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Figure 11
(a) Relationship between the disk-averaged surface densities of star formation and gas (atomic and molecular) for different classes of
star-forming galaxies. Each point represents an individual galaxy, with the SFRs and gas masses normalized to the radius of the main
star-forming disk. Colors are used similarly as in Figure 9: Purple points represent normal spiral and irregular galaxies, red points
infrared-selected starburst galaxies [mostly luminous and ultraluminous infrared galaxies (LIRGs and ULIRGs, respectively)], and dark
yellow points denote circumnuclear starbursts with star-formation rates (SFRs) measured from Paα measurements. The Milky Way
(black square) fits well on the main trend seen for other nearby normal galaxies. Magenta crosses represent nearby low-surface-
brightness galaxies, as described in the text. Open blue circles denote low-mass irregular and starburst galaxies with estimated metal
(oxygen) abundances less than 0.3 Z⊙, indicating a systematic deviation from the main relation. For this plot, a constant X(CO) factor
was applied to all galaxies. The light blue line shows a fiducial relation with slope N = 1.4 (not intended as a fit to these data). The
sample of galaxies has been enlarged from that studied in Kennicutt (1998b), with many improved measurements as described in the
text. (b) Corresponding relation between the total (absolute) SFR and the mass of dense molecular gas as traced in HCN. The dashed
gray line is a linear fit, which contrasts with the nonlinear fit in panel a. Figure adapted from Gao & Solomon (2004). Reproduced by
permission of the AAS.

galaxies (Section 2.4), the slope of the overall Schmidt law would increase from 1.4–1.5 to 1.7–1.9
(Narayanan et al. 2011).

Usually, the Schmidt law is parameterized in terms of the total (atomic plus molecular) gas
surface density, but one can also explore the dependences of the disk-averaged SFR densities
on the mean atomic and molecular surface densities individually. Among normal galaxies with
relatively low mean surface densities, the SFR density is not particularly well correlated with
either component, though variations in X(CO) could partly explain the poor correlation between
SFR and derived H2 densities (e.g., Kennicutt 1998b). In starburst galaxies with high gas surface
densities, however, the gas is overwhelmingly molecular, and a strong nonlinear Schmidt law is
observed (Figure 11a).

A similar nonlinear dependence is observed for total SFR (as opposed to SFR surface den-
sity) versus total molecular gas mass (e.g., Solomon & Sage 1988, Gao & Solomon 2004). This
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of the gas, with N \ 1.5 expected for a constant mean scale
height, a reasonable approximation for the galaxies and
starbursts considered here. Although this is hardly a robust
derivation, it does show that a global Schmidt law with
N D 1.5 is physically plausible.

In a variant of this argument, andSilk (1997) Elmegreen
have suggested a generic form of the star formation(1997)

law, in which the SFR surface density scales with the ratio
of the gas density to the local dynamical timescale :

&

SFR
P &

gas
q

dyn

P &

gas
)

gas
, (6)

where refers in this case to the local orbital timescale ofq

dynthe disk, and ) is the angular rotation speed. Models of this
general class have been studied previously by Wyse (1986)
and & Silk though with di†erent scalings ofWyse (1989),
the gas density and separate treatment of the atomic and
molecular gas. might be expected to hold if, forEquation (6)
example, star formation triggering by spiral arms or bars
were important, in which case the SFR would scale with
orbital frequency. To test this idea, we compiled rotation
velocities for the galaxies in Tables and and used them1 2
to derive a characteristic value of for each disk. Theq

dyntimescale was deÐned arbitrarily as 2nR/V (R) \ 2n/q

dyn
)(R), the orbit time at the outer radius R of the star-forming
region. The mean orbit time in the star-forming disk is
smaller than deÐned in this way, by a factor of 1È2,q

dyndepending on the form of the rotation curve and the radial
distribution of gas in the disk. We chose to deÐne and )q

dynat the outer edge of the disk to avoid these complications.
Tables and list the adopted values, in units of 108 yr.1 2
Face-on galaxies or those with poorly determined
(rotational) velocity Ðelds were excluded from the analysis.

shows the relationship between the observedFigure 7
SFR density and for our sample. The solid line is&

gas
/q

dyn

FIG. 7.ÈRelation between the SFR for the normal disk and starburst
samples and the ratio of the gas density to the disk orbital timescale, as
described in the text. The symbols are the same as in The line is aFig. 6.
median Ðt to the normal disk sample, with the slope Ðxed at unity as
predicted by equation (7).

not a Ðt but simply a line of slope unity that bisects the
relation for normal disks. This alternate prescription for the
star formation law provides a surprisingly good Ðt to the
data, both in terms of the slope and the relatively small
scatter about the mean relation. When compared over the
entire density range, the observed law is slightly shallower
than predicted by (slope D0.9 instead of 1) ; onequation (7)
the other hand, the Ðt to the normal disk sample is as tight
as a Schmidt law. The zero point of the line corresponds to
a SFR of 21% of the gas mass per orbit at the outer edge of
the disk. Since the average orbit time within the star-
forming disk is about half that at the disk edge, this implies
a simple parametrization of the local star formation law,

&

SFR
^ 0.017&

gas
)

gas
; (7)

in other words, the SFR is D10% of the available gas mass
per orbit.

From a strictly empirical point of view, the Schmidt law
in and the kinematical law in o†erequation (4) equation (7)
two equally valid parametrizations for the global SFRs in
galaxies, and either can be employed as a recipe in models
and numerical simulations. It is unclear whether the kine-
matic model can Ðt the radial distribution of star formation
as well as a Schmidt law, and we plan to explore this in
Paper II.

The two parametrizations also o†er two distinct interpre-
tations of the observation that the star formation efficiency
in central starbursts is much higher than that found in
quiescent star-forming disks (e.g., et al.Young 1986 ;

& Sage et al. In the SchmidtSolomon 1988 ; Sanders 1991).
law picture, the higher efficiencies in starbursts are simply a
consequence of their much higher gas densities. For a given
index N, the SFR per unit gas mass will scale as and&

gas
(N~1)

hence for the law observed here roughly as The central&

gas
0.4.

starbursts have characteristic gas densities that are 100È
10,000 times higher than the average for normal disks ;
hence, we would expect the global star formation effi-
ciencies to be 6È40 times higher, as observed. In the alterna-
tive picture in which the SFR is presumed to scale with

the high SFRs and star formation efficiencies in&

gas
/q

dyn
,

starburst galaxies simply reÑect the smaller physical scales
and shorter dynamical timescales in these compact central
regions. It is difficult to di†erentiate between these alterna-
tives with disk-averaged measurements alone, and since the
global star formation law is mainly useful as an empirical
parametrization, the distinction may not be important.
Deeper insight into the physical nature of the star formation
law requires spatially resolved data for individual disks, of
the kind that will be analyzed in Paper II.

