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1 What is High Fidelity Imaging?

AGetting t he & [@tedorydy noisema g e o
AThe best oO0dynamic rangeso6 §farri gh

some images.
A (But is the recovered brightness correct?)
A Errors in your image can be caused by many different problems

iIncluding (but not limited to):

A Errors in your data i many origins!
A Errors in the imaging/deconvolution algorithms used

A Errors in your methodology

A Insufficient information
A But before discussing these, and what you can do about them, | show the

effect of errors of different types on your image
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2 The Effects of Visibility Errors on Image Fidelity

AThe most common, and simplest source of error is an error in the
measures of the visibility (spatial coherence function).

AConsider a point source of unit flux density (S = 1) at the phase
center, observed by a telescope array of N antennas.

AFormally, the sky intensity is:

1(1,m)=9(,m)
AThe correct visibility, for any baseline is:
V(uv)=1

AThis are analytic expressions i they presume infinite coverage.

Aln fact, we have N antennas, from which we get, at any one time
_ N(N~1)

Y 2

AEach of these N,, visibilities is a complex number, and is a function of
the baseline coordinates (u,,v,).
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2 The Effects of Visibility Errors on Image Fidelity

AThe simplest image is made by direction summation over all the
visibilities -- (a Direct Transform):

1 I * ) ;
[1m) = =2 b, (e v, vpe T

v k=1

AFor our unit source at the image center, we get

L) = — cos br@u i +v.m)

v k=1

ABut let us suppose that for one baseline, at one time, there is an error
in the amplitude and the phase, so the measured visibility is:

V(u,v)=@1+&)du-u,v-v,e "’

where ¢ = the error in the visibility amplitude
¢ = the error (in radians) in the visibility phase.
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2 The Effects of Visibility Errors on Image Fidelity

AThe map we get from this becomes

L(m) = =1 cos br(u 1 +v.m) + 1+ #) cos I”(ull+v1m)—¢jk
mapod associated with t1

AThe 6error
the i mage and the Obeamo:

bet ween
1 —_ —_
Ar(l,my=— d+¢)cos bz (ul +v,m)-¢ = cos bz (u) +v,m) _
AThis is a single-(spatial) frequency fringe pattern across the entire
map, with a small amplitude and phase offset.
ALet us simplify by considering amplitude and phase errors separately.

1) Amplitude error only: ¢ = 0. Then,

g -
Al = —cos I?T(ull +v,m) _

N \%
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2 The Effect of an Amplitude Error on Image Fidelity

g -
Al = —cos I?T(ull +v,m) .
N

\%

A This is a sinusoidal wave of amplltuszV, with perlod//ﬁ
tilted at an angley _ ... (/
\)

A As an example, if the amplitude error is 1084+(0.1), and N = 1(?, the
Al =107 0 a very small value!

A Note: The error pattern is even about the location of the source.
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2 The Effect of a Phase Error on Image Fidelity

1 - _
. A = + — — _|_
In this case: “! N coS Iﬁ(ull v,m) — ¢ = cos Iﬂ(ull v,m) _
V —_—
Al = —gj +
A For small phase errof << 1, ~' = " bru +vm)-
\%

A This gives the same error pattern, but with the amplitudkeplaced by,
and the phase shifted by 90 degrees

—sin lﬂ(ul+vm)_

////

A From this, we derive al‘mp tarit Rule:

A phase error of x radians has the same effect as an amplitude error of 100 x

A For example, a phase error of 1/18d ~ 6 degrees has the
same effect as an amplitude error of 10%.
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Amplitude vs Phase Errors.

A This little rule explains why phase errors are deemed to be so much more
Important than amplitude errors.

A Modern interferometers, and cawave atmospheric transmission, are so

good that fluctuations in the amplitudes of more than a few percent are
very rare.

A But phase errors) primarily due to the atmosphere, but also from the

electronics, are always worse than 10 degréedten worse than 1
radian!

A Phase errors) because they are largeare nearly always the initial limiting
cause of poor imaging.
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Errors and Dynamic Range (or Fidelity):

Al now define the dynamic range as the ratio: F = Peak/RMS.
AFor our examples, the peak is always 1.0, so the fidelity F is:

2N, |

B A For amplitude error of 108 %
J2N

" ~ A For phase error of radians

A So, taking our canonical example of fadl error on one baseline for
one single visibility, (or 10% amplitude error):

A F =3 x 16 for N,, = 250,000 (typical for an entire day)
A F = 5000 for N,= 351 (a single snapshot).

A Errors rarely come on single baselines for a single time. We move on
to more practical examples now.
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Other Examples of Fidelity Loss

A Example A: All baselines have an error of ~ ¢ rad at one time.

