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ABSTRACT

We present the physical extent of [C11] 158um line-emitting gas from 46 star-forming galaxies at z =
4—6 from the ALMA Large Program to INvestigate CII at Early Times (ALPINE). Using exponential
profile fits, we measure the effective radius of the [C11] line (7 [cry) for individual galaxies and
compare them with the rest-frame ultra-violet (UV) continuum (re uv) from Hubble Space Telescope
images. The effective radius 7 [c1) almost always exceeds 7 yv by factors of ~ 2-3 and the ratio
of re [y /Te,uv increases as a function of M,,. We do not find strong evidence for a displacement
over ~ 1-kpc scale among the [C11] line, the rest-frame UV, and FIR continuum. We identify 30% of
isolated ALPINE sources as having an extended [C11] component over 10-kpc scales detected at 4.10—
10.90 beyond the size of rest-frame UV and far-infrared (FIR) continuum. One object has tentative
rotating features up to ~ 10 kpc, where the 3D model fit shows the rotating [C11]-gas disk spread
over 4 times larger than the rest-frame UV-emitting region. Galaxies with the extended [C11] line
structure have high star-formation rate (SFR), stellar mass (Mgtar), low Lya equivalent-width, and
more blue-shifted (red-shifted) rest-frame UV metal absorption (Ly« line), as compared to galaxies
without such extended [C11] structures. Although we cannot rule out the possibility that a selection
bias towards luminous objects may be responsible for such trends, the extended [C11] line structure
appears even around several objects whose SFR and Mj;,, are as small as those without the extended
structure. Deeper observations are essential to test whether the extended [C11] line structures are
ubiquitous to high-z star-forming galaxies.

Keywords: galaxies: formation — galaxies: evolution — galaxies: high-redshift

1. INTRODUCTION The first-generation of galaxies form in high density
peaks of primordial gas composed of light elements such
as hydrogen and helium. Heavy elements are then pro-

duced in these galaxies from stellar nucleosynthesis, and
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are ejected by feedback processes such as outflows driven
by the thermal heating and kinetic feedback of super-
nova explosions (e.g., Pallottini et al.[2014b} Turner et al.
2017). Since galaxies evolve within an overlying circum-
galactic medium (CGM) impacted by frequent mergers,
inflow, and outflow of gas, detailed study of galaxy sizes
and morphologies at early epochs provides invaluable in-
formation on the galaxy assembly in such a crucial phase
of galaxy evolution.

On the CGM scale ( ~ 1-10 kpc) at early cosmic times,
it has been revealed that star-forming galaxies are sur-
rounded by extended Ly« line emission, namely the Ly«
halo, that is on average 10 times larger than their corre-
sponding galaxy sizes in the rest-frame ultra-violet (UV)
wavelength (e.g., [Momose et al.||2016; Wisotzki et al.
2016; |Leclercq et al.[2017). While Ly« is fundamental to
probe the neutral hydrogen distribution around galaxies,
only metal lines allow us to probe the enriched gas dis-
tribution and hence constrain the efficiency of feedback
and star formation out to CGM scales.

The metal gas emission and the rest-frame far-
infrared (FIR) dust continuum can now be probed up
to z ~ 9 efficiently with the Atacama Large Millime-
ter/submillimeter Array (ALMA) (e.g., Watson et al.
2015; Maiolino et al.|2015; |Capak et al.|[2015} |[Penter-
icci et al. 2016; [Knudsen et al. 2016; Matthee et al.
2017; |Carniani et al.|2018; |Smit et al.[|[2018; | Bowler et al.
2018; |Hashimoto et al.[2018a,b; 'Tamura et al.|[2019; [Fu-
jimoto et al.2019). On scales of the CGM, Fujimoto
et al. (2019) reported the existence of extended [C11]
line structure over a radius of 10 kpc via the stacking
analysis of 18 star-forming galaxies at z = 5.152 — 7.142.
The radial surface brightness profile exhibits a 10-kpc
scale [C11] halo at the 9.20 level, significantly more ex-
tended than the Hubble Space Telescope (HST) stellar
continuum emission and the dust continuum. Interest-
ingly, the radial profiles of the [C11] and Lya halos show
a good agreement with each other, suggesting a possible
link between these halos. However, the physical origin of
the [C11] halo, potentially associated with the Lya halo,
is still an open question. With the ALMA Large Pro-
gram to Investigate CT at Farly Times (ALPINE), the
extended [C11] halo has also been detected in an inde-
pendent stacking approach (Ginolfi et al.[[2020). Even
so, individual observations are essential to further under-
stand the physical origins of the metal gas distributions.

In this paper, we study the individual size and struc-
ture of [C11] emission from star-forming galaxies at z =
4 — 6, drawn from the ALPINE survey. Making full use
of the large ancillary dataset including deep HST images,
we examine the distributions of the star-forming regions
and the metal-enriched gas up to the CGM scale in the
early Universe. The organization of this paper is as fol-
lows. In Section 2, the overview and the data products
of the ALPINE survey are described. Section 3 outlines
the method of the size measurements for the ALMA and
HST data. We report the results of the size measure-
ments and associated physical properties in Section 4.
In Section 5, we discuss the physical origin of the ex-
tended [C1] line emission. A summary of this study is
presented in Section 6. Throughout this paper, we as-
sume a flat universe with Q,, = 0.3, Q5 = 0.7, 0g = 0.8,
and Hy = 70 km s~! Mpc~!.

2. ALPINE SURVEY

2.1. Owverview

ALPINE is an ALMA large program (Project ID:
2017.1.00428.L; PI: O. Le Fevre; see also : e.g., |Le Fevre
et al.[[2019; |[Faisst et al.|[2019; Bethermin et al.|[2020),
aimed at measuring [C11] 1568 pum and rest-frame FIR
continuum emission from a representative sample of 118
main-sequence galaxies at 4.4 < z < 5.8. Observations
were carried out between May 2018 and February 2019.
All galaxies are located in the regions of the Cosmic Evo-
lution Survey (COSMOS;|[Scoville et al.|2007; Koekemoer
et al.[[2007), The Great Observations Origins Deep Sur-
vey South (GOODS-S;|Giavalisco et al.[2004), and CAN-
DELS (Grogin et al. 2011; Koekemoer et al 2011). They
have star-formation rates (SFR) > 10 Mg yr—! and stel-
lar masses Mo, ~ 10° — 10! M), generally falling on
the main sequence (e.g., |Speagle et al.|2014; [Steinhardt
et al.||2014). The [C11] line frequency was covered in one
tuning based on the spectroscopic redshift as estimated
from previous rest-frame UV spectroscopy including the
VUDS and DEIMOS surveys (e.g., Le Fevre et al.|2015)).
SFR and Mjt,, are derived from template SED fitting us-
ing the ancillary photometry available data sets from the
rest-frame UV to IR wavelengths. The data sets include
The Spitzer Large Area Survey with Hyper-Suprime-
Cam (SPLASH; e.g.,[Steinhardt et al.[|2014) which offers
us robust Mg, measurements at the redshift range of
our ALPINE sample. The details of the physical prop-
erties and the ancillary data sets for our ALPINE sources
are presented in [Faisst et al.|(2019) and |Schaerer et al.
(2020).

2.2. Data Products

The details of data calibration, reduction, and [C11]
line extractions are described in |[Bethermin et al.| (2020)).
Here we briefly overview the data products. The data
were reduced with the Common Astronomy Software Ap-
plications package (CASA; McMullin et al[[2007). The
major steps were performed with the scripts provided by
the ALMA Observatory. We applied additional flags,
especially for a few bad antennas with suspicious be-
haviors (see Bethermin et al|[2020). With the CASA
task TCLEAN, continuum maps were produced by utiliz-
ing the line-free channels in all spectral windows, while
[C11] line cubes were generated after continuum subtrac-
tion from the observed visibility data with UVCONTSUB.
The TCLEAN routines were executed down to the 3o level
with a maximum iteration number of 500. We adopted a
natural weighting for imaging with a pixel scale of 0.”15
and a common spectral channel bin of 25 km s~!, achiev-
ing a typical angular resolution 0.”9 and a sensitivity of
0.35 mJy beam ™! per spectral channel.

