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ABSTRACT

Building on results and analyses of previous works, the structure and polarization of B0809+ 748 subbeam Czarousel Ois delimited,
but not fully solved. Some 8B10 subbeams are indicated for an equatorward sightline traverse and 25040 for a polarward one. Either
alternative indicates a subbeam circulation time much longer than predicted by theory. Polarized subbeam maps show complex
structure and suggest that the star@ polarized modes are angularly digoint.
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1. Introduction

Pulsar BO809+ 74 provides one of the richest contexts for study-
ing pulsar emission physics. As noted in the foregoing paper
(Rankin et al. 2006, hereafter Paper I), it exhibits all six of the
heretofore well identibed phenomena: subpulse drifting, pulse
nulling, proble mode switching, polarization modes, microstruc-
ture, and proble GibsorptionQ

B0809+74@ much studied " 11-period Ructuation feature
was brst noticed by Taylor et a. (1969), only a few months
after Drake & Craft® (1968) early identibcation of Qiriftingd
subpulses (in B1919+21 & 2016+28), but their poor resolu-
tion caused them to doubt its signibcance. Vitkevich & Shitov,
in January 1970, then brst exhibited the star@ 11-period sub-
pulse drift using (November 1968) Pushchino Observatory ob-
sewrations at 86 MHz with adequate sersitivity and time resoe
lution. One month later Sutton et al. conbrmed the precisely
drifting pul se sequences (hereafter PSs) using Green Bank data,
and also introduced the now standard terminology of Pi, P
and P3 for the pulsar rotation period, the subpulse-separation
interval, and the driftband-separation period, respectively. Cole
(1970) then Prst showed that the subpulse-drift rate was occa-
sionally irregular. Taylor & Huguenin (1971) Prst demonstrated
the star@ remarkably stable 11-P; modulation feature viaa f3uc-
tuation spectrum, while also showingthat it occasionally zeased
pulsingOfor a few periods. The phenomenology and interpre-
tation of such QiriftingOwas systemetized and quantibed by

' On leave from Physics Dept., University of Vermont, Burlington,
VT 05405 USA.
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Backer (1970abd, 1971, 1973), who also discovered the
QullingQe! ect, through introduction of both longitude-resolved
RBuctuation (hereafter LRF) spectra and Ructuation-phase dia-
grams b although these methods were not applied to BO809+74
until later (Backer et al. 1975). Furthermore, impressed by these
early observations, Ruderman (1972) brst associated such Qrift-
ingOsubpulses with a system of subbeams circulating under the
action of E# B drift (see also Ruderman & Sutherland 1975; and
Ruderman 1976).

Thediscovery by Page (1973) brst that the QiriftOratei's sup-
pressed just after a null and second that the subpulse phase re-
mains nearly stationary across a null gave rise to the dilemna
of subpulse GnemoryQ a jargon for the unknown physical pro-
cesses which restart a subpulse at very nearly the same posi-
tion where it had disappeared. The paper aso introduced the
method of following the driftband phase over many successive
bands, and showed that the drift rate exhibits perplexing vari-
ations with longitude, at di! erent frequencies, and (more sub-
tly) at di! erent epochs. Five further papers attempted to rebPne
and explain this remarkable phenomenon. Unwin et a. (1978)
used a drift-band Plter technique to exhibit the post-null recov-
ety behavior so cleally thatit inspred further analyses(Pgoov
& Smirnova 1982; Filippenko et a. 1983) and a thoughtful at-
tempt to understand the GnemoryOwithin the context of exist-
ing theory (Filippenko & Radhakrishnan 1982). Finaly, Lyne
& Ashworth@ (1983) comprehensive (and ostensibly indepen-
dent) work showing an apparent exponentia post-null drift-rate
recovery has widely been quoted as the depnitive analytical de-
scription of the GnemoryOphenomenon.

