
19
77

A
pJ

. 
. .

21
8.

 .
48

4C
 

The Astrophysical Journal, 218:484-503, 1977 December 1 
© 1977. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

PULSAR POLARIZATION FLUCTUATIONS AT 430 MHz WITH MICROSECOND 
TIME RESOLUTION 

J. M. Cordes 
Department of Physics and Astronomy, University of Massachusetts, Amherst 

AND 

T. H. Hankins 
National Astronomy and Ionosphere Center, Arecibo Observatory 

Received 1976 August 17; accepted 1977 May 26 

ABSTRACT 
This paper studies the polarization properties of pulsars 0950 + 08, 1133 + 16, 1919 + 21, and 

2016 + 28 after the removal of interstellar dispersion distortion. Autocorrelation functions of the 
Stokes parameters were computed for narrow longitude regions and were summed to reduce 
statistical errors. Such autocorrelation functions quantify the mean-square properties of polariza- 
tion fluctuations and reveal how the polarization decorrelates on time scales between the reciprocal 
receiver bandwidth (8 /xs) and the maximum lag of 4 ms. 

We find that single-pulse polarization is only partially correlated with the polarization of the 
average profile, where the latter is measured by synchronously averaging the Stokes parameters of 
many single pulses. Deviations of single-pulse polarization from the average are highly correlated 
with intensity fluctuations such as micropulses and subpulses. Ninety-degree transitions of the 
position angle, for example, can occur on the periphery of micropulses, just as slower 90° rota- 
tions sometimes occur on the edges of subpulses. Micropulses—seen from all except PSR 1919 + 21 
—are more polarized than the subpulses that contain them by as much as a factor of 2. We find 
for PSR 1133+16 that a change in sense of the circular polarization is usually coincident with a 
90° transition of the position angle. Subpulses from PSR 1919 + 21 and PSR 2016 + 28 show a 
systematic advancement of the position angle at their leading edges relative to their trailing edges 
that may be due to preferential occurrence of ninety-degree angle rotations. Microstructure from 
PSR 1133+16 and PSR 2016 + 28 shows periodicities, with respective periods of 1.2 ms and 0.9 ms, 
that are more pronounced in the leading half of the average profile than in the trailing half. 
In general, the polarization and the strength of micropulses are strongly dependent on pulse 
longitude, while the average time scale is not. 

We infer from the autocorrelation functions and from single pulses that the state of polarization 
is usually constant through a micropulse but may change rapidly (e.g., via a 90° angle transition 
and/or a sense change of the circular polarization) on the extremity of a micropulse or between 
two micropulses. Rapid polarization changes within some micropulses cannot be ruled out, but 
the strength and number of such micropulses must contribute negligibly to the autocorrelation 
functions. 
Subject headings: polarization — pulsars 

I. INTRODUCTION 
Individual pulses from pulsars are typically highly 

polarized with linear polarization usually prevalent 
over circular polarization. The polarization state can 
vary both randomly and systematically within in- 
dividual pulses as well as from pulse to pulse. Intra- 
pulse fluctuations have been associated with subpulses 
(Taylor et al. 1971; Lyne, Smith, and Graham 1971; 
Rankin, Campbell, and Backer 1974; Manchester, 
Taylor, and Huguenin 1975) whose polarization is 
usually correlated, to some extent, with that of the 
average profile, although subpulses can be consider- 
ably more polarized than the average. The depolariza- 
tion that usually occurs in the averaging process is due 
to the pulse-to-pulse fluctuations of the subpulses’ 

polarization state. Pulsars with drifting subpulses have 
depolarized averages because the polarization position 
angle rotates with respect to position in the subpulse 
rather than with respect to position in pulse longitude. 
Depolarization of the average can also come about 
because two preferred, orthogonal position angles 
may occur in subpulses at a given pulse longitude, a 
property first mentioned by Lyne et al. for PSR 
1133+16 and more recently reported to be a property 
common to all 12 objects investigated by Manchester, 
Taylor, and Huguenin (1975). It has also been found 
that polarization position angles become more random 
with increasing radio frequency, thereby causing the 
decrease of average linear polarization that has been 
observed (Manchester, Taylor, and Huguenin 1975). 
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PULSAR POLARIZATION FLUCTUATIONS 485 

Another class of intensity fluctuations are micro- 
pulses (microstructure) which have been seen in about 
807o of the pulsars investigated (Hankins, Rickett, and 
Cordes, in preparation). Micropulses have widths of a 
few tenths of a degree of longitude (where 360 degrees 
equals one pulse period) compared with subpulse and 
profile widths of a few degrees and one to a few tens of 
degrees, respectively. 

Single-channel measurements indicate that micro- 
pulses, although usually occurring within subpulses, 
are in many ways like shorter-time-scale versions of 
subpulses. Micropulse time scales, for example, are not 
measurably frequency-dependent in the 74 to 430 MHz 
frequency range, just as subpulses are at most weakly 
frequency-dependent over the same range. Micro- 
pulses occur with random positions within subpulses 
just as subpulses have random positions within the 
mean pulse profile. However, for PSR 2016 + 28, a 
pulsar which has drifting subpulses that are periodic- 
ally situated within a pulse, the microstructure can 
also occur quasi-periodically within the subpulses. 

Except for the cursory observations by Craft, 
Cornelia, and Drake (1968), which showed the presence 
of circularly polarized microstructure from PSR 
0950 + 08, no detailed analyses of microstructure 
polarization have been made. 

The temporal resolution of microstructure requires 
a bandwidth that is sufficiently small that dispersion 
distortion does not obliterate the microstructure. 
Small bandwidths, however, result in considerable 
estimation error (>10%) if the microstructure time 
scale is not much larger ( < 100 times) than the receiver 
resolution. Dispersion distortion can be removed, as 
for the data analyzed in this paper, by digital filtering 
(see Hankins 1971), but hardware considerations at 
present limit the bandwidth to 125 kHz if two polariza- 
tion channels are recorded. The estimation error 
problem can be circumvented with no loss of time 
resolution by computing autocorrelation functions of 
pulse intensities and summing them to form an average. 
Analyses of this kind have been performed on single- 
channel data (Hankins 1972; Cordes and Hankins 
1973; Cordes 1976æ), and in this paper we shall 
discuss the autocorrelation functions (acf’s) of the 
Stokes parameters. In a separate paper (Cordes 1916b, 
hereafter Paper I) a formalism is developed for 
evaluating polarization parameters from the acf’s. A 
particular advantage of the acf technique is that it 
permits measurement of polarization fluctuations that 
occur over a range of time scales, including sample-to- 
sample variations with 8 ¿¿s time scales. The usual 
technique of studying the smoothed Stokes parameters 
has a resolution equal to the postdetection smoothing 
time, which is usually a large fraction of a millisecond. 

