


Polarization Calibration in VLBIPolarization Calibration in VLBI

AIPS tools and status of CASA toolsAIPS tools and status of CASA tools

Ivan Mart́ı-VidalIvan Mart́ı-Vidal
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Basic Concepts
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Dterms: The Root of All Evil

• The signal is split into orthogonal polarizations (e.g., OMTs, reflection gratings, T-septums, ...)

• Polarizations can also be converted in different ways (e.g., quarter waveplates, software).

• None of these devices is perfect. Signals from one polarization are leaked into the other.

• Such a leakage (with a given amplitude and delay/phase) is modelled with the Dterms.

I. Mart́ı-Vidal (Universitat de València) Polarization Calibration JIVE 2020 − CASA-VLBI Workshop 3 / 22



The MEq: A Full-Stokes Interferometry Formalism

For a source with a generic (polarized) brightness distribution, the visibility matrix between two
antennas a and b (with no DDEs) is

Vobs
ab = Ja

[∫
α,δ

S e−
2π j
λ

(u α+v δ) dα dδ

z

]
(Jb)

H ,

where J are the calibration Jones matrices (e.g., Smirnov 2011).

Let us remember the classical interferometer equation:

V obs
ab = Ga G

∗
b

∫
α,δ

I (α, δ) e−
2π j
λ (u α+v δ) dα dδ

z
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Receiver Frame vs. Sky Frame

Pxy =

(
cosψ − sinψ
sinψ cosψ

)
Prl =

(
e jψ 0
0 e−jψ

)
• The parallactic angle, ψ, is the (time-dependent) rotation of the antenna-mount axis w.r.t. the sky.

• It is deterministic. In VLBI, it’s good to apply it before the phase (and delay/rate) calibration.

• The Receiver and Sky frames are related by a rotation ψtot = ψ+ψ0 (where ψ0 is the antenna feed angle).
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Antenna Feeds with Circular Polarizers

The visibility matrix (Rec. Frame) is

Vab =

(
RaR

∗
b RaL

∗
b

LaR
∗
b LaL

∗
b

) The brightness matrix (Sky Frame) is

S =

(
I + V Q + jU

Q − jU I − V

)

Receiver Frame and Sky Frame are related by:

Rotation matrix: P(ψtot) =

(
e jψtot 0

0 e−jψtot

)

VSkyab = P(−ψa
tot)VRecab P(ψb

tot)

SRecab = P(ψa
tot)S

Sky
ab P(−ψb

tot) =

(
(I + V ) e jδ (Q + jU) e j∆

(Q − jU) e−j∆ (I − V ) e−jδ

)
where ∆ = ψa

tot + ψb
tot and δ = ψa

tot − ψb
tot
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Jones Calibration Matrices. Examples

• Gain, GRec =

(
AR(t) e jφx (t) 0

0 AL(t) e jφy (t)

)

• Bandpass, BRec =

(
AR(ν) e jφx (ν) 0

0 AL(ν) e jφy (ν)

)

• Pol. leakage DRec =

(
1 DR(ν)

DL(ν) 1

)

• NOTE 1: The Jones matrices are defined in (and should be applied on) the Receiver Frame.

• NOTE 2: For circular feeds, the parallactic-angle correction is a diagonal matrix, which conmutes
with GRec and BRec . Hence, we do not care much about the difference between receiver and sky
frames.
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Changing Frame on Jones Matrices

VSkycal =JSky VSkyuncal

→ VSkycal =P(ψtot)J
RecP(−ψtot)V

Sky
uncal

JSkya =P(ψtot)J
Rec
a P(−ψtot)

• Gain, GSky =

(
AR(t) e jφx (t) 0

0 AL(t) e jφy (t)

)

→ Is independent of ψtot

• Pol. leakage DSky =

(
1 DR(ν)e j2ψtot

DL(ν)e−j2ψtot 1

)

→ Depends on ψtot !

We can use the time dependence of ψtot to decouple the effects of source polarization (which are
constant on the sky frame) from the instrumental polarization (which is constant on the receiver frame).
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LPCAL and PolSolve:

Algorithms and Conventions
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VLBI Polarimetry Software

The problem of using spatially-resolved polarization calibrators

• Inverse Modelling.
I LPCAL: Based on AIPS (Leppänen et al. 1995). Pretty old, but well established and tested.

I GPCAL: Based on AIPS/ParselTongue (Park et al. 2020). Overcomes some LPCAL
limitations.

I PolSolve: Based on CASA (I. Marti-Vidal et al. 2020). Overcomes some LPCAL limitations.

• Forward Modelling.
I EHTim (A. Chael et al. 2018, 2020)

• MCMC.
I DMC (D. Pesce 2020) and THEMIS (Broderick et al. 2020)

I. Mart́ı-Vidal (Universitat de València) Polarization Calibration JIVE 2020 − CASA-VLBI Workshop 9 / 22



Modelling Polarization Structures I: Slicing

VI (u, v) =
N∑
i

Iie
2π
λ
j(uαi+vδi )

VQ(u, v) =
∑
s

qs

[∑
i

I si e
2π
λ
j(uαs

i +vδsi )

]

VU(u, v) =
∑
s

us

[∑
i

I si e
2π
λ
j(uαs

i +vδsi )

]

• We split the set of CLEAN components into disjoint pieces (a.k.a. subcomponents) of
assumed constant fractional polarization.

