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ABSTRACT

We present new Atacama Large Millimeter/Submillimeter Array observations of the [C1I] 158 pum transition and the dust continuum
in HZ4, a typical star-forming galaxy when the Universe was only ~1 Gyr old (z = 5.5). Our high ~0.3" spatial resolution allows us
to study the relationships between [C II] line emission, star formation rate, and far-infrared emission on spatial scales of ~2kpc. In
the central ~4 kpc of HZ4, the [C1I]/FIR is ~3 x 10~ on global scales as well as on spatially resolved scales of ~2 kpc, comparable to
the ratio observed in local moderate starburst galaxies such as M 82 or M 83. For the first time in an individual normal galaxy at this
redshift, we find evidence for outflowing gas from the central star-forming region in the direction of the minor axis of the galaxy. The
projected velocity of the outflow is ~400 kms~!, and the neutral gas-mass outflow rate is ~3—6 times higher than the star formation
rate in the central region. Finally, we detect a diffuse component of [C 1T] emission, or [C 1] halo, that extends beyond the star-forming
disk and has a diameter of ~12 kpc. The outflow, which has a velocity approximately half of the escape velocity of the system, most
likely partly fuels the [C11] extended emission. Together with the kinematic analysis of HZ4 (presented in a forthcoming paper),
the analysis supports the hypothesis that HZ4 is a typical star-forming disk at z ~ 5 with interstellar medium conditions similar to
present-day galaxies forming stars at a similar level, driving a galactic outflow that may already play a role in its evolution.
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1. Introduction

The complex interplay between star formation, stellar feed-
back, and accretion from the circumgalactic medium (CGM),
known as the baryon cycle, drives galaxy growth and evolution
(e.g., Tumlinson et al. 2017). Understanding these competing
processes requires observations of the stars and multiple phases
of the gas throughout cosmic time. Here, the Atacama Large Mil-
limeter/submillimeter Array (ALMA) has opened a window for
exploring the cold neutral and molecular gas in early galaxies at
an unprecedented level of detail.

This paper focuses on the study of a typical galaxy at
z =~ 5.5, when the Universe was only ~1 billion years old.
Observations of the cold gas based on CO lines for nor-
mal galaxies at this redshift are challenging (e.g., Pavesi et al.
2019; Neeleman et al. 2020). A powerful alternative tracer is the
[CI] 157.74 pm fine-structure transition, which mostly traces
the cold, neutral gas with a minor contribution from the ion-
ized phase (e.g., Croxall et al. 2017; Diaz-Santos et al. 2017,

* The reduced images and datacubes are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/649/A31
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Cormier et al. 2019). The [C11] line is tightly connected to the
star formation activity because the far-ultraviolet (FUV) photons
produced in star-forming regions heat the gas through the photo-
electric effect on dust grains, which then cools mainly through
the [CII] transition (e.g., Wolfire et al. 1995; De Looze et al.
2014; Herrera-Camus et al. 2015; Schaerer et al. 2020). Thus,
the comparison between tracers of the gas heating such as the
star formation rate (SFR) or the far-infrared luminosity (FIR)
and the [C11] line luminosity can help to constrain the heating-
cooling balance in the interstellar medium (ISM).

Recent ALMA observations of main-sequence (MS) galaxies
at z ~ 4-5 have revealed different aspects of the baryon cycle in
action in these systems. On the one hand, stacking of [C 11] spec-
tra reveals signatures of outflows with velocities of ~500 km s7L
and global mass-outflow rates comparable to the SFRs of their
hosts (Gallerani et al. 2018; Ginolfi et al. 2020a). At similar red-
shift, Sugahara et al. (2019) also detected neutral gas outflows
with median velocities of ~400km s~ from the analysis of the
stacked spectra of metal-absorption lines. As simulations sug-
gest (e.g., Pizzati et al. 2020), these outflows are most likely
connected to the observed presence of a diffuse component of
[C11] emission around galaxies. These [C1I] halos extend for
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scales of ~5—10kpc beyond the extent of the star-forming disk
that is traced by the rest-frame UV-optical emission, and can
be considered part of the CGM (Fujimoto et al. 2019, 2020;
Ginolfi et al. 2020a).

The results discussed above are based on observations of
large sample of galaxies at4 < z < 6 from the ALMA Large Pro-
gram to Investigate C+ at Early Times (ALPINE; Le Fevre et al.
2020), and the earlier work by Capak et al. (2015). The spa-
tial resolution achieved by these programs was modest, typi-
cally ~5-9kpc (for reference, the median UV effective radius
of z ~ 5 galaxies is ~1 kpc; e.g., Shibuya et al. 2015). To date,
the majority of the [CII] observations of early galaxies that
achieved kiloparsec-scale resolution (or better) targeted bright,
submillimeter galaxies (e.g., De Breuck et al. 2014; Neri et al.
2014; Diaz-Santos et al. 2016; Gullberg et al. 2018; Litke et al.
2019; Tadaki et al. 2020). The few cases that focused on normal
(i.e., main-sequence) galaxies include the discovery of a regular,
rotating disk in a neutral HI absorber (Neeleman et al. 2020),
a system with a complex kinematic structure that could be the
result of a triple merger (Riechers et al. 2014), and two Lyman
break galaxies at z ~ 7 that show disk-like velocity gradients
(Smit et al. 2018).

Although progress is being made in the study of main-
sequence galaxies at z ~ 5, we still lack a detailed charac-
terization of their ISM, the detection of outflow signatures in
individual galaxies, and a deeper understanding of the effect
of outflows on the star formation activity, and the existence
and maintenance of the [CII] halos. Motivated by these open
issues, in this paper we present new [C1II] and dust continuum
ALMA observations of HZ4, a typical star-forming galaxy at
z = 5.5. The spatial resolution and sensitivity achieved by our
observations (see Sects. 2 and 3) allow us to study the ISM
(Sect. 3.2), outflow (Sect. 3.3), and [CII] extended emission
properties (Sect. 3.4) at a kiloparsec scale level. The analysis of
the kinematic properties of HZ4 will be discussed in a forthcom-
ing paper (Paper II; Herrera-Camus et al., in prep.). Throughout
this paper, we adopt a cosmology with Hy = 67.4kms~! Mpc™!
and Qy = 0.315 (Planck Collaboration VI 2020), which results
in a scale of 6.09 kpc/” for a source at z = 5.54.

