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4.. Observation s 
PuMaa can observe in two different modes, i.e. as a base band recorder (mode 0) and as a 
digitall  filter bank (mode 1). One of the main differences between observation mode 0 and 
modee 1 is the high time resolution of the former, with a shortest sampling interval of 
500 ns when the whole 10 MHz WSRT band is sampled (see 3.3 for details). In order to 
gett the best insight into what giant pulses (GPs) look like - e.g. detailed structure and rise 
timee - all observations were made in mode 0. 
Thee data of these observations wil l be coherently dedispersed (Hankins, 1971; Hankins & 
Rickett,, 1975; Bhattacharya, 1996) to compensate for the difference in travelling time, 
betweenn the higher and lower frequencies, of the radiation from the pulsar to the 
observatory.. This difference can be so large that the pulsating signals are smeared out. 
Forr instance, the smearing of signals from pulsar B1937+21, observed at a frequency of 
3822 MHz over a 10 MHz band, is larger than 100 ms. The pulsar's rotation period is near 
1.66 ms, so phenomena like its (occasional) giant pulses, with a duration of-1.6 ^s or 
1/10000 of a period, are smeared out over some 60 periods! 
Interactionss between the radio signals and free electrons in the interstellar medium not 
onlyy cause the above-mentioned dispersion, but also cause scattering - the removal of 
whichh is the subject of the next paragraph. 
Furtherr in this chapter an overview is given of the software used to nullify or reduce the 
effectss from dispersion and scattering, and to detect the giant pulses. 
Finallyy some results from observations made with PuMa wil l be presented. 

4.14.1 Descattering 
Scatteringg causes multi-path propagation, i.e. radio signals from a given source can reach 
thee observer along several 'lines of sight'. The more the signal path deviates from a 
straightt line, the weaker the (instantaneous) signal wil l be and the later it wil l arrive. 
AA simple way to describe this phenomenon is to assume a thin diffusing screen between 
thee source and observer where all the scattering takes place. If the non-scattered signal is 
describedd by f(t), then the signal R(t), which passes the screen and is subsequently 
receivedreceived at the observatory, is described by 

tt - ^ 

R(t)R(t) = a- \f(s)-e T° ds ( 4 1} 

—00 0 

Inn this expression a is a normalising constant and rs is the scattering time constant. The 
exponentiall  function in the integrand expresses the diminishing contribution of signals 
thatt propagate along longer paths. 
Thee time constant rs depends on the sky frequency FSky at which the observation was 
made,, and scales according to Fsky

p <x rs where the exponent p ranges from -4.0 to -4.4 
(Manchesterr & Taylor, 1977). The value -4.4 holds for the thin screen, whereas -4.0 is 
moree applicable for homogeneously distributed free electrons. 
Attemptss have been made to restore the original function f(t) from R(t), notably by 
Kuz'minn et al (1993 and 1996). They compared the scattering transformation with the 

166 of 75 



transferr function of an unknown electrical circuit. From observed profiles of the Crab 
theyy approximated such a transfer function and used it to reconstruct the original signals. 

Thee method presented here is more straight forward, as it uses the inverse function14 

(ignoringg the constant a) given by 

dR(t)dR(t) {R(t) 
dt dt Fj j 

(4.2) ) 

Whatt remains is the problem of determining the best value for zs - the only degree of 
freedomm - for which a method, fully compliant with the JBF-method15, is developed and 
whichh will be presented below. 
Figuree 4.1 shows five traces, with time as the horizontal axis and the vertical axis 
proportionall  to the signal power. For clarity the five traces are shown with a vertical 
offset. . 

PULSEE ^-h 2 

RECEIV V 

8000 900 1000 

Figuree 4-1 empirical determination of the scattering time constant. 

Thee upper trace (red, marked PULSE) shows an artificial 'pulsar' signal f(t) before 
'scattering'' and the second trace (black, marked RECEIV) is the resulting R(t) after 
scatteringg using expression (4.1); the exponential scattering tails are clearly visible. 
Thee three remaining (blue) traces are reconstructed cases, using expression (4.2). The 
middlee of the three traces used the same time constant as was used in (4.1), whereas the 

144 It is unknown to the author if the expression (4.2) has already been used by other researchers. 
155 Trial-and-error', a direct translation of the Dutch abbreviation JBF is "John farmer's whistle". 
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topp and bottom trace used time constants that were a factor two longer and shorter. By 
visuall  inspection of the trace for various trial-and-error values of the time constant it is 
possiblee to minimise the overshoot and undershoot. 
Thiss method was used on data from two observations of the millisecond pulsar B1937+21 
andd the multi-frequency observation (see 4.3.3) of the Crab pulsar B0532+21. Objectivity 
wass given its best chance when the author, as human element in the determination of the 
valuess of the time constants, analysed the values only after all of them were determined 
withh the aid of the JBF method. 

Thee value found in the first observation is in accordance with the range of values found 
byy Kinkhabwala and Thorsett (1999). In their article they indicate a range r5 « 13-40 (xs at 
4300 MHz, and two upper limits r5 <« 1.1 us at 1420 MHz and rs <« 0.4 us at 2380 MHz. 
Thee two PuMa observations of the millisecond pulsar were made at 382 MHz and 
13655 MHz and the scattering time constants were 40 and 0.15 us respectively, 
correspondingg to a power-law exponent of-4.4. Interpolating with that exponent to 
Kinkhabwala'ss frequency of 430 MHz results in a rs of 24 (is and is well within their 
range.. Extrapolating to the other two frequencies result in time constants well below their 
upperr limits. 

Thee multi-frequency observation of the Crab pulsar made it possible to determine the sky 
frequencyfrequency dependence of rs even better. The sky frequencies were 382, 825 and 
14055 MHz and the best JBF scattering time constants were estimated at 125, 5 and 0.5 us 
respectively.. With a best fitting power-law exponent of-4.24 the ratios of the time 
constantss should be 250.0, 26.2 and 9.6, which compares well to the actual ratios of 250, 
255 and 10. 

