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Abstract

We present a spatially resolved excitation analysis for the central molecular zone (CMZ) of the starburst galaxy NGC 253
using the data from the Atacama Large Millimeter/submillimeter Array Comprehensive High-resolution Extragalactic
Molecular Inventory, whereby we explore parameters distinguishing NGC 253 from the quiescent Milky Way’s Galactic
center (GC). Non-LTE analyses employing a hierarchical Bayesian framework are applied to Band 3—7 transitions from
nine molecular species to delineate the position—position—velocity distributions of column density (Vy,), volume density
(np,), and temperature (Ty;,) at 27 pc resolution. Two distinct components are detected: a low-density component with
(nw,, Tian) ~ (1033 cm~3, 85 K) and a high-density component with (ny,, Tiin) ~ (10** cm™3, 110 K), separated at
ny, ~ 1038 cm=3. NGC 253 has ~10 times the high-density gas mass and ~3 times the dense-gas mass fraction of the
GC. These properties are consistent with their HCN/CO ratio but cannot alone explain the factor of ~30 difference in
their star formation efficiencies (SFEs), contradicting the dense-gas mass to star formation rate scaling law. The ny,
histogram toward NGC 253 exhibits a shallow declining slope up to ny, ~ 10% cm™3, while that of the GC steeply drops
in gy, > 10*° cm~ and vanishes at 10° cm . Their dense- C-gas mass fraction ratio becomes consistent with their SFEs
when the threshold ny, for the dense gas is taken at ~ 10*2~*%cm . The rich abundance of gas above this density range
in the NGC 253 CMZ, or its scarcity in the GC, is likely to be the critical difference characterizing the contrasting star
formation in the centers of the two galaxies.

Unified Astronomy Thesaurus concepts: Star formation (1569); Giant molecular clouds (653); Starburst galaxies
(1570); Galactic center (565); Interstellar medium (847)

1. Introduction 2005) makes it an ideal target to study the physical and

NGC 253 is an archetypal starburst galaxy in the nearby chemical environments for highly active star formation (SF). In
universe, whose relative closeness (D = 3.5 Mpc; Rekola et al. particular, a comparison between the central molecular zone
(CMZ) of NGC 253 and the Galactic center (GC) of the Milky
Way (MW) provides insights into the conditions distinguishing
starburst and quiescent galaxies (Paglione et al. 1995;
Sakamoto et al. 2011; Leroy et al. 2015; Krieger et al. 2020).

Original content from this work may be used under the terms . o . . .. .
of the Creative Commons Attribution 4.0 licence. Any further While they exhibit contrasting SF activities, they are similar in

distribution of this work must maintain attribution to the author(s) and the title total stellar mass (Bailin et al. 2011; Lich'ia & Newman
of the work, journal citation and DOIL. 2015) and share many common physical characteristics. The
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molecular gas in their central region, and the giant molecular
clouds (GMCs) in their central regions are both in a barred
potential and characterized by high temperature and density
(Nagai et al. 2007; Mangum et al. 2013, 2019; Rosenberg et al.
2014; Gorski et al. 2017; Pérez-Beaupuits et al. 2018; Tanaka
et al. 2018), an elevated degree of turbulence (Tsuboi et al.
1999; Shetty et al. 2012; Rathborne et al. 2014; Krieger et al.
2020; Tanaka et al. 2020; Harada et al. 2022; Huang et al.
2023), and enhanced cosmic-ray ionization rate (CRIR; Oka
et al. 2005; Goto et al. 2008; Belloche et al. 2013; Harada et al.
2021; Holdship et al. 2021, 2022; Behrens et al. 2022).
However, the dense-gas content with molecular hydrogen
volume density (ny,) of >10* cm > of the GC is dominated by
quiescent gas lacking cluster formation, in stark contrast to the
NGC 253 CMZ, which harbors 14 embedded young massive
clusters (Leroy et al. 2018). The overall star formation rate
(SFR) of the CMZ of NGC 253 is 2 orders of magnitude higher
than that of the GC (Ott et al. 2005; Kauffmann et al. 2013),
which is approximately an order of magnitude higher than the
molecular gas mass ratio of the NGC 253 CMZ to the GC
(Dahmen et al. 1998).

The dispersion of star formation efficiencies (SFEs) of
molecular clouds and galaxies, where SFE refers to the SFR per
unit molecular gas mass, are observationally related to the
difference in dense-gas fraction (fpg), which represents the
mass fraction of gas immediately responsible for SF (Solomon
et al. 1992; Gao & Solomon 2004; Lada et al. 2012). The
HCN/CO luminosity ratio is the most commonly used measure
of fpg, as HCN 1-0 luminosity was considered to trace the
dense-gas mass with np, 2 3 X 104 cm™3 (Gao & Solo-
mon 2004; Lada et al. 2012). The HCN/CO ratio of NGC 253
is a few times that of the GC (Paglione et al. 1995; Sakamoto
et al. 2011), being qualitatively consistent with the higher SFE
of NGC 253. However, this difference in fp is still by an order
of magnitude smaller than that in their difference in SFE,
apparently contradicting the scaling relation between the dense-
gas mass and SFR. This case with the NGC 253 CMZ and the
GC can be regarded as a striking example of the ~1 dex
dispersion of the SFR/HCN ratio among extragalactic sources
(e.g., Usero et al. 2015; Bigiel et al. 2016; Gallagher et al.
2018; Jiménez-Donaire et al. 2019; Neumann et al. 2023). Such
dispersion is attributed to the environmental dependence of the
threshold ny, for SF based on the turbulent cloud model (e.g.,
Krumholz & McKee 2005) and deficiency of the HCN/CO
ratio as an accurate measure of the dense-gas fraction (e.g.,
Kauffmann et al. 2017; Barnes et al. 2020; Jones et al. 2023).

Accurate measurement of ny, is crucial to addressing the
above issues. Luminosity-based measurements of ny, based on
multiline excitation analysis have been reported toward
NGC 253 (Rosenberg et al. 2014; Pérez-Beaupuits et al.
2018; hereafter R14 and P18, respectively) and the GC (Nagai
et al. 2007; Mills et al. 2018; Tanaka et al. 2018). These studies
consistently indicate that both NGC 253 and the GC have
multicomponent molecular gas consisting of a relatively low-
density (ny,~ a few 10* cm ) component mainly traced by
low- to mid-J CO lines and a higher-density (ny,~ a few
10*7% cm™>) component visible in high-density tracers such as
HCN and high-J CO lines. A multicomponent gas was also
detected in measurements of the gas kinetic temperature (7y;,)
both for NGC 253 (Mangum et al. 2013; Gorski et al. 2017)
and for the GC (Arai et al. 2016) from excitation analysis of the
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NH; inversion lines. However, the ny, values and mass
fractions of the dense-gas components differ among the authors
depending on the analysis method, the tracer lines used, and the
spatial resolution, leaving the comparison of the dense-gas
properties in NGC 253 and the GC not straightforward.

Further spatially resolved measurement of ny, was per-
formed for the GC. Tanaka et al. (2018; hereafter T18)
conducted spatially resolved excitation analysis using GC
survey data of 13 transitions from nine molecular species
(°CO2-1, HCN1-0 and 4-3, H”CN1-0, HCO" 1-0,
H"CO" 1-0, HNC 1-0, p—H,CO29,-1¢; and 303202
CS2-1, N,H" 1-0, SiO2-1, and HC3N 10-9). They con-
structed position—position—velocity (P-P-V) cubes of the
physical condition parameters and molecular abundances at a
spatial resolution of 60” = 2.4 pc. They found that signatures
of SF were limited to dense-gas clumps with typical
ny, 2 10% cm™3 and argued that the scarcity of such high-
density clumps is one reason for the suppressed SF in the GC
(Tanaka et al. 2020). For the NGC 253 CMZ, however, the
previous ny, measurements (R14 and P18) were performed
with the luminosity-based CO spectral line energy distribution
(SLED), and hence the spatial distribution of ny, and its
correlation with SF activities remain yet to be fully
investigated.

By exploiting large-scale molecular line survey data at
millimeter—submillimeter wavelengths accessible with the Ata-
cama Large Millimeter/submillimeter Array (ALMA), it is now
possible to simultaneously delineate the spatial variation of ny,,
Txin, and hydrogen column density (NVy,) even in relatively distant
sources. In this paper, we apply the same analysis as T18 to the
NGC 253 CMZ by utilizing the unprecedentedly rich spectral data
from the ALMA Comprehensive High-resolution Extragalactic
Molecular Inventory (ALCHEMI) program (Barrientos et al. 2021;
Harada et al. 2021, 2022; Holdship et al. 2021, 2022; Martin et al.
2021; Behrens et al. 2022; Haasler et al. 2022; Huang et al. 2023;
Humire et al. 2022). The ALCHEMI survey (Martin et al. 2021)
covers the 84-373 GHz frequency range at a 1”6 (=27 pc) spatial
and 10kms™" velocity resolution, including all tracers used in
the T18 analysis. The richness of the spectral data with high
enough spatial resolution ensures a reliable comparison of the
P-P-V distributions of Ny,, Ty, and ny, to those of the GC with
less ambiguity due to differences in the analysis settings. With this
analysis, we discuss the fundamental differences that distinguish
starburst and quiescent GMCs based on the physical condition
parameters, not only on the line intensities.

The remainder of this paper is structured as follows.
Section 2 outlines two statistical models for parameter
inference: the hierarchical Bayesian (HB) method and the
standard nonhierarchical Bayesian (NHB) method. We also use
four different input data sets from ALCHEMI and T18, which
are described in Section 3. The results of the analysis are
presented in Section 4. A comparative study with previous
works, including a comparison between NGC 253 and the GC,
is made in Section 5. The final section (Section 6) summarizes
the important results of this article.

2. Method
2.1. Outline of the Analysis

Different molecular lines probe different 7y, and ny, ranges
depending on their upper-state energies and transitional critical
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densities. Physical conditions can be constrained by solving the
equations of molecular line excitation of multitransition data.
GMC complexes generally consist of multiple components
with different physical conditions, making the results of the
excitation analysis dependent on the choice of input lines when
the spatial resolution is insufficient to resolve the multi-
component gas. The analysis is also affected by the statistical
modeling employed in the parameter inference.

In this paper, we perform five different analyses for the
NGC 253 CMZ using three input data sets (Low-density, High-
density, and Minimal data sets) and two statistical frameworks (HB
and NHB). The Low- and High-density data sets probe molecular
gas components with ny, ~ 103 cm™> and >10*cm ™, respec-
tively. We can approximately decompose multiple component
molecular gas in the NGC253 CMZ by applying excitation
analyses independently for these two data sets. We will perform
both the HB and NHB analyses for them to examine the effect of
the choice of the statistical framework on the outputs. In addition
to the main analyses using the Low- and High-density data sets, we
perform a supplementary analysis using the “Minimal” data set.
This data set is a common subset of the above two data sets for the
NGC 253 and the data set used for the GC in the T18. It consists of
five molecular lines that are barely sufficient to determine 7, and
ny, simultaneously. By using the same data set for the NGC 253
and the GC, we can exclude bias due to the selection of tracer lines
in comparing their results.

In addition to the above five analyses for the NGC 253 CMZ,
we also perform a reanalysis for the GC using the Minimal data
set. The GC result is used for comparison with the result of the
Minimal data set for the NGC 253 CMZ.

The following subsections describe the model parameters,
non-LTE excitation analysis, statistical frameworks, and data
sets used in these analyses.

2.2. Model Parameters and Non-LTE Excitation Analysis

Table 1 lists the parameters required to calculate model line
intensities that can be directly compared to the observed data.
The parameter space includes the physical and chemical
conditions, Ty, ny,, dNy,/dv, fractional abundances of the
molecules involved (x,q1), and ['2C) / ["*C] isotopic abundance
ratio (R;3). We assume R;3 is common for all 13C—bearing
species except for '*CO, though the ['*C] / ['*C] isotopic ratio
may differ among species due to chemical fractionation and
selective photodissociation effects. The assumption of common
R,3 is supported by the ALCHEMI comzpact array data (Martin
et al. 2021), which show a consistent [l Cl/ [13C] isotopic ratio
for the high dipole moment molecules used in the present
analysis. The '*CO is treated differently from other '*C-bearing
species. We fix x01('3CO) at the value taken from Martin et al.
(2019), as xyo (F3CO) cannot be accurately constrained from
our input data set as we describe later in Section 3.2.

The line intensities are calculated by solving the non-LTE
rate equations, where the large velocity gradient (LVG)
approximation (Goldreich & Kwan 1974) is employed to
evaluate the opacity effect. The coefficients of the radiative and
collisional transitions are taken from the Leiden Molecular and
Atomic Database (LAMDA; Schoier et al. 2005). The collision
coefficients of HCN, p — H,CO, and HC;N are not provided
for temperatures high enough to cover the full 7y;, range of the
present analysis, which is 1000 K. We applied constant
extrapolation for the coefficients outside the temperature range
given in the tables. References for the collision rates of
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Table 1
Model Parameters and Hyperparameters

Parameter Description

p; (parameter vector at ith voxel)

log,ydNy,/dv hydrogen column density per unit velocity
width in units of cm~2 (km s~ 1)~!
log; Tiin gas kinetic temperature in units of K
log;nu, hydrogen volume density in units of cm >
1og; ) Xmo1 (X) fractional abundance of molecule X relative to
H,
log,, Ri3 ['2C]/['3C] isotopic abundance ratio
log,, ¢; ¢-parameter; related to the beam-filling factor
by®d=1—¢ "
€; (nonstatistical error vector at ith voxel)
€ik nonstatistical relative error of the kth line
intensity /ratio
0 (hyperparameter)
n location vector of the multivariate log-student
prior of p;
% scale matrix of the multivariate log-student
prior of p;
o scale parameters of the log-normal prior of ¢;

individual species are provided in Table 2. The escape
probabilities are calculated assuming spherical geometry. We
do not consider excitation through IR pumping, as the analysis
of the HCN and HNC intensity ratio has shown that IR
pumping is unlikely to be the dominant excitation mechanism
in the ALCHEMI data (Behrens et al. 2022). We will also
examine the effect of the IR pumping independently later in
this paper (Section 4.8.4). The LVG-calculated intensities are
converted into the observable intensities by multiplying by the
beam-filling factor (®). We introduce the ¢ parameter, which is
related to ® as P=1— ¢ ?, so that ® is constrained to the
range 0-1 for ¢ > 0. We represent the above parameters at the
ith spaxel by the parameter vector p; = (p;), where j indexes
the individual parameter elements. All parameters are in the
base-10 logarithm scale. We fix a few parameters to obtain
reliable results from currently available observational informa-
tion, of which details are given in Section 3.5.

The observed intensities are also practically dependent on
nonstatistical errors, which may arise from calibration
uncertainties and model deficiencies, such as the breakdown
of the ideal LVG approximation. We assume the nonstatistical
errors to be multiplicative and represent the relative errors by
the vector €; = (€y), where subscripts i, k index the spaxels and
lines, respectively.

In addition to the above fundamental parameters, we also use
a composite parameter representing the beam-diluted column
density: (N, )beam = P - Np,, which is a direct measure of the
gas mass contained within a spaxel. This paper uses simplified
symbols for the primary parameters dNy,/dv, M, N,

v
Tiin, R13, and ¢, represented by N, (N), n, T, R, and ¢,
respectively. They are primarily used in subscript indices of
vectors and matrices; for instance, p;y denotes the dNy,/dv
value at ith spaxel.

