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Local Universe



“It would seem most probable that the rate of star 
formation depends on the gas density and we shall 
assume that the number formed per unit interval of 

time varies with a power of the gas density ...”

(Schmidt 1959)





Schmidt-Kennicutt Law

ΣSFR = AΣ1.6
gas



Gao-Solomon Law

SFR = BMdense
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The Milky Way



S. Guisard ESO

Pipe Nebula ρ Ophiuchi Cloud



∑Pipe = 50 M pc-2 ∑Oph = 40 M pc-2
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Not just an exception…

California Molecular Cloud

Orion Molecular Cloud
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SFROrion  =  10 x SFRCalifornia



Not just an exception…

California Molecular Cloud

Orion Molecular Cloud

IRAS

SFROrion  =  10 x SFRCalifornia Clouds identical in mass & size



Inventory of Local Star Formation Activity

Infrared extinction and cloud masses
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Extinction Primer
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CO vs. dust
16 Marco Lombardi, João Alves, and Charles J. Lada: 2MASS wide field extinction maps: I. The Pipe nebula

357°358°359°0°1°2°3°

       

3°

4°

5°

6°

7°

 

 

 

 

 

357°358°359°0°1°2°3°

3°

4°

5°

6°

7°

357°358°359°0°1°2°3°

       

2°

3°

4°

5°

6°

7°

 

 

 

 

 

 

357°358°359°0°1°2°3°
2°

3°

4°

5°

6°

7°

Fig. 21. Left: The NANTEN integrated 12CO column density map (kindly provided by Onishi et al. 1999); the white regions
have not been observed and no data are thus available there; the shaded region is located at b < 3◦ and has been excluded
from the analysis to avoid contamination from low-galactic latitude clouds. Right: The Nicer extinction map downgraded to
the resolution of the NANTEN map; shaded regions are excluded from the analysis.

obtained are shown as filled squares in Fig. 22. This sim-
ple plot confirmed the qualitative remarks discussed above
and suggested that we could approximate the AV -12CO
relationship with a function of the form

I12CO = A

[

1

1 + exp
[

−(AK − Amid
K

)k
] − b

]

, (14)

We fitted this equation to the data by minimizing the
scatters between the predicted CO integrated intensity
and the observed one; the best fit parameters obtained
were A = 32.3 K km s−1, Amid

K = 0.51 mag, k =
6.20 K km s−1 mag−1, and b = 0.036. The residuals of
this fit with the data are shown in details in Fig. 23;
the increase of the dispersion in the relation (14) at
AK " 0.2 mag is evident from this plot. Since the ex-
pected error in the Nicer map of Fig. 21 is as low as
∼ 0.01 mag, and since the expected error in the 12CO
integrated velocities is also relatively small (this can be
estimated from the residuals at AK " 0 mag of Fig. 23,
and is of order of 1.5 K km s−1), we can deduce that the
scatter shown in Fig. 23 for AK > 0.2 mag is physical: the
ratio of dust and 12CO in the Pipe (and likely in other
molecular clouds) is far from being constant.

So far we investigated the AK-12CO relationship using
the value of AK as independent quantity: in other words,
we studied the expected CO measurement for each given
AK column density. We now swap the role of AK and
CO, and consider the average AK value corresponding to
a given 12CO measurement. To this purpose, we averaged
the values of the Nicer extinction in bins of 5 K km s−1.
The result, shown in Fig. 24, suggests that we can well
approximate the average with a linear relationship of the
form

AK = A(0)
K

+ rI12CO . (15)
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Fig. 24. The 12CO-AK relation, with datapoints binned along
the CO axis every 5 K km s−1 (filled squares). The solid line
represents the best fit (on the whole field) from Eq. (15).

Note that we need to include explicitly a non-vanishing

“zero point”, A(0)
K

, for the AK measurement. This is due
the dissociation of the CO molecule by the interstellar UV
radiation field. Our results indicate that CO molecules in
the Pipe become (self-) shielded from the interstellar ra-
diation field at about 1 magnitude of visual extinction
(2 magnitudes along the entire line of sight through the
cloud), consistent with standard theoretical predictions
and prior observations (e.g., van Dishoeck & Black 1988,
Alves et al. 1999, Bergin et al. 2002). This CO threshold
should in principle be a function of the intensity of the lo-
cal interstellar radiation field and could in principle vary
from cloud to cloud. We stress that it is highly unlikely
that the Nicer technique overestimates the extinction at
low AK , i.e. that the “zero point” observed in the rela-
tion (15) is an artifact; rather, if there is a bias in Nicer,

12CO: Onishi et al. (1999), M=6500



CO vs. dust

NICER: Lombardi  et al. (2006), M=11000
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Fig. 21. Left: The NANTEN integrated 12CO column density map (kindly provided by Onishi et al. 1999); the white regions
have not been observed and no data are thus available there; the shaded region is located at b < 3◦ and has been excluded
from the analysis to avoid contamination from low-galactic latitude clouds. Right: The Nicer extinction map downgraded to
the resolution of the NANTEN map; shaded regions are excluded from the analysis.
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the CO axis every 5 K km s−1 (filled squares). The solid line
represents the best fit (on the whole field) from Eq. (15).
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“zero point”, A(0)
K

, for the AK measurement. This is due
the dissociation of the CO molecule by the interstellar UV
radiation field. Our results indicate that CO molecules in
the Pipe become (self-) shielded from the interstellar ra-
diation field at about 1 magnitude of visual extinction
(2 magnitudes along the entire line of sight through the
cloud), consistent with standard theoretical predictions
and prior observations (e.g., van Dishoeck & Black 1988,
Alves et al. 1999, Bergin et al. 2002). This CO threshold
should in principle be a function of the intensity of the lo-
cal interstellar radiation field and could in principle vary
from cloud to cloud. We stress that it is highly unlikely
that the Nicer technique overestimates the extinction at
low AK , i.e. that the “zero point” observed in the rela-
tion (15) is an artifact; rather, if there is a bias in Nicer,
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Fig. 21. Left: The NANTEN integrated 12CO column density map (kindly provided by Onishi et al. 1999); the white regions
have not been observed and no data are thus available there; the shaded region is located at b < 3◦ and has been excluded
from the analysis to avoid contamination from low-galactic latitude clouds. Right: The Nicer extinction map downgraded to
the resolution of the NANTEN map; shaded regions are excluded from the analysis.
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, for the AK measurement. This is due
the dissociation of the CO molecule by the interstellar UV
radiation field. Our results indicate that CO molecules in
the Pipe become (self-) shielded from the interstellar ra-
diation field at about 1 magnitude of visual extinction
(2 magnitudes along the entire line of sight through the
cloud), consistent with standard theoretical predictions
and prior observations (e.g., van Dishoeck & Black 1988,
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should in principle be a function of the intensity of the lo-
cal interstellar radiation field and could in principle vary
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that the Nicer technique overestimates the extinction at
low AK , i.e. that the “zero point” observed in the rela-
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NICER: full resolution (1 arcmin)
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The Pipe Nebula (Lombardi et al. 2006)
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The Pipe Nebula (Lombardi et al. 2006)
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M. Lombardi et al.: 2MASS extinction maps: II. Ophiuchus and Lupus 3
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Fig. 6. The Nicer extinction map of the Ophiuchus, Lupus, and Pipe complexes. The resolution is FWHM = 3 arcmin. The
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two samples in the color-color diagram defined as

A ≡ {1.4(H − K) + 0.5 mag < (J − H)

and H − K > 1 mag} , (2)

B ≡ {1.4(H − K) + 0.5 mag > (J − H)

and H − K > 1 mag} . (3)

An analysis of the spatial distribution of these two sam-
ples (Fig. 2) reveals that, as expected, sample A is associ-
ated with the densest regions of the molecular cloud, while
sample B is distributed on the whole field with a strong
preference for low galactic latitude regions.

