
19
 6

8A
pJ

. 
. .

15
2.

 .
37

 5B
 

The Astrophysical Journal, Vol. 152, May 1968 

OBSERVATIONS OF THE ANGULAR STRUCTURE OF RADIO SOURCES 

F. N. Bash* 

Leander McCormick Observatory, University of Virginia, Charlottesville, Virginia, and 
National Radio Astronomy Observatory,! Green Bank, West Virginia 

Received July 26, 1967; revised October 30, 1967 

ABSTRACT 
Results of two-element interferometer observations of 234 radio sources are given. The interferometer 

operated at 2695 MHz with five antenna separations from 10000 to 24000X. Source selection criteria, 
observing techniques, and reduction procedures are discussed. It is shown that apparently bright quasi- 
stellar sources have a higher mean fringe visibility than the apparently faint ones, while the apparently 
bright radio galaxies tend to have a lower mean fringe visibility than the apparently faint ones. 

The quasi-stellar sources with flat radio spectra have a higher mean fringe visibility than those with 
steep spectra. No relation was found between mean fringe visibility and redshift for either the quasi- 
stellar sources or radio galaxies. At least 13 per cent and probably 62 per cent of the sources observed 
have at least two radiating components. 

I. INTRODUCTION 

This paper reports the results of observations of 234 radio sources using the two- 
element interferometer at the National Radio Astronomy Observatory. The sources 
were observed at five of the six possible element spacings in order to construct one- 
dimensional brightness distributions of the sources by model fitting. A subsequent paper 
will include models of the brightness distributions for the sources observed and analyses 
using angular sizes derived from the models. 

Interferometric investigations of the brightness distributions of large numbers of ra- 
dio sources have been made by several groups. Allen, Anderson, Conway, Palmer, Red- 
dish, and Rowson (1962) have examined 384 radio sources at 158 MHz using antenna 
separations of 2200, 9700, 32000, and 61000X. Their study suffered from an rms un- 
certainty in the fringe amplitude of 20-30 per cent, and the analysis (Allen, Brown, and 
Palmer 1962) was done by examining the data in bulk, rather than source-by-source. 
Maltby (1962) and Moffet (1962) examined approximately 190 radio sources at 960 
MHz, using separations of 195, 289, 779, and 1557X. The rms noise fluctuations were 
about 0.4-0.8 flux units in amplitude, with gain calibration uncertainties of about 10 
per cent. They made models for the brightness distributions of a large fraction of the 
sources observed. Lequeux (1962) observed forty radio sources at a maximum separation 
of 6950X east-west and 1820X north-south at 1420 MHz. The minimum detectable 
fringe amplitude was 1.5 flux units. Fomalont (1966) has observed 532 radio sources 
at 1425 MHz at spacings ranging from 144 to 2626X east-west. The rms noise of his 
system was 0.08 flux units in a 6-min observation, which was less than the rms noise due 
to confusing sources in his antenna beams. The phase stability of his system allowed 
Fomalont to find the brightness distributions on many of his sources by a Fourier series 
inversion of the measured fringe visibilities. 

II. DESCRIPTION OF THE INSTRUMENT AND SOURCE SELECTION CRITERIA 

The variable spacing interferometer at the NRAO consisted of two 85-foot-diameter 
antennas, operating at 2695 MHz. They could be spaced at six separations in 300-meter 
steps from 1.2 through 2.7 km, along a line oriented at azimuth 242°. The interferometer 

* Present address: Astronomy Department, University of Texas. 
f Operated by Associated Universities, Inc., under contract with the National Science Foundation. 
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operated on the double side-band principle with an intermediate-frequency band width 
of 10 MHz and center frequency of 7 MHz. In order to observe radio sources with fringes 
near zero order, time delays were inserted in the intermediate-frequency cables (see, e.g., 
Read 1962). A unit of delay was inserted every 32 fringes. Frequent checks were made 
on the time at which the delay was inserted, by observing the change in fringe amplitude 
for the calibration sources at the time of delay insertion. If the delay was inserted at the 
correct time, the fringe amplitude did not change. The system noise-temperature for 
the observations at the 2.1-km separation was about 290° K, while the remaining ob- 
servations were taken with an improved receiving system with noise temperature about 
130° K, resulting in rms output amplitude fluctuations of 1.8 and 0.83 flux units, respect- 
ively, in a 0.1-sec integration period. The sources in the program were observed at all but 
the 2.4-km separation. Clark and Hogg (1966) have observed 146 radio sources at this 
spacing. 

