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ABSTRACT

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 tco = 11.8737 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 1I regions co-exist as g, = 1.2J_r8:§ Myr, implying an average feedback front expansion velocity of 12kms~!, consistent
with expansion velocities of H1I regions in the LMC observed directly using optical spectroscopy. Taken 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 avoided by our statistical methodology.
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1 INTRODUCTION

The molecular cloud life cycle is the key process through which stars,
clusters, and associations form, together driving the evolution of
galaxies (e.g. Krumholz, McKee & Bland-Hawthorn 2019; Chevance
et al. 2020a, 2022a). Due to this fundamental role of the cloud-scale
baryon cycle in galaxy evolution, the time-scales on which molecular
clouds form, evolve, and disperse represent key uncertainties in
galaxy evolution models (e.g. Fujimoto et al. 2019; Jeffreson et al.
2021; Semenov, Kravtsov & Gnedin 2021; Keller & Kruijssen 2022).
Estimates of the lifetimes of molecular clouds range from less than
a few Myr in the dynamically dominated regime of the Central
Molecular Zone of the Milky Way (Kruijssen, Dale & Longmore
2015; Henshaw, Longmore & Kruijssen 2016; Barnes et al. 2017;
Jeffreson et al. 2018) to time-scales based on molecular gas within
interarm regions of over 100 Myr (Scoville & Hersh 1979; Scoville,
Solomon & Sanders 1979; Koda et al. 2009). Work using cloud-
classification frameworks and dynamical arguments place molecular
cloud lifetimes in the tens of Myr (e.g. EImegreen 2000; Engargiola
et al. 2003; Kawamura et al. 2009; Meidt et al. 2015; Corbelli et al.
2017).

Cloud-classification methods are limited by the subjectivity of
cloud definitions within the hierarchically structured interstellar
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medium (ISM), as well as by the requirement to sufficiently resolve
the internal structure of molecular clouds and associated stellar
populations. In Kruijssen & Longmore (2014), the ‘Uncertainty
Principle for Star Formation” formalism was presented as a method
for determining the time-scales associated with the molecular cloud
life cycle that overcomes the limitations of cloud-classification-based
methods by not relying on a subjective cloud definition and not
requiring the internal structure of clouds to be resolved. Instead, it
uses the variation of flux ratios as a continuous function of spatial
scale to constrain the size and time-scales of the cloud life cycle
(this measurement of flux ratios as a function of spatial scale was
pioneered by Schruba et al. 2010). The practical application of this
new framework is described in detail in Kruijssen et al. (2018), and
it has been used to infer molecular cloud lifetimes in the range 8-
30 Myr, exhibiting physical variation with the galactic environment
across the nearby galaxy population (Kruijssen et al. 2019; Chevance
et al. 2020b; Zabel et al. 2020; Kim et al. 2021, 2022).

At a distance of 50kpc (Laney, Joner & Pietrzynski 2012) and
with a mass of 5 & 1 x 10°Mg (Alves & Nelson 2000), the
Large Magellanic Cloud (LMC) is the closest and most massive
of the Milky Way’s star-forming satellites. It therefore represents
an important laboratory for studying the process of star formation
from galactic scales down to scales of individual stars and protostars.
Consequently, the LMC has been fully sampled at a wider range of
wavelengths than any other galaxy in the Universe, making it the first
place in which star formation can be studied as a complete process
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from the condensation of atomic and molecular clouds through to
the emergence of main-sequence stars and clusters.

In Ward et al. (2020, hereafter Paper I), we used the statistical
methodology of Kruijssen et al. (2018) to infer a lifetime for the
atomic H1 clouds that precede the formation of molecular clouds in
the LMC. We obtained a lifetime of 48> Myr, consistent with time-
scales predicted based on galactic dynamics (Jeffreson & Kruijssen
2018) and dominated by the time-scale for the gravitational collapse
of the mid-plane ISM. In this work, we extend our measurement of
the atomic cloud lifetime with a measurement of the molecular cloud
lifetime.

Previous estimates of the molecular cloud lifetime in the LMC have
been based on the classification of molecular clouds by their stellar
content (obtaining lifetimes of 20-30 Myr; Kawamura et al. 2009).
Our primary goal is to obtain a measurement using the statistical
formalism of Kruijssen et al. (2018), which has now been applied to
high-resolution CO and H & maps of more than 60 nearby galaxies.
This serves two immediate goals. First, the use of a consistent
methodology allows us to combine the resulting molecular cloud
lifetime with our prior measurement of the atomic cloud lifetime
and that way obtain an end-to-end census of the cloud life cycle in
the LMC, from molecular cloud formation to destruction. Secondly,
the comparison of the inferred molecular cloud lifetime to that
obtained with the cloud identification/counting method of Kawamura
et al. (2009) allows us to determine how to interpret similarities or
differences between their cloud lifetimes and those obtained in other
galaxies using our new methodology.

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

2 OBSERVATIONS AND METHODOLOGY

In this section, we outline the Ha, CO, and H1 observations used
in this work. We also briefly introduce the analysis technique that is
applied to characterize the molecular cloud life cycle.

2.1 Observations

Two key CO surveys of the LMC have taken place in recent decades
that cover a significant portion of the LMC with sufficient resolution
to apply the framework used in this work: the NANTEN CO survey
of the LMC (Fukui et al. 2008) and the MAGMA survey (Wong et al.
2011). The NANTEN survey covers approximately 30 deg? of the
LMC. Capitalizing on this complete data set, the MAGMA survey
specifically targets sources identified in the NANTEN survey. As a
result, a total area of only ~ 3.6 deg? is covered, but still recovering
80 per cent of the total CO flux. While the NANTEN survey provides
better coverage, the data are yet to be made publicly available.
Therefore, we are restricted to only using the MAGMA data and
cannot perform a direct comparison with the results of the NANTEN
survey.! We use the third MAGMA data release in this study (Wong
et al. 2017).

'We investigate the impact of the limited coverage in Appendix B, and find
that it does not significantly affect the results of this work.
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When applying our statistical methodology (see Section 2.2), we
apply a series of masks in order to omit regions where molecular
clouds are reported by the NANTEN survey but are not sampled
by the MAGMA survey. This is done to maximize the available
information by not restricting the analysis to solely the region covered
by MAGMA, while simultaneously avoiding the identification of H11I
regions as isolated when they are in fact associated with molecular
clouds that fall outside the MAGMA sample. This is addressed in
more detail in Section 2.2.

