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Molecular clouds and star formation

Failure
Our incomplete understanding of how stars and planets form
represents one of the longest-standing problems in astronomy today.

Crucial phenomenon with a lot of implications
Formation of a single stellar and planetary system.
Formation of star clusters.
Global evolution of an entire galaxy.
Observable properties of galaxies at cosmological redshifts.

This failure is mainly linked to the difficulty to detect cold
(T ∼ 10 K) molecular hydrogen, the main component of molecular
clouds.
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Molecular clouds

Stars form within the densiest regions of molecular clouds.
Microphysics: individual star formation from dense cores
(protostellar disk, jets, outflows, dynamics).
Macrophysics: formation of systems of stars (giant molecular
clouds, SFR, properties of the ISM, IMF)

Star formation is inextricably linked to the molecular clouds!
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Tracers

Problem
H2 is symmetric molecule, therefore cold H2 has no emission line
spectrum and remains essentially invisible.

Solution: use tracers
Molecular clouds are know to contain more than 100 molecules
(CO, H20, HCN, CO2. . . ) that glow at microwave radio
frequencies, with thousands lines observed!
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FIG.  2.–Velocity-integrated CO map of the Milky Way. The angular resolution is 9´ over most
of the map, including the entire Galactic plane, but is lower (15´ or 30´) in some regions out
of the plane (see Fig. 1 & Table 1). The sensitivity varies somewhat from region to region,
since each component survey was integrated individually using moment masking or clipping
in order to display all statistically significant emission but little noise (see §2.2). A dotted line
marks the sampling boundaries, given in more detail in Fig. 1.
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Can we trust radio observations?

A lot of data
Lots of molecules with lots of emission lines provide a unique
diagnostic tool: each transition probes different physical
conditions within the cloud.
Doppler shifts provide dynamical information too and allow
one to disentangle different clouds that overlap along the line
of sight.

Difficult interpretation

Several poorly constrained effects (opacity variations, chemical
evolution, depletion of molecules. . . ) make the ratio between
radio line intensity and H2 non constant.
Different molecules probe different regions, but each line has a
limited dynamic range and data from different lines are often
in contradiction.
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Optical picture

Optically, molecular clouds appear as “holes” in the sky (and
indeed originally they were mistaken as such).
This happens because the dust present in dense molecular
clouds absorbs photons in the optical wavelength.
Extinction is higher for the bluer frequencies: IR light can
often penetrate even the densiest regions of molecular clouds.
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Structure of molecular clouds

Clouds have often a filamentary structure, with regions of
significantly higher density. Filaments can connect relatively distant
regions, like in a web.

Molecular clouds show inhomogeneities at various scales:
GMC: Giant Molecular cloud: M ∼ 105 M�, R ∼ 10 pc,
ρ ∼ 102 cm−3.

Clump: Site of formation of star clusters: M ∼ 103 M�, R ∼ 1 pc,
ρ ∼ 103 cm−3.

Core: Site of formation of an individual star: M ∼ 101 M�,
R ∼ 0.1 pc, ρ ∼ 104 cm−3.
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Larson’s 1st law

First law Larson, 1981
The internal motions of GMCs are chaotic, with their internal
velocity dispersions σ systematically increasing with cloud size R
(Sanders et al., 1985; Dame et al., 1986; Solomon et al., 1987):

σ ∝ R0.5±0.1 .
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Size-linewidth relation and turbulence

Turbulence
Larson’s law holds on a wide range and has no preferred scale, a
fact which is interpreted as a signature of turbulence.

Exponent?

Larson’s original exponent was ∼ 1/3, corresponding to turbulence
of incompressible fluids (Kolmogorov, 1941). The measured
exponent is now ∼ 1/2 corresponding to Burgers turbulence or
Burgulence.

