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A B S T R A C T 

The time-scales associated with various stages of the star formation process represent major unknowns in our understanding of 
galactic evolution, as well as of star and planet formation. This is the second paper in a series aiming to establish a multitracer 
timeline of star formation in the Large Magellanic Cloud (LMC), focusing on the life cycle of molecular clouds. We use a 
statistical method to determine a molecular cloud lifetime in the LMC of t CO 

= 11 . 8 

+ 2 . 7 
−2 . 2 Myr. This short time-scale is similar 

to the cloud dynamical time, and suggests that molecular clouds in the LMC are largely decoupled from the effects of galactic 
dynamics and have lifetimes set by internal processes. This provides a clear contrast to atomic clouds in the LMC, of which the 
lifetimes are correlated with galactic dynamical time-scales. We additionally derive the time-scale for which molecular clouds 
and H II regions co-exist as t fb = 1 . 2 

+ 0 . 3 
−0 . 2 Myr, implying an average feedback front expansion velocity of 12 km s −1 , consistent 

with e xpansion v elocities of H II re gions in the LMC observ ed directly using optical spectroscop y. Tak en together, these results 
imply that the molecular cloud life cycle in the LMC proceeds rapidly and is regulated by internal dynamics and stellar feedback. 
We conclude by discussing our measurements in the context of previous work in the literature, which reported considerably 

longer lifetimes for molecular clouds in the LMC, and find that these previous findings resulted from a subjective choice in 

timeline calibration that is a v oided by our statistical methodology. 

Key words: stars: formation – ISM: clouds – ISM: evolution – H II regions – galaxies: evolution – Magellanic Clouds. 
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 I N T RO D U C T I O N  

he molecular cloud life cycle is the key process through which stars,
lusters, and associations form, together dri ving the e volution of
alaxies (e.g. Krumholz, McKee & Bland-Hawthorn 2019 ; Chevance 
t al. 2020a , 2022a ). Due to this fundamental role of the cloud-scale
aryon cycle in galaxy evolution, the time-scales on which molecular 
louds form, evolve, and disperse represent key uncertainties in 
alaxy evolution models (e.g. Fujimoto et al. 2019 ; Jeffreson et al.
021 ; Semeno v, Kravtso v & Gnedin 2021 ; Keller & Kruijssen 2022 ).
stimates of the lifetimes of molecular clouds range from less than 
 few Myr in the dynamically dominated regime of the Central 
olecular Zone of the Milky Way (Kruijssen, Dale & Longmore 

015 ; Henshaw, Longmore & Kruijssen 2016 ; Barnes et al. 2017 ;
effreson et al. 2018 ) to time-scales based on molecular gas within
nterarm regions of over 100 Myr (Scoville & Hersh 1979 ; Scoville,
olomon & Sanders 1979 ; Koda et al. 2009 ). Work using cloud-
lassification frameworks and dynamical arguments place molecular 
loud lifetimes in the tens of Myr (e.g. Elmegreen 2000 ; Engargiola
t al. 2003 ; Kawamura et al. 2009 ; Meidt et al. 2015 ; Corbelli et al.
017 ). 
Cloud-classification methods are limited by the subjectivity of 

loud definitions within the hierarchically structured interstellar 
 E-mail: jak el w ard1@gmail.com 
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edium (ISM), as well as by the requirement to sufficiently resolve
he internal structure of molecular clouds and associated stellar 
opulations. In Kruijssen & Longmore ( 2014 ), the ‘Uncertainty 
rinciple for Star Formation’ formalism was presented as a method 
or determining the time-scales associated with the molecular cloud 
ife cycle that overcomes the limitations of cloud-classification-based 
ethods by not relying on a subjective cloud definition and not

equiring the internal structure of clouds to be resolved. Instead, it
ses the variation of flux ratios as a continuous function of spatial
cale to constrain the size and time-scales of the cloud life cycle
this measurement of flux ratios as a function of spatial scale was
ioneered by Schruba et al. 2010 ). The practical application of this
e w frame work is described in detail in Kruijssen et al. ( 2018 ), and
t has been used to infer molecular cloud lifetimes in the range 8–
0 Myr, exhibiting physical variation with the galactic environment 
cross the nearby galaxy population (Kruijssen et al. 2019 ; Che v ance
t al. 2020b ; Zabel et al. 2020 ; Kim et al. 2021 , 2022 ). 

At a distance of 50 kpc (Laney, Joner & Pietrzy ́nski 2012 ) and
ith a mass of 5 ± 1 × 10 9 M � (Alves & Nelson 2000 ), the
arge Magellanic Cloud (LMC) is the closest and most massive 
f the Milky Way’s star-forming satellites. It therefore represents 
n important laboratory for studying the process of star formation 
rom galactic scales down to scales of individual stars and protostars.
onsequently, the LMC has been fully sampled at a wider range of
av elengths than an y other galaxy in the Universe, making it the first
lace in which star formation can be studied as a complete process

http://orcid.org/0000-0003-3656-3713
http://orcid.org/0000-0002-8804-0212
http://orcid.org/0000-0002-5635-5180
http://orcid.org/0000-0002-0432-6847
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rom the condensation of atomic and molecular clouds through to
he emergence of main-sequence stars and clusters. 

In Ward et al. ( 2020 , hereafter Paper I ), we used the statistical
ethodology of Kruijssen et al. ( 2018 ) to infer a lifetime for the

tomic H I clouds that precede the formation of molecular clouds in
he LMC. We obtained a lifetime of 48 + 13 

−8 Myr, consistent with time-
cales predicted based on galactic dynamics (Jeffreson & Kruijssen
018 ) and dominated by the time-scale for the gravitational collapse
f the mid-plane ISM. In this work, we extend our measurement of
he atomic cloud lifetime with a measurement of the molecular cloud
ifetime. 

Previous estimates of the molecular cloud lifetime in the LMC have
een based on the classification of molecular clouds by their stellar
ontent (obtaining lifetimes of 20–30 Myr; Kawamura et al. 2009 ).
ur primary goal is to obtain a measurement using the statistical

ormalism of Kruijssen et al. ( 2018 ), which has now been applied to
igh-resolution CO and H α maps of more than 60 nearby galaxies.
his serves two immediate goals. First, the use of a consistent
ethodology allows us to combine the resulting molecular cloud

ifetime with our prior measurement of the atomic cloud lifetime
nd that way obtain an end-to-end census of the cloud life cycle in
he LMC, from molecular cloud formation to destruction. Secondly,
he comparison of the inferred molecular cloud lifetime to that
btained with the cloud identification/counting method of Kawamura
t al. ( 2009 ) allows us to determine how to interpret similarities or
ifferences between their cloud lifetimes and those obtained in other
alaxies using our new methodology. 

The structure of this paper is as follows. In Section 2.1 , we outline
he observations and methods used to obtain the molecular cloud
ifetime. Section 3 presents our results, summarized as a complete
imeline combining the molecular cloud lifetime, condensation time,
nd feedback time-scale. In Section 4 , we compare the newly derived
ime-scales with those of previous studies as well as critically assess
he robustness of our results. Finally, we summarize our key findings
n Section 5 . 

 OBSERVATION S  A N D  M E T H O D O L O G Y  

n this section, we outline the H α, CO, and H I observations used
n this work. We also briefly introduce the analysis technique that is
pplied to characterize the molecular cloud life cycle. 

.1 Obser v ations 

w o k e y CO surv e ys of the LMC hav e taken place in recent decades
hat co v er a significant portion of the LMC with sufficient resolution
o apply the framework used in this work: the NANTEN CO surv e y
f the LMC (Fukui et al. 2008 ) and the MAGMA surv e y (Wong et al.
011 ). The NANTEN surv e y co v ers approximately 30 de g 2 of the
MC. Capitalizing on this complete data set, the MAGMA surv e y
pecifically targets sources identified in the NANTEN surv e y. As a
esult, a total area of only ∼ 3.6 de g 2 is co v ered, but still reco v ering
0 per cent of the total CO flux. While the NANTEN surv e y pro vides
etter co v erage, the data are yet to be made publicly available.
herefore, we are restricted to only using the MAGMA data and
annot perform a direct comparison with the results of the NANTEN
urv e y. 1 We use the third MAGMA data release in this study (Wong
t al. 2017 ). 
NRAS 516, 4025–4042 (2022) 

 We investigate the impact of the limited coverage in Appendix B , and find 
hat it does not significantly affect the results of this work. 

