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A B S T R A C T 

Molecular gas is crucial to understanding star formation and galaxy evolution, but the giant molecular clouds (GMCs) 
of early-type g alaxies (ET Gs) have rar ely been studied. Her e, we pr esent analyses of the spatially resolved GMCs of the 
lenticular galaxy NGC 1387, exploiting high spatial resolution ( 0 . 15 arcsec or 14 pc) 12 CO(2-1) line observations from 

the Atacama Large Millimet er/submillimet er Array. We identify 1285 individual GMCs and measure the fundamental 
properties (radius, velocity dispersion, and molecular gas mass) of each with a modified version of the CPROPStoo 

package. Unusually for an ETG, the GMCs of NGC 1387 follow scaling relations very similar to those of the Milky Way 

disc and Local Gr oup g alaxy clouds, and most are virialized. GMCs with large masses and radii and/or small galactocentric 
distances have their angular momenta aligned with the large-scale galactic rotation, while other GMCs do not. These 
results show that ETGs have more diversified GMC properties than previously thought. We discuss potential reasons for 
such diversity, and viewing-angle dependency is a plausible candidate. 

Key words: ISM: clouds – galaxies: elliptical and lenticular, cD – galaxies: individual: NGC 1387 – galaxies: ISM –
galaxies: nuclei. 
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 INTRODUCTION  

iant molecular clouds (GMCs) are the fuel for and the sites of 
tar formation, and are thus key to galaxy evolution. A thorough
nderstanding of GMC properties in all types of galaxies is es-
ential to effectively tackling questions r eg ar ding star formation,
uenching, stellar feedback, turbulence, etc. (e.g. A. Hughes et 
l. 2010 ; N . Murra y 2011 ; H. P. Saldaño et al. 2023 ). Despite the
r ogr ess so far, most previous studies of molecular gas either
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ave been confined to the Local Group or lack the resolution
o spatially and spectrally resolve individual GMCs. The former 
tudies suffer from a limited diversity of galaxy types (exclusively 
ate-type g alaxies, LT Gs, and dwarfs), while the latter studies lead
 o difficulties int erpr eting empirical r elations derived fr om unr e-
olved GMC populations. With the advent of the Atacama Large 

illimet er/submillimet er Array (ALMA), resolved observations 
f GMCs beyond the Local Group have become feasible for a large
umber of galaxies. 
Early studies of the Milk y Wa y (MW) GMCs established

he so - called Larson scaling r elations among GMC pr operties
uch as radius, velocity dispersion, and molecular gas mass (or 
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1 We use barycentric velocities derived using the radio convention 
throughout this paper. 
2 https://cgs.obs.carnegiescience.edu/CGS/Home.html 
3 https://scikit-image.org 
quivalently molecular gas mass surface density; R. B. Larson
981 ; P. M. Solomon et al. 1987 ). Subsequent studies within Local
roup and other nearby galaxies reported similar scaling rela-

ions despite minor methodological differences (e.g. L. Blitz et al.
007 ; A. D. Bolatto et al. 2008 ; J. Donovan Meyer et al. 2013 ; D.
olombo et al. 2014 ). Beyond the Local Group, J. Sun et al. ( 2018 ,
020 ) also reported similar scaling relations among some of the
ame physical properties for molecular gas probed at a spatial
cale of ≈ 100 pc (without identifying individual clouds), using
 large sample of LTGs as part of the Physics at High Angular
esolution in Nearby GalaxieS (PHANGS) survey. 

Studies of the MW centre (i.e. the central molecular zone,
MZ) and other galaxy centres in the Local Group revealed

caling relations different from those of the MW disc clouds,
uch as a steeper and higher (i.e. larger zero-point) size–line
idth r elation (e.g . T. Oka et al. 2001 ; E. Rosolowsky & L. Blitz

005 ; P. Freeman et al. 2017 ; J. Sun et al. 2020 ). Beyond the Local
roup, the first GMC catalogue of an early-type g alaxy (ET G),
GC 4526 (distance 16.4 Mpc), was cr eated fr om Combined
rr ay for R esearch in Millimeter- w ave Astronomy observ ations
y D. Utomo et al. ( 2015 ). The properties of the NGC 4526 GMCs
lso deviate from those of MW disc clouds, with much larger line
idths and luminosities (i.e. molecular gas masses) at a given

adius and no size–line width correlation. L. Liu et al. ( 2021 )
tudied another ETG with ALMA, NGC 4429 (distance 16.5

pc), and the properties of its GMCs again deviate from those
f the MW disc clouds, with elevated GMC line widths at a given
adius and elevated virial parameters. Yet another ETG, NGC
24 (distance 18.7 Mpc), was studied by A. Lu et al. ( 2024 ) at a
hysical resolution of 37 pc, enough to marginally resolve large
MCs. The very few identified GMCs also show elevated line
idths compared to the MW disc cloud relation. They concluded

hat galactic shear tears apart most of the GMCs. These three
 alaxies ar e the only ET Gs with GMC populations studied in
 spatially (and spectrally) resolved manner so far, apart from
GC 5128 with its highly disturbed and e xternally accr eted g as

R. E. Miura et al. 2021 ; see also Section 7.2 ). It is thus natural
o ask whether the GMC properties of all ETGs systematically
iffer from those implied by the Larson relations. 
As part of the mm-Wave Interferometric Survey of Dark Object
asses (WISDOM) project (T. A. Davis et al. 2022 ), we study here

nother ETG with ALMA, NGC 1387. Given the small number
f ET Gs with r esolv ed GMC studies as of t oda y, an y additional
ne can improve our understanding of GMC properties in ETGs.
oreover, the near-face-on orientation (inclination of 13 . 6 ◦; see

ection 2 ) makes it special against previously studied ETGs. Its
ocation near the Fornax Cluster centre indicates a probable in-
ernal origin of the molecular gas (see Section 7.2 ). Ther efor e, it
s an ideal laboratory to test the influence of strong shear on the
roperties of GMCs when viewed near face-on. 
We use the 12 CO(2-1) emission line (hereafter CO(2-1)) as a

racer of the molecular gas at a spatial resolution of 0 . 15 arcsec
r 14 pc. In Section 2 , we provide details of the target and our
ata and create a GMC catalogue using a modified CPROPStoo
ackage. In Section 3 , we follow previous studies to measure the
asic properties of the GMCs (size, velocity dispersion, molecular
as mass, etc.), check their consistency with the Larson relations
f the MW, and contrast the GMC gaseous and virial masses. In
ection 4 , we present a kinematic analysis constraining the origin
f the internal rotation of the GMCs. It is again the first time for
uch an analysis to be carried out for GMCs of a (near) face-on
TG. In Section 5 , we calculate the radial profile of the Toomre
NRAS 547, 1–26 (2026) 
nstability parameter and discuss cloud–cloud collisions as po-
 ential regulat ors of GMC properties. In Section 6 , w e discuss the
t eep galact ocentric r adial gr adients of GMC properties observed,
hich appear unique to NGC 1387. In Section 7 , we discuss the
otential physical origin of the similarities between the NGC
387 and MW disc GMCs. We summarize our results in Section 8 .

 DA  T  A  AND  GMC  I D E N T I F I C AT I O N  

.1 Target overview 

GC 1387 is a nearby galaxy at a distance of 19 . 3 ± 0 . 8 Mpc,
s measur ed fr om surface brightness fluctuations (J. P. Blakeslee
t al. 2009 ). At this distance, 1 arcsec corresponds to ≈ 94 pc.
n this w ork, w e adopt a syst emic v elocity 1 of 1286.4 km s −1 , as
alculated in Section 2.4 and consistent within the galaxy redshift
f 0.004345 (E. Iodice et al. 2019b ). NGC 1387 has a morpho-
ogical type of SB0 (A. Sandage & G. A. Tammann 1981 ; H. C.
 erguson 1989 ; R. J . Buta, H. G. Corwin & S. C. Odewahn 2007 ).
t has a prominent bulge with an effective (half-light) radius
 e = 4 . 4 arcsec (0.4 kpc) at K s band, a weak bar, a nuclear ring
ith a radius of 6 arcsec (0.6 kpc), a stellar disc extending from
30 arcsec (3 kpc) to ≈ 90 arcsec (8 kpc) from the centre and

o spiral arm (E. Laurikainen et al. 2006 ). Its t otal st ellar mass is
 . 70 × 10 10 M �, derived using a colour-dependent i -band mass-
o-light ratio of 1 . 31 ( M / L ) i, � (E. Iodice et al. 2019a ). The effective
adius of its entire stellar component is 50 . 1 arcsec (4.7 kpc) in the
 band (H. C. Ferguson 1989 ; M. Sarzi et al. 2018 ) and 35 . 5 arcsec

3.3 kpc) in the r band (E. Iodice et al. 2019b ). The stellar velocity
ispersion reaches a maximum of ≈ 200 km s −1 at the galaxy
entre, while the luminosity-w eight ed av erage within the r-band
ffective radius is 143 km s −1 (E. Iodice et al. 2019b ). NGC 1387
s a fast rotator (E. Iodice et al. 2019b ). 

Fig. 1 shows an overview of NGC 1387 and its molecular gas
ontent. An optical image ( B -, V - and I-band composite) from
he Carnegie-Irvine Galaxy Survey 2 (CGS; L. C. Ho et al. 2011 )
s shown in the left panel, while the right panels show unsharp-

asked images from the Hubble Spac e Telesc ope ( HST ) Advanced
amera for Surveys (ACS) Wide Field Channel (WFC) F 475 W
lter (PI: Andres Jordan) created with scikit-image 3 (S. der
alt et al. 2014 ), with (bottom right) and without (top right) the
O(2-1) intensity contours overlaid (see Sections 2.2 and 2.4 ).
hose images confirm the findings of N. Zabel et al. ( 2019 ) that

he molecular gas is in a regular disc perfectly co - spatial with a
occulent dust disc embedded within the bulge. Both discs are
o - spatial with a kinematically decoupled stellar core (E. Iodice
t al. 2019b ), have sharp edges, and occupy a roughly circular
 egion of 10 ar csec (0.9 kpc) r adius. This r adius is ≈ 20 per cent
f the B -band effective radius, typical of Virgo Cluster ETGs (T. A.
avis et al. 2013 ). The red ellipses in the top-right panel divide the

alaxy into three regions based on the molecular gas mass surface
ensity profile; these regions are used later for our GMC analyses
see Section 2.4 ). 

NGC 1387 (also known as FCC 184) belongs to the Fornax
luster of galaxies and is close to the brightest cluster galaxy NGC

https://cgs.obs.carnegiescience.edu/CGS/Home.html
https://scikit-image.org
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Figure 1. Overview of NGC 1387 and its molecular gas content. Left: optical image from the CGS survey. Top -right: unsharp -mask ed HS T ACS/WFC 

F 475 W image of the central region only, highlighting dust features. The ellipses overlaid indicate the boundaries of the three regions defined in Section 
2.4 and discussed in the t ext. Bott om-right: the same unsharp-masked HST ACS/WFC F 475 W image, with the contours of the (smoothed) CO(2-1) total 
intensity map overlaid (see Section 2.2 ). A scale bar is provided in each panel. 
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399 ( 17 arcmin away on the sky or 97 kpc in pr ojection). Pr e-
ious studies have found evidence of a gravitational interaction 

etw een the tw o galaxies in the stellar component (e.g. a stellar
ridge and an overdensity of globular clusters; R. D’Abrusco et al. 
016 ; E. Iodice et al. 2016 ; C. Spiniello et al. 2018 ). The cluster
nvironment can significantly affect the cold g as pr operties of 
 alaxies. For e xample, r ecent observations r evealed molecular g as
iscs smaller (once normalized by the size of the stellar compo- 
ent) than those of field galaxies for both LTGs (V. Villanueva et
l. 2022 ) and ETGs (T. A. Davis et al. 2013 ). This is int erpret ed as
 loss of angular momentum and subsequent inward migration 

f molecular gas due t o int eraction with the intracluster medium
S. Tonnesen & G. L. Bryan 2009 ), which can also cause steep or
runcated radial profiles of molecular gas mass surface density 
A. Mok et al. 2017 ; N. Zabel et al. 2022 ) and affect star formation
e.g. A. Mok et al. 2016 ; B. M. Poggianti et al. 2016 ; B. Vulcani
t al. 2018 ; W. Choi, C.-G. Kim & A. Chung 2022 ; V. Villanueva
t al. 2022 ). 

The cold molecular gas of NGC 1387 was first studied by N.
abel et al. ( 2019 ) using 12 C O(1-0) (her eafter C O(1-0)) ALMA
bservations at an angular resolution of 2 . 8 arcsec . This revealed
 smooth, symmetric, and regularly rotating molecular gas disc 
nd several 3-mm continuum sources due to nuclear activity and 

ust. N. Zabel et al. ( 2019 ) report an int egrat ed CO(1-0) flux of 
3 . 3 ± 8 . 3 Jy km s −1 and we establish that the CO(2-1) disc has
he same spatial extent as the CO(1-0) disc (see Section 2.4 and
ig. 2 ). We thus use CO(1-0) as the benchmark for the total molec-
lar g as of NGC 1387. Thr oughout this paper, we adopt a com-
on constant CO-to-molecular gas conversion factor αCO(1 −0) = 

 . 3 M � (K km s −1 pc 2 ) −1 (equivalent to a CO-to-H 2 conversion 

actor X CO(1 −0) = 2 × 10 20 cm 

−2 (K km s −1 ) −1 ; A. D. Bolatto, M. 
olfire & A. K. Leroy 2013 ). We note that this widely adopted

CO(1 −0) and the commonly used uncertainty of 30 per cent are 
ot well constrained in the environment of lenticular galaxy cen- 

res (see Section 3.5 for more details). We do not propagate this
ncertainty into other gas properties of NGC 1387 because it is
ore likely to be a systematic error than a random error. Using

quation (3) of A. D. Bolatto et al. ( 2013 ), the total molecular gas
ass is (3 . 2 ± 0 . 3) × 10 8 M � or 0.7 per cent of the t otal st ellar
ass, similar to ETGs both inside and outside the Virgo Clus-

er (L. M. Young et al. 2011 ). The (inclination-corrected) mean
olecular gas mass surface density of the molecular gas disc is

27 ± 13 M � pc −2 . 
No at omic hy drogen (H i ) was det ect ed in both the H i P ark es

ll Sky Survey and using the Australia Telescope Compact Ar- 
 ay, the lat ter pr oviding the mor e stringent upper limit of 3 ×
0 7 M � (A. Loni et al. 2021 ). Optical spectra and emission-line
atio analyses indicate that the stars and the molecular gas of 
GC 1387 ar e co-r otating, and that the centr e of the g alaxy is
 low-ionization nuclear emission-line region (E. Iodice et al. 
MNRAS 547, 1–26 (2026) 
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M

Table 1. Key parameters of NGC 1387. 

Row Quantity Value 

(1) RA 03 h 36 m 57 . s 0333(1) 
(2) Dec. −35 ◦30 ′ 23 . ′′ 6790(9) 
(3) Distance (Mpc) 19 . 3 ± 0 . 8 
(4) Linear scale of 1 arcsec (pc) 94 ± 4 
(5) Redshift 0.004345(2) 
(6) Syst emic v elocity (km s −1 ) 1286 . 4 ± 0 . 4 
(7) Morphological type SB0 
(8) Inclination (deg) 13 . ◦6 +0 . ◦8 

−0 . ◦9 
(9) Position angle (deg) 243 . ◦9 ± 0 . ◦3 
(10) log (M ∗/ M �) 10 . 7 ± 0 . 1 
(11) S CO(1 −0) (Jy km s −1 ) 83 . 3 ± 8 . 3 
(12) αCO(1 −0) ( M � ( K km s −1 pc 2 ) −1 ) 4.3 
(13) log (M gas , tot / M �) 8 . 51 ± 0 . 04 
(14) < �mol > ( M � pc −2 ) 127 ± 13 
(15) M H i (M �) < 3 × 10 7 

Note. Rows: (1) and (2) J2000 equatorial coordinates determined from 

the central continuum source (see Section 2.2 ), with 1 σ uncertainties 
of the last digits in brackets. (3) and (4) Distance from J. P. Blakeslee 
et al. ( 2009 ) and corresponding linear scale. (5) Redshift from E. Iodice 
et al. ( 2019b ), with uncertainty of the last digit in brackets. (6) Systemic 
velocity in the barycentric frame derived using the radio convention (see 
Section 2.4 ). (7) Hubble morphological type reported in multiple sources 
(e.g. A. Sandage & G. A. Tammann 1981 ; H. C. Ferguson 1989 ; R. J. Buta 
et al. 2007 ). (8) and (9) Inclination and position angle determined in 
Section 2.3 and P. Dominiak et al. ( 2026 ). (10) Total stellar mass from 

E. Iodice et al. ( 2019a ). (11) Int egrat ed C O(1-0) flux fr om N. Zabel et al. 
( 2019 ). (12) CO-to-molecular gas conversion factor adopted in this work 
(A. D. Bolatto et al. 2013 ). (13) Total molecular gas mass derived using the 
quantities in rows 11 and 12 and equation (3) of A. D. Bolatto et al. ( 2013 ). 
(14) Inclination-corrected mean molecular gas mass surface density of the 
molecular gas disc assuming a disc radius of 0.9 kpc. (15) Upper limit ( 3 σ ) 
of the total atomic hydrogen mass (A. Loni et al. 2021 ). 
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Table 2. ALMA CO(2-1) data cube properties. 

