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Abstract

CO is the most widely used observational tracer of molecular gas. The observable CO luminosity is translated to
H, mass via a conversion factor, Xco, which is a source of uncertainty and bias. Despite variations in Xcq, the
empirically determined solar neighborhood value is often applied across different galactic environments. To
improve understanding of Xco, we employ 3D magnetohydrodynamics simulations of the interstellar medium
(ISM) in galactic disks with a large range of gas surface densities, allowing for varying metallicity, far-ultraviolet
(FUV) radiation, and cosmic-ray ionization rate (CRIR). With the TIGRESS simulation framework we model the
three-phase ISM with self-consistent star formation and feedback, and post-process outputs with chemistry and
radiation transfer to generate synthetic CO (1-0) and (2—-1) maps. Our models reproduce the observed CO
excitation temperatures, line widths, and line ratios in nearby disk galaxies. Xco decreases with increasing
metallicity, with a power-law slope of —0.8 for the (1-0) line and —0.5 for the (2-1) line. X also decreases at
higher CRIR and is insensitive to the FUV radiation. As density increases, Xco first decreases owing to increasing
excitation temperature and then increases when the emission is fully saturated. We provide fits between X and
observable quantities such as the line ratio, peak antenna temperature, and line brightness, which probe local gas
conditions. These fits, which allow for varying beam size, may be used in observations to calibrate out systematic
biases. We also provide estimates of the CO-dark H, fraction at different gas surface densities, observational
sensitivities, and beam sizes.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar molecules (849); Molecular clouds
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(1072); Galaxy disks (589); Magnetohydrodynamical simulations (1966); Chemical abundances (224)

1. Introduction

Molecular clouds are the cradles for star formation in
galaxies. Measuring the total molecular content, as well as the
distribution and properties of molecular clouds, is therefore
crucial to empirical characterization of star formation itself and
of the energy returned by massive young stars to the interstellar
medium (ISM). Although H; is the most abundant molecule in
the ISM, it is difficult to observe in emission owing to its low
mass and lack of dipole moment. As a result, the second most
abundant molecule, CO, is often used to trace H,. However,
CO emission is usually optically thick, and the standard
technique relies on applying a conversion factor to translate the
observed CO line brightness Wco to the column density of
molecular hydrogen Ny,

Nu,

Weo

ey

XCO =

Equivalently, the total molecular gas mass surface density
(including helium) is obtained as X, = acoWco using a
conversion factor aco = 2.8m,Xco.

Traditionally, Xco is defined for emission inthe J =1 — 0
rotational transition (hereafter denoted as (1-0)). It can be
measured empirically by determining the H, mass using dust
emission or extinction, gamma-ray emission, or the virial
theorem (e.g., Solomon et al. 1987; Strong & Mattox 1996;
Dame et al. 2001; Lombardi et al. 2006). The average value of
Xco in the Milky Way solar neighborhood is Xcomw = 2 X
10 cm=2 K 'km™!s, corresponding to acomw = 4.3 M,
pc 2K 'km~!'s (see review by Bolatto et al. 2013). Often,
values of Xco.20 = Xco/(10%° cm~2 K~ 'km~!s) are reported,
and we will adopt this shorthand for numerical results.

Recently, interferometers such as ALMA have enabled high-
resolution observations in nearby galaxies, revealing unprece-
dented details of molecular clouds in a wide range of
environments down to scales of tens of parsecs (e.g.,
Schinnerer et al. 2013; Leroy et al. 2016; Egusa et al. 2018;
Faesi et al. 2018; Sun et al. 2018, 2020). However, the
environmental dependence of Xq is not well understood and
can introduce significant uncertainties and biases in measuring
the mass and pressure of molecular gas (Sun et al. 2020). In
addition, many observations are conducted using the CO (2-1)
line in order to achieve higher resolution, and often a fixed ratio
of the (2-1)/(1-0) line intensity is adopted in order to estimate
Xco (Gratier et al. 2010; Sun et al. 2020).

The uncertainties in Xco stem from the fact that the value of
Xco is observed to vary both locally on small scales within
individual molecular clouds, where the volume and column
density, as well as thermal and turbulent motions, vary (e.g.,
Solomon et al. 1987; Pineda et al. 2008; Ripple et al. 2013;
Kong et al. 2015), and on large scales across galaxies, where
the total gas surface density and velocity dispersion, as well as
environmental conditions such as the metallicity and gas
heating rate, are nonuniform (e.g., Israel 1997; Downes &
Solomon 1998; Leroy et al. 2011; Bolatto et al. 2013;
Sandstrom et al. 2013). To make the most of the new
molecular observations, it is essential to understand and
calibrate the variations in Xcq.

Many efforts have been made to investigate Xco using
theoretical models. The approach in Wolfire et al. (2010)
combines the comprehensive chemical network of a photo-
dissociation region (PDR) code with a highly simplified
spherical cloud model. Accurso et al. (2017) further coupled
radiation from stellar populations to similar spherical cloud
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models. These studies both allow for comprehensive chemical
networks but lack the realistic density and velocity structure
produced by turbulence in molecular clouds and their
environments. To model more realistic, turbulent molecular
clouds, several studies have employed 3D numerical hydro-
dynamic and magnetohydrodynamic (MHD) simulations to
investigate Xco (e.g., Glover & Mac Low 2011; Shetty et al.
2011b, 2011a; Glover & Clark 2012; Szfics et al. 2016). The
molecular clouds in these simulations are modeled in domains
with sizes from parsec to tens of parsecs and are effectively
isolated from the galactic ISM. Their physical properties such
as the density, cloud size, and velocity structure are set by hand
via initial conditions and turbulent driving specified in the
simulations, and radiation fields impinging on the cloud must
also be specified by hand. At the other extreme, galaxy
simulations have also been used to explore variations in Xcgo
(e.g., Narayanan et al. 2011, 2012; Feldmann et al. 2012;
Duarte-Cabral et al. 2015; Li et al. 2018). These models can
capture global environmental variations, but with resolutions
coarser than tens of parsecs individual molecular clouds are not
resolved, and subgrid models are required to estimate the CO
brightness. Due to the computational cost limitations, most of
these cloud- and galaxy-scale simulations obtain the chemical
abundances of H, and CO from either subgrid models that
assume a simplified PDR-like structure within each grid cell or
simplified chemistry networks such as those from Nelson &
Langer (1997) and Nelson & Langer (1999).

In our previous work (Gong et al. 2018, hereafter GOK2018),
we investigated Xco using local galactic disk MHD simulations
where massive clouds are formed self-consistently in the three-
phase ISM with star formation and feedback. We modeled the
chemical abundances in post-processing with a compact network
described in Gong et al. (2017), which included significant
improvements over Nelson & Langer (1999) and demonstrated
good agreement with the comprehensive PDR code in Wolfire
et al. (2010). For this study, kiloparsec-scale conditions input to
the MHD simulations were similar to the solar neighborhood
environment, and evolution of the ISM covered more than a full
star formation cycle (~50 Myr) at parsec-scale resolution (Kim &
Ostriker 2017, hereafter KO2017). This study demonstrated
that a mean Xco~ (0.7-2) x 10¥cm 2K 'km~'s is
obtained (varying somewhat in time and increasing for large
beams), in agreement with Milky Way observations. It also
showed that W¢ is sensitive to density, since collisions are what
determines the excitation of rotational transitions. Starting from
similar local galactic disk models with solar-neighborhood-like
parameters (Walch et al. 2015), Seifried et al. (2017, 2020)
performed zoom-in simulations of giant molecular clouds
(GMCs) with time-dependent chemistry using the Nelson &
Langer (1997) network and achieved a resolution of 0.1 pc. They
obtained typical Xco ~ 1.5 x 102 cm 2K 'km™'s for a few
GMCs, again in agreement with observations. Both of these
recent studies emphasized that Xco has considerable scatter on
small scales. Local-box simulations of this kind are particularly
advantageous for investigating Xq, because they include enough
physics to produce a realistic ISM, while also having high
resolution. However, to date only solar neighborhood conditions
have been considered, not yet addressing potentially important
environmentally driven variations in Xcg, such as the depend-
ence on metallicity (Bolatto et al. 2013). Moreover, theoretical
models so far have mostly focused on the CO (1-0) line,
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although the (2-1) line has been used increasingly in observations
(e.g., Sun et al. 2018).

In this paper, we build on GOK2018 to study and calibrate
Xco more comprehensively, covering a range of ISM conditions
that prevail in local universe galaxies. As before, we perform 3D
MHD simulations of kiloparsec-sized regions of galactic disks
with ~parsec resolution, which produces clouds with realistic
density and velocity structure as determined by self-gravity and
turbulence driven naturally by star formation feedback. The H,
and CO abundances and CO (1-0) and (2-1) line emission maps
are obtained via chemistry and radiation transfer post-processing.
By varying the initial large-scale surface density in the MHD
simulations, as well as the metallicity, the far-ultraviolet (FUV)
radiation field strength, and the cosmic-ray ionization rate (CRIR)
in the post-processing, we systematically investigate the depend-
ence of Xco on these environmental parameters. We also study
the effect of beam sizes in our synthetic observations. We analyze
how and why Xco depends on large-scale and small-scale
environmental conditions. We also quantify the dependence of
Xco on direct observables (total CO (1-0) and (2-1) line
strength, peak antenna temperature, and line ratio) that probe gas
conditions for different models, at a range of observational beam
sizes. Based on the correlations we identify, we provide formulae
to calibrate Xcgo; these calibrations can be used to reduce
systematic biases that enter if a constant Xco is adopted to
convert observed Wcg to Ny,. The present work may be seen as a
natural extension of GOK2018 beyond solar neighborhood
environments.

The structure of this paper is as follows. In Section 2, we use
simple theoretical models to explain the physics that enters in
setting Xco; this provides insight into the environmental
dependencies that may be expected. In Section 3, we describe
the methods adopted for our numerical MHD simulations and
the post-processing chemistry and radiative transfer that we use
to produce synthetic observations. Our results are presented in
Section 4: first, we describe the overall properties of the
simulations in Section 4.1; then, we validate our simulations by
comparing with observations in Sections 4.2; Section 4.3
investigates the dependence of Xcp on environmental and
observable parameters and provides calibration formulae for
Xco; lastly, Section 4.4 quantifies the variations in the CO-dark
H, fraction. Finally, we summarize our conclusions in
Section 5.

