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MUON ASTRONOMY WITH THE MACRO DETECTOR
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ABSTRACT

We have analyzed a sample of 1.8 x 10° muons with E, 2 1.3 TeV collected by the first and second super-
modules of the MACRO detector at Gran Sasso during the period 1989 February to 1991 February. We have
searched for an excess of muons of celestial origin over cosmic-ray background. Our search for steady sources
in solid angle bins of AQ = 3°0 x 3°0 in the declination range —5° < & < 90° was negative; the upper limit
with 95% C.L. to the muon flux at mid-latitudes (6 ~ 45°) is J5**¥ <2 x 1072 cm~2 s~ '. In addition, we
have searched for muon excesses modulated by the orbital period of selected X-ray sources, mcludlng Cyg X-
3, Cyg X-1, Her X-1, 4U 0115+ 63, and 4U 1907 +09. For Cyg X-3 we obtained an upper limit with 95% C.L.

of Jired < 88 x 10_13 cm 2 s

~1. Further, we have no evidence of any bursting activity from Cyg X-3, during

our search period, which 1ncludes the radio outburst of 1991 January.
Subject headings: elementary particles — gamma rays: observations

1. INTRODUCTION

During the period 1975-1985 there appeared a growing
body of experimental evidence for the existence of UHE y-rays
from the direction of point sources like the bright X-ray binary
Cyg X-3. For these sources, the integral y-ray flux at TeV ener-
gies is like that measured for Cyg X-3, N(>E,) = KE, %, where
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o = 1.1 + 0.1 (Nagle, Gaisser, & Protheroe 1988). One striking
feature of the Cyg X-3 signal in particular was that the showers
were not “muon poor,” as expected for electromagnetic
showers (Auriemma, Bilokon, & Grillo 1984; Stanev, Vankov,
& Halzen 1985; and Berezinsky et al. 1988).

In addition, two underground experiments reported excesses
of TeV muons pointing to the direction of Cyg X-3: Soudan 1
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(Marshak et al. 1985a, b) and NUSEX (Battistoni et al. 1985).
The most compelling evidence for the association of the muons
with Cyg X-3 was the modulation of the muon arrival time
with the 4.8 hr orbital period of the source.

Since 1986 further experiments have only been able to place
upper limits on the UHE y-ray flux from any point source
(Weekes 1991). All sources previously reported, for example,
Cyg X-3, Her X-1, and 1E 2259 + 59, have not again been posi-
tively identified. Further, investigations with the underground
detectors Kamiokande (Oyama et al. 1986), Fréjus (Berger et
al. 1986), IMB (Bionta et al. 1987), and Homestake (Corbato
1989), as well as early studies with MACRO (Petrakis 1990),
failed to detect any significant muon excess from any source.
During this period, only one positive underground muon
signal has been reported. The Soudan 2 collaboration reported
a burst of muons from Cyg X-3 with a flux of ~7.5 x 1071
cm~ 257! at 2090 m of water equivalent (m.w.e.), unmodulated
by the X-ray period, during a large radio flare in 1991 January
(Thomson et al. 1991).

The continuing interest in the detection of muons from
cosmic sources comes from the fact that there is no simple
explanation within the framework of the standard model of
particle physics for such an observation. For muons to pre-
serve source directionality and phase, the primary interacting
particle must be low mass, long-lived, and neutral. The most
likely neutral primary is a y-ray since the zenith angle distribu-
tion of the muons seemingly rules out neutrinos (see, e.g.,
Ruddick 1985, 1986; Berezinsky, Ellis, & Ioffe 1986; Collins &
Olness 1987). For a y-ray primary to produce a muon above
the MACRO threshold, it must have an energy E, > 3 TeV.
Only two sources, the Crab Nebula (Vacanti et al. 1991;
Baillon et al. 1991) and Mrk 421 (Punch et al. 1992), are known
to emit photons exceeding this limit. Using the results of Bere-
zinsky et al. (1988), the expected flux of muons from the Crab
Nebula (o« = 1.4) is J(E, >3 TeV) ¥ 10" ** cm 2 57!, a flux
well below the sensitivity of the present search. The situation
concerning Cyg X-3 is of course more controversial. However,
using the upper limit with 95% confidence (C. L.) given by
O’Flaherty et al. (1991), J(>1 TeV) <39 x 10 ** cm ™25 1,
the limit to the Cyg X-3 muon flux (x = 1.1) is <107 !4 cm ™2

~!. This limit is beyond the sensitivity of the present search
although it could be reached eventually with the full MACRO
detector running for several years.

Consequently, the search for muon emission from point
sources in the present investigation is a search for exotic pro-
cesses. Perhaps there are sources that produce unknown, long-
lived, neutral particles with typical hadronic interactions (see,
e.g., Auriemma, Maiani, & Petrarca 1985; Baym et al. 1985).
Or perhaps y-ray interactions in the atmosphere at extreme
energies involve unexpected processes above ~1 TeV, as
suggested by Drees & Halzen (1988) and Yock (1991). Another
intriguing possibility is that neutrinos contain strongly inter-
acting preons at a mass scale of ~1 TeV (Domokos &
Nussinov 1987).

