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ABSTRACT

Context. Investigating molecular gas tracers, such as hydrogen cyanide (HCN), to probe higher densities than CO emission across nearby galaxies
remains challenging. This is due to the large observing times required to detect HCN at a high sensitivity and spatial resolution. Although approx-
imate kiloparsec scales of HCN maps are available for tens of galaxies, higher-resolution maps still need to be available.

Aims. We aim to study the properties of molecular gas, the contrast in intensity between two tracers that probe different density regimes (the
HCN(1-0)/CO(2-1) ratio), and their kinematics across NGC 253, one of the closest starburst galaxies. With its advanced capabilities, the At-
acama Large Millimeter/submillimeter Array (ALMA) can map these features at a high resolution across a large field of view and uncover the
nature of such dense gas in extragalactic systems.

Methods. We present new ALMA Atacama Compact Array and Total Power (ACA+TP) observations of the HCN emission across NGC 253.
The observations cover the inner 8.6” of the galaxy disk at a spatial resolution of 300 pc. Our study examines the distribution and kinematics of
the HCN-traced gas and its relationship with the bulk molecular gas traced by CO(2-1). We analyze the integrated intensity and mean velocity
of HCN and CO along each line of sight. We also used the SCOUSE software to perform spectral decomposition, which considers each velocity
component separately.

Results. We find that the denser molecular gas traced by HCN piles up in a ring-like structure at a radius of 2 kpc. The HCN emission is enhanced
by two orders of magnitude in the central 2 kpc regions, beyond which its intensity decreases with increasing galactocentric distance. The num-
ber of components in the HCN spectra shows a robust environmental dependence, with multiple velocity features across the center and bar. The
HCN spectra exhibit multiple velocity features across the center and bar, which shows a robust environmental dependence. We have identified
an increase in the HCN/CO ratio in these regions, corresponding to a velocity component likely associated with a molecular outflow. We have
also discovered that the ratio between the total infrared luminosity and dense gas mass, which is an indicator of the star formation efficiency of
dense gas, is anticorrelated with the molecular gas surface density up to approximately 200 M, pc~2. However, beyond this point, the ratio starts
to increase.

Conclusions. We argue that using information about spectroscopic features of molecular emission is an important aspect of understanding molec-
ular properties in galaxies.
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1. Introduction ization rates (Bisbas et al. 2015) or with intense UV radiation
and low metallicity (Pak et al. 1998).

The densest structures of molecular clouds are found to be CO is a good tracer of the cloud-scale surface density

sites of star formation across galaxies (Gao & Solomon 2004;
Lada et al. 2012; Longmore et al. 2014). However, since the pri-
mary constituent of molecular gas, H,, does not probe the cold-
est, densest parts of these clouds, other molecular lines are
needed to observe star-forming gas and can be used to con-
strain various properties. In the past, researchers have primarily
used CO, the second most abundant molecule in the universe,
to observe molecular clouds (see review Bolatto et al. 2013).
CO emits relatively bright signals within the millimeter and
(sub)millimeter regime, and its abundance scales with Hj. The
assumption that the CO emission traces the overall molecular
gas content of the interstellar medium (ISM) is commonly used
within the literature (for example, Bigiel et al. 2008; Leroy et al.
2008; Tacconi 2010; Schruba et al. 2011; Cormier et al. 2014,
Genzel et al. 2015; Saintonge et al. 2017).

In most cases, the low-J CO lines can estimate the total
H, mass. However, they might not be reliable bulk tracers in
extreme environments with, for example, high cosmic-ray ion-

* Corresponding author; astro.beslijica@gmail.com

(Sun et al. 2018), but it does not reveal information about the
star-forming part of molecular clouds. Therefore, to probe such
dense regions (n > 10 cm™3, 200 M, pc~2), astronomers observe
molecular lines with high critical densities (high-critical den-
sity molecules; Shirley 2015), such as those of HCN, HCO®,
and NoH*, defined in this paper as “dense gas tracers.” How-
ever, observing this gas at extragalactic distances is challeng-
ing; many preferred molecular lines commonly used in Galactic
studies (Forbrich et al. 2014; Pety et al. 2017; Kauffmann et al.
2017), such as NpH*, can only be easily detected toward the
centers of bright, nearby galaxies NGC 253 (Martin et al. 2021)
and NGC 6946 (Eibensteiner et al. 2022; Jiménez-Donaire et al.
2023).

The J=1— 0 transition of the hydrogen cyanide, HCN, is
one of the brightest high-critical density molecular lines com-
monly studied within the extragalactic literature (for instance,
Gao & Solomon 2004; Useroetal. 2015; Gallagher et al.
2018b; Jiménez-Donaire et al. 2019; Besli¢ etal. 2021,
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Sanchez-Garcia et al. 2022). The comparison between low- and
high-critical density lines, such as CO(1-0) and HCN(1-0),
yields an approximate gauge of the intensity contrast between
two tracers probing different density regimes, as the latter
requires significantly higher densities for collisional excitation
compared to the low-J CO lines (ngicesr > 10*cm™ versus
>10% cm™ — Shirley 2015). This contrast offers the best cur-
rently available observational constraint on changes in the
underlying density distribution in other galaxies (for example,
Leroy et al. 2017b).

From the observational point of view, HCN surveys in
extragalactic systems found a tight and linear correlation
between the HCN luminosity and star formation rate (SFR,
Gao & Solomon 2004; Jiménez-Donaire et al. 2019). This cor-
relation is approximately linear in logarithmic space, spanning
more than ten orders of magnitude, and covers a wide range
of physical scales: from dense clumps and cores (a few par-
secs; see Wuetal. 2010) within the Milky Way, to galaxy
disks and galaxy centers (for example, Gao & Solomon 2004;
Gracid-Carpio et al. 2008). Although it has been argued that the
linear relation between HCN and SFR suggests that gas above
a specific density threshold starts forming stars (Lada et al.
2012), systemic variations in the IR/HCN ratio imply that
not all dense gas is equally efficient. For example, the cen-
tral molecular zone (CMZ), known to be the inner 500 pc
region of our Galaxy, shows an order of magnitude lower SFR
than those predicted from measurements of dense molecular
gas (Longmore et al. 2013; Henshaw et al. 2023), implying a
possibility of the non-universality of the star formation effi-
ciency (Mac Low & Klessen 2004; Padoan & Nordlund 2011;
Federrath & Klessen 2012; Kruijssen et al. 2014; Semenov et al.
2016). This environmental impact on the dense gas’s ability for
star formation has also been observed across other galaxies.
While most dense gas mass is found in centers of galaxies, this
gas is less efficient at star formation than the gas in the rest of
the disk (Gallagher et al. 2018b; Jiménez-Donaire et al. 2019).
Observed variations in IR/HCN could be caused by non-steady
effects dominant at small spatial scales, such as stellar feed-
back and galactic shear, which become averaged out on larger
scales.

In order to fully understand the star formation process, it
is important to connect what we learn from studying extra-
galactic sources with studies of individual star-forming regions
within our own Milky Way. To do this, we need to observe
molecular clouds in extragalactic samples at a high sensitiv-
ity and on small spatial scales while also covering a broad
range of different environments and physical conditions. This
is a crucial step toward connecting studies of the Milky Way,
where we can examine the substructure of individual molecu-
lar clouds (Pety et al. 2017), with studies of more distant galax-
ies that contain vastly different environments, such as starburst
galaxies (Garcia-Burillo et al. 2012). To achieve this, observing
nearby galaxies spanning the range of scales needed to bench-
mark our understanding of local clouds and high-z galaxies is
essential. Due to their proximity, we can map dense molecu-
lar gas content across nearby galaxies at a high spatial resolu-
tion and sensitivity. Moreover, the high molecular surface bright-
ness of these sources, known as X, can provide a sensitive
mapping of the HCN emission that we can now observe using
advanced observing facilities such as ALMA. Recent studies of
HCN at higher resolutions, approaching molecular cloud scales
of around 100 pc, have been mainly focused on the brightest
regions of nearby galaxies, such as in M 51 (Querejeta et al.
2019), a larger part of the disk of NGC 3627 (Besli¢ et al. 2021),
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Table 1. Main properties of NGC 253.

Property Value
Name NGC 253 (Sculptor galaxy)
Hubble type @ SABb
Center RA (J2000) 00h47m33s
Center Dec (J2000) —25d17m19s
Inclination, i [°] @ 76 +6
Position angle, PA [°] @ 52
Distance, D [Mpc] 3.7

rs 1@ © 5.12
Vsys,hel [km S_]] @ 258
SFR [Mgyr~']© 4.2
logio(M.,) [Mp] ¥ 10.5

Notes. @Hlavacek-Larrondo et al. (2011). ®Distance from Anand et al.
(2021). ©Radius of the B-band 25th magnitude isophote. ”Systemic
velocity from Casasola et al. (2011). ©Star formation rate calculated
from the IR luminosity (Sanders et al. 2003). VIntegrated stellar mass
based on 3.6 um emission, taken from the PHANGS-ALMA survey
paper (Leroy et al. 2021b).

the center of NGC 6946 (Eibensteiner et al. 2022), and the inner
ring of NGC 1068 (Sanchez-Garcia et al. 2022).

