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ABSTRACT 

Polarization at 430 MHz is studied over time scales from 8 /¿s to several years. We identify two 
orthogonal modes of polarization that have position angles separated by 90° and opposite senses 
of circular polarization. The correlation of position angle with sense of circular polarization is 
firmly established. The occurrence of the modes is studied as a function of pulse longitude and 
over pulse-to-pulse time scales. The intensity and frequency of occurrence of the modes show 
markedly different longitude distributions. At one longitude, switching between modes occurs in 
most pulses, while at another longitude where the modes are roughly equally probable, switching 
occurs stochastically from pulse to pulse and within single pulses on the periphery of subpulses. 
Switching is correlated with quasi-systematic intensity variations in one pulse component that 
occasionally appear as strong pulses alternated by weak pulses. One mode is clearly associated 
with a larger range of intensities than is the other mode; however, there is no evidence for a 
threshold intensity above which one mode is radiated and below which the other is radiated. We 
mention indications that average polarization profiles may change slightly on time scales of weeks 
to months. 
Subject headings: polarization — pulsars 

I. INTRODUCTION 

Pulsars are noted for their highly polarized emission 
and for intensity variations with time scales ranging 
from microseconds (Hankins 1971) to months 
(Huguenin, Taylor, and Helfand 1973). A considerable 
body of literature exists which describes the pheno- 
menology of pulsar polarization, some of which is 
understood within the context of the oblique rotator 
pulsar model (Radhakrishnan and Cooke 1969); 
however, many aspects of this phenomenology are not 
yet understood. Basically it is found that fluctuations 
of the state of polarization are strongly coupled to 
intensity variations (Cordes and Hankins 1977) and 
that they occur in at least three forms: 

1. There is a slow variation with pulse longitude of 
the polarization of average pulse profiles. Nonmono- 
tonic and discontinuous rotations of the polarization 
position angle are observed for some pulsars, but these 
can be attributed to the occurrence of orthogonal 
modes of polarization in single pulses. The relative 
strengths of the two modes vary with pulse longitude, 
thus causing discontinuities in the average position 
angle (Backer, Rankin, and Campbell 1976). 

2. There are transitions between two orthogonal 
states of polarization; large intensity gradients are 
evidently necessary but not sufficient conditions for 
transitions to occur in single pulses. Transitions also 
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occur from pulse to pulse. In several objects, the transi- 
tions are coupled to drifting subpulse patterns (Rankin, 
Campbell, and Backer 1974; Taylor et al. 1971). 

3. There are erratic changes of the polarization 
state from pulse to pulse that more extensively depola- 
rize synchronous averages at the higher frequencies, 
e.g., at least ~lGHz (Manchester, Taylor, and 
Huguenin 1975). 

The position-angle variation in a given pulse is 
evidently determined by both a geometrical mechanism 
and a stochastic process describing the switching 
between orthogonal modes. The geometric aspect 
comprises the changing projection—due to stellar 
rotation—of some vector (e.g., the magnetic pole) 
onto the plane of the sky, a model that closely mimics 
the position-angle rotations observed from several 
pulsars (Radhakrishnan and Cooke 1969; Komesaroff 
1970; Manchester and Taylor 1977). Orthogonal 
modes complicate the position-angle rotation in some 
average profiles, but each mode rotates with longitude 
in a fashion consistent with a geometric origin. 

Transitions between orthogonal modes may be 
intrinsic to the emission process or may be imposed on 
radiation by propagation effects in the pulsar magneto- 
sphere. If two orthogonal modes of polarization con- 
tribute to the initial radiation, the polarization observed 
may depend on the optical depths for absorption 
(Manchester, Taylor, and Huguenin 1975) or for 
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Thomson scattering (Blandford and Scharlemann 
1976), which may differ in a time-variable fashion. 

The present paper explores intensity and polariza- 
tion variations from PSR 2020+28, the aim being to 
gain insight into the possible determinants of polariza- 
tion transitions. We investigate polarization over the 
range of time scales from 8 /xs to several years. 
Particular attention is devoted to correlations with 
intensity of the position angle. Orthogonal modes are 
described as accurately as possible in the hope that the 
underlying mechanism can be discerned. PSR 2020 + 
28 was selected for detailed study because of its high 
polarization, both circular and linear, and because the 
modality phenomenon appeared to play a particularly 
constitutive role in its intrapulse structure. 