http://dx.doi.org/10.1051/0004-6361:20054417
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In the course of a recent reexamination of the drift and null
phenomena exhibited by BO809+ 74, van Leeuwen et al. (2002)
have shown that the above exponential decay is only appar-
ent in the average behavior; the individual post-null drift-speed
changes are usually much more rapid. Also, the star exhibits
several unusual but distinct modulation GtatesOat meter wave-
lengths, which produce proble mode-changing €e! ects similar
to those seen in many other pulsars. As with the BOand QRO
modes of B0943+10 (Deshpande & Rankin 1999, 2001; here-
after DR99 and DRO1), the modal probles exhibit varying levels
of asymmetry in the emission (or GibsorptionQ) about the lon-
gitude of the magnetic axis. They develop techniques whereby
most of the pulsar@ nulls can be reliably identibed, assess how
nulls a ect the drift, and show that null removal restores drift-
band continuity and periodicity to brst order. Van Leeuwen et al.
(2003) are then able to demonstrate, using these methods, that
the star( 11-P; fundamental drift modulation cannot be aliased
Paresult of primary signibbcance in our further analyses bel ow.

The role of the polarization modes was not fully studied in
B0809+74 until recently, because the early polarimetric studies
of this pulsar (Taylor et al. 1971; Lyne et a. 1971) were car-
ried out beforethis phenomenon waswell identibed (Manchester
et al. 1975; Backer & Rankin 1980). Ramachandran et al.
(2002) have demonstrated their determinative role in the star@
PS polarization, and it is now clear that the star( largely com-
plete proble depolarization at meter wavelengths is typical of
the (Sy) pulsar class (Rankin & Ramachandran 2003) where the
sightline runstangentially along the outside conal edge. Both the
linear depolarization and slightly nonorthogonal polarization-
mode mixing in this outside conal edge region of the emis-
sion beam tend to distort the overall average polarization-angle
(hereafter PA) traverse and frustrate any ready geometrical
interpretation for such stars (e.g.,Lyne & Manchester 1988;
Rankin 1993a,b). It has been possible to show that the com-
plex polarization-modal structure of the drifting subpulses in
B0809+74 are largely responsible for the old and perplexing re-
ports of both longitude and frequency variationsin the subpulse
interval P, (Rankin et al. 2005, hereafter RRS; see also Edwards
& Stappers 2003, 2004).

Paper | further provides a careful determination both of the
stai@ PA sweeprate and of its proble evolution as complicated
by GibsorptionQ The PA (") rate R (=" "/" #) with longitude (#)
was found to be B1.83+ 0.11. These factors are used to construct
an overall model of its emission geometry?, including the extent
of its proble GabsorptionQ and we will make considerable use of
this amalysis in whatfollows.

In this paper, we will now apply to BO809+ 74 the techniques
developed by Deshpande & Rankin (1999, 2001) for B0943+10.
We have learned, in the course of the challenging analyses out-
lined above, that B0943+10 is in many respects a simpler star.
It apparently does not null. Its modes persist for many thou-
sands of pulses. Its PSs are usually dominated by one polariza-
tion mode, and no microstructure has beenidertibedin its sub-
pulses. Paper | Sect. 2 describes the observations on which our
analyses here are based. In Sect. 2 of this paper we undertake
abasic Buctuation-spectral analysis of the star@ PSs. Section 3
recounts our €! orts to determine the star@ subbeam-Qarousel O
circulation time, Sect. 4 describes how the polarized subbeam
structure is mapped, and in Sect. 5 we summarize and discuss
the results.

! The star® magnetic latitude $ and sightline impact angle |% were
found to be some 8.560.0 and 4.5P4.98, respectively, using the fact that
R=sin$/ sin%
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2. Subpulse modulation and polarization

Unlike pulsar B0943+10, B0809+ 74 exhibits occasional GhullO
pulses, and we noted above that these have been the subject of

considerable study, because the subpulse drift appears to halt,

at least approximately, during null intervals. For the exception-

ally bright 328-MHz WSRT observation of 2000 November 262

and certain others, it has been possible to identify these nulls
quite positively, because the intensity distributions of the non-

null and null pulses are digoint (see van Leeuwen et a. 2002:

Fig. 1). Most of the star@nulls are brief (168 pulses), but nulls as
long as some 15 pulses have been observed (see above: Fig. 4)°.

Indeed, closer study showsthat thereisasmall phase jump asso-

ciated with each null (above: Fig. 5); however this mean step is
so small (typically some 20% of Py, the interval between adja

cent subpulses) that it can be ignored. Several historical studies
(Unwin et al. 1978; Lyne & Ashworth 1983) have also shown

that the coherence of the pulsar@ drifting pattern is enhanced by

removing the nulls (see their Figs. 8 and 12, respectively), so we
have followed this procedure.

