Chapter 1

| ntr oduction

In 1967, the first detection and identification o stable pulsationsfrom celestial sources by Jocelyn
Bdl opened up one d most fascinating areasin radio astronomy (Hewish et al., 1968). Significant
advances have been made to date in understanding these objects, the pulsars. In this chapter,
we outline our present understanding d the radio emission from pulsars, more specificaly their
average and single-pulseproperties. We review different phenomenaoccurring at single-pulsetime-
scales and available conventiona tools to study them. Mog d these studies have been carried
out so far at meter and decimeter wavelengths. Observations at low radio frequencies pose severe
chdlenges; and we discussthese considerationsin the third section. In the last section, we discuss
the sensitivity aspects d a radio signal and its detection.

1.1 Pulsarsas astronomical objects

Over a thousand radio pulsars have been discovered in our Galaxy so far and their nature as
compact, rotating, highly magnetized neutron stars is wdl established. The radiation is beamed
aong the magnetic axis, where the rotational and magnetic axes are not aligned. Thisresultsin
a lighthouse effect; as (and if) this cone sweeps across an observer, a radio pulse will be observed.
The estimated propertiesd neutron stars from various measurements are: mass ~ 1.4Mg, radius
~ 10km, surface magnetic fidd ~ 10'2 G, etc.

1.1.1 Basc modd

Figure 1.1 shows the basic mode o the pulsar phenomenon. The neutron star possessesa strong
magnetic field which is dipolar, where the fied lines are rigidly anchored to the star and the
associated magnetosphere tries to corotate with the star. Corotation with the star is not possible
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Figure 1.1: Basic model of a pulsar as a rotating, magnetized neutron star.
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beyond a certain distance, 71, Where the rotation speed equals the speed of light. The field lines
that manage to closeinsideform the 'closed magnetosphere', whilethe rest of the'field linesextend
into the interstellar regions, and are referred to as 'open field lines. The emission cone is believed
to be defined by the tangents at the location o emission to the last open field lines that do not
close. It is believed that primary charge particles are generated and accelerated very close to the
stellar surface. These accelerated particles in the presence of magnetic field lead to a cascade of
pair production reeulting in a relativistic and dense plasma in the polar region. This 'secondary’
plasma, moving relativistically along the open dipolar field lines, gives rise to the observed radio
emission. This charge par%icle flow and the (low frequency) dipole radiation carries away the
rotational energy, effectinga 'braking torque’ on the star. Both the above mechanisms are likely
to be present, resulting in the secular loss of rotational energy of the pulsar. Such an energy loss
E scalesas o« B3R®Q*, and pulsar periods lengthen with their age.

The radio emission is a very small fraction (g 107%) o the total rotational energy loss, and
the exact mechanism of emissionis still a debated issue. The implied brightness temperatures for
the pulsed radio emission require the emission to be coherent. The primary physical constraintson
a model are provided by the total observed flux and its spectrum, small duty-cyclge (~ 4%), and

observed polarization and fluctuation phenomena.



1.1.2 General and population properties

Neutron stars are believed to originate in typeli s::;ﬁérriovae, the end state o stars with masses
in the range of 8-15 M. From the statistics of the known pulsars and other neutron stars, the
total population of active pulsars in our galaxy is-between 10° to 106. Most of them are confined
to the galactic plane within a layer about 1 k'pcthiék and within a radia distance of 10 kpc from
the galactic center. Measurements show that pulsars possess high spatial velocitiesd the order of
200 km/s.

Most of the "normal” pulsars have periods between to 01-2 s. The shortest known valueis
~ 16 ms, whereas the longest is ~ 8s. All the pulsars lose their rotational energy, and hence dow
down. The distribution of periods and their derivativessuggests that -most pulsars start their lives
with very short rotation periods, follow similar evolutionary paths, and cease to be radio pulsars
after ~ 107 years. Equating the lossin rotational energy with the dipole formula (IQQ = BZR%Q*)
yidds © x 03, and also provides a way to estimate the magnetic field of a pul sar.

The normal measure of the dow-down o pulsars is: P, a-dimensionless quantity typically of
the order o 10715, often quoted in units o s/s. The phenomenological dowing-down relationship

Q=-KQ" (1.1)

definesthe "brakingindex” n (= 3for spin-down due to magneticdipoleradiation), and integrating
it gives us
T=-m-1"(1-2"7) (/) (1.2)

where the coupling constant K was removed by using the eq. 1.1. The quantity x = /9o, where
2 isthe spin rate at birth. If x issmall and n=3, we obtain the estimate for the "characteristic
age" o thepulsar, T = P/2P.

On atime-scaled somedays, all pulsarsshow a remarkablestability in rotation rate. There
is, of course, the dow-down torque of the magneticdipoleradiation , or an associated particle wind,
causing a steady increasein period. Careful measurementsdf pulse-arrival timesover long intervals
show that a pulsar period is more stable than 1 part in 1012, These measurements have to be
corrected for a number of effects, such as the motion d Earth around the Sun, dispersion delay at
the observing frequency, and relativistic clock correction, etc. If the period of a pulsar is knownto
a sufficient accuracy, one can predict the pulse arrival time in the future. Such studies of pulsar
rotational parameters are termed as 'pulsar timing', which dlow very accurate measurements of
pulsar period, period derivative, and its location in the sky.



There is a separate population of pulsars, called 'millisecond pulsars (M SPs), with periods
mostly below 10ms. MSPs belong to an older population of the"neutron stars, and have wesker
magnetic fields. They are less confined in the galactic plane, and believed to possessa different life
history, discussed more in chapter 6. Many are found in binariesand in globular clusters and are
visible as radio pulsars over a longer life-span (relative to normal pulsars) due to their very week
. magnetic fields.

1.1.3 Average pulse properties

The integrated-pul se profilesare obtained by superimposinga sequencedf typically 1000 individual
pulses. The average properties provide information about the stable properties of the pulsar radio
emission, such as the flux densities, radio frequency spectra, emission-beam structure and viewing

geometry etc.

Integrated profiles

w}

“PA {d-s)

co FIS0BRSS
‘ ﬂqm__

FLUX DENSITY -

Figure 1.2: Mean-pulse profiles and polarization parameters for two pulsars. The ‘S’-curve traced
by the position angleof the average polarization isevident. Average polarization is more than 50%
at certain locationsin the pulse. The circular polarization in B1508+55 shows a changein itssign
close to the midpoint of the profile. (Lyne& Manchester, 1988)

Integrated-pul se profilesand polarization parameters o two pulsarsB1700-32 and B1508+55
are shown in figure 1.2. The intensity profiles are generally smooth curves, generally up to three
components, more rarely with four or.five. By cgnvention, one pulsar period (P,) isequa to 360°
of rotational longitude, usualy denoted by «. . The pulse widths lie between 5-30" in rotational
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longitudes.

