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Priorities of Cycle-6 / 7 polarization capabilities
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Stokes I

ν

1.Circular polarization  
Zeeman effect 
Linear-to-Circular conversions 
Gyro synchrotron emission 
Chirality  

2. Wider field of views 
<1/3 FWHM until Cycle 5 
 

3. Shorter calibration 
> 3-hour continuous observations required 
to cover parallactic angle range
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Challenges for Circular Polarimetry with ALMA
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Stokes V measurements with a Linear Feed

8 CHAPTER 5. THE CORRELATORS

power is in the expected range and that the digitizer adjustments are optimal. See also Section 5.6.1
about the quantization loss.

5.4 Online WVR Correction

The Water Vapor Radiometer (WVR; see Appendix ?? for technical description) is a device mounted
on each of the 12 m antennas to measure the amount of Precipitable Water Vapor (PWV) in order
to correct for pathlength fluctuations in the troposphere. The WVR data are recorded together with
the uncorrected visibilities, and in Cycle 5 (as in previous cycles), the WVR corrections are made
o✏ine in CASA. However, the CDP of the 64-input Correlator can also apply a realtime correction
of the path length fluctuation for each dump duration (online correction). This online corrected data
is currently used for QA0 checks whenever possible. Recording both WVR corrected and uncorrected
results impacts data rate and storage, and it needs to be dealt with by means of longer integration time.

The WVR correction will not be applied in the ACA Correlator because the array is so compact
that PWV fluctuation is not significant.

5.5 Capabilities of the Correlators

5.5.1 Polarization

Both correlators o↵er polarimetry capability by delivering all correlation products of hXX⇤i, hXY ⇤i,
hY X⇤i, and hY Y ⇤i where X and Y stand for two linear orthogonal polarization components. These
correlations relate to the Stokes visibilities of I, Q, U , and V as
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where GX and GY stand for complex antenna-based gains in X and Y polarizations and  is the
parallactic angle. This formulation doesn’t include cross talk, also known as ‘D-terms’, whose calibration
will be discussed in Chapter 10.

The 64-input Correlator forms cross-polarization products of hXY ⇤i and hY X⇤i only when po-
larimetry is required. This is obtained at the expense of less spectral channels. Although the ACA
Correlator is capable of polarimetry, the cross-polarization products of the 7-m Array or the TP Array
observations will not be o↵ered for Cycle 6.

5.5.2 Spectral Setup

Both correlators are capable of accepting eight 2 GHz bandwidth signal streams consisting of four BBs
and two polarizations, and to output multiple spws within the bandwidths.

Each spw yields a continuous spectrum composed of uniformly spaced spectral channels. Table 5.1
summarizes the maximum number of spectral channels and the channel spacing of the correlators in
dual linear polarization mode (XX and Y Y ). The maximum number of channels per spw would by
doubled (and the channel spacing halved) for single polarization (XX) observations. Conversely, for
full polarization observations (XX, XY , Y X, and Y Y ), the maximum number of channels is halved
and the channel spacing correspondingly doubled as compared to Table 5.1. The bandwidth and the
number of channels available from the ACA correlator are identical through the application of FPS
(Frequency Profile Synthesis). Note that the channel spacing is not the same as the spectral resolution
because of the e↵ects of the applied weighting function, as listed in Table 5.2 and shown in Figure 5.7.
See also Chapter ?? about multiple-spw setup.

The spectral profile which the correlators output is a convolution of the true spectrum with the
spectral resolution function shown in Figure 5.7. The spectral resolution function is given by Fourier

XY-phase calibration is crucial for Stokes V

• Stokes V responses Im <XY*> 
• XY-phase error causes fake Stokes V

Re <XY*>
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full polarization observations (XX, XY , Y X, and Y Y ), the maximum number of channels is halved
and the channel spacing correspondingly doubled as compared to Table 5.1. The bandwidth and the
number of channels available from the ACA correlator are identical through the application of FPS
(Frequency Profile Synthesis). Note that the channel spacing is not the same as the spectral resolution
because of the e↵ects of the applied weighting function, as listed in Table 5.2 and shown in Figure 5.7.
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The spectral profile which the correlators output is a convolution of the true spectrum with the
spectral resolution function shown in Figure 5.7. The spectral resolution function is given by Fourier

No XY-phase calibration device, installed
• No wire grid to generate linearly-polarized signals 
• Artificial signal (comb-tone) emitter will be available later than 2019

Linearly polarized radio sources (blazars) are only references for XY phase

XY-phase calibration is crucial for Stokes V

• Stokes V responses Im <XY*> 
• XY-phase error causes fake Stokes V
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Q, U, and XY-phase determination
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• solve for Q and U of pol calibrator and φ using <XX*>, <YY*>, and <XY*>

initial guess for Q and U

fine determination
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1st Trial … failed to verify circular polarimetry
• CN (J=1-0) Zeeman effect in M 17 : resolved out 