II. DATA PROCESSING 

The four pulsars were observed in 1975 May and 
June and 1976 April by using the 305 m telescope and 
the 430 MHz line feed at the Arecibo Observatory 
(NAIC). The 430 MHz line feed provides left- and 
right-hand circular polarizations (LHCP and RHCP) 

with a cross-coupling coefficient of the power in each 
channel of less than 0.25% (Rankin, Campbell, and 
Spangler 1975). The intermediate-frequency signals, 
whose bandwidths were 125 kHz, were mixed to base- 
band (i.e., centered on zero frequency) and digitally 
recorded before detection at 8 /¿s intervals during a 50 
to 80 ms window that was centered on the phase of the 
average pulse profile. The data were subsequently 
processed to remove distortion caused by interstellar 
dispersion, the details of which may be found in 
Hankins (1971). Removal of dispersion distortion 
yields a time resolution equal to the reciprocal receiver 
bandwidth, or 8 /¿s. 

Stokes parameters were computed from the dis- 
persion-free signals according to standard definitions 
(e.g., Kraus 1966). Denoting the undetected signals 
from each receiver as i+r(¿> ^) for sample number t of 
the /cth pulse and the corresponding intensities as 
Ii r{t, k) = \vUr{t, k)\\ the unsmoothed Stokes param- 
eters of the kih pulse are 

/(/, k) = I^t, k) + Ir(t, k) 

V(t, k) = W, k) - Ir(t, k) 

Lit, k) = Q(t, k) + iU(t,k) = Ivtit, k)v*{t, k) . (1) 

Average Stokes parameter profiles, such as those 
found in the literature (Komesaroff, Morris, and 
Cooke 1970; Lyne, Smith, and Graham 1971 ; Rankin, 
Campbell, and Backer 1974; Manchester, Taylor, and 
Huguenin 1975), were computed by summing the 
Stokes parameters of individual pulses: 

nay) = N^yiiuk), 
k = l 

/c = l 

yut)) = N-'yw,k). (2) 
fc = i 

The Stokes parameters of individual pulses contain an 
enormous quantitity of information, much of which is 
lost in the computation of the mean profiles. In order 
to extract some of this information and, at the same 
time, reduce the large estimation errors of the un- 
smoothed single-pulse Stokes parameters, the auto- 
correlation functions of the Stokes parameters were 
computed. The single-pulse acf of the total intensity, 
for example, was computed according to 

RÁr, k) = T-1 2 I(t, k)I(t + T-\,k), (3) 
t = l 

where r = 1,..., Tmax = 512. The average acf was 
computed according to 

R,(r) = 2 ^ ’ (4) 
k 
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486 CORDES AND HANKINS 

a sum which weights each individual acf by the mean- 
square intensity of the pulse. Similar acf’s were 
computed for V and L, except that the lagged value of 
L was complex-conjugated before taking the product. 
The acf of L was computed, rather than separate acf’s 
for Q and U, because Q and U both measure linear 
polarization with their relative values directly related 
to the polarization angle ÿ by 

0 = O.Stan-M^/ô). (5) 

Thus L is a vector in the complex plane whose mag- 
nitude measures the degree of linear polarization and 
whose angle equals the longitude of the polarization 
state in the Poincaré sphere. If L makes large excur- 
sions about the complex plane, its average will be 
small compared with instantaneous values. The acf of 
L measures the relative magnitude and angle on the 
complex plane of values of L separated by the time 
interval r. 

Autocorrelation functions were normalized accord- 
ing to 

o(t) = ^(r)/^(0), rv{r) = Rv(T)lRm , 

rL{r) = RL{T)lRm, (6) 

rather then self-normalizing all acf’s according to, e.g., 
rv(T) == Æy(T)/Æv(0). The chosen normalization is 
useful because the correlation coefficients rv(r) and 
>l(t) become proportional to the mean-square degree 
of circular and linear polarization and therefore 
satisfy 

'V(t) + |ri(r)| < r,(T) , (7) 

where equality holds if the signal is completely 
polarized in a time-independent polarization state. 
Equality always holds for r = 0 because 

Q2 + U2 + V2 = I2 (8) 

is an identity for unsmoothed Stokes parameters. 
In practice, acf’s were obtained by fast Fourier 

transform techniques whereby the autocorrelation, 
which is the convolution of the signal with its time- 
reversed conjugate, was computed by multiplication 
of transforms in the frequency domain. Frequency- 
domain products for individual pulses were summed 
to obtain the transform of the average acf, which was 
then inverse-transformed to obtain the average acf. 
Transforms of length 1024 yield 512 lags of the acf. 
Time series of arbitrarily long lengths can be processed 
in this fashion by breaking the series into 1024 sample 
blocks separated by 512 samples (see Bergland 1969). 
Rader (1970) has shown how to optimize the processing 
by constructing 1024 point transforms of the data from 
1024 point transforms of 512 data points and 512 
zeros. Also, for real data, two Fourier transforms can 
be computed simultaneously by letting one block of 
data represent the real part, the other block the 
imaginary part, of a fictitious block of complex data; 
the transforms of the two blocks are easily unwoven. 
By these methods, data-processing time was approxi- 

mately 1/10 of that required for direct time-domain 
computations. A final step in improving the efficiency 
of the data processing involved the deletion of pulse 
periods in which there was no emission. PSR 0950 + 08 
and PSR 1133 + 16 frequently show type I nulls 
(Backer 1970), about one in every 10 to 20 pulses, 
when the pulsar apparently “turns off” for one to a 
few pulse periods. 

Errors in the Stokes parameters arise from gain 
differences between the two channels, from deviations 
of the feed from circular polarization, and from un- 
balanced base-band mixers. In the Appendix it is 
shown that such instrumental effects cause, at most, 
errors of 5% in the autocorrelation functions. Errors 
in the Stokes parameters themselves are less than 10%, 
an amount that is determined primarily by cross- 
coupling of polarized power between the LHCP and 
RHCP ports of the line feed. In the Appendix it is 
shown that cross-coupling cannot cause the observed 
correlation of 90° jumps of the polarization angle with 
zero crossings of the circular polarization (see § III). 

Another practical detail is the correction of the 
acf’s for system and sky noise, which contributes 
primarily to the zero-lag values of the acf’s if the mean 
off-pulse intensities are subtracted from the data 
before acf processing. The following quantities must 
be subtracted from the zero-lag values of the un- 
normalized acf’s: 

c, = Cv = (1 + 2</ron>/</ro(f»</ro(f>
2 

+ (1 + 2</¡on>/</(off»</io„>2 

CL = 4«/¡oft></ro„> + </ron></loft> + </íon></roff» (9) 

where </z,ron off> are the mean on- and off-pulse in- 
tensities for the LHCP and RHCP channels. Estima- 
tion errors of the off-pulse corrections, which are 
inversely proportional to the square root of the 
number of data points used in the estimation, can 
cause normalization errors in the acf’s. Such errors 
are always less than a few percent. 