2. Observations and data reduction

Between November 2018 and April 2019 (Cycle 6), HZ4 (RA
9:58:28.5, Dec +2:03:06.7) was observed for 8.4 h in total (4.7 h
on-source) using ALMA as part of project 2018.1.01605.S (PI
Herrera-Camus). The observations were carried out in the C43-4
configuration. We centered one spectral window on the [C1I]
line (et = 1900.537 GHz), which for the source is redshifted
to vobs = 290.386 GHz and falls in Band 7. The remaining three
spectral windows were used to detect the dust continuum at rest-
frame 160 pm, near the peak of the FIR spectral energy distribu-
tion in star-forming galaxies. The quasar J1058+0133 was used
as the flux and bandpass calibrator, and the quasar J0948+0022
was used as the phase calibrator.

The data were processed using the Common Astronomy
Software Applications package (CASA; McMullin et al. 2007)
version 5.6.2. The cubes were cleaned using the CASA/tclean
task with Briggs weighting (robust=+0.5) and down to the
1o level using the auto-multithresh automasking algorithm
(Kepley et al. 2020). We also adopted the Multi-Scale Clean
algorithm (Cornwell 2008) to image both structures, which are
compact and unresolved as well as extended. The resulting syn-
thesized beam size was Gpeam = 0.39” x 0.34” (2.3 x 2.0kpc)
at a position angle of PA = —72.4°. The maximum recoverable
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scale is 3.26””!, which is larger than the angular scale of the [C 1]
emission structures detected in our observations (see Sect. 3.4).
The rms noise for the line cube is 0.15 mJy beam™" in 16 kms™!
channels, and 8.5 uJy beam™! in the continuum maps. All maps
were primary beam corrected.

3. Results

3.1. [Cu] line and dust continuum emission in the
main-sequence star-forming galaxy HZ4

HZ4 is a Lyman break selected galaxy in the COSMOS field
(Koekemoer et al. 2007) with a [C11]-based spectroscopic red-
shift of z = 5.54 (Capak etal. 2015; Hasinger et al. 2018;
Béthermin et al. 2020). As Fig. 1 (left panel) shows, with a
stellar mass of logjo(M,/Mo) = 10.1579/% and a star forma-

tion rate of SFR = 40.733 M, yr~! (Faisst et al. 2020), HZ4 lies
on the main sequence of star-forming galaxies at z ~ 5 (e.g.,
Speagle et al. 2014). The gray circles show galaxies between
5 < z < 6 detected in [C11] line emission as part of the ALMA
ALPINE Large Program (Le Fevre et al. 2020; Béthermin et al.
2020). In contrast to our deep, high-resolution observation,
ALPINE galaxies have typical on-source integration times of
only t ~ 15-25 min with angular resolution in the range Gpeam ~
0.8-1.5".

Figure 1 (right panel) shows the global [C1I] spectrum of
HZ4 extracted within a circular aperture of 0.9” (~5.4kpc)
radius centered at the peak of the [C IT] emission (RA 09:58:28.5,
Dec +02:03:06.6). The line is detected with a global signal-
to-noise ratio of S/N =~ 16. The best single-Gaussian fit is cen-
tered at an observed frequency of vy = 290.471 + 2 x 1073 GHz,
which corresponds to a redshift of z = 5.543, consistent with
previous measurements. The peak flux density and line width
(full width at half maximum; FWHM) are 4.79 + 0.22 mly
and 232 + 8kms™!, respectively. The total flux measured is
Siem = 1.12 + 0.07Jykms~!. This is similar to the flux
measured by Capak etal. (2015) of Sicyy = 1.14Jykms™!
based on observations with an angular resolution of Gpeam =
0.90” x 0.48”, and about 20% higher than the total flux mea-
sured based on observations from the ALPINE survey (under
the name DEIMOS_COSMOS_494057; Le Fevre et al. 2020;
Béthermin et al. 2020) with an angular resolution of Gpeam =
1.01” x 0.85”. Most likely due to the high S/N of our obser-
vations, we do not observe a lower [C1I] global flux in our high
angular resolution data as reported in other high-redshift galax-
ies, which is due to the effect of surface brightness dimming dis-
cussed by Carniani et al. (2020).

The left panel of Fig. 2 shows the [CII] line intensity map
integrated in the velocity range between —300 and +300kms~',
which corresponds to the orange region in the spectrum of Fig. 1.
The galaxy morphology resembles an extended disk that looks
slightly warped in the southwest region. A two-dimensional
Gaussian fitting yields a deconvolved size (at FWHM) of 0.80" x
0.47” (£0.05"”) (4.9 x 2.9kpc) with the major axis at a PA of
17.7° £ 5°.

Together with the [CII] transition, we also detect the dust
continuum of HZ4 at rest-frame 160 pm. The middle panel of
Fig. 2 shows the integrated intensity map. The total dust con-
tinuum flux is Scont160um = 0.15 £ 0.03 mlJy. The distribution
of the dust emission is aligned with the morphological major
axis of the [C1I] line emission, but is significantly less extended
in the direction of the minor axis, although this depends on the

! According to Table 7.1 in the Cycle 6 ALMA Technical Handbook.
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Fig. 1. Left: star formation rate — stellar mass plane between 5 < z < 6 showing the position of the main sequence of star-forming galaxies (black
line; Speagle et al. 2014) and the z ~ 5 galaxies with [CII] detections in the ALPINE survey (gray circles; Le Fevre et al. 2020; Faisst et al. 2020).
HZA4, shown as an orange diamond, lies only ~0.2 dex above the main sequence and can be considered a typical star-forming galaxy at this redshift
(Faisst et al. 2020). Right: continuum-subtracted [C 1] 158 pm spectrum of HZ4 extracted inside a circular aperture of 0.9 radius (~5.4 kpc). The
best Gaussian fit is centered at an observed frequency of vy = 290.471 GHz, which corresponds to a redshift of z = 5.54.
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Fig. 2. Left: [C11] 158 um integrated intensity of HZ4. The contours start at 20 (dotted line) and then increase from 30 to 170 in steps of two
(solid lines). The ALMA-synthesized beam (6 = 0.39” x 0.34”’) is shown in the bottom left corner. Center: dust continuum emission at rest-frame
160 um. The contours level are 2 (dotted brown line), and 3, 3.5, and 40 (solid brown lines). Right: contours of rest-frame UV emission as observed
by HST WFC3 F160W (Barisic et al. 2017) overlaid on the [C II] integrated intensity map. The contour levels are 2 (dashed black line), 3, 5, 10,
and 200 (solid black lines). The contours are shifted in the direction of the black arrow from the original position marked by the black dot. The
HST WEFC3 F160W point-spread function is shown in black in the bottom left corner next to the ALMA beam in white.

sensitivity of the observations. A two-dimensional Gaussian fit-
ting yields a deconvolved size (at FWHM) of 0.93” x 0.18"”
(£0.20”) (5.6 x 1.1 kpc) with the major axis at a PA of 27.9° +5°.
In Sect. 3.2 we discuss that the differences in the spatial distri-
bution of the dust and the [C1I] line emission can shed light on
the physical conditions of the gas, and in Sect. 3.4 we compare
the light distribution from the [C1I] and dust emission in more
detail.