Separate components of emission often appear & discrete sources of emission. Pulsar emis-
sion is highly linearly polarized. Theindividual pulsestend to display a high degree of polarization,
which may sometimesget averaged over to asmaller degreein thei ntegrated pulse profiles. However,
the! initegrated pulse polarization approaches up to 100%in somé pulsars. As shown in figure 1.2,
the position angle o the linear polarization swings in a characteristic S shape, covering most of
the 180° range. Even in the profileswith multiple components this polarization swing is continuous
through the entire profile, and this behavior does not change with the frequency d observation.
This, following Radhakrishnan & Cooke (1969), is taken'as a suggestion that the observed polar-
ization isrelated to the dipolar structure of the magnetic field, and that the radiation is generated
close to the magnetic poles. This radiation is emitted in a narrow, hollow cone radially outward
and is centered on the magnetic axis. Different components d the'average profile then arise from
the structure in this polar emisson region and the observer's viewing geometry.

Although the pulsesfrom the majority of pulsarsoccupy only about 10° d rotation phase,
there are a few with broader pulse profiles. In somecases, there are two pulse components which
are distinct and separated by about 180°. Both the components behave like a single pulse of most
other pulsars. The wesker o the two components is termed as an 'interpulse. The clear cases
o interpulses are usualy interpreted as emisson beams from the two magnetic poles o a pulsar
whaose rotation and magnetic axes are near-orthogonal to each other (;a. g. the Crab pulsar). There
are aso instances o interpulse emisson when the two axes are nearly aigned and a single polar
region is responsiblefor both, the "main" and the "inter'-pulse (e.g. B0950+-08).

Circular polarization

Toward the center o many profiles, and especially those resulting from sampling dose to the center
d the emitting cone, there is often a high degree o circular polarization. The degree o circular
polarization often reaches 10% at the center. Frequently it reversesits sign at the center o the
profile ; usualy there is only one such reversal under the pulse.

Radio frequency dependence

Pulsars are wesk radio sources, with average flux+-densitieat: meter wavelengths <1 Jy. Overal,
the flux density spectrd are steep at high radio frequencies, though they often flatten or even turn
over at ‘'~ 100 MHz. The spectral indices( a) lie in the range:of 1 to 4 (S« »~%), and for some
bright pul sarsthese power laws have been traced all the way up to 35 GHz (Widebinski et al., 1993).
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The shape and the width o all integrated profiles vary considerably over the radio spec-
trum (seefigure 1.3). Apart from the differencesin the profile arising from the different spectral
indicesdf various components, there is a general 'expansion’ of the whole pulse at lower frequencies
(s 1 GHz).This 'expansion’ can often be fitted by a power law, in which the separation between
identifiablecomponents, or the pulsewidth as measured between the outer half-power pointsadf the
profile, vary as =%, The value of a varies between 0.2 and 0.5 for frequencies below 1 GHz, with
an average value df 0.25. The index tends to zero above 1 GHz.

Despite all the changes, the underlying swing of position angle in the linear polarization
follows the same pattern at all frequencies, and provides Us with information about the geometry

of the emission region.

Radiusto-frequency mapping & emission altitudes

As seen above, the epacing of the average-pulse profile components and pulse width as measured
between the outermost half-power points of the profile,' vary with frequency typically as ~ v=925,
Oneinterpretation of such an evolution is (after Komesaroff, 1970, and Cordes, 1978) that different
frequencies are emitted at different heights from the stellar surface. The higher radio-frequency
radiation is emitted close to the star and the progressively lower frequency emission comes from
farther away aong the magnetic (open) field lines. Most agree that the emission region is confined
within ~ 1000 km from the star, whereas the source of high frequency radiation (~ 1 GHz) is
located close to the polar surface (> 10km, according to Rankin, 1990). The emisson cone is
defined by the directions of ‘local’ tangents to the magnetic fidd lines. The dipolar flaring of the
magnetic field lines results in a larger angular radius (p) of the emission cone at farther distances
from the star's surface whereas, the impact angle (the closest approach’to the magnetic axis) of the
observer's line-of-gght (8) remainsthe same. This changing 8/p ratio explainsthe observed pulse
width evolution at lower frequencies, as shown schematicaly in figure 1.5.

If, for example, the radiation at some height were to occur at the local plasma frequency,
then the »=2 dependence of the plasma density for a dipolar fidd impliesthat v.« r=3/2, The
dipolar field lines flare so that AQ « /2, If the same field lines define the emission cone at all
frequencies— i.e. at al heights—, then A0 « »~1/3, The flattening of the curve Aé(v) at high
radio frequencieswould imply a breakdown of the RFM closeto thestar, or that someother angular
scale like the size of the conefor radiation from single particles becomes important.

In this picture, the low frequency emissign from.apulsar originates further awvay from the
surface. Duetoa lower 8/p-ratio, theline-of-sight at low frequenciessampl esthe emission cone more

F

15



~3

L DRI PO RELE T
PSR 1133416 DM= 48471 |

Figure'l.3: Time-aligned multi-frequency profiles of PSR1133+16 (Phillips& Wolszczan, 1992).
Notice the evolution of the haf-power pulse-width, as wdl the component separation, with the
frequency o observation noted on the left of each profile.

centrally and is therefore expected to provide independent information about the radio-emission

region.
Pulsar viewing geometry

Most widely accepted emission models assume that pulsar radiation isemitted over a (hollow) cone
centered around the magnetic axis. Figure 1.6 is a schematic illustration of pulsar emission cone.
The cone, with a haf-opening angle p., sSweeps across the observer's line-of-sght with an impact
angle (distanced closest approach to the magnetic axis) 8. The rotational and magnetic axes are
inclined with an angle a. The spherical triangle PQS (refer to figure 1.6) relates the angles «, 8
and the prafile haf-width A, to the beam radius p, by the following relation (Gil, Gronkowski,
& Rudnicki 1984),

) = et B a0 0

- Theswesp o linear polariaation across' the profile Conforms more or lessto a simple pattern
dictated by the configurationd the rotation axis, the magnetic axis, and the observer's line-of-sight.
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Figure 1.4: A schematicof RFM: different frequenciesarising at different heightsfrom the star can
cause the frequency dependence shown in figure 1.3.

