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ABSTRACT

This thesis is concerned with the detection of very
high energy cosmic gamma-rays from isolated pulsars and X=r$y binary
sources using the afmospheric Cerenkov technique. A general
introduction to gamma ray detection techniques is followed by a
description of the properties of atmospheric Cerenkov radiation and a
discussion of the principles of the atmospheric Cerenkov technique.
The Mark I and Mark II gamma-ray telescopes operated in Dugway , Utah
by the University of Durham between 1981 and 1984 are briefly
described.

There follows a discussion of the results from
observations at many different wavelengths of Cygnus X-3. This object
was observed by the Durham group between 1981 and 1983 in Dugway ,
Utah and also in Durham during Autumn 1985, The detection in the
Dugway data of the 4.8 hr X-ray period and the possible detection of a
19.2 day intensity variation are considered.

The discovery of a 12.59 ms pulsar in data taken on
Cygnus X-3 in 1983 is described. Evidence is presented which suggests
this periodicity is also present at a weaker level in ealier data and
also in the data taken in Durham in 1985,

Results from observations of PSR1937+21 , PSR1953+29
and six radio pulsars , are presented.

The design and construction of the Mark III telescope ,
now operating in Narrabri , N.S.W. , is described in detail.

Preliminary results from observations with the Mark III
telescope of three objects , LMC X-4 , the Vela pulsar and Centaurus

X-3 , are presented , with particular reference to periodicities



inherent in the sources. An observation of the supernova in the Large
Magellanic Cloud is discussed.

A brief discussion of the mechanisms by which V.H.E.
gamma-rays may be produced in isolated pulsars and X-ray binary

pulsars is given , followed by a description of the future prospects

for the Mark III and Mark IV telescopes.
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PREFACE

The University of Durham Mark III Very High Energy
gamma-ray telescope was established near Narrabri , N.S.W., Australia
during September 1986. The author was involved in the design ,
construction and commissioning of the telescope from 1984-6 , being
responsible for the design , construction and testing of the detectors
used on the telescope. The telescope is described in detail in Chapter
7. She was also responsible for the observing programme of the Mark
IIX telescope. She took part in the first period of observing with the
telescope in October and November 1986.

Along with her colleagues , she shared in the analysis
of the first data from the Mark III telescope. The results of this
preliminary analysis on four objects are presented in chapter 8.

In addition , the author was involved in the analysis
of the data from the earlier experiment operated by the University of
Durham in Dugway , Utah. The results of this analysis are presented in
chapters 5 and 6 , together with a summary of the acheivements of the
Dugway telescopes.

None of the material contained in this thesis has been
submitted previously for admittance to a degree in this or any other

university.



CHAPTER 1

AN INTRODUCTION TO GAMMA RAY ASTRONOMY

1.1. Introduction

The Y-ray region of the electromagnetic specrum extends from

6 16

10~ eV (the so—-called "soft" y-rays) to 107~ eV (ultra high energy
Y-rays)., The systematic study of cosmic y-rays is generally con-
sidered to have begun with a paper by Morrison (1958) which provided
the stimulus for much experimental work. However, measurements of
the flux of cosmic y-rays in the upper atmosphere were made in the
early 1950s using both balloons and rockets (Bergstrahl and Schroeder,
1951; Reiffel and Burgwald, 1954; Johnson et al., 1954), and the
first attempt to measure cosmic y-rays from a specific astromomical
object was made in 1954 by J.V. Jelley and T. Gold when they
observed the Crab nebula (see section 2.6). Attempts at observing
cosmic y-rays at balloon altitudes failed, largely due to the con—
fusion caused by charged cosmic ray secondaries. The first firm
detection of cosmic y-rays had to wait until the flight of 0SO-III

in 1967 (Kraushaar et al., 1972). Measurements were made at E>100
MeV which indicated that there was a broad peak in emission towards
the centre of the galaxy. During the 1970s the SAS 2 and COS-B
satellite experiments, both of which carried spark chamber detectors,

were particularly successful in mapping the galaxy and studying

discrete sources such as the Crab and Vela pulsars. The study of




this region of the electromagnetic spectrum has been extended
using ground-based observations arocund 1012 eV and 1015 eV. It

is theé former energy range with which this thesis is concerned.

1.2, Methods of Generation of Cosmic Yy Rays
Methods of celestial y-ray generation can be divided into four

broad categories.

1.2.1. Nuclear Processes

The relaxation of a nucleus from a highly excited state to the
ground state takes place via a number of energy levels, which gives
rise to the production of several possible y-ray lines. 1In
astrophysical enviromments, the radiocactive nuclei are usually
produced by the impact of particles and quanta on the local medium,
Such lines are to be found in supernova remnants. One process
which has been identified involves 22Ne, which is excited in maay
ways including neutron capture, radioactive decay, and collisional
excitation. The nucleus then decays to the ground state producing

Y-rays of energy 1.2746 MeV.

1.2.2, Annihilation of Particles with Antiparticles

When a positron and an electron annihilate, two or more y-rays
are produced. The interaction of two such particles at rest, when
only two y-rays are produced, is of particular interest since the

result is a sharp y-ray line of energy 0.511 MeV (which constitutes



the rest mass of an electron). Nucleons and antinucleons annihilate

with the emission of pions, which brings us to:

1.2.3., The Decay of Elementary Particles

The neutral pion, produced either by the annihilation of a
nucleon and antinucleon, or by the collision of two protons, decays
on a timescale of about 10=16s to produce two Y-rays. This gives
a broad band of y-ray energies and so is classified as continuum
emission, This is only one of a number of decay mechanisms leading
to the production of y-rays (although possibly the most important
in astrophysical terms). Many elementary particles are unstable
and decay; when this decay is electromagnetic it is associated

with the emission of one or more Y-rays.

1.2.4. Acceleration of Charged Particles

This is the most important group of y-ray production mechanisms
for astrophysical processes. There are three methods of importance:
bremsstrahlung, synchrotron or cyclotron radiation and inverse
Compton scattering. These are illustrated in figure 1.1.

Bremsstrahlung is the radiation produced when an electron is
accelerated in the electrostatic field of a nucleus or any other
charged particle. The radiation energy depends on the amount by
which the electron's track is deviated - it is less for small
deflections than for large ones. As very few electrons pass

sufficiently close to nuclei to undergo a large deflection, most



c).

Figure 1.1 Methods of generation of cosmic gamma rays by the
acceleration of charged particles: a). bremsstrahlung b).
synchrotron radiation c). the inverse Compton effect.



photons produced in this way have energies at the lower end of the
Y-ray spectrum., Regions of high matter density (even stellar
atmospheres) are sites of production of y-rays via this mechanism.
Both synchrotron and cyclotron radiation result from the
interaction of electrons with a magnetic field. A change of
direction of the electron results in a change of velocity vector,
and thus radiation is emitted, When the radiation is produced by
a non-relativistic electron it is known as cyclotron radiation,
Synchrotron radiation 18 produced by relativistic electrons moving
in a magnetic field. Cyclotron lines have been observed in the
spectrum of the X-ray binary Hercules X-1 at energies of 53 keV
(X-ray) and 106 keV (y-ray) (Trumper et al., 1978) and possibly in
another X-ray binary 4U0115+63 (Wheaton et al., 1979). The
observation of such lines in the Y-ray region indicates the

8 1.

presence of a very strong surface magnetic field (about 10
In general, the importance of synchrotron radiation to Yy-ray
astronomy is that, when observed in other regions of the electro-
magnetic spectrum, it suggests the existence of relativstic
electrons capable of producing y-rays by other interactions such

as bremsstrahlung or inverse Compton scattering. It may be important
in the high magnetic fields in pulsar magnetospheres, though it seems
likely that the y-rays so produced would be absorbed soon after
production (Smith, 1987).

The elastic scattering of photons by electrons is known as

Compton scattering. The inverse Compton interaction is important



for Y-ray production., When relativistic electrons collide with
photons, the photon is scattered to much higher energies (in the
more usual Compton interaction the photon loses energy to a
particle initially at rest.) The situation most often encountered
in astrophysical conditions is the limit in which the energy of

the photon in the centre of momentum frame of the collision is

much less than the rest mass energy of the electron i.e. Yhu << mcz°
In the interstellar medium, the photon involved is usually from

the 3K background (in which case a low energy (10 MeV) photon is
produced) or an optical photon (which produces y-rays of typical

energy 100 MeV).

1.3. The Absorption of Cosmic y-Rays
Interactions of y-rays with matter are not important for
photon energies > 100 keV, as the interaction cross section with
matter in the galaxy is negligible. The two main processes of
importance are:
a) Absorption by low energy photons
b) Absorption in magnetic fields
These are essentially the same process: in case b), the y-ray is
scattered by a "virtual photon" from the magnetic field.
Process a) is the inverse of electron—positron annihilation
and occurs whenever the combined photon energy is :Hmzc4 where m
is the mass of the electron. The maximum cross-section for this

25

process is 1.7 x 10~ cm2 (Greisen, 1971), which occurs at an energy



of about twice the threshold value. Since the cross—section for
this process is so small, absorption of y-rays by starlight is
only important over large intergalactic distances. However,
absorption by the microwave background is important within the
galaxy (Nikishov, 1961) = cascade processes impose a "cut—off"
around 1014eV, when the y-rays are severely attenuated for those
sources further than 10kpc from earth., This view was modified by
the detection of y-rays at energies > 1015 eV from Cygnus X-3
(Stamm and Samorski, 1983), a source which is almost certainly at
least 10 kpc away.

Absorption of y-rays by pair production in a magnetic field
may only occur if the magnetic field is very intense (about 108T),
as discussed by Erber (1966) and OgelngA?ié76)a The only known
site of such strong magnetic fields is near the surface of a neutron

star. It is concluded that y-rays emitted by pulsars are produced

some distance away from the surface of the neutron star.

1.4, The Detection of Gamma Rays

Since the y-ray region of the electromagnetic spectrum covers
an equivalent range in wavelength as, say, from shortwave radio to
ultraviolet radiation, it is clear that many different techniques
will be employed to detect cosmic y-rays. All systems do, however,
rely on measurement of the electrons produced when a y-ray interacts

with matter,



1l.4.1. Energies Between 0.5 and 3 MeV

Throughout this energy range, Compton scattering in the
detector material is the most important interaction. Since the
direction of motion of the electron thus produced is not necessarily
correlated with the direction of energy of the y-ray, telescopes
designed to detect photons of this energy usually consist of a
detector measuring the energy of the y-ray placed behind a collimator,
The two main types of detector are scintillation counters and solid
state detectors.

A scintillation counter consists of a scintillator which is
either an inorganic crystalline material (Nal for instance), or
a plastic loaded with a scintillating organic compound. In a small
detector, a photomultiplier is optically coupled to one face of
the scintillator. With larger detector areas, only a small fraction
of the scintillator can be covered by the phototube, and so a light
guide or diffusing light box must be employed.

Solid state detectors are used when energy resolution is
important. Large area detectors are required for y=-ray astronomy,
and so Ge or Si types are used. Both must be operated at low

temperatures for good energy resolution,

1.4.2. Energies between 3 MeV and 10 GeV
The predominant interaction of y-rays with matter at these

energies is pair production. In this process the direction of the

secondary particles is closely aligned to that of the original



y-ray photon, and they are of sufficient kinetic energy not to
undergo undue scattering. Spark chambers may thus be used to
detect the secondary particles. Most of the spark chambers used
have electrodes in the form of wire grids to locate the spark
positions. They were employed very successfully on the SAS 2 and
COS-B satellites and will be used again on the NASA Gamma Ray
Observatory which is due to be launched from the space shuttle

towards the end of the decade.

1.4.3. Energies between 100 GeV and 100 TeV

As energy increases beyond 10 GeV, the primary photon flux
becomes so low that spark chambers cannot be made large enough to
have any chance of recording a reasonable count rate. At still higher
energies, however, another method becomes possible. This is the
detection of atmospheric Cerenkov light produced by the cascade of
charged particles initiated by a primary high energy y-ray entering
and interacting with the earth's atmosphere. This technique will

be discussed in much greater detail in Chapter 2.

1.4.4. Energies > 100 TeV

At ultra high energies it becomes possible to detect at ground
level the particles produced in the atmosphere by the primary y-ray
photon. The lateral extent of the air shower, as well as its
penetration through the atmosphere, is of importance since a

detector at ground level which is some distance from the projected



impact point of the primary may still record a signal, thus
increasing the effective detector area. The extensive air
showers can be detected with an array of charged particle
detectors. Directional information can be obtained by the
well-established inter-detector fast timing techniques. This
method has been successfully refined in recent years to give
arrival directions of sufficient accuracy to allow point source
identification and is used by groups working at Haverah Park,
Leeds; Kiel, West Germany; Plateau Rosa, Italy; Los Alamos, New

Mexico; and Akeno, Japan.



CHAPTER 2

THE DETECTION OF V.H.E. GAMMA RAYS
USING THE ATMOSPHERIC CERENKOV TECHNIQUE

2,1, Introduction

12 eV (V.H.E,

The detection of celestial Y-rays of energy 10
Y-rays) using the atmospheric Cerenkov technique relies on the
detection of the Cerenkov light produced by the cascade of fast
particles generated in the atmosphere as a result of primary high
energy Y~rays impinging on the earth's atmosphere. This method is
the only one available for studies of Y-rays of this energy and is
likely to remain so for physical reasons., The flux of V,.H.E.
Y-rays is so low (of the order of 10“10 cm‘==2 s_l) that in order
to detect a reasonable number of photons a satellite-borne detector
would be prohibitively large. The advantage of the atmospheric

Cerenkov technique is that it is ground-based, and therefore

relatively simple and inexpensive compared with satellite-borne

detectors. Of extreme importance is the fact that Cerenkov detectors

have large effective collecting areas since the collecting area is
defined by the size of the pool of light on the ground rather than
the dimensions of the detector itself. This pool of light has a

. 4 2
typical area of 10 m",

The major limitation of this technique is that there is no

simple way of distinguishing between the Y-ray induced airshowers

10



and those essentially similar signatures produced by the more
abundant cosmic-ray protons. Very High Energy Y-ray Astronomy
in its simplest form must therefore depend on the spatial and
temporal anisotropy of y-rays in contrast to the isotropic cosmic

ray particles,

2.2, The Cerenkov Effect

When a fast charged particle traverses a dielectric medium
at a velocity in excess of the phase velocity of light in that
medium, an optical shock wave is produced around the track of the
particle in the medium, This is known as Cerenkov radiation, It
was noted by Mallet (1926) as the blue light generated by the
products of radioactive decay passing through dense dielectrics,
Quite independently, it was studied experimentally by Cerenkov
(1934, 1937) and was given the first theoretical treatment by
Frank and Tamm (1937) based en classical electromagnetic theory.
The following is a short account of that theory drawn from reviews
by Jelley (1958) and Boley (1964).

Cerenkov radiation is emitted by a charged particle passing

through a dielectric medium if:
gn>1 2.1

where g = v/c and n is the refractive index of the medium,
From this it is clear that radiation may only be emitted in the
U.V., visible;, I.R., and microwave regions of the electromagnetic

spectrum. As the particle passes through the medium, Cerenkov

11



radiation is emitted by each single element of track. Due to

the constructive interference of wavelets of light from each part
of the track, the radiation is emitted at an angle © with respect
to the direction of motion of the particle. This can be seen
clearly from a Huygens construction (see figure 2.1), The

requirement for coherence is:
cos 6 = 1/gn 2,2

This is known as the Cerenkov relation and leads back to the
equation 2.1, For g = 1, the maximum angle of light emission

is given by:
cos © =1/n 2.3
max

Since the system has axial symmetry, the light wavefront has a
conical form in three dimensions whose axis coincides with the
particle track and whose semi-apex angle is 6., The light wave
front propagates at a velocity c/n.

Frank and Tamm (1937) also derived a relation which gives the

rate of production of radiation, W, with path length, 1 as:
ez 2
dw/dl = _z.jp,rpl( 1- (gn)” wdw 2.4
c

where w is the mid-band frequency and d the bandwidth; e is the
charge on an electron. In air it is found that, if n is taken
as 1.00029,8 =1, and 6__ = 1.3°, dW/dl = 30 photons m - between
350 and 550 mm.

The original classical theory summarised above made no attempt

to include the effects of radiation reaction, However, since the

12



a).

PARTICLE TRACK

MOWHL JTOILYvd

Figure 2.1 a). Huygens construction to illustrate the coherence of
Cerenkov radiation.
b). The formation of the Cerenkov cone.



energy carried away is very small when compared with the kinetic
energy of the particle concerned these recoil effects are negligible,

as demonstrated by Ginsburg (1940) and Cox (1944).

2,3, The Discovery of Cerenkov Radiation from the Night Sky.
Blackett (1948) first suggested that Cerenkov radiation would
be produced in the atmosphere by the general flux of cosmic rays.

4 of the

These were calculated to contribute a fraction of about 10
total background light of the sky on a dark night, making it almost
impossible to detect., However, it was later realised (Galbraith

and Jelley, 1953) that extensive airshowers would produce a strong
pulse of Cerenkov light, as in this case many particles move

through the atmosphere together (the resultant flash of light

being about 10 ns in duration). Galbraith and Jelley made the

first measurements of Cerenkov light in the atmosphere., Their
apparatus consisted of a 25cm £/0.5 parabolic World War II signalling
mirror placed in a dustbin with an EMI phototube at the focus

coupled to the fastest amplifier then available (0.032 ns rise-
time), a pulse height discriminator and a triggered oscillator,
Superimposed on the '"noise" due to the background light, single
pulses were observed at a rate of about 1 per minute when the
apparatus was pointed at the zenith on a clear moonless night.

These first experiments were repeated by Nesterova and Chudakov

(1955), and then in more detail by other experimenters such as

White, Porter, and Long (1961) and Boley et al. (1961).
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2.4, The Characteristics of Y-Ray Initiated Cerenkov Radiation

2.4,1, The Threshold Energy for Emission

The energy E of an electron of mass m and velocity v is given

by:

E=me? (1~ (w/e)? )03 2.6
From equation 2,1, it can be seen that the minimum energy for
emission will occur when v = c¢/n, i.e.:

E . = mc2 (1- l/n2 )-005 2.7

min

Now, since the refractive index of air varies as a function of
pressure and temperature, Emin will clearly depend on height above
sea level. At sea level, with n = 1,00029, electrons have a
threshold energy of 21 MeV for emission of Cerenkov radiation.
About 857 of shower electrons have energies greater than threshold
at sea level and, averaged over the whole shower, about 367 have

energies greater than 50 MeV (Richards and Nordheim, 1948).

2,4.2, Lateral Distributiom of Light

The size of the light pool produced by an extensive air shower
(EAS) initiated by a high energy Y-ray is defined as the radius
(Ro) at which the photon density has fallen to l/e of its maximum
value., It is heavily dependent on the depth of the maximum of the
air shower - the nearer the earth's surface this is, the greater
the radius of the light pool. Ro is also determined by the

Cerenkov angle of emission and the Coulomb and geomagnetic
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scattering of the particles in the shower., Since, in general,
the r.m.s, scattering angle is much larger than the Cerenkov
angle, the angular distribution of the light pool is effectively
that of the particles themselves, Detailed computer simulations
(Browning and Turver, 1977) taking these effects into account
suggest that the maximum radius of the light pool is between 400
and 450 metres, although the radius of the light pool which may
be usefully measured is 100-200 m, when the angular acceptance of
a typical y-ray telescope (less than 2°) is taken into account,
Simulations by Macrae (Ph.D thesis, 1985) indicate that the
typical effective light pool radius of a shower which is produced

at a given height in the atmosphere varies between 45m and 110m,

2.,4.3, Angular Distribution of Light

As already mentioned, the angular distribution of the light ,
looking down the shower core from high in the atmosphere, is in
general determined by the angular distribution of the particles
themselves, It is more important from the point of view of y-ray
astronomy to determine the angular distribution of the light across
the image as seen by a detector pointing towards the sky. It is
useful for practical reasons, such as the choice of field of view
for optimum signal to noise ratio, and also for the optimisation
of detectors relying on the measurement of the diameter of the
image to improve thé telescope’s response to y-rays (Turver and

Weekes, 1978),
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The general shape of the shower spot arises from the relative
geometry of the shower trajectory and the detector axis. A shower
whose trajectory coincides with the detector axis gives a
circular light spot, but it is elliptical in the off-axis cases,
The shapes of the light spots have been predicted by Monte Carlo
simulations (Rieke 1969; Browning and Turver 1977:; Hillas 1986).
As the geparation, d, between the detector axis and the shower
axis increases, the ellipticity of the shower spot increases and
the peak of the light intensity shifts towards the tail of the
distribution., The collection area for y-ray detection is therefore
limited both by the displacement of light maximum with d and the
detector aperture, For a 1° detector the maximum d is about 50m,

giving a collection area of 104 mzo

2.4.4. Absorption and Scattering in the Atmosphere

The atmospheric attenuation of Cerenkov light is primarily
due to Rayleigh scattering, aerosol scattering and ozone absorption.
As might be expected, the amount of attenuation depends on wave-
length and altitude. Rayleigh scattering depends on the molecular
number density. Scattering by aerosols (particles of 1-10 um in
diameter) depends both on their sizes and their number density,
and is most important near ground level, Ozone absorption is
important only at high altitudes and for wavelengths < 290 nm,
As the refractive index of air varies véry little over the visible
region of the spectrum, dispersion is negligible., Refraction and

diffraction effects are also small. For a detailed account of the
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attenuation processes and their consequences see Protheroe

(Ph.D. thesis, 1977),

2.5. Experimental Techniques

A y-ray telescope using the atmospheric Cerenkov technique
requires a flux collector (i.,e. a mirror of modest optical
quality) with a detector (a photomultiplier tube or image inten-
sifier) at its focus, Since the Cerenkov light pulse produced
by a shower has a duration of about 10 ns, the photomultiplier
tube (PMT) and its associated electronics must have a fast
response in order to achieve a good signal-to-noise ratio., Also,
since variations in sky brightness may produce changes in the
count rate of a V.H.E, y-ray telescope (see section 6.6.4.), the
maintenance of a constant anode current is desirable. This is
usually achieved by shining a light source (a green LED for
instance) onto the face of the PMT and using a servo system to
vary its brightness such that the total anode current of the tube
due to sky brightness and remains constant,

The greatest problem in V.H.E., y-ray astronomy is that there
is not, as yet, any reliable method of clearly distinguishing
Cerenkov pulses produced by Y-ray induced showers from those produced
by the much more numerous nucleons, Fortunately, the background due
to the cosmic ray protons is both spatially and temporally isotropic,
whereas it is expected that y-ray sources will in general be point
sources and in many cases may produce periodic y-rays. In order

to reject as many proton~induced showers as possible the angular
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acceptance of a y-ray telescope must be no larger than the
angular dimension of the light spot on the sky: too small, and
light from y=ray induced showers will fall outside the field of
view of the telescope and be lost; too large, and the number of
nucleon induced background pulses detected will rise unneces-—
sarily, Simulations by the Durham Group (Macrae and Turver, 1982,
unpublished) suggest the optimum angle is about 1.3° and those
made more recently by Hillas and Patterson (1987) confirm this
value,

To further improve the signal—-to—noise ratio, the use of two
or more flux collectors in fast coincidence is essential: the
possibility of an accidental coincidence between the detectors
is effectively reduced to zero by the use of three collectors
in coincidence. This algso allows the use of the lowest possible
energy threshold. Such a method has been applied on all tele-

scopes operated by the University of Durham.

2,6, Astronomical Observations Using the Atmospheric Cerenkov
Technique

The first use of this technique as a tool for astronomical
research was by Jelley and Gold in 1954 (Jelley, 1986). A small
mirror-phototube combination was taken to the Royal Greenwich
Observatory at Herstmonceux and attached to the barrel of a 6"
refractor, A search was made for cosmic rays from the Crab nebula,
with negative results. A detector was then constructed by Chudakov

et al, in the Crimea in 1961 (Chudakov et al., 1962), In 1962 they
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performed experiments in which scans were made across the four
radio sources Cygnus A, Cas A, the Crab nebula and Virgo A.
Results were negative, but proved the efficacy of the method
provided detectors could be made more sensitive. In 1964, a group
from University College Dublim was established at Glencullen,

Eire using equipment constructed by Jelley and Porter (1963).

In 1970, this group moved to Malta and in the same year observations
commenced at Narrabri, N.S.W. Australia and at the Mount Hopkins
Observatory. The latter has since been renamed The F.L. Whipple
Observatory. In 1977, a single Cerenkov detector was commissioned
at Ootacamund, India. With the exception of those in Ireland and
Malta, all these observatories are still functioning. The
University of Durham operated an array of four spaced telescopes
in Dugway, Utah from 1981 to 1984, when the system was dismantled
(see section 2.7).

More recent experiments include an array of four detectors
operated by the Crimean Group at high altitude, and a system built
by the University of Potchefstroom, South Africa. The University
of Durham group has constructed a new telescope (the Mark III)
which is now operating near Narrabri, Australia. This thesis will
describe the Mark III telescope in detail, Recently, Cerenkov
detectors have been completed at Haleakala, Hawaii, Gulmarg and
Pachmari in India, and at White Cliffs in New South Wales. At
the time of writing, a second new Durham University telescope
(the Mark IV) is being built in Durham for proposed deployment

in La Palma, Canary Islands.
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2.7. The University of Durham Facility at Dugway, Utah

An array of four V.H.E, y=ray telescopes was established at
Dugway Proving Grounds, Utah (40.2°N, 112,82°W, altitude 1450 m
a.8.1.) by the University of Durham during the early Summer of
1981, The system comprised four telescopes operated and steered
under computer control. The data logging system was comprehensive,
and used modern electronics. Long exposures were made of some
7 objects, in particular the Crab pulsar (137 hours), Hercules
X-1 (32 hours) and Cygnus X-3 (350 hours). The last observations

were made with the system on 29th September 1984,

2.7.1, The Mark I Telescope

The observatory originally comprised an array of four
telescopes arranged in an equilateral triangle with one telescope
at each apex and one in the centre. Each telescope consisted of
three paraxial parabolic searchlight mirrors of 1.5 m diameter
mounted on a computer—-controlled altazimuth platform which gave
a steering accuracy of 0.1°, One 12.5 cm photomultiplier tube
(PMT) was placed about 8 cm behind the Cassegrain focus of each
mirror, with a circular aperture of diameter 5 cm positioned at
the focus in order to define a geometrical field of view of 1.75°
FWHM. A cylindrical baffle was placed around each secondary mirror
in order to protect the PMT from direct illumination by the night
sky. The telescopes were also equipped with a paraxial low light
CCTV camera capable of detecting Gth magnitude stars to maintain

a check on steering accuracy.
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The photomultiplier tubes used were RCA 4522 tubes (available
from a previous experiment), which are fast, linear—-focussed
tubes' of diameter 12,5 cm. The photomultipliers were used with
a defocussed image in order to illuminate the whole face of the
tube, If the PMTs had been placed at the Cassegrain focus, both
Cerenkov pulses and any bright stars appearing in the field of
view would have been focussed onto the photocathode, resulting
in an intensely illuminated region. The use of a slightly un-
focussed image avoids problems introduced by the non—uniformity
of the quantum efficiency of the photomultiplier tube photo-
cathode.

Since the detection of Cerenkov light—pulses requires a fast
response from the PMT, the tubes used at Dugway were operated
with a high field per stage requiring a typical EHT of 1800V,

h dynode rather than the

and the signal was extracted from the 11t
anode. Typical sky brightness induced currents under such conditions
were 5pHA, Individual detector rates were set at about 1 kHz at a
discrimination level corresponding to an estimated photon threshold
of 50-100 photons m_zo Servoed green LEDs were available to
stabilise the anode current.

The mirrors used on the Mark I telescopes were army surplus
searchlight mirrors. Their optical quality was low and the focal
lengths short (60 cm). In an attempt to improve the optical
arrangement, the mirrors were operated in the Cassegrain mode,

which entails a loss of light as an additional reflecting surface

is required.
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2,7.2, The Mark II Telescope

During 1983, in an effort to overcome the restrictive optics
enforced by the use of surplus searchlight mirrors, one of the
detectors was re-mirrored with purpose-built solid aluminium

mirrors of 60 cm diameter and focal length 2.2 m. The mirrors
TN —

were arranged in three hexagons of seven mirrors each with a 2"
RCA 8575 PMT at the prime focus of each hexagon ensemble. The
geometrical field of view was now reduced to 10250, after

the experience gained in tracking sources with the Mark T tele-
scopes, Operation of the modified system next to the original
detectors showed that the narrowing of the field of view was
successful in improving the ratio of detected Y-rays to background
cosmic ray events. This was the first instance of such an "in

field" improvement in telescope performance., For comparisons of

the characteristics of the two telescopes see table 2.1,

2.7.3. Information Recorded
After the detection of a 3-fold coincidence from any one of
the four spaced telescopes, the following data were recorded on

magnetic tape:

(i) The relative time of occurrence of the light flash, with a
resolution of lus using an oven—controlled crystal as a timebase
(accurate after correction to 1 part in 109)° The clock was
regularly synchronised using an off-air signal from radio station

WWV at Fort Collins, Colorado, The UT was accurate to about 0,3 ms,
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MARK I MARKII

DISH AREA 1.77 m? 2.04 m?
APERTURE 50 mm 40 mm
FOCAL LENGTH 1.5 m. 1.9 m.
FIELD OF VIEW 1.75° 1.2°
REFLECTIVITY  0.35 0.55
COUNT RATE 15 C.P.M. 11 C.P.M.
THRESHOLD 1300 GeV 800 GeV

Table 2.1 Characteristics of the Mark I and II telescopes.



limited by the accuracy of the clock's off-air synchronisation
and uncertainties in the propagation of the ground wave radio

gsignal,

(ii) The relative arrival times of signals from other telescopes
occurring within a specified gate time., Actual times were

accurate to less than 1 ns.