We produced velocity-integrated (moment 0) [C11]
maps using an interactive approach by allowing slight
spatial offsets (< 1”) from the rest-frame UV centroids
to maximize the [C11] line detection. We corrected the
HST astrometry in advance using the GAIA DR2 catalog
(Faisst et al.[2019). For the optimized velocity-integrated
[C11] line maps, we identified 75 [C11] lines from our pri-
mary ALPINE targets with a signal-to-noise ratio (SNR)
above 3.5. Since the noise fluctuation may affect the size
measurements in low SNR maps, we use 46 out of the
75 [C11] line sources whose peak counts in the velocity-
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Figure 1. Examples of the [C11] size measurements for four ALPINE sources using UVMULTIFIT. Left: The best-fit model (red line and
region of 1o uncertainty) to the wv-visibility data. Black circle denotes the median of the visibility-averaged data in bins of 50 kX, where
the error bar shows the standard error of median. Right: Natural-weighted 8” x 8" velocity-integrated maps of the [C11] line emission.
The observed, best-fit model, and residual (= observed — model) maps are presented in the left to right panels. White contours are drawn
at lo intervals starting from the 20 level. The ALMA synthesized beam is shown in the bottom right corner. The flag values (0: reliable,

1: unreliable) are presented in the parenthesis.

integrated maps exceed the SNR of 5 in the following
analyses to obtain reliable size measurements. These 46
sources are listed in Table Il

Visual inspection was performed by seven independent
classifiers using the continuum-subtracted ALMA 3D
[C11] data cubes and ancillary data. The [C1I| sources
are classified into the following five galaxy types: 1) ro-
tator, 2) pair-merger (major or minor), 3) dispersion-
dominated, extended, 4) dispersion-dominated, compact,
and 5) weak. Combining the classifications from the
seven participants, we determine a final galaxy type
based on the mode of the distribution. The details of
the classification procedure are described in Le Fevre et
al.  (2019). We provide the final galaxy type for our
ALPINE sources in Table Il

3. DATA ANALYSIS

3.1. ALMA Size Measurements

Prior to measuring the [C11] sizes of the ALPINE
sources, we extract from the continuum-subtracted vis-
ibility data the channels containing [C11] emission, re-
ferred to as the [C11] line visibility. We then produce
[C11] line maps with the CASA TCLEAN task. Initial
values of the [C11] flux density and sizes are determined
through the image-based fitting with the IMFIT task over
an area of 4" x 4”. Next, we measure sizes in the
C11] line visibility using UVMULTIFIT (Marti-Vidal et al|
2014), a tool for simultaneous fitting multiple objects
in the visibility plane. We model the light profiles us-
ing a Sérsic function, assuming a fixed Sérsic index n=1
(i.e., exponential-disk profile), since the spatial distri-
bution of the [C11] line is likely to be related to the

gas distribution (e.g., Wolfire et al.|[2003; [Vallini et al.|
2015) generally in an exponential disk-like structure (e.g.,
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Table 1
Our ALPINE Source Catalog (SNR > 5)
Name z[cII) SNR Te,[CII] flag|ciy Te,f814w flagegiaw Te,f160w flagrigow  morph. class Halo class
(kpc) (kpc) (kpc)
(1) (2) (3) (4) (5) (6) (1) (8) (9) (10) (1)
CG32 4.4105 12.4 1.94 + 0.3 0 0.91 £ 0.13 1 1.47 4+ 0.04 1 2 —
DC308643 4.5253 7.4 1.25 4+ 0.55 0 0.90 £ 0.15 1 No data 2
DC351640 5.7058 5.4 2.05 + 0.95 0 0.24 + 0.30 1 No data - 3 b
DC372292 5.1364 9.9 0.74 £+ 0.46 0 1.01 £ 0.46 1 No data - 2 -
DC396844 4.5424 12.3 2.56 + 0.33 0 0.58 + 0.20 0 No data - 1 a
DC403030 4.5594 5.1 3.23 £ 0.95 0 0.0 £+ 655.91 1 No data 2 -
DC416105 5.6309 5.5 1.02 4+ 0.86 1 0.97 £+ 0.34 0 No data - 1 b
DC417567 5.67 6.5 2.07 + 0.58 0 0.65 £+ 0.20 0 0.84 £+ 0.13 0 2 —
DC422677 4.4381 7.1 1.10 &£ 0.5 1 0.58 £ 0.14 0 No data 2 —
DC432340 4.4045 5.8 0.72 £+ 6.26 1 1.00 £+ 0.30 0 No data — 2 —
DC434239 4.4883 8.0 0.62 £+ 24.89 1 1.94 £+ 0.95 1 No data — 2 —
DC454608 4.5834 6.4 2.95 + 0.72 0 0.87 £ 0.30 0 No data — 2 —
D(C488399 5.6704 27.7 1.32 £+ 0.16 0 0.47 £ 0.32 1 No data — 3 c
DC493583 4.5134 8.5 1.89 4+ 0.51 0 0.64 £ 0.17 1 1.09 + 0.32 0 2 —
DC494057 5.5448 17.5 2.48 + 0.25 0 0.59 £ 0.17 0 0.88 £+ 0.16 1 1 —
DC494763 5.2337 11.0 1.12 4+ 0.36 0 0.65 £+ 0.24 0 0.81 £ 0.28 0 3 —
DC519281 5.5759 7.0 0.36 £+ 1.28 1 0.49 £ 0.19 0 0.79 £ 0.18 0 2 —
DC536534 5.6886 5.1 4.16 £+ 1.04 1 0.87 £+ 0.35 0 1.08 4+ 0.24 1 2 —
DC539609 5.1818 9.1 1.65 4+ 0.43 0 0.77 £ 0.16 0 1.11 4+ 0.32 0 1 b
DC552206 5.5016 15.4 3.41 £+ 0.35 1 0.96 £+ 0.64 1 No data - 2 -
DC627939 4.5341 13.3 2.12 + 0.31 0 0.86 £+ 0.26 1 No data - 2 -
DC630594 4.4403 11.1 1.70 4+ 0.34 0 0.77 £ 0.19 0 1.04 4+ 0.28 1 3 a
DC683613 5.542 14.1 1.82 4+ 0.33 0 0.57 £ 0.24 0 0.81 £+ 0.21 1 3 a
DC709575 4.4121 5.6 1.34 £+ 1.62 1 0.72 £ 0.17 0 0.96 £+ 0.22 0 1 b
DC733857 4.5445 7.5 1.80 4+ 0.58 1 0.60 £+ 0.13 0 No data — 3 b
DC773957 5.6773 8.6 2.68 + 0.54 0 0.76 £ 0.53 1 No data — 2 —
DC818760% 4.5613 26.1 2.59 + 0.16 1 0.75 £ 0.17 1 1.07 £ 0.21 0 2 —
DC834764 4.5058 5.7 3.17 £ 0.89 0 0.88 £ 0.15 1 No data — 3 -
DC842313 4.5537 6.0 0.79 + 8.82 1 1.90 £+ 0.31 1 6.81 £+ 0.92 1 2 —
D(C848185 5.2931 18.1 3.47 £ 0.25 1 0.90 £ 0.30 1 1.24 4+ 0.18 1 3 —
DC873321 5.1542 7.8 0.67 £ 17.97 1 0.91 £ 0.27 1 1.30 + 0.26 0 2 —
DC873756 4.5457 34.1 2.36 + 0.11 0 1.08 + 0.43 0 1.14 + 0.39 0 2 —
DC880016 4.5415 8.7 2.41 + 0.50 0 0.77 £ 0.28 0 No data - 3 a
DC881725 4.5777 12.4 2.26 + 0.33 0 0.67 £ 0.21 0 0.94 £ 0.30 0 1 a
VC5100537582  4.5501 8.1 1.73 4+ 0.53 0 0.54 £+ 0.18 1 No data — 3 a
V(5100541407 4.563 12.0 4.85 £+ 0.59 1 0.84 + 0.41 0 1.39 4+ 0.25 1 2
VC5100559223  4.5627 6.4 2.86 + 0.77 0 0.97 £+ 0.43 0 0.86 £+ 0.43 1 3 -
VC5100822662  4.5205 12.8 2.59 + 0.37 0 1.32 4+ 0.33 0 0.97 £ 0.29 1 2 -
VC5100969402 4.5785 11.0 1.62 4+ 0.33 0 0.59 £+ 0.15 0 No data - 3 -
VC5100994794  4.5802 12.2 1.86 4+ 0.32 0 1.63 £+ 0.35 1 1.23 4+ 0.38 1 3
VC5101218326 4.5739  28.1 2.37 + 0.15 0 1.46 £+ 0.32 1 No data - 3 -
VC510596653 4.5681 5.9 1.79 4+ 0.76 0 0.68 £+ 0.29 0 0.39 + 2.43 1 3 b
VC510786441 4.4635 9.3 2.94 + 0.52 0 0.85 £+ 0.13 0 0.91 £+ 0.26 0 2 —
VC5110377875  4.5505 18.9 2.63 + 0.23 0 0.93 £+ 0.30 0 No data 1 a
VC5180966608 4.5296 13.5 5.10 + 0.42 1 0.71 £ 8.87 1 0.59 £+ 0.24 0 2 —
VE530029038 4.4298 6.9 2.76 + 0.65 0 1.96 £+ 0.14 1 2.90 + 0.08 1 1

Note ALPINE source name. We refer to CANDELS_GOODS, DEIMOS_COSMOS, VUDS_COSMOS, and VUDS_ECDFS in
1) as CG, DC, VC, and VE, respectively. We list only 46 ALPINE sources with SNR of the [C II] line > 5 that are used fo
fne size measurement in this paper. The entire sample of 118 ALPINE sources with the coordinate is presented in
(2) Spectroscopic redshift estimated from the [C11] 158um line. (3) The peak SNR in the velocity-integrated map. (4) Circularized
e ective radius of the [C11] line emission measured with UVMULTIFIT (see text). (5) Flag for the reliability of the UVMULTIFIT fitting. We
define flag = 0 and 1 as a source whose fitting result is reliable and bad, respectively. (6) Circularized effective radius of the rest-frame UV
emission in the HST/F814W map measured with GALFIT (see text). (7) Flag for the reliability of the GALFIT fitting for the F814W map.
The same flag definition as (5). (8) Circularized effective radius of the rest-frame UV emission in the HST/F160W map measured with
GALFIT (see text). (9) Flag for the reliability of the GALFIT fitting for the F160W map. The same flag definition as (5). (10) Galaxy type
based on the morphology+kinematic classification (1: rotator, 2: pair-merger, 3: dispersion-dominated, extended, 4: dispersion-dominated,
compact, 5: weak; see |Le Fevre et al.|2019). (11) Halo type classification (a: [Cu] Halo, b: w/o [C11] Halo c: [CII] & Dust Halo; see text).