Figures 1a and b give longtitude- and harmonic-resolved
(hereafter LRF and HRF) Ructuation spectra for pulsar
B0809+74 at 328 MHz, using the bright 2000-November-26
PS mentioned above. The analytical methods used in comput-
ing these spectra are identical to those in Deshpande & Rankin
(2001), except that here we have used PSs in which the null
pulses have been removed. | n the relevant section of the PS, there
are several short nulls, and though we have reliably identibed
them using the methods of van Leeuwen et al. and constructed
a Qwll removedOPS b shortened by the number of null pulses
encountered and thus providing a brst-order correction for the
drift-phase hiati the nulls produce Bwe till see a somewhat di-
minished Q factor (=frequency/half power width) in the primary
modulation feature as compared with (unfortunately weaker) in-
tervals of the sequence which are free of nulls. Here we have
used FFTsof length 512 (L RF) and 256 (HRF) to study the total-
power (Stokes 1) sequence, and Fig. 1 demonstrates clearly how
strongly and fully the star@ QiriftingOsubpulses modulate its
PSs.

Several other aspects of Fig. 1a also deserve mention. First
note the pulsar@ 328-MHz average Stokes | proble in the left-
hand panel and that we have taken the zero-point of longitude,
corresponding to that of the magnetic axis, well on its leading
edge D a determination guided by the GabsorptionOmodel in
Paper |, Table 2. The LRF spectraare plotted in the central panel
as contours and the strong feature corresponding to the 10.89-P;
primary modulation is very prominently in evidence. The bot-
tom parel then represetts the longitude integral of the spectial
power, and here the narrowness (high Q factor) of the modula-
tion feature is most clear. Indeed, the feature is barely resolved,
and itslow level structureis of uncertain signiPcance. Note also
that the spectrum is so leanOthat the feature@ brst harmonic
at some 0.184 cycles/P; (hereafter ¢/P;) can be discerned Band,
in other sections of our observationsit is often even more promi-
nent.

The HRF spectrum in Fig. 1b is no less interesting. Here
we have used eight contour levelsto cover the lowest 5% of the
amplitude of the primary feature in the central panel in order
to emphasize the structure of the spectrum just above the noise

2 Theresolution of this and other WSRT observationsis 0.114%, here
following from use of 256 channels across a 10-MHz bandwidth.

3 The foregoing paper further implies that there is a population of
unobservable nulls lasting for less than one period which can of course
not readily be detected and removed.
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Fig. 1. Longitude-resolved (a), left) and harmonic-resolved (b), right) Buctuation spectra for pulsar BO809+74 at 328 MHz, computed using
a WSRT PS recorded on 2000 Novermber 26. The analysis was applied to the total power (Stokes I) and used FFTs of length 512 and 256,
respectively. The three panels of the |eft-hand LRF display give the pulsar@ average proble (left), LRF spectra (centre), ard integral spectrum,
(bottom) respectively; whereas, those of the right-hand HRF display give the (integer) harmonic amplitudes of the average proble (l€ft), the non-
integer harmonic amplitudes associated with the modulation (centre), and the integral Buctuation spectrum (bottom). See DRO1 for a complete
description. The central panels of both displays use 8 contour levels; however, these cover only the lowest 5% of the feature amplitude of the HRF
spectrum in order to exhibit the lowest level features. Note also that the longitude origin of the average probles has been taken just above the
half-power point on the proble® leading edge, following the analysis of Paper I.

)

Ave. & modIn. amplitude (

phase(deq)

T T T T T
-20 0 20

Longitude (degq.)

Fig.2. Fluctuation-spectral phase and modulation amplitude at
328 MHz corresponding to the primary 0.092 c¢/P; feature in Figs. 1la
and b. Fluctuation power is plotted as afunction of longitude within the
average proble in the top panel, whereas the Buctuation phase is given
in the lower panel.

level. Thus we see the broadened pattern corresponding to the
primary feature, whose maximum falls at harmonic humbersin
the 25880 range. The brst harmonic appears more clearly here
with peak harmonics at about 50EB5. Note that little else can
be said: overall, the panel is conspicuously blank, and the few

other responses appear to represent either noise Ructuations or
exceedingly weak periodicities of uncertain signibcance.

