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ABSTRACT

One of the most important and well-established empirical results in astronomy is the so-called Kennicutt-Schmidt (KS) relation

between the density of interstellar gas and the rate at which that gas forms stars1–4. While a tight correlation between these

quantities has long been measured at galactic scales, the difficulty of measuring star formation rates and gas densities over a

large dynamic range at sub-galactic scales has thus far precluded a definitive determination of whether the same relationship

holds within individual star-forming clouds. In this article we use a new, high-accuracy catalogue of young stellar objects from

Spitzer combined with new, high-dynamic range maps of twelve nearby (<1.5 kpc) molecular clouds from Herschel5 to re-examine

the KS relation within individual molecular clouds. We find a tight, linear correlation between clouds’ star formation rate per unit

area and their gas surface density normalised by the gas free-fall time. The measured relation extends over more than two orders

of magnitude within each cloud, and is nearly identical in each of the twelve clouds, implying a constant star formation efficiency

per free-fall time nff ≈ 0.026. The finding of a universal correlation within individual molecular clouds, including clouds that contain

no massive stars or massive stellar feedback, favours models in which star formation is regulated by local processes such as

turbulence or protostellar outflows6–8, and disfavours models in which star formation is regulated primarily by galaxy properties

or supernova feedback on galactic scales9–11.

1 Introduction

In galactic discs, there is a well-established correlation between the gas mass and star formation rate per unit area, when both
quantities are measured in kpc-scale or larger patches2–4; this correlation is known as the KS relation. However, the correlation
worsens as one measures progressively smaller regions, and there is little correlation between the carbon monoxide and ionising
or far-infrared luminosities – standard proxies for gas mass and star formation rate, respectively – of individual molecular
clouds or filaments . 100 pc in size12–15. It remains uncertain whether this decorrelation is the result of a true spread in the
star formation rate per unit mass among clouds16, or if it is due to the failure of our proxies for mass and star formation rate.
The latter is possible because we most often estimate star formation rate using the luminosity of massive stars, and this proxy
underestimates the true star formation rate until the stellar population is old enough (∼5-10 Myr) to have reached statistical
steady state between the formation of new massive stars and the deaths of older ones. Conversely, massive stars can rapidly
disperse the gas from which they formed, and if we observe a stellar population where dispersal is well underway, we will
underestimate the mass of gas that was present when the stars formed. Thus analyses based on massive stars will tend to
underestimate the star formation rate per unit mass in young clouds and overestimate it in old clouds. When we measure the KS
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relation in kpc-scale patches, we average over large numbers of clouds at random ages, these errors cancel, and we recover the
correct mean star formation rate per unit mass. However, the errors for individual clouds might nonetheless be substantial,
artificially creating scatter in the KS relation at smaller scales13,17.

Whether the observed large scatter in the KS relation at small scales indicates a real scatter in star formation rate per
unit mass, or whether it is simply an artefact of the observational errors described above, has profound implications for our
understanding of the mechanisms by which star formation is regulated. If it is real, this suggests that the KS relation on galactic
scales is due to feedback processes acting at similar scales, most likely the balance between gravity and supernovae9–11 (SNe),
and individual clouds are free to collapse to stars with high efficiency; indeed, the lack of a KS relation within individual clouds
is a direct prediction of such models16. On the other hand, if a KS relation does hold within single clouds, particularly those
containing no stars massive enough to produce SNe, this implies that some smaller-scale or more universal mechanism inhibits
star formation within individual molecular clouds, for example turbulence, magnetic fields, or protostellar outflows6,7.

