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ABSTRACT

Oct 2019

In this work we study the efficiency of galactic feedback in the early Universe by stacking the [C II] 158 um emission in a large
(O sample of normal star-forming galaxies at 4 < z < 6, drawn from the ALMA Large Program to INvestigate [C II] at Early times
1 (ALPINE) survey. Searching for typical signatures of outflows in the high-velocity tails of the stacked [C II] profile, we observe
(i) deviations from a single-component Gaussian model in the combined residuals and (ii) broad emission in the stacked [C II]
r—=ispectrum, at velocities of |v] < 500 km s~'. Interestingly, the significance of these features increases when stacking the sub-group of
galaxies with star formation rates (SFRs) higher than the median (SFR,,..q = 25 My yr™!), confirming their star formation-driven

(D nature. The estimated typical mass outflow rates are comparable with the SFRs, yielding mass-loading factors of the order of unity
. (similarly to local normal star-forming galaxies), thus suggesting that star formation-driven feedback does not play a dominant
_C role in quenching galaxies at z > 4. From the stacking analysis of the datacubes, we find that the combined [C II] core emission
O _(Jol <200 km s7!) of the higher SFR galaxies extends on physical sizes of ~ 30 kpc (diameter scale), well beyond the analogous [C
I1] core emission of lower SFR galaxies and the stacked FIR-continuum. The detection of such extended metal-enriched gas, likely

e tracing circumgalactic gas enriched by past outflows, corroborates previous similar studies, confirming that baryon cycle and gas

&

exchanges with the circumgalactic medium are at work in normal star-forming galaxies already at early epochs.
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1. Introduction

Current models of galaxy formation widely agree on the key
importance of stellar feedback in regulating the evolution of
galaxies across the cosmic time. Massive stars (2 8 M) emit
copious high-energy photons during their lifetimes and in-

ject energy and momentum in the surrounding gas through

Supernovae (SN) explosions, in the final stage of their evo-
lution (see a review by Woosley et al. 2002). These mech-
anisms can heat the gas and drive turbulent motions in

— the interstellar medium (ISM; e.g., Dekel & Silk 1986; Mac

X
S

Low & Ferrara 1999; Hopkins et al. 2012, 2014), reducing
the star formation efficiency to the observed typical low val-
ues of a few per cent of the free-fall time (e.g., Kennicutt
1998; Krumholz & McKee 2005; Leroy et al. 2008, 2013;
Bigiel et al. 2011). Stellar feedback is also often invoked
to explain the observed discrepancy between the measured
galaxy luminosity (or stellar mass, M, ) function (LF) and
the dark matter (DM) halo mass function predicted by the
standard cosmological model (e.g., Benson et al. 2003; Silk
& Mamon 2012; Behroozi et al. 2013). While the sharp ex-
ponential cut-off at the luminous end of the LF is usually
ascribed to feedback from accreting black holes (BHs) in
active galactic nuclei (AGN; see e.g., Bower et al. 2006;
Cattaneo et al. 2009; Fabian 2012), SN-feedback is thought

galaxies: evolution - galaxies: formation - galaxies: high-redshift - galaxies: ISM - ISM: jets and outflows - galaxies:

to be the dominant mechanism in shaping the flat slope
at the low-mass end of the LF (e.g., Dekel & Silk 1986;
Heckman et al. 1990; Hopkins et al. 2014). In particular, in-
tense episodes of star formation induce powerful SN-driven
winds, which can efficiently accelerate the gas to hundreds
of km s7! (see e.g., Heckman & Thompson 2017) and even-
tually expel it from the disk, (i) suppressing the star for-
mation rate (SFR; e.g., Somerville & Davé 2015; Hopkins
et al. 2016; Hayward & Hopkins 2017), and (ii) enriching
the circumgalactic/intergalactic (CGM/IGM) medium with
heavy elements (e.g., Oppenheimer & Davé 2006; Oppen-
heimer et al. 2010; Pallottini et al. 2014).

Observational evidence of stellar feedback has increased
through the years (see Veilleux et al. 2005; Erb 2015 for
thorough reviews). A widely adopted method to trace the
kinematics of cold and warm outflowing gas consists in mea-
suring the blueshift of metal absorption resonant lines in the
rest-frame ultraviolet (UV) and optical bands, with respect
to the systemic redshift (usually measured through strong
optical emission lines). This technique has been extensively
employed to characterise star formation-driven outflows in
both local (e.g., Arribas et al. 2014; Chisholm et al. 2015,
2016, 2017; Cicone et al. 2016) and distant galaxies, up
to z $ 3 -4 (e.g., Shapley et al. 2003; Steidel et al. 2004,

Article number, page 1 of 16



A& A proofs: manuscript no. AA_template

2010; Rubin et al. 2010; Talia et al. 2012; Rubin et al. 2014;
Heckman et al. 2015; Talia et al. 2017).

At higher redshifts, approaching the Epoch of Reion-
ization, detecting outflows through absorption line spec-
troscopy becomes challenging, mainly because of (i) increas-
ingly weaker metal absorption features, and (ii) large uncer-
tainties on the systemic redshifts, which cannot be obtained
from Lya, whose line-profile is strongly affected by inter-
galactic absorption and radiative transfer effects. A possible
way to overcome such limitations comes from the growing
number of recent Atacama Large Millimeter/submillimeter
Array (ALMA) observations of bright far-infrared (FIR)
lines, e.g., [C II] 158 um (hereafter [C II]) and [O III] 88
um at z > 4 (see e.g., Wagg et al. 2012; Capak et al. 2015;
Maiolino et al. 2015; Inoue et al. 2016; Bradac et al. 2017;
Hashimoto et al. 2018; Carniani et al. 2018; Matthee et al.
2019). For instance, combining the redshift determined from
[C II] with deep observed-frame optical spectra taken at
DEIMOS/Keck, Sugahara et al. (2019) constructed a high-
signal to noise (S/N) composite far-UV spectrum of seven
Lyman Break Galaxies (LBGs) at z =5 —6 (Riechers et al.
2014; Capak et al. 2015). They find central outflow veloci-
ties (i.e., values measured at the line center, corresponding
to the bulk motion of the gas) of voy = 400 km s7! and
maximum outflow velocities of about 800 km s~!, highlight-
ing an increase (by a factor > 3) with respect to analogue
quantities in galaxies at lower redshifts (see Sugahara et al.
2017).

To probe star formation-driven outflows in the early
Universe, an alternative method to rest-frame FUV absorp-
tion line spectroscopy consists in studying the broad wings
in the high-velocity tails of FIR-line spectra, similarly
to what is commonly done for luminous AGN-driven
outflows (see e.g., Maiolino et al. 2012; Feruglio et al.
2018; Decarli et al. 2018; Bischetti et al. 2019; Stanley
et al. 2019). Unfortunately, even significant investments
of ALMA time (< 1 hour; see e.g., Capak et al. 2015) do
not provide sufficiently good spectra to analyse in details
the weak broad components of FIR-lines in individual
normal® star-forming galaxies at z > 4, and stacking of
large samples would be needed. Some indications of the
discovery potential held by FIR-lines stacking analysis
come from recent results by Gallerani et al. (2018), who
found flux excesses at about v+ 500 km s~! in the stacked
residual [C II]-spectrum of a small sample of nine galaxies
at z ~ 5 -6 (Capak et al. 2015), likely ascribed to broad
wings tracing star formation-driven outflows.

