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ABSTRACT

Accurate measurements of molecular gas mass in galaxies rely on the CO-to-H2 conversion factor

(αCO), which is known to vary with galactic environments. While recent studies have shown that CO

velocity dispersion and 12CO/13CO line ratios (R12/13) reliably trace αCO variation on ∼100-pc scales,

whether these prescriptions extend to lower-resolution observations or broader galactic environments

remains unexplored. Using recent dust-based, kpc-scale αCO measurements and CO observations from

PHANGS-ALMA, we investigate the dependence of αCO on inclination-corrected local CO velocity

dispersion (∆v) across varying spatial resolutions from 250 pc up to 2 kpc, in a sample of 12 nearby

galaxies. We find that the αCO-∆v anti-correlation holds up to 2-kpc scales with a ±0.2 dex scatter,

showing consistent power-law slopes ranging from 0.74–0.96 and increasing intercepts with increasing

spatial scales. These cross-scale αCO-∆v relations can be explained by the strong correlations between

∆v measured from both 150-pc and up to 2-kpc scales, which is due to major contributions from

internal cloud dynamics (as inferred from the 150-pc beam size) on kpc-scale ∆v measurements. We

also explore R12/13 as a potential cross-scale αCO indicator across 7 nearby galaxies, noting a decreasing

αCO-R12/13 trend at 1.5-kpc resolution that aligns with previous barred galaxy results at ∼100 pc.

Overall, these robust, cross-scale αCO prescriptions based on CO line properties provide a practical tool

for CO-based galaxy studies across a wide range of spatial scales, enabling accurate αCO derivations

especially in environments where conventional αCO treatments may be insufficient.
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1. INTRODUCTION

Assessing the amount of molecular hydrogen (H2) in

galaxies is fundamental to understanding star formation,

a process governed by the conversion of molecular gas

into stars (C. F. McKee & E. C. Ostriker 2007; M. R.

Krumholz 2014; R. S. Klessen & S. C. O. Glover 2016;

P. Girichidis et al. 2020). To trace the bulk distribu-

tion of molecular gas in galaxies, astronomers often mea-

sure low-J rotational lines of carbon monoxide (CO) and

assume a CO-to-H2 conversion factor (αCO; review by

A. D. Bolatto et al. 2013). However, αCO is not a univer-

sal constant, and it is known to vary significantly with

local environmental conditions (e.g., αCO in starbursts

or metal-poor environments can vary by 1–2 orders of

magnitude; D. Narayanan et al. 2012; P. P. Papadopou-

los et al. 2012; K. M. Sandstrom et al. 2013; F. Renaud

et al. 2019; M. Gong et al. 2020). For decades, this vari-

ation of αCO has therefore introduced major systematic

uncertainties into the measurements of star formation

properties, such as molecular cloud free-fall time, virial

parameter, and star formation efficiency (e.g., J. Sun

et al. 2022, 2023; Y.-H. Teng et al. 2024).

Theoretical studies suggested that CO opacity (or

optical depth, equivalently) is a key physical driver

of αCO variations in star-forming galaxies, particularly

in starburst environments (R. Shetty et al. 2011; D.

Narayanan et al. 2012; P. P. Papadopoulos et al. 2012).

Recent observational studies further confirmed a strong

correlation between the measured αCO and CO opacity

(Y.-H. Teng et al. 2022, 2023; H. He et al. 2024), us-

ing multi-line CO isotopologue modeling at the ∼100-pc

scale of giant molecular clouds (GMCs). As low-J 12CO

lines remain optically thick in most nearby galaxy obser-

vations, a lower CO opacity can decrease the αCO value

due to an increased CO emissivity. For instance, a

broadened CO line width can lead to a lower opacity

that explains why αCO is low in galaxy centers (e.g.,

A. D. Bolatto et al. 2013; Y.-H. Teng et al. 2022). Fur-

thermore, the 12CO/13CO line ratios may also trace CO

opacity, since 12CO is mostly optically thick (τ ≫ 1)

while 13CO is optically thinner (with τ < 1 in molecu-

lar clouds; e.g., J. E. Pineda et al. 2008; L. Szűcs et al.

2014). Therefore, the strong αCO dependence on CO

opacity has further inspired αCO prescriptions based on

CO velocity dispersion (Y.-H. Teng et al. 2024) and po-

tentially the 12CO/13CO line ratios (T. A. D. Paglione

et al. 2001; D. Cormier et al. 2018; Y.-H. Teng et al.

2023; H. He et al. 2024; J. den Brok et al. 2025a).

While these CO-based αCO prescriptions represent a

significant step forward, they are primarily developed

and verified on ∼100-pc scales, which are currently dif-

ficult to reach and thus have limited their applicability.

However, how much these prescriptions can be extended

to coarser angular-resolution observations remains unex-

plored. It is likely that these prescriptions are valid up to

certain scales, given that the large variability of CO line

properties and αCO on small spatial scales may average

out (e.g., M. Kohno & Y. Sofue 2024), or trace non-

GMC-associated properties such as galactic rotation or

cloud-to-cloud motions that should not impact αCO. As

extragalactic surveys increasingly provide molecular gas

measurements across large galaxy samples at different

scales (e.g., A. D. Bolatto et al. 2017; G. Calistro Rivera

et al. 2018; K. Sorai et al. 2019; L. Lin et al. 2020; A. K.