Figure 2 again gives the 328-MHz average proPle, but here
we plot the relative amplitude of the primary modulation (cor-
responding to the peak frequency in Fig. 1 only) as well as its
phase behavior as a function of pulse longitude. Here we again
see evidence of the remarkable complexity behind the star®
highly orderly subpulse QiriftQ the phase rate s not entirely lin-
ear but varies across the pulse proble, being greatest near the
longitude origin as expected. The modulation-phase gradient (in
units of cycles’®) is the inverse of the subpulse spacing P, so
its variation can be interpreted as a longitude dependence of P,.
Thevariationissurely not entirely geometric, however. Asnoted
above, many early studiesreport driftrate, subpulse-width and P,
changes as a function of longitude, radio frequency and epoch B
but it isimportant to recall that all of these studies (and this one
here) analyzed only the total power, Stokes parameter |. These
apparent P, variations are exhibited very cleady in Fig. 3 of
van Leeuwen et a. (2002) as residualsto linear btsto the drift-
band position and slope.

Indeed, the pulsar@ P, variation has now received consider-
able recent study. Edwards & Stappers (2003) have drawn atten-
tion to anomalies in the subpulse drift of both B0320+39 and
B0809+74, arguing that drift-modulation systems with phase
ol sets can both curve driftbands and produce phase disconti-
nuities, such asthose seenin the pulsarat 21 cms. More specif-
ically, Rankin & Ramachandran (2003) and RRS show that two
0! set systems of modal (heamletsOare encountered along the
sightline traverse, and these produce complex modal polariza-
tion e! ectsthat appear as P, variationsin total power. The latter
paper@ Fig. 2 surely demonstrates how complex and frequency
sengitive these el ects are, particularly at higher frequencies.
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Overdll, the driftbands are relatively linear at 100 MHz and be-
low, show very discernible curvatureat 300 MHz aswe see here,
and above 1 GHz produce puzzling discontinuities in the phase
rate of the drift modulation.

We can thus be conbdent that modal polarization plays a
major role in the observed P, anomalies, but we do not yet
know what characteristics of modal subbeam structure give rise
to them. We will therefore return to these issues below and in
subsequent studies.

3. Efforts to determine B0809+740subbeam
conbguration and circulation time

A major objective, of course, in our work on pulsar BO809+ 74
has been to determine its subbeam conbguration and circulation
time. When thise! ort began, the DR99 and DRO1 work on pul-
sar B0943+10 was very present in our minds, and we expected
to bnd, very likely with some di# culty, signatures in its Buc-
tuation spectra comparable to those in the latter pulsat which
would guide usin determining its subbeam circulation character-
istics. We also then considered Dextrapol ating from B0943+10@
properties using the Ruderman & Sutherland (1975) theory
that its circulation time might be as short as 6.4 P; and thus
likely highly aliased Finally, we expectedto use the inverse-
cartographic transform search technique described in DRO1 to
conbrm the circulation time and geometrical parameters.

Wrong D and it is perhaps useful to summarize the course
of this failed M943ishOstrategy which was pursued in humer-
ous forms and variations over several years time. As we men-
tioned above in the course of discussing Figs. 1 and 2, one sees
very little in this star@ Ructuation spectra, apart from the nar-
row primary modulation feature and its brst harmonic. Multiple
null-removed sequences were searched, as well as a lengthy
355-MHz WSRT sequence which is free of observable nulls for
aremarkable 858 pulses! These el orts providedno information
apart from P3 through Ructuation-spectral analyses.

Extensive el orts were then made to use the inverse-
cartographic transform method, not to conbrm the circulation
properties, but to determine them. This work entailed measur-
ing P3 accuately for a given high quality PSand then testirg
all combinations of alias order, subbeam number, drift direc-
tion, inner/outer sightline traverses, and often R values* over a
specibed range to see which matched best with the observed se-
guence. Recall that this method constructs a polar emission map
from the observed PS using the specibed parameters, generates
an artibcial PS from this trial polar map, and then correlates the
artibcial PS with the observed one in order to determine which
set of parameter values best reproducesthe natural PS.