Aiming at improving our understanding of galactic
feedback at early epochs, in this paper we explore the
efficiency of star formation-driven outflows through the
stacking analysis of [C II] emission-lines in a large sample
of normal galaxies at 4 < z < 6, from our ALMA Large Pro-
gram to Investigate C* at Early Times (ALPINE) survey
(Le Fevre et al. 2019; Béthermin et al. 2019; Faisst et al.
2019; see a short description of the survey in Sec. 2). On
the one hand, the diversity of ALPINE galaxies (almost 2
dex in SFR and M, are spanned across the main sequence)

! Following the commonly adopted nomenclature in the lit-

erature, we use normal when referring to galaxies on the star-
forming Main Sequence (e.g., Brinchmann et al. 2004; Noeske
et al. 2007; Daddi et al. 2010; Rodighiero et al. 2011; Speagle
et al. 2014).

Article number, page 2 of 16

and the wealth of ancillary multi-wavelength photometric
data (from UV to FIR) enable us to investigate primary
dependences of stellar outflows on galaxy physical proper-
ties. On the other hand, the large statistics provided (the
number of [C II]-detected galaxies used for the stacking is
~ 6—fold higher than similar previous studies; see Gallerani
et al. 2018) yields enough sensitivity to (i) map the typical
spatial extension of high-velocity outflowing gas and (ii)
constrain the circumgalactic enrichment on scales of few
tens of kpc, providing new critical pieces of information
on the baryon cycling physics that drives the evolution of
high-z galaxies.

The paper is organised as follows. In Sec. 2 we de-
scribe the ALPINE survey and the data reduction process,
while in Sec. 3 we describe the methods of our analysis
and report the results. Sec. 4 contains a discussion on
the implications of our findings, and Conclusions are
summarized in Sec. 5.

Throughout the paper, we assume a flat Universe with
Qn =03, Qp =0.7 and Hy = 70 km s™! Mpc™!, and adopt
a Chabrier initial mass function (IMF; Chabrier 2003).

2. Sample and Observations

ALPINE is an ALMA large program (PI: O. Le Fevre;
Le Fevre et al. 2019; Béthermin et al. 2019; Faisst et
al. 2019) designed to measure [C II] and its surrounding
FIR-continuum emission for a representative sample of 118
normal galaxies at z = [4.4 — 5.8]. This enables extensive
studies of the ISM and dust properties, kinematics and
dust-obscured star formation in a representative popu-
lation of high-z galaxies, with template-fitting derived
SFR 2> 10 My yr™' and stellar masses in the range
M, ~ 10° — 10! M,. All galaxies have reliable optical
spectroscopic redshifts coming from extensive campaigns
at the Very Large Telescope (VUDS: Le Fevre et al. 2015;
Tasca et al. 2017) and Keck (Keck-COSMOS: Hasinger
et al. 2018, Capak et al. in prep.), and benefit from a wealth
of ancillary multi-wavelength photometric data (from UV
to FIR; see Faisst et al. in prep.). This makes ALPINE
one of the currently largest panchromatic samples to study
the physical properties of normal high-z galaxies (see a
discussion in Le Févre et al. in prep., and Faisst et al. 2019).

The overall ALMA observational strategy/setup and
details on the data reduction steps (including data quality
assessment) are comprehensively discussed in Béthermin et
al. in prep., but a short summary of relevant information
is reported here. ALMA observations were carried out
in Band-7 during Cycle 5 and Cycle 6, and completed
in February 2019. Each target was observed between 20
minutes and 1 hour of exposure time, with phases centred
at the rest-frame UV positions of the sources. One spectral
window was centred on the [C II] expected frequencies,
according to the spectroscopic redshifts extracted from
UV-spectra, while other side-bands were used for con-
tinuum measurements. The data were calibrated using
the Common Astronomy Software Applications package
(CASA; McMullin et al. 2007), version 5.4.0, and additional
flagging of bad antennas was performed in a few cases
(see Béthermin et al. in prep.). Continuum maps were
obtained running the CASA task clean (multi-frequency
synthesis mode) over the line-free visibilities in all spectral
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Fig. 1. Redshift (a), SFR (b), and M, (c) distributions of our final sample of normal galaxies drawn from the ALPINE survey and
used in this work (see Sec. 3.1.2). The gap in the redshift distribution is due to the original ALPINE sample selection, tailored to
avoid a prominent atmospheric absorption at ~ 325 GHz, in the ALMA band 7. The grey dashed lines in panels b) and ¢) represent

the median SFR and M, of our galaxies.

windows, while [C II] datacubes were generated from the
continuum-subtracted visibilities, with 500 iterations and
a S/N threshold of o¢jean = 3 in the clean algorithm. We
chose a natural weighting of the visibilities, a common
pixel size of 0.15” and a common spectral bin of 25 km
s7! (resulting to be the best compromise in terms of
number of spectral elements to resolve the line and S/N
per channel). The median sensitivity (in the spectral
regions close to [C II] frequencies) reached by the cubes
in our sample is ~ 0.35 mJy/beam for a 25 km s7!
spectral channel, while the overall distribution ranges
between 0.2 and 0.55 mJy/beam per channel with the
same velocity binning. Such a variation (notwithstanding
similar integration times) is mainly driven by the redshift
range covered by our targets and the evolving atmospheric
transmissivity function in ALMA Band-7 (see Béthermin
et al. in prep.). The typical angular resolution of the final
products, computed as the average circularized beam axis,
is 0.9” (~ 5.2 - 6 kpc in the redshift range z = 4.4 — 5.8),
with values ranging between 0.8”-1”. In Béthermin et al.
in prep., we discuss in details the methods adopted to
extract continuum and [C II] information from ALPINE
observations, while we refer to other forthcoming works
for an overview of ALPINE-related results. The data-set
consists of 75 robustly [C II]-detected galaxies?, with a
S/N > 3.5 (i.e., the threshold at which our simulations
indicate a 95% reliability; see Béthermin et al. in prep.)
calculated as the ratio between peak fluxes and rms in
optimally-extracted® [C II] velocity-integrated maps.

3. Analysis and Results

[CTI] is the brightest line in the FIR spectra of star-forming
galaxies and it has been exploited to trace AGN-driven
outflows revealed by the presence of broad wings in the
spectra of luminous high-z QSOs (see e.g., Maiolino et al.
2012; Cicone et al. 2015; Janssen et al. 2016; Feruglio et al.
2018; Decarli et al. 2018; Bischetti et al. 2019; Stanley et al.

2 Note that, as discussed in Sec. 3, in this work we exclude from
our analysis ~ 30% of the sample, consisting of merging systems.
3 Velocity-Integrated [C II] maps were created in an iterative
way, allowing for (i) slight (astrometry-corrected) spatial offsets
(<1”) between the [C II] and rest-frame UV centroids, and (ii)
spectral shifts between [C II] line and expected frequencies from
UV-spectra (see Béthermin et al. in prep., for details).

2019). In normal galaxies, where outflows are expected to be
more powered by stellar feedback rather than AGN-activity,
broad wings are expected to be less prominent and weaker
(see, e.g., a review by Heckman & Thompson 2017); there-
fore, even in the deepest currently available [C II] observa-
tions at z = 4, the sensitivity is generally not adequate to
detect weak broad components in individual objects (e.g.,
Capak et al. 2015; Maiolino et al. 2015; Gallerani et al.
2018; Fujimoto et al. 2019).

In order to explore the efficiency of galactic feedback at
play in normal star-forming galaxies in the early Universe,
we perform a stacking analysis of the [C II] emission in a
sample of galaxies (see Sec. 3.1.2) drawn from the ALPINE
survey (see Sec. 2). The stacking technique enables us to
substantially increase the sensitivity in the combined spec-
tra/cubes. It therefore holds a significant discovery poten-
tial as shown in Bischetti et al. (2019) and Gallerani et al.
(2018), who successfully carried out the stacking of a QSO
sample at 4.5 < z < 7, and a small sample of normal galax-
ies at z ~ 5, respectively. In the following we describe the
methods used to extract, align and stack [C II] spectra and
cubes of our galaxies, and report the results.

