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Quantitatively analyzing the role of turbulence in the magnetic fluctuation-induced self-
generating-organization region and the plasma turbulence-induced self-feeding-sustaining
region, which is closely related to the evolution of null points and the magnetic heli-
cal structure, represents the key issues in understanding the magnetic energy release-
conversion, plasma heating, and charged particles energization and acceleration in three-
dimensional large temporal-spatial scale turbulent magnetic reconnection (3D LTSTMR).
The first part of this two-paper series developed and validated the continuous kinetic-
dynamic-hydro fully coupled temporal-spatial scale relativistic hybrid particle-in-cell and
lattice Boltzmann (RHPIC-LBM) model and code for investigating the fine structure evolu-
tion of the 2.5D solar atmosphere LTSTMR activities. Based on the model and code devel-
oped in Part I, in this paper, we investigate the turbulence of the magnetic helical struc-
ture, current density vector fields, self-generating-organization magnetic potential vector
fields, self-feeding-sustaining plasma motion, and the ion and electron acceleration of 3D
LTSTMR with 100,000 CPU cores on the Tianhe-2 from National Supercomputer Center
in Guang Zhou (NSCC-GZ). According to the simulation evidence, we discovered and con-
firmed the following results: (i) Slipping magnetic reconnection (MR) exists in the adja-
cent magnetic field lines (MFLs) during the compress-stretch-slip process on the quasi-
separatrix layers (QSLs and MFLs drastically change and form a linkage span) and the
adjacent MFLs’ break-rejoin MR exists on the separatrix surfaces (SLs). Both are consis-
tent to observations; (ii) The slipping MR (defined as 1st type MR) and the MFLs’ break-
rejoin MR (defined as 2nd type MR) are closely linked with the oblique and resistive tear-
ing instabilities, respectively. In the 3D model, the 1st type MR forms O-type null points,
while the 2nd type MR forms X-type null points. The magnetic energy conversion is dom-
inated by turbulence-induced oblique instabilities in the 3D model instead of the resistive
tearing instabilities in the 2D/2.5D model, which is consistent with the 3D observations;
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(iii) Magnetic energy conversion occurs in the interaction of the plasmoid-to-flux rope,
plasmoid-to-plasmoid, and flux rope-to-flux rope. The turbulent acceleration is an inde-
pendent acceleration mechanism in LTSTMR, induced by the interaction of waves-to-waves
and waves-to-particles, which is different from the original hybrid acceleration mechanism
(composed of parallel electric fields, betatron, shock and Fermi) ; (iv) Particles can be en-
ergized and accelerated at a longer time scale (—30 s) and can be accelerated to relativistic
energies after being pre-accelerated by a Fermi-Betatron-shock wave acceleration process.
These results are in agreement with the observations.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic reconnection (MR) is universally recognized as a key ingredient in the behavior of many laboratory plasma,
Earth’s plasma, space physical plasma, and astronomical & astrophysical plasmas, including the interiors and atmospheres
of stars and planets, such as Earth’s ionosphere-magnetospheres, solar atmospheric activities, planetary magnetospheres,
accretion disks, and pulsar magnetospheres [1,2].

As seen from Table 1, part of the MR explosive phenomena belongs to large spatial scale and short temporal scale evo-
lutions (black holes, neutron stars, and supernovae), while the other MR explosive phenomena belong to large spatial scale
and long temporal scales evolutions (pulsar nebulae flare, solar flare, solar wind).

In our research, we define the latter phenomenon as large temporal-spatial scale turbulent magnetic reconnection (LT-
STMR). Observations of the sun show that the solar atmosphere activities are typical continuous Kinetic-dynamic-hydro
fully coupled LTSTMR (Table 2; e.g., limb, flare and coronal mass ejection [CME]),which includes many kinetic scale fractal
magnetic structures (self-similarity characteristic) and turbulence MRs (turbulence filling ability).

Additionally, the solar atmosphere LTSTMR activities cover the picoscale (102 m ~ 10° m), nanoscale (10° m ~ 10° m),
microscale (10° m ~ 107 m), macroscale (10° m ~ 10% m) and large hydroscale (10° m ~ 10° m).

Thus, it is hard to cover all scales of the phenomena from one concept when defining a temporal-spatial scale for this
kind of ubiquitous phenomenon.

In this paper, we defined an LTSTMR for Earth’s ionosphere-magnetospheres, space physics, and solar atmosphere activi-
ties that satisfies all the following conditions:

(i) The spatial scale is defined by using the characteristic length of the electron, which is equal to the electron’s Larmor

1/271/2,.1/2 1/2 .
k2T "me e ) for the low-8 case and high-f8

radius (re =V, /wee = —5—<—) and the electron’s inertial length (de = “/w,, = m

an/gn;/ze
case, respectively.

(i) The temporal scale is defined using the electron cyclotron time Q¢ = wz! = gB/mec.

(iii) The observed current sheets’ (CS) thickness used to characterize the length of the electron ratio is of the 10" ~ 10"
order.

(iv) The observed evolution time of the electron cyclotron time ratio is of the 10" ~ 10" order.

The mechanism of the magnetic energy release and the process of its transfer to heating and accelerating nonthermal
particles in the diffusion region are the key issues in 3D LTSTMR.

While the mechanism of the role of turbulence in these processes is still a matter of considerable debate, recent research
from observational evidence and theoretical arguments show that most magnetic energy is released and translated through
turbulence [3-11] in LTSTMR.

It is now clear that MR in a weak 3D setting is different from the 2D/2.5D case, although most of the literature on
reconnection focuses on the 2D/2.5D problem due to their theoretical and computational simplifications (Supplementary
videos 1 ~ 2).

In the 3D MR model, MR can occur at null points, separators or quasi-separators instead of the 2D X-type null points,
which allows us to investigate the effect of the magnetic fluctuation-induced self-generating-organization and the plasma
turbulence-induced self-feeding-sustaining in the diffusion region from the 3D temporal-spatial scale [12-16].

As for the second part of this two-paper series, this paper investigates the role of turbulence in the evolution of the 3D
magnetic helical structures (flux ropes) with RHPIC-LBM from the continuous kinetic-dynamic-hydro fully coupled temporal-
spatial scale on the Tianhe-2 supercomputer platform from National Supercomputer Center in Guang Zhou (NSCC-GZ).

