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CARMA 
Combined Array for Research in Millimeter-wave Astronomy 

 
 
 
 
 

Consortium: Berkeley, Caltech, Illinois, Maryland, Chicago 
 

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

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

– Located in Cedar Flat, CA 
(near Bishop) 
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Wideband, 2-section polarizer 
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Fig. 14.— 3-D rendering of the
final polarizer design. This can
be thought of as an image of the
aluminum mandrel that will be
used for electroforming.

9. Leakage contributions from other optical elements

The polarization leakages computed thus far do not include the effects of optical elements between

the feedhorn and the sky. There are at least 2 such elements that can degrade the polarization

purity – the antireflection grooves on IR filters in the 6-m dewars, and the Mylar beamsplitters

used on both the 6-m and 10-m receivers to inject the local oscillator into the beam.

Grooved IR filters. The 6-m dewars use 0.3′′ thick Teflon windows in the 50K radiation shields as

infrared filters. Both the front and back surfaces of the windows are grooved to reduce reflections;

the groove depth is 0.010′′ for the 1mm windows. The refractive index of the matching layers differ

for signals polarized parallel and perpendicular to the grooves:

n‖ =

√

ε + 1

2
, n⊥ =

√

2ε

ε + 1
.

For Teflon (ε = 2.08) the matching layer has refractive index 1.24 for the electric field component

E‖ aligned with the grooves, and 1.16 for E⊥. Unfortunately the grooves are oriented in the same

direction on the front and back surfaces of the window, leading to a phase difference at 230 GHz of

∆φ =
2π

λ
(2d) (n‖ − n⊥) ∼ 11◦,

which causes a leakage of ∼ 0.1, a very serious degradation in performance. Fortunately this can be

avoided by regrooving one side of the Teflon filters in the perpendicular direction, or by replacing

the Teflon windows with foam IR filters.

The lenses that serve as windows on the 6-m dewars also are antireflection coated with a series of

concentric grooves. These grooves are expected to have much less effect on the leakage because the

path delays are equal for the 2 polarizations when averaged over the lens. Another set of lenses at

the feedhorn apertures – at an image of the primary mirror – were antireflection-coated by drilling

a grid of holes into the surfaces (Plambeck 2000) to avoid polarization-sensitive delays.

Beamsplitters. The polarization purity also will be degraded by the beamsplitters that couple local

oscillator power to the SIS mixers. The beamsplitter transmission differs for electric fields parallel

λ/2 retarder 
 at 15° 

λ/4 retarder 
 at 74.5° 

Plambeck & Engargiola, CARMA Memo #54 
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Fig.16.—(solidcurve)PolarizationleakagethroughthepolarizerinFig.13computedfromtheHFSS
simulationresultsinFig.15.(dashed)Leakagecomputedusingtheanalyticmodelinpol.pyforthesesame
dimensions;theanalyticmodeldoesnotincludephaseshiftsduetoreactanceatthetransitions,hencethe
retardersarenotexactlythecorrectlengths.

Fig.17.—HFSSsimulationshowingE-fieldamplitudesinthepolarizer.AY-polarizedsignalincidentfrom
theleftisconvertedtoL(top),whileanX-polarizedsignalisconvertedtoR(bottom).

polarizationsystemshouldrequireapproximately30timesmoreLOpowerbecausetherearetwo

mixers,eachwithaseriesarrayof4SISjunctions.TheLOpolarizationwillbeflippedby90

degreesonthe10-mtelescopeswhenthenewsystemisinstalled,anditwillprobablybenecessary

touse0.001′′oreven0.0015′′thickbeamsplitters.

Wenowevaluatethepolarizationleakageincludingtheeffectsofthebeamsplitters.FromBorn&

Wolf(1959;sections1.5.2and7.6.1)theamplitudeofasignaltransmittedthroughthebeamsplitter

isgivenby

A
(t)

=
tt′

1−r′2eiδA
(i)

(8)
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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 þ 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 þ 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.
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Figure 1. Top panel: color contour map of the Stokes U dust emission overlaid
on the black contour map of the total dust emission (Stokes I). Stokes U blue
(negative) and red (positive) contours are −5, −4, −3, −2, 2, 3, 4, 5, 6, and
7 times the rms noise of the map, 4 mJy beam−1. Stokes I contours are 2%,
7%, 17%, 37%, 57%, 77%, and 97% of the peak intensity (4.1 Jy beam−1).
Crosses mark the position of Aa, Ab, and B sources (Loinard et al. 2007).
The synthesized beam is shown in the bottom right. Bottom panel: the same as
previous panels, but with Stokes Q in blue (negative) and red (positive) contours.

is " 10.6 Jy (Table 3), whereas the total flux measured with the
SMA is 11.5 Jy.

3.2. Dust Polarization

The linearly polarized component of the emission can be
obtained from maps of Stokes Q and U. Typically, this is quite
small and is only a few percent of the Stokes I emission. The
maps for Stokes Q and U are plotted in the top and bottom
panels of Figure 1. The peak (absolute) values of Stokes Q and
U are ∼7 times the noise level of ∼4 mJy beam−1. Note that in
contrast to Stokes I which is a positive quantity, Q and U can be
negative. We then obtained the maps of the (debiased) linearly
polarized flux density (P), the polarization P.A. (θ ), and the
fractional polarization (p) which is expressed as a percentage.
The maps of the errors in P, p, and θ are obtained as well.