LOCUS OF
LINE -OF-SIGHT

Figure 1.5: A schematic of changing 8/p as a result of RFM Due to the increase in the beam
radius, the locus o the line-of-sight cuts the beam more centrally relative to the periphery.

In figure 16 the polarlzatlon posmon anglex IS glven by

_’ : szn(a) sin(p)
tan{x - XO) ~ sin(aT B)cos(a) — cos(aT B) sin(a) cos(ip) e (14)

where xo is the poaition angle of the projected direction (on the sky plane) of the pulsar rotation
axis, ¢ isthe longitude, defined such that it is equal to zero on the magnetic meridian.
The maxi mum o‘ the sweep rate of the polarlzatl on angle x occurs close to the mid-point

o the proﬁle (ie. at <p O and lS glven by,

lw‘d?é/@lm,aw;? sin(@)/sin() - (15)
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Figure 1.6: Pulsar viewing geometry: the line-of-gight cuts the emission cone of radiys p, with an
impact angle of 5. - e
114 Empirical theory of pulsar radio emission

Classificationd pulsar characteristics hasbeen asource of physical insight into theemission process.
Rankin, 1983a, has laid out of a scheme to classify pulsars from their average properties.

In this scheme, the pulsar emission pattern comprisesof'two &istinct elements. one or more
hollow cones, and an axia or core beam within these hollow cones. The core and cones have
distinct observational properties associated with them (Lyne & Manchester, 1988, however argue
against such an explicit distinction and consider the variouscomponentsas simply aresult o patchy

illumination). Figure 1.7 represents the geometry of core and cones.
5

The core components:

e These often have a steeper spectrum than the conal componentsand dominate at frequencies
+ around 400 MHz and beow. '

e They exhibit circular polarization and the handedness often reverses sign near the center of

the pulse.

e Many have featureless ("white") fluctuation spectra, though in some eases broad, low fre-

guency modulation features are observed in their spectra.

e They are not known to be associated with nulling or mode-changing phenomenon.
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Figure 1.7: Rankin’s empirical scheme of central core and cona beams: The variety in the shapes
of theintegrated profilesd pulsars can be traced to different intersectionsadf the conal beam with
the locus of the observer's line-of-sight.

The conal components:

e They show strong linear polarization with the characteristic ‘S’-shaped swing of the polariza-

tion angle.
e They depolarize at the edge of the profile.

e They show drifting subpulsesand other types of periodic modulations.

The core radiation need not be axial; it can be found in a given case anywhere within the
cone, superimposed on it, or perhaps, in rare cases, even just outside it. More than one cona
beam is required ta explain the complex average profiles containing 5 or more components. The
relative intensities of the core and conal components, from various cona rings, vary markedly with
frequency as well as from object to object.

Fivemajor categoriesd pulsar profileswereidentified, the core-single (S;), cona single(Sy),
double (D), triple (T), and five-component (M). In such a scheme, the number of components
observed in an average profile depends on the viewing geometry of the observer, given by 8 and p.

A9



One can then differentiate between the S; and Sy (single) profiles. The latter arise from shalow
cuts near the edgedf the hollow cone, whiletheformer are cuts of the core beam at low frequencies.
Thus, the coresingleswill develop conal ‘outriders’ at higher frequencies, and the conal components
will bifurcate at low frequenciesdue to RFM.

The foregoing classification also has clear physical ‘consequeiices. Rankin has noted that
there is a significant correlation between the different classes o pulsars and the so-called 'acceler-
ation potential’, defined by Bi2/ P2, the ages, and the observed scale height in the Galaxy.

A study of the circular polarization in profiles has shown that most of it is observed in core
components— é.e. in S, T, and M-type pulsar profiles. Aswas mentioned in section 1.1.3, typically
circular polarization changes its handedness at the center of the pulse (seefigure 1.2). There are,
however, many examples where the circular polarization does not undergo a sign change within a

pulse.
Geometry of core emission Cen

Rankin (1990) studied a group of interpulsars for their core emission. These pulsars were chosen
since it isfor these pulsars that the angle « is known reliably to be close to 90°. For six pulsars
from the sample analysed, the core component widths (W,re) could be measured with reasonable
accuracy and those were interpolated to 1 GHz. When plotted against period, these values exhibit
a surprisingly accurate power-law relation. A least-squaresfit to these values yielded the result that
Weore = 2.45°/+/P. The core componentsdf ,most other interpulsars also have widths comparable
to those given by the above relation. Figure 1.8 shows the observed pulse-width plotted against
the periods of pulsars containing a core components.

This core width-period relationship has been argued to have a very simpleinterpretation in
terms of the magneticfield structure of the pulsar. Assuminga dipolar magneticfield, the angle p
between the magnetic field-linetangent and the magnetic axis can easily be evaluated. Taking the
1-GHz width o the core component as twice the p-value, it was shown that

Weore = 2p ~ 2.49°/r]R/V/P,

where r is the emission height measured from the center of the star, and R is the stellar radius,
assumed to be 10 km.

Comparing the empirical relationship for W, with the geometrically derived expression for
Weore above, both equations have a P=1/2 term, and thusit appears that the period dependence of
the core-width is geometrical in origin. However, the two expressions can be reconciled numerically

only if r ~'R. Thisistaken to imply that the core-component ernission comes from regions close
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Figure1.8: Haf-power width of 50 core-single pulsars plotted asafunction of period. The symbols
o afew prominent pulsars are labeled, and those with interpulsesare indicated by a filled symbol.
The indicated curve is 2.45°/v/P, (seetext) (from Rankin, 1990).

to stellar surface.
Most pulsars do not have interpulses. Simple arguments (see Rankin, 1990) suggest that
the aboverelation of core-widthscan be generalized to any pulsar with a core component

Weore(1 GHZ) = 2.45° P2 /sin(a) (1.6)

Thus, asimplerelation relatesthe observed core-widthsto a. The corecomponent originates
closetothestar, at aheight of ~10 km, and for agenera casethe aboverelation can then beinverted
to obtain the vdue of a.

The plot of core-widthagainst the period for tripleinterpulsars showsthat their core-widths
obey the relation, within the measurement errors, very dosdy. For all other pulsars of Si-, M- and
T-type, widths of the core componentsfall above the curve that indicates ;he fitted widths of the
interpulsars.

