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Graphical abstract

Low-entropy magnetic flux tubes following toward the Earth
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Low-entropy magnetic flux tube containing some cold and dense plasma

1D simulation results of the motion of magnetic flux tube.

Public summary

m A 1D MHD numerical method is adopted to efficiently capture the earthward movement of magnetic flux tubes at the
magnetospheric flank under northward IMF condition.

m The sunward motion of these conjugate reconnection-generated flux tubes along the magnetospheric flanks is consistent
with the typical four-cell convection pattern in the polar cap under northward IMF.

m The transfer of magnetosheath particles into the Earth’s magnetosphere contributes to the formation of the typical cold
and dense plasma sheet under northward IMF.
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Abstract: How solar wind plasma enters the Earth’s magnetosphere when the interplanetary magnetic field (IMF) is north-
ward is an active research topic.To further demonstrate that the Kelvin—Helmholtz instability (KHI) is the main mechan-
ism by which particles of the solar wind enter Earth’s magnetosphere , we use numerical simulation methods to study the
motion of magnetic flux tubes at the Earth’s magnetospheric flanks. These magnetic flux tubes are obtained through con-
jugate reconnection in the nonlinear stage of the KHI. The part of the original magnetic flux tube of the magnetosphere
near the equator was replaced by a part of the magnetic flux tube of the magnetosheath. The reconnected magnetic flux
tube, which contains a large number of magnetosheath particles, forms a low-entropy magnetic flux tube.The simulation
results indicate that the reconnected magnetic flux tube flows toward the Sun along the magnetospheric flanks. This is con-
sistent with the sunward flow in the center of the polar cap under northward IMF conditions. Analysis of the internal para-
meters of the flowing magnetic flux tube reveals that the newborn magnetic flux tube contributes to the formation of a cold

and dense plasma sheet.

Keywords: northward IMF; Kelvin—Helmholtz instability; conjugate reconnection; low-entropy magnetic flux tube
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1 Introduction

The Earth’s magnetosphere is an obstacle to solar wind. They
are generally considered to be nonpenetrative to each other.
However, shortly after the launch of satellites, it was dis-
covered that the Earth’s magnetosphere is filled with solar-
originated plasma. How solar wind plasma enters the mag-
netosphere has long been an important research topic. When
the interplanetary magnetic field (IMF) is southward, the
plasma sheet in the Earth’s magnetosphere is filled with tenu-
ous and hot plasma. It is now generally accepted that magnet-
ic reconnection is the main mechanism for solar wind plasma
to enter the magnetosphere under this IMF condition'). The
southward IMF reconnects with the northward magnetic field
of the Earth’s magnetosphere at the subsolar point on the day-
side magnetopause, resulting in open magnetic field lines
moving with magnetosheath particles toward the magnetotail.
Another magnetic reconnection occurs at the magnetotail,
converting open magnetic field lines into closed lines and
thereby transporting many solar wind particles into the mag-
netosphere®™’. When the direction of the IMF turns away from
southward, the situation becomes complicated, and both mag-
netic reconnection and viscous effects play roles™”. Cold and
dense plasma is observed in the plasma sheet when the IMF is
northward. Scientists have proposed various transport mech-
anisms for solar wind plasma entering the magnetosphere un-
der such IMF conditions. They include magnetic reconnec-
tion at high-latitude cusp regions at the nightside",
Kelvin—Helmholtz instability (KHI) at the magnetospheric

flanks", kinetic = Alfvén waves (KAWs) in the
magnetosheath!®, and direct impulsive penetration of inhomo-
geneous structures in the magnetosheath”. These mechan-
isms may coexist, but their relative importance remains
highly controversial'”., Thus, the transport mechanism of
solar wind plasma into the magnetosphere under a northward
IMF is an active research topic.

