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CHAPTER II

INTERFEPOMETRX AND APERTURE SYVTHESIS

Electromagnetlc radlatlon is a wave phenomena, consequently in-
struments used to observe thls radlatlon are subject to dlffractlon limi--

fltatlons on thelr resolution. The angular limit, AB, is given approxl—

hmateiy by A6‘m D/X, where D is the.aperture'dimenéien and_l»is'the-

,lrobsc ving w“vele“; h; for radio work

o D/l
" -min arc [D/feet]

-

_»eé;Thus the_BOO—foot telescope has a maximum feéoiﬁtion off¢6'_areiet‘kll cm, -

;ﬁhereas a 10-cm apertureldpﬁical felescepe‘haS’a difﬁfaction liﬁiflof‘l"
: erc~at optical wavelengths. (The semeAhigh resolutionﬂwould requife ap-
" ertures 1-1000 km in diamefer-at radio wavelengths.)

To obtaln hlgh resolutlon at radlo wavelengehs, partlally flll—
ed apereures of large dlameter can be synthe51zed. For thls, two tele—
scopes separated by a baseline E can beeused to simulate the response of

a nearly circular annulus of aiemeterA[Bl.  The telescepe paif'is con- -
ingured_in such a manner that itlis'best described as an interferoﬁeter'
| in the ordinary optical sense. By moving the teiesc0pes to obtain inter-
_feremetere of different spacinge,-annuli of different sizes can‘be‘simu—

lated. The results obtained on the'varieus spacings can be'edqed;

appropriately to synthesize the response of a single telescope of very

4 .

. large diameter, and thereby yield maps of high resolution. For example,

the interferometer of the National Radio Astronomy Obéervatoryt(NRAO) can

10



}vhe used. to synthesize an aperture_of 2.7-kn diameter. 'At’avanelength of -

- .3.7 cm, theé resolution is 3" arc.

' Because the synthesized apertnre is‘nOt completely.filled ”but o
‘rather consrsts of a series of elliptlcal annull, the beam pattern used
d'for the observatlons is complex. The beam can be descr1bed in terms of

_a "main beam of half-power W1dth (HPW) whlch depends on: the maximum d1~

B mensions of the aperture, ‘and a complex series of 31de lobes whlch

"farise mainly because the synthes;zed aperture is not filled. The response‘

-

4 of the 31delobes for the NRAO 1nstrument can be of order lO 207 of the

ﬂmain beam, dependlng on decllnatlon. Thus the maps produced by the aper—

-

ture synthe81s technlque do not lend themselves to quant1tat1ve 1nterpre-

tation wrthout careful analysls..'

";; Since the present work depends heaV1ly on results obtalned

through aperture synthesis, it w1ll be’ necessary to present the;theory»

of the method in some detail. Although the theory is mathematlcally com-
vplex, an intultlve understandlng based on 51mple pr1nc1ples is pos31b1e.
'The f1rst sections of ‘this chapter are devoted to a. 51mp11f1ed descrlptlon

: of 1nterferometry and aperture synthesis in order to understand the Te-

sponse of an idealized 1nstrument to 31mple and complex sources. In

order to prov1de a sultable backgrOund for understandlng the present ob— -

-~

"servatlons, it is also.necessary to understand observ1ng problems whlch

‘,farlse in the case of ‘the real (1 e., non~ideal 1nterferometry)

In the later sectlons of the chapter we 1nvest1gate the effects

- of noise and mrscalibration. Finally, the process of.construCtlng the

map and problems associated with its calibration are presented. All ~

o
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N oisoussioo isjillustreteo byureference to the‘NﬁAO ioterferooeterbwhichyﬁ
;was'esedifor the’present'observatioos. .
| Outline of Chapter II'..A;.H’x ';‘.f:fife*
' e,t‘General Pr1nc1oles
'15-3. >Response:to Complex‘Soqrces{
‘ .:c;i The Real lnterferometerr.
AV“\iATD."Error‘Analysis
‘ﬁE.vAConstroctingvendvInterpretiog;the.Haps

;e . . . .
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| A,; GENERAL PRINCIPLES

f;ﬂf'z';v ff“‘l: i;‘ An ideal interferometer coo31sts of two 1dent1cal telescopes
joined by equal lengths of cable into a multipller where the n01seless
vsignals from both telescopes are multiplled (correlated) The ideal source :
is a statlonary, monochromatic p01nt source at 1nf1n1ty. We shall 1ater
relax some. of these assumptions. ‘The dlscusslon whlch follows in this -
section has a close analogy in the case of the optical ‘double-slit
Hinterferometer. ' | | | |

_The‘ideelvihterferooeter.is sﬁown scﬁematicslly io"Figure‘II;l.

B is theivector baseline separetioﬁ; meesoredviﬁ'werelengths.; The spe—
;C1f1c coordlnate system used to describe B is not 1mportant and w111 be
chosen forvconvenience_later. The output voltages_of the RFvampliflers»

, of-telescopesAl and 2 are*

v, =17 A?cf e"c‘osl(Zﬁ : t)

=V,_.. cos (2n ft):

01 ‘ . ‘ o
Vé =V, cos (2r ft +¢) . - o .

02

* In the dzscusslon which 1mmed1ately follows, it is assumed (but is not
essential) that the reader is familiar with the response of the elec- a
tronics typically found on 51ngle—dlsh telesc0pes.;
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- Figure II.1l. The idealized interferometer.
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) represented by

- g ’ S .
(I1.1) R Vo cos [2n |B| cos 8] a S cos 2m B's .

14°

’7where‘A"is the effective area of the antenna, e'iS'the strength of the

1ncoming s1gnal G~1s the ampllfler power galn, £ is the obserV1ng frequen—“ o

cy, Ol and V02 are the output voltages (assumed to be equal), and the
1/2 arlses because we measure only one polarlzatlon. ¢ 2 AQ/X is the

lag of the 51gna1 ftom.Telescope 2. arlslng because the path length from

2 is gtestex by an amount A% = % R cos 6 vhere % is a unlt vector in the

"direction of the’soutce, and we let thebmagnitude of a vector g be

"x". The RF signals are‘mixed'by afcommon lotalsoscillaé
tor to obtaln the: IF 31gnals whlch are then multlplled in. the correlator.'
The multlpller output M is thus glven by

o"2

TM=V.V, =V
ST o

1V2 cos (2“.let) cos (lt fIFt_+ $)

‘{ ;‘#u;/2’vo2 [cos ¢ + cos {2n(?£lf)#‘+’¢}]i

The second term is a hlgh—frequency signal which is reJected by the low-.

-

pass filter whose output R is thus proport10nal to V 2 ‘cos (Zﬂ AQ/A)

If the source were stationary wlth respect to the baseline, this output

" would be a constant; howeber; because the‘source (as seen from the base-
.line) appears to move as the earth rotates, A2 changes by many wavelengths

‘and .the output varies. nearly sinusoidally resulting in the character-

istic "fringe" pattern (each fringe results from a change in A% of one

~ wavelength). The amplitude of the fringes is directly proportional to

-

- the source strength S, where S is the radio’ flux density of the source,




,the sky is ZB where B is measured in wavelengths. This follows since

_15f'

'fThis is the first fundamental equation_of.interferometry. ﬁExanples of

.
<

fringes are shown in. Flgure II. 2.

