from a circumgalactic gas structure, extending up
to a diameter-scale of ~ 30 kpc. Our morpho-spectral decomposition analysis shows that about 50% of the total flux resides between

the individual galaxy components, in a metal-enriched gaseous envelope characterized by a disturbed morphology and complex

(D kinematics. Similarly to observations of shock-excited [CII] emitted from tidal tails in local groups, our results can be interpreted
= as a possible signature of interstellar gas stripped by strong gravitational interactions, with a possible contribution from material
ejected by galactic outflows and emission triggered by star formation in small faint satellites. Our findings suggest that mergers

1 could be an efficient mechanism of gas mixing in the circumgalactic medium around high-z galaxies, and thus play a key role in

O the galaxy baryon cycle at early epochs.
| -
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1. Introduction

Modern theories of galaxy evolution and cosmological nu-
merical simulations predict that high-z galaxies assembled
their mass through a combination of cold gas accretion from
] the intergalactic/circumgalactic medium (IGM/CGM) and
= merging activity (e.g., Bower et al. 2006; Dekel et al. 2009;
X Hopkins et al. 2010; Vogelsberger et al. 2014; Schaye et al.
2015). Continuous baryonic flows are needed to replenish
the gas content, fuel the star formation and drive the evo-
. = lution of galaxies on the star-forming Main Sequence (e.g.,
= Daddi et al. 2010; Rodighiero et al. 2011; Lilly et al. 2013;
'>2 Speagle et al. 2014; Scoville et al. 2016).

On the other hand strong dynamical interactions be-
a tween galaxies, such as major mergers, can efficiently drive
a significant amount of gas into the central regions (e.g.,
Barnes & Hernquist 1991) and both (i) boost the effi-
ciency of star formation (see Elmegreen 2000), triggering
starbursts (e.g., Sanders & Mirabel 1996; Hopkins et al.
2006; Di Matteo et al. 2008; Bournaud et al. 2011), and
(ii) feed the growth of super massive black holes (SMBHs),
thereby powering Active Galactic Nuclei (AGN) activity
(e.g., Garcia-Burillo et al. 2005; Di Matteo et al. 2005;
Ginolfi et al. 2019). Moreover, mergers can significantly
disturb and shape the morphologies of the galaxies in-
volved, leading to the formation of tidal tails. Similarly
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to the ram pressure stripping (Gunn & Gott 1972) exten-
sively observed in nearby galaxy clusters (e.g., Boselli et al.
2006; Moretti et al. 2018; Poggianti et al. 2019; Fossati
et al. 2019), tidal tails in merging systems are made of gas
stripped from outer regions of galaxies, and extend well be-
yond the disks, on circumgalactic scales (e.g., Bridge et al.
2010; Wen & Zheng 2016; Guo et al. 2016; Stewart et al.
2011). As a result, strong dynamical interactions between
galaxies contribute to the intergalactic transfer of processed
material as shown by recent simulations (e.g., Nelson et al.
2015; Anglés-Alcazar et al. 2017; Hani et al. 2018), and,
at the same time, to the chemical enrichment of the CGM
(e.g., Bournaud et al. 2011; Graziani et al. 2020).

While tidal tails are well studied at different wave-
lengths in the local and in the intermediate redshift Uni-
verse (e.g., Poggianti et al. 2017; Vulcani et al. 2017),
similar observations become challenging at higher redshift,
mainly because of the diffuse and faint nature of the
stripped gas. A solution comes from the Atacama Large
Millimeter/submillimeter Array (ALMA), which enables us
to possibly study the efficiency of tidal gas stripping and cir-
cumgalactic gas mixing in the Early Universe, by mapping
the morphology and the kinematics of the CGM around
merging systems, using bright far-infrared (FIR) lines, such
as [CII] 158 um (hereafter [CII]; see Carilli & Walter 2013).
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[CII] has been recently detected in several star-forming
galaxies at z > 4 (e.g., Capak et al. 2015; Inoue et al. 2016;
Pentericci et al. 2016; Bradac¢ et al. 2017; Carniani et al.
2018b; Matthee et al. 2019; Schaerer et al. 2020; Carniani
et al. 2020), some of which are experiencing major merger
events (e.g., Oteo et al. 2016; Riechers et al. 2017; Pavesi
et al. 2018; Marrone et al. 2018; Decarli et al. 2019; Jones
et al. 2020), or less disruptive gravitational interactions,
usually revealed in combination with clumpy morphologies
(e.g., Maiolino et al. 2015; Matthee et al. 2017; Jones et al.
2017; Carniani et al. 2018a). [CI]I] is generally emitted from
multiple phases (ionized, neutral and molecular gas) of the
interstellar medium (ISM; e.g., Vallini et al. 2013, 2017; La-
gache et al. 2018; Ferrara et al. 2019), and it has been shown
to be a good tracer of shock-induced emission in the sur-
roundings of local interacting galaxies (e.g., Cormier et al.
2012; Appleton et al. 2013; Velusamy & Langer 2014).

