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Sky in the sub-mm
• Galactic Dust Emission

– B and grain alignment in expanding shells and fronts?
– Role of  B in cloud collapse?
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B-field influence on Star Formation

• Star formation models
– Magnetic field (B) influences collapse

• Measurements of  B:
– Efeito Zeeman

– Rotação Faraday

– Polarização Interestelar
! óptico/NIR, sub-mm
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creation of beneficial new systems. It has its
own ethos: decentralization to avoid social
and technical bottlenecks, openness to the
reuse of information in unexpected ways,
and fairness. It uses powerful scientific and
mathematical techniques from many disci-
plines to consider at once microscopic Web
properties, macroscopic Web phenomena,
and the relationships between them. Web sci-

ence is about making powerful new tools for
humanity, and doing it with our eyes open. 
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PERSPECTIVES

U
nderstanding how stars
form is one of the out-
standing challenges of

modern astrophysics. It has
become clear that stars form
from dense interstellar clouds
of gas and dust, called molecu-
lar clouds because gas in such
clouds is predominantly in
molecular rather than atomic
form. However, despite sub-
stantial progress in recent
years, there remain fundamen-
tal unanswered questions about
the basic physics of star forma-
tion. In particular, it remains
unclear whether molecular
clouds undergo rapid gravita-
tional collapse as soon as suffi-
cient matter accumulates to
make the clouds gravitation-
ally bound, or whether there is
some mechanism resisting col-
lapse that delays the process and introduces
new star formation scenarios. The observa-
tional result reported on page 812 of this issue
by Girart et al. (1) provides new data regard-
ing this important scientific question.

The “standard” model for the formation of
low-mass stars such as our Sun has been that
interstellar magnetic fields provide support
against gravity in dense molecular clouds (2).
In this picture, interstellar magnetic fields are
“frozen” into interstellar matter by the small
fraction of the gas and dust that is ionized. As
material accumulates (due to the driving of
flows by galactic spiral-arm shocks, super-
novae explosions, the gravity of a galaxy,
etc.), the magnetic field increases in strength

as the gas density increases. After a molecular
cloud accumulates sufficient mass to become
self-gravitating, it will still not collapse and
form stars because gravity is balanced by
magnetic pressure. 

If there were no other forces operating,
molecular clouds would persist indefinitely
and star formation would not occur. However,
magnetic fields are frozen only into the ions of
molecular clouds, not into the neutral gas and
dust. The neutrals are therefore free to respond
to gravity and collapse to form a much denser,
gravitationally unstable core to the molecular
cloud and eventually to form stars. However,
as neutrals collapse through the ionized gas
and dust, collisions with ions will occur. These
collisions will greatly slow down the collapse
rate, leading to molecular cloud lifetimes typ-
ically several orders of magnitude longer than
the gravitational free-fall lifetime of a cloud. 

In contrast to magnetically dominated star
formation, the other extreme point of view is
that magnetic fields are too weak to provide
support against gravity. In this model, molec-
ular clouds are intermittent phenomena, and
the problem of cloud support for long time
periods is irrelevant (3). Supersonic flows in
the low-density turbulent interstellar medium
produce regions of enhanced density. Star for-
mation does not occur in every location where
the gas is dense, but only in small volumes
within clouds where sufficient mass accumu-
lates to become self-gravitating. Collapse and
star formation then proceed in that small frac-
tion of the total cloud mass at a very rapid,
free-fall rate. 

In both models, the rate at which low-
density interstellar gas is turned into stars is
consistent with the observed star formation
rate in the Milky Way Galaxy, about one solar
mass per year. The strong magnetic field
model achieves this result by setting the time
scale for collapse of a dense molecular cloud
much longer than the gravitational free-fall
time. In the turbulent, intermittent model,
only a small fraction of each molecular cloud
actually becomes self-gravitating and forms
stars. But the physical principles behind the
two models are fundamentally different.

As a result, the two models make very dif-
ferent predictions that can be tested observa-
tionally. Simulations of molecular cloud for-
mation and evolution carried out with weak
magnetic fields show that the fields have a
chaotic morphology, because the field lines
are twisted by turbulence in the clouds. On the
other hand, turbulence cannot twist field lines
very much if the field strength is sufficiently
strong. Magnetic field lines in dense, strongly
magnetized clouds would then be roughly par-
allel. Collapse along the magnetic field is not
impeded by the field, so cores are predicted to
have a disk morphology. However, perpendi-

The importance of magnetic fields for the 

formation of stars, such as the Sun, is supported

by measurements of polarized radio waves from

dust particles near a newly forming star.

