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ABSTRACT

Context. Since their first detection in the interestellar medium, (sub-)millimeter line observations of different CO isotopic variants
have routinely been employed to characterize the kinematic properties of the gas in molecular clouds. Many of these lines exhibit
broad linewidths that greatly exceed the thermal broadening expected for the low temperatures found within these objects. These
observed suprathermal CO linewidths are assumed to originate from unresolved supersonic motions inside clouds.
Aims. The lowest rotational J transitions of some of the most abundant CO isotopologues, 12CO and 13CO, are found to present large
optical depths. In addition to well-known line saturation effects, these large opacities present a non-negligible contribution to their
observed linewidths. Typically overlooked in the literature, in this paper we aim to quantify the impact of these opacity broadening
effects on the current interpretation of the CO suprathermal line profiles.
Methods. Combining large-scale observations and LTE modeling of the ground J = 1−0 transitions of the main 12CO, 13CO, C18O iso-
topologues, we have investigated the correlation of the observed linewidths as a function of the line opacity in different regions of the
Taurus molecular cloud.
Results. Without any additional contributions to the gas velocity field, a large fraction of the apparently supersonic (M ∼ 2–3)
linewidths measured in both 12CO and 13CO (J = 1−0) lines can be explained by the saturation of their corresponding sonic-like,
optically thin C18O counterparts assuming standard isotopic fractionation. Combined with the presence of multiple components de-
tected in some of our C18O spectra, these opacity effects also seem to be responsible for most of the highly supersonic linewidths
(M > 8–10) detected in some of the broadest 12CO and 13CO spectra in Taurus.
Conclusions. Our results demonstrate that most of the suprathermal 12CO and 13CO linewidths reported in nearby clouds like Taurus
could be primarily created by a combination of opacity broadening effects and multiple gas velocity components blended in these sat-
urated emission lines. Once corrected by their corresponding optical depth, each of these gas components present transonic intrinsic
linewidths consistently traced by the three isotopologues, 12CO, 13CO, and C18O, with differences within a factor of 2. Highly corre-
lated and velocity-coherent at large scales, the largest and highly supersonic velocity differences inside clouds are generated by the
relative motions between individual gas components. In contrast to the classical interpretation within the framework of microscopic
turbulence, this highly discretized structure of the molecular gas traced in CO suggest that the gas dynamics inside molecular clouds
could be better described by the properties of a fully resolved macroscopic turbulence.
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1. Introduction

The appropriate combination of its high abundance, large bind-
ing energy, and small dipolar momentum makes carbon monox-
ide (CO) an ideal tracer of the cold and dense molecular phase
of the interstellar medium (ISM). Since its discovery, and thanks
to a propitious rotational constant placing its lower-J transitions
at (sub-)millimeter wavelengths, the CO and its isotopologues
became the most observed molecules in radioastronomical stud-
ies. The first detection of the fundamental 12CO (J = 1−0) line
(Wilson et al. 1970), its main isotopic variants 13CO (1–0) and
C18O (1–0) lines (Penzias et al. 1971), and their higher (J =
2−1) counterparts (Phillips et al. 1973) were obtained after the
opening of the millimeter window. These findings were rapidly
followed by similar detections in nearby galaxies (Rickard et al.
1975; Solomon & de Zafra 1975; Sage et al. 1991). Nowadays,
observations of the different rotational transitions of CO are

routinely used to investigate the physical properties of molec-
ular clouds (e.g., Ungerechts & Thaddeus 1987; Goldsmith et al.
2008), the internal structure of the Milky Way (e.g., Dame et al.
2001; Scoville et al. 1987; Solomon et al. 1987), and the gas con-
tent of extragalactic sources (e.g., Solomon et al. 1997; Greve
et al. 2005; Leroy et al. 2008).

The analysis of the CO line emission profiles is regularly em-
ployed to characterize the dynamical state of gas inside molec-
ular clouds. In particular, estimations of the line-of-sight veloc-
ity dispersion can be obtained from the observed CO linewidths
∆V . Since the first millimeter studies, most of the observed 12CO
and 13CO linewidths are known to greatly exceed the thermal
broadening expected for the gas kinetic temperatures measured
inside clouds (∼10 K). Instead of part of a global velocity struc-
ture (either collapse, expansion, or rotation; e.g., Liszt et al.
1974), the origin of these suprathermal linewidths was explained
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by the contribution of random, non-thermal motions at small
scales (Zuckerman & Evans 1974). The empirically determined
velocity dispersion-size relationship found in different galactic
clouds was early recognized to present strong similarities with
the power-law dependency expected in a Kolmogorov-like cas-
cade (Larson 1981). Consistently reported later in both local
(Solomon et al. 1987) and extragalactic sources (Bolatto et al.
2008), the emergence of these suprathermal CO linewidths and
Larson’s scaling relationship are interpreted as signatures of the
supersonic nature of the gas motions inside clouds and represent
the observational foundation of the turbulent theory for these ob-
jects (see Mac Low & Klessen 2004; Elmegreen & Scalo 2004,
and references therein).

Compared to the broad, supersonic 12CO and 13CO line pro-
files, roughly equal contributions of thermal and non-thermal
motions are found in the observed C18O linewidths in nearby
clouds (Myers et al. 1983; Vilas-Boas et al. 1994; Onishi et al.
1996). Originally thought to be restricted to cores at scales of
0.1 pc (Goodman et al. 1998), constant (tran-)sonic-like C18O
linewidths have been found to be characteristic of filaments and
fibers at scales of &0.5 pc (Hacar & Tafalla 2011; Arzoumanian
et al. 2013; Hacar et al. 2013). In some exceptional cases, sim-
ilarly narrow CO linewidths seem to describe the internal gas
kinematics inside entire filamentary clouds at multi-parsec scales
(Hacar et al. 2016).

The systematic differences between the observed linewidths
of the main CO isotopologues, with ∆V(12CO) > ∆V(13CO) >
∆V(C18O), are commonly assumed as an additional manifesta-
tion of the scale-dependency of the gas velocity dispersion in
clouds (e.g., Type 3 description in Goodman et al. 1998). This
description oversimplifies the treatment of these distinct CO iso-
topologues as density selective gas tracers. Although appealing,
the above picture is complicated by the different optical depths
affecting most of the 12CO and, to a lesser extent, 13CO low-J
rotational transitions. The saturation effects on the observed line
intensities have been widely studied (Goldsmith & Langer 1999;
Pineda et al. 2008, 2010). Similarly, although commonly under-
estimated in the literature, these opacity effects can also severely
affect the observed linewidths in some of the optically thick
CO emission lines (e.g., Phillips et al. 1979). We aim to explore
and constrain the impact of this opacity broadening on the mod-
ern interpretation of the CO line profiles and its influence on the
kinematic properties derived for the cold molecular gas forming
the clouds.

The structure of the paper is as follow. Section 2.1 presents
the theoretical framework for line formation and the predictions
for the growth of the observed CO linewidths as a function of
the line opacity. In Sect. 3, we compare these predictions with
large-scale observations of the fundamental J = 1–0 transition of
three main isotopic variants of CO on the Taurus region, 12CO,
13CO, C18; we compare the evolution of the apparently highly
supersonic CO spectra as a function of the line opacity in the
case of both single- and multicomponent lines. Finally, and in
Sect. 4, we explore the consequences of our findings on these
CO suprathermal linewidths within the turbulent framework de-
scribing the internal dynamical properties of molecular clouds.

2. Opacity broadening
2.1. Curve of growth
The spectral distribution of the emission of a molecular line
is described by the radiative transfer equation (e.g., Rohlfs &
Wilson 1996),

Tmb,ν = (Jν(Tex) − Jν(Tbg)) · (1 − exp(−τν)), (1)

Fig. 1. Line profiles (black lines) expected for an emission line de-
scribed by an intrinsic Gaussian-like velocity distribution and different
central opacities: (left) τ0 = 0.5; (center) τ0 = 5; (right) τ0 = 100. Line
intensities and velocities are in arbitrary units. We note the saturation
effects at opacities τ ≥ 5 resulting in flat-topped line profiles deviating
from a Gaussian distribution (green lines).

where Jν(T ) =
(

hν/k
exp(hν/kT )−1

)
, Tex the excitation temperature of

the line, Tbg the cosmic microwave background temperature
(=2.7 K), and τν the line opacity at the line frequency ν. For
a gas with an intrinsic Maxwellian velocity distribution, the line
opacity follows a Gaussian distribution as

τν = τ0 · exp
(
−(ν − ν0)2/2σ2

)
, (2)

where τ0 and ν0 are the central opacity and line frequency, re-
spectively, and σ the intrinsic velocity dispersion of the gas.
Knowing that for narrow lines ν−ν0

ν0
=

Vlsr−Vlsr,0

c , Eqs. (1) and (2)
can be used to predict the resulting line shape in velocity. As il-
lustrated in Fig. 1, an evolution from Gaussian-like to flat-topped
and saturated spectra is expected in optically thick lines.