3.1. Methods and Stacking Analysis

Our analysis is based on three different procedures (de-
scribed in the next paragraphs), each of them providing
complementary information:

- stacking of the residuals, computed by subtracting a
single-component Gaussian fit to each [C II] spectrum (Sec.
3.2). This procedure is needed to test whether or not a
single-Gaussian component is sufficient to describe (on av-
erage) our [C II] spectra;

- stacking of the [C II] spectra (Sec. 3.3), to verify the
improvement gained in describing the combined spectrum
with a two-components Gaussian model, and to compute
the typical outflow properties (e.g., velocity and mass of
the neutral atomic gas);

- stacking of the [C II] cubes (Sec. 3.4), to obtain in-
formation on the typical spatial distribution of the [C II]
emission, both at low- and high-velocities.
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3.1.1. Extraction of spectra and alignment

To extract the [C II] spectra of our galaxies we use 2D-
apertures defined by the pixels contained within the 20—
levels of our optimally-extracted [C II] velocity-integrated
maps (see Béthermin et al. in prep.). Rather than adopting
a common fixed aperture, this has the advantage of taking
into account variable morphologies/extensions of the gas, in
order to include most of the flux coming from the total [C
IT]-emitting region, and to minimise the addition of noise.
However, as discussed in Sec. 3.3, we also tested fixed and
smaller apertures.

Before stacking, we align the spectral axes of both spec-
tra and cubes according to their [C II] observed frequencies:
we set as a common zero-velocity reference the 25 km s™!
-sized channel/slice centred (after interpolation) on the cen-
troid frequency of the Gaussian fit. The resulting distribu-
tion of the number of objects per spectral element (as shown
in the top panels of the next figures, e.g., Fig. 2, 3) is not
uniform along the full velocity-range and declines starting
from a few hundreds of km s~! around the line, up to halv-
ing at about £1000 km s~'. These effects are mainly due to:
(i) the exclusion of a few spectral channels flagged by the
pipeline during the reduction steps, and more importantly
(ii) spectral offsets between the observed [C II]-redshifts
and the expected redshifts as derived from rest-frame UV
spectra, originally used to centre the spectral windows (see
Béthermin et al. in prep. and Cassata et al., in prep., for
technical details and a physical interpretation of the veloc-
ity offsets, respectively).

We also spatially align the [C II] cubes, centering them
on the brightest pixel of [C II] velocity-integrated maps.
This procedure is preferred to choosing the phase centre
(coincident with the centroid of rest-frame UV positions of
the sources) as a common spatial reference point, since a
few sources show small spatial offsets (< 1”7, whose physical
interpretation will be discussed in another paper) between
the [C II] and optical images centroids®*.

3.1.2. Exclusion of possible contaminants

As explained in Sec. 3.1 and discussed in the next
paragraphs, in this work we are interested in revealing
deviations from a single-component Gaussian model and
flux-excesses in the high-velocity tails of the stacked
spectra and cubes possibly due to SF-driven winds. Since
these effects may be mimicked by companion galaxies
and satellites in interacting systems (see discussions in
e.g., Gallerani et al. 2018; Fujimoto et al. 2019; Pallottini
et al. 2019), we exclude from our analysis 25 objects
(corresponding to ~ 30% of the [C II]-detected ALPINE
sample) with signs of ongoing major/minor mergers; for
those systems a proper spatial or spectral deblending can-
not be performed and any attempt does not guarantee to
remove possible contamination. Such selection is based on
a morpho-kinematic classification, described in detail in Le
Fevre et al. in prep., and performed combining information

4 For the sake of clarity we repeated our analysis leaving the
phase centres as common spatial reference points, and the re-
sults of cube-stacking are identical within the errors. The lack
of evident deviation is due to the fact that only a small fraction
(< 10%) of our sample is affected by small offsets (<1”) between
[C II] and rest-frame UV (see a discussion in a similar analysis
by Fujimoto et al. 2019).
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from the ancillary multi-wavelength photometry and the
ALMA products (e.g., velocity-integrated [C II] maps, 2D
kinematics maps, and position-velocity diagrams; see Jones
et al. in prep.). We note that our exclusion of interacting
systems does not prevent the sample from being somehow
still contaminated by unresolved, HST/ALMA undetected,
faint satellites®. While, as discussed in the next sections,
some arguments suggest that this effect should not be
significant, a more solid solution to this caveat could be
only provided in the future by deeper and higher-resolution
observations.

The final sample, drawn from ALPINE and used in
this work, consists of 50 normal star-forming galaxies at
redshift 4.4 < z < 5.8 (Fig. 1.a), with SFR ~ 5 - 600 M,
yr! (Fig. 1.b) and log(M,/Mg) ~ 9 — 11 (Fig. 1.c). Stellar
masses and star formation rates are derived from Bruzual
& Charlot (2003) composite stellar population template
fitting, using the LePhare code (Arnouts et al. 1999; Ilbert
et al. 2006) with a large range in stellar ages, metallicities,
and dust reddening. For further details we refer the reader
to Faisst et al. in prep.

3.2. Combining the residuals

Before searching for signatures of star formation-driven out-
flows in the high-velocity tails of the stacked [C II] spec-
trum, we check the null hypothesis that the [C II] line
profiles of our galaxies are well (and completely) described
by a single-Gaussian model. We therefore perform the sim-
ple standard procedure (see e.g., Gallerani et al. 2018) de-
scribed in the following:

(i) we fit a single-Gaussian profile to each [C II] spectrum
(where the peak flux, centre velocity® and full width
at half maximum, FWHM, are free parameters), and
compute the model value G;, in each independent 25
km s~ '-sized spectral bin i;

for each spectrum we compute the residuals R;, by sub-
tracting in each channel the best-fitting Gaussian model
G; to the observed flux F;, i.e., R; = F; — Gj;

we combine the residuals performing a variance-
weighted stacking:

N
RStack _ Zl<=1 Rij - wy
1

N
Zk=1 Wi

where N is the number of galaxies contributing to each
velocity bin, and the weighting factor wy is defined as
we = 1 /0']%, where o is the spectral noise associated
with the spectrum k. We compute o as the root mean
square (rms) of the noise contained in each spectrum
excluding channels in the velocity range [-800 : +800]
km s™! around the centre, to avoid the [C II] emission
line of the galaxies themselves”.

: (1)

5 We estimate a limit of < 1.5 My, yr~! on their SFR, based on
the absolute UV magnitude limit of our sample.

6 Note that, since the spectra were spectrally centred and
aligned at zjcyy (as discussed in Sec. 3.1.1), the centre velocity is
by definition 0 km s7'.

7 We found +800 km s! to be an optimal compromise between
(i) having a large number of independent spectral bins to use for
the determination of noise and (ii) conservatively excluding the
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Fig. 2. The top panel shows a histogram containing the number
of objects per channel contributing to the stacked flux. In the
central (lower) panel the variance-weighted stacked [C II] resid-
uals from a single-Gaussian fit are shown, in spectral bins of 25
km s7! (75 km s7!). The green solid lines at + 800 km s™! enclose
the velocity range excluded for the estimation of spectral noise,
while the blue dashed lines represent the spectral rms at +1o.
Channels in violet represent the channels in the velocity range
enclosed by the outermost peaks at > 30 in the 75 km s~'-binned
stacked residuals. This helps in visualizing the velocity interval
affected by flux excesses.