Universality!
Burgulence explains the exponent within a cloud, not why all
GMCs follow the same size-linewidth relation. Turbulence in GMCs
is universal, an unexplained result (Bolatto et al., 2008).
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Larson’s 2nd law

Second law Larson, 1981
GMCs are in approximate virial equilibrium: the gravitational
potential energy is approximately twice the total kinec energy:

GM2

R
' Mσ2 .
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Gravity role at different scales

Larson’s concluded that GMCs, and also clumps within them,
are gravitationally bounds.
Recent studies show that most likely this applies only to clouds
with M > 104 M� (Heyer et al., 2001).
Smaller clumps must be either transient, or confined with
other mechanisms, such as pressure.
However, among the small clumps, the few that appear to be
gravitationally bound contain most of the mass, and are the
only one with active star formation.
Clouds cores are gravitationally bounds but also pressure
confined (Alves et al., 2001).
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Larson’s 3rd law

Third law Larson, 1981
Molecular clouds have approximately constant column densities, or
equivalently their masses scale as M ∝ R2.

Relation with the other laws

The three laws are related: since σ ∝ R1/2 (1st law) and M ∝ σ2R
(2nd law), we must have M ∝ R2.

Average density

In our Galaxy, (bond) molecular clouds have surface densities
around 100 M� pc−2, corresponding to ∼ 7 mag of visual
extinction (Blitz, 1993).
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All simple? Not quite. . .

Solomon et al. (1987)

The data used by are undersampled with respect to the beam
FWHM;
The 12CO line is optically thick under most prevailing
conditions in molecular clouds.
This result in an average density Σ ' 170 M� pc−2.
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All simple? Not quite. . .

Heyer et al. (2009)

The data used by are correctly sampled and have a much
higher spatial resolution.
The measurements are based on the 13CO line, which is
almost always optically thin.
This result in an average density Σ ' 40 M� pc−2.
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Consequences

Data seem to indicate that clouds masses might be lower than
virial masses, suggesting that molecular clouds are unbound.
The quantity σ/R1/2, which is in principle constant (Larson’s
1st law), correlates with the surface density Σ.
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Larson’s laws in external galaxies

Agreements
Larson’s type relationships seem to holds in other galaxies too:

Rosolowsky et al. (2003) found that molecular clounds in M33
have a surface density of ∼ 120 M� pc−2 (comparable to the
Milky Way one).
Mizuno et al. (2001) studied the LMC and confirmed Larson’s
laws there.

Differences
Bolatto et al. (2008) studied a sample of clouds in nearby galaxies
and found that “more or less” Larson’s laws hold there: clouds seem
to have a factor 2 smaller surface density and a lot of scatter.
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Dynamic range

1 Many numerical simulation are in contrast with Larson’s 3rd
law and show a huge range in density for molecular clouds
(Scalo, 1990; Vazquez-Semadeni et al., 1997;
Ballesteros-Paredes, 2006).

2 Observations have a limited dynamic range:
Minimum column density for H2 and CO self-shielding from
UV radiation field.
High-optical depth and chemical depletion of high-density
regions.

3 It has been suggested that Larson’s 3rd law is merely the result
of this limited dynamic range, and that real clouds span at
least 2 orders of magnitude in surface density.
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Molecular clouds
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NICER
(Lombardi and Alves, 2001)

Idea
Use NIR color excess of background stars to measure the cloud
column density (Lada et al., 1994).

Advantages

Easy measurements with modern IR array (simple imaging).
Reliable dust-to-gas ratio (Bohlin et al., 1978).
Standard NIR reddening law (Rieke and Lebofsky, 1985)
relatively stable.
Tight NIR colors of un-reddened stars: NIR bands close to the
Rayleigh–Jeans limit, where Bλ ∝ T/λ4.
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The method

Control field: Stars w/o
significant extinction
occupy a small region of
the color-color plane

Science field: Reddening
shifts stars along the
reddening vector

Optimal extinction: Takes
into account colors and
errors of each star.

H − K
J
−

H
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From extinction to surface density

Factors
The extinction AK is converted into a mass column density using
some factors:

µ, the average molecular weight in the cloud (µ ' 1.37);
β =

[
N(HI ) + 2N(H2)

]
/AK ' 1.67× 1022 cm−2 mag−1

(Savage and Mathis, 1979);

Reliability
Both conversions are considered quite robust, and little differences
are expected among different clouds.

