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Abstract

The “tuning-fork” (TF) analysis of CO and Ha emission has been used to estimate the lifetimes of molecular
clouds in nearby galaxies. With simple model calculations, we show that this analysis does not necessarily estimate
cloud lifetimes, but instead captures a duration of the cloud evolutionary cycle, from dormant to star-forming, and
then back to a dormant phase. We adopt a hypothetical setup in which molecular clouds (e.g., traced in CO) live
forever and form stars (e.g., HII regions) at some frequency, which then drift away from the clouds. The TF
analysis still returns a timescale for the immortal clouds. This model requires drifting motion to separate the
newborn stars from the clouds, and we discuss its origin. We also discuss the physical origin of the characteristic
spatial separation term in the TF analysis and a bias due to systematic error in the determination of the reference

timescale.

Unified Astronomy Thesaurus concepts: Star formation (1569); Molecular clouds (1072); Galaxy evolution (594);

Interstellar medium (847)

1. Introduction

Recently, the “tuning-fork™ (TF) analysis has been applied to
CO and Ha emission maps of nearby galaxies (Schruba et al.
2010; Kruijssen & Longmore 2014; Kruijssen et al. 2018).
These analyses have been interpreted to indicate short lifetimes
of molecular clouds (5-30Myr; Kruijssen et al. 2019;
Chevance et al. 2022, 2023; Kim et al. 2022). A fundamental
assumption for these conclusions is that molecular clouds die
shortly after their first star formation (SF) events. However,
even if clouds live forever with occasional SF that then
undergoes relative drift with respect to the clouds, this method
returns some timescale, which is not a cloud lifetime. In this
paper, we demonstrate this and reconsider the meaning and
significance of this method.

The TF analysis is built on two earlier developments. First,
Kawamura et al. (2009) analyzed molecular cloud populations
in the Large Magellanic Cloud. They classified clouds
according to SF phases (clouds with no massive SF, with
HTII regions, and with HII regions and young clusters), and
counted the number and fraction in each phase. Using a typical
age of the star clusters as an absolute reference duration in the
last phase, they translated the population fractions into the
durations that clouds spend in each phase. They assumed that
clouds die after the Type III phase and summed up the
durations in Type I, II, and III to estimate a cloud lifetime of
20-30 Myr.

Second, Schruba et al. (2010) introduced a TF analysis to
measure a size scale beyond which local fluctuations of CO and
Ha emission average out. They plotted the CO/Ha flux ratio
with increasing aperture size. They set CO or Ha peaks at
aperture centers, which form the upper and lower branches of
the TF, respectively. The two branches show a large separation

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

at small apertures, but approach and merge toward larger
apertures. They took the aperture at the merging point as the
“average-out scale” of ~300 pc in M33.

Kruijssen & Longmore (2014; hereafter, KL14) and
Kruijssen et al. (2018; hereafter, K18) combined these two
approaches. They showed that the two branches of the TF, as
they approach and merge from small to large scales, carry the
information of the physical size and timescales involved in the
SF process. They derived equations to extract the size and
timescales from an observed TF diagram. This method is
intrinsically an extension of the population analysis (Kawa-
mura et al. 2009), although their equation used the CO/Ha flux
ratio, that is, the flux-weighted number ratio of molecular
clouds in different SF phases, instead of the pure number ratio.
For an absolute scale in time, they used a typical lifetime of H II
regions of ~4.32 Myr (Haydon et al. 2020; roughly a main
sequence lifetime of very massive ~50 M, stars from Schaller
et al. 1992), instead of the age of stellar clusters. Hence, their
cloud/SF sequence is slightly different from the one in
Kawamura et al. (2009), and runs from clouds without HII
regions, to those with H1I regions, and to HII regions without
clouds (Figure 1(A)). By applying their equation to CO and Ha
observations, Kruijssen et al. (2019), Chevance et al. (2022),
and Kim et al. (2022) obtained timescales of 5-30 Myr, which
they interpreted as cloud lifetimes.

Such short molecular cloud lifetimes are not in alignment
with some observations. First, the molecular gas fraction over
the total molecular and atomic interstellar medium is often high
in galactic disks (250%, e.g., Scoville & Hersh 1979; Wong &
Blitz 2002; Koda et al. 2009, 2016). It is difficult to reform the
clouds from the diffuse atomic interstellar medium on short
timescales to compensate for the rapid cloud destruction
(Scoville & Hersh 1979; Koda et al. 2016). Second, molecular
clouds with and without SF are unevenly distributed in galactic
disks. The clouds with SF are mostly along spiral arms, and
those without SF are in the interarm regions (e.g., Koda et al.
2023). Given disk rotation timescales of order 200 Myr, the
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Figure 1. Schematic presentations of (A) mortal molecular clouds by KL.14 and K18, and (B) immortal clouds with infinite lifetime. In case A, t,,; is the lifetime of
gas cloud, 7., is the timescale in which a cloud contains a star particle (SF tracer peak), #y,, is the lifetime of a star particle, and f, is the total duration between the
birth of a cloud and the death of its star particle. In case B, clouds live forever and repeat an SF cycle. The definitions of the timescales are the same as in case A,
except for 74, which is the timescale of one SF cycle in a gas cloud. In both cases, fiot = fgas + star — fover- NOte, case B involves a relative drift velocity, Varifi,

between stars and clouds.

clouds cannot move from the interarm regions to spiral arms
within the suggested short lifetimes of 5-30 Myr.