Geometry of canal emission

Aswe just discussed, inthecasedf pulsars with core components, thevaluedf acould beestimated.
To study the geometry of conal emission we refer to the geometry described in section 1.1.3. From
eg. 1.3 we can derive the following,

p = cos cos(B) = 2sin(B) sin(a + B) sin(Av/2)] (1.7)

On the premise that the core emission is produced close to the star (» = R = 10km), the
emission height of the conal emission at 1 GHz can be estimated assuming a dipolar field geometry
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in the entire emission region via the following relation,

- 20 \%_ ( 2% )2
f}lGHz-—loo(Wcm) =10 2.45°P~1/2 | sin(c) a9

. Conal Emission Radius
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Figure19: Conal radius p plotted asafunction of period for the 'inner’ (soﬁd gymbols) and 'outer'
(open symbols) conal zones of five-component (M) pulsars. The curves of 4.3°/v/P and 5.8°/v/P
are indicated (from Rankin, 1993). :

Using the above relationships, conal geometry for the M-type pulsars (five-components)
could be calculated with some confidence, owing to the presenceof both a core component and two
conal rings. The 1-GHz angular radii of the two conal zones was found to exhibit a very regular

behavior. They also scaleas P~1/2 as follows

Pinner = 483°P7M2 . (L9)
ﬁ' Pouter = 5.9°P-1/2 - L e o (1.10)

Figure 1.9 shows the' pulse-widths plotted against the periodsin the case of the M-type pulsars.
Thefitted curves are indicated. The agreement between all the pulsars is remarkable, and eq. 1.6
remains an enigmatic relation yet to be explained by any physica models.

Because both the core and conal widths scale as P~1/2, the emission height is seen to be

independent of the period. The above relationshipsthen translate into emission heights of:

hinner = ~120km .. - | - (1.11)
Router = ~ 210 km, (1.12)

where, it isassumed that the inner and outer cona emission occursaong the same set of magnetic

field lines (i.e. the last open field lines), which is not necessarily true.



These results for M-type pulsars were compared with the other pulsars of T- and Si-type,
which have a core component surrounded by a conal ring of emission. Exactly same procedures
were employed to obtain estimates of cona radius g. Such a plot (likefigure 1.9) shows an overall
P~1/2 trend with significant departures. St-stars usually lie closer to the lower curve, whereas the
T-type stars show less orderly behavior. Results for'the S4, D, and ¢T pulsars show that these
objects also obey the general P~1/2 trend very closdly.

Core emissionthen occursin a mgority (60-70%) of mostly younger population of pulsars,
whereas the conal emission dominatesin the remainingolder population. The above work (Rankin
1990) showed that the core-widths are related to period, and emission geometry, which could be
inverted to get the angle a. The magnitude o the widths alow us to estimate the heights o the
emission. Rankin (1990) concluded that the coreemissionoccurscloseto thestellar surface, whereas
the cona componentsfor 1 GHz occur at height of ~ 100 — 200km. The lower frequency conal
emission would come from progressively larger heightsin the magnetosphere. Rankin associated

the conal emissionto relatively high-y particles (3 200) and core emission to particles with y ~ 20.

Pulsar beams circular, nested cones

Severa attempts were made to model the pulsar beam shapes using the data on an ensemble of
pulsars. Based on their study; Narayan & Vivekanand (1983) concluded that the beam iselongated
in the latitude. Lyne & Manchester (1988), on the other hand, have argued that the beams are
essentially circular, Based on the dipole geometry of the cone of open field lines, Biggs (1990)
found that the beam shape is a function of the angle (a) between the rotation and the magnetic
axes. Mitra & Deshpande (1999) modeled the shape df pulsar emission beamswithin theframework
drawn above by using a carefully selected subset d the multi-frequency polarimetric observations
of 300 pulsars (Gould & Lyne, 1998). They assumed an €lliptical beam shape in general, and that
the beam size depends on a. They chose pulsars with “T” and ‘M’ profiles, which contain a core
component, which dlowed them to estimate the viewing geometry. A self-consistent model was
sought after solving for the dependenced p on the observingfrequency v.

They did not find any evidence for any beam compression, and data were consistent with
circular beams for all values of a. They identified three nested cones of emission in the form of

nested rings whose widths are typically 20% of the respective cone radii.
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1.2 Single-Pulse properties

Thestability of the average properties, discussed above, manifeststhe stationary structural property
of the emisson region within the polar flux tubes above the magnetic polar cap. Each single
pulse, however, is vastly different from the average profile.and ather pulses,in generd. Individua
pulses show discrete entities of emisson in the pulse region, termed ‘subpulses’. The widths of
subpulses typically lie between 1°-5° of longitude (seefigure 1.10 for an example of single pulses
from pulsar B0834+06). Infact, thestatistical distribution (locationand frequency o occurrence) of
subpulsesdeterminesthe integrated pulse profiles. The subpulsesare regarded as basic components
of emissionfrom discrete sources, and their longitude location in the pulse can be interpreted as a

physicd distribution at the polar emission region.

Single—pulse sequence

Pulse Number
m .
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Figure 1.10: Single pulsesfrom B0834-+06 at 327 MHz. Notice that the emissonin each |nd|V|dual
pulse is chiefly confined to narrow subpul ses.

There isalso structure on much shorter time scales, typically ~ 14 s, caled as 'microstruc-
ture’. Groups d well-separated narrow features, sometimes periodically spaced in, a pul se window,
may occur in asingle pulse.

Subpul ses, and even micropul ses, show a high degreeof polarization. Thelinear polarization
position angle sweeps across in a subpulse by typically less than ~ 30° and these combined with
shiftsin the location of individual subpulsesoftenresult in adepolarizationd the integrated profile.

As a genera case, subpulsesfluctuate in their amplitude and their location in the average
pulse window. It isjust such phenomenarelated to the subpulse fluctuationsand modul ationsthat

we will discussin detail now.
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Figurel1.11: Individual pulsesdisplayingsubpulse drift and nulling (fromTaylor & Huguenin, 1971).
Notice for BO031-07, thefirst 20 pulsesarein a'null’ state, and shorter nullsseem to be present in
the sequence of B0329+54.