In this paper we reconstruct the direction of the muons seen
by MACRO to survey the sky for steady pointlike sources of
muon excesses over the cosmic-ray background in the decli-
nation range —5° < ¢ < 90°. Throughout these investigations
we make the assumption that the intrinsic angular spread of
the muons (or of the primaries) is small compared with the
spread introduced by multiple Coulomb scattering and other
electromagnetic processes in the rock. In addition, we have
made a more sensitive search for a muon signal from several
candidate UHE emitters by using a known periodicity to
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improve signal-to-noise ratio. Finally, we have searched our
list of candidate point sources for bursting behavior similar to
that reported for Cyg X-3 during its 1991 January radio flare
(Thomson et al. 1991).

2. THE MACRO EXPERIMENT

The MACRO (Monopole, Astrophysics, Cosmic Ray
Observatory) detector is a large-area, underground experiment
designed to search for rare components of cosmic radiation
(monopoles, nuclearities, etc.); to search for high-energy neu-
trinos and muons from cosmic point sources; to detect low-
energy neutrinos from stellar collapse; and to acquire a large
sample of multiple muon events from cosmic-ray showers for
the investigation of the primary cosmic-ray composition above
the “knee.”

MACRO is located in Hall B of the Gran Sasso National
Laboratory (LNGS) at latitude 42°27' N, longitude 13°34' E, at
average depth of 3800 m.w.e., and at 963 m above sea level.
When completed, the MACRO detector will have dimensions
72m x 12m x 10 m, providing an acceptance for isotropic
particle fluxes of 4. Q ~ 10,000 m? sr.

The first supermodule of the MACRO detector is fully
described in Ahlen et al. (1993). The main components are a
streamer tube system, a scintillator system, and track-etch
detector. The streamer tube system is primarily designed for
accurate tracking of muons and slow monopoles. The func-
tions of the scintillator system are to make precise timing mea-
surements of through-going muons for the discrimination of
upward from downward trajectories, to record the waveforms
of muons and monopoles, and to detect low-energy neutrinos
from stellar collapse. The purpose of the track etch system
is to aid in the identification of relatively fast monopoles.
The general layout of the full MACRO detector is shown in
Figure 1.

The analysis reported in this paper depends primarily on the
streamer tube tracking system of the lower deck of the first two
supermodules. Each supermodule consists of 10 horizontal
planes of streamer tubes operating in the limited streamer
mode; in addition there are six vertical planes on each exterior
side. The spacing between the central streamer planes is par-
tially filled with rock corresponding to ~60 g cm™?2; the
threshold for a u traversing the apparatus in the vertical direc-
tion is ~2 GeV. Each plane of streamer tubes is read out
by wires and pick-up strips at a stereo angle of 26°5 which
allow the reconstructlon of the hit position within ¢, 4+ o, =
1.4 x 1.1 cm?. In the track reconstruction procedure, a search
is first made for a set of aligned points. A linear fit to these
selected points is then performed, and the track parameters are
calculated.

The statistical uncertainty in the direction of reconstructed
tracks of the first MACRO supermodule has been experimen-
tally determined by measuring the space angle between the
tracks of double muon events. The distribution of these angles
is shown in Figure 2. In this distribution approximately 68% of
the events have a space angle <1°4, which implies a statistical
uncertainty in pointing 194/2!/2 ~ 1° (1 ¢). This uncertainty is a
convolution of several factors. The main contribution is due to
multiple Coulomb scattering as the muons traverse the rock
overburden. In addition, there is the contribution due to the
intrinsic resolution of the detector, which corresponds to an
uncertainty of 0248 (1 o) (Ahlen et al. 1993). The systematic
errors in the absolute pointing are estimated to be <0°25,
based on a survey from geographical references outside the
tunnel.
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F1G. 1.—General layout of the full MACRO detector in Hall B of the Gran Sasso Laboratory

For the muon astronomy studies reported here, we have
conservatively chosen 1°5 as the radius of the search window.
This window would contain 81% of the muons originating
from a point source.

3. DATA SELECTION

The muon data reported here were collected by the first
MACRO supermodule (12 m x 12 m x 4.8 m) during two
extended periods, and by the first and second MACRO super-
modules (24 m x 12 m x 4.8 m) during a third. For each of
these three data sets, the dates and the number of active super-
modules are given in Table 1.

