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We demonstrate that global observations of high-energy cosmic rays contribute to understanding
unique characteristics of a large-scale magnetic flux rope (MFR) causing a magnetic storm in
August 2018. Following a weak interplanetary shock on 25 August 2018, a MFR caused an
unexpectedly large geomagnetic storm. It is likely that this event became geoeftective because the
MFR was accompanied by a corotating interaction region (CIR) and compressed by high-speed
solar wind following the MFR. In fact, a Forbush decrease was observed in cosmic-ray data inside
the MFR as expected, and a significant cosmic-ray density increase exceeding the unmodulated
level before the shock was also observed near the trailing edge of the MFR. The cosmic-ray density
increase can be interpreted in terms of the adiabatic heating of cosmic rays near the trailing edge
of the MFR, as the corotating interaction region prevents free expansion of the MFR and results
in the compression near the trailing edge. A northeast-directed spatial gradient in the cosmic-ray
density was also derived during the cosmic-ray density increase, suggesting that the center of
the heating near the trailing edge is located northeast of Earth. The second order anisotropy is
observed during the density increase clearly representing an intensity enhancement of cosmic rays
with approximately 90 degree pitch angle, possibly indicating the betatron acceleration of CRs
during the cosmic-ray density increase and/or accelerated CRs leaking along the magnetic field
from the density increase region toward the south where lower CR population is expected. This is
one of the best examples demonstrating that the observation of high energy cosmic rays provides us
with information of the three-dimensional macroscopic picture of the interaction between coronal
mass ejections and the ambient solar wind, which is essential for prediction of large magnetic
storms.
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1. Event overview

Figure 1 summarizes solar wind parameters measured in an ICME over four days between
24 and 27 August, 2018 (https://omniweb.gsfc.nasa.gov/ow.html). This ICME event is
caused by a CME eruption recorded at 21:24 UT on 20 August by the LASCO coronagraphs on
board the SOHO satellite. Following a weak IP-shock recorded at 03:00 UT on 25 August (see the
pink vertical line in Figure 1) and a successive sheath period identified by the enhanced fluctuation
of IMF (a period between the pink and the first blue lines), a significant enhancement of the IMF
magnitude is recorded until 09:09 UT on 26 August in association with a systematic rotation of
IMF orientation indicating Earth’s entrance into the MFR. Following Chen et al. [1], we define the
MEFR period as a period between 14:10 UT on 25 August and 09:09 UT on 26 August, delimited
by a pair of blue vertical lines. A significant southward field is recorded in the MFR causing a
gradual decrease of the Dgr index of geomagnetic field down to the minimum of -174 nT at 06:00
on 26 August (panel e)(http://wdc.kugi.kyoto-u.ac.jp/index.html). Following the MFR
period, the gradual increase of solar wind speed is recorded.

This event occurred in 2018 close to the solar activity minimum of solar cycle 24. The CME
was relatively slow taking about five days to arrive at Earth after the CME eruption on the Sun.
The solar wind velocity enhancement after the IP-shock is also weak and seems to be insufficient
to cause the large solar wind compression and significant enhancement of the southward IMF that
triggered a major geomagnetic storm. Chen et al. [1] attributed peculiarities of this storm to the
MEFR compression by the following faster solar wind and Dal Lago et al. [3] also presented a similar
idea of MFR compression for an event that occurred in October 1999. In this paper, we study this
peculiar ICME event by analyzing the cosmic-ray data from the Global Muon Detector Network
(GMDN). For more detail of our analysis, readers can refer to our recent paper Kihara et al. [4].
Abunin et al. [2] reported a strong enhancement of the cosmic-ray (CR) anisotropy during this event
from the observations with neutron monitors.