121 Individual pulseintensities and nulling

Many pulsars show a distribution o total pulse energies which resembles a normal distribution
around the average value (e.g. , B1642-03). Others like B0950-+08 display an asymmetric distri-
bution peaking at low values and a long tail at high energies. The Crab pulsar is an extreme case
of such a distribution, which shows occasiona 'Giant Pulses. B0834+06 (seefigure 1.10 for single
pulses from this pulsar) shows a bimodal distribution: there is a finite probability of zero power,
and a separate distribution of values about a non-zero energy. The 'zeroes may 'occur in isolated
pulses or in groups, and this phenomenon is termed as 'nulling’, and occurs abruptly within even
onerotation period (seefigure1.11).

The duration of the nulls, and the interval between two successive occurrences of null
pulses, vary randomly about characteristic values. For some pulsars, like B0834+06, short nulls
of 1-3 pulses occur once every few tens of pulse periods. For others the null state may last for
minutes, or even a majority o the time, like the extreme exampled B0826-34, whose nullslast for
70% o thetime. Short nullsmay, however, at times go unrecognized in weaker pulsars.

Earlier the phenomenond nullingwas believed to be associated to older, long period pulsars.

Nulling was believed to represent a total lack of radio emisson over a short time duration, and a
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precursor to the complete cessation of radio emission from that' pulsar. Under the phenomenology
o core and cone emission outlined above, Rankin (1986) showed, that the pulsars which null belong
to older populationsaf objects than the core-single pulsars. But, within a given class of objects,
the nulling fraction does not correlate strongly with age. Pulsars, therefore, do not seem to null
smply by virtue d their age.

1.2.2 Amplitudeand phase modulation of subpulses

Subpulse intensities display a wide range o variability, leading to the observed variety in indi-
vidual pulses. The subpulse variability can be classified ' under two,types. amplitude and phase
modulations. ’
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Figure112: A schematic diagramaf driftingsubpulses: successive pulsesappear at thefundamental
rotational period of P;. The pattern of subpulses repeats after an interval P;. Subpulses are
separated by a typical interval P, (after Backer, 1973).

In phase modulation, the position o a subpulse within the average-pulse window shifts
systematically from one pulse to the next, the phenomenon of ‘drifting subpulses, In some pulsars
such a modulation results in regular .drift patterns in their. individual -pul se sequences, as shown
in the case of three pulsarsin the figure 1.11. This'marching’ o the subpulses is shown in an
idealized schematic in figure 1.12. The pulse period of the pulsar is labeled as Py, and P» is the
longitude spacing between consecutive (bandsof) subpulses-within single pulses. The drift at rate
D(= P,/P;) bringssuccessvesubpulsesat the.same longitudeat intervalsP3. Thedrift periodicity
in time is usually expressed in the units of Py. The phase modulationis usually associated with
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the cona emission, and the drifting pattern is most apparent for S; profiles, where the sightlineis
believed to cut the emission cone tangentialy.

We refer to Rankin, 1986, for the tabulated valuesdof variousparametersin the caseswhere
stable drift patterns are observed. Sgme pulsars show more than one drift rate: in most of these
cases the component spacing P, does not change, and the change in P; isinversely proportional to
. thedrift rate. Two pulsars, BO031-07 and B2319+60, each show three distinct vaues of drift rate
corresponding to three different drift modes.

Periodic modulation is observed in the conal componentsa D, T and M pulsars without
any apparent systematic drift. Thisbehavior can be seen from figure 1.10 in the case of B0834-+06.
This is easily understood in the following simple picture of cona emission, where stable, discrete
entities of emission drift steadily around the magnetic axis. A tangential cut by the locus of our
line-of-sight across this corie makes the motion around the magnetic.axis appear as subpulse drift.
For pulsars like B0834+06, where the cut isalmost central to the beam, the emitting regionswould
seem to move in and out of the observed zone without without any apparent drift in longitude,
giving rise to a modulation without a drift, the so-called ‘amplitude modulation'.

The modulation depth may change from one longitude to another in the pulse. The ratio
of the modulated power to the average power is generally observed to increase at lower frequencies.
Observations show that the period of a modulation in a given pulsar does not vary with the
frequency of emission.

123 Subpulse drift and viewing geometry

Figure 1.13 illustrates the geometry of the emission beam o a pulsar envisioned by Ruderman &
Sutherland (1975) in order to explain the phase modulation observed in the subpulse pattern. The
detailed discussion of the model is deferred to chapter 5.

In this schematic, O is the center of the star and a circular hollow cone d emission is
sampled by the line-of-sight of the observer nearly tangentially at points A and B. OQ and OP are
the rotation and magnetic axes of the star respectively. The angle between two discrete emission
regionsis0= 2x /N, where N isthe total number of such stable, discrete emission entities on the
hollow cone.

We can derive the following geometrical relations,

AB = 20Rsin(B)sin(6/2). - (L13)

5
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Figure 1.13. Viewing geometry associated with the observed subpulse drift. Discrete entities on
the hollow-cone of emission rotate steadily around magnetic axis (defined by OP) d a pulsar. A &
B are two such entities, located on the hollow cone of emission (circle ABR) of radius p. P is the
center of emission region and O the center of the star (our reference frame). OQ is the rotation
axis of the star, which is tilted at an angle of o from the magnetic axis OP. ACB is the locus of
an observer’s line-of-sight, which cuts the emission cone nearly tangentially, at an angle S from
the center. ¢ and @ are the angles subtended by ACB i n rotational longitude and the magnetic
azimuth, respectively.

AB = 20R sin(a+ B)sin(p/2) (1.14)

Combining the two equations, we can estimate approximately the angular separation @ on

the hollow cone for two points with a longitudinal (rotational phase) separation of ¢ as (see eq. 3
of paper-I),

0 = 2sin~" [sin(a + B) sin(p/2)/ | sin(B) |] (1.15)

Unfortunately, it is usually difficult to determine the values of @ and £, and the sign of 3
is particularly hard to estimate reliably.

Since an observer's sightline samples the emission cone and the emission entities only once
in a period, the periodicity of the modulation due to the drift of emission regions around the point P
can be aliased. The drift direction is uncertain in this case. A counterclockwise drift around P,
from A to B as shown in the figure, is termed as positive drift. A drift in the opposite direction
is termed as negative. Two possible values of the drift period are P;” and P; for positive and

negative drift, respectively. These two are related by

1

[
Py

Py = (1.16)
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and both the values are dwayslarger than one.

The apparent vaue of P, depends on the centrality o the cu?made by an observer's
sightline through the emisson cone. Pgis further determined by the cn’cal&tlon time and the
angular separation (9 in the §cPﬁ:Fnat@ethn two neighboring subbeams.