II. OBSERVATIONS 

Observations were made at Arecibo Observatory 
with the 305 m dish and the 430 MHz line feed which 
provides both senses of circular polarization. Instru- 
mental polarization for this feed has been discussed in 
detail by Rankin, Campbell, and Spangler (1975) and 
Cordes and Hankins (1977). Cross-coupling of power 
between the two circular polarizations provided by the 
line feed has an upper limit of 0.25%. Cross-coupling 
conserves polarized power but linearly polarized power 
can be converted to circularly polarized power and 
vice versa; an upper limit on power that is converted 
in this way is 10%. After considering gain mismatches 
of the two receivers, we believe that instrumental 
effects produce errors in the Stokes parameters that 
are less than 107o and may be less than 5%. 

Two observing programs with different polarim- 
eters and analysis programs were used. Relevant 
instrumental details are given in Table 1. The first 
(program I) has been described by Rankin, Campbell, 
and Backer (1974). Briefly, it is a polarimetric study 
commenced in 1971 of both average profiles and single 
pulses of a number of pulsars with approximately one 
milliperiod resolution. The second program (II) 
involves study of single pulses from pulsars with micro- 
second time resolution, results of which have been 
reported by Hankins (1971, 1972, 1973), Cordes 
(1975, 1976a), Rickett, Hankins, and Cordes (1975), 
and Cordes and Hankins (1977). Program II involves 
sampling of signals before detection, application of a 
digital filter to remove the effects of interstellar dis- 
persion, and subsequent formation of the Stokes 
parameters in the computer. Analysis includes forma- 

TABLE 1 
Data-Acquisition Information 

Item Program I Program II 

Dates    1972 June-present 1976 April, May 
Bandwidth   500 kHz 125 kHz 
Resolution  8 /xs 
Postdetection 

smoothing  0.33 ms/0?35 0.26 ms/0?27 
Dispersion smearing.. 1.3ms/l?35 8/lis/0?008 
Polarimeter.  Hardware, adding Software 

tion of average profiles and computation of average 
autocorrelation functions of the Stokes parameters by 
summing autocorrelation functions of single-pulse 
Stokes parameters. 

III. ORTHOGONAL MODES OF POLARIZATION 

a) Single Pulses and Average Profiles 

Figure 1 (Plate 34) shows the color-coded Stokes 
parameters of a sequence of 220 pulses obtained in 
program I. The total intensity (/), the percentage 
linear polarization [1001£|//], the position angle 

tan-1 (C//g)], and the percentage circular polariza- 
tion [100 Vjl] are plotted for a small range (28?3) of 
pulse longitude centered on the expected arrival time 
of the pulses. Time extends from left to right through 
pulses and successive pulses are plotted from top to 
bottom. 

The summation of 4400 pulses like those in Figure 1 
yields the average polarization profile of Figure 2. The 
total intensity shows double-lobed structure that is 
common to many pulsars (Backer 1976) ; the intermedi- 
ate “saddle” region is relatively broad compared with 
the widths of the lobes. Circular polarization is small 
except in component II, where it is about 10%. Linear 
polarization is a maximum in component I at 80% 
compared with 35% in component II. Most important, 
however, are the “nulls” in the linear polarization on 
the trailing edge of component I and on the leading 
edge of component II. The nulls align with rapid 

Longitude 
Fig. 2.—Average Stokes parameter profiles computed from 

4400 pulses recorded on 1972 June 29. Resolution is 1.3 ms or 
1?35 of pulse longitude. Stokes parameters are expressed in 
Jy. Position angles are not absolute. 
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LONGITUDE (degrees) 
Fig. 3.—Average profiles of the Stokes parameters com- 

puted from 400 single pulses recorded on 1976 March 29. The 
horizontal bar represents 5 ms of intrapulse time. Resolution 
is 0.256 ms or 0?27 of longitude. The position-angle scale is 
rotated by an arbitrary angle relative to position angles in 
Figs. 1, 2, 5, and 6. Note that the sense of circular polarization 
in component 1 is opposite that in Fig. 2. 

swings of the polarization angle of approximately 90°. 
It is clear from Figure 1 that the first null and discon- 
tinuity of position angle occur in nearly every pulse. 
In component II the position angle usually rotates 
smoothly within a single pulse. Occasionally within 
single pulses and more often from pulse to pulse, 
however, the position angle jumps between orthogonal 
angles (orange and cyan). 

Observations of PSR 2020 + 28 on a given day yield 
stable average polarization profiles if at least ~300 
pulses are summed. Average profiles from different 
days may show significant differences, however. For 
example, the circular polarization in component I in 
Figure 2 is positive (LHCP). An average profile 
obtained on a different date (Fig. 3) has negative 
circular polarization (RHCP) in component 1. We 
defer a discussion of such long-term variations until 
§ V. In the remainder of this section we discuss short- 
term fluctuations of the total intensity and state of 
polarization. 