2. Theoretical Expectations

Although the definition of Xco = Ny,/Wco is simple, both
Ny, and Weo have complex dependencies on many physical
parameters. For example, the cloud density structure influences
where both CO and H, form. The gas kinetic temperature
affects collision rates and hence the population of CO rotational
energy levels and transition rates. The velocity structure affects
how much CO emission can escape the optically thick dense
gas and thus the brightness of the CO line. The metallicity
changes the formation rate of H, and amount of dust shielding
available. The external FUV radiation and CR ionization hinder
formation of molecules, while also setting the gas heating rate.
Due to these complex factors, it is difficult to make an accurate
analytical prediction of Xco as a simple function of the
environmental variables. However, reference to simple models
is still quite useful for providing insights into what Xco may
depend on, and in which direction.
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Typically, CO line profiles are not too far from Gaussian,
and to the first order, Weo o< 0, Theax, Where o, is the width of
the line and Tjcax is the peak antenna temperature. From Section
3.1.2 in GOK2018, for a uniform slab with optically thick CO
emission and Theax < 5.5 K, Theax & Toxe, Where Toy is the
excitation temperature of the line. Thus, we can approximate
Xco as

Nj Nj Nj
Xeo= N N | Ne/n @)
WCO Oy Iéxc Uv(ﬂexc/")

where n is the number density of hydrogen atoms. The factor in
the numerator, Ny,/n, is determined by the H, formation
chemistry and by the turbulent structure of the molecular
clouds. GOK2018 pointed out that o, does not vary as much as
Tixe, 80 in the denominator the factor Tg,. /7 is more important
for Xco.

We can make the further assumption that the molecular gas
is either (1) in clouds in approximate virial equilibrium with
mean density p and size Lcjoud ~ 0y / \/G_p or (2) dominating
the mass in the galactic midplane of an ISM disk that is in
vertical equilibrium, with scale height H ~ o2/(GZy,). In
either case, Ny, < o,/n, which gives

Xeo o L. 3)

Taking the CO (1-0) as an example and using a simplified
two-level system model,

1 1 1 (1% ﬂAm) L BAro

= + —1In +

“)
]Z:xc Tgas E) Tgas ncklo 76

ncklO

from Equation (30) in GOK2018. Here T, is the gas
temperature, n. is the density of the collisional partner (H, in
this case), 6= (1 — e"7)/7 is the escape probability of the
line, 7 is the optical depth of the line, ko= 6 %
107 1(T4as /100 K)*2 em®s! is the collisional de-excitation
rate, Ty = 5.5 K characterizes the transition energy, and
Ajp = 7.203 x 1078 s~! is the Einstein A-coefficient. If the
optical depth 7 > 1, 3 ~ 1/7. The expansion of the logarithm
is generally valid for the conditions in molecular clouds, where
ne 2 50 cm=3, Ty,g ~ 10-100 K, and 7 > 10.

Using the large velocity gradient (LVG) approximation, the
optical depth is (Equation (7) in GOK2018)

N Aonco (ﬁ)/go )
TLVG = — - 11,
8m |dv/dr" '\ fi /g

()

where Ny = 2.6 mm, nco is the number density of CO
molecules, g, = 1 and g = 3 are the degeneracies for J = 0
and J =1 levels, f, = no/nco and f, = n/nco are the
fractions of CO molecules in J = 0 and J = 1 levels, ny and
n, are the level populations, and |[dv/dr| is the velocity gradient.
If Toxe 2 T, with the definition of Texe = To/ In[(f /80) /(i /8D)]
and f; + f; = 1, then to the first order of (Tp/Texc),

f(fo/gol) elo/Toe — 1 N(lgo] Ty )
1 ———— == —-—-————_0 h— D
fil& 1 et/ o 81 ) Texc
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This then gives
BAo  24m |dv/dr| Texe
nekio koo oo To

(N

assuming n. = ny, ~ 0.5n in CO-dominated regions; foo =
nco/n is the CO abundance relative to hydrogen.

We consider two limits from Equations (3), (4), and (7). In
the first case, we consider relatively low n. In this case,
BAyo/(n.kyg) is relatively large (while still allowing the
logarithm to be expanded to lowest order), and the second
term on the right-hand side of Equation (4) dominates.
Equation (4) then gives (Ajo/(n.kig) = Ty/Texc, and when
combined with Equation (7) this yields

f 1/2
Tocn( 0 ) . ®)
|dv/dr|

Finally, inserting in Equation (3), we obtain for the low-density
limit

M]/ ©

XCO XX (
fco

We find that in the simulations |dv/dr| has no systematic
density dependence. In this case, as density and f, increase,
Xco decreases.

The second case we consider is when r is large, so the first
term in the denominator of Equation (4) dominates. This is the
LTE limit of Toxe — Tgus. In this high-density limit we then
have

XCO X ﬁ 5 (10)

gas

which increases with density. Although T, does not vary much
within individual dense molecular clouds, it may be higher in
environments with high star formation rates (SFRs) and hence
high cosmic-ray heating.

We note that the dependencies of X for low- and high-
density limits in Equations (9) and (10) are derived using
oversimplified assumptions and thus are never strictly true in
realistic molecular clouds. However, they provide theoretical
insight to the behavior that emerges from much more complex
numerical simulations. In particular, the above arguments show
that X0 is not expected to be constant on small scales. In fact,
we expect Xco to have a nonmonotonic relation with density.

On large scales, the main external environmental factors we
consider in this paper are the FUV radiation field strength, the
CRIR, and the metallicity Z. From the simple PDR models in
Gong et al. (2017, e.g., their Figures 5 and 6), we expect that
FUV radiation destroys both H, and CO. The CRIR, on the
other hand, also impedes both H, and CO formation but has the
additional effect of heating up the molecular gas and raising the
temperature in CO-dominated regions. Therefore, we expect a
larger effect on Xco from the CRIR than from the FUV
radiation. By raising Tg,s, which tends to increase T. from
Equation (4), Xco will be reduced as the CRIR increases.
Equation (4) also suggests a higher Xco at lower metallicity Z,
where f-, decreases owing to lower carbon and oxygen
abundances and lower shielding.

Another important observational parameter is fy,,, the
fraction of CO-dark H,. This is defined as the fraction of H,
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Figure 1. Schematic illustration of the TIGRESS framework. R2, R4, and R8
models roughly represent the environments in a Milky Way-like galaxy at 2, 4,
and 8 kpc from the galactic center. The gas surface density and SFR decrease
from R2 to R4 to R8. Image credit: face-on galaxy NGC 3982: ESA /NASA,;
edge-on galaxy NGC 891: Robert Gendler, NAOJ, HST/NASA, BYU
(Michael Joner, David Laney).

with CO emission below some detection limit Weo get,

_ My,(Weo < Weo der)
fdark - .
MHQ,IO[

1)

Evidently, f;, increases with Weg g We adopt a constant
Weo,det similar to the PHANGS observations in the main part of
this paper (see Section 3.2) and further discuss the relation
between f;,, and Weo ge in Section 4.4.

3. Methods

The methods used here are very similar to those
in GOK2018 but are extended to apply to environments
beyond the solar neighborhood. We post-process simulations of
galactic disks with chemistry to obtain the distribution of H,
and CO and then use a radiation transfer code to model the CO
line emission from molecular clouds. Below we briefly describe
our methods and refer the readers to GOK2018 for more
extensive descriptions.

3.1. MHD Simulations

The MHD simulation is carried out with the TIGRESS
(Three-phase Interstellar medium in Galaxies Resolving
Evolution with Star formation and Supernova feedback)
framework described by KO2017. A schematic illustration of
the TIGRESS framework is shown in Figure 1. Each simulation
represents a ~kiloparsec-sized patch of a galactic disk where
the multiphase ISM is self-consistently modeled with resolved
star formation and feedback. The simulations are conducted
using the Athena code (Stone et al. 2008; Stone &
Gardiner 2009), in a vertically stratified local shearing box
(e.g., Stone & Gardiner 2010). The ideal MHD equations are
solved, including gravitational forces from gas, stars, and the
dark matter halo (the old stellar disk and the dark matter halo
are treated via fixed potentials). Sink particles are implemented
to represent star clusters (Gong & Ostriker 2013) and produce
radiation and supernova feedback to the ISM from the massive
stars they contain. Only core-collapse supernovae are included,
from both young star clusters and runaway stars that originated
from OB binaries in clusters. The rate of supernova explosions
is adopted from the stellar population synthesis model

Gong et al.
Table 1
Galactic Environments in Simulations®

Environment Ygas,init Loas Sear oM Q
R2 150 40-100 450 0.08 0.1
R4 50 20-40 208 0.02 0.05
R8 12 9-11 42 0.006 0.03
Note.

@ Ygas,init 1S the initial gas surface density in M pc 2. Y 18 the gas surface
density range after a quasi-steady state is reached, in M, pc=2. Sy, is the old
stellar disk surface density in M pc=2. ppy is the midplane dark matter
density in M, pc=3. Q is the rotation rate about the center of the galaxy,
in kms~!pc~l.

STARBURST99 (Leitherer et al. 1999). The FUV radiation
from massive stars uses the same stellar population synthesis
model and is based on the instantaneous average luminosity per
unit area over the whole simulated domain, with a simple
attenuation factor to account for the mean dust optical depth.
This average radiation field is used to obtain the mean heating
rate in the atomic ISM (without solving the radiative transfer on
the fly).

Each TIGRESS simulation is run for at least 1.5f,4
(corresponding to several star formation cycles), where
oy = 2m/€) is the local galactic disk orbital time. A turbulent
and magnetized three-phase ISM with realistic properties
emerges. Overall, quasi-steady state is reached, with periods
of enhanced star formation followed by periods of enhanced
feedback; feedback disperses dense gas, which recollects over
time owing to gravity and large-scale converging flows. No gas
is added to the domain, but gas is continually lost to galactic
winds (Kim & Ostriker 2018; Kim et al. 2020b, 2020a) and to
star formation, so the mean gas surface density declines over
time in each simulation. Much of the volume is occupied by hot
ionized gas, and most of the mass resides near the midplane in
the warm and cold neutral medium (WNM and CNM), similar
to the observed ISM in the Milky Way and nearby galaxies.
Although molecular gas is not explicitly modeled in the time-
dependent simulations, it is expected to form within the dense
and shielded regions of the CNM. We model the formation of
molecular gas by post-processing the simulations with
chemistry and shielding, which is described in detail in
Section 3.2.

