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ABSTRACT

Information about the brightness distributions in 110
extragalactic and 17 galactic radio sources has been ob-
tained from observations with the Caltech variable spacing
interferometer at a wavelength of 31.3 ecm. In these obsef-v
vations, the amplitude and phase of the complex visibility
funection were measured at transit with antenna spacings 6f
195x, 3891, 779N, and 1557A along an east-west baseline.
Using these same basic spacings, and by observing at large
hour angles, the visibility amplitude was measured at ten
other effective spacings between 126\ and 1363A. Not all
sources were observed at all spacings.

0f the 110 extragalactic sources, 47 are found to have
angular diaﬁeters greater than 1.5. Only 4 of these u4T
appear t¢ have smooth, simple struecture, while the remaining
43 show some form of complexity, many having two fairly
well separated components. It is suggested that the ma-
jority of all extragalsctic sources have complex structure.
For three extragalactic sources (M 87, NGC 5128, and
Cygnus A) comparable measurements at other wavelengths have
been published, and in each case, significant changes in
structure with wavelength are noted.

The theory of interferometric investigation of dis-
erete sources igs developed in some detail, and previous
work in the field is reviéwed. Caleulations on a number of

model sources are described.
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CHAPTER I
Introduction

In one of the first surveys of cosmic radio noise,
Hey, Parsons and Phillips, in 1946, observed fluctuations
in the emission received from the Cygnus region. To ex-
élain this phenomenon they postulated the existence of an
intense, small-diameter radio source (1). The presence
of such a source was soon confirmed by Bolton and Stanley,
who found its angular diameter to be less than 8! (2).

In the fifteen years since these first observations,
several thousand discrete radio sources have been cata-
logued. The positions and intensities of many have been
measured at several different wavelengths and with dif-
ferent types of instruments. Most are known to have
apparent diameters of less than 10', but detailed bright-
ness distributions have been obtained for fewer than a
dozen of the brightest or'largest sources. The reason
for this is that previous investigations with high reso-
lution interferometers have been limited by low sensiti-
vity to only the strongest sources, while other instru-
ments with high sensitivity have had sufficient fesolving
power to reveal details of structure in only the very
largest sources. The construction of the variable spacing
interferometer at the Owens Valley Observatory has made
available for the first time an instrument with high re-

solving power and enough sensitivity to enable brightness



digtribution measurements to be carried out on at least
several hundred sources.

The object of this investigation has been to obtain
detailed information about the brightness distributions
of a large group of sources. One hundred twenty seven
sources were observed, of which 60 were found to contain
structural details having characteristic sizes within the
10 to 15" range over which the instrument was mest sensi-
tive. Several sources were found te consist of twe
roughly equal centers of emission, thus resembling in
structure the well-known example of Cygnus A.

In the following chapter the theory of interfere;
metrie investigatlions of discrete sources is developed,
and previous work in the field is briefly reviewed. In
Chapter III the observations and the analysis of the data
are described, while the visibility functioans are tabula-
ted in Chapter IV with graphs for the more interesting
sources. The interpretation of the visibility functions
is given in Chapter V, and an Appendix contains calcula-

tions made on several types of model sources.



CHAPTER 1II
Interferometry of Discrete Sources

Resolution of fine detail within a radio source re-
guires that the antenna sensitivity pattern have a com-
mensurate degree of flneness. This implies a large
antenna size, since beamwidth and aperture are inversely
proportional. For instance, to obtain a 1' pencil beam
with a paraboloid which was illuminated in such a way as
to have reasonably low sidelobes, the diameter of the
aperture would have to be about 4500 wavelengths.
Antennas with pencil beams approaching 1' have only been
constructed for wavelengths of about 1 cm. At these
short wavelengths only a few of the brightest sources can
be detected with the best of currently available receivers.
It is, however, possible to investigate the fine details

of a source distribution by introducing fine structure

within & gross primary sensitivity pattern. The require-
ment of a large over-all aperture is the same, but the
aperture no longer need be completely filled in. The
principles of this method were set forth by Michelson in

a series of papers in the 1890's (3,4). The method is
that of the wave interferometer or Michelson interferome-
ter.

Interferometric measurements were first made in radio

astronomy by Ryle and Vonberg (5) and by McReady, Pawsey,

and Payne-Scott (6) to determine the sizes of active



regions on the Sun. Ryle first developed the two element
radio interferometer which is directly analogous to the
Michelson stellar interferometer. This chapter will be
devoted to the theory of interferometric techniques,
using such an instrument, as applied to studies of dis-
crete sources.

Bracewell (7,8) has reviewed the interferometry of
discrete sources, and this discussion will follow his
general line of development. It will, however, deal more
extensively with brightness distribution measurements
which can be made with currently avallable instruments
similar to the California Institute of Technolegy inter-
ferometer (9), the interferometer at Nangay (10), or that

at Malvern (11).

The Geometry of the Interferometer

Each of the above-mentioned instruments consists of
two steerable paraboloids mounted on railroad tracks in
such a way that the length and orientation of the baseline
may be varied within certain limits. The baseline is de-
fined as the line Jjoining the vertices of the twe parabo-
loids (which are assumed to be identically mounted and
illuminated). Its length is s wavelengths at the opera-
ting frequency, and its azimuth is a . The baseline is
ideally level when both antennas are pointed in the same
direction, but we will consider the effeet of a non-zero

elevation 2 .



The response pattern of a phase-switched (12) or a
continuous multiplication (9) interferometer consisting
of two antennas with isotropic sensitivities is a funetion
only of the angle €& between the source direction and

the median plane of the interferometer and is
(1) R(6) = G A cos(2xs sin 6 + V) s

where A is the collecting area of each antenna, Vv 1is an
instrumental phase error which must be determined, and G
allows for receiver gain changes. It can be seen that the
interferometer response pattern is a series of sinusoidal
fringes having a peried of l/s in sin & . If the in-
dividual antennas do not have isotropiec responses, then A
must be replaced by the product of their voltage responses.
In the case we are considering, of two identical antennas,
this product is equal to the sguare of the voltage re-
sponse of one antenna and hence to its power response,
A(6,¥). The angles 6 and y form a system of spherical
polar coordinates having the interferometer baseline as
polar axis.

| For astronomical purposes, the interferometer re-
sponse pattern is more conveniently dealt with in terms of
hour angle and declination, so we seek an expression for
sin @ in terms of these quantities. Referring to figure 1,
let N be the north celestial pole, Z the local zenith,

] the geographic latitude, S +the position of the source
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The geometry of the interferometer



at hour angle h and declination & . Point P 1s the
interferometer pole, i.e. the intersection of the pro-
Jected baseline with the unit sphere, and is defined by

"the azimuth and elevation ¢ of the baseline.

a
Let ?; 3, and iﬂ be the unit vectors of a Cartesian

systemkwith i pointing towards the local zenith and i

and 3 in the local horizontal plane. Another systen z',

3', and i' is rotated by the complement of the latitude

g , so that E' points at the north celestial pole. The

unit vector along the baseline is
(2) ep = - 1 cos L sin a - 3 cos ! cos a + kK sinl ,
while that in the direction of the source is
- -» - -
(3) eg = i' cos & sin h + j' cos & cos h + k' sin 5 .
: - » -

But we may express 1i', Jj' and k' as

-
= i
-
J

-
sin ¢ + k cos ¢

(4)

Wl b e
i

-3 cos ¢ + E sin ¢ .

]

Then gé becomes

—

- b d
eg =1 cos & sin h + J (sin ¢ cos & cos h - cos & sin 3)

(5) . .
+ k (cos ¢ cos 8 cos h + sin ¢ sin 5) s

» > 7
and ep-es=cos(g - 8) = sin 6 may be written as



sin @ = - cos ! sin a cos & sin b
(6) - cos { cos a (sin ¢ cos B cos h - cos g sin B)
+ sin { (cos ¢ cos 8 cos h + sin ¢ sin &) ,
or
gin 8 = (cos | cos a cos ¢ + sind sin g) sin &
(7) ~ -(sin a sin h + cos a sin ¢ cos h) cos ! cos &

+ 8in | cos ¢ cos B .

If the baseline is level, then { = O , and this expression
simplifies to

sin @ = cos a cos ¢ sin O

(8)

- (sin a sin h + cos a sin ¢ cos h) cos & .

In two important special cases, the expression for
sin & may be simplified still further. These are the cases

of an east-west baseline, for whieh a = 270°, ! = 09, and
(9a) sin 6gy = sin h cos B

and the case of a north-south baseline, for which a = 0°,

1 = OO, and
(9v) sin Oyg = cos @ sin & - sin g cos & cos h .

'In order to interpret interferometrie obser&ations it
is necesgsary to know the orientation of the interference
fringes with respect to the source being studied, i.e. with
respect to the grid of celestial coordinates in the neighbor-

hood. of the source. The fringes follow lines of constant



sin 6 , and hence are normal to the gradient of sin 6,
as is seen in figure 2. If , 1is the angle between this
gradient and the direction of increasing hour angle, then

- p satisfies the relation

bgsiﬁ )

_ (Vsin 6)s _ 5

(V sin Q)h 1 2(sin 8)
cos B dh

(10) tan p

The partial derivatives of sin 6 may be obtained
from equation 7 or equation 8, if the latter is applicable.

For the two special cases mentioned above we have

(11a) tan ppy = -sin & tan h

(11v) tan pyg = cot g cos & esec h + sin 8 cot h .

The orientation of the fringes will frequently be speci-
fied by their position angle, which is defined as the angle
between a fringe erest and an hour circle, modulo 180°.
Position angles are conventionally taken as zero at the
north and as increasing toward the east. From figure 2 it
can be seen that the position angle of the fringes is Jjust
P .

Returning to figure 1, it can be seen that the gra-
dient of s8in 6 must point along the great circle from the
source S8 to the interferometér pole P . Therefore, if
the baéeline were projected onto a plane normal to the
source direction, i.e. normal to Zs of equation 3, it

would lie parallel to Vsin 6 . The unit sphere is also
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N
increasing 8

—
Vsin6

increo)sing h "

Figure 2. The sky in the neighborhood of the source, 8.
The lines of constant s8in & are the crests of successive
fringes, and the orientation of the fringes 18 defined by

the angle , .
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normal to ’gs at 8 , 80 the projection of the baseline
onto this sphere will lie along eﬁin 6 . The position
angle of the projected baseline is thus 90° + p + The
projection of the baseline onto the unit sphere in the

direction of the source can be called the effective base-

line. If the length of the baseline is s wavelengths,

that of the effective baseline is 8 cos 6

Brightness Distributions and the Visibility Function

Now that the necessary geometric relationships have
been established, we can show how the brightness distri-
bution of a radio source may be investigated with a two
element interferometer. A source is located by the right
~ascension &, and the declination &, , at a specified
epoch, of the centroid of its emission¥*, and it is de-
seribed in detail by the brightﬁess tempefature distribu-
tion T(a-ao,ﬁ-ﬁo) of that emission. The right ascension
and the hour angle are associated by the relation
@ =Qt - h , where t is the sidereal time and Q is the
rate of rotation of the Earth. In the neighborhood of s
small source the ¢,5 coordinate system will closely ap-
proximate a Cartesian grid, and it will simplify the

analysis to make this approximation.

*¥The position of the centroid of the emission may, in some
cases, be a function of the wavelength of observation.
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Consider & Cartesian coordinate frame x,y fixed in
a small region of the sky centered at right ascension @
and declination &, , such that x increases toward the
west along a cirele of declinatien and y increases
toward the north along an hour cirele. Provided 8, is
not too close to 90°, the x,y grid will correspond to
the grid of celestial coordinates. The units of x and y

are radlans, and the transformation is

t
i

-(a - ay) cos B,
(12) for x,y<<l

w
(]

Using the relation a = Qt - h , x can be expréssed
in terms of t+ and h . Provided the chosen region of
the sky is not too near the interferometer pole, ﬁhe inter-
ferometer coordinates 6 and ¢ will also form a good
approximation to & Cartesian system, rotated locally with
respeect to the x,y system by the angle p, . In the x,y

system the response pattern of equation 1 then becomes

(13) R(x,y) = G A(x,y) cos [2n[sx(x + Qt) + syﬂ +\I(:l ,

where s and sy are the projections of the baseline onto

X

the x and y axes, i.e. the x and y components of
the effective baseline.
8y = 8 c08 8y cos p

(14)
8y = 8 cos 85 sinpg .
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The relationships among the coordinate systems are
illustrated in figure 3.

We now wish to describe the response of the inter-
ferometer to a discrete radio source passing through its
sensitivity pattern. Let the source be described by its
brightness temperature distribution T(x,y) . This is
generally a function of the wavelength of observation M\ .,
The integral of T(x,y) over the source is related to S ,
the flux density of the radiation from the source, by the

Rayleigh-Jeans approximation to the Planck radiation law.¥

(15) 8 = g%.[fT(x,y) dx dy .
A

The response of the interferometer to such a source
will be given by the result of integrating equation 13 over

the source distribution.

R(t) = g%ﬁffﬂ(x,y)T(x,y) cos[én[}x(x+ﬂt)+syi]+€]dx dy
A

cos(2rs, 0t + V¥ )

(16) ; [/ a(x,y)T(x,y) cos Em(sxx+syy) dx dy

2k
= Z2G
2

) -sin(2rs, 0t +V)

[fA(x,y)T(x,y) sin 2n(sxx+syy) dx dy |

Here we have assumed that the paraboleids track the source
at the sidereal rate so that A(x,y)T(x,y) is not a func-

tion of t . We make the following definitions:

*The units of 8 are watts m'2(c/s)‘1, and the compact ex-
pression § dv = 2kT/(X2) dv is used rather than the homo-

geneous form S dv = 2v2kT/(e2) dv .



1k

Figure 3. The x,y , h,8 , and 6,y ocoordinate syetems
projected on the sky near the point h,,8, . The faint
lines of constant & are the crests of sueces;ive fringes.
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A(x,y) T(x,y) = & T'(x,y)
(17) A = A(0,0)

81 = %%lféi%le T(x,y) dx dy

Then it can be shown that equation 16 can be written as
(18) R(t) = ¢ A st V(sx,sy) cos[énsxﬂt + @(sx,sy) +@J s

where V and ¢ define the complex visgibility function V

and are given by

(19)  w(sy,s,) = vel® = [T (x,5) ei2n(sx*+syy)ax ay
y | [T (x,y) ax ay

The identity of equations 16 and 18 is evident if the sines
and cosines are expressed in exponential form and coeffi-
cients of like terms are collected. It is seen that

the visibility function i1s the complex, two-dimensional
Fourier transform of T' , normalized to approach unity as
8y and Sy approach zero. Examples of visgibility fune-
tions calculated for various models are given in the
Appendix.

