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focused on the CME de� ection near the Sun or in the
heliospheric meridional plane. For example, Zhou & Feng
(2017) used a three-dimensional(3D) MHD simulation to show
that CMEs tend to be de� ected toward the heliospheric current
sheet(HCS) in the latitudinal direction near the Sun and then
propagate almost parallel to the HCS in the interplanetary space.
As for the CME de� ection in the ecliptic plane, Vandas et al.
(1996) found that a CME could be de� ected to the side where it
meets the external interplanetary magnetic� eld polarity that is
opposite to the� eld of itself. This de� ection is probably due to
the reconnection between the magnetic� eld lines of the CME
and background. Shiota & Kataoka(2016) simulated the
interplanetary propagation of multiple CMEs and found that
one was strongly de� ected by the inhomogeneity of the
background solar wind, and this inhomogeneity was caused by
the preceding eruption. Recently, Török et al.(2018) developed a
Sun-to-Earth MHD simulation to study the 2000 July 14“Bastille
Day” eruption and the found that the corresponding CME
experienced no signi� cant de� ection of the trajectory in the
longitudinal direction. They suggested that this phenomenon may
be because(1) a fast CME should be less susceptible to de� ection
than a slow one, or(2) there existed a suppression of a signi� cant
pileup of� ux by continuous reconnection between the CME and
the interplanetary magnetic� eld. Although these studies have
exposed the(non)de� ection of CMEs to some extent, there is still
a lack of knowledge about how a single CME is de� ected only
by the background solar wind. Besides, could the potential
de� ection of a slow or fast CME be similar to that suggested by
the DIPS model? Our work will focus on these questions.

In this work, we study the CME propagation by developing a
2.5D ideal MHD simulation of the� ux rope/ solar wind system
in the heliospheric equatorial plane. The simulation is based on
the following two considerations. First, CMEs are believed to
have a� ux rope topology(Chen et al.1997; Dere et al.1999;
Forbes2000; Chen & Krall 2003; Vourlidas et al.2013), and
the model of� ux rope driven CME was successfully used in
some simulation studies(e.g., Manchester et al.2004a, 2004b;
Chané et al.2006; Shiota et al.2010). Second, a 2.5D MHD
simulation instead of a 3D one is simple and effective when we
only consider the de� ection of CMEs in the equatorial plane.
The organization of this paper is as follows. We give a brief
description about the MHD equations in Section2. The
simulation method and the corresponding results are introduced
in Section3. In Section4, we compare our simulated results
with the predictions estimated by the DIPS model. We provide
our conclusions and discussions in Section5.

2. MHD Equations in the Heliospheric Equatorial Plane

We take spherical coordinate(r, � , f ) and consider 2.5D
( 0��

�R
�s
�s

) problems in the heliospheric equatorial plane(� �= �� /
2). The 2.5D ideal MHD equations are given as follows:
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where � , v, T, and B represent density,� ow velocity,
temperature, and magnetic� eld, respectively.R is the gas
constant,� 0 is the magnetic permeability of free space,G is
the gravitational constant,Ms is the mass of the Sun, and� is
the polytropic index that is set to be 1.05, aimed at adding an
extraneous heating of the solar corona and necessary for
supersonic solar wind solutions.

We perform our simulation in the frame that corotates with
the Sun. The� ow velocity in this frame(u) can be written as

u u u u u v u v
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whereΩ�= �2.865�× �10−6 radian s−1 serves as the self-rotation
speed of the Sun. Note thatvf of the solar wind is very small of
a few km s−1, compared tovr and v� . To derive a better
precision of the� ow speed in thef direction,u is replaced byv
in the simulation. The corresponding MHD equations are then
modi� ed by adding the terms of(−Ω∂U/ ∂f ) on the left sides
of Equations(1)–(4), whereU�= �(� , vr, v� , vf , � , B� , T) and�
is the magnetic� ux function.B can be expressed by
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Finally, we arrive at the equations in ther andf directions as:
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We take the density of� 0�= �2.505�× �10−13kg m−3, the
temperature ofT0�= �1�× �106 K, and the solar radius of
Rs�= �6.965�× �108 m as the basic units. Other numerical units
are derived as follows:
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3. Simulation Method and Results of the Flux Rope System