In this paper, we demonstrate that the TF analysis returns a
finite “cloud lifetime” even when molecular clouds live forever,
as long as there is a relative drift velocity between the formed
stars and their natal molecular clouds. This analysis does not
necessarily trace cloud lifetimes, and so the interpretation of the
results needs to be altered.

The TF analysis is applicable to any tracer of gas clouds and
SF. We use the term “cloud,” or occasionally “gas,” for gas
cloud tracers. In observations, the CO emission is often used to
trace this component. We also use “‘star particle,” or simply
“star,” for SF tracers. The Ha emission (i.e., HII regions) is
most commonly used for this component, but other tracers,
such as young star clusters and UV emission, are also possible.

2. Method

We apply the TF analysis to two simplified cases (toy
models): (A) molecular clouds are mortal and have a finite
lifetime as assumed by K18, and (B) they are immortal and live
forever with an infinite lifetime.” The clouds are distributed
over a disk, occasionally form stars, and eject them into the
intercloud space. The stars drift away from the clouds, as is
consistent with observations (e.g., Leisawitz et al. 1989;
Peltonen et al. 2023), and die after their lifetime. The drift
will be discussed further in Sections 3.3 (a case of no drift) and
4 (origin of the drift).

Figure 1 illustrates the lifecycle of molecular clouds (A) for
the mortal clouds, and (B) for the immortal clouds. We
simulate the evolution of the spatial distributions of the clouds
and stars under each of these scenarios. Figures 2 and 3 (left)
show example snapshots of the locations of clouds (blue) and
star particles (red). We apply the TF analysis to each snapshot.
The details of each setup are discussed in Section 3.

5 In practice, the term “immortal” in this work means that the clouds are very

long-lived compared to the other timescales in the evolution that we
discuss here.

Case A is designed to test the validity of our setup, i.e., in
comparison to the previous results of KL14 and KI18. By
contrast, case B shows that the TF analysis can be fit to the
immortal clouds and return a finite timescale, but which should
not be interpreted as a cloud lifetime.

2.1. The Observational Tuning-fork Diagram

From the cloud and star distributions in each time step, we
calculate the “normalized relative gas-to-star flux ratio,” B°®,
as a function of aperture size, . First, we draw a subsample of
gas clouds (or star particles), Syc, using Monte Carlo
realizations (see below) and calculate B°™ for this subsample,

Fas
o | M
F star

where p=gas or star (depending on which object type
apertures are centered on). Here, Féas(l) and I*fqitar(l) are the
gas and star fluxes within an aperture of diameter / around an
emission peak i, while Fyp, and Fy, are the total gas and star
fluxes in the disk and are used to normalize the ratio. The
summations are taken over clouds (gas peaks) for the top
branch of the TF plot (e.g., blue dots in the right panels of
Figures 2 and 3) and over star peaks for the bottom branch (red
dots). We generate an Nyc set of subsamples {Syc} and

average them to obtain

EiESJvlchias 0]
ZiESMCFSitar 0]

B;)bS,SMC (l) —

, 1 .
B™() = — > B 2)

MCse{Syuc}

K18 generated the subsamples to avoid aperture overlaps
and double counts of gas (or stars). Each subsample includes
only the gas clouds (or star particles) whose apertures do not
overlap each other.

Note that if all the gas peaks and star peaks have the same
fluxes, respectively, the ratio of the summations in Equation (1)
give, e.g., the population of clouds that have associated SF (the
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Figure 2. Snapshot of a randomly sampled uniform distribution of clouds at # = 300 Myr. Top: case A—mortal clouds. Bottom: case B—immortal clouds. The input
parameters are shown in the right panels (top-right corners). Left: the gas/cloud distributions in blue. They occasionally form star particles (red) with a lifetime of g,
at a probability of psg = At/ts, in each At = 1 Myr time step. The gas clouds do not move from their birth locations. The star particles stay /overlap with the clouds
for #,yer and then drift away from the clouds and travel for the rest of their lives. Their drift velocity is vgg in a random direction. The black lines connect the start
points (clouds) and end points of the stellar trajectories, but are short and often hidden behind the other markers. In case A (top), clouds die/disappear at the end of the
overlap period #,yer, and the same number of clouds are redistributed uniformly over the disk (the total number N, stays constant). In case B (bottom), clouds live
forever and stay at the same locations throughout the simulation. Right: the TF fits. The blue and red dots are from Equation (2) for gas clouds and stars, respectively.
The solid lines are fits of Equations (6) and (7). The fit results are also presented (bottom-right corners).

top branch). In this sense, the TF analysis is similar to the
population analysis by Kawamura et al. (2009).