Distance

For the cloud mass, in addition we need a factor distance2. This is
typically the main source of errors for most clouds.
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NICER advantages

The method is based on a simple and well understood property
of dust, reddening.
It is unbiased (especially when a variant of it is used, NICEST,
see Lombardi, 2009).
NICER is optimized and produces maps that have a factor ∼ 2
lower variance.
It is simple to implement and very fast: can be easily used
with several tens of millions stars
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Example I: The Pipe nebula
Lombardi et al. (2006)

Nearby (d ' 130 pc) cloud with insignificant star formation.
Optimally located for NIR studies (in foreground to the bulge).
Extinction map with RMS noise (K-band) 0.015 mag and
resolution 1 arcmin.
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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.

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,
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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
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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
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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,
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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
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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)

-0.5 0.0 0.5 1.0 1.5

AK (mag)

-10

0

10

20

30

40

I12
C

O
 (

K
 k

m
 s

−1
)

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,
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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
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1 + exp
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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,
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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.

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
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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
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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,
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Fig. 21. Left: the NANTEN integrated
12

CO 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 N!"#$ extinction map downgraded to the resolution of the NANTEN map; shaded regions are excluded

from the analysis.
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Fig. 22. The
12

CO integrated intensity I12CO as a function of the N!"#$
extinction. Each point of this plot shows the

12
CO radio measurement

from Onishi et al. (1999) and the N!"#$ extinction at the corresponding

position. The filled squares represent the average
12

CO intensity in bins

of 0.1 mag of K-band extinction; the solid, smooth line is the best fit for

functions of the form of Eq. (14); the dashed line shows the linear rela-

tion used by Onishi et al. (1999) (X-factor 2.8" 10
20

cm
#2

K
#1

km
#1

s).

their
12

CO map to perform a comparison with the N!"#$ anal-

ysis described in this paper. To this purpose, we constructed an

extinction map using the same resolution (4 arcmin) and coordi-

nate system of the NANTEN observations. In order to avoid any

contamination by low-galactic latitude clouds, we excluded all

measurements at b < 3
!

(see Fig. 21).

Figure 22 shows the relationship between the N!"#$ column

density and the NANTEN integrated
12

CO temperature, I12CO $!
T dv. The large number of independent measurements shown

in this figure (%5000) was used to compare these two estimates

of the gas column density and to show the limits and merits of

both.

From Fig. 22 we can deduce a number of qualitative points.

We first note that apparently
12

CO measurements are insensitive

to low column density regions. Specifically, it appears that up

to %0.2 mag of K-band extinction the radio measurements are

uniformly distributed around 0 K km s
#1

. The relatively small

scatter observed in Fig. 22 up to 0.15#0.2 mag of extinction (cf.

also Fig. 23) indicates that both methods considered here have

small intrinsic internal errors.
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Fig. 23. The residuals in the best-fit (14) of Fig. 22. The filled squares

represent the standard deviations in bins of 0.1 mag.

At higher extinctions, and up to AK & 0.6 mag, we ob-

serve an almost linear relationship between the extinction and

the
12

CO measurements; correspondingly, the scatter in the plot

increases significantly (see below). We note that the presence of

a linear relationship between the CO integrated temperature and

the NIR extinction (and thus the hydrogen projected density),

although on a relatively small extinction range, is not obvious

on the scales considered here and for non-virialized cloud sys-

tems (see Dickman et al. 1986). Finally, for AK >% 0.7 mag,

the
12

CO data appear to saturate to a constant value close

to 30 K km s
#1

. This well-known saturation e!ect is described

in terms of an exponential relation between the integrated tem-

perature I12CO ' 1 # e
#!

and the cloud optical depth ! ' AK .

The following analysis will mostly focus on the unsaturated
12

CO regime and will thus directly make use of the integrated

temperature.