Since each baselineds visibility
from each can be considered random in the image plane. Hence, the
rms adds inquadrature The fidelity declines by a factQ/ﬁ

A Thus: - N (N = # of antennas) V2

g

ASo, in a 6snapshoté, F ~ 270.
A Example B: One antenna has phase error &, at one time.

Here, (N-1) baselines have a phase erébut since each is gridded in a
separate place, the errors again addjuadrature The fidelity is
lowered from the singléaseline error by a facto¥n -1, giving

|\|3/2
F:
J2¢
ASo, for our canonical O0snapshotd
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The Effect of Steady Errors

A Example C: One baseline has an error of ~ ¢ rad at all times.

This case is importantly different, in that the error is not randomly
distributed in the (,V) plane, but rather follows an elliptical locus.

ATo simplify,imagine the observation is at the north pole. Then the

locus of the bad baseline is a circle, of radyusyu? +v?
AOne can show (see EVLA Memo 49 for details) that the error pattern
IS: 2¢ -
Al=—2" 3 brqo.
N(N-1) ° !
AThe error pattern consists of rin

A For largego (this is the number of rings away from the center), the
fidelity can be shown to be N(N —1)7/qf
F =

J2¢
A So, again taking= 0.1, andy0 = 100, F ~ 1.6 x 10.
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One More Example of Fidelity Loss

A Example D: All baselines have a steady error of ~ ¢ at all times.

Following the same methods as before, the fidelity will be lowered by
the square root of the number of baselines.

N (N -1)7,/qf

2 q?
F = ~
Hence, \/Eg \/N (N —1) <

A So, again taking= 0.1, andy0 = 100, F ~ 8000.
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Time-Variable Errors

A In real life, the atmosphere and/or electronics introduces phase or
amplitude variations. What is the effect of these?

A Suppose the phase on each antenna changésdjians on a typical
timescale ofAt hours.

A Over an observation of T hours, we can imagine the image comprisirg N
At/ T 1T ndi vidual O0snapshotsd, each \

A The dynamic range on each snapshot is given by

N
F ~—

A So, for the entire observation, we get
- N /N

A The value of Ncan vary from ~100 to many thousands.
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Some Examples: ldeal Data

A lillustrate these ideas with some simple simulations.
A EVLA v,=6 GHz,BW =4 GHz§ = 9 Gconfiguration
A Used the AIPS program 6UVCONJ t o

=\ The oDirtyls M
\ e 6Dirtyld ap .
| after a 12 hour T _e oClean
|| observation. lo=1.3uly
JINote the olr £¥9ld% t ed s
/ grating rings. No artifacts!

Z

The UV Coverage |The FT of

after a 12 hour map

observation. Note that the
Variations are due | amplitudes do *not*
to gridding. match the data!

The taper comes from
the Clean Beam.
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One-Baseline Errors T Amplitude Error of 10%

A Examples with a single errant baseline for 1m, 10 m, 1 h, and 12 hours
A N,~250,000
1 minute 10 minutes 1 hour 12 hours

N\ The four ¢
M images, each with
I peak = 13y
1 Allimages use the
7] same transfer
function.

;‘m{i;r‘mm;”‘”,

‘ |
1 "v‘H{I”!,[”H””;W’:

loc=19Wly loc = 9.4uly 1o = 25 uwly

The four UV
plane
il amplitudes.
Note the easy
identification of
the errors.
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One-Baseline Errors T Phase Error of 0.1 rad = 6 deg.

A Examples with a single errant baseline for 1m, 10 m, 1 h, and 12 hours
A N,~250,000
1 minute 10 minutes 1 hour

{The four
1 images, each with
peak = 1Jy
All images use the
| same transfer
j function.

The four UV
plane phases.
Note the easy

identification of
the errors.
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One-Antenna Errors i Amplitude Error of 10%

A Examples with a single errant antenna for 1m, 10 m, 1 h, and 12 hours
A N,~250,000
1 minute 10 minutes 1 hour 12 hours

W The four

i  images, each with
‘l i

( ‘\"'ll‘(//) //‘)”","\ ,‘ " ‘ " pea‘k - 1Jy
i )] A\ 7 All images use the

| The four UV
plane amplitudes.
Note the easy

identification of
the errors.
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One-Antenna Errors i Phase Error of 0.1 rad = 6 deg.

