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ABSTRACT
We compare the structure of synthetic dust polarization with synthetic molecular line emission from radiative transfer calculations
using a 3-dimensional, turbulent collapsing-cloud magnetohydrodynamics simulation. The histogram of relative orientations
(HRO) technique and the projected Rayleigh statistic (PRS) are considered. In our trans-Alfvénic (more strongly magnetized)
simulation, there is a transition to perpendicular alignment at densities above ∼4×103 cm−3. This transition is recovered in most
of our synthetic observations of optically thin molecular tracers, however for 12CO it does not occur and the PRS remains in
parallel alignment across the whole observer-space. We calculate the physical depth of the optical depth 𝜏 = 1 surface and find
that for 12CO it is largely located in front of the cloud midplane, suggesting that 12CO is too optically thick and instead mainly
probes low volume density gas. In our super-Alfvénic simulation, the magnetic field becomes significantly more tangled, and
all observed tracers tend toward no preference for perpendicular or parallel alignment. An observable difference in alignment
between optically thin and optically thick tracers may indicate the presence of a dynamically important magnetic field, though
there is some degeneracy with viewing angle. We convolve our data with a Gaussian beam and compare it with HRO results of
the Vela C molecular cloud. We find good agreement between these results and our sub-Alfvénic simulations when viewed with
the magnetic field in the plane-of-the-sky (especially when sensitivity limitations are considered), though the observations are
also consistent with an intermediately inclined magnetic field.
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1 INTRODUCTION

All known low-mass star formation occurs in self-gravitating cores
and filaments within molecular clouds. These relatively dense fea-
tures are formed from diffuse interstellar medium (ISM) gas, produc-
ing local conditions that can facilitate the formation of molecular gas
and eventually (in the densest regions, 𝑛 ≳ 105−6 cm−3) runaway
gravitational collapse that leads to the birth of stars (Shu et al. 1987;
McKee & Ostriker 2007). The morphology of a molecular cloud
(and the geometry of its sub-features, e.g. cores and filaments) is
also influenced by the turbulent motions in the gas and the strength
and relative orientation of the magnetic field (Crutcher 2012). The
magnetic field not only restricts the flow of gas through tension and
pressure forces leveraged across many scales of the cloud, but also
can provide direct opposition to gravitational collapse (Mestel &
Spitzer 1956; Mouschovias & Spitzer 1976). One of the main aims
in the field of star formation theory, particularly beyond the core
scale (≳ 0.1 pc), is to develop a general theoretical understanding of
the interplay between gas structure, turbulence, and magnetic fields
so we may ascertain the dynamical importance of the magnetic field
in regulating gas flow through the early and intermediate stages of
the star formation process during the molecular cloud’s evolution. A
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detailed understanding of the 3D magnetic field is required for this
task.

Over the last several decades, theoretical studies have used mag-
netohydrodymaic (MHD) simulations to develop a more compre-
hensive understanding of the role magnetic fields play in generating
the variety of star formation outcomes observed in nature. Simu-
lations have shown that turbulence at all scales can affect the gas
dynamics by forming shearing and converging flows (Ostriker et al.
2001; Nakamura & Li 2008), with turbulence especially having the
capability to produce compression that can lead to localized collapse
within a cloud (Mac Low & Klessen 2004). This in turn leads to frag-
mentation that yields overdense gas regions with conditions directly
conducive to the formation of stars (Scalo 1985; Ballesteros-Paredes
et al. 2007). Additionally, in the ISM the magnetic energy density
is expected to be approximately in equipartition with the turbulent
and gravitational energy densities (Heiles & Crutcher 2005). The
magnetic field vector 𝑩 has some direction, so a large-scale mag-
netic field introduces an asymmetrical effect on turbulence-driven
gas collapse within the cloud. Particularly, magnetic pressure forces
suppress the condensation of gas flows that propagate perpendicular
to 𝑩 (Field 1956), allowing shock waves to only flow parallel to the
local magnetic field. As a result, elongated dense gas filaments tend
to preferentially form with their crests oriented orthogonal to the
mean magnetic field (Hennebelle & Pérault 2000; Hartmann et al.
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2001; Inoue et al. 2007; Körtgen & Banerjee 2015). Soler & Hen-
nebelle (2017) calculated the gradient of the volume density, ∇𝜌,
and compared it to direction of the magnetic field, 𝑩, in a turbu-
lent, self-gravitating MHD simulation. They found that ∇𝜌 and 𝑩
tended to be perpendicular at low density and parallel at high den-
sity, with the value of the transition column density dependent on the
strength of the magnetic field. Chen et al. (2016) observed a similar
result for their analysis of cloud-scale colliding gas flows; overall, the
magnetically dominated (sub-Alfvénic) post-shock region showed a
preference for parallel alignment between gas structures and the mag-
netic field, but in the densest sub-regions (where there is a transition
to super-Alfvénic conditions) there was a flip to perpendicular align-
ment. Notably, in the more diffuse regions of these simulations gas
flows along magnetic field lines were also present, contributing to
the parallel alignment in lower density regions. These ”striation”
features have also been seen in observations (André et al. 2014).

Given the important interplay between magnetic fields and gas
structure, magnetic fields are of key observational interest. In princi-
ple, 𝑩-field information may be accessed via Stokes 𝑉 observations,
since in the presence of a magnetic field the Zeeman Effect splits
the energy levels of some molecules (e.g., CN, OH) into higher-
and lower-energy circularly polarized components. The degree of
the splitting is proportional to the strength of the line-of-sight mag-
netic field, so this effect offers a direct probe of the magnetic field.
This technique has been successfully used to study the magnetiza-
tion of dense cores (Falgarone et al. 2008; Troland & Crutcher 2008;
Heiles & Troland 2004). On the cloud-scale, however, where 𝐵LOS
is expected to be relatively small (≈10 𝜇G or less), the circular po-
larization from the Zeeman effect is difficult to detect (Goodman
et al. 1989; Crutcher 1999, see, however Ching et al. (2022)). In this
context, the most effective tool for accessing magnetic field struc-
ture is far-infrared and sub-mm linear polarization observations; the
dominant source of linear polarization in the large-scale diffuse re-
gions of molecular clouds is ”radiative torque” alignment, through
which rapidly spinning, effectively oblate dust grains become prefer-
entially oriented with their short axis along the local magnetic field
(Lazarian & Hoang 2007; Hoang & Lazarian 2009). This yields dust
emission that is polarized perpendicular to the magnetic field (Davis
& Greenstein 1951).

High-resolution dust polarization data provide a means to compute
a 2D map of the line-of-sight integrated plane-of-the-sky component
of the magnetic field for a given observation. This technique has
been used perhaps most notably by Planck to produce 353 GHz all-
sky polarization maps at ∼10’ resolution (Planck Collaboration Int.
XIX 2015). Additionally, the Balloon-born Large Aperture Submil-
limeter Telescope for Polarimetry (BLASTPol) has performed high-
resolution observations of the Vela C giant molecular cloud (𝑑 ≈ 950
pc). Vela C is a massive (∼5 × 104 M⊙), relatively cold (≈10-20 K)
cloud thought to be in an early phase of its evolution. Thus relatively
unaffected by feedback from massive star formation, it is a pristine
laboratory for studying the role of magnetic fields across the many
scales of star formation within a cloud. During its 2012 December
run, BLASTPol simultaneously observed Vela C in 250 𝜇m, 350 𝜇m,
and 500 𝜇m for a total of 54 hours (Galitzki et al. 2014). In the 500
𝜇m band, these observations (with correction for ISM dust along the
line-of-sight) yielded a 2.5 arcminute (∼0.5 pc, at Vela C distance)
resolution map of inferred plane-of-the-sky magnetic field vectors.
Future observing runs by the next generation BLAST Observatory
project promise to provide even higher resolution dust polarization
observations of several molecular clouds in the Southern Sky.

Soler et al. (2013) introduced the histogram of relative orientations
(HRO) method for synthetic observations of 3D MHD simulations.

