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ABSTRACT

An analysis of atmospheric Cerenkov pulses

recorded during January 1976 - December 1977,

by a wide-angle photomultlplier system at Gulmarg

(India), reveals a phase-dependent component

exhibiting the characteristic Cygnus X-3 modulation

period of 4.8h. Its amplitude, given by the

number of excess events in the phase peak relative

to the total phase-independent events, is found

to be (1.8 + 0.4)7., corresponding to a detected

average flux o.<: (1.6 + 0.4) x 10"12 f ernes'"1 above

0.5 PeV (IPeV = 1015eV). Taken together with

the spectral data for the following years from

several other experiments, there is the suggestion

of a long-term reduction in the luminosity of

the PeV source by a factor of ̂ 1.5 y (exponential

decay law with a time constant o f ~ 2.3y).

This intriguing possibility is further strengthened

by an examination of the Haverah Park phase-

histograms of Cygnus X-3 for the period January

1979 - December 1984 and the Plateau Rosa data

.ecorded between December 1981 - March 1985,

which display analogous long-term behaviour

at > 1015eV and > 2 x 1013eV respectively.

After accounting for losses in the PeV photon

beam due to If -f interactions with the 2.7°K

microwave background, a comparison of the ultra

high energy photon fluxes from Cygnus X-3 with
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those in 10 1 1 - 1012eV energy region shows chat

the latter are significantly lower. This suggests

that the TeV photons undergo severe clrcumstellar

absorption through Interactions with optical/infrared

photons or/and have a production spectrum which

differs in some significant manner from the

one responsible for generating the PeV flux.

Subject headings: gamma-rays : sources - X-rays

: binaries
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I. INTRODUCTION

During a ground-based search (Bhat et al.

1980a) for episodic cosmic events, Including

primordial black-hole outbursts (Page and Hawking

1976, Rees 1977), it was found (Bhat et al.

1980b) that the arrival time distribution of

atmospheric Cerenkov pulses recorded at Gulmarg

(India) revealed a significant overabundance

of events (~* 127.) with inter-separation t <. 40s.

The implied non-conformity with Polsson statistics

became interesting when it was realised that

the higher event rates, causing this deviation

from the expected exponential behavicur, exhibited

a marked preference in sidereal time (amplitude

of the peak region^ 257. relative to background;

see Figure 10) and, provided some unknown experi-

mental biases were not responsible, appeared

best explained in terms of If -rays from one

or more point sources present in the direction

of the Galactic plane, (Right Ascension, R.A.

->̂  20 +_ 04h). In our original paper (Bhat et

al. 1980b), we pointed out that further experiments

in the Northern Hemisphere would be helpful

in elucidating the nature of the recorded excess.

We noted with interest, therefore, the detection

of a Gulmarg-like overabundance (t <1 37.5s),

of expectedly smaller amplitude (~* 1%), in

the temporal distribution of muons recorded
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inside the Mt. Blanc tunnel (Badino et al. 1980),

and of the absence of the effect among the air-

shower events detected at the Southern latitude

station of Adelaide (Clay and Dawson 1981).

Similarly, the air-shower experiment at Manitoba

(Smith et al. 1983a) registered, on January

20. ., 1981, a highly significant non-random

component at the local sidereal time of 17 25m,

comprising a 5 min. long burst of 32 particles

(mean energy <v3 x 10 eV) as against an expected

number of 0.2 events per mln. No other similar

bursting activity was noticed, however, and

the overall data obtained between October 1980

- April 1982 was found to conform well with

the Poisson behaviour (Smith et al. 1983b).

More recently, an examination by Bartelt et

al. (1985) of the multi-muon events (primary

energy > 10 eV) recorded by the Soudan-1 proton

decay detector demonstrates the presence of

bursts among these events which, interestingly,

match the Gulmarg sidereal peak in position

and structure. However, the amplitude of the

Soudan-1 anisotropy, which as such is comparable

to that for the Gulmarg peak, essentially disappears

when single multiple-muon events from the general

cosmic ray background are included and, provided

that they are generically related, this disparity

in amplitudes betwee. 'nnesota and Gulmarg
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effects may be understood by appealing to the

reported time-variability (Bartelt et al. 1985)

and by assuming that the progenitor particle

beam consists of ultra-high energy (UHE) photons

(though we note that the Minnesota group prefers

a hadronic beam for their result).

The X-ray binary Cygnus X-3 has recently

been established as a periodic source of such

UHE Y -rays by the air-shower experiments at

Kiel (Samorski and Stamm 1983a) and Haverah

Park (Lloyd Evans et al. 1983). Although this

source lies in the general direction of our

intensity peak (R.A.~f20 + 04h), the amplitude

. of the Gulmarg e-f f ect seems too large and gave

for Cygnus X-3 a flux that is ~/ 2 orders of

magnitude higher than that based on a simple

power-law extrapolation of the lower energy

(~'1 TeV) spectrum (Bhat 1982, Eichler and

Vestrand 1984). We have now subjected the Gulmarg

data to a phasogram analysis and find that only

1.8% of the total ON-source events (defined

in section III) are compatible with a phase-

dependent emission from Cygnus X-3 and this

is clearly a more reasonable figure. Assuming

these events to be If -rays leads to a detected

flux of (1.6 + 0.4) x 10~12 Y cm"^"1 above

0.5 PeV from this source.

The importance of the present work is that,
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apart from yielding an independent estimate

of the periodic flux from Cygnus X-3 based on

the atmospheric Cerenkov technique, it refers

to an energy domain (5 x 10 eV) around which

the apparent spectral shape is likely to be

influenced by the f - ~6 collision process,

both in the interstellar space (at > 0.3 PeV

with the background microwave photons; Gould

1983) and also in Che immediate source environs

(at 1011 - 1012eV with infra-red and optical

photons; Cawley and Weekes 1984, Apparao 1985).

Further, our observations belong to th? 2-year

period 1976-1978 and. when compared with other

UHE measurements ( > 3 x 1013eV) on Cygnus X-3

made over the intervening period, enable us

to examine the possibility of a long-term variation

in the average source intensity (Rana et al.

1984).

II EXPERIMENTAL ARRANGEMENT

The experiment was carried out in Gulmarg

at a dark mountain site (altitude 2743 m a.s.l.,

geographic latitude = 34.1°), having excellent

'seeing' and negligible optical and electrical

interferences of man-made origin. Details of

the experimental arrangement are given in Bhat

(1982). Briefly, it used two E.MI 9545B photo-

multipliers (cathode area = 490 cm , separation

"" lm), each viewing the sky on clear, moonless

nights in a geometrical cone of semiangle 70°.
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No attempt was made to keep the background light

level constant, though, In accordance with the

experience of other workers (see, for example,

Bunnerl966), a sufficient degree of gain stability

was achieved against variations in the ambient

light level by operating the two photomultipliers

at suitably reduced EHT. Prompt coincidences

between the two detector channels (resolution

time ~O 10/4«, amplitude discrimination level

> 4 times the r.m.s. noise), were recorded

by a Cathode Ray Oscilloscope - camera recording

system (dead time < 100 ms event"*1) along

with the event occurrence time provided by a

temperature- controlled crystal clock having

an average drift rate of *» 1 ms day (Bhat

et al. 1981). Atmospheric Cerenkov pulses,

recorded In this manner, were'identified by

comparing their temporal characteristics (rise-

time ~- lfis, decay time ~> lO^cs) with the experi-

mentally determined system time response for

an impulsive light pulse, produced by simultaneously

flashing two LED-lamps on the top of photomultipliers

for < 100 ns (Figure 1). Simulation experiments

have shown that electromagnetic interference,

including that generated by an EHT spark, does

not mimic the recorded time-profile of an atmospheric

Cerenkov pulse and can be readily distinguished

during a visual examination of the records,

as can be events due to optical emission from
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lightning (typically tens of /A.S long; Bhat 1982).

The overall channel gains were regularly monitored

and appropriately adjusted to guard against

any noticeable drifts In the course of an observation

night as also on a night-to-night basis. The

single channel rates (after amplitude discrimination)

were also checked from time to time and were

found to lie in the range ~ 70 - 100 h"1, cor-

responding to a negligible chance coincidence

rate of < 6 x 10~5 h"1.

