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CHAPTER IT
INTERFEROMETRY AND APERTURE SYNTHESIS
Electromagnetic radiation is a wave phenomena, cénsequently in-

struments used to observe this radiation are subjedt to diffraction limif

~tations on their resolution}  The angular limit, A8, is given approxi-

métely by A6 ~ DfA, where D is the aperture dimension and A is the
observing wavelength; for radio work

08 40 {i/enl

min arc [D/feet]

Thus the 300—foét telescope'has a maximum resolution of “6' arc at All cm,

whereas a 10-cm aperture optical telescope has a diffraction limit of 1"

‘arc at optical wavelengths. (The same high resolution would require ap-

ertures 1-1000 km in diameter at radio wévelengths.)

" To obtain high resolution at radio Wavelengths, partially fill-
ed apertures of large diameter can be synthesized. For thié, two tele-
scopes separated by a baseline B can be used to simulate the respohse of

a nearly circular annulus of diameter [BI, The telescope pair is con-

figured in such a manner that it is best described as an interferometer

"~ in the ordinary optical sense. By moving the telescopes to obtain. inter-

ferometers of different spacings, annuli of different sizes can be simu-

"lated. The results obtained on the various spacings can be added

appropriately to synthesize the response of a single telescope of‘very

large diameter;‘and,thereby yield maps of high resolutibn. For example,

“the inﬁerferbmeter of the National Radio Astronomyvaservatory (NRAO) can
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" be used té synthesize an aperfufe of 2:7-kﬁ diaﬁetér; At é‘wéQelengthbof
:§.7 cm; the fesolution_isAB" arc. |

o Because the éynthesized aperture is not gqmplétely‘filied, but
b,rathé; consisﬁs of‘a Séfies’ofveilip;ical annuli, the béam éattéxn‘used
éof the obsérvationsvis complex.  Thé Beaﬁ can be described in terms‘of.
‘a "main beam" of half-power width (BPW) which depends on the maximum di-

"side lobes'" which

‘mensions éf the~aper£uré, and é complex»series'of_
arise mainly becguse the synthesized éperture ié.not filled. Thévresponse
Vof thé sidelébeé for the NRAO instrument can be of’order lO—éOZ of.the
main bean, depen&ing on aeclinationu Tﬂus the maps pfoducednby the aper-
K ture.synfhesis technique do not iend themselves'td’quantitativé interpfe~
» ;ationvwiﬁhout careful analyéié. |
Sincg'the present~wofk'depends heévily on resu1£s obfained
: fhrough aperture synthesis, it will be neCessary to present the'theory
of the method infsome'detail.: Although the theory iskmathematically com-
plex, an inﬁuitive ﬁndersténding based on simple princiﬁlés is posSiBle.
~ The firsﬁ‘sectidnsrof this chapter ;re devoted tova simplifiedAdescription
of inte:ferometry and aperﬁufe synthesis in order to underStand'thévree
~sponse of an idealized instfument to simplé'and complex sources. In
"order'tovpfovide a suitabie backgfound for‘underétaﬁding’the'presenf ob-
'éervétions, it is.alsd.necessaéy to un&eféﬁaﬁd»oBserving-probléms which
arise‘in the case of the.real (i.e.,zhonéideal,interferomgtryj.
injthe;later sections of theAcﬁaﬁter'we in?eétiéaté the‘effeéts
’of noise andbmiscalibrationf‘ Finally, the.préceSS of constructingﬂthe

umép and -problems associatéd with,its calibration are presented. All
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diééussioh is illuétrated’by reference to the NRAO interferqmeter which
wasﬂuéed for fhe presemt observationms. -
Outline of Chapter II::
A, Gene;al Principles
B. Response to Comﬁlex Soﬁrces
- C. The Real Interferometer
D. Exror Anaiysis

E. Constructing and Interpreting the Maps

A. GENERAL PRINCIPLES

An ideal interferometer consists of two identical telescopes
joined by equal lengths of cable into a multiplier where tﬁé noiseless
'signals from both telescopes are multipiied (correlated). The ideal source
is a stationary, monoéhromatic point source at infinity.v We shall later
‘relax some of these assumptions. The discussion which.follows.in this
.section has a close analogy in the case of the optical, double—slit:
interferometer. |

The ideal interferometer is shown schematically in Figure II.1.
B is the vecﬁor'baseline separation, measured in wévélengths. The spe-
o cific‘coordinate system used to describe B is not important and will be
chosen for convenience later. The output voltages of the RF.amplifiers

of telescopes 1 and 2lare*

VI = v1/2 AeG e cos (2 f‘t) N
| = VOl cos (Zﬁ ft)
Vz =-V02.cos (2r ft + ¢)

* In the discussion which immediately fOllOWS,.lt is assumed (bﬁt is not
essential) that the reader is familiar with the response of the elec—
tronics typlcally found on S1ngle—dlsh telescopes.
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LOW-PASS |
FILTER

- OUTPUT

~ Figure II.1. The idealized interferometer.
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where Ae is‘the effeétivg area.qf the antenna; F-is the stfghgth of fhe |
incbming signal, G is the amplifigr power gain, f is_the_oﬁéer?ingvffequeh—
Y, VOl and Vozvare the output voltages (assumed to be equal),‘and the

172 arises because we ﬁeasuré only one polarization. ¢ ¥'2ﬂ AQ/A is the
blag of the signallfrom Telescope 2‘arisiﬁg because the path length from

2 is greater by an amount AL = g B cos 0 where s is a unit vector in the

direction of the source, and we let the magnitude of a vector "%" be

represented by "x'". The RF signals are mixed by a common local oscilla-
tor to obtain the IF signals which are then multiplied in the correlator.

The multiplier output M is thus givén by

2

-
It

v V2 = Vo

1 cos (27w fIFt) cos (27 fIFt,+ )

1/2 sz [cos ¢ + cos {2ﬁ(2fIF)t + ¢}].

The second term is a high-frequency signal which is rejected by the low-

2 cos (2m AL/X).

pass -filter whose output:R‘ié thus proportioﬁal to Vo
If the source were stationarvaith respect to. the Baseline, this output.
would be a constant; however, because the source (asvseén from the base-
line) appeafs to move as the eérth roﬁates, A% changes by many anelengths»
and the output varies-nearly sinusoidally resulting in fhe chéractef—
istic "fringg" péftern (eéch 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,

(IIfl) | R a Vo2 cos [21 |B| cos 8] a;S cos 2m Bes .
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This is the first fun&&mental.equation of interferometry. Examples 6f
fringes are shown in Figure 11.2.