In this paper, we answer some of the science questions
related to high-critical density molecular emission, such as the
following:

1. Distribution of dense molecular gas across NGC 253

(Section 3).

2. The kinematics of the HCN-tracing gas, and its comparison

with the CO emission (Section 4).

3. The role of dense gas in star formation processes across dif-

ferent environments found in NGC 253 (Section 5).

To address these questions, we use ALMA observations of the
closest starburst galaxy outside the Local Group, the Sculp-
tor galaxy, NGC 253. The main properties of this galaxy
are listed in Table 1. NGC 253 (see its composite image in
Figure 1) is the highly inclined, starburst galaxy (Rieke et al.
1980) located in the southern hemisphere. Due to its proxim-
ity (1 arcsecond corresponds to 17 pc at a distance of 3.7 Mpc;
Anand et al. 2021), NGC 253 represents an ideal target for
high-resolution studies to understand the nature of its kilo-
parsec nuclear region (Bolatto et al. 2013; Leroy et al. 2015;
Walter et al. 2017; Holdship et al. 2021) of which the center
appears to be undergoing an intense phase of active star forma-
tion. The star formation rate within the center is SFR =2 M, yr~!
(Leroy et al. 2015), which is 50% of the SFR found in the whole
disk of this galaxy (Sanders et al. 2003).

The central 1kpc of NGC 253 shows rich molecular emis-
sion (see our detected molecular lines in the bottom panel of
Figure 1), demonstrated in Martin et al. (2006), Aladro et al.
(2011), and Meier et al. (2015), who detected 50 molecular
species at a 3 mm wavelength (including, C;HsOH, HOCN, and
HC;H). In addition, Atacama Large Millimeter/submillimeter
Array (ALMA) Comprehensive High-resolution Extragalactic
Molecular Inventory (ALCHEMI) mapped a continuous fre-
quency range from (sub)millimeter to millimeter wavelengths in
the nuclear region of NGC 253 (Martin et al. 2021). NGC 253
has a plethora of ancillary data covering a variety of gas
phases, from hot (Lopez et al. 2023), atomic (Heckman et al.
2000), molecular (Houghton et al. 1997; Mauersberger et al.
1996; Paglione et al. 2004), and the most recent ACA observa-
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Fig. 1. Composite image of NGC 253, its environments, and the 86—101 GHz spectrum taken with ALMA ACA. Top panel: NGC 253 composite
(RGB and Her) image (credits: Terry Robinson). The overlaid dashed gray rectangle shows the total u—uv coverage consisting of 25 pointing mosaic
obtained by the ACA 7-m for this work. We indicate dynamical environments present in the disk of NGC 253: the center, bar, ring, and spiral arms
(Querejeta et al. 2021). Bottom panel: observed spectrum taken toward the center of NGC 253. Our observations cover frequencies from 85.7 to
101.5 GHz. The term spectral window i (i takes values from 1 to 4) is abbreviated as spw;, and we mark all detected molecular emission lines.

tions of CO(2-1) which we use in this work (Faesi, in prep.), to
ionized gas (Arnaboldi et al. 1995).

Although NGC 253 has been well studied over the last few
decades, most investigations have focused on its inner 1-2 kpc
nuclear region. The molecular gas outside the galaxy center
needs to be better understood, particularly the properties of its
dense phase and its kinematics on larger scales in a wide range
of disk environments.

In this paper, we present new ACA observations across
the disk of the NGC 253. These data have a spatial resolu-
tion of 300 pc, covering a large part of the disk of this galaxy
(8 x 3’2) and probe different dynamical features in this galaxy.
The paper is structured as follows. Section 2 describes obser-
vations, data reduction, additional datasets used throughout this
work, and present moment maps of the HCN and CO(2-1). Next,
we present our results: Section 3 describes the distribution of
the line-of-sight HCN emission and the measured HCN/CO(2—
1) ratio. Section 4 presents the decomposed line-of-sight HCN
emission and the measured properties of such decomposed emis-
sion and describes the results of measured velocity dispersion.
Moreover, we answer Question 3 in Section 5. Our findings are

discussed in Section 6. Finally, we summarize and outline our
most important results in Section 7.

2. Observations and data reduction
2.1. ALMA+ACA observations

The observations (project ID: 2019.2.00236.S) of NGC 253 pre-
sented in this paper are part of the ALMA Cycle 7 and were
obtained in December 2019 and January 2020. We observed
molecular line emission using the Atacama Compact Array (7 m
— ACA), which included the Total Power (TP) array in Band
3 (84-116 GHz), covering several "typical” extragalactic trac-
ers of high-density gas, shown on the bottom panel in Figure 1.
The total observing time is 22.9 and 44.1h for the 7m array
and the TP antennas, respectively. The observed field of view
contains 25 7 m pointings with the primary beam full-width half
maximum (FWHM) of 57.6”, which covers a 114" X 516" (~2 X
9 kpc?) region of the inner disk of NGC 253 (see Figure 1). The
beam size is 21.40” x 10.36”, and the beam position angle is
83.5 deg. From our ancillary CO(2—-1) observations (Section 2.3)
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and SFR images (Section 2.4), we find that the region mapped
within the ACA comprises 90% of the total molecular mass of
NGC 253 and 85% of its total SFR. Thus, our observations cover
the brightest regions in molecular gas and the most star-forming
parts in NGC 253.

Our interferometric observations are sensitive to the emis-
sion from angular scales of ~14” (~240 pc) to the largest angu-
lar scale obtained by the TP of ~100” (~1.7 kpc). The obtained
sensitivity is ~2.5 mK (7.6 mJy beam™') at the angular and spec-
tral resolution of 22" and 10km s~!. The spectral setup consisted
of four spectral windows with ~1.8 GHz width and 0.4 MHz res-
olution laid out as at the bottom of Figure 1. We detected 13
molecular lines, but here, we focus on the HCN(1-0) line cov-
ered by spectral window 2, labeled as spw2 on Figure 1.

The raw data calibration was done in Common Astron-
omy Software Applications (CASA — McMullin et al. 2007),
version 6.5, and the imaging and post-processing, including
short-spacing correction using the PHANGS-ALMA processing
pipeline (Leroy et al. 2021a). Firstly, we flagged all of the emis-
sion lines within each band to calculate and subtract the con-
tinuum emission. The 7 m data was imaged using CASA’s stan-
dard TCLEAN procedure. We used the CO(2—1)-based clean mask
(Leroy et al. 2021a,b) as the initial clean mask for our imaging,
which was then combined with the single-scale clean during the
imaging. The HCN 7m flux within the cleaning mask is 99% of
the total flux within the full image.

The single-dish data were also processed using the
PHANGS-ALMA total power processing pipeline (Herrera et al.
2020), included in the PHANGS-ALMA pipeline (Leroy et al.
2021a). In the final data reduction step, we combined 7m obser-
vations with TP for the missing short-scale emission using the
standard CASA task feather. The total flux from the interfero-
metric data is 70% of the total flux measured from the single-
dish data. The final data cube was additionally primary beam
corrected and convolved to have a circular beam size of 22"
(~370 pc) and a channel width of 10 km/s.

In addition, we computed the dense gas mass, Mgense, assum-
ing a constant Xycy = 10 [Mg (Kkms™! pcz)’l] conversion fac-
tor (Gao & Solomon 2004):

Mgense[Mo] = Xuen * Luacen - cos i,

ey

where i is the galaxy inclination reported in Table 1.

2.2. Environmental masks

To separate regions with different characteristics in NGC 253,
we used environmental masks defined for this galaxy based
on infrared data (Querejetaetal. 2021). They have four
regions: the disk, ring, bar, and center. Additionally, NGC 253
has two spiral arm features, visible in optical data (Pence
1980) and constrained from the 3.6 and 4.5um observations
obtained by the Spitzer telescope, as part of the S*G sur-
vey (Mufioz-Mateos et al. 2015; Herrera-Endoqui et al. 2015).
Therefore, we also defined a spiral arm mask in this work. We
used the unsharp-masked near-infrared Herschel PACS 70 um
data to locate spiral features, and then we fitted those in polar
(o, 0) space as linear functions. The width of such constructed
spiral arms is defined manually in the SAO-NASA ds9 soft-
ware (Joye & Mandel 2003). Finally, we added these spiral arm
regions to the existing environmental mask, shown in Figure 1.
We distinguish five environments in NGC 253: the nuclear
region lies within the inner ~0.5 kpc region, and the bar feature is
located in the inner two kpc region. The ring is at radii between
2 and 5 kpc, and the dust lanes are at ryy = 5kpc. All remaining
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pixels not assigned to any of these environments belong to the
disk.

