Chapter 6

Searches for Radio Counterparts of
Two High-energy Pulsars. Geminga
and SAX J1808.8-3658

6.1 Introduction

9

We searched for pulsed-radio emission from Gemingaat 34.5 MHz using GEETEE (see chapter 2)
and from SAX J1808.8-3658 at 327 MHz using the Ooty Radio Telescope. In this section, we
briefly describe radio-pulsar searches, and outline the phenomenology of these two pulsars, which
are known to emit most of their radiation in X-rays or y-rays. In the later sections, we present

details of our radio observations, search analysis and discuss implications of our "null” results.

6.1.1 Pulsar searches

A pulsar survey is essentially an exercise in finding signals of unknown period and dispersion
measure from unknown directions in the sky. To reach the desired levels o sensitivity, usually long
integrations (several minutes) per beam position are required, on the other hand, to detect fast
pulsars one must have submillisecond sampling and recording of the data. Both requirementsresult
in very long data streams taken at a beam position in the sky, repeated for all positions covering the
survey area. The best technique to look for weak, periodic signalsin long time sequencesis Fourier
analysis. the pulsed signal would show up as enhanced Fourier amplitudes at the pulse frequency
(reciprocal of the pulse period) and its harmonics. One problem is that the pulse broadening due
to dispersion and scattering would considerably reduce the pulsar-signal strength. While the latter
cannot be helped, it is possible (and necessary) to remove the effects of dispersion to the extent
possible to improve the detectability of a pulsar.

Since one does not know the DM of the pulsar to start with, the data for every field has



to be dispersed for a large number of trial DMs. One usually adopts the incoherent dedispersion
technique for this procedure, as it is less demanding on computing power. As explained above, at
each position the observing band is split into a number of frequency channels and the signal over
each channel isdetected, integrated for a pre-set “sampling” time (usually ~ 0.1 ms); then sampled
and recorded. The recording is continued for the desired integration time at the beam position.

Thisisrepeated at all beam positions.

6.1.2 Geminga Pulsar

Geminga, was detected as a gamma-ray source by SAS-2, a gamma-ray mission by NASA, in 1973.
The object became an enigma since there was no radio emission seen from thisobject, as opposed to
thewell-knowngamma-ray emitter pulsars, viz. theCrab and Vela. Thelittleinterstellar absorption
seen in its soft X-ray spectrum (< 1keV') suggested a small distance, ~ 100 pc (Bignami, Caraveo,
& Lamb, 1983). Optical searchesfrom Palomar yielded no counterpart, which, in an unabsorbed
region of the Galaxy, indicated Lx /L, >> 1, an underluminous object. Drawingfrom the analogies
with the Vea pulsar, it was suspected to be a neutron star.

The real breakthrough came with the observations by ROSAT?!, in 1991. Due to low back-
ground and more source-countsin the soft X-rays, it wasideal to study Geminga at those energies.
A clear periodicity of ~ 237 ms was evident in the data, typical of a middle-age pulsar. The ob-
served pulsed fraction was 25%in the soft band (< 0.2 keV) and reduced further in the hard X-ray
band.

It was now possibleto look at y-ray data from EGRET? to study pulsation. EGRET not
only confirmed the periodicity, but also provided the first estimate of P by virtue of its long-
term observations. The theoretical estimates for the neutron-star parameters were then possible:

0% erg/s,

magnetic field B; ~ 1.5 x 10'2 G, spin-downage 7 ~ 3.4 x 10°yr, energy lossE ~ 3.2 x 1
etc.

Deep optical searches yielded the optical counterpart (1992), and the comparison o the
image with the earlier observations, made in 1984, led to a preliminary value for its proper mo-
tion, (~ 0.17" /yr), surprisingly close to the earlier expectations. Hubble Space Telescope observa-
tions, in 1995, dlowed a parallax measurement of this source, which led to the distance estimation
of 157733pc (Caraveo et al., 1996)

When the paralactic and proper motion of the optical counterpart were taken into account,

'The Roentgen Satellite, ROSAT, was a telescopefor observationsin the soft X-ray band.
*Energetic Gammarray Experiment Telescope on board Compton Gamma-Ray Observatory (CGRO), working in
the energy range d 20-30,000 MeV.
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the EGRET data resulted in a noticeably improved model for the arrival time of pulsesfrom the
pulsar. Thus, the y-ray pulsescould be attributed to the same object!

Geminga’s nature as a relatively young, isolated neutron star (INS) iswell established. This
gammarray pulsar isthethird strongest gamma-ray sourcein the sky, and shows very stable pulsed
emission. It is the only pulsar in the catalog of pulsars by Taylor, Manchester, & Lyne (1995)
which does not have confirmed radio pulsations.

Geminga emits copious energy in y-rays (> 1034 erg/s), and the best data on Geminga is
obtained from observations in this energy band. The EGRET spectrum in the energy interval
between 30 MeV and 2 GeV is well-fitted by a power law with photon spectral index —1.5 4 0.08,

and a definite roll-off between 2-4 GeV isreported. The light curvesfor different energy intervals
are shown in figure 6.1.
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Figure6.1: Light curvesdf Gemingausing EGRET. The pulseisvery wide, and thereisan interpul se
roughly 180° away from the main pulse. There are significant spectral differences present among
the pulse components. It is also evident, that the analysis of the Geminga light curve leaves no
room for any unpulsed y-ray emission (from Mayer-Hasselwander et al., 1994).

Results of EGRET timing analysis for Geminga are:

P = 237.09778498637 msec (6.1)
P = 1.097358 x 10~ "4s/s (6.2)



o= 6M33ms4t1 - (6.3)
§ = 17461271 . . B (6.4)

at an epoch of TO=2448750.5 JD.
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Figure 6.2. Pulse profilesdf all the available soft X-ray data on Geminga, folded over a duration
twicethe known pulse period, from Halpern & Wang, 1997. The EGRET light curvein the gamma-
rays is shown for comparison (From Mattox, Halpern, & Caraveo, 1996).

The light curves observed in X-rays with the Extreme Ultra-violet Explorer (EUVE),
ROSAT, and ASCAS3 are shown in figure 6.2, dlong with the EGRET curve for comparison. The
shape of the light curve shows a noticeable change with energy. The structure in the light curve
observed by EUVE and ROSAT (< 0.7keV) is not statistically very significant and the pulsed
fraction increases toward higher energies. The ROSAT light curve in the band 0.7-15 keV matches
well with the ASCA curve, which in turn appears close to the EGRET light curve. It was noted
that there is a qualitative change in the light curve at energy ~ 1keV.

The soft X-rays originate from a hot surface, which is a significant fraction of the neutron

star's surface. ASCA datareveals a highly pulsed profile with a secondary peak, and the spectrum
8 Advanced Satellite for Cosmology and Astrophysics (ASCA), telescope working in the hard X-ray band.
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reveals a non-thermal component. The change in the light curve around 1keV is probably related
to such a component. Details of such a non-thermal process have been related to the lack of radio

emission from Geminga (Halpern & Ruderman, 1993).
The Geminga Fraternity?

Although we have no confirmed radio emission from Geminga (except the recent claims, which we
discuss soon), it belongs to a well-known fraternity of INSs in our galaxy that emit in the high
energy window. Several such INSs are known by now, but they still form a minority compared to
the radio-pulsar population. But, Geminga could be a prototype of a population of INSswhich are
radio-silent, bright in y-rays, conspicuousin X-rays, and week in optical band (Caraveo, Bignami,
& Trimper, 1996). A few detections o such pulsating sources in the EGRET data and other
recently discovered neutron stars [RX J1856.5-3754 (Walter, Wolk,.& Neuhauser, 1996), the point
source at the center of Cas-A discovered by Chandra®, are typical examples] support this point of

view.
Why Not a Radio Pulsar?

