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ABSTRACT

Stars form inside molecular cloud filaments from the competition of gravitational forces with turbulence and magnetic fields.
The exact orientation of these filaments with the magnetic fields depends on the strength of these fields, the gravitational
potential, and the line of sight (LOS) relative to the mean field. To disentangle these effects we employ three-dimensional
magnetohydrodynamical numerical simulations that explore a wide range of initial turbulent and magnetic states, i.e. sub-
Alfvénic to super-Alfvénic turbulence, with and without gravity. We use histogram of relative orientation (HRO) and the
associated projected Rayleigh statistics (PRS) to study the orientation of density and, in order to compare with observations, the
integrated density relative to the magnetic field. We find that in sub-Alfvénic systems the initial coherence of the magnetic is
maintained inside the cloud and filaments form perpendicular to the field. This trend is not observed in super-Alfvénic models,
where the lines are dragged by gravity and turbulence and filaments are mainly aligned to the field. The PRS analysis of integrated
maps shows that LOS effects are important only for sub-Alfvénic clouds. When the LOS is perpendicular to the initial field
orientation most of the filaments are perpendicular to the projected magnetic field. The inclusion of gravity increases the number
of dense structures perpendicular to the magnetic field, reflected as lower values of the PRS for denser regions, regardless of
whether the model is sub- or super-Alfvénic. The comparison of our results with observed molecular clouds reveals that most

are compatible with sub-Alfvénic models.
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1 INTRODUCTION

Molecular clouds (MCs) are the cradles of star formation in our
Galaxy. These are generally cold regions, with average temperatures
often ranging between 10 and 50 K, that exhibit filamentary structures
produced by the interplay of supersonic magnetohydrodynamic
(MHD) turbulence and self-gravity (Bergin & Tafalla 2007). The
development of new observational techniques and several theoretical
advances have helped with the understanding of several aspects of
MC:s, but still several questions are left unanswered (Burkhart et al.
2009; Burkhart, Collins & Lazarian 2015b; Pattle & Fissel 2019;
Girichidis et al. 2020).

The presence of supersonic turbulence (with sonic Mach number
M =v/cs > 1, where v is the turbulent velocity and ¢, the sound
speed), initially inferred through linewidth observations (Larson
1981; Padoan et al. 1999), is one of the most important physical
ingredients in these environments and has been extensively studied
both theoretically (Krumholz, Klein & McKee 2007; McKee & Os-
triker 2007; Padoan & Nordlund 2011; Hennebelle & Chabrier 2013;
Federrath & Banerjee 2015; Mocz et al. 2017) and observationally
(Scalo & Elmegreen 2004; Bergin & Tafalla 2007; André et al. 2010,
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2014). Turbulence is also reflected in the structure hierarchy of these
clouds and consequently in the statistical properties of the gas, such
as the probability distribution functions (PDFs) of the density and
column density field and the power spectrum of density and velocity
(see Landau & Lifshitz 1959; McKee & Ostriker 2007; Lazarian &
Pogosyan 2008; Federrath, Klessen & Schmidt 2009; Collins et al.
2012; Hennebelle & Falgarone 2012; Federrath & Klessen 2013).
The motion of the fluid can be also affected by the presence of
magnetic fields since ionized gas is also present and thus need to
be accounted for to fully explain the dynamics of MCs (Padoan,
Zweibel & Nordlund 2000; Vazquez-Semadeni et al. 2011; Li, Myers
& McKee 2012; Burkhart et al. 2015a).

The exact ratio between thermal pressure and magnetic pressure
(i.e. the plasma beta parameter) or the Alfénic Mach number (i.e.
the ratio between the velocity of the turbulence and the Alfvén
velocity, M = v/v,) inside MCs is not well known, but there
are several techniques that provide some insight into the intensity
and morphology of the magnetic field. For example, the magnetic
field intensity along a line of sight (LOS) can be estimated using the
Zeeman effect, while its morphology in the plane of sky (POS)
is more commonly observed using the polarized emission and
absorption of light from asymmetric dust grains (Heiles et al. 1993;
Crutcher 2012). These grains are assumed to have their smaller axis
aligned to the magnetic field, with the direction of the polarization of
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the thermal emission being perpendicular to the magnetic field, and
the polarization from any background light that passes through the
cloud and is absorbed by these aligned dust grains being parallel to
the magnetic field. Observations are usually made in the visible and
near-infrared spectrum, with more recent techniques also probing
the polarization from the submillimetre spectra (Hull et al. 2013,
2014; Stephens et al. 2013, 2014; Davidson et al. 2014; Hull &
Plambeck 2015). The nature of this alignment is still a matter for
debate, but evidence points to the action of radiative torques (RATS;
see Hoang & Lazarian 2008; Hoang, Cho & Lazarian 2018, for
further details). More recently, another method has been proposed
with the idea of velocity anisotropies in radio position—position—
velocity channel maps, which can estimate the direction of the plane
of the sky component of the magnetic field and also give a lower limit
on the intensity of the magnetic field (Burkhart et al. 2014; Esquivel,
Lazarian & Pogosyan 2015; Lazarian, Andersson & Hoang 2015;
Kandel, Lazarian & Pogosyan 2016).

Recently, observations made by Planck Telescope (Planck Collab-
oration XXXV 2016), Herschel, and Balloon-borne Large Aperture
Submillimeter Telescope (BLASTpol; (Palmeirim et al. 2013; Soler
et al. 2017) have revealed the relation between the filamentary
structures and the magnetic field of these regions. They have found
that denser structures usually appear perpendicular to the magnetic
field. Palmeirim et al. (2013), in particular, have observed not only
large filaments in Taurus MC perpendicular to the magnetic field
but also less dense striations of gas parallel to the magnetic field
that seem to be flowing towards the filament. Similar behaviour has
been observed by Planck Collaboration XXXV (2016; see also Soler
2019) in several other clouds, with less dense structures appearing
mainly aligned to the projected magnetic field in the plane of the sky.

Previous studies have investigated the alignment between mag-
netic fields and density structures using three-dimensional (3D)
MHD simulations. Soler et al. (2013) and Hull et al. (2017) analysed
the alignment between structures and the magnetic field using
statistical tools like those we will employ in this work. They found
that most of the dense filaments are nearly perpendicular to the
magnetic fields. This relation is also present in the column density
maps. Soler & Hennebelle (2017) have also investigated the same
issue and concluded that the observed change in relative orientation
between column density structures and the projected magnetic field
in the plane of sky, from mostly parallel at low column densities
to mostly perpendicular at the highest column densities, would be
the result of gravitational collapse and/or convergence of flows.
Seifried et al. (2020), on the other hand, have recently found that
a transition between structures parallel to the magnetic field to
structures perpendicular to it not always can be seen, depending
on the LOS.

At smaller scales (i.e. down to 1000 au scales), Hull et al. (2017)
and Mocz et al. (2017) also studied the morphology of the magnetic
field around collapsed cores using the Atacama Large Millime-
ter/submillimeter Array (ALMA) data and 3D MHD simulations.
They found that only in very strongly magnetized systems there
are preservation of the field direction from cloud to disc scales and
an hourglass-shaped field at scales smaller than 1000 au. Gémez,
Vazquez-Semadeni & Zamora-Avilés (2018) have also studied the
collapse inside filaments through 3D MHD simulations. They noted
that the magnetic field around the filament is primarily perpendicular
to the structure and the collapse along the filament would later bend
the magnetic field lines creating U shapes.

In this work, we extend upon these studies investigating how the
alignment of density structures with the magnetic field is related to
the presence of gravity and the sonic and Alfvénic Mach numbers
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associated with the turbulence and how projection effects may
affect observations for different LOSs. For this aim, we performed
and analysed several 3D MHD simulations with initial conditions
compatible with observed MCs, with and without the inclusion of
self-gravity.

This paper is structured as follows. In Section 2, we discuss the
simulated models, their initial conditions, and the statistical methods
used to analyse our results. In Section 3, we present the results
obtained from our models. In Section 4, we compare these results
with observations published in the literature and other numerical
studies. In Section 5, we discuss and compare our results with
precious works and, finally, in Section 6, we present our conclusions.

2 SIMULATION SET-UP

In order to study the evolution of MC environments and how the
initial stages of star formation are affected by turbulence, magnetic
fields, and self-gravity, we consider 3D MHD simulations of two
families of models. In the first set, the simulations only have the
presence of MHD turbulence, with no self-gravity. These are the
numerical simulations of isothermal MCs performed by Cho &
Lazarian (2003) and Burkhart et al. (2009). The second set of models
is composed of isothermal models with self-gravity. We run these new
MHD simulations using a modified version of the code developed
by Kowal, Lazarian & Beresnyak (2007), Ledo et al. (2009), and
Santos-Lima et al. (2010). Both sets of simulations have the similar
initial conditions, as we will describe below.

Our simulations solve the ideal MHD equations in their conserva-
tive form:

9 V. (ow =0 1)
ot po) =7

0 B? BB
—((v)+V-|pvw+|P+—|I—-———| =pg+F, 2)
ot 87 47t

0B
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where p, v, and B are density, velocity, and magnetic field, respec-
tively, P is the thermal pressure of the gas, g is gravity, I is the
identity dyadic tensor, and F is the source term for the turbulence
driving. We consider a cold cloud with a temperature of 10 K, which
is of the order of the estimated temperature from cold dust emission
inside cold dark clouds.

