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ABSTRACT

A KERNEL BASED HIGH ORDER EXPLICIT UNCONDITIONALLY STABLE
CONSTRAINED TRANSPORT METHOD FOR IDEAL AND NON-IDEAL
MAGNETOHYDRODYNAMICS
By
Firat Cakir

The Magnetohydrodynamics (MHD) model is an important model to describe the be-
havior of the plasma phenomenon. The MHD equations are challenging because one needs
to maintain the divergence free condition, V - B = 0. Many numerical methods have been
developed to enforce this condition. In this thesis we propose a hybrid MHD solver via the
constrained transport method which is based on kernel based approximations to correct the
solution of magnetic field equation so that it satisfies the divergence free condition. The main
focus of this work is on the constrained transport methodology that intends to eliminate the
need of artificial diffusion limiters (introduced in the previous work [29]) for the magnetic
vector potential equation for ideal MHD and extend the proposed scheme to resistive MHD,
which includes a term that takes the form of diffusion.

In the first part of the thesis, we focus on ideal MHD model and we further our work on
mesh aligned constrained transport [29] by developing a new kernel based approach for the
vector potential in 2D and 3D. The approach for solving the vector potential is based on the
method of lines transpose and is A-stable, eliminating the need for diffusion limiters needed
in our previous work in 3D. The work presented here is an improvement over the previous
method in the context of problems with strong shocks due to the fact that we could eliminate
the diffusion limiter that was needed in our previous version of constrained transport. The
method is robust and has been tested on the 2D and 3D cloud shock, blast wave and field

loop problems.



In the second part of the thesis, we turn our focus to resistive MHD model, which allows
magnetic diffusion terms in the magnetic field induction equation. We derive magnetic
potential equation with diffusion terms and develop our kernel based method for the second
order derivative terms appearing in the magnetic potential equation. We update the magnetic
field solutions using the constrained transport framework based on our novel kernel based
scheme. Our novel scheme is robust and unconditionally stable. Numerical examples in 2D
are provided to verify the order of accuracy and to test the performance of the proposed

scheme.
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Chapter 1

Introduction

1.1 Outline of the Thesis

In this thesis, our first intention is to develop a hybrid Magnetohydrodynamics (MHD) solver
to solve ideal MHD so that the solutions satisfy the divergence free constraint. Our second
goal is to extend a similar approximation to the non-ideal MHD models, in particular to the
resistive MHD model. In this section we will explain how this thesis is organized.

In Chapter 2, we briefly review the ideal MHD equations and the evolution of the mag-
netic vector equations with respect to magnetic potential equations. We propose the steps of
our version of the constrained transpose framework, which is based on the our novel kernel
based approximation scheme. Our proposed schemes are coupled with base-scheme weighted
essentially non-oscillatory (WENO) with the kernel based scheme for the constrained trans-
port (CT) methodology. Also, we give a short overview of WENO scheme which is designed
to solve Hyperbolic Conservation Laws [48], which we refer as WENO-HCL. Note that this
thesis is not about WENO, however WENO-HCL is a main tool we use in developing our
solver.

In Chapter 3, we represent our novel kernel based numerical scheme for 1D Hamilton-
Jacobi equations and present how we transform the first spatial derivative terms via con-

volution integrals. We develop a novel MOLT-HJ solver to address the Hamilton Jacobi



equations as a part of our MHD solver in 2D and 3D as well as the WENO-based quadrature
formulation. The main advantage of the proposed scheme is to be able to avoid the artificial
diffusion terms, which were needed in the previous work [29]. Moreover, the stability analysis
is shown for the linear problems. Several test problems in 2D and 3D are presented in the
numerical results section to verify the order of accuracy and to show the robustness of the
scheme. We compare the new method with the old method to validate that the new method
works well. We observe that the limiter needed in the 3D vector potential in the old method
is causing a change in the structure of the solutions in the context of the strong shocks,
while the new method conserve the solution structure for the problems with strong shocks,
in particular for the blast wave problem.

In Chapter 4, we introduce our proposed scheme with respect to PEC boundary condi-
tions and show it is equivalent to enforce Dirichlet boundary conditions. In fact, we develop
the Dirichlet boundary conditions for magnetic potential in MOLT-HJ. Then, we go over
the derivation of an important benchmark problem, Hartmann Flow problem [58]. Hart-
mann Flow problem is a well known test problem to check PEC boundary conditions. Our
proposed kernel based scheme in the context of PEC boundary conditions are tested via
the Hartmann Flow problem. We demonstrate that we could get high order accuracy and
compare the numerical solutions with the analytical solutions.

In Chapter 5, we extend the MHD model to include diffusion terms in the magnetic field
equation. Then we derive a set of magnetic potential equations for the new case of having
diffusion terms in the magnetic field equation. Later, the constrained transport strategy for
the case of resistive MHD is presented.

In Chapter 6, we extend the MOLT-HJ solver to include magnetic diffusion terms. We

present kernel based representations for the second order spatial derivative terms in the



magnetic potential equation. Such representations are based on a successive convolution.
Then we test the scheme with 2D benchmark problems to test our proposed method with
respect to periodic boundary conditions.

In Chapter 7, we then present kernel based method for PEC boundary condition in
the case of resistive MHD. We then work on several test problems such as Hartmann Flow
and GEM Magnetic Reconnection problem. And in Chapter 8, we conclude with a brief
discussion about the conclusions.