The zenith angle dependence of the atmospheric

Cerenkov pulses is found to approximately follow

the analytic form I (̂  ) /vy cosm vp , where K ^ )

is the number of Cerenkov events detected per

unit solid angle in the zenith direction «J> and

the exponent rn.' itself varies with ^ (Greisen

1956). This leads to an effective field of

view fcr our flat detector as given by -^-ecf -

27T/(m+2). For m~2-10, as suggested by various

narrow- and wide-angle Cerenkov experiments

(Jelley and Galbraith 1955, White et al. 1961),

we obtain -̂ -gff between 0.5 - 1.6 sr.

The Gulmarg system was calibrated using

(1) an LED lamp pulser, and (2) relativistic

cosmic rays passing through a scintillator slab

and both methods yield a minimum detectable

flux of (12 + 3) photons cm for the Cerenkov

light pulse. This value is consistent with a
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threshold density of <^> 10 photons cm that follows

from considerations of the average sky-background

light level at Gulrnarg ( rv 3 x 10 photons
2 1 1 1

cm s sr A ) and the amplitude discrimination

level used during the experiment. This gives

an effective detection area of ~ TT(80 m)

for the Cerenkov light pool, when we use the

results of Hara et al. (1977) and Chantler et

al. (1979) on the lateral distribution function

of the atmospheric Cerenkov light. For an assumed

° ®'^ sr White et al. 1961) and an average

event rate of «/66 h" , this matches with the

cosmic-ray spectrum (Wolfendale 1984), corresponding

to a threshold value of /v 1.4 x 10 eV for

a proton primary. Referring again to the work

of Hara et al. (1977), we note that, within

out effective detection range of ~ 80m, the

Cerenkov photon density is likely to be a factor

of ns 3 higher for a f -ray primary than that

for a cosmic-ray proton of the same initial

energy. Equlvalently then, for a threshold

proton energy of 1.4 x 10 eV, we can take a

minimum detectable energy of A / 5 x 10 eV for

a photon-initiated shower (Fazio 1974). We

shall use this value hereonwards, bearing in

mind that it can be in error by a factor of

up to 1.5 on account of various uncertainties.
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III DATA ANALYSIS

This section principally deals with a periodo-

gram analysis undertaken to search for the 4,8h

modulation of Cygnus X-3 origin in our data

stream, comprising a total of 16,794 atmospheric

Cerenkov pulses. These events were recorded

between January 1976 and December 1977 in 27Oh

of observations distributed over 103 days.

Figure 2(a) gives the frequency distribution

of the daily-average rates; it is found to be

broader by r^> 457. relative to a Poissonlan

distribution with the same mean rate of (52

+ 14.7)h~ , or, equivalently (12.5 ̂  3.5) events

per time interval of 14.4m, which is equal to

0.05 of the Cygnus X-3 period and which we shall

be using as the phase-bin width in our analysis.

The excessive width of the histogram in Figure

2a is not surprising if we recall that the Gulmarg

event rates have been higher by'x/25% when the

R.A. region ~ 20 +_ 40h was lying in the detector

field of view (Figure 10). In support, we invite

attention to Figures 2b and 2c where the rate

distributions have been plotted separately for

the situations when, in the course of the daily

observations, R.A."^ 20h was lying at a zenith-

angle of < 40° (Figure 2b) and outside it

(Figure 2c). The agreement with the corresponding

Poisson fits (mean values = 64 + 16.3h~ and
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50.8 jf 14.5h~ ) is now found to be markedly

better. Apart from this main reason, It Is

also likely that the distributions observed

in Figure 2 are Influenced by some extraneous

factors, including unknown day-to-day changes

in the sky transparency conditions as well as

in such experimental parameters as we may not have

been able to monitor sufficiently closely during

the long operation period of the present experiment.

In order that the attendant shift in the base-

line value from one run to another does not affect

the outcome of Che desired phase analysis, it is

preferable not to use directly the number of events

recorded per phase bin, but instead to work with

the deviation /\ of this number from the corresponding

daily-average value. Figure 3a shows the frequency

distribution of A for the overall 2-year data;

the reasonable agreement found with the expected

normal distribution (standard deviation, <TU-- 257.)

is reassuring. We have also utilised this para-

meter to check if there has been any noticeable

drift, on average, in the system performance in

the course of a given night as, for example, in

response to ambient temperature variations. For

this purpose, all the runs with observation time
»

between 3-10 h per night and constituting ~-40%

of the overall data have been used. Figure 3b

demonstrates that the average rate and, by impli-

cation, the system performance, has remained
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satisfactorily stable as a function of the local

time each night. The absence of any noticeable long-

term correlation in the event rates recorded on the

consecutive nights of January 3 and January 4, 1976

(Figure 3c) - the two longest runs in our data -

also argues against system sensitivity to ambient

temperature drifts, which are likely to be similar

for these neighbouring days.

Having ensured thus the reliability of the

parameter t-± for the phase histogram analysis, we

proceed with it now, starting by reorganising the

Gulmarg data into 3 groups: (a) ON-source events,

recorded when Cygnus X-3 is at a zenith-angle

^ <>40°, (b) INTERMEDIATE events, when the source

is at ^ = 40°-70° and (c) OFF-source events,

corresponding to the situation when Cygnus X-3 is

outside the detector geometrical field of view

( ^ > 70°). Figure 4 gives the monthly break-up

of the total observation period; for the two years

(1976, 1977) it i found to be (47h, 18h) for (a),

(30h, 15h) for (b) and (87h, 73h) for (c). It

may be noted that the effective observation time is

nearly twice as much in 1976 than in the following

year, for both the ON-source and INTERMEDIATE cases,

while it is comparable for both the years in the

OFF-source situation.

For the purpose of the phasogram analysis, the

consecutive 14.4m intervals of each run are assigned

phase values <p = 0-0.95 ( A(f> = 0.05), using the
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Cygnus X-3 ephemrris due to Parsignault et al.

(1976), which gives tQ = JD2440949.9176, pQ

- 0.199 6814d and p = 0. Because of the restric-

tions imposed on our observation schedule by

the synodical mode of operation and the local

weather conditions, it is not possible to cover

the entire 4.8h length of the Cygnus X-3 cycle on

a daily basis. Accordingly, we have added, with

weightings derived from Poisson statistics, the

deviations A obtained for each 0 during the

various observations runs. The cases (a) - (c)

have been treated separately and the results,

showing average deviation from mean, (.&y , as a

function of 0, are presented in Figure 5 along with

the frequency (n) with which a given phase bin has

been covered in the course of the observations. It

Is obvious that n determines the total number of

events observed in a given 0 and is also related to

the standard.deviation (T" in units of which the

phase-histograms have been plotted. It is pertinent

to mention here that the present analysis includes

all the data shown in Figure 2a, including the days

contributing to its tail portions.

The mean event rate on the ON-source phase-

histogram (Figure 5a) is (15.78 _+ 0.28) per bin and

this is^/25% higher than the corresponding values

for the INTERMEDIATE case (Figure 5b) or the two

OFF-source phase-histograms (Figure 5c). We shall

return to a discussion on Lhis difference in section
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IV, but note here that It is to be expected in view

of the observation made in the Introduction about

the presence of an additional, phase-independent com-

ponent in the Gulmarg data belonging to R.A.

'v/ 20 V OAh (Bhat et al. 1980b), but not necessarily

related to Cygnus X-3.

