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Fast and inefficient star formation due to

short-lived molecular clouds and rapid feedback
J. M. Diederik Kruijssen1,2, Andreas Schruba3, Mélanie Chevance1, Steven N. Longmore4, Alexander P. S. Hygate2,1,

Daniel T. Haydon1, Anna F. McLeod5,6, Julianne J. Dalcanton7, Linda J. Tacconi3 & Ewine F. van Dishoeck8,3

The physics of star formation and the deposition of mass, momen-

tum, and energy into the interstellar medium by massive stars

(‘feedback’) are the main uncertainties in modern cosmological

simulations of galaxy formation and evolution1, 2. These processes

determine the properties of galaxies3, 4, but are poorly under-

stood on the .100 pc scale of individual giant molecular clouds

(GMCs)5, 6 resolved in modern galaxy formation simulations7, 8.

The key question is why the timescale for depleting molecular gas

through star formation in galaxies (tdep ≈ 2 Gyr)9, 10 exceeds the

dynamical timescale of GMCs by two orders of magnitude11. Ei-

ther most of a GMC’s mass is converted into stars over many dy-

namical times12, or only a small fraction turns into stars before the

GMC is dispersed on a dynamical timescale13, 14. Here we report

our observation that molecular gas and star formation are spa-

tially de-correlated on GMC scales in the nearby flocculent spi-

ral galaxy NGC300, contrary to their tight correlation on galac-

tic scales5. We demonstrate that this de-correlation implies rapid

evolutionary cycling between GMCs, star formation, and feed-

back. We apply a novel statistical method15, 16 to quantify the evo-

lutionary timeline and find that star formation is regulated by effi-

cient stellar feedback, driving GMC dispersal on short timescales

(∼1.5 Myr) due to radiation and stellar winds, prior to supernova

explosions. This feedback limits GMC lifetimes to about one dy-

namical timescale (∼10 Myr), with integrated star formation ef-

ficiencies of only 2−3%. Our findings reveal that galaxies con-

sist of building blocks undergoing vigorous, feedback-driven lifecy-

cles, that vary with the galactic environment and collectively define

how galaxies form stars. Systematic applications of this multi-scale

analysis to large galaxy samples will provide key input for a predic-

tive, bottom-up theory of galaxy formation and evolution.

We carry out an empirical measurement to explain why tdep =
tsf/εsf ≈ 2 Gyr, where tsf and εsf represent degenerate quantities: tsf
is the timescale over which gas is turned into stars and εsf represents

the fraction of mass converted into stars (the ‘star formation efficiency’

or SFE). If star formation within GMCs is slow and efficient (long tsf ,
high εsf ), GMCs and young stars are co-spatial for many dynamical

times. If star formation is fast and inefficient (short tsf , low εsf ), they

should rarely coincide. Therefore, measurements of the spatial cor-

relation between gas and young stars discriminate between these two

scenarios.
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We characterise the lifecycle of GMCs and star-forming regions

by applying a new statistical method16 to maps of the molecular gas

and emission from young massive stars in NGC300. This method

requires observational data at high sensitivity and resolution over a

large field-of-view, now available with the Atacama Large Millime-

ter/submillimeter Array (ALMA). NGC300 is the perfect target for the

first application of this method, as it is the closest (D = 2 Mpc),

face-on, star-forming disc galaxy accessible from the southern hemi-

sphere. Figure 1 (left) shows the molecular gas traced by our high-

resolution (2′′ = 20 pc) ALMA map of CO(1-0). We combine this

with a matched-resolution map of Hα-emitting HII regions from the

MPG/ESO 2.2-m telescope to trace recent star formation. The use of

Hα means that we define ‘star formation’ to refer to an unembedded

stellar population, with a mass of at least 200 M� and a normal stellar

initial mass function (see Methods).

We characterise the correlation between GMCs and star forma-

tion by placing apertures on peaks of CO(1-0) or Hα emission, and

measuring how the enclosed CO-to-Hα flux ratios are elevated or sup-

pressed, respectively, relative to the galactic average as the aperture size

is changed (Figure 1 and Supplementary Video 1)15, 17. The shorter-

lived of these two tracers will be rare compared to the longer-lived,

more common one. Only a small number of apertures are required to

cover the complete sample of rare, short-lived emission peaks. These

will encompass a relatively small part of the galaxy and contain few of

the many long-lived emission peaks. This results in a CO-to-Hα flux

ratio that differs significantly from the galactic average. Conversely,

covering the long-lived emission peaks requires numerous apertures

that will also include many of the short-lived emission peaks, resulting

in a modest deviation from the galactic CO-to-Hα ratio.

We fit a model describing this statistical behaviour16 (see Methods

and Supplementary Video 2) to measure how long GMCs live and form

stars (tCO), how long feedback takes to evacuate residual gas (tfb, the

time for which GMCs and HII regions coexist), and the mean separa-

tion length between independent star-forming regions (λ), below which

the CO-to-Hα ratio significantly deviates from the galactic average.

These evolutionary time and length scales define the fraction of gas

converted into stars (the cloud-scale integrated SFE), the time-averaged

mass outflow rate per unit star formation rate (SFR) (the mass loading

factor ηfb), and the feedback outflow velocity (vfb). Extensive tests16

show that these quantities are measured with an accuracy of better than

30%. The quantities tCO, tfb, λ, and vfb are independent of the adopted

CO-to-H2 and Hα-to-SFR conversion factors.

Figure 1 (left) demonstrates that CO(1-0) and Hα emission are

rarely co-spatial; they do not trace each other on the cloud scale. We

quantify this in Figure 1 (right), which shows the CO-to-Hα flux ra-

tio as a function of the aperture size for apertures placed on either

CO(1-0) or Hα emission peaks (cf. Supplementary Video 1). We find a

symmetric de-correlation between CO(1-0) and Hα emission on small
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(<150 pc) scales, implying that molecular gas and star formation are

distinct, subsequent phases of the GMC and HII region lifecycle with

similar durations. The aperture size at which the two branches di-

verge shows that NGC300 consists of independent, cloud-scale build-

ing blocks separated by 100−150 pc (cf. Figure 2) that exist in a state

of vigorous evolutionary cycling. This empirical result implies that star

formation is fast and inefficient; the long gas depletion times observed

on galactic scales are not due to slow star formation on the cloud scale.

To infer which physics drive the observed evolutionary cycling, we

fit the statistical model described in the Methods16 to the data and sum-

marise the constrained quantities in Table 1. We analyse both the entire

field of view and several bins in galactic radius, visualised in Figure 2.

We measure GMC lifetimes spanning tCO = 9−18 Myr, with a galac-

tic average of tCO = 10.8+2.1
−1.7 Myr. These lifetimes fall between

the GMC crossing and gravitational free-fall times (see Methods) at all

galactic radii. GMC lifetimes are the longest in the central region (R <
1.5 kpc), most likely caused by higher disc stability (see Extended Data

Figure 1) and the correspondingly increased influence of galactic shear

in supporting the GMCs against collapse18, 19. The GMCs live and form

stars for a dynamical timescale, after which they are dispersed relative

to the new-born stellar population. This implies that the global evolu-

tion of GMCs is not significantly slowed down by support from mag-

netic fields and that GMCs do not live long enough to be affected by

spiral arm crossings12 or cloud-cloud collisions20 (see Methods).

GMC dispersal is likely feedback-driven in NGC300. By construc-

tion, our analysis measures the cumulative GMC lifetime up to (and

including) the onset of massive star formation traced by Hα emission,

integrating over multiple cycles if these are unassociated with Hα. The

GMCs in NGC300 have high virial ratios (see Methods) and have a

cumulative lifetime of about one crossing time. This short timescale

does not permit multiple GMC lifecycles during which GMCs disperse

dynamically (which each would take a turbulent crossing time) prior

to massive star formation. It is therefore most plausible that the GMC

lifetime is limited by feedback from massive stars. GMCs and HII

regions coexist on average for tfb = 1.5+0.2
−0.2 Myr, independently of

galactic radius, implying that GMCs are dispersed before the first su-

pernovae explode (∼ 3 Myr, see Methods). Instead, early feedback by

photoionisation, stellar winds, or radiation pressure is needed, none of

which are currently included in large-scale cosmological simulations of

galaxy formation21, 22. The quantitative comparison to predicted GMC

dispersal timescales (Figure 2) shows that GMCs in NGC300 are pri-

marily dispersed by photoionisation and stellar winds. The importance

of stellar feedback in regulating the GMC lifecycle is further supported

by the measured region separation lengths of λ = 100−150 pc. These

closely match the disc scale height across the range of galactic radii,

which is expected if the interstellar medium is structured by feedback-

driven bubbles that depressurise when they break out of the disc23, 24.

The short coexistence timescale of 1.5 Myr refers to that of un-

embedded, massive stars; low-mass stars or embedded massive stars

could form and coexist with the parent GMC for longer. While we can-

not trace low-mass stars in NGC300, we search for embedded massive

star-forming regions using a Spitzer 24 µm map, which does not suffer

from extinction. We find only 4−7 regions bright at 24 µm that are

not associated with Hα emission, out of a total number of 224 identi-

fied Hα peaks (or ∼ 3%). This small number of embedded massive

star-forming regions in NGC300 can be explained by the low GMC

surface densities (∼ 20 M� pc−2, implying an Hα extinction of only

∼ 0.5 mag), and the observed spatial offset of 24 µm emission and

GMCs (consistent with observations of the Milky Way25). This means

that our extinction-corrected Hα map recovers most of the SFR, and

rules out any significant impact of embedded massive stars on the con-

clusions of this work (also see Methods).

The GMCs in NGC300 achieve average integrated SFEs of only

εsf = 2.5+1.9
−1.1%. The SFE is constant with radius, indicating that lo-

cal variations in tdep = tCO/εsf reflect changes of the GMC lifetime.

Feedback disperses the GMCs whenever the observed SFE reaches a

few percent. Due to the low SFE, the mass loading factor on the cloud

scale is high, with ηfb = 40+31
−18. On galactic scales, ηfb is about an or-

der of magnitude lower26, 27, indicating that most of the expelled mate-

rial will not escape NGC300, but will cool to form a new generation of

GMCs. This is confirmed by the measured feedback velocities of vfb =
8.1−10.5 km s−1, which match the predicted photoionisation and stel-

lar wind bubble velocities (including their increase with galactic radius)

and fall well below the local escape velocities28 of 50−120 km s−1.

The feedback velocity is derived from tfb and the GMC radius and thus

represents a prediction that can be verified independently with integral-

field spectroscopy of the ionised gas kinematics.

Numerical simulations of galaxy formation and evolution often

describe cloud-scale star formation with prescriptions based on the

galactic-scale relation between the (molecular) gas mass and SFR21, 22.

However, our results demonstrate that star-forming galaxies undergo

rapid evolutionary cycling on spatial scales <150 pc. Gas and young

stars are not instantly related and the appearance of galaxies constantly

changes. This fundamental behaviour of observed galaxies should be

reproduced by simulations, rather than adopting the galactic-scale rela-

tionships to describe star formation on GMC scales. Our results show

that GMC dynamics and pre-supernova feedback mechanisms need to

be modelled to achieve this. Otherwise, galaxy simulations reproduce

the macroscopic properties of galaxies for the wrong reasons. Initial

steps towards including early feedback are promising in this regard8, 29.