2

r

When applying our statistical methodology (see Section 2.2 ), we
pply a series of masks in order to omit regions where molecular
louds are reported by the NANTEN surv e y but are not sampled
y the MAGMA surv e y. This is done to maximize the available
nformation by not restricting the analysis to solely the region covered
y MAGMA, while simultaneously a v oiding the identification of H II

egions as isolated when they are in fact associated with molecular
louds that fall outside the MAGMA sample. This is addressed in
ore detail in Section 2.2 . 
As tracers of massive star formation, we make use of two indepen-

ently constructed H α emission maps of the LMC: the Magellanic
louds Emission Line Surv e y (MCELS; Smith et al. 2005 ) H α map
nd the Southern H-Alpha Sky Survey Atlas (SHASSA; Gaustad
t al. 2001 ) H α map. The MCELS emission map uses a narrow-band
lter centred on 6563 Å with a full width at half-maximum of 30 Å
nd is not continuum-subtracted, and therefore contains continuum
mission in this wavelength range. The SHASSA H α map uses a
arrow-band filter also centred on H α with a bandwidth of 32 Å,
ut contrary to the MCELS map the SHASSA map is continuum-
ubtracted. The use of two independently derived H α maps allows
or a greater confidence in the inferred time-scales because the H α

mission provides the ‘reference time-scale’ that is used to fix the
bsolute scale of the inferred evolutionary timeline. Because the
CELS and SHASSA maps include and exclude the continuum,

espectively, their reference time-scales differ. In appendix A of Paper
 , we demonstrated that the atomic cloud lifetimes independently
nferred using both maps are consistent with one another. 

Finally, in Section 4.1 , we use the H I map of the LMC of Kim et al.
 2003 ) in order to determine the time-scale for which both atomic gas
mission and CO emission co-exist. This map was obtained using
arkes and ATCA; for further details we refer to Paper I , where we
sed it to determine the time-scale associated with the atomic gas
loud progenitors of the molecular clouds studied in this work. 

.2 Application of the uncertainty principle for star formation 

he ‘uncertainty principle for star formation’ (Kruijssen & Long-
ore 2014 ; Kruijssen et al. 2018 ) is a fundamental statistical

ormalism that measures the small-scale variation of the flux ratio
etween two tracers relative to the large-scale galactic average, and
ts a simple forward model to determine the relative lifetimes for
hich independent units within a galaxy emit in either of the tracer
aps, as well as the relative time for which these tracers may co-

xist, and the mean separation length of these independent units. The
ormalism a v oids the issues of stringent resolution requirements and
ubjective classification methods that affected previous methods, by
tilizing the variation of the gas-to-stellar flux ratio as a continuous
unction of the spatial scale around emission peaks, which have
een identified using a simple peak identification algorithm. 2 After
runing the peak sample with a Monte Carlo technique to a v oid
 v erlapping flux contributions from adjacent peaks, we measure the
uantity 

( l ap ) = 

F H α, tot 

F CO , tot 

∑ 

i F CO ,i ( l ap ) ∑ 

i F H α,i ( l ap ) 
, (1) 

here B is the relative change of the CO-to-H α flux ratio, F H α, tot 

nd F CO , tot represent the total H α and CO fluxes in the maps,
nd F H α,i ( l ap ) and F CO ,i ( l ap ) represent the flux within an aperture
 Note that the details of the peak selection do not significantly affect the 
esults (see Kruijssen et al. 2018 ). 
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f diameter l ap around an emission peak i . In the summation, i
uns to the total number of emission peaks in the reference map
 ref when e v aluating equation ( 1 ) around young stellar emission
eaks, and to the total number of emission peaks in the gas map
 CO when e v aluating equation ( 1 ) around gas emission peaks. The
elative change of the CO-to-H α flux ratio as a function of the
perture size in equation ( 1 ) is a sensitive probe of the cloud-scale
volutionary time-scales, which can be inferred by fitting a simple 
odel to the empirical measurement of equation ( 1 ). The framework

s introduced in Kruijssen & Longmore ( 2014 ) and the application
f this methodology through the HEISENBERG code 3 is explained in 
etail in Kruijssen et al. ( 2018 ); we refer to these works for further
etails. HEISENBERG has been demonstrated to provide an accurate 
haracterization of the cloud life cycle using a broad range of galaxy
imulations (Kruijssen et al. 2018 ; Fujimoto et al. 2019 ; Haydon
t al. 2020a ; Jeffreson et al. 2021 ; Semenov et al. 2021 ; Keller,
ruijssen & Che v ance 2022 ). It has been used to measure molecular

loud lifetimes in more than 60 galaxies (Kruijssen et al. 2019 ;
he v ance et al. 2020b ; Zabel et al. 2020 ; Kim et al. 2021 , 2022 ),
s well as the atomic cloud lifetime in the LMC ( Paper I ) and the
ifetime of embedded massive star-forming regions (traced by 24 μm, 
im et al. 2021 ). 
Without further constraints, our statistical technique can be used to 

etermine the relative time-scales of any two tracers that are linked 
hrough a common evolutionary timeline. In order to determine 
n absolute time-scale for either of the two tracers, the absolute 
isibility time-scale of the other tracer must be known. In this
ork, to determine the time-scales associated with molecular clouds 

n the LMC, we use H α emission as a reference, both with and
ithout the presence of continuum emission. Haydon et al. ( 2020a , b )

pplied HEISENBERG to simulated H α maps that were generated by 
ombining a numerical simulation of a disc galaxy with stochastic 
tellar population synthesis models. This allowed them to measure 
he characteristic time-scales associated with the H α emission 
rising from young star-forming regions in galaxies, and to determine 
xpressions for the H α emission time-scale as a function of the 
etallicity and the star formation rate surface density (reflecting the 

ffect of stochastic sampling from the stellar initial mass function). 
sing equations (11) and (12) from Haydon et al. ( 2020b ), we
etermine time-scales for the reference images used in this work of
 . 67 + 0 . 15 

−0 . 34 Myr (SHASSA continuum-subtracted H α) and 8 . 5 + 1 . 0 
−0 . 8 Myr

MCELS H α including continuum emission). 
The co v erage of the MAGMA CO surv e y of the LMC is incom-

lete. The surv e y contains pointings towards 114 of the 272 molecu-
ar clouds reported in the NANTEN surv e y. Ho we ver, the observing
trategy of MAGMA prioritized the most massive molecular cloud 
omple x es reported by the NANTEN surv e y, such that it accounts
or ∼80 per cent of the total CO flux (Wong et al. 2011 ). Given
hat HEISENBERG determines a flux-weighted average, this is the key 
umber of interest and it is more important to account for total flux
ather than the total number of emission peaks. Ho we ver, this still
resents a potential issue in areas where molecular clouds and H II

egions are present but are not co v ered by the MAGMA surv e y. In
rder to a v oid underestimating the time-scale for which both H II

egions and molecular clouds co-exist, we mask all regions towards 
hich molecular clouds are detected with the NANTEN surv e y but
o not fall within the co v erage of the MAGMA surv e y. A circular
ask of ∼250 pc in diameter (sufficient to fully co v er the clouds) is
 The HEISENBERG code is publicly available at https://github.com/mustang-p 
oject/Heisenberg . 

h  

2  

2  

d  
hosen to mask these regions in all maps (CO and H α), which are
herefore excluded from the analysis. In Appendix B , we repeat the
ame measurements without masking these regions and with adding 
rtificial molecular clouds in the omitted regions using the reported 
loud fluxes, positions, and dimensions from the NANTEN survey. 
e find that the resulting time-scales are all consistent with the key

esults presented in Section 3 . 
In order to remo v e diffuse emission that cannot be attributed

o independent star-forming regions, we implement the iterative 
ltering in Fourier space outlined in Hygate et al. ( 2019 ). We
se a Gaussian shaped filter with a width of some length-scale,
etermined as a multiple of the characteristic separation length 
etween independent regions λ as obtained by the previous iteration 
f HEISENBERG . In order to achieve a good compromise between the
emoval of the diffuse emission and the preservation of the emission
eaks, we select the lowest (integer) multiple of λ ensuring that the
orrective factor applied to compensate an y o v ersubtraction caused
y the shape of the Gaussian filter stays close to unity ( q con > 0.9;
ee Hygate 2020 ). In this case, we therefore apply a Gaussian filter
f width 9 × λ. For another recent summary of this approach, see
ppendix A of Che v ance et al. ( 2020b ). 

