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What is Polarization Hole ?

The lost of grain alignment 
in high density?

Probing deeper into higher density region, thermal emission from dust grains usually show a lower 
degree of polarization (P%) comparing to the outskirt of the cloud with sub-millimeter telescope. It 
is  often  termed  as  ‘polarization  hole’.   (See Fig 2 right panel)

One common explanation is that dust alignment 
efficiency decreases with the increasing density.
For example, Padoan et al. (2001) suggested 
dust grains are no longer aligned 
with the local  B-field when Av > 
3mag.  

Possible mechanisms:
1.High Collision rate between 
dust grains and gas (Gas drag)

2.Enhancement of the formation 
of  rounder  grains  ….

(Vrba et al. 1993; Hildebrand et al. 1999)

Insights from 
high-resolution observation

Single dish 
(SCUBA)

Interferometer (CARMA) The spatial filtering effect of an 
interferometer effectively allows observers 
to zoom deeper into the densest region 
with foreground and background filtered.

However, single dish telescope is free 
from the spatial filtering suffered by 
interferometer, capable of including the 
detection from foreground and background.

If dust grains are not aligned in high 
density region, lower polarization 
fraction should be observed if we zoom 
into the ‘polarization hole’ with 
interferometer (higher resolution) which 
is capable of filtering the foreground 
and background emission !

Fig. 1: Simplified demonstration of the star-forming 
core. According to Padoan et al. 2001, the observed 
polarized emission from the core are contributed 
from the outskirt of the cloud where Av <3mag. The 
Av>3mag region contributes only to the emission 
(stokes I intensity) but not polarized intensity, thus 
bringing down the polarization fraction.

Dust are 
aligned

Dust are 
not  aligned

•CARMA
• ~  2.5  “  resolution
•TADPOL 1300um survey 

(Hull et al. 2014)

• SCUBA
• ~  20”  resolution
• SCUPOL 850um legacy 

survey (Matthews et al. 
2009)
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Sub-mm/mm 
Polarization data

Calibration on wavelengths for Polarization 
Fraction:
• Polarization Ratio (λ) compiled from 17 

clouds
• Vailliancourt et al. 2008
• P(850um) / P(1330um) ~ 1.7/2.1 

𝜹 𝝓 = 𝟒𝝅𝝆
𝝈𝒗
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𝝈𝒗 ∝ 𝒍𝒍𝒐𝒔𝜶

𝚺 ∝ 𝒍𝒍𝒐𝒔𝜷 Higher column density 𝜮

more turbulent energy 𝝈𝒗

more fluctuation of B-field 𝜹 𝝓
along line of sight!
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Fig. 2: (Left Panel)  Blue vectors and yellow vectors are from single dish telescope (SCUBA) and interferometer (CARMA) 
respectively and the length of the vectors represent the degree of polarization (P%). The map is the stokes I intensity measured
by SCUBA at 850 um (Matthews et al. 2009)

Fig 2: (Right Panel) Polarization from both telescope as a function of intensity measured by SCUBA. The yellow bars demonstrate 
the range of polarization fraction detected by interferometer within the single dish beam. The  ‘new’  SCUBA  beam is synthesized 
from the interferometer data and recovered the trend traced by single dish nicely.

Stokes I intensity from SCUBA

Po
la

riz
at

io
n 

 P
%

Results from the comparison 
between the data sets 

(Fig 3.)
P% (Interferometer) 
>> P%(Single dish)

in the same pointing

1.opposite to what is 
expected if dust are not  
aligned in high density 
region (Padoan et al. 
2001)

2.Dust grains are still 
aligned in high density 
region, (Av ~ 300 mag)

Smoothing of interferometer data
to single dish beam size 

recovered 
the same trend by Single dish

1.The low polarization 
observed in single dish is 
due to unresolved B-field 
structures within the 
beam.

 LOWER degree of polarization
 A simpler argument without involving 

alignment efficiency 
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Figure 4. Polarization hole from DR 21 Main. The 350 µm flux and HCN (4-3) velocity dispersion data (σ ) are from Kirby (2009). The 350 µm polarization
fractions (P̄ ) are from the Hertz archive (Dotson et al. 2009). The solid line is from our model of the P̄−σ relation (Equation (3)), assuming B =
2.5 mG (Kirby 2009), n(H2) = 106 cm−3 (Jakob et al. 2007), and P0 = 3%; see section 4.1 for detail. The B = 2 mG case is also plotted (dashed line).