A natural experiment for deciding between these possibilities is to search for a KS relation within individual molecular
clouds using counts of the recently formed stars or protostars (identified by bright infrared emission from circumstellar dust)
rather than the luminosities of massive stars as a proxy for star formation rate, thereby avoiding the problems of finite luminosity
buildup time and rapid cloud dispersal. Such studies generally do find a reasonable correlation between the number of young
stellar objects (YSOs) in a cloud and its mass, or its mass divided by its mean-density free-fall time8,18–21. However, these
are correlations across many distinct clouds, not within a single cloud, which is the true test of the KS relation. Searches for
a single-cloud KS relation have thus far met with mixed results18,19, 22, 23, as they have all been hampered by their reliance
on YSO catalogues with complex and poorly-understood sensitivity limits, and on extinction maps to measure mass within
clouds. Such maps span a relatively limited dynamic range in column density. The most complete study to date is that of ref.5,
which uses the same underlying data that we will use here, and which does find a strong correlation between gas and YSO
surface densities. However, their analysis technique examines the density of gas around stars on a star-by-star basis, and thus
cannot easily determine whether the KS relation is the same from cloud to cloud, or whether there is dependence on additional
parameters such as the cloud free-fall time. Thus while this result is suggestive, it does not settle the question of whether a
cloud-scale KS relation exists, or what form it might take.

2 Results

In this article we re-examine the KS relation within single clouds using a uniformly reduced catalog of the protostars from
the (?8CI4A Extended Solar Neighborhood Archive (SESNA) and uniformly reduced gas column density maps based on dust
emission from �4AB2ℎ4; for 12 molecular clouds that cover very different star formation environments5. Compared to previous
samples, our YSO catalogue and dust maps probe a much larger dynamic range in gas column density and star formation rate
and have well-modelled sensitivity and completeness, allowing a much more sensitive test of the single-cloud KS relation.
Full details of the protostellar catalogue and maps are provided in the Methods section, and we provide a detailed comparison
between our data and those used in earlier searches for a single-cloud KS relation in the Supplementary Information.

We show our data for one example cloud, Mon R2 GMC, in Figure 1. On the observed map, we define a series of contours
at different gas column densities # (H2), at levels chosen using the procedure described in Methods. Within each contour, we
measure the enclosed area �, the enclosed gas mass "gas, and the number of enclosed protostars #PS (Figure 1c). We adopt
"PS ≈ 0.5"⊙ for the mean mass of protostars in our catalogue24, and the duration of the protostellar phase during which
newborn stars will be included in our catalogue is CPS ≈ 0.5 Myr25; see Methods for details. Consequently, we can compute the
star formation rate within each contour as SFR = #PS"PS/CPS.

In Figure 2a we plot the relationship between the star formation rate surface density ΣSFR = SFR/� and gas surface density
Σgas = "gas/� defined by our contours. Clearly the relation is approximately linear in log-log, and we report the results of a
least-squares fit of the data to a linear functional form in Table 1. We fit only the data that comes from column density contours
< 3×1022 cm−2, since above this limit the contours and number of protostars enclosed become very small, and Poisson errors
in ΣSFR become large. Considering all 12 clouds, the median best-fit slope is 2.08, and near the centre of the observed data
range (gas surface density Σgas = 102.5 "⊙ pc−2), the interquartile range (IQR) of the measured values of logΣSFR across all
clouds is 0.36. We show the line corresponding to our median fit parameters, with this scatter, in Figure 2a.

While the surface densities of gas and star formation are the quantities most directly accessible from observations, most
theoretical models that predict the existence of a KS relation for single clouds predict a dependence on the gas free-fall
time6,21, 26, 27, which depends on the volume density; incorporating the free-fall time also gives a tighter correlation when
measuring the cloud-to-cloud KS relation8,20. In order to estimate the free-fall time, we follow ref.8 in computing the density of
the material within each surface density contour by assuming that the unseen dimension along the line of sight is comparable
to the two dimensions observed in the plane of the sky, so that d = 3

√
c"gas/4�3/2; we then compute the free-fall time

as Cff =

√

3c/32�d. This amounts to assuming that the region being studied is a sphere in three dimensions, and recent
works by Z. Hu et al. (in prep.) shows that this assumption is likely responsible for adding a scatter of ∼0.2 to estimates
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of lognff . Figure 2b shows the relationship between ΣSFR and Σgas/Cff , and Table 1 shows the results of fitting a linear (in
logarithm) relationship between these quantities. It is immediately clear that the scatter is much smaller for this relationship
than for the one between ΣSFR and Σgas alone; quantitatively, the IQR of the data is reduced from 0.36 to 0.14 (computed at
Σgas/Cff = 102.5 "⊙ pc−2 Myr−1) by inclusion of the free-fall time. Moreover, the relationship is now linear, with a median
best-fit slope of 0.99. This finding, coupled with the theoretical predictions for a linear relationship, motivates us to carry out a
fit where we fix the slope to unity and fit only the offset, so the functional form is

logΣSFR = log
(

Σgas/Cff
)