The ON-source phase-histogram (Figure 5a) shows

a 4.5 G"* peak at <t> = 0.6, corresponding to 265 events

being recorded in this phase bin against an expected

number of 189 Cerenkov pulses. Assuming Poisson

statistics, the probability that this overabundance

may occur in any of the 20 phase bins on a random

basis works out to be 6.3 x 10 . The remaining 19

bins give ?C2/18 = 1.24 (as against X 2/19 = 2.5

for the whole distribution) and are in reasonable

2
agreement with a flat distribution (P( >/t ) =

237« and 0.2% for 18 and 19 degrees of freedom res-

pectively). Referring now to the phase-histogram for

the INTERMEDIATE case (Figure 5b), an analogous

behaviour is found there. Thus,.while all other

phase-bins conform to a phase-independent distri-

bution (reduced X = 0.4), the phase-bin at 4> - 0.6

again exhibits a 3.2 C excess, the corresponding

Poisson probability for which (274 events observed

versus 218 ev nts expected) is 6.3 x 10" , with all

20 I •ns being equi-probable. On the contrary, there

is no evidence of a similar 4.8h modulation among the

OFF-source data. This is evident from the 2 phase-
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histograms In Figure 5c, obtained after the runs

with ^ ^ 7 0 ° were divided into two subsamples of

a comparable size : no correlated behaviour is dis-

cerned at any 0 between these two periodograms

themselves or with those in Figures 5a & 5b. Further

all the fluctuations in the OFF-source phasograms

are restricted to within ±2 (T^and, with % 2/19 = 1.29

and 1.23 for the two cases, both can be regarded

as being consistent with a phase-uniform distri-

bution (P( > X2) ~/ 20%).

In order to examine the possible effect of a

change of ephemeris, we have combined the data

belonging to the ON-source and the INTERMEDIATE cases

and have obtained, following the procedure described

above, two composite phase-histograms ( «/> < 70°)

based on the Cygnus X-3 phase-parameters due to

Parsignault et al. (1976) and those from van der

Klis and Bonnet-Biriaud (1981). These periodograms

are compared in Figure 6 along with the number of

times (n) each 0 value has been covered in the tvo

cases. As should be expected for our observation

epoch of 1976 - 1978 essentially whole of the phase-

peak at 0 = 0.6 (Figure 6a), obtained on the basis

of Parsignault et al. ephemeris, is found to shift

backwards by 1 phase-bin to 0 = 0.55 (Figure 6b),

when t , p and p values from the more recent ephemeris

of van der Klis and Bonnet-Bidaud are used. The
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probability that the peaks seen in Figure 6 at 0 - 0.55

and 0.6 can arise due to a random statistical

fluctuation turns out to be 1.3 x 10 for Figure

6a and 10 for Figure 6b.

We have also subjected the combined data for

>f < 70° to a similar analysis using trial periods of

A.Sh and 8h. The former value was chosen because of

its proximity to the Cygnus X-3 period of A.Sh,

while the 8h trial period, being a smaller sub-multiple

of 24h than 4.8h, was expected to check If the effect

observed in Figure 6 (and in Figures 5a and 5b) has

some unknown connection with the earth's rotation period.

The resulting distributions can well be regarded as

phase-independent, since in no phase bin is the event

rate found to depart significantly from the sample

mean rate by more than 2.5 0".

IV RESULTS AND DISCUSSION

The two independent 0FF-souri:e phase-histograms

(Figure 5c), each involving an observation period

comparable in length to that for the ON-source

situation (Figure 5a), are found to be essentially

flat. In addition, the composite periodograms

( ^^70°) display no unexpectedly large deviations

from a uniform distribution when analysed with the

trial periods of 4.5h and 8h. Thus, apart from

being reassuring about the reliability of the Gulmarg

data as used in the present study, this conformity

with expectation also hints towards the association

of the ON-source phase-peak with the Cygnus X-3
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binary period of 4.8h. A more specific pointer in

this direction emerges from the following con-

siderations: (1) The peak is more prominent

and statistically more significant (despite

smaller n) for ^ < 40° than for 40° < y < 70°.

This is expectec when we recall that, because

of energy dependence, the atmospheric Cerenkov

pulses exhibit a zenith angle dependence (section

II), so that the amplitude of the observed peak

should be related to the source zenith distance,

(ii) The observed peak feature at 0 • 0.S5

(van der Klls and Bonnet-Bidaud ephemeris)

matches positionally with the X-ray maximum

of the Cygnus X-3 light curve (Parsignault et

al. 1976, van der Klis and Bonnet Bidaud 1981)

and also happens to overlap the phase-interval

0 - 0.6 + 0.1, where the source light curve

is known to peak at 3 x 1013eV(Morello et al.

1983) and in the TeV region (Neshpor et al.

1979, Danaher et al. 1981, Lamb et al. 1982,

Dowthwaite et al. 1983, Cawley et al. 1985a).

More significantly in the present context, this .

also happens to be the phase Interval where

the Cygnus X-3 signal has apparently been seen

in several recent UHE observations (Kifune et

al. 1985, Alexeenko et al. 1985, Watson 1985,

Tonwar et al. 1985), although the initial Cygnus
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X-3 light curves from Kiel (Samorski and Stamm

1983a,b) and Haverah Park (Lloyd-Evans et al.

1983) showed that the ~~> PeV photon emission

was restricted to a narrower phase interval at

<t = 0.225 - 0.25 (with van der Klis and Bonnet-

Bidaud parameters).

It is logical to conclude therefore, that

the phase peak seen in Figures 5 and 6 at 0

= 0.55 is related to Cygnus X-3. This feature

can more readily be understood in terms of a

phase-dependent emission of "Jf -rays from this

source with a period of 4.8h and a duty-cycle

of <--' 57«, in which case the phase-averaged gamma-

to-proton ratio turns out to be IT /p ~ (1.8

+_ 0.4)7. from the ON-source data ( ^ < 40°)

and -V7 (2.1 ^ 0.4)7. when we include the INTERMEDIATE

event case as well. This may be compared with

the value expected on the basis of measurements

of Samorski and Stamtn (1983a) at 2 x 1015eV;

taking an effective ON-source field of view

of 12 square degrees for the Kiel experiment,

we expect a Y / p = 0.7% for our wide-angle

system (-H. _^ 'v/ 0.5 sr) in the absence of

any energy-dependent losses in the Cygnus X-

3 flux values, an important consideration to

which we shall come back presently. In the

meanwhile, using a phase-independent background
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rate of 65.8 events h (corresponding to

4* < 40°; Figure 5a) and an effective detection

range of 80m for the Gulmarg Cerenkov system,

the observed 2T/p ratio of (1.8 + 0.4)% for

the ON-source case translates to a Cygnus X-

3 flux of (1.6 + 0.4) x 10"12 T cm"2*"1 for

the estimated threshold energy of 5 x 10 eV.

We have assumed here that the correction required

to account for the variable zenith angle of

the source is negligible, which is a reasonable

simplification in the present case ( ̂  < 40°).

However, the same cannot be said when Cygnus

X-3 is at lower elevations and, because of the

complications involved in accounting for this

effect sufficiently accurately (particularly

for if -EAS), we are not using at present the

INTERMEDIATE (Figure 5b) and the composite (Figure

6) periodograms to make another estimate of

Cygnus X-3 flux, (valid for somewhat higher

The above-derived Gulmarg value is plotted

in Figure 7 along with the results of several

other ground-based measurements covering the

energy region > 10 eV and belonging to the

time-period between 1976-1985. We have also

Included here an upper limit (997. confidence

level) obtained recently at Gulmarg (Bhat et



al. 1985a), when the experiment described in

section II was repeated for 44h during September-

October 1984. We have not given here the Haverah

Park upper limits at > 1016eV (Lloyd-Evans

1983), since they are likely to be principally

affected by various cut-off effects, including

those in the progenitor proton beam (Eichler

and Vestrand 1984, Stephens and Verma 1984,

Protheroe 1984, Hlllas 1984). Instead, we shall

concentrate here on the Cygnus X-3 observations

In the TeV and PeV energy regions.

