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Figure 4.9 The mean (corrected) ages of showers falling within 30m of the array centre (32 

detectors, un-leaded) are shown plotted against shower size for 4 zenith angle ranges ( refer to 

labels ). The shower size is in particles for the equivalent shower inclined at 20* to the 

horizontal, which corresponds to an atmospheric depth of 1083 gcm'^.
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A decrease in shower age with size might be expected from simple arguments 

concerning the development of the shower. Showers with larger size tend to reach their 

maximum lower in the atmosphere as the particles need to penetrate more atmosphere 

before reaching critical energy. This reasoning is supported by results of Monte Carlo 

simulations made by Fenyves (1985) which show that the mean age of showers 

initiated by primaries of energies 1015 eV and 1016 eV (resulting in showers at sea level 

of ~105 and 1.6xl06) are 1.33 and 1.26 respectively. Simulations by Cheung and 

Mackeown (1987) also predict a decrease in age with shower size.

There are also reports of age increasing with shower size. Abduhllah 	����  1981 

making measurements with the sea level array at Durham quote ages of ~1.16 and 1.32 

for vertical showers of sizes 2.5x10 5 to 5xl06 and 5xl06 to 5xl07 respectively after 

allowing for the variation in collecting area of their array with shower age and size. It is 

suggested that this change may be due to change in primary composition at the knee in 

the primary spectrum. Simulations by Bray 	�� ��  ( 1964) show that the expected 

density at the core of an air shower is proportional to the energy per primary nucleon, 

whereas the the total number of particles in the shower is proportional to the total energy 

of the pimary. Thus a shower produced by a large nucleus would appear to have a 

flatter Idf. However, Abdullah 	��� �  also acknowledge . the fact that the observed effect 

could be due to the increase in the mean distance at which density measurements are 

made for large showers. Khristiansen 	����  (1981) made detailed measurements of 

the ldf of electrons using Geiger Muller tubes, thus greatly reducing problems due to 

transition effects in scintillator measurements. These studies showed that the mean ldf 

varies little over a large range of shower sizes from ~7xl04 to ~2xl07 particle. The 

variation in the steepness of the showers with core distance, however was still 

observed.

The results of measurements of the variation of age with shower size are 

somewhat contradictory. Much of the disagreement between experiments may be 

attributed to different analysis techniques, and more importantly detector configuration 

and shower selection. The type of detector will also affect age measurements due to the
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Figure 4.13 Comparison o f the age parameter measured with lead covered and un-covered�

detectors. The mean ages o f vertical showers with cores lying within 30m of the array centre�

are shown plotted against S(50).
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normalised to a fixed atmospheric depth. Referring again to Figure 4.9, there does 

indeed appear to be a weak zenith angle dependence for the largest shower sizes, with 

showers at large zenith angles appearing slightly older. This difference is difficult to 

quantify at fixed shower size. That showers at large zeniths appear older than vertical 

showers of the same size is to be expected as they have been further attenuated by the 

additional atmospheric absorber that they have penetrated. The measurements by 

Gerhardy (1983) using the Buckland Park array also show an increase in age for 

showers at large zenith angles, the change corresponding to 0.13 per additional 

attenuation length (~185gcnr2) penetrated. M iyakeefa/. (1981) also report a 

change in age with zenith angle at an atmospheric depth of 735gcnr2 being 

approximately linear with change in effective atmospheric depth of observation. The 

change they report, however, is very much smaller than that reporfefhjGerhardy at only 

~0.06 per attenuation length.

83!!� �� � #0� �� � �5 � ����1 � �� �#� $&��&"5%&��� � �7  "� "%�+ #"� �"$� )*� � )  

&"&�&�� $� ���

Certainly the single most important claim for emission of PeV y-rays from a point 

source was the detection of Cygnus X-3 by the Kiel Group ( Samorski and Stamm 

1983). This observation acted as a catalyst to many people working in the field at the 

time to initiate point source searches in their data. The reported dc signal at a 

significance level of 4.4a was observed in showers whose measured age was greater 

than the median (1.3). It was believed that y-ray induced showers would appear older 

than hadron induced showers which are continuously rejuvenated by the subcascades 

generated by the primary as it penetrates deeper in the atmosphere, its original direction 

little altered. Confirmation of emission from Cygnus X-3 followed shortly from the 

Haverah Park group ( Lloyd-Evans etal. 1983), but no age cut was made in this data 

set. Since these initial observations, a number of other groups have imposed a high age 

cut in their data in order to favour y-rays and hence improve signal to noise ratios. In
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Cygnus X-3 are due to particles other than y-rays. Certain limits would be imposed on 

the nature of such particles: they must be neutral so as to remain undeflected by the 

galactic magnetic field, and be sufficiently stable to survive the journey from the source- 

this excludes neutrons at this energy which would have a mean lifetime at these energies 

( taking into account relativistic time dilation) of lxlO9 s compared to the journey time 

from Cygnus X-3 and Vela X-l of 5xlOu  s and 2xlOn  s respectively. Upper limits 

are also placed on the mass of the particles ( Hillas 1984) by the fact that they retain 

timing information. Dispersion in arrival times would be expected for massive particles 

travelling at speeds less than that of light, if these particles are not mono-energetic. 

