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1 INTRODUCTION

ABSTRACT

We present ALMA Band 9 observations of the [C 111158 pm emission for a sample of 10 main-
sequence galaxies at redshiftz 2, with typical stellar masses (logM /M 10.0-10.9) and
star formation rates ( 35-115 M yr~!). Given the strong and well-understood evolution of
the interstellar medium from the present to z = 2, we investigate the behaviour of the [C 1]
emission and empirically identify its primary driver. We detect [C 11] from six galaxies (four
secure and two tentative) and estimate ensemble averages including non-detections. The [C 1]-
to-infrared luminosity ratio (Lcj/Lir) of our sample is similar to that of local main-sequence
galaxies ( 2= 107%),and 10 times higher than that of starbursts. The [C 1] emission has an
average spatial extent of 4-7 kpc, consistent with the optical size. Complementing our sample
with literature data, we find that the [C 1] luminosity correlates with galaxies’ molecular gas
mass, with a mean absolute deviation of 0.2 dex and without evident systematics: the [C 1]-
to-H, conversion factor (agc,; 30 M /L ) is largely independent of galaxies’ depletion
time, metallicity, and redshift. [C 11] seems therefore a convenient tracer to estimate galaxies’
molecular gas content regardless of their starburst or main-sequence nature, and extending
to metal-poor galaxies at low and high redshifts. The dearth of [C 1] emission reported for
z > 6-7 galaxies might suggest either a high star formation efficiency or a small fraction of
ultraviolet light from star formation reprocessed by dust.

Key words: galaxies: evolution —galaxies: high redshift—galaxies: ISM —galaxies: star for-
mation —galaxies: starburst—submillimetre: galaxies.

gether with the tightness of the SFR — M relation, disfavour the
hypothesis that the intense star formation activity of these galaxies

A tight correlation between the star formation rates (SFRs) and stel-
lar masses (M ) in galaxies seems to be in place both in the local
Universe and at high redshift (at least up to redshift z  7; e.g.
Bouwens et al. 2012; Steinhardt et al. 2014; Salmon et al. 2015):
the so-called "main sequence’ (MS; e.g. Daddi et al. 2007; Elbaz
etal. 2007; Noeske et al. 2007; Stark et al. 2009, followed by many
others). The normalization of this relation increases with redshift.
At fixed stellar mass ( 10°°M ),z 1 galaxies have SFRs com-
parable to local Luminous Infrared Galaxies (LIRGs); atz 2 their
SFR is further enhanced and they form stars at rates comparable
to local Ultra Luminous Infrared Galaxies (ULIRGS). However, the
smooth dynamical disc structure of high-redshift MS sources, to-
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is triggered by major mergers, as by contrast happens at z = 0 for
ULIRGsS (e.g. Armus, Heckman & Miley 1987; Sanders & Mirabel
1996; Bushouse et al. 2002). The high SFRs in the distant Universe
seem instead to be sustained by secular processes (e.g. cold gas in-
flows) producing more stable star formation histories (e.g. Noeske
etal. 2007; Davé, Finlator & Oppenheimer 2012).

MS galaxies are responsible for 90 per cent of the cosmic
SFR density (e.g. Rodighiero et al. 2011; Sargent et al. 2012),
whereas the remaining 10 per cent of the cosmic SFR density
is due to sources strongly deviating from the MS, showing en-
hanced SFRs and extreme infrared luminosities. Similarly to lo-
cal ULIRGs, star formation in these starburst (SB) galaxies is
thought to be ignited by major merger episodes (e.g. Elbaz et al.
2011; Nordon et al. 2012; Hung et al. 2013; Schreiber et al. 2015;
Puglisi et al. 2017). Throughout this paper, we will consider as
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starbursts all the sources that fall >4 times above the MS
(Rodighiero et al. 2011).

To understand the mechanisms triggering star formation, it is cru-
cial to know the molecular gas reservoir in galaxies, which forms
the main fuel for star formation (e.g. Bigiel et al. 2008), at the peak
of the cosmic star formation history (z ~ 2). Due to their high lu-
minosities, the starbursts have been the main sources studied for a
long time, although they only represent a small fraction of the pop-
ulation of star-forming galaxies. Only recently has it been possible
to gather large samples of z  1-2 MS sources and investigate their
gas content, thanks to their CO and dust emission (e.g. Genzel et al.
2010; Carilli & Walter 2013; Combes et al. 2013; Tacconi et al.
2013; Daddi et al. 2015; Scoville et al. 2015; Walter et al. 2016;
Dunlop et al. 2017). Observing the CO transitions at higher red-
shift, however, becomes challenging since the line luminosity dims
with cosmological distance, the contrast against the CMB becomes
lower (e.g. da Cunha et al. 2013), and it weakens as metallicity
decreases (as expected at high z). Some authors describe the latter
effect, stating that a large fraction of molecular gas becomes ’CO
dark’, meaning that the CO line no longer traces H, (e.g. Wolfire,
Hollenbach & McKee 2010; Amorin et al. 2016; Glover & Smith
2016; Madden, Cormier & Rémy-Ruyer 2016; Shi et al. 2016) and
therefore the CO luminosity per unit gas mass is much lower on
average for these galaxies. Similarly, the dust content of galaxies
decreases with metallicity and therefore it might not be a suitable
tracer of molecular gas at high redshift. An alternative possibility
is to use other rest-frame far-infrared (IR) lines instead. Recently
[C 1] has been proposed as molecular gas tracer (e.g. Papadopoulos
& Greve 2004; Walter et al. 2011; Bothwell et al. 2016; Popping
et al. 2017), although it is fainter than many CO transitions and
this is still an open field of research. Alternatively the [C 1] 2P, —
2Py, transition at 158 pm might be a promising tool to investigate
the gas physical conditions in the distant Universe (e.g. Carilli &
Walter 2013).