Several individuals contributed to the large set of Ha

data analyzed in this paper, and it is a pleasure to thank
them. The KPNO data used in this paper were obtained as
part of other projects in collaboration with R. Braun,
R. Walterbos, and P. Hodge. C. Martin worked on the
reduction of the spatially resolved Ha data shown in Figure
3. I am also grateful to J. Black, J. Ostriker, S. Sakai,
P. Solomon, S. White, and especially J. Silk for comments
and suggestions about early versions of this work. I am also
grateful to the anonymous referee for several comments that
improved the paper. Some of the data used in this paper
were obtained on the 2.3 m Bok telescope at Steward
Observatory. This research was supported by the National
Science Foundation through grant AST 94-21145.
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.42 × log Σgas/[M⊙ pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M⊙ yr−1 and ΣSFR ! 1 M⊙
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M⊙ yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M⊙ yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M⊙ yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M⊙ yr−1] = 1.42×log(MH2/τdyn)/[M⊙ yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%
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(FUV − NUV ) colors become redder above an H i mass of
1010 M⊙. On average the (FUV − NUV ) colors for the LSB
galaxies in this paper are not as red as those presented in Boissier
et al. (2008). The largest difference is for Malin 1, for which
Boissier et al. (2008) measured a color of 0.84 ± 0.10. In
contrast, we find a color of 0.24 ± 0.2. Our measurements of
the total NUV magnitude agree while our FUV flux is brighter
than that measured by Boissier et al. (2008). This difference is
due in part to the difference in the GALEX calibration between
the GR1 and GR3 data releases as well as differences in the
choice of aperture and the precise sky background level. As
most of the galaxies in Boissier et al. (2008) do not have
resolved H i maps, these were not included in our sample. While
there does appear to be some LSB galaxies with redder UV
colors, particularly at higher masses, this does not appear to be
universally true.

The (FUV − NUV ) colors of galaxies can be affected
by several factors including the recent star formation history,
the metallicity, and reddening due to dust. We have argued
in Section 3.2 that LSB galaxies likely have low amounts of
UV attenuation from dust and therefore, dust probably does
not affect the (FUV − NUV ) colors of our sample. There
is some disagreement among stellar population models about
the intrinsic (FUV − NUV ) colors of galaxies. For models
with a constant SFR, no dust, solar metallicity, and a Kroupa
et al. (1993) stellar IMF reaching to 100 M⊙, Boissier et al.
(2008) predict a color of (FUV − NUV ) ≈ 0.2 mag after
about 1 Gyr. Models with lower metallicities yield slightly
bluer colors. On the other hand, the models of Bruzual &
Charlot (2003) for a similar set of parameters predict a color
of (FUV −NUV ) ≈ 0.0 mag for ages greater than 1 Gyr. With
only a couple of exceptions, the (FUV − NUV ) colors of all
of our LSB galaxies are consistent to within the errors with the
Boissier et al. models and somewhat redder than that predicted
by Bruzual & Charlot. Given the errors on the (FUV − NUV )
color and the disagreement among models, we do not find any
strong evidence from the colors of the LSB galaxies for either
variable star formation histories or a nonstandard IMF. If this
had been the case, then we would be underestimating the SFRs in
the LSB galaxies using the standard conversion factor between
UV luminosity and SFR in Equation (3).

3.4. Gas Surface Densities

We have used the H i radial surface density profiles from van
der Hulst et al. (1993), de Blok et al. (1996), and Pickering
et al. (1997) to measure the average gas surface densities for
our sample of LSB galaxies within the same aperture used
to measure the total UV flux. In order to be consistent with
measurements from Kennicutt (1998a), we did not correct the
gas densities for helium or other heavy elements.

The total gas surface density should include both the atomic
and molecular gas. Only a few LSB galaxies have molecular
gas detected from radio observations of the CO lines while most
remain undetected (de Blok & van der Hulst 1998b; O’Neil
et al. 2000, 2003; Matthews & Gao 2001; O’Neil & Schinnerer
2004; Matthews et al. 2005; Das et al. 2006; Schombert
et al. 1990; Braine et al. 2000). The few detections and many
upper limits correspond to very low molecular fractions in the
range 1%–10% for most LSB galaxies, assuming a Galactic
CO to H2 conversion factor (O’Neil et al. 2003). Among the
galaxies with molecular gas detected, CO maps of the giant
LSB galaxies LSBC F568-06 and UGC 6614 show molecular
gas clearly offset from the nucleus and only detected at certain
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Figure 17. SFR surface density as a function of the total hydrogen gas surface
density. The colored symbols indicate the sample of 19 LSB galaxies from this
paper with SFRs measured from the UV with no correction for dust attenuation.
The gas surface densities are derived from the H i data from de Blok et al.
(1996) (green circles), Pickering et al. (1997) (red triangles), and van der Hulst
et al. (1993) (blue stars) and assume that the molecular fraction is negligible.
The black pluses indicate the sample of higher surface brightness galaxies from
Kennicutt (1998a) while the solid line is the power-law fit to these points with
exponent 1.4. The dotted lines indicate lines of constant star formation efficiency
assuming a star formation time scale of 108 yr. The LSB galaxies tend to lie
below the extrapolation of the power-law fit to the higher surface brightness
sample.
(A color version of this figure is available in the online journal.)

locations, indicating that what little molecular gas they do have
is irregularly distributed (Das et al. 2006).

One critical assumption that went into determining these low
molecular fractions is that the standard Galactic conversion fac-
tor between CO luminosity and H2 mass applies to LSB galaxies.
Since LSB galaxies have on average oxygen abundances below
the Solar value (Burkholder et al. 2001; McGaugh 1994), the
ratio of CO to H2 would be expected to be lower simply due
to the overall lower metallicity. On the other hand, observations
of individual molecular clouds in nearby low metallicity dwarf
galaxies are consistent with the standard Galactic CO-to-H2
conversion factor (Leroy et al. 2006; Bolatto et al. 2008). In ad-
dition, the low dust content in LSB galaxies would be expected
to lower the CO/H2 ratio because the dust can act as a catalyst
for the formation of CO as well as shielding the molecules from
potentially damaging UV radiation (Mihos et al. 1999). Despite
these uncertainties, we assumed for the purposes of this paper
that the gas mass in LSB galaxies is dominated by the atomic
gas.

