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ABSTRACT

We investigate Schmidt’s conjecture (i.e., that the star formation rate (SFR) scales in a power-law fashion with
the gas density) for four well-studied local molecular clouds (giant molecular clouds, GMCs). Using the Bayesian

methodology, we show that a local Schmidt scaling relation of the form X,(Agx) = KAﬁ (protostars pc~?) exists
within (but not between) GMCs. Further, we find that the Schmidt scaling law does not by itself provide an adequate
description of star formation activity in GMCs. Because the total number of protostars produced by a cloud is given
by the product of X,(Axg) and S'(> Ax), the differential surface area distribution function, integrated over the entire
cloud, the cloud’s structure plays a fundamental role in setting the level of its star formation activity. For clouds with
similar functional forms of X,(Ak), observed differences in their total SFRs are primarily due to the differences in
S’'(> Ag) between the clouds. The coupling of X,(Ak) with the measured S’(> Ax) in these clouds also produces a
steep jump in the SFR and protostellar production above Ax ~ 0.8 mag. Finally, we show that there is no global
Schmidt law that relates the SFR and gas mass surface densities between GMCs. Consequently, the observed
Kennicutt—Schmidt scaling relation for disk galaxies is likely an artifact of unresolved measurements of GMCs and
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not a result of any underlying physical law of star formation characterizing the molecular gas.
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1. INTRODUCTION

The construction of the Milky Way and other galaxies from
rarified, gaseous material into immense regular systems of
hydrogen-burning stars is a complex physical process which
has operated for a majority of cosmic history and is not yet fully
understood. The development of a predictive theory of star for-
mation is an essential key in piecing together a complete picture
of galaxy formation and evolution. A fundamental achievement
of any such theory would be to obtain an understanding of
the physical processes that control the rate of star formation
in interstellar gas. An important step toward achieving such an
understanding is to empirically establish the underlying relation
that most directly connects the rate of star formation to some
physical property of the interstellar gas. Over half century ago,
Schmidt (1959, p. 245) considered this problem and formulated
the following conjecture: “It would seem most probable that
the rate of star formation depends on the gas density and ...
that the number formed per unit of time varies with a power
law of the gas density.” Here we infer that when referring to
density, Schmidt meant surface density since he then proceeded
to argue that such a power-law relation between the star forma-
tion rate (SFR) and gas surface densities applied to the solar
neighborhood and furthermore that the index of this power law
was equal to 2. Over the last few decades, considerable ef-
fort has been devoted to investigations of Schmidt’s conjecture
on galaxy-wide scales. Power-law relations between the sur-
face densities of the SFR and gas mass have been found to
describe star formation across entire galaxies and galactic nu-
clei, but these relations have typically been characterized by a
less steep power-law index (~1.4—1.6) than originally proposed
by Schmidt (e.g., Kennicutt 1998; Kennicutt & Evans 2012 and

references therein). However, since his original paper, very little
work has been devoted to investigating Schmidt’s conjecture on
more local scales.

Knowledge of the star formation process has improved con-
siderably over the past 50 years. Millimeter-wave, molecular-
line observations have long ago established molecular clouds
as the primary sites of star formation in the Galaxy, and in-
frared observations from the ground and most recently from
space have enabled systematic studies of young stellar objects
(YSOs), sources in the earliest stages of star formation and
stellar evolution within molecular clouds. As a result, there
has been a revival of interest in Schmidt’s conjecture and, in
particular, the question of whether it can provide a useful de-
scription of star formation in galactic molecular clouds (e.g.,
Heiderman et al. 2010; Gutermuth et al. 2011; Lombardi et al.
2013). In order to address this question, we investigate here the
extent to which Schmidt’s conjecture of a power-law relation
between the surface densities of the star formation rate, Xspg,
and gas, Zg,, can describe the star formation activity within
individual molecular clouds. We will refer to this relation as the
internal Schmidt law when measured within individual molec-
ular clouds (and the global or Kennicutt—Schmidt (K-S) law
when determined for entire galaxies). In practice, the quanti-
ties that are directly measured in galactic molecular clouds are
the surface density of YSOs and the dust extinction.’ Recently,
Lombardi et al. (2013) developed a Bayesian method for fitting
parametric density models to discrete observations and applied
it to evaluate the internal Schmidt law for the protostellar pop-
ulation in the Orion molecular cloud. Lombardi et al. (2013)

5 These quantities can be readily converted into Zsrr and Zg,s with
knowledge of the typical protostellar mass, age, and the gas-to-dust ratio. Here
we adopt Zspr = 107°%, (Mg yr~! pc™2) and Ty = 1974k (Mo pe™2).
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validated their methodology using numerical simulations of syn-
thetic protostellar populations and demonstrated that their tech-
nique returned accurate measurements of the input parameters
prescribed for the simulated protostellar populations. Applied
to the observations of the Orion A cloud, their methodology
resulted in relatively robust measurements of the star formation
scaling law and its parameters in that cloud. Specifically they

derived X, = 1.65(:!:0.19)A§<'03(i0'15) (protostars pc~2). More-
over, they found no evidence for a discrete extinction threshold
in the internal Schmidt relation or evidence for any measurable
diffusion of the protostars from their immediate birthplaces.

In this paper, we extend the analysis of Lombardi et al. (2013)
to investigate three additional local clouds (i.e., Orion B, Taurus,
and California) in order to determine if a Schmidt scaling
relation can describe the star formation in these clouds and,
if so, to then derive the parameters of that relation for direct
comparison with those for Orion A. We will show that all
three clouds are characterized by Schmidt relations with well
determined parameters. In particular, for two clouds the power-
law index and coefficient of the relation are essentially the same
as those of Orion A. However, in contrast to Orion A, there are
two clouds in our sample for which the local Schmidt relation
appears to be characterized by discrete threshold extinctions
for the star formation surface density. In addition we will
argue that the Schmidt scaling law is not sufficient by itself
to provide a complete description of star formation in a cloud.
We will show that the level of star formation within a cloud is
instead given by the product of the local Schmidt law and the
cloud’s differential area distribution function integrated over
the entire cloud. Therefore, detailed knowledge of a cloud’s
structure is critical to obtaining a complete description of its
star formation activity. Moreover, because variations in cloud
structure, particularly at high extinctions, are significant, the
appropriate scaling law to describe star formation between
clouds is the relation between the spatially integrated SFRs
and masses of the clouds (e.g., Lada et al. 2010, 2012). Indeed,
we will further demonstrate that there is no Schmidt scaling
law between molecular clouds due to the well-known scaling
between the mass and radius of such clouds. Finally, we will
discuss our results in the context of the extragalactic or global
Schmidt law. We will argue that the observed K-S relation for
nearby galaxies is an artifact of unresolved measurements of
molecular clouds and not due to any underlying law of star
formation.

