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On—axis Instrumental Polarization Calibration for
Circular Feeds

DRAFT W. D. Cotton, September 15, 2012

Abstract—Various instrumental and atmospheric effects cor- detector responds is the ellipticity and orientation ofélippse
rupt the response of an interferometer to polarized signals. In  to which the detector responds.
the case of high dynamic range imaging, uncorrected, these  Ap aiternate, and popular approach is to model the response

effects can also degrade the total intensity image. These effect . .
must be estimated and removed in order to produce images of &5 the desired state plus a fraction of the orthogonal Stéie.

the polarized emission, or high dynamic range total intensity fraction of the orthogonal state is referred to as the “legka
images. This memo describes the reimplementation in Obit of term”. This model has the advantage that it can be linearized

the AIPS feed ellipticity—orientation modeling for arrays with  allowing for faster fitting. In the past, computation speed
circular feeds. Examples are given using wideband VLA data. a5 g serious consideration and most popular polarization

While a substantial improvement in the quality of the polarized imoblementations used a linearized “d term” model. However
images is obtained, there appears to be a limit to the accuracy of P ) !

the corrections to polarized images, perhaps as a result of time or modern wideband systems, especially using circular feads h
geometry dependent instrumental polarization. Tests using only relatively poor polarization purity while the higher sensty
calibrators in the same part of the sky support this possibility.  calls for higher accuracy. Wideband data with spectral teso
Index Terms—interferometry, polarization, calibration lution also exposes the variation of instrumental poldiiza
with frequency; the modeling of the feed response also needs
to be done on a frequency basis. See [2][3][4] for more

I. INTRODUCTION ) . - -
. L . . . detailed descriptions of the response to polarized ramati
ADIO interferometric imaging of polarized celestial

emission provides a powerful probe of various physiczlﬂ Effects of prior calibration
processes as well as the propagation through intervenln'gD_ i ) L .
media. Instrumental and atmospheric effects corrupt the re DiSCussions of instrumental polarization such as thosergiv
sponse of an interferometer to polarized signals. In paleig " [2] 9enerally do not include the effects of prior calibeat
the array detectors do not respond to precisely the intendg the data. In particular, the practice of applying coiett
polarization state which leads to a spurious polarizedaese. for the parallactic angle prior to any other calibration igtly
Detectors sensitive to the electric field of the incominffcommended yet has a profound effect on the model of

wave, as used in radio heterodyne systems, respond to @ sifgf '¢ed response. In the following, it is assumed that this
polarization state; in order to fully measure the polaitzanf COrrection has been made. For arrays with circularly ppéti
the wave, detectors measuring orthogonal polarizatiotestafeeds’ the common practice is to calibrate the two parallel

are needed. In the correlation process, all four productsef Circular systems of visibilities independently.

two states at each antenna are produced. The most Commonl§ince interferometers only measure differences of theghas
used systems are right- and left-hand circular polarizatic?f a wavefront between pairs of antennas, the absolute phase
and orthogonal linear polarizations. In practice, the clete is undetermined and phases are referred to that at a reéerenc

polarizations are never precisely the desired ones. Thet ex@ntenna whose p.hase has been arbitrarily set to zero. This
polarization states detected must be determined in order&Ws for an arbitrary phase and delay offset between the
transform the measured visibilities into the correctechfor ~ independent circular systems. See [5] for a discussion bf co

This memo describes an implementation in the Obit packabeémng these offsets. After the independent ph_ase céitiiora
[1]  of the nonlinear ellipticity—orientation model used in th&' the parallel hand systems the effects of the orientatidhe
AIPS task PCAL. This discussion is only relevant for arrayference feed is removed from the parallel hand systems but
using alt-az mounted antennas and using detectors (Ak%ves the difference of the orientations of the two refegen
“feeds”) sensitive to orthogonal circular polarizatiorguch €€ds in the cross hand products.

arrays are the VLA and VLBA. )
B. Response by Circular Feeds

Il. INTERFEROMETRICPOLARIMETRY For an interferometer with perfectly circular feeds obsmgv

An arbitrary electromagnetic wave can be described as-ell? Unresolved, partially polarized source and forming alrf
tically polarized, circular and linear polarization aretrexne COrrelation products the expected visibility is given by

cases. One way of modeling the polarization state to whichSa= [ipol + vpol, gpol + j upol, qpol — j upol, ipol —vpol]

. . . 1)
National Radio Astronomy Observatory, 520 Edgemont Rd., iGtiasville, i (
VA, 22903 USA email: bcoﬁon@nrao,egu 9 whereipol, gpol, upol andvpol are the Stokes’ I, Q, U and V

