
Draft version June 21, 2024
Typeset using LATEX twocolumn style in AASTeX631

Effects of Radiative Transfer on the Observed Anisotropy in MHD Turbulent Molecular Simulations

D. Hernández-Padilla,1 A. Esquivel,1 A. Lazarian,2, 3 P. F. Velázquez,1, 4 and J. Cho5

1 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Apartado Postal 70-543, 04510 Ciudad de México, México
2 Astronomy Department, University of Wisconsin-Madison, 475 N. Charter Street, Madison, WI 53706, USA

3Centro de Investigación en Astronomı́a, Universidad Bernardo O’Higgins, Santiago, General Gana 1760, 8370993, Chile
4Instituto de Astronomı́a y F́ısica del Espacio (IAFE), Av. Int. Güiraldes 2620, Pabellón IAFE, Ciudad Universitaria, 1428, Buenos
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ABSTRACT

We study the anisotropy of centroid and integrated intensity maps with synthetic observations. We
perform post-process radiative transfer including the optically thick regime that was not covered in
Hernández-Padilla et al. (2020). We consider the emission in various CO molecular lines, that range
from optically thin to optically thick (12CO, 13CO, C18O, and C17O). The results for the velocity
centroids are similar to those in the optically thin case. For instance, the anisotropy observed can be
attributed to the Alfvén mode, which dominates over the slow and fast modes when the line of sight
is at a high inclination with respect to the mean magnetic field. A few differences arise in the models
with higher opacity, where some dependence on the sonic Mach number becomes evident. In contrast
to the optically thin case, maps of integrated intensity become more anisotropic in optically thick lines.
In this situation the scales probed are restricted, due to absorption, to smaller scales which are known
to be more anisotropic. We discuss how the sonic Mach number can affect the latter results, with
highly supersonic cases exhibiting a lower degree of anisotropy.

Keywords: ISM: general — ISM: structure — magnetohydrodynamics (MHD) — radio lines: ISM —
turbulence

1. INTRODUCTION

Molecular clouds are dense regions in the interstel-
lar medium (ISM) that are largely affected by mag-
netic turbulence (Larson 1981; Elmegreen & Scalo 2004;
McKee & Ostriker 2007; Chepurnov & Lazarian 2009).
The study of its properties gives us information about,
for instance, star formation (Mac Low & Klessen 2004;
Ballesteros-Paredes et al. 2007), acceleration and prop-
agation of cosmic rays (Yan & Lazarian 2004), heat
transfer (Narayan & Medvedev 2001; Lazarian 2006),
and many other transport phenomena in the ISM
(Elmegreen & Scalo 2004).
Since the 1950s, the ISM has been recognized as tur-

bulent (e.g. von Weizsäcker 1951; von Hoerner 1951).
Turbulence was invoked to explain observed line widths
in spectra (Larson 1981, 1992; Scalo 1984, 1987), ve-
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locity centroids (von Hoerner 1951; Münch 1958; Dick-
man & Kleiner 1985; Kleiner & Dickman 1985; Miesch
& Bally 1994), or electron density fluctuations (Narayan
& Goodman 1989; Spangler & Gwinn 1990).
By the 1990s, there was evidence of a turbulent ISM

observed at scales ranging from kiloparsecs to sub-
astronomical units (Armstrong et al. 1995; Chepurnov &
Lazarian 2010). The power spectrum of electron density
fluctuations observed has a power law with a spectral in-
dex consistent with Kolmogorov type turbulence (Kol-
mogorov 1941). Nevertheless, characterizing the turbu-
lence of velocity fields has been more difficult.
Later on, new techniques were developed to separate

the contributions of the density and velocity fields, in
order to have reliable information on turbulence from
radio spectroscopic observations. Lazarian & Pogosyan
(2000), henceforth LP00, develop a method called Veloc-
ity Channel Analysis (VCA) that is based on the ana-
lytical description of the emission in a position-position-
velocity space (PPV). They assumed an optically thin
medium and later extended to the optically thick case,
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absorption lines, and synchrotron radiation emission
(Lazarian & Pogosyan 2004, henceforth LP04, Lazarian
& Pogosyan 2006, see also Pogosyan & Lazarian 2009).
This analytical description has allowed the interpreta-
tion of observational data including, for example, H I

(Stanimirović & Lazarian 2001), 13CO (Stutzki et al.
1998; Begum et al. 2006), C18O (Padoan et al. 2006).
In addition to the theory-based VCA, empirical tech-

niques have been developed to obtain the spectral in-
dices of density and velocity. For instance, the Spec-
tral Structure Function (SCF, Rosolowsky et al. 1999;
Padoan et al. 2001) approach applies structure functions
rather than spectrum calculations while obtaining the
statistics of channel maps. The application of the Prin-
cipal Component Analysis to spectral data (PCA, Heyer
& Schloerb 1997; Brunt & Heyer 2002) also provides an
insight into the statistics of the velocity, especially in
the case when velocity fluctuations arise from localized
clouds. As a new interesting development, the fluctu-
ations of interstellar gas velocity were found to be re-
flected in the statistics the velocities of the newly formed
stars (Xu & Hu 2021), providing yet another way to
study velocity turbulence.
For the VCA, the decontamination of the velocity

statistics by density fluctuations can be achieved both
choosing thin channel maps (see LP00) and using the
Velocity Decomposition Algorithm, henceforth VDA,
(Yuen et al. 2021). The latter is based on the LP00
description of intensity fluctuations in PPV space, but
is focused on point-wise separating contributions of ve-
locity and density contributions. It is important, that
unlike the earlier turbulent power laws, the velocity tur-
bulence spectrum continuously protrudes through vari-
ous phases of the ISM that have very different densities.
This suggests that the interstellar turbulence is, indeed,
a universal process that governs both the evolution of
the ISM and that of star formation.
We know that the ISM turbulence, in the presence

of magnetic fields, is anisotropic. The anisotropy is de-
scribed by Goldreich & Sridhar (1995, hereafter GS95)
and is present in terms of the local direction of mag-
netic field (Lazarian & Vishniac 1999; Cho & Vishniac
2000). The consequence of this is that the in the sys-
tem of reference related to the mean magnetic field, i.e.
in the system of reference of the external observer, the
anisotropy is determined by the anisotropy of the largest
eddies (Cho & Vishniac 2000; Maron & Goldreich 2001;
Cho et al. 2002). The anisotropy of eddies at smaller
scales is more prominent, but not usually seen after av-
eraging along the line of sight is performed.
In the 1930s, molecules were already detected in

space by optical absorption studies (Swings & Rosen-
feld 1937). By the 1960s, OH was detected in microwave
spectra (Weinreb et al. 1963), followed by the detection
of NH3 (Cheung et al. 1968), H2O (Cheung et al. 1969),
and formaldehyde (Snyder et al. 1969). Soon, the de-
tection of molecular Hydrogen H2 in the UV part of