The interferometer response can‘be'alternatély picturédias a.set
of fixe& sinusoidal'lobes.which are paréilel but not quite eqﬁally spaced

(the spacing is discussed below). The "comb"

. of lobes are schematically
shown in various aspects in Figures I1I.3a, 3b, and 3c. Sources move

through the comb as the earth rotates. The paths of sources at & = 0°,

3Qd,,and 60° are shown. Also indicated is the trackiﬁg limit of the tele-

scopes at hour angles of i.6h. Note that the total number of lobes in

the sky is 2B, where B is measured in wavélengths. This follows since

-B < B-s < B.
These lobes are not a property of the individual antennae, but

only of their relative placement and their orientation 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 fréquenéy if B is measured in wavelengths. The primary

antenna patterns of the single dish telescopes do not directly enter in-

to the fringe pattern, butvmerely‘seiect-a region pf the skyiover“whicﬁ
radiation from sourcés moving through tﬁe lobes can be obsefved. Thus
the individual antenﬁae must track the séurce, |

Thé IoBe separation is the angulér separation of adjaceﬁt iobe
maxima, A6. A0 is_determined b& the cbﬁditibn thaﬁ 2m B cos é changes'

be two angles for which B cos 0 changes by unity;‘

1 2

that is,

82 = 61 + A8

B Zn B (cosiel‘f cqs 62) - zﬁ;.
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EXAMPLES OF FRINGES
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Figure II.2. Examples of fringes.
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Figure 1I.3a. 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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W

SOUTH

Lobe-source geometry viewed from the baseline meridian.

Figure II.3b.
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b

WEST

Figure II.3c.' Lobe~-source geometry viewed from the SW end of the
baseline.
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Then -

(I1.2) ' v A9 = - = 1 radians
. 1 B sin 8 |w X |

which is the second basic equation of interferometry. Bx s is the com-
ponent of the baseline which is perpendicular to the direction of the

source. That is, as seen by the source, the lobe separation A8 is de-

termined by the projected baseline length. The orientation of the lobes

is always perpendicular to the projected'baseline. Thérefore, to the
source, the lobes appear to rotate as the earth's rotation causes the
béseiine orientation to change (seé,'for example, Figure II.3c).

The miﬁimum lobe separations (i.e., thqse available at the in-
struﬁental meridian where the effective baseline is the true baséline)
are shown in Table II;i for an‘observinngavelength of 11.1 cm on the

NRAO interferometer.

TABLE TT.1
'Baseline (IQO meters) 1 2 3 4 5 - 6 7 8
 Lobe separation 3!  1!9  1!3 57" 46" 38" 33" 28"

Baseline (100 meters) 9 v12 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 Qf fringes traversed per unit

time, is a maximum. Also, the lobe separation is a minimum. When the

source crosses over the end of the baseline (called crossover), the

baseline projection goes through a minimum. . In addition, the source is
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moving in é direc?ion’which is insta;tanebﬁsly,parailel to the 1obeé? so
no lobes are traVersed, and the ffinge rate'instantaneously drops to zero.
‘See Figures IT.2 and II.3c.
- Let us view tﬁe baseline‘fromithe source in order to define some
important néw.variablé;. Imagine an observer fixed on the source who
vsees the baseliﬁe chaﬁge‘below him as the earfhvrotates. The baseline;
‘projeéted onto his sky, ascribes a smooth éurve. He can ﬁeésufe an eést—
west and north-south componeﬁt of'thé instantaneous baseline projection;
call these u and v. The geometry is shown in Figure 11.4. vAs the earth
rotates, the baseline Aturns" and u and v change. For sources nearly
overheéd, the ends of the Baseline describe almost circular paths. These
paths,‘for sources at different declinations, are shown in Figure II.5
. for a possible baseline of the NRAO interferometer. The ab;cissa'is u
"and the ordinate v.r The baseline itself is shown in Figure II.6. Indi-
cated on the figure arevthe possible‘telescope positions. ' Telescope _
separ;fions of 1, 2, 3, 4, 5, 6,7, 8, 9, 12, 15, 18, 19, 21, 24, and 27
- hundred meters are possible. 1In Figure II.7 all the available projected
baselines that‘caﬁ be seen by sources of different declinations are dis- -
. plgyed. Ten divisions on the grid correspond to 25,QOOA at All.1 ;ﬁ,
.and 75,0001 at A3.7 (the observing wavelengths of the NRAO instfument);

- The graphs of Figure II.7 indicate all the spacings that a

source at one of the declinations can see.. This statement means exactly

the same as the following:

The aperture which can be synthesized for the
observation of a source at any declination is the sum
total of all projected baselines as plotted in the

u,v plane.




z(North Pole)

)

‘vx'(So'u'r )

Figuré II.4. Definitions of the (x,y,2z) and (u,v) coordinate systems.
o The ground plane (not shown) intersects the equatorial
plane along the y axis.

2z
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Figure IIL.5. The loci of projected baselines seen by sources at the
indicated declinations as they move across the sky.
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(02400 m —

2700 m

Figure II.6. The baseline and available telescope stations for. the
‘ NRAO interferometer. :
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-40 DEG A o

L

Figure II.7. The available baseline coverage, i.e., the synthesized
' ' aperture, for sources at the declinations indicated (for
the NRAO interferometer). The distance between tic

marks is 2500 wavelengths at All.1 cm (2695 MHz).
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' Thus thé eliipticaivrings'qf Figure II.7 are a picture of the partially

' filled aperture which can be synthesized. It remains to be seen how the
fringes observed at thgée ﬁoints in the (u,v)'plane can be used t§ con;
strudt a high—reéblution map. For interest; the beam pattern of thé syn-
thesized;aperture for ;ourcés‘at déclinations of 60°, 30°, anq‘0°.aré
shown in'Figufes II;Sa, b, énd c. In Figuré II.8d,'£hé effect of negléct-
ing the 600—meter'spacing'(arbit:érily choseh) on the synthesized beam

.is shéwn -— it is negligiblg.

It sﬁoqld be intuitively fecognizable that u and v form a fun~-
damental set of coordinates. Just how fundamental will be shown later.
First we pauée'to estabiish some‘convenient coordinate systems so as to
eﬁpress.ﬁ and v in terms of more intuitively obvious quantities like the
hour angle H, the deélination S, an& thé baseline length B. FWe shail
A also derive the equations for the elliptical annuli if Figure II.7.