We extend the solar neighborhood TIGRESS model
from KO2017 (as previously analyzed in GOK2018) to a
wider range of environments, as listed in Table 1 (see also Kim
et al. 2020a). Three types of initial conditions are adopted, and
the corresponding MHD models are named R2, R4, and RS.
These very roughly represent environments in a generic Milky
Way-like galactic disk at radial distances of 2, 4, and 8 kpc
from the galactic center (see Figure 1). All of the densities (gas,
stars, and dark matter) increase from R8 to R4 to R2, closer to
the notional galactic center. As a result of both high gas surface
density and the strong vertical gravity from the stellar disk, the
SFR increases from R8 to R4 to R2. For the R2 and R4 models,
feedback drives stronger outflows than in the R8 model
previously studied in GOK2018, especially in the initial stage
of the simulation, leading to a larger decrease in the gas surface
density in the steady state compared to the initial values. We
note that because the simulations are local, the galactocentric
radius does not directly enter the model specification. The suite
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Table 2
MHD Simulation and Post-processing Model Parameters®
Model ID Environment Ax Ly, top V4 Jfer Jeuv & (f) Mco Xo
Physical environment:
R2-Z1CRI0L10 R2 2 256 40-80 1 1 1 (1.6 + 1.1) x 10714 (1.1 £ 0.6) x 10713 78 £55
R2-ZIL10 P 1 0.1 1
R2-Z1CR10 1 1 0.1
R2-7Z1 1 0.1 0.1 (1.6 £+ 1.1) x 10713 (1.1 £ 0.6) x 107'° 78 £5.5
R2-Z11L01 1 0.1 0.01
R2-Z1CRO1 1 0.01 0.1
R2-Z1CRO1LO1 1 0.01 0.01
R2-705 0.5 0.1 0.1
R2-72 2 0.1 0.1
R4-Z1CR10L10 R4 2 512 50-160 1 1 1 (5.1 £33) x 10715 (5.0 £2.4) x 10716 26 £ 16
R4-Z1L10 1 0.1 1
R4-Z1CR10 1 1 0.1
R4-7Z1 1 0.1 0.1 (5.1 £3.3) x 10716 (5.0 = 2.4) x 1077 2.6 + 1.6
R4-Z11L01 1 0.1 0.01
R4-Z1CRO1 1 0.01 0.1
R4-Z1CRO1LO1 1 0.01 0.01
R4-Z05 0.5 0.1 0.1
R4-72 2 0.1 0.1
R8-Z1 RS 2 1024 300-400 1 1 1 4.7 + 4.0) x 10°1¢ (9.2 = 5.8) x 1077 24 +20
R8-705 0.5 1 1
R8-72 2 1 1
Convergence of simulation box size:
R2B2-Z1 R2 2 512 40-60 1 0.1 0.1 (8.2 £ 3.6) x 10713 (4.9 £1.8) x 1071¢ 4.1+18
R2B2-705 0.5 0.1 0.1
R2B2-72 2 0.1 0.1
Convergence of numerical resolution:
R2N2-Z1 R2 1 256 51-54 1 0.1 0.1 (5.6 £ 1.1) x 10713 (5.3 £1.2) x 1071¢ 28+ 05
R2N2-705 0.5 0.1 0.1
R2N2-72 2 0.1 0.1
Notes.

 The fiducial post-processing models for R2, R4, and RS simulations are marked in bold. Ax is the numerical resolution in pc. Ly, is the box size in x- and y-
directions in pc. Z is the metallicity used in post-processing. f,, is the MHD simulation time interval from which the snapshots for post-processing are taken, in Myr.

Jer and fryy are the reduction factors of unattenuated CRIR and FUV radiation field used in post-processing (see text in Section 3.2). &, and <£>

are the
Mco

unattenuated and CO-mass-weighted average CRIR in s™'H™! (after f-y is applied). X, is the unattenuated FUV radiation field intensity in Draine (1978) units (after

feuv is applied), and y, = 1 corresponds to 4mJpyy = 2.7 x 103 ergcm—2s~L. For &, (¢
FUv 0 0

snapshots used for post-processing are listed.

Meo’ and x,,, the mean values and standard deviations from the simulation

b . . . . .
“...” represents that the corresponding value in the column is the same as in the previous row.

of models can therefore equally well be thought of as spanning
a range of galactic environments from low to high values of
Ygas and Y, without regard to the position in a galaxy.

The physical parameters of the TIGRESS MHD simulations
are summarized as part of Table 2. The simulations are
conducted using a regular Cartesian grid. Each resolution
element has a size of Ax in all three dimensions. The
simulations are run with a resolution of Ax = 2pc. In order
to obtain a higher numerical resolution with limited computa-
tional resources, we restart one of the R2 simulations after it
reaches the steady state (at 50 Myr) with a doubled resolution
of 1 pc, and we run that for 4 Myr. The boundary condition is
shearing-periodic in the x-direction, periodic in the y-direction,
and outflow in the z-direction. The simulation box size is
L, x L, x L, where L, = L, and L, = 3584 pc for R2 and
R4 models and L, = 7168 for R8 models. L, and L, increases
from 256 pc in R2 models to 1024 pc in R8 models. Larger
horizontal box sizes are needed in the lower surface density
models, where the expanding bubbles from supernova explo-
sions are larger owing to the lower mean density, and

individual superbubbles (created by correlated supernova
explosions) can fill the whole midplane volume if the box size
is too small (Kim et al. 2020a). We also carry out a set of R2
models with a larger horizontal box size of L, = L, = 512 pc
to investigate the numerical effect of the changing box sizes.

3.2. Post-processing Xco

To obtain the chemical composition of the gas, we use the
chemistry post-processing module within the code Athena-+-+
(White et al. 2016; Stone et al. 2020) that we developed
in GOK2018. Because almost all mass and molecular gas resides
near the midplane, we isolate the midplane region of
—512 pc < z < 512 pc for post-processing. The code reads the
output from the TIGRESS simulations and performs chemistry
calculations assuming that the density and velocity in each grid cell
are fixed.

We use the simplified chemical network of Gong et al.
(2017), which gives accurate abundances of H, and CO. In
order to compute the photoionization and photodissociation
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rates of the chemical species, we use the six-ray approximation:
in each cell, the radiation field is calculated by ray-tracing and
averaged over six directions along the Cartesian axes
accounting for the dust and molecular line shielding (Nelson
& Langer 1997, 1999; Glover & Mac Low 2007). The incident
unattenuated radiation field is assumed to come from the edge
of the computational domain along each ray. The unattenuated
FUV radiation is directly obtained from the TIGRESS
simulations (see Section 3.1).

The CRIR is similarly calculated with the six-ray method,
where £(Ny) is computed along each ray and averaged to
obtain the final value. We adapt the CR attenuation prescription
of Neufeld & Wolfire (2017) and Silsbee & Ivlev (2019),

o Nu < Nuyo

EWNp) = -1
50(,\1,\,7“) , Nu > Ny,
H,0

12)

where Ny = 9.35 x 102 cm=2 and &, is the unattenuated
CRIR. We set & =2 x 1071 ,s"'H!, meaning that the
CRIR is normalized by the cosmic-ray rate inferred from
modeling abundances of ions in diffuse molecular clouds near
the Sun (Indriolo et al. 2007; Neufeld & Wolfire 2017) and
proportional to x, the unattenuated FUV radiation field
intensity in Draine (1978) units (x, = 1 corresponds to
dnJeyy = 2.7 x 103 ergcm2s~1). We adopt this approach
since both &, and x, are expected to scale roughly with
the SFR.

The SFR in the solar neighborhood model R8 is consistent with
observations (Kim & Ostriker 2017). However, the SFRs in the R4
and R2 MHD simulations are Yspr /= 0.1-1 Mg yr~!kpc~2,
about an order of magnitude higher than the observed values at the
corresponding gas surface density in the nearby disk galaxies (Sun
et al. 2020). In part, this is because the R2 and R4 simulations
adopt higher stellar midplane densities than are typically found in
nearby galaxies. Stronger stellar gravity compresses the disk
vertically and tends to enhance star formation. Additionally,
limitations of the simulations may tend to produce higher-than-
realistic SFR. One limitation is that only supernova and FUV
radiation feedback were considered in the MHD simulations.
Additional sources of feedback such as ionizing radiation and
stellar wind may play a significant role in reality but were not
included in these simulations. “Early” feedback may be particularly
important in environments at high density where gravitational
timescales in dense clouds are shorter than the time before the
onset of the first supernova. We plan to include these additional
feedback mechanisms in the future, and preliminary results show
that SFRs can be decreased by a factor of a few. Moreover, the
present shearing box simulations do not account for effects of
large-scale galactic structure, such as spiral arms. Using simula-
tions that do include spiral structure (Kim et al. 2020b), we have
found that arm regions with X,,s comparable to that in model R4
have lower local SFR. Limited resolution may also tend to produce
higher-than-realistic SFRs, since star cluster particles form
instantaneously out of gas at the grid scale that becomes
unresolved (with cluster particle mass o< Ax); at higher resolution,
initial particle masses would be lower and feedback might be able
to prevent accretion of material concentrated near the particle.

To allow for radiation energy input rates that differ from
those in the MHD simulations, we apply reduction factors fq;y
and f- to the unattenuated FUV radiation and CRIR when we
post-process the simulations to obtain chemical abundances.
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The fiducial models adopt f-g =frygv =1 in R8 and
Jor =fruv = 0.1 in R4 and R2 simulations, so that the
corresponding CRIR and FUV radiation in fiducial models are
roughly in accord with observed SFRs at the corresponding
surface densities. We also run a series of models varying fog
and fryy to investigate the effect of varying CRIR and FUV
radiation on Xco. Treating these rates as independent
parameters allows us to explore the effects of heating and
dissociation on the CO abundance and excitation.

In post-processing, we also vary the gas and dust metallicity
Z, which is defined relative to the metallicity in the solar
neighborhood and is the same in dust and gas. The TIGRESS
simulations themselves are conducted assuming a solar
neighborhood metallicity of Z = 1, while we vary Z = 0.5-2
in the chemistry post-processing. Although the treatment is not
fully self-consistent, we will still capture the effect varying Z
on Xco better than simple plane-parallel or spherical models,
because the parent MHD models have realistic density and
velocity distributions and correlations. Varying Z changes the
amount of dust shielding for CO photodissociation (Wolfire
et al. 2010) and also affects the CO abundance through the
abundance of C and O relative to H input to the chemistry
module.

The physics models for varying post-processing choices are
listed in Table 2. Model names encode information regarding
the underlying MHD model, the metallicity relative to solar
neighborhood, and the CRIR and FUV scaling parameters
relative to the fiducial value. The table also provides values for
the unattenuated CRIR and FUV intensity.

For chemistry post-processing, we assume an initial chemical
composition of hydrogen in the form of H, and all other elements,
C, O, and Si, in the atomic form. The initial number abundances
relative to hydrogen are xc = 1.6 x 107*Z, xo = 3.2 x 1074Z,
and xg; = 1.7 x 107°Z, following Gong et al. (2017). The initial
temperature is taken from the output of the TIGRESS simulations.
We evolve the chemistry and temperature simultaneously for time
fchem = S0 Myr, so that the chemical abundances and temperature
of the gas reach a steady state.

