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Abstract

Numerous studies of conal pulsars, e.g. B1133+16, have revealed uctuation features
and a steady null fraction. Sensitive Arecibo observations provide an unprecedented abil-
ity to detect nulls and con rm previously found uctuation features. By replacing each
pulse with a scaled version of the average pro le, we were able to quench all subpulse
modulation, dubbed pulse-modulation quelling (PMQ).

It was surprising to note that the low-frequency feature observed in the natural lon-
gitude resolved uctuation spectra (LRF) persisted in the PMQ LRFs! It appears that
we can conclude, then, that the nulls themselves re ect whatever underlying periodicity
is responsible for the low-frequency feature. Conversely, the aggregate uctuation power
of the low frequency feature changes little whether the pulse modulation is quelled or not,
implying that the feature uctuations are produced by the nulls! These conclusions are
perplexing because (with very unusual exceptions) no obvious or regular periodicities have
heretofore been attributed to null occurrence.
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Comprehensive Literature Review

In 1934 Walter Baade and Fritz Zwicky predicted the existence of an extremely-dense,
small star, composed almost entirely of neutrons. Oppenheimer and Volkov (1939) calcu-
lated the mass, diameter, and density of this neutron star using equations of state. In 1967,
radio astronomers in search of quasars found a strange astronomical source that emitted
weak \pulses" at regular intervals. These PULsating stARS (PULSARS) exhibited the
same properties as the predicted neutron star. Since the discovery of pulsars, many ad-
vancements in the detection of pulsars and the theory of pulsar emission have been made,
particularly the observed periodicity of \nulling" in pulsars.

In the mid-1960s Antony Hewish at the Cavendish laboratory (in Cambridge, England)
designed a radio telescope to measure the interplanetary scintillatioh of compact radio
sources (quasars, in particular). The radio telescope was xed to the earth, and would scan
the sky as the earth rotated to record the observed intensity. Jocelyn Bell, responsible for
analyzing the data and operating the telescope, noticed a large uctuation feature that
looked unlike interference as the telescope passed right ascension 1$1%he noted the
time of day when the feature was visible, and used a fast-recording device for a more
detailed observation. To Jocelyn and Antony's surprise, the source produced amazingly
regular pulses approximately every 1.3 seconds. They brie y entertained the thought that
the pulsating source could be from an extraterrestrial civilization{it was rst dubbed little

green men, or LGM-1. This possibility was ruled out when no recognizable code could be

1The interstellar medium is inhomogeneous and highly turbulent, causing strong intensity modulations.
This e ect is called scintillation and is similar to the \twinkling" of stars due to the di raction of light in
Earth's atmosphere.

2We now know that this source did not show up every day in their observations, which is most likely
due to random interstellar scintillation e ects.



deciphered from the signal, and no doppler e ect was observed in the signal, which would
be expected for a planet orbiting a star. When their results were published, the source was
called CP 1919 (CP: Cambridge pulsar) and is now commonly denoted PSR B1919+23..

Titled \Observation of a Rapidly Pulsating Radio Source," Hewish, Bell, et al. (1968)
published their ndings in Nature. There they did not state a connection between the
observed source and a rotating star. However, they did know that: i) the source must lie
outside of the solar system, and ii) it must be very small in size and probably a white
dwarf star or a neutron star. A few months before pulsars were discovered, an article in
Nature by Franco Pacini (1967) had shown that a rapidly rotating neutron star, with a
strong dipolar magnetic eld, would act as a very energetic electric generator. This, along
with Baade and Zwicky's neutron star prediction, helped pave the way for our modern
interpretation of a pulsar: a rapidly rotating neutron star whose emission is centered on
the star's magnetic poles.

A simple, and common, analogy is that of a pulsar as a lighthouse. When a lighthouse is
observed from afar, light is seen once per rotation (or once per period), e ectively creating
a series of pulses over time. If the observed intensity is plotted, a smooth distribution
results, that peaks when the light points directly at the observer and then decreases in
intensity as the beam of light passes. While this simpli ed example is not precisely the
case for pulsars, it can be useful to think of the light in the lighthouse ickering in intensity.

Figure 1 is an extraction of pulses from several pulsars color coded as white (no in-

tensity), blue (little intensity), normalized to red. The variation in intensity of the pulses

3PSR: Pulsating Source of Radio; 1919 is the right ascension (in 1950.00 coordinates) with the +21
indicating the position in declination.



Figure 1: Extraction of pulses from pulsars: B1848+12 (leftmost), B2044+15, B1133+16,

and B0809+74 (rightmost). 3



observed is quite evident. The vertical axis represents the pulses, while the horizontal axis,
labeled as the longitude, is the intensity detected through the duration of the pulse (the
pulse proceeds from left to right). From gure 1 it also seems evident that the emission
of pulses from pulsars is sporadic in nature (particularly in the case of pulsar B1133+16),
however those pulses do in fact occur in regular intervals. It is nothing short of amazing
that when many pulses are averaged together (on the order of 600 pulses for many pulsars),
the pro le is amazingly steady.*

That being said, currently, there is no de nitive theory of pulsar emission. This de-
ciency, is not due to the lack of observational data (a surfeit of data exists which may
complicate matters), but from the many observed states of emission. In particular, the
\big three" e ects of modulation phenomenon are known as: mode changing, sub-pulse
drifting, and pulse \nulling." What follows are brief descriptions of these phenomena.

In some pulsars, the integrated pro le, which is the average pro le, switches between
two (or more) di erent forms for relatively short periods of time. Pulsars which display
this phenomenon tend to favor one prominent state over another resulting in a steady
average pro le over many pulses. Changes to the other state as seen in the integrated
pro le are known as mode changes and were rst recognized by Backer (1970) in the
pulsar B1237+25.

The modulation e ect known as sub-pulse drifting occurs when successive pulses from a
pulsar contain sub-pulses which appear at progressively changing longitudes. The marching

of sub-pulses across the pulse window is evident in pulsar BO809+74 as shown in gure 1.

4This is true when the pulsar is observed at the same radio frequency. As a general rule, the width of
the average pro le increases as the observed frequency decreases.



The normal pulse periodicity is labeledP1, with P, being the spacing between sub-pulses
within a single pulse. Pz is the period in which a pattern of drifting pulses cross the pulse
window.

An explanation for drifting sub-pulses was presented by Ruderman and Sutherland
(1975; hereafter RS75). They suggested that the phenomenon was due to a rotating
carousel of sub-beams within a hollow cone of emission. Their theory encounters di culty
explaining the rotating circulation time observed. Pulsar J1819+1305 has aP3 value
of 57 P41, which is very long compared to RS75's theoretical prediction. Gilet al. (2006)
suggested several theoretical modi cations which take into account the observed drift rates.

