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A large area (560 R) tracking muon detector operating in the GRAPES-3 expettraeOoty in
India has been recording cosmic ray muons at a rate of 1 h~1 since 2000. The high statis-
tics data have enabled sensitive measurements of sevieapbsenomena to be made including
the solar and sidereal anisotropy and Forbush decreasmsaies with coronal mass ejections.
Prior to studying of any of these phenomena, an importaktisa® correct the variation in mea-
sured muon rates due to atmospheric pressure. Unfortynétel pressure coefficient usually
deduced from the observed data is not very reliable due t@thsence of various solar phe-
nomena listed above. Here, we present an alternative methioth avoids complications arising
from solar effects. Since the pressure at Ooty displays ag&ibdicity, using which we could
separate its contribution from other effects in the muoma dabugh a power spectrum analysis.
The method yielded a clear dependence of muon rate on pegsawiding an accurate estimate
of the pressure coefficient almost independent of the sotatutation effects.
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1. Introduction

The GRAPES-3is an extensive air shower experiment operating at 8o India (11.2N
latitude, 76.7E longitude and 2200 m altitude) since 2000. It comprises of an array400 plastic
scintillator detectors of 1 farea each, placed in hexagonal rings with 8 m inter-detector spacing
and a large area (560%tracking muon detector [1, 2]. The muon detector consists of 16 separate
modules each of area 3%niThe basic elements of each module are the proportional counter (PRC)
tubes (6m in length and 10 cr10 cm in cross section) which have been arranged in four layers
in two orthogonal planes. This configuration is used to determine the diregdtitve muons into
13x 13 (169) solid angle bins in the field of view of the detector [3]. Concreteksiof 550 g cm?
thickness have been used as absorber to shield the electromagnetic cotspohde providing
1 GeV threshold for vertically incident muons. Each module records n8af9 muons per sec-
ond, thus allowing to make sensitive measurements on various solar phemimtleding Forbush
decreases associated with coronal mass ejections, diurnal and lsiaese&opies [3, 4, 5, 6].

The atmospheric pressure produces a significant variation in the muorapetgsrom the
variations in the primary cosmic rays associated to various solar phenotigDaty, the pressure
data exhibits a regular 12 h periodicity with amplitude of about 1 hPa in additionetttier
seasonal variations. The 12 h period is significant and dominant primath iaquatorial regions
like Ooty. The predominance of a harmonic amplitude at a given geogrdjtation depends on
several factors such as water vapor heating, diurnal temperatuledases and wind direction. A
detail discussion of this topic can be found in [7] and the referencesither

The atmospheric pressure and the muon flux follow an anti-correlation veaichbe fairly
described by a linear relation to first order approximation. While the pressurection of data is
relatively straight forward because of the above fact, however estimaiten reliable and accurate
value of pressure coefficient is generally not simple because of a mwhpeactical difficulties.

A major difficulty arises due to the interference of the solar diurnal anigptrit is worth noting
that the amplitude of the solar diurnal anisotropy can be comparable otaggen to that induced
by pressure during high solar activity periods. Transient variationk as Forbush decreases or
geomagnetic storms can adversely impact the measurement of presdtiokeabeFurther there
could be seasonal changes in pressure and irregular changesriit ¢cag intensity. To get a
reliable value of pressure coefficient, the standard practice is to seléatlp of low solar activities
or identify the periods of transient events and exclude them from thesied8}. Nevertheless,
many decreases are difficult to localize, especially in the muon componengvandgmall long
term variation may affect the result seriously. Therefore, it is genediffigult to get a reliable
value for pressure coefficient by this conventional analysis method.

2. The muon and pressure data sets

In this analysis, we used data over a period of one year (1 January Be@&Imber 2006).
We used muon rates averaged over 4 min which was representeghby Marious instrumental
effects in the muon data such as gaps, spikes, jumps and fluctuations ®rdifidd through visual
inspections and these periods were excluded from further analysiart &kpm the short lived
variations, the rates also exhibit gradual variations which were causedyrdae to slow leaking
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of gas from PRC. These variations were modeled by fourth order pwlialdits and corrected
[9]. Thereafter the data from the 16 modules were combined to improve tlististd accuracy
and minimize the gaps. The pressure measurement in this period was catrieyl wsing two

independent digital barometers which provides data with resolution of @ bh&ach at intervals
of 1 min which were combined to obtain 4 min bins referred a5/ An effective self-consistent
calibration method discussed elsewhere [5] was used to obtain an unt¢erdata set for the
entire period despite of gaps occurred in the individual instruments.
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Figure 1: Variation of (a) mean muon rate, (b) pressure (hPa) for thekvte- 7 March 2006.