Picturess of the profiles of some giant pulses with the original scattering, and with (most 
of)) the scattering removed, are shown in appendix 9.1.3. As the normalising constant a 
fromfrom (1) could not be determined directly from the observational data, there was no 
measuree for the power of the reconstructed pulse. In preparing the figures, the RMS of the 
off-pulsee signals were equalised as a first order estimate of the power. 

4.24.2 Software 
Thee software used for the coherent dedispersion (CDD) was developed from scratch, 
allowingg the author to gain insight into its mechanism. At the time there was CDD 
softwaree available, but that implementation required a large amount of memory to run 
efficiently. . 
Basicallyy what happens in CDD is that a time series 'of sufficient length' (explained 
below)) is Fourier transformed to the frequency domain. The complex amplitudes of the 
variouss frequencies are then rotated to the position they would have had if there hadn't 
beenn any dispersion on the way to the observatory. After the inverse transformation back 
too the time domain, a time series is obtained free from the effects of dispersion. 
Computerr programmes must realise dedispersion in time series of finite length. When the 
complexx phases of the Fourier transform at the frequencies are rotated so that the arrival 
timess are lined up, information is shifted over an interval equal to the smearing time (i.e. 
thee amount of time over which the pulse is smeared). Information near the end of the time 
seriess is 'pushed out' at that end but 'pulled back in' at the other end ('wrap-around*), 
therebyy making that part of the final time series useless. As long as the overall length of 
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thee time series exceeds the smearing time, at least some useful dedispersed data are 
producedd and that is what was meant by 'of sufficient length'. The part of the data that 
becamee contaminated by the wrap-around must of course be replaced with the original 
dataa and processed again in the next cycle. The efficiency16 of this procedure can 
thereforee be expressed as the amount of useful data over the amount in the length of the 
timee series. 

Thee effects of smearing can be visualised by taking a simple time series with just one 
samplee being non-zero. The time series in Figure 4-2 has a length of 1024 points, and that 
singlee sample - before smearing - was positioned at the horizontal coordinate marked 
'peak'.. The figure shows the dispersion smearing of that sample. The smearing is to the 
left,, where coordinate 'ts' indicates the end of the computed smearing time. It is very 
interestingg to see what happens to the smearing of peaks that are 2, 3 and more non-zero 
sampless wide, but that is beyond the scope of this thesis. 
Figuree 4-2 illustrates that data processing in a time series of limited length has some 
shortcomingss with respect to the theoretical values of the smearing: on either side of the 
periodd marked by 'peak' and the expected smearing 'ts', is some spill-over. At long FFT 
lengthss the spill over is so small that only the data in the interval between 'peak' and 'ts'. 
weree discarded. 

0.055 -

SR R nn 0 

"0.055 -

-0.1 1 

Figuree 4-2 smearing of a delta peak with unity height located at 'peak'; the dispersion smearing is 
indicatedd by 'ts' 

Ass it is of paramount importance that the software compensates for the smearing in the 
correctt way, at the beginning of each run it checks that with the given parameters the 
smearingg is indeed in the expected direction. This may seem superfluous, but after all the 
bugss that were inadvertently built in - both at the institute and in the author's work -
becausee the WSRT bands were inverted in frequency, this is a reassuring test. 

Inn appendix C (9.3) a brief description of the whole "GP-suite", the set of programmes for 
processingg data from giant pulse observations, is given. 

166 A 'ms'-pulsar dispersion measure of -71 and a 10 MHz bandwidth at a sky frequency of 
3822 MHz give a dispersion smearing of-106 ms. With a 50 ns sampling interval and an FFT 
lengthh of 223 « 8 million samples (requiring over 200 MBytes of memory), a time series length of 
-4199 ms would be covered. The efficiency of the algorithm would then be 75%. 

199 of 75 



Too give an idea of the amount of data that must be processed for coherent dedispersion 
fromfrom a 3300 second, 10 MHz wide, mode 0 observation made on one PuMa half: 

 66,000,125,952 2-bit X-polarisation samples and 

 66,000,125,952 2-bit Y-polarisation samples, stored in 

 159 *.puma files of-209 MByte each, producing 

 7899 *.codedi files of-67 MByte each; converting 

 30 GBytes of sampled data into 

 480 GBytes of coherently dedispersed data. 

Processingg 100 seconds of observation time can easily take 1 hour of computing time, 
which,, by the way, is rather frustrating during the debugging of the software... 
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4.34.3 Pu Ma Giant  Pulses  observations 
Presentlyy some one thousand radio pulsars have been found, but up until now only two 
aree certain to produce giant pulses at apparently random intervals: the millisecond pulsar 
B1937+211 and the Crab pulsar B0531+21. 
Thesee giant pulses (GPs) were known to be hundreds of times stronger than the average 
pulsess emitted by these pulsars (e.g. Sallmen et al., 1999). So it came as a surprise to find 
aa GP from the Crab pulsar in one of the observations made with PuMa at WSRT that was 
halff  a million times stronger than the average pulses, see Figure 4-11. 
Inn the following paragraphs some of the results of the observations of GPs of the Crab 
pulsarr and PSR B1937+21 are presented. 