2. THE SCHMIDT SCALING LAW IN LOCAL GMCs
2.1. Sample and Data

We selected four objects from the local cloud sample of Lada
et al. (2010) for analysis: the Orion A, Orion B, Taurus, and
California molecular clouds. These four clouds were selected
because they had the most complete published positional in-
formation and source classifications of all the clouds studied
by Lada et al. (2010). Source catalogs from Megeath et al.
(2012), Rebull et al. (2011), and Harvey et al. (2013) were
used for the Orion, Taurus, and California clouds, respectively.
Infrared extinction measurements were taken from extinction
maps derived from the Two Micron All Sky Survey (2MASS)
using the NICEST algorithm (Lombardi et al. 2010a, 2011).
The extinction maps were masked so that the areas considered
corresponded to the spatial boundaries of the infrared surveys
we used to identify the protostellar populations of the clouds.
In all three clouds, only sources classified as protostars, that
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is, Class I or Class 0 objects, were examined. This ensured a
sample of young objects likely still at or close to the locations
of their formation. The Orion A, Orion B, and Taurus clouds are
characterized by relatively high SFRs and numbers of protostars
and good statistics, while the California cloud, a giant molecular
cloud (GMC) comparable in mass to Orion A, is characterized
by a relatively low SFR and less robust statistics (Lada et al.
2009). Comparison of the Orion A and California clouds was
considered to be particularly useful to examine the possible ef-
fect of a varying Schmidt-like scaling law in determining the
very different total SFRs in these otherwise similar clouds.

2.2. Bayesian Analysis

We used the Bayesian method developed by Lombardi et al.
(2013) to investigate the relation between the protostellar
surface density distribution, X,, and the dust surface density
distribution measured by Ak, the infrared extinction, in the three
clouds in our sample. Using Bayes’ theorem, we address the
following problem: given a set of protostellar positions, {x,},
the corresponding extinctions, {(Ak),}, at those positions, and
a model for the protostellar surface density, X,.(x|0), what can
we infer about any parameters ? Following Lombardi et al.
(2013), we begin with a Schmidt-like model for X, (x|8, k) of
the form

Z.(Ag) = kAR (x), ()

where X, (Ak)dS is the number of protostars in the area dS,
which is characterized by an extinction Ag. Additionally, we
modify the model to allow for the possibility of a star formation
surface density threshold, i.e., a lower limit for the extinction
below which little or no star formation takes place and few,
if any, protostars are produced in situ (e.g., Lada et al. 2010;
Heiderman et al. 2010). Finally, we will also allow for some
diffusion of protostars from their birth sites. We model this
diffusion process by smoothing the initial protostellar surface

density, =0, by a Gaussian spatial kernel. In summary,

1 ! / /
2. (x) = / W elex ‘2/202210)()6 )dzx , 2)
where
() Ag(x) P
TP (x) = kH(Ak (x) — Ap) . (3)
1 mag
In this equation, H is the Heaviside function
HZ) — 1 ifz>0, 4
@=10 ifz<o0. “)

Here « is the normalization constant, or star formation coef-
ficient (measured in units of star pc™> mag™#), A is the star
formation threshold (in units of magnitudes of K-band extinc-
tion), B is the dimensionless exponent, and o is the diffusion
coefficient (measured in pc).

Starting with an assumed prior distribution of parameters,
6 = {B, k, 0, Ap}, we can use Bayes’ theorem to derive
the posterior probability distribution P(60|{x,}) and the desired
distribution of parameters once the observations {x,} have
been made. Lombardi et al. (2013) showed that the likelihood
appearing in Bayes’ theorem,

L{x4}16)p(0)

P(9|{xn}): fﬁ({xn}le’)p(é’/)dé’/ :

®)
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Figure 1. Posterior probabilities for all combinations of the four model parameters for the protostellar population in the Orion A cloud. The contours mark the 99.7%,
95.5%, and 68.3% confidence levels, respectively. The boxes along the diagonal display the individual frequency distributions of probabilities for the corresponding
parameters and are arbitrarily normalized on the vertical axis. The values for the parameters in the Orion A cloud are the most tightly constrained of the clouds we
studied because the relatively large protostellar population in that cloud provides robust statistics.

can be written as

N
In £(x,}10) = Y I, (x,16) — / L@l dx . ©)

n=I1

Using Equation (6), we inferred the four parameters 6 using flat
priors over all of them. The posterior probability distribution
was explored with a Monte Carlo Markov Chain integration
using a simple Metropolis—Hastings sampler. To implement the
Bayesian analysis using our data, we determined the extinction
in the pixel containing each protostar and associated that
extinction with that protostar. The method is not affected by
the existence of more than one protostar in a given extinction
pixel. We consider only non-masked pixels but both those with
and without protostars. The results are presented in the next
section.

2.3. Results: The Star Formation Law in Local Clouds

Table 1 lists the 16 posterior parameters for the model,
Equation (2), derived for the four clouds using our Bayesian

Table 1
Derived Scaling Law Parameters®
Parameter Orion AP California Taurus Orion B
B 2.03+0.08 1.99+0.32 2.09+0.14 3.30+0.21

K (stars pc=2 mag™#) 1.644+0.09 2.05+040 2.084+0.30 0.7740.11

o (pc) 0.03+0.02 0.05+0.02 0.01 £0.01 0.04 £0.02
Ap (mag) 0.04 +£0.03 0.62+0.04 0.03+0.02 0.26=+0.14
Notes.

4 Errors quoted correspond to 1o errors.
b Values for Orion from Lombardi et al. (2013).

analysis. The values for Orion were previously published in
Lombardi et al. (2013). Figures 1-4 show surface density plots
of the posterior probabilities for all combinations of the four
parameters, 8, k, o, and Ag in Orion A, Taurus, California, and
Orion B, respectively. The data in the table and figures provide
compelling evidence that a Schmidt-type scaling relation can
describe star formation within these clouds. The values of the
parameters in Equation (2) are well constrained in 15 of the
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Figure 2. Posterior probabilities for all combinations of the four model parameters for the protostellar population in the Taurus cloud. Otherwise, the same as Figure 1.
The most probable values of the parameters 8, y, o, and Ao are essentially the same as seen in the Orion cloud in Figure 1, although somewhat less tightly constrained

due to the smaller protostellar population in Taurus.

16 calculated posterior probabilities (the derived probability
distribution for Aj in Orion B being the exception).

The small values derived for the diffusion coefficient, o,
suggest that the protostars have not drifted very far from their
birth places over their lifetimes. This is consistent with the
identification of these sources as extremely young objects and
with the idea that they may still be protostars accreting material
from their surroundings. An upper limit for the drift distances
is set by the physical scale of the pixels in the Nyquist-sampled
extinction map for each cloud. This scale ranges from 0.05 pc
in Taurus to 0.17 pc in the Orion clouds. The corresponding
range in upper limits of the protostellar drift velocities are
Variit < 0.2-0.7 km s~ assuming a protostellar age of 0.25 Myr.
Because the values for o in all four clouds are essentially equal
to zero, we will ignore this parameter in the expression for the
star formation scaling law from here forward.