The procedure for measuring T(x,y) with a two element
interferometer is one of measuring R , and hence V and &,
at a’sufficient number of values of sy and s, to deter-
mine the transform V(sx,sy)‘. The brightness temperature
distribution ean then be recovered by Fourier inversion of
the visibility funection. Inversion of 2 sas defined above

will actually produce T' , the source distribution as
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‘ modified by multiplication with A(x,y) , the antenna power
pattern. For most discrete sources, T(x,y) will be ap-
preciably different from zero only within a region where
A(x,y) =~ A(0,0) , in which case T(x,y)= T'(x,y) and
§~ 8' . If this is not the case, T(x,y) can be recovered
from T'(x,y) by dividing by A(x,y)/A(0,0) . If the source
extends to regions where this ratio is very small, this
procedure will introduce appreciable errors. Such a source
can, in principle, be studied by letting it drift through
the primary antenna pattern at different declinations,
making V a funetion of @, and B8, as well as s8x , Sy
and T(%x,y). The required generalization of equations
16-19 is evident, but the method would be very cumbersome
in practice. A two element interferometer of the type we
are considering can be used efficiently only for studies of
sources which are compact with respect to the primary an-
tenna pattern.

There remains the question of choosing suitable values
of sx and sy for a given source. These depend on the
overall extent of the source. Suppose the following condi-

tion holds:
(20) T(x,y) =0 for Ixl> X or Iyl > ¥ .

Then Bracewell (8) has demonstrated that T is uniquely
determined by the values of V at a lattice of points sy

and Sy - such that



21 By = & Sy = 2
(21) -5 ¢ ’ y By ’
where m and n are integers. Since

U(—sx,-sy) = V*(sx,ay) , observations need not be taken
for negative values of one of the indices. Multiples of
any spacings smaller than 1/(2X) and 1/(2Y) can be
used, but the values of V so obtained contain some re-
dundancy. It is the experience of the writer that a re-
dundancy factor in the observations of three or four is
often welcome, particularly when the total number of

points &t whieh V is measured is small.

Practical Limitations

The recovery of the source brightness distribution
from its measured transform would be correct in every de-
tail if error-free measurements could be made over the
whole range of spacings for which V is greater than zero.
This is, of course, not possible. The measured visibility
funétion contains errors due to receiver noise, gain, and
phase fluctuations. Furthermore the range of available
spacings is limited, and in many cases the visibility is
still appreciable at the largest available spacing. We
know that the effect of this limited aperture should be s
limited resolution, a smoothing out of fine details in the
recovered brightness distribution.

" In order to describe this smoothing we introduce an

aperture function K(sx,sy) , representing the cutoff of
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the observations at large spacings. For instance, a hy-

pothetical case might be

1 when sxg + sy2 < 52

(22) K(sx,sy) ) 0 when sx2 + sy2:> 2 .

If we’neglect, for the moment, the errors in the measured
values of the visibility function, then the available ob-
servational data are K(sx,sy) V (sx,sy) . Let the re-
covered source distribution, which is the Fourier inversion
of this product, be denoted by Tj(x,y) , and let K(x,y)
represent the inversion of K(sx,sy) . Then by & well-
known theorem of Fourier analysis (see, for example,'

Sneddon (13)), T; is equal to the convolution of T and K,

(23) T, (x,y) = K(x,y) »T(x,y) .

Thus K describes the smoothing effect of the finite aper-
ture. For the hypothetical X of equation 22, the trans-

form is

J1(2xeVx2+y2)

(24) K(x,y) « .

naN x2+y2

This transform has been worked out in detail in connection

with the vigibility function of a uniform disk source, and
a graph of it is given in the Appendix.

The solution obtained for T3 when K , the aperture
fungtion, is unity out to the limiting values of the
spacings and zero thereafter is known as the principal

solution for the aperture (14). In many cases the principal
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solution will noﬁ be a good’approximation to the real
source distribution T(x,y) . For instance, if a point
source were studlied with an interferometer having the
aperture function of equation 22, the recovered distribu-
tion Ty(x,y) would be just the transform given in equa-
tion 2k, sinece T(x,y) for a point source is a &
funection. The function of equation 24 is graphed in
figure2l , and it can be seen that it has the expected
broad central peak due to the smoothing-out of the point
source, but it also has a number of secondary responses,
the first of which is negative with an amplitudé of about’
0.12 of the main response.

Unwented secondary responses can be reduced by tapering
the value of the aperture funection K(sx,sy) from unity at
small spacings to zZero or nearly zero at the spacings where
the observations are cut off. This procedure yields &
brightness distribution Tl(x,y) which is less confused
by spurious responses, but from which some real detail has
been lost. If desired, the analysis.may be repeated_with
different tapers and the results compared. A discussion of
suitable tapering functions and their transforms has been
given in connection with crystallographic problems by
Waser and Schomaker (15). Discussions of the problem with
specific reference to radio astronomy have been given by
COVington’and Harvey (16) and by Bracewell and Roberts (1k4).

Errors in either the amplitude or the phase of the
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measured visibility function are passed onAas errors in
the recovered brightness distribution. If the errors in
the visibility funetion take the form of an added random
"noise", then the transform of this noise will be added to
the desired brightness distribution %o produce a random
error. If the source distribution is a simple one, it may
be possible to remove this error by a smoothing operation.
In this process, faint details of the source distribution
nay be smoothed away along with the noise. The exact
treatment will depend very much on the particular situa-
tion, and no concise, general prescription for dealing
with such errors seems possible.

With a sultable choice of aperture function K , the
variable spacing interferometer can be made to simulate a
large single antenna having the same overall aperture.
This means that the recovered brightness distribution
Tl(x,y) would be identical to¢ the response of a radiometer
using the large antenna and studying the same source. The
requirement is that X(x,y) should equal A(x,y) , the
?ower sensitivity pattern of the large antenna. This
equivalence has been pointed out by Ryle, who calls the

method that of aperture synthesis (17). Bracewell has de-

seribed another very general method for interpreting the
response patterns of this and various other interferometer

configurations (8).
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The One-Dimensional Case

The complete two-dimensional analysis of a small
source has never been done with a two element interferome-
ter of the type we are considering; nor has it in the
present investigation. A complete analysis of a discrete
source requires measurement of the complex wvisibility
funetion at all the lattice points given by equation 21,
namely sx = m/(2X) , sy = n/(2Y) . If the indices go from
-M to M and O to N , respectively, this means M(2N+1)+N
observations, or a total of 220 for M = N n\lO. This
gives a ten-line scan through the source, to borrow a term
from television usage. On the other hand, but ten observa-
tions with a éingle baseline orientation will give equiva-
lent detall about the distribution of the source in one
dimension. We now consider modifications of the previous
theory to enable us to describe such one-dimensional obser-
vations.

Suppose the orientation of the baseline is such that
ites projection onto the sky is parallel to the x axis of
figure 3. Then the orientation angle p 1is zero, and the
components of the effective baseline are

Sy = 8 cos 6,

(25)
Sy = 0

H

This will be the case for observations at transit (h = 0)

with an east-west baseline.
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Since s is zero, equation 19 becomes

b

26 = 1®(sx,0) . JIT'(x,y) el278x*ax gy
(26) V(SX,O) V(sx,0) e X ffT'(x,y) ax dy

Now let us integrate the two-dimensiénal brightness distri-
bution along the direetion of the fringes, or perpendicular
to the projection of the baseline on the sky. We céll the
result the one-dimensional brightness distribution. In the
particular case we are considering, we integrate along ¥y

and designate the one-dimensional distribution T(x) .

(27) (x) = [T(x,y) ay

Let T'(x) be the one-dimensional analog of T'(x,y) (see
equation 17), and let U(sy) = ¥(8x,0) be the one-
dimensional vigibility funcition. Then we can re-write

equation 26 as

- 1% - fT'(x) el2n8xx g4
(28) V(sg) = V(sy) ei®(sx) T () ax

The one-dimensional Fourier inversion of V(sx) would
clearly produce T'(x) . The inversion of a truncated visi-
Pllity funection, known only out to some limiting spacing,
would produce a one-dimensional solution Tl(x) , in direcf
analogy to the two-dimensional case. If no tapering were
used, Tl(x) would be the prineipal scolution for the source
in one dimension. A particular selection of the tapering )

function will cause the recovered source distribution to be

eguivalent to the response of a radiometer using a long,
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narrow antenna having a length equal to the longest spacing
used with the interferometer. In Ryle's terminology, a two
element lnterferometer with a single baseline orientation

may be used to synthesize a long, narrow antenna having the

same overall aperture. Such an antenna has a fan-shaped
sensitivity pattern with high resolution in one dimension
only. |

Just as we could make a scan across a source with a
fan beam oriented in any direction, so we could make a one-
dimensional inferferometric investigation using observa-
tions along & single baseline having an arbitrary orienta-
tion with respeet to the source. The direction of resolu;
tion is the direetion in which the baseline is prejected
ontb the source, i.e. the direction given by position angle
90° p . No information is obtained about the distribution
of the source normal to this direction.

It should be noted that two cone-dimensional analyses
with different orientations do not constitute a full two-
dimensional analysis. Thus in figure 4, observations with
p = 0° and 90° cannot distinguish between two very diffe-
rent source distributions. They can, however, give a limit
for the overall size of the source, and this is often very
useful.

If a source contains two fairly well-separated centers
of emission, measurements of this sort along two different

axes allow the positions of the components to be determined.



T(x)
A
p=0°
> X
y
)
p=90°
> T(y)

?igure L. The two sources A and B give the same
results for one-dimensional scans using , = 0° and 90°.
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If the two components are identical, measurements along a

third axis are required to remove the final ambiguity.

Model Fitting

There is an alternative to the method of Fourier in-
version for the interpretation ofvinterferometric data on
brightness distributions, namely that of model fitting.
The procedure is to calculate exaet visibility functions
for various physically reasonable source models. Free
parameters in a model are then adjusted to make i1ts calcu-
lated transform fit the observed portion of the visibility
function of the source. If a perfect fit were obtained,
the model would then be one posslible distribution which
could give rise to the observed visibility function.

The actual source distribution could differ from the
model, provided that the visibility function of the

differences hetween the source distribution and the model

were non-zero only for spacings greater than those where
the observations were cut off. Another way of stating this
is that the source and the model have the same principal
solutions, but they may differ by the addition or subtrac-
tion of high-frequency Fourier components to which the in-
terferometer is not sensitive. Bracewell and Roberts (1k4)
discuss this method in detail and give examples of source
distributions having the same principal solution.

The advantage of this ﬁethod is that it eliminates the

problem of the spurious responses in the prineipal solution
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and results in a recovered source distribution that is

ab initio physically reasonable. The possible differences
between the source and the model should always be kept in
mind, however. The only thing the observation proves 1is
that the sourece and the model have the same prineipal
solutions within the limits of observational error.

The method of model fitting is particularly useful in
the one-dimensional case, where the visibility funetion
depends only on a single experimental variable, the spacing
along one baseline. In this case it is often possible o
fit the observed portion of the visibility function with
the calculated transform of a very simple model such as a
eircular Gaussian "mound" of brightness or a uniformly
bright disk. One-dimensional visibility funcitions have
been calculated for these and also for some two-Gaussian
models. The calculations and graphs of the results are

given in the Appendix.

The Limiting Case

It is of interest to consider the behavior of the
vigibility function in the region where the source is be-

ginning to be resolved. Consider the one-dimensional case.

(29) (sx) - V(sg)ato(ex) - [20Lasronr ex

For small values of s, Wwe may expand the exponential and

retain only the leading terms,
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=fT(x)[1+-12xsxx- Q(xsxx)2+-i%(ﬁsxx)3+..] ax

V(sy)ei®(sx)
JT(x) ax
(30) =1 - 2(nsy)? [xP2(x) ax
JT(x) ax

+'12nsxf_’§§'__(.§_)...@£ + i&(nsx)3f33T(X) dx
-7 fJr(x) ax 3 [T(x) ax

If the origin is chosen at the centroid of the source,
the first moment of the brightness distribution vanishes;
hence, the departure of & from zero is eubie in sy , while
the departure of V from unity is gquadratic and is propor-
tional to the second moment of T(x) . If V(sx) is ob-

served eonly in the region where it can be represented as

(31) V(isx) =1 - U Bx2 , Where U = [x27(x) ax ,

then it is clear that any model having that value of U as

its second moment will adequately represent the observations.
It is customary to choose & c¢irecular Gaussian model for this
purpose and to guote the diameter of its half-brightness con-

tour as the "diameter"” of such a barely-resolved source.

Review g£ Previous Work

As was mentioned before, the complete two-dimensiocnal
analysis of a discrete source has never bgen carried out with
a two element interferometer of the type we are considering.
Most of the existing work has been done with transit inter-

ferometers having nominally east-west baselines, thus resol-
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ving the source only in the east-west direction, or in posi-
tion angle 90°., 1In a few cases measurements have been made
along other axes, thus setting limits on the overall size

of the source.

The following is a brief review of published data on
interferometric investigations of the brightness distribu-
tions in discrete radio sources. The work done up to 1957
is reviewed in greater detail by Shklovsky (18).

Systematic studies of the brightness distributions of
the strongest sources were begun about 1950 at Manchester,
Sydney, and Cambridge, and preliminary results were reported
simultaneoﬁsly (19,20,21). Wavelengths of around two ﬁeters
were used, and rough estimates were obtained for the diame-
ters of Cas A, Cyg A, Tau A, Vir A, an& Cen A. Measurements
with other than E-W baselines were made only on the first
two of these sources, and showed that Cyg A was highly
elongated, while Cas A was nearly circular. Mills {(22) ex-
tended his work at 3 m on the last four of these sources,
using baseline azimuths of 24°, 90%°, and 164° and spacings
as great as 3400N. He fitted elliptical Gaussian models to
his data‘on Tauw A, Vir A, and Cen A.

Jennison and Das Gupta (23) continued the 2.5 m
Manchester observations of Cyg A and Cas A out to spacings
of about 5000\ along a baseline with an azimuth}of 113°.

The Cygnus source was found to consist of two equal centers

of emission spaced by 1.5, having individual diameters of 0.8.



29

Qbservationé have been made of more-extended sources
by using antenna separaticns of three wavelengths to a few
hundred wavelengths. Baldwin (24) showed that M 31 has a
diameter at 3.7 m wavelength of 2?5 and is almost circular.
With Smith (25) he examined the region of the Virgo cluster
and found that an extended source was present in addition to
the well-known source Vir A; with Dewhirst (26) he studied
the emission from IC 443. Brown, Palmer, and Thompson in-
vestigated five galactic sources of large diameter (27).

To check the possibility of & dependence of the struc-
ture of a source on wavelength, Conway (28) observed Cyg A
at 60 em with E-W spacings to 550N. He found no differences
from the visibility function of Jennison and Das Gupta, but
this coneclusion has been shown to be in error (29).

Rowson (29,30) has observed Cyg A, Cas A, and Tau A at 10.7 cm
with E-W spacings to 1750\M; Cyg A and Cas A were also observed
with N-8 spacings to 3380N. He found that the separation of

the two centers of emission in Cyg A was greater at the
shorter wavelength, but that their individual diameters were
virtually unchanged.

Biraud, Lequeuex, and Le Roux (31) have investigated the
brightness distributions at 21 em of Cyg A, Sgr A, Vir A, and
the supernovae of Tycho and Kepler using E-W spacings to
2080A. 8gr A and Vir A were both found to contain small
diameter, bright components surrounded by more extended re-

gions of lower sufface brightness.
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A program has been undertaken at Manchester to obtain
diameter measurements for radioc sources of very small angu-
lar extent. In the initial phase of this program, Morris,
Palmer, and Thompson (32) reported on five sourcesg, of which
three haa E-W diameters of < 12". Work has continued on a
list of 301 sources, with obsérvations at 1.89 m, using E-W
spacings of 310\, 2200\, 9700A, and 32 OOOMA. Allen, Palmer,
and Rowson (33) have reported on studies of 91 sources ob-
served at the two greatest spacings. Of these, 32 produced
a measurable interference pattern, and 8 have diameters of
< 3".