The source list consists of three groups: 
1. The 149 radio sources in the resurvey by Pauliny-Toth, Wade, and Heeschen (1966) 

of the 3C and 3CR catalogues, having 1400 MHz flux densities greater than 2 X 10-26 

W m-2 Hz-1, \blI\ > 20°, and angular diameters less than about 4' were selected. One 
of these sources, 3C 61.1, which is above the northern telescope limits, was excluded. 

2. A list of 56 additional, mostly fainter, sources was included in June 1965. These 
were known or suspected to be quasi-stellar. At this writing the observing list contains 
49 confirmed quasi-stellar sources, of which measured redshifts are available for 44. 
Twenty-eight of the 49 quasi-stellar sources appear in Group 1. 

3. A final group of 19 radio sources was chosen from previous published work on 
brightness distributions. It was felt that long, base-line observations of these sources 
might be a valuable aid to understanding their structure. 

III. OBSERVING AND DATA-REDUCTION PROCEDURES 

Three 15-min observations were made on each source, at each of the five antenna 
separations used, as near as possible to its crossing of the instrumental equator. (The 
instrumental equator is the great circle defined by the intersection of the celestial sphere 
and the plane which is perpendicular to the base line.) Observing on the instrumental 
equator gives the highest resolution; however, the position angle of the direction of 
resolution is a function of declination. The right-ascension and declination components 
of the projection of the base line in wavelengths on a plane tangent to the celestial sphere 
at the source position are called u and v, respectively (see Rowson 1963). The position 
angle of the direction of resolution, cr, is given by 

tan <7 = — , 
v 

and the projected base-line length (in wavelengths) in the direction a by 

w = (u2 + v2)112. 

Sources at declinations exceeding 6 = 65° do not cross the instrumental equator; 
these were observed at an hour angle of — lh10m, where the fringe frequency is maximum. 

The positions for the 3C, 3CR, and NRAO sources were taken from the work of 
Pauliny-Toth et al. (1966). The Parkes source positions were taken from Day, Shim- 
mins, Ekers, and Cole (1966). The MSH source positions were taken from Mills, Slee, 
and Hill (1958) and checked against a preprint of the southern Parkes survey (Shim- 
mins, Day, Ekers, and Cole 1966). 

The output of the NRAO interferometer was integrated for 0.1-sec periods and re- 
corded on magnetic tape along with the indicated positions of the two antennas and 
other data. The data were analyzed with an IBM 7040 computer using a program written 
by B. G. Clark and C. M. Wade. 
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The program takes the 19S0.0 position for each source, precesses it to the date and 
time of the observation, adjusts it for aberration and nutation, calculates the fringe 
frequency, and fits a sinusoid of this frequency (plus a constant term) to each minute 
of the data. The program calculates the amplitude and phase of the best-fitting sinusoid 
and the value of the constant using the least-squares principle. The program also 
furnishes the rms difference between the interferometer output and the fitted curve plus 
the difference between the precessed source position and the recorded indicated posi- 
tions, allowing detection of interference and accidental mispointing of the antennas. 

Fig. 1.—Results of the test of the reduction program. The fringe amplitude is in units of the least 
significant digit of the analogue-to-digital converter (A-D units). 

The accuracy of this program was tested by having it reduce some “fringes” of known 
signal-to-noise ratio which were generated in the computer. The result of this test is 
shown in Figure 1. The line at 45° is drawn in. The test shows that the output of the re- 
duction program is equal to the input fringe amplitude to within 2.5 per cent over the 
range of fringe amplitudes observed. The minimum fringe amplitude observed was 
equivalent to about 1 unit in Figure 1. 