An ideal isothermal equation of state implies that the pressure can
be written as P = pc?, where ¢; = /ky T /m is the isothermal sound
speed of the gas, /7 is the average mass of the gas given by m = umy,
with the mean atomic weight u = 2.3.

In equation (2), the right-hand-side (RHS) term pg = —pVW is
the gravitational force due to self-gravity. This term is considered
only in the second family of models of our study. The gravitational
potential W obeys the Poisson equation:

ViU = 471G p. 4)

Finally, the source term F appearing on the RHS term of equa-
tion (2) is responsible for the turbulent energy injection. Turbulence
is driven solenoidally continuously at every time step. The forcing is
calculated in Fourier space around a characteristic wavelength that
defines the injection scale (/iy; = 1/4L for models with self-gravity
and [;,; = 1/2L for models without self-gravity, where L is the size of
the domain). The turbulent energy cascades down to the (numerical)
dissipation scale within one dynamical time, L/c,. Self-gravity is
turned on after one dynamical time, which is at least two turnover
times for the models with lower Mach numbers.
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The first set of models, which neglects self-gravity, has ¢ = 0 in
the equations above. These simulations were built using a third-order
accurate hybrid essentially non-oscillatory (ENO) scheme to solve
the MHD equations (Cho & Lazarian 2003; Burkhart et al. 2009),
while the set of models with self-gravity employed a total variation
diminishing (TVD) method (Kowal et al. 2009; Ledo et al. 2009;
Santos-Lima et al. 2010). To solve the Poisson equation, a multigrid
method was used (see del Valle, Romero & Santos-Lima 2015, for
further details). Both codes are based on the Godunov method and
use a Runge—Kutta procedure (e.g. Londrillo & Del Zanna 2000; Del
Zanna et al. 2003) for time integration.

2.1 Boundary and initial conditions

We consider a cubic Cartesian domain with periodic boundaries. For
the first family of models, the units of length are given by the size
of the injection scale (Li,). The rms velocity (§V) is kept close to
unity so that the velocity can be seen in units of 8V, and B /(4mtp)!/?
is the Alfvén velocity in the same units. The unit of time is given by
the turnover time of the largest eddy, Li,;j/§V. Density is in units of
the initial ambient density po. The remaining quantity units are all
derived from these ones.

The simulations that consider self-gravity were performed using
resolutions of 256> and 512% cells in the three directions of a
uniform grid. Our lower resolution simulations were mainly used
for testing and calibration of the initial conditions of the models
that consider self-gravity. With that said, previous works have used
similar resolutions of 256° to 5123 for studying MCs with good sta-
tistical convergence of the results already in 256 resolution, at least
for non-self-gravitating turbulent models (e.g. Kowal & Lazarian
2007; Burkhart et al. 2009; Santos-Lima et al. 2010). The statistical
behaviour of models with a resolution of 256 shows very similar
results to their high-resolution counterparts (see Appendix A).

To evaluate the relative importance of turbulence compared to
gravity, we will define the virial parameter, o, following Bertoldi
& McKee (1992):

2Ex 5v3c2R
E, GM

Otyir ~ , (5)
where Ey and E, are the kinetic and gravitational energies of the
system, respectively, vy is the one-dimensional rms velocity, and M
is the mass evaluated over a sphere of radius R.

In the second set of simulations that consider gravity, units of
length are given by the size of the domain (L), and units of velocity are
given in terms of the isothermal sound speed (c;), which implies time
unit L/c,. The magnetic field is scaled such that B., = B/(4m)'/.
Density is given in units of initial ambient density po. The initial
set-up is built to ensure the minimum condition for collapse, such
that the virial parameter (defined in equation 5) is o; ~ 0.5.

Our simulations are characterized by three parameters, the sonic
Mach number M (with M = v/c, being sonic Mach number and
v being the characteristic velocity of the turbulence), the Alfvénic
Mach number M 4, and, in the case of simulations with gravity, the
virial parameter «; (equation 5). These parameters are described
in Table 1. The table also gives the corresponding initial thermal to
magnetic pressure ratio (8) for each model, the initial free-fall time
(t; = (31/32Gp)'"?), calculated for the initial pg, for the simulations
that consider self-gravity. We will use this time-scale to compare the
evolution of different self-gravitating models.

Models without self-gravity are identified by the prefix 7urb and
models that consider self-gravity are identified by the prefix Grav.
These simulations are drawn from the Catalog for Astrophysical
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Turbulence Simulations (CATS; Burkhart et al. 2020). It is important
to note that there is a small difference in the parameters considered
for the purely turbulent, non-gravitating models and the ones that
consider self-gravity. Some of the models without self-gravity have
Ma ~ 0.7 , while corresponding models with self-gravity have
M, ~ 0.6. Also, some models without self-gravity have M ~ 2.0,
while the corresponding models with self-gravity have M ~ 1.8.
However, the differences are so small that the comparison between
them is not compromised.

2.2 General characteristics of the simulated models

In this section, we present the general visual characteristics of the
models used in this study.

In Fig. 1, we show the 3D views of the self-gravitating mod-
els before (left) and after (right) self-gravity is turned on. On
the top of Fig. 1, we show the supersonic, sub-Alfvénic model
Grav_Ms7.0_Ma0.6, and in the bottom we show the supersonic super-
Alfvénic model Grav_Ms7.0_Ma2.0. When self-gravity is included
(right-hand diagrams), fragmentation and filamentary structure for-
mation is enhanced and the collapse of the densest regions (clumps)
of these filaments leads to star formation.

A closer inspection of the models of Fig. 1 shows that the
distribution of the magnetic field lines is determined mainly by
turbulence, and this effect is more pronounced in the case of super-
Alfvénic turbulence. What determines if the lines become parallel
or perpendicular to a given density structure, or if they are twisted
inside the domain is whether the turbulence is sub-Alfvénic or super-
Alfvénic. The twisting of the lines is more pronounced in the super-
Alfvénic case due to larger turbulent energy relative to the magnetic
energy. This also affects the filament structure, which appears more
chaotically distributed with respect to magnetic field lines when the
magnetic field is weaker. In the case of the sub-Alfvénic model,
we see that the lines are less distorted by turbulence and later
on, when self-gravity becomes dominant, most of the filaments
seem to be nearly perpendicular to the magnetic field lines (right-
hand top panel). In this case, collapse is not inhibited along the
lines.

In Figs 2 and 3, we present 2D (column density) maps of super-
Alfvénic models with M, = 2.0, in two different snapshots. Fig. 2
compares models with different sonic Mach numbers, while Fig. 3,
compares models with different LOS. The models in Fig. 2 consider
M = 1.8, 4.0, and 7.0, as indicated on the top of each column
density map. In the left-hand column of this figure, we show the initial
snapshot t = 0.0t, corresponding to the time when the turbulence
has completely evolved throughout the domain and has reached a
steady-state regime, before self-gravity is turned-on. In the right-
hand column, we show the final snapshot for the same models,
when self-gravity becomes dominant. We notice an increase in the
formation of filamentary structures both with increasing M and
with the introduction of self-gravity.

In Fig. 3 all the models have initial M = 7.0, and we show the
initial snapshot (with no self-gravity) in the top row and the final
snapshot (when self-gravity has become dominant) in the bottom.

In Fig. 2 all column density maps were integrated along an LOS
perpendicular to the initial field. Other LOS tests are presented in
Fig. 3, but they all show very similar characteristics. None of the
LOS has any distinctive characteristic, as one might expect for super-
Alfvénic turbulence. The direction of the projected magnetic field in
the plane of the sky (B, ) is also shown and has been produced
using a linear integral convolution (LIC) method (Cabral & Leedom
1993).

MNRAS 503, 5425-5447 (2021)
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Table 1. Initial conditions for all simulated models, with and without self-gravity.

Simulation Mg Ma  no(em™) By = Pﬁzg tir (Myr)  Resolution Turbulence  Gravity
Turb_Ms2.0_Ma0.7 2.0 0.7 117.65 0.302 - 256 Yes No
Turb_Ms4.0_Ma0.7 4.0 0.7 444.81 0.080 - 256 Yes No
Turb_Ms7.0_Ma0.7 7.0 0.7 1779.25 0.020 - 256 Yes No
Turb_Ms2.0_Ma2.0 2.0 2.0 117.65 2.469 - 256 Yes No
Turb_Ms4.0_Ma2.0 4.0 2.0 444.81 0.653 - 256 Yes No
Turb_Ms7.0_.Ma2.0 7.0 2.0 1779.25 0.163 - 256 Yes No
Grav_Ms1.8_Ma0.6 1.8 0.6 117.65 0.302 7.23 512 Yes Yes
Grav_Ms4.0_Ma0.6 4.0 0.6 444.81 0.080 3.72 512 Yes Yes
Grav_Ms7.0_Ma0.6 7.0 0.6 1779.25 0.020 1.86 512 Yes Yes
Grav_Ms1.8_Ma2.0 1.8 2.0 117.65 2.469 7.23 512 Yes Yes
Grav_Ms4.0_Ma2.0 4.0 2.0 44481 0.653 3.72 512 Yes Yes
Grav_Ms7.0_Ma2.0 7.0 2.0 1779.25 0.163 1.86 512 Yes Yes

DB: VTK_Ms7.0_Mo0.6_554 vir
Cycle: 564 Time:564
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Figure 1. Comparison of the 3D distribution of density, represented by the isocontours in light and dark blue, and magnetic fields, represented by the orange
lines, for the initial (t = 0.0t; without self-gravity) and final snapshots (1 = 0.3f; with gravity) for models Grav_Ms7.0_-Ma0.6 (top) and Grav_Ms7.0_-Ma2.0

(bottom). The density contours are in units of n/ng (see Table 1).