2.2. The Model Tuning-fork Equations

Figure 1(A) shows the lifecycle of mortal clouds (case
A). KL14 and K18 assumed that clouds are born and live for a
duration of fgz,,. Within their finite lifetime, they form star
particles (star clusters, HII regions, etc.), live with them for a
duration of ..., and are dispersed (presumably) by stellar
feedback. The lifetime of star particles is fy,, including f,ye-
The total cycle from cloud birth to stellar death is f, and f,
=tgas + star — lover- The cloud and star particles have constant
fluxes, fyas and fr, respectively. With this picture, KL14

and K18 derived their TF fitting equations by evaluating the
relative gas-to-star flux ratio in an aperture of size /,

F Fan(D

Bmod(l) — .
Foas Faiar (D

gas

3)

They split a galactic disk into many small areas of size A and
assumed that they are independent of each other in terms of SF.
Within an aperture of size /, the number of the small areas is
Ny~ (/ )\)2. If the fraction of the N, areas that contribute to SF
activity (either by having gas or stars) is 7, the number of the
areas that would have a cloud is NNy(fgas/fo). When the
aperture is intentionally centered on a cloud, the number is
1+ NN \(tas/tior)- A statistical average of aperture flux centered
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Figure 3. The same as Figure 2, but for the exponential disk plus spiral arm distribution. We set the disk radius Ry, = 5 kpc, scale length of the exponential disk
h = 3 kpc, spiral arm width parameter w = 0.6 kpc, and pitch angle i = 30°. As in Figure 2, the immortal clouds with occasional SF produce a TF pattern if the stars
drift away from the parental clouds (bottom-right panel). In this case the TF fit returns f,,,, which is not a cloud lifetime.

on gas clouds is then

Feas(D) = foas [1 + nNA(tgas)]. 4)

Tiot

The central cloud would have a star at a probability of foye;/ Lgass
and its statistical average flux is fiar(fover/fgas)- The number of
the other stars in this aperture is nN)(fywr/%o). Hence, the
statistical average of stellar aperture flux in this case is

Fs?gr(l) :f;tar (toﬂ) —+ T]N/\(tstar) ] (5)

gas Tiot

If the galactic disk has N, small areas of size ), then the
numbers of clouds and star particles over the disk are
NNiot(tgas/to)  aNd  NNior(tsrar/tior), and  their fluxes are
Féi; = féas nlvtot (tgas/ttot) and F:t?r = fs‘lar 77]vtot (tstar/ttot)a respec-
tively. Hence, the relative gas-to-star flux ratio in an aperture of

size [ centered at a gas cloud is

1 + (tgas/ttol)(l/)\/)2

Bmod(l — ,
) (fover/Tstar) + (fgas/to) (1/ N)?

gas

(6)

where X = 1172\,
From a similar consideration, the relative gas-to-star flux
ratio in an aperture of size [ centered at a star particle is

(fover/Tgas) + (Tstar/tiot) L/ N)?
1+ (tstar/ttot)(l/X)z

These equations are the same as Equations (15) and (16)
of KL14, but are a simplified version by setting their flux
evolution terms 3, = 1 and 3, = 1, since the fluxes are assumed
to be constant in our work. K18 also took into account spatial
extents of the clouds and star particles (in their Equations (81)
and (82)), but our particles are, for simplicity, assumed to be
points without size. We also note that KL.14 and K18 did not
account for the 7 term, and their X is equal to Y in this work.

BRod(]) =

(N
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We will discuss these parameters and their implications on
estimating the physical scale of SF in Section 4.3.

2.2.1. Fit

The observed TF diagram is fit with Equations (6) and (7).
There are only three free parameters: fg, fover, and X. We
assume fty,, 1S known. We run a grid search in the three-
dimensional space to minimize

X2 =Y [(log B (1) — log BE (1))
1

+ (log Bo (1) — log B (D)2 1. 8)

3. Results

We apply the TF analysis to mortal clouds (case A;
Figure 1(A)) and immortal clouds (case B; Figure 1(B)) for a
uniform cloud distribution (Section 3.1) and exponential disk
plus spiral arm distribution (Section 3.2). The case A examples
in the following sections are given to confirm the validity of
our toy setups for the tests of the TF analysis. The case B
examples demonstrate that the TF analysis returns a finite
“cloud lifetime” for the immortal clouds.