the spectrum (Carruthers 1970) and of carbon monox-
ide CO at 2.6 mm (Wilson et al. 1970) opened a new
era of investigation of the molecular clouds. Empirical
studies indicated that the CO to H2 ratio was close to
∼ 10−4 in dense molecular clouds. Molecular isotopo-
logues 12CO, 13CO, and C18O are regarded as tracers of
H2 with numerical densities of 102 and 104 cm−3, which
correspond to typical densities of young self-gravitating
molecular clouds (Crutcher 2012). Since their lines tend
to have lower optical depths, the 13CO and C18O iso-
topologues can trace molecular gas over a wide range
of densities. In contrast, the optically thicker 12CO iso-
topologue is used to trace lower-density outer regions of
clouds.
LP04 predicted that the slope of the power spec-

trum of integrated intensity maps of an optically thick
medium saturates at −3. Many observations are consis-
tent with this prediction, but it was not until Burkhart
et al. (2013a,b) that these predictions were confirmed
using numerical simulations with radiative transfer ef-
fects that simulated the 13CO J = 2 −→ 1 transition.
Burkhart et al. (2014) expanded on the method of

velocity centroids of Esquivel & Lazarian (2005) to es-
timate the media magnetization, i.e. the ratio of turbu-
lent to magnetic energies, with simulations that, among
other observable characteristics, have the emission of
lines of the 13CO J = 2 −→ 1 transition. They found
that for sub-Alfvénic turbulence, the CO emission shows
a considerable anisotropy in the velocity centroid maps
of CO. At the same time, for super-Alfvénic turbulence
it remains isotopic.
Bertram et al. (2015) analyzed chemical models to

have better insight into how the choice of chemical
species as gas tracers influences the two-point velocity
centroid statistics using 12CO and 13CO molecules in
the J = 1 −→ 0 transition. They reported of significant
consequences of changing optical depth while analyzing
structures of the centroid velocity increments. Their
power spectrum slope variations were in good agreement
with the result theoretically predicted in LP04.
Recently, Xu & Hu (2021) studied the anisotropy of

Faraday rotation and velocity centroids of the structure-
functions of the mean magnetic field using supersonic
and sub-Alfvénic MHD simulations. They generate syn-
thetic observations of 12CO and C18O emission lines
by calculating the radiative transport to their simula-
tions. They find that the anisotropy obtained with the
low-density tracer 12CO has a consistent dependence

with M−4/3
A (which is a measure of the isotropy de-

gree). Anisotropy measured with the higher density
tracer C18O is lower and has a weak dependence onMA.
Hu et al. (2021) extended the study of Structure-

Function Analysis (SFA described in Hu et al. 2021; Xu
& Hu 2021) to measure the orientation and the MA of
the 3D magnetic field. Following Kandel et al. (2016),
they confirm that the anisotropy observed in the inten-
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sity structures in the PPV space is regulated by the
width of the velocity channel, the viewing angle γ (be-
tween the direction and the LOS of the 3D magnetic
field), and by the of Alfvénic Mach number.
In Hernández-Padilla et al. (2020, hereafter Paper I),

we use a grid of simulations similar to those in Es-
quivel et al. (2015). We update those simulations to
a uniform resolution of 5123 cells, to produce synthetic
spectroscopic observations (PPV data), and study the
anisotropy in the structure-function of velocity centroids
maps. With help of the procedure laid out in Cho &
Lazarian (2002, 2003), we decomposed the original ve-
locity field into each of the MHD modes (Alfvén, slow,
and fast MHD modes). We studied how each mode con-
tributes to the observed anisotropy as a function of the
angle between the line of sight and the mean magnetic
field (γ). When the angle is large, the Alfvén mode
dominates the observed anisotropy. While for smaller
angles, the statistics are dominated by the slow mode.
We compare our results with the analytical predictions
in Kandel et al. (2016, 2017), and found that they are in
reasonably good agreement, recovering most of the gen-
eral trends and the level of anisotropy for the various
models. Also, we study the integrated intensity maps.
They show some anisotropy but not as pronounced as
that observed in maps of velocity centroids.
In this work, we use the MHD simulations to simu-

late molecular lines maps of CO isotopologues (namely
12CO, 13CO, C18O, and C17O) in the J = 1 −→ 0 transi-
tion. We generate molecular lines maps using a radiation
transfer post-processing code based on that presented in
Tritsis et al. (2018).
We review the method for measuring velocity cen-

troids anisotropy in observations in Section 2. In Section
3 we describe our set of MHD numerical simulations
and outline the main points of the radiative transfer
algorithm. The results of our study, namely, the de-
pendence of integrated intensity with optical depth and
the isotropy degree as a function of the Alfvénic Mach
number obtained for each vision angle and each optical
depth, are presented in Section 4, the effect of turbulence
in the depth probed by the observations is addressed in
5. Lastly, in Section 6, we discuss our results, followed
by a summary in Section 7.

2. TURBULENCE STATISTICS FROM PPV DATA

In Paper I we have studied the anisotropy of the
structure-functions in synthetic observations from a grid
of MHD turbulence simulations. To construct the syn-
thetic observations (PPV data) we varied the line of
sight, and assumed that the emission was optically thin.
In the present work, we extend our previous analysis
to account for the self-absorption in different molecular
lines that range from optically thin to optically thick.
We do this by considering the radiative transfer of those
molecular lines in a post-processing step. The result
of this step is a PPV data cube, which can be treated

as observations: for instance, we can get 2D maps of
integrated intensity and velocity centroids. To have dif-
ferent LOS, we rotate the output from the simulations
by an angle γ around the y-axis so that γ corresponds
to the angle between the LOS and the mean magnetic
field (which is aligned with the original x-axis). Natu-
rally, the radiation transfer has to be computed for each
model, molecular line, velocity mode (see Section 3), and
value of γ.
From the PPV data, we can obtain the integrated in-

tensity as

Iγ (X) =

∫
Iγ (X, vlos) dvlos, (1)

where Iγ is the intensity of emission in the PPV cube,
obtained from an angle γ, X is the position in the plane
of the sky, and vlos the velocity component along the
LOS. In the particular case of an optically thin medium,
with emissivity proportional to the density (e.g. cold
H I) the integrated intensity is proportional to the col-
umn density. This is not the case however, when self-
absorption is important, or if the emissivity is not lin-
early proportional to the density.
Since velocity field statistics are the base of most tur-

bulence models, it would be ideal to analyze the statis-
tics on the PPV data to charactrize velocity. However,
we cannot measure velocity directly from PPV, so it is
common to use velocity centroids instead. We can ob-
tain the velocity centroids of the PPV cubes as the first
moment of the spectral lines:

Cγ (X) =

∫
Iγ (X, vlos) vlos dvlos

Iγ (X)
. (2)

This equation is the usual definition of velocity cen-
troids (von Hoerner 1951; Münch 1958) and we have of-
ten called them normalized velocity centroids to distin-
guish them from unnormalized velocity centroids, which
are not divided by column density but that are eas-
ier to treat analytically (Esquivel & Lazarian 2005).
We should note that, in the case of an optically thin
medium, velocity centroids correspond to the mean LOS
velocity in the limit of small density fluctuations, how-
ever as the density fluctuations and/or self-absorption
become important this is no longer the case.
We then calculate the two-point structure-functions

of the resulting 2D maps (e.g. integrated intensity or
centroids) for each model, molecular line, velocity mode
and orientation (γ). For instance, for the velocity cen-
troids, the two-point second-order structure-function1

is defined as:

SFC,γ(R) = ⟨[Cγ (X)− Cγ (X +R)]2⟩, (3)