By computing the angle between the local direction of polarization
vectors with the gradient of the column density, the HRO provides
a way to compare the orientation of the magnetic field with the ori-
entation of gas structures in a 2-dimensional observer space. Using
this tool, analysis of a subset of Planck data taken from ten nearby
(𝑑 < 450 pc) molecular clouds revealed a transition from mostly par-
allel alignment between the magnetic field field and dense gas struc-
tures to mostly perpendicular alignment at log

(
𝑁H/cm−2) ≳ 21.7

(Planck Collaboration Int. XXXV 2016). The HRO technique has
also been applied to Vela C, wherein Soler et al. (2017) compared
BLASTPol polarization data with Herschel-inferred column densi-
ties. Their results showed a preference for iso-𝑁H contours to be
aligned parallel with the plane-of-the-sky magnetic field along low
𝑁H sightlines, and perpendicularly aligned along high 𝑁H sightlines.
Fissel et al. (2019) performed a similar analysis, however rather than
using column density data, the BLASTPol-inferred magnetic field
was instead compared to integrated (Moment 0) line-intensity maps
of nine molecular transitions observed with the Mopra telescope.
The advantage of this methodology is that different molecules have
different radiative transfer and opacity properties, so their emission
may probe different layers of the cloud. Indeed, it was found that
gas structures traced by some molecules (e.g., 12CO, 13CO) were
preferentially aligned parallel to the magnetic field, whereas higher
density tracers (such as C18O, CS, and NH3) showed perpendicu-
lar alignment. From these results, combined with simple radiative
transfer modeling, they concluded that in Vela C the transition from
parallel to perpendicular alignment occurs at ∼103 cm−3, between
the densities traced by the 𝐽 → 1 − 0 transitions of 13CO and C18O.

These observational results suggest a need for more detailed mod-
eling to drive physical interpretation of the gas structures probed by
each molecular tracer. In this work, we perform synthetic molecular
line radiative transfer and dust polarization observations of MHD
simulations of a turbulent, collapsing molecular cloud threaded by
a magnetic field. We then apply the HRO technique to compare the
inferred molecular gas structure from a variety of molecular tracers
to the magnetic field information. Over the course of our analysis, we
test a variety of simulation setups to explore how changing the mag-
netic field strength, viewing geometry, and stage of cloud evolution
affect the HRO outcomes.

This paper is organized as follows. In Sections 2, 3, and 4, respec-
tively, we introduce our MHD simulation setup, synthetic polarimetry
methods, and synthetic line radiative transfer methods. The details
of our HRO calculations are discussed in Section 5. We present our
main set of results in Section 6. This is followed by a discussion
in Section 7, that in part focuses on an exploration of optical depth
effects for a selection of molecular line observations. By calculating
the location of the 𝜏 = 1 surface, we develop intuition for which
parts of the cloud are being traced by each molecule, thereby linking
our observational results back to the underlying 3D physical envi-
ronment. In Section 7.4 we compare a sub-set of our results with
the Vela C results derived from the BLASTPol and Mopra observa-
tions. We perform a beam convolution on these selected synthetic
data to facilitate a more direct comparison. The main conclusions
are summarized in Section 8.

2 NUMERICAL SIMULATIONS

The simulations in this work were performed using ATHENA, a
3-dimensional grid-based MHD code (Stone et al. 2008). Our simu-
lations are in full 3D with ideal MHD assumptions. Our simulation
models a turbulent, initially spherical ball of dense gas, embedded
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in a low-density ambient environment threaded by a uniform mag-
netic field. This is intended to mimic a typical isolated molecular
cloud, collapsing under the influence of gravity against turbulent and
magnetic support. We prescribe an isothermal equation-of-state, with
temperature 𝑇 = 10 K.

Our cloud is initialized as a pseudo-Bonner Ebert sphere with
number density

𝑛(𝑟) = 𝑛0
1 + (𝑟/𝑟𝑐)2 . (1)

We set the central density 𝑛0 = 2000 𝐻2/cm3 and choose 𝑟𝑐 =

0.5𝑅, where 𝑅 = 2 pc is the radius of the cloud. Outside this radius
the density has a sharp cutoff, linearly decreasing from 𝑛(𝑅) to
the ambient density 𝑛(𝑅)/100 over a shell of width 𝑑𝑟 = 0.01𝑅. The
cloud is placed in a box with side length 𝐿 = 5 pc on a 256×256×256
fixed grid. Therefore, each simulation cell has a width of ∼0.02 pc.
We adopt outflow boundary conditions.

Initial gas velocities are set by prescribing a perturbation for each
cell, sampling from a Gaussian random distribution with power-law
turbulence 𝑣𝑘 ∝ 𝑘−2 and the amplitude of the velocity perturbation
set to 𝜎𝑣 = 10𝑐𝑠 . The turbulence is not driven.

Finally, the initial magnetic field is set as 𝑩0 = (0, 0, 𝐵𝑧) where
𝐵𝑧 is parameterized by the Alfven Mach number 𝑀𝐴:

𝑀𝐴 =
𝜎𝑣

√︁
4𝜋𝜌0
𝐵𝑧

. (2)

Here we adopt the conventional assumption that 𝑛He = 0.1𝑛H,
such that 𝜌0 = 2.8𝑚p𝑛0. We produce two simulation versions, one
with a weaker (super-Alfvénic) initial magnetic field (𝐵𝑧,0 = 16 𝜇G;
hereafter called Model W), and one with a stronger (trans-Alfvénic)
initial magnetic field (𝐵𝑧,0 = 58 𝜇G; hereafter called Model S).
These values correspond to 𝑀𝐴 = 4 and 𝑀𝐴 = 1 for Model W and
Model S, respectively.

To investigate how our results change through different stages of
the cloud’s evolution, in this work we examine synthetic data col-
lected from uniformly sampled snapshots of these two models, taken
between 0.25 Myr and 1.25 Myr after the simulation start time. To
probe different viewing geometries, we also select a variety of an-
gles at which to observe the cloud. The orientation of an observer’s
line-of-sight 𝑠 relative to simulation coordinate system can be param-
eterized with two parameters: its inclination 𝑖 away from the 𝑧-axis,
and its position angle PA away from the 𝑥-axis in the 𝑥𝑦-plane. Since
our simulations do not have any preference in azimuthal direction
around the 𝑧-axis (i.e, the direction of 𝑩0), we can effectively sample
the unique geometries of the observer space by adjusting only 𝑖 and
setting PA = 0. Hereafter, we will sometimes refer to the view with
𝑖 = 0◦ as the 𝐵0,LOS view (since from this view, the direction of the
initial magnetic field is along the line-of-sight), and the view with
𝑖 = 90◦ as the 𝐵0,POS (since from this view, the direction of the initial
magnetic field is in the plane-of-the-sky).

Presented in Figure 1 are column density maps for our simulations,
as observed from the 𝐵0,POS view and the 𝐵0,LOS view at the five
time steps we will consider in this work. These plots demonstrate the
important effect that a strong magnetic field strength can have on gas
dynamics within a cloud, and moreover how the orientation of the
𝑩-field relative to the observer can impact the apparent gas structure
even for an identical physical environment. Furthermore, the two
magnetic field strengths produce different temporal evolution, which
is especially evident at later times. For example, at the 𝑡 = 1.25
Myr time step the two viewing geometries for the stronger field

𝑀𝐴 = 1 simulation are clearly distinct, with the 𝐵0,POS view showing
filamentary structure orthogonal to the magnetic field. Meanwhile,
the two views of the 𝑀𝐴 = 4 simulation are similar. This isotropic
structure formation suggests a gravitationally dominated collapse
scenario in which the magnetic field has less dynamical importance.