All the measurements reported above have been of the
visibility amplitude V alone, with no attempt made to re-
cover the phase of the complex visibility function. The
effect of neglecting the phase is to symmetrize the recovered
brightness distribution, as was first pointed out by
Michelson (4). If the source itself is symmetric, then no
error is introduced.

A phase sensitive interferometer for meter wavelengths
has been described by Jennison (34). With it, he and Latham
measured the complex visibility funqtions of Cyg A and Cas A
at 2.36 m, using an E-W baseline with separations of up to
21601 (35). The two components of Cyg A were found to differ
in intensity by 20%, while Cas A was found to have a low in-
tensity spur projecting towards the east from the main body
of the scufce.

Using various elements of the Christiansen solar inter-
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ferometer, Twiss, Carter, and Little have observed both the
amplitude and the phase of the visibility function for

seven strong sources at 21 cm, using E-W and N-S separations
to 1800\N. They have reported some preliminary results on
Tau A, Cyg A, Cen A, and the Orion Nebula (36). Cen A was
found to have two, roughly equal components.

Some information on source diameters has come from the
various surveys of radio sources (37,38,39,40,41). This
information can at times be misleading, for it is obtained
by comparing the amplitude of the visibility function at
only two spacings and fitting a simple model to give the
same ratio of visibilities. However, one of the results 6f
the current investigation is that few sources are well de-

scribed by a simple, symmetrical model.
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CHAPTER III
Observations and Analysis

The amplitude, and in some cases the phase, of the
complex visibility function has been measured for 127
discrete radio sources, using spacings within the range
of 126 to 1557 wavelengths along an east-west baseline.
The sources were mainly selected from the list of Harris
and Roberts (42), which will subsequently be referred to
as CTA. Most of the CTA sources were, in&turn, selected
from the third Cambridge catalog (38), which we designate
3C. Several galactic sources of relatively small diameter
were selected from Wilson and Bolton's survey of the
galactic plane (43), which we will call CTB. A few ad-
ditional sources from the 3C catalog or from the Tirst
catalog of Mills, Slee, and Hill (kk4) were added to fill
gaps in the observing progrem. In this chapter we describe
the observations and the reduction of the observations to
produce the vigibility functions for these sources.

All observations were made with the Caltech variable
spacing interferometer at the Owens Valley Observatory.
The instrument has been described by Read (9,43). Briefly,
it consists of two equatorially mounted, 90 ft paraboloids
which can be moved along railroad tracks to certain fixed
observing stations.. The rgeeiver used was a conventional
superheterodyne with a ecrystal mixer and an intermediate

frequency preamplifier at the focus of each antenna.
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Coherent local oscillator signals were supplied to the
mixers from a centrally placed oscillator, using a combi-
nation of coaxial and open wire transmlission lines. A

few observations at the longest spacing made use of kly-
stron oscillators at each antenna, which were phase locked
to signals radiated from the central local osecillator.
Details of this system are inecluded in Read's thesis (45).
The IF signals were multiplied to produce the sensitivity
pattern characteristie of the two element interferometer,
which is given in equation 1.

The receiver accepted radiation in both the signal
and the image bands, each of which was about 5 Me wide
with its center frequency displaced 10 Mc above or below
the local oscillator frequency of 958 Mec. All observations
thus involve an average over these two bands, which have a
total spread of less than 3% of the 958 Me center frequency.
The corresponding center wavelength is 31.3 em, and all
spacings have been calculated in terms of this value.

At the time these observations were made, in the
spring of 1960, the available observing stations were at
spacings of 200 ft, 400 f£t, 800 ft, and 1600 ft east of a
central base station. With one antenna at the central
station and the other at each of these stations succes-
sively, two series of observations were made: a primary
series as the sources crossed the local meridian, and a

secondary series at various distances east or west of the
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meridian. In taking these observations the writer re-
ceived assistance from D. Morris, V. Radhakrishnan, and

D. E. Harris.

Observations at Transit

At each station the apparent intensity and position
of a source was measured as the source transited. By
comparison with similar measurements made at the other
stations, both the amplitude V and the phase & of the
conmplex vigibility funcition were determined.

For an observation at transit the hour angle is zero.
With an east-west baseline the local meridian lies in the
median plane of the interferometer, and the position angle
of the fringes is zero. This is confirmed by equations 9a
and lla, which show that with an east-west baseline, when
h =0, then sin & = 0 and tanp = O . From equation 1k
we find that in this case the effective baseline has only
one component sy , and this equals the actual baseline s.
The fringe period is l/s in angle or l/(s cos &) in time.

Table 1 summarizes the transit observations and gives
the dates of each series. The coverage across the sky was
not uniform, since observations were taken only at night at
the 200 ft and 400 ft stations*, while one 24 hour-long run

was made at 800 ft and again at 1600 ft. Right ascensions

*One 400 ft run was begun in late afternoon, starting at Olh
local sidereal time.
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from 19h to Olh were not covered at all at 400 ft. The
gap from lTh to 03h in the 200 £t data has been filled in
with data taken from records obtained by Matthews and
others as part of a position finding program. These
records were made in January-February, June, and October-
November of 1960. Of the 127 sources in the brightness
distribution program, the 79 lying between right ascen-

sions 03h and 19h were particularly well covered.

Table 1

Transit Observations

Stétion Spacing Fringe Peried Dates
Y seconds time | minutes arec 1960
at equator
200 £t 195 7656 17166 25.29 Feb
400 ft 389 35.3 8.83 30 Mar-4 Apr
800 ft 779 17.7 L, ko 28 Apr-2 May
1600 £+ 1557 8.83 2.21 15-20 May

To take an observation of a source, the antennas were
made to track its posiition as it approached the meridian.
About ten or fifteen fringes of the interference pattern
were recorded, centered about the time of transit. Marks
were automatically placed on the record at the beginning
of each sidereal minute.

 The amplitude of the interference pattern was measured

from the record, as was the sidereal itime of the maximum in
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the pattern nearest to the time of transit. The amplitude,
corrected for variations in the gain of the receiver and
for the attenuation of the output time cdnstant, gave the
apparent intensity of the‘souree at the spacing then in
use. Six of the strongest sources required an additional
correction for the departure of the detector law from
linearity. The time of a fringe maximum near transit,
corrected for the instrumental phase shift and the delay

of the output time constant, gave a measure of the apparent
right ascension of the source.

To see how these measurements relate to the visibility
function, we refer to the theory of Chapter II. The re-
sponse of the interferomter to a discrete source is ex-
pressed in equation 18. We repeat this equation here,

using the one-dimensional modification of equations 26-28:
(32) R(t) = G8V(sy)cos [Errsxﬂt + d(sy) + \y:| .

Remembering that V and & are the amplitude and phase

of the complex wvisibility function, 8 is the intensity

of the source, and that G sand V¥ account for gain and
phase shifts in the instrument, we can see that the apparent
intensity ef a source at different spacings is given by
8V(sx) , while an apparent displacement in position is

given by &(sx)/(360°) multiplied by the fringe period at
that spacing.

As was noted following equation 30, V tends toward
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unity at small spacings, while & tends toward Zero.

Thus as the antenna spacing is reduced, the apparent in-
tensity tends toward the true intensity, while the ap-
parent position tends toward the true position of the
centroid of the source. For some sources & reasonably
aceurate extrapolation of the apparent intensity 8V(syx)
ean be mgde from the smallest spacing used back to the 1li-
mit at "zero spacing", which is 8V(0) = S , the flux from
the source. (The terms “flux" and "intensity" will be
used interchangeably.) The fluxes for many of the sources
observed in the present program have been measured by
Harris and Roberts or by Wilson and Bolton and are given
in the CTA or CTB lists (42,43). The amplitude of the
visibility funection V(sx) is taken to be the observed
intensity divided by the best available measure of the
total flux from the source.

In principle the true position of the centroid of a
source, and hence the normalization of & , can also be
determined by measurements with a single antenna as in the
CTA or CTB surveys. In practice, the positional accuracy
obtainable by that method is too poor to be of much use in
determining & , though the CTA or CTB positions have been
used to normalize the phases observed for several of the
sources with large diameters. Most of the sources observed
have diameters small enough that the phase can be normalized

by assuming its value to be zero at the 195h spacing. Thus
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the phase shifts for the longer spacings are given by

(33) o(sy) = 2(LIA) - alsy) . 3440

fringe period

If the right ascension measured at the 195\ spacing
should not be that of the centroid, the value of ®(sy)
obtained by this method would differ from the correct
value by & linear function of sy , and this possibility
can be allowed for in the analysis of the brightness dis-
tribution. Matthews (46) has made available the right
ascensions, measured at the 195\ spacing, for nearly all
the sources observed. The phases of the 1950 records ob-
tained in the brightness distribution program were not

reduced.

Calibrations

The receiver gain variations were calibrated by ob-
serving, at each spacing, the three sources of very small
diameter in the list published by Morris, Palmer, and
Thompson (32); namely 3C 147, 3C 196, and 3C 295. These
were reported to have diameters of less than 12" if they
were unifermly bright, circular sources. The corresponding
limit for a circular Gaussian model is < 7". The visibi-
lity amplitude for éuch a source at a spacing of 1557\
would differ from unity by only 1%, which is negligible
when compared with other errors present. A fourth source,
3C 123, was used a8 a secondary standard, and measurements

at Jodrell Bank (47) have now shown that its diameter is
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only 12", which is still too small to introduce any
serious error.

Implicit in this method of calibraﬁion is the as-
sumption that these four sources do not have very much
greater angular extents at 31 cm wavelength than they do
at 2 m. There seems to be no reason to doubt this as-
sumption; indeed, the consistency of the results of the
present observations tends to confirm that it is true.

A second assumption basie to the whole method of
measurement is that the radiation from the diserete
sources 1s constant in intensity, at least over periods
of several months. A slow decrease in intensity has been
observed for Cass A, a relatively nearby galactic source,
but even this is only about 1% per year (48). Variations
in intensity have been reported for only one other gource,
Hydra A (49,50), and it seems possible that these may have
been due to instrumental factors or ionospheriec effects.

Returning to the subject of gain calibrations, a com-
plete knowledge of the receiver gailn variations could not
be obtained from measurements on Just the four small sources.
However, at a given spacing all sources should have a con-
stant apparent Iintensity. Among the sources observed were
& number which were strong enough to give signal to noise
ratios of fifty or more. Variations in the intensities
observed for these sources from night to night at a given

spacing must have been due to gain variations, since noise
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fluctuations for these sources were negligible. By ad-
Justing the gain calibration facter G for each night to
give both constant intensities for these sources at a

given spacing and constant intensities for the four small
sources &t all spacings, the uncertainty in gain was re-
duced. There was a residual uncertainty of between 3%

and 7%, depending on the number and consistency of the
observations. This uncertainty has been ineluded in the
estimate of the error in the final values of the visibility
amplitudes, as will be explained in the section on errors.

The phase calibrations were made only after the ampli-
tude calibrations were complete. About half of the sources
observed were unresolved, i.e. V(sx) for these sources
differed from unity by less than the error of measurement.
These sources were thus expected to show no phase shifts,
and all were used as calibrators.

At each spacing the apparent right ascensions, at
epoch 1950.0, were computed for &ll the sources, temporsa-
rily assuming the instrﬁmental phase shift V¥ +to be zero.
Allowance was made for precession, aberration, and nuta-
tion, using the Besselian star constants for the sources,
as computed by Matthews and Roberts (46). Then the discre-
pancies, in minutes of arc; between these positions and
the positions measured by Matthews with a 195\2 baseline
were plotted as a function of sidereal time for each night
of obéervation. 'A smooth curve was drawn as nearly as

possible through the points representing the unresolved
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CHAPTER IV
Visibility Functions

Data are presented in this chapter on the visibility
functions of the 127 sources observed. All the data are
given in tables 4-9, while the vigibility amplitudes for
51 sources are plotted in figures 5-17. These latter
gources have been chosen because their visibility functions
are reasonably complete and show interesting features.
Generally this means that these scurces have major
structural details with characteristic sizes between 1.5
and 15°'.

Table & inecludes all the sources, and in it are given
the visibility amplitudes, as observed at the four transit
spacings, and the socurce intensities. For sources in-
cluded inthe CTA or CTB lists, a visibility amplitude at
"zero spacing” is also given. This zero spacing amplitude
is equal to the CTA or CTB flux divided by the flux of
table 4. In most cases this ratio is unity, within the
error of measurement, but there are some exceptions. In a
case Where this ratio is larger than unity, the source may
possibly have a broad emission feature whiech was completely
resolved by the interferometer at the smallest spacing
available.

The fluxes have been determined by comparison of the

east-west interferometer data, the CTA and CTB data, and
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the north-south interferometer data obtained by Maltby.
The comparison was made by Maltby and the writer, and
the results are believed to be the best availlable esti-
‘mates of the fluxes from these sources at 31.3 em. All
fluxes are based on an assumed value for the total flux
from M 87, at 31.3 em, of 300 x 1020w wr2(c/s)"l, which
is the same value assumed in preparing the CTA and CTB
lists. A recent re-evaluation by Wilson (53) of the
publishea~data on absolute flux measurements suggests
that this assumed value is 3% + 1.5% high. In the few
cagses where this change would be gignificant, the fluxes
in table 4 may be scaled accordingly. Since the correc-
tion is small and still somewhat uncertain, it was not
thought worthwhile to revise table 4.

The fluxes have been corrected for atmospheric ex-
tinetion and are the values which would be observed if no
atmosphere were present.¥ A value of 0.00763 was assumed
for the 31.3 em sea-level extinction at the zenith.

For a source with a large diameter, the apparent in-
tensities observed with the interferometer cannot be
extrapolated back to zero spacing to give the total flux.
For such sources, the CTA or CTB flux, corrected for ex-
tinction, has been adopted, and these are indicated by a
flux value enclosed in parentheses. Wilson has provided

improved estimates of the fluxes for several of the CTB

*For a discussion of extinction corrections, see Broten
and Medd (54). .
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sources (53). Some sources were large enough to be
partially resolved by the primary antenna beam. For

these sources the peak apparent intensity from CTA or

CTB is tabulated, and these fluxes &re marked with a dag-
ger. Three sources for which fluxes are given in table 4,
3¢ 17, 3C 28, and 3C 41, were observed only off transit.
All fluxes are given in units of 10‘26wm'2(c/s)'1.

A source marked with an asterisk is one for which
the vislbility amplitude is plotted in figures 5-17. A
visibility amplitude based on only one obgervation is
marked with a eolon. The sources are identified either
with familiar names of long standing*, or by their num-
bers in the 3C, CTA, or CTB surveys or in the first survey
of Mills, Slee,and Hill (4%). "Coma A" is the source so
designated in the Jodrell Baﬁk survey of the region con-
tainiﬁg the Coma cluster of galaxies (56).

