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ABSTRACT

Methods of polarized interferometry have been used in conjunction
with the earth rotation aparture synthesis technique to study the
polarized intensity distributions of Cygnus A at 8300 MHz and 9600
MHz. The total intensity distribution at 8300 MHz has also been ob-
tained.

Although the resolutions obtained in these observations are about
20", it is still quite.insufficient to reveal the structures in the
components for a detailed comparison with the theoretical model pro-
posed by Mills and Sturrock. The general featuve of the ram pressure
confinement mechanism, however, 1is consistent with this observation.

The polarized distributions vield a rather fast variation of
large rotation measures across the east component. There is also a
reversal of thé longitudinal magnetic field in the direction of the
west component. Correlations with the di;tribution of small hydrogen
clouds deduced from HI absorption measurements have been discussed.

There seems to be little depolarizétion across this source ex—
cept in the bridge, and this is believed to be occurring outside of
the emitting region. However, no detailed models can be worked out
without further information about the conditions of the intervening

medium.
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CHAPTER I

INTRODUCTIOHK

ihe discovery by Jansky (1) in 1932 of galactic noisé at radio
frequencies began a2 new era in astronomical investigation. With the
detection of a variable source of radio frequency radiation at 5
meter wavelength by Hey, Parsons and Phillips {2) in the direction of
the constellation of Cygnus, the existence of discrete sources of
radic waves was unequivccably demonstrated. Detailed studies later by
Bolton and Stanley (3) using a sea interferometer of higher resolving
power confirmed that this source was less than 8' of ave. It is in-
teresting to note that although this discrete source of intense radio
radiation in Cygnus is the first one to be detected, it Is only the
second strongest source in the sky. The strongest radio source,
which is located in the ccnstéllation of Cassiopela, was not detected
until 1948 when Ryle and Smiih (4) accidentally came across it during
an attempt to look for circular polarization in Cygnus.

Because it is the first radioc object to be detected and because
qf its intense radiation, the earlier history of radio astronomical
investigations is, to a large extent, the study of this radio source
in Cygnus. During these first yeérs after the discovéry of the dis-
crete sources, particularly before the reason for their intensity
fluctuations was cleared up, the most popular idea was that the
majority of the discrete sources were of stellar nature (5). The very
low resolution of the then existing radio telescopes, however, was

unzblie to determine the size of these 'radio stars'. The discovery of



the strong discrete source Taurus A and gts identification with the
Crab Nebula therefore pushed the question about the néture of these
éiscrete sources to the forefront - Should Taurus A be identified
with the stellar remnants of the supernbva or with the Nebula itself,
and what about the angular sizes of the most intense sources in Cygnus
and Cassiopeia? |

One of the reasons for the great concern about the dimensions
of these discrete sources followed from the attempts in their optical
identifications. Since so much more has been known about the theories
and detection techniques of optical astronomy, the identifications of
these sources could reveal much more about fhe structure and radiation
mechanisms pyerating in these objects. This later aspect, in parti-
cular, fascinated the observers and theoreticians at that time.
Because of the intensitylof the radiatiops from Cygnus A and Cassicpiea
A, they were at first thought to be quite close, even within the limits
of our solar system (6)! Although measurements by Ryle (7) in 1949
and by Smith (8) in 1951 put the distance of Cygnus A at least 0.5
pc awvay, the lack of a sufficiently powerful radiaticn mechanism still
left the observers with the impression of the proximity of these
sources. The identification of Cygnus A with a pair of "colliding
galaxies"v(which has now been proved to be only a peculiar galaxy with
a dark band in the middle Ey Baade and Minkowski (9) therefore stirred
great excitement because this not only appeaved to provide.a very
plausible source of energy, it also poin;ed out that Cygnus A is at
a much greater distance than thought.

0f the several radio nolse emitting sources first detected



(references 10 ~ 18) and later identified with optical objects {9},
Cygnus A is undoubtedly the most well known and intensely studied.
Although considerable work has been done since its discovery, much
more remains. This classical object, which is so typical of the
radio galaxies later detected in that it has two components approxi-
mately equidistant from a peculiar optical object, has the vintage
position in the solution to many of the still unanswered radio
astronomical puzzles.. |

As early as 1950, Alfven and Herlofson (19) suggested that the
synchrotron mechanism is important in the generation 6f cosmic radio
waves. This idea, however, was almost ignored except by a number of

n the Sovier Union, in particular Ginzburg and

pode

theoreticisans
Shklovsky. It was only after the discovery of linear polarization in
the optical continuum of the Crab Nebula (26,21) as predicted by
Shklovsky (22), and the detection of liﬁ;ar polarization at centimeter
wavelengths from the same source later (23) that this synchrotron
radiation mechanism began to be generaily accepted.

Although earlier éttempts were made to detect linear polarization
in the radio frequency radiaticg from intense extragalactic sources
(4,24,25,26,27), Cygnus A is the first such source where linear
polarization was detécted (28). With this detection, a very powerful
tool for the study of the magnetic structure of this source is provided.

As the investigation of the properties cf‘Cygnus A becomes more
and wmore intensive, observations with ever increasing resolution were
sought. Moreover, the knowledge of the distribution of Cygnus A both

in dntensity and polarization as a function of frequency becomes



increasingly important for a more complete understanding of this and
other radio sources.

After it was first shown by Jennison and Das Gupta (29) to be a
double source, cbservations at different frequencies and resolutions
(30,31,32,32,34) revealed essentially the same piqturé, with a bridge
component apparent at some frequencies and resolutions but not at
others. However, & detailed map of the brightness distribution at
higher frequencies, especially ofrthe fine structure in two dimensions
of the outer edge of each component, may be important, among other
things, in detecting synchrotron self absorption in the source (34).

Since linear polarization was first detected from the radiation
of the extragalactic source Cygnus A (28), ebservatiohs over a range
of frequencies have been performed. Thes= observations so far, how-
ever, have inadequate resolution to give even a rough description of
fhe polarization distritution across the source. The greatest detail
which has been observed to date consists of the integrated polariza-
tion for each of the two main components at wavelengths of 1.55 em
{35), 1.90 cm (36), 1.95 em (37), 1.96 em (36), 3.02 cm (38), 3.95
cm (39) and 6.40 cm (40). In spite of the relatively low resolutions,
these observations have already revealed some very interesting pro-
perties relating to the structure of this source.v Not only does the
degree of polarization decrease rapidly from a maximum of about 8
percent at 3 cm (38) to about 1.3 percent at 5 cm (39), but its polari-
zation angle, which shows exceptionally fast rotation, is also not
linear with wavelength squared. This unusual behavior has been ex-

plained by several authors (Hollinger et al (41), Slysh (42) and



Soboleva (40)) by assuming that the two principle components of Cygnus
A are polarized differently and have vastly different rotation
measures. A more detailed picture of the polarization structures
across the socurce is however very much in order.

The methods for the study of discrete sources of radiation by
interferometry were first set forth by Michelson (43,44) who later
applied these methods to the measurements of stellar diameters (45,
46). To attain higher resolutions in radio astronomical observations
therefore, it is only logical to make use of these same principles.
As a matter of fact, the use of interferometric techniques for higher
resolutions in the study of structures of radio sources has been
practised for quite some time. The most promising méans to this end
is the earth rotation synthesis technique. This was first applied by
O'Brien {47) in an investigation of the sun and latér developed in
full by Ryle and his colleagues (48,49,50,51) for the study of source
structures. Although polarization studies using interferometers have
been made previously (52-58), the incorporation of this powerful
aperture synthesis technique is just beginning to be exploited (59).
The combination of aperture synthesis and the methods of interference
polarimetry by Morris, Radhakriéhnan and Seielstad {(60) 1ay the frame-
work of a very powerful tool for the investigation of the total in-
tensity and polarization properties of cosmic radio sources.

This project empioys‘the above menticned combination of techni~
ques for the study of ihe intensity and pelarization of the radio
source Cygnus A, Two frequencies are used for the deduction of the

rotation measure pertaining to this source, and these frequencies are



close enough‘that there are no position-angle ambiguities of nT7
radians between them. The synthesized beams have HPBW of about 22"
at 8300 ﬁHz and about 20" at 95600 MHz. Relatively detailed maps of
the two components and the bridge have been obtained. From these
maps, the spectral indices,Arotation measﬁre, intrinsic position
angles and depolarization distributions for the components and the
bridge are deduced. Attempts will be made to compare these results

with a model proposed for Cygnus A.



CHAPTER TWO

MATHEMATICAL TECHNIQUES

Before going into the details of the actual observations and the
results obtainad, we review the methods of two dimensional synthesis

and polarized interferometry with the Owens Valley interferometer.

FEarth Rotation Synthesis

As shown by Moffet (61), the monochromatic pattern of a two-ele-

ment, continuous-multiplication interferometer (62) is given by
R(x,y,t) = GA(x,y)cos {ZK{u(z—Qt) + vyl +_$}' {1

where x and v are the cartesian coordinates centered at She 60, an
appropriate origin in terms of right ascension and deélination on the
sky; G is the gain of the receiver; A(x,v) is the effective area of
either antenna if they are ideptical; Y is the phasé error of the
instrument; § iz the sidereal rate; t is the sidereal time and u,v
are the x,y projections of the antenna separation on the celestial

sphere given by

scosBsinp

=4
L]

(2)

scosfcosp

<
it

with s the spécing in wavelengths, 6 the angle Betﬁean the source
direction and the median plane and p the position angle specifying
the orientation of the interferometer fringes on the gky.

The rotation of the earth varies the projection length and
orientation of the interferometer baseline to provide different re-

solutions at various position angles for the source under observation.



The parameters 6 and p giving the values of these projections in equa-
tion (2) are of course not the most convenient or physical choices.
However, one can also express u and v in terms of the source parameters
(h,8) and the parameters of the baseline (H,D). (For east-west base-
line, hour angle of interferometer pole = H = 6h and declination of
pole = D = 0° and for north-south baseline, H = o? and D = -52°46'
06.2"). Starting with equations (2) and (5) in Moffet's paper (61),

one can obtain easily the following expressions:

EW : u = scos h
(3)
v =238 sind sin h
NS : ’ u = -s 8ind sin h
(4)

cosd cosd + sind sind cos h

<
]

where ¢ is the geographic latitude of the observatory.

Introducing the concept of the normalized complex visibility
14(u,v)

function B(u,v) = V(u,v)e s where V is the normalized visibility
amplitude and ¢ the visibility phase, the response of a tracking in-
terferometer to a discrete radio source of brightness temperature dis-

tribution T(x,y) is
R(t) = GAS'V(u,v)cos[¢(u,v) - 2muQt + ] (5)

where S' = 2'1-‘;T-J'IA(x,y)T(x,y) dxdy (k = Boltzmann's constant, A = wave-
A
length) is the total flux and

o0

ffA(x,y)T(x,y)eizn(ux+vy)dxdy

IR TR
B(u,v)=Ve™ _ Z (6)
FIAGx,y)T (x,y) 3XdY




Since S'V, ¢ are the observed quantities and T{x,y) is the desired
result, we invert this transform and obtain

2

' E * { vy —1i2
ACx,y)T(x,y) = %E;ifsvv(u,v)elw(t,x}e 127 (uxtvy)

dudv {(7)

As Bracewell (63) has shown, it is sufficient to obsevve the points
on one half of the UV plane. Moreover, becauss of the physical con-
struction of the antennas (the ¥ &h in hour angle limit), a continuocus
integration of the visibility function on the UV plane is not possi-
ble. In this project, this has been éivided into two sets of obser-
vations, a set using the EW spacings and another uSing the NS ones.
The coverage on the UV plane, therefore, is not the s&ooth eilipses
one would expect ideally, but the tWo'broken segments of ellipses as
shown in figure {(1). It should be noticed also tha; the gap between
these two sets of spacings is smaller than the Bracewell unit’cell
(~12642EW and ~3630)MNS for Cygnus A at 960@kHHZ) and therefore does
not cause any extraneous sidelobes. Theses unit cells ére derived
usigg the model of Ryle, Elsmore and Neville for Cygnus A at 21 cm
(32) and the assumption that the intensity of the components is zero

three half widths away from the maxima.