(iii) The charge in the pulse from all 12 PMTs, in the range

0-250 pC, with 0.1 pC per bit resolution,

The atmospheric pressure, temperature, anode currents and
individual PMT rates together with the number of coincidences
between any two mirrors in each telescope and the accidental

3-fold rate were also recorded every minute,

2,7.4, General Performance

The aggregate counting rate of the system was about 50 minm1
near the zenith. Individual telescopes each counted 3-fold coin-
cidences at a rate of about 12-20 min=1o Two telescopes responded
at a rate of 10 min-1 and three or more telescopes at a rate of
5 mincl° The rate of spurious events recorded due to photo-

multiplier tube noise was always less than about 1 per hour.
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CHAPTER 3

DATA ANALYSIS TECHNIQUES FOR USE IN GAMMA-RAY ASTRONOMY

3.1. Introduction

The data on electromagnetic radiation in the V.H.E. Y-ray region
is characterised by the arrival times of single photons, often at a
low count rate and in a series of observations each lasting 3-=4 hours
which may be spread over intervals of a few months., The measurements
are also subject to a very high "noise" level from the near identical
Cerenkov flashes produced by atmospheric showers initiated by cosmic
ray protons. These two problems require that the analysis of V.H.E.
Y-ray data be carried out with care, using appropriate statistical
techniques,

This chapter provides an overview of the analysis routines
applied to data from the Dugway facility and from the Mark III
telescope at Bohena Settlement, N.S.W. Prior to any analysis, the
data from all experiments are translated into a standard format,
first employed in the Dugway Project. This pre—processing is
described. The routine methods of data analysis are then discussed:
these include the analysis of count rate and timing data taken whilst
continually tracking the source (periodicity searches) and the
analysis of data taken in the drift scan mode, Finally, the

calculation of fluxes and flux limits is described,

24



3.2, Format of Data Files

Data from both the Dugway and Mark III telescopes are recorded
on magnetic tape. The Dugway telescopes used a standard 1600 bpi
9-track tape of 20Mb capacity. In the case of the Mark III
telescope the data tapes used are 3M DC600 tape cartridges with
a capacity of 68 Mb., Data recording and formatting for the Dugway
experiment has already been described in detail (Kirkman, Macrae,
Dowthwaite, Ph.D. Theses) and this work will therefore be confined
to the description of the preprocessing of data from the Mark III
telescope,

The information recorded during one night's observation is:

a) A Run Start File, containing:

>

(i) Civil and Julian dates of the observation
(ii) Identity of observers
(1ii) Comments on, for example, weather and telescope performance
(iv) Mapping of the assignment of data recording channels
(servoed photomultiplier gain control system, discriminator
threshold for pulse recording, pulse digitisers, HT power
supply voltages, photomultiplier anode currents)
(v) A record of the photomultipliers in use
(vi) Weather information (cloud cover, sky clarity, temperature,
wind speed and direction)
(vii) Mapping of the allocation of scalers which record the count

rate from each set of 3 photomultiplier tubes in coincidence,

b) A Source Start Data File, containing:
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(1) Source name and position
(ii) Time of run start
(iii) Observatory position
(iv) Steering (offsets) for the telescope

(v) Comments.,

c) A Data File., For each event, the following is recorded:
(i) The time of the event
(ii) The size of the pulse produced by each PMT which responded
(iii) Instantaneous anode currents in the 3 on—source
photomultipliers and 5 of the off-source photomultipliers
(iv) Telescope position and drive status

(v) A record of which of the photomultipliers responded.

In addition, every minute the following information is also recorded:
(i) Instantaneous values of all photomultiplier anode currents
(ii) Weather information
(ii1i) The contents of all scaler channels giving data on the
single-fold responses from each PMT during a one second

sample period,

These data are recorded in a compact format to economise on the
space taken up on tape, so it is necessary first of all to translate
the data into an easily read form. Once this has been accomplished
(at present using the VAX 11/750 of the Durham Starlink node), the
information is translated into ASCII format and split up into "source"

files, each of which contains data on a single observation of one
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Figure 3.1 Schematic diagram showing the routine processing of data

from the Mark III telescope.




object., Since most of the analysis routines employ the arrival
times of the Cerenkov pulses, the times of events together with

an indication of the channels which responded only are stripped
from these files and are stored as 14 decimal digits, of which the
last 6 are microseconds. This extraction of timing data also
reduces the size of the dataset. The process is represented

schematically in figure 3.1.

3.3. Count Rate Analysis

Once the data have been rearranged into the standard format,
and the times extracted, the count rates for all off-source and
on-source channels are routinely analysed. The count rate analysis
of data from the Mark III telescope involves binning the Cerenkov
pulses recorded each night into one minute bins. It is then
possible to plot the count rate as a function of time for each
object observed on each night. The events recorded from the one
on axis and three off axis channels, each of which consists
of 3 PMTs in coincidence, are plotted separately, and a plot is
also produced for all events on all channels. A four-colour printer
is employed for this purpose. The reason for this routine count

rate analysis of data is two-fold:

a) Quality Control
The data are checked with reference to the relevant observers'
log to identify any obvious variations in count rate produced by

the experimental conditions: a highly variable count rate due to
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cloud intermittently passing over the source, for instance, would

be suitable for short-=period searches only.

b) Detection of DC Emission from Sources

If the object on which data have been collected is producing
bursts of y-rays, it may be possible to identify the larger bursts
simply by inspecting a plot of count rate versus time. The
statistical significance of such episodes may then be assessed,
and if they are significant they may then be extracted and further
analysed by using statistical tests for periodicity for example.,
Smaller but non-statistical variations must be identified by

separate procedures (see section 3.10),

3.4, Adjustments to the Times of Arrival of y-rays.

If searches for periodicity within y-ray data are to be made
successfully, it is necessary to allow for those effects which may
corrupt the periodicity of the pulse arrival times. Clock errors
are corrected for, and variations in pulse arrival times due to
the motion of the observer are removed by correcting all event times
to the Solar System barycentre. If the source observed is in a
binary system, an additional correction must be made to take into
account the Doppler shift in the pulse-.arrival. times induced by_.

the motion of the y-ray source around the barycentre of the system,

3,4,1, Clock Uncertainties

There are two corrections which must be made., First, a
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correction is made to the relative time of arrival of events,
This arises because the crystal oscillator used may not have a
constant rate. Secondly, there are uncertainties in the absolute
time of the occurrence of an event for which a correction must
be made. For further details of timing procedures see section

7080

a) Clock drift rate

The first task is to correct the event times for changes in
the system clock., Regular measurements of the clock time compared
with the radio timing pulses used to synchronise the clock are
made to facilitate this, Initial measurements of the Rb clock
used in Australia indicate that, over a period of approximately
4 months, the difference between clock time and radio time is very
small, the clock having a slip rate with respect to the radio
signal of approximately 0.8 ms per month (see section 7.8). The
Dugway clock, which featured a high quality crystal, was deliberately
set to run slightly fast and had a typical drift rate of 24 ms day_l;

considerable corrections were necessary to achieve accuracy of 1

part in 109 (see Kirkman, Ph.D, thesis).

b) Radio Signal Propagation Time

A correction must also be made for the delay in the propagation
of the radio signal used to synchronise the clock from the trans-
mitter to the observatory. In the case of Lyndhurst to Bohena the
delay is approximately 6 ms, an accurate measurement having been

made at the Anglo—-Australian Observatory which is approximately
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100 km from the Mark III site. Observations have not as yet
(June 1987) required the use of absolute timing techniques. For
observations at Dugway, Kirkman (1985) has demonstrated the
validity of a delay of approximately 2.5 ms using the Crab pulsar

as a timing reference.

3.4.2, The Adjustment of Event Times to the Solar System Barycentre
There are three stages in this process:

a) Translation of event times to the centre of the Earth
b) Translation of event times to the Solar System barycentre
c¢) Application of relativistic corrections.

These are described below.

a) Translation to the centre of the Earth

The event times are translated to a point at the centre of the
earth to allow for the Doppler effect due to the motion of the
observer on the surface of the rotating Earth. This requires
precise knowledge of the observatory's geographical co-ordinates.

The correction is typically a few milliseconds.

b) Translation to the Solar System barycentre

The second translation is to tﬁe Solar System barycentre,
which removes the Doppler effect on the pulse arrival times induced
by the Earth's orbital motion. Tﬁe position of the Earth in its
orbit at tﬁe event time’is found using an Earth ephemeris. All
Dugway data were corrected using tﬁe Massachusets Institute of

Technology Earth ephemeris produced by Ash et al. (1967);
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since this was used at Jodrell Bank for their measurements of the
Crab pulsar, Data from the Mark III telescope are, however,
corrected using the Jet Propulsion Laboratory ephemeris. This

was necessary because of the changeover by the astronomical
community from the MIT ephemeris to the JPL ephemeris. The
ephemerides contain the X, Y and Z co-ordinates of the earth for
every two hours. A polynomial is fitted to the separate X; Y, and
Z co-ordinates to deduce the accurate earth position at the time
of arrival of the event; and a timing adjustment is made to the
Solar System barycentre for the event in question. The Solar

System corrections can be as large as 200 seconds,

c¢) Relativistic correction
The final correction to be made is to take into account
relativistic effects on earth-based clocks orbiting the sun. The

correction is of one or two milliseconds' magnitude.

3.4.3. Focusing Event Times to the Barycentre of a Binary Orbit
For X-ray binary objects, which are of considerable interest
in y-ray astronomy, the source is considered to be a pulsar in
orbit around a main sequence companion. In observations of such
sources, the motion of the pulsar around its companion produces
a Doppler shift in the y-ray arrival times, So, if a successful
search for the periodic y-rays from the pulsar is to be made, the
event arrival times must be adjusted to the barycentre of the

binary system in which they originated in order to allow for this
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effect. The contemporary orbital parameters of the system must
be well known to accomplish this, The orbit of a binary system
is completely specified by:
a) The binary orbital period P
b) The time t, of periastron passage
c) The eccentricity e
d) The distance w between the periastron and the node
e) The product of the semimajor axis a and the sine of the
inclination angle along the observer's line of sight, i.
f) The position angle, @, of the node.
These parameters are illustrated in figure 3.2. For X-ray binary
pulsars; a complete set of parameters is often not available, but
it i1s possible to adjust event times given P, e, and w from an
estimate of the mass function,
The arrival time is calculated from:

1

6(t) = ¢ + W(tmt ) + fu(t-t )% + w(rsP '-1) 3.1
where
Q = £fg + hsinE
R = gsinE + hcosE

S=Q1 - ecosE)—1

f = cosE - e

g = asini.sinw

h = (l-ez)o"5 asini.cosw

P = orbital period

W = longitude of periastron

E = eccentric anomaly
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Figure 3.2 The orbital elements of a binary system. The centre of the
co-ordinate system is located at the focus of the orbit.
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= periastron point

line of nodes , where the orbital plane intersects
the xy plane at inclination i.



The eccentric anomaly E is defined by:

2¢(t—to) = E - esinE
P

3,2

A detailed discussion of arrival time analysis for pulsars in binary
orbits is given by Blandford and Teukolsky (1976). The Durham
University group relies on procedures developed by Wallace

(Rutherford Appleton Laboratories, private communication).

3.5, Periodicity Searches

Many candidate V.H.E, Y-ray sources are pulsars or X-ray
binaries and may show periodicity in the low energy y-ray, X-ray,
optical or radio regions of the electromagnetic spectrum (and in
some cases all four)., So, V.H.E. y-ray data recorded during
observations of such sources are subjected to searches at the known
(or suspected) period. In the case of data taken while tracking an
object, the high background of proton induced events means this is
a more sensitive method to apply to the data to establish the
presence of a yY-ray source than, for example, searching for bursts
in the count rate. This is, of course, in the absence of a reliable
and proven method for distinguishing between the two types of
Cerenkov light flashes, The statistical methods employed in such

searches are outlined in the next sections,

3.5.1. Epoch Folding

Due to the often low count rate and high noise level of V.H.E.
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Y-ray telescopes, it is not possible to identify periodicity within
the data simply by inspecting the count rate over a given period of
time, It is necessary to combine the data in some way. One method
used is epoch folding. The data is tésted at a given period by Al
assigning each event to a phase Sin of arbitrary width, then summing
the number of events in each bin, The data have been "folded" at
the expected period. A V.H.E. y-ray light curve of that period
results,

If it were possible to predict the exact form of a y-ray light
curve, periodicity could be searched for by correlating the observed
Y -ray arrival time series with the expected light curve using a
maximum likelihood method. However, in most cases only estimates
of the expected light curves exist, based on measurements at lower
photon energies, so this technique may not be applied. One
procedure adopted is to use Poincare's theorem as a null hypothesis:
a random time series of sufficient length, unfolded with an arbitrary
period, results in a uniform phase distribution. A test for the
uniformity of the phase distribution, resultiﬁg from experimental
data being folded at the trial period, is taken to indicate the
absence of that period in the data, Typically, the data is arbit-
rarily binned to produce a phase distribution and then Pearson's
xz test for uniformity applied.

This method has many problems associated with it when applied
to V.H.E, y-ray data, The binning is completely arbitrary: the

number of bins into which the data are placed must be chosen and,
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where precise phase is unknown, the bin origin must also be chosen.
There is a risk that any y=-ray peak in the data will be split
between two bins and thus its statistical significance reduced.

To avoid this, data may be re-binned many times, and it is
difficult to take into account the number of degrees of freedom
used in doing so, and hence to calculate the probability of any
lack of uniformity being due to chance., Circular statistical
methods are now preferred., These are statistical tests designed
to deal with cyclic phenomena, and some such tests are described

in the following sections.

3.5.2, The Rayleigh Test

This test has been described by Batschelet (1981) and in more
detail by Mardia (1972)., Its application to y-ray astronomy Qas
first suggested by Gibson et al. (1982) and it is now widely used
in the field as a test statistic. This test requires no prior know-
ledge of the absolute phase and no arbitrary binning is made. The
following is a brief description of its use by the Durham group.

In the Rayleigh test, each event in a dataset is assigned an
accurate phase, Binning is not required. Then, a resultant vector,
¢, is formed from unit vectors at the phases of the events in the
time series, normalised to between O and 1, and tested for sig-
nificance. The null hypothesis is that the parent population is
uniformly distributed. The statistic 2n4>2 (where n is the number

. . . . . . . 2 .
of events in the time series) is essentially distributed as x~ with
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two degrees of freedom (i.e, a Gaussian distribution). In the case
of a trial period T, for each event at a time ti’ we calculate the
phase angle ei using:

ei = ZTrfti (mod 27) 3.3

where £ = 1/T, In cases where the period has a known first and

secand derivative; this becomes:

o 2 . 3
8; = fti + fti/z + fti /6 3.4
We then calculate:
n
C = § (cosei)/n
i = 1 305
n
S = ? (sin.ei)/n
i = 1 3&6
and
R= J? + 5% 3,7

The probability of nR2 is calculated either from the X2 distribution
for 2 degrees of freedom which is exp(—nRz) or (more accurately when

n is small) from:

7
Prob.(nR2> K) = exp(-K) (1 + (2K - K°)/4n - (26K - 132K% + 76K = 9K))

3.8

There are two points to be noted concerning the Rayleigh test.
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Firstly, it is designed to test for a unimodal distribution and is
not sensitive to bimodal distributions such as would be encountered
in a light curve consisting of a pulse and an interpulse., However,
in many cases where the light curve is double-peaked, the Rayleigh
test is sufficiently sensitive to the power in the first harmonic
to show an effect. This is thus a reasonable test to apply in the
absence of any a priori knowledge of the form of the light curve.
Where the light curve is known to consist of a pulse and an inter-
pulse the problem may be circumvented simply by testing at half

the given period. Secondly, the Rayleigh test in essence tests for
the correlation between the time series and a sine wave at the
period being tested and is therefore relatively insensitive to
light curves with narrow peaks, as shown empirically by Leahy

et al. (1983).

3.5.3., The Modified Hodges-Ajne Test

The basis of this test was first proposed by Ajne (1968) and
is, in fact, a special case of a test devised by Hodges (1955)., It
consists of assigning phases of some trial period to data, and then
binning the data into two equal phase bins (of width 0.5) and moving
the bin origin until one of the bins has the smallest possible
number of events, m, in it, It is clear then that this test is
more sensitive to sinusoidal waveforms than light curves with a
narrow pulse (short duty cycle), so a modification is required

to increase its sensitivity to such light curves, The modification
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to the test applied by the Durham group, originally and independently
proposed by Cressie (1977), is to rotate a sector of arbitrary phase
length through the data and look for the maximum number in the
smaller bin. The null hypothesis is again that the parent population
is uniformly distributed.

Its application to V.H.E. y~ray astronomy is as follows, Each
event in a section of data is assigned a phase angle using either
equation 3.1 or 3.2. The data are then binned into 10000 phase
bins, for ease of calculation. On average, there will only be one
event per bin, so this is a reasonable approximation° The sector,
chosen previously to correspond to the width of the proposed peak
in the light curve, is passed through the data by moving the bin
origin. The maximum number of events in the smaller bin is found.
The probability of finding this number of events is derived

according to Orford (private communication):

00

Prob, (w<t) = = 4t exp (= (2k-1) %t /2) 3,9
J 21T k =0
where
m* = (n-2m)/n 3.10

This is a very powerful test if the shape of the expected light

curve is known a priori.
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3.5.4, The Z2 Test,

The circular statistic applied to low energy Y-ray data from
radio pulsars obtained using the COS-B satellite (Buccheri et al.,,
1983) is known as the Zﬁ test, It is essentially a Rayleigh test
with harmonics introduced (T/2, T/4 etc,). The Z% statistic is

defined by:

n N, N.
1 1
5 = @/N) % (( % coskd.) + ( é sing)) 3.11
k=1 j,l is1

where n 1s the chosen number of harmonics. Again, this is dist-
ributed as a X2 function with 2 degrees of freedom. The value of n
chosen by Buccheri et al. was 2 in order to optimise the signal:
noise ratio. In the absence of pulsation in the data, the expected
value of Z% is 4, When a periodic signal due to Npi "pulsed"
photons exists, the contribution to Z% (in terms of the number of

standard deviations above the average) is:
) _
ng(B) = N7p (8) C/Ni(e) 3.12

where 6 is the angle of acceptance of the telescope direction and

the constant C depends on the duty cycle of the pulsation.

3.5:5. The Tn Statistic,

Recently; Protheroe (1985) has proposed a statistic for
application to V.H.E. and U.H.E., y~ray data from objects with
suspected narrow light curves. The requirements of the statistic

were:
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&Y

It should be sensitive to the distances between pairs of
points on the phase diagram, having a high value 1if more

points are closer together than expected,

(ii) It should be sensitive to the grouping of several points,

(iii) The sensitivity to a very small distance between two points

should not be so great that an unusually close pair dominates

the statistic,

The test is thus specific and assumes some prior knowledge of the shape

of

X.
1

It

the light curve. The distance between two events on the phasogram

and xj is defined as:

- 0.5) ' 3.13

(xi - xj)

Aij=0.5-! (

is considered that averaging 1/8 over adjacent pairs would

satisfy (i), and averaging over all pairs would satisfy (ii).

Requirement (iii) is satisfied by averaging (A ¢ 1/n)-1 over all

pairs, The statistic proposed, therefore, is:

m-1 m
_ _ -1
Tn = 2/n(n~1) (Aij + 1/n) 3.14
i=1 j=]'_+1

Its null distribution for various numbers of degrees of freedom is

computed using Monte Carlo methods.

3.6, Searching Over a Range of Periods or for an Unknown Period

Many objects observed by the University of Durham group have had
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no accurately predicted contemporary period available, either due

to uncertainties in the radio or X-ray ephemeris or uncertainties

in the translation of event times to a binary system barycentre
introduced by errors in the orbital details. It has therefore

been necessary to search about the given inaccurate period. This
introduces further complexities into tﬁe analysis by using more
degrees of freedom than the simple case with a well-defined expected
period.,

When a search over a range of periods is conducted, each
independent period within that range must be tested. The separation
of independent periods is termed the Fourier interval. In an
observation of length T seconds, the phase of the last event
relative to the first is given by:

¢ = T/P1 3.15

where P1 is the test period. If P1 is now increased to P1 + AP,
the phase slips relative to that defined by Pl Eventually a point
is reached, P2’ where the phase slippage is equal to a whole period,
and the coherence is lost, P2 is therefore the next independent

period and P2 - P1 the Fourier interval,

The number of independent periods to be tested in a period

search between P1 and Pn is given by:

Np = T/P1 - T/Pn 3.16

The Fourier interval is then:

- p2
F.I. = Pl/T 3.17
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It can be seen that for any observation the size of the Fourier
interval depends both on the period tested and on the length of
the observation.,

In a search for periodicity, it is important to note the number
of degrees of freedom expended in that search. For example, in a
search over 103 independent periods, only probabilities of unifor-

6 may be considered as indications of the

mity of phase of < 10
presence of real periodicity. All probabilities of uniformity
quoted in this work have been corrected for the degrees of freedom

used in the analysis.

3.7. The Poincare Correction
Tests for periodicity rest on Poincare's theorem, which is that

a random time series of gufficient length unfolded with an arbitrary

period results in a uniform phase distribution. However, for short
observations (of the order of an hour) and long periods (of the

order of minutes) this no longer holds. Vela X-1, for example, has

an X-ray pulsation period of 283 secs: observations of about 100
minutes therefore cover approximately 20 periods. It is highly
improbable that the dataset will be a whole number of periods long,
resulting in a remainder of events at the end of the data. When these
are plotted on a phasogram, an anomalous non-uniformity is produced.
This problem is circumvented by dividing the dataset by the period
which is being tested, and truncating the dataset to the largest

whole number of periods possible. This procedure has been followed
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for all cases in this work where the period is long.

3.8. .Zenith Angle Dependence

Over a typical observing period of 100 minutes, the zenith
angle of an object with a high culmination, such as Vela X-1, may
change by 20°, This would cause a change in count rate of 2-37
every 5 minutes (see section 7.10). In the general case, when a
dataset is being tested at a short period of a few seconds or less,
this presents no difficulties, If, however, the period tested is
of the order of a few minutes (as is the case for Vela X-1) a
rapidly rising (or setting) object with a consequent rapidly
varying count rate produces spurious periodicity in the data.
If the telescope is counting 37 more (or less) Cerenkov flashes at
the end of one pulse period than at the beginning, a peak will
occur in the light curve produced by plotting a phasogram. It is
thus necessary to take a continuously rising or falling count
rate into account in the data analysis if the background varies
significantly over the interval of one cycle of the period being

tested,

3.9, Drift Scan Techniques

The drift scan mode of telescope operation is one whereby the
telescope remains static and the Y-ray source is allowed to drift
through the field of view. Data are therefore collected both on and

off source: during the first and last parts of the scan the object .
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is outside the field of view, If y-rays are received from an
object in the period during which it is in the field of view, an
excess of Cerenkov pulses would be expected in the "on" period
compared with a similar period off source. If Na events occur

in the first off period, N, in the second off period and Non

b
during the time on source, and assuming the three observation times
are equal, the number of y-rays attributed to the source is given
by:
A
S = Non - (Na + Nb)/2 3.18
This also assumes:
a) The flux of y-rays is constant while the source is in the field
of view,
b) The aperture of the telescope is defined by a "top hat"
function rather than the complex Gaussian function which
actually defines the field of view,
A statistical uncertainty must now be ascribed to@° In the
simplest analysis, the number of counts in the "on" period is
statistically compared to the expected number (as derived from the

"off'" periods) and a probability of y-ray detection ascribed to the

scan,
3.9.1. The Relative Likelihood Ratio

The relative likelihood test has been described in detail by

Hearn (1969) and O'Mongain (1973), To determine whether the excess
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observed from the direction of the source is indeed due to a

Y=ray source or is simply the result of statistical fluctuations,
it 1s necessary to know the number of events which one would expect
to observe were no y-ray sources preSent. The on source events
contain those assumed due to the y-~ray source, ?9 and a background
contribution; B. The relative likelihood of the fluctuation, g,
being due to a source is given by:

_ Bm
P (8=0/N)

3.19
where the P is a conditional probability. Assuming the temporal
distribution of counts to be essentially Poissonian, this simplifies
to:

r = B/ + DY exp(-3) 3.20
At a confidence level C, the relative likelihood function

A > (1-c)t 3,21
is used to define a source "discovery'".
This test requires an exact knowledge of the background counting

rate, although uncertainties may be approximately allowed for. In

the general case of both background and source being unknown, another

test statistic (described in the next section) must be used,
3,9.2., The Maximum Likelihood Test

The detailed description of this test was given by Gibson et

al, (1982), The maximum likelihood is defined as:
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max L(N/S=0)

max L(N/S) 3,22

where L is the likelihood of observing N counts when the source
strength S is zero. For a drift scan, where the ratio of off source
time to on source time is &, N counts are seen and B counts in total

off source, it has been shown (Orford, private communication) that:

N B
I = N+B (N+B) | 3.23
(1+a)N (1+a)B
with
S=N-=-B/a (c.f. eqn. 3.16) 3.24

The error in S is obtained by relaxing the value of L to S, and S_

which have lo deviations from S,

3.10, Calculation of Fluxes
In order to convert an overall excess of events seen by a

Y-ray telescope to a flux measurement, several pieces of information

are required:

(i) The effective field of view of the system, In the case of the
Mark I telescope this was (2.2 % 0.2)0, for the Mark IT it
was (1.8 ¢ 002)0, and for the Mark IIT it has been calculated
to be (1.4 * 0,2)00

(ii) The telescope threshold for cosmic ray nucleons and for y-ray
initiated Cerenkov light flashes. This in turn requires

knowledge of the integral cosmic ray spectrum,
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(iii) The integral cosmic ray flux at threshold, which can be found
from the known cosmic ray spectrum.
In the case of the Mark III telescope, the threshold is
calculated to be approximately 250 GeV (see section 7.11)., At

this energy, the cosmic ray filux is approximately 2 x 10‘=5 cmm2 \

-1 -1 . . . . .
s str ~, assuming the integral cosmic ray spectral index is =-1,6

v
(Craig, Ph,D thesis, 1984). The field of view of the Mark III on- .
axis channel alone is 5.5 x10-45tr, so 17 of the cosmic ray flux
. -11 -2 -1 .
at 250 GeV is 1.1 x 10 em s . Consider the X-ray
binary LMC X-~4. This shows an effect at 3.87 of the cosmic ray
background around X-ray maximum, corresponding to a peak flux of

4,2 x 10_111 cm—2 s_l (see Chapter 8).

3.,11. Calculation of Flux Limits

Some objects observed show no significant count rate excess
for the duration of the observations. In these cases, it is
possible to calculate the flux which would have given a 30 detection
for the length of observation made and use this as the upper limit
to the flux of the object,

Consider a light curve containing N events with a Z pulsed
flux P7Z. We know that:

P(Rayleigh) = exp( -N(P%/100)?) 3.25

is true for large N. Now, a 30 effect corresponds to a Rayleigh. = .
probability of 1.348 x 10"3o Rearranging equation 3.25, the

percentage pulsed flux for a 30 effect is given by:
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P72 = -10%/N 1n(1.38 x 1073), 3,26

For the Dugway telescopes (assuming a 1000 GeV threshold), the
background cosmic ray flux is calculated to be 3.4 x 1072 cmm2 s—lo
Consider PSR0950+08, The telescopes recorded 63180 Cerenkoyv flashes
from the direction of this object; Applying equation 3,26, a 30
effect would require a pulsed flux of 1.19%. This corresponds to
va flux of 4.1 x 10-11 cm—2 s—l, which is the 30 flux limit,

In the case of a pulsar with a known short duty cycle, the
flux limit is calculated as follows. Consider a 20 bin light curve
produced for a pulsar with an assumed 5% duty cycle., We require an

excess of € in one bin to produce a 30 detection, The requirement is

expressed as:

=3
Jn/20

The percentage of pulsed y-rays corresponding to a 30 effect is given

3.27

approximately by:
P7Z = 100e/N 3.28
Let us use PSR0950+08 as an example again. A 3¢ excess in one
bin requires an excess of 213.,6 events, which cvorresponds to a Y-ray
flux of 0.347 of the background. The 57 pulsed flux limit is there-

fore 1.15 x 10—11 cm—z s_l°
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CHAPTER 4

CYGNUS X-3: RESEARCH BACKGROUND

4,1, Introduction

This chapter is devoted to the results of observations at many
different wavelengths of one object: Cygnus X-3. This remarkable
object, which is probably a binary system, has aroused great interest
as a source of X-rays, radio and infrared outbursts, H.E., V.H.E,
and U,H.E, y=-rays, and possibly as the origin of exotic particles

("Cygnets") which manifest themselves as high energy muonmns.

4,2, Observations of Cygnus X-3

In the following sections, observations of Cygnus X-3 in all
regions of the electromagnetic spectrum will be considered. The
recent results from underground muon experiments will also be briefly

described,

4,2,1. X-ray Observations

Since Cygnus X~3 was discovered as an X-ray source, it is
appropriate to begin this review with the X-ray observations which
have been made to date. The third X-ray source in the constellation
of Cygnus was discovered during the flight of an instrumented

Aerobee 150 rocket, flown from the White Sands Missile Range on
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October 11th 1966 (Giacconi et al,, 1967). It was confirmed as a
discrete X-ray source by the Uhuru satellite and designated

4U2030+40 in the fourth Uhuru catalogue (Giacconi et al., 1971

and Leong et al., 1971)., Cygnus X-3 remains most comprehensively
studied in the X-ray region of the spectrum. It has now been detected
at energies from 1 keV to 400 keV. No "soft" X-rays (0;1 to 1 keV)
have been detected: tﬁese are probably absorbed by interstellar

material,

a) 4,8 Hour Period

Long-term observations of Cygnus X-3, initially made with the
Uhuru satellite (Parsignault et alog 1972, Leach et al., 1975) and
then with the Copernicus (Mason and Sandford, 1979), ANS (Parsignault
et al., 1976), SAS 3 (Lamb et al., 1979), Einstein (Elsner et al.,
1980), Vela 5B (Priedhorsky and Terrell, 1986), Ariel 5 (Holt et al.,
1979), 050-8 (Dolan et al., 1982) and COS-B (Van der Klis and Bonnet-=
Bidaud, 198la) satellites showed X-ray emission from the object to
be varying with a period of 4.8 hours, the maximum X-ray emission
being at phase 0,625 (where phase zero is the centre of the broad
minimum), The first ephemeris for the 4.8 hr variation was published
by Parsignault et al., (1976) using measurements from the Uhuru
satellite only, Further ephemerides were produced both with and
without a period derivative (Elsner et al., 1980 and Mason and
Sandford, 1979). The most widely used ephemeris was produced by

Van der Klis and Bonnet—-Bidaud (1981a), which combined the satellite
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observations used in the aforementioned ephemerides with COS-B
observations. More recent measurements, taken with the EXOSAT
satellite (see below) have prompted calculations which will lead
to other ephemerides (Mason, private communication, 1986 and Van
der Klis, 1985, quoted as a private communication by Ramanamurthy,
1985) .,

During the COS-B X-ray measurements, it was noted (Van der Klis
and Bonnet-Bidaud, 1981b) that the shape of the light curve changes
on short timescales (of the order of a week). These changes affect
the light-curve asymmetry and shift the position of the maximum of
the 4.8 hr cycle, Broadly speaking, the light curve becomes more
symmetric with increasing non-pulsing flux intensity. These authors
also confirmed earlier suggestions (Manzo et al., 1978; Lamb et al.,
1979; Elsner et al., 1980) that the 4.8 hr period is slowly increasing,

and the period derivative was found to be (1,18 * 0.14) x 10-'9

ss_l, which is included in the ephemeris. The ephemeris due to
Parsignault et al. (1976), based on measurements from the Uhuru
satellite, only contains an upper limit to the period derivative,
due to the short timescale of the measurements., This upper limit is
not incompatible with the observed period derivative due to Van der
Klis and Bonnet-Bidaud (198la).

In 1985, a 30.6 hr continuous observation of Cygnus X-3 in the
energy range 10-50 keV was made using the EXOSAT satellite

(Willingale et al,, 1985). They observed the 4.8 hr periodic

behaviour, though the position of the X-ray maximum was found to

51



be consistently 600 s before the maximum predicted by the Van der
Klis and Bonnet—Bidaud (1981a) ephemeris. Cygnus X=3 also exhibited
flaring activity on timescales of 100 seconds. A series of sharp
dips observed immediately after each X-ray minimum suggests that

the flaring episodes may be a function of the 4.8 hr phase.

b) 20 day Period
et al.