2. Analysis of GMDN data

The GMDN, which is designed for accurate observation of the GCR anisotropy, comprises
four multidirectional muon detectors recording muon count rates in 60 directional channels viewing
almost the entire sky around Earth. The median rigidity (£,,) of primary GCRs recorded by the
GMDN, which we calculate by using the response function of the atmospheric muons to the primary
GCRs given by numerical solutions of the hadronic cascade in the atmosphere [5], ranges from
about 50 GV for the vertical directional channel to about 100 GV for the most inclined directional
channel, while the asymptotic viewing directions (corrected for geomagnetic bending of cosmic-ray
orbits) at P, covers the asymptotic viewing latitude (Aasymp) from 72°N to 77°S. The representative
P, of the entire GMDN is about 60 GV. More detail information of the GMDN can be found in our
separate paper [6].

We analyze the percent deviation of the 10-minute muon count rate /; ;(¢) from an average over 27
days between 12 August and 7 September, 2018 in the j-th directional channel of the i-th detector
in the GMDN at universal time ¢, after correcting for local atmospheric pressure and temperature
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Figure 1: Solar wind parameters and Dgr index for 24-27 August, 2018. The pink vertical line indicates the
timing of IP-shock identified by the shock of IMF at 03:00 UT on 25 August, while a pair of blue vertical
lines delimit the MFR period reported by Chen et al. [1]. The blue shaded area indicates six hours between
03:00 UT and 09:00 UT on 26 August when an increase is observed in the cosmic-ray density (see text). The
orange vertical line indicates the second stream interface at 13:00 UT on 26 August. As indicated at the top
of the figure, we define the “MFR period” delimited by a pair of blue vertical lines and the “sheath period”
between the pink and the first blue vertical lines (see text).
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effects. For our correction method of the atmospheric effects using the on-site measurement of
pressure and the mass weighted temperature from the vertical profile of the atmospheric temperature
provided by the Global Data Assimilation System (GDAS) of the National Center for Environmental
Prediction, readers can refer to Mendonga et al. [7].

We model /; ;(t) in terms of the cosmic ray density (or omnidirectional intensity) Io(#) and three
components of the first order anisotropy (£SEO(t), fSEO(t), §ZGEO(t)) of £(¢) in a geocentric (GEO)
coordinate system, as

Iﬁt(t) = Io()cy; ; + &S ) + &gl (1) + 5000
+ 52 GEO(t)Cz ij + §2C GEO(Z)fZli’j(ti) + §21S GEO(I)g% i,j(ti)
+ 9O 2, 1) + & FO(n)gd (1),

(1

where

o J(tl) = ; COs mwt; — sin mwft;,

i j

g J(t,) = ; cos mwt; + oy - sinmwt;, 2)

i,J

t; is the local time in hours at the i-th detector, w = n/12, and c]; ; J and s, i are the coupling
coefficients which relate (or “couple”) the observed intensity in each dlrectlonal channel with the
cosmic ray density and anisotropy in space. In the GEO coordinate system, we set the x-axis to the
anti-sunward direction in the equatorial plane, the z-axis to the geographical north perpendicular
to the equatorial plane and the y-axis completing the right-handed coordinate system. Coupling
coefficients in Eq.(2) are calculated by using the response function of the atmospheric muon intensity
to primary GCRs [5] and by assuming Io(¢) inversely proportional to the rigidity P of primary CRs
and the (first- and second-order) anisotropies independent of P. We derive the best-fit set of nine
parameters (Ip(t), £750(r), £75O(r), £55O(1) and & °/ S GEO(4) with 0 £ m £ 2) minimizing the
residual value of fitting defined, as

X —Z(llm el (3)

with o; ; denoting the count rate error of /; j(¢). The best-fit anisotropy vector & GEO(¢) in the GEO
coordinate system is then transformed to £95E(¢) in the geocentric solar ecliptic (GSE) coordinate
system for comparisons with the solar wind and IMF data.