The H α and CO emission maps used in our analysis are shown in
ig. 1 , with the left-hand column including the diffuse emission and

he right-hand column showing the maps after the diffuse emission 
as been filtered out. For reference, we also include the positions
f the emission peaks around which the CO-to-H α flux ratio is
 v aluated as a function of the spatial scale. 

 RESULTS  

e now present our key measurements, such as the molecular cloud
ifetime, as well as the time-scales associated with the destruction of
olecular clouds in the LMC. 

.1 De-correlation between CO and H α emission 

e apply the methodology described in Section 2.2 to two pairs
f maps: the CO map and the SHASSA continuum-subtracted 
 α map, as well as the CO map and the MCELS H α map

ncluding continuum. Before proceeding to the basic measurement 
f equation ( 1 ), we point out that the flux-averaged nature of the
dopted methodology can yield biased results when a single region 
n a galaxy is significantly brighter than the second brightest region,
ecause it violates the assumption of our methodology that the recent
nd imminent total star formation rate are approximately constant 
see section 2.3 of Kim et al. 2021 for a quantitative discussion).
n the LMC, 30 Doradus qualifies as such a region, and in our
ducial analysis we therefore mask it using a circular aperture with a
00 pc radius, chosen to correspond to roughly twice the mean region
eparation length obtained with our measurements (see Section 3.4 ). 
o we ver, we do present the unmasked results alongside the fiducial

ase and show that the impact of 30 Doradus on our results is
elatively minor (as was also shown in Paper I for the atomic cloud 
ifetime). 

Fig. 2 shows that the CO and H α emission are de-correlated on
loud scales ( � 100 pc), i.e. focusing small apertures on peaks of CO
mission leads to a deficit of H α emission compared to the galactic
v erage, and vice v ersa. This is by no w a well-kno wn result that
as been found across the local galaxy population (Schruba et al.
010 ; Kruijssen et al. 2019 ; Schinnerer et al. 2019 ; Che v ance et al.
020b ; Kim et al. 2021 ), and it implies that (1) molecular clouds
o not live much longer than the H II regions that they produce and
MNRAS 516, 4025–4042 (2022) 
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M

Figure 1. The images used in the main body of this work: MCELS H α including continuum (top), SHASSA continuum-subtracted H α (middle), and MAGMA 

CO (bottom), shown both before Fourier filtering (left) and after Fourier filtering (right). In the bottom-left panel, the coverage of the observations closely 
traces the emission (see fig. 1 of Wong et al. 2017 ), implying that most of the pixels without emission are not co v ered by the MAGMA surv e y (see the text and 
Appendix B for details). In the right-hand panels, blue crosses indicate the identified emission peaks, around which the CO-to-H α flux ratio is measured as a 
function of spatial scale to constrain the evolutionary timeline of molecular cloud formation, evolution, and destruction (see the text for details). 

(  

c  

2  

q  

m

3

W  

s  

K  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/4025/6691700 by Liverpool John M
oores U

niversity user on 16 M
arch 2023
2) that the H II region appears late in the lifetime of a molecular
loud and destroys it rapidly (Kruijssen et al. 2019 ; Che v ance et al.
022b ). The fact that we find the same result here means that,
ualitatively speaking, the same physical interpretation applies to
olecular clouds in the LMC. 
NRAS 516, 4025–4042 (2022) 

o

.2 Molecular cloud lifetimes in the LMC 

e now turn to a quantitative discussion of the observables con-
trained by fitting the model of Kruijssen & Longmore ( 2014 ) and
ruijssen et al. ( 2018 ) to the data points shown in Fig. 2 . A summary
f our measurements is provided in Table 1 . 

art/stac2467_f1.eps
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Figure 2. The relative change in the CO-to-H α emission flux ratio as a function of the size of the aperture within which that ratio is measured. Measurements 
focused on CO emission peaks are shown in blue and those focused on H α emission peaks are shown in red. Standard uncertainties are shown with the solid 
error bars, while uncertainties that take into account the covariance between the data are shown by the thick shaded bars. The model fitted to the data is indicated 
by the dotted curves and the measured mean separation length between independent regions ( λ) is marked by the grey arrow. The results using the SHASSA 

continuum-subtracted H α image as the reference map are shown in the top row and those using the MCELS H α image that includes continuum emission are 
shown in the bottom row. The panels on the left show the fiducial case in which 30 Doradus is excluded from the analysis, while those on the right do include 
the region. 
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The ratio between the molecular cloud lifetime and the reference 
ime-scale provided by H α is encoded by the asymmetry between 
oth branches in Fig. 2 . We can quantify the time-scale by fitting
ur model. When the SHASSA continuum-subtracted H α image 
H α−) is used as the reference map, a CO time-scale of 11.4 + 1 . 9 

−2 . 1 Myr
s derived. Using the MCELS map containing both H α emission 
nd continuum emission (H α+ ), a time-scale of 12.3 + 3 . 1 

−2 . 3 Myr is
easured. As discussed abo v e, these fiducial measurements use maps 

n which the 30 Doradus region is omitted using a circular mask with
 200 pc radius. When including 30 Doradus, we obtain time-scales of 
.3 + 2 . 1 

−1 . 5 Myr (SHASSA) and 14.5 + 4 . 0 
−3 . 0 Myr (MCELS). The probability 
istribution functions (PDFs) of these four individual measurements 
f the molecular cloud lifetime are provided in Fig. 3 . The time-scales
alculated using different reference maps can be used to produce a
ombined time-scale. This is done using the procedure outlined in 
ppendix A , where we provide the resulting combined PDFs of

he molecular cloud lifetime. The resulting combined time-scales 
re 11.8 + 2 . 7 

−2 . 2 Myr (fiducial, omitting 30 Doradus) and 12.8 + 5 . 1 
−3 . 6 Myr 

including 30 Doradus). All measured molecular cloud lifetimes are 
isted in Table 1 . 

Interestingly, when the region surrounding 30 Doradus is included, 
he time-scales derived using the different reference maps are incon- 
MNRAS 516, 4025–4042 (2022) 
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Table 1. Output parameters as derived by the HEISENBERG code using various images as reference maps. The results using the continuum-subtracted 
SHASSA H α image as a reference map are shown in the first and fourth columns, while those using the MCELS H α image are shown in the second 
and fifth columns. The third and sixth columns show parameters derived by combining the results of the runs using the two H α images as reference 
maps. The results using the H I column density map of the LMC (Kim et al. 2003 ) as a reference map with the associated time-scale derived in Paper I 
as the reference time-scale are given in the final column. For the experiments using an H α reference map, the measurements obtained when masking 
30 Doradus with a 200 pc mask are shown in the first three columns, whereas 30 Doradus is included in the next three columns. For consistency 
with our fiducial measurements, the same 200 pc mask is also adopted for the measurements that use H I emission as a reference in the final column. 

H α− H α+ Combined H α− H α+ Combined H I 

t ref (Myr) 4.67 + 0 . 15 
−0 . 34 8.54 + 0 . 97 

−0 . 82 – 4.67 + 0 . 15 
−0 . 34 8.54 + 0 . 97 

−0 . 82 – 48 + 13 
−8 

30 Doradus mask 200 pc 200 pc 200 pc No mask No mask No mask 200 pc 

n ref 297 276 – 299 285 – 827 
n CO 347 342 – 358 352 – 353 
χ2 0.28 2.10 – 0.25 0.85 – 0.79 
t CO (Myr) 11.4 + 1 . 9 −2 . 1 12.3 + 3 . 1 −2 . 3 11.8 + 2 . 7 −2 . 2 9.3 + 2 . 1 −1 . 5 14.5 + 4 . 0 −3 . 0 12.8 + 5 . 1 −3 . 6 8.4 + 2 . 1 −2 . 0 

t fb (Myr) 1.1 + 0 . 2 −0 . 2 1.4 + 0 . 5 −0 . 3 1.2 + 0 . 3 −0 . 2 1.1 + 0 . 3 −0 . 3 1.0 + 0 . 7 −0 . 5 1.1 + 0 . 4 −0 . 4 2.8 + 1 . 0 −1 . 2 

