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ABSTRACT

We present the first measurement of the lifetimes of Giant Molecular Clouds (GMCs)
in cosmological simulations at z = 0, using the Latte suite of FIRE-2 simulations of
Milky Way-mass galaxies. We track GMCs with total gas mass > 10° Mg at high
spatial (~ 1 pc), mass (7100 Mg), and temporal (1 Myr) resolution. Our simulated
GMCs are consistent with the distribution of masses for massive GMCs in the Milky
Way and nearby galaxies. We find GMC lifetimes of 5—7 Myr, or 1-2 freefall times, on
average, with less than 1% of clouds living longer than 20 Myr. We find increasing GMC
lifetimes with galactocentric radius, implying that environment affects the evolutionary
cycle of GMCs. However, our GMC lifetimes show no systematic dependence on GMC
mass or amount of star formation. These results are broadly consistent with inferences
from the literature and provide an initial investigation into ultimately understanding
the physical processes that govern GMC lifetimes in a cosmological setting.

Key words: galaxies: ISM — ISM: clouds — ISM: evolution

1 INTRODUCTION in the ISM may be important to understanding the internal

states of GMCs (e.g. Faesi et al. 2018; Schruba et al. 2019).

We only now are beginning to understand the connec-
tions between star formation and the life cycle of GMCs.
Constraining the lifetimes of GMCs is critical to constrain-
ing the physics of the cycle of star formation, including how
dense gas cycles through the ISM. The amount of time gas
spends in the star-forming state can explain the long deple-
tion time in galaxies (Semenov et al. 2017), although larger-
scale galactic equilibria ultimately may determine the low ef-
ficiency of galactic star formation (e.g. Ostriker et al. 2010).
In principle, GMC lifetimes are sensitive to the form(s) of

As the birthplace of stars, GMCs are fundamental to our un-
derstanding of star formation and the baryon life cycle. Be-
cause we are entering an era of high-precision measurements
of dense gas in the Milky Way (MW) and nearby galaxies,
we are newly positioned to make great strides in our un-
derstanding of the physics governing GMCs (e.g. Schinnerer
et al. 2019).

The galactic environment, including the dynamical
state of the ISM, affects the properties of GMCs: there is
no universal set of cloud properties across all galaxies. For
example, Sun et al. (2018) find that, for GMCs with a small

range in virial parameters, different galactic environments
can drive wildly different internal states, such as turbulent
pressure. Furthermore, understanding pressure confinement
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stellar feedback that are most critical to truncating star for-
mation (e.g. Lopez et al. 2014; Howard et al. 2017; Kruijssen
et al. 2019).

Recent work, both theoretical and observational, has
shed light on the lifetimes of GMCs. Observational measure-
ments of lifetimes require a statistical approach, because we
cannot track GMCs in real time. Miura et al. (2012) use the
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Figure 1. Maps of gas surface density at z = 0 for the 3 cosmological zoom-in simulations in this work. We show the cold gas surface
density via the greyscale map in the background. We overlay the locations of GMCs, coloured by their mass. Each image is 40 kpc across.
At a given time, we identify ~ 1200 GMCs in m12i, ~ 2700 GMCs in m12m and ~ 1600 GMCs in m12f with M > 105 Me.

connection between the evolutionary states of GMCs and
young stellar objects to infer lifetimes in M33 of 20 — 40
Myr. Another approach is to compare the spatial distribu-
tions of gas tracer peaks and stellar tracer peaks (Kruijssen
& Longmore 2014; Kruijssen et al. 2018). Kruijssen et al.
(2019) infer lifetimes of ~ 10 Myr in NGC 300, based on
the lifetime of the CO emitting gas in the clouds. In the
MW, Murray (2011) estimate lifetimes of massive GMCs of
27 £ 12 Myr. However, these are indirect inferences of GMC
lifetimes.

