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Introduction

1. a priori calibration
* Sources of corruption (atmospheric effects)
* Error effects on data

2. Self-calibration
* Principle
* Generalised method

3. Self-calibration in practice (and its implementation in CASA)
* Phase referencing

* Guided self calibration

4. Choices in self-calibration



a Priori Calibration

Recap Reference  Target

* Apply instrumental corrections: e.g.
T

sys

lonosphere

* Edit the data as required

* Apply bandpass, (polarization) Troposphere
corrections

* Apply phase and (fluxscaled) &
amplitude corrections derived from //’;_.,
phase reference

* Close enough to see similar atmosphere
* Nod on suitable timescale e.g. 10:2min
* Derive time-dependent corrections to make phase-ref visibilities match model

* Apply same corrections to target



| a Priori Calibration |

Phase Referencing Recap

* Target

Gain Calibrator
(Phase, Amplitude)

N =

. Observe source
. Observe calibrator to measure

gains (amplitude and phase) as a
function of time.

Observe bright calibrator of
known flux-density and spectrum
to measure absolute flux
calibration, band-pass and
residual delays

Flux Calibrator
(Flux, Bandpass, Delay)



a Priori Calibration

Why is a priori calibration insufficient?

* [nitial calibration based on calibrator observed before/after target

* Gains were derived at a different time
* Troposphere and ionosphere are variable
* Electronics may be variable.

* Gains were derived for a different direction
* Troposphere and ionosphere are not uniform

* Observation might have been scheduled poorly for the existing
conditions.

* Calibrator may have structure and may not be as strong as expected



a Priori Calibration

Why are atmospheric effects important?

L Example 22GHz point source observed with the EVLA
* The atmosphere is similar, not

identical, above the target and
above the phase-reference. 08

* There are offsets in distance and
in time.

* Neutral atmosphere contains
water vapour

* Index of refraction differs from
“dry” air

* Variety of moving spatial
structures in the atmosphere.

* Typically worse for low
frequencies ~100sMHz
(ionosphere) & high frequencies
~20+GHz (water vapour)




a Priori Calibration

The atmosphere is not our only worry, our true visibilities are
corrupted by all these other effects!:

Atmospheric attenuation
Radio “seeing”

Variable pointing offsets
Variable delay offsets
Electronic gain changes
Electronic delay changes
Electronic phase changes
Radiometer noise
Correlator malfunctions
10 Most interference signals

Antenna
based

W oOoONONU A ODNRE

Baseline

Let’s see what these errors do to our data!



a Priori Calibration

What is the effect of a priori calibration errors?

~ Bintentateftafwhisghighasecy ersordenpiapdentent
~ Pscascirhiseaseftairgatan/ctgtle)
~ duratidoratischefisdimgilieg Biaik,?~20-30 min?
~ Mheseemans effaffingial bidedse mlenltrditthmanmangangé aftéfvals
intervals
e.g. = rad VMN
* Dynamic range < 7Bt N\/Ee
. Of . .
.6 NS GIRIL2%F 2V, Sifig fypction
- An afm MRS EBPEE ST Dos is e ivalent to

ase errors are as mmetric, sine unctifon .
mplitude errors are symmetric, cosine function

* may. belonger sq js smaller - effect worse

* An amp\flltude ergror 0? if)‘%ﬁ's equwargzn% toes = 10°
 Amplitude errors are symmetric, cosine function
* Dt may be longer so M is smaller — effect worse




a Priori Calibration

What is the effect of a priori calibration errors?

1.2

Phase referencing solutions only

J2A00 Declnatlan
{LURR AR

Anti-symmetric (phase) errors dominate

10"z7Mga" 547 53" 52" 51 §gf 40t
J2000 Flght Ascenclan

Phase self-cal only (i.e. removal of phase
errors)

Symmetric (amplitude) errors dominate!



a Priori Calibration

What is the effect of a priori calibration errors?

A few high amps (easily flagged) cause symmetric
stripes

Asymmetric stripes are usually delay errors! (cannot
self-calibrate these out easily...)

-43°56"

10Mzamg3® 27meEF 54f 0 51T 48f 457 407
J2000 Right Ascension

Now you can see why a priori calibration is insufficient...

We need to use Self Calibration!