λ (pc) 79 + 18 
−13 109 + 22 

−13 92 + 20 
−13 80 + 23 

−15 80 + 23 
−11 80 + 23 

−14 68 + 8 −7 

r ref (pc) 15.3 + 0 . 5 −0 . 7 9.7 + 0 . 2 −0 . 1 – 16.0 + 1 . 2 −1 . 1 10.2 + 0 . 3 −0 . 3 – –

r CO (pc] 13.2 + 0 . 6 −0 . 4 14.7 + 0 . 7 −0 . 7 – 13.4 + 0 . 7 −0 . 5 13.6 + 0 . 8 −0 . 4 – –

v fb (km s −1 ) 12 + 2 −2 11 + 3 −2 – 12 + 4 −2 13 + 14 
−5 – –

εSF (per cent) 3.7 + 1 . 2 −1 . 0 3.7 + 1 . 5 −1 . 0 – 3.0 + 1 . 1 −0 . 8 4.7 + 2 . 0 −1 . 4 – –
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istent with one another. Ho we ver, when 30 Doradus is omitted, the
erived time-scales do converge. This shows that, while 30 Doradus
as little impact on the measured atomic gas cloud lifetime ( Paper I ),
he effect on the measured molecular cloud time-scale is significant.
n addition, we find that the impact of including 30 Doradus depends
n whether continuum emission is included in the H α filter or not.
hese differences are likely due to the relative flux enclosed in the
0 Doradus region for different tracer maps (atomic or molecular gas,
 α with or without continuum emission). In any case, this highlights
ery clearly the fact that the large flux from this single region biases
ur measurements, by violating the assumption of an approximately
onstant star formation rate (as discussed in Section 3.1 abo v e and
n section 2.3 of Kim et al. 2021 ). This further justifies masking
0 Doradus in our fiducial case. Therefore, we adopt a molecular
loud time-scale of t CO = 11 . 8 + 2 . 7 

−2 . 2 Myr, which is the time-scale
btained by combining the experiments in which 30 Doradus has
een masked. 

.3 The destruction of molecular clouds 

n addition to the average lifetime of CO emitting clouds in the
MC, HEISENBERG also determines the time-scale for which CO
mission and H α emission co-exist. This time-scale is encoded by
he degree of flattening of both branches at small aperture sizes in
ig. 2 . Assuming that molecular clouds are dispersed by feedback
rom massive stars and that the process begins with the emergence
f H II regions, this overlap time-scale corresponds to the feedback
ime-scale, i.e. the time taken for feedback to destroy the molecular
louds. For the purposes of this section, we assume that the o v erlap
ime-scale between H α emission and CO emission is representative
f the average dispersal time of a molecular cloud in the LMC (this
ine of reasoning is discussed in more detail in Che v ance et al.
020b ). We measure feedback time-scales of 1.0–1.4 and 1.1 Myr
or the H α+ and H α− runs, respectively, depending on whether the
mmediate surroundings of 30 Doradus are masked (see Table 1 and
ig. 4 ). While there is a small spread between these time-scales, it

s well within the stated uncertainties in Table 1 . These consistently
hort feedback time-scales suggest that the dispersal of molecular
louds in the LMC is dominated by early feedback processes that
NRAS 516, 4025–4042 (2022) 
recede the first supernovae, which are typically expected at ages of
t least 4 Myr (e.g. Leitherer et al. 2014 ), considerably longer than
he feedback time-scales inferred here. 

Also measured by HEISENBERG are the average radii of the
 α emission and CO emission peaks ( r ref and r CO, respectively),
resented in Table 1 . We can use the derived feedback time-scale
nd the CO cloud radius to calculate the velocity at which gas is
leared from the region surrounding the newly formed star as v fb =
 CO / t fb . From each of the separate HEISENBERG runs presented in
his paper, we derive an average feedback velocity of 12 ± 2 km s −1 .
his is consistent with direct observations of the expansion velocities
f H II regions in the LMC (e.g. Ambrocio-Cruz et al. 2016 ; Ward
t al. 2016 ; McLeod et al. 2019 ), adding further credence to recent
ndings that pre-supernova feedback dominates molecular cloud
estruction (Che v ance et al. 2022b ). In contrast, the expansion
elocities associated with supernova remnants tend to be significantly
igher, in the range 25–50 km s −1 (Ambrocio-Cruz et al. 2016 ). 

.4 Spatial distribution of molecular clouds and star-forming 
egions in the LMC 

he characteristic separation length between independent regions
f star formation, λ, is shown in Table 1 and Fig. 5 for the set
f experiments performed in this work. Values of λ ∼ 80 pc are
easured in three of the four measurements in which we use H α

mage as the reference map; only the H α− run with 30 Doradus
asked results in a different separation length of 109 + 22 

−13 pc. Despite
his slight difference, we note that the results from all four runs
re consistent within the error bars. As shown by Fig. 2 , these
eparation lengths are much larger than the working resolution of
5 pc, implying that they are well resolved 
Che v ance et al. ( 2020b ) found that the length-scale on which H II

egions and molecular clouds de-correlate and undergo independent
ife cycles, λ, spans a range of ∼100 −250 pc across a sample of
ine nearby galaxies. To within the uncertainties, the LMC is fully
onsistent with this range of characteristic separation lengths. Based
n a similar analysis of the nearby flocculent galaxy NGC 300,
ruijssen et al. ( 2019 ) suggest that the characteristic separation
etween independent regions closely matches the gas disc scale



Molecular cloud lifetimes in the LMC 4031 

Figure 3. PDFs of the measured molecular cloud lifetime ( t CO ) in the LMC. Upper panels show PDFs derived using the SHASSA continuum-subtracted H α

image as the reference map and lower panels show those using the MCELS H α image as the reference map. Panels on the left show the resulting PDFs with 
30 Doradus excluded from the analysis, while those on the right do include 30 Doradus. Note that the measured values of the cloud lifetime using H α− and 
H α+ converge when 30 Doradus is excluded from the analysis. 
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eight, supporting the idea that the ISM is structured by feedback 
rom young stellar regions. In the LMC, the atomic gas disc scale
eight has been estimated to 180 pc by Padoan et al. ( 2001 ). While the
olecular gas disc scale height in the LMC has not been measured,
awson et al. ( 2013 ) adopt a fiducial value of 90 pc, arguing that the
olecular gas scale height is approximately a factor of two smaller 

han the atomic gas scale height. If this rough estimate is correct, the
MC is the second galaxy after NGC 300 where the region separation

ength matches the molecular gas disc scale height. 

 DISCUSSION  

n this section, we place our results in the context of our previously
easured atomic cloud lifetimes in the LMC and use the measured 

tomic and molecular cloud lifetimes to constrain the physical 
echanisms driving the cloud life cycle. Additionally, we assess 

he robustness of our measurements and compare the time-scales 
etermined here to those of previous studies of molecular cloud 
ifetimes, both in the LMC and in other nearby galaxies. We conclude
ith a top-level discussion of the condensation of molecular clouds 
rom the diffuse ISM and the destruction of molecular clouds by
eedback processes. 

.1 The formation of molecular clouds 

n much the same way that the circumstances surrounding the death
f molecular clouds can be obtained through the time-scale for which
assive stars and molecular clouds co-exist, we can also learn about

he birth of molecular clouds from the time-scales associated with 
heir atomic cloud progenitors and the o v erlap time-scale between
olecular and atomic clouds. To this end, we repeat our earlier

nalysis on CO and H α, but this time replace the latter with H I

mission, where as a reference time-scale we adopt the H I cloud
ifetime derived by Paper I , i.e. t H I = 48 Myr. In Fig. 6 , we present
he relative change of the CO-to-H I flux ratio as a function of spatial
cale, as well as the one-dimensional PDFs for each of the three fitted
arameters. All quantities are listed in the final column of Table 1 . 
From this experiment, we derive a time-scale for CO emission in

he LMC of 8.4 + 2 . 1 
−2 . 0 Myr, which is qualitatively consistent with that

erived using H α emission as a reference. However, when exper- 
MNRAS 516, 4025–4042 (2022) 
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Figure 4. PDFs of the measured o v erlap time-scale for which H α and CO emission co-exist ( t fb ) in the LMC. Upper panels show PDFs derived using the 
SHASSA continuum-subtracted H α image as the reference map and lower panels show those using the MCELS H α image as the reference map. Panels on the 
left show the resulting PDFs with 30 Doradus excluded from the analysis, while those on the right do include 30 Doradus. 
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ments with different reference time-scales are performed, the one
ith the most symmetric de-correlation diagram (reflecting the tracer
air with the most similar visibility time-scales) is the most robust
Kruijssen et al. 2018 ). In this context, this means that the molecular
loud lifetime estimated using H α emission is the most reliable in a
uantitative sense. We also derive a characteristic separation length
= 68 + 8 