Also of interest is the relationship between the 3D orientation of
the magnetic field and density structures. Figure 2 quantifies this
relative orientation for the 𝑡 = 0.75 Myr time step in Model S and
Model W. In this 3D view, the magnetic field tends to be parallel to
the orientation of local gas structures when the density is low, but the
orientation begins to flip at higher densities. This effect is especially
clear in Model S, wherein (due to the stronger magnetic guiding
gas structure formation) there is a clear preference for perpendicular
alignment at the highest densities. The transition threshold occurs at
𝑛 ≳ 4×103 cm−3. Meanwhile, in Model W there is significantly less
alignment preference at the highest densities. We quantify this using
the HRO shape parameter 𝜁 . Positive 𝜁 corresponds to a preference
for parallel alignment, and negative 𝜁 corresponds to a preference
for perpendicular alignment (see Planck Collaboration Int. XXXV
2016; Chen et al. 2016).

3 SYNTHETIC POLARIMETRY

To perform mock polarimetry on these data, we follow the literature-
standard practice for the computation of synthetic Stokes parameters
(e.g., Planck Collaboration et al. 2015; Chen et al. 2016), writing the
following expressions for 𝐼, 𝑄, and 𝑈:

𝐼 = 𝑁 − 𝑝0𝑁2 , (3)

𝑄 = 𝑝0𝑄̃ , (4)
𝑈 = 𝑝0𝑈̃ , (5)

where

𝑁 =

∫
𝑛𝑑𝑠 , (6)

𝑁2 =

∫
𝑛

( 𝐵2
𝑥 + 𝐵2

𝑦

𝐵2 − 2
3

)
𝑑𝑠 , (7)

𝑄̃ =

∫
𝑛

( 𝐵2
𝑦 − 𝐵2

𝑥

𝐵2

)
𝑑𝑠 , (8)

𝑈̃ =

∫
𝑛

( 2𝐵𝑥𝐵𝑦

𝐵2

)
𝑑𝑠 . (9)

Note that since it is usually the case that 𝑁2 << 𝑁 , the Stokes 𝐼

generally gives a good approximate probe of column density (King
et al. 2018). For this work, we adopt the literature standard value of
𝑝0 = 0.15.

In performing these integrations for each pixel column along the
chosen line-of-sight, we produce 2-dimensional maps of 𝑁 , 𝐼,𝑄, and
𝑈 in synthetic observer space. Polarization fraction 𝑝 and polariza-
tion angle 𝜒 (measured in the plane-of-the-sky) for each pixel are
then calculated as

𝑝 =

√︁
𝑄2 +𝑈2

𝐼
(10)

and

𝜒 =
1
2

arctan (𝑈,𝑄) . (11)

Plotted in Figure 3 are polarization vectors for both the weak
and strong magnetic field cases at the 𝑡 = 0.75 Myr time step, as
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Figure 1. Column density maps for our strong and weak magnetic field simulations (𝑀𝐴 = 1 and 𝑀𝐴 = 4), viewed with the initial magnetic field in the
plane-of-the-sky (𝐵0,POS, first and third column) and along the line of sight (𝐵0,LOS, second and fourth column), as a function of time elapsed after simulation
initialization.

viewed with the line-of-sight along the 𝑥-axis (the 𝐵POS view). We
also provide a comparison with 𝑩-field ”streamlines” taken from
the midplane (𝑥 = 0) of our simulations. Just as the magnetic field
affects the gas structure, its impact is also evident in the polarization.
In the stronger magnetic field case (𝑀𝐴 = 1) the 𝑩-field has largely
maintained its initialized orientation (i.e., 𝑩 ≈ (0, 0, 𝐵𝑧)), and the
polarization vectors reflect this. By contrast, there is significantly
more change of direction of the 𝑩-field in the 𝑀𝐴 = 4 simulation.
In kind, the polarization vectors are more disordered. There are also
some regions with significant de-polarization. Absent any dust grain

physics effects (which are not considered here), this is caused by the
magnetic field being bent away from the plane-of-the-sky or being
”tangled” in such a way that in projection it has less apparent local
preferred direction.

Notably, these vector maps are qualitatively consistent with the 3D
alignment preference data depicted in Figure 2. This demonstrates
that the 2D observables have some power in diagnosing the physical
conditions underpinning our simulations. Furthermore, the data are
consistent with visual inspection of the volume density slices. This
is made especially clear by panel (a) of Figure 3 for the strong
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Figure 2. Plots depicting the 3D orientation of the magnetic field relative to density structures in our Model S (Panels (a) and (b)) and Model W (Panels (c)
and (d)) simulations at the 𝑡 = 0.75 Myr time step. Panel (a): The average angle between ∇𝑛 and 𝑩 for a few density bins. At low density there is a local
3D preference for parallel alignment between the magnetic field and gas structures (indicated by a value of cos [∇𝑛, 𝐵] = 0) . This flips to a perpendicular
preference as the density is increased. Panel (b): 𝜁 as a function of 𝜌. In this particular frame, the crossover to perpendicular alignment occurs when 𝑛 ≳ 4× 103

cm−3. Panels (c) and (d): Same plots for Model W, the weaker magnetic field case. There is still a preference for parallel alignment in the low density regions,
but the highest density regions no longer show much preference for perpendicular alignment.

field case. The low- and intermediate-density parts of the cloud have
structures that appear to flow along the 𝑩-field lines, whereas the
densest filament is orthogonal to the magnetic field. In contrast, the
orthogonal alignment in the densest regions is less clear in the weak
field case (see panel (b) of Figure 3). This contrast provides a way
to distinguish the strong and weak field cases through polarimetric
observations (see Section 6.2).

4 SYNTHETIC MOLECULAR LINE OBSERVATIONS

To perform our HRO analysis, we require a probe of gas structure.
Molecular line data are a useful tool for this purpose in the cloud
environment. By observing a variety of molecular tracers (each with
distinct excitation conditions and optical depths), we may leverage
the information available in these maps in combination with polar-
ization data to learn about the relationship between the (line-of-sight
integrated) magnetic field and gas structure at a variety of cloud
depths.

4.1 Line Simulation Methods

Line radiative transfer (LRT) simulations were performed using the
RADMC-3D1 radiative transfer code. A synthetic LRT observation
requires the following physical input data for each cell in the observed
3D space:

• Gas number density 𝑛

• Gas temperature 𝑇
• Gas velocity 𝒗 = (𝑣𝑥 , 𝑣𝑦 , 𝑣𝑧)
• Abundance 𝑋 of the molecular species being observed
• Molecular transition data for the species being observed

In addition to 𝑛, 𝑇 , and 𝒗, which can be read directly from the
simulation, molecular transition data were imported from the Leiden
Atomic and Molecular DAtabase (LAMDA; Schöier et al. 2005).
Abundance is a parameter that may be set freely. In Table 1, we list
the fiducial values chosen for each molecular species used in this

1 https://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/
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Figure 3. Panels (a) and (b): Volume density midplane cuts through our simulation space, for Model S and Model W, respectively, from the 𝑡 = 0.75 Myr frame.
Overplotted on each are streamlines of the magnetic field vectors in the plane. Panels (c) and (d): Corresponding polarization vector maps, plotted overtop the
column density maps. There is significantly more de-polarization in the high column density regions of the weak field simulation, due to increased field line
tangling in those regions.

work. Our choices are based on data from a few different molecular
cloud observation programs (Fuente et al. 2019; Maret et al. 2006;
Morgan et al. 2013). The abundance ultimately prescribes the number
density of the observed species placed in each cell of the simulation:

𝑛species (𝑥, 𝑦, 𝑧) = 𝑋species𝑛(𝑥, 𝑦, 𝑧) .

After setting up these physical parameters, we then must choose
the position of the detector. We place it at a simulated distance 𝑑 =

950 pc away from our molecular cloud (i.e., the approximate Gaia-
constrained distance to Vela C), and adjust its orientation relative to
the initial magnetic field by setting 𝑖. We set the source velocity to
𝑣0 = 0 km s−1 relative to the observer.