3.5. The Star Formation Law

We plot the SFR surface density as a function of the gas
surface density in Figure 17. The green circles, red triangles,
and blue stars are the galaxies with H i data from de Blok
et al. (1996), Pickering et al. (1997), and van der Hulst et al.
(1993), respectively. For comparison, we also plot the sample
of spiral and starburst galaxies from Kennicutt (1998a) as the
black pluses. The solid line is the power-law fit to the high
surface brightness sample of the form of Equation (1). Kennicutt

Dwarf	  
galaxies	  
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plot	  
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2009)	  
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Figure 1. Star formation rate surface density, ΣSFR, estimated from Hα+24 µm emission, as a function of molecular gas surface density, Σmol, derived from CO (2–1)
emission for 30 nearby disk galaxies. The top left panel shows individual points (dark gray points show upper limits) with the running median and standard deviation
indicated by red points and error bars. The red points with error bars from the first panel appear in all four panels to allow easy comparison. Dotted lines indicated
fixed H2 depletion times; the number indicates log10 τDep in yr. The top right panel shows the density of the data in the top left panel. In the bottom panels we vary
the weighting used to derive data density. The bottom left panel gives equal weight to each galaxy. The bottom right panel gives equal weight to each galaxy and each
radial bin.

Figure 1 thus illustrates our main conclusions: a first order
simple linear correlation between ΣSFR and Σmol and real second-
order variations. It also illustrates the limitation of considering
only ΣSFR–Σmol parameter space to elicit these second-order
variations. Metallicity, dust-to-gas ratio, and position in a galaxy
all play key roles but are not encoded in this plot, leading to
double-valued ΣSFR at fixed Σmol in some regimes. We explore
these systematic variations in τmol

dep and motivate our explanations
throughout the rest of the paper.

3.2. Relationship for Different SFR and Molecular Gas Tracers

Figure 1 shows our best-estimate ΣSFR and Σmol computed
from fixed αCO. Many approaches exist to estimate each quantity
(see references in Leroy et al. 2011, L12), and the recent
literature includes many claims about the effect of physical
parameter estimation on the relation between ΣSFR and Σmol. In

this section, we explore the effects of varying our approach to
estimate ΣSFR and Σmol.

3.2.1. Choice of SFR Tracer

Figure 2 and the lower part of Table 3 report the results of
varying our approach to trace the SFR. We show ΣSFR estimated
from only Hα, with a fixed, typical AHα = 1 mag (top left),
along with results combining FUV, instead of Hα, with 24 µm
emission (top right). We also show the results of varying the
approach to the IR cirrus. Our best-estimate ΣSFR combines Hα
or FUV with 24 µm after correcting the 24 µm emission for
contamination by an IR cirrus following L12. We illustrate the
impact of this correction by plotting results for two limiting
cases of IR cirrus correction: no cirrus subtraction (bottom
left) and removing double our best cirrus estimate (bottom
right), which we consider a maximum reasonable correction.

9
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Figure 10. As Figure 9 but after application of our “Σ = 100” conversion factor following Wolfire et al. (2010; Equation (4)). The conversion factor correction removes
the strongest visible trend in the data.

Daddi et al. 2010; Genzel et al. 2010) or relevant to inner regions
where the orbital timescale becomes comparable to the internal
dynamical time of bound clouds. Treatment of αCO makes a
large difference to the results in this plot, highlighting the
need for improved constraints in the inner disks of galaxies
where variations in physical condition presumably dominate
αCO variations.

In Section 4.1 we discuss the idea that the conversion of
the diffuse, unbound ISM from atomic to molecular may lead
to the high τmol

dep found in massive galaxies. The local drivers
of such trends are not immediately obvious from Figure 9.
In Figure 11 we directly plot τmol

dep as a function of the local
molecular fraction, fmol = Σmol/(Σmol + ΣH i). For fmol > 0.5
molecular gas dominates the ISM mass budget. We do not
know whether this molecular gas is organized into bound, star-
forming clouds or diffuse, inert material, but if high fmol does
correspond to a higher fraction of diffuse molecular material,
we might expect to observe a general increase in τmol

dep as fmol

increases. As Figure 11 shows, our completeness severely limits
this calculation, restricting us to fmol ! 0.5. Above this value
regardless of how we treat αCO we find little or no correlation
of τmol

dep with fmol.
Comparison of τmol

dep to local conditions thus reveals the same
strong trend with D/G observed for galaxy-average properties
but only weak trends with other parameters, including the
molecular fraction. We observe a suggestion of decreased τmol

dep
at high Σ∗ or high Σmol, and after applying depressed αCO in

galaxy centers, we find a weak correlation of orbital time and
τmol

dep for short orbital times.
We emphasize that these represent our broad-brush results.

Our database will allow deeper exploration via detailed analysis
of individual galaxies, deep profiles, varying weighting and nor-
malization, and stacking (Schruba et al. 2011). Kinematic anal-
ysis (e.g., Tan 2000) and the inclusion of outer disks (e.g., Bigiel
et al. 2010) should yield the lever arms to better understand the
impact of local conditions on star formation in molecular gas.
Indeed, as we discuss in the next section, significant peripheral
evidence points to the existence of significant environmental
dependencies of τmol

dep . Such effects are not immediately evident
from the simple tests that we carry out here, however. Beyond
the clear correlation of τmol

dep with D/G, which we interpret as
likely due to conversion factor effects, the absence of “smoking
gun” correlations represents the main first-order result of this
section.