The physical-mathematical model and numerical implementation of RHPIC-LBM for the 3D LTSTMR turbulent flux rope
interaction in the relativistic resistive Magnetohydrodynamics (MHD) diffusion region are summarized in Section 2 and
Section 3, respectively.

Based on the simulation evidence, the turbulence of the magnetic helical structure, the turbulence of the current density
vector fields, the turbulence of the magnetic fields’ self-generating-organization, the turbulence of the plasma motion self-
feeding-sustaining, and the turbulence acceleration mechanism of the ions and electrons are investigated in Section 4.

Finally, the conclusion and concluding remarks are summarized in Section 5.
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List of symbols

Te The Larmor radius

de The electron inertial length

Qce The electron gyroperiod

o Degree of ionization, the indices j = e, i denote electron and ions, respectively.

n The number density
q Charge of particles

My The rest mass of particle

U The plasma relativistic velocity
B The magnetic fields strength

E The electric fields strength

P The relativistic momentum

c Speed of light

t

Time
&0 The vacuum permittivity
Ny The number density of particles
K Boltzmann constant
T, Temperature of the thermal bath
fo The relativistic distribution functions
By Magnetic field at the inflow boundary
Bg Relative magnitude of the imposed guide field
Ugj Drift velocities in the current direction, the indices j = e, i denote electron and ions, respectively.
e Electron drift velocities in the current direction
Te The electron temperatures
T; The ion temperatures
Ry Thermal Larmor radius, the indices j = e, i denote electron and ions, respectively.
b The unit vector parallel to B
Greek
o = 1,2 Represents ion and electron, respectively.
B The ratio of the plasma pressure to the magnetic pressure
n The plasma resistivity
Te The electron collision time
A The Half thickness of the initial electron current
X The unit time-to-relaxation time ratio
Subscripts
|4 Refer to the velocity of charged particle
e Refer to the electron
i Refer to the ion
n Refer to the neutral particle/flow

Superscripts
Par(||)  Refer to components parallel to B
perp (|]|) Refer to components perpendicular to B

e Refer to the electron particle

i Refer to the ion particle

n Refer to the neutral particle

- Refer to the average component of a vector

~ Refer to the fluctuation (magnetic field) or turbulence (plasma motion) component of a vector

2. Physical and mathematical model

For corona and solar terrestrial spaces LTSTMR problems (e.g., solar limb, flare, CME, solar wind, Earth ionosphere-
magnetospheres), if we assume that the degree of ionization is equal to 1 (¢, = ne'}r—enn ~1, ;= ne'jf,;: 'fnn ~ 1), and the
_ 2pqnKgT
=

plasma pressure is much smaller than magnetic pressure (8 = -2— ), then the MR in solar corona atmosphere

Pmag
activities and solar terrestrial spaces can be considered as a typical full ionized LTSTMR problem.
Since the solar corona is dominated by hydrogen, we neglect helium, oxygen and other chemical compositions in the

present kinetic-dynamic-hydro fully coupled temporal-spatial scale 3D LTSTMR model [17,18]; the number density of hydro-
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Table 1
The explosive astronomical & astrophysical phenomena [1,2].

Phenomena Energy (erg) Evolution time

Formation of a massive black hole 1062 Myr

Merging of stellar mass black holes 10°6 1s

Gamma ray burst (GRB) 1054 10s

Merging of neutron stars 1054 1s

Blazar flare (acceleration disk, jet) 10%3 1day

Tidal disruption of a star by a BH 10%3 1day

Super novae (including neutrino) 10%3 1s

Magnetar flare 109 0.1s

Pulsar nebulae flare 104 day

Fast radio burst (FRB) 103 1 min

Protostellar flare 103 hour

Solar flare 103 100s

Table 2
Summary of observations of various flares [1,2].

Flare type Flare size (Km)  Life time (t)  Alfvén time (t4)  Mass ejection
Micro- 103 ~ 104 100~1000s  1~10s jet/surge
Impulsive- (1~3)x 104 10m~1h 10~30s x-ray plasmoid
Impulsive- (1~3)x10% 10m~1h 10 ~30s X-Tay spray
Long duration (LDE)  (3~10)x 10* 1~10h 30~100s x-ray plasmoid
Long duration (LDE) (3 ~10)x 104 1~10h 30~100s prom eruption
Giant arcades 10° ~ 106 10h ~2d 100~1000s CME
Giant arcades 10° ~ 108 10h ~2d 100~ 10005 prom eruption

gen, n, p, can be assumed to be equal to the solar corona number density, n,. We analyze the magnetic energy conversion,
plasma heating, charged particles energization and acceleration from the RHPIC-LBM simulation results with the observation
input parameters and variables [19-27].

Then, the governing formulation of the RHPIC-LBM model for resistive relativistic MHD can be rewritten as,

af 1 1 af« 0«

Tft + U Ve + (80,5 +(8)"U” B) : # = oy Vo (Ve [T+ USS), e
where o =1,2 represents the ion and electron, respectively. &% =q?c le;'ng (KT, +2myc?)V2(KT, )32, 8% =
(1 4+ 2mgyc?/KTy,), and 0% = x&? are three dimensionless parameters.

The parameters and variables g, mq, U, B, E, p, t, ¢ &9, no, K, T,;,, x and f* represent the charge of the particles, the rest
mass of the particle, the plasma’s relativistic velocity, the strength of the magnetic field, the strength of the electric field,
the relativistic momentum, time, the speed of light, the vacuum permittivity, the number density of the particles, Boltz-
mann constant, the temperature of the thermal bath, the unit time-to-relaxation time ratio and the relativistic distribution
functions, respectively.

The four-vector of the relativistic plasma motion, U, and the four-vector of the relativistic momentum, p, can be rewritten
as,

) = (‘;’;) = (cy.uy) @)

(p%) = (M U%) = (mycy, myiiy) = (p*°, p*), 3)

where 7, y = (1 — [ii]*/c2)~1/2, ii(uy, u, u3), p° and P(p;. po. p3) represent the proper time, Lorentz factor, the plasma’s
velocity, and the 15t component of p and the momentum, respectively [28-31].