To carry out each LRT calculation 105 unpolarized background
photons are initialized behind (relative to the detector) the 3D simu-
lated cloud, and the radiative transfer is iteratively calculated until all
photons have been propagated. We find this to be a sufficient number

of photons for convergence in our case. In our main set of models,
we assume local thermodynamic equilibrium (LTE) for level pop-
ulation calculations. To assess the effect of this assumption on our
results, we also perform (for a sub-set of our parameter space grid)
synthetic observations that use the non-LTE large velocity gradient
(LVG) approximation. For these LVG runs, a collisional partner (with
corresponding number density) must be input into the simulation. We
adopt the standard choices here, using 𝐻2 as the collisional partner
with 𝑛𝐻2 = 𝑛.

To generate images, photons are ray traced to the 256 × 256 pixel
detector, and the emission is recorded. We set the detector to observe
the specific intensity 𝐼𝜈 at 𝑛freq = 111 frequencies in range [𝑣0 −
3 km/s, 𝑣0 + 3 km/s] about the rest frequency of each of our lines,
producing data with a velocity resolution of Δ𝜈 = 0.05 km s−1.

MNRAS 000, 1–18 (2022)
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Table 1. Molecular line transition information and abundance data for each species simulated in this work. Choices of lines to synthetically observe were
motivated by Mopra observations from Fissel et al. (2019).

Species Transition Rest Frequency (GHz) Fiducial Abundance Abundance Reference

12CO 𝐽 = 1 → 0 115.2712 1.4 × 10−4 Fuente et al. (2019)
13CO 𝐽 = 1 → 0 110.2013 2.3 × 10−6 𝑋 (12CO)/60
C18O 𝐽 = 1 → 0 109.7822 2.3 × 10−7 𝑋 (12CO)/600
N2H+ 𝐽 = 1 → 0 93.1730 5.0 × 10−10 Maret et al. (2006)
HNC 𝐽 = 1 → 0 90.6636 5.0 × 10−10 Fuente et al. (2019)

HCO+ 𝐽 = 1 → 0 89.1885 1.3 × 10−8 Fuente et al. (2019)
HCN 𝐽 = 1 → 0 (hfs) 88.6319 1.0 × 10−9 Fuente et al. (2019)
CS 𝐽 = 1 → 0 48.9910 2.0 × 10−8 Fuente et al. (2019)

NH3 (1,1)(hfs) 23.6945 1.0 × 10−8 Morgan et al. (2013)

4.2 Computation of the Moment 0 Maps

For the purposes of the analysis in this work, we are interested in
the integrated intensity map 𝐼 of the line emission. Our simulations
provide us with 𝐼𝜈 for each simulated frequency. Since our molecular
lines are in the Rayleigh-Jeans limit, we may convert each of these
values to brightness temperatures,

𝑇𝐵 (𝜈) =
𝐼𝜈𝑐

2

2𝑘𝜈2 , (12)

where 𝑐 is the speed of light and 𝑘 is the Boltzmann constant. To
compute 𝐼 (in K km s−1 units), we then sum over the observed
frequencies :

𝐼 =

𝑛freq∑︁
𝑖

𝑇𝐵 (𝑣)Δ𝑣 . (13)

Note that implicit in this summation is a conversion from frequency
space to velocity space, where in this regime radial velocities (relative
to line rest frequency 𝜈0) may be computed as

𝑣 =
𝑐(𝜈0 − 𝜈)

𝜈0
. (14)

5 ANALYSIS METHODS

Dust polarization observations provide us with a proxy for the plane-
of-the-sky orientation of the magnetic field, and Moment 0 intensity
maps from our molecular tracers give information on the plane-of-
the-sky orientation of the distribution molecular gas. In this work,
we use the analysis tools described below to perform pixel-by-pixel
comparisons of these two sets of data.

5.1 The Histogram of Relative Orientations

As described in Soler et al. (2017), alignment of the magnetic field
vector with the direction of an iso-𝐼 filament is equivalent to align-
ment of the electric field vector 𝑬 with the gradient of the local
intensity, ∇𝐼. The relative orientation angle 𝜙 is calculated as

𝜙 = arctan( |∇𝐼 × 𝐸̂ |,∇𝐼 · 𝐸̂) , (15)

with 𝜙 = 0◦ corresponding to (local) parallel plane-of-the-sky align-
ment between the magnetic field and gas structure, and 𝜙 = 90◦
corresponding to orthogonal alignment. To obtain a statistical under-
standing of the relative alignment across the observer-space, we may
plot the Histogram of Relative Orientations (HRO) for all 𝜙 in the
map.

5.2 The Projected Rayleigh Statistic

In addition to the HRO technique, we can use the Projected Rayleigh
Statistic (PRS) to distill the information provided by the relative ori-
entation calculation into a single parameter that characterizes the
global alignment across the observer space. As described in Jow
et al. (2018), the PRS 𝑍𝑥 is a metric that indicates whether there is
a preference for parallel or perpendicular alignment within a set of
independent angle measurements. Taking 𝜃 = 2𝜙 , such that 𝜃 = 0
corresponds to parallel alignment and 𝜃 = 𝜋 corresponds to perpen-
dicular alignment, the PRS 𝑍𝑥 is given as

𝑍𝑥 =

∑𝑛ind
𝑖

cos 𝜃𝑖√︁
𝑛ind/2

. (16)

In our case, the independent samples are the values of 𝜃 in each
pixel across the map, so 𝑛ind = 2562. Positive values of 𝑍𝑥 suggest a
tendency toward parallel alignment between the magnetic field and
gas filaments, and negative values of 𝑍𝑥 suggest a tendency toward
perpendicular alignment. The larger the value of |𝑍𝑥 |, the greater the
alignment preference.

We correct for PRS oversampling using the white noise map pro-
tocol described in Fissel et al. (2019). All of our PRS measurements
have a 3-sigma uncertainty of ±1.

6 RESULTS

To assess HRO results for a variety of scenarios, we performed
LRT synthetic calculations for several different simulation set-ups
by independently adjusting a few key parameters, which we split into
”main parameters” (𝑀𝐴, 𝑖, 𝑡, and molecular species) and ”auxiliary
parameters” (listed in Table 2). Presented in this section are the results
obtained from adjusting the main parameters. This ”main grid” of
models establishes a baseline for understanding how the outcome of
our HRO analysis is affected by the intrinsic physics of the cloud and
viewing geometry effects. These computations were performed using
the LTE radiative transfer assumption, with abundances set by the
values from Table 1 and no beam convolution applied. Adjustments
to the auxiliary parameters are addressed in Discussion sections 7.2,
7.3, and 7.4, respectively.

To establish a reference point to cross-compare the results gathered
from these many parameter adjustments, we define a fiducial frame:
the 𝑡 = 0.75 Myr snapshot of Model S (𝑀𝐴 = 1), as observed in
the 𝐵0,POS view (𝑖 = 90◦). This frame was chosen because it is a
good representative frame for capturing the many elements of our
simulation. It is about halfway through the runtime, at which point
clear filaments have started to form and gravitational collapse is
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beginning to take hold, despite the initial turbulence. Furthermore,
since dust polarimetry captures the plane-of-the-sky component of
the magnetic field, this view gives us the best direct representation
of the global 𝑩-field.

Our parameter space exploration is organized as follows. First, in
Section 6.1 we investigate how the HRO and PRS results change
for different molecules, as observed in the fiducial frame and as a
function of time. In Section 6.2 we present the results for adjustments
to the magnetic field strength (i.e, Model S vs. Model W), and in
Section 6.3 the effect of inclining 𝑩0 between 0◦ and 90◦ relative to
the observer.