As tracers of massive star formation, we make use of two indepen-
dently constructed H « emission maps of the LMC: the Magellanic
Clouds Emission Line Survey (MCELS; Smith et al. 2005) H & map
and the Southern H-Alpha Sky Survey Atlas (SHASSA; Gaustad
etal. 2001) H o map. The MCELS emission map uses a narrow-band
filter centred on 6563 A with a full width at half-maximum of 30 A
and is not continuum-subtracted, and therefore contains continuum
emission in this wavelength range. The SHASSA H o map uses a
narrow-band filter also centred on Ha with a bandwidth of 32 A,
but contrary to the MCELS map the SHASSA map is continuum-
subtracted. The use of two independently derived H o maps allows
for a greater confidence in the inferred time-scales because the H o
emission provides the ‘reference time-scale’ that is used to fix the
absolute scale of the inferred evolutionary timeline. Because the
MCELS and SHASSA maps include and exclude the continuum,
respectively, their reference time-scales differ. In appendix A of Paper
I, we demonstrated that the atomic cloud lifetimes independently
inferred using both maps are consistent with one another.

Finally, in Section 4.1, we use the H 1 map of the LMC of Kim et al.
(2003) in order to determine the time-scale for which both atomic gas
emission and CO emission co-exist. This map was obtained using
Parkes and ATCA; for further details we refer to Paper I, where we
used it to determine the time-scale associated with the atomic gas
cloud progenitors of the molecular clouds studied in this work.

2.2 Application of the uncertainty principle for star formation

The ‘uncertainty principle for star formation’ (Kruijssen & Long-
more 2014; Kruijssen et al. 2018) is a fundamental statistical
formalism that measures the small-scale variation of the flux ratio
between two tracers relative to the large-scale galactic average, and
fits a simple forward model to determine the relative lifetimes for
which independent units within a galaxy emit in either of the tracer
maps, as well as the relative time for which these tracers may co-
exist, and the mean separation length of these independent units. The
formalism avoids the issues of stringent resolution requirements and
subjective classification methods that affected previous methods, by
utilizing the variation of the gas-to-stellar flux ratio as a continuous
function of the spatial scale around emission peaks, which have
been identified using a simple peak identification algorithm.> After
pruning the peak sample with a Monte Carlo technique to avoid
overlapping flux contributions from adjacent peaks, we measure the
quantity

-FHoc,tot Zi -FCO,i(lap)
]:CO,tot Z,‘ FHa,i(lap),
where B is the relative change of the CO-to-H « flux ratio, Fyq.or

and Fco.or represent the total Ho and CO fluxes in the maps,
and Fy,i(lap) and Fco,i(lyp) represent the flux within an aperture

Blly) = M

2Note that the details of the peak selection do not significantly affect the
results (see Kruijssen et al. 2018).
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of diameter /,, around an emission peak i. In the summation, i
runs to the total number of emission peaks in the reference map
ner When evaluating equation (1) around young stellar emission
peaks, and to the total number of emission peaks in the gas map
nco when evaluating equation (1) around gas emission peaks. The
relative change of the CO-to-He flux ratio as a function of the
aperture size in equation (1) is a sensitive probe of the cloud-scale
evolutionary time-scales, which can be inferred by fitting a simple
model to the empirical measurement of equation (1). The framework
is introduced in Kruijssen & Longmore (2014) and the application
of this methodology through the HEISENBERG code? is explained in
detail in Kruijssen et al. (2018); we refer to these works for further
details. HEISENBERG has been demonstrated to provide an accurate
characterization of the cloud life cycle using a broad range of galaxy
simulations (Kruijssen et al. 2018; Fujimoto et al. 2019; Haydon
et al. 2020a; Jeffreson et al. 2021; Semenov et al. 2021; Keller,
Kruijssen & Chevance 2022). It has been used to measure molecular
cloud lifetimes in more than 60 galaxies (Kruijssen et al. 2019;
Chevance et al. 2020b; Zabel et al. 2020; Kim et al. 2021, 2022),
as well as the atomic cloud lifetime in the LMC (Paper I) and the
lifetime of embedded massive star-forming regions (traced by 24 pum,
Kim et al. 2021).

Without further constraints, our statistical technique can be used to
determine the relative time-scales of any two tracers that are linked
through a common evolutionary timeline. In order to determine
an absolute time-scale for either of the two tracers, the absolute
visibility time-scale of the other tracer must be known. In this
work, to determine the time-scales associated with molecular clouds
in the LMC, we use Ho emission as a reference, both with and
without the presence of continuum emission. Haydon et al. (2020a,b)
applied HEISENBERG to simulated H @ maps that were generated by
combining a numerical simulation of a disc galaxy with stochastic
stellar population synthesis models. This allowed them to measure
the characteristic time-scales associated with the Ha emission
arising from young star-forming regions in galaxies, and to determine
expressions for the Ho emission time-scale as a function of the
metallicity and the star formation rate surface density (reflecting the
effect of stochastic sampling from the stellar initial mass function).
Using equations (11) and (12) from Haydon et al. (2020b), we
determine time-scales for the reference images used in this work of
4.6770:13 Myr (SHASSA continuum-subtracted H o) and 8.5} 3 Myr
(MCELS H « including continuum emission).

The coverage of the MAGMA CO survey of the LMC is incom-
plete. The survey contains pointings towards 114 of the 272 molecu-
lar clouds reported in the NANTEN survey. However, the observing
strategy of MAGMA prioritized the most massive molecular cloud
complexes reported by the NANTEN survey, such that it accounts
for ~80 percent of the total CO flux (Wong et al. 2011). Given
that HEISENBERG determines a flux-weighted average, this is the key
number of interest and it is more important to account for total flux
rather than the total number of emission peaks. However, this still
presents a potential issue in areas where molecular clouds and H1
regions are present but are not covered by the MAGMA survey. In
order to avoid underestimating the time-scale for which both H1
regions and molecular clouds co-exist, we mask all regions towards
which molecular clouds are detected with the NANTEN survey but
do not fall within the coverage of the MAGMA survey. A circular
mask of ~250 pc in diameter (sufficient to fully cover the clouds) is

3The HEISENBERG code is publicly available at https:/github.com/mustang-p
roject/Heisenberg.
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chosen to mask these regions in all maps (CO and H «), which are
therefore excluded from the analysis. In Appendix B, we repeat the
same measurements without masking these regions and with adding
artificial molecular clouds in the omitted regions using the reported
cloud fluxes, positions, and dimensions from the NANTEN survey.
We find that the resulting time-scales are all consistent with the key
results presented in Section 3.

In order to remove diffuse emission that cannot be attributed
to independent star-forming regions, we implement the iterative
filtering in Fourier space outlined in Hygate et al. (2019). We
use a Gaussian shaped filter with a width of some length-scale,
determined as a multiple of the characteristic separation length
between independent regions A as obtained by the previous iteration
of HEISENBERG. In order to achieve a good compromise between the
removal of the diffuse emission and the preservation of the emission
peaks, we select the lowest (integer) multiple of A ensuring that the
corrective factor applied to compensate any oversubtraction caused
by the shape of the Gaussian filter stays close to unity (geon > 0.9;
see Hygate 2020). In this case, we therefore apply a Gaussian filter
of width 9 x A. For another recent summary of this approach, see
appendix A of Chevance et al. (2020b).

