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Abstract

Muons recorded in the Soudan 2 underground nucleon decay detector from
January 1989 to February 1991 have been examined for any correlation with
the radio flares of Cygnus X-3 observed during this period. On two nearby
days during the radio flare of January 1991 a total of 32 muons within 2.0° of
the Cygnus X-3 direction were observed when 11.4 were expected.

Introduct ion In 1985 the Soudan 1 [1] and NUSEX [2] experiments reported
underground muons from the direction of Cygnus X-3. Other experiments [3,4],
observing at different times, seemed to contradict these results or could not exclude
signals at similar levels [5,6,7]. Recent Soudan 1 [8] and NUSEX [9] results for five
more years' exposure suggest that Cygnus X-3 is an episodic source of underground
muons.

Cygnus X-3 is notable for its large radio flares [10] when the flux rapidly increases
and then decays over several days. High energy gamma rays may have been observed
from Cygnus X-3 at the time of the 1973 and 1985 radio flares; these observations
are reviewed by Nagle et al. [11]. Soudan 1 reported an increased muon flux around
the time of the 1985 flare~[12]. In the last two years Cygnus X-3 has emitted three
large radio flares, on 2nd June 1989 (magnitude 17 Jy) [13], 21st July 1989 (18 Jy)
[14] and 21st January 1991 (15 Jy) [15]. Flares of 7 Jy and 10 Jy ocurred on 14th
August and 5th October 1990 [15].

The Soudan 2 experiment has routinely recorded muon data since early 1989 and
was most sensitive for the 1991 radio flare.

The Detector The Soudan 2 detector [16] is an iron calorimeter located in
the Soudan mine in N. Minnesota, USA, at a depth of 2090 mwe. It consists of
modules of interleaved corrugated steel sheets and .1.0 m long drift tubes. The
tubes are aligned N-S and are packed in a hexagonal pattern with ~18 mm between
centres. Electrons drift up to 0.5 m in a mixture of 85% argon and 15% carbon
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dioxide. Crossed anode wires and cathode pads facing the tube apertures collect the
ionisation. Track hits can be located to ~ 1 cm.

New modules are regularly added to the active detector whose size increased
from 4 m x 8 m x 5 m ( E-W, N-S and vertical dimensions) in early 1989 to
8 m x 9 m x 5 m in February 1991. It is often off during weekdays but normally
runs for fourteen hours per night and continuously at weekends.

Data Analysis A sample of 3.6 x 106 muons recorded between 21st January
1989 and 28th February 1991 has been analysed. Uncertainties in the alignment of
detector components and electromagnetic showers accompanying muons mean that
the limiting value of angular resolution, ~ 0.4°, due to multiple scattering in the
overburden has xiot yet been achieved. Di-muon events were studied to estimate
the angular resolution. For pairs close to the declination of Cygnus X-3 the median
value of the distribution of the angle between muons is 1.6° corresponding to an
angular resolution of ~ 1.0°. A cone of 1.6° around a source will yield the optimum
signal to noise ratio. To allow for possible systematic errors a 2.0° half-angle cone
was chosen a priori for the subsequent analysis.

The data were divided into calendar days starting at O'1 CST and the number of
events from the normal cosmic ray background expected in a 2.0° cone centred on
Cygnus X-3, Ntxp, was estimated for each day. JVelp varies considerably and depends
upon the size and livetime of the detector on the day in question.

Results Figure 1 shows the number of muons observed from the direction of
Cygnus X-3 on a given day versus the expected number, for all 696 days of obser-
vation. The 10~3 probability boundaries are shown. The days of January 20th and
23rd 1991 stand out. 16 events were observed on each of these days whereas the
expected numbers are 5.3 and 6.1 with P{> Nobs,Ncxp) = 1.3 x 10~4 and 5.7 x 10"4

respectively. On January 19th the 8 Glh radio flux from Cygnus X-3 rose rapidly
to peak at ~ 15 Jy on the 21st. It then decayed to ~ 3.5 Jy on the 25th after which
it commenced a period of low but variable intensity [15].

Fig. 1: The num-
ber of muons within
2.0° of Cygnus X-3
on a given day ver-
sus the number ex-
pected on that day
for 696 days of obser-
vation.
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Figure 2 shows the number of muons within 2.0° of the Cygnus X-3 direction per
day from the 31st December 1990 to 12th February 1991. The detector was off for
some hours on January 22nd (day number 752) so the expected number of muons is
less than for the neighbouring days.