3.1. Uniform Distribution

Figure 2 (left) shows snapshots of this setup for mortal (top)
and immortal clouds (bottom). The molecular clouds (blue
points) are uniformly distributed over a galactic disk with a
radius Ry, = 5 kpc. The number of clouds is Ng,s = 1000. The
simulations are run from ¢ =0 to 500 Myr with a time step of
At =1Myr. The clouds are fixed at the birth locations and do
not move spatially.

We adopt 5, =30Myr. This parameter has different
physical meanings in case A and B. It is an average cloud
lifetime in case A (mortal clouds), and a timescale of the SF
cycle in case B (immortal clouds).

The clouds form star particles at a probability of
Psk = At/tges =1/30 in each time step. The star particles stay
on top of the parental clouds for an overlap period of
tover =5 Myr (Peltonen et al. 2023). Then, they drift away at
a speed of vy = 10km s ! (Leisawitz et al. 1989; Peltonen
et al. 2023). The star particles die after their lifetime of
tsear = 20 Myr (including 7,y.;), which is about a main sequence
lifetime of ~12 M, stars (e.g., Schaller et al. 1992). (Note that
the star particles represent multiple stars, similar to star clusters
or associations. The observed age spread in OB associations is
a few to a few tens of Myr; Wright et al. 2023.) The cloud and
star particles are assumed to maintain constant fluxes, f,,s and
fstars TESPECtively.

The clouds die in case A, but otherwise do not lose any mass
by SF for the duration of simulations (500 Myr). This
assumption is justified for the long gas consumption time of
~2 Gyr in observed galaxies (e.g., Bigiel et al. 2011).

3.1.1. Mortal Clouds (Case A)

Figure 2 (top) shows a snapshot at =300 Myr. The initial
set of clouds have a uniform age distribution between 0 and
30Myr (=tgss). The clouds form star particles and die/
disappear after the overlap period. The same number of new
clouds are replenished and distributed uniformly over the disk.

Koda & Tan

Thus, Ngus = 1000 remains constant. The drift directions of the
star particles are set randomly.

After about one cycle ~f,, the system reaches an
equilibrium. Statistically, we expect Ny = (fypar/ Igas)Ngas ~
667. Figure 2 (top) shows Ny, = 674, which is consistent with
the expectation.

We calculate the TF diagram for each snapshot
(Equation (2)) and fit the TF equations (Equations (6) and
(7)). We adopt Nyic = 100 (Section 2.1). The top-right panel of
Figure 2 shows a TF pattern and fitted lines for the snapshot.
This panel also shows the input parameters (top-right corner)
and fit results (bottom-right). The results of (gas, Zover) = (33.3,
5.1)Myr are close to the input values of (30.0, 5.0) Myr.
Therefore, our simplified setup is viable to test the TF analysis.

The derived X = 234 pc is close to the maximum star drift
distance of 230 pc (=Vrifi(fstar — fover)), bUt also to a typical
separation of 228 pc between regions involved in SF activity
(having either gas or star). In Section 4, the meaning of X will
be discussed: unlike (Zgas, Zover)s N depends on the global gas
distribution, not only on the local properties of SF activity
(such as drift distance). To estimate the separation mentioned
above, we start from Ng,s=1000 and Ny, =674 in this
snapshot. The number of gas cloud and star particles that
overlap on top of each other is ~168, by averaging two
estimations: Ngas(fover/feas) ~ 167 and  Nyeu(over/tstar) ~ 169.
Hence, the number of independent regions involved in SF is
Nina=1506 (= 1000 4+ 674 — 168). An expected typical
separation is (7ng26lS /Ning)!/? ~ 228 pe.

3.1.2. Immortal Clouds (Case B)

The setup is the same as that in Section 3.1.1, except that the
clouds live forever (immortal). Thus, the clouds do not
disappear nor are they replenished. For simplicity we assume
the clouds stay at their initial locations throughout the
simulation and keep forming star particles at the same
probability psE.

The bottom-left panel of Figure 2 shows a snapshot at
t=300Myr. The cloud and star distributions result in a
reasonable TF diagram (the bottom-right panel). The TF fit
provides (fgas, fover) = (34.9, 7.2) Myr, which is close to the
input values of (30.0, 5.0) Myr. There are slight deviations
between the data and fits in the TF diagram. Such slight
deviations have been seen in previous observational analyses
(e.g., Figure 2 in Chevance et al. 2020 and Figure 1 in Kim
et al. 2022), and are not important for the main discussion in
this work.

Therefore, we conclude that the TF analysis returns a result
even when its basic assumption for cloud mortality is invalid.
The t4,, returned by the fit is not a cloud lifetime, since the
clouds are immortal by definition, but is rather related to a
timescale of the SF cycle within the immortal clouds.