A Examples with a single errant antenna for 1m, 10 m, 1 h, and 12 hours
A N,~250,000
1 minute 10 minutes 1 hour 12 hours

dThe four ¢
d images, each with
damin (@) peak = 1y

AN AN 11 NN 1)

/77

f“'l

] Allimages use the
2774 same transfer
d function.

loc=29uWly 16 = 20 Wly 1lc = 52 Wy loc = 147 wWly

The four UV
plane phases.
il Note the easy
1 identification of
the errors.
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Finding and Correcting, or Removing Bad Data

A How to find and fix bad data?
A We first must consider the types, and origins, of errors.
A We can write, in general:

Vij (t) - gi (t)gj (t)V” + gij (t)V” + Cij (t) + gij (t)
A Here,\7ij (t) Is the calibrated visibility, and V, (t) Is the observed
visibility.
gi(t) Is an antenna based gain
g;(t) is a multiplicative baseline-based gain.
G(t) Is an additive baseline-based gain, and
gi(t) Is a random additive term, due to noise.

A In principle, the methods of self-calibration are extremely effective at
finding and removing all the antenna-based (6cl osi ngd)

AThe methodods effectiveness i s usu
model.
A I'n the end, it-cilsessusgal eyrbdophse @h

for strong sources.

New Mex1co Tech hhhhhh CONSORTIUM
eeeeeeeeeeeeeeeee




Finding and Correcting, or Removing Bad Data
A Self-calibration works well for a number of reasons:

A The most important errors really are antenna-based (notably

atmospheric/instrumental phase.
ATheerror i s 06s e dnbbaselhesmtthe saané timgi o n

improving the SNR by a factor ~ \/N —1 .
A The N7 1 baselines are of very different lengths and orientations,
so the effects of errors in the model are randomized amongst the

baselines, improving robustness.

A Non-closing errors can also be calibrated out i but here the
process is much less robust! The error is on a single baseline, so
not only is the SNR poorer, but there is no tolerance to model
errors. The data will be adjusted to precisely match the model

you put in!

A Some (small) safety will be obtained if the non-closing error is

constant in time T the solution will then average over the model
error, with improved SNR.
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Finding and Correcting, or Removing Bad Data 1
a simple example.

Al show some O6mul ti pl duxgconspacsridmt & d a
source, observed in E2onfiguration in 2007, at 8.4 GHz.

AThere are 7 observations, each of about 30 seconds duration.
AFor reference, t-boeragemee shownibetosvge 6, a
AResolution = 8.@rcseconds Maximum baseline ~ 46,
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A Following standard calibration against unresolved point sources, and
editing the really obviously bad data, thel Yisibility plots look like
this, in amplitude and phase:

3, a
sssssssssssssssssss

KILO VAVLNCTH - - IHNANE= 6427+296.1CL661.1
l lg h| o a—

A Note that the amplitudes look quite good, but the phases do not.
AWe dondt expect a great i mage.
A Image peak: 3.3F/beam; Imagems = 63 mJy.

ADR=598t hat 6s not good!
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AUsing our good reference i magk, w
A The resulting distributions and image are shown below.

BNTS * -« GTOKES RR_IFs 1 CHAMe 1

: ]i-“a<- Wh at s 1 h.|

chchchchchchchchchchchchchchchchch
PEAK = 4.7796E+88 JY/EEAM

15
nnnnnnnnnn

A Note that the amplitudes look much the same, but the phiase are
much better organized..

A Image peak: 4.7Rbeam; Imagems = 3.3 mJy.
ADR=14500bet t er, but far from what i
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A When selfcalibration no longer improves the image, we must look for
more exotic errors.

AThe next | evel a-based@rooisosur ed, or |
A The usual step is to subtract the (FT) of your model from the data.

Aln AIPS, the program used is 0O0UVSI
APIot the residual s, and decide wh

J | AlIf the model matches the data, the
s residuals should be in the noigea
known value.

A For these data, we expect ~50 mJy.
| A Most are close to this, but many are not.

€ These are far too large

These are about right.

" New Mexico -
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Removing or Correcting Baseline-based Errors

A Once it is determined there are baselib@sed errors, the next questions
IS: What to do about them?

A Solution A: Flag all discrepant visibilities;
A Solution B: Repair them.
A Solution A:

AFor our example, | clipped (06CLI
mJy, then restored the model visibilities.

A Be aware that by using such a crude tool, you will usually be losing
some good visibilities, and you

A Solution B:
A Use the model to determine individual baseline corrections.

Aln AIPS, the program is O6BLCALG.
that are applied to the data.

AThisisapowerfubbbut *dangerous* tool é
ERA\Si nce 60closured errors are usual
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A On Leftd Image after clipping high residual visibilities. R¥iSused.
A On Rightd Image after correcting for baselimsed errors.

186 MHZ
| | |
«s‘— —_—
44F- —
- ’ -
84 37 3l|3 ll l 36 41 38
RIGHT ASCENSION (J288BG>
THISHES 5155 aqes Tetoar:s
I
’ ® A EtezavsEEa * @ 5
Peak =4.70y s =1.2 mJy Peak = 4.3 s = 0.83 mJy
DR = 3980 DR = 5740
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