Testing Star Formation Theory
Richard M. Crutcher

ASTRONOMY
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Shaped by magnetism. Schematic diagram of a collapsing molecular
cloud core with a strong magnetic field (B) showing the characteristic
hourglass shape. [Adapted from (4)]
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B-field influence on Star Formation 

• Observações com o Sub-milimeter Array (SMA)
! Girart et al. (2006)
! 345 GHz (0.877 mm=877!m)
! resol. angular de 1.56”x0.99” (@ 85 deg)
! resol. de B = 360 UA

6

emissão em 877µm

linhas de B
(dados e modelo)

4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 " sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g " gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.

www.sciencemag.org SCIENCE VOL 313 11 AUGUST 2006 813

REPORTS



08/August/2011 LLAMA/FAPESP

Optical/NIR/Sub-mm Polarization

Polarization by ISM Dust
• Polarization arises from

– Dust grains

aligned by

– ISM’s Magnetic Field, B

• Polarization provides info on
– Dust properties

! size distribution, composition

– Bsky

! B component projected on the sky 

7

adapted from Ponthieu, Lagache; www.planck.fr

B field
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Polarization by ISM Dust
• Polarization arises from

– Dust grains

aligned by

– ISM’s Magnetic Field, B

• Polarization provides info on
– Dust properties

! size distribution, composition

– Bsky

! B component projected on the sky 
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adapted from Ponthieu, Lagache; www.planck.fr

B field

In the Optical/NIR: PA    ⁄⁄    Bsky

In the Sub-mm:       PA    "    Bsky
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Polarization
• Operational definition of  the Stokes parameters [I, Q, U, V]

Consider the following ‘filters’ that measure the different polarization states:
 

        

Stokes vector:

9

F0 I  = F0

Q = F1 - F4 U = F2 - F5 V = F3 - F6
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Polarization
• Operational definition of  the Stokes parameters [I, Q, U, V]

Consider the following ‘filters’ that measure the different polarization states:
Stokes vector:

10

F0 I  = F0

Q = F1 - F4 U = F2 - F5 V = F3 - F6

"

  2"
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Polarization by ISM Dust
• B-field of  the Galaxy from stellar (optical) polarization

–

11

Mathewson & Ford 1970
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B-field from Polarization
• Chandrasekhar & Fermi 

method 
– C & F (53)

! Equipartition between
kinetic & perturbed magnetic 
energies
+
isotropic rms velocity:

!

Falceta-Gonçalves et al. (08)

Polarization PA distributions
! B estimates

Pereyra & Magalhaes 07

polarization angles and the rms velocity. Basically, assuming that
the magnetic field perturbations are Alfvénic, i.e., !v / !B

!!!
"

p
(see Appendix for discussion), and that the rms velocity is iso-
tropic we have

1

2
"!V 2

LOS ! 1

8#
!B2; "7#

where !VLOS is the observational rms velocity along the LOS.
Using the small angle approximation !$ ! !B/Bu, it reduces to

Bu $ %
!!!!!!!!
4#"

p !VLOS

!$
; "8#

where $ is measured in radians and % is a correction factor (!0.5)
(Zweibel 1990; Myers & Goodman 1991), which depends on
medium inhomogeneities, anisotropies on velocity perturbations,
observational resolution and differential averaging along the LOS.

Ostriker et al. (2001) noticed from their numerical simulations
that the CF method (eq. [7]) was a good approximation for the
cases where !$ < 25%, i.e., when the uniform component of the
magnetic field is much larger than the random components. This
conclusion is expected fromequation (7) since it is applicable only
for small values of !$, due to the angular approximation.

If one wants to expand the applicability of the CF method for
cases where the random component of the magnetic field is com-
parable to the uniform component, or for larger inclination angles,
it is necessary to take into account two corrections in equation (7).