Lhitp://www.cv.nrao.edutbcotton/Obit.html of the source and j is/—1 . In this case, the cross—polarized
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components (RL, LR) give the linearly polarized response ©. Source and instrumental polarization
the source. In p_ractice, the feeds are never preciselyla’rrcu In the general case, the polarization of the calibrator is
and some fraction of the Stokes | “leaks” into the crossgnknown and must be solved for jointly with the instrumental
polarized visibilities giving rise to a spurious “instruntal  5|arization. For arrays with alt-az antenna mounts, théava
polarization”. tion in the parallactic angle at which a calibrator is observ
The following adopts the “ORI-" model used in the AIPSntroduces a different effect on the source and instrunienta
task PCAL. Since this model has not been previously dogplarization. Since the instrumental polarization is daiticed
umented it is described in some detail here. This modgl the frame of the antenna, it is constant with parallactic
describes each feed in terms of its ellipticit§, and the angle. For antennas using circularly polarized feeds, doece
the orientation of this ellipseg. The response of a givenpolarization will rotate with parallactic angle. After thiata
interferometer as a function of the parallactic angle,and are corrected for the effects of parallactic angle, the newe
taking into account the previously applied calibration i@ s true. To separate the two contributions to the polarized
by a Muller matrix (4 x 4 complex matrix). This matrix response requires that at least one calibrator be obsevesdo
multiplied by the true source polarization vector gives thgyfficient range of parallactic angle to separate the twectst
model value of the visibilities. The parallactic angle givey: How much is enough depends on the SNR but generally
a radian or more is desirable. For a calibrator of known
) (2) polarization, including none, any distribution of paratia
angle is usable.

X

; 71( cos A sin h
an
sin A cos & — cos A sin  cos h

where ¢ is the source declination) is the latitude of the

antenna and is the hour angle of the source. [1l. SOLUTIONS FORMODEL PARAMETERS
A Jones matrix which includes the effects of calibration can The parameters of the model described in Section 1I-B can
be constructed for each feed, the elements are: be fitted to a data set using any of a number of techniques. In

the following two such techniques are explored.

1 .
Joo =—= (cos(0r:) + sin(fg;))el Prres)
1 . 2 ot A. Relaxation fitting
Jou G (cos(Ori) — sin(Or)) e x The first technique considered is a relaxation technigue in
e 20 Xi gIRres which corrections are cyclically made to each model paramet
1 _ being fitted by determining the effect of that parameter @ th
Jio =—= (cos(0r) + sin(0L:)) e ¥ix x?. The x? of the fit is defined as

V2

. . n
eT29Xi o= (¢Lref+PD)

. X? = Z(modeli — obs;)?)o?
Jii =—= (COS(QLZ‘) - SZ’I’L(QLl)) e_j(¢L ref +PD) =0

V2 where model; is the model value for observation(real or
imaginary part of visibility),obs; is the observation fof and

and the Jones matrix is: : : . .
o2 is the variance of the amplitude of observatioirhe model

Joo  Joi values are components of the vectdy,q.; given by Eq. 3.
Ji = Jio  Ji1 For each parameteF,, in each iterationn, the revised value
is given by:
The Muller matrix, M;,, for baseline i-k is then the outer o2
product ofJ; and J;. Poi1 =P, + tan*1(6‘2;>
apP?

Mip = Ji @ Ji subject to the constrain that the corrected valBg,,, leads

. o . . to a decrease if2. Should this not be the case, the correction
Computation of the Muller matrix is described in more deta|g reduced in magnitude until thg decreases. Note: the

in the Appendix. Note: the formulation given above for the, o~ ofx2 only need consider data which depend on

Jones matrix assumes that the parallactic angle correctiq given parameter. The various partial derivatives averygi

have been previously applied. in the appendix. In the following, this is referred to as the
The predicted correlation vector is then “fast” technique.