In Equation (1) the star formation coefficient, k, sets the
overall scale of star formation in the molecular gas and § governs
how the level of star formation varies with column density. These
two parameters must be set to some degree by the underlying

physics of the star formation process itself. The values for
and « are found to be in surprisingly close agreement in three
(Orion A, Taurus, and California) of the four clouds, suggesting
a common nature for the parameters in these clouds. Using
weighted averages for 8 and «, we can now write Equation (1)
for these three clouds as

Z(Ag) =17 x A%O stars pc . @)

We can also express the above relation in a form more similar
to the standard Schmidt law, that is, in terms of the SFR surface
density, Zspr, and the total (H + H, + He +...) gas surface
density, Xgs,

Torr = 4.6 x 1071 x 220 Mg yr~! pe? (8)
using the extinction law of Rieke & Lebofsky (1985), a normal
gas-to-dust ratio (i.e., N(H) = 2 x 10?! Ay cm~?), and a mean
mass per H particle of u = 1.36, corresponding to a hydrogen
abundance by mass of 73% (Allen 1973) and additionally
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Figure 3. Posterior probabilities for all combinations of the four model parameters for the protostellar population in the California cloud. Otherwise, the same as
Figure 1. The most probable values for the parameters are very similar to those for Orion A and Taurus except for Ag, which is significantly greater than 0 in this cloud.
The parameters in the California cloud are not as well constrained as those for Orion A due to its smaller protostellar population.

assuming a typical protostellar age and mass of 0.25 Myr and
0.25 M, respectively.
The parameters « and g differ for the Orion B cloud, and the
resulting star formation law for this cloud is given by
Z.(Ag) =0.77 x A%3 stars pc 2. ®
It is interesting to note that the steeper dependence of Z, on
Ak in Orion B compared to the other three clouds is somewhat
compensated for by the significantly smaller value of «. Thus,
2, (Ag) inthe Orion B cloud (i.e., Equation (9)) only exceeds that
in the Orion A, Taurus, and California clouds (i.e., Equation (7))
at extinction levels of Ax > 2.0 mag. In the Orion B cloud
only 1% of the cloud mass is found at such high extinctions.
Thus, despite the steeper dependence of X, on extinction, the
Orion B cloud is actually less effective in producing protostars
at extinctions below 2.0 mag than the other clouds in the
sample.
We do not explicitly include the threshold parameter, A,
in Equations (7), (8), or (9). Only two of our clouds, the

9}

California Molecular Cloud and the Orion B cloud, showed any
evidence for a sharp threshold extinction for X,. The threshold
for the California cloud is detected at high confidence while
the detection of a threshold for the Orion B cloud is a more
marginal result. In the latter cloud, the greater uncertainty in this
parameter is largely due to the fact that the Spitzer protostellar
survey of Orion B (Megeath et al. 2012) is the spatially least
complete of the clouds studied here and covers only a relatively
small portion of the low extinction region of the cloud. Both
the Orion A and Taurus clouds, the two best studied objects
here, showed no indication of a such a sharp threshold in the
derived posterior values of Ay. As discussed in Lombardi et al.
(2013), the detection of an extinction threshold depends on
secure identifications of protostars particularly in regions of
low extinction where the numbers of protostars are low due to
the nonlinear dependence of X, on extinction. It is possible that,
in these latter regions, contamination from misidentified Class
IT YSOs and background galaxies could mask the presence of
such a threshold. However, a more detailed assessment of the
natures of the sources identified as low extinction protostars in



THE ASTROPHYSICAL JOURNAL, 778:133 (14pp), 2013 December 1

LADA ET AL.

1.0
0.8] 1

0.6 - T

o [pc]

04 T

0.2} T

)

0.0

0.8] 1

0.6 - T

Ap [mag]

)
)

I

v

Q.

2 L ] 1 ]

1 : : : : : : : : : : :
2 g 1 1 ]
n
E
L L E p= ]
z S - b

0 . . . . . . . . . . . .

0 1 2 1 2 3 00 02 04 06 0.8 00 02 04 06 0.8 1.0
K [stars pc2] B Ao [mag] o [pc]

Figure 4. Posterior probabilities for all combinations of the four model parameters for the protostellar population in the Orion B cloud. Otherwise, the same as
Figure 1. The most probable values for the parameters 8 and « differ significantly from those for the other three clouds. Although the power-law index B is steeper
than that found in the other clouds, the star formation coefficient, «, is smaller. Similar to the California cloud, there appears to be a detection of a threshold extinction,
Ay, although with lower confidence than that derived the California cloud. The parameters in the Orion B cloud are not as well constrained as those for Orion A due

to its smaller protostellar population.

Orion and Taurus would be needed before the possible existence
of a discrete extinction threshold in those sources could be more
seriously considered.

Although the finding of a general Schmidt-like scaling re-
lation for molecular clouds in this and earlier studies (i.e.,
Heiderman et al. 2010; Gutermuth et al. 2011) potentially pro-
vides significant insight into the process of star formation and
may be useful as a predictive tool for studies of star forma-
tion in other contexts, it is important to realize that this relation
does not by itself provide a complete description of the overall
level of star formation characterizing the clouds. This is illus-
trated in Figure 5. The left panel shows the Schmidt relation (Z,
versus Ag) for the Orion A cloud. Here the observed X,(Ak)
rises steeply in an unabated fashion to the highest measured
extinctions in the cloud. Also plotted is the least-squares fit
to the data whose derived parameters of § = 2.0 & 0.13 and
k = 1.4 & 0.14 stars pc~2 are essentially identical to those in-

ferred from our Bayesian analysis. In the right panel, we plot the
fraction, N,(>Ak)/N,(total), of protostars observed above a
given extinction, Ag. Despite the fact that X, (Ak) is rising very
steeply with extinction, the actual number of protostars pro-
duced by the cloud falls off sharply with extinction for values
of Ag > 0.8-1.0 mag.

This seemingly paradoxical situation is a result of the facts
that (1) the number of protostars produced at any extinction is
the product of the protostellar surface density and cloud area
at that extinction and (2) that molecular clouds are stratified
with well-behaved surface density profiles that fall steeply with
radius (e.g., Lada et al. 1999; Alves et al. 1998, 1999, 2001;
Lombardi et al. 2010b; Arzoumanian et al. 2011). In the next
section, we will examine the significant effect of this aspect of
cloud structure on the overall level of star formation in a cloud
and derive a more complete description for the star formation
process in molecular clouds.



THE ASTROPHYSICAL JOURNAL, 778:133 (14pp), 2013 December 1

102 f T T
otk f lT . .
& [ ' ]
2 ot
: 10 & $ E
3| .4
Al | 1
L T |
107! _rT 4" f E
r | ]
Col T ]
1072 T L R L
10! 100 10!
Ak [mag]

LADA ET AL.