Out o seven pulsars detected by EGRET, all but Geminga were previously known to be radio
pulsars. -So it is natural to ponder over the question: Why is Geminga not a radio emitter?
Two general possibilities have been considered: (a) An unfavorable beaming of the radiation, or
(b) A genuinelack of radio emission in this system due to magnetospheric conditions. A detection
of radio emission, or stringent upper limits on such a radiation, could help to understand the
pulsar geometry and/or its non-thermal emission. Over the years, various searchesfor pulsed radio
emission from Geminga have been carried out (Mandolesi et d., 1978, Mayer-Hasselwander et al.,
1979, Seiradakis, 1981, Manchester & Taylor, 1981), with null results.

Recently, three Russian groups simultaneously announced detection of radio pul sationsfrom
Gemingaat frequency closeto 102 MHz (seetable 6.3). Following their announcement, several new
searches for radio emission, pulsed or otherwise, followed. No other confirmation (see table 6.1,
table 6.2), except for another tentative detection at 102 MHz (Vats et al., 1999), is reported to
date.

Deep searches at frequencies higher than 100 MHz constrain the power-law spectral index
of radio emission above 100 MHz to be —7.6 £ a < —-3.6. Another search at 35 MHz and 327 MHz

4Chandra, an X-ray imaging instrument, combines an efficient sub-ar csecond resolution with a suite of advanced
imaging and spectr oscopic instruments.
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produced a null result (Ramachandran, Deshpande, & Indrani, 1998), and these upper limits put

severe constraints on the pulsed radio emission from this pulsar.

Radio Frequency Upper Limit reference
MHz mJy
74 56 (20) Kassim & Lazio, 1999.
326 5 (20) Kassim & Lazio, 1999.

Table 6.1: Search for continuum radio emission from Geminga after the claims by Russian as-
tronomers of a radio pulsar detection.

Geminga Search: Our motivation

We tabulate here all the successes and failuresin radio detections reported in literature.

It is clear from the tabulated results, that (1) Geminga radio emission was reported to be
detectable only closeto 100 MHz., (2) The spectrum, both below and above 100 MHz would haveto
be extremely steep (if one assumesthat the 100 MHz detections werevalid), | a|> —2.0), (3) Even
from the various claims of detections, the radio flux appears to be highly variable, and may vary
between 5-500 mJy at 100 MHz.

Already sensitive upper limitsare availableat 34.5 MHz. We searched for possiblepul sations
again at 34.5 MHz when the pulsar was apparently a strong source of pulsationsat 102 MHz. Such
simultaneous observations at 102 MHz and other frequenciescould help in improving detectability
that may be otherwise sufferingfrom any time variability of Gemingaflux dueto internal and due
to interstellar scintillation effects. One may expect, in general, a correlation between an enhanced
emission at 102 MHz, and that observable at 35 MHz. With this view, we proposed simultaneous
observations at 35 MHz and 102 MHz. The observations at 102 MHz were made at Puschino
using the BSA array (lzvekova et al., 1979), whereas observations at 35 MHz were carried out
using GEETEE. Since both, the GEETEE and BSA arrays are transit instruments, the actual

observation time differed by ~ 2.5 hours, providing at best near-simultaneous pairs of observations.
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Radio Frequency  Upper Limit reference
for flux density

MHz mly

35 100 Ramachandran, Deshpande & Indrani, 1998.
327 0.3 Ramachandran, Deshpande & Indrani, 1998.
317 3 McLaughlin, M. A. et al., 1999.

318 01 Burderi, Fauci & Boriakoff, 1999.

430 0.07 Burderi, Fauci & Boriakoff, 1999.
1400 0.07 Burderi, Fauci & Boriakoff, 1999.

Table 6.2: Searches for the pulsed radio emisson from Geminga.

6.1.3 SAX J1808.8-3658, an X-ray binary millisecond pulsar

The transient X-ray burst source SAX 51808.8-3658 was discovered (in’t Zand, et al., 1998) in
September, 1996, using satellite BeppoSAX, when two X-ray bursts were recorded. RXTE detected
a positionally coincident object, X TE 51808-369 during 1998, and coherent pulsations at ~ 401 Hz
were detected during this X-ray burst (Chakrabarty & Morgan, 1998, and Wijnands & van der Klis,
1998). These observationsfurther allowed the measurementsdf an orbital period of about 2 hr and
other parameters. This detection o a binary milli second X-ray pulsar appears to dramatically
confirm the link between the low mass x-ray binaries (LMXBs) and the radio millisecond pulsars
(MSPs) proposed more than a decade ago.

The source was classified as a lov Mass X-ray Binary (LMXB) system, containing a low-
magnetic field neutron star accreting matter from a companion star o less than one solar mass,
with a probabledistance of 4kpc. Theissuesdealing with the X-ray binary systemsand millisecond
pulsar formation were reviewed by Bhattacharya & van den Heuvel, 1991.

SAX 51808.8-3658 is categorized as a soft X-Ray transients source (SXRT), a subclass of



Flux density reference

mJy
100 Kuz'min & Losovskii, 1997.
83 Shitov & Pugachev, 1998.

60 + 95 Malofeav & Malov, 1997.
(5-500)

1000 Vats et al., 1999.

¥

Table 6.3: All the claimed detections of Geminga at ~ 102 MHz.

LMXBs. The X-ray outbursts o SXRTs are often accompanied by an burst in optical emission
from the system (nova). Increases up to ~ 6 rnagnitudes w.r.t. their quiescent state have been
measured, which have greatly assisted the identification of optical counterparts. Studies of optical
novee and their behavior in quiescence have shown that SXRTs contain late type stars (6- or 7K-
type stars) and in some cases dlowed a determination o the orbital period. These are known in
seven systems and are in the range from 4 to 19 hours, similar to LMXBs. The mass function was
measured only in the case of Cen X-4 so far (found to be ~ 0.2M®).

Unpulsed radio emission has been observed during the outbursts of sources A1742-289,
Adgl X-1, and Cen X-4, but searchesfor a pulsed emission resulted in no detection. SXRTs are
located in the galactic plane and their presence in globular clusters is of particular interest due
to their possible evolutionary link with recycled MSPs, which have a tendency of being found in
globular clusters at higher frequency.

An excellent review of SXRTsis availablein Campana et al., 1998a.

SAX 1808. 8 3658: our notivation

After the discovery of the transient X-ray source SAX J1808.8-3658, the source was observed using
the Proportional Counter Array (PCA) on board RXTE on 11 April 1998. Chakrabarty & Morgan
(1998) and Wijnands & van der Klis (1998) have reported persistent, coherent pulsations present
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Figure 6.3: On the left: Light curve of the 1997 February /March outburst of Agl X-1, the scaleon
theY-axisisthe X-ray luminosity (inerg/s) plotted on alogarithmic scale. The data were collected
with the RXTE (210 keV) and the BeppoSAX (1.510 keV), respectively. The dot-dashed line and
dashed line are mode! fits. The horizontal solid line represents the X-ray luminosity corresponding
to the closure of the centrifugal barrier L,,in (for a magnetic field of 108 G and a spin period
of 1.8 ms), and the horizontal dashed line represents the luminosity gap due to the action of the
centrifugal barrier, L.or. The horizontal dotted line marksthe minimum. On theright: BeppoSAX
unfolded spectra of Agl X-1 during the early stages of the fast decline and during the quiescent
phase. The best-fit spectral model (blackbody plus power law) is superimposed on the data (both
figuresfrom Campana et al., 1998).

in the data of frequency ~ 401Hz. The source reached a peak luminosity of 5 x 1036 erg/s and
then faded below 10% erg/s after a couple of days. Figure 6.4 displays the folded pulse profile of
the milli-second pulsar, using RXTE data in the energy band of 2-30 keV and a period of 249 ms.
The pulse-profileform is sinusoidal to a high degree, and the Fourier spectrum o the time series
does not display any detectable higher harmonics.