The muon detection efficiency is the product of the trigger
efficiency, €,, and the track reconstruction efficiency ¢,. In our
apparatus, €, > 99% due to multiple triggering schemes.
However, the track reconstruction efficiency differs more sig-
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Fi1G. 2—Distribution of the the space angle A® between reconstructed
tracks in double muon events. Over 68% of the events fall within the cross-
hatched region.

nificantly from 1 because of its dependence on factors like the
efficiency of the streamer tubes and the requirements of the
reconstruction procedure (viz., >4 of 10 planes hit). We have
evaluated €, on a run-by-run basis by selecting clean muon
events using two separate scintillator triggers. We used scintil-
lator information alone for this sample of muon events in order
to keep it free from the bias of using streamer tube information
to define the efficiency of the streamer tube system. We have
investigated the possibility that a hot scintillator box could
generate spurious muon events as selected by our criteria. Our
studies demonstrate that such spurious muon events are too
few to affect significantly our computation of the efficiency.

This sample shows that €, has a Gaussian distribution with a
mean of €, ~ 0.81. The factor that reduces the track reconstruc-
tion efficiency most significantly is its dependence on track
length, in the sense that shorter tracks have a lower probability
of being reconstructed. In particular, corner clippers are likely
to trigger the apparatus, although they are unlikely to give a
reconstructed muon track. The €, quoted above is an average
over all track lengths and should be regarded as a conservative
estimate.

During data taking period 3, no scintillator trigger was in
operation on the second supermodule (SM2). We have esti-
mated the muon detection efficiency in SM2 during this time to
be that of SM1, scaled by the ratio of the number of recon-
structed tracks in SM1 and SM2.

For each data set, we list in Table 2 the number of events
with reconstructed streamer tube tracks. We then applied two
general types of cuts to these events, those which eliminate
entire runs and those which target specific types of events
within a run. The following types of runs were cut: (1) Runs

TABLE 1

PARAMETERS OF MUON DATA SETS

Set Number Period of Data Taking SMs Active
| 1989 Feb 27 -1989 May 30 1
2 1989 Nov 11-1990 May 10 1
3 1990 May 10-1991 Feb 5§ 1,2
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TABLE 2
EVENTs LosT TO0 CUTS

EvenTs LosT TO

NUMBER OF NUMBER OF ExPOSURE TIME
SET NUMBER EVENTS Run Cuts Event Cuts EVENTS ANALYZED (hr)
1o 249795 2154 3649 244333 1942.87
2 i, 385228 9287 13321 365148 3072.05
3 1388533 53331 27281 1235321 5274.90
Total ........ 2023556 64772 44251 1844802 10289.82

with low efficiencies were cut. The cutoff was set at 3 ¢ below €,
for that data set as determined by fitting a Gaussian function
to the efficiency distribution. (2) We have excluded runs with
peculiar rates, specifically those with an event rate less than
10/hr/supermodule (usually very short runs), or an event rate
larger than 250/hr/supermodule (short runs or runs with pecu-
liar streamer tube activity). (3) Runs were cut for spurious data
acquisition behavior. We have applied the following event cuts
to the data: (1) Events with zenith angle greater than 72° were
excluded. (2) Events were excluded if the multiplicity in the
strip view and the multiplicity in the wire view differed by more
than 2. (3) Events were excluded when tagged with an incorrect
UTC time. The number of events excluded due to run and
event cuts is listed in Table 2. This is followed by a column that
gives for each data set the number of events analyzed. A total
of approximately 1.8 x 10° events survive the cuts. The final
column of Table 2 gives the exposure time, defined as the time
the detector was actively collecting these data.

The zenith angle and azimuthal angle distributions for all
the events in the local reference frame are shown in Figure 3.
The shapes of these distributions reflect the mountain overbur-
den. In Figure 4 we plot the right ascension and sin declination
(sin d) distribution for these events. The structure seen in the
right ascension distribution is primarily due to the effects of
detector downtime.

4. SEARCH CRITERION

The muons seen in MACRO are primarily the result of the
interaction of charged cosmic-ray primaries (E > 10 TeV) with
the atmosphere, although single muons can result from pri-

T e T T O T P T T T T g

28000 |
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FIG. 3a

maries of lower energy. Above the Earth’s atmosphere, these
cosmic-ray primaries are isotropically distributed due to pro-
pagation effects through the Galactic magnetic field. At the
surface of the Earth, the distribution of these muons integrated
over long times is expected to be highly isotropic in right
ascension, but to have a declination distribution that depends
on the observer’s latitude (through the zenith angle depen-
dence of muon production). Underground at MACRO, this
muon distribution will remain isotropic in right ascension, but
its declination distribution will be modified by the known rock
overburden. A search for astrophysical sources of muons,
therefore, can be made by looking for a statistically significant
excess of muons from a particular direction with respect to the
expected number of muons from that direction.

The distribution of muons actually observed at MACRO
from an isotropic primary flux, however, will match this
expected distribution only as long as there are no gaps in the
data taking and the detector remains perfectly efficient. To
account for the time gaps that do occur and the changing
detector efficiency, we have computed the expected muon dis-
tribution on a run-by-run basis by Monte Carlo simulation. In
the following we will use the term “background ” to designate
the expected number of muons computed in this way.