The variation of muon rate and the atmospheric pressure over a periow aveek interval
from 1 to 7 March 2006 is shown in Fig. 1. Each data point in the plot cpomss to an interval
of 16 min which was obtained after re-binning the 4 min intervals of data to esthecstatistical
fluctuation. An anti-correlation between the muon rate and the atmosphessupeemay be ob-
served along with a dominant 12 h periodicity in both data sets. Howevergtutaxamination of
the plots in Fig. 1a and Fig. 1b showed that while the pressure data disglayetost sinusoidal
profile riding on a slowly rising ambient pressure, the muon rate exhibitedplea profile. This
complexity primarily arose as a result of the presence of the solar diunisdteopy that modu-
lated the muon rate with a 24 h period and the interference of these two pérsdit2 h and 24 h)
resulted in the observed muon rate profile.

3. Conventional determination of pressure coefficient

To appreciate the superiority of the fast Fourier transform (FFT) methadhws discussed
later in 84, the conventional method and its complexity was demonstrated bdievdependence
of R4min ON Pimin Obtained using the data of entire 2006 is shown in Fig. 2. Clearly, the depead
of the muon rate on pressure shows a complex profile than a simple lineaekpacted if it was
purely due to the pressure contribution. A linear least square minimization tatheexhibited a
poor fit shown as dashed line in Fig. 2. The poorness of the fit is alsxted in the large value of
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Figure 2: Variation of muon rate as a function of atmospheric presgupa) with complete 2006 data. The
dashed line represents a linear least square fit to the dafze &f the fit=0.07%/hPa and normalizgé=81
per dof.

X2 per degree of freedom (dof) which is to be 81 here. The presseféaent (3) value obtained
from the fit is 2.13 counts ¢/hPa and a translated fractional value of 0.07%/hPa for the mean
value of 3028.09 counts 1.

4. Determination of pressure coefficient using FFT method

The pressure data at Ooty exhibited primarily a 12 h periodicity which caed®is Fig. 1.

It was expected that the 12 h periodicity would also produce same perggfiomse in the muon
rate due to the anti-correlation of the two observables. To examine this legimtive performed
frequency analysis on both the data sets using FFT technique,. For thisspuan uninterrupted
data set of ¥ time intervals of Rmin Spanning 364.01d from 1 January 2006 was used. Next,
percent deviation of eachsRi, from the mean value of entire considered period was calculated.
The small fraction of gaps in the muon data were padded with zeros. ThHew&$-performed on
both the time series data of muon rate and pressure using a routine namehalFAfbuilt in the
data analysis software ROOT (http://root.cern.ch/root/html/TVirtualFFT.html).

The FFT spectrum of the muon rate and pressure data are shown in Bigd Berespectively.
The amplitude for frequencies above 8.5 cycles per day (cpd) aréstamswith the expectation
from the background. The spectrum of muon data showed large peakana 2 cpd. The high-
est amplitude was observed at 2 cpd followed by 1 cpd and thereafter ageglibecome rapidly
smaller. A similar profile was seen in the amplitude spectrum of the pressureittatae highest
peak at 2 cpd. This analysis clearly established the dominance of 2 chg€tibd) in the pressure
data at the GRAPES-3 experimental site. The peaks in the muon spectruadeith¢the contribu-
tion of the pressure as well as that of the solar diurnal anisotropy. A aosgn of pressure peak at
1 cpd with the corresponding peak of muon data shows that the pressugerhinor contribution.
However, the 2 cpd peaks are comparable in both data implying the primariijtedgion of pres-
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Figure 3: FFT spectrum of, (a) muon rate, (b) atmospheric pressur@fasf 4 min samples over 364.01d
in 2006.

sure effect. This unique feature of the data was exploited to segregatertregmospheric effects
in the muon data to obtain a better estimat@ @fs discussed below.
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Figure 4: Filter used to select frequencies centered at 2 cpd in mudpr@assure data. The region of 100%
acceptance is enclosed by two dashed vertical lines.