1 The detail properties are presented in (2020)).
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Bigiel & Blitz{|2012)). We fix the source center as es-
timated from IMFIT to improve the convergence of the
free parameters. We obtain the FWHM along the major
axis, FWHMpajor and the axis ratio. The value of the
FWHMajor is converted to the effective radius re major
via the relation of FWHMpai0r = 0.826 X 7¢ major in the
case of n = 1 (MacArthur et al.||2003), and 7 major 18
also converted to the “circularized” radius r. through
re = av/b/a = Te,majory/q, Where a, b, and g are the ma-
jor, minor axes, and axis ratio, respectively. Hereafter,
the r, value is regarded as our size measurement. We
confirm that a different model in Sérsic index of n = 0.5
returns consistent 7, values within ~ 5%.

Figure [1| presents examples of the [C11] line visibility
with our best-fit results. The phase centers of the visi-
bility are shifted to the center of the [C11] source. As a
complementary check for the visibility fitting quality in
the image plane, Figure [I] also shows the observed, best-
fit model, and residual (= observed — model) maps for
the [C11] line emission. If the best-fit visibility has a large
offset from the data and/or the residual map shows clear
negative and/or positive residuals (e.g., DC434239), we
flag these objects as unreliable fitting results that are
removed from the following analyses. We obtain the reli-
able (flag = 0) and unreliable (flag = 1) fitting results for
31 and 15 ALPINE sources, respectively. The majority
of these 15 sources are classified as mergers (Section [2.2)),
indicating that the unreliable fitting results are mostly
caused by the complicated morphology in merging sys-
tems. In Table[I] we summarize our size measurements
for the [C11] line r¢ 1y together with their associated
flags.

3.2. HST Size Measurements

To compare the [C11] sizes with the stellar distribu-
tion, we measure the rest-frame UV size of our ALPINE
sources based on the high spatial resolution images of
HST ACS (F814W image in most cases; [Scoville et al.
2007; [Koekemoer et al.[2007)). If the source has been
observed with WFC3/IR, we also use the F160W im-
age (Koekemoer et al.|[2011}; Faisst et al.[2019). Since
the redshifts of our ALPINE sources fall in the range
of z ~ 4.5 — 5.5, the rest-frame wavelengths correspond
to ~1300-1500 A and 2500-2900 A for the F814W and
F160W images with the point-spread function (PSF)
FWHM sizes of 0.709 and 0.”18, respectively. For size
measurements, we extract 5” x 5” cutout images from
the F814W and F160W maps around ALPINE targets.
The cutout size is sufficiently large to evaluate the en-
tire galaxy structure. Based on available photometric
redshift z,, catalogs (Laigle et al.[2016; Momcheva et al.
2016), we model foreground objects (zpn S 2) with GAL-
FIT (Peng et al.[2010) and remove them from the HST
images, if the objects are identified within a radius of 1.”70
from the ALPINE sources. In addition to the 46 ALPINE
sources used in the [C11] line size measurements, here we
also use 29 ALPINE sources whose [C11] line emission
are detected with 3.5 < SNR < 5 to obtain statistical
results. We list these 29 ALPINE sources in Table Bl

We measure the rest-frame UV sizes in the same man-
ner as previous high-z galaxy studies in the paramet-
ric approach (e.g., ivan der Wel et al.[2012; |Ono et al.
2013; |Shibuya et al. 2015 based on two-dimensional

(2D) surface-brightness (SB) profile fitting with GALFIT
(Peng et al.|2010). Note that we do not adopt the non-
parametric approach (e.g., [Ribeiro et al.|[2016) for the
rest-frame UV size measurement. This is because the
non-parametric approach largely depends on the data
properties (e.g., depth and resolution), and our goal is
to compare the rest-frame UV size to that of the [C11]
line which is obtained from the ALMA data sets hav-
ing very different data properties from the HST data.
We fit a single Sérsic profile (Sérsic||[1963)) to the 2D SB
distribution of each galaxy. Here, we fix n = 1 to per-
form self-consistent measurements and a fair comparison
with the [C11] size measurements for which we adopt an
exponential-disk (n = 1) profile (Section [3.1). We use
PSF models that are provided by the 3D-HST project
(Skelton et al.|[2014)). We obtain 7e major and an axis
ratio that is then converted to the circularized size r,
in the same manner as the [C1I] size measurements. If
we find clear negative and/or positive peaks remaining in
the residual maps or the divergence in the fitting process,
we flag the objects with these unreliable fitting results.
From the 75 (= 46 +29) ALPINE sources, we obtain the
reliable fitting results for 52 ALPINE sources in either
or both of the F814W and F160W images. We list our
size measurements for the rest-frame UV emission re v
together with their flags (reliable: flag = 0, unreliable:
flag = 1) in Table [l and Table

4. RESULTS
4.1. [CII] and rest-frame UV sizes

In Figure[2] we show the [C11] and rest-frame UV sizes
of the ALPINE sources. To minimize potential system-
atic errors from merging systems, we use the size mea-
surement results only for ALPINE sources not classified
as mergers (Section

The left panel presents r, as a function of Mgay,
where the filled red, filled blue, and open blue circles
denote ¢ [cr1), TeF160w, and Te psiaw, respectively for
each galaxy. The square symbols are the median sizes
in the bins of Mg... We find the median value to be
e (o1 = 2.1 £ 0.16 kpc, re r16ow = 0.91 £ 0.06 kpc, and
Te,Fs1aw = 0.66 £ 0.04 kpc with a standard error on the
median. the median and the standard error of the me-
dian, respectively. The [C11] sizes are thus larger than
the rest-frame UV sizes by factors of ~ 2 — 3 on a sta-
tistical basis. We also find that our rest-frame UV sizes
are in agreement with published studies such as those
of [Shibuya et al.| (2015 (blue shaded region in Figure
based on an analysis of ~4,000 normal star-forming
galaxies at z = 4 — 6 and an equivalent Sérsic profile fit-
ting procedure. This confirms that our ALPINE sources,
selected from main-sequence galaxies, represent the typ-
ical star-forming galaxy population at z = 4 — 6. These
results indicate that the condition of re o > 7euv is
a general physical characteristic among the high-z star-
forming galaxies at z = 4 — 6 in the Mg,, range of
~ 2 x 109710,

In the right panel of Figure [2| we show a comparison
between 7, ciyp and reyv for the 12 ALPINE sources
whose [C1] and rest-frame UV size measurements are
reliable (flag = 0). We find that all sources fall in the
area of r¢ [cr) > Te,uv mostly higher than the individual
errors. From both statistical and individual results, we



6 FuJIMOTO ET AL.

L | T T T

:

r. [kpc]
=

® ° 0 1
Te, [CI
P4 [CH] P4 I'e, F160W 0 I'e, F814W

PR | L L L

10'°
(M )]

L L PR

M.

star

Figure 2.

Sy

1.0

Te,[CI] [kpc]

. @ re, F160W
e O re, F814W

M| ' ' '

1.0
Te, UV [kpc]

Physical sizes of ALPINE sources. Left: Size versus stellar mass. Red and blue circles indicate our [C11] and rest-frame UV

size measurements as a function of Mstar. The square symbols represent the median values in bins of Mstar, where the error bars denote

the standard error of the median.

We present the reliable size measurement results (flag = 0) of the [C11] line and rest-frame UV for the

19 and 32 and ALPINE sources, respectively, that are not classified as mergers. Both F814W and F160W measurements are shown for

6 ALPINE sources.

Blue open and filled symbols denote the rest-frame UV size measurements in the HST/F814W and F160W maps,

respectively. The blue shaded region gives the 1o range of the rest-frame UV size distribution of ~4,000 normal star-forming galaxies
presented in [Shibuya et al.| (2015). Right: Comparison between [C1I] and rest-frame UV sizes among the individual galaxies. The red
open and filled circles indicate whether the rest-frame UV sizes are estimated from the HST/F814W and F160W maps, respectively. We
present the [C11] and rest-frame UV size measurements for 12 ALPINE sources whose both measurements are reliably (flag = 0) obtained.
Both F814W and F160W measurements are shown for 3 ALPINE sources.

conclude that the [C11]-line emitting regions are generally
more extended than the rest-frame UV emitting regions
in the high-z star-forming galaxies at z = 4 — 6. This is
consistent with the recent simulation results (e.g.,
et al.|2015} [Pallottini et al.|[2019)).