Faraday rotation in the ionosphere and the inter- 
stellar medium can depolarize the linear polarization, 
but at 430 MHz the differential angle rotation over a 
125 kHz bandwidth is less than Io for a maximum 
rotation measure of 50 rad m-2. No calculation of 
absolute position angles was made because only 
relative angles were of interest. 

The acf’s were block smoothed over five samples 
(not including the zero-lag spike) in order to reduce the 
estimation error; the resolution of the acf’s is thus 
40 ¿is. 

in. RESULTS 

Mean Stokes parameter profiles for each pulsar 
(Fig. 1) were computed from the same pulses used for 
the acf processing. Although the estimation errors of 
the profiles are evident owing to the small number of 
pulses used in the computation, the profiles are con- 
sistent with those published by Manchester (1971). 
The profiles were segmented into longitude regions, as 
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to the noise in the Stokes parameters. 
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488 CORDES AND HANKINS Vol. 218 

designated in Figure 1, on the basis of polarization 
structure in the profiles and on the basis of fluctuation- 
spectral properties reported by Backer (1973). Mean 
values of dv and dL, the degrees of circular and linear 
polarization, were calculated for each longitude region 
according to, e.g., 

<dv? dt<yit)/ß dt<m> (io) 

and are tabulated in Table 1. Autocorrelation func- 
tions of the Stokes parameters were computed sepa- 
rately for each longitude region of each pulsar; the 
results appear in Figures 2 to 5. 

The autocorrelation functions contain zero-lag 
spikes—features that decorrelate on an inverse- 
bandwidth (8 /xs) time scale whose heights are related 
to the integrated mean-square values of dv and dL. The 

remainder of the acf’s contain features that correspond 
to subpulses and micropulses, both of which contribute 
to the second moments of the Stokes parameters. In 
general, individual pulses are more highly polarized 
than the average profiles because fluctuations of the 
polarization state, which arise in complicated ways 
from subpulse and (if present) micropulse polarization 
fluctuations, depolarize averages of many pulses. 
Similarly, micropulses are more polarized than sub- 
pulses because the polarization state varies from 
micropulse to micropulse but can be more stable 
within a micropulse. Thus the features in the acf’s 
corresponding to subpulses and micropulses, which 
are identifiable by their different time scales, will show 
different levels of polarization. 

An empirical model that is developed in Paper I 
provides the means for evaluating polarization param- 
eters from the acf’s. The model represents subpulses as 

LAG (MILLI SECONDS) 

Fig. 2.—Average autocorrelation functions (acf’s) of the Stokes parameters for PSR 0950 + 08, computed by summing acf’s of 
157 single-pulse Stokes parameters. The acf’s of the total intensity (/) and the circular polarization (V) are real, whereas the acf of 
the linear polarization (L) is complex, and for which we show the magnitude and the phase. Except for the zero-lag spikes, the 
acf’s are smoothed over 40 /xs. The microstructure time scale is ~ 170 ^s, and it is clear that microstructure is stronger in the trailing 
edge of the average profile (component III0) than in the center (component IIIa). 
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Fig. 3—Average autocorrelation functions as in Fig. 2 for 278 pulses from PSR 1133 + 16; acfs are shown for components I and 
II and the interlying saddle region of the average profile. Microstructure is most evident in component I, where points a and b 
designate two break points in the microstructure portion of the acf corresponding to time scales of 350 and 800 /xs, respectively. The 
dashed curve is the intensity acf for an independent set of 100 pulses in which the break point at b is not present. 

nonstationary stochastic modulations (S) of stationary 
microstructure (/x) 

A{t) = s(0M0. (H) 

The average pulse profile could be included as a 
further modulation in equation (11) (see Rickett 1975), 
but for our purposes we consider it to be lumped into 
S(t). Because /x(7) is stationary, its acf can be put in 
the form 

ru(r) = [l + +m,2), (12) 

where is the modulation index of microstructure 
defined by 

m* = </x2>/<m>2 - 1 , (13) 

and /^(t) is the autocovariance of /x (the acf of 
¡J, — </x>) with pu(0) = 1. The width of pß is a measure 
of the average microstructure correlation time. Under 
the assumption that polarization fluctuations and 
intensity fluctuations are statistically independent, the 
acf of / can be written as (we denote with a bar an acf 
which excludes the zero-lag spike, that feature which 
decorrelates on a time scale equal to the inverse 

receiver bandwidth, or 8 /xs) 

r,(T) = 2rs(r)r,(T)/(3 + <¿/2» , (14) 

where d2 = dv
2 + dL

2 is the total degree of polariza- 
tion and rs(T) is the acf of S(t). 

Similarly, we write the acf’s of V and L as 

¿VW = ö(T)^dv(T) 

rÁ-r) = r,(r)RdL(r) exp (i<f>L(r)) (15) 

where Rdv and RdL are the acf’s of dv and dL. The phase 
</>L of the acf of L is related to random and systematic 
fluctuations of the polarization angle because RL is the 
sum of many terms of the form 

L0(t,k)L0(t +- r - \,k) 

x exp {2/[0(/, k) — i/j(t + T — 1, k)]} (16) 

where L0 is the magnitude of L. 
The zero-lag values of Rdv and RdL measure the 

sample-to-sample level of polarization which is also 
the maximum microstructure polarization. At a lag 
where the microstructure fluctuations are decorrelated, 
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about 3 ms suggests that the position angle on the leading edge of a subpulse is systematically advanced with respect to the angle 
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the levels of polarization are those associated with 
subpulses. We shall consider a lag, rw, such that 
Pu(Tß) = 0 but pß(rß~) > 0. Evaluation of the acf’s at 
lags r = 0 and r = tu enables us to solve for the 
following six quantities : 

<¿2> = 2r-,(o)-1 - 3 = (+(0)1 + Fvmim, 

<+/„ = /v(0)/0(0) 

<+/„ = 1+0) |/ö(0) 
<(^v2)s = ^v(t/i)/^/(tm) 

(dL
2ys = |^l(t//)|/^;(t/í) 

= mrs(rß)lFi(rß) - 1 . (17) 

If the polarization state were time-independent, then 
the microstructure and subpulse degrees of polariza- 
tion, (dVtL

2}ß
112 and idVi

2ys
112, would be equal to the 

degree of polarization of the average profile, (dVtLy. 
Generally, however, the micropulse polarization will 
be greater than the subpulse polarization, which, in 
turn, will be greater than the polarization of the average 
profiles. 

The assumption that polarization and intensity 
fluctuations are independent is not a critical one—it is 
merely an artifice for easily quantifying the features in 

the acf’s. If the assumption does not hold, the average 
quantities expressed in equations (17) can be re- 
expressed as integrals of those quantities weighted by 
the instantaneous intensity. 