It was proposed by ElsnerA(1980) that the asymmetry of the 4.8
hr light curve is due to a highly eccentric orbit (e being approximately
0.1-0.6), and the observed lengthening of the 4,8 hr period is due to
an apsidal motion period of over 22 years, However, data obtained
with the COS-B X-ray instruments (Van der Klis and Bonnet-Bidaud,
1981b) gave an indication of phase modulation of the 4,8 hr peak
which may arise from a much shorter apsidal motion period of 20 days,
and an orbital eccentricity of 0.03. Observations made by the Vela
5B satellite also showed a 20 day period (Priedhorsky and Terrell,
1986), This would make the eccentricity too small to cause the
observed light curve asymmetry and implies that the observed period
derivative is indeed the secular period derivative of the binary
orbit. If this is the case, such a short apsidal motion period would
suggest tﬁat the companion star nearly fills its Roche lobe and may

be a red dwarf or a helium star with an extended envelope.

¢) 17 and 34 Day Periods

In 1975 Holt et al, used the Ariel V All Sky Monitor to detect
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a 16,75 day periodicity from Cygnus X-3, which was not confirmed

in further observations (Holt et al., 1979). It was later suggested
on the basis of C0S-B measurements that this was probably the 2nd
harmonic of a 34.1 day period (Molteni et al., 1980). Indicationms
of a 34,1 day period were also observed by 0S0-8 (Dolan et al.,
1982), Analysis of the time dependence of the 4.8 hr period in

the COS-B data suggested the presence of a Doppler effect also
consistent with an orbital motion of period 34.1 days, with the

4,8 hr periodicity then being interpreted as due to the precession
of a fast spinning pulsar (Molteni et al.). This observation of a
34 day period was not, however, confirmed by later more extemnsive
COS-B observations (Bonnet-Bidaud and Van der Klis, 1981), If this
modulation is genuine, and since it does not show an eclipse, the
angle of inclination is required to be significantly different from
90°, The attenuation would then be due to the atmosphere of the
companion star. If the 34 day period is assumed to be the orbital
period, and if the X-ray emitter is assumed to be a neutron star of
about 1 solar mass, the companion would be 10-20 solar masses,
suggesting it is an OB star. However, the results could not exclude
the possibility of the 34 day period being due to some sort of disc
precession, similar to the 35 day period then suggested in Her X-1,
which is now considered to the result of precession (Trumper, 1987).
Apsidal motion of the binary orbit was also suggested as a candidate
cause for the 34 day period, preserving the 4.8 hr period as an

orbital period. It is then difficult to explain the 20 day period
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observed by Vela 5B and COS=B. It may be noted that Vela 5B did

not detect either a 17 or 34 day period in Cygnus X-3 data.,

d) X-ray Spectrum and Flux

Measurements of the X-ray spectrum suggest that at low energies
(below about 10 keV) the emission falls off, presumably due to X-ray
scattering within the source (Reppin et al., 1979; Serlemitsos et
al., 1975). The rest of the spectrum corresponds to thermal plasma
emission with a kT of 20 keV, coupled with a power law accounting
for the high energy X-rays, the spectral index of which may vary
with 4.8 hour phase.

The only X~-ray spectral line which has been unambiguously
detected is the 6.7 keV iron line (Serlemitsos et al., 1975). No
cyclotron lines have been observed.

Uhuru measurements gave a flux density for the object of 9.2 x
10_9 erg cm_2 sec_1 between 2 and 10 keV (Forman et al., 1978). 1If
Cygnus X-3 is assumed to be emitting X-rays isotropically and is
assumed to be 11.6 kpc from the solar system, the X-ray luminosity

between 2 and 10 keV is 1.4 x 1038 erg s—l°

4,2,2, Radio Observations

On September 2nd 1972, Gregory et al. recorded a powerful out-
burst of radio emission from Cygnus X-3 at a frequency of 10;5 GHz,
The radio flux during the outburst was 1000 times greater than had

been observed 2 days previously. Cygnus X-3 was being monitored at
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that time by the Uhuru (Parsignault et al., 1972) and Copernicus
satellites (Sandford and Hawkins, 1972), but no corresponding
outburst at X-ray wavelengths was observed. Two weeks later, a
second outburst occurred, reported by Hjellming et al. at NRAD
(1972), Peak flux densities of 22 Jy and 14 Jy respectively were
observed for the two events. Particularly noticeable at high
frequencies was the fact that the second event consisted of

three separate bursts at intervals of several days (Gregory et al.,
1972) . Measurements of the radio spectrum and linear polarisation
between 1.4 and 10.5 GHz indicated that the radiation was not thermal,
but was characteristic of synchrotron radiation from an expanding
cloud of relativistic electrons. Smaller outbursts were observed
during the next three years, on average twice a year, and often
occurring in groups of two or three. The radio activity then dropped
markedly until, in September 1982, a second series of powerful radio
outbursts was observed (Geldzahler et al., 1983). The maximum
observed flux density during these episodes of activity was 22 Jy.
From measurements of the source size during the outburst, the inferred
expansion velocity of the emitting region was 0.35c. One year later,
in October 1983, two further outbursts, separated by ten days, were
observed by the Very Large Array and the U.K. MERLIN array (Spencer
et al,, 1986). The maximum flux density occurred in the first burst
and was 6 Jy. Measurements of the angular dimension of the emitting
region were again consistent with symmétrical relativistic expansion

about the object with a velocity of 0.35c. Most recently, flaring
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events were observed on February 4th and March 3rd 1985 (Johnston
et al., 1986) and on October 6th 1985 (Johnston, private com—
munication),

In addition to these flaring events, Cygnus X=3 is a low=level
continuous radio source., Recent observations suggest that this
emission consists of small flares which recur with a period of
4,95 hr, a period which is significantly different from that observed
in the X-ray, Infrared, and y-ray regions (Molnar et al., 1984,
1985),

Radio observations of the absorption of the 21 cm Hydrogen line
during outbursts may be used to infer the distance between Cygnus
X-3 and the Earth, The presence of 21 cm absorption lines at
various velocities can be used to give a lower limit to the distance
when coupled with a model of galactic rotation, The first estimate
was that it was between 8 and 11 kpc from Earth (Lauque et al,,
1972), Later calculations, based on observations made during the
1982 October outburst, suggested that the source is further away,

a lower limit being 11.5 kpc (Dickey, 1983)., A maximum distance
could not be determined, and the absorption is consistent with Cygnus
X-3 being extragalactic. It is of note that a distance of 12 kpc,
coupled with the known V.,H.E., and U.H.E. emission, requires a power
in the proton beam to produce the y-rays of 3 x 1039 erg s=1 if one
assumes that the object emits isotropically (Hillas, 1985). Such a

source could easily maintain the galaxy's cosmic ray flux, /&
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4.2,3, Infrared Observations

The absorption and scattering of light in the dust and gas
between the Earth and Cygnus X-3 typically reduces the ahsolute
magnitudes of stars in that region by 3 to 10 magnitudes, so the
identification of an optical counterpart is difficult with present
instrumentation. There is no visual candidate for Cygnus X-=3 to
a limit of an absolute visual magnitude of 23,9 (Westphal et al.,
1972; Gaustad and Margon, 1973; Weekes et al., 198l1)., However, at
infrared wavelengths, the gas and dust are more transparent.
Initial observations at 0.85p showed no starlike object brighter
than 17".5 (Bahcall and Bahcall, 1974)., A group observing at longer
wavelengths of 2.2 and 1.6u discovered a source coincident with the
radio position to * 2 arcs (Becklin et al., 1972), Co-ordinated
infrared and X-ray observations by Becklin et al. (1973) using a
photometer at the focus of the Hale 200-inch telescope and a propor-
tional counter on the Copernicus satellite, showed the infrared
source to be variable with a period of 4.8 hr synchronous with the
X-ray source. The shape of the infrared light curve is also similar
to that of the X-ray light curve, although the modulation is much
less in the infrared., Observations in the I-band show a 17".0 object,
which also appears to show 4.8 hr modulation (Weekes et al., 1982).

In addition, the source displays flaring activity at infrared
wavelengths. On 11 July 1973 a flare of amplitude 8 mJy lasting for
about 6 minutes was observed (Becklin et al., 1974)., More infrared

flares were observed in August 1973 and September 1974 (Becklin et



al., 1974, Mason et al,, 1976). During the August flare, X-ray

and radio observations were also made., The X~ray observations

showed no disturbances, but the radio flux was apparently decaying
from a radio flare which was estimated to have occurred 2 hours
before the infrared flare. Further simultaneous X-ray and infra-

red observations were made on September 2nd 1984 using the 3.0 metre
telescope on Mauna Kea and EXOSAT (Mason et al., 1985). The infra-
red light curve shows a series of short (a few minutes' duration),
intense flares imposed on the 4.8 hr modulation, which involve up

to a two—fold increase in flux, These flares occur throughout the
4.8 hr cycle, There is no clear case of an X-ray flare counterpart,
although a possible X-ray flare event was observed in the data just
before the largest of the infrared flares. The flare events are
interpreted by Mason et al. (1986) as emission from clumps of material
being ejected from the system in jets, and may be precursors of radio

flares,

4,2,4, High Energy y-Ray Observations

The first detection of periodic emission from Cygnus X-3 in
this range was reported by Gal'per et al; (1975) at energies of
50-200 MeV from a balloon flight made in October 1972. The y-ray
emission showed a 4;8 hr modulation, but the y-ray maximum was
recorded in the 4,8 hr phase interval 0,1-0,2 rather than at the
X—-ray maximum; Further observations were made during balloon flights

in September 1972 and July 1973, producing less statistically
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significant results, the final combined excess being 15 counts,
The y-ray flux averaged over the three flights was (6.4 +2.7) x

3 photons cm‘=2 sal9 which is very large. Balloon flights in

10
September 1972 and July 1973 made by McKechnie et al, (1976) at
energies > 70 MeV yielded an upper limit well below the flux of
Gal'per et al, However, the detection was later confirmed by the

SAS 2 collaboration (Lamb et al., 1977) for energies > 35 MeV although
with a flux a factor of 3 lower than observed by Gal'’per et al. The
excess observed above the galactic and diffuse radiation appeared to
be modulated with the characteristic 4.8 hr period in phase with

the X-ray emission. No evidence was found for large diurnal
variations or for bursting on a 10 minute timescale (Fichtel et al.,
preprint, 1987). It has been suggested (Gal'per et al., 1984) that
the difference in phase of high energy Y¥ray emission of these two
observations is related to the 34 day cycle, the suggestion being

that y-ray emission is at phase 0.2 of the 4.8 hr cycle if the 34

day phase 1is in the range 0.0-0.5 and at 0,6 in the 4.8 hr cycle if
the 34 day phase is in the range 0,5-1.0, Then, the y-ray detector

(E > 50 MeV) on board COS-B failed to observe any emission from
Cygnus X-3 during prolonged observations (Bennet et al,, 1977;
Swanenberg et al;, 1981; Hermsen, 1983:; Hermsen et al,, 1987), No
resolved source structure was observed at the object's X-ray position,
nor was any pulsed emission detected during any of the 5 exposures of
the source taken during the period 1975-1980, For some of the

observation periods, the X-ray detector was observing Cygnus X-3
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simultaneously, and recorded emission from the object., The COS=B

7

2q flux limit for the energy range 150-300 MeV was 6.5 x 10 ° photons

cm=2 é=19 vwhich is significantly lower than the flux of (4.4 * 1.1)

X 10'=6 photons cm_2 sm1 for energies > 100 MeV reported by Lamb

et al. It has been suggested that the total y-ray excess observed
in the Cygnus region by SAS 2 is due to CO emission and may not be
uniquely ascribed to Cygnus X-3, since the COS-B satellite also
observed an excess in that region (Hermsen et al., 1987). However,
later analysis using a revised estimate of the galactic high energy
y-radiation from radio measurements produced no significant dif-
ferences (Fichtel et al., preprint, 1987). Long-term observations
of Cygnus X-3 made by Vela 5B suggest an alternative explanation
for the discrepancy, namely that the SAS 2 observations may have
been made during an X-ray high state whereas the COS-B observations
were made during a relatively quiescent period (Priedhorsky and
Terrell, 1986). However, it ig difficult to reconcile a difference
of nearly two orders of magnitude from Gal'’per’s measurements to

the COS-B flux limit with the observed X-ray variability.

4.2.,5, Ultra High Energy Y-Rays

Tﬁe first detection of Cygnus X=3 at PeV energies was made by
Samorski and Stamm (1983) using an extensive air shower experiment
at Kiel, Federal Republic of Germany which had an angular resolution

of 1°, Their data, taken from 1976-1980, showed a significant excess
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from the direction of Cygnus X=3: the probability of the excess

being due to a random fluctuation was 10=4o The excess showers

were also found to be correlated with the 4.8 hr X-ray period as
derived from the ephemeris of Parsignault et al, (1976). The more
widely used ephemeris due to Van der Klis and Bonnet-Bidaud (1981a)
was not initially applied to these data., If a more recent ephemeris
(Van der Klis, 1985, quoted as a private communication by Ramanamurthy,
1985) is used to analyse the data, the U.H.E. y-ray peak is broadened
and shifted from its original phase of 0.35 to 0,1-0.3, and is
reduced in significance (Samorski and Stamm, 1985)., The integral
y-ray flux from Cygnus X-=3 averaged over all phases was calculated

14 photons (:m-2 s—1 for E > 2 x 1015 eV,

to be (7.4 + 3.2) x 10
This result was later confirmed in observations made at Haverah

Park over 3 years (Lloyd-Evans et al., 1983). The 4.8 hr maximum
was in the phase interval 0.225-0,25. The integral flux above 3 x

15 eV was (1.5 + 0.3) x 10‘==14 photons cm=2 s_l. No evidence was

10
found for any long-term periodicity on the timescales of 10 and 34
days.,

Further measurements of Cygnus X-3 in this energy range have
been made at Plateau Rosa (Morello et al., 1983), Ootacamund (Tonwar
et al,, 1985), Baksan (Alexeenko et al., 1985, Alexeenko et al., 1986),
Akeno (Kifune et al., 1986) and Gulmarg (Bhat et al., 1986). With
the exception of the Gulmarg result, all the fluxes measured in

these experiments are in broad agreement with those observed by the

Kiel and Haverah Park experiments, The U,H.E. y-ray flux calculated
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=1

12 photons em 2 s for

from the Gulmarg data is (1.6 * 0.4) x10
E> 5x 1014° Despite the slightly lower threshold of this
experiment when compared with other U.H.E. y—ray experiments, this
flux is much larger than would be expected,

All the above experiments found an excess at phase 0,6 rather
than around 0;25 as had been observed at Kiel and in the early
Haverah Park data; Later results from Haverah Park show a peak
around phase 0,6 (Lambert et al,, 1985). However, simultaneous
observations made with the Fly's Eye in Utah showed an excess at
phase 0.25 (Baltrusaitis et al., 1985)., With the exceptions of
the Baksan and Akeno data, all these data were analysed using the

Van der Klis and Bonnet-~Bidaud (198la) ephemeris. The PeV results

obtained from Cygnus X-3 are summarised in table 4.1,

4,2,6, Underground Muons

In May 1985, an excess of muons from the direction of Cygnus
X-3 was reported in data from the Soudan-1 underground proton decay
detector in Northern Minnesota (Marshak et al., 1985). The single
muons showed the 4.8 hr periodicity chararacteristic of emission
from Cygnus X-3, and bursts of multiple muons seemed to show an
excess from the 30° x 30° area of sky centred around Cygnus X-3,
Evidence of a signal from Cygnus X-3 was also found by the NUSEX
nucleon decay detector, the data from which showed a slight excess
of muons in a bin 10° x 10° centred on the object. This excess

showed a 4.8 hr period (Battisoni et al., 1985). Soudan-1 recorded

62



GROUP APPROX. PHASE OF FLgX THRESHOLD

DATES EMISSION (em™? s71) (Tev)
=12
Nuclear 1976-77 0.6 2.6 x 10 500
Res. Lab.
(Gulmarg)
, -13
Univ. of 1983 0.2 3.2 x 10 500
Utah
, -12
Univ. of 1982 0.2 0.6 4.2 x 10 30
Turin
-14
Inst. of 1984 0.6 6 x 10 100
Nuc. Res.
(Baksan)
, -14
Univ. of 1976-80 0.2 7.4 x 10__14 2080
Kiel 1.1 x 10 10
. -14
Univ. of 1979-84 0.2 0.6 1.5 x 10 3000
Leeds
, ' -14
Univ. of 1981-84 0.6 8.8 x 10_14 600
Tokyo 1.1 x 10 1000

Table 4.1 U.H.E. gamma-ray observations of Cygnus X-3.



a flux of 7 x 10‘=11 c:mﬂ2 ss'=l (E * 600 GeV) whereas NUSEX observed

a flux of 2.5 x 10 12 em™ "1 (£ > 5000 GeV). Results from the
Frejus detector and the Homestake Gold Mine detector show no excess
in the direction of Cygnus X=3, and no evidence for periodicity
(Berger et al., 1986; Cherry et al.,, 1986). The upper limits for

emission are respectively 0.8 x 1O="12 cm‘=2 5_1 and 4.2 x 10_11

m=2 sﬂl, both with a muon energy upper limit of 5000 GeV. These

C
upper limits in particular throw some doubt on the flux observed

by NUSEX. The Baksan underground scintillator telescope has also
failed to detect any muons from the direction of Cygnus X-3 (Chudakov,
private communication).

If Cygnus X-3 is indeed giving rise to the observed high energy
muons, and if they are 4.8 hr periodic, it is difficult to imagine
what the signal-carrying particle may be. It must be neutral, as
charged primaries would disperse in the interstellar magnetic field
with the consequent loss of phase information. The flux of muons
observed is greater than the observed flux of PeV y-rays, so these
are not the carriers. Neutrons would have to be of very high energy

6 TeV) in order to traverse the 10 kpc from Cygnus X~3. This would

(10
produce an enhancement in the total cosmic ray flux: such an enhance-
ment is not observed. Finally; the zenith angle dependence of the
muon signal shows that they are of atmospﬁeric origin and are not
produced by neutrinos; One possible solution to this problem is to

postulate the existence of new, neutral, long-lived elementary

particles which produce the muons. It has been suggested that these
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may be balls of quark matter (Barnhill et al,, 1985).

4.2,7, Very High Energy Y-=Rays

A summary of observations made from 1011 to 1014 eV is
contained in table 4.2,

Cygnus X-3 was first detected in this energy range by a Soviet

group working at the Crimean Astrophysical Observatory in 1972, just

after the radio outburst (see section 4.2.2)., The mean flux was

11 12

found to be (1.8 + 0.5) x 10 photons cm_2 s_l, for E > 2 x 10
eV, and the well established 4.8 hr period was identifiable
(Vliadimirskii et al., Denver, 1973). Initially, two equal y-ray
maxima were observed, one at phase 0.15-0.2 and the other at 0.6-0.8.
These data were analysed using a definition of X-ray minimum due

to Canizares et al. (1973), which was not used in later measurements
either by the Crimean group or by others. Further observations and

a new analysis of all four years' data showed the earlier peak to be
stronger (Stepanian et al., 1977). Sporadic bursts were observed,
specifically in September 1973, August 1974 and October 1980, The
later observation was preceded by a radio outburst (Fomin et al.,
1981)., The 34.1 day period apparent in some X-ray data was also
observed (Neshpor et alg, 1980), The Crimean detection was followed
by a positive result from a group conmnected with the Crimean group but
working at T'ien Shan (Mukanov; 1981). The peak in their y-ray light
curve was in the 4.8 hr'phase interval 0,157-0.212 and during this

L

time the flux was found to be 1.6 x 10‘=10 pﬁotons cmu2 s 1 for an
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GROUP APPROX. PHASE OF FLUX THRESHOLD

DATES EMISSION (em™? s71) (TeV)
. =11
Crimean 1972 0.2 0.7 1.6 x 10 -10 2
Astrophysical 1973 0.2 0.7 to 1.6 x 10
Observatory 1974-79 0.2
-10
Lebedev 1977-78 0.2 0.8 1.6 x 10 5
Phys. Inst.
. =10
Whipple 1980 0.6 1.5 x 1010 2
Collaboration 1983 0.6 5 x 10 0.8
. =10
Univ. of 1981-83 0.6 3 x 10 -10 1
Durham 1985 0.6 3.6 x 10 1
-11
ISU-JPL-UC 1982 0.6 8 x 10 0.5

Table 4.2 V.H.E gamma-ray detections of Cygnus X-3.



energy threshold of 3 x 1012 eV,

Confirmation of the results of Vladimirskii et al., and Mukanov
et al, came in 1981 from the collaboration between University
College, Dublin and the Harvard-Smithsonian Center for Astrophysics
working at Mt. Hopkins, Arizona (Danaher et al., 1981), The data
were found to be 4;8 hr periodic; with the maximum emission between
phase 0.7 and 0.8, This phase was determined using the ephemeris
derived from the Crimean Astrophysical Observatory results, If
the data are analysed using the Van der Klis and Bonnet-Bidaud
ephemeris (198la), the emission is found to be at phase 0.6-0.7
(Weekes et al,; 1981). The few observations at other phases showed
no significant excess. The flux corresponding to the peak in the
data is approximately 1.5 x 10'=10 photons (:m‘-2 s_1 for a threshold
of 2 x 1012 eV, Two'apparent eight-minute transients were also
observed in 1981 at phase 0,80 and 0.87 (Weekes, 1982).

Observations made by Lamb et al. (1982) using two 1llm solar
concentrators of the Jet Propulsion Laboratory's solar energy
facility at Edwards Air Force base as a V.H.E. y-ray telescope
showed a positive signal between phases 0.5 and 0.7 of the 4.8 hr
cycle corresponding to an average flux of 8 x 10='11 photons cm-'2
s'==1 for an approximate energy threshold of 500 GeV,

Tﬁe first results on Cygnﬁs X-3 from the Durﬁam group came from
data taken in 1981, early in the life of the Dugway project; when a
small excess, significant at the 2¢ 1evé1, was observed in data

recorded in the 4.8 hr phase interval 0,625-0,655 (Gibson et al.,
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1982), There was also some indication that the data were periodic
with a period of 34.1 days, although no other periods were tested.,
Observations in 1982 produced further evidence for the 4.8 hr
periodicity (Dowthwaite et al., 1983).

Most recently the Durham University group has found evidence
for the existence of a 12.59 ms pulsar in the Cygnus X-3 system
(Chadwick et al., 1985)., The discovery was made in data from the
last months of operation of the Dugway telescopes, when an outburst
of y-ray emission of sufficient duration to allow a periodicity
search was observed from Cygnus X-3. The observations of Cygnus
X-3 made at Dugway will be described in detail in the following

chapter.
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CHAPTER 5

OBSERVATIONS OF CYGNUS X-3 MADE AT DUGWAY, UTAH

5.1, Introduction

This chapter contains a description of the observations and
results from Cygnus X-3 obtained using the University of Durham
facility at Dugway, Utah, including the discovery of a 12.6 ms pulsar
in the system, The implications for models of Cygnus X-3 are briefly
considered. Finally, the prospects for the University of Durham's

proposed Cygnus X-3 monitor are described,

5.2. The Database
The Durham University Cygnus X-3 Database comprises more than
350 hours of data taken over 4 years, Observations were made with

telescopes operating in both the tracking and drift scan modes.

5.2,1. Drift Scans
The Dugway telescopes made 76 drift scan observations of Cygnus
X-3 during 1981 from August to October, Each 36 minute drift scan

was divided into three 10-minute intervals as follows:

(i) A 10 minute tramsit of Cygnus X-3 through the field of view of
the telescopes.

(i1) Each side of the transit, 10 minutes of off-source data.
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The extra 6 minutes were used in steering the four telescopes between
10 minute observations, and allowing a clear 2 minute region between
ON and OFF source scans., In contrast to other V.H.E., y=ray
observations, the drift scans of Cygnus X-3 were all made at
predetermined phases in the 4.8 hr X-ray period as found from

the Van der Klis and Bonnet—Bidaud ephemeris (198la). Most ON

source observations were made in 10 minute (0.035 in phase) intervals
centred at a precise X-ray phase, which were separated by 0.125 steps
from phase 0 to 1.0, The drift scans recorded in October 1981 were
again separated by intervals of 0,125 in phase but at phases offset
by +0.03 from the earlier observations in an attempt to give equal

coverage to all phases,

5.2,2, Tracking Observations
The drift scan method is a reliable, but inefficient mode of
operation, as only one third of the time available is spent observing
the source., Later Dugway obserations were therefore made in the
tracking mode in order to investigate the duration of any activity
detected in the drift scan data and to search for short outbursts
and pulsar activity. Some 50 tracking observations with good skies
were made from July to November of 1982 and September and October
of 1983, Many of these observations covered a whole 4.8 hr. cycle,
Further to the Dugway observations of Cygnus X-3, some tracking
observations were made in Durham on 6 nights in October and November

1985, around the time of a radio flaring episode (Johnston, private

68



communication). Observations were typically of one hour's duration
around the X-ray maximum as predicted by the Van der Klis and Bonnet-
Bidaud ephemeris (1981a). A single telescope from the Dugway array,

which had been re-mirrored to increase its sensitivity, was used.

5.3, The 4.8 hour Period

The following is a summary of results reported in greater detail
by Kirkman (Ph.D. thesis, 1985) and Dowthwaite (Ph.D. thesis, in
preparation).

The first Dugway observations of Cygnus X-3 made in 1981 were
taken in the drift scan mode of operation. The aggregate ratio ON/
OFF for all the data was 1.00 + 0,01, where ON is defined as the
total on-source events in a scan and OFF as the total number of
off-source events (divided by two to allow for the double exposure).
When the ratio ON/OFF was calculated for each phase separately, it
was found to be 1.076 + 0,031 for the phase centred on 0.625/0.655
(see figure 5.1). This corresponds to evidence at the 2.40 level
for an excess count from Cygnus X-3 at the X~ray maximum. During
1981, one telescope in particular was known to have a lower energy
threshold and a higher count rate than the other three. An inves-
tigation of the data from this telescope showed that it contributed
most of the effect observed at X-ray maximum,'and when taken alone
showed an excess of 147 corresponding to a 3.350 effect. This suggests
that the energy spectrum of Cygnus X-3 may be steeper than the cosmic

ray spectrum, as reported by Vladimirskii et al. (1973),
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Figure 5.1 The observed excess of counts ON/OFF source for the
aggregate response of four telescopes during drift scan
measurements in 1981 plotted as a function of the phase of

the 4.8 hr X-ray cycle.



Later observations of Cygnus X-3 were made in the tracking
mode., To allow the data to be combined (and compared) with the 1981
data, the 10 minute section around each of eight equally spaced
phases was used as ON source data, and the 10 minutes before and
after as OFF source data. This assumes that the activity occurs
in a short (10~15 min.) period as suggested by the 1981 data. A
problem with this method is that the background count rate observed
is continually changing due to the variation in zenith angle of the
object. From the observed variation of rate with zenith angle, it
is estimated that from 12 min. before phase 0.625 to 12 min. after
phase 0,625 the rate changes by 1.57 at a zenith angle of 100, 57
at 30° and 97 at 45°. The systematic error in the background
asgignment due to this effect is less than 0.15% at all zenith
angles. The aggregate ON/QOFF ratio for these data is again 1.00
* 0,01,

By 1982, two of the four Dugway telescopes had low energy
thresholds, The results from these two telescopes show evidence
for emission at 6.8Z7 of the background count rate at phase 0.625
at the 2,70 level, as shown in figure 5.2. The significance of the
combined 1981 and 1982 low energy threshold detector data at phase
0,625 is at the 4,050 level and corresponds to a flux of about
15100 @ s7' 421000 GeV threshold.

There is, however, a further background effect to take into
account. Drift scan observations of the galactic plane made in

1981 and 1983 showed that the galactic plane in the Cygnus region
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Figure 5.2 The accumulated count rate in one minute intervals for the
low energy telescopes during five intervals of tracking
Cygnus X-3 during 1982 , each of which showed an overall
excess around phase 0.625 of the 4.8 hr X-ray cycle.



is an emitter of V.H.E. y-rays at a higher flux than was expected,
and that Cygnus X-3 is located in a V.H.E, y-ray "hole" (Dowthwaite
et al., 1985)., This causes the effective background for point
source detection to be different in the region of Cygnus X=3. If
allowance is made for this non-uniform background, an ekcess of

9,47 of the cosmic ray flux is found at phase 0,64 * 0,03, based

on the data taken under good weather conditions (see figure 5.3).
The excess is significant at the 4.40 level assuming that, in the
light of X-ray and earlier y-ray measurements, this was the expected
emission phase, There is also a small (3.87) excess at phase 0.1l4

+ 0,03, which is significant at the 1l.40 level,

5.4, Long Term Variability of the 4.8 hr Maximum

Some evidence for a possible 34,1 day variation in the strength
of the yY-ray peak was found in early data by folding the values of
the amplitude of the 4.8 hr peak at phase 0,625 in individual scans
modulo 34.1 days (Dowthwaite et al., 1983). However, this was the
only long—term period fitted to the data, In a further more general
investigation of the long-term variation of the peak strength at
X-ray maximum, a sine wave was fitted to the excess observed in all
the individual obserations at 0.625 phase (Chadwick et al., 1985).
The fit was constrained to have the observed strength averaged over
all scans and to have a peak-peak amplitude ranging from zero to
twice the average. The results of this search are shown in figure

5.4, Two periods with small r.m.s, deviations from the sine wave
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Figure 5.3 The 4.8 hr light curve for Cygnus X-3 at E > 1000 GeV based
on all data taken on clear nights in 1981-3. Allowance has
been made for the non-uniform background in the Cygnus
region.
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Figure 5.4 The R.M.S. deviations from a sine wave fit to the strength
of gamma-ray emission in individual scans of Cygnus X-3 at
0.625 phase at independent periods in the range 8-100 days.
This is the original fit without use of accurate times of
X-ray maximum.



fit exist: 19.2 + 0.4 days and 36.8 + 1.5 days. The magnitudes of
the r.m.s, deviations for the two "best fit" periods are very
gsimilar,

The work presented here has followed the same method. The
observation times of the excesses originally analysed were integer
Julian Days., This analysis has used more accurate times of X-ray
maximum (+ 0,02 days), and one further observation when a large
count rate excess was observed (12th September 1983) has been included,
The result of the sine wave fitting procedure for the independent
periods in the range 5 to 150 days is shown in figure 5.5. Clearly,
the best fit period is 19.2 * 0.4 days. The sine wave fit at this
period is an improvement on the fit shown in fig. 5.4. The other
two periods with small deviations (37.2 + 1.7 and 57 + 4 days) may
be interpreted as the first and second harmonics of 19.2 days
respectively. The 19.2 day sine wave fit to the data can be seen
in figure 5.6. The tentative result of the early 1981 data is not
supported, and there is no evidence for any 34 day period in the

Dugway data.