In Figure |3] we display the ratio of 7 ciy to re,uv
as a function of Mgi.,. The square and circle plots are
obtained from the median in the M., bins and the in-
dividual results in the left and the right panels of Figure
respectively. We find that the ratio has a positive
trend towards high values of Mg,,. With the individ-
ual results, Spearman’s rank test shows the significance
of this positive trend at ~98%. This may indicate that
the physical origin of the extended [C11] line structure is
related to M. or SFR, since our ALPINE sources are
main-sequence galaxies (i.e., they lie on the M.,—SFR
plane; Section . We discuss the details of the possible
physical mechanisms of the extended [C11] line structure
in Section Bl

We note that the small size in the rest-frame UV emis-
sion may be contributed by the smaller PSFs of HST
than that of ALMA. To test this hypothesis, we per-
form a Monte Carlo simulation for the rest-frame UV
emission in the F814W map. We model 1000 artificial
sources having the 2D exponential-disk profile with r,
of 2.1 kpc which is the typical value for the [C11] line
emission. The axis ratio and the position angles for the
artificial sources are taken randomly in the ranges of 0.1
— 1.0 and 0 — 90 deg. We then add the random noise
on the 2D map and convolve the artificial sources with

5.0F .
5 4.0F -
e $
L
T30f -
) -
o0k .
J00 ) I S a
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Mstar [M(D]

Figure 3. Ratio of Te, [c11] YO Te, UV as a function of Mstar. Red
open and filled circles are defined as in the right panel of Figure
Median values (squares) are the same as presented in the left
panel of Figure The rest-frame UV sizes shown with the open
and filled squares are estimated from the HST/F814W and F160W
maps, respectively. Spearman’s rank test shows the significance of
the positive correlation at ~98%.

the F814W PSF. We add the random noise until the
SNR value in the convolved map becomes comparable to
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the average value (~ 15) of the rest-frame UV emission
among our ALPINE sources. We finally measure the 7,
values for the artificial sources with GALFIT in the same
manner as our size measurement for the F814W maps.
We obtain the median and the standard deviation of the
re measurements of 2.15 kpc and 0.14 kpc for the 1000
artificial sources. This simulationUV indicates that the
ryv measurements should show the typical value of ~ 2
kpc, if the rest-frame UV emission is also extended as
much as the [C11] line emission. The difference of the
PSF's between HST and ALMA is thus not the cause of
the relatively small size in the rest-frame UV emission
compared to the [C11] line emission.

We also note that the r. measurements in the F814W
image are generally smaller than those in the F160W im-
age (Figure 2] and Table[I)). In the similar Monte Carlo
simulations, we confirm that this difference is not caused
by the different PSF's, neither. This is probably because
of the dust absorption which affects the spatial morphol-
ogy more significantly at the rest-frame short wavelength
of F814W rather than F160W.

4.2. [Cu] Halo around Individual Galazies

Fujimoto et al.| (2019)) report the existence of a 10-
kpc scale |C11| halo surrounding young galaxies via the
visibility-based stacking of deep ALMA data for 18 star-
forming galaxies at z = 5 — 7. Using a similar method,
the stacked images of ALPINE sources show a 15-kpc
scale extended structure in the [C11] line emission (Gi-
nolfi et al.|2020). Making full use of the large ALPINE
and ancillary data sets, we investigate the spatial extents
of the [C11] line and the continuum down to the outskirts,
instead of the r, values, and test whether the existence
of the [C11] halo can be identified for individual galaxies.
For this exercise, we focus on the 23 ALPINE sources
whose [C11] lines are detected above the 50 level and are
not classified as mergers (Section see |Le Fevre et al.
2019) For the sources with (without) the HST/F160W
data, we use the F160W (F814W) data as the rest-frame
UV image. To compare morphological properties be-
tween ALMA and HST maps, we match their resolutions.
Since the PSF of ALMA (i.e., synthesized beam) is dif-
ficult to match to HST just by smoothing the HST PSF
with a specific kernel, the ALMA (HST) maps are both
convolved with the PSF of HST (ALMA) for matching
their resolutions. Before convolution, we identify fore-
ground interlopers (zpn < 2) around our ALPINE sources
based on the photometric redshift catalogs (Laigle et al.
2016; Momcheva et al.|[2016]) and remove these interlop-
ers from the HST maps by modeling with GALFIT.

Figures [4] and show the spatial distribution and
the radial profiles of the [C11] line, the rest-frame UV,
and, when available, the rest-frame FIR continuum of
our ALPINE sources. The HST astrometry is corrected
with GATA DR2 catalog (Faisst et al.[2019). We find that
the [C11] line emitting region is generally more extended
than the rest-frame UV and FIR continuum emitting re-
gions. In some cases, the [C11] line extends up to radii
of ~ 10 — 15 kpc. while both the rest-frame UV (and
FIR) continuum drops off (e.g., DC683613, DC880016,
VC5100537582). This indicates that the 10-kpc scale
[Cu] halos are individually identified in a number of
galaxies. However, in other cases, we find that the [C11]
lines do not show such extended morphology with the

Table 2
Subgroups of Isolated ALPINE Sources

Halo class criteria Number

€] (2) (3)
Sext, [c11] = 40

[C1] Halo Sext, FIR < 30 7
Sext, UV < 30

w/o [C1] Halo Sext, [c11] < 30 6
Scxt7 [CI1] > 4o

[Cu] & Dust Halo  Sext, rir > 40 1

Sext, uv < 30

Note. — (1): Name of subgroups of the isolated ALPINE
sources based on the properties of the extended emission beyond
the ALMA beam. (2): Criteria of the subgroups. (3): Number
of the sources that meet each criteria of the subgroups among the
23 ALPINE sources whose [C11] lines are detected above the 50
level and are not classified as mergers. The rest of the marginal 9
(=23—-7—6—1) ALPINE sources are not used for the discussion
in Section

radial profile similar to the rest-frame UV and/or FIR
continuum (e.g., DC351640, DC733857). This suggests
that the [C11] morphology is not always extended beyond
the size of the stellar/dust emitting regions.

To quantitatively identify the objects with a [C1i]
halo whose structure is extended more than the con-
tinuum emission, we evaluate the significance level for
the spatially extended intensity of the [C11] line emis-
sion (Sext,[cryy). Here we use the 23 ALPINE sources,

not classified as mergers, whose [C11] lines are detected
above the 50 level. Using the velocity integrated [C11]
maps, we calculate the extended [C11] line intensity in
an aperture having a radius of 10 kpc and masking the
emission in a central area corresponding to the ALMA
synthesized beam. We estimate the error using a ran-
dom aperture method. We detect 12 sources with an ex-
tended [C11] line intensity above the 40 level in the range
of 4.10 —10.90 levels. In the same manner, we also evalu-
ate the significance level of the extended emission for the
rest-frame FIR (Sext,pir) and UV continuum (Sex,uv).
We identify 7 out of the 12 sources whose Sextrir and
Sext,uv are both below 30 level. We regard these 7
sources, DC396844, DC630594, DC683613, DC880016,
DC881725, VC5100537582, and VC5110377875 as the
“[C 11] Halo” objects. This suggests that at least 30%
(~ 7/23) of the isolated ALPINE sources have an indi-
vidual [C11] halo at the depth of the current ALPINE
data set.

We also identify another 6 sources (DC351640,
DC416105, DC539609, DC709575, DC733857, and
VC510596653) with the extended [C11] line intensity be-
low the 30 level that are unlikely to have the [C11] halo
structure. We refer to these 6 sources as “w/o [C 11]
Halo” objects. We compare the physical properties of [C
11] Halo and w/o [C 11] Halo objects in Section

We further highlight DC488399, a galaxy that uniquely
has an extended morphology in the rest-frame FIR con-
tinuum and [C11] line (Sext,Fir and Sexe,[crr) > 40), but
a compact morphology in the rest-frame UV continuum
(Sext,uv < 30). Recent ALMA observations among high-
z star-forming galaxies reveal that the dusty, rest-frame
FIR emitting region is generally more compact than
the rest-frame UV and/or optical emitting regions (e.g.,
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Figure 4. Representative examples of the spatial distributions of the [C11] line, the rest-frame FIR, and UV continuum. The remaining
objects are presented in Figure By evaluating the extended components, we identify three categories: [C11] Halo, w/o [C11] Halo,
and [C11] & Dust Halo objects (see text). Left: The grey-scale (6" x 6’') image shows the rest-frame UV emission from the HST imaging
(Koekemoer et al.|2007,|2011)). Red and green contours denote the 2.50, 3.50, 4.50, ..., 9.50 levels of the ALMA [C11] line and the rest-frame
FIR continuum emission, respectively. The green contour is presented only for the sources whose dust continuum emission is detected above
the 50 level. The HST image and ALMA contours are smoothed by the ALMA synthesized beam and the HST PSF, respectively, to match
the spatial resolutions between the HST and ALMA maps. The smoothed PSF is shown at the bottom left. The red, green, and blue crosses
mark the peak pixel positions of the [C11] line, the rest-frame FIR and UV continuum, respectively. Right: Radial surface brightness
profiles of the [C11] line (red squares), the rest-frame FIR (green squares) and UV (blue squares) continuum. The black solid curve shows
the ALMA synthesized beam. All radial profiles are estimated from the median value in an annulus with a width of 0.”3, and their peaks
are normalized to the [C11] one. The errors denote the 16-84th percentile of the median values in 100 random annuli. The spatial offsets
between UV — [C 11], UV — FIR, and [C11] — FIR peaks are presented in the red, green, and black bars at the bottom left. For the HST
maps with foreground objects removed, the radial profiles of the rest-frame UV continuum are shown by open blue squares.
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Simpson et al. 2015; [Ikarashi et al.[2015; [Hodge et al.
2016; [Fujimoto et al.[[2017, [2018)). For DC488399, the
opposite trend is seen with the extended FIR component
possibly co-spatial with the extended [C11] line struc-
ture. We refer to DC488399 as a “[CII] & Dust Halo”
object, and discuss its physical properties in Section
We summarize the detection criteria and the number of
the sources in these subgroups ([C11] Halo, w/o [C1I]
Halo, and Dust & [C11] Halo) in Table

4.3. Spatial Offsets ([CII], FIR, and UV)

Recent observational and theoretical studies report a
spatial offset between the centroids of the [C11] line and
the rest-frame UV continuum with a physical scale of ~ 4
kpc (e.g., Maiolino et al.|[2015} [Vallini et al.[|2013). These
spatial offsets may affect the [C11] line morphology com-
pared to the rest-frame UV and FIR ones. Making full
use of the large ALPINE and ancillary data sets again, we
evaluate the spatial offsets among the [C11] line, the rest-
frame UV, and the rest-frame FIR continuum to check
for any potential effects on the detection of an extended
structure of the [C11] line emission. To remove the ob-
vious effects from merging galaxies, we focus on the 23
ALPINE sources analyzed in Section [£:2] that do not in-
clude the sources classified as mergers.