V7nodelik = M’Lk S (3) .
B. General nonlinear least squares
where Most scientific software packages provide a generalized
nonlinear least squares facility such as the Levenberg-
VI i = [RRig, RLiy., LRy, LLyl, Marquardt least squares technique. These can provide trobus

solutions as well as an error analysis but can be expensive
are the four correlations of the R and L detectors. to compute. An initial estimate of the parameters using the
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relaxation technique can reduce the total computing cof8] could not provide an adequate solution as the cross—
These generalised nonlinear least squares packages jenepmlarizations are strongly dominated by instrumental ppda
need the derivatives of either thg? or the model wrt the tion which is not coherent amoung all antennas. Spectra for
various parameters; these derivatives are given in theraldpe “typical” and “poor” baselines are shown in Figures 1 and 2.
Task PCal was used both with only the “fast” solutions
IV. CORRECTINGOBSERVEDVISIBILITIES as well as including the Levenberg-Marquardt least squares

Once the model parameters describing the instrument4iing t© compare the results. The cpu time on a 2.2 GHz
polarization are known, they can be used to remove tiEOCESSOr was 178 sec for the “fast” calibration and 541 sec

instrumental effects from the data. The corrected vigipili fOr the Levenberg-Marquardt fitting. The fitting did not selv

vector V... can be obtained from the observed visibiIit)for the source polarization which Was_assumed to be zero.
vector V5 by The calibration averaged data to 5 minutes and solved for
0o0s

_ -1 each channel independently. The data were then corrected an
Vcor = M Vobs (4) . . .

. . . averaged to 2 minutes. Plots of the two baselines using the
where M~! is the inverse of the Muller matrix. A useful “fast” calibration are given in Figures 3 and 4. Data calibth
property of the outer product is that the the outer product @king the Levenberg-Marquardt fits are shown in Figures 5 and
the inverses of two Jones matrices is the inverse of the ouger
product on the Jones matrices themselves. The inverse of a

2 X 2 matrix given by: B. Multiple Polarized Calibrators
a b In general it is necessary to determine the instrumental
J= ¢ d. polarization from observations of one or more partly paled
: sources, the polarization state of which may be unknown.
IS L 1 d  —b The technique is to use the different effect of parallactic
T ad—bel—c a angle on source and instrumental polarizations to separate

the components. A second set of tests were performed on a
V. OBIT IMPLEMENTATION: PCAL wideband set of VLA observations covering from 6 to 8 GHz
Implemention of this calibration technique in Obit is inUSing three calibrgtors, ‘]133“3030 (:3C2.$6)’ J1504+1029
the task PCal which uses the software class ObitPoInCal d ‘J1651+01_29 with approximate flux den_5|t|e3~6f, 1. and

.5 Jy respectively. These were observed in a numbey1d

Calibration is per channel or sliding window of channels; . k .
Fitted feed parameters are stored in an AIPS PD table w@ﬁg ;:ffgzgvsrt_approx'??ﬂé 17+g 1h209ur332, 31331;?]030 5 '::m(i_s '
the “Real” part being the ellipticity and the “Imaginary”ibg | |mesdan imatel Tles' 1 eggra ?_(;]'C
orientation. The table is labeled as type “ORI-ELP”. angie range cov“er:a was approximately + 1o - 1 radian. 1he
VLA was in the “A’ configuration so the image resolution is

Fitting always uses the “fast” Relaxation method optionall = = : ) Lo :
followed by a Levenberg-Marquardt least squares using tReB . Total intensity calibration used the standard ObitLRRV

GSL package nonlinear fitter. The initial value of the paran?—a”bration scripts including right—left delay calibrai. A final
hass at calibration used self calibrated models of eachef th

results of the previous channel in subsequent fittings calibrators and data were edited for outlyers from the salf ¢

. del visibilities.
The parameters to PCal allow specifying the source polép-o S . -
izations for some subset of the calibrators in terms of the Several calibrations were tested, the first fitting for the

fractional polarization, the EVPA (as the R-L phase differe) S°U'C€ polarizations as well as the instrumental termsdoksi

and the rotation measure. In this case, the right—left pha%fek_’.ch".’mnEIS (.10 I\/!Hz)_usmg th_e ‘fast” method. After the
offset in the data should also be solved for and the resu plication of this calibration, the right-left phase waliLsted
stored in the AIPS PD table as well as an AIPS BP table bit/RLPass) using the J1331+3030 data for which the value
Application of instrumental polarization corrections toet is known to be 66 Qegrees over a}t Iegst thg frequency.range
data computes the inverse Muller matrix from the out f 1 to 100 GHz. This is called calibration 1 in the following.

product of the inverse of the Jones matrices. The anten Iais calibration took 1.6 hours with some speedup from multi

Jones matrices as a function of parallactic angle are dbri\;greading. . .
as described in Section 1I-B P g The first technique has the disadvantage that the source

polarizations are allowed to vary arbitrarily with frequsn
Therefore, the second calibration was to fix the source polar
. ; ) izations to a given fraction of the total intensity and a ¢ans
A. Single Unpolarized Calibrator right-left phase per source. J1331+3030 is strongly poéari

A test of the technique was made using a VLA widebanahd is known to have essentially zero rotation measure. The
dataset consisting a£10 min on the strong, weakly polarizedother calibrators did not seem to vary over the frequency
calibrator 3C84. The data were in C band (5 GHz) angnge in the initial calibration. In this calibration, thigt-
consisted of 2 IFs of 64 2 MHz channels. Data were calibratézft phase of the data was also determined in the fit. This is
using Obit VLA calibration scripts [6] assuming 1 Jy for thecalled calibration 2 in the following. The polarization nessl
flux density of the source. End channels in each IF wesse shown in Table I. This used the “fast” method and took
flagged. Right-left delay calibration using Obit task RLDI2.3 hours with multi threading.