5.5, Why Search for a Pulsar?
The presence of V.H.E. and U.H.E., y-ray emission from Cygnus
X-3 is a challenge to theoretical models of the system. To produce

16 eV, particles of at least 1017 eV must

the observed photons of 10
exist in the emitting region, and it is difficult to accelerate

particles to such energies via a stochastic shock acceleration
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The R.M.S. deviations from a sine wave fit to the strength
of gamma-ray emission in scans of Cygnus X-3 at 0.625
phase. All independent periods in the range 5 to 100 days
were tested. This fit uses more accurate times of X-ray
maximum than used in the result shown in figure 5.4.
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Figure 5.6 The sine wave fit to the count rate excesses in individual

drift scans of Cygnus X-3 taken in 1981-3 folded modulo
19.2 days.



mechanism. The U.H.E., Y=ray light curve appears to be very narrow,
which is also difficult to achieve if the progenitor particles are
accelerated in a strong shock since this requires scattering,
whereas a narrow pulse implies a straight trajectory. These two
considerations suggest that the U.H.E. particles may be accelerated
by some other method. Pulsar acceleration was proposed as a
mechanism some time before the first U.H.E. observations of Cygnus
X-3 (Basko et al., 1974; Bignami et al., 1977), and is now invoked
to explain the y-ray emission. I propose to describe briefly three
of the more recent models of the Cygnus X-3 system, with particular
reference to the requirements of any pulsar. These models are:
(i) The cocoon model

(ii) The target model

(iii) The dynamo model

(iv) The diffusive shock mechanism

The reasons why y-ray measurements may provide the only means

of observation of a pulsar in Cygnus X-3 will then be considered.

5.5.1. The "Cocoon" Model

Milgrom and Pines noted (1978) similarities between the spectrum
of Cygnus X-3 and the Crab pulsar. The fluxes observed follow a
power law, where 1.8 < a < 2,2, differing markedly from that observed
from accreting objects, which usually have a much steeper spectrum at
E > 20 keV, A pulsar would therefore need to be present in the system.

The pulsar is considered to be accreting material from a main sequence
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star, and the whole system is surrounded by a gaseous envelope
which absorbs and re—emits the X-rays produced by the pulsar, hence
producing the observed X-ray spectrum, The envelope consists of
matter blown off the surface of the pulsar's companion and is

formed at a radius of about 1012 cm as a consequence of the combined
action of the radiation and charged particles produced by the pulsar,
and the gravitational field of the system. This shell as proposed
should not cause any attenuation of pulsed y-ray radiation from the
pulsar. If the pulsar radiation and particle pressure is to be
sufficiently high to cause substantial mass loss from the companion
as a result of X-ray heating, the pulsar would require a rotation

period of between 10 and 30 ms.

5,5.2, The Target Model
In an attempt to find a mechanism to produce y-rays of E >

1016

eV, Eichler and Vestrand (1984) have proposed a model in which

the atmosphere of the companion provides a target for the relativistic
wind from the pulsar, the resulting interaction producing y-rays.

Shock acceleration is capable of accelerating particles to energy

1014 eV. An electromagnetic wave (Gunn and Ostriker, 1969) accelerates
particles to higher energies close to the pulsar, To produce particles
of the required energy, a young pulsar with a large spin-down rate is
needed, contrary to the spin-up usually observed in binary systems,

The Y-ray light curve would consist of two peaks separated by¢ = 0.4

(for which there is some evidence) and the minimum would be due to

74



the eclipse of the pulsar by the secondary. It may be noted that
this model predicts that the pulsar would be a strong source of

gravitational waves.

5.5.3. The Dynamo Mechanism

This model (Chanmugam and Brecher, 1985) derives both the X-ray
and y-ray emission from an accretion disk surrounding a neutron star.
As the disc rotates differentially around the neutron star, the
ambient magnetic field, which is considered to be anchored in the
disc, becomes amplified and poloidal. This induces an electric
field in the plane of the disc (c.f. a unipolar inductor). The
high voltages generated accelerate particles in two jets, which
collide with gas nuclei and generate y~rays. The magnetic field
required from the neutron star in this model is about 104’1‘o Such
a neutron star would be spinning rapidly with a period of the order
of 1 ms. It may be, then, that Cygnus X-3 corresponds to an
intermediate phase in the formation of an isolated millisecond

pulsar.

5.5.4. The Diffusive Shock Mechanism
This model, developed by Kazanas and Ellison (1986) uses
accretion of material from a companion star onto a neutron star
as the energy source with first order (or diffusive) shock acceleration
as the mechanism for the transfer of energy to the ions required for

the production of the observed U,H.E, radiation, It is thought that
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shocks will form when plasma accretes onto compact objects because
the accretion velocities are much higher than the thermal
velocities of the accreting matter. The accelerated ions produce
neutrons via high energy proton—proton collisions and via the
photo=dissociation of U.H.E. nuclei (particularly 4He nuclei).
These neutrons would then, by interaction with the companion star,
produce the observed narrow U.H.E. y-ray pulse. The production of
neutrons is crucial in this model since it allows the transport of
energy from the neutron star without a requirement for a particular
magnetic field configuration. It is also less difficult to produce
a narrow pulse of y-rays using neutrons as the progenitor particles:
charged particles are easily scattered by the magnetic field., A
rapidly rotating pulsar is not explicitly required in this model.
However, the magnetic field assumed in calculations (1O4T) implies
that the neutron star is probably spinning with a period of the

order of a few milliseconds.

5.5.5. Absorption of Pulsed Radiation
X-ray and infrared measurements indicate that there is a column

2 and 2 x 1023 atoms cm_2 of hydrogen

density of between 3 x 102
between the earth and the emitting region of Cygnus X-3 (Weekes and
Geary, 1984; Gursky et al., 1967; Parsignault et al., 1972). The
observed absorption of radiation is due to gas both in the inter-

stellar medium (Cygnus X~-3 lies almost directly along the Cygnus

spiral arm) and in the immediate vicinity of the source. Radio
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measurements of the HI line indicate that the column density is

1.7 x 1022 atoms crn—2 (Chu and Beiging, 1973). The slight difference
between these measurements suggests that the radio emission may
originate in a different location in the source from the X=-ray and
infrared emitting region. This high column density of hydrogen
represents a severe limitation on searches for short period pulsation
from Cygnus X-3 in the radio region due to the effects of frequency
dispersion., For instance, the interstellar matter between earth

and the Crab pulsar (which is only 2 kpc from the Earth) is such

that the regular 33 ms pulsation would be smeared out completely.

Its discovery was dependent on the detection of single large pulses
and not on the periodicity (Smith, 1979). It may therefore be very
difficult to detect a rapidly rotating pulsar in Cygnus X-3 from
radio measurements. Since the delay in travel time of an electro-
magnetic pulse is proportional to v_z, this is not a problem for

pulsed high energy radiation.

5.6, The Pulsar Search in Dugway Data
There are two problems inherent in any search for pulsar

periodicity from Cygnus X-3 using V.H.E. y—-ray data.

(i) Orbital motion induces a Doppler shift on the arrival times of
the pulses from any pulsar in a binary system., In the case of
Cygnus X-3, which is probably in a binary system, the orbital
parameters are unknown, so it is impossible to adjust event

arrival times to remove this effect (see section 3.4,.3). The
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data which are analysed must therefore have been taken over a
short time to obviate this problem. If one assumes that the
4.8 hr period observed in Cygnus X=3 is orbital in nature, the
dataset may be no longer than about 1000 seconds.

(ii) As the pulsar period is obviously unknown, many trial periods
must be tested. For an effect to be statistically significant
in this case it requires a very low probability of chance
occurence. Since, in the case of the Rayleigh test, the
probability of chance occurrence of an effect is proportional
to e-nR2 (see section 3.5.2) where n is the number of counts
and R is the vector length at the main pulse, and from (i) we
require a short dataset, it follows that the telescope must
have a high count rate, For example, if we require a genuine
10_4 effect for 104 trials, the Rayleigh probability must
be 10—8. If we assume that 207 of the events are periodic,
this implies that n is approximately 500. If we are to obtain
this over a short duration of perhaps 10 minutes, the count

rate must be approximately 1 Hz,

5.6.1. 12th September 1983

In 1983, one of the telescopes of the Dugway facility was re-
mirrored and had its aperture reduced in order to increase its
sensitivity. This ;esulted in an average count rate for the four

telescopes of about 1 Hz (see section 2.7.2). Observations of
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Figure 5.7 The count rate of the Dugway telescopes during
September 1983 observation of Cygnus X-3.



Cygnus X-3 were made with this improved system in August=October

of that year, the source being continuously tracked under a wide
range .of weather conditions. The best weather conditions during
that period were encountered on 12th September 1983 when the sky

was completely clear for the duration of the observation. The X-ray
maximum was predicted (using Van der Klis and Bonnet-Bidaud, 1981la)
to occur at 0519 U.T. on that date. At this phase a 207 excess in
counts lasting for 7 minutes was observed (see figure 5.7). This
single dataset fulfils the criteria i) and ii) above, so a pulsar
search within this sample was deemed worthwhile.

The 450 events contained within the 7 minute interval were
tested for periodicity over the range 10 ms to 50 sec, using the
Rayleigh test. The period with much the smallest probability of
chance occurence was 12,5908 + 0,0003 ms, the uncorrected probability
being 4.8 x 10“'8 (see figure 5.8). At all other periods the
probability distribution was consistent with that which would be
expected by chance. When allowance is made for the number of periods

3 or 30. The

tested, the significance of this period is 3.3 x 10~
light curve at this period is shown in figure 5.9. This is not in
itself of compelling significance, but it is also found that the
strength of the periodic component is correlated with the count rate
during the 7 minutes of the burst. If the effect is genuine, the
onset and decay of the count rate excess should correlate witﬁ the

fraction of counts which are periodic., This will not be so if the

apparent periodicity is the result of a random fluctuation, and any
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Figure 5.8 The Rayleigh chance probability of periodicity in the 450
events containing the count rate excess on September 12th
1983 as a function of trial period.
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correlation will provide independent evidence of periodicity

(Eadie et al., 1971), It is found that the strength of the periodic
component correlates (at a significance level of 9.5 x 10.=‘6 or 3.1
o) with the count rate in independent 1 minute datasets within the

7 minute burst interval (see figure 5.7 ).

5.,6,2, Other Data from 1983

During August=October, seven further observations of Cygnus
X-3 spanning the time of predicted X-ray maximum were made (see table
5,1)., The weather conditions were not sufficiently stable to allow
the unambiguous identification of count rate excesses, but it was
possible to test the data at the same phase as the excess on
September 12th for periodicity at the specified period. As can
be seen in figure 5.11;, data from one of the seven nights, 2nd October
1983, shows periodicity at 12.5908 ms during precisely the same 7
minute interval in the orbit as the earlier detection. The

4, the lower sig-

periodicity has a chance probability of 4 x 10
nificance of this result reflects the lower count rate on that night,
but this is a genuine probability in the absence of any degrees of
freedon.

As mentioned in section 5.4, the data show some evidence for a
long-term amplitude modulation of the X-ray maximum of 19.2 * 0.4
days. There is also the possible 18,7 day phase modulation in

amplitude found from observations made with the COS-B X-ray detector,

which results in an advance or retardation of * 3 min. In the time of
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Figure 5.10 The probability of no periodicity in 100 event datasets ,
moved in increments of 10 events throughout the Cygnus X-3
data obtained on 12th September 1983. The trial period is
12.5908 ms. This may be compared with figure 5.7.



DATE TIME (U.T.)

150483 1045 - 1113
310883 0347 - 0602
010983 0435 - 0614
070983 0321 - 1040
120983 0345 - 1031
290983 0233 - 0548
021083 0226 - 0731
041083 0225 - 0427

Table 5.1 The dates of tracking observations of Cygnus X-3
spanning X-ray maximum made from Dugway.
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Figure 5.11 The Rayleigh chance probability of periodicity for the
events on 2nd October 1983 at precisely the same phase in
the 4.8 hr cycle as was investigated on September 12th
1983 as a function of trial period. This may be compared
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X-ray minimum (Bonnet-Bidaud and Van der Klis, 1981). If our
suggested 19.2 day modulation is genuine, and as the September
observation of periodicity was near a peak in the 19-day amplitude
cycle, the October 2nd observation would be expected to show the

most significant periodic excess. The 18.7 day phase modulation
would have the effect of producing up to a minute in phase difference
between the two observations., Data in a 7 minute interval centred

on a time 1 minute after the time of X-ray maximum predicted by

the ephemeris does indeed show a periodic content at a smaller chance
probability (4 x 10_5),

If we ignore the significance of any possible 19-day amplitude
modulation, and also ignore the improvement in statistical sig-
nificance produced by moving the 7 min interval searched in
accordance with the 18.7 day phase modulation, the final chance
probability for the detection of a 12,5908 ms effect on any one
of the 7 nights examined becomes 2.8 x 10—3° This may be combined
with the chance probability from the discovery of 12.6 ms on
September 12th and with the independent chance probability from the
correlation of count rate with periodicity on that night, so that

the overall probability of chance occurrence becomes 4 x 10=7°

5.6.3. Twofold Events
It has been previously demonstrated that events which trigger
any two of the four Dugway telescopes ("twofold events'") have a

narrower acceptance angle than those which trigger one telescope
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alone (Dowthwaite et al,, 1984: Walmsley, Ph.D. thesis, in prep~
aration), This means that a point source of y-rays centred in

the field of view of the two telescopes will have a proportionally
greater effect as more background (proton) events will have been
rejected (see section 2.5). The twofold events on the Cygnus X-3
nights in question were tested for periodicity at 12,5908 ms and
showed an enhancement in signal by a factor of 1.5, However, since
fewer events are available for analysis using this method, the
uncertainty in the enhancement is * 0.5, It is thus not possible
to use two—fold events to improve the signal:noise ratio in this

case.

5.6.4., Tests for the Presence of a Signal in Other Harmonics

The possibility that the 12.59 ms period detected in our data
is not the fundamental was considered, Whilst longer periods (up
to 50 ms) were tested, the test for periodicity was terminated at
10 ms to avoid a possible loss of coherence at short periods
(Dowthwaite, Ph.D, thesis, in preparation). Datasets shorter
than 7 minutes were tested at the harmonics of 12.59 ms and the
distribution of Rayleigh probabilities was found to be consistent

with that due to chance.

5,65, Instrumental Effects

To check for the origin of the 12.59 ms periodicity in any

instrumental effects, data taken on other objects on the nights when

82



observations were made of Cygnus X-3, and observations made of
other objects on adjacent nights were analysed in the same fashion.
The Rayleigh test probability distributions were found in all
cases to be consistent with those expected by chance., The 12.5908
ms periodicity in the Cygnus X-=3 data was detected in all four
telescopes, excluding the possibility that local electrical pick-
up on any one telescope was responsible for the observed effect.
The telescopes were all operated and triggered separately, making
electrical pick—-up on all four telescopes also unlikely., In
addition, the charge recorded in each photomultiplier for every
event in the Cygnus X=3 sample was consistent with that expected
for Cerenkov light flashes. All values for the anode currents and
threshold count rates for the photomultipliers were also recorded

and are found to be normal throughout the 7-minute burst interval,

5.7. Support from Earlier and Later Observations of Cygnus X-3
Other Cygnus X-3 data presents three problems if any search for

periodicity is to be made, these being the lower count rate of the

early Dugway telescopes, the unknown pulsar period derivative and

uncertainties in X-ray ephemerides,

5.7.1. Count Rates
In 1981 and 1982 the Dugway telescope array did not have as
high a count rate or sensitivity as in 1983. Count rate excesses

are therefore less easily identified, and any periodicity present
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within this data would not make a significant contribution to the
overall chance probability. Although the 1985 data were taken on
a single, more sensitive telescope, the overall contribution is
still low., Additionally, much of the data from 1981 were taken
in the drift scan mode of operation, and are therefore less

suitable for periodicity searches than tracking data.

5.7.2., Unknown Secular Period Derivative

If Cygnus X-3 is a binary system (as much of the evidence
suggests), then the pulsar would be spinning up due to accretion
from the companion. However, a fast pulsar such as that proposed
may be expected to spin down rapidly. It is possible to make an
order-of-magnitude calculation to determine which effect might be
expected to dominate,

If we assume that Cygnus X-3 is an accreting binary, and that
the accretion is mediated by a roughly circular disc, the rate of
change, ;, of the pulsar period P is related to the X-ray luminosity

and to the properties of the neutron star by the following

approximate formula after Rappaport and Joss (1983):

1 -10 5 -2 2 ]
. 2 7 7 7 7
P 3x107 M
- X E\)1‘ .—X- R Rg u LX P yrﬂl
. —L — —_ 2 =X —
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¢ is the fractional solid angle subtended at the neutron star
by the infalling matter at the magnetopause.

vr /vff

a particle to its free fall velocity just outside the magnetopause.

is the ratio of the average radial infall velocity of

Mx is the mass of the neutron star

R 1is the radius of the neutron star

Ry is the gyroradius of the neutron star

u 1is the magnetic dipole moment of the neutron star

Lx is the X~ray luminosity (assuming it to be accretion—driven).
Most of these ratios do not differ greatly from unity for the "standard"

neutron star, so this formula can be simplified to:

6

7
P _ =-3x 107 £ EL Lx yr‘=1 5.2
- ls 10§7
P

where f is a dimensionless function of the order of 1. Now, the period
postulated for Cygnus is 12.59 ms, and the average X~ray luminosity

is 4.4 x 1037 erg s_lo This results in an accretion-induced period
derivative of approximately =5 x 10_16 ss—1° This assumes that the
sense of the orbital angular momentum in the accreting matter is the
same as that of the rotation of the neutron star (accretion in the
opposite direction would serve to slow the rotation rate of the

pulsar down)., If we compare this to the spin-down of a fast pulsar

such as the Crab pulsar, which is of the order of 10'_13 ss-l, it is
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clear that this spin—down may be expected to dominate.,

5.7.3: Errors in Ephemerides

An important requirement in searching data taken some time
before or after 1983 is to predict accurately the short intervals
in the 4.8 hr cycle corresponding to the 7 minute intervals of
activity in 1983, A limitation in this case is the accuracy and
also the choice of the ephemeris. Throughout this work, the "standard"
ephemeris is the widely used Van der Klis and Bonnet—-Bidaud ephemeris
(198l1a) . In 1985, EXOSAT measurements of Cygnus X-3 indicated that
the X-ray maximum occurred 0.035 of an X-ray cycle earlier than
predicted by Van der Klis and Bonnet-Bidaud (Molnar, Ph.D. thesis,
1985). If this is indeed so, one might expect that prior to 1983
the activity will occur at later times to those predicted by Van
der Klis and Bonnet-Bidaud. Assuming that the y-ray emission occurs
at a fixed X-ray phase and allowing for a simple linear variation
with time, any activity in 1982 should be detectable in a 1000 sec,
interval 200 sec. later than the time of X-ray maximum predicted by
Van der Klis and Bonnet-Bidaud (see fig. 5.12)., Note that such an
interval also covers the original prediction of X-ray maximum,

A further ephemeris, which seeks to remove this discrepancy
is at present being produced by Mason (qQuoted as a private com~
munication, Watson, 1987) and has in fact been used in the analysis

of U.H.E, data from Haverah Park (Watsomn, 1987).
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the time of X-ray maximum as defined by the Van der Klis and
Bonnet-Bidaud (198la) ephemeris.




5.8, Observations made in October-November 1985

After the dismantling of the Dugway array in late 1984, the
telescopes and their associated electronics were tramsported back
to Durham. One of those telescopes (the Mark II) was again
remirrored, this time with high-reflectivity long focal length
aluminium mirrors of the type later used on the Mark III telescope
(see section 7.5.1). Observations of Cygnus X-3 were made with
this further improved telescope on six nights in 1985 between 12th
October and 11th November, around the maximum of the 4.8 hr cycle.
Since EXOSAT measurements suggest the X~ray maximum is earlier
than predicted by the Van der Klis and Bonnet—Bidaud ephemeris
(Molnar, Ph.D thesis, 1985), 1000 second intervals of data centred
on a time 600 seconds before the predicted X-ray maximum were
selected for analysis., On the assumption that the Cygnus pulsar
is slowing down with a period derivative of possibly 10-’13 ss—l, the
40 independent periods in the range 12,5908 to 12,5950 ms were tested
using the Rayleigh test. The combined chance probabilities for all
six nights are shown in figure 5.13. When allowance is made for
the number of periods searched the probability of the effect at
12,5928 + 0.,0001 ms arising by chance is approximately 0.01,

The periodicity at 12.5928 ms arises mainly from the obser-
vation on October 12th, The probability distribution for October
12th alone is illustrated in figure 5.14., Of the data taken in late
1985, this observation is closest to the radio burst of 6th October

1985 (Johnston, private communication)., The constrictions of Durham
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Figure 5.13 The Rayleigh probability of chance occurrence as a
function of trial period for all Cygnus X-3 data taken in

1985.
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Figure 5.14 The Rayleigh probability of chance occurrence as a
function of trial period for the observation of Cygnus X-3
on Oct 12th 1985 (X-ray phase 0.59 +/~- 0.06).




weather rendered any observations nearer that date impossible,

5.9, -Observations made in 1982

Initial analysis of 1982 data showed some qualitative evidence
for activity at 12,5908 ms on two nights only. However, the
evidence from the EXOSAT measurements, and from the Durham obser=
vations in October 1985 of 12,59 ms periodicity in Cygnus X-3
suggests that the X-ray maximum occurs before the time predicted
by the Van der Klis and Bonnet-Bidaud ephemeris, and that the pulsar
period is longer than in 1983, It may therefore be expected that
prior to 1983 any pulsar activity will occur at times later than
the ephemeris prediction, and the pulse period, should it exist,
will be shorter than that observed in 1983, Assuming that the y-ray
emission occurs at a fixed X-ray phase, and allowing for only a
linear variation with time of both the 4.8 hr cycle and the pulsar
period, in 1982 data any pulsar activity should be detectable in
a 1000 second interval centred 200 seconds after the predicted
time of X-ray maximum, and the pulsar period should be in the range
12,5895 to 12,5905 ms, The result of the analysis of data from all
29 nights in July-November 1982 is shown in figure 5.15. Allowing
for the number of periods searched, the smallest corrected chance
probability is 0.01 at a period of 12.5900 * 0.0001 ms,

Tﬁe 1982 data were also analysed month-by-month, as the
assumption of the constancy of period over 5 months, implicit in

the earlier analysis, may not be valid. This analysis shows there
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Figure 5.15 The Rayleigh probability of chance occurrence as a
function of trial period for Cygnus X-3 data taken in 1982
at X-ray phase 0.635 +/~ 0.06 (the solid line indicates
all 1982 data , the broken line July only).

LOG (RAYLEIGH PROBABILITY)

12.5875 12.5895
PERIOD (ms)

Figure 5.16 The Rayleigh probability of chance occurrence as a
function of trial period for all Cygnus X-3 data taken at
X-ray phase 0.675 4+/- 0.06 in Dugway in 1981,



is a strong effect during the 5 observations made in July 1982

(see figure 5.15),

5.10. Observations made in 1981

As mentioned in section 5.2.1, much of our 1981 data were taken
in drift scan mode and are therefore less suitable for periodicity
searches, However, observations were made in the tracking mode for
3 nights in October 1981, We have assumed that the activity will
be about 1000 seconds after the predicted X-ray maximum, The
combined Rayleigh probability for non~uniformity of these data is
shown in figure 5.16, The period with the smallest chance probability

is 12,5885 * 0.0003 ms, with a corrected Rayleigh probability of 0.0l.

5.11. Periodicity Outside X-ray Maximum

As mentioned in section 5.2.2, some of the tracking observations
made in 1982 and 1983 covered a whole 4.8 hr cycle. A window of 7
minutes duration was passed through 3 such datasets (one of which
was the 12th September 1983), incrementing the start time by 1 minute
steps spanning the complete 4.8 hr X-ray cycle. Each 7 minute long
dataset was tested for periodicity at the expected period. No
evidence for pulsar activity outside the X-ray maximum was found,
though it should be noted that the lack of any orbital parameters
for the system makes the Doppler effects on the arrival times of the

pulsed y-rays unknown.
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5,12, The Secular Period Derivative of the Pulsar

While the results from 1981, 82, and 85 are not particularly
significant (which is as would be expected for the telescope systems
operating at those times) they do provide some qualitative evidence
for the spin-down of the Cygnus X-3 pulsar. Figure 5,17 shows the
variation of period with time. The best linear fit to these
tentative results corresponds to a period derivative of (2.8 % 0.5)
x 10 ssﬂl, This gives a characteristic age for the pulsar of

approximately 7000 years.

5,13, The Orbital Period Derivative

If the 4.8 hr period is due to an orbit, datasets suggesting
periodicity and lasting 7 minutes should show some evidence of a
period derivative due to the orbital motion, The periodicity test
has therefore been repeated using a range of period derivatives
between --10_8 and +10_8 ss-l, the results of which are shown in
figure 5.18. The combined chance probability for the two datasets
showing the 12.59 ms periodicity was found to minimize for a small
negative period derivative of -(1.2 + 0,7) x 10—9 ss_l. A similar
treatment of the two nigﬁts showing strong pulsar activity in 1982
resulted in a best period derivative of -(0.6 + 0.4) x 10_9 ss_1°
These estimates combine to give a period derivative of =(7.5 % 3.5)
X 10_10 ssal; signifieant at the 20 level, This negative value (if

real) places the source of the V.,H.E. y-ray emission in the rear

half of the orbit at the time of X-ray maximum, in contrast to the
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Figure 5.17 The secular variation of the Cygnus X-3 pulsar period.
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expectations of the models described below.

5.,14,. Implications for Models of the Cygnus X=3 System

While the "Cocoon" model does not explicitly account for the
high energy emission from Cygnus X-3, the "Target", '"Dynamo" and
"Diffusive Shock" mechanisms described in sections 5.5.2, 5.5.3 and
5.5.4, respectively require high—-energy ions to interact with the
atmosphere of the companion to produce V.H.E., and U.H.E. y-rays.

The light curvés of the emission on September 12th (see figure 5.9)
and October 2nd 1983 are broad, having the same form as the light
curves from other X-ray binaries (see Chapter 9). This is in contrast
to the sharp-peaked light curve produced in the case of an isolated
pulsar such as the Crab and suggests that accretion plays an

important part in the V,H.E. emission.

The orbital period derivative observed is not consistent with
the "cocoon" model or with any of the "stellar wind'" models. In
these models the X-ray emitter is in front of the companion at X-ray
maximum. In both cases it is assumed that the X-ray modulations are
due to variations in the absorption or scattering, and a significant
orbital eccentricity is required. However, the sign of the period
derivative is consistent with the "target" model (5.5.2), and places
the source of the very high energy ions behind the companion's
atmosphere at the time of V.H.,E. y-ray emission. Assuﬁing that the

pulsar is almost directly behind the companion at the time of V.H.E,

emission and that the orbit is nearxly circular, the observed
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period derivative corresponds to an orbital velocity of about 80

kms 19 giving a Keplerian mass function of about 0,01 Mg,

5.15. Other Searches for a 12,59 ms Pulsar in V.H.E. y=ray Data
Two attempts to confirm the results described above have been
reported to date, from the Whipple Collaboration (Fegan et al,,

1987) and from the group working at Haleakala (Resvanis et al., 1987a).

5,15.1. Whipple Observatory Measurements
The Whipple Observatory Cygnus X-3 database which was subjected

to millisecond searches consists of 44 observations made in the

tracking mode each of approximately 28 minutes' duration. The data
were taken between April 1983 and November 1985, yielding a total of ~

1205 minutes of data. Each scan was split into six 8 minute segments

overlapping each other by 4 minutes to minimise the effects of the

unknown orbit (see section 5.6)., The datasets thus produced were
subjected to three separate analyses:

(1) Testing 31 independent periods between 12.586 and 12.596 ms,
with no allowance for a period derivative.

(ii) As (i) above, but with a period derivative of -0.75 x 10_9 ssul,
although a period derivative of this magnitude will have little
effect on an 8 minute dataset.

(iii) A control test involving a periodicity search between 14.5459
and 14.5593 ms,

The authors claim that, although a '"tail" ofAIOW'probability periods
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was found in the power spectrum, no evidence was found for any

significant periodic emission when the number of trials was taken

into account. It was noted that during the observation periad no

count rate excesses were observed, so it was not possible to

identify a specific dataset which could be tested for periodicity.
Let us consider further the published data comprising the

"tail" of the probability distributions in the Whipple data. The

details of the scans contributing to the tail are shown in table

5.2, If the results of analysis (i) on the 1985 data are taken,

and the "best" periods plotted against the 4.8 hr phase at which

the data were taken, the data points lie on a straight line and

indicating a shortening of the period at a rate of —-(2.55 + 1,68)

X 10—9 ss_l, as shown in figure 5.19. These results suggest a value

of the period at phase 0.625 which compares favourably with the

pulsar period measured in Durham in 1985 which is also shown in

figure 5.19. This result also compares well with the value for

the average local period derivative of -(7.5 * 3.5) x 10-"10 ss_1

suggested by the 1983 and 1982 Durham data. It is clear that the

results of Cawley et al. are in agreement with the 1985 Durham pulsar

period. However, the single Whipple observation in 1983 which

contributes to the "tail", shows a period of 12.5955 ms at ¢ = 0.625.

Of course, some of the "tail" values will be expected by chance, and

will not be representative of any pulsar period. These are interesting

results, suggesting that further observations of Cygnus X-3 with the

Whipple té1e5cope are urgently required,
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5.15.2. Haleakala Observations

The Haleakala telescope congists of a mirror system with two
apertures, each with 18 photomultipliers, which routinely trigger
on a coincidence of 7 photomultiplier tubes within 10 ns., In this
case less than half the triggers are induced by random coincidences
(Resvanis et al., 1987b). The database consists of 113 hours of
data taken during the Summer and Autumn of 1985, On October 12th
1985, a 60 second burst of events from the direction of Cygnus X-3
was observed, at phase 0.74 of the 4,8 hour cycle according to the
Van der Klis and Bonnet-Bidaud ephemeris (198la). The coincidence
threshold for event selection was then relaxed from 7 phototube
triggers to 5 phototubes in 10 ns at which the noise level is much
higher. This procedure has been previously applied in this experiment
for observations of isolated pulsars (the Crab pulsar for example,
Resvanis et al., 1987c), where it was considered that the standard
threshold may be unduly restrictive., Here it is applied to a pulsar
usually considered to be in a binary system, A period scan over the
range of 10 ms to 2.2 sec. was made of the data recorded during the
60 second burst (a surprisingly wide range, bearing in mind the
suggestion of 12,59 ms periodicity), and no conclusive evidence for
pulsar activity was found when the number of degrees of freedom were
taken into account (Resvanis et al., 1987a).

An earlier preliminary analysis of independent data taken on
October 12th had shown some evidence for a pulsar signal occurring

shortly after the burst. The candidate period was 12,5903 ms with
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a Rayleigh probability of 2.8 x 1072 and an imposed period
derivative of -0.8 x 10'=10 ssal, as suggested by the Durham Group,
Without this period derivative the peak did not appear, and the
effect was not observed when the threshold triggering requirement
was relaxed (see the above procedure), There was also no exXcess
count rate observed at this time, so this evidence was considered
inconclusive.

A further search was made throughout the 113 hour database.
Data taken at phase 0,625 * 0,058 were searched for periodicity,
this time around 12,59 ms only and not the wide range over which

the burst data were searched (Szentgyorgi, Ph.D, thesis, 1986). No

evidence for pulsar activity was claimed.

