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References & Credits

— Interferometry and Synthesis in Radio Astronomy

(3 ed., Thompson, Moran, & Swenson)

— Synthesis Imaging in Radio Astronomy I
(Editors: Taylor, Carilli, & Perley)

— Tutorials, telescope observing guides, software documentation

— Previous workshops (especially G. Moellenbrock’s and G. Heald’s
previous talks on which parts of this talk are based)
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Idealized Visibilities

We wish to use our interferometer to obtain the visibility function:

Vu,v)= j I(l,m)e "™ didm
sky

which we intend to invert to obtain an image of the sky:

I(l,m)= I V(u,v)e” ™ dudy

V(u,v) describes the amplitude and phase of 2D sinusoids that add up
to an image of the sky:

* Amplitude: “how bright and how compact is the source?”
* Phase: “where is the source?”
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Ideal Case

Visibility measurements  «/
are directly related to ’
the sky brightness

R= (VE/E)cos{m*rs)
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Real Case lonosphere

Troposphere

Visibility measurements  «/
are corrupted by real- ’
world effects and

iInclude noise

4 )

Dish deformation

Pointing errors

Position errors

V,=Veos[w(t-7,)] V,=Vcos(wt)

. \ Iilf:rlv.é‘
Waveguide components

)y — \M/\/\/\/W\/\/W
Analog electronics

R= (VE/E)cos{m*rs)

Ei

Digital electronics

g J
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Images of Real vs. Ideal Visibilities
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Realistic Visibilities

The real signal sampled by antenna j, x,(t), is a combination of the desired
signal, s,(t,,m), corrupted by a factor J(t,,m) and with added noise, n;(t):

x,(0) = [ J(t.1,m)s,(t.1, m)dldm +n,(t)

So we have an imperfect visibility measurement per antenna pair:

VP (u,v) = (x,(0) - X} (©)

Vtrue (w,v)  (for};,J; constant in |m)

Ji=J jj* is a generalized operator characterizing the net effect of the
observing process for antennas i and j on baseline ij
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Solving for Calibration

Observe a celestial calibration source for which we have a model,
obs *rrmod
Vl.]. —JJ jVij =0

define chi-squared:

=)
i,]

Iy

2
Wi Wi ="

obs *rrmod
Vz‘j —JJ sz:f

C e . 0 x?
and minimize chi-squared w.r.t. each J (a)](i* = O)

l

This problem is overconstrained: N antenna gains and N(N-1)/2 measured
baselines = redundancy allows for robust gain estimation and averaging
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Applying the Calibration

Correct by applying J to each visibility:
Vobs . J J* Vtrue ] Vcor . J—l J*—l Vobs
g i /RS A AN

Visibilities are corrected by the difference in antenna phases and the
product of gain amplitudes

Calibration solutions can be applied to other targets (science fields)

Caution: the inverse of un-modeled calibrator structure will be
transferred when applying the solutions
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Calibration's Effect on Imaging
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Calibration’s Effect on Imaging
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Including Polarization

Denote polarization indices (p,q), typically linear (X,Y) or circular (R,L)

Vp| |y Ipgl| |€p

Each antenna produces two voltages —
Uq Jop  Jaq] |€q

from J acting on the incident electric field e

Each baseline then has four visibility correlations

A | VA VR
qgp,t] qq,t]

and the radio interferometric measurement equation becomes:

obs true 7 H
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Solving for Calibration - Practical

* There typically is not one single calibrator which we can use to
solve for all of the corrupting effects

*  We don’t want to solve for all effects at once

— High quality solutions often require averaging
— Averaging uncalibrated phases creates decorrelation

— Some calibration terms should be determined in a similar
direction as your science target(s)

— Some calibration terms can be obtained from the observatory
or from external databases

* Best approach is to decompose the net corruption into separate
components that can be addressed individually
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Calibration Components

> > O > >

J. =K BGDEXPTF

l

fqi
~

Components of the Jones matrix |;:

F = ionospheric effects

T = tropospheric effects

P = parallactic angle

X = linear polarization position angle
E = antenna voltage pattern, gaincurve
D = polarization leakage

G = electronic gain

B = bandpass response

K = geometry
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lonospheric Effects, F

—ig .
= . =

0 €% —sin & COSéE

The ionosphere introduces a dispersive path-length offset:

A | n,di
| 4

And also Faraday rotation:

EBH n,dl

2
v

& C

More important at lower frequencies (<5 GHz)
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Tropospheric Effects, T

o o

Polarization-independent effects due to the lower atmosphere

— Most important at v = 15 GHz where path length errors are a larger
fraction of the wavelength, and water vapor and oxygen absorb/emit

— Zenith-angle-dependent opacity (higher air mass near horizon)

— One of the most highly time-variable calibration terms
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Parallactic Angle, P

PRL _ e ” 0 . pr _[ C0sX sin y
0 &%) —sin ¥y cosy

Accounts for changing orientation of sky in telescope’s frame

— Constant for equatorial telescopes
— Varies for alt-az-mounted telescopes

cos/sm /A(t)
sin / cosd —coslsin o cos h(t)

0= arctan[

[ =latitude, A(z) =hour angle, 6 = declnatio n

— Analytically known based on geometry

— Rotates the position angle of linearly polarized radiation
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Linear Polarization Position Angle, X

o e 0 A _ cosAy smAy
0 ) —sin Ay cosAy

* Configuration of optics and electronics (and use of a refant) causes a
net linear polarization position angle offset

* Can be treated as an offset to the parallactic angle, P

* For circular feeds, this is a phase difference between the R and L
polarizations, which is frequency-dependent (a R-L phase bandpass)

* For linear feeds, this is the orientation of the dipoles (in the frame of
the telescope) projected onto sky coordinates
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AntennaVoltage Pattern, E

qu:(Ep(z,m) 0 ]
0 E‘(,m)

* Antennas of all designs have direction-dependent gain (primary beam)

* Antenna forward gain may change with elevation: ‘gain curve’

*  We typically only include direction-independent effects in E, and defer
(Lm) effects to be handled during imaging
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Polarization Leakage, D

1 d*
d? 1

D=

Orthogonal polarizations are not perfectly isolated

— Potential origins include alignment errors, EM induction, polarizer

— Well-designed systems have d ~ a few percent or less on-axis

D does not include off-axis leakage, a separate issue for polarimetry
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‘“Electronic” Gain, G

GP = g’ 0
0 g°

A catch-all for most time-dependent amplitude and phase effects
introduced by antenna electronics and other generic effects

— Includes scaling from engineering units to radio astronomy units (Jy)

— Includes any internal system monitoring such as a noise source

— Often includes residual tropospheric and ionospheric effects
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Bandpass Response, B

_[(bP(v) O
Lo »w

épq

Like G but as a function of frequency
— Filters used to select frequency passband not square
— Optical and electronic reflections introduce ripples

— Often assumed time-independent, but not necessarily so

— Typically (but not necessarily) normalized
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Geometry, K

kK" 0
0 k7

KP4 —

* Kis a clock- & geometry-parameterized version of G

* Typical contributions to K are antenna positions and delay refinements

* Must have correct geometry for Fourier Transform relation to work
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Decoupling Calibration Components

> S O o> > >

J. =K BGDEXPTF

fqi

* Make an informed decision about which terms to ignore, based on your

science requirements, calibration strategy, telescope and conditions
* Use external (a priori) information: F, T, P, E and parts of G, K

* Parameterize terms appropriately (e.g.zenith angle vs. time)

* Other effects need to be solved for by observing calibrator sources
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Observing Calibrator Sources

Flux Density: 'standard candle' with known structure and spectral energy
distribution. Typically observe once per observation.

Delay, Bandpass: very bright, preferably unresolved. Typically observe
once per observation.

Gain: bright, preferably unresolved, accurate position. Observe before
and after the more frequently than the coherence time.