Table 5 gives the visibility phases for the transit
observations. Unless otherwise noted, they are normalized
| to Matthews' 195M positions in the way indicated by equa-
~tion 32. As was stated in Chapter III, about half the
sources observed were virtually unresolved at the longest
available spacing. These sources would be expected to
have no a?preciable phase shift, and the method of calibra-

tion assumed that this was so. In table § are listed only

those sources for which the phase was measured and found %o

*See, for example, the IAU 1list (55).
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be significantly different from zero at one or more
gspacings. Phases were measured for all source-spacing
combinations for whieh an amplitude (not an upper limit)
Ais entered in table 4, except for the following: 3C 40,
3¢ 58, and 3C 66 at 389A; CTA 26 at 155TA; 3C 280 at TT9r;
3¢ 298 at 1557\; 3C 380 at 779r; and MSH 19-16, CTB 87,
CTA 97, and 3C 469 at all spacings.

The convention as to the sign of the phase is given
by the definitions in Chapter II. A positive phase shift
correspendg 1o an apparent displacement of the source
toward the west. This is consistent with the definition
of Jennison and Latham (35), but contrary to that adopted
by Twiss, Carter, and Little (36). Again in table 5, a
colon denotes a value based on a single observation.

In tables 6-9 are listed the visibility amplitudes
measured in the off-transit observations. In these tables
the absolute value of the rotation angle p 1s given for
each source. The direction of resolution, i.e. the direc-
tion of the baseline when projected against the sky, is
given by the following position angles:

90° + |pli for &>0, h<0O or for ©&<0, h>0
(o) 90° - |p| for ©<0, h<0O or for &>0, h>0
For some sources near the equator, for whiech p was very
small, the observations taken east and west of the meridian
at a glven effective Spacing have been averaged. BSuch

averages are indicated by an A . Except for these averages
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and except for many of the obserﬁations made with the
1168\ effective spacing, most of the entries in tables
6-9 are the result of single observations.

In figures 5-17 the visibility amplitudes for 51
sources are plotted. In the graphs, the filled circles
refer to transit observations, while the open circles
refer to off-transit observations. Unless otherwise
noted, all curves are of one-dimensional visibility am-
plitudes with resolution in PA 90°, Open cirecles ap-
pearing on PA 90° curves represent measurements for which
the effect of a non-zero rotation , was judged to be
negligible. Some off-transit points, generally those for
which the effects of fringe rotation are not particularly
clear, have been omitted from the graphs. A dashed line
indicates that the behavior of the visibility funetion in

that region is not well determined by the available data.
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Table &
Fluxes and Visibility Amplitudes for
Transit Observations
Source Flux ; Spacing
& 195X 389 179X 15572
3 2 5.1+0.4 -—- B7+.17: --- --- 1.00+.10
SN 1572%  (57+3)  1.00+.05  .69+.07 -—- JA7+.02: .08+.01:
¢ 15 5.5+0.%  .93t.21 1.07+.15: - .- -—-
3¢ 17 7.8+0.5  1.30+.30 -—- --- --- ---
3¢ 20 14.7+1.8  .93+.11  .92+.15: --- .90+.08:  .80+.08:
€ 26 3.2+40.6 --- .92+.15 --- «9T+.15  1.06+.20:
3 28 2.74#0.3  .8%+.33 --- --- --- -
3¢ 33* 18.6+0.9  .97+.03  .86+.10:  .84+.07:  .6h+.06:  .35+.05:
¢ 38 7.040.7 1.16+.22  .64+.11 --- --- .65+.10:
3c ho 8.0¥1.2  1.0¥.22 .81%.12  .29+.05: .h9+.07:  .11¥.05:
3c bl (6.9+0.9) 1.00+.13 _— _— —— ——
3¢ b6 2.240.5 ---  1.11+.15:  J75+.1k: Jh2+.22: ——-
3¢ 48 21.5+1.1 .98+.08 - -—- ——- 1.00+.07
3¢ 58% 35.0+¢2.4  .95+.05  .63+.06:  .36+.03: .08+.01:  .06+.01
3¢ 63 5.3+0.8  1.15+.19 .91+.16 -— -—- -
3¢ 66%  (12.9%40.9) 1.00+.08  .U46+.10:  46+.06:  .20+.0h:  .20+.02
MSHO2-110  6.4+0.4 ---  1.04+.16 --- - ---
T 6.940.3 -—- .82+, 1k --- .95+.1L:  .91+.06
3 75*% 8.1+0.4 .92+.07  .81¥.13:  .T2+.12:  .11¥.06:  .31+.07
x 78 9.1+1.k -—- .88+.13: --- . 76+.10: -—-
X 79 7.0+0.5  .9T7+.08 -— .90+.18:  .88+.12:  .36+.0k
CTA 21 9.3+0.7  .97+.11  .89%+.10 - -—- ---
NGC 1275% 20.b42.0 1.05+.11  .90+.09  .88+.05:  .T7+.05:  .Tl+.Ok
Fornax A  (125¥6)!  1.00+.0h  .05+.0l:  .03+.0l:  .0l+.00: ——-
3¢ 8o* (6.3+0.9) 1.00+.16  .59+.09  .T0+.09:  .63+.08:  .h7+.08:
CTA 26 2.8+0.4  1.25+.41  .77+.22: -—- J79+.1T: .69+.21
3c 98%  (1k.1#1.2) 1.00+.08  .92+.0k .88+.10 .55+.05:  .33+.03
3¢ 103 7.240.5 .92+.08  .97+.05: - «99+.12:  99+.11:
3¢ 109 5.940.6  .86+.16  .92+.05  .96+.09:  .9T+.09: -
3¢ 111*  20.42.0 1.00+.08 .89+.0k:  .6G+.Ok:  .O0T+.03:  .33+.05
3¢ 123 6h4.3+1.9 1.050+.03 standard source
3¢ 129%  10.6¥1.1  .B9+.11 .M6+.02  .48+.03  .23+.03  .31+.03
3¢ 134  15.1%0.8 1.00+.08  .99+.0k: 1.01+.0k .90+.06:  .81%.03
3¢ 135 2.940.9 - .83+.15:  .5T+.11: --- 66+.17:
Pictor A* (86.8+2.6) 1.01+.07 .54¢.03: .06+.0l: .1T+.0l:  .09+.0l:
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Table 4 (continued)

Source Flux Spacing
0 195X 3892 TTN 155TA

Crab Neb¥ (1030+45) 1.00+.0k  .92+4.06  .64+.02  .28+.01:  .OL+.00:
Orion N.* (361%9)  1.00+.03 .64+.03  .31%.02: .11¥.0l: .02%.00:
3C 147 29.2+0.9 .9%+.03 - standard source -

3¢ 154 7.2+0.5 .95+.08  .99+.05 <9T+.06 B87+.09 .80+.08:
3¢ 161 25.6+1.3 .93+.06 1.00+.05 .97+.05  1.00+.06 <9T+.05:
3¢ 171 5.7T+0.4  1.05+.16  .95+.05  .9T7+.08 1.00+.10  .92+.19:
3¢ 175 4.1+0.4 --- Okt.09  .98+.05  .96%.05  .69+.13:
3¢ 180 4.3+0.6 - Olt.11 1.00+.09  .98%.07  .75+.1k:
3¢ 191 2.940.4 ---  1.01#.11  .98%.15  .97*.15 1,19+.33:
3¢ 196 20.410.8  1.03+0.8 standard source -

3 198 3.4+0.3 --- «92+.07  oT3+.10:  2T+.14: .30+.13:
Puppis A  (10546)'  1.00+.06  .13%.02: .02+.0l:  .01+.00: ——-

3c 208% b,9+1.2 -—- .83+.06 .57+.08  1.03+.11:  .99+.10
eTB 31%  (212¥21)' 1.00+.10 .48%.0k:  .4OF.02:  .20%.0l:  .OL+.00:
CTB 32%  (34.3%¥5)'  1.00+.15 .7h+.08: .52¢+.02:  .23+.02: ---

3¢ 216 6.0+0.4 --- «95+.05  1.03+.05 1.01+.1l:  .96+.1l:
Hydra A* (67.5+1.8) 1.00+.03 .9T+.0h  .95+.0k . .83+.03 «T1+.02
3¢ 219%  12.3+0.9 --= .95+.05  ,91+.0h  ,6T+.06: <.10:
3¢ 227*  11.2%l.1  .91+.09 .B83%.05  .69+.05  .22+#.02  .11+.03
3¢ 230 5.9+0.4 --- 85+.07:  .TT+.10 <T0+.13:  JBht.11:
3¢ 234 8.3+0.8 .88+.12  1.00+.04 .65+,0k .62+.05 J43+.08
c 237 9.6¥0.7  .57%.10 1.01%¥.08: 1.00%¥.0k  .86%.10: .99+.ll1
3¢ 243 2.1+0.5 -—- --- 6TE.11 L61%.15  J56+.22
3¢ 254 5.1+0.k --- .994.06  1.02¥.05  .95+.08  .99+.06
3¢ 264*%  (10.5¥3.0) 1.00+.29 .T2¥.06  .59%.05  W7¥.06  .31%.05
3 265 4.8+0.5 - .95+.08  .86+.09  .T2+.10:  .3T+.10:
3¢ 270%  (28.5¥1.5) 1.00+.05  .56+.03 .07+.01 .23+.02 .08+.02
3¢ 273 45.4%1.%  1.11%¥.05 1.00+.08 1,00¥.03  .97%.05  .9k+.Ok:
M 87 300 --- 1.00¥.05 .84¥.03  .59%.02  .50+.02: .38+.01
Coma A 4.0+0.6 --- -—- .89%.13: 1.12%¥.15:  .98+.2%
3¢ 278%  10.6+#1.1  .91+.15  .9W+.13:  JTh+.06:  .h2+.05: <.15:
3 279 9.8¥0.7  .T0+.12 1.01+.08  .99+.08:  .82+.10:  .92+.10:
3¢ 280 7.240.7  .95+.16  .96+.06: 1.02+.08: .93#.12:  .90+.09:
3¢ 283 8.6+0.9 1.18%.18 .98+.0h 1.01+.09  .97+.06  .83+.08
NGC 5128% (L4h2+35)t  1.00+.07  .53+.02:  .15+.01 +33+.01 .08+.01
3¢ 286 19.8¢1.k  ,99+.08  .99+.05: 1.03+.05: 1.00+.05: 1.02+.06:
3c 287 9.6+0.9 .88+.13  .85+.05 1.09+.08: .95%.10:  .91+.09:
3C 295 32.0+1.0 .95+ o7 standard source

3¢ 298 9.7+0.5 1.15%.16  .9T+.05 1.07+.06: 1.05+.09:  .94+.05
MSH1+010  3.4+0.7 -—- B85+.12: .6h+.11  .B81+.16 <T0+.19
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Table 4 (continued)

Source Flux Spacing ,

o 195X 389X 179 1557
3¢ 310%  12.740.9  .85+.14  .98+.07:  .89+.06  .60+.06  .17+.0k
3¢ 313% 6.0¢0.9  .91¥.16  .B85+.15: .85+.09:  JA3+.06:  .62+.17
3¢ 315 6.1#0.6  1.00+.16  .9T+.05: .9h+.09:  .BT+.06 .52+.06
3¢ 317 10.0+0.7  1.00%¥.10 1.00+.10:  .9T+.07:  .96+.06:  .93%.06
3¢ 318 4.140.6  .72+.2k  .9T*.20:  .94+.07 1.03%.06: 1.04+.18:
3¢ 32k 4.240.6  1.50+.37 .88+.08  .93+.,06  .91+.07  .98+.16
3¢ 327  12.3+l.2 .95+.17  .91¥.0h  .63%.09  .58+.06 .28+.0k
MSH16+02  6.5+1.0 -—- Okt 1k - «9T+.10:  .68%.26
3¢ 330 10.6+0.7  .83+.15 .99+.06  .93+.08  .82+.05  .35+.0k
3¢ 338% 6.7+0.5 1.,08+.17 .9T+.06  .93+.05  .78+.0k  .38%.05
3¢ 343*  (10.540.9) 1.00+.09  .32+.02  .98+.06:  .1T+.02:  .85+.0T:
3¢ 345 8.4+0.8  1.00+.1h  .95%.08: .98%.07  .96+.09: .82+.0T:
3C 347* 2.5+0.6 -- .96+.12:  .5W+.20:  .59+.11:  .88%.20:
Herc A¥*  73.5+3.7 1.00+.08 .93%.03:  .T6+.03: .2T+.01  .61%.02
CTB 38 (38+13)' 1.00+.30 .56+.06: .59%.03: .18+.03  .08¥.02:
3¢ 353*%  8l.5+1.8 1l.04+.02  .88+.03  .61+.02  ,.2T+.01  ,25+.01
SN 160k*  21.3+2.1  .95+.10 .97+.08  .BU+.07  .h1¥.02  .19+.02
Sgtr A*  (700+140)' 1.00+.20  .30+.06: -—- .0T+.00 .02+.00
3 365 3.5+0.5 ---  1.03+.12: -—- LT8+.12 .98+.07
Omega N.* (502¢75)! 1.00+.15 .55%.0k:  .26+.01L  .05+.00  .0Z+.00
3¢ 380 19.8+1.0 .93+.03  .98+.12: 1.00+.05: 1.00+.05: 1.02+.04
cTA 80% 7.8+0.8 .88%.07 1.00%.12:  .75+.0T:  .52+.07 «36+.06:
3¢ 386%  10.2+0.5  .9h+.06 - B7+.07:  Ohe,Obh  ,17+.05:
3 388 (9.9¥1.2) 1.00+.12  .86+.10: .81¥.05  .90+.07  .69+.08
3¢ 397* (25+13)t 1.00+.50  .53+.07: .36+.02  .13+.03  .10%.06
3 398% (92+14)' 1.00+.15  .45+.07  .19+.01:  ,08+.01  .06+.01
MSH19-16  1.2+0.h - «95+.35: -—- .82+.22  1.12%.60
3¢ ko1 T.240.5  1.09+.1k === '1.00+.07:  .99+.08  1.01+.09:
3¢ hoz* b.9+1.0  .92+.24  .90+.15 --- 435,05 .35%.07:
3¢ bo3*  (9.6+0.6) 1.00+.06  .T1+.13: --- 47+.05:  .25%.0k
Cygnus A (2160+120) 1,00+.06 - --- -49+.03  .bh1t+.02
3¢ 409 21.0+1.5  1.05+.06 --- -—- .98+.05  1.00%.10
CcTB 87  (10.0%4.0)' 1.00+.40  .8l+.12: --- .11+.03:  .27+.08:
3¢ ko 12.7¢0.9  1.02%.08 - -—- .98+.05  .93+.06
3¢ h13* 1.5+0.4 --- <95+.20: ——— A1¥.11 0 .62%.37:
3 L2k 3.940.4  1.60+.25 .98+.09 --- 9h+.08  1.09+.16
3¢ 430 11.2+1.1  1.00+.1% 1.00+.10: --- -—- . 75+.10:
3 433 17.440.9  .89+.09 --- --- .93+.0b  .93+,0k
3 436 (6.3+0.6) 1.00+.10 .81+.13: --- JT6X.0T  JTT+.09
CTA 97 (4.5+0.6) 1.00+.13 .29+.0T: ——- ——- -~
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Teble 4 (continued)