4.3. Spatial Correlation of τmol
dep

We have examined the explicit dependence of τmol
dep on various

host galaxy properties and local physical conditions. We find
many systematic dependencies on host galaxy, but the picture
relating τmol

dep to local conditions remains more ambiguous.
Considering the scatter in τmol

dep as a function of scale offers
another way to approach this problem. For star formation
uncorrelated on the scale of individual regions in a two-
dimensional disk, there is a clear analytic expectation for the
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Figure 3. Scale dependence of the H2 depletion time, τdep, in M33. The y-axis
shows the logarithm of the median H2 depletion time for apertures of different
diameters (x-axis) centered on CO peaks (red) and Hα peaks (blue). Error bars
correspond to uncertainty in the median estimated via a Monte Carlo analysis.
Dashed lines show expectation for simply averaging together two populations
of regions in different evolutionary states (Section 5).
(A color version of this figure is available in the online journal.)

very short τdep (0.3 Gyr). This may not be surprising, given the
expectations that we outlined in Section 1 and the distinctness of
the bright Hα and CO distributions seen in the lower left panel
of Figure 1, but the dramatic difference as one goes from ∼kpc
to ∼100 pc scales is nonetheless striking.

A few caveats apply to Figure 3. First, in subtracting the
diffuse emission (DIG) from the Hα map, we removed ∼40%
of the flux. This could easily include faint regions associated
with CO peaks, which instead show up as zeros in our map.
Perhaps more importantly, we use the 24 µm map only to correct
the DIG-subtracted Hα map for extinction. Any completely
embedded star formation will therefore be missed. For both
of these reasons, the SFR associated with the red points,
while it represents our best guess, may be biased somewhat
low and certainly reflects emission from relatively evolved
regions—those regions that have Hα fluxes above our DIG-
cutoff value. There is no similar effect for the CO map.

Figure 3 implies that there is substantial movement of points
in the star formation law parameter space as we zoom in to
higher resolution on one set of peaks or another. Figure 4 shows
this behavior, plotting the median ΣSFR and median ΣH2 for each
set of apertures (N.B., the ratio of median ΣH2 to median ΣSFR
does not have to be identical to the median τdep; the difference
is usually !30%). We plot only medians because individual
data are extremely uncertain, include many upper limits, and
because we are primarily interested in the systematic effects of
resolution on data in this parameter space.

Apertures centered on CO peaks (red points) have approx-
imately constant ΣSFR, regardless of resolution. This can be
explained if emission in the Hα map is homogeneously dis-
tributed as compared to the position of CO peaks. Meanwhile,
there is a strong change in ΣH2 for decreasing aperture sizes on
the same peaks; ΣH2 goes up as the bright peak centered on fills

Figure 4. Scale dependence of the location of data in the star formation law
parameter space. Red points show the median ΣSFR (y-axis) and ΣH2 (x-axis)
for apertures centered on CO peaks. Blue stars show the same for apertures
centered on Hα peaks. Dashed lines as in Figure 2.
(A color version of this figure is available in the online journal.)

more and more of the aperture. A similar effect can be seen for
the Hα (blue stars), though there is more evolution in ΣH2 with
increasing resolution because most bright Hα peaks also show
some excess in CO emission.

5. DISCUSSION

Figure 3 shows that by zooming in on an individual star-
forming region, one loses the ability to recover the star formation
law observed on large scales. For apertures !300 pc in size,
the relative amounts of CO emission and Hα intensity vary
systematically as a function of scale and what type of region
one focuses on. Another simple way to put this, demonstrated
in Figure 4, is that scatter orthogonal to the SFR–H2 relation
increases with increasing resolution. Eventually this washes out
the scaling seen on large scales and the star formation law may
be said to “break down.”

What is the origin of this scale dependence? In principle, one
can imagine at least six sources of scale dependence in the star
formation law.

1. Statistical fluctuations due to noise in the maps.
2. Feedback effects of stars on their parent clouds.
3. Drift of young stars from their parent clouds.
4. Region-to-region variations in the efficiency of star forma-

tion.
5. Time evolution of individual regions.
6. Region-to-region variations in how observables map to

physical quantities.

Our observations are unlikely to be driven by any of the first
three effects. In principle, statistical fluctuations could drive
the identification of Hα and CO peaks leading to a signal
similar to Figure 3 purely from noise. However, our Monte
Carlo calculations, the overall S/R in the maps, and the match
to previous region identifications make it clear that this is not
the case.

Schruba+	  2010	  
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Figure 8. Sampling data for all seven spiral galaxies plotted together. Top left: ΣSFR vs. ΣHI; top right: ΣSFR vs. ΣH2; middle right: ΣSFR vs. Σgas. The bottom-left and
right panels show ΣSFR vs. Σgas using Hα and a combination of Hα and 24 µm emission as SF tracers, respectively (for a subsample of six spirals). The sensitivity
limit of each SF tracer is indicated by a horizontal dotted line. The black contour in the bottom panels corresponds to the orange contour in the middle-right panel and
is shown for comparison. The vertical dashed lines indicate the value at which ΣHI saturates and the vertical dotted lines (top-right and middle-left panels) represent
the sensitivity limit of the CO data. The diagonal dotted lines and all other plot parameters are the same as in Figure 4. The middle-left panel shows histograms of the
distributions of H i and H2 surface densities (normalized to the total number of sampling points above the respective sensitivity limit) in the sample.
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Figure 7. SFE as a function of ΣH i for spiral (left) and dwarf (right) galaxies. Methodology as Figure 6 except that the data have now been divided into three radial bins
with results for each bin plotted separately (black filled circles show radii 0.5–1 × r25, dark gray circles show 1–1.5 × r25, and light gray circles show 1.5–2 × r25). We
also plot arrows instead of error bars where the scatter exceeds the lower plot boundary. Generally, the SFE increases with ΣH i and for a given ΣH i, the SFE decreases
with increasing galactocentric radius.

Figure 8. Pixel-by-pixel distribution of FUV (right axis; left axis after conversion to ΣSFR, Equation (2)) as a function of H i in the outer disks (1–2 × r25) of spiral
(left) and dwarf (right) galaxies. Contours show the density of data after combining all galaxies in each sample with equal weight given to each galaxy. Magenta,
red, orange, and green areas show the densest 25%, 50%, 75%, and 90% of the data, respectively. Dotted lines indicate constant H i depletion times of 108–1012 yr
(taking into account heavy elements). A horizontal dashed line indicates the typical 3σ sensitivity of an individual FUV measurement. Black filled circles show our
best estimate for the true relation between FUV and H i after accounting for finite sensitivity: they represent the median FUV after binning the data by ΣH i and error
bars are the lognormal scatter that yields the best match to the data after accounting for noise (see the text). To allow easy comparison, we overplot the orange (75%)
contour for the spirals as a thick black contour in the dwarf (right) plot.