The two equalities in the first of equations (17) yield 
two estimates for <¿/2> whose difference, if any, is due 
to normalization errors of the acf’s; values of (d2y112 

in Table 1 include error limits that are based on this 
difference. Estimation of r^, in practice, involves a 
subjective judgment as to where the microstructure 
feature of the acf’s drops to zero. Usually a roughly 
parabolic-shaped curve was sketched over the acf’s to 
estimate ^(r), and the intersection of the curve with a 
straight line drawn tangent to the microstructure 
feature was used to estimate tu. Errors of tu and mß 
listed in Table 1 reflect the accuracy of this procedure. 
Along with the six quantities expressed in equations 
(17) is tabulated the stability of the linear polarization 
at 410 MHz obtained from Manchester, Taylor, and 
Huguenin (1975). The stability, which in our notation 
is 

|<L>|/<|L|>, (18) 

indicates how the linear polarization of the average 
profile is depolarized due to pulse-to-pulse fluctuations 
of the polarization angle. Tabulated values of a were 
obtained by averaging over the longitude region of 
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LAG (M I LLI SECONDS) 
Fig. 5.—Average autocorrelation functions as in Fig. 2 for 286 pulses from PSR 2016 + 28. The microstructure time scale is 

290 ns in both components. An arrow designates an enhancement that corresponds to a quasi-periodicity in the microstructure, of 
which a 900 ps period is the most common. 

interest. The results for each pulsar will now be 
individually discussed. 

a) PSR 0950 + 08 

Above a frequency of about 300 MHz, the double 
lobes of the average profile of PSR 0950 + 08 have 
merged to form a structure which has three identifiable 
longitude regions, as delineated in the Stokes param- 
eter profiles of Figure 1. The center of the pulse, which 
marks the boundary of components II and III, is 
weakly polarized (^10%) compared with the ~50% 
polarization in the wings of the profile. Manchester, 
Taylor, and Huguenin (1975) attribute this dip in 
linear polarization to the occasional presence of sub- 
pulses at this longitude whose position angles are 
orthogonal to the angle expected by extrapolation 
from neighboring longitudes. Emission in component 
I actually extends 150° of longitude to the interpulse, 

with the polarization angle rotating continuously 
through the whole longitude region (Lyne, Smith, and 
Graham 1971). 

Autocorrelation functions, which were computed 
only for components II and III because the small 
signal-to-noise ratio in component I causes large 
estimation errors, show marked longitude dependence 
in the strength and polarization of microstructure, 
while the microstructure time scale remains constant at 
~170/xs. Polarization parameters in Table 1 indicate 
that the modulation index, which quantifies the con- 
tribution of microstructure to the mean-square in- 
tensity, is greater in component III0 than in components 
II and Illa by a factor of ~3.5. Micropulses are only 
about 10% more polarized than the subpulses that 
contain them. Subpulses in component IIIb, which has 
a large stability (0.9), are only slightly more polarized 
than the average profile. By contrast, regions II and 
IIIa, which have stabilities of 0.6 and 0.5, respectively, 
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show subpulses that are twice as polarized as the 
average profile but are less linearly polarized than the 
subpulses in component III&. 

b) PSR 1133 + 16 

The polarization properties of the average profile, a 
well-resolved double lobe, show notable differences 
between component I and the rest of the profile. The 
first component shows small (~ 107o) linear polariza- 
tion, compared with 40(7o-707o polarization in com- 

ponents S and II, because the polarization angle 
undergoes frequent transitions between two orthogonal 
angles from pulse to pulse and because the subpulses 
in individual pulses are intrinsically less polarized. 
Manchester, Taylor, and Huguenin (1975) reported 
that approximately 2570 of the subpulses in com- 
ponent I have position angles that are orthogonal to 
the angle expected by extrapolating the angle rotation 
elsewhere in the pulse. The stability of the polarization 
angle is accordingly much smaller in component I than 
in the saddle region and component II. 

PSR 1133 + 16 

LONGITUDE (DEGREES) 

Fig. 6.—The Stokes parameters of single pulses from PSR 1133 + 16 are plotted with 256 fxs resolution in time (0?078 of longitude) 
corresponding to estimation errors that are 12.570 of the local mean. A negligible amount of error is caused by receiver and sky 
noise except on the right and left extremities of the figures, where the pulsar intensity is low and the polarization angle becomes 
uniformly distributed over ±90°. Jumps of 180° in the position angle are nonphysical and are due to the wraparound ambiguity of 
the arctangent function. The flux density of the pulse peak is shown in janskys (10-26 W m-2 Hz-1) to a precision of ±20%. The 
horizontal bar represents 5 ms of intrapulse time, (a) An amorphous pulse with strong emission in the saddle region with little 
obvious microstructure. The position angle rotates through 90° over a time of 2 ms at a longitude of ~5°. 
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Two kinds of pulses can be identified in a set of 
pulses. One has subpulses with amorphous internal 
structure which sometimes includes micropulses that 
are not particularly well defined. These pulses often 
show strong subpulses in the saddle region as well as 
in components I and II. The polarization state in 
amorphous pulses, two examples of which are shown 
in Figures 6a and 6b, is usually stable with the angle 
rotating slowly through the pulse as in the average 
profile of Figure 1. Frequently in component I and 
less often in component II, however, the angle can 
undergo a 90° rotation over a few milliseconds’ time 
interval on the periphery of subpulses, sometimes 
accompanied by a change in sense or increase of 

circular polarization. Such 90° rotations, which were 
first noted by Lyne et al, are evident in Figure 6. The 
other kind of pulse, which we call “spiked,” has 
subpulses that are confined to a narrow range of pulse 
longitude, usually in component I or II, that have well- 
defined micropulses. Pulses of the second kind are 
usually several times more intense than those of the 
first kind. As may be seen from examples in Figures 6c 
and 6d, transitions of the position angle can occur over 
a short time interval (100-200 /¿s) on the periphery of 
micropulses and are almost always accompanied by 
changes in the sense of circular polarization. Micro- 
pulse boundaries and sense changes of the circular 
polarization seem to be necessary but not sufficient 

PSR 1133+16 

co 
o: 
ÜJ 

UJ 
Z 
< 
QC 
< 
Û. 

CO 
111 

o 
H 
co 

uirnrwan*¿vi 

LONGITUDE (DEGREES) 
Fig. 6b.—An amorphous pulse with a 90° transition of the position angle {arrow) and a reversal of the circular polarization be- 

tween two micropulses in component I. The transition time is on the order of 200 /xs. The position angle rotates fairly continuously, 
following that of the average profile in Fig. 1, until it makes a downward transition of 90° near a longitude of 10°. 
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LONGITUDE (DEGREES) 

in r ‘a ^ m PU Sf wlth Pr0
1
minent micropulses within a subpulse that is confined to a narrow range of longitude 

tL nnniLnrfnm ^ consideraMy weaker subpulse appears in component II and there is emission in the saddle region, evidenced by 
L n^nncfihh0 QriP\0Sltl0n ^i? ther?\ Several seJ}se changes of the circular polarization occur in component I along with erratic 
ratio k hiebhyf ~°90m Theie angle

Jj
umPs are Probably statistically significant because the sfgnal-to-noise 

micropulse^as ¡^appears* here k 4 ty and’ as dlscussed ln the text> ‘he position angle is usually steady over the duration of a 

co-occurrences of these “fast” transitions of the angle 
because subpulses with micropulses can have stable 
angles across a subpulse, as in Figure 6d. In general, 
however, the polarization angle and circular polariza- 
tion appear constant for each micropulse, but the angle 
can vary in component I both randomly and orthogon- 
ally with respect to adjacent micropulses. 