We first subtract from £€95E(¢) contributions from the solar wind convection and the Compton-
Getting effect arising from Earth’s revolution around the Sun. In the picture of diffusive propagation
of GCRs in the heliosphere, the spatial gradient vector (G) of GCR density is related to the first-order
anisotropy, as

A 04 0 B0

Gl = RL(t)(1 +a?) RL(t)(1 +a?) B(1)

R ( N X &E7 () “)

where Ry (f) = TB@ B(t)l is the Larmor radius of particles with rigidity P in magnetic field B(z) and

fﬁ”(t) and &V(¢) are components of the first-order anisotropy vector parallel and perpendicular
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to B(), respectively [8]. «| and @, in Eq.(4) are mean-free-paths of parallel and perpendicular
diffusions, respectively, normalized by Ry(¢), as

ay = A(t)/Re(t) &)
a; = A, ()/RL(2). (6)

According to current understanding that GCRs at neutron monitor and muon detector energies are
in the “weak-scattering” regime [9], we assume in this paper 4, (f) < A;(¢) and constant &, = 0.36
for a period outside the MFR, as often used in the study of the large-scale GCR transport in the
heliosphere. We also assume A = 1.9 AU for the entire period. For 60 GV cosmic rays in
|B(#)| ~ 5 nT average magnetic field, Ry, is 0.27 AU resulting in 4, = 0.096 AU and a) = 7.2.
For a period inside the MFR where the magnetic field is exceptionally strong, we use a constant
A, = 0.010 AU without changing A [10].

3. Results

3.1 GCR density and density gradient

Figure 2 shows the GCR density (Ip(¢)) and density gradient (G(r) at 60 GV obtained from
our analyses of the GMDN data. In this paper, we use only the hourly average of six 10-minute
values, because one hour is much shorter than the time scale (R /Vsw ~ 9 hours) for the solar
wind to travel across the Larmor radius (R;=0.089 AU) of 60 GV GCRs in IMF (B ~ 15 nT) with
the average velocity (Vsw ~ 400 km/s) and enough for analyzing the spatial distribution of 60 GV
GCRs. We also calculated the error of the hourly value of each parameter from the dispersion of
10-minute values.

The cosmic-ray density Iy(¢) in the top panel starts decreasing a few hours before the IP-shock early
on 25 August and goes to the minimum of -0.28 % at 16:30 UT and recovers to the level before
the IP-shock early on 26 August. This is a well-known feature of a moderate Forbush decrease
indicating Earth’s entrance into the cosmic-ray depleted region formed behind the shock and in the
magnetic flux rope (MFR). A small local maximum is seen in fy(¢) at around 10:00 UT of 25 August
being superposed on the gradual decrease in the sheath period. We think that this is probably due
to the discontinuity recorded in the IMF magnitude and longitude seen in Figure 1, because such a
local increase of Iy(¢) is often observed by the GMDN at the IMF discontinuity [11].

It is seen in the bottom three panels that G (7) and G () change their signs from negative to positive
around the time of the minimum /y(¢) in the MFR period, while G,(¢) remains negative. This is
qualitatively consistent with the MFR orientation (the elevation angle of the MFR is about —51°
and the azimuthal angle is about 299°) presented in Chen et al. [1], indicating that the cosmic-ray
density minimum region formed along the MFR axis passed northeast of Earth approaching from
the sunward direction and then leaving.

A marked feature of this event is a “hump” in the density in which Ip(¢) increased to the maximum
at around 06:00 UT on 26 August exceeding the unmodulated level before the shock. As discussed
in Kihara et al. [4], this increase accompanied by a linear decrease of G(¢) is likely caused by the
compression of the trailing edge of the MFR by the faster solar wind following the MFR (see the
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Figure 2: Cosmic-ray density, anisotropy and density gradient at 60 GV derived from GMDN data. Top
panel displays cosmic-ray density /y(), while bottom panels display three components of G(z) calculated
by Equation (2). In each of bottom three panels, the contribution from the drift is shown by the blue curve
on the left vertical axis together with the total gradient component (black solid circles), while contributions
from the parallel and perpendicular diffusions are shown by purple and red curves on the right vertical axis,
respectively (note the scale of the right vertical axis is expanded four times the left axis). Open red circles in

the second panel show ﬁ % calculated with Vgy = 400 km/s for a test of G(¢) derived from & (¢).

blue shaded period in Figures 1 and 2). It is interesting to note that the hump is observed in the
center of MFR which is significantly shifted toward the trailing edge of the MFR as indicated by
the Grad-Shafranov plot by Chen et al. [1].