Many of the conclusions from Sections 3.3.1 and 3.3.2 are
again evident in Figure 8. Depletion times are large (lines of
constant H i depletion time appear as dotted diagonal lines in
Figure 8) and change systematically but relatively weakly with
changing ΣH i. Dwarf galaxies exhibit somewhat higher ΣH i than
spirals, leading to a lack of low-column points in the right panel
of Figure 8. At a given H i column density, the FUV one finds in
spirals and dwarfs is quite similar. This last conclusion can be
clearly seen from the right panel of Figure 8, where the orange
contour from the left panel appears as a thick black contour that
closely matches the distribution observed in dwarfs.

Sensitivity is a significant concern in this plot. The horizontal
line shows a typical 3σ sensitivity for our FUV maps. A

large fraction of our measurements lies below this line. This is
problematic for a log–log plot, where negatives are not reflected.
To robustly follow the general trend down to low ΣSFR, we
overplot median values for ΣSFR in five equally spaced ΣH i bins
as black circles. All data, including negatives, contribute to the
median, making it much more sensitive than each individual
point. Error bars on these points give our best estimate for
the intrinsic (log) scatter in ΣSFR in each H i bin. We derive
this estimate by comparing the observed data in each bin to a
series of mock data distributions. These are constructed to have
the observed median and appropriate Gaussian noise (measured
from the FUV maps) with varying degrees of lognormal scatter
(from 0.0 to 2.0 dex). We compare each mock distribution to the
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Figure 1. (a) Comparison of H i and H2 surface densities sampled at the resolution of the H i data. Points are color coded by gas-phase metallicity, assumed uniform
except for four galaxies (NGC 1637, 3198, 4254, and 4654) where a measured gradient has been applied. A diagonal line corresponds to the locus of equal H i and
H2 surface densities. The correlation of characteristic H i column density with metallicity is apparent as a color gradient in the plotted points. The MK10 predictions
for three different metallicities (12 + log(O/H) = 9.1, 8.65, and 8.2) are shown as colored lines. (b) The same data and color coding but with the abscissa normalized
by the predicted value from MK10 as appropriate to each point. Panels (c) and (d) compare ΣH2 with stellar surface density and normalized galactocentric radius
respectively.
(A color version of this figure is available in the online journal.)

changes in the covering fraction of GMCs rather than the actual
surface density of GMCs.

4. DISCUSSION AND SUMMARY

We have compared the CO and H i surface brightnesses in
individual apertures across 18 galactic disks from the CARMA
STING sample spanning a range of metallicity and stellar mass.
For simplicity we have plotted only independent quantities,
avoiding intrinsic correlations between axes and assumptions

about which combination of observables is most physically
relevant for star formation or ISM physics. We also exclude non-
detections (upper limits) from our analysis, so we are sensitive
only to trends in CO-detected regions, which may be quite
distinct from trends related to the detectability of CO (e.g.,
Saintonge et al. 2011).

Our principal result is a clear dependence of the characteristic
H i column density on metallicity, as predicted by the models
of KMT09 and MK10. A similar result had been obtained
for a dwarf galaxy sample by Fumagalli et al. (2010), but

4
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Fig. 1.—(a) Correlation between HCN and IR luminosities in 65 galaxies. Some limits in HCN luminosities are indicated with arrows. (b) Correlation between
LCO and LIR for the same HCN sample. The sample is divided into luminous infrared galaxies (LIGs) and ultraluminous infrared galaxies (ULIGs) with
LIR ! 1011 L" and less luminous ‘‘normal’’ spiral galaxies. The solid lines are the fits to the less luminous galaxies with a slope fixed at unity. A single slope fits
HCN data for both low and high IR luminosities, but not for the CO data.

Fig. 1a

Fig. 1b

IR	  vs.	  HCN	  and	  CO	  
emission	  (Gao	  &	  
Solomon	  2004)	  



S. García-Burillo et al.: Star-formation laws in luminous infrared galaxies

Fig. 2. a) (Left panel) We plot the LFIR/L′HCN(1−0) luminosity ratio, a proxy for the SFEdense defined in Sect. 2, as a function of LFIR for different
galaxy samples compiled in this work (see Sect. 2 for details). The different symbols represent the normal galaxies and LIRGs/ ULIRGs published
by Gao & Solomon (2004a,b; crosses), the LIRGs/ULIRGs published by Graciá-Carpio et al. (2008, empty circles), Palomar Green (PG) QSOs
and high-z galaxies published and compiled by Evans et al. (2006) and Gao et al. (2007), respectively (triangles), and the new sample of LIRGs
published in this work (filled circles). Arrows represent upper and lower limits to L′HCN(1−0). b) (Right panel) Same as a), but limits are not
represented. The solid line visualizes the orthogonal regression fit calculated for the full sample of objects, excluding limits. We highlight the
location of NGC 1614 and II Zw96 in this plot. The total uncertainty of individual data points, including statistical and estimated systematic errors,
are indicated by error bars: ±0.13 dex(±30%) in LFIR and ±0.19 dex(±42%) in LFIR/L′HCN(1−0).

Fig. 3. a) (Left panel) LFIR-L′HCN(1−0) correlation plot derived for different galaxy samples. The solid line visualizes the orthogonal regression fit to
the full sample, showing a superlinear correlation. The errorbars show the total uncertainty of individual data points (±0.13 dex=±30% in both
LFIR and L′HCN). b) (Right panel) We plot the LFIR/L′HCN(1−0) luminosity ratio as a function of L′HCN. We display with different symbols normal
galaxies (LIR < 1011 L⊙, open squares) and luminous infrared galaxies (LIR > 1011 L⊙, filled squares). The location of the new sample of LIRGs
in this diagram is identified by blue color markers. The dashed and continuous horizontal lines indicate the average value of LFIR/L′HCN(1−0) in
normal galaxies (∼600± 70 L⊙ L′−1) and LIRGs/ ULIRGs (∼1400± 100 L⊙ L′−1). The errorbars show the total uncertainty of individual data
points: ±0.13 dex(±30%) in L′HCN and ±0.19 dex(±42%) in LFIR/L′HCN(1−0).
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Fig. 10. a) (Left panel) Same as Fig. 6a, but showing the revised two-function power law fit to normal galaxies (gray line) and luminous infrared
galaxies (black line) discussed in Sect. 6.3. Symbols and errorbars as in Fig. 6. b) (Right panel) We show the revised depletion time scale as a
function of L′HCN derived in normal and luminous infrared galaxies, as discussed in Sect. 6.3. The dashed and continuous horizontal lines indicate
the average value of the depletion time scale in normal galaxies (tdep ∼ 50 ± 5 Myr) and LIRGs/ULIRGs (tdep ∼ 14 ± 1.4 Myr). Symbols and
errorbars as in Fig. 5.

of chemistry may prevail and enhance HCN abundances (e.g.,
Lintott et al. 2005). In addition, non-collisional excitation could
also be responsible for the surprising strength of HCN lines
in some IR luminous systems (e.g.; Aalto et al. 1995; García-
Burillo et al. 2006; Guélin et al. 2007; Weiß et al. 2007). In either
case, the HCN conversion factor should be lowered.