Backer (1970) pioneered a method to easily determine &3 value. In this technique,
samples are selected from the same longitude bin for each of the individual pulses to form
a time series at a xed pulse longitude. Next, a one-dimensional discrete Fourier transform
is applied, resulting in a power spectrum as a function of cycles per pulse period (84). A
typical example of this procedure is shown in the bottom plotin gure 2. The middle panel
of the longitude-resolved uctuation spectra (LRF) plot represents each of the individual
longitude bins of the power spectrum after the Fourier transform, and the bottom panel
is that integrated spectrum. The rightmost panel shows the average intensity observed in
each of the longitude bins, representing the average pro le. To extract aP3 value from a
LRF, one would take the inverse of the c/P; at the maximum intensity of the integrated
spectrum (in gure 2, the peak is approximately at 0.46 ¢/P;1; P3 = 2.2 P3).

In some pulsars, you may have noticed \missing" pulses, designated as white lines in
gure 1. There is little theory to explain this so-called nulling. It was rst thought that the

nulls were acompletefailure of emission or coherence, occuring in a given pulsar at more
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tom). Pulsar B0834+06 is shown here.



or less random intervals. Today we no longer believe that i€ntirely true, however this idea
still holds merit in some pulsars which null for days or weeks at a time. Another explanation

is derived from the rotating carousel interpretation of RS75. The nulls would then represent
sight-line passes through the carousel which fail to encounter signi cant emission. This
model, therefore, does not require nulls to correspond to a complete cessation of emission,
it merely suggests that we observe regions of little emission in the carousel circulate.

Ritchings (1976) suggested that the amount by which a particular pulsar nulls (the null
fraction) was correlated inversely with the age of the pulsar. This may suggest a faltering
emission mechanism towards the end of the star's life, yet Rankin (1986) pointed out a
large variance in the observed null fractions. Therefore a single null-age relation is not
transparent. Most other studies have simply asked how often a given pulsar nulls{using a
null histogram as shown in Figure 2. The construction of a null histogram is fairly simple:
each pulse is divided by the average intensity I=<I> ), then placed in a bin where it
is counted. In the gure, the vertical axis corresponds to the number of pulses with a
correspondingl=<I> ratio (on the horizontal axis).

Recently, some advancements were made that support a rotating carousel emission
pattern, yet the theory cannot account for the observed carousel rotation periods. This
said, there are a growing number of pulsars with nulling e ects which may well be related
to each other: Redman, Wright & Rankin (2005) noted that B2303+30's nulls occur mostly
in the star's weaker "Q' mode, and that this mode alternates with the star's bright "B’
mode in a quasi-periodic manner. B0834+06's nulls are also cyclic, in that they occur in
synchrony with the star's 2.17 P; primary pulse sequence modulation (Rankin & Wright

2007a); whereas in J1819+1305 long nulls alternate with intervals of bright emission,



such that the nulls appear overall to be highly periodic (Rankin & Wright 2007b). The
weeks-long, quasi-periodic nulls of B1931+24 have been detected in the pulsar's timing as
spin-down torque decreases (Kramer et al. 2006). Finally, Wang, Manchester & Johnston
(2007) have studied a group of pulsars known for their long nulls from timing e orts, and
some of these also exhibit clear periodicities.

The methods described in the two publications presented in this thesis support a rotat-
ing carousel interpretation, due to the nulling periodicity observed. Each pulse sequence
was analyzed to determine if the observed pulse had little or no emission (a null) or some
emission (a pulse). An identical pulse sequence was then created, with a pulse of zero
intensity replacing the null pulses, and an average pro le replacing the pulse states (a
technique dubbed pulse-modulation quelling (PMQ)). This new pulse sequence then un-
derwent Fourier transforms (using the same procedure as in an LRF) to identify periodic
features. We (Joanna Rankin and myself) were surprised to note that the low-frequency
feature observed in the natural LRFs persisted in the PMQ LRFs! It appears that we
can conclude, then, that the nulls themselves re ect whatever underlying periodicity is
responsible for the low-frequency feature. Conversely, the aggregate uctuation power of
the low frequency feature changes little whether the pulse modulation is quelled or not,
implying that the feature uctuations are produced by the nulls! These conclusions are
perplexing because (with very unusual exceptions) no obvious or regular periodicities have

herertofore been attributed to null occurrence.
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ABSTRACT

Numerous studies of the brightest Cambridge pulsar, B1133+16,
have revealed little order in its individual pulses, apart from a weak
30-odd-rotation-period uctuation feature and that some 15 per cent
of the star's pulsars are "nulls." New Arecibo observations con rm
this uctuation feature and that it modulates all the emission, not
simply the “saddle’ region. By replacing each pulse with a scaled ver-
sion of the average pro le, we were able to quenching all subpulse
modulation and thereby demonstrate that the star's “null' pulses ex-
hibit a similar periodicity. A subbeam carousel model with a sparse
and irregular "beamlet' population appears to be compatible with

these characteristics.
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1 INTRODUCTION

PSR B1133+16 has been the subject of
multiple studies, in part, because it is the
brightest of the rst four Cambridge pulsars
(Pilkington et al. 1968). It exhibits a classic
double prole along with the usual S-shaped
polarization-angle (hereafter PA) transverse.

Early individual pulse studies of B1133+16
noted a long period modulation feature (Slee &
Mulhall 1970, hereafter SM70; Taylor & Huguenin
1971, hereafter TH71), but its signi cance was un-
certain because the pulsar shows little orderly sub-
pulse structure. Refractive scintillation also cor-
rugates the pulsar's intensity strongly at metre
wavelengths. Making some e ort to mitigate its
e ects, Backer (1973, hereafter B73) found this
feature strongest in the “saddle' region and mea-
sured its period to be 37 stellar rotation periods
(hereafter P1). Both TH71 and Backer found, in
the latter's words, “a weak ordering process which
correlates the emission in a series of pulses.' This
consisted of “single subpulses in component | or
component Il, subpulses in both components, and
pulses with no emission.' The subpulses with no

? J.Her ndal@gmail.com; Joanna.Rankin@uvm.edu

Figure 1. Typical LRF spectra for PSR B1133+16,
computed in total power (Stokes 1) for the 327-MHz
observation (‘D' in Table 1) on 2006 October 10. The
main panel gives the spectra according to the average
pro le in the left-hand panel, and the integrated spec-
trum is shown in the bottom panel. Here, a fast Fourier
transform length of 256 was used. Components | and
Il are indicated.



Table 1. Observational parameters.

Observation Date Resolution  Length
md Yyr 1 ( /sample) (pulses)

A 07/20/03 0.16 1517

B 11/28/05 0.18 2021

C 11/29/05 0.18 26952

D 10/07/06 0.35 1934

2 The rst 500 pulses of this observation were ignored due to

noticeable interference.

emission|dubbed “nulls' by Backer (1970)|were
found to occur around 15 per cent of the time
(Ritchings 1976).