Polarized Interferometry

To describe partially polarized quasi—menochromatit radiation,
four parameters are required. These parameteré give the intensity,
the degree of polarization, the plane of polarizaticn and the ellipti-~
city of the radiaticn at each point and in any given direcﬁicn. A
very convenlent representation of these pre§e§£ies of polavized

light are the four Stokes parameters, named after Sir Georze Stokes
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in 1852. They are defined as (64):

N

i= <Ei> + <Ey> = IO + 190 = IR.H. + IL.H.
Q= <E7> - <E2> =1 - I,.=1 cos2fcos2y = I_cos2y
x y 0 g0 e P
, : ‘ (8)
U= <2ExEy> cosé = 145-— 1135 = Iec052851n2x-= Ipsian
V= <2ExEy> siné = IR.H.'u IL.H. = IesinZB

where Ex’ EY are the transverse electric field in two orthogonal
directions, & is their phase difference, y is the inclination of
the major axis of the polarization ellipse to the x-axis and 8 is
its axial ratio, Ie is the intensity qf the polarized part of the -
wave and Ip that of the linearly polarized component, Ie is the iq—
tensity at ?ﬂ angle 8 to the‘anﬁis and IR.H. and iL.H. are the in-
tensities of the right- and left-handed ¢ircularly polarized com-
ponents. The parameter I is the total intensity and is the sum of
two orthogonal intensities whereas Q and ﬁ specify the linear
’polafization. The circular polarization is given by V.

We now try to relate these four parametets of a polarized dis-
tribution tc the response of a two element interferometer. It has
been shown by Morris, Radhakrisbnan and Séielstad (60) thét this
iesponse is given by

RO [T feos(s)6,)c05(9,-8,)+ isin(s,-8,)5in(8,49,)]

+Q {cos(¢l+¢2)cos(91+92)+ isin(¢l+¢2)sin(el—92)} .

- 9)
+U {sin(¢l+¢2)cos(91+92)— icos(¢l+¢2)sin{81~92)}

T {cos(9;~¢,)sin(9,+0,)+ isin(b.+6,)c05(8,-0,)}]
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where 1,Q,U,V are the unnormalized Fourler transforms of the respec-

tive distributions I, Q, U and V over the source, e.g.

127w {uxtvy)

§,= iﬁu,v) = é?l(x,y)e dxdy

-1 Qr + . 5
i(2mult + ¥) describes the characteristic pattern of the

k(t) = GAe
interference fringes and'¢1, ¢2, 91, 99 are the position angles and

ellipticities of the respective receiving horns of the two antennas.

et

Let us now relate these transforms E) Q} , and i'to the actual posi-~
tion angles of the horns used dﬁiing the observations.

Before going into this, we would first look into the Stokes pa-
rameter‘i in a little more detail. It has been theoreticallyfpre—
dicted that circula; polarization is negligibly small (65,66) and is
only likely to be observed atjlow raéio frequencies (67). Moreover,
an upper limit of 2 percent has actually been measured at 3.15 em for
Cygnus A (68). Although detections have been claimed in recent
searches for circular polarization in compact objects (69,70,71),
the magnitudes involved are only a couple of percent or less. The
Stékes parameter E.hgs therefore been assumed to be zero.

Some simplifying assumptions can now be made with equation (9).

The values of €., 6,, the ellipticities of the horns and thus respon-

1’ 72
sible for the instrumental circular polarization have been found to
be very small (see DATA ANALYSIS). The assumptions of COs(Ql + 92) =
1 and sin(el + 92) = 81 +g = Qt are therefore valid. With these

and the assumption that i.= 0, equation (9) becomes
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r(e) = £ Tlcos (o,-6,)+10 sinn (6, ~0,)]

+ Qleos (9,+9,)+16 sin (4 +4,) ] ' (10)

+ ?_[sin(¢l+¢2)—ie“cos(¢l+¢2)]}

< <

" During the observations, horn positions of ¢l/¢2 =0 /0, 09/90°
and 45°/135° afe‘used.r Allowing for the possibility of =z horn setting
error € and utilizing the information that 6 and e are small, the re-
sponses of the interférometer to polarized radiation for the different
configuratioﬁs are

¢1=03 @2260
R () = =k(t){ L+QHUle -101])
20 t) - 7 (t){__gf%__[eo‘l 0°J (11)

¢l=0, ¢2=90 +€90

Rgo(t) = -3 k(o) {ysgo—;—ie;c] + Qlegy=19501-1 ] (12)

-]
¢l=45 s ¢2=135 +€l35

_ 1 et o
Rygs(t) = = 5 k(1) {Ile; 50 551 + Q + g“1:&5“"‘91353)1 a3

Since for Cygnus A at 3 cm, Q2 + U2 < 0.3I and 8's and e's are

small (see Tables IV and V), U[e-i6 ] and Q[e-i@ ] can be neglected.

We now introduce the definitions
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Writing the response of the interferometer and the desired Stokes pa-
rameters I, Q, U in terms of their respective amplitudes and phases,
i.e.

R_(t) = %—k(t)v0e1¢o

20
i l V4 i‘bgo

ggo(t) = E'k‘t>vgoe (14)
R (t) = = k(t)v,. e?135
X35 7 ®(t)¥y35

1=ves

U= Ve

Q= VQei¢Q

the quantities of interest can be written in terms of the measured

quantities as

idy _ id 16 -
v e T = {y el 4+ v e™135) /(1on o)

, n ' . .
oy = idgo , 90 Jidg 16155}
Vye Voo Tt 34,0 | Voo 70 + v 50 133) 15
135
Ve O (I-ny55) {V335677135 # my e

The desired intensity and polarization distributions can then be
obtained from these equations by the use of equation (7). The bean
shape A(x,y) iﬁ that equation can be measured experimentally and an
appropriate correcticn. applied.

Horn Calibrations

; ‘ + - R
The parameters § and e characteristic of the antennas have to be

determined before the brightness distributions across the source can
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be deduced from eqﬁation (15). Two approaches, both employing unre-
solved and unpolarized sources, have been used. The first approach
consists of measurements of a parallel ard an approximate orthogonal
horn configuration, while the second one consists of two approximate
orthogonal hofn configurations only.

Since approximate orthogonal horns are used, if is a§propriate
at this point to separate ¢, the horn setting error, into two parts,
Ae and A ; Ae is the error inherent in the horn mounting systenm

d

while Ad is the non-orthogenality of the horns as shown in the dis-

play (i.e., A, is set by the observer and is a guess at the true horn

2

d

orthogonal positions dve to the lack of this information at the time
of cobservation). GEquations (11) and (12) can now be written, for an

unresolved and unpolarized source, as

0 0
¢l = 0, ¢2 = Ad - A
| (16)
R (t) = k(t) ;
2 ——
= —an 90 _ 90
¢1 = 0, ¢>2 = 90 + Ad Ae
’ ' (17)
k(t %0 90 + .
FERR A ot & ¥ - i
R9O(t) 7 E.LAd Ae + 1990]
Selving these two eguations,
S0 _V
AT o= 90
e g coslégymeg) * Ay
(18)
v
+ _ 9 . _
O90 = = 7 sinlégp9g)

135 and 9+ from equations (11}

Similar relations can be derived for Ae" 135

and (13).
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For the second method, we start with the real and imaginary parts

of equation (17),

_k(®) 90_ 90
V90c03¢90 > I[A
. - _ k(t)
Vgpsindgy = = 5L 990
Therefore, with two approximate orthogonal measurements, Azo and Azo,
1 2
éé)cos¢(1> 30 - Azo
V@ 05e @ 490 _,90
90 90 d -4
e
2
and thus
(1) (1) 90 2) coséc )
50 d2 Vg ©080gq” ~ By 190 90
Ae = (20)
(l) (l) y(2 (2)
Vgg costgy” = Vgq'costgy

The ratio of equation (19) gives the value of 9+,

+
g90

9090,

tand
90 (Ad A )

. + ; | :
The two values of 6 resulting from the two approximate ortho-
gonal measurements can then be averaged. Identical approach applies
to the 45/135 horn configuration. These corrections are listed in

Tables IV and V.
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CHAPTER THREE

OBSERVATIONS

Instruments

The observations for this thesis_héve been ca?riéd out with the
two ninety féot equatorially mounted parabolic antennas at the Cal-
tech Owens Valley Radio Observatory. Excellent deécriptions of the
instruments and their operation have been given by Read (72) and
Berge (73). Basically, the receiver is of the superheterodyne type
with the local oescillator frequencies at 8300 MHz in one instance and
9600 MHz in the other. The IF frequency is 10 MHz, and the bandwidth
is agbout 5 Miz. ’Because of the nead of having the horns of the
antennas at different orientations, they are wounted on rotary joints
and rotated by remote control from the observing room. An accuracy
of 0.01 in the displayAhorn position has been obtained. The two
antennas can be moved on wide gauge railway tracks with discrete
stations every 100 feet both in the east-west and north~south direc-
tions out to a maximum spacing of 1600 feet. These observations ex-~
tend to 800 feet east~west and 400 feet quth—south, and ;he covarage
in the UV plane is as shown in figure (1). Figure (2) shows the
synthesized beams for the two frequencies obtained with these spac-~
ings.
Calibrators

There are two kinds of calibrators used in these observations.
One is for the calibration of the instrumental corrections 9+ and Ae,
and the other for the calibration of the gain and phase of the inter-

ferometer system. The instrumental calibrators ave to be discussed
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Figure 1
The coverage of the Fourier (u,v) plane for Cyegnus A (3C405)
at 9600 MHz with the interferometer of the Owens-Valley

Radic Obzervatory.
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Figure 2

Synthesized beam derived from a point source at (a) 8300 MHz
and (b) 9600 MHz at the declination of Cygnus A with the

(u,v) plane coverage as in Fig. 1.
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first.

’ As ﬁentioned, the choice of an unpolarized source simplifies
ihis calibr=tion a great deal. The two calibrators used are NGC 7027
and 3C 84. Both of :hesgpsources are unresolved at the interferometer
spacings (g 3000 wavelengthé) emplcyeé for these instrumental cali-
brations (74,75). There were some doubts in the beginning of the
project about the polarization variability of 3C 34 as pointed out by
Aller (76) and NGC 7027’was therefore used exclusively in the beginn-
ing in 1968. After some discussions with Dr. G. A. Seielstad and Mr.
E. T. Olsen (private communication), it was/concluded that 3C B4 was
unpolarized in 1969 and 1970. 1In fact, the average polarization for
3C 84 in the relevant period in 1969 was less than 0.1 percent and in
1970 1less tgan 0.25 percent, as found by Olsen.

Since _he measured flux density of 3C 84 during these calibra-
tions was six or seven times that of NGC“§027 (77), the advantage of
ueing the former as calibrator is apparent. Typical iesults of the
horn and instrumental calibrations shown in figures (3-6) illustrate
this point.

