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ABSTRACT

Context. Carbon monoxide (CO) is widely used as a tracer of the molecular gas in almost all types of environments. However,
several shortcomings of CO complicate usaging it as H2 tracer, such as its optical depth effects, the dependence of its abundance on
metallicity, or its susceptibility to dissociation in highly irradiated regions. Neutral carbon emission has been proposed to overcome
some of these shortcomings and hence to help revealing the limits of CO as a measure of the molecular gas.
Aims. We aim to study the general characteristics of the spatially and spectrally resolved carbon line emission in a variety of extra-
galactic sources and evaluate its potential as complementary H2 tracer to CO.
Methods. We used the Atacama Compact Array to map the [CI](3P1–3P0) line emission in the nearby starburst galaxy NGC 253 at
unprecedented angular resolution (∼3′′). This is the first well-resolved interferometric [CI] map of an extragalactic source.
Results. We have detected the [CI] line emission at high significance levels along the central disk of NGC 253 and its edges where
expanding shells have previously been found in CO. Globally, the distribution of the [CI] line emission strongly resembles that of
CO, confirming the results of previous Galactic surveys that [CI] traces the same molecular gas as CO. However, we also identify a
significant increase of [CI] line emission with respect to CO in (some of) the outflow or shocked regions of NGC 253, namely the
bipolar outflow emerging from the nucleus. A first-order estimate of the [CI] column densities indicates abundances of [CI] that are
very similar to the abundance of CO in NGC 253. Interestingly, we find that the [CI] line is marginally optically thick within the disk.
Conclusions. The enhancement of the [CI]/CO line ratios (∼0.4−0.6) with respect to Galactic values (≤0.1), especially in the shocked
regions of NGC 253, clearly indicates that mechanical perturbation such as shocks and the strong radiation fields in this starburst
galaxy have a marked effect on the carbon excitation and/or abundance.
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1. Introduction

The feeding of, and feedback from, starbursts (SB) or super-
massive black holes (AGN) in the central regions of galaxies
are complex physical processes that vary with the evolutionary
stage of and environmental conditions within the respective host
galaxy. Detailed studies of the dynamics, spatial distribution, ex-
citation conditions, and chemistry of the main constituents of
the fueling material, the molecular, atomic, and ionized gas, are
an indispensible tool for understanding the underlying physical

mechanisms. The recent availability of ALMA’s band 8 opens
up a new era of studying the gas through neutral atomic car-
bon (C) emission in nearby galaxies (using its fine-structure lines
[CI]) at an unprecedented high angular and spectral resolution,
an H2 tracer that is potentially comparable in strength to carbon
monoxide (CO; e.g., Stutzki et al. 1997; Weißet al. 2003, 2005;
Papadopoulos & Greve 2004; Walter et al. 2011; Offner et al.
2014). Contrary to expectations from homogeneous cloud mod-
els (see, e.g., Hollenbach & Tielens 1999), observations demon-
strate that C is not only constrained to a layer interfacing the
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Fig. 1. Velocity-integrated maps of the [CI](3P1−
3P0) line emission (color scale and contours in panel a)), and the CO(J = 1−0) line emission

of NGC 253 (color scale, panel b)). Panel c) shows the line ratio between the [CI] and CO emission in Tb scale (in color); to convert the line
ratios from temperature scale into energy units (i.e., from K kms s−1 for the intensities to W m−2 sr−1), it needs to be multiplied by a factor of ∼80
(≡(νCI(1−0)/νCO(1−0))3). In all panels the contours represent [CI] line emission from panel a). Contours (and/or color steps) start from 40σ to 300σ
in steps of 20σ(≡108 Jy/beam km s−1 = 12 K km s−1) for panel a), from 150σ to 1200σ in steps of 75σ(≡21.6 Jy/beam km s−1 = 43 K km s−1)
for panel b) (color steps), and from 0.04 to 0.36 in steps of 0.02 for panel c) (color steps). The crossing of the dashed lines in each panel marks
the center of NGC 253: RA = 00h47m33s17 and Dec = −25◦17′17.1′′. The synthesized beam is shown as a dashed ellipse in the lower left corner
of each panel. The arrows in panel c) indicate the direction of the outflows seen in X-ray and Hα images (see, e.g., Bolatto et al. 2013).