If we refer to the acf’s in Figure 3 for the three 
components, it is evident that microstructure con- 
tributes much more to intensity variations in com- 
ponent I than elsewhere in the pulse. Indeed, the 
microstructure modulation index is greater by a factor 

of 2.4 in component I than in the saddle region and in 
component II. The microstructure feature in com- 
ponent I has two break points at lags of 340 /as and 
600-900 /xs; acf’s for different sets of pulses reveal that 
the longer-time-scale microstructure is not always 
present—or, more accurately, that its contribution to 
the second moment of the intensity varies consider- 
ably. The microstructure modulation index is ~25'70 
smaller when the longer-time-scale microstructure is 
absent, suggesting that it is associated with the intense, 
spiked subpulses. 

It is possible that the appearance of spiked subpulses 
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Fig. 6d.—A pulse with “spiked” subpulses in both components 1 and II and with low-level emission in the saddle region. In 
component I there are no significant sense changes of the circular polarization and no jumps in the position angle, which rotates 
continuously through pulse longitude even though the circular polarization changes sign (possibly not statistically significant) in 
component II. 

with hyperduration micropulses is connected with the 
mode behavior suggested by Helfand, Manchester, 
and Taylor ( 1975), in which the character of the average 
profile changes over 8 to 16 pulse periods. Intense 
subpulses with more than 5 times the integrated energy 
of the average subpulse occur about once in every 10 
to 20 pulse periods, however, suggesting that true 
switching between modes is not occurring but, rather, 
that the long tail of the pulse energy distribution 
influences the stability of the average pulse profile. 

Previous measurements of the micropulse time 
scales (Hankins 1972) attributes a value of 575 ¿¿s to 
the width of the autocorrelation feature at 111, 196, 
and 318 MHz. It is possible that these features, on 
closer inspection, also show dual microstructure time 

scales. Clarification of this ambiguity is important 
because the frequency dependence of the micro- 
structure time scale is critical to an understanding of 
its physics. 

The acf’s of component I differ from those of the 
other components also in the appearance of periodici- 
ties in the acf of I with a period of 1.2 ms. Analyses of 
separate data sets show that the periodicity does not 
always occur; and it is not clear whether the periodic- 
ity is due to only a few intense micropulses in a few 
subpulses or is truly an average effect. The facts that 
there are two cycles of the periodicity in the acf, 
however, and that the periodicity is evident in more 
than one data set, indicate that there is a systematic 
preference for micropulse separations of 1.2 ms. 
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Finally, the appearance of the periodicity in the acf of 
L indicates that adjacent periodic micropulses have 
partially correlated polarization states. 

Regarding polarization, we see from the acf’s that 
micropulses are about equally polarized in all three 
longitude regions at about 50%-60% linear polariza- 
tion. The linear and circular polarization decorrelate 
considerably on the micropulse time scale in com- 
ponent I, in contrast to the slow decorrelation in the 
other two components. The subpulse degree of linear 
polarization has an rms value that is twice as large in 
the saddle region and component II as in component 
1. It is clear, then, that in component I polarization 
variations on the micropulse time scale depolarize a 
subpulse if the subpulse is smoothed to the point of 
obliteration of the microstructure (as with the ob- 
servations of Manchester, Taylor, and Huguenin 
1975). 

The behavior of the phase of rL also distinguishes the 
polarization character of component I from the rest of 
the profile. In components S and II the phase shows 
only a small increase with increasing lag; there is little 
systematic deviation from a straight line. The small 
increase of phase with lag is directly related to the 
approximately linear rotation of the position angle in 
the average profile (Fig. 1). In component I the phase 
shows ripples with 45° peak-to-peak amplitudes and 
time scales about equal to the microstructure time 
scale, behavior which is undoubtedly related to 
random or 90° jumps of the position angle between 
micropulses. The phase is comparatively constant 
under the microstructure portion of the acf, again 
indicating that the polarization state is constant over a 
micropulse duration. 

c)PSR 1919 + 21 

PSR 1919 + 21 shows complicated variation of the 
polarization state through the average profile. The 
average degrees of polarization are small (~10%) in 
the two components. Fast changes in the polarization 
state occur at various longitudes, particularly near the 
first peak of the average profile, where the linear 
polarization drops nearly to zero, the sense of circular 
polarization changes, and there is a 60° change in the 
position angle (Fig. 1). These particular features are 
coincident with a longitude region where drifting 
subpulses are strong and the discontinuous change in 
the polarization state may very well be related to the 
deep notch in the average profile seen at frequencies 
below about 200 MHz (Hankins 1973; Cordes 1975). 

The acf’s for components I and II are similar, 
showing no sign of microstructure and indicating that 
individual pulses are weakly polarized (~3570). The 
phase of rL in Figure 4 shows a nonlinear increase that 
begins at about a 3 ms lag. Its appearance in both 
components suggests that it is a property of the 
drifting subpulses rather than of the mean pulse 
profile. Cordes (1975) showed that the dominant pulse 
constituent at 430 MHz is nondrifting and extends 
over nearly the whole longitude range of the average 
profile. Drifting subpulses have widths of about 2.5 ms 

that correspond to an autocorrelation half-width of 
about 3.5 ms. The acf’s of V and L are approximately 
that wide, suggesting that the polarization is associated 
with the drifting subpulses whose relatively small 
contribution to the total intensity accounts for the low 
percentage of polarization. Unpublished data from 
Rankin (1973) indeed show that the polarization is 
correlated with the drifting subpulses as for PSR 
0809 + 74 and PSR 0031-07 (Taylor et al 1971; 
Manchester, Taylor, and Huguenin 1975). 

The systematic increase of the phase of rL beginning 
at about a 3 ms lag implies a systematic variation of 
the position angle through a subpulse, possibly due to 
the presence of orthogonal position angles on opposite 
sides of the subpulses. At lags between 3 and 4 ms, it 
is just those portions of the subpulses that contribute 
to the lagged products of the acf’s. That the phase 
increases with lag implies that the position angle at the 
leading edge of a subpulse is advanced with respect to 
the angle at the trailing edge. 

d) PSR 2016+ 28 

The average Stokes parameters for this object 
(Fig. 1) show that the leading and trailing edges are 
weakly polarized while a broad region in the front 
part of the pulse is more highly polarized with 
<i/y> £: -0.15 and <i/L> ^ 0.30. The position angle 
slowly rotates through the region of high polarization, 
undergoes a 90° transition at the trailing edge of the 
region, and then appears to be constant. 

