
Unveiling the role of the magnetic field  
at the smallest scales of star formation

Chat Hull
Jansky Fellow  — Harvard-Smithsonian Center for Astrophysics

National Radio Astronomy Observatory

NRAO Postdoc Symposium 
Charlottesville, VA

28 March 2017

Photo credit: C. Hull



Chat Hull – NRAO Postdoc Symposium – 28 Mar 2017

Overview

2

• Introduction: to magnetized star formation on large (~1 pc) & 
small (~1000 AU) scales 
• Default assumption: the “strong-field” case 

• Large-scale observations suggest strong fields.  Small-scale 
observations sometimes do…but not always 

• ALMA results definitively show a weak-field case 

• ALMA results also show a case where the magnetic fields are 
shaped by the bipolar outflow!
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Scales of star formation

> 1 pc 
0.1 pc 
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< 100 AU
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Intro:  
Magnetized star formation 

on large (cloud, ~parsec) scales
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Pereyra & Magalhães 2004

10 pc

Musca dark cloud

Magnetic fields 
on cloud scales

Fields perpendicular to 
cloud’s long axis: fields 

may be dynamically 
important

Polarization  

M
agnetic field
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ALIGNED DUST GRAINS

BACKGROUND STAR 
(unpolarized)

ORDERED MAGNETIC FIELD

Polarization (dust absorption)

Polarization traces 
magnetic field orientation
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ALIGNED DUST GRAINS

BACKGROUND STAR 
(unpolarized)

ORDERED MAGNETIC FIELD

Polarization (dust emission)

Polarization must be 
rotated by 90º to show 
magnetic field orientation
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Pereyra & Magalhães 2004

10 pc

Musca dark cloud

Magnetic fields 
on cloud scales

Polarization  
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Pereyra & Magalhães 2004

10 pc

E,B

Musca dark cloud

Planck XXXIII, 2014

Magnetic fields 
on cloud scales

Planck collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps
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Observed properties of the filaments. Column 2 gives the distance of the Musca and Taurus molecular clouds (see references

in the text). Column 3 gives the length of the filament used to derive the averaged radial profiles (Sect. 3.5). The entire Musca

filament is 10 pc long. The Taurus B211 and L1506 filaments are 3 pc long. Column 4 gives the filament full width at half maximum

(FWHM) derived from a Gaussian fit to the total intensity (Iobs) radial profile. The values given are for the observations, i.e., without

beam deconvolution. The outer radius (given in column 5) is defined as the radial distance from the filament axis at which its radial

profile amplitude is equal to that of the background (see Sect. 3.4). Columns 6 and 7 give the column density at the centre of the

filament and mass per unit length estimated from the radial column density profiles of the filaments. Column 8 gives the position

angle (PA) of the segment of the filament which is used to derive the mean profile. The filament PA (measured positively from North

to East) is the angle between the Galactic North and the tangential direction to the filament’s crest derived from the I map.

Filament
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Planck 353 GHz Stokes parameter maps of the Musca filament (in MJy sr�1 ). The total intensity map is at the resolution of

4.08, while the Q and U maps are smoothed to a resolution of 9.06 for better visualization (all analyses presented in this paper are

performed on full resolution maps). The crest of the filament traced on the I map is drawn in black (on the I and Q maps) and white

(on the U map). The boxes drawn on the I map, numbered from 1 to 7, show the regions from where the mean profiles are derived

(see Fig. 2).

the Musca filament; and the Taurus B211 and L1506 filaments.

We identify the surrounding emission with the parent cloud2 (see

Sect. 3.4). The angular resolution of Planck at 353 GHz is 4.08,

which translates into a linear resolution of 0.2 pc and 0.3 pc at

140 pc and 200 pc, corresponding to the distances of the Taurus

and the Musca clouds, respectively (references are given in the

2 The emission in the vicinity of an interstellar filament may come

from the parent cloud, where the filament is located, as well as from

Galactic background (up to the entire Galaxy for low latitude LOS) and

foreground emission.

following sections). Table 1 summarizes the main characteristics

of the three filaments.

3

.

1

.