- We define a rectangular coordinate system which has components

(x, y, and z) along perpendicular directions in the equatorial plane and

‘the North Pole. These directions are fixed with respect to the ground*.
The basic geometry of the (x, y, z) coordinate system'is depicted in
Figure II.4. The source, located in the direction of the vector 8 has

(changing) hour angle H and declination § as shown in the figure. The

* 'That is, if ¢ is the latltude of the observ1ng s1te, then the base-
1ine.% on the ground has . prOJectlons : v

{B ‘ -sin w 0 cos ¥

X ' o o Bnbrth
yil _ . ‘ ' east
| Bz_ | cos ¥ 0 sin E Bienith
- where B_ is 0 for baseline on level ground.

zenith °~
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baseline B would appear as a fixed line passiﬁg through the origin (but
not necessarily'in.the (x,y) or equatorial plane). The baseline can
also be defined by its lengﬁh:B and two fixed direction angles, called

the baseline hour angle h and deélination d. Then.

B. ';B cos d cos h ' s cos § cos H

X - v X : :
By = | B cos d sin h and Sy o= cos § sin H s
B \B sin d , s sin §

b4 Z .

and cos 6 =Q%j§/B = sin d sin § + cos d cos § cos (H-h). The projected
baseline B xfi changes with hour angle, but can at any time be resolved
into its u,v components (perpendicular to the line of sight) as shown

in the figure. By inspection

sin H =-cos y 0 B

u
‘ X
v | =|sin § cos B =sin § sin H cos § . By

AL . cos § cos H cos § sin H sin 6 Bz

Here AL = Bes is the component of the baseline along the line of sight.

These matrix‘repreSentations of the geometry were developed by Dr. C. M.

Wade.
It can easily be verified that
C v )2
(v =-v)

e — = 1

"

whe;e a = Vsz + By2 = B cosd, b=asind =B cos d sin § , and

Pttt
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V§v= Bz cos § =B sin d cos  §. This is the equation of an ellipse
centered at( u = 0, v = -B sin d cos 6) with major axis a, minor axis

b, and eccentricity cos §. Note that only the minor axis and ellipse

center depend on the source position.

B. RESPONSE TO'COMPLEX SOURCES

It is the purpoée-of this section to establish' the relation-
ship between the observed fringe pattern and the sourcé brightnessﬂdis—
tribufion and to describe how the high-resolution map is obtained. We
must first define those parameters that'deséribe the otserved frinée
pattern and show, in a semi-intuitive fashion, how they relate to the
source geometry. . The precise relation between the source structure and
interferometer response will then be developed.

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

be written as
(I1.3) : R = A cos (2m g-g +4) ,

where A is called the fringevamplitude (or colloquially, the amplitude),
.¢.is the fringe phase, or phase, and 2ﬂ.%-% is the fringe period which
is entirely a property of the source-earth geometry and has nothing to:
do with source structure. As a matter of procedure; the amplitude

and phase are compu;ed by an on-liné computer (every 30 sec in the case
of the NRAO interferometer) by a least squares fit.tO'a sine wave of

the expected beriod.‘ The amplitude is the height of the fringes, and
the phase is defined as the shift of the heasured fringesvwith respect

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

tude and phase in more detail.

The amplitude, as we have established, is proportional to the

~flux of a point source. This, however, is not the Case‘for an extend-

ed source. Consider now an extended source, éay one bf_uniform bright-
ness, that is'suffigiently large that it sﬁans more ﬁhan one lobe,

say N lobes. As thé,source moves through the lobes, it cccupies all
except perhaps ome of them at ény time. éompare this to a point éource
of the same fiux S whicﬁ would occupy either zero or one lobe. If the

energy output of the low-pass filter for the point source is propor-

tional to S'for the point source, then it would be of order

.S x [N%(N~1)]/N’=-S/N for the uniform extended source. In general, the

larger the ratio of source size to lobe separation, the smaller the
observed amplitudes for sources of the same flux.
Say many parallel pairs of telescopes of different separations

simultaneously observe the same source. It follows that the amplitudes

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

er spacings for a éource_which ié sufficiently extended. If the re-
sponse to a source is found‘td fall off at a certain spacing, the“sourﬁe
is said to be "resolved" at that spacing; othefwise it is unresoived;‘

A plot of amplitude vs. spacing is called the real visibility function
(this, we shall see, is a slight misnomer). Variations in this function
are relaﬁed to source sttuéture; however, the real viéibility function

is not sufficient information from which to unambiguously derive a map

of the source. The fringe phases clear up any ambiguities.

-
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lThe meaning of the fringe;phase is somewhat more eéoﬁsric.
The_phasesis related to the épparentsinstantaneous brighpﬁess centroid
- offset from the center‘of‘the field of Qiew;‘i;e.,'it is sensitive |
" to ps31t10n (thlS descrlptlon of the phases has severe llmltathnS)
Cons1der a point source whose p081t10n is well known (to a: small frac-
~tion of the lobe separation)f Its fringe psttern has zero phase.
Now displace the source a fraction of a 1obe‘separation. The measured
fringe pattern-will\have the same period (actuslly s chsnges slightly,v
but any differenqes in the‘period can generally Bevignored); however,
the fringes will not a;rive at_the expected time. If the source is
displaced by half a lobe,~the fringe phase will be 180°. If the
source is dlsplaced by an angular dlstance A9 and the lobe separatlon
- is - .A¢, the phase (in radians) will be 27 A¢/A6 Here it was as~ 
sumed that the dlsplacement of the source was along a line perpendl—
cular to the lobes (see Figure II1.9a).

As ths source moves thfough the sky, it sees the baseline
" orientation, and thus the lobe orientatioh rotate slowly. Then the
dispiacement of the displaced point soufce, projected‘onts a line per-
pendicular to the lobes, also.changes; the.phases chsﬁge“accordingly
‘(see Figure II.9b)5A Then the response R is given by A cos {2ﬂ‘B‘(%+A§)}
L or ¢‘=k2n %-Aé, where As is the sdurce displacement. Letting the dis-
piacemest have E-W components Ao cos § and N-§ compsnent A§, and re-

calling the definition of u and v, we obtain
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INITIAL
DISPLACEMENT
AN¢ =1/ LOBE

PHASE = 180°

DIRECTION OF
o PROJECTED BASELINE

APPARENT
DISPLACEMENT
AT LATER TIME

‘A =¥, LOBE
PHASE = 270°

DIRECTION OF
 PROJECTED BASELINE

: Figure II.9. A. Displacement of a point source (see text).