• Class I CH3OH maser (95 GHz) toward G06.05 (IRAS18018-2426 ) 
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Figure 4. Polarization-detected masers at both transitions. The source name and line frequency are indicated in each panel.
For each source, the polarized intensity (PI) in grey line with errors (1σ) and the total flux intensity (I) in black solid line (top),
and the polarization fraction PL (middle) and angle χ (bottom) are presented. The multiplication factor of PI is presented
under the line frequency for each source. The points with PI > 3σ are indicated with filled circles. The grey-shaded area in the
top panel indicates the velocity range for the middle and bottom panels.

our cases, but σχ normally exceeds the measurement error. Errors presented are 1σ.
The polarization properties of the 44 and the 95 GHz methanol masers are observed to be well correlated. In

Figure 7, the polarization degrees of the two transitions appear to have a positive linear correlation, although the

KVN survey: Kang+16 ApJS, 227, 17

Figure 9: Spectral plots for pixel 218, 221 near the bright maser peak for Field 0 for each of the three sessions
showing disagreement in the spectral shape of the residual Stokes V and hence the fitted b coe�cient (this
pixel has the highest S/N b fit from Fig.8 for Aug. 4). Though noisier, the Sept 12 data should have shown
the residual Stokes V signal apparent on Aug 4 if it were present and Aug 20 shows a completely di↵erent
shape.
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ALMA CSV : Brogan, Hunter, Moellenbrock (2015)

← Stokes-V flip

Aug.4

Aug.20

Sep.12

not proportional to 
dI/dν



2nd Trial
• SiO (v=1, J=2-1 86 GHz) maser toward VY CMa and VX Sgr 
• Intra-day observations with KVN and ALMA for comparison

SiO v=1 J=1-0 map: VY CMa

Center at RA 07 22 58.3300000  DEC -25 46 03.200000

ICONT:VY-CMA  IPOL  43110.244 MHz  VQI.SQASH.1

Cont peak flux =  2.1377E+00 JY/BEAM
Levs = 2.138E-01 * (1.700, 2.500, 3.500, 5, 7, 9)
Pol line 1 milli arcsec =  1.2500E-02 JY/BEAM
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Stokes Spectra with ALMA
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J0522-3627 VX Sgr VY CMa

Stokes I

Stokes I Stokes I

Q, U, V

Q, U, V Q, U, V

• Calibrator : Stokes V = 0 (assumed) 
• max. 2% circular polarization in SiO masers
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Comparison with KVN
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Stokes I

Stokes V

V / I (%)

• In the evaluation range, mean deviation = 0.3% among KVN and ALMA
evaluation range 
I > 100 Jy, band-edge trimmed 
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• In the evaluation range, mean deviation = 0.3% among KVN and ALMA
evaluation range 
I > 100 Jy, band-edge trimmed 

– 22 –

Fig. 12.— The Figure shows the ALMA fractional circular polarization obtained from the CASA analysis.
The error bars (in red), represents the standard deviation of the KVN raw, the ALMA K-S, and the CASA
spectrum. The mean value of the error bars is 0.329 ⇠ 0.3%, the median is ⇠ 0.2 %, and the maximum
is ⇠ 1.7 %. We use these values as the uncertainty per 30.5 kHz channel resolution. The frequency range
covers the extend of the SiO maser Stokes I spectrum.

curve : mean(ALMA, KVN) 
bars : SD(ALMA, KVN)



• KVN image of VY CMa : maser distribution in 80 mas  
• Unresolved with ALMA (C40-3, 1″.2 resolution) 
• Spatially resolved with KVN … Use single-dish (autocorrelation) to compare 

• Agreements of Stokes V 
- mean difference of (V / I ) = 0.32 % between 86.225 and 86.229 GHz)  
- max difference = 1.7% (at band-edge of KVN spectrum)

Even though
• Different receiving systems (XY in ALMA, RL in KVN) 
• Different reduction schemes (CASA for ALMA, AIPS for KVN)

Summary of the 2nd Trial



Continuum Circular Polarization
HR 5907 (V1040 Sco) : a rapidly rotating magnetic early B-type star

Grunhut+11 MNRAS, 419, 1610

6 Grunhut et al.

Figure 3. Phased observational data according to ephemeris given in Eq. 1: Upper panel: MOST (black triangles) and Hipparcos
(red squares) photometry. The MOST data have been binned in 0.01 phase bins and shifted to the Hipparcos magnitude for display
purposes. Middle panel: longitudinal magnetic field variations measured from ESPaDOnS (black circles) and FORS (red diamonds)
data. Lower panel: H↵ equivalent width variations measured from ESPaDOnS (black circles) and UVES (green triangles). We have
also drawn dotted lines indicating phases 0.0 and 0.5, and dashed lines indicating phases 0.25 and 0.75.

equatorial values for relevant parameters. In order to de-
termine the properties of HR5907, we searched through a
grid of models that varied the previously listed fundamental
parameters for a fixed P .