1988), it should still be good enough to reveal a trend of P̄
versus σ , i.e., a polarization hole. Overlapped on the P̄ – flux
plot of DR 21 in Figure 4 is a P̄ –σ plot from the same sky
positions. We note that the σ data in Figure 4 are based on HCN
(4-3) lines (Kirby 2009), which could be optically thicker than
the 350 µm dust emission, from which the polarimetry data are
derived. So the correlation may change when optically thinner
lines are used for σ , and the trend may be enhanced. Kirby
(2009) estimated the sky component of the mean field in this
region as 2.5 mG, and Jakob et al. (2007) estimated the n(H2) as
106 cm−3. Based on these two parameters, Equation (3) is also
plotted in Figure 4, assuming a mean molecular mass of 2.3 and
P0 = 3%, which is estimated by the mean of the polarizations
from the lowest 10% of the flux with 3σ polarization detections
from DR 21 Main (Dotson et al. 2009).

An interesting fact is that submillimeter polarization holes
show at very different scales: ∼10 pc (Li et al. 2006), 0.1–
1 pc (this work), and below 0.1 pc (e.g., Girart et al. 2006).
The average Avs from these scales are different in order
of magnitude, so switching off grain alignment above one
particular Av cannot explain polarization holes from all these
scales. Even when one ignores the effect of velocity dispersion
discussed above and charges polarization holes completely to
grain alignment efficiency, Av = 3 mag is still too low for a
cutoff on alignment efficiency to explain many observations.
In our sample, the mean polarization is 2.55% for the 955 3σ
detections from the Hertz archive. With the maximum possible
polarization around 10% (Hildebrand & Dragovan 1995) and
the typical Av for our samples over 103 mag, 2.55% requires
grains to be aligned to as deep as Av = 255/2 mag, assuming
α = 0 and that the polarized mass is evenly distributed to the near
and far sides of a core. So, even Av = 125 mag is a conservative

estimate of the cutoff point. Interferometer polarimetry also
needs to be explained. Take NGC 1333 IRAS 4A for an example,
the 800 µm flux from the central 33 arcsec2 region is about
6 Jy according to the Submillimeter Array (SMA) observation
(Girart et al. 2006) and is approximately 11 Jy from the JCMT
(Sandell et al. 1991; scaled down from 12.9 Jy over 39 arcsec2).
The 5 Jy missing flux filtered out by the SMA is corresponding to
a fore/background column density N(H2) around 7 × 1023 cm−2

(Girart et al. 2006), which is about Av = 700 mag (Harjunpää
et al. 2004). Therefore, the grains are aligned deeper than Av =
350 mag.

Our goal is to distinguish clouds between globally super-
and sub-Alfvénic by comparing the field orientations from the
two ends of the density spectrum within a bulk cloud volume
(Section 3.2). For this purpose, knowing that grains are aligned
to at least hundreds of magnitude in Av is good enough, because
even for a GMC, the typical Av of the bulk volume is in the order
of 10 mag (McKee & Ostriker 2007).

4.2. Optical Foreground

Any single polarization measurement gives the mean field
direction along the line of sight, weighted by the density and the
alignment efficiency of dust particles. In principle, the optical
polarimetry data will only reliably give the field orientation in
each ICM region if we first correct these data for the foreground
contribution to the polarization.

In this work, we assume that the foreground effects are not
dominant, and make no correction for foreground polarization.
Our reasons for ignoring foreground effects are two-fold. First,
accurate foreground subtraction requires one to identify a
significant number of “foreground stars” lying very close in the
sky to each “background star” whose polarization is attempting
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Fig. 18.— An illustration of how polarization holes may be
caused by B-field structures in a sub-Alfvénic cloud. Upper panel:
Ostriker et al. (2001) simulated a sub-Alfvénic (� = 0.01) cloud
and here we study the densest filament (pixel coordinates: x =
227-247; y = 50-70; z = 237-250) in this simulation . The con-
tours show the mean density along each line of sight; the values
of the highest contour and the spacing between adjacent contours
are respectively 140 and 20 times of the uniform density in the
initial condition. The grayscale shows the Bpos angle dispersion
along each line of sight. Bpos refers to the plane-of-sky (X-Y
plane) component, which will affect the polarization. The higher
the angle dispersion, the lower the polarization fraction, assuming
constant grain alignment efficiency. Lower panel: Bpos disper-
sion versus column density based on data in the upper panel. The
Bpos dispersion indeed increases with column density, and thus
polarization holes at high column density are expected even with
a constant grain alignment efficiency.

from the Galactic B-fields. Their argument relies on the as-
sumption that Galactic fields are largely aligned with the
disc plane, which, however, is not the case at the scale of
cloud accumulation length as we will show in the follow-
ing.