Multiple full searches were computed for a variety of
promising PSs at di! erent frequencies for alias orders between
zero and 6, subbeam numbers between 3 and 32, poleward and
equatorward sightline traverses, and all combinations of stel-
lar and subbeam carousel rotation direction. No specibc con-
Pguation was identibed as had been for B0943+10. In general,
thee! ortsshowed @) that 13B17 beamswereindicated for apole-
ward sightline traverse and 6E8 for an equatorward one, irre-
spective of the alias order, and b) the correlations were always

4 A major overall problem with these early searches was that R
then was thought to_be near %2.75 as indeed can be inferred from
Ramachandran et al.G (2002) Fig. 1; only after the recent WSRT po-
larimetry recalibration (Edward & Stappers 2004) could it be under-
stood that most of Stokes V was uncorrected Q or U, with the ultimate
result that Ris nearly a crucial full unit less steep as we have computed
in Paper | Sect. 3.
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highest for alias order zero (i.e.,no aliasing) and declined
steadily for higher alias orders. The subbeam conbgurations
were thus just what could be expected geometrically, without
diasing (e.g., per the model in Table 2 of Paper | as computed
using the steeper R value then thought to obtain). Without alias-
ing, however, the circulation time P is just the product of P
and the subbeam number N Bsome 130B170 P, Bvalues which
initially seenedsolong thatthey could not possildy be correc®.

The null-analysisstudies of van Leeuwen et al. (2002, 2003)
then provided a new line of evidence that BO809+74@ circula-
tion timeisindeed very long. The argumentsin the second paper
Ptothee! ectthat wecould not fail to observethee! ectsof dias
ing (if it existed) as the subbeam carousel accelerates following
along null Bnow seem to us debnitive. And, this corroborates
our early experience with the inverse-cartographic searches, in
which the largestcorrelations always resut for aliasorder0. The
aliasirg then apparertly settled the Gzarousel Ocirculation time
P will be N timesP3 (=11P;) Pan interval which will belonger
or much longer than that of B0943+10 (contrary to R& S) for any
reasonable geometrical estimate of the subbeam number N.

We have now carried out anew seriesof inverse-cartographic
searches which refdect our understanding that a) the subpulse
modulation in BO809+74 is not aliased, and b) Ris some B1.83.
None of these analyses results in a single preferred value of N,
but they do restrict the range of N to some 812 if %> 0 (out-
side, equatorward sightline traverse) and in the 25040 range if
%< 0 (inside, polarward traverse). We have carried out searches
on the 112.7, 328, 355, and 1380-MHz observations described
in Paper | Table 1, using the geametrical models in its Table 2
as well as computing direct autocorrelation functions for each
sequence which require no such model. The searches explored
N values up to 60, and the direct autocorrelations up to delays
of 511 pulses, giving an el ective maximum N of amost 47.
Two di! erent indicatas were usedfor assessig the quality of
the inverse-cartographic transform, the direct zero-delay cross-
correlation (hereater CCF) value between the natural and artib-
cial PSs and their modulation-phase di! erence.

Overall, the correlations providedlittle specibcity The %< 0
CCFs tended to show a broad decrease in the correlation (both
direct and in terms of the inverse-cartographic beam maps)
which had minima in the 15ER5 range, and broad maxima for
N values of 25040. The modulation-phase measure in some
cases exhibited afairly sharp minimum in the same 25840 range,
but no consistent value of N was indicated. Almost exactly the
same kind of result was obtained for the %> 0 searches. All
showed broad maxima (minimafor the phase) in the 8B11.2 range,
and those with the best debPned minima (the 328- and 113-MHz
observations) pointed to N values of 8 and 11, respectively.

For the inverse-cartographic searches it is di# cult to assess
just how much the maxima merely ref3ect the particulars of the
geometrical model of Table 2. However, most of the direct au-
tocorrelations B carried out on our null-removed PSs B exhibit
the same broad maxima out to a lag of perhaps 100 and then
in the range around 300E600 pulses, which correspond again
to Ns in the ranges above. We have also experimented with
correlations of the linearly polarized power alone, using the ar-
tibcial Stokes parameter Q% rotated so as to represert almost
al of the polarized power B and these tend to give weaker but

5 Another di# culty with this early work was an incorrect tendancy to
believe that the star had a poleward (or inside) sightline geometry, based
on the GuleQjust below Eq. (4) in DROL. This line of argument is only
relevant when the subbeam number N, and thus the magnetic azimuth
angle between subbeams & (=360°%/ N), is known independently.
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comparable indications, perhaps simply due to the attenuated
signal power compared to the noise level.