Each of the spectral points in Figure 7

between 1011 - 1012eV involves less than a few

nights of atmospheric Cerenkov observations

and is significant at ̂  3-4 & level (0f 0.6;

see Watson 1985 for a recent review). At higher

energies ( > 10 eV), only the Gulmarg and the

recent Utah (Baltrusaitis et al. 1985a) flux

estimates are based on this technique and all

other data are obtained from particle-detector

arrays. The Ooty flux value at ̂ 1,5 x 10 eV

is derived from a 1.6 0" peak seen at 0-^ 0.6

(Watson 1985), the authors (Tonwar et al. 1985)

themselves have quoted a smaller upper limit

which—ts~also shown in the figure. Apart from

the previous Haverah Park results for 0 «• 0.225

- 0.25 (Lloyd-Evans et al. 1983), we have also

plotted their estimate (2.3% confidence level)
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for 1984, obtained by considering all excess

events seen at 0 = 0.25 - 0.3 and 0 - 0.575

- 0.625. The Fly's Eye group (Baltrusaitis

et al. 1985a) have seen a 3.5 (T peak at 0-^

0.25 during 25h of Cerenkov observations in

1983, but no excess when Cygnus X-3 was again

looked at for ~»42 h in 1984; the resulting

flux value and the upper limit are also given

in the figure. As for the results from the

other groups, the significance level is 2.8c

for the Plateau Rosa spectral point (Morello

et al. 1983), -v 3.5^ for Akeno (Kifune et al.

1985) and Baksan Valley (Alexeenkov et al. 1985)

measurements and 5 o" for the Kiel (Samorski

and Stamm 1983a) and the previous Haverah Park

(Lloyd-Evans et al. 1983) spectral points.

Ah examination of Figure 7 suggests that

the detected fluxes are not apparently consistent

with a single power-law spectrum. This becomes

particularly evident when a plausible spectral

form,'V Ey~ ' , (Ey is the photon energy)

Is fitted through the Kiel point at 2 x 1015eV,

chosen as a datum because of its high significance

level: the quoted values are found to be incom-

patible with it by factors of up to <-*J 9, including

the Gulmarg estimate for 1976 - 1977, which

is higher by a factor of <-v4.7. Some of this
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scatter can, no doubt, be understood in terms

of low significance levels and other meejurement

uncertainties, which can affect both the flux

estimates and the energy values assigned to

them. Nevertheless, there are other factors

as well which merit attention in this regard.

We shall consider some of them now, accepting

the present results at their face value to

illustrate our discussim.

Turning first to energies > 1013eV, most

of the measurements here Involve continually

long observation periods (months to years) and

they should as such represent long-term aver;ge

values. The significant dispersion found among

these values cannot,therefore, be attributed

to Cygnus X-3 variability on short time-scales

(days to weeks), for which there is now convincing

evidence at TeV energies (see, for example,

Cawley et al. 1985a) and possibly at still lower

energies, as is suggested by the balloon observa-

tions of Calper et al. (1977) and also by an

lntercomparison of SAS-2 (Lamb et al. 1977)

and COS B (Hermsen et al. 1983) satellite data

on Cygnus X-3. On the other hand, the UHE measure-

ments refer to different observation epochs and

it is, therefore, worth considering if they

reflect a long-term trend in Cygnus X-3 emission
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characteristics (Rana et al. 1984). But before

looking into this possibility, we should take

note of the recently reported lower bound of

11.6 kpc on Cygnus X-3 distance (Dickey 1983)

and the attendant attenuation of UHE photons

through pair-production interaction with the

2.7°K microwave background radiation (MBPJ in

the interstellar medium (see, for example, Gould

1983). This leads to an upward revision of

the Gulmarg flux for 1976-1978 to (2.9 + 0.7)

x 10~12 T cm"2s~1 at J 0.5 PeV. This is com-

pared in Figure 8 with tht results of other

PeV measurements, which have also been similarly

corrected for attenuation by the MBR field.

We have not plotted here the Fly's Eye estimate

for 1983 since it is derived from only 25h of

observations and may not represent a long-term

average value. Again, upper limits cannot provide

any definite leads in the present context and

are not being considered; however, in the case

of the Gulmarg limit for 1984 epoch, we would

like to mention that this smaller value

(1.7 x 10~13 V cm"2s"1) is quite consistent

with other contemporaneous measurements and

in that sense strengthens our confidence in

the Gulmarg results obtained by the same experi-

ment for Che earlier period (1976 - 1978).
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An inspection of Figure 8 reveals that,

in general, the MWB-corrected spectral data

at Ej-) 1013eV are fitted reasonably well by

a series of lines, each having a slope of

-1.1 and representing a different observation

epoch. (It is interesting to note that the

two points from Haverah Park (Watson 1985) and

Ooty (Tonwar et al. 1985), which seemingly do

not conform to this trend, also have the lowest

statistical weights). When we consider the

difficulties with adopting other (more complicated)

spectral shapes, it is tempting to suggest that

a single power-law spectrum can fit the UHE

Gkota well provided we allow for a long-term

reduction In Cygnus X-3 luminosity at ) 3 x

1013eV.

An estimate of the rate of this variation

follows from Figure 9a,where we have plotted

the MWB-corrected flux values above 1 PeV, as

deduced from the present measurements for the

spectral form ^J E^. ~ ' , against the corresponding

observation period. An exponential fit with

a time-constant T~2.4y is consistent with

all the data points having equal weights and

this corresponds to a flux reduction by a factor

of~<1.5y~ . If the recent Haverah park (Watson

1985) and Ooty (Tonwar et al. 1985) estimates

are not considered, in recognition of their
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smaller statistical significance, the resulting

fit yields T •>/ 2y, to be compared with T-v/3.3y

If only post-1979 observations (I.e., all except

Gulmarg and Kiel) are considered.

With the recent publication of Haverah

Park observations on Cygnus X-3 (Lambert et

al. 1985), it is now possible to show that the

above result is not unduly biased by ambiguities

that may be inherent in an intercomparlson of

observations from different experiments. These

Haverah Park measurements hold for energies

> 1 PeV and have been presented as a series

of phase-histograms (bin size A<$) = 0.025)

on a yearwise basis between 1979 - 1984. Before

they can be used for the present study, however,

it is logical that, because of the presence

of noise in these periodograms, we should first

decide about what minimum value of a +ve excess

to associate with Cygnus X-3. Further, in order

to accommodate the possibility of the suggested

phase-wandering of the signal with time (Watson

1985), the criterion followed here searches

the rather extended phase-intervals between

0 - 0.2 - 0.3 and 0 - 0.525 - 0.70 (total bins

- 11) for positive excesses ^ NQ, where the

noise-rejection level NQ is obtained by studying

the frequency distribution of *ve and -ve excur-

sions over the entire one-year phasogram and
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is such that the probability of finding a negative

excursion smaller than -NQ is < 167.. This 1<T

-noise rejection level is based on the reasonable

assumption that the -ve excursions in the pha?e-

histogram are not subject to significant non-

Gaussian effects and obey more closely a normal

distribution law. The results that follow

are listed in Table 1. It is seen that NQ is

different for different years but, significantly,

the signal during each year is restricted to

within 3 phase-bins, several of which are common

to various years. This is in accord with expecta-

tion (e.g., Watson 1985) and suggests that the

present noise-rejection criterion is quite prob-

able.

The Cygnus X-3 signal N , obtained for

each year (Table 1) by adding all the +ve excesses

greater than the corresponding value of NQ,

is plotted in Figure 9b against the year of

observation. Again a decreasing trend is evident

and an exponential least square fit to all the

observation years yields T~5.*y. If we exclude

1984, the significance of the fit improves rem-

arkably (from ~ 5 0 % to £.96%) and the data for

the remaining 5 years conform better to an expon-

ential decay law with T <~- 2.2y. This is In

surprisingly good agreement with the value in-
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ferred earlier from Figure 9a. We would like

to point out that we have drawn guidance from

other experiments and have used some other reason-

able criteria also to pick up the Cygnus X-3

signal In the Haverah Park data, with the same

result always, viz., the signal strength decreases

systematically all the way from 1979 - 1983,

but 1984 stands anomalously higher.

Similarly, the Cygnus X-3 flux at > 3 x

10 eV, as quoted by the Plateau Rosa group

(Morello et al. 1985) for 3 contiguous observation

periods between December 1981 - March 1985,

conforms remarkably well with the above trend

am* suggests a flux decrease at these energies

by a factor of ~ 2 y" .