The analysis of the observed line profiles can be used to infer
the internal velocity field of the gas traced by a given molecu-
lar species. In the particular case of a optically thin, Gaussian-
like molecular emission, the observed full width half maximum
(FWHM; ∆V) is directly related to the gas internal velocity dis-
persion by σ =

√
8 ln 2 · ∆V . The intrinsic (Doppler) velocity

dispersion of the gas (∆Vint or σint) is produced by the joint con-
tribution of both thermal (∆Vth or σth) and non-thermal (∆VNT
or σNT) motions along the line of sight added in quadrature,

∆Vint =

√
∆V2

th + ∆V2
NT ←→ σint =

√
σ2

th + σ2
NT, (3)

where σth =

√
kTK
m is the thermal velocity dispersion of a tracer

with a molecular weight m at a given gas kinetic temperature
TK. After the premise of ∆Vint = ∆V , Eq. (3) can be used to
quantify the contribution of the non-thermal component of the
gas velocity field from the observed ∆V once TK is known. The
magnitude of this non-thermal component is typically measured
in units of the sound speed of H2 at the same temperature as
M = f (TK) = σNT/cs (e.g., cs = σth(H2, 10 K) = 0.19 km s−1 or
∆Vth(H2, 10 K) = 0.44 km s−1, assuming m = µH2 = 2.33). As
a key parameter describing the physical state of the gas inside
clouds, the Mach numberM is used to distinguish between the
sonic (M ≤ 1), transonic (1 <M ≤ 2), and supersonic (M > 2)
hydrodynamical regimes in non-magnetic, isothermal fluids1.

While suitable for optically thin lines, the above assumption
of ∆Vint = ∆V is no longer valid in the case of flat-topped and

1 In this paper, all σth, σNT, and cs are referred to as the 1D velocity
dispersion of the gas along the line of sight. A factor of

√
3 is required

to compare these values with the 3D velocity dispersions typically used
in simulations (e.g., cs,3D =

√
3cs = 0.32 km s−1). However, their ratios

compared to the sound speed (e.g., σNT,3D
cs,3D

=
σNT

cs
) remain unaltered.
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Analytic prediction (Phillips et al 1979)
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Fig. 2. Upper panel: opacity broadening βτ (=∆V/∆Vint) as a function
of the central opacity of the line τ0 (i.e., curve of growth): (black) ana-
lytic prediction (Phillips et al. 1979); (orange) values derived from the
observed ∆V directly measured from the line emission; (blue) values
derived ∆V from Gaussian fits. Lower panel: contribution of both opac-
ity (red solid line) and intrinsic, Doppler broadening (thermal + non-
thermal motions; black dashed line) to the total observed linewidth for
different line opacities.

saturated spectra. In analogy to the optical absorption lines, the
so-called curve of growth of molecular lines describes the line
broadening produced by the increasing line opacity and can be
defined analytically as (e.g., Phillips et al. 1979),

βτ =
∆V

∆Vint
=

1
√

ln 2

ln
 τ0

ln
(

2
exp(−τ0)+1

) 


1/2

, (4)

where ∆V and ∆Vint refer to the observed and the intrinsic
FWHM, respectively. From the above expression, it is easy to
show that the opacity broadening presents an asymptotic behav-
ior approaching

β∞ =
∆V

∆Vint
→

(
ln τ0

ln 2

)1/2

when τ0 → ∞. (5)

The effective opacity broadening described in Eq. (4) as a func-
tion of τ0 is displayed in Fig. 2 in both absolute (upper panel)
and relative terms (lower panel). As demonstrated by these fig-
ures, the opacity broadening βτ represents a minor effect (.15%)
for optically thin lines with τ . 1. However, its contribution
increases monotonically at larger opacities. Indeed, the opac-
ity broadening dominates the observed linewidths at opacities
τ > 10, reaching values of ∼65−70% for τ > 100. In these
last saturated lines, the observed half-power linewidth broaden-
ing does not reflect the intrinsic dispersion of the gas, but the

increased width due to the relatively more intense line wings re-
sulting from the high opacity of the central portion of the line.

2.2. CO linewidths: Differential opacity broadening

The line opacity of a J = ( j−i) transition (τ ji
ν ) is related to the

total column density N of a molecule as

N =
8πν ji

c3

Q
A jig j

eE j/kT ji
ex

ehν ji/kT ji
ex − 1

·

∫
τ

ji
ν dν, (6)

where Q is the partition function, A ji the Einstein coefficient,
g j the level multiplicity, and ν ji the frequency of the transition
considered. Assuming similar and uniform local termodynamic
equilibrium (LTE) conditions along the line of sight, the opaci-
ties of a given J transition for the different CO lines can be esti-
mated by their relative abundances as τ(A) ' X(A/B) ·τ(B) (e.g.,
Myers et al. 1983). Characteristic values of τ(C18O) between 0.2
and 0.6 based on the study of the C18O (1−0) transition are found
in different studies of dark clouds (Myers et al. 1983; Vilas-Boas
et al. 1994, 2000; Onishi et al. 1996). Assuming typical relative
abundances for the main three CO isotopologues in the local ISM
(i.e., X(C18O):X(13CO):X(12CO) = 1:7.3:560 Wilson & Rood
1994) these opacities translate into characteristic line opacities
ranging between τ(13CO) ∼ 1.5–4.4 and τ(12CO) ∼ 110–340 for
the J = 1−0 transitions of the most abundant CO isotopologue
(e.g., Phillips et al. 1979; Wong et al. 2008). Since ∆V = βτ∆Vint,
it is then clear that while the effects of opacity broadening can
be neglected in the case of the optically thin C18O (1−0) lines
their contribution can severely affect the observed FWHM in
both 13CO (1−0) and, in particular, the 12CO (1−0) optically
thick line profiles. These differential opacity effects and their
impact on the analysis of the gas kinematics are confirmed
by recent simulations including radiative transfer calculations
(Beaumont et al. 2013; Correia et al. 2014). The derived param-
eters for the gas velocity field obtained from these last two lines
could be strongly contaminated if their corresponding opac-
ity broadening is not properly subtracted from the observed
FWHM, ∆V .

This differential line broadening selectively affects the dis-
tinct CO isotopologues. Some of these optical depth effects can
be partially mitigated by observing higher-J CO transitions.
Assuming similar LTE excitation conditions for all the 12CO
lines and typical gas temperatures of 10 K, from Eq. (6) it is easy
to show that the τ(2−1)/τ(1−0) ∼ 0.74 and τ(3−2)/τ(1−0) ∼
0.24. These similar excitation levels are, however, rarely satis-
fied under Non-LTE (NLTE) conditions due to the higher critical
densities of these higher-J transitions. Indeed, opacity broaden-
ing effects have also been reported in the study of both (3−2)
and (2−1) line transitions in 12CO and 13CO (Wilson et al. 1999).
These line broadening effects are added to the well-characterized
optical depth correction needed to properly estimate the total
column density of optically thick lines like 12CO (1−0) (i.e.,
C = τ

1−exp(−τ) ; Goldsmith & Langer 1999). Combining all these
effects, opacity appears to be a major contaminant in most of the
12CO and 13CO observations in molecular clouds.

2.3. Opacity dependent line blending

As seen in Fig. 3, the opacity broadening also affects the abil-
ity to resolve the individual linewidth contributions to spectra
with multiple components. Two overlapping Gaussian distribu-
tions can be independently resolved if their velocity difference
δVlsr is larger than their corresponding ∆V (see Appendix A in
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Fig. 3. Line blending effects as a function of the velocity difference δVlsr
between two adjacent components separated three (left), two (center),
and one (right) times their intrinsic linewidth ∆Vint. Central line opaci-
ties of τ0 = 0.5 (blue), τ0 = 5 (red), and τ0 = 100 (black) are considered
as representative of the three main CO isotopologues, C18O, 13CO, and
12CO, respectively. The central velocities of the two components form-
ing each spectrum are indicated with blue lines. In the case of complex
spectra with multiple components close in velocity (δVlsr . 2∆V), the
individual lines can only be identified using optically thin tracers.

Hacar et al. 2013). In combination with Eq. (4), this criterium
yields a minimum velocity separation that is a function of the
line opacity and the intrinsic velocity dispersion of the broadest
component described asR = δVlsr|min = f (τ,TK, σNT) = βτ∆Vint.

It is easy to prove that the optical depth in thick tracers like
12CO or 13CO limits the characterization of the line substructure
to those velocity components with larger separations in veloc-
ities, specially in warm regions. On the contrary, low opacity
tracers like C18O and C17O are generally more appropriate for
the study of complex lines with compact kinematic structures
in velocity (Hacar & Tafalla 2011; Hacar et al. 2013; see also
Sect. 3.2). As observational constraints, higher sensitivities are
required to effectively detect such low abundant CO tracers.

2.4. NLTE effects on the formation of CO lines

A core-to-edge temperature gradient is expected in molecular
clouds produced by the incidence of the ISRF (e.g., Young et al.
1982). As investigated by Pineda et al. (2010), the resulting in-
crease of Tex can effectively reduce the line opacities in the pres-
ence of large temperature gradients. Simultaneously, Tex is re-
lated to TK through collisional excitation. Thus, the increase of
TK towards the cloud edges is counterbalanced by the likely re-
duction of the collisional rates at low densities leading to sub-
thermal Tex values. The resulting line profile emerging from the
cloud strongly depends on both its thermal structure and inter-
nal mass distribution. The frequency dependence of the opacity
makes different parts of the line become optically thick at differ-
ent optical depths into the cloud and thus at different tempera-
tures. As a result, large temperature and density variations along
the line of sight could modify the optical depth and reduce or
even suppress the formation of flat-topped profiles. The net im-
pact of gradients on the observed line profiles remains unclear
and might depend on the local properties of the cloud. First, sys-
tematic flat-topped 12CO and 13CO lines are identified in cold
clouds with high contrasts in density like starless cores (Park
et al. 2004). Conversely, smoother line profiles in optically thick
lines like 12CO (1−0) are characteristic of regions with strong
temperature contrasts (e.g., Tauber et al. 1991).

At low densities, photon trapping also plays an impor-
tant role increasing Tex in optically thick transitions like the
lower-J 12CO lines (Scoville & Solomon 1974). Owing to the
variations of the line opacity in velocity, the scape probabil-
ity and therefore the resulting emission arising from the cloud

strongly depends on its geometrical shape and velocity structure.
Overall, radiative trapping lowers the effective densities on
which these optically thick lines are excited. In the case of
the 12CO (1−0) transition, photon trapping is responsible for
stimulating its line emission in gas at densities down to a few
102 cm−3, i.e., an order of magnitude lower than in the absence of
stimulated emission (Shirley 2015). If these low densities are in
regions of low extinction, however, the likely photodissociation
of CO (van Dishoeck & Black 1988) complicates this picture.