Figure 6 in Stephens et al. (2011) shows an angle dis-
tribution of almost all the polarimetry detections from the

Heiles (2000) catalog, and the distribution clearly peaks in
the direction of the Galactic disc plane. Note that this plot
contains stars from distances of 140 pc to several kpc, and
thus shows the (Stokes) mean B-fields from various scales
because the polarization of a star samples the entire sight
line (Figure 19). As a result, one cannot establish from their
plot whether the B-field coherence happens at every scale or
only at certain scale ranges.

To distinguish between the two possibilities, in Figure
19, we plot similar polarization distributions but only for
stars with distances within 100-pc bins centered at, respec-
tively, 100, 300, 700, 1500, and 2500 pc in distance. We
also use the optical data archive of Heiles (2000). We ex-
clude data for which the ratio of the polarization level to
its uncertainty is less than 2. The numbers of stars in each
distance range are, from nearest to farthest, 1072, 339, 116,
82, and 51. At 100-pc scale the distribution is very flat, i.e.,
Galactic B-fields can have any direction. As shown in Fig-
ure 19, the so-called coherent Galactic B field only appears
at scales above 700 pc, where structures at smaller scales
are averaged out.

Also shown in Figure 19 (with a dashed line) is the dis-
tribution of the B-field directions from 52 cloud cores at pc
to sub-pc scales from Stephens et al. (2011). They con-
cluded that the core B-fields must have decoupled from the
Galactic B-fields, because the direction distribution of the
core fields is not as peaked as their Figure 6. However, as
the accumulation length of even a GMC is only ⇠400 pc
(Williams, Blitz and McKee 2000), the core B-fields are not
expected to be related to Galactic B-field structures larger
than 400-pc. In fact, the distributions of the core fields and
the Galactic fields at 100-300 pc scales are very similar in
Figure 19. With the same archives, Observation IV stud-
ied the core fields and the polarization within 100 - 200 pc
(accumulation length) of each core, and showed a signifi-
cant correlation (Figure 6). This means that the structures
of Galactic B-fields at the scale of cloud formation are pre-
served in the cores.

7. SUMMARY

Recent B-field surveys and other related observations are
discussed (Figure 1).

Observation I (the correlation between cloud fields and
spiral arms) and II (the constant ICM field strength) show
that galactic B-fields are strong enough to hinder cloud rota-
tion, channel gravitational contraction and imprint their di-
rections onto molecular clouds. Only after the accumulated
mass reaches a critical value defined by the galactic B-field
strength (⇠ 10 µG) can the cloud also contract in a direc-
tion perpendicular to the field lines and increase the field
strength (Observation III). The cloud contraction density
threshold can be reached by accumulation along B-fields;
AD is not necessary for cloud contraction. However, obser-
vational dis/proof of the existence of AD is very challenging
(Observation IX). Observation IV shows that the galactic
field directions anchor into clouds all the way down to cloud
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Figure 5. 13CO line emission maps of the J=1-0 transition from the FCRAO survey. Black lines represent the principal axes of the
cores.

lated aspect ratios of plane-of-the-sky maps for as many of the
objects of CWHFT10 as we could find appropriate data.

We used dust continuum emission images from the online
data archive of the Herschel Space Telescope (Pilbratt et al. 2010)
observed with SPIRE at 250 µm and 500 µm to create maps of
18 of these objects, and 13CO line emission data of the J=1-
0 transition from the FCRAO survey of the Taurus molecular
cloud (Goldsmith et al. 2008) for another 9 of them. The maps
were centered on the coordinates given by Troland & Crutcher
(2008) and Falgarone et al. (2008) as referenced by CWHFT10.
The angular sizes of the maps were 3 to 4 times the typical sizes
of cores. The method we used to calculate the aspect ratios is
based on the first and second moment of the flux density and
is described in detail by Tassis et al. (2009). In certain cases,
cores, as projected on the plane of the sky, are closely spaced;
for this reason, flux from a nearby core can severely affect the
aspect ratio of the object under examination. To avoid this, we
performed a visual inspection to select a region that contains
only one core. Finally, in order to remove the background which
can also affect the analysis, we set a threshold and calculated the
aspect ratio only from the pixels whose intensity was greater than
the mean intensity of the final region (e.g., see Fig. 2 and inset).
The resulting maps of the cores, along with their principal axes
and their aspect ratios, are presented in Figures 3 - 5.

Even visual inspection of these maps reveals that these ob-
jects do not appear to be spherical. Indeed, only 4 of these ob-

jects have an aspect ratio consistent with a spherical geometry.
The mean value of the aspect ratios as computed here is 0.63,
suggesting that in our sample of cores the preferred geometry is
a flattened, oblate one (Fig. 6). We therefore conclude that the
shapes of the cores in the CWHFT10 sample are not consistent
with the spherical geometry implied by the B ∝ ρ2/3 relation.