Putting all the evidence together, it now

seems sufficiently persuasive to accept that

the Cygnus X-3 UHE photon flux has been undergoing

a long-term reduction, at least from 1976 onwards,

the epoch for which the earliest observations

in this energy range are available. Taking

T • 2.3 y, which is compatible with both Figures

9a and 9b, It follows that the Cygnus X-3 flux

may have decreased by a factor of ~ 8 0 over

the intervening period (10 years). That the

luminosity of UHE sources can vary over a wide

range is supported by the recent detection of

Vela X-l (Prothcroo et al. 1984) and of the
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extragalactic source LMC X-4 (Protheroe and

Clay 1985) in the PeV region. It is also in

line with the interpretation by Bhat et al.

(1985b) of the Chacaltaya excess of yu. -poor

showers from high Galactic latitudes (|b| > 20°;

Toyoda et al. 1965) in terms of there being

~ 200 Cygnus X-3-like PeV sources (or, more

probably, only several, more intense sources)

active in the Galaxy between 10 - 10 y before

present. A more puzzling feature is the large

rate of flux decrease suggested by the above

analysis. If really true, it would be unrealistic

on energy considerations to expect this trend

to have started too far back or to continue much

farther in time. While this plausible constraint

throws up several alternatives, the most appealing

in our view is one where Cygnus X-3 has been

going through these high and low emission states

regularly so that we may just be witnessing

one such cycle in the past 10 years or so.

Undoubtedly, future observations by dedicated

experiments will provide an unambiguous answer

and, if confirmed, will tell us when Cygnus

X-3 will go to a high state again. The result

Itself has important implications on the nature

of the source (pulsar ?) involved and the process(es)

responsible for generating UHE photons in the
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case of Cygnus X-3-like systems (Vestrand and

Elchler 1982, Elchler and Vestrand 1984, Hlllas

1984, Porter 1984, Chanmuga^ and Brecher 1985).

This understandably needs to be addressed to

by parallel theoretical effort.

It Is cif Interest to know that for the

1976 - 1978 epoch, the Gulmarg flux estimate

leads to a Cygnus X-3 luminosity of 6 x 10 erg

s~ above 5 x 10 eV, assuming isotroplc emission

and a source distance of 11.6 kpc.

Turning now to the measurements in the

TeV range, we recall that they involve relatively

smaller observation periods and are therefore,

susceptible to the Cygnus X-3 variability on

a short time-scale, a feature to which attention

has already been drawn. In order to seek an

extension of the Cygnus X-3 production spectrum

to these energies, it is therefore, more useful

to first obtain a long-term averaged flux from

various time-spaced measurements in the 10

12
- 10 eV region and compare that value with

the MWB-corrected estimates of the PeV flux.

We have shown in Figure 8 one such value derived

f-c.A several Cerenkov observations spanning

the period ~-> 1972 - 1984 (Vladimlrsky et al.,

1975, Mukanov et al. 1977, Neshpor et al. 1979,

Danaher et al. 1981, Lamb et al. 1982, Dowthwatt«
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et al. 1983, Cawley et al. 1985a) and based on

a power-law spectrum with an integral exponent

If-r = -1.1. This value is found to lie well

below essentially all the fitted lines in the
v

figure. More quantitatively, it is seen from

Figure 8 that the time-averaged flux at ^1012eV

lies a factor of 'V 20 below a linear extrapolation

of the sv/ EJ~ ' spectral line passing through

the flux of '•v 3 x 10~13 f cm~2s~1 at > 1 PeV,

obtained by averaging the individual MWB-corrected

UHE spectral points in Figure 8. One possibility

which has also been considered by Cawley and

Weekes (1984) and, more recently, by Apparao

(1985), is that, the TeV ~t -rays become signifie-

antly attenuated in the optical and infra-red

photon field of the Cygnus X-3 stellar companion,

which is believed to be a Helium star (van der

Heuvel and de Loore 1973, Ghosh et al. 1981).

The magnitude of the correction required depends

sensitively on the spatial extent of the absorbing

radiation field as also on the spectral details

of these optical/infra-red photons. Extensive

infrared observations around Cygnus X-3 are

required in future to know these quantities

sufficiently accurately. The calculations made

in the meanwhile by Apparao (1985) suggest that

the correction factors can Indeed be large,

up to *N/ 400, so that the possibility of a
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- linear extrapolation of the source spectrum

of the form ~ E~_. °"own t o T e V energies cannot

be ruled out on this basis at present.

However, if the production spectrum is

the same all over the range above 10 eV, the

large long-term flux reduction apparent in the

PeV region should also be reflected at the lower

energies. By dividing the available air-Cerenkov

data into two groups, covering periods between

1972 - 1978 and 1978 - 1984, in order to smootl,

any short-term jitter, the respective flux values

above 1 TeV are consistent with there being

either no long-term decrease at all or, at best,

by a factor of ̂  2.8 over the whole period,

corresponding to T ^ 11.5y (the lower limit

results when the estimate quoted in Vladmirsky

et al. (1973) Is included). Whereas the absorbing

efficiency of the circumstellar infra-red photon

field may vary from time to time, it is not

immediately obvious why it should bear an out

of phase relationship with the decreasing Cygnus

X-3 emission on a long-term basis. Therefore,

unless the deduction that follows from Figure

9 is a gross overestimate for reasons that are

not obvious at present, it seems necessary to

concede that TeV "3" -rays are not produced

in Cygnus X-3 by the same mechanism as the UHE
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photons, thereby possibly constraining the Hillas

(1984) model (see, however, Vestrand and Eichler

1982, Eichler and Vestrand 1984). In such a

case, the correction factor of ̂ 2 0 predicted

above to correct for the clrcumstellar absorption

of the TeV photons can be wrong and should f-e

arrived at independently.

If It turns out that the absorption of

10 1 1 - 1012eV photons in the Cygnus X-3 vicinity

is indeed significant, we should expect then

these If -rays to be regenerated as X-rays

and MeV photons by synchrotron and Compton processes.

It will be useful to study the attendant consequences,

including whether the extension of the X-ray

peak to the phase-interval 0 = 0.6 - 0.7 in

the Cygnus X-3 light curve and its resulting

asymmetrical shape can be related to the attenua-

tion of the phase peak at 0 = 0.6 - 0.7 in the

10 1 1 - 1012eV. It is pertinent to point out

here that Weekes et al. (1981) have reported

a correlated change in the Cygnus X-3 light

curve? in the X-ray ?.nd the TeV regions, where

a reduction in the relative X-ray flux at 0

= 0.6- 0.8 was seen to be accompanied by a signi-

ficant increase in the phase-peak at 0 = 0.6

- 0.7 in the very high energy "JJ" —tray flux,

possibly Implying that the latter escaped severe



- 31 -

attenuation and subsequent transformation Into

X-rays due to some causative changes in the

optical emission characteristics of the Cygnus

X-3 companion star.

Finally, we discuss why, during the 0N-

source period ( v|/< 40°), the phase-averaged

event rate (Figure 5a) is higher than those

found for the INTERMEDIATE and the OFF-source

periodograms (Figures Sb and 5c). The reason

for this is apparent from Figure 10, where we

find that the Cerenkov pulse rates exhibit a broad

peak at R.A. ~ 20h. The most striking thing

about the figure is the large peak amplitude,

which is -v/ 25% higher than the average rate

for the non-peak region. We have already referred

in the Introduction to the correspondence of

this Gulmarg result with the time-dependent

observations at Mt. Blanc (Badlno et al. 1980),

Manitoba (Smith et al. 1983a,b) and Minnesota

(Bartelt et al. 1985).

A closer examination of Figure 10 shows

that the peak structure observed there is compatible

with at least two point-spread functions (nominal

form̂ v/ cos \V ) centred at ** 16h and ^ 20h.

Taken at its face value, this would suggest

that two or more If -ray sources are contributing

to the apparent excess. It is remarkable that

both these positions are now known to be occupied
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by PeV T-ray sources: Cygnus X-3 and Her X-

1, the latter source having been detected very

recently in both TeV (Dowthwaite et al. 1984,

Cawley et al., 1985b) and PeV (Baltrusaitls

et al. 1985b) energy regions. In addition,

the relevant celestial region has within It

two 'Kiel sources' with R.A. /v 18h and A / 23.5h

(Stamm and Samorski 1983) and AM-Her (R.A.