6.1 Molecular Tracers

To synergize with the existing observational data, we chose to per-
form synthetic observations for the nine (ground-state) molecular line
transitions studied in Fissel et al. (2019) for the Vela C molecular
cloud (see Table 1 for species and rest frequencies). Moment 0 maps
(at fiducial abundance) are presented in Figure 4, plotted at 𝑡 = 0.25,
0.5, 0.75, 1.0, and 1.25 Myr. The implied gas structure varies across
many of the molecules. The tracer with the highest abundance in the
set, 12CO, yields a map that is significantly more uniform in intensity
than the others. It is optically thick, with 𝜏 > 1 across much of the
cloud. Meanwhile, tracers like CS and the isotopologue C18O reveal
much more varied structure. These maps almost exactly match the
column density calculated simply by summing up the volume density
along the line-of-sight. They represent the optically thin case, and are
more effective at tracking the evolution of high density sub-regions
as time progresses (see e.g. 4). Whereas the 12CO map remains rel-
atively uniform in intensity at later times, the CS map (for example)
traces the condensation of mass into filaments. There are also some
molecules that sit between these extremes with more intermediate 𝜏,
like HCO+ and 13CO.

6.1.1 HROs for Molecular Tracers

Shown in Figure 5 are the HROs computed using the intensity gra-
dients of the maps in Figure 4. Histograms with negative slopes
(i.e., more counts in low 𝜙 bins) indicate a preference for parallel
alignment between molecular structure and the magnetic field, and
histograms with positive slopes (i.e., more counts in high 𝜙 bins) in-
dicate a preference for perpendicular alignment. In addition to HROs
that incorporate all the pixels in the synthetic observation (plotted
in black), we also include versions that only use the 10% lowest
intensity cells and the 10% highest intensity cells.

Starting with the black (”all cells”) curves, we can observe two
notable trends. First, there is in general a clear distinction between
12CO and all the other tracers. At early times (𝑡 = 0.25 Myr), 12CO
has a slightly negative slope (i.e., a slight preference for parallel
alignment), while the others have a slight positive slope. At this
point in the simulation, the cloud still has relatively little density
contrast compared to later in its evolution (excluding the ambient
low-density gas outside the main cloud), because it takes time for
density structures to fully develop out of the turbulence imposed at
the start of the simulation. However, some moderately high-density
filaments have started to form with their ridges mainly orthogonal
to the magnetic field. As reflected in the intensity maps, the higher
density tracers like C18O and CS pick up these filaments, producing
a modest preference for perpendicular alignment. Meanwhile, these
filaments are not present in the 12CO emission, and as a result it does
not take on the same HRO shape. Its slight preference for parallel

alignment is due to a somewhat subtle effect. As demonstrated in Xu
et al. (2019), the field-aligned filaments in the low-density regions
are a natural consequence of the magnetically induced anisotropy
in the cloud turbulence. Similar filaments are also found in other
simulations, such as Chen et al. (2017). These ”striations” are visible
in the 12CO maps, running parallel to the global 𝑩-field direction
along the 𝑧-axis.

The second clear trend we see in the ”all cells” HROs is that as
time advances the tendency toward parallel alignment is enhanced.
This is present for all molecules observed, and the cause is two-
fold. The main effect is that as time progresses, the mass becomes
more concentrated as it is transported into the filaments near cloud
center. As a result the majority of the volume becomes low-density,
and alignment preference is dominated by the magnetically-aligned
striations. The secondary effect, which leads to the same result, is
that the cloud expands over time. This, again, results in more of the
volume of the simulation box being occupied by low density gas
flowing toward the filaments.

The global HRO shape is largely determined by what fraction of
the synthetic observation is occupied by low-density striations vs.
higher-density filaments. As the pink histograms in Figure 5 show,
however, a different trend is revealed when we only consider the
top 10% of cells by intensity. In this case, the high density tracers
show HROs with more perpendicular alignment as time progresses.
Effectively, with this emission cutoff it is possible to capture the
perpendicular alignment in the filaments without having the lower-
density regions dilute the overall HRO result. Meanwhile, the HRO
slope for 12CO remains about the same as for the ”all cells” case.
This is because the 12CO is too optically thick to probe the higher
density filaments (see further discussion in Section 7.1).

6.1.2 PRS Results for Molecular Tracers

HROs are useful for visualizing alignment preference across the ob-
server space. The PRS distills this down to a single number, giving us
a sense of global alignment between the magnetic field and molecular
structure in a particular snapshot. To understand how this quantity
changes as the cloud evolves, in panels (a) and (b) Figure 6 we plot
𝑍𝑥 as a function of time for each of our tracers (using the fiducial
model), for the cases where we use all cells and just the top 10% of
cells in the computations, respectively. This plot clearly illustrates
some of the general trends discussed in the previous section. In the
”all cells” plot, the PRS systemically increases for all molecules, and
at later times (when gravitational infall begins to dominate) 𝑍𝑥 is
large (>10) for all tracers. Meanwhile, in the high-intensity version
the high density tracers remain with a negative PRS throughout the
cloud evolution. This, again, is a reflection of the perpendicular align-
ment preference that persists in the cloud’s high-density filaments.
Note that, compared to all the other tracers besides 12CO, HCO+ has
a relatively high PRS. This is because of the selected abundance, a
point we discuss in more detail in Section 7.2.

6.2 Magnetic Field Strength

Here we compare the results obtained for Model S (the fiducial
model) and Model W, which has a factor of four weaker magnetic
field strength. Panels (c) and (d) of Figure 6 show the PRS vs. time
for each of these simulations. There is a substantial difference in
alignment preference between the two models, especially when only
the highest intensity cells are considered. Considering all pixels of
the synthetic maps (left panels in Figure 6), both models show a
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Table 2. A summary of the parameter space we explore in our synthetic observations. For most parameters, fiducial values are bolded. In addition to testing two
different magnetic field strength simulations at different stages of evolution, we adjust several parameters related to the observed molecular species and viewing
geometry.

Parameter Range Explored Notes

Main Parameters 𝑀𝐴 1, 4 Corresponding to 𝐵𝑧,0 = 58 𝜇G and 𝐵𝑧,0 = 14 𝜇G, respectively
𝑡 (Myr) 0.25, 0.5, 0.75, 1.0, 1.25 Simulation time
𝑖 (◦) 0, 30, 60, 90 Inclination of 𝑩0 relative to the observer
Molecular Tracer 12CO, 13CO, C18O, CS, HCO+

N2H+, HNC, HCN, NH3

Auxiliary Parameters Molecular Abundance 10−10 to 10−4 Fiducual values given in Table 1
Radiative Transfer Mode LTE, LVG Using RADMC3d
Beam Size (pc) 0.02, 0.2, 2.0 Computed with Gaussian convolution

Figure 4. Moment 0 Maps for a selection of our modeled tracers, viewed with the magnetic field in the plane-of-the-sky and plotted at the same timesteps shown
in Figure 1. The difference in distribution of intensity across the tracers is clear. In 12CO, for example, it is not possible to see any of the signature of high density
filamentary structure that is present in the other CO isotopologues.

tendency toward higher 𝑍𝑥 at later times, as the simulation becomes
more gravitationally dominated. This effect is mainly leveraged on
the lower intensity regions, however, as discussed in the previous
section. In the top 10% of cells case, the difference between 12CO
and the high density tracers is absent in Model W, except at the very
earliest times when the magnetic field is still roughly uniform (as
prescribed by the initial conditions). As the simulation progresses,

the weaker magnetic field of Model W is tangled by turbulent gas
flows and its orientation becomes essentially random. As a result,
none of the HROs have any correlative preference. This result shows
the utility of this method in diagnosing magnetic field strength, as
alignment preference between polarization vectors and molecular
structure (and moreover, parallel vs. perpendicular preference in low-
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Figure 5. Histograms of relative orientation for the same subset of tracers shown in Figure 4. Included are HRO results that include all observer-space cells in
the computation (black), the top 10% of cells in molecular intensity Moment 0 map value (pink), and the bottom 10% of cells in molecular intensity Moment 0
map value (blue). As discussed in the text (Section 6.1.1), several of the tracers generally show a preference for perpendicular alignment (indicated by a positive
HRO slope) in the highest intensity cells, as expected for dense filaments threaded by a strong magnetic field (as in panels (a) and (c) of Figure 3). The major
exception to this is 12CO, which universally shows a strong preference for parallel alignment.

vs. high-density tracers) only appears when the magnetic field is
sufficiently strong to have dynamical importance.