In the last panel of Fig. 2 we show the rest-frame UV emis-
sion observed with HST WFC3 (F160W; Barisic et al. 2017)
overlaid on the [C11] line integrated emission. In principle, we
expect the [C 1T] and UV emission to trace each other well as they
correspond to important cooling and heating channels of the ISM
(e.g., Wolfire et al. 2003). However, the original HST UV peak
emission is centered at the position marked with a black dot,
shifted with respect to the ALMA dust continuum and [C IT] peak
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Fig. 3. Left: [C11]/FIR map of HZ4. We have considered only rest-frame ~160 pm dust continuum emission above the 20 level. The color bar
indicates the [C II]/FIR value. Right: [C1I]/FIR ratio as a function of Zpr in four kiloparsec-size regions extracted across the disk of HZ4 (orange
circles and dashed black circles in the left panel). The error bars, mainly due to the uncertainty in the FIR luminosity, are shown in orange. For
comparison, we show nearby star-forming and starburst galaxies from the SHINING sample (Herrera-Camus et al. 2018a), ~100 pc scale regions
in the central disk of M 82 in green (Contursi et al. 2013; Herrera-Camus et al. 2018a), and ~400 pc scale regions in the central region of M 83 in
purple. The solid gray line shows the best quadratic fit to the SHINING data (Herrera-Camus et al. 2018a).

emission by ~0.3". Spatial offsets of this magnitude between Ha
or UV and dust emission have been observed in z ~ 2—3 sub-
millimeter galaxies (SMGs; e.g., Hodge et al. 2016; Chen et al.
2017), and main-sequence galaxies at z > 4 (e.g., Maiolino et al.
2015; Carniani et al. 2017; Ginolfi et al. 2020b). Fujimoto et al.
(2020), for example, reported an average offset between the
[C1] and UV emission of 23 ALPINE galaxies of ~0.15”. The
physical origin of these offsets could be related to dust obscu-
ration or the ionization state of the gas (e.g., Katz et al. 2017),
or to stellar feedback destroying molecular clouds around star-
forming regions (Vallini et al. 2015).

Another possibility is that the ALMA and HST datasets show
astromentric differences (e.g., Dunlop et al. 2017; Faisst et al.
2020). According to the Cycle 6 ALMA Technical Handbook
(Eq. (10.7)), the astrometric precision of our ALMA observation
is ~0.01”. In the case of the HST observations of HZ4, the astro-
metric precision is at the subarcsecond level (Barisic et al. 2017).
One alternative to confirm the precision of the HST astrometry
is to compare the positions of stars in the HST field with those
in the Gaia catalog (Gaia Collaboration 2016, 2018). We find a
small offset of only ARA = —0”07 and ADec = —0711, which
is not sufficient to explain the ~0.3” displacement between the
[CH] and rest-frame UV disks. The reason for at least a 0.2”
(~3 kpc) spatial offset therefore remains unclear at this point.

When we assume that the observed spatial offset between
the HST and ALMA data is a problem of astrometric accuracy,
we can use an alternative tracer of the stellar light to verify the
position of the HST rest-frame UV map. For this we used a
SUBARU/HSC i-band image (Aihara et al. 2019), which has an
astrometric precision better than 0.1”. To match the peak emis-
sion in the HST and SUBARU data, we need to shift the former
by ARA = —0.3” and ADec = +0.05”. The shifted HST rest-
frame UV contours are shown in the last panel of Fig. 2, and
they agree far better with the spatial distribution of the ALMA
[C11] and dust continuum data.
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Together with the dust continuum emission in HZ4, we
detect a strong continuum source in the northeast direction at
a distance of ~13” from HZ4. This source has no apparent
counterparts in the available HST/WFC3 images. We discuss the
properties of this serendipitous source in Appendix A.

3.2. ISM properties: Relation of the [C ] line, the FIR
continuum, and the SFR in HZ4

The ratio of the [C11] line to the FIR continuum is closely linked
to the physical properties of the ISM in galaxies. A decrease
in the [CII]/FIR can be driven by an increase in the ioniza-
tion parameter of HII regions (e.g., Gracid-Carpio et al. 2011;
Herrera-Camus et al. 2018b), the impact of active galactic nuclei
(AGN) on the ionization state of the gas (e.g., Langer & Pineda
2015; Herrera-Camus et al. 2018b), and/or the increase in the
ratio between the radiation field intensity and the neutral gas
density, which leads to the destruction or charging of small
dust grains (e.g., Kaufman et al. 1999; Malhotra et al. 2001;
Diaz-Santos et al. 2017), among other factors. Typical [C 1T]/FIR
ratios range from 0.1-1% in low-metallicity dwarfs and disks
of star-forming galaxies (e.g., Cormier et al. 2015; Smith et al.
2017; Herrera-Camus et al. 2018a) to ~0.01-0.1% in nuclear
regions of starburst systems and AGNs (e.g., Malhotra et al.
2001; Diaz-Santos et al. 2013; Herrera-Camus et al. 2018a).

Figure 3 shows a map of the [CI]/FIR in HZ4. The FIR
luminosity was calculated by fitting a modified single dust tem-
perature graybody model to the rest-frame 160 um continuum
assuming a dust temperature of Ty, = 45K and a dust emis-
sivity index of 8§ = 1.5. To the best of our knowledge, these
assumptions seem appropriate for a typical star-forming galaxy
atz =~ 5 (e.g., Pavesi et al. 2016; Faisst et al. 2017).