In addition to radiative transfer modeling, an adequate treat-
ment of such effects requires an accurate description of both
temperature and density structures inside clouds. Because they
are beyond the scope of this work, none of the above NLTE ef-
fects are included in the analysis carried out in the following
sections. Without loss of generality, the LTE treatment presented
in this work aims primarily to investigate the opacity effects on
the observed CO linewidths. A comprehensive analysis of the
CO emission and their opacity broadening under NLTE condi-
tions will be presented in a future paper.

3. CO observations in the Taurus molecular cloud

3.1. Observed CO linewidths in the L1517 region

According to Eq. (4) and in the absence of additional kine-
matic effects, a line opacity broadening is expected to occur
for lines with similar emission properties and increasing iso-
topic abundances. By comparing point-like observations of mul-
tiple CO transitions in different molecular clouds, Phillips et al.
(1979) suggested that the differences in linewidth observed be-
tween the distinct CO isotopologues follow the expected curve of
growth of an emission line with increasing opacity. Continuing
with this line of argument we compared the observed line prop-
erties of the ground state J = (1−0) transition for the three main
CO isotopologues in the L1517 region in Taurus (Lynds 1962).

The L1517 cloud was selected because it presents a sim-
ple gas velocity field as deduced from the global study of gas
kinematics inside this region (Heyer et al. 1987; Ladd & Myers
1991). There, the global analysis of the C18O (1−0) line emis-
sion at large scales shows the overwhelming presence of spec-
tra with a unique and narrow gas velocity component (Hacar &
Tafalla 2011). We combine this large-scale dataset with addi-
tional 13CO and 12CO (1−0) observations of the same region ob-
served with the FCRAO14 m radio telescope during December
2003 and November 2005. The data reduction including flux
calibration and main beam efficiency corrections reproduces
the procedures described by Hacar & Tafalla (2011) for the
C18O (1−0) lines. With similar coverage, the resulting spectral
maps of the three CO isotopologues are convolved into a com-
mon Nyquist-sampled grid with a final beam-size of 60 arcsec.
To characterize their emission profile (i.e., Tmb, Vlsr, and ∆V),
the new 13CO and 12CO (1−0) spectra are parametrized using
Gaussian fits with the same number of components as their cor-
responding C18O (1−0) counterpart (i.e., with one component in
>90% of the observed spectra; see Hacar & Tafalla 2011). A to-
tal of 940 positions with a signal-to-noise ratio (S/N) ≥ 3 in all
the CO isotopologues are considered in the present study. The
area sampled in this case is therefore restricted by the sensitivity
of our C18O maps.

Based on the measured values for its main beam peak inten-
sities Tmb, we directly estimate the opacity of C18O (1−0) line at
each position of our maps. By solving Eq. (1) assuming constant
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Table 1. Statistical properties of the observed CO spectra in L1517.

C18O 13CO 12CO 13CO 13CO
Description Standard Standard Standard Enhanced Low Tex

J (1−0) (1−0) (1−0) (1−0) (1−0)
X 1 7.3 560 15 7.3

Tex 10 10 10 10 8
τ0

a 0.28 ± 0.14 2.05 ± 1.03 158.7 ± 80.4 4.20 ± 2.11 3.08 ± 1.70
〈∆V〉 (km s−1) 0.28 ± 0.07 0.54 ± 0.09 0.90 ± 0.17 0.54 ± 0.09 0.55 ± 0.09
〈∆Vint〉 (km s−1)b 0.27 ± 0.07 0.41 ± 0.09 0.32 ± 0.07 0.35 ± 0.07 0.37 ± 0.09
〈σNT/cs〉 0.56 ± 0.18 1.19 ± 0.21 2.01 ± 0.39 1.19 ± 0.21 1.18 ± 0.22
〈σNT,corr/cs〉 0.53 ± 0.18 0.87 ± 0.21 0.67 ± 0.16 0.73 ± 0.18 0.79 ± 0.20

Notes. Uncertainties given correspond to 1σ values. (a) Line opacities obtained from Eq. (7). (b) Opacity corrected intrinsic linewidths estimated
according to Eq. (4).
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Fig. 4. Observed C18O (1−0) (blue), 13CO (red), and 12CO (1−0) (or-
ange) linewidths (∆V) as a function of the central opacity (τ0) for all
positions detected in L1517 with S/N(C18O) ≥ 3 (>940 points per
molecule). The mean and standard deviation of these measurements of
each isotopologue are indicated by black squares and bars. The distinct
curves correspond to the predicted opacity broadening of lines with an
intrinsic Doppler broadening described by a thermal component at 10 K
and a non-thermal velocity dispersion of 0.5 cs (solid line), 1.0 cs (long
dashed line), and 1.5 cs (dotted line). In each case, this figure displays
the comparison between the expected values for the opacity broaden-
ing derived from the analytic solution in Eq. (4) (black lines) with the
measurements obtained from their corresponding Gaussian fits to the
spectra (green lines).

and uniform LTE excitation conditions at a typical temperature
of Tex = TK = 10 K, the central opacity τ0(C18O) is calculated as

τ0(C18O) = − log
(
1 −

Tmb(C18O)
J(Tex) − J(Tbg)

)
· (7)

The corresponding opacities of the 12CO and 13CO isotopo-
logues are then estimated at each point by scaling up the
C18O opacity according to their relative isotopic abundances,
that is, τ(12CO) = 560 · τ(C18O) and τ(13CO) = 7.3 · τ(C18O)
(Sect. 2.2). The statistical results for the line opacity of these
three CO lines are summarized in Table 1.

The combined analysis of the three independent datasets pre-
sented above allow us to systematically investigate the opacity

broadening of the three main CO isotopologues. Figure 4 shows
the relation between the observed linewidths ∆V and the derived
line opacities for all the positions with detected emission in all
the C18O, 13CO, and 12CO (1−0) lines in L1517. Overplotted on
the observations, this figure shows the expected opacity broad-
ening βτ of three CO lines assumed to be described by an intrin-
sic Doppler velocity dispersion determined by a thermal com-
ponent at 10 K and a non-thermal component of 0.5, 1.0, and
1.5 times the sound speed following Eq. (3). As demonstrated
by this comparison, the observed values for ∆V in the three main
CO isotopologues show a systematic increase consistent with the
expected curve of growth for an optically thick CO line with a
non-thermal contribution σNT between ∼0.5 and 1.0 cs. Table 1
also quantifies this result. While the observed ∆V differs by a
factor of 2−3 between the two 13CO and 12CO (1−0) lines and
their C18O counterparts, these differences are reduced to .30%
in the case of the opacity corrected ∆Vint values.

The inclusion of the opacity effects reported before have a
strong impact on the interpretation of the parameters obtained
from the observed CO linewidths. The histograms presented in
Fig. 5 (upper panel) show the σNT values derived from the ob-
served ∆V for the three CO isotopologues (see also Cols. 1−3
in Table 1). Taken as face values, these results would in prin-
ciple suggest a tracer-dependent non-thermal velocity disper-
sion varying from subsonic values of 〈σNT(C18O)/cs〉 = 0.56 ±
0.18 to transonic 〈σNT(13CO)/cs〉 = 1.19 ± 0.21 and, ulti-
mately, to supersonic 〈σNT(12CO)/cs〉 = 2.01 ± 0.39 values.
On the contrary, Fig. 5 (Lower panel) illustrates the distribu-
tion of the opacity corrected σNT,corr using ∆Vint obtained from
Eqs. (7) and (4). Once opacity effects are considered, the ve-
locity dispersion of the gas derived from all of the CO iso-
topologues consistently yields systematically closer values with
〈σNT,corr(C18O)/cs〉 = 0.53 ± 0.18, 〈σNT,corr(13CO)/cs〉 = 0.87 ±
0.21 and 〈σNT,corr(12CO)/cs〉 = 0.67 ± 0.16.

While statistically significant differences can still be iden-
tified between the gas velocity field traced by the C18O emis-
sion and the 13CO or 12CO lines, these differences are restricted
to dynamical changes within the sonic regime. Excluded from
our simplified analysis, the selective photodissociation of the
C18O molecules at different cloud depths (Bally & Langer 1982)
could explain the more dynamical velocity fields traced in 13CO
and 12CO if small velocity gradients are present along the line
of sight. Similar kinematic properties for these main CO iso-
topologues have also been reported in observations of quies-
cent regions like individual Bok globules (Dickman & Clemens
1983) and the Musca cloud (Hacar et al. 2016). In spite of these
differences, the similar kinematics observed in the three main
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Fig. 5. Histogram of the non-thermal velocity dispersions (in units
of the sound speed) measured in C18O (1−0) (blue), 13CO (red), and
12CO (1−0) (orange) in L1517. Upper panel: non-thermal velocity dis-
persions directly derived from the observed linewidths (∆V). Lower
panel: non-thermal velocity dispersions obtained from the intrinsic
linewidths (∆Vint) after opacity corrections according to Eqs. (4) and (7).
Although apparently supersonic, the 13CO and 12CO lines actually
present sonic-line velocity dispersions.

CO isotopologues demonstrates that these molecules are all sen-
sitive to the same column density of molecular gas and that most
of its gas kinematics is already mapped by the C18O emission.
Although other effects cannot be ruled out, most of the differ-
ences in the observed linewidths between these tracers are con-
sistent with pure opacity broadening effects.