It is also notable that the parallel alignment observed in the ”all
cells” cut (which contains mostly low-intensity cells) persists for both
the strong and weak field simulations. In both cases, the polarization
vectors in the low-intensity regions are dominated by contributions
from low-density gas, where density structures tend to lie parallel to
the plane-of-the-sky magnetic field orientation. For 12CO, this is the
case even in pixels that include high-density gas (see the pink curves
in Figure 5). These results suggest that, generally, the bulk orientation
of the magnetic field in diffuse regions of the cloud may be inferred
just from the intensity gradients. Therefore, methods that rely solely
on this information, such as the intensity gradient technique (Hu et al.
2019b), should have significant power in mapping out the magnetic
field in the outer layers of a cloud, even when the magnetic field is
not particularly strong. Of the tracers we tested, 12CO is the best
option for this task since it explicitly probes the low-density gas due
to optical depth effects (see Section 7.1).

6.3 Inclination Effects

Since dust polarimetry only probes the plane-of-the-sky component
of the magnetic field, viewing orientation has an impact on observed

HRO outcomes. Furthermore, if the magnetic field is strong enough
to regulate gas flows then the observed gas structure will also be
affected.

First, we can compare the two inclination extremes - the 𝐵0,POS
case (i.e., the fiducial model, with 𝑖 = 90◦) versus the 𝐵0,LOS case
(𝑖 = 0◦). The PRS as a function of simulation time for these cases are
plotted in panels (a)-(b) and (e)-(f) of Figure 6, respectively. Whereas
the magnetic field in the plane-of-the-sky orientation showed signifi-
cant secular evolution of the PRS and different alignment preference
for the low- and high-density tracers (in the the ”all cells” version
and the top 10% cut), these effects are entirely suppressed when the
bulk field is along the observer’s line-of-sight.

For the fiducial timestep, we also computed 𝑍𝑥 for each of our
tracers at a few intermediate inclinations (60◦ and 30◦) using Model
S. The results of this exploration are presented in Figure 7. The
outcome is largely consistent with expectation for a mostly rigid
magnetic field. For the calculation that considers all cells of the
simulation (i.e, is dominated by the low-density regions, where we
expect more parallel alignment), the PRS decreases roughly linearly
as the plane-of-the-sky component of 𝑩 decreases. The PRS stays
above zero for all tracers even down to 𝑖 = 30◦, and the value for
12CO remains notably larger than the values for the high density
tracers. There is a different outcome when we only consider the top
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Figure 6. The Projected Rayleigh Statistic (𝑍𝑋) as a function of time for each of our tracers, for a variety of scenarios within our main grid of models. The left
column shows the results using the whole observer space, and the right column incorporates a cut that includes only the top 10% highest intensity pixels in the
computation. Panels (a) and (b): Fiducial model results (stronger magnetic field simulation, viewed with 𝐵0 in the plane-of-the-sky). Panels (c) and (d): Same
as fiducial model, but with the weaker field simulation (Model W). Panels (e) and (f): Same as fiducial model, but viewed with 𝐵0 along the line-of-sight.
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Figure 7. The Projected Rayleigh Statistic results for each of our tracers for
a variety of magnetic field inclinations, using the fiducial 𝑡 = 0.75 Myr time
step of Model S. An inclination of 𝑖 = 90◦ corresponds to the 𝐵0,POS view,
and 𝑖 = 0◦ corresponds to the 𝐵0,LOS view. The top and bottom panels show
the results for all pixels in the observer space and only the top 10% of pixels,
respectively.

10% of cells. 12CO follows roughly the same trend, but the other
tracers (with the exception of HCO+) show moderately negative 𝑍𝑥
for 𝑖 = 90◦ and 𝑖 = 60◦. This is because with this 10% cut we only
include the highest column density cells, which have a preference
for perpendicular alignment. However, as the view becomes more
inclined (and the plane-of-the-sky component of the magnetic field
is thereby reduced), this preference is eliminated and 𝑍𝑥 moves
toward zero. Interestingly, even at 𝑖 = 30◦ there is essentially no
perpendicular alignment in any of the tracers, other than 12CO.

7 DISCUSSION

Our discussion is split into four parts. In Section 7.1 we use optical
depth information to connect our results to the 3D picture of our
simulations. We then comment on the possible physical implications
of a given observation as implied by our simulations. In Sections
7.2 and 7.3, we examine the impact of varying the abundance (for a
given molecular tracer) and radiative transfer assumption (LTE vs.
LVG), respectively. Finally, in Section 7.4 we apply beam convolution

Figure 8. The depth of the 𝜏 = 1 surface for each of our tracers, as calculated
from the fiducial frame in Model S. Whereas for 12CO ∼40% of pixels are
fully optically thin (corresponding to the very lowest intensity pixels, in the
outskirts of the cloud), all the other tracers are optically thin in ≳90% of
pixels (with the exception of HCO+, at ∼80%). For 12CO the 𝜏 = 1 surface
is encountered in front of the midplane in about 40% of pixels. Note: in this
figure the line for C13O is overlapped by the CS line, and the lines for N2H+,
HNC, C18O, and HCN are overlapped by the NH3 line.

to selected synthetic observations and investigate the corresponding
HRO results, to provide a more direct comparison with Vela C data
(Fissel et al. 2019).

7.1 Optical Depth Connection

To facilitate this analysis, we used RADMC3D to calculate the phys-
ical depth of the 𝜏 = 1 surface for each of our observed molecular
tracers (at line center). Results taken from the fiducal observing
frame from Model S are shown in Figure 8. For many of the high
density tracers (NH3, HCN, HNC, N2H+, C18O), almost the entire
cloud along the line-of-sight is optically thin; the 𝜏 = 1 surface is
not encountered between the observer and the far side of the cloud
for 90% of sightlines, and for all the remaining 10% of sightlines
the 𝜏 = 1 is reached only beyond the midplane. For CS, 13CO, and
HCO+, about 5% of sightlines (10% for HCO+) encounter 𝜏 = 1 just
in front of the midplane. These regions are well correlated with the
highest column density sight-lines.

12CO is the most optically thick tracer by a wide margin. For
about 40% of the observer space the 𝜏 = 1 surface is encountered in
12CO before the midplane. These high opacity sightlines overlap with
some of the highest column density regions in the simulation (see
Figure 9), thus obstructing the observer’s view of high volume density
regions. This provides physical evidence for why 12CO produces a
distinct alignment trend from the others. That is, the data from 12CO
are clearly probing a different section of the cloud, only receiving
emission from the lower density foreground along the optically thick
sight lines. The ”high density” tracers also probe this low-density
material, but since they are optically thin up to (and in some cases,
through) the midplane of the cloud, the final intensity ultimately
becomes dominated by the high density gas.

To demonstrate this effect, plotted in Figure 9 are histograms of
the location along the line-of-sight of the 𝜏 = 1 surface for tracers
that are representative of these two regimes, 12CO and CS. On a dual
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Figure 9. Comparison between the maximum volume density reached along
the observer’s line-of-sight and the histograms of the 𝜏 = 1 surface depths for
12CO and CS. The observer is placed at positive infinity on the axis. The CS
distribution is well-aligned with the location of the highest volume density
gas, consistent with the expectation that CS operates as a high-density tracer.
Meanwhile, the 12CO is offset toward the front of the cloud where 𝑛 is lower,
confirming that it largely probes the low density gas.

axis, we compare this to the maximum number density reached in a
slice of the cloud (parallel to the plane-of-the-sky) at a given depth
into the cloud along the line of sight. From this visualization, we can
see that the peak of the distribution for CS is nearly aligned with the
maximum volume density in the simulation box. The observed CS
emission therefore serves as a good probe of the high density gas
in the simulation, and it is able to trace the high density filaments
visible in the column density maps (see e.g., Fig 4). As a result,
the perpendicular alignment between 3D gas structure and magnetic
fields at the highest volume densities (see e.g., Figure 2 panel (a)) is
preserved in the high intensity cut for CS (negative 𝑍𝑥). Meanwhile,
the 12CO 𝜏 = 1 surface distribution is offset from the peak volume
density along the line-of-sight toward the closer side of the cloud
to the observer. Therefore, the observed 12CO emission only probes
(on average) lower density gas. This material shows a preference for
parallel alignment, which is reflected in the 12CO HRO results.