In this paper we present a study of the morpho-
kinematic properties of [CII] emission in/around a major
merging system at z ~ 4.57, observed as a part of the ALMA
Large Program to Investigate C* at Early Times (ALPINE)
survey, that measured [CII] and FIR-continuum emission in
a statistical sample of more than a hundred normal galax-
ies with spectroscopic redshifts between 4 < z < 6 (see Le
Fevre et al. 2019, Bethermin et al. 2020 and Faisst et al.
2020 for descriptions of (i) the survey objectives, (ii) the
ALMA data-processing, and (iii) the multi-wavelength an-
cillary dataset, respectively).

The paper is organized as follows. In Sec. 2 we describe
the ALMA data reduction process, in Sec. 3 we report our
results, and in Sec. 4 we discuss their implications. Con-
clusions are summarized in Sec. 5. Throughout the paper
we assume a flat ACDM cosmology (Q4 = 0.7, Q,, = 0.3,
Hp =70 km s™! Mpc™'), and adopt a Chabrier initial mass
function (IMF; Chabrier 2003). At the redshift of our tar-
get vuds_cosmos_5101209780 (VC_9780; zjcmy = 4.573), 1
arcsecond corresponds to 6.55 proper kpc.

2. ALMA Observations

ALMA observations of the merging system studied in this
work were conducted in Band 7 on 2 June 2018, during
Cycle 5 (project 2017.1.00428.L, PI O. Le Févre), using
a C43-2 array configuration with 45 antennae, and a to-
tal on-source time of 20 minutes. The spectral setup con-
sisted of two sidebands, each composed of two spectral
windows with total bandwidths of 1.875 GHz and chan-
nel width resolutions of 15.6 MHz. The lower sideband was
tuned to the expected [CII] redshifted frequency, accord-
ing to the spectroscopic redshift extracted from the rest-
frame UV spectrum (drawn from the VUDS survey; Le
Feévre et al. 2015; Tasca et al. 2017). The upper sideband
is used to search for FIR-continuum emission. The phase
was centered at the rest-frame UV position of VC_9780
(see Sec. 3.1; RA : 10h01m33.45s; DEC : +02d22m10.19s).
The data were calibrated using the automatic pipeline pro-
vided by the Common Astronomy Software Applications
package (CASA; McMullin et al. 2007), version 5.4.0. No
additional flagging was needed as the pipeline calibration
output did not show any issue. The continuum map was
obtained running the CASA task tclean (multi-frequency
synthesis mode) over the line-free visibilities in all spec-
tral windows. The [CII] datacube was generated from the
continuum-subtracted visibilities (CASA task uvcontsub),
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using the following setting: 500 iterations and a signal-to-
noise ratio (S/N) threshold of ogesn = 3 in the cleaning
algorithm, a pixel size of 0.15” and a spectral binning of
25 km s7! (~ 29 MHz). For both continuum and [CII] dat-
acube we adopted a natural weighting of the visibilities to
maximise the sensitivity. We reach an average root mean
square (RMS) noise level at the phase center of oype ~ 14
mJy beam™! for a 25 km s7! spectral channel in the [CII]
datacube, and of oeon; ~ 60 uJy beam™ in the continuum
image. The synthesized beam in our final data-products is
1.21”7 x 0.77”, with a position angle of —61°. Additional in-
formation on the overall ALPINE data-processing strategy
(including data quality assessment) can be found in Bether-
min et al. (2020).

3. Analysis and Results
3.1. A major merging system at z ~ 4.57

Using the available ancillary data and catalogues we first
identify the system studied in this paper to be composed
of two massive and rest-frame UV bright galaxies (see an
HST/ACS F814W cutout in Fig. la), at a mutual pro-
jected distance of ~ 13 kpe: (1) VC_9780, a Lyman-break
galaxy at zyv = 4.57 (confirmed zjcny = 4.573, by ALPINE),
with a stellar mass of M, = 1.1705 x 10" M, and a
star formation rate of SFR = 38f%2 Mo yr! (see Faisst
et al. 2020); (2) C15_705574', at a photometric redshift
Zphot = 4.62 (confirmed zjcyy = 4.568, by ALPINE), with
M, = 1.2:1):(2) x 10'° My, and SFR = 106f25 Mo yr~! (from the
COSMOS2015 catalogue?; Laigle et al. 2016). To simplify
the reading, we dub VC_9780 and C15_705574 as #A and
#B, respectively.

For both objects, M, and SFR are measured through
the spectral energy distribution (SED) modelling code Le-
PHARE (Arnouts et al. 1999; Ilbert et al. 2006; Arnouts &
Ilbert 2011) ran over the broadband photometry (includ-
ing ground- and space-based imaging from the rest-frame
UV to the near-IR; see Faisst et al. 2020) available for the
well-studied COSMOS field (Scoville et al. 2007). From
the HST/ACS F814W image, modelling the light profiles
with a Sérsic function (Sérsic 1963) and assuming a Sérsic
index n=1 (i.e., an exponential-disk profile), we estimate
rest-frame UV effective radii of reyyv = 1.0 = 0.24 kpc and
revv = 1.1 £ 0.3 kpe for #A and #B, respectively (see Fu-
jimoto et al. 2020 for an accurate description of the size-
fitting procedure for ALPINE galaxies).

In Fig. 1b we show a HST/WFC3 F160W cutout of
the system?® (rest-frame Ares; ~ 2800 A), while in Fig. 1c we
display the UltraVista Ks-Band image from the fourth data
release (DR4%; rest-frame Aeq ~ 4000 A), showing a faint
elongation of #A towards the South-East (S-E; see also Sec.
3.3).