‘The interferometer response can be alternately plctured as a set

: -of fixed 51nu501da1 lobes which are parallel but not qulte equally spaced
'(the spaczng is dlscussed below) The ‘comb" of lobes are schematically
- ghown in various aspects in Figures 1. 3a, 3b and 3c; SourCes move
,bthrough the comb as the earth rotates.' The paths of sources at 6 0°,
- 30°, and 60° are shown.. Also indicated is the tracklng 11mit of the tele-‘

scopes at “hour angles of + 6 . Note that the total number of lobes‘ln

-B<£a<3.

These lobes are not a property of the 1nd1v1dual antennae, but

only of their relative placement and their orlentatlon.with respect to

the instantaneous direction of the source. To repeat, fringes are a re-

sult of the changing source-baseline geometry. They are independent of

the observing»frequency‘if B is measured in wavelengths. .The primaryv

- antenna patterns of the single dlsh telescopes do- not dlrectly enter in-
-to the- frlnge pattern, but merely select a region of the sky over which -
A:radlatlon from sources moving through the lobes can be observed. Thus

the 1nd1v1dual antennae must track the source.

The lobe separat1on is the angular separatlon of adJacent lobe
maxima, A6. A8 is determ1ned by the condltlon that 2n B cos © changes

by 2n. Let 61 and 92 be two angles for which B.cos 6 changes by unity;

that is; _‘

8, =0 + 40

. 6‘-. =é
Zn_B (cos N cos 62) 27
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EXAMPLES~ OF FRINGES
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Examples of fringes.
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v Figure 11;33; Lobe-source geometry viewed from the NE end of the

baseline.  The paths of sources at declinations of
0%, 30°, and 60° are indicated.
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SOUTH

. Lobe-source geometry viewed from the baseline meridian.

'-Figure I1.3b.
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Figure II.3c.. Lobe-source geometry viewed from the SW end of the
I ' baseline. ' .
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ihAiwhich is’the'seeondebasic equetibn»of‘ihterferometry.‘ B'x $ is the com-
ponent of the basellne whlch is perpendlcular to the direction of the

source. That 1s, as seen by the source, the lobe separatlon Ae is de-

termined bv the progected basellne 1ength._ The orlentatlon of_the lobes :

is always,perpendlcular to the progected basellne. Therefere, to.the'

source, the lobes appear to rotate as the earth's rotation causes the

baeellne orientation to change (see, for example, Flgure II. 3c) |
The.mlhlmum lobe separations (i.e., those available at the_in—

: strumehtai meri&ian where the effective beseline‘is the true baseline)

3arehshewniin Table II.l.for an obsefving yaveiength of il.l cm on the

. NRAO interferometer.

- TABLE 1I.1

,“Basellne (100 meters) lth ..2 . 3. 4 s 6 7 8
Lobe separation . 3!'8  1!'9 1!3 57" ‘ 46" 3g" 33" 28"

Baseline (100 meters) 9 12 15 18 19 21 24 27
‘Lobe separation = - 25" 19" 15" 13" - 12" 11" 10" 85

When sources pass through the meridian of the baseline (bm)’ then
the effective baseline, and thus the number of fringes traversed per unit
time, is a maximum ~Also, the lobe separation is a minimum. When the

‘source crosses over the end of the basellne (called crossovex), the

basellne progectxon goes through a minlmum, In addltion, the source is



-

. -

- moving in a‘direction'which 15 instantaneously parallel to thellobes, so

"no lobes are traversed “and the fringe rate instantaneously drOps to zero.
See Figures II 2 and II 3c._'? |

Let us view the basellne from the source 1n,order to deflne some°
important new varlables.’ Imagine an observer flxed on the source who."
. sees the hasellne change below ‘him. as the earth rotates. The baseline,
progected onto his sky, ascribes a smooth curve.v He can measure an east-
west and north—south component of the 1nstantaneous baseline progectlon-

call these u and v.' The geometry is.shown in Flgure_II.é. As the earth

- rotates; the basellne‘"turns" and u and v change. ‘For,sources nearly'.

overhead the ends of the basellne descrlbe almost circular paths. These
_ paths, for sources at dlfferent decllnatlons, are shown in Figure II.5 -
for a p0531ble basellne of the NRAO 1nterferometer. The absc1ssa isvd“;
| and the ordinate V. The basellne 1tself is shown in Flgure II. 6..,Indif"
| cated on . the flgure are the pOSS1ble telescope pos1tions. Telescope
‘fseparatlons of 1, 2, 3 4, 5,6 7, 8, 9, 12, 15 ‘18, 19, 21, 24, and 27,"
hundred meters are pOSSlble. In Flgure I1. 7 all the avallable progectedi
basellnes that can be seen by sources of dlfferent decllnations .are dls—
played. Ten divisions. on the grld correspond to 25 OOOX at All.1 cm,
and 75 OOOA at x3.7 (the observ1no wavelengths of the NRAO 1nstrument)

~ The graphs of Flgure I11.7 indlcate all the spac1ngs that a

source at one of the_decllnatlons can see. This statement means exactly

' the same as the following: =

The aperture whlch can be synthe51zed for the
" observation of a. source at any declination 1s the sum
total of all pro;ected baselines as plotted in the o

u,v plane.




~z(North Pole)

Equafori'al'v. Plane -

X (S‘outh)

Figure II.4. ‘Definitions of the (x,y,z) and (u,v) coordinate systems.
' : The ground plane (not shown) intersects the equatorlal
plane along the y axis. . :

[AA
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. ‘Figure II.5. The loci of brojectéd:baselines seen by sources at the -
. ' indicated declinations as they move across the sky.
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 : Figure_II.6. The baseline and available-telescope étations for the
C -+ “NRAO ‘interferometer. :
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Figure II.7. The available baseline coverage, i.e., the synthesized
- . aperture, for sources at the declinations indicated (for .
S the NRAO interferometer). The distance between tic

© - . marks is 2500 wavelengths at A11.1 cm (2695 MHz).
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'Ihus the elllptlcal rings of Figure II 7 are a picture of the pattially
‘filled aperture which can be synthe81zed It remains to be seen how the
fringes observed at these p01nts in the (u,v) plane can be used to con-
struct a h1gh~resolut10n map. . For interest, the beam pattern of the syn-~
:the51zed aperture fot sources.at declinatlons of 60°, 30°; and 0 are
' shown in Flgures II 8a, b, ‘and - c. In Flgure II. 8d the effect ‘of neglect-
“ie t e 600-meter spacirg arbltrarw’vlcbosen) on the synrhe517od beam
. 'is shown -- it is negllglble. . o e
| It should‘be 1ntu1t1vely'teeognizabie‘that.u‘and v,fbrn‘a‘funtu
: ‘danentai set of coordinates. Just»how fundamentai wiil be:shown latet;
L . .
First we pause to establlsh some convenient. coordlnate systems so as to
- eapress u and v in terms of more 1ntu1t1vely obv1ous quantltles llke the
hour angle H, the decllnatlon 6 and the basellne length B. We shall

_also derlve the equatlons for the elliptical annuli if Figure,II.?.