The calibrators for the gain and phéée of the interférometer
system will now be discussed. 1In general, these calibrators have tov
be unresolved at the laigest spacing used and at the same time, rathe¥
strong in flux‘density. At 23 cm, however, sources that have flat or
inverted spectra and small angular sizes are very likely té be wvari-
ables (78,79,80).

The wvalues of the intenéities of the flux calibrators for these

measurements are extrapolated from those given at 8000 MHz by Dent



Figure 3

Sample data for the instrumental polavization calibrations
at the 0°/90° horn configuration and 8300 MHz with (a) NGC

7027 and (b) 3C84 as calibrators.
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Figure 4

Sample data for the horn null calibrations at the 0°/90°
horn configuration and 8300 Miz with (a) NGC 7027 and (b)

3C84 as calibrators.



Horn Null Calibration at 8300 MHz
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Figure 5

Sample data for the instrumental polarization calibrations

r

at the 0°/90° horn configuration and 9600 MHz with (a) NGC

7027 and (b) 3C84 as calibrators.
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Sample data for the horn null calibrations at the 0°/90°
horn configuration and 9600 MHz with (a) NGC 7027 and (b)

3C84 as calibrators.



Horn Null Calibration at 9600 MHz
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and Haddock (81), and the spectral index used for these extrapolations
ére the ones given in the same paper. These 8000 MHz'valués have
iater to be revised because they are found to be a bit too low (82).
The corrections are about 7 percent at 8300 MHz and 10.2 percent at
9600 MHz (82). Table I éivés a 1ist-bf the flux calibrators used,
with the original values extrapolated from these two author's paper
and the corrected values which are adopted in the calculations. The
phase calibrators are listed in Table II. The right ascension values
are taken from Fomalont (83) and the decliﬁations are from the Ob-

server's Handbook_of the Owens Valley Radio Observatory.

Observing Program

A summary of the observations in this thesis is given in Table
ITI. Usualiy ten minute records are allowed for U and Q observations
and six mirutes for the parameter I. TFor horn calibrations, NGC 7027
requires ten minutes while 3C 84 require;'only six or seven. Along
each elliptical track on the UV plane, special efforts are made so
that the gaps between observations in hour'angle for each Stokes pa-
rameter do not exceed the Bracewell criterion.

It should be noticed that the horn-receiver system has been
changed in the middle of 1969. This new transistorized system gives
a much better phase stability. The rms scatter in phase (as derived »
from the non-zeroness of the phases from all the relevant phase cali-
brations) for the new system is 26 millilobes at 8300 MHz énd 21 |
millilobes at 5600 ¥Hz, while they are 43 millilobes and 72 millilobes
for the old system. More defails of theée will be given in the DATA

ANALYSIS section., It should alsoc be noted that 3C 84 became the main



31

TABLE Ia
Source Extrapolated Flux Corrected Flux
3C 48 3.14 f.u. 3.36 f.u. (D
3C 147 4.85 5.19
3C 196 2,46 2.63
3C 286 5.34 5.71
3C 295 3.43 3.67
NGC 7027% 6.07 6.49

Flux calibrators at 8300 MHz. Extrapolated fluxes are from the
original paper of Dent and Haddock while corrected fluxes are these

fluxes scaled up by 7%.

TABLE Ib

Source Extrapolated Flux Corrected Flux
3C 48 : , 2.70 f.u. 2.97 f.u.

3C 147 4,40 4.84

3C 196 2.12 : 2.33

3C 286 4.90 5.39

3C 295 2.85 3.14

NGC 7027%* 6.61 7.27

Flux calibrators at 9600 MHz. The scale factor is 10.2% in this

case.

1 - ‘ o -
&) 1f.u. =10 26 watts m 2Hz 1

%*
From ref. (77).



Source

3C
3C
3C
3C
3C
3C
3C
3C

NGC 7027%

All positions are for the epoch 1950.0.

* ,
From optical position given in ref. (74).

48

84

147
196
286
265
345
380

Phase Calibrators

3z

TABLE II

Right Ascension Declination
o1® 34 49581 32 54 2072
03 16  29.60 41 19  52.0
05 38 43.58 49 49 43,1
08 09 59.43 48 22 -08.0
13 28  49.67 ¢ 45 59.3
14 09 33,75 52 26 13.6
16 41  17.67 39 534 . 11.1
- 18 28  13.41 48 42 39.3
21 05 09.4 42 02 03.1
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TABLE TII1

Sequence of Observations

Horn Calib.

1

Synthesis

13

Horn Calib.
Synthesis
i1

Horn Calib.
Synthesis
Horn Calib.
Synthesis
Horn Calib.
Synthesis
Horn Calib.
Synthesis

13

Horn Calib.
Synthesis
Horn Calib.
Synthesis
Horn Calib.
Synthesis

"

Frequency Date Start Date End
9600 MHz. 3/ 6/68 3/13/68
8300 3/14/68 3/16/68
8300 5/21/68 5/23/68
S600 5/23/68 - 5/24/68
9600 : . 5/25/68 " 5/26/68
8300 5/27/68 5/30/68
8300 5/30/68 6/ 2/68
9600 6/ 2/68 6/ 3/68
9600 6/ 4/68 6/ 7/68
8300 6/ 7/68 6/10/68
9600 9/12/68 9/15/68
8300 9/16/68 9/19/68
New 3 cm. receivers installed in this period.

9600 7/ 8/69 7/ 9/69

" 7/ 9/69 7/10/6%
8300 7/10/69 7/11/69

" 7/11/69 7/11/69
8300 7/12/69 - 7/13/69

" 7/13/69 7/13/69

" 7/13/69 7/14/69
9600 7/15/69 7/15/69

"o 7715769 7/16/69

" 7/16/69 7/16/6%

" : 7/16/69 - 7/17/69
9600 7/19/69 - 7721769
8300 7/21/69 7/23/69
$600 10/22/69 10/23/69
83060 10/23/69 10/24769
9600 ' 10/25/69 10/26/69
8300 10/26/69 10/27/69
9600 6/ 3/70 6/ 3/70

" 6/ 3/70 6/ 5/70
8300 6/ 5/70 "6/ 5/70

" 6/ 5/70 6/ 6/70

" 6/ 6/70 6/ 7/70

v 6/ 7/70 6/ 8/70
9600 8/29/70 8/31/70

8300 8/31/70 9/ 3/70

T
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horn and instrumental calibrator after this new system came into oper-
ation. ’

The two methods of horn calibration discussed in the MATHEMATICAL
TECHNIQUES section have been used for the observations. Essentially,
the emphasis is on the second one during the first part of the observing
schedule and on the first one during the later part. Tables IV and V
give typical horn calibrations and instrumental polarizations of the
two horn receiver systems relevant to the determination of the three
Stokes parameters in eﬁuation (15).

The 1950.0 position of Cygnus A used is l9h 57" 4455 and
40°35'46?0. The right ascension and declination are taken frem Fomalont

(83,84).
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CHAPTER FOUR

DATA ANALYSIS

Figures (3-6) illustrate the scatter in the horn and instrumental
calibrations. It can also be seen that the stronger source 3C 84 is
significantly better than NGC 7027.

Figure (7) is a typical plot of the visibility amplitude and
phase as a function of hour angle. For close spacings (up to three
or four hundred feet), these experimental data agree quite well with
the corresponding visibilities of a double gaussian model.

Interpolation

Bracewell's fan~beam inversion scheme (85), which is one of the
schemes used, requires the values of the visibility functions along
certain position angle 'rays' on the UV plane. These numbers, there-
fore, have to be interpolated from the adjacént measured values. The
interpolations include points within 0§2<£0 O?S of the desired hour
angle, weighted exponentially as in Weiler (59). Smooth curves
through the measured points are prbducéd separately for the real and
imaginary parts. Comparisons are then made betﬁeen the points plotted
this way and plotted in the manner of figure (7), and points which do
not fall along the smooth curve to within the errors accepted (see
ERROR ANALYSIS) are dgscarded. The real and imaginary parts of the
remaining points are agaih plotted Qp and a smooth curve is then drawn
by hand through these points, The visibilities-at the desired hour
angles are then read off from these plots.

The corrections due to the non-orthogonality of the horns during

observation and the instrumental polarization as listed in Tables IV



Figure 7

Plots of (a) observed visibility phase and (b) observed visi-
bility amplitudes as a function of hour angle at 8300 MHz and

500 FW,
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and V are applied as in equation (15). The correction factors to the
flux calibrators are also included in all these interpolated visibi-
lities. These scaling factors are 1.07 at 8300 MHz and 1.10 at 9600
MHz to the values given by Dent and Haddock (81).
Inveréion

In order to determine accurately the D.C. level of the bright-
ness tempgrature transform, the total flux density integrated over
all of Cygnus A, is necessary. This flux density has been deduced
from the papers by Baars, Mezger and Wendker (86) and by Parker (87).
With an 8000 MHz flux density of 217 f.u. and a spectral index of
-1.19 (86), the 8300 MHz and 9600 MHz values are 207.8 f.u; and 174.7
f.u., respectively. These numbers agree nearly exactly with those
obtained by interpolatioﬁ from a detaiied plot (figure'g) of the data
gathered in Table IV(b) in Parker's paper.

Because the Stokes paraméters U and § are inverted separately

before they are combined point by point according to the relations

and * - (22)
X = (U/D)tan " @/Q)

[

their zero spacing fluxes have éo‘be deduced as well. Figure (9) is
a plot of the integréted percentage polarization and position angle
as a function of wave;ength squared from the values given by Schrami
and Turlo (37) with the péint from Hollinger and Hobbs at 3.6 cm

(88) included. The beét curve is then drawn through these points and
the vélues at 8300 MHz (3.61 cm) and 9600 MHz (3.12 cm) read off.

They are 6.3 percent at a position angle of 138° and 7.9 percent at



Freq
{MHz)

8300

9600
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TABLE IV

Instrumental Corrections for 0ld Receiver System

Horn Position

(8,76,)

0/90.72
£5/135.68

9/90.21
45/134.91

84
{rad)

1.26%1072
1.19%10~2

3.67%1073
-1.57%10"3

be
(rad)

1.19%1072
1.26%1072

5.24%10"3
1.40%1073

€=Ad—Ae
6.98*10’?
~6.98%10~%

-1.57%10"3
~2,97%1073

e+
{rad)
-3.0%1073
5,0%10"3

0.0%10™>
-5.0%103
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TAELE V

Instrumental Corrections for New Receiver System

Freq Horn Position | Ad A, e=bg~Ag ot
(MHz) (¢1/¢2) © (rad) (rad) (rad) (rad)
8300 0/89.90 -1.75%1073  2.27%1072  -2.44%10-2  -7.78%10-3
45/134.80  -3.50%1073 1.87%10-2  -2.22%10-2 -4,52%10"3
9600 0/89.90 -1.75%1073  2.43*%16"2  -2.60x10~2 -5.40%10~%

45/134.80 -3.50%10™3

[

.74%1072  -2,09%102  -5.01%1073
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Figure 8

Spectral flux densities of Cygnus A.
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Figure 9

(a) Integrated position angle of Cygnus A.

(b) Inteprated percentage polarization of Cygnus A.
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. 145°, respectively. Substituting into equation (22), the values are
found to be -13.02 f.u. for U, 1.37 f.u. for Q at 8300 MHz and -13.12
f.u. for U, 4.78 £.u. for Q at 9600 MHz. The sign convention is shown
in Table VI.