3.2. Exponential Disk + Spiral Arm Distribution

We use the same setup as in Section 3.1, but adopt the gas
distribution following a radial exponential disk profile plus
two-arm spiral pattern. For the distribution, we draw random
numbers by combining the two probability distribution
functions (PDFs). For the exponential disk with scale length
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h, the PDF is
r
Pexp(r) = eXP(*;)’ 9)

in cylindrical coordinates. For a two-arm spiral pattern,
- g
Rpiral(rs 0) = R:xp(r)(coslie +P1n(z)]) s (10)

where p = cot(i) with the spiral pitch angle 7, and

for r < w/cos~1(1/2)
otherwise.

_ 1’
7= {—an/[ln(cos(w/r))], an

This Pgpyiry roughly maintains the width of the spiral arm
beyond r = w/cos!(1/2). We adopt R, =5 kpe, h =3 kpc,
w=0.6 kpc, and i = 30°.

We distribute 400 clouds in the exponential disk and 600 in
the spiral arms with the total of Ng,s = 1000. Figure 3 (left)
shows snapshots at 300 Myr. The drift directions of the star
particles are not random, but follow the clockwise circular
rotation. The other parameters are the same as those in
Section 3.1.

3.2.1. Mortal Clouds (Case A)

Figure 3 (top) shows the case of mortal clouds at a snapshot
of £ =300 Myr. The clouds die after the overlap period, and the
same number of clouds are replenished with the same PDFs.

The TF analysis results in (fgas, fover) = (33.0, 5.5) Myr,
which is again close to the input values of (30.0, 5.0) Myr. This
example shows that the (fgas, fover) €stimates from the TF
analysis are insensitive to the global gas distribution, but
capture the timescales relevant for the local physical processes
for SF.

The derived X = 183 pc is smaller than the value derived for
the uniform distribution (=234 pc in Section 3.1.1), though
Ngas and Ny, are very similar. Therefore, X' depends on the
global distribution and is not a measure of the local physical
processes for SF.

3.2.2. Immortal Clouds (Case B)

Figure 3 (bottom) shows that immortal clouds give very
similar results as for mortal clouds (Section 3.2.1). Even when
the clouds live forever, the cloud and star distributions produce
a TF pattern, and the TF fit results in (fgas, Zover) = (35.6,
7.2) Myr (see Figure 3 bottom-right). Again, the TF analysis
returns a timescale even when the clouds are immortal, with
this 7,5 being related to the timescale of the SF cycle in the
immortal clouds, rather than a cloud lifetime.

Figure 4 is the same as Figure 3 (bottom-right), but for
Varire = 10 and 30 km s ! (columns) and fg,s =30, 40, and
50 Myr (rows). In all cases, the fitted 7y,, and 7y, are close to
the input values.

3.3. Stellar Drift

Stellar drift with respect to natal clouds is a key assumption
in this work. To see the importance of v4;s, We adopt the same
parameters as in Section 3.1, but set vgr=O0kms ' and
5kms L. Figures 5(a)—(d) show the TF diagrams for (left)
Varire=0km s~ and (right) 5kms !, and for (top: case A)
mortal clouds and (bottom: case B) immortal clouds.
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Figure 4. TF plots of immortal clouds. The same as the bottom-right panel
(immortal clouds) of Figure 3, but for different values of vgys and

foas Vaire=10kms™' (left) and 30kms™' (right); fg, =30 Myr (top),

40 Myr (middle), and 50 Myr (bottom).

The mortal clouds (case A) die after SF (after ¢,,.,), and hence
there are star particles that do not spatially overlap with clouds.
This situation can produce a TF pattern even when they do not
move away from the locations of the parental clouds. In this
model, the maximum star drift distance (=vgn(siar — fover)) 18
the only size scale that characterizes the local properties of SF
activity. It varies as 0, 76, and 153 pc for vg;x=0, 5, and
10km s, respectively. However, their X values are almost the
same (234, 236, and 236 pc, respectively; see the top panels of
Figures 2 and 5). Thus, the N from the TF fit does not
necessarily represent the local SF scale.

The immortal clouds (case B) do not produce a TF pattern
when vgig=0kms ' In Figure 5(c), the top branch (blue
points) stays constant at a value close to unity. Since stars do
not move away from the immortal clouds, all stars overlap with
their parental clouds, which makes the top branch flat. This
example shows that the clouds and stars have to be spatially
separated to form a TF pattern. Thus, if the clouds are
immortal, the stars must drift away from the clouds to produce
a TF pattern.

Figure 5(d) shows the case for v4ir = 5 km s~ ! for immortal
clouds (case B). The maximum star drift distance is 76 pc.
Hence, when an aperture size is larger than ~76 pc, all stars
coexist with their parental clouds within the aperture. This
situation is the same as the one explained above for



THE ASTROPHYSICAL JOURNAL, 959:1 (10pp), 2023 December 10

10! 10!