The H o and CO emission maps used in our analysis are shown in
Fig. 1, with the left-hand column including the diffuse emission and
the right-hand column showing the maps after the diffuse emission
has been filtered out. For reference, we also include the positions
of the emission peaks around which the CO-to-He flux ratio is
evaluated as a function of the spatial scale.

3 RESULTS

‘We now present our key measurements, such as the molecular cloud
lifetime, as well as the time-scales associated with the destruction of
molecular clouds in the LMC.

3.1 De-correlation between CO and H o« emission

We apply the methodology described in Section 2.2 to two pairs
of maps: the CO map and the SHASSA continuum-subtracted
Ha map, as well as the CO map and the MCELS Ha map
including continuum. Before proceeding to the basic measurement
of equation (1), we point out that the flux-averaged nature of the
adopted methodology can yield biased results when a single region
in a galaxy is significantly brighter than the second brightest region,
because it violates the assumption of our methodology that the recent
and imminent total star formation rate are approximately constant
(see section 2.3 of Kim et al. 2021 for a quantitative discussion).
In the LMC, 30 Doradus qualifies as such a region, and in our
fiducial analysis we therefore mask it using a circular aperture with a
200 pc radius, chosen to correspond to roughly twice the mean region
separation length obtained with our measurements (see Section 3.4).
However, we do present the unmasked results alongside the fiducial
case and show that the impact of 30 Doradus on our results is
relatively minor (as was also shown in Paper I for the atomic cloud
lifetime).

Fig. 2 shows that the CO and H « emission are de-correlated on
cloud scales (<100 pe), i.e. focusing small apertures on peaks of CO
emission leads to a deficit of Ho emission compared to the galactic
average, and vice versa. This is by now a well-known result that
has been found across the local galaxy population (Schruba et al.
2010; Kruijssen et al. 2019; Schinnerer et al. 2019; Chevance et al.
2020b; Kim et al. 2021), and it implies that (1) molecular clouds
do not live much longer than the H1I regions that they produce and

MNRAS 516, 4025-4042 (2022)

€202 YoJel\ 9| uo sasn AusiaAiun saloopy uyor joodiaai] Aq 00/ 1699/SZ01/E/9 1 S/a101e/Seluw/Wwod dno-olwapeoe//:sdny WwoJj papeojumoq


https://github.com/mustang-project/Heisenberg

4028 J. L. Ward et al.
5e-12 62000 I _— -
4e-12
-66°00'
c
~ S
! ©
£ 3e-12 2
o T -68°00' .
7 o ;
() [a]
= 8
Q
2e-124 | &
-70°00'
le-12
-72°00'{ 1 kpc*
[
6h00m  5h30m 00m 4h30m
J2000 Right Ascension
5000.00 64000 - - .
2133.40
-66°00'
910.28 MM §
S
© ”
=
o« T -68°00' o
© 388404 &
o
o
o
N
165.72 -70°00'
70.71 - i
-72°00'4 1 kpcC -
— P
6h00m  5h30m 00m 4h30m
J2000 Right Ascension
10.00 -64°00"{ ' ' A
5.62
3.16 -66°00' N Ay -
S TF
1.78 8 i
- ©
n £ 6800 .-
€ 1.00 3 1
~ o
¥ g
0.56 S
S
-70°00' -
0.32 :
0.18
-72°00' -
0.10 T T T T
6h00m 5h30m 00m 4h30m

J2000 Right Ascension

-64°00'J
x X
-66°00' g F X X %
X §>< X XX
XCT % X
5 X T xRN K
© RV R X X
c X A X 2 X
= -68°00' PRI AR S
g & XXX. )@( XX % X
g 3 25 S
3 Xk ”X s X
S .
o X % U XXX X
70°00 oxx ¥ ¥ x
XX %X XX Xt
x X .
. X
-72°00'1 1 kpc
—_—
6h00m 5h30m 00m 4h30m
J2000 Right Ascension
-64°00' ’ ’ !
-66°00' L
c
S
®
c
= -68°00' L
j
o
(=]
o
o
S
-70°00" | L
-72°00'1 1 kpc
M .
6h00m 5h30m 00m 4h30m
J2000 Right Ascension
-64°00' ! !
-66°00'
=4
S
2
©
£ .
g -68°00'4 % o
a
o
o
o
Iy
-70°00'
-72°00'1 1 kpc
—_—
. , r .
6h00m 5h30m 00m 4h30m

J2000 Right Ascension

le-12

8e-13

6e-13 ¢

ergs~tcm

4e-13

2e-13

0.0

5000.00
3266.04
2133.40
1393.56

o
910.28 °©
594.60

388.40

253.71

5.0

4.0

3.0

K kms1

2.0

1.0

0.0

Figure 1. The images used in the main body of this work: MCELS H « including continuum (top), SHASSA continuum-subtracted H o (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 covered by the MAGMA survey (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 & 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).

(2) that the H1I region appears late in the lifetime of a molecular
cloud and destroys it rapidly (Kruijssen et al. 2019; Chevance et al.
2022b). The fact that we find the same result here means that,
qualitatively speaking, the same physical interpretation applies to
molecular clouds in the LMC.

MNRAS 516, 4025-4042 (2022)

3.2 Molecular cloud lifetimes in the LMC

We now turn to a quantitative discussion of the observables con-
strained by fitting the model of Kruijssen & Longmore (2014) and
Kruijssen et al. (2018) to the data points shown in Fig. 2. A summary
of our measurements is provided in Table 1.
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Figure 2. The relative change in the CO-to-H « 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 o 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 (1) is marked by the grey arrow. The results using the SHASSA
continuum-subtracted H o image as the reference map are shown in the top row and those using the MCELS H « 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.

The ratio between the molecular cloud lifetime and the reference
time-scale provided by H« is encoded by the asymmetry between
both branches in Fig. 2. We can quantify the time-scale by fitting
our model. When the SHASSA continuum-subtracted Ho image
(H o —) is used as the reference map, a CO time-scale of 11.41 Myr
is derived. Using the MCELS map containing both Ho emission
and continuum emission (Ha+), a time-scale of 12.313- Myr is
measured. As discussed above, these fiducial measurements use maps
in which the 30 Doradus region is omitted using a circular mask with
a200 pc radius. When including 30 Doradus, we obtain time-scales of
9.3721 Myr (SHASSA) and 14.574:5 Myr (MCELS). The probability

distribution functions (PDFs) of these four individual measurements
of the molecular cloud lifetime are provided in Fig. 3. The time-scales
calculated using different reference maps can be used to produce a
combined time-scale. This is done using the procedure outlined in
Appendix A, where we provide the resulting combined PDFs of
the molecular cloud lifetime. The resulting combined time-scales
are 11.8%37Myr (fiducial, omitting 30 Doradus) and 12.873:{ Myr
(including 30 Doradus). All measured molecular cloud lifetimes are
listed in Table 1.