Having obtained these zero spacing fluxes; we cz2n now proceed
with the inversions. For the intensity map, due to the rather low
density of observed points on the UV plane, the 8300 MHz and 9600 MHz
data have been combined before inversion. Because of the closeness
in frequencies, a scaling factor of (8,3/9.6)—1'19 = 1.19 has to be
applied between the two sets of ﬁisibility amplitudes. The 9600 MHz
data have been scaled to 8300 MHz aﬁd the combined visibilities in-
verted. It chould be noted that the error intrcduced, if any, by any
expected differences in the spectral index is less than the errors
between two such nearby frequencies in the two separate intensity
maps. Now, the Bracewell fan beam inver;ion scheme cannot be con-
veniently used in this case because the bbservation points are not
‘equally spaced aldng each position angle ray. Rather,'an inversion
program developed by¢Dr. D. Rogstad and modified by Mr. S. Shostak
has been used. This program makes use of gaussian weighting functions
and smooths the available Obseréed points onio a set of grid points
on the UV plane. The wvisibility amplitudes are tapered'to one~third
of their original values at the largest spacing.

The polarized distriﬁution maps have been inverted with the
Brécewell fan beam technique. This inversion technique haé the ad-

vantage that it allows one to select out to some extent the bad data

points, It first inverts along a position angle ray and then
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TABLE VI

Sign Conventions for the Stokes Parameters U and Q

Horns Response
0/90 , i}
45/135 -Q
‘Plane of Polarization g_' U
0°-45° >Cc  U»0
45°-90° Q<0 U>0
90°-135° Q<0  U<0

135°-180° 6 U<0
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integfatesﬁthese one dimensional brightness temperatures over the UV
plane. Studying these one dimensional profiles, one can pick out the
'bad' ones, those with negative side lobes greater than 40 percent,
for example, and discard them., In practice, however, it is not al-
ways true that the profiles with large side lobes are bad because in
integrating these profiles for the two dimensional map, cancellation
of positive and negative side lobes occur. These profiles, however,
give clues as to what one may try to discard. Of course, one has to
be careful that the Bracewell criteria is still satisfied after the
removal of some of these strips. The same standard convolution is

. applied to these ﬁ and Q maps which aré then combined point by point

to yield the polarization maps at the two frequencies.

Error Analysis

The errors in the final maps come, to é considerable extent,
from the instabilities in the electronic; of the observing instru-
ments and from the phase fluctuations caused by the atmosphere.
These atmespheric effects will be discﬁssed later. The deviations
of the calibrated values of the flux and phase calibrators from their
given values therefore are indi;ations of the magnitudes of the
errors involved. Of course, it should be noted that inaccuracies of
the flux values giveﬁ for the flux calibrators and the positions given
for the phase calibrators‘cause inaccurate calibrated D.C. levels, but
considerable care has been exercised and these'inaccuracies should be
small, Figures (10) and (11) show the kind of scatter in flux and

phase obtained in this project. Both data from the old and new re-

ceiver systems have been included.
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‘Figure 10
Histograms showing deviations of the measured flux values

of the calibrators from their trﬁg values at {a) 8300 MHz

and (b) 9600 MHz.
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‘Figure 11

Histograms showing deviations of the measured phase
values of the calibrators from their expected value (zero)

at (a) 8300 MHz and (b) 9600 MHz.
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The r.m.s. deviations for both the 8300 MHz and 9600 MHz flux

;alibrators for all the spacings are about 0.38 f.u. .The typical
Qariations {or a single eight hour observating run after calibration
is shown in figure (12). For the phase_calibrators, the calibration
programs force their expected phaée values to be zero. The departure
from zero, therefore, is an indication of the errofs incurred. As an
illustration of the improved phase stability of the new transistorized
receiver system for the latter part of the observations, histograms
showing the deviations from zero of the phase calibrators for the two
receiver systems at the two frequencies are shown inm figure (13) and
(14). The r.m.s. deviation at 8300 MHz is 36 millilobes and is 51
millilobés at 960C MHz for the whole observations. Figure (15) illu;
strates the variations in a typical eight hour run.

Besides the instruwmental instabilit}es mentioned above, the
other major source of error comes from the calibrations of the horns.
In particular, for the calibrations when the weaker source NGC 7027
was used in the beginning, the standard deviations involved in the
average instrumental circular polarizatiops are considerable. Tables
IV and V show the results of the horn calibrations and their errors
and the data have been corrected for these calibrations before the
visibilitiés were Fourier inverted.

The possible effectsléf the bandwidth of the radio receivers are
now considered. As shown by Weiler (59), if the receiving bandwidth
is finite and symmetric, no error is introduced in the position angle

measurements. This position angle, PAv’ of a linearly polarized
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‘Figure 12

Typical fluctuations of the measured flux values of the
calibrators from their true values at {a) 8300 MHz and

(b) 9600 Miz.
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Figure 13
Comparison between the phase stabilities of the ¢ld and
new receiver systems at 8300 MHz. Abscissa gives the de-~
viations. from the expected zero value for thess phase

calibrators.
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Figure 14

2

Comparison between the phase stabilities of the old and new

receiver systems at 9600 MHz,
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Figure 15

Typical fluctuations of the measured phase values of the

calibrators from their expected zero values at 8300 Miz and

9600 MHz,
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cosmic radic wave has a wavelength dependence of

2 .
PA = PA) + R A (23)

where PAO and Rm are thz "intrinsic position angle' and "rotation
measure' recpectively. Although the position angle measurements are
not affected, the rotation across the bandwidth reduces the observed
polarization (P) below the true value (p). Since the receiver baﬁd»
pass function R; in this project can also be represented by two equal
gaussians symmetrically placed about the observing frequency vO and
separated from it by a frequency interval 21 with each gaussian hav=

ing a full width at half maximum of Vo> the following expression de-

rived by Weiler is still valid.

) 2 2.4 2 e B
p=p cos{(4r CPv)/v,>} exp [ ~(4R2C v, D)/ (2.77v,%) ) (24)

where ¢ is the velocity of light in vacuum. The relevant values for

this project are Vo
6 g . .
5 x 10" Hz. As can be seen, the factor of bandwidth depolarization

= 8.3 x 10° or 9.6 x 19°uz, v = 107 Hz and vy =

for the range of Rm encounterad is unity.

The fluctuvations in the refractivity of the atmosphere cause
fluctuations in the phase between two points separated by some dis-
tance and receiving tﬁe same wave-front. Baars (89) worked out the
expression for the r.m.s. phase fluctuation for an interfercmeter
separation of p as

AS = 1.7k/icnp5/6 (25)

where k = 2n/A is the wave number, L is the 'thickness' of atmosphere
P

effective for turbulence and Cn is the refractive index. Taking L
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to be 3000 meters as Baars did in his paper énd the range of Cn as

8 < Cn £ 4 x 10“7 m’1/3, the r.m.s. fluctuations in phase

2 x 10°
for the larsest spacing of 800 feet used are between 6 and 116 miili-
lobes at 9€00 MHz and between 5 and 100 millilobes at. 8300 MHz. Of
course, the large spfead'comes from the correspondingly large range
in Cn'

From the observational results recently obtained by Hinder (90)
using the Cambridge one mile telescope at 5 GHz, a phase fluctuation
of about 1€ millilobes due to atmospheric effects can be deduced for
a separation of about 1000 feét.v However, the results directly
applicable to this project have been obtained by Seielstad (private
communication) at 9600 MHz and a béseliﬁe of 3500 feet at the Owens

~Valley Radio Observatory. The fluctuation found by Seielstad is‘60

millilobes. Using the p5/6

dependence in equation (25), the phase
fluctuation at 800 feet and 9600 ¥MHz due to atmospheric effects be-
comes 18 millilobes. Thus, it can be seen that these atmospheric
-turbulences contribute significantly to the errors in the phases
measured,

All these above mentioned errors will manifest themsélves as
departures from zero in the invérsion range where there is thought
to be no emission. Following the meéﬁods of Fomalont (83),-the errors
in the resultant maps of I, U, § and yU Q" are given as the r.m.s.

average brightness external to the area of the source considered

significant. These are given in Table VII.
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TABLE VII

Estimated Error in Brightness Temperature Maps

Freq Error
(MHz) (Percent)

I 8300 8.3

U _ 8300 11.1
8600 8.8

0 8300 11.0
9600 16.2

. 8300 10.0
YUSQ™ 9600 9.6
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CHAPTER 5

OBSERVATIONAL RESULTS

The map of the total radiation I from the combined 3300 MHz and
9600 MHz data is shown in figure (16). -The contours ére ten percent
intervals and the lowest one drawn is also ten percent. The super-
position of these radio contours on the optical phétograph is shown
in figure (17). The area of the map is 3' by 2' with the center
corresponding to a position of a(1950.0)=19"57"44.5%5 and §(1950.0)=
40°35'46?0. The peak intensity for the I map is 420.5 f.u./(arc~-
min)z. Thé bridge component, the extension of the west component in
the eastward direction as seen by Mitton and‘Ryle in their 2.7 GHz
and 5 GHz (34) observations is still clearly seen at 8.3 GHz. More~
over, the steepness of the outer edges in both components and the
élight northward tilt éf'the bridgel as noted by these authors are
also visible, The east component is more intense and the ratio of
the peak intensities of these two components is abouf 1.1:1. The
major axis of these components is at a position angle of about 107°,
measuring from north through east, and the separation of the peaks of
these components is about 124", For comparison with the 1.4, 2,7 and
5.0 GHz maps of Mitton and Ryle (34), these data have been convolved
to yield the same resolution as that of the 1.4 GHz‘map by Cambridge.
The profile along the majof axis of the source at these fogr fre-
quencies are shown in figure (18). It is apparent from these profiles
that the spectrum of the bridge is steeper than that of the outer
edges, as have been noted before (34). Figure (19) gives the detailed

normalized numbers (each number is separated by 3" from the adjacent
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Figure 16

Total intensity map of Cygnus A (3C405) at 8300 MHz. Area
of map is 3'x2' and the center cross 1s at «(1950.0) =
19h57m44.5S and §(1950.0) = 40°35'46.0". The cortours are

10 percent and the lowest one drawn is also 10 percent.
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~ Figure 17
Superpcsition of the total inténsity contours at 8300 MHz

on the optical picture from the 48" Mount Palomar Sky Survey.
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Figure 18

Brightness temperature profiles aleng the major axis of
Cygnus A at 1.4, 2.7, 5.0 and 8.3 GHz. All profiles are

convolved to the resolution of the 1.4 GHz map .
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Figure 19

Distribution of total intensity on Cygnus A at 8300 MHz.
The numbers have been normalized to a maximum of 100,
corresponding to a value of 420.5 f.u,/(arcmin)z. Separa-

tion between adjacent numbers is 3",
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ones in both directions) frém which this total intensity map has been
plotted. These numbers have been normalized to a maximum value of
100.

Figures (ZQ) and (21) are theAmaps of the linear polarized radi-
ation of Cygnué A at 8300 MHz and 9600 MHz. The contours for the ob-
served polarized intensities/ U2+Q2 are plotted in parts (a) while
the percentage polarization and position angles are in parts (b).

The lengths of these vectors are proportional to the observed polari-
zation percentages 100‘/57;§§;I, while the orientations indicate the
position angles., Each vector covers aﬁ area of 9"x9" and/only the
vectors whese magnitudes exceed 15 percent of the maximum polarized
flux intensity in the corresponding maps are drawn. Moreover, in

order to avoid unusualiy large percentages, no percentage vectors are
drawn 1f the total intensity at the point under consideration is less
than 15 percent of the maximum total intensity. These vectors show a
slight concentration towards the inner regions of the components

whose areas are delineated by the 10 and 50 percent contours from the
total intensity map.” The dimensions and positions of ‘these maps are
identical to those of the intensity map and a line whose length corre-
sponds to ten percent polarization is also‘dfawn ét the upper right
corﬁer for reference. The values for thé §olafizeé intensities and
percentages for theée'plots ére shd%n’in figures 22 through (25).

