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Abstract. The role of orthogonal polarization modes in pulsdt becomes a very difficult task to fit the individual pulse polar-
emissionis re-examined in view of polarization data of high timeation angle swings. The primary (or dominant) polarization
resolution. Individual pulse data of PSR B1133+16 at 1.41 GHnode is consistent with the RVM, and therefore reflects the ge-
obtained with time resolutions dfl60, 500 and150 us, were ometry of magnetic field in the emission region (Gil et al. 1992).
statistically analyzed and the results are presented as probaltile polarization angle swings observed in micropulses and sub-
ity of occurrence gray-scale maps. Orthogonal modes are recpglses (Cordes and Hankins 1977) often do not fit with the RVM.
nized in all three data sets, however, they appear better separated physical explanation, Gangadhara (1997) has shown that
in the high resolution data set. Our analysis indicates that thgch swings might arise due to the coherent superposition of
occurrence of these modes is affected by the time resolutioroothogonal polarization modes.
the observation. In the high resolution data, where the modes It is well known that the individual pulses of many pulsars
are better separated, the emission appears highly polarized.aMehighly polarized compared to the polarization of the inte-
find that the linear polarization becomes higher when the cgrated profiles (e.g. Manchester, Taylor & Huguenin 1975). De-
cular polarization is at minimum, an observation which is ipolarization (less fractional polarization) is encountered in both
agreement with the predictions of curvature emission. average and single pulses, and the reasons given are: (i) propaga-
tion effects randomize the polarization angle (Manchester, Tay-
Key words: polarization — stars: pulsars: general — stars: pubr & Huguenin 1975) (ii) the subpulse polarization state fluctu-
sars: individual: PSR B1133+16 ates from pulse-to-pulse (Cordes & Hankins 1977), (iii) frequent
occurrence of orthogonal jumps (discontinuities of the polariza-
tion angle curve) (Lyne, Smith & Graham 1971; Manchester,
1. Introduction Taylor & Huguenin 1975; Stinebring et al. 1984a&b; McKin-
non & Stinebring 1996), (iv) systematic drift of subpulses (Tay-
Pulsars are known for about the past three decades, and an qBpet al. 1971), (v) incoherent superposition of a large number
mous amount of effort has been devoted in understanding th§filelementary emitters from different field lines (Gil, Kijak &
emission process. There are models based upon plasma meghgki 1993) and (vi) intrinsic to the emission process (Xilouris
nisms (e.g. Asseo et al. 1990), maser mechanisms (e.g. Melrgsg|. 1994).
1992) and single particle approaches (e.g. Ruderman & Suther-with the aim of understanding orthogonal polarization
land 1975). Some of them have succeeded in explaining ragigdes, the present work focuses on the role of instrumental

pulse intensity, however, the polarization properties of indivigme resolution on the polarization angle swing and the depo-
ual pulses are hard to explain in the context of these modelgization in individual pulses.

Nevertheless, they do provide a basic understanding of the rel-
evant pr_ly5|cal processes. . .. 2. Observations and data reduction

The importance of polarization in the pulsar radio emission
as a signature of emission mechanism is well known. To undé&he pulsar PSR B1133+16 was observed with the 100—-m Ef-
stand the average polarization angle swing seen in observatifatsberg radiotelescope of MPIfR. Observations were made at
of radio pulsars, many attempts have been made to fit the tte center frequency 1.41 GHz with a bandwidth of 40 MHz,
servations with the rotating vector model (RVM) introduced bysing a tunable HEMT-receiver with a system temperature of
Radhakrishnan & Cooke (1969). The fits have been very sabout28 K. The two circular polarizations are separated in the
cessful in many cases. However, some pulsars do not fit wittceiver and amplified. The signals are then fed into an adding
this interpretation (e.g. Manchester 1971; Rankin, Campbell@larimeter, a passive device with four output channels which
Backer 1974) and such discrepancies have been attributedltows further online signal processing. Using an online dedis-
the occurrence of orthogonal polarization modes (e.g. Backeersion device, a four unfid x 667 kHz filterbank, the pulse—
Rankin & Campbell 1976; Gil & Lyne 1995; Gangadhara 19973mearing caused by the dispersion due to the interstellar medium
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Fig. 1la—d.The average polarization profile of PSR B1133+16 in arbitrary flux units (a.u) and polarizatior{@hglay-scale maps. The panels

b, c andd represent the polarization angle gray-scale maps obtained from individual pulses with time resolutions of 1160, 500..and 150
respectively. A marker of time duration 2 ms is given at the upper-left corner of paiéle average polarization angle curves and the RVM

fits are superposed. The shade is a number in the range 0 (white) and 1 (black) obtained by linear interpolation between the background and
foreground levels.