Fig. 2: The num-
ber of muons within
2.0° of Cygnus X-3
plotted against day
number. Day 750 is
January 20th 1991.
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Figure 3 shows the angular distribution with respect to the Cygnus X-3 direction
of all muons observed on 20th and 23rd January 1991. The dashed line represents a
flat distribution normalised to give the background of 11.4 events in the Cygnus X-3
cone. The excess events fall in the first two bins which represent this cone. Elsewhere
the calculated background agrees with the data, providing an confirmation of the
background estimate.

If the excess muons are interpreted as being associated with Cygnus X-3, the
mucn fluxes on the 20th and 23rd of January 1991 are 8X1O"10 and 7 x lO-^cm-'s"1

respectively. The depth dependence of the excess muons is not distinguishable from
that of the normal cosmic ray background. The fluxes have been evaluated assuming
this dependence and reduced to 2090 mwe. There is no evidence for any excess muon
flux during the 1989 and 1990 radio flares although the detector was less sensitive.
The 95% confidence level upper limits for individual days during these four radio
flares are between 2.2 x K T ^ c m - V 1 and 13.9 x KT^cm-V 1 . Other experiments,
both underground and surface, reported negative results for the 1989 flares [17], [18],
[19].

The arrival times of the 32 excess muons observed on 20th and 23rd January 1991
have been converted to phases using the quadratic ephemeris of van der Klis and
Bonnet-Bidaud [20KThe phase plot for the 32 events and expected background are
shown in figure 4. The lack of recent X-ray observations to constrain the ephemeris
means that the absolute phases may be uncertain by as much as 0.1.



Fig. 3: The distribution of 92 for
muons on 20th and 23rd of January
1991. 6 is the space angle made by the
muon with the direction of Cygnus X-3.

Fig. 4: The phase plot for the 32
events observed on Jan 20th and 23rd
1991. The superimposed points show
the expected background.

It is difficult to calculate the probability that the observed excess is due to
fluctuations of the background since no tests were specified a-priori. One test,
which may be an underestimate, is to examine the hypothesis that the daily muon
rate during the January 1991 radio flare was consistent with the background rate.
The flare duration was defined as the 19th to the 25th January 1991 corresponding
to the duration of the major peak of the flare. L&,, the product of the Poisson
probabilities of obtaining the observed number of muons on each of the seven days,
was calculated. The chance of obtaining a value L^, or less was found numerically to
be 1.1 x 10~4. Since the data sample included five radio flares the overall probability
of a chance association is 5.5 x 1CT4.

Conclusion Excess of underground muons from the direction of Cygnus X-3
were observed on two nearby days during the January 1991 radio flare. The excesses
correspond to a flux of ~ 7.5 x 10"10 cm" !s"' at 2090 mwe. The chance probability
of this observation has been calculated to be 6 x 10~4, and although unlikely to be a
statistical fluctuation, confirmation will only be provided by other experiments and
future observations of radio flares.
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dioxide. Crossed anode wires and cathode pads facing the tube apertures collect the
ionisation. Track hits can be located to ~ 1 cm.

New modules are regularly added to the active detector whose size increased
from 4 m x 8 m x 5 m ( E-W, N-S and vertical dimensions) in early 1989 to
8 m x 9 m x 5 m i n February 1991. It is often off during weekdays but normally
runs for fourteen hours per night and continuously at weekends.

Data Analysis A sample of 3.6 x 106 muons recorded between 21st January
1989 and 28th February 1991 has been analysed. Uncertainties in the alignment of
detector components and electromagnetic showers accompanying muons mean that
the limiting value of angular resolution, ~ 0.4°, due to multiple scattering in the
overburden has not yet been achieved. Di-muon events were studied to estimate
the angular resolution. For pairs close to the declination of Cygnus X-3 the median
value of the distribution of the angle between muons is 1.6° corresponding to an
angular resolution of ~ 1.0°. A cone of 1.6° around a source will yield the optimum
signal to noise ratio. To allow for possible systematic errors a 2.0° half-angle cone
was chosen a priori for the subsequent analysis.

The data were divided into calendar days starting at Qh CST and the number of
events from the normal cosmic ray background expected in a 2.0° cone centred on
Cygnus X-3, Nexp, was estimated for each day. iVcxp varies considerably and depends
upon the size and livetime of the detector on the day in question.