−7 pc, considerably shorter than that calculated for CO and
 α as well as shorter than that derived in Paper I . 
Most importantly, we infer that H I and CO emission co-exist for

 o v er H I ,CO = 2 . 8 + 1 . 0 
−1 . 2 Myr. This is significantly shorter than the derived

olecular cloud lifetime (see Section 3.2 ) and suggests that the
loud-wide conversion from atomic to molecular gas is relatively
apid. This is in agreement with the small cold H I /CO ratio measured
owards molecular clouds using H I narrow self-absorption in the
MC (Liu et al. 2019 ), showing that molecular clouds are constituted
f more than 99 per cent of molecular gas. Similar results are also
bserved for molecular clouds in the Milky Way (Li & Goldsmith
003 ; Kr ̌co & Goldsmith 2010 ). 
In combination with the results of our analysis using the H α

nd H I , obtained in Paper I , we establish that there is an isolated
olecular phase in which the CO emitting clouds are not associated
NRAS 516, 4025–4042 (2022) 

t  
ith a significant atomic gas o v erdensity, prior to the emergence
f unembedded H II regions. In Paper I , we speculated that such an
solated molecular phase was a possibility and this is now confirmed
y the current work. Note that by isolated, we mean only with respect
o atomic H I emission and H α emission, i.e. a molecular cloud
ithout unembedded massive stars or a significant H I -emitting gas

eservoir. Here, we draw no conclusions regarding the abundance
f H I -dark atomic gas or the presence of embedded star formation
vents. This latter possibility has been explored in Kim et al. ( 2021 ),
y using the 24 μm emission as a tracer of embedded star formation.
hey find that the deeply obscured phase of star formation (during
hich 24 μm emission is visible, but not H α) lasts for 3.8 Myr in the
MC. 

.2 Comparison with model time-scale predictions 

e now compare the molecular cloud lifetimes derived in this work
ith the predicted time-scales of Jeffreson & Kruijssen ( 2018 ), based
n galactic dynamics, as well as the analytical predictions of the
loud-scale free-fall time and crossing time. In Paper I , we predicted
he expected atomic cloud lifetime in the LMC under the influence

art/stac2467_f4.eps
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Figure 5. PDFs of the measured characteristic separation length ( λ) in the LMC. Upper panels show PDFs derived using the SHASSA continuum-subtracted 
H α image as the reference map and lower panels show those using the MCELS H α image as the reference map. Panels on the left show the resulting PDFs 
with 30 Doradus excluded from the analysis, while those on the right do include 30 Doradus. 

o
i
o  

t  

t  

d  

p  

u  

C
m
g  

m  

o
6
c

 

d

t

w  

m  

d  

m  

W  

c
p
a  

L  

f  

m

t

w
u
s  

fl  

m
w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/3/4025/6691700 by Liverpool John M
oores U

niversity user on 16 M
arch 2023
f galactic dynamical processes, finding that this predicted lifetime 
s 50 Myr, consistent with the measured atomic gas cloud time-scale 
f 48 + 13 

−8 Myr. This predicted atomic cloud lifetime is obtained using
he observed H I column density map. In the current work, we aim
o predict and measure the ‘total gas’ cloud lifetime (although this
oes not include CO-dark molecular gas or optically thick H I ). The
rediction is obtained in the same way as in Paper I , but this time
sing the total gas mass surface density map, combining H I and
O emission. The addition of the molecular gas mass decreases the 
id-plane free-fall time, resulting in a predicted lifetime for the total 

as condensation of 44 Myr. This is still significantly longer than the
easured molecular cloud lifetime in the LMC of 11 . 8 + 2 . 7 

−2 . 2 Myr, and
f a magnitude similar to the measured total gas cloud lifetime of 55–
0 Myr, which combines the durations of the atomic and molecular 
loud lifetimes. 

As in Kruijssen et al. ( 2019 ) and Che v ance et al. ( 2020b ), we
efine the molecular cloud free-fall time-scale as 

 ff,cl = 

√ 

π2 r 3 GMC 

10 GM GMC 
, (2) 
here r 3 GMC = 1 . 9 r CO (Kruijssen et al. 2019 ). The molecular cloud
ass is given by M GMC = E H 2 � H 2 π ( λ/ 2) 2 , where E H 2 is the surface

ensity contrast on the size scale λ relative to the surface density
easured across the entire field of view, � H 2 (Kruijssen et al. 2018 ).
e elect to make use of the resulting values from the HEISENBERG

ode for both self-consistency between the measured lifetimes and 
redicted time-scales, and also for consistency between this work 
nd the multiple-galaxy study of Che v ance et al. ( 2020b ). For the
MC out to a radius of 3.3 kpc, we derive an average cloud-scale

ree-fall time-scale of 11.5 Myr. This is consistent with the measured
olecular cloud lifetime in the LMC. 
The crossing time is defined as 

 cr = 

r GMC 

σvel 
, (3) 

here σ vel is the one-dimensional velocity dispersion. In this case, we 
se the one-dimensional velocity dispersion map from the MAGMA 

urv e y. Pix els in this velocity dispersion map are masked where no
ux is measured for the corresponding pixel in the filtered moment 0
ap. This velocity dispersion map therefore only includes regions 
here the compact flux component is detected. Using the CO peak
MNRAS 516, 4025–4042 (2022) 
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Figure 6. Results of running the HEISENBERG code using the H I image of the LMC as a reference map and the MAGMA CO moment 0 image as the target map. 
Upper-left: The CO-to-H I emission flux ratio as a function of aperture size. Upper-right: The resulting PDF of the molecular cloud lifetime ( t CO ). Lower-left: 
The PDF of the time-scale for which H I and CO emission co-exist. Lower-right: The PDF of the characteristic separation length-scale ( λ) between atomic and 
molecular clouds in the LMC. Note that while the precise time-scale for which the tracers co-exist is poorly constrained, it is clear the H I emission is present 
for less than half of the total lifetime of a molecular cloud. 
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adius derived with the HEISENBERG code and the mean velocity
ispersion measured across the galaxy, we calculate a mean cloud
rossing time of 21.4 + 1 . 0 

−0 . 7 Myr. While significantly shorter than the
ime-scale derived based on galactic dynamics, this time-scale is
onger than both the predicted free-fall time-scale as well as the

easured lifetime of molecular clouds in the LMC. The ratio between
he free-fall time and the crossing time implies a typical molecular
loud virial parameter of αvir ≈ 0.85, consistent with virial balance
etween the kinetic and potential energy terms. 

In Fig. 7 , we present the measured molecular cloud lifetime as
 function of galactocentric radius, measured in three radial bins
hat are 1 kpc in width. This is done using both the MCELS H α

lus continuum emission map (red) and the SHASSA continuum-
ubtracted H α map (black). Also shown are the galactic average
ime-scales as presented in Table 1 . The cloud lifetimes measured
NRAS 516, 4025–4042 (2022) 
ithin each radial bin are statistically consistent with the average
ime-scales at all galactocentric radii, indicating that the time-scales
ssociated with molecular clouds do not vary strongly as a function
f galactocentric radius in the LMC. The predicted molecular cloud
ifetime based on galactic dynamical processes such as spiral arm
rossings, epicyclic perturbations, shear, and cloud–cloud collisions
Jeffreson & Kruijssen 2018 ) is shown as a function of radius by
he solid blue curve. At no radius is the measured cloud lifetime
onsistent with that predicted from galactic dynamics. It is therefore
lear that galactic dynamical processes cannot control the molecular
loud lifetime based on the time-scales measured in this work. 