(3
124 Subpulsa drift before and a$ér nulls

Consderingthe pic'@red the subpulﬁ drift, it wasimmediately coni deredinthe presenced nulls.
Cole(1970) showed that there @d&ted a memory d drift even during a null state.

A detailed study o the nulling state in the pulsar B0809+74 was reported by Lyne &
Ashworth, 1983. The nulls are%bsen/ed to last for between one to fourtee® pulse periods in the
cased thispulsar. Infigurel 121'the phased the drift would appear as a horizontal lineif the drift
were unaffected by the null. The plot isa compendiumd measurementsfor a total of 159 nulls of
various lengths up to 14 missng pulses. The phase d the drift is clearly related before and after

’

the null; the relation depends, however, on the length o the null.
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Figure 1.14: The phased the driftingsubpulsesat nullsdf variouslengthsin B0809+74. The null
length is shown at the right of each track, followed in parenthesisby the number o tracksin each
average. The curves are exponential relaxations (Lyne& Ashworth, 1933).

The pattern of drift before and after a null is described by Lyne & Ashworth as follows.
Thereisasmall increase inthe drift rate just beforethe null. Immediately after the null starts, the
drift stops and then exponentially recovers to its former value The time congtant o this recovery
dependson the length o the null; it is about 10 seconds for short nulls and 20 seconds for long

7

29



PSR 0329*54-~—NORMAL MODE 1

i ] v R+ - ABNORMAL ‘MODE A} ™~
0 41 GHZ ¢k -ABNDRMAL MODE 8
<R ':.-—’-"-'—'ABNORMAL“"MODE {2 R

-

1
" Creasior (Percect)
=

&4

iS

e 3

> 8

w
Beo

406 Putss

Imensity (Janekys) ' Licedr tParceif ) Position Angle

Low ,"‘

Figure 1. 15 Left Average-pulse(total |nten5|ty) proﬂl& of B0329+54 at three radxo-frequenmes
in pulsar's normal and abnormal modes. Each pulseprofile was averaged over > 2000 pulses at all
three frequencies and was normalized to its peak value (from Rankin, 1986). Right: Orthogonal
Polarization Modes in B2020+-28 at 1404 MHz. Note that the degree o the linear polarization is
the lowest at pulse longitudes where the two OPMs occur together (Stinebring et a., 1984).

ones. The emission restarts when the drift rate has partly recovered. For short nullsthe drift does

not completely halt.

1.2.5 Profile and polarization modes

Average profiles of pulsars are known for their long-term stability, and are related to structural
properties of the emission cone. The modulations on the average properties axe associated with
the plasma emission properties. Surprisingly,in some pulsars, the average profiles exhibit several,
apparently discrete, stable forms. Such aterations of the average profiles are known as profile
"mode changes” (figure 1.15). Pulsars may stay in the other modesfor a few tens or hundreds of
periods, after which they revert back to their ‘normal’ mode.

Mode changing is most easily identified in stars with triple and multiple profiles, but some-
timeshasbeenidentifiedin S; and D pulsarsaswdl. It istypically characterized by a reorganization
of the core and ¢conal componentsof emission within the profitle. The intensity of the core com-
ponent is frequently enhanced in "abnormal™ modes, and the symmetry of the conal components
is affected. Mode changes induce dight shifts in the longitude positions of components (or the

associated polarization signatures) and marked changesin the subpulse fluctuation patterns. Mode
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changing is also known to affect the interpulse emission in B1822-09. All the observationssuggest
that mode changes signify physical changesdf global extent in the polar regions.

We reviewed earlier the single-pulsefluctuations over and above the integrated pulse prop-
erties. As noted, even the polarization of an individual pulsefluctuates around the average, which
can be easily seen as one plotsthe polarization angle as a function of longitudefor individual pulses
together. Such aplot, seefigure 1.15, shows the presenced a component with polarization orthog-
onal to the average, In fact, the changing dominance of one mode over the other, as a function of
pulse longitude, seems to account for observed 90° flips/discontinuities in an otherwise monotonic

‘S’-curve and other discontinuities.

1.2.6 Conventional tools of study

We now consider variouswell-known techniquesto study the phenomepalisted earlier in the chapter.

The average profile studies and the mode’ clianging phenomena are studied' by folding the
observed time seriesat an appropriate period of the pulsar in all the Stokes parameters. Figure1.15
displaysall such known information in a compact form.

Any fluctuations beyond the observed integrated profile are studied by looking at the fluc-
tuations in individual pulsesover the average profile. The region o longitudescontaining the pulse
region of interest is chosen, and a 2-D matrix of a Stokes parameter, in longitudeand pul se number,
is analyzed. Any phase or amplitude modulation is best studied by applying Fourier analysisto
the Stokes Parameter, | (a 2-D matrix). First introduced by Backer (1973), this technique of the
'longitude-resolved fluctuation spectrum’ allows one to study those modulations which sometimes
may not be so apparent in individual pulses, or in the time domain.

A measure of the modulation power present at a particular longitudeis also useful. The
index o modulation underlinesthe degree,to which the different componentsaf the average profile
are affected by subpulse modulations.

Another way to study subpulse modulationsis to study the auto-correlation of the profile
and the cross-correlation o fluctuations in intensities between different longitude bins. One plots
the correlation coefficientin a 2-D longitude agai nsf Ibngitude plot (Kardashev et a., 1986). Mod-
ulations, which often appear lessstationary and wesk in the fluctuation spectral analysis, are likely
to be more visible in such a plot.

These techniques are detailed in chapter 4 of thisthesis.



1.3 Low-frequency considerations

Most of the observations pertaining the average and single-pulse properties outlined so far are
usually carried out at meter and decimeter wavelengths. The decametric emission o pulsars is
relatively less-studied. Thisis due to various difficulties in achieving high temporal resolution and
sengitivity. Some o them arise due to the long path-length o the signal through the interstellar
medium, and some due to conditions internal to the pulsar emission. These effects, and possible

ways of dealing with them are outlined below.

1.3.1 Propagation effects

A variety o effectsin the interstellar medium (ISM) cause distortion of the signals passing through
it. Many o these effects are observable only in the case of pulsed signals. Hence, pulsars are
considered very important probesfor studying the propertiesof the ISM. However, the study of the
intrinsic properties of radiation from pulsars becomesdifficult in the presence of these propagation
effects. Here, we briefly describe effects relevant to our present work, and refer the reader to
Hanking & Rickett, 1975 for more details.