Another notable features of G(t) are positive enhancements of G, () and G,(¢) in the later MFR
period between 03:00 UT and 09:00 UT on 26 August (blue shaded period in Figures 1 and 2)
when the orientation of the strongest IMF turned northeast after the maximum of /o(¢) observed in
the hump in the top panel. This indicates that a region with higher Io(¢) exists northeast of Earth
(yase > 0, zgse > 0) and a significant diffusion anisotropy from there is observed along the IMF.

3.2 Second-order anisotropy

Top panel of Figure 3 displays the amplitudes of the first-order (blue curve) and second-order
(red-curve) anisotropies. It is clear that the amplitude of the second-order anisotropy increases
and dominates the first-order anisotropy during the blue-shaded period when the hump of Iy()
is observed. It is also seen in the bottom panel showing five components of the second-order
anisotropy that negative fg GEO(#) dominates other components during the blue-shaded period.
This is consistent with the intensity enhancement of particles with 90° pitch angle measured from
B(z), because B(¢) during this period directs approximately parallel to Earth’s spin axis (zggo)-



A Peculiar ICME Event in August 2018 Kazuoki Munakata

¥s IP-shock
Isheath MFR

0.5

Amplitude (%)

o/
“‘UW

S

]

1o RN
8 e

il

i)

Ee

M

¥

%)
R

26 27 28
Day of August, 2018

Figure 3: Second-order anisotropy at 60 GV derived from GMDN data for 24-27 August,
2018. Red circles in the upper panel show the amplitude of the second-order anisotropy (a, =

\/ ((£) CEOY2 4 (£)c GEO)2 4 (¢)s GEOY2 4 (£2¢ GEO)2 4 (¢£25 GEO)2)/5)  while the blue curve shows the am-

plitude of the first-order anisotropy (a; = \/((5? GEOY2 1 (] GEO)2 4 (g5 GEOY2)/3) for comparison. Red

circles in the lower panel show fg GEO ' while other color curves display remaining four components of the
second-order anisotropy.
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Figure 4: Sample color maps of the hourly mean intensity represented by the best-fit second-order anisotropy
during the blue shaded period. Black cross and diamond in each panel represent the orientations parallel and

anti-parallel to B(z), respectively, while the white doted-curve shows the magnetic equator perpendicular to
B(?).

This is actually seen in Figure 4 also showing the intensity enhancement around the magnetic
equator. The observed second-order anisotropy possibly suggests the betatron acceleration in the
compressed magnetic field (a candidate physical mechanism of the adiabatic heating) in the blue
shaded period near the trailing edge of the MFR as well as CRs leaking along B(z) toward the
southwest where the CR population is lower.

4. Conclusions

The observation that, near the trailing edge of the MFR, I rose above its undisturbed level
suggests that GCRs gained energy relative to the quiet period. A plausible cause of the energy gain
may be a compression of the plasma occurring in the MFR [4]. Positive enhancements of G(r)
and G,(t) are observed during the same period when the orientation of the strongest IMF turned
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northeast after the maximum of Ip(¢). This indicates that the center of region with higher Iy(¢) exists
northeast of Earth (ygsg > 0, zgse > 0) and a significant first-order diffusion anisotropy from there
is observed along the IMF. In the same period, the amplitude of the second-order anisotropy also
increases, possibly suggesting the betatron acceleration in the magnetic field getting compressed as
well as CRs leaking along B(¢) toward the southwest where the CR population is lower.
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