A large catalog of theoretical work now compliments
these observational studies. Analytical calculations favour
GMC lifetimes of a few crossing/dynamical times (e.g.
Krumbholz et al. 2006; Elmegreen 2007). Recently, Jeffre-
son & Kruijssen (2018) have built upon this work, com-
paring important physical timescales impacting GMC evo-
lution, leading to an estimated GMC lifetime of 10 — 50
Myr. Furthermore, various works have used isolated (non-
cosmological) simulations to achieve the necessary high dy-
namic range across a full galactic disk to disentangle en-
vironmental dependence (e.g. Ward et al. 2016; Grisdale
et al. 2018; Pettitt et al. 2018; Dobbs et al. 2019). Here, one
can track the evolution of single cloud or cloud complex.
Highly resolved studies of individual GMCs have found life-
times of typically ~ 1 — 2 freefall times (e.g. Harper-Clark
& Murray 2011; Grudié et al. 2018). However, these works
do not capture the galactic environment, global evolution,
confinement from the surrounding ISM nor accretion. In iso-
lated (non-cosmological) galaxy simulations, one can mea-
sure GMC lifetimes by tracking mass gain and loss of a full
population of GMCs over time (Hopkins et al. 2012; Dobbs
& Pringle 2013; Grisdale et al. 2019). For example, Dobbs
& Pringle (2013) find cloud lifetimes of 4 — 25 Myr in iso-
lated (non-cosmological) galaxy simulations with imposed
spiral potentials. Similarly, Hopkins et al. (2012) find cloud
lifetimes with a median of 4 — 5 Myr.

Cosmological galaxy simulations now offer new labora-
tories for examining GMC properties and lifetimes directly
in galactic environments in cosmological settings. Suites of
cosmological zoom-in simulations now offer sufficient dy-
namic range across a range of galactic morphologies and
properties, including larger-scale processes like cosmic gas
accretion, wind recycling, and perturbations from satellite

galaxies. These are important sources for driving turbulence
in the interstellar medium (ISM).

In this Letter, we present the first measurement of GMC
lifetimes in cosmological zoom-in simulations of MW /M31-
mass galaxies at z = 0, examining dependence on galactic
environment, GMC mass, and GMC star-formation activity.

2 METHODS

We analyze 3 galaxies from the Latte suite of FIRE-2 cos-
mological zoom-in simulations of MW /M31-mass galaxies
(Wetzel et al. 2016). We ran these simulations using the
FIRE-2 physics model (Hopkins et al. 2018), employing
the Lagrangian meshless finite-mass hydrodynamics code
Gizmo (Hopkins 2015). These simulations explicitly model
stellar feedback from core-collapse and type la supernovae,
stellar winds, photoionization, photoelectric heating and ra-
diation pressure, as detailed in Hopkins et al. (2018), includ-
ing gas heating and cooling across 10-10!0 K. Star formation
occurs in gas that is self-gravitating, Jeans-unstable, cold
(T < 10* K), dense (n > 1000 cm™), and molecular (follow-
ing Krumholz & Gnedin 2011). These simulation have gas
and (intial) star particle masses of 7100 M. Gas hydrody-
namic smoothing is fully adaptive and is identical to force
softening, reaching a minimum of 1 pc (Plummer equiva-
lent), with force softening in the typical ISM (densities ~ 1
cm™3) of ~ 20 pc. The force softening of star and dark-matter
particles is 4 and 40 pc.

We focus on 3 galaxies that are particularly MW /M31-
like in mass and size: m12i, m12m, and m12f (Wetzel et al.
2016; Hopkins et al. 2018; Sanderson et al. 2018). These
span a range in morphology: m12m is a flocculent spiral while
m12f has had a recent interaction resulting in a slightly dis-
turbed morphology. The total stellar masses for m12m, m12i
and m12f are 7.9 x 10'0 Mg, 6.3 x 1010 Mg and 5.1 x 1010
Mg, respectively. The total gas masses for m12m, m12i and
m12f are 2.1x1010 Mg, 1.6x 100 Mg and 2.3x10!0 Mg, re-
spectively as measured within Rgg. For comparison, as mea-
sured within the virial radius, the total baryonic mass of
the MW is 8.5+ 1.3 x 10! M, with 5.1 x 10! Mg in stars
(Bland-Hawthorn & Gerhard 2016). For this work, we re-
simulated these 3 galaxies to store snapshots every 1 Myr
over the final 100 Myr before z = 0. Figure 1 shows gas sur-
face density maps for these 3 galaxies at z=0. Several works
have examined the ISM properties of these simulated galax-
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Figure 2. The distribution of GMC masses in our 3 cosmological
simulations at z = 0. The shaded region shows the range across
different snapshots. We compare to observed GMCs in the Milky
Way (Miville-Deschénes et al. 2017) and M51 (Colombo et al.
2014). Our simulated GMC mass distributions are broadly within
the ranges of those observed, though we note an apparent excess
at low mass, near our resolution limit (20 gas elements).
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Figure 3. The distribution of GMC lifetimes in each of our 3
cosmological simulations at z~0, for clouds with at least 100 res-
olution elements. The mean lifetime is ~ 6 Myr, with less than 1%
of clouds living longer than 20 Myr. Dashed curves show clouds
that hosted any level of star formation; we do not find significant
differences based on star-formation activity. These lifetimes are
broadly consistent with both observational and theoretical work
(typically 10 — 20 Myr); though our average favours shorter life-
times, in the massive GMCs that we resolve.