In Fig. 2 we show the resulting stacked residuals, thaCk,
where, for each spectral channel i, we report on the top
panel the number of sources contributing to the correspond-
ing flux. In the velocity range v ~ [-500 : +500] km s~! we
find peaks of flux excess with significance > 30~ (where o
is computed as the ratio between R?t"wk and oy) in single
velocity bins (see violet bins, whose definition is reported
in the caption of Fig. 2), while the flux distribution in the
stacked residuals at larger velocities (Ju| > 600 km s7!) is
completely consistent with the noise. To facilitate the in-
terpretation and improve the visualization, we re-bin the
stacked residuals in channels of 75 km s™! (averaging over
three contiguous spectral elements), revealing an increase of
the flux excess significance up to 40 in the velocity range
v~ [=500 : +500] km s~!.

We note that in the hypothesis that our [C II] spectra
were completely described by a single-Gaussian profile, the
resulting flux from the stacked residuals should be simply
consistent with random noise over the full velocity range.

velocity range usually found to be affected by stellar outflows.
The effectiveness of this choice is probed a posteriori by our
own results, since (as discussed in the following) no significant
residuals are found at [v| > 600 — 700 km s7'.

To explore the origin of such observed deviations from
a single-Gaussian profile and probe any connection with
stellar feedback, we repeat the analysis described above
dividing our sample in two SFR-defined bins, and analysing
each of them individually. Specifically, we use the median
SFR of galaxies in our sample (SFR,.g = 25 Mg yr™'; see
Fig. 1.b) as the threshold to create two equally populated
sub-samples of low-SFR galaxies (SFR < 25 Mg yr~!) and
high-SFR® galaxies (SFR > 25 My yr™!). We find that:

- the stacked residuals of low-SFR galaxies do not show
any clear sign of significant flux-excess over the entire
velocity range, as shown in Fig. 3.a. Channels at
v ~ [-500 : +500] km s~! (where positive signal is
detected when stacking the full sample; see Fig. 2)
are noise-dominated, with only few (one) channels
exceeding 20~ in the 25 km s7! (75 km s7!)-binned
spectrum;

- flux excess at |v| < 500 km s~! in the stacked residuals of
high-SFR galaxies is more distinct than in the stacked
residuals of the full sample, with (i) a larger number
of connected velocity bins at S/N > 30, and (ii) peaks
reaching an increased significance of 40~ (50) in the 25
km s7! (75 km s7!)-binned spectrum. At lower velocities,
v ~ [=300 : +300] km s~!, the residuals look flatter, with
some \lzveak symmetric negative peaks® at about v+ 250
km s

Therefore, the most star-forming galaxies in our sample
contribute more to the deviation from a single-Gaussian
profile, indicating a possible connection (on average)
between the amount of SFR and the observed deviation
from a single-component Gaussian profile in the [C II
spectra of high-z normal galaxies. Altogether, these findings
suggest that the star formation (or, more properly, star
formation-driven mechanisms) is likely to be responsible
for producing the observed flux excess at the high-velocity
tails of the stacked residuals.

3.2.1. Any contribution from rotating galaxies?

While dispersion-dominated galaxies exhibit single-peak
spectra, the double-horned profiles of rotating disks (see
e.g., Begeman 1989; Daddi et al. 2010; de Blok et al. 2016;
Kohandel et al. 2019) are not well described by a single
Gaussian. In addition, evidence for rotating disks has been
found at high-redshift (e.g., De Breuck et al. 2014; Jones
et al. 2017; Talia et al. 2018; Smit et al. 2018). Thus, it is
conceivable that the presence of rotating disks in our sample
may contribute to the deviation from a single-Gaussian (see
e.g., Kohandel et al. 2019) and to produce the symmetric
residuals seen in Fig. 3. However, we note that large rota-
tional velocities of |v| ~ 500 km s~! have been observed only

8 The labels low and high are specifically referred to the SFR-
distribution of galaxies in our sample.

9 The symmetric weak negative peaks at about v + 250 km
s7! are consistent with the negative residuals obtained from a
single-Gaussian fit of a curve that is better described by the
combination of a narrow and a broad Gaussian components (see

Sec. 3.3).
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Fig. 4. Similarly to the central panel of Fig. 3.b, the 25 km
s~l-binned stacked [C II] residuals of the high-SFR group are
shown. However, here, for the five rotators in the sub-sample,
Rix (see Eq. 1) is calculated by subtracting a kinematic model
to the observed spectra. We colour in green the channels where
the residuals left by the tilted-ring fit are non-null, specifically
in the velocity range v ~ [-225 : +275] km s~!, marked by the
grey shaded region.

in bright sub-mm galaxies (SMGs) and AGN-host galaxies,
with intense SFRs 2 1000 My, yr~! and very broad FWHMs
> 800 km s7! (see e.g., Carniani et al. 2013; Jones et al.
2017; Talia et al. 2018), and are unlikely to be produced by
normal star-forming rotating galaxies (the median FWHM
of [C 1II] profiles in our high-SFR galaxies is ~ 250 km s7!).
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In order to further explore this argument we use
SDBAROLO (a tool for fitting 3D tilted-ring models to
emission-line datacubes that takes into account the effect of
beam smearing; see Di Teodoro & Fraternali 2015) to build
kinematic models of five galaxies classified as rotators (Le
Févre et al., in prep.) in the high-SFR group, for which we
have enough independent spatial elements to obtain robust
fits (see details in Jones et al., in prep.). We then repeat
the residuals-stack of our high-SFR galaxies, but now, for
the five ALPINE rotators modelled with S°PBAROLO, we cal-
culate R;x (see Eq. 1) by subtracting the tilted-ring fit to
the observed spectra, rather than the Gaussian model. The
resulting stacked residuals are shown in Fig. 4: while peaks
of flux excess resulting from the kinematic modelling are
indeed visible in the residuals (see green channels), these
are more concentrated toward the common reference cen-
tre, only affecting the velocity range v ~ [-225 : +275] km
s7! (see grey shaded region). This test suggests that the ef-
fect of unresolved kinematics in the spectra of our normal
rotating galaxies should not have a significant impact on the
residuals observed at || < 500 km s~!, whose origin should
be ascribed to other mechanisms, as discussed below.

3.3. Stacking the spectra

In Sec. 3.2 we discussed that a single-Gaussian component
is not sufficient to correctly model (on average) the [C II]
spectra of a representative (see M, and SFR distributions in
Fig. 1) population of high-z normal galaxies (Fig. 2). In par-
ticular, we found that the deviation from a single-Gaussian



M. Ginolfi et al.:

SF-driven outflows and CGM enrichment in the early Universe

n 501
.9 30
S
' 101 b)
—-2000 —-1500 —-1000 -500 0 500 1000 1500 2000
2.01 single Gaussian 0.101 : ;g:ﬁ:::: Et
—— two-components Gaussian
---- narrow component o
1.5 ---- broad component 0.051 i
—_— [
= = o
€ ¢ : : : : r | € %
= 101 FWHM narrow: 230 km/s —600 —400 ~200 0 200 400 600 = L ? '%
3
E FWHM broad: 533 km/s 2 .00 i m m@ |
o 4
0.0 —0.051

1000

—500 0 500

Velocity [km/s]

—-2000 -1500 —1000

Fig. 5. a) The variance-weighted stacked [C II] spectrum of all galaxies in our sample is shown, in velocity bins of 25 km s~

—500 0 500 1500

Velocity [km/s]

1500 2000 —1500

1. The
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histogram containing the number of objects per channel contributing to the stacking is shown in the top panel. b) Residuals from
the single-Gaussian (two-Gaussian) best-fit are shown in red (blue), in velocity bins of 50 km s7!

model is related to the SFR, with high (low)-significance
flux excess found in the stacked residuals of high (low)-
SFR galaxies (Fig. 3). Interestingly, in line with previous
similar works (e.g., Gallerani et al. 2018), most of the pos-
itive signal revealed in the stacked residuals of highly star-
forming galaxies arises from almost symmetric high-velocity
tails (see Fig. 3.b), specifically at velocities consistent with
those observed through UV-spectroscopy in the outflow-
ing gas accelerated by stellar feedback at similar redshifts
(e.g., Sugahara et al. 2019; see a discussion in Sec. 1). This
suggests that the observed flux excess can be ascribed to
SFR~driven outflows. However, to corroborate this hypoth-
esis we need to test whether a two-components Gaussian
model, i.e., a combination of a narrow plus a broad com-
ponent (with the latter tracing the outflowing gas; see Sec.
3), can better describe our observations.