Self Calibration ‘

Jones matrix for ante

Quick recap of the measurement equation i . <
Vi; = JijVigDEAL where Jij = Ji X J3
Our observed visibilities can be represented by: observed visibility ideal visibility

Combined Jones matrix

Vi (t) = gs(t)g; (£)VE(E) + €35 ()

Vij

(1) ~iitifity MremstRtisitrRashaaT sl and J
gi(t) - eomplex gain of anitenmma

€ij (t) - additive noise/ baseline error

|/ true (t) ‘true’ visibility —V u v // e~ 2milul+vm) g1 0.0

This equation can be represented in matrix form & the complex gain terms
decomposed into Jones matrices which correspond to various sources of error.



Self Calibration ‘

The Radio Interferometer Measurement Equation (RIME)

Vij = My;B;;Gi; D // B PyTy Fi; ST(1,m)e™ 2 e (wialtviam) didm 4 & (t)

Vectors

Visibility = f(u,v)
[ mage to be calculated
€ - Additive baseline error

Scalars

riappripeth ehabeesrYolarisation)
RRIags I coordinates
[FBuiePBRaPIdRE SRAFGIRAES
telebpypiepRipne coordinates

[, ] telescope pair

Jomes Matrices

BMEipti pditi s \mabebielénereoror
Bandipass response
Gemneralised electronic gaim
D tenm (pelarisation lealege)
£ - antenna veltage pritieih
Parallactic angle
TropOsPReFie etfeets
Faraday retatien



Self Calibration

Principles of Self-calibration

* Use target visibilities and allow the antenna gains to be free parameters.

* |f all baselines correlated, there are N complex gain errors corrupting the
N*(N - 1) / 2 complex visibility measurements for a given time.

* Therefore thereare N * (N - 1) /2 -N complex numbers that can be
used to constrain the true sky brightness distribution.

* Even after adding the degrees of freedom from the antenna gains, the
estimation of an adequate model of the target brightness is still
overdetermined.

* The improved model created from constraining these parameters can
then be used to constrain the visibilities & remove residual phase & amp
errors



Self Calibration

The Self Calibration Method

L. Greatecaminitiall seunee meodel, typically frem animitial
innagee( (orel ke & paiintt Souirce)
o+ Ubsdfll tesshitibnnnifuhoratdiofirronththenoded éhiogag OT
tIGEdhn ddstnsee (feage KN GeAN yar)iduals)

2. Ffﬁbdaﬁ‘ﬁ@ﬂféaﬁﬁks o o y/obs Replacg/jig%bswith%
USRS EESE MRS Hi E OBty A3t
3 ARRYEIS SESt the SBserved 43t mage: v, 16

create model

4. Create new m éjell visibilities {Vm"d) from the
4. ae-neyyagdel visibilities () from the cor I
data V,;j . .
Use model to calibrate gain
: : fact
5. Goto(2), unless current model is satisfactory @f,;srz or amp)

5. Go teH@eusbbsscurrentamaditfetdatsatikfaictOrgighting
oo sinbrase sdlatiuitutte\&IpbiFferent uv limits/weighting
* phase 2 amplitude & phase



Self Calibration in Practice | (andimplementingit in casa)

Method

1. Apply prior corrections.

2. Image target
O FT of Clean Components stored in MS Model column if
usescratch = True in CASA clean (or use task ft to store Clean
components from a model image into the MS)

O Compare target visibilities with the model
Any differences are due to either/both of
i.  Deficiencies in the model
ii.  Atmospheric or other errors affecting the visibilities

3. Estimate corrections for phase visibility errors
O Use CASA task gaincal with calmode ‘p’



Self Calibration in Practice

Method

4. Apply and make another image
O This should provide an improved model

5. Repeat until phase corrections converge then do a amplitude &
phase self calibration.

Remember that:

* Phase correcting first allows longer averaging times for amplitudes

* Apply your phase solutions when using calmode 'ap’ as residual
phase solutions should be small.



Self Calibration in CASA

Example (finally some pictures!):
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Self Calibration in Practice

Visibility amplitudes

Phase referencing: Source structure

Extended source:

More flux on short
baselines

Target colourised by antenna 2
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Baseline Ier;gﬁ;'L(wavelengths)

E
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T
o 500,000

Point source:
Same flux density on

all baselines (within
errors)

Phase ref colourised by antenna 2
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‘Self Calibration in Practice‘

Phase referencing: point source visibilities

Visibility phase
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Self Calibration in Practice

Phase referencing: Correcting phase reference visibilities
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Self Calibration in Practice

Results in corrected phase for point source!
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Self Calibration in Practice

First image of the target

Dirty map

* Raw phase (not corrected)
* Holes and smearing

* No peaks

Apply phase referencing corrections to visibility data and
Fourier transform to image plane....