2.3. ALMA-CO(2-1) observations from PHANGS

In this work, we used ancillary ALMA ACA+TP COQ2-
1) observations (PI: C. Faesi, 2018.1.01321.S), included in
the PHANGS-ALMA survey (PI: E. Schinnerer — Leroy et al.
2021b; Faesi, in prep.). The angular resolution of these data is
8", and the channel width is 2.5 km s~!. In the final step, we con-
volved the CO(2-1) data cube to match the working angular and
spectral resolution of 22" and 10 km/s and regrid to a common
pixel scale. We computed the molecular surface density using
the following equation:

_ Icoe-1) ) Icoe-1) :
Zmol[Mo pe 2] = @co " —p=—+008i = aco gz +cosi, (2)
21 SFR

where aco is the metallicity-dependent conversion factor taken
from Sun et al. (2020), Ico-1) is the CO(2-1) integrated inten-
sity, Rp; is the CO(2-1)/CO(1-0) line ratio (for example,
Sandstrom et al. 2013; den Brok et al. 2021; Yajima et al. 2021;
Leroy et al. 2022), and i is the same as in Equation (1). In this
work, we used the scaling relation: Ry o I3 (see Sun et al.
2023, and references therein). The @co has a range from 4.2
(at the center) to 20 [My/(Kkms™! pcz)] (at the outskirts). The
validity of the aco factor depends on the mass scales probed. For
masses greater than 10° My, the statistical assumptions underly-
ing the aco factor remain valid (Dickman et al. 1986), which is
achieved in our work. We present the X,,; map in Figure A.1.

2.4. Star formation rate

To estimate the star formation rate surface density (Xspr), we
used a combination of IR Herschel data from the KINGFISH
(Key Insights on Nearby Galaxies: a Far-Infrared Survey with
Herschel) survey (Kennicutt et al. 2011). To compare our results
with recent similar studies (Jiménez-Donaire et al. 2019), we
chose to calculate Xggr using Herschel bands at 4 = 70, 160,
and 250 microns. First, we convolved our Herschel maps to a
final resolution of 22" using the kernels defined in Aniano et al.
(2011) and matched the coordinate grid with the final HCN data
image. We calculated the total infrared surface density (ZtRr)
following the prescription from Galametz et al. (2013):

Zrr[Wkpe 2] = > ;- (W kpe ],

J

3

where c; is the coeflicient and Z; is the surface density at a band
J, listed in Table B.1. We then calculated Zspg from Xpr and
corrected for the galaxy inclination i (Galametz et al. 2013):

Tser[Mo yr ! kpe™] = 1.48 x 1070 Zpr[Lo kpc 2] cosi.  (4)

We show the Xgpr map in Figure B.1.

2.5. Moment maps

We show moment maps, that is, the line of sight integrated inten-
sity (moment 0) map, centroid velocity map (moment 1), and
velocity dispersion map (moment 2) in Figure 2, at 22" resolu-
tion (370 pc) for HCN(1-0) (top row) and CO(2-1) data (bottom
Irow).

The integrated intensity is computed as a sum of the emission
along each line of sight (that is, we integrate along the velocity
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Fig. 2. HCN and CO(2-1) moment maps. Top row: HCN(1-0) moment maps: integrated intensity map (left), centroid velocity map (middle), and
velocity dispersion (right). The beam size of 22" is shown in the left corner of each panel. Bottom row: CO(2—-1) moment maps, in the same order
as for HCN(1-0). CO(2-1) is convolved to a beam size of 22", and regrided to match the grid of HCN data. The black line shows the outline of the
HCN emission from the top panels. We fix the colorscale for each moment map to highlight the differences and similarities in HCN and CO(2-1)
emission. All maps are rotated so that the x- and y-axis show the angular distance from the NGC 253’s minor and major axis (see Table 1).

axis). We first create a CO(2-1) based mask. This mask is pro-
duced by selecting all voxels with a signal-to-noise ratio higher
than four and then expanding it to include all contiguous voxels
with signal-to-noise higher than 2. Next, we applied this mask to
the HCN and CO(2-1) data cubes. The moment maps are derived
from the masked data cubes using the python package Spectral-
Cube (Ginsburg et al. 2019).

The HCN emission shows a clumpy structure and compact
emission, prominent in the center of the galaxy and also concen-
trated along the ring and the bar. There are spots of bright HCN
emission located at the contact points of the bar, dust lanes, and
ring, which we also see in the Xgpr (Figure B.1). These bright
spots of HCN emission are expected to be found in the regions
where the bar and ring intersect, as these are interfaces where
gas orbits converge (Kenney 1994; Beuther et al. 2017). More-
over, we see CO(2-1) bright spots co-spatial with those seen in
HCN.

The moment one map is the intensity-weighted mean veloc-
ity map. We show these in the middle column of Figure 2 for
both HCN and CO(2-1). The velocity map is corrected for the
systemic velocity (Table 1). The outskirts of the map (left and
right side) show the highest velocity difference, that is, along
the major axis (around —230 and +230 km/s on the eastern and
western parts, respectively). The northeastern side of the galaxy
is blue-shifted. HCN and CO(2-1) velocities look mainly con-
sistent across the disk of NGC 253 (we discuss this in detail in
Section 4). We expect their consistency from the assumption that
HCN traces denser gas than the CO, thus probing denser molec-
ular substructures traced by the CO emission. We note a few
regions within which we observe discrepancy in centroid veloci-
ties of HCN and CO(2-1) and further discuss when considering
spectral complexity along the line of sight in Section 4.

The second-moment map represents the velocity disper-
sion of the observed emission. The broadest line profiles are
observed toward the center of this galaxy in both HCN and
CO emission. Apart from the center, we also note other regions
with relatively large velocity dispersion (~50 km/s) in the HCN

100 E ® Center E
: A Bar
= B Ring
@ ¥ Spiral arms
g10f i E
; o Disk
— === Minor axis
i === Major axis
g1 3 E
Ok
O
'){)YJ (e}
0.14 —

Rgul [kpC]

Fig. 3. HCN-integrated intensity as a function of the galactocentric
radius. The colored, filled points represent pixels with a signal-to-noise
ratio of three and above, whereas open points have a signal-to-noise
ratio lower than three.

and CO(2-1) emission, such as the bar and partially the ring.
CO(2-1) shows higher velocity dispersion than the HCN, and
this difference becomes more notable at the outer parts of
our map.

3. Line of sight HCN emission
3.1. Radial distribution of the line of sight HCN intensity

To investigate the HCN emission across NGC 253, we resample
the HCN map on a hexagonal grid where adjacent pixels are half-
beam spaced. We show the radial distribution of the HCN inte-
grated intensity in Figure 3. We detect significant HCN emission
up to ~6.5 kpc. The high inclination of this galaxy causes large
deprojected distances from the center along the minor axis (the
minor axis effect). After inspection of the deprojected distances
along the major axis, where we do not expect to encounter such
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Fig. 4. Radial distribution of the HCN/CO(2-1) intensity ratio across NGC 253. Sight lines are color-coded based on the environment. We show
points with a signal-to-noise ratio above three in intensity and the peak brightness temperature. A small panel in this figure shows the distribution
of the HCN/CO(2-1) line intensity ratio per environment in NGC 253: the center, bar, ring, spiral arms, and disk. The mean line ratio measured in

each environment is shown as a horizontal line.

an impact, we conclude that the farthest data point from the cen-
ter of the map has a deprojected distance of 5.3 kpc, assuming
an axisymmetric distribution. Consequently, data points at radii
higher than 5.3 kpc should be taken cautiously when interpreting
such radial trends. In addition, this effect will blur the observing
trends. The uncertainty of the inclination (Table 1) affects the
calculated radial distances by a factor of 0.4.

Next, we extracted sight lines from each environment by
applying the environmental mask (Querejeta et al. 2021) and
color-code the points by the environment, following the color
scheme used in Figure 1. The HCN intensity distribution
in NGC 253 follows the CO(1-0) distribution described in
Sorai et al. (2000) and Paglione et al. (2004), that is, the “twin-
peaks” morphology, typical for barred galaxies (Kenney et al.
1992). The brightest HCN emission is located at the cen-
ter of the galaxy, which is also seen in other galaxies: at
kpc resolution in the EMPIRE (Jiménez-Donaire et al. 2019)
and ALMOND (Neumann et al. 2023), in M 51 (Bigiel et al.
2016), in nearby galaxies at similar spatial scales (~0.5kpc,
Gallagher et al. 2018b), and at higher spatial resolution in
NGC 3627 (Beslic¢ et al. 2021). There is a steep decrease in HCN
intensity by two orders of magnitude along the bar. Moreover,
the HCN intensity varies by order of magnitude at distances
of rgq > 2kpc, coincident with the ring and spiral arms. With
increasing distance from the center of NGC 253, we also note a
decrease in the HCN emission, particularly in the inner 1-2 kpc
region within the bar where HCN intensity decreases steadily
by order of magnitude, similar to the barred galaxy NGC 3627
(Besli¢ et al. 2021).

Ancillary observations of the CO(1-0) emission at sim-
ilar spatial resolution (16”7 ~250pc) across NGC 253
(Sorai et al. 2000; Paglione et al. 2004) show similar radial
trends. Sorai et al. (2000) observed a secondary peak in CO(1-
0) surface density around rg; = 2kpc, located at the end of the
bar. In our case, we observe a similar increase in the CO(2-1)
emission at a distance between 3 and 4 kpc from the center of
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NGC 253, right outside the bar. In addition, we observe local
enhancements in HCN in regions where the bar and the ring
overlap and a decrease in HCN emission in the outermost parts
of our map. By comparison, Sorai et al. (2000) found a decrease
in CO(2-1) surface brightness by two orders of magnitude in
the inner 1-2kpc region of NGC 253, and the intensity after
the second peak observed at 2 kpc is steadily decreasing. More-
over, the rotation curve of NGC 253 derived from the CO(1-
0) emission (Koribalski et al. 1995; Sorai et al. 2000) flattens in
the ring, which suggests that molecular gas at these positions
starts losing its angular momentum and infalling toward the cen-
ter (Sorai et al. 2000).