ies (Sanderson et al. 2018; Orr et al. 2018; El-Badry et al.
2018b,a; Hung et al. 2019; Guszejnov et al. 2019).

2.1 Identifying Clouds

We identify GMCs using a Friends-of-Friends (FoF) algo-
rithm, which groups gas elements based on proximity via
an isodensity threshold. FoF requires a single free param-
eter, the linking length, [, which determines the isodensity
threshold. After extensive testing, we choose a linking length

MNRAS 000, 1-6 (2019)
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of 20 pc for identifying GMCs, which corresponds to a local
density of ~ 30 cm™3. Additionally, we consider only gas el-
ements with hydrodynamic kernel densities > 10 cm™ and
with temperatures below 10* K. We confirmed that these
cuts have no impact on the identified GMCs, but they sig-
nificantly increases the speed of finding. This method is con-
sistent with that of Lakhlani et al. (in prep). Figure 1 shows
the locations of these GMCs, overlaid on the maps of total
gas surface density. We analyze GMCS with more than 20
gas elements, corresponding to a minimum mass of ~ 10°
Mg. Thus, by GMC ‘mass’ we mean the sum of the masses
of all gas elements in the cloud.

Figure 2 shows the properties of GMCs in our simula-
tions at z =0, compared with GMCs observed in both the
MW and M51. For comparison, M51 has a stellar mass of
3.6 x 1010 My and a gas fraction of 0.2 (Shetty et al. 2007;
Leroy et al. 2008; Schinnerer et al. 2013). The MW has a
stellar mass of 6 x 1019 Mg (Licquia & Newman 2015). The
top panel shows the mass distribution of GMCs in our simu-
lated galaxies compared to GMCs in M51 (dot-dashed line)
and the MW (dotted line). We use the M51 sample from
Colombo et al. (2014) and the MW sample from Miville-
Deschénes et al. (2017). The rollover of the GMC mass dis-
tribution for M51 shows the position of the adopted com-
pleteness limit of 3.6 x 10° Mg (Colombo et al. 2014). In
contrast, studies of the MW are complete down to lower
masses (Miville-Deschénes et al. 2017; Roman-Duval et al.
2010). The vertical dashed line shows our resolution limit,
which matches closely the completeness limit for M51. From
this comparison it appears that our simulations produce a
possible excess of GMCs approaching the mass resolution
limit. However, the shape of the mass function at
the resolution limit is particularly sensitive to the
GMC identification algorithm. Further, while we cur-
rently probe only the massive GMCs in our simulations,
in future work we will resolve an order of magnitude lower
cloud mass.

2.2 Tracking the Evolution of Clouds

To track the evolution of clouds, we follow the methodology
used in previous studies (e.g. Hopkins et al. 2012; Dobbs
& Pringle 2013). Given a specific GMC i in snapshot n, we
identify the descendant or progenitor of this GMC (in snap-
shot n + 1) as the FOF group that contains the most total
mass in elements from the original GMC i. We take the refer-
ence GMC at arbitrary snapshots, spaced by 10 Myr to avoid
double counting. We track each cloud forward and backward
until it has lost 50% of its original/reference mass. We also
stop tracking if the cloud’s elements no longer make up the
main constituent after a merger, for example, when a cloud
is absorbed into a larger cloud. In this Letter, we examine
only the subset of clouds that die according to the mass loss
criterion; we will examine clouds that die via agglomeration
into a larger cloud in future work. This agglomerated subset
constitutes ~ 65% of all clouds, and ~ 58% of clouds in our
population of most massive clouds, with N, >100.

