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Abstract: We have developed a method for determining ICME (Intergkmyecoronal mass ejection)
geometry from galactic cosmic ray data recorded by the gtdnased muon detector network. The
cosmic ray density depression inside the ICME, which is tinese of a Forbush decrease, is represented
as an expanding cylinder that is based on a theoretical noddieé cosmic ray particle diffusion. ICME
geometry and orientation are deduced from observed tinmatiars of density and density gradient, and
are compared with that deduced from a magnetic flux rope. Ramch 2001 to May 2005, 11 ICME
events that produced Forbush decreas2% were observed, and clear variations of the density gnadie
due to ICME passage were observed in 8 of 11 events. In 3 of hesents, clear signatures of magnetic
flux rope structure (large, smooth rotation of magnetic jieldre also seen, and the ICME geometry and
orientation deduced from the two methods were very simildris suggests that the cosmic ray-based
method may provide a more robust method for deducing ICMErgxy than the flux rope method for
events where a large Forbush decrease is observed.

Introduction termination of ICME geometry and orientation at
AU is of interest for understanding the interactit
Owing to the large detector mass required to de- of the structure with Earth’s magnetosphere, ¢
tect high-energy cosmic rays, ground-based instru- has been done by several methods. For examnr
ments remain the state-of-the-art method for study- fitting observations based upon a model magn
ing these elusive particles. Muon detectors record flux rope is perhaps the most commonly employ
secondary cosmic rays created by interactions of method for determining the magnetic field insi
>1 GeV primary cosmic rays with Earth’s atmo- the ICME and the ICME geometry [1].
sphere. These cosmic rays are the dominant sourcaviore recently, several studies find that mod
of ionization in Earth’s atmosphere. In addition, at ing the high energy cosmic ray density inside t
energies up te-100 GeV, primary galactic cosmic  |CME can also be used to determine ICME ¢
rays experience significant variation in response to ometry and orientation [2]. Behind the shock
passing solar wind disturbances such as interplan-present) and inside the ICME, there is a cosmic
etary coronal mass ejections (ICMEs). density-depleted region that is the cause of a F
ICMEs and their accompanying shocks propa- bush decrease [3]. Within and around this deple
gate through interplanetary space and reach Earth.region, there is a “Bgrad(n)” drift flow originat-
Some ICMEs have a rope-like magnetic structure ing with the particle gyro-motion and the densi
called a magnetic flux rope, and such structures can(n) gradient perpendicular to the magnetic fie
be a factor in producing geomagnetic storms. De- (B). This density gradient depends on the struct
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of the depleted region, and is calculated from the wherea is density depression on the cylinder ax
direction of drift flow and the interplanetary mag- T is described by a dimensionless parameigr
netic field (IMF) vector [4]. The method works by that related to the degree of the cross field dif
comparing the time variation of the density gradi- sion and a cosmic ray power spectryre= 2.7 as,
ent with that expected based on a theoretical modelT" = 2(2 + ~)/(3x0).

of the cosmic ray density depleted region [5]. In cosmic ray density predicted at Earth are deri
this way we can determine the ICME geometry and from this density distribution by assuming a vect
orientation from the model calculation. P (¢) that pointing the Closest Axial Point (CAF
on the cylinder axis from Earth at time With this

vectorP g(t) and cylinder radiug(¢), normalized
radial distance:(t) become

Pg(t
Cosmic ray density, and drift flow that deter- a(t) = | R(,(g)”' ©)
mine density gradient, are observed from the
ground based muon detector network. Three multi- Then, expected densitff*?(¢) observed at Eartt
directional muon detectors at Nagoya(Japan), Ho- at timet are deduced by the density distribution
bart (Australia), and & Martinho (Brazil) that )
had been_ope'rated by March 2001 to May 2005 jeep(t) = go{1 + Ex(t)2 + L
are used in this work. Network data are fitted to 4 64
the function defined by using the "coupling coef-
ficients” [6], and cosmic ray densiti/(t) and the
anisotropy vector in spacg(t) are derived as a
function of time [2]. FollowingBieber and Even- cap Ry 1 dIeep
son [4] , we calculate the fractional density gradi- 9L ()= _m]e—xpweﬂt)

entg , (t) perpendicular to the IMF, as R I
— L (Salt) + - Ye (1), ()
VN

N where e (t) is the unit vector parallel to the
where Ry, is the particle Larmor radius, arisl(t) Pg(t). Normalized Larmor radiusky,/R(¢) is
is a unit vector in the direction of the IMF. In this  multiplied to follow an observed density gradien
equation, the anisotropy in the solar wind frame \ne assume that cylinder moves as average s
£*(t) is derived from thef(t) by the subtraction \ing speedv,,,, and that axis is parallel to the un

of the streaming due to the Compton-Getting effect \gctore, . that shows cylinder orientation. The
of solar wind convection and earth orbital motion. vectorP z ()is given by