Leroy et al. 2021a; F. Rizzo et al. 2023), it is important

to understand how αCO prescriptions perform when av-

eraged over larger physical scales.

Motivated by the recent development in CO-based

αCO prescriptions on ∼100-pc scales, this paper tests

and expands those prescriptions across varying resolu-

tions from 250-pc up to 2-kpc scales. Our primary goal is

to uncover the physical meanings behind these prescrip-

tions and optimize their applicability for galaxy studies

across different observational resolutions.

2. DATA AND MEASUREMENTS

2.1. Dust-based αCO Measurements

We obtain dust-based αCO measurements from I.-D.

Chiang et al. (2024), where αCO is derived by assuming a

metallicity-dependent dust-to-gas ratio over 2-kpc-sized

hexagonal apertures. This provides a αCO grid sam-

pled on ∼500-pc scales (but represents 2-kpc-scale αCO)

across galaxies. We adopt these gridded measurements

to investigate αCO correlations with CO line properties

at varying resolutions, aiming to expand αCO prescrip-

tions to various observational scales.

Our main results focus on the same 12 nearby galaxies

as in Y.-H. Teng et al. (2024), which are the intersection

between I.-D. Chiang et al. (2024) and the PHANGS-

ALMA samples (A. K. Leroy et al. 2021a). The αCO of

these galaxies were inferred directly from the PHANGS

CO(2–1) data, and we use the version with a constant

CO (2–1)/(1–0) ratio of 0.65 (Y. Yajima et al. 2021;

A. K. Leroy et al. 2022; J. den Brok et al. 2025b) for

consistency with Y.-H. Teng et al. (2024) and to facili-

tate reproducibility. We also adopt the αCO of 7 galaxies

http://astrothesaurus.org/uat/262
http://astrothesaurus.org/uat/391
http://astrothesaurus.org/uat/591
http://astrothesaurus.org/uat/653
http://astrothesaurus.org/uat/653
http://astrothesaurus.org/uat/1569
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overlapping with the CO Multi-line Imaging of Nearby

Galaxies (COMING; K. Sorai et al. 2019) sample, where

αCO was also directly derived from the COMING CO(1–

0) data in I.-D. Chiang et al. (2024).

2.2. Multi-scale PHANGS Datasets

We generate CO (2–1) map products convolved to 250-

pc, 500-pc, 750-pc, 1-kpc, 1.5-kpc, and 2-kpc scales us-

ing the PHANGS-ALMA pipeline (A. K. Leroy et al.

2021b) for all 12 PHANGS galaxies (see A. K. Leroy

et al. 2021a; Y.-H. Teng et al. 2024, for basic galaxy

properties). The best common resolution data at 150-

pc or 90-pc scales, including cubes and kpc-averaged

statistics (from J. Sun et al. 2022) are also used for

comparison purposes. Specifically, we use the pipeline-

produced ‘strict’ maps of moment-1 and effective line

width19 to analyze gas dynamical properties and scal-

ing relations at different scales. As our explored data

resolutions are either similar or lower than the αCO grid

sampling rate (§2.1), we simply adopt nearest-neighbor

matching based on the αCO grid when connecting αCO

with CO observations (§3.1).

2.3. COMING CO and 13CO Datasets

We investigate the kpc-scale relationship between

αCO and 12CO/13CO line ratios (R12/13) in §3.3, us-

ing data products for 12CO(1–0) and 13CO(1–0) from

the COMING survey (K. Sorai et al. 2019, based on 17′′

(∼kpc) observations from the Nobeyama Radio Obser-

vatory 45-m telescope), which is publicly available on

the Nobeyama FITS Data Archive20. While the COM-

ING survey targeted 12CO, some galaxies were also de-

tected in 13CO, and seven of these galaxies have spatially

resolved αCO measurements from I.-D. Chiang et al.

(2024) directly derived for CO (1–0).

3. RESULTS

3.1. αCO Dependence on CO Velocity Dispersion

To investigate whether αCO variations with ∆v can

extend to physical scales beyond 150 pc (Y.-H. Teng

et al. 2024), we evaluate the varying-resolution ∆v maps

on the positions of the αCO sampling grid (§2.2). Fig-

ure 1 presents the αCO-∆v relations, with ∆v evolving

from 250-pc to 2-kpc resolutions21. The gray areas show

the low-confidence regime where αCO sampling is incom-

plete (i.e., the fraction of reliable αCO data per velocity

19 Defined as ICO/(
√
2π Tpeak), which is identical to moment-2

for a Gaussian line profile (A. K. Leroy et al. 2021b).
20 https://jvo.nao.ac.jp/portal/nobeyama/coming.do
21 We do not extend beyond 2 kpc because it is the resolution of

our dust αCO measurements.

bin is below 50%; see Y.-H. Teng et al. 2024). In addi-

tion, all the ∆v values have been corrected for galaxy

inclination by a factor of
√
cos(i) (following Y.-H. Teng

et al. 2024), which is an empirical correction derived in

J. Sun et al. (2022, Appendix C) to eliminate the incli-

nation dependency of observed ∆v.