- We define a rectangular coordinate system which has components

f(x, j,.and i) along petpendieulat directiens in the equatorial plane and

~ the North Pole. These»directions are fixedbwith respect to thetground*{

The basic geometry‘of the %, vy, z) coordinate'systen.is'depicted in :
b', Figure II. 4.; The source, located 1n the dlrectlon of the vector g hasj_

'-(changlng) hour angle H and declination § as shown in the flgure. The

- * That is,»if-u is the latltude of the obserV1ng 51te, then the base- o
line-g on the ground has projections : : , . 4 '

Bx ‘ ’Sln ?-0 eOS‘w | v ?north'
B o= 0 -1.0 B
y T S | east
A B, o\ cos ¢ 0 sin ¥ o Bzenith
~where Bzenith is'o for base};ne on‘lgvel grpundt
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line coverage used for (d) was that of (a) except that

the 600 m spacing was arbitrarily dropped.
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°f‘ baseline % would appear as a fixed llne pa381ng through the orlgln (but
'ﬂenot necessarlly in the (x,y) or equatorlal plane) The basellne can -

| also be deflned by its length B and two fixed dlrectlon angles, called

Hfﬂr‘the baseline hour anole h and decllnatlon d._ Then

(B_ B cos d cos h \ /s.\  [cos § cos H
4§y. =|Bcosdsinh | and 'sﬁ" = |cos § sin® s
B sin_d_ o ,»vh;.’ s, /] sin 8

- and eos 6 é,BfﬁjB sin d sin 6 + cos d cos 6 cos (H~h) The progectedf

"‘baseline Q x i changes with hour angle but can- at any time be resolved‘

;*,into its u,v components (perpendlcular to the 11ne of sight) as shown

" in the flgure-:-By 1nspect10n ,.
u’l) ©- sin H fcos ol -"j~off , Bx
v | =}-sin G_cosH .:%sin s sin H. c.os & . By

82 ) \cos § cos H cos & sinH 5in & - B,

a_ Here'AE g s is the component of the basellne along the ‘line of 31ght.

These matrix representatlons of the geometry were developed by Dr c. M.

a Wade.

.. It can easily be verified that

B 2 (v - v )2,
Tut o ol .,
aZ b2 .

~ where a = VB 2 4 By2 = B cos d b = a sin § = B cos d sin 6 s and

-
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-~ the phase is defined as the ehift of the measured fringes with respect

29

- vo = B . cos § =B s:.n d cos tS. _This is the'e‘qdation of an ellipSe""

centered at( =0, v= —B sin d cos 8) w1th major axls a, mlnor axis
b, and eccentr1c1ty cos 6 Note that only the .minor ax1s and elllpse

center depend on the source p031t10n.

73_.' RESPONSE 10 comerm{ SOURCES

It is the purpose of this sectlon to establlsh the relation-
shlp between the observed frlnge pattern and the source brlghtness dis-
tributlon and to descrlbe how the hlgh—resolutlon map is obtalned We .

must flrgt deflne those parameters that descrlbe the otserved frlnge 3

* pattern and show, in a semi-intuitive fashlon, how they relate to the

o source geometry. The preclse-relatlon between‘the source structure and

interferometer response will then be developed.

The low-pass filter output R (i.e.,'the fringe pattern) can

'be written as

ary SR ‘=>A'<‘:9s (o Bs 9w,

‘where A is called the fringe amplitude_(or colloquialiy, the amplitude),

2 ¢ is the frlnge phase, or phase, and 27 B*s is the frlnge period whlch

is- entlrely a proPerty of the source-earth geometry and has nothlng to
do with source structure. As a ‘matter of procedure, the amplltude

and phase are computed by an on-line computer (every 30 sec in the case

- of the NRAO 1nterferometer) by a least quares fit to a>51ne‘wave of

the expected period. The emplitude is the height of the fringes, and - .

.

to the'fringe pattern that would result from an ideal point source at
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. the same position'inuthe sky. We now discuss the meaning of the ampli-

tude and phase in more deta11 o .~'-: ER

1 The amplltude, as we have establlshed is proportlonal to the

-_flux of a p01nt source. ‘This, however, is not the case for an extend-

.

'('ed source.‘ Con31der now an extended source, say one of unlform brlght- :

wness, that is suff1c1ently 1arge that it spans more than one lobe,

: say N lobes. As the source moves through the lobes, 1t occuples all :

2

except gerhaps one of them at any time. Compare thls to a p01nt source

. of the same flux S whlch would occupy elther zero or one 1obe. If the '

'*3ﬁsenergy output of the low-pass fllter for the p01nt source 1s propor— ;

’tlonal to S for the point source, then it would be of order

"S x [N— N-l)I/Y<— S/N for the uniform extended source. ' In general the

1arger the ratio of source size to lobe separatlon, the smaller the

.observed amplltudes for sources of the satie flux.'

Say many parallel palrs of telescopes of dlfferent separatlonsv'

| simultaneously obsarve the same source.» It follows that the amplltudes

observed on the smaller spacings will be larger than those of ‘the out-

~er spac1ngs for a source whlch is suff1c1ently extended 1f the re- .

sponse to a source is found to fall off at a certaln spacing, the source

is said to be "resolved" at that spac1ng; otherwise it is unresolved. -

ce

A plot of amplitude vs. spacing is called theAreal visibility function

~ (this, we shall see, is a sllght mlsnOmer) Variations in this'function_,,

. of the.source. Thevfringe phases clear up any.ambrgultles.

are related to. source structure however, Che real v131b111ty functlon e

is not suff1c1ent 1nformatlon from WhICh to unamblguously derlve a map

.
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- The meanlng of the frlnge nhase is somewhat more esoteric.»3dt
fThe phase is related to the apparent 1nstantaneous brlghtness centr01dv’
: offSet from the center of the field ofvv1ew;.i.e., it is sen31t1ve |
flto position (thls descrlptlon of the phases has severe llmitatlons)

: Cons1der a p01nt source whOSe p051t10n 1s well known (to a small frac-:

)

tion of the lobe separatlon) Its frlnge pattern has zero phase.