2.3. Hierarchical Bayesian Analysis

The HB analysis (Kelly et al. 2012, T18) can handle
problems including nonstatistical errors, whose values are
difficult to infer with the standard maximume-likelihood (ML)
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Table 2
Input Data Sets

Data Set Molecule Transitions Frequency E,/kg log, o Merit” Collisional Excitation Rate References
(GHz) (K) (em™)
Low-density co 41-0 115.2712 5.5 33 Yang et al. (2010)
41 230.5380 16.6 3.8
432 345.7960 33.2 42
3co 41-0 110.2014 53 33 Yang et al. (2010)
41 220.3987 15.9 3.8
432 330.5880 31.7 42
c'®o 1-0 109.7822 53 33 Yang et al. (2010)
2-1 219.5604 15.8 3.8
3-2 329.3306 31.6 42
High-density HCN 1-0 88.6316 43 6.4 Dumouchel et al. (2010) ?
€32 265.8864 255 7.0
4-3 354.5055 425 73
HCO™ 1-0 89.1885 43 5.4 Flower (1999)
32 267.5576 25.7 6.4
4-3 356.7343 42.8 6.6
HNC ©32 271.9811 26.1 6.8 Dumouchel et al. (2010)
CS €32 146.9690 14.1 5.8 Turner et al. (1992)
6-5 293.9121 49.4 6.6
Sio 3-2 130.2686 12.5 5.8 Balanca et al. (2018)
5-4 217.1050 31.3 6.4
HC;N 14-13 127.3677 45.8 5.4 Faure et al. (2016) °
17-16 154.6573 66.8 5.6
NoH" 3-2 279.5117 26.8 6.3 Flower (1999)
4-3 372.6725 44.7 6.6
p — H,CO 202-lo1 145.6029 10.5 5.7 Wiesenfeld & Faure (2013) °
305202 218.2222 21.0 6.1
351220 218.7601 68.1 5.6
HI3CN 3-2 259.0118 249 7.0 Green & Thaddeus (1974)
4-3 345.3398 414 7.2
H"*cO™* 3-2 260.2553 25.0 6.3 Flower (1999)
4-3 346.9983 41.6 6.6
13¢s 3-2 138.7393 13.3 5.7 Turner et al. (1992)
Minimal HCN °1-0
°4-3
p — H,CO 303202
321220
Bco -1
Notes.

 Collision coefficients are provided for temperatures up to 500 K.
® Collision coefficients are provided for temperatures up to 300 K.

¢ According to the definition of n; given in Equation (4) of Shirley (2015); ni = A; /> k=vix for the i — j level transition, where A and +y are the Einstein A

coefficient and collisional excitation rate, respectively.
4 Used for the pre-analysis filtering of low-S/N spaxels. The cutoff level is 3.
€ Same as (d), but the cutoff level is 2.

analysis. The inclusion of nonstatistical errors often makes the
number of degrees of freedom less than zero. The HB analysis
can also explicitly forbid artificial (anti)correlation among the
parameters by using appropriate hyperprior functions. The
following outlines the HB framework we utilized in this paper;
we refer readers to T18 for details on the method.

Let V= {v;}, where the elements of vector v; = {vy}
represent the kth line intensity at the ith spaxel. The present
analysis uses raw line intensities or intensity ratios as v;. Then
the hierarchical posterior probability is given by Bayes’
theorem;

Pr(P, &, 6|V) = Pr(V|P, &) - Pr(P, &9) - Pr(0), (1

where Pr(:|-) denotes the conditional probability density func-
tion (PDF), P = {p;}, and £ = {¢}. The function Pr(P, £|6) is
the prior probability, which is the conditional PDF of P and £
when the hyperparameter 6 is given. The hyperparameter 6
consists of the location (@) and scale parameters () of the
prior function. The scale parameter > is further decomposed
into the scaling diagonal matrix S and correlation matrix R as
3 =SRS. The PDFs of the hyperparameters are given by the
hyperprior function Pr(#). Here and henceforth, normalization
constants of PDFs are omitted whenever possible. The function
forms of Pr(V|P, &), Pr(P, &), and Pr(f) adopted in the
present analysis are described in Appendix A.
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The final product of the HB inference is the marginal
posterior Pr(P|V), which describes the probability distribution
of the model parameters. The marginal posterior is obtained by
integrating Pr(P, &, 6])) over the nuisance parameters, i.e.,
(hyper)parameters not of immediate interest;

Pr(P|V) = f dEdO - Pr(P, &, O]V). )

2.4. Nonhierarchical Analysis

We compare the results of the HB analysis with those
obtained from a more conservative analysis adopting the
nonhierarchical posterior function. The posterior probability in
the NHB framework is

Pr(P, EIV) = Pr(VIP, &) - Pr(P, &). 3)

The likelihood function Pr(V|P, £) is the same as that used in
the HB analysis. The prior function Pr(P, £) is not
hierarchical, i.e., not parameterized by variable hyperpara-
meters. The function form Pr(P, £) is chosen to be
noninformative so that the analysis becomes essentially
identical to the standard maximum-likelihood method. The
details of the nonhierarchical posterior are given in
Appendix B.

3. Data
3.1. Two-component Model

The physical condition parameters deduced from the
excitation analysis for a nonuniform medium depend on the
critical density (n.;) and the upper-state energy (E,) of the
input lines. Figure 1 shows the posterior PDFs calculated using
the median intensities from two different data sets chosen from
the ALCHEMI survey. One is calculated from the line intensity
ratios among the 1-0, 2—1, and 3-2 transitions of c®o (labeled
“C'80” in the figure), and the other is from the median 4-3/
3-2 ratios of H’CN and H'>CO™, and the 3, ,-250/303202
ratio of p-H,CO (labeled “High-density” in the figure). A
relative uncertainty of 15% is conservatively assumed for all
line intensities (Martin et al. 2021). The posterior PDFs were
calculated using the nonhierarchical model, where Ty, and ny,
are taken as the free parameters and the other parameters are
fixed at typical GC values given in the figure caption. The 95%
credible intervals of the two results do not overlap in the given
parameter space, strongly suggesting that the two data sets trace
different components of molecular gas, which likely corre-
sponds to multiple components found in the dust and molecular
line SEDs (R14; P18; Gorski et al. 2017; Mangum et al. 2019;
Humire et al. 2022). A similar multicomponent gas was also
reported for the GC (Nagai et al. 2007; Mills et al. 2015; Arai
et al. 2016; Krieger et al. 2017, and T18).

In the present analysis, we separate the input data into two
groups, i.e., the Low-density and High-density data sets, and
apply a one-zone model for each. We adopt this simplified
approach because a bona-fide multicomponent analysis
requires too many free parameters to constrain from the
available observational information. The Low-density and
High-density data sets comprise CO lines and high-density
tracer lines, respectively, whose details are given in the next
subsections (Sections 3.2, 3.3). This method assumes that the
lines in the Low- and High-density data strictly trace the low-
and high-density components, respectively, such that no line
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has significant emission from both components. This is a
reasonable approximation for the high-density tracer lines
(e.g., T18). The CO lines may have intense emission both from
the low- and high-excitation gas when they are optically thick,
which may cause an overestimate of ny, of the low-density
component; however, the previous CO SLED analyses
(R14; P18) show that the lowest-density component dominates
the J < 3 transitions of CO. Although the CO SLED analyses
show a third component with Ty, ng,~ 110-160 K,
10°°%*cm ™3 (R14; P18), we do not consider this highest-
excitation component in this analysis, as its mass is
approximately 2 orders of magnitude smaller than the second
component mass. In addition, we exclude transitions with high
E, (E,/kg > 70 K) from the High-density data set to suppress
the contamination from the highest-excitation component
(Section 3.3).

It should also be noted that the validity of the one-zone
approximation needs verification, in particular for the high-
density component. For example, star-forming dense gas
generally consists of multiple components with different
physical characteristics probed by different molecular lines,
which cannot be spatially resolved with the ALCHEMI beam
size of 27 pc. The present analysis treats the breakdown of the
one-zone model by introducing the error parameter € in the
Hierarchical analysis, which enables us to estimate averaged
physical conditions over multiple physical components co-
existing in a beam. This also means that the results of the HB
analysis may differ from the physical conditions deduced from
fewer molecular lines; we will investigate the species-to-
species difference in their excitation conditions in a later
section (Section 4.8.4).

In addition to the Low- and High-density data sets, we use a
subset consisting of five transitions commonly included in the
two data sets and the transitions used in the T18 analysis. We
refer to this data set as the “Minimal data set” hereafter. In
addition to the main analysis using the High-density data set,
we perform the HB analyses utilizing the Minimal data set both
for NGC 253 and the GC. Their results are expected to be more
suitable for comparisons between the NGC 253 CMZ and the
GC than the main analysis and the T18, as they are free from
the potential bias arising from the selection of tracer lines.

In the following, we describe the details of the three data
sets. All of the data cubes for the NGC 253 CMZ are taken
from the ALCHEMI survey data (2017.1.00161.L; Martin et al.
2021). The data cubes are convolved into an angular resolution
of 1”76 at a 0745 grid spacing and velocity channel bins of
20km s~ width. We show the integrated intensity maps of the
used transitions in Appendix D.

3.2. Low-density Data Set

The Low-density data set consists of the J = 1-0, 2-1, and 3-2
transitions of CO, 13CO, and C'®0. Their optically thin critical
densities and upper-state energies are log,, nri/cm—> ~ 34, and
E,/kg ~ 5-30 K, respectively. To limit the analysis to emissions
detected with sufficient signal quality, we applied a signal-to-noise
ratio (S/N) cutoff of 3 to all CO and "*CO measurements. Only
spaxels with both CO and '*CO intensities above this S/N cutoff
are included in the analysis.

The present analysis approximates that the beam-filling
factor ¢ is common for all lines at each spaxel; however, the
'2CO lines are expected to have significantly large ® because
of their large optical depths of ~10. The breakdown of the
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Figure 1. Posterior probabilities calculated from the intensity ratios of the
C"™0 lines (green contours; labeled “CISO”) and those from the H'3CN,
H'®CO", and p—H,COlines (red contours; labeled “High-density”).
Contours indicate 20%, 50%, 80%, and 95% credible intervals.
Parameters other than Ty;, and ny, are fixed at typical values in the GC

(Tanaka et al. 2018): ¢ =0.1, % =102 cm~2(km s, x,0(CO) =
1074, Xpmol (HBPCN) = 10781, x,0i(HBCO™) = 10723, and xpoi(p — H2CO) =
10733, The two line groups represent two independent physical components
whose ny, differ by ~1 dex.

approximation of common & may lead to a significant
underestimation of the '?CO beam-filling factor, and hence
an overestimation of their undiluted intensities. This is
problematic because the undiluted '*COJ = 1-0 intensity
almost directly determines Ti;, because of its high opacity and
low nicgy. To avoid this problem, we use the 3-2/1-0 and 3-2/
2-1 intensity ratios as the input data for the '*CO lines instead
of their absolute intensities. As a drawback, we cannot
determine the isotopic abundances with sufficient accuracy
because of the lack of absolute '2CO intensities. Hence, we fix
Ry5 at 21 according to Martin et al. (2019) in the analysis using
the Low-density data set. We also assume a constant
[COl/ [C180] isotopic abundance of 130 (Martin et al. 2019)
for consistency.

Figure 2 shows an example of the excitation analysis using
the Low-density data set, which includes the marginal posterior
Pr(P|V) calculated using the NHB method. The input
intensities V' are averages over the central 10” radius. The
posterior probability shows a highly elongated shape on the
Tyin—7n, plane, indicating the strong degeneracy of the two
parameters.

3.3. High-density Data Set

The High-density data set is selected from the transitions of
the molecules used in the T18 analysis (HCN, HCO*, HNC,
CS, SiO, HC;N, N,H™, p —H,CO, and their "*C isotopolo-
gues) using the following criteria:

1. ncritZIOS cm in the optically thin limit and the upper-
state energy E,/kg S70K,
2. negligible confusion from adjacent lines,
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3. spatial distribution widespread over the entire CMZ (not
applied to '*C isotopologues),

4. no prominent self-absorption dips toward the TH2
position, and

5. more than one transition or isotopologue line that satisfies
criteria 1-4 in the ALCHEMI data.

The selected lines are shown in Table 2. Criterion 1 is used to
select high-density tracers while avoiding potential contamina-
tion from local high-temperature spots such as embedded hot
cores. Criterion 4 is necessary to avoid confusion with self-
absorption features. TH2 is an intense nonthermal continuum
source (Turner & Ho 1985; Ulvestad & Antonucci 1997),
toward which deep self-absorption dips are detected in low-
frequency bands of the ALCHEMI data. All optically thin
transitions of the molecules in the High-density data set in
Band-3 do not satisfy criterion 4. As an exception to the above
criteria, we include HNC 3-2 in the data set to use it as a proxy
of H, though it does not satisfy criterion 5. Low-S/N
measurements were excluded in the same manner as in the
Low-density data set. The lines used in the pre-analysis
filtering of the low-emission spaxels are marked in Table 2;
relatively abundant species in Bands 4 and 6 were chosen for
the filtering. The cutoff S/N level is set to be 2, though the
cutoff level of 3 is used for the Low-density data set. We adopt
a lower cutoff level so that the High-density data set has a P—
P-V coverage close to the Low-density data set while keeping
sufficient quality.

The problem of the coupling between Ty;, and the beam-
filling factor ® is not critical in the High-density data set, as the
High-density set does not contain high-® and low-n; lines
such as COJ = 1-0. With the High-density data set, Ty, is
mainly determined by the p—H,CO 351-250/303202
intensity ratio (Mangum et al. 2019), which is unaffected by
$ when ® is common for the two transitions. Hence, the
absolute intensities are used as the input for all lines in the
High-density set. As the absolute intensities of HCN, HCO™,
CS, and their B¢ isotopologues are available, we do not fix the
Ry3 value and treat it as a probability variable in the analysis
with the High-density data set.

Figure 3 shows an example of excitation analysis using the
High-density data set averaged over the central +10” region.
The optimal Ty;, and ny, values are relatively well determined
compared with the Low-density analysis (Figure 2), owing to
the inclusion of the two p-H,CO lines, whose intensity ratio
only weakly depends on ny,. However, parameter degeneracy
is still identified in the Nyg,—ny, and Ty;,—ny, planes, which can
cause artificial anticorrelation between P—P-V distributions of
these parameters.

3.4. Minimal Data Set

From the lines commonly included in the High-density data
set and T18 data sets, we selected five lines (13CO 2-1,
HCN 1-0 and 4—3, and pP— H2CO 30?3—20’2 and 32’1—22,0; listed
in Table 2). The p — HyCO 3, -2, 0/30.3—202 intensity ratio is
a good Ty, probe as mentioned above, which effectively
resolves the Tyi,—ny, degeneracy in the HCN 4-3/1-0 ratio.
Thus, this data set is expected to allow physical condition
measurements of the high-density component with low
degeneracy. Note that this is not the unique selection of the
smallest data set required for a nondegenerate solution in
general; however, we refer to this data set as “Minimal” as it
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Figure 2. Example of the excitation analysis using the Low-density data set averaged over the central 10” radius. The posterior probability calculated using the NHB
analysis is shown in the dNy,/dv—Tyi,—ny, parameter space, with contours drawn at 20%, 50%, and 90% credible intervals. The molecular abundances are fixed at
Xmot (3CO, C'%0) = 107332, 1070 assuming xp,,0(CO) = 107, A relative uncertainty of 15% is assumed for all line intensities according to Martin et al. (2021).

comprises the minimum necessary transitions that can be
constructed from the intersection of the High-density data set
and the T18 data set.