As a secondary effect, systematically higher intrinsic veloc-
ity dispersions are derived from the 13CO emission in compar-
ison with the 12CO lines in L1517. An underestimation of the
13CO line opacity seems to be the most plausible scenario to
explain these differences (Pineda et al. 2010). Explored in the
results shown in Table 1, an increase in the derived line opacities
for the 13CO (1−0) lines are expected if either the abundance of
this molecule is enhanced by a factor of 2 compared to the local
ISM values (Col. 4) and/or the line excitation temperatures drop
to 8 K (Col. 5). Both isotopic fractionation effects and subther-
mal excitation conditions have been commonly reported in the
study in molecular clouds (Chu & Watson 1983; Langer et al.
1984; Goldsmith et al. 2008). A NLTE analysis of the observa-
tions of multiple carbon monoxide isotopologues and rotational
transitions is necessary to clarify this issue.

3.2. Line blending and multiple velocity components
in B213-L1495

The results in L1517 illustrate how a narrow, sonic-like velocity
component detected in optically thin C18O lines could produce

Fig. 6. Example of apparently highly supersonic CO spectra in molecu-
lar clouds. Upper panel: characteristic supersonic (M ∼ 10) spectrum
in B213-L1495 observed in C18O (1−0) (blue; Hacar et al. 2013), and
13CO (red) and 12CO (1−0) (black) lines (Goldsmith et al. 2008). Mid
panel: predicted 13CO (red solid line) and 12CO (1−0) (black solid line)
emission from the fitted C18O (1−0) line (blue) assuming pure opac-
ity broadening (see text). Within the velocity range where the C18O
is detected, its saturated emission reproduces most of the observed
linewidths of both 13CO and 12CO lines. In the case of the two addi-
tional components detected in the most abundant 13CO and 12CO iso-
topologues, the expected C18O emission is consistent with noise (dashed
lines). The central velocity of the 7 velocity components detected in
the spectra are indicated by vertical blue lines at the top of the mid-
dle panel. Lower panel: 12CO (black line) and 13CO (red histogram)
emission residuals after the subtraction of the corresponding saturated
C18O emission. In this last case, the observed C18O (1−0) emission
(blue dotted line) is superposed for illustrative purposes. We note how
our simplified LTE treatment overestimates the self-absorption of the
optically thick 13CO and, particularly, the 12CO lines. The remaining
emission found between some of the modeled components observed in
the 13CO wings (marked by vertical red lines in the lower panel) might
suggest the presence of a diffuse substratum (i.e., inter-fiber medium;
green dashed line; see Sect. 4.2). The contribution of Gaussian noise
with rms = 0.2 K was included in all modeled spectra.

apparently broad, transonic linewidths (i.e., M ≤2–3) in their
saturated 13CO and 12CO counterparts. However, these opac-
ity effects alone are not able to explain the broad, highly su-
personic linewidths with ∆V = 2−7 km s−1 (i.e., M ∼ 5–
15) typically observed in molecular clouds in tracers like 12CO
(Solomon et al. 1987). To explore the intrinsic linewidths of
these broad CO components, in Fig. 6 (upper panel) we show
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one of the broadest 12CO (1−0) spectra in the Taurus molecu-
lar cloud (Narayanan et al. 2008; Goldsmith et al. 2008) ob-
served towards the B213-L1495 region. Interpreted as a single
profile, this line presents a total FWHM of ∆V ∼ 4.5 km s−1

leading to a corresponding non-thermal velocity dispersion of
M & 10. Interestingly, this apparently single 12CO line breaks
up into multiple components when the same position is observed
in optically thinner lines like 13CO (1−0) (Narayanan et al. 2008)
and C18O (1−0) (Hacar et al. 2013). Up to seven different veloc-
ity components are easily identified in our spectra: five high col-
umn density components detected in C18O plus two additional
diffuse components only observed in 13CO and 12CO. The iden-
tification of multiple velocity components in Fig. 6 might sug-
gest that some of the broadest CO lines detected in clouds are
actually collections of multiple narrow emission lines. Although
less extreme than in the case of L1495-B213, such an increase in
the line multiplicity observed in the C18O spectra in comparison
to the more opaque 13CO and 12CO lines seems to be characteris-
tic of the CO emission in all molecular clouds and environments
as revealed by recent surveys (Buckle et al. 2012; Sadavoy et al.
2015; White et al. 2015).

To test the above hypothesis, in Fig. 6 (middle panel) we
simulate the expected saturated 13CO and 12CO (1−0) line pro-
files from the observed C18O (1−0) emission in B213-L1495 ac-
cording to Eq. (1). The full C18O (1−0) line profile was obtained
from the Gaussian fit of five individual velocity components with
central velocities of 4.8, 5.3, 5.6, 6.7, and 7.1 km s−1 and tran-
sonic, individual linewidths between ∆Vint ∼ 0.3−0.7 km s−1

(see Table 2). At each velocity channel, the C18O line opacity de-
rived from Eq. (7) is then used to obtaine the estimated 13CO and
12CO opacities assuming standard fractional abundances plus
a constant and homogeneous excitation of Tex = 10 K (see
Sect. 2.1). Compared to the observed line intensities per chan-
nel, the use of the previous Gaussian fits allow us to follow the
C18O emission along the entire velocity window sampled in our
spectra. This approach permits a first-order estimation of the to-
tal 13CO and 12CO intensities, including those velocity ranges
where the C18O emission is found within the noise of our spectra
(see a discussion on the caveats of these approximations below).
As a result, and without any additional contribution to the gas
velocity field, the modeled 13CO and 12CO line profiles mimic
the observed total linewidths of these last isotopologues within
the velocity ranges where the C18O (1−0) emission is detected.
Compared to the ∆Vobs ∼ 4 km s−1 orM ∼ 10 derived from the
direct measurement of the 12CO FWHM, the intrinsic linewidth
of the gas traced in CO is then reduced to transonic values with
M ∼ 0.5−2, i.e., a factor of 5 less. Blended in the emission of
the most abundant species, the presence of multiple narrow com-
ponents in combination with optical-depth effects appear to be
an effective broadening mechanism producing apparently highly
supersonic CO lines.

Although successfully reproducing the observed
CO linewidths in Fig. 6 (see also Sect. 3.3 and Fig. 8),
our oversimplified treatment of the line opacities can only
explain the general features observed in the optically thick 12CO
and 13CO emission. The resulting line profiles are assumed
to be toy models of, for instance, more realistic Monte Carlo
modelings (e.g., see similar results obtained in Fig. 9 of Tafalla
et al. 1998). Our predictions should be then taken as a first-order
approximation of the actual line emission. First, our LTE treat-
ment does not take into account variations of the excitation
conditions nor self-absorption effects along the line of sight and
velocity (e.g., Pineda et al. 2010). Different gas temperatures
and obvious absorption features are already identified towards

Table 2. Line emission properties of the gas components detected in
Fig. 6.

Comp. Vlsr ∆Vint
a τ0

b τ0
b τ0

b

(km s−1) (km s−1) (C18O) (13CO) (12CO)
1 4.845 0.402 0.36 2.63 201.6
2 5.294 0.247 0.43 3.14 240.6
3 5.630 0.335 0.34 2.48 190.6
4 6.717 0.721 0.21 1.53 117.6
5 7.063 0.235 0.14 1.02 78.4
6 8.300 0.350 0.04c 0.29 22.4
7 9.300 0.300 0.001c 0.007 0.56

Notes. (a) Opacity corrected intrinsic linewidths according to Eq. (4).
(b) Line opacities derived from Eq. (7). (c) Approximate C18O line prop-
erties inferred from the 12CO and 13CO emission in the spectrum.

several of the 12CO emission peaks detected in Fig. 6. On the
other hand, the assumption of constant isotopic abundances
deliberately ignores the detailed treatment of isotopic frac-
tionation effects, selective photodissociation, and ion-molecule
exchange occurring at low cloud depths (e.g., Bally & Langer
1982; van Dishoeck & Black 1988). Additionally, our simplified
treatment of the line emission does not consider the effects
of radiative trapping influencing the optically thick 12CO line
emission at low column densities (Evans 1999). The combina-
tion of these effects could explain the differences between the
observed and predicted line intensities in our heavily opaque
12CO and 13CO spectra. At least in theory, a detailed NLTE
modeling of this line emission and its self-absorption features
could be used to obtain additional information of the true cloud
structure along the line of sight (Leung 1978).

3.3. Diffuse molecular gas: transonic CO linewidths

In addition to the high column density gas already traced in
C18O in Fig. 6, two diffuse gas components are detected only
in the13CO and 12CO lines at velocities of approximately 8.2
and 9.3 km s−1. For the 8.2 km s−1 component, the line ratio
between the two CO peaks is consistent with central line opac-
ities of τ(13CO) ∼ 0.3 and τ(12CO) ∼ 22. Upper limits of
τ(13CO) . 0.05 and τ(12CO) . 3.8 are derived from the line
emission at the velocity of 9.3 km s−1. In both cases, the ex-
pected C18O intensities for these two lines are all within the noise
level of our spectra. Remarkably, once the opacity effects are
subtracted in these two cases their intrinsic linewidths of these
diffuse components are similar to the typical linewidths detected
in those C18O rich components (see Table 2).