. Now dlsplace the source a fract1on of a 1obe separatlon.v “The measured

. fringe pattern will have the same perlod (actually 8 changes sllghtly,

V'.'but .any differences in the period can generally be ignored) however,

o displaced by half a lobe, the frlnge phase will be 180° | If’the

5,the frlnges w1ll-not arrive at-the expected tlme.' If the source is
'"psource is displaced by an angular dlstance Ae and the lobe separation
:ﬂ;is ~A¢, the phase (in fadlans) will be 2n A¢/Ae. Here it was as—f

‘ sumed that the dlsplacement of the source was along a 11ne perpend1~
t.cular to the lobes (see Flgure II 9a)

As the source moves throuOh the sky, 1t sees the basellne

S orientation,aand thus the lobe orlentatlon rotate slowly.~ Then the o

v;displacement of the dlsplaced point source, progected onto a llne per-
pendlcular to the lobes, also changes, the phases change accordingly

ipj(see Figure II.9b).‘ Then the response R is glven by A cos {Zn B (s+As)}:~

o or ¢ 2w B As, yhere As is the source dlsplacement. Lettlng the dls-

aplacement have EAW components ba cos s and N-S component A6, and re—

'A, calling the deflnltlon of u and v, we‘obtain
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e I‘igure-‘II._Q, A, Dlsplacement of a po:Lnt source (see text) .
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(see text) <
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= Aa(B; cos,§'sih H - By'cos;G cos H) fﬁ
e +-A§(--Bx sin 8 cos H = By sin § sin H + B, cos §).

.

"'ﬁote’this implies thdt the phases can be‘represented as a flat plane

'ﬁnwhlch intersects the (u,v) plane along the line u-Aa cos § +v-As = 0.

The phase behavior as the (u,v) elllpse is tracked is easily understood.
An identlcal dlSCUSSlon pertalns to the phase of an extended

"‘source wrth symmetry such that its brlghtness centr01d always appears

'nstationary. This includes sources with circular symmetry and double‘

sources (1f the amplltudes are allowed to be pegatlve -~ see below)

For very irregular sources the apparent brlghtness centr01d changes

erraticallvaith a‘corresponding irregular phase‘behavior. See*Figure

1I.10.

Having laid an intuitive groundwork for understanding.thej

‘f fringe'aﬁplitudevand phase, we now show'that both uniqoely define a

map and, in addition, we show how to construct the map. Coﬁsider ao

extended~souICe contained well within the primary-antennae oeams. Let

its. brlghtness dlstrlbutlon be T(a, 6) Let ao and 6 denote a refereoce

- position near the source -- say the center of the primary beam. We

can deflne cartesian cooralnates (x,y). in the plane of the‘sxy with

vorigin at (ao,Go).with X = (a—ao) cos ﬁ)and y = (6—60)»(theo r and y

are not scaled by‘cos‘é as a and § are). An infinitesimal area in

the source has intensity T(x,y)dkdy. The'interferometer response to

this element alone is identical to that of a point source located at

an angle ® with respect to the baseline:-
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Response of an interferometer to a complex source. .

~ Figure I1.10.

Individual values

independent observations are shown.

~of the amplitudes and phases ("A" and."P") as well as
- their vector averages (solid and broken lines) are indi-

'S band is A11.1 cm (2695 MHz); X band is A3.7 cm.

cated.
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dR o T(x,y) cos (2n Bvcoe.e)dxdy{ i

As stated prev1ously, we may assume that the source dlmen—
. - sions are small so that the perlod of the frlnges are the same over the
'entire source. Thls.allows us to wrlte‘:he argumentvof the coszne,in

' “the form of equation II.3
dR a T(x,y) cos {2r B cos 6°'+ 27 (ux+vy)}
where 6 ‘is the angle between the basellne and the (x,y)- or1g1n (i. e‘,»

.E E & B cos 6_ ), and the phase ¢ = 2nm B As : 2ﬂ(ux+vy). The same‘

f

;equatlon can be derived by a Taylor expan51on of cos 6 about the orlgln..ﬂ

For simplicity let-us deflne Qo = 2ﬂ_B~COS eo. Then expandlng the co~-'

. sine;of.eAcompeund‘angle; weebbﬁa%n
Eeﬁkﬁ,v)fehigx,y)dxdy {eoe [Zﬂ(ex%vy)}_ees éq f.sieh[én(eg+vy;j Sih ¢o};‘.
Ihtegrafing over'the éeu?ee, we oStain,eﬁeitotal ;eSponse,
(;1,45 - _‘ ‘.RY(‘u,v)bva S {g(u;vj.'éos éoiéi‘;l(u_.,{;) sin QO} ,

where % and % are the normalized cosine and sine Fourier transforms of
 the source brightness distribution.
-oo‘oo

| f{i g  ,%%_ ‘ T(x;y) k{bgs} [2#(&# + vy)]dxdyfe

.mn-*"'

sin

Here S is the usual flux den51ty glven by ik I [' T(ﬁ,y)dxdy." Note

- for a pomnt source & 1 and £ 0 resultlng in equatlon II. 1.
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Because I(x,y) is a real functlon, so are R and I We~caﬁ'
*therefore deflne the complex v1s1b111ty functlon V(u v) = R(u v) + .
u:.iz(u,v), where R and I are its real and 1mag1nary components. wé can B

fvalternatively express V in terms of an amplltude and phase, -

- -

(II.S) o o X(u,v) A(u,v) ié(u,v)

hwfit:follows'that

TA(u'.§)='\.f{,%2(u,V) + 12 (u,’srr),},,
e L Iv)

R R

‘" We can formally substitute these relations into equation (4):

R 2‘ .2 1/2) R | . T B
" Ra {§ + :{.‘} [{EZ T ’%2}1/2 cos ‘I’o - {gz T ;‘2}1/2 sin ‘l’o -

»é A(u,v) {cos ¢ cos @6 - sin ¢ sin @o}, or

. (11;6) : ' a R a A(ﬁ,v) cos {2n E'i.+'®(u,v)}

'; which is identical to eéuaticn 11.3. AThen che mathematically defihed
‘ functlons A and ¢ take on a phy51cal 31gn1f1cance as the frlnge ampli—
tude and phase. That is, the frlnge amplitude and phase are the ampll-
cuaevand‘phase of the complex-v151bll;cy functlon x(u,v),'whlch 1tse1£

‘1s built from the Fourier sine and cosine transform of the brightness
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-

‘f‘distribﬁtion.'.A.much‘clearer~interpretation1results,from,sone,1ast

.;algebraiormanipulation; from the’definition of ¥, g, and I we have,

>

-

l‘X gvg +>i£.= %~ IQV'J'T(x,y) {coler (ux+tvy) r ivSiQ,ZH (ux,vy)}‘oxdy;

0T

(11’7)_ ,_' J . J, T(x; ) ?ﬂi(ny+vy)axdy

They from the theory of the Fourier transforn, we may write

L

. THE MEASURED QUANTITITES OF THE INTERFEROMETER,

THE FRINGE AMPLITUDE AND PHASE, FORM A COMPLEX FUNC-

"} TION V(u,v) = A(u,v) exp (i¢(u,v)) WHOSE FOURIER '
TRANSFORM IS THE BRIGHTNESS DISTRIBUTION.

4The interferometer then re5ponds to Fourier’components of the

"'brlghtneSS dlstrlbut1on whlch have angular perlods equal to. the lobe
‘separatlon and whose structure is orlented along a line perpendlcular r
‘to the lobes. Th1s is the fundamental princ1ple of aperture synthe51s.l

'-AThe source structure to whlch the interferometer responds is clearly
»deflned and we have shown - that the brlghtness dlstrlbutlon can be -

.constructed from the frlnge amplltude and phase. ‘The fundamental im-

portance of u and v is also clear.