~ B. Displacement of a point source viewed at a later time
' (see. text).
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o ¢(H,8) =-u-bdo cos § + veAS .

ba(B_ cos § sin H - By cos & cos H)

4

AS(~B. sin & cos H - B sin 6 sin H + B_ cos §).
X y o z '

Néte‘thié implies that fhe phases cén‘be rep;esenfed as-a flét plaﬁe
which intersecfs the (u,v) plane alonévthe line u*Aa cos § + v+AS = 0.
The phaée behévio: as tﬁe (u;v) éllipsé is tracked iS»eésily understood.

An idéntica1 discussioﬁ pertains to the fhase of an extended
‘éoﬁrce with symmetry such thét its brightﬁessvcentroid always appears
‘sﬁationary. Thié iﬁcludes sources with circular symmetry and double
sources (if the amplitudes are'aliowed to be ﬁegative -~ see below).
For véry irreguiar sources the apparent‘brightness.centroidvchangeé
erratically with a'corresponding irregulaf phase behavior.‘-See Figure
I1.10. | |

Having laid an-ihtuitive»groundWork for undefstanding the’
fringe aﬁplitude and phase, we now show: that both uniquely define a
map and, in additioﬁ, we show how to construct the map. Consider an
extendedvsoprce contaiﬁed well within the primary.antennaé beams. ‘Let
its brightness dis;ribution be T(a,d). Let o and‘éb denbte a feferencé
position neér the source -- séy>the cénter'of the pfimary beam. We
can define cartesian coqrdinates (k,y)Ain the plane of'thé sky_with‘
6figin at (db,éb) with x ; Ka—do) gos*ﬁ)énd y»$~(5—60) (then x aqd y
arévnot scaled by cos.G ésla'and § are). An infinitesimal area in
" the source has intensity T(x,y)d#dy. Tﬁe interferometer fespdnse to
tﬁis element alone is identiéal‘to that‘of a point séurceilocated at

an angle 6 with respect to the baseline:
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1900 METER SPACING SUMMER, 1970

T T T T T T *+180

-180

+180

AMPLITUDE (f.u.)

0]
Figure II.10.

-180

Response of an interferometer to a complex source. Six
independent observations are shown. Individual values
of the amplitudes and phases ("A" and "P") as well as
their vector averages (solid and broken lines) are indi-
cated. S band is A11l.1 cm (2695 MHz); X band is A3.7 cm.

PHASE (deg.)
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@R a T(x,y) cos (2w ‘B cos 6)dxdy.

' As stated previously, we may assume that the source dimen-

sions are small so that the period of the fringes are the same over the

entire source. This_allows us to write the argument of the cosine in

‘the form df'equation I11.3

dR o T(x,y) cos {27 B cos eo + 21 (uxtvy)}

where eo'is the angle between the baseliné and the (x,y) origin (i.e.,
B:s =B cos 60), and the phase ¢ = 27 Beds = 2m(uxtvy). The same
equation can be derived by a Taylor expansion of cos 6 about the origin.

For simplicity let us define ®0 = 21 B cos eo. Then expanding the co-

siné‘of a compound angle, we obtain

dR(u,V) a T(x,&)dxdy {cos [2m(uxtvy)] cos @o ~ sin [2ﬁ(dx+vy)] sin @o},
.Integrating'over thé source; we obtain the totalvrgsponse,
(I1.4) .. R(u,v) a‘S {R(u,v) cos @O.j I(u,v) sin Qo} s

where % and % are the normalized cosine and sine Fourier transforms of

the source brightness distribution.

. 4R . _ o |
o ==é- %% 1 Tx,y) cos [27 (ux + vy) ]dxdy.
I R N .-

-—00¢ «CO

A

~for a point source R = 1 and [ = 0 resulting in equation IIL.1.

Here S is the usual‘flux'density given by Z% J J T(x,y)dxdy. Note



Because T(x,y) is a real function, so are R and I. We can
therefore define the complex visibility function X(u,v)'i %(u,v) +
i%(u,v), where R and I are its real and ﬁnaginary:components{ We can

alternatively express V in terms of an amplitude and phase,

-

id(u,v) : o e

(I1.5) : X(u,y)rE'A(u,v) e

It follows that

ACu,v)= VIR (u,v) + 1%(u, M},

and
,%(u 9V) )

R(u,v)

o(u,v) = tan~}
We can formally substitute these relations into equation (4):

3 o I
i 77I77 cos @ - 7
{R® + 1°} / . o {r* +

. 21/2. ,
.ROL'{% +,{} ' ?}I/?_'Sln @0

= A(u,v) {cos @ cosv®0.— sin @ Sin,éo}, or .

(11.6) | - | R a A(u,v) cos {2 %-i + ¢(u,v)}

~which is idenfical tovequationvII.3. T#en'theAmathematically defined
functions A and ¢ take on a physicai significance as tﬁevfringe ampli-
:tudg,and phasé;. That is, the fringe amplitudejand phase are the:ampli—
tude and phase of the cqmplex visibility functidﬁ X(u,v), whiﬁh itself

is built from the Fourier sine and cosine transform of the brightﬁess



distribution. A much clearer interpretation results from some last

algebraic manipulation; from the definition of X, %,'aﬁd % we have,

-C0

X'=.§ + il = %’ I [ T(x,y) {cos 21 (uxtvy) + i sin 27 (ux,vy)} dxdy,

..

- or

(11.7) V(u,v) = -é— J J T(x,y) Aez"i(uxﬂ‘Vy)dxdy;

Then from the theory of the Fourier transform, we may write

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.

The intérferometer then responds to Fogrier»components‘of the
vbrightness distribution which have angular periods equal to. the lobe
‘separation and whose structure is oriented along a line,pérpendicular
té the iobes. This is fhe fundamental principle of apertu;ebsyntheéis.‘
The source;structure to which the inﬁerferometervresponds is clearly
defined, gndeevhaVe shown that thebbrightness distribution can be.
constru&ted from the fringe amplitude and phase. The fundamental im-
porténce of u and v is also clear.