Observation of the Cosmic Ray Density
and Density Gradient

CL’(ﬁ)4 + '}7 (4)

and also expected density gradient vegigt (¢)
are deduced from“*? (¢) as

R(t) Ie=r 12"

g9.(t) = Ry —b(t) x & (), (1)

Expanding Cylinder Model for Cosmic Pp(t)={Vau(€arVsw)ea}(t —tc)+Pc (6)

Ray where, t. is the time when cylinder is closest 1
Earth.P. is the CAP location attimg,, i.e.,P, =

For modeling the cosmic ray density gradient, we Pg(¢.), and is derived by

used the expanding cylinder model (actually, the

cylinder both convects and expands)\finakata P.—d Visw X €ax @)

et al. [5], which is a refinement of the static con- ‘ [Vow X €az|’

vecting cylinder model okuwabara et al. [2]. Ac-

cording to this model, the density depressidm)

as a function ofr, a distance from cylinder axis .
normalized by cylinder radius is expand withV,,,, becomeR;,, when Earth entel

9 cylinder at the timet;,,, and becomer,,,; when

I(x) = ap{l + glﬁ 4 F_4m4 +--} 2) Earth exits the cylinder at the timg,;. ThenR(t)
6 b

whered is the distance between Earth and C;
at timet.. We assume that cylinder radiug(t)
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is Orientations deduced from both method for
events are summarized in Table 1. By comp

R(t) = Rin + Veap - (t — tin) (8)  with the magnetic field data at ACE, signatures
N Rout — Rin ©) magnetic flux rope structure (smooth rotation

P tout — tin magnetic field) were seen in 5 of these 8 events

) ) ) these 5 events, the ICME geometry and orientai
In this analysis, we use average solar wind speed yequced from the two methods were very simi
V., thatis observed at satellite, and also use times j, 3 events. but not in the other 2 events. Thi

that Earth encounters the cylinder boundarigs, is a tendency that rotations of the magnetic fl
andt,,, corresponding to the period of rapid vari- rope were relatively big in the three good agre
ation of the density gradient. Moreovey,, IS de-  ment events. In remaining 3 events, we could |
fined by GSE latitud®, and longitudep. Then, 4o magnetic flux rope analysis because of the sr
cosmic ray density and density gradient at Earth o ot clear rotation of magnetic field. This su
are functions of seven parameteds, o, ., d, gests that the cosmic ray-based method may |
0, ¢, andt.. vide a more robust method for deducing ICME ¢

ometry than the flux rope method - the cosmic t
method provides an answer in more cases than
flux rope method, but when both methods can
applied, agreement is good.

Result and Discussion

Nearly 4 year data observed from March 2001 to
May 2005 are analyzed in this work. During this
period 11 ICME events that produced Forbush de- Acknowledgements
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Figure 1: Observation and modeling of ICME geometry on Oetdt9, 2003. (Left) from cosmic ra
density gradients determined from prototype muon detesttwork and (Right) from magnetic flux rog
model based upon ACE IMF measurements. Left panel: Cosmideasity, north-south anisotropy, tt
component anisotropy in the ecliptic plane in a gray scalmét, and the three components of the den:
gradient in GSE coordinates. Right panel: IMF magnitudépide, longitude, three Cartesian compone
of IMF, and the solar wind speed.

Cosmic Ray Magnetic Flux Rope
EventDate | 6 ¢ R(t.) P, 0 ¢ Rlte) P,
Apr/05/2001| 7 56 0.109 -0.004,0.013,-0.0629 277 0.175 0.000,-0.073,-0.131
Apr/11/2001{66 12 0.060 0.000,-0.002,-0.000
Apr/28/2001| 26 283 0.097 0.001,-0.009,-0.018
Nov/06/2001 38 273 0.074 0.000,-0.023,-0.030
Oct/29/2003/ 35 78 0.215 0.000,-0.066,0.0946 56 0.222 0.000,-0.080, 0.064)
Jul/27/2004| 5 303 0.096 0.000,-0.004,-0.0326 296 0.136 0.000,-0.004,-0.012)
Nov/09/2004 44 187 0.065 0.001,-0.038,-0.0086 195 0.060 0.000,-0.036,-0.0L83)
Jan/22/2005 7 337 0.049 0.000,-0.003,-0.0061 212 0.237 0.000,-0.170,-0.074

Table 1: Geometries and orientations of ICME at 8 eventsnEdate, inclination (latitudé and longitude
¢ in GSE) and radiugz(t.) of the cylinder, and impact paramet& deduced from cosmic ray-base
method and flux rope method. Three events that very similgfH@eometry and orientation are deduc
from the two methods, are marked in the right column.
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