Both double-cusp reconnection at high latitudes and KHI at
the magnetospheric flanks are considered effective for trans-
porting solar wind plasma under the northward IMF. Through
these two mechanisms, particles entering the magnetosphere
may form a low-latitude boundary layer (LLBL) near the
equator over time, which accumulates to form a cold and
dense plasma sheet (CDPS) in the magnetotail". In 2015,
Kavosi and Raeder!"” further confirmed the significance of the
KHI. With statistical data, they showed that KHI occurs 19%
of the time regardless of solar wind and IMF conditions, sug-
gesting a more important role of KHI than previously
thought. Notably, on the basis of observations that the ion-to-
electron temperature ratio remains constant while the specific
entropy increases by 2—3 orders of magnitude when crossing
the magnetopause, Chen ! concluded that magnetic recon-
nection during the nonlinear stage of KHI is the main process
by which solar-originated plasma enters the magnetosphere
under the northward IMF. This conjugate reconnection!*"!
occurs at low latitudes (with one reconnection site on the
north side of the neutral sheet and the other site at its conjug-
ate point on the south side of the neutral sheet). A part of the
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magnetospheric flux tube near the equator is replaced by a
part of the magnetosheath flux tube, resulting in a low-
entropy flux tube '\ In this study, we use numerical simula-
tions to further explore the relative importance of entry mech-
anisms for KHI.

Numerical methods, including local resistive magneto-
hydrodynamic (MHD) simulations, global MHD simulations,
and hybrid and kinetic simulations, have been widely applied
to study the evolution of KHIs. Guo et al."¥ used global MHD
simulations to show that KHI occurs at the low-latitude mag-
netopause under the northward IMF, presenting a global pic-
ture of the nonlinear evolution of KHI. Sorathia et al.!"” com-
bined global MHD and test particle simulations to model
solar wind ions entering the magnetosphere during northward
IMF and compared the transport rates of KHIs.

In this work, to further evaluate the role of KHI in solar
wind plasma entry into the magnetosphere, we employ a 1D
MHD numerical method to study the motion of magnetic flux
tubes in the LLBL during the northward IMF. These magnet-
ic flux tubes are low-entropy magnetic flux tubes produced by
replacing a part of the magnetospheric flux tube near the
equator with a part of the magnetosheath flux tube during the
nonlinear stage of KHI. The model is introduced in Section 2,
the results are presented in Section 3, and the conclusions and
discussion are presented in Section 4.

2 Model

We establish our model in a Cartesian coordinate system. The
x-axis points from the Sun toward the Earth, the z-axis points
from the geomagnetic south pole to the geomagnetic north
pole, and the y-axis completes the right-handed orthogonal
system, pointing from dusk to dawn. The new magnetic flux
tubes generated by conjugate reconnection in the nonlinear
stage of KHI under the northward IMF are treated as a 1D fil-
ament, and the background magnetosphere is treated as a 2D
medium. Both our 1D filament and the background magnetic
field lines are confined on the xz plane. The background me-
dium exerts only a small viscous drag on the filament, which
can slide between the background magnetic field lines. Ponti-
us and Wolf™ proposed that the scale of the magnetic fila-
ment near the neutral sheet on the Earth’s equatorial plane is
approximately 1 R; on the basis of interchange instability. In
our model, the scale of the magnetic filament on the equatori-
al plane is also set to 1 Rg. The 2D background we construc-
ted in this study can be understood as a cross-section of the
Earth’s magnetosphere in the xz directions. Motion on this
plane can be interpreted as the motion of magnetic flux tubes
along the magnetospheric flanks (the filament cannot cross
the background plane but only slides on it). Thus, the descrip-
tions “motion toward the Earth” and “motion toward the Sun”
in the text are equivalent, with “Earth” located on the left side
of the 2D background.

2.1 Background model
When the background medium is in equilibrium, the mo-

mentum equation is

VP=jxB, (1)

-2

where P is the thermal pressure, j is the current density, and B
is the magnetic field. From Eq. (1), we derive

B-VP=0. 2)
The pressure P is constant along the magnetic field lines. Let
B=VxA, 3)

where A is the magnetic vector potential. In the 2D model,
B-VA=0, so 4 is also constant along the magnetic field

lines. The magnetic vector potential satisfies the
Grad—-Shafranov condition”", with the form
dpP
VA= 4)

According to the Fuchs—Voigt 2D force-balanced magnetic
field model™, 4 has the following form:

A,
Apa(6,2) = 2 sin[a (sl - Alexp(-ax), |1>A;  (5a)
2aA
nz
Apea(X,2) = —A, cos [ﬂ] exp(—ax), |zl <A, (5b)

where A, = 150nT/R;, a =0.0208R;', and A is set to 4 Ry,
which is half of the plasma sheet thickness, and the back-
ground medium is denoted by the subscript “med”. The
thermal pressure P can be obtained by integrating Eq. (4):

P=0. [>A: (62)
Az T > 2 .
P(A) = Tm[(i) —a/], 2 < A; (6b)

Thus, the background medium model is established, where
|zl < A corresponds to the plasma sheet and |zl > A corres-
ponds to the magnetomantle.

