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Evidence for 10' -ev Neutral Particles from the Direction of Cygnus X-3
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Analysis of the cumulative Fly's Eye data reveals an excess of air showers from the direction of
Cygnus X-3 at energies above 0.5&&10' eV. No point source has previously been identified at such high
energies. The probability of this excess arising as a chance clustering of isotropic cosmic rays is

6.5X10 . The inferred signal flux is (2.0+'0.6) X10 ' particles/cm s. The Cygnus X-3 4.8-h

periodicity is weakly present in the data.

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

We report results from an analysis which examines the
arrival directions of extensive air showers obtained by
the Fly's Eye detectors. ' Such a study could detect point
sources of EeV (10' ev) cosmic rays, since accelerated
hadrons would produce neutral hadrons and y rays
through interactions with surrounding matter and in-

frared radiation. Cygnus X-3 is a priori the outstanding
target of a point-source search since it is the one
northern-hemisphere source which has been detected at
energies as high as 10' eV. Numerous detections of
Cygnus X-3 with air-shower techniques have been re-
ported at energies ranging from 3 x 10"eV up to 2 x 10'
eV. ' Taken together, these detections indicate that the
flux from Cygnus X-3 has a spectrum which is flatter
than the cosmic-ray spectrum. The 4.8-h x-ray period
has been featured in most of the detections, although
there are also reports of unmodulated emissions from
Cygnus X-3. ' Intermittency of the detections suggests
that the Aux is episodic.

The Fly's Eye detectors located at latitude 40.2 in

Dugway, Utah, have a 2x steradian angular acceptance
and operate year round during moonless nights. The
effective collecting area for the detection of showers by
atmospheric scintillation grows with shower energy,
starting at 0.1 EeV. Above 0.5 EeV, shower acceptance
is not sensitive to small gain changes in the detector sys-
tem. Only showers above this safe cut are included in

the present analysis. The air-shower data set has been
accumulated from November 1981, through May 1988,
excluding the months from June through October of
1985, during which time the detectors were turned off'

for the installation of uv-passing filters. The data in-

clude 5609 well-reconstructed showers above 0.5 EeV.
The second Fly's Eye has been operational since No-
vember 1986, and 1107 of the showers detected by both
Eyes have been reconstructed with greater precision
stereoscopically.

Evidence for an excess from the Cygnus X-3 direction
emerges with little processing of the Fly's Eye data. In
Fig. 1, shower counts are plotted as a function of galactic
longitude for bins centered on the Cygnus X-3 galactic
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FIG. 1. The number of showers vs galactic longitude. Each
bin is 10 wide in galactic latitude, with its center at latitude
+ 1 . The bin with the most counts is centered to the nearest
degree on Cygnus X-3.

latitude. The Fly's Eye exposure accounts for the
smooth variation of bin counts with longitude, but not
the narrow excess near 80 where Cygnus X-3 lies.

For a detailed analysis of the shower excess at Cygnus
X-3, we use a computational procedure which is intended
to optimize sensitivity to point sources. It maximizes the
usable data sample by taking advantage of shower-by-
shower information about directional uncertainties. It
deals with continuous functions on the sky and so avoids
the difhculties inherent in procedures which segregate
showers into discrete bins. A technique has also been
developed for the handling of the Fly's Eye's irregular
exposure in sidereal time. The analysis method will be
explained in full elsewhere, but a brief description fol-
lows. The hypothesis of cosmic-ray isotropy will be used
in the evaluation of the expected intensity from the
Cygnus X-3 region.

Each shower's direction is represented by a probability
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distribution (or density function) on the celestial sphere.
The distribution is centered on the shower's direction of
origin given by the best-fit geometrical reconstruction,
and the widths of the distribution depend on the errors
associated with the determination of that direction. (For
a typical shower, the constant-probability contours are
highly elliptical because the shower"s track across the sky
determines a great circle with an average error of only
2', whereas an average error of 9' occurs in the deter-
mination of the direction of origin within the great cir-
cle. ) At any point of the sky, summing of the density
function for all showers gives the total shower density
(showers/deg ). Each shower's energy is represented by
a probability distribution over energies, the width of
which depends on the quality of the measured profile of
its longitudinal development. ' An energy cut can be im-

plemented by multiplication of each shower's density
function by the probability that its energy passes the cut.
If the ~eight of a shower at a point of the sky is defined
to be this rescaled density function evaluated at the
point, then the total shower density at a point is simply
the sum of all shower weights at that point. The smear-
ing of each shower's energy reduces the dependence of
results on the precise value of an energy cut, and the
smearing of each shower s direction yields a continuous
function for the total shower density, so no binning is re-
quired for its evaluation at any point of the sky. %"hen
the actual Fly's Eye data set is used to evaluate the total
shower density at a point, that density will be called the
actuaI density at the point. .