From equation II.7 ﬁe,derive several coréllafies which are
impoftant. 'ﬁsing the fact that T(x,y) is feai énd Fourier ﬁransform

theory, we derive the following



38

o

- oo | . 4
T(x,y) = S J : X(u,v) exp {27i(uxt+vy)} dudv.
P, . . .
= § J : {%(ﬁ,v} cos 21 (uxtvy) + %(u,v).sin 21 (ux+vy) }dudv
J : A :

«©

p OO ' . :
- iS J {g(u,v)‘sin 2n (uxtvy) = I(u,v) cos 2m(uxtvy)}dudv

F o : . -
o= j; {R(u,v) - R(~u,-v)}sin 2m(uxtvy)dudv
. PP PSS ' '

0

- JJ {I(u,v) + %(—u,—v)}cos}2ﬂ(ux+vy)dudv
1= 0"

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

- fact that the imaginary part of T(x,y) is 0. Then

',g(u,v)'= g(-u,-v) and %(u,y) = e%(‘u,—v); or

Y(u,v) = X*(-u.,—V) ,

where * denoﬁes COmplex'cgnjugation.‘ Thﬁs the complek visibiiity func-
tion is said to be "Hermitian'. It folléwé that'A(u,v) = A(-ﬁ,-v) and
¢(u,v5 = -@(—u,~v); i.é.,.ﬁhe amplitudés an&.phasés are redundant on
theA(u,y) plane. “Thqs obsefvatiéns néed only be taken over half the -
(u,v) plane. This: is why thé eilipses in‘Figure 11;7 have counterparts
én the opposite sidé of the origin. _ | , N
   -Second1y; we note that S~¥(0,0) é j T(x,y)dxdy = S; »Thét ié?

-the total flux.oi the séﬁrce (which‘is‘assumed to be éontaiﬁed within
the beam)ﬂis givenAby éhe zero'spacihg-flux(ét which éll soufceé are
unresolved) . Howevé;, a physicél teleécope separation of zero is ndt

possible. Even if the projected baseline falls to zero, then one
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teléscdpe occultsithe éther. Thus thé (u,v) origin cannot Be sampiéd.‘
.Therefore the.intérferémetef cannot be used to measure the total flux
of a sourcevunless the soufce is unresolved a£ some longer spacing.

The failuré to sample‘tﬁis point aiéo means that the integral_of the

brigﬁtness temperature oyer any map must be O;'that is, the average

o Erightness is zero and any’source'obsefved in the map force~some're—
gions_of the‘map to have negatiﬁe temperatures;j Thisbmeans that nega-
tive’sidelobgs can appear on the map. Négative features in a'maf are
not necessérily.the result of noise, but are actually an inherent by-
product of tﬁe aperture synthesis techﬁique.

The response of the interferometer to modei brightness dis-
tributioné is shown in_Figure I1.11. Shown are five mbdel Gaussian
sourcés of the HPW'é indicated (the‘Beam can. be conéidered as zeré
width Gaussian);. Thé_soutce intensities that.will‘se observed on the
ﬁRAO‘interferométer are pldtted on the right as a function of avail-
able telescope spaciﬁg (for an ébserving wavelength of 11.1 cm). &
is the ratio:of source to'beam peak brightnesses, that is, g =
[Tmax (extended souréeﬂ//[rméx (point sdurce)].,vwﬁere Tméx‘is the‘peak‘
source response. Fbr this study thevaperture was assumed to consist:

of circular annulivCentered at the origin. This enabled‘the'two—
‘vdimenSional fourier‘traﬁsform ﬁo be réduéed_fd a one—dimensional radial
integral. .

Theviliﬁstratioﬁ highlights_severai very important'effects.-
‘Note that for exténded sources (A 1') how thé rapidly décreasing‘
visiﬁility function is.undersampled. In effect, sﬁch sources ate ob-

served on the innermost spacings only. Thehrelativély 1érgevsidelobés
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Figure TI.11.

The interferometer response to Gaussian sources of the

widths (HPW) indicated. The true, as well as the ob-
served brightness dlstrlbutlon is shown. g is explained

in the text.
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of the éxteﬁdedvsources feflect.this effecf;' Noté also that if'smali
and extended sources of comparable flux exist in thebsame region, then
thébextended:soqrée ﬁay easily be rendered unobservable by the siae-
.lébes of ‘greater brightness assoéiated with the sméll-source. It is
apparent that'the a?erture'Synthesis technique is best suited for the‘
Stqdy of'small'Structure:ih spite of fheifact that the larger structure
méy acéount for a maj§r portion of the total source'flux. Lastly,
note‘the sidelobe periodicity (indicated by "A" and "B" in the beam
response). This behavior reflécts fhe large number of 100 and 300-‘
meter sampling intervals which result frOm'thé possible cOnfigurations

of the NRAO interferometer.

C. THE REAL INTERFEROMETER

In practice many of the assumptions we‘made concerning the
‘idealized interferometer are not valid.“We‘therefore relai some of
these aséumptions in this section. It will be seen that the basic in-
terférometric responsevdéscrifed in the preceding sections is not sub-
stantially-modified.: We consider the following: -
| ” 1. Non—identical'apertUres'and'frontvends;

2. Sources larger than the primaryianténnae beams

'3f' Nonemonéchromatiq source and deléy systems; and

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

‘band interferometry.
If a full treatment is beyond the scope of this discussion, references
will be given.

- 1. 'Non—identicél Apertures and Front Ends

For a discussion of non-identical apertures we begin the dis-

cussion with a consideration of the output voltages of TelescOpés”l
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and 2 as in the first section of this chapter. .Let A, and szbe the
effective areas of the;antennae, and let the power gains of each fele—A

‘scope be GI and GZ" Then the voltage outputs of the front ends are -

: | Vl = \/E-AlGl e cos (2w X-t)

V., cos (2 ft)

01

2

V2 = \/ D A2G2 € cos (2nft+¢)

4 V02 cosu(2y5t+¢)g

Then VO2 in the subsequent discussion of Section A can be replaeed by

Vo? =5 VAA, 66,

It is qbyieus‘thatvfhe iqterferometer effeetive.erea A is /Kzzg.and,
‘its,gain G is /EIE;. Aevusual, the source ﬁlux Sv«-eé.‘jNote that
if the souﬁce is manochroma;ic,ﬁes we heve assumed so far, the Eandf»
width is irrelevant. |

2. -Sources Larger Than the Primary Beams

Since thevsource<to be synthesized can be considered eo Be
the true source dlstrlbutlon T(x,y) modulated by the prlmary response.
“pattern a(x,y), then T(x,y) can be replaced w1th t(x,y) = a(x,y)" T(x,y)
in all equatlons of Sectlon B of this chapter. 'In practlce,va(x,y) i
- may‘be smaller than the‘beam pa;tern ofbthe antennee ifvdelaysvare

-~ not properly inéerted'into the system (see‘beiow).
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3. Non-monochromatic Sources and Delay Systems

It is now appropriafe to relax the assumptiop ef mono-
cﬁfomaticity;, If we receiye‘radiation ovef_a range of frequencies,
then the interfefbmeter responselcan be visualized as a series of
lobe combs, one‘fqr each frequency. The net respoﬁée is the'suﬁ of
the responses of allvlobe combs. It is‘cleaf that the lobe sepera-
tioﬁ'differs‘élightly at each frequency. Hence the resulting inter-
ference between the lobe combs tends to reduce the interferometer
respe;se unless all can be aligned so as to interfere coﬁstructively
in the'direction of the source being observed. The»probleﬁ is ex-
'aetly analogous to the case of_"white‘liéht" interference in eﬁties.