After excluding the data-incomplete regime (i.e., gray

shaded areas in Figure 1), we conduct a least-squares

fitting in log-log space:

logαCO = m log∆vi + b , (1)

where i indicates the resolution scale of ∆v, and the

best-fit m and b are listed in Table 1 as well as anno-

tated on the figure panels. For data from 250-pc to

2-kpc scales, the dispersion with respect to Equation 1

is constantly below 0.2 dex, and the Pearson correlation

coefficients are 0.6–0.7 with p-values ≪ 0.05.

As shown in Figure 1, all resolution scales result in a

clear anti-correlation between αCO and ∆v. The best-

fit slopes (dotted lines) are generally at ∼0.8 (ranging

from ∼0.7–1.0), which agree well with the relation in Y.-

H. Teng et al. (2024) based on ∆v150pc (dashed lines).

The slight drift of the slopes and clear increase of the

intercept b with increasing scales mainly reflects the rise

of ∆v due to larger-scale motions being included within

larger beam sizes. We also note that NGC 4536 and

4569 are barred galaxies with centers showing the bright-

est kpc-averaged CO intensity across our sample (Y.-H.

Teng et al. 2024, Table 1), and thus bar-driven inflows

and increased emissivity in their centers may explain the

substantial αCO drop at high ∆v.

Table 1 lists our best-fit coefficients and errors for the

αCO-∆v relations from 250-pc to 2-kpc scales. Over-

all, the consistent αCO-∆v trends and slopes seen across

varying scales suggest that ∆v can be a good αCO in-

dicator, not only at near-GMC scale but also extended

up to kpc scales. Thus, the reported functional fits may

be broadly used to estimate the varying αCO values for

CO observations across nearby galaxies. In the latest

CO (1–0) observations from the Extragalactic Database

for Galaxy Evolution (EDGE) surveys (Y.-H. Teng et al.

2026), our 2-kpc-scale prescription was already adopted

and compared to existing prescriptions systematically.

3.2. Why Does Large-scale ∆v Work to Trace αCO?

3.2.1. Tracking 150-pc ∆v with kpc-scale ∆v

The original αCO-∆v prescription in Y.-H. Teng et al.

(2024) was based on the average of intensity-weighted

effective line widths measured at 150-pc scales over sep-

arate 1.5-kpc-sized hexagonal regions (⟨∆v⟩150pc; see J.

Sun et al. 2022). To connect with the original prescrip-

tion, we obtain the same ⟨∆v⟩150pc values and compare

https://jvo.nao.ac.jp/portal/nobeyama/coming.do
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Figure 1. All 12 galaxies show clear anti-correlations between αCO (M⊙ (K km s−1)−1 pc−2) measured at 2-kpc scales and
CO velocity dispersion (km s−1) from 250-pc to 2-kpc resolutions, suggesting that ∆v can be a good αCO indicator for CO
observations in a wide range of scales. The colored lines and shaded areas represent the binned medians and ±1σ range for each
galaxy, respectively. The dotted line shows the best-fit power law relation, excluding the low-∆v regimes with incomplete data
sampling (shaded in gray). The dashed line shows the relation from Y.-H. Teng et al. (2024) based on ∆v at 150-pc scales.
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Table 1. Best-fit Power Law Coefficients

Resolution m b

log αCO = m log(∆v) + b

*90 pc -0.59 ± 0.04 0.90 ± 0.03

*150 pc -0.81 ± 0.02 1.05 ± 0.02

250 pc -0.74 ± 0.03 1.00 ± 0.02

500 pc -0.78 ± 0.03 1.15 ± 0.02

750 pc -0.83 ± 0.03 1.30 ± 0.03

1 kpc -0.84 ± 0.03 1.38 ± 0.03

1.25 kpc -0.83 ± 0.03 1.42 ± 0.03

1.5 kpc -0.90 ± 0.03 1.58 ± 0.04

2 kpc -0.96 ± 0.04 1.77 ± 0.05

log⟨∆v⟩150pc = m log(∆v) + b

1.25 kpc 0.76 ± 0.03 -0.14 ± 0.03

1.5 kpc 0.74 ± 0.03 -0.16 ± 0.03

2 kpc 0.68 ± 0.03 -0.16 ± 0.03

Note—* The best-fit αCO-∆v relations for 90-pc and
150-pc resolutions (based on the same 12 galaxies) are from
Y.-H. Teng et al. (2024, Figure 1a). The functional form of
the 90-pc relation was not explicitly listed in that paper

but has been used and reported in subsequent studies (e.g.,
M. Sánchez-Garćıa et al. 2026).

them with our varying-resolution ∆v maps (§2.2). As

⟨∆v⟩150pc is an averaged quantity over 1.5-kpc aper-

tures, we only compare with maps at similar (1.25–2-

kpc) scales to avoid biases from cross-scale matching.

Figure 2 shows that ⟨∆v⟩150pc correlates well with ∆v

measured from 1.25-kpc to 2-kpc scales, with only a

σ ∼ 0.1 dex scatter. These correlations among cross-

scale ∆v indicate that ⟨∆v⟩150pc can be well-tracked

by lower-resolution ∆v even up to 2-kpc. The dotted

lines show the best-fit ∆v relations across scales (see

also Table 1). The Pearson correlation coefficient (best-

fit slope) decreases from 0.71 (0.76) at 1.25-kpc to 0.58

(0.68) at 2-kpc. While the scatter increases with scales,

the positive correlations between ⟨∆v⟩150pc and ∆v are

still significant on 2-kpc scales.