T

h

e

M

u

s

c

a

fi

l

a

m

e

n

t

The Musca dark cloud is a 10-pc-long filament located at a dis-

tance of 200 pc from the sun, in the North of the Chamaeleon

region (Gregorio Hetem et al. 1988; Franco 1991). The mean

column density along the crest of the filament is 5 ⇥ 1021 cm�
2

as derived from the Planck column density map (Planck

Collaboration Int. XXIX 2014). The magnetic field in the neigh-

4

Planck XXXIII, 2014353 GHz (850 microns)
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Pereyra & Magalhães 2004

10 pc

Musca dark cloud

Magnetic fields 
on cloud scales

Polarization  

M
agnetic field

Planck collaboration: Signature of the magnetic field geometry of interstellar filaments in dust polarization maps
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Observed total polarized emission (in MJy sr�1 ) of the Musca (left) and Taurus (right) clouds. The polarized emission is

debiased as explained in Sect. 2. The maps are at the resolution of 9.06 for better visualization. The black segments show the �

angles, i.e., the polarization angles rotated by 90� . The length of the pseudo-vectors is proportional to the polarization fraction. The

blue contours show the total intensity at levels of 3 and 6 MJy sr�1 . The white boxes show the length of the filaments and their

background, which is used in the modelling and shown in Fig. 9.

of the pseudo-vectors is proportional to the observed (debiased)

polarization fraction. We use P and p here only for visual inspec-

tion and no quantitative analyses are performed on these quan-

tities. These maps show that the Musca and B211 filaments are

detected in polarized emission, while the L1506 filament is not.

The filaments are surrounded by an ordered magnetic field. The

orientation of the magnetic field observed towards the Musca

and B211 filaments is close to being orthogonal to the orientation

of the filaments on the POS, while the field observed towards the

L1506 filament is approximatly parallel to its main axis.

4. Modelling the observed polarization properties

Planck observations of the polarized dust emission give an es-

timate of the magnetic field orientation projected onto the 2D

plane of the sky. In the following we model the 3D magnetic field

structure of an interstellar filament from the observed polarized

dust emission. A 3D magnetic field can be described with a pair

of angles (�, �), where � is the angle on the POS and � is the 3D

angle4 , which gives the inclination of the magnetic field relative

to the POS (Fig. 11). The 3D angle influences the observed po-

larization fraction: maximal and no polarization for � = 0� and

90� , respectively.
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As mentioned before, the observed polarized dust emission de-

pends on the geometry of the magnetic field and on the efficiency

of dust grains to emit polarized light. The modelling presented

now focuses on studying how much the observed polarized light

depends on the mean orientation of the magnetic field in the fil-

4 By “3D angle” we mean the angle between the magnetic field and

the POS, as opposed to the 2D magnetic field angle observed on the

POS and orthogonal to the polarization angle ( ).

ament and in the background. Hence we assume that p0 is the

same in the filament and in the background, ignoring any other

mechanism, which could also affect the observations, such as

different dust polarization properties and/or grain alignment in

the filament and in the background. Our modelling of the mean

orientation of the magnetic field assumes that the small-scale

structure of the field averages out within the Planck beam.

The observed interstellar filament width of approximately

0.1 pc (e.g., Arzoumanian et al. 2011) is not resolved by the

353 GHz Planck observations. Nevertheless, with Planck data

the outer radii of the filaments, 0.5 to 1 pc, are resolved and we

can study the variation of the magnetic field in the filaments

with respect to that of their background regions. However, in

this analysis we assume that the field in the filament is uniform

and we do not try to model any small-scale variations or tangling

of the field lines. Modelling the observed intensity variations

of the background, which in the case of the Musca filament

corresponds to neighbouring structures/filaments, is also beyond

the scope of this work.
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We describe the dust emission observed towards the filaments

as a two-layer model. One layer corresponds to the filament,

for |r| < Rout, where r = 0 is the filament’s main axis. The

other layer represents the background, which corresponds

to the emission observed around the filaments for |r| � Rout

as detailed in Sect. 3.4. The model does not assume that the

filaments lie on the POS, albeit the 3D orientation in the cloud

of these parsec-long-filaments may probably be close to the

POS. For |r| � Rout (see Sect. 3.4), the emission traces only the

background, while for |r| < Rout the observed emission is the

sum of the emission of the filament (Ifil) and of the background

9

Planck XXXIII, 2014

Magnetic field from dust 
emission (Planck) is 
consistent with dust 
absorption (optical)

Magnetic fie
ld
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Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 2. Locations and sizes of the regions selected for analysis. The background map is the gas column density, NH, derived from
the dust optical depth at 353 GHz (Planck Collaboration XI 2014).