A more quantitative analysis of Fig. 22 was carried out as

follows. We divided the measurements in regular bins in A K (we

used a bin size of 0.1 mag), and we computed in each bin the

average of the
12

CO intensity. The results obtained are shown as

filled squares in Fig. 22. This simple plot confirmed the quali-

tative remarks discussed above and suggested that we could ap-

proximate the AV#12
CO relationship with a function of the form

I12CO = A

"
######$

1

1 + exp

%
#(AK # Amid

K )k
& # b

'
(((((() · (14)

12CO is insensitive below AV ∼ 1–2 mag
These data can be used for a robust determination of the
12CO X-factor.
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Fig. 21. Left: the NANTEN integrated
12

CO 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 N!"#$ extinction map downgraded to the resolution of the NANTEN map; shaded regions are excluded

from the analysis.
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Fig. 22. The
12

CO integrated intensity I12CO as a function of the N!"#$
extinction. Each point of this plot shows the

12
CO radio measurement

from Onishi et al. (1999) and the N!"#$ extinction at the corresponding

position. The filled squares represent the average
12

CO intensity in bins

of 0.1 mag of K-band extinction; the solid, smooth line is the best fit for

functions of the form of Eq. (14); the dashed line shows the linear rela-

tion used by Onishi et al. (1999) (X-factor 2.8" 10
20

cm
#2

K
#1

km
#1

s).

their
12

CO map to perform a comparison with the N!"#$ anal-

ysis described in this paper. To this purpose, we constructed an

extinction map using the same resolution (4 arcmin) and coordi-

nate system of the NANTEN observations. In order to avoid any

contamination by low-galactic latitude clouds, we excluded all

measurements at b < 3
!

(see Fig. 21).

Figure 22 shows the relationship between the N!"#$ column

density and the NANTEN integrated
12

CO temperature, I12CO $!
T dv. The large number of independent measurements shown

in this figure (%5000) was used to compare these two estimates

of the gas column density and to show the limits and merits of

both.

From Fig. 22 we can deduce a number of qualitative points.

We first note that apparently
12

CO measurements are insensitive

to low column density regions. Specifically, it appears that up

to %0.2 mag of K-band extinction the radio measurements are

uniformly distributed around 0 K km s
#1

. The relatively small

scatter observed in Fig. 22 up to 0.15#0.2 mag of extinction (cf.

also Fig. 23) indicates that both methods considered here have

small intrinsic internal errors.
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Fig. 23. The residuals in the best-fit (14) of Fig. 22. The filled squares

represent the standard deviations in bins of 0.1 mag.

At higher extinctions, and up to AK & 0.6 mag, we ob-

serve an almost linear relationship between the extinction and

the
12

CO measurements; correspondingly, the scatter in the plot

increases significantly (see below). We note that the presence of

a linear relationship between the CO integrated temperature and

the NIR extinction (and thus the hydrogen projected density),

although on a relatively small extinction range, is not obvious

on the scales considered here and for non-virialized cloud sys-

tems (see Dickman et al. 1986). Finally, for AK >% 0.7 mag,

the
12

CO data appear to saturate to a constant value close

to 30 K km s
#1

. This well-known saturation e!ect is described

in terms of an exponential relation between the integrated tem-

perature I12CO ' 1 # e
#!

and the cloud optical depth ! ' AK .

The following analysis will mostly focus on the unsaturated
12

CO regime and will thus directly make use of the integrated

temperature.

A more quantitative analysis of Fig. 22 was carried out as

follows. We divided the measurements in regular bins in A K (we

used a bin size of 0.1 mag), and we computed in each bin the

average of the
12

CO intensity. The results obtained are shown as

filled squares in Fig. 22. This simple plot confirmed the quali-

tative remarks discussed above and suggested that we could ap-

proximate the AV#12
CO relationship with a function of the form

I12CO = A

"
######$

1

1 + exp

%
#(AK # Amid

K )k
& # b

'
(((((() · (14)

12CO is insensitive below AV ∼ 1–2 mag
These data can be used for a robust determination of the
12CO X-factor.

M. Lombardi Larson’s laws
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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).

