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Magnetic clouds are closed structures immersed within interplanetary coronal mass ejections.
These structures have an important effect on the propagation of solar energetic particles and
cosmic rays that is observed as variations in the flux of these particle populations. On November
3, 2021 one of these structures was observed at different solar distances by instruments aboard
Solar Orbiter and instruments in Earth orbit. The topology of the magnetic cloud has been
analyzed by observing its evolution between the different observation points and the effect on
solar energetic particles and cosmic rays
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1. Introduction

Interplanetary Coronal Mass Ejections (ICMEs) are huge structures that emerge from the
Sun very rapidly with velocities of up to 2000-3000 km/s. The transition from the corona to the
interplanetary medium drags the ICMEs and their velocity can be reduced by as much as a factor
of three to 1 AU. This process, together with the interaction of ICMEs with other interplanetary
structures, such as interaction regions or other ICMEs, can modify the structure of the ICME.

The studies of the large structures known as ICMEs is more and more increasing because
their interest by themselves and for impact in the Space Weather forecast and, hence, in the space
technology development.

The in-situ observations of the ICMEs are associated with structured and ordered magnetic
field topologies, and from the theoretical point of view the interest has been deposited in develop
analytical o numerical models that allow to understand the physical mechanisms inside them, and
not only in their origin but also during their evolution in the interplanetary medium and, hence,
their interaction with other phenomena in it.

It is common to observe three clear regions in the ICME at 1 AU, the shock, the sheath and the
magnetic cloud. The interactions discussed above can affect these three regions differently.

Therefore, since [1], who established the magnetic cloud (MC) definition from the magnetic
field and solar wind plasma data, different models and techniques have appeared: from cylindrical
approximation with circular cross section ([2]; [3]), including distortion on it ([4]; [5]), or local
expansion ([6]). But the relaxation of such cylindrical approximation structures is necessary in
order to connect the local with the global structure in a more realistic scene and, additionally, to
understand its connection with the Sun, and its interactions with the solar wind during its movement
in the interplanetary medium. Even more, with the possibility of multipoint spacecraft observations
are now available, giving the opportunity to infer the structure of this large-scale magnetic flux
ropes structures in the solar wind, providing information of its evolution. Attempts in this goal
has been to assume spheroidal, plasmoid or toroidal structures ([7]; [8]; [9]). Furthermore, more
recently, we have developed a series papers presenting a global model that allow to analytically
approximate to this problem, ([10]), and which assumes torus topology for the MC. That is the
model we have used for the analysis of November 2021 MC, using the data provide by ACE and
SOLO spacecrafts. From the fitting of the model several physical parameters are obtained, although
the most relevant for the present analysis correspond to the latitude, 6, respecting to the ecliptic
plane, and the longitude, ¢, respecting to the Sun-Earth line, of the axis of the MC.

Cosmic rays (CR) can also be used as a tool to analyze ICMEs. The structure of the ICME
prevents cosmic rays from entering the ICME core and this is observed as a reduction of the CR flux
during the passage of the ICME. These decreases are called Forbush decreases (FD) after the name
of their discoverer [11]. Neutron monitors are used to study FDs, their relatively high statistics
and their stability over very long periods of time make them the perfect instrument to study solar
activity and in particular FDs.

Instruments that measure energetic particles aboard space missions are also valuable for study-
ing FD. Although the energy range is usually ten times lower than that of the neutron monitor and
direct comparison between the two is difficult, qualitative comparisons can be made. In addition,
to study these events, counts are usually sufficient and it is not necessary to use the particle flux.
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Figure 1: SoLO Earth relative position. Plot has been made with Solar-MACH tool [13]

This allows to increase the statistics of the measurements favoring the study of weaker structures or
substructures [12].

In this work, the evolution of the MC observed at the beginning of November 2021 is analyzed
using the observations by Solar Orbiter at 0.84 AU and Earth.

2. Solar and solar wind context

The Solar Orbiter spacecraft and Earth were radially aligned in early November 2021 (Figure
1). Both Solar Orbiter’s in situ instruments and observatories on Earth observed an ICME. The
Earth was at 0.99 AU and the Solar Orbiter was at 0.84. This vantage scenario allowed us to study
radial effects during ICME propagation between the two observing points with smaller contributions
from other ICME displacement-related effects.

Between late October 2021 and early November 2021, a series of consecutive X-flares were
observed and reported by the GOES spacecraft. The October 28 X-flare at 15:35 UT was related
to the origin of GLE73 [14] although it was not directly related to the ICME observed on Earth on
November 3. The X flare, probably related to it, was the one that started on 2021/11/02 02:27UT
reaching a peak flux at 03:07 UT (Figure 2). A halo CME erupted on 2021/11/02 02:48:05UT
with a linear velocity of 1473 km/s (https://cdaw.gsfc.nasa.gov/CME_list/). Assuming
radial propagation and constant velocity, the estimated arrival time of this ICME at Earth orbit was
2021/03/11 10:48UT.