We therefore perform a variance-weighted stacking of
the [C II] spectra of galaxies in our sample, to compute
(and compare) the residuals of single-Gaussian and two-
components Gaussian best fits. In analogy with Eq. 1, each
i-th channel of the stacked spectrum S f‘aCk is defined as:

S Sk W
N
Zk:l Wy

where S; is the [C II] spectrum of the k-th galaxy, and
the weighting factor wy = 1/0'% is calculated as described in
Sec. 3.2.

S §tack —

(2)

In Fig. 5.a we show the [C II] spectrum resulting
from the stacking of our full sample (with a spectral
element binning of 25 km s7!) along with the single- and
two-components Gaussian best fits. As for the figures in
Sec. 3.2, a histogram reporting the number of objects per
channel contributing to the corresponding flux is shown
on the top panel. The stacked [C II] spectrum appears
to be clearly characterised by weak (less than 10% of the
line peak-flux) broad wings at velocities of few hundreds
of km s7! (see inset in Fig. 5.a). We find that, while a

single-Gaussian fit produces significant positive residuals
at v ~ £[300 : 500] km s7! (in agreement with results from
Sec. 3.2), a two-components Gaussian fit can accurately
describe the stacked spectrum, leaving residuals that are
reasonably consistent with simple noise (no peaks exist at
> 207; see Fig. 5.b). Our two-Gaussian model best fit results
in a combination of a narrow component and a relatively
less prominent broad component, in agreement with typical
line profiles observed in presence of outflows at low-z or in
AGN-host galaxies (see a discussion in Sec. 1). Both the
narrow and broad Gaussian components are centred at the
stacked [C II] line-peak (veen ~ 0 % 10 km s7!). We measure
a FWHM = 230 + 15 km s~! for the narrow component,
and a FWHM = 533+80 km s~! for the broad component'".

In analogy with the analysis carried out on the stacked
residuals, we test the dependence of the average [C II]
spectral properties on the SFR, dividing our sample in
two SFR bins as described in Sec. 3.2, and repeating the
analysis in each group. We find that:

- the stacked IC I1] spectrum of low-SFR galaxies (SFR
<25 M, yr7!') does not show clear signs of broad wings
(see Fig. 6.a). As expected, given a larger number of free
parameters, the residuals left by the two-components
Gaussian best fit are lower than in the single-Gaussian
case. However, although somehow more pronounced
at v ~ [-500 : +500] km s~!, the residuals produced
by the single-Gaussian best fit are generally consistent
with the noise (no peaks at » 30), indicating that the
low-SFR galaxies stacked spectrum can be sufficiently
well described by a single-component Gaussian profile.
Moreover, in this case the two-components Gaussian
best fit is not determined by the expected combination

10 Here and in the following, the reported FWHM values are
deconvolved for the intrinsic spectral resolution of the stacked
spectra (25 km s7!), while the associated uncertainties are es-
timated through a bootstrap analysis, as described in the next
paragraphs.
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Fig. 6. Same description of Fig. 5. In this case the stacked [C II] spectrum and corresponding residuals from a single- and
two-Gaussian best-fits are shown for the low-SFR (a), and the high-SFR (b) sub-samples, individually.

of a narrow and (less prominent) broad component,
and therefore does not provide meaningful result;

- the stacked [C II] spectrum of high-SFR galaxies (SFR
> 25 Mg yr ') shows clear signs of broad wings on
the high-velocity tails, at v + ~ 500 km s~! (see Fig.
6.b). The single-Gaussian best fit leaves significant resid-
uals (with peaks exceeding 407) in the velocity range
v ~ +[300 : 500] km s~!, more prominent than the resid-
uals found in the combined spectrum from the full sam-
ple. On the other hand, the two-components Gaussian
best fit, resulting in a combination of a narrow (FWHM
=250 + 10 km s7!) and a broad (FWHM = 684 + 65
km s7!) component, produces residuals that are fully
consistent with the noise.

These findings do not prove the absence of a broad
component (i.e., a possible signature of outflows) in the
stacked spectrum of the low-SFR sub-sample. Indeed, since
[C II] is generally fainter in low-SFR galaxies (see e.g.,
Capak et al. 2015; Carniani et al. 2018; Matthee et al. 2019;
Schaerer et al., in prep.), we might expect this feature to
be less evident and most likely below the detection limit.
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Full Sample High-SFR group

SFRmed 25 Mg yr~! 50 Mg yr~!
FHWM - narrow 230+ 15 km s} 250+ 10 km s~!
FHWM - broad 533+ 80 km s™! 684 + 65 km 57!

Table 1. Median SFRs of full and high-SFR (sub-) samples are
summarized, along with the FHWMs of both narrow and broad
Gaussian components.

On the other hand, since the noise level in both stacks
is comparable (given the same number of galaxies in the
two bins), we can safely argue that high-SFR galaxies are
(on average) characterized by larger and more prominent
broad components in their [C II] spectra.

To estimate the possible effect of contamination from few
single individual sources in the (sub-) samples where we
found evidence of broad wings, we perform a bootstrap anal-
ysis. In Figs. 7.a and 7.b we show the FWHM-distributions
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Fig. 7. FWHM-distribution of narrow (red histograms) and broad (green histograms) components obtained with jackknife analysis
for the full sample (a) and the high-SFR group (b) are shown. The dashed lines represent the median values of the distribution.

of both narrow and broad components obtained with
bootstrap for the full sample and the sub-sample of
highly star-forming galaxies, respectively. The two panels
show that for both narrow and broad components, the
peaks of FWHM-distributions are well consistent with the
values reported in the analysis described above (without
any random replacement), indicating that no obvious
dominance by a small number of galaxies is affecting our
results. To improve the reliability of our measurements,
we adopt the o of the bootstrapped FWHM-distributions
(see labels in Fig. 7) as uncertainties on the FWHM val-
ues of the stacked spectra reported above (see also Table 1).

We also repeat the stacking of high-SFR galaxies by
combining the [C II] spectra extracted from a fixed 4 pixel
X 4 pixel-sized aperture (diameter of 0.6”, i.e., slightly
more than half of the averaged circularized beam) centred
on the brightest pixels of the velocity-integrated [C II]
maps. Apart from a small difference in terms of absolute
signal, we do not find clear deviations from the stacked
spectrum shown in Fig. 6.b, further suggesting that a
possible contamination from faint satellites (at least on
scales comparable with the beam) does not contribute
significantly in building-up the observed broad component.

We note that, although the FWHM of the broad compo-
nents that we measure (FWHM < 700 km s~!; see Table
1) is much smaller than the analogous observed in typical
high-z QSOs (i.e., FWHM 2 2000 km s~!; see Maiolino
et al. 2012; Cicone et al. 2015; Bischetti et al. 2019), some
contribution to the [C II] broadening may come from
winds powered by gas accretion onto moderately massive
black holes, especially in the high-SFR group. One of the
objective of our survey will be indeed characterizing the
AGN-activity of ALPINE galaxies, using, for instance,
(i) X-ray diagnostics, and (ii) UV-spectra stacking to
constrain the Type IT AGN sensitive lines (e.g., HelI-11640
A and CIII-11908 A; see e.g., Nakajima et al. 2018; Le
Fevre et al. 2019). In addition to this, JWST will help
in terms of BPT diagram classification (Baldwin et al.