The pulse intensities in Figure 1 are heavily modula- 
ted from pulse to pulse by both random variations and 
systematic patterns. The level of modulation is quanti- 
fied by the intensity modulation index, defined by 

mi := 0/2 ~ aJoff2)1/2/CO (1) 

and plotted in Figure 4. The modulation index is 
smallest in the saddle region, implying a relative 
stability of the emission there. The modulation index 
is largest on the wings of the average profile where 
emission is only occasionally strong. Also displayed in 
Figure 4 is the frequency of occurrence of maximum 
emission as a function of longitude. The strongest 
emission usually occurs in narrow longitude regions 
centered on components I and II. In component I 
there appear to be two preferred locations for maximum 
emission that are apparently related to features in the 
modulation index. Moreover, these locations may be 
identifiable with subfeatures in component I that are 
evident in Figure 3. 

Systematic pulse-to-pulse fluctuations are revealed 
by spectral analysis of the intensity at fixed longitudes. 
Backer, Rankin, and Campbell (1975) found patterns 
with characteristic periods of iY ~ 3P1 in component 
I and P3 ~ 2P1 in component II (Pi is the fundamental 

LÜ 
I 2 

Z o 
$ 1 

_l 
Q 
§ 0 

Fig. 4.—Histograms of the longitudes of maximum emission 
in single pulses superposed with the average profile. The histo- 
gram demonstrates that peak emission occurs within narrow 
ranges centered near the two lobes of the average profiles. 
Other pulsars sometimes show frequent strong emission in 
between the two average profile lobes. Also shown is the inten- 
sity modulation index. 
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pulse period). The relationship of polarization to 
systematic intensity variations will be discussed later 
in this section. 

b) Identification of Modes of Polarization 

The polarization of single pulses and average profiles 
suggests the presence of two preferred position angles 
at some pulse longitudes. To manifest the presence of 
these two position angles and the way their frequency 
of occurrence changes with longitude, histograms of 
the state of polarization are shown in Figure 5. For 
each longitude bin, histograms were computed of the 
position angle, the magnitude of the linear polarization, 
and the circular polarization of 1537 pulses. 

Plotted symbols represent the fractional occurrence 
of quantities at each longitude bin. Outstanding 
features include: (1) a large fraction of nearly com- 
pletely linearly polarized intensities at the peak of 
component I; the state of polarization is stable here 
with 80% linear polarization in the average profile; (2) 
the preference in component I for position angles to 
occur in a narrow range of values centered on about 

52°; on the trailing edge of component I the histogram 
of angles itself jumps by 90°, indicating that a mode 
orthogonal to that which predominates in component 
I is preferred; consistent with the 90° jump is a null in 
the percentage linear polarization; and (3) a bimodal 
distribution of position angles beginning on the lead- 
ing edge of component I and extending through com- 
ponent II. 

The polarization histograms clarify the behavior of 
the average polarization in Figure 3. The discontinu- 
ities of the average position angle at longitudes of —4°, 
+ 3°, + 4°, and + 6° are clearly due to the changes in the 
relative average contributions of the two polarization 
states. 

c) Isolation of Modes of Polarization 

Some interpretive comments on the histograms are in 
order here. The histograms clearly show the presence 
of two orthogonal position angles, but we note that the 
state of polarization at any instant may or may not 
derive solely from one or the other of the modes. 
Suppose the linear polarization L = g + /£/ is an 

Fig. 5.—Histograms of the percentage linear and circular polarization and of the polarization position angle as functions of 
pulse longitude. Sizes of plotted circles are proportional to the fraction of pulses for which the quantities achieve their possible 
values. Small dots denote a fraction between 0.05% and 4.99%, medium-size dots a fraction between 5% and 35%, large dots 
a fraction between 35% and 70%,. No fractions are larger than 80%o. Fractions less than 0.05%o are not plotted. For the percent 
linear polarization, fractions less than 5%0 also are not plotted; 1536 pulses from observations of 1972 June 29 were used. Data 
with intensities below a 3 Jy threshold were not used in the computation. 
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Fig. 6.—(a) Scatter plot of the Stokes parameter V versus the position angle for 2000 pulses observed on 1972 June 29. Samples 
used were those of maximum intensity occurring in component II of the average profile. Sizes of plotted circles are proportional to 
the number of pulses (out of 2000). The four sizes correspond to the ranges (from small to large) of: 1 to 3 pulses, 4 to 8 pulses, 
9 to 15 pulses, and more than 15 pulses, (b) Similar scatter plot of total intensity versus the position angle. Intensities less than 2 Jy 
have not been included. 