Since the fluctuation in magnetic self-generating-organization and the turbulence in plasma motion self-feeding-
sustaining in the diffusion region belong to a full developed nonlinear case, the dynamics comprises many interacting de-
grees of freedom.

Thus, it is necessary to consider the joint contribution of electron-MHD (EMHD, microphysics), Hall physics (HMHD), ion-
MHD (IMHD, macrophysics) and the large hydroscale (hydrophysics) from the theory of continuous kinetic-dynamic-hydro
fully coupled temporal-spatial turbulence instead of the classical theory of MHD turbulence [10,32-35].

To quantitatively distinguish the effect of the mean turbulence components (macro scale: flux rope, plasmoid bubbles and
MHD waves) and pulsating components (micro scale: flux rope, plasmoid bubbles and kinetic waves), which are beyond the
quasilinear approximation and ideal MHD frozen-in condition [36,37], the relativistic plasma motion (U), the magnetic field
(li) a~r1c~1 the electric field strength (E) are decomposed into the average components (U, B, E) and the fluctuation components
(U,B.E).
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From mean field theory, we can use the average components and the fluctuation components to describe the macrody-
namic scale flow characteristics and the small-kinetic scale particles characteristics of the plasma, respectively.

Then, the full-blown magnetic induction equation for the entire resistive relativistic MHD simulation domain can be
written as [5,38-43],

o8 —Vx(0xB)-Vx(aB)+ pVB+.V?B (4)
0B _ ~ PP -
W—VX( XB) +V x (UXB)+V><(U><B)—V><(O(B)+,3VB+775VB (5)
~ ﬂfl
where @ = “°+(Tlf/3("”/53)(ﬁ];+  B=15 ) , G = (UVXU a, B, t. 74, s, p and @ represent the parameter amplified
+(Tc/3p01s

seed magnetic field (&-effect), the parameter-enhanced diffusion rate (ﬂ—effect), the approximate eddy correlation time far
enough away from neutral line, the approximate eddy correlation time near the neutral line, classical resistivity, density of
the electron and the parameter amplified seed magnetic field (&g-effect), respectively.

The full-blown magnetic induction equation of the resistive magnetic fluctuation-induced self-generating-organization in
the plasma turbulence-induced self-feeding-sustaining diffusion simulation domain, which is around the neutral region, can
be written as [5,38-43],

Me 08 + e (UeV)Ue+ - VP + - ViTe + e (€ -V - &) +ue x B—«;(-b)b
_v.l @ ®) “© ‘@ © ©
—a.b x (1 b) +aA(b xJ)+ 5 (VTe b)b+L1b x (VT, x b)+ﬁA (b x VTe) +(& x B)
(k) (m)

(6)

where me, e, Ue, Ne, Po = NeKTy, Te, & = w‘;me, b, o), oy, ay, /3”, B., Ba and J represent the mass of the electron, the
electric charge, the electron velocity, number density of the electrons, the electron pressure, the temperature of electron,
displacement of the electron closely linked with the high-frequency components of the electron’s velocity, the unit vector
in the direction of the magnetic field, the electrical resistivity parallel to b, the electrical resistivity perpendicular to b, the
electrical resistivity in the b x VT, direction, the thermoelectric tensor parallel to b, the thermoelectric tensor perpendicular
to b, the thermoelectric tensor in the b x VT, direction and the current density, respectively.

The Maxwell equation corresponding to Eq. (1) can be written as,

OE(t,r)—V xB(t,r) = _é* +J,
G2820B(t.,r) +V x E(t,1) =0 .
\Y% -E(t,r) = —Pe +Db

oE(t,r) —V xB(t,r) = —? -I—jb
c2820B(t, 1)+ V x E(t, 1) = (8)
V~E(t,r) =,0i+Db

where je, ji, pe, pi» Jp and D; represent the electron (species I charged particle) motion-induced current density, the ion
(species II charged particles) motion-induced current density, the electron number density, the ion number density, the
background current density, and the background charge density, respectively [44].

Combined with Egs. (1~8), the role of turbulence in the magnetic self-generating-organization (VB, V x B), and the
plasma self-feeding-sustaining (VU, V.U, V x 0) in the diffusion region can be translated into the interaction between
RHPIC-LBM lattice grid of the field’s virtual flow and the RHPIC-LBM lattice grid of the plasma’s motion.

The contribution of the mean components (B, U, E) induced dynamic-hydro resistivity nn(VB.U), the fluctuation com-
ponents (B, U, E) induced kinetic resistivity n,(VB, V x B, VU,V .U, V x U), and the Spitzer resistivity (s) to the magnetic
conversion, plasma heating and particle acceleration in the diffusion region can be investigated in the present RHPIC-LBM,
which is ignored in the pervious hybrid acceleration simulation model.

Before quantitatively analyzing the role of turbulence in the magnetic fields self-generating-organization, plasma turbu-
lent self-feeding-sustaining process with a mathematical model and numerical implementation, some parameters/variables
must be defined in the whole nonideal resistive MHD domain and in the local resistive domain.

Due to the coupling of the magnetic field strength (B) and plasma motion (U), especially for the fluctuation component
(B) and the turbulence components (0), there is strong coherence between B and U that leads to the turbulence-induced
electric fields, E = (U x B), which are not equal to zero.

At this time, the first-order smoothing and quasilinear approximation is no longer applicable; U is a function of time,
t, and space, x;(i = 1 ~ 3), while there are nonconstant values at all kinetic-dynamic-hydro temporal-spatial scales, and U
becomes an anisotropic vector in the diffusion region.

When the temporal-spatial scale of the fluctuation (B) and turbulence (0) reduce and reach the temporal-spatial scale of
the diffusion region, the components U x B — (U x B), BV2B, 1;V2B in Eq. (5) cannot be neglected.
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& and B can be decomposed into average components (&, ,3) and fluctuation components (&, ,3). Their explicit expres-
sion can be rewritten as,

_ (%e/30m5)(B(V x B) -B+ (E-B))

& - 9)
1+ (zc/3p75)B

&:-%(U.(vx(m (10)

= X T‘<0ﬁ)

p=p=-"—5— (i

By combining Eq. (6) and Egs. (9 ~ 11), we can explore the interaction of flux ropes-to-plasmas bubbles, plasmas
bubbles-to-plasmas bubbles, and flux ropes-to-flux ropes at same time, and determine the turbulence role in self-generating-
organization magnetic fields in the self-feeding-sustaining plasma diffusion region. Then, we can understand the mechanism
of turbulence in the flux rope interaction.