The simulation is based on the fact that for an isotropic
distribution of cosmic-ray primaries, the muon arrival times
and directions are uncorrelated and therefore can be chosen
independently. The simulated arrival times for each run were
initialized with the observed time for the first event in that run.
Event arrival times were simulated by using the mean time
between events for each run to choose exponential deviates, At,
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FIG. 3.—(a) Azimuthal angle distribution for the total muon sample. (b) Cosine zenith angle distribution for the total muon sample.
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F1G. 4—(a) Right ascension distribution for the total muon sample. The average of 25 Monte Carlo simulations is superposed. (b) sin é distribution for the total

muon sample. The average of 25 Monte Carlo simulations is superposed.

and then computing t;, ; = t; + At. The dead time is sufficient-
ly short (~50 ms) compared with the mean time between
events (> 10 s) that it could be ignored in these computations.
This method successfully reproduced the distribution of time
differences between events (Ahlen et al. 1992), particularly
important consideration in the search for periodicities. Event
positions were then chosen from the observed two-dimensional
distribution of zenith and azimuthal angles. We combined the
simulated position and time for each event to calculate the
expected right ascension and declination.

In Figures 4a and 4b, the right ascension and sin ¢ distribu-
tions generated by an average of 25 Monte Carlo simulations
are shown as triangles superposed onto the data distributions.
We use the average of 25 Monte Carlos since fluctuations in
the simulated right ascension distribution (¢ ~ 25 events) are
then small compared with fluctuations in the data (¢ ~ 125
events). The background simulations reproduce the structure
in the right ascension quite well because the gaps in continuous
running are accounted for explicitly in the Monte Carlo.
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5. ALL-SKY SURVEY

We have used the right ascension and declination distribu-
tions to search the sky accessible to MACRO for statistically
significant sources of muon excess. As a first step the muons
were sorted into bins of equal solid angle, AQ = 2.1 x 1073
(Ao = 320, A sin 6 = 0.04). These bins have approximately the
same AQ as a cone of half-angle 1°5.

The deviation from the mean for each solid angle bin was
computed using the Gaussian statistic (ops — Mexp)/(Mexp) %
where n,, is the observed number of events in the bin and n,,,
is the number of events expected from background. Figure 5a
shows the distribution of these deviations for the 3960 bins in
which the number of events is > 16. Bins with small numbers of
events were excluded because the Gaussian approximation to
the deviation is not valid for them. Superposed onto this dis-
tribution of deviations is the best-fitting Gaussian, for which
x2/DoF = 87.7/68. The mean of the Gaussian is near zero
(—=1.6 x 1072) and o is 1.0, as expected for a distribution of

Number of Bins

0 I ! I 1 1 I
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Deviations from the Mean (Shifted)
F1G. 5b

s
©

FI1G. 5—(a) Deviations from the mean for muons in equal solid angle bins on the sky. Superposed is the best-fitting Gaussian. (b) Deviations from the mean for
muons in equal solid angle bins on the sky. Bins have been shifted by +1°5 in right ascension and by —0.02 in sin 6 compared with panel (a). Superposed is the

best-fitting Gaussian.
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random fluctuations. The largest deviation in this distribution
is +3.82 o; there is an a priori probability of 0.26 of finding a
deviation at least this large from random fluctuations in the
background.

The survey was then repeated using a set of bins shifted with
respect to those of the first survey. This second survey reduces
the possibility that a weak source was missed because it was
located near the edge of a bin and the signal was spread into
adjacent bins. For this second survey we shifted the right
ascension bins by +1°5 and the sin é bins by —0.02. At the
pole we constructed a cap of solid angle AQ = 2.1 x 1073. The
remaining polar solid angle region was divided equally into 59
bins. This procedure prevents the polar bins from becoming
long and narrow. As above we computed the deviation from
the mean for every solid angle bin. Figure 5b shows the dis-
tribution of these deviations for the 4020 bins in which the
number of events is > 16 and sin 6 > —0.34. Superposed onto
this distribution is the best-fitting Gaussian, for which y?/
DoF = 71.0/70. The mean of the Gaussian is —3.8 x 10”3 and
g is 1.02, as expected for a distribution of random fluctuations.
The largest deviation in this distribution is +3.97 ¢; it does not
overlap the largest deviation in the unshifted survey. There is
an a priori probability of 0.14 of finding a deviation this large
from random fluctuations in the background.

We conclude that there is no evidence for a steady source of
muon emission in our data.

Although there are apparently no muon point sources
present in our data, we have nevertheless investigated whether
any high-energy sources are found within the solid angle bins
with the largest deviations (> 3.5 g). There are no coincidences
in the catalogs of Joss & Rappaport (1984) and Nagase (1989).
There is an X-ray source with no optical counterpart, 1H
1151-130 = 4U 1147— 12 (Woods et al. 1984), within the bin
with the largest deviation in the unshifted survey.