Notably, the results found here are consistent with those obtained
in a similar experiment by Hu et al. (2019a). They studied the effec-
tiveness of velocity channel gradients (VChGs; see, e.g., Lazarian &
Yuen 2018) in probing the magnetic field orientation using molec-
ular tracers 12CO, 13CO, C18O, CS, HNC, HCO+, and HCN. They
found that 12CO, and to lesser extent 13CO, is much more effective
at reconstructing the magnetic field in low-density regions than in
high-density regions. In contrast, lower optical depth tracers (such as
C18O, CS, and HNC) were effective over a larger range of densities.
This result lead to the suggestion that 12CO can serve to study the
field structure in the outer layers of the cloud, and the lower optical
depth tracers to trace high-density structure. Our work here supports
this idea, with Figure 12 especially showing that it is indeed the case
that line radiative transfer observations of 12CO trace different (outer
layer) gas as compared to the tracers that probe more deeply into the
high-density material in the cloud midplane.

7.2 CS and 12CO Abundance Case Studies

The previous section discussed different gas-magnetic field align-
ment preferences in synthetic molecular line observations, and we
attributed such difference to the different density ranges traced by
these molecules. The synthetic observations, however, also depend
on species abundances, which in our main grid of models we pre-
scribed using observational constraints (see Table 1). We therefore
performed a case study of varying species abundance to explore how
it may affect synthetic line emissions.

Shown in Figure 10 are the PRS results for synthetic observa-
tions of 12CO and CS with abundances ranging from 10−10 to 10−4.
Interestingly, the PRS values from a single molecular line with vari-
ous abundances highly resemble those from various gas tracers (see
panel (b) of Figure 6). Note that the 12CO and CS show nearly
identical results at very low abundance. This represents the optically
thin observing scenario, and as such the particular radiative transfer
properties of the tracer are irrelevant - the observer sees all of the
emission, essentially reproducing the column density map simply
calculated by summing up the volume density along the line-of-sight
(Equation 6). However, when the abundance value is turned up, opti-
cal depth begins to come into play and high column density material
becomes obscured. The transition abundance is different (∼10−5 for
12CO, and∼10−7 for CS), but in both cases the 𝑍𝑥 value systemically
increases after that threshold is reached.

This case study demonstrates that optical depth is the critical factor
controlling the observed gas-magnetic field alignment preference. In
other words, operative quantity that 𝑍𝑥 depends on is the density
of cloud material being probed, which ultimately is principally a
function of the depth into the cloud probed by the observation.

7.3 LTE vs. LVG

Our main results were computed using the LTE assumption, with
𝑇 = 10 K set to match the isothermal conditions prescribed in our
MHD simulations. In the top two panels of Figure 11, we compare
these results to those obtained using another commonly-adopted ra-
diative transfer mode, the Large Velocity Gradient (LVG) approxima-
tion, for a sub-selection of our tracers. The 12CO emission becomes
somewhat more patchy, compared to the fairly uniform LTE case.
This is expected, since at each point in the simulation space the LVG
method uses a calculation of gas velocities near a given location to
determine photon escape probabilities, which produces different re-
sults at different locations. Interestingly the patchiness in the 12CO
introduces some perpendicularly aligned structure, slightly lowering
the PRS. Even so, the overall parallel-alignment character of the
12CO remains.

The effect of changing from LTE to LVG differs among the high-
density tracers. The CO isotopologues (13CO and C18O) both show
very little change, both visually and in terms of the PRS values.
However, the CS produces a significantly different result, with the
LVG map becoming much more opaque and revealing less of the
high density filamentary material. In turn, this leads to an increase in
the PRS, with the densest sightlines (top 10%) flipping from overall
perpendicular alignment to parallel alignment. The top row of Figure
12 shows the impact on the CS optical depth. The LVG calculation
produces a 𝜏 = 1 surface that is on-average closer to the front of
the cloud, with respect to the observer. This agrees well with the
analysis performed above in Section 7.1. Of note, the 12CO 𝜏 = 1
surface also moves closer to the observer when LVG is employed.
This does not translate to an increase is 𝑍𝑥 , however, because even
in LTE the 12CO was already quite opaque.
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Figure 10. The Projected Rayleigh Statistic calculated using the top 10%
highest intensity cells for 12CO (top) and CS (bottom) at abundances ranging
from 10−10 to 10−4. At very low abundance both tracers exhibit perpendicular
alignment. As the value is increased, they both move to positive 𝑍𝑥 , due to
the corresponding increase in optical depth. In cloud environments CS and
12CO are observed to have abundances of ∼10−8 and ∼10−4, respectively, so
they are typically associated as high- and low-density tracers, respectively.

We found that in LTE, the occupation of the upper and lower
levels of the of the 𝐽 = 1 − 0 transition for CS were 25% and
11%, respectively. In LVG this increased to 44% and 28%, which
is comparable to the LTE values for the 12CO 𝐽 = 1 − 0 transition
(43% and 25%). This higher occupation, particularly in the upper
level, leads to more emission and, in the case of CS, an increase in
the optical depth of the transition.

Here, we have briefly highlighted that the physical method for
simulating the radiative transfer can have some impact on the results
for a given molecular tracer, with the operative effect being that the
redistribution of level populations can produce emission with higher
optical depth if the occupation of the upper level of the transition
is increased (or lower optical depth if the occupation of the upper
level is decreased). The overall physical interpretation of the PRS
and its relationship to opacity (i.e., that optical depth is a key driver
of the 𝑍𝑥 value, as it dictates whether the high density filaments
are visible) remains unchanged. Future work may include a more
detailed exploration of the specific impact of radiative transfer mode

Table 3. The values corresponding to the 50th, 70th, and 90th percentile
intensity cuts for each molecular tracer simulated in this work, as taken from
the fiducial frame in Model S.

Species 50th (K km/s) 70th (K km/s) 90th (K km/s)

12CO 12.84 18.91 28.64
13CO 2.29 5.22 13.17
C18O 0.70 1.70 4.66
N2H+ 0.26 0.63 1.70
HNC 0.41 0.96 2.59

HCO+ 6.18 12.54 25.09
HCN 0.33 0.78 2.11
CS 1.89 4.40 11.40

NH3 0.41 1.04 2.81

on the HRO results for a wider variety of physical situations and
tracers.

7.4 Beam Convolved Results & Comparison with BLASTPol
Vela C Observations

In Fissel et al. (2019), BLASTPol polarization results and Mopra
molecular line observations were used to calculate the PRS for the
Vela C molecular cloud. Though our MHD simulation setup was not
specifically tailored to Vela C (rather, it is meant to be a generic
collapsing cloud), it can still be useful as a point of comparison for
the results in Fissel et al. (2019). To generally replicate observational
conditions, we convolve our (LTE) line radiative transfer intensity
maps and polarization maps with a variety of Gaussian beam sizes
ranging from 0.2 to 0.6 pc (FWHM), then recompute the HRO and
PRS.

These data are presented in Figure 13, alongside a comparison to
the PRS results obtained from Vela C. (adapted from Fissel et al.
(2019)). In addition to the 10%-intensity cut used for the main set of
models, we also present results with softer cuts of 30%, and 50% of
sightlines (see Table 3 for cutoff values). This is designed to resemble
the sensitivity limitations in real observations. These results show
that beam convolution does have some impact on the outcome of
the HRO calculations. Particularly, it tends to reduce |𝑍𝑥 | across all
tracers, especially for the hardest (10%) and softest (50%) cuts. In
the 50% case, it is possible that this effect is partially enhanced by
the fact that the beam convolution tends to emphasize the edge of the
cloud (this can be seen visually in the bottom row of Figure 11).