This object displays drifting subpulses that contain 
well-defined micropulses (Backer 1973; Boriakoff 
1976; Cordes 1976a). Manchester, Taylor, and 
Huguenin (1975) state that the polarization drifts 
with the subpulses, as for PSR 0031—07 and PSR 
0809 + 74, with the position angles of the leading and 
trailing edges of the subpulses usually being at mutu- 
ally orthogonal angles. The microstructure has a 
quasi-periodic component with period Pß ^ 0.9 ms 
that is dominated in its contribution to the intensity 
variance by an aperiodic component. 

If we refer to the acf’s for components I and II in 
Figure 5 and to Table 1, it is evident that the micro- 
structure modulation index, the strength of the micro- 
structure periodicity (which appears as a correlation 
enhancement at a lag of about 0.9 ms), and the degrees 
of linear and circular polarization are all larger in 
component I than in component II. Values of in 
the two components, 0.54 and 0.47, are consistent with 
a value of 0.50 presented in a previous work (Cordes 
1976a) that was obtained from an acf computed over 
the whole longitude region of the pulse profile. The 
microstructure periodicity is barely discernible in 
component II, but the period in both components is 
the same as that reported previously (Boriakoff 1976; 
Cordes 1976a). In component I, the periodicity 
appears in the acf of L as well as in the acf of I. It 
follows that neighboring periodic micropulses share 
the same linear polarization state. Generally, however, 
the polarization state is substantially decorrelated 
between micropulses because micropulses are 407o and 
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a 707o more polarized than subpulses in components I 
Í and II, respectively. 
S As with PSR 1919 + 21, the phase of rL begins to 

increase nonlinearly at a lag ( ~ 3 ms) that corresponds 
to subpulse widths. The sense of the phase change 
again indicates that the position angles of the leading 
edges of subpulses are systematically advanced with 
respect to the trailing edges, possibly by the 90° 
rotations reported by Manchester, Taylor, and 
Huguenin (1975). Wiggles in the phase of rL suggest 
that, as for component I of PSR 1133 + 16, there are 
large variations of the position angle between micro- 
pulses. Ninety-degree transitions are indeed evident in 

Vol. 218 

Figure 7, which shows a single pulse which comprises 
two subpulses. 

IV. DISCUSSION 

a) Micropulses and Subpulses 

The polarization exhibited in single pulses—i.e., that 
associated with subpulses and micropulses—evidently 
can be described as one of the following two forms: 
(1) a slow variation of the polarization state across 
pulse longitude that is similar to that of the integrated 
Stokes parameters; or (2) occasional rapid transitions 
of the polarization state between two orthogonal 

CORDES AND HANKINS 

PSR 2016 + 28 

LONGITUDE (DEGREES) 
Fig. 7.—The Stokes parameters of a single pulse from PSR 2016 + 28 plotted with 256/us time resolution or 0?165 longitude 

resolution. The horizontal bar represents 5 ms of time. See legend of Fig. 6 for other comments. The emission from this pulsar is 
in the form of drifting subpulses, two of which are evident here separated by about 10 ms of time or 6?5 longitude. The position 
angle is extremely erratic, even where the signal-to-noise ratio is large (the ratio is ~ 110 for the peak intensity). As we have found 
from the autocorrelation functions of the Stokes parameters and as is evident here, the state of polarization is essentially constant 
over the duration of a micropulse but can change drastically on the edge of a micropulse. 
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states which have position angles separated by 90° and 
have opposite senses of circular polarization. We have 
found that transitions between orthogonal states of 
polarization preferentially occur on the edges of sub- 
pulses and micropulses, while the polarization remains 
roughly constant (i.e., it obeys case [1] above) over 
most of the duration of a subpulse or a micropulse. 
Polarization transitions do not always occur, however; 
but when they do, they tend to be on the boundaries of 
subpulses and micropulses. 

b) Digression on Micropulse Polarization 

The tendency for fast polarization changes to occur 
primarily on the boundaries of micropulses can be 
demonstrated from the shapes of the autocorrelation 
functions. We warn, however, that individual micro- 
pulses may or may not conform to the polarization 
behavior deduced from autocorrelation functions; 
acf’s are dominated by the larger-amplitude and/or 
broader micropulses because each micropulse’s con- 
tribution to an acf is weighted by its mean-square 
intensity. Occasional large-amplitude pulses from 
PSR 1133 + 16 can have total energies that are a factor 
of 10 or more greater than the mean energy; these 
pulses probably dominate the acf’s for this pulsar. 
PSR 2016 + 28, however, shows little variation of 
micropulse variance and total pulse energy from pulse 
period to pulse period; acf’s for this pulsar are there- 
fore indicative of the behavior of most individual 
micropulses. 

Referring to the acf’s for PSR 1133+16 and PSR 
2016 + 28 in Figures 3 and 5, we compare the shapes of 
the acf’s for the three polarization quantities, /, K, and 
L. Specifically, we note that (1) the micropulse features 
in the acf’s of V and L have the same width as that in 
the acf of /; (2) the micropulse features are generally 
taller (relative to the flatter subpulse regions of the 
acf’s) than the feature in the acf of /. The heights of the 
micropulse features are determined by how extensively 
the relevant quantity decorrelates; widths depend on 
the time scale of decorrelation. Restating points (1) 
and (2), we generalize that the linear and circular 
polarization of micropulses decorrelate to a greater 
extent than the total intensity, but on the same time 
scale. Such decorrelation can be explained by rapid 
transitions of the polarization state if they occur 
primarily on the edges of micropulses. If transitions 
occurred well within a micropulse, the micropulse 
features in the acf’s of V and L would be narrower than 
that in the acf of I. On the other hand, if the state of 
polarization decorrelated only on time scales larger 
than the characteristic micropulse scale, then point (2) 
above would not be true: instead, the height of the 
micropulse feature relative to the subpulse level of the 
acf would be the same in the acf’s of V and L as in 
the acf of /. 

Concluding, we state that the Stokes parameters V 
and L of micropulses are not related to the micropulse 
intensity by a simple proportionality constant. The 
proportionality factor evidently changes by consider- 
able amounts over a time scale that is short compared 

with the micropulse width. When the factor changes, it 
does so preferentially on the boundaries of micro- 
pulses as opposed to in their interiors. 