Little regular or consistent subpulse drift has
been identi ed in B1133+16, although its sight-
line traverse is su ciently oblique that this would
not be ruled out (Rankin 1993b). B73 followed
SM70 in reporting a weak and occasional 0.20 cy-
cle/period (hereafter c/ P1) feature; and, Taylor,
Manchester & Huguenin (1975), using correlation
methods, found a weak preference for positive sub-
pulse motion in adjacent pulses. More recently,
Nowakowski (1996) identi ed very occasional in-
tervals during which subpulses appeared to drift
progressively across the pro le in about 12 P4, usu-
ally positively.

Nowakowski (1996), Weltevrede, Stappers &
Edwards (2006) and Weltevrede, Edwards & Stap-
pers (2007) identify the low frequency feature, and
show that its e ect is not con ned to the “saddle’
region, but modulates all of the star's emission.
They further determine its period to be 33 3 P4,
as we also illustrate in Figure 1.

Several other recent papers piqued a renewed
interest in pulsar B1133+16: rst, Bhat et al.
(2007) demonstrated that the star's null pulses
are not strictly simultaneous at all frequencies.
They found an about 5 per cent excess of nulls
which only occurred at frequencies below or near
1.4 GHz; second, the pulsar was found to produce
broad-band “giant' pulses (Kramer et al. 2003) on
the trailing edge of the leading component about
1 per cent of the time (at 4850 MHz), and thirdly,
on no other basis than the above studies, Gil, Me-
likidze & Zhang (2006) claimed that the 33 P1 mod-
ulation represents a carousel circulation time, and
we strongly doubted that this was the case.

In order to further explore the signi cance of
this low frequency modulation, we have analysed a
series of recent, high-quality observations from the
Arecibo Observatory in Puerto Rico. In Section
2 we describe these observations, and Section 3
presents the analysis. A discussion and summary

Figure 2. Total power (Stokes 1) displays extracted
from observation ‘D' in Table 1, pulses 901-1100 (left-
hand panel) and 1501-1700 (right-hand panel), colour
coded as in Fig. 1, but saturating in magenta. The ver-

tical grid denotes 10 pulse intervals.



Figure 3. Null frequency histogram for the "D’ obser-
vation in Table 1. The integrated-intensity distribution

of the pulses (solid line) and that of the o -pulse region
(dashed line) are plotted. The plot is truncated at high
intensity in order to show the detail near zero (it ex-
tends to > 10 <I> ). The vertical dotted line represents
a plausible threshold of 0.08 <I> for distinguishing the
nulls. Note that even with this very large S/N, the null
distribution is continuous with that of the pulses. In
part, the pulse and null distributions are con ated by
ISS eects, but the D observation is the least corru-
gated in this respect. Two pulses were ignored due to
bad baselines.

of the results is then given in Section 4. Finally,
Appendix A presents a probably carousel solution
for a particularly orderly short interval.

2 OBSERVATIONS

The observations were carried out using the 305-
m Arecibo Telescope in Puerto Rico. All of the
observations used the upgraded instrument with
its Gregorian feed system, 327-MHz (P band) re-
ceiver, and Wideband Arecibo Pulsar Processor
(WAPP 1. The auto-correlation functions (ACFs)
and cross-correlation functions (CCFs) of the
channel voltages produced by receivers connected
to orthogonal linearly (circularly, after 2004 Oc-
tober 11) polarized feeds were three-level sam-
pled. Upon Fourier transforming, some 64 chan-
nels were synthesized across a 25-MHz bandpass
with about a milliperiod sampling time. Each of
the Stokes parameters was corrected for interstel-
lar Faraday rotation, various instrumental polar-
ization e ects, and dispersion. The date, resolu-
tion, and the length of the observations are listed
in Table 1.

1 http://iwww.naic.edu/ wapp

Figure 4. Histogram of burst lengths for observation
D (solid curve). A “burst' is de ned as the number
of contiguous pulses between full nulls, and successive
full nulls are counted as bursts of zero length. The ex-
pected burst frequency is then computed statistically
and plotted according to the dashed curve. Note the
overabundance of very short (including zero) and very
long bursts.

Table 2. Observed low frequency feature after PMQ.

Observation Main Feature
A 28 2P
B 32 2P;
C 39 3P
D 36 3P;

Weighted LRF 32 2Py

3 ANALYSIS
3.1 Nulls, partial nulls, and giant pulses

B1133+16 is known to produce a classic double
prole with a taller leading and a wider trail-
ing component (at 327 MHz) as seen in the left
panel of Fig. 1. Despite its prominence and bright-
ness, little regular or consistent order in the star's
subpulses has been identi ed, perhaps because of
their exceptionally sporadic character. 2 Two 200-
pulse sequences (PSs) of our least interstellar scin-
tillation (ISS) corrugated observation (‘D' in Ta-
ble 1) are shown in Fig. 2. The nulls are more

2 The giant-pulse peaks in Fig. 2 are dicult to see
because because they are so brief and distinguished
by magenra rather than red coding. Nonetheless, they
dominate the leading component in pulses 1542, 1546,
and 1574 and trailing in pulse 1000 and 1682.



Figure 5. LRF spectra of the arti cial 'PMQ' PS cor-
responding to observation "D'. Here, most pulse mod-
ulation was quelled by substituting a scaled-down av-
erage pro le for the pulses and a similarly scaled half-
average pro le for the emission during partial nulls (see
the text).

than obvious|given the typical >100:1 signal-to-
noise ratio (S/N) { as white intervals between the
pulses. Fig. 3 gives a pulse-intensity histogram for
this observation [note the strong presence of pulses
with zero (or near zero) aggregate intensity]. How-
ever, note well also that the distribution is contin-
uous between the pulses and nulls, frustrating any
possibility of delineating the two populations posi-
tively. The dotted line then represents a conserva-
tive boundary at 0.08 <I> . Accordingly, 20.6 per
cent of the pulses fall below this threshold, and a
considerable portion of these, we know, are “partial
nulls' { that is, a ecting only the leading or trailing
component. The frequency of such partial nulls is
readily estimated either by eye using displays such
as those in Fig. 2 or by computing intensity dis-
tributions separately for the pro le halves. Some
of these partial nulls are clearly visible in the lat-
ter gure, notably pulses 935, 988, 1561, 1675, and
1681. Partial null occurrence is about 7 per cent
(2/5 per cent in Comps. l/ll) in each of the D' PS,
wildly more frequent than would be expected ran-
domly. A corresponding estimate for the full nulls
is 14.4 per cent. All of the observations are con-
sistent with the null fraction found by Ritchings
(1976) and Bhat et al. (2007). Depending on the
observation, a partial null fraction of 5{8 percent
was found.

A histogram of burst length is shown in Fig. 4,
where a “burst' is de ned as the number of con-
tiguous pulses between full nulls { and successive
full nulls are counted as having burst length zero.
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Figure 6. Weighted uctuation power spectrum of the

combined PMQ LRF spectra. The aggregate LRF spec-
tra of the observations in Table 2 were weighted by the
square of their lengths, which we took as approximately
proportion to their respective total pulsar energy.