5.15.3. Conclusions

None of these results are in direct conflict with those
obtained by the Durham Group, and perhaps the Whipple results lend
more support to the claim for 12.6 ms periodicity in Cygnus X-3
than the authors suggest. As is so often the case, more observations
are required. These are to be made with the Mark IV telescope at

present under construction in Durham,

5,16, The Durham University Cygnus X-3 Monitor
The Mark IV telescope, described in Chapter 9, has been designed
to be readily portable and may be used for short observing programmes.

It is planned to use at least one such short campaign in Summer 1988
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to make further observations of Cygnus X-3. If a burst of Y-rays
similar to that observed on 12th September 1983 were observed
with this much more sensitive telescope, it is predicted that

the pulsar would be detected at a Rayleigh probability of
approximately 10‘315o The Mark IV telescope should thus be able

to confirm or deny the earlier measurements during a relatively

short observing period,
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CHAPTER 6

OTHER OBSERVATIONS AT DUGWAY

6.1. Introduction
During its 5 years of operation, the Dugway array took some
1000 hours of data on 24 objects other than Cygnus X~3., The following

is an account of the results from these objects.

6.2, Radio Pulsars
Observations were made at Dugway of 7 radio pulsars listed in
table 6.1. These were selected on the hypothesis that the pulsed
radiation is emitted by pulsars in proportion to their loss of

rotational energy, E, given by:

E = Luw 6.1
where I is the pulsar's moment of inertia and w the angular velocity,
The pulsars selected were therefore those with short periods and
large period derivatives. A further selection criterion was the
distance of the pulsar from the solar system, close pulsars being
favoured.

Data from each pulsar were combined and analysed using the
epoch folding technique in which the barycentred time of each event
was converted to a pulsar phase and the resulting 20 bin light

curves examined. Where known, absolute phase was included. Where
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PULSAR PERIOD (ms)

0950+08 253
1929+10 226
2224465 682
0355+54 156
1508+55 739
1930+22 144
1133+16 1188

Table 6.1 Pulsars which were observed with the Dugway

telescopes.

PULSAR FLUX LIMIT (cm 2 s 1)
0950+08 1.1 x 1071t
1929+10 2.8 x 1071t

2224+65 1.9 x 1071t
0355+54 2.0 x 107t}
1508+55 2.1 x 10711
1930+22 2.8 x 10711
1133+16 2.3 x 10711

Table 6.2 Pulsed flux limits for radio pulsars
observed at Dugway.



absolute phase was unknown, the ephemeris was considered to
apply to phase zero, In most cases where phase information was
available, this made little difference to the certainty of the

position of the main pulse due to errors in the ephemeris,

No single light curve shows evidence for pulsed
emission. In order to determine whether individually undetectable
signals combine to give a detectable global signal, the 7 values
measured for the x2 probability for chanceoccurrence(gi) were

combined using the relation (Eadie et al., 1971):

a, = -Zln]I; 8; 6.2

which gives @, = 11.04. Since the variable has a le4 p.d.f., this
value corresponds to a probability for chance occurrence of 66.7%.
It is thus concluded that there is no evidence for global emission
from this sample of radio pulsars on our data. Table 6.2 shows the
dérived flux limits (30 level) for a 1000 GeV threshold, assuming

a light curve with a duty cycle of 5%.

6.3, PSR1937+214 - The 1.5ms Pulsar

The extended radio source 4C21.53 had long been suspected to
contain a short-period pulsar. After some early unsuccessful fast
pulsar searches, a survey was conducted with the 305m antenna at
the Arecibo Observatory in September and November of 1982. A

compact source with a period of 1,558 ms was found and designated
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PSR1937+214 (Backer et al,, 1982). The period derivative was later
measured and found to be extremely low (approximately 1Oa19 ssal)
(Ashworth et al., 1983). A highly accurate ephemeris based on long-
term studies of the object was made available in 1985 (Davis et
al,). It was suggested that, despite its differences from the Crab
pulsar, the 1.5 ms pulsar may also have a significant part of its
electromagnetic emission in the form of V,H,E. Yy-rays between
approximately 100 and 1000 Gev (Usov, 1983).

The first V.H.E. y-ray observations of PSR1937+21 (the 1.5ms
pulsar) from Dugway were made in 1983, but their usefulness is
limited by the size of the dataset (44 hrs) and by the system timing
uncertainties applicable in this case. However, in July - September
1984, 85 hours of data were taken on this object using an improved
timing system. On the basis of other observations of y-ray
emitters (e.g. the Crab pulsar) it was expected that the weak
signal would require that data taken over a considerable amount
of time be merged together in order to detect a significant signal,
This requires an ephemeris with very small errors, such that the
error in the predicted pulsar phase over several months is much
less than one pulsar cycle. Initially, radio ephemerides were
insufficiently accurate, but in 1985 an ephemeris of unprecedented
accuracy was made available with a residual phase uncertainty over
two years of 1-2 us (Davis et al., see table 6.3).

Determination of the time of each event was limited by the

accuracy of the oven controlled crystal used in the system clock
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R.A. (1950.0) 19h 37m 28.76400 +/- 0.00003 s
Dec. (1950.0) 21h 28m 001.4606 +/- 0.0010 s
Period 0.0015578064488724 +/~- 2 s

. , . ~-19 -1
Period derivative (1.05110 +/- 0.00008) 10 Ss

Epoch (JD) 2445303.2731658

Table 6.3 The ephemeris of PSR1937+21 (Davis et al., 1985)



(see section 3.4.1). The absolute times are estimated to be
accurate to 0.3 ms, which is confirmed by measurements of the Crab
pulsar (Kirkman, Ph.D. thesis, 1985).

Initial data analysis used the epoch folding technique as
applied to the radio pulsars (see section 6.2)., The difficulty en-
countered here was that even the smallest errors in the clock rate
or synchronization smear the 1iéht curve, making any statement
concerning y-ray emission impossible,

The second approach to this problem was to produce three
separate datasets of event times corrected to the Solar System
barycentre, each confined to 7 or 8 days' observations during the
months of July, August, and September 1984, and to test each for
uniformity in phase over a given range of periods. The range of
periods was chosen to allow for the possible timing uncertainties
in the data. It is estimated that these could cause a true periodicity
at a predicted value of 1.55780645 ms to appear in the data at any
period between 1,55780643 and 1.55780647 ms. The radio light curve
is double-peaked (Ashworth et al., 1983), so it was advisable to
allow for significant power in the second harmonic. The search for
non~uniformity in phase was therefore made at half the expected
period (see section 3.5.2)., The result of this procedure shows
independent evidence for such non-uniformity at significance levels
of 5 x 10=3, 10=3, and 5 x 10-4 for July, August, and September
respectively at a period of 1.55780642 + 0.00000003 ms with the

double pulse structure seen at other wavelengths, The result is
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shown in figure 6.1. These three were then combined (after allowing
for the effects of the small period derivative) as shown in figure
6.2, -The combined Rayleigh probability of these non-uniformities
arising by chance is 1 x 1024° Limitations in the timing accuracy
of the system prevent any further investigation of the detail of

the emission,

Assuming a distance of 5 kpc to PSR1937+21 (Heiles et al.,
1983), the observations suggest a flux above 1000 GeV of (3 % 0.6)
X 1035 erg s=1° This assumes a spectral index of 3, although even
if the spectral index were as large as 6 the flux would only be
reduced by a factor of 2, It therefore appears that the flux above

1000 GeV is about 107 of the total energy flux as deduced from the

period derivative,

6.4, 2CG065+00

The second COS-B catalogue object 2CG065+00 was discovered in
1977 (Hermsen et al.), but could not be associated with any known
object. A systematic search for fast pulsars within the COS-B error
boxes was later conducted (Boriakoff et al., 1983) and resulted in
the discovery of a 6.1 ms pulsar, PSR1953+29, in the error box of
2CG065+00, The pulsar is in a binary system, initially estimated
to have an orbital period of 120 + 4 days. However, it was not
possible to associate the two objects unambiguously in the absence
of either a precise position for the y-ray source or the detection

of 6.1 ms periodicity in the y-rays. A later comparison of the
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COS-B results with accurate surveys of the CO and HI distribution
within the galaxy suggested that the interaction of cosmic rays
with the interstellar gas could account for almost all the
observed y=rays above 300 MeV, including those ascribed to
2CG065+00 (Lebrun et al., 1983). A fuller analysis showed that
while the emission above 300 MeV is almost certainly caused by

the interstellar gas, the origin of the emission below this energy
is unclear as 2CG065+00 is located in a complex regién of the
Galaxy between the Sagittarius and Perseus spiral arms (Pollock

et al., 1985).

Observations of PSR1953+29 were made at Dugway between 4th July
and 10th October 1983 and during July 1984, The data were corrected
to the Solar System barycentre as described in sectiom 3.4.2, and
a homogeneous dataset used comprising only the eight observations
of at least 4 hours' duration., This enabled the results of the
periodicity search on each night to be meaningfully combined with
approximately equal weights., (The uncertainties in the orbital
ephemeris and in the system clock cause progressive phase errors
and preclude the use of datasets of 24 hours or more.)

Events which triggered any two of the four telescopes ("two-
folds") were then selected, as this has been shown to increase the
sensitivity of the felescope array (Dowthwaite et al., 1984;
Walmsley, Ph.D. thesis, in preparation). This dataset of 14,286
events was obtained during the half of the orbit where the pulsar

was approaching the Earth, but spanned approximately three orbits,
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Each individual observation of approximately 4 hours or longer

was tested for periodicity over the range 6.133162 ms to 6.133170

ms, This takes into account:

(1) Uncertainties in the orbital ephemeris

(ii) The effects of statistical sampling on a true periodicity on
sparse data

(iii) Residual uncertainties in the precise rate of the system clock.

The Rayleigh test was applied to each dataset independently and

the eight probabilities of chance occurrence of each of a fixed set

of trial periods were combined., This combined probability of chance

occurrence is shown as a function of trial period in figure 6.3. A

3.5 + 0.9% periodic excess is found within the trial range, with a

3 at a period of 6.133166 % .0.000002

5

Rayleigh probability of 1,6 x 10
ms. The Rayleigh probability is increased to 5.4 x 10 ° when the
number of independent periods searched is taken into account.
Further independent evidence of this periodicity was furnished
by the responses of the Mark II telescope (see section 2.7.2) which
was known to have approximately the same signal:noise ratio as the
two-telescope responses, This dataset comprises 17,302 events none
of which are contained within the twofold dataset and shows a
3.2 + 0,87 pulsed signal at a Rayleigh probability of 4 x 10-=5
within the expected position of the radio period allowing for un-
certainties in the determination of the binary orbit. The overall
8

probability of the effect occuring by chance is about 4 x 10 , or

5.40, This is strong evidence to suggest that the y-ray source
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2CG065+00 and the radio pulsar PSR1953+29 are the same object.

The y-ray signal on the eight nights concerned was further
investigated on a night-by-night basis. The average signal:noise
for a two~telescope response is 3.5%Z of the cosmic ray background,
although this may vary from below the background level to as much
as 8,5%. There is no apparent pattern to this variation, in that
the signal averaged over observations taken at a similar phase in
the orbit remains at approximately 3.5%, despite the observations
being up to a year apart. An established test for the constancy
of the signal from night to night was applied (Mardia , 1972) ’
and the variation of signal strength was found to be consistent with
sampling variations from a constant signal strength, although
variations from zero to about three times the average signal strength
cannot be precluded. However, strong bursts (approximately 307 of
the cosmic ray rate) of a few minutes® duration can be excluded.

The time-averaged flux of y-rays of energy > 2000 GeV (the

energy threshold for "twofold" responses) is (3 + 0.8) x 10—11
cm—2 s-lo Assuming a distance of 3.5 kpc and a spectral slope of
3,0 the derived luminosity is (3.0 *+ 0.8) x 1035 erg s_l°

As it is not possible to maintain phase from night to night
for such a fast pulsar in an imprecisely known orbit, an overall
light curve for the dataset cannot be derived. The light curve for
the twofold events on the night of the single strongest signal has
been produced at the radio period (6;133166 ms) and is shown in

figure 6.4, It is interesting to note that this is a broad light
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curve, similar to Hercules X-1 (figure 6.6}, 4U0115 + 63 (figure
6.7) and Cygnus X-3 (figure 5.5), again suggesting that accretion
plays an important role in the V,H.E. y-ray emission mechanisms

of binary pulsars.,

6.5, Shorter Observations

A number of short observations of between 2 and 13 hours’
accumulated duration were made of objects of interest including
other COS-B y-ray sources and black hole candidates, No V.H.E.
y-ray flux was detected from these objects, and flux limits are
presented in table 6.4, Note that the flux limits are high when
compared to the fluxes of objects detected using the Dugway facility,
reflecting the short duration of the observations made, and emphasising
the need for long exposures if meaningful conclusions are to be drawn

from V.H.E. y-ray data.

6.6. The Dugway Catalogue of Very High Energy y-ray Sources

The following sections provide a summary of all the V.H.E.
Y-ray objects thus far unmentioned which have been detected by this
group, The results are further summarised in table 6.5, which provides
a comprehensive list of all objects detected by the Durham Group

during the life of the Dugway experiment,

6.6.1. PSRO531421: The Crab Pulsar

The first observation of V.H.E. y-rays from the Crab Pulsar was
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2 -1

OBJECT FLUX LIMIT (cm “ s )
2CG195+04 3 x 10712
CYG X-1 5 x 10719
55433 3 x 10710
PER X-1 3 x 10720
2CG135+01 5 x 10711
3C273 5 x 10710
NGC4151 3 x 10710
CAS-A 6 x 10710

Table 6.4 Flux limits for objects of which
short observations were made in

Dugway.



SOURCE  HOURS FLUX (x 1012 cv™2 571 D LUMINOSITY (ERG S 1)
DATA MEAN PEAK (kpc)  MEAN PEAK
34 36
PSRO531 137 7.9 +/- 1.8 200 +/- 30 2 2.1 10 1.6 10
’ 35 37
CYG X-3 350 5.0 +/= 1.2 300 +/-= 70 11 9.0 10 5.4 10
35 37
HER X-1 32 30 +/- 15 1200 +/- 300 32 2.0 10 1.2 10
35
4U0115 25 70 +/- 14 - 25 6.0 10 -
GAL. 4 3 10° Ster T - 1-2 1032 - 1040 -
PLANE
40
M31 5 220 +/- 70 - 670 4.0 10 -
35
PSR1953 64 30 +/- 15 - 3.5 3.0 10 -
PSR1937 132 36 +/- 18 - 5 3.0 10°° -

Table 6.5 The Durham Northern Hemisphere V.H.E. gamma-ray catalogue.



made at the Smithsonian Astrophysical Observatory (Grindlay et al.,,
1976), and was followed by a number of other observations which
gave conflicting results (Porter et al.,, 1976; Erickson et al.,
1976; Gupta et al., 1978).

The Crab pulsar was first observed at Dugway between September
and November 1981, Two 15 minute bursts of activity were observed,
one on 23rd October and one on 318t October, and were found to be
periodic at the same period as the radio ephemeris. The Rayleigh
probabilities of the periodicity arising by chance were 10-6 and
10_4 respectively, after correction for the number of degrees of
freedom,

Observations made by the Durham group during 1982 and 1983
showed evidence for persistent, weak periodic emission with the
characteristic 33 ms period. The light curve for this emission shows
a narrow peak coincident with the radio main pulse (see fig. 6.5).
A conservative value for the chance probability of this effect is
10_5° Also, a correlation of the V.H.E. light curve with the COS-B
light curve is significant at the 5.6 0 level with a contribution
from Y-rays at phases other than the main pulse, The excess con-
stitutes a time—averaged pulsed flux of (7.9 + 1.8) x 10_12 cm.—2 s_l°
No evidence was found for any emission from the nebula surrounding
the pulsar in a series of drift scans made in 1981, the upper limit
being 3.4 x 10“'10 cm—2 s_l° For a detailed account of Dugway data

on the Crab pulsar see Kirkman (Ph.D. thesis, 1985),
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6.6.2, Hercules X-1

Hercules X-1 was discovered as a pulsing, eclipsing binary
source by Tananbaum et al., (1972). It is multiply periodic, with
a pulsar period of 1.24s, an orbital period of 1.7 days and a 35
day amplitude modulation,

The first detection of V.H.E. y-rays from this object was made
by the Durham group, During a drift scan on 17th April 1983, a 3
minute burst of y-rays was detected from the object, during which
an enhancement of 33 * 107 in the gross count rate of the four
telescopes occurred, The events during this outburst showed the
characteristic 1.24 sec X-ray pulse period, with a chance Rayleigh
probability of 4 x 1074, The light curve for this emission is shown
in figure 6.6. The increase in count rate and periodic content were
shown both by those events triggering a single telescope, and
independently by those events in which two telescopes were triggered
simultaneously. The outburst was detected 35 days before the onset
of a 35 day cycle was observed with the TENMA satellite (Nagase
et al., 1983), and may therefore be associated with the 35-day
"turn-on".

Following the outburst, Hercules X-~1 was tracked during the
months of July and October 1983, No further burst was seen., The
July data showed some evidence for persistent periodic emission at
the 20 level of significance.

Confirmation of these results came from observations made by

the Whipple Observatory Collaboration (Gorham et al., 1986). Between
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1984 and 1986 eight separate episodes of pulsed emission were
observed. On April 4th 1984, observations were made by the Whipple
group simultaneously with the University of Durham group. In both
observations, evidence for emission of V.H.E. y-rays showing the
same periodicity and significant at the 30 level was obtained (see

fig, 6.7),

6.6.3. 4U0115+63

Following the discovery of V.,H.E., y-ray emission from Hercules
X-1, a study was made to identify an X-ray hinary with similar values
of period, period derivative and luminosity. The sporadic pulsar
400115+63 was first observed as an X-ray source in 1976 in data from
the Uhuru satellite (Forman et al.,, 1976). It was subsequently
identified as a sporadic 3.6 sec pulsed X-ray emitter, with the
collapsed object in a 24,3 d orbit (Rappaport et al.,, 1978).

Twenty=-five hours of observations of 4U0115+63 were made between
21st and 29th September 1984 at Dugway. A search for periodicity
over a limited range was necessary because of the previously variable
behaviour of the X-ray pulse period and the uncertainties in the
orbital ephemeris used (Ricketts et al., 1981). The search range
was 3,615 to 3,6147 sec. The Rayleigh test was applied to the combined
25 hours of data, and showed evidence of pulsation with a Rayleigh

7 at a period of 3.61457 + 0,00001 sec.

The flux observed was (7 £ 1.4) x 10=11 cmm2 s-1 and the light curve

chance probability of 5 x 10

for the emission is shown in figure 6.8, With the knowledge that the
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Figure 6.8 The light curve for 1000 GeV gamma ray emission from
4U0115+63 , with a trial period of 3.61457 seconds.



X-ray source is sporadic in nature, the data were also analysed on
a night-by-night basis. Particularly strong emission was noted
during the observations on one night (26th September), with most
of the pulsed emission occurring during a ome hour interval. The
emigssion was not found to occur at any particular phase in the
orbit (the observations spanned 407 of an orbit).

4U0115+63 was subsequently observed by the V.H.E. y-ray groups
working at Haleakala and the Whipple Observatory (Resvanis et al.,
1987; Lamb et al., 1987). The Haleakala group observed 3 bursts of
Y-rays from the object in observations made between August and
December 1985 which exhibited significant pulsation at the
characteristic 3.6 sec. pulsar period. The Whipple Observatory
observed 4U0115+63 between September 1985 and January 1986, When
these observations were grouped into 9 intervals of 3 days or less,

one interval was found to show significant pulsation at 3.6 seconds,

6.6.4, The Galactic Plane

Early experiments to detect y-rays above 150 GeV from the
Galactic plane yielded positive results, with the strength of the
emission varying with longitude (Weekes et al., 1979; Fomin et al.,
1977). In particular, the flux was found to be in the region of
3 x 10'-10 cm 2 s'=1 at energies > 150 GeV between Galactic longitudes
40 and 80 degrees. At these longitudes, a complex variation in

. . . . . o
intensity is seen across the Galactic plane with peaks at *+ 5 and

no emission from the galactic equator. The main problem for
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atmospheric Cerenkov telescopes in making drift scan observations

of the galactic plane arises from the increase in sky brightness
encountered in crossing it, This causes a change in the gain of

the photomultiplier tube and hence the threshold of the telescope.
These changes could simulate the detection of additional y-rays as
the galactic plane is traversed. The Dugway telescopes circumvented
this problem by supplementing the off-plane sky brightness with
accurately controlled artificial light, such that the total anode
current in each photomultiplier tube remained constant. Such a
system also operates on the Mark III telescope, and is described in
section 7.6.2, During the 1983 observations of the galactic plane,
the anode currents and noise rates of the photomultipliers were
constant to better than 2%, except when the bright star Y Cygni
passed through the field of view. The central part of the 4h drift
scan across the galactic plane illustrated in figure 6.9 (i.e. * 80)
shows positive correlations at the 3.2 and 2.70 level with the
results of Weekes et al, (1979) and a correlation at the 2.2 and

1.90 level when compared with the results of Fomin et al. (1977).

6.6.5, M31l: The Andromeda Galaxy

Drift scan observations of M31 were made with the Dugway
telescopes for 15 hours between September 5th and November 5th 1983.
The data from 7 drift scans were combined and the ON and OFF source
data compared (section 3.10). Excess counts were found ON source,

corresponding to (6.7 + 2.2)%7 of the cosmic ray background and a
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vy=ray flux of (2.2 + 0.7) x 10“'10 cm‘=2 sr=1 at energies > 1000 GeV,

The measured spatial distribution of the excess was consistent with
. . . . . o
the angular dimension of the emigsion being approximately 1 .

Confirmation of these results is required,

6.7. Conclusions

The University of Durham V.H.E. Y~-ray telescopes at Dugway
produced many important results, in particular the first detections
of V.H.E, Y-rays from Hercules X=1, 4U0115+63, 2CG065+00 (PSR1953)
and PSR1937. In addition, there is the exciting result that Cygnus
X-3 may contain a 12.6 ms pulsar. Taken as a whole, they suggest
that while some isolated pulsars do produce Y-rays (the Crab pulsar,
for instance), the objects with the highest Y-ray luminosities are
the X-ray binary systems. The new Mark III telescope has been
deployed at a site in the Southern Hemisphere, from which the
majority of known X-ray binary pulsars may be observed. This also
allows other interasting objects from earlier measurements, such
as the Vela pulsar, the active galaxy Cen A and the galactic centre
to be observed. The design, construction and operation of the
Mark III telescope are described in the following chapters, together

with preliminary results,

"111



CHAPTER 7

THE MARK III TELESCOPE AT NARRABRI, N.S.W.

7.1. Introduction

The University of Durham Mark III V.H.E. y-ray telescope was
established during September 1986 at Bohena Settlement (149° 49' 1" E,
30° 28' 59" S, altitude 260 m a.s.l.), which is in the Piliga State
Forest 20 km South of the town of Narrabri, New South Wales. It
comprises a light collector of 34 m2 deployed as 3 dishes of 11 m2
mounted on an alt-azimuth mount. Each dish consists of approximately
forty 0.6 m diameter spherical mirrors, and has at its focus four 2"
diameter photomultiplier tubes, arranged to provide three off-axis
data recording channels surrounding one on-axis channel. The
telescope is illustrated in plate 1,

The telescope is operated from a transportable control room
which houses the control and logging electronics. The data logging
system comprises CAMAC analogue and digital electronics in com-
munication with a purpose-built MC 68000 based data logger. Telescope
control and performance monitoring is achieved using seven BBC micro-
computers operating as a Local Area Network and communicating with
the 68000 data logger. An internal view of the control room is shown

in plate 2.
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7.2. Choice of Site

The Narrabri site was chosen for a number of reasons:
(i) It is well placed for the study of large numbers of astronomical
objects of particular interest to V.H.E. y-Ray Astronomy. Earlier
observations, using the V,H.E. y-ray detectors at Ootacamund, India
have claimed emission from the Vela pulsar and a y-ray signal from
Centaurus A has also been claimed using data from equipment operated
at Narrabri (Bhat et al., 1980; Grindlay et al., 1975). In additionm,
the majority of X-ray binary systems containing pulsars, which
appear to be strong candidates as V.H.E. y-ray emitters, are to be
seen from a Southern Hemisphere observing site. Finally, the

galactic centre may be observed from Narrabri.

(ii) The climate has a moderate rainfall and a reasonably high per-
centage of clear nights. Data from the Anglo Australian Observatory
(which is located approximately 100 km from the Mark III telescope)

show that on average 497 of the nights during the year are useable.

(iii) Support facilities, such as accommodation and power, were
already supplied on the site, which is leased by the Durham Group
from the University of Sydney. Additional logistic support is also
available from other neighbouring facilities, in particular the
University of Sydney Wheat Research Station.

As an historical note, Bohena Settlement was established in 1967
and used until 1978 as the site of SUGAR = the Sydney University

Giant Airshower Recorder.

113



7.3. The Climate

At the time of writing, the Mark III telescope has been
operational for only eight months (October 1986 - June 1987), so
a detailed summary of the climate as it effects the operation of a
Y-ray telescope over the course of a year is not yet available.
However, it is possible to make preliminary comments and summarize
the features of the annual observing cycle. A summary of the factors
relevant to y-ray astronomy: the changes in maximum and minimum
temperature, number of hours' darkness per night and the number of
thunderstorms during the year is shown in figures 7.la - 7.14.
These figures use a combination of measurements taken on site and
at the nearby Siding Springs Observatory. The following features of

the climate have been noted:

(i) During January and February, the high frequency of convectional
storms (and the migration of fruit bats) result in many interruptions
of the electrical power supply. The long signal cables used on the
telescope make the electronics susceptible to damage from lightning
strikes, so in the event of a local thunderstorm precautions must be

taken to ensure the isolation and protection of the electronics.

(ii) Immediately after Summer rain, when humidity is high, condensation
forms on the telescope mirrors if their temperature drops below the

dew point. This reduces reflectivity and hence count rate. The
problem occurs during 2-3 nights in a given month during the Southern

Summer. During the cooler Winter nights, the immediate formation of
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condensation is a regular problem and can prohibit observations

for the rest of the night., After trials with various substances,

it was found that a concentrated solution of high-quality detergent
applied to the mirrors at the beginning of a night when condensation
is expected prevents its formation for at least 12 hours. The per-
formance of the telescope is unaffected by the wetness and the

detergent also serves to keep the mirrors clean.

(iii) During the Antipodean Winter, the night-time temperature can
fall below freezing point, so that any condensation or water on the
mirrors freezes. The icing may be delayed using the detergent
solution, and removed using methanol. Following the melting of

the ice by the methanol, a clear glaze forms which allows limited
further operation.

It is probable that observations will be concentrated between the

months of February to November each year.

7.4. Mechanical Design
The Mark III telescope main framework was designed and built by

the Department of Physics technical staff during 1984 and 1985,

7.4.1. The Alt-azimuth Mount

An alt-azimuth mount was chosen for the telescope because of
its ready availability and low cost, despite the necessity to be
driven in two axes rather than one. The mount used is a surplus gun

mount., The weight of the telescope is taken on a single central
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thrust bearing which allows the azimuthal motion, while motion in
zenith angle is taken on two smaller trunnion bearings. The
telescope is steered under computer control and driven by two

DC electric servomotors and direction sensing is via two absolute
digital shaft encoders, giving position resolution of 0.1°. As

the target direction is approached, the speed of the telescope is
reduced progressively under computer control to avoid unnecessary
strain on the motors, gear boxes and structure caused by the rapid
deceleration of a high inertia system. In addition to this computer
control, the telescope may also be steered manually using a joystick.
To protect the bearings and motors from damage by gusts of wind when
the telescope is not in use, the telescope is parked with the flux
collectors pointing towards the zenith and two clamps, the lower ends
of which are securely set in concrete;, are attached to each extremity

of the telescope.

7.4.2. The Telescope Framework

The telescope consists of three large flux collectors of area
11.4 m2 (i.e. three sets of approximately 40 mirrors with each set
having a common focus). It is built entirely from aluminium, which
is light, strong and relatively easy to work with. Each dish is con-
structed from seven smaller "hexagons", each of which has seven
mirrors, the smallest unit in each dish, attached to it. The mirrors
may be moved individually on the framework of each "hexagon' for

purposes of precise alignment (see section 7.5.3). Where individual
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mirrors would have been obscured, either by other mirrors or (in
the case of the central mirror on each dish) by the detector package
which contains the photomultiplier tubes, gaps were left on the

framework (see plate 1).

7.5. Optical Characteristics

A major development incorporated in the Mark IIT and Mark IV
telescopes is the new lightweight, low-cost mirror, The construction
and features of these mirrors are described below. The general

optical characteristics of the telescope are also described.

7.5.1, Mirror Construction

The design of the Mark III telescope required the production of
some 150 mirrors, each of area 0.3 m2. It was therefore not only
necessary to produce mirrors with reasonable optical quality and
reflectivity, but they also had to be light, cheap and easy to
produce. The starting point was the mirror design successfully
employed on the Mark II telescope in Utah. This was for a 60 cm
diameter mirror made of solid aluminium which had been machined and
polished to give a reflectivity of 55Z. The production of these
mirrors was time-consuming and they were heavy (12 kg), so clearly
they were not suitable for the Mark III telescope. Investigations
were made into pressing and spinning thin aluminium sheet, thermo-
forming aluminium coated perspex, bonding thin aluminium sheet to a

solid former, and pressing thin glass mirrors. Most of these methods
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were found to be capable of producing mirrors of suitable optical
quality on occasion, but they each had difficulties, including a
lack of consistent mirror quality.

The method of manufacture finally adopted is the bonding of
a backplate made up of aluminium honeycomb to a high reflectivity
anodised aluminium sheet (Alanod) after stretching the latter over
a steel former. A similar method was used for the manufacture of
the antenna sections for the James Clerk Maxwell telescope. The
Alanod sheet is stretched tightly over a 60 cm diameter metal former
of the required radius of curvature. A polyamide-based epoxy resin
is then used to bond the aluminium sheet to a backing plate which
is filled with crushed aluminium honeycomb. The whole assembly is
then cured in an oven at 100°C for an hour. A section through a
finished mirror can be seen in plate 3. Image quality and reflectivity
are consistently good (section 7.5.2), although the focal length
was found to vary slightly from batch to batch. Two types of mirrors
were produced, one with a design focal length of (240 + 8) cm and the
other with a design focal length of (260 + 8) cm, for reasons which

are explained in section 7.5.2,

7.5.2, Mirror Quality

The aluminium sheet used as the reflecting surface of the mirrors
was specified by the manufacturers to be approximately 807 reflective;
this was confirmed by measurements made at the Whipple Observatory

(Weekes, private communication: see table 7.1). One mirror was left
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Wavelength (nm) Reflectivity

350 75%
450 80%
540 77%
720 75%

Table 7.1 The reflectivity of the Alanod sheet
used to construct the mirrors on the
Mark III telescope (Weekes , private
communication).



outside in Durham for over 12 months and, despite the considerable
atmospheric pollution, the mirror surface did not deteriorate
appreciably. It is concluded that the mirrors on the Mark III
telescope will weather well during its period of operation in a
site with less atmospheric pollution.

