Chapter 5

Single-Pulse Studies : Polar Maps of
Pulsars B0943+4-10 and B0834+06

In the last chapter, we dwelled on the fluctuation properties o afew bright pulsars observableusing
GEETEE at 35 MHz. We now attempt to study a subset of that data in greater detail and to try
to understand the observed diverse single-pulse fluctuation properties in térms of polar emission
patterns and their temporal behavior. We compare our observations with the general picture of
radio emission elaborated theoretically by Goldreich & Julian, 1970 (hereafter GJ), Sturrock, 1971,
and Ruderman & Sutherland, 1975 (hereafter R&S).

For such a study we have chosen two pulsars, viz. B0943+10 and B0834+06. These two
bright pulsarsexhibit strong fluctuations. PSR0943+10 isindeed a unique pulsar for it isamong a
handful of pulsars discovered in surveysconducted at frequencies below 400 MHz, and displaysan
unusually steep spectrum above 100 MHz. 1t was only recently detected at 800 MHz and 1400 MHz
after immense efforts (Deshpande et al., 1999, and Weisberg et al., 1999). AsDeshpande & Rankin,
1999 (DRa}, point out, the 430-MHz observations sample the outer < 50% of the radial extent of
the subbeams defining the hollow cone of emission, and DRa believe this to be the cause for
its steep spectrum. It is certainly o interest to study single-pulse sequences from this pulsar at
decameter wavelengths, whereit isexpected to be relatively bright. From the radius-to-frequency
mapping (section 1.1.3), and the generally assumed dipole-field geometry, we expect to sample the
emission region at low frequency more centrally and thus more completely, and resolve the high
frequency 'single’ profileinto a "double". This is clearly advantageous for estimating the profile
center (i.e. corresponding to the longitude of the magnetic axis), which is an important input
in using "Cartographic Transform™ technique, an issue that we deal with later. Also of interest
will be the character of the emission pattern at low frequencies, as this emission is believed to

originate farther awvay from the surface of the star {i.e. RFM), where the toroidal component
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due to particle currents could become relevant. B0834+06 shows a double component profile, and
displays fluctuations which are not as steady as B0943+10. B0834+06 also has the wdl known
alternate pulse modulation, without any significant drift at higher frequencies. This offers us a
useful case to illustrate that different forms of single-pulse modulation discussed in section 1.2
could be viewed in an unified manner. For both these pulsars we could estimate the subbeam
circulation time (Ps) directly based on fluctuation-spectral analysis. Using our estimates of P; and
the availableestimates of pulsar geometry in theliterature, we have obtained average polar-emission
maps for these pulsars. These and other results are presented in this chapter®.

To start with, we discuss the R&S model specifically in some detail, and compare the
theoretical and observational estimates regarding the subpulse drift. We discuss the observed
fluctuation spectra and our methods of estimating P, followed by the details of the " Cartographic
Transforms" and related issues of mapping. We present polar maps,for the two pulsars made from
various availabledatasetsin the decameter band, and also look at sensitivity to variousassumptions
and parameters. Lastly, we compare these results with high radio-frequent$ observations, seeking

some insights into radio-emission mechanisms.

51 Ruderman & Sutherland (R&S) model

As yet, physical origin o pulsar radio emission is still not understood adequately. Models with
dipole magnetic fiel d-geometry connecting the average-pul seshape and polarization properties were
proposed almost immediately after the discovery o pulsars (Radhakrishnan & Cooke, 1969 — here-
after RC), making use of the suggestions by GJ. GJ proposed an electrodynamics solution for a
homo-polar rotator, which illustrated some underlying principles about the physical conditions
around a pulsar. Some later attempts toward "comprehensive" solutions (R&S, Arons & Scharl-
mann, 1979, Beskin et al.., 1988, etc) followed this approach (by "comprehensive" we mean the
set of models which, along with the fundamental emission mechanism, try to relate to most of
the crucial observed phenomena). Other theories invoking coherent emission processes have been
proposed as well. (Melrose, 1994, Lyutikov et al., 1999)

As mentioned in section 1.1.1, the rotational energy is believed to be carried away by
charged-particle bunches along the polar flux tube as well as via low frequency dipole radiation,

and there isa general consensuson the fundamental aspectsof the polar emission models. However,

‘Some initial results from this work were presented in TAU-177, "Pulsars - 2000 and beyond", (Asgekar & Desh-
pande, 2000}, and a fuller version about results for the pulsar B0943+10 vas published in MNRAS (Asgekar &
Deshpande, 2001).



Figure 5.1: Sketch o the magnetic fidd lines, currents, and magnetospheric charge density for a
GJ model in which the rotation and magnetic dipole axes are anti-parallel. The magnetic fied
assumed to be purely dipolar. The dashed lines represent the charge separation in the non-co-
rotating magnetosphere. From the equator to the pole: Line a is the last one to close within the
light cylinder; Lines between a and b are open and pass through regionsof negative charge as they
cross the light cylinder. Open magnetic field lines between b and the pole pass through the regions
of positive charge.

no theory explains every detail observed. Almost all fail to describe some o the observed average
and single-pulse properties described in sections 1.1.3 and 1.2. Our aim isto relate the observed
phenomena d subpulse drift with the correspondingtheoretical estimates, and R&S remains as the

only model that provides a physical basisfor the subpulse-drift process.
5.1.1 Goldreich-Julian result

GJ pointed out, that despite the star's intense gravity, the star must possess a dense magnetosphere
due to strong electrodynamic forces. They elucidated the characteristics o the co-rotating magne-
tosphere surrounding an axisymmetric neutron star with aligned magnetic and rotation axes. They
assumed that (a) the neutron star (here after NS) can supply the necessary charges o either sign
to fill and maintain the magnetosphere with a vanishing net component of electric field parallel to
magnetic field, and (b) the currents in the magnetosphere are negligible. We refer to the schematic
o this picture in the figure 5.1. The magnetic field (B),and the angular velocity of the NS (0)

are antiparallel as shown. The co-rotating magnetosphere charge density is given by

_ 0B i
Pe = "ore (1—-Q2r,2/c?)’

(5.1)



wherer = rsind, r istheradial coordinate, 6 isthe polar angle, and cisthe speed of light (aresult
is shown valid aso in the case where the two axes are not aligned). In the stationary observer's

frame, the electric field is given by,
E=—-(©txr) xB/e : (5.2)

In the approximation that the magnetic field contribution from magnetospheric currents is
negligible, the magnetic field far away from the NS surfaceis dominated by the star's dipolefield.
Those field lines which originate sufficiently close to the polar caps will cross the light cylinder of
radius

RLC’ = C/Q (5'3)

at which co-rotation can no longer be maintained. These field lines define two "polar caps’ on
the stellar surface from which charges leaving the star follow the field lines and escape from the
co-rotating magnetosphere. In a pure dipole approximation, the radius o such a polar cap region

from which charges move out is given by

- 3/4 2 ,
p = (%) R(QTR) o~ 104P~12¢m (5.4)

where R isthe stellar radius, taken to be 10 Km. This model anticipates charge separation, and a
(centrifugally induced) lossof charged particlesout through the light cylinder would cause E . B # O
near the stellar surface. This model iselaborated in thefigure5.1. The potential difference between

the center of the polar cap and the edge o the negative current emission is given by
2¢2 _
~ 3.3 x 1012By3/P%volts, (5.6)

AV =~

(B, r) (5.5)

assuming only the magnetic dipole contribution (B) to the surface magnetic field (B,).

The maximum net charged particle flux from the polar cap is, from eqg. 5.1,

Y —~ 2 ﬂ * BE
Nipaz = mrp .
2rec

(5.7)

Thiscurrent results in a braking torque on the spinning star and reducesthe stellar rotation energy

at arate 0
dE . (B,) o'R®
dt o '
This equation then forms the basis for estimating the surface magnetic field using the measured

(5.8)

values of period and its dowdown rate.



5.1.2 Gap formation and particle avalanche

The mgjor standpoint of the R&S model is about the structure of the NS crust matter in the
presenced ultra-high magneticfields(~ 10'?G) (Ruderman, 1974; Chen, Ruderman, & Sutherland,
1974). Their calculations yielded a binding energy per ion ~ 14keV, which is much higher than
electron Fermi energy of ~ 750eV. So they invoked two postulates. (1) The electrons, which move
through the light cylinder, do not easily flow back through the light cylinder into the co-rotating
magnetosphere; (2) The NS surface is a copioussupplier of electrons, but not o positiveions (The
electric fields near the surface are not strong enough to "pull out” the ions). R&S work out the
case of a NS with rotation and magnetic axes anti-parallel to each other, where the charge signs
are reversed (positronsinstead of electrons and vice versa).

Here again the magnetospheric charge density is given by eqg. 5.1, but the angular frequency
of the charges () is less than that of the NS (R*). The magnetosphereis separated from the star
by a spherical gap of height h, and the two rotation periods are related by,

1 (R+h)? 2 R -
W: 3/5( Rz‘-_+'§(R+h)3) (5.9)
1+-3ﬁ' (h < R) (5.10)
SR T L :

For a dipolar magnetic field, the electric field and associated charge density in the magnetosphere
are quadrupolar and exactly that of a norma magnetosphererotating at 2; in the NS, the electric
fiddis E = —(2* x r) x B/c. Within the gap E-B # 0, but it vanishes at the base of the
magnetosphere. At the pole the gap electric field at the NS is normal to the stellar surface, and is

given by
E, = %‘Eh (h < R); (5.11)

and the potential acrossthe gap at the poleis

y:
B C

AV h2, (5.12)

A case of physical interest occurs in the gap formed, when positive charge flows out along
the open field lines emanating from the polar cap o radius », and there is no charge replacement
from the stellar surface (figure 5.2). The gap thickness will grow at a speed near c if the outward
flow of positivechargethrough the light cylinder approaches to the maximum permitted by eg. 5.1.
But the potential difference across the gap increases as h?. Such a gap is unstable against charge

particleavalanche. In the hugegap magneticfield any «y-ray particle with energy significantly higher
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Figure 5.2: Breakdown of the polar gap. The solid lines are polar field lines of average radius
o curvature p ~ 10% c¢m for a realistic case, with higher multi-pole contributions, which could
be significant near the star. A photon (of energy > 2mc?) could produce a charge pair at 1.
The positron is accelerated out o the gap, whereas the electron is accelerated toward the stellar
surface. The electron moves along a curved field line, which then radiates an energetic photon at 2,
which again goes on to produce a charge pair, once it has a sufficient component o its momentum
perpendicular to the magnetic field. This, under appropriate conditions, coufd result in a runaway
cascade, which then breaks down the gap.

than 2m,c> may generate an e~ —e™ pair. (Shukre & Radhakrishnan, 1982, considered "triggering"
of such a gap by the background gammarray radiation, and interestingly found it effective only in
a small "window" of magnetic field strengths centered on 25 X 10'2G). These "primary" particles
are accelerated in the gap and emit "curvature radiation” of characteristic frequency
w gYZ—C | (5.13)
where p is the radius of curvature of the field line along which the ¢~ /e* charges of energy ymc?
move. For e~ /et chargeswhich have been accelerated to energieseAV > 10! eV, these 'curvature
photons' may lead to additional pair charge creation. The condition that curvature radiation
photons produce a pair in the gap (radiation losses), from the mean free path considerations, leads
to
h a5 x 103ps% 7 PY/7 B Tom, (5.14)

for the gap height, where Bjo=# - B3 /102G, ps = p/108cm, and P is the pulsar rotation period.
R&S assumein al their calculations pg ~ 1, which would not be the case for a strictly dipolar field.
In this case, the presenced multi-polar componentsisassumed, which will contribute strongly only

near the surface. With this, the gap potential differenceis given by

QBh?