We use the steady-state chemistry and temperature as an input
for the radiation transfer code RADMC-3D (Dullemond et al.
2012), to obtain synthetic observational maps of the CO (1-0) and
CO (2-1) line emission. We use a passband from —20 to
20kms ' (wide enough to include all CO emission) and a velocity
resolution of 0.5kms~'. The velocity gradient |dv/dr| is
calculated by averaging the absolute velocity gradient across the
six faces of each grid cell in the simulation. The total brightness
Weo is calculated by integrating over all velocity channels. T,k is
taken to be the peak antenna temperature over all velocity
channels. The velocity dispersion of the line is calculated using
o, = (W), — 7, . where (v)g, = fvﬂdv/fTAdv is the
antenna temperature (or equivalently, intensity) weighted average
of velocity, and similarly (v2)7, = f V2T, dv / f Tydv.® The
synthetic observations are performed along the z-axis, so that
the observer is looking at the galactic disk face-on. This avoids
blending, as all molecular clouds form near the midplane of the
galactic disk. The default beam size rpe,, in our synthetic
observations is the same as the numerical resolution Ax in the

3 Observationally, o, is often defined as the equivalent width
Weo / (m Tpeax), since this definition is less sensitive to noise (e.g., Sun
et al. 2018). Because we do not suffer from observational noise, and the line
profile is usually close to Gaussian, our moment-based definition gives similar
values of o, to the equivalent width definition.
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TIGRESS simulations. Note that we have a square shaped
beam, the same as our numerical resolution elements.* In real
observations, the beam size (in physical units) varies depending
on the telescope and the distance of the object. To investigate
the effect of changing rpeam, We smooth out (by factors of 2, to
avoid splitting a grid) the simulated data cubes of chemical
abundances, as well as the synthetic observation PPV cubes
from RADMC-3D to obtain X at coarser resolutions.

We impose a detection limit of Weg et = 0.75 K - km s1
(unless specified otherwise), below which the CO emission is
assumed to be undetected. This detection limit is similar to the
sensitivity of CO observations in Sun et al. (2018). Similar to
observations, we calculate Xco only in the CO-bright regions
above the detection limit.

In addition to maps of emission in individual lines,
observational studies sometimes include two or more lines,
which provide information regarding excitation. We define the
ratio of the emission line intensity as

Weo(2 — 1

Ry = Weo2 = D (13)
Weo(1 — 0)
4. Results

4.1. Overall Properties

Results from representative snapshots taken from the R2, R4,
and RS fiducial physical models are shown in Figure 2. As the
surface density decreases from the inner galaxy R2 model to
the solar neighborhood R8 model, the molecular clouds
become smaller, less dense, and fainter in CO emission.

Comparing Ny, and No, it is apparent that CO only traces
the dense part of molecular clouds. The outskirts of diffuse
molecular clouds are often CO-dark. This is because H, self-
shielding of the destructive FUV radiation is very efficient,
allowing H, to form at lower column densities. The formation
of CO, on the other hand, requires sufficient dust shielding of
the FUV radiation, which only occurs at higher column
densities (Wollfire et al. 2010; Gong et al. 2017). As the surface
density and density decrease, a larger fraction of H; is in diffuse
low-density regions where CO is not present, leading to a
higher fraction of CO-dark H, (see also Tables 4 and 5 and
Section 4.4).

The maps of CO (2-1) and CO (1-0) line emission are very
similar, with the (2—1) line slightly fainter and tracing slightly
denser gas. While simulations are able to produce exquisite
details of turbulent molecular clouds at ~parsec resolution,
similar observational resolution is not available in extragalactic
observations. Even with the unprecedented angular resolution
afforded by ALMA, as in the recent PHANGS survey, the
physical resolution in galaxies beyond the Local Group is
limited to 220 pc, with ~100 pc more typical (Leroy et al.
2016; Sun et al. 2018). The last two rows of Figure 2 illustrate
the effects of beam dilution. At 32 pc resolution, some
substructures of GMCs can still be seen. At the coarser 128 pc
resolution, however, most pixels contain more than one cloud
structure. The low surface density R8 models suffer the most
from beam dilution. The small and faint clouds are smoothed
out and can fall under the observational detection limit in some
cases.

4 In GOK2018, we have compared results for our square beam to the results

for a circular Gaussian beam, and we find that it makes very little difference
for Xco.
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Figure 2. Representative snapshots from fiducial models R2 (R2B2-Z1; left
column), R4 (R4-Z1; middle column), and R8 (R8-Z1; right column). Maps
show the column density of all gas (V; first row), molecular gas (Ny,; second
row), CO (Nco; third row), and the intensity of the CO (2-1) line (Weo (2 — 1);
fourth row) and CO (1-0) line Wco (1 — 0); last three rows), all viewed along
the z-axis. The last two rows show maps Wro (1 — 0) smoothed out to larger
synthetic beams of 7'peam = 32 pc and rpeam = 128 pc. All other rows show the
maps at the original simulation resolution of 2 pc. The x (horizontal) and y
(vertical) axes have a total length of 512 pc. The R8 model has a larger box size
(1024 pc), but we show a patch on the same scale of the R2 and R4 models for
easier comparison.

A more quantitative presentation of the gas properties for the
fiducial models is shown in Figure 3. The peak of the mass-
weighted density distribution increases by about two orders of
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Figure 3. Mass-weighted histograms of logn (left), log Ny, (middle), and Wco-weighted histogram of log Wco ((1-0) line; right) in the snapshots shown in Figure 2 at
the original resolution of 2 pc. All histograms are normalized to have the same area. The gray shaded region in the left panel is above the critical density for sink
particle creation. As the total surface density increases from R8 to R4 and to R2 models, the distributions of n, Ny,, and Wco also shift to higher values.
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Figure 4. CO (2-1) line properties at GMC scales in PHANGS observations and our numerical simulations. The PHANGS observations, including the main sample
and M33 in the Local Group, are taken from Sun et al. (2018), with a beam size of 120 pc. Only measurements in the disk regions and above the completeness limit for
detection are included. The contours show the PHANGS data density levels including 10%, 50%, and 90% of the measurements. The yellow shaded areas roughly
mark the regions below the observational detection limit. The simulations are taken from post-processing results with solar metallicity Z = 1 and a beam size of 128
pc. No detection limit is imposed in the simulations shown here, i.e., the simulated data points are assumed to have a perfect sensitivity. For the R2 and R4 models,
post-processing results from different levels of FUV radiation and CRIR (-Z1, -Z1L10, -Z1CR10L10 models in Table 2) are all included, and their distributions are
similar. For the R2 model, the larger box size model (R2B2-Z1) is shown with open triangles, and the higher numerical resolution model (R2N2-Z1) is shown with
orange filled circles, with the open orange circles showing the corresponding lower-resolution snapshot (in R2-Z1) at a similar simulation time. The range of physical
parameters from the numerical simulations generally agrees with the PHANGS observations, with some points below the observational detection limit. The estimation
of the data density distribution is made using the fastKDE Python package developed by O’Brien et al. (2014, 2016).

magnitude from R8 to R2 models, and the peak of the H,
column density and CO brightness distributions also increases
by about an order of magnitude. The higher density allows for
more efficient formation of H, and CO molecules, and the
higher surface density creates stronger shielding of the FUV
radiation field. This allows the ISM near the midplane to
transition from predominately atomic to predominately mole-
cular from R8 to R2 models. We note that there is a sharp drop
in the histogram of gas density n at >10° cm~3, which is due to
the numerical effect of sink particle creation. The peak of the
density distribution, however, is well resolved at 2 pc
resolution (GOK2018).

A summary of the important physical and observable
variables across different models and snapshots at synthetic
beam sizes of 32 and 128 pc are listed in Tables 4 and 5 in
Section Appendix. Many properties of molecular clouds vary
significantly owing to the changes in physical environments
such as surface density, metallicity, FUV radiation field
strength, and CRIR. The median values of Xco 0 = 0.6-3
across different models show much less variation than the
median values of both Ny, and W, showing that CO emission
traces H, column density to some extent across all models.

However, we also note that, even in a given model, there is
significant dispersion of Xco across different regions and
snapshots (as shown by the semiquartile ranges in brackets),
sometimes up to more than 50%. Taken together, this
variability shows the need to calibrate Xco to reduce the
uncertainty in observations.

4.2. Comparison with Observations

To validate that the molecular clouds in our simulations are
realistic representations of observed clouds, we compare our
simulation results to the cloud properties directly obtained from
CO observations, such as Wco, 0y, Tpeak, and Ry;.

Figure 4 compares the molecular cloud properties traced by
the CO (2-1) emission observed in the PHANGS galaxies (120
pc beam) with those in the synthetic observations from our
simulations (128 pc beam). The simulations successfully
reproduce both the correlations between and the range of the
observed Wco, Tpeak, and o,. This confirms that the molecular
clouds in our simulations are indeed realistic. Because we only
simulate patches of galaxies and do not account for the whole
galactic environment, we cannot match the detailed statistical
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Figure 5. Line ratio Ry} = Weo(2 — 1) /Weo(1 — 0) in comparison to observations, and for varying radiation and cosmic-ray conditions. Left panel: normalized
histogram of R,; for fiducial R4 model (R4-Z1) in comparison to the observations by Cormier et al. (2018) (C18). The observations of C18 have a spatial resolution of
~1.5 kpc, and we show the simulated R,; averaged over the whole 512 pc box, with the histogram showing the distribution from all temporal snapshots. The model
reproduces the wide range of R,; observed in C18. Middle and right panels: R,; variations associated with variations in CRIR and FUV radiation. The middle panel
shows the normalized histograms in models with CRIR 10 times lower (R4-Z1CRO01) and higher (R4-Z1CR10) compared to the fiducial model R4-Z1. The right panel
shows models with incident FUV radiation 10 times lower (R4-Z1L01) and higher (R4-Z1L10). Increasing either form of radiation moves the peak of the distribution

to higher R,;.

distribution of the observables in PHANGS. Our simulations
suggest that many molecular clouds exist below the detection
limit of PHANGS, especially in the lower surface density
environments represented by the R4 and R8 models. The
differences in the cloud properties observed in the nearby M33
and the main sample of PHANGS are at least partly due to the
limited observational sensitivity. Even in our highest surface
density model R2, many fainter clouds exist below the
detection limit of the main sample in PHANGS, and the
distribution smoothly extends to those observed in M33.

Figure 5 shows the comparison of R;; between our
simulations and nearby spiral galaxies observed in the EMPIRE
survey (Cormier et al. 2018). Most regions covered by the
EMPIRE survey have a total gas surface density of
15-50 M, pc~? and SFR of 0.01-0.1 M, yr~'kpc—2 (Cormier
et al. 2018; Jiménez-Donaire et al. 2019). This is closest to the
R4 environment in our simulations, and thus we plot the R4-Z1
model for comparison. The left panel of Figure 5 shows that we
successfully reproduce the observed distribution of R,;. This is
a significant improvement over the one-zone model RADEX
(van der Tak et al. 2007), which fails to reproduce the wide
range of R,; observed (see Figure 7 in Cormier et al. 2018).
The middle and right panels of Figure 5 illustrate that
increasing either the FUV radiation strength or CRIR tends
to increase R,;. Qualitatively, this can be understood because
both FUV radiation and cosmic rays preferentially destroy CO
in lower-density gas, causing most of the CO emission to occur
at higher densities, where R,; is also higher on average. The
mean values of R,; in R4-Z1L01, R4-Z1, and R4-Z1L10, for
which the background radiation field increases from 0.1 to 1 to
10 times the fiducial value, are 0.51, 0.65, and 0.82,
respectively. A simple linear fit between log(Jryy) and Ry
gives a slope of 0.152, close to the slope of 0.161 found in
observations of M83 by Koda et al. (2020).