1()0_rlllll... -
£ - ]

-1 L -
107 ¥ ]

N.(> Ag)/N.(total)
—a—

1072 E e

1073 . L ‘ C
107! 10° 10!
Ak [mag]

Figure 5. Left panel shows the local Schmidt scaling relation in the Orion A molecular cloud. The protostellar surface density, Z.(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, 8, 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 X, 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 g, can have total or integrated SFRs and
global values of Xggr 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(Ax) encompassing
that extinction and X,(Ag). 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 Ag. Let us
call this relation the surface area distribution function, S(>Ag).
Then the total number of protostars in the cloud is

N, = /Z*(AK)dSZ fz*(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 Ax
and the differential cloud area. We now propose that variations
in the SFRs between clouds are largely due to variations in the
function S(>Ag) and its derivative.

In Figure 6 we show plots of S(>Ag) 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
Predicted® 3327 55.4 52.1 90.5

Note.® N, = [ Z,(Ax)dS and Z,(Ag) = Ag + kAL .

function of Ag 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(>Ag) 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 X, given by Equation (7)

and the A’,Zs 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 Xgpr in the Schmidt relation and moreover
posited that the variations in S(>Ag) between clouds produce
variations in the s 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
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Figure 6. Dependence of the area distribution function S(>Ag) on column density, Ak, for the four clouds in this study and the Pipe Nebula for comparison. The
functions S(>A) all differ in amplitudes and are all decreasing functions of extinction that fall most steeply at the highest extinctions.

(A color version of this figure is available in the online journal.)

Schmidt relations for clouds that display clear differences
in S(>Ax).

3.2. The Concept of an Extinction Threshold for Star Formation

We can gain more insight into the key role of S(>Ax) by
numerically evaluating the integrand of Equation (10) using a
set of semi-empirical models with different values of 8 and an
assumed X, (> Ag). In Figure 7, we plot a series of model curves
that represent the expected behavior of N, (> Ax) with extinction
for a set of discrete values of B that range from 0 to 10. We have
also assumed the observed S(>Ag) for the Orion cloud (see
Figure 6) and normalized the profiles (i.e., N.(> Ax)/N.(total))
to calculate the cumulative protostellar fraction (hereafter CPF)
and remove any dependence on «. Finally, for comparison we
have plotted the data for Orion A. The predicted relations show
how the CPF will vary with increasing A for different Schmidt
laws, given a cloud with structure identical to Orion A. We now
examine more closely some of the more informative aspects of
these models for understanding the basic scaling relations for
star formation in molecular clouds.

At one extreme, consider the case of 8 = 0, which cor-
responds to a constant protostellar or SFR surface density, in
other words, a cloud with no Schmidt law. In this case, the
shape of the CPF versus Ak relation is predicted to be iden-
tical to that of the assumed normalized S(>Ag) profile (see
Figure 6). The relation falls nonlinearly with extinction until it
reaches an extinction (5.0 mag), where it appears to be trun-
cated. This truncation is a result of the fact that cloud column
densities above this value are so rare that they are not detectable
in a NICEST, 2MASS map of Orion A. To some extent, this is
a function of the spatial resolution of the observations and we
would expect this steep cliff to move to somewhat higher values
of extinction with observations characterized by better angular
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Figure 7. Predicted fractional yield of protostars (or fractional SFR) as a func-
tion of infrared extinction (continuous curves). These cumulative protostellar
fractions were derived from Equation (10) for a set of internal Schmidt laws
with varying spectral indices B (=0, 1, 2, 4, and 10, respectively) and assuming
the area distribution function, S(>Ax), measured for the Orion A molecular
cloud. The bottom curve represents the § = 0.0 case and corresponds to a
cloud with a constant X, It is identical in shape to the area distribution function
for Orion (e.g., Figure 6). The uppermost curve corresponds to the case of an
extreme Schmidt law with an extremely steep rise to high extinctions that resem-
bles a sharp threshold for the fractional star formation rate. Here the threshold
appears to be just above 4 mag of extinction (see the text). Also plotted for com-
parison are the observations of the Orion A cloud. The Orion A observations
follow the model prediction (8 = 2) fairly closely below a dust column density
of Ax ~ 2.0 mag (i.e., Zgas ~ 393 M pc™2). At higher extinctions the data fall
below the predicted relation likely due to an observational bias resulting from
the small number statistics that characterize the last three bins and the resulting
correlated nature of the source counts in these bins.
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resolution. However, at some point the fractional cloud area that
exists at extreme extinction must be so low that the probability
of finding a protostar there becomes vanishingly small. Indeed,
for Orion with roughly 330 protostars, we would expect to find
very few, if any, objects above the infrared extinction (3.0 mag)
where the fractional area of the cloud is about 0.3% of the total
or less, even though the total cloud mass measured above this
level exceeds 800 M.

We now examine the other extreme, where 8 takes on a very
large value. This is illustrated by the model corresponding to
B = 10. Here the predicted relation is characterized by a con-
stant value of essentially unity (corresponding to N,.(>Ak) =
N, (total)) for all extinctions out to the truncation extinction of
approximately 5.0 mag where it precipitously declines. In this
situation, the protostars appear to form only above a relatively
sharp threshold extinction that marks the narrow column den-
sity range of the remaining cloud area containing the highest
average dust and gas column densities. Within this area, star
formation would be characterized by extreme protostellar and
SFR surface densities, the quintessential conditions for cluster
formation.

Between these two extremes, that is, for 8s between 1-4,
the predicted curves are more or less similar in overall shape
to the § = 0 case. This general resemblance attests to the
critical importance of cloud structure in ultimately determining
the total SFR even for clouds with such relatively steep power-
law relations. It is also apparent that as 8 increases, the curves
flatten and begin to approach the functional form of a 8 > 1
curve, essentially the limiting case of a sharp or Heaviside-
like extinction threshold in the protostellar production (or
equivalently the integrated SFR). Below this threshold, the
influence of S(>Ag) on the SFR is diminished. For example,
the B = 4 model is essentially flat out to about 1.0 mag before
beginning an accelerated decline due to the increasing influence
of the steeply falling S(> Ax) function. Almost all the protostars
in the model cloud appear to be forming above this threshold.
Even for the case of 8 = 2 the modeling predicts a relatively
steep threshold, though at a lower extinction of around 0.5 mag.