The nature of the two stellar populations in samples
A and B is further clarified by the histogram of their K
band magnitudes, shown in Fig. 3. As expected, sample A
shows a broad distribution, which can be essentially de-
scribed as a simple power-law luminosity function up to
K # 12 mag; note that the completeness limit of our sam-
ple is significantly smaller than the typical 2MASS com-
pleteness in the K band (14.3 mag at 99% completeness)
because of the stricter selection operated here (small pho-
tometric errors in all bands) and because most sample A

stars come from low galactic latitude regions (where the
increased density of stars significantly reduces the com-
pleteness of the 2MASS). In contrast to sample A stars,
sample B stars show a well defined distribution, with a
pronounced and relatively narrow peak at K # 7 mag.
This strongly suggests that we are looking at a homoge-
neous population of sources located at essentially the same
distance.

The lack of correlation between the dust reddening and
the stars of sample B can be also investigated by consid-
ering the extinction-corrected color-color diagram shown
in Fig. 4. This plot was obtained by estimating, for each
star, its “intrinsic” colors, i.e. the extinction corrected col-
ors from the extinction at the star’s location as provided
by the Nicer map. In other words, we computed

Jintr ≡ J − (AJ/AK)ÂK , (4)

Hintr ≡ H − (AH/AK)ÂK , (5)

Kintr ≡ K − ÂK , (6)

where ÂK is the Nicer estimated extinction in the direc-
tion of the star from the angularly close objects. By com-

Lombardi et al. (2009)
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Cloud Mass (104 M)

Orion A 6.77

Orion B 7.18

California 9.99

Perseus 1.84

Taurus 1.49

Ophiuchus 1.41

RCrA 0.11

Pipe 0.79

Lupus 1 0.22

Lupus 3 0.14

Lupus 4 0.08

Cloud sample:  wide field 2MASS/NICER 
extinction survey of 21 local modelcular clouds

Inventory of Star Formation Activity: 
Molecular Clouds
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Mining the literature: mostly IR data (SPITZER) 

Inventory of Star Formation Activity: 
Young Stellar Objects (YSOs)

Cloud YSOs

Orion A 2862

Orion B 0635

California 0279

Perseus 0598

Taurus 0335

Ophiuchus 0316

RCrA 0100

Pipe 0021

Lupus 1 0013

Lupus 3 0069

Lupus 4 0012



Variation of specific star formation rate 



Variations of efficiencies and star 
formation rates in local molecular clouds 
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Variations of efficiencies and star 
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Variations of efficiencies and star 
formation rates in local molecular clouds 
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What determines the star formation rate?
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Comparing the California and 
Orion molecular clouds

Nearly identical shapes & sizes, but

YSOs(Orion) > 10 x YSOs(California) 

SFR(Orion) > 10 x SFR(California)

Orion has 10 x as much material at AK > 1 mag 
as California 



Normalized cloud mass profiles

Kainulainen et al. (2009)
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SFR directly proportional to mass 
above AK > 0.8 mag  (Σ >116 M pc-2)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�

SFR = εM0.8/τsf

τsf � 2× 106 yr

ε = SFE � 0.10

What is the meaning of the 
slope of this relation?



The physical process

• Stars form in dense regions of molecular clouds

• “proctected” environment: cold gas, no UV 
radiation, Jeans/Bonnor-Ebert instability

• We find that the SFR correlates with the amount 
of mass above a projected density threshold

• The projected mass density is unphysical 
(depends on the line of sight); we should have 
instead a volume density threshold!



A Σ-ρ relation for molecular clouds
• Different Molecular clouds 

show consistent structure

• Same average density a 
above threshold value (as 
predicted by WDM)

• Same probability 
distribution for Σ (log-
normal)

• Similar stratification of 
surface density contours

A&A 519, L7 (2010)

small scatter on a set of nearby clouds investigated using N
(Lombardi & Alves 2001) and N (Lombardi 2009); sec-
ond, we show that the same law, applied within a single cloud
(using different extinction thresholds) as M ∝ L2 does not hold.
Additionally, we argue that the first version of Larson’s third
law implies a universal physical structure for molecular clouds,
which we identify in their log-normal distributions for the pro-
jected gas density.

Larson’s third law, in its original formulation, links the av-
erage density

〈
n(H2)

〉
of clouds with their size L:

〈
n(H2)

〉
=

3400 cm−3(L/1 pc)α, with α = −1.10. Here L is defined as
the maximum observed linear extent of the cloud, and

〈
n(H2)

〉

is the average density of a sphere of diameter L and total mass
M identical to the cloud (typically estimated from 13CO data).
Larson’s data were more heterogeneous and included different
clouds studied at different contours of integrated intensity, which
resulted in a scatter of approximately one order of magnitude
about the assumed relation; as we will see, our data suggest in-
stead that Larson’s law holds with a scatter below 15%. The
fact that α # −1 implies that the cloud projected column den-
sity,
〈
n(H2)

〉
L ∝ L−0.1, is approximately constant. Larson dis-

cussed a few possible explanations for this: one-dimensional
shock compressions, optical depth natural selection effects, and
observational biases owing to the limited dynamic range of the
13CO data.

2. An extinction measurement of Larson’s law

2.1. Definitions

We consider first (Sect. 2.3) the following version of Larson’s
third law. Since we have at our disposal complete extinction
maps, we can consider the area S of a cloud above a given extinc-
tion threshold A0 (throughout this letter, unless otherwise noted,
we will refer to extinction measurements in the K band, AK , and
drop everywhere the index K). We then define the cloud size
implicitly from S = π(L/2)2 (or the cloud radius as R = L/2).
Similarly, we can consider the cloud mass M above the same
extinction threshold.

We will also briefly investigate the mass vs. radius relation-
ship for each individual cloud, and verify whether we recover
Larson’s prediction M(R) ∝ R2 (Sect. 2.4). Note that the two
versions of Larson’s third law (different clouds above a fixed
extinction threshold, or same cloud at various extinction thresh-
olds) are clearly linked, but are not equivalent, in the sense that
only one of the two might hold. Note also Larson (1981) de-
facto studied different clouds at different thresholds, and there-
fore used a mixture of both versions considered separately here.

Throughout this letter we will treat molecular complexes as
single objects, and we will not split unconnected regions be-
longing to the same complex. Since typically a cloud will have
many clumps with relatively high column densities, this proce-
dure avoids the “creation” of new clouds when the extinction
threshold A0 is increased. This procedure is justified because our
objects are mainly well defined regions, relatively far from the
galactic plane, and with no or little contamination from other
clouds.

2.2. Data analysis

The data used here are extinction maps obtained from the point
source catalog of the Two Micron All Sky Survey (2MASS;
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Fig. 1. Cloud masses above extinction thresholds of A0 = 0.1 mag
(filled symbols) and A0 = 0.5 mag (open symbols) as a function of their
size. The two line shows the best constant surface density fits, which
correspond to Σ = 41 M$ pc−2 and Σ = 149 M$ pc−2 respectively.

Table 1. Best power-law fits M = aπRγ for various extinction thresh-
olds.

Threshold A0 a γ Scatter c
(mag) (M$ pc−γ) (percent)

0.1 41.2 1.99 11% 2.25
0.2 73.1 1.96 12% 2.00
0.5 149.0 2.01 14% 1.63
1.0 264.2 2.06 12% 1.44
1.5 379.8 2.07 14% 1.38

Notes. Note that because γ # 2 in all cases, the quantity a can be inter-
preted as the average mass column density of the cloud above the corre-
sponding extinction threshold. The last two columns show the standard
deviation of the cloud column densities divided by their average (rela-
tive scatter) and the ratio between the average column densities and the
minimum column density set by the extinction threshold (c).

Kleinmann et al. 1994). Data for the various complexes
have been reduced using N (Lombardi & Alves 2001)
and N (Lombardi 2009) and following the prescriptions
adopted in previous works (see Lombardi et al. 2006, 2008,
2010). The complexes considered are nearby molecular clouds,
and therefore we are able to well resolve most cores with the
2MASS data; the same clouds have been used in Lada et al.
(2010). Extinction measurements are converted into surface
mass densities using

Σ = µmpβK AK , (1)

where µ is the mean molecular weight, βK ≡ [N(Hi) +
2N(H2)]/AK # 1.67 × 1022 cm−2 mag−1 is the gas-to-dust ratio
(Savage & Mathis 1979; Lilley 1955; Bohlin et al. 1978), and
mp is the proton mass. With a standard gas composition (63%
hydrogen, 36% helium, and 1% dust) we have µ # 1.37 and
therefore Σ/AK # 183 M$ pc−2 mag−1.