First, we must introduce the total magnetic field projected
in the plane of sky Bsky ! Bext

sky & !B, where Bext
sky represents the

mean field component projected on the plane of sky. We assume
here, for the sake of simplicity, that !B is isotropic.1 Heitsch et al.
(2001) substituted !$ in the CF equation by !( tan $), where tan $
was calculated locally, to provide a correction for the small angle
approximation. However, they showed that this case lead to an
underestimation (by a factor of 100) of the magnetic field in
super-Alfvénic cases. It occurred because, as j$j ! #/2 it gives
Bmod
CF ! 0. To avoid this, they introduced a correction, which

was the geometric average of the standard BCF and the modified
value Bmod

CF . Here, we implement the correction of the small angle
approximation in a simpler way. We assume that the !B/B is a
global relation and, in this case, we may first obtain the dispersion

of $ and then calculate its tangent. Substituting !$ in equation (7)
by tan (!$) ! !B/Bsky, we obtain the modified CF equation:

Bext
sky & !B ’

!!!!!!!!
4#"

p !Vlos

tan !$" # ; "9#

which is a generalized form of equation (7). As an example, if
polarization maps give !$ ! #/4, equation (8) gives B ! !B
and Bu ! 0. This is expected for & ! 90% or MA 31.

5.3. Effects of Finite Resolution

Here we assume the obtained cubes as the real clouds subject
to observational studies. In the previous sections we presented
the expected results considering infinite observational resolution.
However, observational data analysis may be biased by the lim-
ited instrumental resolution. Therefore, we must understand its
role on the statistical analysis of the measured parameters.

We applied equation (8) to our simulated clouds, taking into
account the effects of finite resolution. Here, we intended to de-
termine the role of the resolution on the determination of the
magnetic field strength from the CF method. We calculated the
average of the density weighted rms velocity along the LOS
(!Vlos) and the dispersion of the polarization angle (!$) within
regions of R ; R pixels. To simulate a realistic cloud we chose
the mean magnetic field intensities given in Table 2.

In Figure 9 we show the averaged values of the obtained mag-
netic field for different map resolutions (2552, 312, and 72 pixels)
formodel 3with different inclinations of themagnetic field. For all
inclinations, coarser resolution calculations from the CF method
tend to overestimate the magnetic field intensity. Finer resolutions
result in the convergence to the actual values Bsky.

This trend is seen for different inclinations and models. The
following equation seems to best fit this behavior:

BCF $ B0
CF 1& C

R0:5

" #
; "10#

where R represents the observational resolution (total number
of pixels), C and B0

CF are constants obtained from the best fitting.
B0
CF represents the value of BCF for infinite resolution observa-

tions, i.e., the best magnetic field estimation from the CF method.
Equation (10) is shown as the dotted lines in Figure 9.

1 This assumption is not exact since the magnetic field fluctuations also
show anisotropic structures regarding the mean magnetic field. Moreover, it was
shown that the anisotropy is scale-independent (Lazarian & Pogosyan 2000;
Esquivel & Lazarian 2005).

TABLE 2

CF Method Estimates

Model

&
(deg) C B0

CF /Bext Bext
sky /Bext

a Btot /Bext
b

3...................... 0 20 ' 5 1.24 ' 0.09 1.00 1.25

3...................... 30 24 ' 5 0.98 ' 0.08 0.87 1.11

3...................... 45 25 ' 5 0.78 ' 0.07 0.71 0.96
3...................... 60 33 ' 5 0.48 ' 0.05 0.50 0.75

3...................... 90 31 ' 5 0.26 ' 0.03 0.00 0.24

1...................... 0 7 ' 5 0.97 ' 0.08 1.00 1.11

2...................... 0 10 ' 5 1.07 ' 0.07 1.00 1.16
4...................... 0 34 ' 5 1.18 ' 0.07 1.00 1.41

a Mean field adopted for the model, projected into the plane of sky, i.e.,
Bext
sky $ Bext cos &.
b Total field of themodel, projected into the plane of sky, i.e.,Btot $ Bext

sky & !B.

Fig. 9.—CF method calculation for model 3 with different inclinations with
respect to the line of sight. The dotted lines represent the fittings using eq. (10).
The traces indicate the expected value Bm cos &.

STATISTICS OF POLARIZATION AND CF TECHNIQUE 545No. 1, 2008

Bsky + !B !

!