The independent lines of evidence mentioned above indicate
that for a sizeable fraction of the IR luminous galaxies in our
sample, the HCN conversion factor should be lowered. It re-
mains to be proved that a similar correction should be applied
to all the galaxies in our sample that qualify as IR luminous
mergers. With this caveat in mind we rederive the KS laws in
Sect. 6.3 adoptingαHCN = 1/3.2×αHCN

MW in LIRGs/ULIRGs. This
is the same rescaling factor generally adopted for mergers in the
CO study of Genzel et al. (2010). We note that about 70% of
the LIRGs/ULIRGs analyzed in our paper have LIR > 1011.5 L⊙,
the limit beyond which mergers and strongly interacting systems
start to dominate over less disturbed disk systems (Sanders &
Ishida 2004; Alonso-Herrero et al. 2009).

6.2. The LFIR -to-SFR conversion factor in normal galaxies

In Sect. 4 we used the IR luminosity of the galaxies as a proxy
for their SFR. While this approach is valid for dusty galaxies, it
has now become clear that in normal star-forming galaxies one
needs to account for both the obscured (traced by the IR lumi-
nosity) and the unobscured SFRs (Pérez-González et al. 2006;
Calzetti et al. 2007; Kennicutt et al. 2009). In particular, com-
binations of an IR tracer (e.g., the 24 µm luminosity) with the
observed Hα luminosities are shown to work well. In this sec-
tion we evaluate the corrections needed to account for all the
SFR (obscured+unobscured) in our sample of galaxies.

For the normal star-forming galaxies in our sample we used
the SINGS sample data. We have eight galaxies in common with
the SINGS survey. We used the integrated observed (that is,

not corrected for extinction) Hα and 24 µm luminosities given
by Kennicutt et al. (2009) to compute the total SFR using the
prescriptions given in their paper. As described in Kennicutt
et al. (2009), the use of total IR or monochromatic IR luminosi-
ties work equally well to derive the total (obscured+unobscured)
SFR. On average we find that SFR(24 µm)/SFR(tot) = 0.5−0.6.
This indicates that SFR based on an IR tracer underestimates the
true SFR roughly by a factor of 2 in normal star-forming galaxies
(see also Kennicutt et al. 2009, and references therein).

In LIRGs and ULIRGs, as mentioned above, the IR-based
SFR indicators account for most of the total SFR. This was
shown by recent integral field spectroscopy studies of a sample
of more than 50 LIRGs and ULIRGs (García-Marín et al. 2009;
Rodríguez-Zaurín et al. 2011). Therefore no corrections were ap-
plied to derive the SFR surface density for LIRGs and ULIRGs.

We therefore adopt in Sect. 6.3 a correction factor of 2 to
derive ΣSFR from LSFR

IR in normal star-forming galaxies. This is
likely an upper limit to the true correction factor in normal galax-
ies, because we expect that the attenuation will vary more con-
tinuously as a function of the FIR luminosity. We note, how-
ever, that applying a lower correction factor for normal galaxies
would further reinforce the dual behavior of star-formation laws
discussed in Sect. 6.3 (see Fig. 7).

6.3. Revised star-formation laws

We have fitted a new two-function power law to the whole
sample of galaxies using the revised values of Σdense (in
LIRGs/ULIRGs) and ΣSFR (in normal galaxies) derived ac-
cording to Sects. 6.1 and 6.2. Figure 10a visualizes the new
star-formation relation in normal galaxies and LIRGs/ULIRGs.
The best orthogonal fit solution can be expressed as

logΣSFR = (0.90 ± 0.06) logΣdense + (−1.40 ∓ 0.15) (15)
or ΣSFR ≃ 0.04 Σ0.90

dense (16)
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Fig. 11. a) (Left panel) Star-formation rate per free-fall time (SFRff; shown in the left Y axis) derived from the observed SFEdense in different
populations of galaxies assuming a characteristic gas density for the HCN cloud nHCN(H2)= 3 × 104 cm−3. We show on the right Y axis the value
of nHCN(H2) derived from SFEdense assuming a constant SFRff = 0.02. This value lies within the most likely range for SFRff ∼ 0.011–0.028 as
determined by the star-formation model of Krumholz & McKee (2005). We also highlight the average value of SFRff ∼ 0.0058 as determined by
Krumholz & Tan (2007) from a compilation of galactic and extragalactic HCN observations. Symbols are as in Fig. 3. Errorbars on SFRff (±42%)
and LFIR (±30%) are shown. b) (Right panel) Same as a) but obtained based on the revised values of Σdense (in LIRGs/ULIRGs) and ΣSFR (in normal
galaxies) discussed in Sect. 6.

7.1.1. Case-I: standard conversion factors

If we assume that all HCN clouds have densities equal to
ncrit

HCN = 3 × 104 cm−3 (i.e., we take τ = 1) we can obtain SFRff
from Eq. (20). Figure 11a represents SFRff as a function of LFIR
obtained from the SFEdense values derived in Sect. 4, i.e., prior
to the correction of conversion factors discussed in Sect. 6. We
note that the distribution of SFRff lies noticeably below the range
predicted by the model, as shown in Fig. 11a. In addition to
this conspicuous downward shift, the deduced SFRff distribution
shows a systematic trend with LFIR and thus cannot be described
as random. The order of magnitude increase in SFRff from nor-
mal galaxies to LIRGs/ULIRGs is statistically significant and it
is about a factor of 7 higher than the typical uncertainty of in-
dividual data points (42%). The SFRff progression echoes the
SFEdense trend with LFIR discussed in Sect. 4.1.