Consideration of the spread of velocities of particles of various masses leads to an upper 

limit of 0.2 MeV for the mass of the particles to retain the modulation in signal at the 

12.6ms pulsar period observed at TeV energies from Cygnus X-3. If only the 

modulation at the 4.8 hr period is to be believed, then this upper limit is increased to 

60 MeV Neutrinos are also excluded as they would not interact in the upper 

atmosphere. There is little choice left, therefore, but y-rays. (iii) that the observed 

'signals' at PeV energies are simply statistical fluctuations in the background. There is 

certainly some support for this view (Chardin and Gerbier 1989), and the lack of 

confirmation of observations by other experiments coupled with poor statistics and 

confusing and often contradictory cuts made in data ( age being one of them )serve only 

to increase skepticism, (iv) that age cuts actually represent cuts in other shower 

parameters such as shower size - this has already been discussed with reference to 

Adelaide's Vela X-l result. Another, less likely possibility is that selecting older 

showers favours those observed at large zenith angles. This would affect the phase 

analysis of sources. In particular, if the source has a period which divides almost 

exactly into 1 sidereal day (eg Cygnus X-3, P«l/5 day) or is almost an integer 

multiple of a sidereal day (eg Vela X-l, P=9 days), then the period during which it 

was at large zenith angles, close to the limit of the arrays acceptance horizon, would 

occur at approximately the same time in its orbital period. Finally it is possible that the 

angular resolution of events is better for older showers. This being the case, eliminating
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account for the difference in solid angle of collection of off- and on-source events

>(�Y��4#"Z0�?#00 ...Eqn 5.3

Generally, V<Nb> is taken to be the Poisson uncertainty in the number of background 

events in the on-source bin and results are quoted as's /  V<Nb> sigma results'. These 

quoted levels of significance, however, fail to take properly into account the 

uncertainties in the calculated expected background rate which are a consequence of 

Poisson fluctuations in the total number of off-source events, Noff. These uncertainties 

are important in the case where the off-source collecting solid angle, and hence N0̂  ,is 

small.

An appropriate method of calculating the significance of a signal taking into 

account both the Poisson fluctuations of the background in the signal bin and the 

uncertainty in the mean background was found by Li and Ma (1983). They point out 

that if X is the ratio of the likelihoods of the null hypothesis ( the apparent signal being 

due entirely to background fluctuations) to the likelihood that all of the apparent excess 

is associated with a genuine source, then -21nX, follows a y} distribution with 1 degree 

of freedom. They go on to derive an expression for X using Poissonian statistics and 

give the significance of a signal, S as:

S = VTj Non In
Non ^l + a |

a  vNon+Nd ] +N<"r,n[(1 +  a )
N,off

 ̂N0n N0fr /_
.Eqn 5.4

where the result may be quoted as an 'S standard deviation' result. In the case of the 

null hypothesis being true, S has a Gaussian distribution with mean of 0 and a standard 

deviation of 1. Thus the chance probability of a given observation, in the case of an 

excess of events in the on-source bin is obtained by integrating over the Gaussian 

distribution function in the limits S -> <». Consequently, the ideal method of source 

searching will maximise the signal to noise ratio by increasing the useful observational 

time of the experiment and by maximising the solid angle over which off source events 

are collected. This Chapter describes two methods for assessing the background. 

Section 5.1 describes the 'dec strip' method where the background events are accepted 

in a narrow strip in declination centred on the source. This is the most widely used



!!'

�����������������������������"����������/�1�����3 ���������� ��������7�4���������������

F�1G�������F�������� ����������������"������� �������������������������� ������G������

������� ������������� �������������������� !��������������������������F�G�������F� ����F����

���� F�������������������������������"��������������������������������7�5�

7�%� !��� F���� � ��� F� � ������ ��� ������� ���������

C�6���������������������� ������+������3�� ��+�����������������������������':*�����

.����� ���������� '.1*� ��� ����������� 1:� ����1.1� ���� ������� � �� ������ ��� ��� ����

�����������+:�+���� ������ ���������+.1�+� ������� ���������� �������� ������� ����� ����

��������������"�����������������.1������

1.1�N�17V���7� ���/��7�7

!������"���������������������� ��������������������������������������������������������

������� �������������� ��� �����������������1.1+�41.1��������������������������� �������

'B������ 7�%*�� !���+� ���� ������ ������ �������� ���� ������� ���� ��� ������ ��� ����� � ������

��6����������+��������������������6�������������6����������������������������������������

��K

� �N�%V�� �K�/���7�;

!������������������������������������������"����������������������������������������+�

�������������3�����������������������6������������

7�%�%���-?1$�!C�?C��/�.1!�C��/�/?�/?2/�C?���?���E/� �

B�������������������������������������"������+������� ������������������������������

������G��� !������ �����B������7�4������������V?�������������������������������������������

������������������������������ ������ ��������������'�*������������������������������������

!��� ��������� ��"��� ��� ��� ���� �������� ������������� ��� ���������������� ����������� ������

���"�������������� ��%������� �������������������4� !����������������������������������K



113

B������ 7�%� �������� ������� ��� ����F���� ���� F� ������� ���������� ����������� ����� ���� ���

����������� 1��3�1.1�� C�6������� ������� ���� ������������ ��� ���� �������� ���� ������

���6��������������������������������� �������������������� 1�������� ���������������������

���������G�����������G�������������������������������������������



!!8

Let x and y be the angular distance from a given source position in two perpendicular 

directions. If x and y are Gaussian distributed variables, each with standard deviation, 

a, then the probability that the event will lie in the square region x—>x+dx and y—>y+dy 

is given by:

P(x—>x+dx,y-»y+dy)=
'Í2kG

exp
f  2  \  V

~~2 àx
V 2 G J  A '{2kg

exp
f  ^

^ 2a2;
dy ...Eqn 5.7

Thus, if there are a total of Ns source events, the expected number of events attributable

to the source within a square bin of width a centred on the source is given by

Nc a/2 (  2 \ a/2 (  2 \
exp

-a/2
y

< 2a2 >
dy ...Eqn 5.8

2kG

These two integrals are calculated numerically.