The solar wind conditions on Earth are presented in Figure 4. The dashed vertical lines mark
the shock, sheath, and magnetic cloud during the passage of the ICME past the Earth. The data are
from the omniwed data explorer (https://omniweb.gsfc.nasa.gov/form/dx1.html). The
arrival of the shock is clear and coincides with a sharp increase in magnetic field strength and solar
wind speed. The sheath is characterized in this event by a highly fluctuating magnetic field and
a relatively hot plasma. The nose of the MC marks the beginning of the smooth rotation of the
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Figure 2: GOES X-ray measurements. Start
time 02:27h. Flux peak at 03:07h

Figure 3: Halo 02-11-2021 02:48:05 ICME
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Figure 4: Solar wind at 1 AU. Magnetic field and its components in GSE, solar wind speed and temperature
are presented.

magnetic field component and a smooth decrease in velocity along the MC. A relatively cold plasma
is also observed along the MC passage.

3. The analytical model for the magnetic field

Here, we only summarize the expressions of the model for the magnetic field components used in
our fittings, a detailed description of the model can be found in the series of works mentioned above,
([15],[16],[17], [18]). The model assumes for the MC a torus structure with a maximum variable
radius cross-section along it, that we consider a circular cross-section. Choosing an appropriate
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coordinate system to describe such a geometry we can obtained the theoretical expression for the
magnetic field,

B=B 2, +B,Cy+B, ey (1)

where
By = B ()cos(p) - pojyrcosh(—pon + f(1)) @

is the poloidal component of the magnetic field, being uo the vacuum permeability, py the mean
radius of the torus; r the radial parameter related to its elliptical cross-section (playing the role of the
radius in the circular cross-section); ¢ the polar angle of the cross-section; i the angular coordinate
of the axis of the torus, the axial angle; and 7 is the coordinate associated with the eccentricity
of its cross-section, i.e., the distortion of the cloud, (that we will always suppose to be constant,
i.e., n=cte, along the torus). f(y) is the auxiliary function, depending on the coordinate , and
responsible of the angular dependence of the maximum radius of the cross-section of the MC along
the torus, (if this function is constant the torus has a uniform cross-section along it). And j is
the axial component of the total plasma current density. Finally, B?p(zﬁ) represents an integration
constant that, if we consider magnetic flux conservation along the torus, we can express as

BY() = B sin(%) ©

where ng depends on r. On the other hand, the axial component of the magnetic field, given
by

By = By, () + pojrcosh(—pon + f () )

where B?// (¥) is the axial magnetic field at the axis of the torus, given by

BY,(v) = B, cos(%)’ 5)

Bg v imposing to be constant, and j, corresponds to the poloidal component of the plasma
current density. To be able to use the analytical expressions of the components of the magnetic field
we have to do some hypothesis about the behaviour of the different physical magnitudes appearing
in them. The defined auxiliary function f(y) allows us to assume and represent different MC
topologies. Then, our hypothesis will be

F) = Csin(%) ©®)

C being an adjustable constant.
Eventually, the last component of the magnetic field has the expression

) 1
By = ~2c05(9)S{B sin(5)} + Zpoalto = rcosh(—pon + f(¥)) ™
where the term S = —“ji:i%)) corresponds to the Heaviside function.
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Table 1: Latitude (0) and longitude (¢) of the axis of the MC such as deduced from the fitting of the model
to the data corresponding to each spacecraft.

Spacecraft SoLO (0.84 AU) ACE (0.99 AU)
Fit parameter 0 14° 1°
Fit parameter ) 148° 176°
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Figure 6: Data obtained by SOLO for the mag-
Figure 5: Data obtained by ACE for the magnetic  petic cloud of November 2021, and the corre-
cloud of November 2021, and the corresponding  sponding fits with the toroidal mode (in red). The
fits with the toroidal model. data represented is the same as in Figure 5

4. Data analysis

The aim of this work is to study the evolution of the MC when it is coming far from Sun.
Figures 5 and 6 show from the top to the bottom the magnetic field strength, B, the Cartesian
GSE-components (Bx, By, Bz) for ACE and RTN-components (Bx, By, Bz) for SOLO, the proton
temperature and the bulk solar wind velocity. The vertical dot lines represent the time boundaries
of the cloud. Superimposed on the experimental data the toroidal model predictions are represented
with solid lines (in red).

Looking at the figures corresponding to the fittings with the model, and comparing the results
obtained for the orientation of the magnetic cloud, and having in mind the location of both space-
crafts, we can ascertain that are observing the same structure. It is also clear the magnetic cloud is
expanding, and according to the model’s results, see Table 1, the MC axis is falling to the ecliptic

plane and is aligning to the Sun-Earth line.
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5. Conclusions

This is a work under development. Its aim is to study how the MC magnetic topology can
change in its way running away from solar gravity well. The magnetic topology has been analyzed
with the toroidal model by ([15],[16],[17],[18]). The initial conclusion is that the MC orientation is
changing with respect the Sun-Earth line being more aligned with this line and the MC axis slope
with respect the ecliptic plane is decreasing at 1AU.

As a preliminary work some steps must to be done before consider this analysis as definitive.
One is to include in the analysis the solar energetic particle and cosmic ray flux and the other one a
deeper study of the 3-D structure of the MC at SOLO and Earth position.
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