In Figure 6 MACRO’s exposure A X f X to.,, is plotted
as a function of sin 6. The average effective area, A, for each
bin was computed by averaging the projected area seen by
each muon, A = Y ; A(6;, ¢))/nys, Where 6,, ¢; are the angular
coordinates of the muon in the detector frame and the expres-
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F1G. 6.—Average exposure of MACRO as a function of sin §, computed as
described in the text.

Vol. 412

sion for A(6;, ¢;) assumes that the detector consists of 10 hori-
zontal planes of streamer tubes, at least four of which must be
hit (Bologna et al. 1985). The fractional exposure time, f, was
computed by checking which bins were <72° from the zenith
at the arrival of each event. The total exposure time, t.,,,, was
taken from Table 2.

Following the prescription of Helene (1983), we have used
Nobs and n.,, to compute the upper limit with 95% C.L. for the
undetected muon signal in each bin, n,(95%). The upper limit
with 95% C.L. to the muon flux in each bin, J$%(95%), was
computed from

0,
J;tdy(gs %) < M
6Aeft‘ ftexpos

where € is the average efficiency for each solid angle bin.
Explicit computation shows that the average efficiency has
little dependence on right ascension and declination, and is
approximately given by € ~ 0.81 x 0.81, where the first factor
is due to bin size (§ 2) and the second factor is due to the
efficiency of track reconstruction (§ 3).

The 95% confidence limits to the muon flux, J$(95%), for
all bins are shown in Figure 7 as gray-scale intensity levels
mapped in equatorial coordinates. A typical upper limit at
8 ~ 45°is of order J5%(95%) <2 x 107 12cm ™25~ 1,

cm~2s7!, )

6. PERIODICITY SEARCH FOR SELECTED POINT SOURCES

It is well-known that when the emission from a source is
modulated with an a priori known period and a small duty
cycle, the signal-to-noise ratio can be improved by a period-
icity analysis. In fact the reports of a statistically significant
muon excess in the X-ray binary system Cyg X-3 (Marshak et
al. 1985a, b; Battistoni et al. 1985) at a particular phase of the
orbital period were the result of such an analysis. In the follow-
ing we describe the results of periodicity analyses of the muons
from the direction of Cyg X-3 and several other sources with
well-established periods. The sources investigated are listed in
Table 3 (except for 1E 2259 + 59 which was only included in the
burst analysis). Included in Table 3 for each source are the
position in equatorial coordinates; the fractional time, f, the
source is <72° from the zenith; the average effective area, 4 ;
and {depth), the average pathlength traversed by muons from
the source direction in m.w.e.

For the muons with directions pointing back to a 1°5 half-
angle cone centered on Cyg X-3, we have constructed a phase
diagram based on an extrapolation of the quadratic ephemeris
that van der Klis & Bonnet-Bidaud (1989) fitted to the X-ray
light curve obtained by EXOSAT. The arrival time of each
muon was first corrected for the Earth’s motion with respect to
the solar system barycenter, and then was folded with the
extrapolated light curve to obtain the phase. The phase

TABLE 3
POINT SOURCES INVESTIGATED

A e {depth)

Source (1950) 6(1950) f (m?) (m.w.e.)
4U 0115+63 ..... 1h16™ 63°33’ 0.864 213.0 3731
Crab .............. 532 21 59 0.467 227.3 3608
Her X-1........... 16 56 3525 0.550 2230 3902
4U 1907409 ..... 19 09 9 40 0421 213.1 3556
Cyg X-1 .......... 19 56 3503 0.549 220.5 3914
Cyg X-3 .......... 20 30 40 45 0.582 216.4 4008
1E 2259+59 ..... 22 59 58 31 0.747 207.6 3852
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FIG. 7—The 95% confidence limits on the muon flux for the all-sky survey in equatorial coordinates

diagram for two complete cycles is shown in Figure 8. The
average expected number of muons in each phase bin is also
shown in Figure 8 as a dashed line. From this figure we see that
the largest deviation in one complete cycle is found in phase
bin 0.8 < ® < 0.9 and its magnitude is ~2.1 0. We therefore
conclude that our data do not show evidence for a modulated
muon signal with this period.

We have computed the 95% confidence limit to the modu-
lated muon flux from the direction of Cyg X-3 using an equa-

70 [ ]

30-_ _

PSS T S - N BT I .