V. CONCLUSIONS 

Our aim in this paper has been to explore the 
properties of pulsar radiation on short time scales ; the 
ultimate goal is to identify processes in the pulsar 
magnetosphere that are responsible for what we 
observe. We have characterized the observed radiation 
as a stochastic sequence of polarization states, with 
structure in this sequence having several characteristic 
time scales. We therefore identify three morphological 
constituents in single pulses. Subpulses and micro- 
pulses may be considered envelopes of a random noise 
process whose fluctuation time scale is defined by the 
receiver bandwidth. The random noise process for 
PSR 2016 + 28 has Gaussian statistics (Cordes 1976a). 
Its intrinsic bandwidth may extend to a few GHz if 
micropulses themselves are due to broad-band sources. 
Of the three constituents, we must regard the noise as 
the most fundamental because its fluctuation time 
scale—perhaps as small as a nanosecond—is closest to 
that expected from an elemental radiation source. 
Micropulses and subpulses are presumably produced 
by grouping such elemental units together in large 
enough numbers that Gaussian statistics result. 

Radhakrishnan and Cooke (1969) first proposed that 
coherent radiation is due to streaming charges that 
radiate by virtue of their motion along curved mag- 
netic field lines. Assuming that the relevant field lines 
are near the magnetic pole of an approximately 
dipolar field, the features of the model follow: (1) a 
prediction that the polarization position angle rotates 
monotonically through the average pulse profile; the 
total angle swept (<180°) is determined by the 
minimum angle between the magnetic pole and the line 
of sight; (2) an association of spectral cutoffs of 
pulsars with the length scale over which particles 
radiate coherently ; this length scale may be the size or 
spacing of particle “bunches” or it may be associated 
with maser amplification; in either case, radiation is 
relativistically beamed parallel to the particle momenta 
such that narrow (nanosecond duration) pulses are 
directed toward the observer (Paper I); (3) an under- 
standing of the stability of polarization profiles of 
many pulse averages over periods of years if the stellar 
magnetic field dominates the formation of the radia- 
tion (Manchester et al. 1973). 

Pulsar radiation deviates in several ways from the 
Radhakrishnan and Cooke model (viz., item [1] in 
preceding paragraph). Many pulsars show position 
angle rotations in average profiles that are non- 
monotonic and discontinuous (Manchester 1971; 
Rankin, Campbell, and Backer 1974), but it has been 
demonstrated (Backer, Rankin, and Campbell 1976) 
that such behavior can be understood simply by allow- 
ing a single pulse at a given longitude to have one of 
two preferred orthogonal position angles. The pre- 
ferred angles, which are revealed in histograms of the 
position angle, each rotates smoothly with longitude 
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in a manner that is consistent with the Radhakrishnan 
and Cooke model. Other phenomena that need to be 
reconciled with the Radhakrishnan and Cooke model 
are: (1) the marked deviation of single-pulse polariza- 
tion from the average polarization; (2) occasionally 
large percentages of circular polarization; and (3) a 
level of polarization on the 8 /xs time scale (see § III) 
that is well below 1007o polarization (Table 1). 

Single-pulse polarization may deviate from the 
average polarization simply because of switching 
between orthogonal polarization states. Switching 
occurs preferentially on the boundaries of micropulses 
and subpulses, although switching certainly does not 
always occur, nor can we state that it occurs only on 
the boundaries. At observation frequencies near the 
upper end of the pulsar spectrum, polarization posi- 
tion angles become increasingly more random 
(Manchester, Taylor, and Huguenin 1975), indicating 
some process that further depolarizes pulsar radiation 
but is different from the more systematic switching 
between orthogonal states. 

Curvature radiation from an ensemble of inde- 
pendent emitters is unlikely to produce substantial 
circular polarization. Opposite senses of circular 
polarization are radiated into directions that are on 
opposite sides of the trajectory plane of the particles. 
Radiation from a single emitter (a bunch or a plasma 
oscillation) will probably possess little circular 
polarization because particles will span different field 
lines, causing opposite senses of circular polarization 
to be added. More important, over the 8 /xs resolution 
of our data, our line of sight will have sampled a 
region that contains many coherent emitters whose 
net circular polarization is equally likely to be positive 
or negative. 

Total observed polarization on the 8 /xs time scale, 
which we have called the “noise” level of polarization, 
is determined by depolarization that occurs on time 
scales of 8/xs. If the polarization position angle is 
determined solely by the ambient magnetic field, we 
would expect to measure near-unity values for the 
noise level of polarization; this follows because the 
change in field line orientation (and hence the change 
in position angle) over the light distance corresponding 
to 8 /xs is insufficient to account for the observed 
amount of depolarization. Depolarization over 8 /xs 
may conceivably be caused by submicrosecond 
structure—which may also display 90° position angle 
transitions and circular polarization changes—that is 
averaged together by our receiver. 

To account for such polarization phenomena, 
radiative-transfer effects probably have to be amended 
to the Radhakrishnan and Cooke model. Transitions 

of the position angle between orthogonal angles may 
be intrinsic to the emission process, as suggested by 
Manchester, Taylor, and Huguenin (1975), who linked 
transitions with the polarization-dependent optical 
depths of a relativistic medium. Alternatively, position 
angle transitions may be imposed after emission, as 
with the Faraday pulsation model (Cocke and 
Pacholczyk 1976) or with induced scattering (Bland- 
ford and Scharlemann 1976). More work is clearly 
needed to describe the precision of any relationship 
between the intensity and the state of polarization. 
The preference for polarization transitions to occur on 
boundaries of micropulses and subpulses suggests that 
low-intensity regions have different polarization states 
than high-intensity regions. However, it is not clear 
why transitions do not always occur on pulse edges if 
the intensity is below some threshold value. 

As for the viability of a postemission process being 
responsible for polarization transitions, we can state 
that our results disfavor arbitrary processes which 
treat the radiation as a perturbation of the responsible 
medium. The Faraday pulsation mechanism, for 
example, cannot explain the tendency for position 
angle transitions to occur on the edges of micropulses. 
Moreover, it predicts that position angle transitions 
occur when the circular polarization reaches a maxi- 
mum, rather than when it makes a zero crossing. 
Evidently, the actual mechanism “knows” where 
micropulse boundaries are; it must therefore either be 
a feature of the emission mechanism or a postemission 
process where the pulse of radiation has sufficient 
energy to alter, in a time-dependent way, the medium 
through which it passes. A mechanism of this latter 
kind, known as self-induced transparency, explains 
the propagation of large-amplitude, pulsed, coherent, 
laser radiation with anomalously low dissipation 
through a medium with which the radiation is at 
resonance (McCall and Hahn 1969). 
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APPENDIX 

INSTRUMENTAL POLARIZATION EFFECTS 

Errors in polarization measurements derive from a number of sources in the receiver system, including cross- 
coupling of power between two orthogonal feeds, unequal gains in two receiver channels, and imperfect base-band 
mixers. Here we derive the errors which result from each of these sources of imperfection. 
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In general, if the actual left- and right-hand circularly polarized components of the electric field are 

then we can represent the measured receiver voltages before detection as 

(Al) 

F=^=GA£ (A2) 

where G is a diagonal gain matrix with (real) elements gr and and A is a unitary matrix which describes the cross- 
coupling (with magnitude and phase) between the two channels; that A is unitary (i.e., the inverse of A is equal to 
its conjugate transpose) implies that the norm of E, which is the power in the signal, is conserved. The trans- 
formation described by G does not in general conserve power. 