AV = (5.15)




= 1.6 x 10"2BMT P75 Tyolts. (5.16)

With this potential difference, one expects relativistic e™—e* pairswith vy ~ 3 x 10%. The

component of the electric field along the magnetic fied is

20B,

B~ (h - 2), (5.17)

which vanishes at the top of the gap. At the bottom, the potential difference ™ 10? voltsis much
less than that required to pull ions away from the surface. R&S argue that the curvature radiation
from the "primary" particles can lead to a pair cascade, leading to a discharge o the gap once h
grows to a value determined by eqg. 5.14.

The upper bound for theenergy flux carried by relativistic positrons into the magnetosphere
above thegap is

Eimee ® €AVpgemry? (518)

a 10% BT pgtl le15/7e'r'g/s (5.19)

where, By, isthe magnetic field in the units of 10'2 G, and pg is the radius of curvature of the field

linesin 108 cm.

513 Mechanism of radio emission : plasma instability and bunching

R&S argue that most o the high energy positrons created in the gap (’Y RN Ymew = L5 [eq. 5.12])
do not undergo any further acceleration and spend their entire energy in generating "secondary”
pairs in the near magnetosphere. Incoherent curvature radiation from the charged particles and
their relative motion does not explain the observed pulsar fluxes. At the same time, the high
brightness temperatures observed in the radio emission indicate some coherent mechanismat work.
R&S invoke a two-stream instability within the secondary relativistic pair plasmastream (- = 800),
which results in bunching of the radiating charges. They argued that this results in coherent
curvature radiation from the charge bunches.

We do not wish to go into these details as they are rather irrelevant for our purpose here.
Serious doubts have been raised about effectiveness of the bunching process and the growth rate
of such an instability (later approaches try to resolve these in various manners) as well. Indeed,
the model has been severely criticized on various grounds. But, this model has provided us with
a picture o the rotating subbeams of emission in the polar regions of a pulsar. This picture is

very well supported by our single-pulseanalysis (and that by Deshpande & Rankin as well), even



Figure 5.3: Schematic o an oblique rotator. The polar cap, of base diameter 2r,, moves at fixed
latitude. A spark € inthegap abed drifts clockwise on acircular path (dashed line) on the polar cap
centered on the magnetic field axis. This spark feeds relativistic particles onto field lines: coherent
microwave radiation is produced tangentially to these field linesfar above the stellar surface.

though the detailed mechanism is yet unclear. We, therefore, describe this aspect of the model in
detail.

5.1.4 Structure and drifting of sparks

After the discharge, the value d E. B falsrapidly at the location of the discharge in the polar
gap. Thiswould be expected to inhibit the formation of another simultaneous discharge within a
distance ~ h, the gap height. Thus, the gap discharges through a group of localized or discrete
"sparks". These sparks inject energetic positron beams into the magnetosphere beyond the gap.
The positrons are argued to convert their energy into a cascade of "secondary plasma’*, which in
turn emits coherent microwave radiation. Regardless o the actual mechanism o this conversion,
the location of the sparkson the polar cap is believed to determine the observed temporal behavior
of subpulses within a pulsar's average pulse window. The intensity of the spark discharge may
fluctuate, but presumably it rarely turns of entirely. Electrons and positrons in a spark do not
exactly co-rotate with the stellar surface until E. B = 0 everywhere along the discharge.

A schematic o the related geometry is shown in figure5.3. Magnetic fidld within thegap is
simplified to being constant in magnitude, and normal to stellar surface. The occurrencedf the gap

discharge changes the €electric field within the gap, which alters the co-rotation velocity (%,Ec).



R&:S derive the average magnitude of the drift velocity of the sparks around the magnetic pole at

an assumed radius of r,/2 as

AV
dv = 5.20
U= Bt (5.20)
The time taken to complete one revolution around the magnetic axis s,
R . 7rBs'r'§--
= 5.21
and hence, for spark location at the center o the polar cap,
By By
— = 3.6 = 5.22
5 3.6 7z 5 (65.22)

where P isin seconds, R = 108 cm, radius of the polar cap isgiven by eg. 54 and AV = 10" volts.
We refer to figure 5.11 for a schematic of observed subpulse drift pattern. The period o recurrence

of subpulses at a particular longitude, P, is expected to be related to s as

P3 ~= pg/'n,, (523)

where n is the total number of spark discharges around the polar cap (Weshall argue later, that
B, isconstant for a given pulsar and is expected to be of more fundamental significancethan Ps).
The period P;, the subpulse spacing, has a natural meaning in this picture as wdll, in terms o
the distance between sparks (s). Assuming emission from coherent radiation from spark-induced

bunches to be tangential to the local magnetic field lines, the relation for F» reads

(-2

where 8, is the observed average-pulse width of the pulsar.

R&S present calculationsof photon conversion rate, and growth and fluctuation rate of the
sparks. Thefluctuation scale of a spark discharge isargued to be ~ 10usee. Thisis compared with
the observed micro-structurein pulsar data, with the subpulse defining the smooth envelop of such

a microstructure.

5.1.5 Comparison with observations
Radio luminosity & spectrum

The pulsar radio luminosity is believed to be a tiny fraction o the total energy loss and hence, is
loosely bounded, from eg. 5.19 as,

Lyadio < Limag = 100 P~ % erg/s, (5.25)



which is not inconsistent with observations.
Assumingdipolefieldgeometry, R&S arrive at limitsfor the size of the polar emission region

(x) from the center at a radial distance from the star (r) as,

o
22 < (2/3)3/2—-5—, (5.26)
and 12
) ) 3
ry 8 (2ma QBRI Ty (5.27)
= 9y.3c me :

The minimum height of emission region then turnsout be = 108cm. Theradiation pattern
and pulse envelope are expected to be governed by the tangents to the open field lines at the point
of emission. With an assumption that radiation occursonly at local plasma frequency, w, (e.g. via
effective bunching occurring very closeto wy}, we get a relation for the height of emission region as

3\ 1/3
r=2 (ZM&;%‘EE_.) w3, (5.28)

This relation, expressed as the beam angle o radiation é(c +/7), gives an analog o the familiar
RFM known from observations (section 1.1.3), with 6 o »~1/3,

The upper and lower limits on the radio frequency of emission are derived ag well. The
limits derived are not very reliable, since they depend upon relatively unknown surface parameters
of pulsars, the magnetic field and p, the radius of curvature o the magnetic field lines. The model
predicts presenced a maximum in the spectrum at a certain frequency between 10 MHz and 1 GHz,

on either side of which the pulsar flux declines.

Beam morphology and polarization behavior

Issuesrelated to the structure of pulsar beam shapes and RFM are explained adequately by invoking
a simple double-cone or multi-cone geometry (figurel.7). A simple explanation for the observed
pulse shapes, widths, and their frequency evolution is an attractive feature. But, this modd fails
to explain the "core€" component, and the fact that there are two (and only two ?) cones.

Since the emission istied up with the magnetic field lines, the smooth sweep of polarization
angle finds a physically elegant explanation. The open dipole field lines originate on and diverge
away from the polar cap. The planesdefined by their curvature intersect the line-of-sight as shown
in figure 5.4, resulting in the observed pattern of the linear polarization angle. All models which
argue similarly fail to anticipate OPMs (section 1.2.5), circulation polarization behavior, and their

correlation with other pulsar parameters.
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Figure 5.4: Locus of the observer's line-of-sight and the sweep o the linear polarization o the
radiation: The polarization-angle depends upon the orientation of the magnetic field lines with the
line-of-sight locus. The fastest rate of change of angle is at the center o the profile, which defines
the longitude of the magnetic axis.

516 Circulation time and the number of subbeams

The R&S model explains subpulse drift as a physical drift of the spark discharges around the
magnetic axis. Thecirculation time for such a system around the magnetic axisis given by eq. 5.22.
We, however, would like to make a distinction between observed modulation periodicity (F;) and
the circulation time of the entire pattern (£5), which need not follow an integral-multiple relation
(eg. 5.23 may only be vaid in some pulsars). An integer relationship is possibleif the sparks are

stable and follow a uniform spacing around the polar cap.

517 Correlation of P; with pulsar parameters

Several multi-frequency studies have shown the fluctuation propertiesof pulsarsto be independent
over awide range o observational frequency {DRa; Nowakowski et al., 1982, and referencestherein).
In particular, P; isobserved to be frequency independent.

The modulation index o the drift was found to decrease with increasing frequency, and at
sufficiently higher frequencies (> 2 G.H #) wasfound to increase again, Bartel, Sieber, & Wolszczan
(1980). The contribution of the drift component to the total average pulse energy decreases with

increasing frequency, whereas that of the steady component shows a rise.



Wolszczan (1980) reported an observed correlation of P with the magnetic field and age of
pulsars (P-B diagram). Both these effects can be understood in terms of the simple spark geometry
on the polar cap, and the effect of pulsar evolution on the period-magnetic field diagram with or
without magnetic field decay. The estimated valuesof P;, and the direction of the drift in the pulse
(from spectra or otherwise) can be in significant error due to possible unresolved issuesof aliasing.

Hence, such a correlation would appear even less reliable.
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5.2 The data

Our 34.5 MHz observations lack the sensitivity to detect a majority of the individual pulsesin the
recorded sequences, let alone view their drift pattern, if any. Any such drift or modulation is hence
studied by directly characterizing the average propertiesof the fluctuation. From our entire set of
observations during the years 1997 and 1999, we have identified a total six single-pulse data sets
for the pulsar B0943+10 and five for B0834+06. Here we present all the data sets, talk about the

data quality, and elaborate our means and ways of deducing B for these pulsars.
521 Data quality

Fluctuation spectral analysis is prone to corruption due to low-level radio interference (esp. in a
case like ours, whereone doesn't have enough sensitivity to detect individual pulses). All data sets
were examined for possible interference in the raw radio spectrum (section 1.3.3). As a further
check, we aso looked at the final time series and its spectrum. Typicaly, strong interference
features at f —48 Hz,f ~60 Hz, or,f —96 Hz were present in some data sets, and were removed.
For detailed studies, care was taken to make sure that the rest of the fluctuation features were
entirely trustworthy, and not an artefact due to instrumental or interference effects.