1 ‘) in what follows we will refer to them simply as struc-
ture functions.
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where ⟨. . .⟩ denotes averaging over the entire plane of
the sky 2 (X). The lag (R) is a two-dimensional vector
in the plane of the sky. For isotropic turbulence of the
structure-function depends on the magnitude of R but
not on its direction, but in the general case it depends
on the direction, and we can exploit this dependence
to obtain information about the magnetic field orien-
tation. The latter is possible at scales smaller than the
outer scale of turbulence (i.e. the driving scales). At the
largest scales, the magnetic field becomes isotropic even
atMA,0 = 2 (Beattie et al. 2020) where there is equipar-
tition between kinetic and magnetic energies. At smaller
scales the magnetic field dominates and the turbulence
becomes anisotropic. A closely related measure is the
correlation function CFC,γ(R) = ⟨C(X)C(X + R)⟩,
which differs from the (second-order) SF basically by
a constant (see, for instance Esquivel & Lazarian 2005).
We must note that computing structure functions in
general as in Equation (3) can be computationally in-
tensive as one must perform on the order of N2 op-
erations (where N is the total number of cells). And
thus, for large data sets, particularly with 3D simula-
tions it is customary to use a subset, which has to be
sufficiently large to converge statistically (see Federrath
et al. 2021). One way to check the correct convergence
of structure functions is to verify the scaling at large
separations, where the structure function value tends to
two times the variance. In the present work, however,
we use a Fast Fourier Transform to obtain the correla-
tion function, and from it the structure function. This
can only be performed to obtain two-point second-order
structure functions, and works best in periodic bound-
ary simulations in a Cartessian grid. We have verified
that the structure functions computed this way converge
statistically.
Isocontours of structure-function tend to elongate in

the direction of the magnetic field component on the
plane of the sky (if it is strong enough), or in the case
of a very weak magnetic field strength, projected onto
the plane of the sky, are circular in shape (isotropic).
That is a graphical way to see whether our models are
isotropic or not (figure 2 of Paper I has a structure-
function example). However, one has to be careful to
observe the isocontours at the correct scale, i.e., within
the inertial range (in our models we average over sep-
arations between ∼ 10 and ∼ 100 grid points, which
correspond approximately to the inertial range). We
must note that due to the limited resolution, the inertial
range in our simulations is not sufficient to resolve the
transition between supersonic and subsonic scales (see
for instance Federrath et al. 2021). Thus the anisotropy

2 Turbulence theories consider ensemble averages that are both
spatial and temporal. Fortunately, when dealing with scales
much smaller than the outer scale the spatial average can be
adequate.

that we are measuring is an average of the contribu-
tion of the different turbulent cascades. However, such
an average should not depend strongly on the detailed
transfer across cascades.
To quantify how anisotropic the structure-functions

are, we can define an isotropy degree as:

Isotropy degree(ℓ) =
SF(ℓ ê∥)

SF(ℓ ê⊥)
, (4)

where ℓ is the lag magnitude, which is taken in two di-
rections ê∥ along the direction of the elongation of the
contours and ê⊥ perpendicular to them. The isotropy
degree will be equal to one if the structure-functions
are circular, which means the structure-functions are
isotropic, and less than unity if they are anisotropic.
The procedure to obtain the orientation of the plane

of the sky component of the magnetic field is straightfor-
ward. One should compute the structure function in the
area of interest and, if the contours are elongated, the
direction of such elongation determines the directions
ê∥ and ê⊥. However, a complication present in simula-
tions, due to the limited resolution is that the contours
often deviate from the mean magnetic field direction for
intermediate to large lags. This departure can be at-
tributed to the lack of inertial range to fully decouple
the turbulent motions from the driving mechanism. A
compensation of this effect was addressed in Yuen et al.
(2018) and in Paper I, involving a rotation of the 2D
structure function of the centroids maps, in order to
align the iso-contours horizontally (in the direction of
the average mean magnetic field projection on the plane
of the sky). This correction reduces the error bars in
the isotropy degree measured due to scale dependence,
but it is difficult to automatize. In the present work we
do not include this correction and we assume that ê∥
corresponds to the horizontal direction (x-axis).

3. MHD MODELS AND RADIATIVE TRANSFER

3.1. MHD Models

We use the grid of numerical simulations of isothermal,
compressible, and fully developed MHD turbulence em-
ployed in Paper I. The simulations were produced with
the MHD code used in Cho & Lazarian (2003). The
code solves the ideal MHD equations in a periodic Carte-
sian box of side 2π, using a second-order-accurate hy-
brid essentially non-oscillatory (ENO) scheme (see Cho
& Lazarian 2002). The simulations have a resolution of
5123 cells.
We used the finite-correlated driving scheme described

in Yoon et al. (2016). The driving method uses 22
pseudo-random wave vectors in Fourier space in the
wavenumber range of [2,

√
12]. In this scheme, the driv-

ing correlation time is of the order of the large-eddy
turnover time. We must note that the sources of tur-
bulence are diverse (i.e. stellar jets/ouflows, supernova
explosions, galactic shear motions, etc), and thus one
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should expect a mixture of solenoidal and compressive
modes (e.g. Menon et al. 2020). Moreover, this mix-
ture varies with each particular source of turbulence,
evolutionary stage and on scale. In fact, the issue of
the role of compressibility can be scale dependent. The
ratio of the compressible and solenoidal motions can
change as the cascade progresses to smaller scales. The
interaction of shocks on large scales with density in-
homogeneities can create solenoidal motions at smaller
scales. This, however, is impossible to study properly
with our existing numerical simulations that have lim-
ited inertial range. For sake of simplicity we restrict
our work to a purely solenoidal driving, keeping in mind
that it provides a lower limit to the role of compres-
sive modes. The initial magnetic field is uniform and
aligned in the x-axis. The simulations are evolved for
5 dynamical times, in which they all reach steady-state
(see for instance Beattie et al. 2021). At that point the
rms velocity is also of order unity (vrms ∼ 0.7). Ini-
tially, in all simulations the density is uniform with a
value ρ0 = 1, the initial gas pressure Pgas,0, and the
Alfvén speed vA,0 = |B0|/

√
4πρ determine the model.

Two important parameters that characterize our sim-
ulations are the sonic Mach number and the Alfvénic
Mach number at the injection scale Ms = VL/cs, and
MA,0 = VL/vA,0, respectively; where VL = vrms is the

velocity at the injection scale, cs =
√

P/ρ the isother-
mal sound speed, and, vA,0 = |B0|/

√
4πρ0 the mean

field Alfvén speed. In the stationary state, the magni-
tudes of the mean and the fluctuating magnetic fields
are of the same order when MA,0 ∼ 1; while the magni-
tudes of the fluctuating magnetic fields are smaller than
those of the mean fields when MA,0 < 1. However, the
mean magnetic field remains aligned in the original ori-
entation (along x-axis).

The models are summarized in Table 1, where model
name, the resulting Mach numbers, and the plasma
β = Pgas/Pmag = 2(M2

A,0/M2
s ) are listed in the first

four columns. The Mach numbers cover a wide range
of subsonic and supersonic, along with sub-Alfvénic and
super-Alfvénic turbulence regimes, and the plasma β in-
cludes regimes in which the magnetic fields are dynam-
ically dominant (β ≪ 1) or dynamically unimportant
(β ≫ 1). In the table we also list a series of optical
depths which will be discussed in a later section.