2.3. Larson’s third law for a constant extinction threshold

Figure 1 shows the amount of mass different clouds have above
extinction thresholds of AK = 0.1 mag and AK = 0.5 mag as a
function of the cloud “radii” (defined according to Sect. 2.1), to-
gether with the best power-law fit. As apparent from this plot, all
clouds follow exquisitely well a Larson-type relationship, with
M ∝ R2, and have therefore very similar projected mass densi-
ties at each extinction threshold. This result is also quantitatively
shown in Table 1, where we report the best-fit power-laws for the
mass vs. radius relation at different extinction thresholds. The
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Fig. 2. Mass vs. radius relationship; both quantities are defined as indi-
cated in Sect. 2.1.

exceptionally small scatter observed in Fig. 1 is also confirmed
by the results shown in Table 1: at all extinctions considered,
data follow the best-fit power-laws with relative standard devia-
tions always below 15%.

Table 1 also show the dimensionless factor c obtained from
the best quadratic fit M = cµmpβK A0πR2 in terms of the con-
stants appearing in Eq. (1). Hence, c = 〈AK〉/A0 ≥ 1, and the
fact that c ∼ 2 with a very small relative scatter among different
clouds indicates that all these objects have a very similar physi-
cal structure.

2.4. Larson’s third law for single clouds

Figure 2 shows the second version of Larson’s third law con-
sidered here, i.e. the mass vs. radius relationship. As apparent
from this figure, the tracks for the various clouds have similar
trends, but span a relatively large range of masses. In the range
R ∈ [0.1, 1] pc we can fit a power-law of the form M(R) =
380 M" (R/pc)1.6, a result that compares well with the one ob-
tained by Kauffmann et al. (2010), M(R) = 400 M" (R/pc)1.7.
Different clouds have quite similar exponents (the standard de-
viation of the power-law index is ∼0.18), but rather different
masses (the best-fit scale parameter for the mass ranges from 150
to 710 M"). Note, however, that since the power-law index is sig-
nificantly different from two, errors on the assumed distances of
the clouds would affect the scale parameter for the mass.

From this analysis we conclude that Larson’s third law is
not an accurate description of the mass vs. radius relationship
for single clouds. Specifically, at larger scales all clouds show a
flattening of the curves and deviates significantly from a power-
law, while at smaller scales clouds follow power-laws, but with
an exponent significantly different than two.

2.5. Cloud physical structure

As mentioned earlier, that an ensemble of clouds satisfies
Larson’s third law at different extinction thresholds suggests that
clouds have a universal physical structure.

In order to investigate this point better, we consider in Fig. 3
the average column density of cloud material above a given
extinction threshold, as a function of the extinction threshold.
Figure 3 indicates a remarkable uniformity among the various
clouds: they all show a relatively flat plateau up to ∼0.1 mag,
and then a constant rise up to 2–5 mag. In the range A0 ∈
[0.1, 1] mag, the curves for all clouds are confined within a
relatively narrow region. In this extinction range we can fit a
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Fig. 3. Cloud mass surface density above an extinction threshold as a
function of the threshold, in logarithmic scale. The dotted line shows
the relationship between the cloud column density in M" pc−2 and the
extinction in the K band.

simple power-law to the data plotted in Fig. 3, obtaining Σ =
265 M" pc−2 (A0/mag)0.8. Note that an error analysis of the data
points in Fig. 3 at A0 < 0.05 mag shows that they are signif-
icant, because the large number of independent measurements
contributing to these data make the statistical errors negligible,
and because the flatness of the plateau at low extinction values
makes them robust with respect to systematic errors (such as off-
sets in the N maps due to extinction in the control field).

3. Theoretical interpretation

The results presented above indicates that clouds have simi-
lar structures. Observationally (see, e.g., Lombardi et al. 2008;
Kainulainen et al. 2009; Lombardi et al. 2010; Froebrich &
Rowles 2010), many clouds show a log-normal distribution at
low extinctions:

pA(A) =
1√

2πσA
exp
[
− (ln A − ln A1)2

2σ2

]
, (2)

where A1 and σ are two positive parameters. A tail at high
extinctions, present in many clouds, is generally associated
with the effects of gravitational instability. The log-normality of
pA(A) is often linked with supersonic turbulence, although recent
results show that this is also a common feature of very different
classes of cloud models (Tassis et al. 2010).

Interestingly, we can express the mass and the area of a cloud
above an extinction threshold as simple integrals of pA(A). Given
a cloud of total area S tot, the area and mass above a given extinc-
tion threshold A0 are

S (A0) = S tot

∫ ∞

A0

pA(A) dA, (3)

M(A0) = S totµmpβ

∫ ∞

A0

ApA(A) dA. (4)

In particular, if we consider the log-normal distribution of
Eq. (2), we obtain for the column density above A0

Σ(A0) ≡ M(A0)
S (A0)

= A1µmpβκ(A0/A1), (5)

where κ is a dimensionless quantity defined as

κ(a) = exp
(
σ2

2

) 1 − erf
[(

ln a − σ2
)
/
√

2σ
]

1 − erf
[
ln a/

√
2σ
] · (6)
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Fig. 11. The probability distributions of pixel extinctions for the six cloud complexes. In each plot, the red, solid curve represents the best-fit with
a log-normal distribution. Lower panels show the residuals with respect to the best-fit.

distributions of column densities for the various clouds were fit-
ted with a log-normal distributions of the form2

h(AK) =
a

AK − A0
exp

−
�
ln(AK − A0) − ln A1

�2

2σ2


 . (6)

For some of the clouds, such as Orion B, λOrionis, and Mon R2,
the fits appear to be better than for other ones, such as Orion A
or Rosette. However, in all cases residuals are well above the
expected levels3 and show systematic and structured deviations
even at low column densities. Additionally, all clouds show a
positive residual at the higher column densities, approximately
for AK > 0.2 mag. The significance of these results and the
goodness of the fits need to be further investigated.

One perhaps surprising feature of Fig. 11 is the presence
of a significant number of column density estimates with neg-
ative values. This could be either due to a zero-point offset in the
control field or to uncertainties in the column density measure-
ments, which naturally broadens the intrinsic distribution and
possibly adds a fraction of negative measurements. Note also
that the amount of negative pixels observed is compatible with
the typical error on our extinction maps, which is of the order of
0.03 mag.

3.4. Small-scale inhomogeneities

Lada et al. (1994) first recognized that the local dispersion of
extinction measurements increases with the column density. In

2 Note that the functional form used here differs, in the definition of σ,
with respect to the form used in the previous papers.
3 The theoretical error follows a Poisson distribution, and is therefore
different for each cloud and each bin. In the range displayed in Fig. 11,
the median error is approximately 0.1 mag, but since different bins are
expected to be uncorrelated, the systematic offsets shown by the various
clouds for AK > 0.2 mag are highly significant.

other words, within a single “pixel element”, the scatter of
the individual stellar column density estimates is proportional
to the average local column density estimate. This results im-
plies the presence of substructures on scales smaller than the
resolution of the extinction maps, and shows that theses sub-
structures are more evident in regions with high column den-
sity. Substructures could be due either to unresolved gradients
or to random fluctuations induced by turbulence (see Lada et al.
1999).

The presence of undetected inhomogeneities is important for
two reasons: (i) they might contain signatures of turbulent mo-
tions (see, e.g. Miesch & Bally 1994; Padoan et al. 1997a); and
(ii) they are bound to bias the extinction measurements towards
lower extinctions in high-column density regions (and, espe-
cially, in the very dense cores; see Lombardi 2009).