4"#
!Vlos

tan(!$)
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Optical/IR Survey of  ISM Polarization

• Conducted at IAG-USP
– LNA observatory (22 deg South)
– initially in V
– now at H (1.65!m) band

! point sources & extended objects
! http://www.astro.iag.usp.br/~antonio/survey

– Data to be reduced & become public

• Main Goal
– Improve our knowledge of:

! Magnetic Field Structure of  the Diffuse ISM
! Ratio between random & uniform components of  B
! Scale Length, L, of  the Magnetic Field
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Optical/IR Survey of  ISM Polarization

• Related, additional Goals
Study the Magnetic Field using polarization:

– at high Galactic latitudes, through clouds and structures;

– across open clusters, for mapping the field on small scales; 

– through nearby dark clouds;

– through Bok globules (in the IR)

– near the Sun, from the immediate neighborhood out to 
300pc;
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Collapsing Dark Clouds
• Magnetic Field in Dark Clouds 

– B and grain alignment in expanding shells and fronts?
– Role of  B in cloud collapse?

Musca Dark Cloud Feitzinger & Stuve 84
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Collapsing Dark Clouds
• Magnetic Field in Dark Clouds 

– B and grain alignment in expanding shells and fronts?
– Role of  B in cloud collapse?

Musca Dark Cloud
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Collapsing Dark Clouds
Magnetic Field in Dark Clouds 

– What is the role of  B in cloud collapse?

• Mapping the Musca Dark 
Cloud
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Collapsing Dark Clouds
• Magnetic Field in Dark 

Clouds 
– What is the role of  B in cloud 

collapse?

• Mapping the Musca Dark 
Cloud

– Collapse along B
! |B| ~ 0.03 mG - 0.15 mG
! Mcloud ~ 140 M⊙

Pereyra & Magalhaes 04 
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Collapsing Dark Clouds
• Does Polarimetry Map the Field?

Fig. 5b

589

Optical Near IR (1.65µm)

! Near IR Polarimetry confirms optical PA
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Optical/IR Survey of  ISM Polarization

High Latitude Clouds
– Regions from COBE/DIRBE (Reach et al. 98)
– Hipparcos stars towards each cloud
– short + long exposures
– For 10 HLCs:

! High-resolution spectra for the HIP stars
 ! distance estimates to these clouds

• 24 HLCs observed thus far
! 104 HIP stars
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High Latitude Clouds

21

Fields towards DIR313-29

Cassia Fernandez

Magnetic field along
ISM filaments !
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MHD Turbulence Simulations
! Supersonic, sub-alfvenic

– B on the plane of  the sky

– Effects of  Bsky

22

Falceta-Gonçalves,  Gouveia Dal Pino
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MHD Turbulence Simulations
! Supersonic, sub-alfvenic

– B along l.o.s

– Effects of  Brand

23

Falceta-Gonçalves,  Gouveia Dal Pino
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Polarization of  the CMB
• IAG - CESR/Toulouse collaboration

– Use of
PLANCK satellite (2008)

+

PILOT balloon experiment
+

IAG-USP survey

• Goals: 
– Correct the cosmological observations

– Study dust & B-field of  Interstellar
Clouds

24

Planck

Pilot
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Optical Polarization by Dust
• SOUTH POL:

– Survey of  the Polarized Southern Sky
! Support: FAPESP
! PI: Magalhães

• Goal:

– Polarimetric accuracy of  0.1% at V=15-16

• First epoch:
– Sky South of  Dec -15° 
– Completed in ~ 2 years

• 25
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SOUTH POL
• Telescópio Robótico de 80cm

! TR-80S PI: C. M. de Oliveira

– Instalação: 2012
– CTIO, Chile

– CCD:
! EEV, 9k x 9k, 92mm
! 2.0 graus quadrados (!)

26
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– Southern 80cm Robotic Telescope in Chile
! funded by FAPESP

– Large field Imaging Polarimeter
! 2.0 sq.deg.
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Polarization by ISM Dust
• Optical polarization

– works w/ low AV
(1 - 5 mag)
! Ex., outskirts of  dark 

clouds

• Sub-mm polarization

– works w/ high Av
(10 - 100)
! Ex., central regions of  

dark clouds

adapted from Ponthieu, Lagache; www.planck.fr

B field

In the Optical/NIR: PA    ⁄⁄    Bsky

In the Sub-mm:       PA    "    Bsky
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Sub-mm Polarization from Bok Globules