A comparison of the bolarization‘df the compenents at the two
fréquencies reveals some very inte:es;ing resulté. The grédual in~-
crease in position angles from the east edgé §f the east component

to the west edge is barely noticeable at 8300 MHz but becomes quite
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© Figure 20

Polarization map of Cygnus A {3C405) at 8300 MHz;

{a) The polarized intensity‘/Uz+Q2 plotted in 10 percent
contours.

(b) The percentages and position anglesrof polarization.
The length of each vector gives the percentage
polarization and the orientation gives the observed

position angle.
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- Figure 21

Polarization map of Cygnus A (3C403) at 9600 MHz.

{a) The polarized intensity /52+Q2 plotted in 10 percent
contours, |

{b) The percentages and position angles of polarization.
The length of each vector gives the percentages
polarization and the orientation gives the observed

position angle.
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Figure 22

Distribution of polarized intensities in f.u. at 8300 Miz

acrose Cygnus A. FEach number covers a 9" x 9" area.
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Figure 23
Distribution of polarized intensities in f.u. at 9600 MHz

across Cygnus A. Each number covers a 9" x 9" area.
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Distribution of polarization in percent at 8300 Milz across

Cygnus A. EFEach number covers a 9" x 9" area.
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Figure~g§

Distribution of polarization in percent at 9600 MHz across

Cygnus A. Each number covers a 9" x 9" area.
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pronounced at 9600 MHz. In the west componeﬁt, however, a similar
;increase occurs from the west edge to east (bridge) and is rather
Epronounced at both frequencies. The polarization distributions agree
quite well with the total intensity distyibution, varying smoothly
across the components ana peaking about where the total intensity is
maximum. Scans for these distributions along the major axis are
shown in figures (26) and (27). Notice also that therekis signifi-

cant polarization in the bridge component.
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Figure 26

Total intensity and polarization scans along the major axis
of Cygaus A at 8300 MHz. The vectors below the scans give

the polarized intensities. and position angles.
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Figure 27

Total intensity and polarization scans along the major axis
of Cygnus A at 9600 MHz. The vectors below the scans give

the polarized intensities and position angles.
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CHAPTER 6 -

SECONDARY RESULTS

Further informations can now be deduced from the observational
results at these two'frgquencies. Direct comparisons of these two
sets of data are possible bécausé ofvcomparable résolutions and
identical instruments used for the observations.

Rotation Measure

The rotation measure Rm as given in equation (23) has been de-
duced fromrthe position angles of the vectors given in figures (20)
and (21). Its variation across the components of the source is
sﬁown in figure (28), and the maximum possible error for each number
is showvn in parenthesis underneath. These numbers have been derived
byAassuminé that there is no ¥ nn ambiguity associated with the de-
terminatior.s becsuse of ;hé closeness of these two frequencies. 1In
fact, since the rotation meausre in rad}ﬁz is given in this case by
about 53x(98.3—99.6) where the angles are in degrees, if we add (or
‘subtract) 180° from the obsefved rotated position angles of about
20°, we get rotation measures of the order of 10000 rad/mz, which is
very much larger than what is ugually exéected. Although_previous
polarization measurements (35, 37) yield rather large rotation
measures in the east component, they are about an order of magnitude
less than the value obta%néd if there is a 180° ambiguity.

The large rotation measures quoted by these previous ﬁolarization
experimsnts are confirmed by the present observations. Moreover,

there is the very interesting discovery that the rotation measure

. . . 2 .
varies by a large amount in this component, from 1400 rad/m” on the
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Figure 28
Rotation measures across the components of Cygnus A as de-

rived from the 8300 MHz and 9600 MHz observations.
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eastern edge to gbout 500 rad/m2 on the western side.‘ In contrast to
the east component, these polarization measurements {35,37) indicate
that the west component has a rather small rotation measure and
Schraml and Turlo (37) have obtained a value of -50 rad/mz. Because
of the smallness of this number, and the proximity of the frequenciés,
the rotation of the position angles involved is rather small and the
rotation measure deduced may have larger uncertainties. However, it
is apparent that the_rotation measures change from negative values at
the western edgé to positive ones on the eastern side. This implies
that there is a change in the direction of the component of the mag-
netic field along the line of sight somewhere’in the direction between
the west component and the bridge. The significance of these vari-
ations in rotation measure will be discussed later,

The intégrated value for the rotation measure éf the east com-
ponent is about 578 rad/m2 while that for the west component is about
16 rad/mz. Of course, caution should be exercised in appraising the
latter number because of larger uncertainties involved.

Intrinsic Position Angles

These position angles plotted in figure (29) are also derived by
applying equation (23) to the pésition angles of the vectors in
figures (20) and (21). The maximum possible error for each number is
again shown in parenthesis Qnderneath. The closeness of the two fre-
quencies ensure that no n% ambigulty is involved. There is a general
trend for the values of the intrinsic angles té increase from the
southrwest‘to the north east across the components, but the variation

on the whole is still rather smooth. The average intrinsic position
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- Figure 29
Intrinsic position angles for the electric vectors across

the components of Cygnus A as derived from the 8300 MHz

and 9630 MHz observations.
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angle for the east component is about 40° orA50° while that for the
‘west component is zbout 140° or 150°. These agree quite well with
"the values obtained by Mayer and Hollinger (35).

Since, according to the theory of synchrotron radiation, the
component uvf magnetic field transverse to the line of sight is per-
pendicular to the intrinsic position angle, figure (29) shows that
these transverse field components in the east compoﬁent are slowly
varying at a position angle of about 130°, while those in the west
component and the bridge are at position angles of about 230°. 1In
other words, the magnetic fieldvdirections in the east component are
roughly aligned with the major axis of ngnus A, while those in the
latter are approximately perpendicular to it. This might be sigﬁi—
ficant in the evolution of radio galaxies (91).

Depolarization

A measure of the depolarization across the source components has
been obtained by taking the ratio of the polarization observed at 3300
MHz to that observed at 9600 MHz, following the convention of Maltby
{92). This is shown in figure (30). Because of the low value of
polarized intensity associated with the area covered by each number,
the corresponding uncertainty i% rather high, as is shown by the num-
ber in parenthesis underneath the polarization ratio. Not much theré—
fore can be said about the depolarization fer the two components ex-
cept that this is probabl& a smooth variation. There is, however,
definitely more depolarization in the bridge component. This may be

due to the envalope from the‘optical galaxy covering this part of the

west companeht. This will be discussed later in greater detail.



9%

Figure 30

' -7 . : N r ™ N
Cygnus A depolarization distribution Ps.3 GHz/PQ.é Gz *

Each number covers a 9" x 9" area.



99

el

(05°0)
zz°1

(85°0)
SH°T

«Ol

(80°1) (z9°0) (so°1)
£8°1 £S°T %1

(£°0)  (Lz°0) (8%°0)
LT erT 0z°T

(95°0)  (z°0) (cz°0)
$6°0 90°1 90°T T1°1

(9£°0) (z£'0) (z8°0)
96°0  Z0°T  er°1

(€6°0)
19°1

+ (08°0)
(52°0) (£2'0) (v€°0) (62°0) 6%0
98°0  £8°0  48*0  oc*p
(9T°0)  (ST°0) (/z°0) (92°0) (%2°0)
68°0  LB'0  $6°0 S9'p  gzc'p
(9T°0) (ST°0) (1%°0)
£€6°0 76°0  zz°1
(0z°0) (cz°0)
16°0  zo°1

(%6°0)

(se°0) (95°0) . 11°1
96°0  ¢z'1 NIwmmn_

moreg NOILVZINY 10430
v SNNOAD




100

Spectral Index

Since the half width of the synthesized beam is only slightly
less than that of the components, it is not too meaningful to attempt
for the detection of a variation of the spectral index across each
component. However, since the two components ére'resalved, it is in-
teresting to obtain their respective integrated total intensities so
that a comparison with the Cambridge values at 1.4, 2.7 and 5.0 GHz
can be made (Table VIII). At this frequency, the integrated intensity
of the west component seems to exceed slightly that of the east. This
may not be too significant as there is a ten percent uncertainty in
tﬁe total intensity’map.

As suggested by Mitton and Ryle (34), the change in the curvature
of the Cygnus spectrum is not likely to be explained exclusively by
synchrotron self-absorption. Unfortunately, the resolution of this
observation also precludes a detailed co%pariSon of the predictions of
the synchrotron self—absorption theory with the observed spectrum
because this would require the knowledge of the two dimensional fine
structure of the outér edge of each component which ié, at present,
not available. However, the comparison of the profiles along the
major axis of Cygnus A shows th;t the featurés observed at 8300 MHz
are consistent with those at the lower frequencies. Thése steep
gradients of brightness temperatures are consistent with the predic-
tions derived from the raﬁ pressure confinement model proposed by

Mills and Sturrock (93),
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TABLE VIII

Spectral Flux Densities of the Components of Cygnus A

Freq - East Component
(MHz) (watts m—2 Hz~1)

1407
2695
4995
8300

*
Present Observation

850

370
200
923

750
320
180
101

West Component
(watts m—2 Hz—1)

(34)
(34)
(34)
(*)
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CHAPTER 7

DISCUSSIONS

Rotation Measure

Let us first discuss the implications of the large variation of
rotation measure in the east component. It has been known that in

I

I
the general direction of Cygnus A (galactic coordinates £ = 76° and

pIl - 6°), typical rotation measures range from +100 to +200 rad/m2
(94), and these are caused byfféraday iotatiéns in the spiral arms of
our galaxy. The high value of »1000 rad/m2 obtained for Cygnus A is
therefore very vnusual, as have been noted before (35,39). To explain
this large value, éiysh (4?) suggests that the radiation from the
east component may have to pass throﬁgh the extended envelope of the
parent optical galaxy before reaching us. However, the direction of
this variation and the large change over such a small angular size
argue against this possibility. To effect thé observed variation with
such a model, the;e would have to be a decrease in the quantity <neBL>,
whére n, is the thefmal electron density and BL is th? longitudinal
magnetic field, towards the optical galaxy. This seem rather impro-
bable. Morecver, since Cygnus A is a typical double ra&io source, it
1s unlikely that this is the only one where the effect of this enve-
lope has been observed. WNo other double radio source with such a
large rotation measure iﬁ one of its components has been found.

It is believed that this large faraday rotation‘is primarily due

te the passage of the Cygnus radiation through the spiral arms of our

galaxy. Independent investigations by E.W. Greisen (95) on the HI
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absorption of the clouds in the Perseus arm in the direction of Cygnus
A provide indirect confirmations. It is found that there are several
cloudlets of size 2 1 pc in this direction and that there is a
moderately high concentration of hydrogen (average density & 25 ¢m~3)
toward the eastern edge of the east component of Cygnus A (95). Al-
though the interpretation of Zeeman effect data suggests that high
magneticifields can occur in relatively dense HI clouds (96), the
‘combination of the high density and magneﬁic fields in a few cloud-
lets alone cannot produce a rotation measure as large as that obser-
ved without assuming a high electron density (up to ;25 cm-3) and a
high magnetic field (~50 uG) or a path length much in excess of -1 pc.
This correlation betweén the large rotation measure and the hydrogen
features in the Perseus arm, however, is very interesting. Moreover,
the fact that at least two hydrogen features are detected over the
west ccmponent (95) may be related to ghe reversal of the longi-~
tudinal magnetic field direction.