It is commonly presumed that the low column density gas
traced in 12CO is represented by broad and, therefore, highly dy-
namic linewidths. Owing to their special location in the B213-
L1495 region, the two diffuse components detected in Fig. 6
might not be considered representative of the diffuse gas ob-
served in the whole Taurus molecular cloud. Also, and still
not completely ruled out by our method, some of the opaque
lines coexisting within this region could potentially hide a much
broader and supersonic gas component (see also Sect. 4.2).
However, their unexpectedly narrow velocity dispersions raise
a question: What is the actual intrinsic velocity dispersion of the
most diffuse gas components traced in 12CO? To explore this is-
sue, in Fig. 8 we compare the emission of the 12CO, 13CO, and
(when possible) C18O (1−0) lines in 4 representative locations
around the B213-L1495 cloud. These positions cover a wide rage
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Fig. 7. Herschel-continuum total column density map of the northern
part of B213-L1495 (Palmeirim et al. 2013). The four positions pre-
sented in Fig. 8 are indicated in the map. We note the presence of sev-
eral prominent large-scale striations at low column densities. The red
squares indicate the two sections studied in detail corresponding to rep-
resentative positions of the Mask 1 (Area A) and Mask 2 (Area B) re-
gions in Goldsmith et al. (2008), respectively. The white dashed line en-
closes the high column density, C18O-bright region surveyed by Hacar
et al. (2013).

of column densities, both along this filament (positions 1 and
2; AV > 15 mag) and its diffuse environment (positions 3 and
4; AV < 1–2 mag). Aiming to observe optically thinner lines,
the last two positions were restricted to positions at angular dis-
tances of ∼0.5 deg (i.e., >1 pc) away from any high column den-
sity structure with AV > 5 mag) detected in any previous C18O
(Onishi et al. 1996), extinction (Lombardi et al. 2010; Schmalzl
et al. 2010), or Herschel-continuum (Palmeirim et al. 2013) mea-
surements. In all cases, the now reduced line opacity in these dif-
fuse components reveals the otherwise saturated line substruc-
ture of the CO emission. As in the case of Fig. 6, the most
extreme and wide 12CO line profiles can be directly explained
by the combined effect of optically thick effects and multiple
components with intrinsic narrow ∆Vint ∼ 0.35−0.80 km s−1.
Remarkably low velocity dispersions are also recovered in the
observed 12CO (1−0) lines at low column densities when this
typically highly optically thick line has only moderate optical
depth due to low column density (see position 4 in Fig. 8), in
agreement with our predictions.

We have extended our analysis by studying the velocity
dispersion of the low column density gas detected only in
12CO (1−0) (subregion A) and simultaneously in the 13CO plus
12CO (1−0) lines (subregion B) around the B213-L1495 filament
(see Fig. 7). These two regions show equivalent averaged extinc-
tion values of AV = 1.1 ± 0.1 (or N(H2) ∼ 1021 cm−2) and
AV = 2.2±0.4 (or N(H2) ∼ 2×1021 cm−2), respectively, and are
representative of the Masks 1 and 2 defined in Goldsmith et al.
(2008). To improve the spectra sensitivity required for our anal-
ysis, we have convolved and regridded the original Goldsmith
et al. (2008) 12CO and 13CO FCRAO datasets into a new Nyquist
sampled map with a final resolution of 60 arcsec. The surveyed
regions consist of a final sample with more than 1100 spectra
within a 1000 × 1000 arcsec2 area. As in the previous sections,

in each case we investigated the observed line profiles of the
thinnest CO isotopologue by fitting Gaussians within the ob-
served subregion. This Gaussian decomposition follows the fit-
ting strategy described in Hacar et al. (2013).

In Fig. 9, we represent the distribution of both the ob-
served (upper panel) and the opacity corrected (lower panel)
non-thermal velocity dispersions of the gas in these Region A
(from 12CO) and Region B (measured in 13CO) in comparison
with the results obtained in B213-L1495 by Hacar et al. (2013;
i.e., C18O). The opacities are estimated in each case using Eq. (7)
adapted for each of these CO isotopologues assuming excitation
temperatures of Tex = 6, 8, and 10 K in agreement with the mean
values derived for the CO isotopologues in the different density
regimes (Masks) studied by Goldsmith et al. (2008). Although
the gas temperature is expected to rise towards those column
density regimes traced in Regions B and A, we conservatively
compare these values with the expected sound speed of the cold-
est gas in the cloud at 10 K. Even when no opacity correction
is applied, the maximum non-thermal velocity dispersions ob-
served in the Taurus cloud are limited to values of σNT/cs . 3
at column densities of AV & 1. These calculations likely under-
estimate both the line opacity and the actual thermal velocity
dispersion of the gas in these low column density regions (e.g.,
see Pineda et al. 2010). Our values should be then taken as upper
limits of the actual velocity dispersion on the gas.

In the light of the above, our preliminary results sug-
gest that most low column density gas detected in the most
abundant CO isotopologues presents maximum intrinsic veloc-
ity dispersions consistent with Mach numbers M . 2−3 at
most. When compared with the C18O rich components stud-
ied in regions like B213-L1495, the net increase measured
in the intrinsic velocity dispersion between the low and high
column density material traced in CO would be then limited
to a factor of .2 and restricted to changes within (or close
to) the transonic regime. Interestingly, CO spectra with simi-
larly narrow linewidths (sometimes also associated with multi-
ple components) are also identified at low column densities in
both high-latitude and translucent clouds (Keto & Myers 1986;
van Dishoeck et al. 1991). The similarities with the line profiles
identified in regions of higher column density and associated
with the presence of fibers (Sect. 3.2) suggest a similar organiza-
tion of the gas structure at lower column densities. This hypoth-
esis is reinforced by the detection of multiple velocity-coherent
structures at low column densities in Taurus (Panopoulou et al.
2014), the filamentary nature of the low column density stri-
ations dominating the diffuse CO emission (Goldsmith et al.
2008; Palmeirim et al. 2013), and the spider-web appearance of
diffuse and high-latitude clouds like Polaris (André et al. 2010).
Deeper observations of diffuse regions and detailed analysis of
the different CO emission profiles are required to further explore
these latest conclusions2.

4. Discussion: macroscopic turbulence and tangled
molecular clouds

Two main conclusions can be drawn from our analysis of the
observed CO linewidths presented in Sects. 3.1 to 3.3. First,
2 We emphasize that the transonic nature of the CO emission pointed
out above refers to the pristine dynamical properties of the molecular
gas traced by these lines. This description does not rule out the lo-
calized presence of high-velocity line wings and dissipative structures
(Falgarone & Phillips 1990) or the truly supersonic lines detected in
outflows and/or stellar winds (e.g., Kwan & Scoville 1976; Snell et al.
1980).
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Fig. 8. Observed (upper panel) and modeled (lower panel) C18O (1−0) (blue), 13CO (red), and 12CO (1−0) (black) line emission the B213-
L1495 region (positions 1 to 4). The location of these spectra are indicated in the map in Fig. 7. The total visual extinction of gas at these positions,
derived from Herschel continuum observations, are indicated in the upper right corner. Multiple peaks are identified in the 13CO and 12CO spectra
when these lines become optically thin (e.g., position 3). Symbols and lines as in Fig. 6.

the individual 12CO and 13CO lines are systematically affected
by opacity broadening effects resulting in apparently broad,
suprathermal lines. After the correction of these optically thick
effects, the intrinsic velocity dispersions of the gas traced by
these two CO isotopologues approach the sonic and transsonic
lines observed in less abundant and therefore less opaque trac-
ers like C18O. Second, line blending effects favored in opti-
cally thick regimes can lead to several km s−1 wide 12CO lines.
Rather than a single broad component, the detection of multiple
Gaussian-like peaks in the optically thin 13CO and C18O lines
confirm the presence of multiple quiescent velocity components
superposed along the line of sight. This superposition of veloc-
ity components could particularly affect surveys of unresolved
objects (e.g., clouds or galaxies) both in local and extragalactic
contexts. This underlying fine substructure appears as a funda-
mental characteristic of the internal gas kinematic in molecular
clouds.

The above results qualitatively resemble the early “macro-
turbulent” models for the ISM introduced after the first CO ob-
servations in molecular clouds (Kwan & Sanders 1986; Solomon
et al. 1987; Robert & Pagani 1993). Instead of the continued den-
sity and velocity fields assumed in the microturbulence frame-
work, in models dominated by macroscopic turbulence the inter-
nal structure of molecular clouds is created by multiple and dis-
crete small-scale, thermal-like (i.e., σint ∼ σth) clumps moving
ballistically with large interclump velocities (i.e., δVlsr > σth).
Within the observed beam sizes, these macroturbulent models
classically assume a high filling factor clumpy medium cre-
ated by a large number (�1) of spatially unresolved cloudlets
(�0.01 pc) superposed along the line of sight (e.g., Tauber et al.
1991; Falgarone et al. 1991; see Fig. 10, upper panel).

Radiative transfer calculations have proven the intrinsic dif-
ferences between CO emission properties and line shapes arising
from these micro- and macroscopic media (Baker 1976; Leung
1978; Wolfire et al. 1993). In line transfer problems, a distinction

between these models can be physically quantified by the ratio
between the photon mean free-path τ and the correlation length
L of the gas velocity field (i.e., ∼ L

τ
): short correlation lengths are

expected for media dominated by microscopic motions, while
large spatial correlations in velocity are characteristic of fluids
dominated by macroscopic turbulence (see Leung 1978, for a
detailed discussion). As a result, clouds ruled by microturbulent
motions tend to produce CO lines with flat-topped profiles and
strong self-absorption features. In contrast, the relative and dis-
continuous motions between individual cloudlets in macrotur-
bulent models lead to CO line profiles presenting discrete and
multiple emission peaks in agreement with our observations.