The finding that ⟨∆v⟩150pc correlates well with ∆v up

to 2-kpc scale explains why the anti-correlation between

αCO and ∆v also extends up to kpc scales (§3.1 and

Figure 1). In other words, while the αCO-∆v relation

is found to be the strongest at near-GMC resolutions

(with a dispersion σ ∼ 0.1 dex at 150-pc scale; Y.-H.

Teng et al. 2024), the correlations between 150-pc and

larger-scale ∆v further lead to similar αCO-∆v trends

up to 2-kpc scales, albeit with an increased scatter of

σ ≲ 0.2 dex. This implies that our kpc-scale αCO pre-

scriptions (upper part of Table 1) is similar to deriving

⟨∆v⟩150pc via the ∆v relations (lower part of Table 1)

and then substituting it into the original prescription in

Y.-H. Teng et al. (2024). However, such indirect com-

puting process may induce additional αCO uncertainty

(∼0.3 dex) propagated from the scatter in both rela-

tions, and thus we recommend using the direct αCO-∆v

relations whenever possible.

In Figure 2, the overall distribution of ∆v also shifts

with scales, deviating increasingly from the 1-to-1 rela-

tion (dashed lines). This may indicate a diminishing

contribution of GMC-scale motions over larger scales

(more in §3.2.2). The ∆v offset in the bottom panel

(∼0.5 dex between 150-pc and 2-kpc) is also roughly

consistent with the Kolmogorov-like scaling in size-

linewidth relations (R. B. Larson 1981; B. G. Elmegreen

& Y. N. Efremov 1996), which may support a scenario

of turbulence cascade up to kpc scales (more in §4.1).

3.2.2. Contribution from 150 pc-scale ∆v in kpc apertures

The strong correlations between multi-scale ∆v (Fig-

ure 2) suggest that ∆v measured at near-GMC (150-pc)

scale makes a key contribution on kpc scales. To quan-

tify this we define kpc-size apertures over the central

5 kpc of our galaxies, and in each of them we stack the

150-pc scale spectra centering on the velocity from the

150-pc moment-1 map (A. Schruba et al. 2011, see also

Y.-H. Teng et al. 2022), thus obtaining a representative

150-pc scale velocity dispersion for each aperture. Fig-

ure 3 illustrates this process. The top panels of 3b and

3c show the results of this procedure for the center and

for a representative position in the disk. The bottom

panels demonstrate that the effects of beam-smearing

on kpc-scale spectra are large in the center, but much

less dominant in the disk where ∆v150pc ∼ 5 km s−1 and

∆vkpc ∼ 10 km s−1 only differ by a factor of 2.

We find that the below-factor-of-2 increase in ∆v

from 150-pc to 1-kpc scales is a general case across

galaxy disks (see Appendix A for statistics of ∆v150pc
and ∆vkpc over all central and disk apertures). This

suggests that molecular cloud dynamics within 150-pc

scales does contribute to a good fraction22 of kpc-scale

line widths, such that ∆vkpc still correlates with ∆v150pc
(§3.2.1), thereby leading to the extension of αCO-∆v

anti-correlations up to kpc scales (§3.1).
To check if our ∆v150pc derived from spectral stacking

and Gaussian fitting effectively represent gas dynam-

ics on 150-pc scales, we relate the measured αCO with

our fitted line widths from stacking (∆vfit) in Figure 4a,

which reveals a strong anti-correlation consistent with

the Y.-H. Teng et al. (2024) prescription. This agree-

22 But not necessarily a dominant fraction, if ∆v contributions
add up in quadrature.
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Figure 2. The 1.5-kpc-averaged intensity-weighted velocity dispersion at 150-pc scales (⟨∆v⟩150pc; J. Sun et al. 2022) strongly
correlates with lower-resolution ∆v measured directly on kpc scales. This implies that kpc-scale ∆v can still be a good tracer
for near-GMC-scale ∆v at 150-pc resolutions. The dashed lines represent a 1-to-1 relation, and the dotted lines show the best-fit
linear function (in log scale) as annotated on each panel. The shaded areas indicate regimes below the data spectral resolution of
2.5 km s−1, which we exclude in our fitting. The decreasing slope and correlation with scales suggests diminishing contribution
from GMC-scale motions and may support a picture of hierarchical, turbulent molecular clouds up to kpc scales.

ment verifies our approach to separate gas motions

within and beyond 150-pc scales, supports our finding

that intra-cloud motions play a critical role in kpc-scale

∆v measurements (more discussions in §4.1), and thus

explains why the ∆v-based αCO prescription can be ex-

tended from ∼100-pc to kpc scales.

3.3. αCO Dependence on the CO/13CO Line Ratio

In addition to CO velocity dispersion, recent GMC-

scale observations of barred galaxies and/or starbursts

have revealed significant αCO variations which correlate

well with the 12CO/13CO line ratios (R12/13; Y.-H. Teng

et al. 2023; H. He et al. 2024; J. den Brok et al. 2025a),

implying that R12/13 also tracks CO opacity changes and

αCO well. Previous studies have also shown evidence

that R12/13 correlates inversely with CO opacity (M. J.