The right panel of Fig. 3 shows the [C 1T]/FIR measured along
the major axis of HZ4 as a function of the FIR surface bright-
ness. The error bars show the change in FIR luminosity when
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we vary our assumptions for the dust temperature and dust emis-
sivity in the range 30 < Tg(K) < 50 and 1 < B8 < 2. For
comparison, we include the relatively tight (~0.25 dex) relation
observed in nearby star-forming galaxies and starbursts from
the SHINING sample (Lutz et al. 2016; Herrera-Camus et al.
2018a). The four kiloparsec-scale regions in HZ4 follow this
relation, with Xpr and [CIIJ/FIR ratios comparable to those
observed in the central region of the starburst galaxy M 83 or the
~700 pc disk around the nuclear region of M 82 (Contursi et al.
2013; Herrera-Camus et al. 2018a).

Interestingly, in the four apertures shown in Fig. 3 the distri-
bution of the dust continuum emission is smooth, with variations
in Zgr of only ~30%. The [C1I] emission, on the other hand,
varies by a factor of ~2 in the same area in which the dust con-
tinuum is detected. In the photodissociation region (PDR) mod-
els of Kaufman et al. (2006), a variation of [CII] emission for a
fixed ZpR, and thus a fixed FUV (6eV < hyv < 13.6eV) radiation
field intensity (Gy), can be explained by a change in the total
neutral gas density (ny). For a fixed Gy, if two regions have neu-
tral gas densities below the critical density for collisions with H
atoms (ngir ~ 3 X 10° cm™3; Goldsmith et al. 2015), then a lower
[C1]/FIR implies a lower neutral gas density. Conversely, if two
regions have neutral gas densities higher than the critical density,
then a lower [C 1T]/FIR implies a higher neutral gas density. This
is probably the case in the ISM of HZ4.

To independently constrain Gy and ny, it is unfortunately
necessary to have observations of at least one additional PDR
line (e.g., one of the [O1] transitions). With the available infor-
mation, the one relevant physical quantity we can constrain is
the ratio between Gy and ny. This parameter is a proxy for the
charging of the dust grains, which in turn sets the [C11]/FIR:
a higher dust grain charge implies that photoelectrons have to
overcome a higher Coulomb barrier, resulting in a decrease
in gas photoelectric heating efficiency (Tielens & Hollenbach
1985), and thus a decrease in [C11]/FIR. Following the relation
between Xpr and Go/ny derived by Diaz-Santos et al. (2017),
we estimate that the Go/ny ratio in HZ4 is ~0.5. This value
is comparable to those observed in nearby star-forming galax-
ies (Go/ng ~ 0.5-1; e.g., Contursi et al. 2013; Croxall et al.
2013; Hughes et al. 2015), and at least one order of magnitude
lower than the ratios measured in ultra-luminous infrared galax-
ies (ULIRGs) and high-z starbursts (Go/ng ~ 10-100; e.g.,
Gullberg et al. 2015; Diaz-Santos et al. 2017).

An alternative way to study the heating and cooling prop-
erties of the neutral gas in HZ4 is by comparing the [C1I] line
emission to the star formation activity. If the gas is in thermal
balance, and [C11] is the dominant coolant of the neutral gas,
then the [CII] luminosity is a measure of the total energy that is
put into the gas by different processes, including FUV photons
through the photoelectric effect on dust grains and mechanical
heating. This physical connection is behind the observed relation
between the [C11] surface brightness (Z(c;) and the star forma-
tion rate surface density (Xsgr) observed in the Milky Way (e.g.,
Pineda et al. 2014) and nearby galaxies (e.g., Boselli et al. 2002;
De Looze et al. 2011, 2014; Sargsyan et al. 2012; Kapala et al.
2015; Herrera-Camus et al. 2015, 2018b).

Figure 4 shows the X|cy—Xspr correlation observed in
approximately kiloparsec-size regions of nearby galaxies from
the KINGFISH sample (Herrera-Camus et al. 2015), spatially
resolved starbursts (Herrera-Camus et al. 2018a), and the four
approximately kiloparsec-size regions of HZ4 in which we
detect the ALMA dust continuum (see Fig. 3). In the case of
HZ4, we calculated Zgpr based on the FIR luminosity using
the calibration by Murphy et al. (2011), the rest-frame 160 um

[ star-forming
galaxies

'

4

—— Herrera-Camus et al. 2015

_4:--I----I....I....I....
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Fig. 4. [C11] surface brightness density vs. star formation rate surface
density observed in regions from star-forming nearby galaxies from the
KINGFISH sample (contours enclose 95%, 45%, and 25% of the 3846
regions; Herrera-Camus et al. 2015), nearby starbursts from the SHIN-
ING sample (gray circles; Herrera-Camus et al. 2018a), and the four
regions in HZ4 in which we detect the dust continuum with ALMA
(orange circles). The black line shows the best fit (and 10 scatter) to
the KINGFISH regions (Herrera-Camus et al. 2015).

luminosity following the calibration by Calzetti et al. (2010), the
UV luminosity using the calibration by Murphy et al. (2011),
and the combination of the UV and FIR luminosities follow-
ing the calibration by Bell et al. (2005). All four estimates of
the Zspr in HZ4 are consistent within a factor of ~3. The values
of Xgpr shown in Fig. 4 correspond to those measured using the
FIR luminosity.

The ratio between the FIR- and UV-based SFRs in HZ4,
which is essentially a scaling of Lgr/Lyy, is close to =1,
as observed in other main-sequence galaxies at z ~ 5 (e.g.,
Heinis et al. 2014; Capak etal. 2015; Bouwens et al. 2016;
Fudamoto et al. 2020), and suggests that the observed offset
between the ALMA dust continuum and HST rest-frame UV
map is not caused by dust obscuration of the UV photons.

The Zcij—Zspr relation observed in nearby star-forming
galaxies, characterized in Fig. 4 by the linear relation derived
by Herrera-Camus et al. (2015) (Eq. (2)), holds up to galax-
ies with Zggrg ~ 1 Mg yr~'kpc. This includes the central
regions in HZ4. At higher Xgpr values, galaxies start to devi-
ate from the local scaling relation, showing a deficit of [C1I]
emission relative to Xgggr. The systems that show a [CII]
deficit are typically dusty, dense starbursts characterized by
strong radiation fields, high ionization parameters, and high
neutral gas densities. As discussed above, all these factors
play a role in driving the [C1I] deficit (for a discussion, see,
e.g., Malhotra et al. 2001; Gracid-Carpio et al. 2011; Smith et al.
2016; Herrera-Camus et al. 2018b). The combination of the
analysis of the [CI]/FIR and [C1I]/SFR suggests that the ISM
conditions in the central region of HZ4 are more comparable to
those observed in modest, nearby starbursts (e.g., M 82, M 83,
or NGC 253) rather than in dense, dusty starbursts such as those
found in luminous infrared systems.