Input b Input
a s = 30.0 Myr tyes = 30.0 Myr
Lover = 5.0 Myr

Corars = 20.0 Myr
Ve = 0 km/s

e = 34.7 Myr
Lover = 5.3 Myr
Lotars = 20.0 Myr
A'=236 pc

s = 33.7 Myr
Laver = 5.1 Myr
totars = 20.0 Myr
A= 236 pc

Relative change of gas-to-SFR flux ratio
g

Relative change of gas-to-SFR flux ratio
=
2

107 10° 102 10°
Aperture size [pc] Aperture size [pc]

d Input
tyas = 30.0 Myr
Loy

At

e =313 Myr
tover = 14.9 Myr
Gotars = 20.0 Myr
N =218 pc

Relative change of gas-to-SFR flux ratio
Relative change of gas-to-SFR flux ratio

107 10
Aperture size [pc]

Aperture size [pc]

Figure 5. The same as Figure 2 (uniform distribution), except for (left)
Variee = 0 km s™! and (rght) Vg = 5 km s—L Top: mortal clouds; bottom:
immortal clouds. In the case of vg;ir = 0 km s ™! (no drift), the stars do not drift
away from the parental clouds. Hence, there are no stars without overlapping
parental clouds when the clouds are immortal. Thus, the top branch (blue) of
the TF pattern stays at a value close to unity in panel (c).

Varre = 0 km s !, and thus, the top branch is flat at large
aperture size. The apertures smaller than this distance can form
a TF pattern as in this figure.

3.4. Star Formation Probability with Galactic Rotation

We adopt the same parameters as in Section 3.1.2 (uniform
distribution, case B immortal clouds), except for the SF
probability. We assume that the SF timescale is regulated by
galactic rotation (dynamics). We use psg = At/(byoitior); (€.
Tgas = Drotror), Where o = 27R / Ve 18 the timescale of galactic
rotation and b, is related to the efficiency of the SF process.
We adopt Vo =200km s7! and b, =02 (and also test
boy = 0.4).

This model and the adopted parameters are motivated
empirically by the dynamical Kennicutt—Schmidt relation
(Kennicutt 1998), i.e., Ygpr X Xgasf), where () is the orbital
angular frequency. This dynamical regulation of SF is expected
in a variety of theoretical models, including shear-driven
cloud—cloud collisions (Gammie et al. 1991; Tan 2000; Tasker
& Tan 2009; Li et al. 2018), spiral arm passage (Wyse &
Silk 1989), and the growth of large-scale instabilities (e.g.,
Elmegreen et al. 1994; Wang & Silk 1994; Silk 1997; see
Section 4.2 for further discussion).

Figure 6 shows the results of this model, which also
produces TF diagrams. Since f,4,, changes with galactic radius,
we reference to an average ty,, over all clouds, which is shown
in the top-right corners. We find that the TF fit provides an
estimate for the average timescale of SF cycle in these immortal
clouds.

4. Discussion and Summary

We have demonstrated that the TF analysis does not
necessarily provide an estimate of cloud lifetimes. Immortal
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Figure 6. The same as Figure 2 (uniform distribution), except for psp = At/
(brottror)s 1.€., tgas = brotror With the galactic rotation timescale f,; and the
efficiency of (a) by, = 0.2 and (b) b, = 0.4.

clouds with occasional SF can produce a TF pattern if the stars
drift away from their parental clouds. The TF equations
(Equations (6) and (7)) can fit this TF pattern and return 7y, and
Tover- This tg, is not the cloud lifetime, but a timescale of the SF
cycle in the immortal clouds. While the previous TF analyses
were interpreted as implying short cloud lifetimes (Kruijssen
et al. 2019; Chevance et al. 2020; Kim et al. 2022), we
conclude that scenarios involving very long-lived clouds are
also compatible.

As a result of the high molecular gas fraction and uneven
distributions of clouds with and without SF over galactic disks
(Section 1), we consider that scenarios for long-lived clouds are
favored, especially in the samples used to define most of the
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dynamic range of the Kennicutt-Schmidt relation
(Kennicutt 1998).

Our work has utilized a very simple toy model. Some of the
simplifications adopted here can easily be questioned. How-
ever, the “cloud lifetimes” derived with the TF analysis have
often been granted without much consideration of some other
possibilities such as the one presented in this work. Therefore,
the result that the TF analysis returns “cloud lifetime” for
immortal clouds is important for molecular cloud studies.

