32ND INTERNATIONAL CosMIC RAY CONFERENCE BEIJING 2011

The average spatial density gradient of galactic cosmic rays and its temporal variation observed
with the Global Muon Detector Network (GMDN)
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Abstract: We deduce the spatial gradient of galactic cosmic rays in three dimensions from the fist order anisotropy
observed with the Global Muon Detector Network. The anisotropy vector is first corrected for the solar wind convection
and the Compton-Getting effect arising from the solar wind and the Earth’s orbital motion around the Sun. We then
convert the component anisotropy perpendicular to the interplanetary magnetic field to the spatial density gradient by
assuming that the perpendicular anisotropy is mainly due to the diamagnetic streaming. In this paper, we analyze the
solar cycle variation of the gradient observed with the GMDN during ten years between 2001 and 2010 and show that the
derived density gradient is clearly decreasing with increasing solar activity toward the solar activity minimum in 2008-
2009. We also find a clear seasonal variation in each of the radial and longitudinal component of the gradient vector in
a close correlation with the heliographic latitude of the Earth. The amplitude of this seasonal variation also decreases
with the increasing solar activity. We discuss the origin of this seasonal variation in terms of the global distribution of
cosmic-ray density in the heliosphere.

Keywords: Diurnal anisotropy, Solar cycle variation of the cosmic-ray density gradient, Heliospheric modulation of
galactic cosmic rays.

1 Introduction ing of GCRs reflects the local spatial gradient of the GCR
density. This is an important objective of the Global Muon

The Galactic Cosmic Ray (GCR) intensity measured at tHaetector Network (GMDN).

Earth changes with various time scales. The best-knowata acquisition by the network began in December 1992,
11-year variation in an anti-correlation with the 11-year soas two-hemisphere observations using a pair of muon de-
lar activity cycle, which is typically observed in the neu-tectors at Nagoya (Japan) and Hobart (Australia). Another
tron monitor counting rate, represents the variation of themall detector at Sao Martinho in Brazil was added to the
GCR density (or omnidirectional intensity) at the Earth’ietwork in March 2001 to fill a gap in directional coverage
orbit responding to the variation of the modulation paramef the network over the Atlantic and Europe. The current
eters which governs the GCR transport into the heliospher@MDN was then completed in March 2006 by installing
The solar cycle variation of the modulation parameters alsdnew detector in Kuwait. The temporal variations of the
changes the spatial distribution of the GCR density in th@ensity gradient in association with the Forbush decreases
vicinity of the Earth. The spatial distribution of the GCRand corotating interaction regions have been analyzed us-
density can be inferred from measuring the anisotropi®g the observations with the GMDN [1, 2, 3]. In this pa-
streaming of GCRs at the Earth, as the diffusion streanper, we analyze the solar cycle variation of the gradient ob-
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served with the GMDN during ten years between 2001 and
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of muons in thej-th directional channel of théth detec- o .
tor in the GMDN at the universal timeand derive three Figure 1: Observed diffusive anisotropy component paral-
componentsgC =P (t), gyGEO(t), £GEO (1)) of the first or-  lel to the IMF. Each open circle displays the magnitude of

der anisotropy in the geographic (GEO) coordinate systefn (t) averaged over the Carrington Rotation. Errors are

by best-fitting the following model function th ; (t). deduced from the dispersion of hourly values in each rota-
) tion. A thick black curve shows the central moving aver-
]if;.t (t) = age of open circles over 14 rotations, while the thin curve

0 GEO 1 1 _ displays the moving average of the IMF magnitude as an
L)+ &7 () ey, coswhi — 51,5 sinwti) indicator of the solar activity.

