33RD INTERNATIONAL COSMIC RAY CONFERENCE, RI10 DE JANEIRO 2013

THE ASTROPARTICLE PHYSICS CONFERENCE

GRS

The impact of magnetic clouds on the density and the first harmonic of the

cosmic ray anisotropy

A. ABUNIN!, M. ABUNINA!, A. BELOV!, E. EROSHENKO'!, V. OLENEVA!, V. YANKE!, H. MAVROMICHALAKIZ,

A. PAPAIOANNOU?

U Pushkov Institute of Terrestrial Magnetism, lonosphere and Radiowave Propagation, RAS (IZMIRAN)
2 Nuclear and Particle Physics Section, Physics Department, National and Kapodistrian University of Athens

abunin@izmiran.ru

Abstract: It is known more than 20 years that magnetic clouds affect the galactic cosmic rays. They are able
to change the density of cosmic rays, creating a two-step structure of the Forbush-decreases, and significantly
increase the second harmonic of the cosmic ray anisotropy. In this paper the variation of cosmic rays by the global
survey method obtained from the world wide neutron monitor network, were studied for 99 events, identified
with magnetic clouds. It is shown that the interplanetary disturbances with magnetic clouds modulate cosmic rays
stronger than the disturbances with similar characteristics of solar wind, but without the magnetic clouds. Many
examples of cosmic ray density decreases in the magnetic clouds revealed a good agreement with the cylindrical
symmetry. However, there are some events in which a maximum of the cosmic ray density in the cloud is observed
instead of the minimum. In several cases variations of the cosmic ray density have complicated character, with
alternating local minima and maxima, possibly reflecting the toroidal structure of the cloud. One can see that
galactic cosmic rays not only react to the magnetic cloud in common, but also can display the internal structure of
its magnetic field. In many cases one can identify the boundaries of the magnetic cloud by to the data on density

and anisotropy of the cosmic rays.
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1 Introduction

Magnetic clouds (MCs) [lL] are closely related to the For-
bush decrease (FDs) of cosmic rays (CRs) [2, 13]]. As FD-
s arise during the expansion of partially closed magnetic
structures in the solar wind [4} 15,16, 7], and MCs is the most
obvious example of such a structure, it is natural to expec-
t the deepest decrease in the CR density exactly in MCs.
The concept of two-step FDs is based on this fact [2| 8],
in which a second, deeper density decrease is associated
with the MC. The impact of MCs on the galactic CRs was
considered in a number of papers (eg, [9} 110} [11} 12} [13])),
but obtained results were ambiguous.

In this paper we have used the ICME catalog [14], in
combinating with our database on FDs [15 (7], to investigate
the features of the CR anisotropy and density in the events
when MCs were observed in the interplanetary disturbances
near Earth.

2 Data and methods

In the ICME catalog [14] the basic properties of inter-
planetary disturbances, their solar sources and the rele-
vant geomagnetic effects are presented for 1996 - 2009.
We selected those ICMEs, which entered the list of mag-
netic clouds WIND (http://wind.nasa.gov/mfi/mag_
cloud_publ.html) and/or are listed in [16]]. Created in
IZMIR AN, the database on Forbush effects and correspond-
ingly interplanetary disturbances, is based on the variation
of density and anisotropy of the CR with rigidity of 10 GV.
These parameters are received by the global survey method
(GSM) (eg. [17}18]) using data from the neutron monitor
network. Apart from CR parameters, this database includes

various data of the interplanetary disturbances, indices of
geomagnetic activity and solar parameters.

One of the problems in studying the effect of MCs on
CRs is the magnetospheric variations of CRs. During the
passage of a magnetic cloud, geomagnetic storms are often
observed at Earth, which in turn may influence CR density
variations defined by GSM.

To avoid this undesirable effect, we estimated the possi-
ble magnetospheric variations, and as an example, picked
up the events in which the magnetospheric variations were
either small or changed unsignificantly in the magnetic
cloud.

3 Discussion

Into the group of ICMEs with MCs, observed at the Earth,
99 events the 23" and 24'" solar cycles were selected [14].
The presence of MCs underlines the common group of
these events, but both the MCs and FDs in the group - are
very variable. Among them are the short and long-term
disturbances, very fast ICMEs with the solar wind velocity
at the Earth > 1000km /s and the slow ones - with velocity
< 400km/s, with a very large and modest increase of the
interplanetary magnetic field. Magnetic clouds - are the
structures with enhanced interplanetary magnetic field, but
this enhancement used to be very high (up to 57 nT), and
small (up to 8 nT). Not all events (only 62 of 99) have begun
with the arrival of an interplanetary shock, which we define
by the SSC.