Table 1. Locations and properties of the selected regions

Region l b �l �b Distancea hNHib Max (NH)b
D
NH2

E
c

[�] [�] [�] [�] [pc] [1021 cm�2] [1021 cm�2] [1021cm�2]

Taurus . . . . . . . . . . 172.5 �14.5 15.0 15.0 140 5.4 51.9 1.6
Ophiuchus . . . . . . . 354.0 17.0 13.0 13.0 140 4.4 103.3 1.1
Lupus . . . . . . . . . . . 340.0 12.7 12.0 12.0 140 3.8 30.8 1.2
Chamaeleon-Musca . 300.0 �15.0 16.0 16.0 160 2.3 29.7 1.3
Corona Australis (CrA) 0.0 �22.0 12.0 12.0 170 1.1 40.5 1.2

Aquila Rift . . . . . . . 27.0 8.0 12.0 12.0 260 9.3 58.7 1.9
Perseus . . . . . . . . . . 159.0 �20.0 9.0 9.0 300 3.9 94.8 2.6

IC 5146 . . . . . . . . . 94.0 �5.5 5.0 5.0 400 3.7 22.6 1.0
Cepheus . . . . . . . . . 110.0 15.0 16.0 16.0 440 4.2 21.3 1.2
Orion . . . . . . . . . . . 212.0 �16.0 16.0 16.0 450 5.0 93.6 2.2

a The estimates of distances are from: Schlafly et al. (2014) for Taurus, Ophiuchus, Perseus, IC 5146, Cepheus, and Orion; Knude & Hog (1998)
for Lupus and CrA; Whittet et al. (1997) for Chamaeleon-Musca; and Straižys et al. (2003) for Aquila Rift.

b Estimated from ⌧353 using Eq. (1) for the selected pixels defined in Appendix A.
c Using the line integral WCO over �10 < vk/(km s�1) < 10 from the Dame et al. (2001) survey and XCO = 1.8 ⇥ 1020 cm�2 K�1 km�1 s.

includes an open cluster surrounded by a bright optical nebulos-
ity, called the Cocoon Nebula, and a region of embedded lower-
mass star formation known as the IC 5146 Northern4 Streamer
(Harvey et al. 2008). The Cepheus Flare, called simply Cepheus
in this study, is a large complex of dark clouds that seems to
belong to an even larger expanding shell from an old supernova
remnant (Kun et al. 2008). Orion is a dark cloud complex with
ongoing high and low mass star formation, whose structure ap-
pears to be impacted by multiple nearby hot stars (Bally 2008).

Taking into account background/foreground emission and
noise within these regions, pixels are selected for analysis

4 In equatorial coordinates.

according to criteria for the gradient of the column density
(Appendix A.2) and the polarization (Appendix A.2).

4. Statistical study of the relative orientation of the
magnetic field and column density structure

4.1. Methodology

4.1.1. Histogram of Relative Orientations

We quantify the relative orientation of the magnetic field with
respect to the column density structures using the HRO (Soler
et al. 2013). The column density structures are characterized by
their gradients, which are by definition perpendicular to the iso-
column density curves (see calculation in Appendix B.1). The

5
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Magnetic fields on large (Planck) scales

Planck Collaboration 2015, paper XXXV
Scaled to nearby SFRs

20 pc
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Planck Collaboration 
planckandthemagneticfield.info

20 pc
Scaled to nearby SFRs

Magnetic fields on large (Planck) scales

http://www.planckandthemagneticfield.info
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HRO analysis

13

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 3. (continued).