3.3. Outflows: Evidence for an outflow along the minor axis

So far, the strongest evidence for neutral outflows in typical star-
forming galaxies at z ~ 5 comes from the stacking of [CII]
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spectra (Gallerani et al. 2018; Ginolfi et al. 2020a) or metal
absorption lines (Sugahara et al. 2019). In the case of the analy-
sis of the ALPINE galaxies, the stacked [C1I] spectra of galax-
ies with SFR >25 M, yr~! show a high-velocity tail that can be
fit by a broad Gaussian component of FWHM ~ 680kms™!
(Ginolfi et al. 2020a). The mass outflow rate, although uncertain
for reasons we discuss below, is comparable to the SFR of the
stacked systems.

HZ4 has a total SFR of ~40 M yr~!, comparable to the SFR
in the group of stacked galaxies in Ginolfi et al. (2020a) that
show evidence for outflows. Taking advantage of the high spa-
tial resolution and sensitivity of our observations, we searched
for outflow signatures in approximately kiloparsec-scale regions
across the disk of HZ4. Figure 5 shows the distribution of seven
circular apertures in which we search for outflow signatures
in the spectrum. Spectra from regions 3 to 7 (Appendix B)
appear to be symmetric. For each spectrum from region 3 to 7, a
single-Gaussian fit was strongly preferred over fitting a double-
Gaussian distribution based on the reduced chi-squared value.
We also find that the residuals from the single-Gaussian fit do
not show any clear evidence of flux excess over the entire veloc-
ity range. Spectra from apertures 1 and 2, on the other hand,
require two Gaussian components for an optimal fit: a narrow
component that can be associated with the star-forming disk,
and a broad component associated with a potential outflow. The
right panel of Fig. 5 shows the result of the double-Gaussian
fit. The FWHM of the broad components of apertures 1 and 2
are 406 and 326 kms~!, respectively. These values are a factor
x1.6-2 lower than the FWHM of the broad component in the
stacked [C1I] spectrum of main-sequence galaxies at z ~ 4-5
(Ginolfi et al. 2020a), QSOs at z ~ 6 (Stanley et al. 2019), and
about a factor of 5 lower than the FWHM in the powerful AGN-
driven outflows detected in QSOs at z > 5 (Maiolino et al. 2012;
Bischetti et al. 2019).

It is interesting to note that the broad component features
observed in regions 1 and 2 become diluted in the global [C1I]
spectrum shown in Fig. 1. This shows that it is only due to our
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ability to spatially resolve the [C II] emission with high sensitiv-
ity that we can detect the outflow signatures. Additional evidence
in favor of the outflow interpretation of the broad component
comes from two signatures that are also observed in nearby
galaxy outflows: (1) the outflow in HZ4 is located near the peak
of the gas velocity dispersion (see Paper II; Herrera-Camus et
al., in prep.), and (2) the outflow extends nearly aligned with the
minor axis (the path of least resistance through the disk; e.g.,
Chen et al. 2010; Leroy et al. 2015; Roberts-Borsani et al. 2020;
Herrera-Camus et al. 2020).

To further explore the outflow scenario, we compared the
properties of the potential outflow in HZ4 with those observed in
the outflows of other local and high-z star-forming galaxies. We
first estimated the projected maximum velocity of the outflow-
ing gas following voue ~ |Av| + FWyg9,/2 (e.g., Lutz et al. 2020),
where Av is the shift of the centroid of the broad Gaussian line
component for the outflow with respect to the systemic velocity,
and FW (¢, is the full width at a tenth of the maximum of the
broad outflow component. The projected outflow velocities we
obtain for apertures 1 and 2 are voy a1 = 415 km s~ and Vout.A2 &
320kms~', respectively. These velocities are most likely lower
limits because we did not consider projection effects. Based on
the axial ratio b/a of the deconvolved size of the [C IT] image, we
infer an inclination for HZ4 of approximately 6 = 45°. When we
assume that the outflows are perpendicular to the disk, then the
deprojected velocities are a factor 1/cos (45°) ~ 1.4 higher, that
is, Voura1 ~ 590kms™! and vy a2 ~ 445kms™!, respectively.

Next, we calculated the star formation rate surface density.
For region 1, this can be done based on the FIR luminosity
or the combination of the FIR and UV continuum emission.
These two are comparable within the uncertainties. For region
2, which is not detected in the 160 um continuum map, we
estimated the SFR from the UV luminosity following the cal-
ibration by Murphy et al. (2011). On average, the star forma-
tion rate surface densities of regions 1 and 2 are in the range
2SFR 0.3—1 My yr~'kpc™2. This value is comparable to
the threshold value found by Newman et al. (2012) for the
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occurrence of strong outflows in z ~ 2 star-forming galaxies.
Davies et al. (2019) expanded the work of Newman et al. (2012)
by studying the ionized outflow properties of stacked ~1-2kpc
star-forming regions in z ~ 2 main-sequence galaxies (simi-
lar spatial scale as our ALMA observations). As Fig. 6 (left
panel) shows, Davies et al. (2019) reported a positive correlation
between the outflow velocities and Zspr consistent with trends
from rest-UV absorption features tracing winds at z ~ 1-3
(e.g., Weiner et al. 2009; Kornei et al. 2012). Regions 1 and 2 in
HZA4 follow this relation within the uncertainties, which provides
additional support for the outflow interpretation of the broad
component in the [C II] spectra.

Another relevant quantity for studying in the outflow sce-
nario is the mass outflow rate (M,,,). For this, we first need to
estimate the atomic gas mass in the outflow based on the [C1I]
luminosity of the broad Gaussian component. As we describe
in detail in Appendix C, the conversion factor kjciy (Muy =
kremy X Licmy) depends on the neutral gas density, temperature,
and metallicity of the gas. Figures C.1 and C.2 show the varia-
tion in the value of kcyy) as a function of the neutral gas density
(0.1 < nyg < 10°cm™), temperature (10 < T < 10*K), and
metallicity (7 < 12 + log,,(O/H) < 9). Table 1 lists a subset of
values relevant for the physical conditions that could be found
in the outflowing gas of nearby and high-z galaxies. In the case
of maximum excitation (T > 91K, n > ngi ~ 103 cm™) and
gas with solar metallicity, the mass-to-light ratio is kjci; = 1.5.
This effectively represents a lower limit to the amount of gas in
the outflow traced by the [C1I] line emission (see also the dis-
cussion in Veilleux et al. 2020). When the metallicity of the gas
decreases to half or one-tenth solar, then «jcy; increases approx-
imately by a factor X3 or x27, respectively.