Finally, we are now in a better position to understand the
earlier findings of Lada et al. (2010), who found that the total
SFR in local molecular clouds appeared well correlated with the
mass of cloud material at high extinctions and suggested that this
might indicate the existence of an extinction threshold for star
formation near an Ag of 0.8 mag. Recently, in separate studies,
Ybarraetal. (2013) and Evans et al. (2013) reported very similar
results for the Rosette Molecular Cloud and the Spitzer C2D +
Gould’s Belt sample of 29 nearby dark clouds, respectively.
Lada et al. (2010) also used the steep Heaviside function to
illustrate the possible idealized form of an extinction threshold
for the spatially integrated SFR, but cautioned that their data
suggested a broad (factor of two) range in the threshold centered
around an infrared extinction of 0.8 mag suggesting, however,
that such an ideal form might be difficult to achieve in nature.
Comparison of the models (Figure 7) to the observations of the
Orion A cloud appears to provide strong general support of their
hypothesis that the bulk of star formation is confined to the high
(Ak 2 0.8 mag, T > 160 M yr~!) column density regions of
GMCs.

For example, in the X, — Ax observational plane of the
Schmidt law, as indicated by both our least-squares and Bayesian
analyses, the Orion A cloud is characterized by a simple power
law with 8 = 2 and Ay = 0. Indeed, the observed points in
Figure 7 lie very close to the B = 2 curve in the CPF-Ag
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observational plane. However, inspection of Figures 5 and 7
show that approximately 80% of all the protostars in Orion
are found above an Ag of 0.8 mag and 90% above 0.5 mag,
even though lower extinction regions account for 90%-95%
of the area of the cloud. Expressed in another way, the mean
surface density of protostars in cloudy material with dust column
densities above 0.8 mag is more than two orders of magnitude
higher than that characterizing the cloud material at all lower
extinctions. This jump in protostellar production, N,(>Ax),
in the vicinity of the 0.8 mag extinction boundary closely
resembles a physical threshold and is reflected in the initiation
of an increasingly steep downturn in the observed and predicted
CPF relations between 0.5 and 0.8 mag. The decline in the
CPF with extinction for Orion is not particularly sharp, again
indicating that in nature infinitely steep thresholds are difficult
to produce. This is because, even if initially formed above such
a threshold, a sufficiently small fraction of a cloud’s protostellar
population can (1) migrate away from their birth sites, (2)
displace surrounding material through winds and outflows,
(3) be misidentified, or (4) form in rare cores, located in the
outer regions of the cloud. In any event, though a threshold
is clearly present, its precise location is difficult to quantify
without some prior definition of an appropriate value for the
CPF above which one considers a significant fraction of stars
to be forming. The fact that star formation activity is negligible
at and above the truncation extinction of 3.0 mag (due to the
lack of cloud material at those high column densities) means
that the bulk (75%) of the star formation in Orion A takes place
in a limited range of column density, between roughly 0.8 and
3.0 mag of infrared extinction. The factors considered above
effectively combine to produce a physically meaningful, albeit
somewhat smooth, extinction threshold for star formation with
clear measurable consequences (Lada et al. 2010; Evans et al.
2013).°

It is important to emphasize here that the concept of a
threshold describing the integrated star formation activity in the
CPF-Ag observational plane (Equation (10)), is not equivalent
to that of a discrete threshold in the £, — Ak plane of the Schmidt
relation (i.e., Ag of Equation (3)). This should be clear from the
fact that in the Orion A cloud our analysis here and the earlier
study of Gutermuth et al. (2011) find no measurable evidence for
a threshold extinction in the areal Schmidt relation for Orion A.

4. COMPARISON WITH PREVIOUS STUDIES
4.1. The Star Formation Law

Gutermuth et al. (2011) and Harvey et al. (2013) have previ-
ously explored the relation between the stellar and mass surface
densities for the Orion and California clouds, respectively. In-
frared observations obtained with NASA’s Spitzer Space Tele-
scope and ESA’s Herschel satellite, respectively, were used to
compile a nearly complete census of YSOs in the clouds and
infrared observations from 2MASS and Herschel were, respec-
tively, used to measure the corresponding extinctions in the
Orion and California clouds. Gutermuth et al. (2011) determined
surface densities of YSOs from a nearest neighbor technique

6 The measurement of a meaningful threshold for star formation requires the
condition that the gaseous mass, Mjoud, contained in the measured cloud area,

Scloud. 1s larger than that, M, = Z,’;’Zl(m*(n)), of the summed masses, m,(n),
of all the inner protostellar envelopes. These masses will vary from cloud to
cloud, but in the clouds studied here we find that the condition is satisfied at or
near the highest measured extinctions (Ax ~ 3-5 mag) in the individual
clouds, well above the inferred SFR threshold of 0.8 mag.
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and included both protostars (Class I sources) and pre-main se-
quence stars (Class II sources) in their sample. They employed
a two-dimensional x2 minimization technique to perform line
fits to data in a log Xyso versus log Xg, plot and derived a
value for g of 1.8 + 0.01 for combined observations of the
Orion A and B clouds. If we similarly combine the Orion A and
B data, we derive a value of 8 = 2.2 & 0.07 from the Bayesian
analysis of the for protostellar sources, somewhat steeper than
that of Gutermuth et al. However, their derived value of « is
significantly (approximately a factor of 25) larger than that we
derive. This difference is interesting since, as discussed earlier,
a least-squares fit we performed to the X, versus Ak relation
using our data yielded a 8 of 2.1 and a coefficient of x = 1.6
for the protostellar sources in Orion A, nearly identical to what
we derive from the Bayesian analysis. We speculate here that
the origin of this difference could result from two factors. First,
we expect that the inclusion of both Class I and II sources in
the Gutermuth et al. fit would contribute to the derivation of a
larger « since there are 10 times as many Class II sources as
protostellar Class I sources in the cloud. We can estimate the
« that would result in this case with a mathematically robust
exercise similar to that used to generate Table 2 in the previ-
ous section. We evaluate the integral in Equation (10) by fixing
N, to be equal to the total number of Class I and II sources
in the Orion A and B clouds. We then set X, = KA%{'O and
solve for k by numerically integrating Equation (10). We find
k = 12, a value six times larger than that in Equation (7).
Second, although we used essentially the same source catalog as
Gutermuth et al., the methodologies of the two studies signifi-
cantly differ, especially with regard to the extinction maps, and
this can lead to a difference in the derived coefficients. The an-
gular resolution of the Gutermuth observations is defined by a
(20th) nearest-neighbor distance for background stars and spa-
tially varies with extinction. Their mean resolution (6.2 arcmin)
is a factor of two greater than that of the fixed value (3 arcmin)
for the NICEST Orion extinction map used in this paper. More-
over, the Gutermuth et al. resolution is further degraded relative
to that used here in the regions of highest extinction where most
of the protostellar sources are located. The NICEST extinction
maps used here can, for a fixed resolution, probe significantly
deeper extinctions and more effectively remove foreground star
contamination than conventional extinction mapping techniques
(Lombardi 2009). This is reflected in the fact that the maximum
extinction Gutermuth et al. measure is Ay &~ 24 mag compared
to Ay &~ 45 mag in the NICEST map used in this study. The
nonlinear dependence of X, on the gas surface density will
result in the measurement of a larger coefficient, «, for the spa-
tially degraded conventional extinction maps and we estimate
(from direct comparison of our NICER and NICEST maps) that
this could increase the coefficient by a factor of 4-5 relative to
the value derived from the NICEST map and perhaps account
for the remaining part of the discrepancy in the derived values
of k. Combined, these two effects can plausibly explain both
the magnitude and direction of the difference in the derived co-
efficients and therefore we are not concerned by this difference
between the two studies.