3.2. Line of sight HCN/CO(2—1) intensity ratio

The ratio of HCN to CO(1-0) is often used within the literature
to constrain the dense gas fraction, fgense (Leroy et al. 2017b).
Knowing the scaling between J = (1-—0) and J = (2——1) inten-
sity ratio (for instance, Sandstrom et al. 2013; Zschaechner et al.
2018; den Brok et al. 2021; Leroy et al. 2022), it is possible to
use HCN/CO(2-1) for determining the fyense. In the case of
NGC 253, we are particularly interested in seeing how this line
ratio varies across the galaxy and search for any environmental
dependence.

We calculated the HCN/CO(2-1) integrated intensity ratio
from the hexagonally, half-beam-sized sampled grid data points
at 22”. The uncertainty of the HCN/CO(2-1) ratio is com-
puted from the uncertainties of their integrated intensities,
using the standard error propagation technique (see for exam-
ple, Besli¢ et al. 2021; Eibensteiner et al. 2022). Figure 4 shows
the HCN/CO(2-1) line intensity ratio as a function of a dis-
tance from the center of NGC 253. The radial distribution
of HCN/CO(2-1) follows the trends seen in the HCN emis-
sion (Figure 3). It decreases toward larger galactocentric dis-
tances. The highest values (from 0.1 to 0.13) of this line
ratio are found within the center of NGC 253. The transi-
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Fig. 5. HCN spectrum across NGC 253. Left: map of NGC 253 showing the number of velocity components in HCN emission across each pixel
derived from SCOUSE. Right: example of HCN spectra from each environment shown in Figure 1 and from colored points on the left panel.
The dashed black lines show each Gaussian velocity component derived from the SCOUSE spectra decomposition analysis (Henshaw et al. 2016,

2019).

tion from the central region to the disk is sharp, especially
in the inner 2kpc region of NGC 253 along the bar, where
the HCN/CO(2-1) decreases by an order of magnitude. This
finding is similar to the results reported in previous studies
(Bigiel et al. 2016; Jiménez-Donaire et al. 2019; Gallagher et al.
2018b; Querejeta et al. 2019), whereas the weak radial variation
of HCN/CO(2-1) intensity ratio across NCG 3627 is found in
Besli¢ et al. (2021). In the rest of the environments, particularly
in the ring, spiral arms and the disk, the HCN/CO(2-1) intensity
ratio does not vary significantly (values between 0.01 and 0.05).
We note exceptionally high values of the HCN/CO(2-1) inten-
sity ratio at distances larger than 6 kpc, which arises from the fact
that at these distances, CO(2-1) emission appears to decrease
more rapidly than the HCN.

To quantify HCN/CO(2-1) in these environments, we show
the distribution of this line ratio in each region as a violin
plot in the upper right corner of Figure 4. In this panel, the
length of each violin corresponds to the range of HCN/CO(2—
1) intensity ratios. In contrast, the horizontal line indicates the
mean measured in each environment. Points located in the cen-
ter of NGC 253 have the highest mean of HCN/CO(2-1) of
0.1197 £ 0.0002, about 4 times higher than the median values
found in the rest of the galaxy. The bar shows the widest distri-
bution and possible bimodal behavior. The first group of sight
lines has a high HCN/CO(2-1) ratio of 0.1 and above, close to
those found in the center. The second group of points contains
HCN/CO(2-1) values similar to those seen in the ring and the
rest of the regions (from 0.01 to 0.08). Therefore, the bar repre-
sents an intermediate region that bridges the center and the rest
of the environments found in NGC 253. The enhancement in
the HCN/CO(2-1) ratio found has a few possible implications,
which we discuss in more detail in Section 6.1.

The observed HCN/CO(2-1) line ratio shows agree-
ment within the literature data for other galaxies. Simi-
lar to Gallagher et al. (2018b), Jiménez-Donaire et al. (2019),
and Besli¢ etal. (2021), this line ratio has the highest val-
ues in the inner ~500pc region of the galaxy, that is, the
vast majority of the dense molecular gas relative to bulk
molecular content is found within the center of a galaxy.
Knudsen et al. (2007) found HCN/CO(1-0) ratio in the inner
1kpc region to be 0.08. By applying the R, line ratio of
0.8 (Zschaechner et al. 2018), we obtain higher values of
HCN/CO(1-0). As opposed to HCN/CO(2-1) in the barred
galaxy NGC 3627 (Besli¢ et al. 2021), we see a stronger environ-

mental dependence of HCN/CO(2-1) and a significant decrease
toward higher galactocentric radii.

4. Decomposed HCN emission

To characterize the gas structure along each line of sight and its
variation with the galactic environment, we study the spectra of
the HCN emission in five different dynamical zones. We used
a Semi-automated multi-COmponent Universal Spectral-line fit-
ting Engine (SCOUSE; Henshaw et al. 2016, 2019) to decompose
the observed emission into separate components along each line
of sight. This program is developed to analyze spectral lines and
extract information (such as centroid velocity, line width) from
modeling the shape of a spectral line. Appendix C provides a
detailed description of using SCOUSE. We show the number of
HCN velocity components identified by SCOUSE on the left panel
of Figure 5. Figure 5 shows examples of 4 spectra originating from
different dynamical regions (center, bar, ring, and spiral arms —,
each marked with a black rectangle on the left panel of Figure 5).
In particular, lines of sight from the central region and the bar have
multiple line profiles, whereas spectra toward the ring structure,
spiral arms, and the disk are mainly narrow and single-peaked (the
right panel in Figure 5). Similarly, Sorai et al. (2000) found com-
pound velocity structures in CO(1-0), particularly within the bar.
However, this is not due to the line broadening caused by galac-
tic rotation within the beam. Instead, Sorai et al. (2000) proposed
that strong non-circular motions cause two velocity components
along the line of sight.

In Figure 6, we present our results from applying the
SCOUSE analysis to HCN and CO(2-1) datasets. Each panel of
the figure shows the distribution of fitting parameters describing
a Gaussian line shape derived from SCOUSE, which include the
number of components, peak temperature, centroid velocity, and
velocity dispersion. Furthermore, these parameters are divided
according to each environment.

As shown in Figure 5, each environment contains different
spectral features in HCN and CO(2-1). CO(2-1) profiles are
generally brighter than HCN, and the spectra within the center,
followed by those in the bar, have the highest temperature peaks.
The distribution of Tpey Within the center has the largest dynam-
ical range compared to the Teq determined in spectra from other
environments.

The third row in Figure 6 summarizes what has been demon-
strated in Figure 5. The highest number of velocity components
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Fig. 6. Results from the SCOUSE decomposition. Here, we show Gaussian fit parameters: peak brightness temperature (first row), centroid velocity
(second row), number of components (third row), and velocity dispersion (bottom row) derived from SCOUSE. The left column shows the results
from decomposing the HCN emission, whereas the right column shows output parameters computed for the CO(2—1) emission. We show results
for each environment. Distribution for HCN emission along the disk is represented as a circle since there was no converging fits.

is seen toward the bar and nuclear region. HCN spectra are pre-
dominantly double and triple-peaked in these regions, unlike
HCN spectra in the ring, spiral arms, and disk. We find sim-
ilar spectral complexity of the CO(2-1) emission. In addition,
we identify several pixels whose CO(2—1) spectrum shows three
velocity components in the bar and only a few pixels con-
taining three HCN velocity components. Two scenarios could
explain the lower frequency of multiple components observed
in the HCN emission than in the CO(2-1) spectrum. The first
explanation is that the HCN emission is generally fainter than
CO(2-1). In this scenario, assuming that each CO(2—-1) has its
own HCN partner and the new CO(2-1) component along the
same line of sight has a considerably lower signal-to-noise ratio
than the previous one, it would explain why more HCN compo-
nents were not detected. In the other case, since CO(2-1) and
HCN trace overall different gas densities, it may occur that cer-
tain CO(2-1) clouds do not contain denser subregions possi-
bly traced by HCN. The number of CO(2-1) velocity compo-
nents toward each sight line within the ring and spiral arms is
mostly one, except for a few lines of sight where we identify two
CO(2-1) velocity features within the same pixel, possibly due to
higher CO(2-1) sensitivity.