+ lognff , (1)

where nff is the fraction of the gas mass converted to stars per free-fall time. The resulting fits are indistinguishable within the
error bars from those where we allow the slope to vary (see Table 1). We show the fit using the median value of nff ≈ 0.026 in
Figure 2b.

We further examine the value of nff as a function of column density for each of our clouds in Figure 3. We construct this
Figure following the method of ref.28, whereby we vary the contour level as shown in Figure 1, and within each contour we
measure nff = SFR/("gas/Cff), where the values of SFR, "gas, and Cff are the values within the contour. The Figure shows how
nff varies with mean gas column density within the corresponding contour Σgas. We find no evidence for any threshold at
which star formation becomes efficient, i.e., where nff rises substantially. This is contrary to some earlier analyses using much
more limited data29–31. Instead we find that in almost all clouds nff is nearly constant over ≈ 1 decade in column density from
≈ 100–1000 "⊙ pc−2, and that at column densities & 1000 "⊙ pc−2 the value of nff decreases rather than increases.

The decrease in nff at high column density is contrary to the naive expectation that star formation should become more
rather than less efficient in denser gas. However, it seems likely that the drop in apparent nff is not indicative of a true decline
in star formation efficiency but is rather a result of one of three possible effects. First, the surface densities above which nff

decreases tend to correspond to contours with rather small areas, such that the projected size on the plane of the sky is ∼ 1 pc
(Figure 1). The YSOs we use to estimate the star formation rate have a lifetime of CPS ≈ 0.5 Myr, and over this time scale an
object moving at a speed of ≈ 2 km s−1, well within the typical velocity dispersion of YSOs32, will move ≈ 1 pc. Thus we
might underestimate star formation rates in the smallest contours because YSOs have moved out of them. A second possible
explanation is that protostellar lifetimes might not be independent of density as we have assumed. Protostellar luminosities are
observed to be higher in dense regions of molecular clouds33,34, and it is possible that this is a signature of more rapid accretion
that could in turn lead to more rapid progression through the evolutionary phase selected by our catalogue. In this case our
method would lead us to somewhat underestimate nff in the densest regions we survey. A third possible explanation is that the
densest parts of star-forming regions are also sites of bright and complex emission in the infrared that can contribute to locally
reduced YSO sensitivity35. Our SENSA catalogue is more sensitive than previous ones in these regions, as we show in the
Supplementary Information, but we may still suffer from some incompleteness in the densest regions. Again, this would cause
us to underestimate nff .

3 Implications

Our results demonstrate that star formation within individual molecular clouds follows a tight KS relation, characterised by a
linear relationship between star formation rate and mass normalised by free-fall time. The proportionality constant between
these quantities has a median value nff ≈ 0.026, and the scatter is only ≈ 0.14 in the logarithm of the star formation rate. This
relationship is essentially the same in all the molecular clouds we studied. This is significant because the clouds themselves
span a huge range of properties: for example, the Perseus and Ophiuchus clouds contain no stars with significant ionising
luminosities or winds, while Cep OB3 and Orion-A and -B are sites of ongoing massive star formation.