While the model in this work is intentionally kept simple,
there are other potentially important physical processes in
cloud evolution, for example: various forms of stellar feedback;
ram pressure and tidal force of surrounding gas, including
dense clouds; accretion of gas from the environment;
and shearing effects in galactic disks, including spiral arms
(from numerous works in the literature: Williams &
McKee 1997; Dobbs & Pringle 2013; Renaud et al. 2013;
Walch et al. 2015; Kim et al. 2016, 2021; Baba et al. 2017;
Kim & Ostriker 2018; Vazquez-Semadeni et al. 2018; Fujimoto
et al. 2019; Smith 2020; Jeffreson et al. 2023; Skarbinski et al.
2023). Clouds can also fragment into smaller clouds or
coagulate into larger clouds (e.g., Scoville & Hersh 1979;
Tan 2000; Koda et al. 2009; Tasker & Tan 2009; Dobbs &
Pringle 2013; Tan et al. 2013; Inutsuka et al. 2015; Kobayashi
et al. 2017, 2018). The validity of the TF analysis on clouds in
such various evolutionary paths needs to be tested in the future.

If cloud evolution involves such loss or gain of mass, the
definition of “cloud lifetime” would need a clarification. As a
definition, we favor the full duration that the gas is molecular in
molecular clouds, and hence is in a prerequisite condition for
potential SF. Most cloud studies stem from interests in SF, and
it is more relevant to adopt the full duration that the gas can
potentially form stars as cloud lifetimes (Scoville &
Hersh 1979; Koda et al. 2023).

4.1. The Stellar Drift Velocity—V 4

The stellar drift is a key assumption in this work
(Section 3.3). Unless stars move away from their parental
clouds at some point in their evolution, the TF pattern is not
produced. Observationally, there are young stars, star clusters,
and H1 regions that are not closely associated with their
parental clouds.

The stellar drift naturally arises in scenarios where SF is
triggered by cloud—cloud collisions (Scoville et al. 1986;
Tan 2000; Tasker & Tan 2009; Fukui et al. 2014, 2021), since
the compressed regions of the clouds have significantly
different velocities, of order the initial collision speeds, from
the parts of the clouds not involved in the collision. Typical
collision speeds in a shearing disk are ~10-20km s~ ' (Li et al.
2018). Relative motion can also be induced due to stellar
feedback, gas accretion, and/or cloud fragmentation and
coagulation, although some of these mechanisms would also
tend to erode the molecular clouds.

4.2. The Dynamical SF Model—Db,,,

The SF model regulated by galactic rotation reproduces the
TF pattern (Section 3.4). This setup is motivated in particular
by the model in which SF is triggered by shear-driven cloud—
cloud collisions in a galactic disk with an approximately flat
rotation curve (Gammie et al. 1991; Tan 2000; Tasker &
Tan 2009; Li et al. 2018). The collision model also predicts
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b0t~ 0.2 as adopted in this work. By linking the cloud
collision timescale to the galactic rotation time, i.e., a global
dynamical time, this model, similar to those invoking other
dynamical processes, such as spiral arm passage (Wyse &
Silk 1989) or growth of large-scale instabilities (e.g., Elme-
green et al. 1994; Wang & Silk 1994; Silk 1997), is then able to
explain the dynamical Kennicutt—Schmidt relation (Kenni-
cutt 1998), i.e., Xspr X Xgasf2. This relation predicts that a
constant fraction of the total gas mass is converted into stars per
orbit, estimated to be about 4% per local orbital time (e.g.,
Tan 2010; Suwannajak et al. 2014).

We note that cloud—cloud collisions have been proposed by
many authors to be an important process for triggering star
formation (e.g., Scoville et al. 1986, 2023; Fukui et al.
2014, 2021), but have been criticized (e.g., McKee &
Ostriker 2007) for the timescale required between collisions.
However, the shear-driven cloud collision model involves an
effectively 2D monolayer of clouds in a galactic disk and
predicts that collisions times can be relatively short, i.e.,
bt~ 0.2 (and perhaps as short as 0.1 for the more massive
clouds; Li et al. 2018).

The uneven spatial distribution of clouds with and without
SF suggests that the trigger of SF occurs preferentially in spiral
arms. Mechanisms, such as cloud collisions involving long-
lived clouds, are a natural way to help explain the observed
spatial distribution, since the collisions are expected to be more
common in spiral arms and less frequent in the interarm
regions.

4.3. The Scale Parameters—\ and X\’

KL14 and K18 introduced the A parameter (=X in our
notation) as a spatial scale of small areas beyond which the
areas become independent of each other in terms of SF (they
called it an “uncertainty principle”). Hence, A should measure a
size scale that characterizes the scale of local SF events.
Parameter ), if it could be measured, would constrain the
physical processes that operate in SF and their characteristic
size scales.