In the previous papers of this series we have considered a
quantity that traces well the inhomogeneities:

∆2(θ) ≡ σ̂2
ÂK

(θ) + σ2
ÂK

(θ) − �Var
�
Â(n)

K
��

(θ). (7)

The ∆2 map is defined in terms of the observed variance of col-
umn density estimates,

σ̂2
ÂK

(θ) ≡
�N

n=1 W (n)�Â(n)
K − ÂK(θ)

�2
�N

n=1 W (n)
, (8)

the average expected scatter due to the photometric errors and
the intrinsic dispersion in the colors of the stars

σ2
ÂK

(θ) ≡
�N

n=1
�
W (n)(θ)

�2Var
�
Â(n)

K
�

��N
n=1 W (n)(θ)

�2 , (9)

and of the weighted average expected variance for the column
density measurements around θ

�
Var
�
Â(n)

K
��

(θ) ≡
�

n W (n)Var
�
Â(n)

K
�

�
n W (n) · (10)
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Log-normal fits to cloud projected 
density distributions



A Σ-ρ relation for molecular clouds
• Different Molecular clouds 

show consistent structure

• Same average density a 
above threshold value (as 
predicted by WDM)

• Same probability 
distribution for Σ (log-
normal)

• Similar stratification of 
surface density contours

IC 5146/ B168

Lada, Alves, Lada (1999)



SFR directly proportional to mass 
above AK > 0.8 mag  (Σ >116 M pc-2)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�



SFR directly proportional to mass 
above AK > 0.8 mag  (Σ >116 M pc-2)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�



SFR directly proportional to mass 
above n >104 cm-3  (ρ > 700 M pc-3)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�



SFR directly proportional to mass 
above n >104 cm-3  (ρ > 700 M pc-3)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�

Now         represents the 
mass of the cloud in dense 
regions:

M0.8



SFR directly proportional to mass 
above n >104 cm-3  (ρ > 700 M pc-3)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�

Now         represents the 
mass of the cloud in dense 
regions:

M0.8

M0.8 =

�

D
ρ(x) d3x



SFR directly proportional to mass 
above n >104 cm-3  (ρ > 700 M pc-3)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�

Now         represents the 
mass of the cloud in dense 
regions:

M0.8

M0.8 =

�

D
ρ(x) d3x

D = {x | ρ(x) > 400 M⊙ pc−3}



SFR directly proportional to mass 
above n >104 cm-3  (ρ > 700 M pc-3)

�
SFR

M⊙ yr−1

�
= 4.6× 10−8

�
M0.8

M⊙

�

Now         represents the 
mass of the cloud in dense 
regions:

M0.8

M0.8 =

�

D
ρ(x) d3x

D = {x | ρ(x) > 400 M⊙ pc−3}



Star formation scaling laws for low density gas
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Figure 2. Map of the integrated intensity of 12CO emission toward the California cloud from the survey of Dame et al. (2001). The top panel shows the CO spatial map
in Galactic coordinates. This map covers roughly the same region as the extinction map in Figure 1 (see also Figure 6). The bottom panel shows the position-velocity
map along Galactic longitude. The parallel dashed lines in the top panel indicate the range of Galactic latitude integrated to produce the position-velocity map in the
bottom panel.
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Figure 3. Plot of foreground stellar density vs. distance from the Galactic models
of Robin et al. (2003). The observed foreground star density and its uncertainties
toward the highest extinction regions of the cloud are indicated by the horizontal
lines. The intersection of these lines with the model gives the distance to the
cloud and the corresponding uncertainties in that distance.

the plot of stellar density as a function of distance predicted
from the Robin et al. model for the direction of the CMC.
The observed foreground stellar density is also indicated and
the intersection of this value with the model curve gives the
distance to the obscuring dust cloud. This comparison yields a
distance to the cloud of 450 ± 23 pc.

Previous distance estimates for this region range from 125
to 700 pc. Eklöf (1959) found two extinction layers in this
direction from optical photometry of field stars. The two layers
or clouds were found to have distances of 125 and 300–
380 pc, respectively. These distances are lower than our value
but since the line of sight to the California cloud passes near
both the Taurus–Auriga (≈ 140 pc distant) and the Perseus
(≈ 250 pc distant) clouds, the layers identified by Eklöf are
likely associated with these foreground complexes. Recently,
Herbig et al. (2004) derived a spectroscopic parallax distance
of 700 ± 200 pc to the young stellar cluster embedded in
NGC 1579 at the east end of the California cloud. This estimate
is only marginally compatible with our star count estimate.
Finally, the Hipparcos parallax measurements (Perryman et al.
1997) of ξ Per, the exciting star of the California Nebula,
NGC 1499, suggests a distance between 394 and 877 pc for the
star, consistent with both our distance and that of Herbig et al.
(2004). However, for the remainder of this paper we adopt the
star count distance of 450 pc for the cloud. As we show below,
at this distance the cloud rivals the Orion A (L1641) cloud as the
largest and most massive GMC in the solar neighborhood (i.e.,
D < 0.5 kpc).

3.2. Mass, Size, and Structure

We derive the cloud mass directly from the extinction map by
integrating the dust column density over the area of the cloud
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Figure 6. Comparison of the infrared extinction images of the CMC and OMC clouds. Given the similar distances, the CMC cloud is comparable in physical size and
is very similar in structure compared to the better known OMC.
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Figure 7. Cumulative mass fraction profile of the California molecular cloud
compared to that of the Orion molecular cloud. The measurements of the
California cloud were corrected for distance so that the measurements of the
two clouds were made at the same physical resolution and properly adjusted for
distance dependent foreground and background stellar densities. The two clouds
have strikingly different profiles, in particular the California cloud contains
substantially less of its mass at high extinction than does the Orion cloud.

cloud will be directly related to the total amount of mass it
contains at such high densities. Star forming cores are also
dark, characterized by visual extinctions (AV ) typically in excess
of 5–10 mag. Thus regions of relatively high density are also
the regions of relatively high extinction, and high extinction
can be used as a proxy for high density. For example, as
pointed out earlier, regions with visual extinctions in excess of
about 10 mag are characterized by size scales between 0.1 and

0.2 pc which corresponds to mean molecular hydrogen densities
n(H2) > (1–2)×104 cm−3. It is interesting in this context to note
that in the Ophiuchus cloud, such dense cores appear visible in
submillimeter dust emission only where the mean extinctions
are in excess of at least seven visual magnitudes (Johnstone
et al. 2004). If we use AK = 1.0 mag as the indicator of the
high extinction star forming material in a cloud, then we see
that the amount of such material in the CMC is about an order
of magnitude less than that in the OMC. The difference in cloud
masses above this extinction threshold is of the same order
as the difference in the number of YSOs in each cloud and
perhaps even the star formation rate. Interestingly, the CMC has
roughly the same fraction of mass above this threshold as does
the extremely quiescent Pipe Nebula (LAL06). In the Pipe, the
total mass above this threshold is only about 200 M# since the
Pipe is overall a much smaller complex. A recent deep Spitzer
Space Telescope survey for YSOs in the Pipe uncovered only
18 such objects over the entire cloud (Forbrich et al. 2009). The
ratio of known YSOs in the Pipe to the number of YSOs (∼200)
that we crudely estimate for the CMC is roughly equal to 0.1
and is close in value to the ratio (0.2) of the total mass of high
extinction/high density material in the Pipe to that in the CMC.

If such trends hold with improved inventories of star forma-
tion activity in the CMC and with comparisons between ad-
ditional clouds, this would imply that there exists a threshold
extinction and presumably volume density for star formation
and once reached there is a more or less constant star formation
efficiency achieved in the dense gas component of molecular
clouds. We then expect the star formation rate to go as SFR
∼ Mdg/τsf , where Mdg is the total amount of dense gas (above

12CO observations 
(Dame et al 2001)

Extinction map
(Lada et al. 2009)

M(CO) ~ M(AK>0.1 mag)
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somewhat confused and problematic picture, particularly since
the difference between a linear and nonlinear scaling relation
can have significant consequences for the theoretical under-
standing of the star formation process in galaxies. Therefore, it
is important to understand the nature of such differences. Are
the different scaling relations consistent with each other? Are
the differences due to such effects as the choice of the samples
studied (e.g., normal spirals versus starbursts, CO-rich versus
H i-rich galaxies, distant versus nearby systems, etc.) or the
different quantities actually measured (e.g., SFR versus ΣSFR,
ΣH i+H2 versus ΣH2 , or CO versus HCN, etc.), or the system-
atic uncertainties in the quantities measured (e.g., observational
tracers or initial mass functions (IMFs) adopted for SFR de-
terminations, conversion factor for transforming CO measure-
ments into H2 masses, etc.), or some linear combination of all
these effects? Do any of these scaling relations represent the
fundamental underlying physical relationship that most directly
connects star formation activity with interstellar gas?