3. Numerical implementation
3.1. Initial discrete distribution functions

Selecting the initial RHPIC-LBM lattice grid in geometrical coordinates and momentum coordinates for f*(x, p, t) is the
first step to establish the initial geometry and topology structure of the magnetic field in the entire simulation domain.

In part I of this series, we used random, semirandom and several uniform discrete distributions as the initial discrete
distribution function to test and validaed the RHPIC-LBM numerical implementation and code.

In this paper, the D*-¢93Q19 equilibrium Maxwell-Jiittner discrete distribution function for relativistic ion and electron
particles in continuum temporal-spatial space is used as the initial load to the RHPIC-LBM lattice grid in the 3D LTSTMR
magnetic helical structures evolution simulation case, which can be written as [45-49],

(03 o

1+’ xg™Xa” + g X Xd™ + g7 xa” xa*+

(5 — ) - X (12)
F L@ X ) 4+ (ca X )2 + (€2 x*)? — 5o (X - X1

For more detailed parameter information in Eq. (12), please refer to part I paper of this two-paper series.

Setting Eq. (12) as the initial load for the RHPIC-LBM lattice grid configuration can reduce the fluctuation levels that were
created from the discrete process, which is one of the manners to control and reduce the physical error limit.

3cq2(e§ + p*)we®
act

fxp.t) =

3.2. Self-consistency in extended particles interaction/collision

Smooth the extended particles’ interaction/collision process in the entire simulation domain can also reduce the physical
error limit from the discrete particles’ effects.

In RHPIC-LBM, we use a pseudoparticle (one RHPIC-LBM lattice grid includes at least two different pseudoparticles), a
superparticle (one pseudoparticle includes many superparticles), and a real charged particle (wherein each superparticle
represents a set of many real particles) to control this type physical error limit.

The tests and benchmarks in Part I show that when N- Ax/o is sufficiently small, the development of microscale fluctu-
ations can be eliminated.

In the present paper, the simulation domain is distributed in the massively parallel computation following a 4D domain
decomposition, which assigns real super particles extended superparticles (magnetic field, electric field and electromagnetic
field) with 2 lattice grids and 21 lattice grids, respectively.

We also use the Hurst index to control and reduce this value under different temporal-spatial scales in the real simulation
process.

3.3. System error accumulation

In the 3D MR simulation, the system error accumulation is composed of numerical stabilities, GALGR and PALGR error
accumulation, truncation and roundoff error accumulation.

In the RHPIC-LBM code, we use higher (e.g., second order) expansions of the discrete distribution function in the
temporal-spatial space, which automatically increase the RHPIC-LBM lattice grid number and decrease the RPHIC-LBM lat-
tice grid size (GALGR for the geometric simulation domain and PALGR for the physical physical simulation domain, in which
the parameters’/variables’ gradients drastically change sites) to reduce the system error.

The tests and benchmarks in Part I show that when % > 0.2, the development of numerical instabilities can be con-
trolled at a low oscillatory state, which is much lower than the Kinetic Alfvén velocity (KAV) and the Kinetic Alfvén

wave(KAW) velocity, and the low entropy and conservation of energy is still in good physical condition in the simulation.
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3.4. Initial magnetic configuration
In Part I of the series, we used a double Harris-type, multi Harris-type and single Harris-type as the initial magnetic

configuration for testing and validation of the RHPIC-LBM code.
In the present 3D simulation, the initial equilibrium of the magnetic field is given by Bacecher and P. Kuska [50-52],

B:BotanhG).HBo B§+sech2(§).f+3g.l€ (13)
Kg- (Te +T) c Ute

A= . =2-Ry, — 14

V  27mneg?  ugi—uge € Uge (14)

Bo = /87 -ng-Kg - (T. + Ty). (15)

where By, Bg, A, uge, ug;, Te, and T; represent the magnetic field at the inflow boundary, the relative magnitude of the
imposed guide field, the half thickness of the initial electron CS [33,53], the electron drift velocity in the current direction,
the ion drift velocity in the current direction, the electron temperature and the ion temperature, respectively.

3.5. Input parameters and IC/BC definition

As for the initial condition in the geometric and physical simulation domain of the present 3D flux rope turbulence
evolution case, the electron CS with peak density ny superimposed on a uniform background density n, = 0.05 x nq is set
up in 3D space with x x y x z = 16,000 x 32,000 x 16,000 lattice girds.

The total number of superparticles is 8000 x 16,000 x 8000 x 2", where fi > 8 and depends on the number density of the
background. The open boundary condition is assumed in the x and y directions.

The initial magnetic configuration in Eq. (13) is normalized [50-52,54] and the simulation results are presented in nor-
malized units.

No magnetic fluctuation and plasma turbulence seed is imposed initially, and all runs were performed using 964,000
~ 100,000 cores of the supercomputer Tianhe-2 from NSCC-GZ.

The other input parameters and IC/BC are the same as the 2.5D LTSTMR in Part I of this series.

4. Analysis of the role of turbulence in the flux rope interaction of 3D LTSTMR
4.1. Turbulence of a magnetic helical structure

In the 2D/2.5D model, to investigate the turbulence evolution of the magnetic geometry and topology in the diffusion
region, we defined the magnetic island as a kind of magnetic field structure consisting of a bipolar magnetic field normal to
the CS, with an enhancement of the core field in the axial direction with a compressed and high-temperature plasma inside
of it [55,56].

While the magnetic configuration change at the resistive diffusion region is 3D in the natural real LTSTMR, the initial
small magnetic helical perturbation, (B, Ey,ﬁz), will change the geometry and topology of the magnetic field, making the
magnetic field lines (MFLs) orthogonal to the vector of the perturbation B, forming a magnetic helical structure upon the
flux surface (consisting of many spiral magnetic field lines).