In Figure [4] and we show the peak positions (left
panels) as well as the offset scales (right panels) among
these three emissions. To carry out a fair comparison, we
measure the emission peaks at the peak pixel positions in
the smoothed HST and ALMA maps whose resolutions
are matched. For the 23 ALPINE sources, the median
(standard deviation) values for the spatial offsets are es-
timated to be 0’15 (0709), 0725 (0708), and 0715 (0712)
between [C1] ~UV, FIR-UV, and [Cu] —FIR, respec-
tively. Although the peak pixel positions may depend on
the pixel scale of the maps, we confirm that we obtain
the consistent median and standard deviation of the spa-
tial offsets in the smaller pixel scale by reproducing and
reanalyzing the ALMA map with a pixel scale of 0”03.

The approximate positional accuracy of the ALMA
map Ap in milliarcsec is given by

70000

P ¥ Bxo’ (1)
where o is the peak SNR in the map, v is the observing
frequency in GHz, and B is the maximum baseline length
in kilometers (ALMA technical handbook E[) Assuming
the general property of the ALPINE data set (B = 0.2 in
the configuration of C43-1, v ~ 330 GHz), the ALPINE
[C11] line map with a peak SNR = 5 — 10 has the Ap value
of ~ 0”1 —072. Moreover, even with the HST astrometry
corrected using the GATA DR2 source catalog, the un-
certainty in the astrometry correction still remains at the
~ 01 scale due to the scatter in the source positions be-
tween the public HST and the GATA DR2 catalogs (see
Fig.15 of [Faisst et al.|[2019). Thus, our measurements of
spatial offsets are comparable to the uncertainties of the
positional accuracy for the ALPINE sources and of the
HST astrometry, indicating that the [C 11], the rest-frame
FIR, and the rest-frame UV emitting regions may not al-
ways be displaced from each other. Even if offsets exist

I Section 10.5.2: https://almascience.nao.ac.jp/documents-and-
tools/cycle7/alma-technical-handbook
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Figure 5. SFR and Mta, relation. The red and blue circles show
the [C11] Halo and w/o [C11] Halo, respectively. Gray dots indi-
cate the entire sample of the 118 ALPINE sources (Schaerer et al.
2020). We mark three [C11] Halo objects (DC630594, DC880016,
and VC5100537582) with black squares whose SFR and Mgtar val-
ues fall close to the distribution of the w/o [C11] Halo objects. The
existence of these three objects suggest that the selection bias to-
wards luminous objects alone cannot explain the origin of the [C11]
halo.

star

on the scale of ~ 01 — 0”2, corresponding to ~ 1 kpc at
z = 4 — 6, the 10-kpc scale [C11] halo is unlikely to be
explained by these marginal offsets. Previous stacking
studies also show that adopting different stacking cen-
ters (e.g., peak positions of [C11] line and the rest-frame
UV emission) do not change the extended structure in
the [C11] line rather than the continuum (Fujimoto et al.
2019; |Ginolfi et al./[2020). This also suggests that the
spatial offsets are sufficiently small compared to the [C11]
halo structure. We conclude that the spatial offsets have
a negligible effect on the measurement of the [C11] halo.

Note that the FIR-UV offset shows a relatively larger
value than those considering the [C11] positions under
the same uncertainty of the positional accuracy. This
may imply that dusty, obscured star-formation is indeed
taking place in different regions from the rest-frame UV
luminous, young star-forming regions even in the isolated
ALPINE sources. The potential offset and its physical
origin will be explored in a future ALPINE work.

5. DISCUSSION

In Section {4 we identify individual [C11] halos sur-
rounding star-forming galaxies at z = 4 — 6, which is
unlikely to be caused by the displacement of the [C11]
line emission from the galaxy. We also identify a simi-
lar number of galaxies lacking the [C11] halo structure.
Below, the physical origin of the [C11] halo is explored
through a comparison through a comparison of the phys-
ical properties of galaxies with and without the extended
[C11] line morphology.

5.1. [C11] Halo vs. w/o [C11] Halo Objects
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5.1.1. SFR-Mgtar Relation

In Figure we examine the SFR—Mg;,, relation for
the [C 11] Halo and w/o [C 11] Halo objects separately
as classified in Section For comparison, the entire
sample of the 118 ALPINE sources (see [Schaerer et al.
2020) and the Dust & [C11] Halo object are also plotted.

We find that the [C 1] Halo and Dust & [C11] Halo
objects fall in the regime with higher SFR and Mg,, val-
ues than the w/o [C 11] Halo objects. This is consistent
with the individual size measurement results that show
a positive trend of the ratio of r(cyy) to ryv as a function
of Mgar (Section as well as the [C11] line stacking
results with our ALPINE sources, where the stacked sam-
ple with the high SFR (> 25 Mg, yr~!) shows the [C11]
line structure extended more than the sample with the
low (< 25 My yr=!) SFR (Ginolfi et al.|2020). These
results suggest that the physical origin of the [C 11] halo
is related to Mga, and/or SFR through processes such
as photoionization and outflows (Section

We note that another interpretation for the high SFR
and Mg,y trend among the [C11] Halo objects is a se-
lection bias towards luminous objects whose outskirts
of the diffuse emission are easier to to be identified.
However, there are at least three [C1i] Halo objects
(DC630594, DC880016, and VC5100537582; marked
with black squares) have the SFR and Mg, values sim-
ilar to those of the w/o [C1] Halo objects. In fact, the
[C1] lines from DC880016 and VC5100537582 are de-
tected with SNR at ~ 8 that is comparable to the w/o
C1] Halo objects of DC539609 and DC733857 (Table
1)). This indicates that the selection bias alone is hard to
explain the difference of the existence of the [C11] halo.

5.1.2. Lya EW Relation

In Figure [6] we investigate the distribution of the
Lya equivalent width (EW) for the [C 11] Halo (red his-
togram), w/o [C 11] Halo (blue histogram) objects, and
the [C 11] & Dust Halo object (green reverse triangle). For
comparison, we also show the Lya EW histogram with
the median value (dashed line) for the entire sample of
the 116 ALPINE sources that are observed spectroscopi-
cally for the Ly« emission. Note that the first (leftmost;
~ IA) bin indicates the objects whose Lya lines are un-
detected in the optical-NIR spectroscopy. The details
of the Lya EW measurements are presented in |Cassata
et al| (2020).

We find that the [C11] Halo objects show relatively
small Lya EWs or the Lya lines undetected, while the
w/o [C 11] Halo objects have relatively large Lya EWs,
compared to the entire sample. The Lyaw EW decreases
for high HI column densities. The Lya EW results thus
may indicate that the physical origin of the [C11] halo is
related to the distribution of the neutral hydrogen (Sec-
tion , which is indeed traced by the singly ionized
carbon (e.g., Wollfire et al.|2003; [Vallini et al.[2015).

To remove potential selection biases towards luminous
objects, we also examine the Lya EWs for three [C11]
Halo objects of DC630594, DC880016, and VC510053758
whose SFR and Mg, values are similar to those of the
w/o [C1] Halo objects (Section [5.1.1)). In Figure [6 we
show the Ly EW for these three [C11] Halo objects in
the red hatched histogram. We find that the histogram
is still likely to have lower Lya EW values than the w/o
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Figure 6. Histogram of the Lya EW. The red and blue his-

tograms indicate the [C11] Halo and w/o [C 11] Halo objects. The
three [C11] Halo objects marked with black squares in Figure 5] are
shown in the hatched histogram. The green reverse triangle de-
notes the Lyae EW value of the Dust & [C11] Halo object. The
gray histogram shows the entire sample of the 116 ALPINE sources
whose Ly« line spectroscopy is available (see |Cassata et al.|[2020).

The first (leftmost; ~ 1A) bin presents the objects whose Lya
lines are undetected in the optical-NIR spectroscopy. The dashed
line denotes the median of the entire sample excluding the sources
whose Ly« lines are undetected.