Next, we comment on the individual velocity dispersion
of HCN and CO(2-1). Here, the environmental dependence
becomes prominent as in Tpeac. Central sight lines show the
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broadest lines, followed by sight lines from the bar. The distri-
bution of HCN and CO(2-1) velocity dispersion in the center
has a bimodal behavior. The broadest is the o distribution within
the bar in HCN and CO(2-1)The distribution of ¢ in HCN and
CO(2-1) is compact in the rest of the environments. The highest
median in o is found within the center (55km s~ and 65 km s~
for the HCN and CO(2-1)). Interestingly, within the bar, we find
higher median values in HCN (40 km s~!) than in CO(2—-1) emis-
sion (30kms™"). In the ring and spiral arms, the median o in
CO(2-1) is higher than in HCN. The lines of sight across the
disk show broad HCN and CO(2-1) components. These lines of
sight are close to the center of NGC 253 (see Figure 3).

4.1. Decomposed HCN/CO(2-1) line intensity ratio

This section investigates the HCN/CO(2-1) intensity ratio derived
from SCOUSE and compares it with our previous findings
described in Section 3. To directly compare HCN and CO(2-1)
intensities from each component derived from SCOUSE, it is nec-
essary to match the detected velocity components in HCN with
those found in the CO(2-1) emission. As seen on the top left
panel of Figure 6, the number of Gaussian components differs
from region to region and between HCN and CO(2-1). This could
result from the CO(2-1) tracing more lower density gas at shifted
velocity to which the HCN is not sensitive.
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The first step in associating velocity components is to look
at the centroid velocities determined for each component within
each pixel in HCN and CO(2-1), particularly the difference in
Ucentroid, HCN a0d Ucentroid,co2—1)- When the HCN velocity com-
ponent is associated with the CO(2-1), their centroid velocities
should be similar. Therefore, we consider that the HCN line is
associated with the CO(2-1) if:

|Ucemroid,HCN - Ucentroid,C0(2—1)| < Othresh- (5)
We define the o gyresn as follows:

0 Cco@-1) T OHCN
o-thresh - (6)

) )
and calculate this value for each pixel where we decompose
the emission. Equations (5) and (6) represent the overlap of the
clouds. Such a criterion assures us that clouds with higher line
widths have a less strict association criterion. After applying this
threshold, we match 100% of HCN emission lines to those in
CO(2-1) in the center, ring, and spiral arms. We matched 78%
of HCN emission to the CO(2-1) components within the bar.
Around 60% of the CO(2-1) flux entering this analysis (see
Section 2.3) is associated with the HCN emission. In exceptional
cases, when two components have similar centroid velocities, we
take the one with higher amplitude, that is, the Tpeak.

Similarly, as in Figure 4, in Figure 7 we show the
component-by-component HCN/CO(2-1) intensity ratio as a
function of distance from the center of NGC 253 (left panel) and
the distribution of this line ratio within each environment (right
panel). The radial distribution of the component-by-component
HCN/CO(2-1) is similar to that of the line of sight HCN/CO(2—
1) (Figure 4). We also observe here the center showing the
highest HCN/CO(2-1) ratio, followed by the bar. Similarly,
as in Figure 4, we observe a steady decrease in HCN/CO(2—
1) at distances of 1-2kpc. By comparing the distributions of
HCN/CO(2-1) computed from SCOUSE with those presented in
Section 3.2 (dashed violin shapes on the right panel in Figure 7),
we see the biggest difference between these two approaches
in the center. Although the means of these two distributions
are similar, their shape is different, that is, the decomposed

Ryal [kPC]
Fig. 7. Same as in Figure 4, but the HCN/CO(2-1) intensity ratio was calculated using SCOUSE.

HCN/CO(2-1) distribution is significantly elongated than the
line of sight distribution. The distributions of data points using
both approaches within the bar are similar; they both show signs
of bimodal behavior, but their mean values differ. The mean of
the HCN/CO(2-1) from SCOUSE is comparable to the mean
values calculated from the line of sight line ratio. Moreover, dis-
tributions of HCN/CO(2-1) of spiral arms and disk derived from
SCOUSE are different from the line of sight HCN/CO(2-1),
mainly because of a generally lower signal-to-noise ratio of the
HCN emission in these environments, which resulted in a lower
number of successfully decomposed lines of sight.

4.2. HCN velocity dispersion

Molecular gas flows impact the dynamical state of the gas
(Meidt et al. 2018) and lead to collisions and gas crowding
(Beuther et al. 2017), thus possibly suppressing or enhanc-
ing star formation. This directly impacts the star forma-
tion efficiency, which is in line with turbulent models of
star formation (Federrath & Klessen 2013). On the one hand,
whether tied to galactic gas flows or star formation feed-
back, super-virial gas motions can reduce star formation effi-
ciencies (Padoan & Nordlund 2011; Meidtetal. 2018). On
the other hand, large velocity dispersions may signify ele-
vated Mach numbers and a preferential build-up of dense
gas (Krumholz & McKee 2005; Federrath & Klessen 2012;
Gensior et al. 2020).

The environments studied here represent a diversity of gas
flows and conditions: strong shear in the center, elliptical stream-
ing motions and strong radial inflows in the bar, a pile-up of
gas in the ring, and strong spiral streaming motions. Here, we
investigate the sensitivity of the gas velocity dispersion to these
environments. We also explore how the velocity dispersion of
dense gas compares to that of molecular gas. Dense gas arising
from the small scales might be expected to be less sensitive to
the flows present at or just beyond the cloud envelope, while its
presence may reveal signatures of the critical role that colliding
flows and shear have on the gas structure.

We compare the observed velocity dispersion in NGC 253
for HCN and CO(2-1) emission in Figure 8. The solid black
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Fig. 8. Component-by-component comparison between the HCN (y-
axis) and CO(2-1) (x-axis) velocity dispersion derived from spectral
decomposition using SCOUSE. We color-coded each point by the envi-
ronment. The diagonal, solid black line shows a 1:1 ratio between the
x- and y-axis.
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Fig. 9. Decomposed HCN/CO(2-1) intensity (y-axis) and the CO(2-1)
velocity dispersion (x-axis). We color-coded each point by the environ-
ment, similar to in Figure 8.

line represents the one-to-one ratio in HCN and CO(2-1) veloc-
ity dispersion. The HCN emission lines are narrower than the
CO lines, as the data points typically lie below the diagonal line.
This trend is particularly pronounced in the center and the bar,
whereas data points are scattered around the solid black line at
velocity dispersions below 50kms™!. Central sight lines popu-
late the higher-values region, whereas sight lines from the spiral
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arms (orange points) and the ring (pink points) have low values.
Interestingly, bar sight lines are distributed over the full range of
the observed values along both axes.

The general positive correlation in HCN and CO(2-1) veloc-
ity dispersion in NGC 253 agrees with previous velocity disper-
sion measurements in M 51 (Querejeta et al. 2019), and across
NGC 3627 (Besli¢ etal. 2021). Our result confirms expecta-
tions that higher-density gas (traced by the HCN in our case)
has smaller turbulent velocity dispersion than lower-density gas
(traced by the CO(2-1)). This finding also agrees with the mod-
els that observed the building up of higher-density gas in the
stagnation regions of convergent flows from the larger-scale tur-
bulence. Consequently, the average velocity dispersion of the gas
at these stagnation points will be smaller.

In Figure 9, we show decomposed HCN/CO(2-1) intensity
ratio derived from SCOUSE as a function of the CO(2-1) veloc-
ity dispersion. Our data points populate two different parts of this
figure. In particular, we note at oco--1) of > 45km s higher
HCN/CO(2-1) values, which is a consequence of the environ-
ment, as these data points are located in the bar and the center.
In the case of lower velocity dispersions, the 16% and 84% of
observed HCN/CO(2-1) lie in the range from 0.02 to 0.04

5. Dense molecular gas and star formation

5.1. Environmental dependence of the star formation
efficiency of the dense gas

Previous extragalactic studies have shown different behav-
ior of SFEgense across the disk of a galaxy. For example,
regions with high stellar surface density and thus interstel-
lar pressure, such as centers of galaxies, typically have rel-
atively lower SFEgens, that is, the ability of dense gas to
form stars is significantly reduced (for example, Longmore et al.
2013; Kruijssen et al. 2014; Usero et al. 2015; Bigiel et al. 2016;
Barnes et al. 2017; Jiménez-Donaire et al. 2019; Besli¢ et al.
2021; Eibensteiner et al. 2022). In the following, we investi-
gate properties of star formation efficiency of dense gas SFEjense
(usually traced by the Lir /Mgense) across NGC 253.

In Figure 10, we show the TIR/HCN luminosity (TIR/Mgepse
on the right y-axis) ratio as a function of the molecular gas sur-
face density. Dashed vertical lines in both panels show the gas
surface density thresholds presented in Bigiel et al. (2008). The
left vertical line at ~10 Mg pc™2 indicates the surface density
above which the molecular gas dominates over the atomic phase
(Bigiel et al. 2008), whereas the right vertical line shows the sur-
face density threshold of ~200 M, pc~2, after which we enter the
regime where dense molecular gas emission linearly scales with
the star formation (Gao & Solomon 2004; Bigiel et al. 2008).
The blue-shaded region corresponds to binned trends and their
respective range of 16th and 84th percentiles. The horizontal
shaded region shows a range of 400—500 L /Me.