[C 1] has been identified as one of the brightest fine structure
lines emitted from star-forming galaxies. It has a lower ionization
potential than H1 (11.3 eV instead of 13.6 eV) and therefore it can
be produced in cold atomic interstellar medium (ISM), molecu-
lar, and ionized gas. However, several studies have argued that the
bulk of galaxies” [C 1] emission originates in the external layers
of molecular clouds heated by the far-ultraviolet (UV) radiation
emitted from hot stars with  60-95 per cent of the total [C 1] lu-
minosity arising from photodissociation regions (PDRs; e.g. Stacey
et al. 1991; Sargsyan et al. 2012; Rigopoulou et al. 2014; Cormier
et al. 2015; Croxall et al. 2017; Diaz-Santos et al. 2017). In partic-
ular, Pineda et al. (2013) and Velusamy & Langer (2014) showed
that 75 per cent of the [C 1] emission in the Milky Way is coming
from the molecular gas; this is in good agreement with simula-
tions showing that 60-85 per cent of the [C 1] luminosity emerges
from the molecular phase (Vallini et al. 2015; Olsen et al. 2017;
Accurso et al. 2017b). There are also observational and theoretical
models suggesting that [C11] is a good tracer of the putative ’CO
dark’ gas. The main reason for this is the fact that in the outer
regions of molecular clouds, where the bulk of the gas-phase car-
bon resides, H; is shielded either by dust or self-shielded from
UV photodissociation, whereas CO is more easily photodissoci-
ated into C and C*. This H, is therefore not traced by CO, but it
mainly emits in [C11] (e.g. Maloney & Black 1988; Stacey et al.
1991; Madden et al. 1993; Poglitsch et al. 1995; Wolfire et al. 2010;
Pineda et al. 2013; Glover & Smith 2016; Nordon & Sternberg
2016; Fahrion et al. 2017). Another advantage of using the [C11]
emission line is the fact that it possibly traces also molecular gas

with moderate density. In fact, the critical density needed to excite
the [C 1] emitting level through electron impacts is > 10 particle/cc
( 5-50 cm™2). For comparison, the critical density needed for CO
excitation is higher ( 1000 H/cc), so low-density molecular gas
can emit [C 11], but not CO (e.g. Goldsmith et al. 2012; Narayanan
& Krumholz 2017). This could be an important contribution, given
the fact that 30 per cent of the molecular gas in high-redshift
galaxies has a density < 50 H/cc (Bournaud et al. in preparation),
although detailed simulations of the [Cn] emission in turbulent
discs are still missing and observational constraints are currently
lacking.

The link between the [C 1] emission and star-forming regions is
further highlighted by the well-known relation between the [C 1]
and IR luminosities (Lc,j and Lig, respectively, e.g. De Looze et al.
2010; De Looze et al. 2014; Popping et al. 2014; Herrera-Camus
et al. 2015; Olsen et al. 2016; Popping et al. 2016; Vallini et al.
2016), since the IR luminosity is considered a good indicator of
the SFR (Kennicutt 1998). However, this relation is not unique and
different galaxies show distinct Lc,;/Lr ratios. In fact, in the local
Universe MS sources show a constant Lc,;/Lir 0.002-0.004,
although with substantial scatter (e.g. Stacey et al. 1991; Malhotra
et al. 2001; Stacey et al. 2010; Cormier et al. 2015; Diaz-Santos
et al. 2017; Smith et al. 2017). Whereas when including also local
starburst galaxies (LIRGs and ULIRGs) with Lz > 10'* L , the
[Cu)/IR luminosity ratio drops significantly by up to an order of
magnitude (e.g. Malhotra et al. 1997; Stacey et al. 2010; Diaz-
Santos et al. 2013; Farrah et al. 2013; Magdis et al. 2014). These
sources are usually referred to as ’[C 11] deficient” with respect to MS
galaxies. It has been shown that not only the [C 11] emission drops,
but also other far-IR lines tracing both PDRs and H 11 regions (e.g.
[O1]145 pm, [N1]122 pm, [O ]88 pm, [O1]63 um, [N11]57
pm; Gracia-Carpio et al. 2011; Zhao et al. 2013; Diaz-Santos et al.
2017) show a deficit when starbursts are considered. This is likely
related to the enhanced star formation efficiency (SFE=SFR/Mpo)
of starbursts with respect to local MS galaxies, consistent with the
results by Daddi et al. (2010) and Genzel et al. (2010). This relation
between the Lic,3/Lr and galaxies” SFE could be due to the fact
that the average properties of the ISM in MS and starburst sources
are significantly different: the highly compressed and more efficient
star formation in starburst could enhance the ionization parameters
and drive to lower line to continuum ratios (Gracia-Carpio et al.
2011). At high redshift, observations become more challenging,
mainly due to the fainter fluxes of the targets: so far z > 1 studies
have mainly targeted IR selected sources (e.g. the most luminous
sub-millimeter galaxies and quasars), whereas measurements for
IR fainter MS targets are still limited (e.g. Hailey-Dunsheath et al.
2010; lvison et al. 2010; Stacey et al. 2010; Swinbank et al. 2012;
Huynh et al. 2014; Magdis et al. 2014; Riechers et al. 2014; Brisbin
etal. 2015). Therefore itis not clear yet if high-z MS galaxies, which
have similar SFRs as (U)LIRGs, are expected to be [C 11] deficient.
With our sample we start to push the limit of current observations
up to redshiftz 2.