7

⟂ ⟂∥

DENSE GAS
N

um
be

r

B filamentPlanck XXXV (Soler+2015)

HRO = “Histogram of Relative Orientation” (see Soler+2013) 

The HRO characterizes the relationship between magnetic fields and 
filamentary structures in the dust and gas 
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Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 3. (continued).
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HRO analysis
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B filamentPlanck XXXV (Soler+2015)

A random HRO indicates that the magnetic field is not dictating the morphology of 
the star-forming material 
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Planck conclusions: 

• B-fields in dense gas tend to be ⟂ to filament axis 

– Formed by gravitational collapse along field lines? 

• B-fields are important on large (~pc) scales 
– But what about small (<1000 AU) scales?

Musings on large (Planck) scales
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What is the role of the magnetic field in star formation?

Fundamental?
Incidental?
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Intro:  
Magnetized star formation 
on small (<1000 AU) scales
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The “strong-field” scenario

18

The large-scale magnetic 
field in the ISM (~100 pc) 
seems to be preserved… 

…in the small-scale cores 
(0.1 pc) 

No. 2, 2009 ANCHORING MAGNETIC FIELD IN TURBULENT MOLECULAR CLOUDS 893

(A)
(B)

(C)

(E) (F)

(G)

(H)

(D)

Figure 1. Magnetic fields in the Orion molecular cloud region. The background image shows the IRAS (Neugebauer et al. 1984) 100 µm map in logarithmic scale. We
superpose on this map the magnetic field directions inferred from optical data (blue vectors), and the mean of all the optical data is shown as the thick gray vector. The
Hertz polarimeter (Dotson et al. 2009) at the Caltech Submillimeter Observatory mapped eight clouds (see labels A through H on the IRAS map) in this region at 350 µm
with 20′′ resolution, and these CSO results are shown as insets, using red vectors on individual false-color intensity maps. The mean direction of all the 350 µm
polarization detections from a given core is shown as a white vector superposed on each core’s map, and these white vectors are also plotted on the IRAS 100 µm map.
All the false-color Hertz intensity maps are plotted to the same scale: 140 arcseconds across (approximately 0.3 pc). Note that the spatial scales and mass densities are
very different between the regions probed by the two wavelengths, but the field orientations are very similar.

Hua-bai Li+2009
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Consistent fields at even smaller scales

Magnetic field orientation is frequently 
consistent from 10,000 → 1000 AU scales… 

The Astrophysical Journal Supplement Series, 213:13 (48pp), 2014 July Hull et al.
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Figure 14. HH 211 mm. Same as Figure 4. (a) The velocity ranges of the CO(J = 2 → 1) line wing emission are 29.6 to 12.6 km s−1 (redshifted) and 6.3 to
−3.2 km s−1 (blueshifted). σSL = 1.03 K km s−1. (b) σI = 3.5 mJy beam−1.

(A color version of this figure and associated FITS images and machine-readable tables are available in the online journal.)

23

6000 AUHH 211

…sometimes…
…but sometimes it isn’t 

Hull+2014, TADPOL survey

The Astrophysical Journal Supplement Series, 213:13 (48pp), 2014 July Hull et al.
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Figure 17. L1527. Same as Figure 4. (a) The velocity ranges of the CO(J = 2 → 1) line wing emission are 12.9 to 9.7 km s−1 (redshifted) and 2.3 to −0.9 km s−1

(blueshifted). σSL = 0.32 K km s−1. (b) σI = 1.0 mJy beam−1.

(A color version of this figure and associated FITS images and machine-readable tables are available in the online journal.)
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3000 AUL1527

See also Davidson+2014, 
incl. C. Hull
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The canonical picture: hourglass fields

2002), might occur if, like their low-speed counterparts in
Figure 5, they escape preferentially along the low-density
axial direction of the ambient medium. In any case, inter-
action between the fast-moving jet or wind of an embedded

protostar with the transonic outflow or infalling envelope
appears unavoidable, but we will postpone a treatment of
this interaction to a future investigation.