All transitions qualify the same criteria for the High-density
data set except for '>CO 2-1, which does not satisfy criteria 1
and 2. We include '*CO 2-1 to use it as an approximate Ny,
tracer independent of the HCN and H,CO intensities, similar to
the T18 analysis. Although the '>CO 2-1 line may not be an
ideal tracer of the high-density component due to its low n, of
~10*%em ™3, it is still useful for an approximate measure of
Ny, on the assumption that the high-density and low-density
components have similar large-scale mass distribution patterns
in the P—P-V space. Indeed, T18 found good correlations
between intensities of representative high-density tracer lines
(HNC 1-0 and HCO" 1-0) and CO 2-1-based column
density for the GC. We will verify the correlation between Ny,
of the low- and high-density components for the NGC 253
CMZ, based on the analyses using the Low- and High-density
data sets in a later section (Section 4.5). More accurate Ny,

tracers, such as higher-J '*CO lines or '*C isotopologues of
high-density tracer lines, are not available for the GC or do not
satisfy criterion 5.

The Minimal data set for the GC is prepared using the data
compiled from Jones et al. (2012), Ginsburg et al. (2016),
and T18. All GC data are re-gridded to the same angular and
velocity griddings and resolutions as those in TI8, i.e.,
30" x 30" x 10kms~' and 60” x 60” x 10kms™"', respec-
tively. The angular resolution of 60” corresponds to 2.4 pc at
the distance to the GC (8.18 kpc; Gravity Collaboration et al.
2019). We refer readers to T18 for a detailed data description.

Figure 4 shows an example of the joint posterior probability
of Ny, Txin, and ny, calculated using the averaged intensities of
the Minimal data sets over the central 10” region. The posterior
probability shows two local maxima. The lower-Ny, solution at
dNy,/dv ~ 102 cm~2(km s~!)~! is not consistent with the
High-density result (Figure 3), and hence the higher-Ny, peak
at dNg,/dv ~ 10%'° cm~2(km s~")~! is likely to represent the
true physical conditions of the high-density component. The
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Figure 3. Same as Figure 2, but for the NHB analysis with the High-density data set.

higher-Ny, solution shows Ti;, ~ 100K, which is approxi-
mately consistent with the High-density analysis, as Ty;, values
are predominantly determined by the p — H,CO lines for both
analyses. The ny, value is relatively poorly determined, and its
50% interval spans over more than an order of magnitude
around the higher-Ny, solution. Hence, analysis using the
Minimal data set is less accurate than that using the High-
density data set, reflecting the limited number of input
transitions in the former. We also note that the HCN and
p — H,CO lines may be biased to relatively high-temperature
gas likely associated with turbulence (T18). In this sense, the
High-density data set better represents the entire high-density
component that includes both turbulent and quiescent regions
than the Minimal data set.

3.5. Fixed Parameters

We have to fix the abundance of one molecular species in
each data set to use it as a proxy for H,. We assume
Xmol(CO) = 107* in the analysis with Low-density and
Minimal data sets, i.e., the same assumption as in T18. We

use HNC to measure Ny, for the High-density data set as HNC
is considered as a “neutral” species in the GC, in the sense that
HNC 1-0 is the best correlated with the dust 500 pm flux in the
Band-3 lines of the high dipole moment molecules analyzed
by T18 (HNC, HCN, HCO™, CS, SiO, HC;N, N,H™, and
p — H,CO). T18 has also shown that HNC is one of the species
with the least spatial variation in the fractional abundance
(~0.1 dex in rms at a 27 pc resolution) in the GC. For the
NGC 253 CMZ, Behrens et al. (2022) reported a factor of ~2
variation in the [HCN]/[HNC] abundance ratio among the
major GMCs. This [HCN]/[HNC] variation is similar to that in
the GC (T18), which would allow us to assume that the
Xmot (HNC) variation in the NGC 253 CMZ is also similar to
that in the GC. We assume Xpyo (HNC) = 4 x 10~% for the
NGC 253 CMZ, which is estimated by multiplying the typical
Xmol (HNC) in the GC, 2 x 10~® (T18), by the NGC 253-to-GC
ratio of the HNC 1-0/'°CO 2-1 intensity ratio, 2. We will
verify this assumption by comparing the derived dense-gas
mass to the previous CO SLED results (Section 5.2.1).
Breakdown of the constant x.,, (HNC) approximation is a
potential source of systematic errors in Ny,, but it does not
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Figure 4. Same as Figure 2, but for the NHB analysis with the Minimal data set.

critically affect the excitation analysis as the line intensities
depend on the column densities of individual molecules, not
on NHz'

We fix Rj3 =21 in the analysis using the Low-density data set
as already mentioned in Section 3.2. The same R,5 value is applied
to the Minimal data sets both for NGC 253 and the GC, which is
used to translate N (13CO) into Ny, Although the GC has a
slightly higher R;; value of ~25 (Langer & Penzias 1990,
1993; T18), we ignore the difference to make the comparison
between the two galaxies easier. We have to consider this
simplification and the uncertainty in x,, (CO) when we compare
Ny, of NGC253 and the GC. We also fix the [C'®0]/["*CO]
abundance in NGC 253 at the value in Martin et al. (2019), i.e.,
Xmol (C'30) = 7.8 x 1077, for the purpose of consistency.

4. Results
4.1. Analysis Runs

We ran six analyses using the two statistical modelings (HB
and NHB) and three data sets (High-density, Low-density, and
Minimal; abbreviated as High, Low, and Min, respectively)

described in the previous sections. Table 3 tabulates the
combination of the statistical modelings and data sets used in
individual analysis runs. We conducted both HB and NHB
analyses for each of the High- and Low-density sets to verify
the effect of the prior probability. Only the HB analysis was
applied to the Minimal sets of the ALCHEMI and MW data;
the NHB analyses were not necessary for them, as their validity
can be verified through comparison with the results with the
High-density data set and the TI18 results. We refer to
individual analysis runs by the combination of the abbrevia-
tions of the names of the data set and the statistical framework
used, e.g., “High-HB” for the HB analysis with the High-
density data set, and so on. Table 3 also summarizes the fixed
parameters in individual analysis runs described in Section 3.5.

For each analysis run, the marginal posterior function
Pr(P|V) (Equations (2) and (B2)) was numerically calculated
by employing the Markov Chain Monte Carlo (MCMC)
method, where the hybrid Monte Carlo method (Duane et al.
1987) was employed; details of the sampling method are
provided in T18. Examples of the MCMC results including
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Table 3
Analysis Runs
Run Name Data Set Statistical Modeling Fixed Abundance Ri3
High-HB High-Density HB Xmol(HNC) = 4 x 1078 Variable
High-NHB High-Density NHB Xmol (HNC) = 4 x 108 Variable
Low-HB Low-Density HB Xmol (CO) = 1074, xpo1(C180) = 7.8 x 1077 21
Low-NHB Low-Density NHB Xmo1 (CO) = 1074, xpo1(C130) = 7.8 x 1077 21
Min-HB Minimal HB Xmol (CO) = 1074 21
GC-HB Minimal (MW) HB Xmol (CO) = 107 21

trace plots and corner plots of the posterior function are
provided in Appendix E.

The marginal posteriors of the individual P elements, i.e., all
parameters at all spaxels, are calculated based on the MCMC
results after convergence. The marginal posteriors are reduced
into P—P-V cubes of individual parameters by adopting the
medians and 50% credible intervals as the representative value
and uncertainty, respectively. Poorly determined values with
50% credible intervals above 0.3, which corresponds to the
relative uncertainty of >41% in the linear scale, are excluded
from the final cubes.

Table 4 shows the flux coverage of the Low-HB and High-
HB analyses, which we define as the fraction of molecular line
fluxes included in the region where the HB analyses were
successful (i.e., the credible interval of (Ny,)peam is less than
0.3 dex) to the total fluxes. The total fluxes were measured over
the spaxels where the CO 1-0 intensity is above 50. We find
that 290% of the fluxes of the primary gas mass tracers (the
3CO and HNC transitions) and 77%-89% of the fluxes of the
CO transitions and the J>3-2 transitions of major high-
density tracers (HCN, HCO", and HNC) were covered by the
present analysis, with the lower excitation transitions having
the lower flux coverages. Table 4 also shows that ~35% of the
total flux of HCN 1-0 and HCO™ 1-0, which are frequently
used dense-gas mass tracers, are missed by the High-HB
analysis.

We also evaluated the optical depths of the transitions used
in the analysis from the parameters obtained from the Low-HB
and High-HB analyses. Detailed descriptions of the calculation
and the results are provided in Appendix F.

4.2. Hierarchical versus Nonhierarchical Analysis

In addition to the P—P-V distributions of the individual
parameters, we also calculated their medians (fi;) and the
covariance matrix (I?,-j) at every MCMC step, whereby
constructing their marginal posteriors. Similarly to P, the
median and 50% credible intervals of the marginal posteriors
are adopted as the representative values and uncertainties of
these statistical properties. Table 5 shows [, of dNy,/dv,

M, ny,, Tiin, ¢, and I?,»j for important parameter pairs.
Note Vthat they are similar to, but not equal to the
hyperparameters g and R, which are the location and the
correlation coefficient parts of the scale matrix X~ of the log-
Student prior function (see Appendix A for their definitions), as
the actual parameter distribution is not determined only by the
truncated log-student prior distribution, but by the whole
posterior function.

Table 5 shows that the NHB results (High-NHB and Low-
NHB) show large negative correlation coefficients between
several parameters: Ry, and Ry, in the High-NHB result, and

10

Table 4
Flux Coverage

Analysis Molecule Transition Flux Coverage
Low-HB Cco 1-0 0.85
2-1 0.84
3-2 0.87
Bco 1-0 0.92
2-1 0.94
3-2 0.97
High-HB HCN 1-0 0.65
3-2 0.83
4-3 0.89
HCO™ 1-0 0.64
3-2 0.83
4-3 0.89
HNC 3-2 0.89
CS 3-2 0.77
6-5 0.88

Ry, and Ry, in the Low-NHB, reflecting their degeneracy in the
excitation equations. These correlation coefficients are positive
or only slightly negative in the High-HB and Low-HB analyses
compared with their respective NHB counterparts, indicating
that the HB analyses suppressed the anticorrelation from the
parameter degeneracy.

Another significant difference is identified in fi; for dNy,/dv,
ny,, and ¢ of the High-HB and High-NHB results; in particular,
fiy and fi,, are 0.83 dex higher and 0.55 dex lower in High-HB
than in High-NHB, respectively. This inconsistency likely
originates from the Ny,—npy, degeneracy in the excitation
equations with the High-density set, which is exemplified in
Figure 3. A similar but smaller difference in dNy,/dv and ny, is
also present between the Low-HB and Low-NHB results.
However, the combination of the low dNy,/dv and high ny, in
the High-NHB result yields too small a spatial scale of
Ny,/np, = 3.8 x 1073 (krf:f])pc, where Av is the typical
velocity width. If we assume a typical cloud radius (r) of
0.1-10 pc, this Ny, /ny, yields a typical velocity dispersion ()
of 262600 kms ', which is obviously too large compared
with the r—o, relation for the NGC 253 CMZ (Krieger et al.
2020). The same estimate using the High-HB result yields
Ny,/np, = 9.1 x 1072 (k]f:fl) pc. This size scale gives o, of
1-100kms™" for r of 0.1-10 pc, which better fits the r—o,
relation.

The above comparison indicates that the HB analysis was
able to provide more reasonable P—P-V distributions of the
physical conditions than the standard NHB analysis. Therefore,
we adopt the Low-HB and High-HB results as the final results
for the low- and high-excitation components in the rest of this
article. However, the validity of the hierarchical framework
needs verification, as the hyperprior function enforcing




THE ASTROPHYSICAL JOURNAL, 961:18 (41pp), 2024 January 20

Tanaka et al.

Table 5
Analysis Results: Statistical Properties

~a

i R
iorij N (V) n T R P Nn No n
Unit (cm2(km s~ (cm2(kms~Hh (em™?) (K)
Low-NHB 21.28 20.23 3.16 1.86 1.32 -0.92 0.11 —-0.73 —0.68
Low-HB 21.37 20.19 2.95 1.86 1.32 —1.18 0.84 —-0.02 0.48
High-NHB 20.69 19.91 4.62 2.20 1.72 —-0.69 —-0.72 —-0.07 —-0.42
High-HB 21.52 20.56 4.07 1.99 1.78 —0.95 0.13 —0.15 0.76
Min-HB 21.10 20.18 3.86 1.96 1.32 —0.91 0.46 —-0.01 0.68
GC-HB 21.25 20.68 3.99 1.92 1.32 —-0.50 0.56 —0.03 0.12

Notes. Median values fi; and correlation coefficients Ié,»j of the parameters. N,

 In base-10 logarithm scale.

nonnegative correlations between Ny, Tkin, 7p,, and ¢ possibly
creates artificial parameter distributions in the HB results. The
Low-HB results need particularly careful verification, as the
Low-HB analysis relies on the prior and hyperprior probabil-
ities to resolve the severe parameter degeneracy shown in
Figure 2. The effect of the logistic hyperprior is discussed in
section Section 4.8.1.

4.3. Distributions of Nu,, nu,, and Ty,

Figures 5-7 show the P-P-V distributions of the Low-HB,
High-HB, and Min-HB results, respectively. The results of the
nonhierarchical analyses for the NGC 253 CMZ (Low-NHB and
High-NHB) and the HB analysis for the GC (GC-HB) are
presented in Appendix G. The cubes of (Ny, )beam. 7n,, and Tiip
are projected onto the P—P and P-V 2D images. The P—P image of

d <NHz>beam ; and the

v
other P—P and P-V images show the (Ny, )peam-Weighted averages
of the nonblank spaxels along the respective projection axes.”> The
position axis of P-V images is taken in the major axis direction
indicated in the figure, whose position angle is 55° (Leroy et al.
2015). All P—P and P-V images of the Low-HB and High-HB
results show smooth continuous distribution though the
analysis is on a per-spaxel basis. The Min-HB images are less
smooth than the Low-HB and High-HB images, with a
nonnegligible number of discontinuous pixels near emission
peaks; this discontinuity is created by the blank spaxels whose
50% credible interval exceeds 0.3 due to insufficient
decoupling of the model parameters.

The (Ny,)beam distributions basically follow the intensity
distributions of the N, tracers (‘*CO, C'®0, and HNC lines).
The high— Ny, Jbeam Tegion is concentrated in the central £10”
region along the major axis of the CMZ, which harbors stellar
clusters and star-forming dense clumps (Sakamoto et al. 2011;
Leroy et al. 2018; Mills et al. 2021; referred to as the “central
starburst region” hereafter). The highest (Ny, )peam is found
toward the position of GMC6 identified by Leroy et al. (2015;
denoted by an open triangle in Figures 5 and 6) in the Low-HB
and High-HB results, whereas no particular (Ny, )peam peak is
present toward the TH2 position (denoted by a cross in
Figures 5-7) at the resolution of the ALCHEMI data in all

(N, )beam Shows a velocity integration of

2 (Nu, )beam-Weighted average of parameter X means ZOiNiX;

d <NH2 >beam
dv

where ®;, N,

= >

and X; stand for the ith spaxel values for @,
along the projection axis.

, and X, respectively,

d
(N), n, T, and R denote dNy,/dv,
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N Dbes .
%, Ny, Txin, and Ry3, respectively.

results. The central starburst region has also higher Ty, and ny,
than the outer region. The Ti;, enhancement in the central
starburst region is approximately consistent with the spatial
distribution of the CRIR measured by Behrens et al. (2022),
which could support the picture that the cosmic-ray heating
dominates the molecular gas heating in the NGC 253 CMZ
(Behrens et al. 2022).