The above differences describe the type of turbulent mo-
tions inside molecular clouds depending on whether they are
observationally resolved (macroturbulence) or unresolved (mi-
croturbulence). As important point is that this distinction is in-
dependent of the scales where these motions are driven (i.e., in-
jected). Owing to the multiscale nature of ISM turbulence (e.g.,
Mac Low & Klessen 2004), both macro- and microturbulent
regimes can be simultaneously found in either large-scale (LSD)
or small-scale (SSD) driving turbulence scenarios (e.g., see ex-
amples of both LSD and SSD models in Klessen et al. 2000).
The characterization of these two independent parameters has
been attempted using both line profiles (type: macro- vs. micro-
turbulence) and the energy power spectrum (driving scale: LSD
vs. SSD) from different analysis techniques like velocity differ-
ences and momenta, structure functions, ∆-variance, and veloc-
ity PDFs (Miesch & Bally 1994; Ossenkopf & Mac Low 2002;
Federrath et al. 2010; Hacar et al. 2016, see also Sect. 4.4).

Noticeable differences are pointed out in our observations
compared with most of the previous macroturbulent models. The
analysis of our CO lines in Taurus suggests a reduced filling fac-
tor (see also Sect. 4.2), typically limited to fewer than 10 struc-
tures per beam at both low and high column density regimes.
From the analysis of the Position-Position-Velocity space in the
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Fig. 9. Comparison of the non-thermal velocity dispersions (i.e., σNT in
units of the sound speed at 10 K) obtained directly from the observed
FWHM (upper panel) and after corrections of the opacity broadening
(lower panel) for the three regions studied in Fig. 7: Region A us-
ing 12CO (AV ∼ 1; >1100 spectra); Region B using 13CO (AV ∼ 2;
>1100 spectra); and the L1495-B213 filament using C18O (AV > 5;
23 000 spectra Hacar et al. 2013). The opacity corrected values of
σNT,corr were obtained from the intrinsic linewidths ∆Vint after correct-
ing the observed linewidths using Eqs. (4) and (7). Subthermal excita-
tion values (i.e., Tex = 6 and 8 K) are used for the opacity correction
for those points in Regions A and B, in agreement with Goldsmith et al.
(2008). Owing to the expected increase of the gas kinetic temperature
in the cloud outskirts, the observed values for σNT in Regions A and B
correspond to upper limits of the intrinsic velocity dispersion of the gas.
Only points with S/N ≤ 3 are considered.

case C18O emission in B213-L1595, Hacar et al. (2013) have
pointed out the spatial correlation of the velocity components
detected in these spectra at scales of &0.5 pc, which is much
larger than the physical resolution of the current radiotelescopes
in nearby molecular clouds. By the reconstruction of their emis-
sion in the Position-Position-Velocity space, these authors also
demonstrated that the presence of multiple peaks detected in the
high column density C18O spectra are generated from the combi-
nation of multiple velocity-coherent filamentary-like structures,
called fibers. Although not necessary elongated, the narrow well-
defined CO components detected in both low and high column
density regions suggest a similar superposition of discrete and
fully resolved gas structures inside clouds at different densities.
In this context, a generalization of the term fiber would refer
to the individual cloudlets highly correlated at large scales both
spatially and in velocity forming a molecular cloud, irrespective
of their geometrical shape. Hundreds of these fiber-like struc-
tures have been identified in the analysis of the 13CO emission
in the whole Taurus cloud (Panopoulou et al. 2014).

Molecular clouds that consist of large-scale fiber-like,
elongated structures arise naturally in numerical simulations

of diffuse, warm HI gas flows that undergo a cooling in-
stability coupled with various hydrodynamical instabilities
(Ballesteros-Paredes et al. 1999; Heitsch et al. 2008a; Ntormousi
et al. 2011). Another possibility might be gravitational modes,
sweeping up material at the edges of collapsing structures
(Burkert & Hartmann 2004; Hartmann & Burkert 2007;
Vázquez-Semadeni et al. 2007; Heitsch et al. 2008b). The sit-
uation might be even more complex when taking into account
the galactic environment where molecular clouds might form
and grow by interactions of filamentary, already partly molecular
dense gas structures (Dobbs et al. 2012, 2014). Similarly, simu-
lations have also reported the widespread presence of a com-
plex and intricate substructure in molecular clouds both spatially
and in velocity (e.g., Mac Low & Ossenkopf 2000; Ossenkopf
et al. 2001; Ossenkopf & Mac Low 2002). Pre-existing diffuse
fibers prior to the formation of massive and high column den-
sity regions have been recognized in simulations by Moeckel
& Burkert (2015), Smith et al. (2014, 2016), Federrath (2016).
These structures might be linked to the intrinsic intermittent na-
ture of turbulence (Falgarone et al. 1991) again understood as a
process at cloud scales. Nested complex networks of a large but
still measurable number of these fibers would then create the ap-
pearance of a tangled substructure inside molecular clouds (see
Fig. 10; lower panel).

This updated description of the turbulent motions inside
molecular clouds explains the emission properties observed of
the different CO tracers. Each individual fiber (or cloudlet) ap-
pears to be internally dominated by transonic (M . ∈), unre-
solved, and isotropic velocity dispersions created by random in-
ternal motions (i.e., microturbulence). On the other hand, their
supersonic motions (M > ∈) are created by the relatively large
velocity differences between these substructures (also known as
macroturbulence). These fully resolved intraclump velocities re-
fer to highly anisotropic, systematic motions ordered at large
scales (i.e., � beam size in nearby clouds). As demonstrated
in previous sections, this underlying discretized substructure can
be easily misinterpreted as part of the unresolved microturbu-
lent dynamics in observations of the most abundant CO isotopo-
logues owing to the likely combination of these individual enti-
ties in large number (e.g., when all the gas velocity components
forming a cloud are diluted within a single beam in extragalactic
studies) in addition to the line blending (Sect. 3.2) and optical
broadening effects (Sect. 3.1).

In the following sections we will explore some observational
characteristics of these fully resolved, macroscopic motions in-
side molecular clouds. Although particularly referring to these
fibers and owing to the limited coverage of our observations, we
restrict our study to the statistical properties of a medium cre-
ated by a superposition of multiple independent entities. We note
that this description is based on quantified observables measured
from the molecular gas traced in CO. In addition to the tangled
structure of molecular clouds, the validity of most of the assump-
tions and analysis presented below should, however, hold for any
clumpy medium producing similar spectra to those presented in
this work.

4.1. Interpretation of the CO emission

The various CO isotopologues are usually misinterpreted as den-
sity selective gas tracers. It is presumed that while 12CO and
13CO trace the most diffuse gas in the cloud, only molecules like
C18O and C17O are sensitive to the densest and most deeply em-
bedded gas regions. This concept would in principle appear to be
confirmed by the detection of the most diffuse gas regions in only
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Fig. 10. Clumpy (upper panel; inspired by Fig. 4 in Wolfire et al. 1993) and tangled (lower panel) macrotubulent models. The sketches represent
the corresponding line of sight (left) and projected (center) views of the cloud, as well as the expected line profiles in the case of optically thin
emission (right; e.g., C18O observations). The broadest and highly supersonic linewidths have different origins in these two models. Owing to their
large filling factor along the line of sight, they are generated by the accumulation of a high number of sonic-like clumps at different velocities in the
classical clumpy models. On the contrary, in the proposed tangled clouds, the linewidths arise from the superposition of few transonic structures
correlated at large scales, both spatially and in velocities (i.e., fibers).

the two most common CO isotopologues, but not in their rarer
counterparts. However, the similar physical and chemical prop-
erties of all these isotopologues (energy levels, Einstein coeffi-
cients, depletion, etc.) make their excitation conditions almost
identical. Only radiative trapping effects in the highly opaque
12CO lines appears to be a differentiating process favoring the
excitation of these transitions at low gas densities. If both pho-
todissociation and isotopic fractionation are neglected, the ob-
served differences are mainly created by the large abundance ra-
tios between these molecules. Sensitive to almost the same gas
regimes, most of the observationally biased low S/N spectra are
responsible for the non-detection of the C18O and C17O in low
column density regions3.

Although tracing the same gas, the large relative abundances
of the 12CO and 13CO isotopologues in comparison to C18O in-
evitably translate into larger opacities. As discussed in Sect. 2.1,
the frequency dependent opacity effects mostly affect the bulk
of the line emission at its central velocities. While limiting the
study of the total column density of the gas, their relatively low
opacity line wings still reflect most of the gas kinematics of the
gas traced in CO.
3 For instance, the detection of an optically thin 12CO (1–0) line with
Tmb = 1 K would lead to an equivalent C18O (1−0) emission with Tmb ∼

1/560 K under LTE conditions. An observation aiming to detect such
weak lines would then require a total integration time of a factor 5602

longer in order to detect this last transition with similar S/N to 12CO.

These conclusions are supported by our observational re-
sults. In all the position where the three main CO isotopologues
are detected in our data, the subtraction of the opacity broad-
ening effects in the 12CO and 13CO lines make their kinematic
properties and total intensities almost indistinguishable from
those of C18O (Sects. 3.1 and 3.2). As seen in Fig. 6 (lower
panel), comparisons between our observations and models show
that the LTE-saturated versions of the C18O emission reproduce
more than ∼90% of the total linewidth of the more abundant
12CO and 13CO lines. Most (if not all) of the gas kinematics
and column density information of the molecular gas is consis-
tent with the parameters already derived from the optically thin
C18O molecule. Only when the C18O emission drops below the
detection thresholds are other tracers required. In such cases, the
now optically thin 13CO and even 12CO lines recover the same
kinematic properties of the C18O gas (Sect. 3.3).