4.3.11 The millisecond pulsar  - B1937+21 
Thee data from two observations of PSR B1937+21 were reduced. The first one was a run 
lastingg 2500 seconds at a sky frequency of 382 MHz, with - rather discouraging -just a 
singlee detection of a giant pulse (enough for determining the scattering time constant, 
though).. Of the second run - at 1365 MHz - the first 2200 seconds were processed and 13 
detectionss were found. 
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Figuree 4-3 accumulated profile of the millisecond pulsar over 2200 seconds, observed at 1365 MHz. 
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.17 7 Forr the second run the following settings for PuMa and the off-line data reduction were 
used: : 

observationn id 
duration n 
date e 
## of bits/sample 
periodd at start18 

periodd at end 

199900172 2 
33000 s 
33 April 1999 
2 2 
0.0015576991866 s 
0.0015576994722 s 

centrall  sky frequency 
bandwidth h 
startt time 
## of a for digitiser 
## of radio telescopes 
dispersionn measure 

13655 MHz 
100 MHz 
07:41:500 UT 
2 2 
13 3 
71.037 7 

Inn both data reductions the Arecibo ephemeris was used for the best estimate of the 
durationn of the pulsar's rotation period. The lack of smearing and the visible details in the 
accumulatedd profile in Figure 4-3 of the second run prove its accuracy. 
Thee 13 detections are shown in Figure 4-4 and an inspection shows that 10 of them line 
upp near the right edge of the main pulse, and one just beyond the edge of the interpulse, 
consistentt with the findings of Kinkhabwala & Thorsett (1999). It is likely that the 
remainingg two detections are not giant pulses. 

av ee =  3 1 
Th ee to p 1 3 GP s foun d ove r  220 1 s ,  sorte d i n chrono log ica l  orde r 

1365. 00 MHz -  Obs I D 19990017 2 -  sourc e 1937+2 1 N  =  37,38 4 sample s 
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Figuree 4-4 13 GP 'detections' of the millisecond pulsar  observed at 1365 MHz. The two sets of three 
verticall  lines mark the peak and edges of the main pulse (left/cyan) and interpulse (right/magenta). 

Thoughh one must be careful with statements based on a limited number of samples, it is 
remarkablee that the GPs in Figure 4-4 all have similar strength. As will be seen in the 

177 See the PuManual for an explanation of some of these parameters. 
188 For greater accuracy a list of pulsar periods at 5-second intervals was used. 
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nextt paragraph, the variations in power of the GPs of the Crab pulsar are considerably 
larger. . 
Inn order to get more insight in the power distribution of the GPs, considerably more 
detectionss are required. A drawback at present is the enormous amount of data that must 
bee stored continuously during the observation, while the off-line data reduction software 
wil ll  only find GPs on average at intervals of more than 3 minutes. It is worthwhile to try 
andd see if the on-board PuMa software can be adjusted to detect GPs 'on the fly' during 
thee observation (so called gating), which will achieve an enormous data reduction. 

Againn as compared to the Crab pulsar, the longitudes of the GPs are very stable. Figure 
4-55 is a zoom-in just beyond the right edge of the main pulse and shows that there is still 
somee variability; the variations in longitude range over ~7 us. 

Thee to p 1 3 GPs foun d ove r  220 1 s ,  sorte d i n chronologica l  orde r 
av ee =  1  1365. 0 MHz -  ObsI D 19990017 2 -  sourc e 1937+2 1 N  =  1,16 8 sample s 
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0.1 55 0.15 5 0.1 6 0.16 5 0.1 7 0.17 5 0.1 8 0 .  i8 5 

0.161 9 9 
PHASE E 

Figuree 4-5 zoom-in of Figure 4-4, just beyond the right edge (at longitude 0.1619) of the main pulse. 

Finallyy Figure 4-6 shows the Stokes parameters of the strongest giant pulse. As the 
durationn of the GP is only -2.4 us it is covered by only 3 FFTs of 16 points each. A 
cautiouss conclusion is that the linear polarisation gives the main contribution to the total 
power.. The polarisation angle shows a certain sweep during the GP; it first increases by 
45°° and then decreases by -180°. This is in contrast with the almost constant polarisation 
anglee of the GPs from the Crab (see Figure 9-1). 
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Stoke ss  parameter s P  =  1.55769 9 ms ,  file # 96 ,  afte r  2192. 4 s  an d 1,407,47 5 period s 
avoo  =  1  1365. 0 MHz -  ObsI D 19990017 2 -  sourc e 1937+2 1 N  =  3 7 FFT s 
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Figuree 4-6 the Stokes parameters of the strongest GP from the millisecond pulsar observed at 
13655 MHz. Most of the power is from the linear polarisation. The polarisation angle moves up over 

-45°° during the rising flank and down over -180° during the falling flank of the GP. 

4.3.22 The Crab pulsar  - B0531+21 
Thee discovery of the radio pulsar in the Crab-shaped nebula in the Taurus constellation by 
Staelinn & Reifenstein in 1968 - short after the discovery of the first pulsar - is quite 
interesting.. The then available receiving equipment and methods for data processing 
wouldd have made a detection of the typical pulses rather unlikely. It was the phenomenon 
off  giant pulses from the Crab pulsar, often considerably louder than the background 
noise,, that lead to its discovery. 

Inn the coming paragraphs we wil l 
 look into the random variations of the longitude of the GPs (4.3.2.1), 
 illustrate how the drifting of these longitudes can help to improve the accuracy of 

thee pulsar period (4.3.2.2), 
 investigate if there is a relation between the amount of energy released in a GP 

andd the time since the previous and til l the next GP (4.3.2.3) and 
 speculate about the duration of a GP (4.3.2.4). 
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Thee information used in this paragraph was extracted from the data of the three parallel 
observationss made as part of the multi-frequency observation; the settings for PuMa and 
thee off-line data reduction software are given in paragraph 4.3.3. 

4.3.2.14.3.2.1 Random variations in the longitude of the GPs 
Ass shown in Figure 4-4 the GPs from PSR B1937+21 have a rather constant longitude 
andd are found just beyond the main pulse and interpulse. In contrast to this, the GPs of the 
Crabb pulsar are all found in between the two edges of the main pulse and interpulse, 
althoughh within these boundaries they are found "all over the place" as can be seen from 
Figuree 4-7 and Figure 4-8. 
Thesee two figures also illustrate the great variation in power of these giant pulses. 