Figure 2 (top left) shows that the lifecycle of GMCs and HII re-

gions is not universal, but within NGC300 exhibits a factor-of-2 varia-

tion with galactic environment. GMC lifetimes may vary depending on

the importance of galactic dynamics relative to cloud-scale dynamics19,

whereas the impact of stellar feedback is predicted to depend on the

ambient gas density (see Methods). Future GMC-scale observations of

large galaxy samples will reveal dynamical cycling processes similar

to those identified here and in previous Galactic observations5. Our

statistical method will facilitate the interpretation of these observations

by constraining the physics setting the GMC lifecycle in galaxies as a

function of their properties.

Figure 3 shows the performance of our method16 as a function of

spatial resolution (and thus galaxy distance). Owing to its statistical na-

ture, this method does not require resolving individual GMCs or star-

forming regions, but only their separation λ, offering a major bene-

fit relative to previous methods for characterising evolutionary cycling

on sub-galactic scales. Local galaxies like NGC300 require a reso-

lution of 100−150 pc, which Figure 2 shows corresponds to the disc

scale height; the cloud-scale physics of star formation and feedback can

therefore be characterised for hundreds of galaxies within tens of Mpc

at 1′′ resolution with current observatories. At high redshift (z > 1),

the high gas content implies elevated scale heights and collapse length

scales of30 ∼1 kpc (below which fragmentation can still occur), imply-

ing that the dynamical cycling scale may be accessible by modern ob-

servatories (at 0.1′′) across cosmic time. This possibility is promising

in view of the environmental dependences identified here. Mapping the

GMC lifecycle across the Universe will eventually enable the represen-

tation of galaxies as ensembles of vigorously evolving building blocks

and motivate a bottom-up theory of how galaxies grow and form stars,

from high redshift to the present day.
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Radial interval tCO tfb λ εsf ηfb vfb χ2
red

[kpc] [Myr] [Myr] [pc] [%] [−] [km s−1] [−]

0.0–3.0 10.8+2.1
−1.7 1.5+0.2

−0.2 104+22
−18 2.5+1.9

−1.1 40+31
−18 9.4+0.8

−0.7 0.71

0.0–1.5 16.2+4.2
−3.9 1.8+0.3

−0.3 105+38
−22 2.6+2.1

−1.2 37+32
−17 8.1+1.3

−0.9 0.61

1.5–3.0 9.2+2.1
−1.6 1.4+0.1

−0.2 98+25
−21 2.3+1.8

−1.0 42+33
−19 9.8+1.2

−0.6 0.58

0.5–1.5 18.3+3.9
−4.4 1.6+0.4

−0.3 105+40
−28 2.8+2.1

−1.3 34+31
−15 9.0+1.2

−1.4 0.50

1.0–2.0 11.0+3.1
−2.0 1.7+0.3

−0.4 104+30
−23 2.2+1.9

−1.0 44+33
−20 8.8+1.8

−1.1 0.34

1.5–2.5 9.8+2.2
−1.8 1.5+0.1

−0.2 96+26
−20 2.6+2.0

−1.1 38+30
−17 9.3+1.0

−0.6 0.63

2.0–3.0 10.8+9.4
−2.2 1.4+1.7

−0.2 131+49
−45 2.7+3.7

−1.2 36+28
−22 10.5+1.5

−5.6 0.75

Table 1: Constrained quantities describing cloud-scale star formation and feedback. For various (independent and overlapping) intervals in

galactocentric radius, the table lists the GMC lifetime (tCO), the feedback timescale (tfb), the region separation length (λ), the integrated SFE

(εsf ), the mass loading factor (ηfb), the feedback outflow velocity (vfb), and the χ2
red statistic of the model fit.
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Figure 1: De-correlation of molecular gas and young stellar emission on sub-kpc scales. The ALMA CO(1-0) map is shown in the left panel

as a blue overlay on top of an optical composite image of NGC300 taken with the MPG/ESO 2.2-m telescope (see Methods). The white contour

indicates the extent of the CO map. Emission from young stars traced by Hα is shown in pink. The scale bar shows the projected size scale,

uncorrected for inclination. The change of the CO-to-Hα flux ratio relative to the galactic average is shown as a function of spatial scale in the

right panel, for apertures placed on CO emission peaks (top branch) and Hα emission peaks (bottom branch). The error bars indicate the 1σ
uncertainty on each individual data point, whereas the shaded areas indicate the effective 1σ uncertainty range that accounts for the covariance

between the data points16. The evolutionary timeline of the GMC lifecycle is constrained by fitting a model indicated by the dotted lines. Also

see Methods and Supplementary Videos 1 and 2.
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Figure 2: Radial profiles of constrained quantities in comparison to theoretical predictions. The top row shows the three free parameters of

the model fitted to the data in Figure 1, i.e. the GMC lifetime (a), the feedback timescale (b), and the region separation length (c). The bottom

row shows quantities derived from the free parameters (see the Methods section), i.e. the integrated SFE (d), the mass loading factor (e), and

the feedback outflow velocity (f). The horizontal solid lines indicate the galactic average values, with the grey-shaded area indicating the 1σ
uncertainties. The data points indicate the measurements in bins of galactic radius, with vertical error bars indicating the 1σ uncertainties and

horizontal error bars spanning the radial bin. Red and black symbols represent non-overlapping and overlapping radial bins, respectively. Blue

lines mark theoretical predictions for various physical mechanisms or reference values (see the legends), showing that the GMC lifecycle in

NGC300 takes place on a dynamical time and is regulated by early (pre-supernova) feedback.
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marked by horizontal dotted lines) requires resolving the region sepa-

ration length. For resolutions better than 2/3 × λ, the data points are

statistically consistent with unity to within the 1σ uncertainties (shown

by the vertical error bars).
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METHODS

Observational data. We use observations from ALMA to trace molec-

ular gas and from the MPG/ESO 2.2-m telescope to map the Hα line.

ALMA. We observe the 12CO(J = 1− 0) transition of two adjacent

regions in NGC 300 using ALMA during Cycle 2 and 3. The full

presentation of the data is the subject of another paper (A.S. et al.,

manuscript in preparation). Observations were carried out for 10 hours

with the 12-m main array and for 92 hours with the 7-m and 12-m

antennas of the ALMA Compact Array (ACA) between June 6, 2014

and November 19, 2016. The ALMA receivers were tuned to the

ground-state rotational transition of carbon monoxide, CO(1-0). The

12-m array was used in configurations C34-2 and C36-2 that provide

maximum (unprojected) baselines of 0.330 km. Two adjacent mosaic

fields were observed, each with 149 pointings of the 12-m array and

52 pointings of the 7-m array, covering a combined projected area of

10.5′ × 5.5′ ≈ 6.1 kpc × 3.2 kpc at a distance of D = 2.0 Mpc.

The observing field is centred about 2.6′ = 1.5 kpc north-west of the

nucleus of NGC 300 and covers galactic radii out to 8.2′ ≈ 4.8 kpc.

The observations were performed with a spectral resolution of 122 kHz

per channel (0.32 km s−1) and a total bandwidth of 468.750 MHz per

baseband. In each observing session, one of the sources J0006-0623,

J0210-5101, or J2357-5311 was used as the bandpass calibrator and

one of the sources J0045-3705, J0051-4226, or J0106-4034 was used as

the phase and amplitude calibrator. The absolute flux scale was set with

observations of Mars, Venus, Uranus, or Neptune. We adopt ALMA’s

fiducial absolute flux calibration uncertainty of 5%.

We process the data using the ALMA reduction software CASA;

calibration is performed in version 4.2.2 (Cycle 2) and 4.6.0 (Cycle 3);

mapping and deconvolution in version 4.7.2. We adopt the pipeline-

delivered calibrated data sets. We combine the 12-m and 7-m array data

using an empirical noise-based weighting and deconvolve them accord-

ing to a “Briggs” scheme with robustness parameter r = 0.5, as well as

a multi-scale clean at 1, 2, 5, 10 times the 12-m beam with a threshold

at 3 times the root mean square (r.m.s.) noise level. The total power

observations are calibrated and mapped using a modified version of the

ALMA reduction pipeline. In particular, we perform the temperature

calibration, sky subtraction and baseline fitting on an antenna basis, but

adopt a single antenna efficiency (Kelvin to Jansky conversion) per ob-

serving session. We combine the interferometric and total power data

cubes in Fourier space making our observations sensitive to all spatial

scales. The resulting beam size is 2.5′′×1.8′′ ≈ 20 pc, the r.m.s. noise

level is 6.7 mJy per beam and per 2 km s−1 channel.

We calculate molecular (H2) gas masses from CO(1-0) data, adopt-

ing a metallicity dependent CO-to-H2 conversion factor of31 αCO =

4.35 (Z/Z�)
−1 M� (K km s−1 pc2)

−1
, where Z/Z� = 10[M/H] is

the metallicity relative to solar. This conversion factor is about twice

the Galactic value given the half-solar metallicity of NGC300 (see

Structural parameters), and matches the estimate in the similar mass

and metallicity galaxies LMC32 and M3333. It also includes a factor

1.36 to account for heavy elements. This implies a 5σ sensitivity in

molecular gas surface density of 13 M� pc−2 or point source sensi-

tivity of 5600 M� when integrated over 10 km s−1. Throughout the

analysis, we adopt an uncertainty on αCO of 50%. We reiterate that the

inferred values of tCO, tfb, λ, and vfb are insensitive to the choice of

αCO and the absolute flux scale.

MPG/ESO 2.2-m. The optical observations were obtained with the

Wide Field Imager (WFI) on the MPG/ESO 2.2-m telescope at La

Silla observatory. These consist of narrowband observations of the

Hα line (with a total exposure time of 50 min) and the nearby con-

tinuum. The raw data are available in the ESO data archive; here

we use reduced data kindly provided by C. Faesi. In summary, their

data reduction34 includes instrumental calibration, a combination of

exposures, continuum subtraction, and Galactic extinction correction

(adopting AR = 0.027 mag). The flux calibration has been performed

on the standard star LTT17379 and verified with literature fluxes for

several HII regions. The point spread function (PSF) is determined

using several bright stars to be 1.35′′ ≈ 13 pc. This implies an uncer-

tainty in the absolute calibration of 4%.

In addition, we correct the Hα map for the following effects. The

WFI Hα filter includes two nearby [NII] lines. We use optical spec-

troscopic observations of NGC300 to quantify the contribution from

[NII] to the Hα filter. The 35-pointing integral field data of NGC 300

(PI A. McLeod, ESO program 098.B-0193(A)) were taken with the

MUSE instrument mounted on the Very Large Telescope and consist

of a 7′ × 5′ ≈ 4.1 kpc × 2.9 kpc mosaic. Each pointing was observed

three times using a 90◦ rotation dither pattern and an exposure time of

900 s. The data were reduced using the MUSE pipeline under the ES-

OREX environment, using the available calibration files from the ESO

archive for the relevant night. We find that [NII] is closely associated

with HII regions and that their combined flux is typically 20% of the

Hα flux (consistent with Ref. 35). We remove the contribution of [NII]

from our Hα map scaling it by 5/6.