Fluctuation properties are not expected to change significantly between different sets. But
sometimesafew pulse sequencesmay not show fluctuation properties clearly (inthe case of 0834+06
these could be the nullswhich are undetectable in our observations), or some occasional ultrastrong
pulse could dominate the apparent fluctuation behavior. For such reasons and from the signal-to-
noise considerations it is found necessary to carefully choose suitable sub-sequences, typicaly o
128/256/512 pulses, to clarify a point at hand for spectra and the related issues.

Figure 5.2.2 shows a plot of pulse energy variation over a sequence of single pulses from
PSR0943+10. Only a few o the strongest pulses are detectable individually, with the noise leve
being ~ 6 Jy as opposed to the average pulse energy o ~ 9Jy. The raw fluctuation spectrum for
one PSR0943+10 sequence is shown in figure 5.5. The frequency o the features is plotted on the
X-axisin unitsof the fundamental rotational frequency of the star (2=/F;). The harmonicsdecline
by harmonic number 10, and rise again at harmonic number o 16, again decay to haf the value at
about harmonic number 20. The second peak in the harmonic strengths at harmonic number of 16
correspondsto the longitude separation o peaks o the two componentsin the average pulse profile
(about 20°). Also, noticethe spectral componentsat about haf integral frequencies. They represent

the subpulse modulation phenomena. The strong and sharp fluctuation features underscore the



stability and power of the process giving rise to these fluctuations. Any contamination from an

interfering signal of 48 Hz or 96 Hz could override this spectrum, if it were to be present.

522 B09434-10

Thispulsar displaysstable subpulse drift patternswith asteady drift rate. Infact, the very stability
o the drift motion has alowed Deshpande & Rankin, and ourselves, to study the processin a new
way. B0943+10 belongsto the S; classof pulsarsaccording to Rankin-1V, and Paper-1 has worked
out the viewing geometry for this pulsar with multi-frequency data sets. For simplicity of reference
we (arbitrarily) refer to our 6 data sets from this pulsar by a unique number between 1 to 6. We
estimate, in thissection, the circulation time associated with the drift from the observed fluctuation

properties, which we later use appropriately for mapping regions of polar emission.

Spectra

We look at the longitude-resolved fluctuation (Irf-) spectrum constructed by using 512 pulsesfrom
set-1 (figure5.7). We concentrate on the strong features at ~ 0.46 ¢/P, (hereafter feature-1) and
= 0.027¢/P, (hereafter feature-2). The feature-1 is associated with the observed subpulse drift
at meter wavelengths; it is barely resolved here, implying a Q (= f/Af) of » 225. This clearly
indicates that the underlying modulation is steady even at decameter wavelengths. The drift
is usually less stable in our data sets, with a Q-value ranging between 100 and 200. One such a
exampleisshownfor set-2 in figure5.8, an Irf-spectrum computed using 128 pulses. The modulation
frequency varies sightly between different sets. Such a small variation (< 1%) was also noted by
DRa in higher frequency data, and is not surprising. The important questions we wish to address
are the effect of a possiblealiasing of feature-1 and the relation between the two features.

Aliasing and the true frequency of the primary modulation

To assess the issue of aliasing, we compute the hrf-spectra using set-1 and set-2, and present them
in figures 59 and 5.10. As illustrated in section 4.2.2, the asymmetry of the features around
0.5¢/P; indicates that the fluctuation feature at 0.541¢/F; is associated with a phase modulation,
and appears as a first-order aliased feature-1 at 0.459 ¢/P; in the Irf-spectra. A similar conclusion
about the nature of the modulation can bedrawn by looking at the rate of change of the modulation
phase with longitude (seefigure5.12), which is~ 26°/°— too large for a mereamplitude modulation

We now fold the pulse sequence at the primary modulation frequency Ps; noted for different

data sets, and such a folded pattern for set-2 isshowninfigure5.12 (alsoshown isthe plot for set-3).



Variation in pulse energy
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Figure 55: Energy variation in a pulse sequence for set-2 of B0943+10 (Unitson Y-axis are
arbitrary). Only afew strong pulsesare detectable individually.

Fluctuation spectrum

0.03
L
T

D.02
1
T

Power

_ “Ilu

0 10 20 0 20 0 60

fraquencyP

Figure 5.6: Raw fluctuation spectrum for set-2 of B0943+10 (see text and section 4.2.2 for more
details).
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Figure5.7: Anlrf-spectrum of set-1inthecaseof PSR09434-10 (over 512 pulses). Thestrongfeature
at = 046¢/P; isrelated to the subpulse drift, while we relate the strong feature at 0.027¢/P; to
the circulation time for this pulsar. Note the high Q-value of the two features.
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Figure 5.8: An Irf-spectrum o data set-2 over 128 pulses (B0943+10). The dower modulation
feature, so prominent in the above figure, is not present here.
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Figure 5.9: Hrf-spectrum of data set-1 o B0943-+10. The asymmetry between the aliased compo-
nents of the primary fluctuation (closeto 0.5 ¢/P4} is clear, which indicate? that the fluctuation is
a phase modulation. The dower modulation (at ~ 0.03¢/P’;) isalso seen at itstrue frequency (see
text more details).
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Figure 5.10: Hrf-spectrum of set-2 of B0943+-10.

The drift bauds related to both the components are clearly visible and exhibit a phase difference
between the modulation peaks. The "bridge" between the two components in the average profile
displayslittle discerniblefluctuation power, so we could be 'missing' one or more drift bandsin this

longitude range. We therefore expressthe modul ation phase separation between the two component



(with the modulation phase going from positive to negat i ve rotational longitudes) as,
0 =27 (X £m), (5.29)

where, AwWn set-2, X is -0.8 in the case d a negative drift, and +0.8 for a positive drift, with
m=0,1,2,3.... The estimates agree even in the case of set-3, seen in figure 5.12.

00

los

Figure5.11: A cartoon d subpulse drift onthe polar cap, as envisoned by Ruderman & Sutherland
(1975). Here ‘log’ denotes the locus of the observer's sightline, B denotes the location of the
magneticaxi s (believed to be the center of the polar cap), v denotes the speed of the 'apparent’
drift, 68 denotes the magnetic azimuth angle between two adjacent subbeams, and P, denotes the
pacing of the drift bands.

Keepingin mindthepictureadvanced by Ruderman & Sutherland,we think on the following
lines. Ifthe modulation under thet wo componentsiscaused by ‘passage’ of thesameemissonentity
through our sightline as the emission pattern rotates around the magneticaxi s (refer to the cartoon
infigure 5.11), we can ask. For t Wo pointson the polar cap periphery (considered roughly circular
from DRa) with aseparation (d¢) o 20° in pulselongitude, what isthevaued P if themodul ation
phase difference (in F3) between the two points {§¢) isas givenineg. 5.29? A longitudedifference
o ¢ isrdated to the distance on the polar cap as 68 = 2sin~! [sin(a+ﬁ) sin(p/2)/ | sin(B) ||
(eg. 115, eq. 3df paper-1). So, the anglesubtended by the profile componentsat the magnetic pole
is 60 = 34.3°, wherewe usethe vaduesd a and B estimated in paper-1. We tabulate the values of
P, and P; for the positive and negative drift in table 5.1

Infigure 512, the onefull cyced drift modulation under each component, ascan be seen
from thedrift bands, suggests P> ~ 12°. For comparison, we can d so usethe peak of the modulation
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Figure 5.12: Top: The data sets 2 (left) and 3 (right) of B0934+10 folded at the corresponding
primary fluctuation period P;. The drift bands corresponding to two components are clearly seen,
and so isthe phase shift in the drift bands under the two components. Bottom: The average power
and phase of the primary modulation plotted acrossthe pulselongitudefor set-2 of B0943+10 (left).
A similar plot for set-3 is shown on the right. Noticethat the phase d the modulation has a similar
shape under both the components. The ‘S’-curve of adrift modulation phase is clearly seen under
the leading component and, is apparent even under the trailing component. Note that the phase
estimates can be considered reliable only when the modulation amplitude is significant (compared

to the noise levd).



m 2 -1 0 1 2
X = +0.8, Py = 2179P; | P, (error £15Py) | -27.4 -47 183 412 64
P 74 12 50 111 172
m -2 -1 0o 1 2
X =-08 B=1848PF | Py(errorl.5P)|-543 -349 -156 39 233
Py 172 111 5 12 74

Table5.1: Theestimated P, and B for B0943+10 corresponding to positiveand negativedrift, and
different values of m & X. The negativesign for P5 in the table implies a negative drift (clockwise
rotation around the magnetic axis). The error in Py isestimated from the corresponding error in X
(10%).

phase rate, which isthe reciprocal of the subpulse drift rate (P,/Ps), to estimate the P2. Sincethe
modulation in our data is not a pure phase modulation (drift is not entirely linear), this estimate
yields an upper bound. From d¢/de > 26°/°, we get an upper bound on P, (=360°/d{/dy) as
< 13.6. From table 5.1, for negative or positivedrift direction, for | m |= 1, we have P; ~ 11° It
would imply that the profile components suhtend an angleof about twice the subbeam separation in
magnetic longitude. Clearly, our line-of-sight crosses the hollow cone more centrally than at higher
frequencies. For a Py of 11°% using eq. 1.15, the magnetic azimuth separation between subbeams is
estimated to be about 18° suggesting a rotating system o about 20 subbeams.

It is clear from the above, that

e the 35-MHz observations exhibit phase modulation very similar to that noted at higher fre-

quencies.

e thetruefrequency of this modulation isn+0.541+0.00012¢/ P, , i.e. P3 =1.848FP; whenn=0.
The subpulse drift direction with respect to that o star's rotation is still ambiguous, which
again makes the determination o the true frequency o the primary modulation ambiguous.
We note that some enhancement in the spectral power isevident at 0.06 ¢/ P, corresponding

to the additionally aliased second harmonic of the primary modulation feature.

e Thefrequency and Q-valued the primary fluctuation feature are in excellent agreement with
those based on the analysis d 430-MHz observations,
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The feature-2, at 0.0271+ 0.0018¢/P;, is new and also has a high Q. Both the Irf-spectra
and hrf-spectra display thefeature at the samefrequency. It isunlikely that such afeatureisaliased
multiply in our spectra, and we believe that 0.0271¢/P; isitstrue frequency. It is important to
note that this feature, seen in set-1, is not apparent in the corresponding spectra of 111 and 430-
MHz data (Paper-1), as wel as our other datasets at 34.5 MHz. We discussthe significancedf this
feature below.