A theoretical curve is also plotted (dashed line),
giving the expected occurrence assuming 14.4 per
cent randomly distributed nulls [note the pro-
nounced overabundance of very short (including
zero) bursts as well as very long ones]. A further
look at Fig. 2 reveals that many of the nulls occur
in short groups separated by equally short bursts,
with an overabundance of contiguous nulls. His-
tograms of null length (not shown) verify that a
null length of one is, by far, most frequent and
that the nulls never persist longer than three or
four periods.

3.2 The low-frequency feature

The longitude-resolved uctuation (LRF) spectra
given above in Fig. 1 is typical of our several obser-
vations. The low-frequency feature is often broad
and non-descript and sits atop a nearly “white'
continuum. We also see clearly here that the fea-
ture modulates both the components and the “sad-
dle' region. LRF spectra re ect not only the pul-
sar's “normal' emission properties but also its gi-
ant pulses and the often severe corrugation pro-
duced by ISS? Given these several, even domi-
nating distortions, one can well be surprised that
any consistent modulation feature survives at all.
However, every uctuation study in the literature
notes this low-frequency modulation, and the re-
cent work of both Nowakowski (1996) and Wel-

3 Typical diractive scintillation time-scales for
B1133+16 at 327 MHz are 100s or larger (Bhat, Rao
& Gupta 1999)



tevrede (2006,2007) measure a fairly consistent pe-
riod of 33 3 P;.

LRF (Stokes |') power spectra were computed
for all the observations in Table 1 using Fourier
transforms of length 256. One or several 30-oddP1
features were prominent in all of them and fell close
to the values given in Table 2. The individual PSs
(and sections of them) show other minor features,
but only the 0.20 ¢/ P; noted by Backer was at all
consistent (appearing in all but "B").

3.3 Pulse-modulation quelling (PMQ)

What would B1133+16's LRF spectra be able to
tell us were there no giant pulses nor ISS to con-
tend with? We nd it curious that these e ects do
not (do much to) degrade our ability to distinguish
the star's nulls from pulses (given the exceptionally
high S/N), but they tend to obscure what useful
information the LRF spectra may have held. With
these questions in mind we investigated whether
some compression of the PS's amplitude distribu-
tion might be useful. Then we asked whether elimi-
nating all the pulse modulation could be revealing?
The latter might entail computing the power spec-
trum of the binary series of nulls and non-nulls.
Given the centrality of the two component's indi-
vidual behaviour, however, we decided to try sup-
pressing all pulse modulation except that implied
by the star's partial nulls.

We then constructed arti cial PSs correspond-
ing to each of the natural ones as follows. Each had
been scrutinized, pulse by pulse, in order to make
reliable estimates of the sequences of pulses, full,
and partial nulls. Colour displays such as that in
Fig. 2 provided a convenient and quantitative mea-
sure of pulse intensity because the noise levels of
the observations fall just inside the white region
at the low intensity end of the colour bar. (Arti -
cial PSs generated using an appropriate threshold
give very similar results, but given the continuity
of intensity at very low intensity, it was useful to
assess all the pulses with energies in the threshold
region.)

Then, the actual generation of the arti cial
PSs was trivial: (i) a suitably scaled down aver-
age pro le was substituted in place of every pulse,
and (ii) a similarly scaled half-average pulse was
substituted for the partial null emission. The only
slight complexity was that the leading and trailing
half-average pro les were tapered over 2 {3 in the
“saddle’ region (while keeping their sum that of the
full pro le) to avoid inserting a step function.

Figure 7. Typical 113-pulse intervals of observation A
(in Table 1) folded at the local 28.44 P; putative value
of P3. Each display represents the average of four such
intervals. Note that both folded PSs show one or more
“null zones' where the intensity is negligible as well as
maxima that are three to ve times larger than the
average.

3.4 Periodic nulls?

LRF spectra were computed for each of the four ar-
ti cial PMQ PSs corresponding to the natural PSs
in the two tables, and an example is given as Fig. 5.
As might be expected, the level of “white' uctua-
tion power is greatly reduced { cf. Fig. 1. Our sur-
prise was that the low-frequency feature persisted,
and in some cases was even stronger; thus its S/N
is considerably greater. The periods of the features
obtaining from the four LRF analyses, together
with their estimated errors, are collected into Ta-
ble 2. The range among the four values suggests



some actual variation, but this is far from certain,
in particular because most of the low-frequency re-
sponses appeared to have some structure with two
to three strong peaks. (Identical LRF results were
obtained, as expected after some thought, when
the nulls were lled as above with pro les and the
regions of emission with noise.)

Taking a further step to explore the signi -
cance of these various responses, we computed a
weighted-average of the PMQ LRFs, which is given
as Fig. 6. Here, the primary peak is at 32P;, the
secondary one at some 48, and one can also see
a “band' of uctuation power extending down to
25P;. In an e ort to weight the four observations
appropriately, we used the square of their lengths,
this assuming that length was approximately pro-
portional to total pulsar energy.

The conclusion to be drawn here, apparently,
is that the nulls themselves re ect whatever un-
derlying periodicity is responsible for the low-
frequency feature. Or, conversely, the aggregate
uctuation power of the low frequency feature is
little changed whether the pulse modulation is
quelled or not, implying that the feature uctu-
ations are produced by the nulls! These conclusions
are perplexing because (with very unusual excep-
tions) no obvious or regular periodicities have her-
ertofore been attributed to null occurrence.

3.5 Could a rotating subbeam carousel
produce the periodic nulls?

It may seem strange that an irregularly lled
rotating-subbeam carousel with a continually
changing “beamlet' con guration could give rise to
a well de ned feature corresponding to its circu-
lation time ( P3). However, little more is required
than (i) that the beamlet pattern be sparsely pop-
ulated (and thus highly modulated) and (ii) that
it remains relatively stable over a few rotations. If
then, the main uctuation feature in Fig. 6 pro-
vides an (unaliased) estimate of this circulation
time; its width gives us an indication of the mod-
ulation's phase and amplitude stability.

Fig. 7 shows two typical intervals folded at the
putative Ps period. Here, the local value is 28.44P,
and the PS is folded over four rotations or 113P;.
As expected, the two patterns are very di erent.
However, most similar folds exhibit two common
properties: rst, they show “null zones' where the
aggregate power is negligible { implying "negative'
uctuation power at this period { and, secondly,
they are highly modulated with “positive' uctua-
tion power at the fundamental period.

Whatever the detailed con guration of the
carousel, its lowest angular-frequency component
{ corresponding to a full rotation in magnetic az-
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imuth through our sightline { will contribute to the
LRF feature as long as conditions (i) and (ii) above
are met. A “forest' of other responses, of course,
would be produced by the ner structure of the
carousel con guration. However, these will be at-
tenuated and “whitened' over a few rotations as the
con guration continually changes. We note again
the large bias of roughly “white uctuation power
on which the low-frequency features sit in each of
the spectra above.