Interestingly, when the region surrounding 30 Doradus is included,
the 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 « image as a reference map are shown in the first and fourth columns, while those using the MCELS H « 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 « 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 « 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 H1 emission as a reference in the final column.

Haoa— Ha+ Combined Ha— Ha+ Combined Hi
tret (Myr) 467101 8.5475-7 - 4.671013 8.5470:27 - 48+13
30 Doradus mask 200 pc 200 pc 200 pc No mask No mask No mask 200 pc
Href 297 276 - 299 285 - 827
nco 347 342 - 358 352 - 353
x? 0.28 2.10 - 0.25 0.85 - 0.79
tco (Myr) 114449 12.3+3 11.8137 9.3+21 145439 12.873% 8.47%)
ti (Myr) 1.1492 14703 12493 1.1493 1070 11494 2.8+19
A (pe) 79+18 109722 92720 80733 8072 80123 6878
Fref (PC) 153403 9.7+0:2 - 16.0+12 102493 - -
rco (pe] 132409 14.7+97 - 134107 13.6408 - -
v (km s~ 12+2 143 - 12+4 13+ - -
€sF (per cent) 37512 37513 - 3.0544 4.7+29 - -

sistent with one another. However, when 30 Doradus is omitted, the
derived time-scales do converge. This shows that, while 30 Doradus
has little impact on the measured atomic gas cloud lifetime (Paper I),
the effect on the measured molecular cloud time-scale is significant.
In addition, we find that the impact of including 30 Doradus depends
on whether continuum emission is included in the H « filter or not.
These differences are likely due to the relative flux enclosed in the
30 Doradus region for different tracer maps (atomic or molecular gas,
H o with or without continuum emission). In any case, this highlights
very clearly the fact that the large flux from this single region biases
our measurements, by violating the assumption of an approximately
constant star formation rate (as discussed in Section 3.1 above and
in section 2.3 of Kim et al. 2021). This further justifies masking
30 Doradus in our fiducial case. Therefore, we adopt a molecular
cloud time-scale of fco = 11.8¥3]Myr, which is the time-scale
obtained by combining the experiments in which 30 Doradus has
been masked.

3.3 The destruction of molecular clouds

In addition to the average lifetime of CO emitting clouds in the
LMC, HEISENBERG also determines the time-scale for which CO
emission and H o emission co-exist. This time-scale is encoded by
the degree of flattening of both branches at small aperture sizes in
Fig. 2. Assuming that molecular clouds are dispersed by feedback
from massive stars and that the process begins with the emergence
of H1I regions, this overlap time-scale corresponds to the feedback
time-scale, i.e. the time taken for feedback to destroy the molecular
clouds. For the purposes of this section, we assume that the overlap
time-scale between H o emission and CO emission is representative
of the average dispersal time of a molecular cloud in the LMC (this
line of reasoning is discussed in more detail in Chevance et al.
2020b). We measure feedback time-scales of 1.0-1.4 and 1.1 Myr
for the H o+ and H o — runs, respectively, depending on whether the
immediate surroundings of 30 Doradus are masked (see Table 1 and
Fig. 4). While there is a small spread between these time-scales, it
is well within the stated uncertainties in Table 1. These consistently
short feedback time-scales suggest that the dispersal of molecular
clouds in the LMC is dominated by early feedback processes that
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precede the first supernovae, which are typically expected at ages of
at least 4 Myr (e.g. Leitherer et al. 2014), considerably longer than
the feedback time-scales inferred here.

Also measured by HEISENBERG are the average radii of the
Ha emission and CO emission peaks (rr and rco, respectively),
presented in Table 1. We can use the derived feedback time-scale
and the CO cloud radius to calculate the velocity at which gas is
cleared from the region surrounding the newly formed star as vg, =
rcoltp,. From each of the separate HEISENBERG runs presented in
this paper, we derive an average feedback velocity of 12 & 2kms~!.
This is consistent with direct observations of the expansion velocities
of H1I regions in the LMC (e.g. Ambrocio-Cruz et al. 2016; Ward
et al. 2016; McLeod et al. 2019), adding further credence to recent
findings that pre-supernova feedback dominates molecular cloud
destruction (Chevance et al. 2022b). In contrast, the expansion
velocities associated with supernova remnants tend to be significantly
higher, in the range 25-50kms~! (Ambrocio-Cruz et al. 2016).

3.4 Spatial distribution of molecular clouds and star-forming
regions in the LMC

The characteristic separation length between independent regions
of star formation, A, is shown in Table 1 and Fig. 5 for the set
of experiments performed in this work. Values of A ~ 80pc are
measured in three of the four measurements in which we use Ho
image as the reference map; only the Ho— run with 30 Doradus
masked results in a different separation length of 109723 pc. Despite
this slight difference, we note that the results from all four runs
are consistent within the error bars. As shown by Fig. 2, these
separation lengths are much larger than the working resolution of
25 pc, implying that they are well resolved

Chevance et al. (2020b) found that the length-scale on which H 1t
regions and molecular clouds de-correlate and undergo independent
life cycles, A, spans a range of ~100—250pc across a sample of
nine nearby galaxies. To within the uncertainties, the LMC is fully
consistent with this range of characteristic separation lengths. Based
on a similar analysis of the nearby flocculent galaxy NGC 300,
Kruijssen et al. (2019) suggest that the characteristic separation
between independent regions closely matches the gas disc scale
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Figure 3. PDFs of the measured molecular cloud lifetime (fco) in the LMC. Upper panels show PDFs derived using the SHASSA continuum-subtracted H o
image as the reference map and lower panels show those using the MCELS H « 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 Ho— and

H a+ converge when 30 Doradus is excluded from the analysis.

height, supporting the idea that the ISM is structured by feedback
from young stellar regions. In the LMC, the atomic gas disc scale
height has been estimated to 180 pc by Padoan et al. (2001). While the
molecular gas disc scale height in the LMC has not been measured,
Dawson et al. (2013) adopt a fiducial value of 90 pc, arguing that the
molecular gas scale height is approximately a factor of two smaller
than the atomic gas scale height. If this rough estimate is correct, the
LMC is the second galaxy after NGC 300 where the region separation
length matches the molecular gas disc scale height.

4 DISCUSSION

In this section, we place our results in the context of our previously
measured atomic cloud lifetimes in the LMC and use the measured
atomic and molecular cloud lifetimes to constrain the physical
mechanisms driving the cloud life cycle. Additionally, we assess
the robustness of our measurements and compare the time-scales
determined here to those of previous studies of molecular cloud
lifetimes, both in the LMC and in other nearby galaxies. We conclude
with a top-level discussion of the condensation of molecular clouds

from the diffuse ISM and the destruction of molecular clouds by
feedback processes.