3.2. Separation of MHD modes

As done in Paper I for the optically thin case, we want
to study the anisotropy contribution of each of the dif-
ferent MHD modes (Alfvén, slow and fast modes). We
follow the procedure described in Cho & Lazarian (2002,
2003) to separate the original velocity field in each of the
MHD modes. In a nutshell, the separation consists in
taking the Fourier components of the velocity; project-
ing them in the directions of the displacement vector

of the Alfvén, slow and fast modes (see figure 1 and
appendix A in Cho & Lazarian 2003, for further de-
tail). Finally, we transform back to space the Fourier
projection of each mode, and we obtain the three com-
ponents (x, y, z) of a new velocity field associated to
each mode (Alfvén, slow, and fast). With these velocity
fields (three per model in addition to the original ve-
locity field) we construct PPVs for different molecular
lines and orientations, and from them obtain 2D maps
of integrated intensities and velocity centroids.

3.3. Radiative Transfer

We take the results of the simulations: density, tem-
perature, and velocity field (either the original or one
that corresponds to a particular MHD mode) and pass
them to a radiation transfer code in order to obtain syn-
thetic observations (PPV cubes) in various CO molecu-
lar lines. This step is made in post-processing, and it is
based in the Python Radiative Transfer Emission code
(pyrate, Tritsis et al. 2018).
Due to the slow integration of the radiative transfer

equation in the pyrate code, we wrote a fortran ver-
sion suited for our particular needs. We generate four
synthetic emission lines of CO isotopologues, i.e., 12CO,
13CO, C18O, and C17O.
The radiative transfer code takes the density, temper-

ature (constant in our case), velocity field and molecular
abundance as input values. Molecular data are initially
loaded into the code, including the central emission fre-
quency of each spectral line, the Einstein coefficients as
well as collisional excitation/de-excitation coefficients.

3.4. Molecular Initial conditions

We scaled our simulations to a cubic Cartesian box
of L = 5 pc on each side, mean numerical density of
n = 275 cm−3 (where we assume that 98% are hydrogen
nuclei particles and µ = 2.36mH. The gas temperature
is taken to be T = 10 K (typical in molecular clouds),
the spectral resolution is 0.012 km s−1, and the sound
speed of cs = 0.2 km s−1.
The fractional abundances of the CO isotopologues

12CO, 13CO, C18O, and C17O relative to H2 are 1.7 ×
10−4, 2× 10−5, 3.7× 10−7, and 6.7× 10−8, respectively.
We choose the lowest-transition J = 1 −→ 0 of the CO
isotopologues (Estalella & Anglada 2008).

3.5. Radiative Transfer equation

The code uses the non-relativistic, time-independent
radiation transfer equation. The numerical integration
procedure of the transport equation is the same as in
Yorke (1986), where the line and continuous emission
contributions are taken separately. Integration of said
equation from point a to point b yields

Ib =

(
e−τC

b − p
)
Ia + pSL

a + qSL
b + Sk

1 + q
(5)
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Table 1. Grid of MHD simulations and average optical depths

Model vrms MA,0 Ms β ⟨τ12CO⟩* ⟨τ13CO⟩* ⟨τC18O⟩* ⟨τC17O⟩*

M1 ∼ 0.79 ∼ 7.90 ∼ 7.90 2 38.76 (44.41) 7.776 (9.007) 0.077 (0.089) 0.014 (0.016)

M2 ∼ 0.78 ∼ 7.80 ∼ 2.47 20 39.93 (46.13) 8.340 (9.767) 0.079 (0.092) 0.015 (0.017)

M3 ∼ 0.77 ∼ 7.71 ∼ 0.77 200 40.69 (48.00) 8.098 (9.539) 0.081 (0.096) 0.015 (0.018)

M4 ∼ 0.75 ∼ 7.49 ∼ 0.53 400 41.85 (49.26) 8.168 (9.678) 0.084 (0.098) 0.015 (0.018)

M5 ∼ 0.72 ∼ 1.43 ∼ 7.16 0.08 42.94 (50.21) 9.60 (11.248) 0.086 (0.100) 0.016 (0.018)

M6 ∼ 0.69 ∼ 1.37 ∼ 2.17 0.8 44.08 (50.97) 10.1 (11.790) 0.088 (0.102) 0.016 (0.019)

M7 ∼ 0.67 ∼ 1.34 ∼ 0.67 8 43.74 (51.09) 10.1 (11.851) 0.088 (0.102) 0.016 (0.019)

M8 ∼ 0.66 ∼ 1.32 ∼ 0.47 16 43.98 (51.68) 10.1 (11.823) 0.088 (0.103) 0.016 (0.019)

M9 ∼ 0.75 ∼ 0.75 ∼ 7.54 0.02 41.09 (48.33) 9.88 (11.599) 0.082 (0.097) 0.015 (0.018)

M10 ∼ 0.72 ∼ 0.72 ∼ 2.28 0.2 41.58 (48.32) 9.85 (11.680) 0.083 (0.096) 0.015 (0.018)

M11 ∼ 0.76 ∼ 0.76 ∼ 0.76 2 39.05 (44.82) 9.69 (11.415) 0.078 (0.089) 0.014 (0.016)

M12 ∼ 0.77 ∼ 0.77 ∼ 0.54 4 37.69 (44.50) 9.76 (11.541) 0.076 (0.089) 0.014 (0.016)

M13 ∼ 0.76 ∼ 0.38 ∼ 7.62 0.005 40.81 (46.66) 10.4 (12.049) 0.081 (0.093) 0.015 (0.017)

M14 ∼ 0.77 ∼ 0.39 ∼ 2.45 0.05 43.33 (49.30) 11.3 (13.174) 0.086 (0.098) 0.016 (0.018)

M15 ∼ 0.84 ∼ 0.42 ∼ 0.84 0.5 40.75 (47.25) 9.73 (11.387) 0.081 (0.094) 0.015 (0.017)

M16 ∼ 0.83 ∼ 0.42 ∼ 0.59 1 40.85 (47.12) 9.44 (10.882) 0.082 (0.094) 0.015 (0.017)

M17 ∼ 0.80 ∼ 0.27 ∼ 8.05 0.0022 41.75 (47.82) 9.85(11.756) 0.084 (0.095) 0.015 (0.018)

M18 ∼ 0.81 ∼ 0.27 ∼ 2.57 0.022 42.87 (49.04) 10.6 (12.670) 0.086 (0.098) 0.016 (0.018)

M19 ∼ 0.84 ∼ 0.28 ∼ 0.84 0.22 40.11 (46.80) 9.06 (10.569) 0.080 (0.093) 0.015 (0.017)

M20 ∼ 0.82 ∼ 0.27 ∼ 0.58 0.44 40.06 (47.03) 8.560 (9.981) 0.081 (0.094) 0.015 (0.017)

M21 ∼ 0.86 ∼ 0.17 ∼ 8.61 0.0008 42.12 (48.47) 9.61 (11.383) 0.084 (0.097) 0.016 (0.018)