~ 16h) which is a Cygnus X-3-like X-ray system

with a binary period of 3.1h. We also note

that several hadron-poor and muon-poor showers

(presumably due to if -ray primaries of energy

> 6.5 x lO^eV) have been recorded at Tien-

Shan with R.A. < ~ 16h and^v/18h and declination

~ 40° + 10° (Stamenov et al. 1983, Nikolsky,

private communication). However, a multiple

"5T -ray source origin for the peak in Figure

10 needs to be reconciled with the results of

cosmic-ray air-shower arrays and here its dis-

proportionately large amplitude poses problems.

A plausible way of resolving or reducing this

disparity (apart from invoking time variability

for the effect) is to hypothesize that the

T -ray initiated cascade ( "3"-EAS) develops

faster in the atmosphere than does a hadron-

produced shower (p-£AS). Since the bulk of

the Cerenkoy light emanates at higher altitudes,
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from close to the shower maximum, and It can

traverse down the atmosphere without a significant

attenuation, this possibility would make the

Cerenkov technique Intrinsically superior for

detecting Tf-EAS to a particle-array (Bhat

and Razdan 1985), which samples the EAS secondaries

only at the ground level and thus would have a

reduced efficiency for detecting TT-ray primaries

It is worth remarking here that the upper limits

obtained recently in the course of the Fly's

Eye survey for emission from steady TT-ray

sources iBaltrusaitis et al. 1985b) exhibits

a sidereal distribution which also shows a broad

peak between R.A. ~* 15-18h for the declination

range of 18° - 62°.

The above discussion does not on its own

rule out the possibility of some systematic

instrumental effects leading to or augmenting

the peak in Figure 10 and these effects must

also be considered. One possibility here is

the increase in the background light level when

the Galactic arm feature at R.A. r*s 20h transits

at Gulmarg. Though it leads to an increase

in the photomultipiier anode, current (dc component)

by a factor of nearly 2, it can decrease rather

than increase the photomultipiier gain, so that

the effect of the appearance of the Galactic

arm within the system field should be in opposite
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sense to that suggested by Figure 10. Similarly,

the use of rather high amplitude discrimination

level ( > 4 rnts noise) rules out a significant

Increase in the accidental coincidence rate

due to the Increase of shot-noise. In any

case, if Che effect were indeed related to the

overhead appearance of the Galactic arm, we

should have expected It to be duplicated with

a somewhat reduced amplitude, when the similar

feature of R.A. rsj 06h sweeps through the system

field of view. Figure 10 and the OFF-source

phasograms in Figure Sc (the phase-independent

rate here would be higher) demonstrate that

such is not the case. Moreover, the peak in

Figure 10 is too wide and, as already mentioned,

is consistent with contributions from at least

two point- (or line-) sources at R.A.«-^16h

and ̂ >-f 20h and not just one at R.A. <^/ 20h.

Another proposal that merits consideration

in the present context is that better observing

conditions (e.g., sky transparency) were encountered

at Gulmarg during the summer months of 1976

- 1978 than those during the winter and the

resulting systematic variation in the event

rates masquerades here as a sidereal effec't.

While it does not seem as probable in our view,

we cannot completely rule It out at the present

stage. It is clear that more experimentation
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with optical detectors provided with light com-

pensation circuits and sky-transparency monitors

will help check whether Figure 10 is an artifact

of some systematic observational bias. For

the present, however, it is important to realise

that, whatever its origin, the peak feature

in Figure 10 gets effectively flattened during

the phase-histogram analysis and is not the

cause of the Cygnus X-3 phase-peak seen in the

ON-source phase-histogram (Figure 5a). This

is also confirmed by the observation of the

same phase-peak, with expectedly smaller amplitude

in Figure 5b, for the INTERMEDIATE case for

which the phase-averaged event rate per bin

is the same as that for the OFF-source case.

V. CONCLUSIONS

Atmospheric Cerenkov observations carried

out at Gulmarg between 1976-1978, have revealed

the presence of a significant (4.5 (T ) phase-

dependent signal (0 = 0.55; van der Klis and

Bonnet-Bidaud ephemeris) from Cygnus X-3 with

the characteristic modulation period of 4.8h,

duty cycle/^5% and a detected flux of (1.6

± 0.4) x 10~12 Tf cm~2s-1 at > 0.5 PeV. When

considered together with other UHE observations

for the intervening period, evidence is obtained

suggesting a long-term reduction in the PeV

source luminosity by a factor of /v 1.5 y~ .
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A similar result follows when Cygnus X-3 observation*

from Haverah Park and Plateau Rosa for the period

1979 - 1985 are independently considered, though

the behaviour of 1984 at Kaverah Park appears

anomalous In this respect. Furthermore, when

compared with the average PeV "af-ray flux for

the period 1976 - 1981, the TeV photon flux

(1972 - 1984) is found to lie a factor of ~ 2 0

lower than that based on a plausible [ ower law

spectrum with the integral exponent ^ j-v-1.1.

This is possibly in response to an attenuation

of 1011 - 1012eV <f -rays in the Infra-red

and optical photon field of the Cygnus X-3 stellar

companion. The TeV emission from the source

is not found to exhibit a long-term variation,

definitely not at the same large rate as the

UHE T-rays. This implies that the production

process at the lower energies Is either different

from or is not susceptible to the same Influences

as experienced by the UHE photon beam from Cygnus

X-3.

ACKNOWLEDGEMENTS

CLB would like to express his gratitude

to Profs. A.M. Wolfendale and P.V. Ramana Murthy

for their guidance during various stages of

the present work. Drs. J.L. Osborne, K.E. Turver,

K.J. Orford, N.C. Rana, C.J. Mayer and B.P.

Houston are thanked for their help during several



- 37 -

stimulating discussions. Drs. P.R. Sarma and

C.L. Kaul have contributed to the first part

of this work and Mr. I.K. Kaul has assisted

in taking observations. Messrs. H.S. Rawat,

V.K. Sanecha, R.C. Rannot, S.K. Kaul and R.A.

Qazi have participated in the 1984 observations.

It is a pleasure to acknowledge the help received

from all these colleagues. We would also like

to thank the referee for making recommendations

which, among other things, have led to a significant

improvement in the presentation of the Gulmarg

results.



- 38 -

REFERENCES

Alexeenko, V. V., Chudakov, A. E., Khaerdinov,

N. S., Lidvansky, A. S., Navarra, G., Ozrokov,

S. S., Sklyarov, V. V., and Tizengauzen, V.

A., 1985, Proc. 19th ICRC,(La Jolla), 1, 9.

Apparao, K. N. V., 1985, Ap. J. 287, 338.

Badlno, G., Perlale, L., Galeotti, P., and

Saavedra, 0., 1980, LeCtere Al Nuovo Cimento,

28, 93.

BaltrusalCls, R. M., et al., 1985a, Proc. 19th

ICRC, (La Jolla), 1, 234.

Baltrusaitis, R.M., et al., 1985b, Ap. J. (Lett).,

293, L69.

Bartelt, J., et al., 1985, preprint ANL-HEP-

PR-84-80.

Bhat, C. L., 1982; Detection of Cosmic X-ray

and Gamma-ray Bursts Through Atmospheric Fluor-

escence and Cerenkov Techniques, Ph.D. Thesis,

University of Kashmir.

Bhat, C. L., Kaul, I. K., and Yadavj R. C ,

1981, Jour. Inst. Electronics and Telecotnm.

Engrs. (India), 27, 556.

Bhat, C. L., Kifune, T., and Wolfendale, A.

W., 1985b, Astr. & Astrophys. (in press).

Bhat, C. L., Rannot, R. C , Rawat, H. S., Razdan,

H., Sanecha, V. K., and Sapru, M. L., 1985a,

Proc. 19th ICRC (La Jolla), 1, 83.



- 39 -

Bhat, C. L., and Razdan, H., 1985, Proc. Workshop

on the techniques In the Ultra High Energy

Gamma-Ray Astronomy,(La Jolla).

Bhat, C. L., Razdan, H., and Sapru, M. L.,

1980a, Astrophys. Sp. Scl., 73, 513.