In the toy model in this work, the maximum stellar drift
distance is the only spatial scale that characterizes the SF
activity. However, the measured A (again, N in our notation)
clearly depends on the global distribution. For example, it is
234 pc for the uniform distribution (Section 3.1.1), but it is
183 pc for the disk + spiral distribution (Section 3.2.1), even
though the other parameters beside the global distribution are
virtually the same. Hence, the A\ of KL14 and K18 (and our )
does not only trace the characteristic size scale of SF. At the
same time, we do find some sensitivity to local SF properties.
This can be see in Figure 4 (left versus right columns), where
the X (and our X) increases with the maximum drift distance for
larger Vdrift-

The key is the n term (Equations (6) and (7)) in X = 77*1/ 2\,
The X is what is measured in this work, as well as in Kruijssen
et al. (2019), Chevance et al. (2020), and Kim et al. (2022).
This X parameter is not determined only by the local physical
processes for SF (represented by A), but depends on the global
distribution of the SF activity (by 7), such as the presence of
spiral arms (see Sections 3.1.1 and 3.2.1). Therefore, the X can
measure the size scale below which the global SF relations
(Kennicutt & Evans 2012) break down (Onodera et al. 2010;
Schruba et al. 2010), but does not directly trace the local



THE ASTROPHYSICAL JOURNAL, 959:1 (10pp), 2023 December 10

physical processes of SF (Kruijssen et al. 2019; Chevance et al.
2020; Kim et al. 2022).

KL14 and K18 did not include this 7 term in their TF
equations (see Equations (15), (16), (C7), and (C10) in KL14
and Equations (81) and (82) in K18). In other words, they
assumed that = 1, meaning that every small area of size A
across the galactic disk and in an aperture either have a gas
cloud or a star particle. However, it is clear that observed
galaxies are not entirely filled with molecular clouds or SF
regions (see Figure 1 of Chevance et al. 2020). In addition to
the intrinsic lack of clouds and SF, 7 could also be affected by
the detection limits in observations.

4.4. The Reference Timescale—tgy,,

One of the difficulties of the short cloud lifetimes derived by
previous TF studies (Chevance et al. 2020; Kim et al. 2022) is
the spatial distribution of molecular clouds with and without SF
in spiral galaxies. The clouds with SF are observed mostly
along spiral arms, and those without SF are in the interarm
regions. The rotation timescale of galactic disks is on the order
of 200 Myr, and hence, within the suggested short lifetimes of
5-20 Myr, the clouds cannot move from the interarm regions to
spiral arms. The immortal clouds encounter the same problem
if the SF cycle timescale (f,,s) is short.

We do not have a conclusive solution for this problem, but
one possibility is an error in z,, (absolute timescale). Recall the
TF Equations (6) and (7): all the timescales appear as ratios
(i.€., fgas/tiot> tover/Istars €tC.). Thus, the TF fit determines only
those ratios. Only when we know any of the timescales a priori
can we translate the ratios into absolute timescales. In this
work, we assumed that we know fg,, =20 Myr (which is the
input parameter). However, when the TF analysis is applied to
real observations, we typically do not necessarily know the
exact value of fy,,.

For example, in the case of the bottom-left panel of Figure 4,
the TF analysis obtained the timescale ratios of tgas/ ttar =
59.0/20.0 =2.95 and foyer/tstar = 7.9/20.0 = 0.395. If we, by
mistake, adopt £y, = 5 Myr as an absolute scale (instead of the
input value of fy,, =20 Myr), these ratios are translated to
Igas = 14.8 Myr and foyer = 2.0 Myr. These are much shorter
than the input values of 75,3 = 50 Myr and #,yer = 5.0 Myr, but
are similar to the values derived in many nearby galaxies by
Chevance et al. (2020) and Kim et al. (2022) using the
tqar =4.2Myr (Haydon et al. 2020). Their short fy, is
estimated under an assumption that all stars in a star particle
form simultaneously (Haydon et al. 2020). However, the
observed age spreads in OB associations are known to be
longer (a few to a few tens of Myr; Wright et al. 2023). The
error in the adopted 7, may, entirely or partially, explain the
apparently short t,,s derived in the previous studies.

There may be other potential sources of error in the TF
analysis. For example, in observations, massive/luminous
clouds exist preferentially in spiral arms (e.g., Koda et al.
2009; Colombo et al. 2014; Rosolowsky et al. 2021). The TF
analysis uses the flux ratio (Equation (2)), and thus is biased
toward the population of the brighter clouds in spiral arms. The
same bias can be introduced when the observations have a
limited sensitivity and can detect clouds in spiral arms but not
in interarm regions. If the SF cycle is accelerated in spiral arms
(as predicted, e.g., by cloud collision models), the TF analysis
may return the short SF cycle timescale as fy,,, while the
interarm clouds can live long and remain dormant, passing
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from the interarm regions into spiral arms. Such a possibility
should be investigated in a future study.
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