Synthesized beam size 
0 . 17 arcsec × 0 . 14 arcsec 

( 16 × 13 pc 2 ) 
Pixel scale (arcsec pix −1 ) 0.04 

Channel width (km s −1 ) 2 
T CO(2 −1) /I ν, CO(2 −1) (K (Jy beam 

−1 ) −1 ) 1015 
RMS noise (K channel −1 ) 1.12 
CO(2-1) int egrat ed flux (Jy km s −1 ) 255 ± 3 
CO line ratio T CO(2 −1) /T CO(1 −0) (K/K) 0 . 77 ± 0 . 11 

Note. T is the brightness temperature and I ν the specific intensity. 
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4 By imaging the upper sideband and the lower sideband of the ALMA 

data separat ely, w e measur e the spectral inde x to be −0 . 03 ± 1 . 09 , consis- 
tent with zero (although with large uncertainties). The assumption of a 
constant is thus valid in terms of the wavelength coverage and the quality 
of these ALMA data. 
019b ; N. Zabel et al. 2020 ). The star formation rate (SFR) de-
ived from the H α emission-line luminosity is reported to be
n the range of 0.008 (considering only pure star-forming re-
ions) to 0.082 M � yr −1 (also including composite regions; E.
odice et al. 2019b ). At X-ray wavelengths (energy range 0.3–
 keV), J. Liu ( 2011 ) reported a point source associated with
GC 1387 with a luminosity of 3 . 22 × 10 39 erg s −1 . The total

.4-GHz radio power is 1 . 8 × 10 20 W Hz −1 (M. J. I. Brown et al.
011 ). 

Key parameters of NGC 1387 are summarized in Table 1 . 

.2 ALMA data 

bservations were carried out with the ALMA 12-m array under
roject 2016.1.00437.S (PI: Timothy Davis) on 2016 November 4,
016 December 21, and 2017 September 7, for a total on-source
ime of 20.2 min. Observations were also obtained with the 7-
 Atacama Compact Array (ACA) under project 2016.2.00053.S

PI: Lijie Liu) on 2017 July 28, for a total on-source time of 17.1
in. These observations provide shorter baselines, ther efor e im-

roving flux recovery. The baselines range from 9 to 7552 m after
ombining all observations, with a maximum recoverable scale
f 28 arcsec (2.7 kpc). For the 12-m array, the ALMA correlator
band 6) was configured with one spectral window centred on
he syst emic v elocity of the g alaxy (C O(2-1) r est fr equency of 
30.538 GHz), with a bandwidth of 1.875 GHz ( ≈ 2450 km s −1 )
nd channels of 488 kHz ( ≈ 0 . 6 km s −1 ). The r emaining thr ee
NRAS 547, 1–26 (2026) 
pectral windows were used to observe the continuum, if any,
ach with a bandwidth of 2 GHz and channels of 15.625 MHz.
or the ACA, one spectral window was also centred on CO(2-1)
ut with a bandwidth of 2 GHz ( ≈ 2610 km s −1 ) and channels
f 977 kHz ( ≈ 1 . 3 km s −1 ). The remaining three windows for
ontinuum detection again each had a bandwidth of 2 GHz and
hannels of 15.625 MHz. 

Using the common as tr onomy software applications (
asa ; CASA Team et al. 2022 ), we reran the standard calibration
ipeline (v ersion 4.7). Aft er masking out channels with emission,
he continuum (assumed constant with frequency 4 ) w as fit ted in
he uv domain and subtracted from each integration separately.

e then combined all tracks and used Briggs weighting (D. S.
riggs 1995 ) with a robustness parameter of 1.0 and no taper
or clipping to image the data. This was chosen t o achiev e a
hysical resolution better than the characteristic size of GMCs
hile maintaining adequate sensitivity. The final data cube has
 synthesized beam with major and minor axes of θmaj × θmin =
 . 17 arcsec × 0 . 14 arcsec (or 16 × 13 pc 2 ) full widths at half-
aximum (FWHMs), with a position angle of 89 . 6 ◦ (measured

r om north thr ough east). We adopt a 0 . 04 arcsec pixel size to
ufficiently sample the synthesized beam. We also bin the raw
ata spectrally to obtain a final 2 km s −1 channel width, suffi-
ient to spectrally resolve most GMCs. Interactive cleaning was
arried out with the Hogbom algorithm (J. A. Högbom 1974 )
mplement ed in casa t o a depth of 1.5 mJy beam 

−1 (slightly
arger than the r oot-mean-squar e, RMS, noise level; see below).
n each channel, an emission mask used for cleaning (denoted
mask clean ’) w as gener at ed by the aut omatic masking algorithm
UTO-MULTITHRESH (A. A. Kepley et al. 2020 ). The resulting
ube (hereafter the ‘uncorrected’ cube) has a uniform RMS noise
RMS = 1 . 11 mJy beam 

−1 (1.12 K in brightness temperature units)
er 2 km s −1 channel. Primary beam (PB) correction was then
pplied, producing our final ‘corrected’ cube. The fields of view
f both cubes are ≈ 30 arcsec , corresponding to the diameter
f the area with a PB response ≥ 0 . 2 at the observed frequency.
ey information of the ALMA observations and the CO(2-1) data

ube pr operties ar e summarized in Table 2 , while P. Dominiak
t al. ( 2026 ) provide more information on individual observation
racks. 

The continuum emission was also imaged (and PB corrected).
 point source is det ect ed at the centre of the galaxy, most likely
 low-luminosity active galactic nucleus. A Gaussian fit with



WISDOM XXVII. GMCs of NGC 1387 5 

t  

(  

m
0  

p  

t  

c
s

2

W
m
B
a  

e  

s  

P  

t
u  

i
0
d  

g
t
t

2

W
(
t  

t
1  

o
b  

t
a  

d
a
c
s
(  

u
R
W
c  

m
c

 

i
b  

5
6
7

p
/
p
8

f  

p  

t
0  

t  

l  

d
o  

d
g  

o  

a  

m  

m  

s  

h
v

r
S  

c
e
b
c  

a  

c  

t
w
f  

h  

p  

fl
f  

m
c
s  

i
 

a  

b  

s  

fl  

k
a
≈
≈  

U  

d  

t
t
r  

L  

5  
he casa task imfit yields an int egrat ed flux of 1 . 19 ± 0 . 04 mJy
J. S. Elford et al. 2024 reported 1 . 00 ± 0 . 05 mJy using a different

easurement method) and a position of RA = 03 h 36 m 57 . s 0333 ±
 . s 0001 , Dec . = −35 ◦30 ′ 23 . ′′ 6790 ± 0 . ′′ 0009 (J2000). We adopt this
osition as the centre of the galaxy. There is also an extended con-
inuum source 10 . ′′ 3 (970 pc) north-west of the galaxy centre. The
ontinuum image and some properties of this second continuum 

our ce ar e pr esented in Appendix A . 

.3 HST image and stellar mass distribution 

e model the stellar mass distribution of NGC 1387 using a 
ulti-Gaussian expansion (MGE; E. Emsellem, G. Monnet & R. 
acon 1994 ) constructed using the MGE_FIT_SECTORS pack- 
ge 5 of M. Cappellari ( 2002 ). We use an HST Wide Field Cam-
ra 3 F 160 W-filter image (PI: Benjamin Boizelle) and a con-
tant st ellar mass-t o-light ratio of 0.98 (M/L) F160W , �, deriv ed by
. Dominiak et al. ( 2026 ) by fitting the C O g as kinematics with
he publicly available package Kinematic Molecular Sim- 
lation ( KinMS 6 ; T. A. Davis et al. 2013 ). The best-fitting

nclination is 13 . ◦6 +0 . ◦8 
−0 . ◦9 

and the best-fitting position angle 243 . ◦9 ±
 . ◦3 . The resulting three-dimensional stellar-mass model and one- 
imensional circular velocity curve [ v circ (R gal ) , where R gal is the
alactocentric distance] will be used in the kinematic study of 
he GMCs (Section 4 ) and the Toomre parameter calculation (Sec- 
ion 5 ). 

.4 Moment maps and region definition 

e use a moment-masking technique inspired by T. M. Dame 
 2011 ) and adapted from the python package pymakeplots 7 

 o generat e the moment maps (see Fig. 2 ). We start by defining
he line-free channels to be those channels outside of the 1200–
370 km s −1 velocity range, and the line-free spaxels to be those
utside a 20 arcsec × 20 arcsec box centred on the galaxy centre, 
ased on visual inspection of the data cube. We then smooth
he uncorrected cube (i.e. the cube before PB correction) with 

 3D Gaussian kernel. The kernel’s FWHM in the two spatial
imensions are both twice that of the synthesized beam major 
xis and the standard deviation in the spectral dimension is two 
hannels. Because of smoothing, real emission should remain 

ignificant, while noise should decrease. We then create a mask 

denoted ‘mask RMS ’) that includes all the pixels of this smoothed
ncorrected cube with an amplitude greater than five times the 
MS noise measured in the line-free channels of this same cube. 
e then only select the pixels from the (unsmoothed) corrected 

ube within this mask to create the moment maps. Maps of the
oment uncertainties are created using the python package Un- 
ertainties 8 and standard error propagation. 
In the top-left panel of Fig . 2 , the zer oth-moment (int egrat ed-

ntensity) map shows that the large-scale molecular gas distri- 
ution has a high filling factor and the molecular gas disc is
 ht tps://www -astro .ph ysics.ox.ac.uk/ ∼cappellari/software/#mge 
 https://github .com/Timoth yADavis/KinMS 
 The public version is available her e: https://pypi.org/pr oject/ 
ymakeplots/ . Our adapt ed v ersion is made av ailable at: ht tps: 
/github.com/ericliang45/NGC1387-GMC/blob/main/python _ output/ 
ymakeplots.py. 
 https://pythonhosted.org/uncertainties/ 
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9

b

ragment ed int o a v ery large number of small clumps. This mor-
hology is reminiscent of the flocculent spiral arms seen at op-
ical wavelengths (Fig. 1 ). There is also a small central hole ( ≈
 . 2 arcsec in deprojected radius). In the top-middle panel of Fig. 2 ,
he first-moment (int ensity-w eight ed mean line- of- sight, LoS, ve-
ocity) map reveals an e xtr emely r egularly r otating molecular g as
isc, with no evident non-circular motions. In the top-right panel 
f Fig. 2 , the second-moment (int ensity-w eight ed LoS v elocity
ispersion) map shows that the molecular gas velocity dispersion 

r adually decreases aw ay fr om the g alaxy centr e. The median
f the velocity dispersion is 3 . 2 ± 0 . 5 km s −1 . The enhancement
long the minor axis and some of the central peak are how ev er
ost likely due to beam smearing. Despite the central hole, the
orphology and kinematics of the molecular gas disc make it fea-

ible to measure the mass of a putative central supermassive black
ole, as done by P. Dominiak et al. ( 2026 ), where the position–
elocity diagram of the molecular gas disc is also presented. 

To accurately construct a synthesized integrated spectrum and 

ecover the total flux, we apply the formula in appendix A.2 of 
. Jorsater & G. A. van Moorsel ( 1995 ). This corrects for the finite
leaning depth of our data, which causes a bias in the total flux of 
ach channel due to the difference between the dirty synthesized 

eam and the (Gaussian) clean synthesized beam. Using a data 
ube cleaned to a depth of 3.0 mJy beam 

−1 in addition to our
dopt ed data cube, w e apply the aforementioned formula to each
hannel to derive the total flux at infinite cleaning depth. Using
he python routine scipy.ndimage.binary_dilation , 9 
e also gradually enlarge mask RMS to encompass more faint dif- 

use emission, until the derived total flux stops incr easing . This
appens at an enlargement of ≈ 40 pixels ( ≈ 11 beams or ≈ 150
c). Due to the masking scheme, the uncertainty of the integrated
ux of each channel is calculated in a rather complicated manner: 

or each line channel, we take the associated two - dimensional
ask, independently sum every line-free channel of the corrected 

ube over that mask, calculate the standard deviation of those 
ums, and adopt that standard deviation as the uncertainty of the
nt egrat ed flux of that line channel. 

The resulting synthesized int egrat ed spectrum (correct ed t o
n infinite cleaning depth channel by channel) is shown in the
ottom-left panel of Fig . 2 . It r eveals the classic ‘double-horn’
hape of a rotating disc. The total spatially int egrat ed CO(2-1)
ux (also corrected to an infinite cleaning depth) is 255 ± 3 Jy
m s −1 (assuming standard error propagation for a sum). The 
bsolute flux calibration of ALMA is however only accurate to 

10 per cent , translating to an additional systematic error of 
10 per cent on every channel and thus on the int egrat ed flux.

sing the CO(1-0) int egrat ed flux of N. Zabel et al. ( 2019 ), we
erive a C O(2-1)/C O(1-0) line ratio of 0 . 77 ± 0 . 11 in brightness
emperature units (the error has included the systematic uncer- 
ainty of flux calibration). This is consistent with the average 
atio of nearby massive disc galaxies within 1 σ (0.50–0.83; A. K.
eroy et al. 2022 ). This line ratio yields an effective αCO(2 −1) =
 . 6 M � (K km s −1 pc 2 ) −1 , which can be used to directly convert
O(2-1) flux to molecular gas mass. The flux-w eight ed mean LoS
 elocity calculat ed from this spectrum, 1286 . 4 ± 0 . 4 km s −1 , is
dopted as the systemic velocity of NGC 1387. 

The azimuthally averaged inclination-corrected molecular gas 
ass surface density radial profile �mol (R gal ) is shown in the
MNRAS 547, 1–26 (2026) 

 https://docs.scipy.org/doc/scipy/r efer ence/g enerated/scipy.ndimag e. 
inary _ dilation.html 

https://www-astro.physics.ox.ac.uk/~cappellari/software/#mge
https://github.com/TimothyADavis/KinMS
https://pypi.org/project/pymakeplots/
https://github.com/ericliang45/NGC1387-GMC/blob/main/python_output/pymakeplots.py
https://pythonhosted.org/uncertainties/
https://docs.scipy.org/doc/scipy/reference/generated/scipy.ndimage.binary_dilation.html


6 F.-H. Liang et al. 

M

Figur e 2. Molecular g as distribution of NGC 1387. Top: C O(2-1) zer oth (int egrat ed-int ensity), first (int ensity-w eight ed mean LoS v elocity), and second 
(int ensity-w eight ed LoS v elocity dispersion) moment maps. The ellipses in the left panel indicate the boundaries of the thr ee r egions defined in 
Section 2.4 . The dashed line in the middle panel shows the kinematic major axis. The synthesized beam is shown in the bottom-left corner of each 
panel as an ellipse. Bottom-left: spatially integrated CO(2-1) spectrum, corrected to an infinite cleaning depth channel by channel (see Section 2.4 ). 
Uncertainties (1 σ ) are shown as shading. Bottom-right: azimuthally averaged inclination-corrected molecular gas mass surface density radial profile. 
Error bars indicate the 1 σ uncertainty on the mean of each radial bin, while the shaded region shows the scatter (standard deviation) within each radial 
bin. The dashed vertical lines again indicate the boundaries of the three regions defined in Section 2.4 . 
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ottom-right panel of Fig. 2 . The error bars indicate the 1 σ
ncertainty on the mean in each radial bin (pr opag ated fr om the
eroth-moment map), while the blue-shaded region shows the
catter (standard deviation) within each radial bin. The central
ole is reflected by the sharp drop in the central few radial bins. 
Molecular gas and GMCs in different regions of the same

 alaxy can e xhibit significantly differ ent pr operties. In NGC 1387,
e thus divide the molecular gas disc into three regions: an inner

egion ( R gal < 300 pc), an int ermediat e region ( 300 pc ≤ R gal <

00 pc) and an outer region ( R gal ≥ 600 pc). These boundaries
re based on a visual inspection of the zeroth-moment map and
eflect significant changes (especially for the inner boundary) of 
he molecular gas mass surface density radial profile. Although
he exact location of the second boundary at 600 pc is somewhat
rbitrary, it does not affect the results discussed in the following
ections. 
NRAS 547, 1–26 (2026) 
.5 GMC identification 

ith the corrected cube as input, we adopt a modified version of 
he CPROPStoo package (E. Rosolowsky & A. Leroy 2006 ; L. Liu
t al. 2021 ) for GMC identification and property measurements.
PROPStoo first estimates a 2D noise map ( σRMS , local ) of the
ube, mainly reflecting the ALMA PB. It then uses a mask to
dentify r egions of r eal emission, for which we adopt a slightly

anually enlarged version of mask clean encompassing faint dif-
use emission. Within this mask, CPROPStoo identifies pixels
bove 2 σRMS , local , accretes neighbouring pixels above 1.5 σRMS , local 
nd r equir es those r egions t o hav e an area larger than 32 pixels
roughly twice the synthesized beam area) to define ‘islands’ con-
idered to be real emission. These paramet ers w ere select ed t o
nsure that almost all diffuse emission is retained while avoiding
oise. As the channel width of 2 km s −1 is comparable to the
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mallest line width of the molecular gas in the disc (see Fig. 2 ),
e do not r equir e any minimum number of channels for island

dentification. 
Within these islands, CPROPStoo identifies local maxima and 

heir uniquely associated spax els (i.e. pix els brighter than the
erging cont our lev el with adjacent local maxima) as the seeds

f GMCs. It then compares these maxima and associated spaxels 
ith a minimum area, a minimum spectral width, a minimum 

ontrast �T min between the highest and the lowest intensity, and 

 minimum convexity S min (enforced t o prev ent individual GMCs 
rom having too much sub - structure; G. Lin et al. 2003 ). A more
etailed description of the methodology can be found in L. Liu
t al. ( 2021 ). To avoid a significant bias towards small structures
hen a small minimum area is used, the local maximum search

ycles through a range of minimum areas from 160 ( ≈ 10 syn-
hesized beam areas) to 16 ( ≈ 1 synthesized beam area) spaxels,
ith a step size of 16 spaxels. The remaining spaxels in the islands

i.e. those not uniquely associated with a single local maximum) 
re assigned to clouds using the ‘friend-of-friend’ CLUMPFIND 
lgorithm (E. Rosolowsky & A. Leroy 2006 ; L. Liu et al. 2021 ).
n the smallest minimum area search cycle (i.e. 16 spaxels), the
forementioned cloud criteria are checked after the remaining 
paxel assignment, while during previous cycles, the criteria are 
hecked using only uniquely associated spaxels. We set the min- 
mum spectral width to be 2 channels, the minimum contrast to
e 2 K ( ≈ 1 . 8 σRMS ) and the minimum convexity to be 0.50. 