Amplitude modulation feature and the number of rotating subbeams

If indeed the observed drift was generated due to a steady rotation o a system of —20 subbeams
around the magnetic axis, it should display a fluctuation feature in our fluctuation spectra of
the period corresponding to the circulation time of about ~ 40 P;. We then look carefully at
figure 5.7, and indeed find feature-2 at a frequency o ~37P, ! A straight-forward calculation,
0.541/0.027 = 20, shows that the features are harmonically related within their errors. We have
looked for the sidebands (at +0.027 ¢/ P; ) around the phase modulation feature at 0.541¢/P;. Such
side-bands were also identified in some parts of the 430-MHz sequence (see Paper-1 and DRa), but
they occur in our data at a much lower leved of significance (seethe central panel o figure 5.7).
The feature-2, as did the 430-MHz side-bands, suggests a dower amplitude modulation, with a
periodicity, P53, of some 37 Py, or just 20 Pj.

These circumstances, along with the high Qs of the modulation features, imply a sta-
ble underlying circulating pattern of 20 subbeams, with the period of the low frequency feature
(feature 2) providinga direct estimate o the circulation time of this pattern. Thisdow modulation
may also be partially a phase modulation considering the asymmetry in the features at 0.027 ¢/ 7
and 0.973¢/P; (figure5.9). This would imply some non-uniformity in the spacing o the subbeams.

From table 5.1, the value of the circulation time estimated above {~ 37P,) agreeswith the
valuecorrespondingtom = —1 and a negativedrift, P; = 1.848¢/P; (P = 35P;). Thisagreement
seems to resolve the drift direction in this case. We further 'tune' our estimated parameters, and
better resolve the drift direction using the closure in the forward and inverse of "Cartographic
Transform™. We elaborate on this more in section 5.3.2.

The circulation time of the polar pattern is P; = 36.96P; ~ 40.6s. Hereafter, while
assembling the polar maps of emission, we make no use of the subbeam number n, once we have
determined this vaue.
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5.2.3 BO08344-06

Thispulsar displaysa well-resolved double profileat frequencies ranging all the way from 35 MHz to
1GHz. It showsfrequent, short nulls, and isalso known for itsalternate pulse-intensity modulation.
Gil, 1987, hasreported the presenced strong OPMs in the casedf this pulsar, where the individual
polarization modes are completely polarized and are not distributed uniformly across the pulse
window. We discussour detailed analysis o two data setsfrom this pulsar at 35 MHz and estimate

the circulation time.

Average profite Fluctuotion spactry

[s] 5 " (lengitude—resalved)
'l
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Q

1
L
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Figure 5.13: An Irf-spectrum for B0834+06 data set-1. The strong primary fluctuation feature
appears barely resolved here, where we have used 256 pulses.

Spectra

The Irf-spectrafor set-1 and set-2 of B0834+06 are shown in figures 5.13 and 5.14. Both spectra
show astrong feature at ~ 046 ¢/P, (hereafter referred asfeature-1). Thefeature appears resolved
in the spectrum (figure 5.13) constructed with a 256 pulse-transform, indicating a Q-value of =
100. This feature refers to the alternate pulse-intensity modulation observed in this pulsar. The
phenomenon causing the observed fluctuation is not as stable as observed in the case of B0943+10.
The frequent, short, nulls (typically 1 or 2 null pulsesover ~ 10 — 20 pulses) may further broaden
its primary fluctuation feature, as was noted by Lyne & Ashworth (1983) in the case of another
well studied drifter, B0809+-74. Due to inadequate sensitivity, we can not even assess, leave aone
account for, such a “contamination”.

We look at the hrf-spectrum of this pulsar shown in figures 5.15 and 5.16 for the two sets.
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Figure 5.14: An Irf-spectrum constructed from 128 pulsesof B0834+-06, set-2.

The spectrum in figure 5.16 displays a pair o strong fluctuation peaks placed at 0.54¢/P; and
047 ¢/P1. Such apair of featuresin an hrf-spectrum represents the most general form of amplitude
modulation in the data (section4.2.2). Thereisnodirect clue about the order of the aliasing of the
primary modulation. In addition, infigure5.15, we alsofind another pair of features at 0.463+0.069
flanking the feature-1 (feature-1 has a frequency 0.463 = 0.001¢/Py). In the figure, the side-tone
close to 0.4¢/P; isclearly seen (afrequency of 0.390 + 0.001¢/P;), whereas the other (upper side-
tone) falls very close to the (aliased) symmetrically located component of the primary fluctuation
feature. These features suggest the presence of a dower amplitude modulation on the primary
fluctuation. The period o this dower modulation is 14.5 + 0.8 P, where the larger uncertainty is
duein the estimation of frequency of the out-rider located near 0.53¢/P;.

So, we observe a primary modulation (with a Q-valuedf 100-200), which is modulated by a
dower fluctuation with a period of 14.5+ 0.8 P;. Overall, thisbehavior isqualitatively very similar
to the case of PSR0943+10.

Aliasing and the circulation time

We now fold the pulse sequence set-1 at the primary fluctuation period (P3 = 1.856F,), and
examples for the pulse sequencesin set-1 and set-2 are displayed in figure 5.17. The modulated
intensity follows the average pulse shape of the pulsar. The phase of this modulatiou varies very
dowly across the pulse (figure 5.17). The average phase rate is 3.8°/°, consistent with its being an
amplitude modulation. The folded sequence also showsa lag between the peaks of the drift pattern
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Figure5.15: Hrf-spectrum for B0834+06 dataset-1. A pair of features placed symmetrically around
05¢/P, are seen. Also seen are two sidebands on the primary fluctuation feature, which indicate
the presence of a dower modulation in the data modulating the primary fluctuation (refer to text
for details).
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Figure 5.16: Hrf-spectrum for B0834+06, set-2.



under the two componentsin the average profile. Based on the difference of 24° in the modulation
phase for the two components from the data set-1 for this pulsar (figure 5.17), the delay in the

modul ation corresponding to the two components can be expressed as
8 =27 (X £m) (5.30)

where, X is-0.07 for a negativedrift (P; = 1.855P;) and +0.07 for a positivedrift (F3 = 2.164 P;),
withm = 0,1,2,3... . From the data set-2 we estimate X = +0.11 (figure5.17).

The delay between the modulation under the two components in this case is interpreted,
similar to the case o B0943+10, as caused by 'passage’ of the same emission entity through our
sightline as the emission pattern rotates around the magnetic axis (refer to the cartoon in fig-
ure 5.11). From eq. 1.15, a component separation of ¢ = 6°2 in rotational longitude implies a
magnetic azimuth separation 8 =~ 56° around the magnetic axis of the star? (seefigure 5.11). We
can now directly estimate the circulation time of the pattern using the relative shift between the
modulationsas given by eq. 5.30. Assuming, following DRa, that the polar cap periphery isroughly
circular, and using the component separation (§6) o 56° in azimuth around the magnetic axis, the

value df the circulation time for different valuesof m is given by

s [360°) &
By = (59) < P (5.31)
= (%) (X £m)Bs. (5.32)

The estimates, corresponding to various vaues of m, are listed in the table 5.2.

If, indeed, the observed drift was generated by a steady rotation o a stable pattern around
the magnetic axis, it should result in afluctuation feature in the spectra of the period corresponding
to the circulation time. The sidebands of the primary modulation noted earlier in 5.2.3, have a
period o 145+ 0.8 P, close to the estimate correspondingto m=+1 in table 5.2. This agreement
corresponding to a P3 = 2.164 resolves the alias ambiguity, and suggests the drift to be positive
(from leading component to the lagging component), correspondingto m = 1. The correlation
map for this pulsar with adelay o 1 pulse period (section 4.3: figure4.11) also indicates a positive
drift. We also note that thereisan excessd power at closeto 13.7 P, (correspondingto a frequency
of 0.073+ 0.007 ¢/ P;) in the Irf-spectrum of thisdata set (figure5.13).

Hence, we would like to argue that we have indeed estimated the circulation time for the

underlying polar emission pattern for this pulsar, P; ~ 14.8P;. The direction of the drift, with or

We haveused a = 30°and 8 = —3°in the aboveestimation. The valueof a as wel as the sign of 8 isuncertain.
However, the magnitudesof a and @ are consistent with the PA-sweep rate reported by Stinebring et al.,1984.
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Figure 5.17: TOP: B0834+-06 data set-1 (left), and also set-2 (right), folded at the corresponding
primary fluctuation period Ps;. The delay in the modulation under the two components is evident.
BOTTOM: The average power and phase o the primary modulation plotted across the pulse
longitude set-1 of B0834+06 (left). A similar plot for set-2 is shown on the lower right. Notice that
the phase of the modulation has similar shape under both the components and varies dowly across
the pulse, consistent with an amplitude modulation.



Set-1 (X=0.07)

Py = 2,164 P, (error in 3 = 0.1P) | 268 129 105 149 288

Py = 185 P (erorin B3 = 0.1P) | 230 111 08 128 247

Set-2 (X =0.12)

Py = 2164 P, (error in P3 = 0.25P,) | -261 -122 17 156 295

Py = 1855 P (errorin Py = 0.25P) |-252 133 -14 105 224

Table5.2. The estimated circulation time corresponding to different vaues o X, Py and m from
the two data sets of B0834+06. Errorsin such an estimation are also mentioned.
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against the pulsar rotation, is ambiguous, an issuerelated to the uncertainty in the sign of 3, even
though we may have resolved the aliasing of the primary modulation feature in the Irf-spectrum.
The derived estimate depends on the pulsar geometry, and we note that the present po-
larization data for this pulsar do not constrain the viewing geometry, especialy the sign o
effectively. We further 'tune' the parameters, and resolve the drift direction, by using the closurein
the forward and inverse of "Cartographic Transform". We elaborate on this more in section 5.3.2,

where we discussthe uniqueness of the polar maps derived from this procedure.



5.3 Cartographic transforms

If the polar emission pattern responsible for the observed fluctuations is stable over multiples of
its circulation time around the magnetic axis, then we can study the entire emission region using a
suitably large number of pulses, which will sample the emission region on the average completely
and uniformly. We can, thus, transform the pulse sequencefrom the observer's frame (asafunction
of therotational longitude) to theframedf referencerotating around the magnetic axiswith a period
of Py

Figure 518: Cartoon of the polar emission pattern being sampled by a single-pulse sequence. The
magnetic axis, denoted by B, isat the center d emission region, and the loci of successive pulses
are denoted by the respective pulse numbers. In each pulse the closest approach o the observer's
sightline to the magnetic axisis given by S.