We further correct for internal extinction of Hα by AHα = 0.5 mag

as derived from the Balmer decrement of HII regions35. The r.m.s.

noise level of the corrected Hα map is 0.74 × 10−16 erg s−1 cm−2

arcsec−2 at a PSF size of 1.35′′. We verified the extinction correc-

tion with our MUSE data, which provides sufficient signal-to-noise in

the Hβ line to derive36 AHα for 46 HII regions, resulting in AHα =
0.37 ± 0.24 mag (median ± standard deviation). This amount of ex-

tinction is consistent with our correction of 0.5 mag, as well as with

the extinction expected at the mean surface densities of the GMCs

in NGC300 (∼ 20 M� pc−2, corresponding to AHα ∼ 0.5 mag at

the half-solar metallicity of NGC300). It might underestimate the at-

tenuation towards the GMC density peaks, where the surface density

is > 20 M� pc−2. The fact that we measure an extinction of only

0.5 mag could either be due to the well-known bias that the Balmer

decrement can only be evaluated for the least extincted HII regions, or

because young stellar populations are spatially offset from the extinc-

tion peaks of GMCs25. In either case, the maximum Hα extinction we

measure is ∼ 1 mag.

We test whether the Hα extinction correction obtained from the

Balmer decrement and the mean GMC surface density (which are both

determined at 10−20 pc scales) are biased towards low values due to

missing heavily attenuated HII regions near the GMC density peaks.

As discussed in the main text, we compare the Hα map to the Spitzer

MIPS 24 µm map to identify any embedded star formation missed by

the Hα map, showing that most of the 24 µm emission comes from

bright HII regions. Only 4−7 regions are bright at 24 µm without

associated Hα emission, which would imply only a ∼ 3% increase

of the total number of massive star-forming regions. Finally, the Hα
and 24 µm emission are approximately linearly related. In summary,

the above means that the extinction-corrected Hα map recovers most

of the SFR, and embedded star formation or extinction only affect our

conclusions by less than the quoted uncertainties.

We have also verified that the Hα emission is not significantly af-

fected by the underlying stellar absorption. If the stellar initial mass

function (IMF) is well sampled, the Hα absorption and emission both

increase linearly with the mass of a stellar population, implying that

the ratio between both is controlled entirely by the stellar age. Using

the Starburst99 stellar population model37, we derive in Appendix A

of Ref. 38 that the effects of absorption become important for ages of

∼ 10 Myr, which is at least double the timescale associated with Hα
emission (see Analysis method and input parameters). To comple-

ment this, we looked for any significant Hα absorption features in our

MUSE data of NGC300. Irrespective of the position (HII region or
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background field), we detect no signs of Hα absorption.

We estimate SFRs from the corrected Hα map adopting the

calibration39: log SFR[M� yr−1] = (logLHα − log 41.27)[erg s−1].
This calibration assumes a fully sampled Kroupa40 IMF, Starburst99

stellar population model37, continuous star formation over an Hα
emission timescale (about 5 Myr; see Analysis method and input

parameters), and solar abundance. This way, we measure a total

SFR of 0.092 M� yr−1 in NGC300, consistent with previous, multi-

wavelength measurements41. We adopt an uncertainty on the Hα-to-

SFR conversion factor of 20%. All of the above scaling factors do not

affect the inferred values of tCO, tfb, λ, and vfb, because these are de-

rived from the relative change of the CO-to-Hα flux ratio as a function

of spatial scale.

Our analysis further requires sensitivity to individual, young stel-

lar populations. At the scale of individual star-forming regions (λ =
104 pc; Table 1), the Hα map has a 5σ luminosity sensitivity of 2×1036

erg s−1. For a stellar population formed in an instantaneous burst

5 Myr ago, which roughly matches the HII region lifetime tHα (see

Analysis method and input parameters), this luminosity sensitivity

corresponds to the ionising radiation luminosity38 of a 200 M� stellar

population. This sensitivity is well-matched to the stellar populations

formed by the smallest detected GMCs (see Consistency tests).

Structural parameters. We adopt the global parameters and radial

profiles for NGC300 as follows. All of these quantities are used at

various points of the presented analysis.

The distance of NGC300 is taken to be D = 2.0 Mpc, derived

from Hubble Space Telescope observations of the tip of the red gi-

ant branch42. The center of the optical disc is at right ascension

α = 00h54m53.48s and declination δ = -37d41m03.8s (NED). This is

coincident to within 1 arcsec to the centre of a disc model fit to an op-

tical V -band image28 from the MPG/ESO 2.2-m telescope. NGC300’s

disc has an inclination of i = 42 ± 0.5 degrees and a position angle

of P.A. = 111 ± 0.5 degrees, derived from a 21 cm atomic hydro-

gen (HI) emission map obtained with the Australia Telescope Compact

Array (ATCA) telescope28.

The HI data have a beam size of 180′′×88′′ ≈ 1220 pc and channel

width of 8 km s−1. The r.m.s. noise level is 3.5 mJy per beam, corre-

sponding to a 5σ HI column density sensitivity of 1.0 × 1019 cm−2

per spectral channel or a 5σ atomic gas surface density sensitivity of

0.20 M� pc−2 over 50 km s−1 (including heavy elements and depro-

jected to be face-on). The rotation curve is determined by fitting a tilted

ring model to the velocity field of the ATCA HI data28. Rings are sepa-

rated by 100′′ ≈ 970 pc. For each ring, the galaxy centre and systemic

velocity were kept fixed, while rotation velocity, position angle, and

inclination were left as free parameters.

Gas surface densities are derived for atomic gas from the ATCA

HI data28 and for molecular gas from the ALMA+ACA observations.

These include a factor 1.36 to account for heavy elements and are de-

projected using the adopted disc inclination. The gas velocity disper-

sion is assumed to be 6 km s−1 as determined from HI observations

with the Karl G. Jansky Very Large Array (VLA) at 80 pc scales in

M3343, a galaxy of comparable stellar mass, gas mass, and morphology

as NGC300. This is motivated by the fact that the interstellar medium

of NGC300 is dominated by atomic gas (see Extended Data Figure 1).

Stellar surface densities are derived from a Spitzer IRAC 3.6 µm

image44 from which emission from hot dust and polycyclic aromatic

hydrocarbons has been subtracted45. We do not correct for contamina-

tion by post-main sequence stars, because these contribute at the < 5%
level when averaging over > kpc areas as is done here46. We adopt a

mass-to-light ratio47 of 1 MJy sr−1 = 280 M� pc−2 × cos(i), equiva-

lent to Υ3.6
? = 0.4 M�/L�. This number is only used to calculate the

gas disc scale height (see Theoretical predictions). The literature con-

tains values between45, 47, 48 Υ3.6
? = 0.4−0.6 M�/L�, with NGC300

likely residing in the bottom half of the range due to its low mass. The

full range of mass-to-light ratios translates to a < 10% uncertainty on

the inferred scale height. The stellar velocity dispersion is calculated

by assuming vertical hydrostatic equilibrium, using the observed stel-

lar surface density and assuming a stellar disc scale height hstar. This

scale height is inferred49 using the empirical relation between scale

height and maximum circular velocity for spiral galaxies50. For the

maximum circular velocity in NGC300 from the ATCA HI data28 of

vc,max = 98.8 km s−1, we obtain h? = 305 pc, which we assume is

constant with galactic radius50.

We adopt a metallicity of [M/H] = −0.23±0.06 dex at the centre

of NGC300 and a metallicity gradient of −0.058 ± 0.014 dex kpc−1

as derived from colour-magnitude distribution (CMD) fitting of stel-

lar populations of age 4−100 Myr51. Finally, we adopt an electron

temperature (i.e. the temperature of ionised gas in HII regions) of

Te [K] = 6920 + 839R [kpc] varying with galactic radius52.

Many of the above quantities describing the structure of NGC300

are visualised as a function of galactic radius in Extended Data Fig-

ure 1.

In addition, we compare the integrated properties of NGC300 (i.e.

its SFR, stellar mass, molecular gas mass, and atomic gas mass) to

those of nearby galaxies (with redshifts 0.01 < z < 0.05) from the

xCOLDGASS53 and xGASS54 surveys in Extended Data Figure 2. For

NGC300, the stellar mass and atomic gas mass are taken from Ref. 28,

whereas the SFR and molecular gas mass are obtained by integration

over our observations out to R = 5 kpc and R = 3 kpc, respectively.

The comparison of Extended Data Figure 2 shows that NGC300 is a

‘normal’ galaxy for its mass. Its specific SFR (i.e. the SFR per unit

stellar mass) resides within a factor of two of the star-forming galaxy

main sequence, and its molecular and atomic gas depletion times are

consistent with the 1σ scatter of the xCOLDGASS and xGASS sam-

ples. In an absolute sense, NGC300 is a low-mass galaxy relative to

the bulk of the actively star-forming galaxy population, as most stars in

the local Universe are born in Milky Way-mass galaxies55 (where the

Milky Way has a stellar mass of56 5×1010 M�). It is plausible that the

molecular cloud lifecycle inferred in this work varies across the galaxy

population (see Relation to other work), underlining that our analysis

should be extended to a large and representative galaxy sample.

Cloud-scale quantities. Molecular clouds are identified and their

macroscopic properties determined from the ALMA+ACA data using

an updated version of the CPROPS code57, 58. This is done as follows.

Clouds are identified as local emission peaks with signal-to-noise

(S/N) ≥ 5 in two adjacent channels with a volume defined by adjacent

pixels at S/N ≥ 2. Cloud spatial and spectral (velocity) dispersions

are derived from the intensity-weighted second moments and have been

corrected57, 58 to include emission at S/N < 2. Cloud radii are de-

fined as rGMC = 1.91rstdev, where rstdev is the standard deviation

of a two-dimensional Gaussian59. Cloud masses are derived from the

CO(1-0) luminosity, corrected57, 58 to include emission at S/N < 2,

as M = αCOLCO for the adopted metallicity dependent conversion

factor αCO = 4.35 (Z/Z�)
−1 M� (K km s−1 pc2)

−1
.

Mean surface densities are defined as ΣGMC = 0.77M/πr2GMC,

within the FWHM of a two-dimensional Gaussian distribution, and

mean volume densities as ρGMC = 1.26M/(4/3πr3GMC), within the

FWHM of a three-dimensional Gaussian distribution. The virial pa-

rameters of the clouds are defined as αvir = 5σ2
GMCrGMC/GMGMC.

The cloud free-fall collapse time is τff [Myr] =
√

3π/32GρGMC =

8.09/
√

ρGMC [M� pc−3], and the turbulent crossing time is τcross =
2rGMC/σGMC for a one-dimensional velocity dispersion σGMC.

For many of the above quantities describing the properties of

GMCs in NGC300, we show the population average as a function of

galactic radius in Extended Data Figure 3.
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Analysis method and input parameters. We apply the method from

Ref. 16, where it is described and validated in detail. Here, we briefly

summarise the main steps.

Observables. We use the two maps of CO(1-0) and Hα emission in

NGC300 described in Observational data. In each of the maps, we

apply CLUMPFIND
60 to identify emission peaks, on which apertures

of a given size are placed to measure the CO-to-Hα ratio on that size

scale. The aperture integration is achieved by convolving the maps with

a top-hat kernel representing the aperture. The CO and Hα fluxes at the

positions of the identified peaks are then added and divided to calcu-

late the population-averaged CO-to-Hα ratio. The above procedure is

illustrated in Extended Data Figure 4 and Supplementary Video 1. The

relative change of the CO-to-Hα ratio B as a function of aperture size

(lap) is thus defined as

B(lap) =
FHα,tot

FCO,tot

∑

i FCO,i(lap)
∑

i FHα,i(lap)
, (1)

where FHα,tot and FCO,tot represent the total Hα and CO(1-0) fluxes

in the maps, and FHα,i(lap) and FCO,i(lap) represent the flux within

an aperture of diameter lap around an emission peak i. The summations

in this equation iterate over the CO peaks for calculating the top branch

in Figure 1 and over the Hα peaks for calculating the bottom branch.