Bhat, C. L., Sapru, M. L., and Kaul, C. L.,

1980b, Nature, 288, 146 (Corrigendum: 291,

168).

Bunner, A. N., 1966, Cosmic Ray Detection by

Atmospheric Fluorescence, Ph.D. Thesis, Cornell

University.

Cawley, M. F., and Weekes, T. C , 1984, Astr.

Astrophys., 133, 80.

Cawley, M. F., et al., 1985a, Proc. 19th ICRC,

(La Jolla), 1, 87.

Cawley, M. F. , et al., 1985b,' Proc. 19th ICRC,

(La Jolla), 1, 119.

Chanmugam, C , and Brecher, K., 1985, Nature,

313, 767.

Chantler, M. P., Craig, M. A. B., McComb, T.

J. L., Orford, K. J., Turver, K. E., and Wailey,

G. M., 1981, Proc. 17th ICRC, Paris, 6, 121.

Clay, R. W. and Dawson, B. R., 1981, Aust.

J. Phys. 34, 591.

Danaher, S., Fegan, D. J., Porter, N. A., and

Weekes, T. C , 1981, Nature, 289, 568.

Dickey, J. M., 1983, Ap. J. (Letters), 273,

L71.



• 40 -

Dowthwalte, J. C , Gibson, A. I., Harrison,

A. B., Kirkman, I. W., Lotts, A. P., Macrae,

J. H., Orford, K.J., Turver, K.E., and Walmsley,

M., 1983 Astr. Astrophys., 126, 1.

DowChwaitc, J. C , Harrison, A.B., Kirkman,

I. W., Macrae, J. H, Orford, K. J., Turver,

K. E., Walmsley, M., 1984, Nature, 309, 691.

Eichler, D., and Vestrand, W. T., 1984, Nature,

307, 613.

Fazio, G. G., 1974, Meth. Exptal. Phys. vol.

12, Academic Press, New York.

Fomin, Yu. A., (Christiansen, G. B., Kulikov,

G. V., Nazarov, V. L., Silaev, A. A., Solovyeva,

V. I., Trubitsyn, A. V., 1985, 19th ICRC, 1,

259.

Galper, A. M., et al., 1977, Prbc. 16th ICRC

(Plovdiv), 1, 131.

Ghosh, P., Eisner, R. F., Weisskopf, M. C ,

and Sutherland, P. G., 1981, Ap. J., 251, 230.

Gould, R. J., 1983, Ap. J. (Letters), 274,

L23.

Greisen, K., 1956, Prog. Cosmic Ray Physics,

Vol. 3 (ed. Wilson, J. G., North-Holland,

Amsterdam).

Hara, T., Kamata, K., and Tanahashi, G., 1977,

Proc. 15th ICRC (Plovdiv), 8, 308.

Hermsen, W., 1983, Space Sci. Rev., 36, 61.



- 41 -

Hillas, A. M., 1984, Nature, 312, 50.

Jelley, J. V., and Galbraith, W., 1955, Jour.

Atmos. Terr, Physics, 6, 304.

Kifune, T., et al., 1985, Proc. 19th ICRC,

(La Jolla) 1, 67.

Lamb, R. C , Fichtel, C. E., Hartman, R. C ,

Kniffen, D. A., and Thompson, D. J., 1977,

Ap. J. (Letters), 212, L63.

Lamb, R. C , Godfrey, C. P., Wheaton, W. A.,

and Turner, T., 1982, Nature, 296, 543.

Lambert, A., Lloyd-Evans, J., Perrett, J. C ,

Reid, R. J. 0., Watson, A. A., and West, A.

A., 1985, Proc. 19th ICRC (La Jolla), 1, 71.

Lloyd-Evans, J., Coy, R. N., Lambert, A., Laplkens,

J., Patel, M., Reid, R. J. 0., and Watson,

A. A. 1983, Nature, 305, 784.

Morello, C , Navarra, G., and Vernetto, S.,

1983, Proc. 18th ICRC (Bangalore), 1, 127.

Morello, C , Navarra, G., Periale, L., and

Vallania, P., 1985, Proc. 19th ICRC (La Jolla),

1, 127.

Mukanov, J. B., Nesterova, N. M., Stepanian,

A. A., and Fomin, V. P., 1979, Proc. 16th ICRC

(Kyoto), 1, 143.

Neshpor, Yu. I., Stepanian, A. A., Fomin, V.

P., Gerasimov, S. A., Vladimirsky, B. M., and

Ziskin, Yu, L., 1979, Astrophys. Sp. Sci., 61,

349.



- 42 -

Page, D. N., and Hawking, S. W., 1976, Ap.

J., 206, 1.

Parslgnault, D. R., Schreier, E., Grindlay,

J., and Gursky, H,, 1976, Ap. J. (Letters),

209, L73.

Porter, N. A., 1984, Nature, 312, 347.

Protheroe, R. J., 1984, Nature, 310, 296.

Protheroe, R. J., Clay, R. W., and Gerhardy,

P. R., 1984, Ap. J. Lett., 280, L47.

Protheroe, R. J., and Clay, R. W., 1985, Nature,

315, 205.

Rana, N. C , Sadzlnska, M., Wdowczyk, J., and

Wolfendale, A. W., 1984, Astr.Astrophys.141,394.

Rees, M. J., 1977, Nature, 266, 333.

Samorski, M... and Stamm, W., 1983a, Ap. J.

(Letters), 268, L17.

Samorski, M., and Stamm, W., 1983b, Proc. 18th

ICRC (Bangalore), 1, 135.

Smith, G. R., Ogman, M., Buller, E., and Standll,

S., 1983a, Phys. Rev. LeU., 50, 2110.

Smith, G. R., Ogman, M., Buller, E., and Standil,

S., 1983b, Phys. Rev. D, 28, 7.

Stamenov, J. N., Ushnev, S. Z., Nikolsky, S.

I., and Yakovlev, V. I., 1983, 18th ICRC (Bangalore),

6, 54.

Stamm, W., and Samorski, M., 1983, Proc. 18th

ICRC, Bangalore, 1, 131.



- 43 -

Stephens, S. A., and Vertna, R. P., 1984, Nature,

308, 808.

Tonwar, S. C , Gopalakrishnan, N. V., and Sreekantan,

B. V., 1985, 19th ICRC, 1, 242.

Toyoda, Y., et al., 1965, Proc. 9th ICRC, (London)

2, 708.

van der Heuvel, E. P., and de Loore, C , 1973,

Astr.Astrophys., 25, 387.

Van der Klis, M., and Bonnet-Bidaud, J. M.,

1981, Astr. Astrophys..95, L5.

Vestrand, W. T., and Eichler, D., 19P2, Ap.

J., 261, 251.

Vladimirsky, , B. M., Stepanian, A. A., Fomtn,

V. P., 1973, Proc.l3th. ICRC (Denver), 1, 456.

Vladimirsky, B. M., Neshpor, Yu. I., Stepanian,

A. A., Fomin, V. P., 1975, Proc. 14th ICRC

(Munich), 1, 118.

Watson, A. A., 1985, Proc. 19th ICRC, (La Jolla),

Rapp. paper.

Weekes, T. C , Danahar, S., Fegan, D. J., and

Porter, N. A. 1981, Astr. Astrophys., 104,L4.

Weekes, T. C. and Helmken, H. F., 1977, Recent

Advances in Gamma-Ray Astron., ESASP-124, 39.

White, J., Porter, N. A., and Long, C. D.,

1961, Jour. Atmos. Terrestrial Phys., 20, 40.

Wolfendale, A. W., 1984, Rep. Prog. Phys. 47,

655.



- 44 -

FIGURE CAPTIONS

1. A Cerenkov light pulse recorded by the

two-photomultlplier system (a) displays similar

temporal features as a simulation event (b)

generated by flashing a pair of LED-lamps on

the top of the detectors for < 100 ns. Note

the shot-noise amplitude accompanying the Cerenkov

pulse in (a). One of the photomultiplier channels

is displayed in the inverted mode for convenience

of viewing. The digits at the top of each

frame give the event time in day of the year,

hour, minute and second.