Caa PR B sl
0 02 04 06 08 1 12 14 16 18 2
Cyg X3 Orbital Phase

FI1G. 8—Phase diagram for muon events from a 125 half-angle cone cen-
tered on Cyg X-3. The period for the phase computation comes from the
parabolic ephemeris of van der Klis & Bonnet-Bidaud (1989).

tion analogous to equation (1). Since the modulated muon
emission reported by Soudan 1 (Marshak et al. 1985a, b) and
NUSEX (Battistoni et al. 1985) was found in a phase bin of
width A® = 0.1, we have used in our computation the phase
bin which shows the largest fluctuation, 0.8 <® < 0.9. In
Table 4 and Figure 9 we give this 95% confidence limit. On
Figure 9 we have in addition displayed the limits and observa-
tions reported by other underground experiments.

In Table 4 we also give the results of periodicity analyses on
several additional X-ray binaries extracted from the com-
pilations of Joss & Rappaport (1984) and Nagase (1989). These
sources all have well-determined ephemerides and stable
periods (see references in Table 4).

We have also searched for a periodic muon signal from the
Crab pulsar. The Crab pulsar is a pulsed X-ray emitter and the
Crab nebula is a known TeV y-ray source. Although its pulsar

TABLE 4
SEARCH FOR MODULATED MUON SIGNALS FROM POINT SOURCES
Jr495%)
Source P, Type w(=2? (cm~2s57Y)
4U 0115+63 ..... 2432 days®  Orbital 0.79 <89 x 10713
Crab .............. 33.3 ms® Pulsar 0.90 <1.1 x 1072
Her X-1........... 1.70 days®  Orbital 0.98 <94 x 10713
4U 1907409 ..... 8.38 days?  Orbital 0.57 <14 x 10712
Cyg X-1 .......... 5.60 days®  Orbital 0.68 <90 x 10713
Cyg X-3 .......... 479 hrf Orbital 0.06 <1.1x 10712

* Ricketts et al. 1981.

b Massaro et al. 1991.

¢ Ogelman 1987.

4 Bolton 1975.

¢ Makishima et al. 1984.

f van der Klis & Bonnet-Bidaud 1989.
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FiG. 9—MACRO limit to the modulated muon flux from Cyg X-3 com-
pared with the results from other underground detectors.

period is extremely short, 33 ms, the Crab pulsar is neverthe-
less an extremely accurate clock with a period determined to
better than 10 significant figures (Massaro et al. 1991) and a
periodicity analysis would find a signal if one were present.

The results of all these searches were negative, and the corre-
sponding flux limits, J°495%), are also reported in Table 4.

7. SEARCH THROUGH PERIOD SPACE

Since the ephemerides we have used in our periodicity
analyses are derived from measurements that are typically
several years old, there is a reasonable probability that the
uncertainty in the period, when extrapolated to the time of our
observations, will have washed out the signal. This can be seen
by simple error analysis. The error in the phase, ®, accumu-
lates over the length of the observation period, T, as

oP

P b

where P is the period, 6P is the error in the period, and
N = T/P is the number of periods. Therefore, a successful
periodicity analysis requires 5P/P < N~ '. For our analysis of
Cyg X-3, which uses data obtained over 2 years, its period
must be known with a relative error of ~0.02%. Since the
ephemeris of van der Klis & Bonnet-Bidaud (1989) is based on
the X-ray light curve of 1983-1985, our extrapolation may not
have the required precision.

We have therefore searched through period space for a
modulated signal from the sources in Table 4 with a period
displaced from the fiducial X-ray period P,. For this analysis
we divided the data into four samples with approximately
equal run times. Two of the samples are coincident with data
sets 1 and 2 while samples 3 and 4 result from the division of
data set 3 equally into two. We investigated these four data
samples of approximately equal run time so that each sample
would have approximately the same independent Fourier
spacing (IFS), P = P?/At, where At is the total length of time
over which the data were obtained (see Table 1). The IFS is the
standard increment used in period searches.

In order to evaluate the statistical significance of a potential
signal, we use the Z? statistic (Buccheri & Sacco 1985) given by

ret T [, o

Nobs j=1 (Li=1 i=1

T
5QQF5P=N
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where t; is the arrival time of the ith event, P is the running trial
period, and n,, is as above the total number of muons in the
window. This statistic, which is the sum of the Rayleigh powers
of the first five harmonics (de Jager 1987), is appropriate
because the modulated muon emission reported for Cyg X-3
had a relatively small duty cycle (~ 10%) in the phase diagram.
It follows from the Shannon sampling theorem that the sum of
five harmonics of the basic periodicity is needed to reconstruct
the signal (Wiener 1964).

The a priori distribution of the Z? statistic is a x>
distribution with 10 d.o.f. (Buccheri & Sacco 1985), assuming
there are no gaps in data taking. This is not our case. There-
fore, we evaluated the significance of the deviations observed
for the test statistic by constructing artificial data sets in which
the events were distributed randomly in phase.

In Figure 10 we show the results of our search through
period space for a modulated muon signal from Cyg X-3 in the
four samples, plotting the value calculated for Z? as a function
of the trial period. The dotted lines represent the estimated 1%
probability levels from the Monte Carlo calculations. In Table
4 we give our estimate of the confidence level of the null
hypothesis W(>Z?), namely the probability of finding by
chance a random fluctuation of the statistics as large as Z?, for
the fiducial period taken from the ephemerides. This statistical
test reinforces the conclusion that there is no modulated signal
present at the fiducial period.