Our HCN measurements are located in moderate density
regimes (part of the bar, ring, spiral arms, and disk) and at
high surface densities (lines of sight from the center and bar).
That said, we do not have information about the HCN emission
for molecular gas surface densities lower than a few Mg pc™2,
where the atomic gas dominates the total gas surface densities
(Bigiel et al. 2008). The lowest values of SFE4e,se are measured
in the disk of NGC 253. At the intermediate surface densities (9—
200 M, pc‘z), SFE gense rises with the cloud-scale molecular sur-
face density up to ~100 M, pc™2, after which it starts decreasing.
The mean SFEgey increases up to ~500 Ly /Mg in the interme-
diate density regime, while the high surface density part shows
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Fig. 10. SFR/HCN luminosity ratio as a proxy for the star formation
efficiency of dense molecular gas as a function of X,. Points are
color-coded according to their environments. Vertical dashed lines show
the surface density thresholds of ~10 Mg, pc~2 and ~200 M, pc~2, pre-
viously defined in Bigiel et al. (2008). The horizontal shaded region
shows a range of 400—500 Lo/Mo.

nearly constant SFEg4.pse of ~400Ly/Mg. The lowest SFE ense
in this regime have lines of sight at the bar.

The center of NGC 253 is characterized by strong tidal forces
and generally high pressure, typical also for other galaxies (see
Gallagher et al. 2018a). Therefore, tidal forces may impact the
fraction of gas that is self-gravitating, which can lead to a reduc-
tion in the observed SFEgese When, at the same time, some part
of the HCN-emitting gas is prevented from being in a state to
collapse and form stars. Therefore, we suggest that the elevated
average cloud density characteristic of the high-pressure central
environment (Gallagher et al. 2018a) implies that a greater por-
tion of the cloud emits HCN in the central regions of NGC 253.

The observed behavior of SFEg4ense presented in Figure 10
may result in the non-constant conversion factor Xycn. When
Xucn varies, the relation between HCN luminosity and dense
gas mass becomes non-linear, and consequently, the SFEgense
will have intrinsic scatter. At the spatial scales probed in this
work (300 pc), the temporal and environmental effects impact
observed SFEgense, Which are averaged out at larger scales.

In addition, it is important to consider the caveats of using
the HCN emission as a proxy of dense gas, which has become
especially important in regions with high mean gas density. As
seen in Figure 10, SFE e reaches a regime of 400—500 Ly /Mg
at which SFE4ense becomes constant, also found in previ-
ous studies (Shirley & Evans 2003; Scoville & Wilson 2004;
Thompson et al. 2005; Wu et al. 2010). In these high-density
regimes, the HCN(1-0) emission does not necessarily probe
pure star-forming gas, as, for example, in other regions, where
mean gas densities are comparable or lower than the critical den-
sity of HCN(1-0) (Leroy et al. 2017a; Besli¢ et al. 2021). Alter-
natively, higher J transitions of HCN can better probe dense
gas mass relative to the average gas density in these regions.
Therefore, excited HCN emission could be used to derive the
Xucn factor at higher densities and constrain the dense gas mass,
which is beyond the scope of this work.
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Fig. 11. Ability of dense gas to form stars, traced by the IR/HCN lumi-
nosity ratio, as a function of the HCN velocity dispersion measured
from spectral decomposition analysis. We color-coded each point by
the environment.

5.2. Star formation efficiency and velocity dispersion

In this section, we investigate how the IR/HCN luminosity (and
Lir /Mgense) ratio varies with velocity dispersion and environ-
ment in NGC 253. We show the SFEg4.sc as a function of the
HCN velocity dispersion inferred from SCOUSE decomposition
(Section 4) in Figure 11. Similarly, as in Figure 8, data points
populate two distinct parts of Figure 11. The first group of data
points is located in the upper left part of the figure, showing
HCN velocity dispersions lower than 40 km/s, whereas the sec-
ond group shows opgen >40km/s and lies at the bottom right
part of the figure.

The first group of data points consists of lines of sight from
the ring and spiral arms, whereas the central lines of sight are in
the second group. Lines of sight from the bar and the disk are
found in both groups. The IR/HCN luminosity ratio decreases
with increasing HCN velocity dispersion. This decrease is sig-
nificantly steeper for data points with higher velocity disper-
sions. It is worth pointing out that the systemic rotation velocity
is not necessarily resolved at our scales, which causes line broad-
ening at the center. In addition, the observed anticorrelation
between IR/HCN and oycn comes from the correlation between
CO and HCN intensities and their respective line widths. We
note that, at the scales of our observations, the systemic rota-
tion velocity is not fully resolved, which also broadens observed
lines.

Nevertheless, broader molecular lines imply lower effi-
ciency of such gas at star formation, and our results indi-
cate that gas turbulence could be suppressing star formation
(Padoan & Nordlund 2011; Meidt et al. 2018). Similar results
are found in M 51 and NGC 3627 (Querejeta et al. 2019;
Besli¢ et al. 2021): central sight lines show broader emission
lines, but the ability of such gas for star formation is reduced.
Murphy et al. (2015) compared SFR/HCO* with HCO* line
widths in the nuclear region and bar ends in NGC 3627 and con-
cludes that the velocity dispersion of molecular is an important
factor in setting star formation.
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6. Discussion

6.1. Enhancement of the HCN/CO(2—-1) ratio in the inner
2kpc of NGC 253

In the following, we briefly discuss our results presented in Sec-
tions 3.1 and 3.2. As seen in Figure 3, the HCN integrated inten-
sity generally decreases toward the higher galactocentric radii.
The steepest change in the HCN intensity occurs in the inner
2 kpc region of NGC 253. Such behavior has been observed in
previous studies probing similar or even smaller spatial scales
(Beslic¢ et al. 2021; Neumann et al. 2023). Similarly, by looking
at the radial trend of HCN/CO(2-1) intensity ratio (Figure 4),
we observe change by a factor of ~7 in the inner 2kpc, at the
location of a bar in NGC 253. The reason for such a steep
decrease of the HCN, but also the CO(2-1) intensities could
be due to the bad influence. However, we speculate that other
mechanisms impact this enhanced HCN/CO(2-1) intensity ratio
in the case of NGC 253. The starburst in this galaxy drives
the outflow seen in various gas phases: in ionized gas (Ha and
X-ray (Strickland et al. 2000, 2002; Westmoquette et al. 2011;
Lopez et al. 2023), neutral gas (Heckman et al. 2000), warm
H, (Veilleux et al. 2009), OH both in emission and absorp-
tion (Turner & Ho 1985; Sturm et al. 2011). Moreover, this out-
flow contains a significant amount of dust (HST observations,
Watson et al. 1996), molecular gas, based on ALMA CO(1-0)
observations (Bolatto et al. 2013; Krieger et al. 2020), and dense
molecular gas traced by HCN emission (Walter et al. 2017,
Krieger et al. 2017).

The enhanced HCN/CO(2-1) in the bar toward the cen-
ter of NGC 253 and the bimodal distribution for the bar sight
lines in HCN/CO(2-1) have a few possible interpretations. On
the one hand, we might witness a molecular gas flow, and
there is a chance that enhanced HCN/CO(2-1) points in the bar
originate from the molecular wind, as shown in Walter et al.
(2017). On the other hand, beam-smearing effects caused by
a high galaxy inclination are not negligible. Therefore, we
may detect the emission from the center within the bar. More-
over, Paglione et al. (2004) found high gas densities traced by
CO(1-0) emission near the inner Lindblad radius (~300 pc,
Iodice et al. 2014) and along the bar’s minor axis. We investigate
these sight lines to explore further and explain the enhancement
in HCN/CO(2-1).

The bar’s data points that form the upper locus of HCN/CO(2—
1) (right panel of Figure 4) have values above 0.1. After inspecting
the data points that cause the upper locus in the HCN/CO(2-1),
we find that these points lie along the minor axis in NGC 253, that
is, where we expect to see the outflow. It is worth noting that the
spatial scales probed by our data are not sufficient to resolve the
outflow. Nevertheless, it is still possible to see the signs of the out-
flow within the spectra. Walter et al. (2017) observed the wind in
NGC253in CO(1-0) emission and found a separate velocity com-
ponent at intermediate (—4" to —10") offsets from the major axis.
Therefore, we plot the HCN spectrum, including the decomposed
emission derived from SCOUSE (Section 4) toward the sight lines
with enhanced HCN/CO(2-1) found along the minor axis, toward
the direction of the brightest, southwestern (SW) streamer of the
outflow (negative offsets from the minor axis). We show these in
Figure 12. Each spectrum is colored by the HCN/CO(2-1) line
intensity ratio.

Across all these points, we observe that the HCN emission
consists of two components, the dominant one (dashed line) cen-
tered at velocities higher than 243 km s~!, and a second one (solid
line) centered at velocities lower than —43 km s~!, consisted with
the value for the outflow, v = —43 km s~! (Walter et al. 2017). We
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show this velocity as a solid black line in Figure 12, and systemic
NGC 253 velocity as a black dashed line.