+ fg?EO(t)(S%i,j coswt; + Cb}j sin wt;)

GEO . . '

+ &F (t)c(l)i,j (1) andaway(A) IMF sectors in every rotation. We define the

. . .. IMF sector polarity based on the hourly mean IMF com-
0

}Nheri#d(’t) 'S,%Paf?me‘fr. rtepre_ientlnjj ;[Ee Cctmmburt]'or.]gonents in the heliocentric polar coordinate system, which
rom the omni-directional Intensity an € alMmosSPNeN o transformed from the GSE coordinate system used in

:iinaeratulre zfr:fjc? 'Sartgfhleoggl t'lr.?] € 2;;?&?”?56;2?& _ACE-Level2 and/or Omni-data. The sector polarity of the
Iat('a(cjlgjigéiéj m'nCItiﬁjé rigidit 'n(lng Iegdent zlanl'sotro u't MF vector (B) is designatedoward (T) if Biong > B,
y assuming 'gidity ingep ! Py Wi ndaway (A) if B, > Biong. By assuming thag  (t) in

the response function of atmospheric muons to the primaﬁfgure 2 is predominantly due to the diamagnetic stream-

oo 3 e i appyan anayss metrod i w7 e 81 Searing) eressed i a ector prodc
developed to remove the atmospheric temperature effeccgn derive? | (t) the fractional density gradient perpendic-
from the derived anisotropy (see [1]). The correction fo[jlar to the IME. as
the temperature effect is of particular importance in ana- '
lyzing the long-term temporal variation ¢fF EO. ' . G (t) =b(t) x &, (t)/Ri(t) A3)

The derived anisotropy is transformed to the heliocentric

polar coordinate (HPC) systetn, 6, ¢) and corrected for whereb(t) is the unit vector pointing in the IMF direction
the solar wind convection anisotropy and the Comptor@Nd 2. (t) is the Larmor radius of protons with the effec-
Getting anisotropy arising from the Earth’s 30 km/s orbitafive energy which we set at 60 GeV, a representative median
motion around the Sun. For this correction, we use the sol§Rergy of GCRs observed with the GMDN. Figure 3 shows
wind velocity in theACELevel2 data and the Omni-data three components df  (¢) in the same manner as Figure
[5, 6]. We also use thACE Interplanetary Magnetic Field 2.

(IMF) and solar wind data lagged by one hour, as a rougH he negative (positivel ;. (t) in T (A) sector in Figure
correction for the solar wind transit time betwed@Eand 3 indicates the local maximum of the GCR density on the
the Earth. We then divide the obtained diffusive anisotrop¥i€liospheric Current Sheet (HCS). This is qualitatively in

into components parallel and perpendicular to the IMF, agiccord with the drift model prediction for the density dis-
tribution during the "negative” polarity period of the solar

(1) =¢&(t) +&.(1) (2) polar magnetic field (also referred as tHe< 0 epoch).
In Figure 3, it is also clear tha¥ , ;,;(t) decreases signif-

Figure 1 shows the magnitude &f(¢) averaged in each jcantly from 2003 to 2008-2009 according to the solar ac-
Carrington Rotation during ten years between 2001 angjity decrease. A similar trend is also visibled, , () or
2010. In spite of large fluctuations from one rotation QG | 1ong (1), but is less evident partly due to the relatively
another, the thick black curve representing the central mo¥majler magnitude of these components. The long-term
ing average over 14 rotations shows a clear long-term vatirend is less evident i@, (t) in Figure 2 where from we de-
ation in which the magnitude & (t) decreases from the rived G | (¢) in equation 3. This is due t&;,(¢) which in-

maximum in 2003 toward the minimum in 2009. This iscreases with decreasing IMF magnitude compensating the
an indication of the decrease of the GCR density gradiegkcrease inG , (t)|.