In our theoretical analysis of shapes, we considered only the
case of a pure dataset following a specific geometry and evolution-
ary path. It is also conceivable that a mixture of different object
geometries, each with its own B – ρ relation, could yield a value
of κ different from the values characterizing the individual ob-
jects, including possibly κ = 2/3. In order for such a scenario to
be realized, objects with both smaller values of κ (i.e., 1/2 or 0)
and greater values of κ (i.e., 1) need to be present in the sample.
As discussed in §2.1, values of κ greater than 2/3 can be pro-
duced by one-dimensional contraction of a disklike (oblate) cloud
with its magnetic field parallel to the plane of the disk, or the
lateral contraction of a long cylindrical cloud with its magnetic
field along the cylinder (see § 2). Both of these cases were found
to be unlikely in a combined study of cloud shapes and magnetic
fields using data for 32 clouds surveyed by the Hertz polarimeter
(Tassis et al. 2009, see their Figs. 2b and 2e). The latter possi-
bility is also contradicted by our study of the CWHFT10 core
shapes alone, as it would require a different aspect ratio distribu-
tion than the one shown in Figure 6. The CWHFT10 aspect ratio
distribution is similar in shape to the one of the sample studied

Clump shapes and B-ρ relations
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Figure 1. Different geometries of contracting clouds and magnetic fields examined in §2.1. Black arrows represent the direction of the
magnetic field and bold red arrows the direction of contraction. The B ∝ ρ2/3 relation is uniquely associated with spherical contraction
and, therefore, has unique observational implications.

100 cm−3), found a best-fit exponent of 0.47 for the B−ρ scaling,
in agreement with the theoretical prediction. Detailed numerical
simulations by Fiedler & Mouschovias (1992, 1993) predicted a
slope κ = 0.47 for contracting cores formed by gravitationally-
driven ambipolar diffusion and evolving from initially magneti-
cally subcritical to supercritical states. More recently, Li et al.
(2015) inferred κ = 0.41 from observations in the massive star
forming region NGC 6334. For lower densities, although the the-
oretical prediction for an evolving cloud was κ ≈ 0 (because self-
gravity is not strong enough to compress the cloud perpendicular
to the field lines), the observational picture has generally been
less clear, with various scaling exponents derived empirically (see
Vallée 1997 and references therein; Marchwinski 2012) for sets of
clouds observed at the same time.

Crutcher et al. (2010, hereinafter referred to as CWHFT10)
revisited the scaling between B and ρ for a yet larger sample
of both low-density (primarily HI) and high-density (primarily
molecular) clouds. They used a Bayesian statistical analysis that
allowed them to treat nondetections and varying angles between
the magnetic field and the line of sight, and they optimized a fam-
ily of models consisting of a uniform distribution of magnetic-field
values between some minimum and maximum, with the maxi-
mum having two distinct branches in its behavior (on a logB –
logρ plot): a flat part at low densities (B independent of ρ), and
a power-law scaling at higher densities (B ∝ ρκ), with the expo-
nent κ, the break density ρ0, and the width of the magnetic-field
strength distribution being the free parameters of their model.
Their conclusion was that the data prefer κ ≈ 2/3 and reject
κ ≈ 1/2. They took this result to be an indication of “isotropic
contraction of gas too weakly magnetized for the magnetic field
to affect the morphology of the collapse.”

In this work, we examine more closely the observational im-
plications of different geometries of contraction on the B – ρ rela-
tion. The distribution of forces in a cloud determines its evolution,
including its geometric shape and the associated B – ρ relation.
Although a given (or observed) B – ρ relation does not necessarily
imply a unique geometric shape of a cloud, it is nevertheless the
case that a given (or observed) B – ρ relation can only be found
in a very restricted set of geometric shapes, which in turn re-
strict the kind of motions capable of producing those shapes and
the B – ρ relation. Here, we test whether the observed shapes of
the objects (clouds and cores) on which the latest B – ρ relation
study (that of CWHFT10) has been based are consistent with the

underlying geometries in which the claimed scaling (B ∝ ρ2/3)
could develop.

In §2.1 we summarize the B – ρ relations implied by different
cloud geometries that could be established by the evolution of
molecular clouds with frozen-in magnetic fields (no significant
ambipolar diffusion). Density maps of clouds and cores used in
CWHFT10 are examined in §2.2, testing for consistency between
geometry and the exponent κ. The value κ = 2/3 claimed by
CWHFT10 cannot be reconciled with the observed cloud shapes.
The source of the discrepancy lies in various assumptions of the
CWHFT10 analysis, as we show in §3. Relaxing the problematic
assumptions, we reconcile the observed shapes and the B – ρ
relation in §4, and we show that the value κ = 1/2 is preferred by
the data over the value κ = 2/3. We summarize the conclusions
in §5.