Figure (31) shows the values of‘the quantity <neBL>. A path

length of 5 kpc has been assumed.

Depolarization

Although the large depolarization in Cygnus,A is well known
(35,37,38,39,40) thé ratios shown in figure (30) indicate that
between these two adjaceﬁt frequencies there may be little depolari-
zation in the two components. There is, howeyer,'a considerable
amount of depolarization in the bridge.

As the foliowing arguments show, if depolarization is occurring

in the main components, then it is probably not of the ‘'slab' type
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Figure 31

Distribution of the quantity <neBL> in gauss cm ~ over

Cygnus A.
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‘model discussed by Burn (97) and Gardner and Whiteoak (64). Since
;this is a rather common model whose results are usuaily applicable,
with some modifications, to a variety of cases, it is possible that
the depolarization observed is not Qcéurring in ;he éource.

For this discussion, referénce will be made to figure (6) from
the paper by Gardner and Whiteoak (64). Moreovef, for the sake of
argument, the average position angles for the individual components
will be used. The observed position angles are 135° at 8300 Miz and
"124° at 9600 MHz for the east component and 133° for the west com-
ponent. As mentioned, the intrinsic position angles are about 45°
with the east component and 145° with the west. TFor the east com-
ponent therefore, we see that the ratio of polarization P(8.3 GHz)/
P{9.6 GHz) ~ 0.1 if the emission and depolarization are occurring
‘throughout a2 uniform slab in the sdurcef The observed ratio, how-
ever, is of the order of unity. It is possible to argue that the
theoretical depolarization ratio may not be inconsistent with that
observed if one takes the several degrees error into account, but one
has to consider the polarization percentages measured at_these wave-
lengths as weli. According to the médel, there would bera éigni—
ficant differencé between the polarization at 1.55 cm (35) and 3 cm.
They are nonetheless found to be of comparable magﬁitudes.

If we take the variafion in the intrinsic angles over the sur-—
face of this component into account, more difficulties will be en-
countered since the observed position angles are rather constant
across this surface. The different intrinsic angles would then imply

different 'tubes' (cross sectional area ~7 kpe x 7 kpe) of different
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polarization values across this component sﬁrface. Such small scale
f changes in polarization would be rather unlikely.

Similar arguments can be applied to the west component to show
that depolarization is not likely to occur inside the source. It is
therefore reasonable :5 exbect the 5epolarizatioﬁ of the bridge to be
occurring in the medium outside. One possible source may be the
envelope of the parent optical galaxy, and this will be discussed in
the following. It is interesting to note that a similar explanation
for the rapid depolarization in the west component of Centaurus A
{the central source) has been offered by Cooper, Ffice and Ccle (98).
Note also that the association of the bridge with some kind of enve-
lope from the parent galaxy may be independent of whether the weét
component.is in front of or behind this galaxy. The envelope could
. be matter ejected at the same time with the plasma and loosely
assoclatea with it.

Before going into the discussion about the depolarization of the
bridge componeﬁt, it is appropriate to show that the small depolari-
zation between the two frequencies in the east component is not at
variance with the significant variation in rotation measure across
the component surface. As deéﬁced before, a small change in the ob-
served position angles result in a considerable value in the rotation
) where the 6's are in degrees.

9.6

However, it is possible for the depolarization ratio to stay rather

measure since R.M. 2 533 x (98 3"

constant over a considerable range of position angles (c.f. figure
(6) in Gardner and Whiteoak). No inconsistency is therefore involved.

If we assume that the fluctuations in the magnetic field and/or
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electron density in the envelope is random, then Burn’(97) has shown
that the degree of depolarizatiqn at a wavelength X is

p07) = p, exp{:-zx2<neBL)2aR2A4} * (26)
where Py is the polarization before thekpassage through the envelope,
K= 2,62 x 19—17, o is the angular scale of fluctuation and R is the
extent of this fluctuation along the line of sight. Taking the
angular size of the fluctuation ~ aﬁgular size of bridge component -
10" and the extent of the envelope in the longitudinal direction -
the extent perpendicular to the line of sight ~ 3 x_1023 cm, we have
the depolarization ratio |

p(3.61%)
P(3.122)

4

= exp{ -2%(2.62x107" ) (n B ) 2ar® (3.61%-3.12%))

Solving for‘<neBL> with a depolarization ratio of ~0.5, <neBL> ~ 10$6
gauss cm_3. -

Mills Model

Let us now compare our observation with the model proposed by

Mills and Sturrock (93). It seems reasonable, as the model sﬁggests,
to attribute the confinemeﬁt of the plasmons to the ram pressure due
to the interactions with the intergalactic medium, as the steep
brightness gardients have actpaily been observed. However, the re-
sults of this observation on the magnetic field distributions of the
components show that while the field lines in the east component do

lie in the general direction of the source axis, those in the west

component are at right angles to it. It may be speculated that the

= )
The linear fluctuation scale d is taken to be ~cR,
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difference in the magnetic field alignments could be due to the
evolution of the components (91), but the informations on their
apparent ages and orientations in space are insufficient to permit
this calculation.

Besides the magnetic field distributions, it can also be noticed
that the broad 'tails' of the two components do not point directly
at the parent galaxy. This tilt is also noticed by Mitton and Ryle

(34), although the effect is not as pronounced.
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CHAPTER EIGHT

CONCLUSIONS

The total intensity and polarization distributions for the double
radio source Cygnus A have been observed at 8300 MHz and 9600 MHz.

The total intensity maps at the two frequencies have been combined to
yield a better map at 8300 MHz. The general features of the source are
in agreement with those obtained at lower frequencies and comparable
resolutions. Moreovef, the bridge component is also present.

Tﬁe separation along the major axis between the maxima of the two
components is found to be about 124" ét é position angle of aﬁout 107°.
The integrated total intensities for the two components are about 93
f.u. for the east and about 101 f.u. for the west. They are consistent
with the values obtained by Mitton and Ryle (34) at 1.4, 2.7 and 5.0
GHz. There may be a change in.the spectral index of the east component
betwegen 5 GHz and 8.3 GHz. '

The distribution of polarized intensities over the source has also
been cbtained. While the east component is brighter in total intensity,
tbe west component has significantly}higher polarization percentages at
both frequencies. The integrated polarization values are ~5.0% @ 135°
at 8300 MHz, ~5.3% @ 124° at 9600.MHZ for the east‘coﬁponent and ~7.4%
@ 133° at 8300 MHz, ~9.5%7 @ 133° at 9600 MHz for the west component.
Although the integratéd polarizations are less than 10%, wvalues as high
as 247 has been obtained in the pértially resolved source.

The existence of an interesting correlation between the large vari-

ation in rotation measures over the east component and the detection of
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small size clouds (21 pc) of moderately high concentration in the corre-
sponding direction in the Perseus spiral arm has been pointed out. If
the faraday rotation is to be occurring in these cloudlets in our
galaxy; unreasonably large electron density and/or longitudinal mag~
netic fields have to be present. The presence of these cloudlets is
also in accord with the sign reversal of the rotation measures in the
west compoﬁent.

Little or no depolarization has been obseived for the main com-
ponents except in the bridge. It has been shown that this depolariza-
tion is probably bccurring outside of the emitting region. If it 1is
assumed that the depolarization is due to the extended envelope of the
parent galaxy, the valueé obtained for the preduct of the average

electron density and longitudinal magnetic fields are ~10_6 gauss cm~3.
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A HIGH~FREQUENCY STUDY OF CYGNUS A

AB

w

TRACT

We have combined measurements at 8300 and 9600 MHz to
map the distribution of total radiation across Cygnus A with
& beam of half-power width ~ 20" EW x 30" NS. We note steep
brightness contours on the outer edges and more gradual inner
extensions towards the optical galaxy. The brightest peaks
within each radio component have flatter spectra than the
rest of the source.

We have also mapped the distributions of linearly polarized
radiation at both 8300 and 9600 MHz. Nearly everywhere in the
source the degree of polarization at 9600 MHz exceeds that at
8300 MHz. The rotation measures véry more or less systemati-
cally across Cygnus A from a very large negative value at the
folléwing edge to a positive value on the preceding edge.

The Sf component of Cygnus A is probably more distant from
us than the Np. Magnetic field lines are directed from the
optical galaxy toward each radio component. Within each com-
ponent the density of the thermal plasma and the magnetic
field strength are greatest at the outer edges. The observa-
tions support the suggestion of ram-pressure deceleration of

the radio components by an intergalactic medium.
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I. INTRODUCTION

Cygnus A is often regarded as the prototype of the strong
double radio galaxies (e.g., Moffet 1966). Conseqguently it
is often used as the classic example for all radio galaxy
models, such as that of Mills and Sturrock (1970). However,
it has long been known that the linear polarization properties
of Cygnus A are unique (most recent summary by Mitton 1971).
The degree of polarization integrated over the entire source
reaches a maximum near a wavelength of 3 cm, and the integrated
position angle does noﬁ vary linearly with wavelength squared.
The wavelength dependences of the polarization parameters of
the two major radio components differ significantly, and the
highest resolution polarizatiocon study (Mitton 1971) reveals
complexity in the polarization of the individual components.

We therefore undertook a high resolution study of the
total and linearly polarized radiation from Cygnus A at fre-
guencies of 8300 and 9600 MHz, the results of which are reported

herein.

II. OBSERVATICNS AND ANALYSIS
The observations were made with the Owens Valley Radio
Observatory's variable spacing interferometer at various times
between March 1968 and September 1970. The system has been
described by Berge (1968). We used every east-west spacing
between 100 and 800 f£t, at intexrvals of 100 ft, and north-

south spacings of 200 and 400 £t. At each spacing at both
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8300 and 9600 MHz Cygnus A was tracked between hour angles of

—éh and —.‘~4ih.

Thus we adeguately covered half the UV-plane,
producing synthesized beams of half-widths 21" EW by 30" NS
at 9600 MHz and 24"'X 35" at 8300 MHz.

Measurements were made alternately with the two linearly
polarized feeds parallel at 0° and crossed at 0°/90° and
45°/135°, Thus the system responded alternately to the
Fourier transforms of the Stokes parameters I + @, U, and -Q,

~

respectively, assuming, as we have, that V = 0 (see Weiler and

8

Seielstad 1971 for most recent discussion of technique). An
upper limit of 2 per cent has been set to the integrated degree
of circular polarization of Cygnus & at A 3.15 cm (Mayer,
. . - . . m . m
Hollinger and Allen 1963). Integration times were 6 and 10
for the parallel and crossed-feed measurements, respectively.
The flux density and phase were calibrated about once each
hour, using the small diameter sources listed in Table 1.

1

The rms deviations for the calibrators were approximately

oo
t0.4 f.u. and +0.04 lobes. Perhaps as much as half of the

phase fluctuation has an atmospheric origin (Hinder 1970).



Source Flux Density G 8
[ 8.3GHz 5. 6GHZ 1950 1950
A 3

3C48 | 3.36f.u.7 | 2 970" 0 01 34™ 49%81 | 32°54'2012
3C84 ! 03 16 29.60 | 41 19 52.0
3C147 L 5,19 4.84 05 38 43.58 | 49 49 43.1
3C196 2.63 2.33 08 09 59.43 | 48 22 08.0
13C286 L 5,71 5.39 13 28 49.67 | 30 45 59.3
3c295 L 3.67 3.14 14 09 33.75 | 52 26 13.6
30345 | 16 41 17.67 | 39 54 11.1
3C380 ; 18 28 13.41 | 48 42 39.3
NGC7027 | 6.49 7.27 21 05 09.4 42 02 03.1
"L ofou. = 10720 W% o

The instrumental polarization was calibrated by observing
NGC7027 and 3C84. The former source is a thermal emitter
(Wynn-Williams 1971) and therefore presumed to be unpolarized,
whereas 3C84 is either unpolarized or extremely weakly polarized
at all wavelengths (summary of several measurements in Seilelstad
and Weiler 1969:; 8-CGHz measurements in Aller 1970). Both sources
are within 195 in declination of Cygnus A. No instrumental cir-
cular polarization correction at either fregquency exceeded 0.8
per cent, and each correction was known to within 0.5 per cent.