Fig. 4 presents the column density maps at initial snapshots (with
fully developed turbulence and no self-gravity) of sub-Alfvénic
models with M, = 0.6 and different sonic Mach numbers (from
top to bottom, M = 1.8, 4.0, and 7.0, respectively). From left to
right, the figure depicts maps integrated along different LOS, namely,
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perpendicular, at an angle of 45°, and parallel to the initial direction
of B, respectively.

Fig. 5 shows the final snapshot (when self-gravity has become
dominant) for the same sub-Alfvénic models as in Fig. 4, for
comparison. Different from what we see in the super-Alfvénic
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Figure 2. Column density maps with linear integral convolution (LIC)
method applied to B for super-Alfvénic models with M = 2.0 and
different sonic numbers (M = 1.8 and 4.0). In the left-hand column we
show the initial snapshot (+ = 0.0#), representative of models with fully
developed turbulence without self-gravity. The right-hand column presents
the final snapshot of each model, at which self-gravity has become important.
In all panels we show the column density distribution integrated along X-axis
(the direction perpendicular to the initial field). The magnetic field is initially
parallel to the Z-axis. See Section 2 for further details.

models, the LOS here is important, changing the distribution of the
B, , and influencing observed filaments.

The comparison between sub-Alfvénic and super-Alfvénic models
shows that both depict dense filaments separated by diffuse interstel-
lar gas, but these underdense structures when seen integrated along
a LOS, in general, seem to be larger (more coherent) in the super-
Alfvénic models with no self-gravity. This effect is more pronounced
in the LOS perpendicular to the initial B (see Fig. 2 left, and top of
Fig. 3). Supersonic turbulence leads to shocks and compression of
gas and magnetic field lines, particularly in the early phase, before
self-gravity sets in. In the super-Alfvénic case, these effects are more
efficient in the building-up of large structures because the magnetic
field strength is smaller than in the sub-Alfvénic models. In the
latter, stronger magnetic pressure gradients offer larger resistance to
the accumulation of the overdense structures by shock compression.
When self-gravity becomes important, fragmentation and collapse
will eventually dominate over the support provided by magnetic
fields and turbulence in both cases, but the general imprints left
earlier in the formation of the large-scale filaments by turbulence
and magnetic fields remain.

2.3 General statistics of the simulations: gravity versus
turbulence

Supersonic turbulence in MCs can both enhance and inhibit over-
dense regions that may eventually achieve sufficient conditions for
collapse (Melioli et al. 2006; Ledo et al. 2009; Mocz & Burkhart
2019). It is possible to study the interaction between turbulence and
gravity through the use of statistical tools such as the one- and two-
point statistics, e.g. PDFs and the power spectrum (Collins et al.
2012), respectively.

Magnetic field orientation in GMCs 5429

In this section, we investigate the one- and two-point statistics of
our two sets of simulations. In this way we are able to benchmark
them relative to theoretical expectations regarding the interaction
and transition of turbulent-supported regions to self-gravitating-
collapsing regions.

2.3.1 Density PDFs

Because of interacting independent shock events, the isothermal
density probability distribution function (PDF) in turbulent regions
is well represented by a lognormal distribution (Vazquez-Semadeni
1994; Padoan, Nordlund & Jones 1997; Scalo et al. 1998; Burkhart
2018):

(s) = # (_ M) (6)
L i)

where s = In(p/py), 0 is the standard deviation of the lognormal,
so gives the value of s for the mean density and can be related to the

width as sp = — %052. The turbulent sonic Mach number is related to
width of the lognormal as
o} =In[1+b"M]], )

where b is a dimensionless turbulent forcing parameter (Federrath,
Klessen & Schmidt 2008) related to the solenoidal and compressive
modes of the turbulence.! For purely solenoidal turbulence driving,
we have b = 1/3, while for purely compressive driving, b = 1.0.

Under the influence of self-gravity, the dense gas distribution of
a turbulent cloud follows a power law pp(s) o exp (—as) for s
> s, where s, is the transitional normalized density value between
the diffuse gas given by the lognormal distribution and the power-
law tail. If the piecewise PDF is continuous and differentiable, then
(Burkhart, Stalpes & Collins 2017)

1
=5 Qo - Da?, (®)

where « is the power-law index.

The transition density between lognormal and power law is related
closely to the density at which gravity takes over the dynamics of
the cloud, i.e. the so-called critical density for collapse (Burkhart
& Mocz 2019). We consider that above a critical density p. all
matter contributes to star formation. To estimate p. we consider the
model presented in Padoan & Nordlund (2011), which takes into
account the contribution of the magnetic field for the determination
of the critical density for star formation and can also be used for
sub-Alfvénic turbulent conditions. The critical density is defined as

0c (14092532
e 0,067 ¢ 2oty M ,
. ‘ I+ B

where ¢ < 1 and ¢ L is the turbulence integral scale (L, being the
size of the system), and S is the ratio between thermal pressure
and magnetic pressure. In the limit § — oo, we recover the
hydrodynamical case.

Fig. 6 compares the evolution of the PDF of the density (equa-
tion 6) for two models analysed in the previous figures. The sub-
Alfvénic model is presented in the left-hand panel and the super-
Alfvénic in the right-hand panel. The blue dark curve represents
t = 0.0z Initially, the super-Alfvénic model shows a wider spread
of density values when compared to the sub-Alfvénic model (as in

(C)]

!For solenoidal turbulence driving, V - §v = 0. For compressive turbulence
driving, V x §v = 0 (Federrath et al. 2008).
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Figure 3. Column density maps with LIC method applied to B for super-Alfvénic models with M = 2.0 and sonic Mach number M = 7.0, for three
different LOSs. Top row shows the column density map at the initial snapshot ( = 0.0¢r) (with fully developed turbulence and no self-gravity), for each LOS.
Bottom panel shows the final snapshot (when self-gravity becomes important) for the same LOS. From left to right the column density distribution is integrated
along X-axis (the direction perpendicular to the initial field), 45° with regard to the initial field, and Z-axis (parallel to the initial field) directions.

Véazquez-Semadeni & Garcia 2001; Burkhart et al. 2009). The black
dotted line is the fitted lognormal PDF (equation 6) for r = 0.3#x
and the red dashed—dotted line is the power law fitted for the same
time. The fitted index, and the region where the fit was considered,
is indicated in the plot. The magenta vertical dashed line is the
estimated s, (equation 8) for the fitted power-law index and the green
vertical dashed line is the critical density for the magnetized case
(equation 9). We note that both coincide in the case of the super-
Alfvénic model. As the material collapses, the power law becomes
shallower and eventually approaches p. (Burkhart 2018).

The sub-Alfvénic model shows a small tail that deviates from the
lognormal distribution, which is not present in the super-Alfvénic
case. Since at this stage, gravity is not acting in the system, this
deviation from the lognormal is most likely caused by the presence
of a strong magnetic field (Burkhart & Lazarian 2012). At later times,
the power law reflects the action of gravity, as discussed previously
in the literature (Ballesteros-Paredes et al. 2011; Collins et al. 2012;
Girichidis et al. 2014; Myers 2015; Burkhart et al. 2017; Mocz et al.
2017; Burkhart 2018).

Since our code does not support a treatment of adaptive mesh
refinement or sink particles, we consider that our results are valid
until the power-law index reaches a value o ~ 1.5. This has been
chosen in accordance to previous studies that indicate power-law
tails from observed clouds with an index up to this value (see e.g.
table 1 from Burkhart 2018, and references therein). In fact, the
evolution of the cloud should result in a power law with an index
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that converges to —1. However, effects due to the lifetime of the
MC or to the LOS may yield steeper values for the observed power-
law index (Girichidis et al. 2014; Guszejnov, Hopkins & Grudi¢
2018).

2.3.2 Power spectrum

The power spectrum can provide additional information about the
development of turbulence present in the cloud. An incompressible
fluid with fully developed hydrodynamical turbulence follows a
Kolmogorov power spectrum (Pip(k) dk oc k=" dk). However, the
slope of the spectrum may change in the presence of magnetic fields,
shocks, and gravity.

The collapse of structures due to the action of gravity produces
very shallow slopes that may even become positive valued, similar
to a §-function (Federrath & Klessen 2013; Burkhart et al. 2015b).

Fig. 7 shows the evolution of the 1D power spectrum? of density
evolution in time for the same two models analysed in Fig. 6.
The dotted red line is a reference to the expected power law
from a Kolmogorov cascade (Pip(k)dk oc k=3 dk). Initially, in
both simulations it is possible to identify an inertial region in the

2The power spectrum was calculated along the x-axis (perpendicular to the
initially homogeneous magnetic field). The power spectrum obtained along
the other axes showed a very similar behaviour.
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Figure 4. Column density maps with LIC method applied to B | for sub-Alfvénic models with M = 0.6 and different M, at the initial snapshot (with fully
developed turbulence and no self-gravity). From top to bottom panels we show models with M = 1.8, 4.0, and 7.0, respectively. From the left- to right-hand
panels, we show the LOS integration along the X-axis (the direction perpendicular to the initial field), 45° with regard to the initial field, and Z-axis (parallel to

the initial field) directions.

spectrum that roughly follows the same Kolmogorov slope. As matter
accumulates around overdense regions, the power spectrum at higher
wavenumbers k (or smaller length scales) starts to flatten. This is a
confirmation of the action of gravity at later times of the evolution
of the cloud.