In both cases, overlapping apertures are avoided through Monte-Carlo

sampling from the emission peak sample and taking the average over

103 such samples before calculating the ratio in the above equation.

See Section 3.2.9 of Ref. 16 for further details.

The uncertainties on the measured CO-to-Hα ratios are calculated

as described in detail in Section 3.2.10 of Ref. 16. In summary, these

uncertainties account for the noise in the maps and for the fact that

the luminosity functions of the molecular clouds and HII regions are

not delta functions, but have a finite width. They also account for the

covariance between CO and Hα emission and are shown as thin error

bars in Figure 1 (right). Finally, the shaded error bars in Figure 1 (right)

additionally account for the covariance between the flux in apertures of

different sizes that are placed on the same emission peaks.

Statistical model. To obtain the evolutionary timeline of the molecular

clouds and HII regions, we fit a model to the observed CO-to-Hα ratios

as a function of the aperture size. The model predicts these ratios as a

function of the underlying timescales (see Supplementary Video 2) and

is given by the equations

BHα(lap) =
fCO

[

1 + β−1
CO

(

tCO

tfb
− 1

)]−1

+ tHα

τ

(

lap

λ

)2

fHα + tHα

τ

(

lap

λ

)2 , (2)

for apertures placed on Hα emission peaks and

BCO(lap) =
fCO + tCO

τ

(

lap

λ

)2

fHα

[

1 + β−1
Hα

(

tHα

tfb
− 1

)]−1

+ tCO

τ

(

lap

λ

)2 , (3)

for those placed on CO emission peaks. In these equations, tCO repre-

sents the lifetime of CO-bright regions, tHα is the lifetime of Hα-bright

regions, tfb is the duration for which these coexist, τ = tCO+tHα−tfb
is the total duration of the evolutionary timeline, λ is the characteristic

separation length between regions, fHα and fCO represent the fraction

of the central peak flux contained within an aperture of size lap, and

βHα and βCO are the mean flux ratio between regions coexisting with

the other tracer relative to those that do not. The free parameters of

these expressions are tCO, tfb, and λ. The quantities fHα, fCO, βHα,

and βCO are functions of these three parameters (see Sections 3.2.9

and 3.2.11 of Ref. 16) and the aperture size lap is specified. Finally,

the lifetime of Hα-bright regions is tHα = tHα,ref + tfb, where tHα,ref

represents the known ‘reference timescale’ that is used to turn the rel-

ative timescales constrained by fitting the above two equations to the

observed CO-to-Hα ratios into absolute timescales. This timescale has

been calibrated using synthetic emission maps of Hα emission from

simulated galaxies38, accounting for its dependence on metallicity and

the SFR surface density (reflecting how well the stellar IMF has been

sampled61, 62). The relation between tHα,ref and metallicity Z is38

tHα,ref = (4.32± 0.16 Myr)× (Z/Z�)
−0.086±0.017, (4)

which for the observed metallicity gradient51 in NGC300 results in val-

ues between tHα,ref = 4.53 ± 0.14 and 4.69 ± 0.13 Myr for galactic

radii R = 0−3 kpc.

The best-fitting model is obtained by carrying out a reduced-χ2 fit

to the observations, which returns a three-dimensional probability dis-

tribution function (PDF) of the free parameters. Marginalisation yields

the one-dimensional PDFs, which are shown in the top row of Extended

Data Figure 5. The uncertainties quoted in the main body of this paper

refer to the 16th and 84th percentiles of the PDFs.

Influence of evolutionary timeline. Figure 1 shows the best-fitting

model together with the observed CO-to-Hα flux ratio as a function

of aperture size for the entire field-of-view of NGC300. The ob-

tained evolutionary timescales are (see Table 1 and Extended Data

Figure 5) tCO = 10.8+2.1
−1.7 Myr and tfb = 1.5+0.2

−0.2 Myr. This rel-

atively short GMC lifetime contrasts strongly with earlier reports of

lifetimes up to 50−100 Myr in the spiral galaxy M5112. We there-

fore repeat the right-hand panel of Figure 1 in Extended Data Fig-

ure 6 and demonstrate how a long GMC lifetime of tCO = 50 Myr
would change the model fit. To this end, two additional models are

included. In the first, the GMC lifetime is extended, but the feedback

timescale during which GMCs coexist with HII regions is kept fixed

(tCO = 50 Myr and tfb = 1.5 Myr). In the second, the GMC lifetime

is extended by increasing the time for which GMCs and HII regions co-

exist (tCO = 50 Myr and tfb = 40.7 Myr). These alternative models

represent two extremes and show that long GMC lifetimes are funda-

mentally incompatible with the observed CO-to-Hα ratios in NGC300.

In the first alternative model, the dissimilarity between tCO and tHα

would require a strong vertical asymmetry of the model curves, which

is not observed. In the second alternative model, the long timescale

over which CO and Hα coexist would imply a negligible deviation

from the galactic average CO-to-Hα flux ratio at all size scales. This

is not observed either. Extended Data Figure 6 thus illustrates how the

model fit in Figure 1 constrains the GMC lifecycle (also see Supple-

mentary Video 2). The difference in GMC lifetimes between NGC300

and M51 may either be physical in nature or result from differences in

experiment design (see Relation to other work).

Derived quantities. From the free parameters tCO, tfb, and λ, we de-

rive three additional physical quantities, of which the PDFs are ob-

tained through Monte-Carlo error propagation (see the bottom row of

Extended Data Figure 5). These derived quantities are the total SFE,

i.e. the fraction of the molecular cloud mass converted into stars

εsf =
tCO

tdep
, (5)

the mass loading factor, i.e. the time-averaged mass outflow rate in

units of the SFR

ηfb =
1− εsf
εsf

, (6)

and the feedback outflow velocity

vfb =
rCO

tfb
. (7)

In these equations, tdep is the gas depletion time, defined as the ratio

between the total molecular gas mass and the total SFR, and rCO is the
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mean radius of the CO emission peaks, which is defined as the disper-

sion of a two-dimensional Gaussian emission peak16. We calculate the

feedback velocity using the CO peak radius, which is motivated by the

fact that a displacement of residual gas by this amount (either kinemat-

ically or by a phase change) is sufficient for it to be decoupled from the

young stellar population in the context of our statistical method63. Due

to their dependence on tdep, the quantities εsf and ηfb are sensitive to

absolute scaling factors of the gas mass and SFR, such as the CO-to-H2

and Hα-to-SFR conversion factors.

Diffuse emission filtering. Finally, we remove diffuse emission from

the input maps on size scales > 10λ by using a high-pass Gaussian

filter in Fourier space63. This is necessary, because the adopted method

assumes that all emission comes from independent regions taking part

in an evolutionary lifecycle. Diffuse emission from size scales much

larger than the region separation length violates that assumption. Af-

ter removing the diffuse emission, we also apply a noise mask with a

threshold at twice the r.m.s. noise level. The entire analysis is then re-

peated on the filtered maps until convergence is reached. This typically

happens after a single iteration, but four are carried out to guarantee

convergence. At the end of the analysis, the CO map is unaffected

and the Hα map has had 33% of the emission removed. The filtered

map is then scaled up to add the diffuse emission to the concentrated

emission regions. This assumes that the diffuse Hα originally emerged

from HII regions and that the amount of flux escaping an HII region

is proportional to its observed flux. If the first of these assumptions is

inaccurate, the presented values of εsf and ηfb should be corrected by

factors of 0.67 and 1.5, respectively. As before, the inferred values of

tCO, tfb, λ, and vfb are unaffected by this constant scaling. Finally,

we emphasise that the conclusions of this work are not sensitive to the

filtering of the diffuse Hα emission, as its quantitative effect on the

inferred quantities ranges from 7−37%. This is considerably smaller

than the change needed to affect the physical interpretation of the mea-

surements (see Figure 2).

Code. The above analysis is automated in the HEISENBERG code and is

performed using the default input parameters listed in Tables 1 and 2 of

Ref. 16. The only exceptions are the following quantities. We adopt a

distance, inclination angle, position angle, and coordinates of the galac-

tic centre as listed in Structural Parameters above. The aperture sizes

range from a spatial resolution lap = 20 to 2560 pc in steps of a factor

of
√
2. The emission peaks on which the apertures are placed are iden-

tified over a flux range of 2.0 dex below the brightest peak in each map,

using flux contours at intervals of 0.5 dex to separate adjacent peaks.

Finally, across the range of galactic radii R = 0−3 kpc, we perform

our measurements in radial bins of width ∆R = 1 and 1.5 kpc, centred

on multiples of R = 0.5 and 0.75 kpc, respectively, as well as over the

entire radial range (see Figure 2).

All results of the above analysis are shown in Figure 2. Addition-

ally, we provide a comprehensive summary of the results in Table 1.

Assumptions and criteria for reliable applications. The analysis

method has been tested systematically through thousands of applica-

tions on simulated or synthetic galaxy maps16, 38, 63. This has resulted in

a set of quantitative requirements for reliable applications, all of which

are satisfied by the observations of NGC300 used in this work.

The pair of maps used should contain tracers that are connected by

a Lagrangian evolutionary process16, i.e. an emission peak in one of the

maps should eventually evolve into an emission peak in the other. It is

well established that star formation (traced by Hα) is strongly corre-

lated with molecular gas (traced by CO) on galactic scales9, 64, 65. This

is widely interpreted such that molecular clouds form stars5. The only

exception could be presented by CO or Hα emission residing in a dif-

fuse form66. However, the molecular gas map contains negligible dif-

fuse emission, and the little (33%) diffuse emission present in the Hα

map is removed by our filtering method (see above). As a result, the

assumption of an evolutionary connection between CO clouds and HII

regions is reasonable.

Any systematic astrometric offsets ∆ between the maps should

be less than one third of the resolution or emission peak size63, i.e.

∆ ≤ 2
√
2 ln 2/3 × min {rHα, rCO} ≈ 1′′, where rHα and rCO rep-

resent the standard deviations of Gaussian peaks of Hα and CO emis-

sion, respectively. Ensuring a shared astrometry between Hα and CO

maps is challenging, because these do not have any point sources in

common. However, we have visually checked for systematic offsets

between compact HII regions and CO clumps on the pixel scale (0.4′′).
While small (∼1′′) offsets exist in most of these cases, these are likely

physical in nature, because they do not share a common direction. In

addition, the Hα astrometry has been verified against the USNO-B1.0

stellar astrometric catalogue. Again, no offsets in excess of the pixel

size were found.

The sensitivity of the maps should be sufficient to obtain a near-

complete census of the (luminosity-weighted) GMC and HII region

population. As discussed in Observational data, this is comfortably

achieved by the adopted observations, which detect all GMCs down

to 5600 M� and individual HII regions down to stellar masses of

200 M�.

In order to translate the inferred relative timescales to an absolute

evolutionary timeline, one of the timescales must be known, so that it

can act as a reference timescale. As discussed in Analysis method and

input parameters, this is satisfied by the Hα timescale38, which we fix

using its dependence on metallicity given in equation 4.