We may consider the possibility that the co-enhancement of
ny, and Ty, in the high-Ny, region is artificially induced by the
logistic hyperprior function for R, which explicitly forbids
anticorrelation between these parameters. In particular, the
Low-HB result shows a remarkably tight Ny,—ny, correlation
coefficient of 0.84, which is close to the maximum allowed by
the hyperprior function. This high correlation coefficient
possibly indicates an insufficient decoupling of dNy,/dv and
ny, in the excitation analysis, as the hierarchical hyperprior
gives higher values for solutions with higher Ny,—ny,
correlation when the two parameters degenerate in the
excitation equations. However, the overall ny, distribution in
the Low-HB results is similar to that in the High-HB results as
we will see in detail in the following subsections (Sections 4.4,
4.5). As the High-density data set does not suffer the parameter
degeneracy as we have seen in Section 3.3, this similarity
between the Low-HB and High-HB results suggests that the
artificial effect on the ny, and Ty, result is limited, though the
correlation coefficient between Ny, and np, is possibly
overestimated for the Low-HB results. In a later subsection
(Section 4.8.1), we will also show that the effect of the
hierarchical prior function on the analysis results is not critical
at least for the High-HB results based on analysis of the PDF of
the R matrix.

4.4. High-temperature Features

Both in the Low- (Figure 5) and High-density (Figure 6)
results, high-Ty;, regions are predominantly found in the high-
(NH, )beam Spaxels toward the central starburst region. This
overall Ty, distribution is reasonably explained as due to
cosmic-ray heating as discussed in Section 4.3. Meanwhile, we
have detected several high-Ty;, features outside the central
high-Ny, region either in space or velocity, which are not
associated with known heating sources. In the following, we
briefly describe these high-Ti;, features commonly found in the
Low-HB, High-HB, and Min-HB results, which are labeled
as A1-A4, B (red and blue), and GMCla in Figures 5-7. The
P—P-V positions of A1-A4 and GMCla are shown in both the
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Figure 5. Position—position (left column) and position—velocity (right column) images of (N, )beams 1, and Ty, of the Low-HB run (from top to bottom). The
relative coordinate from the phase center of the ALCHEMI observation (auicgs, Oicrs) = (0M47™335 26, —25°17’17/ 7) (Martin et al. 2021) along the major and
minor axes is overlaid on the P-P maps with a 10” grid spacing. The position angle of the major axis is 55°. The P—P and P-V images of (N, )beam Show the velocity

integration and latitude average of T over nonblank P—P-V spaxels, respectively. The other P-P and P-V images show Ny,-weighted averages along the respective
projection axes. The positions of TH2 and two GMCs (GMC1la and GMC6; their positions are taken from Huang et al. 2023 and Leroy et al. 2015, respectively) are
denoted by cross and open triangle marks, respectively, in the P—P images. The labels A1 through A4 show the P—P-V positions of the high-Ty;, features described in
Section 4.4. The off-plane high-T7y;, spots are denoted by open and closed rectangles for the northern (A1 and A2) and southern (A3 and A4) spots, respectively, both

in the P—P and P-V images.

P-P and P-V images, whereas B-red and -blue are shown only

in the P-V images.

The P—P image of Ty;, in Figure 5 shows four high-T;, spots
that are approximately +5”—10" from the major axis of the
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CMZ, which are labeled A1-4. Spot Al also appears in the
High-HB and Min-HB maps (Figures 6-7), while the other
three spots are outside the spatial coverage of the High-density
and Minimal data sets. Their projected locations, apparently at
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Figure 6. Same as Figure 5, but for the High-HB result.

high latitudes from the CMZ plane, may indicate that they are
shocked gas at the interface between the molecular gas and the
large-scale outflow (Bolatto et al. 2013). Indeed, A2 and A4
coincide with the SW and NW streamers, respectively, which
consist of the western edge of the molecular outflow.
Another prominent high-Ty;, feature is found in the lower-
most LSR velocities (~100-200 km s~ ') in the central starburst
region in the P-V diagram of the Low-HB and High-HB
results, which is labeled B-blue in the figure. Its red-shifted
counterpart, B-red, is also found in the Low-HB P-V diagram
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of Tin in 300-450 km s~ ! velocities. Their spatial distributions
are consistent with that of the main velocity component of the
central starburst region in 200-300km s~ velocities, suggest-
ing that this high-velocity warm gas is associated with the
shocked GMCs detected in the SiO and HNCO analyses
(Huang et al. 2023).

Finally, a high-Ty;, spot is detected toward GMCla (Huang
et al. 2023), which is near the southwestern end of the CMZ.
This feature is clearly visible in the P—P and P-V images of
Txin of the High-HB and Min-HB results, where a pair of high-
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Figure 7. Same as Figure 5, but for the Min-HB result.

velocity gas with Ty, ~ 100-150 K is detected at the low- and
high-velocity ends. The GMCla was detected as the high-T;,
spot A7 in the NH; inversion line study by Gorski et al. (2017).
The H, and HNCO column densities from the High-HB result
and Huang et al. (2023), respectively, show that GMCla has a
remarkably high [HNCO]/[H,] ratio of 10~7-, which is by
more than an order of magnitude enhancement from the values
in the GMCs in the central starburst region. Gorski et al. (2017)
showed that the GMCla/A7 is adjacent to an expanding shell-
like structure of dense gas accompanied by class-I methanol
masers. Hence, the GMCla could be mechanically heated by a
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supernova remnant shock or shocks induced by cloud—cloud
collisions associated with the expanding shell. The dynamical
timescale of the expanding shell estimated from the radius (30
pec) and the expanding velocity (~60 kms™"), 0.5 x 10° yr, is
approximately consistent with the shock timescale estimated by
Huang et al. (2023).

4.5. Low-HB versus High-HB Analyses

Figure 8 compares the (Ny, )beam» Tkin» and ny, of the Low-
HB and High-HB results in scatter plots. All parameters show



THE ASTROPHYSICAL JOURNAL, 961:18 (41pp), 2024 January 20

Tanaka et al.

a(N, _
logg < }121> b /e~ (kms™!) ' logyg Thin/K logyp np,/cm”*
22.0 — - 6.0
235",
p = 0.87 Ao 08d 7 p=0.79
21.5 "y
2.2
21.0
= =
< 20.5 < 2.0
80 .0
= =
20.0
1.8
19.5—— £
Vil B
s 16
19'019 20 21 22 1.5 2.0 2.5 3.0 3'%.5 3.0 3.5 4.0
Low-HB Low-HB Low-HB

Figure 8. Spaxel-by-spaxel scatter plots of the parameters (N, )beams Tkin» and ny,) from the High-HB results vs. those from the Low-HB results. The colored
contours indicate 2D histograms at relative frequencies of 5%, 20%, 50%, and 70%. The correlation coefficient (p) is given in each panel. The dashed blue lines are for

the same parameter values from the Low-HB and High-HB analyses.

] —— combined | 10 7 r
100 < ﬂrv““ High-HB 3 R L
] HH Ll.lhk—l""l M Low-HB C i i
i H I LHML C
. ﬂ - i - 0.8 -
107 5 H L,L =] [
] h F 0.6 B
1077 5 S i
; - 0.4 =
1073 = ] I
] E 0.2 —
] i : —— High-HB :
1074 3 [ L , Low-HB [
- I T T T I a 0.0 I T T T T I T T T T I T T T T I T T T T I
2 3 4 5 6 2 3 4 5 6

log, ng,/cm ™3

logy ng,/cm ™3
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in thick black lines. All histograms are weighted by (N, )veam and normalized by a common factor so that the integral of the combined histogram is unity. (b)
Cumulative forms of the same ny, histograms as (a) but without the combined frequency. Normalization is independently applied to the Low-HB and High-HB plots

so that the respective maxima are unity.

good spaxel-by-spaxel correlation with a correlation coefficient
of >0.8, confirming the similarity in their P-P-V distributions
we saw in Section 4.3. The consistency between the
independent results from different data sets corroborates the
validity of the HB analysis. The ny, scatter plot shows that ny,
is higher for the High-HB results than for the Low-HB results
at all spaxels. This confirms the assumption that the low- and
high-density components do not spatially overlap in space,
although they appear mixed in the 27 pc resolution. The overall
similarity of the parameter behaviors indicates that the low-
density and high-density components trace the consistent
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molecular cloud structures, rather than being two isolated
structures.

Figure 9(a) compares the histograms of ny, for the Low-HB
and High-HB results along with the combined histogram for
the two results, where the frequencies are weighted by
(Nu, Ybeam and normalized by a common factor so that the
integral of the combined histogram is unity. The figure shows
that the mass fractions of the low- and high-density
components are comparable at ng, ~ 1038 cm~3, above which
ny, bins the high-density component dominates the gas mass.
The cumulative ny, histograms for the Low-HB and High-HB
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Figure 10. Same as Figure 8 but for the High-HB results vs. Min-HB results.

results are presented in Figure 9(b). The gas mass with
ny, > 1038 cm ™ constitutes 87% of the mass traced by the
High-HB result. Hence, we can consider ng, = 1038 cm=3 as
the boundary between the two components.

4.6. High-HB versus Min-HB Analyses

Figure 10 compares (N, Jbeam, Tkin» and ny, of the High-HB
and Min-HB results in scatter plots. The two analyses target the
same high-density component, and hence their results are
ideally expected to agree with each other. The (Ny, )peam Scatter
plot follows a tight linear correlation between the High-HB and
Min-HB though they use different Ny, tracers (HNC 3-2 and
3CO 2-1, respectively). This tight correlation confirms that
“CO 2-1 can be used to qualitatively measure the N,
variation in the high-density component at the ALCHEMI
resolution, as we assumed in Section 3.4. On the other hand,
the High-HB (Ny, Jbeam Vvalues are consistently ~0.2-0.3 dex
higher than the Min-HB values. This inconsistency indicates
that '>CO 2-1 intensity is inaccurate as a quantitative Ny, tracer
for the high-density component. We leave this inconsistency
unsolved at present but will compare the masses based on the
High-HB and Min-HB results with previous CO SLED and
dust SED measurements in a later section (Section 5.2.1).

The Ty, scatter plot shows a relatively large dispersion, and
the major part of the Ty;, values are distributed in a narrow
range from 10" to 10" K in the Min-HB result. The ny,
scatter plot holds a good correlation, but the Min-HB analysis
consistently yields ~0.2 dex lower values than the High-HB
result. The ny, range is also slightly narrower in the Min-HB
result. We note that the narrower variable ranges of Ty, and ny,
in the Min-HB result may result from the stronger effect of the
multivariate student prior, as the Min-HB results use a fewer
number of observable intensities and hence the relative
importance of the prior probability is larger. The multivariate
student prior is a decreasing function of |X|, causing narrower
parameter distributions (i.e., smaller variances or larger co-
variances) preferred if other conditions are equal. Hence, the
High-HB result is likely to describe the dense-gas properties
more reliably than the Min-HB result, as the former solution is
more constrained by the observable information than by the
prior probability. Indeed, a significant number of spaxels near
the emission peaks were filtered out from the final physical
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condition maps in the Min-HB analysis due to too broad
credible intervals as we saw in Section 4.3 (Figure 7); this
indicates that the Minimal data set is insufficient to fully solve
the parameter degeneracy in the excitation analysis.

The two analyses for the GC, the GC-HB results and the
results from T18, are compared in Appendix G.

4.7. Molecular Abundances and [*C}/[°C] Ratios

As byproducts of the High-HB analysis, we obtained the x|
distributions of HCN, HCO™", HNC, CS, HC3;N, N,H", SiO,
p —H,CO, and R;; in the high-density component. Figure 11
shows the P—P images of the velocity-integrated molecular
abundances and R;3.

HCN, HCO™", and CS show relatively small abundance
variations across the CMZ. The other four species, HC3N,
N,H", SiO, p —H,CO, have similar spatial distributions,
which increase outside the central starburst region and reach a
maximum at the GMCla near the southwestern edge of the
CMZ. This trend is most clearly visible in SiO, which is an
established tracer of fast shocks. HC3N and p — H,CO are also
tracers of slow shocks or known to be abundant in SF
outflow sources (Jorgensen et al. 2004; Tafalla et al. 2010)
and in widespread shocked clouds in the GC (Requena-Torres
et al. 2006; T18). Hence, the outwardly increasing distribution
of their abundances may indicate the relative importance
of the shock chemistry in the outer region of the CMZ
compared to the central starburst region, where UV and CR
sources concentrate. The compact peak of x.,,(SiO)and
Xmol (HC3N) at GMCla, in addition to the reported high HNCO
abundance (Huang et al. 2023), supports the suggestion that
mechanical heating is important at GMCla (Section 4.4). On
the other hand, SF-related shocked gas in the inner GMCs
(Huang et al. 2023) is not identified in the shock tracer
distributions. Our result, however, does not necessarily indicate
low abundances of shock tracer species in the inner GMCs, as
it is likely that the shocked gas in the innermost region is not
fully visible due to the selection criteria for the High-density
data set, which exclude high-excitation transitions locally
distributed in the inner GMCs. We will discuss this issue later
(Section 5.1.4).

The [12C]/ Q) isotopic ratio Rz is ~45-50 toward the
central portion and ~60 for the GMCs in the outskirt regions.
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Figure 11. Velocity-integrated P—P distributions of the molecular abundances (x,,1) and the ['2C] / "¢y isotopic abundance (R;3) from the High-HB result. A
common color bar range of 1.28 dex is used for all x,,,; panels. The median absolute deviation is shown in each panel caption.

These values are close to those measured using CN (Henkel ALCHEMI data, arises from the one-zone modeling adopted in
et al. 1993; Martin et al. 2010; Tang et al. 2019), CCH (Martin the present analysis. The High-HB analysis yields a lower Ty,
et al. 2010, 2021), and CH3OH (Martin et al. 2021) transitions. than the individual fittings of the HCN, HCO", and CS

The overall i 1ncreasmg gradient from the center to the outskirts transitions toward the central portion of the NGC 253 CMZ, as
is similar to that seen in the '*C'%0 / 13C80 ratio (Martin et al. Tyin is primarily determined by the p — H,CO 35,-250/303—202
2019). However, our R;5 value is approximately a factor of 2-3 ratio in the High-HB analysm The lower Ty, leads to higher
higher than those obtained from the '*C'%0 / 13C'®0 ratio optical depths of the '*C main isotopologues, and hence to a
(Martin et al. 2019) and from individual fittings of the higher R;3 value than the results of the individual fittings. We
ALCHEMI Atacama Compact Array (ACA) data of the HCN, leave this inconsistency open to question in this paper, as our
HCO™, and CS transitions (Martin et al. 2021), which range analysis is not specifically designed to accurately measure Ry5.
from 21 to 26. The inconsistency between the ACA result and We just suggest that it is likely that Ry3 has a relatively high
ours, which use the same molecular transitions from the value of 45-60 when we adopt the one-zone model.
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4.8. Verification of the Results of the Hierarchical Analysis

We verify the validity of the HB analyses by investigating
the effects of the assumptions in the statistical and physical
modelings. In the following, we discuss the effects of the
logistic hyperprior, uncertainty in the & measurements in the
Low-HB result, and the species-to-species variation in the
excitation temperatures.

4.8.1. Effect of the Logistic Hyperprior

The present analysis uses logistic hyperprior to enforce
Rnn >0, Ryy >0, Ryt >0, and |R;| < 0.9 for all (i, j) in the
HB runs. Except for the nonnegative Ny,—ny, correlation, these
constraints are adopted for a computational reason rather than
based on the physics of molecular clouds. These arbitrary
assumptions can create nonphysical features in the analysis
results.

