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Search for the solar diurnal and true sidereal modulations in
MACRO

S. L. Mufson for the MACRO Collaboration
Indiana University

Abstract. We have analyzed 44.3M single muons collected2 Data analysis

by MACRO from 1991 through 2000 in 2,145 live days of

operation. We have searched for the solar diurnal, appar2-1 Run/Event selection
ent sidereal, and antisidereal modulation of the underground

muon rate by computing hourly deviations of the muon rate!n this analysis we includgd runs starting from _the beginning
from 6 month averages. We find evidence for statistically sig-f MACRO data taking with 6 supermodules in November

nificant modulations with the solar diurnal and the sidereal1991 through May 2000. The analysis proceeded by first di-
periods. The amplitudes of these modulations aré.1%, V|d|ng these.runs mto 17 run sets of approximately 6 months
and are at the limit of the MACRO statistics. The antisiderealduration during which the detector acceptance remained con-
modulation is not statistically significant. The right ascen- Stant. We then filtered the data to include only muons with
sion of the sidereal modulation is foundat= (23.7+1.3)". single tracks in both views. Once filtered we compiled for
The results of this investigation are consistent with the mea£2ch run set a histogram of the single muon rate/hour for all

surements made by other undergound and EAS experiment&4ns in that run set and then fitted a Gaussian to the resulting
distribution.

We implemented run cuts as follows. A run was excluded
from further analysis if:

) — not all 6 supermodules were active, or
1 Introduction

— the wire efficiencies were: 90% and/or the strip effi-

. . . ciencies were< 80% during the run, or
The sidereal signal due to the solar system motion through an

isotropic sea of relativistic cosmic rays in the Galactic halo — its single muon rate was- 50 from the mean single
was first described by Compton and Getting (1935). The muon ratex for that run set.
Compton-Getting factor is expected to be a very small ef-

fect that modulates the total cosmic ray rate with a wave of ©r the efficiency cuts, wire and strip efficiencies were de-
amplitude< 0.1%. termined for each run by computing the average number of

. . _— . ) ) wires and strips recording hits for all single muons crossing
Previous investigations of this effect have given different | planes

results depending on the energy of the primaries. Under-
ground muon observatories and air shower arrays>(E
TeV) find sidereal wave amplitudes in the rarige 10~4 —
103, consistent with a drift velocity of a few hundred km/s
with respect to a halo distribution of cosmic rays (Munakata

etal, 1997). Shallow undergound muon telescopes and neuz 2  Histograms of deviations from the mean solar diurnal,

There are 44.3M muons in the total data set. The total
live-time for the included runs is 2,145 days. The average
single muon rate in the total data set is 860.53 muons/hour/6
supermodules.

tron monitors (E< 1 TeV) observe statistically significant apparent sidereal, and antisidereal muon rates
sidereal anisotropies that can be explained by solar wind ef-
fects and the influence of the sun (Hellal, 1996). To search for the true sidereal modulation in the underground

We searched the total MACRO data set for the first har-muon rate, we used the_harmonic analysis method of Farley
monic of the solar diurnal and true sidereal modulations in@"d Storey (1954). In this method, the observed or apparent

the underground muon rate using the method of Farley andgidereal modulation is assumed to be a superposition of two
Storey (1954). effects: a true sidereal modulation due to solar system motion

and a faux sidereal modulation due to temperature variations
in the atmosphere. To correct the apparent sidereal modula-
Correspondence tdS. L. Mufson tion to the true sidereal modulation requires the determina-
(mufson@astro.indiana.edu) tion of the solar diurnal, apparent sidereal, and antisidereal
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Linsley (Linsley and Watson, 1977).
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modulations. The periods of these modulations are: solafFarley and Storey, 1954). In this analysis, the antisidereal
diurnal day = 86,400 seconds; sidereal day = 86,164.0989%me was computed relative to the 1988 autumnal equinox,
seconds (Allen, 1973); the antisidereal day was assumed t8eptember 22, 1988, 129" UT. Second, the live time in

be longer than a solar day by the same fraction that a sideeach run was similarly binned into three histograms. The
real day is shorter than a solar day, or 86,636.54693 secondve time for a run was computed as the difference between
The unphysical antisidereal modulation results from the beatthe arrival times of the first and last muons. The live time

ing of the solar diurnal modulation and the yearly (seasonal)was added to the histograms from the time of the first muon
modulation and its properties must be determined to correcto the time of the last muon. The rate histograms for each run
the apparent sidereal modulation for this atmospheric effectvere then computed by dividing the contents of the appropri-
(Farley and Storey, 1954). ate event histogram by the contents of its corresponding live