Figuree 4-7 the variations in longitude of the various giant pulses of the Crab in the interpulse 
(left/magenta)) and in the main pulse (right/cyan). 

Figuree 4-8 is a horizontal enlargement showing just the giant pulses in the main pulse. 
Inn these graphs the vertical magenta and cyan coloured lines mark the (software detected) 
edgess and peaks of the interpulse (left/magenta) and main pulse (right/cyan). 
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Figuree 4-8 the variations in longitude of the various giant pulses of the Crab pulsar in the main pulse, 
aa zoom-in from Figure 4-7. 

4.3.2.24.3.2.2 Period correction from the GP longitude drift 
Thee ephemeris of PSR B1937+21 (4.3.1) is very well known; it is very likely the best 
timedd pulsar. This old recycled pulsar is also very stable: if this kind of pulsars glitch 
(suddenn increases in rotation period), there may well be tens of thousands of years 
betweenn them. 
Thiss is totally different for the young Crab pulsar. Not only is its behaviour rather erratic 
withh its many glitches, but also the interstellar matter around it is still in turmoil from its 
supernovaa explosion, seen on earth in A.D. 1054. 
AA result of that is that the scattering time scale and dispersion measure are constantly 
changing,, even on timescales as short as hours. Also one can expect not insignificant 
deviationss in the pulsar rotation period from the best ephemeris (i.e. the one maintained 
byy Jodrell Bank) due to these glitches. 

Althoughh the longitudes of the GPs have large random variations (4.3.2.1), no detections 
weree made outside the longitudes that mark the edges of the accumulated main pulse and 
interpulse.. This empirical given allows us to determine a more accurate rotational period. 
Thee phase within the period of each giant pulse is detected and if, during the data 
reduction,, a pulsar period is used which is too long or too short, then the GPs seem to 
creepp on average to the left or to the right in pulse phase. 
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Thee drifting is visible in the zoom-in of Figure 4-8 but is better illustrated in Figure 4-9, 
whichh shows the drifting of the GPs in the main pulse. Here the horizontal axis is the 
elapsedd observation time in seconds and the vertical axis gives the longitude (the phase, 
betweenn 0 and 1). With curve fitting the best straight line through this cloud of points is 
determinedd and shown in the picture. 
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Figuree 4-9 drifting longitude (phase) of the GPs in the main pulse over the duration of the 
observation.. From the slope of the best fitting straight line and the pulsar's period, a fixed period 

correctionn can be computed. 

Fromm the slope of this line and the pulsar period P (but not the observation duration) a 
fixedd period correction can be computed according to 

APAP = slope- P' (4.3) ) 

Inn the case shown in Figure 4-9 with a slope of 3.26-10"6 s~', and a period of 33.5 ms, the 
periodd correction works out at 3.64 ns. The programme that analyses the GP detections 
alsoo determines the period correction from the GPs in the interpulse and computes the 
weightedd average of the two. 
Withh this period correction the processing of the observation was repeated and the 
resultingg cloud of GPs is shown in Figure 4-10, which illustrates that the drifting was 

 ft 1 

reducedd by almost two orders of magnitude, as the slope is now 7.27-10" s" . 
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Figuree 4-10 with a fixed period correction of 3.64 ns the driftin g of the phase of the GPs in the main 
pulsee is reduced by almost two orders of magnitude as compared to Figure 4-9. 

4.3.2.34.3.2.3 Correlation between the GP's energy release and the interval between GPs 
Nextt to the considerable variations in longitude, the GPs of the Crab pulsar show large 
variationss in the amount of power that is received: the signal-to-noise ratio (SNR) of the 
peakk of the strongest GP at 1405 MHz was -1600; this GP is shown in Figure 4-11. In 
comparison,, an SNR of only 0.003 was found for the peak19 of the average individual 
mainn pulses at the same sky frequency, a ratio of half a million! The ratio for this GP may 
welll  be rather exceptional; Sallmen et al. (1999) mention that the GPs that they found 
weree hundreds of times stronger than the average pulses, while they also observed at 
14000 MHz. The weakest GP detections were barely visible above the background noise. 

Inn this paragraph it is investigated if there is a relation between the received amount of 
energyy from a GP and the elapsed time since the previous GP, or till the next GP. Such a 
dependencee - or lack of it - can help with understanding the mechanism of the generation 
off  GPs. For instance a resemblance with the 'earthquake' model will indicate that there is 

199 The SNR of the peak of the main pulse of the accumulated profile was 42 (see Figure 4-16); the 
accumulationn was over ~105 periods and averaging was over 2000 50-ns samples. 
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aa constant source of energy, which is released at random intervals, while larger releases 
aree usually preceded and/or followed by longer periods without quakes. 

ave e 

--

--

--

P P 
0 0 
w w 
E E 
R R 

Singl ee perio d -  P =  33.49854 5 ms ,  file # 979 ,  afte r  1934. 7 s  an d 57,75 5 period s 
== 1  1405. 0 MHz -  ObsI D 19990026 8 -  sourc e 0531+2 1 N  =  78 5 sample s 

1 1 
..  J 

l l 
I I m m 

i i 

' i i [[  i 

0.325 88 0.325 9 0.32 6 0.326 1 0.3 2 6 2 0.326 3 0.326 4 0.326 5 0.326 6 0.326 7 0.326 8 0.326 9 

.200 0 0 

.180 0 0 

_1600 0 

_1400 0 

_1200 0 

_1000 0 

^80 0 0 

K600 0 

.40 0 0 

.20 0 0 

. 0 0 

PULSEE PHASE 

Figuree 4-11 the strongest giant pulse found in the multi-frequency observation was at the sky 
frequencyy of 1405 MHz. The peak has an SNR of-1600, about half a million times stronger  than the 

averagee main pulse of the Crab pulsar. The horizontal time resolution in this picture is 50 ns. 