The slow outflow is driven by magnetic braking. As col-
lapse proceeds, matter in the magnetically dominated polar
region (where the plasma ! < 1) first slides along field lines
toward the equatorial plane to create the dense pseudodisk.
The pseudodisk is not an equilibrium structure; its thermal
and magnetic forces are too weak to balance the gravita-
tional pull of the central object. As the material in the disk
falls inward dynamically, it tends to spin up because of
angular momentum conservation. However, the field lines
threading the contracting pseudodisk also pass through the
more slowly rotating envelope material higher up. The
twisting of field lines in the pseudodisk generates a torsional
Alfvén wave, which propagates away from the equatorial
plane. The wave removes angular momentum from the
pseudodisk and deposits it in a small fraction of the enve-
lope material near the ! ¼ 1 line, which moves away as a
low-speed wind. The outflow is concentrated in the ridge
where the rotation is fastest and the field lines are most
twisted (see Figs. 3c and 3d). Closer to the polar axis, the
plasma !5 1, and the wrapping of field lines unwinds
almost instantaneously; farther away, the field lines are not
twisted enough to reverse the collapsing inflow. We will
show below that as the field strength increases the slow
outflow grows wider and faster.

The angular momentum redistribution due to magnetic
braking is shown in Figure 6. In the figure, angular momen-
tum is depleted from the depressed ‘‘ valley ’’ in the equato-
rial region because of collapse. In the absence of magnetic
braking, all the depleted angular momentum should be
deposited in the pseudodisk, where the ‘‘ mountain ’’ in the
figure is. Magnetic braking lowers the height of the moun-
tain considerably, creating a ridge that runs more or less
parallel to the polar axis. From the volumes beneath the

Fig. 4.—Magnetic field lines for the fiducial case plotted at viewing angles of 60" and 0" (i.e., pole-on) inclination with respect to the magnetic pole. The
innermost field lines shown in red, blue, and yellow are tied at the origin and pass through the pseudodisk as a split-monopole configuration. Field lines that
thread through the midplane and have not yet been swept into the central mass point are shown in black.

Fig. 5.—Velocity unit vectors (shown for every fifth cell) for the fiducial
H0 ¼ 0:25, rotating toroid. Unit vectors are three-dimensional; i.e., the
rotational component pointing out of or into the plane of the page is not
shown; thus, the displaced ‘‘ unit vectors ’’ have different lengths when they
are projected into the meridional plane. The light, medium, and dark
contours extending to approximately dimensionless cylindrical radius
$ # 0:5, 1, and 2, respectively, correspond to reduced density " ¼ 10, 1,
and 0.1.

No. 1, 2003 COLLAPSE OF ISOTHERMAL TOROIDS. II. 369

The typical initial condition for the 
magnetic field in models of star-forming 
cores is an hourglass with its symmetry 
axis aligned with the core’s rotation axis 
(see also Fiedler & Mouschovias 1993) 

Allen, Li, & Shu 2003



Credit: Bill Saxton, NRAO/AUI 
KALYPSO project, Harvard/CfA 

The canonical  
picture

Note the thin, blue 
magnetic field lines in an 

hourglass shape

~50 AU

21
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Sightings of the fabled hourglass B-field

22

L1157

500 AU

1000 AU

IRAS 4A

Hull+2014, TADPOL survey

Girart+2006 1000 AU

See also Stephens+2013, incl. C. Hull



CARMA 
Combined Array for Research in Millimeter-wave Astronomy 

– 6 ⨯10-m,   9 ⨯ 6-m,   and   8 ⨯ 3.5-m telescopes 

– Observations at 1 cm,  3 mm,  and  
1 mm (polarization!) 

– Was located in Cedar Flat, CA (near Bishop) 

 
Consortium: Berkeley, Caltech, Illinois, Maryland, Chicago  

Photo credit: C. Hull

23
This is me installing a 1 mm polarization 

receiver between 2010 and 2012
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TADPOL survey
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TADPOL results

L1157

See also: Stephens+ (incl. C. Hull) 2013, ApJL, 769, L15

Hull+2014, ApJS, 213, 153

1000 AU
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Credit: Bill Saxton, NRAO/AUI 
KALYPSO project, Harvard/CfA 
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TADPOL  
results

Ser-emb 8, 8(N)

Hull+2014, ApJS, 213, 153

1000 AU
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Outflow vs. B-field: distribution Simulation: outflows & 
B-fields aligned within a 

20º cone (tightly aligned)

Simulation: outflows & 
B-fields are randomly 

oriented

Simulation: outflows & 
B-fields aligned between 

70–90º (preferentially 
misaligned)

Hull+2013, ApJ, 768, 159 
(plot updated Feb ‘14)
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ALMA observations
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ALMA

Photo credit: C. Hull
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Cycle 2, 3, & 4 ALMA obs.