Our results for the multiple intensity cuts provide a potential ex-
planation for the wide range of 𝑍𝑥 computed for the different tracers
in Vela C. Higher abundance molecular like 12CO and 13CO tend to
be observable across the whole cloud, whereas the lower abundance
(”high-density”) molecules require greater sensitivity, and can only
reach the sensitivity threshold in the highest column density regions
of the observer space. Accordingly, the 𝑍𝑥 computed for softer cut
(50%) is in reasonably good agreement with the Vela C results for
12CO and 13CO, and the high-density tracers agree better when the
calculation is restricted to only the top 10% of pixels. It is worth em-
phasizing again, however, that our simulation is not tailored to mimic
Vela C, and some of the discrepancy between the observational and
synthetic results may also be due intrinsic physical differences be-
tween the physical set-up of our model and the underlying physical
conditions in Vela C. More broadly, this experiment demonstrates
that the sensitivity of an observation can have an important effect
on the observed HRO results. The very brightest pixels correspond
to the highest column density, where structures preferentially align
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Figure 11. The effects of changing the radiative transfer mode (middle row: LVG) and beam size (bottom row: 0.2 pc FWHM Gaussian convolution) on
(normalized) Moment 0 maps for a sub-set of the molecules we simulated. Note that the switch to LVG is not uniform across the tracers; it has obvious effects
on the 12CO and CS emission, but there is virtually no change for 13CO and C18O.

Figure 12. Comparison of the depth of the 𝜏 = 1 surface in LTE vs. LVG, for 12CO and CS. In both cases, switching the radiation transfer mode to LVG brings
the 𝜏 = 1 surface closer to the observer on average. This translates to a higher 𝑍𝑥 in the CS, as it transitions from optically thin to optically thick in some
sub-regions.
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perpendicular to the magnetic field. Therefore, lower sensitivity ob-
servations will tend to bias the results toward negative 𝑍𝑥 , because
the lower column density regions are excluded.

One additional important caveat for this analysis is that all of
the radiative transfer simulations performed in this work assumed
uniform relative abundance. A variable prescription, particularly one
that assumes higher relative abundance at higher volume density,
would likely produce results that further emphasize the perpendicular
character of the high-density tracers. Likewise, in the very lowest
density regions of our simulation box (including the ambient gas
outside the main cloud) there is no taper in the abundance. This is
probably unrealistic, as molecular gas does not form as readily in the
lower density ISM. Therefore, our results that only use 50% of the
pixels may be generally more useful for observational comparison
than the results using all the pixels.

8 CONCLUSIONS

In this work, we performed synthetic dust polarization and molecu-
lar line observations of 3-dimensional MHD data to investigate the
relationship between the magnetic field and gas density structure in
a collapsing molecular cloud using the HRO technique. We observed
our cloud at multiple stages of evolution over ∼1 Myr, and from a
variety of viewing geometries. Additionally, we tested how the re-
sults were affected by changing the global magnetic field strength,
the abundance of our selected species, and the chosen radiative trans-
fer mode (LTE vs. LVG). To link our theoretical exploration to the
current observational state of the field, we also compared selected
results with the analysis of Vela C performed by Fissel et al. (2019).
Our main conclusions are as follows:

(i) Analysis of our magnetized turbulent cloud simulations shows
that the relative orientation between the 3D magnetic field and den-
sity structures depends on the cloud-scale magnetic field strength
(see Figure 2). The super-Alfvénic simulation (Model W) showed
significantly more magnetic field tangling, and as a result had rel-
atively little alignment preference compared to the trans-Alfvénic
simulation (Model S), especially at high densities. In Model S the
mean magnetic field remained relatively rigid, leading to the forma-
tion of orthogonal elongated filaments. In the lower density regions,
thin streams of gas formed along the the field lines (Figure 3). These
structures are visible in slice plots of our simulations, and are similar
to the striations seen in observations. In Model S, the transition from
parallel alignment to perpendicular alignment occurs at 𝑛 ≳ 4 × 103

cm−3 for the 𝑡 = 0.75 Myr timestep. Notably, this is in close agree-
ment with the transition value of ∼1000 cm−3 estimated for Vela C
(Fissel et al. 2019).

(ii) The intrinsic relative gas-magnetic field orientations observed
in 3D are also visible in the HRO analysis using our synthetic molec-
ular line observations (Figure 5). Excluding the very earliest times,
the PRS results with no intensity cut (”all pixels”) generally show
(for both Model S and Model W) parallel alignment when the mean
magnetic field is in the plane-of-the-sky. This is because the overall
observer-space is dominated by low density sightlines. The situation
changes when we consider only the highest intensity (top 10%) pix-
els. For Model W, each of the tracers show a PRS value close to zero
in this cut. Meanwhile, for Model S there is some stratification; most
show a 𝑍𝑥 ≲ 0 across all times, however 12CO has a positive value.

(iii) In the 𝐵POS view (i.e., the viewing orientation with the mean
magnetic field in the plane-of-the-sky), the difference in HRO result
between 12CO and the high density tracers is closely linked to optical
depth effects. The 𝜏 = 1 surface for 12CO is on average closer to

the front of the cloud (from the observer’s point of view) than the
𝜏 = 1 surface for CS (Figure 12). This results in the 12CO emission
mainly probing the low-density gas where alignment preference is
dominated by the magnetic field-aligned striations, instead of the
denser filaments which align orthogontal to the mean magnetic field.
This is the case even in the highest intensity pixels. Though this
discussion is primarily framed as a distinction between molecular
lines, it is also the case that if we drastically vary the abundance
for a given tracer, both positive 𝑍𝑥 and negative 𝑍𝑥 results can be
produced (Figure 10). This demonstrates that for a given observation
it is the optical depth itself that is the essential quantity in determining
which regions of the cloud are probed.

(iv) When the mean magnetic field is inclined away from the
plane-of-the-sky (we define the 𝐵POS view to have 𝑖 = 90◦ in this
work), the absolute value of 𝑍𝑥 tends to decrease (Figure 7). At in-
termediate inclinations of 𝑖 = 60◦ and 𝑖 = 30◦, there is still moderate
differentiation between the PRS for 12CO and the high-density trac-
ers, but this vanishes when 𝑖 → 0◦. This produces some degeneracy
between the results for a weak magnetic field (Model W) and a strong
magnetic field oriented along (or nearly along) the line-of-sight.

(v) Our main set of results used synthetic line radiative transfer
observations that were generated assuming LTE at 𝑇 = 10 K. For a
subset of our tracers (12CO, 13CO, C18O, and CS), we also computed
results using the the (non-LTE) LVG method (Figure 11). For 13CO
and C18O, the Moment 0 maps (and HRO outcomes) were unaffected.
However, for 12CO and CS there was some change. Particularly, the
optical depth of the CS map increased, resulting in an increase in
the PRS value (including a transition from negative to positive 𝑍𝑥 in
the top 10% of pixels). Meanwhile, the 12CO emission (which was
already optically thick in LTE) became somewhat less uniform. These
results, though slightly different from the LTE case, are generally
consistent with our main conclusion that the value of 𝑍𝑥 is strongly
linked to the optical depth of the observation. Future work is required
for a more detailed assessment of how taking into account non-LTE
effects generally affects the results for each tracer.

(vi) The introduction of a Gaussian beam convolution (Figure 13)
to our synthetic maps tended to decrease the value of 𝑍𝑥 , though
this effect is somewhat counterbalanced for larger (0.4 pc, 0.6 pc
FWHM) beams due to washing out of some high density structures
perpendicular to the mean magnetic field. Also of note, the sensitivity
of an observation (as studied by testing intensity-based cuts at the
top 50%, 30%, and 10% of pixels) can have an important effect on
the value of 𝑍𝑥 . The effects of beam convolution and sensitivity limit
need to be taken into account when using numerical simulations to
interpret observations, such as those from Fissel et al. (2019) for Vela
C.
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