The gain of the interferometer was calibrated using the calibration sources listed in 
Table 1. They are all unresolved except for 3C 380, which is only slightly resolved. The 
fringe amplitude of 3C 380 as a function of hour angle was determined in a set of separate 
calibration observations. The fringe amplitude of 3C 380, measured at the celestial 
meridian, is listed in Table 1. 

The apparent fringe amplitude of an unresolved source changed with hour angle. 
The interferometer was equipped with an automatic level control loop. At large zenith 
angles, when some of the antenna side lobes pointed toward the ground, the system noise- 
temperature rose. The automatic level control loop decreased the system gain so that 
both input levels to the correlator were constant. Most of the apparent change in fringe 
amplitude is thought to be due to this effect. The effect was calibrated by observing the 
unresolved calibration sources over a wide range of hour angle. The maximum correction 
within zenith angle 60° was 3 per cent. All sources except MSH 00 — 2,9 were observed 
within this zenith-angle range. At the zenith angle at which MSH 00—2,9 was observed 
(Z = 73°), the correction was 5 per cent. 
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The actual values of the fringe amplitudes of the calibration sources, in flux units, 
were determined by the following calibration process. The ratios of the fringe amplitudes 
of the calibration sources were first determined by a series of observations in which a 
given calibration source was observed for about 30 min, then another, etc., for 2 to 3 
days. By least squares, the ratio of the fringe amplitude of each calibrator relative to 
3C 286 was calculated. If the flux density of 3C 286 was very accurately known, the 
fringe amplitude of each source, in flux units, could be obtained by multiplying each 
ratio by the known flux density of 3C 286. Instead of this latter process, we felt that the 
average of the flux densities of the calibration sources was a more accurately known 
quantity. Thus, the sum of the fringe-amplitude ratios was divided into the sum of the 
flux densities of the calibration sources measured by Kellermann (private communica- 
tion). The quotient is the flux density of 3C 286 on the interferometer’s flux-density 
system. We then multiplied each ratio of the fringe amplitudes of the other calibrators 
relative to 3C 286 by this flux density to obtain the flux density of each other calibration 
source. 3C 380 was not included in the ratio or flux-density sums mentioned above, 
since it was partially resolved. 

TABLE 1 

Flux Densities of the Calibration Sources at the Five Antenna Separations 
in the Order in Which They Were Observed 

Calibration Source 2 1 Km* 2 7 Km 1 2 Km 1 8 Km 1 5 Km 

3C48 ... 
3C 147 .. 
3C 286.... 
3C 345 
3C 380 (meridian) 
CTA 102  

Dates of observa- 
tions   

8 61 f 
12 34 

41 
43 
75 
70 

7/16/65- 
8/5/65 

8 38 
12 39 
10 03 

5 92 
7 39 
5 08 

11/8/65- 
11/25/65 

8 37 
12 35 
10 03 

5 99 
8 74 
5 06 

1/6/66- 
1/18/66 

8 44 
12 59 
10 08 
5 68 
8 54 
5 02 

2/14/66- 
3/8/66 

8 45 
12 63 
10 14 

5 57 
8 71 
5 02 

4/16/66- 
5/3/66 

* The antenna feed horns were aligned with their E-vectors in position-angle 90° The remainder are in position- 
angle 0°. 

t In units of 10-2« w m"2 Hz~i at 2695 MHz. 

The flux densities of the calibration sources obtained by this process appear in Table 
1 in the order in which the interferometer stations were occupied. The flux density 
quoted for 3C 380 is the fringe amplitude measured at the celestial meridian. It can 
be seen that the flux density of 3C 345 varied with time, as has been found by Dent 
(1965) at 8000 MHz and by Bartlett (1966) at 2700 MHz; the remainder are constant 
to ± 2 per cent for the antenna separations other than 2.1 km. The flux densities at 2.1 
km differ because the feed horns were inadvertently rotated 90°, and some of the calibra- 
tion sources are polarized. 