" From equatlon II 7 we derlve several corallarles whlch are

, important.‘ Using the fact that T(x,y) is real and Fourier transform

theory,‘we derive the follow1ng
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II X(u v) exp {2n1(ux+vy)} dudv

'u.; JJ { (u v) cos 2n(ux+vy) + %(u,v) sin Zn(ux+vy)}dudv g

RIS -

jﬁ:;? iS JI {E(u v) sin 2n(ux+VY) - l(u V) cos zﬂ(ux+vy)}dudv .'l‘

.8

8

{ (u,v) - R(-u,—v)}51n.Zﬂ(ux+vy)dudv o

3

f-.'; ~‘JJ {E(Q,V) + %(—u ~v)}cos 2n(ux%vy)dudv

.‘__',«“ . o . . : . L

where we have used the parity of the trigonometric functions and the

‘,7‘£aC£'that the'imaginary part of T(x,y) is 0. Then

g(u,v) = g(-u,-v) and l(u v) = ~I(~u,~v), or

X(u ,V) V* (-u -V)

..

where % denotes complex conJugatlon. Thus'the conplex visibility’func~u

'tlon 1s said to be "Hermltlan . It follows that A(u,v) A(eu,—u) and

Q(u,v) -.~¢(-u,«v), i.e., the amplitudes and phases are redundant on

the (u;vjsplane. ~Thus observatlons need only be taken over half the

(u,v) plaﬂe. Tﬁls is wﬁy the elllpses in Flgure II 7 have counterparts

“ © on the opp031te 51de of the origin.

,v : Secondly, we note that S V(O 0)- -.IlT(x'y)dxdy =S, That'is, o

the total flux of the source (thCh is assumed to be contalned w1th1n :

:the beam) is ngen by the zero suaclng flux (at which all sources are :

unresolved) However, a ph)SlCal telescope separatlon of zero is not

possible; Even 1f the progected basellne falls to zero, then one.
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‘telesc0pe occults the other.. Thus the (u v) orlgln cannot be sanpledr

" Therefore the. interferometer cannot be used to measure the total flux
':of a source unless the source-is unresolved at some longerrspaclng;
The failure to sample this p01nt also means that the 1ntegra1 of the
brlghtness tenberature over any‘map mug:be 0 that 1s, the average
brlghtness 1s ‘zero and any source observed in the map force some re-d
glons of the map to have negatlve temperatures. ThiS'means that negae'
tive srdelobes can appear on the map., Negatlve features 1n aAmap are
bv not necessarlly ‘the result’ of n01se, ‘but are actually an 1nherent by;
product of the aperture synthesls technlque." -

- . The response of the interferometer to model brightness dis-

,
_tribntions is shown in FigureAII.iIr’ Snovn are}five model Qanssian

- sources of.the HPW's rndicated (thevbean can be considered as zero
width Gauss1an) .vThe sonrce intensities‘that will be observed.on tbe.
NRAO 1nterferometer are plotted on the rlght as a function of avarl-'
'able telescope spacing (for an obserV1ng wavelength of 11.1 cm); £.

is the.ratio of source to beam neak brightnesses,vthat is, gv=

[?;#g (extend’eds,our_ce)]//[’I.‘max (point source)]b,waere‘Tmax is:tbe peak
'source‘response; For this study.the.apertore was assnmed'toteonsist
of clrcular annull centered at the or1g1n. This enabled the two;
dlmen31onal Fourler transform to be reduced to a one-dlmen31onal radlal
integral. ) o
 fhevi11ustration highliéhts severai veryvinportantfeffects.i
Note that for extended sources (a 1') how tbe:rapidlv decreasingv
visibility»function is undersampled. In effect, such sources are'ob—

" served on the'innermost'spacings‘oniy;'vThe relatively large sidelobes
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figure II.11. The interferometer response to Gaussian sources of the:
widths (HPW) indicated. The true, as well as the ob-
‘served brightness distribution is shown. & is explained

in the text.
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. of the extended.sedrces reflect:thisjeffect; Note also that lf small
‘and extended sources of comparable flux ex1st in the same region, then
the extended source may ea31ly be rendered unobservable by the 31de~
Vlobes of greatervbrlghtness associated-wlth;the small source.dtIt is
'.apparent'that the aperture synthesis techndque>is best‘suitednfOr the
study of small structure in splte of the fact that the larger structure
. may account for a major portion of the total source flux._ Lastly,
' inote the 51delobe perlod1c1ty (1nd1cated by "A" and "B in the beam

response) Thls behav10r reflects the 1arge number of 100 and 300—

meter sampllng 1ntervals whlch result from the possibre conflguratlons o

"tof the NRAO interferometer.
c THE REAL INTERFEROMETER
) Inuéractice m;ny of - the assuaptieas we'made concerAing the.
.idealized interferometer are.not-valid. _wé therefere relax seme of
these assuﬁptions in this section. ;it wili:be seen that tﬁe basic in-
Vterferometric response descrited in the_preceding sectisas is not sub-
stantiaily modified; We coasider the fdllowing: . |
| 1. Non—identical apertures and frqnt:ends;
-2. Sources larger than’thedﬁrimary antennae‘beaﬁs;
3. Non~mqnochromatic'source and.delay systemsg and

4. 'Non-incoherent radiation and single vs double side-

- band interferometry.
If a full treatment is beyond the scope ofvthis discussion, ‘réferences

will be given;

Y

1. Non-identical Apertures and Front Ends
' For a discussion of non-identical apertures we_begin'the‘dis-

cussion with a consideration of the output voltages of Telescopes, 1
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"”?v .”?;‘ o vy f V2 Alcl £ cos (Zn 5 | t)
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and 2 as in the first‘section of this chépter, Let A, and A. be the

1 2

" effective areas of the antennae, and let the power gains of each tele-

s&bpe be'GI and G2'” Then the vdltage_outputs of ;he front ends ére

0

-.¥ ' §>:;“ | i;A G, € co; (2%£t;é) :
) Vlz 272 * Y
‘,;'; ) -:'é'vaz‘cos_(sztf¢?;
:i?h;é ﬁoé ;n tﬁé.sﬁb%equéng discussion of'Sect§on A géﬁ §e fépla?ed»by_

P S B e e
.  . :.. o :‘1Y0 =2 AlA2 GlGZ €
It is obvious thét the interferometer effective area A is VAlA2 and

its galn G is VG C As usuél the source flux S =« 52 'Note that

if the source is monochromatlc as we have assumed so far, the band-

- width is lrrelevant.