2 CLOUD GEOMETRY AND THE B – ρ
RELATION

In this section we address the connection between the slope of
the B – ρ relation and the cloud geometry. First, in §2.1, we
investigate theoretically the B – ρ relation implied by different
geometries of clouds and magnetic fields. Then, in §2.2, we exam-
ine the shapes of objects in the CWHFT10 sample and whether
they are consistent with the claimed slope κ = 2/3.

2.1 B – ρ Relations Implied by Different

Geometries

2.1.1 Disklike or Slab Cloud with B in the Plane of the

Disk

We first consider an oblate (disklike) cloud of half-thickness Z0

and arbitrarily large radius R0, uniform density ρ0, threaded by
a uniform magnetic field B0 in the plane of the disk (see Fig.
1a). A slab-shaped cloud is a special case of this. Contraction
perpendicular to the plane of the disk to a new half-thickness Z
increases the density and the magnetic field by the same factor,
Z0/Z; hence, B ∝ ρ. One should note that, for this kind of con-
traction, the gravitational force per unit mass perpendicular to
the plane of the disk on a fluid element initially at z depends only
on the column density ρz, which does not change upon contrac-
tion. However, the magnetic-pressure force per unit mass on that

2 Tritsis et al.

Figure 1. Different geometries of contracting clouds and magnetic fields examined in §2.1. Black arrows represent the direction of the
magnetic field and bold red arrows the direction of contraction. The B ∝ ρ2/3 relation is uniquely associated with spherical contraction
and, therefore, has unique observational implications.
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ambipolar diffusion). Density maps of clouds and cores used in
CWHFT10 are examined in §2.2, testing for consistency between
geometry and the exponent κ. The value κ = 2/3 claimed by
CWHFT10 cannot be reconciled with the observed cloud shapes.
The source of the discrepancy lies in various assumptions of the
CWHFT10 analysis, as we show in §3. Relaxing the problematic
assumptions, we reconcile the observed shapes and the B – ρ
relation in §4, and we show that the value κ = 1/2 is preferred by
the data over the value κ = 2/3. We summarize the conclusions
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gravity is not strong enough to compress the cloud perpendicular
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gravity is not strong enough to compress the cloud perpendicular
to the field lines), the observational picture has generally been
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logρ plot): a flat part at low densities (B independent of ρ), and
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Their conclusion was that the data prefer κ ≈ 2/3 and reject
κ ≈ 1/2. They took this result to be an indication of “isotropic
contraction of gas too weakly magnetized for the magnetic field
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imply a unique geometric shape of a cloud, it is nevertheless the
case that a given (or observed) B – ρ relation can only be found
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strict the kind of motions capable of producing those shapes and
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study (that of CWHFT10) has been based are consistent with the
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could develop.

In §2.1 we summarize the B – ρ relations implied by different
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ambipolar diffusion). Density maps of clouds and cores used in
CWHFT10 are examined in §2.2, testing for consistency between
geometry and the exponent κ. The value κ = 2/3 claimed by
CWHFT10 cannot be reconciled with the observed cloud shapes.
The source of the discrepancy lies in various assumptions of the
CWHFT10 analysis, as we show in §3. Relaxing the problematic
assumptions, we reconcile the observed shapes and the B – ρ
relation in §4, and we show that the value κ = 1/2 is preferred by
the data over the value κ = 2/3. We summarize the conclusions
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they are consistent with the claimed slope κ = 2/3.
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Magnetic field amplification by gravity-driven turbulence 7

Fig. 3.— a) Spherical slice of the gas density inside the Jeans volume at ⌧ = 12 for our run with 128 cells per Jeans length. b) Velocity
streamlines on a linear color scale ranging from dark blue (0 km s�1) to light gray (5 km s�1). c) Magnetic field lines, showing a highly
tangled and twisted magnetic field structure typical of the small-scale dynamo; yellow: 0.5mG, red: 1mG. d) Four randomly chosen,
individual field lines. The green one, in particular, is extremely tangled close to the center of the Jeans volume. e) Contours of the vorticity
modulus, |r ⇥ v|, showing elongated, filamentary structures typically seen in subsonic turbulence (e.g., Frisch 1995). f) Spherical slice of
the divergence of the velocity field, r · v; white: compression, red: expansion.
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Figure 2. Same as Fig. 1 with 13CO J = 1–0 data. Velocity anisotropy is absent in the high column density filaments of the Taurus cloud.
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IN THE OPHIUCHUS MOLECULAR CLOUD