The above MHD equations are solved by the multistep
implicit scheme(Hu 1989). Here we give a brief description
about this scheme in theAppendix. We set the computational
domain as 1�� �r�� �305, 0�� �f �� �� , discretized into 215�× �92
grid points. The grid spacing along the radial direction is set to
be uniform, 0.625 in betweenr�= �10 and 30, 3 in between
r�= �140 and 305, and increases according to a geometric series
of a common ratio 1.0689 in betweenr�= �1 and 10 and 1.0207
in betweenr�= �30 and 140. A uniform mesh is adopted in the
f direction.� , vr, v� , vf , B� , andT at f �= �0° share the same
values as those atf �= �180°, but the values of� on the left and
right sides of the domain are opposite. The simulation is
processed by the following sequences:(1) a solar wind
background with a fully open magnetic� eld is constructed;
(2) a � ux rope is introduced;(3) the eruption of� ux rope is
triggered by the catastrophe of the system;(4) the speed of the
rope is adjusted during its propagation. In this work, the CME
structure is characterized only by the� ux rope, though
DeForest et al.(2013) used the term“CME” including not
only the� ux rope, but also the surrounding sheath material and
any other solar wind or coronal material entrained en route.

3.1. Construction of the Solar Wind Background

Previous works have studied the� ux rope system in the solar
wind background with partly open magnetic� eld in the
heliospheric meridional plane(Hu et al.2003; Sun & Hu2005;
Chen et al.2007). Shifting to the equatorial plane, a fully open
magnetic� eld for studying the propagation of the� ux rope can
be obtained by modifying the related� to open up all the
closed magnetic� eld lines. At the base, the density and

temperature are set to be 1 and 1.5, respectively. The
distribution of� (t, 1, f ) is equal to� t sin(f )/ 2, where� t�≡
� (215Rs)

2BrE�= �2.325�× �1014 Wb�= �6.643� 0, and BrE�=
3.3�× �10−9 T indicating the initial magnetic� eld strength at
the distance of 1 au. At the top, we apply the linear
extropolation to all the quantities. Figure1 shows the magnetic
structure of the steady solar wind solution in the frame
corotating with the Sun. The solid white lines depict the
magnetic� eld lines and the arrows indicate the related� eld
directions. Spiral magnetic� eld structure in the interplanetary
space can be seen. The� eld lines going upward from and
downward to the solar surface form the fully open� eld. The
density and� ow velocity magnitude of the solar wind plasma,
shown in false color, are found to be larger and smaller in the
region embedded with the magnetic� eld with opposite
directions(clearly seen at lower distance), respectively.

3.2. Eruption of the Flux Rope Driven CME

After constructing the solar wind background, a� ux rope is
then introduced into the system with given(Φp, Φz, M) of the
rope, whereΦp is the poloidal magnetic� ux per unit radian,Φz
is axial magnetic� ux, andM is the mass per unit radian. We set
(Φp, Φz, M)�= �(0.5, 0.3, 0.5). One can refer to Hu et al.(2003)
to � nd the method of introducing a� ux rope. The rope is
attached to the solar surface and centered atf �= �90° initially,
as shown in Figure2. The region of the� ux rope is determined
by � �� �� t / 2�= �3.322� 0. The magnetic� eld on the left and
right sides of the rope shares the same upward and downward
directions with the background magnetic� eld. The mass inside
the � ux rope is distributed in the rope lower part due to the
gravity, and the rope forms an oval-shape, which is different
from the circular shape with overlying arcade on the rope top as
shown in Hu et al.(2003).