2. Sources Larger Than the Primary Beams

Since the source to be synthesized can be considered to be

~ the truéAsource distribution T(x,y) modulated by thé'primafy'reSpOnse‘
“pattern a(x,y);~then'T(x,y) can be'replaced with t(x,f) = a(x;y)'T(x;y)'

in alliequations of Section B of this cﬁaptéf.‘ In practice, a(x,y)

may be Smaller than the beam pattern of the antennae if delays are

» not properly 1nserted into the system (see below).
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vﬁ. vNon-nonochromatie Sources and Delav Systens”'
o : It.isenew approprieee to relax'tﬁe assnmption'of-menoé :
{chroneticity. If we receive radlatlon over ‘a range of frequencdes;
;then the interferemeter response can be v1suallzed as a series of
:lobe.CGmbs,Aene for each frequenéy. The net,responSe is the'sum'of
.thedrespdnses;of'all.lebe'eembs.‘eIt ie'eiear:thagAthe'iobe'Sepefe—'

tion differs slightly at each frequency. Hence the resulting inter-
. Lt - . . . . . | : .

"Aference between the,lobe.combs tends to reduce the interferometer

'_ response unless all can be. allgned so- as to interfere constructlvely

:‘vin the dlrectlon of the source belng'observed. The problem is ex--:

g {' . . .«

‘actly analogous to the case of "white 11ght" 1nterference in optics.

Constructlve 1nterference between the 1obe combs is achleved L

‘. by inserting delays 1nto the IF path of one of the telescoPes as the
4source moves thrOugh the sky. The reasons for this can be most
readily understood by the optlcal "whlte 1ight" 1nterference analogue.:
4»Refer to Flgure II 12. The intens1ty of the 1nterference frlnges -
dW111 be a maximum along a line 301n1ng the source and the slit center,
1fe.,.the vector-g.' ,In.thls‘general d;rectlen the.frlnges are |
white; the whlfte,iight fringes are 'said‘t‘o*exist 't;?ithin the "white
‘ lightVAlobe.(seé»Figure II.13).V We show Belon‘that‘the width”of
ithls modulatlon lobe is entirely dependent on the observ1ng bandw1dth -
and is not related to the baseline, source p031t10n, etc.

| _:In order to keep'the white~1ight lobelfixed while thevseurce
moves’eeroes ;he sky, it is necessary te inseft a chenging compen-n'
sating delay At whlch maintains a constant opticai‘patn 1ength’freml

the 1nterferometer to theAviewing screen. - Because this is ‘done in.
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Response of an interferometer to a source ohserved with a

- finite bandwidth Af. The '"white lobe' results from the
" bandwidth and must be made to track the source by varying

At. The interference lobe pattern is stationary on the

- sky.



RETI

"suchia manner,thatVthe'sonrce-baselineigeonetty lslnot altered onl§ -
o:'the white-llght lobe, and not the interference lobes, is kept statlon- ’
ary. Along the v1en1ng screen, then, the interference lobes move

‘as the source changes its p051t10n, whereas the wh1te~light lobe
:stays fixed. (That is, the output of a "photocell" fixed along the -
\'iOptical axis of the 1nterferometer (at the center of the whlte—llght
.lobe) would be the usual quas1-31nUS01dal frlnges for the moving
soutce,), S | .
| We now reoevelop equatlon II 1 tor the case of a flnite

- bandwidth. Refer to Figure II.l. We 1nsert a delay At into the IF

R ~ cable following Telescope 1. Then the voltage output per.frequency

interval of theitelescope'is

- dVI/df = VO(f) cos {ZﬂfIF(t+AT)}, .andv
‘dvzld‘f‘ = V() cos {onf _t+Re2)} .
' These voltages are then multiplied, Since;cos.(A+B) cos (A+C) ='%

~ {cos (2A4B+C) + cos. (B+C)}, we derive

aM/df = %'Voz(fj [coe {Zn{fIFAr+§;§)}

+ cos {ZﬂfIF(t+AT) + 2n§°§}].

~ Again, we reject the second term by the‘lo@—pass filter. Then the

average tesponse over the bandwidth is

o V2°° ‘
S R G SO N e |
R‘=‘Af, J—m af df = At j*m cos lﬂ(g §+fAr? w(f)df
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where w(f) is the bandpass_responsé.f Assuming aiféctangular bandpass

 of width Af, it is easy to show that

- wAfAT

Thé first term of_II.S is the e§uation of the white-light

lobe (delay pattern). Examples of actual delay patterns are shown in

Figure II.l4. 1In general, this lobe is the Fourier transform of the

bandpass function. This term modulates the interference lobes in

'exactly'the same manner as the primary antenna beams. In general,

&

‘.v the ¢delay beam" must be made to "track" the source by the insertion
- of delays-sﬁfficien;lyﬂoften so that the delay'ahd_the primary beams

' remain coincident. For the NRAO interferometer, the necessary delays

are inserted by an on-line computer once each second in steps as small

as 2 nanoseconds.

Because bandwidth effects can be separated from consider-

.

ations of source baseline geometry and source structure, these effects

do not change the fundamental response cﬁaracteristicsAqf_the'intef_
ferometer describe& in the first two sections. In the‘discussion
ﬁﬁich.follows; we generally revert to the»assumptidn of ﬁonochrof
maficity éxcept when the effects of fhe bandwidth‘or delays canﬁot*be
ignorea._ |

4. Non-incoherent Radiation and Single vs Double Sideband Systems

A discussion of these topics is beydnd the scope of this
chapter. A full treatment caﬁ be found in Read (1963) and Swenson’
and Mathur (1968) . . As with the delays, neither problem changes any

of the principles'of’interferometry‘deveioped,thué‘far.‘
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- D; ERROR ANALYSIS

a9 - “{-;”,

We next consider the sources of errors and n01se, the call-i"’
brations which ieduce the systematic noise, and'the'effects of noisef

on the finel maps. We shall restrict ourselves to a dlscus31on of

:“s these problems as they affect the data at the tlme of observatlon.
:There are addltionel sources of.systemat;c n01se whlch results fromf
_toe ﬁe;nef in whichrthe deta.is processed. iThese:other cypes of.hoise

‘:are investlgated in the last section of thlS chapter. | |

- ';1 The major sources of noise in the amplltudes and phases fall

.

.. into three major categories: (1). randomyerrors; (2) pseudo—random
- errors (short duration noise), and (3) systematic errors. Many of

" the errors have analogiesAwith single dish,errors with which it will

be assumed the reader is familiar. Other types of errors, most

notebly those arising because of the atmosphere, would be necessary for.
';single—dish telescopes if';hey were several kilometers in diameter.

" Where possible, the,analogies are relied opon heavily.