3C 345 was used as a calibration source even though it varied because three independ- 
ent measures of its flux density were made by Kellermann during the course of these 
observations; thus the time variation was known and taken into consideration in the 
calibration process mentioned above. 3C 380 was used as a secondary calibration source. 
It was observed daily at the same hour angle in order to determine variations in the 
system gain. As is mentioned above, it was not included in the flux-density calibration 
calculations since it was resolved. 

During the course of the observations reported here, a calibration source was ob- 
served about every 4 hours, always within 2 hours of the meridian. The interference 
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fringes were recorded using an analogue-to-digital converter and were in units of the least 
significant digit of that converter, called “A-D units.” 

The observed fringe amplitude for the calibration sources and their derived flux 
densities were used to calculate the system gain as a function of time in terms of A-D 
units/flux unit. All observations were calibrated using this curve. 

The curve of system gain as a function of time varied during the course of a day by 
about 3-4 per cent of its mean value. The rms scatter in the fringe-amplitude measure- 
ments of a given source, each separated by 4 days, and calibrated with the system-gain 
curve was typically 3 per cent or 0.03 flux units, whichever is greater. 

The system phase has been observed to drift slowly by amounts of l°/:min up to oc- 
casionally 30-4°/min. This has two effects. First, in order to calculate a vector average 
fringe amplitude and phase for each 15-min observation, the fringe phase, determined 
each minute, must be used. If the instrumental phase is drifting, the vector average 
amplitude must be corrected. It can be easily shown that this correction factor is 
(A4>/2)/(sin A4>/2), where A4> is the drift in phase in radians during the 15-min obser- 
vation. Second, the drifting phase causes one to need to frequently calibrate the system 
phase, so that the three observations of a given source, each separated by 4 days, may 
be corrected to the same system phase. This latter calibration process was not done, 
since too much time was required, and the number of sources observed would have been 
decreased. Thus we have measured the fringe amplitudes only. 

A phase drift of 100° during one 15-min observation was adopted as the maximum 
allowed (maximum correction factor of 1.11). If the phase drift exceeded 100° the ob- 
servation was rejected. This has undoubtedly caused the rejection of a few perfectly good 
observations in which the phase drift was a result of source structure; however, we felt 
that system malfunctions or source position errors were the more likely cause of large 
phase drifts. (A source position error of 0Í6 can cause a drift of 100° in 15 min in the 
worst case.) 

IV. RESULTS OF THE OBSERVATIONS 

The average fringe amplitude from three 15-min measurements of the fringe ampli- 
tude for each source at each of five base lines is given in Table 2. If the average fringe 
amplitude was less than twice its rms error, it was arbitrarily set to zero, giving a fringe 
visibility of zero. The antenna feed horns were aligned with their JB-vectors in position- 
angle 0°, except for the observations at the 2.1-km spacing where they were inadvertently 
aligned at position-angle 90°. 

The columns in Table 2 are, in order: the source name; the 2695 MHz total flux 
density measured by Kellermann, Pauliny-Toth, and Tyler (1967); the estimated prob- 
able error of flux density; the fringe visibility; the visibility probable error; the base-line 
length, in wavelengths, in the direction of resolution for the five antenna separations; 
the position angle of the direction of resolution for each source; and finally the class of 
the object. The flux densities furnished by Kellermann et al. in Table 2 are preliminary 
values. The numbers 1, 2, and 3 refer to the source groups previously defined in § II, 
while G and Q indicate identified radio galaxies and quasi-stellar sources, respectively, 
taken from the lists of Wyndham (1966); Burbidge, Burbidge, Hoyle, and Lynds (1966); 
Schmidt (1966a, Z>); Ford and Rubin (1966); Lynds, Stockton, and Livingston (1965); 
and Lynds, Hill, Heere, and Stockton (1966). The sources are marked “P” when all 
measured fringe visibilities exceed 0.8. 

In the case of MSH 05 — 1,3, no flux density measurement was available. Therefore, 
the fringe amplitude, in flux units, is given instead of the fringe visibility. 