For a circular bin, the integral is solved by a change to polar coordinates. The 

probability that an event from the source will be observed within an infinitesimaly thin 

annulus of radius r and width dr is given by

P(r-»r+dr) = —^-rx  27t r exp 
2 k  c r

< i }

� � '�'O
dr ..Eqn 5.9

so that the expected number of events within a circular bin of radius r' centred on a 

source of strength Ns is given by the integral of this expression between the limits 0 and 

r. This integral is found analytically and is given by:

s = 1 -  exp< r2 ^

+ � '�'
..Eqn 5.10

In both cases it is assumed that the source strength is Ns = 1 in obtaining the graph in 

Figure 5.2. The optimum bin sizes for which the S/N is maximum along with the 

percentage of Ns included in those bins are given for circular and square bins in 

Table 5.1. The S/N ratio falls off more slowly for bin sizes greater than optimum than 

for those less than optimum and it is therefore better to choose bins that are slightly 

larger than optimum in cases where the exact width of the p.s.f. is uncertain.
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Figure 5.3 Comparison of the largest ( A5 = 4.66*) and smallest ( AS = 1.37*) square 

bins used for source searches after Bloomer (1990). The width of the bins in RA is given 

by AS / cosS.

Figure 5.4 The 'shortened sidereal day'. Events are only excepted with zenith angle less 

®max and hence in the time interval between the rise of the leading edge of the search 

strip rising above the 0max horizon ( T ,^  ) and the trailing edge of the strip setting below 

this horizon ( Tset ).



!!;

���� ?_���N�O ? k ��� H/��7�%4
�N�

������������������������������������������ ��� �����������+������ ����������������������

�������������������������������������������������������������������������

7�%�5� A/!,C���CB�-#1.1?!//�?-�/I#1$�/0�C�#./��?�C?6�1?��

CBB6�C#.2/���?�

!���� ������� ���� ������ �3 ������ ��� ���� ����� ������ ��� ��� ����� ���� �3 ������

���"��������������������������������� ���������������������������������������� ���������

������ !������������������ ������������������"������������������ �������������6� ����

���6�������������������� C��������������������6�������������������6����� ����������������

�������������������������������������������3 ��������� ����������������������������������

�3 ������������������������ ,���������������6��6�����������������������������������������

���������������������������������������������������"�������� -����6����������������

������������ ����������� ��� ������ ���������K� ������ ����� ����� ������� �����,���06�+� ����

�3�� ��+��������������������������������������������������������5�����%<<���������

'�����2�� ����;*�� ������������������ ������������������������3 ��������������������������

������������������������������������������������������������������������������������������������

����� �������� 1�G�������������������������������<��3���������������� ������ 	�����������

����� ����������������������������3 �������������������������������������������������������

���������������������������������������������������� ���� ������������������<��3�����+�

!����+��������� ����������������������������<��3+�!����' B������7�>*� ����������� ����������

����������������������� ����� !����������������������������������������� �����



!!<

7�%�>� /I#1$�C?6!�A/�A/!,C�

B�����������+��+�����������������������������������������������������+�!����+���������

����+�!@O%+������������������+�!@���� ������������������6������������� ������������������

!@����������������������������������������������� !����������+����������������������������

����� ���� ��������� ����� ������ ���� ������ ����G��� ���� ���� ����� ������� �������� ��� ����

 �������������+���������������������������3 ������� !�������������� ��������������������

��������� ��� ����-./0� ������ ��� �� ������� ��������� � ��G������ �������������� ��� ���=<��

,�������������������������������������������������1!+����������<@� ������������������������

����������������+�?@���������K

?@� 1!����=X̂ � ���/���7�%5

�������������������<4�����������?4����������������K

?4� 1!����=<G� ���/���7�%>

���<4�(�<4������?@� W�?4���������������������������������%��������������������������4�� !����

���������������������������������������������������������6����������������� 2������������

��������������������B������7�7�� !�����������������������������������!^��������������������

����������������������������������� �B������7�7'�*�� ����������������������������������������

������<��3+�!4+������������������������+�B������7�7'��*�� 1�������!5+����������������������

������������+������������������������"���+�B������7�7'���*�� B�������������������������������

��������!>���������������������������+�B������7�7'��*�� ��������������+�������������+����������

����� ����� ����� ���� ����� ��6������ ���� %+� �������+� ����� ����� ������ ��������G������

�������<@����<4���������=����������������<5����<>��������������������������������� !���

���� ����� ����+� ���������+� ����������������3 �������� !��� �������� ������������� ����������

!��� ���"������� ���������� ��� ����� ���� ����� ��� ��  ���� ��������� ������� ���"�������

������������� ������� ��6������� ���� ������������������� ������������� ��������������������

	���� ��������� ����� ����� ����+� �������+� ����� ������� ��� ����"���� ��� ���������� ��

�����������������������������

1��������� ����������������������������������������������� ��������6���������



120

Figure 5.5 A typical day in which the demand for equal on-time in all bins does not lead to 

equal exposure across the whole strip. The array is on for the whole sidereal day except for 

a short period between T2 ( fig. (ii)) and T3 ( fig. (iii)) during which all bins are above 

the 0max horizon.

?�?�@ 1 **/
% • /

\  « /\  ' ♦
•y

Figure 5.6 Equal exposure in all bins is guaranteed by only accepting events with hour 

angles in the range HAmin to HAmax, the hour angles of the leading edge of the search 

strip at array turn on and that of the trailing edge at turn off respectively.
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same exposure in each bin. The differences in turning on times of consecutive bins is 

simply the width of the bins in RA.

5.2 Azimuthal Method

The new method for calculating the cosmic ray background which will henceforth 

be refared to as the azimuthal method was developed in an attempt to maximise the solid 

angle of collection for off-source events and hence reduce the uncertainty in the 

background. This is particularly important in searches for signal enhancements on the 

time scale of a day or so, when the background rate leads to a large relative uncertainty 

in the determined value of that background. Such searches are currently seen as very 

important search strategies due to the transitory nature of sources which has already 

been mentioned. On-source events are collected in a bin centred on the source: it is 

computationally easy, unlike in the dec-strip method, to use a circular bin which leads to 

a small improvement in the signal to noise ratio over using square bins of about 2%. 