• CB3
– Basic data

! 6.7x5.6 arcmin
! d ~ 2.5 kpc
! 2 embedded YSOs
! intermediate mass star formation

site

32

http://www.cfa.harvard.edu/rg/
star_and_planet_formation/
young_stellar_objects.html

YSO =
Young
Stellar
Object
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Sub-mm Polarization from Bok Globules

• CB3
! Ward-Thomson et al. 2010

– Polarization maps
! optical 
! sub-mm
! contours:

850!m (353 GHz)

– Stars near the border
! PAopt ! PAsub-mm

– Optical:
! Av ~ 0.3 - 1.8

– Sub-mm:
! N~1022 cm-2 ! Av ~ 10

Observations of Bok globules 3

Figure 1. Polarization map of CB3. The thin vectors are the optical polarisation vectors from Sen et al. (2000). The thick vectors are
the submm polarisation vectors from SCUBAPOL (Matthews et al. 2009), which have been rotated through 90 degrees to illustrate the
magnetic field orientation in the same manner as the optical polarisation vectors (see text for discussion). The underlying greyscale image
is the optical image of the region, taken from the digitized sky survey (Lasker 1994), obtained using the SkyView interface (McGlynn
& Scollick 1994). The contours are isophotal contours of 850-µm continuum emission as mapped by SCUBA. Note the good agreement
between the field orientations inferred independently from the optical and submm polarisation data.

packed, bolometer arrays that could take data at 850 and
450 microns simultaneously, using a dichroic beam-splitter
(Holland et al. 1999). SCUBA polarisation measurements
were taken with the SCUBA polarimeter, SCUBAPOL
(Greaves et al. 2003), which used a rotating half-waveplate
and fixed analyser.

The waveplate was stepped through 16 positions (each
o!set from the last by 22.5!) and a Nyquist-sampled image
(using a 16-point jiggle pattern) was taken at each waveplate
position (Holland et al. 1996; Greaves et al. 2003). The ob-
servations were carried out whilst chopping the secondary
mirror 120 arcsec in azimuth at 7 Hz and synchronously
detecting the signal, thus rejecting sky emission. The in-
tegration time per point in the jiggle cycle was 1 sec, in
each of the left and right beams of the dual-beam telescope
chop. The total on-source integration time per complete cy-

cle was 512 sec. Only 850-micron data have been used in
this paper. The instrumental polarization (IP) was removed
using the measured value of Greaves et al. (2003). This
was 0.92±0.05% at a position angle of 163±2 degrees. This
was measured on planets and found to be stable with time.
The main cause of the IP was believed to be the telescope
wind blind. SCUBA and SCUBAPOL suspended operations
in 2006, pending the commissioning of the next generation
SCUBA2 instrument.

Di Francesco et al. (2008) and Matthews et al. (2009)
have released near-complete legacy datasets for SCUBA and
SCUBAPOL respectively. The SCUBA polarisation data
presented in this paper come from the Matthews et al.
(2009) legacy data set. The data were originally taken on
1998 August 10. The Stokes I, Q & U maps were calculated
by Matthews et al. (2009) by fitting a sinusoid to the inten-

Obs: PAsub-mm girado de 90deg
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• CB3
! Ward-Thomson et al. 2010

– Polarization maps
! optical 
! sub-mm
! contours:

850!m (353 GHz)

– Stars near the border
! PAopt ! PAsub-mm

– Optical:
! Av ~ 0.3 - 1.8

– Sub-mm:
! N~1022 cm-2 ! Av ~ 10

Observations of Bok globules 3

Figure 1. Polarization map of CB3. The thin vectors are the optical polarisation vectors from Sen et al. (2000). The thick vectors are
the submm polarisation vectors from SCUBAPOL (Matthews et al. 2009), which have been rotated through 90 degrees to illustrate the
magnetic field orientation in the same manner as the optical polarisation vectors (see text for discussion). The underlying greyscale image
is the optical image of the region, taken from the digitized sky survey (Lasker 1994), obtained using the SkyView interface (McGlynn
& Scollick 1994). The contours are isophotal contours of 850-µm continuum emission as mapped by SCUBA. Note the good agreement
between the field orientations inferred independently from the optical and submm polarisation data.

packed, bolometer arrays that could take data at 850 and
450 microns simultaneously, using a dichroic beam-splitter
(Holland et al. 1999). SCUBA polarisation measurements
were taken with the SCUBA polarimeter, SCUBAPOL
(Greaves et al. 2003), which used a rotating half-waveplate
and fixed analyser.