Celestial anisotropies can be discerned by comparison
of the actual data set with an ensemble of simulation
data sets which are derived from the actual data set un-
der the assumption that the Fly's Eye is responding to an
isotropic particle intensity. If the particle intensity were
isotropic, then there should be a time-independent Aux
from each direction in local detector coordinates (e.g. ,
declination and hour angle). In that case, a shower
detected with particular local coordinates could have ar-
rived with equal probability at any other time of a
shower detection. The simulation data sets simply ex-
ploit this property. Each simulation data set is con-
structed from the actual data set by our changing every
shower's sidereal time of detection to a diA'erent value
selected at random from the actual sidereal detection
times, while preserving the shower s original declination
and hour angle. For any point of the celestial sphere, the
total shower density can be evaluated by each simulation
data set, so the ensemble of simulation data sets deter-
mines a distribution of values for the density at that
point. The mean value of that distribution defines the
expected density at the point. The fraction of the simu-
lation data sets in which the density exceeds the actual
density measures the probability that a density as great
as (or greater than) the actual density would occur if the
particle intensity were isotropic.

These methods give a density excess at Cygnus X-3 of
68%+ 16%, with a chance probability of 6.5&10 . As
one consistency check on the method, a similar probabili-
ty evaluation was performed for an array of 1055 sky lo-
cations with a nearest-neighbor separation of 5 . The
distribution of these probabilities difI'ers little from a
uniform distribution, and none of them was as low as the
probability at Cygnus X-3.

The present study excludes showers with energies less
than 0.5 EeV. Although the Fly's Eye detects showers of
lower energy, the detector's acceptance increases rapidly
with energy for such showers, and that energy depen-
dence of the acceptance below 0.5 EeV has varied
markedly with operating conditions. Special techniques
will be necessary to study possible excesses below 0.5
EeV. Higher-energy cuts can be tried at the expense of
reducing the data set. The statistical significance of the
excess persists as the energy cut is moved from 0.5 to 4.0
EeV. For example, above 1 EeV the excess is
81% +' 24% with a chance probability of 3.9 & 10
above 2 EeV it is 170%+ 40% with a probability of
9.0x10; above 4 EeV it is 320%+ 71% with a proba-
bility of 6.7x10

To determine the implied flux from Cygnus X-3,
artificial signal showers were included in simulation data
sets by our taking some randomly selected showers and
moving them to the Cygnus X-3 location, but ofI'set from
it by sampling from each shower's angular error distribu-
tion. The number of artificial signal showers was adjust-
ed until the mean density in those simulations matched
the actual density at Cygnus X-3. This occurred when

FIG. 2. Cygnus X-3 is at the center of this contour plot.
The plot is 20 &&20, with declination increasing vertically and
right ascension increasing to the left. (The horizontal dimen-
sion is 20' true, not 20' of right ascension. ) The dots are
points of the galactic plane separated by l of longitude. The
contour lines map the significance of shower density excess as
described in the text. Their a values are 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, an(1 4.0.
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(25 showers)/(1. 25 x10' cm s) =2.0x10 ' /cm s.
The uncertainty in this number is 30%. This arises in
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the number of artificial signal showers above 0.5 EeV
was 25 (which, because each shower has only a probabil-
ity for being above 0.5 EeV, required an average of 60
artificial signal showers). The expected density at
Cygnus X-3, based on the isotropic simulations without
any artificial signal, is 0.26 showers/deg . Together with
the known isotropic cosmic-ray intensity of 6.8x10 /
cm s sr above 0.5 EeV, this gives an eff'ective product of
collecting area and running time equal to 1.25 x 10' cm
s. The Cygnus X-3 Aux above 0.5 EeV is then estimated
to be

part because of the 16% uncertainty in the 68% excess,
which is evaluated by fluctuations in the isotropic simu-
lations. Even if the 68% excess had no uncertainty,
however, there is a spread in the number of showers
(25 ~ 6) which can produce the excess. (Relatively few
artificial signal showers of high weight at Cygnus X-3
can produce the same excess as more such showers with
lower weights. ) Multiplication of the above particle flux

by the minimum energy (0.5 EeV) gives an estimated
energy flux of 10 eV/cm s. If the source is 11 kpc away
and emitting isotropically, this implies a power output of
2.3 x 10"ergs/s.