Wei-Guang Ji1,2, Hua-Bai Li2, Frank Otto2

1Xinjiang Astronomical Observatory, Chinese Academy of Sciences. 2Department of Physics, The Chinese University of Hong Kong.
jiweiguang@xao.ac.cn

ABSTRACT

Turbulence anisotropy channeled by magnetic field
is investigated by numerical simulations [1,2] and molec-
ular line observations [3]. We use velocity centroids data
obtained from 12CO (1-0) and 13CO (1-0) lines to study
the turbulence anisotropy in the Ophiuchus molecular
cloud. Magnetic field can be affected by the star for-
mation behavior and the stellar feedback. In order to
avoid the effect mentioned above, we selected 25 sub-
regions with non-star-forming regions (Av = 3 is used
as a threshold value of the active star-forming region) to
study the Turbulence anisotropy, and we find that the
direction with the least velocity dispersion (VD) tends
to align with the B field, which may indicate that B-field
channeled turbulent anisotropy.

Further more, in order to compare the results be-
tween the non-star-forming regions and the active star-
forming regions, we selected another 57 subregions in
high-density regions (32 subregions with 3 < Av < 5
and 25 subregions with 5 < Av < 7). Finally, we find
that turbulent anisotropy still can be seen in dense re-
gions (3 < Av < 5), but disappear in more dense regions
(5 < Av < 7), which may be because 13CO become op-
tical thick so that turbulent velocity hard to be obtained
or contraction velocities in all directions dominate the
turbulent velocity.

DATA
1. CO line The 12CO and 13CO (1-0) data cube were
obtained from the FCRAO 14m telescope.
2. Extinction map (Av) Extinction map made from
NICER (the 2MASS near-infrared color excess revisited).
3. Magnetic field vector The magnetic field vectors,
measured by Goodman et al. (1990)[4], come from the
linear polarization of the stars background.

METHOD
We use the two-point 2nd order structure function

to study the turbulent anisotropy, which yields a
measure for both the orientation and the strength of the
anisotropy.

Velocity centroid map (along line-of-sight s):

V (~r) =

R
I(~r, s)v(~r, s)dsR

I(~r, s)ds

The two-point 2nd order structure function:

SFV (l,') = median[V (~r)� V (~r + lê')]~r

SIMULATION

Please see Frank Otto’s
poster S315p.183.

RESULTS
Figure 2 and 3 show that in low-density region,

the direction with the least VD tends to align with
the B field, which may indicate that B-field channeled
turbulent anisotropy.

Figure 2. For each subregion, the bottom panel is the VD in different direction,
and the VDs are normalized to 0-1 range. The gray to black curves show differ-
ent scales (L), and the darkness increase with the scale. The red curve come from
the mean of the curves in different scales, and the green curve shows the fitting
of the red crossings using a sine function. The sky blue line is the direction of the
mean field with the error showed by the sky blue dash lines. The upper panel
is the intensity dispersion (ID) in different direction, and the IDs are normalized
to 1-2 range.

VD ID

Figure 3. Left is the distribution of the direction offset between velocity
anisotropy and B field of 25 subregions. Right is the one between intensity
anisotropy and B field.

CRITERIA
A simple criteria is used to select subregions which

1. have good signal to noise ratio of CO line and 2. are
away from the star formation regions.

According to the first panel of figure 4 of Kainu-
lainen et al. (2009)[5], a probability density function
(PDF) of the Ophiuchus molecular cloud, we use Av = 3
as a threshold value of the active star-forming region.
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Figure 1. The selected regions (red rectangle) overlap on the Av map. The tan
contour is the boundary of the regions with s/n > 3 of 12CO, and the brown
one is the boundary of Av = 3. The white vectors are the directions of the
magnetic field, and the magenta vectors are the mean fields of each subregions
calculated by the 5 nearest white vectors.

HOW ABOUT "HIGH" DENSITY REGIONS?
Heyer and Brunt (2012)[6] exhibits little velocity anisotropy evidence in dense regions. They interpret the obser-

vation as that the turbulence transits from sub- to super-Alfv̀enic in higher dense regions. However, we find that
using 13CO (1-0) line, turbulent anisotropy still can be seen in dense regions (3 < Av < 5), but disappear in more
dense regions (5 < Av < 7), which may be because 13CO become optical thick so that turbulent velocity hard to be
obtained or contraction velocities in all directions dominate the turbulent velocity.
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SIMULATION

Please see Frank Otto’s
poster S315p.183.

RESULTS
Figure 2 and 3 show that in low-density region,

the direction with the least VD tends to align with
the B field, which may indicate that B-field channeled
turbulent anisotropy.