Our primary objective was to obtain distributions of the
linearly polarized radiation at both frequencies. Conseguently
at either frequency our sampling with parallel-feed measurements
was inadequate to determine the distribution of the total radia-
tion. However, the parallel-feed measurements at both freguencies

were interleaved such that the sampling on the Fourier transform

plane was sufficient. The foregoing procedure is correct if,
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as we believe, the differences in spectral index across Cygnus
A between 8300 and 9600 MHz are less than the uncertainties of
our measurements.

From the parallel feed measurement (o I+(Q)at each frequency

b

the appropriate value of (Q,as determined from the 45°/135° com-
bination, was vectorially subtracted. The resulting values of

- i e e o _ 1.19
I at 9600 MHz were multiplied by (9.6/8.3) , where the spec-

tral index of -1.19 is from Baars, Mezger, and Wendker (1965),
and combined with the 8300 MHz I data. These combined data were
Fourier inverted, using a CGaussian taper of halfwidth 15", to
obtain the distribution of total radiation. At each Ifreguency
the measurements of U and Q, tapered as above, were inverted

separately and then combined into maps of the linearly polarized

poy

flux density, vYQ°+U7%, and the position angle of the plane of

-1 .. L .
polarization, 0.5 tan (G/Q). All positions were referred to
an origin at « =1 My yS =40°35'46%0.

a) Distribution of total radiation

In Figure 1 we show the structure of Cygnus A revealed by
a beam of halfwidth ~20" x 30". In accord with our assumption,
this is the structure at any frequency between 8300 and 9600 MHz.
We have scaled the contours to values appropriate for a frequency
of 8850 MHz.

The radio source consists of two well separated components
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with steep brightness gradients on the outer edges and more
gradual inner extensions, particularly on the north - preceding
(Np) component. This is the same basic structure revealed by
other high-resolutidn observations at lower frequencies (Ryle,
Elsmore, and Neville 1965; Mitton and Ryle 19€9; Hogg, Macdonald,
Conway, and Wade 1969).

The flux densities of the two components near 9 GHz are
equal to within 7 per cent, although the peak brightnesses
are in the ratio S£f:Np = 1.1:1. The peaks of the components
are separated by 124"#4" in position angle 109¢5:1¢5. The
1950.0 positions of the peaks are 19757749°.1:072, 40°35'26":2"
and 1975738595052, 40°36'08" 2",

There seems a suggestion that in each component successively
greater brightness contours are elongated in ever increasing
position angles. We note this same suggestion in the higher re-
solution studies of Hogg et al. (1969) at 2.7 GHz and of Mitton
and Ryle (1969) at 2.7 and, particularly, 5 GHz. The very high
resolution study by Miley and Wade (1971), again at 2.7 GHz,
confirms the trend by revealing a double structure in the Np core
separated in position angle 130°. Perhaps these radio observa-
tions indicate that the central optical object has a clockwise
rotation. Baade and Minkowski (1954) point out that the two
bright central optical condensations are separated in position

angle 115°, whereas the fainter outer envelope 1is elongated in

position angle 150°, a pattern consistent with clockwise rotation.
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Furthermore, the optical emission lines indicate rotation with
the Sf side receding, but of course they contain no information

concerning motions in the plane of the sky.

rt

b) Spectral index distribution

gnus A
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Mitton and Ryle (196%) hav
along its major axis obtained at freguencies of 1.4, 2.7, and
5.0 GHz. 1In Figure 2 we add our ~9 GHz data, convolved to the
Cambridge beam at 1.4 GHz. We also normaliz?d the intensities
to the peak of the Sf component.

The trend evident in the three Cambridge measurements for
the peak of the Np component to move westward with increasing
frequency is definitely confirmed by our profile. For example,
at 1.4 GHz the separation of the major peaks is 108"z5" (Ryle

~

965), while we £

}..—J
jol]

et al. 1247+4% with comparable resolution

near 9 GHz. Also; with the exception of the 5-GHz profile, we
note that the ratio Np/Sf of the peak brightnesses increases
with increasing frequency. We conclude, as did Mitton and Ryle,
that the small-diameter cores in each component have Iflatter
spectra than the inner extensions, and that possibly the spectrum
of the Sf core is steeper than that of the Np. Miley and Wade
(1971) have likewise concluded that "the spectrum of the fine
structure in Cygnus A is very much flatter than that of the
whole source."

c) Distributions of linearly polarized radiation

Figure 3 displays the distributions of the linearly
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polarized flux density, VQ°+U%, at 9600 MHz in part (a) and
at 8300 MHz in part (b). In Figure 4 we have superposed on
some I contours vectors representing, by their length, percent-

1

age polarization and, by their orientation, position angle of
the E vector at various points in Cygnus A. Vectors are shown
for both frequencies. Finally, since we barely resolve Cygnus
A along its minor axis, we present in Figure 5 cuts along the
major axis of the distributions in Figures 1 and 3 (a and b).
Each of the one-dimensional linearly polarized distributions
has been multiplied by 10 and then assigned the same brightness
scale as the distribution of total radiation at that frequency.
These two brightness scales are then plotted in the ratio (8.3/

-1.19 - - .
.6) so that the I curve refers to either frequency.

W

irect comparisons of the percentage polarizations are there-

o}

h

=

ore possible. Figure 5 also displays the distributions of

e

position angle at the two fregquencies.

Table 2 summarizes the linear polarization parameters of
the individual components and of the entire source at both 8.3
and 9.6 GHz. These values are all in excellent agreement with
those compiled by Mitton (1971).

The linearly polarized distributions agree generally with
the distribution of total radiation. Hence all portiocns of
the sourde are linearly polarized. The peaks of the linearly
p@lérized distributions of both components at both frequencies

are displaced slightly inwards (~3" each) from the peaks of the



total radiation. It follows that the inner portions of the

components are more highly polarized than the outer. The

!

inner extension of the Np component especially is very highly
polarized. The ratio Np:Sf of peak brightnesses is <1 for the
total radiation, but >1 for both linearly polarized distributions.
This is reflected in the higher percentage polarizations for the
Np component listed in Table 2. The same ratio is greater for

the 9.6 GEz polarization distribution than for that at 8.3 GHz;

o

consequently the depolarization of the Np component is more

rapid.
TABLE 2
Linear Polarization of Cygnus A
Frequency Sf Component Npo Component Entire Source
Per Cent P.A. Per Cent P.A. | Per Cent P.A.
{
5.6 GHz 6.5£2.0 1e0°+9 10.4+2.2 | 143°£6 | 8.2+3.1 [149°+10°
8.3 GHz 5.6+1.6 136 =6 8.0+x1.2 1142 =5 6.8%x2.0 | 140 =7

The position angles measured at both frequencies vary
across the source. They decrease as the source is scanned from
east to west across the Sf component and the inner extension of
the Np component; there is then a significant increase in posi-
tion angle and the trend across the peak of the Np component

is less systematic.
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The polarizatlion distributions, including the position
angle information, as well as the cut along the major axis of
the total radiation indicate that the inner extension of the

Np component does not merge smoothly with the brighter outer

peak. In fact, Ryle et al. (1965) have suggested the existence

of a third component at A 21.3 cm.

d) Depolarization, rotation measures, and intrinsic posi-
tion angles.

Both Figures 4 and 5 display the fact that nearly every-
where in the source the percentage polarization at 9.6 GHz exceeds
that at 6.3 GHz. The raiio P8.3/P9.6 is ~0.8 over the entire
Sf component, but varies considerably over the Np component.

The most rapid depolarization occurs in the inner extension of
8.3/P9.6 =0.5. Near the peak of the

Np component this ratio is ~0.7. Of course any change in the

the Np component, where P

degrees of polarization measured at such closely spaced high
frequencies is most unusual, and the large changes detected
in Cygnus A make it unique in this respect among all known
extragalactic objects.

We purposely chose two frequencies sufficiently closé
that no n7 ambiguities in position-angle differences could
occur. However, determining rotation measures and intrinsic
position angles from only two closely spaced values of wave-
length squared is obviously difficult. An uncertainty in the

position—~angle difference ¢f only 1°, for example, produces an
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uncertainty in rotation measure of 53 rad m_z and in intrinsic
position angle of 3°. We note, however, that using only the
position angles integrated over the individual components from
Table 2 we obtain rotation measures of -1277 rad m"2 for the S£
component and —42 rad m"2 for the Np. These can be compared
with the values of -1350 rad m—-2 and =35 rad m~2 calculated by
Mitton (1971), or -1250 rad m and +50 rad m~2 calculated by
Schraml and Turl (1867), from data at several freguencies.
We therefore feel justified in presenting rotation measures and
intrinsic position angles calculated from our data alone,
especially near the peak brightness where most of the polarized
flux density originates, although the uncertainties could be
~£300 rad m ¢ and ~15°-20°.

Both Figures 4 and 5 illustrate that the position angles
of the Sf component at the two freguencies differ greatly,
whereas the difference is smaller, but probably nonzero, over
much of the Np component. The two components therefore have
vastly different rotation measures, that of the Sf component
being the larger, as has been noted several times previously.
The position-angle differences are not constant in either com-
ponént. Consequently the rotation measures vary across the
source. This variation appears to be systematic: the rotation
measure has its largest negative value at the following edge

of the source, then increases steadily across Cygnus A until

}.J
g

it assumes a positive value at the preceding edge. The onl

anomalies to this trend occur at the innermost portion of the
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Np component. The gradient is especilally smooth over the SfE
component.

Quantitative estimates of the rotation measure are avail-
able in Figure 5, where we have indicated the position angle
difference corresponding to a rotation measure of 1000 rad maz.
Also we present in Figure 6 the rotation measures, polarization
ratios, and intrinsic polarization angles at a few spots in
Cygnus A.

The intrinsic position angles for the individual components
are 52° (Sf) and 145° (Np), nearly exactly orthogonal. At the
peak brightnesses in total radiation the intrinsic position
angles are nearly the same as the above, viz., 47° and 148°.
Since the line joining these two peaks is in position angle
109¢5, the differences between the intrinsic polarization
angles of the components and the position angle of the major
axlis are not near 0° nor 90°. In this respect Cygnus A is
unusual among radio galaxies (Seielstad and Weiler 1971).
However, we have already noted that the high brightness con-

-

tours in total radiation of both components are elongated

‘.‘J
w3

larger position angles than that of the major axis. Thus the
intrinsic polarization angle of the Np component is very roughly
parallel to its elongation, whereas in the Sf it is very roughly
perpendicular. In the inner extensions of both components the
intrinsic position angles are possibly pérpendicular to the

axis of the extensions.
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In summary, if ridge lines are drawn within each component,
the intrinsic position angle is everywhere approximately perpendi-~
cular to the ridge in the Sf component, but swings from being
verpendicular to thé ridge along the inner extension to parallel
farther from the center in the Np component. According to the
theory of synchrotron radiation, the component of the magnetic
field perpendicular to the line of sight is orthogonal to the

intrinsic polarization angle.