Harvey et al. used basically the same source catalog as used
here for the California cloud, but smoothed their data to a 0°2
angular scale and plotted the ratio of £, /A as a function of Ax
and found a steeply rising slope (=4) for the relation between
the two smoothed quantities. The steep slope they derived is not
confirmed by our Bayesian analysis. However, a least-squares
fit to our data results in a value for 8 of approximately 3. These
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differences are likely the result of the heavy spatial smoothing
employed by Harvey et al. which acts to dilute the detectability
of the threshold column density found in our present study.
Indeed, when we account for this threshold, a least-squares fit
to our data returns a value for § = 2, in agreement with the
Bayesian analysis.

Indeed, these authors also remarked that at low extinctions
“..but still above the general background level, essentially no
YSOs are found” (Harvey et al. 2013, p. 12).

Finally, we note that Gutermuth et al. (2011) also derived
power-law correlations between Xygo and Xy, for seven ad-
ditional individual clouds with power-law indices that ranged
between 1.4 and 2.7. They included both Class I and II sources
in their fits and did not find as close an agreement in the derived
parameters for the clouds within their sample as we have for the
clouds studied here. Their sample consisted of clouds that are
somewhat more distant than the ones studied here and as men-
tioned above their methodology differs from that in this paper.
Nonetheless, their results are still consistent with the idea that
Schmidt-like relations generally characterize the star formation
within molecular clouds.

4.2. Extinction Thresholds for Star Formation
4.2.1. The Internal Schmidt SFR Scaling Relation

The first extensive study of the internal Schmidt scaling law
within molecular clouds was that of Heiderman et al. (2010).
They combined direct observations of protostellar surface den-
sities and infrared extinctions from a sample of 20 nearby cloud
regions from the Spitzer C2D survey with far-infrared (FIR) lu-
minosities and HCN molecular-line observations from a sample
of more distant galactic clouds to construct a merged plot of
Zsrr Versus Xg,s spanning both samples. They found a steep
power-law rise of Tgrr with Xy, followed by a possible break
or leveling off of the relation near an infrared extinction of about
0.65 mag, which they interpreted as indication of a threshold in
the Zgpr at that extinction. The similarity of the inferred extinc-
tion thresholds for the differential and integrated (Lada et al.
2010) SFRs suggested that they could have a similar origin,
however, at the time the exact nature and relation of the two
inferred star formation thresholds was not understood.

Gutermuth et al. (2011) found no clear evidence for
Heaviside-like thresholds or breaks in the Zgpr versus gy
relations for eight nearby clouds. Moreover, they argued that
without the addition of FIR/HCN data there would be no clear
evidence for a break or threshold observed in the Heiderman
et al. data. Burkert & Hartmann (2013) argued that the break
observed in the Schmidt relation by Heiderman et al. was the
result of combing observations of different cloud samples that
have differing Schmidt relations due to physical differences in
cloud structure (i.e., S(> Ag)). Furthermore, they suggested that
a specific surface density threshold in the internal Schmidt law
is not necessary to explain either the results of Lada et al. (2010)
or Heiderman et al. (2010). In this paper, we also examined the
internal Schmidt scaling relation between the protostellar sur-
face density (X,) and the dust surface density in four clouds and
found evidence for definite extinction thresholds in two of them,
but for one of those the evidence was somewhat marginal. Thus
it is difficult to draw firm conclusions regarding how common
the presence of such steep thresholds are in the typical Schmidt
relations for molecular cloud given the state of existing studies.
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Analysis of a larger sample of clouds using Bayesian techniques
would help to elucidate this particular issue. However, any ef-
fect of the presence or absence of such Z,(Ag) thresholds on
the overall production of protostars and the SFR in local clouds
appears to be insignificant compared to the effect of S(>Ak)
on these basic properties of star formation within these clouds.
In addition, there is no evidence in our data to support the sug-
gestion by Burkert & Hartmann (2013) that variations in cloud
structure produce variations in the form of the internal Schmidt
scaling laws.

4.2.2. The Internal Integrated SFR Scaling Relation

The results of this paper suggest that even if discrete thresh-
olds in the Schmidt laws of molecular clouds were rare, a more
ubiquitous type of threshold, one that characterizes the scaling
law of integrated SFR versus dust column density, may offer a
better description of star formation in local molecular clouds.
In particular, our analysis of the Orion A data demonstrates that
the absence of a threshold, or break, in the Schmidt relation
has little bearing on the existence or fundamental significance
of the thresholds in the CPF-Ag relation and also likely those
inferred by the earlier Lada et al. (2010) and more recent Evans
et al. (2013) studies. Consider that in this study we find no
evidence for a Heaviside threshold in the Schmidt relation for
the Orion A cloud, yet we found compelling evidence for a
threshold-like behavior in the integrated or total protostellar
population (and SFR) in that cloud. For example, as briefly in-
dicated earlier, the mean surface density of protostars above the
0.8 mag extinction boundary in Orion A is (X4, >08)) = 4.6
stars pc~2 while below this boundary we find (Z.4, <0.5)) = 0.05
stars pc™2, a difference approaching two orders of magnitude.
Similarly, Evans et al. (2013) have recently shown that in the 29
clouds of the C2D and Gould’s Belt Spitzer cloud sample, the
mean Xgpr for Class I sources found at extinctions Ay > 8 mag
(i.e., Ax = 0.9 mag) is 14 times larger that that measured for
sources characterized by Ay < 8 mag. Evans et al. also found the
SFR above this threshold correlates linearly with the mass of gas
above the threshold, similar to the original findings of Lada et al.
(2010). We also note that millimeter and submillimeter contin-
uum surveys of local clouds for dense cores, the present and
future birth sites of protostars, have shown that such cores are
rarely found in regions whose infrared extinctions are less than
0.8 mag (e.g., Johnstone et al. 2004; Enoch et al. 2008; André
et al. 2010). Indeed, Enoch et al. remark that “There appears
to be a strict extinction threshold in Serpens and Ophiuchus,
with no cores found below Ay ~ 7 and 15 mag, respectively.”
(p. 1251). Combined, all these results confirm that there appears
to be a physically meaningful threshold for star formation in
local clouds. This threshold is not necessarily sharp and it is not
due to, nor in the form of, a break in the internal Schmidt relation
within the clouds. Instead, we propose here that it is in the form
of a highly elevated (spatially integrated) SFR in gas above the
threshold likely resulting from the relatively steep nonlinear rise
of Z,(Ak) with extinction coupled with the increasingly steep
nonlinear decrease and eventual truncation of S'(>Ag) at high
extinctions.