Figure 2. Top panel: contour map of the total (Stokes I) dust emission overlaid
on the gray-scale image of the polarized dust intensity. The gray bars represent
the polarization vectors. The 5% vector length is shown in the top left panel for
comparison. Their length is proportional to the polarization fraction. Contours
are 2%, 4%, 7%, 11%, 18%, 28%, 38%, 48%, 58%, 68%, 78%, 88%, and 98%
of the peak intensity (4.1 Jy beam−1). Black crosses mark the position of Aa,
Ab, and B sources (Loinard et al. 2007). The synthesized beam is shown in the
bottom right. Bottom panel: contour map of the total dust emission as in the top
panel. The bars represent the magnetic field vectors.

The map of the polarized intensity, fractional polarization, and
P.A. overlaid on a map of the total intensity is shown in the
top panel of Figure 2. The fractional polarization and P.A.
are only computed at points where the debiased polarized flux
density is greater than 8 mJy beam−1 (∼2σ ). Table 4 contains
a listing of the polarizations measured at various locations on
the map. The errors in fractional polarization and P.A. depend
inversely on the Stokes I flux density and the polarized flux
density, respectively. Consequently, the errors in the fractional
polarizations are smaller in regions where the continuum flux
density is higher, while the P.A. errors are smaller where the
polarized flux density is larger.

From the map of the polarized emission (the top panel
of Figure 2) we can see that the polarization structures and
morphologies are considerably different for the two sources

Outflow 

B-field 

IRAS 16293 

IRAS 4A 

Misalignment of  B-fields and outflows 



TADPOL collaboration 
•  UC Berkeley 

Chat Hull (PI), Dick Plambeck, Mel Wright, Carl Heiles, 
Geoff  Bower 
 

•  University of  Maryland 
Marc Pound, Alberto Bolatto, Katherine Jameson,  
Lee Mundy 
 

•  Caltech 
Thushara Pillai, John Carpenter, James Lamb,  
Nikolaus Volgenau 
 

•  University of  Illinois, Urbana-Champagne 
Ian Stephens, Leslie Looney, Woojin Kwon,  
Dick Crutcher, Nick Hakobian 
 

•  Other 
Dan Marrone (Arizona), Meredith Hughes (Wesleyan), 
John Vaillancourt & Göran Sandell (USRA-SOFIA), 
John Tobin (NRAO), Jason Fiege (Manitoba),  
Erica Franzmann (Manitoba), Martin Houde (UWO, 
Caltech), Brenda Matthews (NRC-CNRC) 



TADPOL survey 

35 sources 
Triples number of  interferometric polarization maps 

 

~300 observing hours 
CARMA C, D, & E arrays 

 

1 – 4" resolution 
10⨉ higher resolution than CSO & JCMT 

Probes intermediate region between ~0.1 pc (single-dish)  
and ~100 AU (ALMA) 



TADPOL results L1157 

See also: Stephens, Looney, Kwon, Hull et al. 
2013, ApJL, submitted 



Credit: Bill Saxton, Harvard-Smithsonian 
Center for Astrophysics 



NGC 1333-IRAS 4B 

NGC 1333-IRAS 4A 

TADPOL results 



TADPOL results 
L1527 NGC 1333-IRAS 2A 



TADPOL results Ser-emb 8 
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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 

KS-test results: 
•  20º cone ruled out 

( p-value ~ 10-9 ) 

•  Misaligned ( 0.79 ) 
and random ( 0.64 ) 
cannot be ruled out 

  

Simulation: outflows & 
B-fields aligned between 
70–90º (preferentially 
misaligned) 

Hull+ 2013, ApJ, accepted  
Preprint: arXiv:1212.0540 



Upper limits on circumstellar disk polarization 
• CARMA + SMA 

results 

• Disks are not 
strongly polarized 
at ~100 AU scales: 

Disk Polarization Limits 7

Fig. 3.— Same as Figure 1, but for DG Tau. The Stokes I contours are multiples of 20% of the peak flux density (0.25 Jy beam−1),
while the Stokes Q, U , and V contours are in increments of 2σ, where σ is the rms noise of 0.66 mJy beam−1.
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Implications for disk formation 
•  Weak & misaligned B-

fields in cores could 
aid disk formation 

•  Addresses “magnetic 
braking catastrophe” 

•   Points are from 
simulations in        
Joos+ 2012 

•  We find that ~10–50% 
of  Class 0/I stars 
should form Keplerian 
disks  

3

Fig. 1.— The parameter space of (�/M, µ) that describes the
strength of core magnetic fields, and their orientation relative to
the angular momentum vectors; µ is the cosine of the misalignment
angle. Observations indicate that cores are uniformly distributed
in the range �/M = 0� 1, and µ = 0� 1. Points show simulation
results (Joos et al. 2012), indicating whether a simulation with
those parameters formed no disk, a sub-Keplerian disk, or a
Keplerian disk. The shaded regions show the range in parameter
space over which Keplerian disks (red) and non-Keplerian disks
(blue) form, under our minimal assumptions. The fraction of cores
that will produce Keplerian disks is the area of the red region, and
the fraction that will produce any disk at all is the sum of the
areas of the red and blue regions.