Digpersion

This effect occurs due to the presence of free electronsin the ISM. The group velocity of (V) of a
group of waves traveling in a homogeneous isotropic neutral plasmais given by,

V, = C\/l— (%)2 o (1.17)

where, wj, is the plasmafrequency, w the wave frequency, and c is the speed o light. The plasma
frequency isgiven by,
47 n,e?
Me
where, n. is the electron density of the interstellar plasma, e and m, are charge and mass o an

(1.18)

wp=

electron respectively. Thus, in the presence o the plasmain the ISM, the group velocity o the
radio waves is dlightly less than the speed of light, and is a function o the wave frequency and
electron density in the medium.

In the observational bandwidth, the pulse arrival as a function of frequency is variable,
where the pulse at the higher end would appear earlier (see figure 1.16). The arrival time delay

between two frequenciesis given by,

2 d
ty —t) ~ ° (-j—,lf - 715)/0 ne dl (1.19)
i 2

27T Mmec
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Figure 1.16: Pulse profilesof B1642-03in 32 channels over an 8MHz band without any dispersion
correction. The dispersion delay in pulse arrival time between the channelsis clearly visible. Over
the 8MHz band displayed, the pulse suffersa delay > 60ms (from Bhattacharya, 1997).

where, wp, K 27f1, 27 fa, d is the distance to the pulsar, and f; < f,. The above equation can
be rewritten in the following form,

DM 1 1
R S 10T (f—g - f—g) (1.20)

where, DM (= fod ne dl) is caled the dispersion measure o the pulsar. DM represents the col-
umn density of electrons aong the entire path length to the pulsar, and is measured in the units
of parsec/em® or pc/em3, whereas the distance d is measured in parsec, and time in seconds.

If, further, we assume Af = fo — fi < fi, f2, then the equation above can be further

simplified to,
_ DMAf
T 1.205 x 10-4 £§

where, Atisinseconds, and Af = fo — fy and fo = Vfif2 =~ (L;ﬁ) are in unitsof MHz.
Thus, if the pulsar signals were observed with a receiver channel bandwidth Af around a

At

(1.21)

central frequency of fy, then the pulses will be smeared by an amount At.
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Dispersion removal scheme

If one were to combine the entire band as a single channel for pulsar observations, it would result
in broadening the pulse due to differentia dispersion delays across the band and, consequently, in
loss of signal-to-noiseratio. Onesimpleway o aleviating this problem isto split the full observing
band into a number of narrow channels (as shown in figure 1.16), and record the time series in
each channel separately in parallel. Later, suitable delays can be applied to the time series in
each channel compensating the dispersion delay suffered in propagation. The signalsfrom all the
channels can be added in the end to yield a dispersion-correctedtime sequence o intensity. This
techniqueis known as incoherent dedispersion, sincethe delay correctionisapplied to thetime series
after detection. Figure 1.17 showsan exampledf reduction in the pulse smearing and improvement
in the signal-to-noiseratio obtained employing this technique.
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Figure 1.17: Anexampleodf incoherent dedispersion. PSR0525+21 was observed with 256 channels
over an 8 MHz band centered on 327 MHz. The upper track shows the profile produced if no
dispersion correction was applied between the channels, and the bottom panel shows the profile
after an appropriate delay correction for the known DM (from Bhattacharya, 1997).

It isclear, however, that in the processof incoherent dedispersionthe delay within each of
the channelsremains to be corrected. Thereforeif the frequency channels are not narrow enough,
the dispersion smearing may still dominate the pulse width, particularly for high values of DM
and at low frequency. One can not have arbitrarily narrow frequency channels, one then comes up
against another limit: a frequency channel of width Av will provide independent samples only at
time intervalsof 1/Av, 0 it is not possible to achieve a time resolution better than that. For a
given frequency and DM, therefore, this suggests an optimum choice of channel width, below which
the sampling limit prevailsand above which the dispersion smearing dominates (Deshpande, 1989).



We consider it mare quantitatively in section 2.3.3.

Scattering & scintillations

The interstellar scattering is caused by the density irregularitiesin the electron density o the ISV
(Scheuer,1968). For a medium having electron density fluctuations An., with a characteristic scale
Size a, both of which may befunctionsaof distance d along the line-of-sight, a plane wave front from

a distant source is scattered through a range of angles 6, having an rmsvalue ,.,,,; given by
Orms = To _2_71' (Ane) V d/a : (122)

wherery (= 2.8 X 10713 cm) isthe classical radius of the electron.

The apparent angular semi-diameter, 6y, of the source is equal to 0yp,s/2.

For a scattering medium situated at mid-way between the source and the observer, the
scattered radiation at a small angle (6;) is delayed with respect to the direct radiation by an

amount
024
2¢

Thus, in addition to the angular broadening, the scattering process causes time smearing o impul-

t X (1.23)

svesignals. For a Gaussian distribution of irregularity sizes and hence a Gaussian distribution of

scattering angles, the pulse shape is effectively convoluted with a truncated exponential
S(t) = et/ (1.24)

where 75 isthe characteristic width of the impulse response representing scattering in the ISM, and
7 = Ogdfc.

Thisﬁ me smearing has a strong dependenceon the frequency o radiation and the distance
between the source and the observer (o« d?/vt4).

Scintillationsare caused by interferencebetweenthe direct and scattered rays, which remain
constructive only aver a limited bandwidth. Sutton (1971) has shown, that if Av isdefined to be
thefrequency separation at which the correlation coefficient of observed intensity fluctuations drops
to 0.5, then

Ay = :

2T, (1'25)

The intensity fluctuations as a function of time result from the passage of the telescope through

the diffraction pattern formed by the screen o irregularities.
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Faraday rotation

In the presence of even the week magnetic fields in interstellar space, an effect called Faraday
rotation becomes important. In this effect, the plane o polarization of a linearly polarized wave

rotates along the propagation path. The angle o rotation after a traverse of a path d is
271'63' d . . (I .
Al = W/o neBocos@O)dl 29

where By isthe magneticflux density, and 8 is the angle between the line-of-sight and the direction
of the interstellar magnetic field.
The rotation measure of a background source is then defined by

Ap = RMA2 - a2
so that
3 d

RM = =2y /0 ne B cos(6) dl . (1.28)

and, by convention, it is positive for fieldsdirected toward the observer, and negative for thefields
directed away.