The waveplate was stepped through 16 positions (each
o!set from the last by 22.5!) and a Nyquist-sampled image
(using a 16-point jiggle pattern) was taken at each waveplate
position (Holland et al. 1996; Greaves et al. 2003). The ob-
servations were carried out whilst chopping the secondary
mirror 120 arcsec in azimuth at 7 Hz and synchronously
detecting the signal, thus rejecting sky emission. The in-
tegration time per point in the jiggle cycle was 1 sec, in
each of the left and right beams of the dual-beam telescope
chop. The total on-source integration time per complete cy-

cle was 512 sec. Only 850-micron data have been used in
this paper. The instrumental polarization (IP) was removed
using the measured value of Greaves et al. (2003). This
was 0.92±0.05% at a position angle of 163±2 degrees. This
was measured on planets and found to be stable with time.
The main cause of the IP was believed to be the telescope
wind blind. SCUBA and SCUBAPOL suspended operations
in 2006, pending the commissioning of the next generation
SCUBA2 instrument.

Di Francesco et al. (2008) and Matthews et al. (2009)
have released near-complete legacy datasets for SCUBA and
SCUBAPOL respectively. The SCUBA polarisation data
presented in this paper come from the Matthews et al.
(2009) legacy data set. The data were originally taken on
1998 August 10. The Stokes I, Q & U maps were calculated
by Matthews et al. (2009) by fitting a sinusoid to the inten-

Obs: PAsub-mm girado de 90deg
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Polarization by ISM Dust
• Optical polarization

– works w/ low AV
(1 - 5 mag)
! Ex., outskirts of  dark 

clouds

• Sub-mm polarization

– works w/ high Av
(10 - 100)
! Ex., central regions of  

dark clouds

! Enter LLAMA!

adapted from Ponthieu, Lagache; www.planck.fr

B field
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B-field from Polarization
• Chandrasekhar & Fermi 

method 

! LLAMA line observations
– will provide gas dynamics

! From Equipartition:

!

– Falceta-Gonçalves et al. (08)

Polarization PA distributions
! B estimates

Pereyra & Magalhaes 07

polarization angles and the rms velocity. Basically, assuming that
the magnetic field perturbations are Alfvénic, i.e., !v / !B

!!!
"

p
(see Appendix for discussion), and that the rms velocity is iso-
tropic we have

1

2
"!V 2

LOS ! 1

8#
!B2; "7#

where !VLOS is the observational rms velocity along the LOS.
Using the small angle approximation !$ ! !B/Bu, it reduces to

Bu $ %
!!!!!!!!
4#"

p !VLOS

!$
; "8#

where $ is measured in radians and % is a correction factor (!0.5)
(Zweibel 1990; Myers & Goodman 1991), which depends on
medium inhomogeneities, anisotropies on velocity perturbations,
observational resolution and differential averaging along the LOS.

Ostriker et al. (2001) noticed from their numerical simulations
that the CF method (eq. [7]) was a good approximation for the
cases where !$ < 25%, i.e., when the uniform component of the
magnetic field is much larger than the random components. This
conclusion is expected fromequation (7) since it is applicable only
for small values of !$, due to the angular approximation.

If one wants to expand the applicability of the CF method for
cases where the random component of the magnetic field is com-
parable to the uniform component, or for larger inclination angles,
it is necessary to take into account two corrections in equation (7).

First, we must introduce the total magnetic field projected
in the plane of sky Bsky ! Bext

sky & !B, where Bext
sky represents the

mean field component projected on the plane of sky. We assume
here, for the sake of simplicity, that !B is isotropic.1 Heitsch et al.
(2001) substituted !$ in the CF equation by !( tan $), where tan $
was calculated locally, to provide a correction for the small angle
approximation. However, they showed that this case lead to an
underestimation (by a factor of 100) of the magnetic field in
super-Alfvénic cases. It occurred because, as j$j ! #/2 it gives
Bmod
CF ! 0. To avoid this, they introduced a correction, which

was the geometric average of the standard BCF and the modified
value Bmod

CF . Here, we implement the correction of the small angle
approximation in a simpler way. We assume that the !B/B is a
global relation and, in this case, we may first obtain the dispersion

of $ and then calculate its tangent. Substituting !$ in equation (7)
by tan (!$) ! !B/Bsky, we obtain the modified CF equation:

Bext
sky & !B ’

!!!!!!!!
4#"

p !Vlos

tan !$" # ; "9#

which is a generalized form of equation (7). As an example, if
polarization maps give !$ ! #/4, equation (8) gives B ! !B
and Bu ! 0. This is expected for & ! 90% or MA 31.