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 A K "
0.2 mag is evident from this plot. Since the expected error in the
N!"#$ 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 stud-
ied the expected CO measurement for each given A K 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 N!"#$ 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)

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 radiation field at about 1 mag of
visual extinction (2 mag 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 local interstellar radiation
field and could in principle vary from cloud to cloud. We stress
that it is highly unlikely that the N!"#$ technique overestimates
the extinction at low AK , i.e. that the “zero point” observed in the
relation (15) is an artifact; rather, if there is a bias in N!"#$, this
is likely to be toward an underestimate of the column density
(because of a possible reddened control field).

Our data, combined with the 12CO data, allows for the
best determination of the CO-to-H2 conversion factor (X-factor)
using dust as a tracer of H2, because of the large number
of measurements (approximately 5000) and also because our

Table 2. Best fit parameters relative to Eq. (15). If a normal red-
dening law is assumed, the X-factors derived from these fits are
{4.21, 3.93, 3.77, 2.91} $ 1020 cm!2 K!1 km!1 s respectively. The for-
mal, 1! errors are 0.002 mag and 0.0002 for A(0)

K and r, respectively
(for all four fits).

Fit A(0)
K r

(mag) (mag K!1 km!1 s)
Whole sample 0.176 0.0184
I12CO > 5 K km s!1 0.199 0.0172
AK > 0.1 mag 0.211 0.0165
AK % [0.1, 0.6] mag 0.226 0.0127
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Fig. 25. The scatter of our measurements on the linear fit of Eq. (15).
Note how the derived standard deviation (filled squares) is practically
constant over the CO column densities investigated here.

(smoothed) dust extinction measurements have a mean er-
ror smaller than 0.05 mag of visual extinction. To derive the
X-factor for the 12CO data we performed several best fits us-
ing Eq. (15) using di!erent selections of the points of Fig. 24;
the results obtained are reported in Table 2.

Finally, Fig. 25 shows the residuals obtained from the fit of
Eq. (15). Interestingly, these residuals appear to be rather con-
stant on the field, and their standard deviation is approximately
0.1 mag in K-band extinction (or about 1 mag of visual ex-
tinction): hence, a single pointing in 12CO can only constrain
the dust column density with an accuracy of a few magnitudes.
Remarkably, this result is consistent with that found by Lada
et al. (1994) for 13CO in the molecular cloud IC 5146, Alves
et al. (1999) for 18CO in L977, and Bergin et al. (2002) for
the molecular cloud Barnard 68. Hence, we find what it seems
to be an irreducible uncertainty in the dust-CO correlation of
about 1 mag of visual extinction. The cause for this irreducible
uncertainty is not known and it deserves a dedicated study. A
possible origin for this uncertainty might lie in the sensitivity of
the CO molecule (and its isotopes) to variations in temperature
(even along the same line-of-sight), density and UV radiation
field (e.g. Frerking et al. 1982; van Dishoeck & Black 1988).
We note however that changes in the abundance of 12CO, due to
freezing out on grains, are probably not in place at the extinc-
tions less than AK " 1 mag considered here when comparing the
NANTEN and 2MASS/N!"#$ analyses.

In order to further test this point, we considered the di!er-
ence between the N!"#$ extinction and the 12CO integrated in-
tensity. In particular, we converted the degraded A K N!"#$ ex-
tinction map shown in Fig. 21 (right) into a 12CO intensity using
Eq. (14), and subtracted from this map the NANTEN 12CO ex-
tinction map. The result obtained, shown in Fig. 26, gives

12CO is insensitive below AV ∼ 1–2 mag
These data can be used for a robust determination of the
12CO X-factor.

M. Lombardi Larson’s laws
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Fig. 6. The Nicer extinction map of the Ophiuchus, Lupus, and Pipe complexes. The resolution is FWHM = 3 arcmin. The
various dashed boxes mark the regions shown in greather detail in Figs. 9 and 10. The overplotted contour is at AK = 0.3 mag.
The Pipe nebula occupies the region around (l, b) = (0!, 5!).

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-
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Fig. 9. A zoom of Fig. 6 showing the central region of the Ophiuchus cloud. The box encloses the core of cloud, for which a few
separate studies are presented in this paper.

tudes. The expected error on the extinction AK is shown
in Fig. 8, and was evaluated from the relation (see Paper I)

!2
ÂK

(!) !
!N
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"
W (n)(!)