Schmidt’s original scaling law was determined from observa-
tions of the local region of the Galaxy. Since our knowledge of
the local Milky Way has improved profoundly over the last half-
century, it would seem that important insights into the relation
between star formation and interstellar gas could and should be
derived from observations of local star formation activity. In a
previous paper (Lada et al. 2010, hereafter Paper I), we pre-
sented a study of the star formation activity in a sample of local
(d < 0.5 kpc) molecular clouds with total masses between 103

and 105 M!. We employed infrared extinction measurements
derived from wide-field surveys to determine accurate cloud
masses and mass surface densities, and compiled from the liter-
ature both ground- and space-based infrared surveys of young
stellar objects to construct complete inventories of star forma-
tion within the clouds of our local sample. We found the specific
SFRs (i.e., the SFRs per unit cloud mass) in these clouds to vary
by an order of magnitude, independent of total cloud mass.
However, we also found the dispersion in the specific SFR to
be minimized (and reduced by a factor of 2–3) if one considers
only the mass of molecular gas characterized by high extinction
in calculating the specific SFRs. As a result we showed that
the (total) SFR in local clouds is linearly proportional to the
cloud mass contained above an extinction threshold of AK !
0.8 mag, corresponding to a gas surface density threshold of
ΣH2 ≈ 116 M! pc−2. Similar surface density thresholds for star
formation in local clouds have been suggested in other recent
studies (e.g., Goldsmith et al. 2008; Heiderman et al. 2010).
Given the density stratification of molecular clouds, we argued
that such surface density thresholds also correspond to volume
density thresholds of n(H2) ≈ 104 cm−3. These findings are
consistent with and reinforce those of Wu et al. (2005) who had
already demonstrated a linear correlation between far-infrared
luminosity and HCN luminosity (i.e., between SFR and dense
gas mass) for more massive and distant star formation regions
in the Milky Way.

The correspondence between these results and those obtained
by Gao & Solomon (2004a) for external galaxies is intriguing
and especially striking because the scalings of the Galactic and
extragalactic power-law relations, that together span more than
nine orders of magnitude in cloud mass, agree to within a factor
of 2–3. This suggested to us that the close relationship between
the SFRs and the dense gas masses of molecular clouds could
be the underlying physical relation that connects star formation
activity with interstellar gas over vast spatial scales from the
immediate vicinity of the Sun to the most distant galaxies.
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Figure 1. SFR–molecular-mass diagram for local molecular clouds. The solid
symbols indicate cloud masses above an extinction threshold of AK = 0.8 mag
(dense gas masses) while open circles correspond to cloud masses above AK =
0.1 mag (total cloud masses). The parallel dashed lines are linear relations that
indicate constant fractions of dense (i.e., AK ! 0.8 mag; n(H2) ! 104 cm−3)
gas. The top line is the best linear fit to the solid symbols and represents the
case where all the gas measured is dense star-forming material (see the text).

However, if this is so, how does one understand these
observations in the context of the classical Schmidt–Kennicutt
scaling relations based on CO observations? These classical
relations are often super-linear and moreover, as Heiderman
et al. (2010) point out, they underpredict the ΣSFR in local
regions by factors of 17–50 (see also Evans et al. 2009). In
this paper, we attempt to address this issue by re-examining the
extinction observations of local clouds to include low extinction
material and re-examining the CO observations of the clouds
studied by Gao and Solomon. We show that all the observations
can be understood within a self-consistent framework in which
the differences are primarily due to the dense gas fractions that
characterize the molecular gas being observed, supporting a
hypothesis originally put forward by Gao & Solomon (2004a).

2. THE SFR–MOLECULAR-MASS DIAGRAM

2.1. The Local Clouds

In Figure 1, we plot the relation between the (total) star
formation rate, SFR, and gas mass for the 11 clouds in the
Paper I sample. The SFRs are from Table 2 of Paper I and
are the averaged rates over a timescale of 2 Myr. However,
here we plot for each cloud two different masses derived from
the infrared extinction measurements. The filled circles repre-
sent cloud masses measured above an infrared (K-band) ex-
tinction threshold of 0.8 mag and correspond to the dense gas
masses (MDG) of the clouds. The open circles represent cloud
masses measured above a lower infrared extinction threshold of
0.1 mag and correspond to the total gaseous masses (MTG) of
the clouds. These latter masses should also approximately cor-
respond to those that would be traced by CO emission, while the
former masses approximately correspond to those that would be
traced by HCN emission. The parallel dashed lines represent a
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somewhat confused and problematic picture, particularly since
the difference between a linear and nonlinear scaling relation
can have significant consequences for the theoretical under-
standing of the star formation process in galaxies. Therefore, it
is important to understand the nature of such differences. Are
the different scaling relations consistent with each other? Are
the differences due to such effects as the choice of the samples
studied (e.g., normal spirals versus starbursts, CO-rich versus
H i-rich galaxies, distant versus nearby systems, etc.) or the
different quantities actually measured (e.g., SFR versus ΣSFR,
ΣH i+H2 versus ΣH2 , or CO versus HCN, etc.), or the system-
atic uncertainties in the quantities measured (e.g., observational
tracers or initial mass functions (IMFs) adopted for SFR de-
terminations, conversion factor for transforming CO measure-
ments into H2 masses, etc.), or some linear combination of all
these effects? Do any of these scaling relations represent the
fundamental underlying physical relationship that most directly
connects star formation activity with interstellar gas?

Schmidt’s original scaling law was determined from observa-
tions of the local region of the Galaxy. Since our knowledge of
the local Milky Way has improved profoundly over the last half-
century, it would seem that important insights into the relation
between star formation and interstellar gas could and should be
derived from observations of local star formation activity. In a
previous paper (Lada et al. 2010, hereafter Paper I), we pre-
sented a study of the star formation activity in a sample of local
(d < 0.5 kpc) molecular clouds with total masses between 103

and 105 M!. We employed infrared extinction measurements
derived from wide-field surveys to determine accurate cloud
masses and mass surface densities, and compiled from the liter-
ature both ground- and space-based infrared surveys of young
stellar objects to construct complete inventories of star forma-
tion within the clouds of our local sample. We found the specific
SFRs (i.e., the SFRs per unit cloud mass) in these clouds to vary
by an order of magnitude, independent of total cloud mass.
However, we also found the dispersion in the specific SFR to
be minimized (and reduced by a factor of 2–3) if one considers
only the mass of molecular gas characterized by high extinction
in calculating the specific SFRs. As a result we showed that
the (total) SFR in local clouds is linearly proportional to the
cloud mass contained above an extinction threshold of AK !
0.8 mag, corresponding to a gas surface density threshold of
ΣH2 ≈ 116 M! pc−2. Similar surface density thresholds for star
formation in local clouds have been suggested in other recent
studies (e.g., Goldsmith et al. 2008; Heiderman et al. 2010).
Given the density stratification of molecular clouds, we argued
that such surface density thresholds also correspond to volume
density thresholds of n(H2) ≈ 104 cm−3. These findings are
consistent with and reinforce those of Wu et al. (2005) who had
already demonstrated a linear correlation between far-infrared
luminosity and HCN luminosity (i.e., between SFR and dense
gas mass) for more massive and distant star formation regions
in the Milky Way.