Instead, the measured molecular cloud lifetimes are far more
onsistent with time-scales associated with internal cloud processes,
.e. the molecular cloud free-fall time-scale and the crossing time.
his suggests that the molecular clouds in the LMC are decoupled

art/stac2467_f6.eps
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Figure 7. Cloud lifetimes as a function of galactocentric radius. The measured molecular cloud lifetimes measured using the continuum-subtracted SHASSA 

H α and MCELS H α images across three radial bins as reference maps are shown in black and red, respectively. The solid red and black lines represent the 
measured average time-scale across the entire field of view, with the corresponding uncertainties denoted by the shaded areas surround the average lines. The 
predicted cloud lifetime based on galactic dynamics is shown as a function of radius by the solid clue curve. The cloud-scale free-fall time-scale and crossing 
time predicted for each bin are denoted by the dash–dotted and dashed lines, respectively. Across the entirety of the LMC, the measured molecular cloud 
lifetimes are inconsistent with those predicted based on galactic dynamics, which provide a close match to the atomic cloud lifetime. In contrast, the time-scales 
based solely on internal processes of the molecular clouds (the crossing and free-fall time-scales) fall much closer to the measured molecular cloud lifetimes. 
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rom galactic dynamics, in stark contrast with the time-scales 
ssociated with atomic gas clouds, for which galactic dynamics can 
redict the cloud lifetimes at all radii ( Paper I ). Given the average
olecular gas surface density of the LMC ( � H 2 ∼ 2 M � pc −2 ;

ameson et al. 2016 ; Schruba, Kruijssen & Leroy 2019 ), this
esult is in agreement with the finding of Che v ance et al. ( 2020b ),
ho show that in environments of low kpc-scale molecular gas 

urface densities ( � H 2 � 8 M � pc −2 ), cloud lifetimes are go v erned
y internal dynamical processes (with characteristic time-scales close 
o the free-fall time and the crossing time), while galactic dynamics 
ominates at higher surface densities. 

.3 Robustness of results 

n Kruijssen et al. ( 2018 ), a series of guidelines are established that
hould be followed in order to ensure a robust application of the
EISENBERG code used in this work. These guidelines are the result of
 xtensiv e testing of the methodology across a broad parameter space.
s in Paper I , we address each of these criteria for the application of

he statistical method to the CO and H α maps: 

(i) The duration of the time-scales associated with the two tracers 
n question must not differ by more than an order of magnitude.
ndeed, the derived molecular cloud lifetime does not differ from the 
 α reference time-scales by more than a factor of 2. 
(ii) The characteristic length-scale satisfies the criterion λ ≥
 res l ap,min , where l ap,min is the minimum aperture size within which

he flux ratio is measured (the spatial resolution of the observations
mposes a lower limit to this value), where N res = { 1, 1.5 } in order
o accurately determine { t CO , t fb } . 

(iii) The number of emission peaks in each tracer map must be
reater than 35 in order to achieve a precision of 0.2 dex. Higher
evels of precision can be achieved when identifying greater numbers 
f emission peaks. This number of emission peaks is exceeded in
ach application of HEISENBERG in this study, including those that 
re applied to radial bins. 

(iv) By focusing an aperture on an emission peak in a particular
racer, there should not be a deficit of this tracer relative to the
alactic-scale average. This condition is satisfied after filtering the 
iffuse emission as specified in Section 2.2 . 
(v) The star formation rate across the field of view considered 

hould not change by more than 0.2 de x o v er the time spanned
y the typical region life cycle. Based on the star formation rate
istory determined by Harris & Zaritsky ( 2009 ), and because we
ask 30 Doradus, which is likely the region to exhibit the largest

hange in star formation rate recently, we consider that the star
ormation rate in the LMC has indeed been sufficiently constant o v er
he past ∼20 Myr. 

Having satisfied all of the abo v e criteria, we establish that the
ime-scales and subsequently derived parameters presented in this 
MNRAS 516, 4025–4042 (2022) 
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ork are robust within our methodological framework. In the next
ection, we discuss how the time-scales measured in this study
ompare to previous estimates of the molecular cloud lifetime in
he LMC. 

.4 Comparison with previous studies of the LMC 

awamura et al. ( 2009 ) estimate a range of 20–30 Myr for the
olecular cloud lifetime in the LMC. This is significantly longer

han the average CO emission time-scale measured in this study of
1.8 + 2 . 7 

−2 . 2 Myr, because our measurement falls below the lower bound
f the range from Kawamura et al. ( 2009 ) by approximately 3 σ . This
arrants further discussion, because the methodology employed in
ur analysis has been demonstrated to yield robust measurements
cross a wide variety of test cases using simulated galaxies (Kruijssen
t al. 2018 ; Fujimoto et al. 2019 ; Haydon et al. 2020a ; Jeffreson et al.
021 ; Semenov et al. 2021 ) and observations (Kruijssen et al. 2019 ;
he v ance et al. 2020b ; Kim et al. 2021 ). What is the source of

he disagreement between our results and those of Kawamura et al.
 2009 )? 

The molecular cloud lifetime determined by Kawamura et al.
 2009 ) implies a time-scale for which H II regions and molecular
louds co-exist of 20 Myr. This is significantly longer than the
verage time-scale for which H II regions are visible in H α ( � 10 Myr;
.g. Leroy et al. 2012 ; Haydon et al. 2020b ). This long o v erlap
ime-scale would imply an average feedback velocity of ∼1 km s −1 

based on the cloud sizes reported by Fukui et al. 2008 ), inconsistent
ith observed expansion velocities of H II regions in the LMC. In

ontrast, the o v erlap time-scales determined in this work correspond
o feedback velocities of ∼12 km s −1 , consistent with observed
elocities of early-stage feedback mechanisms in the LMC (see
ection 3.3 ). This suggests that the durations of the various phases
f the evolutionary timeline from Kawamura et al. ( 2009 ) may have
een o v erestimated. 

There are a number of reasons why the time-scales associated with
O-emitting clouds in the LMC differ between our work and that
f Kawamura et al. ( 2009 ), but we focus on the most important one
ere. 4 The classification used by Kawamura et al. ( 2009 ) to construct
he evolutionary timeline is based on subjective choices that may
av e quantitativ ely affected the result. The three phases adopted by
awamura et al. ( 2009 ) are ‘type I molecular clouds’ containing
o signs of star formation,‘type II molecular clouds’ containing H II

egions, and ‘type III molecular clouds’ containing both H II regions
nd ‘SWB0’ stellar clusters with ages < 10 Myr. Like our method,
he cloud-counting approach of Kawamura et al. ( 2009 ) requires the
se of a ‘reference time-scale’ to which the rest of the evolutionary
imeline is anchored. Kawamura et al. ( 2009 ) choose to anchor their
imeline to the lifetime of type III molecular clouds, which is taken to
e 6.6 Myr, because 66 per cent of the ‘SWB0’ stellar clusters with
ges < 10 Myr are found to be associated with molecular clouds.
ased on the relative number counts, they then obtain lifetimes for

he type I and type II molecular cloud phases of 6 and 13 Myr,
espectively, and a total cloud lifetime of 26 Myr. 

The dif ference relati ve to our work arises mainly due to the choice
ade by Kawamura et al. ( 2009 ) to treat type III molecular clouds
NRAS 516, 4025–4042 (2022) 

 Other potential reasons for disagreement are differences in accounting for 
hance projections (which is self-consistent in our analysis), the assumption 
hat all SWB0 clusters are formed in clouds designated as ‘GMCs’ by Kawa- 

ura et al. ( 2009 ), and the assumption that these clusters are representative 
or all clusters and associations up to the age of 10 Myr. 

d  

m  

m  

w  

I  

a  

i  
s an evolutionary phase separate to the type II molecular clouds
hat only contain H II regions. Ho we ver, the presence of H II regions
equires the presence of (the progenitors of) young stellar clusters
r associations that have ages < 10 Myr. We therefore believe that
he 10 Myr reference time-scale used by Kawamura et al. ( 2009 )
hould apply to the combination of both the type II and type III
olecular cloud phases, as well as the SWB0 clusters unassociated
ith molecular clouds. When assigning the 10 Myr age bin to the

ombination of type II/III molecular clouds and isolated SWB0
lusters from Kawamura et al. ( 2009 ), their total molecular cloud
ifetime becomes 11.3 Myr, which is consistent with the results of this
ork. We caution that this consistency does not necessarily indicate

hat the cloud-counting methodology is reliable, but rather highlights
ts extreme sensitivity to subjective choices in classification. 