31

Ser-emb 6  
(a.k.a. SMM1)

Ser-emb 8(N)

Class 0 

CORE POLARIZATION 
(PI: Hull) 

0.36ʺ dust pol @ 850 um 

0.36ʺ and 1ʺ lines & continuum @ 1 mm 

Cycles 3 & 4: 0.06ʺ dust pol @ 850 um 

Probing ~1000 à25 AU disk scales 

Hull+2014, TADPOL survey

Ser-emb 8
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CARMA ALMA

The ALMA-scale magnetic field, which is “attached” to 
the forming stellar system, is not reminiscent of the 
large-scale field. 

JCMT

The ALMA-scale magnetic field,

This is in contrast to 50 years of theory, and to recent papers such 
as Li+2009, who suggested that the large-scale mean field 
direction could be preserved all the way down to the scale of 
forming stars.

No hourglass!

Hull, Mocz, Burkhart+2017, under revision
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AREPO simulations

B=1

Keep an eye on the magnetic field strength here (in microgauss)
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B=1

≫JCMT scales JCMT/CARMA scales ALMA scales

Hull, Mocz, Burkhart+2017, under revision
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Hull, Mocz, Burkhart+2017, under revision
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HRO analysis

43

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 3. (continued).
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B filamentPlanck XXXV (Soler+2015)

HRO = “Histogram of Relative Orientation” (see Soler+2013) 

The HRO characterizes the relationship between magnetic fields and 
filamentary structures in the dust and gas 
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Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 3. (continued).

7

HRO analysis

44
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A random HRO indicates that the magnetic field is not dictating the morphology of 
the star-forming material 
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HRO analysis: ALMA & AREPO

45

The ALMA data exhibit a random HRO. 
The strongly magnetized simulation, has a dynamically important magnetic field, 
but is inconsistent with our ALMA data 

⟂ ∥B filamentB filament0 10 20 30 40 50 60 70 80 90
0

0.005
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0.03
Field strength

Data
strong

moderate
weak

really weak

Hull, Mocz, Burkhart+2017, under revision
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A statistical comparison shows that the ALMA observations 
best match the weakly magnetized simulations

We have shown an alternate mode of star formation where 
the small-scale magnetic field morphology is dictated by 

turbulence and not by the large-scale magnetic field
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FUTURE WORK: are the deviations at 
small scales due to toroidal wrapping 
of fields by disk rotation? 

This will be answered by my Cycle 3 
~30 AU polarization observations, 
which were recently taken!

Hull, Mocz, Burkhart+2017, under revision

an angle of !B ’ 90!. On the other hand, the rotation axis hardly
changes its direction from the initial state and remains directed
along the z-axis. The disk normal is also oriented along the
z-axis (i.e., the rotation axis). From Figure 8b, it can be seen that
a disk forms by the effect of the rotation and the disk normal
direction coincides with the rotation axis.

Figure 8c shows the central region at the core formation epoch
(nc ¼ 2:3 ; 1011 cm#3). It can be seen from this figure that a
nonaxisymmetric structure has formed and the central core has
changed its shape from a circular disk (bottom panels of Figs. 8a
and 8b) to a bar (Fig. 8c, bottom). The magnetic field lines run
laterally, i.e., jBrj, jB"j3 jBzj, in the adiabatic phase (Figs. 8c
and 8d ). Figure 8d shows an adiabatic core when the central
density has reached nc ¼ 6:9 ; 1014 cm#3. A spiral structure is
seen in this figure, which indicates that a nonaxisymmetric
pattern has formed, even if no explicit nonaxisymmetric density
perturbation is assumed at the initial stage. (Although the non-
axisymmetric patterns also appear in some models of Papers I,
II, and III, it should be noted that these patterns are due to a
nonaxisymmetric perturbation added to the density and magnetic
field at the initial stage.) The magnetic field lines are considerably
twisted in Figure 8d . It should be noted that in this model, the
inclined magnetic field induces nonaxisymmetric perturbations,
on behalf of the initial explicit perturbation.