Off source counts are accepted in a strip of width equal to the diameter of the on-source 

bin in zenith angle and 360° in azimuth. Each off-source event is normalised to the 

on-source bin by correcting for the difference in solid angle of the on-source bin and that 

of the annulus (less, of course the area of the on-source bin) for collecting off-source 

counts. Figure 5.8 illustrates the technique. Events from within the circular bin 

surrounding the source direction, ( 0S,<J>S) are accepted as on-source events. Those 

showers whose directions lie in the remaining solid angle between zenith angles and 

02 constitute the off-source events. For each off-source event, A<J);, the difference in 

azimuth of the two points at which the line at constant zenith (equal to the zenith angle of 

the event) bisects the on-source bin is calculated. The expected contribution of the 

background to the on-source bin is given by:

This method has a number of advantages over the dec-strip method: (i) On-time is

...Eqn 5.15
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Figure 5.9 (i) and (ii) The height of detectors above a horizontal plane through 15 and 16 

is shown plotted against the x and y coordinates of the detectors
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and the phase \|/j by

\if: = tan �  — ] ± ̂  ...Eqn 5.20
J = 0� � $

The quoted errors only being appropriate in the case of (r2N /4 )» l as is the case 

for this data set

The amplitude and phase of the 1st and 2nd harmonics for the whole data set of 7 

million showers are as given in Table 5.2. Both harmonics are highly significant It 

may be expected that these harmonics vary in amplitude and possibly direction with 

zenith angle and size of showers. To test this, showers were binned in equal increments 

of ln[s(50)] and secQ. It is found that the azimuthal distributions of events are 

complicated functions of both zenith angle and shower size. The results are summarised 

as follows.

A) Variation of the first harmonic with zenith angle and shower size.

It is found that for very small showers of all zeniths, the amplitude of the first harmonic 

r lf decreases from -4% for showers of S(50) = 0.5m-2 to -0% for showers of 

S(50) = 1.6m-2. The maximum sensitivity for showers of this size is to those from the 

South. For showers with S(50)>1.6m*2, rx increases with size to a maximum of 

-10% for showers of S(50)>5.8m*2. For these showers, the peak is in approximately 

a northern direction. These changes, then, can be seen as a gradual reduction in the 

sensitivity to showers from the South compared to those from the North with increasing 

shower size. r t is shown as a function of shower size in Figure 5.11 (i). Harmonics 

with the peak in the South are assigned negative amplitudes. Figure 5.11 (ii) shows the 

phase of the peaks as a function of shower size.

As the mean size of showers varies with zenith angle, it is useful to describe the 

zenith angle dependence of the 1st harmonics for showers with narrow size ranges:

(i) large showers. For large showers with S(50) ;  5m’2, the amplitude of the first 

harmonic is approximately constant at -11% with zenith angle against which it is shown
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Figure 5.12 (i) and (ii) The amplitudes and phases respectively of the fust harmonics in the 

azimuthal distribution are shown plotted as a function of zenith angle for showers with

S(50>5m*2.
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Figure 5.14 (i) and (ii) The amplitudes and phases respectively of the first harmonics in the 

azimuthal distribution are shown plotted as a function of zenith angle for showers with 

S(50K0.5m*2.
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1st and 2nd harmonics in the azimuthal distributions are seen in all operational 

eras, with approximately equal magnitudes and zenith and size dependencies.

Evidently, complex calculations are required to understand the origins of both the 

first and second harmonics. Nevertheless, such understanding is not required to allow 

for these modulations when using the azimuthal technique for source searching: all that 

is needed is accurate knowledge of them. The necessary modifications to the method are 

described in the following section.

5.2.2 CORRECTING FOR THE AZIMUTHAL ASYMMETRY

The azimuthal dependence of background rates may cause a systematic error in the

background estimate for the on-source bin in the case where the off-source events are

collected from a different range of azimuths to that of the on-source. It is possible to

correct the estimate of the background to the on-source bin if the azimuthal distribution

of events is well known. The Fourier coefficients, a and b, of the 1st and 2nd

harmonics defined in Equations 5.16 and 5.17 have been calculated for all events

observed at Haverah Park. The events were binned in 8 equal increments of sec8,8

equal increments of ln[S(50)] and in the 4 operational eras of the array, making 256 bins

in all. For bins in which the small number of events made the amplitude of the harmonic

uncertain ( <3cr), events were added from 3 neighbouring bins with similar sizes and

zenith angles and the coefficients recalculated. The distribution function of events at a

given zenith angle, size and operational era is then given by
n

f(<j>) =1 + ^(ajCos(j<J>) + bjSin(j<}))) ...Eqn5.23
j=i

For instance if Nj counts are seen per unit solid angle at an azimuthal angle of (Jq, then 

at the same zenith angle and era we would expect to see N2 counts per unit solid angle at 

azimuthal angle <j(�  given by:
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sources, it is necessary to either cease accumulating events for the period that the search 

bin overlaps the zenith, or to use a different method for calculating the background such 

as the dec-strip method. Clearly, the latter choice is to be preferred as it would be 

undesirable to reject the period of observation with the highest count rate.

5.3 Comparison of the azimuthal and equal exposure methods

5.3.1 CHECK FOR SYSTEMATIC ERRORS IN SIGNAL AND BACKGROUND 

RATES

The background and on-source counts obtained by equal exposure and azimuthal 

techniques should obviously be consistent with each other. It is therefore useful to 

make a comparison between the two to ensure that all effects causing systematic errors 

in background rates have been eliminated. This is particularly important to ensure that 

the azimuthal asymmetry of detection by the array has been properly corrected. 

Searches were performed on the data set obtained over 43 months of observation 

between mid February 1986 and the end of September 1989 for a total of 12 dummy 

sources. 3 sources were chosen at each of 4 declinations, 30*, 37.5*,45* and 65*. The 

lack of 'sources' between 45* and 65* being due to the problem of sources transiting 

close to the zenith. At each declination, the three 'sources' are at RAs of 0*, 120* and 

240*. Only days for which the on-time of the array was 100% during the transit of both 

on- and off-source bins above the 40’ event horizon were used so that the observation 

time for the two methods was identical.