M22 ∼ 0.85 ∼ 0.17 ∼ 2.70 0.008 41.22 (47.02) 8.701 (9.976) 0.082 (0.094) 0.015 (0.017)

M23 ∼ 0.83 ∼ 0.17 ∼ 0.83 0.08 40.85 (47.16) 8.55 (10.029) 0.081 (0.094) 0.015 (0.017)

M24 ∼ 0.81 ∼ 0.16 ∼ 0.57 0.16 43.64 (50.63) 8.048 (9.429) 0.087 (0.101) 0.016 (0.019)

Note—MA,0 = vrms/vA,0, Ms = vrms/cs, and β = Pgas/Pmag = 2
(
M2

A,0/M2
s

)
. All the models have a

resolution of 5123 cells.
∗The first value is the optical depth averaged in velocity between v0 ± σv over the entire plane of the sky,

and the value inside parenthesis is the optical depth at v = v0, also averaged over the plane of the sky (v0
is the mean line of sight velocity and σv the turbulent velocity dispersion).

where the a and b subscripts refer to quantities measured
at such positions, L and C superscripts denote the con-
tributions of line and dust continuum emission, respec-
tively; I is the radiative intensity, SL the source func-
tion for the line emission, and τC is the optical depth
for continuum emission. The other quantities are given
by

q =
τLb

1 + e−τL
b

, (6)

p = q(e−τL
b −τC

b ), (7)

Sk = e−τC
b

∫ b

a

κCSC exp

(∫ s

a

κCds′
)
ds, (8)

τLb =

∫ b

a

κLds. (9)

Here, SC is the source function for dust continuum
emission, and τL is the optical depth of the line. The
length along the LOS is denoted as s, κC is the ex-
tinction coefficient for continuum emission that we can
obtain from the dust model based in Preibisch et al.
(1993) which is appropriate for dense molecular cloud
conditions.
The model includes three components of dust grains,

namely amorphous carbon grains, silicate grains, and
dirty ice (i.e., water, ammonia, and carbon particles)
coated silicate grains. The number of grains per gram
of gas are logNd = 14.17, 1.0, and 12.001 g−1 for the
amorphous carbon, silicate, and dirty ice-coated silicate
grains, respectively. The sublimation temperature of
each type of grain is 2000, 1500, and 125 K, respec-
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tively. The extinction coefficient for dust emission is
then computed as:

κC =

3∑
d=1

ndQ
ext
d πr2d, (10)

where nd is the number density of each grain compo-
nent, Qext

d is the efficiency factor for extinction for each
grain component and rd the radius of the (spherical)
grains, which is taken to be ∼ 10 nm for the carbon,
∼ 50 nm for the silicate, and ∼ 60 nm for the dirty
ice-coated silicate grains. Finally, κL the line extinction
coefficient is computed as:

κL = nmBmn
hν0
4π

[
1− nngm

nmgn

]
φ(ν), (11)

where n is the population density of the upper and
lower level (denoted with the subscripts n and m, re-
spectively). Bnm is the Einstein B coefficient, h the
Planck constant, ν0 the rest frequency of the line, and
φ(ν) is the normalized profile function (its integral over
frequency is unity).
The resulting emission is obtained proceeding along

the LOS considering pairs of cells advancing from the
back of the “cloud” towards the observer (for more de-
tails see Yorke 1986).

4. RESULTS

4.1. Sample spectral lines and baseline correction

After the radiation transfer post-processing step, we
are left with a series of PPV data cubes with spectral
lines that range from nearly Gaussian and optically thin
for C17O to saturated, optically thick for 12CO. The
simulated PPV data were obtained with a fixed number
of (100) velocity channels, using a velocity range from
−0.6 km s−1 to 0.6 km s−1 so that we capture the whole
emitting material in all the models (this corresponds to
a uniform velocity resolution of ∆v = 0.012 km s−1).
In Figure 1, we show examples of the spectral lines for

the different molecules for a strongly magnetized and su-
personic model, M13. In the top panel we show the av-
erage (over the plane of the sky) spectral line and in the
bottom panel we present the spectral line towards an ar-
bitrary position with high centroid velocity.One can see
clearly that the emission from 12CO is saturated while
the other lines become progressively optically thin for
the rest of the molecules, with C17O being the thinnest.
Since the turbulence is more or less homogeneous the

average spectral lines (top panel of Figure 1), are sym-
metrical around the mean velocity of zero. However this
is not true for any given line, e.g. the bottom panel.
The resulting spectral lines are shown with dashed

lines, and the position of the centroids with open sym-
bols. While the centroids for the average spectral lines
coincide rather well with the mean velocity it is clear
how the centroids are affected by the continuum in an
arbitrary line of sight (exemplified in the bottom panel).

This baseline correction, a pre-processing observa-
tional technique, to separate the valid spectroscopic sig-
nal from interference effects or remove background ef-
fects or noise is standard (Liland et al. 2011) when deal-
ing with real data. However, it is sometimes overlooked
with simulated data. This example shows the need for
properly taking it into account with synthetic data as
well, which we did for all the models. The results after
the baseline correction are included in Figure 1, depicted
by solid lines and filled circles.
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Figure 1. Spectral Lines of model M13 (MA,0 ∼ 0.4 and

Ms ∼ 7.6) to the 12CO isotopologues namely, 12CO (red

line), 13CO (orange line), C18O (green line), and C17O (blue

line). The top plot shows the plane of the sky average spec-

tral line, and the bottom panel shows spectral lines along a

position in the sky which has a large velocity. In both pan-

els, the solid lines represent spectra with baseline correction

while the dashed lines are the spectral lines before such cor-

rection. The circles show the velocity centroids position.

4.2. Integrated intensity

In Figure 2, we show the integrated intensity (which
is proportional to column density in the optically thin
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Figure 2. Integrated intensity maps obtained from model M13 (MA,0 ∼ 0.4 and Ms ∼ 7.6), with dimensions L = 5 pc per side,

mean numerical density n = 275 cm−3 (mass M ∼ 2000 M⊙) and temperature T = 10 K. By rows, from top to bottom (also in

increasing optical thickness): column density of H2 molecule and C17O, C18O, 13CO, and 12CO isotopologues, as shown by the

white legend in the upper-left corner. By columns, from left to right, the maps obtained with γ = 0◦, 22.5◦ 45◦, 67.5◦, 90◦,

respectively, where γ is the angle between LOS and the mean magnetic field, Bx̂.

limit) for model M13 (MA ∼ 0.38 and Ms ∼ 7.62).
Each column shows the different LOS where γ is the an-
gle between the LOS and the direction of the mean mag-
netic field projected onto the plane of the sky, so from
left to right, we have maps in which the LOS changes
from parallel to the magnetic field (γ = 0◦) to perpen-
dicular to it (γ = 90◦). By rows we have the H2 col-
umn density (top row) and the integrated emission from

the CO isotopologues C17O, C18O, 13CO, and 12CO in
downward progression, respectively.
Let us turn our attention to the first row of Figure

2, which contains the column density of H2 calculated
assuming that it is optically thin (no radiation trans-
fer or self-absorption included). The structures in the
2D projection show differences with the viewing angle
(indicated at the top of each column) that changes from
being parallel to the mean magnetic field in the leftmost
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panel to perpendicular to it in the rightmost panel. Al-
though the structures have a different morphology that
can be identified visually, there is not an obvious align-
ment with the mean magnetic field for the H2 maps.
The same tendency was reported in Paper I.
Now, if we compare the top row (H2) with the rest

(from top to bottom, increasing in optical thickness) and
when γ ≥ 45◦ (in columns), we see that, for the C17O
and C18O isotopologues the morphology of the emitting
structures remains quite similar.However, in the last two
rows (13CO and 12CO) we observe a very clear alignment
of structures along the mean magnetic field direction
(horizontally aligned) for large viewing angles.
The reason for this change is that, according to the

GS95 model, small-scale motions are more aligned with
the magnetic field as the kinetic to magnetic energy ra-
tio is higher compared to larger scales. In optically thick
tracers, in which one can only probe up to a limited
depth (thus largest scales are not sampled), the result-
ing maps are expected to reflect the higher alignment
associated with small scales.