Also phenomena caused by ICMEs are significantly
different. Together with exclusively big magnetic storms,
a dozen of events with the Kp-index <4- turned out to
be in this list. The corresponding CR variations are also


http://wind.nasa.gov/mfi/mag_cloud_pub1.html
http://wind.nasa.gov/mfi/mag_cloud_pub1.html

variable. The sample includes the biggest in the history of
FDs with a magnitude of Ar = 28% (all the characteristics
of CR variations are calculated for 10 GV rigidity) and
a few small FDs with a value of not more than 0.5%.
If for the sample of 99 events with a MC, we calculate
the average characteristics, it turns out that on average
these are large enough FDs (Ar = 3.4 +0.4%), which were
accompanied, again on average, by moderate magnetic
storm (Apmax = 98 £9(2nT), and Dstyi, = —103 £ 8nT).
To understand how the CR modulation depends on the
presence of MCs, we compared the sample with the MC
being discussed, with the control sample (see Table[I)). The
control subset includes the events of the same period (1996-
2009 years) with similar interplanetary characteristics (close
products of maximum values of IMF intensity and the solar
wind velocity). Comparison of the average characteristics
of these two groups shows that the ICMEs with MCs more
effectively modulate cosmic rays, creating deeper FDs
with a more rapid decrease in the density and with greater
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Fig. 1: Example of event with strongly pronounced mini-
mum in the CR density inside the MC (26-27 July 2004).
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Mean (with MC) | Mean (without MC)
Magnitude (Ar) 3.364+0.37 1.914+0.16
AXYimax 2.034+0.13 1.38+0.08
AZrange 2.044+0.10 1.36+0.06
Din —0.93+0.11 —0.44+0.03
APDmax 97.87+8.65 56.64 +3.51
Dstin —102.6+8.2 —56.5+3.8
Biax 20.21+1.07 18.01+0.33
Vinax 551.5+16.5 652.24+9.1
VinaxBumax 6.05+0.54 5.79+0.07

Table 1: Different mean characteristics of Forbush decreas-
es with and without MC. Description of table: Magnitude
(Ar) - FD magnitude (%) in CR density; Axy;qx — max-
imum of equatorial component of vector CR anisotropy
(%); AZrange — range of changes of north-south component
of vector CR anisotropy (%); D,,in — maximum of hourly
decrement of CR density; Apyqy (2nT) and Dst,y,(nT) —
maximum of Ap-index and minimum of Dst-index in relat-
ed geomagnetic disturbance; B4 (nT) and V.4, (km/s) —
maximal IMF intensity and solar wind velocity for parent
interplanetary disturbance, V,;;xBqx — normalized product
of Byax and V.

amplitude of the CR anisotropy. The differences of samples
reveals also for geomagnetic activity, but to a lesser extent.

For the control subset we have selected events with simu-
lar interplanetary conditions (i.e. VjyuxBmax — approximately
equal for the control and main subsets) and separated by 36
hours before and 48 hours after other FDs.

The upper panels of the figures|Th, 2, [3|and ] show the
behavior of IMF (left scale, red triangles) and solar wind
speed (right scale, yellow circles); the bottom panels show
the change in the CR density (left scale, red circles) and
Axy-component of CR anisotropy (right scale, blue bars).
The solid curve in Figure|lp and [2b corresponds to profile
of the isotropic part of the CR variation (CR density) with
rigidity of 10 GV; vector diagram represents the hourly
values of the vector of the equatorial component of cosmic
ray anisotropy; vertical vectors show a change of north-
south component of CR anisotropy; thin lines connect the
same points of time at vector diagram and at the CR density
curve every 6 hours. In all figures (T}4) the time that the
MC is passing by Earth is being marked.

Let’s consider the behavior of the CR density and the
anisotropy in different events with MCs.

On 26-27 July 2004 (Fig.[T) the Earth was inside the fast
ICME characterized by a strong IMF, and the maximum of
the field intensity was observed within the magnetic cloud.
In this event a deep minimum in the CR density is clearly
visible close to the central of the MC, and this example can
be attributed to the two-step Forbush effects. In this case,
the second step, which was due to the MC, is expressed
much clearly than the first one.