These parameters were chosen via trial and error. After each 

rial, we examined the GMCs identified t o v erify that most had
 easonable structur es and most over densities wer e indeed identi-
ed as GMCs. Different GMC identification results (with different 
T min and S min ) are presented in Appendix B , confirming that all

easonable sets of parameters yield similar GMC properties and 

o not significantly alter the results discussed in the following 
ections. 

The final GMC catalogue is visualized in Fig . 3 , wher e the 1079
patially and spectrally resolved GMCs and the 206 unresolved 

MCs are schematically overlaid on the zeroth-moment map. For 
 GMC to be considered resolved, both its deconvolved radius and 

ts deconv olv ed line width (see Section 3 ) must be larger than the
nstrumental resolution (half of the synthesized beam size and 

alf of the channel width, respectively). 

 GMC  P RO P E RT I E S  

e measure the properties of each GMC in the same manner as
. Liu et al. ( 2021 ) and r efer ences ther ein (e.g . E. Rosolowsky &
. Leroy 2006 ). Briefly, the GMC radius R c is the geometric
ean of the deconv olv ed int ensity-w eight ed second moment in

ach direction ( σx , σy ), scaled up by the empirically calibrated 

actor η = 1 . 9 (P. M. Solomon et al. 1987 ; E. Rosolowsky & A.
eroy 2006 ). The GMC line width σobs , los is measured from the
tacked spectrum of each GMC and is deconv olv ed t o account for
he finite channel width. The GMC molecular gas mass M gas is
alculated from the total CO(2-1) luminosity ( L CO(2 −1) ) of each 

loud assuming the aforementioned global CO(2-1)/CO(1-0) line 
atio, a standar d C O-t o-molecule conv ersion fact or αCO(1 −0) =
 . 3 M � (K km s −1 pc 2 ) −1 (yielding an effective αCO(2 −1) = 5 . 6 
 � (K km s −1 pc 2 ) −1 ), and our adopted distance to NGC 1387. 

he uncertainty of the αCO(1 −0) factor is further discussed in Sec- 
ion 3.5 . The molecular gas mass surface density of each GMC is
imply �gas ≡ M gas /πR 

2 
c . It is not corrected for the cloud’s inclina-

ion angle as a spherical geometry is assumed for each individual
loud. An extrapolation is applied when measuring σx , σy , σobs , los , 
nd L CO(2 −1) , whereby each quantity is measured as a function
f the intensity threshold and is extrapolated to zero intensity 
equivalent to having infinite sensitivity). The uncertainty of each 

uantity is derived from 1000 bootstrap realizations of the pixels 
f each GMC. 

The GMCs identified and their measured properties are listed 

n Table 3 . For each GMC, additional properties listed include
he (int ensity-w eight ed) central position, (int ensity-w eight ed
ary centric) syst emic v elocity ( V bc ), brightness t emperature of 
he brightest pixel ( T max ), internal velocity gradient ( ω obs ), pro-
ected position angle of the angular momentum v ect or ( φrot ), and
depr ojected) g alactocentric distance ( R gal ), where the kinematic
arameters ω obs and φrot will be discussed in Section 4 . The 1

uncertainties of all quantities are also listed in Table 3 and
sed for the rest of this paper. The uncertainty of the galaxy
istance D is not pr opag at ed int o the tabulat ed uncertainties of 
he measur ed pr operties, as an err or on the distance translates
o a systematic (rather than random) scaling of some quantities 
no effect on the others), i.e. R c ∝ D , L CO(2 −1) ∝ D 

2 , M gas ∝ D 

2 ,
 obs ∝ D 

−1 , and R gal ∝ D . 

.1 GMC property distributions 

he most fundamental properties of GMCs are R c , σobs , los , and
 gas (or �gas ). Fig. 4 shows their distributions, for resolved (both

patially and spectrally) GMCs only and each region separately 
colour coded). Gaussian fits are overlaid in matching colours. 
he means (standard deviations) of the fits are 〈 R c 〉 = 20 pc

7 pc), 〈 σobs , los 〉 = 3 . 5 km s −1 (1.5 km s −1 ), 〈 log (M gas / M �) 〉 = 5 . 5
0.4), and 〈 log (�gas / M � pc −2 ) 〉 = 2 . 4 (0.2). 

Ther e ar e some variations acr oss the thr ee r egions. The
tr ongest tr end is that all four quantities decrease with radius,
.e. on average each quantity is the largest in the inner region and
he smallest in the outer r egion (e x cept for R c in the inner and
nt ermediat e regions). These galactocentric radial gradients will 
e quantified and discussed in more detail in Section 6 . The mean
 c (20 pc) is only slightly larger than the synthesized beam size
f 14 pc, so there might still be a tendency to identify GMCs of 
ppr o ximately such size, despite the range of scales probed (see
ection 2.5 ). 

We compare the resolved GMCs of NGC 1387 with those of 
he previously studied ETGs, NGC 4429 (L. Liu et al. 2021 ) and
GC 4526 (D. Utomo et al. 2015 ) below and in other relevant

ections of this paper (while those of NGC 524, A. Lu et al. 2024 ,
nd NGC 5128, R. E. Miura et al. 2021 , are not directly comparable
ue to the limited spatial resolution and the external gas origin,
espectively). These comparisons are tabulated in Table 4 and the 

ain findings are discussed below. The 〈 R c 〉 of all three galaxies
re well within one standard deviation of each other. The 〈 σobs , los 〉
f the NGC 1387 GMCs is one standard deviation smaller than
hat of the NGC 4429 GMCs. The spectral resolution of the NGC
526 data ( 10 km s −1 ) is much poorer than that of the other two
ata sets ( 2 km s −1 ) and the measurement method of the GMC

ine widths was also different, making those σobs , los unsuitable 
or a direct comparison. The 〈 M gas 〉 of the NGC 1387 GMCs is
arger than that of the NGC 4429 GMCs by almost one standard
eviation, but it is smaller than that of the NGC 4526 GMCs by 1.4
tandard deviation (0.6 dex). Given these, as expected the 〈 �gas 〉 of 
he NGC 1387 GMCs is larger by one standard deviation than that
f the NGC 4429 GMCs, but it is much lower (by four standard de-
iations or 0.8 dex) than that of the NGC 4526 GMCs. The much
MNRAS 547, 1–26 (2026) 
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Figure 3. NGC 1387 GMCs identified by CPROPStoo , schematically overlaid on the zeroth-moment map as ellipses. There are 1079 spatially and 
spectrally resolved GMCs (blue ellipses) and 206 unresolved GMCs (green ellipses). The synthesized beam is shown in the bottom-left corner as a filled 
ellipse. A scale bar is also shown in the bottom-left corner. 

Table 3. NGC 1387 GMC catalogue. 

ID RA Dec. V bc R c σobs , los L CO(2 −1) M gas T max ω obs φrot R gal 
(h:m:s) ( ◦ : ′ : ′′ ) (km s −1 ) (pc) (km s −1 ) ( 10 4 K km s −1 pc 2 ) ( 10 5 M �) (K) (km s −1 pc −1 ) (degree) (pc) 

1 3:36:57.252 −35 :30:21.60 1208 . 5 14 ± 26 1 ± 2 1 ± 2 0 . 6 ± 0 . 9 5 . 5 0 . 13 ± 0 . 02 21 ± 16 316 
2 3:36:57.242 −35 :30:21.29 1208 . 7 12 ± 12 3 ± 3 1 . 1 ± 0 . 5 0 . 6 ± 0 . 3 5 . 4 0 . 08 ± 0 . 02 134 ± 14 328 
3 3:36:57.519 −35 :30:21.70 1211 . 5 11 ± 15 - 1 . 4 ± 0 . 3 0 . 8 ± 0 . 2 8 . 4 – – 585 
4 3:36:57.500 −35 :30:21.11 1212 . 0 10 ± 42 3 ± 3 1 . 1 ± 0 . 7 0 . 6 ± 0 . 4 4 . 6 0 . 10 ± 0 . 02 57 ± 15 584 
5 3:36:57.663 −35 :30:22.30 1213 . 1 12 ± 31 – 2 ± 3 1 . 2 ± 1 . 5 5 . 2 – – 732 
6 3:36:57.374 −35 :30:21.95 1214 . 7 7 ± 16 4 ± 2 2 . 1 ± 0 . 6 1 . 2 ± 0 . 3 6 . 6 0 . 075 ± 0 . 008 14 ± 9 422 
7 3:36:57.444 −35 :30:21.71 1213 . 9 – 1 . 0 ± 1 . 3 0 . 6 ± 0 . 7 0 . 3 ± 0 . 4 4 . 4 – – 503 
8 3:36:57.474 −35 :30:21.20 1215 . 1 16 ± 13 3 ± 2 3 ± 2 1 . 9 ± 1 . 0 8 . 7 0 . 125 ± 0 . 008 −49 ± 5 554 
9 3:36:57.428 −35 :30:21.09 1214 . 6 14 ± 5 5 ± 2 3 . 1 ± 0 . 6 1 . 7 ± 0 . 4 7 . 8 0 . 107 ± 0 . 007 12 ± 4 511 
10 3:36:57.487 −35 :30:18.62 1213 . 5 10 ± 20 1 . 8 ± 1 . 4 1 . 1 ± 1 . 2 0 . 6 ± 0 . 7 6 . 6 0 . 06 ± 0 . 02 142 ± 24 703 
... ... ... ... ... ... ... ... ... ... ... ... 
1285 3:36:56.827 −35 :30:27.01 1361 . 7 – 2 ± 2 2 ± 2 1 . 0 ± 0 . 9 5 . 4 – – 394 

N ote. Measur ements of M gas assume a fixed CO(2-1)/CO(1-0) line ratio of 0 . 77 ± 0 . 08 (in brightness temperature units) and a standard CO-to- 
molecule conversion factor αCO(1 −0) = 4 . 3 M �˜(K˜km˜s −1 ˜pc 2 ) −1 . The uncertainties of all quantities are quoted at the 1 σ level. The uncertainty 
of the galaxy distance D is not propagated into the tabulated uncertainties of the measured properties, as an error on the distance translates to 
a systematic (rather than random) scaling of some quantities (no effect on the others), i.e. R c ∝ D , L CO(2 −1) ∝ D 

2 , M gas ∝ D 

2 , ω obs ∝ D 

−1 , and 
R gal ∝ D . Table 3 is available in its entirety in machine-readable form in the electronic edition. 
NRAS 547, 1–26 (2026) 
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Figure 4. Distributions of the fundamental GMC properties R c (t op-left), σobs , los (t op-middle), M gas (t op-right), �gas (bott om-left), and αobs , vir (bott om- 
right) of the NGC 1387 GMCs. Only (spatially and spectrally) resolved GMCs are included, and the different regions are shown in different colours (black 
for the entire sample). Gaussian fits are overlaid in matching colours. The spatial and spectral r esolutions ar e indicated by arrows in the panels of R c 
and σobs , los , respectively. For R c , the arrow length is η√ 

σmaj σmin = 11 . 4 pc, where the standard deviation of the synthesized beam major (minor) axis is 
σmaj (min) = θmaj (min) / 2 . 35 . For σobs , los , the arrow length is the channel width of 2 km s −1 . 

Table 4. GMC properties of ETGs. 

Galaxy Synthesized beam size 〈 R c 〉 Channel width 〈 σobs , los 〉 〈 log (M gas /M �) 〉 〈 log (�gas /M � pc −2 ) 〉 Reference 
(pc) (pc) (km s −1 ) (km s −1 ) 

NGC 1387 14 20 (7) 2 3.5 (1.5) 5.5 (0.4) 2.4 (0.2) This work 
NGC 4429 12 16 (6) 2 5.2 (2.4) 5.2 (0.3) 2.2 (0.2) L. Liu et al. ( 2021 ) 
NGC 4526 18 18 (8) 10 – 6.1 (0.2) 3.2 (0.3) D. Utomo et al. 

( 2015 ) 

Note. The 〈 R c 〉 , 〈 σobs , los 〉 , 〈 log (M gas /M �) 〉 , and 〈 log (�gas /M � pc −2 ) 〉 ar e the means of the r espective GMC pr operties. The numbers in par entheses 
ar e the standar d deviations of the pr operty distributions (rather than the uncertainties of the means) of the GMC populations in each galaxy. The 
spatial and spectral resolutions are provided to aid the comparisons. See Section 3.1 for details. 
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10 The entire molecular gas disc of NGC 1387 would sit inside the ‘galaxy 
centr e’ accor ding t o their definition, not t o be confused with the ‘inner 
region’ of GMCs defined in this paper. 
arger 〈 M gas 〉 and 〈 �gas 〉 of the NGC 4526 GMCs may be (partially)
ue to LoS confusion given its poorer spectral resolution. 
The wide distribution of �gas both within individual galaxies 

nd acr oss g alaxies is differ ent fr om the historically pr esumed
onstant (or mass-independent) molecular gas mass surface den- 
ity of MW and Local Group GMCs (P. M. Solomon et al. 1987 ;
. Blitz 1993 ). This has been shown by many previous studies
f both LT Gs (e.g . E. Rosolowsky & L. Blitz 2005 ; M. Heyer
t al. 2009 ; D. Colombo et al. 2014 ; M.-A. Miville-Deschênes,
 . Murra y & E. J. Lee 2017 ) and ETGs (T. G . Williams et al.

023 ). The over all r ange of molecular gas mass surface densities
s 2 � log (�gas / M � pc −2 ) � 3 . It is within the reported range of 
he molecular gas mass surface densities of barred LTG centres 10 

defined by near-infrared morphology, M. Querejeta et al. 2021 ) 
y J. Sun et al. ( 2020 ) in the left panel of their fig. 2. Both ranges
re higher (i.e. denser) than the ranges of unbarr ed LT Gs and of 
as outside galaxy centres (defined as above). This is consistent 
ith NGC 1387 being weakly barred (despite the vastly different 

patial resolutions; 120 pc in J. Sun et al. 2020 ). The previously
MNRAS 547, 1–26 (2026) 
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Figure 5. Molecular gas mass spectra (i.e. cumulative mass distribution 
functions) of the NGC 1387 GMCs. Both resolved and unresolved GMCs 
are included, and the different regions are shown in different colours 
(black for the entire sample). Best-fitting single power laws (dotted lines) 
and truncated power laws (dashed lines) are shown in matching colours. 
The nine most massive GMCs wer e e x cluded fr om the fit for the whole 
sample and the three most massive GMCs for each individual region, to 
avoid sensitivity to these few most massive bins. The grey horizontal error 
bars show the uncertainty of each GMC mass at the location where it 
contribut es t o the distribution. The grey v ertical dashed line indicat es our 
mass completeness limit (see Section 3.2 ). 
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tudied ETGs, NGC 4526 and NGC 4429, also agree with this
rend by having bars (K. Alatalo et al. 2013 ; L. M. Young et al.
022 ) and denser GMCs (D. Utomo et al. 2015 ; L. Liu et al. 2021 )
han unbarred LTGs and outside galaxy centres. 

A more detailed comparison of GMC �gas across galaxies
an potentially advance the understanding of self-shielding,
agneto - gravitational instability, and other physical mecha-

isms (M. Heyer & T. M. Dame 2015 ). None the less, it re-
uires a more accurate calibration of the αCO(2 −1) factor (see Sec-
ion 3.5 ) and the correction of the finite-cleaning effect on flux
or individual GMCs (see Section 2.4 and S. Jorsater & G. A.
an Moorsel 1995 ), as well as proper treatment of the different
esolutions, sensitivities, and GMC boundary definitions across
ifferent studies. These are beyond the scope of this paper, but
re worth exploration in the future. 