4.3. Xco Conversion Factor
4.3.1. Dependence on Metallicity, FUV Radiation, and Cosmic Rays

Figure 6 summarizes results of Xco from all of our models
for both the J=1—-0 (top) J=2 — 1 (bottom) lines,
separately showing variations due to metallicity, FUV

radiation, and CRIR when the parameters Z, fcr, and fruv
are independently varied, and when the last two are varied
together as fsgr. The R2B2 (larger box size) and R2N2 (higher-
resolution) models have very similar Xco to the fiducial R2
model. This confirms that Xcq is converged at the current box
size and 2 pc resolution, as previously found in GOK2018.

Figure 6 also shows results of fitting the variation of Xco
with varying metallicity (Z), CRIR ({,), and background FUV
strength (x,). As expected (see Section 2), Xco decreases with
increasing Z. It is interesting that the measured scalings
Xco(l — 0) x Z7%8 and Xco(2 — 1) < Z793 are similar to
the relation Xco oc Z~'/2 predicted based on a highly
simplified model in Equation (9), under the assumption
nco x Z in CO-emitting regions. The physical reason for the
increase of Xco at lower Z is the decreased excitation
temperature due to lower optical depth of CO lines (see also
Figure 8 and related text), although the lines are still optically
thick. Compared to the (1-0) line, the (2—1) line traces denser
gas, where the CO abundance is less sensitive to the change in
dust shielding (as the shielding is already above the critical
values required for CO formation), and thus shows a weaker
dependence on Z.

Also consistent with general expectations, considering the
decrease of Xco at higher Ty (see Equation (3) and
Equation (4)) and the increase of Ty, at higher CRIR in

shielded regions, Xco decreases roughly ocgg‘“. There is also
very weak dependence on the FUV radiation field, roughly
Xco(l — 0) o< g or Xco(2 — 1) oc x,*®. This insensi-
tivity is reasonable, given that FUV mainly affects the gas
volume and mass where CO and H, can form (limited by
photodissociation), rather than the conditions in shielded
regions.

Since Z is often readily available in observations, the fits
shown in Figure 6 (see also 1a and 1b in Table 3) can be used
to calibrate Xcq in different galactic environments. While the
dependence of Xco on the CRIR is also quite clear from our
simulations, the value &, is not easily accessible observation-
ally. Since the physical dependence on §, is expected to be
mainly through the gas temperature, which affects excitation,
other avenues to controlling for this effect are available. We
discuss this further below.
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Figure 6. Xco conversion factor for CO (1-0) (top panels) and CO (2-1) (bottom panels) lines. The x-axes correspond to parameter values encoded in model IDs, as
given in Table 2; points in each group are slightly offset to the left and right for clarity. Results for the R2, R4, and R8 models are shown in yellow, red, and blue,
respectively. Points to the left of the main R2 simulations are from R2B2 (larger box size) and R2N2 (higher resolution) models, shown with dashed and dotted line
styles. For all models, symbols and error bars show the median value Xco and the semiquartile range of Xco in CO-bright regions with a 32 pc (filled circle, thick error
bar) and 128 pc (open circle, thin error bar) beam (see also Tables 4 and 5). For each panel, the black dashed line shows a linear fit of log Xco (median values at 32 pc
resolution, shown as the filled circles) as a function of the environmental parameters log Z, log &, log X, and log fez (all models shown in each panel are included in
the fits). Fitting with median values at 128 pc resolution gives very similar slopes. The fitted value of the slope and its standard deviation is written in the
corresponding panel. Evidently, the main environmental drivers for the variation in Xco are metallicity and the CRIR.

Table 3

Fitting Results: Xco as a Function of Observables®
Number Transition Parameters Fitting Result
la 1-0 Z XCO,ZO = 1.477080
1b 2-1 Z XCO,ZQ = 2.0Z2700
2a 1-0 Ro1, Z, Theam Xco.20 = 0.93(R1/0.6)87Z=930 (min {rpeqm, 100})0081
2b 2-1 Ra1, Z, roeam Xco20 = 1.5(Ry1/0.6)~"Z030 (min {ryeqm, 100})0063
3a 1-0 Toeaks Z» Fheam Xco = 1.8Tl;(;l.(64+0.2410grbeam Z080,~0.083
3b 2-1 Tpeaks Z, Tbeam Xco.20 = 2,7Tp*e;i(07+0«37 log rbeam Z’O'Sorb’agf
4a 1-0 Weos Z, heam Xco20 = 6.1WgS 019108 rbeam 70,80, 0.25
4b 2-1 Weos Z, rbeam Xco.20 = 21 1WgS 703408 rbeam 7-0.50,,_ 0,41
Note.

# The fits are performed using the least-squares method and using data in CO-bright regions from the synthetic observations in models R[2,4,8]-Z[05,1,2] and R2B2-Z
[05,1,2]. Expressions 1a/b are from fitting the median values of Xco in Figure 6. The rest are from fitting individual pixels at rpeam = 2—128 pc and with fixed slopes
for Z dependence from expressions 1a/b. The fits are applicable to the range of Weo = 0.75-200 K - km s~!. The units of the physical variables are as follows: Wco in
K- -kms !, Theax in K, and rpeam in pe. For rpeam 2 100 pc, Xco does not correlate with Weo or Theaw owing to beam dilution, and the beam-size-independent
expressions 1a/b or 2a/b should be used.

Motivated by the theoretical expectations (see Equations (3), dissociates CO, the CO-rich regions are generally shielded by
(4), and (7)), we further examine the relation between T3, and n high columns of dust, and CR ionization dominates heating of
in Figures 7 and 8. At low density, there is a large difference the gas. At high enough density (see Equations (4) and (10)),
between Tex. and Ty, As the density increases, Tex increases as Texc reaches LTE with Ty, In shielded gas, Ty, is mostly set by
a result of both the higher collisional rates and the increased the CRIR and decreases slightly at high densities owing to the
optical depth. At the same time, 7T, decreases owing to decrease in low-energy cosmic rays penetrating to high
decreased heating from the shielding of the FUV radiation (and columns (following our adopted relation in Equation (12)).
cosmic rays) and increased cooling at higher densities. As Although &, is higher in R2 models, there is also more

pointed out by Gong et al. (2017), because FUV radiation shielding owing to the higher surface density (see also Table 2).

10
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Figure 7. Gas temperature Ty, (orange) and CO (1-0) line excitation temperature ey (black) from the snapshots shown in Figure 2. The binned average values with
standard deviations are shown together with the background scatter of individual pointings. The excitation temperature approaches the gas temperature at densities
n 2 500 cm~—3. The T.x—n relation is important for Xco (Equations (2) and (3)).
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Figure 8. Dependence on density of Ty, and Texe as in Figure 7, but for just
model R4 at varying CRIR, FUYV intensity, and metallicity. Compared to the
middle panel of Figure 7, here we show CRIR 10 times lower (R4-Z1CRO1) or
higher (R4-Z1CR10) (top row), incident FUV radiation 10 times lower (R4-
Z1L01) or higher (R4-Z1L10) (middle row), and metallicity 2 times lower (R4-
Z05) and higher (R4-Z2) (bottom row).

As aresult, the CRIR and temperature in the CO-dominated gas
are similar across the fiducial R2, R4, and R8 models. At lower
densities where Teyc < Tgas, the Teye values in R2 models are
slightly higher owing to the higher optical depth. This leads to
the slightly lower X in the fiducial R2 models (Equation (3)).

Figure 8 further examines the T,y.—n relation in models with
varying CRIR, FUV radiation, and metallicity. Increasing the
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CRIR (top row) leads to higher temperature in the dense,
shielded regions, resulting in higher T¢,.; this is the reason for
the decrease of Xco at higher f- seen in Figure 6. An increase
in the FUV radiation (second row) also increases the gas
temperature, but only in the low-density and minimally
shielded gas. At the same time, photodissociation of CO
decreases the optical depth. These two effects tend to cancel
each other, and as a result, the X is relatively insensitive to
the FUV radiation (as seen in the weak dependence on fy;y in
Figure 6). Increasing metallicity (third row) leads to more
shielding and more efficient CO formation. At low (high) Z,
line saturation—with T¢x. approaching Ty,c—occurs at higher
(lower) densities. Overall, an increase in Z results in higher
optical depth, higher 7i4., and lower Xcg.

Of the “environmental” factors affecting Xco, the depend-
ence on Z has been the most extensively studied in theory and
observations. We show a comparison between our results and
recent literature in Figure 9. Among the theoretical studies
shown, our work is the only one that has resolved clouds
forming (and dispersing) in time-dependent simulations of the
multiphase ISM with self-consistent star formation and feed-
back. The slope of —0.8 found by us for Xco(1 — 0) lies in
between other theoretical predictions. Our values of Xco are
also consistent with observations of the Milky Way and nearby
galaxies. We note that our results are only valid between
Z = 0.5 and 2. The MHD simulations are run with Z = 1, and
a large departure from Z =1 can change the dynamical
structure of the clouds where molecules form by changing the
efficiency of heating and cooling. Furthermore, at lower
metallicities, decreased shielding causes CO to form at higher
densities, which would require higher numerical resolution. We
have experimented with setting Z = 0.1 and found that the
current resolution of 1-2 pc is inadequate in order to
resolve Xco.

4.3.2. Dependence on Physical Properties of the Gas

While in Section 4.3.1 we investigate the variation of
average Xco on large scales associated with key environmental
factors, in this section we consider the variation of Xco on
small scales owing to the structure and spatially varying
conditions within molecular clouds.

First, it is evident from the Weo—Ny, relation illustrated in
Figure 10 that X systematically varies with surface density at
small scales within molecular clouds. On the one hand, at low
Ny, the CO abundance is low owing to photodissociation at low
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the size of the galaxy; H, mass from dust. Sandstrom et al. (2013): nearby
spiral and dwarf galaxies, averaged over kiloparsec scale; H, mass from dust.
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Figure 10. Ny, vs. Weo(1 — 0) for the R2-Z1 (yellow), R4-Z1 (red), and R8-
Z1 (blue) snapshots shown in Figure 2 at the native simulation resolution of
2 pc. The binned mean values and standard deviations are plotted over the
background of scattered individual points. The dashed lines show the average
Xco in the CO-bright (Weo > 0.75 K - km s™1) regions for each model.