To render a constant SFRff compatible with the order of
magnitude increase in SFEdense, the density of HCN clouds has
to change notably from normal galaxies to LIRGs/ULIRGs, as
nHCN(H2) scales as ∼SFE2

dense. We represent in the right Y axis
of Fig. 11a the value of nHCN(H2) required to fit observations,
assuming a fixed SFRff = 0.02 for all galaxies, which is close
to the average value predicted by the star-formation model of
Krumholz & McKee (2005). The required nHCN(H2) densities
span two orders of magnitude from normal galaxies (∼102 cm−3)
to LIRGs/ULIRGs (∼104 cm−3). These densities are exceedingly
low compared to ncrit

HCN; this poses a problem for the standard
scenario of collisional excitation of HCN lines. Extreme and
therefore unrealistic high opacities for HCN would be required
to compensate for the low densities: τHCN = 3–300. As an
additional relevant constraint, we would need to assume that
opacities are a factor 10–100 higher in normal galaxies com-
pared to LIRGs/ULIRGs. This requirement is at odds with the
commonly measured higher molecular abundances of extreme

starbursts (Combes 1991; Wild et al. 1992; Nguyen et al. 1992;
Krips et al. 2008; Graciá-Carpio et al. 2008). The current obser-
vational evidence contradicts the existence of these abnormally
low HCN densities, at least in the galaxies for which reliable es-
timates of nHCN(H2) exist (e.g., Tacconi et al. 1994; Sternberg
et al. 1994; Usero et al. 2004; Krips et al. 2008; Graciá-Carpio
et al. 2008).

Based on the new HCN observations presented in this work
and the use of standard conversion factors, we derive values
for SFRff and/or nHCN(H2) that are well below the theoreti-
cal expectations both for normal galaxies and LIRGs/ULIRGs.
Furthermore, the different densities required to fit the two
populations of galaxies with a common constant SFRff ∼ 0.02
are far from the values derived in observations.

7.1.2. Case-II: revised conversion factors

Figure 11b is similar to Fig. 11a but here SFRff values have been
obtained from the revised estimates of the conversion factors dis-
cussed in Sect. 6 for Σdense (in LIRGs/ULIRGs) and ΣSFR (in
normal galaxies). Not surprisingly, by adopting the revised con-
version factors the global distribution of SFRff is shifted upward
and, at the same time, the difference between normal galaxies
and LIRGs/ULIRGs is increased. Most of the LIRGs/ULIRGs
in Fig. 11b show now values of SFRff that lie within the range
predicted by Krumholz & McKee (2005) with HCN densities
very close to ncrit

HCN. The problem persists in the fit of normal
galaxies, however, where the predicted values for SFRff and/or
nHCN(H2) are still well below the expected range. The paradigm
of a common constant SFRff in all galaxies can only be saved if
we allow this parameter to be as low as ∼0.0035. In this scenario
the HCN densities fitting the observed efficiencies would range
from ncrit

HCN in normal galaxies to ∼106 cm−3 in LIRGs/ULIRGs.
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Figure 4. Relation between N(YSOs), the number of YSOs in a cloud, and M0.8,
the integrated cloud mass above the threshold extinction of AK0 = 0.8 mag. For
these clouds, the SFR is directly proportional to N(YSOs), and thus this graph
also represents the relation between the SFR and the mass of highly extincted
and dense cloud material. A line representing the best-fit linear relation is also
plotted for comparison. There appears to be a strong linear correlation between
N(YSOs) (or SFR) and M0.8, the cloud mass at high extinction and density.
(A color version of this figure is available in the online journal.)

their birthplaces or dispersed much of their parental material.
Such evolved young stars are likely to be located in regions
of the cloud where the extinction is less than 0.8 mag and the
densities lower. One might expect that an improved, if not more
appropriate, comparison would result from only counting those
YSOs at higher extinction levels. We can only examine this
possibility for those clouds in our sample where there are both
statistically significant samples of YSOs at high extinctions
and published YSO positions (i.e., Ophiuchus, Pipe, Taurus,
Perseus, Lupus 3, 4, RCrA). Indeed, counting only YSOs at
AK ! 0.5 mag in these clouds, we again found a strong,
linear correlation between YSO number and threshold mass,
with a least-squares derived slope of 0.96 ± 0.13, essentially
identical to that for the lower extinction threshold sample. That
this refined sample gives the same result as the entire sample
suggests that any gas lost in the star formation process, and thus
not counted in our cloud mass measurements, has little effect
on the overall result. Apparently star formation activity over
the last 2 Myr has not produced a significant modification to
the total mass of high extinction material contained within the
clouds in our sample.

The linear nature of the correlation in Figure 4 indicates that
it is the cloud material above the extinction of approximately
0.8 mag that is most directly related to the level of star formation
activity and the SFR in a cloud. These results also suggest that
there is a threshold extinction above which the number of YSOs
produced by a cloud (and the SFR) is directly proportional
to the mass of the cloud above that threshold. We can now
describe the relation between the SFR and cloud extinction as
follows:

SFR(AK ) =
!

0 AK < AK0 ≈ 0.8 mag

ϵMAK0/τsf AK ! AK0 ≈ 0.8 mag,
(2)

where MAK0 =
" +∞
AK0

M(AK )dAK , τsf is the timescale of star
formation, and ϵ is the present star formation efficiency in the
gas of mass MAK0 . However, we note here that the present
data suggest that the extinction threshold of 0.8 mag may
not be particularly sharp, spanning a range of 0.6–1.0 mag.
Nonetheless, using the data in Table 1 for AK0 = 0.8 mag and
assuming τsf = 2 × 106 yr−1, we find that ϵ = 10% ± 6%. We
can further express the star formation timescale in terms of a
free-fall timescale at the density corresponding to the threshold
extinction: τsf = f × τff , where f ! 1.0, τff = (3π/32Gρt )0.5

and ρt is the density at the threshold extinction. Then above the
extinction threshold,

SFR(MAK0 ) = ϵ

f
× τ−1

ff |ρt
× MAK0 , (3)

where τff is evaluated at the threshold density. The ratio, ϵ
f

, is the
star formation efficiency per free-fall time. For ρt = 104 cm−3

(see the discussion below), τff = 3.5 × 105 yr, f = 5.7, and the
average efficiency per free-fall time is ϵ/f = 1.8%.

4. DISCUSSION

As mentioned earlier, the fact that we find star formation to
be most intimately associated with the high extinction material
in clouds is hardly surprising since it has been known for some
time that active star formation is confined to the high volume
density regions of molecular clouds (e.g., Lada 1992) and that
regions of high volume density correspond to regions of high
extinction. Therefore, it might be reasonable to assume that
Equation (2) can be rewritten as

SFR(n(H2)) =
!