The method returns reliable measurements free of major biases

or large uncertainties as long as a sufficient number (≥ 35) of emis-

sion peaks is identified in both maps16. We adopt a conservative limit

to minimise the statistical uncertainties and omit any radial bins for

which Npeak,Hα < 50 or Npeak,CO < 50. This occurs only for the

galactic radius interval R = {0, 1} kpc, after which we are left with

Npeak,Hα ≥ 62 and Npeak,CO ≥ 65 for all fields-of-view listed in

Table 1.

The CO-to-Hα flux ratio diagram (Figure 1, right) should reach

sufficiently large aperture sizes to converge to the galactic average.

Otherwise, the obtained timescales may be biased16. To within 1σ,

the CO-to-Hα flux ratio in units of the galactic average is consistent

with unity at the maximum aperture size (lap,max = 2560 pc) for all

measurements performed in this work.

The most reliable measurements are obtained when the emission

lifetimes of gas and young stars are similar16. Quantitatively, we re-

quire | log10 (tHα/tCO)| ≤ 1. This is comfortably achieved across

all of our measurements, which fall in the range | log10 (tHα/tCO)| =
0.18−0.47, implying that tHα and tCO always fall within a factor of 3

of each other.

When the feedback timescale (i.e. the time for which emission from

CO and Hα coexists) is close to zero or to the total duration of the evo-

lutionary timeline, the method can only provide upper or lower limits,

respectively16. Quantitatively, we require 0.05 < tfb/τ < 0.95 for

obtaining an absolute measurement. Across all measurements at native

(20 pc) resolution, we have min (tfb/τ) = 0.07 and max (tfb/τ) =
0.11. When including the degraded resolution experiments of Figure 3,

instead we have max (tfb/τ) = 0.30. All of these deviate from zero or

unity by a sufficient amount to provide a reliable measurement of the

feedback timescale.

As demonstrated in Figure 3 and previously found for simu-

lated galaxy maps16, the spatial resolution of the maps needs to be

high enough to resolve the region separation length by a factor of

Nres = 1−2, such that λ ≥ Nreslap,min/ cos i. This is achieved

across all measurements, as the smallest obtained separation length is

min (λ) = 96+26
−20 pc and Nreslap,min/ cos i ≈ 54 pc for Nres = 2,
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lap,min = 20 pc, and i = 42◦.

To avoid any spatial blending between emission peaks or the pres-

ence of considerable diffuse emission, the average region filling factors

ζ ≡ 2r/λ of the CO and Hα peaks should satisfy max (ζHα, ζCO) <
0.5. At the native (20 pc) resolution of the maps, this requirement is

satisfied with max (ζHα) = 0.31+0.07
−0.05 and max (ζCO) = 0.30+0.05

−0.04

across both the entire field-of-view and all radial bins. Also visually,

no significant blending of emission peaks is noticeable at the native

resolution.

Consistency tests. We now discuss two choices made during the anal-

ysis and how these might influence the results. We also verify that the

sensitivity limits and completeness are consistent between both maps.

As explained in Analysis method and input parameters, we use

the publicly available code CLUMPFIND
60 to identify emission peaks.

In short, CLUMPFIND loops over a predefined set of flux levels, starting

at the highest level, and identifies closed contours at each level. The

pixel with the highest flux value within the closed contour is taken to

represent the peak position. If this position has not previously been

identified (i.e. it is absent at higher flux levels), it is saved as a new

emission peak, provided that it is detected at ≥ 5σ. The choice of flux

levels to use in this operation is important, and we carried out a number

of tests to verify that the presented results are insensitive to this choice.

The flux levels are defined in logarithmic space by a total range

(2.0 dex) and an interval between the levels (0.5 dex). Firstly, we car-

ried out a visual inspection and found that this choice of parameters

successfully identifies all obvious emission peaks (see Extended Data

Figure 4). Secondly, we varied the parameters defining the flux levels,

in the range 1−2 dex for the total range and 0.25−1 dex for the inter-

val, to verify how this affects the quantities measured during the anal-

ysis. With the exception of cases for which a visual inspection clearly

shows that obvious emission peaks are missed, these experiments give

results that are consistent with the numbers in Table 1 to within the un-

certainties, or ∼30%, whichever is largest (also see Ref. 16). The peak

identification does not need to be complete, but should recover a repre-

sentative fraction of the total population of emission peaks. This flexi-

ble requirement arises, because equation 1 defines how a relative quan-

tity (i.e. the average CO-to-Hα flux ratio) of emission peaks changes

relative to the galactic average, rather than calculating how an abso-

lute quantity (e.g. the total CO flux in peaks) compares to a galaxy’s

integrated CO luminosity.

The second important choice is that we calibrate the absolute time-

line using a reference timescale given by equation 4, without account-

ing for any effects due to the possibly sparse sampling of the stellar

IMF. If HII regions in NGC300 host on average only few high-mass

stars, that would effectively require a shorter reference timescale. We

define a characteristic mass scale38

Mref = π

(

λ

2

)2

τΣSFR, (8)

where ΣSFR is the SFR surface density. This characteristic mass scale

is related (but not equal) to the average stellar mass powering HII re-

gions. By applying stellar population synthesis models that account

for IMF sampling to simulated galaxy maps38, we found that tHα,ref

falls within < 20% of its value for a perfectly sampled IMF if Mref ≥
300 M�. For the numbers in Table 1, we find Mref = 300−500 M�,

implying that the adopted Hα reference timescales are not significantly

affected by any sparse sampling of the stellar IMF.

Thirdly, the results obtained through our analysis are the most

straightforward to interpret when the populations of GMCs and HII

regions have similar completeness in a Lagrangian evolutionary sense,

i.e. the lowest-mass GMC that is typically detected would evolve into

the faintest HII region that is typically observed. The 5σ point source

sensitivity limit of the CO map corresponds to 5600 M� (see Obser-

vational data), which in combination with the observed SFEs in the

range εsf = 2.2−2.8% would translate to a minimum HII region mass

of 120−160 M�. The 5σ sensitivity limit of the Hα map used here

translates to an instantaneously formed stellar mass of 200 M� at an

age of 5 Myr (see Observational data), which provides a reasonable

match to the above minimum HII region mass.

Fourthly, we test whether the measured region separation length

is consistent with the observed radii of the HII regions and GMCs in

NGC300. Our results imply feedback-regulated star formation, such

that feedback-heated gas breaks out of the disc when reaching the scale

height and the midplane ISM is compressed at a similar distance from

the HII region. In turn, this would set the separation length equal to the

sum of the HII region radius and the GMC radius. However, the HII

regions fade with time and GMCs are likely not traced by CO across

their entire extent in the low-metallicity environment of NGC30031.

This implies that the sum of the HII region radius and the CO cloud

radius should be smaller than the region separation length. Indeed, we

find that 1.91(rHα + rCO)/λ = 0.56+0.07
−0.05 < 1 (where the factor

of 1.91 converts the Gaussian dispersion radii to full radii, see Cloud-

scale quantities), showing that the region separation length satisfies the

lower limit imposed by the sum of the radii of GMCs and HII regions.

Finally, we verify that the measured region separation length is

consistent with the nearest neighbour distances of the emission peaks

identified in the Hα and CO maps. The separation length repre-

sents the mean geometric distance between regions in the vicinity of

identified peaks, which for a local number surface density Σreg,loc is

λ = 2/
√

πΣreg,loc. In the case of complete spatial randomness, the

probability distribution function of the nearest neighbour distance rn is

given by

dp

drn
= 2πrnΣreg,loce

−πr2nΣreg,loc , (9)

which integrates to an expectation value of 〈rn〉 =
√
πλ/4 ≈ 0.443λ.

We measure λ = 104+22
−18 pc (see Table 1), implying that 〈rn〉min =

46+10
−8 pc. This is a lower limit to the typical nearest neighbour distance

of the identified emission peaks, because λ is derived from the (com-

plete) information provided by the spatially resolved CO-to-Hα ratio.

The sample of identified peaks is incomplete by definition, resulting in

a larger nearest neighbour distance than implied by λ.

An upper limit to the typical nearest neighbour distance of the iden-

tified emission peaks is obtained by calculating the mean geometric dis-

tance between peaks across the entire observed field of view. This sets

an upper limit to λ (and thus the nearest neighbour distance), because

it assumes the regions are randomly distributed throughout the entire

galaxy and neglects galaxy-scale spatial substructure such as (floccu-

lent) spiral arms or any other clustering of the regions. We identify a

total of 455 emission peaks across the Hα and CO maps. A fraction

tfb/τ ≈ 0.11 of these are expected to correspond to the same regions,

resulting in an effective number of Nreg = 430 identified regions. The

inclination-corrected field of view has an area of A = 19.6 kpc2, im-

plying a mean geometric distance of λgeo = 2
√

A/πNreg = 241 pc
and a corresponding upper limit to the nearest neighbour distance of

〈rn〉max = 107 pc. Extended Data Figure 7 shows the probability dis-

tribution of nearest neighbour distances of the identified peaks, demon-

strating that the median and mean rn are indeed enclosed by the upper

and lower limits derived above. This means that the nearest neighbour

distances of the identified emission peaks are consistent with the mea-

sured region separation lengths.

Theoretical predictions and interpretation. In Figure 2, we com-

pare the derived cloud lifetimes, feedback timescales, region separa-

tion lengths, and feedback velocities to theoretical predictions for vari-

ous physical mechanisms. These predictions are based on the observed
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properties of NGC300 and its GMC population listed in Structural pa-

rameters and Cloud-scale quantities. Here we list and briefly discuss

the expressions used.

Cloud lifetime. The measured cloud lifetimes are compared to the

GMC crossing time and its gravitational free-fall time. Both of these

timescales are defined in Cloud-scale quantities above. In addi-

tion to these characteristic timescales, cloud destruction can poten-

tially be driven by galactic dynamical processes, either through dy-

namical dispersal or by dynamically-induced star formation and sub-

sequent stellar feedback. We use the analytical expressions from

Ref. 19 to derive the timescales associated with GMC destruction

by epicyclic perturbations19, cloud-cloud collisions20, mid-plane free-

fall67, and galactic shear68. For the range of galactic radii in NGC300

spanned by our observations, the resulting timescales are all larger than

40 Myr. This is well in excess of the longest inferred GMC lifetime

(tCO = 18.3+3.9
−4.4 Myr, see Table 1) and shows that the GMCs in

NGC300 evolve in a way that is decoupled from the large-scale galac-

tic dynamics. Most likely, this insensitivity to galactic dynamics results

from the low (molecular) gas surface density in NGC300 and does not

hold universally in other galaxies (see Relation to other work).

Feedback timescale. The measured feedback timescales are compared

to the supernova timescale, the photoionisation timescale, the stellar

wind timescale, and the radiation pressure timescale. These are defined

as follows.

The key time-limiting factor for GMC destruction by supernovae

is the supernova delay time. Supernova feedback does not start acting

until at least 3 Myr after the stars formed69, which is well after the

typical feedback timescales of tfb = 1.4−1.8 Myr measured here.

This shows that supernovae are not responsible for GMC dispersal in

NGC300.