Image quality for atmospheric Cerenkov work does not have to
be particularly high: indeed, this can be a disadvantage (see
section 2.7.1). The 240 cm focal length mirrors have a typical
stellar image size of less than 1 cm on-axis, rising to about a
5 cm image size 200 cm off-axis. Since most of the mirrors are
producing an off-axis image at the focus of the dish, it was decided
that the outer mirrors should have a longer focal length than the
inner mirrors and be selected to reduce this image size. The result
is that a completed dish of 40 mirrors produces a composite image

approximately 2 em in diameter for a point source at infinity,

7.5.3. Alignment of Mirrors

With a large number of mirrors to be aligned, a quick and simple
method of alignment was required. The method employed was to measure
the angular position of each mirror relative to the optic axis of the
telescope using a theodolite located at a distance of about 50m. This
information then allowed the telescope to be steered under computer
control such that each mirror in turn was pointed at a laser which
was located in the same position as the theodolite. In this way, the

laser provided an effective distant object on which the mirrors could
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be aligned. The image of the laser beam was then moved to the focus
of the dish by making small adjustments to the position of the
mirror. The overall alignment was checked at night on bright
objects such as the Moon and planets. This alignment procedure

was found to be accurate and was undertaken both in Durham and
Australia, and may be repeated easily should there be doubt about

the alignment of the telescope for any reason.

7.5.4. Aperture Function

The geometrical aperture of the telescope as defined by the
focal length of the mirrors (240cm) and the sensitive area of the
photomultiplier tubes (4.0 cm) is 0.9°. The combination of this
with the known angular diameter of a Cerenkov light flash suggests
an effective aperture of (1.4 # 0.2)°. Measurements of the
aperture function made by scanning across a star -and noting the. . . .
anode currents of the photomultiplier tubes show that the aperture
of the telescope is (1.5 # 0.2)° FWHM, which takes into account a

certain amount of optical and electronic smearing of the image.

7.6. Photomultiplier Tubes
This section is concerned with the choice of photomultiplier
tubes which act as the light detectors on the telescope. Their

arrangement and operation will be described.

7.6.1, The Choice of Tubes and their Deployment

The main requirement for a photomultiplier tube used in
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atmospheric Cerenkov studies is that it should have a low noise
performance under the unusual conditions of high photocathode
illumination induced by sky brightness. In figure 7.2, the noise
performances of a number of tubes under typical sky illumination
conditions are shown. It is clear that the 5" RCA 4522 tube, used
extensively in the Dugway experiment and in others, is far from
ideal, having a steep increase in noise with increased illumination.
The initial choice of photomultiplier tube for the Mark III was a
fast 3" diameter tube (EMI 9821). However, extensive tests showed
that the gain was not stable on these particular tubes even after

a "warm-up" period. A fast linear-focused 2" diameter tube was chosen
instead (RCA 8575). The characteristics of these tubes are well
known, since three such tubes were used in the Mark II telescope.
The tubes have stable gain and the spectral response of the tubes
peaks at approximately 370 nm, making it a good choice for this
application, as Cerenkov light peaks in the region 350=550 nm.

Each individual photomultiplier tube is placed in a watertight
unit and isolated from the effects of the Earth's magnetic field by
a cylindrical mu-metal shield maintained at the cathode potential.
The tubes are then placed in cylindrical plastic and perspex holders
in three groups of four as shown in figure 7.3, to form the detector
elements in the package at the focus of each large dish. The tubes
are operated in three-fold coincidence. By this it is meant that,
in order to record an event, three paraxial tubes in separate

detector packages must trigger within 1Ons of each other. For
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instance, if an event is to be recorded from the central channel,
each of the three central tubes (one at the focus of each flux
collector) must record the Cerenkov light flash simultaneously.
This defines one on-axis channel surrounded by three off-axis
channels allowing continuous monitoring of the background cosmic
ray rate. The area of sky viewed by each off-axis channel is
1.1° removed from the central on-axis channel. The telescope has
been designed such that photomultiplier packages may be easily
changed. For example, when operating in drift scan mode there is
the option of using single 5" phototubes, thereby increasing the

aperture to a larger value suitable for drift scanning.

7.6.2. Operating Conditions

As has been mentioned, an important requirement of a phototube
employed in this type of work is that it is capable of a fast
response. For this reason, the voltage across each stage must be
maintained at a high value. This results in a high gain, and so
the overall gain must be reduced to an acceptable level by discarding
two amplification stages and taking the signal from the 1lth dynode
rather than the anode itself. The operating voltage of an RCA
8575 under dark sky conditions is typically 1850V, and the EHT voltage
is supplied by a computer-controlled LeCroy model HV4032A EHT unit.
Under a clear sky, the operating conditions adopted give an individual
PMT rate with a 50mV discrimination threshold of approximately 30 kHz

with a typical anode current of 25 uA,
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It is known that variations in sky brightness can change the
gain of the photomultiplier tubes and complicate the detection
of V.H.E. y-ray sources (section 6.6.4). This is not of great
importance when an object has a known periodicity and is being
tracked, as the star field remains the same. The data may be
searched for periodicity in the arrival times of the y-ray induced
Cerenkov pulses, and small count-rate excesses in the on—source
channel need not be searched for. However, where a tracked object
is considered to be a D.C. y-ray source, or when the telescope is
being operated in the drift scan mode, it is important to maintain
constant anode currents (and hence gain) in all photomultiplier
tubes. This is achieved by the use of servo-controlled L.E.D.s set

into the perspex face of each individual PMT assembly (section 7.7.2).

7.6.3. Electronic Alignment

If the telescope is to register a coincidence between the signals
from the three flux collectors, the signals from all three PMTs
constituting a given channel (i.e. one set of three paraxial PMTs)
must arrive at the coincidence unit within < 10 ns (see section
7.8.3). Although care was taken in the construction of the telescope
to ensure that equal lengths of cable were used for each signal path,
small differences are inevitable. Initial alignment was achieved by
injecting a pulse into the system using a pulse generator capable of
producing very short pulses. The signals from each set of three

photomultiplier tubes corresponding to one channel were observed on
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an oscilloscope and aligned in time by inserting different delays
into each signal path. Final checks were made which allowed for
small variations in the travel time of the signals from the PMTs
by pointing the telescope at the zenith and optimising the count

rate in each of the four channels by the addition of small delays.

7.7. Control and Monitoring Electronics
The control and monitoring of the Mark III telescope is achieved

via a Local Area Network of BBC microcomputers. Extensive use is
made of the MHz and RS232 ports which are available on all BBC
microcomputers. The control and monitoring functions may be split
into three main areas:

(i) control and monitoring of the telescope steering

(ii) maintenance of detector performance (PMTs)
(iii) environmental monitoring
A schematic diagram of both the control and logging electronics is

shown in figure 7.4.

7.7.1. Steering Monitoring and Comtrol

One BBC microcomputer is dedicated to the control and monitoring
of the telescope steering. It can communicate directly with the
microcomputer which exercises overall control via its RS232 port.
Communication between the telescope shaft encoders, motor drive units
and the steering computer is made through an interface unit on the

MHz bus.
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At every change of source during a night, the steering program
is booted by the control BBC microcomputer. Ten times every second,
the position of the telescope in azimuth and zenith is derived from
the absolute shaft encoders via the steering interface. The actual
position of the telescope is checked against the target position,
and if the actual position is more than 1 bit (or 0.1% away from
the target position in either azimuth or zenith, a signal is sent
through the steering interface to the relevant motor drive unit(s).
Every 6 seconds, the steering control program drops out of this
servo loop in order to re-calculate the target source position in
alt-azimuth co—-ordinates. The target and actual positions are
displayed on the steering BBC video monitor once every second. An
"alarm is incorporated so that the observers are alerted if the
telescope stops steering or fails to steer correctly.

Telescope pointing information is extracted from the steering
interface via the CAMAC bus by the 68000 data logger for recording
on a data tape together with the main datastream (see section 7.9.5).

To enable the observers to check steering accuracy directly,
the telescope is also equipped with a paraxial low light CCTV camera.

' This is capable of detecting 6th magnitude stars.

7.7.2. Maintenance of Detector Performance (PMTs)
The high tension voltage required for the operation of the 12
photomultiplier tubes in the 3 standard detector packages is supplied

by a multi-channel LeCroy HV4032A E.H.T. unit, under the direction of

125



the controlling BBC microcomputer. The target voltage across each
tube is read from the 68000 logger, where it is recorded in the
housekeeping once every minute (see sections 3.2 and 7.8.7), and
displayed on one of the monitor computer screens.

The 12 analogue signals from the photomultiplier tubes are
DC~coupled into Automatic Gain Control (AGC) units. Each PMT anode
current is sampled, and the PMT signals then pass immediately to
an amplifier and thence to the discriminator and logging electronics
described in section 7.9. The AGC unit is designed to provide
control of the anode currents in the presence of variations in
sky brightness by adjusting the brightness of an LED viewed by the
PMTs such that the total anode current for each PMT is constant.

A reference current is sent to the AGC unit from the 68000 via a
Digital to Analogue Converter (DAC); an error signal is generated
by comparing the anode currents with the reference value. The
resulting output (after amplification) is used to drive the LED on
the photomultiplier tube face. The feedback loop is designed to
stabilise the difference between the anode current and the reference
value. The anode currents are then fed from the AGC to an Analogue
to Digital Converter (ADC). They are displayed on a dedicated
monitoring BBC microcomputer and are also recorded in the house-
keeping dataset. The anode currents are an important indicator of
detector behaviour,; so this display is watched closely by the
observers, and a visual alarm is included to alert them to any

abnormally high anode currents.

126



After processing the signals through the discriminators, ECL
to TTL converters and scalers (described in section 7.8), the
single fold count rates of each PMT are also monitored and dis-
played by another BBC microcomputer to provide a further sensitive

indication of the behaviour of the detector gain for each PMT.

7.7.3. Environmental Monitoring

During the operation of the telescope, the outside environment
is monitored by a weather station placed on an aluminium pole some
distance above the control room. It incorporates a windvane,
anemometer, shielded thermistor (for air temperature measurement)
and wet and dry bulb thermometers (which are used to measure humidity).
The information from the windvane, anemometer and thermistor is
displayed on the monitor of dedicated microcomputer, together with
a schematic of the telescope pointing direction. The wet and dry
bulb thermometers have thermistors attached to them, and the voltages
produced by these are similarly fed to a microcomputer where they
provide a measure of the outside humidity, which is useful for
predicting whether condensation will form on the mirrors (see section
7.3). All this information is displayed on the computer video
monitors while the telescope is in operation. Weather information
is also logged by the 68000 and included in the housekeeping (see

section 7.8.7).
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7.8. Logging Electronics

The heart of the Mark ITI data logging system,which was built
by the University of Durham Microprocessor centre specially for
this project, is an MC 68000 microprocessor. With 12 channels of
analogue information to record (with the possibility of an increased
number of data channels later: see chapter 9), a CAMAC system has
been used as the data processing standard because of its high
speed and consequent high channel density. CAMAC units are used
to amplify and discriminate the PMT signals and provide the event

registering logic. Reference is again made to figure 7.4,

7.8.1. Amplification and Discrimination

The individual PMT signals are input to a LeCroy model 612A
amplifier, after they have been through the AGC unit (sectiomn 7.7.2).
The amplifier provides two outputs, one to a charge-to-time converter
(QT unit) via a delay line and the other to a discriminator. The
QT unit is a fast analogue to digital converter (LeCroy model 2249A)
which digitises the charge from the PMTs occurring within a 30 ns gate
time. This information is stored in scalers until required by the
68000 (i.e. until an event is recorded). The discriminators have a
variable threshold which may be set by the 68000 data logger via its
CAMAC interface. The threshold is 50 mV. Any pulses which exceed
this amplitude at the discriminator cause output to be passed to

the ECL-TTL converters and thence to the coincidence unit and scalers.
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7.8.2, Coincidence Units and Register

Each telescope '"channel” consists of 3 photomultiplier tubes
operated in coincidence, so there are 4 three-fold coincidence
units, each dealing with one channel. Pulses from the separate
phototubes within a given channel of three photomultiplier tubes
are tested for overlap, within a total gate width of approximately
10 ns. If there is sufficient overlap between the three pulses,
an event in that channel is registered and the logic unit is
accessed. As more than one channel of three phototubes may detect
a given Cerenkov light pulse, events from each coincidence unit
are also passed to a coincidence register. This stores information

about which channels have fired.

7.8.3. Scalers

The number of individual phototube responses which exceed the
discrimination threshold (i.e. the noise rate) are recorded by the
scalers. A 1 sec time reference is provided by the CAMAC clock
unit which is set from the Rubidium oscillator (see section 7.10)
and the number of counts per tube are then read and recorded by
the 68000 data logger to give the single-fold count rates in Hz.
The PMT noise is also displayed by a BBC microcomputer and is

subject to alarm monitoring.

7.8.4. The Logic Unit
The £irst function of the logic unit is to ascertain whether

an event has occurred during the system '"dead time" i.e. while the
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system is handling a previous event. The system dead time has been
measured to be approximately 0.5 ms (Dipper, private communication).
The procedure for handling such dead time events is described in
section 7.8.6. When an ordinary event has taken place the logic
unit latches the steering and the CAMAC clock latch unit (which
gives the time of the event) and accesses the coincidence register.,

It also (most importantly) interrupts the 68000 processor.

7.8.5. The MC 68000 Processor

The manner in which the MC 68000 deals with an event is
programmable, and is controlled by a program loaded from the Local
Area Network fileserver at the beginning of a night's observing.

When the logic unit interrupts the 68000, the 68000 is latched
until the data logging routine has been completed. The 68000 then
reads the information in the following order:

(1) The digitised charge from the QTs
(ii) The anode currents in the three 'on-source'" phototubes (see
section 7.6.1),
(iii) The event time
(iv) The position and drive status of the telescope
(v) The fire pattern of the channels from the coincidence register.
Finally, the 68000 resets the CAMAC logic unit, thus allowing further
events to be processed.
This information is then formatted by the 68000 and stored in

RAM until such time as the tape drive is available, as defined by
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the tape controller. All the events with their corresponding
details are then recorded on tape via a 16~bit parallel interface.
See section 3.2, for a complete list of the information thus

recorded.

7.8.6. Dead Time Events

While the system is processing an event, there is a so-called
"dead time" during which the logic unit is latched. If an event
arrives during this period, its time is read and is stored in a
buffer. When the 68000 has completed its handling of an event, it
reads this buffer and the times of these dead time events (no
other information is stored) are formatted and stored in the 68000
RAM for recording to tape. Up to 15 dead time events may be
stored in the CAMAC buffer, a capacity which is rarely required.
Dead-time events do not have their fire patterns recorded and are

thus not used in normal data analysis.

7.8.7. Housekeeping

Once every minute, the 68000 logger interrogates the various
monitoring systems described in section 7.7. for information concerning
system performance and environmental conditions. This information is
similarly stored and written to tape by the 68000, and is tagged as a
"housekeeping block”. For details of the contents of a standard
housekeeping block, see section 3.2, As is the case with the

specification of a recorded event, the items recorded in the house-
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keeping and the interval at which they are recorded may be changed

at any time under program control.

7.9, Timekeeping

Experience in previous experiments has shown it is imperative
that a good timing standard be available. The Dugway experiment
used an oven—-controlled crystal which was regularly reset using
an off-air timing signal. This system was more than adequate for
most purposes, and only observations of very short period objects
such as the 1.5 ms pulsar raised difficulties (see section 6.3).
In the light of this experience, a highly accurate Rubidium oscillator
was chosen as the timing standard. Its specification and operation
are described in section 7.9.1.

There are two types of uncertainty which arise in any timing
system:

(1) Uncertainties leading to an error in the relative time of arrival
of events. This arises, for example because the frequency
standard does not have a strictly constant rate. These un-
certainties are shown to be small for the Rb oscillator.

(ii) Uncertainties in the absolute time of occurrence of an event.
A clock based on the Rb oscillator may be initialised by taking
the system to a standards laboratory or by using an off-air
timing standard.

These are considered in detail in sections 7.9.2. and 7.9.3.
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7.9.1. The Rubidium Oscillator

The timing standard used by the Mark III telescope is an
Efratom model FRK-L Rubidium atomic resonance-controlled oscillator,
which provides an extremely stable 10 MHz sinusoidal signal of
0.5V r.m.s. The oscillator is placed inside a unit, in which the
sine wave produced by the oscillator is passed through a Schmidt
trigger to produce a 10 MHz TTL signal. This is then divided by
10 to produce a 1 MHz gated output, used as the standard by the clock
unit (see figure 7.4).

The Rb oscillator is known to be sensitive to magnetic fields
which may shift the resonant frequency. The clock unit is housed
within the control room, which has a high ambient magnetic field,
calculated to be approximately 5 Gauss (McComb, private communication).
To avoid this problem, the clock unit is placed in a small mu-metal
box in addition to the internal shielding provided by the manufacturer.
Long interruptions to the power supply also pose a potential problem,
requiring that the oscillator be allowed to re-stabilise after power is
regtored. For this reaéon, the oscillator is provided with a long-
term (10 day) external battery back-up in addition to its own internal
battery support which lasts for 4 hours. This system also allows

transportation of the oscillator to a standards laboratory,

7.9.2. Relative Timing
There are two main sources of relative timing uncertainty.

Firstly, there is an error in the initial setting of the oscillation
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frequency which is performed in the factory. The clock frequency

is set to an accuracy of * 5 parts in 1011, which induces a maximum

slip in the clock rate of * 0.12 ms each month. There is also a

slow drift in the oscillator frequency, specified by the manufacturers

to be less than or equal to 4 parts in 1011 per month. This is
effectively a second derivative change in the clock's timing and

runs at approximately # 0.1 ms/monthz. The total clock drift

therefore follows a quadratic function.

In order to check the oscillator stability, thrice daily
measurements are made of clock time with respect to the VNG time
signal used in synchronising the clock (see section 7.9.3). The
clock was last synchronised in late January 1987, and the measure-
ments of the clock drift since then are shown in figure 7.5. Note
that:

(i) The clock was initially set slightly slow with respect to

VNG (this is corrected for in the data analysis).

(i1) There is inevitable jitter on the measurements of UTC derived
off-air due to differences in ionospheric conditions from day
to day which cause the signal to be very slightly early or late.
This makes the quadratic form of the clock rate drift in-
distinguishable from a straight line over this timescale.

From Fig. 7.5., it is clear that the clock drift rate is
approximately 0.8 * 0.02 ms/month for January to June 1987. From
a linear approximation to the manufacturer's specifications, we

would expect the drift rate to be slightly less than this, at about
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Figure 7.5 The Rb crystal oscillator drift rate. The best fit stgﬁight
line gives a drift rate of (0.02665 +/- 0.00074) ms 4 .
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0.5 ms/month. A further factor which may be affecting clock
performance is seasonal temperature variation. The Rb oscillator
specifications are such that a temperature variation between
-25°C and 65°C will produce a change in the crystal rate of up to

3 x 10710

, or a slip rate of up to about 0.8 ms/month. While the
Rb oscillator used in the experiment does not suffer such a large
temperature cycle, it probably experiences temperatures of up to
40°C for short periods during Summer. This may affect its
performance to some extent.

Present measurements of the slip rate of the Rb clock

oscillator are more than adequate for the relative pulse arrival

times of even the fastest pulsators.

7.9.3. Absolute Timing

In general, it is adequate that the absolute time of the
observation of a Cerenkov flash be known to within a few milliseconds.
An accurate knowledge of the absolute time is of importance only when
an absolute emphemeris is available for the object under investigation -
the Vela pulsar, for instance. Absolute timing requires that the
oscillator be synchronised with a timing standard, generally Universal
Co-ordinated Time (UTC). This may be achieved in one of two ways:
the clock unit may be transported to the Australian National Measure-
ments Laboratory in Sydney and synchronised using an atomic standard
or it may be synchronised using a suitable radio signal. The latter

method is at present used, though the former may be put into practice
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at a later date.

The Universal Co-ordinated Time (UTC) signal with which the Rb
clock is synchronised is provided by the VNG radio station located
at Lyndhurst, Victoria (38° 3' S, 145° 16" E). The VNG signal
consists of 54 digitally encoded one-second markers, followed by
5 short tones (consisting of 5 cycles of 1 kHz) between the 55th
and 58th seconds, a '"silent" 59th second and a long 1 kHz tone on
the minute. After its arrival at Narrabri, the time signal is
subjected to filtering and re-forming., The clock synchronisation
procedure is to initialise the clock (i.e. set the oscillator
to zero) after the 58th second tick, and allow the gated 1 MHz out-
put signal to commence on the leading edge of the one-minute tone.

The timing signal is emitted by VNG Lyndhurst at the correct
time, but does not re-synchronise the clock until it has traversed
the distance to the site (approximately 1000 km). A positive
adjustment to the clock re-synchronisation time is therefore
necessary, corresponding to the propogation delay at that time.
Except when the site is close to the transmitter, the radio signal
does not take a direct path but is reflected from the ionosphere.
Since the height at which this reflection occurs depends on the
atmospheric conditions at the time of the reset which are largely
unknown, the correction to be applied cannot be calculated accurately.
However, the delay from Lyndhurst to the Anglo-Australian Observatory
has been measured by the Australian Mapping Service using a portable

standard clock and is found to be 6ms. The delay from Lyndhurst to
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Narrabri will be the same to within the uncertainties caused by
the variation in height of the ionosphere (+ 0.05 ms), and so a

6 ms correction is applied to the data.

7.10. Modes of Operation
The Mark III telescope has three modes of operation: the
familiar drift scan and tracking modes, and a further "chopping"

mode. These are described below.

7.10.1. Tracking

The operation of tracking is simple and requires little explanation.
The object of interest is kept within a specified channel, usually
the central channel. (Other channels may be used as the "on-source'
channel to preclude any instrumental effects from the data.) It
should be noted that in this mode of operation there is an inevitable
rotation of the field of view such that the "off-source' channels

observe slowly changing areas of sky.

7.10.2. Drift Scanning

If the telescope has all four channels operating then the
object being observed will in general pass through one off-axis
channel as well as passing through the on-axis channel. As mentioned
earlier, 5" photomultiplier tubes may also be used to provide a
large single field of view. The development of ‘the chopping technique

(section 7.10.3. below) makes extensive use of this technique unlikely.
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7.10.3, Chopping

This method of observing was not possible with the Mark I and
IT telescopes because of their lack of simultaneous off-source
observations. Chopping involves tracking an object in the on-
axis channel and one off-axis channel alternately at the same
zenith angle, with the time spent with the object in each channel
(the chopping period) defined by the observer. This is usually
between 2 and 5 minutes. Care must be taken in the choice of
chopping period such that it is not close to the pulsar (or indeed
orbital) period of the object which is observed, to avoid confusion
with any'periodicity caused by the object itself. This technique
allows data to be analysed for both count rate excesses and
periodicity in the same way as tracking data, but with the additional
security of excluding instrumental effects which may arise when
employing one channel only. At the time of writing, investigation

into methods of analysing data produced in this way is proceeding.

7.11, Telescope Performance

The most reliable indicator of telescope performance is the
coincidence count rate. Before construction, it was predicted that
the Mark III telescope would have a count rate of 75 c.p.m. per
channel at the zenith (Orford, private communication). On the 28th
October 1986, a very clear night during the first data acquisition
period, tests were made on the count rate versus zenith angle. The

result is shown in figure 7.6. and shows a count rate of 64 * 4 c.p.m.
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59 from the zenith, with no source in the field of view. The

count rate versus zenith angle follows a function of the form:

C.R. « c082.35 * 0.548

where 6 is the zenith angle. This is in approximate agreement with
results from Dugway. This test was made before alignment had been
completed, after which the count rate was indeed approximately 75
c.p.m. Recently, during the Australian Winter nights, the count
rate has risen to 100 c.p.m., perhaps due to operation of the

telescope at high PMT gain.

7.12, Energy Threshold

It is possible to estimate the energy threshold of a y-ray
telescope by noting the count rate when there is no source in the
field of view (i.e. when the telescope is counting the cosmic ray
background) . By considering the estimated effective collecting area,
the flux observed may be found. This allows an estimation of the
energy threshold using the well-known integrated cosmic ray spectrum.
The most difficult parameter to calculate is the effective detector
area, which is a function of the detector's aperture and the area of
the Cerenkov light pool. Since the size of the light pool varies
with shower development and zenith angle (see section 2.4), any
estimate of the effective detector area will be approximate. The
effective area for the Mark III telescope is estimated as (1 % 0.5)

2 ..
X 104 m , giving an energy threshold of 250 * 100 GeV.
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CHAPTER 8

OBSERVATIONS AND PRELIMINARY RESULTS FROM THE MARK ITI TELESCOPE

8.1, Introduction

The Mark III Southern Hemisphere telescope has now (May 1987) been
operational for just over eight months. This chapter describes the
observing programme, data base and a preliminary analysis of some of
the results to April 1987. A novel method of improving the sensitivity

of the telescope is also discussed,

8.2, The Observing Programme

Southern Hemisphere skies present a much wider variety of
potential V.H.E. y-ray sources than Northern Hemisphere skies as the
Southern Hemisphere faces the Galactic Centre, Furthermore, the
majority of known X-ray binary pulsars are visible from the Southern
Hemisphere, as are the two closest galaxies to our own, the Large and
Small Magellanic Clouds., It has therefore been necessary to make a
selective observing plan for the first vear of operation of the Mark
III, basing the choice of objects on those types which proved to be
y-ray emitters in the Northern Hemisphere, viz. fast pulsars close
to the Solar System and short period X~ray binérieso This must be
done in an effort to identify V.H.E. y-ray sources which may be more
closely studied in later years. Catalogues of interesting objects

which have been searched for potential V.H.E. Y-ray emitters are the
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low energy y-ray catalogues (the second COS-B y-ray catalogue and
SAS 2 and 3 catalogues), X-ray catalogues (the fourth Uhuru
catalogue and the Einstein catalogue), and pulsar surveys (e.g.

the Molongolo survey). In addition, recent literature is also
scrutinised, especially those papers containing results from
satellites 'which have been in operation recently, such as EXOSAT,
from which near contemporary timing data is available. The list of
candidate V.H.E. y—-ray sources derived from the literature is given

in sections 8.2.1. to 8.2.3. below.

Each observing team who are responsible for the operation of
the telescope in a given month have an agreed and detailed observing
programme comprising objects which are to be observed and the times
during the night when observations should ideally be made. Except
under unusual circumstances, observations are not scheduled when
the object is at a zenith angle of > 500, as the count rate is then
reduced to about 40 counts per minute. In general there are two
types of object to be observed: those which have well-khown periods
and those which have ill-defined periods or no known periodicity.

In the latter case, any detection in the first instance must be on
the basis of a count rate excess from the source, so observations of
objects of this nature are confined to nights when atmospheric
conditions are stable, Potential sources with known periodicity do
not require such stable conditions and may be observed on nights when
the weather is not perfect (for instance when there is variable sky

clarity). Most interesting objects are in the galactic plane, which

141



means that such objects are best observed for only 8 months of the
year, from November to June. 1In terms of the number of potential
sources visible, the best months are April and May when the
galactic centre culminates at the zenith around midnight. During
August to November, attention moves to objects outside the Galactic

Plane including those in the Magellanic Clouds.

8.2,1, Pulsars

The criteria for selecting possible V.H.E. emitting pulsars are
described in section 6.2, The pulsars should have short periods,
large period derivatives and small distances from Earth, A further
criterion, given the successful observations of V.H.E, y-rays from
the Crab pulsar, is that they should have a supernova remnant (or
suspected remnant) associated with them. A complete list of pulsars
which are considered to be candidate V.H.E. y-ray emitters is given
in table 8.1. The following short comments on selected candidate

sources may convey the reasoning behind this list,

The most obvious Southern Hemisphere candidate is the Vela
Pulsar which has an 89 ms period with a well-measured period
derivative and second derivative. In addition it was observed to
emit a pulsed y-ray flux at energies > 500 GeV by the Indian V.H.E.
Y-ray group at Ootacamund (Bhat et al., 1980 and 1987). The results
of the analysis of data from the Vela pulsar recorded by the Mark
III telescope are given in section 8,6.2., Despite its distance from

Earth (50 kpc), the X-ray pulsar in the Large Magellanic Cloud is
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PULSAR PERIOD (ms) DISTANCE (KPC)

1510-59 150 4.2
1055-52 197 0.92
1822-09 769 0.56
0540-693 50 55
0740-28 167 1.5
1642-03 388 1.3
1706-16 653 ?
1742-30 368 ?
1747-46 742 0.66
0833-45 89 0.5
1830-08 85 ?
1823-13 101 ?
1802-23 112 ?

Table 8.1 Candidate gamma ray pulsars in the Southern
Hemisphere.



also a possible V.H.E. y-ray emitter. This produces both X-ray and
optical emission and measurements show it to have a period of 50 ms
and suggest it is surrounded by an optical synchrotron nebula
(Seward et al., 1984; Middleditch and Pennypacker, 1985). Another
strong candidate is PSR 1510-59, detected by the Einstein satellite
(Seward et al., 1982). It has a pulse period of 0.15 seconds and
the period derivative is very large (1.49 x 10_12 ss-l)° It is
reasonably close to the Solar System, being 4.2 kpc distant. These
characteristics, coupled with the fact that there are indications

that the pulsar is surrounded by a small, bright nebula suggest that

the object may be similar to the Crab pulsar.

8,2.2, X-ray Binaries

Following the discovery of periodic V.H.E. y-rays from the
archetypal X-ray binary Hercules X-1 (and subsequently from the
similar X-ray binary 4U0115+63) by the Durham Group, X-ray binary
pulsators have been considered to be strong candidate V.H.E. y-ray
emitters. Experience with objects such as Cygnus X-3 (which appears
to show pulsar activity around the maximum of the 4.8 hr X-ray cycle)
and Hercules X-1 (which produced a burst of 1.24 second periodic
y-rays just before a 35-day X-ray '"turn-on'") suggests that any V.H.E.
Y-ray emission will be related to the X-ray cycle in some way, emission
probablyoccurring around X-ray maximum if Cygnus X-3 is in any way
typical, In the absence of prolonged, recent observations from X-ray

satellite experiments, in most cases the pulse periods and orbital
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ephemerides of these X-ray binaries are uncertain. This has lead

to an observing strategy whereby objects are initially observed

during approximately one month, and the data searched for

periodicity. If a wide search range has been required, this may
result in a candidate period for V.H.E. y~ray emission of low
statistical significance. Further observations are then made to
confirm or deny the presence of y-ray emission at the candidate period
without a requirement for the use of a large number of degrees of

freedom,

There is a large number of binary X~-ray sources visible from
the Southern Hemisphere. Prime candidates are LMC X-4 and Centaurus
X-3, which will be described in detail in sections 8.6.1. and 8.6.3,
respectively. Other obvious possible V.H.E. y-ray sources are Vela
X-1 and SMC X-1, In addition, 4U1626-67 is a highly compact binary
observed by the Uhuru satellite with a 7.7 second pulse period and
a 2485 second orbital period (Giacconi et al., 1974; Rappaport et
al,, 1977; Middleditch et al., 1981). The recently discovered 5ms
radio pulsar in a binary system, PSR 1855+09 is also included in
the observing programme (Segelstein et al., 1986)., A complete list
of Binary V.H.E. y-ray candidates visible from the Southern Hemisphere

is given in table 8,2,

8.2.3. "Galactic" Objects
Other possible V,H.,E., y-ray emitters include the "galactic"

sources, It is proposed to scan the Galactic Centre in the same way
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BINARY

SCOo X-1

4U1728-24

GX17+2

CIR X-1

LMC X-4

CEN X-=-3

401223-62

4U1145-619

4U01624-49

AQ0538-66

E1145-6141

4U1822-37

281553-542

OA0l1653-40

SMC X-1

VELA X-1

4U01626-67

4U01700-37

251417-624

OA01653-40

4U1538-52

GX304-1

GX339-4

4U1755-33

PULSE PERIOD (S)

?