The peak observed flux suggests a lov magnetic field (< 102 G). The binary parameters of
the system can be computed by using the timing information in the X-ray observations. Table 6.4
displays the information in a concise form. The error in the value of P constrain the positional
uncertainty of the source. The pulsar mass function, which relates the pulsar mass m;, companion
mass my, and the binary inclination angle i (the angle between the line-of-sight and the orbital
angular momentum vector), may be computed from the Keplerian parameters a;sini and Py,
where a1 & P, are the semimagjor axis and orbital period of the binary;

_ (masind)® _ 4r*(assing)?
= i +me)? =~ GPoy?

(6.5)

from which the mass function obtained was f; = 3.7789(2) X 10~>M®. For reasonable values of
the neutron star and a random distribution of 4, Chakrabarty & Morgan (1998) find the mass of
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Figure 6.4: SAX J1808.8-3658: The 2-60keV light curve folded at the 249 ms period, where two
cycles are plotted for clarity. The solid line is the best-fitting sinusoidal. Fitting the folded light-
curve with a harmonic series, the first two higher harmonics (at 800 and 1200Hz) are ~ 11% and
~ 4% of the fundamental.
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Figure6.5: Pulsearrival timedelaysdueto the 2-hr orbit, with respect to a constant pulse-frequency
model. The mean longitudeisthe orbital phase age measured from the ascending node, so that the
pulsar is behind the companion at 90°. Squares show the measured time delays, the solid curve is
the best-fit orbital model, and the diamonds show the model residuals (on a 50x expanded scale).
The residuals have an r.m.s. uncertainty of 75us, shown for one of the points.
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Barycentric pulse frequency, v (Hz) 400.9752106(8)
Pulse frequency derivative |o|(Hz/s) <7x10713
Projected major axis, a1 sini (light-ms) 62.809(1)
Orbital period,P,,; (5) 7249.119(1) s
Epoch of mean 90° longitude,Ty (MJD)  50914.899440(1)
Eccentricity, e <5x10™*

¥

Binary massfunction (M ®) 3.7789(2) x 1073

Table 6.4: SAX J1808.8-3658 binary parameters (Chakrabarty & Morgan, 1998): Numbers in
parentheses are la errors in the least significant digit and upper limits are quoted at 20 level.
The |¥| refers to the magnitude, independent of age. Epochs refer to a barycenter dynamical time
(TDB).

the binary to be < 0.2M®, and its radius > 0.12R®. This greatly constrains the nature o the
binary star, which is most likely to be a low mass main-sequencestar, or a white dwarf.

There is a tentative indication of a flux modulation of SAX J1808.8-3658 at its orbital
period, which could be interpreted as scattering in the ablated wind. This modulation further
constrains the binary inclination, and makes it highly likely that the companion mass is less than
0.1M@. If there is such a scattering, broader eclipses may occur at radio wavelengths.

The observed period and magnetic fields are indeed in the range inferred for millisecond
radio pulsars. Hence, once the accretion stops, it might switch on as a radio pulsar. Wijnands &
van der Klis, 1998, even suggest a possible radio detection in the quiescent state of the system, if
the accretion rate falls sufficiently. We considered following up this possibility. A possible radio
detection from this system would be a further proof of the remarkablesuggestion about the origin
of the MSPs, and their progenitors. The system is probably 4 kpc avay, and we estimate a DM



of ~ 150pc/cm? for this system from the mode! of galactic electron density distribution (Taylor &
Cordes, 1993). A search at 327 MHz using the Ooty Radio Telescopewasimmediately possible. We
searched thissystem for a possibleradio pulsation using thistelescope. Since pulsar activity isruled
out during X-ray outbursts from this system, we observed this source in radio when the system was

believed to be its quiescent state. Our observational set-up, and other details are outlined below.

6.2 Detailsof the Obsarvations

We made observationsin the direction of Gemingawith GEETEE at 34.5 MHz and toward SAX J1808.8-36¢
with the Ooty Radio Telescope (hereafter ORT) at 327 MHz. We discuss here the telescopes used
and provide details of our observations.

6.2.1 Observations

We monitored Gemingaat 34.5 MHz using GEETEE, wherewe collaborated with Dr. V. M. Malofeev,
of the Puschino observatory for near-simultaneous observations o this pulsar’at 111 MHz

Geminga was monitored using GEETEE during 5-10 February, 1999, when it was observed
typically twice on each day at 34.5 MHz. The duration of each observation (two on each day) was
= 1000 seconds on either side of the source transit time at the local meridian. On all days, pulsar
B0950+08 was also observed at least once. The period and DM df this pulsar is similar to the
period of Geminga and the expected value of DM for Geminga. This makes it an ideal test source
to monitor system performance and the effectivenessof our search strategy.

The observations at 111 MHz were carried out at Puschino, using the Large Phased Ar-
ray (BSA). Geminga was observed during 5-10 February, 1999. Pulsar B0950+-08 was monitored
as a test candidate for the system performance.

We searched for millisecond period pulsationsin the directions of SAX 51808.8-3658 using
the Ooty Radio Telescope (ORT) at 327 MHz. We also observed the millisecond pulsar B1937+21,
which has a period of 1.558 ms, and a DM o 71.04pc/cm3. Being a somewhat distant and a fast
pulsar with a short duty cycle, B1937+21 providesa useful test casefor our observations and search
algorithm.

We observed in the direction o SAX 51808.8-3658 on 12 occasions during the night of
18 August, 1998, using the ORT. The X-ray transient was in its quiescent state during this
period. Each one of our observations was ~ 10 minutes in duration. In table 6.5, we have noted
some details o our observations. In thisway, our search for pulsations in a singleobservation is not

limited significantly by the effects of binary acceleration on the apparent pulsar periodicity. We
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Observation span 18 Aug, 1998 (12 data sets)

Integration time for each observation . ~ 600 seconds
Time resolution (Hardware) 0.5/0.25 s
Number of channels ﬁsed ,v(Ban;iwidth). ’256 (8 MHz)
Sensitivity of the ORT (ideal 25) | 15

Table 6.5: ORT search observations of SAX 51808.8-3658 at 327 MHz. X-ray transient source was
in its quiescent state. !

observed SAX 51808.8-3658 over all phases of the binary for over 2 hours. Two of the 12 data sets

had a time constant of 0.25 ms, whereas all others were recorded with a time constant of 0.5 ms.

6.2.2 Telescope & back-end system

Our observations of Geminga at 34.5 MHz were carried out with GEETEE, with a bandwidth of
1 MHz and our (direct voltage sampling) data-acquisition system, described in detail in chapter 2.
Here, we briefly mention the observationsat 111 MHz (Russian observations of Geminga, conducted

near-simultaneously with our observations at GEETEE) and Ooty Radio Telescope.

Puschino: 111 MHz observations

The Large Phased Array is a transit instrument with an operating frequency close to 102 MHz,
situated at a longitude of 37°40’00” E and latitude of 54°49'00”N. The antenna array consists of
16,384 dipoles aligned in East-West direction, with total collecting area of ~ 30,000 m2. The
array was upgraded recently, so that it is possible to observe sources at a frequency of 111 MHz.
Observations by our collaborators were made using a multi-channel receiver, where each o the 16
channels has a frequency width of 20 kHz. The sampling time constant is 7.68 ms and the receiver
time constant is 10 ms. This receiver was used by our collaborators in the near-simultaneous

observations of Geminga to obtain sequences of individual pulses. The total observation time on



a point source is 3.5sec(d) min. Pulsar B0950+08 was monitored as a test source with the same
system.