- Source Flux Spacing
0 195 389> 179+ 1557

3¢ 438 10.6+0.5 1.00+.06 1.08+,15: -—- «9T+.05  1.06+.09
3¢ bbbk 13 6+0.7  1.00+.0k - -—- «92+.05  .T9+.09
3¢ Lhs* 8.2+1.2) 1.00+.1k  .95+.11 - «59+.07:  .16+.05:
3¢ Lo (7 +0.9) 1.00+.12  .96+.12 -——- «Tht.10:  1.01+.09
CTA 102 7.8+0.5  .93+.08 -—- - 1.00+.12:  .99+.15
3¢ 452%  15.3+1.5  .91+.06  .86+.08 -—- «09+.02:  .10+.01
3 Lks6* 3.4+0 9 === 1.05+.15: - .73+.10:  1.00+.16
3¢ 459 (7.2+0.6) 1.00+.08 - ——— .9h+ 11: .82+.10
Cass A  (3120+150) 1.00%.05 --- -—- .08+.01:  ,06+.00
MSH23-112  3.2+0.5 -=-  1.00+.18: - I9T+.16:  .86+.08
3¢ 465% (11.74#0.9) 1.00+.08  .78+.10 --- .26+.05:  .37+.07
3¢ k69 2.3+0.6 -——- 60+.25 --- --- .62+.10

Noteg=--

All fluxes given in units of 10'26 — (c/s)“l

* Amplitudes for these sources are plotted in figures 5-17

() CTA or CTB flux
t  Peak apparent flux from CTA or CTB
Based on single observation



Visibility Phases for Transit Observations

(Only those sources are listed which
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Table 5

have phases differing significantly

from zero.)

o
20:

20:
20:
15

15:

20
20:
20:
10
10:

10:
20
203
20:
10

20
10
10
20:
20

20:
15:

202

+ 203

10:
20:
10

Source ‘

389\
SN 1572 ——
3¢ 33 -
3¢ 4o ————
3¢ 58 —
3C 66 ——

O

3¢ 75 00+
Fornax A (1) -110+
3¢ 89 -20+
3¢ 98 00+
3¢ 111 00+
3¢ 129 ~45+
3¢ 135 -30+
Pictor A +120+
Crab Neb. 00+
Orion Neb. 00+
Puppis A ~-115+
3¢ 208 +ho+
CTB 31 (2) +20+
CTB 32 (2) +50+
Hydra A -10+
3¢ 227 10+
3¢ 270 +95+
M 87 -10+
3¢ 278 -25+
NGC 5128 -1h5+
3¢ 287 -45+
3¢ 313 00+
3¢ 327 -30+
3C 343 +90+
3C 347 -120+
Herc A -10+
CTB 38 (2) o +15+
3¢ 353 : -104+
SN 1604 00+

Sgtr. A (2) ———

10

Spacing
T79™

176+ 30%

00+ 30:
-130+ 30:
+70+ 50:
+120+ 30:

+70+ 30:
+60+ 40:
-25+ LOs
-25+ 20:
+50+ LO:

~90+ 30
+40o+ 20:

00+ 10:
+20+ 10:

00+ Lo:
+90+ 30:
-15+ 30:
+90+ 30:
-4o+ 15

-110+ 30
+125+ 30
-25+ 30:
-50+ 20:
-185+ 15

-90+ 30:

00+ 30:
-155% 15
+50+ 30:
-180+ Lo:

=50+ 15
+140+ 30
-130+ 15

-50+ 20

+10+ 20

155TA

~70% 502
+120+ 50:
-180+ 60:

+T5+ 50:
+230+ 50:

+155+ LO:
-55;_-70:
-210+ ho:
+170+ L40:

-250+ 80
-235+ 80

=90+ 30:
+140+ 30:

+120+ 30
-70+ Lo:

-90+ 40

-230+ TO
+270+ 40
-80+ L0

-550+ 40

-170+ k4o:
+115+ 50
-280+ L0
+30+ kO
-510+ 603

-190+ 30
+290% 503
-230% 30
+70% 30
+200% 30
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Table 5 Continued

Source
3892
Omega Neb. (2) -55% 10°
CTA 80 -40+ 10:
3¢ 397 +70+ 202
3¢ 398 +135+ 20:
3C Loz ———
3¢ Lo3 ———
Cyg A 00+ 10:
3C 413 ————
3¢ L4552 ————
Cass A -
3 k65 ———
Notes: (

(2

1)} Based on CTA position
Based on CTB position
s Based on single observation

Spacing

779

-96+ 20°
-10% 20
-140% 20
+170% 20
-65+ 402

-60+ 30:
-10% 10
+50+ 4O
-140+ 50:
+65+ 203
-115+ Lo:

1557

-190% 30°
-160+ 60:
+14o+ Lo
+300+ 60
-190+ 80:

-290+ 50
-150+ 30
+280+ 60:
-30% 40
-90+ 30
-230+ 50
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Table 6
Vigibility Amplitudes for Observations

with  cosf, = 5/8

Effective Spacing

Source 126X 487 973\ d
E W E W E W

3 2 - - el - .95 -- 00
3¢ 15 - - - - .70 - 02
3C 26 - .86 -- - -- - 03
3¢ 33 - -- .87 - 87 -- 16
3¢ 38 - - - - .78 - 19
3¢ k0 - .95 ik - <.15 -— 02
3¢ 63 .- .96 - - .96 - 03
3 715 -- «93 -- -- .15 - o7
3¢ 79 -- -- -- - .53 -- 05
CTA 21 -- .89 - - .95 - 21
3¢ 89 - T -- 1o - 02
CTA 26 -- - - - .88 .o 03
3¢ 98 -- .93 -- .65 -- -- 12
3¢ 109 - b - 1.06 - - 13
3¢ 135 -- .98 -- 62 -- -- 02
Crab Neb. - .93 - .65 - o1k 28
Orion Neb. - -- - .21 - 05 o7
3¢ 154 -- 1.00 - - - - 35
3¢ 175 8L .95 -- .96 - .85 1k
3¢ 180 1.02 - - -- -- .- 03
3¢ 191 1.11 +99 -- - - .- 12
3¢ 198 99 .81 - .56 - -- o7
3¢ 208 75 1.19 -- 57 -- .93 16
Hydra A 1.00 1.02 -- - -- T4 14
3c 227 -- .98 -- - - .2k 09
3¢ 230 .80 -- - - -- 55 00
3¢ 237 .- <99 «99 -- -- .83 09
3¢ 243 - - 67 - -- -- o8
3C 264 73 - .80 .62 - -- +29 25
3¢ 270 - .78 .23 .28 .0olka o7
M 87 1.02 -- .55 49 L9 .53 ' 03
3¢ 278 .- .98 .T0 .TL .28 .27 15
3 279 -- -- 86 -- L9k 1014 o7
3¢ 283 1.00 -- 1.00 - - .99 28

3¢ 298 -- 1.01 - - +99A 08
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Table 6 (continued)

Effective Spacing

Source 126\ 487 9730 lPl

E W E W E W .

MSH 144010 - - .91A 604 oL
3¢ 313 .- - - .69 .36 .18 10
3¢ 317 -- -- -- .98 .okA 09
3¢ 318 - .- - 1.02 .92 .92 26
3C 324 81 - .- -- .89 -- 28
3¢ 327 1.02 - -- .50 .56A 03
MSH 16+02 - -- -- .98 .89A 02
3¢ 347 - - -- - .86 - 16
Herc A .98 -- - -- .21 17 06
3¢ 353 .ok - 24 .3hA o1
SN 1604 - - .69 67 .19 .18 27
3C 365 - - .96 - 1.00 L6 16
Omega Neb. LT7 -- .16 .07 .09 .02 20
3¢ 386 1.00 - .79 .78 ol .31 22
3¢ 397 66 - - .38 - .05 08
3¢ 398 .19 - .31 .21 .11 .12 10
MSH 19-16 -- -- 53 -- -- - 17
3¢ 4o3 - - .68 - .25A 03
3¢ k13 -- - 17 - -- - 09
3C hak ok -- 1.14 17 - - 08
3¢ 433 -- -- -- -- .96 -- 33
3¢ hhk - - .93 - .88 -- 21
3¢ Lhs5 -- -- .73 -- .51 -- 03
3¢ k4o - .- - -- .90 - 06
3¢ 456 - - .75 - .75 - 11
3¢ 459 -- - .9k - 87 - 05

Note~- For the cbservations at effective spacings of 126\, the
value of

cos 6o was 0.646.
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Table 7

Visibility Amplitudes for Observations

3¢ 227

with  cosfp = 3/4
Effective Spacing
Source 292\ 581 1168) |e]
E W E W E W
3 2 - - - - .96+ .08  --e- 00°
3¢ 17 -- == 1.05 =-- ———— -—-- 02
3 26 - -- $99 == 1.13% .19 eee- 03
3 28 - e= 1.k - 9+ JOT  ---- 25
3¢ 33 - .79 B89 .- 81+ .05  ---- 11
3 38 .- - 89 -- T2+ JOb  eee- 14
3¢ ko Y ¢ Y .20+ .08  a--- o1
3 n -- O B .68+ Obh  ee- 35
3 46 - -- - -- OT+ 022 mme- 43
3 48 -— - == == 1,00+ .05 =--- 35
3k 63 -- B8 - «93+ .10 --e- 02
MSH 02-110  -- 88 - - Bht 12 eeee 18
T -— 9T e -- 91+ .20 --e- 00
3 75 R ¢ N 2ht 07 eee- 05
3 78 -~ 88 - - 6T+ 10 —ce- 03
X719 -- 9T - - 50+ .10 --ee 15
CTA 21 -- 93 .- - $92+ .12 a-e- 15
CTA 26 -- N —— ———— 02
3¢ 98 - 89 e - —--- -——- 09
3¢ 109 -- I ———— ——-- 10
3¢ 111 -- Bl -- .32 .20+ Ok .32+ .02 Mk
3¢ 123 standard source 30
3¢ 13k - 97T -- .81 ——— .21+ .03 hk
3 135 -- 39 - -- ---- -—-- 01
Crab Neb. - 82 -- k6 ———— .03+ .00 21
Orion Neb. -- A6 - 17 ———— .03+ .00 Ok
3¢ 15k - 92 -- .83 ———- 85+ .07 2k
3¢ 161 -- 1.00 -- .99 ———- .98+ .05 05
3 175 - By -- .88 c—- .76+ .12 10
3¢ 180 -- 93 -- .81 ———- Bt .13 02
3¢ 191 -- .89 -- .92 -me= 1,18+ .26 09
3c 198 -- .71 -- .33 ———- .27+ 13 05
3¢ 208 --  1.06 - .75 c——— JThe L0612
Hydra A -= 1.00 86 .93 ———— .82+ .05 10
-- S .37 .29 -—-- .21+ .0k 06
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Table 7 (continued)

Effective Spacing

Source 202 584 1168) 7|
E W E W E W
3C 230 -- 1.07 -- 1.01 ———— 1.04+ .12 00°
3¢ 234 - 86 .86 .83 _———— 37+ .06 29
3C 237 -- 1,01 1.00 .92 ——— .99+ .10 06
3¢ 243 -- .78 67TA ———- 6T+ .21 05
3C 264 b1 .65 .52 .52 .30+ .10 .30+ .03 18
3¢ 265 .87 107 .76 -- -—-- .68+ .10 33
3¢ 270 L27A .334 .04+ .01A 05
3 273 1,00A +99A 9T+ .OkA 02
M 87 .72 .67 .53 B9 b7+ .02 Lho+ .02 11
Coma A .88 1.06  -- .97 ---=  1l.0k+ .16 27
3¢ 278 79 .85 .59 .58 .18+ .06 .09+ .03 11
3c 279 .9kA 974 1.00+ .05 05
3¢ 283 1.01 1.01 - - . ——— 21
3¢ 286 - - .- - - — 31
3Cc 287 96 .92 .95 95 .86+ .08 .83+ .06 25
3C 298 1.05A OTA .98+ .0TA 05
MSH 14+010 .91A - - ——— .54+ .19 03
3¢ 310 By 96 T2 -- .16+ .01 .27+ .Ok 26
3¢ 313 874 b7 -- .26+ .10 .k3+ .06 O7
3¢ 315 .97 1.08 .88 .86 .60+ .09 .67+ .08 26
3C 317 .99A .98A .93+ .03A 06
3 318 .95 1.0L .- .95  1.02+ .14 .91+ L1k 19
3 324 93 .99 .T9 == 85+ 17 —--- 20
3¢ 327 JSTTA - R L3+ ,034 02
MSH 16402 .98 -- 93 -- <93+ .054 ol
3¢ 338 87 -- -— - 63+ .09 .65+ .1k 47
3C 345 1,02 -- - - .92+ .08 .59+ .1k 48
3¢ 347 .62 .71 RN <7+ .05 1,07+ .21 11
Herc A IR A— .53A .39+ .03A Ok
3¢ 353 - -- .31a .39+ .OhA o1
SN 160k 93 -- 60 .58 - <06 .08+ .02 20
Sgtr A - - .11 .13 .00 .05+ .00 29
3 365 .98 -- -- .66 ———— i+ 15 12
Omega Neb. dz -- .15 .03 .05+ .00 .01+ .00 1k
CTA 80 Sh - 88 -- .72+ .07 .27+ .05 3k
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Table 7 (continued)

Effective Spacing

Source 292 584, 1168) |2]
E W E W E W

3c 386 95  -- T2 W65 .35+ .05 .27+ .05 15
3 397 39 -- .31a .14+ ,02A 06
3c 398 63 - .26A .12+ .01A 08
MSH 19-16 -- - - - At 267 aeea 13
3¢ ko3 76 -- 60 -- .1+ L05A 02
3¢ ko9 - - -- - 1.02+ .O5A 22
CTB 87 NI - 27 -- .21+ .06 .12+ Ok k2
3¢ k10 99 -- - - .92+ .09  ~-e- 30
3¢ 413 AT -- 59 - <67 -—-=- 06
3C L2k 92 -- .90  -- 1.0+ .17 l.12+ .14 05
3C 433 +95  -- - - 9t 09 w--- 2k
3¢ k436 L - - - .68+ Oh  -aa- 28
3¢ 438 095  -- -~ - 86+ .07 ---- Ly
3C bhk 97T -- Oh - <90+ .05 ---- 15
3C 4hs 89 -- B2 .- .35+ 06 --m- 02
3¢ Lub 99 -- «90  -- .78+ .09  -m-- Ok
CTA 102 = - .- ———— ———— 10
3¢ 452 .52 -- b7 -- 11+ .05 ee-- L7
3¢ Ls6 .- - - - T2+ J1h eeas 08
3 459 -- -- -- - 96+ .09  —ma- 03
MSH 23-112 -- .- -- -- L.l 18 --a- 11
3C 465 -- - .28 -- .23+ JOb  ceee 26
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Table 8