Walter et al. (2017) calculated HCN/CO(1-0) line intensity
ratio in the outflow and the disk of NGC 253. This study found
that the HCN/CO(1-0) is ~0.1 in the outflow and three times
lower value in the disk (1/30). We estimate the HCN/CO(1-0)
ratio from our measurements. We use a mean R,; ratio of 0.8
measured in NGC 253 (Zschaechner et al. 2018). After apply-
ing the R, ratio, sight lines with enhanced HCN/CO(2-1) line
intensity ratio (from 0.1 to 0.12) correspond to values within the
0.080 to 0.096 range in HCN/CO(1-0). Therefore, the molecu-
lar outflow could explain the enhanced HCN/CO(2-1) intensity
ratio found along the minor axis.

6.2. Molecular gas kinematics

The inner 500 pc region of NGC 253, also called the cen-
tral molecular zone (CMZ), is characterized by a strong dust
continuum emission (Leroy et al. 2018). The giant molecular
clouds found in the CMZ of NGC 253 (Leroy et al. 2015) are
more massive and have higher velocity dispersion than the
GMCs in the Milky Way (Krieger et al. 2020). These clouds
contain young massive clusters, bright in continuum and line
emission (Leroy et al. 2015, 2018), with detected large-scale
outflow in dense molecular (Levy et al. 2021) and ionized gas
(Mills et al. 2021).

Meier et al. (2015) provided a schematic representation of
the central region in NGC 253, demonstrating its interesting and
complex structure. These authors found that the nuclear disk
has an inner and outer region (~170 pc and ~400 pc). The inner
nuclear disk contains high-density molecular gas and intense
star formation. In contrast, the outer nuclear disk is considered
the region where gas flows inward along the large-scale bar
(Sorai et al. 2000; Paglione et al. 2004; Meier et al. 2015).

We show the position—velocity diagram in Figure 13 of the
centroid velocities of HCN emission from the SCOUSE as a
function of the offset from the galaxy’s minor axis. Each point
is color-coded by the HCN/CO(2-1) integrated intensity and
the environment. The HCN/CO(2-1) is derived from the inte-
grated intensities calculated from SCOUSE (see Section 7). Bar
sight lines tend to form a “parallelogram”-shaped feature in the
pv plane, previously seen in CO(1-0) (Sorai et al. 2000) and
CS(2-1) emission (Peng et al. 1996), consistent with gas flow-
ing in a bar potential (Binney et al. 1991; Athanassoula 1992;
Peng et al. 1996; Sormani et al. 2015). We note that there are
more data points on the leading side of the bar (bottom left part
of Figure 13), which is indicative of molecular gas concentra-
tions caused by a non-axisymmetric bar potential (Kuno et al.
2000). The velocity gradient is steepest in the bar and center
and shallow in the ring and spiral arms. As the molecular gas
travels from the outer disk, it starts losing angular momentum
at galactocentric radii lower than the corotation radius ~3—4 kpc
(Iodice et al. 2014), and is accreted onto the ring. The rotation
curve within the ring is almost flat, causing the crowding of
molecular gas, which is likely supported by the observed nar-
row, single-peaked HCN spectral features.

6.3. Star formation efficiency

In Figure 14, we summarize previous HCN surveys and studies,
including recent ones (for example, results from the ALMOND
survey Neumann et al. 2023). We show the relation of HCN
luminosity and dense gas mass relation to star formation on the
top left panel of Figure 14, and to the TIR/HCN luminosity ratio
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Fig. 12. HCN spectrum taken along the minor axis. Left: bar sight lines in NGC 253. We label major and minor axes. Colored points are sight lines
showing enhanced HCN/CO(2-1) emission in the direction of the SW streamer (Walter et al. 2017) and that contribute to the bimodality seen in
Figure 4. Colors correspond to their HCN/CO(2-1) intensity ratio shown in the colorbar. Right: HCN spectra toward the data points located along
the minor axis in NGC 253 shown on the left. Each spectrum is colored by the HCN/CO(2-1) ratio shown on the colorbar. All these data points
are located along the SW streamer (Walter et al. 2017). The black dashed line shows NGC 253 systemic velocity of 243 kms™! (see Table 1). The
black solid line represents the vy, = 200km ™! velocity at which Walter et al. (2017) observed the outflowing component in CO(1-0) emission.

and Lir /Mgense (top right panel, see also Jiménez-Donaire et al.
2019).

We observe an approximately linear correlation between IR
and HCN luminosities. As seen from the top panels of Figure 14,
the literature overview shows this correlation spanning more
than ten orders of magnitude, covering a wide range of physical
scales, from dense clumps and cores (a few parsecs; Wu et al.
2010; Stephens et al. 2016) within the Milky Way, to GMCs in
local and nearby galaxies (Chin et al. 1997, 1998; Braine et al.
2017; Brouillet et al. 2005; Buchbender et al. 2013; Chen et al.
2017; Querejeta et al. 2019), measurements of resolved galaxy
disks (a few kpcs Kepleyetal. 2014; Useroetal. 2015;
Bigiel et al. 2016; Chenetal. 2015; Gallagher et al. 2018b;
Tan et al. 2018; Jiménez-Donaire et al. 2019; Jiang et al. 2020)
to whole galaxies and their centers (Gao & Solomon 2004;
Gao et al. 2007; Krips et al. 2008; Gracia-Carpio et al. 2008;
Juneau et al. 2009; Garcia-Burillo et al. 2012; Crocker et al.
2012; Privon et al. 2015; Puschnig et al. 2020). By observing
this trend, a direct conclusion is that denser molecular gas
implies a higher star formation rate.

Therefore, we investigate how our results fit the relation-
ship between star formation and dense molecular gas within
the literature. We also include measurements from this work
on NGC 253, colored by different regions in this galaxy in
Figure 14.

Our measurements span approximately three orders of mag-
nitude in IR luminosity and dense gas mass. Lines of sight
from NGC 253 fall into the same region of the SFR-HCN plane
as measurements of whole galaxies and parts of galaxies. The
center of NGC 253 contains the largest amount of dense gas
and shows the highest star formation activity, unlike the rest
of the NGC 253’s environments. By contrast, in the top right
panel, we note that regions with the brightest HCN emission in
NGC 253 have the lowest SFEgens.. This is in agreement with
previous studies. For instance, the CMZ, the densest and most
active region in our Galaxy, shows an order of magnitude lower
SFR than those predicted from measurements of dense molec-
ular gas (Longmore et al. 2013; Henshaw et al. 2023). In extra-
galactic work, Jiménez-Donaire et al. (2019) and Neumann et al.
(2023) observed reduced SFEge,s toward centers of nearby
galaxies, despite containing most of the Mgy and the highest
Jaense- Querejeta et al. (2019) have shown that gas in spiral arms

has large SFEgense in M 51. Similarly, bar ends in NGC 3627
show higher SFE 4. than the center of this galaxy (Besli¢ et al.
2021).

To first order, this relation seen in top panels of Figure 14
suggests a universal density threshold above which gas starts
to form stars (Lada et al. 2012). However, the systematic scat-
ter in the right panel in Figure 14 implies that not all dense gas
is equally efficient at star formation, that is, SFEgen is environ-
mentally dependent. On the one hand, this could imply a physi-
cal change in Lir/Mgense, possibly driven by dynamical effects
such as turbulence and stellar feedback (Padoan & Nordlund
2011; Federrath & Klessen 2012) that become important at
GMC scales (Gallagher et al. 2018b; Querejeta et al. 2019;
Séanchez-Garcia et al. 2022; Neumann et al. 2023). In addition,
as previously discussed in Section 5.1, a systematic variation in
Xuen can cause the observed scatter. On the other hand, even in
the case of a constant conversion factor between the HCN lumi-
nosity and dense gas mass, it is possible that HCN might not be
areliable linear tracer of Mgense, resulting in not all HCN-tracing
gas taking part in star formation.

In the bottom panels of Figure 14, we compare our results
with other HCN observations across other starburst systems. We
show measurements from Kepley et al. 2014 across the nearby
starburst galaxy M 82 at slightly smaller physical scales (200 pc)
than our work the sample of ULIRGs from Garcia-Burillo et al.
(2012), and sight lines from the galaxy merger, Antennae at
700 pc (Bigiel et al. 2015). LIRGs and ULIRGs show elevated
IR and HCN luminosity, two orders of magnitude higher than
starburst systems. M 82 sight lines appear to have higher IR
luminosity than NGC 253. The center of M 82 exhibits the
brightest HCN emission (gray diamonds in the bottom row of
Figure 14 Kepley et al. 2014), although it is fainter than the HCN
emission toward the center of NGC 253. M 82 and NGC 253
are both typical starburst galaxies. However, these galaxies go
through a different evolutionary phase (Rieke et al. 1988) and
have different magnitudes of starburst. NGC 253 is in the ear-
lier starburst stage than M 82 (~10 Mg yr~! Telesco et al. 1991).
In addition, M 82 is a gas-rich starburst triggered by a major
interaction with M 81. Therefore, we expect a higher fraction of
HCN-tracing gas across NGC 253.