Note that both the telescopes have only a limited tracking facility in hour angle. Hence,
owing to the difference of longitudes between the two instruments, there was a differenceof ~ 2.5

hours in the observation epochs at the GEETEE and the Puschino observatory.

Ooty Radio Telescope: 327- MHz Observations

Ooty Radio Telescope (ORT) consists of a linear phased-array feed consisting of 1056 dipoles,
48 dipoles per each of 22 modules, situated at the focus of an off-axis parabolic reflector (Swarup
et a., 1972). The dimensions o the reflector are ~ 500m in the North-South dimension, and
30m in the East-West, and is on an equatorial mount. The antenna is sensitive to only the N-S
polarization, and has a collecting area of ~ 8000m?. The telescope operates at a fixed center
frequency o 327 MHz with a bandwidth of about 12 MHz. The full width at half maximum
(FWHM) df the the (N+8S) total power and the (NxS) correlation beams in the North-South are
5'.5 sec(d) and 3'.3 sec(8) respectively, where§ isthe declination of the source. The FWHM is2°for
both the correlated and the total power beams in the East-West direction. For our observations,
we have used the central (total power) beam and sometimes an adjacent beam, designated Beam 7
and Beam 5.

The sensitivity of ORT was measured by pointing the telescope toward a calibrator source
and determining the increase in the output power with respect to an off-source position. The
signal-to-noise measured on a 1-Jy source for ORT on an average is 25, for an integration time of
1 s and a bandwidth of 4 MHz. We quote the measured sensitivity during our observations, to
compare it to this standard vaue.

The pulsar receiver used for our observations was built for the purpose of pulsar searches
(Ramkumar et al., 1994). In this set-up, the front end o the receiver consists of a 4-bit sampler
(with A/D converters) which samples the incoming intermediate frequency (IF) signa of a total
bandwidth 8 MHz at Nyquist rate and feeds this signal into a 512-point FFT engine. The FFT-
engine produces 256-point complex spectra which are converted into power spectra. The resultant
power spectra are pre-integrated over 0.5 ms or 0.25 ms, defining our sampling interval, and then
1-bit digitized after mean subtraction in each o the spectral channels separately. The digitized
data from 256 channels (256 bits per spectrum) are stored on magnetic tapes.
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6.3 Search Technique

A general search algorithm for pulsars scans an observed time series in the parameter space of
period and DM looking for a periodic, dispersed, pulsed signal significantly above the background
o random noise. In this section, we discuss our strategy used to search for pulsations in the
direction o Gemingaand SAX J1808.8-3658.

In the case o both, Geminga and SAX J1808.8-3658, high energy observations have pro-
vided us with areliableand sufficiently accurate solutionfor the pulse period and pulsearrival time.
Since the distance to the Gemingais known very accurately, and reasonably so in the case of X-ray
millisecond pulsar, the expected DM for these pulsars can be estimated. An accurate distance to
Gemingais known from the parallax measurementsto be 157133 pc. For an assumed average dec-
tron density of 0.03 per cmS, the expected value of the DM is ~ 4.5 pc/cm3. The reported Russian
observationsdf Geminga have yielded a DM cdlose to 3 pc/em3. Thedistance to SAX J1808.8-3658
is estimated to be ~ 4 kpc, from which we estimate its DM to be close to 150 pc/em?. Given the
possibly large uncertainties in the assumed electron densities, these DM estimates are treated as
only “indicative”.

There is one further simplification due to the average pulse-shapesd the two pulsars at
high energies: the pulse profiles are more or less sinusoidal. Though one may argue for the radio
pul se shapes to be different from the high-energy light-curves, we would like to point out that the
radio pulsars with high energy emission, like J0437-4715, B1821-24, Crab, al have high-energy
light curves very similar to their radio pulse-shapes (Backer & Trimper, 1999). We bdlieve that
the profile of any possible pulsed-radio emission from SAX J1808.8-3658 is wdl approximated by
a gngle sinusoidal curve (figure 6.4). Geminga is expected to show a broad pulse profile, in fact,
all the reported pulse profilesof Gemingaat 102 MHz have a very wide pulse (~ 50% duty cycle),
with a possibleinterpul se emission.

Due to the above two reasons, we employed a simple search strategy for our intended
searches. We obtained the fluctuation spectrum o a dedispersed time-series corresponding to an
assumed valued DM asastep in our DM-grid search. We selected a window of frequency width (6f)
around the expected rotational frequency (fo) o the pulsar, and its second and third harmonics.
The position and strength of the maximum in the selected spectral window (6f, 26f , & 36f around
fos 2f0, & 3fo respectively) were noted for each d the valuesd DM. This step-wise procedure is
outlined beow.

e We begin our analysiswith a time-frequency matrix of intensities (equivalent to a spectrom-
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eter) with a total of 256/512 channels and a time resolution better than one millisecond.
e We step through different valuesof DM in the range zero - DM, in suitable steps (6DM).
e For each DM, a dedispersed time seriesis obtained and a fluctuation spectrum is computed.

e For agiven DM, we monitor a select window of width 6f (26f, 36f ) around the fundamental
frequency (fo), as wdl as its immediate two higher harmonics (2 fo, 3 fo). This spectral win-
dow data is recorded for further analysis. The locations of the maxima within the prescribed

range of frequenciesand their intensities are noted.

e We change the value of DM to repeat the above step, and note the six values (strengths and
locations of the three spectral peaks), along with the full information in the three spectral

windows.

For the correct value of DM, the strengths o the fluctuation features corresponding to
the pulsar period would be maximum. On either side o the correct DM,’the amplitude o the
fluctuation features would drop. The position of the peaks corresponding to the pulsar signa
will not change for a range of DMs close to the actual DM, and will correspond to the apparent
rotational frequency of the pulsar. The rise and fall in the amplitudes of the harmonics around
the expected DM and the constancy o their positions are, therefore, treated as the signatures of a
pulsed, dispersed signal. We searched for such signaturesin our data (seethe figures 6.6 and 6.7).
However, the spectral positions of peaks selected by the algorithm will happen to be random if the

amplitude of the features are not significantly higher than the noise level.
Geminga

The search technique is illustrated for the test pulsar B0950+08 (detected as a strong pulsar in
these observations). We show the fluctuation spectrum of a dedispersed time series of this pulsar
for a DM (close to its actual value of 2.9701pc/cm3) in the figure 6.6. The top panel shows the
spectrum up to the 20** harmonic of the pulsar's expected rotational frequency (fo). Regions of
width &f /f ~ 0.001 fo around fq, 2 fo, and 3 fo were monitored. The location of the peak in each
region and its strength were noted for each value d trial DM. The bottom panel showsan expanded
spectrum up to twicethe expected rotational frequency of the star; note the frequency being plotted
isin Hz. A significant feature closeto 3.8 Hz is apparent, and was the one picked up by our search

algorithm, and was seen over a range of DMs close to 2.97 pc/cm®.
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Infigure 6.7, the fundamental and the two harmonicsdf the pulsar frequency features peak
at DM = 3.0, closeto itsactual vauedf 2.9701pc/cm?. The strength of the local maximum (in
the prescribed window of frequencies) close to the pulsar fundamental frequency is enhanced when
the DM is close to the correct DM (known value of 2.9701pc/cm?), and the strength of the peak
changes significantly with a changein DM of > 0.2 pc/cm?® on either side of the known valueof DM.
The strength changes by afactor of ~ 10 for a changein DM by 1pc/cm?. The spectral position of
the fundamental picked up by the algorithm (plotted in the top-right panel) remains unchanged in
theranged 2to 4 in DM. The higher harmonics mimic the behavior of the first harmonic, though
the range of DM over which the higher harmonics display this behavior is reduced.