The correspondence between these results and those obtained
by Gao & Solomon (2004a) for external galaxies is intriguing
and especially striking because the scalings of the Galactic and
extragalactic power-law relations, that together span more than
nine orders of magnitude in cloud mass, agree to within a factor
of 2–3. This suggested to us that the close relationship between
the SFRs and the dense gas masses of molecular clouds could
be the underlying physical relation that connects star formation
activity with interstellar gas over vast spatial scales from the
immediate vicinity of the Sun to the most distant galaxies.
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Figure 1. SFR–molecular-mass diagram for local molecular clouds. The solid
symbols indicate cloud masses above an extinction threshold of AK = 0.8 mag
(dense gas masses) while open circles correspond to cloud masses above AK =
0.1 mag (total cloud masses). The parallel dashed lines are linear relations that
indicate constant fractions of dense (i.e., AK ! 0.8 mag; n(H2) ! 104 cm−3)
gas. The top line is the best linear fit to the solid symbols and represents the
case where all the gas measured is dense star-forming material (see the text).

However, if this is so, how does one understand these
observations in the context of the classical Schmidt–Kennicutt
scaling relations based on CO observations? These classical
relations are often super-linear and moreover, as Heiderman
et al. (2010) point out, they underpredict the ΣSFR in local
regions by factors of 17–50 (see also Evans et al. 2009). In
this paper, we attempt to address this issue by re-examining the
extinction observations of local clouds to include low extinction
material and re-examining the CO observations of the clouds
studied by Gao and Solomon. We show that all the observations
can be understood within a self-consistent framework in which
the differences are primarily due to the dense gas fractions that
characterize the molecular gas being observed, supporting a
hypothesis originally put forward by Gao & Solomon (2004a).

2. THE SFR–MOLECULAR-MASS DIAGRAM

2.1. The Local Clouds

In Figure 1, we plot the relation between the (total) star
formation rate, SFR, and gas mass for the 11 clouds in the
Paper I sample. The SFRs are from Table 2 of Paper I and
are the averaged rates over a timescale of 2 Myr. However,
here we plot for each cloud two different masses derived from
the infrared extinction measurements. The filled circles repre-
sent cloud masses measured above an infrared (K-band) ex-
tinction threshold of 0.8 mag and correspond to the dense gas
masses (MDG) of the clouds. The open circles represent cloud
masses measured above a lower infrared extinction threshold of
0.1 mag and correspond to the total gaseous masses (MTG) of
the clouds. These latter masses should also approximately cor-
respond to those that would be traced by CO emission, while the
former masses approximately correspond to those that would be
traced by HCN emission. The parallel dashed lines represent a
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somewhat confused and problematic picture, particularly since
the difference between a linear and nonlinear scaling relation
can have significant consequences for the theoretical under-
standing of the star formation process in galaxies. Therefore, it
is important to understand the nature of such differences. Are
the different scaling relations consistent with each other? Are
the differences due to such effects as the choice of the samples
studied (e.g., normal spirals versus starbursts, CO-rich versus
H i-rich galaxies, distant versus nearby systems, etc.) or the
different quantities actually measured (e.g., SFR versus ΣSFR,
ΣH i+H2 versus ΣH2 , or CO versus HCN, etc.), or the system-
atic uncertainties in the quantities measured (e.g., observational
tracers or initial mass functions (IMFs) adopted for SFR de-
terminations, conversion factor for transforming CO measure-
ments into H2 masses, etc.), or some linear combination of all
these effects? Do any of these scaling relations represent the
fundamental underlying physical relationship that most directly
connects star formation activity with interstellar gas?

Schmidt’s original scaling law was determined from observa-
tions of the local region of the Galaxy. Since our knowledge of
the local Milky Way has improved profoundly over the last half-
century, it would seem that important insights into the relation
between star formation and interstellar gas could and should be
derived from observations of local star formation activity. In a
previous paper (Lada et al. 2010, hereafter Paper I), we pre-
sented a study of the star formation activity in a sample of local
(d < 0.5 kpc) molecular clouds with total masses between 103

and 105 M!. We employed infrared extinction measurements
derived from wide-field surveys to determine accurate cloud
masses and mass surface densities, and compiled from the liter-
ature both ground- and space-based infrared surveys of young
stellar objects to construct complete inventories of star forma-
tion within the clouds of our local sample. We found the specific
SFRs (i.e., the SFRs per unit cloud mass) in these clouds to vary
by an order of magnitude, independent of total cloud mass.
However, we also found the dispersion in the specific SFR to
be minimized (and reduced by a factor of 2–3) if one considers
only the mass of molecular gas characterized by high extinction
in calculating the specific SFRs. As a result we showed that
the (total) SFR in local clouds is linearly proportional to the
cloud mass contained above an extinction threshold of AK !
0.8 mag, corresponding to a gas surface density threshold of
ΣH2 ≈ 116 M! pc−2. Similar surface density thresholds for star
formation in local clouds have been suggested in other recent
studies (e.g., Goldsmith et al. 2008; Heiderman et al. 2010).
Given the density stratification of molecular clouds, we argued
that such surface density thresholds also correspond to volume
density thresholds of n(H2) ≈ 104 cm−3. These findings are
consistent with and reinforce those of Wu et al. (2005) who had
already demonstrated a linear correlation between far-infrared
luminosity and HCN luminosity (i.e., between SFR and dense
gas mass) for more massive and distant star formation regions
in the Milky Way.

The correspondence between these results and those obtained
by Gao & Solomon (2004a) for external galaxies is intriguing
and especially striking because the scalings of the Galactic and
extragalactic power-law relations, that together span more than
nine orders of magnitude in cloud mass, agree to within a factor
of 2–3. This suggested to us that the close relationship between
the SFRs and the dense gas masses of molecular clouds could
be the underlying physical relation that connects star formation
activity with interstellar gas over vast spatial scales from the
immediate vicinity of the Sun to the most distant galaxies.
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Figure 1. SFR–molecular-mass diagram for local molecular clouds. The solid
symbols indicate cloud masses above an extinction threshold of AK = 0.8 mag
(dense gas masses) while open circles correspond to cloud masses above AK =
0.1 mag (total cloud masses). The parallel dashed lines are linear relations that
indicate constant fractions of dense (i.e., AK ! 0.8 mag; n(H2) ! 104 cm−3)
gas. The top line is the best linear fit to the solid symbols and represents the
case where all the gas measured is dense star-forming material (see the text).

However, if this is so, how does one understand these
observations in the context of the classical Schmidt–Kennicutt
scaling relations based on CO observations? These classical
relations are often super-linear and moreover, as Heiderman
et al. (2010) point out, they underpredict the ΣSFR in local
regions by factors of 17–50 (see also Evans et al. 2009). In
this paper, we attempt to address this issue by re-examining the
extinction observations of local clouds to include low extinction
material and re-examining the CO observations of the clouds
studied by Gao and Solomon. We show that all the observations
can be understood within a self-consistent framework in which
the differences are primarily due to the dense gas fractions that
characterize the molecular gas being observed, supporting a
hypothesis originally put forward by Gao & Solomon (2004a).

2. THE SFR–MOLECULAR-MASS DIAGRAM

2.1. The Local Clouds

In Figure 1, we plot the relation between the (total) star
formation rate, SFR, and gas mass for the 11 clouds in the
Paper I sample. The SFRs are from Table 2 of Paper I and
are the averaged rates over a timescale of 2 Myr. However,
here we plot for each cloud two different masses derived from
the infrared extinction measurements. The filled circles repre-
sent cloud masses measured above an infrared (K-band) ex-
tinction threshold of 0.8 mag and correspond to the dense gas
masses (MDG) of the clouds. The open circles represent cloud
masses measured above a lower infrared extinction threshold of
0.1 mag and correspond to the total gaseous masses (MTG) of
the clouds. These latter masses should also approximately cor-
respond to those that would be traced by CO emission, while the
former masses approximately correspond to those that would be
traced by HCN emission. The parallel dashed lines represent a
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somewhat confused and problematic picture, particularly since
the difference between a linear and nonlinear scaling relation
can have significant consequences for the theoretical under-
standing of the star formation process in galaxies. Therefore, it
is important to understand the nature of such differences. Are
the different scaling relations consistent with each other? Are
the differences due to such effects as the choice of the samples
studied (e.g., normal spirals versus starbursts, CO-rich versus
H i-rich galaxies, distant versus nearby systems, etc.) or the
different quantities actually measured (e.g., SFR versus ΣSFR,
ΣH i+H2 versus ΣH2 , or CO versus HCN, etc.), or the system-
atic uncertainties in the quantities measured (e.g., observational
tracers or initial mass functions (IMFs) adopted for SFR de-
terminations, conversion factor for transforming CO measure-
ments into H2 masses, etc.), or some linear combination of all
these effects? Do any of these scaling relations represent the
fundamental underlying physical relationship that most directly
connects star formation activity with interstellar gas?