ionized outer regions (dominated by ionized carbon) and the
shielded cores (CO dominated), but one that is well mixed
throughout the clouds (e.g., Keene et al. 1996; Ikeda et al. 2002;
Shimajiri et al. 2013). This is thought to be a consequence of the
timescale of several Myr for the chemical formation of C to CO,
which is similar to the dynamical timescales (see Suzuki et al.
1992; Lee et al. 1996) and density inhomogeneities created by
turbulences (e.g., Glover et al. 2015). Especially in active envi-
ronments, the dissociation of C-bearing molecules such as CO
by the strong radiation fields, either in the form of UV-radiation
from an SB, X-rays from an AGN, or cosmic rays from a super-
nova as well as mechanical processes through shocks, can sig-
nificantly enhance the C abundance (e.g., Hollenbach & Tielens
1999; Tanaka et al. 2011; Meijerink et al. 2011; Bisbas et al.
2015). Single-dish observations have demonstrated that [CI]/CO
ratios are significantly higher in active environments than in
Galactic clouds (e.g., Stutzki et al. 1997; Israel et al. 1995; Israel
2009; Walter et al. 2011). Among others, the low critical den-
sities (ncrit = 3 × 103 cm−3; e.g., Kaufman et al. 1999) of its
ground-state line makes C as easily excited as CO in molecu-
lar clouds. All this promotes C as a complementary H2 tracer to
CO, especially in active galaxies. However, the possible “supe-
riority” of C to CO, as a tracer of H2, has been questioned by
Israel et al. (2015), who found a poor correlation in a large sur-
vey of Ultra-Luminous Infra-Red Galaxies (ULIRGs). The [CI]
line emission in their sources seems to be mostly associated with
dense and not with diffuse gas and depends strongly on the exci-
tation conditions.

This is the first publication in a series of C studies pre-
senting observations of high angular resolution and high sen-
sitivity of the [CI] emission in nearby active galaxies. In this
Letter, we concentrate on the nearby (3.5 Mpc, where 1′′ =
17 pc (see Mouhcine et al. 2005; Rekola et al. 2005) starburst
galaxy NGC 253 (for more details see Sakamoto et al. 2011;
Bolatto et al. 2013; Krips et al. 2016).

2. Observations

The observations of the neutral atomic carbon fine-structure line
emission ([CI](3P1–3P0) in the nearby starburst galaxy NGC 253
were carried out on July 26 2015 with the Atacama Compact Ar-
ray (ACA) as part of the ALMA project 2013.1.00368.S in Cy-
cle 2. The line transition is at a rest frequency of 492.161 GHz,
and we refer to it as [CI](1−0) in the following. No ALMA 12 m
array observations were carried out because of weather con-
straints, but the ACA observations are of such a good quality and
angular resolution by themselves that they warrant publication.

The ACA observations were carried out with 11 antennas
that were spaced at uv-distances ranging between ∼8 m up to
50 m and hence recovering large-scale structures up to ∼15′′.
This gives a synthesized beam of 3′′.24 × 2′′.11 at a position
angle of 80 degrees at 492 GHz (natural weighting). In total,
22 mosaic fields were placed along the central ∼80′′ × 80′′ of
NGC 253; the field of view of each individual mosaic field
amounts to ∼21′′. The on-source time corresponds to three hours
in total, split into eight to ten minutes per field. Four spectral
windows were centered on the following observed frequencies:
491.772 GHz ([CI](1−0)) and 489.905 GHz in the upper side-
band, and 479.521 GHz and 477.884 GHz in the lower sideband,
with an initial spectral resolution of 1.9053 MHz (≡1.19 km s−1)
and a total bandwidth of 1.99 GHz each. The data were sub-
sequently sampled to a lower spectral resolution of 4.88 MHz
(≡2.98 km s−1). We used Neptune as absolute flux, J2253+1608
as bandpass, and J0038-2459 as gain (amplitude and phase-in-
time) calibrators. There were no signs of line emission or absorp-
tion in Neptune in any of the observed spectral windows, and we
used the planetary model defined in the Butler-JPL- Horizons
2012 catalog. Average system temperatures were between 300
and 600 K at 480 GHz-490 GHz. We reached an rms noise level
of ∼150 mJy in 3 km s−1 wide velocity channels for the spec-
tral window centered on 492 GHz. We reduced the data with the
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ALMA CASA package (version 4.3.1; McMullin 2007) but per-
formed subsequent processing with the GILDAS package1.