The timescale for GMC dispersal by photoionisation is obtained

by equating the measured GMC radii to the radius evolution of the

ionisation shock70, 71 and solving for the time. This yields

tphot =
4

7

(

3

4

)1/2
rS
cs

[

(

rstdev
rS

)7/4

− 1

]

, (10)

where rstdev = rGMC/1.91 is the adopted GMC radius, defined as the

standard deviation of a Gaussian emission peak in order to match the

definition of rCO in equation 7. This definition is also consistent with

the finding that a displacement of one standard deviation is sufficient

for our method to consider two emission peaks as independent63. The

Strömgen radius rS is given by

rS =

(

3m2
H

4παBX2
H

ṄLyC

ρ2GMC

)1/3

, (11)

where ṄLyC/s
−1 = 1046.5(MHII/M�) is the Lyman continuum pho-

ton emission rate69 for an HII region powered by a stellar mass MHII,

mH = 1.7 × 10−27 kg is the mass of the hydrogen atom, αB =
2.56× 10−19 m3 s−1 × (T/104 K)−0.83 is the case-B recombination

rate72 with T the electron temperature, and XH = 0.7 is the hydrogen

mass fraction. The sound speed in ionised gas cs is given by

cs =

(

kBT

µmH

)1/2

, (12)

where kB = 1.381×10−23 m2 kg s−2 K−1 is the Boltzmann constant

and µ = 0.62 is the mean molecular weight in ionised gas.

Likewise, the timescale for GMC dispersal by stellar winds follows

from equating the measured GMC radii to the radius evolution of an

energy-driven wind shock73 and rearranging:

twind =

(

154π

125

ρGMC

Lw

)1/3

r
5/3
stdev, (13)

where Lw/J s−1 = 1027 × (MHII/M�) is the mechanical luminosity

of the wind69 driven by a stellar mass MHII. The cooling time of the hot

bubble is74

tcool
Myr

= 2.9

(

Z

0.5Z�

)−35/22 (
Lw

1030 J s−1

)3/11 (
ρGMC

20 cm−3

)−8/11

,

(14)

with Z the metallicity. This expression has been scaled to units

appropriate for GMCs and HII regions in NGC300 and provides a

cooling time longer than the measured feedback timescale (tfb =
1.4−1.8 Myr). This means that the energy-driven regime described

by equation 13 is appropriate for comparing to the theoretical predic-

tion of stellar wind-driven GMC dispersal.

The timescale for GMC dispersal by radiation pressure is obtained

by solving the momentum equation for the radiation pressure force

Frad = (1 + τIR)Lbol/c within a GMC of constant volume density.

Here, Lbol/J s
−1 = 1029.5×(MHII/M�) is the bolometric luminosity

of a [M/H] = −0.5 dex stellar population69, c = 2.998×108 m s−1 is

the speed of light, and τIR is the infrared optical depth. When solving

the time evolution of a radiation pressure-driven shell, the key question

is whether the GMC is optically thick (τIR > 1) or thin (τIR < 1)

to infrared radiation. We write τIR = φtrκRΣGMC, where φtr is

the fraction of infrared radiation that is trapped at an optical depth

τIR = 1, κR = κ0T
2
GMC is the Rosseland mean opacity75 (valid for

TGMC < 200 K), with κ0 = 2.4×10−5 m2 kg−1 K−2 a proportional-

ity constant and TGMC the GMC temperature, and ΣGMC is the GMC

surface density. Scaling to TGMC = 20 K, an infrared radiation trap-

ping fraction of φtr = 0.2 found in numerical simulations76, and the

mean GMC surface density in NGC300 (see Extended Data Figure 3),

we obtain

τIR = 5.2× 10−5

(

φtr

0.2

)(

TGMC

20 K

)2 (
ΣGMC

13 M� pc−2

)

, (15)

which clearly shows that GMCs in NGC300 are optically thin to in-

frared radiation. Even if all radiation were trapped at τIR = 1 (i.e.

φtr = 1) and the GMCs had temperatures of TGMC = 200 K, the

optical depth would still be τIR = 0.03 � 1. The low optical depth of

GMCs in NGC300 allows us to write Frad = Lbol/c, and the solution

of the momentum equation becomes

trad =

(

2πc

3

ρGMC

Lbol

)1/2

r2stdev. (16)

All of the timescales in equations 10, 13, and 16 require the mass

of the stellar population powering the HII region MHII to set the Ly-

man continuum photon emission rate, the mechanical luminosity of

the wind, or the bolometric luminosity. We derive this mass self-

consistently using the observed gas surface density, the measured re-

gion separation length, and the inferred SFE, by writing

MHII = π

(

λ

2

)2

εsfΣgas. (17)

Finally, these predicted feedback timescales do not consider energy

losses due to turbulent mixing or the porosity of the surrounding inter-

stellar medium. These effects decrease the efficiency of feedback77, 78

and thus may increase the timescale over which feedback disrupts the

parent GMC.

Region separation length. The measured region separation lengths are

compared to the Toomre length and the gas disc scale height. These are

defined as follows.
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The Toomre length79 describes the largest scale in a differentially

rotating disc that can undergo gravitational collapse against centrifugal

forces and is given by

lT =
4π2GΣgas

κ2
, (18)

where G = 6.674 m3 kg−1 s−2 is the gravitational constant, Σgas

is the gas surface density, and κ is the epicyclic frequency, which is

defined as

κ =
vc
R

(

1 +
d ln vc
d lnR

)1/2

, (19)

with vc the circular velocity. Figure 2 shows that the Toomre length

does not match the observed region separation length. This is not sur-

prising, because the disc is stable against global gravitational collapse

(Q > 1, see Extended Data Figure 1) and thus the Toomre length is un-

likely to set the separation length of independent star-forming regions.

The gas disc scale height is obtained from the observed surface

densities and velocity dispersions by assuming hydrostatic equilibrium.

It is given by

hgas =
σ2
gas

πGφPΣgas
, (20)

where σgas is the gas velocity dispersion (assumed to correspond to HI,

because the interstellar medium of NGC300 is dominated by atomic

gas) and φP is a quantity reflecting the influence of the stellar gravita-

tional potential. It is given by

φP = 1 +
Σ?

Σgas

σgas

σ?
, (21)

where Σ? is the stellar surface density and σ? is the stellar veloc-

ity dispersion. Because the latter has not been measured directly for

NGC300, we derive it from the stellar scale height h? (see Structural

parameters) and stellar surface density as

σ? = 21/4 (πGh?Σ?)
1/2 . (22)

Feedback velocity. The measured feedback outflow velocity is com-

pared to the sound speed in ionised gas, the ionisation front veloc-

ity, the stellar wind shock velocity, and the radiation pressure-driven

shell velocity. The sound speed in ionised gas follows directly from

the temperature T and the mean molecular weight µ as in equation 12.

The ionisation front velocity, stellar wind shock velocity, and radiation

pressure-driven shell velocity are all derived from their corresponding

timescales in equations 10, 13, or 16 as

vshell =
rstdev
tshell

, (23)

where vshell represents the predicted feedback outflow velocity due to

any of these three mechanisms and tshell refers to the corresponding

timescale from equations 10, 13, or 16.

GMC dispersal by stellar feedback. The short measured feedback

timescale (∼ 1.5 Myr or 10−15% of the total GMC lifetime) strongly

suggests that stellar feedback drives GMC dispersal in NGC300. Oth-

erwise, another physical mechanism would need to conspire such that

GMCs are always dispersed briefly after the appearance of massive

stars. In principle, GMCs may also disperse dynamically, with or with-

out forming (massive) stars, and then re-form. Within our framework,

GMC dispersal without any associated (Hα-emitting) star formation

and the subsequent (re-)formation of a GMC would take place in a

single ‘lifecycle’, because Hα emission is used to calibrate the evolu-

tionary timeline. This means that our interpretation does not assume

that every CO peak will evolve into an Hα peak, but it does assume

that each Hα peak emerged from a CO peak. As a result, we measure

the cumulative time spent as a CO-bright region for each Hα-bright re-

gion that forms. Any time before GMC dispersal without an associated

HII region would thus be added onto the next GMC’s lifetime. Our

measurements show that this rarely happens, because GMCs are found

to live for approximately one turbulent crossing time prior to forming

massive stars, whereas the combination of GMC dispersal by dynam-

ics, their subsequent (re-)formation, and their final evolution towards

(massive) star formation would require multiple crossing times.

At face value, GMC dispersal by feedback seems at odds with the

high virial ratios of GMCs in NGC300 (see Extended Data Figure 3).

However, recent work has shown that GMCs often appear supervirial

due to confinement by external pressure81. The low molecular gas frac-

tion of NGC300 implies that the hydrostatic balance of the GMCs is

governed by external forces82. This means that the total force balance

is closer to equilibrium than suggested by the direct measurement of

the virial ratio. Even if the GMCs are not self-gravitating globally, their

substructured nature enables dense clumps within them to undergo lo-

cal gravitational collapse83–86, which in turn induces star formation and

stellar feedback. This implies that the GMCs do not need to be bound,

nor do they need to be globally collapsing, in order to go through an

evolutionary cycle of star formation and feedback-driven dispersal. The

measured feedback timescale of 1.5 Myr is much shorter than a GMC

crossing time; it would require a considerable coincidence to synchro-

nise the time needed for dense clump and massive star formation to

match the time needed for dynamical GMC dispersal. This is supported

further by the match between the region separation length and the gas

disc scale height, which is indicative of feedback-driven blowout. Fi-

nally, we note that our results do not require the complete destruction of

GMCs by feedback, but merely their dispersal relative to the resulting

HII regions. In summary, our results suggest an interpretation in which

the GMCs in NGC300 are dynamical, transient features embedded in a

lower-density gas flow, which are dispersed by feedback from massive

stars that formed in gravitationally-collapsing, dense clumps within the

GMC.

Without additional information, our analysis does not distinguish

between feedback-driven GMC destruction due to a phase transition

or due to kinetic dispersal. In the former case, the feedback timescale

refers to the time needed to photodissociate or ionise the region. In

the latter case, the mass that constituted the GMC remains molecular,

but is separated from the young stellar population by feedback-driven

motion. In this case, the GMC is likely to break up, such that it no

longer corresponds to a single entity. In the context of our analysis

method, the descendant(s) of the GMC then represent new GMCs at

the beginning of the evolutionary timeline.

Relation to other work. Analysis method. During the past four

decades, attempts to characterise the cloud lifecycle have followed a

wide variety of approaches12–14, 87–99. These pioneering works have led

to contrasting results, finding GMC lifetimes from 1 to 100 Myr. Each

of these studies presented important advances in our understanding of

the cloud lifecycle, but collectively they faced a number of key short-

comings. Firstly, previous works exhibit major differences in experi-

ment design. Some studies count objects of different classes to statisti-

cally infer their lifetimes92, 97, whereas others follow progressions along

evolutionary streamlines with known streaming velocities and look for

changes in properties along these streamlines12, 90, 95, 96. Some studies

equate the GMC lifetime to the age (spread) of associated young stellar

populations and thus exclude any ‘inert’ phase of the GMC preceding

massive star formation13, 14, 89, 100, whereas others consider the lifetimes

of H2 molecules rather than those of GMCs12, 87. Secondly, several

of these studies were hampered by differing, subjective classifications

of objects (e.g. the definitions of GMCs and HII regions). Especially
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for the studies relying on statistical inference, the definition of these

classes of objects directly sets the derived evolutionary timescales. Due

to the hierarchical structure of the interstellar medium and young stel-

lar populations101, it is not clear how the necessary classes of objects

are best defined. Perhaps most crucially, none of these studies offered

a unifying framework for translating these timescales to the underly-

ing physics of cloud-scale star formation and feedback. As a result,

these measurements have not enabled a predictive theory for explaining

galaxy growth from a bottom-up perspective, in terms of the lifecycle

of its building blocks.