Thee vertical axis of Figure 4-12 shows the net energy (in arbitrary units) received from a 
GP,, which is the integral over the duration of the pulse of the net power (i.e. the power 
abovee the average power level of the background noise). The horizontal axis shows the 
timee in seconds between the arrival of that GP and the next one; the shortest duration is 
thee length of a single period. The almost horizontal (blue) line shows the best straight-line 
fitt through the cloud of points. The fact that the line is near horizontal indicates that there 
iss littl e - if any - significant relation between the net energy and the time til l the next GP. 
Inn Figure 4-12 we see a maximum interval between GPs of ~18 s and a slope of 0.314, 
whichh give a variation of 5.6 in the net energy levels as compared to the average level of 
831.5,, a relative variation of-0.007. 
Iff  a plot is made where the horizontal axis is changed from "the time to the next one" to 
"thee time since the previous one" no significant change is found in the overall appearance 
off  the plot. 
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Figuree 4-12 the net energy (in arbitrar y units and on a logarithmic scale) of the GPs detected at 1405 
MH zz versus the time til l the next GP. The almost horizontal (blue) line is the best straight-lin e fit 

throughh the cloud of points. The plot is for  the GPs in the main pulse only. 

Thee following table gives these relative variations for the various sky frequencies, both in 
relationn to the time since the previous and til l the next GP for GPs in the main pulse. 

skyy frequency [MHz] 
382 2 
825 5 
1405 5 

avee  stdev 

sincee previous 
-0.07 7 
+0.33 3 
-0.2 2 

+0.022  0.2 

til ll  next 
+0.01 1 
-0.2 2 

+0.007 7 
-0.066 + 0.1 

Thee differences between 'previous' and 'next' are not significant and for these 6 cases 
togetherr the average relative variation is -0.02 , so it is reasonable to assume that 
theree is no noteworthy relation between the net energy of a GP and the interval between 
thee previous or the next GP. Another confirmation will be presented in the next 
paragraph. . 
Evenn though no overall correlation between the time between GPs and their strength is 
found,, Figure 4-12 seems to indicate that the strongest GPs tend to have shorter intervals 
andd the longer intervals are associated mainly with weaker GPs. However, the number of 
GPss in these two categories is relatively small and any firm conclusions wil l require 
furtherr research. It is tempting, though, to try a fit with polynomials of higher order than 
thee linear fit shown above. 
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4.3.2.44.3.2.4 Speculations about the duration of a GP 
Inn paragraph 9.1.1 a number of GPs are shown observed at three different sky frequencies 

andd their observed durations (-1000 us 
att  382 MHz, -50 us at 825 MHz and 
-100 us at 1405 MHz) are short as 
comparedd to the widths of the pulses 
fromm the accumulated pulse profiles 
(-2,, -1 and ~Vi ms at the same 
frequencies,, respectively). Their actual 
durationn may indeed be (much) shorter 
thann a period, or it could last for a 
numberr of periods and the only reason 
forr the observed short duration is 
becausee their beam of radiation (like the 
lightt beam of a lighthouse) is very 
narrow.. In the latter case, a series of 
GPss would be observed, i.e. GPs in a 
numberr of adjacent periods. In order to 
judgee the statistical significance of such 
aa series it is necessary to determine the 
distributionn of the number of periods 
betweenn GPs. To this end, all GP 
detectionsdetections in the observations at the 
threee aforementioned sky frequencies 
weree scanned and histograms were 
drawnn up. For the GPs in the main pulse 
thee results are displayed in Figure 4-13. 
Thee vertical axes are the number of 
occurrencess and the horizontal axes 
givess the number of periods between 
GPs.. The sum of all these occurrences 
off  course equals the number of (main) 
GPss in the observation. 
Fromm paragraph 4.3.2.3 we know that it 
iss likely that there is no 'memory' in the 
mechanismm that generates GPs. If 
indeedd the chance of an occurrence of a 
GPP in a given period is determined by a 
probabilityy C, then the probability C(N) 
thatt a next GP will be observed, after N 
periodss without a GP, is 

C(N)C(N) = {\-C)N  C (4.4) 
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Figuree 4-13 histograms of the number of 
periodss between GPs at the main pulse, 
comparedd with the negative exponential 
distributions,, at 382, 8255 and 1405 MHz. 

|20> > 
Thiss is a (normalised ) negative exponential distribution, and the probability C can be 
determinedd from 

Normalisedd in this case means that the value of P(N) goes to unity for N going to infinity. 
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withh A the average number of periods between GPs. 

Thee table gives the number of GPs and the 
averagee number of periods between GPs for 
thee three sky frequencies. 
Afterr calculating the probabilities C and 
multiplyingg the normalised distributions by 
thee number of GPs we get the expected values of the number of occurrences, assuming of 
coursee that the initial assumption of a single probability C is correct. The drawn (red) 
liness in the three panels of Figure 4-12 show these expected values and show the good 
matchh between the observed and the expected number of occurrences. The X2 goodness-
of-fi tt test with 10 bins21 (9 degrees of freedom) gives values for X2 of 5.91, a significance 
levell  of 75%, for 382 MHz; of 6.16 with 72% for 825 MHz and 10.5 with 31% for 
14055 MHz. All three considerably better then the usual 5% below which the fit is 
rejected. . 