Of course, the choice of mass threshold impacts the re-
sultant lifetime measurement. We tested this by examining
lifetimes using mass cutoffs of 1/2, 1/e, and 1/5 of the orig-
inal mass. These lead to small changes to the peak of the
GMC lifetime distribution, increasing it by 1-2 Myr. We also



L4 S. M. Benincasa et al.

Table 1. Mean and standard deviation of GMC lifetimes across
our 3 cosmological simulations, for all GMCs, and those that form
stars. Np, indicates the minimum number of gas elements, effec-
tively a mass threshold.

all GMCs formed stars

Np () Myr) o (Myr) () (Myr) o (Myr)
mi2i 20 6.16 3.14 6.08 2.92

100 6.48 2.8 6.47 2.82
mi2m 20 6.01 3.13 6.29 3.11

100 7.03 2.96 7.08 2.92
m12f 20 5.86 3.04 5.96 2.96

100 6.27 2.6 6.09 2.44

measure lifetimes of the overdense gas cloud as a coherent
unit; we do not follow the creation of destruction of molec-
ular gas, so are not measuring the lifetimes of molecules or
other species within clouds. One should note these caveats
in making comparisons to observationally measured GMC
lifetimes.

3 RESULTS
3.1 The distribution of GMC lifetimes

We now present our first results on GMC lifetimes via cloud
tracking. To increase the number of GMCs in our sample,
we stack the results from multiple snapshots in the 100 Myr
preceding z = 0. To prevent double-counting, we space the
reference snapshots to be 10 Myr apart, comparable to the
longest GMC lifetimes that we find. Figure 3 shows the dis-
tribution of GMC lifetimes. We include only GMCs beyond
galactocentric radius of 1 kpc, and we examine only our
most resolved clouds, with more than 100 elements. Solid
lines show all GMCs, while dashed lines show only those
that formed stars during their lifetime. We find a mean life-
time of ~ 6 Myr, with a maximum lifetime of 20 Myr. Table 1
lists these mean lifetimes with their 1-sigma scatter.

3.2 The variation of GMC lifetimes with
environment and GMC properties

The distributions of GMC lifetimes in Figure 3 show little
galaxy-to-galaxy variation. We now ask how these lifetimes
depend on GMC properties and location. Figure 4 shows
how GMC lifetimes depend on galactocentric radius (top),
fraction of mass in a cloud that is converted to stars dur-
ing its lifetime (middle), and GMC mass at selection time
(bottom), averaged across the 3 simulated galaxies. For the
top and bottom panels, we include the full population of re-
solved GMCs, but in the middle panel we include only the
most-resolved population, with N, >100.

Figure 4 shows that GMC lifetimes increase slightly
from the center to the edge of the galaxy, by ~ 2 Myr on
average. This is consistent with the trend of the galactic
free-fall time with galactocentric radius, which similarly in-
creases by ~ 2 Myr from the inner to outer-most parts of the
galaxies. Here, the free-fall time, t7r = \/E3/327er), is mea-
sured on 100 pc apertures centred on the GMCs. Another
key question is what, if any, influence star formation has on
GMC lifetimes. Across all of our clouds, 64% form at least

galactocentric radius m12i
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Figure 4. The dependence of GMC lifetime on galactocentric
radius (top), mass of stars formed in the GMC (middle), and
GMC mass (bottom). In each case, the shaded region denotes the
1 — o variation and the black line denotes the mean trend. In the
middle panel, we consider only the most resolved clouds, with
more than 100 elements. Only for the galactocentric radius do
we separate clouds based on their host galaxy, as different galaxy
show different environmental variation. We find a slight increase
in both the cloud lifetime as a function of radius and as a function
of cloud mass, however, little dependence on the amount of star
formation

one star particle during their lifetime. As Figure 4 (middle)
and Table 1 show, we find no dependence of GMC lifetime
on the mass of stars formed over its lifetime. It is intrigu-
ing that the amount of star formation appears to play little
role in affecting the GMC lifetime. Finally, as Figure 4 (bot-
tom) shows, the lifetime does increase somewhat with GMC

MNRAS 000, 1-6 (2019)



mass. This is consistent with trends seen in other work (e.g.
Oklopcié et al. 2017; Hopkins et al. 2012).