Jiménez-Donaire et al. 2017; D. Cormier et al. 2018;

F. P. Israel 2020; K. Morokuma-Matsui et al. 2020).

To investigate whether the αCO-R12/13 correlation ex-
tends to kpc scales and/or applies to broader galactic

environments (e.g., unbarred galaxies), we use 1.5-kpc-

scale 12CO and 13CO(1–0) observations from the COM-

ING survey (K. Sorai et al. 2019) and explore how their

R12/13 varies with the 2-kpc-scale αCO measurements

from I.-D. Chiang et al. (2024). These studies have 7

common galaxies, including 2 barred (NGC 3627 and

4258) and 5 unbarred (NGC 0628, 2841, 3938, 4030, and

7331). However, we note that R12/13 from these data is

likely biased toward the brightest regions in the galax-

ies (due to limited sensitivity; §2.3), and that our work

here is simply an initial attempt to explore R12/13 as a

potential αCO indicator for kpc-scale CO observations.

Figure 4b presents an overall decreasing αCO trend

with R12/13 across the 7 galaxies. The colored points

are data with S/N > 3 in both 12CO and 13CO, and

the gray triangles show data with S/N > 3 in 12CO but
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Figure 3. Demonstration of the cross-resolution ∆v sampling and analysis in §3.2.2, here showing NGC 4689 as an example.
(a) The CO (2–1) moment-0 map of NGC 4689 at 150-pc resolutions, overlaid with white and cyan points indicating the sampled
positions of dust-based αCO measurements and the center positions of kpc-sized squares for spectral stacking, respectively. (b,
c) Representative spectra at the (b) center and (c) disk positions, as labeled by the two cyan crosses in (a). The top panels
show the moment-1-centered and stacked spectra averaged over the kpc-sized aperture (overlaid with best-fit Gaussian curves),
aiming to remove dynamical effects beyond 150-pc scales. The bottom panels represent directly stacked spectra from kpc-scale
data. The best-fit Gaussian ∆v for the upper panels and the mean kpc-scale ∆v (both in km s−1) are annotated on the upper
left corners, which generally differ within a factor of two (e.g., panel c) except in central apertures (panel b).
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Figure 4. (a) αCO anti-correlates with the fitted ∆v150pc after excluding large-scale (> 150-pc) motions across kpc-scale
apertures, agreeing well with the Y.-H. Teng et al. (2024) prescription shown by the dashed line. The yellow line and shading
represent the binned medians and 16th–84th percentile range of αCO, respectively. The dotted line and the equation on the
upper right corner indicate the best-fit relation. (b) αCO also shows a mild anti-correlation with the 12CO/13CO line ratio
measured at kpc resolutions, while much of the data is limited by S/N < 3 in 13CO (gray triangles). The plus signs (with a
best-fit relation shown by the dotted line) represent the integrated R12/13 of each galaxy and the global mean αCO weighted by
12CO intensities. The barred galaxies agree well with the trend of nearby barred galaxy centers in Y.-H. Teng et al. (2023).

< 3 in 13CO. We also derive galaxy-integrated R12/13

by including all the pixels with S/N > 1 in 13CO.

The integrated R12/13 values and the 12CO-intensity-

weighted mean of αCO (plus signs) also form a de-

creasing αCO-R12/13 trend, with a Pearson coefficient

of −0.76 and a p-value of 0.045. The best-fit relation

(dotted line) of these integrated data is log(αCO) =

(−0.93± 0.35) · log(R12/13) + (1.54± 0.40).

All the barred galaxies show lower αCO values than

unbarred galaxies, which may be explained by substan-

tial CO line broadening near barred galaxy centers due

to increased streaming motions and/or bar-driven in-

flows (Y.-H. Teng et al. 2022, 2023). The different

αCO ranges between barred and unbarred galaxies may

indicate an existence of separate αCO-R12/13 relations

for the two populations, but could also originate from

incomplete spatial coverage due to limited data sensi-

tivity. Notably, the two barred galaxies also align well

with previous GMC-scale studies of barred galaxies, in-

cluding three nearby galaxy centers (Y.-H. Teng et al.

2023) and M51 (J. den Brok et al. 2025a), assuming a
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CO/H2 abundance ratio of xCO = 10−4 as suggested in

Y.-H. Teng et al. (2024).

Overall, the observed αCO-R12/13 anti-correlation and

its agreement with previous studies suggest that R12/13

could also be useful as a cross-scale αCO indicator com-

plementing ∆v. However, we note again that the current

dataset are limited in sensitivity and sample size, and

thus future studies with systematic and sensitive 13CO

observations will be required for further verification.

4. DISCUSSION

§3.1 reveals clear anti-correlations between kpc-scale

αCO and CO velocity dispersion from ∼100-pc to 2-

kpc resolutions across 12 galaxies from the PHANGS-

ALMA survey. Such a cross-scale ∆v-dependent αCO

prescription can be explained by the strong correlations

between ∆v150pc and kpc-scale ∆v (§3.2.1), suggesting
that kpc-scale ∆v can track 150-pc-scale ∆v well with

a scale-dependent offset. We further verify that ∆v150pc
does contribute significantly on kpc scales, by separating

line profiles contributed from within and beyond 150-pc

scales via moment-1-centered spectral stacking (§3.2.2).