Thee chance of finding a series of n GPs at a given period can now be calculated from 

S(n)S(n) = C (4.6) 

Thee total expected number E(n) is then the product of S(n) and the number of periods 
NperNper in the observation. For an observation with duration Tobs (= 3300 s) and pulsar 
periodd P (— 33.5 ms) E(n) is given by 

E(n)E(n) = C  Nper with Nper = Tobs / P (4.7) 

n n 
2 2 
3 3 

3822 MHz 
actuall  expected 

22 4.4 + 2.1 
00 0.03 7 

8255 MHz 
actuall  expected 

266 21 5 
00 0.3  0.6 

14055 MHz 
actuall  expected 
211 20 4 
00 0.3  0.5 

Thee table shows the actual and the expected number of series of 2 and 3 GPs in 
successionn for the three sky frequencies. Again there is a good match between the 
observedd and the expected values, with all actual values but one within 1 cr of the 
expectedd values. 

Fromm the results of this paragraph and the previous paragraph, it is reasonable to conclude 
thatt giant pulses of the Crab pulsar occur independently of each other. In other words, 
theree is no memory in the system and the chance of finding one in a period is governed by 
aa single probability. Furthermore, it is found that the chance of two GPs from the Crab 
pulsarr immediately following each other is consistent with what is expected from arrival 
timess according to a negative exponential distribution. Hence there is no support for the 
assumptionn that the duration of a GP is longer than a single period. 
Thiss result is in line with the findings of Lundgren (1994), who found that the time 
separationn distribution for giant pulses from the Crab pulsar is consistent with a Poisson 
process. . 

211 Because of the long 'tails' with hardly any entries, the actual and theoretical distributions were rebinned to 
100 bins with roughly equal amounts of samples in them. 
222 The standard deviation equals the square root of the average for a negative exponential distribution. 

skyy freq. [MHz] 
382 2 
825 5 
1405 5 

#GPs s 
658 8 
1457 7 
1406 6 

AA periods 
149.2 2 
67.6 6 
70.0 0 
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4.3.33 Multi-frequency Observation of the Crab pulsar 
Afterr consultations with Hans van Someren Gréve of ASTRON (who made some 
adjustmentss to the telescope control software) it proved feasible to organise the array of 
telescopess differently from the usual tied-array configuration - a WSRT-novelty. 
Inn the new set-up the array of 14 radio telescopes was split into a number of sub arrays, 
eachh tuned to a different sky frequency. The flux of the received pulses decreases with 
increasingg sky frequency (according to a power law) and the different receivers have 
differentt sensitivities (system temperature). For a comprehensive discussion on the 
subjectt of sensitivity, please refer to the article "Flux density determination of a pulsed 
signall  in a tied-array observation" (see chapter 5). 
Inn an attempt to give the sub arrays comparable sensitivities, different numbers of 
telescopess were allocated to each. For the following observation of the Crab pulsar we 
hadd three sub arrays, tuned to 382, 825 and 1405 MHz with 3, 6 and 5 telescopes 
respectively.. The lower two frequency frequency bands were observed with one of PuMa's identical 
halves,, each with 5 MHz bandwidth and a sampling interval of 100 ns, while the full 
100 MHz of the 1405 MHz band was sampled in the other PuMa half at 50 ns. All samples 
weree taken with 2-bit digitisers. The observations were started at the same moment in 
timee and lasted for 3300 seconds. The ephemeris from Jodrell Bank was used to generate 
aa list of pulsar periods at 5-second intervals. 
Forr the three parallel observations the following settings for PuMa and the off-line data 
reductionn were used: 

1.. observation id 
2.. observation id 
3.. observation id 
duration n 
date e 
## of bits/sample 
periodd at start 
periodd at end 

199900267b b 
199900267mi i 
199900268 8 
33000 s 
55 May 1999 
2 2 
0.033498540538 8 
0.033498547198 8 

codedii  frequency 382 MHz 
codedi i 
codedi i 

s s 
s s 

frequencyy 825 MHz 
frequencyfrequency 1400 MHz 

startt time 
# o faa fordigitiser 
## of radio telescopes 
dispersionn measure 

bandwidthh 5 MHz 
bandwidthh 5 MHz 
bandwidthh 10 MHz 

12:25:300 UT 
2 2 
33 + 6 + 5 
56.791 56.791 

Thee differences in pulse arrival time between the three bands, due to dispersion in the 
interstellarr medium (DM = 56.791), are 

betweenn 382 and 825 MHz 
8255 and 1405 MHz 
3822 and 1405 MHz 

1268.5299 ms 
226.8288 ms 

1495.3577 ms 

Withh a pulsar period of -33 ms, the longest delay corresponds to some 45 periods. The 
dataa of each of the three bands were coherently dedispersed and the resulting time series 
searchedd for detections of giant pulses, i.e. when individual peaks or the skewness exceed 
certainn thresholds. The last step was a search through these detections to find giant pulses 
thatt occurred in all three detection lists, after compensating for the different arrival times. 
Thesee coincidences can be used to: 

1.. Determine the actual DM 
Thee remnants of the supernova explosion in the year 1054 are veils of ionised gas, 
whichh give rise to DM fluctuation at a timescale of hours. The differences in pulse 
arrivall  times are directly proportional to the DM. 
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2.. Determine the spectral index a of the GPs 
Thee dependence of the received flux on the frequency can be described by a 
power-law,, where Flux oc Freqa . From the ASCAT1 (Taylor et all, 1995) 
catalogue,, with fluxes at 400, 600 and 1400 MHz, a value for aof-3.1 can be 
determined.. The stated flux at a certain frequency is the combined flux of the 
mainn pulse and the interpulse; this is relevant because the a for the main pulse and 
forr the interpulse are different. The individual sensitivities of the three bands can 
bee determined by this a, together with the fluxes of the accumulated profiles of 
thee three bands. By averaging the ratios of the fluxes of coincident giant pulses, 
togetherr with these sensitivities, the spectral index of the giant pulses e%, can be 
estimated.. Sallmen et al. (1999) found 29 coincidences while observing giant 
pulsess from the Crab pulsar at 600 and 1400 MHz and indicated a range for the 
OgpOgp between -2.2 and -4.9. 