120/240

1913

13.5

696.0

290

0.07

298

9.26
38.2

0.71
282.0

7.68

17.64

38.2
529
272

1 ms?

ORBIT (DAYS)

2.08
41.4
187.5

0.88

7.8?

8.95
0.03
67.4

>15

0.18

Table 8.2 Southern Hemisphere X-ray binary sources.



as the Galactic Plane was scanned at Dugway. The position of the
observing site is such that at the correct time of year it will be
sufficient simply to park the telescope pointing towards the
zenith and allow the galactic plane to pass through the fields

of view of the telescope. Another clear target for observations
is Centaurus A; our closest active galaxy. It was found to emit
V.H.E. Y-rays by Grindlay et al.; (1975), and an excess of cosmic
rays was observed from its direction between 1978 and 1981 (Clay

et al., 1984).

8.3. The Database

After four observing periods each of one month's duration, the
Mark III telescope has taken 246 hours of data on 11 objects. The
largest amount of data (40 hours) has been taken on the Vela pulsar.
Table 8.3. shows the number of hours' data taken so far (complete
at early April 1987) on each object. Details are given in this
chapter of the results from a preliminary analysis of the data from

some of these objects.

8.4, Routine Data Analysis
The routine analysis for periodicity in data from the Mark III
telescope involves the stages outlined below, which are described

in greater detail in chapter 3.

(a) Since the data are logged in a compact format to economise on

tape, the data are first of all translated into ASCII format
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OBJECT NO. OF HOURS DATA

VELA X-1 25.5
SMC X-1 28
LMC X-4 24.5
PSR0540-693 26
VELA PULSAR 40
CEN X-=3 26
PSR1055 23
SN1987Aa 4
PSR1510 23
CEN A 19
SCOo X-1 6
TOTAL 246

Table B.3 The Durham Mark III Telescope database

to early April 1987.



(b)

(c)

(d)

(e)

(£)

(g)

and then split into files which each contain a single night's
observation on a given object.,

Event times are then stripped off these files and are adjusted

to the Solar System barycentre to remove the variations in pulse
arrival time caused by the motion of the observer, and the

values of the digitised charges from each PMT for each event

are reduced to a single byte. This provides files of the

minimum length for useful future work.

If the candidate y-ray source is in a binary system, the event
times are reduced to the focus of the binary orbit.

Events which produce a substantial signal in off-source as well

as on—-source channels are rejected. This process is described

in detail in section 8.5.

The enhanced on-source data are tested for periodicity. If the
expected period is well known (for example in the case of the

Vela pulsar) that period only is tested and epoch folding is used.
Otherwise a period search is initiated. The statistical test
generally used is the Rayleigh test, this being the most reasonable
test to apply in the absence of any information concerning the
shape of the light curve.

Off-source data are also tested as in (e) above to ensure that any
periodicity observed in the on-source channel is not attributable
to an instrumental effect.

In the light of the results o#{the above, any further tests 3<‘€

required are applied to the data,
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8.5. The Guard Ring Technique for Improved Telescope Sensitivity
The off-axis detectors on the Mark III telescope not only
provide simultaneous off-source control data, but can also give
additional information about the on=-axis signal. On a crude level,
if the centre (on—source) channel and one off-source channel
respond to the same light pool, the most likely position for the
centroid of the Cerenkov flash is at an angle halfway between the
fields of view of these two detectors. This direction is at the
edge of the target field of view and hence such events may be
regarded as most probably nucleon-induced and may be routinely

rejected (step (d) in section 8.4. above).

In addition, as mentioned in section 7.8.l., the signals from
each phototube are routinely digitised and recorded for each event

whether or not a given tube actually registered a pulse above the

hardware threshold and fulfilled the coincidence condition. This

additional information enables the rejection of further events which,
while they did not indicate an above threshold (hardware) response

on any of the off-axis channels, do nevertheless show a number of
photons which is a substantial fraction of the on-axis response.

These are also considered to be indicative of an event towards the
periphery of the target aperture and may be rejected. A fractional
measure of the on—axis response has been used rather than a constant
threshold so that large, bright Cerenkov flashes which arrive directly
on-axis (and may therefore be considered to be y-ray induced) but

which also produce a signal in the off-axis channels are not rejected.
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Empirical tests show that the best criterion to date for the
rejection of an event is that the off-axis response exceeds 60%-

70% of the on-axis signal (see table 8.4).

The testing of any potentially signal-enhancing technique
requires a strong signal in the initial data., The first data with
which this technique could be investigated were from observations
of Centaurus X-3 taken in January and February of 1987. The effect
of the rejection of events which produce signals in the off-axis
detectors on the initial dataset (26 hours of observations) will
therefore be used to illustrate the increase in sensitivity afforded.
Details will be found in table 8.5. The initial effect which was
the basis for the claim of periodicity in the data was found in
the total sample of events in which at least the central channel
responded. This is analogous to the data yielded by a telescope
comprising a single on—-axis channel alone, such as the Dugway
telescopes. The apparent periodic signal yielded by this dataset
containing 38663 Cerenkov flashes was 1.4%Z of the cosmic ray background,
or a total of 541 * 37 y-ray candidates. The further rejection of
events by use of the hardware threshold produced a dataset containing
those events in which the central channel alone responded. Here, the
periodic effect had a strength of 2.37 of the cosmic ray background
in a dataset containing 24013 events (552 + 39 y-ray candidates).
When the sensitivity improvement was made involving the rejection of
further events which did not fulfil the hardware condition but where

the off-axis response in any one channel was 607 or more of the on-
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REJECTION CRITERION PERCENTAGE SIGNAL
(% OF ON-AXIS SIGNAL)

NO ENHANCEMENT 1.4
40 2.4
50 2.6
60 2.8
70 2.3
80 2.2

Table 8.4 The variation in the signal strength of Cen
X-3 as a percentage of the cosmic-ray
background with the criterion applied to
reject events towards the periphery of the
target aperture. In this case , the greatest
signal enhancement is produced if the events
with an off-axis response exceeding 60% of
the on-axis response are rejected.



DATA ANALYSED NO.

(i) On-axis

(ii) On-axis
alone

(1ii) On-axis

enhanced

OF EVENTS

38663

24013

20027

NO. REJECTED
N/A

14650 of (i)

3990 of (ii)

% EFFECT

1.4

2.3

2.8

NO.

OF GAMMA RAYS

541 +/- 37
552 +/- 39
501 +/- 35

Table 8.5 The results of the application of sensitivity enhancing technigues to
data from Cen X-3.



axis signal, the periodic content was increased to 2.87 of the cosmic
ray background in a dataset containing 20027 events (501 * 35 y-ray
candidates). This final enhancement gives a 1007 improvement on

the original y-ray signal. Note that while the number of total
events falls as these cuts are applied to the data, the number of
periodic y-ray candidates within the sample remains substantially
constant, indicating that mainly nucleon-induced events are indeed
being rejected. The increase in the percentage effect more than
compensates for the decrease in number of events in the sample being
tested so the application of this technique results in a decrease

in the Rayleigh probability of chance occurrence (which is
approximated by e—nRz(see section 3.5.2.)). In the above case,

the Rayleigh probability of the effect arising by chance (without
correction for the number of degrees of freedom used) falls from

4 x 10—4 for light flashes in which at least the on-axis detector
responded, to 2.5 x 10—7 after the signal enhancing techniques had
been applied.

This technique has also been applied to the LMC X-4 result
described in section 8.,6.1. The y-ray signal was 2.57 of the cosmic
ray background before any enhancement and increased to 3.87 after-
wards, an improvement of 657 in signal strength. Further details
may be found in table 8.6. It is noted that the improvement gained
in the signal strength from this object is not as great as for
Centaurus X-3. The observations of Centaurus X-3, on which this

technique has been developed, were made while the object was near
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DATA ANALYSED NO. OF EVENTS NO. REJECTED % EFFECT NO. OF GAMMA RAYS

(1) Oon-axis 13527 N/A 2.5 338 +/- 18
(ii) On-axis 8577 4950 of (i) 3.2 274 +/- 16
alone
(iii) On-axis 8619 4908 of (1) 3.8 327 +/- 18
enhanced

Table 8.6 The results of the application of sensitivity enhancing techniques to
data from LMC X-4.



the zenith whereas LMC X-4 is always low in the sky from Narrabri
(the zenith angle being approximately 40° at best). It may be,
then, that a further refinement of this technique is required to
take into account the variations in the size of the Cerenkov light

pool caused by observations being made at differing zenith angles.

The advantage of this method is its simplicity: there is no
attempt to identify and separate the y-ray induced Cerenkov flashes
from those induced by nucleons by any method other than their
spatial features. The result is a valuable increase in y-ray
signal of between 65 and 100%Z, a factor which appears to be
dependent on the zenith angle of the object at the time of

observation,

8.6. Results of Initial Data analysis
8.6.1, LMC X-4

8.6.1.1. Research Background

The fourth X-ray source in the Large Magellanic cloud was dis-
covered by Giacconi et. al., (1972) using data from the Uhuru
satellite. The optical counterpart was identified as a 1l4th magnitude
OB star by Sanduleak and Philip (1977), photometric and spectroscopic
observations of which indicated the binary nature of the source, the
period being 1.408 days (Chevalier and Ilovaisky, 1977). Occasional
X-ray flaring episodes have been observed from this source, and a

pronounced 30.5 day periodic modulation in the hard X-ray flux has
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also been observed, similar to that of Her X-1 (Epstein et al.,
1977; White, 1978; Skinner et al., 1980 and Lang et al., 1981).

LMC X~4 was considered a good candidate for an X-ray pulsar due to
its massive companion and hard X-ray spectrum (Jones, 1977;
Rappaport et al., 1977). After some early attempts to observe a
pulsation period from the object, pulsations with a 13.5 second
period were observed in SAS 3 data taken in February 1976 and May
1977 (Kelley et al., 1983). These results enabled an orbital
determination to be made. Later observations made in November 1983
with the EXOSAT satellite confirmed the pulse period and enabled a

more precise orbital determination (Pietsch et al,, 1985).

To the writer's knowledge, there have been no V.H.E. gamma-ray
observations made of this source with the exception of those made
by the Durham Group. However, U.H.E. y-ray data taken with the
Buckland park array show the characteristic 1.4 day orbital period

at the 3.20 level, corresponding to a flux of (4.6 + 1.7) x 10_11

m—2 s—1 for y-rays > 1015 eV (Protheroe and Clay, 1985).

8,6.1.2. Data and Results

The Durham LMC X-4 database comprises 25 hours of data taken on
eleven nights in early November 1986, and January/February 1987,
Unfortunately the 1986 data contain no off-source information because
a LeCroy EHT unit failure required the use of back-up high tension
supplies, which at that time were only available for the three on-

axis PMTs (see section 7.6,2,)., This adds the additional
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complication that no sensitivity enhancing techniques can be
applied to these data, In the case of the 1987 data, some 38000
events were recorded in the on-axis channel over the 11 nights.,
0f these 11 datasets, 4 were taken at or near the maximum of the
1.4 day X-ray cycle and 7 were taken near the minimum, as defined
by the orbital period and epoch given in Kelley et al., (1983).
(Errors on the predicted orbital phases are calculated to be

+ 14%.)

Fits to the EXOSAT and SAS 3 periods enables an estimate of
the pulse period to be made, which would be 13.491 + 0.003 sec in
January 1987 (Pietsch et al,, 1985; Kelley et al.,, 1983). Similarly,
from these X-ray results the period derivative may be estimated
as -1.1 x 10_10 ss=1° All y-ray event times were reduced to the
Solar System barycentre and to the focus of the binary orbit using
the parameters listed in table 8.7. The technique described in
section 8.5 was then applied where possible (i.e. to the 1987 data)
and two datasets created. These incorporated data taken in 1987
on 3 nights around X-ray maximum and 4 nights around X-ray minimum.
The two datasets were then analysed separately using the Rayleigh
test in the period range 13.488 to 13,494 seconds, corresponding to
24 independent test periods, to take into account the uncertainty
in the predicted period. The period derivative of =1.1 x 10-=10 ss_1

associated with the X-ray results was also assumed to apply to the

Yy-ray data; no variation in this value was allowed.

The result of the application of the Rayleigh test to the data
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asin(i) 30 +/=- 5 lt.sec.

Orbital period 1.40832 +/~ 0.00005 days
Epoch (JD) 2442829.994 +/- 0.019

f (M) 15 +/- 8 Mo

Periastron angle 90°

Table 8.7 The orbital parameters of LMC X-4

(Kelley et al., 1983)



taken around X-ray maximum is shown in figure 8.1. The data show
clear evidence for periodicity at 13.49116 * 0.0003 seconds with

a Rayleigh probability of 8.5 x 10='5 after correction for the
number of degrees of freedom used, and a strength of 3.87 of the
cosmic ray background., The data also show a complicated pattern
of side-bands which are induced by the 13.49116 second period beating
with 3 and 4 days, the elapsed times between the 3 observations,
and their harmonics., The light curve for a period of 13.49116
seconds is shown in figure 8.2. The light curve is broad, and may
be compared with the light curves from other X-ray binaries (see
Chapter 9.). As a control, the same dataset was also tested at
periods around 14.5 seconds and shows no activity (figure 8.3).
Off-axis data was analysed at the expected period and again no
periodicity was found (figure 8.4). There is no evidence to
suggest that the periodic effect is other than attributable to the

source.

Precisely the same analysis was applied to the "off-maximum'
data, the result of which is shown in figure 8.5. The probability
distribution is consistent with that expected by chance, indicating

that the emission is confined to near X-ray maximum (¢ = 0,5-0.7).

8.6.1.3. Conclusions and Future Requirements
In conclusion, the 1987 V.H.E. y-ray data from LMC X-4 show
evidence for periodicity in the region of the X-ray maximum in the

2,1 day orbit with a period of 13.49116 * 0.0003 sec., which
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LOG (RAYLEIGH PROBABILITY)
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Figure 8.1 The Rayleigh probability of chance occurrence plotted
against trial period for data from LMC X-4 taken around
X-ray maximum (phase 0.5-0.7).
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Figure 8.2 The light curve for V.H.E. gamma ray emission at E > 250
GeV from LMC X-4 at trial period of 13.49116 seconds.
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Figure 8.4 The Rayleigh probability of chance occurrence plotted

against trial period for off-source data taken
simultaneously with the LMC X-4 data shown in figure 8.1.
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Figure 8.3 A "control" test of the data shown in figure 8.1. The
Rayleigh probability of chance occurrence is shown for
trial periods around 14.5 s.
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Figure 8.5 The Rayleigh probability of chance occurrence plottead
against trial period for LMC X-4 data taken near the
minimum of the X-ray cycle {phase 0).



compares very favourably with the predicted period of 13,491 % 0.003 s
derived from the earlier X~ray measurements. The Rayleigh probability
of the effect arising by chance is 8.5 x 10='5 (this does not take

into account those nights near the minimum of the X-ray cycle which

do not show periodicity). The peak flux (i.e. the flux observed

in the data taken around X-ray maximum only) is estimated to be

(2.0 + 0,8) x 10_10 cm-2 s—1 at E > 250 GeV. When averaged over
observations at all phases in the 1.4 day cycle, this gives a time-

averaged flux of (7 + 3) x 10_11 cm-z s—l. These fluxes correspond

37 -1
erg s and an

to a peak V.H.E. luminosity of (2.1 * 0,8) x 10
average luminosity of (7 = 3) x 1036 erg s-l. This is an exciting
result obtained early in the life of the Narrabri experiment, but
further confirmatory measurements are needed which will not be

available until August 1987, when the source is again visible from

Narrabri.
8.6.2., The Vela Pulsar

8.6.2.1. Research Background

The Vela pulsar was discovered in 1968 during the course of a
Southern pulsar search made at the Molongolo Radio Observatory
(Large et al., 1968). It has a short period (89 ms) and a large
period derivative (10“13 ss—l)° Coupled with its association with

a supernova remnant, these suggest that the Vela pulsar is a young

pulsar, with an age of approximately 104 years, Uhuru observations
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revealed an X-ray source near the position of the pulsar which was
designated 4U0833-45, but the timing resolution of the satellite
was insufficient to allow the detection of any 89 ms periodicity
(Kellogg et al., 1973), Later observations led to detections of
low significance or to upper limits which were incomsistent with
the earlier detections, and X-ray pulsations from the Vela pulsar
remain to be conclusively proved (Harnden and Gorenstein, 1973;
Ricker et al., 1973; Moore et al., 1974; Pravdo et al., 1976;
Zimmerman, 1979). Observations in the y-ray range were more
successful, the first detections of pulsations being made by the
SAS 2 satellite at energies > 35 MeV (Thompson et al., 1974).
Verifications of these observations by COS-B extended the measure-
ments to 3 GeV and showed the Vela pulsar to be the brightest

y-ray source in the sky (Bennett et al., 1977). Optical pulsations
were later observed, suggesting the object is similar to the Crab
pulsar (Wallace et al., 1977; Peterson et al., 1978)., The radio
emission shows a single peak, similar to that observed from other
pulsars. The light curves at optical and Y-ray energies, however,
have two peaks which are delayed with respect to the radio pulse.
To date, two groups have made V.H.E. y-ray observations of the Vela

pulsar. These are described below.

The first attempt to observe V.H.E. y-~rays from the Vela pulsar
was made by Grindlay et al., (1975). Early data, taken in 1972,
were analysed at the radio period and added together in phase. The

resulting light curve shows a peak approximately 40 above the mean
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of all data and about 3 ms early with respect to the radio phase.
However, the significance of the effect is only 3¢ as its
probability must be multiplied by 30 to take into account the
number of phase bins in which the peak could occur. The cor=
responding flux at E > 3 x 1011eV is (1.0 * 0.33) x 10_11 cmﬂ2 s=19
which the authors consider to be an upper limit. Data taken a year
later showed a similar effect (although this time at the radio

phase), and the upper limit derived at E > 5 x 1012 eV is (7 ¢ 3)

X 10"13 cm-'2 s—l°

Measurements of the Vela pulsar were made from 1978 to 1985
by the Tata Institute group working at Ootacamund in India at
energies between approximately 4.7 and 11.8 TeV (Bhat et al., 1980;
Gupta et al.,, 1982; Bhat et al,, 1986, 1987). All the data obtained
were analysed at the radio period and;, while there is some evidence
of time variability (no signal was observed in 1979-80), the
resulting phasograms which have absolute phase information show a
weak double pulse structure with phases separated by 0.45 of a
period, with the first pulse coinciding with the expected position
of the optical first pulse., The statistical significiance of this
signal improves when lower energy showers only are chosen. If this
cut is applied to a subset of the total data from all years, which
are subsequently combined, the resultant phasogram shows two peaks
at the 40 and 1,50 level. Allowing for certain degrees of freedom,
the probability that these peaks are due to statistical fluctuationms

is 8.0 x 10-4, From the excess events observed at the various
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different energy thresholds employed, the integral photon flux
received from the source was calculated and is shown in figure
8.7. The estimate of the slope of the integral spectrum at V.H.E.

Y-ray energies is -(1.8 * 0.2),

8,6.2.2. Data and Results

The Mark IIT telescope has now taken 40 hours of data on the
Vela pulsar, yielding about 60,000 events in the on—axis channel.
The observations were made during late January and early February
of 1987. The weather conditions were good for the majority of that
time, and all four detector channels of the telescope were fully
operational providing generous off-source monitoring and full

sensitivity enhancement capability.

The analysis followed the usual process. The event arrival
times were reduced to the Solar System barycentre, and the sensitivity
enhancement procedure described in section 8.5 was applied to the
data. Each night was then analysed separately at the local radio
périod deduced from the radio ephemeris shown in table 8.8 which was
supplied by C, Flanagan of the National Institute for Tele-
communications Research, Johannesburg (Flanagan, private communication,
1987). The individual light curves were then combined to produce the
light curve shown in figure 8.6, It is clear from this that there is
no evidence for y-ray emission from the Vela pulsar at the period
defined by the radio ephemeris. The 30 upper limit to the flux is

6 x 10_11 cm—2 s“1 at E > 250 GeV, This result is compared to other
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R.A. (1950.0) 128.4138

Dec. (1950.0) -45.00286
PERIOD (s) 0.089278366196

-1 =12
PERIOD DERIVATIVE (ss ~) 0.1244575 x 10

-2 -23
SECOND DERIVATIVE (ss ~) 0.315 x 10
EPOCH (MJD) 46820.00000038449

Table 8.8 The radio ephemeris of the Vela
pulsar used for the analysis
described in section 8.6.2.2
(Flanagan , private communication).
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Figure 8.6 The V.H.E. gamma ray (E > 250 GeV) light curve of the Vela
pulsar at the trial period defined by the radio ephemeris.



V.H.E. y-ray measurements and upper limits in figure 8.7. It is not
consistent with the integral spectrum as extrapolated from the
results of Bhat et al., or the COS-B extrapolated spectrum, but

is consistent with the upper limit established by Grindlay et al.,

a measurement which was made at energies much closer to the

threshold of the Mark ITI telescope.

8.6,3, Centaurus X-3

8.6.3.1. Research Background

On May 18th 1967, a rocket payload which was mainly designed
to observe Sco X-1 identified two X-ray sources in the constellation
of Centaurus, Cen X-2 and Cen X-3 (Chodil et al., 1967). Pulsations
with a period of 4.8 seconds were later detected from Cen X-3 in
observations made with the Uhuru satellite (Giacconi et al., 1971).
Shortly afterwards, the eclipsing binary nature of the source became
clear, the orbital period being 2.1 days (Schreier et al., 1972),
The early identification of the companion star with an O-type giant
and determination of the orbital parameters (including the mass of the
neutron star) made this system the prototype massive X-ray binary
(Krzeminki, 1974; Avni and Bahcall, 1974; Bahcall and Bahcall, 1974).
The source also appears to alternate between high and low states over
a timescale of months, with occasional emission during eclipse

(Schreier et al., 1976; Schreier et al., 1972).

The average decrease of the pulsar period was discovered in the
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analysis of 2 years of data collected by the Uhuru satellite, a base
line which was extended by a measurement made with Ariel V (Gursky
and Schreier, 1975; Tuohy, 1976). In general, the pulsation period
decreases with a fractional change of the order of -3 x 10=4 yr=1°
However, the pulse period derivative is not constant, as is clearly
shown in figure 8.8. In August-September 1972, a continuous
transition of the pulse period from speedup to slowdown was observed,
in addition to smaller variations on short timescales (Fabbiano and
Schreier, 1977). 1In 1976, observations made with the COS-B satellite
revealed a spin-up episode (Van der Klis et al,, 1980). Later
observations made with HEAO 1 showed an average fractional pulse
period derivative of -7.6 x 10“5 yrnl, a factor of 4 to 7 less than
previously observed (Howe et al., 1983). Correlated observations

of pulse period and X-ray intensity included the detection of a high-
intensity state during which the pulse period was (on average)
increasing, followed by the detection of a transition between spin=
down and spin-up episodes coinciding with a rapid decrease in X-ray
intensity, It may be noted in passing that a similar behaviour,

i.e. small variations in pulse period over short timescales, is

observed in Hercules X-1,

The orbital period of Cen X-3 also shows variation. The early
Uhuru observations indicated that the binary period of the system
was decreasing at a mean fractional rate of -(8 * 4) x 10”6 yr
(Schreier et al., 1973). There was also evidence for a short term

increase in the orbital period in 1972 at a fractional rate of

159



Period (s)

4.845

4.840

4.835

4.830

4.825

4.820 | il 1 L L 0N

2440950 1950 2950 3950 4950 5950

Julian Date
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4 yrm1 (Fabbiano and Schreier, 1977). SAS 3 observations

5 x 10
showed the orbital period to be decreasing with an average period
derivative of =1.8 x 1036 yr-1 (Kelley et al., 1983). There were,

however, significant fluctuations about a smooth, linear decrease.

8.6.3.2., Data and Results

Initial observations of Cen X-3 were made with the Mark III
telescope in January and February of 1987. This totals 26 hours of
data taken in generally good weather conditions. Of these data,
approximately half were taken at or near X~ray maximum (i.e. phase
0.5-0.75, c¢.f. Cygnus X-3) as defined by the orbital ephemeris of
‘Kelley et al, (1983). Errors on the predicted orbital phases are

estimated to be * 47,

The known variability of the pulse period coupled with the lack
of any recent measurements makes the prediction of a precise pulse
period for the duration of the observations made by the Mark III
telescope difficult. However, a period of approximately 4.823 *
0,004 sec would be expected in January 1987 on the basis of a least
squares' fit to the X-ray measurements available, though this

estimate should be treated with some caution.

The data have been formatted and the event times reduced to the
Solar System barycentre in the usual way. In addition, they have
been reduced to the focus of the binary orbit using the orbital

ephemeris given in table 8.9.

Initially, the data from January and February were split into
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asin(i) 39.636 +/- 0.003 1lt. sec.

Orbital period 2.087097 +/~ 0.000008 days
Epoch (JD) 2443870.38910 +/- 0.00002
o)

Periastron angle 90

Orb. period deriv. -(1.8 +/- 0.1) yr_1

Table 8.9 The orbital parameters of Cen X-3

(Kelley et al., 1983).



two datasets, one near X-ray maximum and the other near eclipse,

and combined without use of phase information in order to test them
for periodicity using the Rayleigh test at periods between 4.8 to
4,84 seconds. This wide range takes into account any possible
variations in the pulse period between 1978 and 1987. This procedure
revealed evidence for periodicity at 4.815 + 0,002 sec with a
Rayleigh probability of 8.6 x 10—2 in.the on-source data taken

around X-ray maximum (after correcting for the number of degrees

of freedom used in searching between 4.8 and 4.84 seconds). While
not of overwhelming statistical significance, this was sufficiently
encouraging to initiate further analysis at the candidate period.

The same selection of data (i.e. on-axis data from the nights around
X-ray maximum only) was thus merged in phase, and analysed over a
much shorter range of periods. One problem encountered here was

the value of pulse period derivative to be applied to the data. While
the general trend of the X~ray results is to show a period derivative
of approximately -4 x 10=‘11 ss_l, individual X-ray observations show
significantly different period derivatives, varying between +2.4 x

-10 10

10 ss-1 and -3,6 x 10 ss“1 (Howe et al., 1983). It was decided

to search the data over a range of independent period derivatives
between -3.0 x 10--11 ssh1 and -3.0 x 10‘=10 ss-.1 at periods between
4,8150 and 4.8151 seconds. This, of course, assumes the pulsar is
spinning up during the observation. The periodic effects on each
night require the relatively large period derivative of -(2.92 +
0.03) x 10—10 ss—l° The probability distribution at this value of

the period derivative is shown in figure 8.9, There is evidence for
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the improvement afforded by use of the guard ring signal
enhancement technique.



periodic content in the data at a period of 4.815035 * 0,000007
seconds, The true significance of this effect is difficult to
assess: taking into account the degrees of freedom used in searching
both in period and period derivative, the Rayleigh probability of
this effect occurring by chance is approximately 10_3° The light
curve at this period is shown in figure 8,10, As has been mentioned
in section 8.5, the use of the guard ring technique, which was

under development at the time of this analysis, results in a
significant decrease in the Rayleigh probability of chance occur-
rence of this effect, and although to be conservative this improvement
has been ignored, the resulting probability distribution is shown

in figure 8.9. The off-axis data, and the data which were taken
near X-ray minimum were analysed in the same way and do not show any

similar periodic content as can be seen in figures 8.11 and 8.12.

8.6.3.3. Conclusions and Future Requirements
In conclusion, there is evidence at a Rayleigh probability of

approximately 10‘3 for periodicity at a period of 4.815035 + 0.000007

seconds., The period derivative is =-(2.92 t 0.03) x 10_10 ss-ln

This effect has a signal strength of 2.37 of the cosmic ray background,

which corresponds to a flux around the maximum of the X-ray cycle

(i.e. ¢ = 0.5-0.7) of (1.5 * 0.6) x 10 1% cm™2 571 at E » 250 Gev.

When averaged over the whole orbit this becomes (6.8 + 2.7) x 10'=11

cm~ s ~, corresponding to a time~averaged Y-ray luminosity of

approximately 7 x 1036 ergs sml° The candidate period is rather
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Figure 8./0 The light curve for V.H.E. gamma ray emission from Cen X-3
at a trial period of 4.815035 s. The guard ring sensitivity
enhancement technique has not been applied.
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Figure 8.11 The Rayleigh probability of chance occurrence plotted
against trial period for off-axis data taken
simultaneously with the data shown in Figure 8.9.
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Figure 8.12 The Rayleigh probability of chance occurrence plotted
against trial period for Centaurus X-3 data taken near the
minimum of the X-ray cycle (phase 0).



shorter than would be expected from the more recent X-ray measure-
ments, but in view of the past fluctuations of the Centaurus X-3
pulsar period and period derivative and the lack of any X-ray

measurements in the last 8 years, this may not be surprising,

This source presents some difficulties in analysis due to the
uncertainty in the contemporary X-ray period. However, use of the
candidate Y-ray period will enable a more accurate prediction of
the period to be made for the future data, provided the object is

well-behaved. This is required to confirm or deny the above result.