In future work, we will use even higher-resolution simu-
lations to pose these question across a larger range of GMC
masses, including any differences between GMCs with dis-
persed star formation versus dense massive clusters.

3.3 Observational methods of determining GMC
lifetimes

To make meaningful comparisons to observational inferences
of GMC lifetimes, one must understand the methods and
assumptions used. In this work, we measure GMC lifetimes
via the length of time that gas remains in an identified over-
dense structure. Many different definitions of GMC lifetimes
have been used, ranging from the emission lifetime of CO to
the lifetime of Hy molecules themselves, and it is important
to understand these differences as we make comparisons to
observationally determined lifetimes. We will pursue similar
observationally based metrics of cloud lifetimes and com-
parisons of these in future works. However, for context, we
review and compare to findings from a selection of other
methods.

One approach is to infer lifetimes based on the positions
of GMCs along HI filaments. In M33, for example, most
GMC s still are associated with their HI filaments, which
suggests that they do not live long enough to drift across/off
the filament: using this method, Engargiola et al. (2003)
infer an upper limit of 10 — 20 Myr on GMC lifetimes.

Another approach is to assume that GMCs go through
different evolutionary states and classify them accordingly:
this method requires correlating catalogs for GMCs, HII re-
gions, and young stellar objects. Using this methodology in-
ferred multiple studies have inferred that GMC lifetimes are
20 - 40 Myr (e.g. Kawamura et al. 2009; Miura et al. 2012).

Kruijssen & Longmore (2014) and Kruijssen et al.
(2018) use a statistical method to measure GMC lifetimes.
This is enabled using the uncertainty principle for star for-
mation, which assumes that there is a correlation between
GMCs and star-forming regions at different scales. Krui-
jssen et al. (2019) applied this method to NGC 300, inferring
GMC lifetimes of ~ 10 Myr (Kruijssen et al. 2019).

In summary, observational inferences suggest GMC life-
times of 10 — 40 Myr. In comparison, our cosmological sim-
ulations of MW /M31-like galaxies, which resolve massive
GMCs, have mean lifetimes of ~ 6 Myr and maximum life-
times of ~ 20 Myr. While our measurements favour shorter
lifetimes, they are broadly consistent with both numerical
(e.g. Dobbs & Pringle 2013; Grisdale et al. 2019) and ob-
servational studies (see above). It is worth noting that these
initial results are sensitive to the method used. Specifically,
the mass fraction required for cloud survival plays a large
role. Lowering this limit can increase the cloud lifetime by
at most a factor of 2.

4 SUMMARY AND CONCLUSIONS

For the first time we have measured the lifetimes of GMCs in
cosmological simulations. We find an average lifetime of 5-7
Myr, with few clouds surviving past 20 Myr. We find little
variation in the distribution of GMC lifetimes across our 3

MNRAS 000, 1-6 (2019)
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simulated galaxies (m12m, m12i, and m12f). We find limited
dependence of the lifetime on GMC mass, although we can
resolve only the most massive clouds, with total gas mass 2
10° Mg, and we see little dependence on the star formation
activity in the cloud. We do find weak dependence of GMC
lifetime on galactic environment, with a small increase in
the cloud lifetime with increasing galactocentric radius.

The GMC lifetime may be set, in part, by transient com-
pression of gas as it moves through the spiral arms. We plan
to explore whether the forcing of structures on timescales
shorter than the orbital is contributing to our overall cloud
lifetimes. Forthcoming papers will focus on better under-
standing the connection between GMCs and star formation,
including how cloud lifetimes vary as a function of environ-
ment and cloud evolutionary history.
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