Visibility Awplitudes for Observations
with cos6y = 7/8

Effective Spacing

Source 169\ 6812 1363\ le]
E W E W E W

3¢ 2 - - .93 - 1.09 - 00
3¢ 20 -- 94 87 - .83 - L7
3¢ 26 - .- - - 1.08 .- 02
3¢ 28 -- - .- - .86 .- 17
3C 33 -- -- -- -- 5T -- o7
3¢ 38 - -- -- -- 76 -- 10
3C 46 -- .89 - -- - .- 26
3C 66 - .82 - -- 08 -- 32
3¢ 75 -- .88 - - - - 03
NGC 1275 -- .93 - -- 66 .66 30
Fornax A - .13 - - - - 26
3¢ 109 -- -- - - -- oTT 06
3¢ 111 - .91 - - - .33 26
3¢ 129 -- 47 - -- -- -- 35
3¢ 134 - b - -- - .- 27
3¢ 135 - - -- A7 - - 00
Crab Neb. - - - .31 - .00 13
Orion Neb. - - - <13 - 02 03
3C 161 -- - - .01 - -- 03
3¢ 171 -- . .98 -- .92 -- <79 53
3¢ 175 - -- - -- - .58 06
3¢ 180 - - - T - .68 o1
3¢ 198 - - - .34 - .16 03
3¢ 208 - - -— .62 - .62 08
3¢ 216 -- .98 - - -- - 35
Hydra A -- - - .88 .- .81 06
3¢ 219 -- .92 - .36 - .38 37
3C 227 - .- .31 .19 - .20 ok
3¢ 230 - - .88 .- -- .95 00
3C 237 - - 1.01  1.02 - 1.06 ol
3¢ 254 .98 - 1.16 .- - - 30
3¢ 26k - - .52 49 .39 .22 12
3¢ 265 .96 1.01 .90 8L - A3 21
3¢ 270 - - .32A 054 03

3¢ 273 -- -- -~ <99 .- 97 0l
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Table 8 (continued)

Effective Spacing

Source 169 6812 13631 le]
E W E W B W

M 87 - .89 .53 b A4l .43 o7
Coma A 1.05 - - - -- 97 18
3¢ 278 -- -- .56 48 W17 - o7
3¢ 279 - - .- - .89 - 03
3¢ 280 - -- 1.03A 1.01A 39
3¢ 283 -- - - .96 -- -- 13
3¢ 287 -- - 1.03 .93 1.01 .75 16
3¢ 298 - 1.06 -- -— - 1,01A 03
MSH 144010  -- -~ .9TA 624 01
3¢ 310 .95 . .60 .73 .11 .27 17
3C 313 - -- .56 .58 .30 .39 o4
3¢ 315 - -- .8l .69 .5k .59 17
3¢ 317 1.03 - 1.06 - +95 - 03
3¢ 324 - - .95 .85 .89 -- 13
3¢ 327 - - 61 - .31 -- 01
MSH 16+02 -- -- 86 -- -- .90 00
3¢ 338 1.02 -- - .85 .52 45 28
3¢ 345 1.05 - - .88 1.10 .89 29
3¢ 347 - - B4 .69 .68 U9 o7
Herc A -- - 40A .56A 02
3¢ 353 -- - «25 - -~ -- 00
SN 160k -- - -- .50 .10 .10 13
Sgtr A - - - .11 .03 .02 18
Omega Neb. - - - .03 - .02 09
cTa 80 1.02 - T .35 .39 .21 22
3¢ 386 1,02 - .66 6L -- .22 10
3Cc 388 .85 - .78 6L .80 .65 36
3¢ 397 -- -- +21A - -- 03
3¢ 398 - - RolI¥ Y .10A 05
MSH 15-16 .- - <.6 - -- - 08
3¢ Lko2 - - Hl - .21 - by
Cygnus A - - - - .31 .2k 29
CTB 87 .80 -- 42 . .16 - 25
3¢ 410 .- - 1.01 - .95 - 19
3¢ 413 - - 61 - - -- ok
3C hak -- - .55 -- .88 - 03
3¢ 433 - .- - - 1.00 .- 16
3 436 -- -- 150 -- .62 .68 18
3¢ 438 - - .ok - 1.00 -- 26
3C L4h5 - - .56 -- - .08 o1
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Table 8 (continued)

Effective Spacing

Source 1692 681\ 1363M
E W E W E W
3¢ 46 — - 6 - -- -
3¢ 452 - - .30 -- .26 -
3C 465 - - .28 -- .11 --

Note-- For the cbservations at effective spacings of 169\,
the value of cos 8o was 0.867.

Table 9

Visibility Amplitudes for Observations
with cos Gy = 0.788

Effective Spacing

Source 12263, ||

E L —_—

3¢ 66 .36 .27 16°
3¢ 75 .24 _— ols
NeC 1275 .63 .70 k2
X 98 -- .34 08
3¢ 111 .19 .36 36

3¢ 134 <.16 .50 36

|7

02
28

17
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CHAPTER V
Interpretation

The observed data on the visibility funetions have
been presented in the previous chapter. We now consider
the interpretation of these data in terms of the source
brightness distributions. The method used has been that
of model fitting, as deseribed in Chapter II; the models
which were employed are worked out in the Appendix. Al-
though a few of the sources are not well suited to this
method of analysis, it has been decided to postpone any
efforts at numerical integration of the vigibility funec-
tions until the results from the east-west baseline re-
ported here can be combined with Maltby's results from
the north-south baseline.

The reason for this decision 18 that in many cases
the two visibility functions complement each other, and
a much more satisfactory interpretation can be made if
both are considered together. Because of improvements
which have been made in receiver performance, the errors
in the north-south measurements are generally smaller than
in those reported here. Thus the north-south data can of-
ten be helpful in pointing out features of the east-west
visibility functions which were partially masked by the
uncertainty in the observed points. The east-west
measurements, however, were made at a greater number of

effective spacings than could be used north-south. These
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extra points on the visibility curve are often very help-
ful in determining the structure of a moderately compli-
cated source, and once the general type of structure is
known, the interpretation of the north-south data is made
easier. Inasmuch as both sets of data now exist, exhaus-
tive analysis of either set by itself would be pointless.
The sources were analyzed in the following manner:
For each source the visibility amplitudes were plotted on
a sheet of graph paper as a function of effective antenna
spacing. A smooth curve was gsteered as nearly as possible
through the transit points and any of the off-transit
proints for which the rotation of the fringes could be neg-
lected. If there were one or more groups of observations
having a common, non-negligible value of the rotation
angle p , a separate curve was drawn for each group. The
\curves representing the calculated models were then com-
pared with the observed visibility curves, and a tentative
model assignment was made. ©Since the phase information
was not available for all effective spacings, and since
~the errors in the phases were rather large, this informa-
tion was used primarily to confirm the tentative model as-
'sigﬁment or to decide between possible models. Parameters
in the model were adjusted to give the best fit to the ob-
served data. Because of the uncertainty in the observed
values of the visibility function, an adequate fit could be
obtained for a r&nge of values of the model parameters, and

this range was noted.
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In figures 18 and 19 are shown examples of the fits
for two sources. The observed data on the visibility
function for NGC 5128 are shown in figure 18. The curves
are those for a model consisting of two cireular Gaussians
of equal intensity, spaced 5:6 apart. The components have
individual diameters of 2.0. The fit of the phase at
1557A2 is fortuitous, since the source is very heavily re-
solved at that spacing, and relatively insignificant
structural details (contributing perhaps 5% of the total
flux) could combine to give almost any phase. The depar-
ture, at the observed point near the first minimum, of both
the amplitude and phase from the calculated curves indi-
cates some difference hetween the source and the model.
The region of & minimum 18 very sensitive to any such 4if-
ferences, since the major components of the source have
there largely canceled each other out. Because the ob-
served points are so widely spaced, the visibility fune-
tion is not completely determined, and the uncertainties
in the final description of the source are correspondingly
inereased.

The observed amplitudes and phases for 3¢ 353 are
shown in figure 19. This source is within one degree of
the equator; therefore, the observations at any effective
baseline can be combined directly with the transit observa-
tions, since the fringe rotation will be negligible. The

curves are those for a model consisting of two circular
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Gaussians with individual diameters of 1.4. The ratio of
their intensities is 2.0 to 1, with the stronger source
330 east of thé wveaker one. The phase values have been
adjusted for best fit by assuming that the centroid of

the source lies 0°6 east of Matthews' 195\ position, whiech
is just beyond the limit of his quoted mean error. Thus
the phases plotted differ from those given for 3C 353 in
table 5 by a linear function of antenna spacing. The de-
parture of the 1557\ point from the calculated phase curve
is not considered too serious, since the source is fairly
well resolved at this point. A more exact knowledge of
the phase variations between spacings of 779\ and 1557\

would clearly be desirable.

Description of the Sources.

When models had been fitted tQ all the sources, it
wvas evident that they could be divided into several cate-
gories. Many sources were unresolved or barely resolved,
having diameters of less than 115. Their visibility am-
plitudes remained close to unity at the largest spacing.
For these sources & diameter, or an upper limit on a diame-
ter, was assigned on the basis of a circular Gauseian model.
The resultant diameter value is that of the half-brightness
contour in the Gaussien which has the same second moment
as does the source along its east-west axis (see equation
31). A few sources showed a smooth decline of the visibi-

lity amplitude to low values with no very large phase shift.
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These were fitted by Gaussian models having diameters bhe-
tween 1.5 and 2.5. An example of such a source is 3C Li5,
the visibility amplitude for which is given in figure 16.

A majority of the well-resolved sources showed more
complicated structure. Some were fitted by models with
two equal components, while others were fitted by asymme-
trical models with two unequal components. In some of the
double sources, the position angle of the major axis could
" be determined from the off-transit measurements, since the
apperent separation of the components was a function of
the rotation angle p . A few sources were fitted by
models having & sharp, small-diameter core superimposed on
a broad halo. No source was found for which the data were
sufficiently complex and yet were known with sufficient
precision to make a three-component model useful. In every
cagse the source components were adequately represented by
circular Gaussians. Examples of the symmetrical and asym-
metrical double sources are NGC 5128 and 3C 353, which have
been discussed previously. The core-and-halo is typified
by M87, for which the visibility amplitude is given in
figure 11.

A final category, labeled merely "complex", contained
sources which obviously had complicated structure, but for
which the observations were not sufficient to determine
the structure in detail. Some of these were faint sources

for whiceh the errors were large. Others were sources for
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which observations had not been taken at enough spacings,
either because the available spacings were too widely

separated or because observations were lacking at some of
thé spacings. An example of a "coﬁplex" source is 3C 129.

The sources were also divided rather arbitrarily into
two groups, those of extragalactic, and those of galactic
origin. Small-diameter (< 3') objects with normal non-
thermal spectra were included in the extragalaetic group,
even when found at low galactic latitudes, while large-
diameter objects oceccurring near the galactic plane, and
generally also having abnormally flat spéctra, were con-
sidered to be of galactic origin. The source 3C 48 was in-
cluded in the galacetic group on the basis of its identifi-
cation with a peculiar star (46).

The distribution of the 110 presumably extragalactic
sources among the structural categories described above is
given in table 10.

The 17 galactic sources have been classgsified somevhat
differently, as is shown in table 11. The sources in the
last two categories of table 11 are all HII regions, as
far as is known, except for one large supernovae remnant,
Puppis A. Each of the four small supernova remnants con-
sists of a single main center of emission, but each displays
some indication of smaller-gcale structure as well. The
Hyy regions are generally rather complex. Accurate measure-
ments of amplitude and phase at frequent intervals in the

range of spacings from O to 800\ will be necessary for an
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adequate description of most of these objects. Some of

them have been observed by Wilson with the neorth-south

interferometer and will be discussed in his thesis (57).

Table 10

Classification of the 110 Extragalactic Sources

Category Number

Diameter < 1.5 63
Simple: diameter between 4

1.5 and 2.5
Core and halo 5
Symmetrical double: intensity 11

ratio <1.3 to 1
Asymmetrical or unequal double:

intensity ratio < 1.3 to 1 15
Complex 12

Table 11

Classificeation of the 17 Galactle Sources

Category Number
Peculiar star 1
Small supernova remnant h
Others: diameter < 10' 5
Others: diameter >10' 7

The interpretations of the individual sources are

given in tables 12 and 13. All values tabulated in the
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diameters column refer to & circular Gaussian model, as
has been explalined above. Other structural details, where
known, are given in the comments column. Most of the di-
mensions Quoted are accompanied by limits. These are based
on the range of the model parameters over whieh the model
will give a satisfactory fit to the observed visibility
function. The probability that the dimensions of the
major features of a source lie within the quoted range is
estimated as 80%. Additional comments are needed for a
few sources, and these are given in the next section of
this chapter.

The information in tables 12 and 13 should not be
used without some regard for the way in which it was de-
rived. In each case it describes a model which has a visi-
bility function whiech fits that of the source within the
range of the observations and within the observational un-
certainty. Interpretation of the socurce by this method
will ignore any structural details which would cause only
slight changes in the observed part of the visibility
function. For example, 1f the uncertainty in the visibi-
lity amplitude were + 0.10 at all the measured polnts, it
would be possible to have about 10% of the emission from
the source distributed almost arbitrarily within a box
centered on the main part of the source and up to 10" wide
in the east-west direction by as much as 4L0' north-south.
This type of uncertaiﬁty is common to all the sources, and

some may very possibly have faint features which were over-
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Table 12

Diameters and Comments on Structure for the

Extragalactic Sources Observed

Source Diameter Comments

3 2 < 0!5

3 15 112+ 0I5

3¢ 17 <11!5 poor data

3¢ 20 <0!7

3¢ 26 <0!7

3c 28 < 0I!7 :

' 3C 33 Has components <112, indication of larger-
scale structure.

3¢ 38 0!T+ 0:2

3¢ Lo 2 sources, relative intensities 3+l and 1,
stronger source to east, separation hil+ 016.

3¢ k1 Components < 1!2, data insufficient to exclude
larger-scale structure.

3C U6 210+ 110 possibly 2 sources

3C 63 <0!8

3C 66 2 sources, relative intensities 3+1 and 1,
stronger source to east, separation 6':1-_1-'.

MSH 02-110 < 110

3T <0!5 '

3C 75 2 sources, equal intensities 125%, equal dia-
meters 1!2+ 0!2, separation 210+ 0Ol2.

3¢ 78 110+ 015 -

3¢ 79 112+ olz2

CTA 21 < 0!8

NGC 1275 415 halo with 15% of flux, core diameter <O!5.

Fornax A > 151

3¢ 89 Probably 2 sources =6' apart, relative inten-
sities sbout 3 and 1, diameter of stronger
source <1i0,

CTA 26 <1i2 ;

3c 98 Possibly 2 sources of unequal intensities,
separation 215, diameter of stronger Xli2.

3C 103 < 015

3¢ 109 < 110

3¢ 111 2 sources, equal intensities +15%, equal dia-
meters 112+ 0!3, separation 2!5 along major
axis in PA 60% T7°.

3C 123 <0t standard source

3C 129 : Complex source, 26' overall, fine structure <1'.

3C 134 2 sources, equal intensities _4;15%, separation
210+ 0!2 along major axis in PA 175% 5°.

, . EW diameter 016+ O!2.
3¢ 135 Complex source, overall diameter 2 k', fine

structure <1'.
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Table 12 Continued

Source Diameter Comments

Pictor A Ti5+ 110 some smaller scale structure

3C 147 <0tk standard source

3C 154 016+ 0!3

3¢ 161 <0tk

3C 171 <07

3¢ 175 0!T+ 0:!3

3¢ 180 <110

3C 191 <0!7

3¢ 19 < 0tk standard source

3¢ 198 3i5+ 110 some smaller scale structure, possibly a 20-35%
core with diameter <110

3¢ 208 2 sources, relative intensities 4 and 1,
separation 4!1+ 0!5, faint component follow-
ing. Both have diameters <110,

3¢ 216 <016

Hydra A <0!7 possibly a b' halo with 10% of flux

3¢ 219 2 sources, equal intensities +20%, both diameters

<1!2, separation 2!0+ O!1 in PA 35% 39,

3¢ 227 2.!8i 015 highly asymmetric with peak on the east side

3¢ 230 Complex structure with components < 1°.