4.3. Original Velocity Centroids

As we saw in Section 2, we can obtain the velocity
centroids from the PPV data using Eq. 2, as we do with
observations.
Figure 3 shows M13 velocity centroids with the dif-

ferent tracers by rows, and γ angles by columns (as in
Figure 2). The color-bar is the same in all the plots,
showing velocities between −0.1 and 0.1 km s−1.
First let us turn our attention to the first row that

corresponds to the H2 molecule. We can see that the
parallel LOS to the magnetic field the velocity centroids
do not align in either direction. However, for γ ≥ 45◦,
we see that the velocity centroids do show structures
aligned with the magnetic field direction. This trend
was also seen in Paper I.
On the following four rows, which correspond to the

CO isotopologues, from top to bottom in increasing op-
tical thickness. Similarly to the H2 molecule, we do not
see a preferential direction if the LOS is parallel to the
magnetic field. However, for γ ≥ 45◦, we observe that
several structures in the velocity centroids maps align
in the horizontal direction. Moreover, in the optically
thick tracers (the fourth and the fifth rows), the align-
ment becomes more obvious.
In general we see that the anisotropy in velocity cen-

troids is less restricted to large viewing angles compared
to integrated intensity maps. At the same time they are
also less affected by radiation transfer effects. This will
be quantified in Section 4.5.

4.4. MHD-modes Velocity Centroids

We present in this section results with the velocity
cubes of the different MHD modes, as mentioned before
we calculate the velocity centroids for all models and all
LOS (viewing angles).

In Figure 4, we show the velocity centroids for the dif-
ferent the MHD modes, Alfvén (first and second rows),
slow (third and fourth rows), and fast modes (fifth and
sixth rows). The odd rows correspond to the optically
thin cases (C17O), and the even rows are the optically
thick cases (12CO). As in the two previous figures, the
columns correspond to the different LOS (from parallel
to perpendicular magnetic field, as labeled at the top of
each column).
Comparing the maps in Fig. 4 with their counterparts

obtained with the original velocity cubes in Fig. 3, we
can see that the Alfvén mode dominates the contribution
of the centroids when the LOS is perpendicular to the
mean magnetic field (since the Alfvén waves are trans-
verse), while a significant contribution of the slow modes
occurs when the LOS is parallel to the mean-field (thus
are isotropic). The fast modes have a smaller velocity-
range than the other modes (see the scale in the color-
bar), and they do not contribute significantly. In the
Alfvén modes, we see the same trends of the original ve-
locity centroids, that is, an alignment for angles γ ≳ 45◦

which is more pronounced for optically thick tracers. At
the same time, the amplitude of Alfvén mode increase
with γ, while for the slow mode decrease with γ (as pre-
viously found in Paper I for optically thin media).

4.5. Average Isotropy degree

Once we have the 2D maps (integrated intensity and
velocity centroids), we calculate their structure-function
and from these the average isotropy of each model as
described (for more details see Paper I, and figures 2
and 3 therein).
To compare across different models and viewing angles

we compute for each case the isotropy degree from the
structure-function of the maps as defined in Eq. 4 and
average over the inertial range (from 10 cells to 1/5th of
the computational domain).
The average isotropy degree of the integrated intensity

in all the models is shown in Figure 5. Each symbol
therein corresponds to a model and a viewing angle; the
results are plotted as a function of the tracers, i.e. the
H2 molecule and the different CO isotopologues from
optically thin to thick. Each row, from top to bottom,
corresponds to a similar Alfvénic Mach number, MA in
descending order (indicated in the label at the bottom
left corner in the first panel of each row) . In columns,
from left to right, we explore different viewing angles,
from LOS parallel to B0 (γ = 0◦) to perpendicular to
B0 (γ = 90◦). The models are also distinguishable by
their sonic Mach number, Ms (in colors, see legend in
the upper-left plot). The dotted horizontal line indicates
the isotropy degree equal to unity (i.e. when the iso-
contours from the structure-functions are circular and
therefore considered isotropic).
In Figure 5, we can see that, regardless of the tracer,

for small viewing angles (γ ≤ 22.5◦) the structure-
functions are isotropic. For γ = 45◦ we start to notice
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Figure 3. Velocity centroids 2D maps from model M13 (MA,0 ∼ 0.4 and Ms ∼ 7.6). The plot has the same arrangement of

Figure 2. The color-bar indicate the velocity in km s−1.

some departure of isotropy (i.e. anisotropy, which be-
comes more apparent for γ ≥ 67.5◦), mainly for those
tracers that are optically thick and a MA,0 less than
unity. In addition, the more magnetized models show
increasingly anisotropy with the viewing angle γ. Also,
as it could be anticipated by the filamentary structures
noticed in Figure 2 the anisotropy increases with the
optical thickness of the tracer for larger viewing angles
(γ ≥ 67.5◦). Interestingly, there is a noticeable differ-
ence between the super- and sub-sonic models in this
regard: in the former case (blue and orange symbols)
the anisotropy keeps increasing with opacity, whereas

in the former (red and orange symbols) the anisotropy
seems to saturate for C18O, 13CO) and 12CO).
In Figure 6 we show the average isotropy degree from

the velocity centroid maps (obtained with the original
velocity field) with the same arrangement as the previ-
ous figure. Similarly to the integrated intensity maps
(Figure 5) the isotropy degree changes for any given
tracer from close to isotropic at smaller viewing angles
to increasingly anisotropic for larger viewing angles and
mean magnetic field magnitude.
Compared to the integrated intensity maps, the

centroids are more anisotropic, showing a significant
anisotropy at lower viewing angles (γ ≥ 45◦) than in
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Figure 4. Velocity centroids of MHD Alfvén (rows 1 and 2), Slow (rows 3 and 4), and Fast (rows 5 and 6) modes of the model

M13 (MA,0 ∼ 0.4 and Ms ∼ 7.6). From top to bottom, the odd rows are optically thin (C17O isotopologues) and the even rows

are optically thick (12CO isotopologues). The columns are the LOS, like Figure 3. The color-bar indicates the velocity in km

s−1 units.
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Figure 5. Average Isotropy Degree of Integrated Intensity for the different tracers in all models, from optically thin (H2) to

thick (12CO). In rows, from top to bottom, the Alfvénic Mach number are shown in descending order. From left to right, we

display different LOS orientations in columns, with viewing angles γ. The colors indicate the sonic Mach number, as shown in

the top-left panel. The shadows represent the maximum and minimum isotropy degree values for each model.
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integrated intensity maps. We can also observe a dis-
tinction between supersonic models (Ms > 1, in blue
and orange) and subsonic models (Ms < 1, in green
and red). The supersonic models, in general, are more
isotropic than the subsonic ones. For small viewing an-
gles we there is only a slight dependence on the average
isotropy degree with the Tracer used. For viewing an-
gles γ ≥ 45◦ and sub-Alfvénic turbulence (where the
anisotropy is the largest) we do observe a trend with
opacity for the supersonic models (as in the case of in-
tegrated intensity) where the anisotropy increases with
optical depth. At the same time, for subsonic models
there is only a slight dependence, and in some instance
an increase of isotropy with optical depth. Models that
are sub-sonic and at the same time super-Alvfénic have
the largest uncertainty in the average isotropy degree,
attributable to scale dependence in the range of scales
used to measure the anisotropy.