Figure 12 shows the marginal posteriors of the hyperpara-
meters Ry, Ryg, and Ryt in the Low-HB and High-HB runs. If
their nonnegative values are enforced by the logistic hyper-
prior, the function shapes are expected to be truncated or
skewed at the boundaries imposed by the hyperprior. Such a
skewed shape is obtained for the Ry, PDF of Low-HB. This
indicates that the Ny,—npy, degeneracy was not sufficiently
solved even in the HB framework. As mentioned in
Section 4.3, the multivariate student prior prefers solutions
with higher correlation coefficients (or smaller dispersions) if
other conditions are equal. Therefore, the HB analysis tends to
create a tight correlation if the input data are insufficient to
solve the parameter degeneracy.

The PDF of Ry, in the High-HB result is skewed near 0,
indicating that Ny, and ¢ would be anticorrelated if the logistic
hyperprior were absent. The median Ry, (Table 5) is also
slightly negative even with the explicit constraint by the
logistic hyperprior. It is difficult to determine whether this
anticorrelation is real; artificial Ny,—® anticorrelation is easily
created in solving the excitation equations, as all observable
line intensities are approximated in the form oc® - Ny,. For
example, an overestimation in Ny, due to a deficiency in the
physical or statistical modeling should be compensated by
decreasing ®. However, we may consider a positive Ny,—P
correlation to be physically more reasonable, as higher-Ny,
regions are likely to be more crowded with dense gas. For
example, larger sizes of the subbeam structures such as clumps
and filaments should increase both ® and Ny,, which are more
likely to cause a positive Ny,—P correlation than a negative
correlation. If positive Ry is the case in the real clouds in the
high-density component, the High-HB analysis possibly
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overestimates Ny, (and hence underestimates ny, and/or Ti;y,)
in the high-Ny, regions.

All other PDFs in Figure 12 do not have skewed or truncated
posterior PDFs, indicating that their corresponding R;; values
are not enforced by the logistic hyperprior. In particular, it is
noteworthy that the moderately positive Ryt values obtained
for all HB analyses are likely to reflect the true physical
conditions in the CMZ, rather than being enforced by the
statistical modeling.

4.8.2. Uncertainty in the Beam-filling Factor

The median ® value in the Low-HB result, 0.064, is lower
than that in the High-HB result, 0.10, although we reasonably
expect a wider spatial distribution for the lower-density
component. Indeed, the CO SLED analysis by P18 shows that
® of the first component is ~5 times that in the higher-density
components measured for the central starburst region. The
smaller ® in the Low-HB result may indicate an unsuccessful
decoupling of Ny, and ® due to the lack of the absolute
intensities of optically thick lines in the Low-density data set.

We simulated the effect of underestimating ® on the
excitation analysis by performing NHB analyses using the
Low-density data set for a range of fixed values of ®. The input
data were the median values of the line intensities and intensity
ratios. The results are shown in Figure 13(a), where the

d NHZ beam

medians of the marginal posteriors of , np,, and Ty

are plotted as a function of ® in units of }L}]@ of the Low-HB
result (®p owys = 0.064). The error bars are for the median
absolute deviations of the marginal posteriors. Both the median
ny, and Ty, do not significantly differ from the Low-HB
results, and their dependence on ® is within ~0.2 dex over the
D /Py ,up range of 1-5. This relative insensitivity of the Ty,
and ny, estimates to the assumed ® value is due to the fact that
the Low-density set consists of absolute intensities of relatively
optically thin lines (**CO and C'®0 transitions) and intensity
ratios of optically thick lines ('*CO transitions), none of which
depend strongly on ®. The small variations in Ty;, and ny, from
D/ Of 2 to 5 are due to the weak dependence
of the intensity ratios among the '*CO transitions on Ny,. The
3CO transitions become moderately optically thick when
D /Py ow-uB< 2, causing the increase and decrease in Ty, and
np,, respectively, from ®/®; . pyp of 2 to 1. The maximum
deviation from the &=, yg case is found at
®/Prowns =2, at which Ty, and npy, are approximately
0.3 dex lower and 0.3 dex higher than the Low-HB values,
respectively. These variations due to the varying ¢ are small
compared to the width of the posterior resulting from the
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uncertainties in the input intensities, and therefore their effect
on the final result should not be significant.

The assumption is that ® has a small effect on (N, Jbeam, as
the '*CO transitions become moderately optically thick for
small ®. (Ny, Jpeam 18 a factor of ~1.5 lower than the value with
O =y, yp When ®/Py ., .y = 3. This could be a source of
the uncertainty in the mass estimate of the low-density
component, along with the uncertainties in x;,,(CO) and R;5.

4.8.3. Uncertainty in the [>Cl/['°C] Isotopic Abundance

The Low-HB analysis adopted R;3 of 21 (Martin et al. 2019),
but the reported [*“C] / [13C] ratio measured using the CO
isotopologues ranges from 14 to 100 (Martin et al. 2021 and
references therein). Figure 13(b) shows the variation of the
median 7y, and ny, values calculated using the NHB analysis
for varying fixed values of R3, using the same analysis setup as
in the previous subsection (Section 4.8.2), except that the
beam-filling factor ® is fixed at 0.064 to examine the effect of
varying R;; independently from the effect of ®. The
[13CO] / [12C180] abundance ratio is fixed at 6.1. This result
shows that the Ty, and ny, values do not significantly vary
within the reported R,3 range in the literature. This insensitivity
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of the excitation analysis to R;3 is readily understood as a
consequence of the omission of the absolute intensity scales of
the '“CO transitions in the present analysis. The R3
assumption has a relatively minor effect on the intensity ratios
between the CO 1-0, 2—1, and 3-2 transitions via the photon-
trapping effect, similar to the effect of & on the Low-HB
analysis. Their effects are sufficiently small compared with the
credible intervals from the uncertainty of the input data.

The assumption for R, affects estimates of Ny, and the mass
of the low-density component, as Ny, is approximately linearly
scaled by R;3 'Nico. We will examine the validity of the
derived total mass by comparing it with the masses based on
the CO SLED and the dust SED in a later section
(Section 5.2.1).

4.8.4. Species-to-species Variation in Excitation

As mentioned in Section 3.3, different lines in the High-
density data set may be in different excitation conditions
depending on their physical and chemical characteristics. To
see this species-to-species variation, we performed nonhier-
archical analyses using single molecular species toward the
GMC6 and TH2 positions. We selected two transitions from six
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Figure 15. Same as Figure 14 but at the TH2 position.

different species (H3CN, H'CO", SiO, N,H', HC;N,
p —H,CO, and HNC), and ran independent analyses using
their intensity ratio for each species assuming a 15% relative
uncertainty for each line intensity. Spaxels at 200 kms™" and
275kms~ ! are used for the GMC6 and TH2 positions,
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respectively. Figures 14 and 15 show the posterior PDFs
projected onto the Ty;,—np, plane, with the 50% credible
intervals of (Tyn, np,) of the High-HB results. The transitions
used are indicated by the panel captions. The posterior PDFs
are calculated over the Ty, and ny, ranges of [10 K, 300 K] and
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[10°2 em ™, 10%° cm ™), respectively. The variation ranges of
the molecular column densities (=dNy,/dVv - xme (X)) are
conservatively assumed to be £0.5 dex from the values in
the High-HB result, as the photon-trapping effect affects the
intensity ratios for optically thick cases. Nevertheless, we note
that the changes in the intensity ratios due to the column
density variation is at most comparable to the relative
uncertainties of the intensities, 15%, even for the optically
thickest transitions compared in Figures 14 and 15, i.e., HNC
3-2 and 4-3.

Comparison among the six analyses presented in Figures 14
and 15 shows that the H'3CN lines yield consistently higher
Tyin and/or ny, values than the High-HB result toward both
positions. The analysis with H'?CO™ lines also results in
slightly higher Ty;,/np, toward GMC6. The 50%-credible
intervals for other molecules are consistent with each other and
with the High-HB result. This consistency is noteworthy
because they consist of tracers of a wide variety of physical
environments: a fast shock tracer (SiO), mild shock tracers
(HC3N and p — H,CO; Jorgensen et al. 2004; Requena-Torres
et al. 2006; Tafalla et al. 2010; T18), and quiescent gas tracers
(HCO" and N,H"). The lack of a clear species-to-species
difference in the physical conditions (except for HCN) may
indicate that the variety in the chemical/physical environments
is smoothed out in the spatial scale of our analysis
(1”6 = 27 pc).

The higher excitation of the H3CN lines could be under-
stood as the consequence of their outstandin%ly high n.;. The
Nerie of HBCN 3-2 and 4-3 are ~10"%cm ™ and 107 cm >,
respectively, whereas those of the highest transitions of other
species used in the High-HB analysis are mostly in a relatively
narrow range from 10°*cm™ to 10%°cm ™ (except for HC3N
17-16, whose nr, is 10%° cm™); it is possible that the HI3CN
lines are more affected by the highest-excitation component in
the CO SLED (Pérez-Beaupuits et al. 2018) than other lines.
We may also consider the IR-pumping effect for the HCN
excitation (Sakamoto et al. 2010; Mills et al. 2013; Veach et al.
2013; Aalto et al. 2015), as vibrationally excited HCN, HNC,
and HC;3N lines are detected by ALCHEMI and previous
observations (Mangum et al. 2019; Rico-Villas et al. 2020;
Martin et al. 2021). However, HNC and HC;N do not show
higher excitation than other molecular species. As the IR-
pumping effect is stronger for HNC than for HCN (Behrens
et al. 2022), this indicates that the IR-pumping effect does not
dominate the molecular excitation on the spatial scale of the
ALCHEMI data.

4.8.5. Summary of the Verification of the Analysis

The following summarizes caveats on the reliability of the
Low-HB and High-HB results described in this and the
previous subsections.

1. The High-HB analysis is likely to provide more accurate
physical conditions of the high-density component than
the Min-HB analysis; in particular, the narrow variable
range of Ty, in the Min-HB result is possibly due to
insufficient constraints from input data (Sections 4.6,
4.8.1).

2. The strong Ny,—ny, correlation in the Low-HB results is
at least partly due to the parameter degeneracy in the
excitation analysis (Section 4.8.1). The Low-HB result is
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also likely to underestimate ® by a factor of a few, which
may cause a 0.3 dex underestimation in ny, and 0.3
dex overestimation in Ty, (Section 4.8.2).

3. The assumption for the fixed R;3 value in the Low-HB
analysis does not significantly affect the output ny, and
Tyin for the R; range of 14-100 (Section 4.8.3). The
High-HB analysis derived the R;3 values ranging from
~45 to ~60, which is 2-3 times higher than the Low-HB
value and the values in Martin et al. (2021). These high
Ry5 values result from our adoption of a one-zone
approximation, which yielded higher optical depths for
the HCN, HCO™, and CS transitions than Martin et al.
(2021), who performed independent fittings for each
species (Section 4.7).

4. Local Ny,—Tyin (and np,—Ty,) anticorrelation among
high-velocity spaxels for the Low-HB and High-HB
results is possibly an artifact created by insufficient
resolution of the parameter degeneracy. Nonetheless, the
similarity between the Low-HB and High-HB Ti;, images
may suggest that their overall Ty, distributions are real
(Section 4.3).

5. The High-HB analysis is likely to underestimate ® (and
hence overestimate Ny,) in high-Ny, regions, which
possibly causes an underestimation of ny, and/or Ty,
there (Section 4.8.1).

6. The IR-pumping effect is unlikely to significantly affect
the High-HB results (Section 4.8.4).

7. The absolute Ny, and (N, Jbeam Values linearly depend on
the assumed abundances of CO and HNC (x01 (2CO) =
10~* and x0)(HNC) =4 x 10~ % in the present analysis),
which requires caution when comparing them with other
measurements of Ny, and gas mass (Sections 3.5, 4.8.3).
The uncertainties in ¢ and R,z in the Low-HB analysis
are additional sources of uncertainty in the mass estimate
for the low-density component (Sections 4.8.2, 4.8.3).
We will show that the present analysis provides
molecular gas mass consistent with previous results
based on CO SLED and dust SED analyses in
Section 5.2.1).

5. Discussion
5.1. Comparison with Excitation Analyses in Previous Studies

Measurements of Ty, and np, toward the NGC 253 CMZ
were performed in previous studies through analysis of H,CO
transitions (Mangum et al. 2019), CO SLEDs (R14; P18), and
NHj; inversion transitions (Takano et al. 2002; Ott et al. 2005;
Takano et al. 2005; Mangum et al. 2013; Gorski et al. 2017), as
well as in other ALCHEMI studies (Holdship et al. 2021;
Behrens et al. 2022; Humire et al. 2022; Huang et al. 2023).
This subsection compares our results of ny, and T,
measurements with those previous results.

5.1.1. p — HCO Results

A GMC-scale Ty;, measurement toward the CMZ of
NGC 253 was performed using multitransition H,CO lines by
Mangum et al. (2019). Their results show that warm gas with
Tyin ranging from 50 to 2150 K is extended on =>5” scales,
which is primarily traced by the p — H,CO 3,,—2,¢ and 3p3—20;
transitions. The High-HB results in the present study are well
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consistent with this warm component, as a natural consequence
that the High-density data set contains the same p — H,CO
lines as in Mangum et al. (2019). The widespread distribution
of the low-excitation p — H,CO lines in Mangum et al. (2019)
and the ALCHEMI data supports our assumption that they are
not localized to specific environments such as hot cores and
outflows and hence can be used as Ty, probes on GMC scales,
similar to the situation in the GC (Ao et al. 2013; Ginsburg
et al. 2016). It is also noteworthy that this warm gas is the
lowest-Ty;, component identified by the multitransition H,CO
study. Their relatively low upper-state energies (E,/kg =21 K
and 68 K for 3,,-25¢ and 303—20,, respectively) confirm that
colder gas than detected with the High-HB analysis, if any, is
unlikely to be a major dense-gas component of the CMZ of
NGC 253.

5.1.2. CO SLED Analyses

Two CO SLED analyses toward the CMZ of NGC 253 were
reported in the literature: R14 using '2CO lines up to the 13-12
transition and '*CO lines up to the 6-5 transition toward the
central 32”5 region, and P18 using '*CO lines up to the 1918
transition toward the central 40” region. The two analyses
consistently show the presence of three CO components. The
low- and high-density components in the present analysis
should approximately correspond to the first and second CO
components, respectively. The results for the lowest-density
component of the two CO SLED analyses are approximately
consistent with each other and with the Low-HB result, as
reasonably expected, as all three results are primarily
determined by up to the 3-2 transitions of CO. The Ty, np,
values of the first component are 60 K, 10*° cm 3 in R14, and
90 + 10 K, 10****! cm™2 in P18. The mass-weighted average
of the Low-HB result over the central 40” diameter region is
Tiin» 1, = 120 K, 10** cm™>. The higher Ty, in the Low-HB
result than the CO SLED could be explained by the
contribution from the second CO component.