In any case, it is not clear how strong a correlation signa-
ture could be expected at the possible 1000400-odd pulse or 1D
5 min interval corresponding to BO809+74(@ circulation time.
Even in very unusual circumstances such as the 858-pulse null-
free PSs mentioned above, presumably the individual subbeam
intensities will become decorrelated. In B0943+10 observations
seenedto show thatthe circulating subbeamsretained some cor-
relation only for perhaps 100 s, and surely not in all PSs even for
this long. We have thus made every attempt to determine a def-
inite and exact circulation time for BO809+ 74 and failed, so we
do not know how such a determination might be madein future.
However, our overall analysise! ortshavehadthee! ect of show-
ing approximately what BO809+ 74@ subbeam conbguration and
circulation time must be Band again it most probably entails ei-
ther an outer sightline traverse with some 9B11 subbeams and
a P value between 75 and 90 secs or and inner traverse with
25040 subbeams and a P of between 6 and 9.5 min.

Finally, notice that we have computed P, valuesin the right-
most column of Paper 13 Table 2. These are computed by di-
viding magnetic azimuth into an appropriate number of equal
intervals corresponding to the estimated number of subbeams,
and then using the geometrical relationship in DR0O1: Eq. (3) to
calculate the longitude separation between a pair of subbeams
centered on the magnetic-axis longitude. For this computation,
and for an outer sightline traverse, we have found that an N
of 10 most accurately agrees with the available P, valuesin the
literature, which are also summarizedin RRS.For aninner tra-
verse (not shown) an N of 34 was found to result in P, values
that were idenrtical to those shown within a terth of a degree.
Notice that in terms of this geometric model, P, is neaty con-
stant at 100 MHz and above; only at very low frequencies does
it exhibit a signibcant increase.

We end this section by returning to the 40.1-MHz correlation
plotin Paper |: Fig. 5. Note that sections of bvelinear drift bands
can be discerned, and the interval between adjacent bands, mea-
sured parallel to the axesis about 1501 7%, thus agreeing decently
with the model P, value in the paper@ Table 2.

4. Mapping the polarized subbeam structure

Let us now examine pulsar B0809+74@ (arousel Gbeam struc-

ture, knowing now from Paper | and the above discussions some-

thing of the star@ basic emission geometry, the longitude posi-

tion of the magnetic axis (e.g., as depicted in Fig. 3 based on

the models of Paper |, Table 2), and a resolution of the com-

plex P, issues which were the subject of RRS. We can view the
subbeam system as a steadily rotating Gzarousel Owith a fairly

dePnite subbeam conbguration and thus circulation time in each
of two possible geometrical circumstances: an GnnerOor uterO
sightline traverse.

Figure 3 gives a 34-beam total-power subbeam map, cor-
responding to an AnnerOor poleward sightline traverse, for
the 328-MHz observation in Fig. 1. This is just the conbgu-
ration obtained for B0943+10, but there the smaller P; and
steeper Rindicated an N of about 20 (which was then conbrmed
by Ructuation-spectra analysis). While we cannot now know
whether this is the correct (Zarousel Oconbguration, in practical
tems the large number of (beantfetsOmakesit di# cult to see
the individual beamlet characteristics. We will thus concentrate
below on the uterQ positive-%geometry where about 10 sub-
beams are indi cated.

To explore the subbeam polarization behavior, we have
mapped the beanet structure in linearpolarization aswell asin
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Fig. 3. A total-power 34-beam polar cap OnapOof the accessible emis-
sion region reconstructed using the cartographic transform described in
DRO1. The image corresponds to the poleward or negative-%solution
in Paper | and maps the same bright 512-pulse section of the 328-MHz
WSRT observation brst studied in Fig. 1 (here beginning at pulse 135
S0 as to represent a single Gtarousel Gsubbeam system rotation). The
QiriftingGsubpulse pattern is projected onto the magnetic polar cap
shown in the main panel and its rotation frozen, with the GloserOro-
tational axis at the top of the diagram and the sightline cutting the emis-
sion pattern near 12 0@lockQ The bottom and side panels show the
average- and incoherent (non-accurately drifting) (haseQintensity pro-
Ples, respectively, as functions of the angular distance from the mag-
netic axis. The base intensity here has not been removed from the pat-
tern in the central panel.

total intersity. The linearpower is again represeited by the ro-
tated Stokes parameter Q%which we had encountered previously
in RRS.All of thesignibcart linearpowerisrotatedinto Q% such
that one polarization modeis represetiedby positive valuesand
the other by negative.