If we knew the geometry of our viewing of the pulsar emission cone, this "Cartographic
Transform™ will then map the intensity as a function o longitude (with respect to that o the
rotation axis) ¢ — ¢y and pulse number & — k3 into magnetic-polar colatitude R and azimuth &
(round-trip period of B). In successive pulses (after a duration of P, each), our line-of-sight
samples the intensity along different quasi-chord-like traverses (corresponding to different azimuth
intervals) through the rotating polar emission pattern. This is depicted in the cartoon shown in
figure 5.18.
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531 Detailsd equations

We wish to detail here (followingthe notation adopted by Deshpande & Rankin (2001) — paper-1)
a coordinate transformation between the usual system of pulsar (rotational) colatitude ¢ (= at g)
and longitude ¢ and a system rotating around the magnetic axis described by colatitude R and
azimuth O. The emission beams rotate around the magnetic axis with a period P; = n P;, where
n is the number of subbeams and F3 the usual subpulse-drift interval.

We number the pulses by & from a reference pulse kg and measure the longitude ¢ relative
to an origin defined by the longitude d the magnetic axis g, then @ isthesum d a rotation &;..¢

and a transformation @4y4rs as follows
6 _ Aﬁmt + Bgtirans, (533)

where A and B take a valueeither + 1or - 1. Thesign o &, (vaued A) will beequal totothesign
of the observed PA sweep rate. This, in the case of B0943+10 is negativeand is in accordance with
the Ferraro's theorem (see Ferraro & Plumpton, 1966). The sign of 6;,,,s (i.e. B) is positive for
aw rotation (of the rotational polewhich is closest to the sight line) and negative for cow rotation.
Then,

Orot = [k — ko + (¢ — po)/27]/ s, (5.34)
Oirans = sin1 {Si”.(“ t ’38 )z,:;g*("" — o) } , (5.35)

where,
R = 2sin™" {sin*((¢ - ¢0)/2)sina sin(at g) + .9a'n2_(,8/2)}1/ z (5.36)

It is possible that the rotation of the subbeam pattern is not a rigid rotation, but the
period has a dependence on the angular distance from the magnetic axis. We model the possible P
dependence on R asfollows

Py(R) = P3(B) [R/ )", (5.37)

where ér is, in general, a real number. However, in these cases the apparent constancy o P; across
the pulse window of the pulsars suggests that, at least over the narrow-cone thickness the rotation
is near-rigid, 7.e. g = 0, a provisiona value that we will assume.

The estimation of rotational longitude of the magnetic axis, g, is very important. The
profilesfor BG9434-10 at 430 MHz are highly asymmetric, narrow, and when compared in a seriesdof

time-aligned average profilesfrom a multi-frequency data, appears to peak at an earlier longitude.
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DRa resort to elaborate profile matching to obtain an initial estimate of 4. In our case, the
B09434-10 profile is a wel separated "double". The longitude gy can be clearly defined as the
‘center’ of the profile, the so called fiducia point. The average pulse energy and fluctuating power
was found to drop to zero at the center. Hence, this definition is less uncertain in our case. For
B0834+06 we do not have such determination of the zero-longitude. We fit the profile for two
Gaussian components and estimate the magnetic longitude as associated with the location midway
between the two peaks.

5.3.2 Tuning: consistency check for the parameters defining the transforms

We now ask the obvious question: How unique or accurate are the results given by the mapping
technique involving a " Cartographic Transformation™ ?

The correctnessof the transform (and uniquenessd the mapsof emission) dependsonly, and
directly, on the correctness of the emission geometry and the drift parameters which are required
to carry out the transform. It is very sensitive to the circulation time (1533, the longitude of the
magnetic axis (o), and the sense o the sightline traverse, (i.e. thesign of ). If these estimates
are incorrect the image will be smeared or distorted. Any error in the value d a, however, largely
just scales the image, so that its correct specificationis much less crucial, as long as the ratio of
sin{a)/sin(B) is unchanged.

However, the forward transform used to construct the maps has a unique inversetransform.
The maps reconstructed from observed data can be an input to thisinversetransform, which would
then produce an artificial pulse sequence, so called 'replayed sequence’. If the parameters used
in the mapping transformation are indeed correct, then this replayed sequence should match the
original (observed) one in its detailed fluctuation behavior. Comparison o the sequencesis best
effected on a longitude-to-longitude basis, such that the fluctuations in the new sequence at a given
longitude are compared with those in the original one pulse-for-pulseand sample-for-sample. A
simple cross-correlation coefficient, appropriately normalized, provides an adequate measure for
such a comparison. The correlation coefficient defined over a range of longitudes must be combined
through a suitably weighted average. Such a coefficient is a robust measure, for the two pulse
sequences could differ by many conceivable ways (e.g., in average profiles).

The inverse transform thus provides a powerful "closure path” to verify, and even refine,
the crucial parameter inputs related to the emission geometry. The inversetransform is, of course,
defined by the same set of eq. (5.35 and 5.36) as for the (forward) "Cartographic Transform®.
In what is following, we demonstrate the use o this closure path in the case o B0943+10 and



B0834+06.

The power of this method is due to the averaging over the large number of pulses used to
map the polar emission region (See Deshpande, 2000, for a detailed discussion on the issue). It is
most sensitiveto the circulation time, the ratio of the angles # and or, and the drift direction. The
sensitivity to the values of these angles reduces for high values o or. The estimates of the viewing

geometry using the polarization data are poor in such a situation as well.

5.3.3 Viewing Geometry of B0943+-10

Being asteady "drifter”, this pulsar isa member of S4-class. The low frequency, time-aligned pro-
files show the expected profile bifurcation and an increasein component separation. Our sightline
is highly tangential to the emission cone at 430 MHz (43/p = 1.01, from paper-1).

Deshpande & Rankin (Paper-1) have studied the emission geometry o B0943+10 most
comprehensively. They used time-aligned average profiles over a broad frequency range, along with
the full polarimetricdataat 430 MHz. The specific points they dealt with are-the following. Isit an
inner or outer cone responsiblefor emission (Rankin, 1993)? Doesour line-of-sight pass between the
rotation and magnetic axes or outside thiszone? Can we understand the pulsar's steep spectrum in
termsof thefrequency dependencedf conal beam? And finally, can the observed subpulse separation
in longitude be reconciled with the 20 subbeam pattern dictated by the fluctuation properties?

From all the available constraints, the model that best fits the data has

a = 11%4 | | | (5.38)
B = —4°31 - | (5.39)

and the inner cone as responsiblefor emission. In our reference frame the drift direction isin the
same as the star's rotation. The subbeams rotate in the same direction relative to us around the
magnetic pole, they rotate around the magnetic pole counter-clockwise (in the reference frame of
the rotating star).

Here, we seek to demonstrate the usefulness o the closure technique, discussed in the
section 5.3.2, for our data set-1. We have shown in figure 5.19 the auto-correlation of the actual
sequence and its cross-correlation with the replayed sequence created using the correct parameters
d the "Cartographic Transform"”. As a simple example, we discuss a model geometry differing
only in the sign d 3, and figure 5.20 displays cross-correlation of the replayed sequence with the
actual one for such a case. In the another example, we chose a model geometry that is the same

as the correct one but with the circulation period P slightly different (figure 5.20). In both the



cases, where we use the parameters o the transform different from the estimated 'correct’ vaues,
the cross-correl ation coefficient between the replayed and actual pul se sequences (seesection 5.3.2)
falls' THE erdss-correlation in the off-diagonal région alsbshows-deviations from the behavior

observed if thé+case of the original data set. [

534 Mew ng Geonetry of B0834+06

This pulsar is a member of the “D”-clags, according to the Rankin classflgatlon The emissionis
believedto comefrom theinner conal ring, and the geometrical parameterswerederlved accordingly.
The two components in its profile are not fully resolved even at decameter wavelengths. This
suggests a sightline traverse that is more central.

We carry over our discussionfrom section 5.2.3, where we derived the circulation time from
the fluctuation spectra. We now need to resolve the issuedf the drift direction, and further "tune"
our estimate o the circulation time.

The inverse of the "Cartographic Transform” is used to reconfirm our parameters. To
achieve this, we carried out a grid search, where we chose the range of parameters used in the
transform. Wesearched for acloseto 30°% —4.0 < 8 < 4.0, the PA-sweep being positive or negative,
if the drift direction is same to that of rotation, and Ps ranging from 5 to 40 P;. The inverse of
the "Cartographic Transform™ is used to simulate a pulse sequence from a given polar emission
pattern with a given set of parameters. In each step of the search, we estimate an average polar
map from the observed pulse sequence. This polar map is then used as an input to create a
simulated (‘replayed’) pulse sequence. We now cross-correlate the fluctuation properties of this
replayed sequence with those o the original (observed) pulse sequence. The match was considered
better for a higher average correlation.

As discussed in section 5.3.2, this 'closure technique' involving the inverse transform is
rather insensitiveto changes in the values of aand 8 (abeing larger in the case of B0834+06 as
compared to B0943+10), and the sign o 8 was not constrained. The search is sensitive to the
circulation time and the drift direction, and does dlow us to constrain these parameters. This,
in a way, also means that our results of polar emisson maps are rather insensitive to errors in
estimation of some of these parameters (t.e. aand ). We, in what follows, use the following set

of refined parameters,

Py = 14.84P; ' | (5.40)
o = 30% (5.41)
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Figure 5.19: B0943+10 : The auto-correlation of the observed pulse sequence in set-1 is plotted
on the left. The cross-correlation between the ‘replayed’ data set, generated using the correct
estimates of the parameters of the transform, is plotted on the right (see section 5.3.2 for details).
The average cross-correlation coefficient along the diagonal is close to unity and any significant
deviation is considered as an indication of a mismatch of parameters.
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Figure 5.20: B0943+-10 : Plotted in the figure on the left is the cross-correlation between the
actual pulse sequence and the ‘replayed’ sequence, where the latter was generated with the sign of 3
changed. A similar plot, where the ‘replayed’ sequence was generated with a P differing by < 1.0%
from its estimated value, is shown on the right. In both the cases, the average cross-correlation
along the diagonal has dropped compared to the corresponding plots in the top figure and the
off-diagonal part shows significant deviation.
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g = —3°0. N (5.42)

with the dnj wdirection being same as that of the pulsar ro{mtlon We note, that the resolution of
the drift d1reé ﬂ)n is also tied to the ambiguity in the sign of B a,nd a comparison with Ferraro’s
theorem (Ruderman, 1976) is possible after an unambiguous determ.inatlon of j.