To estimate the outflow mass in HZ4, we followed a conser-
vative approach and assumed kjciip & 1.5 (i.e., maximum excita-
tion and solar metallicity). This results in a neutral gas mass in
the outflow of Myy; ~ 1.2 x 103 Mg and Myyn ~ 8.5 x 107 M
for regions 1 and 2, respectively. It could be argued based on
Spitzer color-based metallicities (Faisst et al. 2017), or the mass-

Table 1. xci(n, T, Z): [C11] luminosity-to-mass conversion factor.

T=10)K T=10°K T=10*K

Z = Z@

n=10>cm™ 38.1 13.2 7.2
n=10>cm™ 5.8 2.7 2.0
n=10*cm™ 2.6 1.6 1.5@
Z = 05 Z@

n=10*cm™ 117.5 40.6 22.16
n=10>cm™ 17.9 8.3 6.3
n=10*cm™ 79 5.0 4.7
Z=0.1Z,

n=10%cm™> 1.0x10° 358.9 195.7
n=10>cm™ 157.6 73.0 55.7
n=10*cm™ 69.6 44 4 41.7

Notes. “Maximum-excitation case.

metallicity relation at z ~ 5, that the metallicity of HZ4 is about
half solar or lower (e.g., Mannucci et al. 2009; Laskar et al.
2011; Torrey et al. 2018). This represents an additional reason
to assume that these mass outflow estimates correspond to lower
limits.

Based on the outflow mass, we estimated the mass outflow
rate as Moy = Moy X Vou/Rour. When we use the projected out-
flow velocity and extent of the outflow (R, ~ 2 kpc), the neutral
mass outflow rates for regions 1 and 2 are Mout,l ~ 22 M, yr‘1
and Moy ~ 12 Mg yr™!, respectively. When we consider incli-
nation effects, the mass outflow rates increase by tan(6), so the
values remain the same as tan(45°) = 1. When the uncertain-
ties and assumptions involved in the calculation are taken into
account, these values are comparable to the neutral mass outflow
rate of Moy ~ 25 M yr~! measured in the stacked [C1I] spectra
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of the subgroup of ALPINE star-forming galaxies with median
SFR similar to that of HZ4 (SFReq ~ 50 Mg yr~!; Ginolfi et al.
2020a). This implies that the ratio between the total neutral
mass outflow rate and the total star formation rate, that is, the
global neutral mass-loading factor, is 7gobar ~ 0.5 for both HZ4
and the ALPINE stack. Our present ALMA observations offer
the advantage, however, that they spatially resolve the regions
where the outflow is located. Thus, compared to the star for-
mation rate in regions 1 and 2, the local neutral mass outflow
rates are around 7. & 3—6, which are a factor of ~6—12
higher than the global value. As the right panel in Fig. 6 shows,
the local mass-loading factors measured in HZ4 are compa-
rable with the neutral outflow properties of stacked MANGA
z ~ 0 galaxies with similar star formation rate surface densities
(Roberts-Borsani & Saintonge 2019).

Compared to the modest global mass outflow rates measured
in stacked z ~ 5 galaxies, the ~6—10 times higher local mass
outflow rate measured in the central region of HZ4 highlights
the effect that outflows can have in locally depleting the gas,
potentially preventing or delaying future episodes of star for-
mation at their launch sites. We emphasize the word “delay”
because the bulk of the gas in the outflow is most likely not
fast enough to escape the system. Following a similar approach
as Fluetsch et al. (2019), and based on a dynamical mass of
Myyn = 10'%5 My measured from the kinematic analysis (see
Paper II; Herrera-Camus et al., in prep.), the escape velocity at a
distance of one effective radius is vVesc ® 2 X voue,a1. The fact that
ejected gas remains bound to the galaxy is key for the formation
and maintenance of the CGM. Evidence for this comes directly
from the existence of extended [C I1] halos around z ~ 5 galaxies
(e.g., Fujimoto et al. 2019, 2020), which we also detect in HZ4.

2 We note that Ginolfi et al. (2020a) assumed a similar value of kjcm
for their calculations of the [C II] outflow mass.
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3.4. Morphology: Extended component (or halo) visible
in [Cu] line emission

One of the most exciting new results of ALMA observations
of main-sequence galaxies at z ~ 4-5 is the detection of an
extended [C1I] emission component or halo. These [C11] halos
extend significantly beyond the stellar disk and are potentially
part of the circumgalactic medium (e.g., Fujimoto et al. 2019,
2020; Ginolfi et al. 2020a).

To compare the light distribution in HZ4 of the ALMA [C11]
and dust continuum with the HST rest-frame UV continuum, we
first degraded the resolution of the latter to match the resolution
of the ALMA images. This was done using a kernel constructed
to match the HST WFC3 F160W point-spread function (PSF)
to that of the ALMA data using the IRAF task PSFMATCH. The
left panel of Fig. 7 shows the result, with the extent of the dust
(green) and convolved UV rest-frame continuum (blue) emission
with S /N > 3 overlaid on the [C IT] integrated intensity map. The
detection of an extended [C IT] component is evident from visual
inspection.

To better quantify the distribution of the [C 11], dust, and con-
volved rest-frame UV continuum emission, we compared their
azimuthally averaged radial intensity profiles calculated using
the task casairing?®. The right panel of Fig. 7 shows the results,
with the surface brightness profile of the [C1I] line extending to
a radial distance of ~6 kpc, an additional ~3.5 kpc compared to
the dust continuum, and ~2 kpc farther than the convolved rest-
frame UV emission.

Fitting an exponential function of the form e (where
h is the scale length) reproduces the emission profiles well
(goodness-of-fit parameter R?> 2 0.95), and yields scale lengths
of hciy = 2.0kpe, hguee = 1.6kpe, and hAyy = 1.7kpc. In the

—r/h

3 This task is provided by the Nordic ALMA regional centre: https:
//www.oso.nordic-alma.se/software-tools.php
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exponential disk case, the effective radius is Reg = 1.678h,
which implies that the ratio between the [C IT] and rest-frame UV
effective radius is Refcm/Reruv = 1.2. This ratio increases by
only 10% when we consider the radial profile along the major
axis, or when we reduce the data using a natural weighting to
maximize the surface brightness sensitivity.