3 QUANTIFYING THE RELATIVE
ORIENTATION BETWEEN DENSITY
STRUCTURES AND THE MAGNETIC FIELD

In the previous sections, we have demonstrated that our simulations
show statistical and visual behaviour compatible with previous

works that investigated the transition of supported turbulent gas
to collapsing star-forming gas. The primary aim of this work is
to quantify the role that gravity and supersonic turbulence play in
shaping the relationship between the magnetic field and collapsing
dense structures. We focus on quantifying the importance of gravity
versus turbulence in the relative orientation between interstellar
medium (ISM) density/column density structures and the embedded
magnetic field.

The distribution or histogram of relative orientation (HRO) be-
tween the magnetic field and density is described in detail in Soler
et al. (2013). The basics of the statistics are as follows: gradients of
density will be perpendicular to isodensity contours. Comparing the
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and Z-axis (parallel to the initial field) directions.

density gradient with the magnetic field orientation, it is possible to
evaluate how the filamentary structures are aligned with the magnetic
fields.

The relative orientation can be defined as

B x Vp

tangp = ————.
an ¢ B-Vp

10)

With ¢ as defined above, we can evaluate the histogram of cos ¢
within different density bins. A peak in this histogram around cos ¢ =
0 means that the field is perpendicular to the density gradient, in other
words, the field is aligned with the structures. Similarly, cos ¢ = %1
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means the density gradient is parallel to the field, hence the field is
perpendicular to the structures.

The HRO method can also be applied to the column density
gradients, much in the same way, the only difference is the fact
that the histogram is generally evaluated for ¢ + 90° in this case. In
three dimensions, two random vectors have a higher probability of
being perpendicular to each other than being parallel, that is why we
choose to use cos ¢ in 3D. This is not the case in two dimensions
and we can use simply the information from ¢. This is also what is
commonly used in observations, e.g. Planck (Planck Collaboration
XXXV 2016; Soler et al. 2017).
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M = 2.0. The red dashed line represents the Kolmogorov power law (k=¥3) and the green dashed line represents the case for Burgers turbulence (k~2), for

reference.

For observational data, the angles are calculated between the
gradient of column density vector and the estimated B, from
polarization data obtained from the Stokes parameters, i.e. a set
of values that characterize the polarization of electromagnetic
waves.

In order to compute these parameters for polarized radiation
from the simulations, we will use the same assumptions as Falceta-
Gongalves, Lazarian & Kowal (2008, see also Poidevin et al. 2015).
We assume that only thermal emission is emitted by grains that are
perfectly aligned with the magnetic field. The dust abundance (which
is not explicitly accounted for in our simulations) is considered to be

proportional to the gas density, as well as the intensity of its emission.
Finally, we consider that all grains emit at a single temperature. With
these assumptions, for each cell of the computational domain we
calculate

g = pcos2y sin®i,
u = psin2y sin®i, (11)

where p is the local density, ¥ is the local angle of alignment,
determined by the projection of the local magnetic field on to the
plane of the sky, and i is the angle between the magnetic field and
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the LOS. Integrating ¢, u, and p along a chosen LOS results on the
Stokes parameters Q, U:

Q=/qdz,
U=/udl, (12)

and the column density

Ny = / odl. (13)

This way, the intensity of the polarization vector E and its direction
will be calculated as

E =+/0?+U?
®p = 1/2arctan(U/ Q). 14)

We can use equation (10), where V p can also be replaced by V Ny
and B by B, if we use column density and polarization maps, to
build a histogram to evaluate the angular distribution.

To analyse the behaviour of filaments inside MCs we need to
evaluate a wide range of density values that spans 2-3 orders of
magnitude. To check how the alignment between density structures
and the magnetic field occurs at different scales, we analyse the den-
sity information in several bins. To guarantee comparable statistics
for each density bin, the density range is divided into bins with the
same number of grid cells and then the HRO is calculated for each
bin.

In order to study the relative orientation between the (column)
density gradient and the (projected) magnetic field, an additional
statistical method can be used, namely, the projected Rayleigh
statistics (PRS). This can be calculated as (Jow et al. 2018)

z 2 cosb; 15

Sy, 15)
where 6; € [—m, 7] is the set of angles between the two vector
quantities that we want to characterize and n is the total number of
angles in our set. Positive values of Z, are indicative of strong parallel
alignment between the two vectors, while negative values indicate a
strong perpendicular alignment between them.

Jow et al. (2018) argue that, in the limit of n — oo, the PRS
approximates the standard normal distribution. Therefore, for a
general distribution of angles, the variance of Z, can be estimated as
2 2 B0 (cos 0;)* — (Z,)?
zZ, = :

(16)

n
The error of each measurement of Z, will be given by the equation
above.
Equation (15) cannot be applied to a 3D distribution, but following
Chapter 10 of Mardia & Jupp (1999), we can perform a similar test
to calculate Z;p as

Zip =2k (\/(Efsine,-)z + (Drcos )’ — E{’cos@i), (17

where k is called the concentration parameter. As the name suggests,
it is a weight parameter that describes the concentration of vectors
around the mean direction. For our calculations, we will consider k =
1. As we will see later, the absolute value of Zsp is not as important
as the variation of Z3p for different density contours.

When analysing the density distribution of our 3D simulated cube,
we will calculate the PRS values for the angles between the gradient
of density (Vp) and the magnetic field (B). Large values indicate
that B is perpendicular to V p, while values closer to zero indicate
that these two vectors are parallel.
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Figure 8. PRS time evolution for all sub-Alfvénic models (with My = 0.7)
without self-gravity. From left to right the PRS is applied to the LOS along
X-axis (the direction perpendicular to the initial field), 45° with regard to the
initial field, and Z-axis (parallel to the initial field) directions. From top to
bottom initial Mg = 2.0, 4.0, 7.0, respectively.

For the integrated density maps along a given LOS (column
density), what is being evaluated is the angle between the polarization
pseudo-vector E (instead of the magnetic field projected on the plane
of the sky, B, ) and the gradient of column density VNy. In this
case equation (15) will be referred as Zp. Given the isocontour of
a column density map, since V Ny is perpendicular to it and E is
perpendicular to the projected magnetic field in the plane of the sky,
B, the angle between them, ¢, will be also between B, and the
direction of the density structure (isocontour). With this in mind, if
E is parallel to the gradient of column density V Ny, then Zp > 0,
and if perpendicular, Z,p < 0.

3.1 Results of the PRS and HRO

In this work, all the projected Rayleigh statistics (PRS) calculations
considered 20 bins, both for Z3p and Z,p. Tests with additional bins
did not add any relevant information. As we will see, the information
provided by both criteria Zsp and Z,, must be seen as complementary
to each other to provide a whole picture of the relative distributions
of the structures and their magnetic fields.

3.1.1 Models without self-gravity

Fig. 8 shows the PRS analysis for all the sub-Alfvénic models and
for the three different LOSs. First, when the LOS is perpendicular
to the initial uniform field, Z,p has a broader variation in time for
higher densities.

Positive values of Z,p indicate that E, the direction of the
polarization vector, is parallel to V Ny, which indicates that the
projected magnetic field in the plane of sky (B ) is parallel to the
isocontours of Niy. When LOS is parallel to the initial magnetic field,
the PRS analysis returns only positive values for most densities with
very little variation. This happens because B in this case results
from motions perpendicular to the main component of the field and
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Figure 9. PRS time evolution for all super-Alfvénic models (with M =
2.0) without self-gravity. From left to right the PRS is applied along LOS
X-axis (the direction perpendicular to the initial field), 45° with regard to the
initial field, and Z-axis (parallel to the initial field) directions. From top to
bottom initial Mg = 2.0, 4.0, and 7.0, respectively.

this results in a random field distribution as seen in Figs 4 and 5.
This is the case for the maps on the right-hand column diagrams
from Fig. 5, which show that the coherence length is smaller in this
LOS. Since we are projecting only the plane of the sky component
of the field, we do not see the main component, only perturbations
perpendicular to it.

In the other two LOS of Fig. 8, as the sonic Mach number is
increased (keeping the same M = 0.7), we identify some negative
values in the PRS for the largest column densities. This indicates that,
when observed from these LOS, the densest structures tend to be less
aligned with the local projected magnetic field to the plane of sky.
This seems to be counterintuitive to what one should expect, since
this effect seems to be larger for larger turbulent motions (larger
M) relative to the magnetic field strength, where compression
effects should be even stronger. However, looking at the column
density maps of Figs 2-5, we note that the increase of turbulence
(increase of M) causes more fragmentation and the formation of
more numerous smaller and denser structures. This effect is more
pronounced for the LOS along X (where the projected magnetic field
to the sky has a larger component aligned to the original magnetic
field) and less pronounced as we go to the LOS along Z (where the
projected magnetic field to the sky has a smaller component aligned
to the original magnetic field). In other words, in these sub-Alfvénic
models, only the densest and smallest structures that develop from
increased fragmentation in the more supersonic (larger M) at latter
stages of evolution, tend to align with the intrinsic magnetic fields,
and this effect is observable only for LOS perpendicular or with
angles around 45° to the original field.