4.1 The formation of molecular clouds

In much the same way that the circumstances surrounding the death
of molecular clouds can be obtained through the time-scale for which
massive stars and molecular clouds co-exist, we can also learn about
the birth of molecular clouds from the time-scales associated with
their atomic cloud progenitors and the overlap time-scale between
molecular and atomic clouds. To this end, we repeat our earlier
analysis on CO and He, but this time replace the latter with H1
emission, where as a reference time-scale we adopt the HI cloud
lifetime derived by Paper I, i.e. fi; = 48 Myr. In Fig. 6, we present
the relative change of the CO-to-H 1 flux ratio as a function of spatial
scale, as well as the one-dimensional PDFs for each of the three fitted
parameters. All quantities are listed in the final column of Table 1.
From this experiment, we derive a time-scale for CO emission in
the LMC of 8.413:) Myr, which is qualitatively consistent with that
derived using Ho emission as a reference. However, when exper-
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Figure 4. PDFs of the measured overlap time-scale for which Ha and CO emission co-exist (#,) in the LMC. Upper panels show PDFs derived using the
SHASSA continuum-subtracted H « image as the reference map and lower panels show those using the MCELS H « 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.

iments with different reference time-scales are performed, the one
with the most symmetric de-correlation diagram (reflecting the tracer
pair with the most similar visibility time-scales) is the most robust
(Kruijssen et al. 2018). In this context, this means that the molecular
cloud lifetime estimated using H & emission is the most reliable in a
quantitative sense. We also derive a characteristic separation length
» = 688 pc, considerably shorter than that calculated for CO and
H o as well as shorter than that derived in Paper 1.

Most importantly, we infer that H1 and CO emission co-exist for
foverco = 2-8719 Myr. This is significantly shorter than the derived
molecular cloud lifetime (see Section 3.2) and suggests that the
cloud-wide conversion from atomic to molecular gas is relatively
rapid. This is in agreement with the small cold H I/CO ratio measured
towards molecular clouds using HI narrow self-absorption in the
LMC (Liu et al. 2019), showing that molecular clouds are constituted
of more than 99 per cent of molecular gas. Similar results are also
observed for molecular clouds in the Milky Way (Li & Goldsmith
2003; Kr¢o & Goldsmith 2010).

In combination with the results of our analysis using the Ho
and H1, obtained in Paper I, we establish that there is an isolated
molecular phase in which the CO emitting clouds are not associated
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with a significant atomic gas overdensity, prior to the emergence
of unembedded H 11 regions. In Paper I, we speculated that such an
isolated molecular phase was a possibility and this is now confirmed
by the current work. Note that by isolated, we mean only with respect
to atomic H1 emission and H o emission, i.e. a molecular cloud
without unembedded massive stars or a significant H I-emitting gas
reservoir. Here, we draw no conclusions regarding the abundance
of HI1-dark atomic gas or the presence of embedded star formation
events. This latter possibility has been explored in Kim et al. (2021),
by using the 24 um emission as a tracer of embedded star formation.
They find that the deeply obscured phase of star formation (during
which 24 pm emission is visible, but not H «) lasts for 3.8 Myr in the
LMC.

4.2 Comparison with model time-scale predictions

We now compare the molecular cloud lifetimes derived in this work
with the predicted time-scales of Jeffreson & Kruijssen (2018), based
on galactic dynamics, as well as the analytical predictions of the
cloud-scale free-fall time and crossing time. In Paper I, we predicted
the expected atomic cloud lifetime in the LMC under the influence
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of galactic dynamical processes, finding that this predicted lifetime
is 50 Myr, consistent with the measured atomic gas cloud time-scale
of 481’;3 Myr. This predicted atomic cloud lifetime is obtained using
the observed H1 column density map. In the current work, we aim
to predict and measure the ‘total gas’ cloud lifetime (although this
does not include CO-dark molecular gas or optically thick H1). The
prediction is obtained in the same way as in Paper I, but this time
using the total gas mass surface density map, combining HI and
CO emission. The addition of the molecular gas mass decreases the
mid-plane free-fall time, resulting in a predicted lifetime for the total
gas condensation of 44 Myr. This is still significantly longer than the
measured molecular cloud lifetime in the LMC of 11.873] Myr, and
of a magnitude similar to the measured total gas cloud lifetime of 55—
60 Myr, which combines the durations of the atomic and molecular
cloud lifetimes.

As in Kruijssen et al. (2019) and Chevance et al. (2020b), we
define the molecular cloud free-fall time-scale as

723
Tifel = ——oMC_ ()
10G Mgpmc

where rgye = 1.97co (Kruijssen et al. 2019). The molecular cloud
mass is given by Mgmc = En, EH27T()\./2)2, where &y, is the surface
density contrast on the size scale A relative to the surface density
measured across the entire field of view, Xy, (Kruijssen et al. 2018).
We elect to make use of the resulting values from the HEISENBERG
code for both self-consistency between the measured lifetimes and
predicted time-scales, and also for consistency between this work
and the multiple-galaxy study of Chevance et al. (2020b). For the
LMC out to a radius of 3.3kpc, we derive an average cloud-scale
free-fall time-scale of 11.5 Myr. This is consistent with the measured
molecular cloud lifetime in the LMC.
The crossing time is defined as

fo = —OMC 3)

Ovel

where o is the one-dimensional velocity dispersion. In this case, we
use the one-dimensional velocity dispersion map from the MAGMA
survey. Pixels in this velocity dispersion map are masked where no
flux is measured for the corresponding pixel in the filtered moment O
map. This velocity dispersion map therefore only includes regions
where the compact flux component is detected. Using the CO peak
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Figure 6. Results of running the HEISENBERG code using the H1image of the LMC as a reference map and the MAGMA CO moment 0 image as the target map.
Upper-left: The CO-to-H1 emission flux ratio as a function of aperture size. Upper-right: The resulting PDF of the molecular cloud lifetime (tco). Lower-left:
The PDF of the time-scale for which H1 and CO emission co-exist. Lower-right: The PDF of the characteristic separation length-scale (1) 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 HI emission is present

for less than half of the total lifetime of a molecular cloud.

radius derived with the HEISENBERG code and the mean velocity
dispersion measured across the galaxy, we calculate a mean cloud
crossing time of 21.47)9Myr. While significantly shorter than the
time-scale derived based on galactic dynamics, this time-scale is
longer than both the predicted free-fall time-scale as well as the
measured lifetime of molecular clouds in the LMC. The ratio between
the free-fall time and the crossing time implies a typical molecular
cloud virial parameter of o & 0.85, consistent with virial balance
between the kinetic and potential energy terms.