admixture of two modes, L = + L2, where 

Ly = |Za| exp {2í<¡j) 

L2 = \L2\ exp [2i(>p + tt/2)] = - \L2\ exp (2i<f>). (2) 

Apart from a phase factor (e2i,/r), one mode has positive 
real linear polarization, the other has negative real 
linear polarization; i.e., the vectors Lx and L2 are 
antiparallel on the complex plane and therefore the 
net position angle is determined by the larger of 
and |L2|. In this idealized situation, intermediate 

position angles between ÿ and + (tt/2) do not occur 
for the sum L = + L2. Therefore, unless the radia- 
tion at any instant is exclusively of one mode, the 
histograms of position angle measure only how often 
one mode dominates the other, rather than how often 
each mode occurs. 

Luckily, it appears that modes occur disjointly (i.e., 
only one mode contributes to the emission at any 
instant) for PSR 2020 + 28 for the most part, as we 
shall demonstrate. First, in Figure 6a, we show a 
scatter plot of Stokes parameter V (circular polariza- 
tion) and position angle for a range of longitude that 
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encloses component II of the average profile. Clearly, 
negative values of V (RHCP) are associated with one 
position angle (mode 1), positive values with the other 
position angle. The precision of this relationship can 
be determined from the correlation coefficient 

Plv EE |</t,>| ^ |<sgn [Re (L)] sgn V>\ , (3) 

where sgn(x) = ±1 for x $ 0. We presume, in the 
case of the pulsar emission, that the position angles of 
the modes are rotated such that L is real and is either 
positive or negative. For random noise, piv = 0 
because Re (L) and V are independent and are equally 
likely to be positive and negative. When the signs of 
L and V are deterministically related, = 1. From 
the data used to form the scatter plot of Figure 6a, 
we obtain piv = 0.97. Only those values of V were used 
whose magnitudes were greater than twice the standard 
deviation of the off-pulse V. A value of ptv so close to 
unity implies one of several possibilities: (a) modes 
occur disjointly; (Z>) modes are superposed and are of 
comparable intensity but at any instant one mode is 
always more strongly polarized (both linearly and 
circularly) ; or (c) the intensity in one mode is instan- 
taneously larger than that of the other, so that fluctua- 
tions in the degree of polarization do not destroy the 
relationship between L and F. 

Additional criteria, besides the correlation of the 
signs of V and L, for deciding whether modes occur 
disjointly are: (1) There is a large average fractional 
linear polarization. The net average fractional linear 
polarization, 

<¿L> = [|<£l>| - |<£2>|]/</l + /2>, (4) 

is clearly lessened if both modes contribute at a given 
pulse longitude. (2) A large second moment of dL will 
denote large instantaneous linear polarization even 
though the average dL may be small. We write 

<¿L2> ^ 
</2> 

<£1
2> + <¿22> 

<(/i + /2)
2) 

(disjoint) 

(L1
2y + <L2

2) - 2|<L1)l 1<L2)| 
<(/l + /2>2> 

(superposition) (5) 

where the cross term, — 2|<L1>| |<L2>|, is absent when 
the modes occur disjointly and it is assumed that both 
modes occur equally frequently when they are disjoint. 
As an extreme example, the mean value of dL could be 
zero while the mean-square value is unity if the modes 
are disjoint; if the modes superpose, then the mean- 
square value can be zero as well. 

Both criteria are satisfied in component I of the 
average profile of PSR 2020 + 28 where the mean 
degree of linear polarization is 7870 and the mean- 
square value is 80%• The depolarization may be due 
to emission in the other mode (mode 1) whose contri- 

bution to the intensity is one-ninth that of mode 2 if 
mode 1 is 100% polarized or is one-fourth the intensity 
of mode 2 if mode 1 is unpolarized. It seems unlikely 
that more than one mode contributes because the 
degree of polarization is fairly steady from one pulse 
to the next. 

Saddle region emission is typically more than 50%, 
linearly polarized with the position angle nearly always 
being 90° away from that in component I. If both 
modes contributed, one might expect occasional sign 
changes in L due to random fluctuations in the 
relative strength of the two modes. 

d) Relationship of Total Intensity to 
Mode of Polarization 

The instantaneous mode of polarization is correlated 
with the total intensity, a result that also is consistent 
with disjoint occurrence of the modes. This is evident 
in Figure 1, where large intensities in component II 
usually have position angles of ~ + 30° (cyan), while 
— 60° position angles (orange) are preferred for dimi- 
nished intensities. It is also clear that the instan- 
taneous mode is synchronized with the previously 
mentioned systematic modulation of the intensity. 
The intensity is large every other pulse period and weak 
in between for 10 to 20 pulse periods, after which it 
becomes disorganized for 5 to 20 periods. Mode 1 tends 
to occur at the maxima of strong pulses; mode 2 is 
found on the trailing edges of the strong pulses and in 
the weak pulses. In this regard, PSR 2020 + 28 is 
similar to PSR 2303 + 30, which shows highly orga- 
nized modulations on alternate pulse periods of the 
total intensity and state of polarization (Rankin, 
Campbell, and Backer 1974). 