Looking at the top right panel in Figure 14, we note scatter
in the IR/HCN ratio of ~3 dex for all sources. Overall, among
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Fig. 13. Position—velocity diagram (pv) of the HCN emission in NGC 253. The y-axis shows the centroid velocities from the spectral decompo-
sition, and the x-axis shows the angular distances from the minor axis of NGC 253. We color-coded points by their HCN/CO(2-1) ratio derived
from SCOUSE, and the size of each point corresponds to the HCN velocity dispersion.

each source presented in this figure, we observe that lines of
sight with the highest HCN luminosities have the lowest star
formation efficiencies, except M 82, where this trend is unclear.
LIRGS and ULIRGS (Garcia-Burillo et al. 2012), together with
measurements of M 82 (Kepley et al. 2014), have the highest star
formation efficiencies.

The results discussed in this section are consistent with the
known role of the HCN-tracing gas in star formation, that is,
that higher HCN luminosity implies higher star formation rate,
but that the scatter in IR/HCN as a function of HCN luminosity
is not negligible. We observe environmental dependence on the
observed IR/HCN with dense gas mass, as confirmed in several
previous studies (Jiménez-Donaire et al. 2019). However, The
still observed scatter remains to be explained by future more sen-
sitive, high-resolution observations across nearby galaxies that
can probe the physical properties of individual molecular clouds.

7. Summary

We present new ALMA ACA+TP observations of HCN emis-
sion at 300 pc scales across the closest southern starburst galaxy
NGC 253. These observations cover a large portion of the
NGC 253 disk that contains 95% of detected CO(2—-1) emission
obtained by ALMA ACA, and 85% of the star formation activ-
ity measured from ancillary infrared data at 70, 160, and 250 pm
obtained by the Herschel Space Telescope (Pilbratt et al. 2010).
Our work investigates the HCN line intensity distribution, its rela-
tion to the CO(2—1) emission, gas kinematics traced by this molec-
ular line, the ability of gas to form stars, and the environmental
dependence of these properties. Here we summarize our results:
— We used two independent methods to derive the integrated
intensity of HCN emission. The first approach is based on
calculating the zeroth moment map and extracting the infor-
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mation of HCN emission from it. In contrast, the second one
uses information derived from the spectral decomposition of
the observed emission along each line of sight. By perform-
ing spectral decomposition, we gain insight into the velocity
components that contribute to the observed line emission at
each point.

Our results derived from both methods are in good agreement.
We find environmental differences in the observed HCN emis-
sion across NGC 253, particularly in regions closer to the cen-
ter and regions in the disk. The HCN emission is strongly
enhanced toward the center of NGC 253, and its intensity
decreases by two orders of magnitude along the bar. HCN
intensity weakly varies along the ring, spiral arm, and disk.
In addition, the HCN spectrum shows complexity and envi-
ronmental dependence. In the inner 2 kpc region, we observe
multiple velocity structures in the HCN and CO(2-1) spec-
tra. Using spectral decomposition, we find up to three sep-
arate velocity structures in the central and bar sight lines,
indicating that our observations probe multiple gas flows.
Moreover, HCN and CO(2-1) spectral lines within the ring
structure and spiral arms are mainly single-peaked and sig-
nificantly narrower than the spectra from the inner regions.
Our results support the idea that the molecular gas sits in the
ring, after which it is inflowing toward the nuclear region
along the bar.

We investigate the HCN/CO(2-1) line intensity ratio and its
environmental distribution in NGC 253. We find that the
HCN/CO(2-1) distribution within the bar shows bimodal
behavior, which is a consequence of beam-smearing effects
and a possible indication of the molecular outflow found in
Walter et al. (2017). A nearly constant HCN/CO(2-1) inten-
sity ratio within the ring, in line with the flattened rotational
curve of CO at this region, suggests that molecular gas traced
by HCN emission gets piled up in that region.
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Fig. 14. Summary of previous dense gas studies. Top left: literature overview of the infrared luminosity (a proxy for the star formation rate) as
a function of the HCN luminosity (a proxy for dense molecular gas), that is, the Gao and Solomon relation (Gao & Solomon 2004). We show
measurements of whole galaxies and their centers at a few kpcs (see the legend in the upper and the lower-left of the panel), Milky Way clouds
(a few pc scales - see legend on the bottom right), including measurements across NGC 253 (this work - see the legend on the right central part)
(Jiménez-Donaire et al. 2019). The dark red line shows a 500 M/Ls, which corresponds to a upper limit reported in Scoville & Wilson (2004) and
Thompson et al. (2005). Top right: same as in the left panel, but we are now showing SFE .., traced by the IR/HCN luminosity ratio on the y
axis. In both panels, the black solid line shows the mean IR/HCN luminosity ratio measured by the EMPIRE survey (Jiménez-Donaire et al. 2019).
Black dashed lines show the 1o RMS scatter of +0.37 dex in units of Ly/(K kms™' pc?). Bottom row: zoomed-in view of the field from Figure 14,
where we show NGC 253 sight lines, points from the nearby starburst galaxy M 82 (Kepley et al. 2014), the merging system of the Antennae
galaxies (Bigiel et al. 2015), and a sample of LIRGs and ULIRGs (Garcia-Burillo et al. 2012). Axes are the same as of the panels at the top row.
Data points from Kepley et al. (2014) have different shades of gray that corresponds to the distance to the center of M 82, where the darkest points
have the smallest galactocentric distances.

— The majority of the decomposed HCN emission has an asso- the CO(2-1). In contrast, in inner regions, the percentage of
ciated CO(2-1) component. All lines of sight in the ring, associated components is somewhat lower, which could be
spiral arms, and disk have HCN emission associated with due to opacity broadening, a lower signal-to-noise ratio in
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HCN than CO(2-1) emission, but also because some of the
CO(2-1) is diffuse and does not contain HCN. Together with
spectral complexity, we find the environment to be the driver
of the measured HCN velocity dispersion and broader HCN
lines in regions with different dynamical characteristics.

— Wider CO(2-1) profiles contain wider HCN emission lines,
and CO(2-1) emission lines are broader than HCN lines,
suggesting that HCN-tracing gas arises from smaller spatial
structures. This result aligns with turbulence theory, which
predicts that high-density gas is mostly seen at the stagna-
tion regions of larger-scale convergent flows.

— We investigate the ability of the gas to form stars as a function
of the relative amount of HCN-traced molecular gas to bulk
molecular gas. Lines of sight with the highest HCN/CO(2-
1) ratio appear the least efficient at star formation (the lowest
IR/HCN). This result suggests that the processes that regulate
star formation vary with the environment.

Our work illustrates the importance of mapping the spatially
resolved emission of the molecular gas tracing star-forming con-
tent on the example of NGC 253. In this work, we also analyze
the spectrum of these lines along individual lines of sight. We
highlight the necessity of extending our understanding of dense
gas properties across starburst systems such as NGC 253 since
they provide additional constraints on the dense gas properties
in the vicinity of extreme physical conditions, particularly in its
center.

Data availability

The reduced HCN map is available at the CDS via
anonymous ftp to cdsarc.cds.unistra. fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra. fr/viz-bin/cat/J/
A+A/689/A122
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Appendix A: Molecular surface density
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Fig. A.1. Molecular surface density map of NGC 253 derived from CO(2-1) emission.

We show X in Figure A.1. The production of this map is Appendix B: Star formation surface density
described in Section 2.3. In this work, we used a specific region
of CO(2-1) emission, highlighted by the dashed white rectangle
in Figure 1.

In Table B.1 we show coeflicients used to compute the star for-
mation surface density, whose map we show in Figure B.1.
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Fig. B.1. Star formation surface density map of NGC 253 using Herschel data.

Table B.1. Coefficient for the calculation total infrared surface density (Equation 3, Section 2.4) taken from Galametz et al. (2013).

j=A4[nm] Cj

70 1.018 + 0.021
160 1.068 + 0.035
250 0.402 + 0.097
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Appendix C: Spectral decomposition using
SCOUSE

In our work, we use the Semi-automated multi-COmponent Uni-
versal Spectral-line fitting Engine (SCOUSE) (Henshaw et al.
2016, 2019), which is the spectral decomposition algorithm
that defines where the line is located within the spectrum and
describes such lines using Gaussian fitting. SCOUSE consists of
four steps. In the first step, we define a spatial area over which
we want to fit the spectra by creating a grid of macro pixels
called Spectral Averaging Areas (SAAs). The size of a SAA is
a free parameter. In our case, each SAA contains 4 pixels. The
spectrum of each SAA represents the averaged spectrum of all
the spectra within pixels contained in the SAA. In the second
phase, SCOUSE fits each SAA’s spectrum and suggests a model
solution assuming the Gaussian line profile. The model solution

within each SAA consists of the detected number of Gaussian
components and the fitting parameters: the amplitude, the cen-
troid velocity, and the line width. In case when SCOUSE cannot
find a proper solution for a fit, the user can manually change
the requested signal-to-noise ratio in order for fitting parameters
to converge or fit the respective spectrum manually by select-
ing the location of the spectral line within the spectrum, its peak,
and the brightness temperature at which the spectrum reaches the
50 % of its peak. After completing the second phase, SCOUSE
has a model solution of each SAA’s spectrum and uses these to
fit pixels within each SAA. In the third phase, the user checks
the SCOUSE’s model solutions for each pixel. Like the second
phase, the user can change the number of Gaussian components
and their fitting parameters. The location of each pixel in the
map and SCOUSE solutions for their spectrum are saved in the
textual file in the final, fourth phase.
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