The flux density of “confusing sources” in the antenna beams has been calculated 
using the 3CR survey (Bennett 1962) and the CTD survey (Kellermann and Read 
1965). These calculations give 0.05 and 0.04 flux units for the two surveys, respectively. 
Since the background of confusing sources is not likely to consist of entirely unresolved 
sources, on the average, the fringe amplitude caused by the confusing sources would be 
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expected to be lower than 0.05 flux units. Thus the adopted minimum probable error 
in the fringe amplitude is 0.03 flux units. The effect of confusion is to increase the frac- 
tional error in the fringe visibility as one observes fainter and fainter sources. Thus, 
the fringe visibility of an individual source of low flux density could be in error by 15- 
20 per cent. 

We now examine the errors introduced by calculating the fringe visibility using total 
flux density, and the effect of the source polarization on the measured fringe visibility. 
Kellermann, Pauliny-Toth, and Tyler measure the total flux density, i.e., the sum of the 
flux densities measured with the E-vector in position-angle 0° and 90°. The interferom- 
eter calibration scheme measures twice the flux density in position-angle 0°, except at 
2.1 km where it is twice the flux density in position-angle 90°. The total flux densities 
for the calibration sources, given in Table 2, may be compared with those derived by the 
interferometer calibration scheme shown in Table 1. This comparison shows that we may 
expect the total flux densities to differ from those obtained by the interferometer calibra- 
tion process by + 5 per cent. Part of this difference is due to source polarization, and part 
is due to the fact that the flux densities of the calibration sources are on two slightly 
different systems. The total flux densities come from one system; the 0° position-angle 
fluxes infTable 1 come from a modification of that system so that the flux densities are 
proportional to the fringe amplitudes as seen by the interferometer. 

The effect of having observed the sources at the 2.1-km separation using feeds at 
position-angle 90° may be seen clearly in the case of 3C 161. This source has a high 
percentage polarization of 9.5 per cent at a wavelength of 11 cm (Gardner and Davies 
1966). Such a high polarization is apparently unusual. Of the seventy-five sources on 
the observing list with polarizations measured at a wavelength of 11 cm, only three 
have polarizations of 9.5 per cent or greater. An unresolved source, with a polarization 
of 10 per cent, would have a fringe visibility which differs by 20 per cent at base line 2.1 
km, as compared to the other base lines in the worst case. (The worst case is the one in 
which the source’s polarization angle is either at position-angle 0° or 90°.) In the case of 
a resolved source, the brightness distributions could differ in the two polarizations; 
hence, the effects on the fringe visibility measurement at 2.1 km are unknown, and could 
be larger than 20 per cent. 

In some cases, equipment failure or accidental mispointing of the antennas ruined 
all three observations of a given source at one base line. These two causes are responsible 
for most of the missing information in Table 2. 

Figure 2 shows the 1.2-km fringe visibility plotted against the 2.7-km fringe visibility 
for the sources observed. For sources having single, circular Gaussian brightness dis- 
tributions, the two fringe visibilities are related as shown by the curved line. If the 
errors are + 0.03 in fringe visibility, the shaded area should inclose most of the points, 
provided that all sources had brightness distributions of this form. In fact, this area 
incloses only about 25 per cent of the points. To account for the errors in the zero-spacing 
flux density, the shaded area should perhaps be doubled in width. If this is done, then 
38 per cent of the points are inclosed. That is, 62 per cent of the sources do not have 
single, circular Gaussian brightness distributions. Further, sources having a single 
radiating component cannot have 2.7-km fringe visibilities significantly larger than 
the 1.2-km fringe visibilities, i.e., points in Figure 2 lying to the right of the 45° line. 
Errors in the zero-spacing flux density cannot cause a point to be moved across the 45° 
line; thus, this test is unaffected by those errors. 

Table 3 displays the half-intensity width of a single Gaussian radio source which 
would give the various fringe visibilities at the base lines used. In Figure 2, 13 per cent 
of the points lie to the right of the 45° line, and these must have at least two radiating 
components. Allen, Brown, and Palmer (1962), using a diagram similar to Figure 2, 
have found that at least 60 per cent of the sources they observed are multiple. 
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Fig. 2.—Relation between the 1.2- and the 2.7-km fringe visibilities. Radio sources with Gaussian 
brightness distributions should fall in the shaded area. Sources having a single component cannot lie 
significantly to the right of the 45° line. 