1981) and observations of broad Ha or [OII1]-15007 A line
emissions.

3.4. Stacking the cubes

As discussed in the previous sections, our stacking analysis
of [C II] spectra shows that the significance of residuals from
a single-Gaussian fit and broad wings on the high-velocity
tails, at v + ~ 500 km s™!, increases with the SFR, indicat-
ing that star formation-driven outflows are at play in high-z
normal galaxies. To better characterise the outflow proper-
ties, we explore the morphologies and spatial extensions of
both the core and high-velocity wings of the [C II] line.

We therefore combine the [C II] cubes of our galaxies C;,
spectrally and spatially aligned as discussed in Sec. 3.1.1,
following a vector variance-weighted stacking:

N
Cstack _ Zkzl Ci,k * Wik
i - N
Zk:] Wi k

Eq. 3 is a generalized version of Eq. 2 (see e.g., Fruchter
& Hook 2002; Bischetti et al. 2019), where Ci** is the
stacked cube composed by i slices, Cix is the [C II] cube
of the k-th galaxy and w;; is the weighting factor defined
as wiy = 1/0'%,(. Here Tk is defined as the spatial rms
estimated from a large emission-free region at each i-th
slice of each k-th galaxy, and allows us to account for
any frequency-dependent noise variation in the [C II] cubes.

(3)

Following the same procedure described in Sec. 3.2
and Sec. 3.3, we perform the stacking analysis of [C II]
cubes for both (i) the full sample and (ii) two groups of
galaxies with SFR higher/lower than the median SFR in
our sample, i.e., SFR s 25 M, yr~'. We then collapse the
spectral slices of the [C II] stacked cubes in the velocity
ranges (i) [-200 : +200] km s~!', and (ii) [-600 : —200],
[+200 : +600] km s~'. Those ranges are specifically chosen
to produce velocity-integrated flux maps of (i) the core of
the [C II] emission, and (ii) the [C II] high-velocity tails,
respectively. In Fig. 8 we show the central 8” x 8" regions
of the flux maps from the stacked cubes. We find that:
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Fig. 8. Velocity-integrated [C II] flux maps (central 8” x8” regions) are shown in different velocity ranges, from the combined cubes
obtained by stacking (a) the full sample, (b) the low-SFR and (c) the high-SFR groups. Left and right panels are representative
of the high-velocity tails of the [C II] emission ([-600 : —200] and [+200 : +600] km s~!, respectively), while maps in the central
panels trace the [C II] core ([-200 : +200] km s~!). Significance levels of the black contours are reported below the panels of a).
The average synthesized beam is shown in the lower-left corners, while a reference size-scale of 15 kpc is reported at the bottom

of each panel.

- [C II] emission is detected up to 4o in the velocity-
integrated maps at [-600 : —200] and [+200 : +600] km
s7! of the full-sample, and up to 50 in the high-SFR
group. Only tentative detections (~ 207) are revealed in
the high-velocity tails of the low-SFR group (see side
panels of Fig. 8). Where detected, the high-velocity
[C II] emission is marginally resolved (compared with
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the average beam of the observations in the stack!!),
extending on beam-deconvolved'? angular sizes of
~ 0.9”, corresponding to ~ 6 kpc at zmea = 5 (the

11 The stacked synthesized beam of our observations has a major
axis FWHM of 0.98”, a minor axis FWHM of 0.89” and a position
angle of —30 deg.

12 We calculate beam-deconvolved sizes by fitting a 2D-Gaussian
model and subtracting in quadrature the major/minor axis
FWHM of our stacked synthesized beam.
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Fig. 9. Circularly averaged radial profiles computed in concen-
tric 0.3”-binned annuli are shown for (i) the stacked PSF of our
ALMA observations (black solid lines for galaxies in our sample,
and black dashed line for ALPINE continuum-detected galax-
ies), (ii) the stacked FIR-continuum (orange squares) and (iii)
the stacked maps of [C IT] cores ([-200 : +200] km s!) for galax-
ies in the low-SFR (green squares) and high-SFR (blue square)
groups. Error bars are indicative of the + 1o dispersion of fluxes
in each annulus, while the thin dashed lines represent the Pois-
sonian noise associated with the radial profiles!'?.

median redshift of our galaxies);

- in the velocity-integrated image at [-200 : +200] km

s1, which traces the core of line, we detect [C II] emis-
sion at exceptionally high significance in all our three
(sub-) samples, i.e., 2 300 in the full sample and high-
SFR bin, and > 100 in the low-SFR group (see central
panels of Fig. 8). Interestingly, while in all three cases
[C 1I] emission is fully resolved and extended on angular
scales of > 2” (> 15 kpc at zmed = 5), the core of [C II]
line emission appears to be more extended for the high-
SFR galaxies, with low-S/N (20) features extending up
to angular scales of » 3", corresponding to about 20 kpc
at Zmed = 5.
To test the reliability of these results, we repeat the
analysis carrying out a median stacking instead of the
variance-weighted mean stacking described in Eq. 3. We
do not find evident deviations, confirming that our find-
ings are not affected by outliers in the distribution.

In order to constrain with higher accuracy the typical
extension of the stacked [C II] line core and quantify its
dependence on the SFR (as suggested by the flux maps in
Fig. 8), we compute the circularly averaged radial profiles
of surface brightness (SB) from the low-velocity [C II] flux
maps of our stacked (sub-) samples (see Fig. 9). We then

13 We estimate the Poissonian noise level by dividing the rms of
the normalized [C II]-flux (or continuum) images by the square
root of each annulus area.

compare them with the radial profiles of SB extracted from
the stacked point spread function (PSF)-image and the
stacked FIR-continuum; the former is obtained by stack-
ing the ALMA PSF-cubes of galaxies in our sample (using
Eq. 3) and by collapsing the channels at [-200 : +200]
km s~!, while the latter is obtained through a mean and
rms-weighted stack of the FIR-continuum images of the 23
ALPINE continuum-detected galaxies (~ 90% of which be-
longs to our high-SFR sub-sample; see details in Béthermin
et al. in prep., and Khusanova et al., in prep.). Fig. 9 shows
that:

- the radial profile of the stacked [C II] core in the
low-SFR group is slightly more extended than the
average PSF radial profile. It extends similarly to the
FIR-continuum (deconvolved effective radii of ~ 1.2";
~ 8 kpc at zmea = 5), suggesting that they are both
tracing gas emitted on the same (galactic) scale.

- the radial profile of the stacked [C II] core in the high-
SFR sub-sample extends well beyond the analogous
emission from lower SFR galaxies and the stacked FIR-
continuum, reaching a deconvolved effective radius of
2.3”, corresponding to a physical distance of ~ 15 kpc
at Zmeq = 5. While the relatively more compact profile
of low-SFR galaxies could in principle be interpreted
as an effect of limited sensitivity, we can safely argue
that higher SFR galaxies show (on average) larger [C
IT] fluxes on radial scales > 10 kpc.

Our statistical detection of a low-velocity [C II] emission
extended on such large physical sizes (diameter scales of
~ 30 kpc) suggests the existence of metal enriched circum-
galactic halos surrounding main sequence high-z galaxies,
confirming with larger statistics and significance the result
obtained by Fujimoto et al. (2019), who found a 20 kpc (di-
ameter scale) [C II] halo in the stacked cube of 18 galaxies
at 5 < z < 7 (see their discussion for an overview of the
theoretical mechanisms proposed to explain the extended
emission). Since outflows of processed material are needed
to enrich with carbon the primordial CGM of early sys-
tems (see Fujimoto et al. 2019), the detected [C II] halo is
an evidence of (i) past star formation-driven outflows, and
(ii) gas mixing at play in the CGM of high-z normal star-
forming galaxies (see a discussion in Sec. 4). We postpone
to future papers further explorations of these findings, in-
cluding, e.g., analyses of the rest-frame UV-continuum (Fu-
jimoto et al., in prep) and Lya stacked emissions, as well
as comparisons with tailored hydrodynamical simulations
(e.g., Behrens et al. 2019; Pallottini et al. 2019; Mayer et
al., in prep.).