.2 Mass spectra 

he distribution of GMC molecular gas masses can help reveal
MC formation and evolution mechanisms (e.g. E. Rosolowsky
005 ; D. Colombo et al. 2014 ; C. M. Faesi, C. J. Lada & J. Forbrich
016 ; P. Freeman et al. 2017 ). Fig. 5 shows the mass spectra (i.e.
he cumulative mass distribution functions) of the NGC 1387
MCs, wher e both r esolved and unr esolved GMCs ar e included,

gain for each region separately (colour coded). The horizontal
rror bars show the uncertainty of each GMC mass at the lo-
ation where it contributes to the distribution. Although these
re not strictly the uncertainties of the cumulative mass dis-
ribution functions, they provide a useful illustration of those
NRAS 547, 1–26 (2026) 
ncertainties. We estimate the completeness limit of our data
y adopting the common estimator M min + 10 δM 

, where the
rst term is the minimum resolved GMC mass in our cat-
logue, 3 . 5 × 10 4 M �, and δM 

is the uncertainty induced
y noise [ δM 

= 1 . 48 MAD × 2�v × αCO(2 −1) × A beam 

= 9 . 9 × 10 3 
 �, where MAD = 1 . 32 K is the median absolute deviation of 

he whole corrected cube, the factor of 1.48 converts MAD to
he commonly quoted standard deviation, A beam 

= 225 pc 2 is the
rea of the (clean) synthesized beam, and 2�v = 4 km s −1 is the
inimum spectral width of the GMCs]. Our mass completeness

imit is ther efor e estimated to be 1 . 3 × 10 5 M �. 
For each mass spectrum, we fit (in logarithmic space) the part

bove the mass completeness limit with both a single power
aw (dotted lines in Fig. 5 ) and a truncated power law (dashed
ines in Fig. 5 ). The two functions have the following forms,
espectively: 

log 
(
N(> M gas ) 

) = log 
(

M gas 

M 0 

)γ+1 

, (1) 

log 
(
N(> M gas ) 

) = log N 0 + log 

( (
M gas 

M 0 

)γ+1 

− 1 

) 

, (2) 

here N(> M gas ) is the number of GMCs with a mass higher than
 gas , γ is the power -la w slope, M 0 is the normalization of the sin-

le power law but the characteristic cut-off mass of the truncated
ower law, and N 0 serves as the normalization of the truncated
ower law. The power -la w index ( γ + 1 ) is normally negative.
her efor e, in the truncated power law, M gas must be smaller than
 0 for the formula to be meaningful. A truncation occurs when
 gas approaches M 0 and log 

(
N(> M gas ) 

)
decreases more quickly

han a single power law. As can be seen in Fig. 5 , the advantage
f the truncat ed pow er law is that it can better r epr oduce the
pectra at the high-mass ends, while the disadvantage is that the
est-fitting slope is more sensitiv e t o the few highest-mass bins
han a single power -la w fit. In fact, due to this sensitivity, and
o reasonably match the totality of the spectra, before fitting we
emove the nine most massive GMCs from the whole sample and
he three most massive GMCs from each individual region (for
oth functions). 

The best fitting parameters are listed in Table 5 . As demon-
trated by Fig. 5 , the truncated power laws always match the mass
pectr a bet ter than the single power laws, especially at the high-
ass ends. These truncations possibly indicate a cessation of 

ctive mass accumulation at the high-mass ends, but they could
lso be due to a selection bias towards GMCs of radii similar to the
ynthesized beam size. Reg ar ding the differ ent r egions, although
he four most massive GMCs are located in the inner region (blue
urv es), the int ermediat e r egion has r oughly the same number of 
MCs with M gas t extgreat er10 6 M � as the inner region. The inner

egion GMCs have the shallowest power -la w slopes, while the
uter region GMCs have the steepest, irrespective of the function
sed. As expected, the slopes of the truncated power laws are
lways shallower than those of the single power laws. The best-
tting truncat ed pow er -la w slope of the whole GMC sample is
1 . 820 ± 0 . 013 . As summarized in Table 6 , this is between the

lopes of inner MW GMCs ( −1 . 6 ± 0 . 1 , where ‘inner’ includes
hose GMCs closer to the MW centre than the Sun) and of outer

W GMCs ( −2 . 2 ± 0 . 1 , where ‘ outer’ includes those GMCs far -
her away from the MW centre than the Sun; T. S. Rice et al. 2016 ).
n fact, the slope of the NGC 1387 GMCs has a similar radial
r end, steepening fr om ≈ −1 . 7 in the inner r egion to ≈ −2 . 1 in
he outer region. The best-fitting slope of the whole GMC sample
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Table 5. Best-fitting parameters of the NGC 1387 GMC molecular gas mass spectra. 

Single power law Truncat ed pow er law 

γ M 0 γ M 0 N 0 
( 10 6 M �) ( 10 6 M �) 

All GMCs −2 . 42 ± 0 . 02 23 . 3 ± 1 . 2 −1 . 820 ± 0 . 013 1 . 533 ± 0 . 004 180 ± 5 
Inner region GMCs −2 . 42 ± 0 . 05 11 . 4 ± 1 . 2 −1 . 67 ± 0 . 05 1 . 82 ± 0 . 02 69 ± 8 
Int ermediat e-region GMCs −2 . 51 ± 0 . 03 11 . 6 ± 0 . 8 −1 . 82 ± 0 . 02 1 . 487 ± 0 . 006 95 ± 5 
Outer region GMCs −2 . 83 ± 0 . 03 3 . 8 ± 0 . 2 −2 . 13 ± 0 . 02 0 . 873 ± 0 . 004 50 ± 2 

Note. The fit ting par ameters are described in Section 3.2 . Due to the sensitivity of the truncat ed pow er -la w function to the few highest-mass bins, 
and to reasonably match the totality of the spectra, the nine most massive GMCs of the whole GMC sample wer e e x cluded fr om the fit and the three 
most massive GMCs of each individual region (for both functions). Uncertainties are quoted at the 1 σ level. 

Table 6. GMC mass spectrum slopes of galaxies. 

Galaxy (region) Slope γ Reference 

MW (inner) −1 . 6 ± 0 . 1 T. S. Rice et al. 
( 2016 ) 

NGC 1387 (inner) −1 . 67 ± 0 . 05 This work 
Local Group −1 . 7 L. Blitz et al. ( 2007 ) 
NGC 1387 (overall) −1 . 820 ± 0 . 013 This work 
NGC 1387 (inter.) −1 . 82 ± 0 . 02 This work 
NGC 1387 (outer) −2 . 13 ± 0 . 02 This work 
NGC 4429 −2 . 18 ± 0 . 21 L. Liu et al. ( 2021 ) 
MW (outer) −2 . 2 ± 0 . 1 T. S. Rice et al. 

( 2016 ) 
NGC 4526 −2 . 39 ± 0 . 03 D. Utomo et al. 

( 2015 ) 

Note. For NGC 1387 GMCs, the truncat ed pow er law is adopt ed for com- 
parison. The regions of NGC 1387 are defined in Section 2.4 . ‘MW (inner)’ 
includes GMCs closer to the MW centre than the Sun, while ‘MW (outer)’ 
includes GMCs farther away from the MW centre than the Sun (T. S. Rice 
et al. 2016 ). The table is or der ed by decreasing mass spectrum slopes. 

Table 7. GMC mass spectrum cut-off mass of galaxies. 

Galaxy (region) Cut-off mass M 0 (10 6 M �) Reference 

MW (inner) 10 ± 2 T. S. Rice et al. 
( 2016 ) 

NGC 4526 4 . 12 ± 0 . 08 D. Utomo et al. 
( 2015 ) 

NGC 1387 (inner) 1 . 82 ± 0 . 02 This work 
NGC 1387 (overall) 1 . 533 ± 0 . 004 This work 
MW (outer) 1 . 5 ± 0 . 5 T. S. Rice et al. 

( 2016 ) 
NGC 1387 (inter.) 1 . 487 ± 0 . 006 This work 
NGC 4429 0 . 88 ± 0 . 13 L. Liu et al. ( 2021 ) 
NGC 1387 (outer) 0 . 873 ± 0 . 004 This work 

Note. As Table 6 but for the mass spectrum cut-off mass. L. Blitz et al. 
( 2007 ) adopted single power -la w fitting, and thus did not have a cut-off
mass. 
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11 The stellar surface density of NGC 4526 is not available from the same 
source as NGC 1387 and NGC 4429, and the varied measurements from 

other papers lead to varied comparative results. 
f NGC 1387 is slightly steeper than that of the overall mass
pectrum of Local Group GMCs ( ≈ −1 . 7 ; L. Blitz et al. 2007 ), it is
hallower than that of the ETG NGC 4429 ( −2 . 18 ± 0 . 21 ; L. Liu
t al. 2021 ), and it is much shallower than that of another ETG
GC 4526 ( −2 . 39 ± 0 . 03 ; D. Utomo et al. 2015 ). 
The cut-off mass of the truncated power -la w fit of the whole

ample is (1 . 533 ± 0 . 004) × 10 6 M �, similar to that of the outer
W GMCs, (1 . 5 ± 0 . 5) × 10 6 M � (T. S. Rice et al. 2016 ), but much

maller than that of the inner MW GMCs, (1 . 0 ± 0 . 2) × 10 7 M �
T. S. Rice et al. 2016 ), as summarized in Table 7 . This cut-off mass
f the NGC 1387 GMCs is between those of the two previously
tudied ETGs, NGC 4429 with (8 . 8 ± 1 . 3) × 10 5 M � (L. Liu et al.
021 ) and NGC 4526 with (4 . 12 ± 0 . 08) × 10 6 M � (D. Utomo
t al. 2015 ). 

The differences of the GMC mass spectra among the three 
T Gs ar e significant. The physical driver behind GMC mass spec-

ra is intriguing but not fully resolved yet. A. Hughes et al. ( 2016 )
eported a correlation among a sample of nearby g alaxies, wher e
atter slopes are found in galaxies with higher surface mass den-
ities (of stars or total cold gas or cold molecular gas). This can
e explained by enhanced gas accumulation and gravitational 

nstability in denser regions (E. Rosolowsky 2005 ; D. Colombo 
t al. 2014 ). The comparison between NGC 1387 and NGC 4429
upports this trend. NGC 1387 has a flatter slope, a higher central
tellar mass surface density (T. A. Davis et al. 2022 ), and a higher
olecular gas surface density (L. Liu et al. 2021 ) than NGC 4429.

he trend also holds when different regions of NGC 1387 are
ompared – the slope gets flatter and the surface density (of both
tars and gas) gets higher towards the galaxy centre. The compar-
sons of the cut-off mass between NGC 1387 and NGC 4429, and
cr oss differ ent r egions in NGC 1387 provide a consistent picture.
 higher cut-off mass always correspond to a flatter slope, both 

ndicating the existence of more high-mass GMCs. On the other 
and, NGC 4526 is more complicated. It exhibits the steepest 
lope yet the highest cut-off mass among the thr ee ET Gs. It is thus
ot str aightforw ard t o stat e whether NGC 4526 is rich or poor in
igh-mass GMCs. Reg ar ding the slope–density tr end discussed 

bove, NGC 4526 has the highest molecular gas surface density 11 

D. Utomo et al. 2015 ) yet the steepest slope among the three
TGs, opposit e t o the trend. The LoS confusion with NGC 4526
ata is perhaps relat ed t o the complexity, which is due to the high

nclination angle and the poorer spectral resolution. Overall, this 
omparison calls for GMC studies of more ETGs to build larger
tatistics and further inv estigat e the physical driver of GMC mass
pectra. 

It is worth noting that the measured GMC mass spectrum 

arameters can be biased by observational limitations and ef- 
ects such as blending (related to spatial resolution and spectral 
esolution), sensitivity, and GMC decomposition techniques (E. 
osolowsky 2005 ; M. A. Reid et al. 2010 ; T. Wong et al. 2011 ).
lthough the typical spatial resolution ( � 30 pc) behind all the

esults in Table 6 are adequate to resolve individual GMCs, the
eparation between neighbouring GMCs and the exact boundary 
f each GMC are less certain in some galaxies, due to a low
ontrast of gas surface density or a high inclination angle. The
MNRAS 547, 1–26 (2026) 
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Figure 6. Larson relations of the resolved GMCs of NGC 1387. Left: size–line width relation. Middle: size–luminosity relation. Right: line width–
luminosity relation. The GMCs of the different regions are shown in different colours. The solid lines show the best-fitting power-law relations of all 
the GMCs, while the black dotted lines show the Larson relations of the MW disc GMCs and the orange dotted lines those of the MW CMZ GMCs. The 
median error bar is shown in the bottom-right corner of each panel. 
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12 ht tps://www.nv5geospatialsoftw are.com/docs/linmix _ err.html 
13 D. Utomo et al. ( 2015 ) only reported velocity gr adient-subtr acted veloc- 
ity dispersions, and thus the σobs , los (if measured as in this work) of NGC 

4526 GMCs would be even higher than the velocity dispersions actually 
reported in that paper. 
nhomogeneous sensitivity across surveys, the completeness limit
stimation, the adopted GMC decomposition technique, and the
CO(2 −1) factor can all affect the best-fit ting par ameters as well
Y. Fukui et al. 2008 ; T. Wong et al. 2011 ). Overall, these effects
hould be minor for the synoptic comparison presented in this pa-
er, but a more detailed comparison would need better treatment
f these effects in the future. 

.3 Larson relations 

 early all pr evious GMC studies have used the Larson relations
R. B. Larson 1981 ) as the common yardstick against which to
 auge GMC pr operties. Fig . 6 shows the Larson r elations of the r e-
olved GMCs of NGC 1387. GMCs from different regions of NGC
387 are shown in different colours. The left panel shows the size–
ine width relation, thought to be a signature of the turbulence
ithin GMCs. The middle panel shows the size–luminosity rela-

ion (equivalent to a size–molecular gas mass relation, as we are
ssuming a constant mass conversion factor), providing insight
nto the internal structures of GMCs. The right panel shows the
ine width–luminosity relation (again equivalent to a line width–

olecular gas mass relation), the GMC analogue of the Faber–
 ackson r elation of g alaxies (P. M. Solomon et al. 1987 ). These
hr ee r elations t ogether constitut e the GMC ‘fundamental plane’,
ut only two out of the thr ee r elations ar e independent as they
re mathematically related. 

The GMCs from different regions of NGC 1387 occupy different
reas of parameter space in Fig. 6 , consistent with the regional
ariations of GMC properties (illustrated in Fig. 4 ). In the size–
ine width relation, the inner region GMCs (blue data points) oc-
upy primarily the top-right portion of the distribution, at larger
elocity dispersions than the intermediate-region GMCs (green
ata points), but with a similar total range of sizes. The outer
egion GMCs (red data points) have a distribution that is much

or e e xtended than that of the inner r egion and int ermediat e-
egion GMCs, and is centred at smaller sizes and velocity disper-
ions. The tr ends ar e similar for the other two Larson r elations.
or each relation, we fit a power law to both the entire resolved
MC population and that in each region. The fits are carried out

n logarithmic space with the Int eractiv e Data Language routine
NRAS 547, 1–26 (2026) 
INMIX_ERR . 12 The best-fitting r elations of the entir e popula-
ion are shown as the black solid lines in Fig . 6 , wher e they can be
ompared to those of the MW disc GMCs (black dotted lines; P. M.
olomon et al. 1987 ; M. Heyer et al. 2009 ) and MW CMZ GMCs
or ange dot ted lines; J. Kauffmann et al. 2017 ; G.-X. Li & C.-P.
hang 2020 ). The best-fitting parameters are listed in Table 8 . 
For the whole GMC population, the Spearman correlation co-

fficients r s of the resolved GMCs of NGC 1387 are weak (0.47) for
he size–line width r elation, str ong (0.82) for the size–luminosity
elation, and moderate (0.70) for the line width–luminosity re-
ation. The correlation coefficients of the GMCs of the different
 egions consider ed separately ar e almost always weak er, suggest -
ng that the aforementioned systematic differences between the
iffer ent r egions contribut e t o cr eating the corr elations when
hey are considered together. In other words, the galactocentric
istance gradients of the three basic GMC parameters ( R c , σobs , los ,
nd L CO(2 −1) ) are significant. This will be shown more clearly
n Section 6 . The p-values of all the correlations across all (sub-
samples are ≤ 1 × 10 −5 , implying that all the correlations have
 σ or higher statistical significance. The tightness of the size–line
idth relation varies in the literatur e, fr om the e xtr emely tight

arly versions for the MW GMCs by R. B. Larson ( 1981 ) in his
g. 1 and by P. M. Solomon et al. ( 1987 ) in their fig. 1, to the non-
xistence of a correlation ( r s < 0 . 2 ) in some LTGs (P. Gratier et al.
012 ; D. Colombo et al. 2014 ) and ETGs (D. Utomo et al. 2015 ; L.
iu et al. 2021 ). The physical explanation for such a discrepancy

s still an open question. 
In all panels of Fig. 6 , the resolved GMCs of NGC 1387 follow

he trend of the MW disc GMCs quite well, in terms of both slope
nd normalization. In turn, this implies that they are unlike
hose of NGC 4526 and NGC 4429, which typically have velocity
ispersions higher than those of MW disc GMCs at any given
ize (D. Utomo et al. 2015 ; L. Liu et al. 2021 ) and luminosity
D. Utomo et al. 2015 ). 13 Despite the fact that all of the NGC
387 GMCs are located within its bulge, the properties of these

https://www.nv5geospatialsoftware.com/docs/linmix_err.html
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Table 8. NGC 1387 Larson relation best-fitting parameters. 

Size–line width relation Size–luminosity relation Line width–luminosity relation 
Slope Normalization r s Slope Normalization r s Slope Normalization r s 

All GMCs 0 . 29 ± 0 . 06 0 . 23 ± 0 . 08 0.47 2 . 41 ± 0 . 07 1 . 61 ± 0 . 10 0.82 2 . 30 ± 0 . 11 3 . 45 ± 0 . 07 0.70 
Inner region GMCs 0 . 09 ± 0 . 07 0 . 57 ± 0 . 10 0.31 2 . 13 ± 0 . 11 2 . 1 ± 0 . 2 0.78 2 . 3 ± 0 . 3 3 . 4 ± 0 . 2 0.50 
Int ermediat e-region GMCs 0 . 35 ± 0 . 08 0 . 13 ± 0 . 11 0.43 2 . 25 ± 0 . 08 1 . 80 ± 0 . 12 0.87 2 . 6 ± 0 . 2 3 . 27 ± 0 . 14 0.60 
Outer region GMCs 0 . 5 ± 0 . 2 −0 . 1 ± 0 . 2 0.39 2 . 38 ± 0 . 15 1 . 6 ± 0 . 2 0.77 3 . 0 ± 0 . 5 3 . 1 ± 0 . 3 0.57 

Note. Slopes and normalizations are defined in the logarithm space of all properties inv olv ed, as shown in Fig. 6 . Uncertainties are quoted at the 1 σ
level. The r s is the Spearman correlation coefficient. The p-values of all the correlations are ≤ 1 × 10 −5 . 