4.1 E↵ective Temperature

Our primary method to constrain the Te↵ of HR5907 was
from a de-reddened Spectral energy distribution (SED). We
note that BK3 uses Te↵ in the sense that it is the solid angle
integrated, uniform black-body temperature that a star of
the same surface area would need to have, such that the total
luminosity is the same as the actual gravity darkened star.
In this context, BK3 allows for di↵erent local temperatures
over the surface of the star.

We constructed an SED for HR5907 by combining
the IUE UV data with flux calibrated UBV photometry
(Jaschek & Egret 1982; Kharchenko & Roeser 2009), using
calibrations of Hynes (2011). To de-redden our spectra we
adopted a (B�V )0 = �0.18 corresponding to a temperature
between 17 to 18 kK. This temperature, as suggested by our
initial fits to the C ii 4267 Å line, is cooler than otherwise
suggested by HR5907’s B2.5 spectral classification. How-
ever, based on our initial temperature fits and the stronger
than predicted helium absorption lines, HR5907 may in fact
be a He-strong star and therefore the cooler temperature is
justified. With this (B�V )0 we find that E(B�V ) = 0.14,
which is slightly lower than the value determined by Pa-
paj, Wegner & Krelowski (1991) (E(B � V ) = 0.155) who
adopted a standard B2 star template for their analysis. We
do not find any significant di↵erences in our results if we
adopt this slightly higher value.

The SED was then extinction corrected using the para-
metric law of Cardelli, Clayton & Mathis (1989), with
R

V

= 3.1, and we then normalised the SED by the flux
at 5500 Å so that we could constrain the temperature by fit-
ting the slope of the UV spectrum, removing the need for any
distance or luminosity corrections. As illustrated in the top
panel of Fig. 4, we find a best-fit Te↵ = 17000±1000K when
fitting the 1250-2000 Å range of the SED. We note that if we
adopt an R

V

= 3.9 as found by Lewis et al. (2009), we find
a slightly cooler temperature of 16500K, but still within our
uncertainty. We also confirm that adopting a NLTE model
atmosphere results in a best-fit Te↵ within our uncertainty.

4.2 Projected Rotational Velocity and Radius

As previously mentioned, we could also independently con-
strain the Te↵ by fitting the line depth of the C ii 4267 Å
line profile, as i or M

?

has very little a↵ect on the shape
of this line and it only varies slightly with R

eq

. However,
there is still a strong dependence of the line depth from the
rotational broadening.

We simultaneously fit the Te↵ and the projected ro-
tational velocity v

eq

sin i of the star by searching for the
model that provided the best overall fit to the C ii profile. We
first constructed a mean profile from all of our ESPaDOnS
spectra before comparing this profile to our grid of mod-
els. The ESPaDOnS profile was best fit by a model with
Te↵ = 17000± 1000K and v

eq

sin i = 290± 10 km s�1.
As a check, we also compared our models with a mean

profile constructed from the UVES data that resulted in
a best-fit Te↵ = 17000K, and a slightly lower v

eq

sin i =
285 km s�1, which is still consistent with our findings from

c� 2011 RAS, MNRAS 000, 1–19

• B(los) ~ 15.7 kG 
• Periodicity : 12 hours 
• Circularly polarized gyro synchrotron radiation : Stokes I~0.1 Jy, V/I ~ 10% 
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ALMA Band-3 observations toward HR 5907
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• Detection of Stokes V (V/I ~ 4 - 16%, variable) 
• Time variability in 2 hours 
• Consistent Stokes V value with VLA 44 GHz measurements (private comm.) 
• No significant Q and U



Summary

• Both spectral and continuum observation modes 
• Limited accuracy (0.6% of Stokes I) … insufficient for the Zeeman effect 
• On-axis (limited FoV)

 We recommend Cycle-6 capability of circular polarimetry

Requirements for circular polarimetry
• QA0 process to verify XY phase stability

Future works
• Improvement of accuracy to allow Zeeman effect 
• Wider FoV 
• Short calibration scheme

Go/No Go decision on Nov.29 (tonight)



Thanks for KVN collaborations!
- Providing the CH3OH maser source list 
- Simultaneous SiO maser observations 
- Imaging SiO masers 
- Comparison of Stokes I and V spectra