The state of polarization is determined precisely by 
neither the intensity relative to some local maximum 
(e.g., the maximum subpulse intensity) nor by the 
absolute intensity. This is clear from Figure 66, where 
we show a scatter plot of intensity and position angle 
for the point of maximum intensity in component II 
in each of 2000 pulses. The effects of interstellar 
scintillation, which modulate the intensity on ~ 1000 
pulse time scales, were reduced by computing scatter 
plots for 200-pulse blocks and normalizing to the mean 
pulse intensity of that block. Clearly, small intensities 
(down to the 2 Jy noise limit) are associated with mode 
1 as well as the largest intensities. Thus there is no 
detectable absolute intensity threshold above which 
one mode is preferred and below which the other is 
preferred. Furthermore, the fact that peak subpulse 
emission can occur in either mode implies that the 
radiated mode is not determined exclusively by the 
subpulse structure either. The strongest statement is 
that mode 1 occurs with a larger range of intensities 
than does mode 2. 

e) Quantitative Separation of the Modes 

Average profiles of the intensity, linear polarization, 
circular polarization, and frequency of occurrence can 
be made for radiation that is dominated by mode 1 and 
radiation that is dominated by mode 2. Moreover, if 
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we believe that the modes occur disjointly, then such 
profiles are of quantities associated with only one 
mode or the other. For each longitude bin of 1000 
pulses, the position angle was determined and assigned 
to either mode 1 or mode 2. Correspondingly, /, the 
magnitude of L, V, and the number count were added 
to accumulators for the assigned mode. In Figure 7 we 
show the resultant integrated L, V, and frequency of 
occurrence for the two modes. The linear polarization 

> 
J  1 1 1 —r—n  
9. 0.2 - 
N 
CK ^ 0 0   _l v * 
CL \ / 
< -0.2 - 
z>  I I I I I 
aç -10 -5 0 5 10 
° LONGITUDE (degrees) 

Fig. la 

LONGITUDE (degrees) 
Fig. lb 

Fig. 7.—{a) Average profiles of the total intensity and of the 
linear and circular polarization of each of the orthogonal 
modes (see text). Data are from 1972 June 29. (b) The frequency 
of occurrence of the two modes as a function of longitude. 

profiles are markedly different, with mode 2 accounting 
for virtually all linearly polarized emission in com- 
ponent I and mode 1 accounting for all that in the 
saddle region. The integrated linear polarization and 
circular polarization are roughly proportional to the 
intensity of each mode. On the trailing edge of com- 
ponent I, mode 2 gets weaker with increasing longitude 
while mode 1 gets stronger. The longitude where the 
integrated linear polarization in the two modes is 
equal coincides with the notch in the total integrated 
linear polarization of Figures 2 and 3. 

The integrated intensities tell nothing of the relative 
intensities of the two modes in single pulses. The fre- 
quencies of occurrence in Figure lb show the fraction 
of position angles that are associated with each mode; 
the sum of the frequencies therefore equals unity. On 
the extreme left and right sides of the figure—i.e., 
where there is little pulsar emission—the frequency of 
occurrence becomes nearly equal to 0.5 for both modes 
because the position angle is determined mostly by 
off-pulse noise and is therefore uniformly distributed 
over 180°. The important portion of the figure is 
that corresponding to component II (longitudes 5° to 
10°) where both modes undoubtedly contribute. Mode 
2 occurs slightly more frequently than mode 1 (5570 
of the time). Therefore, the intensities in single pulses 
themselves are stronger, on average, for mode 1 
because the integrated intensity is larger in mode 1 and 
single pulses occur less frequently in that mode. 

Quantitatively, we can state that in component I, 
mode 2 dominates the emission at least ~ 9970 of the 
time while mode 1 dominates saddle region emission 
at least ~9970 of the time. In component II, 787, of 
the intensity and 457, °f the pulses are dominated by 
mode 1 ; average intensity of mode 1 in single subpulses 
is about 4 times the average intensity of mode 2. 