It may still seem paradoxical that the nulls
alone produce an LRF feature of the same fre-
quency when all the pulse modulation is sup-
pressed by the pro le- lling (PMQ) method above.
However, we can now see that the “nulls' arise in
just the same manner as the pulse modulation {
that is, from the sparsely lled carousel-beam pat-
tern. Moreover, B1133+16's nulls appear to exhibit
just the properties one would expect from this ori-
gin: (i) the energy distribution is continuous be-
tween pulses and nulls, (i) both full and partial
nulls occur with comparable frequency, and (iii)
null (or burst) occurrence is hardly random.

4 DISCUSSION

In the foregoing sections we have shown that pul-
sar B1133+16's roughly 32P; modulation is a key
property of its emission. Though weak uctuation
at this period had been identi ed long ago, sev-
eral factors seem to have prevented full realization
of its importance. This modulation tends to be
‘washed out' both by the strong di ractive scin-
tillation of this low dispersion measure star and
within its two bright components by strong (and
‘giant'-pulse) uctuations, to the end that it was
falsely associated only with the central saddle re-
gion (e.g., Rankin 1986). This paper con rms the
recent realization that both components and the
saddle region are modulationed at this rate. It also
shows that both the pulse emission and nulls share
this modulation period.

While we cannot fully prove that the star's
roughly 32P; modulation re ects the properties of
a subbeam carousel rotating through our sightline,
we are able to show that the characteristics of the
modulation are fully compatible with this inter-
pretation. Given the pulsar's usual lack of per-
ceptible drift or other P3 signature, the putative
carousel must usually be comprised of irregular
and sparsely spaced beamlets { and we also see
that such con guration must be stable over inter-
vals longer than 30 and probably not much more
than 100P;.

Our analysis can say litle more about the
star's pulsed emission, but there is a good deal
more to say about the star's nulls. First, they usu-



ally last only a single period and never more than
three or four. Secondly their pulse-energy distri-
bution is continuous with that of the null distri-
bution { or said di erently, a small population of
very weak pulses bridges the intensity distribution
between the roughly 15 per cent nulls and the weak
edge of the pulse-energy distribution. Thirdly, the
nulls are not randomly distributed within the pul-
sar's PSs, and we see this in two di erent ways:
(i) while the long nulls are only a few pulses, there
are far too many contiguous nulls, and (ii) the nulls
themselves show exactly the same 3P, periodic-
ity as the pulses. Fourthly, there are far too many
partial nulls, as the region around each component
exhibits some 20 per cent nulls.

The striking thing about B1133+16's null pe-
riodicity is that the pulsar's PSs are otherwise al-
most completely irregular; no drift of other con-
sistent modulation has ever been identi ed. "How
then can the nulls be periodic?' we asked ourselves!
The answer, we now believe, can be found in a
sparsely populated subbeam carousel whose beam-
let con guration remains relatively constant over
several circulation times.

This said, there are a growing number of other
pulsars with nulling e ects which may well be re-
lated: Redman, Wright & Rankin (2005) noted
that B2303+30's nulls mostly occur in the star's
weaker "Q' mode, and that this mode alternates
with the bright 'B' mode in a quasi-periodic man-
ner. B0834+06's nulls are also cyclic in that they
occur in synchrony with the star's 2.17 P1 primary
PS modulation (Rankin & Wright 2007a); whereas
in J1819+1305 long nulls alternate with inter-
vals of bright emission such that overall the nulls
appear to be highly periodic (Rankin & Wright
2007b). The weeks-long, quasi-periodic nulls of
B1931+24 have been detected in the pulsar's tim-
ing as spin-down torque decreases (Kramer et al.
2006) and, nally, Wang, Manchester & Johnston
(2007) have studied a group of pulsars known for
their long nulls from timing e orts, and some of
these also exhibit clear periodicities.

Finally, we expect that the carousel model for
B1133+16's nulls is fully compatible with their fre-
quency dependence as so ably demonstrated by
Bhat et al. above. The salient issue, probably,
is that the excess nulls occur at lower frequen-
cies where the carousel's angular dimensions are
greater. Their larger con gurations may have more
interstitial space (or "null zones') where “empty’
sightline traverses through the beamlet pattern
can occasionally occur. This scenario further seems
compatible with Bhat et al.'s nding that the
star's low-frequency nulls show only weak emission
at high frequency, because if the sightline misses
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beamlets at low frequency, it may only graze them
at higher ones.

It could then not be clearer, in summary, that
pulsarists still have much to learn about pulsar
nulling and, as regards the Gil et al.'s circulation-
time interpretation for B1133+16, we have eaten
our hats!
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APPENDIX A: A PROBABLE
CAROUSEL SOLUTION

Our various observations also show an occasional
0.20 c/P1 modulation feature, and in a 200-pulse
interval of PS A (in Table 1) both it and the
low-frequency feature appear prominently. As dis-
cussed above, the “local' value of the putative Ps
feature here is some 28.44P,, whereas the P; mod-
ulation period can be measured from the LRF to
be 5.22 0.01 P,. However, the harmonic resolved
uctuation spectrum of Fig. Al shows that this
feature probably represents a rst-order alias of
its true frequency, making its period 1.237 0.011
P1. A simple calculation will show that the aliased
Ps value is incommensurate with 28.44P,, but the
rst-order alias is precisely 1/23 of it.

These circumstances strongly suggest that
B1133+16's subbeam carousel very occasionally
exhibits a semi-stable, characteristic pattern in
which many of the beamlets have an azimuthal
spacing of (360/23 =) 15 .6. Usually, though,
this characteristic spacing is not su ciently rep-
resented to produce aP3 feature.

Using a knowledge of the pulsar's basic emis-
sion geometry (e.g., Rankin 1993b), the central
longitude, and the ( rst-order aliased!) drift direc-
tion, we can construct a subbeam carousel map us-
ing the cartographic transform method developed
by Deshpande & Rankin (2001). The resulting map
is shown and described in Fig. A2. Note the many
instances in which bright beamlets are spaced by
the characteristic 16 , although one would be hard
pressed to count any 23 beamlets in this map!

This carousel solution, of occasional perti-
nence at best, is interesting in several respects.
Flirst, even this most orderly interval in our several
PSs is hardly so. About the most that can be said
for it is that many beamlets appear to be spaced by
roughly the 360 /23 value. Perhaps, however, spac-
ings near this amount are favoured overall. If so, it
is also interesting that beamlets sweeping through
our sightline with this spacing are undersampled
or aliased by the star's rotation rate. Aliasing ex-
aggerates the irregularities in any time sequence
and can quickly produce a randomized appearance.
Perhaps this circumstance is partly responsible for
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Figure Al. Harmonic resolved uctuation spectrum
(see Deshpande & Rankin 2001 for a full explanation)
for the rst 600 pulses of observation A (in Table 1).
Here we see both the putative 28.44 P1 circulation-time
feature and the 5 P “drift' feature. Note that the former
is primarily amplitude modulated, whereas the latter is
both rst-order aliased and almost entirely phase mod-
ulated. See the text.

the di culties of many observers over many years
to nd order in the PSs of this brightest of the
Cambridge pulsars.