The method adopted here16 provides a self-consistent physical

and statistical framework for characterising the lifecycle of molecu-

lar clouds and star-forming regions. It adopts a Lagrangian perspec-

tive of following mass elements that reside on an evolutionary time-

line independently of their neighbours. The method itself is agnos-

tic about the definition of these ‘independent regions’; their separa-

tion is defined by the separation length λ, below which the CO-to-Hα
ratio significantly deviates from the galactic average. This approach

improves on previous methods by not relying on subjective classifi-

cations of ‘molecular clouds’ or ‘HII regions’ in various evolutionary

phases or requiring the idealised situation of evolutionary streamlines

with a common zero point at which star formation is initiated. While

classification-based methods have needed to resolve GMCs (∼20 pc)

to distinguish their evolutionary phase, our method only requires their

separation (100−150 pc in NGC300) to be resolved, greatly increas-

ing the distance scale over which it can be applied. Even within the

single galaxy NGC300, we report the environmental variation of GMC

lifetimes, indicating that at least part of the 1−100 Myr range found in

previous work might be physical in nature. Future applications of the

methodology adopted here will systematically test this prediction.

The physical meaning of the region separation length. The de-

correlation of CO and Hα emission on spatial scales smaller than the

region separation length λ implies the existence of a characteristic size

scale that defines the structure of the interstellar medium and possibly

galaxies at large. It is a key question how this characteristic size scale

is consistent with the traditional concept of a ‘scale-free’ interstellar

medium6, 102–104. Figure 2 shows that λ closely matches the gas disc

scale height. In the context of excursion-set models of the scale-free

interstellar medium104, this corresponds to the ‘first crossing’ scale,

i.e. the largest scale at which structures become self-gravitating. As

such, the region separation length likely defines the upper bound on the

range of scales across which the interstellar medium is scale-free. It

may plausibly also correspond to the turbulence driving scale, which

is thought to be similar to the disc scale height105. Future kinematic

studies of the CO emission in NGC300 will be able to test this predic-

tion, by identifying characteristic length scales in the velocity power

spectrum106 and comparing these to the measured region separation

lengths.

Spatial scale dependence of the star formation relation. This work

appears at a time when the theoretical star formation community is in-

creasingly tackling the dependence of the relation between gas and star

formation on time15, 107–110 and spatial scales67, 111–113. The discussion is

moving away from the static picture imposed by the galaxy-scale rela-

tion between molecular gas and star formation, and instead aims to ex-

press the underlying processes in terms of mass flows16, 114. The vigor-

ous evolutionary cycling observed in NGC300 demonstrates that these

theoretical efforts are moving towards a formalism that more closely

matches the star formation process seen in nature. Our results imply

that the cloud-scale star formation process sets in at a gas-dominated

stage (with high gas surface densities and low SFR surface densities),

cycling through a phase during which the star formation activity in-

creases, after which the parent GMC is disrupted and the region ends

up being dominated by young stars (at a high SFR surface density and

a low gas surface density). The SFR naturally increases with time dur-

ing this process115, until the gas is expelled. This means that individ-

ual GMCs or star-forming regions are moving in the plane spanned

by the gas mass (surface density) and SFR (surface density) (see Ex-

tended Data Figure 8). The tight correlation between these quantities

observed on galaxy-wide scales116–118 only arises when averaging over

a large population of independent regions undergoing this evolutionary

lifecycle.15, 17 As demonstrated in this work, it is therefore not neces-

sarily the slope of the gas mass-SFR relation, but more prominently its

scatter on sub-kpc scales that encodes the underlying physics driving

the lifecycle of GMCs and star-forming regions.

Environmental dependence of the GMC lifecycle. These results also

reinforce the theoretical expectation that the GMC lifecycle is environ-

mentally dependent. This has been predicted by a variety of numeri-

cal simulations18, 119–121 and analytical work19, 122, 123, which all take the

view that GMC evolution is coupled to the large-scale galactic dynam-

ics. While we find no evidence for the major influence of galactic dy-

namics in NGC300, this could itself be driven by a dependence of GMC

properties on the galactic environment. NGC300 has a low molecular

gas surface density (see Extended Data Figure 1), implying that GMCs

represent isolated ‘islands’ that are likely embedded within an enve-

lope of lower-density atomic gas. The coupling between GMC evolu-

tion and galactic dynamics can be tested better in galaxies with high

gas surface densities that are rich in molecular gas, such that CO emis-

sion also traces the GMC envelopes. We do find strong evidence for the

regulation of the GMC lifecycle by stellar feedback, which carries envi-

ronmental dependences on the GMC volume density, the GMC radius,

and the metallicity (see Theoretical predictions). In view of these pre-

dictions, it is a high priority for future work in this area to explore the

environmental variation of the physical quantities shown in Figure 2

across the galaxy population.

Regulation by stellar feedback. Finally, numerical simulations of galac-

tic star formation have recently emphasised the importance of stellar

feedback in regulating the growth and evolution of galaxies124–127. Our

observational results present a key empirical validation of this predic-

tion. Specifically, we provide important evidence for the prediction

that supernova feedback by itself is insufficient for regulating galaxy

evolution, and that ‘early’ feedback in the form of photoionisation,

stellar winds, or radiation pressure is required29, 127–132. Our conclu-

sion that photoionisation plays a major role in the dispersal of low-to-

intermediate-mass clouds is also consistent with a variety of theoretical

predictions133–138 and observational work within the Local Group78, 139.

The critical step forward made by this work is that it provides a self-

consistent framework in which all of the above theoretical predictions

can be tested simultaneously using a single set of observational data

products and a single analysis method. Now that observational stud-

ies are capable of quantitatively testing these predictions, it is to be

expected that upcoming systematic empirical studies of the GMC life-

cycle and its dependence on the galactic environment will generate a

step change by motivating future theoretical models for star formation

and feedback in the context of galaxy formation and evolution.
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licly available through the ALMA archive (https://almascience.eso.

org/alma-data/archive). The MPG/ESO 2.2-m Hα data are publicly

available as raw data from the ESO archive (http://archive.eso.org/)

under programme ID 065.N-0076 (PI F. Bresolin). All other (e.g. derived) data

8

https://almascience.eso.org/alma-data/archive
https://almascience.eso.org/alma-data/archive
http://archive.eso.org/


that support the findings of this study are available from the corresponding au-

thor (J.M.D.K.) upon reasonable request.

31. Bolatto, A. D., Wolfire, M. & Leroy, A. K. The CO-to-H2 Conversion Fac-

tor. Annu. Rev. Astron. Astrophys. 51, 207–268 (2013).
32. Wong, T. et al. The Magellanic Mopra Assessment (MAGMA). I. The

Molecular Cloud Population of the Large Magellanic Cloud. Astrophys. J.

Supp. 197, 16 (2011).
33. Druard, C. et al. The IRAM M 33 CO(2-1) survey. A complete census of

molecular gas out to 7 kpc. Astron. Astrophys. 567, A118 (2014).
34. Faesi, C. M., Lada, C. J., Forbrich, J., Menten, K. M. & Bouy, H. Molecular

Cloud-scale Star Formation in NGC 300. Astrophys. J. 789, 81 (2014).
35. Roussel, H. et al. Extinction Law Variations and Dust Excitation in the

Spiral Galaxy NGC 300. Astrophys. J. 632, 227–252 (2005).
36. Luridiana, V., Morisset, C. & Shaw, R. A. PyNeb: a new tool for analyz-

ing emission lines. I. Code description and validation of results. Astron.

Astrophys. 573, A42 (2015).
37. Leitherer, C. et al. Starburst99: Synthesis Models for Galaxies with Active

Star Formation. Astrophys. J. Supp. 123, 3–40 (1999).
38. Haydon, D. T. et al. An uncertainty principle for star formation – III. The

characteristic time-scales of star formation rate tracers. Mon. Not. R.

Astron. Soc. submitted, arXiv:1810.10897 (2018).
39. Murphy, E. J. et al. Calibrating Extinction-free Star Formation Rate Diag-

nostics with 33 GHz Free-free Emission in NGC 6946. Astrophys. J. 737,

67 (2011).
40. Kroupa, P. On the variation of the initial mass function. Mon. Not. R.

Astron. Soc. 322, 231–246 (2001).
41. Kang, X., Zhang, F., Chang, R., Wang, L. & Cheng, L. The star formation

history of low-mass disk galaxies: A case study of NGC 300. Astron.

Astrophys. 585, A20 (2016).
42. Dalcanton, J. J. et al. The ACS Nearby Galaxy Survey Treasury. Astro-

phys. J. Supp. 183, 67–108 (2009).
43. Koch, E. W. et al. Kinematics of the atomic ISM ifigun M33 on 80 pc

scales. Mon. Not. R. Astron. Soc. 479, 2505–2533 (2018).
44. Dale, D. A. et al. The Spitzer Local Volume Legacy: Survey Description

and Infrared Photometry. Astrophys. J. 703, 517–556 (2009).
45. Querejeta, M. et al. The Spitzer Survey of Stellar Structure in Galaxies

(S4G): Precise Stellar Mass Distributions from Automated Dust Correc-

tion at 3.6 µm. Astrophys. J. Supp. 219, 5 (2015).
46. Meidt, S. E. et al. Reconstructing the Stellar Mass Distributions of Galax-

ies Using S4G IRAC 3.6 and 4.5 µm Images. I. Correcting for Contami-

nation by Polycyclic Aromatic Hydrocarbons, Hot Dust, and Intermediate-

age Stars. Astrophys. J. 744, 17 (2012).
47. Leroy, A. K. et al. The Star Formation Efficiency in Nearby Galaxies:

Measuring Where Gas Forms Stars Effectively. Astron. J. 136, 2782–

2845 (2008).
48. Meidt, S. E. et al. Reconstructing the Stellar Mass Distributions of Galax-

ies Using S4G IRAC 3.6 and 4.5 µm Images. II. The Conversion from

Light to Mass. Astrophys. J. 788, 144 (2014).
49. Faesi, C. M., Lada, C. J. & Forbrich, J. The ALMA View of GMCs in

NGC 300: Physical Properties and Scaling Relations at 10 pc Resolution.

Astrophys. J. 857, 19 (2018).
50. van der Kruit, P. C. & Freeman, K. C. Galaxy Disks. Annu. Rev. Astron.

Astrophys. 49, 301–371 (2011).
51. Gogarten, S. M. et al. The Advanced Camera for Surveys Nearby Galaxy

Survey Treasury. V. Radial Star Formation History of NGC 300. Astro-

phys. J. 712, 858–874 (2010).
52. Bresolin, F. et al. Extragalactic Chemical Abundances: Do H II Regions

and Young Stars Tell the Same Story? The Case of the Spiral Galaxy

NGC 300. Astrophys. J. 700, 309–330 (2009).
53. Saintonge, A. et al. xCOLD GASS: The Complete IRAM 30 m Legacy

Survey of Molecular Gas for Galaxy Evolution Studies. Astrophys. J.

Supp. 233, 22 (2017).
54. Catinella, B. et al. xGASS: total cold gas scaling relations and molecular-

to-atomic gas ratios of galaxies in the local Universe. Mon. Not. R. As-

tron. Soc. 476, 875–895 (2018).
55. Moster, B. P., Naab, T. & White, S. D. M. Galactic star formation and

accretion histories from matching galaxies to dark matter haloes. Mon.