The small scatter in nff we have measured rules out models in which star formation is regulated only at galactic scales, and
not within individual clouds. For example, ref.36 propose that molecular clouds are collapsing and that, as a result, the star
formation rate within them increases with time as SFR ∝ C2; ref.16 shows that the observed dispersion in lognff predicted by
this model is 0.54, a factor of ≈ 3 larger than we observe. By contrast, a model in which there is no collapse and thus nff does
not increase yields a dispersion in lognff of 0.16, very close to what we observe. Thus our observations strongly favour the
existence of a mechanism that keeps nff close to constant across all local molecular clouds. Moreover, this mechanism must not
depend on the feedback provided by massive stars, since many of the clouds we have observed contain no massive stars.
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Cloud
AV level (mag) logΣSFR = 0 logΣgas + 1 logΣSFR = 0 log

(

Σgas/Cff
)

+ 1 logΣSFR = log
(

Σgas/Cff
)

+ lognff

Min Max 0 1 0 1 lognff

Ophiuchus 3.0 55.5 1.83±0.03 -3.24±0.08 0.87±0.02 -1.11±0.05 -1.44±0.12
Perseus 2.0 92.0 1.88±0.02 -3.54±0.05 0.92±0.01 -1.31±0.03 -1.51±0.13
Orion-A 3.0 99.5 2.14±0.01 -5.13±0.03 1.04±0.01 -2.20±0.01 -2.00±0.04
Orion-B 3.0 90.5 2.14±0.01 -4.58±0.04 1.01±0.01 -1.84±0.02 -1.77±0.13
Aquila-North 4.0 99.5 2.08±0.03 -4.23±0.07 1.01±0.01 -1.71±0.04 -1.60±0.07
Aquila-South 3.0 99.5 2.20±0.01 -4.62±0.02 1.03±0.01 -1.75±0.02 -1.55±0.03
NGC 2264 3.0 99.5 1.71±0.02 -3.64±0.05 0.86±0.01 -1.55±0.03 -1.85±0.09
S140 2.0 53.0 2.09±0.02 -4.17±0.06 0.97±0.01 -1.61±0.03 -1.57±0.06
AFGL 490 4.0 40.0 1.44±0.06 -2.55±0.15 0.67±0.03 -0.82±0.08 -1.70±0.21
Cep OB3 3.0 57.0 2.36±0.02 -4.93±0.05 1.03±0.01 -1.73±0.03 -1.52±0.04
Mon R2 2.0 94.0 1.71±0.04 -3.41±0.09 0.82±0.02 -1.25±0.05 -1.80±0.24
Cygnus-X 3.0 99.5 2.38±0.02 -5.25±0.06 1.06±0.01 -1.49±0.02 -1.37±0.19
Median 2.08 -4.2 0.99 -1.58 -1.59
Mean 2.0 -4.11 0.94 -1.53 -1.64
IQR 0.36 0.14

Table 1. Best-fit parameters with errors. The column AV indicates the range in visual extinction over which the relationship is
measured. In each remaining group of columns, the equation at the top indicates the functional form being fit, and the columns
under it give the best-fit parameters for each cloud; numerical values given are for Σgas in units of "⊙ pc−2, Cff in units of Myr,
and ΣSFR in units of "⊙ pc−2 Myr−1. The entries at the bottom of the table give the median and mean of the fit values, and the
interquartile range (IQR), i.e., between the 25th and 75th percentile of the data, evaluated near the centre of the observed data
range, at Σgas = 102.5 "⊙ pc−2 and Cff = 1 Myr. Note that the IQR of the data is the same for the two right-hand columns, since
these two functional forms use the same data values on the horizontal and vertical axes. The entries for nff correspond to the
mean and standard deviation of nff for each cloud (see Figure 3).
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Figure 1. a): Gas column density map of the Mon R2 GMC derived from �4AB2ℎ4; observations37. Green contours show the
(?8CI4A coverage map that is used for identifying protostars. The brown contours indicate molecular hydrogen column densities
of # (H2) = (2,5,10,20,30,50,70) ×1021 cm−2, from lowest to highest. Protostars are shown as magenta stars. b): Zoom-in
view of the 5 × 5 parsec region centered at the Mon R2 cluster that is shown as a black box in the left panel. c): Gas mass and
the number of protostars enclosed by each contour shown in panels (a) and (b). The colours of the points match the colours of
the corresponding contours.
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Figure 2. a) logΣSFR vs. logΣgas for contours defined on each of the 12 sample clouds (as indicated in the legend) b) Same as
(a), but using Σgas/Cff on the horizontal axis. In both panels, black dashed lines show the median best fit relation, using the
parameters shown in Table 1; for (b), the black dashed line shows the fit constrained to have a slope of unity, though the best fit
for an unconstrained slope is nearly indistinguishable. The darker shaded region shows the interquartile range (IQR) of the data
(see Table 1) around the average best fit line. and the lighter shaded region represents two times the IQR.
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Figure 3. Variation of the free-fall efficiency (nff) with Σgas for our sample of clouds. The uncertainties in nff are computed by
assuming a Poisson distribution on the number of protostars28. The median of the logarithm of nff (−1.59, see Table 1) is shown
by a black dashed line.
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Methods