The ratio Regjcij/Res,uv We measure in HZ4 is lower
than the median value found in the ALPINE sample of
Refr jcm/Rer,uv = 2.3, but comparable to the ratio of ~1.3 mea-
sured in the two ALPINE galaxies with stellar masses slightly
lower than HZ4 (Fujimoto et al. 2020). The good correspon-
dence between the [CII], dust, and rest-frame UV continuum
emission in the central R ~ 3kpc disk suggests that the main
source of heating is the photoelectric effect on dust grains.

Fujimoto et al. (2020) classified ALPINE galaxies as having
a [C1], dust, and/or UV halo when the integrated emission of
the tracer is detected above a 40 level outside the central area
defined by the size of the synthesized beam (typically ~0.8—1"
for ALPINE galaxies; Le Fevre et al. 2020). HZ4, part of their
sample, was not identified as having a [C1I] halo, possibly
because of comparatively shallower [C1I] line and dust contin-
uum observations.

The difficulty with the [C 1T]-halo definition in Fujimoto et al.
(2020) is that it is purely observational and dependent on the
galaxy size relative to the beam size. A more physically driven
classification criteria would be to compare the extent of the [C 1]
emission relative to the stellar disk as traced by the UV emission,
although this would still be dependent on the sensitivity achieved
in the observations of each tracer. In the case of HZ4, our deep
observations show that the [C1I] emission is detected above a
40 significance both outside the stellar disk and outside a cir-
cular aperture of 1” in diameter. Thus, the extended [C1I] line
emission in HZ4 could be considered as a [C1I] halo based on
both criteria.

The sources of heating of the gas in the extended [CII] emis-
sion of high-z galaxies are still debated (e.g., see Fujimoto et al.
2020). In the case of HZ4, the existence of [CII] emission
beyond the UV disk could imply that UV photons are able to
travel far from the star-forming regions due to the low dust-
to-gas ratio of the ISM. In addition to photoelectric heating,
supernova-driven cooling outflows could contribute to the [CII]
emission in the outer disk. In the one-dimensional models of
Pizzati et al. (2020), a galaxy with a mass-loading factor of ~3
and a dynamical mass of Mgy, ~ 10" M, (similar to HZ4, see
Paper II; Herrera-Camus et al., in prep.) can produce a [C IT] halo
with an extent comparable to that observed in HZ4. Finally, there
could be the additional contribution to the extended [C II] emis-
sion of shock heating from inflowing gas, although this cannot
be constrained by our data. More observations are clearly needed
to explore the origin and physical conditions of the [C11]-halo,
including tracers such as the [O 11T] 88 um line, which might help
to constrain the in situ star formation scenario, or deeper HST
or James Webb Space Telescope images that could offer a less
obscured view of the stellar population or reveal reveal the pres-
ence of satellite galaxies.

4. Summary and conclusions

We have obtained deep kiloparsec-scale resolution ALMA
observations of the [C1I] 158 um transition and the dust contin-
uum of HZ4, a main-sequence galaxy at z = 5.5 (Figs. 1 and 2).
The results are presented in two papers. This first focuses on the
properties of the ISM, outflow, and [C 11] halo. The second paper
will focus on the analysis of the spatially resolved kinematics of

the source (Paper II; Herrera-Camus et al., in prep.). The main
results are summarized below in three categories.

1. Interstellar medium properties: The [CII] transition is one
of the main coolants of the cold neutral gas, and in com-
bination with the FIR luminosity and/or the SFR, it can be
used to constrain the heating-cooling balance in the ISM.
Over the central ~4kpc region of HZ4, the [CII]/FIR is
~3 x 1073, which is comparable to the [CTI]/FIR observed
in nearby galaxies with similar FIR luminosity surface den-
sities (Fig. 3). HZ4 also follows the Zjcij—XZspr correla-
tion observed in nearby star-forming galaxies and starbursts
(Fig. 4; Herrera-Camus et al. 2015, 2018b). In this sense,
HZ4 does not show a [C 1] deficit as observed in dense star-
bursts, submillimeter galaxies, or a number of z > 7 low-
metallicity systems. This suggests that the ISM properties of
HZA4 are comparable to those observed in the central regions
of modest starbursts, such as M 82 or M 83.

2. Outflows: Evidence for outflows in z ~ 4—6 normal galax-
ies has previously been presented only from stacking of
[C11] or metal absorption lines (e.g., Gallerani et al. 2018;
Sugahara et al. 2019; Ginolfi et al. 2020a). Here we present
the first evidence for a star formation driven outflow in an
individual main-sequence galaxy at z = 5. The outflow
signatures are found in two connected regions with sizes
of ~2kpc that extend from the central part of the galaxy
in the direction of the minor axis (Fig. 5). These regions
have Zgrr ~ 0.3—1 Mg yr~' kpc=2, a known threshold for
the launch of star formation driven outflows at z ~ 2 (e.g.,
Newman et al. 2012). The projected velocity of the outflows
is vou ~ 320—-420kms~!, consistent with outflow velocities
measured in z ~ 2 main-sequence galaxies with comparable
star formation activity (Fig. 6; Davies et al. 2019). Similar to
studies based on stacking of the [CII] spectra, we measure a
modest global neutral mass-loading factor of 7eyrar ~ 0.5.
However, when we consider the star formation activity in the
central region in which the outflow is launched, the mass-
loading factor increases by an order of magnitude. This high
mass-loading factor may contribute to suppressing or delay-
ing the star formation activity in the central region of the
galaxy.

3. [C1] extended emission or halo: The [C1I] emission in HZ4
extends beyond the dust and UV continuum disk, forming an
extended component or halo of emission of about ~12kpc
in diameter (Fig. 7). The outflows detected in HZ4, which
have maximum velocities that are roughly half the escape
velocity of the system, belong to the most likely candidates
for explaining the extended [C II] emission.

In summary, our new ALMA observations present one of the
most detailed views on kiloparsec scales of a typical galaxy
when the Universe was only ~1 Gyr old. We show that the com-
bination of the [C1I] line, the dust continuum, and the rest-frame
UV emission observed with HST (and in the future with the
James Webb Space Telescope) offers an excellent opportunity to
study different processes involved in the baryon cycle of galax-
ies. An important next step is to increase the number of spatially
resolved observations of main-sequence galaxies at z > 4, mak-
ing sure to achieve enough sensitivity to detect the dust contin-
uum and potential faint features associated with outflows and
halos.
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Appendix A: Serendipitous detection of a strong
continuum source with no HST counterpart

ALMA Continuum 285 GHz
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o
g
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A
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9:58:29.22  29.19 29.15
R.A.