For the second CO component, R14 provides the best-fit T,
and ny, values of 40 K and 103 cm73, respectively,
whereas P18 provides Ty, np,=50£3 K, (3.2+0.8) x
10°cm™>. The High-HB result yields Ty, nm, =100 K,
10** cm ™ for the central 40” region, which does not critically
differ from the R14 result; although the Ty, of the High-HB
result is more than a factor of 2 higher than the best-fit R14
result, it is within the uncertainty due to Ty;,—ny, degeneracy of
their solution (presented in Figure 2 in their paper). The
difference between the P18 and High-HB results is greater than
the uncertainties estimated by P18, though no degeneracy plot
is provided in their paper. However, the observed '*CO 10-9/
9-8 and 11-10/10-9 brightness temperature ratios in P18,
which are 0.64+0.09 and 0.60 £ 0.09, respectively, are
similar to those calculated from the High-HB results, which
are 0.77 and 0.65, respectively; those three CO transitions are
dominated by the second CO component in P18. Hence, we
may consider the Tyy,—ny, degeneracy in the CO SLED
analysis as a possible cause of the inconsistency between
the P18 and High-HB results, too. The higher-7;, solution is
preferred by the multitransition p — H,CO study (Mangum
et al. 2019), as discussed above. The p — H,CO results in
Figures 14 and 15 indicate that the 7y;, of the high-density gas
cannot be substantially lower than ~100 K. The High-density
data set and the CO SLEDs by R14 and P18 can be consistently
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fitted by assuming that warm (Ty;, ~ 10? K) and moderately
dense (ny,~ a few 10*cm ™ ) components dominate the second
CO component. Therefore, the High-HB result should more
accurately represent the physical conditions of the second CO
component or the high-density component in the present
analysis.

5.1.3. NH; Inversion Transition Study

Measurements of Ty;, were also performed by using the NH3
inversion lines (Takano et al. 2002, 2005; Ott et al. 2005;
Mangum et al. 2013; Gorski et al. 2017, and references
therein), most of which show multitemperature components.
The NHj; analysis consistently shows a warm gas component
with Ty, ~ 70-150 K, though the number of the components
and their Ty;, values differ depending on transitions used,
calculation methods, and position/velocities. Cross comparison
between the NHj studies and the present analysis is not
straightforward as np, is poorly constrained by the NHj
inversion lines while the low- and high-density components in
the present analysis are degenerate in the Ti;, range. We
confirm that the Ty;, ~80-100 K of the Low-HB and High-HB
results are approximately consistent with that of this warm NH;
component. The cold NH; gas with Ty, of 20-50 K reported in
a few studies (Takano et al. 2002, 2005; Mangum et al. 2013) is
not consistent with either typical Ty;, values of the low- or
high-density components. This cold gas component might
represent the regions offset from the dynamical center by =>10”
along the major axis, where Ty, ~ 10"5717 K in the Low-HB
result (see Figure 5).

5.1.4. Other ALCHEMI Studies

Measurements of ny, were performed using various
molecular transitions in previous ALCHEMI studies toward
representative GMC positions (Holdship et al. 2021; Behrens
et al. 2022; Humire et al. 2022; Huang et al. 2023). Figure 16
presents scatter plots comparing the ny, measurements from the
High-HB result with those from the analyses of HCN and HNC
(Behrens et al. 2022), SiO and HNCO (Huang et al. 2023),
C,H, (Holdship et al. 2021) and H;0™" and SO (Holdship et al.
2022). They all adopt the nonhierarchical Bayesian framework
as the statistical modeling method. Holdship et al. (2022) and
Behrens et al. (2022) use chemical modeling in addition to
radiative transfer modeling for parameter inference. The inner
GMC:s in the central starburst region and the outer GMCs in the
outskirts of the CMZ are denoted by different symbols in
Figure 16. Although many of these previous analyses estimate
Tyin simultaneously with ny,, we do not compare the Ty,
results, as their error bars are too large to make meaningful
comparisons with the High-HB result.

Figure 16 shows that the majority of the ny, values measured
by Behrens et al. (2022), Holdship et al. (2021), and Holdship
et al. (2022) agree with the High-HB result within the error
bars, except for a few GMCs with 20.5-1 dex higher ny, than
the High-HB results. Hence, their analyses are likely to probe
the approximately same ny, range as the High-HB analysis.
The HNCO result by Huang et al. (2023) for the outer GMCs
also agrees with the High-HB ny, values. However, the
HNCO-based ny, values are significantly higher than the High-
HB values for the inner GMCs. This inconsistency for the inner
GMCs can be attributed to a larger contribution from the
highest-excitation component in the HNCO analysis in
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Figure 16. Scatter plots of ny, at the GMC positions from the High-HB results vs. those from other ALCHEMI analyses (Holdship et al. 2021; Behrens et al. 2022;
Huang et al. 2023). The HNCO and SiO results by Huang et al. (2023) are presented in separate panels. The GMCs inside and outside the central starburst region (the
inner and outer GMCs in the text, respectively) are denoted by open rectangles and filled circles, respectively. The dashed lines are the y = x lines.

Huang et al. (2023). They used transitions with up to E,/kg of
126 K, whereas the High-density data set excludes transitions
with E,/kg >70 K to avoid confusion from the highest-
excitation component. Indeed, intense emission from the high-J
(/= 12-11) HNCO transition with E,/kg = 80 K is limited to
the vicinity of the inner GMC where hot molecular gas
associated with the starburst is expected, whereas the lower-J
(J < 10-9) transitions are widespread over the entire CMZ
(Huang et al. 2023). Thus, the above three ny, measurements
are consistent with the High-HB result except for the overlap of
the central highest-excitation component in the HNCO results,
despite the difference in the tracer lines and the parameter
inference method.

On the other hand, Figure 16 shows that the SiO result by
Huang et al. (2023) gives significantly lower ny, than the High-
HB and other ALCHEMI results across all GMCs. Their Ty;,
ranges from 100 to 700 K, which is substantially higher
than the High-HB result. Humire et al. (2022) reported the
detection of methanol emission from gas with Ty, ng, ~
25 K, 1034 ¢cm—3 near the northeastern end of the CMZ. These
low-ny,~high-Ty;, or high-ny,—low-Ty;, gas components that
are visible in particular species are difficult to detect with the
High-HB analysis, which assumes a nonnegative ny,—Tin
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correlation and the one-zone LVG modeling. However, it is
likely that such gas components occupy a minor fraction of the
dense-gas mass in the NGC 253 CMZ, as discussed above
(Sections 5.1.1, 5.1.2).

Comparison between the present analysis and Huang et al.
(2023) allows for an assessment of the widespread shock
chemistry in the NGC 253 CMZ. Huang et al. (2023) discuss
multiple origins of the shocked gas, which can be classified into
SF-related (starburst scenario and sporadic SF episode
scenario) and non-SF-related (cloud—cloud collision scenario)
origins. The above multicomponent HNCO emission confirms
the coexistence of such a multicomponent shocked gas. The
low-J/ HNCO transition represents the same high-density
component as that analyzed in the High-HB analysis. The
high-density tracer molecules (SiO, p — H,CO, and HC3N) in
this widespread shocked gas increase with increasing galactic
radius (Section 4.7). This spatial distribution suggests that they
originate from shocked gas of non-SF origin, i.e., shock
associated with cloud—cloud collisions or SN-driven shocks.
The high-J/ HNCO transitions represent the highest-excitation
component in the CO SLEDs. Their spatial distribution is
restricted to the inner GMCs, indicating that this component is
associated with active SF there.
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Table 6
Molecular Gas Properties and Star Formation Rates of the NGC 253 CMZ and
the GC
GC (I < 1°,
NGC 253 CMZ  |b| <0°5)  Notes
Low-density iy, (em™) 10°3 10° @
component Tiin X) 85 30 a
Mgae  (10° M) 1.6 0.29
High-density  7iy, (cm™?) 10** / 10*! 10%% / 10*° b
component Tkin (K) 109 / 106 83 /93 b
Mgae  (10° M) 1.1/0.59 0.040 / 0.029 o
Total Mg (10° M) 2.7/2.2 0.33/0.32 b
1 0.40 / 0.27 0.13 / 0.09 b
SFR (Mg yr ™" 2.8 0.012 d
SFE 10 % yr Y 1.0/1.3 0.036 /0.038 °
SFEpg 10 8yr 1 25 /4.7 0.30 / 0.41 b
Notes.

% From the Low-HB results and Tanaka et al. (2021) for the NGC 253 CMZ
and the GC, respectively.

Two estimates from different analyses are given for each of the NGC
253 CMZ and the GC, denoted as X/Y; X is from the High-HB and T18 results
and Y is from the Min-HB and GC-HB results.
¢ My, of the GC is derived from the dust and molecular line data in Marsh
et al. (2017), Ginsburg et al. (2016), and T18. See Section 5.2.1 for details.
4 From free—free emission at ~30 GHz, taken from Ott et al. (2005) and
Longmore et al. (2013) for NGC 253 and the GC, respectively.

5.2. NGC 253 versus GC

In the following, we compare the primary molecular
gas properties of the NGC 253 CMZ and the GC, such as
the masses, SFRs, and dense-gas mass fraction ( fS‘G). The
dense-gas mass fraction is defined as the mass ratio of the high-
density component to the total mass; the asterisked symbol is
used to underline the difference from the commonly used
definition based on the HCN/CO luminosity ratio (e.g., Gao &
Solomon 2004). In addition to these integral quantities, we will
use the spatially resolved information to explore the difference
characterizing the centers of the two galaxies. We introduce a
new parameter, the modified dense-gas fraction fj,*(n), in
Section 5.2.5. This parameter represents f];kG redefined as a
function of the threshold ny, defining the “dense gas.” We
mainly refer to the Low-HB, High-HB, and T18 results in the
discussion, but also use the Min-HB and GC-HB results
where the precise comparison between the two regions is
necessary.

5.2.1. Molecular Gas Mass and Dense-gas Mass Fraction

Table 6 tabulates the mass estimates of the low- and high-
density components for the NGC 253 CMZ and the GC, along
with their respective typical ny, and Ty;,. The averaged ny, and
Tyin of the Low-HB and High-HB results are shown for the
NGC 253 CMZ. The Ty, and ny, values are taken from Tanaka
et al. (2021) for the low-density component of the GC, and
calculated based on the TI18 result for the high-density
component.
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The low- and high-density component masses for the NGC 253
CMZ are obtained by integrating ( Ny, Jbeam for the Low-HB and
High-HB results, respectively. The total molecular gas mass, i.e.,
the sum of the low- and high-density gas masses, is 2 x 10% M,
on the assumption that the overlap between the gas traced by the
Low-HB and High-HB analyses is negligible. This is consistent
with the mass estimates from multicomponent dust SED analysis
(3 x 108 M, in the central 30” x 16" region from Weil et al.
(2008) and 4.5 x 108 M, within the central 40” diameter
from P18) considering uncertainties in the CO and HNC
abundances and dust-to-gas ratio.

For the GC, the low- and high-density gas masses were
calculated using the '*CO 2-1 flux (Ginsburg et al. 2016) and
(Nu, )beam maps by T18, respectively; the 13C0-2-1-to-mass
scaling factor was calculated assuming 7Ty, =30 K, np, =
10% cm 2, and [*CO]/[H,] = 10°>* (Tanaka et al. 2018). The
difference in the spatial coverage between TI18 and the
3CO2-1 data was corrected by extrapolating them to the
entire GC (]| < 1°, |b| <0°5) on the assumption of constant
dust-to-gas ratio each for the low- and high-density compo-
nents. The HIGAL column density map (Marsh et al. 2017) was
used as the reference dust mass distribution. The sum of the
low-density and high-density gas masses, 3.3 x 10’ M, was
confirmed to be the same as that obtained by integrating the
HiGAL map.

The dense-gas mass fractions ng of the NGC 253 and the
GC are also compared in the table. The boundary of ny,
separating the low- and high-density components is
~10*¥cm ™ for the NGC 253 CMZ (Section 4.5). The ny,
boundary for the GC can be assumed as ~10%°cm >, as the
average ny, of the GC is ~0.3 dex lower than that of the
NGC 253 CMZ for both the low- and high-density compo-
nents. This assumption is supported by the comparison of the
ny, frequency histograms based on the measurements using CO
lines (Nagai et al. 2007) and high-density tracer lines (T18) for
the GC. The fS‘G value of 0.40 from the High-HB result is
consistent with those based on the CO SLED and dust
SED, which are 0.29 £ 0.09 and 0.4 4 0.2, respectively (P18),
which supports our assumption that x,,(CO) = 10~* and
Xmol(HNC) = 4 x 1075,

The above results confirm the previous results showing that
the NGC 253 CMZ is approximately an order of magnitude
larger than the GC in mass both for the low- and high-density
components (Paglione et al. 1995; Sakamoto et al. 2011; Leroy
et al. 2015). The dense-gas mass fraction f];kG in NGC 253
CMZ is ~3 times that in the GC.

Table 6 also shows mass estimates and averaged T, and np,
calculated using the Min-HB and GC-HB results, which yield
dense-gas masses that are a factor of 0.54 smaller and 1.4 larger
than the High-HB and GC-HB results for the NGC 253 CMZ
and the GC, respectively. The inconsistency between the dense-
gas masses from the High-HB and Min-HB results should
mainly originate from the different Ny, tracers used in them
(HNC3-2 and '*CO 2-1 in the High-HB and Min-HB
analysis, respectively) as mentioned in Section 4.6. The f];kG
value of 0.27 for the NGC 253 CMZ is lower than that based on
the High-HB result, but still consistent with that from the CO
SLED and dust SED (P18). The f];<G ratio between the Min-HB
and GC-HB results is 1.7, which is a factor of 2 smaller than
that from the High-HB and T18 results.
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5.2.2. HCN/Dense-gas Mass Conversion Factor

The mass estimate with the High-HB result yields
the '°CO-to-H, conversion factor X(CO) of 0.7 x
1020 cm—2/(K km s7!) for all of the CO 1-0, 2-1, and 3-2
transitions. This is lower than the canonical value of
2 x 102 cm=2/(Kkm s™!) as expected for starburst galaxies
(Bolatto et al. 2013), and within the range of X (CO) estimated for
the NGC 253 CMZ, (0.3-4) x 102 cm—2/(K km s~!) (Mauers-
berger et al. 1996; Martin et al. 2010; Weill et al. 2008). The
HCN 1-0-to-H, conversion factor for the high-density component,
X(HCN), is 2 x 102 cm~2/(K km s~ 1). This X (HCN) value
translates into the HCN luminosity-to-dense-gas-mass conversion
factor ae(HCN) of 4 Mg pc~(K km s~")~!, which is a factor of
2.5-3.5 lower than frequent values in extragalactic surveys (10-14
Mg pc 2(Kkm s~')~!; Gao & Solomon 2004; Onus et al. 2018;
Neumann et al. 2023).

It is noteworthy that the above conversion factors for the
NGC 253 CMZ are consistent with those calculated for the GC
using the T18 result: X (CO) = 0.6 x 10 cm~2/(K km s~ ),
and X(HCN) = 2 x 10% cm~2/(K km s~!). This consistency
confirms that fpg defined as the HCN/CO luminosity ratio is
indeed a good measure of fSG based on the mass estimates.
However, we note that the High—HB result contains a wide range
of ny, from 10*2? cm™2 to 10”8 cm ™ as shown in Figure 9, and
~70% of the total mass is constituted by the spaxel with
nyg, < 3 x 10* cm . Furthermore, the actual HCN 1-0 emitting
gas in the NGC 253 CMZ contains a significant amount of even
lower-ny, gas, as 35% of the HCN 1-0 flux originates outside the
coverage of the High-HB analysis as we have seen in Section 4.1.
Therefore, our ny, measurement is consistent with the recent
arguments against HCN 1-0 luminosity being a reliable tracer of
molecular gas mass with ny, ~ 3 x 10* cm~3 (e.g., Onus et al.
2018; Jones et al. 2023).

5.2.3. Star Formation Rates and Star Formation Efficiencies

We show the SFRs of the NGC 253 and MW CMZs taken
from the literature, which are measured using the free—free
emission in the ~30 GHz band (Longmore et al. 2013; Ott et al.
2005) in Table 6. Two SFEs were calculated by dividing the
SFR by the mass of either the total molecular gas or the dense
molecular gas; we denote the latter as SFEpg. The SFE of
NGC 253 is ~30 times that of the GC, whose difference is
substantially greater than the factor of 2-3 difference in fl;kG
between them. The SFEpg of NGC 253 is more than an order
of magnitude higher than that of the GC. This difference is
significant even when the uncertainty in the mass estimates,
which is a factor of ~2-3 in P18, is considered.