(1) Random errors.  The dominant souiceiof'truly'random'

error derives from the finite receiver temperature,-Tr.* The noise in-

troduced into the fringe signal is given by

'f_ATrms = YTr/ Afr ‘(Y>N./§jv:

' T_ is nominally 90° K at A11.1 em and 125° K at 13.7 cu. 1In

addition to receiver noise, however, are other sources of noise such

" as cable losses, antenna spillover, etc., Which<effective1y increase

T, by 60;70.percent. . Hence the noise in' the fringe émplitudes is of
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order 0 08° K at 2. 7 GHz ‘and 0. 12° K at 8 1 GHz after a 30 second
integratlon perlod (the cycle tine of the on—llne conputer) Normalf '

ly ‘the frlnoes are calibrated in units of flux rather than tempera-v

‘ ture. Slnce s_ 5 2k/A AT ns? the noise after 30 seconds is 80 .

f u.'and 120 m. f u. . at 2. 7 and 8.1 GHz,vreSPectlvely Here, k is
the Boltzmann constant A 1s the effectlve area of the antenna
(A = 309 mr), and lvm.f.u; =v10“3 f.u. 5'10:29 watts mﬁz Hzﬁl

' (2) Pseudo-randor errors (short duration noise). For

strong sources, the major source of spurious behavior in the ampli-

*

~tudes and phases arises from instebilities in the atmospheric water

e , S
vapor. Such variations are called pseudo-random noise because their

duration is only a few mlnutes, s0 that thelr net effect over the (u, v)
olane is much the same as pureiy random noise.

. The index of refraction of water vapor differs sllahtly
from unity. As a result, the‘radio wavefront can be 51gn1f1cantly

retarded as it moves through lower portions of the atmosphere where

water vapor content is highest. If the water vapor in the line of

..sight is not the same at each telescope, then the signal in one tele-

scope is retarded with respect to the other by up to 0.1 nanoseconds

~(or A/2 at A3.7 cm), and the interferometer phase changes appropriate- _

ly (by up to w radians). Hence the retardation can make the dif-
fetence»betveen constructive and destructive interference.

(3) _Systematic errors. There are many types of systematic

errors inherent in interferometry. The most important of these in-—
clude baseline miscalibration and time-dependent instrumental per-—:

formance changes which are discussed below, Of secondary importance
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",are galn varlatlons caused by the insertion. loss of delays, smooth—

ing of the frlnges by time constants in the analogue equlpment,

~variat10ns of frlnge phase across the 30~second integratlon period,

- precession, nutatlon, and aberrataon of the‘source po31tlon, and

systematic atmospheric effects. The atmospheric terms include cor-

.

-~ rection for extinction, refraction, and retardation for an assumed

ideal atmosphere. The secondary errors are considered minor, not

" because they‘are negligible, but because corrections for their effects

" are relatively,easy to‘determine; Quiteioften the effects of sys-

~ tematic errors can be calibrated and correctlons can be applled.

L

DA we now consider how changes in the 1nstrumenta1 reSponse

"are determlned. System changes,»as in the case of a 31ngle-dlsh tele~x
j scope, are monitored by observatlons or_calibration sources with well- ~
~ determined positions (invariably point sources). The fringe ampli-

B tudes are calibrated by reference to the calibrator'flux. Any .

slowly uarying‘phase»changes introduced by the electronics‘can be

determined since the phase of the calibration sources must be zero. -

For this purpose,. it is generally necessary to observe a calibration

- source approximately every hour.

In addltlon, we consider the problem of determlnlng the
aperture shape, i.e., basel1ne callbratlon. For a slngle—dlsh tele—'

scope, it is generally taken for granted that the aperture 1s shaped

‘to an accuracy of “0.1X or better.i RandomvdeviatiOns larger than

this amount tend to defocus the radiation at the feed, resulting in

f,a reduced aperture eff1c1ency‘ .On the other hand, systematlc de-

a viatlons of the dish surface will shlft the focus center away from
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 or to first order,

“ds 5B/B;V Thus if the baseline is.104l and §B mlO.lA,‘then

" from the telescope axis resulting in an apparent source position error:

(which can be compensatéd by adjusting the telescope pointing direct;

' fibn or feed position),

The aqalogous problem in interferometry is to determine

the aperture configuratiénion the ground-fo an accuracy ~0.1X. Since
_the telescopes are stationary, the aperture is not affected by random
o _de?iations."However,.the‘systematic-phase behavior resulting from

' -$aée1ine miscalibration produce effects on the final map much like

source position errors. We now elaborate.
s . "[If‘qg and As are baseline and source position errors, then
X : - LT T

" ‘Since As is assumed to be zero, we derive

v

-«

¢ = 3x,¢os’8 cos H +‘ABy cos § sin H + 4B, sin 6.

By sufficient hour anglé and declination coverage, a least sQuaresx

.ﬁ‘solutién for ABX, ABy, and ABZ is possible.  In this manner;‘thewbase—f
. line can be determined to an accuracy which is génerally less than

0.05A at Alll cm (and thiee-timeS'as much as A3.7 cm). ‘

The phase behavior corresponding to a baseline error has
much the same form as for source position errors. It-is easy

to show that the major effect of baseline miscalibration, B, is

nmuch the same as a shift in the apparent source position,
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. 8s mdlots rad " 2"varc;‘,1f‘random baselrne.errors are made on all

} baselines, rhen the displaCemears 8s add‘up dn»a,raadom fashion.‘

v{ihe source Qill.aooear "smeared"; altﬁouéh its brightness.ceﬁtroid
e will be v%rv ciose to the true position.' It is assumed that 6s is

Rbsmaller than the observed source s12e, 1f it is not,‘then the source

“WIll appear entirely washed out”

f%vaf " one gdod'measdre of the effects of noise and tﬁe success'of

» the callbratlons is glven by the repeatablllty of the observatlons.

In Flgure II 10 are shown five mlnute averages or six 1ndependent
v _ ..

o observatronS'of the same source on a baseline of 1900 meters.ﬂ The
‘data were taken in the summer when atmosphericdnoise is a maximum.
'.Also shown are the vector average amplltude and phase. It can be

‘seen that the vector average amplltudes are less than the ar1thnat1C'

averaged amplltudes, partlcularly in the n0131er observatlons at 8. 1

GHz.. (Hence, for strong sources, arlthmatlc amnlitude averaoesvhelp

reduce the effects of noise. ) The repeatablllty of the phases, al-v

thouOh poorer at A3.7 cm than at All 1 cn, 1s suff1c1ent in botn
cases to construct accurate maps. This conc1051on is based on maps
- of callbratlon sources made from observed data, as compared to maps

.constructed from a model p01nt source. whose (u, v) coverace is .

1dent1ca1.

. -
.

Once a complete set of fully callbrated amp11Cudes and

phases is avallable, the data can be Fourler transformed to obtaln .

- a map of the source brlohtness dlstrlbutlon. AlthouOh a stralght-

'forward Fourler transform is p0551ble, it is a tlme—consumlno process
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; volve a lengthy discussion.

-even in a fast computer. An approximate but very fast transform can be

'h}obtained by the Cooley—Tukey algorithm.' Essentially,fthie'process in-

‘7t~volves the d1v151on of the (u,v) plane into dlscrete cells of an ap-

prOprlate size. The various amplltudes and phase which fall wlthln the

_cell are all averaged together and treated as one 31ng1e observat1on at

- .the cell center. Unsampled cells are assigned a»value ofgzero. _Con-h

. sequently the map of T(x,y)vis computed as a discrete sunjover‘the

S

- sampled (u,v) cells. T(x,y) is represented as an array of numbers eval-

-uated over a square region of the sky.'