IV. POLARIZATION VARIATIONS ON 
MILLISECOND TIME SCALES 

a) Autocorrelation Analysis 

The study of polarization variations on short time 
scales within single pulses is best done by forming 
autocorrelation functions (ACFs) of the Stokes param- 
eters of single pulses and summing them to form aver- 
ages. Details of this processing have been discussed 
by Cordes (1976Ô) and Cordes and Hankins (1977). 
Briefly, we form average ACFs of /, K, and L = 
Q + ill according to (e.g.) 

R^) = + t)’ <6) 
k t 

where the asterisk denotes complex conjugation, the 
sum over A: is a sum over pulses, and the sum over t is 
over time (longitude) within a single pulse. Similar 
ACFs are defined for / and V and normalized ACFs 
'■/(0, >v(0> and rL(t) are formed by dividing all 
ACFs by Æ/(0). ACFs are computed separately for 
components I and II and the saddle region and are 
shown in Figure 8. 
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POLARIZATION FROM PSR 2020 + 28 969 

Basically, the ACFs measure how the intensity and 
polarization decorrelate in time. Features in single 
pulses have characteristic time scales which can be 
identified in the ACFs. Cordes and Hankins (1977) 
have shown that polarization fluctuations are strongly 
coupled to the intensity variations. A simple empirical 
model (Cordes \916b) shows that the ACFs of VandL 
can be expressed as 

r7(r) = Rayi^r^r) , (7) 

rL{r) = RdL^)ri(-r) exp (i<t>L), (8) 

where (f>L is the angle of the ACF of L in the complex 
plane, and Rdv and Rdh are the ACFs of the degree of 
circular and linear polarization defined as 

dv(t) = V(t)¡I{t), (9) 

dL(t) = \L{t)\¡I(t). (10) 

Values of the ACFs near zero lag yield estimates of 
the mean-square degree of polarization, while the 
shapes of the ACFs, in comparison with that of the 
ACF of the total intensity, show the manner in which 
the polarization changes on different time scales. 

The mean-square degree of linear polarization and 
circular polarization can be evaluated from the ACFs 
from 

<¿l2> = |rL(0+)|/r7(0
+), (11) 

<dv
2} = rv(0+)lri(0

+), (12) 

where r = 0+ denotes a lag where the “zero-lag 
spikes” no longer contribute to the ACFs; the zero-lag 
spike has a height proportional to the variance of the 
correlated quantity and its width is equal to the recipro- 
cal of the receiver bandwidth, 8 ¡is. 

b) Results 

The finest structure in single pulses consists of micro- 
pulses with ~ 100 /u,s widths that occasionally occur in 
components I and II. Small signal-to-noise ratios in 
the saddle region prohibit direct observation of micro- 
pulses there. ACFs in Figure 8 for component I and 
the saddle region show narrow features with ~ 100 /xs 
widths that are due to microstructure. Broad features 
with ~ 0.8 ms widths (half-widths at half-maximum) 

in component I and II are indicative of subpulse 
widths, although in component II there is no dis- 
tinguishing manifestation (e.g., a break point in the 
autocorrelation functions) that micropulses (which are 
seen in single pulses) and subpulses are separate 
constituents. Indeed, the absence of a break point in 
the ACF for component II indicates either a continuum 
of time scales or that the short 100/xs micropulses 
contribute negligibly to the intensity second moment. 

In Table 2 we list the mean values and rms values of 
dL and dv along with characteristic time scales that 
have been obtained from the ACFs. 

In component I, the rms and the mean degree of 
linear polarization are nearly equal, signifying that 
there is little variation in dL from pulse to pulse. More 
notable, however, is the zero crossing of the ACF of L 
at a lag of ~2.3 ms, as indicated by the 180° jump in 
phase. This zero crossing is a consequence of the 90° 
jumps in the position angle that occur on the trailing 
edge of component I. The appearance of the zero 
crossing in the ACF of L is further indication that 90° 
jumps occur in many if not in all single pulses; the lag 
at which the zero crossing occurs is somewhat arbi- 
trary because it depends on the region of longitude 
used to compute lagged products for the ACF. 

ACFs for component II suggest that switching 
between orthogonal modes of polarization occurs in a 
significant fraction of single pulses and thereby causes 
V and L to decorrelate faster than the total intensity. 
ACFs of V and L have 0.36 ms widths, which are one- 
half the width of the ACF of the total intensity. This 
suggests that switching occurs on some characteristic 
time scale ~0.36 ms. However, it appears that prior to 
or after a switch, the state of polarization is primarily 
in one mode or the other. This follows because the 
linear polarization and circular polarization have rms 
values of 6170 and 39% compared with respective 
mean values of 38% and 25%. As discussed in a 
previous section, a difference between the rms and 
mean values is consistent with the two modes occurring 
disjointly rather than the instantaneous state of 
polarization being a linear sum of the two modes. 