Fig. 9 shows similar PRS analysis as in Fig. 8, but for the
super-Alfvénic models. When M, = 2.0 (therefore, decreasing the
strength of the magnetic field relative to the turbulent motions), the
PRS does show positive values and thus aligned structures to the
projected magnetic field for all LOS (see Fig. 9). In this case the
magnetic field is not strong enough and, while wandering due to the
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Figure 10. Zsp analysis (equation 17) applied to the 3D distribution of
density and magnetic fields for all simulated models without self-gravity
(see Table 1) in three different snapshots indicated in the inset. On the
left are presented the sub-Alfvénic (initial M = 0.7), and on the right
super-Alfvénic (initial M = 2.0) models. From top to bottom initial
M = 2.0, 4.0, and 7.0, respectively.

turbulence, it is also compressed by the supersonic flow, following
the fragmented filaments. For most of the super-Alfvénic cases the
behaviour of the PRS is closer to what is seen in the maps integrated
along Z in the sub-Alfvénic case. Therefore, in general, the magnetic
field presents itself parallel to the filaments in these super-Alfvénic,
supersonic flows.

Fig. 10 depicts the Z3p analysis for the models without self-gravity.
This analysis method indicates that in general the density gradient is
predominantly perpendicular to B (and hence, structures are actually
mostly aligned with the intrinsic magnetic fields), since Z3p >> 0 for
all densities. This applies to both sets of simulations, sub-Alfvénic
and super-Alfvénic. The sub-Afvénic models show smaller values
of Zsp towards denser regions compared to their super-Alfvénic
counterparts. These results indicate that the compression of the
lines by the gradient of pressure is the dominant factor due to the
supersonic turbulence. In the super-Alfvénic case, the compression
of the magnetic field lines in the direction parallel to the density
(pressure) gradient and perpendicular to B is more effective, resulting
in the alignment of the magnetic field with the filaments. In the
sub-Alfvénic case, the more intense B offers greater resistance to
compression.

This Z3p analysis seems to be, at first sight, a little in contradiction
with the Zp analysis performed before for the column density
distributions, at least for the densest structures. However, one has
to have in mind that Z,p is subject to projection effects, while the
Z3p analysis provides intrinsic values. Indeed, the fact that only
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positive values of Z3p > 0 appear does not mean that there are no
regions where Vp is parallel to B (i.e. where dense filaments are
normal to the intrinsic magnetic fields). The first step to calculate
the PRS (both for density and for column density distributions) is
to divide the density distribution into bins (density intervals) with
the same number of cells (see Soler et al. 2013), and then Z3p (for
density) and Z,p, (for column density) are calculated inside each bin.
Since at very high densities we have fewer structures, the last bin
may include structures that have very different values of density and
therefore, may have very different alignment with the field that may
be hindered by averaging. As we will see below, the HRO analysis
can help to distinguish the presence of perpendicular filaments in the
densest regions.

The different colours of the lines in Fig. 10 indicate three different
snapshots at which each simulation was analysed (r = 500, 600,
and 700 c.u.). For both sub-Alfvénic and super-Alfvénic sets, as
time goes by, the density variations are only caused by compression
and rarefaction due to turbulent motions. Zsp values do not change
much along time, but they do change with different M, and M
values. For M, = 0.7, stronger magnetic fields become dynamically
more important and force the motion of the turbulent flow along the
magnetic field lines, thus increasing the values of Zp at higher
densities, especially as the sonic Mach number increases causing the
formation of smaller denser structures. This does not occur at same
degree in the super-Alfvénic case.

While the density distribution shows only a change in the values of
Z3p as the Alfvénic Mach number changes (Fig. 10), for the column
density along a given LOS, this behaviour is realized only partially
in Zpp (in Figs 8 and 9).

To exemplify the distribution of angles at different density bins,
Fig. 11 shows the histograms of relative orientations (HROs; equa-
tion 10, Section 3) for two different models, Turb_Ms7.0_Ma(.7 (left)
and Turb_Ms7.0_Ma2.0 (right). With ¢ being the angle between
the density gradient and the local magnetic field (equation 10),
cos (¢) = 0 means that B is perpendicular to the density gradient
while cos (¢) = %1 indicates that these two vectors are parallel.

Both plots in Fig. 11 show six density bins for each model. In the
sub-Alfvénic case the distribution of cos ¢ shows a clear peak around
zero for every bin, except for the densest one, where the histogram is
almost flat, meaning that there are more or less the same number of
structures parallel and perpendicular to the field lines at this density
bin (this is compatible with our previous analysis of Figs 8 and 4).
At the same time, when we look to the super-Alfvénic model, there
is a higher count of cos ¢ around zero, i.e. with the structures mostly
aligned to B at all densities, even for the densest regions (which is
also compatible with the previous analysis).

The change in alignment at different densities, especially for the
sub-Alfvénic models, reflects in the PRS analysis, as there are less
negative values for Z3p as we go to denser regions (Fig. 10). However,
these regions are neither numerous enough nor big enough to bring
Z3p to positive values.

3.1.2 Models with self-gravity

In models with no self-gravity the turbulent motion is the main
agent modifying the magnetic field distribution. In this section, we
now investigate the effects of self-gravity on the orientation of the
magnetic field and density.

Fig. 12 shows the calculated values of Zsp for all models. As the
self-gravitating regions accrete, the density gradient becomes less
perpendicular to the magnetic field at denser regions (i.e. B tends to
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become more perpendicular to these collapsing regions). This result
is similar to what was seen in the previous section (Fig. 10) when
no self-gravity was present. The addition is that, higher densities are
achieved as time passes. As the fluid streams more easily along
the magnetic field lines (since in the normal direction magnetic
pressure gradients will inhibit the motion and provide support against
gravity), dense structures will accumulate by gravity action mainly
perpendicularly to the field direction. This can happen for both, the
sub- and super-Alfvénic cases, since at smaller scales magnetic fields
become more and more important, as they are brought along with
the collapsing regions, but is more pronounced in the sub-Alfvénic
cases.

The slopes of the curves presented in Fig. 12 also behave in a
similar way as in Fig. 10, changing for different M in the sub-
Alfvénic case, while in the super-Alfvénic case, the slope does not
change much. As in Fig. 10, the values of Z3p are very high, but the
change of slope indicates that there is an important contribution
of dense regions where Vp is predominantly parallel to B, at
later times. This is of course due to the action of gravity creating
collapsed regions to where the flow of matter converges. Compared
to the models with no self-gravity where filaments are formed by
compression forces only, in the models with self-gravity we see that
lower density regions are still dominated by the interplay between
turbulent motions and the magnetic field, while higher density
regions become dominated by an interplay between the action of
gravity and magnetic fields.

Similarly to the left-hand panel of Fig. 11, the right-hand
panel shows the HRO curves for two self-gravitating models,
Grav_Ms7.0_-Ma0.6 and Grav_Ms7.0_-Ma2.0. This was evaluated
over the last output of these models, when ¢ = 0.37y (see the right-
hand side of Fig. 1 which shows the filamentary 3D distributions
for these models). Compared to the models that do not include
self-gravity, there is an enhancement in the number of regions
perpendicular to the magnetic field at higher densities. With the
action of gravity, even the super-Alfvénic model shows a change in
the number of counts of cos ¢ = +1.0.

The critical density (vertical green dashed line in Fig. 12) seems to
be related to the densest bins, for models with sonic Mach numbers
M = 4.0 and 7.0. There is a jump in the values of density between
the penultimate and last points in the diagrams that comes from the
density range considered in the bins (as can be seen in Fig. 11, the
20th bin has a wider range of densities compared to the 19th). In
the super-Alfvénic case, the penultimate point is very close to p. for
all times considered, while in the sub-Alfvénic case the penultimate
point approaches p. as the system evolves.

Tracing the critical density of a system using the PRS is an
interesting possibility, and the exact relation between the two can be
further explored following the evolution of the alignment between
structures and the magnetic field at smaller scales and at latter times
of the collapse. However due to the lack of an adaptive mesh with
increasing resolution in the densest regions in our models, this is out
of the scope of this work.

Still, the results discussed up to this point are very similar to what
was shown in the previous section for models without self-gravity.
We note that self-gravity does increase the number of denser regions
where B is parallel to the gradient of density in the sub-Alfvénic
models, but it has little or no effect when it comes to the simulations
with M = 2.0. At smaller scales this is probably not true, since we
expect that magnetic fields should be brought along with the fluid
during collapse, at some point these cores must become sub-Alfvénic
and once again B would influence how the gas collapses. However,
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Figure 11. HROs of cos(¢) (equation 10, Section 3) for different bins of density for the sub-Alfvénic (left) and super-Alfvénic (right) models without

self-gravity. Only bins 1st, 10th, 17th, 18th, 19th, and 20th are shown.

the simulations do not have enough resolution to follow the process
up to this point.

In order to compare the simulations with observations we need
once again to integrate along a defined LOS. We will follow same
directions used in Section 3.1.1.

Figs 13 and 14 show the PRS analysis (Z,p) for the integrated
density (column density) distribution along the three different LOSs.
As in Figs 8 (for initial M = 0.7) and 9 (for initial M = 2.0),
the left-hand column represents the LOS perpendicular to the initial
magnetic field, the middle column shows Z,p for a LOS making
an angle of 45° with respect to the initial field, and the right-hand
column is for a LOS parallel to the initial magnetic field. From top
to bottom, each line has, respectively, M ~ 1.8, 4.0, and 7.0.