2.2 Filament motion equation

The shape of the filament in the Lagrangian method is de-
noted as x(m,t), and the corresponding velocity can be
obtained

w(m,f) = 6x§9nt1, D 7

where m is the mass of the filament between the equatorial
plane and the point we discuss. The magnetic flux of the fila-
ment is conserved during motion, and the volume along the
filament is

@®)

where O is the magnetic flux of the filament, B is the magnet-

ic field strength in the filament, and ds is the length element

along the filament. The mass of the filament is
pdds

Y ety 9

. ©)

where p is the mass density. According to the frozen flux
theorem in ideal MHD, the direction of the magnetic field
remains along the filament during motion.

ox(m,1)
B=op am

dm

(10)
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The ideal gas law is

_ pkT

m

P (11)
where £ is the Boltzmann constant, 7 is the temperature of the
filament, and m is the average particle mass. Furthermore, the
nonrelativistic MHD momentum equation is:

d B-V)B B?
P_u=( ) _)+Fd,
dl ﬂ() 2/10

-V (P + (12)
where F, is the drag force per unit volume exerted on the fil-
ament during motion. In the y-direction, the total pressure of
the filament balances the total pressure of the surrounding
medium (denoted by the subscript “med”), giving

B? B?

= p —+ -,
2u, 2u,

Pmed+

(13)

where P, and B, are obtained directly from the back-
ground medium and where P is the thermal pressure of the
flux tube under investigation. Assuming that the surrounding
medium is in equilibrium, Eq. (12) can be written as:

(Bmed : V) Bmsd

Ho
Defining AB = B- B, and substituting Eqs. (13) and (14)
into Eq. (12) gives
du (B-V)AB (AB-V)B,.
p— = + +
dr Ho Ho

BZ
-V(Pmed+ﬂ) = 0. (14)

21t

F,. (15)

Using Eq. (9), Eq. (15) can be expressed in Lagrangian form
as

Ou(m,t)  ® OAB(m,1) N (AB(m,1)-V) B, .(x,1) + F,
ot ty Om Hop(m, 1) s P
(16)

2.3 Drag estimation

When the filament slides on the xz plane, the background me-
dium resists motion with a small viscous drag. Assuming that
the viscous drag is proportional to the velocity of the
filament:

_277u ds
fiR AV’

‘= a7)
where 7 is the effective viscosity coefficient, dS is the cross-
sectional area of the filament, R is half the width of the fila-
ment in the y-direction, and f, describes the degree of velo-
city shear (0 < f, < 1). The effective viscosity coefficient # is
approximately
17, — _

1= (o) + (o), | (18)
where 7 is the average thermal velocity and A is the mean
free path. The parameters on the right-hand side of Eq. (18)
are known except for 4 (in a collisionless plasma). In the dir-
ection perpendicular to the magnetic field, the mean free path
of the plasma does not exceed twice the gyroradius a., so we
obtain

-3

1=2a.f., (19)

where f. is a parameter describing wave—particle interactions
(0 < f. <1). The drag F, can be written as

2uF.

F,=- 3R2L [(puyac) + (p1ty@c) ey ] » (20)
E
where
f(R.dS
Foode(BedS 21
T f ( Rdv) @D

R is the scale of the filament on the equatorial plane perpen-
dicular to magnetic field B. In Eq. (20), the parameter F, in-
cludes unknown physical parameters of the filament, as well
as wave—particle interactions and turbulence effects.

2.4 Energy equation

One part of the energy entering the filament comes from heat
generated by friction at the boundary between the filament
and the background medium, and the other part comes from
work done by volume changes of the filament. According to
energy conservation, the first law of thermodynamics for the
unit mass of the filament is

3 k OT (m,1) _ 01
2m o Pat(p)+

SuFau

, (22)

where f, is the proportion of frictional heat entering the fila-
ment (0< f, <1). The three vectors x(m,t), u(m,t), and
B(m,t) and the three scalars P, T, and p can be determined via
vector equations (7), (10), and (16) and scalar equations (11),
(13), and (22).

