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JVLA Imaging of Cygnus A : 2 - 4 GHz

* Shown are highly saturated grey-scale
images of Cygnus A.

* These are single-channel (I MHz).

* Single-solution self-cal applied.

* Top: 2052 MHz. DR = 32000

e Bottom: 3952 MHz. DR = 12000

* Surprising trend: Fidelity steadily
worsens with increasing frequency.

* The ‘swirls’ in the error patterns
indicate:

* Imaging of the hotspots dominate
the errors

* The errors vary slowly over time.




JVLA Imaging of Cygnus A : 2 - 4 GHz

* What is the origin of the
errors!?

* Two competing theories:

|. DDE errors: pointing ‘wobbles’
cause time-dependent gains.
Edge offset ~ 60 arcseconds put
them well down the beam.

2. Cross-polarization leakage from
highly-polarized hot spots
(~30%) combined with spatially
variant antenna polarization and
first-order polarization
calibration.



3C273 --- the Brightest Quasar ..o
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* 3C273 (the first and brightest quasar) is dominated
by a very bright core (‘black hole’), and a strong one- -
sided jet. .

* Very weak extended emission (not seen here). s . '

* Jet extension is small- (22 arcseconds) pointing "
errors unimportant.

* This image from 1980s old VLA data — four
observing sessions, single frequency.

ARC SEC

15

0.2% of

* 30 Jy nucleus removed — peak is .65 Jy/beam. nucleus

* Much processing (‘BLCAL’) needed to remove 20 = :
‘closure’ error. o .
* DR of this image ~ 300,000: | — the best that the O Y S
ARC SEC
VLA could do in those days. ROT 4ae0 | o 24600 DECOZ19

Peak brightness = 6.6496E-01 JY/BEAN
e Key point: Inner jet is continuous, right to the core 1'500.2,2500,3, 4,5, 7.500. 10,15, 20,
y P y ] ’ g o ore. -;ig,usg,uisgg;:: 150, 200, 250, 300, 400, &




New JVLA Project on 3C273

* Expanded capabilities of VLA (especially at high frequencies), suggested a
new campaign on 3C273.

* New campaign granted 30+ hours, four configurations, five highest
frequency bands (8 to 50 GHz).

* | had expected vastly superior images — with little extra effort.
* To my disappointment -- the images were *much* worse than anticipated

* For the following, only A and B configuration data included. One single
spectral window. (There are a total of 228 spectral windows in the
complete data set — so a multispectral analysis should considerably
improve things).
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Visibility Functions

8.9 GHz -- A+B config. 29.5 GHz — A+B config.

Plot file version 2 created 02-AUG-2018 02:30:47 s

Amplitude vs UV dist for 3C273-X8-AB.BL-A&P.1 Source:J1229+02 ::1‘,'" file version 1 created 02-AUG-2018 02:23:27 )
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A note on UV-coverage

e 3C273 is at 0=2 degrees. The worst place for synthesis imaging ...
* UV tracks are nearly perfectly straight lines — no ‘cell mixing’.

* These effects mean any ‘baseline-dependent’ residual transforms to
easily visible vertical stripes in the image plane.

* Ciritical gap size ~ 10 kA — far smaller than typical gaps in these plots!
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X-band Stokes | at 8950 MHz.

Best Antenna-Based Cal Including Baseline Cal

c = 54 pJy/beam DR = 330K




X-Band Stokes Q and U: Something wrong

Q: max = 0.38 ]y, = 400 m]y/beam U: Max =-1.7 ]y, 6 = 350 mJy/beam
In both images, the noise is nearly 10 times that in the | image (!!!
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Ka-band - 29.6 GHz.

BW - 90 MHz

* Bigimage — 4096 x 4096

* The basic calibration image is
quite good: Pk =124 Jy,c =24
mJy/beam: DR = 516K

* No improvement by
implementing baseline
calibration.

* Note the continuous inner jet.
e Resolution here is 67 marcsec.

* Image will improve with more
short spacings (C and D config)

* Not easily visible —‘speckle’
pattern around the nucleus.



29.6 GHzZ, Q and U

* Quite ugly — and noise is again nearly 10X higher than in Stokes |.
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So What is Wrong?

*  We can eliminate pointing issues — the errors are clearly
associated with the nucleus, which is in the center of the beam.