Here we demonstrate the use of ‘closure’ checks in the case of thi Spulsar. We, for example,
compare two model geoxﬁéﬁf‘iés. In one case, on the l€eft in figure 5.22, we :ii-é,ike changed the sign
of the drift relative to the pulsai’s rotation. In the same figure on the righf,‘vivjé have plotted the
result of a similar analysiswith a value of the circulation time differing by ~ 1%from its estimated
value. The significantly different behavior compared to the actual correlation observed in the real
data with zero-delay, and to the cross-correl ation between the replayed sequence with correct values

with the actual one (both shown in figure 5.21}, indicates the effectiveness o the closure technique.
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Figure 5.21: B0834+06: The auto-correlation of the observed pulse sequence in set-1 is plotted
on the left. The cross-correlation between {he ‘replayed’ data set, generated using the correct
estimates of the parameters of the transform, is plotted on the right (see section 5.3.2 for details).
The average cross-correlation coefficient along the diagonal is close to unity and any significant
deviation is considered as an indication of a mismatch of parameters. The figure on the right
displays all the essential characteristics of the autocorrelation of the actual data, the enhanced
correlation close to the two components along the diagonal, slight correlation in off-diagonal areas,
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Figure 5.22: B08344-06: We have changed the sign of the drift direction (from + to -) with respect
to the pulsar rotation, and have plotted the cross-correlation between the replayed sequence and
the actual one (see the text for details). The average correlation in the diagonal region falls by 2%,
compared to the plot above on the right. The correlation away from the diagonal has also reduced
noticeably. A similar plot, where the ‘replayed’ sequence was generated with a Py differing by
< 1.0% from its estimated value, is shown on the right. There again the average cross-correlation
along the diagonal has dropped by 40% compaggg to the plot in the top, right figure. The color
scale of all the plots in these figures are adjusted to highlight details.



5.4 Results: polar maps and movies

In the last section, we discussed the technique and certain detailsof the " Cartographic Transform™.
Here we present the polar emission patterns at 34.5 MHz. The patterns were reconstructed using
the "Cartographic Transformation™ technique described in Section 5.3 with the viewing geometry
o estimated in the paper-1, but taking al the valuesof Ps from our analysis of 34.5-MHz data. In
assembling these maps we make no use of the estimated number of subbeams once the circulation
time has been determined directly; rather, the " Cartographic Transformation™ transformsthe pulse
sequence onto the frame o the pulsar polar cap [see Paper-I: egs. 581, so that the elementsd the
emitting pattern and their distribution can be viewed directly.

Further, a seriesof maps, each from successive subsequences (of duration > P3) of the data
and with alarge fractional overlap with the neighboringones, weregenerated. The resultant images
were viewed in a dow 'movie-like fashion, which allowed us to examine the change in the polar
subbeam emission pattern with time. Since each o the imagesin a movie uses a relatively small
number of pulses, the overal sampling o the polar region may be very patchy. We, hence, smooth
the images suitably whileensuring that the basic details are not lgst. Although the signal-to-noise
ratio in one individual frame is poorer, certain significant characteristics o emission can still be

ascertained.

5.4.1 DB0943410

We have six data sets from this pulsar wherein a clear detection was made. For three o these we
could study single-pulse sequence and in these all cases we made polar maps and movies. While
some features in the maps o B0943+10 were stable over only a few circulation times most, {e.g.
the bright subbeams of the set-1 sequence in figure 5.23), remain relatively prominent over many
hundreds o pulse periods. For al the three data sets discussed, in a set of successve frames o a
moviea few subbeams usually dominate othersin intensity. Overall, the brightnessof the subbeains
was observed to fluctuate by up to about a factor of 4 over the length of the sequence. Common

propertiesshared by these sequencesare accompanied by a few peculiarities, which we discuss now.
set-1 (13" February 1999)

The fluctuation analysis o this sequence using 512 pulses has alowed us to determine P for this
pulsar very reliably. The primary fluctuation feature (figure 5.7) has a higher Q-vaue of > 500
compared to that in other pulse sequences. However, the overall modulation is rather wesk (see

figure 5.8 for a comparison). Figure 5.23 shows the average emission pattern mapped using 512



pulses from this sequence. Remarkably, the 'active'’ subbeams seem to occupy only about half of
the conal periphery. Such a deep, systematic and smooth variation in the subbeam intensity around
the emission cone is completely consistent with the appearance of the dow modulation feature in
the fluctuation spectra (seefigures 5.7 and 5.8). In this sequence, a few subbeams are persistently

bright, accounting for most of the power in the average profile.

Set-2 (7" February 1999)

In contrast to set-1, the polar image for this set, shown in figure 5.24, exhibits most of the 20
subbeams with a more-or-lessuniform spacing and an unsystematic pattern of intensities—a picture
which is aso entirely compatible with the observed absence of any significant dow modulation
featurein itsfluctuation spectra (figure5.8). It isworth mentioning that the power associated with
the primary modulation {i.e. drift) issignificantly higher in set-2 than in the set-1.

A very different behavior isseen from 'movies o polar images constructed from the subsets
of this sequence. Here the subbeams are al very week and unstable in the initial part of the
sequence. Then, they gradually increase in intensity until most of the 20 subbeams constitute
a more-or-less stable configuration— that depicted in figure 5.24—for some four or five circulation
times, whereupon they again gradually fade back into a disorganized pattern. The phase modulation
feature is not readily detectable in either the pre- or post-bright phases. Neither, interestingly, are
associated changesobserved in the shape o the average profile; rather, it maintainsa clear ‘B’-mode

profile form, apart from the changes in the average intensity.

Set-3 (12 February 1999)

In this B-mode sequence, the second component is considerably weaker than that in the earlier
two sets. The data show some non-zero fluctuations even under this component. The primary
modulation frequency matches with that in the earlier sequences, and so does the behavior o the
phase o this modulation across the pulse longitude. We proceed to make the polar map using
the circulation time derived earlier. A pattern of distinct subbeams appears only over a part of
the sequence (see the polar map made over this pulse range, figure 5.25). The pulsed energy falls
there-after considerably, and the corresponding average polar map showsdeviation from thedistinct
subbeam pattern, whereas the pulsed energy is undetectable beyond ~ 300 more pulse periods.
When viewed in a movie fashion, the overall polar pattern appears unstable, with the
brightness of individual subbeams fluctuating wildly. From being very bright in certain frames, the

subbeams even tend to be undetectable over certain other frames of the movie. The positions of
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Figure 5.23: Average polar map of emission for B0943+10 set-1 made using 512 pulses. Note
the remarkable asymmetry between the two halves of the polar cap, that gives rise to the slower
fluctuation feature in the Irf-spectrum for this data set (see text for details).
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Figure 524 Average polar map of emission for B0943+10 set-2 using ~ 125 pulses. M o
the subbeams are active, and there is no apparent modulationin ther brightness: The average

fluctuation power is foundto be significantly hi gher than set-1.
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‘Figure 525. Average polar map of enussmn for B0943+10 s¢t-3 using ~ 200 pulses from the middle
d the sequence.

strong subbeams, however, appear to pe stable over about 5 circulation times, which would then
trandate into the observed stable primary fluctuation. The average polar map would then appear
asa “sum” o allindvidua polar maps ﬁ‘om successliv'e sub-sequences, With the appearance in
one polar map not being entirely the same as the other intermediate ones. Such a situation is far
removed from the 430- Msz%ﬁservations_»,J,_:NIore(‘)‘ver, a movie made from this pulse sequence shows
bright streak patterns on the polar ca'ﬁ»,’»*évhich indicate some features on the polar cap that exist
over time Scales of about one pulsa.r rotatlon period or shorteg.
In all the maps presented aboVe, the radid samplmg of tlae subbeams appears complete.

This, iS significantly so in contrast with the partial sampling at_430 MHz. The situationis easily
understood in terms of the possible increase in the appareﬁt angular dimension of the emission cone,
allowing a relatively central sampling at decamefer wavelengths (RFM). Theslight elongation (in
the azimuth direction) apparent in the subbeam shape may not be real, but simply resut from
possible dight jittersin the locations f the subbeams relative to their average podtion.
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5.4.2 BO0834--06

We use the circulation time from eq. 542 to derive the polar emisson maps o this pulsar. The
maps are not very sensitive to the actual values of a and 3, though the viewing geometry of the
pulsar remains uncertain.

Out of the five available data sets at 34.5 MHz, two data sets were chosen for mapping.

Here, we present our polar maps and discuss the properties of the polar emission pattern.
Set-1 (6*February 1999)

This data set shows the sharpest primary fluctuation feature for this pulsar in our data, with a
Q-value > 100. The polar map for this set is presented in figure 5.26, which consists of bright,
distinct subbeams.

We also viewed a'movie o the polar emission pattern. Since a polar map over one circu-
lation time doesn't sample the polar cap of 8 subbeams adequately, in each frame of this movie
was made using 30 pulses (twice the circulation time of the polar emission pattern). We further
smooth this pattern over 9 X 9 points in order to reduce the noise, a smaller number of subbearns
allowed us more smoothing possiblethan in B0943+-10.

Similar to decameter observations of B0943+-10, the intensities of the individual subbeams
in the case of B0834-+06 fluctuate with time. In fact, they change by almost a factor of 10 between
certain short averages. At any given time a few subbeams are seen to dominate the emission. We
also observed that the emission from the other parts of the polar cap is greatly reduced during
such times. It would appear as if the dominant emission entities inhibit emission from the rest of
the polar cap. The emission entities are generally less stable compared to the behavior in the case
of B0943+10. The overal average positions of the subbeams remain unchanged, though there is
an increased tendency to fluctuate around the mean position in ‘comparison with B0943+-10, which

may explain the low-Q dof the primary fluctuation feature.
Set-2 (5" February 1999)

The polar map for this sequence is shown in figure 5.27. Only a handful of distinct subbeams are
seen in the average polar map, whereas short averages corresponding to the frames of the movie
show us more distinct subbeams that fluctuate around their mean positions. The subbeam pattern
as seen in a movie-frameis distinct, but the brightness of each subbeam seems to fluctuate. Some
subbeams seem to attain brightness fluctuations of > 5 during the movie (a total of ~ 400 pulses)

from their maximum to minimum. A pattern of strong, distinct subbeams appears over ~ 25,
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Figure5.26: Aver age polar map of emisson for B0834+06 set-1 Usi ng ~ 350 pulses The subbeams
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Figure 527. Average polar map of emisson for B0834+06 set-2 made with 250 pulses.
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giving rise to a weak, but sharp (Q-value~ 100) primary fluctuation feature in the spectra. On the
whole a few subbeams dominate polar emission over short durations, similar to the case of set-1.
Such 'prominence’ last just over one or two circulation times, whence these subbeams weaken and
some other subbeams become bright.