Ay, whereas H, is nonnegligible, being self-shielded. On the
other hand, at high Ny, > 5 x 10! cm~? the relation flattens
as Weo saturates owing to the high optical depth. As a result,
the resolved Wo versus Ny, relations are steeper than the large-
scale averages (shown as dashed lines) in the range

Ny, ~ (0.7-5) x 10! cm™2. To obtain the correct Ny, an
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Xco higher than the large-scale average would be required at
Ny, $2 x 102" em™2 (Ay < 2), whereas an Xco lower than
the large-scale average would be required at Ny, 2 2 X
102" cm=2 (Ay > 2). Similar trends are also found in high-
resolution observations of local molecular clouds (Pineda et al.
2008; Lee et al. 2018), simulations of individual molecular
clouds (Shetty et al. 2011b, 2011a; Szfics et al. 2016), and
zoom-in simulations (Seifried et al. 2020).

Inspired by Equations (2)—(10), we investigate the correla-
tion between Xco and physical properties of the gas on small
scales in Figure 11. The left panel directly shows that Xg first
decreases and then increases with density, consistent with the
theoretical expectations from Equations (9) and (10). The
Xco—Texe relation shown in the second panel can be explained
by reference to Equation (8) and Equation (9). If f., and
|dv/dr| are constant or have no systematic variation in
CO-bright regions, then Ty o< n and Xco o Toxe /2. The
right two panels of Figure 11 show that X is uncorrelated
with the local velocity gradient |dv/dr| and the large-scale
velocity dispersion along the line of sight.

Figure 12 examines the relation between R,; and gas
properties. R,; is high at higher n and T, and has a large
scatter at lower n and T... This is consistent with the
observations by Koda et al. (2020), who found that R,; has a
large spread in regions with low Wq, and R5; is high in regions
with high Wro. Because R, correlates with n and T, it also
correlates with Xco, and we use this to calibrate Xco in
Section 4.3.3.

4.3.3. Calibrating Xco Using Observable Quantities

As pointed out in Section 4.3.2, there are significant
systematic variations in Xco on small scales, correlated with
the gas density and excitation temperature. While these
correlations reflect inherent dependencies on physical condi-
tions, neither the density nor the excitation temperature is
readily available from observations. As a proxy, we identify
direct observable quantities that reflect physical conditions in a
similar way and use them to calibrate Xco on small scales.

We consider the following observables: the metallicity Z, the
line ratio Ry;, the peak antenna temperature Tpcqk, the integrated
line intensity Wcq, and the line width o,. We select the models R
[2,4,8]-Z][05,1,2] and R2B2-Z[05,1,2]. As discussed in Section 3.2
(see also Table 2), these models have FUV radiation field that
matches the observed SFRs, which in R2 and R4 models requires a
reduction relative to the MHD model itself (the CRIR is scaled
relative to the FUV). The range of metallicity extends a factor of 2
above and below the solar neighborhood.

Figures 15-17 (see Appendix Appendix) show the values of
Xco(1 — 0) and Xco(2 — 1) for all Z = 1 models as functions
of observables R, Tpeax, and Weo, for beam size 2, 32, and
128 pc, respectively. For each observable and the range of beam
sizes, we perform simple loglinear fits using the least-squares
method between the observable and X¢p, combining data from
R2, R4, and R8 models. Each data point in the fitting represents a
pixel in the synthetic observation, and the fits are weighted by the
area of the pixel. We limit the fitting to CO-bright regions of
Weo > 0.75 K - km s~1. The Xco- peak and Xco-Weo relations
are shallower at larger beam sizes owing to beam dilution.
Therefore, we include an additional term log e, in the power-
law exponents of Tpe.x and Weo to capture this effect. Due to
beam averaging, Xco is roughly constant when beam sizes are
large, and we therefore limit the fitting to rpeam < 128 pc. We
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Figure 12. Correlation between R,; and physical properties of the gas, similar
to Figure 11.

also tested o, but found that it does not show any significant
correlation with Xco, as expected from Section 4.3.2; we
therefore did not include it in the final results. In addition, we
experimented with fitting o, together with other observables and
found no significant improvement in the fit using the Bayesian
information criteria. We fix the slopes for the Z dependence
Xco(1 — 0) x Z79% and Xco(2-1) < Z7*%), which were
obtained from fitting of median Xco values in models with
different metallicity (see Section 4.3.1 and Figure 6). We also
tried fitting the X-o—Z relation using all pixels at the same time,
as we do for other variables, and obtained very similar slopes
for Z.

As can be seen from Figures 15—17, the values of Xco have
large intrinsic scatter at a given Ry;, Tpeak, OF Weo. This implies
that other hidden variables that are not directly observable,
such as the detailed gas density, temperature, and velocity
structure along the line of sight, also influence Xco. Although
the relations between X and the various observables are not
true power laws, we find that the power-law fit we adopted
already captures most of the systematic variations in the data.
We find that the (absolute) difference between the fitted Xco
and the median values of X in each bin is much smaller than
the standard deviation of Xcq in each bin, except for the most
CO-bright regions with Wgo > 20K - kms~!. Even for
20K - kms™! < Weo < 200K - km s~!, the systematic errors
from the power-law fit are still smaller than or comparable to
the intrinsic scatter in Xco (see also Figure 13).

Table 3 summarizes the results of our fitting. In expressions 1a/
b, we provide our results for the relation with metallicity only from
Figure 6. Relations 2a/b, 3a/b, and 4a/b give our calibrations for
Xco when the independent variable is Ryj, Tpeak, or Weo,

13

respectively. We note that Weo, Tpeak, and R,y are highly
correlated, and therefore our fitted relationships should be
considered as set of alternative (rather than “multiplicative”)
calibrations for Xcq.

The fits for Xco as functions of Ry, Tpeak, and Weo are
included as dotted, dashed, and solid lines, respectively, in
Figures 15, 16, and 17. Ryj, Tpeax, and Weo all increase with
increasing gas density and excitation temperature and thus
negatively correlate with Xco. At very high density n >
300 cm—3, where the optical depth for CO is very large, the
turnover of Xco in the left panel of Figure 11 is reflected in the
flattening of the binned X values near Weg ~ 100 K - km s7!
and Theax ~ 10 K. Weo ~ 100 K - km s~! also corresponds to
the saturation level at Ny, > 5 x 102! cm~2 in Figure 10. For the
current physical conditions and resolution in our simulations, most
of the CO emission comes from lower-density regions where the
trend in Equation (9) is expected. Xco decreases with increasing
Weo and Teqi for the majority of the data points at high resolution.
Therefore, we simply use a single power-law fit. We do note,
however, that our fits should not be applied to molecular cloud
regions with Weg 2> 200K - kms~!, where the lines are
saturated.

Comparing Figures 15-17, it is apparent that the scaling of
Xco with Tie or Weo is shallower at a larger rpeam OWing to
beam dilution. The slopes for the Xc¢ fits are steeper for the
(2-1) line, which traces regions with denser gas and higher
excitation temperature than the (1-0) line.

A comparison between all the Xco fits and the original
measurements, binned by W, is shown in Figure 13. We present
results separately for 2, 32, and 128 pc beams. For smaller (2 pc or
32 pc) beams, the simple Xco—Z relation is systematically biased:
atlow Weo < 10K - km s~!, the relation 1a/b underestimates the
true Xco, while at high Weo > 10 K - km s~ the relation 1a/b
slightly (32 pc) or significantly (2 pc) overestimates the true Xco.
This can be problematic when calculating masses of molecular
clouds with a large range of local physical conditions and
brightness. However, any of the three observables tested here can
help to correct this systematic bias. R,; performs the best across a
large range of W¢o, and the correlation is insensitive to the beam
size. Weo and Tpex perform well in regions with low and moderate
Weo but underestimate Xco when Weo = 20K - km s™!, with
Theax giving slightly better results.

At Fpeam = 100 pc, there is already significant averaging
over varying density, temperature, etc., within each beam, and
we find that X is consistent with having no correlation with
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Tpeak or Weo. The Xco dependencies on Z and R;;, however,
reflect the conditions for CO formation and excitation on all
scales and therefore do not suffer from beam dilution. In
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particular, the Xcq relation with R,; (2a/b in Table 3) only has
a very weak dependence on rpe,y, for the overall scaling at
small beam sizes, and the dependence vanishes as beam sizes
increase to =100 pc. Therefore, for large beams, we recom-
mend using the simple Xco—Z relation (1a/b in Table 3) if only
a single line is available, or preferably the Xco—R,; relation
(2a/b) since this helps to capture the increase in excitation (and
CO emission) in regions of higher mean density or where gas
temperatures are enhanced by stronger heating.

4.4. CO-dark H,

Finally, we investigate f;, ., the CO-dark H, fraction (defined in
Equation (11)). Figure 14 shows that in addition to the detection
limit, £y, also depends on the gas surface density and, to a lesser
extent, the beam size. In the lower surface density R8 models, the
clouds are fainter and smaller and thus fall more easily under the
detection limit compared to the brighter clouds in R4 and R2
models. At the fiducial detection limit of 0.75 K - km s~!, almost
all the H, in the R2 model would be detected via CO, while more
than half of the H, mass remains CO-dark in the R8 model (see
also Tables 4 and 5).

Pety et al. (2013) analyzed CO (1-0) line emission in M51
using different observational data sets and found that about
50% =+ 10% of the emission is undetected at a resolution of
40 pc and sensitivity of 0.4K-kms™' (lo). The average
surface density is about 30 M, pc=2 in the regions they
observed, similar to that in our R4 models. We find that
Jiak = 30% for the R4 models with ryeam = 32 pc and 3o
detection limit of 1.2 K - km s~!, which can already account for
most of the missing emission in Pety et al. (2013).

We also note from Tables 4 and 5 that all models have a
decrease in the fraction of CO-dark gas at higher Z. However,
especially for R2 and R4 models, 1 — fy,, varies little with Z.
Since the majority of H, is in CO-bright regions (for the range
Z = 0.5-2), this implies that in large-beam observations the
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translation of CO luminosity to H, mass will depend on Z
mainly through the opacity of optically thick lines (which affect
the excitation temperature), as previously discussed (see
Figure 8 and related text).

5. Conclusions

In this paper, we use numerical simulations of the multiphase,
star-forming ISM in galactic disks to study the properties of the
molecular component and the Xg conversion factor that is used to
obtain Ny, from Wco. We extend the previous work of GOK2018
based on simulations with solar neighborhood conditions to a wide
range of galactic environments. We post-process 3D MHD
simulations with chemistry and radiation transfer solvers to
produce synthetic maps of CO (1-0) and CO (2-1) emission
lines. We confirm numerical convergence of our results for Xco by
varying the spatial resolution and box size.