* Suspicion then goes to two other potential issues:
— Sub-cell resolution structure

— Incomplete/insufficient polarization calibration

* But first --- a short digression on u-v sampling for this source.




Covering All Sins ...

* Three deconvolutions of the nuclear area, using the same input data.

J1229482 IFOL  297H4 . HAHA MHZ

Unconstrained CLEAN  Constrained CLEAN Contrained CLEAN

Ccomp + residual Ccomp + residual Convolved + residual




Sub-Pixel structure.

3C273 has strong ‘vibi-scale’ continuous jet.

Effect of this much stronger than in past — core has decreased from 60+
Jy in 1978 to 12 Jy now.

* Inner jet likely source of strong nuclear polarization — also offset from the
‘core’.

* A finite number of regularly sampled CC components cannot correctly
represent this inner structures.

* Finer gridding does not help much.

* Basic issue — the very few longest spacings are insufficient to correctly
permit determination of the model.

* Real VLBI data should help (but not available at 29 GHz!).

* Unquestionably an important factor here. But not the only one ...

e —



Incomplete Polarization Calibration

* The other suspected perpetrator is cross-polarization leakage.

* Unlike Cygnus A, the majority of the flux is at the center, so direction-
dependent variations in Q and U are not a factor.

* Proper polarization calibration should completely eliminate any
leakages between |, Q, U,V (except for any time or space variability).

* But we don’t do proper polarization calibration ...
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Correlation Response (Circular Basis):

* For an array with the same parallactic angle (‘¥',) for each
element, ignoring the gains, an alternate form can be written:

R 1 D D. D.D.Y (J+0)/2
R, D 1  D.D.. D. [e™(@+iw2
R || o, D.D. 1 D | e™(@-iu)/2
R. ) \bDD. D. D, 1 (T-V)/2

Where: N are related to the antenna
D =tanfe™

polarization ellipse

« The D’s are (unimaginatively) called the ‘D-terms’, and describe the
amplitude and phase of the cross-over signals from R to L, and L to R.

« Main Point: The effect of an impure polarizer is to couple all four of
the Stokes visibilities to all four cross-products.

» If the ‘D’ terms are known in advance, this matrix equation can be

m casily inverted, to solve for the Stokes visibilities in terms of the

\\ measured Rs, and the known Ds.

D, =tan IBRe”“’R } The B and ¢ parameters




Leakage of | into Q and U!

* AIPS images (also CASA?) for Stokes ‘I’ are not corrected at
all for cross-polarization leakage.

 Although 2" order, this can be large when the polarizers are
poor, and the source structure is highly linearly polarized.

V., =1(D,+D;,)+e " (Q+iU)+e'*"*D,,D;,(Q—iU)

Irl

VI1r2 — I (Drll + DIT’Z) +ei2\Pp (Q o IU ) + e_iZ\Pp DrllDItz(Q + IU)

* Note: |, Q, U are *Visibilities™*, not brightnesses.
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Leakage of Q and U into | ...

* AIPS images (also CASA?) for Stokes ‘I’ are not corrected at
all for cross-polarization leakage.

 Although 2" order, this can be large when the polarizers are
poor, and the source structure is highly linearly polarized.

Voo = 10+ Dy,Dyp,) + Q(Dmeiwp + Dﬁze_iwp )—iU (Dlrleiz\yp _ DI’;Ze—iZ‘Pp)
V|1|2 = (1+ DrllD:IZ) + Q(Dnle_iijp + Dazeizq’p ) +1U (Drlle_iZ\Pp — D;zeiZ\Pp)

* Note: |, Q, U are *Visibilities™*, not brightnesses.
* It is not necessarily true that |Q]|, |U| <<l

* D.D* terms constant in time (‘closure error’), Q.D terms
slowly variable.

e —
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If the source is unpolarized, then:

Vi, = 1+ D|r1D;z) Vr1I2 = | (Dlrl + D:Iz)
Vig, = 11+ DrllD:IZ) Vi, = 1Dy, + Dljz)

* For an unpolarized source, the parallel-hand visibilities are
offset by a constant value, with no dependence on
parallactic angle.

* This is why the ‘BLCAL approach works for unpolarized
sources, and not so well for polarized ones.

* For the cross-hand correlations, a small, false polarization
will be seen.
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VLA'’s Polarizers are not very good ...