A narrow pass filteW( f) was designed to select the frequencies centered at 2 cpd as described
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below,

1, if |f— fo| <Af
W(f)= ¢ sinZlZl it Af < | — £ < 2Af (4.1)
0, if |f— fc| > 2Af

Here f; represented the central frequency. In Fig. 4 the filter used in therrasalysis
constructed withfc=2 cpd andA f=0.01 is shown. The filter had 100% acceptance in the frequency
range from 1.99 to 2.01cpd and it smoothly decreased to zero followingeafugittion in the
range 1.99-1.98 cpd and 2.01—-2.02 cpd, respectively. The acceptasczero outside of this
range. Such a design choice was made to avoid possible ringing effecuicgd by windows
with sharp cutoff edges such as a rectangular window [10].
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Figure 5: Time domain data after IFFT, folded modulo 24 h for, (&) muate r(b) pressure.

An inverse fast Fourier transform (IFFT) was performed on the fitérequency spectrum to
obtain the data in time domain. The resultant time series for entire 2006 was fotutedo 24 h as
shown in Fig. 5a for muon and in Fig. 5b for pressure. The pressuve showed minima at 4 AM
and 4 PM, while the maxima are at 10 AM and 10 PM local time. The peaks in the rateourve
are almost anti-correlated with pressure with a phase difference of 2Beuin. This showed that
the 12 h period (2 cpd) in the muon rate was caused primarily by the presstiagon.

The IFFT data of muon rate was plotted against pressure as shown in Fdigear fit to
the data in Fig. 6 represented by a solid line displayed a nearly perfechétsldpe of line which
representg was found to be -0.1284%/hPa.

The observedrymin data were corrected using valuef®$-0.1284%/hPa as shown below,

Robs
(14 BAP)
WhereAP is the change from the mean pressure.

Rcor = (4-2)
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Figure 6: Variation in muon rate as a function of pressure relativé tinean values.
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Figure 7: Frequency spectrum for muon data, (a) before pressurectiome(b) after pressure correction.

FFT was performed on the pressure corrected muon rates. The F&fuspdefore pressure
correction is shown Fig. 7a and after the pressure correction is sholig.ib. As expected, the
amplitude corresponding to the frequency of 1 cpd remained almost ateaffafter the correction,
primarily because the corresponding pressure amplitude was very smalkevelo the effect on
the frequency of 2 cpd was dramatic since the pressure amplitude was dofointhis frequency.
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The residual amplitude after the correction shows the presence of éesimaplitude of solar semi-

diurnal component (2 cpd). Another peak at 3 cpd was also visiblésReatill higher frequencies
could not be observed indicating that the higher frequency peaks imtoenected spectrum were
caused by pressure effects.

5. Summary

Though, it is a well-known fact that the muon rate and pressure are @nélated, the in-
terference of solar diurnal effects, Forbush decreases andregasriations had complicated the
anti-correlation as observed in the data. To get an accurate estimate oésisene coefficient in
this situation, we devised a novel method using FFT technique. FFT analgsipavformed on
the muon rate and atmospheric pressure data and the amplitude spectra@émésedomain was
obtained. The amplitude spectrum of the muon data showed peaks at hd2 v@th the highest
peak occurring at 2 cpd followed by the peak at 1 cpd and thereafadivedy smaller peaks at
higher frequencies. Similar profile was seen in the amplitude spectrum ofdélsype data with
the highest peak being seen at 2cpd. This analysis clearly showedrtieathce of 2 cpd (12 h
period) in the pressure data at the GRAPES-3 experimental site. Thieadgever centered at
2 cpd for the pressure and the muon rate data was extracted by usingw band filter and IFFT
performed to obtain the pressure and muon rate data in time domain. The newatei@ata
were plotted against the pressure data and a perfect anti-correlatvesenethe two was observed
for the 2 cpd component. The value of the pressure coeffi@end.1284% hPa' was obtained
by using a linear fit from the regression plot. After the muon rate was cedeor variations in
pressure, the amplitude of the diurnal component (1 cpd or 24 h peeo@ined almost unaltered
and the residual amplitude at 2 cpd (12 h period) showed the presetive sémi-diurnal solar
anisotropy.
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