[C11] Halo objects have, while one out of three objects
fall in the Ly EW range comparable to the w/o [C11]
Halo objects. Although it is hard to draw a definitive
conclusion with the small statistics, this result suggests
that the relatively small Lyae EW trend holds without
the potential selection biases,

In Figure [6] we also find that the [C11] & Dust object
has the Lya EW value of 18 & 3 A which falls relatively
lower than the w/o [C11] Halo objects, but is still close to
the median of the entire sample (~ 24 A) even with the
existence of the dust spread over the galaxy. This may
suggest that the physical origin of the extended struc-
tures in both [C11] and dust emission helps the Ly« line
to escape from the system (Section [5.2).

5.1.3. Avrya and Avism

In the top and bottom panels of Figure [/, we exam-
ine the velocity offsets of the Ly« line (Avry,) and the
rest-frame UV metal absorption (Awvign) with respect to
the the systemic redshift traced by the [C11] line, respec-
tively. The [C11] Halo, w/o [C11] Halo, [C11] & Dust Halo
object, and the entire sample of the ALPINE sources
with its median are shown in the same manner as Figure
[6]l Note that here we cannot present the sources with-
out the detection of the Ly« line or the rest-frame UV
metal absorption. The details of the Avpy, and Avigy
measurements are presented in |[Faisst et al| (2019) and
Cassata et al.| (2020).

The entire sample shows that Avry, and Avigm, in
general, take the positive and negative values, corre-
sponding that the Ly« line and the rest-frame UV metal
absorption are red- and blue-shifted from the systemic
redshift, respectively (see also Faisst et al.|2019; |Cassata
et al|[2020). We find that the [C11] Halo and [C11] &
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Dust Halo objects typically have larger velocity offsets
(more red-shifted Ly« and more blue-shifted rest-frame
UV metal absorption) than the w/o [CII] Halo objects.
The three [C11] Halo objects of DC630594, DC880016,
and VC510053758 whose SFR and Mg,, values are sim-
ilar to those of the w/o [C11] Halo objects (red hatched
histogram) also show the same trend, albeit with the
small statistics. The red-shifted Ly« line has been well
explained by expanding shell models (e.g., |Ahn||2004;
Verhamme et al.[2006} 2015), where back-scattered Ly«
photons escape from the galaxy owing to the shell ex-
periencing a Doppler shift. The blue-shifted rest-frame
UV metal absorption is also interpreted as the existence
of the outflowing gas between the galaxy and the ob-
server (e.g., Shapley et al.|[2003; [Steidel et al.|2004; Talia
et al.[2017; |Sugahara et al.[2017}|2019; |Faisst et al.[2019).
Although these velocity offset results are obtained from
the limited sample whose Ly« line or the rest-frame UV
metal absorption has been identified, we obtain a con-
sistent picture from these results that ongoing or past
episodes of outflows may be linked to the origin of the
[C11] Halo objects (Section [5.2).

5.1.4. Rotation or Dispersion Dominated?

We compare the fractions of [C11] Halo and w/o [C11]
Halo objects that are either classified as rotator- or
dispersion-dominated. We find that the [C11] Halo (w/o
[C11] Halo) objects consist of three (three) rotator and
four (three) dispersion-dominated populations, respec-
tively. The nearly equal spread in classification makes
it difficult to shed light on the nature of the [C1i]
halo. However, it is worth mentioning that three [C11]
Halo objects of DC630594, DC880016, and VC510053758
whose SFR and Mgy, properties are similar to the w/o
[C11] Halo objects (Section are all classified as
dispersion-dominated. This may suggest that some phys-
ical mechanisms, especially which increase the velocity
dispersion in the system (e.g., past merging events), are
related to the origin of the [C1] halo in the ALPINE
sources with relatively low SFR and Mg, values (Sec-

tion |5.2)).
5.1.5. Kinematics of [CII] Halo

We also investigate the kinematics of the [C11] line
emission, especially in the outer halo areas. We first
produce the velocity-integrated (moment 0) maps for the
blue- and red-shifted [C11] line emission, where the veloc-
ity center is defined at the peak frequency in the [C11] line
spectrum. We then measure the spatial peak positions
of the blue- and red-shifted [C11] line emission and cre-
ate the position-velocity (PV) diagrams along the lines
that pass through these peak positions (A) and the major
axis of the [C11] line emission (B). For a complementary
approach, we also produce the [C11] line spectra for the
central and outer areas of the objects with the aperture
radil r,p. of rap. < 0.5 (=~ FWHM/2.0 of average ALMA
beam) and 0.”5 < 7., < 1.76 (~ 10 kpc at z = 5),
respectively. In Figure [8] we summarize the kinematic
properties of the [C1] line emission for the [C11] Halo
and [C11] & Dust objects. To ensure secure results, we
examine only six objects whose [C11] lines are detected
at the > 100 level. The central area with diameters of
~ 0.6 —1."2 (FWHMs of the ALMA beams along to the
lines of A and B) is covered by the dark shade in the PV
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Figure 7. Histograms showing the velocity offsets (Av) of the the
Lya line (top) and the rest-frame UV metal absorption (bottom)
with respect to the [C11] line which traces the systemic redshift.
The red and blue histograms denote the [C11] Halo and w/o [C
11] Halo objects. The three [C11] Halo objects marked with black
squares in Figure @ are presented in the hatched histogram. The
green reverse triangle in the top panel indicates the Avyy, value
of the [C11] & Dust Halo object. The gray histogram shows the
entire sample of the 53 and 29 ALPINE sources whose Ly« line and
rest-frame UV metal absorption have been identified among the
[C11]-detected 75 ALPINE sources (see [Faisst et al.|2019; |Cassata;
et al.||2020)). The solid and dashed lines denote the velocity center
traced by the [C 1] line and the median value of the entire sample,
respectively.

diagrams. This helps to visualize the [C11] kinematics in
the outer areas beyond the ALMA beam.

In the PV diagrams of galaxies classified as disper-
sion dominated, DC488399, DC630594 and DC683613,
we find no clear velocity gradients in the outer area.
On the other hand, in the galaxies classified as rotators
(i.e., DC881725, VC5110377875), we find tentative fea-
tures of velocity gradient over several beam scales in each
case. In particular, VC5110377875 has a velocity gradi-
ent up to the radius of ~ 2" (~ 12 kpc at z = 5.67) and
~ —100 km st in the PV diagram (A). Moreover, the
[C11] line spectrum in the outer area of VC5110377875
shows a double peak profile which is a signature for ro-
tation.  Since the PV diagram (A) is produced along
the line connecting the peak positions of the blue- and
red-shifted [C11] line, mostly corresponding to the axis
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Figure 8. Summary panel of the [C11] kinematics of the 6 [C11] Halo objects with SNR > 10. Left to Right: HST rest-frame UV cutout
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in “dispersion”) is presented in the parentheses.;

Intensity weighted coordinate (moment 1) map.; Position-velocity (PV) diagram. The

two PV diagrams of A and B are obtained along the solid and dashed lines in the left panel, respectively. The central area, corresponding
to the ALMA beam along to the lines of A or B, is covered by the dark vertical shade for clarity of the [C11] kinematics at the outer halo
area.; [C11] line spectra for the central (black hlstogram) and outer (red histogram) areas of the galaxy, that are produced from the aperture
radius Tap. Of rap. < 0.5 (~ FWHM/2.0 of ALMA beam) and 0.”5 < rap. < 1.”76 (~ 10 kpc at z = 5), respectively. We show the best-fit
Gaussians (dashed line) and their FWHM values for the central (black) and outer (red) areas in the panel.
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Figure 9. The best-fit 3D modeling results in the moment 0 (top)
and moment 1 (bottom) maps for VC5110377875 with 3PBarolo
(Di Teodoro & Fraternalil[2015). The observed, the best-fit model,
and the residual maps are presented from left to right. The solid
and dashed lines are drawn along with the the kinematic major and
its perpendicular axes. The systematic 3D modeling results for the
entire ALPINE sample are presented in Jones et al. in (prep.).

of the galaxy rotation disk, the velocity gradient in the
outer areas are likely to be associated with the rotation
of the central galaxy disk. These results imply that the
kinematics of the [C11] halo is different between the ro-
tator and dispersion-dominated populations, such that
for the rotator the extended gas disk is associated and
co-rotating with the central galaxy disk as a single large
disk.

Assuming a single large disk for VC5110377875, we
perform 3D modeling with the tilted ring fitting code
3DBarolo (Di Teodoro & Fraternali/2015). In Figure
we show the observed, the best-fit model, and the resid-
ual maps from left to right for the integrated intensity
(moment 0; top) and velocity field (moment 1; bottom).
The solid and dashed lines are presented along with the
kinematic major and its perpendicular axes, respectively.
We obtain the best-fit effective radius for the single ro-
tating [C11]-gas disk of 4.1 £+ 0.5 kpc. We note that we
use the SEARCH algorithm inside *PBarolo to identify
the RMS noise level of the data cube, and create a three-
dimensional (i.e., RA, Dec, velocity) mask of all signal
above 20. Since the model is fit only to these masked
data, this threshold produces the diffuse residuals (i.e.,
< 20) at the outskirts in the moment 0 maps. There-
fore, the best-fit effective radius is the lower limit of size
for the rotating [C11]-gas disk. The rest-frame UV size
measurement results show that VC5110377875 has the
Te,uv value of 0.93 + 0.3 kpc (Table . These results
indicate that we identify the rotating [C11]-gas disk ex-
tended more than the rest-frame UV disk by a factor of
~ 4 at least. Interestingly, we also find symmetric resid-
uals at the outskirts in the moment 1 map mostly along
the dashed line. This suggests that VC5110377875 fea-
tures more complex kinematics than could be explained
by the single rotating disk. If we assume that the rota-
tion of the large [C11]-gas disk is aligned to the central
galaxy disk, the complex kinematics may be caused by
the outflow or the existence of another rotating disk per-
pendicular to the main disk. The current data depth

is insufficient to conduct the 3D modeling with multi-
ple components for VC5110377875, including the diffuse
outskirts and the complex kinematics. Deeper observa-
tions are essential to investigate the diffuse outskirts and
the complex kinematics.