5.3. Effects of Finite Resolution

Here we assume the obtained cubes as the real clouds subject
to observational studies. In the previous sections we presented
the expected results considering infinite observational resolution.
However, observational data analysis may be biased by the lim-
ited instrumental resolution. Therefore, we must understand its
role on the statistical analysis of the measured parameters.

We applied equation (8) to our simulated clouds, taking into
account the effects of finite resolution. Here, we intended to de-
termine the role of the resolution on the determination of the
magnetic field strength from the CF method. We calculated the
average of the density weighted rms velocity along the LOS
(!Vlos) and the dispersion of the polarization angle (!$) within
regions of R ; R pixels. To simulate a realistic cloud we chose
the mean magnetic field intensities given in Table 2.

In Figure 9 we show the averaged values of the obtained mag-
netic field for different map resolutions (2552, 312, and 72 pixels)
formodel 3with different inclinations of themagnetic field. For all
inclinations, coarser resolution calculations from the CF method
tend to overestimate the magnetic field intensity. Finer resolutions
result in the convergence to the actual values Bsky.

This trend is seen for different inclinations and models. The
following equation seems to best fit this behavior:

BCF $ B0
CF 1& C

R0:5

" #
; "10#

where R represents the observational resolution (total number
of pixels), C and B0

CF are constants obtained from the best fitting.
B0
CF represents the value of BCF for infinite resolution observa-

tions, i.e., the best magnetic field estimation from the CF method.
Equation (10) is shown as the dotted lines in Figure 9.

1 This assumption is not exact since the magnetic field fluctuations also
show anisotropic structures regarding the mean magnetic field. Moreover, it was
shown that the anisotropy is scale-independent (Lazarian & Pogosyan 2000;
Esquivel & Lazarian 2005).

TABLE 2

CF Method Estimates

Model

&
(deg) C B0

CF /Bext Bext
sky /Bext

a Btot /Bext
b

3...................... 0 20 ' 5 1.24 ' 0.09 1.00 1.25

3...................... 30 24 ' 5 0.98 ' 0.08 0.87 1.11

3...................... 45 25 ' 5 0.78 ' 0.07 0.71 0.96
3...................... 60 33 ' 5 0.48 ' 0.05 0.50 0.75

3...................... 90 31 ' 5 0.26 ' 0.03 0.00 0.24

1...................... 0 7 ' 5 0.97 ' 0.08 1.00 1.11

2...................... 0 10 ' 5 1.07 ' 0.07 1.00 1.16
4...................... 0 34 ' 5 1.18 ' 0.07 1.00 1.41

a Mean field adopted for the model, projected into the plane of sky, i.e.,
Bext
sky $ Bext cos &.
b Total field of themodel, projected into the plane of sky, i.e.,Btot $ Bext

sky & !B.

Fig. 9.—CF method calculation for model 3 with different inclinations with
respect to the line of sight. The dotted lines represent the fittings using eq. (10).
The traces indicate the expected value Bm cos &.

STATISTICS OF POLARIZATION AND CF TECHNIQUE 545No. 1, 2008

Bsky + !B !

!

4"#
!Vlos

tan(!$)
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B-field influence on Star Formation