In the present 3D LTSTMR simulation, we define the magnetic topology structure as consisting of twisted MFLs and
filling the spiral null points as the flux rope, which is a magnetic helical structure, and the magnetic island structure is the
projection of the flux rope structure in two dimensions.

The 2D/2.5D MR during the formation, shrinking and breakup of the magnetic islands of the microkinetic stage, the
2D/2.5D MR during the merging/coalescence and growth of the magnetic islands of the cross-scale coupled microkinetic &
macrodynamic stage, and the magnetic islands reaching constant sizes and eruptions with the Alfvén speed of the cross-
scale coupled macrodynamic & large-hydro stage will undergo turbulence evolution of the flux ropes in the continuous
kinetic-dynamic-hydro fully coupled temporal-spatial scale in the magnetic fluctuation-induced self-generating-organization
region and the plasma turbulence-induced self-feeding-sustaining region in the 3D MR.

Observations of regions with solar atmosphere activities show that the flux rope emergence and formation, mass drain-
ing, near-surface reconnection and the interaction with the surrounding fields will appear in the chromospheric-corona
reconnection region [57-61], and MRs can occur in the absence of null points [12-16]. Demoulin et al. [62] introduced
concept of quasi-separatrix layers (QSLs) in the 3D MR in a solar flare; Guo et al. [19] and Chen et al. [20] found slipping
reconnection (QSLs-induced MR) phenomena in the sun flare; and Gekelman and Lawence observed QSLs phenomena in
their experiments [63,64].

However, due to the limitation of the original algorithm and a super computer resource, until now there has been no
evidence from simulations that can verify these phenomena in 3D MR, even if there are many 3D theoretical models have
been developed [12-16].
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Fig. 1. Evolution of flux ropes topology structure in the self-generation stage (~ 56.955 s), in the self-generating-organization stage (56.955 s-59.952 s),
in the self-organization stage (59.952 s-68.945 s), and in the full-developed nonlinear chaos-turbulence stage (68.952 s-80.936 s). The black curves show
the magnetic potential projected onto the xz planes and xy planes

In this section, the MFLs continuous exchange connectivities with their neighbor-induced slipping MR [65-73] (compos-
ited of torsional spin MR, torsional fan MR and spine-fan MR) and the MFLs break-rejoin-induced MR in the evolution of
the magnetic helical structure’s turbulence is investigated (Fig. 1).

In this paper, we define the slipping MR and MFLs break-rejoin-induced MR as 1st type MR and 2nd type MR, respec-
tively.

Simulation evidence shows that the initial fluctuation component (ﬁx,ﬁy,ﬁz) induced magnetic fields turbulence is not
isotropic, which leads to anisotropic turbulence behavior of the magnetic potential vector (A) in the 3D temporal-spatial
scale.

The hyperbolic separator exists in the quasilinear region of the flux ropes formation, and the elliptic separator exists in
the flux rope network and sub flux rope evolution of the nonlinear fully developed region.

We selected two different moments (56.955 s and 77.938 s) from Fig. 1, enlarging the fine structures evolution of the
flux ropes in the mixed oblique and tearing-kink instabilities sites, and investigated the flux rope turbulence features under
a quasilinear stage (Fig. 2) and (fully developed the nonlinear stage (Fig. 3).

As shown in Figs. 2 and 3, all the torsional spine MRs, torsional fan MRs and spine-fan MRs belong to the 1st type MR
and form spiral null points (in space physics, researchers also define these as O-type null points [21,22]).

The resistive diffusion sites of these MRs are always located in the adjacent MFLs compress-stretch-slip areas (VB >> 1),
and the magnetic energy conversion in these sites (1st type MRs with O-type null points) does not depend on the MFLs
break-rejoin process, which is completely different from the original 2D/2.5D MR model.

Certainly, the MFLs break-rejoin-induced 2nd type MRs also exist in the resistive diffusion region, forming X-type null
points, and converting energy from magnetic into plasma as these sites (2nd type MRs with X-type null points).

Numerical simulation show that the 1st type MR plays the leading role in the entire turbulence evolution (both the linear
and nonlinear stages), while the 2nd type MR plays a less important role even though its role in the magnetic release-
conversion becomes stronger after the turbulence evolution enters into the full developed nonlinear stage.

Compared with the quasilinear (Fig. 2) and (fully coupled nonlinear (Fig. 3) turbulence stages, we can see that the 2nd or-
der and smaller nth order sub flux ropes structure appear and form flux ropes networks in the nonlinear stage, which means
that the full development of the magnetic turbulence improves the efficiency of the magnetic energy release-conversion.

The 1st type MR will generate a higher resistivity from the flux ropes hybrid instabilities (mixed tearing and oblique
instabilities) and wave-particle interactions (turbulence acceleration), which can explain the phenomena where the predicted
reconnection rates from the 2D/2.5D model are much slower than the observations.

In the present 3D simulation, the mixed tearing and oblique instabilities are created by the initial fluctuation component
in the x direction (By) and in the z direction (B,), respectively, while the oblique instabilities (in macro MHD simulations,
some researchers also define them as tilt instabilities [74-76]) induced from B, cannot be reflected in the original 2D/2.5D
MR model.
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Fig. 2. Topology and evolution of the magnetic flux rope under the quasilinear stage at 56.955 s
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Fig. 3. Topology and evolution of the magnetic flux rope under the nonlinear stage at 77.938 s
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Figs. 1-3 show that the initial fluctuation B; induced VB leads to the changes in the magnetic topology structure, forms a
slipping MR, and translates the magnetic energy into plasma energy through a flux rope emergence-destabilizations process.

This why our 2.5D RHPIC-LBM work in Part I can determine that the initial magnetic field perturbation (B;) will make
VB increase in the front of the adjacent magnetic island’s mergence region (Section 4.5 in Part of the series, Supplementary
videos 3-5). However, it cannot answer whether a large magnetic gradient (VB) will contributes to the magnetic energy
release-translation [80].
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Fig. 4. Topology of the current density J(J;, J.) evolution in the diffusion regions from 60.952 s-74.94 s

4.2. Turbulence of current density vector fields

4.2.1. Topology and evolution of current density vector fields

In the above section, we determined the spine-fan magnetic topology structures as well as the 1st and 2nd type MR in
the turbulence flux ropes interaction.