The bright subbeams that dominate the emission in a movie frame appear to be broader
than the average. Assessing significance of such a result is difficult given the smoothing gone into
making movies and the noise present, but sometimes two such nearby bright subbeams appear to

nearly merge with each other.



5.5 Discussion and comparison with higher radio-frequency ob-
servations

In the preceding sections we presented our analysis of the fluctuation properties apparent in the
decametric emission of pulsars B0943+10 and B0834+06, as wel as our efforts to understand the
underlying emission pattern responsible for them.

Although the signal-to-noige ratio in these observations is insufficient to detect individual
pulses, we showed that an estimation of the average fluctuation behavior can still be reliably made,
if the magnitude of the fluctuationsis high enough\to be detected in the data set asa whole. There
isan advantage in using a long pulse sequence only if the modulation features are relatively stable
over the relevant integration time scales, as in the present case. The primary phase modulation
frequency is seen to vary dlightly but noticeably, on time scales of many hundreds of the pulse

periods.

5.5.1 B09434-10 ' g

Pulsar B0943+10 is unusual in that conal narrowing at frequencies above about 400 MHz causes
its beam to progressively miss our sightline. For a given 3, we expect our sightline to sample the
radiation cone at different 8/p values such that more central traverses occur at lower frequencies.
The 'single’ profile form o the pulsar at 430 MHz, thus, evolves smoothly into a wel defined
'double’ form as §/p decreasessufficiently at longer wavelengths. The average profile of B0943+10
at 35 MHz exemplifies this situation with an estimated g/p o 0.78 (see Table II of Paper-I),
corresponding to a nearly complete sampling of the radial 'thickness' (Ap) of the hollow-conical
emission pattern. The fractional thickness of this conal beam Ap/p isestimated to be about 15%,
consistent with that estimated by Mitra & Deshpande (1999).

The main results of our decametric study of PSR 0943+10’s fluctuation properties are as

follows:

e We have shown that the fluctuation spectra at decameter wavelengthsalso display a narrow
feature with a high Q close to 0.5¢/P1, which is related to the 'drifting' character of its

subpulses.

e \We have independently resolved how this feature is aliased and have determined the true

frequency of the primary phase modulation.

e The high and low frequency features in the sequence of set-1 were found to be harmonically
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related (theformer just 20 times the latter). Furthermore, wesk sidebands appear to be asso-
ciated with the primary phase-modulation feature, again suggesting that a dower fluctuation
of period P3 = 20P; is modulating the primary phase fluctuation.

e Since the viewing geometry at 35 MHz is too central (3/p = 0.78) to follow the 'drift' band
continuously across the pulse window, we have adopted different means of estimating the

value of P, which at 11° agrees well with that determined in Paper-I1.

e Our observations lead to the conclusion that a system of 20 subbeams, rotating around the
magnetic axis of the star with a circulation time P; of about 37 Py, is responsible for the

observed stable subpulse-modulation behavior.

e Compared with the higher frequency maps, the 35-MHz maps sample the subbeams much
more completely. However, the 35-MHz subbeams, on the whole, show much less uniformity

in their positions and intensities. .

e At both 35 MHz and the higher frequencies, the intensities of individual subbeams fluctuate,
maintaining a stable brightness only for a few circulation times. The stability time scales of

the entire pattern appear roughly comparable between 35 MHz and 430 MHz.

Since the particle plasmaresponsiblefor the pul sar emission originates closeto 'accel eration'
zone (whichis considered to be located near the magnetic polar cap), whereas the conversion to
radio emission occurs at a height of several hundred kilometers above the stellar surface, we are led
to concludethat the polar cap is connected to the region of emission viaa set of 'emission columns.
This picture is further supported by the very similar emission patterns observed at 35 MHz and
430 MHz—emitted, presumably, at significantly different altitudes in the star's magnetosphere. If
indeed some 'seed’ activity results in the common character of the emission patterns at different
frequencies, then the parameters describing the fluctuations (e.g. P», P3) should be independent of
the observing frequency, e.g. asin the model of Ruderman & Sutherland (1975). This expectation
is consistent with our observations of B0943+10 (at 35 MHz) and 100 & 430 MHz (Paper-1), as
well as with the findings of Nowakowski et al. (1982).

The plasma flow in a emission column is guided by the dipolar magnetic field only out a
certain distance, but the toroidal field due to the particle currents could become significant away
from the star, where low frequency radio waves may be emitted. The lower level of organization,as
noted above, in our maps at 35 MHz, as well as "movies’, compared to the 430-MHz behavior
(Paper-1), may be pointing to this effect.
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The average profile at decameter wavelength also shows asymmetry (the peak intensities
of the two components around the apparent central longitude differ by a factor of about 2), so
also the profile of modulated power (seefigure5.12). Such an asymmetry, though striking, may be
traceable to relatively small departures dof the polar cap boundary from circularity, if the departures
are comparable to the fractional thickness of the emission cone (Ap/p). A study, by Arendt &
Eilek (2000), of the detailed shape of the polar-cap boundary and its dependence on the inclination
angle a, shows that an about 5% departure from circularity is expected for a= 15°.

The average profile at decameter wavelength shows asymmetry in the component locations
around thechosen magnetic longitude, whenfitted with Gaussian profiles. Theplot of theamplitude
and phase of the primary fluctuation against the pulse longitude shows approximate symmetry
around the central longitude. Thiscan now be used to put limits on the possible non-circularity of
the subbeam track around the magnetic axis.

Deshpande & Rankin observed a non-fluctuating component in the pulsethat was symmetric
around the central longitude. We do not detect any non-fluctuating (or fandomly fluctuating)
'‘base’ component in our plots of the pulse sequence folded at the primary fluctuation period Ps
(seefigure5.12). We, however, do detect a wesk connecting bridge between the two components of
the pulse, which is as strong as 20% in one pulse sequence (set-2), and is much weaker in the other
(set-1). Thereisa little or no fluctuation power observed under this component. We would like to
argue that it shares a common origin with the non-fluctuating base observed at 430 MHz. Such a
component may be a much reduced contribution from a possibly bright central ‘core’ component
and deserves further study.

Among a total of 6 sets at 35 MHz, we find only one sequence exhibiting a ‘Q’-mode
behavior —that is, with both the average profile and fluctuation spectra displaying clear deviations
from ‘B’-mode properties. This predominant ‘B’-mode character of the decametric emission in
our observations, as well as in the earlier observations of Deshpande & Radhakrishnan (1994),
appears inconsistent with the trend at higher frequencies where both the ‘B’ and ‘Q’ modes may
occur with similar frequency of occurrence (Suleymanovaet al.1998). It is possible however, that
the intervals of disorganized pattern in our observations correspond to some mode-change activity.
The weakening of the pulse after the bright phase in the sequence o set-2 may be an indication of

a possible B to Q mode change.
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5.5.2 - B0834+06

We have studied the single-pulse sequences from this pulsar employing much the same techniques
that were used in the case of B0943+10.

Apart from B0943+10, B0834+06 is the only other pulsar for which we could estimate
the circulation time of the polar emission pattern reliably using the fluctuation properties and its
viewing geometry. This estimation is based solely on the decameter observations! We have made
polar emission maps from our data at 345 MHz using the estimated P; and drift direction, and
those were presented in the earlier section. In carrying out this estimation we followed a genera
strategy for the estimation of the circulation time of the polar emission pattern. This approach
could be adopted in other cases as wel. We began with the Irf- and hrf-spectradf this pulsar. We
have shown, that

e The primary fluctuation is related to the amplitude modulation of the two components of the

9

average profile.

e The modulation under the pulse displays a time delay between the two components of the
profile (seeeq. 5.30).

e Wewouldliketo arguethat the amplitude fluctuationsof the two components occur dueto the
'passage’ of the same emission entity as the entire polar emission pattern revolves steadily
around the pulsar's magnetic axis. This, for a component separation of 56° in magnetic

longitude, suggests the circulation time (£3) to be ~ 14.8P;.

e The hrf-spectrum, computed using set-2, displays sidebands around the primary modulation
(seefigure 5.15). These sidebands imply a dower frequency modulating the primary mod-
ulation feature, which has a period of ~ 14.5 £+ 0.8P;. We notice discernible power in the
Irf-spectrum of the same pulse sequence (figure 5.13) at a frequency close to 0.07¢/P; (a
period of ~ 14.22P;).

e We bedlieve that these observations conclusively define the circulation time to be ~ 14.8P;.

e Theestimates of the viewinggeometry in the case of this pulsar are uncertain. We carried out
a search to refine the viewing geometry and other parameters o transform using the inverse
"Cartographic Transform™. This search, for different values of parameters used, constrains
the circulation time (now, refined to be P; = 14.84¢/P;) and the drift direction of the pattern

relative to the pulsar rotation, so crucia for our mapping technique.



e A system o discrete subbeams in steady rotation along the magnetic axis was responsible for

the observed single-pul sefluctuations.

The emissionbeamsin the case of B0834+06 are discrete, but they are not uniformly spaced
along the hollow cone of emission and they all differ in their appearance. The subbeams appear
broader in radial cross-section, with Ap/p > 25%, and seem to fluctuate around their average
position and intensity more than those in the case of B0943+10. We had concluded from our
analysis of B0943+-10 that the regions of radio emission correspond to a well-organized system of
plasmacolumns. In the case of B0834+06, with a= 30, we observea lower order in the polar maps,
and higher degree of fluctuations in the subbeam locations and their brightness. The increased
jittersin the subbeam position could result in the low Q-value df the observer fluctuation features.
It was not possibleto account for the null pulses, which could further reduce the modulation Q.

We also made maps from successivesubsections o the pul se sequence and viewed them in a
‘'movie-like fashion. Thesubbeams in the case of B0834--06 display a higher degree of fluctuation in
their brightness and position on the polar cap as compared to B0943+10. In fact, usually a couple
of bright subbeams dominate the polar cap emission. One may think of two plausible explanations
in thisregard: a] The subbeams of emission compete with each other in such a way, that inhibition
of emission (or the underlying sparks) would occur over the rest of the polar cap when some
subbeams are active (atheoretical conjecture by R&S for discrete subbeams, and a more explicit
suggestion by Vivekanand & Joshi (1999) in their study of BO031-07). b] Formation of a steady,
bright subbeam pattern on the polar region may require certain physical conditions which may be
satisfied in a small region of pulsar-parameter space (consistingd viewing geometry and rotational
parameters of the neutron star). It may seem that such conditions indeed conspire to generate
stable pattern of 20 subbeams observed in the case of meter-wave emission from B0943+10. The
above two possibilities are certainly due to some underlying physical cause.