5. EFFECT OF TURBULENCE STRENGTH ON
THE DEPTH PROBED BY OBSERVATIONS

The anisotropy of turbulence in the volume sampled
is determined by the anisotropy of the largest eddies
present in the volume (Cho et al. 2002). However, ab-
sorption decreases the LOS extent of the volume sam-
pled. The largest eddies, according to the theory of
MHD turbulence (GS95, see also book by Beresnyak &
Lazarian 2019), are more isotropic. Their presence could
mask the higher degree of the anisotropy of the small ed-
dies.
One of the remarkable features we found in the pre-

vious analysis is the fact that the integrated intensity
maps are very anisotropic for higher opacity lines. We
have attributed this behavior to the limited depth traced
by optically thick lines, being unable to probe the en-
tire cloud they highlight the higher anisotropy of small
scales. At the same optically thin lines which do probe
the entire cloud include the contribution of larger and
more isotropic eddies, averaging out some of the ob-
served anisotropy.
The anisotropy in real space, for a given orienta-

tion (viewing angle) is determined by the magnetiza-
tion (Alfvén Mach number), however as observed in the
previous section, the sonic Mach number can have an
impact on the resulting PPV anisotropy. As a mea-
sure of the size of scales probed by optical lines let us
consider the distance traveled into the cloud until one
reaches an optical depth of unity. If we repeat this at
every position of the sky we are left with a surface of the
τ = 1 boundary. In the case of a uniform medium and
constant LOS velocity the resulting surface would be a
plane aligned perpendicularly with the LOS. However in
a turbulent environment the surface is highly corrugated
due to velocity and density fluctuations.
We show in Figure 7 the distance traversed into the

cloud until one reaches an optical depth of unity, for the
extremes of optically thin C17O and optically thick 12CO

(top and bottom rows, respectively). Since the optical
depth depends on the LOS velocity we include two cases,
in the first two columns we present the average distance
within a velocity range of v0 ± σv and in the two last
columns the distance considering only the opacity at the
line center (v0). The average values of the optical depth
are also included in Table 1. In the Figure we present
the results obtained considering two viewing angles as
indicated at the top of each column of plots.
We can see from the figure that the even for the

thinnest CO line considered (C17O), the distance probed
is less than the entire length of the cloud (5 pc). If
we consider the average distance considering velocities
between ±σv the distance probed is somewhere be-
tween ∼ 80% and 100% of the cloud, resulting in a low
anisotropy in the maps. If only the opacity at the center
of the line is considered we see that the τ = 1 surface
is highly corrugated, with regions that traverse the en-
tire cloud and patches that do not go beyond 1 pc (20%
of the cloud thickness) but the anisotropy remains at a
low level. The reason of the extremely corrugated τ = 1
surface is the density fluctuations (e.g. shocks) in this
highly supersonic model. The distance probed by the
optically thick 12CO line is significantly smaller, never
reaching past ∼ 50% of the cloud thickness if we con-
sider velocities between ±σv, and limited mostly to less
than ∼ 20% of the cloud thickness in the center of the
line. Thus resulting in a clear anisotropy for a LOS
perpendicular to the mean magnetic field.
In Figure in Figure 8. we illustrate the depth probed

in model M16, wich has a similar Alfvénic Mach number
(MA ∼ 7.49), but a lower sonic Mach number ( and
Ms ∼ 0.53). We observe that in this subsonic case the
τ = 1 surfaces are smoother (all panels in the figure
have a lower contrast in comparison with Fig. 7); which
translates in a lower level of large scale-scale mixing, and
thus a more prominent anisotropy.
To illustrate the behavior in all the models, we show

in Figure 9 the maximum value of the optical depth for
all the CO isotopologues. We can see from the figure
that there is very little dispersion of the models with
different magnetization (each cluster of symbols corre-
spond to models with different MA and similar Ms),
for subsonic turbulence when the density fluctuations
and scale mixing are low. Naturally, the density fluctu-
ations become more substantial as we increase the sonic
Mach number, which translates into a more significant
dispersion and, in general, a considerably larger maxi-
mum opacity, which in turn yields to a loss of anisotropy
due to the mixture of scales.

6. DISCUSSION

Obtaining the directions of magnetic field as well as
media magnetization using structure functions is gain-
ing it momentum since the time of the introduction of
the approach (Lazarian et al. 2002; Esquivel & Lazarian
2005). The recent developments include the the develop-
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Figure 6. Average Isotropy Degree of Original Velocity for the different tracers, with the same arrangement as Figure 5.
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Figure 7. Distance (from the observed into the cloud) until τ = 1 for the model M13 (a magnetized and supersonic model,

MA ∼ 0.38 and Ms ∼ 7.62) at ±σ from the center velocity channel (two first columns, τv0±σ) and in the center velocity channel

(two last right columns, τv0). In rows, have results from C17O maps at the top and 12CO at the bottom. At the top of each

column we show the orientation considered (γ = 0◦, 1st and 3rd columns) and perpendicular to magnetic field (γ = 90◦, 2nd

and 4th columns). The color-bar indicates the distance along the LOS in units of parsec (the LOS extent of the cloud is 5 pc).
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Figure 8. Distance until τ = 1 for the model M16 (magnetized ans sub-sonic, MA ∼ 0.42 and Ms ∼ 0.59). The figure has the

same organization as Figure 7
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Figure 9. Maximum optical depth (averaged from v = v0 ± σv) as a function of the sonic Mach number for all the models and

different tracers. Grouped by colors are the different tracers 12CO (red), 13CO (orange), C18O (green), and C17O (blue). In

circles are the results for a LOS parallel to the mean magnetic field, and the triangles correspond to a LOS perpendicular to

the mean magnetic field.
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ment of ways of accurate measurement of Alfvén Mach
number using Structure Function Analysis (SFA, Xu &
Hu 2021; Hu et al. 2021). A related avenue for recent re-
search is connected to the Velocity Gradient Technique
(VGT, Yuen & Lazarian 2017; Lazarian & Yuen 2018;
Lazarian et al. 2018; Hu et al. 2019, 2022) that employs
structure functions in the limit of minimal possible sepa-
ration of correlating points (see Lu et al. 2020; Lazarian
et al. 2020).
Within the VGT, the effects of self-absorption were

studied numerically in Hsieh et al. (2019) and this study
adds to their analysis a better understanding of how dif-
ferent MHD turbulent modes are affected by the absorp-
tion effect. As for the SFA, our results show that the
absorption does not decrease the ability of the technique
to trace magnetic field.
The study of how the density statistics varies in the

presence of self-absorption is also important. For sub-
Alfvénic turbulence, density acts mostly as a passive
scalar (see Beresnyak & Lazarian 2019) and reflects the
structure of the underlying turbulent velocity field. We
note that this is true for solenoidally driven turbulence.
Slow modes may be more critical for sub-Alfvenic tur-
bulence. In this case, intensity gradients can trace the
magnetic field the same way as the velocity gradients
do (Yuen & Lazarian 2017). In supersonic turbulence,
comparing the intensity and velocity gradients can re-
veal shocks (Hu et al. 2019). The latter in the low beta
medium of molecular clouds can be associated with the
steepened compressible part of the MHD turbulence, i.e.
with the combination of slow and fast modes. This study
clarifies how the properties of structure functions of in-
tensity change in the presence of self-absorption.