We expect a low dispersion measure for Geminga. The reported detections by the Russians
groups provide a value of DM close to 3 pe/em3, with rather large error bars of £1 pe/em®. So,
we have searched for DM between 0 — 8 pc/em®. We have also searched for any transient, strong,
burst-like emission, or (Crab-like) giant pulses from Geminga. We subdivided our data sets and

searched for the possibility o a strong, transient, periodic signal using the strategy above.
SAX J1808.8-3658

We now apply the sametechnique to the test pulsar for 327-MHz observations, B1937+21. We have
used astep of SDM = 1.0 in DM for this search. B1937+21 isa distant, millisecond pulsar. We use
the available timing model to compute the expected apparent period at epochs of our observations.
B1937+21 aso displaysan interpulse, hence there is enhanced power in the second harmonic of the
rotation frequency, i.e. 2fj.

A narrow window (of width 0.001f,) closeto thefundamental rotation frequency of B1937+-16
and its higher harmonics is plotted in figure 6.8. Strong fluctuation features are apparent in all
the panels close to the expected frequencies, and were selected by our search algorithm over a
range of DMs close to the known DM. In figure 6.9, the strengths o the chosen fluctuation features
display a maximum at DM ~ 71.0pc/em3, close to its actual value (of 71.04pc/cm?), and they
drop to noise level (afactor of > 10 lower) for a changein DM of ~ 1pec/em® away from the correct
value. The position of the chosen feature closeto fy (plottedin the top-right panel) remainsstable
over a DM change of < 2pc/cm?, whereas the position of the maximum close to first harmonic
remains the same over a larger range of DMs. For SAX J1808.8-3658, we use the available results
from X-ray pulse timing to derive the change in the pulse period as the phase o the pulsar in the
binary orbit changed over different observations. Using these estimates, all the time series were

resampled suitably such that the spectra were appropriately scaled before examination, and were
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Figure 6.8: Thetest case, B1937+21: The fluctuation spectrum for a dedispersed time series using
atrial value of DM (close to the actual value of 71.04pc/cm3). The bottom-most panel shows
a small portion of the pulsar spectrum close to the rotational frequency (~ 642Hz), whereas the
other panels show the same in the case o its higher harmonics. The locations of the computed
(expected) frequenciesare at the center of all three panels. Spectral frequenciesare represented in
terms of their distance from center in parts per million (ppm) on the X-axis. A significant feature
is apparent in the bottom panel, and was selected by our search algorithm for monitoring over a
range of DMs (seefigure 6.9). Thefeature in the top panel (corresponding to the third harmonic)
does not appear at the same location as that of the other two, and is consistent with it being a
chance peak dueto noise.

The locations of features corresponding to the fundamental and its second harmonic are
shifted from zero. Such a shift is due to a possible deviation in the sampling clock frequency from
its assumed value. This shift was used in our analysis to calibrate the frequency of the sampling
clock.
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Figure 6.9: The test case, B1937+21: Output of the search algorithm. The strength of the peak
in a specified range (Sf) around the expected fundamental frequency, and similarly powers of the
peaksin arange around the second and third harmonics, are plotted on the left as afunction of DM
assumed during the grid-search. The fundamental frequency isin the top figure, with second and
third harmonics in bottom (left) figures. The positions of these peaks relative to the value of the
expected frequencies are plotted correspondingly on the right (the shifts are denoted in units of
parts per million). Note that the steps in DM are of size 1, and the power in the fundamental
feature hasincreased by afactor of > 10 at the correct DM df the pulsar as compared to the power
corresponding to earlier and later DMs.
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also combined to improve the detectability of the spectral features.

If some quasi-eclipsing phenomenon involving the companion star (such as stellar wind) was
responsible for the observed faint X-ray dips (2%) in the case o SAX J1808.8-3658 (Chakrabarty
& Morgan, 1998), such an eclipsing body can causea deeper apparent radio eclipse due to enhanced
dispersion and scattering. We have tried to account for such a possibility of some DM variation
over the orbital phase o the pulsar using a simple model for such a variation given by
1 — cos(® — 270°))7

- (6.6)

0DMg = 6D Myqy (
where §D Mg isthe variation in DM due to the companion at a given phase in the binary orbit, ®
in degrees, 0D M., is the peak-to-peak variation over one cycle, and y is a constant, a power law
index to alow for higher harmonic contributions of the basic single-tone DM modulation. Modeled
in thisform, the DM variation maximizesfor the phase when the.binary companion eclipses our
line-of-sight to the pulsar. For y = 1, the variation takes a simple single-tone form. In a rea case
of an eclipsing radio pulsar, the observed variations could be over a shorter fraction of the bi nary
orbit (y larger than 1), and § D My, could also be significantly large, making the variation appear
more like a pulse-like variation.
We have searched for values of 8D My, as large as 9, and that of the non-linearity y up
to 6. The power spectrafor each o the 10/20 minute sessions were examined separately as well as
after combining them together.

6.4 Results
641 Geminga

Resultant spectra from our observations on all six observations are shown in figures 6.10 and 6.11.
The spectra do not show any significant signatures (figure 6.7) of an apparent pulsation from
Geminga, with a periodicity of ~ 237 ms in the range of DMs searched. We have also combined
power spectra from all six data sets, and looked for any signatures of pulsations. The analysis
yielded a null result again, see figure 6.12. Our results put an upper limit on the average pulsed
flux from Geminga, using a single observation is, ~ 350 mJy (30). The combined spectra yield an
upper limit of ~ 150 mJy (30).

Our collaboratorsreported strong pulsations at ~ 111 MHz on the 5% and 6** of February,
1999, with the average profile displaying a detectable interpulse. 1n these observations 4 channels
of width 20 kHz each were used, and single-pulse sequences with a time resolution of ~ 7.68 ms
were generated. Short sequences, of typicaly 12-50 pulsar periods (~ 5 — 20s), were used to fold



and detect any signatures of a pulsed signal. The pulsar was detected on the following days as well,
but appeared wesker.

Consideringthe strong pulsed signal reported at 111 MHz, we searched our data obtained on
the 5t February, 1999, for a periodicity in shorter sectionsd thedataset. Thedataon 6" February
were affected by interference, and hence not very useful. We could not confirmany periodicity even
in short sections of the data observed on 5 February. Figure 6.12 shows the results for our best
possible section of this data where a tentative suggestion of a signal could be made. However, the
relevant fluctuation feature in the spectrum has a low significance. We folded this section of the
time series at twice the period of the fluctuation feature, and do not see any apparent pulse (see
figure 6.13). Hence, we would liketo stress, that we do not confirm any periodicity in the datafrom
thisanalysis, though it remainsan interesting possibility. We need more attemptswith similar type
of observations and analysis to confirm this tentative feature in our spectra.

If confirmed, the dispersion measure is, ~ 3.2pc/cm3. The average flux is ~ 1Jy for the
detection over this short duration of ~ 75 seconds. Such an emission would then imply pulses of
energy = 10 times the average pulse energy expected based on the reported vaues of Geminga
radio flux at 100 MHz.
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Figure 6.10: Geminga: result of our search in individual data sets— we look for signatures of the
type shown in figure 6.7. No significant features were found in this data set in the range of DMs
searched, let alone near the expected value of 3.
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Figure 6.11: Geminga: result of our search in individual data sets— we look for signatures of the
type shown in figure 6.7. No significant features were found in this data set in the range of DMs
searched, let alone near the expected valued 3.