It can be seen in Figure 10 that there is no large fluctuation
which appears consistently at the same period in the four
samples. Nevertheless there are fluctuations with a probability
<1%. To estimate the significance level of fluctuations,
W(>Z?*[max]), we must make a correction for the number of
trials, N. For this investigation N = 101 x 4 = 404 because
we have searched through 101 IFS in four independent runs.
Let p be the probability of an occurrence of a fluctuation as
large as Z*(max), as determined by Monte Carlo methods.
Then W(>Z?[max])=1— (1 — p)". With this correction,
W(>Z?*[max]) ~ 1. The result is that we have no evidence of a
modulated muon signal from Cyg X-3, with a period displaced
from the nominal X-ray period by <5%.

The same search through period space was applied to
Her X-1, 4U 1907409, and Cyg X-1. As for Cyg X-3, we
divided the data into four samples with approximately equal
run times, and we used the IFS for data set 2. We have investi-
gated 50 IFS on either side of the fiducial periods in steps of 1
IFS for a total of 101 possible periods. For these sources, as for
Cyg X-3, W(>Z?*[max]) ~ 1.

8. SEARCH FOR BURSTING EPISODES

One of the most striking peculiarities of the Cyg X-3 system
is its episodes of flaring activity at radio wavelengths. On the
average, once or twice per year the radio emission from this
object, which is ordinarily at a quiescent flux density of a few
mly, rapidly jumps to a flux density of tens of Jy and remains
there for a few days. Recently Thomson et al. (1991) reported
the detection of two unmodulated muon bursts from Cyg X-3
correlated with a large radio outburst that occurred in 1991
January. The radio burst peaked on 1991 January 21, and the
two unmodulated muon excesses that were observed on 1991
January 20 and 23 had fluxes J, ~ 7.5 x 107'® cm ™% s ! at
2090 m.w.e. The fact that a positive underground muon signal
was reported around the time of the radio burst has led to the
suggestion that the many reports of the absence of a muon
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F1G. 10.—Search trhough period space for a modulated muon signal from Cyg X-3 for the four data samples. The solid lines are the Z?2 statistic; the dashed lines
are 1% probability levels computed by Monte Carlo methods. P, is the fiducial period from the parabolic ephemeris of van der Klis & Bonnet-Bidaud (1989).

signal from Cyg X-3 might be related to its relatively quiescent
state at the time the observations were made.

We have searched our complete data set, which includes
data taken at the time of the 1991 January radio flare, for a
statistically significant daily burst of muons from the direction
of Cyg X-3. In addition, we have searched for daily bursts from
the remaining six sources in Table 5. For these searches we
compute the quantity —log,, A, where

Nobs

A=1- Z (nexp)n €xp (_nexp)/n! . (3)

Here n,, is the number of muons seen on any particular day
and n,,, is the expected number computed by Monte Carlo
simulation. The A statistic represents the probability of observ-
ing a burst at least as large as n,,, due to fluctuations in the
background, which are assumed to have a Poissonian distribu-
tion about n,,, .

In the absence of muon bursts, the a priori expectation is
that the cumulative frequency distribution of A is a power law

straight line fits the data well, we conclude there are no sta-
tistically significant daily bursts in this data set.

The result of our search for a statistically significant burst
from the direction of Cyg X-3 for all days in the three data sets,
including days with significant downtime, is shown in Figure
12. In this figure we have also marked the dates of all reported
radio bursts during the period MACRO was operational
(G. Umana 1991, private communication). In Figure 12 there
are 7 days in which —log,, A > 2.5, and 2 days in which
—log,o A > 3.0. We have tested whether the number of muons
seen on these days represent statistically significant daily
bursts by simulating the daily background in the direction of
Cyg X-3 using Poissonian statistics and n,,,. The results of
1000 simulations show that the chance probability of observ-

TABLE 5

SEARCH FOR BURSTING BEHAVIOR
FROM POINT SOURCES

. . . . . Jour(95%
of index —1 since any A is equally probable. This expectation, Source (c‘,‘n—(z s"))
however, is only valid for observation trials of equal length. -
For the seven sources in Table 5 we have computed the cumu- 4U 0115463 ......... <94 x 10"
lative i distributi £ A for the 135 d . hich th Crab........c..coe <24 x 10
ative frequency distribution o 'ort € 135 days in whic the Her Xl .o <1.5 x 10~1°
detector had less than 1% downtime. In Figure 11 we show a 4U 1907409 .......... <22 x 10°1°
log-log plot of this cumulative frequency distribution. The Cyg X-1.oeeieinnnnn. <1.5 x 18‘::

i i i va is distribu- (6,"7: 9, € N <20 x 10~
straight line resulting from a leasi-squares fit to this distribu R s S lo-1o

tion has a slope of —0.97 and is shown superposed. Since this
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ing seven fluctuations with —log,, A > 3.0 is 43%. We con-
clude that MACRO has not observed a statistically significant
daily burst from the direction of Cyg X-3. In Table 5 we give
the upper limit with 95% C.L. to the flux, J2"*(95%), for the
largest daily fluctuation in Figure 12.