Our study investigates the dependencies on Xcp on large-
scale environmental parameters (metallicity, FUV radiation
intensity, CRIR), local physical properties of the gas (density,
excitation temperature), and observables (CO brightness, peak
temperature of the line, line ratio), as well as averaging scale
(beam size). Our main findings are as follows:

1. We successfully reproduce the relations between the CO
peak brightness temperature Tpea, the line width o, and
the brightness Wyo in the PHANGS survey of nearby
galaxies (Figure 4), as well as the distribution of R,, the
CO (2-1) to (1-0) line ratio, in the EMPIRE survey
(Figure 5). We also found a similar relation between R,
and the FUV radiation field strength to that observed in
MB83 (Koda et al. 2020). This confirms that the molecular
medium in our simulations is indeed a realistic repre-
sentation of observed molecular clouds, for star-forming
disk galaxies in the local universe.

2. For varying metallicity (relative to solar neighborhood) in
the range of Z = 0.5-2, we find Xco o< Z7%3 for the
(1-0) line and Xco o< Z~% for the (2-1) line (Figure 6).
This is consistent with observations of the Milky Way
and nearby galaxies and similar to results of other
theoretical work (Figure 9). Xco is reduced at
higher Z because of higher optical depth and higher T¢y,
at moderate density n =~ 30-300cm~> (Figure 8;
Equation (5) and Equation (8)).

3. Xco decreases with increasing CRIR (Figure 6), which
increases heating and leads to higher Ty, and Ty in the
dense, shielded regions where CO forms (Figure 8). Xco is
relatively insensitive to the FUV radiation field strength since
higher FUV increases T¢x. only in weakly shielded regions
with little CO, also partly compensating via a decreased
optical depth. The combined effect of CR and FUV would in
principle lead to an anticorrelation between X¢o and the SFR
for given gas conditions (Figure 6), although in practice star
formation and gas conditions are correlated.

4. On small scales, as the density increases, Xco first
decreases owing to the increasing excitation temperature
and then increases when the emission is fully optically
thick (Figures 7 and 11). This is consistent with the
theoretical expectations from Equations (9) and (10).
Because the increase of Weo with Ny, is steeper than
linear at low Ny, and flat at high Ny, (Figure 10), a constant
Xco is an underestimate at Ny, < 2 x 102! cm™2 and an
overestimate at Ny, > 2 x 10%! cm~2.

~
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5. The direct observables R, Tpeak, and Wgo correlate with
the gas density and the CO excitation temperature and can
be used to calibrate the systematic variations of Xco. We
provide fitting formulae for the calibration of Xco in
Table 3. We show that using an Xco that depends only on
metallicity can introduce significant bias, especially at small
beam sizes (Figure 13). For observations with rpe,m <
100 pc, we recommend using one of the observables R;,
Tpeak, or Weo to calibrate Xco. Among these choices, the
calibration using R,; performs the best in general and can
be used for large beams. The calibrations using Tpcac and
Weo perform well at Weo < 20K - kms™! and slightly
overestimate Xcq in higher brightness regions.

6. The fraction of CO-dark H, depends not only on sensitivity
but also on the gas surface density (and covariant
environmental conditions) in galactic disks and, to a lesser
extent, the beam size. We provide an estimate of f;,, in
Figure 14. The majority of H, is in CO-bright regions for
higher surface density models at typical detection limits.

In the future, modeling of CO and calibration of Xco can be
improved on two fronts. On the one hand, galactic ISM
simulations can be improved by including additional feedback
mechanisms from star formation such as ionizing radiation and
stellar winds, more accurate radiation transfer from stellar clusters,
injection and transport of cosmic rays, and covering a larger range
of parameter space beyond those in local disk galaxies. On the
other hand, more accurate chemical modeling can be achieved by
coupling chemistry with radiation and thermodynamics in the
simulations. This will enable us to have a fully self-consistent
model that follows the time-dependent interactions between
chemistry, metallicity evolution, radiation transfer, and gas
dynamics. Currently, we are working on improvements on both
fronts within the TIGRESS framework. Similar methods can also
be used to model the emission of other observable species, such as
C*, CI, and HCO™, which are valuable probes of physical
properties of different ISM components.
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Appendix

Additional Tables and Figures

Additional Tables 4 and 5 are included, detailing the overall
properties of the simulations. Additional Figures 15, 16, and 17

are included to show the fits for Xco.
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Figure 15. Correlation between Xco and direct observables, for models R2-Z1 (yellow), R4-Z1 (red), and R8-Z1 (blue), at the native simulation beam size of 2 pc.
Only CO-bright regions with Weo > 0.75 K - km s~! are shown and used for the fits. The binned median values and semiquartile ranges are plotted over a the
background of scatter points, each representing a pixel in the map. The black dotted, dashed, and solid lines are the fits 2a/b, 3a/b, and 4a/b, respectively, from

Table 3.
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Figure 16.

Same as Figure 15, but for a beam size of 32 pc.
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Table 4
Overall Properties of Simulation with 32 pc Beam in CO-bright Regions®

Model COUJ=1-0) cog=2-1

Nuy 20 Xco,20 Weo oy Toeax Sark Nuy 20 Xco,20 Weo oy Toeax Sark
Physics model:
R2-Z1CRI0L10 7.36(6.6) 0.67(0.2) 11.09(11.8) 6.01(1.5) 0.94(0.9) 0.013 9.19(7.1) 0.89(0.4) 9.17(11.6) 5.69(1.4) 0.82(0.9) 0.026
R2-Z1L10 14.37(10.0) 1.04(0.4) 13.00(13.0) 6.12(1.6) 1.07(1.0) 0.024 16.05(10.1) 1.42(0.7) 10.84(10.4) 5.78(1.5) 0.89(0.8) 0.042
R2-Z1CR10 8.47(7.0) 0.77(0.2) 11.13(12.0) 6.38(1.5) 0.88(0.9) 0.015 11.06(7.8) 1.04(0.5) 10.02(11.6) 5.82(1.4) 0.82(0.9) 0.037
R2-71 16.68(11.4) 1.13(0.4) 15.81(13.8) 6.88(1.6) 1.17(0.9) 0.013 19.55(11.6) 1.81(0.9) 11.98(9.5) 6.41(1.6) 0.86(0.6) 0.040
R2-Z1L01 18.51(12.5) 1.14(0.3) 18.49(15.0) 7.54(1.5) 1.17(0.8) 0.010 21.66(12.6) 2.03(0.8) 12.16(9.1) 6.86(1.6) 0.82(0.6) 0.037
R2-Z1CRO1 25.70(13.0) 1.70(0.8) 15.70(12.6) 6.52(1.7) 1.19(0.8) 0.038 26.81(13.6) 2.94(1.4) 9.70(6.7) 6.34(1.6) 0.71(0.4) 0.063
R2-Z1CROILO1 30.69(15.6) 1.81(0.7) 19.40(13.1) 7.66(1.5) 1.15(0.7) 0.027 33.28(15.2) 4.52(1.6) 8.70(5.0) 7.16(1.6) 0.52(0.3) 0.058
R2-705 18.67(10.6) 2.11(1.2) 8.20(9.0) 5.55(1.4) 0.78(0.7) 0.074 21.22(11.4) 2.57(1.3) 7.31(7.1) 5.18(1.2) 0.70(0.5) 0.130
R2-72 18.33(13.3) 0.68(0.2) 29.04(19.1) 8.20(1.5) 1.59(1.0) 0.004 20.73(13.4) 1.43(0.5) 17.38(11.6) 7.78(1.6) 0.99(0.6) 0.014
R4-Z1CR10L10 4.05(3.4) 0.89(0.4) 3.88(4.1) 2.98(1.1) 0.63(0.5) 0.136 5.20(4.2) 0.99(0.6) 4.14(4.3) 3.01(1.0) 0.63(0.5) 0.186
R4-Z1L10 8.38(5.6) 1.29(0.8) 5.68(4.8) 2.93(1.0) 0.86(0.6) 0.234 8.96(5.7) 1.46(1.0) 4.63(4.2) 2.92(1.1) 0.72(0.5) 0.253
R4-Z1CR10 4.28(3.5) 0.97(0.4) 3.98(4.6) 3.32(1.1) 0.60(0.6) 0.167 6.16(4.4) 1.15(0.7) 4.68(4.9) 3.13(1.1) 0.67(0.5) 0.235
R4-71 8.70(5.1) 1.65(0.9) 4.93(5.2) 3.52(1.2) 0.71(0.6) 0.242 10.66(6.2) 1.99(1.3) 4.48(4.1) 3.25(1.1) 0.62(0.4) 0.310
R4-Z1L01 7.69(4.7) 1.61(0.9) 4.52(4.5) 4.32(1.3) 0.58(0.5) 0.211 11.02(5.7) 2.37(1.5) 4.15(3.6) 3.76(1.2) 0.53(0.4) 0.340
R4-Z1CRO1 14.31(6.4) 2.37(1.6) 5.08(4.9) 3.09(1.1) 0.72(0.5) 0.372 15.55(7.0) 3.332.2) 3.85(3.2) 3.16(1.2) 0.53(0.3) 0.410
R4-Z1CRO1LO1 15.34(6.0) 2.80(1.9) 4.97(4.6) 3.93(1.2) 0.63(0.5) 0.370 17.99(6.8) 5.092.7) 3.13(2.3) 3.76(1.2) 0.38(0.2) 0.470
R4-705 12.86(6.1) 2.90(1.9) 3.52(3.4) 2.86(0.9) 0.59(0.4) 0.384 13.66(6.6) 3.30(2.0) 3.35(2.9) 3.00(1.0) 0.49(0.3) 0.441
R4-72 6.40(4.7) 0.91(0.5) 7.00(6.5) 4.36(1.5) 0.77(0.7) 0.134 8.57(5.1) 1.57(1.0) 5.23(4.9) 4.06(1.3) 0.64(0.5) 0.223
R8-71 4.83(2.2) 1.70(1.1) 2.42(1.9) 2.01(0.5) 0.48(0.3) 0.612 5.38(2.6) 1.67(0.9) 2.64(2.2) 2.00(0.4) 0.47(0.3) 0.696
R8-Z05 6.35(2.3) 2.76(1.1) 2.11(1.5) 1.88(0.4) 0.45(0.3) 0.840 6.32(2.6) 2.31(1.1) 1.95(1.7) 1.93(0.4) 0.42(0.2) 0.855
R8-72 3.28(1.7) 0.92(0.5) 3.082.9) 2.31(0.6) 0.54(0.4) 0.306 4.26(2.0) 1.13(0.7) 3.18(2.6) 2.23(0.5) 0.52(0.4) 0.459
Convergence of simulation box size:
R2B2-Z1 20.65(17.4) 1.26(0.5) 17.78(17.8) 7.26(1.4) 1.16(1.0) 0.024 23.31(18.8) 2.25(1.1) 12.17(10.9) 6.81(1.5) 0.82(0.6) 0.044
R2B2-Z05 25.22(19.4) 2.21(1.1) 11.94(13.0) 6.02(1.4) 0.98(0.9) 0.067 28.41(19.6) 3.28(1.7) 9.37(9.3) 5.70(1.4) 0.74(0.6) 0.091
R2B2-72 16.55(17.1) 0.83(0.3) 25.97(22.1) 8.64(1.4) 1.39(0.9) 0.011 21.49(18.3) 1.65(0.8) 15.04(11.1) 8.12(1.5) 0.84(0.5) 0.023
Convergence of numerical resolution:
R2N2-Z1 19.64(11.1) 1.18(0.3) 17.89(11.0) 6.89(1.2) 1.15(0.8) 0.007 20.63(10.9) 1.83(0.6) 11.70(7.3) 6.65(1.4) 0.79(0.5) 0.015
R2N2-705 18.68(9.3) 2.48(1.2) 6.64(5.7) 5.43(1.3) 0.64(0.5) 0.068 20.88(10.8) 3.04(1.5) 5.87(4.7) 5.31(1.4) 0.53(0.4) 0.114
R2N2-72 24.05(13.4) 0.74(0.1) 38.09(16.0) 8.49(0.9) 1.82(0.8) 0.001 24.24(13.3) 1.42(0.4) 19.16(9.4) 8.10(1.1) 1.05(0.5) 0.002
Note.