The circular bins used in the azimuthal technique are ~2% smaller in solid angle 

than the square bins used for the equal exposure method. To make a direct comparison 

between the two methods, therefore, it is necessary to multiply the on- and off-source 

counts in the azimuthal method by 1.02. The fractional differences in the corrected 

on-source counts is shown plotted as a function of source declination in figure 5.18 (i)
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Figure 5.19 The percentage increase in useful on-time of the azimuthal technique over the 

equal exposure technique is shown plotted as a function of source declination»
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Figure 5.20 The effective number of off-source bins ( the ratio of off-source to on-source 

solid angle ) for the azimuthal technique is shown plotted against source declination.
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CHAPTER SIX

A SEARCH FOR y-RAY EMISSION FROM HERCULES X-I

AND IE 2259 +586

6.0 Introduction

The aim of the work described in the previous chapters has been to develop 

methods to improve our ability to search for sources in the data base accumulated with 

the GREX telescope at Haverah Park. Although the sensitivity to shower age has not 

proved a practical discriminator, the methods developed to optimise the shower core 

location and the background estimations have proved useful. In this chapter, a search 

for y-ray emission from two X-ray binary sources, Her X-l and 1E2259 +586, in the 

data base which the author has helped to establish and optimise is described.

6.1 Search for y-ray emission from Hercules X -l

Hercules X-l is perhaps the most studied of all candidate sources at TeV energies. 

It is a low mass X-ray binary consisting of an accreting neutron star in orbit around its 

visible companion, HZ Herculis, an A type star. The system lies at a distance of ~6kpc 

from our own solar system. At X-ray energies it exhibits 1.24s ( pulsar spin), 1.7 day 

( orbital) and 35 day ( precession of pulsar/accretion disc ) periodicities. It has also 

been observed at infra-red, optical and ultra-violet wavelengths. Claims have also been 

made for pulsed emission at TeV and PeV energies

6.1.1 OBSERVATIONS AT X-RAY ENERGIES

Hercules X -l was first discovered in the UHURU satellite survey
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by different amounts, so that a y-ray emission would be expected to occur at different 

orbital phases for different energies ( Gorham and Learned, 1986) Further support for 

the beam steering senario came from observations by the Whipple group. Out of a total 

of 73 hours on-source observation time spread over 41 nights in 1984 and 1985, 7 

interesting episodes of possible emission at energies above 250 GeV were identified 

lasting between 25 and 80 minutes (G orham  e ta l. 1986, 1987). The most 

significant of these was that occurring on the 16th June 1985, which lasted ~1 hour and 

had a chance probability of 7xl0*6 before the number of statistical trials had been taken 

into account. The emission was unusual in that it occurred during X-ray eclipse 

implying that a beam of high energy particles must have, in some way been steered 

around the companion star.

Another interesting episode lasting 28 minutes was that occurring on the 4th April 

1984 just after tum-on in the main on-state in the 35d period. Although statistically the 

weakest of the 7 intervals, it coincided with a detection by the Durham group 

(C hadw ick e t a l .  1987  ) of modulation at the same pulsar period 

(P=1.2377±0.0001s and 1.2376±0.0004s for the Whipple and Durham observations 

respectively) .  Neither of these detections by themselves were particularly significant: 

the chance probabilities were lxlO '3 and 3x10-3 before the number of epochs were 

taken into account. Nevertheless, their coincidence and the agreement between their 

spin periods is compelling. Just a few days earlier /Measurements had been made of the 

X-ray period using the EXOSAT satellite, these being in good agreement to the Whipple 

and Durham observations (P x -ra y =  1.237792±0.0000002).

In 1985, the Haleakala group observed three intervals, two on 14th June and one 

on the 16th June, each of duration 200s in which there were counting excesses >2.5ct 

(R esvanis etal. 1987). Sharp peaks were also seen in the distributions of arrival 

times when the events from each of the periods were folded at the X-ray pulsar period. 

During 1986 three claims for periodic emission were made which were remakable for 

the fact that each detection was at the same period with a frequency ~0.16% greater than
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Figure 6.1 Claimed fluxes for transient emissionsand upper-limits for long term observations of 

Hercules X -l. The legend gives references and epochs of observations for transient emmisions
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Figure 6.2 The cumulative excess o f on-source counts over background counts for Hercules X -l�

is shown as a function o f the number o f sidereal days since 1/1/86. Also shown are the�

’excesses' that would correspond to signals/deficits with significances of la ,  2a , 3a, - la ,  -2a,�

and -3a.
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the array. The mean expected number of events within each phase range in the two 

periods is therefore calculated by folding the background arrival times into the period of 

interest As the off-source bins transit at different times from the on-source bin, it is 

necessary to correct for the phase shift this would produce in a period analysis by giving 

the arrival time of an event in an off-source bin a shift so that it appeared to come from 

the on-source bin.

The excess of on-source events calculated in standard deviations above 

background rates according to the Li and Ma (1983) equation ( Eqn 5.4) are shown 

as a function of phase for the 1.7d and 35d periods in Figures 6.3 (i) and (ii) 

respectively. The ephemerides used for folding the arrival times are as follows:

(i) 1.7 day orbital period,

Deeter 	 �� ��  (1 9 8 1 ):

P = 1.700167788 ± 0.000000011 d 

P = 0

Epoch (T0) = 2442859.726688± 0.000007 JD 

(ii) 35 day period,

Ogelman 	�����  (1985):

P = 34.928d

T0 = 2445788.0±0.5 JD

In both cases, then the period derivative is zero, and the phase of an event relative to T0 

is given by: 1

It can be seen that no significant modulation has been observed at either the 1.7d or the 

35d periods. The reduced %2's for each are 0.88 and 1.2 respectively.
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6.1.43 Search for sporadic emission from Her X-l

The 4.5 year data set has been examined on a day-to-day basis. The azimuthal 

strip technique was used to calculate the background for each sidereal day ( chapter 5 ). 