Composite subbeammapsin total and linearpower are then
givenin Fig. 4 (top), where Stokes | is depicted as contours and
the linearpower Q%is color-intensity coded according to the bars
on the left of the bPgures. In the lefthand bgure the total intensity
is shown fully, whereas in the righthand one the non-drifting
raseO(left panels) has been subtracted so that more detail is
evident. Note in the left diagram that each beamlet emits both
polarization modesin acomplex but systematic manner: the pos-
itive mode is strongly associated with the total power beamlets,
whereas the negative mode is often strongest between the total
power beamlets and tails o! clockwise around the periphery of
the following beaniet. Renarkally, the positive linearmode oc-
curs amost entirely in the inner part of the conal beam near the
sightline cuto! , whereas the negative mode is found over a sub-
stantial radia range. It should be added that the canted linear
structuresin the maps are well exploredhere Bespecially in the
inner part of the pattern Bas datafrom some 11 successive pulses
contributesto the image of each such beamlet.

The very pronounced asymmetry of the subbeam linear po-
larization in Fig. 4 isarresting, and we must recal| that this prop-
erty is closely related to the GabsorptionQinduced asymmetry
of the overall PS and its polarized proble discussed throughout
RRS, Paper | and above. The top righthand display of Fig. 4
gives the total power with the non-drifting base (left panel)
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Fig.4. (Top) Composite 10-subbeam maps in total power and total-linear power (Stokes Q% of the same 328-MHz PS as in Figs. 188, here
corresponding to the equatorward or positive-%sightline solution in Paper 1. The contours show the total power beam-system intensities (Ieft) as
well as with the circularly symmetric ChaseOfunction (left panels) subtracted (righthand bgure). The color-intensity coding gives the respective
linear polarization according to the scale at the right of the diagrams. The net polarization-modal power (PPM/SPM) is here distinguished only
by the sign of Q% the positive (yellow-orange) modal CheamletsOare more intense and fall on the inside of the diagram; whereas the negative
(blue-cyan-green) beamlets occur further from the magnetic axis, fall o! in a canted manner and are generally weaker. Here the sightline cuts the
emission pattern from right to left at the bottom of the diagrams. The total power (solid curve) and residual linear (dotted) conal beam forms are
shown in the bottom panels; the total power is truncated from a maximum value of about 2.2 # 10* arbitrary units, whereas the linear shows the
di! erent radial dependences of the two polarization modes. Here, we have used pylses 179 to 512, corresponding to three putative circulation times

for the 10-beam Cl:arpusel Osystem. (Below) Composite unpolarized (Stokes 1% Q2+ UZ+ V2) power (contours) and Q% (color scale) subbeam
map. Here the (haseOhas been subtracted, and the total power beamform (bottom panel) truncated from a maximum val ue of about 10%.

subtracted, and here we see somewhat more detail in the individ-
ual beanets. Cleatly, the total intersity base here is comprised
largely of positive-Q% within the 10 beaniets and negative-Q*
contributions betweenthem In addition we see same tendency
for the total power to tail o! in a mamer similar to that of
the negative linear mode to large angular distances on the beam
edge.

Finally, we note that the fractional linear polarization of sub-
pulses within the 328-MHz PS is typically 50%, and it is in-
teresting to ask where the beam depolarization occurs. Thus, in
Fig. 4 (bottom) we have plotted the subbeam conbguration in
residual unpolarized power (contours) and linear power (colors)

D where the base (left panel) has been removed. If the depo-
larization is occurring through an incoherent superposition of
polarized power near the beamlet edges, then we might expect
the unpolarized power to show features near the modal beam-
let boundaries. However, this is not what the map appears to
show. Most of the unpolarized power is here associated with the
positive-Q%polarization mode Bwhich isin turn associated with
the total power beantetsin Fig. 4 (top).