Similar behavior of the CR density was observed on 3
October 2000 (Fig.[2)), and was associated with a relatively
slow CME. There are a lot of examples of such behavior
of the cosmic ray density. Forbush effects, with two-step
structure and with the main minimum of density in the MC,
are typical. However, the presence of a magnetic cloud does
not guarantee a two-step structure of the FD at all [[19].



In our sample, the main minimum of the CR density was
inside the magnetic cloud only in 67 of 99 cases.

Even more seldom, a minimum density was located at
the center of the MC. Moreover, there were some events
when in the central part of the MC not minimum but on the
contrary a maximum of CR density was observed. One such
example is shown in Fig.|3| Typically, as in this example, in
the abnormal events the IMF intensity not so strong inside
the cloud.

In some cases, inside the magnetic cloud we see a more
complex behavior of the CR density with alternation of
local maxima and minima (Fig. ). These examples show
that the behavior of the CR density reflects not only the
magnetic cloud in a whole but the features in its structure
as well.

Even stronger, MCs affect the behavior of the first
harmonic of CR anisotropy. As a rule, at the entrance to
the MC and/or at the exit the magnitude and direction of
anisotropy change significantly. It is revealed in variations
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Fig.2: Example of event with strongly pronounced mini-
mum in the the CR density inside the magnetic cloud and
the relatively low velocity of solar wind (3-4 October 2000).
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Fig. 3: Example of event with an increase in the CR density
in MC (7 August 1996).
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Fig. 4: Example of event with a complex structure of MC
(20 February 2000).



of the equatorial Axy (Fig.[Ip and [2b) and latitudinal Az
(Fig. [Th and 2h of the lower panel) components of the
first harmonic of the CR anisotropy in the given examples.
Inside the MCs usually systematic changes in anisotropy are
observed. For Axy component inside the cloud the rotation,
more often in one direction is characteristic (as in Fig. 2p),
but sometimes - with a change of the direction of rotation
(Fig.[Ip). North-south Az component in the cloud typically
changes in a regular manner, often changing the sign at the
center of the cloud (Fig.[Ip).

4 Conclusions

The presence of MCs in the interplanetary disturbances sig-
nificantly increases the ability of this disturbance to modu-
late CRs. This can be found several mutually complemen-
tary explanations:

e if MC is in the ICME, the bigger magnetic cloud and
the closer to the center of solar disk the source of
CME the higher chances of the Earth to get into MC,
and both these factors increase the depth of the FD
(20, 211];

e inside the MC the Earth is closer to the center of the
mechanism which generates Forbush decrease.

If in the solar wind disturbance there is no MC, it could
mean that:

e the source of this disturbance is not the CME, but
coronal hole, which is not so effective in the CR
modulation;

e or, the MC initially was present, but it has lost its
essential properties in result of interaction with the
other structures, particularly its field became more
irregular. And regular, well organized field influences
CR more strongly, than an irregular field of the same
intensity.

Even in the events with well revealed magnetic cloud
that observed at the Earth, the structure of FD is not always
two-step.

The behavior of cosmic rays inside the magnetic cloud
reflects both its properties as a whole and features of its
structure. This is clearly seen in behavior of the CR density
and the anisotropy vector derived from the data of the
worldwide neutron monitor network by the global survey
method. The CR density changes inside the clouds give
almost symmetrical picture with a minimum of density near
the center of the cloud in the majority of events. This allows
assuming the quasi-cylindrical structure of clouds, the most
favorable for modeling [22]. Rather frequent also are the
events in which the behavior of the CR density, remaining a
regular becomes more complex, with alternating zones of
higher and lower density inside the cloud. This may be a
manifestation of some quasi-toroidal structure of magnetic
clouds. Finally, a number of events show a maximum of
CR density in the central part of MC instead of a minimum.
Perhaps in some situations, the regular structure of the
magnetic field of the cloud facilitates the penetration of
charged particles in its central part from the remote, weakly
affected by FD areas of heliosphere.

Even more explicitly, the magnetic cloud affects the
anisotropy than the density of cosmic rays. As a rule, vector
anisotropy of CR changes abruptly when the Earth enters
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and leaves a cloud and changes regularly inside the cloud.
These changes (together with the data on the CR density)
may provide additional information about the structure of
magnetic cloud and its location relatively to the Earth.
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