The mean line-of-sight component of the magneticfield is given by
[%ne By cos(6) dI ‘ ‘

B ) = L 1.29

(B cos()) ned (1.29)

= 1.232(RM/DM) (1.30)

where, B isexpressed in p-gauss, RM in rad/m?, and DM in pc/cm3.

It should be noted, that for agiven RM, the angled rotation isafunction of the observation
wavelength. Therefore, if we observeover a bandwidth of A f around the central frequency f,, such
that Af < fy, the angles o rotation for the extreme frequencieswithin the band Af differ by an

amount é%, given by
; : 2RM 2 Af
8

Hence, for studying the polarization characteristics, the receiver-channel bandwidths should

i = (1.31)

be narrow enough, so that the intrinsic characteristics are not smeared much. However, due to the
effects of the Faraday rotation, it becomes possibleto effectively rotate the relative polarization of
a receiving antenna by changing the observing frequency by appropriate amounts (Suleymanova,
Volodin & Malofeev, 1983; Smirnova & Boriakoff, 1997; Ramkumar & Deshpande, 1998).
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1.3.2 Intrinsic effects

The propagation effects, discussed above, make high sensitivity and high time-resolution observa-
tions at low frequenciesalmost impossiblefor most of the distant pulsars. Apart from these effects,

some intrinsic properties d pulsar emission pose additional difficulties.

Galactic background and turn-over in pulsar spectra

The galactlc non-thermal background increases sharply at decameter wavelengths The average
sky temperature at 34.5 MHz is10,000K, (Dwarakanath & Uday Shankar, 1990), and it dominates
over the recelver temperature. Pulsar spectra are well-approximated by a steep power law at meter
wavelengths, with typical indices between —1 and —3 (S, « v&). The flux density spectra below
~ 150 MHz, however, show a flattening or even a turn-over (Maofeev et al., 1994). A typica
example is shown in figure 1.18. Only in some exceptional cases, such as B0943+10 and the Crab,
pulsar spectra show no deviation from a power law down to 35 MHz.
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Figure 1.18: A spectrum of B2016+28 (Sieber, 1973). Typically, pulsars show a turnover in their
spectra around 100 MHz.

Pr ofile evolution

The average-pulse width of a pulsar is known to increase with wavelength (section 1.1.3), with a

power law behavior, i.e. it goesas ~ v~925, Hence, the peak signal-to-noiseof the pulse reduces.
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1.3.3 Interference

All observationsat low radio frequenciesare usually affected by interference. An interferencelocal-
ized in time or/and spectral domain can be easily identified and excised using standard techniques,
either automatically or manually.

Our observationsseem to be affected mainly by strong communication or radio broadcasting
signals in our band. Such an interference was prevalent in the day-time, predominantly in late
mornings and early evenings (about 9-11 am and 810 pm), when the ionosphere is relatively
turbulent. Sun and low level thunderstorms may cause broadband interferencein our data. Such
an interferenceis usually spread over longer time and nonlocalised in frequency, making it harder
to identify and excise. Our data analysis included interference excison as a routine step, and is
described in section 2.3.3.

1.4 . Detection & sensitivity consider ations ,

Nyquist sampled signal voltagesfrom the sky have zero mean and a certain rms (root mean square).
When such a signal is detected using a square-law detector, the resultant time series is positive
definite. It has a mean value equal to the total power in the band, and before integration, its
rmsis close to this mean. If such asignal is averaged over N independent samples, the mean of the
resultant output remains the same, but the rmsis reduced by a factor vN.

For a signal with a bandwidth of Av, and available N, polarizations (1or 2), the total
number of data samplesaver an integration time d 7 is N, AvT.

In a receiver, the 'noise’ is contributed due to local electronics, termed as receiver noise.
While observing, the sources in the the telescope beam, as well as diffuse background, give rise
to it sky noise. The noise power in the receiver is usually measured in terms of its equivalent
temperature T, defined by the noise power picked up by the dipole when immersed in a black-body
bath of temperature T. The contribution of the receiver and sky noiseare represented by T;e. +Topy.
The presence o the source in the beam is reflected in the enhancement of this noise temperature

by T4, whichisgiven by
A8
= 3

where, Sis the flux per unit freqUehCy intérval ffom thé source, A, isthe effective collecti ng area

T4 (1.32)

of the telescope and &5 is the Boltzmann constant.
We can, therefore, expresssignal-to-noise o the sourcein the following way. The off-source
mean is Trec + Tsky, and hence the off-sourcerms after integration is (Trec + Toky)//Np Av 7. Since
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Figure 1.19: An idedlized folded pulse profile. P is the pulse period, W is the pulse width and
Speak 18 the peak flux of the pulsar. ’

the excess temperature on-source is T4, the signal-to-noiseis

SNR= ————/N, AvT 1.33
Trec+Tsky P ( )

For a minimum SNR d 3, the minimum detectable flux is given by,

,B Trec + Tsky

Smin = G Ny vt

where G (= A./2kp) isthe gain of the telescope.

(1.34)

In the case o a pulsar, the time series can be folded at the known period of the pulsar
to enhance the signal-to-noise of detection. For such a folded pulse profile with a total of N,
bins across the entire period, the effective integration is 7/N,. The pesk o a folded profile (see
figure1.19) correspondsto aflux Speqr, Which lasts for duration of W (pulsewidth) in every period.
The minimum detectable flux for the pulse peak is,

Trec + T,
Speak,min = g HV (135)
p

However, it is customary to quote the detection limit in terms o the average flux o the
pulsar Syvg = (W/P) X Speak:

Trec + T
Sa'vg,min = é = Sky\/ ey (1.36)

G /N, Avr

39



The best signal-to-noiseis obtained if al the flux is collected into a single bin, i.e. N, =
(P/W) for W < P. For W > P/2, N, = P/(P - W). The following expression, widely used in
the literature (Vivekanand, Narayan, & Radhakrishnan, 1982) is an interpolation between the two

B Trect Ty | W
Sa’vg,mm - G \/——;KIF ﬁ M/ (1.37)

In the equation for sensitivity above, the width W includes all broadening effects due to

limits,

propagation in the interstellar medium and ‘theinstrumental response. The sharper the pulse, the
better is the detectability of the pulsar for a given average-flux vaue.

If the pulse width of a pulsar becomes larger than the period due to broadening effects,
it ceases to be a pulsar. Hence, distant, short period pulsars cannot be detected and studied at
low frequencieslike 34.5 MHz. From available measurements, we estimate that the farthest pulsar

observable at decameter wavelengths is at a distance of  2kpc.
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