This paper has been typeset from a TeX/ LATEX
le prepared by the author.



Figure A2.  Polar map constructed using pulses 242-
504 of the A PS. Here, P; was determined to be
28.44P1, so the average of seven carousel rotations is
depicted. The magnetic axis is at the centre of the di-
agram, the “closer' rotational axis is upward, and (as-
suming a positive or equatorward traverse) the sight-
line track sweeps through the lower part of the pattern.
Here, the star would rotate clockwise, causing the sight-
line to cut the counter-clockwise-rotating subbeam pat-
tern from right to left; see DRO1 for further details. The
side panels give the “base’ function (which has not been
subtracted from the map), and the lower panel shows
the radial form of the average beam pattern.
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ABSTRACT

Sensitive Arecibo observations provide an unprecedented ability to
detect nulls for an accurate pulse-modulation quelling (PMQ) anal-
ysis. We demonstrate that a number of conal pulsars show \pe-
riodic nulling" similar to the phenomenon found earlier in pulsar

B1133+16.
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1 INTRODUCTION

The complex inner workings of the pulsar emission
mechanism still remain something of a mystery
four decades after their discovery. Pulsar emission
is both dicult and fascinating, in part, because
of its prominent modulation phenomenalin par-
ticular the \big three" e ects of subpulse drifting,
\mode" changing, and the pulse \nulling" that is
the subject of this paper.

The nulling phenomenon has been very per-
plexing since rst identi ed by Backer (1970), be-
cause the nulls a ected all components, even inter-
pulses, and were simultaneous at all frequencies.
Nulls thus appeared to represent a temporary ces-
sation of the pulsar emission process, but strangely
\memory" was observed across nulls in some cases
(Page 1973). Null fractions (NF) were computed
for many of the known pulsars, and found to range
from less than 1% up to 70% or so; but some half
the stars appear not to null at all. The rst sys-
tematic study of such null fractions was made by
Ritchings (1976), who found a correlation between
the NF and a pulsar's spindown age . Ten years
later, Rankin (1986) showed that while old pulsars
null more than young ones, many old pulsars do
not null at all.

Ever more dramatic cases of extreme nulling|

that is, apparent episodes of activity and

? J.Her ndal@gmail.com; Joanna.Rankin@uvm.edu
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miscellaneous { methods: | data analysis { pulsars:

inactivity|have been discovered over the interven-
ing two decades: e.g., those of B0826{34 last for
hours (Durdin et al. 1979); B1944+17 nulls 70% of
the time (Deich et al. 1986); and B1931+24 seems
to cycle semi-periodically on a time scale of a few
weeks (Kramer et al. 2006).

Evidence has steadily accrued over the last
few years that the nulls in many pulsars are not
random turn-o s: the subpulse \memory" across
nulls in BO809+74 closely associates them with
the star's drift (van Leeuwen et al. 2002, 2003);
evidence of sputtering emission during nulls has
been identi ed in both B0O818{13 (Janssen & van
Leeuwen 2004) and B1237+25 (Srostlik & Rankin
2005); almost all the nulls occur in one mode in
B2303+30 (Redman et al. 2005); in B0834+06
the nulls tend to occur on the weak phase of the
star's alternate-pulse modulation cycle (Rankin &
Wright 2007a); and nally the nulls in J1819+1305
exhibit a strong 57-stellar-rotation-period cyclicity
(Rankin & Wright 2007b). These circumstances
strongly suggest that nulls, in many cases, rep-
resent \empty" sightline traverses through a reg-
ularly rotating \carousel" subbeam system (e.g.,
Deshpande & Rankin 2001).

In a recent paper (Her ndal & Rankin 2007;
hereafter Paper I), we identi ed evidence for pe-
riodic nulling in pulsar B1133+16, a pulsar which
exhibits no regular subpulse modulation. The nulls
could be distinguished with great certainty in
this star, and we then applied a straightforward



method of lling the non-null pulses with the
appropriately scaled-down average prole. This
pulse-modulation quelling (hereafter PMQ) tech-
nigue then conrmed that star's low frequency
modulation feature was associated with its nulls.
Here, the implication is that this star's nulls are
produced by a relatively stable, but irregular and
sparsely lled carousel-beam system whose rota-
tion gives a rough periodicity to \empty" sight-
line passes. Such an interpretation may also ex-
plain Bhat et al.'s (2007) result that B1133+16's
null pulses are not strictly simultaneous at all fre-
quencies. They found about a 5% excess of nulls at
meter wavelengths, and this may result from the
star's larger conal emission pattern here.

These various current results lend new impor-
tance to understanding pulsar nulling more fully.
Carousel-related \pseudonulls” may occur widely
and explain much, but in certain stars the evidence
is very strong that their nulls represent a cessation
of their emission (e.g., B1931+24), so at least two
di erent types of nulls are implied. Nulling is also
closely associated with mode changing (e.g., Wang
et al. 2007), and the recently discovered rotating-
radio transients (RRATS) naturally raise questions
about the nature of such pulsars' long dormancies
between their sporadic powerful bursts (McLaugh-
lin et al. 2005).

Here we continue the analytical e ort begun
in Paper l|that is, applying the PMQ method to
a small population of pulsars with conal pro les in
order to test its e cacy and interpret its results
in a larger context. Our Arecibo observations and
analysis methods are briey discussed in x2 and
our results for each pulsar in x3. In x4 we summa-
rize and discuss the results overall.

2 OBSERVATIONS & METHODS

All of the observations were carried out using the
305-meter Arecibo Telescope in Puerto Rico. Ob-
servations were conducted in the P band at 327
MHz. They used the same correction methods and
instrumental techniques as in Paper |. Table 1
gives the resolution, length, and date of each ob-
servation.

Longitude-resolved uctuation spectra (here-
after LRF) of the total power component (Stokes I)
were computed for all of the observations in Table
1 using Fourier transforms of length 256, Figure 2
shows the LRF spectra for pulsar B2034+19 with

1 Pulsar B0525+21, observation dated 2003 October
4, used a FFT of length 128. Pulsars B2303+30 and
J0540+32 both used a FFT of length 512.
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Table 1. Observational parameters.
Pulsar Date Length  Resolution
(md Yyr 1) (pulses) ( /sample)

B0045+33 01/07/2005 1085 0.30
B0301+19 01/08/2005 1729 0.19
B0525+21 10/04/2003 636 0.35
10/07/2006 9612 0.35

J0540+32 10/07/2006 1145 0.48
B0751+32 10/04/2003 1248 0.35
10/07/2006 2080 0.35

B0823+26 10/04/2003 3392 0.35
B0834+06 10/05/2003 3789 0.35
05/06/2006 1920 0.35

B1237+25 07/12/2003 2340 0.35
07/13/2003 5094 0.35

07/20/2003 4542 0.35

01/08/2005 5209 0.13

J1649+2533 01/06/2005 1044 0.36
02/12/2006 2818 0.36

J1819+1305 02/12/2006 3394 0.51
B1831-00 01/07/2005 1151 0.71
B1839+09 01/07/2005 1573 0.48
B1848+12 10/19/2003 2074 0.15
08/19/2006 1037 0.48

B1918+19 02/12/2006 3946 0.39
B2034+19 01/07/2005 1676 0.36
B2122+13 01/08/2005 1038 0.36
B2303+30 10/07/2003 1526 0.23
B2315+21 10/07/2003 622 0.35
01/07/2005 2491 0.26

2 The last 121 pulses of this observation were ignored due to

noticeable interference.

the aggregate intensity (middle panel of the right
column) showing a clear 57 6 P feature.?