For the convenience of analyzing the role of the mixed MR (1st type and 2nd type) in the energy transportation diffu-
sion region, the elliptic (O-type) separator, the hyperbolic (X-type) separator, the generic fan-fan separator (X-type) and the
isolated 3D null points (O-type, spiral null points) are applied to describe the two MR types.

In this section, the MFLs’ drastic change and/or the MFLs’ breakout-induced self-generating current density fields evolu-
tion are simulated and the transformation-transportation between the magnetic energy and plasma current density under
two different MR types is investigated.

Fig. 4 depicts the distribution of the current density J in the 4D temporal-spatial scale when the turbulence of the current
density enters into the nonlinear stage.

The skeleton fan, spine geometry and topology structure induced by the parallel component of the current density (J),
and the null field line geometry and topology structure induced by the perpendicular component of the current density (J, )
can be seen clearly from Figs. 4-6 [81]. o

The magnetic tension in the drastic changes of the MFLs gradient sites can be defined as %, then the speed of the

wave pulse (V) traveling along the MFLs can be determined by the plasma inertia force (nm,-‘fi—‘[’) and the plasma tension.
Vi can be defined as follows,

Vi, = +/tension/inertia (16)

Eq. (16) shows that the greater the magnetic tension placed on the MFLs, the faster the waves travel. An increase in the
magnetic tension will causes an increase in the velocity of the waves traveling on the MFLs. From the turbulence evolution
of current density fields at the developing nonlinear stage (67.946 s) and the developed nonlinear stage (74.94 s), the KAW
pulse (AL, Ay, AL, X”) from the parallel current density (J, , j”, I ]") can be seen clearly in Figs. 5 and 6.

The small-scale perturbation of the current density J(.J,) induced small scale KAW pulses A(x;.A.) will perform
formation, growth and propagation at the linear, quasilinear and nonlinear turbulence evolution processes.

In the fully developed nonlinear stage, the small-scale KAW pulses will grow up, and some of the small-scale KAW pulses
will change to the macro scale KAW pulse A(A.2.).

When we enlarged the macro scale KAW pulses sites, the fine structure of the macro scale KAW pulses also includes
several small scale KAW pulses (Figs. 4-6).

Comparing the geometric and topology structure of the turbulence of the current density fields in the nonlinear stage
(Fig. 6) and that of the fluctuation of the magnetic fields in the nonlinear stage (Figs. 2 and 3), we can see that the 1st type

MR dominates in the developing nonlinear stage. The magnetic tension (%) increases as the value of VB increases, so
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Fig. 5. Topology and evolution of the current density fields at 67.946 s
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Fig. 6. Topology and evolution of the current density fields at 74.94 s

the MFLs become increasingly “tighter” and will reach a maximum limitation and breakout. Then, the 1st type MR changes

to the 2nd type MR.

As time goes on, the 2nd type MR become stronger along with the turbulence entering into the fully developed stage. The
interaction of KAWs and the charged particle will lead to the magnetic field potential energy translating into the charged

particles when the wave number (or pulse) of the KAWs (k(k;, k1)) is larger than that of the charged particles.

Analyzing small scale KAW and macro scale KAW relations during the evolution process (Figs. 4-6) can be helpful for
understanding the difference between the MHD Alfvén turbulence (large wavenumber perpendicular to the mean magnetic

field) and the Kinetic Alfvén turbulence (different from the MHD Alfvén waves).

Of course, if we also consider the effect of the magnetic pressure on VB, the magnetic energy release-conversion in the

1st type MR will become more complex, especially for the low-8 case.
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Fig. 7. Current density contour on the cross-section perpendicular to the x axis in the diffusion regions from 60.952 s to 74.94 s
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Fig. 8. Current density contour on the cross-section perpendicular to the x axis at 60.952 s

4.2.2. Turbulence of the current density distribution on different cross-sections
The current density distribution on the cross-sections perpendicular to the yz plane and parallel to the 1st type MRs

plane are shown in Figs. 7-12, respectively.

From the distribution of the current density contour in the diffusion region at different cross-sections, we can see that
the current density values in the spine sites are significantly higher than those in the span sites, which reflects that the role
of the 1st type MR in the magnetic energy release-conversion is stronger than the 2nd type MR.

In the linear and quasilinear turbulence stage, the spine is continuous and the increase in the 1st type MRs-induced
current density is very significant (Figs. 7-9 and Figs. 10-12, respectively).

On the fully developed nonlinear turbulence stage, the spine structure breaks into many small pieces and the 2nd type
MRs become stronger, which is in consistent with the turbulence of the magnetic helical structure analysis in the above

sections (Figs. 1-3).
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Fig. 10. Current density contour on the cross-section parallel to the slipping MR plane in the diffusion regions from 60.952 s to 74.94 s

From the current density value on the cross-section parallel to the 1st type MR plane (Figs. 10-12), we can also find that
the oblique instabilities from a finite fluctuation (component of the fluctuation magnetic fields, component of the turbulence
plasmas motion, and the interaction between them) exist in the 1st and 2nd type MRs simultaneously.

In the linear and quasilinear turbulence stages, with the development of the flux rope twist and kink, the oblique insta-
bilities increase and become increasingly obvious. At this stage, the magnetic tension (plus the magnetic pressure) and the
MFLs inertia are of the same order, and the QSLs can be clearly seen on the cross section.

On the fully developed nonlinear turbulence stage, the magnetic tension (plus the magnetic pressure) is much higher
than the MFLs inertia, and the tearing instabilities become stronger, so both QSLs and SLs can be clearly seen on the
cross-section.
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Fig. 11. Current density contour on the cross-section parallel to the slipping MR plane at 60.952 s
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Fig. 12. Current density contour on the cross-section parallel to the slipping MR plane at 67.946 s

4.3. Turbulence of magnetic self-generating-organization and plasma self-feeding-sustaining

Recent research has found that the electrons and ions that decouple (considering the continuous coupled EMHD, HMHD
and IMHD process together instead of only considering the IMHD process and neglecting the EMHD-IMHD process) in
the diffusion region are the most important aspect for understanding the turbulence mechanism of magnetic field self-
generating-organization and plasma self-feeding-sustaining. It can be helpful to explore the LTSTMR from a continuous mi-
crophysics (EMHD)-Hall physics (HMHD)-macrophysics (IMHD)-large scale physics (Hydro) coupled scale.