6.4.2 SAX J1808.8-3658

We have searched for a signature of radio pulsation after scanning over a wide range of DMs
(0 — 250pc/cm3). Our search using power spectra from 6 individual data sets are presented in
the figures6.14 and 6.15. We look for a signature of the type shown in figure 6.9. No significant
pulsar-like signal was apparent in any individual data set, each of a total of 10 min in duration.

As a next step, we combined results from all the data sets, where we made use of eg. 6.6
with varying values of D M., and v. We added power spectra from all the data sets for each of
the combinations. Figure 6.16 shows the output of such an analysis. No significant pulsed radio
emission was evident.

The non-detections in this analysis imply an upper limit of ~ 2.5mJy (30) for the average
radio emission from this object using an individual data set. A better upper limit for flux density

using the combined spectra is ~ 0.8 mJy.
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Figure 6.14: SAX J1808.8-3658: Search resultsfrom power spectra computed from individual data
sets. The orbital phase o the pulsar at the beginning of the acquisition of each data set is noted
below the respective figures. The last two data sets shown above have a time constant of 0.25ms,
whereas all other observations have a time constant of 0.5ms. No significant 'pulsar-like' features
were found (see figure 6.9 for an example of a signature of 'detected’ pulsar).
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Figure 6.15. SAX J1808.8-3658: Search resultsfrom power spectra computed from individual data
sets. The orbital phase df the pulsar at the beginning of the acquisition of each data set is noted
below the respectivefigures. The last two data sets shown above have a time constant o 0.25ms,
whereas all other observations have a time constant of 0.5 ms. No significant 'pulsar-like' features
were found (seefigure 6.9 for an example of a signature of ‘detected’ pulsar).

174



Por_t90B.0M41.row2 [ pasw: 1~256; N_F:2°20}

par_1908_0141.row2 [ pass; 1-206; N_If1:220]

L] g — $
X g? £8 g?
E-z £¢ Ig 59
8 §
3 L h . . 3
. 50 100 160 200 250 50 100 160 200 25 .
OM {pe/ec) DM {po/c) DM (po/co) DM (po/oc)
. .
: § : 5
gz - B ?3 £
5% § §9
| $ 3 8
80 100 |Qo 200
oM (pe/oc) DM (pe/cc) DM (po/cc) OM {pa/cc)

8 g
i i o
£ 5§
$ %
% 100 150 % % 50 00 150 20 %0 % ) % 2% % 100 150 7%
. M {pe/oc) . OM (pe/cc) OM (pofec) M {po/cc)
SDMpax = 0,7 = 0 DM =3,y = 1
PAr_190B 0141 row2 [ pose: 1-238; N11:2°20] par_1908_0141,row2 [ pose: 1286, N_1#.:2°20]
3r H
)
: i !
F i :
‘
3t
™ % 0 150 F
0¥ {po/ec) D {pofco) OM (ps/o0)
3 3 8
?5 i i §
1 g if
2 e f
s ] 00 1% 700 °
OM (po/oc) DM (po/cc) M (po/o0)
b g $ L
P ® t
i f : &
4 H § 3
. -
5 . ) A ) . 5 . J A A )
0 100 50 200 % [ 150 20 ) 00 180 20 ) 100 0 200
OM {pc/ec) DM (pe/ec) M (pe/oc) OM {pe/ec)

DMpax =6,y = 1

§DMax = 9,7 = 3

Figure 6.16: SAX J1808.8-3658: Searching the combined power spectra after correcting for a
possible DM variation due to ionized material in the companion’s wind. The top-left plot shows
the results when no variation in dispersion measure with orbital phase was considered.
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6.5 Discussion and summary

In this chapter, we discussed our attempts to detect pulsed radio emission from two high-energy
pulsars, Gemingaand SAX J1808.8-3658.

The gammarray pulsar Geminga attracted the attention of astronomers recently, with the
reported detection of its pulsed radio emission at 102 MHz by three Russian groups. Since Geminga,
one o the brightest Gammarray sources in the sky, is the only known gamma-ray pulsar that has
not been detected in the other parts of the radio spectrum, confirming its pulsed radio emission
and determining the reasonsfor its radio weakness may be essential to understand the relationship
between a pulsar's gammar-ray and radio emission. Since the reported discovery, none of the other
groups which observed Geminga for pulsed radio emission could confirm the Russian claim of
detection (thisalsoincluded a search at 35 MHz using the GEETEE — Deshpande, Ramachandran,
& Indrani, 1998) at a frequency other than 100 MHz.

These negative results meant that the pulsar was either too wesk to be detectable at the
frequency of observation (detectable only at 102 MHz), or isa transient source. Refractive scintilla-
tion could also make its detection difficult at times. We conducted near-simultaneous observations
of Geminga at 111 MHz and 34.5 MHz at Puschino and Gauribidanur. With such a data set, we
aimed to confirm the correspondence of detection in Puschino and GEETEE data. If the pulsar
was an intermittent source of a few intense pulses (e.g. giant pulsesfrom Crab), we could confirm
such a behavior in our data set.

The initial analysis of Puschino data indicated a significant pulsed emission, with a de-
tectable interpulse. However, there was no detection of a pulsein 35-MHz data on the correspond-
ing days. Our estimated upper limit on the average flux of Gemingaat 35 MHz is ~ 350mJy (30)
using data obtained on asingleday. Shorter intervals of data were searched for a possibleintermit-
tent emission, with a null result. Such a null result meant that any giant pulses, if possible, were
below a flux limit of 1 Jy, and did not occur over a duration of 70 seconds, that was analysed in
detail.

The transient nature of Geminga, or propagation effects, are therefore less likely to con-
tribute dominantly to the non-detection of pulsed radiation at 34.5 MHz. One needs to invoke,
then, unreasonably steep spectral roll-offs above and below 100 MHz to explain the non-detection
at frequenciesother than ~ 100 MHz.

A likely reason for such a steep spectrum above 100 MHz would be geometric: our line-of-

sight may cut the emission cone of Gemingaat its edge when observed at 100 MHz. Then, we are



more likely to miss the emission entirely, if the cone becomes narrower at higher frequencies. This
scenario can be consistent with upper limits obtained for pulsed emission in decameter band, only
if the flux densities at 102 MHz were grossly overestimated.

The recent detection of coherent X-ray pulsations with a millisecond period from a sus-
pected LMXB system appearsto confirm the evolutionary link between the low mass X-ray binaries
(LMXBs) and millisecond pulsars (MSPs). An exciting possibility isthat SAX 51808.8-3658 will,
at some point, turn on as a radio pulsar, thus producing pulsed-radio emission characteristic of
MSPs. We searched during the X-ray quiescence state of this system, for possible radio pulsation
at 327 MHz using the Ooty Radio Telescope.

Thissearch was tuned for the known binary system parameters, wherethe effects of binary
acceleration on pulsar periodicity, and some possibleextra dispersion variations due to the passage
of the radio pulse through a possibly extended wind from the companion, were taken into account.
Our search was aimed at detecting a near-sinusoidal signal, and we searched up to a maximum DM
of 250 pc/em?.

We did not detect any pulsed radio emission from the system at 327 MHz. The upper

7

limit for radio emission from one single observation of 10 minutes duration, is ~ 25mJy (30).
We combined power spectra from consecutive observations. A possibility of a variable DM due to
interaction with the binary wind in SAX 51808.8-3658 was considered. Using a ssmple model for
such a changein DM, we combined suitably scaled power spectra from consecutive observations of
10 minutes each. Even in this case, we did not detect any pulsed radio emission. The upper limit
on the flux density of possible pulsed radio emission, based on our search, is ~ 0.8 mJy (30).
Recent observations suggest a possible interaction between radio emisson and accreted
matter. It is anticipated that the system will emerge as an MSP, though strong absorption and
interaction with the stellar wind are likdy. Sensitive searches for pulsations should, therefore,

continue.