4.1. Internal or External Cloud Motions?

To understand the rationale behind ∆v-dependent

αCO prescriptions, it is important to know whether the

observed ∆v traces gas motions internal or external to

molecular clouds, as intra-cloud (internal) and inter-

cloud (external) dynamics originate from different phys-

ical processes (J. H. Orkisz et al. 2017; Y.-H. Teng & N.

Hirano 2020; S. M. R. Jeffreson et al. 2022; E. Schinnerer

et al. 2023). With a physical resolution of 150 pc, our

CO data already probe a scale near the size of GMCs

(e.g., S. E. Ragan et al. 2014; J. E. Großschedl et al.

2018). However, as most molecular clouds are smaller

than GMCs, it is likely that ∆v150pc contains more inter-

cloud motions than intra-cloud motions, especially in

spectrally complex regions such as galaxy centers (J. D.

Henshaw et al. 2026, in preparation).

With the current dataset, we are not able to re-

solve inter- and intra-cloud motions below 150-pc scales.

Nonetheless, the fact that αCO correlates well with

∆v150pc (Y.-H. Teng et al. 2024) and extends all the way

up to ∆v2kpc (this work) provides several possible inter-

pretations. First, if ∆v150pc is indeed tracing the intra-

cloud motions, then it means that intra-cloud motions

contribute significantly even in kpc-scale ∆v. This fur-

ther indicates that the αCO variation with ∆v is mainly

caused by intrinsic molecular cloud turbulence that al-

ter the CO optical depths (P. P. Papadopoulos et al.

2012; Y.-H. Teng et al. 2022, 2023; H. He et al. 2024),

which would also explain the observed αCO-R12/13 anti-

correlation in §3.3.

Even if ∆v150pc is dominated by inter-cloud motions,

the magnitude of intra- and inter-cloud motions on kpc

scales may still be well-correlated if they are under

the same hierarchical structure of turbulence (B. G.

Elmegreen & Y. N. Efremov 1996; O. Agertz et al. 2015;

M. Nandakumar & P. Dutta 2023), which could lead to a

∆v ∼ ℓ0.3−0.5 scaling similar to the ∆v offset with scales

(ℓ) in Figure 2. This also implies that the contribution

from truly non-turbulence (e.g., orbital, streaming) mo-

tions is small over most kpc-sized areas.

Alternatively, the αCO dependence on ∆v could also

be driven by non-dynamical properties correlated with

the large-scale ∆v between molecular clouds and the

galaxy, such as temperature and/or CO excitation (D.

Narayanan et al. 2012; A. D. Bolatto et al. 2013; M.

Gong et al. 2020), molecular gas surface densities (J.

Sun et al. 2022), or CO-dark gas fraction (G. Accurso

et al. 2017; S. C. Madden et al. 2020). These properties

may also correlate with R12/13, which is known to be

driven by changes in both the CO optical depth and

CO isotopologue abundance ratio.

Regardless of whether ∆v150pc traces internal or ex-

ternal cloud dynamics, the αCO-∆v relationship from

∼100-pc to 2-kpc scales can be useful for galaxy studies

to obtain accurate molecular mass and star formation

properties. However, we add a caveat that all of our

galaxy sample comes from PHANGS, which focuses on

relatively face-on star-forming disk galaxies. It is likely

that different types of galaxies (e.g., irregular, interact-

ing, high-z) exhibit more complicated gas kinematics

such that their αCO-∆v relationship differs from our re-

sults. In §4.2, we will compare our results to current

αCO studies and discuss the realm of usefulness for our

cross-scale αCO prescriptions.

4.2. Application of Current αCO Prescriptions

Our finding of strong anti-correlations between

αCO and CO velocity dispersion from ∼100-pc to 2-

kpc scales (§3.1), as well as αCO variations with R12/13

at 1.5-kpc scale (§3.3), can be systematically used in

galaxy studies to infer molecular gas mass and properties

from CO observations. These CO-based αCO prescrip-

tions, requiring only the CO data, are convenient and

straightforward to implement. The CO line properties

also have the advantage of directly tracking the molec-

ular gas conditions that physically drive αCO variations

(e.g., opacity changes; §4.1), thereby leading to a scatter

less than ±0.2 dex in our extended ∆v-based prescrip-

tions (see Figure 1). However, we note that our sample

of galaxies spans a small metallicity range within 0.3

dex below the solar value (Y.-H. Teng et al. 2024), and

thus these prescriptions may only apply to moderate to
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near-solar metallicity regions, where low-metallicity ef-

fects on αCO become secondary (L. K. Hunt et al. 2015;

C.-Y. Hu et al. 2022).

The originally proposed ∆v-dependent αCO prescrip-

tion, despite its requirement of high-resolution (≲150

pc) data, reveals a high αCO precision with ∼0.1 dex

scatter (Y.-H. Teng et al. 2024). In addition, it has been

useful for revealing GMC-scale physics in recent galaxy

studies (e.g., J. Kim et al. 2026; M. Sánchez-Garćıa et al.

2026). Other follow-up studies have also verified a sim-

ilar αCO-∆v anti-correlation across more nearby star-

forming galaxies, including luminous infrared galaxies

(A. R. Bemis et al. 2024; H. He et al. 2024; J. den

Brok et al. 2025a). With the αCO-∆v relation being

extended to 2-kpc scales, such ∆v-based prescription

becomes even more practical, as it can be applied to

more galaxy surveys with kpc-scale CO observations,

including HERACLES (A. K. Leroy et al. 2009), EDGE

(A. D. Bolatto et al. 2017; V. Villanueva et al. 2024; Y.-

H. Teng et al. 2026), COMING (K. Sorai et al. 2019),

ALMaQUEST (L. Lin et al. 2020), ALMA-FACTS (J.