HST/WFC3 F160W

17.32

16.42

15.52

Declination

+2:03:14.62

9:58:29.24 29.18  29.12

R.A.

Fig. A.1. Left: ALMA Band 7 continuum source detected at the edge of the map in the northeast direction. The contours correspond to S/N = 2
(dashed), 3, 5, 10, 15, and 20. Right: contours of the ALMA continuum source (in white) overplotted on an HST WFC3 F160W image. There is

no HST counterpart.

While analyzing the ALMA Band 7 continuum map centered at
an observed frequency of v,y = 285 GHz, we detected a strong
continuum source at the very edge of the image in the north-
east direction at a distance of ~13” at RA 09:58:29.19, Dec
+2.03.15.39. The left panel of Fig. A.1 shows the source, which
is detected at high significance. The source is barely resolved
and has a size (deconvolved from beam) of 0.29”” x 0.17”. The
integrated flux at 285 GHz is 0.67 mJy. We searched in vain for
a counterpart in deep HST WFC3 images (see right panel of
Fig. A.1).

Appendix B: [C 1] spectra from apertures 3, 4, 5, 6,
and 7

Figure B.1 shows [C1I] spectra extracted from apertures 3 to 7.
The spatial distribution of the apertures is shown in the left panel
of Fig. 5. Different from the spectra extracted from apertures 1
and 2, which require a combination of a narrow and broad Gaus-
sian component, these spectra are well fit by a single Gaussian.

1000

Fig. B.1. [C1I] spectra extracted from apertures 3 to 7. The
position of the apertures is shown in the left panel of Fig. 5.
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The solid black lines correspond to the best single-Gaussian fit
to the spectrum.
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Appendix C: Using the [C 1] luminosity in the
outflow to estimate (a lower limit of) the outflow
mass

As described in Crawford et al. (1985), for example, the inte-
grated [C 11] line intensity from collisional excitation in the opti-
cally thin limit and negligible background emission is given by

hvaAg Ju /gle_hvul/kT

4n 1+ gu/gle_hvul/kT +nei(T)/n

Iicm = Nc. (C.1)

The ratio of the statistical weights of the upper and lower level
is gu/g1 = 2, the transition energy of the [C1I] transition (v, =
1900.5369 GHz) is hvy = 1.26 x 10"'*ergs, and the Einstein
coefficient for spontaneous emission is Ay = 2.36X 10°%s~!. Ne+
(cm™2) is the column density of C*, n is the number density of
the collisional partner, and n.(7T) is the critical density defined
as the ratio of A, and the collision rate for de-excitation out of
that state (Ry;), which is a function of the temperature of the gas
(e.g., Goldsmith et al. 2015).

Filling in the constants and replacing Nc+ = yc+Nu, where
Xc+(2) is the carbon abundance (which is a function of the metal-
licity Z of the gas) and Ny is the column density of hydrogen
nuclei in the C* region, we obtain

Iicm (erg s'em™ sr’l) =236x 107
2¢~91K/T
+(Z)Ny.
1 + 2 91K/T ncm(T)/n]XC (2D
(C2)

The gas mass traced by the [C 1] line emission can be written
as My, = kicm X Licm, where the mass-to-light conversion fac-
tor ki 1s (see also Hailey-Dunsheath et al. 2010; Veilleux et al.
2020)

) 1.5x 10~
iem (Mo Lg') = 0'98(1%‘6)(%)

1+ 2797 4 e (T)/n |
20-91K/T

(C.3)

krcn 18 a function of the density of the collisional partner (n), the
temperature (7'), and metallicity (yc+(Z)) of the gas. We have
assumed a standard composition for the gas of 36% helium (u =
1.36).

We calculate kjciyy as a function of n, T, and Z for gas where
the collisional excitation of C* is dominated by hydrogen atoms
(HP). For this we substitute n; using the parameterization of
Goldsmith et al. (2015),
neil(H®) = 5.9 x 10*(16 + 0.357% + 487! em’. (C.4)
For the carbon abundance yc-+(Z), we assume that it changes as
a function of the oxygen abundance following the analytic func-
tion from the MAPPINGS photoionization code (Nicholls et al.
2017):
log(C/H) = log(O/H) + log(1071:%0 4 10@72+10eO/H)y (5
This function was renormalized to obtain the measured local
Galactic depleted ISM carbon abundance (yc+ = 1.5 X
10™*; Gerin et al. 2015) when we used the oxygen gas-phase
abundance of the Orion nebula (12 + log(O/H) = 8.65;
Simoén-Diaz & Stasinska 2011).
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Atomic gas

logio(kjc)

, 3.5
o 10°
E’/ 13
k= 5
] 2.5
3
2
g 1 2
102
1.5
11
I0.5
10! 0

107! 100 10! 10? 10° 10* 10°
Density (cm™)

Fig. C.1. K[CH](HO) as a function of neutral gas density n and tem-
perature 7. The value of the critical density as a function of 7 from
Goldsmith et al. (2015) is shown as a dashed black line. The black con-
tours represent log, (ke /Mo Lgl) =0.25,05,1,2,3,4.
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Fig. C.2. Variation of jcm(H®) calculated for six combinations of T
and n as a function of metallicity as traced by the oxygen abundance.
The vertical yellow line shows the assumed value for solar metallic-
ity (12 + log(O/H) = 8.65; Simén-Diaz & Stasifiska 2011). The right
ordinate shows in red the dependence on the carbon abundance [C/H]
as a function of metallicity from the MAPPINGS code (Nicholls et al.
2017).

Figure C.1 shows the results for K[CH](HO) in the parameter
space 0.1 < n(cm™) < 10° and 10 < T (K) < 10* assuming
solar metallicity. The dashed black line shows the critical density
as a function of temperature (Eq. (C.4)). kicm (H®) varies from
ke ~ 1 in dense warm environments (maximum excitation;
n = 10*cm>3, T ~ 300-10*K) to kcm(H?) ~ 10-300 in
colder gas (T < 100K). As expected, at gas densities n > ng,
the value of ki (H®) varies only slightly with 7.

Figure C.2 shows the dependence of K[CH](HO) on metal-
licity as measured by the oxygen abundance 12 +1log;o(O/H).
The right ordinate shows the carbon abundance dependence with
metallicity from the parameterization in the MAPPINGS code.
K[c (H?) increases by a factor ~30 when we reduce the metal-
licity of the gas from solar to one-tenth solar.
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