These results do not conform with a simple picture that the
SFR is scaled by the mass of the dense-gas component, at least
between the NGC 253 CMZ and the GC. A similar result is
reported for the comparison between the GC and the circum-
nuclear ring of M83 (Callanan et al. 2021); their difference in
the dense-gas mass based on the HCN 1-0 luminosity is a
factor of ~2, in spite of the order-of-magnitude higher SFR of
the M83 circumnuclear ring.

5.2.4. Frequency Distributions of Ny, nu,, and Ty,

Figure 17 compares the histograms of (N, )beam-
weighted frequencies of Ny,, Ty, and ny, of the high-
density components of NGC 253 and the GC. The comparison
is made using two analysis pairs: High-HB versus T18 (upper
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row of the figure) and Min-HB versus GC-HB (lower row of the
figure). In the High-HB versus TI18 comparison, the Ny,
histogram of the NGC 253 CMZ has a shallower declining
slope from the peak at ~10%'> cm~2(km s~!)~! to the high Ny,
end at ~1023 cm~2(km s~ !))~!. A similar trend is identified in
the ny, histograms. The ny, frequency of NGC253 has a
wider distribution toward high np, values up to 10%cm 3,
whereas that of the GC declines more steeply and
vanishes at ny, ~ 10° cm=3. We fit the ny, histograms from
the High-HB and TI8 analyses with a log-normal
function, f (ny,) o< exp[—(log,,nu,/cm—> — )? /(2A2)], for
ny, > 10%* cm~3 and show the results in Figure 17. The scaling
parameter A, is a factor of ~2.5 larger for the High-HB histogram
than for the T18 histogram, although the two have a similar mean
of 10*'~*? cm™>. The Min-HB versus GC-HB comparison leads
to the same conclusion; both Ny, and ny, distributions show
broader extensions toward high values for NGC 253 than the GC.
Though the ny, distributions in the Min-HB and GC-HB results
are systematically shifted from the High-HB and T18 histograms
by ~—04 dex, respectively, it does not affect their relative
difference. The presence of broader high-Ny, and high-ny, tails in
NGC 253 is noteworthy because the approximately order-of-
magnitude lower linear resolution for NGC 253 limits the
sensitivity to high-Ny, /-ny, peaks due to stronger beam smearing.
The actual difference between the NGC 253 CMZ and the GC
could be larger than detected when compared at the same spatial
scales.

On the other hand, the Ti;, histogram of the GC shows
higher frequencies for Ty, > 10>?K than the NGC 253
histogram in both the High-HB versus T18 and Min-HB
versus GC-HB comparisons. This lower frequency of high-Ty;,
spaxels in the NGC 253 CMZ is consistent with the heavier
beam smearing for the NGC 253 CMZ, and therefore it is
unclear whether they differ significantly in 7y;, when compared
on the same size scale. The lack of obvious Tj;, enhancement
in NGC 253 may indicate the enormous difference between
NGC 253 and the GC in SFR does not significantly affect the
heating budget of the high-density component.

5.2.5. Modified Dense-gas Mass Fraction and SF Threshold Density

The difference between the ny, histograms of the NGC 253 and
the GC seen in Section 5.2.4 could be translated into the difference
in the dense-gas mass fractions with varying thresholds of the
definition of “dense gas.” We show the inverse cumulative form of
the ny, histograms in Figure 18. Note that this inverse cumulative
function represents the dense-gas mass fraction with varying
threshold ny, (except for the contribution from the low-density
component), which we define as the modified dense-gas mass
fraction fq* (n); ie.,

Z"H2i>n <NH2 >beam,-
Z<NH2 >beam’i

fDG>k (n)

, “

where subscript i indexes the spaxels in the high-density
component. In the fp;*(n) plot with the High-HB and T18
results (panel (a)), the NGC 253 and the GC show a similar
fog™* (n) profile in ny, < 10%5 cm ™. However, f,.* (1) in the
GC shows a steep decline in >10*> cm >, reaching zero at
ny, ~ 105 cm 3, while the NGC 253 CMZ plot maintains an
approximately constant shallow slope in the range of

ny, = 1045760 cm™3 The f,;* (n) ratio between the GC to
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Figure 17. Frequency histograms of Ny, Tyin, and ny, for NGC 253 (red hatched) and the GC (open). All frequencies are weighted by (N, )beam and normalized so
that the integral is unity. The upper row uses the High-HB and T18 results for NGC 253 and the GC, respectively, and the lower uses the Min-HB and GC-HB results.
The results of log-normal fitting are shown for the ny, histograms of the High-HB and T18 results.

the NGC 253 CMZ reaches 0.1, i.e., the same as their SFEpg
ratio, at ny, = 10*® cm~3. Comparison using the Min-HB and
GC-HB results (panel (b)) leads to a similar result, except for
the threshold ny, at which the fDG>k (n) ratio reaches 0.1 lies
within the range of 10*3~*3 cm™>. Hence, if there exists a
threshold ny, that defines the dense gas consumed for SF, it is
likely in ~10***®cm™>. The rich abundance of the gas
exceeding this threshold ny, in the NGC 253 CMZ, or its
scarcity in the GC, could be the critical difference characteriz-
ing the centers of the two galaxies.

We caution that the above analysis compares results that
differ in spatial resolution by an order of magnitude. Figure 18
also shows the f,q*(n) plots where the GC results are
smoothed to the working resolution for the NGC 253 CMZ,
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i.e., 27 pc and 20 km s~ in the space and velocity. The drop of
the resolution-matched fDG* (n) in the GC data both for the T18
and GC-HB results (panels (c) and (d), respectively) are steeper
than in the nonsmoothed data. The threshold ny, is estimated to
be ~10** cm ™ from the High-HB versus T18 comparison, and
~10*?cm ™ from the Min-HB versus GC-HB comparison.
They are ~0.2-0.3 dex lower than the values without
resolution matching, demonstrating that the ny, estimate is
sensitive to the working resolution of the analysis. Conversely,
the fi,™ (n) plot for the NGC 253 CMZ is expected to become
shallower if measured at the resolution of the T18, i.e., 2.4 pc
and 10km s~ ' in the space and velocity, which would yield a
higher threshold ny, than that without resolution matching. By
taking this resolution dependence into account, we conserva-
tively conclude that the threshold density is ~10*%~*¢cm 2.



THE ASTROPHYSICAL JOURNAL, 961:18 (41pp), 2024 January 20

. (a) High-HB and T18

NGC253
1 GC
--- GC/NGC253 ratio

5.0 5.5 6.0

3

4.5
logio g, / cm™

35 40

. (¢) High-HB and T18 (resolution-matched)

NGC253
1 GC
- 1—
01 — : === GC/NGC253 ratio
—14 ';
1
=
0]
S
&
2
—31 i
1
—44
-5 ! ! . . .
3.5 4.0 5.5 6.0

45 5.0
3

logig ny, / cm™

Tanaka et al.

. (b) Min-HB and GC-HB

NGC253
/1 GC
--- GC/NGC253 ratio

45 5.0 5.5 6.0
3

40

logigny, / cm™

. (d) Min-HB and GC-HB (resolution-matched)

NGC253
1 GC
—aT1
04 = - ---= GC/NGC253 ratio
14
= 1
5 1
£ 9
&
—31
— 4
14

6.0

wt
t

4.5 5.0
logio ny, / cm™

40

Figure 18. (a) Inverse cumulative histograms of ny, for NGC 253 (red hatched) and the GC (black solid) using the High-HB and T18 results, respectively. The dashed
line shows the frequency ratio of the GC to NGC 253. (b) same as a, but using the T18 results smoothed to the same P—P-V resolution as the High-HB result. (c) Same
as (a), but using the Min-HB and GC-HB result. (d) Same as (c), but using the GC-HB results smoothed to the same P—P-V resolution as the Min-HB result.

5.3. Origin of the Contrasting SF Activities in the NGC 253
CMZ and the GC

The above comparison of fi;* (n) between the NGC 253
CMZ and the GC (Section 5.2.5) suggests that the ny, defining
the dense gas consumed for SF be 0.4-0.8 dex higher than the
boundary separating the low- and high-density components that
are traced by low-J CO and HCN transitions. This is consistent
with the actual distribution of embedded SF in the NGC 253
CMZ and the GC. Figure 19 shows Ny,—ny, scatter plots for the
high-density component of NGC 253 using the High-HB result,
where the spaxels associated with H40« features (Mills et al.
2021) are colored red. Figure 19 shows that the H40« features
appear exclusively in ny, > 10*° cm~ regions, which is
approximately consistent with the above threshold ny, obtained
from the f,5*(n) plots of the High-HB and T18 results. A
similar result was obtained for the GC; Tanaka et al. (2020)
found that SF signatures (extended green objects, SF masers,
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and compact infrared sources) are primarily associated with
dens-gas clumps with low virial parameter of <6, whose
typical density is ny, > 10*¢ cm~3. This comparison may not
be a rigorous one, as we apply different SF tracers and different
spatial and velocity resolutions for NGC 253 and the GC, and
hence it does not necessarily indicate the presence of a common
threshold ny, of 10" *®cm™ in the centers of the two
galaxies. Nonetheless, the above results show that embedded
star-forming regions are not uniformly distributed throughout
the entire high-density components. Instead, they are confined
to the highest-density portion of the high-density component,
which qualitatively corroborates our findings.

We note that it is not obvious that we can assume a common
threshold ny, for the centers of the two galaxies with different
physical environments. The turbulent cloud model predicts that
the critical ny, to initiate gravitational collapse is not universal
but depends on the degree of turbulence and magnetic field
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Figure 19. Scatter plot of ny, vs. dNu,/dv from the High-HB results. The
spaxels associated with compact H40« emission features (Mills et al. 2021) are
colored red.
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strength (Krumholz & McKee 2005; Padoan & Nor-
dlund 2011). Krieger et al. (2020) showed that the degree of
turbulence measured by velocity dispersion and virial para-
meter in NGC 253 is similar to those in the GC when compared
with high-Ny, regions (N, > 1022 cm~3), where SF takes
place. However, the magnetic field strength in the literature is
slightly higher for the NGC 253 CMZ (160 + 20 xG; Heesen
et al. 2011) than the GC (=50 uG; Crocker et al. 2010),
potentially resulting in an elevated critical ny, in the NGC 253
CMZ. In addition, the CR ionization rates reported for the
dense clouds in the NGC 253 CMZ, ~10"*~"125~! (Harada
et al. 2021; Holdship et al. 2021, 2022; Behrens et al. 2022),
tend to be higher than those reported for the GC, 101~ 145!
(Oka et al. 2005, 2019; Willis et al. 2020), also suggesting a
more hostile SF environment in the NGC 253 CMZ. Therefore,
it is not evident whether our results indicate a common SF
threshold ny, of ~10**~*¢ cm™ in the NGC 253 CMZ and the
GC. Nevertheless, we could safely consider that the higher
fDG* (n) in ny, above this density range in the NGC 253 CMZ
plays a critical role in overcoming the disadvantageous
conditions and promoting starburst. We emphasize that this
difference in the fDG* (n) profile between the NGC 253 CMZ
and the GC was not measurable from analysis of the
luminosities without spatial information, and it provides a
new clue to understanding the low SFE4.,s in the GC, and
more generally, the origins of the dispersion in the SFR/HCN
ratio among galaxies (Usero et al. 2015; Bigiel et al. 2016;
Neumann et al. 2023).

The origin of the broad f,™*(n) profile in the NGC 253
CMZ could be caused by the higher turbulent pressure within
the GMCs. Krieger et al. 2020 show the velocity dispersion o,
within the NGC 253 CMZ clouds is by a factor of 2-3 larger
than that within the GC clouds over a wide range of spatial
scale from 1 to 100 pc except for the highest Ny, region. The
turbulent cloud model predicts that such an elevated degree of
turbulence broadens the PDF of ny, (Krumholz & McKee 2005;
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Neumann et al. 2023) as we observed in the NGC 253 CMZ.
However, the turbulent cloud model also predicts that this
broadening of the ny, PDF is counteracted by an increase in the
critical ny, for gravitational instability, resulting in a net
decrease in SFE. The high SFEgy... in the NGC 253 CMZ
contradicts this model prediction and the actually observed
anticorrelation between o, and the SFR/HCN ratio among
galaxies (e.g., Neumann et al. 2023). Alternatively, we may
attribute the different f5* (n) in the NGC 253 CMZ and the
GC to their different SF phases (Callanan et al. 2021). In this
line of theory, the GC could be considered to have undergone a
past active phase suggested by several observations (e.g.,
Tanaka et al. 2007; Yusef-Zadeh et al. 2009), during which
dense gas has been depleted. Meanwhile, observations suggest
that the formation of new star-forming dense clouds is hindered
by frequent destructive cloud—cloud collisions (Tanaka et al.
2018; Enokiya et al. 2021). The depletion of dense gas in the
present-day GC could be attributed to a combination of these
two effects.

6. Summary and Conclusions

We have performed a spatially resolved excitation analysis
of the CMZ of the starburst galaxy NGC 253 by exploiting the
rich data set of the ALCHEMI line survey. On the basis of the
comparison with the similar analysis performed for the
quiescent CMZ of the Milky Way, we attempted to find the
difference in the physical condition parameters of the molecular
clouds that distinguish the starburst and quiescent galactic
centers. We applied the non-LTE analysis to three different sets
of input lines (High-density, Low-density, and Minimal data
sets) from the ALCHEMI data by employing two different
statistical modeling approaches, namely, the hierarchical
Bayesian (HB) and nonhierarchical Bayesian (NHB) models.
These modeling processes allowed the derivation of the full P—
P-V distributions of the fundamental physical condition
parameters, including Ny,, Tyin, and ny,, delineated at spatial
and velocity resolutions of 27 pc and 20 km s, respectively.
The main results are summarized below.

1. The main HB analyses using the Low- and High-density
data sets (Low-HB and High-HB analyses) confirmed
that the NGC 253 CMZ contains at least two molecular
cloud components: the low-density component (T, =
85 K, ny, = 10*3 cm ™) mainly traced by low-J (J < 3)
transitions of CO and its isotopologues, and the high-
density component (Ty, =110 K, ny, = 10*? cm73)
traced by low-excitation (E,/kg <70K) transitions of
high-density tracer species. The low- and high-density
components correspond to the first and second excitation
components detected in previous dust SED and CO
SLED studies, respectively (Sections 3.1, 5.1.2). The two
components are found to be spatially mixed in the 27 pc
resolution, exhibiting a strong spaxel-to-spaxel correla-
tion in the Ny, distribution across the entire analyzed
region (Section 4.5).

2. The physically unreasonable parameter distributions due
to the severe parameter degeneracy in the NHB analysis,
such as the anticorrelations in Ny, versus Ty, and ny,
versus Ty, were successfully suppressed in the HB
analysis for both the Low-density and High-density data
sets. The NHB analysis also yielded Ny,/ny, values that
were too low to fit the r-o, relationship for the NGC 253
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CMZ. Hence, the HB analysis was able to provide more
realistic P-P-V distributions of the physical condition
parameters than the standard NHB analysis (Section 4.2).
. Molecular gas with high Ty, and ng, is concentrated in
the starburst region within the innermost ~10" radius,
where typical (T, np,) are (100-200 K, 10>°73¢cm—?
and (100-150 K, 10*55%¢cm™3) in the low- and high-
density components, respectively (Section 4.3). High-
velocity warm gas was found associated with this region
at velocities separated from the main velocity component
by ~ + 100 km s, indicating the presence of SF-driven
shocks. A few high-Ty;, and high-ny, spots were detected
outside the central starburst region, which may indicate
interaction with shocks of non-SF origins, such as the
large-scale molecular outflows and cloud—cloud colli-
sions (Section 4.4).