4. Discussion

The stacking analysis of [C IT] spectra and cubes of ALPINE
galaxies, described in Sec. 3, suggests that outflows are un-
equivocal in normal star-forming galaxies at 4 < z < 6
(see possible caveats in Sec. 3.1.2). Interestingly, we find
that the intensity and the significance of [C II] emission
in the broad wings at the high-velocity tails of the stacked
spectra/cubes increases with the SFR, supporting the star
formation-induced nature of the observed outflows.
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Mass outflow rate and efficiency of star formation-driven
outflows

To estimate the efficiency of star formation-driven outflows
at play in high-z galaxies, we calculate the mass outflow rate
(Mow), following an approach similar to previous studies of
outflows in the [C II] spectra of QSOs and normal galaxies
(e.g., Maiolino et al. 2012; Cicone et al. 2015; Janssen et al.
2016; Gallerani et al. 2018; Bischetti et al. 2019).

We therefore use the luminosity of the broad [C II] com-
ponent to get an estimate of the outflowing atomic gas
mass, M*°"™ adopting the relation from Hailey-Dunsheath

out

et al. (2010):

Matom 0.7 L, 1.4x 10~
out_ _ 77 [CII] % x 10 9
M@ L@ XC+ (4)
1+2e VKT 4 psi/n
2¢-91 K/T >

where Xc+ is the abundance of C* per hydrogen atom, n is
the gas number density, ng; is the critical density of the [C
I1] 158 um transition (i.e., ~ 3x 10* cm™), and T is the gas
temperature. This relation is derived under the assumptions
that:

- most of the broad [C II] emission arises from atomic gas
(see a discussion in Janssen et al. 2016); specifically, 70%
of the total [C II] flux (corresponding to the factor 0.7
in the first parenthesis of Eq. 4) arises from photodis-
sociation regions (PDRs; e.g., Stacey et al. 1991, 2010),
with only the remaining fraction arising from other ISM
phases (see e.g., Cormier et al. 2012; Vallini et al. 2015,
2017; Lagache et al. 2018; Ferrara et al. 2019, for discus-
sions on the relative contribution of various gas phases);

- the [C II] emission is optically thin; this sets a lower
limit on M3™ since, in case of optically thick [C II], the
actual outflowing gas mass would be larger.

We use Eq. 4 assuming (i) a gas number density higher than
nee (this approximation gives a lower limit on the mass of
the atomic gas, as discussed in Maiolino et al. 2012), and
(ii) a C* abundance, Xc- ~ 1.4 X 107, (Savage & Sembach
1996) and a gas temperature in the rangeT ~ 60 — 200 K,
both typical of PDRs (see e.g., Kaufman et al. 1999; Hol-
lenbach & Tielens 1999; Wolfire et al. 2003; Kaufman et al.
2006). Applying Eq. 4 to the stacked [C II] spectra of our
full and high-SFR (sub-) samples (where broad components
are detected) we infer a mass of the outflowing atomic
gas, MM = (2.1 + 0.8) x 108 My, for the full sample, and

out

M¥om = (2.9 +1.2) X 103 My, for the high-SFR sub-sample.
The explored range of T reflects the uncertainty reported

in the estimated values of M2°™ and Moy

Then, we compute the atomic My, assuming time-averaged
expelled shells or clumps (Rupke et al. 2005; Gallerani et al.
2018):

M. = Vout Mout

o = 2, o)
where:
- Uy 1S the typical velocity of the atomic outflowing gas
traced by [C I1]. We adopt a vy ~ 500 km s™! based on the
velocity-scale at which we observe significant peaks of devi-
ation from a single-Gaussian model in the stacked residuals
and spectra (see Fig. 2, 3.b and 5.b);
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- R,y is the typical spatial extension of the outflow-emitting
regions. We use as an estimate Ry, ~ 6 kpc, adopting the
beam-deconvolved sizes derived in Sec. 3.4 from the high-
velocity [C II] emission in the stacked cubes of the full and
high-SFR (sub-) samples (high-velocity [C II] emission is
only tentatively detected in the low-SFR bin; see Fig. 8).

We therefore estimate mass outflow rates of:
- Moy = 18 £5 Mo yr~! for the full sample, and
- Moy =25+ 8 M, yr~! for the high-SFR sub-sample.

These values are lower than the median SFRs mea-
sured in the two bins, i.e., SFRpea = 25 My yr~' and
SFRuyeq = 50 M, yr! in the full sample and the high-SFR
group, respectively. However, we emphasise that our
estimate only accounts for the atomic gas phase of the
outflow, while a significant fraction of the outflowing gas is
likely to be in the molecular and ionised form, as commonly
observed in local star forming galaxies (e.g., Veilleux et al.
2005; Heckman & Thompson 2017; Rupke 2018). For
instance, a recent work by Fluetsch et al. (2019), who
study multi-phase outflows in a sample of local galaxies
and AGN, shows that when including all the gas phases,
the total mass loss rate increases roughly by up to 0.5
dex with respect to the value estimated from the atomic
outflow only, suggesting that a coarse estimation of the
total M can be obtained multiplying by a factor of 3 the

out
My, measured in the atomic phase.

Assuming that similar considerations apply to our
sample of high-z normal galaxies, we estimate total mass
outflow rates of
- M© ~ 55+ 15 Mg yr~! for the full sample, and
- M ~75+24 Mg yr~! for the high-SFR group.

In Fig. 10 we show a comparison of our results with
a compilation of local starbursts (Heckman et al. 2015)
and the best-fitting relations of local AGN and normal
star forming galaxies from Fluetsch et al. (2019), in the
log(Mou)-log(SFR) diagram. We find that our [C II] obser-
MOllt
SFR
(or consistent with) the unity (7™ ~ 0.3 —0.9), in analogy
with what is found in local star-forming galaxies (see e.g.,
Garcia-Burillo et al. 2015; Cicone et al. 2016; Fluetsch
et al. 2019; see the orange line). Assuming corrections for
the multi-phase outflowing gas contribution (using the
calibration discussed above; see blue dashed line in Fig.
10) we find higher mass-loading factors (see black arrows),
in the range 7't ~ 1 — 3, still below the n observed in local
AGN (72SN > 5; see e.g., Fluetsch et al. 2019; Fiore et al.
2017 for a discussion on the dependence of 7N on the
AGN properties). Therefore, even assuming that all the
gas phases significantly contribute to the outflowing gas,
the total mass loss rate produced by star formation-driven
outflows still remains roughly comparable with the SFR.
This suggests that stellar feedback is a relatively inefficient
mechanism for quenching the star formation in normal
star-forming galaxies in the early Universe and cannot
be considered a dominant contributor in explaining the
observed population of passive galaxies at z ~ 2 -3 (e.g.,
Merlin et al. 2018; Santini et al. 2019; Valentino et al.
2019), but it still helps in regulating star formation as in
local galaxies.

vations yield mass-loading factors, n = , lower than
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Fig. 10. A comparison of our results with a compilation of data
at low-z, in the log(Moy)-log(SFR) diagram. The red square (di-
amond) indicates the average outflow rate for the atomic com-
ponent obtained from the stacking of the full (high-SFR) sam-
ple, while red bars indicate the associated uncertainty (xlo).
The black arrows show our estimate of the total My, (calculated
adopting a correction for multi-phase outflows; see text). The
orange (cyan) dashed line indicates the best fits for single-phase
(three-phases, i.e., molecular, ionised and atomic) M, observa-
tions in local star-forming galaxies, while the magenta dashed
line represents the best fit from observation of local AGN (from
Fluetsch et al. 2019). Filled coloured regions are indicative of
the 20 dispersion around the best fits. The green points show
the distribution of a sample of local starbursts (Heckman et al.
2015). The blue solid line indicates the 1:1 relation (n = 1).