# All variables are calculated from CO-bright regions, which are defined as beams with Wep > 0.75 K - km s~1. The median values of the variables in all beams are shown as the main number, with the semiquartile
range shown in the following parentheses. Ny, 20 = Ny, /(1020 cm™2). Xco,20 = Xco/(102° cm 2 K 'km~'s). Weo is in units of K km s~1. o, is the velocity dispersion of the CO line profile. Tpea is the peak brightness
temperature of the CO line profile. f, is the fraction of CO-dark H,. The fiducial model names are highlighted in bold.
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Table 5
Overall Properties of Simulation with 128 pc Beam in CO-bright Regions*

Model CoOJ =1-0) cCoJ=2-1)

Ny, 20 Xco,20 Weo oy Tpeax Saark N, 20 Xco,20 Weo oy Theax Sark
Physics model:
R2-Z1CRI0L10 7.26(5.0) 0.60(0.1) 10.32(7.3) 7.87(1.4) 0.58(0.3) 0.001 7.32(5.0) 0.79(0.2) 7.70(6.1) 7.90(1.4) 0.48(0.3) 0.002
R2-Z1L10 12.48(7.4) 0.96(0.2) 10.55(7.4) 7.79(1.3) 0.63(0.3) 0.001 12.48(7.4) 1.30(0.2) 7.81(5.4) 7.95(1.3) 0.47(0.2) 0.001
R2-ZICR10 9.17(5.7) 0.68(0.1) 12.07(7.4) 8.05(1.2) 0.62(0.3) 0.001 9.52(5.8) 0.86(0.2) 8.79(5.7) 7.97(1.2) 0.50(0.3) 0.003
R2-71 17.00(8.9) 1.04(0.1) 16.03(8.4) 8.36(1.3) 0.75(0.3) 0.003 17.00(8.9) 1.63(0.3) 9.07(5.6) 8.38(1.2) 0.53(0.2) 0.003
R2-Z1L01 19.31(9.4) 1.08(0.2) 19.28(9.3) 8.96(1.0) 0.87(0.4) 0.000 19.99(9.5) 1.91(0.4) 10.49(5.1) 8.68(1.1) 0.55(0.2) 0.004
R2-Z1CRO1 22.79(10.0) 1.66(0.2) 12.96(6.9) 8.15(1.3) 0.68(0.3) 0.004 22.8109.7) 2.86(0.4) 7.30(3.6) 8.27(1.3) 0.43(0.2) 0.007
R2-ZICRO1LO1 28.69(12.4) 1.77(0.3) 16.60(8.1) 9.23(0.9) 0.78(0.3) 0.000 30.79(11.2) 4.26(0.8) 7.16(2.9) 8.91(1.0) 0.34(0.1) 0.008
R2-Z05 13.22(7.5) 1.80(0.5) 5.74(4.2) 7.19(1.2) 0.32(0.2) 0.004 13.60(6.7) 2.49(0.9) 5.10(2.8) 7.47(1.2) 0.29(0.1) 0.015
R2-72 20.53(9.9) 0.68(0.1) 29.59(13.9) 9.76(0.9) 1.23(0.4) 0.000 20.53(9.9) 1.21(0.3) 16.31(6.5) 9.50(0.9) 0.69(0.2) 0.000
R4-Z1CR10L10 2.52(1.8) 0.80(0.2) 2.40(2.2) 4.20(1.5) 0.24(0.1) 0.161 2.88(2.3) 0.93(0.3) 2.20(2.7) 4.88(1.6) 0.24(0.1) 0.205
R4-Z1L10 3.80(2.6) 1.35(0.4) 2.41(2.1) 4.54(1.5) 0.25(0.2) 0.205 3.88(2.9) 1.56(0.6) 2.28(2.2) 5.00(1.6) 0.20(0.1) 0.242
R4-Z1CR10 2.54(1.7) 0.86(0.2) 2.68(2.3) 4.69(1.5) 0.29(0.2) 0.154 3.35(1.9) 1.12(0.4) 2.64(2.6) 4.40(1.7) 0.26(0.2) 0.216
R4-71 5.03(3.0) 1.48(0.5) 2.90(2.3) 4.70(1.5) 0.31(0.2) 0.167 5.89(3.2) 2.03(0.8) 2.58(1.8) 4.41(1.5) 0.22(0.1) 0.268
R4-Z1L01 6.35(3.2) 1.36(0.5) 3.78(3.0) 5.87(1.4) 0.37(0.2) 0.148 7.22(2.9) 2.41(0.9) 2.22(1.8) 5.17(1.5) 0.24(0.1) 0.268
R4-Z1CRO1 8.27(4.1) 2.46(1.0) 2.65(2.0) 3.97(1.4) 0.27(0.1) 0.275 8.87(4.6) 3.59(1.3) 2.12(1.5) 4.86(1.5) 0.20(0.1) 0.362
R4-Z1CRO1LO1 11.09(3.8) 2.98(1.5) 3.002.2) 5.28(1.4) 0.32(0.1) 0.233 13.07(4.2) 5.70(1.9) 1.91(1.2) 5.33(1.5) 0.16(0.1) 0.394
R4-Z05 6.93(3.6) 2.33(1.0) 2.51(1.9) 5.15(1.5) 0.20(0.1) 0.420 7.15(4.3) 2.59(1.0) 3.05(1.2) 5.55(1.4) 0.21(0.1) 0.513
R4-72 4.953.2) 0.86(0.3) 5.12(4.2) 5.76(1.4) 0.43(0.3) 0.071 6.02(3.3) 1.53(0.7) 3.04(2.5) 5.63(1.3) 0.29(0.2) 0.141
R8-71 2.48(1.4) 1.51(0.6) 1.31(0.9) 2.93(0.4) 0.20(0.1) 0.652 2.71(1.4) 1.49(0.6) 1.64(0.6) 2.90(0.4) 0.22(0.1) 0.775
R8-Z05 3.63(0.9) 2.31(0.2) 1.61(0.5) 3.42(0.7) 0.18(0.0) 0.900 3.74(0.1) 2.58(0.2) 1.58(0.1) 3.65(0.6) 0.16(0.0) 0.923
R8-72 2.07(0.9) 0.78(0.4) 2.29(1.2) 3.08(0.7) 0.32(0.2) 0.275 2.24(1.3) 1.07(0.5) 1.75(0.8) 3.16(0.7) 0.25(0.1) 0.400
Convergence of simulation box size:
R2B2-Z1 13.51(11.1) 1.27(0.3) 13.04(9.0) 9.07(0.9) 0.57(0.4) 0.009 14.59(11.1) 2.05(0.6) 8.05(5.4) 9.00(0.9) 0.36(0.2) 0.015
R2B2-705 13.67(9.9) 2.03(0.4) 6.57(5.1) 8.21(0.9) 0.32(0.2) 0.029 13.89(11.7) 2.89(1.0) 4.82(3.2) 8.17(0.9) 0.24(0.2) 0.036
R2B2-72 13.94(12.2) 0.81(0.2) 19.26(13.3) 9.90(0.7) 0.76(0.4) 0.004 14.83(12.9) 1.54(0.6) 10.80(7.0) 9.73(0.8) 0.44(0.2) 0.007
Convergence of numerical resolution:
R2N2-Z1 21.36(5.1) 1.13(0.1) 19.77(4.2) 8.62(0.5) 0.92(0.2) 0.000 21.36(5.1) 1.83(0.2) 12.71(2.4) 8.59(0.6) 0.59(0.1) 0.000
R2N2-Z05 16.78(4.7) 2.35(0.3) 7.80(3.0) 7.53(0.5) 0.43(0.2) 0.000 16.78(4.7) 3.33(0.5) 5.66(2.1) 7.55(0.5) 0.31(0.1) 0.000
R2N2-72 26.28(5.6) 0.80(0.1) 35.90(4.4) 9.43(0.3) 1.46(0.1) 0.000 26.28(5.6) 1.42(0.1) 19.67(2.4) 9.31(0.4) 0.82(0.1) 0.000
Note.

# Same as Table 4, but with a 128 pc beam.

01 1queAoN 0202 (ddoz) ZH1:€06 “TYNINOL TVOISAHIOUISY dH],

‘Te 32 Suon



THE ASTROPHYSICAL JOURNAL, 903:142 (20pp), 2020 November 10 Gong et al.
1ot iF iF 3
S Ereel, 1F 1k 3
| [ x 1t 1k ]
— - - - -
It r —
el A |
2 100k iF =S F - T
s 1E E: ]
o [ 1F 1F ]
L Xco,20 = 1.4(R1/0.6)~0-87 1 [ Xcoo=12T%" 4 L Xcoz=18Wgs"* J
10-1 . RS Ll MR | N | N L el NPT |
A T T L | LR | LR | L | T T LR | T rrrTTT
10! ¢ 1F 1F 3
= F AN 1By . 1t 5
& T e T iRy > ] Rt :
M (. M - X s - N8
- oL X 2L ST A ~— =4 L \
5 10 E . 1 E o * ok — 1 F
S £ v, I ~J 3
O C . b b C 1
> [ 1L 1t ]
L Xco,20 = 2.0(R1/0.6)~1:69 1 [ Xcoao=15T;0 1 [ Xcos=29ws42 ]
10-1 ) N | PR | NP | N L el L el
107! 100 10! 100 10! 100 10! 102
R21 Tpeak (K) Wco (K km/s)
Figure 17. Same as Figure 15, but for a beam size of 128 pc.
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