• We fit the antenna Dterms and the subcomponent polarization (qs and us) together.
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Modelling Polarization Structures I: PolSelfCal

VI (u, v) =
N∑
i

Iie
2π
λ
j(uαi+vδi )

• We only fit the antenna Dterms, keeping the full-polarization image model fixed. We
iterate the procedure (similar to hybrid imaging of Stokes I).
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The LPCAL Algorithm

• Fits the Dterms (and source polarization) using a linear approximation (i.e., it does not
apply the full Meq) and the slicing approach.

• Computes the error function in the Sky frame.

χ2 =
∑
i ,pol

Wi

(
VSkymod ,pol − V

Sky
obs,pol

)2

i

where pol can be RL and LR, and (for visibilities with baseline a-b):

VSkymod ,RL(u, v) =
∑
s

(qs + jus)

[∑
k

I sk e
2πj(uαs

k+vδsk )

]
+
(

(DSky
R )a + (DSky

L )∗b

)
VSkyobs,I

and similarly for LR. The fitting parameters are qs , us , and the Dterms (DR and DL for

antennas a and b). All these parameters are linear with VSkymod ,RL.

• Reduces the polarization calibration to a mere linear least-squares problem (i.e., just a
matrix inversion, and that’s it!).
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The PolSolve Algorithm

• Fits the Dterms (and source polarization) using the full Meq (i.e., second-order
approximation; good for very high fractional polarizations and/or Dterms). Uses either
the slicing or the polarization selfcal approach.

• Computes the error function in the Receiver Frame.

χ2 =
∑
i ,pol

Wi

(
VRecmod ,pol − VRecobs,pol

)2

i

where pol can be RL and LR, and (for visibilities with baseline a-b):

VRecmod ,RL(u, v) =

(∑
s

(qs + jus)I smod

)
(e−j∆) + ((DR)a + (DL)∗b)VRecobs,I + (DL)a (DR)∗b VRecobs,LR

and similarly for LR. The fitting parameters are the same as with PolSolve.

• Current developments: multi-source calibration, wide-band fitting, graphical interface (for
sub-component editing), dealing with Stokes V, linear polarizers, etc.
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PolSolve vs. LPCAL
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LPCAL vs. PolSolve (synthetic data)

• Source (double source):

I Comp #1: 1.4 Jy with m = 25.00%, EVPA = 26.57◦.
I Comp #2: 1.0 Jy with m = 28.43%, EVPA = 70.36◦.
I Coordinates: J2000 12h30m49.4234 -12d23m28.0439

• Observing frequency: 230GHz

• Bandwidth: 1 GHz (4 spectral channels).

• On-source time: 3 hr (10 scans of 0.3 h each); Total time: 12 h.

• Stations (eight EHT telescopes):

I ALMA, APEX, Arizona, JCMT, LMT, SMA, SPT, PV.

• Noise: τ = 0.01; Tsky = 250K; Tground = 270K; Trec = 50K.

• Dterms: Random Gaussian amplitude distribution (centered on 7% with σ = 2%) and random Uniform
phase distribution.
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LPCAL vs. PolSolve (synthetic data)
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LPCAL vs. PolSolve (synthetic data)
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Using PolSolve
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PolSolve Installation

Download it:
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PolSolve Installation

Compile and install:
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PolSolve Interface: Keywords
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PolSolve Interface: Keywords
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PolSolve Interface: Slicing approach

First, run (t)CLEAN, set the regions (e.g., with imview) and save them into a file. and
estimate de Dterms
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PolSolve Interface: Slicing approach

Second, execute CCextract (generate CC files from the regions). and estimate de Dterms
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PolSolve Interface: Slicing approach

Finally, use the CC files with polsolve and estimate de Dterms
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PolSolve Interface: Pol. SelfCal
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PolSolve Interface: Pol. SelfCal
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And finally...
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SUMMARY
• Instrumental polarization can be decoupled from source polarization thanks to the Earh rotation.

We need it to calibrate our data.

• Polarization calibration in VLBI is tricky (structure effects from the calibrators). Several
approaches to account for it:

I Inverse modelling (i.e., “ à la CLEAN ”). The only (known) option for CASA is polsolve.
Other options (for AIPS/Difmap) are LPCAL and GPCAL.

I Forward modelling (i.e., “ à la MEM ”). E.g., EHTim.

I MCMC methods (i.e., “ à la brute-force ”). E.g., THEMIS and DMC.

• polsolve is an unofficial CASA task, which applies the calibration directly into the CORRECTED
data column (due to CASA limitations in the handling of antenna mounts).
This is a highly non-standard procedure.

• Several options available: subcomponent fitting (e.g., LPCAL approach) or polarization
self-calibration (see, e.g., Cotton 1993).
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