L ID = 705574 in the COSMOS2015 catalogue (Laigle et al.
2016).

2 The physical properties of C15_705574 reported in the COS-
MOS2015 catalogue are computed adopting the photometric
redshift. However, given the high accuracy of the latter (|zphot —
Zieml ~ 0.05; see text) we assume M, and SFR to be correct within
their uncertainties.

3 Data drawn from a recently approved mid-cycle-26 HST pro-
gram (Faisst et al., in prep.).

4 http://www.eso.org/rm/api/vi/public/
releaseDescriptions/132
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Fig. 1. (a) HST/ACS F814W (i-band; Koekemoer et al. 2007), (b) HST/WFC3 F160W (Faisst et al., in prep.), and (¢) UltraVISTA
DR4 Ks-band (McCracken et al. 2012) images of the system. The rest-frame UV positions of VC_9780 (dubbed #A4) and C15_-705574
(dubbed #B) are highlighted with a yellow square in (a). The grey contour indicates the extension of the full [CII]-emitting region
(see Sec. 3.3). The white bar shows a reference length of 15 kpc. North is up and east is to the left.

VUDS-DEIMOS 4.53<z<4.60 VMC Overdensity

245

2.40

8] 2000 [0]

235

230

o
150.40
Olyoonp [°]

I

150.45 150.35

Fig. 2. VMC galaxy overdensity map of the N-E region of
the PCIJ1001 + 0220 proto-cluster (see details in Sec. 3.2). The
VUDS spectral members of the system are indicated with white
diamond symbols, while the location of our merging system and
a possibly associated additional member observed with DEIMOS
are indicated with a cyan star and a blue square, respectively.
Over-plotted on the map are overdensity isopleths at signifi-
cance levels of [4,6,8,10,11.5,13]o, where o is calculated as the
RMS fluctuation of the overdensity field over the entire map (see
Cucciati et al. 2018; Hung et al. 2020). The map shows that the
merging system studied in this work is clearly located close to an
overdensity peak of the proto-cluster. The black solid bar shows
a reference length of 500 A} kpc.

The close separation both in spatial projected distance
(~ 13 kpc in the HST rest-frame UV images) and redshift
(|Az] = 0.004, corresponding to an absolute velocity offset of
only 270 km s7!; see Sec. 3.3) suggests that #A and #B are

gravitationally bound. Moreover, the ratio of their stellar
masses, mass ~ 0.9, is very close to unity, indicating that
the galaxy system is undergoing a close major merger event
(e.g., Stewart et al. 2009; Lotz et al. 2010; Jones et al. 2020).

3.2. Location at the density peak of a protocluster
environment

In order to explore the larger context in which this merging
event is occurring, we relied on the wealth of other spectro-
scopic and photometric data available in the COSMOS field
to map out the large-scale galaxy density surrounding our
system. The mapping was done using the Voronoi Monte
Carlo (VMC) technique, first presented in Tomczak et al.
(2017), Lemaux et al. (2017, 2019), and Hung et al. (2020)
for use at z ~ 1, and adapted for studies at higher redshift
(2 £ z £ 5) in Cucciati et al. (2018) and Lemaux et al.
(2018). This technique statistically combines both spectro-
scopic and photometric redshifts to generate a suite of over-
lapping two-dimensional density maps in fine redshift slices
over an arbitrary redshift range, and it has been shown to
have high fidelity, precision, and accuracy in reconstructing
the galaxy density field at a variety of different redshifts and
for a variety of different observational data (see Lemaux
et al. 2018; Lemaux et al., in prep.). While we refer to the
works cited above for more details, we briefly describe the
method in the Appendix A.

Our system is located in close projected spatial
and redshift proximity to the massive proto-cluster
PCUI1001 + 0220 at z ~ 4.57, discovered by Lemaux et al.
(2018). Thus, we focus here on generating a map that
spans the fiducial redshift boundaries of PCIJ1001 + 0220
(4.53 < z £ 4.60). Such a redshift range corresponds to 7.5
h;& proper kpc, or ~ 3750 km s~'. As in Lemaux et al.
(2018), we use the full VUDS and zCOSMOS (Lilly et al.
2007, 2009; Diener et al. 2013, 2015; Lilly et al., in prep.)
catalogs as our primary spectroscopic catalogs, with pho-
tometric redshifts derived from fitting to the photometry
presented in the COSMOS2015 catalog (Laigle et al. 2016).
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(a) Velocity-integrated [CII] map of VC_9780 (#A) and (b) C15.705574 (#B), obtained by collapsing channels (velocity

ranges in the upper-left corners) of line-emission in 1”-aperture spectra (see Sec. 3.3) centered on the rest-frame UV centroids of
#A and #B (indicated with a black plus symbol). Black solid (dashed) contours indicate the positive (negative) significance levels
at [2,4,8]o of [CII] flux, where ojcmy = 50 mJy km s! beam™ in (a) and ocm = 57 mJy km s7! beam™ in (b). The white contours
indicate the positive significance levels at [3,4]o" of FIR-continuum emission, where oeon = 59 pJy/beam. No negative contours at
the same significance levels were found. The dashed blue ellipses indicate the beam-convolved FWHM, x FWHM, regions obtained
by 2D Gaussian models, and correspond to the apertures used to extract the final [CII] spectra of #4 and #B (see Sec. 3.3), shown
in Fig. 4. The ALMA beam size is given in the bottom-left corners. North is up and east is to the left.