177



Chapter 7
Conclusions

We now conclude this thesis with chapter-wise summaries of our results.

In chapter 3, we presented the average properties of 8 pulsars at 34.5 MHz using our
observations with the Gauribidanur array. We based our sample selection on the catalog of known
pulsars (Taylor, Manchester,& Lyne, 1993), wherein the propertiesof pulsar§ known from the meter
wavel ength observations were available. We estimated the expected pulsar flux densities in our band
for the candidates using their available properties at meter wavelengthsand the short-list consisted
of pulsars that could be detected with a 1000 s integration. The sample contained a total of ~ 40
pulsars. Pulsar B0943+410 was included in this list, though it was not selected by our criterion.
The selected sample was monitored in the summer of 1997, when observations in the direction of
every pulsar in the list were made for an effective duration o ~20 minutes. Some of the strong
pulsars were observed again in 1999. The acquired data were analysed, and a total of 8 pulsars
were detected. We have presented the average-pulse profiles obtained in these cases. The relevant
inferred parameters associated with the average profiles observed are also presented.

Average profilesat 34.5 MHz show an increasein the pulsewidth, and component separation
inthecasedf 'double’ profiles, when compared to those at higher frequencies. The profilewidthsare
known to increase at lower frequenciesfollowing a power law. Comparing with higher frequency
results of Slee et al., 1987, we find the power law index to be steeper than v~93. The average
profiles containing two components may also display asymmetry in two aspects. the intensities of
the two components may differ, and/or their locations around the central fiducial point, defined
as the location where the pulsed power drops to noise leve in between the components, may be
asymmetric. Such asymmetries, with a varying degree of significance, were observed in four cases
of double profilesin our sample. Such asymmetries can originate from a slight non-circularity of

the polar cap being sampled by symmetric locus of our sightline, a scenario suggested by Arendt
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& Eilek (2000).

Our time resolution alows us to study the intrinsic modulations due to subpulse phenom-
ena, which occur on milli second time scales or higher. Information about the strength of such
modulations can be obtained by measuring modulation index m at every pulse longitude to study
the depth of modulation across the pulse profile. We have computed the modulation index profiles
as a function o pulse longitude for seven pulsars, and these results are presented. The modula-
tion indicesare seen to vary acrosslongitude, and are, therefore, most likely due to an underlying

Mintrinsic” fluctuation phenomena.

Radio-flux density spectra of many pulsars have been studied based on the reported flux
measurements at various radio frequencies (Malofeev et al., 1994). Typically, pulsar flux densities
show a decrease with increasing frequenciesand follow a steep power law, S, x v™* (-1> a>
—3.0), and display a turnover typicaly close to 100 MHz, below which flux densities have a more

.or less flat spectrum or even a decline. We have presented the flux-density estimates from our
‘observations at 345 MHz. These estimates were obtained by fitting Gaussian profiles to the pulsar
profiles. The area under the fitted profile was calibrated to get the average-pulse energy. Our
_measurements are consistent with the published spectra based on earlier measurements.

Estimatesof flux density are prone to errors due to source variability, apart from systematic
calibration errors. We have discussed two specific cases, viz, the scintillation effectsand the intrinsic
variability.

In chapter 4, we discussed the conventional tools to study the varioustypes of single-pulse
fluctuation phenomena, which include the fluctuation spectra and correlation analysis. We studied
eight bright pulsars in our observed sample for their single-pulse properties.

A very powerful and conventional tool, 'longitude resolved fluctuation spectra’ (Irf-spectra;
Backer, 1973), brings out any systematic of single-pulsefluctuations as a function of time (pulse
number) and pulse longitude much more clearly than possiblein the time domain. However, such
spectra have a serious drawback of aliasing. Such an aliasing hinders determination of the exact
frequency of a spectral feature and any possible harmonic relationship between various features.

To address the issue of aliasing in spectra, we follow the approach taken by Deshpande &

‘Rankin (1999: DRa, 2001:paper-I). We Fourier transform the entire continuous pulse sequence,
which can be reconstructed (from the "gated" version) by using the available samples on within
the pulse window, and filling the unsampled longitude (off-pulse) region with zeros. We choose to
present the raw fluctuation spectrum in another manner, where we stack the successive sections

of the spectrum of width (1/P;1). We refer to this spectral representation an "harmonic-resolved
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fluctuation spectrum™, or an HRF-spectrum.

Such an hrf-spectrum does not have the same limitations of sampling as does an Irf-
spectrum. An hrf-spectrum can further distinguish between the two types of pulse modulations
encountered, Vix. amplitude- and phase-modulations. However, an hrf-spectrum does not resolve
the issue of aliasing entirely on its own. One has to invoke further constraints to understand
any possible aliasing of features. Various issues regarding Irf- and hrf-spectra were discussed in
sections 4.2.1 and 4.2.2.

We have presented fluctuation-spectral analyses of 8 bright pulsars in this chapter, and
discussed the individual cases. It isfound, in general, that pulsarsshow significant fluctuation even
at these low frequencies. Fluctuation power (asafunction of the total) variesfrom pulsar to pulsar,
and in some pulse sequences the entire fluctuation power was observed to belong to the associated
primary modulation. The fluctuation spectral features in the case-of known 'drifters, B0943+10,
B2016+28, and B1919+21, are sharp. Thefeature in the Irf-spectrum of B0943+10 remains partly
unresolved even after using 512 pulsesin the transform, consistent with t’he spectra at 430 and
100 MHz. The high Q-value of the feature shows that the drift process giving rise to modulation
is remarkably stable even at 35 MHz, though the Q-value was certainly less in our data compared
to that in meter-wavelength data.

The frequencies of the primary modulation in our spectra show a reasonable match with
those observed in the meter-wavel ength fluctuation spectra. Thefrequency of the modulation could
vary dlightly over different data sets, typically by a few percent of the mean value. The average
frequency of the modulation remains unchanged with frequency, however, irrespective d whether
the feature is broad or narrow. Thisisto say, that the frequency is unchanged even in the cases
where the modulation appears to be erratic and has thus produced broad features in the spectra.

The Irf- and hrf-spectra are best suited to study periodic modulations, and in particular the
drifting-subpulse phenomenon. But, for some cases, where no apparent drift is observed, and/or
where the amplitude modulation may not very periodic, useful information can be sought through
suitable time-domain analysis. To investigate a mutual correspondence between the fluctuations at
different longitudes, a cross-correlationanalysis o intensity fluctuationsat different pulselongitudes
was performed. In section 4.3, we detailed issues related to cross-correlation maps over the entire
pulse region (2-D) with a fixed pulse-number delay. We have presented the relevant correlation
analysisof thedataon all pulsarsdiscussedin the previoussection. Anasymmetry in the correlation
maps for one- and two-pulsedelaysin the case of B0834+06 and B1133+16 offers a possiblesolution
to the drift direction in the case of these two pulsars.
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In chapter 5, we presented our analysis of the single-pulse fluctuations observed in the
decametric emission of pulsars B0943+10 and B0834+06 in detail and tried to understand the
observed diverse single-pulse fluctuation properties in terms of polar emission patterns and their
temporal behavior. We compared our observations with the general picture of radio emission
patterns and subpulse modul ation elaborated theoretically by Ruderman & Sutherland (1975) and
to the higher frequency observational results of Deshpande & Rankin (DRa and paper-1).