TABLE 3 

Half-Intensity Total Width of a Single Gaussian Source Giving the 
Indicated Fringe Visibility at the Various Base Lines 

Fringe 
Visibility 

1 2 Km 

Base Line 

1 5 Km 1 8 Km 2 1 Km 2 7 Km 

<0 1 
2 
4 
6 
8 

>0 9. 

>15?4 
12 9 
9 7 
7 3 
4 8 

<33 

>12 "3 
10 3 

7 8 
5 8 
3 8 

<26 

>10?3 
8 6 
6 5 
4 8 
3 2 

<22 

>8'!8 
7 4 
5 5 
4 2 
2 7 

<1 9 

>6rs 
5 
4 
3 
2 

<1 
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TABLE 4 

Number of Unidentified Sources by Visibility Range 
at the Five Antenna Separations 

Visibility 
Range 

0 0-0 2 
0 2-0.4 
0 4r-0 6 
0 6-0 8 
0 8-1.0 
1.0 and greater 

Fraction with visibili- 
ty >0 6  

Number in Range 

1 2 Km 

21 
15 
21 
17 
36 

3 

0 50 

1 5 Km 

24 
25 
13 
23 
29 

5 

0 48 

1.8 Km 

27 
13 
21 
22 
32 

2 

0 48 

2 1 Km 

26 
18 
18 
24 
22 

3 

0 44 

2 7 Km 

24 
19 
23 
16 
22 

1 

0 37 

TABLE 5 

Number of Quasi-stellar Sources by Visibility Range 
at the Five Antenna Separations 

TABLE 6 

Number of Radio Galaxies by Visibility Range 
at the Five Antenna Separations 
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Tables 4-6 show the number of sources in intervals of 0.2 in fringe visibility at each 
of the five antenna separations for unidentified sources, quasi-stellar sources, and radio 
galaxies, respectively. In addition, the tables show the fraction of sources at each separa- 
tion having visibilities greater than 0.6. The fraction with fringe visibilities greater than 
0.6 is largest for the quasi-stellar sources, lower for the unidentified sources, and lowest 
for the radio galaxies. It is interesting to note that, for this range of spacings (greater 
than 2 to 1), the fraction of sources with fringe visibilities greater than 0.6 does not drop 
greatly at the long spacings. 

We shall now examine the relation between the fringe visibilities obtained above and 
the following observed quantities: flux density, spectral index, redshift, and percentage 
polarization. As an example of the method used, we shall consider the fringe visibilities 
and the 2695 MHz flux density measured by Kellermann et al. (1967). 

Table 7 shows the means of the measured fringe visibilities for the radio sources ob- 
served as a function of their 2695 MHz flux densities We have divided each identified 
type into two groups: those with flux densities greater than 3 flux units, and those with 
flux densities less than or equal to 3 flux units. We have calculated the mean of the 
fringe visibilities and the standard error of the mean for each group separately. We shall 
consider that there is a significant relation between an observed quantity (e.g., flux 
density) and fringe visibility when the mean visibilities of the fainter and brighter 
groups differ by more than twice the sum of the standard errors of the means for the 
two groups. Tables 8 and 9 are identical to Table 7, except that they show the relation 
between the fringe visibility and spectral index, and redshift. 