Figur e 7. Corr elation between the virial masses and the molecular gas 
masses of the resolved GMCs of NGC 1387. The GMCs of the different 
r egions ar e shown in differ ent colours. The solid line shows the best- 
fitting power -la w relation, while the dashed and dotted diagonal lines 
show the 1 : 1 ( αobs , vir = 1 ) and 2 : 1 ( αobs , vir = 2 ) r elations, r espectively. 
The median error bar is shown in the centre-right of the panel. The 
distribution of log (αobs , vir ) (black histogram) with a lognormal fit overlaid 
(red solid line) is shown in the inset. The dashed vertical line shows the 
mean of the lognormal fit. 
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MCs deviate significantly from those of the MW CMZ GMCs. 
he size–line width relation of the NGC 1387 GMCs even has a
hallower slope ( 0 . 29 ± 0 . 06 ) than that of the MW disc ( 0 . 5 ± 0 . 1 )
r Local Group ( 0 . 6 ± 0 . 1 ) GMCs. This is rather unique and will
e discussed in light of a GMC collision model in Section 5 .
hen considering the regions separately, the Larson relation 

est-fit ting par ameters can v ary significantly . Specifically , the
nner region GMCs have an e xtr emely flat size–line width
elation with a slope of 0 . 09 ± 0 . 07 , again contrary to the MW
n which the CMZ GMCs have a much steeper size–line width
elation ( 0 . 66 ± 0 . 18 ). The variation of the normalization again

ostly reflects the galactocentric distance gradients. 

.4 Virial parameter 

e estimate the virial parameters αobs , vir of the resolved GMCs 
f NGC 1387. The virial parameter is defined as the ratio of the
irial mass (i.e. the dynamical mass assuming virial equilibrium 

 obs , vir ; I. MacLaren, K. M. Richardson & A. W. Wolfendale 1988 )
nd the molecular gas mass of a GMC, yielding 

obs , vir ≡ M obs , vir 

M gas 
= 

σ 2 
obs , los R c /b s G 

M gas 
, (3) 

here G is the gravitational constant and the geometric parame- 
er b s is taken to be 1 / 5 , corresponding to a homogeneous spher-
cal mass volume density distribution (and allowing to compare 
ith most previous works on GMCs). 
Fig. 7 shows the comparison of the virial masses and the molec-

lar gas masses of the resolved GMCs of NGC 1387. GMCs from
iffer ent r egions of NGC 1387 ar e shown in differ ent colours, as

n previous figures. Although the GMCs from different regions 
ccupy slightly different mass ranges, they generally follow the 
ame trend. A power -la w fit (carried out in logarithmic space)
ields a best-fitting power-law index (i.e. a slope) of 0.88 (black
olid line in Fig. 7 ), suggesting that the estimated GMC virial
asses are very similar to the molecular gas masses. Indeed, 

he distribution of the virial parameters of the resolved GMCs 
f NGC 1387 is shown in the inset of Fig. 7 , and 80 per cent of 
he GMCs have 0 . 5 < αobs , vir < 2 . The resolved GMCs of NGC
387 thus appear to be nearly perfectly virialized ( αobs , vir = 1 ),
ith some scatter. A Gaussian fit to the lognormal distribution

f αobs , vir yields a mean virial parameter 〈 αobs , vir 〉 = 1 . 0 with a
tandard deviation of +0 . 6 

−0 . 4 . This is very similar to that of MW
isc (M. Heyer & T. M. Dame 2015 ) and Local Group galaxy (e.g.
. Rosolowsky et al. 2003 ; E. Rosolowsky 2007 ; A. Hirota et al.
011 ) GMCs, but is lower than that of the ETG NGC 4429 GMCs
 〈 αobs , vir 〉 = 4 . 0 ; L. Liu et al. 2021 ). D. Utomo et al. ( 2015 ) mea-
ured the virial parameters of the ETG NGC 4526 GMCs based on
elocity gr adient-subtr acted velocity dispersions, which will be 
iscussed in Section 7.2 . Compared with the empirical threshold 

f αobs , vir = 2 for a gravitationally bound cloud (J. Kauffmann, T.
illai & Q. Zhang 2013 ), the αobs , vir distribution indicates that, on
v erage, the resolv ed GMCs of NGC 1387 are both gravitationally
ound and virialized. When the GMCs are separated by region, 
here is a marginal trend of αobs , vir decreasing from the inner 
egion to the outer region (see also Fig. 4 ). We note however
hat this interpretation only considers the internal gravitational 
orce of each GMC. Other factors such as magnetic fields, external
r essur e, and the g alactic gravitational potential ar e not included

n the calculation of αobs , vir . 

.5 Uncertainty of αCO(1 −0) 

t is a long-standing challenge to calibrate the αCO(1 −0) factor in 

iffer ent types of g alaxy envir onments. The value adopted in this
ork comes from the calibration for the MW disc environment, 

nd the commonly adopted uncertainty of 30 per cent encom- 
asses the variation across different calibration methods, such 

s CO isotopologues, dust extinction, dust emission, etc. (A. D. 
MNRAS 547, 1–26 (2026) 
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Figur e 8. Pr ojected cir cular velocity field of NGC 1387 ( v model ; coloured isovelocity contours). The projected angular momentum vectors of half of 
the resolved GMC of NGC 1387 (randomly selected, for clarity) are overplotted as arrows. The black arrows indicate prograde GMCs, dark grey arrows 
r etr ograde GMCs, and the length of each arrow is proportional to ω obs . The pale grey ellipses indicate the boundaries of the three regions defined in 
Section 2.4 . 
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olatto et al. 2013 ). Many works have shown deviations from this
anonical αCO(1 −0) at low metallicity (e.g. S. C. O. Glover & M.-M.
ac Low 2011 ), high stellar mass surface density (D. Downes &

. M. Solomon 1998 ; I.-D. Chiang et al. 2024 ), high CO line width
Y.-H. Teng et al. 2023 ), and in CMZs (e.g. M. Kohno & Y. Sofue
024 ). But some other studies suggest a small fraction of galaxies
o not have such a deviation of αCO(1 −0) in the centres (K. M.
andstrom et al. 2013 ). 

Since no calibration has been done specifically for the envi-
 onment of ET G centr es and the calibrations for similar envir on-

ents vary across galaxies, we do not correct for the potential
eviation of αCO(1 −0) from the MW value in this paper. But if the
rue value deviates from that, the following GMC measurements
ill be affected: the mass, the mass surface density, the mass

pectrum, the virial parameter, and the Toomre parameter (see
ection 5 ). Other measurements and analyses are not affected.
oreover, all the comparisons between the thr ee ET Gs (NGC

387, NGC 4429, and NGC 4526), even for the affected quantities
ist ed abov e, should remain valid because αCO(1 −0) is likely to be
ery similar in the same ETG centre environment. 
NRAS 547, 1–26 (2026) 

s  
 ORIGIN  OF  V E LOC I T Y  GRADIENTS  I N  G M C S  

.1 Galactic rotation and turbulence 

e now aim to constrain the origin of the internal kinematics
f the GMCs of NGC 1387, in particular, whether it is inherited
rom the large-scale galactic rotation. In the ETGs NGC 4526 and
GC 4429, the internal GMC rotation is aligned with the large-

cale velocity field, suggesting that shear (i.e. g alactic r otation)
rives the observed internal GMC rotation (see e.g. figs 7 and 8
f L. Liu et al. 2021 ). Following the same approach, we measure
he velocity gradient of each resolved GMC by fitting a plane
o its first-moment map, weighted by intensity (i.e. the zeroth-

oment map). The fitting function is thus v (x, y ) = ax + by + c ,
here (x, y ) are the positions on the sky and a , b and c are free
aramet ers. The project ed angular velocity (i.e. the magnitude of 
he project ed v elocity gradient) is then ω obs = 

√ 

a 

2 + b 2 , and the
rojected position angle (measured from north through east) of 
he rotation axis is φrot = tan 

−1 (b/a ) . 
We show the projected angular v elocity v ect ors of the re-

olved GMCs of NGC 1387 overlaid on the isovelocity contours
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A
c  

b  
i.e. the velocity field) in Fig. 8 (only half of the GMCs, ran-
omly selected, are shown for clarity). To calculate the isoveloc- 

ty cont ours, w e input the mass model described in Section 2.3
o the mge_vcirc routine of the Jean Anisotropic Mod- 
lling ( JAM ) package 14 (M. Cappellari 2020 ), and then used the
inms_create_velField_oneSided routine of the KinMS 
ackage to create the LoS velocity map. 
In Fig. 8 , the projected angular velocity vectors do not align

ignificantly with the large-scale g alactic r otation, as traced by 
he isovelocity contours. We measure the angle between each 

loud’s projected angular velocity vector and the local isoveloc- 
ty contour . W e then divide GMCs into prograde (angle smaller
han 90 ◦; black arrows in Fig. 8 ) and retrograde (angle larger
han 90 ◦; dark grey arrows). The fraction of prograde clouds is
arger than that of r etr ograde clouds in all three regions (and
hus overall), but that fraction never approaches unity. In ad- 
ition, there is a larger fr action of progr ade GMCs in the in-
er region ( 141 / 195 = 72 per cent ) than in the int ermediat e
egion ( 278 / 448 = 62 per cent ) and outer region ( 256 / 436 =
9 per cent ) of the galaxy. This suggests that the inner region
MCs couple best with the large-scale g alactic r otation, and we

laborate on this in Section 4.4 . On the other hand, the GMC
rogr ade fr actions of NGC 4429 (figs 7 and 8 of L. Liu et al. 2021 )
nd NGC 4526 (figs 7 and 8 of D. Utomo et al. 2015 ) are almost
00 per cent. 

In Fig. 9 , the measured ω obs and φrot are compared with mod-
lled quantities ( ω mod and φmod ), where the latter are measured in
n identical manner but using a model data cube with circular ve-
ocity v circ (R gal ) . As a result, φmod is along the local isovelocity con-
our and ω mod is the magnitude of the expected velocity gradient. 
s can be inferred from the left panel of Fig. 9 by comparing the

hr ee differ ent r egions, ω mod decr eases with incr easing g alacto-
entric distance. For example, all GMCs with ω mod > 0 . 55 km s −1 

re within the central region defined by R gal < 100 pc, and 80
er cent of GMCs at R gal < 100 pc have ω mod > 0 . 55 km s −1 . This

s due to a higher density of isovelocity contours in the central
art of the g alaxy, r esulting fr om both an LoS pr ojection effect
nd the rapid change of the circular velocity near the centre. 
ost importantly, in both panels of Fig . 9 , ther e is no significant

orrelation between the observed and modelled quantities. This 
s true for both the whole sample and the GMCs of individual
egions. The inner region GMCs (blue data points) may have a 
 eak positiv e correlation, but almost all inner region GMCs have
 obs < ω mod . We come back to this sub-population of GMCs in
ection 4.4 . 

An alt ernativ e pot ential origin for the int ernal v elocity gradi-
nts of GMCs is turbulence. Given the limited spatial resolution 

f our data, we cannot currently measure the internal turbulence 
f the clouds. The velocity gradients caused by turbulence can 

ow ev er be estimat ed in simulations, and A. Burkert & P. Boden-
eimer ( 2000 ) report (ω turb / km s −1 pc −1 ) = 1 . 6 (R c / 0 . 1 pc ) −1 / 2 .
he expected ω turb caused by turbulence for GMCs of the sizes
bserved in NGC 1387 are thus 0.1–0.2 km s −1 pc −1 , of the same
agnitude as the measured ω obs . Turbulence might thus be at 

he origin of the observed GMC velocity gradients of NGC 1387, 
lthough further evidence is r equir ed to confirm this. 
4 https://pypi.org/project/jampy/ 

t  

l  

n  

a  
.2 Tidal radii 

o further understand the potential impact of external (i.e. the 
alaxy’s) gravity on the clouds, we estimate the tidal radii R t of 
he resolved GMCs of NGC 1387. The R t is defined as the distance
r om each GMC centr e wher e the shear velocity due to differential
 alactic r otation is equal to the escape velocity of the GMC (C. F.
ammie, J. P. Ostriker & C. J. Jog 1991 ; J. C. Tan 2000 ). We adopt
 simplified form of equation (52) of L. Liu et al. ( 2021 ), which
ssumes a spherical galaxy mass distribution: 

 t = 

(
G 

2 A 

2 

)1 / 3 

M 

1 / 3 
gas , (4) 

here A is Oort’s constant A , evaluated at the galactocentric dis-
ance of the GMC. 

The measured GMC size to predicted tidal radius ratios R c /R t 
f the resolved GMCs of NGC 1387 are shown as a function of 
MC galactocentric distance R gal in Fig. 10 . Overall, most GMCs
ave sizes similar to their tidal radii, suggesting that most clouds
re dominated by self-gr avity r ather than external gravity, al-
hough it could be that the cloud sizes have been limited by exter-
al gravity in the first place (thus driving R c /R t to 1). These results
re consistent with the virial parameters estimated in Section 3.4 
nd the kinematic analyses presented in Section 4.1 , showing that
ost GMCs are decoupled from the large-scale galactic rotation. 
Fig. 10 how ev er also rev eals a strong trend with galactocentric

istance, whereby the inner region GMCs essentially all have 
 c < R t , and their R c /R t ratio increases rapidly with decreasing
alactocentric distance. This primarily arises from rapidly 
ncreasing A (i.e. shear) and thus rapidly decreasing R t with 

ecr easing g alactocentric distance, as R c varies little with R gal 
see Fig. 4 ). This predicts that external gravity should be more
mportant than self-gravity for the inner region GMCs, and that 
ts importance decreases with increasing galactocentric distance, 
s expected. In turn, this further predicts that the inner region
MCs cannot be gravitationally bound. They can either be 

ransient structures that should be sheared apart on a short time-
cale or be bound by other forces. While the virial parameters
f the inner region GMCs are indeed higher than those of the
louds farther out (see Fig . 4 ), they r emain overall modest, only a
ew inner region clouds having αobs , vir > 2 . The implications for
he gravitational boundedness of the inner region clouds arising 
ut of the R c /R t ratio analysis and the virial parameters thus
ppear contradict ory. How ev er, the concept of R t is based on the
ssumption that the entirety of each GMC follows the galactic 
ir cular r otation. Thr oughout Section 4 , w e demonstrat e that this
ssumption does not hold for the majority of the GMCs of NGC
387, particularly for the sub - sample of GMCs with R c > R t (see
ection 4.4 ). This may explain the limited predicting power of R t 
 eg ar ding cloud boundedness indicated by αobs , vir . 

.3 Galactic rotation and GMC velocity gradients 

lthough the observed internal velocity gradients of GMCs dis- 
ussed in Section 4.1 appear to arise primarily from internal tur-
ulence, the fr action of progr ade clouds is significantly greater
han 50 per cent in all thr ee r egions, so the contribution of the
arge-scale g alactic r otation t o the gradients is pot entially non-
egligible. We try to quantify this contribution in this sub - section,
nd follow D. Utomo et al. ( 2015 ) and L. Liu et al. ( 2021 ) by
MNRAS 547, 1–26 (2026) 

https://pypi.org/project/jampy/
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Figure 9. Comparison of the observed and modelled projected GMC angular velocity magnitudes ( ω obs and ω mod , respectively; left panel) and position 
angles ( φrot and φmod , respectively; right panel) of the resolved GMCs of NGC 1387. The GMCs of the differ ent r egions ar e shown in differ ent colours. 
The dashed lines show the 1 : 1 relations. The grey shaded region in the right panel indicates an angular difference ≤ 90 ◦, which we adopt to define 
prograde clouds (conversely for retrograde clouds). The median uncertainty is shown as an error bar in the bottom-right corner of each panel (barely 
visible in the left panel). 

Figur e 10. Measur ed GMC size to pr edicted tidal radius ratios ( R c /R t ) 
of the resolved GMCs of NGC 1387, as a function of GMC galactocentric 
distance R gal . The black horizontal dashed line indicates R c = R t and 
also shows the median uncertainty of R c /R t as a vertical error bar in the 
bottom-left corner. The pale grey vertical lines indicate the boundaries of 
the three regions defined in Section 2.4 . 
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σgs , los . 
stimating the ‘gr adient-subtr act ed v elocity dispersion’ σgs , los of 
ach cloud, arguably a bet ter tr acer of internal GMC turbulence
han σobs , los . 

The quantity σgs , los is estimated with the int ention t o remov e
he contribution of or der ed internal bulk rotation from σobs , los . All
he spectra of a given GMC along different lines of sight are thus
hifted (according to their mean velocities) to a common systemic
NRAS 547, 1–26 (2026) 
elocity before being stacked for the measurement of (the now
r adient-subtr acted) σgs , los . Under the assumption that internal
MC bulk motions arise purely from large-scale galactic circular

otation, the quadratic difference can be expressed as 

2 
obs , los − σ 2 

gs , los ≈ b e R 

2 
c 
(
�2 sin 

2 θ + (� − 2 A ) 2 cos 2 θ
)

sin 

2 i (5) 

see equations 19, 20, and B23 of L. Liu et al. 2021 ), where i is the
isc inclination, θ the azimuthal angle of the GMC in the galaxy
lane, and � the galactic circular angular velocity evaluated at
he galactocentric distance of the GMC (i.e. v circ (R gal ) /R gal ). The
eometric parameter b e is again taken to be 1 / 5 , corresponding to
 homogeneous mass volume density distribution (and allowing
o compare with most previous works on GMCs). 