We described the theoretical picturesuggested by Ruderman & Sutherland in the beginning.
We studied the fluctuation features of the two pulsars in 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 to 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 sequence only 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 B3 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 subbearns
fluctuate, maintaining a stable brightness only for afew circulation times. The stability time scales
of the entire pattern appear roughly comparable between 35 MHz and 430 MHz

Sincethe particle plasmaresponsiblefor the pulsar emission originates close to ‘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
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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 deservesfurther 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 displayingclear deviationsfrom ‘B’-mode properties. This predominant ‘B’-mode character
of the decametric emission in our observations as wel as in the earlier observationsof Deshpande
& Radhakrishnan (1994) isin significant contrast with the trend at higher frequencies where both
the'B' and ‘Q’ modes may occur with similar frequency of occurrence (Suleymanovaet al.1998).

B0834+-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 \;vefollowed a somewhat
genera strategy for the estimation o the circulation time of the polar emission 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 componentsdf the profile. We argued that the amplitude
fluctuations associated with each o the two components occur due to the 'passagey o the same
emission entity as the entire polar emisson pattern revolves steadily around pulsar's magnetic axis.
This understanding then alows us to scale the time delay associated with a component separation
of some 4¢ in magnetic longitude (corresponding to the profile component separation of ), thus
providing the initial guess for the circulation time. We searched our fluctuation spectra for dow
modul ation 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
o "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 crucial for our mapping
technique.

Here too, a system o discrete subbeams in steady rotation along the magnetic axis was
found responsiblefor the observed single-pulsefluctuations. The emisson beams in the case o
B0834+-06 are discrete, but they are not uniformly spaced along the hollow cone of emission and
they all differ from each other in their appearance. The subbeams appear broader in radial cross-

section, with Ap/p 2 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-valueof the observer
fluctuation features. Also, it was not possibleto account for the null pulses, which could further
reduce the modulation feature's Q.

We also made maps from successiye subsections of the pulse sequence and viewed them
in a 'movie-like fashion. For all the three data sets of B0943+10 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 o 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 is different from B0943+10 in its physical
parameters, the viewing geometry, as wdl 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.

Overal, our observations of B0943+10 and B0834+-06 agrees remarkably with the picture
of a steady system dof 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 of the circulation time of B0834+06 is considerably smaller
than that expected from the model.

In chapter 6, we discussed our attempts to detect pulsed radio emission from two high-
energy pulsars, Geminga and SAX J1808.8-3658.

The gamma-ray pulsar Geminga attracted the attention of astronomers recently, with the
reported detection of itspulsed radio emission at 102 MHz by three Russian groups. Since Geminga,
one o the brightest Gamma-ray sourcesin the sky, is the only known gamma-ray pulsar that has
not been detected in the other parts o the radio spectrum,confirming its pulsed radio emission

and determining the reasonsfor its radio weakness may be essential to understand the relationship
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between a pulsar's gamma-ray and radio emission. Since the reported discovery, none of the other
groups which observed Geminga for pulsed radio emission could confirm the Russian claim of
detection (thisalsoincluded a search at 35 MHz usingthe GEETEE — Deshpande, Ramachandran,
& Indrani, 1998) at a frequency other than 100 MHz.

These negative results meant that the pulsar was either too wesk to be detectable at the
frequency of observation (detectableonly at 102 MHz), or isa transient source. Refractive scintilla-
tion could also make its detection difficult at times. We conducted near-simultaneous observations
of Geminga at 111 MHz and 34.5 MHz at Puschino and Gauribidanur. With such a data set, we
aimed to confirm the correspondence o detection in Puschino and GEETEE data. If the pulsar
was an intermittent source of a few intense pulses (e.g. giant pulsesfrom Crab), we could confirm
such a behavior in our data set.

The initial analysis of Puschino data indicated a significant pulsed emission, with a de-
tectable interpulse. However, there was no detection of a pulsein 35-MHz data on the correspond-
ing days. Our estimated upper limit on the average flux of Geminga at 35 7I\/IHz is~ 350mJy (30)
using data obtained on asingleday. Shorter intervals of data were searched for a possibleintermit-
tent emission, with a null result. Such a null result meant that any giant pulses, if possible, were
beow a flux limit of 1 Jy, and did not occur over a duration of 70 seconds, that was analysed in
detail.

The transient nature of Geminga, or propagation effects, are therefore less likely to con-
tribute dominantly to the non-detection of pulsed radiation at 345 MHz. One needs to invoke,
then, unreasonably steep spectral roll-offs above and below 100 MHz to explain the non-detection
at frequenciesother than ~ 100 MHz.

A likely reason for such a steep spectrum above 100 MHz would be geometric: our line-of-
sight may cut the emission cone o Geminga at its edge when observed at 100 MHz. Then, we are
more likely to miss the emission entirely, if the cone becomes narrower at higher frequencies. This
scenario can be consistent with upper limits obtained for pulsed emission in decameter band, only
if the flux densities at 102 MHz were grossly overestimated.

The recent detection of coherent X-ray pulsations with a millisecond period from a sus-
pected LMXB system appearsto confirm the evolutionary link between the low mass X-ray binaries
(LMXBs) and millisecond pulsars (MSPs). An exciting possibility isthat SAX J1808.8-3658 will,
at some point, turn on as a radio pulsar, thus producing pulsed-radio emission characteristic of
MSPs. We searched during the X-ray quiescence state of this system, for possible radio pulsation
at 327 MHz using the Ooty Radio Telescope.
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This search was tuned for the known binary system parameters, where the effectsof binary
acceleration on pulsar periodicity, and some possibleextra dispersion variations due to the passage
of the radio pulse through a possibly extended wind from the companion, were taken into account.
Our search was aimed at detecting a near-sinusoidal signal, and we searched up to a maximum DM
o 250 pc/em?®.

We did not detect any pulsed radio emission from the system at 327 MHz. The upper
limit for radio emission from one single observation of 10 minutes duration, is ~ 2.5mJy (30).
We combined power spectra from consecutive observations. A possibility of a variable DM due to
interaction with the binary wind in SAX J1808.8-3658 was considered. Using a simple model for
such a changein DM, we combined suitably scaled power spectra from consecutive observations of
10 minutes each. Even in this case, we did not detect any pulsed radio emission. The upper limit
on the flux density of possible pulsed radio emission, based on our search, is ~ 0.8 mJy (30).

Recent observations suggest a possible interaction between radio emission and accreted
matter. It is anticipated that the system will emerge as an MSP, though étrong absorption and
interaction with the stellar wind are likely. Sensitive searches for pulsations should, therefore,
continue.

In summary, we presented our study of pulse-to-pulsefluctuation properties of the decamet-
ric emission of afew bright pulsars based on observationsat 34.5 MHz. We have used the technique
of "Cartographic Transform™ to study the polar emission patternsin two specific cases, vix. pulsars
B0943+10 and B0834+-06. We also attempted targeted searchesfor pulsed radio emission from two
high-energy pulsarsat 34.5 MHz and 327 MHz. Our observations, analysis procedures, and results

were presented.

7.1 Future work

Further studies o the pulsar B0834+06 using higher frequency polarimetric data would be highly
rewarding. Sinceour study at 34.5 MHz hasalowed usto estimate of the circulation time and drift
direction in the case of this pulsar reliably, studies of polar emission patterns at meter wavelengths
are possible and are being attempted. Further studies of single-pulse fluctuations of the pulsars
studied in the course of this thesis are possible using the GEETEE in the immediate future. Si-
multaneous single-pulse observations of bright pulsars using GEETEE and other telescopes, such
as the ORT or GMRT, are attractive. Such observations will help to study the correspondence

between polar emission regions responsiblefor the decametric and higher-frequency radiation.
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