Figure 2 shows the significance of tne density excess as
a function on the sky in a region centered on Cygnus X-
3. The number of o. at any sky location is given by
(p,« —p»m)/8. Here p„t is the actual density, p„ is the
expected density, and the denominator 6 is the rms devi-
ation of density values for that sky location. The func-
tion plotted in Fig. 2 should be compared with similar
functions derived with simulations which include
artificial signal showers, as described above. A quantita-
tive way to do the comparison is to find the center and
width of the Gaussian which best fits each function. In
simulations, the centers are displaced from the true
source location by an average 3.1, whereas the offset is
2.6 for the function of Fig. 2. The excess plotted in Fig.
2 is found to be broader than the average simulation
function, only 15% of the simulation functions having
widths as great or greater.

The recent Molnar ephemeris' has been used for
analysis of the Cygnus X-3 4.8-h periodicity. Figure 3
shows the phase dependence of the actual density. A
previous observation at lower energy found evidence for
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FIG. 3. (a) The full available information about the Cygnus
X-3 4, 8-h phase dependence by our plotting for each phase the
fraction or" the total density which arrived with lower phase
values. The 45 line is the expected curve in the absence of
periodicity. (b) The density which arrived in each of ten phase
bins. The solid horizontal line shows the expected density
(based on isotropic simulations), and the dotted lines indicate
the rms deviation in the expected density for a single bin.
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FIG. 4. Plotted are the 25 showers of highest weight con-
tributing to the density at Cygnus X-3. The abscissa is the
4.8-h phase. The ordinate is "running time" from 0 to 4075
showers, as explained in the text.

385



VOLUME 62, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1989

emission near phase 0, similar to that indicated in Fig. 3.
A modified Rayleigh test has been used to test for
periodicity in the actual data, the modification being
necessary because each shower has a weight. The Ray-
leigh vector is computed in the usual way, but with
weighted showers. The significance is measured by per-
formance of simulations, with the actual set of shower
weights with random phases. (The cumulative Fly's Eye
exposure is almost uniform in phase. ) The computed
Rayleigh vector has a phase of 0.17 and its length is ex-
ceeded in 12% of the simulations. Figure 4 shows the 25
showers of greatest weight at Cygnus X-3. The abscissa
of the plot is the 4.8-h Molnar phase. The ordinate is
the Cygnus X-3 exposure time. It increases by one unit
each time a shower of any energy is detected "while
Cygnus X-3 is detectable. "

Cygnus X-3 is regarded as
detectable at a shower s arrival time if it is within 45 of
the zenith at that time or if its zenith angle is less than
that of the shower detected. The figure suggests that
Cygnus X-3 was relatively active near the start of the
Fly's Eye data. The figure does not show an obvious evo-
lution of emission phase.

Since the longitudinal development curve expected of
a y-ray shower is similar to that of a neutron-initiated
shower at EeV energies, it has not been possible to deter-
mine whether the Cygnus X-3 excess is due to y rays,
neutrons, or both. A neutron flux is possible because rel-
ativistic time dilation causes the lifetime for EeV neu-
trons to be comparable to the speed-of-light travel time
from Cygnus X-3. The probability for survival against
decay is given explicitly by

P =exp( —0.108D/E),

where D is the source distance in kpc and E is the neu-
tron energy in EeV. If a=11 kpc for Cygnus X-3, then
the survival probability is 0.3 at E=1 EeV, for example.
Possible reasons to expect a neutron flux can be cit-

d 11,12

In conclusion, there is evidence in the Fly's Eye data
of neutral particles above 0.5 EeV from the direction of
Cygnus X-3. This is the first direct sign of EeV cosmic-
ray acceleration within the Galaxy. Additional studies
at these energies may be able to resolve questions con-
cerning the Cygnus X-3 periodicity, the type of neutral
particles (neutrons or photons), spectral properties, and
evolution of the flux.
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