#2
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(n)
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%
&!N

n=1 W (n)(!)
'2 . (11)

As expected, we observe a significant gradient along the
galactic latitude. Other variations in the expected er-
rors can be associated to bright stars (they produce the
characteristic cross-shaped patterns), to globular clusters
(white dots in Fig. 8), and to the cloud itself (dark areas).
Because of the relatively large variations on the noise of
the extinction map, clearly a detailed analysis of Fig. 6
should be carried out using in addition the noise map of
Fig. 8. Figures 9 and 10 shows in greather detail the ab-
sorption maps we obtain for the Ophiuchus and Lupus
complexes, and allow us appreciate better the details that
we can obtain by applying the Nicer method to the qual-
ity of 2MASS data.

Figures 11 and 12 report the probability distribu-
tions of column densities observed in the Ophiuchus and
Lupus fields. Theoretical studies (Vazquez-Semadeni 1994;
Padoan et al. 1997a,b,c; Passot & Vázquez-Semadeni

1998; Klessen 2000) suggest that this quantity is well ap-
proximated by a log-normal distribution, and this predic-
tion has been already verified for molecular cloud IC5146
(Ostriker et al. 2001; but look for a di!erent point of view
in Scalo et al. 1998). We thus tried to fit the column den-
sity histograms with log-normal distributions of the form

h(AK) =
a

AK " A0
exp

(
"

$
ln(AK " A0) " lnA1

%2

2(ln!)2

)
.

(12)

For the Ophiuchus complex we obtained a satisfactory fit
on the whole region; for Lupus, the fit is extremely good,
especially when excluding the low-galactic latitude regions

Center A0 Scale A1 Dispersion ! Peak a

Ophiuchus !0.081 0.151 0.681 946
Lupus (b > 6.5!) !0.135 0.153 1.506 651

Table 1. The best-fit parameters of the four Gaussian func-
tions used to fit the column density probability distribution
shown in Figs. 11 and 12 (see Eq. (12) for the meaning of the
various quantities).
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central part of the cloud.

tic coordinates

!12! < l < 2! 9! < b < 24! (1)

for Ophiuchus, and

353! < l < 345! 4! < b < 19! (2)

for Lupus, and selected there all Hipparcos and Tycho
(Perryman et al. 1997) parallax measurements of stars in
regions characterized by a relatively high column densi-
ties (more precisely, in regions with AK > 0.1 mag in
our 2MASS extinction map). Finally, in order to estimate
the intrinsic colors of the Hipparcos stars, we obtained
their spectral types. For the purpose, we used the All-
Sky Compiled Catalogue (ASCC-2.5; Kharchenko 2001),
which lists 2 501 304 stars taken from several sources
(mainly the Hipparcos-Tycho family, the ground-based
Position and Proper Motion family, and the Carlsberg
Meridian Catalogs), and the “Tycho-2 Spectra Type
Catalog” (Tycho-2spec, III/231; Wright et al. 2003), which
cross-references 351 863 Tycho stars with spectral cata-
logues (mainly the Michigan catalogs). In summary, our
joined catalog contains for each star observed in projec-
tion with relatively large extinction regions the parallax

and its related error, the spectral type, and a set of visual
magnitudes with errors.

We then considered all Hipparcos stars with well de-
termined parallaxes (we required the parallax error to be
smaller than 3 mas) in the region considered, and esti-
mated the intrinsic B ! V of each star from its spectral
type (for this purpose, we used the color tables in Landolt-
Börnstein 1982, p. 15, and the normal reddening law of
Rieke & Lebofsky 1985). Finally, we evaluated the extinc-
tion of each star by comparing its observed B ! V color
with its estimated intrinsic color. As final selection, we
required stars to have a V -band extinction error smaller
than 1 mag, which left 180 objects in the Ophiuchus re-
gion, and 186 objects in the Lupus region. A plot of the
star column density versus the Hipparcos parallax for both
cloud complexes is shown in Figs. 3 and 5; a distance-
reddening zoom plot for Ophiuchus is presented in Fig. 4.