Table 7 shows that the apparently bright quasi-stellar sources have a significantly 
higher mean fringe visibility than the fainter ones. Radio galaxies show a less significant 
relation in the opposite sense. When the quasi-stellar sources are divided at a faint 
flux density, say 1.5 flux units, the relation above is destroyed. The quasi-stellar sources 
brighter than 3 flux units show a small scatter about a high mean fringe visibility. Those 
fainter show a large scatter about a lower mean. The radio galaxy relation is not sensitive 
to the dividing flux density over the range in which enough objects lie in each group to 
make a reasonable test. Both the apparently brighter radio galaxies and quasi-stellar 
sources in this survey tend to have flatter spectra than the fainter ones. The brighter and 
fainter quasi-stellar sources (divided at 3 flux units) have mean ± standard error of 
the mean spectral indices of à = —0.47 ± 0.06 and d = —0.88 ± 0.03, respectively. 
For radio galaxies these quantities, in the same order, are: à = —0.74 ± 0.03 and à = 
—0.86 ± 0.04, respectively. This is undoubtedly enhanced as a result of observational 
selection. Since most of these objects were found by the 3C survey at 178 MHz, the 
ones with flatter radio spectra will tend to be brighter at the much higher frequency, 
2695 MHz. A correlation between the physical sizes (assuming cosmological distances) 
and monochromatic luminosities at 3000 MHz was discovered for the quasi-stellar 
sources by Hogg (1966). 

Table 8 shows the relation between the spectral index measured between 1400 MHz 
and 750 MHz and the fringe visibility. The spectral indices were taken from Pauliny- 
Toth et al. (1966). Note that we have divided the radio galaxies and unidentified sources 
at spectral index —0.8, while the quasi-stellar sources are divided at a = —0.65. The 
median spectral index, —0.8, was initially chosen for the point of division; however, 
when divided at this spectral index, the quasi-stellar sources showed no significant rela- 
tion between fringe visibility and spectral index. These sources show a sharp break at 
a = —0.65. Those with flatter spectra have high fringe visibilities with a small scatter; 
those with steeper spectra (smaller a), show a larger scatter about a lower mean. No 
similar behavior was seen for the radio galaxies or unidentified sources; that is, moving 
the spectral index which divided them had no effect on the relation between spectral 
index and fringe visibility. 
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Table 8 shows that the quasi-stellar sources with a > —0.65 have significantly higher 
fringe visibilities than those with a < —0.65. No significant relation has been found 
between spectral index and fringe visibility for the radio galaxies or unidentified sources. 
The quasi-stellar sources with a > —0.65 all have 2695 MHz flux densities greater 
than 4 flux units with one exception (3C 277.1). Kellermann (1964) has shown that the 
component separation for identified radio galaxies that are double sources tends to in- 
crease with decreasing (steepening) spectral index. Lequeux (1965) reached similar 
conclusions; however, he included four known quasi-stellar sources in the total list of 
seventy-four objects. We have found no correlation between spectral index and fringe 
visibility for the radio galaxies studied, over the available range of resolution. Keller- 
mann (1966) has included quasi-stellar sources in his analysis mentioned above, and 
finds that for both groups the linear extent grows with decreasing spectral index. 

TABLE 7 

Mean of the Measured Fringe Visibilities as a 
Function of 2695 MHz Flux Density (S)* 

Quasi-stellar Sources (49) f 

S<3 (35) S>3 (14) 

Radio Galaxies (68) 

S<3 (50) S>3 (18) 

Unidentified (118) 

S<3 (99) S>3 (19) 

0 58+0 04 0 90+0.04 0 34±0 04 0.15+0 05 0 55+0 03 0 44 + 0 07 

*5 is in flux units (l0~26 W m"2 Hz-1), 
t The number of sources included is given in parentheses 

TABLE 8 

Mean of the Measured Fringe Visibilities as a 
Function of Spectral Index (a)* 

Quasi-stellar Sources (49) t 

a > -0 65 (11) a< —0 65 (38) 

Radio Galaxies (68) 

a> -0 8 (33) a < —0 8 (35) 

Unidentified (110) 

a> -0 8 (42) a< —0 8 (68) 

0.93 ±0 02 0 60+0 04 0 30+0 05 0 27+0 04 0 60+0 04 0 48+0 03 

* The spectral index is formed from flux-density measurements at 1400 and 750 MHz. 
t The number of sources included is given in parentheses. 

TABLE 9 

Mean of the Measured Fringe Visibilities as a 
Function of Redshift (Z) 

Quasi-stellar Sources (44)* 

Z< 1 0 (28) 

0 64+0 06 . 