IV. A THREE~-DIMENSIONAL MODEL OF CYGNUS &
The rapid decrease in degree of polarization with increasing
wavelength, the great difference in rotation measures of the
two components, and the enormous rotation measure of the SE

4

component in Cygnus A have long been known. Nearly every pre-
vious author has argued that these properties are not imposed
by the galactic medium (see, e.g., Woltjer 1962, Schraml and
Turlo 1967, and Mitton 1971). We agree with this coaclusion.

Mitton has pointed out that there must be some galactic
contribution to the rotation measure and adopts a value of
~250 rad m—2 at the location of Cygnus A, =76°, b=6°. Unfox-
tunately the evidence for the sign of the galactic rotation
measure is not clear-cut. The signs of rotation measures of
extragalactic radio sources near Cygnus A alternate, and, in
fact, presumably reverse at or near the galactic plane (Berge
and Selelstad 1967). The cldsest source, 3C410 at =69°,

==-4°, does indeed have a large negative rotation measure,
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~216 rad m—2 (Berge and Seielstad 1967). In addition, the
rotation measures of all nearby pulsars, are negative (Manchestexr
1972). Finally, the rotation measure of the polarized galactic
background radiation implies though not unambiguously, a field
directed toward 2=60° (Berkhuijsen 1971), which would produce

a negative rotation measure in the direction of Cygnus A. We
therefore agree that the galaxy imposes a negative rotation
measure on the polarized radiation from Cygnus A whose magnitude
is probébly a few hundred rad m_2.

When this galactic contribution is subtracted, the rotation
Measure of the Sf component is negative and that of the Np com-
ponent positive. In each component the magnitudes of the remain-
ing rotation measures increase toward the outer edges. We inter-
pret this as strong evidence that the rotation measures are
produced by plasma embedded in the radio components themselves.
If most of the magneto-plasma were instead associated with the
optical galaxy, as suggested by Slysh (1966), the magnitudes
of the rotation measures would probably be greatest near the
center of the source.

The line-of-sight components of the magnetic fields are
away from the observer in the Sf component and toward him in
the Np. The density of the thermal plasma and/or the strength
of the longitudinal field increase toward the outer edges of
the radio components.

The rotation measure of the Sf.component is still probably

greater in magnitude than that of the Np even after subtraction
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of the galactic contribution (see also Mitton 1971). The

i

brightness distributions indicate that most of the radiation
is produced near the outer edges. From these facts we infer
that the outer edge of the Np component is nearer to us. The
radiation from the bright peak of the Sf source traverses the

length of that component and alsc possibly through any halo of

&b}

the optical galaxy, and thereby receives its additional Faraday
rotation. In addition, the radiation from the inner extension
of the Np component passes through the dense Faraday plasma
concentrated toward the outer boundary of that component, and
is consequently rapidly depolarized. This interpretation is
consistent with the model of source evolution proposed by

Ryle and Longair (1967). Mitton and Ryle (1969) have shown
that this model explains the observed differences in Iflux den-

sities and angular distances from the central galaxy of the

the Sf is receding and the Np

tm 1
th

two components of Cygnus A

o]

approaching. We have noted previcusly that the optical galaxy
is rotating with the Sf side receding (Baade and Minkowskl 1954).
Since we believe we are viewing the brightest spot of the
Np component relatively unobscured, we are not surprised that
the intrinsic polarization angle of that spot differs from th
angles measured elsewhere in Cygnus A. If, for instance, the
magnetic field of each component is compressed at the contact
surface between source and surrounding medium, then seemingly

any relation between field orientation and major axis of the

source may appear if the source is seen nearly end-on.
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In summary, we present a model of Cygnus A in which the
two components have been ejected in opposite directilions probably
making a considerable angle with the plane of the sky. The S£
component. 1s beyond this plane while the Np is in -front of it.
The magnetic field threading each radio component is directed
predominantly along the axis of ejection away from the central
optical galaxy. The field is probably compressed into a plane
normal to the ejection axis at the leading edge of each compo-

nent. The field strength and the densities of both thermal and

relativistic particles are greatest near the leading edges.

V. COMPARISON WITH THEORETICAL MODELS
The structure of the magnetic field proposed in the pre-

ceding section closely correspoﬁds with the expectations of
Mills and Sturrock (1970) and of Piddington/(l970). Whether
the axis from optical galaxy to radio component can have field
directions of both senses, as both sets of authors predict, and
still produce the large rotation measures observed seems uncer-
tain. Mitton (1971) produced some evidence supporting opposite
rotation measures on each side of the major axis of Cygnus A.
However, his two-vector model for the Sf component predicts a
second maximum in its degree of polarization near 8.3 GHz which
we do not detect.

Mills and Sturrock (1970) and Mills (1972)have nmade furthexr

predictions which our observations support. For one, decelera-

tion by the ram pressure of the intergalactic medium (De Young
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and Axford 1967) produces steep total brightness contours at
the outer edges of the radio components. We confirm their
existence, already noted several times previously. The thermal

gas 1is predicted to concentrate at the outer edges, and we have
presented strong evidence that this is so. The turbulent field
is presumably coupled to the thermal plasma, and therefore
greatest turbulence, hence lowest degree of polarization, should
be observed near the outer edges of the components. In contrast,
the field lines trailing the components back along the axis of
ejection are expected to be highly ordered, and therefore high
degrees of polarization are predicted. Our observations support
these predictions.

Rees (1971) has proposed a radio-source model in which
low-frequency electromagnetic waves evacuate an expanding cavity
by accelerating electrons to relativistic energies, which then
radiate "synchro-Compton" radiation. No thermal plasma would

be left within the radio components, which definitely contra-

dicts our interpretation of the Cygnus A observations.

Research in radio astronomy at the California Institute
of Technology is supported by the National Science Foundation
under grant GP30400-X and by the Office of Naval Research
under Contract N00014-67-A-0094-0019.

We wish to thank G. L. Berge, E. B. Fomalont, and K. W.
Weiler for informative discussions. We also gratefully acknow-
ledge the assistance of the Observatory staff in making the

observations possible.



Aller, H. D. 1970, Ap. J., 1&1, 1.

Baade, W., and Minkowski, R. 1954, Ap. J., 119, 20¢.

Baars, J. W. M., Mezger, P. G., and Wendker, H. 1965, Ap. J.,
142, 122.°
Berge, G. L. 1968, Astrophys. Letters, 2, 127.

Berge, G. L, and Seielstad, G. A. 1967, Ap. J., 148, 367.

Berkhuiijsen, E. M. 1971, Astron. and Astrophys., 14, 359.

De Young, D. S., and Axford, W. I. 1967, Nature, 21
Hinder, R. A. 1970, Nature, 225, 61l4.

Hogg, D. E., Macdonald, G. H., Conway, R. G., and Wade, C. M.
, Y
1969, A. J., 74, 1206.

Manchester, R. N. 1972, Rp. J., 172, 43.

Maver, C. H., Hollinger, J. P., and Allen, P. J. 1963, Ap. J.,
137, 1309.

Miley, G. K., and Wade, C. M. 1971, Astrophys. Letters, 8, 11.

Mills, D. M. 1972, in press.

Mills, D. M., and Sturrock, P. A. 1970, Astrophys. Letters,
5, 105.

Mitton, S. 1971, M.N.R.A.S., 153, 133.

prurd

Mitton, S., and Ryle, M. 1969, M.N.R.A.S., 146, 221.
Yy 146

]

Moffet, A. T. 1966, Ann. Rev. Astron. and Astrophvs., 4, 145.

eIy s

Piddington, J. H. 1970, M.N.R.A.S., 148, 131.

et

}...,.l

Rees, M. J. 1971, Nature, 229, 312.

7 2es

Ryle, M., Elsmore, B., and Neville, A. C. 1965, Nature, 205, 1259

Ryle, M., and Longair, M. S. 1967, M.N.R.A.S., 136, 123.

Schraml, J., and Turlo, Z. 1967, Ap. J. (Letters), 150, L15.




Seielstad, G. A., and Weiller, X. W.
Seielstad, G. A., and Weiler, K. W.

Slysh, V. I. 1966, Sov. Astron. —-A.

1969,
1971,

-
J ey

Weiler, ¥. W., and Seielstad, G. A.

Woltjer, L. 1962, Ap. J., 135, 1152.

Wynn-Williams, C. G. 1971, M.N.R.A.S., 15

1871,

i 4

Ap. J. Suppl
Astron. J.,
9, 533.

Ap. J., 163,
1, 397.

, No. 158.
76, 211.
455.



187

FIGURE CAPTIONS

}MJ

Figure 1: Distribution of total radiation from Cygnus A at

frequencies near 8950 MHz. North is at top and east at lelt.
[xas) 4 2 : ] 3 T hc: m :ﬁs ’} 1
The origin of cooxrdinates is o. =1975774475, 40°35746500.

1950 1950
The half-power beamwidth is shown at lower right. Contours are
presented at 10 pexr cent intervals. The peak brightness is
N ) -2 -1 . -1 oo , P
4.55%x10 W m Hz ster T, or 1845°X, the values appropriate

for 8950 MHz.

Figure 2: Profiles along the major axis of Cygnus A convolved
to a common resolution. All profiles are normalized to equalize
the peaks of the Sf component. The data at 1.4, 2.7, and 5.0
GHz are summarized in Mitton and Ryle (1969). Measurements

from this paper are shown by open circles.

?‘;J

Figure 3: Distributions of linearly polarized radiation, JO7+U0%.

North at top and east at left. Origin of coordinates is

h..m
= 4 Y46 : ntour
G1950~ 1975774 5 61950 40°35 0. Ten per cent contou
- - -1
shown. {(a) 9600 MHz. Peak brightness 5.06x10 ISW m 2 Hz =
-1 -
ster ~, or 179°K. (b) 8300 MHz. Peak brightness 4.16x10 18y

1 —
m Hz ~— ster 1, cr 197°K.

Figure 4: Distributions of percentage polarization and position
angle. The 10, 50, and 90 per cent contours of the distribution
of total radiation from Figure 1 are reproduced, as 1is the
origin of coordiﬁates. Dashed lines refer to 8.3 CGHz data;
solid lines to 9.6 GHzdata. Because of their near coincidence

in position angle, the 8.3 GHz vectors in the Np component are



slightly displaced to the west from the 9.6 GHz vectors.

Vectors whose lengths represent 10 per cent polarization are

-~ - e

Figure 5: Cuts along the major axis of the distributions of
total radiation (solid curve) and of ten times the linearly

polarized radiation at 9.6 GHz {(dashed curve) and at 8.3 GHz

(dotted curve). The Np component is at right. The two ordinate

N . . . -1.19 : . .
scales are in the ratio (8.3/9.6) ; which normalizes the
total intensity distributions at the two frequencies. The

scale on the right is for the 9.6 GHz polarization distribution;
on the left for the 8.3 GHz polarization distribution. The
ratio of either linearly polarized curve to the total curve 1is
therefore ten times the percentage polarization. At the bottom
of the figure are the distributions of position angles at the

t

two frequencies. Also shown is the magnitude ©

Fh

the difference

in position angles, |y |, corresponding to a rotation

.37 X9.6

measure of 1000 rad m .

B

Figure 6: Distribution of intrinsic position angles (E vectors)
superposed on 10, 50, and 90 per cent contours of distribution
of total radiation from Figure 1. The two numbers with each
vector represent the ratio of percentage polarizations,
P8.3/P9.6(upper number), and the rotation measure in rad m

(lower number).
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