Fig. 2.— Same as Figure 1, but now the shaded regions
show maximal rather than minimal assumptions about where in
parameter space disks form.

to date (Joos et al. 2012) includes 18 simulations us-
ing ideal MHD that sample values of �/M in the range
0.06� 0.5, and misalignment angles � from 0� 90�. Fig-
ures 1 and 2 summarize the numerical results, where each
result is classified as producing a Keplerian disk (⇤100
AU in size or larger), a sub-Keplerian disk (again at least
⇤100 AU in size), or no disk at all.
The observed distribution of field strength implies that

cores are uniformly distributed in �/M from 0 to 1. If
we adopt the more conservative TADPOL result that
field/rotation alignment is random, as opposed to pref-

erentially anti-alignned, then cores are also uniformly
distributed in µ = cos � from 0 to 1, implying that the
distribution in the (�/M, µ) plane is uniform from 0 to 1
in both dimensions. In this case the fraction of systems
that possess disks, Keplerian or otherwise, is simply the
fraction of the area of the unit square in the (�/M, µ)
plane over which disks form. To estimate this, we can
make either minimal or maximal assumptions about disk
formation based on the simulations. In the minimal
case we assume that if a disk forms in a simulation at a
point (�/M, µ)1 in parameter space, but not at a point
(�/M, µ)2 where either (�/M)2 > (�/M)1 or µ2 > µ1,
then disks form only at �/M ⇥ (�/M)1 and µ ⇥ µ1.
A maximal assumption is the opposite: disks form for
all �/M < (�/M)2 and µ < µ2. The shaded regions in
Figures 1 and 2 summarize the two cases. With either
assumption we can compute the disk fraction simply by
integrating over the shaded regions. Doing so we find that
Keplerian disks are expected to form in (11%, 48%) of
cores, and either Keplerian or non-rotationally-supported
pseudo-disks in (29%, 50%) of cores, where the first num-
ber corresponds to the minimal assumption, and the
second to the maximal.

4. DISCUSSION AND CONCLUSIONS

Our calculation that 10� 50% of cores should produce
Keplerian disks provides a natural explanation for the
significant number of Class 0 and I sources around which
disks have been observed. At present we lack a full census
of the disk fraction at these early stages, and thus it is
unclear if the percentages we compute are consistent with
the actual fraction of such systems that have disks, or if
some other mechanism will be required.
While our results help alleviate the problem at the

Class 0 and I stage, a disk fraction of 50% still too small
in comparison to what is observed at the Class II stage,
where the disk fraction approaches unity (Haisch et al.
2001). The question, then, is what mechanism might ex-
plain such a high disk fraction at these later stages. One
possibility is that we have been too conservative in adopt-
ing a uniform distribution of field/rotation orientations,
and that in fact fields are preferentially anti-aligned with
core angular momentum vectors. If this is the case, then
cores will preferentially occupy the region near µ = 0, and
the disk fraction will be higher than we have estimated.
This possibility may be checked by further polarization
measurements of the sort performed by Hull et al. (2012).
A second possible explanation for the high fraction

of disks in Class II sources is that it is the result of a
combination of misalignment with non-ideal MHD e⇥ects.
The values illustrated in Figures 1 and 2 do not include
any non-ideal MHD e⇥ects, such as ion-neutral drift,
Ohmic dissipation, or turbulent reconnection. Any of
these e⇥ects would probably enhance the ability of disks
to form, since they would reduce the ability of magnetic
fields to extract angular momentum from infalling gas.
A final possibility is that a reduction in the inertia of the

envelope might yield a Class II disk fraction that exceeds
that found in Class 0 and Class I sources. In this case the
disk fraction would only be ⇤10� 50% during the Class
0/I phase, but would rise to nearly 100% at the transition
to the Class II phase as the envelope depletes. One may
distinguish between this scenario and the previous two by
measuring the disk fraction for Class 0/I systems. If the

Krumholz, Crutcher, & Hull 2013, ApJL, 767, L11 
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Other projects 
• Filamentary B-field structure in Serpens 
•  Observing same field as ALMA (Mundy et al.) 

• Galactic center (SgrA*) 
•  Rotation measure, simultaneous with SMA 
•  G2 cloud 
 



• CARMA 1 mm polarization system is fully functional, and 
accepting proposals (next deadline is next month (May, ‘13)) 

• Wide array of  science 

• TADPOL results: B-fields are either preferentially misaligned 
(perp.) or randomly aligned with respect to outflows at the 
~1000 AU scale 
• Thus, circumstellar disks are misaligned with fields in the cores 

from which they formed 
 

•  TADPOL results: arXiv:1212.0540 
•  TADPOL survey (CARMA key project): tadpol.astro.illinois.edu 
•  Questions?  Email: chat@astro.berkeley.edu  

Summary 
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