In Fig. 7, we present the measured molecular cloud lifetime as
a function of galactocentric radius, measured in three radial bins
that are 1 kpc in width. This is done using both the MCELS H«
plus continuum emission map (red) and the SHASSA continuum-
subtracted Ha map (black). Also shown are the galactic average
time-scales as presented in Table 1. The cloud lifetimes measured
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within each radial bin are statistically consistent with the average
time-scales at all galactocentric radii, indicating that the time-scales
associated with molecular clouds do not vary strongly as a function
of galactocentric radius in the LMC. The predicted molecular cloud
lifetime based on galactic dynamical processes such as spiral arm
crossings, epicyclic perturbations, shear, and cloud—cloud collisions
(Jeffreson & Kruijssen 2018) is shown as a function of radius by
the solid blue curve. At no radius is the measured cloud lifetime
consistent with that predicted from galactic dynamics. It is therefore
clear that galactic dynamical processes cannot control the molecular
cloud lifetime based on the time-scales measured in this work.
Instead, the measured molecular cloud lifetimes are far more
consistent with time-scales associated with internal cloud processes,
i.e. the molecular cloud free-fall time-scale and the crossing time.
This suggests that the molecular clouds in the LMC are decoupled
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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
Ho and MCELS H « 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.

from galactic dynamics, in stark contrast with the time-scales
associated with atomic gas clouds, for which galactic dynamics can
predict the cloud lifetimes at all radii (Paper I). Given the average
molecular gas surface density of the LMC (Zy, ~ 2 Mg pc~2;
Jameson et al. 2016; Schruba, Kruijssen & Leroy 2019), this
result is in agreement with the finding of Chevance et al. (2020b),
who show that in environments of low kpc-scale molecular gas
surface densities (2, < 8 Mg pe2), cloud lifetimes are governed
by internal dynamical processes (with characteristic time-scales close
to the free-fall time and the crossing time), while galactic dynamics
dominates at higher surface densities.

4.3 Robustness of results

In Kruijssen et al. (2018), a series of guidelines are established that
should be followed in order to ensure a robust application of the
HEISENBERG code used in this work. These guidelines are the result of
extensive testing of the methodology across a broad parameter space.
As in Paper I, we address each of these criteria for the application of
the statistical method to the CO and H o maps:

(i) The duration of the time-scales associated with the two tracers
in question must not differ by more than an order of magnitude.
Indeed, the derived molecular cloud lifetime does not differ from the
H o reference time-scales by more than a factor of 2.

(ii) The characteristic length-scale satisfies the criterion A >
Nreslapmin, Where Lyp min is the minimum aperture size within which
the flux ratio is measured (the spatial resolution of the observations
imposes a lower limit to this value), where N,es = {1, 1.5} in order
to accurately determine {tco, fm }-

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

(iv) By focusing an aperture on an emission peak in a particular
tracer, there should not be a deficit of this tracer relative to the
galactic-scale average. This condition is satisfied after filtering the
diffuse emission as specified in Section 2.2.

(v) The star formation rate across the field of view considered
should not change by more than 0.2 dex over the time spanned
by the typical region life cycle. Based on the star formation rate
history determined by Harris & Zaritsky (2009), and because we
mask 30 Doradus, which is likely the region to exhibit the largest
change in star formation rate recently, we consider that the star
formation rate in the LMC has indeed been sufficiently constant over
the past ~20 Myr.

Having satisfied all of the above criteria, we establish that the
time-scales and subsequently derived parameters presented in this
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work are robust within our methodological framework. In the next
section, we discuss how the time-scales measured in this study
compare to previous estimates of the molecular cloud lifetime in
the LMC.

4.4 Comparison with previous studies of the LMC

Kawamura et al. (2009) estimate a range of 20-30 Myr for the
molecular cloud lifetime in the LMC. This is significantly longer
than the average CO emission time-scale measured in this study of
11.8727 Myr, because our measurement falls below the lower bound
of the range from Kawamura et al. (2009) by approximately 3o This
warrants further discussion, because the methodology employed in
our analysis has been demonstrated to yield robust measurements
across a wide variety of test cases using simulated galaxies (Kruijssen
et al. 2018; Fujimoto et al. 2019; Haydon et al. 2020a; Jeftreson et al.
2021; Semenov et al. 2021) and observations (Kruijssen et al. 2019;
Chevance et al. 2020b; Kim et al. 2021). What is the source of
the 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 H1I regions and molecular
clouds co-exist of 20 Myr. This is significantly longer than the
average time-scale for which H 11 regions are visible in H & (10 Myr;
e.g. Leroy et al. 2012; Haydon et al. 2020b). This long overlap
time-scale would imply an average feedback velocity of ~1kms™!
(based on the cloud sizes reported by Fukui et al. 2008), inconsistent
with observed expansion velocities of H1I regions in the LMC. In
contrast, the overlap time-scales determined in this work correspond
to feedback velocities of ~12kms~', consistent with observed
velocities of early-stage feedback mechanisms in the LMC (see
Section 3.3). This suggests that the durations of the various phases
of the evolutionary timeline from Kawamura et al. (2009) may have
been overestimated.

There are a number of reasons why the time-scales associated with
CO-emitting clouds in the LMC differ between our work and that
of Kawamura et al. (2009), but we focus on the most important one
here.* The classification used by Kawamura et al. (2009) to construct
the evolutionary timeline is based on subjective choices that may
have quantitatively affected the result. The three phases adopted by
Kawamura et al. (2009) are ‘type I molecular clouds’ containing
no signs of star formation, ‘type II molecular clouds’ containing H 1t
regions, and ‘type III molecular clouds’ containing both H 11 regions
and ‘SWBO’ stellar clusters with ages <10 Myr. Like our method,
the cloud-counting approach of Kawamura et al. (2009) requires the
use of a ‘reference time-scale’ to which the rest of the evolutionary
timeline is anchored. Kawamura et al. (2009) choose to anchor their
timeline to the lifetime of type III molecular clouds, which is taken to
be 6.6 Myr, because 66 per cent of the ‘SWBO’ stellar clusters with
ages <10Myr are found to be associated with molecular clouds.
Based on the relative number counts, they then obtain lifetimes for
the type I and type II molecular cloud phases of 6 and 13 Myr,
respectively, and a total cloud lifetime of 26 Myr.

The difference relative to our work arises mainly due to the choice
made by Kawamura et al. (2009) to treat type III molecular clouds

4Other potential reasons for disagreement are differences in accounting for
chance projections (which is self-consistent in our analysis), the assumption
that all SWBO clusters are formed in clouds designated as ‘GMCs’ by Kawa-
mura et al. (2009), and the assumption that these clusters are representative
for all clusters and associations up to the age of 10 Myr.
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as an evolutionary phase separate to the type II molecular clouds
that only contain H I regions. However, the presence of H II regions
requires the presence of (the progenitors of) young stellar clusters
or associations that have ages <10 Myr. We therefore believe that
the 10 Myr reference time-scale used by Kawamura et al. (2009)
should apply to the combination of both the type II and type III
molecular cloud phases, as well as the SWBO clusters unassociated
with molecular clouds. When assigning the 10 Myr age bin to the
combination of type II/IIl molecular clouds and isolated SWBO
clusters from Kawamura et al. (2009), their total molecular cloud
lifetime becomes 11.3 Myr, which is consistent with the results of this
work. We caution that this consistency does not necessarily indicate
that the cloud-counting methodology is reliable, but rather highlights
its extreme sensitivity to subjective choices in classification.