2.5 Boundary conditions

A finite conductor is placed at the Earth boundary in our cal-
culations as an approximation of the conducting ionosphere.
There is a current on each side of the filament:

Jice :/JoilABXﬁ, (23)

where # is the outward normal. The interaction between the
Earth’s magnetic field and solar wind generates Pedersen cur-
rents. J . and the Pedersen current X, E, form a complete
circuit. A boundary condition on the Earth-side plane can be
derived from the relationship between the boundary electric
field and the z-component of the filament velocity at the
boundary:

e 6BZ —
’ ,Uozp

ZB,, (24)
where X, is the conductivity, which is set to 4 mhos; B, and
B, denote the magnetic field components in the x-direction
and z-direction, respectively; the x-component of the filament
velocity v, is assumed to be zero. Owing to symmetry, it is as-
sumed that B, and the z-component of the velocity v. are both
zero when the filament crosses the equatorial plane.

3 Numerical simulation

3.1 Numerical methods

The Lagrangian method is employed in our investigation. The
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filament is treated as a line composed of 250 elements. Nu-
merical simulation is used to obtain the time evolution of the
physical parameters for each element and thus the time evolu-
tion of the entire filament. From the filament motion equa-
tions in Section 2, given the position x;, velocity u,, pressure
P,, temperature T, density p;, magnetic field B; and paramet-
ers including the drag of the ith particle element at time ¢, we
can calculate x;, u;, and 7, of the “/’th particle element at
time ¢+ At through Egs. (7), (12), and (22). These are then
substituted into Egs. (10), (11), and (13) to obtain the pres-
sure P;, magnetic field B; and, density p; at time 7+ Af, com-
pleting the update of all the parameters. Central difference
schemes are used to represent the spatial derivative.

3.2 Parameter settings

The temperature of the background medium is set to 5 keV,
and the height of the ionosphere is set to 5 Rg. From the
THEMIS spacecraft, Refs. [23, 24] reported that the ion and
electron temperatures increase by 6—10 times and that the spe-
cific entropies increase by 20 times when the magnetopause
from the magnetosheath to the plasma sheet is crossed. The
specific entropy is defined as

s=P/N*"?, (25)

where N is the plasma number density. On the basis of these
observational data, the temperature inside the part of the flux
tube with magnetosheath content is set to 800 eV, and the
number density is set to 2.5 times that of the magnetosphere.
The friction coefficient f. is set to 0.6, and the heat conver-
sion coefficient f, is set to 0.

The 50 points near the equator are set with magnetosheath
parameters, and the remaining 200 points are set with mag-
netospheric parameters.

3.3 Results and analysis

As a reference, Fig. 1 shows the background magnetic field

lines in the plasma sheet. The magnetic field and pressure are
derived from the background model in Section 2.1. This back-
ground medium is in the equilibrium state.

Fig. 2 shows magnetic flux tubes with initial positions at 25
Rz, 35 Rg, 45 R and 55 R; and their final equilibrium posi-
tions. Two points can be clearly observed. One is their closer
final locations to the Earth, and the other is their dipolar
shape, which is greater than their initial shape. Under pro-
longed northward IMF, vortex structures that developed in the
nonlinear stage of KHI at the Earth’s magnetopause would in-
duce conjugate reconnection. The part of the magnetospheric
flux tube near the equator is replaced with a part of the mag-
netosheath flux tube, resulting in a low-entropy magnetic flux
tube in the Earth’s LLBL. Observations clearly revealed that
the magnetic field in the flank decreases as the spacecraft
travels from the magnetosheath to the magnetosphere™!.
When a small part of the magnetospheric flux tube is re-
placed by a part of the magnetosheath flux tube, the cross-
sectional area of the original magnetosperic flux tube is re-
placed with a smaller magnetosheath area. The volume V
along the flux tube decreases. Thus, the total entropy PV*? of
the newly formed flux tube is lower than that of the surround-
ing tube, forming a low-entropy flux tube. This leads to inter-
change instability. The motion of magnetic flux tubes under
interchange instability can be described by magnetic filament
theory™* . In this theory, the motion of a magnetic filament
primarily depends on its PV value. If the PV*? of the
newly formed flux tube is greater than that of the surround-
ing medium, it will move toward the Earth’s magnetotail; if it
is smaller, it will move toward the Earth. The flux tube con-
tinues moving until it reaches an equilibrium position in the
plasma sheet where its PV°? equals that of adjacent flux
tubes.