Self Calibration in Practice

First image of the target

Deconvolve

>

iteratively

with the dirty beam!



Self Calibration in Practice

Preparing the model for self calibration

Take care in setting mask (clean boxes)!
* Clean Components will be used as model
* Plot dirty beam to help avoid sidelobes
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Self Calibration in Practice

Target visibility phases - only phase ref correction
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Phase self-calibration

FT of Clean Components stored in MS 'model' column if usescratch in CASA

clean is set to True

Alternatively use task ft to convert .model file into model visibilities!

Use gaincal to obtain phase solutions contained in a calibration file - gaincal

compares model with target visibility data
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Self Calibration in Practice

Phase self-calibration

Target visibility phases - only phase referencing
correction
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Much improved and smoother target phases - reduced scatter!

Offset between pols has been removed!




Self Calibration in Practice

Iterative self-calibration

* Once solutions have been applied, image again!
Note that:
* The old model column is overwritten
* Use task ft (with previous model image) if you want to go back to a previous
Clean model
* Repeat this process until residual phase solutions converge on zero.

G table: 3C277.1R_test_selfl.phcal Antenna='1'
T T

G table 3C277.1R_test_selfl. nhcal Antenna='2"

G table 3C277.1R_test_selfl.| nhcal Antenna='3'

P e R g RIS T I St S R PR IR

Gtable‘:3C2T;’.1R test selfl.nhcall Antenna='4' : ] Sma” reSiduaI phase Solutions from
T . et weoes, | NEXL gaincal

G table: 3C277.1R_test_selfl.phcal  Antenna='5"
T T

G table: 3C277.1R_test_selfl.phcal  Antenna='6"
T T

- meTa STt iy, TGRS




Self Calibration in Practice

Iterative self-calibration
A good iterative self-cal cycle to follow is outlined below

First image
Self-cal Phase calibration
Shallow CLEAN (avoid CLEAN bias)
Self-cal Phase calibration
Deep CLEAN
Self-cal Amplitude & phase calibration

Nb. Amplitude solutions should be close to 1
Deep CLEAN



Self Calibration in Practice

Iterative self-calibration

After rounds of self-calibration, you get a vastly improved image with increased

signal to noise
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Self Calibration in Practice‘

HEALTH WARNING: Check solutions, models at each round!

* Solutions should not look like pure noise!
* Zoom in in case of a fast phase rate
* Data should get less noisy
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Self Calibration in Practice‘

Self-calibration improvement

Amp

Phase ref solutions only

Model fé@m imaging
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Self Calibration in Practice

Self-calibration improvement

Self-calibrated

0.8 —
0.6
7 Model from imaging
o | -
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0 500,000 le+06 15e+06 2e+06 2 5e+06 3e+06 35e+06
UVwave



Choices in Self-calibration

1.

Initial model?

. Point source often works well
. Simple fit (e.g., Gaussian) for barely-resolved sources
. Clean components from initial image
Note: Don’t go too deep!
. Simple model-fitting in (u,v) plane

Self-calibrate phases or amplitudes?

* Usually phases first
* Phase errors cause anti-symmetric structures in images
e.g. For VLA and VLBA, amplitude errors tend to be relatively
unimportant at dynamic ranges < 1000 or so
* Safe bet is to follow iterative self calibration cycle shown on
previous slide.



Choices in Self-calibration

Some more choices!

3. Which baselines?

* For a simple source, all baselines can be used

* For a complex source, with structure on various
scales, start with a model that includes the most
compact components, and use only the longer
baselines

4. What solution interval should be used?

* Generally speaking, use the shortest solution interval
that gives “sufficient” signal/noise ratio (SNR)

* If solution interval is too long, data will lose coherence
- Solutions will not track the atmosphere optimally



Choices in Self-calibration

Sensitivity limit
* Can self-calibrate if signal to noise ratio (SNR) on most baselines
is greater than one.

* For a point source, the error in the gain solution is

* If error in gain is much less than 1, then the noise in the final image can
be close to theoretical

* If you are desperate you can average polarisations to get enough SNR
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