In addition to the VUDS and zCOSMOS catalogs, we in-
corporate here new Keck 11/Deep Imaging Multi-Object
Spectrograph (DEIMOS, Faber et al. 2003) observations
of PCIJ1001 + 0220 (see a description of the observations
in Lemaux et al., in prep.) which resulted in the spectro-
scopic confirmation of 106 new galaxies in the region in and
around PC1J1001 + 0220.

Shown in Fig. 2 is the resultant VMC galaxy overdensity
map for the north-east (N-E) region of the PC1J1001 + 0220
proto-cluster. Also shown are the original VUDS spectral
members of the system (see Lemaux et al. 2018 for more
details), as well as our #A4 — #B system. One of the new
members confirmed by the DEIMOS observations (ID =
705080) is also shown. This galaxy, with a M, = 5.3*23 x
10° My, and a SFR = 22.2fé77'1 M, yr !, is located at ~ 35
h;(} proper kpc from our merging system, although it is not
detected by ALMA, neither in [CII] nor in the rest-frame
FIR continuum. Measuring its Lya we determine a redshift
Zye = 4.5769, corresponding to a velocity offset of Av ~
260 km s~! with respect to #A4 and Av ~ 580 km s~! with
respect to #B°. Such a close projected spatial and redshift
proximity to #A — #B suggests that DEIMOS ID = 705080
is possibly associated to them.

As can be seen in Fig. 2, our merging system at z ~
4.57 is nearly coincident with the overdensity peak of the
N-E sub-component of the proto-cluster PCI1J1001 + 0220,
and lie within < 385 pkpc from the barycenter of this sub-
component. The average overdensity across this region is
log(1 + (d4a)) = 1.5, comparable to the cores of z ~ 1 groups
or the outskirts of massive clusters (e.g., Lemaux et al. 2017;

5 We note that the actual velocity offsets are likely to be even
lower, since the redshift measured through Ly can be off by few
hundreds of km s™! toward the red (see e.g., Shapley et al. 2003;
Trainor et al. 2015; Verhamme et al. 2018; Cassata et al. 2020).
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Tomczak et al. 2017). Altogether these findings indicate
that the merging system presented in this paper belongs to
a large-scale dense and complex proto-cluster environment.
In Sec. 4 we discuss possible implications of this scenario in
the interpretation of our results.

In the next section we describe the results of ALMA
observations of our system.

3.3. ALMA morpho-kinematics analysis

We use our ALPINE ALMA observations (see Sec. 2) of
the [CII] line emission to perform a three-dimensional (3D)
morpho-spectral decomposition of our merging system.

We start by extracting two spectra from large 17
(diameter)-apertures centered on the rest-frame UV cen-
troids of #A and #B.

We then produce velocity-integrated maps of the [CII]
emission in/around #A and #B (see Fig. 3) by collapsing the
cube-channels included in the spectral range [feen—0G, feen+
ogl, where fen and og are the central frequency and the
standard deviation from a Gaussian model of the spectra.
The corresponding velocity ranges are labelled in the top-
left corners of both panels of Fig. 3, defined adopting a
zero-velocity reference at zr = 4.570 (see next paragraphs
of this Section). Although this will be discussed in detail
further on by means of tailored analyses, we note that maps
in Fig. 3 already suggest a disturbed morphology of the
system, showing the presence of complex resolved extended
emission around the sources.

We then estimate the spatial extent of the [CII]-emission
arising from #A and #B by fitting a simple 2D Gaussian
model to the velocity-integrated maps (Fig. 3), and use the
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Fig. 4. (a) [CI]] spectra (yellow) of the individual galaxy components in the merging system are shown: #A in the upper panel,
and the combined spectrum of #B, #C, #D in the lower panel. Solid coloured lines represent Gaussian models of the spectra. (b)
Velocity-integrated [CII] flux map obtained integrating the broad velocity range [-500 : +500] km s7!, to visualize the total [CII]
emission arising from the full system. Black plus symbols show the rest-frame UV centroids of #4 and #B. The dashed blue ellipses
defined in Fig. 3 (see Sec. 3.3) are shown for reference. Black solid (dashed) contours indicate the positive (negative) significance
levels at [2,4,6]c of [CH] flux, where oycy = 0.13 Jy km s™' beam™'. Green contours indicate (as in Fig. 3) the FIR-continuum
significance levels [3,4]o", where ooy = 59 uJy/beam. The grey solid line indicates the 1o level of the total [CII] emission, and it
is used as a reference aperture for the extraction of the full [CII] spectrum arising from the entire system. The ALMA beam size
is given in the bottom-left corner. A scale of 15 kpc is shown in the right side. North is up and east is to the left.