is removed. The output of each channel is then detected and caignificant difference between this average profile and the other
verted into a digital signal by a fast A/D converter. After a timaverage profiles obtained from 508 and 15Qus time resolu-
delay according to the dispersion measure, the outputs oftadhs data. The polarization properties of the average profile, a
channels are added and then recorded by the backend. Aftei—resolved double lobe, show notable differences between
a careful calibration, Stokes parameters are obtained from the leading component and the rest of the profile. The leading
four recorded output channels. The system description and toeponent is only~ 10% polarized while the saddle and trail-
calibration procedure are given by von Hoensbroech & Xilourisg components are- 20% polarized (Manchester, Taylor &
(1997). Huguenin 1975; Cordes & Hankins 1977).

We recorded three sets of single pulse data (each set con-
taining about 500 individual pulses) with time resolutions (E
1160, 500 and 15fs on three different observing sessions dur-
ing September 1996. PSR B1133+16 is strong at 1.41 GHAhe gray-scale maps in Fig. 1b—d show the frequency of occur-
and has a small dispersion measure (DM=4.8¢mc), which rence of orthogonal polarization modes with respect to the pulse
makes it a good source for studying orthogonal polarizatigrnase for three different time resolutions. We usedpielot
modes with high time resolution. The average polarization pautines developed by Pearson (1989) for making gray-scale
rameters: intensity, linear L and circularV polarization are maps. The fortran subroutineygraydraws gray-scale map of
plotted as a function of pulse phase in Fig. 1a. The continucas array in the)—p plane, by determining the shade of each
line curve indicated while the broken and dotted ones reprepoint from the corresponding array value. The shade is a num-
sentL andV, respectively, in arbitrary units. We do not find anyer in the range from 0 to 1 obtained bgear interpolation

1. Polarization angle swing of orthogonal modes
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between the background level (white) and the foreground level - |
(black). The white regions in the maps are with shad) and
darkest regions are with shade = 1.

This technique has become a powerful tool in analyzing the
pulsar polarization properties (e.g. Stinebring et al. 1984a,b).
The panels b—d in Fig. 1 represent the polarization angle gray-o'm |
scale maps at the time resolutions1df60, 500 and 150 us, _ |
respectively. To compare the three time resolutions we have
given a marker of time duration 2 ms at the upper-left corner
of Fig. 1a. The darkest shades represent the most probable resos
gions of occurrence. At each pulse phase bin, the full range of
polarization angle was divided into 200 intervals. In this way,
the gray-scale maps were made from all those phase bins where [/ .
the linear polarizatiorl is above4o level. Hereo is therms 0 ‘ ‘ ‘
of L in the off pulse region. All those phase bins, where the -9 -45 0 45 P
condition L2 4+ V2 < I? was not met, were excluded as they vy, (deg)
lead to spurious polarization quantities. )

The curves represented by points, associated with error bgrl

- . C . 0
indicate the mtegrat(_ad polarlzauon angle swing. They folloﬁé resent the pulses with time resolutions of 1160, 500, andu$50
closely the mode Wh'Ch.'s strong at_ a”Y pulse phasg. The RVr pectively. To display the two humps clearly position angle rotation
was proposed to explain the polarization angle swing in intgr,,, — 40° has been applied.

grated pulse profiles (e.g. Manchester and Taylor 1977):

.2. The probability of occurrence of pulsar radiation at different
arization angles. The dotted, broken and continuous line curves

% = arctan sin asin(¢ — ¢o) model, exists in all our data sets. The polarization angle closely
sin ¢ 4 sin accos(a + ¢){1 — cos(¢p — o) } follows the stronger mode in any phase bin.
+1g , (1) To investigate the effect of time resolution on orthogo-