Of the 1554 days examined during which on-source events were collected, 11 had 

excesses with Poisson probability less than 1%. These are listed in Table 6.1. One day 

is of particular interest On the 20th May 1989, 11 events were observed on-source 

when only 2.46 were expected. This epoch is in an X-ray low state and, at source 

transit, the phase in the 1.7d period on this day was -0.86. The time averaged flux at 

E>3xlOu eV was calculated to be (l.S+ O ^xlO -^cm -V 1 by the method described 

by Bloomer (1990). Such an occurrence has a Poisson probability of only 5.3xl0'5.

However when one multiplies by the number of days over which the source was 

observed (1554), and by an additional factor of 10 to take account of the fact that Her 

X-l was just 1 of 10 sources initially studied in this way ( the Hercules high day being 

the most significant day observed for any source), it is seen that the excess on this 

particular day is not particularly significant in its own right A period analysis was 

performed on the arrival times corrected both to the solar system barycehtre and the 

barycentre of the Her X-l binary system of this day to look for the 1.24s spin period 

( Lloyd-Evans, private communication). The Protheroe statistic (Protheroe, 1985), 

¥ ,  was used which is sensitive to sharp spikes in the light curve and was used 

successfully by the Los Alamos group (Dingus etal. 1985). A range of periods 

between 1.235 and 1.24s was scanned corresponding to approximately 3 xthe 0.16% 

frequency shift observed in the Los Alamos, Haleakala and Whipple groups detections 

of 1986, and encompassing both this anomalous period and the X-ray period. A total of 

2500 periods were tested corresponding to an oversampling of 20x. The resulting 

periodogram is shown in Figure 6.4. A sharp spike with T* = 5.9 is seen at a period of 

1.23595s, close to the Los Alamos period. The probability of such a high value of 'F 

occurring at any period within the chosen range was assessed using Monte Carlo
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Date of rise N0„ B Ppoiss <h5d <h.7d

20/5/86 8 2.89 0.010 0.43 0.21

7/4/87 9 3.38 0.008 0.63 0.09

12/5/87 8 2.79 0.008 0.66 0.20

9/6/87 10 3.35 0.002 0.45 0.63

7/6/88 8 2.82 0.009 0.88 0.73

-.4/9/88 8 2.71 0.007 0.42 0.93

14/1/89 9 3.39 0.008 0.19 0.35

20/5/89 11 2.46 5.3xl0'5 0.81 0.86

16/10/89 11 4.19 0.004 0.07 0.25

22/6/90 12 4.77 0.004 0.204 0.90

28/8/90 11 4.4 0.006 0.117 0.193

Table 6-1 The Hercules X-l days having less than 1 % Poisson probability. Non is the number 

of on-source events, B the background and $35 and <hi 7 arc the phase in the 35 day and 1.7 day 

periods respectively when the source is at transit
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simulations: each of the arrival times during this day were randomised by adding a 

random variable drawn from a uniform distribution from 0 to 10 s. In this way the long 

term structure of the events was preserved while washing out any periodicity in the 

range of interest, a period scan was performed, and the maximum value of ¥  within the 

period range recorded. This process was repeated to give a probability distribution of 

the maximum W value over this range of periods and for 11 events. The overall 

probability for the observed periodicity of arrival times of these events being due to 

chance was found to be ~2%. While this test, therefore, is inconclusive the closeness of 

the favoured period in our results with that of the Los Alamos result is interesting.

A period scan using the Protheroe statistic was also performed on the other high 

(1 % ) days. None of these tests proved to be significant with no day showing 

modulation with chance probability <10 %

There is thus no evidence in the Haverah Park data for emission from Her X-l on 

a time scale of individual days or o m  4.5 years.

6.2 Search for emission from IE  2259 +586

The compact X-ray source, IE 2259 +586, herein after referred to as IE for 

brevity, lies at a distance of ~4.7kpc and is believed to be associated with the Supernova 

remnant G109.1-1.0. The source exhibits a ~7s periodicity which has been observed at 

X-ray, infra-red and optical wavelengths thus identifying IE as an X-ray pulsar. There 

have also been reports of emission of VHE y-rays and of signals associated with 

underground muons. Claims have also been made for signal modulation at ~2300s 

believed to be associated with orbital motion around a companion star. Further evidence 

for orbital modulation comes from infra-red observations, though the search for an 

optical counterpart has been somewhat inconclusive. If IE is indeed a binary system 

then it is very unusual - only one other binary system with a direct link to a SNR, 

SS433, has previously been detected.



6.2.1 RADIO AND X-RAY OBSERVATIONS

The SNR G109.1-1.0 was first discovered in a radio survey ( Wilson and Bolton, 

1960). Further studies by RaghavaRoa 	 �� ���4 1965) showed the radio emission 

from the shell structure of the SNR to have a non-thermal spectrum, while more 

recently, Hughes era/. (1981) made measurements of its distance (~(4.7±0.5)kpc), 

diameter (~33pc) and radio luminosity (~2xl034ergs S'1). They also give an upper limit 

to the age of the remnant (l^xlO^ears).

Examination of Einstein satellite data (Fahlman and Gregory 1980a) revealed an 

X-ray hot-spot at the centre of curvature of G109.1 with coordinates (J1950.0):

RA = 22h59m 2.63s, 5=58*36’37".6

Further observations (Fahlman and Gregory, 1980b, 1981) showed the X-ray emission 

to be modulated at a period, presumably the pulsar spin period, of 3.489Q±0.0002s. 