VI. EXAMPLES WITH VLA DATA
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Typical baseline without calibration
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Poor baseline without calibration

Like Figure 1 but for a poorly behaved baseline.
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Typical baseline with fast calibration
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Fig. 3. Like Figure 1 but for a poorly behaved baseline bueraétpplying the calibration from the “fast” method and avémggo 2 minutes.

Poor baseline with fast calibration
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Typical baseline with LM calibration

02—~ . A N ' 04 7 7 ' T '
-0 2 : "’ ~::::¢’::: :”‘W’:”""~ :. :: %‘ : + :"’ :":"‘:#’:"’w‘: ] O : 0 F ‘."‘ :o:':o:’% * :’g‘:"’:: "o E ’:’v ’o*’“‘& Y 0: Sty ’:0:'
0.6 f : 7 : : 5 0.4 1 S ey —
rE06\- W18 T 2-15 A LEOG, - W18 4+ 2-15
995 T b 995 | € i
985 T b 985 | £ i
975 | T ; o75 + -
965 T b 965 + 4
" IF 1(RR) T IF 2(RR) 7 mIF (L) T IF 2(LL) 7
955 C L L L T L L i 955 C L L L T L L i
i A i it :;’ e, ’,":’:":N”" 1 R R :j’ AR . R '
200t ,’}:‘ ’«:’ : : weper T B ’.»\*",A | 200+ 1 ', PR e T e .wo’oﬁqf*: R
L . R Waat 1 + - ST A .
+Lt ay, o+t + " S8 ! +
O = 1 = T T T T T 0 T T T T T T
E06 - W18 T 2-15 A 'E06 - W18 T 2-15) 1
4 - —+ ~
4 - — — L — -
- -t - 3 i T ]
2r T 1 2 [ 1 ]
L 4 4 1 o - B
IF 1(RL) IF 2(RL) -IF 1(LR) +IF 2(LR) E
0 1 1 1 1 1 1 0 1 1 1 1 1 1
0 20 40 600 20 40 60 0 20 40 600 20 40 60
Channels Channels
Fig. 5. Like Figure 1 after applying the calibration from thevenberg-Marquardt least squares method and averagingrtmes.
Poor baseline with LM calibration
02 F ' e T ' T 00 F=F—— e
-0.2 X 1:};.}&?:”:‘ ‘1’* I ”1 I . o‘,\’%’u’l’*"’m‘””’ e ] L “’”.”; * ﬁf‘"f’ *m’:o,o‘: 1 ’0:.@&“:0’:“\ Ve 4
06 : = : = -1.0 £ : : e : =
NZ8.- W06 23-26 1005 IN W06 1 23-26 |
1000 T b r T b
995 r T b
985 r T b
980 + E - 4 i
975 r T b
IF 1(RR) IF 2(RR) 965 FIF1(LL) 4 IF 2(LL) i
960 1 1 1 1 1 1 1 1 1 1 1 1
300 "#0 + ' AR l T ‘o” i ' ' e+ Sl e 0’} + - ' '
i ﬁ’»*".’““‘* ¢ WL e | 2001 1 4 i * R »n’”“"l#’,» -
100 wwpis™ + T a gt 0 A T ey
IN28 - W06 ' 23-2q | N28 - W06 ' ' 23-p6
6 - —+ ~
6 B T 7 - -t -
4 T b ar 1 i
2r T b 2r T ]
mIF 1(RL) TIF 2(RL) 7 " IF 1(LR) TIF2(LR) ]
0 1 1 1 1 1 1 0 1 1 1 1 1 1
0 20 40 600 20 40 60 0 20 40 600 20 40 60
Channels Channels

Fig. 6. Like Figure 1 but for a poorly behaved baseline aftgplging the calibration from the Levenberg-Marquardt tesguares method and averaging to
2 minutes.