Z>1 0 (16) 

0 76+0.05 

Radio Galaxies (36) 

Z<0 1 (21) 

0 18+0 05 

Z>0 1 (15) 

0 29+0 07 

* The number of sources included is given in parentheses. 
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Table 9 shows the relation between fringe visibility and redshift (Z) for the identified 
quasi-stellar sources and radio galaxies. The quasi-stellar redshifts were taken from the 
papers cited above concerning quasi-stellar source identifications. The radio galaxy 
redshifts were taken from Maltby, Matthews, and Moffet (1963), Matthews, Morgan, 
and Schmidt (1964), Schmidt (1965), Sandage (1966), and Humason, Mayall, and 
Sandage (1956). No significant relation is found. However, a selection effect operates, 
for the quasi-stellar sources, which would confuse any real relation. Above Z = 1.45, 
the quasi-stellar sources from the 3C and 3CR catalogues all have spectral indices 
smaller than —0.75. This can be explained by the 3C and 3CR catalogues’ selection 
criteria, assuming that there is a maximum integrated luminosity for quasi-stellar 
sources and that Hubble’s law holds for quasi-stellar sources. Table 8 shows that the 
quasi-stellar sources with flat spectra tend to have high fringe visibilities, and these are 
absent from our sample at large Z. 

In summary, there are significant relations between mean fringe visibility and flux 
density foi the quasi-stellar sources and radio galaxies in opposite senses. The apparently 
bright quasi-stellar sources show high fringe visibilities compared to the faint ones, 
while the apparently bright radio galaxies show low fringe visibilities compared to the 
fainter ones. In addition, the quasi-stellar sources with flat radio spectra show a higher 
fringe visibility than those with steep radio spectra. No significant relation between 
spectral index and fringe visibility was found for the radio galaxies. Because of observa- 
tional selection, the relation between fringe visibility and flux density for the quasi- 
stellar sources is affected by the relation between spectral index and fringe visibility 
found for them. Those objects with flat spectra and a low flux density at 2695 MHz have 
been discriminated against by our source selection procedure. However, there is a real 
absence of apparently bright quasi-stellar sources with low fringe visibility. Since no 
relation was discovered between spectral index and fringe visibility for the radio galaxies, 
we conclude that there is a real relation between flux density and fringe visibility for 
them. The relation is in the sense that the apparently bright radio galaxies have larger 
angular sizes (thus lower fringe visibilities) than the fainter ones. This relation would be 
expected in a simple Euclidean universe with limited ranges of their intrinsic physical 
sizes and radio luminosities. These relations will be discussed more fully in a subsequent 
paper which includes angular sizes derived from models fitted to the fringe visibilities 
reported in Table 2. 

Finally, it is of interest to determine whether the brightness distributions of these 
radio sources change with frequency. The best means of presently investigating this 
question is a comparison of the fringe visibilities reported here, taken at 2695 MHz, 
with those of Allen et al. (1962) taken at 158 MHz. The data of Allen et al. include 
fringe visibilities measured at 9700 and 32000X which brackets these observations in 
angular resolution; however, the low-frequency data have large quoted errors and are 
incomplete at the 32000X spacing. Of the forty-nine quasi-stellar sources included in 
the present survey, thirteen have definite fringe visibilities (not upper limits) measured 
by Allen et al. at both 9700 and 32000X. For these thirteen sources, the mean ± standard 
error of the mean fringe visibility at 2695 MHz is 0.85 ± 0.05. From Allen et al, for the 
same thirteen sources, the mean of the fringe visibilities, combining both 9700 and 
32000X, is 0.73 ± 0.07. Thus, for these quasi-stellar sources, the mean fringe visibilities 
are not strongly different. In the case of the radio galaxies, using the same criteria as 
above, only nine sources are common to the two surveys. At 2695 MHz, the mean 
visibility is 0.67 ± 0.09, while at 158 MHz it is 0.73 ± 0.13. It is obvious that a mean- 
ingful comparison of radio-source brightness distributions at two different frequencies 
requires additional data. 

The material in this paper formed a portion of the author’s doctoral dissertation at 
the University of Virginia. 
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