V. LONG-TERM VARIATIONS OF POLARIZATION 

Variations in the morphological properties of pulsar 
total intensity average profiles are a well-known pheno- 
menon. Helfand, Manchester, and Taylor (1975) have 

TABLE 2 
Polarization Properties of PSR 2020 + 28 at 430 MHz* 

ACF Half-Widths 
Average    
Profile W¡ Wv Wl 

Component <í/l> <¿/y> dLrms dVTms (ms) (ms) (ms) 

Component I.     0.78 -0.10 0.80 0.20 0.76 ... 0.76 
Saddle   ,0.65 —0.1 to 0 
Component II  0.38 -0.25 0.61 0.39 0.72 0.36 0.36 

* Data used here refer to those appearing in Figs. 3 and 8 ; quantities can vary considerably from observa- 
tion to observation, as discussed in text. 
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examined the problem in a general way and have 
shown, among other things, that pulsars like PSR 
2020 + 28 with a complex profile require much longer 
averages to achieve a given level of stability than those 
either with simple profiles or with drifting subpulses. 
While Helfand et al did not specifically consider 
PSR 2020+28, it nonetheless is in no way surprising 
to find that its average profile exhibits significant 
changes both from day to day and in separate averages 
of a few hundred pulses on a given day: the widths of 
the respective components, the minimum intensity of 
the saddle region, and the intensity ratio of the two 
components, for instance, vary by up to several tens of 
percent in successive average profiles. 

We find, however, a further class of morphological 
variations whose contrasting properties compel us to 
note them here. Measures in this class do not typically 
vary inordinately in successive averages within a given 
day but are found to vary over intervals of weeks or 

months. A number of such quantities are plotted in 
Figure 9a as a function of time over the 2J year period 
during which observations were carried out; they are 
the maximum fractional linear and circular polariza- 
tion in components I and II, respectively: dLv dLll, dVv 

and dVll. As can be clearly seen, the quantities all show 
some mutual correlation. 

The magnitude of long-term variations in the frac- 
tional polarization ranges upward to 30% and it 
remains to argue that such variations are significant. 
As discussed above, specification errors in the measured 
polarization can result either from (a) incorrect 
relative gain normalization between the two circular 
channels resulting in spurious V, or (b) cross- 
coupling of circularly and linearly polarized power. 
The latter consideration is of issue only in component 
I, where a 10% cross-coupling of the 75% linearly 
polarized signal results in a possible error in the 
circular, dVl, of some 7%, much less, however, than the 

Fig. 9.—(a) Fractional polarization, both linear and circular, in each of the two pulse components of PSR 2020 + 28 over a 2^ 
year period. The observations were made with program I, of which Fig. 2 is typical. (¿>) Polarization angle in each of the two com- 
ponents and the saddle region as above. 
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30% variations observed. That the circular power and 
linear power are not obviously negatively correlated 
is further evidence that cross-coupling is not an 
important issue. The former matter is equivalent to 
ensuring that unpolarized signals acquire no spurious 
circular polarization in the course of our observing 
program. We note, however, that there is a point at 
about longitude 5° in Figure 3 which exhibits no more 
than about 4% circular polarization, and a further 
examination confirms that this was no less true for the 
10 or more other observations made with program I. 
Thus improper gain normalization must introduce 
less than about 4% error in the specification of the 
fractional circular polarization—which again is much 
less than the scale of variations observed. 

We note in passing that the polarization angles 
measured at the peak of the linearly polarized emission 
in components I and II and in the saddle region are 
relatively stable over intervals of several years. These 
measurements are plotted in Figure 9b. The principal 
source of error is Faraday rotation in the Earth’s 
ionosphere which can be specified only to perhaps 
± 5°. The polarization angle in components I and II is 
generally compatible with 44° ± 5° and 26° ± 5°, 
respectively; the discrepant points in late 1973 are 
perhaps noteworthy. The angle in the saddle region is 
about 147° ± 5°. 

If the variations considered by Helfand et al. in the 
total intensity profile are related to the pulsar beam 
mechanism, the issues of concern here are more rele- 
vant to the pulsar radiation mechanism, an emission 
mechanism which is undergoing a slow evolution, 
assuming a number of different stable states, or being 
shifted spacially (perhaps through precession?) to 
reveal different aspects of its lobe structure. Some of the 
variations in question, particularly the change in the 
amount and form of the linear polarization in com- 
ponent II, may be the result of changes in the relative 
strength of the two modes. It has in no case proved 
possible to investigate this question directly, however. 