. nal polarization modes, we consider the pulse phase between
where the parameters ajﬁahe rotation phqsex the angle be- 2° < ¢ < 6°, where both modes are clearly active. Nedry
Fweiﬂ rotatllonbar:d magtr;etlc axes,t_a(mth_e 'm%afrf p?rami:te_r, Eolarization angle swing over this interval of pulse phase was
|.e.,W ef??%eth efweetrj € magnetlc S]XIS ?)n edlnel-o -S190%moved by applying rotation in the opposite direction. Leti=1,
e fitted the functionj(¢, o, ¢) to the observed po arza-, 3...Nbe the intervals of polarization angle with each one hav-

tion angle using two different numerical algorithms. First, thﬁ,-] : ;
. . . g the width 180/N. Iff; is the number of pulses (frequency)
robust Simplex Algorithm (Nelder & Mead 1965) was applied tf){/hich appear in th&” interval, then the total number of pulses,

get close to the minimum g¢f?, and the minimum was then op-_, , - ; ; i
timized with the Levenberg—Marquardt Algorithm (Marquard\"[vhICh appearin allthe N intervals, is given by
1963). The goodness of the fit was tested using the classical X
y2-test and Kolmogorov—Smirnov test (e.g. Press et al. 1999) = > fi 2)
We found withas = 88° & 5° and( = 7° &+ 2° the RVM can i=1
be fitted to all three data sets. Using these vatuesid(, the Therefore, the probability of occurrence (relative mode fre-
RVM was fitted with the polarization angle swing of orthogonajuency) of pulses in th&" interval is given by
polarization modes, as indicated by the continuous line curves .
in Figs. 1b—d. Di = fi 3

In Fig. 1b, orthogonal polarization modes appear separated F,
only under the leading component, while under the trailing corsuch that the total probability is unity.
ponent one mode has become too weak. In the case of incoherentysing N=200, we computegl separately for each data set,
addition of radiation fields, Stokes parameters become additared plotted as function af in Fig. 2. The dotted line represents
(Gangadhara 1997). Therefore, it is the stronger mode, whitie pulses with 116fs resolution, while the dashed and contin-
determines the polarization angle in the case of low resolutianus line curves represent the pulses with resolutions of 500 and
observations. In Fig. 1c, orthogonal polarization modes are Hé&0 us, respectively. Note that we have applied a position an-
clearly seen under the trailing component, as they are not gé&t rotation of40° while plotting Fig. 2. This rotation was just
fully separated, while in Fig. 1d they are separated in both cotn-make the two humps clearly visible. It can be clearly seen
ponents. that the polarization angle preferentially occurs around the two

The gray-scale maps and the integrated polarization anglegles separated by ab®r. At low resolutions the primary
swings clearly indicate that the discrepancies between the Rvidbde, which is at) + v, =~ 45°, is observed more often than
and the polarization angle swing in average pulses arises thiesecondary mode, which is@at- ), = —45°. At the higher
to the presence of orthogonal polarization modes. The noresolution, orthogonal polarization modes are better resolved
orthogonal (random) radiation, which does not fit with the RVMnd the probability of observing the secondary mode becomes
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Resolution = 1160 us

comparable to that of primary mode. Hence the probability of ,,
detection of orthogonal polarization modes is affected by the
data resolution.

75 Bl

2.2. Depolarization

To investigate the role of time resolution on the polarization, 5 | iR ]
properties of pulsar radiation, we have analyzed single pulses i
with different time resolution. We usdd- threshold ol andL,

and considered the full range of pulse ph&s#). The gray- 25
scale maps which represent the correlation between the frac-
tional linearL(%) = 100L/I, and circularV (%) = 100V/I
polarization and’, are shown in Figs. 3 and 4. 0

When the resolution is high, both linear and circular pola(- B
ization are also high as indicated by Figs. 3c and 4c. This ‘i’Q
because the short time scale structures such as micropulses are 500 s
often highly polarized, which leads to high polarization when '°° ‘
observed with a higher resolution.