_Constructive interference between the lobe combe is achieved
by inserting deiays intd the IF path of one of the teleseopes as the
source moves throdgh‘the sky. The reasons for.this can be most
readily understood by the optical "white lighe" interference analogue.
Refef to-Figure 11.12. The intensity of the interference fringes
will be a meximum along a iine joining the source and the slit center,
i.e;, the vector s- Iﬁ this general direction the fringes are
white; the‘white ligﬁt_fringes are said to exist within the "white‘
light" lobe (see Figure II;lé). We show below that the width of
this moduletion lobe is entirely dependent on the obser&ing bandwidth
and is not related to the Easeline, source position, etc.,

 In ordef to keep the whiteAIightllobe fixed while tﬁe source
‘moves across the sky, it is necessary to insert a changiﬁg compen-
sating deley At which maintains a‘constantvoptical path length ffom

the interferometer to the viewing screen. Because this is done in
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Figure II.13. 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. I ‘
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such a.manne% thét the soﬁrcg—b;seline geémetry is not altered{ 6n1y
" the whi;e—light 1obé, and nétfthe inteiferencé lobes, is kept station-
ary. Along the viéwing screen, then,'thé interference lobeé move
as.thévsqﬁrce changeS'its position, whereas thé white—iight lqbe '
stays fixed. (Th;t is, the oﬁtput of a.ﬁphétocell“ fixed.along‘the
opticai axié of the iﬁterferoﬁeter (at_fﬁé ﬁenter of the white-light
1obé) would be the usual qﬁasi;éinusoidai fringes for the moving
source.) |

. We now redevelop equation II.i_for‘the case of a finite
bandwidth. 'Refer to Figﬁre I1.1. We insert a delaybAT into the IF
cable followiﬁg Telescope‘l., Thén the voltage outpﬁt per.freQueﬁcy

interval of the telescope is

1t

dvlldf: e

Vo(f) c§s {onf (£+AT)}, and“v

deldf

Vo(f) cos {anIFt+§o§)} ;v

These voltages are then multiplied. Since cos (A+B) cos (A+C) ='%

{cos (2A+B+C) + cos (B+C)}; we derive

« : 1, . ‘
dM/df = > VO (£) [cog {Zﬂ(fIFAT+% %)}

+ cos {2anF(t+AT) + 2v%-€}]..

Again, we reject the second term by the low-pass filter. Then the

average response over the bandwidth is

. 2 -
1. dr .. 0 ‘
= I,g,df df = —— j—m cos 2m(B §+fA7)Aw(f)df
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where w(f) is the bandpass response. AsSﬁming a rectangular bandpass

of width Af, it is easy to show that

(11 8)- . Y mléin (rAfAT)

mafar 08 (27RR)-

The first term of II.8 is the equation of the-white—lighﬁ.

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

Figure II.14. 1In general, this loﬂe is the Fourier transform of the
bandpass functién, This term modulates the interferenée lobes in
exactly the same manner as the primary antenna beams. In general,
the '"delay béam" must be made to "track" the source by the insertion

of delays sufficiently often so that the delay and 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 SOurée baseline geometry and éource structure,'these effects
do not change the fundémental response characteristics §f the inter-
ferometer described in the first two se@tions. In the discuésion
which follows, we generally revert to the assumption of monochro-
maticiﬁy except wheﬁ the effects of'the>bandﬁidth or delays cannot be

ignored. -

4, 'Non—iﬁcoherent Radiatién and Single vs Double‘Sidebénd Systems
‘A discussion of these -topics is beyond the scope of this

chépterf:_A full treatmentrcan be found in Read (1963) and Swénson

and,Mathur (1968). As with the delays, neither problem chanéesﬂany"

of the principles of interferometry developed thus far.

-



48

%'”‘ 1y %*,’}:‘.M '
o LI e

n* ?' ¢ e
mmmq;!i il al»l’

Figure II.14,

Examples of actual delay patterns.
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D. ERROR ANALYSIS

Wé next considei the soﬁrcéé of errors and hoisé, the cali-
brations which réduge the systematic noise, and the“effécts of noise
on the final maps. We'shali réstrictvéurselvés té a discussion of
thése problems,as théy affect the data at the time of observation.
There are additional sources of systematic noise which results from
the-magner in which the data isbprocessed. These’othér types of;ﬁoise
are investigated in the last section of this chapter.

The major sources of noise in tﬁe amplitudes and phases fall
into three major categories: (1) random errérs, (2) pseudO-réndom
errors (short duration noisej, and (3) systematic errors. ‘Many of
the errors have analogies with single dish errors with which it will
be aésuméd the reader is familiar. Other types of efrors,kmost
notably those ariéing because. of the-atmosphére, would be necessary for'
single-~dish telescopes if they.weré’several kilometers in diameter. |

Where possible, the analogies are relied upon heavily.

(1) Random errors. The dominant source of truly random
error derives from the finite receiver temperature, Tr' The noise in-

troduced‘into_the fringe signal is given by .
= v F
T __yTr//Afr (v 2)

Tr is nominally 90° K at All,l cm and 125° K at A3.7 cm. In
addition to receiver noise, however, are other sources of noise such
as cable losses, antenna spillover, etc., which effectively increase

T_ by 60-70 percent. Hence'the noise in the fringe amplitudes is of
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order 0.08° K at 2.7 GHz and 0.12° K at 8.1 GHz aftei a 30 second

integration period (the cycle tiﬁe of the on-line computer). Normal-
ly 'the fringes are calibrated in-units of flux rather than tempera-
ture. Since AS = 2k/A AT , the noise after 30 seconds is 80

, T Trms e rms ’ - ‘
m.f.qa. and 120 m.f.u. at 2.7 and 8.1 GHz, respectively. Here, k is
the Boltzmann constant,-Ae is the effectivé area of the antenna

'(Ae = 309 mz), and 1 m.f.u. = 10_3 fou, = lO~29 watts m'_2 Hz_l,

(2) Pseudo-random errors (short duration noise). For

strong sourées, the major source éf spurious behavior in the ampli-
tudes and phases arises from instabilities in the atmospheric water
*vapor. Such variations are called pseudo-random noise because their
duration.is only a few minutes, so that their net effect over the (u,v)
plane is much the same as purely random noise.