However, the 2D/2.5D MR model does not allow us to investigate the evolution behavior on the cross-section parallel to
the CS direction (the 2D/2.5D MR model cannot analyze the turbulence of the magnetic helical structure, the current density
vector fields, the self-generating-organization magnetic potential vector fields, the self-feeding-sustaining plasma motion, or
the ion and electron acceleration that was created by the perturbation VB;, VU, in the z direction) and thus eliminates the
possible instabilities along the MR line transverse to the MR plane (Oblique instability and Oblique-kink mixed instability),
which may result in anomalous diffusion.
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Fig. 13. The magnetic potential, current density, ion velocity and electron velocity evolutions at 56.955 s.

The 2D/2.5D MR model also cannot provide any information on whether the MR is patchy or remains with 2D properties
with an extended neutral line when analyzing the natural 3D LTSTMR evolution process (In the natural MR phenomena, all
MRs have a three-dimensional case).

In present 3D simulation, the magnetic potential vector (A), the current density vector (J), the velocity vector of the ion
(V;) and electron (V.) evolution process in the continuous temporal-spatial scale are given in Figs. 13-16 and Fig. A.1.

From the simulation evidence, we can see that the current density field is produced by the changing magnetic fields, and
the magnitude and direction of the magnetic fields are continuously changing in the temporal-spatial space.

The current density enhancement sites coincide with the magnetic field weakening sites (the current density is stronger,
while the magnetic fields are much weaker), which is consistent with dB/dt + V x E = 0.

The more general self-generating-organization magnetic fields in these sites can be estimated from the growth rate of
the magnetic induction. The formula can be written as [82,83],

VT, x Vn+V x (0.71nV T, + 1.5nQ; 17, 'b x VT,)
nq

0B VXUXB—VX(’XB)

5= ng =VoxmJy+nd)+

(17)

The current density produced from the electromagnetic waves is closely linked with the second and third terms on the
right side of the above equation, the third and fourth terms on the right side of the above equation are a source for the
self-generated magnetic field.

Thus, the self-magnetic field tends to be generated when the plasma density and temperature gradients are not parallel
or when there is a nonzero curl of the thermal force (VT, x Vn#0), which is consistent with previous research [84-87].

Combining the above KAWSs analysis and the numerical evidence in this section, we can also see that the initial fluc-
tuation of the magnetic field (B) and the fluctuation component of the KAWs energy tend to increase the gradients of the
plasma’s density and temperature.

The skeleton of the magnetic potential field and the current density field have similar geometry and topology structures
in the same xz and xy cross sections, which illustrates that the magnetic field self-generating-organization, plasma self-
feeding-sustaining occurs at the same time and location, and these evolutions belong to the mixed type MR (1st type and
2nd type) evolution.

The interaction of the magnetic field KAWs-to-magnetic field KAWs, magnetic field KAWs-to-plasma KAWSs, plasma
KAWSs-to-plasma KAWSs, magnetic field KAWs-to-charged particles, and plasma KAWSs-to-charged particles will accelerate
the ion and electron particles during the energy transportation process between the magnetic field and the plasma around
O-type and X-type null points.

Since the mass of the ion is much larger than that of the electron, the velocity of the electron is much larger than that
of the ion during the linear turbulence evolution stage (Fig. 13). As the time goes on, the electron will reach the maximum
velocity bin first, while the ion will still stay in a relatively low velocity bin in the linear-to-nonlinear LTSTMR evolution
stage (Fig. 14).
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Fig. 15. The magnetic potential, current density, ion velocity and electron velocity evolutions at 71.94 s.

As the evolution enters into the fully developed nonlinear stage, both the ion and electron reach their maximum velocity
bin. The ion has a higher energy level (~ GeV) than the electron (~ MeV) (Figs. 15 and 16), which agrees with observations
[24-27,74-76].

We can also see that the electron acceleration sites are obviously much larger than the ion acceleration sites, and the
ion acceleration sites only appear in the center of the spine zone (interior of the magnetic islands/flux ropes), while the
electron acceleration appears both in the spine and fan zone (inertia and boundary of the magnetic islands/flux ropes). In
the same position, the velocity direction of the ion and electron are opposite.

For the self-feeding-sustaining plasma turbulence in the diffusion region, the evolution from the linear stage to the fully
developed nonlinear stage can be clearly seen during the velocity evolution of the charged particle, which also agrees with
previous research [77-79].
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Fig. 16. The magnetic potential, current density, ion velocity and electron velocity evolutions at 80.396 s.

The formation-merging-coalescent of the plasma bubbles (vortex that is induced from the perturbation of the plasma
velocity U, magnetic strength B, and the interaction between U, and B,) can occur in both small-scale and macroscale
KAW time in the continuous kinetic-dynamic-hydro temporal-spatial evolutions process, which leads the localized MR self-
feeding-sustaining sites to appear and grow in the diffusion region, until it is full of the entire resistive domain.

This manner of self-feeding-sustaining can also explain why MR occurs and develops much faster at the EMHD-HMHD
scale than at the IMHD-large hydroscale, which also give rise to the fact that the MR rate calculated with the EMHD-HMHD-
IMHD MR model is much larger than the value calculated with the IMHD-large hydro scale MR model.

4.4. Turbulence acceleration mechanism

For a charged particle’s turbulence acceleration mechanism in the diffusion region of the LTSTMR, the original 2D/2.5D
MR model cannot determine it due to the lack of analyzing the interaction of the flux rope, especially in the vicinity of
multi-flux ropes (flux rope networks and sub flux ropes, 1st type MR). Then, the role of the turbulence acceleration mecha-
nism in the coupling kinetic-dynamic-hydro LTSTMR process remains an open question.

Some researchers prefer to believe that the turbulence acceleration mechanism depends on the Fermi acceleration mech-
anism, while some others prefer to believe that the turbulence acceleration mechanism is an independent acceleration
mechanism.