• Star formation models
– Magnetic field (B) influencia collapse

• Medidas de B:
– Efeito Zeeman

– Rotação Faraday

– Polarização Interestelar
! óptico/NIR, sub-mm

• We’d need ALMA/ALMA+LLAMA
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creation of beneficial new systems. It has its
own ethos: decentralization to avoid social
and technical bottlenecks, openness to the
reuse of information in unexpected ways,
and fairness. It uses powerful scientific and
mathematical techniques from many disci-
plines to consider at once microscopic Web
properties, macroscopic Web phenomena,
and the relationships between them. Web sci-

ence is about making powerful new tools for
humanity, and doing it with our eyes open. 
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U
nderstanding how stars
form is one of the out-
standing challenges of

modern astrophysics. It has
become clear that stars form
from dense interstellar clouds
of gas and dust, called molecu-
lar clouds because gas in such
clouds is predominantly in
molecular rather than atomic
form. However, despite sub-
stantial progress in recent
years, there remain fundamen-
tal unanswered questions about
the basic physics of star forma-
tion. In particular, it remains
unclear whether molecular
clouds undergo rapid gravita-
tional collapse as soon as suffi-
cient matter accumulates to
make the clouds gravitation-
ally bound, or whether there is
some mechanism resisting col-
lapse that delays the process and introduces
new star formation scenarios. The observa-
tional result reported on page 812 of this issue
by Girart et al. (1) provides new data regard-
ing this important scientific question.

The “standard” model for the formation of
low-mass stars such as our Sun has been that
interstellar magnetic fields provide support
against gravity in dense molecular clouds (2).
In this picture, interstellar magnetic fields are
“frozen” into interstellar matter by the small
fraction of the gas and dust that is ionized. As
material accumulates (due to the driving of
flows by galactic spiral-arm shocks, super-
novae explosions, the gravity of a galaxy,
etc.), the magnetic field increases in strength

as the gas density increases. After a molecular
cloud accumulates sufficient mass to become
self-gravitating, it will still not collapse and
form stars because gravity is balanced by
magnetic pressure. 

If there were no other forces operating,
molecular clouds would persist indefinitely
and star formation would not occur. However,
magnetic fields are frozen only into the ions of
molecular clouds, not into the neutral gas and
dust. The neutrals are therefore free to respond
to gravity and collapse to form a much denser,
gravitationally unstable core to the molecular
cloud and eventually to form stars. However,
as neutrals collapse through the ionized gas
and dust, collisions with ions will occur. These
collisions will greatly slow down the collapse
rate, leading to molecular cloud lifetimes typ-
ically several orders of magnitude longer than
the gravitational free-fall lifetime of a cloud. 

In contrast to magnetically dominated star
formation, the other extreme point of view is
that magnetic fields are too weak to provide
support against gravity. In this model, molec-
ular clouds are intermittent phenomena, and
the problem of cloud support for long time
periods is irrelevant (3). Supersonic flows in
the low-density turbulent interstellar medium
produce regions of enhanced density. Star for-
mation does not occur in every location where
the gas is dense, but only in small volumes
within clouds where sufficient mass accumu-
lates to become self-gravitating. Collapse and
star formation then proceed in that small frac-
tion of the total cloud mass at a very rapid,
free-fall rate. 

In both models, the rate at which low-
density interstellar gas is turned into stars is
consistent with the observed star formation
rate in the Milky Way Galaxy, about one solar
mass per year. The strong magnetic field
model achieves this result by setting the time
scale for collapse of a dense molecular cloud
much longer than the gravitational free-fall
time. In the turbulent, intermittent model,
only a small fraction of each molecular cloud
actually becomes self-gravitating and forms
stars. But the physical principles behind the
two models are fundamentally different.

As a result, the two models make very dif-
ferent predictions that can be tested observa-
tionally. Simulations of molecular cloud for-
mation and evolution carried out with weak
magnetic fields show that the fields have a
chaotic morphology, because the field lines
are twisted by turbulence in the clouds. On the
other hand, turbulence cannot twist field lines
very much if the field strength is sufficiently
strong. Magnetic field lines in dense, strongly
magnetized clouds would then be roughly par-
allel. Collapse along the magnetic field is not
impeded by the field, so cores are predicted to
have a disk morphology. However, perpendi-

The importance of magnetic fields for the 

formation of stars, such as the Sun, is supported

by measurements of polarized radio waves from

dust particles near a newly forming star.
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Shaped by magnetism. Schematic diagram of a collapsing molecular
cloud core with a strong magnetic field (B) showing the characteristic
hourglass shape. [Adapted from (4)]
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Optical/NIR/Sub-mm Polarization

Polarimetry with LLAMA
• In summary:

– From Optical/NIR
! B-field in the ISM & collapsing cloud periphery

– From LLAMA
! B-field in the denser parts of  the dark cloud

– From ALMA + LLAMA
! B-field in cloud cores
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