3¢ 234 Complex structure, overall diameter ~3!',
components <1!2,

3C 237 <016

3 243 <3

3 25k <0!5 |

3C 264 210+ 0!5 strong central concentration

3¢ 265 112+ 0!3 ,

3¢ 270 2 sources, equal intensities +15%, equal dia-
meters 2!9+ 0!5, separation L7+ 023,

3¢ 273 <Otk

M 87 6!5+ 0!5 halo with 48%+ 5% of flux, core dia-
meter 016+ 0!2 .

Coma A < 0!8

3¢ 278 215+ 0!5 slight central concentration

3¢ 279 < 016 ’ :

3¢ 280 < 0!6

3¢ 283 <017

NGC 5128 2 sources, equal intensities +30%, both dia-
meters 2!0+ 0!7, separation 56+ 0IT.

3¢ 286 < 0oth

3c 287 < 0!8 possibly a faint second sourcex9' west

3¢ 295 <0tk standard source

3¢ 298 < 0!5 :

MSH lMO}_Q <1:2 some larger-scale structure possible

3C 310 1:8+ 0!2

3C 313 - 2 sources, relative intensities 1. 6+ 0.4 and

1.0, both diameters <1!0, separation
116+ 0!2, stronger component to west.
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Table 12 Continued

Source Diameter Comments

3¢ 315 110+ 0f2

3¢ 317 < 015

3¢ 318 <016

3¢ 324 < Q7

3¢ 327 2 sources, either unequal intensities or dis-
meters, separation 315+ 0i5.

MSH 16+02 <017

3C 230 1liz+ 0f2

3¢ 338 1iz2+ 012 very nearly circular, since diameters in PA's
43° and 137° are both 1$1+ 0%3

3¢ 343 . 2 sources, equal intensities +30%, both dia-
meters <O!7. Separation certainly =6°¢,
possible separation 1l1°%,

3 345 <017 |

3¢ 347 Possibly 2 sources, relative intensities 3+1
and 1, both diameters <1!0, separation
219+ 016,

Here A 2 sources, relative intensities 1.25+ 0.15 and
1, equal diameters 0!T+ 0!2, separation
1192+ 0110,

3¢ 353 2 sources, relative intensities 2.0+ 0.2 and 1,
equal diameters 1ik+ 0!2, separation 215+ 0'1
with stronger component towards east.

3¢ 365 < 210 possibly complex structure with components <07

3¢ 380 <0}

cTa 80 210+ 015 highly elongated, possibly 2 sources of unequal
intensity, separation 11T+ Ok in PA
55% 15°

3¢ 386 119+ o2 slight central concentration

3c 388 < 018 possibly a faint (= 10%) companion 35 away

MSHE 19-16 < 115

3¢ 4ol < 045

3¢ L4o2 210+ 015 possibly double, with components <1' in dia-
meter, separation 1i5+ 0O!3

3C 403 2 sources, relative intensities 1.2+ 0.2 and 1,
diameters 1i2+ O3, separation 1156+ 0110.

Cygnus A 2 sources, relative intensities 1. 2+ 0.2 and 1,
both diameters O!T+ 0!2, separation 1:58+ 0110
along major axis in PA 106% 50, E-W
separation 1152+ O!1k,

3¢ ko9 < 045

3¢ 410 < 045

3¢ 413 Probably double, equal intensities +60%,
separation 1!T7+ 0!3.

3¢ Lak <016 ' -

3¢ 430 016+ 013

3¢ 433 <0}
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Table 12 Continued

Source Diameter Comments

3¢ 436 <016 possible larger-scale structure, overall
extent <k

3¢ 438 <015

3C Lhh 016+ 0:3

3C Lh5 116+ 0!3

3C Lh6 - Probably 2 sources, relative intensities
6+ 3 and 1, both diameters <016,
separation 1:8+ 0Ol2.

CTA 102 <016

3¢ 452 hio+ 250 complex

3C 456 - Probably 2 sources, relative intensities
6+ 3 and 1, diameters <O0!8, separation
119+ Of3.

3¢ 459 <07

MSH 23-112 <08

3¢ 465 530+ 110 with fine structure

3¢ 469 < 112

Table 13
Diameters and Comments on Structure for the
Galactic Sources Observed
Source Diameter Comments

SN 1572 6'_-1_-_ 2t some central concentration or fine structure

3C 48 < 0!k

3¢ 58 6'+ 1' some fine structure

Crab Neb. 313+ Ok some central concentration

Orion Neb. 7'+ 1 strong central concentration

Puppis A > 157

CTB 31 10" about 35% of flux in 2' core

€TB 32 N6t strong central concentration

CTB 38 Complex structure, overall size >8', com-
ponents <3¢,

SN 160k 212+ 0l5 considerable evidence of structure

Sgtr A > 15°¢ 25%+ 5% of flux in 310+ 05 core

Omega Neb. 615+ 110

3¢ 397 2 10t complex, with components <2!

3¢ 398 > 10t complex, 2 principal components have relative
intensities 1.6+0.3 and 1, diameters
b4 1', separation 13'+ 2!

CTB 87 L5+ 110 complex, with some components <1:!0

CTA 97 10'+ 3!

Cass A > 315
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looked in thié way. The possibility of confusion, as dis-
cussed on pages 48 and 49, should alsoc be borne in mind.

As another example, a source with a quoted diameter
of 1.2 might have 20% of its flux coming from a core of
very small diameter or might consist of two small-diameter
sources spaced 130 apart. The distinction between these
possibilities can be made only with larger antenna spacings
gince the visibility funetions eof all three are virtually
identical for spacings up to 1600r.

Many of the double sources are described as’having
components with unequal intensities and equal diameters.
In each of these cases it would be possible to have unequal
component dismeters and a slightly different ratio of in-
tensities. Very much better and more complete phase infor-
mation would be required to decide between these possibi-
lities. In general, however, the component diameters
should lie somewhere within the range quoted in table 12

or 13.

Remarks on Individual Sources

Several sources require more extensive comments than
could be placed in the tables, and these are given here.
In general these comments involve comparison of the present
results either with information about an associated optical
objeet or with radio information obtained at other wave-

lengths.
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Extragalactiec Sources

3¢ 40.-- This source has been identified by
Minkowski (58) with a double elliptical galaxy, NGC 545-47.
The radio object is also double, with the centroid falling
between NGC 545-47 and another galaxy 4.5 to the southwest.
The radioc separation is somewhat greater than the optiecal
separation, but all three galaxies may be involved in the
source.

3¢ 66.-- Minkowski (quoted in CTA) has identified
this sourece with an elliptical galaxy having a Jet similar
to the well-known one in M87. As in 3C 40, the radio ob-
Jeet is double, with one component probably associated with
Minkowski's peculiar galaxy. It is a rich field, and there
are several other galaxies in the vieinity, but none seems
to be in the position of the second component (46).

Fornax A.-- Known to be associated with NGC 1316,
this source has been investigated by Wade, using an 18!
pencil beam at 10 em (59). Wade finds that it is an un-
equal double, with components separated by about 13'. It
is too large for study with the antenna spacings used in
the present work, but the very low visibility amplitudes
which were observed suggest that the two components have
smooth brightness distributions and do not contain small,
bright cores.

Pictor A.-- This source might be a symmetrical double
with a separation of .6 015 and component diameters > 2!

but the phase observed at the 779 spacing does not agree
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with thls interpretation. Maltby finds a north-south
diameter of <2', which suggests a very elongated source,
if not a double one.

3C 219.-- This source definitely has two components,
but the observations reported here do not exclude the pos-
sibility of a 5' separation in PA 166°. Maltby's north-
south observations confirm the alternative orientation of
PA 35°, which is given in table 12.

M 87.-- Comparison of the 3 m observations of Mills
(22) and the 21 cm observations of the Nancay group (31)
with the present results shows that the core becomes less
prominent with increasing wavelength. Over this range of
wavelengths, the core has a spectral index of about -0.3,
while the halo has a steeper spectrum with an index of
about -1.0. The core is presumably to be identified with
the jet, which optically has & length of 20" and projects
in PA 290° from the center of the galaxy (60). The halo
‘is somewhat larger in diameter at 21 cm than at 31 cm or
3m -- 10' at 21 em, versus 6.5 dt the two longer wave-
lengths.

NGC 5128.-- This source has two major parts, a com-
pact core and a very extended halo, the latter being more
than 4° across. The brightness distribution within the
halo has been measured at various wavelengths with pencil-
beam antennas, and is found to consist of two diffuse cen-
ters of emission (61,62). The flux listed in table 4 is

that whiech Bolton and Clark find for the core at 31 cm (62).
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The central source has been shown in the Sydney observa-
tions at 21 em (36) to also consist of two, roughly equal
components with an east-west separation of about 5'. This
structure is confirmed by the present measurements at

31 em, which place the separation at 5:6 + 0.7. Observa-
tions at 10 em by Little, with a 2.3 fan beam (63), also
show the twin-peaked structure but with a separation at
that wavelength of 4.6. The intensity ratio of the two
components of the central source is 1.5 to 1 at 10 em,
while at 31 em it is no more than 1.3 to 1. It would seem
that both the spacing and the relative intensities of the
two components change with the wavelength of observation.
The early study of this source by Mills at 3 m (22) was
seriously disturbed by the presence of the extended halo
in the primary antenna beam, but it did suggest that the
central source is elongated in PA 130°.

3C 343.-- There is a possibility that this is a
chance association of two small-diameter sources. The
north-south separation is not known and might be quite
large.

Cygnus A.-- This is the most completely investigated
of all the extragalactic radio sources. In 1953, Jennison
and Das Gupta (6k4) discovered that at a wavelength of
2.4 m it appears fo consist of two, roughly equal compo-
nents. In 1959, Rowson (29) showed that it has a similar

structure at 10 ecm. The identification with a distant pair
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of galaxies was made by Baade and Minkowski in 1954 (65).
In the present study, it happened that observations were
mede only in the range of spacings near the first minimum
in the visibility funetion. Given a two component model,
they were sufflicient to determine the separation of the
components and the position angle of the major axis. A
summary of these and similar measurements at other wave-

lengths is given in table 1k,

Table 1k

Features of Cygnus A Observed at Different Wavelengths

Observing E-W PA of
Wavelength Group Reference | Separation | Major Axis
Jodrell 1 )
2.63 m Bank (35) 1.3k 97
31.3 em Caltech - 1.52+ 014  106°+ 59
21.1 em Nanecay (31) 1.52 -
21.0 em Sydney (36) 1 k7 -
10.7 em Jggiill (29) 159 109%+ 20
(derived
from 1.69

in PA 109°)

The results contained in table 14 indicate that as the
wavelength of observation increases, the two components ap-
pear to drav together and to rotate toward an east-west
orientation.

Jennison and Lathamb(35) found that the two components

of the source differed in intensity by 20%, with the
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stronger component toward the west. This result was
based on the phase measurements at antenna spacings of
15400 and 2160M east-west. In the present work, the
phase measured at the 1557\ spacing indicates a ratio of
component intensities of 1.3 + 0.3 to 1 but with the in-
equality in the opposite sense, i.e. with fhe stronger
compcﬁent toward the east. Although no analysis of the
source is given in the preliminary Sydney paper (36),
the 21 cm phase measurements reported there agree with
the 31 em result. Thus a third change in the structure
of the source as a Tunction of wavelength would seem to
be indicated. It is worth noting that the different sets
of phase measurements agree on other sources, at least

within their errors.

Galactic Sources

Crab Nebula.-- Both the amplitude and phase are in
agreement with the Sydney results, provided the Sydney
phases are renormalized to zero at a spacing of 195A to
correspond with the normalization used in the present
measurements.

Orion Nebula.-- The remarks for the Crab Nebula also
apply here. The diameter qguoted in table 13 is that of
the Gaussian with the same second moment as that of the
source. Since a Gaussian was such an obviously bad fit
to the visibility curve,vaﬁ approximate numerical inversion

was done by hand. The result is a distribution with broad
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winge which blend into a relatively sharp central concen-
tration. The diameter at half-intensity is 3.5.

Sagittarius A.-- The results are in agreement with
those 6f the Nancay group (31), though the Nancay results
are more nmeaningful for such a large source because they
are based on observations taken with smaller antenna
spacings.

CTA 97.-- A possible identification with an Hygy re-
gion, IC 51#6, is suggested in CTA. The radio diameter;
whiéh agrees with the optical diameter of IC 5146, confirms
the identification.

Cassiopeia A.-- The data obtained was fragmentary,
but the phases at 779\ and 155TA agree very well with those
measured by Jennison and Latham (35) at 2.k m, suggesting

little change in structure with wavelength.

The Complex Nature of the Sources

The work reported here has yielded a ten-fold increase
in_the number of extragalactic radio sources for which
brightness distributions are known in some detail. Exelu-
ding normal galaxies such as the Clouds of Magellan or M 31,
detailed brightness distributions have previously been
available only for Cygnus A, M 87, NGC 5128, and Fornax A.
Forty-seven of the objeects included in the present study
were well enough resolved to give a fair idea of their
structure, at least along an east-west axis.

A most important characteristic of these 47 sources
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is apparent on consideration of their distribution among
the.last four categories of table 10. Only four sources
display a simple, smooth brightness distribution¥*. The
remﬁining sources all have complex structure of omne sort

or another. Although the sample is small, and may not be
fully representative¥**, this result certainly suggests

that the majority of the extragalactic sources cannot be
represented by simple symmetrical brightness distributions.
Detailed observations with longer baselines will be re-
quired to fully test this suggestion on the many sources
which were not resolvedrin the present study. However, 1t
receives strong support from observations at Jodrell Bank
(47) of the 64 sources in the list of Elsmore, Ryle and
Leslie (39). At Jodrell Bank, the visibility amplitudes
for these sources were observed at about 2 m wavelength,
using\east-weét antenna spacings of 310\, 2200., and 9T7O0OM.
Of the 59 extragalactic sources in the list, 27 were among
those which were observed but not resoived in the present
‘study at 31 em. OFf these, 8 were not well resolved at even

the 9700\ spacing. For 14 of the remaining 19 sources, it

¥Furthermore, Maltby has observed three of these, and
found two to be complex along & north-south axis! The only
source for which he confirms a simple structure is 3C 278.

¥%¥One may argue that the sources observed were not a repre-
sentative sample since they were mainly selected from a
catalog (3C) which excludes sources of large angular diame-
ter. The seriousness of this effect is now being argued
(66), but it seems unlikely that more than 20% of the
sources in the regions covered by 3C, and above the 3C in-
tensity limit, could have been excluded.
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was necessary to assume at least two components in order

to explain the observed visibility amplitudes. Since the
observations were not made at a sufficient number of
spacings to give a detailed indication of the structure

of the sources, it is probable that some sources with
complex structure were overlooked. Thus it would seem

that the tendency toward complex structure is not a
characteristic peculiar to the 47 relatively large-diameter
sources which were resolved in the present study.