. The fractional abundances of tracers of shocks and high-
temperature molecular gas (SiO, HC3N, and p — H,CO)
show outwardly increasing distributions from the central
+10” region to the outskirts of the CMZ (Section 4.7).
This indicates that the low-excitation transitions of these
species trace shocks of non-SF origin (Section 5.1.4).

. The [12C] / [13 C] isotopic abundance (R,3) was fixed at 21
in the Low-HB analysis, based on the 12C180/ Bc¥o
measurement by Martin et al. (2019). However, the High-
HB analysis yielded R;3 ranging from ~45 to ~60, which
is 2-3 times that of the Low-HB value and the values
estimated from the ALCHEMI data by Martin et al.
(2021). This difference with the previous results is caused
by the one-zone approximation adopted in our analysis,
which leads to higher optical depths for the HCN, HCO™,
and CS transitions than Martin et al. (2021), who
performed independent fittings for each species
(Section 4.7).

. The Low-HB analysis possibly overestimates the correlation
coefficient between Ny, and ny,, due to insufficient
resolution of their degeneracy in the excitation analysis
(Section 4.8.1). The difference among the physical condi-
tions traced by different molecular species in the High-
density data set was confirmed to be insignificant, though
HCN lines are somewhat biased to high-Ty;, and/or high-
ny, regions compared to other species (Section 4.8.4). Other
caveats of the Low-HB and High-HB results are summarized
in Section 4.8.5.

. The ny, and Ty, values from the Low-HB and High-HB
results are confirmed to be approximately consistent with
the previous measurement in the literature (Section 5.1).
The difference from the CO SLED results (R14 and P18)
can be reasonably explained by the parameter degeneracy
in the CO SLED analyses (Section 5.1.2). The shocked
gas of SF origin in the central starburst and a few cold gas
features detected in the previous ALCHEMI paper and
the NH; inversion transition studies are possibly missed
in our analysis, due to the selection of the input data set
and the one-zone LVG assumption employed in the HB
analysis (Sections 5.1.3, 5.1.4).

. The masses of the low-density and high-density compo-
nents were estimated to be 1.6 x 10 Mg and 0.50 x
10® M, respectively. The dense-gas mass fraction ( f]SkG)
of 0.24 is approximately twice that of the GC with the ny,
separating the high- and low-density components being
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~10*3738 cm™>. Their values depend on the assumed
abundances of CO, 13CO, and HNC, but are consistent
with previous results from the CO SLED and dust SED
analyses (Section 4.5).

. The Low-HB result yields the CO-to-H, conversion factor

for the NGC253 CMZ is X(CO) to be 0.7 x
102 cm~2/(K km s~1) for all of the 1-0, 2-1, and 3-2
transitions. The HCN 1-0-to-H, conversion factor for the
high-density component is 2 x 10%° cm~2/(K km s~ ).
They are consistent with those calculated for the GC,
confirming that the dense-gas fraction (fpg) defined as the
HCN 1-0/CO 1-0 flux ratio serves as a good measure of
> based on the mass estimate. However, >70% of the
mass of the high-density component is constituted by the
spaxels with ny, < 3 x 10* cm >, being consistent with
the arguments against the reliability of the HCN 1-0 as an
accurate measure of the dense-gas mass consumed for SF
(Section 5.2.2).

The star formation efficiency for the high-density
component (SFEpg = SFR/high-density gas mass) is
approximately 10 times that of the GC. This difference
is approximately an order of magnitude larger than their
difference in f;)kc’ confirming that SFE cannot be solely

determined by fi; or fpog (Section 5.2.3).

The ny, frequency histogram of the NGC253 CMZ
derived from the High-HB result exhibits a 2.5 times
broader profile toward higher ny, values than that of the
GC using the T18 result, though they have similar mean
ny, of 10%'"*% ¢cm™> (Section 5.2.4). The modified
dense-gas mass fraction fhg™ (), which is f[;kG redefined
as a function of the threshold ny, defining the “dense
gas,” declines with an approximately constant shallow
slope in the range of ny, ~ 1043760 cm™? for the
NGC 253 CMZ, whereas that of the GC steeply declines
at ny, > 10*5 cm >, reaching 0 at ny, ~ 1059 cm >,
When aligning the resolution of the GC data to that of the
NGC 253 CMZ data, fDG;* (n) drops more steeply at a
lower ny, of ~10** cm™~*(Section 5.2.5).

The above results were confirmed to be qualitatively
unchanged when we used the results of the supplementary
analysis with the transitions commonly included in the data
set of the ALCHEMI and T18 (the Minimal data set) for
both the NGC 253 and the GC, where bias from the selection
of the tracer lines is absent (Sections 5.2.4, 5.2.5).

The fi,g* (n) ratio between the GC to the NGC 253 CMZ
reaches 0.1, i.e., the same as their SFEpg ratio, at
ng, = 1042746 cm=3, where the threshold ny, value
depends on the resolution and the selection of the data set
(Section 5.2.5). Signatures of massive star formation are
associated with regions above this threshold ny, both in
NGC 253 and the GC. It is not evident whether this
threshold ny, immediately translates into the universal
ny, threshold assumed in the scaling relation between the
dense-gas mass and SFR. Nevertheless, the rich abun-
dance of dense gas with ny, > 10*>~4% cm~3 in the
NGC253 CMZ is likely to play a critical role in
promoting starburst (Section 5.3).

The origin of the broader profile of fy5*(n) in the
NGC 253 than the GC is potentially linked to the higher
degree of turbulence in the former. However, the elevated
SFE4ense in the NGC 253 CMZ contradicts the prediction
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of the turbulent cloud model. Alternatively, we may
speculate that the GC has consumed the dense gas during
a past active SF phase, while the formation of new dense
clouds is hindered by frequent destructive cloud—cloud
collisions, resulting in the depletion of the dense gas
(Section 5.3).
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Appendix A
Probability Functions in the HB Analysis

The likelihood function Pr(V|P, &) is

[_l(fﬂc “F(p;) — v )21’ (AD)
2 Ox

where F.(p) is the model intensity/ratio of the kth line
calculated using the parameter p and ¢y is the rms noise level of
the kth line intensity/ratio. Equation (A1) implicitly assumes
that v; includes additive uncertainty of ~A(0, 67) and & is
uniform across all spaxels.

The prior function Pr(P, £|0) gives a priori PDF of P and £,
which is parameterized by 0 = {u, ¥, o};

Pr(P, £0) = H Pr(p;|p, X) Pr(elo).

l

Pr(VIP, £) =[] exp

ik

(A2)

We adopt the following truncated multivariate student prior and
log-normal prior for P and &, respectively;

Pr(p;|p, ) = T,(p; |1, 2)R(p;),
Pr(elo) = [ L(exl0, a®) - R(e€).
k

(A3)
(A4)

where T, (-|ut, 22) denotes the multivariate student function with
shape parameter v, location vector u, and scale matrix >, and
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L(-|0, o) the log-normal function with location O and
dispersion o”. We fix v at 2 in the present analysis. The
function R(-) is a product of logistic functions for individual
elements of the parameters, adopted to prevent them from
diverging to extremely large or small values. The details of the
logistic priors are provided in Appendix C.

The hyperprior function Pr(6) gives the prior probability of
0. We employ mainly noninformative functions for the
hyperprior and additional functions to limit the variable ranges
of a few specific elements of 6;

Pr(0) = Fs(S, R) - R(0), (AS5)

where F (S, R) is the separate-strategy prior (Barnard et al.
2000), which gives a uniform PDF for a symmetric
nonnegative definite matrix. Matrices S and R are the scaling
diagonal matrix and correlation matrix obtained from the
decomposition X = SRS, respectively, i.e., R; = E,j/ i X
and S; = 6;,/%;, with 6; being the Kronecker delta. The
function R(0) represents the logistic hyperpriors introduced to
explicitly forbid possible artificial correlations among the
parameters.

Function R(:) in Equations (A3), (A4), and (AS5) is a product
of logistic functions. Let x be an element of P, £, or 0, and the
upper and lower limits can be set by logistic PDFs,

1-1
Ry upper (¥) = [1 + exp(’c‘kﬂ) (A6)
and
x — xmin Y I
Rx,lower(x) = [1 + exp(_Tmm) s (A7)

respectively, where the scale parameter k> 0 is taken to be
sufficiently small. We use these logistic (hyper-)prior functions
to limit the variable ranges of the (hyper-)parameters to
physically reasonable values or to prevent the prior functions
(Equations (A3) and (A4)) from being too steep. Details of the
range limits of the (hyper-)parameters are given in Appendix C.

Appendix B
Probability Functions in the Nonhierarchical Analysis

The NHB analysis uses the same log-normal and logistic
priors as the HB analysis for £ and P, respectively;

Pr(P, €) = [[ L(exl0, o2) - [ R(p)).

ik i

(BI)

The difference from the hierarchical prior (Equation (A2)) is
that Pr(P, £) is not parameterized by variable hyperparameters.
We fix 0.=0.1 for all i, j, i.e., assume relative uncertainties of
~1 =+ o, for all line intensities. The variable ranges of P are
chosen to be sufficiently wide to cover reasonable parameter
values observed in molecular clouds, within which we obtain
the marginal posterior function for P as

Pr(P|V) = f dE - Pr(P, EV)

~ f dé - PrOUIP, &) [ L(el0, 0D, (B2)
i,k
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which is identical to the likelihood function where input line
intensities have relative uncertainties. Hence, the NHB analysis
is equivalent to the standard maximum-likelihood analysis with
finite parameter ranges.

Appendix C
Range Limits

We impose limitations to the variable ranges of several (hyper-)
parameters using the logistic (hyper-)priors (Equations (A6)
and (A7)). Table 7 shows the upper/lower-limit values applied in
the present analysis. The limits to the p vector are introduced
to prevent the parameters from diverging to physically
unrealistic values in usual molecular clouds. These limits are of
significant importance in the NHB analysis but have
almost no effect on the hierarchical analysis, in which the
variable ranges of p are controlled by the prior and hyperprior
functions.

The limits of the off-diagonal elements of the R matrix are
interpreted as the prior correlation coefficients among the
parameters. We introduced the limits to R for two purposes.
One is to forbid artificial anticorrelations between ¢ and Ny,
ny, and Ny,, and ny, and Ty, These parameters are strongly
degenerate in the excitation equations, and the NHB analysis
tends to create anticorrelations among them. We limit the R
elements for these parameter pairs to be nonnegative. The
assumption of nonnegative ¢—Ny, and ny,—Ny, correlations is
physically reasonable, as it is likely that high-Ng, clouds
consist of high-ny, and are in crowded regions rather than
regions isolated from the extended molecular gas. The
nonnegative ny,—Ty, correlation may not be obvious, but we
adopted this assumption based on the results of the GC. The
comparison between the results by Nagai et al. (2007) and T18
has shown that both Ti;, and ny, in the high-excitation
component are higher than in the low-excitation
component. T18 has also shown the absence of strong
anticorrelation between Ty, and ny, on 2 pc scales. However,
this does not necessarily indicate that the same applies to
the low-excitation component of the CMZ of NGC 253. It
should be noted that this range-limiting hyperprior might
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Table 7
Range Limits of Parameters and Hyperparameters
Minimum Maximum

(parameter™) dNy,/dv 19 23
nH, 1 7
Xmot (X) -10 =5
1) -3 2
(hyperparameter®) R;; -0.9 0.9
Ry, 0

Ry 0

Rr, 0

Notes.

& All parameters are in base-10 logarithms.
b Subscript indices N, n, and T denote elements for Ny,, ny,, and Tiy,
respectively.

overcompensate for the correlations that may be present in real
molecular clouds.

The other purpose of limiting the variable ranges of the
hyperparameters is to prevent the parameters from having
too strong (anti)correlation, as a strong (anti)correlation
makes the log-student prior of p extremely narrow, resulting
in highly inefficient MCMC even though the hybrid
MCMC technique is employed. We limit |R;[ < 0.9 for all
parameter pairs to prevent the prior function from being too
narrow.

Appendix D
Integrated Intensity Images

Figure 20 shows the integrated intensity images of the
transitions used as the inputs for the analysis. All the images
are re-gridded to a 0745 grid spacing and integrated over the
visr range of [0 500] km s~ after filtering of low-S /N spaxels
described in Section 3.2,3.3. We refer readers to Section 3 and
Martin et al. (2021) for a more detailed data description.
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Figure 20. Integrated intensity images of the input transitions in the scale of JTyvsdv (K km s ™). The major and minor axis coordinates (x—y coordinates) and the
positions of TH2, GMC6, and GMCla are shown for convenience in comparison with Figures 5-7 and 11.
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Figure 20. (Continued.)

Appendix E
MCMC Results

Figure 21 shows MCMC trace plots of dNy,/dv, M, Txino
¢, and R;3 at GMC6 for the first 10* MCMC steps in the

33

Low-HB and High-HB runs. Each panel shows two different
MCMC runs starting from dlfferent initial parameters. In
these runs, approximately 10° burn-in steps were necessary
before convergence; after that, the MCMC reaches conv-
ergence with sufficient parameter coverage and density. The
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Figure 21. MCMC trace plots of the Low-HB (left) and High-HB (right) runs at GMC6, showing parameter values (dNu,/dv, ny,, Tyin, ¢, and R;3) against MCMC
step number, n, for the first 10* steps. Results with two different initial parameters are overlaid on each panel. The Low-HB plot lacks R,3, whose value is constant in

the analysis.
convergent values are consistent irrespective of the initial

parameters. We ran more than a few 10* steps after
convergence in each run.

34

Figure 22 shows an example of the marginal posteriors of

dNy,/dv, ny,, Tiin, ¢, and R;3 at GMC6 for the Low-HB and
High-HB runs.
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Figure 22. MCMC corner plots of the Low-HB (upper panel) and High-HB (lower panel) runs at GMC6. Each panel shows 1D (diagonal panels) or 2D histograms
(off-diagonal panels) of the marginal posterior PDF. The colored contours overlaid on the scatter plots are drawn at 30%, 50%, 80%, and 95% credible intervals.
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Appendix F calculation was performed for spaxels at which all of the Ny,

Optical Depths Tyin, nm,, Ri3, and Xy values were determined with

We performed a pixel-wise calculation of the optical uncertainties less than 0.3 dex. Figure 23 shows the
depths of the transitions based on the LVG method, using the spaxel-based frequency distributions of the calculated

parameters from the Low-HB and High-HB analyses. The optical depths.
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Figure 23. Optical depths evaluated from the parameters obtained from the Low-HB and High-HB analyses. The violin plots show spaxel-based frequency
distributions, with bars indicating the frequency minima, medians, and maxima. Transitions in the Low-density and High-density data sets are colored blue and red,
respectively.
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Appendix G
Results of the Nonhierarchical Analyses and the
Hierarchical Analysis for the GC

The P-P and P-P-V distribution of (Ny, )veam, 71,, and Tiin
for the Low-NHB, High-NHB, and the GC-HB analyses are

shown in Figures 24, 25, and 26, respectively.
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Figure 27 shows spaxel-by-spaxel scatter plots of the
(N, )beam N1,» and Ty, of the GC-HB results versus the T18

results.
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Figure 24. Same as Figure 5, but for the Low-NHB result.
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Figure 25. Same as Figure 5, but for the High-NHB result.
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