The index of refraction of water vapor differs slightly
from unity. As a result, the radio wavefront can be significantly

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 upvto 0.1 nanoseconds
(oxr A/2 at 3.7 ém),_and the intexrferometer phase changes appropriate-
ly (by up to w radians). Hence the retardation can make the dif-

ference between constructive and destructive interferenc
: e.

(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 gain variations éauséd by the insertion loss of delays, smooth-
ing of‘the frihges by time constants in the analogue equipment%
variations of fringe phaée aé;oss the BQ—seéond integration period,
precession, nutation, and aberration of tﬁe source positibn, and‘
systematic atmospheric effects. The atmospheric terms include cdr—
_fection for extinction, refraction, and'retardatiqn for an assﬁmed
ideai atmosphere. The secondary errors are conéideredvminor, not
because they afe negligiblé,'ﬁut because corfections for théir‘effects
a?e relatively easy to determine. Quite often the éffects of sys-
teﬁatic errors can be calibrated and cd?rections can be appliedf
We now consider how changes in thé instrumental reéponse

are determined. System changes, as in the case of a single~-dish ﬁele~
s¢ope,:are monitored by observations of éalibration’sources with well~
déterminéd positions'(invariably‘point sources). The fringe ampli-
tudes are calibrated by reference to the calibrator flux. Any -
slowly varying phasé changes introduced by thevelectronics can be
détermined since the phase of the calibration sources must be zero.
For this purpose, it is generally necessary-to observe a calibfation
source approximately every hour. |

- In addition, we considef thevproblem of determining the
aperture shapé,,i.e., baséline calibration. For a single-dish tele-
scope, it is generally taken for granted that ;he aperture ié shaped
to an accuracy of n0.1IX or better.‘ Random deviations lérger‘thén |
this amount tend to defocus the radiation at the feed, fésultingvin
‘a reduced apertdrebefficiéncy.i On tﬂe othef hahd; sysfematié de~

‘viations of the dish surface will shift the focus center away from
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from the.telescobe éﬁis resulﬁing'in an‘épparént source position error
(which can be'compensated by adjgstingvthe telescope péinping direct-
ion or feed position); . |

.Thé analogous problem.in ipterferomét;y‘is to°détermine
the apérture configuration on fhe ground to an accufacy &O.lx.‘ Since~
thé_telescopes are statiqﬁafy,.ﬁhe apérture ig not affected by random
deviations. Howévef, the éystematic phase behavior resulting from
basélkne miscalibration produce effects on the final‘map much like
source position errors. we now elaborate.

If AB and As are baseline and source position errors, then

21Tr]\3/'§

v

+ &= 2ﬂ(% + %P)‘(% + 4§),
or to first order,

o N 2n(§~4§ + AB*s

).

Since 4% is assumed to be zero, we derive

¢ =B cos § cos H + ABy'cos.a,sin H + ABZ sin §.

By sufficient hour angle éhd.declination coverage, é least squares
solution for ABX, ABy, and'ABz is‘pdssiblef In this manner, the base—v
line can be determined to'an»accuracy which is generally less thah
0.05\ at Alld cm (and three times as much as A3.7 cm) .

| The phase beﬁavipr corresponaing to a baseline ‘error has
much the same form as fo?'source ﬁosition errors. It ié easy
to show that the major effect of baseiine ﬁiscalibration, 8B, is _
- much the‘éamevas a shift in the appérent source posi;ion, |

8s ~ 6B/B. Thus if thé‘baseline is 104X and 6B OﬂlA, then
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. 8s o lO_S Fad v 2" are. If fandom baseline‘errors are made on all
baselines, then the displacements &s add up-in a random faéhion..

" The source will appeaf "smeared", although its brightnéss_centroid
will be very clbsg to the true poéition; It isfaésdmed thét §§ is
‘smallér than the observed soufce size; if it is'no;,‘then the source
will appear entirely ‘washed out".

One good measure of the effects of noisé and tﬁé success of
the c;librations ié given by the repeataBilify of the observations.
In Figure iI.lO are shown five minute averages of six independent
observations of the same source on a baseline of 1900 meters. .The
data were taken in the‘summer when atmospheric ndise is a maximum.
Also shown are the vector average amplitude and phase. It can be
seen that the vector average amplitudes are less than the arithmatic
averaged amplitudés, particularly in the noisier observations at 8.1
GHz. (Hence, for strong sources, arithmatic amplitude averages help
reduce the effects of noise.) The repeatability of the phases, al-

though poorer at 13.7 ;mAthan at Al1.1 cm, ié sufficient in both
cases to construct accurate maps. This conclusion is based on maps
of calibration sources made from observed data, as compared to maps
constructed from a model point source whose (u,v) coveragé is

identical.

E. CONSTRUCTING AND INTERPRETING THE MAPS

| Once a comélete set of fully calibrated.amplitqdes and
phases is available, the data‘can be Fourier transformed to obtain
a map of the source brightness distribution. ‘AlyhOugh a straiéht-

forward Fourier transform is possible, it is a time-consuming process
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even in a fast.cmmﬁﬁcer;'.An approximaté but.very fast transform canvbé
oﬁtained by the Cooley-Tukey.algorithmw Esséntiall&, this processbih-
.volves the‘divisibnlof the (u,v) plane into diécfete cells ofﬂanuap;
propriate size. The wvarious amplitudes and phase wﬁich fall within the
céll are all averaged;together and treaﬁed as one gingie observation at
thé éeli center. Unéampled‘cells are assigned a value'of‘zero)J Cdn—
‘sequently the map of T(x,Y) is computed as a discrete sum over the
sampled (u,v) cells. T(x,y) is represénted'és an array of nﬁmbe?s eval-
uated over a square region of the sky.