Results Figure 1 shows the number of muons observed from the direction of
Cygnus X-3 on a given day versus the expected number, for all 696 days of obser-
vation. The 10~3 probability boundaries are shown. The days of January 20th and
23rd 1991 stand out. 16 events were observed on each of these days whereas the
expected numbers are 5.3 and 6.1 with P(> N^,, Ncxp) = 1.3 x lO"4 and 5.7 x 10"4

respectively. On January 19th the 8 GHz radio flux from Cygnus X-3 rose rapidly
to peak at ~ 15 Jy on the 21st. It then decayed to ~ 3.5 Jy on the 25th after which
it commenced a period of low but variable intensity [15].

Fig. 1: The num-
ber of muons within
2.0° of Cygnus X-3
on a given day ver-
sus the number ex-
pected on that day
for 696 days of obser-
vation.
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Figure 2 shows the number of muons within 2.0° of the Cygnus X-3 direction per
day from the 31st December 1990 to 12th February 1991. The detector was off for
some hours on January 22nd (day number 752) so the expected number of muons is
less than for the neighbouring days.

Fig. 2: The num-
ber of muons within
2.0° of Cygnus X-3
plotted against day
number. Day 750 is
January 20th 1991.

X

cj 13

§ 15
o

C\, 1 4
c

1 10

» 8
c

1 6
o

z 2

• Expected

"1

Tl
J"

'i
f i •••

W
I n . ,

• n

|

730 735 740 745 750 755

n

u r
• i . . . .

i

•

7^0 755 770
Dcy Numbe.'

Figure 3 shows the angular distribution with respect to the Cygnus X-3 direction
of all muons observed on 20th and 23rd January 1991. The dashed line represents a
flat distribution normalised to give the background of 11.4 events in the Cygnus X-3
cone. The excess events fall in the first two bins which represent this cone. Elsewhere
the calculated background agrees with the data, providing an confirmation of the
background estimate.

If the excess muons are interpreted as being associated with Cygnus X-3, the
muon fluxes on the 20th and 23rd of January 1991 are 8xlO~10 and 7 x 10"10cm"2s"1

respectively. The depth dependence of the excess muons is not distinguishable from
that of the normal cosmic ray background. The fluxes have been evaluated assuming
this dependence and reduced to 2090 mwe. There is no evidence for any excess muon
flux during the 1989 and 1990 radio flares although the detector was less sensitive.
The 95% confidence level upper limits for individual days during these four radio
flares are between 2.2 * H T ^ c r r r V 1 and 13.9 x K T ^ c n r V 1 . Other experiments,
both underground and surface, reported negative results for the 1989 flares [17], [18],
[19].

The arrival times of the 32 excess muons observed on 20th and 23rd January 1991
have been converted to phases using the quadratic ephemeris of van der Klis and
Bonnet-Bidaud [20].The phase plot for the 32 events and expected background are
shown in figure 4. The lack of recent X-ray observations to constrain the ephemeris
means that the absolute phases may be uncertain by as much as 0;l.
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Fig. 3: The distribution of 02 for
muons on 20th and 23rd of January
1991. 8 is the space angle made by the
muon with the direction of Cygnus X-3.

Fig. 4: The phase plot for the 32
events observed on Jan 20th and 23rd
1991. The superimposed points show
the expected background.

It is difficult to calculate the probability that the observed excess is due to
fluctuations of the background since no tests were specified a-priori. One test,
which may be an underestimate, is to examine the hypothesis that the daily muon
rate during the January 1991 radio flare was consistent with the background rate.
The flare duration was defined as the 19th to the 25th January 1991 corresponding
to the duration of the major peak of the flare. Lob,, the product of the Poisson
probabilities of obtaining the observed number of muons on each of the seven days,
was calculated. The chance of obtaining a value Lob, or less was found numerically to
be 1.1 x 10~4. Since the data sample included five radio flares the overall probability
of a chance association is 5.5 x 10~4.

Conclusion Excess of underground muons from the direction of Cygnus X-3
were observed on two nearby days during the January 1991 radio flare. The excesses
correspond to a flux of ~ 7.5 x 1(T10 cm^s" 1 at 2090 mwe. The chance probability
of this observation has been calculated to be 6 x 10~4, and although unlikely to be a
statistical fluctuation, confirmation will only be provided by other experiments and
future observations of radio flares.
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