.5 Molecular cloud time-scale in context 

n Paper I , we presented a first empirical measurement of the atomic
loud lifetime in the LMC, deriving a time-scale of t H I = 48 + 13 

−8 Myr.
his is almost five times longer than the molecular cloud lifetime
easured here. The fact that the subsequent higher density molecular

hase is shorter lived than atomic clouds suggests that the early stage
f star formation, ranging from the condensation of gas clouds from
he diffuse ISM to the onset of star formation, is an accelerating
rocess. We also find that the time-scale for which H I and H α

mission co-exist is consistent with zero, with an upper limit of
 o v er(H α,H I ) < 1 . 7 Myr. This suggests that there may be an isolated
olecular phase before the onset of star formation, during which no
 I emission is present. Indeed, we find an o v erlap time-scale for
 I and CO emission of 2.8 Myr, or just 24 per cent of the molecular

loud lifetime, confirming that H I emission is not present throughout
ost of the lifetime of molecular clouds. Combining this with the
 v erlap time-scale between H α emission and CO emission, t fb =
 . 2 + 0 . 3 

−0 . 2 Myr, we find that there is indeed a phase (lasting for 7.8 Myr)
uring which no H I emission is present prior to the emergence of
 II regions. 
The measured CO-emitting cloud lifetime in the LMC ( t CO =

1 . 8 + 2 . 7 
−2 . 2 Myr) is remarkably similar to the average Giant Molecular

loud (GMC) lifetime measured in NGC 300 of t CO = 10 . 8 + 2 . 1 
−1 . 7 Myr

Kruijssen et al. 2019 ). Che v ance et al. ( 2020b ) present molecular
loud lifetime measurements for nine nearby spiral galaxies. All but
ne of these exhibit time-scales that are longer than that measured
n the LMC. NGC 5068 exhibits a GMC lifetime of 9.6 + 2 . 9 

−1 . 8 Myr,
onsistent within uncertainties with that determined for the LMC.
ith a stellar mass of 2.3 × 10 9 M �, NGC 5068 is the lowest mass

alaxy in the sample of Che v ance et al. ( 2020b ) and has a similar
ass to that of the LMC. Together with NGC 300 and NGC 5068,

he LMC lies in a lo w-mass, lo w-metallicity region of the parameter
pace spanned by existing studies of molecular cloud lifetimes, and
xhibits one of the shortest measured molecular cloud lifetimes.
cross a sample of 54 nearby galaxies, Kim et al. ( 2022 ) also find a

trong trend of increasing cloud lifetime with galaxy mass, consistent
ith the results reported here. 
Che v ance et al. ( 2020b ) show that molecular cloud lifetimes

ecouple from galactic dynamical time-scales below a kpc-scale
olecular gas surface density of 8 M sun pc −2 . With an average
olecular gas density of ∼2 M sun pc −2 , the LMC lies comfortably
ithin the low-density regime proposed by Che v ance et al. ( 2020b ).

ndeed, we show here that even though galactic dynamics set the
tomic cloud lifetime in the LMC ( Paper I ), most molecular clouds
n the LMC are decoupled from the effects of galactic dynamics and
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re instead go v erned by internal processes (although e xceptions like
0 Doradus may still exist 5 ). 

 C O N C L U S I O N S  

n this paper, we have presented empirically derived time-scales 
or the life cycle of molecular clouds in the LMC, from their
ondensation from the diffuse ISM to their destruction by stellar 
eedback. 

(i) The average molecular cloud lifetime in the LMC is 
1.8 + 2 . 7 

−2 . 2 Myr. This is approximately a factor of 2 (or 3 σ ) shorter
han the lower bound of the previously estimated cloud lifetime 
n the LMC based on counting the numbers of objects classified 
s molecular clouds or young stellar populations (Kawamura et al. 
009 ). 
(ii) The relatively short molecular cloud time-scale is consistent 

ith internal processes such as gravitational free-fall or the cloud 
rossing time rather than galactic dynamical time-scales such as 
hear, cloud–cloud collisions, or spiral arm passages. This means 
hat the lifetime of molecular clouds is decoupled from galactic 
ynamics and regulated by internal dynamics, in clear contrast to the 
ower density population of atomic clouds in the LMC. 

(iii) The o v erlap time between molecular clouds and H II re gions,
epresenting the duration of the feedback phase during which the 
loud is dispersed by young massive stars, is found to be 1.2 + 0 . 3 

−0 . 2 Myr.
n combination with the deriv ed av erage radius of the molecular
louds in this study ( ∼14 pc), this implies a typical feedback velocity
f ∼12 ± 2 km s −1 , consistent with the observed expansion velocities
f H II regions in the LMC. 
(iv) The characteristic separation length between star-forming 

egions is measured to be 92 pc. This is consistent with the estimated
olecular gas scale height of the LMC. 
(v) In combination with the results of our previous paper on the 

tomic cloud lifetime, we establish a time-scale for the formation of
olecular clouds. The total time-scale for which molecular clouds 

an be considered to be in the process of forming (i.e. from the
nitial emergence of atomic gas clouds) is 48 Myr, as established in
he previous paper. The time-scale for which molecular clouds co- 
xist with atomic gas clouds after CO is first detected is short, at
.8 ± 1 Myr. 
(vi) The molecular cloud lifetime reported in this paper is shorter 

han the result previously found by Kawamura et al. ( 2009 ), who
btained 20–30 Myr by comparing the number counts of clouds, 
 II regions, and young stellar clusters and associations with ages 
 10 Myr. We argue that this difference results from the assumption
ade by Kawamura et al. ( 2009 ) that the 10 Myr age bin used to

alibrate the time-scale measurement should exclude clouds that only 
ontain H II regions and do not contain any young stellar clusters.
hen extending this age bin to also include the clouds that only

ontain H II regions, the cloud lifetime obtained through the method 
f Kawamura et al. ( 2009 ) becomes 11.3 Myr, which is consistent
ith our measurement. The extreme sensitivity of the cloud-counting 
ethodology to these types of subjective choices acts as a further
oti v ation to instead adopt flux-based measurements as in this paper.
 Another such example is the Headlight Cloud in NGC 628, which rapidly 
ccumulates gas due to its location at a resonance (Herrera et al. 2020 ), 
hereas most clouds in NGC 628 are expected to be governed by internal 
ynamics (Che v ance et al. 2020b ) like in the LMC. 

F  

F
G  

H
H  
In this work, we establish that molecular clouds in the LMC
ive for 11.8 + 2 . 7 

−2 . 2 Myr. The derived time-scale is not dependent on
ubjective methods for classifying clouds or young stellar regions. 
hese results sketch a molecular cloud life cycle in the LMC

n which molecular clouds condense from the atomic ISM in an
ccelerating process resulting in a near-complete phase change from 

tomic to molecular gas before the onset of massive star formation.
nce formed, molecular clouds are largely decoupled from galactic- 

cale dynamical processes, with lifetimes consistent with internal 
ynamics. The mechanical dispersal of molecular clouds occurs 
n a time-scale shorter than expected for the onset of the first
upernovae, which implies feedback dispersal velocities that are 
imilar to the observ ed e xpansion v elocities of H II regions in the
MC. We therefore conclude that early feedback processes such as 
hotoionization are likely to drive molecular cloud destruction in the 
MC. 
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PPENDI X  A :  C O M B I N I N G  TIME-SCALE  

EASUREMENTS  

n Section 3 , we present time-scales for CO emission that are
alculated by combining the results of individual HEISENBERG runs.
he simplest way of making this combination is to use the average
eighted by the uncertainties in the derived time-scale. However, this

an be unreliable if the estimates are correlated. Therefore, we adopt
he method of Lyons, Gibaut & Clifford ( 1988 ) and combine the
erived PDFs of t CO using a set of weights α such that the combined
DF p ( x ) is defined as 

( x) = 

∑ 

i 

αi p i ( x) , (A1) 

here p i ( x ) is the PDF of the observable of interest from an individual
xperiment i . The values of the coefficients αi are chosen to minimize
he total variance, σ 2 , while obeying the condition that 

∑ 

i αi = 1.
he total variance is defined as the sum o v er the error matrix E times

he products of the weights α: 

2 = 

∑ 

i 

∑ 

j 

E ij αi αj , (A2) 

here the error matrix E is defined as 

 ij = r ij σi σj , (A3) 
rformed with HEISENBERG . In each panel, the two dotted lines show the t CO 

 is displayed as a solid black line and the two-sided Gaussian model fitted to 
ask. Right: Including 30 Doradus. 
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here r ij is the correlation coefficient between two measurements 
nd σ i is the standard error implied by the PDF of the measurement i
see below). In the case of combining two time-scales obtained from
wo different H α maps as in this work, we thus obtain 

 = 

(
σ 2 

1 r 12 σ1 σ2 

r 21 σ2 σ1 σ 2 
2 

)
, (A4) 

here the subscripts 1 and 2 correspond to the experiments using the
wo different star formation tracers, i.e. H α− and H α+ . 