Schmidt’s original scaling law was determined from observa-
tions of the local region of the Galaxy. Since our knowledge of
the local Milky Way has improved profoundly over the last half-
century, it would seem that important insights into the relation
between star formation and interstellar gas could and should be
derived from observations of local star formation activity. In a
previous paper (Lada et al. 2010, hereafter Paper I), we pre-
sented a study of the star formation activity in a sample of local
(d < 0.5 kpc) molecular clouds with total masses between 103

and 105 M!. We employed infrared extinction measurements
derived from wide-field surveys to determine accurate cloud
masses and mass surface densities, and compiled from the liter-
ature both ground- and space-based infrared surveys of young
stellar objects to construct complete inventories of star forma-
tion within the clouds of our local sample. We found the specific
SFRs (i.e., the SFRs per unit cloud mass) in these clouds to vary
by an order of magnitude, independent of total cloud mass.
However, we also found the dispersion in the specific SFR to
be minimized (and reduced by a factor of 2–3) if one considers
only the mass of molecular gas characterized by high extinction
in calculating the specific SFRs. As a result we showed that
the (total) SFR in local clouds is linearly proportional to the
cloud mass contained above an extinction threshold of AK !
0.8 mag, corresponding to a gas surface density threshold of
ΣH2 ≈ 116 M! pc−2. Similar surface density thresholds for star
formation in local clouds have been suggested in other recent
studies (e.g., Goldsmith et al. 2008; Heiderman et al. 2010).
Given the density stratification of molecular clouds, we argued
that such surface density thresholds also correspond to volume
density thresholds of n(H2) ≈ 104 cm−3. These findings are
consistent with and reinforce those of Wu et al. (2005) who had
already demonstrated a linear correlation between far-infrared
luminosity and HCN luminosity (i.e., between SFR and dense
gas mass) for more massive and distant star formation regions
in the Milky Way.

The correspondence between these results and those obtained
by Gao & Solomon (2004a) for external galaxies is intriguing
and especially striking because the scalings of the Galactic and
extragalactic power-law relations, that together span more than
nine orders of magnitude in cloud mass, agree to within a factor
of 2–3. This suggested to us that the close relationship between
the SFRs and the dense gas masses of molecular clouds could
be the underlying physical relation that connects star formation
activity with interstellar gas over vast spatial scales from the
immediate vicinity of the Sun to the most distant galaxies.
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Figure 1. SFR–molecular-mass diagram for local molecular clouds. The solid
symbols indicate cloud masses above an extinction threshold of AK = 0.8 mag
(dense gas masses) while open circles correspond to cloud masses above AK =
0.1 mag (total cloud masses). The parallel dashed lines are linear relations that
indicate constant fractions of dense (i.e., AK ! 0.8 mag; n(H2) ! 104 cm−3)
gas. The top line is the best linear fit to the solid symbols and represents the
case where all the gas measured is dense star-forming material (see the text).

However, if this is so, how does one understand these
observations in the context of the classical Schmidt–Kennicutt
scaling relations based on CO observations? These classical
relations are often super-linear and moreover, as Heiderman
et al. (2010) point out, they underpredict the ΣSFR in local
regions by factors of 17–50 (see also Evans et al. 2009). In
this paper, we attempt to address this issue by re-examining the
extinction observations of local clouds to include low extinction
material and re-examining the CO observations of the clouds
studied by Gao and Solomon. We show that all the observations
can be understood within a self-consistent framework in which
the differences are primarily due to the dense gas fractions that
characterize the molecular gas being observed, supporting a
hypothesis originally put forward by Gao & Solomon (2004a).

2. THE SFR–MOLECULAR-MASS DIAGRAM

2.1. The Local Clouds

In Figure 1, we plot the relation between the (total) star
formation rate, SFR, and gas mass for the 11 clouds in the
Paper I sample. The SFRs are from Table 2 of Paper I and
are the averaged rates over a timescale of 2 Myr. However,
here we plot for each cloud two different masses derived from
the infrared extinction measurements. The filled circles repre-
sent cloud masses measured above an infrared (K-band) ex-
tinction threshold of 0.8 mag and correspond to the dense gas
masses (MDG) of the clouds. The open circles represent cloud
masses measured above a lower infrared extinction threshold of
0.1 mag and correspond to the total gaseous masses (MTG) of
the clouds. These latter masses should also approximately cor-
respond to those that would be traced by CO emission, while the
former masses approximately correspond to those that would be
traced by HCN emission. The parallel dashed lines represent a
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From local clouds to galaxies



Extragalactic scaling law

SFRMC = 4.6 x 10-8 M0.8

SFRXGAL = 1.8 x 10-8 MHCN

Local clouds SF law:

Extragalactic SF law:

No. 2, 2005 DENSE GAS TRACERS OF STAR FORMATION L175

Fig. 1.— correlation for Galactic and extragalactic′log L – log LIR HCN 1–0
sources. Top: Linear least-squares fit for Galactic cores (with ;4.5L 1 10 LIR ,

symbols above the dashed line) and for galaxies, separately. Bottom: Overall
fit for both parts. The three isolated filled squares are high-z HCN 1–0 points
from Solomon et al. (2003), Vanden Bout et al. (2004), and Carilli et al. (2005);
they are not included in the fit because the sources are QSOs and the contri-
bution from the active galactic nucleus to is not yet clear.LIR

Fig. 2.—Top: Correlation between and for galaxies (filledL L /LIR IR HCN 1–0
squares) and Galactic star-forming cores (filled circles); is constantL /LIR HCN 1–0
for a large range of until a turnoff around . Bottom: per4.5L L p 10 L LIR IR , IR
unit of molecular gas vs. molecular line luminosity. The star formation rate
per amount of CO gas changes a lot from Galactic GMCs (heavy line, with
a dashed line boundary to indicate the variation) to galaxies (filled triangles)
and high-z CO galaxies (open triangles).

of magnitude as increases from Galactic cores to distantLCO
galaxies, confirming Gao & Solomon’s conclusion that CO is
not as good a tracer of star-forming gas as is HCN, especially
for very luminous starburst galaxies.

4. DISCUSSION

The fact that is similar, on average, for star-formingL /LIR HCN
cores in the Galaxy, normal spirals, starbursts, and ULIRGs sug-
gests the possibility of interpreting intense high-z star formation
in terms of nearby high-mass star-forming regions. Before we
can exploit this possibility, we must understand some key points.
Why does rise steeply with and then remainL /L LIR HCN HCN
constant for ? And why is the ratio, , notL 1 L L /LHCN unit IR CO
constant for starbursts?
As a first step, we seek a more physical basis for the relations.