M, [M@} SFR [M@ yl'_l] L[CII] [L@] FWHM[CH] [km S_l] Zrcm
VCO780 (#4) 11704 x 1010 3§+ 35 (£0.3)x 105 190 4573
C15.705574 (#B) 1.2710x 1010 1067, 6.6 (+0.4) x 10° 260 4.568
#C - — 77 +1.5x107 40 4.562
#D - - 84 +19x%x107 57 4.573

Table 1. M, and SFRs (from SED-fitting; see Sec. 3.1), along with Licyj, FWHMcyy and zjcn (measured with ALMA; see Sec. 3.3),

are summarized for galaxies and satellites in the merging system.

FWHM, XFWHM,, ellipses as apertures to extract the correct
spectral information®.

This three-step process is needed to allow for any
peculiar geometry or spatial offset between the [CII] and
the rest-frame UV emission. Indeed, we note that the [CII]
peak of #A is offset by > 0.5” from its HST centroid (see
similar cases in e.g., Maiolino et al. 2015; Carniani et al.
2018b), with a clear elongation toward the S-E (see Fig.
3a). This [CII] tail is HST-dark, although a faint spike is
possibly detected in the HST/WFC3 F160W image (see
Fig. 1b). It is also broadly coincident with the rest-frame
optical counterpart (see UltraVista DR4 Ks-band image in
Fig. 1c), indicating a UV slope steeply rising towards longer
wavelengths and therefore a significant presence of obscur-
ing dust (see e.g., Calzetti et al. 2000), as also suggested

6 As an alternative spectra-extraction procedure, we tested a
1”-aperture centred on the [CII] peaks, and the results are vir-
tually unchanged, not affecting our interpretation.

by the > 40 ALMA detection of co-spatial FIR-continuum
emission (see Fig. 3a). With the currently available ALMA
resolution, it is unclear whether this [CII] tail is pro-
duced by a dust-obscured star-forming region within #A4,
or it is associated to a dusty neighbour at the same redshift.

The final [CII] spectra of #4 and #B are shown in Fig. 4a
(upper and lower panel, respectively), where we choose an
intermediate redshift z.f = 4.570 as a common zero-velocity
reference for the system’. Galaxy #A, at Z?én] = 4.573,

has a [CII-luminosity of L = 3.5 (+0.3) x 108 Lo,

[CII]
and a FWHMy = 190 km s~!, while #B, at Z?gII] = 4.568

(blueshifted by Avga = =270 km s~ with respect to #A) is
broader (FWHMgyp = 260 km s7!) and ~ 2x more luminous,

L?gII] = 6.6 (x0.4) x 108 Ly. Interestingly, the second

7 This choice helps when comparing the single galaxy spectra
with the emission line profile of the full [CII] emitting system, as
discussed further on, whose centroid corresponds to a z, = 4.570.
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Fig. 5. (a) PV diagrams taken along the common axis between the [CII]-flux centroids of #A - #B, and the orthogonal axis (b),
with an averaging width of five pixels. Black contours indicate the [3,6] o significance levels, where o,y ~ 0.3 mJy/beam in both

cases. A scale of 7 kpc is shown to lower right.

spectrum (see lower panel of Fig. 4a) shows two additional
[CII] emitters, dubbed #C and #D, spectrally offset by a
few hundreds of km s7!, and spatially close to #B (less
than a ~ 1”-beam in projection; see velocity integrated
map in the Appendix B). The line properties of #B, #C
and #D (total flux, centroid and FWHM) are estimated
from a 3-Gaussian modelling of the spectrum. Although
their integrated flux is detected at > 40 (see also Appendix
B), #C and #D are very faint (L*C =77 +1.5x 107 Lo,

[
Lf%)u] =84 +19x 10" Ly), and narrow (FWHMyc = 40

km s™', FWHMyp = 57 km s7'), and are most likely
small satellite galaxies (or gas clumps) orbiting around or
accreting onto #B.

To visualize the total [CII] emission arising from the full
system we produce a velocity-integrated flux map by col-
lapsing the spectral channels in the velocity range [-500 :
+500] km s~!, using a consistent z.r as discussed above.
Such a broad velocity domain is needed to safely include
the four detected [CII]-emitting galaxies (see spectra in Fig.
4a). The resulting velocity-integrated [CII] map is shown in
Fig. 4b. We find a very large [CII]-emitting structure ex-
tending on circumgalactic scales, with a projected diame-
ter of ~ 30 kpc. Such a metal-enriched gaseous structure
encloses the single galaxy components, and shows a large
amount of [CII] arising from regions significantly displaced
(2 10 kpc) from the rest-frame UV / optical counterparts,
especially along the direction orthogonal to the #A - #B
axis. However, because of its 2D nature, the [CII] flux map
shown in Fig. 4b suffers from the dilution of signal emitted
by sources with a width much narrower than the velocity-
filter adopted for the spectral integration. Therefore, to bet-
ter visualize the 3D distribution of the gaseous structure we
produce two position-velocity (PV) diagrams, one extracted
along the #A - #B axis (Fig. 5a), and the other along the or-
thogonal direction, centred on #B (Fig. 5b). Both diagrams
highlight the complex morpho-kinematic structure of the
system, clearly showing the presence of circumgalactic tails
around the interacting galaxies (see e.g., the [CII]-emitting
regions labelled as "CGM’ in both panels of Fig. 5).