Fig. 3 shows the time series of the position and shape of a
low-entropy magnetic flux tube with its initial position at 40

40 -

30 F =

£ 20F E

N E ]

10 F =
00 &

0 5 10 15 20 25 30 35 40 45 50 55 60

X(Rg)

Fig. 1. Magnetic field lines of the background equilibrium medium. The temperature is set uniformly at 5 keV. The Earth is on the left side of the bound-
ary. Only half of the plasma sheet is presented. Symmetry about the equator is assumed.

4.0

3.0

20

2(Rg)

0.0

© [T T

5 10 15 20 25
X(Rg)

30 35 40 45 50 55

Fig. 2. Magnetic flux tubes with their initial positions at 25 Rg, 35 Rg, 45 Rg, and 55 Rg and the final equilibrium positions. The magnetic field line
labeled 0’ is the initial position of the flux tube, and that labeled ‘700’ is its final position. The same color represents the same flux tube. All the final po-
sitions of the flux tubes are closer to the Earth than their initial positions are. The final shapes of the field lines are more dipolar than their initial shapes
are, inferring a more dipolar and shrinking configuration of the magnetosphere some time later.
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R:. The near-equatorial part of the flux tube first accelerates
toward the Earth and then decelerates. During motion, the
magnetic filament continuously contracts inward, intensify-
ing magnetic field dipolarization. Fig.4 shows the time
evolution of the plasma pressure in the filament. The initial
pressure of the filament is lower than that of the background
medium. As the filament moves, its pressure gradually ap-
proaches and finally equals the background pressure, at which
point the filament stops moving. The filament moves toward
the Earth because its initial thermal pressure is lower than that
of the surrounding flux tubes. For total pressure balance, the
magnetic field of the filament is greater than that of the back-
ground medium. The magnetic tension of the filament, which

is greater than that of the background medium, pulls it to-
ward the Earth. This indicates that under the northward IMF,
particles of the magnetosheath enter the magnetotail via con-
jugate reconnection in the nonlinear stage of KHI at the mag-
netopause flanks, forming low-entropy magnetic flux tubes.
These low-entropy flux tubes begin to move toward the Earth.
This finding is consistent with the results of Sorathia et al.l"”
who used test particle simulations to study the time evolution
of low-entropy bubbles.

The earthward motion of magnetic flux tubes at the mag-
netospheric flanks under the northward IMF has some obser-
vational support. Fig. 5 shows a cartoon of the convection
pattern in the northern polar cap derived from the observa-
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tional dawn—dusk electric field distribution under the north-
ward IMF . The convection pattern in one ionospheric hemi-
sphere is simplified into four convective cells. The plasma
flows sunward in the central polar cap and antisunward in the
polar cap flanks. Fig. 6 shows the Earth’s magnetic field lines
of the International Geomagnetic Reference Field (IGRF)
model. Under the northward IMF, the Earth’s magnetosphere
is composed of closed magnetic field lines. The outermost
layer of the magnetic field lines corresponds to the magneto-
pause, which maps its foot to the central polar cap. From the
sunward convection in the central polar cap, we can infer a
corresponding sunward flow in the LLBL, which is consist-
ent with our simulation results.

Fig. 7 shows the density of the filament at 10, 50, 100, 200,
400, 600, and 700 min with an initial position at 40R;. As the
filament moves toward the Earth, its density gradually in-
creases, which is consistent with the particle distribution in
the xz-plane obtained by Zhao™ via test particle simulations
under the northward IMF. It can be inferred that the
creased density results from magnetosheath particles entering
the Earth’s plasma sheet via reconnection at the flanks. The
cliff drop in particle density along each line marks the bound-
ary between the magnetospheric and magnetosheath particles.

in-

12

@&

06

24

Fig. 5. Cartoon of the convection pattern in the northern polar cap in-
ferred from the measured electric field under northward IMF conditions.
Four convection cells are suggested.
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Fig. 6. Diagram of the Earth’s magnetic field lines derived from the inter-
national geomagnetic reference field model. The outermost layer repres-
ents the magnetopause, with its field line feet rooted in the center of the
polar cap.
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Typically, the density of magnetosheath particles is greater
than that of magnetospheric particles. Under northward IMF,
a typical feature is the formation of a dense plasma sheet. Al-
though our simulations are on some magnetic field lines, the
accumulation of such field lines with different initial posi-
tions contributes to the formation of a dense plasma sheet. A
basic feature of CDPS events is a particle density greater than
1 cm”. The simulation results reveal that the stationary dens-
ity of magnetosheath particles in the magnetosphere is great-
er than 1 cm™.