About thirty of the extragalactic sources described in
table 12 have been identified with optical objects (41,46,
58,65,67,68,69). A comparison of the radio and optical
structures of these objects was made in the hope that some
reason for the high incidence of radio complexity might be
apparent. The results were inconclusive. It appears that
a complex radio source can be associated with either a
single or a multiple galaxy, while the one source known to
have a reasonably simple radio strueture, 3C 278, is asso-
ciated with a double system, NGC 4782-83. 1In some cases,
notably 3C 40 and 3C 66 (which were discussed above), the
components of a multiple radio source may be associated
with Separate members of a cluster of galaxies. However,
3¢ 270 is a complex source which is associated with a
single member of the Virgo cluster, NGC 4261. The nunmber
of identified sources is still too small for valid statis-

tical conclusions toibe drawn about the frequency of the
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various combinations of radio and optiecal strueture.

It is interesting to consider this result, namely,
that most of the extragalactic radio sources are complex,
in terms of the available theoretical explanations of such
objects. These theories can be grouped into two general
schools, the "colliding galaxies" school and the "internal
sources” school. The first of these was founded by Baade
and Minkowski when they identified Cygnus A with a pair of
very distant galaxies (65). The optical spectrum of this
object displayed very powerful emission lines, and Baade
and Minkowski.eoncluded that the source of excitation was
a collision between the two galaxies. Minkowski has also
cited NGC 1275 as an example of a galaectic collision which
is associated with a radio source (70). A quantitative
analysis of thisrprocess in Cygnus A was given by Shklovsky
‘in his text (71). He concluded that the radio source was
generated by a cqllisi@n of the gaseous coronas of two
spiral galaxies and that the two centers of radio emission
were the recoiling, highly excited coronas.

Since this theory provides an easy explanation for the
many radio sources in which there are two well-separated
centers of emission, it is quite satisfactory in the light
of the present observational result. Asymmetrical double
sources would presumably arise from collisions of different-
gsized galaxies. However, this theory haé severe difficulty
in providing sufficlient énergy to account for thé observed

radio emission in sources such as Cygnus A. Burbidge (72)
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has shown that the total energy of magnetic fields and
high energy particles in Cygnus A must be ~'1060 ergs.
"The total kinetic energy of the collision can be at most

~10°%

ergs, provided a collision is taking place. There
seems to be noc known mechanism for the conversion of even
a few percent of the collision energy into fields and par-
ticles in the radio eorona. Another diffieulty is that
there are radio sources which are identified with single
galaxies, for example M 87 and NGC 1316. The collision
theory has never provided an explanation for these objects.

The other school, which relies on internal energy
sources, 18 now headed by Shklovsky, who has abandoned his
previous explanation of Cygnus A. Even in his text,
Shklovsky gave an explanation for the optical jet and the
radio emission from M 87 in terms of an internal process.
At that time he suggested that collisions of individual
stars in the nucleus of this galaxy were capable of sup-
plying the necessary energy (73). In a more recent article
(74), Shklovsky proposes an explanation for all radio
galaxies in terms of a different energy source. He argues
that many radic sources are associated with galaxies of
greater than average luminosity, a fact which has also been
noted by Bolton (69). During the early life of a giant
system it is possiblé that the number of supernova explo-
sions 1s very great, and much greater’than in a less

massive galaxy. In Shklovsky's view, & sufficient number
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of supernova explosions could ocecur to provide the energy
necessary to account for the emission in the strongest
radio sources. Shklovsky's explanation for the extended
regiéns of radio emission in Cygnus A and NGC 5128 is that
clouds of relativistiec electrons and hot gas leak out along
the lines of the galactic magnetic field and expand rapidly
away from the main galactic mass. In the jet of M 87 we
presumably see such a breakout of highly excited material.

An attractive feature of this theory i1s that successive
escapes of material could presumably lead to a variety of
shapes for radio sources. For instance, the halos in
NGC 5128 and in M 87 might be due to previous emissions
and the central sources in both these galaxies to current
activity within the nucleus.

It would seem that the observed complexity of the radio
sourceé can‘be satisfactorily explalned by either type of
theory. In faet, both theories are at present couched in
such general terms that they can explain almost any type of
radio structure. More detailed theories will presuﬁably
result when distances, physical dimensions and surface
brightnesses as a function of wavelength are known for a
greater number of radio sourees. Any future theory should
provide some explanation for the predominance of radio

sources having two majJor components.

Concludling Remarks

Because so many sources are highly elongated double
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objeets, it 1s clear that measurements of source structure
made with only a single baseline orientation are incomplete.
A preliminary comparison of the data in table 12 with those
resultihg from Maltby's north-south observations shows that
a large number of the sources have #ery different diameters
in the two directions. For this reason, further study of
the implications of the brightness distributions will be
made only after the results of the two investigations have
been combined to yield a maximum of information about each
source.

It is expeeted that the Caltech interferometer will be
used for further measurements of brightness distributions.
Additional observing stations have been constructed which
will permit measurement of the visibility function, at
transit, at additional antenna spacings. The stability and
sensitivity of the receiving equipment will be improved,
gs will the techniques of data handling. Measurements will
almost certainly be made at a shorter wavelength, thus re-
dﬁcing the size of the primary beam pattern and lowering
the confusion limit. |

An important suggestion for possible further investi-
gations comes from the three extragalactiec sources for
which there were studies comparable to the present measure-
ments, but at other wavelengths. In each case significant
changes in structure with wavelength were noted. It will

be recalled that in ﬁ587; and possibly alsoc in Cygnus A
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and in NGC 5128, the principal components were found %o
have different spectral characteristics. In the latter
two sources, the relative positions of the two components
were aléo found to change. This strongly suggests that
all those sources studied here should be studied in detail
at other wavelengths as well. Detailed knowledge of the
radio spectra of the various features of the sources will
afford ue a much better knowledge than we now have of the
physical proecesses and conditions involved in these ob-

Jeets. The present work is a first step toward that goal.
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APPENDIX
Model Sources

As was indicated in Chapter II, model fitting is a
valuable method for the interpretation of measured visgibi-
lity funetions. Presented here are the visibility functions
calculated for certain simple models. We have assumed
models which are either circularly symmetrie or whieh have
eircularly symmetric components. In these cases the orien-
tation of the baseline enters in an obvious way, and the
one-dimensional analysis is essentially general.

The visibility function for a source distribution
T(x,y) 1is given by equation 19. We may re-write this equa-
tion, replacing the exponential within the integral by its

equivalent trigonometrical form.

cos 2n(syx+syy)
fT'(x,y) dx dy

(hl) V(Sx,sy)ei¢(8x;8y) - +i Sinag(sxx+syy)

fT'(x,y) dx dy

We will evaluate this for the chosen models, using the one-
dimensional modification of equations 26-28, i.e. we assume

Sy = 0 .

Circular CGaussian

We consider the vigibility function for a circular

Gaussian "mound". Let us define
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(224

T(x,y) =Te ©°F
2, 2

X+
'(""7%‘)

(s2) Alx,y) =Ae °

T (x,y) = A(x,y)T(x,y) .

Here o 1s the dispersion of the Gaussian source, equal to
0.610 times the half-brightness diameter d . Also, &a 1is
the dispersion of a Gaussian representing the primary power
response pattern of the antenna. Then T'(x,y) is given by
. 1 1
-(x24y2) (—F+—5
(23) T (x,y) =T A e 232
Since the source is symmetric about the origin, the sine
transform term in equation 41 vanishes, and since we assume
By = 0 , the y dependence factors out. We are left with a

one-dimensional visgibility function of the form of equation

28 2(0_2+ &2
. . - 238
id(sx) . j; T cos 2nsxx dx
(k4) V(sg) e x 57 a2

x2(—s3) |
-x2(T 57
/; c-a ax

or

_(wsxa)2(1+5§)’l
(45) V(sx) = e a o, ®(sg) =0 .

As is well known, the Fourier transform of a Gaussian
is itself a Gaussian. For the Caltech 90 ft antennas opers-
ting at 31.3 em, the primdry beamwidth to half power is L8*,

corresponding to a = 28!8 or 0.0084 radians. The visibility
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amplitude from equation 45 has been plotted in figure 20

for source diameters between 0.3 and 30'. The correction

for the primary beamwidth is significant only for sources

10' in diameter or greater. 8Since 1%t is difficult to include
this correction in the calculation of other types of models,
we will neglect it and‘consider only models with diameters

of 10' or less.

Uniformly Bright Disk

The visibility functions for this model and for various
limb-darkened disk models have been calculated by Michelson
and Pease (75). Here we include only the uniform disk. Let
r be the radius of the disk, and let T(x,y) be defined by

(k6) T for (x2+y2) £ r2
T(x,y) =

0 for (x2+y2) > r2
Again, because of symmetry the sine transform vanishes, and
the phase & must be either O or = . We can dispense

with & if we allow negative values of V . We have

r Nr2 .x2
T cos 2nsyx dy dx
_ -r Nr2 —x2
(&7) V(sx) = _
r Nr2.-x2

j’ j’ T dy dx

r Np2_ x2
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or
r
YT [ Np2 . x2 cos 2nsgx dx
0
(48) V(sx) = — %
' b [ N2 O x2 gx
0

The integral in the numerator of equation 48 is given

by Oberhettinger (76). Making use of his result, we obtain

: g% J1(2nsyr) J1(2nsgr)
(49) Vieg) = XL . T,
nr ASL T

This funection has been plotted in figure 21 for values of

D = 2r from 1'0 to 10'.

Two-Gaussian Models

Consider the one-dimensional visibility function for
the sum of two source distributions, Tl(x-xl) with its cen-
troid at x = x; , and Tp(x-xp) with its centroid at

X = Xo . We have

jIﬁl(x-xl) + Tg(x-xzﬂ ellnsxX gy

(50) V(sg)el®(ex) - ;
jI?l(x-xl) + Tz(x-xgﬂ ax

or

j&l(x~xl)e12f§xx ax +l/52(x-x2)eingxx ax

le(x-xl) dax +f'1‘2(x—x2) ax

(51) V(sx)el®(sx)

Let S; and Sy be the fluxes from the two components, S

be their sum, and V, and V2 be the visibility funections
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of the two components. Recalling the definition of the flux

~ from equation 15, we can re-write equation 51 as
: S » S ‘
(52) V(gx)eiQ(sX) = E},Vl(sx)eiE#Sxxl + ?? Vg(sx)eiafngE

Let us choose x; and Xp such that the centroid of
the total source distribution is at x =0 . We éan do this
without changing the value of X=Xy , the distance between
the centroids of the two components, whieh we will call X

The required condition is that
(53) 2z .02, =02

We can then write equation 52 as
SoX 8.X
+12msx~§- -iansx—%~

(54) V(sy)ei®(ex) By (sx)e + 22y (sy)e .

This is a general expression, valid for the superposition of
any two source distributions.

Equal Diameters.-- We now consider the special case of a

source with two Gaussian components having equal diameters.
Let Va(sx) be the Gaussian visibility funection of equation
45, evaluated for a source with diameter 4 . Substituting
in equation 54, we may factor out the common diameter depen-

dence, Vgq(sy) . We obtain

y 82X 81X
+i2ﬂ$ zas ] -i2ns ‘
(53) Viag)ei®ox) - vg(sy) |32 &S, 2 T
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If the component intensities as well as the diameters
are equal, we have 837 = 85 = %S, and equation 55 becomes

simply
(56) ‘V(sx) = Vg(sy) cos msyX s d(sy) =0 .

This expression for V(sy) 1is plotted in figure 22 for
X =5', and 4 = 1', 3', and 5'.

We notice‘in equation 55 that the expression in brackets
is dependent only on the component separation X and the
ratio of the component intensities 52/51 . (We can write
S1/8 as (1 + Sl/se)'l, ete.) By representing the two terms
in the brackets as two vectors rotating in the complex plane,
we may derive the f@ll&Wing expressions for the amplitude

and phase of the visibility function:

1
81 .2 So.. 818 2
(57)  V(sg) = Vg(sx) [<~S—¥>2+ (22)2 + 232 cos Qmsxx] ,

51-82 81-82

(58) @(sy) = tan‘l[ tan nsxx} - s, X

The amplitude, given in equation 57, is seen to equal
the visibility amplitude of one component multiplied by an
interference term. This interference term is plotted in
figure 23 as a function of the component separation (in
units of the fringe period) for several values of the inten-
gity ratio Sg/sl . The fringe period is equal to 1/sx s
and it is convenient to‘remember that a spacing of 343.8)

produces a fringe period of 10'. The phase, given in
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equation 58, is plotted in figure 24, using the same inde-
pendent variable as in the preceding figure. We note that
for sources with equal-diameter components, the phase con-
taing no explicit diameter dependence. For antenna spacings
which produce fringe periods sméller than the component
separation, the amplitude function of figure 23 mefely
repeats itself, while the phase function of figure 24 con-
tinues to increase in stair-step fashion (see figure 18).

In order to oﬁtain the vigibility amplitude for a double
source with equal-diameter components, we must scale the ab-
scissa in’figure 23 according to the separation of the com-
ponents and multiply by the visibility of the components V4 ,
which is obtained from figure 20. An example, given in
figure 25, is the visibility amplitude for a source with com-
ponents having intensities of 2 and 1, a separation of 5',
and individual diameters of 3'. The source distribution is
shown in the inset. The phase for this source is obtained by
suitably scaling the abscissa in figure 24.

Unequal Diameters.-- Finally we consider models consis-

ting of two Gaussian components with unequal diameters. The
visibility function for these models is given by equation 5k,
but a common diameter dependence can no longer be :actered
out as was done in deriving equation 55%. Instead, let
le(sx) be the visibility function for component 1, whiehbis
& Gaussian having intensity 81 and diameter dl s and make

similar definitions for component 2. The total intensity is
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still 8 = Sl + 8p . Let us also define the apparent inten-

sities and their sum as

L
(59) S, = Savda(sx)
' ' '
s' = 8) + 8, .

Then we can write equation 54 as
Sq o SeX g o 5
(60) V(sx)eié(sx) _ e-iEgsx 5 . v2 e+12n‘MSx ]
8 S
Again by representing this expression as the sum of two
veectors in the complex plane, we may derive relations for the

amplitude and phase of the visibility function:

1
1 t t ! —
s1.2 ,82.2 818
(61) V(sg) = |21+ (B)7+ 22222 cos ons,X
s s s -
Sq -8 S, -8
(62) P(sy) = tan~t 15'2 tan nsyX|- lS 2 8 X .

Because of their coﬁplicated dependence.on the two diameters,
these relations cannot be plotted as could the analogous re-
sults for the equal-diameter model. The only general feature
we can note is that the upper and lower envelopes of the am-
plitude are given by the sum and difference of the weighted
amplitudes of the two components. |

As an example of this type of model, in figure 26 are
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plotted the amplitude and phase for a source with two
Gaussian components of equal intensity, separated by 5',
and with diameters of 1' and 3'. After Ehe large component
has become heavily resolved, the smaller one dominates the
vigibility funetion. The linear phase shift at large
spacings indicates the displacement of the apparent posi-~

tion te that of the center of the smaller component.
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