and/or parallel mean-free-path of the pitch-angle scattering

of GCRs by the IMF fluctuation, a§(¢) is given by the ) _

product of these quantities. 3 Discussion

Figure 2 shows the radiat), longitudinal @) and lati-

tudinal ¢r/2 — ) components of | (¢) in the heliocentric One of the most notable features in Figure 3 is probably the
polar coordinate system, each averaged ovetovard(T)  significant seasonal variations seen in the radial and lon-
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Figure 2: Observed diffusive anisotropy perpendicular to the IMF. Each solid circle in the left (right) panels shows the
average component gf, in the HPC in theoward (away) IMF sector in every rotation. The thick black curve in each
panel represents the central moving average of the solid circles over 14 rotations.
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Figure 3: Derived density gradient perpendicular to the IMF. Solid circles in the left (right) panels display the rotation
average of three components@f_(¢) in the T (A) IMF sector in every rotation. The thick curve in each panel represents
the central moving average of the solid circles over 14 rotations.

gitudinal componentsd - (t) and G 110n4(t)) of G (t) the firsttime. Although this is still preliminary, we confirm

in Figure 3. As shown in Figure 4, the amplitude of thisthat the similar seasonal variation is also seen, with larger
variation is as large as about 50 % of the yearly averagamplitude, in the gradient deduced from the observation
of the gradient. The similar variation is also notable irby the Space Ship Earth (SSE) neutron monitor network,
the latitudinal component(,.:(t)) of &, (¢) in Figure 2 which monitors the intensity of GCRs with lower energy
from which we derived= (t). To our knowledge, there is (~10 GeV) [7]. We now discuss this newly found seasonal
no other observation reporting such a significant seasonariation ofG | ().

variation of G (t) and the GMDN has discovered it for Itis clearin Figure 4 that the seasonal variation&of. (¢)
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Figure 4: Average seasonal variationgdf, (top) andG 1 o,4 (bottom). Thin black curves in each panel showhe,

(G Liong) In ten years between 2001 and 2010, while a thick solid curve displays the average of ten years. A pair of thick
dotted curves in each panel indicates the error-range of the average deduced from the dispersion of thin curves. The left
and right panels display the gradients in the T and A IMF sectors, respectively. The heliographic latitude of the Earth on
the right vertical axis is also displayed by a thick chain-dotted curve in each panel.

andG 1 ong(t) are in phase, while the variations in T andgrams of the Solar-Terrestrial Environment Laboratory,

A sectors are out of phase to each other. Also seen in tHiagoya University. The observations with the Kuwait

figure is a close correlation between the gradient and tiduon Telescope are supported by the Kuwait University

heliographic latitude of the Earth displayed by the thiclgrant SP03/03. We thank N. F. Ness for providing ACE

chain-dotted curve in each panel. This correlation possibipagnetic field data via the ACE Science Center.

suggests the seasonal variation arising from the latitude de-

pendence of the GCR distribution which is organized alon

the wavy neutral sheet as the drift model predicts. Accord- eferences

ing to our preliminary analyses based on the numerical sim-

ulation of GCR transport in a three-dimensional model hd1] Okazaki, Y. etal., Astrophys. J., 200831, 693-707

liosphere, it is possible to reproduce at least qualitativellz] Kuwabara, T. et al., Geophys. Res. Lett., 2064,

the seasonal variation in Figure 4, if we assume the dif- L19803-1-L19803-5

fusion coefficients dependent on the heliographic latitud8] Kuwabara, T. et al., J. Geophys. Res., 20094,

and decreasing near the equator. Deriving quantitative con- A05109-1-A05109-10

clusions, however, requires closer comparison between tf Murakami, K., et al., IL Nuovo Cimento, 1972C,

data and calculations which is now ongoing. We will also  635-651

promote comparative analyses of the data from the GMDI®] ACELevel2 data are available at

and SSE to examine the energy dependence of the Spatia|http://WWW.5r|.Ca'teCh.EdU/ACE/ASC/|EVE|2/indeX.htm'

distribution of GCR density in three dimensions. [6] Omni-data are available at
ftp://nssdcftp.gsfc.nasa.gov/spacecsaata/omni/

[7] Bieber, J. W. et al., Astrophys. J., 20@01, 103-106
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