VI. CONCLUSIONS 

We summarize the main results of this paper as 
follows. Radiation is emitted by the pulsar as an 
admixture of two orthogonal modes of polarization 
such that the resultant state of polarization can be 
described by 

^ + /2 + /Unpol > (13) 

V — Ki + V2 = dy^ - dyj2 , (14) 

L = Lx + L2 = (¿/l^i — ^¿2^2) exP (2*0), (15) 

where varies slowly with longitude <£. The two 
modes are manifested by opposite signs of circular 
polarization and position angles that are 90° apart. 
In other words, the modes correspond to two positions 
on the Poincaré sphere that lie on a great circle that 
passes through the north and south poles. If the two 
modes are of equal ellipticity, then they are connected 
by a diameter of the Poincaré sphere as well. At large 

radio frequencies (e.g., at least ~ 1 GHz) an additional 
polarized component of emission contributes which 
is different from and apparently dominates the 
orthogonal-mode emission (Manchester, Taylor, and 
Huguenin 1975). 

The state of polarization, like the intensity, is ex- 
tremely variable, so that all quantities in equations 
(13)-(l 5) [except should be regarded as stochastic. 
We have confirmed the accuracy of the above equations 
for PSR 2020 + 28 by demonstrating that the sign of 
circular polarization is highly correlated with the sign 
of the quantity L exp (—2/0). PSR 2020 + 28 was 
appropriate for this demonstration because emission 
at any instant often appears to be in only one mode. 
Emission from PSR 1133+16 and PSR 2016 + 28 
(Cordes and Hankins 1977), however, is apparently a 
superposition of the modes, because the correlation 
between V and L exp ( — 2/0) is not as well defined. 
Cordes and Hankins found for PSR 1133 + 16 that a 
sign change of circular polarization was a necessary but 
not a sufficient occurrence in order to predict a 90° 
change in position angle. While a sign change of V in 
the absence of a position-angle jump may represent a 
significant counterexample to our generalizations, it is 
more likely to be a consequence of the statistical 
variability of the quantities /i>2, ¿/yi 2, and ¿/Ll 2, in 
equations (14) and (15). That is, given h and /2, 
the quantities dVl and dV2 can change so as to effect a 
sign change of V, while dLl and dh2 may have values 
such that the position angle remains unchanged. 

As for the dynamics by which the state of polariza- 
tion changes between modes (mode transitions), 
PSR 2020 + 28 indicates that transitions are dependent 
on intensity. In single pulses, transitions occur on the 
trailing edges of subpulses in component I or where 
saddle region emission and component I emission 
overlap. In component II, one mode is clearly associa- 
ted with a larger range of intensities than the other 
mode. However, peak subpulse emission can be in 
either of the modes, and sometimes transitions between 
modes do not occur on the edges of subpulses. There- 
fore, although mode transitions preferentially occur 
on subpulse edges, their occurrence is stochastic, 
perhaps indicating the untenability of a geometric 
interpretation of the transitions as aspects of an 
angular beam of radiation. 

The phenomenology of modes of polarization is so 
far consistent with a mechanism that generates pulse- 
like emission such that the strengths of the two modes 
become comparable on the periphery of the pulselike 
feature. Observed subpulse (and micropulse) emission 
can be formed in two ways : as a temporal modulation 
of an emission region, or as a subbeam of emission 
that is swept across the line of sight. The distinction 
between angular beaming and temporal modulation 
in the context of the polar-cap model is treated in some 
detail by Cordes, Rickett, and Hankins (1978). In 
either case, the periphery of the pulse is associated 
with some spatial boundary of the emission region or 
with a particular aspect in the evolution of the emission 
region when it is beginning or terminating its role as a 
coherent emitter. It becomes tempting to associate 
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mode switching with the details of the radiative transfer 
of two modes of polarization that are intrinsic to the 
radiation process. It seems likely that radiative transfer 
will be qualitatively different at peak radiation and at 
the edges of a pulse if those edges are indeed related 
to a spatial or temporal boundary. 
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PLATE L34 

Fig. 1.—Color intensity-coded display of the individual pulse polarization properties of a sequence of 220 pulses from pulsar PSR 2020+28 
at 430 MHz on 1972 June 29; average values for the sequence are given at the very bottom of the display. A total longitude interval of 28?3 
is plotted. The four columns are the total intensity, percentage linear polarization, “LINEAR”; the polarization angle, “ANG”; and the 
percentage circular polarization, “V/I” 

Cordes et al. {see page 962). 
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