I. CROSS-COUPLING 

Considering for now that G is a unit matrix, we can show (e.g., Rankin, Campbell, and Spangler 1975) that the 
transformation described by A separately conserves both the total measured power and the total polarized power, 
but linearly polarized power can be transformed into circularly polarized power and vice versa, lîL = Q + iU, V 
are the “true” Stokes parameters of the field incident on the telescope, and L', Vf are the measured ones, then the 
errors in the measured parameters are 

AK' = 2(a)1/2cos(0 + 20)|L| (A3) 

AL' = — 2(a)1 V (A4) 

where L = Q + iU, i/j = tan-1 (u/Q) is the position angle of the source, a is the cross-polarized power between 
the two receiver channels, and </> is the phase of the cross-coupling. It is clear from equations (A3) and (A4) that a 
100% linearly polarized signal can be converted by an imperfect antenna into an elliptically polarized signal whose 
state of polarization is a function of the position angle of the source. 

Note that if the true polarization position angle were to jump by 90° (0 -> 0 ± 90°), then the error in V would 
change sign [cos (</> + 2i/j) — cos (</> + 20)]. Similarly, a change in sign of true circular (V-> — V) will appear as 
a 90° change in position angle of AL'. Such spurious sign changes in the circular and 90° transitions in the position 
angle have a limiting amplitude given by 2(a)1/2. Rankin, Campbell, and Spangler (1975) place an upper limit of 
a < 0.0025 on the cross-polarized power between two circularly polarized ports of the 430 MHz line feed at 
Arecibo based on radar measurements on the planet Venus. Therefore we have the limits 

|AK'|/|L| ^ 0.1 , 

IAL'I/I V\ ^ 0.1 . (A5) 

If we take the view that 90° position angle transitions induce the observed zero crossings of the Stokes parameter 
K, then we require that the degree of circular polarization be at most 10% of the linear polarization on either side 
of the transition. Moreover, whenever there is a 90° transition there must be a zero crossing of the circular polariza- 
tion if the transition is between angles such that cos (0 + 20) is not small. There are numerous counterexamples 
against these two phenomena for PSR 2016 + 28. The degree of circular polarization is sometimes more than 100% 
of the degree of linear polarization; zero crossings of V sometimes occur when there is no 90° angle transition; 
finally, the variation of the magnitude of V with pulse longitude is often much different from that of |L| when the 
position angle is constant over longitude [for a variety of pulses with different constant position angles; i.e., 
cos (0 + 20) is not fortuitously zero for this phenomenon to occur], implying that the circular polarization is in 
general not related by a proportionality factor to the linear polarization. We conclude that cross-coupling is not 
responsible for the sometimes observed cooccurrence of 90° angle transitions and zero crossings of the Stokes 
parameter K. 

Estimates of the mean degree of circular or linear polarization will be in error by the amounts 

<^') - <¿l> * -2(ayi\dvy cos (0 + 20), 

(dy'y - (dvy x 2(a)1/2<^> cos (0 + 20), (A6) 

where unprimed and primed fractional polarizations are, respectively, the true and measured values. 
Autocorrelation functions of V and L will be in error due to cross-coupling, but the acf of / will be unchanged. 

It can be shown that the autocorrelation function of the measured linear polarization (L') is of the form 

L’{r) * (1 - 2«K(t) + 4ary(t) + 8(a)1'2! ^/(r))2^/))^?)) cos [2^)]/) dKI{t))\3 + <d(t)}2) (A7) 
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for small lags (i.e., lags less than the microstructure decorrelation time). The maximum magnitude for the last term 
is 0.05 when a = 0.0025 and when dv = dL = 2'1/2, d = \, and 0 = constant. However, dv(t) and cos [2^(0] will 
both change sign with time, so the result of the time integration will be a greatly diminished contribution from this 
term; conceivably, if dv(t) and cos [2i[t(t)] change sign together (which they do when sense changes of the circular 
polarization and 90° position angle contributions occur together), then the integration would not lessen the value 
of the term; however, the data indicate that i/j(t) and dv(t) can change sufficiently independently that we can assign 
a value of zero to this term. For a = 0.0025, the errors in rL(r) are on the order of 1%, a maximum value. 

II. GAIN ERRORS 

When the gains of the receiver channels are not identical, the measured Stokes parameters will be (primes) 

/' = G/+ AGV 

L' = gL 

V' = AGI+GV, (A8) 

where G = (g? + gr
2)/2, AG = Hg? — gr

2), and g = gigr. It can be shown that the resultant acf’s will be 

r/(0+) £ r7(0
+)[l + 2edv(l - ¿

2)/(3 + d2)] 

V(0+) ä rv(0+)[\ - 2e(3 + d2 - 4dv)ldv(3 + d2)] 

rLW) * ^(0+)[l + 8eJy/(3 + d2)], (A9) 

where we have used gj,r = 1 + e/2. 
For the measurements discussed in this paper, the gains were measured to an accuracy such that |€| ^ 0.02; 

therefore the acf’s all have errors of less than a few percent. Note that if dv = 0, then the errors vanish and the 
acf of K vanishes because Æy(0+) oc dv

2. 

HI. BASE-BAND MIXERS 

A base-band mixer multiplies the intermediate-frequency (IF) signal by 2 sinusoids whose phase difference is 
tt/2 and whose frequencies are equal to the IF center frequency, thereby producing two slowly varying signals 
centered on zero frequency (base-band) which we call the real and imaginary parts of the base-band signal. The 
statistical properties of the base-band signal will be altered if the amplitudes and phases of the two sinusoids are 
not identical. If we let the amplitudes of the two sinusoids be 1 ± 8/2 and the phase difference be tt/2 + <£ (instead 
of 7T-/2), then the intensity modulation index will be, to lowest order in </> and 8, 

mi = ((i
2yi(iy2 - i)1'2 - i + (s2 + <^)/2. (Aio) 

Thus phase and amplitude errors only increase the intensity modulation index, because the number of degrees of 
freedom N is effectively decreased by mixer imperfections. We have assumed that the true (8 = 0 = 0) base-band 
signal has real and imaginary parts that are zero-mean Gaussian random variables with equal variance. A sum of 
the squares of N such random variables will have a modulation index m(N) = (2/V)1/2. 

It can be shown that the mean values of the Stokes parameters will be altered by factors that are second-order or 
higher in the parameters 8 and 0. Measurements of the modulation index of Gaussian noise at the output of the 
base-band mixers always satisfied ntj ^ 1.01. Therefore it is clear that errors in the measured Stokes parameters 
due to base-band mixer imperfections are always less than \°/0. 
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