The null histogram for pulsar B2034+19 is
shown in Figure 1. Notice the strong presence of
pulses with zero (or near zero) aggregate inten-
sity. However, note that the distribution is con-
tinuous between the pulses and nulls, frustrating
any possibility of delineating the two populations
positively. The dotted line represents the optimal
boundary between nulls and pulses, corresponding
to PSR B2034+19; 44% of the pulses fall below
this threshold. Suitable pulse-intensity histograms
were plotted for each observation to determine a
plausible null threshold.

Pulse modulation quelling (hereafter PMQ)
was preformed on each observation by computing
a binary series of nulls and pulses, particular to
each observation. To get this, the null threshold
from the pulse-intesity histograms was compared
to each pulse, within the same window, in order
to determine if it was a pulse or null. A new pulse

2 Py is that particular pulsar's period.



Figure 1. Null histogram for the pulsar B2034+19.
The integrated-intensity distribution of the pulses
(solid line) and that of the o -pulse region (dashed line)
are plotted. The vertical dotted line represents an in-
tegrated intensity limit of 0.50 <I> to distinguish the
nulls. Notice the null distribution is contiguous with
that of the pulses frustrating any attempts to decisively
measure the null fraction. Forty one (41) pulses were
ignored due to bad baselines.

sequence was created corresponding to the natural
pulse sequence by substituting a scaled-down av-
erage pro le for pulses and zero intensity for the
\null" pulses. The lowest panel of the right column
in Fig. 2 shows the LRF of the PMQ pulse se-
quence for pulsar B2034+19. Notice that the same
low frequency feature persists!

3 INDIVIDUAL PULSAR
PARAMETERS

B0301+19: This pulsar has been found to
have straight drift bands in both components

on the pulse{stack by Schenhardt & Sieber
(1973). Weltevrede et al. (2006, 2007; hereafter
WO0607), during their two-dimensional Fourier

series (hereafter 2DFS) analysis, found the trailing
component exhibits a broad drift feature with

a much higher Ps; value than in the leading
component. The LRF shows two prominent low
frequency features which have a much higher
value then any of the P;3; values reported. The
highest feature is only prominent in the trailing

component (this may be due to the sporadic
nature of the trailing component) with the 51 5
P, feature appearing in both components. After
PMQ analysis only the 51 period feature remains.
Rankin (1986) found a null fraction around 10%.

The null histograms show a slightly larger null

fraction, on order of 13%.

B0525+21: Backer (1973) found if emission
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Figure 2. Typical LRF plot for pulsar B2034+19 com-
puted in total power (Stokes I). The main panel gives
the spectra according to the average pro le in the left
panel, and the integrated spectrum is shown in the mid-
dle panel, right column. LRF spectra of the arti cial
\PMQ" PS corresponding to this pulsar is in the bot-
tom panel. Most pulse modulation was quelled by sub-
stituting a scaled-down average pro le for the pulses
while zero intensity was substituted for detected nulls
(see text). Here, as for most of the observations, an
FFT length of 256 was used.

occurs in component Il then it can be predicted,
reliably, that the next subpulses will be in com-
ponent I. He also found that the most prominent
feature is at 0.025 cycles/P; (40 P;) and that it
is present at all longitudes across the pulse. Tay-
lor et al. (1975) found a very weak preference for
negative subpulse drift in adjacent pulses, but it
is almost equal to a positive subpulse drift. Re-
cently W0607 found the trailing component shows
a drift feature with opposite drift direction (at 21-
cm), while there is evidence for a preferred nega-
tive drift direction in the leading component at 21-
cm and 92-cm. They also conrmed a P3; around
3.8 P;. The LRF features vary between the ob-
servations with only one remaining feature after
PMQ analysis. The 4-odd P; drift feature is only
seen in the longer of the observations in the normal
LRF. The null histograms show a continuous dis-
tribution between that of the pulses and the nulls,
giving a varying null fraction between the obser-
vations. These null fractions are consistent with
Ritchings (1976) of 25%.



J0540+32: This newly discover pulsar was
found during the Arecibo Pulsar survey using the
ALFA (Cordes et al. 2006). This pulsar has a clear
separation between the null and pulse distributions
with 54% percent of the pulses falling below our
null threshold. There is a distinct very low fre-
quency feature at 256 64 P;. The PMQ spectra
shows the same feature with another harmonic fea-
ture at 85 7 P;.

B0751+32: At 430 MHz Backus (1981) iden-
tied a preference for negative drift in this pul-
sar; recently, W0607 found the leading and trail-
ing components show a low frequency feature at
60 20 P; and 70 10 P4, respectfully (at 92-cm).
Once the observations underwent Fourier trans-
forms, the LRF's revealed that the low frequency
feature changes slightly between our observations.
Nevertheless, after PMQ analysis the main fea-
tures in the original LRF's remain. Nulling in
B0751+32 occurs around 34% (Backus, 1981). The
null fraction from the pulse-intensity distribution
histograms changes slightly but is consistent with
Backus's results.

B0834+06: Taylor et al. (1969) found a
strong response at 0.462 cyclesP; (2.16 P;), con-
rmed by Slee & Mulhall (1970), Sutton et al.
(1970) identied it as a drifting feature, Backer
(1973), Taylor (1975) found a preference for pos-
itive subpulse drift, and recently by Asgekar &
Deshpande (2005) and W0607 con rmed the drift-
ing feature's measurement of 22P;. Rankin &
Wright (2007a) showed the nulls are not randomly
distributed, occurring in a periodic matter. The
LRFs of these observations have a clear feature
around 2.16 P; which is conserved after PMQ. An
unexpected feature was found after PMQ analy-
sis of the longer observation at 16 P1. A null frac-
tion of around 7.1% was found by Ritchings (1976);
Rankin & Wright (2007a) found that no more then
9% of pulses are nulls. These observations have
very distinct null{pulse distributions resulting in
accurate null fractions which con rm these previ-
ous results.

J1649+2533: This pulsar was found to have
a null fraction of 30% by Lewandowski et al.
(2004). The null fractions in these observations are
slightly lower (on order of 21%). Lewandowski et
al. also measured aP3 = 2.2 P;; both of the obser-
vations show this feature towards the outer edges
of the pro le, with a clear separation in the middle.
After PMQ analysis, only the 27-odd P, feature re-
mains.