In this work, the eruption of the� ux rope is triggered by the
catastrophe. The catastrophe of the� ux rope system has been
widely studied(e.g., Hu2001; Hu et al.2003; Sun & Hu2005;
Zhang et al.2017; Zhuang et al.2018), giving that the increase
in Φp andΦz or the decrease inM of the rope can lead to the
catastrophe and the sudden release of the rope. We increaseΦp
to 0.9 for triggering the catastrophe. During the rope propaga-
tion, Φp, Φz and M are maintained as constants and magnetic
reconnection is prohibited. These adjustments make sense for
our study because we focus on the characteristics of the rope
propagation. In reality, the rope may experience an erosion
process(e.g., Dasso et al.2006; Ruffenach et al.2012, 2015;
Wang et al.2018) through the magnetic reconnection with the
ambient solar wind(Gosling2012), causing the erosion of the
magnetic� ux. Figure3 shows the propagation of the� ux rope in
the interplanetary space in the laboratory frame. We uset�= �0 to
indicate the condition when the� ux rope just starts to erupt. We
can see that the eruption results in(1) an envelope composed of
interplanetary magnetic� eld draping around the rope and(2) a
large sheath ahead of the rope indicated by the region with larger
velocity magnitude. This rope propagates at a speed close to the
ambient solar wind speed. We� nd that the rope experiences no
signi� cant de� ection during its propagation. However, the front
part and the tail part of the rope are found to be stretched to the
east and west, respectively, which may be caused by the
interaction with the background.

Figure4(a) plots the variations of the longitudes of the front,
the axis(de� ned by the maximum� inside the rope), and the
mass center of the� ux rope along the front radial distance.
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Note that here the front is de� ned by the uppermost closed� eld
line of the rope along the Sun-axis line so as to avoid the
stretched rope region, making the symbols of the front and axis
overlapped with each other. The mass center(rc, f c) is
calculated by
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Here(ri, f i) shows the position of a grid inside the rope in the
laboratory frame,dri�= �(ri+ 1−ri−1)/ 2, anddf �= �0.035 radian,

which is the grid spacing in thef direction. We focus on the
results when the rope is within 1 au, referring to the CME Earth
arrival. This � gure shows that the rope holds a nearly radial
propagation in the interplanetary space though it is de� ected to
the west slightly at� rst. Due to the simulation grid spacing in the
f direction, the axis in reality may not be solely located at the
grid border. Thus, there exists an uncertainty of� 2° in locating
the corresponding longitude, causing the variation of the green
diamonds. Figure4(b) gives the pro� les of the traveling speeds
of the rope front, axis and mass center in the radial direction,
accompanied with the radial� ow speed of the solar wind
medium 10Rs ahead of the rope. We can see that the� ux rope is
impulsively accelerated at� rst beneath 20Rs. After that, the red

Figure 1. Magnetic structure of the steady solar wind solution in a frame corotating with the Sun. Solid white lines depict the magnetic� eld lines and the arrows
indicate the related� eld directions, and the plasma density and velocity magnitude of the solar wind medium are shown in false color. The density and speed are
saturated at values indicated by the color bars.
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Figure 2. Magnetic structure of the� ux rope system in a frame corotating with the Sun. Open solid white lines depict the magnetic� eld lines of the background and
the arrows indicate the related directions. The� ux rope is shown by the closed lines. The plasma density is shown in false color.

Figure 3. Eruption of the� ux rope CME in the laboratory frame. The black open and closed lines indicate the magnetic� eld lines of the solar wind background and
the � ux rope, respectively. The velocity magnitude is shown in false color.
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pro� le shows that the front of the rope is propagating at an
approximate constant speed of about 500 km s−1, which is very
close to the solar wind speed beyond 100Rs, and the green and
blue pro� les show the continuous but smooth acceleration of the
rope axis and mass center. The difference between the front
speed and the axis(mass center) speed indicates the expansion of
the rope in the radial direction.

3.3. De� ection of the Flux Rope with Different Traveling
Speeds

The eruption driven by the catastrophe without extra
acceleration methods(e.g., magnetic reconnection) will make
the radial speed of the� ux rope close to that of the solar wind
medium in a short time. The small speed difference may lead to
the rope radial propagation, as suggested by the DIPS model
too. However, in reality, a� ux rope can travel with a speed
signi� cantly different from that of the solar wind for a long
time, like the“Bastille Day” event(e.g., Andrews2001; Smith
et al.2001) or the“Halloween” event(e.g., Wang et al.2005).
Therefore, to simulate the� ux rope that can hold a signi� cant
speed difference, we adjust the� ux rope speed after the rope
eruption at each calculation step as follows:(1) setting the
maximum� ow speed inside the rope in the radial direction(vm)
to be a constantvm0; (2) multiplying the radial� ow speed at
other grids in the rope by a common ratio ofvm0/ vm. Based on
this adjustment, the� ux rope will propagate at a nearly
constant speed. Note that here we apply an“arti� cial viscosity”
method to � during the simulation to maintain the stable
calculation. We studied the cases withvm0�= �300, 500, 800,
1000, and 1500 km s−1, respectively. Figures5(a)–(c) and
Figures5(e)–(g) show the propagation of the� ux rope in the
laboratory frame under the conditions ofvm0�= �300 and
1500 km s−1, respectively. It is found that the� ux rope that
travels slower or faster than the solar wind medium will be
de� ected to the west or east in the interplanetary space.