The goal of this paper is to understand whether MS, z 2 galax-
ies are [C 1] deficient and investigate what are the main physical
parameters the [C11] emission line is sensitive to. Interestingly we
find that its luminosity traces galaxies’ molecular gas mass and
could therefore be used as an alternative to other proxies (e.g. CO,
[CI], or dust emission). Given its brightness and the fact that it
remains luminous at low metallicities where the CO largely fades,
this emission line might become a valuable resource to explore the
galaxies’ gas content at very high redshift. Hence understanding the
[C 1] behaviour inz 2 MS galaxies, whose physical properties
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Figure 1. HST and ALMA observations of our sample galaxies. For each source we show the HST/WFC3 image taken with the F160W filter, the stellar
mass map, the SFR map, and the radio observations taken with VLA. The overplotted black contours, when present, show the >3g [C 11] emission. The green
contours indicate the >30 850 pum continuum. The color scale in all panels is linear and it is chosen to show galaxies’ features at best. The units of the color
bars are the following: counts s~ for F160W, 10° M, for the stellar mass maps, M yr~! for the SFR maps, and Jy for the radio.

are nowadays relatively well constrained, will lay the ground for
future explorations of the ISM at higher redshift.

The paper is structured as follows. in Section 2 we present our
observations, sample selection, and data analysis; in Section 3 we
discuss our results; and in Section 4 we conclude and summa-
rize. Throughout the paper we use a flat CDM cosmology with

m =03, = 0.7, and Hy = 70 kms™*Mpc™. We assumed a
Chabrier (2003) initial mass function (IMF) and, when necessary,
we accordingly converted literature results obtained with different
IMFs.

2 OBSERVATIONS AND DATA ANALYSIS

In this section we discuss how we selected the sample and we
present our ALMA observations together with available ancillary
data. We also report the procedure we used to estimate the [C 11] and
continuum flux of our sources. Finally, we describe the literature
data that we used to complement our observations, for which full
details are given in the Appendix.

2.1 Sample selection and ancillary data

To study the ISM properties of high-redshift MS galaxies, we se-
lected targets in the GOODS-S field (Giavalisco et al. 2004; Nonino
et al. 2009), which benefits from extensive multiwavelength cover-
age.

MNRAS 481, 1976-1999 (2018)

Our sample galaxies were selected on the basis of the following
criteria: (1) having spectroscopic redshift in the range 1.73 <z <
1.94 to target the [C 1] emission line in ALMA Band 9. We made
sure that the selected galaxies would have been observed in a fre-
quency region of Band 9 with good atmospheric transmission. Also,
to minimize overheads, we selected our sample so that multiple tar-
gets could be observed with the same ALMA frequency set-up; (2)
being detected in the available Herschel data; (3) having SFRs and
M typical of MS galaxies at this redshift, as defined by Rodighiero
et al. (2014, they all have sSFR/sSFRys < 1.7); (4) having undis-
turbed morphologies, with no clear indications of ongoing mergers,
as inferred from the visual inspection of HST images. Although
some of the optical images of these galaxies might look disturbed,
their stellar mass maps are in general smooth (Fig. 1), indicating
that the irregularities visible in the imaging are likely due to star-
forming clumps rather than major mergers (see e.g. Cibinel et al.
2015).

Our sample therefore consists of 10 typical star-forming, MS
galaxies at redshift 1.73 < z < 1.94. Given the high ionization lines
present in its optical spectrum, one of them (ID10049) appears to
host an active galactic nucleus (AGN). This source was not detected
in [C 1] and retaining it or not in our final sample does not impact
the implications of this work.

Deep Hubble Space Telescope (HST) observations at optical
(HST/ACS F435W, F606W, F775W, F814W, and F850LP filters)
and near-IR (HST/WFC3 F105W, F125W, and F160W filters) wave-
lengths are available from the CANDELS survey (Grogin et al.
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