Figure 2. For each subregion, the bottom panel is the VD in different direction,
and the VDs are normalized to 0-1 range. The gray to black curves show differ-
ent scales (L), and the darkness increase with the scale. The red curve come from
the mean of the curves in different scales, and the green curve shows the fitting
of the red crossings using a sine function. The sky blue line is the direction of the
mean field with the error showed by the sky blue dash lines. The upper panel
is the intensity dispersion (ID) in different direction, and the IDs are normalized
to 1-2 range.

VD ID

Figure 3. Left is the distribution of the direction offset between velocity
anisotropy and B field of 25 subregions. Right is the one between intensity
anisotropy and B field.

CRITERIA
A simple criteria is used to select subregions which

1. have good signal to noise ratio of CO line and 2. are
away from the star formation regions.

According to the first panel of figure 4 of Kainu-
lainen et al. (2009)[5], a probability density function
(PDF) of the Ophiuchus molecular cloud, we use Av = 3
as a threshold value of the active star-forming region.

Figure 1. The selected regions (red rectangle) overlap on the Av map. The tan
contour is the boundary of the regions with s/n > 3 of 12CO, and the brown
one is the boundary of Av = 3. The white vectors are the directions of the
magnetic field, and the magenta vectors are the mean fields of each subregions
calculated by the 5 nearest white vectors.

HOW ABOUT "HIGH" DENSITY REGIONS?
Heyer and Brunt (2012)[6] exhibits little velocity anisotropy evidence in dense regions. They interpret the obser-

vation as that the turbulence transits from sub- to super-Alfv̀enic in higher dense regions. However, we find that
using 13CO (1-0) line, turbulent anisotropy still can be seen in dense regions (3 < Av < 5), but disappear in more
dense regions (5 < Av < 7), which may be because 13CO become optical thick so that turbulent velocity hard to be
obtained or contraction velocities in all directions dominate the turbulent velocity.

3 < Av < 5 5 < Av < 7
12CO 13CO 12CO 13CO

VD ID VD ID VD ID VD ID

REFERENCES
[1] Esquivel & Lazarian, ApJ 740 (2011) 117.
[2] Burkhart et al, ApJ 790 (2014) 130.
[3] Heyer et al, ApJ 680 (2008) 420.
[4] Goodman et al, ApJ 359 (1990) 363.
[5] Kainulainen et al, A&A 508 (2009) L35.
[6] Heyer & Brunt, MNRAS 420 (2012) 1562.

TURBULENCE ANISOTROPY
IN THE OPHIUCHUS MOLECULAR CLOUD

Wei-Guang Ji1,2, Hua-Bai Li2, Frank Otto2

1Xinjiang Astronomical Observatory, Chinese Academy of Sciences. 2Department of Physics, The Chinese University of Hong Kong.
jiweiguang@xao.ac.cn

ABSTRACT

Turbulence anisotropy channeled by magnetic field
is investigated by numerical simulations [1,2] and molec-
ular line observations [3]. We use velocity centroids data
obtained from 12CO (1-0) and 13CO (1-0) lines to study
the turbulence anisotropy in the Ophiuchus molecular
cloud. Magnetic field can be affected by the star for-
mation behavior and the stellar feedback. In order to
avoid the effect mentioned above, we selected 25 sub-
regions with non-star-forming regions (Av = 3 is used
as a threshold value of the active star-forming region) to
study the Turbulence anisotropy, and we find that the
direction with the least velocity dispersion (VD) tends
to align with the B field, which may indicate that B-field
channeled turbulent anisotropy.

Further more, in order to compare the results be-
tween the non-star-forming regions and the active star-
forming regions, we selected another 57 subregions in
high-density regions (32 subregions with 3 < Av < 5
and 25 subregions with 5 < Av < 7). Finally, we find
that turbulent anisotropy still can be seen in dense re-
gions (3 < Av < 5), but disappear in more dense regions
(5 < Av < 7), which may be because 13CO become op-
tical thick so that turbulent velocity hard to be obtained
or contraction velocities in all directions dominate the
turbulent velocity.

DATA
1. CO line The 12CO and 13CO (1-0) data cube were
obtained from the FCRAO 14m telescope.
2. Extinction map (Av) Extinction map made from
NICER (the 2MASS near-infrared color excess revisited).
3. Magnetic field vector The magnetic field vectors,
measured by Goodman et al. (1990)[4], come from the
linear polarization of the stars background.

METHOD
We use the two-point 2nd order structure function

to study the turbulent anisotropy, which yields a
measure for both the orientation and the strength of the
anisotropy.