In solar physics, most researchers prefer to define the turbulence acceleration mechanism as a plasma turbulent ac-
celeration mechanism, formed by the plasma’s motion fluctuation components-induced waves, which are propagation and
amplified through waves-to-waves interactions and waves-to-particles interactions. It is an independent turbulent acceler-
ation mechanism, but until now there has been no evidence from simulations that can verify the phenomena in 3D MR
[12-16,23-27].

In this section, the particle acceleration path-line of a mixed MR (1st type and 2nd type) in the diffusion region around
the O and X null points is investigated (Fig. 17, Supplementary videos 6-9).

From the above KAW discussion, we can see that the interaction of B-to-J] KAWs and U KAWSs-to-charged particle velocity
provide the possibility of turbulence acceleration (Supplementary video 5).

The waves-to-waves (Az —to— Ay, Aj —to—Ay) interactions and the waves-to-particles (Agz —to— Ay, Aj —to— Ay,
Ag —to— Ay) interactions will accelerate the charged particles in the turbulence of a magnetic self-generating-organization
(magnetic fields’ fluctuation caused by acceleration, B) and plasma self-feeding-sustaining (plasma turbulence caused by ac-
celeration, U) evolution process, which verifies that the source of the turbulence acceleration mechanism is the resonance
effect of the waves (fluctuation of the magnetic field, turbulence of the current density field, and turbulence of the plasma
velocity field) and the charged particle velocity.

The turbulence acceleration mechanism is different from the Fermi (or shock wave) acceleration mechanism, which is
an independent acceleration mechanism as well as an original hybrid acceleration mechanism (composed of parallel electric
fields, betatrons, shock and Fermi).
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Fig. 17. lon and electron particle acceleration path-line from 42.966 s-80.936 s. (Supplementary videos 6-9)

Comparing the trajectories of the particles in 3D (Fig. 17 and Supplementary videos 6-9) and in 2D/2.5D (Supplementary
video 10) temporal-spatial scales, we can see that the spiral path line (formed in the mixed O and X type MR) appears in
the ion and electron acceleration processes, which is consistent with the previous mixed instabilities (mixed oblique-kink-
tearing instabilities) and mixed MR (15t and 2nd type MR) analysis in the above sections.

Comparing the 3D trajectory (Fig. 17 and Supplementary videos 6-9) with the RHPIC-LBM 2.5D adjacent magnetic is-
lands (Supplementary videos 3-4) coalescence process [80], we can also verify and confirm that the slipping MR-induced
acceleration mechanism domainates in the continuous kinetic-dynamic-hydro fully coupled evolution process.

5. Summary and concluding remarks

The two parts focus, in turn, on (i) the RHPIC-LBM model, algorithm and code development and verification, and (ii) its
application in the 3D LTSTMR.

In this paper, the role of turbulence in the flux rope interaction is investigated with RHPIC-LBM through simulations
on 100,000 CPU cores of the Tianhe-2 at the NSCC-GZ super computer platform. The magnetic energy release-conversion,
plasma heating, charged particles energization and acceleration in the self-generating-organization magnetic field region and
self-feeding-sustaining diffusion plasma region are obtained. A summary of the main points is given below:

(i) Slipping MR exists in the adjacent MFLs compress-stretch-slip process on the QSLs (a drastic change in the MFL linkage
span) and adjacent MFLs break-rejoin MR exists on the SLs, which agrees with observation [19,20].

(ii) The slipping MRs and the MFLs’ break-rejoin MRs are closely linked with oblique instabilities and resistive tearing
instabilities, respectively. The 1st type MR forms O-type null points, and the 2nd type MR forms X-type null points. The
magnetic energy conversion is dominated by turbulence-induced oblique instabilities (O-type) in the 3D model instead of
resistive tearing instabilities (X-type) in the 2D/2.5D model, which are well consistent with 3D observations [21-23]. iii)
The magnetic energy conversion is produced during the interaction of the plasmoid-to-flux rope, plasmoid-to-plasmoid, and
flux rope-to-flux rope. The turbulent acceleration is an independent acceleration mechanism in LTSTMR, induced by the
interaction of waves-to-waves and waves-to-particles, which is different from the original hybrid acceleration mechanism
(composed of parallel electric fields, betatrons, shock and Fermi).

(iv) The particles can be energized and accelerated in a longer time scale (~30 s) and can be accelerated to relativis-
tic energies ([74-76]) after being pre-accelerated by Fermi-Betatron-shock wave acceleration. These are in agreement with
observations [24-27].
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Appendix
Supplementary documents

Supplementary video 1: 3D structure and evolution of a single magnetic turbulence seed from RHPIC-LBM.

https://pan.cstcloud.cn/s/6jy6QYQYRew

Supplementary video 2: Magnetic structure and evolution in the 3D magnetic reconnection from RHPIC-LBM.

https://pan.cstcloud.cn/s/8CfcC021S2I

Supplementary video 3: The coalescence process of two adjacent magnetic islands.

http://ddl.escience.cn/f/QSWa

Supplementary video 4: The coalescence process of three adjacent magnetic islands.

http://ddl.escience.cn/f/QSWB

Supplementary video 5: The coalescence of two adjacent magnetic islands before ejection.

https://pan.cstcloud.cn/s/AQzJ5FC3TLs

Supplementary video 6: Selected ion particle A animation file for tracking trajectories in temporal-spatial space from 3D
RHPIC-LBM.

http://ddl.escience.cn/f/QJzL

Fig. A.1. The magnetic potential vector, current density, ion velocity and electron velocity evolution during 56.955 s-80.936 s.
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Supplementary video 7: Selected ion particle B animation file for tracking trajectories in temporal-spatial space from 3D
RHPIC-LBM.

http://ddl.escience.cn/f/QJzM

Supplementary video 8: Selected electron particle C animation file for tracking trajectories in temporal-spatial space from
3D RHPIC-LBM.

http://ddl.escience.cn/f/QJzN

Supplementary video 9: Selected electron particle D animation file for tracking trajectories in temporal-spatial space from
3D RHPIC-LBM.

http://ddl.escience.cn/f/QJzO

Supplementary video 10: Selected particles animation file for tracking trajectories in temporal-spatial space from 2.5D
RHPIC-LBM.

http://ddl.escience.cn/f/QJA5
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