By comparing the measured and modelled differences σ 2 
obs , los −

2 
gs , los , we can assess the contribution of the large-scale galactic
ir cular r otation to the GMC velocity gradients. Fig. 11 shows
his comparison for all resolved GMCs of NGC 1387. Different
anels show the same measurements with different colour cod-

ng ( R gal , M gas , and R c ). The overall distribution shows at best a
 ery w eak positiv e corr elation (the Pearson corr elation coefficient
 p = 0 . 32 ) between the observed and modelled quantities, far
rom the one-to - one line expectation. How ev er, larger and more

assive GMCs at small galactocentric distances tend to be closer
 o the one-t o - one line. This suggests that the GMCs of this partic-
lar sub - sample hav e their v elocity gradients dominat ed by large-
cale g alaxy r otation, while most other GMCs are dominated by
nternal turbulence. 

We note that the limited spectral resolution (channel width of 
 km s −1 ) of the data could cause a bias to the measured σobs , los 
nd σgs , los (despite the spectral deconvolution), but it should not
ffect the modelled (σ 2 

obs , los − σ 2 
gs , los ) mod . This bias is hard to quan-

ify, but it should be more pronounced for smaller σobs , los and
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Figure 11. Comparison of the observed and modelled differences σ 2 
obs , los − σ 2 

gs , los for the resolved GMCs of NGC 1387. From left to right, different 
panels show the same measurements with different colour coding: R gal , M gas , and R c . The dashed lines show the 1 : 1 r elations. The median err or bar is 
shown in the centre-right region of each panel. 
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.4 GMC sub - samples 

lthough the overall GMC population of NGC 1387 does not 
eem to be significantly affected by the large-scale galactic ro- 
ation, a specific sub - sample (primarily large and massive in-
er region GMCs) does seem to be. Using clues from the pre-
ious sub - sections, we thus construct three specific GMC sub -
amples to test this possibility, requiring R c > 30 pc, M gas > 10 6 
 �, and �gas < �shear , respectively, where �shear = 4 A 

2 R c / 3 πG
s the minimum surface mass density r equir ed to r emain bound
gainst shear (L. Liu et al. 2021 ). The last criterion selects low-
urface density GMCs, which are more susceptible to galactic 
hear and thus more likely to align with the large-scale galactic 
otation. We also separate the GMCs by galactocentric distance 
n all the following comparisons, using R gal = 300 pc (the bound-
ry between the inner region and the intermediate region) as 
he threshold (all the thresholds w ere det ermined via trial and
rror, based on the t entativ e trends discussed in the previous sub-
ections). In Fig. 12 , we thus revisit the comparisons discussed in
ections 4.1 and 4.3 for these three sub - samples. 

The first r ow of Fig . 12 shows the sub - sample of large resolved
MCs ( R c > 30 pc). A positive corr elation e xists between the
bserved and modelled quantities of inner region GMCs ( R gal < 

00 pc, purple data points) in the left panel, although most data
oints are still lower than the 1 : 1 line (the black dashed line).
he two apparent outliers (shown as hollow purple circles) with 

 mod > 0 . 8 km s −1 pc −1 have the smallest R gal ( � 62 pc) of this
ub - sample (generally > 100 pc). Their deviations from the main
r end ar e pr obably due to the most e xtr eme beam smearing effects
nd the most complex physical conditions close to the galaxy 
entre. If these two outliers are ignored, the Pearson correla- 
ion coefficient r p = 0 . 81 , indeed indicating a str ong corr elation.
n the middle panel, most inner region GMCs are close to the
 : 1 line, with only a few outliers. With the same two GMCs
 x cluded, r p = 0 . 44 (nearly 1 σ significance), indicating a weak
orrelation. In the right panel, the inner region GMCs (exclud- 
ng again the same two GMCs) show a moderate correlation 

ith r p = 0 . 51 (more than 2 σ significance) and moderate agree-
ent with the 1 : 1 line. The large GMCs of the int ermediat e

egion and the outer region ( R gal ≥ 300 pc) have much lower r p 
han those of the inner GMCs in each of the three panels. They
lso show much larger scatters and/or deviations from the 1 : 1 
ine. 

The second row of Fig. 12 shows the sub - sample of massive
 esolved GMCs ( M gas > 10 6 M �). Ther e is a positive correlation
nd/or substantial agreement with the 1 : 1 line in all three panels
or all galactocentric distances. For this row (and the third row
elow), there is no apparent outlier to be excluded from the statis-
ics. The r p generally indicate strong or moderate correlations 
0.57–0.78) and one weak correlation (0.46). Most importantly, 
hese corr elations ar e much str onger than those of the entir e
MC sample discussed in the previous sub - sections. 
The thir d r ow of Fig . 12 shows the sub - sample of resolved

MCs with �gas < �shear . There is no correlation ( r p = 0 . 31 at
ost) or 1 : 1 agreement between the observed and modelled

uantities in any of the three panels at any galactocentric dis-
ance. 

We also t est ed resolv ed GMC sub - samples with �gas < 100
 � pc −2 , �gas > 500 M � pc −2 , small σobs , los , large σobs , los and 

 c > R t (not shown in Fig. 12 ). No correlation exists for any
f these sub - samples. In particular, when a cloud has R c > R t ,
e e xpect g alactic shear to str ongly shape the cloud kinemat-

cs, as also discussed in Section 4.2 . The absence of a corre-
ation for the R c > R t sub - sample, along with the modest/low
obs , vir mentioned in Sections 3.4 and 4.2 , suggests that al- 

hough the discussion concerning the tidal radii in Section 4.2 
s physically motivated, further investigation of this aspect is 
 equir ed. 

In summary, we see emerging correlations between GMC in- 
ernal rotation and large-scale galactic circular rotation primarily 
or the most massive ( M gas > 10 6 M �) resolved GMCs of NGC
387, but to a lesser extent also for the largest ( R c > 30 pc) and/or
nnermost ( 100 pc < R gal < 300 pc) GMCs. The r equir ement of 
mall R gal can be int erpret ed as the r equir ement of a steeply
ising circular velocity curve and thus large shear, for which 

ne expects stronger GMC coupling with galactic rotation. For 
he other two r equir ements, mor e massive GMCs simply tend to
e larger (and vice versa), and larger GMCs are more affected
y shear ( �shear ∝ R c ). As a GMC ev olv es, the (de-)coupling of 

ts internal velocity gradients fr om g alactic r otation is a com-
etition between galactic shear and processes such as gas disc 
r agmentation (involving gr avitational collapse; C. Juárez et al. 
019 ), g as accr etion (V. Rawat et al. 2024 ), GMC mergers (M.
karbinski, S. M. R. J effr eson & A. A. Goodman 2023 ), and stel-
ar feedback (M. Nonhebel et al. 2024 ). Galactic shear imprints
 alactic differ ential r otation to the GMC, while all the others
ncrease turbulence. To reveal the evolutionary path of a GMC, 
he relative strengths and time-scales of these processes must be 
 xplor ed. 
MNRAS 547, 1–26 (2026) 
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Figure 12. Comparison of the observed and modelled GMC projected angular velocity magnitudes ( ω obs and ω mod , respectively; left column), position 
angles ( φrot and φmod , respectively; middle column), and quadratic velocity dispersion differences ( σ 2 

obs , los − σ 2 
gs , los and (σ 2 

obs , los − σ 2 
gs , los ) mod , respectively; 

right column), for three resolved GMC sub - samples of NGC 1387: R c > 30 pc (top r ow), M gas > 10 6 M � (middle r ow), and �gas < �shear (bottom row). 
The inset in the bottom-left panel shows the distribution of the (logarithm of the) �gas / �shear ratios of all the resolved GMCs of NGC 1387. Only the GMCs 
in the pink-shaded region ( �gas < �shear ) are plotted in the panels of this row. The data points are colour-coded according to the GMC galactocentric 
distance (purple, R gal < 300 pc; blue, R gal ≥ 300 pc). The black dashed lines show the 1 : 1 relations. The grey shaded regions in the middle column 
indicate an angular difference ≤ 90 ◦, which we adopt to define prograde clouds (conversely for r etr ograde clouds). The Pearson correlation coefficients 
( r p ) and p-values of all correlations are stated, differentiating by the galactocentric distance following the same colour coding as the data points. In the 
first row, two outliers (hollow purple circles) are ignored from the calculation of r p ; see the main text for details. Note the different axis ranges of the 
panels in the left column. 
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 TOOMRE  PARAMETER  AND  C LO U D – C LO U D  

OL L I S I O N  MODEL  

ince we have demonstrated in Section 4 that the majority of the
esolved GMCs of NGC 1387 (except those with R gal < 300 pc) are
ot significantly influenced by the large-scale g alaxy r otation and
hear, we now e xplor e another mechanism potentially regulating
MC properties, i.e. cloud–cloud collisions. L. Liu et al. ( 2022 )
NRAS 547, 1–26 (2026) 
howed that where the Toomre instability parameter is below its
ritical threshold of unity, the disc is unstable and cloud–cloud
ollisions prevail in the galaxy NGC 404. 

The Toomre parameter of a molecular gas disc is 

 ≡ κσdisc 

πG�
(6) 
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Figure 13. Galactocentric radial profile of the Toomre instability param- 
eter Q (blue curve) of the molecular gas disc of NGC 1387. Error bars 
are 1 σ uncertainties propagated from the measurement uncertainties, 
while the shaded region includes an additional 30 per cent uncertainty to 
account for the CO-to-molecular gas conversion uncertainty. The dashed 
v ertical lines indicat e the boundaries of the three regions defined in Sec- 
tion 2.4 . The horizontal solid line indicates Q = 1 . 
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e.g . A. Toomr e 1964 ; J. Binney & S. Tr emaine 2008 ), wher e κ
s the epicyclic frequency (calculated from the circular velocity 
urve) and σdisc is the azimuthally averaged molecular gas disc 
elocity dispersion (calculated from the second-moment map). 
ven though the circular velocity curve is largely determined by 

he stellar contribution to the gravitational potential, this formu- 
ation only accounts for the mass surface density of the molecular 
as, thus ignoring that of the stellar component. As the stars in
he inner parts of NGC 1387 are likely to be distributed in a rather
hick spheroidal component, rather than in a thin disc coplanar 
ith the molecular gas disc, adding their contribution to Q would 

e non-trivial. The Q resulting from equation ( 6 ) should thus be
onsidered an upper limit (as any additional mass in the disc will
nly lower Q ; e.g. B. Wang & J. Silk 1994 ). 

Fig. 13 shows the Q galactocentric radial profile of the molec- 
lar gas disc of NGC 1387 (blue curve). Q is high in the inner
egion (although at least partially because of beam smearing, 
eading t o ov erestimat ed v elocity dispersions; see Section 2.4 ),
ut it generally decreases with galactocentric distance, primarily 
ue to decreases of κ and σdisc rather than an increase of �mol . At
 gal � 500 pc, Q remains below ≈ 1 . 5 , close to the critical thresh-
ld of unity. Even ignoring the stellar component, the molecular 
as disc is thus close to being gravitationally unstable and having 
 t endency t o fragment in that region. In turn, this means that
loud–cloud collisions could be important in the outer half of the
olecular gas disc. The bump in the Q radial profile at R gal ≈ 300

c is due to the narrow dip of �mol at the same galactocentric dis-
ance (see the bottom-right panel of Fig. 2 ), so we do not discuss
his feature further. 

Although Q is not low enough anywhere to provide decisive 
upport for the cloud–cloud collision model, one prediction of the 
odel is that the slope of the size–line width relation is 1 / 3 (equa-

ion 18 of L. Liu et al. 2022 ). The best-fitting slope of 0 . 29 ± 0 . 06
or all the resolved clouds of NGC 1387, as well as the slopes of 
he clouds in the int ermediat e and out er r egions (see Table 8 ), ar e
n perfect agreement with that prediction. This is not the case for
he clouds of the inner region, but Q � 2 there. 

To probe other specific predictions of the cloud–cloud colli- 
ion model, resolving the predicted characteristic cloud size is 
 equir ed, but this is predict ed t o always be � 3 pc in the outer
arts of the NGC 1387 molecular gas disc (equation 36 of L.
iu et al. 2022 ), significantly below the spatial resolution of our
bserv ations. Higher resolution observ ations ar e thus r equir ed to
est this model further. 

 RADIAL  GRADIENTS  OF  GMC  P RO P E RT I E S  

s pointed out before (Sections 3.1 and 3.3 ), most properties of 
he resolved clouds of NGC 1387 reveal galactocentric distance 
i.e. r adial) gr adients. This is not the case for previously studied
T Gs (e.g . NGC 4526, D. Utomo et al. 2015 ; NGC 4429, L. Liu
t al. 2021 ). Fig. 14 shows the four fundamental properties R c ,
obs , los , M gas , and �gas as a function of galactocentric distance in
GC 1387 (see also Fig. 4 ). The blue data points show individual

esolved GMCs, while the red lines show azimuthal averages in 

alactocentric distance bins of width 100 pc. For the averages, 
nly measurements larger than their uncertainties are consid- 
r ed. All pr operties peak near the centre at R gal ≈ 150 pc ( R c at
 slightly larger galactocentric distance), with a sharp drop in 

he innermost radial bin and a steady decrease with increasing 
alactocentric distance. Considering the R c and M gas trends, we 
nterpr et the decr ease of �gas fr om ≈ 150 to 550 pc to be primarily
riven by M gas , while the flattening of �gas beyond that is driven
y the simultaneous decrements of R c and M gas . 

 S I M I L A R I T I E S  TO  T H E  MW  DISC  

ecent studies have shown that GMCs in e xtrag alactic envir on-
ents (especially in ETGs; D. Utomo et al. 2015 ; L. Liu et al. 2021 )

o not necessarily follow the MW disc or Local Group Larson
 elations, which wer e hist orically thought t o be univ ersal. In light
f this, the GMCs of NGC 1387 are surprisingly similar to those
f the MW disc, suggesting a more varied and complex regulation
f GMC properties in ETGs. 

.1 Deviation from other ETGs 

e first summarize the key differences of GMC properties be- 
ween NGC 1387 and the other ETGs. For the same reasons ex-
lained in Section 3.1 , we focus on the comparison between NGC
387 against NGC 4526 and NGC 4429. One major deviation of 
MC properties is in the size–line width parameter space. NGC 

387 shows a weak correlation ( r s = 0 . 47 ) overlapping with the
W disc trend (see Section 3.3 ). The GMCs of the other ETGs

o not show such a correlation with r s = 0 . 13 for NGC 4429 (fig.
3 and section 5.6 of L. Liu et al. 2021 ) and r s = −0 . 14 for NGC
526 (D. Utomo et al. 2015 ). In addition, NGC 4429 and NGC 4526
MCs all have higher line widths at a given size than MW disc
MCs, which are comparable to the MW centr e tr end. This may

eflect a significant difference of turbulence levels in the GMCs in
iffer ent ET Gs. Similar discr epancies between NGC 1387 ag ainst
GC 4526 and NGC 4429 can also be found in the other two
arson scaling relations as well. Although NGC 4526 GMCs may 
e affected by the poorer spectral resolution (10 km s −1 ) to be
iased high in line width, NGC 4429 data have the same spectral
esolution as those of NGC 1387. 
MNRAS 547, 1–26 (2026) 
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M

Figur e 14. Pr operties of the r esolved GMCs of NGC 1387 as a function of galact ocentric distance: R c (t op-left), σobs , los (t op-right), M gas (bott om-left), 
and �gas (bottom-right). Data points are shown as the dots, azimuthal averages as the curves. For the averages, only measurements larger than their 
uncertainties ar e consider ed. Err or bars indicate the uncertainty of the mean of each radial bin, while the shaded regions show the scatter (standard 
deviation) within each radial bin. The dashed vertical lines indicate the boundaries of the three regions defined in Section 2.4 . 
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In addition to the dynamical state of GMCs, the kinematic
rientation is the other major difference. The spins of NGC 1387
MCs generally do not follow the galactic rotation (except for

pecific sub - samples), in dr astic contr ast with the other two E TGs
see details in Section 4.1 ). This is evidence for the deviation from
he physical picture where shear drives GMC properties. 

.2 Origin of MW-disc-like GMC properties 

part from the galaxy morphological type (almost certainly a
r o xy for mor e r elevant physical pr operties), we e xplor e her e
ther possible regulators or tracers of GMC properties. 

Recent star formation may be one such quantity. It reflects the
ecent dynamical state of GMCs (i.e. boundedness and tendency
o collapse). Both NGC 4526 and NGC 4429 have little recent
tar formation activity (D. Utomo et al. 2015 ; L. Liu et al. 2021 ).
. Iodice et al. ( 2019b ) and N. Zabel et al. ( 2020 ) studied the
FRs and the star formation efficiencies (SFEs), respectively, of 
NRAS 547, 1–26 (2026) 
 sample of galaxies including NGC 1387 as part of the Fornax3D
roject and the ALMA Fornax Cluster Survey. The SFR of NGC
387 is in the range 0.008–0.082 M � yr −1 , depending on the cor-
ection of the H α flux for the low-ionization nuclear emission-
ine region (LINER). In light of the positive correlation between
he total SFRs and the total stellar masses ( M ∗) of galaxies, i.e. the
o - called star-forming main sequence, we compare the SFRs and
 ∗ of NGC 1387 and the MW. The MW M ∗ is (6 . 08 ± 1 . 14) × 10 10 

 � (T. C. Licquia & J. A. Newman 2015 ), 30 per cent higher than
he M ∗ = 4 . 7 × 10 10 M � of NGC 1387 (E. Iodice et al. 2019a ).
ow ev er, the MW SFR of 1 . 65 ± 0 . 19 M � yr −1 (T. C. Licquia &

. A. Newman 2015 ) is at least 20 times higher than the NGC
387 SFR. Indeed, NGC 1387 is 1–2 dex below (i.e. at a lower
FR than) the star formation main sequence of the local Universe
J. S. Speagle et al. 2014 ). The SFE of NGC 1387 is in the range
10 . 6 < log ( SFE / yr −1 ) < −9 . 6 (with our adopted αCO(1 −0) , same

elow), corresponding to a depletion time τdep of 4–40 Gyr, and
he specific star formation rate (sSFR) is in the range −12 . 7 <
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og ( sSFR / yr −1 ) < −11 . 7 . In the τdep –sSFR diagnostic diagram
f A. Saintonge et al. ( 2011 ), NGC 1387 would be located in the
egion of high τdep and small sSFR, along with other ETGs. 