One important piece of information is the net contribu-
tion of the four interacting galaxies themselves to the overall
[CII] emission arising from the extended gaseous structure.
To distinguish between the relative 'galaxy’ and 'CGM’
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[CII] budgets, we extract a spectrum of the total [CII]-
emitting system from a region within the 1-o contour of
the velocity-integrated map (see grey solid line in Fig. 4b),
and compare it with the sum of the single #A, #B, #C and #D
spectra (see Fig. 6a). We note that, due to the dynamical
complexity of our object, such a procedure is more accurate
than extracting relative budgets directly from the velocity-
integrated map, because of the limitations of the latter, as
discussed above. We find that the full [CII]-emitting struc-
ture has a total luminosity of L{‘é’m =23 (x0.2)x10° Ly, i.e.,

~ 2 times larger than the sum of the [CII]-emitting galax-
ies. This implies that about 50 (£6) % (see Fig. 6b) of the
total [CII] luminosity resides between the individual compo-
nents, L[CCH’;” = 1.1 (£0.2)x10° Lo, in a sort of circumgalactic
and metal-rich gaseous envelope around the merging galax-
ies. This fraction of [CII] emission arising from the CGM
is larger than what typically found around the few individ-
ual normal isolated galaxies (i.e., with not evident signs of
major/minor mergers) that show a [CII]-halo (see Fujimoto
et al. 2020), suggesting a link with the merging-nature of
our system.

In the next section we discuss possible mechanisms re-
sponsible for such large amount of circumgalactic [CII]
emission.

4. Discussion: gas mixing in the CGM
4.1. Dynamical interactions and shocks

A natural scenario to explain the origin of the luminous
gaseous envelope is that the circumgalactic [CII] traces gas
stripped during gravitational encounters occurring in the
dense merging system. Strong dynamical interactions be-
tween the four galaxies might therefore remove a signifi-
cant amount of interstellar gas from their outer regions,
polluting the CGM with chemically enriched material, and
producing the complex morphology (see Fig. 3 and Fig. 4a)
and kinematics (see Fig. 5) observed.

In this scenario, our observations could be a high-z ana-
logue of local studies of circumgalactic stripped [CII] in
local groups. For instance Appleton et al. (2013) detect
a broad [CII] emission arising from an extended shocked
filament (~ 35 kpc) produced by supersonic collisions be-
tween galaxies in the compact local group Stephan’s Quin-
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Fig. 6. The spectrum of the total [CII] emission arising from the full system (Sec. 3.3), yellow in (a) and red in (b), is compared
with the sum (black shaded area) of the Gaussian models of individual galaxy components (coloured solid lines in (a)) and with
their difference (green spectrum in (b)), corresponding to the emission arising from the circumgalactic gaseous envelope.

tet. They observe very large [CII]/Polycyclic Aromatic Hy-
drocarbon (PAH) and [CII]/FIR ratios, which cannot be
accounted for by [CII] emission originating from photo-
dissociation regions (PDRs; Stacey et al. 1991, 2010) only,
and suggest that circumgalactic [CII] can be excited by the
dissipation of mechanical energy (turbulence and shocks)
injected by strong dynamical interactions. Such a mecha-
nism is expected to be more frequent and more disruptive
at high-z because of (i) higher merger rates (e.g., Conselice
2006; Wetzel et al. 2009; Lotz et al. 2011) and (ii) generally
higher gas fractions (e.g., Santini et al. 2014; Dessauges-
Zavadsky et al. 2017; Schinnerer et al. 2016; Scoville et al.
2017; Tacconi et al. 2018), and might also explain previ-
ous similar observations of extended [CII] emission around
multi-component systems at z ~ 5 (see HZ6 and HZ8 in Ca-
pak et al. 2015; Faisst et al. 2017). We will further explore
this hypothesis by extending similar morpho-spectral de-
composition analyses presented in this paper to other ma-
jor/minor merging systems in the ALPINE survey (see a
discussion on ALPINE mergers in Le Fevre et al. 2019 and
Jones et al. 2020) in future works.

Interestingly, since as discussed in Sec. 3.2 our merging
system is close to an overdensity peak of the proto-cluster
PCIJ1001 + 0220 at z ~ 4.57 (see Lemaux et al. 2018), the
merger-induced CGM pollution might be a natural channel
to feed and enrich the nascent proto- intra-cluster-medium
(ICM; see e.g., Cucciati et al. 2014, Tozzi et al. 2003, and
a recent review by Overzier 2016). Thus, our results could
be some of the first observational evidence at high redshift
that mergers and gas stripping are key mechanisms in
driving the build-up and the chemical evolution of the ICM,
as predicted by models and numerical simulations (see e.g.,
Gnedin 1998; Toniazzo & Schindler 2001; Tornatore et al.
2004; De Lucia et al. 2004; Kapferer et al. 2007). Also,
the peculiar location of our system within a large-scale
overdense structure suggests that it sits in proximity of a
cosmic web node where several filaments from the IGM
might be feeding into it. Shocks are predicted to occur as
the intergalactic gas accretes onto massive galaxies and

mixes with their CGM (see e.g., Birnboim & Dekel 2003;
Keres et al. 2009), and they likely contribute to the [CII]
excitation. To quantitatively assess this scenario we will
need new deep observations of the large-scale environment
tracing the hydrogen gas, representing the bulk of the
intergalactic streams, that can be traced e.g., through Lya
with MUSE (which has a field of view of ~ 400 kpc at this
redshift).