5.2. Physical Origin of [CII] Halo

Based on the analysis and the comparison of the phys-
ical properties of the [C11] Halo and w/o [C 11] Halo ob-
jects investigated in Sections here we discuss what
could be the origin of the ionized carbon emission in the
[C11] halo. One possibility is that the [C11] halo is always
present around star-forming galaxies at z = 4—6 and the
difference in the detection of the [C11] halo is attributed
to a galaxy’s position on the SFR—Mg,, relation (Sec-
tion and Figure [f)). This induces a selection bias
preventing the detection of diffuse [C11] halo emission
around low SFR (~ faint) ALPINE sources. With the
fraction of Lyman-alpha emitters decreasing for more lu-
minous (~ high SFR and Ms,,) star-forming galaxies
(e.g.,|Stark et al.|2010), this is aligned with the Ly EW
results (Section |5.1.2!: showing that the w/o [C 11] Halo
objects (~ low SFR) have higher Lyaw EWs than the
[C11] Halo objects. The high SFR can also contribute
to pushing out the gas away from the galaxy more (e.g.,
[Muratov et al.|2015]), which is also consistent with the ve-
locity offset results (Section[5.1.3). However, it is hard to
explain the difference of the existence of the [C11] halo
only with this selection bias, because we also identify
several [C11] Halo objects (DC630594, DC880016, and
VC5100537582; marked with black squares in Figure
with SFR, Mjtar, and SNR of the [C11] line emission sim-
ilar to those of the w/o [C11] Halo objects. While deeper
observations towards the w/o [C 11] Halo objects are es-
sential to conclude whether the [C 11] halo homogeneously
exists around high-z star-forming galaxies, we discuss the
following two scenarios to interpret the physical proper-
ties of the [C11] Halo and w/o [C 11] Halo objects (Sec-
tions 5.1)), aside from the selection bias.

In the first scenario, the [C11] Halo objects are sur-
rounded by optically-thick neutral hydrogen. The sur-
rounding gas makes the Ly« line hard to escape, which is
consistent with the Lyae EW results. In this scenario, the
high SFR in the [C11] Halo objects produces more far-UV
(FUV) photons (6 eV < hv < 13.6 eV) that penetrate
deeper into the surrounding neutral hydrogen and form
larger photodissociation regions (PDRs) than the w/o [C
11] Halo objects of low SFR. In these PDRs, the carbon is
still singly ionized (ionization potential: 11.3 eV) by the
FUV photons (e.g., [Hollenbach & Tielens |1999; Wolfire
2003} [Vallini et al.[2015]), which forms the extended
C1] Iine structure of the [C11] halo. These FUV photons
may be provided by faint satellite galaxies, rather than
the central galaxy alone. However, Fujimoto et al.| (2019
derive the radial ratio of the [C1I] Iuminosity to SFR
and find in the outer halo area that the ratio becomes
much higher than the typical ratio of the faint, low-mass
galaxies (Diaz-Santos et al.|2014). This result indicates
that the faint, low-mass galaxies are difficult to be the
main cause of the [C11] halo. Since high SFR ~ Mg,
objects reside in massive halos, the [C11] halo objects
can have a high inflow gas rate that may also contribute
to form optically-thick neutral hydrogen surrounding the
objects and power the carbon to be ionized via the grav-
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itational energy (e.g., Dekel et al.|2009). However, given
the generally low metallicity of the inflowing gas trans-
ferred from the intergalactic medium (e.g., ~ 10737, at
z ~ 4-6; see [Pallottini et al.|2014a)), this is not supposed
to contribute much to the extended [C11] line emission
because of the low emissivity of the [C1I] line in such
low-metallicity gas (e.g., [Vallini et al.[2015).

A second scenario is based on the presence of star-
formation (SF) driven outflows. |Ginolfi et al| (2020)
report a significant detection of a broad feature in the
wings of the stacked [C 11] line spectrum, which is a probe
for on-going outflow activities (e.g.,[Maiolino et al.|2012;
Cicone et al.[2015; |Gallerani et al.|[2018; |Bischetti et al.
2019; |Stanley et al.[2019), that is more prominent when
stacking ALPINE sources at high SFRs. From an in-
dependent approach, [Sugahara et al.| (2019)) report the
existence of the outflowing gas feature from the blue-
shifted rest-frame UV metal absorption in the stacked
spectrum of seven z ~ 5 — 6 star-forming galaxies. With
the larger sample, |[Faisst et al.| (2019) show that the
stacked rest-frame UV metal absorption is more signif-
icantly blue-shifted in the ALPINE sources with high
specific SFR (= SFR/Mjtar; sSSFR) than in the sources
with low sSFR. This suggests the existence of SF-driven
outflows in these galaxies, which is consistent with our
results that the [C11] Halo objects are generally seen
in galaxies with high values of SFR and Mg, (Sec-
tion and that the [C11] Halo objects are likely to
have more red-shifted Lya and blue-shifted rest-frame
UV metal absorption than the w/o [C11] Halo objects
(Section [5.1.3). The SF-driven outflow may also explain
the high fraction of the dispersion-dominated population
for the [C1] Halo objects with relative low SFR and
Moy values (Section [5.1.4). The past merging events
make the system dispersion-dominated and induce the
intense star-forming activity, where the SF-driven out-
flow pushes out the ionized carbon outside the galaxy.
As the amount of gas declines, the SFR value decreases
as well. We then witness the extended [C11] emission
as the remnant of the past SF-driven outflow possibly
around poststarburst galaxies. The SF-driven outflow is
also supported by the recent theoretical results. |Pizzati
et al.| (2020) model the [C11] line emission produced from
the supernova (SN) driven cooling outflow with two key
parameters of the outflow mass loading factor n and cir-
cular velocity of the parent galaxy dark matter halo veic
that depends on the gravitational potential of the system.
The authors find that the 10-kpc scale [C11] halo is well
reproduced with the best-fit parameters of n = 3.2040.10
and Veire = 170 + 10 km s~! around a galaxy with the
dynamical mass of ~ 10! M. With cosmological hydro-
dynamic simulations and radiative transfer calculations,
Arata et al| (2020) derive the time evolution of 7 jcy
and find that re cr becomes extended in the SF-driven
outflow phase.

There are two types of outflow, hot-mode and cold-
mode (e.g., Murray et al.|2011; Hopkins et al.|2014; Mu-
ratov et al.||2015; [Heckman & Thompson| 2017). The
hot-mode outflow is defined as the outflow of ionized
hydrogen (~ 10°~7 K) gas heated by supernova (SN)
explosions, massive star/AGN radiation, while the cold-
mode outflow consists of the cold neutral hydrogen gas
(~ 10>~* K) pushed by the radiative and kinetic pres-
sures exerted by SNe, massive stars, and AGNs. The SF-

driven outflow, seen in ALPINE sources, may be domi-
nated by the cold-mode outflow given the requirement for
optically-thick neutral hydrogen to explain the Lya EWs
discussed above. We note that this is a simplified picture.
A realistic picture might have a transition from hot to
cold through a catastrophic cooling in the outflow process
(Li & Tonnesen|[2019; Pizzati et al.|2020). The study for
these multi-phase (cold and hot) gas structures will be
useful to understand which is the dominant mode and
constrain the feedback mechanisms in the high-z star-
forming galaxies.

As discussed in previous studies (Fujimoto et al.[[2019;
Ginolfi et al.|2020)), the outflow activities are essential in
all cases to enrich the CGM with carbon around the star-
forming galaxies in the early universe at z = 4 — 6. In
these outflows, widespread dust can also exist, whereas
the majority of the ALPINE sources do not show ex-
tended structure in the rest-frame FIR continuum. This
is probably because such dust quickly becomes cold in
the outer galaxy and its intrinsic morphology is then a
challenge to be observed, especially at high-redshift due
to the warm CMB (e.g., [da Cunha et al.||2013} |Vallini
et al.|2015; |Zhang et al.||2016; [Pallottini et al.|2017} |La-
gache et al.|2018]). Interestingly, we do identify one [C11]
& Dust Halo object whose morphology is extended in
both the [C11] line and the rest-frame FIR continuum,
but compact in the rest-frame UV continuum (Section
4.2)). This may indicate that some mechanisms, such as
the hot-mode outflow, keep the dust hot even in the outer
galaxy, and its extended morphology is observed in the
[Cu] & Dust Halo object. Since the escape fraction of
the Ly« line increases (decreases) in the ionized gas (in
the gas with dust), the fact that the [C11] & Dust Halo
object has the Lya EW close to the typical value among
the ALPINE sources (Section [5.1.2), rather than much
lower values with the existence of the dust spread over
the galaxy, may be contributed by the hot-mode outflow.
Note, in principle, that faint dusty satellite galaxies can
also explain the extended morphology of the rest-frame
FIR continuum. However, assuming a mass—metallicity
relation (e.g., Mannucci et al.|[2010), the faint (~ low
mass) satellite galaxies are likely to be less dusty (c.f.,
Faisst et al||2017)). If faint dusty galaxies are identified
in future deep observations, they will provide important
insight to understand the metal enrichment process in
early galaxy formation and evolution.