OBIT DEVELOPMENT MEMO SERIES NO. 30 7

As a third test, the previous calibration was rerun using the
expensive Levenberg-Marquardt (“LM”) method; this was-cal
bration 3. This took 15.2 hours and while it was multithredde TABLE Il
the GSL least squares routines were run single threaded. Calibrator polarization RMS

J1331+3030 is in a different part of the sky from the two
calibrators used to evaluate the accuracy of the calibratio
Any geometry dependent effects will cause the use of this

Source Cal IRMS | Q RMS | URMS
pdy/bm w/bm u/bm

calibrator might skew the instrumental solutions. As a final J1504+1029] no Cal 6.0 288, 358,
test (calibration 4) the previous calibration was rerunhwitt J1504+1029| Cal. 1 237 57.2 58.8
; ; ; P J1504+1029| Cal. 2 23.7 42.8 46.7

J1331.+30.30 (16.8 hr run tlm.e). .ThIS rgsults in a significant 11504+1029| Cal. 3 537 261 412
reduction in the level of polarization artifacts. J1504+1029| Cal. 4 23.6 28.9 318
J1331+3030 has strong enough polarized emission that J1651+0129| no Cal 113 106. 118.

, . L : J1651+0129| Cal. 1 10.2 22.9 19.9
single baseline spectra are sufficient to show the efficacy of 3165140129 cal 2 102 165 17.3

the calibration. The spectra from a poorly behaved baseline J1651+0129| Cal. 3 10.2 14.1 15.6
without and with two of the calibrations are shown in Figures J1651+0129| Cal. 4 102 10.7 11.0
7-9.
The data for J1504+1029 and J1651+0129 were imaged
without and with each of the polarization calibrations. &lot requced the polarized artifacts in this test by about 15% ove
the calibration procedure corrects the data for the effefts tne relaxation only fitting.
parallactic angle which allows for imaging polarized data |n all cases, the polarized images had visible calibratitin a
without the correction for instrumental polarization. Ighag  facts and the near source Q and U RMSes were approximately
used the Obit wideband imager MFImage using the 16 Ilsos, higher than the corresponding Stokes I. It is unclear
as the coarse frequency bins and with phase and delay g@Hat is responsible for the residual instrumental polditra
calibration followed by amplitude and phase self calitmati pyt variability with time and/or observing geometry would
The selected images are shown in Figures 10 and 11. Ti@duce such an effect. The result of the fourth test support
RMS in a box near the source was measured in each image possibility that the instrumental polarization is diien
and the results given in Table II. independent; when onlyt the two calibrators used to evaluat
the calibration were used in the calibrtation, the resulesen
significantly better (24%) than when J1331+3030 was inaude
in the calibration. The two calibrators involved are faidpse
The technique works well in the first test case reducing thua the sky.
5-20% instrumental terms to undet0.5%, possibly limited
by the actual source polarization. In this test, results for ACKNOWLEDGMENT
the “fast” solution method are comparable to the Levenberg-| \,0uid like to thank Fred Schwab for help with the
Marquardt fitting and ran in about 1/3 of the cpu time (176 Ynathematics.
541 sec.).
The second test (Table II) showed that application of
polarization calibration improved the near source Stokes |
residuals by about 10% for the two calibrators for source
dynamic ranges of 40,000-50,000:1. The calibration (lip§tt
the source polarizations in each of the solution blocks cedu
the near source polarized RMS by roughly a factor of 5 and
fixing the source polarizations using the “LM” fitting redute
the RMS by approximately a factor of 8. The “LM” solution
(calibration 3) took 7 times longer (15.2 v. 2.3 hours) but

VIl. DISCUSSION

TABLE |
Calibrator polarization models

Source frac. pol | R-L phase
o
J1331+3030 0.122 66.0
J1504+1029 0.020 12.0
J1651+0129 0.036 -135.0
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3C286 without polarization calibration
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Fig. 7. Averaged spectrum of 3C286 on a single troublesomelibaswithout polarization calibration. Parallel prodsi@bove, cross below; in each panel
phases are on the top in degrees and below are amplitudes or RRf and LL and mJy for LR and RL.
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Fig. 8. Like Figure 7 but after the application of polarizaticalibration 1.



OBIT DEVELOPMENT MEMO SERIES NO. 30

3C286 Poln Cal 2 applied

45 FIBRIRR) + 1+ + + 1+ 4+ + £ 1 4+

70

50
900 [+t

800

700

600 r

500 bbbk bk bbb bl b b

Frequency
Fig. 9. Like Figure 7 but after the application of polarizaticalibration 2.