Thus it would appear that the modal power in B0809+74 is
angularly digoint, and we apparently see modal depolarization
only on the edges of the various modal beamletsBand it appears
to be such a minor el ect that it cannot really be discerned in
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these several polarized subbeam maps. Indeed, one need not de-
pend on maps such as these to draw this conclusion: simpler PS
displays such as that in Ramachandran et al. @ (2002) Fig. 4 de-
pict modal polarization boundariesin nearly every pulse, about
which little mode mixing appeaisto occu. This said it istempt-
ing to entertain the conclusion that the two polarization modes
areonly partially polarized in BO809+ 74 at 328 MHz. And, even
if, however, thisis the case, the conclusion must stand in strong
contrastto the situation at 21 cms, where we have noted(Paper )
the neaty completelinearpolarization on the leadng edge of the
star@ proble there.

The dynamic interaction of the rotating subbeam Garousel O
system in the foregoing bgures with the sightline to the Earth
exenplibesthe kind of conal beamproperties which almost cer-
tainly must be encountered in most pulsars B that is, sets of
modal beamlets which are o! set from each other both in mag-
netic azimuth and polar angle. Such a conclusion was reached
independently viaan analysis of polarized conal single and dou-
ble probles (Rankin & Ramachandran 2003). Moreover, we can
now begin to see how it is that such an interaction can produce
complex and counter-intuitive behaviors such as the total power
P, variations discussed in RRS.

5. Discussion

We have attempted in this paper to further understand the spec-
tacular subpulse modulation of pulsar BO809+74. Our analy-
ses are based on high quality PSs from which the null intervals
have been removed, as indicated by the techniques developed
by van Leeuwen et al. (2002). The null €! ects cannot be com-
pletely removed, however, both because of higher-order el ects
and because some number of nulls, less than one Py in duration,
will occur when the star beams in other directions.

We then Pnd that the star exhibits very little Buctuation-
spectral information bearing on its Garousel O subbeam con-
Pguration. Extensive searches have been carried out using the
inverse-cartographicagorithminan e! ort to debneits subbeam-
system properties and, unfortunately, for B0O809+74 these have
provided no more detailed information than already could be in-
ferred from the geometric models of Paper |. We are thus not
able to decide whether the staK3 sightline passespoleward or
equatorward of its magnetic axis, and values of the magnetic
latitude $ and sightline impact angle %for the two aternative
conbgurations are given in Paper |, Table 3.

All of our seachesand correlationsreiterate the conclusions
of van Leeuwen et a. (2003) to the end that the star( basic sub-
pulse modulation frequency is the true one and thus not aliased.
On this basiswe then bnd that if the star hasan OlmdeO(poIe—
ward) sightlinetraverse, it could have a subbeam Garousel Osys-
tem with some 2540 beamlets, or, if an QoutsideO(equatorward)
traverse, some 8B12. The geometric models of Paper | seem to
restrict this range somewhat more, and for working purposes we
have used N values of 34 and 10, respectively. Polar maps cor-
responding to both possibilities are given above, and physical
considerations may favor the latter one, ssmply because of space
constraints on the polar cap.

Nonetheless, either conbguration implies subbeam circula-
tion times F¥ much longer than the 2.5 P, predicted by the
Ruderman & Sutherland (1975) theory. Without aliasing, P is
simply the product of the subbeam number N and P; = 11P,,
s0 that for an inner traverse B is 280450 P; and for an outer
traverse 90D130 P;. E # B drift may till be responsible for the
Qarousel Orotation, but inadi! erent conbguration than the polar
cap QapOregion envisioned in the above theory.

221

Polarized polar maps have been constructed which appear
to give new insight into the polarization-modal structure of the
Qrarousel Gbeam system. While our results show a complex yet
systematic structure, we bnd as expected that the modal beam-
let systems are o! set from each other both in magnetic azimuth
and polar angle (Rankin & Ramachandran 2003). The stronger
(here positive) system is largely conbned to the inner periph-
ery of the map nearthe sightline limit, and the secand wealer
system, while also most intense on the inner periphery, tails o!
in an asymmetric diagonal manner over a much larger range of
magnetic polar angle. The detailed modal structure of this polar-
ized Qrarousel Osystem is well debned by the cartographic map-
ping. The contrasting forms of the two modal systems is unex-
pectedand potertially importart. And with such mapsin mind
it can hardly be surprising that their periodic encounter with our
sightline could give rise to the perplexing P, €! ects considered
in RRS.
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