6. SUMMARY

In this paper, we study the detailed morphology of
[Cr1] line emission for 46 main-sequence star-forming
galaxies at z = 4 — 6, from the large ALMA project
ALPINE, whose [C11] lines are individually detected
above 50 level. In conjunction with the HST images,
we examine the radial surface brightness profiles of the
[Cr11] line, rest-frame FIR, and UV continuum emission.
We then discuss the possible physical origin of the ex-
tended [Cr11] line emission. The major findings of this
paper are summarized below:

1. We perform size measurements of the [C11] line
in the ww-visibility plane, assuming an exponen-
tial light profile, and find that the median effective
radius is 2.1 £ 0.16 kpc for the ALPINE sources
with Mygar ~ 109 —1010-%, Using the same exponen-
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tial profiles for the HST data in the rest-frame UV
wavelength, we find that the [C11] line size is almost
always larger than the rest-frame UV continuum,
and that the ratio of [C11] over the rest-frame UV
effective radii as a function of Mg, shows an in-
creasing trend in the range from ~ 2 to 3.

. A number of the isolated ALPINE sources show
an extended [C11] halo structure extending up to
a radius of ~ 10kpc or more, while being compact
in continuum emission. We evaluate the signifi-
cance level of the extended emission and identify
~ 30% of the isolated ALPINE sources whose [C11]
line emission extended over the ALMA beam is de-
tected above the 40 level, but the rest-frame UV
and FIR continuum are below the 3¢ level in the
same aperture ([C11] Halo object). We also identify
galaxies without a [C11] halo structure at a simi-
lar fraction as compared to the isolated ALPINE
sources whose [C11] line emission extended over the
ALMA beam is below the 3o level (w/o [C11] Halo
object).

. We examine the spatial offsets among the [C11] line,
the rest-frame FIR, and the rest-frame UV con-
tinuum emission peaks for the isolated ALPINE
sources. The median (standard deviation) of the
offsets are estimated to be 0715 (07709), 0”25 (0708),
and 0715 (0712), between [C11] -UV, FIR-UV, and
[Cu] —FIR, respectively, corresponding to the ~1
kpc scale at z = 4 — 6. These offsets are compara-
ble to the uncertainties in the HST astrometry and
in the positional accuracy of the ALPINE sources
thus raising a bit of caution that these emitting re-
gions are not always be placed significantly away
from each other as being reported in the literature.

. We compare the physical properties of the [C11]
Halo and w/o [C 11] Halo objects. We find that the
[C11] Halo objects generally have higher SFR and
Mitar, more blue-shifted (red-shifted) rest-frame
UV metal absorption (Lya line), but lower Ly«
EW than the w/o [C 11] Halo objects. We also find
no clear difference between [C11] Halo and w/o [C
11] Halo objects in the kinematics of the central
galaxy, rotation or dispersion dominated. Among
[C11] Halo objects, the [C11] kinematics in the outer
halo areas may be associated and co-rotating with
the central galaxy disk, when the central galaxy
is a rotator. We tentatively identify rotation fea-
tures up to 10 kpc in VC5110377875, where the 3D
model fit results show that the rotating [C11]-gas
disk extends over at least 4 times larger than the
rest-frame UV emitting region.

. From the comparisons of the physical properties of
[Cu] Halo and w/o [C 11] Halo objects, one possi-
bility is that the [C11] halo exists around all star-
forming galaxies at z = 4 — 6 with the differences
in the SFR — Mgt,, plane and the Lya EW distri-
bution caused by a selection bias towards the lu-
minous objects. However, we also identify at least
three [C11] Halo objects whose [C11] line luminos-
ity, SFR, and Mg,, values are similar to the w/o
[C11] Halo objects, suggesting that the difference in

the physical properties cannot be explained by the
selection bias alone. We discuss the following two
scenarios for physical origin of the [C11] halo: 1)
the [C 1] Halo objects are surrounded by optically-
thick neutral hydrogen, and the larger amount of
the far-UV photons from the higher SFR forms the
large PDRs with the [C11] line emission, and 2)
star-formation driven outflow.
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APPENDIX
A. ADDITIONAL ALPINE SOURCES FOR THE REST-FRAME UV SIZE MEASUREMENT

Table 3

Name zicr;p SNR Te,f81dw flageg1aw Te,f160w flagrigow  morph. class
(kpc) (kpc)
1) (2) (3) (4) (5) (6) (7 (8)
CG12 4.431 4.4 0.62 £ 0.09 0 1.02 £+ 0.04 0 5
CG14 5.5527 4.6 0.51 + 0.07 1 0.92 £ 0.03 0 4
CG21 5.5716 4.2 0.98 + 0.32 0 1.2 + 0.14 0 4
CG38 5.5721 4.7 1.08 4+ 0.33 0 1.99 + 0.1 1 2
CG42 5.5252 3.7 0.64 + 0.23 0 1.4 + 0.16 1 5
CG47 5.5745 4.0 1.01 4+ 0.25 0 1.57 £ 0.09 1 4
CGT75 5.5666 4.8 0.87 + 0.36 0 1.76 £+ 0.22 1 4
DC274035 4.4791 4.4 0.91 + 0.23 0 No data - 4
DC378903 5.4297 4.6 0.52 + 0.43 1 0.63 £+ 0.41 0 2
DC400160 4.5404 4.5 1.01 + 0.19 0 No data 4
DC430951 5.6881 4.1 0.51 + 0.32 0 No data — 5
DC510660 4.548 4.0 0.95 + 0.25 1 No data — 5
DC628063 4.5327 3.9 0.75 £ 0.3 1 0.93 £ 0.48 1 5
DC665509 4.5256 4.8 1.07 &+ 0.24 1 0.79 £ 0.28 1 2
DC665626 4.5773 4.4 0.0 &+ 654.72 1 No data — 5
DC680104 4.5295 4.2 0.84 £+ 0.27 0 No data — 5
DC803480 4.5417 3.8 0.59 £+ 0.15 0 No data — 4
DC814483 4.581 4.7 1.14 £+ 0.28 1 No data — 2
DC843045 5.8473 4.1 0.75 + 0.45 0 1.08 £ 0.49 1 2
DC859732 4.5318 4.3 0.0 £ 657.75 1 No data — 2
vc5101209780 4.5701 4.3 1.0 &+ 0.24 0 No data 2
vc5101210235 4.5761 4.3 1.01 + 0.19 0 No data - 1
vc5101288969  5.7209 4.2 0.08 +£ 1.7 1 0.83 £+ 0.39 0 5
vc510605533 4.5019 4.9 0.65 + 0.19 0 0.28 + 4.71 1 5
DC357722 5.6838 3.6 0.37 + 2.32 1 0.72 £+ 2.64 1 4
DC722679 5.7168 4.0 0.69 + 0.25 0 No data — 5
DC742174 5.636 4.8 0.2 £ 2.01 1 0.61 £+ 0.44 1 5
DC845652 5.3071 4.9 0.4 £0.1 0 0.83 £ 0.07 1 5
Note. — (1) ALPINE source name. We refer to CANDELS_GOODS, DEIMOS_COSMOS, VUDS_COSMOS, and VUDS_ECDFS

in [Le Fevre et al| (2019) as CG, DC, VC, and VE, respectively. We list 29 ALPINE sources with SNR of the [C11] line in the range
from 3.5 to 5.0 that are used for the rest-frame UV size measurement in this paper. The entire sample of 118 ALPINE sources with the

coordinate is presented in Le Fevre et al.|2019. (2) Spectroscopic redshift estimated from the [C11] 158um line. (3) The peak SNR in the
velocity-integrated map. (4) Circularized effective radius of the rest-frame UV emission in the HST/F814W map measured with GALFIT
(see text). (5) Flag for the reliability of the GALFIT fitting for the F814W map. The same flag definition as (5). (6) Circularized effective
radius of the rest-frame UV emission in the HST/F160W map measured with GALFIT (see text). (7) Flag for the reliability of the GALFIT
fitting for the F160W map. The same flag definition as (5). (8) Galaxy type based on the morphology+kinematic classification (1: rotator,
2: pair-merger, 3: dispersion-dominated, extended, 4: dispersion-dominated, compact, 5: weak; see [Le Févre et al|2019).
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B. SPATIAL DISTRIBUTIONS AND RADIAL PROFILES OF THE [Cu| LINE, THE REST-FRAME FIR, AND UV

CONTINUUM FOR ISOLATED ALPINE SOURCES
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Figure 10. Spatial distributions of the [C11] line, the rest-frame FIR and UV continuum for the ALPINE sources whose [C11] lines are
detected above 50 level and that are not classified as mergers (Section [2.2]). The color and symbols are in the same assignment as Figure
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Figure (continued)
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