Velocity centroid map (along line-of-sight s):

V (~r) =

R
I(~r, s)v(~r, s)dsR

I(~r, s)ds

The two-point 2nd order structure function:

SFV (l,') = median[V (~r)� V (~r + lê')]~r
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Background: 
Turbulence,   magnetic   fields,   and   self-gravity  
compete   in   shaping   the   structure   of  molecular  
clouds,   and   hence   have   a   strong   influence   on  
star   formation.   If   magnetic   fields   are   dyna-
mically  important,  turbulence  will  be  anisotropic. 

Questions: 
-  Can  anisotropy  be  detected  in  observation? 
-  What  can  it  tell  us  about  the  magnetic  field? 
-  Does  self-gravity  influence  the  anisotropy? 

Method: 
We   perform   numeric   MHD   simulations   of  
turbulent,  self-gravitating  molecular  clouds,  and  
create   synthetic   observations   of   velocity  
centroid  maps.  The  anisotropy  present  in  these  
maps   is  analyzed  using  the  two-point  2nd  order  
structure   function,   which   yields   a   measure   for  
both   the   orientation   and   the   strength   of   the  
anisotropy. 

New  results: 
We   investigate   the   effects   of   the   turbulent   dri-
ving   mechanism   (solenoidal   or   compressive)  
and   of   self-gravity   on   the   correlation   between  
the   detected   anisotropy   and   the   B-field   orien-
tation. 

Abstract 

 
 
 
 
 
 
 
 

Fig.1:   Contour   lines   of   the   two-point   2nd   order   struc-­
ture   function   computed   from   velocity   centroid   maps.  
The  magnetic  field  is  parallel  to  the  z-axis.  Left:  strong  
field  (MA=0.2).  Right:  moderate  field  (MA=0.8). 

①  Even  in  the  absence  of  B-fields,  
turbulent   fluctuations   can   cause  
transient   anisotropies.   These   are  
stronger   for   larger   scales,   and  
slightly   more   pronounced   for   sole-
noidal   driving.   This   sets   a  baseline  
strength  for  “proper”  anisotropies. 
Figure  shows  scale-dependence  of  the  anisotropy  
strength,  averaged  over  10  snapshots  and  3  lines  
of   sight.   Shaded   areas   indicate   one   standard  
deviation.   Turbulence   is   fully   developed,   driving  
scale  Ldrv  is  half  the  box  size,  Mach  number  Ms≈  2.  

②   For   strongly   magnetized   turbu-
lence,   very   significant   anisotropies  
can   be   observed   for   lines   of   sight  
(LOS)   perpendicular   to  B,  whereas  
the   LOS   parallel   to   B   only   reveals  
weak   transient   anisotropies.   For  
perpendicular   LOS,   the   orientation  
of   the   anisotropy   correlates   very  
well   with   the   large-scale   magnetic  
field  orientation  (here,  B  lies  at  90°).  
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Theory  &  Prior  Work 
Strongly  magnetized   turbulence   in   3D   exhibits  
anisotropic   scaling   behavior   [1].  While   there   is  
more   kinetic   energy   in   large   scales   than   in  
small   scales,   the   magnetic   field   strength   is  
roughly   independent   of   scale.   Hence   the  
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field  (see  Fig.1). 
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turbulence   [2,3].      [4]  proposes   to  use  synthetic  
maps  of   velocity   centroids   as   a   tool   for   detec-
ting  anisotropy,  and  finds  that  the  magnetic  field  
orientation   can   be   recovered   for   strong   to  
moderate   fields   (MA  ≲1.5).   [5]   finds   that   this  
holds   even   if   the   field   is   not   fully   aligned   with  
the  plane  of  sky  (i.e.  ∢(B,POS)  <  40°). 
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clouds,   and   hence   have   a   strong   influence   on  
star   formation.   If   magnetic   fields   are   dyna-
mically  important,  turbulence  will  be  anisotropic. 
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-  Can  anisotropy  be  detected  in  observation? 
-  What  can  it  tell  us  about  the  magnetic  field? 
-  Does  self-gravity  influence  the  anisotropy? 

Method: 
We   perform   numeric   MHD   simulations   of  
turbulent,  self-gravitating  molecular  clouds,  and  
create   synthetic   observations   of   velocity  
centroid  maps.  The  anisotropy  present  in  these  
maps   is  analyzed  using  the  two-point  2nd  order  
structure   function,   which   yields   a   measure   for  
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anisotropy. 

New  results: 
We   investigate   the   effects   of   the   turbulent   dri-
ving   mechanism   (solenoidal   or   compressive)  
and   of   self-gravity   on   the   correlation   between  
the   detected   anisotropy   and   the   B-field   orien-
tation. 
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field  (MA=0.2).  Right:  moderate  field  (MA=0.8). 
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