2. Distributions of average event rates for

all the daily runs (a) and for part-runs when

R.A.~ 20h is at a zenith angle ^ < 40° (b)

and at ij" > 40° (c) are compared with

the corresponding Poisson fits with mean values

of (52 + ib.DtT1 for (a), (64 + U.3)h~1 for

(b) and (50.8 + U.SJh"1 for (c). While the

agreement with expectation is reasonably good

in (b) and (c), the observed distribution is

significantly wider in (a), mainly because

it is a composite of two Polssonian distributions

with appreciably different rates of (64 ̂

le^Jh"1 (b) and (50.8 + 14.5)h~1 (c). The

possible reasons why the mean rate has changed

when R.A. ^J 20h is at ^ < 40° are discussed

in the text, but this variation is not related
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to the detection in the Gulmarg data-stream

of a phase-dependent component of Cygr.us X-3

origin.

3. (a) Frequency distribution of A , the deviation

from the mean run value in the number of events

recorded In a time interval of 14.4min(i.e.

0.05 of the Cygnus X-3 period). The distribution

is found to be in reasonable Agreement with

the expected normal curve (standard deviation

<T-*> 25%) and reassures that the parameter

is not unduly influenced by the non-Poissonian

effects responsible for the shape of Figure

2a.

(b) Weighted average deviation, < A > for

all the days with an observation time of between

3-1Oh per night is plotted as a function of

the Indian Standard Time. No perceptible long-

term trend is evident, suggesting that the

detection system has remained fairly stable

during observations on various nights.

(c) The behaviour of A. as a function of

local time, as seen on 1976, January 3 and

4, two consecutive nights with the longest

observation time. No correlated long-term

behaviour is seen, suggesting that the detection

system was not particularly sensitive to long-

term changes in factors like ambient temperature

(expected to follow a similar hourly pattern
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on two contiguous days).

4. Monthly break-up of the total observation

time for the ON-source (if<40°), INTERMEDIATE

(40° < <4> < 70°) and OFF-source ( 4* > 70°)

situations ( v|/ is the zenith angle of Cygnus

X-3). Poor sky conditions have restricted

the ON-source observations mainly to the months

of May and June.

5. Periodograms derived from the Gulmarg data

for Cygnus zenith angle of ^ < 40° (a), 40°<

41 < 70° (b) and ^ > 70° (c) and obtained

by plotting < A ) , the weighted average deviation

from the mean run rate as a function of the

Cygnus X-3 phase (based on Parslgnault et al.

phase elements). Arrows indicate the position

to which the peaks seen in (a) and (b) shift

when van der Klis and Bonnet Bidaud ephemeris

is used. The dotted histogram at the bottom

of each panel gives the frequency (n) with

which a given 0 has been covered during the

three cases. (. &"} is plotted In units of standard

deviation. ( a1), which for a given phase bin

is typically r^ 15/-f"n(7.). The phase-averaged

mean rate is (15.78 + 10.28)bin~l in (a),

(12.81 + 0.32)bln"1 In (b), and (12.58 + O^JbliT1

and (12.79 +_ 0.24)bin"1 for the two phase-

histograms in (c). A comparison of the plots

convincingly demonstrates that the peak feature
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in (a) and (b) is related to Cygnus X-3.

6. A composite phasogram for ty< 70° (a),

obtained by using Parsignault et al. (1976)

ephemerls, is compared with that (b) based

on the Cygnus X-3 elements from van der Kits

and Bonnet-Bidaud (1981). Essentially all

the excess events seen at 0 = 0.6 in (a) shift

by 1 phase-bin to 0 = 0.55, as is expected

for the epoch 1976 - 1978. The number of times

(n) each phase bin has been covered is given

in (c); full-line for (a) and dashed-line for

(b). As in Figure 5, (. A } is plotted in

units of the standard deviation CT , which

typically is l

7. Phase-averaged photon flux estimate for

Cygnus X-3 as measured by several ground-based

experiments during the period 1976 - 1985.

A plausible integral spectrum ( ~ Z~r ' ; E—

is the photon energy) through the Kiel point

at 2 x 10 eV suggests apparent disagreement

with a single power-law spectral fit, a feature

which can get accentuated when it is recalled

that the UHE data points need to be corrected

for absorption by the 2.7°K background in the

Interstellar medium. Note the compatibility

of the Gulmarg upper limit for the 1984 epoch

with other more contemporary measurements.
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8 Integral photon spectrum of Cygnus X-3

( > 10l2eV) is r^plotted after correcting for

interactions with the cosmic microwave background

for an assumed source distance of 11.6 kpc*.

The fitted lines have a slope of -1.1 and are

representative of different mean observation

epochs. There is seen to be some support for

the view that the source luminosity around

1 PeV has been undergoing a long-term reduction,

at least from 1976, for which the earliest

observations in this energy region are available.

The average photon flux (1976 - 1984) above

1 PeV (derived from the measurements above 10 eV)

is shown in the figure by a diamond. When

compared with a similarly averaged value for

the TeV region (to remove short-term jitter

to which the air-Cerenkov observations are

particularly prone because of short observation

runs) on the basis of a -v E"I-° spectrum, the

latter (shown by a filled circle) is found

to be anomalously lower by a factor of/v 20,

possibly due to significant attenuation in

the infrared/optical field of the stellar com-

panion of the Cygnus X-3 binary system (see also

text for additional details).
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9(a) Cygnus X-3 photon flux above 1 PeV (after

correcting for the 2.7°K attenuation) Is plotted

against the observation epochs of several experi-

ments. A long-term reduction In the UHE If -ray

emission Is suggested In approximate aggreement

with an exponential law with a time constant

T/N/ 2.4y (equal weight being assumed for all

the data).

(b) Excess events recorded at Haverah Park

on a yearwise basis between 1979-1984 In the

Cygnus X-3 phase intervals 0 = 0.2 - 0.3 and

0 = 0.525 - 0.7. Positive excesses beyond

1 (T" noise-level Wo (Table 1) alone are regarded

as if -rays from the source In the present

analysis. As in (a), a decreasing trend is

again evident with T = 5.4y (all data) and 2.2y

(when 1984 signal is excluded). This independent

support for a long-term trend in the PeV source

luminosity Is important, for various uncertainties

possibly involved in comparing multi-station

observations are thus automatically removed.

10. Histogram shows Cerenkov event rates averaged

for the period January 1976 - December 1977

and plotted as a function of Right Ascension

(R.A.). A broad-peak is seen in the R.A. range

- 15 - 02h. Point-spread functions (PSF) of
4 ithe form r^i cos if* have been fitted to the

distribution to illustrate that the peak structure
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Is more compatible with contributions from

at least 2 point-sources at R.A. •~' 16h and

2Oh. Dotted line represents the sum of two

PSF contributions plus a background rate (dot-

dash line) of 47.7h~ . A plausible way of

reconciling the disproportionately large peak

amplitude with particle-detector array measure-

ments is discussed In the text as are various

probable technical reasons which can lead to

a spurious sidereal effect. This peak gets

flattened In the present phasogram analysis

and leads to a 217. increase in the phase-averaged

mean rate In Figure 5a compared with the cor-

responding values in Figures Sb and 5c.



TABLE 1

Possible Cygnus X-3 photon signal bL. detected at

Haverah Park (Lambert et a l . 1985) on a y?ar-

wlse basis between 1979-1984. It Is obtained

here by adding al l the excess events seen between

0 <* 0.2 - 0.3 and 0 - 0.525 - 0.7 provided each

such excess Is higher than the nolse-rejectlon

number N . The phase bins which meet this 1 O"

noise rejection criterion are also l isted against

the year of observation.

Year of Noise-Rejection Phase Bins Number
Observation Number (N ) (0) Contributing Excess

° Events

1979
1980
1981
1982
1983
1984

4.5
3.24
2.4
3.6
3.6
3.0

0.2,0.225,0.650
0.225, 0.65
0.225,0.25,0.55
0.275, 0.675
0.275
0.25,0.575,0.625

23.4
17.3
15.1
8.1
3.6

18.4
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