Pol Angle: polarized source with full-Stokes model

Pol Leakage: unpolarized, preferably unresolved or multiple scans over a
range of parallactic angles

Time
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Flux-density Calibration

* Bootstrap the flux density scale by enforcing gain amplitude
consistency over all calibrators:

|G|

G.(fd caD)] =10

time,antennas

* Important to have previously removed other known gain
effects, e.g. elevation-dependence

* l.e,assume the system is linear and time-independent:

|Vu,v_>0 (fd cal)| _ |Vu,v_,0(0ther cal)|

F(fd cal) F(other cal)

21t Synthesis Imaging Workshop — Calibration 26




Flux-density Calibration
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* Use observatory-provided flux calibrator models, e.g. 3C 286
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Reference Antenna

* Phase solutions are typically referred to a specific antenna, the refant,
which is assumed to have constant (zero) phase

— The refant’s phase variations are distributed to the solutions of
all other antennas

— Asserts phase continuity and a cross-hand phase frame
— Assists in the inspection and interpolation of solutions
* An ideal refant should be:

— Available over the entire observation (time, frequency)

— Stable and generally 'well behaved’
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Examination and Editing

* Calibration is very susceptible to 'bad data' and radio interference
— Initial data examination and 'flagging’ are very important

— J; will try to make the bad data match the model!
I/;bs . Jl- J;I/l-]}.m)d -0

* Evaluate calibration tables— are solutions continuous and sensible?

* Iterate— provisional calibration can make bad data easier to identify
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Examination and Editing

Visibility amplitude vs. frequency, colored by spectral window.
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(figures from VLA Flagging casaguide)
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Examination and Editing

Visibility amplitude vs. time, colored by scan.
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Advanced Techniques

* Make use of ancillary hardware, when available:

— lonospheric instrumentation to measure TEC

— Water vapor radiometer to infer tropospheric phase
— Tipping scans to fit atmospheric opacity

— Pulse cal to track radiometer gain, X-Y phase

— Paddle scans to calibrate flux density

* Self-calibration: create and use source model to refine J;

* Direction-dependent (wide-field) calibration
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A Practical Demonstration
* Example calibrator scan from VLA S-band (~3 GHz)

— 27 antennas
— 351 baselines

— 64 frequency channels

* Assume point source of | Jy

* Solve for delay, bandpass and complex gain (amplitude and phase)

* Correct the visibilities by applying the calibration solutions
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A Practical Demonstration

Uncalibrated Calibrated

Phase vs. Frequency Phase:corrected vs. Frequency
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A Practical Demonstration

Uncalibrated

Calibrated

Amp vs. Frequency

Amp:corrected vs. Frequency
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A Practical Demonstration

Uncalibrated

Calibrated

Phase vs. Time

Phase:corrected vs. Time
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A Practical Demonstration

Uncalibrated

Calibrated

Amp vs. Time
0.23 1.05 —

009 ] ll"“"l“'“l.l'll'lllllll'“llllll'lll'lllllllll

0.21 4 . ..'. -.' L | l '.l oy ..'.

o
4 D
0.20 4 g
g © 0.95 |
>3 I..".................-..I....-..........-......... :
0.19 ] CLTTT N PP T TP PO LI LT TP P T T L e T L qE:
0.18 7 0.90 -
0.17 4
1 Gain Amp vs. Antennal
8%0%00 00,0000 0000 %0 nnt%ugeyte|
i l ]
0.16 | . | . . | . . | . . 0.48 - . . ny
05:49:00 05:50:00 05:51:00 05:4 ] [ | [} [ | 1 g [}
Time (from 2018/10/04) (hh:m| 046 g g Y [ |
] [ |
0aal m ¥ "o g u
o ]
&
= 0.42 "
©
e ] | ]
0.40
0.38 .
Calibration table (G)
2 0.34 4

Amp:corrected vs. Time

i - .
i """l'l-""-"- A el
o atgp®s Sesggtenl .' . . ....i.--..... | ] e

T
0 5 10 15 20 25
Antennal

New Mexico Tech

SCIENCE - ENGINEERONG - RESEARCH  UNIVERBITY

T T T T T T " T T T T
05:51:00 05:52:00 05:53:00 05:54:00

:I'ime (from 2018/10/04) (hh:mm:ss)

L T TS
» VWorkshop — Calibration 37



A Practical Demonstration

Uncalibrated Calibrated
Amp vs. UVwave Amp:corrected vs. UVwave
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Summary

e Calibration deals primarily with correcting the (baseline-based)
visibilities for antenna-based effects

* Corrected visibilities are a prerequisite for imaging and analysis

* Accurate calibration relies on separating the corrupting effects

* Have a calibration strategy, not a recipe!
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www.nrao.edu
science.nrao.edu
public.nrao.edu

The National Radio Astronomy Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.
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