4.2. Filling factor and inter-fiber medium

Classical clumpy models assume that clouds are formed of a
large number of small, unresolved clumps. An estimate of the
minimum number of clumps superposed along the line of sight
can be obtained from the ratio between between the typical
linewidth of each of these clumps (∆Vclump ∼ 0.1 km s−1; e.g.,
see Wolfire et al. 1993) and the total observed linewidth (∆V)
as nclumps ≥

∆V
∆Vclump

, assuming a minimum overlap in velocity
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between clumps (see Fig. 10, upper panel). At each observed
position, the total column density N(H2) is proportional to the
number of clumps superposed in velocity along the line of sight:

N(H2) =

nclumps∑
i

Ni ' nclumps × 〈Nclump〉. (8)

This densely populated (i.e., nclumps � 1) clumpy configuration
then leads to large filling factors per beam f |clumpy and com-
pact clumps with low individual column densities Nclump. For
the same cloud depth along the line of sight, the low number,
intensity, and fully resolved peaks detected in our C18O spec-
tra along molecular clouds like Taurus suggest a much lower
filling factor ( f |tangled < f |clumpy) created by fewer structures
(nfibers � nclumps) that have a comparably higher column density
(i.e., Nfiber � Nclump; see Fig. 10).

Approximately .10% of total integrated emission detected
in the high abundant tracers like 12CO and 13CO remains unex-
plained by our LTE extrapolation of the C18O lines. This emis-
sion excess is particularly visible in the 13CO emission in spectra
like the one presented in Fig. 6 (see lower panel). The preferred
location of this excess emission at the line wings seems to dis-
miss additional high column density components not detected
at the current C18O sensitivities. As discussed in simple regions
like L1517 (Sect. 3.1), this remaining emission can be explained
if the abundance of this last molecule were underestimated by
a factor of two or if its excitation were lower than the expected
10 K for the gas kinetic temperature. However, in more complex
regions like B213-L1495 the emission from a diffuse stratum
cannot be ruled out. This inter-fiber medium would correspond
to some diffuse material encompassing some of the denser struc-
tures in the cloud. Masked by other optically thick CO compo-
nents, its emission might still be detectable at the lower-opacity
line wings in our spectra (see also Fig. 10).

While its existence cannot be confirmed with the data at
hand, several properties of this inter-fiber molecular gas can
still be constrained from our observations. First, its emission
is primarily detected at the same velocities as the most promi-
nent gas components detected in C18O. If it exists, this medium
most likely would permeate the high density fibers in the cloud.
Second, its total column density should be restricted to equiva-
lent extinction values of AV . 1, otherwise its emission would
be detected in our high S/N 12CO and 13CO spectra at low ex-
tinctions (see Fig. 8). Third, extended between fibers, its density
would be on the order of a few hundred per cubic centimeter. The
low excitation levels produced in such low densities would pro-
duce low intensity lines, in agreement with our spectra. Finally,
and related to these last properties, its emission might therefore
be highly diluted in velocity. Only this inter-fiber medium could
actually present highly supersonic (i.e., several km s−1) velocity
dispersions.

Widely extended and at low column densities, this diffuse
inter-fiber material seems to be of secondary importance for the
evolution of the cloud. Although some emission can be hidden in
lines with low excitation conditions, the comparison of its emis-
sion with the prominent and well-defined gas components de-
tected in C18O suggests that most of the molecular gas detected
in CO is actually concentrated in higher density fibers rather
than this more diffuse inter-fiber gas. Because of its low density,
this inter-fiber medium would also be dynamically unimportant.
Orders of magnitude lower in density, its interaction with the
denser fiber-like structures should be negligible. However, some
of these fibers could still gain mass while moving through (and
sweeping up) this medium (Tafalla & Hacar 2015).

Depending on its kinetic temperature, the inter-fiber medium
could nevertheless provide some additional thermal pressure.
The presence of large amounts of warm atomic gas inside molec-
ular clouds seem to be ruled out according to previous HI self-
absorption observations in these objects (Li & Goldsmith 2003).
On the other hand, theoretical models (Wolfire et al. 2010) pre-
dict that ∼30% of the total molecular mass in clouds resides in
the so-called CO-dark molecular gas (Grenier et al. 2005; Pineda
et al. 2013). Found at the cloud edges, this gas component is
characterized by its low (or non-existent) emission in CO and
H2 rotational transitions owing to the combination of low excita-
tion conditions and CO photodissociation. Describing analogous
conditions to the CO-dark gas, Goldsmith (2013) reported values
of n(H2) = 68−92 cm−3, TK = 50–100 K, and P/k = 4600–
6800 K for the gas content in diffuse molecular clouds. The low
filling factor in our tangled clouds would facilitate the diffuse
interstellar radiation field to effectively permeate the innermost
parts of the cloud creating the conditions needed to produce this
warm molecular medium. In this speculative scenario, a similar
inter-fiber medium could help to pressure confine some of the
densest CO components detected in our spectra. This inter-fiber
medium could also participate in the gravitational collapse of the
cloud at large scales or in shaping the cloud at large scales.

4.3. Column density distribution: superpositions
and component evolution

If a medium is formed by the superposition of multiple inde-
pendent fibers, and assuming that each of these structures has
a characteristic column density 〈Nfiber〉, it is then obvious that
the projected total column density of the cloud at a given point
should linearly increase with the number of structures along the
line of sight (or superpositions per beam) according to Eq. (8).
A systematic increment of the observed number of components
(i.e., peaks per spectrum, Npeaks) is then predicted at higher col-
umn densities as 〈N(H2)〉 ∼ Npeaks × 〈Nfiber〉.

We investigated the correlation between the total column
density and the line multiplicity in the B213-L1495 region from
the results presented by Hacar et al. (2013). For each C18O spec-
trum fitted with at least one component with S/N ≥ 3, the total
column density per beam is obtained from the integrated emis-
sion of all the components detected in this molecule assuming
LTE excitation conditions at 10 K and standard C18O abundances
(Frerking et al. 1982). Simultaneous S/N ≥ 3 detections of co-
existing N2H+ (1−0) components are employed to identify those
spectra containing dense gas (n(H2) > 104 cm−3). Among them,
the gas belonging to the 19 dense cores identified within this re-
gion are selected as those positions with S/N(N2H+) ≥ 6. It is
important to note that in the case of B213-L1495 the N2H+ is
always associated with a single C18O component and that only
single-component spectra are found in this molecule. When nec-
essary, the integrated emission of the N2H+ line is also used to
correct the corresponding C18O derived column densities for de-
pletion effects (see Hacar et al. 2013, for a detailed discussion).
The distribution of the total column densities measured in all
the pixels where their kinematic information is available is pre-
sented in Fig. 11 (upper panel). As seen in these histograms,
the positions surveyed in this cloud sample regions with col-
umn densities between N(H2) ∼ 1−33 × 1021 cm−2 at a resolu-
tion of 60 arcsec. The contribution of the positions with a dense
gas component detected in N2H+ is ∼5% of the total number
of beams studied here. Errors within a factor of two in the final
column densities are expected in these calculations.
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Fig. 11. Distributions in log-log space of the total column densities de-
rived from the C18O observations (blue) in the B213-L1495 by Hacar
et al. (2013): upper panel: total column densities for all the positions
fitted with at least one component with S/N ≥ 3; lower subpanels: cor-
responding column density distributions for positions with a number of
Npeaks = 1 to 5. Those positions containing at least one dense component
(S/N(N2H+) ≥ 3; red line bars) and cores (S/N(N2H+) ≥ 6; solid-red
bars) are indicated in histograms in the corresponding plots.

The histograms presented in Fig. 11 (upper panel) re-
semble the column density probability distribution functions

(N-PDFs) commonly employed as descriptors of the cloud struc-
ture (Kainulainen et al. 2009; Lombardi et al. 2015; Schneider
et al. 2016, among others). However, the strong observational
biases (e.g., sensitivity, column density coverage, incomplete-
ness) affecting our local C18O observations in comparison to
previous extinction or continuum based works hamper any direct
comparison to these global studies (e.g., power-law behavior or
log-normality of the distribution). Despite their limitations, our
decomposition of the gas kinematics allows us to explore the
column density distribution as a function of the number of peaks
(also known as superpositions) within the B213-L1495 cloud.
The corresponding unfolded pseudo-N-PDFs are presented in
Fig. 11 (lower subpanels). Not surprisingly, those spectra with
a higher number of peaks present statistically higher column
densities than those with less multiplicity (see histograms with
Npeaks = 1−5). Assuming that the mean column density of the
single spectra (Npeaks = 1) represents the characteristic 〈Nfiber〉,
the comparison of the mean column densities at higher Npeaks
closely reproduces the expected linear Npeaks × 〈Nfiber〉 relation-
ship as a function of the number of superpositions.

The densest components are always found at higher column
densities. Interestingly, the opposite is not always guaranteed.
Because of the aforementioned superposition of discrete struc-
tures, the highest column densities observed in this molecular
cloud do not necessarily map the densest components or only
the dense cores in the cloud. For instance, the fraction of beams
with one dense component accounts for ∼10% of the beams
with total column densities of N(H2) = 1.3 × 1022 cm−2 (or
AV ∼ 13 mag) and only becomes >70% at relatively high val-
ues of N(H2) = 2.3 × 1022 cm−2 (or AV ∼ 24 mag). Potentially,
line of sight superpositions like those shown in Figs. 6 and 8
could therefore critically affect the interpretation of extinction
or continuum based N-PDFs at high column density regimes.