The degree to which the measured time-scales are correlated 
etween two different star formation tracer maps is defined entirely 
y the choice of these maps, their respective reference time-scales, 
nd the peak selection in these maps. Ho we ver, it is not possible
 priori to express analytically how the correlation between these 
wo maps propagates into a correlation between the two result- 
ng molecular cloud lifetimes. This complicates the definition 
f r ij . 
To determine the correlation coefficient, we adopt the axiom 

hat any deviation from a perfect correlation between the two 
 CO PDFs must directly reflect a similar deviation between the 
xperiments used to derive the time-scale. We therefore define 
he correlation coefficient between two t CO measurements, r ij , as 
he median of the difference between the measured and expected 
atios between the two PDFs across the range of possible values 
f t CO : 

 ij = med 

{ [
d p j ( t CO ) 

d p i ( t CO ) 

]
meas 

−
[

d p j ( t CO ) 

d p i ( t CO ) 

]
exp 

} 

, (A5) 

here d p j ( t CO )/d p i ( t CO ) is the deri v ati ve between the probabilities
or the two PDFs at a variable position t CO . 

Finally, we must determine the values of σ i . The uncertain- 
ies on the time-scales derived with HEISENBERG are asymmetric, 
hich makes this choice non-tri vial. Ho we ver, we only use σ i to
etermine the weight αi of each PDF, which weakens its impact 
n the combined value and uncertainty of t CO . For simplicity, we
herefore define σ i as the simple geometric average between the 
pper and lower uncertainties on each value, as in Lyons et al. 
 1988 ). 

After calculating the weights αi , the combined PDF is constructed 
ccording to equation ( A1 ). To account for the asymmetric nature
f the PDF, we fit it with two half Gaussian profiles that connect at
he maximum value of the distribution. We show this PDF and the
est-fitting two-sided Gaussian models in Fig. A1 . The combined 
easurement is then taken to be the mean centroid of the two
aussian profiles, and the positive and negative uncertainties are 
efined as the standard deviations of the positive upper and lower 
ts, respectively. 
PPENDI X  B:  T H E  EFFECTS  O F  LI MI TE D  

OV E R AG E  A N D  SENSITIVITY  

s described in Section 2.1 , the MAGMA surv e y does not provide
ull co v erage of the LMC and indeed, does not observ e ev ery
olecular cloud reported by Fukui et al. ( 2008 ). In this section,
e consider how the limited co v erage may impact our results. We
erform additional HEISENBERG experiments to assess the different 
ethods of treating the molecular clouds that are missing from 

he MAGMA surv e y. The first e xperiment uses the MAGMA CO
ata without masking the regions around molecular clouds that are 
nly detected in the NANTEN surv e y of the LMC. In the second
xperiment, we use the reported positions, sizes, and fluxes of the
olecular clouds from the NANTEN surv e y of the LMC of Fukui

t al. ( 2008 ), to model the molecular clouds as two-dimensional
aussian structures. These model clouds are then inserted into the 
AGMA CO map for all clouds that fall outside of the co v erage

f the MAGMA observations. These experiments are run with both 
vailable H α emission maps as reference maps: the MCELS map 
hat includes continuum emission (H α+ ) and the SHASSA maps
hat is continuum-subtracted (H α−). 

Because the MAGMA surv e y strate gy focused primarily on the
rightest CO clouds from the NANTEN surv e y and neglected the
aintest sources, using the MAGMA surv e y data without masking
egions of unobserved molecular clouds from the H α emission map 
as is done in the main body of this work) is ef fecti vely the same as
ntroducing a sensitivity limit to the surv e y, which is then used to

ask the H α maps as well. To assess the impact of this choice, we
epeat the experiment without masking the regions surrounding the 
louds that are only detected in the NANTEN surv e y. The resulting
O-to-H α flux ratios and t CO PDF are presented in Fig. B1 , which

hows that our results are insensitive to the masking strategy. 
We also test how the results are affected by the limited co v erage

f the MAGMA surv e y by adding the NANTEN-only detections as
rtificial CO-bright clouds represented by two-dimensional Gaus- 
ians, using their positions, sizes, and fluxes as reported in the
ANTEN molecular cloud catalogue. The resulting CO-to-H α flux 

atios and t CO PDF are presented in Fig. B2 , which shows that our
esults are unaffected by the limited areal co v erage of the MAGMA 

urv e y. 
The constrained best-fitting parameters for both experiments 

arried out in this appendix are listed in Table B1 , along with the
esults from the two fiducial runs from Section 3 for clarity. Also
hown are the goodness-of-fit parameters and the number of peaks 
elected in each tracer for each run. All constrained parameters are
onsistent with each other to within the uncertainties, even though the
oodness of fit is lower for the experiment where the missing clouds
rom the MAGMA surv e y are modelled. Taken together, these results
emonstrate the robustness of our approach. 
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Figure B1. Repeat of our main analysis when not masking the regions in which molecular clouds are detected by the NANTEN CO surv e y that are not co v ered 
by the MAGMA surv e y. Left: The gas-to-stellar flux ratio as a function of spatial scale. Right: One-dimensional PDFs of the inferred molecular cloud lifetime. 
Upper panels: The SHASSA continuum-subtracted H α image is used as the reference map. Lower panels: The MCELS H α image including continuum is used 
as the reference map. The results are entirely consistent with our fiducial results (see Section 3 ). This indicates that our approach of masking the regions that 
contain molecular clouds but are not included by the MAGMA CO surv e y of the LMC does not bias our measurement of the molecular cloud lifetime. 
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Figure B2. Repeat of our main analysis when artificially adding model CO emission for molecular clouds detected by the NANTEN CO surv e y that are not 
co v ered by the MAGMA surv e y. Left: The gas-to-stellar flux ratio as a function of spatial scale. Right: One-dimensional PDFs of the inferred molecular cloud 
lifetime. Upper panels: The SHASSA continuum-subtracted H α image is used as the reference map. Lower panels: The MCELS H α image including continuum 

is used as the reference map. The results are entirely consistent with the time-scales derived without the addition of the model clouds (see Section 3 ). This 
indicates that our fiducial approach of masking the regions that contain molecular clouds but are not included by the MAGMA CO surv e y of the LMC does not 
bias our measurement of the molecular cloud lifetime. 
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Table B1. Output parameters as derived by the HEISENBERG code for the experiments carried out in Appendix B using the unmasked MAGMA 

CO map (Unmasked) and the unmasked MAGMA CO map with the addition of artificial CO-bright clouds at the positions of NANTEN-only 
detections (Modelled). The two fiducial runs from Section 3 are also shown for clarity. All of the constrained parameters are consistent with each 
other within the uncertainties. 

Reference map Target map NANTEN-only clouds n ref n tar t ref t CO t fb λ χ2 

H α− MAGMA CO Masked (fiducial) 297 347 4.67 + 0 . 15 
−0 . 34 11.4 + 1 . 9 −2 . 1 1.1 + 0 . 2 −0 . 2 79 + 18 

−13 0.28 

H α− MAGMA CO Unmasked 307 343 4.67 + 0 . 15 
−0 . 34 10.3 + 1 . 8 −1 . 7 1.1 + 0 . 2 −0 . 2 81 + 18 

−11 0.39 

H α− MAGMA CO Modelled 324 403 4.67 + 0 . 15 
−0 . 34 12.1 + 2 . 1 −1 . 8 1.1 + 0 . 3 −0 . 2 75 + 14 

−10 0.36 

H α+ MAGMA CO Masked (fiducial) 276 342 8.54 + 0 . 97 
−0 . 82 12.3 + 3 . 1 −2 . 3 1.4 + 0 . 5 −0 . 3 109 + 22 

−13 2.10 

H α+ MAGMA CO Unmasked 274 338 8.54 + 0 . 97 
−0 . 82 11.7 + 3 . 0 −2 . 1 1.4 + 0 . 4 −0 . 3 115 + 22 

−14 2.24 

H α+ MAGMA CO Modelled 281 403 8.54 + 0 . 97 
−0 . 82 12.4 + 3 . 7 −2 . 3 1.1 + 0 . 5 −0 . 4 96 + 23 

−18 0.80 
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