The input data for our study consist of a matched set of protostellar catalogues and cloud column density maps, such as are
illustrated in Figure 1. We use such matched catalogues and maps for the star-forming regions Ophiuchus, Perseus, Orion-A,
Orion-B, Aquila-North, Aquila-South, NGC 2264, S140, AFGL 490, Cep OB3, Mon R2, and Cygnus-X.

For protostars, we use the Spitzer Extended Solar Neighborhood Archive (SESNA) catalogue compiled by R. Gutermuth
et al. (in preparation). The catalogue is constructed using combined Spitzer IRAC38 3.6, 4.5, 5.8, 8.0 `m, MIPS39 24`m,
and near-IR (1.24, 1.67, 2.16 `m) photometry from the Two Micron All-Sky Survey (2MASS)40 spanning ∼90 deg2, with
UK Infrared Deep Sky Survey Galactic Plane Survey (UKIDSS GPS)41 data added exclusively for our most distant target,
Cygnus-X. Sources with excess IR emission are distinguished from field stars and further subdivided into various YSO and
contaminant classifications (e.g. background galaxies and unresolved molecular hydrogen shock emission) using a series of
reddening-safe colour and flux selections42. With a few exceptions5,22, prior work on the intracloud KS relation employed
protostar identifications that required 24 `m flux measurements (e.g.19,30). This requirement strongly limits protostar sensitivity
due to confusion from resolved nebulosity and nearby bright sources as are found in young stellar clusters33,35, 43. SESNA
and related Spitzer censuses of YSOs make robust protostar identifications that don’t require 24 `m photometry, improving
protostar completeness under these circumstances42,44. In addition, SESNA has a well-measured rate of contamination from
extragalactic interlopers and edge-on disks42,45, and we can therefore correct statistically for these contaminating effects. The
correction procedure is explained in detail in ref.5; all our analysis in this work makes use of the statistically-corrected data.

The cloud column density maps we use are described in ref.5. Summarising the relevant points here: we construct the
maps using Herschel/SPIRE and Herschel/PACS imaging at 160 `m, 250 `m, 350 `m, and 500 `m, convolved to a common
resolution. In each pixel, we fit the observed spectrum using a model for dust emission in which the free parameters are the gas
column density and the temperature; in these fits the dust opacity per unit mass at 500 `m is fixed to ^500`m = 2.90 cm2 g−1

based on the OH4 dust model of ref.46. Our column density maps are the results of these fits, and can be expressed equivalently
in column of H2 molecules, # (H2) or gas mass column Σgas; the two are related by

Σgas =
2<H

-
# (H2), (2)

where <H = 1.67×10−24 g is the mass of a hydrogen atom and - = 0.71 is the hydrogen mass fraction of the local interstellar
medium47. We also mask pixels where the estimated dust temperature exceeds a threshold value, since in this regime the column
density estimate becomes very uncertain – see ref.5 for details. In the highest density regions the dust emission can be optically
thick even at 500 `m and our estimation of column densities may represent the lower limits. However, we are not probing gas
beyond N(H2) ∼ 1023 cm−2 so the effect on our results is minimal. To the extent that optical depth effects are significant, they
would cause us to slightly overestimate nff at the highest column densities.