As we have seen before, the fragmentation and collapse of the
structures in the cloud depends on the sonic Mach number, the
higher, the faster the collapsing very dense regions appear, and the
PDF of density reaches a power-law tail with a slope ¢ = 1.5 (see
Section 2.2). First, in the sub-Alfvénic cases (Fig. 13), the initial
distribution of Z,p (black curve) is similar to the simulations without
self-gravity. However, as the densest regions collapse, the effect seen
in Zsp (Fig. 12) is more pronounced for Z;p.

From the sub-Alfvénic models that do not consider self-gravity
(see Fig. 8) we saw that for higher sonic Mach numbers, and when
the LOS is not parallel to initial magnetic field, Z,p decreases as
the density increases. That is exactly what is seen in the models
from Fig. 13 when ¢t = 0.0z. However, with gravity acting over
the system all models evolve to a similar distribution of Z,p, with
lower densities having positive (B aligned with the filaments) values
and higher densities showing negative values (B perpendicular to
the filaments). This turns out to be the case even when the LOS is
parallel to the initial field (where we see less of the original magnetic
field orientation and more of the random component, see the last
column of Fig. 13). In particular, for M, = 1.8, this trend is not
initially present, but the action of gravity results in negative values
of Z,p at later times for all LOS. In summary, self-gravity does affect
the Z,p distribution of dense regions of sub-Alfvénic models more
clearly than in models with no gravity, as we should expect, and may
help to distinguish between different observed interstellar regions
(see Section 4).

For the super-Alfvénic case (M = 2.0; see Fig. 14) the scenario
is different, the polarization vector E appears mainly aligned to the
column density gradient VNy (i.e. Z,p > 0 always, equation 15),
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Figure 12. Zzp analysis (equation 17) applied to the 3D distribution of
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Table 1), for different snapshots depicted in the inset. On the left we present
the sub-Alfvénic (initial Ma = 0.6) and on the right, the super-Alfvénic
(initial M = 2.0) models. From top to bottom initial Mg = 2.0, 4.0, and
7.0, respectively. The green dashed line indicates the critical density for star
formation (equation 9).
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which means that the projected magnetic field is more frequently
parallel to the structures. This is similar to the super-Alfvénic models
without self-gravity (Fig. 9; see also Fig. 2), but in Fig. 14 larger
column densities and Z,p values are achieved.

4 COMPARISON WITH OBSERVATIONS

To compare the diagnosis of the simulated models presented in
the previous section with observations, we use clouds observed by
Planck Satellite (Planck Collaboration XXXV 2016) and BLASTPol
(Soler et al. 2017). These objects have been also analysed by Jow
et al. (2018).

The Planck Satellite observed thermal emission and dust polar-
ization in seven bands between 30 and 353 GHz. In the case of
Planck Collaboration XXXV (2016), the observations were made
using the High Frequency Instrument at 353 GHz. The MCs reported
have distances estimated between ~150 and ~450 pc. Given their
angular sizes of about 15°, these distances imply that the clouds have
sizes up to ~100 pc. The sonic Mach number estimated for these
regions may vary. For instance, Polaris MC has M varying between
~3 and 7 depending on the region inside the cloud. Orion has M ~ 8
(Schneider et al. 2013). Kainulainen & Federrath (2017) also report
comparable sonic Mach measured from CO lines for Ophiucus,
Taurus, and Musca. Temperatures range between ~10 and 30 K
(Kirk et al. 2013). Our models are compatible with these values.

Vela C observations were obtained using BLAST-Pol to estimate
the magnetic field direction (Galitzki et al. 2014; Fissel et al. 2016;
Gandilo et al. 2016), and using Herschel to derive the column
density maps (Hill et al. 2011). BLAST-Pol used three wavelengths
centred at 250, 350, and 500 wm. For the column density, Herschel,
the Spectral and Photometric Imaging Receiver (SPIRE) and the
Photodetector Array Camera and Spectrometer (PACS) data were
used, with observations made at 160 (PACS), 250, 350, and 500 pm.
Previous studies place the cloud around a 700 pc distance, with a
total mass of more than 10° Mg. Despite being a massive cloud, it
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is still at an early stage of evolution, and some authors claim that
only one or two O-type stars have been formed (Soler et al. 2017).
The estimated temperature ranges between ~10 and 30 K inside the
cloud (Hill et al. 2011).

4.1 PRS and angular distribution analysis

Fig. 15 shows the comparison of the PRS presented in Section 3.1.2
with the results obtained for Vela C and a few of the clouds observed
by Planck Collaboration XXXV (2016).

The PRS analysis is sensitive to the number of points in the sample.
This means that directly comparing the values of Z,p with the ones
obtained in observations requires some caution and we discuss this
later in this section. Nevertheless, our results offer some insight into
the magnetic field and what kind of structure distribution we can
expect inside the observed MCs.

First, we discuss the general distribution of the projected magnetic
field on the sky (B ) for most clouds. In general, B, appears parallel
to a single direction inside these MCs, with a smaller fraction being
randomly distributed. Chamaleon-Musca and Aquila, for instance,
are good examples of this behaviour (see fig. 3, left, from Planck
Collaboration XXXV 2016). As discussed in the previous section,
this is a characteristic observed mainly in our sub-Alfvénic models.

From the integrated maps obtained from our supersonic, sub-
Alfvénic models (Figs 4 and 5), B, becomes more chaotic as the
LOS gets closer to the direction of the mean magnetic field. The
LOS then catches the effect of regions where locally the field can
appear as a random twist, while still showing a general coherence
for most of the cloud. The presence of such a characteristic in the
distribution of the observed B | is an indication that these clouds are
sub-Alfvénic.

Evidence in favour of a sub-Alfvénic description of the turbulence
in these clouds is the PRS analysis presented in Fig. 15. Jow et al.
(2018) have revised the data presented in the works mentioned above
in order to apply the PRS method described in Section 3. This
reveals that the observed relation between density gradients and the
projected magnetic field in the sky is similar to the sub-Alfvénic
models we simulated, going from positive to negative as density
grows, i.e. less dense regions appear more aligned to the magnetic
field, while dense regions appear more perpendicular to it.> For most
clouds, the turbulent models approximately produce a behaviour
of Z,p compatible with the observations. The different regions of
Vela C, in particular, show higher column density values and most of
the structures appear perpendicular to the projected magnetic field,
since they have a negative tail of Z,p at higher densities. This is
only achieved in the sub-Alfvénic models that consider self-gravity
(see Fig. 15). Aquila, on the other hand, can be described by a sub-
Alfvénic model without self-gravity. This conclusion is supported by
the PRS data and the information from the observed column density.
Aquila does not show large gradients of column density, which is
characteristic of our turbulent models without self-gravity. Moreover,
the cloud is known for having star formation activity inside isolated
pockets (Eiroa, Djupvik & Casali 2008; Prato, Rice & Dame 2008),
and since the PRS data were calculated using a bigger portion of the
cloud, it makes sense that the observed PRS follows a distribution
similar to our turbulent models.

Complementary information is provided in figs 3 and 4 from
Planck Collaboration XXXV (2016) that presents the observed

3Note that this trend appears consistently only in sub-Alfvénic models.
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integrated column densities of the clouds Aquila, Chamaeleon-
Musca, Taurus, and Ophiucus on the left-hans side, and the HROs
between the projected magnetic fields and the density gradient of
the structures in these clouds. Comparing with the HROs of our
models in Fig. 11, we note a similar behaviour with the sub-Alfvénic
models, i.e. as we go from less dense to denser structures, the relative
orientation between the magnetic field and the filaments goes from
aligned to perpendicular, particularly in the case of Chamaeleon-
Musca and, at some extent, Taurus. Note that Fig. 11 shows the HRO
applied to the 3D structures and not to column density maps, still the
behaviour is similar.

One effect that can also influence the comparison of the PRS from
observations with our simulated models is related to the resolution
and field of view that is possible to achieve with the telescopes. It is
important to highlight that due to self-gravity, the units considered in
the code are scale dependent. The size of the clouds in our simulations
is 10 pc, while the clouds observed can extend up to hundreds of pc.
This means that our results are more representative of substructures
inside the clouds and not so much of the global formation of the cloud
and their surroundings. The PRS results reported in Jow et al. (2018)
are for entire regions observed by the Planck Satellite. Even though,
our study presents results that are qualitatively comparable to the
observations and hence, one can always argue that due to the self-
similarity nature of the turbulent clouds, the general behaviour at very
large scales does not differ much of that in the intermediate scales
inside the clouds, at least in scales where self-gravity is not dominant
yet (Bialy & Burkhart 2020). To account for the scaling effect above,
we may take the self-gravity, sub-Alfvénic simulations with My =
1.8. The Poisson equation considers the normalized potential:

v =vi () =p as)
4G '
The normalization implies a gravitational constant in code units
as follows:

L\?2
Gew = Gnpo (*) ; (19)
Cs

where Gy is the gravitational constant, py is the initial density of
the simulation, and L the size of the domain. With this in mind, it
is possible to rescale our models as long as we keep G, the same,
i.e. the ratio in the right-hand side of the equation, po(Llcg)?, must
be kept constant (see alternative ways of scaling gravity keeping
constant the virial parameter in e.g. Mckee et al. 2010).

We consider a region of 40 pc, which is approximately the
estimated extension of the clouds observed by Planck Collaboration
XXXV (2016). Considering the same temperature for the rescaling
(10 K), the average density in this larger system is around 6 cm~> to
keep the ratio po(Llcs)? constant. The final result is shown in Fig. 16.