3.. Study the broadband emission of GPs 
Itt is generally believed that giant pulses, like ordinary pulses, typically have 
emissionss over a wide radio spectrum. Cornelia et al. (1969) found emissions at 
744 and 111 MHz, Goldstein & Meisel (1969) covered 112 and 170 MHz, Heiles 
&&  Rankin (1971) observed at 111 and 318 MHz, MofTet (1997) found 
coincidencess at 1.4 and 4.9 GHz, while Sallmen et al. used 0.6 and 1.4 GHz. 
Farr less information is available to check its validity for individual giant pulses, 
thoughh Sallmen et al. found substantial variations in the ratios of the fluxes at 0.6 
andd 1.4 GHz. 

4.. Study systematic and random differences in arrival time 
Itt is possible that, after compensating for the correct DM delays, systematic 
timingg differences will be found. If these differences cannot be attributed to 
artefactss of the receivers or the software, they may yield some insight into the 
mechanismm of the generation of GPs. Apart from systematic differences, some 
randomm variations in arrival time differences wil l be found. Those variations may 
bee caused by inaccuracies in the determination of the arrival time due to the 
differencess in the shapes of the GPs, or can be inherent to the mechanism that 
producess the GP. 

Somee results from the three parallel observations: 

MHz z 
1405 5 
825 5 
382 2 

## detections 
1534 4 
1621 1 
942 2 

#main n 
1406 6 
1457 7 
736 6 

#mainn  #inter 
13.7 7 
10.0 0 
5.4 4 

## inter 
103 3 
145 5 
136 6 

## other 
25 5 
19 9 
70 0 

Thee relatively high number of 70 false detections at 382 MHz is largely due to the high 
levell  of interference from earthbound sources. 

Notwithstandingg the substantial number of GPs, only 283 coincidences were found at all 
threee sky frequencies, of which 250 in the main pulse and 33 in the interpulse. Though 
thiss seems a small number, it is an order of magnitude larger than found by Sallmen et al. 
att only two sky frequencies, indicating that the combination WSRT - PuMa is working 
well. . 

Whilee the time series were scanned for giant pulses, the profile of the pulsar was 
accumulated.. This profile can be used for calibrating the sensitivities of the receivers at 
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thee various sky frequencies. The surface area between the accumulated profiles (main and 
interpulse)) and the horizontal line that corresponds with the off-pulse average is 
proportionall  to the amount of energy received. Dividing this by the width of the pulse, 

yieldss a quantity proportional to the flux. 
Forr the lower two bands the bandwidth 
wass only 5 MHz and hence their fluxes 
mustt be increased by a factor V2 for 
comparisonn with the flux of the 10 MHz-
widee band of the highest frequency. The 
relativee sensitivities of the receivers can 
noww be determined in such a way that the 
fluxx ratios correspond with an «of-3.1 
off  the catalogue. The sensitivities depend 
mainlyy on the number of telescopes in the 
subb array and the system temperature of 
thee receivers at each of the three sky 
frequencies.. The relative sensitivities that 
weree found are 382 MHz: 1.0, 825 MHz: 
10.33 and 1405 MHz: 23.1. In the 
calculationn of the spectral index for the 
GPss the factor V2 (from half the 
bandwidths)) plays no role as these pulses 
aree received with the same limited 
bandwidths. . 

Thee three panels of Figure 4-14 show the 
accumulatedd pulse profiles at the three 
skyy frequencies. The horizontal axis 
showss the pulse phase between 0 and 1. 
Colouredd markers indicate the peak and 
edgess of the main pulses (cyan) and 
interpulsess (magenta). The position of the 
pulsess in these graphs is determined by 
thee relative phase at the start of the 
observation.. The vertical scale is 
proportionall  to power, and in arbitrary 
units;; however, all graphs in this thesis 
aree based on the same units. The 
averagingg used to smooth the profiles is 
indicatedd in the top left corner of each 
graphh and refers to the number of bins. 
Thee smoothing method used is based on a 
'movingg average'. The total number of 
sampless is shown in the top right corner. 

Inn these panels it indicates the number of bins in the accumulated profile with 100 ns 
samplingg interval (382 and 825 MHz) and with 50 ns sampling interval (1405 MHz). The 
numberr of samples for averaging was chosen such that there was just no visible widening 
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Figuree 4-14 the accumulated pulse profil e of the 
Crabb pulsar  at 382, 825 and 1405 MHz. 
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off  the pulses. A comparison with profiles from the EPN database23 (European Pulsar 
Network)) showed that all profiles in the panels of Figure 4-14 have narrower pulses, 
indicatingg the proper functioning of the coherent dedispersion and profile accumulation. 
Thee profiles at 825 and 1405 MHz show a dip in the off-pulse noise on both sides of the 
mainn pulse. This is not intrinsic to the profile but an artefact of the receivers at WSRT. It 
iss caused by automatic gain controls (AGCs) in the signal path. The AGC time constant is 
approximatelyy 1.5 ms, close to the dispersion smearing. The latter is 4.2 and 1.7 ms 
respectively;; short enough for the AGC to respond to the increase in power. See appendix 
AA of the PuManual for more information. 
Figuree 4-15 shows the flux ratios for the three combinations of the sky frequencies for the 
2833 GPs that were found in all three the time series. The horizontal axis is the sequence 
numberr of the coincidence, with main pulse GPs first. The vertical axis is logarithmic to 
coverr the whole range of ratios. The coloured horizontal lines mark the average of the 
cloudd of points of the same colour. Although these lines correspond well with the spectral 
index,, this is certainly not the case for the individual giant pulses. This suggests that the 
powerr of a given GP is at least irregularly spread over the spectrum on a scale of 
hundredss of MHz. An indication of the distribution of power over a range of only a few 
MHzz is presented in appendix 9.1.2. It is remarkable to see by how much the shape and 
thee polarisation of a given giant pulse change over such a relatively small frequency 
range. . 