5. ON THE GLOBAL SCHMIDT LAW IN GMCs
AND GALAXIES

5.1. Local GMCs

In this section, we consider the concept of a global Schmidt
scaling relation for GMCs. We use the global or total (spatially
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Figure 8. Zgrr Vvs. Zgys relation for local GMCs. The plot shows that a
Kennicutt—-Schmidt law, i.e., Zspr X Zgas, does not exist for local molecular
clouds. Also plotted is the regime occupied by resolved measurements of nearby
disk galaxies (Schruba et al. 2011) which do show a Kennicutt—Schmidt relation
with n = 1 (see the text).

(A color version of this figure is available in the online journal.)

integrated) SFRs derived by Lada et al. (2010) for their local
cloud sample. We then calculate Zggg for each cloud by dividing
by the total cloud area (i.e., S(>0.1 mag)) determined from our
extinction maps. In Figure 8 we plot the relation between Xgrg
and Xy, for the local cloud sample. It is very clear from the
figure that there is no global Schmidt law for (i.e., between)
local GMCs. This is readily understood by considering the
basic physical properties of galactic GMCs. In particular, the
well-known scaling law between cloud size and mass, Mgmc =
ZAoRéMC, first documented by Larson (1981). Here 24, is a
constant which depends on the parameter A, the extinction
defining the outer boundary of the cloud (Lombardi et al. 2010a).
For a cloud boundary starting at Ax > 0.1 mag, Lombardi et al.
(2010a) found this constant to be 41 & 4 M pc~2, as can be
ascertained from the figure. A similar value (42 & 37 M pc~?)
has been determined for a larger and more distant sample of
galactic GMCs from '*CO observations by Heyer et al. (2009),
who also found no evidence for a systematic variation in X4,
with galactocentric radius over a range of 4-8 kpc. Galactic
molecular clouds are apparently characterized by a constant
gas column density that corresponds to Ay ~ 2 mag. This fact
can be theoretically understood as a result of the requirements
of a minimum threshold necessary for the clouds to self-shield
against molecular dissociation and the photoionization feedback
from star formation necessary to keep X, from increasing too
far beyond the self-shielding threshold (McKee 1989). Thus, in
galactic clouds, the value of Xgpgr must vary independently of
Zgas- There is no Schmidt scaling relation between molecular
clouds.

5.2. Star-forming Galaxies

It is of interest to place our results in the context of extra-
galactic studies where the Schmidt law plays an important role
in investigating galaxy evolution across cosmic time. The most
comprehensive measurements of the Schmidt law are those of
Kennicutt (1998 and references therein; see also Kennicutt &
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Evans 2012) who compiled galaxy-averaged measurements of
the SFR and total gas (i.e., atomic & molecular) surface densi-
ties for a large sample of star-forming galaxies, including nor-
mal spirals and starbursts. He derived the empirical scaling law,
2SFR X Zgas, for the galaxy-averaged Zs, finding n = 1.4. This
relation is known as the K-S law. Of particular interest here
are the resolved observations of nearby disk galaxies where the
SFRs and molecular (H;) gas surface densities are averaged
over 1 kpc sub-regions of the galaxies and the resulting K-S law
has been found to have an index, n = 1.0 (Bigiel et al. 2008;
Schruba et al. 2011). How does the extragalactic K-S law relate

to the local Schmidt law for GMCs (Zspr = KZgas)? For the
reasons outlined below we will argue that, in general, 8 # n and
the index of the K-S law does not represent any underlying law
of star formation, at least on spatial scales in excess of 1 kpc in
star-forming disk galaxies.

In Figure 8, we plot the locus or range that is occupied by mea-
surements of Xgpr and Xy,, the molecular gas surface density,
averaged over 1 kpc sized regions within a sample of nearby
galaxies obtained by Schruba et al. (2011). Unlike the local
GMCs, these extragalactic measurements continuously span a
large range in X, covering over two orders of magnitude.
Moreover, as mentioned above, there seems to be a K-S rela-
tion for these galaxies with n = 1. How can this be possible if
molecular clouds are characterized by a constant mass surface
density? How is it then that molecular gas surface densities are
found to range between 0.3-100 My pc~2 in Schruba et al.’s
observations?

The answer to these questions can be found in the measure-
ments at the low end of the molecular gas surface density range.
Molecular gas is clearly detected in these galaxies at surface
densities as low as 0.3—1 M, pc~2, which corresponds to visual
extinctions of only Ay ~ 0.01-0.04 mag. Since column densi-
ties of at least 1 mag of visual extinction are required for dust-
and self-shielding to protect molecules from being dissociated
and ionized by the background UV radiation field, such clouds
should not exist. Clearly the CO observations used to determine
the gas surface densities in these galaxies must be heavily beam-
diluted and the surface densities severely underestimated. The
Schruba et al. (2011) measurements are averaged over a spatial
scale of 1 square kpc (10° pc?) and given the typical areas of
individual GMCs of 300-1000 pc?, it is perhaps not surprising
that significant beam dilution characterizes these measurements
(Leroy et al. 2009). If one posits that extragalactic clouds are
also characterized by a constant average column density like
galactic clouds, then the linear sequence of these extragalactic
star-forming regions in the Xsrr—Xg,s plane can be explained as
a natural consequence of measurements sampling a continuous
range of beam dilutions from 0.01 to 1.0 across the galaxies.
This point has been nicely demonstrated in the detailed model-
ing analysis of Calzetti et al. (2012). Therefore, the measured
slope of observed K-S relation in disk galaxies is likely an arti-
fact of unresolved observations of star-forming regions and thus
not a result of any underlying physical law of star formation
operating within GMCs.

Expressing unresolved measurements of the SFRs and gas
masses as surface densities necessarily introduces the dilution
of the sought after physical quantities and is a general drawback
for extragalactic studies of the Schmidt law. Diluted gas surface
densities of star-forming regions are in essence measurements
of the surface density of clouds rather than the gas within the
clouds. However, translating such measurements into useful in-
formation about the distribution of star-forming clouds involves
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unraveling a complex web of factors such as the stochastic sam-
pling of the cloud mass function, the relation between SFR and
cloud mass, intrinsic variations in X4, etc. (Calzetti et al. 2012).
Thus, care must be exercised in interpreting the K-S relation de-
rived from such observations. This situation can be largely alle-
viated by investigating scaling relations between the integrated
quantities of total SFR and gas mass, (i.e., SFR M;,s), such
as in the studies of Lada et al. (2010, 2012), Gao & Solomon
(2004), and Wu et al. (2005). Such measurements do not suffer
from the effects of beam dilution and offer more direct insights
into the physical process of star formation in regions whose
clouds are unresolved by the observations being analyzed. Of
course, resolved observations of star formation regions in nearby
galaxies with ALMA will also be able to help remedy this situ-
ation. In particular, ALMA observations should be able to more
clearly ascertain whether Larson’s scaling relation applies to
other galaxies and, if so, the extent to which X4, can vary in
differing environments.