4.5 Molecular cloud time-scale in context

In Paper I, we presented a first empirical measurement of the atomic
cloud lifetime in the LMC, deriving a time-scale of #, = 4873 Myr.
This is almost five times longer than the molecular cloud lifetime
measured here. The fact that the subsequent higher density molecular
phase is shorter lived than atomic clouds suggests that the early stage
of star formation, ranging from the condensation of gas clouds from
the diffuse ISM to the onset of star formation, is an accelerating
process. We also find that the time-scale for which HI and Ho
emission co-exist is consistent with zero, with an upper limit of
toverHaHn < 1.7Myr. This suggests that there may be an isolated
molecular phase before the onset of star formation, during which no
H1 emission is present. Indeed, we find an overlap time-scale for
H1and CO emission of 2.8 Myr, or just 24 per cent of the molecular
cloud lifetime, confirming that H I emission is not present throughout
most of the lifetime of molecular clouds. Combining this with the
overlap time-scale between Ha emission and CO emission, g, =
1.2+33 Myr, we find that there is indeed a phase (lasting for 7.8 Myr)
during which no HI emission is present prior to the emergence of
H 11 regions.

The measured CO-emitting cloud lifetime in the LMC (tco =
11.8727Myr) is remarkably similar to the average Giant Molecular
Cloud (GMC) lifetime measured in NGC 300 of tcq = 10.81%% Myr
(Kruijssen et al. 2019). Chevance et al. (2020b) present molecular
cloud lifetime measurements for nine nearby spiral galaxies. All but
one of these exhibit time-scales that are longer than that measured
in the LMC. NGC 5068 exhibits a GMC lifetime of 9.6 Myr,
consistent within uncertainties with that determined for the LMC.
With a stellar mass of 2.3 x 10° Mg, NGC 5068 is the lowest mass
galaxy in the sample of Chevance et al. (2020b) and has a similar
mass to that of the LMC. Together with NGC 300 and NGC 5068,
the LMC lies in a low-mass, low-metallicity region of the parameter
space spanned by existing studies of molecular cloud lifetimes, and
exhibits one of the shortest measured molecular cloud lifetimes.
Across a sample of 54 nearby galaxies, Kim et al. (2022) also find a
strong trend of increasing cloud lifetime with galaxy mass, consistent
with the results reported here.

Chevance et al. (2020b) show that molecular cloud lifetimes
decouple from galactic dynamical time-scales below a kpc-scale
molecular gas surface density of 8 Mgy, pc‘z. With an average
molecular gas density of ~2 Mg, pc~2, the LMC lies comfortably
within the low-density regime proposed by Chevance et al. (2020b).
Indeed, we show here that even though galactic dynamics set the
atomic cloud lifetime in the LMC (Paper 1), most molecular clouds
in the LMC are decoupled from the effects of galactic dynamics and
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are instead governed by internal processes (although exceptions like
30 Doradus may still exist®).

5 CONCLUSIONS

In this paper, we have presented empirically derived time-scales
for the life cycle of molecular clouds in the LMC, from their
condensation from the diffuse ISM to their destruction by stellar
feedback.

(i) The average molecular cloud lifetime in the LMC is
11.872]Myr. This is approximately a factor of 2 (or 30) shorter
than the lower bound of the previously estimated cloud lifetime
in the LMC based on counting the numbers of objects classified
as molecular clouds or young stellar populations (Kawamura et al.
2009).

(i) The relatively short molecular cloud time-scale is consistent
with internal processes such as gravitational free-fall or the cloud
crossing time rather than galactic dynamical time-scales such as
shear, cloud—cloud collisions, or spiral arm passages. This means
that the lifetime of molecular clouds is decoupled from galactic
dynamics and regulated by internal dynamics, in clear contrast to the
lower density population of atomic clouds in the LMC.

(iii) The overlap time between molecular clouds and H 11 regions,
representing the duration of the feedback phase during which the
cloud is dispersed by young massive stars, is found to be 1.2733 Myr.
In combination with the derived average radius of the molecular
clouds in this study (~14 pc), this implies a typical feedback velocity
of ~124+2kms™!, consistent with the observed expansion velocities
of H1l regions in the LMC.

(iv) The characteristic separation length between star-forming
regions is measured to be 92 pc. This is consistent with the estimated
molecular gas scale height of the LMC.

(v) In combination with the results of our previous paper on the
atomic cloud lifetime, we establish a time-scale for the formation of
molecular clouds. The total time-scale for which molecular clouds
can be considered to be in the process of forming (i.e. from the
initial emergence of atomic gas clouds) is 48 Myr, as established in
the previous paper. The time-scale for which molecular clouds co-
exist with atomic gas clouds after CO is first detected is short, at
2.8 &= 1 Myr.

(vi) The molecular cloud lifetime reported in this paper is shorter
than the result previously found by Kawamura et al. (2009), who
obtained 20-30 Myr by comparing the number counts of clouds,
H1 regions, and young stellar clusters and associations with ages
<10 Myr. We argue that this difference results from the assumption
made by Kawamura et al. (2009) that the 10 Myr age bin used to
calibrate the time-scale measurement should exclude clouds that only
contain H1I regions and do not contain any young stellar clusters.
When extending this age bin to also include the clouds that only
contain H 11 regions, the cloud lifetime obtained through the method
of Kawamura et al. (2009) becomes 11.3 Myr, which is consistent
with our measurement. The extreme sensitivity of the cloud-counting
methodology to these types of subjective choices acts as a further
motivation to instead adopt flux-based measurements as in this paper.

5 Another such example is the Headlight Cloud in NGC 628, which rapidly
accumulates gas due to its location at a resonance (Herrera et al. 2020),
whereas most clouds in NGC 628 are expected to be governed by internal
dynamics (Chevance et al. 2020b) like in the LMC.