The continuum emission was derived from all line-free chan-
nels (i.e., excluding the [CI] and the marginally detected CS line
emission) and subsequently subtracted from the uv-visibilities in
all channels to create continuum-free line data cubes. The posi-
tions agree well with those extracted from the CO(J = 1−0) data
cube, indicating accurate astrometry for both data sets within the
errors.

ALMA 12 m array cycle 0 observations are available for the
CO(J = 1−0) line emission from the ALMA science archive
(2011.0.00172.S; see Bolatto et al. 2013). The compact configu-
ration used for these observations corresponds well to the scales
covered with the ACA [CI] observations of ≤20′′; the spectrally
resolved line emission shows scales of ≤10′′ so that no differ-
ent resolution effects are expected. Given also the excellent uv-
coverage, we used a slight uv-taper to smooth the initial angular
resolution to that of our [CI](1−0) observations.

3. Results and discussion

The [CI](1−0) line emission is clearly detected throughout the
circumnuclear disk of NGC 253. In both peak location and dis-
tribution, it strongly resembles the CO line emission (see Fig. 1
as well as Sakamoto et al. 2011; Bolatto et al. 2013; Krips et al.
2016). The [CI](1−0) line emission shows the strongest peak at
what is believed to be the center of NGC 253 (see Turner & Ho
1985; Sakamoto et al. 2011; Müller-Sánchez et al. 2010), which
also coincides with one of the (sub-)millimeter continuum and
CO line peaks. Compared to single-dish [CI](1−0) line emission
spectra observed in NGC 253 (Israel et al. 1995), we have prob-
ably resolved out less than 20% of the [CI](1−0) line emission
in the central ∼50′′ with our ACA observations. This is on the
order of the absolute flux calibration uncertainties between the
two observations.

The spectrally integrated line ratios between the [CI](1−0)
and CO(J = 1−0) line emission are plotted in brightness tem-
perature scale in Fig. 1c. The line ratios are mostly ∼0.2−0.3
within the disk with a very pronounced absolute maximum of
almost 0.4, which is located a few arcseconds NW of the central
part of the disk. X-ray, Hα and CO(J = 1−0) emission maps re-
veal a strong outflow in the same NW direction (see Bolatto et al.
2013). To assess whether the spectrally integrated maps hide
further details and/or velocity-dependent structures, we derived
position-velocity diagrams for the [CI](1−0) and CO(J = 1−0)
line emission along and perpendicular to the disk in NGC 253
(see Figs. 2a and c). We also calculated the line ratios in tem-
perature scale for the two velocity slices (see Figs. 2b and d). In
addition to the pronounced global maximum toward the NW that
is only marginally captured with the chosen slice along the disk
we find an even stronger local line ratio peak of almost 0.6 that
is located between the center and the western edge of the disk. It
extends over roughly 50 km s−1 so it is averaged out in the line
ratio map of Fig. 1, which was spectrally integrated over a much
wider velocity range (∼400 km s−1). Figure 3 shows the chan-
nel maps of the line ratios between velocities of −40 km s−1 and
−94 km s−1 to indicate where this line ratio peak is located within
the disk and how it behaves dynamically. Although Fig. 1 sug-
gests that the higher [CI](1−0)/CO(J = 1−0) line ratio only ex-
tends in NW direction perpendicular to the disk, the region of the
highest ratios is also extended within the disk in the western as
well as south-eastern direction (Fig. 2). The outflow is known to