We have also searched for a daily, unmodulated muon
excess from the remaining six sources in Table 5. As for Cyg X-
3 we find no evidence for a statistically significant daily fluctua-
tion during any of the approximately 500 days each source was
observed. For each source we give the upper limit with 95%
C.L. to the flux, J5""*(95%), for the day in which the largest
daily fluctuation was found.
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Vol. 412

9. SOURCE PARAMETERS FOR CYG X-3

Up to this point we have computed detector-dependent flux
limits for sources. However, by assuming a physical model, we
can calculate detector-independent source parameters. We
have derived upper limits to the Cyg X-3 source parameters
assuming an integral spectrum of the form K (a,)E, *. With
this spectral form, the number of muons observed at MACRO
is

o

n,=(—a) dt j dE, K (o, )E,; @+ D
run-time E,min

I

X A0, ¢, e(t)g(cos O)P(E,, h) . (4)

Here A (0, ¢, t) = A [0(t), ¢(t), ] is the detector effective
area computed as described for Figure 5. The zenith angle,
0 = 6(t) and the azimuthal angle ¢ = ¢(t) are functions of time
because of the changing position of Cyg X-3 with respect to
MACRO:; the explicit time dependence in A is the result of
the changing number of supermodules used in the data collec-
tion. In addition, € = €(t) is the time-dependent, run-by-run
detector efficiency; g(cos 0) = sec 6 is the dependence of muon
production on zenith angle, assumed the same as high-energy
muon production in the atmosphere (Gaisser 1990); and
P(E,, h) is the survival probability for muons of initial energy
E, to penetrate a slant-depth h. Again because of the changing
position of Cyg X-3 with respect to MACRO, h = h(z).

We have computed upper limits to the source parameters in
Cyg X-3 from equation (4) using our 95% confidence limits to
the steady number of muons (119.8), the modulated number of
muons (21.9), and the average daily number of muons (4.0) seen
during data set 3. For P(E,, h), we used the survival probabil-
ities calculated by Bilokon et al. (1992) who propagated muons
through the average composition of Gran Sasso rock using
GEANT (Brun et al. 1991). For this computation, we assumed

—
(=3
“w

167 L

Upper limits to Cyg X3

Power Law Coefficient K| (cm2 511 Geve.)
=

10 E source parameters computed for:
10" L. — modulated flux limit
E ---- total steady flux limit
10°L --- average daily flux limit
1 0.14;7
16"}
16Ee e v o Bwn g e Ao g ety gy Ty o byus
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Integral Spectral Index %

FiG. 13.—Upper limits to the detector-independent source parameters for
Cyg X-3 for a range of spectral indices, as computed from equation (4). The
upper limits have been computed for the 95% confidence limits to the steady,
modulated, and average daily muon flux.
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15! that 81% of the muons from Cyg X-3 that survive to the detec-

tor fall within the 1°5 search window The integral was evalu-
ated by Monte Carlo methods, and the results are shown in
Figure 13.

We have repeated the above computations for a source
model which assumes prompt muon production, that is,
g(cos 0) = 1. For this model, the upper limits are a factor of
~1.2 above those shown in Figure 13 for o, = —2.0. This
factor, quantifying the difference between the two source
models, varies by less than 10% over the entire range of spec-
tral indices investigated.

10. CONCLUSIONS

We have investigated approximately 1.8 x 10 muons col-
lected by the first and second MACRO supermodules during a
little more than a year of live time. Our all-sky survey for muon
point sources has yielded no evidence for a source of steady
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muon flux. In regions with the greatest exposure, we have
reached a flux limit of F4, =7 x 107'% cm™2 s~ '. We have
searched for a periodic muon signal from Cyg X-3. We find no
evidence for modulated muon emission at the fiducial X-ray
period, nor at periods displaced by <5% from the fiducial.
A search for daily bursts of unmodulated muon emission from
Cyg X-3 has also yielded no evidence for statistically signifi-
cant fluctuations. We have used our upper limits to the Cyg X-
3 muon flux to compute detector-independent source
parameters, assuming a power-law energy spectrum of muon
emission.

We have investigated several additional high-energy sources
which are listed in Table 3. For these sources we find no evi-
dence for modulated muon emission at the reported fiducial
periods; searching through period space also gives negative
results. Analysis of the daily muon emission from these sources
shows that the fluctuations observed are consistent with
random fluctuations in the background.
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