0 n(H2) < n0

ϵM0/τsf n(H2) ! n0
, (4)

where M0 =
" +∞
n0

M(n)dn and n0 is the threshold volume
density, corresponding to the extinction threshold of AK ≈
0.8 mag, and it is implicitly assumed that M0 = MAK0 .

The value of n0 that corresponds to the threshold extinction
of AK = 0.8 mag is not known a priori, but can be estimated
from observations. Consider that column density, N, is related
to volume density, n, as N (r) = n(r) × r. For a stratified
cloud with n ∼ r−p, N ∼ r1−p. Using this fact, Bergin et al.
(2001) modeled the observed extinction profile of the IC 5146
(B168) dark cloud assuming cylindrical geometry and p = 2
and determined the relation between AV and n(H2) for that
cloud. They found (cf. their Figure 10) that a density of n(H2)
= 104 cm−3 corresponded to an extinction of AV = 6 mag
(AK = 0.66 mag). It has long been known that molecular lines
such as NH3, N2H+, and HCN require relatively high densities
(n(H2) " a few × 104 cm−3) to be observed. These species
are always detected in regions of high extinction, but direct,
quantitative comparison with extinction measurements have
been rarely made. However, such comparisons do exist for
N2H+ emission in three clouds, IC 5146 (Bergin et al. 2001),
B68 (Bergin et al. 2002), and FeSt 1-457 (Aguti et al. 2007).
In all these clouds N2H+ is detected over visual extinctions
of 6 mag and greater, supporting the suggestion that volume
densities of n(H2) ! 104 cm−3 correspond to extinctions of AV

! 6 mag (and AK ! 0.7 mag). These considerations suggest that
n0 ≈ 104 cm−3. Although the actual value of n0 is somewhat
uncertain, we will from here forward assume that high extinction
material corresponds to material at high volume density.

Lada+	  
2010	  
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Figure 5. Left panel shows the local Schmidt scaling relation in the Orion A molecular cloud. The protostellar surface density, Σ∗(AK), rises steeply with increasing
extinction in this cloud. The solid line is a least-squares fit to the data which yielded a power-law index, β, of 2.0 in agreement with the Bayesian analysis (see the
text). The right panel shows the variation in the cumulative protostellar fraction (CPF) with extinction in Orion A. The function is relatively flat in the lower extinction
regions that make up the bulk of the cloud. However, it drops steeply at extinctions in excess of 1 mag in spite of the apparently unabated, nonlinear rise in Σ∗ with
extinction. This behavior in the CPF is a consequence of the steep fall off of cloud area with extinction seen in Figure 6. Nonetheless, 80% of the protostars in Orion A
are found at extinctions in excess of 0.8 mag.

3. THE TOTAL STAR FORMATION RATE AND THE
CRUCIAL ROLE OF CLOUD STRUCTURE

3.1. The Integrated Star Formation Scaling Relation

By itself, the Schmidt scaling relation does not appear to be
a reliable predictor of star formation activity in local GMCs.
Moreover, observations indicate that clouds of similar size,
mass, and average Σgas can have total or integrated SFRs and
global values of ΣSFR that vary by as much as an order of
magnitude (Lada et al. 2010; see also Figure 8). Given the
generally similar natures of the star formation laws in our cloud
sample, how is it possible to explain this variation? To answer
this question and address the issue of how a steeply rising
star formation law produces a steeply declining population of
protostars and SFR at large column densities, we must explicitly
take into account the relation between cloud column density
and is surface area. The number of protostars at a given level of
extinction, AK, is the product of the area S(AK) encompassing
that extinction and Σ∗(AK). The total number of protostars is
given by the integral of this product over all extinctions in the
cloud.

Suppose we know the integral relation between the projected
surface area of the cloud and the column density, expressed in
terms of the area of the cloud above a given extinction AK . Let us
call this relation the surface area distribution function, S(>AK ).
Then the total number of protostars in the cloud is

N∗ =
!

Σ∗(AK) dS =
!

Σ∗(AK)|S ′(>AK )| dAK. (10)

This equation tells us that we can estimate the expected
number of protostars that a cloud will produce from the integral
of the product of the density of protostars as a function of AK
and the differential cloud area. We now propose that variations
in the SFRs between clouds are largely due to variations in the
function S(>AK ) and its derivative.

In Figure 6 we show plots of S(>AK ) versus AK for the four
clouds in this study and the Pipe Molecular Cloud for compari-
son. The figure shows that for all clouds S(>AK ) is a decreasing

Table 2
Predicted and Observed Protostellar Population

Population Orion A California Taurus Orion B

Observed 329 54 51 90
Predicteda 332.7 55.4 52.1 90.5

Note. a N∗ =
"

Σ∗(AK) dS and Σ∗(AK ) = A0 + κA
β
K .

function of AK and falls steeply at the higher extinctions. Large
differences in amplitudes and shapes are apparent for the five
sources, even on this log–log plot. These differences appear to
be qualitatively correlated with the differing levels of star for-
mation in the clouds, from Orion A, the most active, to the Pipe,
the least active star-forming cloud. This confirms our intuition
regarding the importance of S(>AK ) in determining the level of
star formation, given the similar nature of the local Schmidt law
for these clouds. To further test this idea, we evaluated the inte-
gral Equation (10) for each cloud with Σ∗ given by Equation (7)
and the A

β
Ks calculated from our extinction maps. The results

are shown in Table 2 and the predictions agree very well with
the observations. Our analysis also confirms our earlier suspi-
cions (Lada et al. 2009, 2010) that differences in cloud structure,
particularly at high extinctions, were the primary cause of the
differences in total SFRs between local clouds.

We note that in a recent paper, Burkert & Hartmann (2013)
analyzed data for a sample clouds in the Spitzer C2D survey
reported by Heiderman et al. (2010) and found the surface area
of the clouds to decrease rapidly with mass column density for
the combined cloud sample, similar to what is found here. They
further suggested that this steep decline in cloud surface area
drives the steep rise in ΣSFR in the Schmidt relation and moreover
posited that the variations in S(>AK) between clouds produce
variations in the βs of the corresponding Schmidt relations. We
find no evidence to support this suggestion in the local cloud data
presented here. Instead, as pointed out earlier, we find similar

7
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