Detailed studies of emission within the vicinity of IE also revealed a jet-like structure 

apparently emanating from the pulsar and impinging on the SNR shell. In 1983 it was 

discovered that the true pulsar period was -6.9786317±0.0000001s, double that 

previously stated, the light curve for arrival times folded at this period being double 

peaked and assymetrical ( Fahlman and Gregory, 1983). Studies of phase shifts of the 

peak in the light curve in observations separated by 6 months enabled an upper limit to 

be calculated for the magnitude of the rate of change of pulsar period, lpK2xlO-11ss'1. 

A search was also made for modulation at an orbital period, by measuring the delay in 

the light curve peak relative to a fixed phase over a period of 3.6hours. When these 

delays were folded at a period of 2300s, a sinusoidal modulation was observed, 

presumably at the orbital period, though this result is not highly significant. The length 

of the projected semi-major axis ( axsin(i) )was estimated, from the amplitude of the 

time delays, to be 0.17 Is. Evidence for the binary nature of the system containing IE 

also comes from optical observations and infra-red observations ( Section 6.2.3).
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6.2.3 VHE AND UNDERGROUND MUON OBSERVATIONS

IE was studied extensively by the Haleakala group (Weeks, 1988) at TeV 

energies in the months July to October 1986. A total of 51 hours on-source data were 

collected. No overall counting excess was observed and an upper limit of 

1.32xlO'10cm_2s_1 was derived. This data set was divided into 125 intervals of 720s. 

3 intervals were identified of interest due to apparent signal modulation at periods close 

to the pulsar period, though none of these were particularly significant. These days 

showed the strongest Rayleigh power in the first harmonic ( the second harmonic was 

also tested). One of the days had peaks at the period consistent with the expected 

X-ray period (8/2/86) while the other two both had peaks at periods -1.3% longer 

than the X-ray period (6/6/86 and 9/1/86).

In 1988, the Durham group made observations of IE with their Mark IV gamma 

ray camera in La Palma ( Brazier 	�����  1990). A total of 13hours on source data 

were collected over the period 4th to 11th October. The whole of the data set was 

searched using the Rayleigh test in the period ranges 6.9786s to 6.9793s and 3.4893s to 

3.4896s, the latter range to allow for the possibility of the y-ray light curve being double 

peaked as it is in X-rays. The periodogram for the periods around the fundamental 

showed no peaks greater than that expected by chance, while the periodogram for 

periods around 3.5s showed an unusual structure, with many narrow and significant 

peaks, the largest being at periods 3.48934±0.00002s and 3.48948±0.00002s 

( Figure 6.6). This structure is attributed to the interaction of the pulsar period with 24 

hour periodicity caused by the 2 hour data collection intervals on consecutive nights 

being separated by 22 hours. The overall chance probability for the peaks was 

calculated to be 5.3x1 O'5 once the number of statistical trials had been taken into 

account. The time averaged flux for the period was (2.010.8) xlO-10cm-2s-1 at 

energies greater than 400 GeV, and the suggested fundamental pulsar period was either 

(6.9786810.00003 )s or (6.9789610.00003 )s. Neither of these periods agree with
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62.4.1 Search for DC emission.

For the puipose of calculating the background over the entire observation time, 

off-source events were collected in a strip in declination, with three off-source bins on 

either side of the on-source bin. Only days on which all bins had equal exposure as 

described in chapter 5 were accepted in this analysis. The total useful observation time 

was thus reduced to -12000 hours. During the period of 5/3/86 to 30/9/90, a total of 

9306 on-.source events were collected when 9082 were expected. This is a marginal 

excess of 2.3a. The flux limit derived by the method of Protheroe (1984 ) from these 

results is 5.7xl0-14 cm-2s-1 for E>3xl014 eV.

62.4.2 Search for long term burst emission

Figure 6.7 shows the cumulative excess of on-source events over the background 

for the 4.5 years of observation. A steep rise in the signal is seen during the initial 

operational period of the array up to 16th May 1987. During these 144 sidereal days, a 

total of 1949 events were observed on-source while 1796.3 were expected. This 

excess, 10% of the background if attributed to IE represents a flux of 

( l.l± 0 .1 )x i0 ‘13cm-2s_1 during this period. No attempt was made to assess the 

significance of this excess by itself as the selection of this time interval was highly 

arbitrary. Though the beginning of the period was at the turn on of the array, the end of 

the period was chosen to be that which gave the most significant excess ( 3 .6 a ). A 

large number of statistical trials were therefore incurred in choosing this period and the 

overall excess is probably not particularly significant. Nevertheless, the interval was 

identified as being one worthy of further investigation.

The space angle separations of the showers' arrival direction from the source 

direction, Axj/, have been examined to look for a correlation between their distribution 

and the array point spread function which is expected to be approximately Gaussian.
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Figure 6.7 The cumulative excess of on-source counts over background counts for 1E2259+586 

is shown as a function of the number o f sidereal days since 1/1/86.

Figure 6.8 Histogram o f the number o f counts in annuli centred on IE plotted against the 

square o f the angular radius. Each bin has approximately the same solid angle. The points 

represent the expected background, Bj, in each bin. The thick and thin error bars show the 

uncertainty in the background and Vb  rcpectively.
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the fractional amplitude of the modulation of 1949 on-source events, of which the

excess make up only 10%, would be -0.05. It can be seen that in this case Icq- I ,  and,

even though the Equation 6.2 is only strictly valid for k o » l ,  it is obvious that such a

value of ko is quite likely by chance. The modulated signal would therefore be lost in

the noise due to statistical fluctuations, (ii) If a signal is modulated at some period, P,

then the phase of an event observed at time T is given by:
T - T 0 i f T - T 0f .