Figs. 3a—c indicate the correlation between the linear po-
larization and circular polarization. It is evident that the linear
polarization becomes higher when circular polarization is at :
minimum. This is in agreement with the predictions of curva- e
ture radiation (Gil et al. 1993; Gangadhara 1997). Figs. 4a&c™ | 2t
indicate the behaviour of circular polarization with respect to
the intensity at different time resolutions. They indicate that at
lower intensity and higher resolution, circular polarization is > T
higher. . £
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3. Discussion v (%)

(b)

In the high resolution observations, orthogonal polarization
modes are better resolved and we find them in both (leadingoo
and trailing) components of PSR B1133+16 in agreement with
results for the same pulsar at 1.4 GHz by Backer & Rankin e T -
(1980) and Cordes & Hankins (1977). The polarization display 75 | R Y S : .
presented by Stinebring et al. (1984a) shows the presence of e i s
orthogonal polarization modes in the leading component while
in the trailing component they are not clearly resolved. 5 50 -

The polarization angle swing of orthogonal polarization
modes has been interpreted as two polarization angle curves,
each of which is consistent with the RVM and separated by 25 G
about90° (Cordes et al. 1978; Backer & Rankin 1980; Gil & | e
Lyne 1995). If the modes exist disjointly, the polarization angle
should follow either one mode or the other. However, Figs. 1b— ©,
d show that not all the radiation appears at the two preferrae?
values of polarization angle. We see a significant amount 0

non-orthogonal radiation in between those preferred values=f 35_c Grey-scale maps representing the correlation betigé#)
polarization angle. Similarly, if we compare the polarizatiognd V(%) in the individual pulses at resolutions of 1160, 500, and
angle gray-scale maps of PSR B0834+06 made with resolutitsv ;s. The shade is a number in the range 0 (white) and 1 (black)
of 1240 us at 1.4 GHz (Stinebring et al. 1984b) with anothesbtained by linear interpolation between the background and the fore-
made with resolution of 40@s (Stinebring et al. 1984a), weground levels.

see the same behaviour. These investigations clearly indicate

that the non—orthogonal radiation is affected by the time reso-

lution of observations. The coherent superposition of orthogoesition of orthogonal polarization modes is responsible for
nal polarization modes can contribute to the non—orthogomain—orthogonal radiation is supported by the observation that
radiation (Gangadhara 1997). Also, the idea that the suptite non—orthogonal radiation becomes significant only at those

150 ps

00 —50 0 50 100
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Resolution = 1160 us
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Fig. 4a—c.Grey-scale maps representing the correlation betW&ét)
and! in the individual pulses at resolutions of 1160, 500, and 150

(1996) have also suggested that the non—orthogonal (uniform or
random) radiation may arise from the superposed modes.

If the radiation process has a beam width /~, wherey is
the relativistic Lorentz factor, it can also give a spread in polar-
ization angle when the radiation is received from the field lines
which are nearby to the line-of-sight. However, such a spread
is too small compared to the instrumental resolution, assum-
ing v ~ 100 (Melrose 1992). Manchester, Taylor & Huguenin
(1975) have suggested that propagation effects could randomize
the polarization angle.

We have demonstrated the role of time resolution on the
polarization of radiation by observing at the same frequency
with different time resolutions. The micropulses exist through-
out the pulse, and they are highly polarized (Cordes & Hankins
1977), therefore, the polarization appears higher in the highest
resolution observations. McKinnon and Stinebring (1996) have
suggested that pulsars depolarize by superposed orthogonal po-
larization modes.

4., Conclusion

In the observations of higher time resolution, orthogonal po-
larization modes are better resolved. The polarization angle of
each mode is well described by the RVM as a geometric inter-
pretation. The discrepancy between the RVM and the average
polarization angle swing arises due to the presence of orthogo-
nal polarization modes.

We observe that at higher time resolutions both the linear
and the circular polarization are high because in such observa-
tions the highly polarized and short time scale features such as
micropulses are better resolved. The depolarization in the sin-
gle pulses might be due to the superposition of radiation emit-
ted from different regions separated by distance larger than the
wavelength. The high resolution observations and the individ-
ual pulse studies are more welcome in understanding the pulsar
radio emission. Our result that the linear polarization becomes
high when the circular polarization is at minimum favour the
predictions of curvature emission.
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