7. SUMMARY

We extend the work done in Paper I in which we
address the anisotropy in optically thin synthetic spec-
troscopic observations. In particular the anisotropy of
structure-functions of maps of integrated intensity and
of velocity centroids. In the present paper, we relax
the assumption of an optically thin media. With this
purpose, we perform in a post-processing step a radia-
tion transfer code to obtain the emission of different CO
isotopologues molecular lines, that range from optically
thick to optically thin (12CO, 13CO, C18O, and C17O).
The maps of integrated intensity are found to be

isotropic for super-Alfvénic turbulence irregardless of
the tracer considered (e.g. see first two rows of Fig.
5). For sub-Alfvénic turbulence (third to fifth rows in
Fig. 5) the models exhibit anisotropy aligned with the
direction of the mean magnetic field, i.e. the isotropy de-
gree less than unity (there are a handful cases in which
the anisotropy is not aligned with the mean magnetic
field, but within the error bars they can be consid-
ered isotropic). In the highest magnetization models we
found a dependence with the tracer used, and the sonic
Mach number at large viewing angles. There is a lower

level of anisotropy for the optically thin H2 and C17O
maps. For the rest of the tracers we found a more pro-
nounced anisotropy; but whilst for Ms < 1 they seem
to saturate at level of anisotropy in the C18O map, for
Ms > 1 the anisotropy keeps increasing monotonically
with opacity.
We find that the anisotropy of velocity centroids in

the different CO tracers is remarkably similar to the
optically thin case results. That is, iso-contours of the
structure-function of the velocity centroids align with
the direction of the mean magnetic field projected into
the plane of the sky, with a higher degree of elongation
for models with a higher degree of magnetization. Only
small differences are noticeable, with a higher anisotropy
for optically thick lines.
Also, as done in Paper I we decompose the velocity

field into the contribution to the different MHD (Alfvén,
slow and fast) modes and the results obtained for opti-
cally thin lines hold. The fast mode has a marginal
contribution across our models. The Alfvén mode dom-
inates where the line of sight has a large angle (≳ 45◦)
with the mean magnetic field, and the slow mode domi-
nates for small viewing angles. In general, the observed
anisotropy can be attributed to the Alfvén mode (see
Figs. 3 and 4). However, we must point out that our
assumption of incompressible driving, and the lack of
self-gravity could underestimate the contribution in the
fast-mode.
In contrast with the results obtained for optically thin

lines, we found that for optically thick tracers the inte-
grated intensity maps become remarkably anisotropic
and their structure-function iso-contours align with the
mean magnetic field on the plane of the sky. We at-
tribute this to the limited depth reached into the cloud
by these tracers, limiting the emission to small scales,
which are known to be more anisotropic (GS95, see Fig-
ure 2).
An important result of this paper is that the degree

of anisotropy measured in velocity centroids does not
change considerably in tracers within a large range of
opacities. This is encouraging because it means that
most earlier studies of anisotropy in centroids made with
different tracers do not require additional corrections.
At the same time, the anisotropy of integrated intensity
does require more careful analysis.
We showed how the strength of the turbulence (sonic

Mach number) modifies the distance that optically thick
lines can probe and thus the resulting anisotropy (see
the second row in Figures 7 and 8). Higher sonic Mach
numbers create regions of high density and also open
low-density canals that result in a highly corrugated τ =
1 surface, thus reducing the anisotropy by mixing several
scales (see the first row of Figure 7). Conversely, for
low sonic Mach numbers, the density contrast decreases,
yielding to a smoother τ = 1 surface and a less mixing
of scales, preserving better the anisotropy (see the first
row of Figure 8).
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APPENDIX

A. AVERAGE ISOTROPY DEGREE FOR MHD MODES

In section 4.5 we described the average isotropy degree for both the integrated intensity and the original velocity
centroids. Here we include the average degree of isotropy for the Alfvén, slow, and fast MHD modes.
Figure 10 shows the average isotropy degree of the Alfvén MHD mode velocity centroids vs. the different tracers.

In this figure, we have the same arrangement as in Figure 6 where we also include the analytical prediction of Kandel
et al. (2017) (the solid black lines). We notice that all models remain isotropic for the viewing angle γ = 0◦ since
the Alfvén waves displace the material perpendicularly to the magnetic field if the magnetic field is aligned with the
LOS there is only a residual signal. We must note that the predictions from Kandel et al. (2017) are not valid for
this orientation, being only a formal limit of the anisotropy but a zero amplitude. A similar situation is seen with the
slow modes, where the γ = 90◦ is also a zero amplitude prediction. We also noticed two slopes, a positive one for the
subsonic models and a negative one for the supersonic ones, as we saw in Figure 6. This is more noticeable for models
with higher magnetization (MA < 1) and with γ ≳ 22.5◦.
On the other hand, we also note that for angles of view γ ≳ 45◦, we have a distribution of the models very similar

to the average isotropy degree for the original velocity centroids (see Figure 6). This same distribution of the models
had already been observed and explained in Paper I.
Figure 11 show the average isotropy degree of the slow MHD mode velocity centroids vs. the tracers. It has the

same arrangement as Figure 6 and now include the analytical prediction of Kandel et al. (2017), for high β in orange
and low β in green. In this Figure, we observe that the less magnetized models are more isotropic. If we compare them
with Figure 6, we can notice that the models with γ ≲ 22.5◦ behave very similarly. For γ = 90◦ slow MHD contribute
only marginally to the velocity isotropy. This was also observed in Paper I.
Figure 9 show the average isotropy degree of the fast MHD mode velocity centroids vs. the tracers. As the previous

Figures, this has the same arrangement as Figure 6. We include these for completeness, as their contribution is
negligible in our models. It would be of interest to see how ther contribution change with a non purely solenoidal
turbulence driving, of self gravity, both of which should increase the role of the fast megneto-sonic mode.
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Figure 10. Average Isotropy Degree of Alfvén mode Velocity Centroids for the different tracers, with the same arrangement

as Figure 5. The solid black lines correspond to the analytic predictions in Kandel et al. (2017) for the Alfvén mode
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Figure 5. The solid lines correspond to the the analytic predictions in Kandel et al. (2017) for the slow mode (for high β in
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