] . time histogram.
We searched for the solar diurnal, apparent sidereal, and

antisidereal modulations as follows. First event histograms The rate histogram for each run was unpacked and the
for each run were constructed for the three periods by bin-muon rate in each bim;, was compared to the mean muon
ning the arrival time of each muon according to its: (1) lo- rate for that run sety;, and its fluctuation from the mean
cal solar diurnal time at the Gran Sasso; (2) local siderealvas computed a8;; = (r; — 7;)/7;. Eachd,; for that run
time; and (3) local antisidereal time. This antisdereal wavewas then compared with the r.m.s of the distribution of fluc-
has zero phase at the autumnal equinox, when the sideretiations for the total data set and thase > (3 x r.m.s)
time, the solar time, and the antisidereal time are coincidentvere cut from the analysis. This cut was made to exclude
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deviation in muon rate vs solar diurnal hour deviation in muon rate vs antisidereal hour

Fig. 1. Deviations of the muon rate from the mean muon rate binnedrig. 3. Deviations of the muon rate from the mean muon rate binned
according to the local solar diurnal time at the Gran Sasso. according to the local antisidereal time at the Gran Sasso.

-2

x 10
03 _ entered into summary histograms for the three periods.
: o/ e eon At the end of this process, after all runs were analyzed,
025 | P2 0.8102E-03 there resulted a set of three histograms with fluctuations from
: P3 23.72 the mean muon rate binned in solar diurnal time, sidereal
°z F time, and antisidereal time. The contents of each bin in these
o1s b summary histrograms were then normalized by the number
F of entries in that bin. The resulting histograms of the nor-
01 | malized fluctuations/, for the three periods are shown in
- Figures 1-3.
005
. - 2.3 Phase analyses
005 | We searched for the first harmonics of the apparent sidereal,
F antisidereal, and solar diurnal modulations by fitting the his-
01 [ tograms of the fluctuations to the form:
01 e A=<A>+Acos[2n(} — Prmax)/24], 1)
P S T U PR DU T S T P I

o

25 5 75 10 125 15 175 20 225 where< A > is a constantA is the amplitude of the mod-

ulation, ¢ is the phase in hours, antl,,., is the phase of
maximum in hours. The results of this fitting procedure are

Fig. 2. Deviations of the muon rate from the mean muon rate binnedgiven in Table 1. The fitted curves have been superimposed
according to the local sidereal time at the Gran Sasso. on the histograms in Figures 1-3.

deviation in muon rate vs sidereal hour

2.3.1 Solar diurnal modulation
the effect of the fluctuations found in the long, asymmetric

non-Gaussian tails in the distribution of fluctuations for the Table 1 shows that the solar diurnal modulation is a statisti-
total data set. These outliers, which comprise much less thanally significant effect. The origin of this modulation is the
1% of the data, mostly come about because of run starts, rudaily atmospheric temperature variations at approximately
stops, sudden data spikes, and other nonphysical effects. TH#0 km, the altitude of the primary cosmic ray interactions
results of the analysis are relatively insensitive to this cut ovemwith the atmosphere. MACRO is the deepest experiment to
the rangg2.5 — 5) x r.m.s.. Thed;; passing this cut were report this effect.
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Table 1. Results of Histogram Fits

Period <A > A Gmaz (M) | x*/DoF
Solar Diurnal (0.494+0.19) x 107% | (0.88+£0.26) x 1077 | 17.8 £ 1.2 | 3.4/5
Apparent Sidereal (0.42+0.19) x 1072 | (0.814£0.27) x 1072 | 23.7+ 1.3 | 4.6/5
Antisidereal (0.3440.19) x 1072 | (0.50£0.27) x 107® | 1.14+2.0 | 3.4/5
2.3.2 Sidereal modulation muon rate has an amplitudg,;; = 8.6 x 10~* and a phase

dmaz = 22.7. The right ascension of the residual sidereal
Table 1 shows that the sidereal modulation is a statisticallyyave is consistent with the direction of the solar system mo-
significant result. The amplitude is significantly larger than tion about the Galactic center towdre: 90°, b = 0°, where
expected for the Compton-Getting effect due to the earth’s) and s are the Galactic latitude and longitude and we ig-
motion around the sun at MACRO's latitudd, = 3.4 X nore the small peculiar motion of the solar system with re-
10~*; the maximum phase is also significantly different from gpect to the Local Standard of Rest compared with its Galac-
the expected,,.. = 6" (Aglietta et al, 1996). This sug- tic rotation speed of 250 km/s (Mihalas and Binney, 1981).
gests there is an additional motion contributing to the Comptorransforming from Galactic coordinates to equatorial coordi-
Getting modulation that we have found. nates gives: = 21.2" (Duffet-Smith, 1988) for the direction

of Galactic rotation, a valuéo from the right ascension of

2.3.3 Antisidereal modulation bmae We found in our sidereal analysis.

As shown in Table 1, the fit to the antisidereal modulation acxnowledgementsor JLM who should have been here.
does not yield a statistically significant result. This result

is not unexpected. The antisidereal modulation is an atmo-

spheric effect due to the beating of the yearly or seasonaReferences
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