4.2. Galactic outflows

Another possible contributing scenario is that a fraction
of the circumgalactic metal-enriched gas traced by the
extended [CII] envelope is expelled from the internal ISM
of galaxies through galactic outflows. Evidence of star
formation-driven winds has been recently observed at
z > 4 (see Sugahara et al. 2019; Faisst et al. 2020; Ginolfi
et al. 2020; Cassata et al. 2020), and repeated episodes
of outflows are thought to be responsible for the origin
of diffuse [CII]-halos (~ 20 kpc) detected around isolated
massive star-forming high-z galaxies (see Faisst et al. 2017;
Fujimoto et al. 2019; Ginolfi et al. 2020; Pizzati et al. 2020;
Fujimoto et al. 2020). However, a rough estimate suggests
that outflows might not be the dominant mechanism for
injecting the large amount of circumgalactic cold gas
observed in our system (see Fig. 4b and Fig. 6). Using the
Lici — My, relation calibrated by Zanella et al. (2018)
and the [CII] luminosity arising from the CGM (i.e., about
50% of the total Licy (see last paragraph of Sec. 3.3) we
obtain a rough estimate of the dense mass of in the [CII]
gaseous envelope, Mgan ~ 3% 10" Mg. Then, using typical
mass outflow rates of Moy ~ 30 Mg yr~! (as measured by
Ginolfi et al. 2020 in the sub-sample of highly star-forming
ALPINE galaxies), and assuming that both #4 and #B
significantly contribute to gas-expulsion®, we find that

8  We assume that the contribution from the satellite galaxies

#C and #D to gas-pollution through outflows is negligible. In-

Article number, page 7 of 12



A&A proofs: manuscript no.

outflows would require at least ~ 0.6 Gyr to expel the
estimated amount of dense gas in the CGM. We note that
this estimate is very conservative, since it is derived under
the unlikely assumptions that (i) re-accretion does not
occur, and (ii) both #4 and #B have constantly had during
their past growth a sufficient SFR to produce powerful
outflows.

4.3. Small faint satellites

A third complementary process would be that part of the
extended [CII] emission is induced by the star formation of
several small satellites, which are unresolved by our ALMA
observations and faint in the rest-frame UV HST images
(the few light spots around #A and #B in the HST maps,
see Fig. la and Fig. 1b, may belong to this category).
To estimate the efficiency of this mechanism we estimate
the possible diffuse SFR produced by faint satellites by
integrating the rest-frame UV light within an aperture
defined as the 1o level of the [CII] full structure (see grey
line in Fig. la and Fig. 4b), and then subtracting the
UV flux arising from regions defined as the blue ellipses
(see Sec. 3.3 and Fig. 4b) associated with the individual
galaxy components #A, #B, #C and #D. Using a standard
Kennicutt & Evans (2012) calibration, we estimate a total
diffuse UV-based SFRg(‘;/M =13+5 M, yr~!, which is about
one order of magnitude lower than expected assuming a
Licim —SFR relation? (see e.g., De Looze et al. 2014; Lagache
et al. 2018; Schaerer et al. 2020; see a similar calculation
in Fujimoto et al. 2019), SFRII, ~ 125 Mg yr~!. This
suggests that, unless the diffuse SFR was exceptionally
dust-obscured, which is disfavoured by the non-detection
of ALMA FIR-continuum (see also Fudamoto et al. 2020,
showing that low-mass objects are not expected to have
high Lr/Lyv), small faint satellites do not significantly
account for the detected large circumgalactic [CII] emission.

Altogether, gas stripping by dynamical interactions
and (with a possibly relative lower efficiency) galactic
outflows and small faint satellites jointly contribute to the
gas mixing and the metal enrichment of the CGM around
high-z merging systems. To resolve these mechanisms and
quantitatively assess their relative efficiencies, we urge (i)
deeper/ higher-resolution ALMA FIR-lines mapping and
(ii) future rest-frame optical emission line observations
with JWST, to be interpreted with tailored zoom-in cos-
mological simulations (e.g., Kohandel et al. 2019; Pallottini
et al. 2019; Graziani et al. 2020).

deed, from their Licy, using the Licy — SFR relation calibrated
by Schaerer et al. 2020, we find SFRs < 10 Mg yr™!, and galax-
ies with such a low SFR at high-z have been reported to not
show signatures of prominent outflows (e.g., Ginolfi et al. 2020),
nor signs of significant amount of circumgalactic emission (e.g.,
Ginolfi et al. 2020; Fujimoto et al. 2020).

9 We used three different calibrations, which give consistent re-
sults: (i) SFRI ~ 129 + 46 M, yr~! from Schaerer et al. (2020),

cGM
calibrated for galaxies at 4 < z < 6; (ii) SFRI21) ~ 12440 M, yr~!
from De Looze et al. (2014), calibrated for local galaxies; (iii)
SFRIM ~ 125 M, yr~! from the model of Lagache et al. (2018).
Errors on the SFR are computed using the uncertainties on the

parameters of the relations.
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5. Conclusions

In this work we present ALMA observations of [CII] and
FIR-continuum emission in/around a merging system at
7z ~ 4.57, observed as a part of the ALPINE survey (see
Le Fevre et al. 2019; Faisst et al. 2020; Bethermin et al.
2020). Combining information from a rich set of panchro-
matic ancillary data (including imaging and spectroscopy
from rest-frame UV to the near-IR; Faisst et al. 2020) with
a morpho-spectral decomposition of the ALMA data (see
Sec. 3.3), we find the results summarised below.