J1819+1305: A very clear feature at 57 6
P in the LRF is spread across the whole pulse with
a slight absents in the middle. This feature remains
as prominent after PMQ analysis. The null his-
togram is a continuous distribution deterring any
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Table 3. Observed null fractions of \featureless" pul-
sars.

J2000 B1950 Length NF
name name (pulses)  (per cent)
J0048+3412 B0045+33 1085 22
J0826+2637 B0823+26 3392 7
J1239+2453 B1237+25 2340 5
5094 6
4542 6
5209 5
J1834-0010 B1831{00 1151 3
J1851+1259 B1848+12 2074 54
1037 50
J2124+1407 B2122+13 1038 27
J2317+2149 B2315+21 622 2
2491 2

possibility of an accurate measurement of \null"
pulses.

B1839+09: WO0607 conrmed the result (at
21 and 92 cm) found by Backus (1981); stating
that there is no preference in the drift direction
for the subpulse modulation. The LRF for this ob-
servation shows a clear feature at 37 3 Py, which
also remains after PMQ was performed. The null
histogram shows clearly that the pulse distribution
trails o into the null distribution, resulting in a
null fraction of 2%.

B1918+19: Four drifting modes identi ed by
Hankins & Wolszczan (1987). This pulsar has a
continuous distribution between the \null" and
pulse distributions in the pulse- energy histogram.
A conservative null threshold was chosen, cor-
respondingly 9% of these pulses fall below this
threshold. The LRF shows a strong low- frequency
feature at 85 14 P;. This feature persists after
PMQ analysis.

B2034+19: This pulsar has a clear null and
pulse distribution in the pulse-intensity histogram.
The LRF shows a clear feature at 57 6 P; which
remains after PMQ analysis.

B2303+30: Redman et al. (2005) found two
modes in this pulsar with almost all of the nulls
come about in the "Q' (quiescent) mode. 11% of the
pulses in this pulsar fall below the null threshold in
the pulse-energy histograms. The LRF shows two
low frequency features: one at 102 20 P; with the
other at 37 3 P;. Both of these features remain
after PMQ analysis.

4 DISCUSSION

Our surprise in Paper | was that the PMQ anal-
ysis associated B1133+16's low frequency feature
so clearly with its nulls! In this larger e ort, we



Table 2. Observed low frequency feature(s), features after PMQ, and null fractions.

J2000 B1950 Length NF LRF Feature(s) PMQ Feature Figure
name name (pulses)  (per cent) (P1) (P1)
J0304+1932 B0301+19 1729 15 128 32 | Fig. A5
51 5 51 5
J0528+2200 B0525+21 636 22 51 10 43 7 Fig. A.1
961 32 39 3 |
28 2 |
22 1 23 1
4:57 0:04 |
J0540+32 | 1145 54 256 64 256 64 Fig. A.7
J0754+3231 BO751+32 1248 36 51 5 51 5 Fig. A.2
2080 40 64 8 73 10
J0837+0610 B0834+06 3789 9 2:17 001 2:18 0:01 Fig. A.3
| 16 1
1920 9 215 0:01 2:15 0:01
J1649+2533 | 1044 21 64 8 | Fig. A4
28 2 28 2
25 01 |
2818 27 57 6 57 6
26 1 26 1
25 01 [
J1819+1305 | 3394 46 57 6 64 8 Fig. A.7
J1841+0912 B1839+09 1573 3 37 3 37 3 Fig. A5
28 2 |
J1921+1948 B1918+19 3946 9 85 14 85 14 Fig. A.6
| 43 4
J2037+1942 B2034+19 1676 44 57 6 57 6 Figs. 1,2
J2305+3100 B2303+30 1526 11 102 20 128 32 Fig. A.6
| 64 8
37 3 37 3

are no longer surprised to nd abundant evidence
for null-related periodicities in this population of
conal dominated pulsars. We do, however, nd pul-
sars whose nulls show no obvious periodicity as
well as cases where PMQ reveals several, probably
harmonically related, periodicities.

Speci cally, the PMQ analysis did not always
identify null periodicity. Table 3 lists seven pulsars
which clearly have a null fraction but do not, ex-
cept for B1237+25 & B1831{00, have a clear LRF
feature. These seven pulsars tend to produce ei-
ther very broad features or featureless (\random")
PMQ LRF spectra. These non-de nitive results
could come about because a pulsar: i) has several
di erent drift modes; ii) an irregular carousel ro-
tation rate; iii) an unfavorable sight-line traverse
across the edge of the carousel; or iv) has nulls that
are completely random.

In all cases the pulse-energy distributions were
continuous with those of the null distributions.
Strangely, we have yet to encounter any example of
a pulsar whose pulses and nulls are fully disjoint.

The results of this paper amplify the evidence
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reviewed above to the e ect that many pulsar nulls
are neither random nor complete turn-o s. Other
recent evidence (e.g., B1931+24), however, all but
con rms absolutely that some pulsar nulls do rep-
resent a complete or almost complete cessation of
the emission. The conclusion then can hardly be
escaped that pulsar nulls are of at least two dis-
tinct types. And the recently discovered RRATS
then reverse the traditional null question: \How
can an electrodynamic system which is almost al-
ways in the null state then ash very occasionally
into brilliance?"
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LRF, PMQ{LRF, and Null Histogram Plots of the Pul-

sars in Paper 1l
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Figure A.1 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
B0525+21 is shown with the observation dated 04 October 2003 on the left, 07 October 2006 on
the right.
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Figure A.2 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
B0751+32 is shown with the observation dated 04 October 2003 on the left, 07 October 2006 on
the right.
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Figure A.3 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
B0834+10 is shown with the observation dated 05 October 2003 on the left, 06 May 2006 on the

right.
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Figure A.4 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
J1649+2533 is shown with the observation dated 06 January 2005 on the left, 12 February 2006
on the right.
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Figure A5 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
B0301+19 on the left, B1839+09 on the right
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Figure A.6 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
B1918+19 on the left, B2303+30 on the right
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Figure A.7 The top row shows typical pulse-energy histograms. The bottom rows show the
average pro le in the left panel, and in the right column: the LRF spectra in the top panel, the
aggregate LRF spectra in the center, and the PMQ LRF aggregate spectra at the bottom. Pulsar
J0540+32 on the left, J1819+1305 on the right
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Figure A.8 Typical pulse-energy histograms. Clockwise from the top left: B0045+33, B0823+26,
B1237+25 dated 13 July 2003, B1237+25 dated 08 January 2005, B1237+25 dated 20 July 2003,
B1237+25 dated 12 July 2003.
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Figure A.9 Typical pulse-energy histograms. Clockwise from the top left: B1831{00, B1848+12
dated 19 October 2003, B1848+12 dated 10 August 2006, B2315+21 dated 07 January 2005,
B2315+21 dated 07 October 2003, B2122+13.
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