We have so far discussed as a measure of the mass of denseLHCN
gas, but can we quantify this assumption? A roughly linear cor-
relation between the mass of dense gas and bolometric luminosity
has been found by our work on CS and dust emission (Shirley et
al. 2003; Mueller et al. 2002). To see whether this applies also to

HCN , we have calculated the virial mass of the denseJ p 1 r 0
gas [ ] using the most optically thin line (C34SM(dense) J p

) to measure the line width and compared to5 r 4 M(dense)
. Based on the 31 cores with available C34S data,L J p 5 r 4HCN

we obtained the correlation log [M (R )]p (0.81!vir HCN 1!0
. The correlation is roughly lin-0.03) log L " 1.29(!0.09)HCN 1–0

ear. The plot and details of the observations of C34SM -Lvir HCN 1–0
will be presented by J. Wu et al. (2006, in preparation).J p 5 r 4

Leaving out one peculiar source (G35.58!0.03), we get
(K km s!1 pc2)!1, where theAM(dense)/L S p 11! 2 MHCN ,

uncertainty is the standard deviation of themean; themedian value
is (K km s!1 pc2)!1, indicating that the mean is affected6 M,

by some quite large values. The logarithmic mean is 7! 2 M,

(K km s!1 pc2)!1. Some of the scatter in the ratio may be caused
by distance uncertainties because the virial mass depends linearly
on distance, while .2L ∝ DHCN
Even after establishing that traces the mass of denseLHCN

gas, it is not at all clear why should be constant, sinceL /LIR HCN
the luminosity of a cluster is typically dominated by its most
massive members, and , with . Indeed, belowaL ∝ M a ≈ 3–4! !

the cutoff of , does rise rapidly with .4.510 L L M(dense), IR
What causes the transition to a constant value?
To solve this puzzle, we propose the existence of a basic

unit of cluster formation. For less than the mass ofM(dense)
this unit, rises rapidly with , as higherL /M(dense) M(dense)IR
mass stars can form. For greater than the mass ofM(dense)
this unit, the initial mass function is reasonably sampled and
further increases in mass produce more units but no further
change in . If we suppose that larger scale clusterL /M(dense)IR
formation is built up by adding more and more such units, then
the linear correlation between the total and is aL M(dense)IR
natural result. In that case, the only difference between star
formation on different scales and in different environments—

Galaxies

Milky Way GMCs

Wu et al. (2005)



Extragalactic scaling law

SFRMC = 4.6 x 10-8 M0.8

SFRXGAL = 1.8 x 10-8 MHCN

Local clouds SF law:

Extragalactic SF law:

• Does M0.8 ~ MHCN ?

• MHCN = XHCN IHCN

• ρHCN > 2–3 x 104 cm-3

• ρ0.8 > 1–2 x 104 cm-3

• Probably!



Extragalactic scaling law

SFRMC = 4.6 x 10-8 M0.8

SFRXGAL = 1.8 x 10-8 MHCN

Local clouds SF law:

Extragalactic SF law:

• Does SFRMC ~ SFRXGAL ?

• SFRXGAL derived from 
SB99 code

• SFRMC = N* <M*> / tsf

• SB99 code often used as a 
“black box” with default 
parameters
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SFR99  = 10 x 10-10 LIR/L M yr-1 

LIR(obs) = 5.4 x 105 L

SFR99  = 5.6 x 10-4  M yr-1 

SFRobs = 8.7 x 10-4  M yr-1

For tsf = 2 Myr & Mmax = 30 M

On determining the SFRs with Starburst 99

The Astronomical Journal, 142:197 (16pp), 2011 December Chomiuk & Povich

Figure 2. (a) Mid-IR SEDs (dots) for eight Galactic H ii regions, from archival IRAS and MSX data. Solid curves are spline interpolations to the SEDs. Effective
luminosities in the Spitzer/MIPS 24 µm bandpass (L24; between the vertical dash-dotted lines) are plotted as boxes. (b) Plot of log L24 vs. log N ′

c , the uncorrected
ionizing photon rate. The best fit to the data is plotted as a dash-dotted line with slope 0.80±0.06. C+07 derived a super-linear relation (dashed line; slope 1.13 ± 0.03)
for their extragalactic data. (c) SFRs derived from star counts, log SFRSC, plotted against log N ′

c . The relation given in Equation (4), a standard extragalactic calibration,
is marked as a dashed line. Versions of Equation (4) scaled up by factors of 2.2 (fitting the weighted mean of the data, excluding RCW 49 and the ONC) and 10 are
plotted as solid and dotted lines, respectively. (d) Plot of log SFRSC vs. L24. The correlation between log SFRSC and log L24 is consistent with the power-law relation
derived by C+07 (dashed line) scaled up by a factor of 2.7 (solid line). The best-fit relation to our data is marked as a dash-dotted line and has a slope 0.76 ± 0.05.

(Section 4.1.2), expressed as

LPα = 4πd2 j (Pα)
jν(ff )

Fν(ν), (6)

where j (Pα) and jν(ff ) are the Pα and free–free emissivities
(Osterbrock 1974; Giles 1977) and Fν(ν) is the free–free radio
continuum flux density at frequency ν (see Povich et al. 2007
for more detail). This gives LPα = 4.1×1037 erg s−1. Assuming
again d = 5 Mpc and a 300 pc test aperture, log SPα = 38.76,
also within the range of values reported by C+07 (since it is
based on radio observations, there is no need to correct the LSD
for extinction).

Although M17 is a relatively low luminosity H ii region in
the extragalactic context, there is nothing unusual about its
LSDs compared to the C+07 sample. An M17 analog would
be observable in the Spitzer Infrared Nearby Galaxies Survey
(SINGS; Kennicutt et al. 2003) 24 µm images as an H ii knot
in a nearby galaxy, assuming that it is not confused with a
neighboring, brighter H ii region, and it would fall well within
the LSD distributions measured by C+07 for high-metallicity
H ii regions.

4.2. Comparison of Mid-IR Galactic and
Extragalactic SFR Calibrations

We now generalize the analysis of M17 described above
to a sample of eight Galactic H ii regions (Table 2). With
one exception, this sample consists of H ii regions that, like
M17, meet all of the following criteria: (1) ionized by at
least one early O-type star (spectral type O5 V or earlier);
(2) sufficiently embedded that the bulk of the bolometric
luminosity is reprocessed by dust and emitted in the IR;
(3) ionizing cluster(s) with well-sampled (complete to m !
1.5 M$) XLFs reported in the literature; and (4) evidence for
ongoing star formation (for example, a detected population of
stars with IR-excess emission from disks). The exception is the
ONC, which lacks early O-type stars but was included because it
serves as an observational touchstone for massive cluster studies
in general, and XLF studies in particular. Table 2 contains data
relevant to SFR determinations for each H ii region.

Mass of stellar population. The total number of stars Npop
associated with the ionizing cluster(s) was adopted from
published XLFs (see references listed in Table 2) and con-
verted to total stellar mass, Mpop, for m " 0.1 M$ using the
Kroupa IMF. Uncertainties on Mpop reflect only the statistical

7

Similar results obtained by Chomiuk & Povich (2011):

SFRGMCs = 2.7 SFRSB99



Star Formation Scaling Laws from Local Clouds to Galaxies
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A Linear Scaling Law for Galaxies
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The nature of the 
Schmidt-Kennicutt scaling relation



Physical interpretation
• Standard interpretation:

• We do not observe 
collapsing gas forming stars

• A CO beam (~kpc) includes 
several clouds: higher CO 
intensity implies more 
clouds, not densier gas

• A shallower relation should 
hold

ρSF ∝ ρgas
τff

∝
√
Gρ1.5
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Physical interpretation
• Standard interpretation:

• We do not observe 
collapsing gas forming stars

• A CO beam (~kpc) includes 
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intensity implies more 
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Starbursts

Normal Spirals

Komugi et al. 2005



Sample of 17 nearby galaxies
No. 6, 2008 THE SF LAW IN NEARBY GALAXIES ON SUB-KPC SCALES 2861

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.

No. 6, 2008 THE SF LAW IN NEARBY GALAXIES ON SUB-KPC SCALES 2861

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.

Biegel et al. 2008

• HI does not correlate at all with the SFR

• H2 correlates with slope 1 (Gao-Solomon law)

• HI + H2 correlates with slope ~1.5 (Schmidt-Kennicutt law)

Smidth-Kennicutt law seems to be just the result of gas dilution!
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SUMMARY

1. Specific star formation rates in molecular clouds vary considerably

2. The SFR correlates most directly with total mass of dense gas above a 
threshold column density of  AV ≈ 7 mag, corresponding to n≈104 cm-3

3. A single, linear, star formation law connects galactic clouds to external 
galaxies:  SFR = 4.6 ± 2.6 x 10-8  Mdense   (M yr-1)    



64