It is not the purpose of thls dlscu531on ‘to descrlbe the

.

.method of all the problems associated with 1ts‘use.' We d1scuss only

those,aspects of the procedure which can affect the maps. Our aim is

'only to prov1de a sufficient background for proper 1nterpretat10n of the

. maps. In thls context, we later 1nvest1gate the problems assoc1ated
- with callbratlng the map 1n phy51ca1 units. No strong attempt is made

" to relate the various problems to each other since to do so would in—v

*

'The size of the cells in the (u,v) planevmnst be chosen so

vthat no structure in the map plane 1s suppressed We note that only

’ that structure whose phase variations change apprec1ab1y through a (u,v)'

cell is affected; this is the structure from-the outer reglons of the

.map. That‘is, the field of view determines the (u;v) cell siZe;*Since“h

llttle radlatlon can be detected out51de the prlmary antenna pattern,

~the primary beam s1ze sets the (u,v) cell 51ze. From the sampllng.

theory, the cell size (Ao,Av),is given by
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" ‘where X and Y are the maxinmum sizes of interest on the maps; certainly

'X and Y are not chosen larger thanAthe;primaryLbeam’dﬁnenSiohe (~ 25.6

: meters/k for the NRAO 1nterferometer)

The size of the whole (u v) plane, (U V), must be chosen to

-

_1nc1ude the synthe31zed aperture (see Flgure II. 7) For the NRAO 1nter~"
mferometer, the maximum spac1ng is 2700 meters/l, or N 25 OOOA at 2695
MHz and 75 OOOX at 8085 MHZ. Rememberlng that the aperture is contaln-.
:ed in a reglon extendlng from (~U -V, to (U V), it follows that the

'total number of cells requ1red in the u and v directione is glvenfby

w2y

’ For the NRAO 1nstrument N2 z§§2%913=§ 211._;for coﬁvenieﬁce, a 2563256

transform is used. A 1arger transform is not performed because of limi-

 tations in the available computer.

: The .data is sorted and averaged on .a cell~by—ce11 ba51s. The

.

' amount of data averaged 1nto each cell is proportlonal to the time re- .

quired to transverse a cell. ThlS time is not uniform over the entire

plane; the traversal time per cell varies from v 2vminotes to almost

an hour. Generally, more cells are traversed per unit time for the

outer spacings and near crossover (see Figure 11.7). ‘Therefore, the

J noise in each cell varies over the (u,v) plane. Nonetheless, each cell

" is weighted equally in the CooleyQTukey algorithm. Theinet effect is

that noise tends to be larger in N-S direCtions on the map,:particularly

for_sources at low declination. It is found that the exc1u51on of the

_noiser data often helps clean up the map. mIn fact, it is standard pro—

cedute to modulate the data, once it has becn arranged in the (u w)
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~ plane, by a unittheight{GaussianwwhiCh»falls‘toia”Value of 0.30 at the
;5 outermost baseline. The modulation is chosen since signal intensities

. tend to decrease and atmosphericAnoise‘tends to increase on the long

. spacings.

 As mentioned above, all data averaged into a cell is implicit-

'ly assumed by the algorithm to haVe~been obServed'at the cell center. 

Consequently it is p0331b1e to shlft the actual values of u and v as~

»Slgned to the data by up to half the diagonal 1ength of the cell. In

“the (u,v) ofigin. Consequently, it‘is‘possible'to expect that the

o general, prov1ded the cell size is chosen pr0per1y, the resultlng dls-

' tortlon is ununportant since the Shlft of u and v is small compared to

s

their absolute-magnltude. This is not the case, however, for'data near

1aroe~scale structure mlght be dlstorted.
Once the map is made (generally in the form of a contour map),
1t is necessary to establlsh a scale in phy31cal unlts 1f interpretatlon

is to be attempted. However, the'callbratlon of the map is extremely

.

v diffichlt. This conclu51on follows from the 1ncomplete sampllng of

_' the (u,v) plane. Wthh leads to the complex sidelobe response.-v

The flux of»point,sources]can be‘eStablished by comparison‘of

its peak reSpOnSe temperature to that of a point source of a known flux.

However, it is very 1mportant that the known p01nt source be sampled

in the (u V) plane in exactly the same manner as the source belng studled.

.In general,'this means that the comparison source must have exactly.

the same declination. Since this situation is rare, it is easiest to

. construct a model comparison source having the identical (u,v) coverage.
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1For the present‘study, it cannot be established that any of

lthe structure 1s small.compared to the synthe31zed beam size. ‘As a re-
‘sult, we .consider other methods used to estlmate the flux of extended
,.'sources.  There are tuo.common methods.: These 1nclude p01nt by p01nt
‘integratlon of the brlghtness temperature and model flttlng. The formerf
‘method is not accurate over the entire map 31nce it 13 known a prlorl

'jrthat tne-Sum‘of the temperatures*is zZero (seelSection B, this chapter).

s

Crude: estlmates can be obtalned by restrlctlng the 1ntegratlon to a re-
gion inside the 51delobes. However, a glance at Flgure II 11 is a con-

~vincing argument that such a procedure is’ most 1naccurate when sources

4

of different sizes or 1nten51t1es appear w1th1n the 31delobes of each

other.

.

 One common method of determining the observed source parameters

involves the fitting of models to the -data. Generally, model fitting

- involves the subtraction of simple sources from the map until the map

structure disappears. ‘In practlce, such a procedure is qu1te laborlous,v
and the ab111ty of the model to converge is very sensitive to observa-
tional.noise.and sampling inadequacies., In the past, models have been
fit by’ several authors (Webster and Altenhoff 1970a, 1970b Wynn—W1lllana,d
1971). There is no conclusive evidence that the models they fit are
unique. Furthermore,'even though thelr results are internally con-
sistent, it will be seen in the followino chapter that the values of
the phy51ca1 parameters they derlve do not JUStlfy the labor involved.
. Therefore, no attempt is made to‘derlve accurate fluxes in

the present study. Crude estimates must suffice. For this, a'falrly

reliable physical scale for the brightness temperatures will be
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"estimated by comparison to the peak response of model point sources for
each map. The response to these point sources is given along with each

map. However, little emphasis is placed on values of physical parameters

estimated,frdm‘the absolute brightnesses of the maps..

" Instead, estimates of the physical parameters'afe based on

the spectral behavior of the structure between lil.licm«and‘AB.Zvcm.

.

Such a procedure is accurate because the maps can be constructed from .

~ subsets of the available data at these frequencies whose distribution in

the (u,v) plane is identical. Consequently, thélratiov‘of‘brightnessv

of the two.fréquencies is very accurately determined. The method is ex-

-«

.- plained in detail in the next chapter.

" In this chapter we have discussed how the interferometer re- ;

'sponds to sources of different structure. It has been shown how the

brightness distribution of a source can be reconstructed from parameters

which describe the interferometer response, i.e., the fringes. The

_sources of error have been discussed in regards to their effect on the

- observations and the maps. Finally, some of the pfoblems associated

with making and interpreting the maps have been considered.
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