On the left-hand side of Fig. 16, the original column density and
PRS that were extracted from the simulation are shown for the
rescaled system. The integration was made along a direction 45°
inclined with respect to the initial magnetic field. On the bottom
left-hand diagram of Fig. 16, the red line is the obtained PRS from
observations of Chamaeleon-Musca (same as in the top diagram
of Fig. 15), and the black line is the PRS calculated for model
Grav_Msl1.8_Ma_2.0. The right-hand side of the figure shows the
same column density map of the left, but convolved with a 2D
Gaussian kernel (see Soler et al. 2013 for further details). The image
has been smoothed roughly to the same spatial resolution of the
observations, as it was done by Planck Collaboration XXXV (2016).
In our simulation, the smoothing length corresponds to about 7 cells.
We note that the PRS for the smoothed map is quite different at
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Figure 15. Top: Zyp (equation 15) calculated from observations (Planck Collaboration XXXV 2016; Soler et al. 2017). Bottom: Z,p (equation 15) calculated
from our simulated models considering all LOS for models with Mg = 4 and 7. The PRS when only turbulence is present is on the left. The PRS calculated for
the final snapshot of models that consider self-gravity is shown on the right. The Alfvénic Mach number of the models is indicated above each plot.

higher densities, even if the column density is not much different
from the original one, thus providing different information. In fact,
we see that the PRS calculated for the smoothed map is more similar
to the observed one (red curve). Intrinsically (i.e. examining the
high-resolution map of the left), these structures are aligned to the
magnetic field for all column densities (explaining the positive PRS),
but with the loss of resolution at the smaller scales of the observations
(in the map of the right), the densest structures actually appear
perpendicular to the magnetic field. Both maps share similarities
with Chamaeleon-Musca, but the alignment indicated by the PRS in
the smoothed map, while being compatible with the observations,
is actually not representative of the real behaviour of the projected
magnetic field on to the sky (as suggested by the simulation of the
left-hand panels).

MNRAS 503, 5425-5447 (2021)

4.2 A closer look inside the molecular clouds

Observations made by Palmeirim et al. (2013) using Herschel
Telescope have revealed several smaller structures around the fil-
ament B211/3 in Taurus MC. The dense filament (B211/3) appears
perpendicular to the magnetic field around it, while less dense
structures (the striations observed by Palmeirim et al. 2013) are
parallel to the projected magnetic field on to the sky. According
to the scale indicated in the figure, the size of the region is about
~3 x 4pc?. The separate regions of Vela C as defined in Soler et al.
(2017) also have similar sizes.

To evaluate the behaviour of these smaller, denser regions, both
of Taurus and Vela C, Fig. 17 shows the time evolution of the
column density of two regions of similar size to these clouds
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Figure 16. Left: column density map along a LOS 45° inclined with respect to the initial magnetic field for our model Grav_Ms1.8_Ma2.0 (top) and the PRS
calculated for the respective map (bottom). Right: same map, but convolved with a Gaussian kernel in a similar processes to the one made for observations from
Planck Collaboration XXXV (2016) (top) and the PRS of the respective map (bottom; see also Soler et al. 2013 for further details).

extracted from our self-gravity models with M = 7.0. The density
integration was along a LOS making an angle of 45° with respect
to the original magnetic field. On the left, we have M, = 0.6, on
the right M, = 2.0 and the time is indicated on the top of each
image. While in the sub-Alfvénic case filaments appear mostly
perpendicular to the projected magnetic fields on to the sky, in
the super-Alfvénic case they commonly appear aligned with the
magnetic fields.

In Fig. 17, initially (at t = 0.0z), it is possible to see filaments
both parallel and perpendicular to the magnetic field in the sub-
Alfvénic model. At this time, as only turbulence and magnetic fields
are present, the compression motions tend to align the filaments
with the magnetic lines (an effect that is more pronounced in the
super-Alfvénic model on the right-hand side of the figure), while
the stronger magnetic fields imposed by the sub-Alfvénic regime
tend to oppose resistance to alignment, through their tension and
pressure gradient forces. As time passes, matter flows along the

lines and results in denser filaments perpendicular to the field. In
the super-Alfvénic case, the magnetic field is dragged with the flow
resulting in projected magnetic fields aligned to the filaments. Along
time, it is also possible to see dense regions where the field is
perpendicular to the structures, which is evidenced in Fig. 18 for
t = 0.31, with Zp < O for the highest column densities in both
models.

In Fig. 18, the solid lines show the PRS analysis of the column
density maps presented in Fig. 17. The results for the sub-Alfvénic
models are shown on the left-hand side, and the ones for the sub-
Alfvénic model are shown on the right-hand side. The dashed lines
show the PRS calculated for some of the observations (see top
diagram of Fig. 15) as a comparison.

Once again the distribution of Z,p obtained in our sub-Alfvénic
models seems a better representation of what is observed in the sky.
Note that the values of Z,p for the super-Alfvénic case when ¢ =
0.3t and several regions have already collapsed, also show negative
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Figure 17. Time evolution of zoomed-in regions extracted from models Grav_Ms7.0_Ma0.6 (left) and Grav_Ms7.0_-Ma2.0 (right). Both maps were integrated
along a LOS 45° inclined with respect to the initial magnetic field. The time considered is indicated above each map.

values for higher column densities, which is expected as discussed in
Section 3.1, but the distribution for smaller densities and at previous
times is not compatible with the observation. On the other hand, the
sub-Alfvénic model shows very similar behaviour when compared
to the observations. In particular, the PRS analysis obtained from
the sub-Alfvénic model in Fig. 15 resembles what is seen in
Vela C.

Our models were made considering only solenoidal driving tur-
bulence. However as discussed in Section 1, compressive modes
may change the distribution of the filaments and this may affect the
resulting PRS analysis. We will study this in a forthcoming work.
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5 DISCUSSION

In this section, we compare our results with previous studies and
summarize our findings.

5.1 Comparison of our results with previous studies in the
literature

Soler et al. (2013) have first analysed the alignment of structures
with the magnetic fields in an MC using statistical tools like those
employed in this work. However, in their study turbulence was not
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Figure 18. Time evolution of the PRS analysis (Zp, equation 15) for the same maps presented in Fig. 17. Solid lines represent the PRS along time calculated
from our models, sub-Alfvénic on the left-hand side and super-Alfvénic on the right-hand side. Dashed lines represent the observed PRS of some regions

presented in the top diagram of Fig. 15.

constantly driven in the simulated system, and thus was allowed to
decay with time. Also, they did not consider sub-Alfvénic models
and investigated only a single sonic Mach number. Their highest
magnetized model had M, = 3.16 and M, = 10, so that they could
not investigate most relevant dynamical effects of the magnetic fields
in the evolution of star-forming systems, as in this work. Compared
to our most similar model, Grav_Ms7.0_MaZ2.0, their results present
significant differences. They only consider a LOS perpendicular
to the initial magnetic field and find a distribution of Z,p that is
closer to our distributions for sub-Alfvénic models. Also, the general
coherence of B in their column density maps is only observed
in our sub-Alfvénic models. This difference is most likely due to
the fact that turbulence was not continuously driven. As turbulence
decays their system approaches the sub-Alfvénic regime, with gravity
and magnetic pressure becoming the main forces acting on the fluid.
Hence, the collapse primarily occurs along the field lines, resulting in
dense structures perpendicular to the magnetic field. As turbulence
is dominated by the magnetic field it is unable to bend the lines,
thus explaining why their results are more comparable with our sub-
Alfvénic models.

In a more recent study, using the same set of simulations as in
the work above, Soler & Hennebelle (2017) derived an expression
for the time evolution of the angle between the density gradient
and the magnetic field in the turbulent MCs and found that these
two quantities are preferentially either parallel or perpendicular to
each other. In our simulations, we identify a similar trend only for
the evolved sub-Alfvénic models with self-gravity (see Fig. 13). In
addition, these authors have concluded that the observed change in
the relative orientation between column density structures and the
projected magnetic field in the plane of sky, from mostly parallel
at low column densities to mostly perpendicular at the highest
column densities, would be the result of gravitational collapse and/or
convergence of flows. This trend is also identified in our models,
especially in the sub-Alfvénic ones with self-gravity (see Figs 13
and 18).

Our results are also in accordance to those reported by Seifried
et al. (2020). As in our models without gravity, they do not observe
perpendicular structures to the mean field, particularly in their lower

magnetization models. As we have seen, a sub-Alfvénic cloud
observed in a LOS parallel to the magnetic field and a super-
Alfvénic cloud under the action of gravity can yield similar results
with regard to the general alignment between magnetic field and
filaments.

Hull et al. (2017) have also performed 3D MHD simulations in
order to study the alignment at smaller scales in order to compare with
observations made by ALMA. As initial conditions, they considered a
single sonic Mach number (M, = 10) and different Alfvénic Mach
number cases, including a trans-Alfvénic and a sub-Alfvénic one.
The general set-up of their models is similar to the ones presented in
this paper, with column density maps also comparable to ours, but
their analysis focus on the formation of collapsed cores. They have
studied the morphology of the magnetic field around these cores for
different scenarios in order to compare to ALMA observations. In
our work, however, we have focused on the formation of filaments
and the interaction of these structures with the magnetic fields. Both
works can thus be seen as complementary to each other, with the
results presented here giving some insight about the birthplace of
cores that will ultimately form stars.