It is mot the purpose of this discussion to descfibe the
ﬁethod or all the prbbiems associated with its use. We discuss only
thbsebaspeéts of the précedare which can affect the maps. bur aim is
only to provide a sufficient background for proper interprététién of the
‘maps. In this centext, we 1ater_investigate the problems associated
Qith calibrating the map in physiéal units. No strong,attempﬁ is made
to relate the various problems to each other since to do so would in-
volve a lengthy discussion.

| ‘Thé size of the cells in the (u,v)bélane nust be chdsen so
.fhat noAStructure in'ﬁhe map plane is suppressed. We note that only
that structure Whose phaée variations'change appreciably through é (u,v)
cell is affected; this is the structure from the outer regions of the
map.‘ That is, the field of view determines the (u,v) cell size. Since
little radiation can be detected oufsidthhevprimary antenna pattern,.
the»brimaryubeamvsize séts~the'(u,v) cell size.: From,the-sampling’

theory, the cell size (Au,bv) is given by

o 5 (E. L) .
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~where X and Y are the makiﬁﬁm sizes of interest on the maps;‘certainly
‘X and Y are not chosen larger than the»primary.béam dimensions:(% 25.6
‘meters/X for the NRAO iﬁterferomefer).  .

The size'of the whole (u,v) plane, (U,V), must bé‘chosen to
include'thebsynthesizéd aperture (see_Figure I11.7). quvthe NRAO intef—
ferometer, the maximum spaciﬁg.is 2700 metéré/k,,or'EVZS,OOOA at 2695
MHz and 75;000Xlat-8085 MHz. Rememberiﬁg that the apertufe is contain-
ed in a region extending from’(fU,-V);‘to (U,V), it follows that thév

total number of c¢ells required in the u and v directions is giveh.by

N = ma%. A2V
M AV
For the NRAO instrument, N 3, 2%%1%95& = 211. For cénvenience,‘a 256x256

‘transform is used. A larger transform is noﬁ.performed because'of,limi—v
tations in the availaﬁle cémputer. | | |
The data is sorted and averaged on a:cell-by¥cell basis; The
amount of data averaged into each céli is.proportionai to tﬁe time re-
quire& to transverse a-cell. This time is not unifotm'over the entire
plane; the traversal time pér cell varies from v 2 minutes to almost |
an hour.‘;Generally; more cells‘are tra§ersed per unit time for the
outer spaciﬁgs'andbnear crossdver (see Figuré I11.7). _Thetefore, the
noise in.eaéh cell variés over the (u,v) plane. Nonetﬁeless, each cell
is weighted equally in the C001éyéTukeyialgori§hm. The net:effect is
that noise tends to be 1afger'in N-S directions onlthe map,‘pérticularly'
‘for éources at low declination} It is found thét the exclusion of the -
poiser daté.often helps cléan up-thelmap,. In fact; it is étandard pro-

cedure to modulate the data, once it has been arranged in the (u,v) ".‘
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'blane, by é unit.height Gaussianvwhiéh falls éo a véiue of 0.30 at the
outermdstvbaseline. The modulafioﬁ is choéep since signal intensities
" tend to decrease and atmospheric noise tends to increase on the long .
ISpaciﬁgs.

Aé mentiOneé above, all daté averaged into a cell.ié implicit-
ly assumed by the,algdritﬁm to have been obsefved at the céllAcenter.
Consequently it is possiblevtovshift the actuél,valués of u.and v as—
signed to ﬁhe data by up to half the diagonal length of the cell. In-
genéral, provided the cell size is chosen properly, the resulting dis-
tortion is unimportant since the shift of u and v is small cdmpafed to
their.absolute magnitude. This is not the case, however, for data neai
the (u,v) origin. ConSequeﬁtly, it is possible to ‘expect that thé
large-scale structure might be distorted.

Once the map is made (generally in tﬁe form of a contour map),
it is necessary to establish a scale in physical uﬁité if ‘interpretation .
is to be attempted. However, the calibration of the map is éxtremely
difficult. This conclusion follows from the incomplete sampling of
the (u,v) plane which leads to the complex sidelobe response.

The flux of point sources can be established by comparison of
its peak response temperature to that of a point source of a kno&p flux.
However, it is very important that the known point source be sampled
in the (u,v) plane in exactly the same manner‘as the source being studied.
In general, this means fhat the comparison soUrcebmust'haye 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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‘for the pfeséﬁt stud&, it cannot: be establiéhed‘that‘ény of
' tﬁe structure_is small compared to the éynthésized-beaﬁ size. As a re¥
SUlt; we conéider éther methqu,usedbto estimate the flux Qf extendéa
éources, There'aré'tyo commén methods.  These include péint by point
'integration of the bfightness-température and;model fitting. The former
method is not accurate over the eﬁtire map since it is known gbgriori
that the sum of the temperatures ié zero (see Section B, thié chapter).
Crude esgimates can be obtained by restricting the integratiqn to a re-
gion inside ;he sidelobes. ‘However, a glance at Figure II.ll is a con-
vincipg argument that such a procedure is most inaccurate when soﬁrces
of different sizes or intensities appear within the sidelobes’of each
other.

One common method of determining the observed source parameters
invdl?es the fitting of models‘to.the’data. Génerally;‘model fitting
involves the subtraction of simple sources from the map until the map
structure disa@pears. In practice, such a procedure is quite.laboriouS,
and the ability of the model to convergé is very sensitive to observaf_
tional noise and sampling inadéquacies. In the past, mo&els have béen
fit by several authors (Webster and Altenhoff, l9f0a, 1970b; Wynn-Williams,
1971). There is no conclusive evidence that the models they fit-aré
uﬁique. Fur;hermore, even:though théif results are internally con-
sistent, it will be seen in the following chaptér thét the values of
the physical parameters they derive do not justify the lébﬁf involved. -

Therefore, mno atteﬁpt is made to derivé accurate'fiuxeé in -
the pfeéent study. 'Crude.estimates must suffice. For this, a fairly

réliable‘physic31 sca1e for the brightness temperatures will bé,_



58_”

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 emphasisrisiplaced on values of phyéical parameters

estimated from the absolute brightnesses of thevmaps.

Instead, estimates of the physical parametefs are based on

‘the spectral behavior of the structure between All.l cm and A3.7 cm.

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) plané is identical. Consequently,'the ratio. of brightness
of the two frequencies is very accurately determined. The method.is ex—
pléined 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 problems associated

with making and interpreting the maps have been considered.
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