Thisanalysis has been done using the data obtained at 34.5 MHz alone and we do not have
any polar emission maps made using single-pulsesequencesat meter-wavelengthsfor a comparison.
We believe that such a structure of discrete subbeams is valid even at higher frequencies, where
strong, alternate pulse modulation of moderate Q-value has been observed. A more direct com-
parison between emission at decameter and meter wavelengths is possiblein this case, and would
prove fruitful.

The importance o our analysis also lies in the fact, that pulsar B0834+06 is different
from B0943+10 in its physical parameters, the viewing geometry, as well as the nature of the
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apparent modulation due to drift. The single-pulsefluctuationsin this case are general modulation
of component amplitudes, unlike a stable drift pattern observed in the case of B0943+10. Even
for such a case of general modulation we could relate it to a well-defined rotating pattern in the
polar emission region. Thisfurther supports our belief that a set of discrete subbeams of emission,
asenvisionedin R&S, result in single-pulsefluctuations in pulsars, and their apparent nature is a

combination of the pulsar parameters and the observer's viewing geometry.

55.3 Comparison with theory : number of sparksws. a,3, and other parameters

Overadl, our observations of B0943+10 and B0834+-06 agree remarkably with the picturedof asteady
system of discrete emission subbeams in an apparent circulation around the magnetic axis. This
cartoon has a remarkable overlap with the R&S model articulated at the beginning of this chapter.

R&:S provided a comprehensivepicture of discrete sparks on the polar cap of a pulsar, which
undergo an E X B drift around the magnetic axis, giving rise to the observed subpulse drift pattern.
The size of the polar cap isgiven by eq. 54 to be ~ 100m. The circulation time of the spark,
situated at a radial distance r, from the center of the polar cap, with the drift velocity of E x B/B?
can be written as, 3 = 277, (B/ < E >)P;, where B and < E > are the magnetic field and
average radial electric field in the gap. < E >, in turn can depends upon the potential drop in
the gap AV and the spark distance from the edge of the polar cap (rp, — ;). From R&S, eq.[30],
< E>= AV/2(r, — r;) (SeeDRa). The circulation time then becomes,

Py = dnrg(rp—ry) B/JAVP. ' (5.43)

R&S assume r, = r,/2, and derive their relation for the circulation time (eg. 5.22). Deshpande &
Rankin argue for rs ~ rp, and AV considerably smaller than 10'2 to explain the long circulation
time in the case of B0943+10 (DRa).

Wetabulateall therelevant parameters of these two pulsarsin table 5.3, wherethe magnetic
fidld estimates are derived from their timing behavior. How do the observed numerical vaues
compare with the theoretical estimates?

The estimated circulation time, number of subbeams, and their temporal behavior
differ for the two pulsars. The exact theoretical estimation of P using eqg. 5.21 is obscure due to
uncertainties in surface parameters such as the radius of curvature of thefield linesin the emission
region and the voltage drop across the gap.

Instead of the actual values of Ps, we compare the estimates of P as given by eq. 5.22 for
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Pul sar a B |Biz| P |numberof| P, | P (R&S)| B (0bs) | By
s subbeams (in Py) (in Py) (in Py) s

B0943+10 | 11°.64 | —4°.31 | 20 | 1.0977 2 1.848 9.3 36.95 | 4057

B0834+06 | 30°.00 | —3°00 | 3 | 1.2738 8 1.855 131 1484 18.9

Table 53 Comparison between the observed circulation time and theoretical estimates of R&S
model. The various pulsar parameters for B0943+10 and B0834+06 are listed.

the two pulsars, and write
P P
(,( A3)09434¢10) K <( A3)0943+10) (5.44)
(P3)0834+06 estimated (P 3)0834+06 observed
with K=1, if the constant multiplier (of value 5.6) in the eg. 5.22 remains unchanged from one

pulsar to another. We, however, find the valueof K to be 0.29, which suggests that this multiplier

value is dependent on pulsar parameters.
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56 Summary

In thischapter, we presented our analysisof the single-pulsefluctuations observed in the decametric
emission of pulsars B0943+10 and B08344-06 in detail and tried to understand the observed diverse
single-pulsefluctuation propertiesin termsof polar emission patterns and their temporal behavior.
We compared our observations with the general picture of radio emission patterns and subpulse
modul ation el aborated theoretically by Ruderman & Sutherland (1975) and to the higher frequency
observational results of Deshpande & Rankin (DRa and paper-1).

We described the theoretical picture suggested by Ruderman & Sutherland in the beginning.
We studied the fluctuation features of the two pulsarsin detail. The technique of 'Cartographic
Transform', where every sample from each single pulse is uniquely mapped onto the polar region
of the pulsar, provides new means of studying underlying emission patterns using single-pulse
phenomena. We discussed the various issuesrelated to this technique and used it to obtain polar
emission maps for these two pulsars. .

Although the signal-to-noiseratio in these observations was insufficient t o detect individual
pulses, we showed that an estimation of the average fluctuation behavior can still be made reliably,
if the magnitude of fluctuations is high enough to be detected in the data set as a whole. There
isan advantage in using a long pulse sequenceonly if the modulation features are relatively stable
over the relevant integration time scales, as in the present case.

In the case of B0943+10, our observations lead to the conclusion that a system of 20 sub-
beams, rotating around the magnetic axis o the star with a circulation time P; of about 37 P,
is responsible for the observed stable subpulse-modulation behavior. Compared with the higher
frequency maps, the 35-MHz maps sample the subbeams much more completely in their radial
extent However, the 35-MHz subbeams, on the whole, show much less uniformity in their positions
and intensities. At both, 35 MHz and the higher frequencies, the intensities of individual subbeams
fluctuate, maintaining a stable brightness only for afew circulation times. Thestability time scales
of the entire pattern appear roughly comparable between 35 MHz and 430 MHz.

Since the particle plasmaresponsiblefor the pul sar emission originates closeto 'accel eration'
zone (which is considered to be located near the magnetic polar cap), whereas the conversion to
radio emission occurs at a height of several hundred kilometers above the stellar surface, we are led
to concludethat the polar cap isconnected to the region of emission viaa set of ‘emission columns.
This picture is further supported by the very similar emission patterns observed at 35 MHz and
430 MHz—emitted, presumably, at significantly different altitudes in the star's magnetosphere.



We, detect a wesk connecting bridge between the two components of the pulse, which is
as strong as 20% in one pulse sequence (set-2), and is much wesker in the other (set-1). There
is a little or no fluctuation power observed under this component. We would like to argue that
it shares a common origin with the non-fluctuating 'base’ component observed at 430 MHz. Such
a component may be associated with a much reduced contribution from a possibly bright central
‘core’ component and deserves further study. Among a total of 6 sets at 35 MHz, we find only one
sequence exhibiting a ‘Q’-mode behavior—that is, with both the average profile and fluctuation
spectra displaying clear deviations from ‘B’-mode properties. Thispredominant ‘B’-mode character
of the decametric emission in our observations as well as in the earlier observations of Deshpande
& Radhakrishnan (1994) isin significant contrast with the trend at higher frequencieswhere both
the'B' and 'Q" modes may occur with similar frequency of occurrence (Suleymanovaet al.1998).

B08344-06 is the only other pulsar, apart from B0943+10, for which we could estimate
the circulation time of the polar emission pattern reliably using the fluctuation properties and its
viewing geometry. This estimation is based solely on the decameter observations! We have made
polar emission maps from our data at 34.5 MHz using the estimated P; and drift direction and
those were presented in the earlier section. In carrying out this estimation we followed a somewhat
genera strategy for the estimation o the circulation time of the polar emisson pattern. This
approach, mentioned below, could be adopted in other cases as wdll.

We studied the fluctuation modulations of this pulsar. The modulation under the pulse
displays a time delay between the two components of the profile. We argued that the amplitude
fluctuations associated with each of the two components occur due to the 'passage’ of the same
emission entity as the entire polar emission pattern revolves steadily around pulsar's magnetic axis.
This understanding then allows us to scale the time delay associated with a component separation
of some §¢ in magnetic longitude (corresponding to the profile component separation of dy), thus
providing the initial guess for the circulation time. We searched our fluctuation spectra for dow
modulation features with frequencies close to this'guess o circulation time. We further carried
out a search to refine the viewing geometry and other parameters of transform using the inverse
of "Cartographic Transform"”. This method yielded a refined determination of the circulation time
and drift direction of the pattern relative to the pulsar rotation, both so crucia for our mapping
technique.

Here too, a system of discrete subbeams in steady rotation along the magnetic axis was
found responsible for the observed single-pulse fluctuations. The emission beams in the case of

B0834+06 are discrete, but they are not uniformly spaced along the hollow cone of emission and
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they all differ from each other in their appearance. The subbeams appear broader in radial cross-
section, with Ap/p > 25%, and seem to fluctuate around their average position and intensity more
than what was observed in the case of B0943+10.

Theincreased jittersin the subbeam position could result in the low Q-valued the observed
fluctuation features. Also, it was not possible to account for the null pulses, which could further
reduce the modulation feature's Q.

We a so made maps from successive subsections o the pulse sequence and viewed them in a
'movi€e’-like fashion. For all thedatasets o B0943+10 and B0834+-06 discussed, it was noticed that
only a few subbeams (different ones at different times) usually dominated in intensity over a few
circulation times. Overall, the brightness of a given subbeam was observed to fluctuate by up to
about a factor of 4 over the length of the sequence. Given the above, it istempting to suggest that
(a) an inhibition of emission (or the underlying sparks) occurs over the rest of the polar cap due
to the active subbeams, or (b) A critical combination of parameters required for stable, uniform
subbeams. '

It isimportant to note, that that pulsar B0834+06 isdi f f erent from B0943+10 in its physical
parameters, the viewing geometry, as well as the nature of the apparent modulation due to drift.
The single-pulsefluctuations in this case are general modulation of component amplitudes, unlike
the stable 'drift' patterns observed in the case of B0943+10. Even such a general amplitude
modulation appears to be related to a well-defined rotating pattern in the polar emission region.
This further supports our view that a set of discrete subbeams of emission and their apparent
circulation, as envisioned in R&S, results in the single-pulsefluctuations observed. The apparent
nature of the modulation is a combination of the pulsar parameters and the observer's viewing
geometry.

Overadl, our observations of B0943+10 and B0834+06 agrees remarkably with the picture
of a steady system o discrete emission subbeams in an apparent circulation around the magnetic
axis. This cartoon has a remarkable overlap with the R&S model. When we compare the results
for the two pulsars, the observed value d the circulation time of B0834+-06 is considerably shorter
than that expected from the model.
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