Intergalactic/circumgalactic metal enrichment

It is still not clear whether or not the star formation-driven
outflows can actually escape the DM halos and therefore
effectively remove the fuel for future star formation.

On the one hand, the sensitivity of currently available
data (even in the deepest integrations with ALMA, trac-
ing both atomic and molecular FIR-lines) is far from be-
ing sufficient at revealing the spatial extension of the star
formation-driven winds around individual high-z main se-
quence galaxies, on scales comparable with their virial radii.

On the other hand, while the stacking of ALPINE-like
large samples can provide significantly improved sensi-
tivity, the randomness of wind directions and geometries
strongly challenges the detection of spatially extended
outflowing gas (as seen in Sec. 3.4, where the high-velocity
[C IT] flux is fairly more compact than the core component).

Another way to figure out the fate of the outflows, is
to compare their typical velocities, voys, with the escape
velocities, vese, of the DM halos. We estimate ve,. of the
DM halos hosting the galaxies in our sample, using the
formula:

[2G M
Uesc = —DM, (6)
'dDM

where rpy 1s the virial radius and Mpy is the mass of the
halo. We calculate rpy using the commonly adopted hy-
pothesis of virialised halos (see e.g., Huang et al. 2017):

3 MDM 1/3

47200 pern(@) @

where pgi(z) is the critical density of the Universe at red-
shift z and Mpy was estimated using empirically-calibrated
stellar mass-halo mass (SMHM) relations (see e.g., Behroozi
et al. 2013; Durkalec et al. 2015; Behroozi et al. 2019).

Galaxies in the high-SFR group of our sample, where (as
discussed in Sec. 3) the signatures of atomic star formation-
driven outflows are unequivocal, have stellar masses in the
range M, = 10'°-10'""2 M. Those stellar masses, according
to the SMHM relation by Behroozi et al. (2019), correspond
to DM halos masses in the range Mpy ~ 7x10'1=5x10'> M,
and virial radii of rpy ~ 40— 100 kpc (Eq. 7). Therefore, us-
ing Eq. 6, we find typical escapes velocities of ves. ~ 400—800
km s™!. These values of vee, compared with the outflow
velocities (vou < 500 km s7!) found in our stacked [C II]
spectrum, suggest that a fraction of gas accelerated by star
formation-driven outflows may escape the halo only in less
massive galaxies (and possibly contribute to the IGM en-
richment, as expected by models; e.g., Oppenheimer et al.
2010; Pallottini et al. 2014; Muratov et al. 2015), while this
is unlikely to happen for the more massive galaxies. The
outflowing gas that cannot escape the halo would instead
be trapped in the CGM and eventually virialize after mixing
with both the quiescent and the inflowing primordial gas,
producing the large reservoir of enriched circumgalactic gas
that we observe in [C II] on scales of ~ 30 kpc (see Sec. 3.4;
see also a discussion in Fujimoto et al. 2019). Altogether
these results confirm the expectations of cosmological sim-
ulations (see e.g., Somerville & Davé 2015; Hopkins et al.
2014; Hayward & Hopkins 2017) that the baryon cycle and
the enriched gas exchanges with the CGM are at work in
normal galaxies already in the early Universe.

"DM=[

5. Conclusions

In this work we have presented the stacking analysis of
the [C II]-emission detected by ALMA in 50 main-sequence
star-forming galaxies at 4 < z < 6 (see information on the
sample in Sec. 2 and Sec. 3.1.2), drawn from the ALPINE
survey (Le Fevre et al. 2019; Béthermin et al. 2019; Faisst et
al. 2019). The combination of (i) a large statistics and (ii) a
wealth of ancillary multi-wavelength photometry (from UV
to FIR) provided by ALPINE sets the ideal conditions to
progress in studying the efficiency of star formation-driven
feedback and circumgalactic enrichment at early epochs.
Our main findings can be summarized as follows.

— To check whether the [C II] line profiles of our galaxies
can be sufficiently well described by a single-Gaussian
model, we perform a variance-weighted stacking anal-
ysis of the [C II] residuals, computed by subtracting a
single-component Gaussian fit to each [C II] spectrum
(see Sec. 3.2). We observe typical deviations from a
single-component Gaussian model, consisting of flux
excesses (with peaks at > 40) in the high-velocity tails
of the stacked residuals, at [v] < 500 km s! (Fig. 2 and
Fig. 3.b), in line with previous similar studies carried
out on smaller samples (see Gallerani et al. 2018).
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— We perform a variance-weighted stacking of the [C II]
spectra (see Sec. 3.3) and find that the stacked [C II
profile of normal star-forming galaxies in our sample
is characterized by typical signatures of outflows in its
high-velocity tails. In details, we detect broad wings
at velocities of few hundreds of km s™' (Fig. 5), and
find that the average [C II] spectrum can be accurately
described by a two-component Gaussian fit (in analogy
with observations of QSOs; e.g., Maiolino et al. 2012;
Cicone et al. 2015; Bischetti et al. 2019), resulting in a
combination of a narrow component (FWHM ~ 230 km
s7!) and a relatively less prominent broad component
(FWHM ~ 530 km s71).

— We repeat the [C II] residuals/spectra stacking dividing
our sample in two equally populated SFR-defined
bins, using SFRueda = 25 Mg yr~!' as a threshold. We
find that both (i) the significance of deviation from
a single-component Gaussian model in the combined
residuals (Fig. 3) and (ii) the significance of the broad
wings in the high-velocity tails of the stacked [C II]
spectrum (Fig. 6) increase (decrease) when stacking
the sub-sample of high (low)-SFR galaxies, confirming
the star formation-driven nature of these features. In
particular, the stacked [C II] spectrum of high-SFR
galaxies shows a broad component with a FWHM of
~ 700 km s~

— We constrain the efficiency of star formation-driven
outflows at early epochs estimating the resulting
mass outflow rates (see Sec. 4). We find values roughly
comparable with the SFRs, yielding mass loading factor
lower than (or consistent with) the unity (*°™ < 1),
similarly to what is find in local normal star-forming
galaxies (Fig. 10; see e.g., Cicone et al. 2016; Fluetsch
et al. 2019). Even when considering a contribution to
the outflow from multiple gas phases, the estimated
mass loading factor is still below the n observed in
AGN, suggesting that stellar feedback does not play
a significant role in quenching galaxies at z > 4 and
producing passive galaxies by z ~ 2 — 3.

— To better characterize the outflow properties and ex-

plore morphologies and spatial extensions of both the
core and the high-velocity wings of the [C II] emission,
we perform a stacking analysis of the datacubes (see
Sec. 3.4). We find that the combined [C II] core emission
(Ju] < 200 km s7!) of galaxies in the high-SFR subsample
extends on physical sizes of ~ 30 kpc (diameter scale),
well beyond the the stacked FIR-continuum and the [C
IT] core emission of lower SFR galaxies (Fig. 9).
The detection of such extended metal-enriched gas,
likely tracing circumgalactic gas enriched by past out-
flows, corroborates previous similar studies (see Fuji-
moto et al. 2019), confirming that baryon cycle, metals
circulation and gas mixing in the CGM are at work in
normal star-forming galaxies in the early Universe.
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