Not. R. Astron. Soc. 428, 3121–3138 (2013).
56. Bland-Hawthorn, J. & Gerhard, O. The Galaxy in Context: Structural,

Kinematic, and Integrated Properties. Annu. Rev. Astron. Astrophys. 54,

529–596 (2016).
57. Rosolowsky, E. & Leroy, A. Bias-free Measurement of Giant Molecular

Cloud Properties. Publ. Astron. Soc. Pac. 118, 590–610 (2006).
58. Leroy, A. K. et al. ALMA Reveals the Molecular Medium Fueling the

Nearest Nuclear Starburst. Astrophys. J. 801, 25 (2015).

59. Solomon, P. M., Rivolo, A. R., Barrett, J. & Yahil, A. Mass, luminosity,

and line width relations of Galactic molecular clouds. Astrophys. J. 319,

730–741 (1987).
60. Williams, J. P., de Geus, E. J. & Blitz, L. Determining structure in molec-

ular clouds. Astrophys. J. 428, 693–712 (1994).
61. da Silva, R. L., Fumagalli, M. & Krumholz, M. SLUG—Stochastically

Lighting Up Galaxies. I. Methods and Validating Tests. Astrophys. J. 745,

145 (2012).
62. Krumholz, M. R., Fumagalli, M., da Silva, R. L., Rendahl, T. & Parra, J.

SLUG - stochastically lighting up galaxies - III. A suite of tools for simu-

lated photometry, spectroscopy, and Bayesian inference with stochastic

stellar populations. Mon. Not. R. Astron. Soc. 452, 1447–1467 (2015).
63. Hygate, A. P. S. et al. An uncertainty principle for star formation – IV.

On the nature and filtering of diffuse emission. Mon. Not. R. Astron.

Soc. submitted, arXiv:1810.11405 (2018).
64. Schruba, A. et al. A Molecular Star Formation Law in the Atomic-gas-

dominated Regime in Nearby Galaxies. Astron. J. 142, 37 (2011).
65. Leroy, A. K. et al. Molecular Gas and Star Formation in nearby Disk

Galaxies. Astron. J. 146, 19 (2013).
66. Pety, J. et al. The Plateau de Bure + 30 m Arcsecond Whirlpool Sur-

vey Reveals a Thick Disk of Diffuse Molecular Gas in the M51 Galaxy.

Astrophys. J. 779, 43 (2013).
67. Krumholz, M. R., Dekel, A. & McKee, C. F. A Universal, Local Star For-

mation Law in Galactic Clouds, nearby Galaxies, High-redshift Disks, and

Starbursts. Astrophys. J. 745, 69 (2012).
68. Elmegreen, B. G. Supercloud formation by nonaxisymmetric gravitational

instabilities in sheared magnetic galaxy disks. Astrophys. J. 312, 626–

639 (1987).
69. Leitherer, C. et al. The Effects of Stellar Rotation. II. A Comprehensive

Set of Starburst99 Models. Astrophys. J. Supp. 212, 14 (2014).
70. Spitzer, L. Physical processes in the interstellar medium (Wiley-

Interscience, 1978).
71. Hosokawa, T. & Inutsuka, S.-i. Dynamical Expansion of Ionization and

Dissociation Front around a Massive Star. II. On the Generality of Trig-

gered Star Formation. Astrophys. J. 646, 240–257 (2006).
72. Tielens, A. G. G. M. The Physics and Chemistry of the Interstellar

Medium (Cambridge University Press, 2005).
73. Weaver, R., McCray, R., Castor, J., Shapiro, P. & Moore, R. Interstellar

bubbles. II - Structure and evolution. Astrophys. J. 218, 377–395 (1977).
74. Mac Low, M.-M. & McCray, R. Superbubbles in disk galaxies. Astrophys.

J. 324, 776–785 (1988).
75. Thompson, T. A., Quataert, E. & Murray, N. Radiation Pressure-

supported Starburst Disks and Active Galactic Nucleus Fueling. Astro-

phys. J. 630, 167–185 (2005).
76. Krumholz, M. R. & Thompson, T. A. Direct Numerical Simulation of Radi-

ation Pressure-driven Turbulence and Winds in Star Clusters and Galac-

tic Disks. Astrophys. J. 760, 155 (2012).
77. Rosen, A. L., Lopez, L. A., Krumholz, M. R. & Ramirez-Ruiz, E. Gone

with the wind: Where is the missing stellar wind energy from massive

star clusters? Mon. Not. R. Astron. Soc. 442, 2701–2716 (2014).
78. Chevance, M. et al. A milestone toward understanding PDR properties

in the extreme environment of LMC-30 Doradus. Astron. Astrophys. 590,

A36 (2016).
79. Toomre, A. On the gravitational stability of a disk of stars. Astrophys. J.

139, 1217–1238 (1964).
80. Schruba, A. et al. Physical Properties of Molecular Clouds at 2 pc Reso-

lution in the Low-metallicity Dwarf Galaxy NGC 6822 and the Milky Way.

Astrophys. J. 835, 278 (2017).
81. Hughes, A. et al. A Comparative Study of Giant Molecular Clouds in M51,

M33, and the Large Magellanic Cloud. Astrophys. J. 779, 46 (2013).
82. Schruba, A., Kruijssen, J. M. D. & Leroy, A. K. How Galactic Environment

affects the Dynamical State of Molecular Clouds and their Star Formation

Efficiency. Astrophys. J. submitted (2018).
83. Clark, P. C., Bonnell, I. A., Zinnecker, H. & Bate, M. R. Star formation in

unbound giant molecular clouds: the origin of OB associations? Mon.

Not. R. Astron. Soc. 359, 809–818 (2005).
84. Padoan, P., Haugbølle, T. & Nordlund, Å. A Simple Law of Star Forma-
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Extended Data Figure 2 | Integrated properties of NGC300 relative to other star-forming galaxies in the nearby Universe. The panels

show the SFR as a function of stellar mass (a), molecular gas mass (b), and atomic gas mass (c), both for NGC300 and nearby galaxies from

the xCOLDGASS53 and xGASS54 surveys. In panels b and c, the arrows indicate 3σ and 5σ upper limits of non-detections in xCOLDGASS

and xGASS, respectively. The solid lines represent the star-forming galaxy main sequence54 (a), the mean molecular gas depletion time of the

xCOLDGASS detections (b), and the mean atomic gas depletion time of the xGASS detections (c), with the 1σ scatter shown in grey.
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Extended Data Figure 3 | Radial profiles of the average properties of the GMC population in NGC300. The panels show the GMC radius

(a), velocity dispersion (b), luminous and virial masses (c), surface density (d), molecular hydrogen number density (e), and virial parameter (f,

where αvir = 1 corresponds to virial equilibrium).
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Extended Data Figure 4 | NGC300 seen at different aperture sizes.

This figure illustrates the image processing of this work. The pan-

els show the Hα emission (left) and CO(1-0) emission (right) from

NGC300 convolved with top-hat apertures of diameters increasing

from top to bottom from 20 pc to 2560 pc (see the annotated circles).

Each panel also shows the locations of the emission peaks identified in

the 20 pc-resolution images (crosses), at which the flux density mea-

surements are made when deriving the CO-to-Hα flux ratio as a func-

tion of size scale as in Figure 1.
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Extended Data Figure 5 | Probability distribution functions of constrained quantities. Normalised probability distributions of the six

constrained quantities (solid lines), with best-fitting values (dashed lines) and 1σ uncertainties (dotted lines) indicated in the top-right corner of

each panel.
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Extended Data Figure 6 | Influence of the GMC lifecycle on the de-

correlation of molecular gas and young stellar emission. Shown is

the change of the CO-to-Hα flux ratio relative to the galactic average as

a function of spatial scale, for apertures placed on CO emission peaks

(top branch) and Hα emission peaks (bottom branch). The symbols and

1σ error bars show the CO-to-Hα flux ratios observed across the entire

field-of-view of NGC300 as in Figure 1. The evolutionary timeline of

the GMC lifecycle is constrained by fitting the model indicated by the

solid lines. Alternative models with long GMC lifetimes are shown

by the dashed and dotted lines (see the legend). These alternatives are

ruled out by the observations.
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Extended Data Figure 7 | Distribution of nearest neighbour dis-

tances of identified emission peaks. The black solid line shows the

cumulative distribution of the distances to the nearest neighbours across

the combined sample of emission peaks identified in the Hα and CO

maps. The median and mean distance are indicated by the vertical

dashed and dotted lines, respectively. The vertical grey lines indicate

lower and upper limits derived in the Methods section, the first of which

is implied by the measured region separation length. The location of

the median and mean nearest neighbour distances in between these lim-

its is consistent with the measured separation lengths.
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Extended Data Figure 8 | Schematic illustration of cloud-scale evo-

lutionary cycling in the Σ−ΣSFR plane. The symbols show the ob-

served relation between the total gas surface density (Σ, where the

high-redshift sample is assumed to be fully molecular) and the SFR

surface density (ΣSFR) for galaxies in the local Universe and at high-

redshift (see the legend)67, 140, 141. For NGC300, the error bars show the

1σ uncertainties. Dotted lines represent constant gas depletion times as

indicated by the labels. The results of this work show that GMCs and

star-forming regions move through this diagram. As a function of time,

they increase their gas density, increase their SFR, expel gas through

feedback, and eventually fade by stellar evolution, which is schemati-

cally illustrated by the red arrows.
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SUPPLEMENTARY INFORMATION

Supplementary Video 1 | Spatial de-correlation between molecular

gas and ionised emission from young stars towards small spatial

scales in the nearby galaxy NGC300. The top panels show the ionised

emission (Hα, left) and molecular gas (CO, right) maps of NGC300,

with crosses indicating the emission peaks in each of the maps. The

bottom-left panel shows the gas depletion time (the ratio between the

top maps). The colour of this map changes from white on large spa-

tial scales (strong CO-Hα correlation) to bright red and blue on small

spatial scales (strong CO-Hα anti-correlation). The bottom-right panel

quantifies this behaviour by showing how the change of the CO-to-

Hα flux ratio relative to the galactic average increases towards small

(< 150 pc) aperture sizes. The circle and vertical line indicate the

spatial scale (‘aperture size’) at which the galaxy is observed.

Supplementary Video 2 | Relation between the change of the CO-

to-Hα flux ratio relative to the galactic average and the physical

quantities defining the cloud lifecycle. The young stellar lifetime

(tHα), the cloud lifetime (tCO), the feedback timescale (tfb), and the

region separation length (λ) are initially set equal to values measured

for NGC300, but are systematically varied to demonstrate their effect

on the CO-to-Hα ratio. The top panels show mock ‘CO’ and ‘Hα’

maps from a numerical simulation of a disc galaxy, with an inclina-

tion and position angle mimicking NGC300. The images are generated

using stellar particles in specific age intervals, yielding emission peak

lifetimes as indicated in the timeline and annotation at the top of the

video. The bottom-left panel shows the ‘gas depletion time’, i.e. the

ratio between the top maps. The bottom-right panel shows the change

of this ratio relative to the galactic average, with λ indicated along the

bottom axis. This diagram provides a non-degenerate measurement of

the three measured quantities (tCO, tfb, and λ), because tHα is known

(see Methods).
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