1 http://www.iram.fr/IRAMFR/GILDAS

Fig. 2. Position-velocity diagram of the [CI](1−0) line emission (color
scale) taken along the disk (upper panels a+b) and perpendicular to it
(lower panels c+d; the slices are chosen such as that they go through
the maximum peak of the line ratio map shown in Fig. 1c). The CO(J =
1−0) line emission (contours) is overlaid on that of [CI] in panels a)
and c); the velocity resolution is 3 km s−1. Panels b) and d) show the
[CI](1−0)/CO line ratio map in brightness temperature scale overlaid
with contours of the [CI] emission. The contours of the CO(J = 1−0)
line emission are in steps of 30σ (1σ = 7.4 mJy/beam) in panel a) and c)
and that of the [CI] emission goes in steps of 7σ (1σ = 150 mJy/beam)
in panel b) and in steps of 5σ in panel d). The zero velocity corresponds
to the kinematic LSR velocity of 236 km s−1.

be bipolar (see Bolatto et al. 2013), therefore we would expect to
find similar ratios on both sides of the outflow if the shock itself
were the cause of this phenomenon. The extension to the west is
less clear, although an interaction might be taking place between
the central outflow and the western edge where an expanding
shell is suspected (see Sakamoto et al. 2011; Bolatto et al. 2013;
Krips et al. 2016). Although we see a bipolarity of the increased
line ratios in the velocity-resolved maps, we cannot completely
exclude a possible shadowing (i.e., optical thickness effect) of
the CO(J = 1−0) line emission in the NW part of the outflow
by the disk whose near-side is the NW part (see Sakamoto et al.
2006, 2011) because of the asymmetry in the line ratios between
the NW and SE parts. The shadowing by the disk could artifi-
cially decrease the CO(J = 1−0) emission and hence increase
the [CI](1−0)/CO(J = 1−0) line ratio there. However, the fact
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Fig. 3. Channel maps of the [CI](1−0)/CO(J = 1−0) line ratios in Tmb-scale (color scale) between velocities −40 km s−1 and −94 km s−1 overlaid
with the integrated [CI](1−0) line emission (contours); the color scales starts from 0.09 and go in steps of 0.3, the contours of [CI](1−0) start at
5σ and go in steps of 10σ (1σ=106mJy/beam). Note that the velocity resolution has been resampled to 6 km s−1.

that we see a similar though less pronounced trend in the line ra-
tios toward the SE part of the outflow probably indicates that
the shadowing might only magnify the effect in the NE part,
which would explain the asymmetry of this bipolarity. Further-
more, the findings by Krips et al. (2016) suggest that the high
[CI](1−0)/CO(J = 1−0) ratio of &0.4 is not due to a temperature
and hence a less excited CO(J = 1−0) line must be due to an
abundance effect (either in C and/or CO). A very early paper on
[CI](1−0) emission by Little et al. (1998) has reported on higher
[CI](1−0)/CO(J = 1−0) ratios of '0.4 in the bipolar outflow of
the Galactic molecular cloud G5.2-0.74N. The authors argued
that the CO emission had been dissociated by far-UV radiation
from the central source in the cavity of the outflow, hence reduc-
ing the CO abundance and probably at the same time increasing
that of C (see also Offner et al. 2014; Tanaka et al. 2011).

The simulations by Kaufman et al. (1999) showed that the
CI[1-0]/CO(J = 1−0) line ratios increase with decreasing den-
sities in photon-dominated regions (PDR). For the line ratios of
0.2-0.3 along the disk, densities of ∼104cm−3 predicted by their
models are mostly consistent with those calculated from previ-
ous LVG simulations in NGC 253 (e.g., Krips et al. 2016); the
disk in NGC 253 is thought to be dominated by PDRs (e.g.,
Martín et al. 2009). If the entire gas emission in NGC253 is sim-
ply due to PDR excitation or chemistry alone, the increase to
0.5−0.6 to the NW and SE found in our observations might then
be a simple density effect. However, if this were true, we would
expect higher ratios toward the eastern part of the disk as well,
that is, everywhere where we expect the density to fall, but this
is not the case. Moreover, the good agreement between the peak
of the line ratio and the outflow from the disk imply that shocks
could be an additional factor for the increased line ratios here.