These parameters and comparisons indicate that the SFR of 
GC 1387 is consistent with its early-type morphology. Con- 

ersely, its star formation does not echo its MW disc-like GMC 

roperties. While these global properties (especially the SFE) pro- 
ide an average indication of recent star formation (per unit cold 

as amount), a spatially resolved study is desirable to constrain 

he environment in the vicinity of each GMC. Such a study chal-
engingly r equir es an accurat e decomposition of the H α flux int o
tar formation and LINER contributions, or alt ernativ ely the use
f another SFR indicator (free of LINER contamination). N. Zabel 
t al. ( 2020 ) presented a spatially resolved analysis of the SFE of 
GC 1387 (see their fig. B4). They used line ratio diagnostics to

eparat e star-forming-dominat ed regions and composit e regions 
rather than decomposing the H α flux of each region). The ma-
ority of the star-forming regions have τdep ≈ 20 Gyr (with our 
dopted αCO(1 −0) ), while the majority of composite regions have 
ower limits τdep > 3 Gyr (again with our adopted αCO(1 −0) ). Their
 esults thus ag ain indicate little star formation activity per unit
old gas mass. A more comprehensive study of the suppression 

f star formation and stellar feedback in NGC 1387 in the future
ould be desirable, to e xplor e any potential causal link. 
The gas-phase metallicity is another pot ential regulat or of 

MC properties, as metals serve as coolants of GMCs and affect 
rocesses such as the fragmentation of gas discs (e.g. S. Hocuk &
. Spaans 2010 ). With Very Large Telescope (VLT) Multi Unit

pectr oscopic Explor er (MUSE) data fr om the Fornax3D pr oject
PI: M. Sarzi and E. Iodice, M. Sarzi et al. 2018 ; M. A. Lara-López
t al. 2022 ; M. Sarzi, E. Iodice & Fornax3D Collaboration 2022 ),
nd using the M. A. Dopita et al. ( 2016 ) calibration, we estimate
he median gas-phase metallicity of the star-forming regions of 
GC 1387 (identified through standard emission-line ratio diag- 
ostic diagrams) to be 12 + log (O / H) = 9 . 07 , which is 0.4 dex
bove solar metallicity. Compared with the mass–metallicity re- 
ation shown in fig. 1 of M. A. Lara-López et al. ( 2022 ), who
sed the same metallicity calibration, at a total stellar mass of 
 . 7 × 10 10 M � the gas-phase metallicity of NGC 1387 is 0.25 dex
arger than that of the general trend, and it is also higher than the

W metallicity (e.g. D. S. Balser et al. 2011 ). 
ET Gs ar e generally located at the high-mass and high-
etallicity end of the mass–metallicity relation, with a scatter of 

bout 0.3 dex (see fig. 9 of E. Griffith, P. Martini & C. Conroy
019 and r efer ences ther ein), suggesting that NGC 1387 is just
 typical ETG in term of metallicity. Furthermore, the gas-phase 
etallicity of galaxies is largely determined by the origin of the
 as, i.e. either high-metallicity g as r ecycled fr om stellar mass loss
J. R. Parriott & J. N. Bregman 2008 ; M. Martig & F. Bournaud
010 ) and/or accreted through hot halo cooling (C. d. P. Lagos
t al. 2015 ), or low-metallicity gas accreted from neighbouring 
alaxies (T. A. Davis & L. M. Young 2019 ; I. Ruffa et al. 2019 ,
022 ; F. M. Maccagni et al. 2023 ). For NGC 1387, judging from
ts location near the centre of the Fornax Cluster, its deficit of 
tomic gas and the perfect kinematic alignment between cold gas 
nd stars (see Section 2.1 ), the origin of its cold gas is very likely
nternal, in line with the analyses of cluster ETGs of T. A. Davis
t al. ( 2011 ). Thus, the early-type classification, the metallicity 
nd the likely origin of the molecular gas of NGC 1387 are all
onsistent with each other, but they do not provide an explanation 

f the GMC pr operties. A r elat ed but conv erse e xample is the ET G
GC 5128 (Centaurus A), which harbours e xternally accr eted 
old molecular gas and exhibits LTG-like GMC properties (R. E. 
iura et al. 2021 ). We are not aware of any gas-phase metallicity
easurement for NGC 4429 or NGC 4526 in the literature. 
A third physical quantity we consider is the slope (power -la w

ndex β) of the spatial power spectrum of the C O zer oth-moment
ap, which has been used to characterize turbulent cascades 

nd gas fragmentation (e.g. B. G. Elmegreen & J. Scalo 2004 ). J.
ensior et al. ( 2023 ) measured the power -la w index of the CO disc
f NGC 1387 to be 2 . 09 ± 0 . 14 , one of eight observed ETGs with
 . 05 < β < 3 . 02 and four observed LTGs with 2 . 45 < β < 2 . 81 .
GC 1387 is thus at the low end of the β distribution of all
bserved galaxies in J. Gensior et al. ( 2023 ), and it has a β smaller
han that of NGC 4429 ( β = 2 . 34 ± 0 . 22 ). NGC 1387 is thus not
ypical of either the ETG or the LTG population. How ev er, com-
ared with a sample of simulated galaxies from J. Gensior et al.
 2023 ), the β of NGC 1387 is int ermediat e betw een the typical

of early-type-like galaxies ( β ≈ 2 . 5 ) and late-type-like galaxies
 β ≈ 1 . 8 ). The number of galaxies with a robustly measured β

evertheless r emains small, pr eventing str ong constraints on the
eneral distribution of β across the Hubble sequence, and it is of 
ourse possible that other physical drivers simultaneously deter- 
ine both β and the GMC properties. 
Lastly, the near-face-on orientation of NGC 1387 may be the 

eason for its MW-like GMC properties. As mentioned before, 
 alactic r otation induces velocity gradients in GMCs and thus
ontribut es t o the observ ed v elocity dispersions. When such a
ontribution is analytically removed and only the turbulence- 
nduced velocity dispersion remains, the average virial parameter 
f the NGC 4429 GMCs changes from 4.0 (observed) to 1.3 (after
orrection; L. Liu et al. 2021 ). Similarly, the average virial param-
ter of the NGC 4526 GMCs after velocity gradient subtraction 

s 0.99 (D. Utomo et al. 2015 ). The corrected virial parameters
re thus very similar to those typical of LTGs. Given the small
nclination of NGC 1387, and thus the small (projected) galaxy 
otation velocities, it may be natural for the GMC velocity dis-
ersions (and the resultant virial paramet ers) t o be as small as
hose of LTGs. In addition, turbulence-induced velocity disper- 
ions may be anisotropic (e.g. J. Koda et al. 2006 ; C. E. Hansen,
. F. McKee & R. I. Klein 2011 ; S. M. R. J effr eson, J. Sun & C. D.
ilson 2022 ), so that the observed quantities would depend on

he inclination angle. 
J. Sun et al. ( 2022 ) also discussed such an inclination ( i ) de-

endence of molecular gas properties in LTGs at physical scales 
f 60–150 pc (4–10 times larger than the spatial resolution of 
his work). The empirical velocity dispersion correction factor 
 cos i ) 0 . 5 they introduced would yield a negligible reduction (1
er cent) of our σobs , los measurements, but a much larger one (39
er cent) for NGC 4429. In turn, this would reduce the average
bserved virial parameter of the NGC 4429 GMCs from 4.0 to
.5, the latter being similar to both the gr adient-subtr acted virial
arameter of 1.3 and the typical virial parameters of LTGs. 
These results suggest that a high inclination angle, though 

ot a physical driver of properties, can lead to some of the
bserved GMC property differences between ETG GMCs and 

T G GMCs, by effectively r evealing g alactic shear (often str onger
n ETGs than in LTGs) and/or turbulence anisotropy. On the 
ther hand, when observed at small inclinations, ETG GMCs 
nd LTG GMCs should appear similar, as is the case here. Un-
ortunat ely, resolv ed-cloud studies of ETGs are still too few to
est for a systematic dependence on inclination. Further ob- 
ervations and simulations are thus required to explore this 
ossibility. 
MNRAS 547, 1–26 (2026) 
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.3 Implication on star formation 

rom all the gas (cloud) properties discussed in this paper, NGC
387 seems to have high potential for star formation. Specifically,
t has moderately low Toomre parameter (indicating gravitational
nstability) in the majority of the molecular gas disc, low turbu-
ence level in the GMCs, and fully virialized dynamical state of 
he GMCs. Yet, the SFR or efficiency of NGC 1387 is as low as a
ypical ETG, as discussed in Section 7.2 . This may pose challenges
n star forming theories. 

We propose that the low inclination angle may be the cause
f low line widths in Section 7.2 , which underlie the claims of 
isc instability and GMC dynamical state. If this is indeed the
ase, line widths (and turbulence) in the other two dimensions,
.e. in the galactic plane, can play a major role in suppressing star
ormation. To test this, observations of a larger sample of ETGs at
ifferent inclination angles are needed. 
Alt ernativ ely, a narrow int ernal density distribution of each

MC and a low Mach number may explain the low SFE in NGC
387. The former can imply a low dense gas fraction. As stars
ainly form in dense clumps and cores within a GMC, this could

urther lead to low SFE (e.g. Y. Gao & P. M. Solomon 2004 ; M.-M.
ac Low & R. S. Klessen 2004 ). The Mach number can be used as

 tracer of the prevalence of shock-induced compression in GMCs
C. Federrath & R. S. Klessen 2012 ; C. Federrath et al. 2021 ). In
his picture, a low Mach number leads to less such compression
nd ther efor e low SFE, although the opposite effect of a low Mach
umber (i.e. less stabilization against gravity) leading to high SFE
as also been proposed (e.g. P. Hennebelle, N. Brucy & T. Colman
024 ). To constrain the internal density distribution and the Mach
umber of GMCs, r adiative tr ansfer modelling is r equir ed with
bserv ations of multi- J tr ansitions and/or more molecule species
uch as the optically thinner 13 CO. 

Apart from pursuing a physical origin for the low SFE, the
ccuracy of the H α emission based SFR is worth revisiting as
ell. In general, H α suffers from dust extinction, contamination

rom other ionizing mechanisms, and, like in the case of this
aper, poorer angular resolution than ALMA gas observations. A
ummary of alt ernativ e SFR indicat ors is bey ond the scope of this
aper, but one candidate is the 33-GHz radio continuum domi-
ated by fr ee–fr ee emission fr om H ii r egions (E. J. Murphy et al.
011 ). Pr ogr ess towar ds bett er SFR indicat ors in the future will
ontribut e t o the understanding of star formation suppression in
TGs. 

 SUMMARY  AND  CONCLUSIONS  

e obtained high-resolution ( ≈ 0 . 17 arcsec × 0 . 14 arcsec or 16 ×
3 pc 2 spatially, 2 km s −1 spectrally) ALMA observations of the
entral region of the lenticular galaxy NGC 1387, with a sensi-
ivity of 1.11 mJy beam 

−1 (1.12 K). We identified 1285 GMCs,
079 of which are spatially and spectrally resolved, by applying a
odified version of the CPROPStoo package. We measured the

asic properties of the GMCs (radius R c , LoS velocity dispersion
obs , los , molecular gas mass M gas , and molecular gas mass surface
ensity �gas ), probed the inferred GMC mass spectra, Larson
elations, and virial parameters, and inv estigat ed the origin of 
he GMCs’ internal rotation (including large-scale galactic rota-
ion, gravitational instabilities, and cloud–cloud collisions). All
f these pr operties wer e compar ed to those of GMCs in other
alaxies. Our key findings are summarized below. 

(i) The means (standard deviations) of the basic properties
f the resolved GMCs of NGC 1387 are 〈 R c 〉 = 20 pc (7 pc),
NRAS 547, 1–26 (2026) 
 σobs , los 〉 = 3 . 5 km s −1 (1.5 km s −1 ), 〈 log (M gas / M �) 〉 = 5 . 5 (0.4),
nd 〈 log (�gas / M � pc −2 ) 〉 = 2 . 4 (0.2). 

(ii) The mass spectrum (i.e. the cumulative probability distri-
ution function of GMC mass) of NGC 1387 has a slope of −1 . 8
best-fitting truncat ed pow er law), comparable t o that of MW disc
MCs. The cut-off mass of 1 . 5 × 10 6 M � indicates a lack of high-
ass GMCs. 
(iii) The Larson relations and virial parameters of the NGC

387 GMCs are very similar to those of MW disc GMCs, despite
he galaxy’s early-type morphology. This shows that not all ETG
MCs deviate from the MW scaling relations. 
(iv) Ov erall, the int ernal rotation of the GMCs does not seem

o arise from the large-scale circular rotation of the galaxy (e.g.
hrough shear and tides), again in contrast to previously studied
T Gs. The pr ograde fraction of all resolved GMCs is nevertheless
igh (63 per cent), with a slight decr ease fr om the inner r egion
72 per cent) to the outer region (59 per cent). In addition, massive
nd/or large GMCs at small galactocentric distances do appear to
e better coupled to the large-scale galactic rotation. 

(v) The Toomre instability parameter Q � 1 . 5 in the outer half 
f the molecular gas disc, indicating that cloud–cloud collisions
ould be effective in that region. The shallow slope of the size–
ine width relation ( 0 . 29 ± 0 . 06 ) is as expected from cloud–cloud
ollisions. 

Ov erall, w e hav e rev ealed a broader variety of GMC properties
n the ET G envir onment than pr eviously r eported. Specifically,
he GMCs of NGC 1387 exhibit similarity to MW disc GMCs. We
ave discussed the potential origin of such variety of GMC prop-
rties, and identified the viewing-angle dependency as a plausible
ne. The implication of such GMC properties on star formation
heories is also intriguing. A larger sample of ETGs with multi-

olecule multitr ansition observ ations of the cold molecular gas
ill further advance the understanding on these fronts. 

C KNOWLEDGEMENTS  

e thank the anonymous r efer ee for the helpful comments. FHL
hanks Jiayi Sun for helpful discussions and acknowledges sup-
ort from the ESO Studentship Programme, the Scatcherd Eu-
opean Scholarship of the University of Oxford, and the Eu-
 opean Resear ch Council’s starting grant ERC StG-101077573
‘ISM-ME TALS’). MB w as supported by STF C consolidated gr ant
Astrophysics at Oxford’ ST/H002456/1 and ST/K00106X/1. JG
ratefully acknowledges funding via STFC grant ST/Y001133/1.
T acknowledges the support of the Scientific and Technologi-
al Research Council of Türkiye (TUBITAK), 2219 International
ost doct or al R esear ch Fellowship Pr ogram for Turkish Citizens.
 G W acknowledges funding fr om the E ur opean Resear ch Coun-
il (ERC) under the E ur opean Union’s Horizon 2020 r esear ch and
nnov ation progr amme (gr ant agr eement N o. 694343). 

This paper makes use of the following ALMA data:
DS/JA O .ALMA#2016.1.00437.S and ADS/JA O .ALMA#
016.2.00053.S. ALMA is a partnership of ESO (r epr esenting
ts member states), NSF (USA) and NINS (Japan), together
ith NRC (Canada), MOST and ASIAA (Taiwan), and KASI

R epublic of Korea), in cooper ation with the R epublic of Chile.
he Joint ALMA Observatory is operated by ESO, AUI/NRAO
nd NA OJ . This paper is also based on observations collected
t the E ur opean Southern Observatory under ESO pr ogramme
96.B-5054(A). 

This r esear ch used observations made with the NAS A/ES A
ubble Space Telescope, which is a collaboration between the



WISDOM XXVII. GMCs of NGC 1387 23 

S
T  

t
N
t  

u
i
w
R  

N
A
v  

s

D

T
a
l  

h
a
s
G

R

A
B
B  

B
B  

B  

 

B  

B
B  

B  

B
B  

C
C
C
C
C
C
C  

D
D
D
D
D
D
D

1
1

D
D  

D
E
E
E
F
F
F  

F
F  

F
G
G
G  

G
G
G
H
H
H
H
H  

H  

H
H
H
H  

 

 

I
I
I
J
J
J  

K
K  

K  

K
K
L  

 

L
L
L  

L
L
L
L  

L
L  
pace Telescope Science Institute (STScI/NASA), the Space 
elescope E ur opean Coor dinating Facility (S T-E CF/ES A), and
he Canadian Astronomy Data Centre (CADC/NR C/CS A); the 
 ASA/IPAC Extr agalactic Database (NED), which is operated by 

he J et Pr opulsion Laborat ory, California Institut e of Technology,
nder contract with the National Aeronautics and Space Admin- 

stration; the Mikulski Archive for Space Telescopes (MAST), for 
hich STScI is operated by the Association of Universities for 
esear ch in Astr onomy, Inc., under N ASA contr act N AS5-26555;
AS A’s Astroph ysics Data System Bibliographic Services; Cube 
nalysis and Rendering Tool for Astronomy ( CARTA ) 15 for data 

isualization and measurements (A. Comrie et al. 2021 ); and ad-
tex 16 for literature referencing. 

A  T  A  AVA I L A B I L I T Y  

he raw data underlying this article are available from the ALMA 

rchive at https://almascience.eso.org/aq using the project codes 
ist ed abov e. The HS T images are a vailable at the MAS T ar chive:
ttps://mast.stsci.edu/ . The WISDOM data products are made 
vailable from https://www.wisdom-project.org . The analysis 
cripts are made available at https://github.com/ericliang45/N 

C1387-GMC . 