APPENDIX

Muller matrix
In order to compute the Muller matrix for a given baseline,
for each antennaand the reference antenref define

Sri = cos(0r;) + sin(Or;)

Dgri =cos(0r;) — sin(0r;)
Sp; = COS(QLZ') + sin(@Li)
Dy = cos(0r,;) — sin(0,;)

Pp; = el 2 9ni

PL;=e ) 2oL

ORi = % SRi
dri= % Dri Pri
oL = % Sri Pri
ori = % Dy
PA, =e 2%

RRref ] DR ref

RLref — eI (L ref+PD)

YR = RRref RY ey
YR = RLrvef RR ey
whered is the ellipticity, ¢ the orientation,y the parallactic

angle, PD is the right-left phase difference of the reference
antenna and denotes the complex conjugate.

Frequency

The elements of the Muller matrix are then given by:

*
= OR1 OR2

= OR1 57%2 PA;
= 6R1 0’}32 PA1
= 5R1 (5732 PA1 PA;

YR OR1 019 PAs

.
=1RL OR1 079

=Rrr, 6r1 0L PA1 PAy

:wRL 5R1 522 PA,

=1YLR OL1 ORo PA]
:’L/)LR Or,1 (5}%2 f)14>iK PA;

=YLRr 01 ORo
=19Lr 01 Opo PA;

op1 054 PAT PAy

= 0,1 (522 PA*{
= 5L1 022 PA2
= 5L1522

and the Muller matrix is

Moo Mo1r Moz Moz
Mo Myy My Mo
Mso Moy Moz Moo
M3y Msy M3z Mso

(®)
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10

24.9795, 10 29 39.199 J2GG0.0

o4

10 29 32.199 J2GG0.0
3

10 29 39.199 J2G00.0 Contor = 15 04 249795,

Center = 15 04 249795,

o
l's 4 2 0 -2 -4 6 4 2 0 -2 -4 6 4 2 0 -2 -4
asec) Right Ascension (asec) Right Ascension (asec)
mir=—0.001, max=0.001 J¥/BEAM min=—0.001, max=0001 JY/BEAM
10 29 38198 J2GO0.0 Coenter = 15 04 24,9796, 1029 39199 J2060.0

Right Ascension
min=—0.0001, max=0.0002 .JY/BEA
Center = 15 04 24,8735,

Center = 15 04 249795, 10 239 391898 J2GOG0

u
o
i
|
o !
l's 4 2 0 -2 -4 6 4 2 0 -2 -4 ' 4 2 0 -2 -4
Right Ascension (asec) Right Ascension {asec) Right Ascension (asec)
min=—0,0001, max=0.0002 J¥/BEA min=—0,001, max=0.001 J¥/BEAM min==0.001, max=0001 JY,/BEAM
Conter = 15 04 24,9706, 10 20 36190 J2000.0 Center = 15 04 24,9748, 10 29 39.198 J2G00.0 Conter = 15 04 24.9706, 10 20 39180 J2000.0
in n
—
]
bl
i w0
[}
o
>_
! )
| |
o o
'8 4 2 0 -2 —4 '8 4 2 0 -2 —4
Right Ascension (asec)

min==0.001, max=0001 J¥/BEAM

Right Ascension (asec)
min=—0.001, max=0.001 J7/BEAM

0 —2 -4
asec)

— i

5 4 Z
Right Ascension
min=—1.0001, max=0.0002 JY/BEA
Images of the calibrator J1504+1029. On the left &k&t | clipped at -100 and +2Q@Jy/bm, in the center is Stokes Q and right Stokes U both

clipped to between -1 and +1 mJy/bm. Top row is without polaigzecalibration, the middle row is with polarization calition 1 and the bottom row

Fig. 10.
polarization calibration 3. The yellow box indicates thgiom used to measure the off-source RMSes given in Table II.
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Cantar = 16 51_3.6624. 01 28 23459 J20000

Canter = 16 51 36624, 01 20 23458 430000

Centar = 16 51 3.6624, 01 28 23.450 J2000.0

— —
(] Q
@ @
o w
(=] =]
& =
> >
4 2 B -2 —4 4 2 6 -2 —4 4 2 06 -2 —4
Right Ascension (asec) Right Ascension {asec) Right Ascension (asec)
Fi=—5e—08, max=0.0001 J¥, BEAH frin=—0.0008, max=0.0005 Jy/BEAH Fin=—0,0008, max=0.0005 Jv;BEAH
Center = 16 51 J.6624, 01 29 23.45% J20009 Centar = 16 51 3.6624, 01 28 23.459 J2000.0