— VC_9780 (dubbed #A) and C15.705574 (dubbed #B),
with star formation rates SFRyy 38:?2 M, yr~!' and
SFRyp = 106f25 M, yr~! respectively, and similar stellar
masses of M, ~ 10'© Mg, are undergoing a major
merger (stellar mass ratio rpass ~ 0.9; see Sec. 3.1),
at a close projected separation of ~ 13 kpc (see Fig.
1), with a small velocity offset of Av ~ 270 km s7'.
ALMA data reveal the presence of two faint and narrow
(FWHM ~ 50 km s7!) [CII]-emitting satellites (see Fig.
4) close to #B, and most likely in the process of orbiting
around (or accreting into) it. We find that our merging
system belongs to the proto-cluster PCIJ1001 + 0220
(Lemaux et al. 2018; see Sec. 3.2), and it is coincident
to one of its overdensity peaks (see Fig. 2).

We produce a velocity-integrated map collapsing the
broad velocity range [-500 : +500] km s~! to visualize
the total [CII] emission arising from the full system,
and find a very large structure extending over circum-
galactic scales, out to a diameter-scale of ~ 30 kpc
(see Fig. 4), surrounding the galaxy components. A
fraction of [CII] flux appears significantly displaced
(% 10 kpc) from the rest-frame UV counterparts of #A
and #B. Both flux maps (see Fig. 3, Fig. 4) and PV
diagrams (see Fig. 5) indicate a disturbed morphol-
ogy and complex kinematics of the overall gas structure.

We compare the flux arising from the extended [CII]-
emitting region with the sum of [CII] fluxes emitted by
single galaxies, and find that about 50 % of the total
emission arises from a gaseous envelope distributed
between the individual components of the system
(see Fig. 6; see also discussion about possibly similar
objects in Faisst et al. 2017). While a contribution of
processed material expelled by galactic outflows (see
e.g., Ginolfi et al. 2020; Fujimoto et al. 2020) and
SFR-induced [CII] emitted by small faint satellites
should be not negligible, we argue that most of the
detected circumgalactic emission originates from the
effect of gas stripping induced by strong gravitational
interactions (see a discussion in Sec. 4), in analogy with
observations of tidal tails of shock-excited [CII] in local
compact groups (e.g., Appleton et al. 2013). This might
also represent a natural channel to feed and enrich
the ICM in the large-scale proto-cluster environment
surrounding our system (see Sec. 3.2 and Fig. 2).

Altogether our findings suggest that dynamical interac-
tions at high-z can be an efficient mechanism for extracting
gas out of galaxies and mixing the CGM with chemically
evolved material. Deeper and higher resolution ALMA data,
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as well as future JWST rest-frame optical emission line ob-
servations, will be necessary to study more in details the
key role of mergers in the baryon cycle of distant galaxies.
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Appendix A: Description of the VMC mapping
technique

Here we briefly describe the VMC mapping technique used
to produce Fig. 2, discussed in Sec. 3.2. We refer to Lemaux
et al. (2018) (and reference therein) for more details.

To reconstruct the density field in a given redshift range,
a large number of Monte Carlo iterations of the input spec-
troscopic and photometric catalogs are run. For each Monte
Carlo realization, we begin with all objects that have spec-
troscopic information, sampling a random uniform distri-
bution for each object. For a given object, if the sample ex-
ceeds the value of a predetermined reliability flag for that
redshift, we throw away the spectral redshift and, for that
Monte Carlo realization, rely on the photometric redshift
information. If the uniform sampling does not exceed the
reliability threshold, we retain the spectral information for
that object in that realization. For those objects where the
spectral information was disavowed along with those ob-
jects that had no spectral information then have their pho-
tometric redshifts tweaked by sampling a reconstruction of
their full P(z). Thus, at the end of a given iteration, all ob-
jects in the combined spectral and photometric catalog have
a set redshift. We then set a redshift boundary to generate
the two-dimensional map and Voronoi tessellate over all ob-
jects whose redshifts, spectral or photometric, fall within
the redshift boundaries. The local density value, Ty, of a
given object for a given iteration is the inverse of the area of
the Voronoi cell surrounding it. This process is repeated for
the set number of Monte Carlo realizations, with the density
values of each realization sampled by a standardized grid of
75X7H h;& proper kpc, and the pixel values from all realiza-
tions are then median combined. As in other works, we rely
here on local overdensity rather than local density as the
former has been found to be less sensitive to observational
effects. The local overdensity value for each grid point is
then computed as IOg(l +6gal) = lOg(l +(ZVMC_iVMC)/2VMC);
where £y is the median Zyye for all grid points over
which the map was defined, i.e., excluding an ~ 1 arcmin
wide border region to mitigate edge effects.

Appendix B: [CIl] flux maps of #C and #D
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