Flu xx  ratio' s  o f  coincidin g Gian t  Pulse s (25 0 main ,  3 3 inter)  g  382 ,  82 5 an d 140 5 MHz 
MultiFreqOb ss  -  ObsID s 267/26 8 -  sourc e 0531+2 1 N  =  28 3 coincid . 
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Figuree 4-15 the flux ratios of the 250 main pulse GPs and 33 interpulse GPs that were found in the 
observationss at 352, 825 and 1405 MHz. The vertical lines mark the four  cases that are shown in 

Figuree 4-16. 

23 3 Thee EPN database can be found at http://www.mpifr-bonn.mpg.de/div/pulsar/data/browser.html. 
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Thee clouds of points in the figure also show that the variations in flux ratios are large, as 
illustratedd by the value of the standard deviations of the individual cases: 

825/14055 - 3.8  1.8 382/825 - 11.6  6 382/1405 - 44  32 

Withh 283 coincidences the standard deviations in the average ratios are V283 smaller: 

825/14055 - 3.8  0.1 382/825 - 11.6  0.4 382/1405 - 44  2 

Withh curve fitting the best power-law curve through these three points was determined; 
thee resulting %, was found to be -2.9  0.2, in good accordance with the ASCAT1 
cataloguee and well within the range (-2.2 and -4.9) found by Sallmen et al. It was rather 
rewardingg that the combination of PuMa with WSRT allowed such a good determination 
off  the Ogp. 

Thee large power variations and given that coincidences were sought in all three bands, 
mayy well explain why not more coincidences were found. When the search is extended 
forr coincidences between just two frequencies, the following additional coincidences are 
found: : 

825/1405:: 664 382/825: 188 382/1405: 4 

Thee reason why there are less extra coincidences when 382 MHz is in the combination 
(selectionn effect?), needs further research. 

Inn determining coincidences the following points were considered, along with the 
expectedd DM delays: 

a)) At WSRT the differences in signal propagation times (cable lengths, filters etc.) are of 
thee order of a few nanoseconds. 

b)) The sampling of the lower two sky frequency bands was done with 100 ns interval and 
thee higher frequency band with 50 ns, introducing a net offset of 25 ns. 

c)) The DM at the time of the observation may be different from the commonly used 
value. . 

d)) The arrival times were determined from the peak of each GP, after averaging over 
20000 samples. The peak, however, has an offset - the rise time - relative to the onset of 
thee GP. Particularly the rise time at 382 MHz of-60 (is may cause some 
misalignment. . 

Thee averages and the standard deviations were determined of the remaining differences 
betweenn the arrival times. Initially the same DM as for the coherent dedispersion, i.e. 
56.791,, was used, but this left some residuals in these differences. By varying the value of 
thee DM, these residuals could be minimised and the optimum was found for a DM of 
56.7866,, just 0.0044 lower. Of course there is always a value for the DM that minimises 
thesee differences. In view of point d) above, however, a better way of pinpointing the 
onsetss of the GPs is required before the best estimate of the DM can be made. 

Thee remaining average residuals over all 283 coincidences (systematic offsets) were: 

betweenn 382 and 825 MHz -21 us, 
betweenn 825 and 1405 MHz +21 u.s and (of course) 
betweenn 382 and 1405 MHz 0 us. 
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Ass well as these fixed offsets, some timing noise was found, expressed here as the 
standardd deviations for the above averages: 

betweenn 382 and 825 MHz 55 us, 
betweenn 825 and 1405 MHz 46 us and 
betweenn 382 and 1405 MHz 46 us. 

Sallmenn et al found values (-100 us) that are of the same order of magnitude. 
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Figuree 4-16 four cases of coincidences with flux ratios that show large deviations from the power-
law.. The bottom right panel is a horizontal zoom-in and shows a residual in the arrival time of the 

GPP at 382 MHz relative to the arrival times at the two higher frequencies. 

Fourr of the 283 coincidences are marked in Figure 4-15 as they show some of the larger 
deviationss from the typical power-law relation between the fluxes and frequencies. The 
followingg table lists these deviations; a value below 1 means that the GP at that frequency 
iss weaker than expected from the power-law. The same cases are also shown in the four 
panelspanels of Figure 4-16. 

case e 
140 0 
153 3 
226 6 
229 9 

3822 MHz 
0.20 0 
1.50 0 
0.19 9 
2.7 7 

8255 MHz 
0.38 8 
0.30 0 
1.2 2 

0.88 8 

14055 MHz 
13.2 2 
2.2 2 
4.5 5 
0.41 1 
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Inn case 140 the GP at 1405 MHz is exceptionally strong (top left panel). Case 153 has a 
veryy weak GP at 825 MHz (top right). Case 226 (bottom left) has a weak GP at 382 MHz, 
aa normal one at 825 MHz and a strong one at 1405 MHz, while in case 229 (bottom right) 
itt is just the other way around: a strong GP at 382 MHz and a weak one at 1405 MHz. On 
thee whole, the GPs in the two left hand panels are very strong as can be judged from the 
off-pulsee noise levels. The bottom right panel is a horizontal zoom-in and shows an 
examplee of the residual difference in arrival time between the lower and the two higher 
frequencies. frequencies. 

Onee may speculate about the nature of the large deviations from the power-law relation of 
thee powers of the coincident GPs at the three sky frequencies. On the one hand they may 
welll  be an aspect of the process which generates the GPs, on the other hand they could be 
causedd by scintillation. Scintillation can be seen at several sky frequencies within the 
100 MHz wide WSRT bands, where over intervals of many minutes substantial parts of the 
bandwidthh may show no detections of the pulsar signal. Follow up research may indeed 
showw that for instance the relative weakness of a GP at a given moment and at a certain 
skyy frequency coincides with less or no detection of the normal pulsar signal. 
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