The structures containing dense gas and, in particular, those
associated with the positions of the dense cores identified within
the B213-L1495 region are preferentially found along lines of
sight with a low number of components, that is, Npeaks = 1
or 2. Nevertheless, these dense components and cores still ac-
count for the highest column densities in these distributions. We
speculate on two plausible scenarios that can explain this behav-
ior. First, although initially diffuse and with lower column den-
sities, some of the more massive clumpy structures inside this
cloud might have developed into more compact configurations
either by their internal fragmentation or gravitational collapse.
This “survival” scenario assumes that each component evolves
in isolation producing a selection effect among substructures.
Conversely, if multiple individual components coexist spatially
(and not only along the line of sight) the large dimension of
these objects (e.g., fibers) would likely produce interactions be-
tween nearby structures4. In this alternative “merging” scenario
the densest regions would be created after the collision of several
(≥2) of these substructures. Owing to the likely short relaxation
time after such supersonic collision (on the order of the crossing
time τcross), this merging of components would simultaneously
produce a rapid increase of both volume and column densities in
the resulting structure. The decreasing number of positions ob-
served with the large number of superposed components shown
in Fig. 11 (lower panel) would have different origins depend-
ing on these two models. While in the first survival framework
it would correspond to the statistically unlikely superposition of

4 Particularly for media with small filling factors, collisions are pro-
moted for non-spherical geometries (e.g., filaments, sheets, etc.) owing
to their larger impact parameters.
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disconnected structures in large number, in the second merging
scenario it would reflect the previous stages of large-scale gas
collision. The lower probability of multi-object collisions and
their short dissipation timescales (i.e., τcross for a single fiber)
would explain the decreasing occurrence of spectra with more
than two peaks.

The data at hand and the limited observational access to
the true 3D structure of clouds do not allow us to draw defini-
tive conclusions about the two evolutionary scenarios presented
above. Several independent lines of observational evidence do,
however, favor the merging picture. First, the majority of spec-
tra with high multiplicity (Npeaks ≥ 3) detected in B213-L1495
are found in adjacent positions clustered within the B211 region
(e.g., spectrum in Fig. 6). Along B213-L1495, the lack of em-
bedded sources and its low content of dense gas and CO-rich
composition identify B211 as the youngest subregion within this
cloud (see Hacar et al. 2013, for a detailed discussion). With a
projected total width of ∼0.1−0.5 pc, a pure line of sight chance
alignment of the fibers identified in these spectra seems to be
unlikely. Instead, these components appear to spatially coexist.
Ultimately, such compact configuration might lead to collisions
between several of these components. The energy dissipation of
these fiber-to-fiber supersonic collisions (up to several km s−1)
could explain localized shock fronts measured by Pon et al.
(2014) in the mid-J (6−5) and (5−4) 12CO transitions towards
kinematically rich and crowded regions like B1-East in Perseus.
Additional observational and theoretical studies are necessary to
explore this extreme.

The lack of a clear substructure within the lines seems to
suggest that the internal evolution of each of these fibers ap-
pears to be described by an unresolved microscopic turbulence.
Within these individual objects, relatively low turbulent values
ofM . 2–3 are found to be characteristic of this internal veloc-
ity field (e.g., Fig. 6). Local systematic variations within these
ranges would be consistent with the transition to subsonic coher-
ence identified in previous studies in regions like B5 in Perseus
(Goodman et al. 1998; Pineda et al. 2010).

4.4. Gas kinetic energy: micro- vs. macroscopic motions

The high line multiplicity of the 12CO and 13CO (1−0) lines were
previously reported during the study of three high-mass star-
forming regions by Heyer et al. (1996). These authors pointed
out that the relative motions among components are responsi-
ble for most of the observed linewidths in the total integrated
spectra for each of these clouds. From the comparison of the
individual linewidths with the velocity differences among these
components, Heyer et al. postulated that most of the kinetic en-
ergy inside these clouds resides on the relative velocities be-
tween components (macroscopic motions) instead of their inter-
nal motions (microscopic motions). Intuitively, the large number
of resolved peaks with supersonic velocity differences found in
Figs. 6 and 8 reinforces this interpretation.

We have quantified the ratio between the kinetic energies
in both micro- (Ekin,micro) and macroscopic (Ekin,macro) motions
along the line of sight by comparing the largest observed veloc-
ity dispersions σmax (without opacity corrections) with the max-
imum velocity differences δVlsr found in all the spectra fitted in
B213-L1495 with Npeaks ≥ 2 (see Sect. 4.3). If all the measured
velocity components are assumed to present equal masses, the
ratio of their kinetic energies (i.e., Ekin = 1

2 mv2) can be approxi-
mated by Ekin,macro/Ekin,micro ∼ δV2

lsr/σ
2
max. Figure 12 shows the

estimated ratio of kinetic energy in both macro- and microscopic
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Fig. 12. Ratio of the line-of-sight macro- (Ekin,macro) and microscopic
(Ekin,micro) kinetic energies as a function of the maximum velocity dif-
ferences δVlsr (in units of the sound speed at 10 K) for all the spectra
observed in B213-L1495 with Npeaks ≥ 2. The horizontal dashed line
at Ekin,macro/Ekin,micro = 1) separates the two energy regimes dominated
by microscopic (δV2

lsr/σ
2
max < 1; ∼15% of the spectra) and macroscopic

motions (δV2
lsr/σ

2
max > 1; ∼85% of the spectra). The red dashed curve

indicates the maximum velocity that can be resolved in our spectra R
(see Sect. 2.3).

motions for all the spectra with multiple components in our sam-
ple. In the case of spectra with Npeaks > 2, δVlsr refers to the
maximum velocity difference found between components. In an
overwhelming 85% of the multipeak spectra the energy budget
shows Ekin,macro/Ekin,micro > 1 confirming the Heyer et al. (1996)
results. With 〈Ekin,macro/Ekin,micro〉 ' 9, the average contribution
to the global kinetic energy in molecular clouds from the macro-
scopic motions is almost an order of magnitude larger than the
microscopic component. These findings qualitatively resemble
previous observational results indicating that most of the kinetic
energy in molecular clouds resides on large scales (e.g., Brunt &
Heyer 2002).

By comparing their kinetic and gravitational energies, the
virial parameter, α = 5σ2R/GM, determines the physical state of
molecular clouds (Bertoldi & McKee 1992): Subcritical clouds
(α > 2) are supported by their internal kinetic energy, while
supercritical clouds (α < 2) inevitably collapse as a result of
their own self-gravity (see Kauffmann et al. 2013, for a re-
view). Estimates of the virial parameter are carried out from
the comparison of the total CO intensities (i.e., total mass) and
linewidths (or σ) in molecular clouds (Scoville et al. 1987;
Solomon et al. 1987; Roman-Duval et al. 2010). However, the
broadest and highly supersonic linewidths observed in CO do
not reflect an internal total random motion and velocity disper-
sion within the cloud. If so, and as demonstrated in previous sec-
tions for single components, the CO linewidths would be dom-
inated by optically thick effects leading to highly overestimated
virial parameters (σint � σ). Instead, they are mainly produced
by the superposition of multiple structures with relative super-
sonic orbital motions. At large scales, the virial parameter is
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therefore dominated by the kinetic energy between individual
(macroscopic) structures. Owing to the low filling factor of these
structures, the kinetic energy at large scales should mainly occur
at discretized values (Ekin ∝ δV2

lsr = (Vlsr,1 − Vlsr,2)2).
Although minor in the total energy budget, the transonic in-

ternal motions of the individual components become important
at smaller scales. Acting as microturbulence, these unresolved
motions provide internal support against the local gravitational
collapse. This kinematic organization combining large-scale su-
personic velocity differences and local random sonic-like mo-
tions facilitates the clouds to present different virial parameters
depending on the scale. While globally subcritically stabilized
by large-scale macrotubulent motions, clouds could simultane-
ously contain supercritical small pockets of gas if their internal
velocity dispersion is not able to counteract the local gravity.

5. Conclusions
We have studied the molecular emission of the three main
CO isotopologues, namely 12CO, 13CO, and C18O, in different
molecular clouds. By combining both observations and simpli-
fied LTE simulations we have investigated their emission line
profiles and, in particular, the opacity effects in the interpretation
of these lines. The main results of this study are the following:

1. The observed FWHM of the fundamental J = 1−0 transition
of highly abundant 12CO and 13CO tracers are systematically
affected by opacity broadening effects. The observed FWHM
of these high opacity lines reflect the intensity increase of
their less opaque line wings rather than the true gas velocity
field along the line of sight. More than 90% of the observed
differences between these tracers are consistent with a pure
opacity broadening.

2. As a result of these opacity effects, the velocity dis-
persions directly derived from the observed 12CO and
13CO linewidths typically overestimate the intrinsic veloc-
ity dispersion of the gas up to a factor of 2−3 for individual
velocity components. Opacity corrections should be then ap-
plied in the study of these lines.

3. Line blending effects produced by the combination of high
optical depths with multiple narrow velocity-components ap-
pears to be an effective mechanism creating broad (several
km s−1-in width) 12CO and 13CO lines. The analysis of these
line profiles requires taking into account the line velocity
structure observed in less abundant isotopologues like C18O.

4. While usually assumed to be intrinsically single supersonic
lines, these broad profiles might reveal a superposition of
multiple transonic line velocity components separated by
supersonic velocity differences. In contrast to the classical
interpretation in the framework of the unresolved, micro-
scopic turbulence, these findings would suggest that the in-
ternal dynamics of molecular clouds would be described
by a macroscopic turbulence, for example, as generated in
molecular clouds that form in a cooling converging gas flows
(e.g., Heitsch et al. 2008a). These numerical simulations in-
deed lead to a highly clumpy cold component with intrin-
sically subsonic turbulence, embedded in a more diffuse and
warm inter-clump medium. The clumps move supersonically
through the cloud environment when their intrinsic sound
speed is considered. Their motion is instead transonic with
respect to the sound speed of the inter-clump medium.

5. These emission characteristics of the CO lines reported in
this work suggest that clouds might be internally created by a
complex organization of fibers. Independently of their shape,
these structures would be defined as continuous and coherent

structures both spatially and in velocity. Tangled and nested
inside clouds, these fibers would dominate the bulk of the
molecular mass detected in CO. Most of the gas kinematics
and internal supersonic motions inside clouds would then be
created by the macroscopic and discretized motions between
these objects.
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