Molecular cloud lifetimes in the LMC 4037

In this work, we establish that molecular clouds in the LMC
live for 11.8%737 Myr. The derived time-scale is not dependent on
subjective methods for classifying clouds or young stellar regions.
These results sketch a molecular cloud life cycle in the LMC
in which molecular clouds condense from the atomic ISM in an
accelerating process resulting in a near-complete phase change from
atomic to molecular gas before the onset of massive star formation.
Once formed, molecular clouds are largely decoupled from galactic-
scale dynamical processes, with lifetimes consistent with internal
dynamics. The mechanical dispersal of molecular clouds occurs
on a time-scale shorter than expected for the onset of the first
supernovae, which implies feedback dispersal velocities that are
similar to the observed expansion velocities of H1II regions in the
LMC. We therefore conclude that early feedback processes such as
photoionization are likely to drive molecular cloud destruction in the
LMC.
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APPENDIX A: COMBINING TIME-SCALE
MEASUREMENTS

In Section 3, we present time-scales for CO emission that are
calculated by combining the results of individual HEISENBERG runs.
The simplest way of making this combination is to use the average
weighted by the uncertainties in the derived time-scale. However, this
can be unreliable if the estimates are correlated. Therefore, we adopt
the method of Lyons, Gibaut & Clifford (1988) and combine the
derived PDFs of #co using a set of weights « such that the combined
PDF p(x) is defined as

p(x) = aipi(x), (A1)

where p;(x) is the PDF of the observable of interest from an individual
experiment i. The values of the coefficients «; are chosen to minimize
the total variance, o2, while obeying the condition that > ,o; = 1.
The total variance is defined as the sum over the error matrix E times
the products of the weights a:

G’ZZZZEU‘O{,'O{], (A2)
i

where the error matrix E is defined as

Eij = rijoi0}, (A3)
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Figure Al. Illustration of the procedure used to combine different experiments performed with HEISENBERG. In each panel, the two dotted lines show the 7co
PDFs for the runs performed using the two different H @ maps. The combined PDF is displayed as a solid black line and the two-sided Gaussian model fitted to
that combined PDF is shown in blue. Left: Excluding 30 Doradus using a 200 pc mask. Right: Including 30 Doradus.
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where r;; is the correlation coefficient between two measurements
and o; is the standard error implied by the PDF of the measurement i
(see below). In the case of combining two time-scales obtained from
two different H o maps as in this work, we thus obtain

2
o r12010;
E=( 0 o) (A4)
1210207 05

where the subscripts 1 and 2 correspond to the experiments using the
two different star formation tracers, i.e. He— and Ha+.

The degree to which the measured time-scales are correlated
between two different star formation tracer maps is defined entirely
by the choice of these maps, their respective reference time-scales,
and the peak selection in these maps. However, it is not possible
a priori to express analytically how the correlation between these
two maps propagates into a correlation between the two result-
ing molecular cloud lifetimes. This complicates the definition
of r, ij-

To determine the correlation coefficient, we adopt the axiom
that any deviation from a perfect correlation between the two
tco PDFs must directly reflect a similar deviation between the
experiments used to derive the time-scale. We therefore define
the correlation coefficient between two fco measurements, ry;, as
the median of the difference between the measured and expected
ratios between the two PDFs across the range of possible values
of tco:

ryj = med{ {L f'(tCO)} - {L "(tCO)] } (AS)
dpi(tco) | meas dpi(tco) | exp

where dp;(fco)/dpi(tco) is the derivative between the probabilities

for the two PDFs at a variable position #co.

Finally, we must determine the values of o,. The uncertain-
ties on the time-scales derived with HEISENBERG are asymmetric,
which makes this choice non-trivial. However, we only use o; to
determine the weight «; of each PDF, which weakens its impact
on the combined value and uncertainty of 7co. For simplicity, we
therefore define o; as the simple geometric average between the
upper and lower uncertainties on each value, as in Lyons et al.
(1988).

After calculating the weights «;, the combined PDF is constructed
according to equation (A1l). To account for the asymmetric nature
of the PDF, we fit it with two half Gaussian profiles that connect at
the maximum value of the distribution. We show this PDF and the
best-fitting two-sided Gaussian models in Fig. Al. The combined
measurement is then taken to be the mean centroid of the two
Gaussian profiles, and the positive and negative uncertainties are
defined as the standard deviations of the positive upper and lower
fits, respectively.
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APPENDIX B: THE EFFECTS OF LIMITED
COVERAGE AND SENSITIVITY

As described in Section 2.1, the MAGMA survey does not provide
full coverage of the LMC and indeed, does not observe every
molecular cloud reported by Fukui et al. (2008). In this section,
we consider how the limited coverage may impact our results. We
perform additional HEISENBERG experiments to assess the different
methods of treating the molecular clouds that are missing from
the MAGMA survey. The first experiment uses the MAGMA CO
data without masking the regions around molecular clouds that are
only detected in the NANTEN survey of the LMC. In the second

experiment, we use the reported positions, sizes, and fluxes of the
molecular clouds from the NANTEN survey of the LMC of Fukui

et al. (2008), to model the molecular clouds as two-dimensional
Gaussian structures. These model clouds are then inserted into the
MAGMA CO map for all clouds that fall outside of the coverage
of the MAGMA observations. These experiments are run with both
available H o emission maps as reference maps: the MCELS map
that includes continuum emission (Ha+) and the SHASSA maps
that is continuum-subtracted (H o —).

Because the MAGMA survey strategy focused primarily on the
brightest CO clouds from the NANTEN survey and neglected the
faintest sources, using the MAGMA survey data without masking
regions of unobserved molecular clouds from the H o emission map
(as is done in the main body of this work) is effectively the same as
introducing a sensitivity limit to the survey, which is then used to
mask the H o maps as well. To assess the impact of this choice, we
repeat the experiment without masking the regions surrounding the
clouds that are only detected in the NANTEN survey. The resulting
CO-to-H o flux ratios and 7co PDF are presented in Fig. B1, which
shows that our results are insensitive to the masking strategy.

We also test how the results are affected by the limited coverage
of the MAGMA survey by adding the NANTEN-only detections as
artificial CO-bright clouds represented by two-dimensional Gaus-
sians, using their positions, sizes, and fluxes as reported in the
NANTEN molecular cloud catalogue. The resulting CO-to-H « flux
ratios and 7co PDF are presented in Fig. B2, which shows that our
results are unaffected by the limited areal coverage of the MAGMA
survey.

The constrained best-fitting parameters for both experiments
carried out in this appendix are listed in Table B1, along with the
results from the two fiducial runs from Section 3 for clarity. Also
shown are the goodness-of-fit parameters and the number of peaks
selected in each tracer for each run. All constrained parameters are
consistent with each other to within the uncertainties, even though the
goodness of fit is lower for the experiment where the missing clouds
from the MAGMA survey are modelled. Taken together, these results
demonstrate 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 survey that are not covered
by the MAGMA survey. 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 o image is used as the reference map. Lower panels: The MCELS H « 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 survey 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 survey that are not
covered by the MAGMA survey. 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 o image is used as the reference map. Lower panels: The MCELS H « 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 survey 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 Nyef Niar tref tco ty A X2

Ho— MAGMA CO Masked (fiducial) 297 347 46705 114t 11E53 79718 0.28
Ho— MAGMA CO Unmasked 307 343 467194 10348 11592 81+18 0.39
Ho— MAGMA CO Modelled 324 403 467704 121430 11#03 75+ 0.36
Ho+ MAGMA CO Masked (fiducial) 276 342 854757 12373 14703 109+22 2.10
Ho+ MAGMA CO Unmasked 274 338 8547997 117830 14494 115422 2.24
Hao+ MAGMA CO Modelled 281 403 854709 124137 11493 96123 0.80
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