Goémez et al. (2018) studied the structure of magnetic fields inside
self-gravitating filaments in turbulent environments. They note that
the magnetic field around the filament is primarily perpendicular to
the structure and the collapse along the filament would later bend
the magnetic field lines creating U-shapes. However, they argue
that the lack of resolution, as well as the decrease of polarization
in observations would not allow to detect these features. This is
consistent with the result we found in Fig. 16, where the decrease
of resolution, simulated by the smoothing of the image, revealed a
complete change of the behaviour in the PRS.

A final remark regarding the result from Fig. 16 is in order. Though
applied to Chamaeleon-Musca cloud, it has served to illustrate how
rescaling may influence the results obtained from observations. In
particular, the similarities seen in the general behaviour of B and
the formation of larger collapsed regions perpendicular to it, as
well as the comparison of the PRS showing a reasonable match
in Fig. 16, indicate that this issue should be further explored in future
works.
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6 CONCLUSIONS

In this work, we have explored, by means of 3D MHD simulations
of isothermal MCs, how the relative alignment between density
structures and the magnetic fields is affected by different regimes
of MHD turbulence and by self-gravity. We have also examined how
projection effects of these structures on the plane of sky may be
compared with polarization observations of distinct clouds.

We considered models with initially homogeneous magnetic field
and density, and different sonic Mach numbers (M ~ 2.0, 4.0,
and 7.0) and Alfvénic Mach numbers (M, ~ 0.7 and ~2.0), in a
10 x 10 x 10pc® volume. To ensure the gravitational collapse of
our clouds in the presence of self-gravity, we considered an initial
ratio between turbulent and gravitational energy density o ~ 0.5
(equation 5).

Our evolved turbulent models with no self-gravity show a PDF
distribution compatible with a lognormal (equation 6), and a density
power spectrum compatible with supersonic motions. While the
models with self-gravity, as structures collapse, develop a power-law
distribution at higher densities which becomes shallower with time in
agreement with previous studies. Their density power spectrum also
deviates from the initial distribution becoming flatter with time. This
means that the changes in the statistics, e.g. the PRS, at smaller and
dense regions of these models are due to the action of gravity, which
ultimately helps creating perpendicular structures to the magnetic
field and decrease or increase the value of Z,p or Zsp, respectively.

Computing the HROs between the magnetic fields and the density
gradients and applying the PRS analysis (Jow et al. 2018) enable
better understanding of the interaction of density structures with the
magnetic field inside MCs. Considering the results from the analysis
of the column density maps with models that do not consider self-
gravity (Section 3.1.1), our findings are as follows.

(i) The LOS in the sub-Alfvénic model cases changes the PRS
distribution (Z,p; equation 15), and this is also affected by the
magnitude of the sonic Mach number. For smaller sonic Mach
numbers (M ~ 2.0) most of the polarization vector E appears
parallel to the column density gradient (V Ny), Z,p > 0 in all models,
i.e. the magnetic fields are mainly aligned to the filaments, due to
action of supersonic turbulent compression motions. For larger sonic
numbers, the fragmentation increases and smaller values of Zp can
be seen for denser regions (especially if the LOS is not parallel to
the initial magnetic field). This indicates that these denser smaller
regions have a greater contribution of structures perpendicularto B |,
due to the dominance of the magnetic forces that prevent gas motion
across the lines, facilitating their flow along them.

(ii) For super-Alfvénic models, the less intense magnetic field
does not show the same coherence along large length scales, since
the lines are more easily twisted by the turbulent motions, and the
column density maps show similar characteristics at different LOS.
The PRS analysis also reflects this, with Z,p presenting only positive
values (often ranging between ~5 and 20) for all LOS. Different
sonic Mach numbers also show no clear effect in the alignment of
the structures with the field.

When gravity is included these scenarios change.
For the models with self-gravity (Section 3.1.2), our findings are
as follows.

(1) There is an enhancement of dense structures perpendicular to
the projected magnetic field to the sky, even when looking along the
mean field. When the system is sub-Alfvénic, smaller values of Z,p
are present for all LOS at higher column density values. At later
times, all models show at some degree a change from positive to
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negative values in Z,p that implies the presence of dense, collapsing
structures with magnetic fields normal to them, as one should expect,
since the collapse is easier along the magnetic fields.

(ii) For the super-Alfvénic models, Z,p is positive for most
LOS, indicating that most structures are aligned with the projected
magnetic field to the sky. This effect is less prominent for M = 7.0,
where more fragmentation again propitiates the formation of denser
collapsed cores inside filaments, and since magnetic fields are aligned
to them, these cores appear as perpendicular structures to the field
and therefore yield lower values of Z,p.

We conclude that self-gravity can create structures perpendicular
to the magnetic field, even for mean super-Alfvénic Mach numbers.
As evidenced also by the PDF and power spectrum, dense regions
of MCs are clearly dominated by gravity, while less dense regions
are mainly affected by turbulence, as lower densities still sit in the
lognormal branch of the PDF (see Fig. 6). Effects of projection due to
the LOS may change the observed alignment for less dense regions
(see Fig. 14), but still overdense regions show smaller values of Zp
(this effect can be seen by comparing the bottom panel of Fig. 14
with the right-hand panel of Fig. 18).

The observed behaviour of the PRS in column density maps
is a result of the intrinsic distribution of filaments and magnetic
fields inside the MCs. With regard to the 3D analysis of the density
structures, our findings are as follows.

(i) For the sub-Alfvénic models, the inclusion of gravity helps the
creation of structures perpendicular to the strong magnetic field, but
supersonic turbulence favours the formation of less dense filaments
parallel to the field (see Fig. 1). This is more easily realized through
the histograms of cos (¢) (top diagrams of Fig. 11), with cos (¢) =
+1 having a higher number of counts for the bin of largest density.
In accordance to what is observed in the column density maps for
Z>p (Figs 4 and 5), the PRS analysis of the density shows smaller
values of Z3p with higher sonic Mach numbers, especially at higher
densities.

(ii) For the super-Alfvénic models, magnetic field lines appear
mostly aligned to filaments when only turbulence is considered, with
the sonic Mach having little or no effect. But models with gravity
have the densest structures perpendicular to the magnetic field at
later times.

Finally, in Section 4, we have compared the results described above
with observations made by Planck, Herschel, and BLASTPol. The
comparison indicates that, qualitatively, our sub-Alfvénic models can
better reproduce the characteristics of observed clouds. Not only the
behaviour of the observed Z,p, but also the general coherence of the
magnetic field projected on the plane of the sky (B ) is compatible
with our sub-Alfvénic models for most clouds. There are clouds
where twists of B, could be explained with effects due to LOS.
Clouds like Aquila, for instance, can be well represented by models
with no self-gravity or in earlier stages of collapse, while Taurus and
Vela C have some similarities with the models with a more advanced
stage of gravitational collapse.
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APPENDIX A: RESOLUTION EFFECTS

Figs Al and A2 depict column density maps and PRS time evolution,
respectively, for the same sub-Alfvénic models with M, = 0.6 and
M = 7.0 presented in Sections 2.2 and 3, except that here they have
resolution of 256°. A quick comparison with the higher resolution
counterparts (in Figs 4 and 5) shows that the column density maps
are quite similar. The PRS in Fig. A2 shows some differences relative
to the higher resolution model in Fig. 13, particularly at later times
when gravity has caused the collapse of several structures and the
differences due to resolution become more obvious at these smaller
scales, but the general behaviour discussed in Sections 2.2 and 3 is
already present at these smaller resolution models.
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Figure Al. Column density maps with LIC method applied to B | for sub-Alfvénic models with M = 0.6 and sonic Mach number M = 7.0 with resolution
2563, for three different LOSs. Top row shows the column density map at the initial snapshot (¢ = 0.0z) (with fully developed turbulence and no self-gravity)
for each LOS. Bottom row shows the final snapshot (when self-gravity becomes important) for the same LOS. From left to right, the column density distribution
is integrated along X (the direction perpendicular to the initial field), 45° with regard to the initial field, and Z (parallel to the initial field) directions.

MNRAS 503, 5425-5447 (2021)

202 UOJBlN € U0 1sonB Aq 2688/ L9/SZHS/7/€0S/0101HE/SEIUW/WOD dNODlWapEoE//:SA)Y LWOlj POPEOjUMOQ


http://dx.doi.org/ 10.1088/2041-8205/766/2/L17
http://dx.doi.org/10.1093/mnras/staa2231
http://dx.doi.org/ 10.1051/0004-6361/201935779 
http://dx.doi.org/ 10.1051/0004-6361/201731049
http://dx.doi.org/10.1088/0004-637X/774/2/128 
http://dx.doi.org/ 10.1051/0004-6361/201730608
http://dx.doi.org/10.1088/2041-8205/769/1/L15
http://dx.doi.org/10.1038/nature13850
http://dx.doi.org/10.1086/173847
http://dx.doi.org/10.1086/321688
http://dx.doi.org/ 10.1111/j.1365-2966.2011.18569.x

Magnetic field orientation in GMCs 5447

Grav_Ms7.0_Ma0.6 LOS x Grav_Ms7.0_Ma0.6 LOS 45° Grav_Ms7.0_Ma0.6 LOS z
204 1 i —— t=0.00ts
—— t=0.10tg
—— t=0.20tx
104 - - —— t=0.30ts

Zp

21 22 23 24 21 22 23 24 31 22 23 24
log(n) log(n) log(n)

Figure A2. PRS time evolution for the same sub-Alfvénic model presented in Fig. Al. From left to right the PRS is applied to the LOS along X (the direction
perpendicular to the initial field), 45° with regard to the initial field, and Z (parallel to the initial field) directions.
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