
VOLUME 63 11 SEPTEMBER 1989 NUMBER 1I.

Upper Limit to the Flux of Neutral Particles from Cygnus X-3 above 5 x 10' ev

M. A. Lawrence, D. C. Prosser, and A. A. Watson
Deportment ofPhysics, University ofLeeds, Leeds LS2 9JT, United Kingdom

(Received 8 March 1989)

We have analyzed data recorded by the Haverah Park extensive air-shower array above 5x10' eV to
search for a neutral particle signal from Cygnus X-3 as reported by the Fly's Eye group. For the period
1974 to 1987 we obtained a 95% upper limit of 4x10 ' particlescm s ', in significant disagreement
with the Fly's Eye signal of (2.0~0.6)x 10 ' particlescm s '. The limit assumes that the neutral
particles are hadronlike. For y-ray primaries the limit is weakened to 8x10 ' photonscm s ' be-
cause of the reduced sensitivity of the Haverah Park array to photon primaries.

PACS numbers: 98.60.Ce, 95.85.gx, 97.80.Jp

The Fly's Eye group ' have reported evidence for an
excess of extensive air showers from the direction of
Cygnus X-3 at energies above 5x10' eV. The excess
was discovered in data recorded between November 1981
and May 1988. We have examined the arrival direction
distribution of events of comparable energy recorded by
the Haverah Park array during the period January 1974
to July 1987 (when the array ceased operation). We
find no evidence for a significant signal either in the
period of operation which overlaps with Fly's Eye or in
the earlier period. The limit derived from our complete
data set is significantly below that reported by the Fly's
Eye group.

A detailed description of the use of the Haverah Park
array for measurements of the energy spectrum and ar-
rival direction distribution of cosmic rays above 10' eV
has been given elsewhere. ' The angular resolution and
energy resolution of the Fly's Eye and Haverah Park in-
struments are similar and the groups have reported ener-

gy spectra ' which are in agreement at the 10% level
over the range 5 x 10' -5 x 10' eV relevant to the
present discussion. The arrays differ in that while the
acceptance of Fly's Eye is about 70 km sr at 10' eV,
the corresponding figure for Haverah Park is only 5.5
km sr. The acceptance of both arrays is quite strongly
energy dependent in this region. However, the Haverah
Park array has operated at nearly 90% efficiency
throughout the 13 years considered here while operation

of Fly's Eye, by necessity, is restricted to moonless
nights. The Fly's Eye is at a more favorable latitude
(40.2') for observing Cygnus X-3 than Haverah Park
(54.0'), and at the latter site accurate reconstruction is
restricted to zenith angles less than 60' because of dis-
tortions of shower symmetry caused by the geomagnetic
field. However, for the period 1 January 1982 to 31
July 1987 the number of events recorded at Haverah
Park is similar to the number of events recorded at Fly's
Eye from the region of interest (Fig. 1). The difference
between the two distributions at I )95 reAects the
more northerly latitude of the Haverah Park array. It is
clear that no signal as striking as the excess observed
with Fly's Eye is present in the Haverah Park data set.
The run time during this period was 1.6x10 s, and 9750
events above 5&10' eV and with zenith angles less than
60' were registered.

Before making a more detailed comparison of the re-
sults from the two experiments the angular resolution of
the Haverah Park array will be discussed. The array
consisted of a number of deep, large-area water-
Cherenkov detectors deployed over 12 km . The array
was triggered by signals in three of 4&&34-m detectors,
three of which lay on the circumference of a circle of
500-m radius centered on the fourth. These detectors
also provided timing signals which were used to measure
the shower direction. Several studies of the random and
systematic errors in shower size have been made and are

1989 The American Physical Society 1121



VOLUME 63, NUMBER 11 PHYSICAL REVIEW LETTERS 11 SEPTEMBER 1989

140

120-

a) 00-
O

80-

Cyg X-3
Q)

O

248
70

60-

50-

296

Cyg X-3

344

4A
—1a

40-

20-

0 f 1

-10
1

40
3 W t

90 140
galactic longitude

I
I
I
I

t
I
I

I
I

190 240

600-

+1a550------

FIG. l. The number of showers recorded at Haverah Park
(solid Line) and Fly's Eye (dashed line) for a 10'-wide strip in

galatic latitude, centered on b + 1 . The Fly's Eye data are
from Fig. 1 of Ref. 1. Each bin covers 15 in galatic longitude
and the bin upon which Cygnus X-3 is centered is indicated.
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summarized elsewhere. These suggest that the angular
accuracy is well described by Gaussian distributions with
deviations,

o.~ 2.5 sec0, for 0 & 0~60
crt 2.5'cosec0, for 15' & 0~ 60

In addition to these studies, we have made two indepen-
dent checks on the pointing accuracy of the array.

(i) A group from Durham University operated on ar-
ray of air-Cherenkov light receivers adjacent to several
of the central water-Cherenkov detectors. Work report-
ed by Craig, McComb, and Turver confirmed the point-
ing accuracy and the error estimates given above.

(ii) Since March 1986 the Leeds group have operated
an array of 32x0.8-m scintillation detectors' designed
for optimum angular resolution for ultrahigh energy y-

ray astronomy. This array is located about the center of
the 12-km array and during the period March
1986-July 1987, 196 events above 10' eV were record-
ed by both instruments. The rms space-angle difference
between the arrival directions determined from the two
arrays is 2.4~0.1; separate studies" suggest that the
scintillator array has an angular point spread function
width of less than 1 for the largest events.

These comparisons provide clear evidence that the ab-
solute pointing of the array is not in error, in addition to
confirming the angular resolution estimates.