E F E R E N C E S  

latalo K. et al., 2013, MNRAS , 432, 1796 
alser D. S. , Rood R. T., Bania T. M., Anderson L. D., 2011, ApJ , 738, 27 
inney J. , Tremaine S., 2008, Galactic Dynamics, 2nd edn. Princeton Univ.

Press, Princeton, NJ 
lakeslee J. P. et al., 2009, ApJ , 694, 556 
litz L. , 1993, in Levy E. H., Lunine J. I., eds, Protostars and Planets III.

Univ. Arizona Press, Tucson, AZ, p. 125 
litz L. , Fukui Y., Kaw amur a A., Leroy A., Mizuno N ., Rosolowsk y E.,

2007, in Reipurth B ., J ewitt D., Keil K., eds, Protostars and Planets V.
Univ. Arizona Press,, Tucson, AZ, p. 81 

olatto A. D. , Leroy A. K., Rosolowsky E., Walter F., Blitz L., 2008, ApJ ,
686, 948 

olatto A. D. , Wolfire M., Leroy A. K., 2013, ARA&A , 51, 207 
riggs D. S. , 1995, in American Astronomical Society Meeting Abstracts.

p. 112.02 
rown M. J. I. , Jannuzi B. T., Floyd D. J. E., Mould J. R., 2011, ApJ , 731,

L41 
urkert A. , Bodenheimer P., 2000, ApJ , 543, 822 
uta R. J. , Corwin H. G., Odewahn S. C., 2007, The de Vaucouleurs Atlas

of Galaxies, Cambridge Univ. Press, Cambridge, UK 

ASA Team, 2022, PASP , 134, 114501 
appellari M. , 2002, MNRAS , 333, 400 
appellari M. , 2020, MNRAS , 494, 4819 
hiang I.-D. et al., 2024, ApJ , 964, 18 
hoi W. , Kim C.-G., Chung A., 2022, ApJ , 936, 133 
olombo D. et al., 2014, ApJ , 784, 3 
omrie A. et al., 2021, Astr ophysics Sour ce Code Library, r ecor d

ascl:2103.031 
’Abrusco R. et al., 2016, ApJ , 819, L31 
ame T. M. , 2011, preprint ( arXiv:1101.1499 ) 
avis T. A. , Young L. M., 2019, MNRAS , 489, L108 
avis T. A. et al., 2011, MNRAS , 417, 882 
avis T. A. et al., 2013, MNRAS , 429, 534 
avis T. A. et al., 2022, MNRAS , 512, 1522 
ominiak P. et al., 2026, MNRAS , in press 
5 https://cartavis.org 
6 https://github.com/yymao/adstex

L
L
L

onovan Meyer J. et al., 2013, ApJ , 772, 107 
opita M. A. , Kewley L. J., Sutherland R. S., Nicholls D. C., 2016, Ap&SS ,

361, 61 
ownes D. , Solomon P. M., 1998, ApJ , 507, 615 
lford J. S. et al., 2024, MNRAS , 528, 319 
lmegr een B . G. , Scalo J., 2004, ARA&A , 42, 211 
msellem E. , Monnet G., Bacon R., 1994, A&A, 285, 723 
aesi C. M. , Lada C. J., Forbrich J., 2016, ApJ , 821, 125 
ederrath C. , Klessen R. S., 2012, ApJ , 761, 156 
ederrath C. , Klessen R. S., Iapichino L., Beattie J. R., 2021, Nat. Astron. ,

5, 365 
erguson H. C. , 1989, AJ , 98, 367 
 reeman P. , R osolowsky E., Kruijssen J. M. D., Bastian N., Adamo A.,

2017, MNRAS , 468, 1769 
ukui Y. et al., 2008, ApJS , 178, 56 
ammie C. F. , Ostriker J. P., Jog C. J., 1991, ApJ , 378, 565 
ao Y. , Solomon P. M., 2004, ApJ , 606, 271 
ensior J. , Davis T. A., Bureau M., Kruijssen J. M. D., Cappellari M., Ruffa

I., Williams T. G., 2023, MNRAS , 526, 5590 
lover S. C. O. , Mac Low M.-M., 2011, MNRAS , 412, 337 
ratier P. et al., 2012, A&A , 542, A108 
riffith E. , Martini P., Conroy C., 2019, MNRAS , 484, 562 
ansen C. E. , McKee C. F., Klein R. I., 2011, ApJ , 738, 88 
ennebelle P. , Brucy N., Colman T., 2024, A&A , 690, A43 
eyer M. , Dame T. M., 2015, ARA&A , 53, 583 
eyer M. , Krawczyk C., Duval J., Jackson J. M., 2009, ApJ , 699, 1092 
irota A. , K uno N ., Sato N., Nakanishi H., Tosaki T., Sorai K., 2011, ApJ ,

737, 40 
o L. C. , Li Z.-Y., Barth A. J., Seigar M. S., Peng C. Y., 2011, ApJS , 197, 21
ocuk S. , Spaans M., 2010, A&A , 510, A110 
ögbom J. A. , 1974, A&AS, 15, 417 
ughes A. et al., 2010, MNRAS , 406, 2065 
ughes A. , Meidt S., Colombo D., Schruba A., Schinnerer E., Leroy A.,

Wong T., 2016, in Jablonka P., André P., van der T ak F ., eds, Proc.
IAU S ymp. 315, Fr om Int erst ellar Clouds t o Star-Forming Galaxies:
Universal Processes? . Kluwer, Dor dr echt, p. 30 

odice E. et al., 2016, ApJ , 820, 42 
odice E. et al., 2019a, A&A , 623, A1 
odice E. et al., 2019b, A&A , 627, A136 
 effr eson S. M. R. , Sun J., Wilson C. D., 2022, MNRAS , 515, 1663 
orsater S. , van Moorsel G. A., 1995, AJ , 110, 2037 
uárez C. , Liu H. B., Girart J. M., Palau A., Busquet G., Galván-Madrid R.,

Hirano N., Lin Y., 2019, A&A , 621, A140 
auffmann J. , Pillai T., Zhang Q., 2013, ApJ , 765, L35 
auffmann J. , Pillai T., Zhang Q., Menten K. M., Goldsmith P. F., Lu X.,

Guzmán A. E., 2017, A&A , 603, A89 
epley A. A. , Tsutsumi T., Br og an C. L., Indebetouw R., Yoon I., Mason

B., Donovan Meyer J., 2020, PASP , 132, 024505 
oda J. , Sawada T., Hasegawa T., Scoville N. Z., 2006, ApJ , 638, 191 
ohno M. , Sofue Y., 2024, PASJ , 76, 579 
agos C. d. P. , Padilla N. D., Davis T. A., Lacey C. G., Baugh C. M.,

Gonzalez-P erez V., Z w aan M. A., Contrer as S., 2015, MNRAS , 448,
1271 

ara-López M. A. et al., 2022, A&A , 660, A105 
arson R. B. , 1981, MNRAS , 194, 809 
aurikainen E. , Salo H., Buta R., Knapen J., Speltincx T., Block D., 2006,

AJ , 132, 2634 
eroy A. K. et al., 2022, ApJ , 927, 149 
i G.-X. , Zhang C.-P., 2020, ApJ , 897, 89 
icquia T. C. , Newman J. A., 2015, ApJ , 806, 96 
in G. , A dig a U., Olson K., Guzowski J. F., Barnes C. A., Roysam B., 2003,

Cytometry A , 56A, 23 
iu J. , 2011, ApJS , 192, 10 
iu L. , Bureau M., Blitz L., Davis T. A., Onishi K., Smith M., North E.,

Iguchi S., 2021, MNRAS , 505, 4048 
iu L. et al., 2022, MNRAS , 517, 632 
oni A. et al., 2021, A&A , 648, A31 
u A. et al., 2024, MNRAS , 531, 3888 
MNRAS 547, 1–26 (2026) 

https://almascience.eso.org/aq
https://mast.stsci.edu/
https://www.wisdom-project.org
https://github.com/ericliang45/NGC1387-GMC
http://dx.doi.org/10.1093/mnras/sts299
http://dx.doi.org/10.1088/0004-637X/738/1/27
http://dx.doi.org/10.1088/0004-637X/694/1/556
http://dx.doi.org/10.1086/591513
http://dx.doi.org/10.1146/annurev-astro-082812-140944
http://dx.doi.org/10.1088/2041-8205/731/2/L41
http://dx.doi.org/10.1086/317122
http://dx.doi.org/10.1088/1538-3873/ac9642
http://dx.doi.org/10.1046/j.1365-8711.2002.05412.x
http://dx.doi.org/10.1093/mnras/staa959
http://dx.doi.org/10.3847/1538-4357/ad23ed
http://dx.doi.org/10.3847/1538-4357/ac82ba
http://dx.doi.org/10.1088/0004-637X/784/1/3
http://dx.doi.org/10.3847/2041-8205/819/2/L31
http://arxiv.org/abs/1101.1499
http://dx.doi.org/10.1093/mnrasl/slz138
http://dx.doi.org/10.1111/j.1365-2966.2011.19355.x
http://dx.doi.org/10.1093/mnras/sts353
http://dx.doi.org/10.1093/mnras/stac600
http://dx.doi.org/10.1093/mnras/stag546
https://cartavis.org
https://github.com/yymao/adstex
http://dx.doi.org/10.1088/0004-637X/772/2/107
http://dx.doi.org/10.1007/s10509-016-2657-8
http://dx.doi.org/10.1086/306339
http://dx.doi.org/10.1093/mnras/stad4006
http://dx.doi.org/10.1146/annurev.astro.41.011802.094859
http://dx.doi.org/10.3847/0004-637X/821/2/125
http://dx.doi.org/10.1088/0004-637X/761/2/156
http://dx.doi.org/10.1038/s41550-020-01282-z
http://dx.doi.org/10.1086/115152
http://dx.doi.org/10.1093/mnras/stx499
http://dx.doi.org/10.1086/589833
http://dx.doi.org/10.1086/170458
http://dx.doi.org/10.1086/382999
http://dx.doi.org/10.1093/mnras/stad3127
http://dx.doi.org/10.1111/j.1365-2966.2010.17907.x
http://dx.doi.org/10.1051/0004-6361/201116612
http://dx.doi.org/10.1093/mnras/sty3405
http://dx.doi.org/10.1088/0004-637X/738/1/88
http://dx.doi.org/10.1051/0004-6361/202450524
http://dx.doi.org/10.1146/annurev-astro-082214-122324
http://dx.doi.org/10.1088/0004-637X/699/2/1092
http://dx.doi.org/10.1088/0004-637X/737/1/40
http://dx.doi.org/10.1088/0067-0049/197/2/21
http://dx.doi.org/10.1051/0004-6361/200912236
http://dx.doi.org/10.1111/j.1365-2966.2010.16829.x
http://dx.doi.org/10.1017/S1743921316007213
http://dx.doi.org/10.3847/0004-637X/820/1/42
http://dx.doi.org/10.1051/0004-6361/201833741
http://dx.doi.org/10.1051/0004-6361/201935721
http://dx.doi.org/10.1093/mnras/stac1874
http://dx.doi.org/10.1086/117668
http://dx.doi.org/10.1051/0004-6361/201834173
http://dx.doi.org/10.1088/2041-8205/765/2/L35
http://dx.doi.org/10.1051/0004-6361/201628088
http://dx.doi.org/10.1088/1538-3873/ab5e14
http://dx.doi.org/10.1086/498640
http://dx.doi.org/10.1093/pasj/psae033
http://dx.doi.org/10.1093/mnras/stu2763
http://dx.doi.org/10.1051/0004-6361/202142790
http://dx.doi.org/10.1093/mnras/194.4.809
http://dx.doi.org/10.1086/508810
http://dx.doi.org/10.3847/1538-4357/ac3490
http://dx.doi.org/10.3847/1538-4357/ab8c47
http://dx.doi.org/10.1088/0004-637X/806/1/96
http://dx.doi.org/10.1002/cyto.a.10079
http://dx.doi.org/10.1088/0067-0049/192/1/10
http://dx.doi.org/10.1093/mnras/stab1537
http://dx.doi.org/10.1093/mnras/stac2287
http://dx.doi.org/10.1051/0004-6361/202039803
http://dx.doi.org/10.1093/mnras/stae1395


24 F.-H. Liang et al. 

M

M
M
M
M
M
M
M
M  

M
M
N
O  

P
P
Q
R
R
R  

R
R
R
R
R
R
R  

S
S  

S  

 

S
S
S  

S  

S
S  

S
S
S
S
T
T
T
T
U  

v
V
V
W
W
W
Y
Y  

Z
Z
Z

S

S

t

P  

c  

t  

d

A
N

F  

P  

i  

p  

z  

H  

(
 

n  

d  

t  

t  

t  

w  

g

Figur e A1. PB-corr ected continuum image of NGC 1387. The centre of 
the galaxy is well detected, but there is an additional faint diffuse source 
10 . 3 arcsec (970 pc) to the north-west. The ALMA beam is shown as a 
white ellipse in the bottom-left corner. The maximum of the colour bar is 
much lower than the peak intensity of the central point source, to better 
visualize the north-w est ern source and background noise. 
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P P E N D I X  A:  CON T I N U U M  IMAGE  OF  

GC1387  

ollowing the data reduction steps detailed in Section 2.2 , the
B-corrected 230-GHz continuum emission of NGC 1387 was

maged and the full field of view is shown in Fig. A1 . The central
oint source is discussed in the main text (Section 2.2 ) and a
oom-in image of it is presented by P. Dominiak et al. ( 2026 ).
ow ev er, a second faint diffuse source is present 10 . 3 arcsec

970 pc) north-west of the galaxy centre. 
We use the PB-uncorrected continuum image to measure the

oise (0.02 mJy beam 

−1 ), manually estimate its size (for stan-
ar d err or pr opag ation), and spatially int egrat e its flux, t o gauge
he statistical significance of this detection ( S/N = 14 ). The in-
 egrat ed (PB-correct ed) flux of the source is 2 . 2 ± 0 . 2 mJy. As
here is no apparent counterpart to the source in CO or at other
avelengths, one possibility is that the source is a background

alaxy. 
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P P E N D I X  B :  RESULT  ROB U ST N E S S  AS  A  

UNCTION  OF  CPROPSTOO PARAMETERS  

he identification of GMCs from our adopted data cube has some
rbitrariness in the choices of the CPROPStoo parameters. In- 
eed, as described in Section 2.5 , several steps r equir e manual

nput based on trial and err or. Her e, we quantify the changes
o the main derived GMC properties when the two most impor-
ant parameters are varied, and show that our results are robust
gainst these choices. 

We perform the same GMC identification and analyses for nine 
ifferent sets of parameters. The minimum contrast ( �T min = 1 ,
, and 3 K) and minimum convexity ( S min = 0 . 45 , 0.50, and 0.55)
 fi  

igure B1. GMC identification as a function of the CPROPStoo parameters �
.50, and 0.55). All panels are as Fig. 3 , with a few annotations removed for clar
n the main body of this paper. 
re varied, while all other parameters are kept constant. The GMC
dentification results are shown in Fig. B1 and the GMC virial

ass ( M obs , vir )–molecular gas mass ( M gas ) comparisons are shown
n Fig. B2 (along with the distributions of the resulting virial
ar ameters, αobs , vir ). The centr al panels of both figures show the
esults for the set of parameters adopted in the main body of this
aper . W e note that the GMC identification is carried out in 3D
i.e. using the adopted data cube), so the visualization of the GMC
atalogues using the 2D zeroth-moment maps shown in Fig. B1 
oes not reflect the process perfectly. 
As e xpected, Fig . B1 shows that the GMC catalogue using

he strictest combination of parameters (top-right panel of each 

gure; �T min = 3 K and S min = 0 . 55 ) has the fewest GMCs
MNRAS 547, 1–26 (2026) 

T min (from left to right: 1, 2, and 3 K) and S min (from bottom to top: 0.45, 
ity. The central panel shows the results for the set of parameters adopted 
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M

Figure B2. As Fig. B1 , but for the comparison of the GMC virial masses ( M obs , vir ) and molecular gas masses ( M gas ), as well as the distributions of the 
virial parameters ( αobs , vir ). All panels are as Fig. 7 , with a few annotations removed for clarity. 
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484 resolved and 117 unresolved GMCs), while the opposite
ombination (bottom-left panel of each figure; �T min = 1 K
nd S min = 0 . 45 ) has the most GMCs (1351 resolved and 252
nresolved GMCs). A higher �T min leads to identify only the

argest overdensities and fails to identify GMCs across the
elatively smooth parts of the molecular gas disc. A lower S min 
eads to the inclusion of slightly larger structures with more
bundant sub - structur es. A similar conclusion is r eached by
nspecting the moment maps of individual GMCs (not shown).
he tw o paramet ers �T min and S min are thus impacting the GMC

dentification in the manner expected. 
Fig. B2 shows that the two masses M obs , vir and M gas correlate

 ery w ell with each other for all sets of paramet ers, and the
NRAS 547, 1–26 (2026) 

Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open
( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, dis
obs , vir distributions are also all very similar, being centr ed ar ound
obs , vir = 1 with very similar scatters. 
We also probed the robustness of the Larson relations for all

ine sets of parameters. Considering the scatters, they all roughly
gree with the MW disc GMC relations, although the best-fitting
lopes and zero-points do vary a little. For example, the slope of 
he size–line width relation ranges from 0.18 to 0.44, all neverthe-
ess flatter than that of the MW disc GMCs (0.5). 

Based on the tests in this appendix, we ther efor e conclude that,
ithin reasonable ranges, the choice of the parameters used for

he GMC identification does not affect our conclusions. 
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