Figure 3 proves the e!ectiveness of the parallax
method: from the right to the left, stars are initially found
close to the AV = 0 mag line, with a relatively low dis-
persion; then, as we go to smaller parallaxes, an impres-
sive “wall” of stars with significant reddening is observed
(approximately at ! = 8 mas). Since for Fig. 3 we only se-
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tion of each star by comparing its observed B ! V color
with its estimated intrinsic color. As final selection, we
required stars to have a V -band extinction error smaller
than 1 mag, which left 180 objects in the Ophiuchus re-
gion, and 186 objects in the Lupus region. A plot of the
star column density versus the Hipparcos parallax for both
cloud complexes is shown in Figs. 3 and 5; a distance-
reddening zoom plot for Ophiuchus is presented in Fig. 4.

Figure 3 proves the e!ectiveness of the parallax
method: from the right to the left, stars are initially found
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Larson’s 3rd law revised
Lomnbardi et al. (2010)

Ambiguities
Two ways of considering Larson’s 3rd law:

1 A “comparative” version, where one studies different clouds at
the same extinction threshold.

2 An “internal” version, where one verifies the M(R) ∝ R2

prediction on a single clout at different extinction thresholds.
Larson used a mixture of the two!

Extinction helps!
We have a complete description of the projected mass density
of many different molecular clouds.
Best conditions to revised the validity of both versions of
Larson’s 3rd law.
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Different clouds at a constant extinction threshold
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Threshold A0 a γ Scatter
(mag) (M� pc−γ ) (percent)
0.1 41.2 1.99 11%
0.2 73.1 1.96 12%
0.5 149.0 2.01 14%
1.0 264.2 2.06 12%
1.5 379.8 2.07 14%

Results
All clouds follow exquisitely a Larson-type relationship
M = aRγ , with γ ' 2.
Clouds have very similar average surface densities within the
same extinction threshold contour.
The scatter is always below 15%.
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Larson’s 3d law for single clouds
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Results
Cloud M(R) plots have similar thrends, but span a relatively
large range of masses.
Best fit for R ∈ [0.1, 1] pc is M(R) = 380 M�(R/pc)1.6 (see
also Kayffmann et al. 2010).
Small scatter in exponent, large in mass.
Power-law index significantly different from 2!
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A hint

Larson’s 3rd law and cloud structure
Observations have long established that many clouds have a
log-normal distribution at low extinctions:

p(AK ) =
1√

2πσAK
exp
[
−(lnAK − lnA1)2

2σ2

]
.

Traditionally, log-normality is linked to supersonic turbulence,
but it turns out it is a common feature of different classes of
models (Tassis et al. 2010).
We can express the mass M and the area S of a cloud above a
threshold A0 as simple integrals of p(AK ):

M(A0) ∝
∫ ∞

A0

AKp(AK ) dAK , S(A0) ∝
∫ ∞

A0

p(AK ) dAK
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Larson’s law and log-normal distributions
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log(Threshold)
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g(
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〉)

Extinction threshold
Take an extinction threshold, and
consider all points in the
distribution at larger AK values.
Calculate from these the area and
mass above the threshold.
Deduce the average surface density.
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Log-normal distributions
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Theoretical expectation
This allows us to estimate the expected cloud surface density
above an extinction threshold.
Qualitatively, we recover the observed curves.
The scatter among different clouds can be kept small if the
relative scatter of the log-normal parameters A1 and σ is small
(which is).
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Open issues

Still quite a lot. . .
1 Log-normality only works at low extinction:

What is the role of cores for Larson’s law?
How is the deviation from log-normality related to stellar
formation?

2 Why do clouds follow log-normal distributions?
What is the role of turbulence, isothermality, magnetic fields. . .

3 Why do cloud have relatively similar log-normal parameters A1
and (especially) σ?

In turbulence models σ is related to the cloud Mach number.
Are the similar σ related to universality of turbulence for the
size-linewidth relation?

4 What is of Larson’s 3rd law in external galaxies?
Can we use extinction techniques outside the Milky Way?

M. Lombardi Larson’s laws
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