Figures5(c) and (g) plot the background magnetic� eld lines
with denser contour curves, and each curve is de� ned by a
speci� c value of� , while � is divided into different values with
uniform spacing. A region with denser contour curves indicates
the pile up of the magnetic� eld lines in that region, and thus
the stronger� eld strength(recalling Equation(6)). We can see
that the magnetic� eld is stronger behind and to the right of,
and ahead of and to the left of the rope, respectively, pushing
the rope to the west and east. Figures5(d) and(h) give the same
schematic pictures of slow and fast CME propagation in the
interplanetary medium in Wang et al.(2004), in which the
“push” or “block” effect on the CME is consistent with our
simulation. Besides, we� nd that the� ux rope is � attened
during the propagation, which seems to be caused by the
squeezing of the magnetic� eld on the rope’s right side in
Figure 5(c) and on both sides of the rope in Figure5(g),
respectively. Several studies have shown that the cross section
of a � ux rope could deviate from a circular shape(e.g.,
Manchester et al.2004b; Riley & Crooker2004; Chané et al.
2006; Savani et al.2011; Isavnin 2016), or even form a
convex-outward“pancake” shape.

Figure 6 plots the variations of the longitudes of the rope
front, axis, and mass center versus the front distance with
differentvm0, and the longitudinal variations in Figure4(a) are
also shown for comparison. There are several points to
understand in the� gure. First, the pro� les of the case of
vm0�= �500 km s−1 (brown) shows the radial propagation of the
rope, which is similar to that of the case without adjusting the
rope radial speed(black). Second, the de� ection angle could
reach 10° or even larger. Third, the largervm0 is, indicating the
faster propagation of the rope, the greater the de� ection angle
will be. Fourth, the pro� les of the mass center are similar to
those of the axis, but the de� ection angles are found to be
slightly larger. Fifth, the initial eastward de� ection of the rope
with vm0�= �300 km s−1 may be due to the smaller solar wind
speed near the Sun.

4. Comparison with the DIPS Model

The above simulation supports the picture given by the DIPS
model. In order to test the reliability of the DIPS model used in
space weather forecasting, we compare our simulated results
with the model predictions. The DIPS model requires the CME
radial speed(vr) and the solar wind speed(vsw). The
corresponding expression is

t
v v

v
t, 16rsw

sw
�� �G ��

��
�8( ) ( )

where! f (t) is the time-dependent de� ection angle. For the usual
usage of the DIPS model,vr is derived by coronagraph images and
vsw can be obtained by some empirical or MHD methods(e.g.,
Odstrcil & Pizzo1999; Shen et al.2007, 2018; Nakamizo et al.
2009). We then use the traveling speeds of the front, axis, and
mass center of the� ux rope to representvr, respectively, and use
the radial� ow speed 10Rs ahead of the rope to representvsw. The
background solar wind is selected such that it is not far away from
the rope structure and also not close to the rope to be disturbed
signi� cantly, and the reliability ofthis selection is discussed in
Section5. The de� ection angle is derived by the integration of
Equation (16). Figure 7 plots the temporal variations of the
longitudes predicted by the DIPSmodel with solid lines, and those

Figure 4. (a) The variations of the longitudes of the� ux rope front(red), axis
(green), and mass center(blue) along the front radial distance in the laboratory
frame. The data points are plotted every 4 hr.(b) Pro� les of the traveling speed
of the� ux rope front(red), axis(green), and mass center(blue), as well as the
solar wind� ow speed 10Rs ahead of the rope(black) in the radial direction.
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