6. SUMMARY AND CONCLUDING REMARKS

We have applied the Bayesian methodology recently intro-
duced by Lombardi et al. (2013) to investigate the conjecture
of Schmidt (1959) that the SFR scales with the gas density as a
power law within local molecular clouds. Our primary conclu-
sions are as follows.

1. We find that a local Schmidt scaling relation of the form

Z(Ag) = KAI;; (stars pc~?) exists within the four local
clouds we studied.

2. We find very similar values of x and B in three of the
clouds (Orion A, Taurus, and California) in our sample with
weighted averages of « =1.70 £ 0.01 and 8 =2.04 £ 0.01,
while for the fourth cloud (Orion B) we find the significantly
different values of k = 0.77 £ 0.11 and 8 = 3.30 £ 0.21.

3. We find that the Schmidt scaling law by itself is neither suffi-
cient to describe, nor to accurately predict, the level star for-
mation activity within molecular clouds. We demonstrate
that the structure of a cloud plays a crucial role in setting
the level of its star-forming activity. We show that the total
number of protostars formed in a cloud (or equivalently,
the total SFR) is proportional to the product of X,(Ag) and
S'(>Ag) (the differential area distribution function char-
acterizing the cloud), integrated over all extinctions in the
cloud. Thus for clouds with a similar functional form for
2. (Ak), observed differences in their overall star formation
activity are primarily a result of differences in §'(> A ) be-
tween the clouds. These differences can be large in galactic
molecular clouds and they arise from a combination of
differences in the overall sizes of the clouds and in the in-
ternal distribution of extinction within them. Because of the
nonlinear rise in X,(Ag) with extinction, a cloud’s SFR is
particularly sensitive to the fraction of the cloud area that
exists at high extinction.

4. The increasingly steep decline and ultimate truncation of
S(> Ax) (the cumulative area distribution function) at high
extinction, however, effectively curtails star formation at the
highest extinctions and imposes an extinction scale on an
otherwise scale-free Schmidt power law for star formation.
For relatively steep values of 8 (i.e., >2) this results in
significantly enhanced protostar production and SFRs at
extinctions in excess of Ax ~0.8 mag and explains the
results of recent observational studies (Lada et al. 2010;
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Evans et al. 2013) that showed that the SFR in GMCs and
dark clouds scales most directly with cloud mass above
~0.8 mag of extinction. The jump in SFR across this
boundary can be very steep, as illustrated by the ratio of the
mean protostellar surface densities, 2,(>0.8)/Z,(< 0.8) =
10-100, found here and in the recent study of dark clouds
by Evans et al. (2013).

5. Two of the clouds in our sample show evidence for
Heaviside threshold extinctions in their internal Schmidt
relations at Ag &~ 0.25 and 0.60 mag. The two other sources
show no evidence for such thresholds consistent with earlier
studies (e.g., Gutermuth et al. 2011). However, we find that
the presence or absence of such thresholds in the Zgggr
of the Schmidt law has little to do with the steep jump
in protostellar production and (integrated) SFR observed
across the 0.8 mag extinction boundary.

6. None of the clouds in our study showed any evidence for
detectable diffusion of protostars from their birth sites.

7. We demonstrate that there is no Schmidt scaling law
describing star formation between clouds and argue that
this is a natural consequence of the well-known scaling law
between mass and size of molecular clouds that was first
described by Larson (1981).

8. Unresolved (i.e., S > 1 kpcz) measurements of Xy, in disk
galaxies primarily measure the surface densities of clouds
rather than the gas; thus, the observed functional relation
between Zsrr and g, (i.€., the K-S law) is not the result
of any underlying physical law of star formation operating
within molecular clouds.

In summary, our analysis of the star formation scaling
relations for four nearby molecular clouds demonstrates that
Schmidt’s original conjecture applies to star formation within
but not between local molecular clouds when the scaling relation
is expressed in the areal form that relates the protostellar and gas
surface densities. It is interesting that even though individual
GMCs can be characterized by internal Schmidt-like scaling
relations for star formation, these relations do not provide a
complete predictive description of the star formation activity in
such clouds. Such a description does become possible once the
effect of the structure of the cloud is coupled to the Schmidt
scaling law. This results in a modified scaling law between
the cumulative protostellar fraction or SFR and cloud surface
density. This modified star formation law can also account
for the observed correlation of the total SFR with the mass
of high extinction (or dense) material in Galactic GMCs and
provides a framework for a potentially deeper understanding of
extragalactic observations of star formation.

Finally, one may question whether the internal Schmidt
scaling relation between the SFR and mass surface densities
represents the most physically meaningful star formation law for
a cloud. On one hand, the measured surface densities represent
two dimensional projections of both the SFR and cloud mass
and thus should depend on the cloud orientation to the line-
of-sight, and this is not a desirable property for a general
physical law of star formation. Indeed, any observed variations
in the measured parameters of the Schmidt relations within
Galactic clouds could be a result of such geometrical factors.
Furthermore, the theoretical underpinnings of such a law are
unclear. Existing theories of star formation are predicated on
the basic idea that star formation results from an imbalance
between the inward pull of gravity and the outward push of
internal pressure within a molecular core or cloud, as expressed

by the Jeans’ inequality (i.c., Mg > M, = dc} / 3(G3p)?
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for gas with sound speed, c,). Therefore, on theoretical grounds,
a volumetric Schmidt law (e.g., pspr = KPgas) would likely be
more directly related to the physical process of star formation
within a cloud than the standard areal version of the relation
studied here. Various theoretical studies have proposed that
with o & 1.6, a volumetric scaling relation could account for
the observed K-S relation for galaxies (e.g., Elmegreen 2002;
Krumholz et al. 2012). Furthermore, Krumholz et al. (2012)
suggested such a law could simultaneously explain the local as
well as extragalactic Schmidt scaling relations provided that,
independent of the star formation environment, the fraction of
gas going into stars within the corresponding free fall time was
a constant with a value of about 1%-2%, as was suggested
in earlier theoretical work by Krumholz & McKee (2005).
However, given the caveat (8) expressed above, it is not clear that
comparing such theoretical predictions against the measured,
beam-diluted, extragalactic surface densities constitutes a valid
test of such models. If a volumetric Schmidt law exists, then
it may be best to infer its parameters empirically. This could
be accomplished with more detailed studies of local molecular
clouds if such studies are able to provide knowledge of both
the cloud-to-cloud variations in the local (areal) Schmidt law
and the geometries and orientations of the clouds relative to
earth. Nonetheless, our results suggest that even a volumetric
Schmidt relation would not by itself provide an adequate
description of star formation in a cloud. It would need to be
coupled to a corresponding volume density distribution function
to fully and accurately describe star formation within the
cloud.
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