In reconstructing the arrival directions an average ra-
dius of curvature R of the shower front was used which
is described by'

R j1.9+3 logio[10p(600)]}(sec8) ' km,

FIG. 2. The number of showers recorded as a function of
right ascension for 15 bins, 8 wide, centered on Cygnus X-3.
The upper histogram is for bins which are 6 wide in declina-
tion while the lower histogram shows the number of events for
declinations above —6 .

where p(600) is the water-Cherenkov density at 600 m
from the shower core. The relationship between p(600)
and energy is

E ~7.04 x 10' p(600) ' ' eV

for vertical showers. Uncertainties in R (which are ex-
pected from Auctuations in shower development) of ap-
proximately ~20% lead to additional uncertainties in
the direction of 0.7'. Thus the solid angle uncertainty of
5.5 & 10 sr is comparable to the 2 x 9 uncertainty
typical of Fly's Eye events. '

The long and nearly continuous operation of the
Haverah Park array makes it convenient to discuss ar-
rival direction distributions in right ascension (RA) and
declination (8). The prior expectation is that the events
will be uniformly distributed in the former coordinate if
the arrival direction distribution is isotropic. While
broad anisotropies described by first harmonic ampli-
tudes of a few percent possibly exist' no point source
had been claimed at such high energies before the report
of Cassiday et al. In Fig. 2 we show the distribution in
events for 120 of RA centered on Cygnus X-3. Bins in
RA are 8' wide: In the upper part of the plot the de-
clination strip is 6 wide, while in the lower section
events summed over —6 & b ~ 90 are presented. We
find no excess in the bin centered on Cygnus X-3. The
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TABLE I. The number of events, N, observed in the 8 x6
bin centered on Cygnus X-3 are listed with the mean back-
ground, B, calculated from 44 identical off'-source bins in the
same declination strip. Data are shown as a function of energy
both for the period of overlap with Fly's Eye and for the whole
observing period.

Energy (eV)
1982-1987

N 8
1974-1987

N 8
& 5~10I7
& 1x10"
& 2x10'
& 4~10"

11
8
3
2

20.0
7.6
2.6
0.8

40
18
9
6

46. 1

17.3
5.8
1.9

exposure of the array in right ascension, as judged by the
number of events recorded, is uniform over the range of
interest, at at level consistent with that expected from
previous work. '

In Table I we show the number of events, N, observed
in the 8'&&6' source bin and the mean background 8
(estimated from 44 identical off-source bins in the same
declination strip) as a function of epoch and energy. The
fraction of point-source events which fall in the source
bin is approximately 0.7, the bin having been selected as
a compromise between what would be appropriate for
the best and worst accuracies of Eq. (1). The effective
acceptance for the whole observation period above
5 x 10' eV is 3.7 x 10' cm s. Hence for the Aux

[(2.0 ~0.6) x10 ' cm s 'I reported by the Fly's
Eye group above the same energy, a signal of 52~15
would have been expected above a background of 46.1;
for the overlap period the corresponding expectation is
23 ~ 7 above 8 20.0.

An upper limit to the Aux from our result can be de-
rived using conventional methods. ' The 95% upper lim-
it of the signal, for the whole observing period above
5&10' eV, is 10.9 events. Assuming that the energy
spectrum of the hypothetical neutral primaries is the
same as that of cosmic rays and adopting an integral in-
tensity of 8.2 && 10 ' cm s ' sr ', we derive an
upper limit to the flux of 4x10 —is particlescm

—2s —i

For the period 1 January 1982 to 31 July 1987 which
overlaps most of the Fly's Eye observation period the
95% estimate of the Aux is 5 x 10 ' particles cm s

The Auxes and expected numbers have been calculated
on the assumption that the sensitive area of the Haverah
Park array is that appropriate to hadronic primaries. In
particular, the collecting area for neutron primaries will
be identical to that for protons. The Haverah Park array
is, however, somewhat less sensitive to y rays than to ha-
dronic primaries at these energies (assuming that the p
component is suppressed in y-ray showers as expected).
The appropriate collecting area has been evaluated using
a lateral distribution which was computed for y-ray pri-
maries during an early search' for a diffuse y-ray back-

ground above 5&10' eV. For this calculation a one-
dimensional treatment was adopted down to electron and
photon energies of 1000 GeV, below which a three-
dimensional treatment, down to 4 MeV, was used. The
characteristics of the water-Cherenkov detectors were in-
cluded in the evaluation of p(600), the Cherenkov densi-
ty. From this calculation we derive the appropriate ac-
ceptance, for the whole observation period, above
5x10' eV to be 1.7x10' cm s so that the upper limit
to the flux of y-ray primaries is 8x10 —is cm

—2s —i

The conAict between the two experimental measure-
ments is thus less sharp.

The Fly's Eye group' adopted an ingenious method to
obtain contour plots of the intensity in the sky region
near Cygnus X-3. We have developed a similar tech-
nique but find no peaks in the contour distributions
greater than expected by chance. We have also period
analyzed our data using the Molnar ephemeris adopted
by the Fly's Eye group. Data were binned in phase in-
tervals of 0.1 and 0.05 but no significant peaks were ob-
served: In particular, we find no evidence for emission
near phase zero as observed by the Fly's Eye group
above 5 x 10' eV ' and at 10' eV. 's

Above 4x10's eV (Table I) there is an excess of 4.1

events above an expectation of 1.9. The Poissonian prob-
ability of observing 6 or more when 1.9 are expected is
0.013. Exposure of much larger areas than presently
available is clearly needed.

In conclusion, we have no evidence to support the con-
tention that there is a beam of neutral particles from
Cygnus X-3 at a flux as high as that claimed by the Fly's
Eye group.

We are grateful to United Kingdom Science and En-
gineering Research Council for continuing support of the
Haverah Park project. We thank the Fly's Eye group for
sending us details of their report prior to publication.
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