Koda et al. 2026, submitted), KILOGAS (T. A. Davis &

KILOGAS team 2026, in preparation), and potentially

also to higher redshifts (e.g., F. Rizzo et al. 2023).

With CO data at ∼kpc resolutions, it is recently com-

mon to adopt αCO prescriptions that depend on metal-

licity and/or stellar mass surface density (A. D. Bolatto

et al. 2013; G. Accurso et al. 2017; I.-D. Chiang et al.

2024; E. Schinnerer & A. K. Leroy 2024). The estimated

uncertainty of these prescriptions is typically ±0.3 dex

(e.g., A. D. Bolatto et al. 2013), and deriving metallic-

ity or stellar mass density requires ancillary data addi-

tional to CO. However, not all galaxies have available

multi-band observations for deriving those quantities,

and it can also be difficult to obtain such observations

in some galactic environments. For instance, quenched

or quiescent galaxies below the star formation main se-

quence can have many retired regions with low star for-

mation rates, where the ionized line emission no longer

probes ionization driven by radiation from young mas-

sive stars (L. Lin et al. 2022; D. Colombo et al. 2025;

T. G. Williams et al. 2025; Y.-H. Teng et al. 2026). This

would disable the use of metallicity calibrations based

on strong ionized lines (e.g., M. Pettini & B. E. J. Pagel

2004; L. S. Pilyugin & E. K. Grebel 2016; M. Curti et al.

2017). In such cases, the kpc-scale ∆v-based αCO pre-

scription would be helpful for estimating molecular gas

properties more accurately than assuming a constant

αCO. The ∆v-dependent αCO prescription would also

be useful for studying dynamics-related properties of

molecular gas in galaxies, including the star formation

efficiency and dynamical equilibrium pressure (e.g., S. L.

Ellison et al. 2024; A. K. Leroy et al. 2025).

Finally, we note that current αCO prescriptions (in-

cluding this work) are mostly calibrated on nearby star-

forming galaxies around or above the main sequence.

This is because measuring αCO in quenched or low-

surface-density galaxies remains challenging due to their

general lack of molecular gas. It is also important to

note that our galaxy samples have metallicity ≳ 0.6 Z⊙,

and thus their αCO variation is not dominated by the

lack of dust shielding due to poor amount of CO (Y.-H.

Teng et al. 2024), which are typically found in low-mass,

metal-poor dwarf galaxies (e.g., M. Rubio et al. 2015; V.

Villanueva et al. 2025). To test if our prescription can

be extended to low-metallicity galaxies or more dynam-

ically complex systems, it requires future studies with

systematic αCO measurements in those environments.

5. CONCLUSIONS

We investigate the relationship between CO-to-H2

conversion factor (αCO) and CO line properties across

12 nearby galaxies with spatial resolutions varied up to

2-kpc scales, expanding upon recent GMC-scale stud-

ies (Y.-H. Teng et al. 2023, 2024). The establishment

of these cross-scale αCO prescriptions would improve

the estimation of αCO and molecular gas properties in

kpc-scale galaxy observations, complementing previous

prescriptions based on indirect tracers of molecular gas.

Our main results are summarized as follows:

1. We find clear anti-correlations between αCO and

inclination-corrected CO velocity dispersion (∆v)

across resolutions ranging from 250 pc to 2 kpc,

with a typical 1-σ scatter of 0.2 dex (§3.1). The

best-fit power-law slopes for these relations are

∼0.8, agreeing well with previously established re-

lations at 150-pc scales (Y.-H. Teng et al. 2024).

The intercept of the relation increases with the

resolution scale, indicating increased ∆v due to

larger-scale motions within larger beam sizes.

2. The viability of the cross-scale αCO-∆v relation-

ship (Table 1) is due to strong correlations be-

tween ∆v measured at both 150-pc scales and at

lower physical resolutions up to 2 kpc (§3.2.1).
By employing moment-1-centered spectral stack-

ing, we further verify that gas motions within 150-

pc scales make a key contribution to kpc-scale ∆v

across the galaxy disks (§3.2.2).

3. We also observe an overall decreasing trend be-

tween the 2-kpc-scale αCO measurements (from

I.-D. Chiang et al. 2024) and the 1.5-kpc-scale
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12CO/13CO line ratio (R12/13) from COMING (K.

Sorai et al. 2019) across 7 galaxies (§3.3). The

barred galaxies in the sample align well with pre-

vious GMC-scale studies (Y.-H. Teng et al. 2023).

This suggests that R12/13 could also be a cross-

scale αCO indicator, though further verification

with sensitive 13CO observations is required.

4. Depending on whether ∆v at 150 pc scales tracks

intra-cloud or inter-cloud motions, the precise

physical driver of the ∆v-based αCO prescription

may be rooted in 1) internal cloud dynamics that

alters CO opacity, either directly or through a hi-

erarchical turbulence cascade; or 2) galactic-scale

dynamics that reflect other ∆v-correlated proper-

ties. Higher-resolution observations are required

to disentangle the intra-cloud and inter-cloud dy-

namics below 150-pc scales.