Figure 11 shows the magnetic field lines, the shape of the
core, and the velocity vectors on the z ¼ 0 plane in the adiabatic
phase for model C00. This figure shows that a ring is formed, as
found in Paper III, without any growth of a nonaxisymmetric
pattern. In Papers I, II, and III, we assumed a cylindrical cloud in
hydrostatic equilibrium, in which the magnetic field and angular
velocity are functions of the radius r in cylindrical coordinates.
On the other hand, the cloud is assumed to be spherical with a
uniform magnetic field and angular velocity at the initial stage
in model C00. In spite of these differences, a similar ring struc-
ture appears in both models C00 and CS of Paper II. Figure 9
(bottom) plots the evolution of the axis ratio against the central
density for group C. The axis ratios for models C30, C45, and
C60 begin to grow after a thin disk is formed (nc k 5 ; 106 cm#3)
and reach "ar ’ 0:5 at the core formation epoch. The axis ratio

grows to "ar ’ 1 at nc ¼ 1012 cm#3 in models C30, C45, and
C60, while no nonaxisymmetric pattern appears in model C00.
This shows that the nonaxisymmetric pattern arises from the
anisotropy of the Lorentz force around the rotation axis. A bar
structure is formed by the nonaxisymmetric force exerted by the
inclined magnetic field, as shown in Figures 8b–8d . This is
confirmed by the fact that the short axis of the density distribu-
tion on the z ¼ 0 plane (the disk midplane) and the bar pattern
rotate together with the magnetic field lines. The axis ratio (the
nonaxisymmetry) grows in proportion to #1=6 (107 cm#3 P nc P
1010 cm#3 in Fig. 9, bottom), as found by Hanawa &Matsumoto
(1999). Since the lateral component of the magnetic field
(jBjsin !0) is large (Fig. 9, bottom), the axis ratio grows more in
models with large !0.

The evolution of the angles !B, !!, !P, and "B for group C is
plotted against the central density in Figure 12. The angle be-
tween the magnetic field and z-axis becomes !B ’ 90! even in
the early phase of isothermal collapse for all the models C30,
C45, and C60. The rotation axis and the disk normal maintain
their angles !!; !P ’ 0!. Figures 4 and 12 show that in both
magnetic- and rotation-dominant models the directions of the
magnetic field, rotation axis, and disk normal are qualitatively
the same for models with the same $ and !, irrespective of !0 in
the range 30! $ !0 $ 60!.

Figure 13 shows the magnetic field lines, velocity vectors,
and density distribution for the epoch t ¼ 1:52 ; 106 yr (nc ¼
1:5 ; 109 cm#3) for model C30. Note that the box scale and
level of grid are different for each panel. The spatial scale of
each successive panel is different by a factor of 4, and thus the
scale between Figures 13a and 13d is different by a factor of 64.
The magnetic field has an angle !0B % 30! in Figure 13a, where
!0B is defined as the angle between the volume average magnetic

Fig. 11.—Same as Fig. 1, but for C00 at the core formation epoch.

Fig. 10.—Same as Fig. 5 (left), but for model C45. The lower left inset is an
enlarged view of the center.
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The plot thickens… 

Serpens SMM1, the nearby neighbor of  
Ser-emb 8, has an outflow that is shaping the 

magnetic field!
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Multi-scale obs. of Serpens SMM1
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Smoothing of polarized 
intensity maps



Hull, Girart+2017, in prep.



Hull, Girart+2017, in prep.

Outflow shaping 
the magnetic field
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Summary (Ser-emb 8)

• High-DR, ALMA-resolution AREPO simulations 
• Initial conditions of the cloud dictate what we 

see at small scales 
• We see an alternate mode of star formation 

where the field morphology is dictated by 
turbulence and not by a strong B-field
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• ~100 AU resolution ALMA observations 
of magnetic fields in Ser-emb 8 

• Field orientation not preserved from 
large scales 

• No hourglass!
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Summary (Ser SMM1)

54

• The outflow from 
Serpens SMM1 appears 
to be shaping the 
magnetic field 

• Why is this?  More 
evolved? 

• Hints of an hourglass…
but one created by the 
outflow?
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Fin