* Use of circular polarization greatly eases basic (parallel-
hand) gain calibration.

* But a cost of wide-band receivers is that the conversion
from the native linearly polarized feeds to circular results in
relatively high cross polarization.

* In other words, the VLA’s native polarization is significantly
elliptical.

* How bad are they!?

e —

20



How bad are the JVLA'’s polarizers?

* Not as good as we would like

=
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Polarization
=
R

r 0.04

* Typical polarizations are 5%, but
reaches 15% or more for some Soozt

085S

antennas as C-band. e
* |s this the origin of our 01

troubles? 5 o0s}
* These are the X-band polarizersg 0.06

(absolute). 200
* The Ka-band polarizers should “o | . | |

be much better — but we don’t  *® 2000 eyt Ho%0 12000

Frequency (MHz)

have ‘absolute’ measurements. .
These are "absolute’ D-terms.

 C and S band polarizers are
known to be much worse.

e ——
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‘Nearly’ Circular Feeds -- Approximation used in
AIPS and CASA (small D approximation)

*  We get: R =9/2

R1R2

R =3/2

L1L2

R =D +D)J+e™™(€+iU)|/2

R1L2

R..=|(D,+D,)J+em(@-it)]/2

L1R2

22

Contamination Desired

* The cross-hand responses are contaminated by a term
proportional to ‘J’.

* |D]~0.05~|&|/|J| => the two terms are of comparable
magnitude.

* To recover the linear polarization, we must determine these D-
terms, and remove their contribution.




Measuring Cross-Polarization Terms

* Correction of the X-hand response for the ‘leakage’ is important, since the
D-term amplitude is comparable to the fractional polarization.

* There are two standard ways to proceed:
|. Observe a calibrator source of known polarization (preferably zero!)

2. Observe a calibrator of unknown polarization over an extended period.

 Case |: Calibrator source known to have zero polarization.

Rv1v2:‘7/2
R.,=J/2

R\/1H2 — j(DV1 + DI:Z)/2
R, =J(D, +D])2

H1V 2

« Then a single observation should suffice to measure the leakage

terms.

* In fact, in this approximation, only 2N_ -1 terms can be determined.

ant”

One must be assumed (usually O) All the others are referred to




Determining Source and Antenna Polarizations

Case 2: Calibrator with significant (or unknown) polarization.

* You can determine both the (relative) D terms and the calibrator
polarizations for an alt-az antenna by observing over a wide

range of parallactic angle. (Conway and Kronberg first used this
method.)

RLIRZ — [(DLI + D;Q )‘7 + ezilPP (& o iu)]/z
RRILZ — [(DRI + D:2 )‘7 + e_ZII\PP (& + i‘u)]/z

 As time passes, ¥, changes in a known way.

* The source polarization term then rotates w.r.t. the antenna leakage
term, allowing a separation.

Source polarization rotates with
parallactic angle




Determining ‘Real’ D’s

This is more difficult than may be imagined — the ‘double’
D and ‘D.Q’ terms are very small (~ 1% at most), and
must be extracted using careful analysis of calibrator data.

See EVLA Memos 170 and |78 for experiments in
determining the ‘real’ D terms.

— Unpolarized source, rotate antennas by 90 degrees, utilize cross-
hand responses.

— Strongly polarized source modulates RR and LL by ~ 1% -- track
over parallactic angle

Good news: These terms are *very* stable over time.




Cross-Polarization — what to do?

* 5 --15% cross-pol, and 30% source polarization is possible.

* This means a 2 -- 5% contribution to Stokes ‘I’ — which is
slowly time variable (function of parallactic angle).

* Answer is elementary: Determine the true cross-
polarizations, and apply the full Polarization Mixing matrix to
correct the visibilities.

* Easy to say, harder to do:
— Determining ‘relative’ D-terms is easy.
— Determining ‘true’ D-terms is much harder.
* Except for ASKAP (3"-axis rotation is brilliant!)

— Real antennas have spatially (and likely time) variant cross-

E polarizations.
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Summary

e 3C273 is a tough nut to crack for super-high fidelity
imaging.
* It presents a good test for calibration testing:

— Pointing errors can be ignored.

* Two suspected origins for the current troubles:
— Sub-pixel structures

— Uncompensated polarization leakage

* Data are available for anyone to test....
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