- i l — J p - E^ 6-3

where P0 is the period at time T0 and P is the period derivative. If we wished to look 

for a periodicity in data spanning a time interval AT over a range of possible periods, 

then we could arbitrarily set T0 to the epoch of the first event The phase of the last 

event would be given by:
, AT � � � � � � �� t.  * *

DK� � * & � $ �� ~ Eqn<5-4

In the case of IE, the period derivative is not known precisely. A straight line fit to the 

graph of period vs observational epoch ( Figure 6.5 ) gives P=(5.83±0.30)xl0'13 ss*1, 

though the quoted error is on the conservative side due to the uncertainty in the error of 

the most recent GINGA observation. If P has an error of AP then this would lead to a 

drift in the phase of the final event, A<j>, which, to a first approximation, would be gven 

by:
. , 1 f A T \ 2 - „

A<J) = -  — J AP ...Eqn 6.5

To maintain periodicity, it is necessary to demand that this phase drift be less than 0.1, 

and this puts an upper limit on the length of the obsevation interval over which the 

period search takes place. In the case of IE this limit is -lOOdays. One would, 

therefore, not expect to be able to identify any periodicity in the 'burst period' whose 

duration is ~400days. It would be possible to split the interval into lOOday sections, 

and period analyse each of these separately, but this approach would further reduce the 

expected value of ko mentioned in the previous section so that any periodicity would
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62.4.3 Search for emission on a day-to-day basis
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Einstein satellite observations ( Fahlmann and Gregory 1983) and show the projected 

semi-major axis ( axsin (i)) to be -0.17 It sec. More recent measurements by 

Hanson 	����  (1988) with EXOSAT made over a continuous 23 hour period showed 

no evidence for orbital modulation and put a 3a upper limit of 0.16 It sec. on axsin(i). 

The indications are, therefore, that the effects on the arrival times due to any orbital 

motion are small compared to the pulsar period. As the X-ray light curve shows fairly 

broad peaks, the Rayleigh statistic which is sensitive to such features, was chosen to test 

a range of periods around the expected X-ray period. The Durham Group, if one 

accepts their conclusions used the Rayleigh test succesfully in its detection. Their 

results showed the signal to be modulated in the second harmonic, as do X-ray 

observations, while the results of the Haleakala Group showed the signal to be 

modulated at the fundamental frequency, though this detection was not at a particularly 

high significance level. It was therefore decided to test for the first and second 

harmonics. It would also appear necessary to test a broad range of periods to allow for 

the possibility of the particle beam being reprocessed at some site remote from the 

neutron star but somewhere within the binary system such as in the accretion disc or in 

the vicinity of the companion star. This might be expected to produce a red shift in a 

prograde system as observed in infra-red pulsations from this object ( Section 6.2.3 ), 

while blue shifts such as those apparently observed from Her X-l at TeV energies 

( Section 6.1.3) are rather more difficult to explain but might, nevertheless, be present 

at these energies. For these reasons, a frequency range of ±0.3% of the expected X-ray 

period on each day was chosen over which to perform the Rayleigh test The spacing of 

the independent Fourier frequencies is given by the reciprocal of the temporal separation 

of the first and last events within the interval of interest. This is typically 

8 f=4x1 O'5 Hz. The period spacing of the independent frequencies is then given by:

5P = P2 8f ...Eqn 6.6

If the test is for modulation at the second harmonic, 5P is 1/4 of this as such a test is 

equivalent to testing for half the period. The number of independent Fourier frequencies
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(IFF) within our chosen range is approximately ~20 (40 for second harmonic) though 

this varies depending on the range of arrival times of events within each day. The range 

of frequencies was oversampled by 20x giving a total of -400 trial periods. The 

number of statistical trials incurred in each period scan is given by the number of IFF x 

3 to account for oversampling ( De Jager 1987). This is approximately 60 and 120 for 

the fundamental frequency and second harmonic respectively.

Due to the small number of events within each day, it is not possible to use 

equation 6.2 to determine the probability of observing a (\ayleigh amplitude, r, at a given 

period. Instead these probabilities were assessed using Monte Carlo simulations. The 

'pre-trial' probabilities so determined of the largest Rayleigh powers for each day and 

for both the first and second harmonics are given in Table 6.2 along with the estimated 

number of statistical trials for the scan for the fundamental frequency. It is clear that 

none of the days shows significant modulation at either the fundamental frequency or the 

second harmonic when the number of periods tested is taken into account The most 

promising days are 18/11/89 and 21/2/90 on which the largest powers are seen in the 

second harmonics. The probability of observing these modulations by chance on any 

given day is 10%, and it is clear that the occurrence of such days is quite likely by chance 

in a random sample of thirteen. It can also be seen that the periods at which the 

Rayleigh power is maximum, P=6.97717s and P=6.98586s are different for the two 

days and also differ significantly from the X-ray period.

In conclusion then, no evidence has been found for emission from IE either on a 

long term basis, or on a day to day basis.

6.4 Conclusions

Unfortunately, no emission of y-rays from the two candidate sources Her X-l and 

1E2259 +586 have been established at an energy of about IPeV. This result is 

consistent with those from the most sensitive experiments with the exception of the
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S(50)b ln[S(50)] S(50)
1 -2.07 to -0.69 0.125 to 0.5
2 -0.69 to -0.69 0.5 to 2.0
3 -0.69 to 2.08 2.0 to 8.0
4 >2.08 >8.0

Table A1 S(50) bins used for paramtrising angular resolutions

0b sec 0 0
1 1.000 to 1.076 0.00' to 21.66
2 1.076 to 1.153 21.66' to 29.85'
3 1.153 to 1.229 29.85' to 35.54'
4 1.229 to 1.305 35.54' to 40.00'

Table A2 Zenith angle bins used for paramtrising angular resolutions

Pat. types sub-array N triggered Resolution
spacing(m) detectors Group

0 Un -patterned
1 50 7 1
2 50 6 2
3 50 5 2
4 30 7 3
5 30 6 4

6 30 5 4
7 Any other 7 ;fold 2

Table A3 Pattem types and angular resolution groups
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