3.1. Opacities, column densities, and C/CO abundance ratios

We cannot a priori assume optically thin emission for the
[CI](1−0) line emission, therefore we start by estimating its op-
tical depth. Following the approach used by Ikeda et al. (2002)
and Glover et al. (2015), we estimated the [CI](1−0) opacity
from the excitation temperature derived from the optically thick
CO(J = 1−0) line emission as a first approximation, assum-
ing that the excitation temperatures are identical for CO and
C and that they coexist in the same gas regions. We find

excitation temperatures of Tex,CO ' 7−13 K (≡Tex,C) along the
disk of NGC 253, which is consistent with the range stated in
Meier et al. (2015), and [CI](1−0) opacities of τ[CI] ' 0.8−0.9.
The [CI](1−0) line emission is marginally optically thick. This
translates into an optical depth correction factor of fτ ' 1.5 that
has to be applied to the carbon column densities ( fτ = 1 cor-
responds to the optically thin case). Using the specific parame-
ters for the [CI](1−0) line such as the Einstein A coefficient of
7.9 × 10−8 s−1 (see Nussbaumer 1971) and integrated fluxes of
300 to 1620 Jy/beam km s−1 (3′′.2×2′′.1 ≡ (51×34) pc) along the
disk of NGC 253, we find column densities of NC = fτ×1.429×
1015

∫
S(Jy)dv/[Jy km s−1]cm−2 ' (1−3) × 1018 cm−2 (for a

more detailed description of the formulae see Ikeda et al. 2002).
These carbon column densities are significantly higher by a fac-
tor of ∼5−10 than those found in the Galactic center and sev-
eral Galactic star forming molecular clouds (e.g., Tanaka et al.
2011; Plume et al. 1999) and lie at the upper end of the val-
ues found for turbulent molecular cloud models (Glover et al.
2015). They are also similar to the (averaged) column densi-
ties of NCI/dv ' 1018 cm−2/(km s−1) derived for the C survey
of (U)LIRGs by Israel et al. (2015), who used a large-velocity-
gradient (LVG) modeling and single-dish observations.

Krips et al. (2016) performed an LVG analysis using several
CO transitions and a two-phase temperature model of the molec-
ular gas to determine CO column densities NCO of a few times
1018 cm−2 (see also Meier et al. 2015). The best-fit CO column
densities then indicate a NCI/NCO ratio, or more directly, an abun-
dance ratio [C]/[CO] of ∼0.5−1, which is higher by a factor of
∼5−10 than the average found in Israel et al. (2015), but within
their range for all galaxies. Thus, C seems to be almost as abun-
dant as CO in NGC 253.

4. Summary and conclusions

Significant [CI](1−0) emission is detected in the central ∼1 kpc
of the starburst galaxy NGC 253 with the following results:

1. The [CI](1−0) line emission globally correlates well with
that of CO(J = 1−0), which supports the results from pre-
vious carbon studies of Galactic sources.

2. Globally, the [CI](1−0)/CO line ratios are about 0.1−0.4
in temperature scale and are therefore higher than those
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in the Milky Way, where values of ≤0.1 are found (e.g.,
Wright et al. 1991).

3. The [CI](1−0) line emission appears to be enhanced com-
pared to CO(J = 1−0) in a NW-SE direction perpendicu-
lar to the disk (along the bipolar outflow that emerges from
the nucleus of NGC 253) and in the western region of the
disk where outflows or shocks are important dynamical play-
ers. Galactic cloud outflows also exhibit an increase in the
[CI]/CO line ratio (see Little et al. 1998; Tanaka et al. 2011).
This strongly indicates that shocks and their associated radi-
ation affect the C and/or CO excitation or abundance. How-
ever, other explanations cannot be excluded as yet, such as
cosmic rays (e.g., Bisbas et al. 2015; Bradford et al. 2003),
optical-depth effects, and low-density PDRs (Kaufman et al.
1999; see also discussion in Tanaka et al. 2011).

4. Based on a first-order estimate of the [CI] column densities,
we find carbon abundances to be almost equal to those of CO
within the central disk of NGC 253. Moreover, the [CI](1−0)
line emission shows opacities of around 0.8−0.9 that are not
quite compatible with an optically thin gas. This agrees well
with the findings by Israel et al. (2015) that C is mostly found
in dense and not in diffuse gas.
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