Given the input catalogues, we construct the contours within which we measure gas mass, protostar number, and area; our
approach is similar to that first explored by ref.30. We place the lowest contour at the lowest value of # (H2) such that the
resulting contour is entirely enclosed by the footprints of the SESNA catalogue and the column density map. We then place
additional contours with uniform spacing of 0.5 magnitudes in V band, where for our OH4 dust model 0.5 mag of extinction in
V corresponds to a gas column # (H2) ∼ 5×1020 cm−2, until the smallest contour does not enclose any protostar. The estimates
for the minimum and the maximum AV are given in Table 1. The result of this procedure is a set of ("gas, #PS, �) triples for
each cloud, which forms the basis for our analysis in this work.

We find typical uncertainties of ∼30% in the �4AB2ℎ4; derived column density maps37. We use the same uncertainty
factor to estimate uncertainties in derived Σgas. Given the uncertainties in assumed emissivity and gas-to-dust ratio, we find the
derived masses to be uncertain up to a factor of two. For the uncertainty in the number of protostars enclosed by each #(H2)
contour, we use Poisson statistics and further propagate it to obtain the uncertainty in ΣSFR. The error bars in nff in Figure 3
correspond to the

√
#%( Poissonian errors, similar to ref.28.
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Supplementary Information

Here we compare our results derived from Herschel column density maps and the SESNA YSO catalogue to results based on
earlier extinction maps and YSO catalogues. For the purpose of this comparison, we focus on the Perseus cloud, and use the
extinction maps together with the c2d protostellar catalog (both from ref.24). We analyse these data as described in Methods,
and plot the resulting correlation between ΣSFR, Σgas, and Σgas/Cff in Figure 4; the Figure shows our results derived from
Herschel plus SESNA for comparison. Examining the results, the most obvious difference is that the older data cover a much
smaller dynamic range – . 0.5 decades in Σgas, and . 1.5 decades in Σgas/Cff , compared to & 1 decade in Σgas and & 2 decades
in Σgas/Cff for our data. The difference is primarily a result of the extinction maps saturating at high column density, which
prevents them from reaching the values of Σgas that we can probe using far infrared emission37. A secondary contributor is
that the SESNA YSO catalogue is more complete in high-density regions. As a result of this difference the linear KS relation
between ΣSFR and Σgas/Cff is significantly more apparent in our data.

Figure 4. Comparison of star–gas surface density correlation plots between our data (far-IR �4AB2ℎ4; # (H2) gas and SESNA
protostars; shown in blue) and a mid-IR extinction map and together with protostars from the c2d catalog (shown in red) for the
Perseus molecular cloud.
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Figures

Figure 1

a): Gas column density map of the Mon R2 GMC derived from  observations37. Green contours
show the  coverage map that is used for identifying protostars. The brown contours indicate
molecular hydrogen column densities of  (H2) = (2, 5, 10, 20, 30, 50, 70) × 1021 cm−2, from lowest to
highest. Protostars are shown as magenta stars. b): Zoom-in view of the 5 × 5 parsec region centered at
the Mon R2 cluster that is shown as a black box in the left panel. c): Gas mass and the number of
protostars enclosed by each contour shown in panels (a) and (b). The colours of the points match the
colours of the corresponding contours.



Figure 2

a) log ΣSFR vs. log Σgas for contours de�ned on each of the 12 sample clouds (as indicated in the
legend) b) Same as (a), but using Σgas/ff on the horizontal axis. In both panels, black dashed lines
show the median best �t relation, using the parameters shown in Table 1; for (b), the black dashed line
shows the �t constrained to have a slope of unity, though the best �t for an unconstrained slope is nearly
indistinguishable. The darker shaded region shows the interquartile range (IQR) of the data (see Table 1)
around the average best �t line. and the lighter shaded region represents two times the IQR.

Figure 3



Variation of the free-fall eÿciency (ff ) with Σgas for our sample of clouds. The uncertainties in ff are
computed by assuming a Poisson distribution on the number of protostars28. The median of the
logarithm of ff (−1.59, see Table 1) is shown by a black dashed line.

Figure 4

Comparison of star–gas surface density correlation plots between our data (far-IR   (H2) gas
and SESNA protostars; shown in blue) and a mid-IR extinction map and together with protostars from the
c2d catalog (shown in red) for the Perseus molecular cloud.
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