Fig. 8 shows the temperature of the filament at 10, 50, 100,
200, 400, 600, and 700 min with the same initial position. The
temperature of the magnetosheath part of the filament is al-
ways lower than the background temperature (5 keV).
Particles entering the plasma sheet from the flanks are cold.
The KHI provides a mechanism for filling a plasma sheet
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Fig. 7. Time series of the plasma density along the filament with its ini-
tial position at 40 Rg. The solid lines represent the density in the filament,
and the dashed lines represent the background density. The density in-
creases as the filament moves toward the Earth. The density near the
equator is much greater than that of the background.
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initial position at 40 Rg. The solid lines represent the temperature in the
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ure. Although the temperature increases as the filament moves toward the
Earth, the temperature near the equator is much lower than that of the
background.
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with cold plasma.

Some waves appear in Figs. 3 and 4. These waves are
MHD waves. In particular, they are Alfven waves perpendic-
ular to the filament and slow mode waves along it. Since a
pressure balance between the filament and background medi-
um is imposed, the fast mode wave does not appear.

Satellite observations have shown that during northward
IMF, plasma in the Earth’s plasma sheet becomes cold and
dense, which is attributed to the massive transport of solar
wind or magnetosheath ions into the plasma sheet"™”. Our sim-
ulation covers an initial range of 25 R; ~ 50 R;;, which is con-
sistent with the suggestion of Terasawa et al.°" that the in-
crease in magnetotail particle density under northward IMF
occurs in the region 15 R;<x <50 R;.

4 Conclusions

To further demonstrate that KHI in the LLBL is the main
pathway for solar wind plasma to enter the Earth’s magneto-
sphere under the northward IMF, this study simulates the mo-
tion of magnetic flux tubes in the magnetospheric flanks.
These flux tubes are generated by conjugate reconnection in
the nonlinear stage of KHI at the magnetospheric flanks. The
flux tubes in this study are produced by replacing part of the
magnetospheric flux tube near the equator with part of the
magnetosheath flux tube. Through MHD numerical simula-
tions, we obtained the time-dependent characteristics of the
flux tubes. Owing to the initial total entropy of the magnetic
flux tube being lower than that of the adjacent magnetospher-
ic flux tube, it moves toward the Earth until its internal pres-
sure equals that of the surrounding background medium. The
sunward motion of these conjugate reconnection-generated
flux tubes along the magnetospheric flanks is consistent with
the typical four-cell convection pattern in the polar cap under
northward IMF, where the flow in the central polar cap is
sunward. Analysis of the simulation results also reveals that
the transfer of magnetosheath particles into the Earth’s mag-
netosphere contributes to the formation of a typical cold and
dense plasma sheet under the northward IMF. This research
provides theoretical support for an in-depth understanding of
the interaction between solar wind and the Earth’s magneto-
sphere under northward IMF conditions.

Our numerical simulations do not involve magnetic recon-
nection, and heating from magnetic reconnection is not in-
cluded in the calculation equations. In the 1D filament, only
momentum is transferred between adjacent nodes, with no
mass or heat exchange, resulting in a distinct interface
between the magnetosheath-originated part and the magneto-
sphere-originated part. The injection of magnetosheath
particles into the magnetosphere is gradual, with each conjug-
ate reconnection adding a small amount. Over time, with con-
vection taking part in, a cold and dense plasma sheet finally
forms. In total, we discuss the motion law of magnetic flux
tubes produced by KHI mechanism and how these magnetic
flux tubes contribute to the formation of a cold and dense
plasma sheet. In the future, we try to build a 3D background
model. In this model, we can investigate the influence of KHI
on dawn—dusk temperature and density asymmetries through
the motion of 1D magnetic flux tube. We can further
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combine the satellite observation data to study how KH
growth rate and reconnection efficiency affect particle
transport.
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