In summary, the accuracy and broadened applicabil-

ity of ∆v-based αCO prescriptions (with an inclination

correction) provide a reliable and robust framework for

determining molecular gas masses within star-forming

galaxies. In particular, this cross-scale prescription can

be highly practical for kpc-scale galaxy surveys, espe-

cially in environments where conventional αCO prescrip-

tions may fail. Our exploration of the αCO dependence

on R12/13 also shows its potential to be extended to kpc

scales and/or broader galactic environments, but high-

quality CO isotopologue observations toward a more

diverse galaxy sample will be needed to confirm.
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Table 2. Statistics of 150-pc and 1-kpc ∆v across Galaxies

Galaxy

Center Disk

∆vkpc ∆v150pc
∆v150pc

∆vkpc
µ(∆vkpc) σ(∆vkpc) µ(∆v150pc) σ(∆v150pc) µ(

∆v150pc

∆vkpc
)

[km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]

(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC0253 86.33 58.95 68.28% 37.65 18.33 21.33 14.21 56.67%

NGC0628 10.21 5.60 54.81% 7.03 1.16 4.82 0.61 68.59%

NGC3351 49.99 21.90 43.81% 15.98 10.76 10.11 11.19 63.28%

NGC3521 50.04 11.96 23.89% 28.47 8.07 9.34 1.00 32.79%

NGC3627 75.37 49.18 65.25% 28.17 12.79 15.28 10.83 54.23%

NGC4254 33.19 11.72 35.31% 18.45 5.18 10.52 6.62 56.99%

NGC4321 48.32 27.50 56.92% 22.59 8.38 20.67 10.33 91.52%

NGC4536 83.53 37.03 44.33% 31.93 17.97 14.42 10.71 45.15%

NGC4569 70.98 51.15 72.06% 30.00 13.88 15.55 10.75 51.85%

NGC4689 24.16 7.72 31.97% 12.60 3.53 5.12 1.31 40.64%

NGC4941 64.82 27.88 43.00% 17.77 10.88 6.76 7.25 38.03%

NGC5248 54.06 19.03 35.21% 24.22 10.32 10.24 3.82 42.27%

Overall 52.05+20.03
−7.51 24.70+15.37

−12.80 44.07%+14.93%
−8.78% 23.40+5.45

−6.08 10.54+2.52
−3.19 10.38+4.97

−1.68 8.79+1.98
−5.60 53.04%+11.18%

−5.52%

Note—(1) Galaxy name; (2–4) measured ∆v based on 1-kpc data, stacked 150-pc line profiles, and their ratios in the central
1-kpc aperture; (5–6) mean and standard deviation of the measured ∆v across all kpc-sized apertures on galaxy disks (excluding
the central apertures), based on 1-kpc data or (7–8) the stacked 150-pc line profiles; (9) mean ratio of ∆v150pc/∆vkpc for all
kpc-sized apertures on galaxy disks. The overall statistics (bottom row) indicates the median ± σ values based on the 16th,
50th, and 84th percentile values across all galaxies. All ∆v values in this table are not corrected for galaxy inclination.

A. STATISTICS FROM MULTI-SCALE ∆V MEASUREMENTS

In §3.2.2, we report that gas motions within 150-pc scales (as inferred from ∆v150pc) can still be significant in kpc-

scale measurements (as inferred from ∆vkpc). Here we provide the supporting statistics from our ∆v measurements.

Table 2 lists the measured ∆v150pc and ∆vkpc over the central and disk apertures across all 12 galaxies. Overall, the

central kpc regions of galaxies show the highest ∆v in a galaxy due to strong beam smearing from galaxy rotation.

Additionally, galaxy centers tend to show ∆v150pc lower than 50% of ∆vkpc, with a median of 44% and a 16th–84th

percentile range of 35%–59%. On the other hand, ∆v150pc is generally more than 50% of ∆vkpc across galaxy disks,

showing a median of 53% and a 16th–84th percentile range of 48%–64%.

Among all 12 galaxies, NGC 3521 shows the lowest ∆v150pc/∆vkpc ratio of ∼30%, which could be due to its high

inclination (i ∼ 70◦) that would blend in more large-scale motion along a sightline. However, we do not observe a

similarly low ratio in NGC 0253 with i ∼ 75◦ (A. K. Leroy et al. 2021a). This may be explained by the high uncertainty

in effective line widths or moment-based dispersions due to high spectral complexity in highly-inclined galaxy centers

(J. D. Henshaw et al. 2026, in preparation). We note that all the ∆v reported here are pure line-of-sight measurements

without accounting for galaxy inclinations, as we are interested in the ratios between different scales. However, the

αCO-∆v relations in §3.1 does require an additional
√
cos i factor for inclination correction, which ranges from a factor

0.5 (NGC 0253) to 1.0 (NGC 0628) for our sample.
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Cormier, D., Bigiel, F., Jiménez-Donaire, M. J., et al. 2018,

MNRAS, 475, 3909, doi: 10.1093/mnras/sty059

Curti, M., Cresci, G., Mannucci, F., et al. 2017, MNRAS,

465, 1384, doi: 10.1093/mnras/stw2766

Davis, T. A., & KILOGAS team. 2026
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