Centar = 16 51 3.6624, 01 29 23.459 J2000.0

— — —
o O o
D o >
i 5} i
o s} s
o e o
I = 7=
4 2 g =2 =4 4 2 o -2 -4 4 2 g =2 =4
. __Right Ascension (asec) ___Right Ascension (asec) . Bight Ascension (asec)
min=—5e~05, mox=0.0001 J/BEAM min=—0.0005, max=0.0005 JY/BEAN min=—0.00085, mox=0.0005 Jv/HEAN
Ganter = 16 51 _2.8624, 01 29 23,458 J2000.0 Gantar = 16 51 3.6624, 01 28 23,450 J2000.0

Centor = 16 51 J.6624, 01 28 23.459 J2000.0

— — —
(9] Q [
@ @ @
o w o
& & &
> > -
4 2 6 -2 —4 4 2 0 -2 —4
ight Ascension (asec)
max=0.0005 Jv/HEAM

frin=~0.0008,

4
ight Ascension (asec)
, max=0.0005 Jv/BEAM

4 2 g =2
ht Ascen/gﬁ‘\on (asec)

R
in=—0.00

EAM

m‘\r\:—SeR—Lg, rax=0,0001 Jv,
Images of the calibrator J1651+0129. On the left ck&t | clipped at -50 and +10@Jy/bm, in the center is Stokes Q and right Stokes U both

Fig. 11.
clipped to between -0.5 and +0.5 mJy/bm. Top row is without fiddion calibration, the middle row is with polarizationlibmation 1 and the bottom row
polarization calibration 3. The yellow box indicates thgiom used to measure the off-source RMSes given in Table II.
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Derivatives of model wrt parameters whereVg;, andVyr are the model values of thRL and LR
Source terms: correlations.
ORR 92RR Non zero terms inpy:
——— = Moy + Mop3, 2 =0 2
dipol dipol? OLL — 1927 (So My + S1 M) 0°LL P OLL
8RR_ o +M 82RR 0 a(bLli ] 0 30 1 31)s 8¢2L1 - J 8¢L1
dqpol ot 02> dqpol? OLL ‘ O*LL . OLL
ORR 9°RR Dons ~ 24 (S0 Mao+ SeMie), G5 =27 5
=J (Mo1 + My2), 5 =0 L2 72 L2
dupol dupol ORL _ ., . (So Mo+ SoMa) 9*RL Lo ; ORL
2 = J Wo Mio 2M12), = J
ORR _ Moo — Mos, 0 RR2 —0 09r2 007 o 09r2
dupol dupol OLR _ g i\ g 9?LR o ; OLR
ORL 92RL 8¢L177 J (So Mag + S1 M), 78¢%1 =- ]8¢L1
= Mg+ Ms, 55 =0
dipol dipol?
ORL 0?°RL
— = M M —7 =0
dqpol 1+ Mo, Ogpol?
ORL 0’RL
Dupol J (M1 + Myz), Duupol? 0
ORL 0’RL
dvpol 10 18 Ovpol? 0
OLR O’LR
= M Mo ik
dipol 20 + Mo, Oipol? 0
OLR 0’LR
— = M. M. — =0
dqpol 21+ Moz, Oqpol?
OLR 0’LR
Aupol 7 Moy + Maa), Aupol? 0
OLR 0’LR
Avpol 20 2 Oupol? 0
OLL O*’LL
— = M M. — =
dipol 30+ M3, dipol? 0
OLL 0*LL
— = M. M. — =0
Oqpol s1+ Mz, Ogpol?
OLL 9°LL
Aupol 7 (Mgy + Mss), Aupol? 0
OLL 9°LL
dvpol 30 33 Ovpol? 0
Non zero terms inpg:
ORR 0’°RR ORR
=273 (Sy M S M, —— =-27
Doy 24 (52 Mozt S3Mus), - 5 T omn
ORR 0’°RR ORR
dory ~ 124 51 Mot SiMus) G =420 5,
ORL 0’RL ORL
=-235(Sy M Ss M =-27
dors 24 (52 Mot Sslls). B 7 3om
OLR 0’LR OLR
Doma +2 j (S1 Moy + S5Mas), (%)?{2 +j8¢>RQ
If one of the antennas is the reference antenna the followinglf one of the antennas is the reference antenna the following
terms need be added: terms need be added:
6RL+_+,V 0’RL +_+,8RL 8LR+__,V 0’LR +__,8LR
061 JURb 967 7 90r1 0611 TR 97 ! 961
6LR+__,V 0’LR +__,8LR 8LR+_+,V 0’LR +_+,8LR
0or T b7, 7 96no 0615 JURE g7 ! 912
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Non zero terms irf:

ORR
00Rr1

9’RR
0%,

ORR
00R 2

9’RR
0%,

ORL
001

O°RL
00%,

OLR
00R 2

O’LR
0%,

13

Non zero terms irf,:
OLL 1 . " * *
1
ESL1(52UZ2PA2 + 536}:2>
0’LL 1
8972 = _ESL1PL1(50022PATPA2 + SlézQPAT)—
11
1
ﬁDLl(SbUz 2PA2 + 53622)
OLL 1
89[/2 ZEDLQPEQ(SOULIPATPA2 +SQ(SL1PA2)—
1
7SL2(S1O'L1PA>'{ + S36p, 1)
V2
O2LL 1
W = _ESLQPEQ(SOUL 1PATPA2 + SQ5L 1PA2)—
72
1
ﬁDLQ(SlO.L 1PA>|1< + 835L 1)
1
L Dr1(So0thy + S10%, PAS) — ORL 1 .
V2 n1(5o0ks + 51072 PA) 901 4 :\ﬁDwPLz(?/JRLSoUmPAer
1
%53 1PR1(820 5 PA1 + S305,PA1 PA3) YR S20p1PAIPAsy)—
1
1 =
L SR1(Soohy + S16% . PAL)— ﬁSL2(¢RL510R1 + YR S30r1PA1)
V2 0’RL 1
1 . . o I 6, P (brSoo R PAst
ESDRlPRl(SZURQPAl —|—535R2PA1PA2) 88%2 ﬂ L24L2\WRLPO9R1 2
1 YR S20R1PAIPAy)—
:TDRQ(SOURI + S20r1P A1)~ 1
12 EDLQ('(/)RleaRl +rS30R1P A1)
ESRQPE2(510'R1PA; + 53531PA1PA;) OLR 1
. 90, . ZEDL 1PL1(YLrSo0R PAT+
_EDRZ(SOO'Rl +525R1PA1)— T/)LRSI&%QPATPA;)_
1 1 * * *
EDRQPEQ(SWR 1PAS 4+ S36r1 PALPAS) ESLI('(/}LRS%TRQ + Y RrS30%, PA3)
1 . . O’LR 1 . .
ZEDR1(¢RLSOUL2PA2 +YRrLS107 5)— 067 _ESL 1PL1(YLrSo0 o PAT+
1 * * *\_
S5 Smi P (Ure $201 0P AVP Az 1 VLrS10Ry PATPAS)
brLSs6% 4 PAL) EDMWLRSQURQ + YrRrS30R,PA3)
1 : .
_ESR1(¢RL50022pA2 + RrLS10% o) — Non zero terms inPD:
ORL __ . Q?RL . ORL
—_Dp1Pri(¥rSs0% yPA P Ayt opD 7MY ppz T T gpD
V2 ) OLR _ . LR OLR
1/)RL835L2PA1) 8PD7+] RL» 9PD? =+ 9PD
1
ZEDR2(¢LRSOUL 1PAT +YrrS2001)—
1
—SgroPro(YrrS101 PATPAS+
V2 Derivatives of x? wrt parameters
VYrrS30L1PA3) The x2 of the fit is defined as
1 N n
—%SRQWLRSOUL 1PAT + ¢ rS2011)— = Z(modeli — obs;)?/o?
i=0

1

Dpo P Siop1PATPAS+
N mo(ULrS101 1 PATPA;

YrrS30L 1 PA3)

where model; is the model value for observation(real or
imaginary part of visibility),obs; is the observation fot and
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o? is the variance of the amplitude of observatiorDenote

model; — obs; asresid;.
The derivative ofy? wrt each parametey is:

2 n ,
Ox = 22 (7"65@'(11»78”10(16[1)/Ui2

op ~ Op
This expression is complex, to get the real value, instead us
ox? - Omodel;
672 = ; 2 (Real(residi)Real(%pe)—l—
Omodel;

Imag(residi)lmag(Tp)) o2

whereReal andImag denote the real and imaginary parts of
the argument.
The second derivative of? wrt each parametey is:

0%x? - Omodel; Omodel; 0%model;

— 2 3 K3 d,L 1 2
o ; ( o o + resi o )/ o;
This expression is also complex, to get the real value, auste
use

2.2 n _ .
0°x _ ;2 (Real(arifb(;)]c)iell)Real(amoalelz)+

Op? dp
Omodel; Omodel;

I —1I _—
g P9 g 700

2 .

Real(residi)Real(%)

8°model;

Imag(residi)lmag(w))) Jo}
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