8,6.4., Supernova 1987A

8.6.4.1. Research Background

On 24th February 1987, the exciting discovery was made of a
supernova only 50 kpc distant in the Large Magellanic Cloud (Madare
and Kunkel, 1987). The object was initially identified in a plate
taken at the Las Campanas Observatory in Chile, énd was also
visible to the naked eye. It was apparent from the study of photo-
graphic plates taken on preceding nights that the supernova was
first observable on the 23rd February. In addition, two bursts of
neutrinos from the direction of the supernova were observed on the
23rd February (Hirata et al., 1987). Soon after its discovery, the

search for the progenitor star of the supernova was undertaken. The
positional coincidence between a blue supergiant, Sanduleak 69 202,

and the supernova gave rise to the suggestion that this was the
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progenitor star (McNaught, 1987)., Further investigation of photo-
graphic plates showed 3 stars to be present within 3 arcs of the
supernova position (West et al., 1987)., However, spatial and
spectroscopic information from data taken with the IUE satellite
demonstrate that Sk 69 202 can no longer be detected; and that

the other two stars in close proximity are still present (Gilmozzi

et al., 1987). This is the closest supernova to the Earth to be
observed in modern times and it has understandably been the focus

of a large number of observations in all regions of the electromagnetic

spectrum,

The calculation of the expected photon flux from the supernova
requires a knowledge of the energy spectrum of the progenitor protons
and electrons and of the environment in which they propagate after
acceleration, especially the form and magnitude of the magnetic
field. The acceleration of particles to sufficiently high energy
to produce V.H.E, and U.H.E., y-rays is unlikely to occur in the
supernova shock wave itself as a significant fraction of the expanding
shell is not converted into relativistic particles until after the
shock front slows down, a few thousand years after the initial
explosion (Legage and Cesarsky, 1983). Any V.H.E. and U.H.E. y-rays
detected early in the life of the supernova remnant are therefore
likely to be the result of the acceleration of particles by a young
pulsar, Calculatiqns based on a pulsar wind model suggest that the

supernova will produce observable signals in the V.H.E. and U.H.E.

y-ray regions if the spin period of the resulting pulsar is < 10 ms
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(Gaisser et al., 1987)., The variation in luminosity of the supernova
with time suggests that an embedded pulsar may already exist
(Shigeyama et al., 1987). However, observations of V.H.,E. y-rays
produced close to the pulsar may be difficult, as they will be
absorbed by the radiation in the supernova ejecta. This effect
should decrease as the column density of the supernova remnant falls,
a few years after the supernova explosion (at which time the new

radio pulsar should also be detectable).,

An alternative model for the supernova has been suggested in
which the progenitor star was in fact a close binary companion of
Sk 69 202, A significant fraction of massive stars are found in
binary systems (Fabian et al., 1987), This model predicts that
Sk 69 202 will reappear within the next year or so as the photosphere
of the supernova remnant shrinks. If the binary system remains
bound, the supergiant will be found in an eccentric orbit and the
system will evolve into a massive X-ray binary similar to 4U1223-62
or 1E1145.1-6141, At present, the best opportunity for observing
any pulsar left by the explosion is considered to be as a rotation-
powered Crab-like X-ray pulsar similar to PSR0540-693, as radiation

at longer wavelengths be absorbed within the supernova remnant,

8.6.4.2, Data and Results
On the 23rd February from 10:00 U,T. to 12:30 U.T. observations
were being made with the Mark III telescope of a pulsar in the Large

Magellanic Cloud, PSR0540-693. As can be seen from figure 8.13, the
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Figure 8.13 Star map to show the position of the Mark III telescope's
"on-source" field of view with respect to SN1987A while
tracking observations are being made of PSR 0540-693.



supernova was just within the "on-source" field of view of the
telescope while the pulsar was being tracked., Neutrino observations
suggest that the supernova occurred sometime between 03:00 U.T.

and 07:35 U,T. on the 23rd February. Observations of the same
region were made on three subsequent nights, and also prior to the
23rd, so by an extraordinary example of serendipity at work in
astronomy, V.H.E. Y-ray data from both before and after the super-
nova explosion are available for comparison. It should be noted,
however, that the weather during this period was not ideal, there

being intermittent cloud for much of the time.

Since it is very difficult to search for an unknown pulsar
period in V.H.E. y-ray data (see section 5.6), and it is in any
case unlikely that a pulsar would be detectable so soon after a
supernova, it is necessary to search the data for a D.C. y-ray flux.
The strategy adopted has been to compare the ratio of ON source to
OFF source counts for data taken before and after the supernova.
Bearing in mind that there are three OFF source channels and one ON
source channel, it is found that the ratio ON/OFF before the supernova
is 0.311 * 0.005 and after the explosion 0.29 + 0.015. It is there-
fore concluded that there is no evidence for V.H.E. y-ray emission
from SN1987A in this data, corresponding to a 30 flux limit of
approximately 1 x 10‘-10 cmm2 s_l for the 2 days after the detection

of the supernova,

A single long observation of the supernova remnant was also made

on 22nd March 1987 in good weather conditions. This was the last
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opportunity for observations of the object before October, when it
is again visible from Narrabri., These data were taken in the
"chopping" mode (see section 7,10.3), with data being taken for

5 minutes at a time with the supernova in the central channel followed
by 5 minutes with it centred in one of the off-axis channels. The
simplest way to search for a V.H.E. signal from the supernova
remnant is to test the data from each channel separately for a 5
minute periodicity caused by any excess counts from the supernova
remnant moving between the central channel and one of the off-axis
channels, No such periodicity was observed and it is therefore
concluded that there is no evidence for V.H.E. y-ray activity at

E > 250 GeV in these data. The flux limit derived from this

10 -2 -1
cm

observation is 2,5 x 10 s = approximately 27 days after

the supernova,

8.6,4.3. Future Observations

The observations described thus far have been made largely as
a.result of good fortune and have not in general been specific attempts
to observe V.H.E, y-rays from the supernova remnant. The latitude of
Narrabri is such that SN1987A reaches its greatest distance above the
horizon (a zenith angle of 40°) during the months of November to
January. The low count rate of the telescope (40-45 c.p.m.) at this
zenith angle requires that extensive observations be made in order to
detect a signal from the object. For example, 9 hours' observation

of the supernova at its minimum zenith angle would result in
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approximately 22000 on-axis events, A V.H.E. Y-ray signal of 37
of the cosmic ray background would give a maximum likelihood test
probability of 0,16 in a dataset of comparable size. A similar
dataset taken near the zenith would yield 40500 events and, if
the ON-source channel also contained a y-ray signal of 37 of the
cosmic ray background give a maximum likelihood probability of
chance occurrence of 3.4 x 10-2° This emphasises the importance
of a carefully planned observing programme to ensure that objects
are observed as close to the zenith as possible, It is intended to
undertake an extensive program of observations during October-
January 1987/8, about 300 days after the explosion. The target
is to take approximately 100 hours of data giving approximately

- -2 =
200,000 events and a 30 flux limit of 1.6 x 10 1 cm 8 1
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CHAPTER 9

DISCUSSION OF RESULTS AND FUTURE WORK

9.1. Introduction

This chapter contains a broad overview of the present under-
standing of V.H.E. Y-ray emission from isolated pulsars and X-ray
binary systems. It is followed by a description of improvements
which are being made to the Mark III telescope and an outline of
the Mark IV telescope which is now nearing completion. The chapter
concludes with a discussion of the future possibilities for both

telescopes and of the field of V.,H.E. y-ray astronomy as a whole.

9.2, V.H.E. vy-rays from Isolated Pulsars

At present, the only isolated pulsar from which V.,H.E. y-rays _
have been observed by more than one research group is the Crab
pulsar, The data obtained at Dugway show particularly good evidence
for the emission of V.H.E. y-rays from the Crab pulsar, with the
Y-ray emission occurring at the same phase as the radio pulse and
with precisely the same period (see section 6.6.1). The 1.5 ms
pulsar, PSR1937+21 and the pulsar candidate PSR1802-23 (period 112
ms) both appear to emit V.H.E. y-ray radiation, but these results
have yet to be confirmed (Chadwick et al., 1987; Raubenheimer et al.,
1986). There are conflicting results from observations of the Vela

pulsar (see section 8.6.2). Early reports of the detection of
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V.H.E. Y-rays from PSR0950+08 and PSR1133+16 were not confirmed
(Gupta et al., 1978; Bhat et al., 1980; O'Mongain et al., 1968;

Charman et al., 1968; Chadwick et al., 1985a).

The processes by which v-rays may be generated in the pulsar
magnetosphere include curvature radiation, synchrotron radiation
and Compton scattering (see section 1.2.4). These mechanisms require
the presence of energetic particles, electrons being probable
candidates for the progenitors of V.H.E. y-rays. The identification
of the site of electron acceleration (and hence Y-ray generation) is
difficult: it must be close enough to the pulsar for acceleration to
occur in the high magnetic field, but not so close that the y-rays
cannot escape due to pair production. It is therefore considered
that particle acceleration and subsequent y-ray production occurs
in the outer gaps (Holloway, 1973; Cheng et al., 1976; Aromns, 1981).
These are the regions between the open and closed magnetic field
lines associated with the pulsar.- Such regions are sufficiently
far away from the neutron star surface to enable some of the y-rays
to escape. The voltage drop developed across such outer gaps is
proportional to QZB, vhere  is the angular frequency of the pulsar
rotation and B the magnetic field strength. From this standpoint,
it is not surprising tﬁat all the pulsars from which V.H.E. y-ray
emission has been claimed have periods < 100 ms. On the basis of
this criterion alome, PSR1510-59 and PSR0540-693 would be expected
to emit pulsed V.H.E. y-rays (Orford, 1987). Observations of both

these objects are being made at present by the Durham group. There
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is, however, one caveat which must be added to this generalisation:
fast pulsars are expected to emit Y-rays and so more attention has
been devoted to them than to the pulsars which rotate less rapidly.
It may be that the generation of high energy radiation is not
related to the angular velocity of the pulsar, and long period
pulsars may also emit V.H.E., y-rays. While the Durham group did
indeed make some observations of longer period radio pulsars, the
pressing requirement for making observations of objects such as

the Crab pulsar and Cygnus X-3, and the necessary long length of
those observations, meant that the derived flux limits for the radio
pulsars are considerably above the measured persistent flux of the
Crab pulsar. As new, more sensitive telescopes such as the Mark
IIT and 1V telescopes become fully operational, it will become less
time-consuming to make meaningful observations of pulsars showing

a wide range of periods, and it may be possible to establish how
rapidly pulsars must rotate in order to emit y-rays. This is an
important parameter in attempts to constrain theoretical models of

V.H.E. y-ray generation in isolated pulsars.

Data from the Crab pulsar taken at Dugway showed some evidence
for persistent, low-level emission although given the relatively
low sensitivity of the telescopes when much of the data was taken,
the possibility that this low-level emission may occur in multiple
small bursts cannot be excluded. The 1.5 ms pulsar, PSR1937+21,
also seems to sﬁow persistent emission, although the low strength

of this emission also made any more detailed investigation of its
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nature difficult. It may be that pulsars show bursting activity

in addition to a weak but persistent emission, or that bursts

are. the only form of emission of V.H.E. y-rays from pulsars,
Observations made with the Dugway telescopes showed two outbursts
from the Crab pulsar in 1981 and the Tata Institute observed a
similar burst lasting 10-15 minutes in 1985 (Gibson et al., 1982;
‘Vishwanath;7}987), Two bursts of activity from the Crab pulsar AL
showinérperiods consistent with the radio ephemeris were observed

in early 1986 by the group working at the Haleakala Observatory
(Resvanis et al., 1987c¢). Possible time-variability of the y-ray
emission from the Vela pulsar, a phenomenon which has been suggested
before (Gupta et al., 1982), may explain the present conflicting
results. The claim for the detection of V.H.E. y-rays from
PSR1802-23 also involves transient emission: six episodes of
activity of between 10 and 50 minutes duration were observed over

a period of one month (Raubenheimer et al., 1986). This variability
is not seen at longer wavelengths and implies that there may be

some differences in the emission mechanisms at high energies. This
may also be deduced from the energy spectra of the Crab and Vela
pulsars. Despite some confusion in the case of the Vela pulsar,

it is not clear that the energy spectrum in the V.H.E. y-ray region
is not a continuation of the spectrum at lower energies. A possible
mechanism for the production of transient V.H.E. emission could be
a small instability in tﬁe pair production occurring in the outer

gap. V.H.E. y-ray production is very sensitive to the magnitude
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of the local magnetic field, and the absorption of y-rays is
sensitive to small variations in the flow of low—energy secondary
photons. The energy spectrum may be very steep above 1 TeV, with
an inverse Compton cut-off at approximately 6 TeV., Small
variations in this cut off energy could thus produce large
variations in flux above about 1 TeV, without having any effect

on the lower energy y-rays or X-rays.

Finally, it should be mentiomed that because of the inevitably
low signal:noise ratio of V.H.E. yY-ray observations to date, it is
vital that accurate pulsar ephemerides from observations at radio
wavelengths are readily available wherever possible. This is
especially important in the case of the Vela pulsar which is known

to show "'glitches" at a rate of one glitch every 2 or 3 years.

9.3. V.H.,E. y-rays from Radio Pulsars in Binary Systems

At present;, V.H.E. y-rays have been detected from only one radio
pulsar located in a binary system, this being PSR1953+29 (see section
6.4). The detection of V.H.E. y-rays with the 6ms period charac-
teristic of the pulsar suggests that PSR1953+29 may be the disputed
COS-B source 2CG065+00., With statistics of one, it is not possible
to make B8eneralisations concerning this class of object except to
note that the light curve is broad, like those of the X-ray binary
pulsars rather than those of the isolated pulsars (see figure 6.4).
A similar object, PSR1855+09 has recently been discovered as a

result of a survey designed to detect fast pulsars carried out at
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Green Bank and Arecibo, and a search for V.H.E. Y-rays from this
object is being made with the Mark III telescope (Segelstein

et al., 1986; Stokes et al., 1986).

9.4, V.H.E., Y-rays from X-ray Binary Pulsars

With the discovery of V.H.E. y-rays from the Hercules X-1
system and the subsequent detection of V.H.E. y-rays from the
similar object 4U0115+63, X-ray binaries now constitute the single
most important class of V.,H.E. Y-ray source, Table 9.1 shows the
fluxes, luminosities etc., of all X-ray binaries from which V.H.E.
y-ray emission has so far been claimed. (Cygnus X-3 has been
included in this list as the evidence suggests that it is probably
an X-ray binary pulsar, albeit with a very rapid pulse period).
The following points concerning V.H.E. Y-ray emission from X-ray

binary systems should be noted:

a) The Y-ray luminosity is a substantial fraction of the Eddington
luminosity, and exceeds the X-ray luminosity for short periods.

This implies a similarly high cosmic-ray luminosity.

b) The V.H.E. y-ray emission is pulsed at the neutron star rotation

period.

¢) The V.H.E. light curves are broad. Figure 9.1. shows the light

curves of all claimed V.H.E. y-ray emitting binaries.

d) The V.H.E. y-ray emission seems to be related in some way to the

X~-ray cycle.
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DIST. PULSE PEAK FLUX PEAK LUMINOSITY AVE. FLUX AVE. LUMINOSITY THRESHOLD
OBJECT ORBIT (d) -
- (Kpc) pERIOD (5) | (10-10 cm™® s7%) | (20 38 erg s™1) | (1071 em 2 s71)) (103° erg s7!) | ENERGY (Gev)
(mo— ’[ JC 2 ;)
Her X-1 5 1.7 1.24 12 4.5 3 2 1000
_
Cyg Xx-3 11 0.2 0.012 3.0 5.56 1.9 3.5 1000
rwous+63 5 24 3.6 - - 7 L 2.7 1000
1
LMC X-4 50 1.4 13.5 2.0 20 6.8 70.4 250
Cen X-3 8 2.09 4.8 1.5 0.37 7.5 1.8 250 W
-
Vela X-1 1.9 8.96 283 - - 2 0.24 1000

Table 9.1 Characteristics of V.H.E. gamma-ray emitting X-ray

binaries.
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e) Y-ray emission may be seen when the neutron star is eclipsed
by its companion (Gorham et al., 1986; Raubenheimer et al.,

1986) .

f) Bursts of pulsed V.H.E. y-ray activity have been observed from

most X-ray binaries from which V.H.E. emission has been claimed.

9.4.1. The Energy Source

The prominence of interacting neutron stars as V.H.E. y-ray
emitters suggests that their energy may be derived from the accretion
process in some way. Accretion onto a neutron star is thought
to produce a strong shock in which particle acceleration may take
place via a mechanism similar to a first order Fermi mechanism,
These particles are the progenitors of the observed y-rays. The
maximum energy reached by particles thus accelerated is limited
by the energy loss due to synchrotron radiation, and unless the
magnetic field strength at the acceleration site is < 1012 gauss,
this is not sufficient to produce the observed V.H.E. emission (let
alone the U.H.E. y-rays) (Eichler and Vestrand, 1985; Kazanas and
Ellison, 1986). Observations of cyclotron lines from Her X-1 and
4U0115+63 imply that these at least ﬁave magnetic field strengths
> 1012 gauss (Trumper et al., 1978; Wheaton et al., 1979). A
different mechanism may therefore be required to explain the
production of V.H.E. y-rays in X-ray binaries. Tﬁe dynamo mechanism,
originally proposed for Cygnus X-3 (see section 5.5.3), suggests

a different acceleration mechanism whereby the :cretion disc
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essentially acts as a unipolar inductor. (However, this requires
a low magnetic field strength, and may have difficulty explaining

the emission observed from Hercules X-1 and 4U0115+463).

The y-rays themselves (once produced) also suffer absorption
in strong magnetic fields due to pair production, so this has
lead to the suggestion that the y-rays are generated by high
energy particles (usually protons) which are incident on a target
of some sort. This may be the atmosphere of the companion, an
accretién wake caused by the interaction of the stellar wind
from the companion and the neutron star or knots of matter within

an accretion disc (see figure 9.2).

Direct pulsar acceleration mechanisms, similar to those
described in section 9.2, have also been proposed for the
production of V.H.E. Y-rays. The evidence presented in Chapter
6 suggests that the proposed pulsar in Cygnus X-3 at least may not
be accreting matter. Indeed, the jets from Cygnus X-3 which are
observed at infra-red wavelengths may be understood in terms of
the ejection of matter by a rapidly spinmning pulsar (Hillas, 1987).
However, these models cannot fit the observed luminosity of
binaries with longer pulse periods, such as the Vela X-1 system
which has a pulsar period of approximately 5 minutes. They also
do not explain why all the observed light curves are broad rather

than sharp, as appears to be the case for isolated pulsars.
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a).

Figure 9.2 Possible gas targets which may appear in the path of
isotropically produced protons from the neutron star at
given orbital phases. a). The atmosphere of the companion.
b). An accretion wake , formed from the stellar wind of the
companion. b). Structure attached to the accretion disc
(after Hillas , 1987).



9.4.2. The Relationship Between the y-ray Emission and the X-ray
Cycle

The emission of V.H.E. y-rays appears to be related in some
way to the X-ray behaviour of the source. Observations by the
Durham group suggest that Y-rays may be emitted around phase
0.5-0.7 by at least tﬁree sources: Cygnus X-3, LMC X-4 and
Centaurus X-3, where X-ray minimum is defined to be at ¢ = O,
Others, such as Hercules X=-1 are observed to emit y-rays almost
exclusively during the '"high" state of the 35-day cycle and may
show some preference for emission between phase 0.6-0.8 of the 1.7
day orbital period (Gorham et al., 1987). 4U0115+63 (only observed
by the Durham group at phases covering one quarter of an orbit)
and Vela X-1 do not seem to show any pronounced orbital modulation
(North et al., 1987), but the sporadic nature of the former and
the small number of observations of the latter make any comment
concerning the phase of emission difficult. If the indications
from present observations that y-ray emission occurs at particular
orbital phases are correct, this may be because gas targets (possibly
within the accretion disc) are available when the pulsar is at

particular places in the orbit.

In addition two sources, Hercules X-1 and Vela X~1, appear to
produce y-rays just after the neutron star has entered eclipse
(Gorham et al., 1986; North et al., 1987). This, if correct, may
suggest that tﬁe y-ray emission is not associated with the neutron
star but with the companion: possibly a '"hot spot" is produced in

the companion’s atmosphere which lags behind the neutron star. It
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may be that the directions from which V.H.E. y-rays are observed
may be considerably affected by the presence of a magnetic

field (Protheroce and Stanev, 1987). If the protons are indeed
being deflected by a strong magnetic field, yet a narrow pulsed
beam of y-rays is seen, the proton beam should be approximately
mono-energetic, ruling out a statistical acceleration process

(Hillas, 1987).

9.4.3, Bursts of y-ray Emission

With the exception of the two most recent additioms to the list
of V.H.E. y-ray emitting X-ray binaries, LMC X-4 and Centaurus X-3
(where a search for bursting activity has not yet been made) all
such sources seem to show bursts of V.H.E. y-ray emission on short
timescales (between 5 and 20 minutes) in addition perhaps to
persistent emission. Again, the bursts seem to occur preferentially
during periods of X-ray activity. These bursts of V.H.E. y-ray
emission may pinpoint concentrations of gaseous material acting
as targets for the production of y-rays (figure 9.2). Alternatively,
they may be connected with spin-down episodes, which are observed in
some X-ray binaries such as Centaurus X-3 and Vela X-1. Another
mechanism has been proposed by Cohen and Mustafa (1987). They
suggest that there is a vacuum near the magnetic poles. Here,
charged particles provided by the neutron star surface may be
accelerated to extremely relativistic energies by the large component

of the electric field along the open magnetic field lines. Pulsed
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emission would be observed from the poles if the magnetic moment
is not aligned with the rotation axis; bursts of Y-ray emission
may be detected by a distant observer if the neutron star is
freely precessing. In this case the bursts of V.H.E. Y-rays
observed from a given source are expected to be of approximately
the same duration. This model can adequately reproduce the
observed emission from all the claimed V.H.E. and U.H.E. emitting

X-ray binary systems with the exception of LMC X-4 and Vela X-1.

9.4.4. Conclusions

Even a brief consideration of the methods by which X-ray binary
pulsars may emit V.H.E. y-rays underlines the requirement for more
observations before an attempt to differentiate between at least
some of the suggested models may be made. Further observations
are required of the well-established V.H.E. y-ray binary sources:
claimed detections of V.H.E. Y-ray emission during eclipse in
particular require further, possibly simultaneous, measurements.
There is a need for observations to be made which sample complete
orbits as far as possible in order to localise the y-ray source.
Contemporary X-ray epﬁemerides are important in all cases for the
identification of periodicity in Y-ray data; frequently these are
unavailable. A greater number of V.H.E. y-ray binaries must be
observed so that meaningful generalisations may be made: for
instance, are all X-ray binary pulsars V.H.E. y-ray emitters, or

are only the rapidly rotating pulsars capable of producing high
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energy radiation? The observing programme of the Mark III tele-
scope for the next 2-3 years includes scheduled observations of

a large number of X-ray binary systems.

Despite the theoretical problems associated with V.H.E. y-ray
emission from accreting binaries, observations of V.H.E. radiation
from X-ray binaries now seem well established. It may be that the
source of the high-energy cosmic rays within our galaxy has at

last been found.

9.5. Improvements to the Mark III Telescope

9.5.1. The Guard Ring Technique

The Guard ring technique for signal enhancement has already
proved itself to be extremely valuable, resulting in improvements
to the signal:noise (Y-ray to proton) ratio of up to 1007 (see
section 8.5). The original detector package contained four photo-
multiplier tubes, three off-axis tubes arranged evenly around one
on-axis tube (see section 7.6.1). There are thus conmsiderable gaps
between the off-axis PMTs, and information about the light dist-—
ribution of some of the Cerenkov light spots is lost. Figure 9.3 (a)
shows it is possible for a given Cerenkov light spot, which has its
centroid in a direction between the on-axis and off-axis channels,
to register in the on-axis channel alone. Such events are not
rejected by the signal enhancement technique. To obviate this

problem, a further three 2" diameter off-axis PMTs have been added
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to each detector package, resulting in six off-axis channels
completely surrounding one on—-axis channel (see figure 9.3 (b)).
The -design of the telescope monitoring and data logging system

is such that the additional date from these PMTs may be
accommodated easily. The extra PMTs will enable the rejection

of further proton-induced events and an even greater enhancement
of any V.H,E. Y-ray signal. Tests on the initial data obtained

in July 1987 with these extra off-axis channels in use indicate
that the application of the guard ring technique including the new

photomultiplier tubes will introduce an additional signal enhancement.

As mentioned in section 8.5, there are indications that the
magnitude of the improvement obtained by use of the guard ring
technique is dependent on the zenith angle of the object being
observed. One possible reason is that the size of the Cerenkov
light spot is sensitive to zenith angle. Further investigation
of this effect is required together with greater use of the infor-
mation obtained from the photomultiplier tubes, with a view to a

further improvement in the efficiency of this technique.

9.5.2. Improved Telescope Efficiency

Present techniques of mirror manufacture developed by the
Durham Group make it possible to comstruct 100 cm diameter mirrors
of better optical quality than those at present used on the Mark
IIT telescope. Deploying 19 of tﬁese mirrors on each dish of the

Mark III telescope would considerably reduce the amount of "dead
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area" due to gaps between mirrors on the existing instrument and
could effectively double the telescope’s light collecting capability.
The .count rate would rise to approximately 125 counts minm1 per
channel and the energy threshold would decrease to 170 ¥ 80 GeV.

The exposure times then required to detect any given object at a
specified confidence level would be approximately halved, and the
gap between the energy thresholds of ground-based atmospheric

Cerenkov detectors and satellite-borne experiments further reduced.

A further possibility is the investigation of the effect of a
reduction in geometric aperture of the photomultiplier tube-mirror
combination on the efficiency of the telescope., The geometric
aperture is at present 0.9° leading to an effective aperture of
approximately 1.5° (allowing for the size of the Cerenkov light
spot). This aperture has been arrived at in the light of experience
with the Dugway telescopes. A further reduction of the telescope’s
geometric aperture may enable the rejection of more proton-induced
Cerenkov pulses and thus increase the signal:noise ratio. Tests
will be made in the near future using masks which will be fitted
onto the PMT faces to decide if the aperture may be further
reduced; if this reduces the number of Y-ray induced Cerenkov
flashes recorded as well as those produced by protons, the optimum

value for the telescope aperture has been reached.

9.5.3. The Mark III Telescope as a Survey instrument

The Mark III telescope was originally designed in 1983 as a
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survey instrument, and this capability has been retained. The
addition of extra electronics to allow each channel of recently
added PMTs to operate as effectively separate coincidence channels
will allow the Mark III telescope to be turned into a survey
instrument. This telescope would be capable of sampling an area
of sky of approximately 10 square degrees. The count rate of

the telescope operated in this way would rise to about 700 c.p.m.,
but this high data rate would be easily accommodated by the MC
68000 data logger. One problem encountered in using the telescope
in this way is that the area of sky sampled in the off-axis tubes
would be continually changing due to the rotation of the sky with
respect to the PMTs. It may therefore be necessary to incorporate
rotation of the detector packages in some way such that the same

sections of sky are always viewed by the off-axis channels.

9.6. The Mark IV Telescope

The need for further observations of Cygnus X-3, and indeed
for observations of other objects visible in the Northern Hemisphere,
has prompted the design of a portable telescope, which will be used
initially as a Cygnus X-3 monitor. The telescope is at present
nearing completion in Durham and it is planned that it will be
deployed in La Palma during Summer 1988 to continue observations
of Cygnus X-3. The characteristics of the telescope are summarised

in table 9.2,

The Mark IV telescope differs from the Mark III telescope only
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DISH AREA 5.1 m
APERTURE 40 mm
FOCAL LENGTH 2.54 m
FIELD OF VIEW 0.9°
REFLECTIVITY ' 0.8

COUNT RATE (PREDICTED) 44 C.P.M.

THRESHOLD (PREDICTED) 300 Gev

Table 9.2 Characteristics of the Mark IV telescope.



in having smaller (5 mz) flux collectors and simplified recording
electronics. The 19 mirrors deployed on each of the 3 paraxial
dishes are of the same type as those used on the Mark III telescope.
It will have provision for maintaining constant background light

by use of servo-controlled LEDs and simultaneous background (off-
axis) measurements in adjacent areas of sky. There will be six
off-axis channels arranged around the central on-axis channel in

the same way as the improved Mark III telescope described above,
thus allowing for full use of the guard ring signal enhancement
technique. The telescope will be mounted on an altazimuth mount
based on the Mark II telescope mount and will be steered in the same
way as the Mark II, utilising DC electric motors and absolute
digital shaft encoders. The telescope will have a slightly higher
threshold than the Mark III telescope, this being approximately
300 GeV. If a burst of pulsed V.H.E. Y-rays from Cygnus X-3 similar
to that detected on September 12th 1983 were to be observed with the
Mark IV telescope, it is expected that the 12 ms pulsation would be

detected with a Rayleigh probability of 1.6 x 10-15 of chance origin.,

9.7. Prospects for the University of Durham Telescopes

The Mark III telescope has, even at this early stage, proved
to be a sensitive instrument which is capable of detecting V.H.E,
Y-ray sources within a relatively short space of time. It will thus
be possible to make meaningful observations of a large number of

objects in the Southern Hemisphere in 2-3 years, admitting the
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possibility of defining for example how rapidly radio pulsars and
X-ray binary pulsars must rotate in order to emit V.H.E. y=rays.

An unprecedented opportunity to observe the possible formation

of a pulsar is afforded by the supernova SN1987A, and comprehensive
observations are scheduled (see section 8.6.4.3.). The expansion of
the telescope into a survey instrument would allow the first V.H.E.
Y-ray survey of the Southern skies and would consequently follow

the 2-3 year observing programme currently planned.

The Mark IV telescope is ideally suited for short observing
campaigns of specific objects, and would be complementary to
a large survey instrument such as the modified Mark III telescope.
In addition to its use as a Cygnus X-3 monitor, it may be moved
easily to observe objects undergoing prolonged X-ray or Y-ray
outbursts or even to observe new supernovae. The design is such
that it is lightweight and relatively easy to assemble. It may
be desirable to construct further such telescopes and operate them
together as a high-sensitivity facility, to be established as a

Northern Hemisphere Y-ray Observatory.

9.8. The Future of V.H.,E. y-ray Astronomy using the Atmospheric
Cerenkov Technique

The field of V.,H.E. Y-ray astronomy is rapidly expanding. In
addition to the 9 facilities at present in operation, 5 more
telescopes are either in the design or construction stage. During

the first years, only a few Y-ray sources were reported, with
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signals only just above the background of cosmic rays. Now, with
results being presented for a much greater number of sources and
at a greatly increased level of significance in most cases,
V.H.E. Y-ray astronomy is becoming a well-established field.

This is aided by the steadily falling energy thresholds of tele-
scopes at present being built. It may be possible in the next 10
years or so to bridge the gap with the upper energy limit of
proposed satellite projects such as EGRET. The use of methods
such as the guard ring technique will lead to greater signal
strengths. With improved statistics, it is becoming possible to
test theories which attempt to explain the production processes
for V.H.E. Y-rays and hence to pinpoint the origin of high energy

cosmic rays within the galaxy.
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Addenda

Oversampling

A period search which covers only the minimal number of
periods would use the spacing of trial period given by equation 3.16.
However , in practice the resultant probability distribution is
somewhat smoother if the spécing is closer tpan this. This technique
of testing a larger number of periods than calculated from equation
. 3;16 is known as oversampling. In the case of all the analysis
described in this work from both the Dugway and Narrabri telescopes ,
three trial periods per fourier interval have been tested.

The use of oversampling requires that the resultant
probability of uniformity be adjusted to take into account the further
degrees of freedom expended. The periods tested within a given Fourier
interval are not entirely independent of each other , and it is found
that , in the case of the Rayleigh test , the number of degrees of
freedom used in obtaining a given probability of no periodicity should
be multiplied by a factor of 2.8 in addition to the number of degrees
of freedom calculated from equation 3.16 (Orford , private
communication). This factor is constant regardless of the number of

trial periods per Fourier interval which have been tested.




LMC X-4

Comparison of the Durham result with that of Protheroe and
Clay (1985) suggests that LMC X-4 has a rather flat inegral energy
spectrum between 10ll and 1016 eV , the spectral index being
approximately -0.72. At 1000 Gev , the average luminosity of LMC X-4
would therefore be approximately three times the average value for the
luminosity of Cygnus X-3 measured by the Durham group. This makes LMC
X-4 the most luminous object known in both very high energy and ultra

high energy gamma-rays.
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