In the next section, we will explain the plasma phenomenon and then present some
important models, which describe the behavior of plasma. We especially derive the equations

for the MHD model. In the rest of this chapter we will present a literature review.

1.2 Plasma Phenomenon

One of the most common but least understood phenomenon in the universe is plasma. A
plasma is a collection of charged particles, containing many interacting free electrons and
ionized atoms or molecules which are obtained by heating a gas until it breaks down into
ints constitutive elements. A plasma is the fourth state of the matter: solid, liquid, gas, and
plasma. The primary differences among solids, liquids, gases and plasmas are based on the
molecular relationships between the particles in the states. The strength of the bonds that
hold their constituent particles together is strong in a solid state, moderate in liquid state,
and weak in the gaseous state. The thermal energy (random kinetic energy) level of the
particles and the strength of the binding forces determines the state of a given substance.
Applying a high enough constant temperature to a solid or liquid substance generates thermal

kinetic energy to the molecules such that they exceed the binding potential energy and this



leads to red a phase transition. However, in the sense of thermodynamics, the transition
from a gas to a plasma is not considered as a phase transition since a plasma occurs by
heating a substance with gradually increasing temperature until a reasonable high fractional
ionization is produced.

The particle interactions determine the properties of a plasma. For example, a basic
feature of a plasma is that charged particles simultaneously interact each other over long
distances, which is a distinct behavior of a plasma from ordinary fluids and solids. Since the
particles in a plasma are interacting with electromagnetic fields, this provides many novel
phenomena that do not exist in fluids or solids. A significant feature of a plasma is the
ability to have a various wave phenomena. Therefore, the studies of waves in plasma present
important information on plasma properties.

The plasma state commonly exists in the Universe. For example, common instances
of matter in the plasma state are stars and galaxies. There are a range of man made
plasma applications including thermonuclear fusion reactions, which is a possible source of
energy; the magnetohydrodynamic generator, which converts kinetic energy of a plasma into

electrical energy (MHD); and plasma propulsion systems for space propulsion.

1.3 Theoretical Overview of Plasma

The plasma dynamics is defined by the interaction between the plasma charged particles
with internal and external fields. The motion of the charged particles can generate electric
fields and magnetic fields. The dynamic behavior of the particles in plasma is described by
the classical (non-quantum) mechanics laws. The Lorentz Force gives the interaction of

charged particles with electromagnetic fields. For a particle with charge ¢, the motion of the



equation is

C(?;:q(E—i-va), (1.3.1)
where m is mass, v is the velocity of the moving particle, E is the electric field and B is the
magnetic field, and p = mv denotes the particle momentum. The dynamics of a plasma are
described by solving the equation of motion for the each charged particle under the combined
effect of the internally generated fields by all the other particles and external fields. For N

number particles, N nonlinear coupled motion equations needs to be solved simultaneously.

The electromagnetic fields are governed by the Maxwell equations

0B
E=— 1.3.2
OE
v-E=", (1.3.4)
€0
V. -B=0, (1.3.5)

where p is the total charge density, J is the total electric current density, ¢g is the electric
permittivity, and g is the magnetic permeability of free space.

There are several different choices of approximations for the theoretical description of
plasma phenomenon. Each of these models applies to different situations of plasma.

The first choice is to use a kinetic model of the plasma which is based on the distribution
function for the system of particles at each point. The kinetic equations that describe the
evolution of the distribution function in phase space are 6D plus time. One example of

differential kinetic equations to describe plasma is the Boltzmann equation. It governs the



evolution of a probability density function f, (¢, z, v) of plasma species « in phase space (x, v)
at a given time t. The function f,(t,z,v) is also called the distribution function in phase
space and represents the possibility of density of representative points of particles in phase
space.

Another approach is two-fluid modeling, which is based on a local distribution function
for each species. If there exists a very frequent collisions between the plasma particles, then
each species (electrons and ions) can be considered as a fluid described by a local variables
such as density, velocity and temperature. In this two fluid model, there exist conservation of
mass, conservation of momentum, and conservation of energy for each species in the plasma.

A third model is magnetohydrodynamic (MHD), which is single fluid model, which treats
two-fluid models as a single conducting fluid using unified macroscopic variables and their
related conservation equations. Thus, the single fluid model is a set of coupled equations of
two-fluid model equations, which is simpler to study. Single fluid model is less complete, but
it is still gives important information about the behavior of a plasma.

The MHD model is applicable to the studies of highly conducting fluid plasmas engaged
with magnetic fields. It’s a model to understand the solar and stellar winds and transport
of plasmas inside magnetospheres.

The derivation of fluid models from the Boltzmann equation requires the introduction
of a "closure” model. This ”"closure” model is a key weakness in a fluid model because
it introduces assumptions about the behavior of the underlying micro scale physics, but is
necessary to arrive at a finite set of moments. Now we briefly show the general strategy to

derive the fluid equations from kinetic equations, [12, 60].



Mathematically, the Boltzmann equation is as follows

dfa 3fa>
) . B 1.3.6
ot +v-Vfa+ag: - Vvfa ( ot coll’ ( )
with the acceleration
F
an=-2=1E4vxB) (1.3.7)
mey mey

where m,, is the mass of species a and ¢, is the charge of a. The term at the right hand
side of the Boltzmann equation (%ftﬂ)cou describes the changes of plasma due to particle
collisions and is called a general collision operator. Also note that in the case where the
collisions in particles are neglected, (%L?)cou = 0, the Boltzmann equation (1.3.6) is called
the Vlasov equation.

The Boltzmann equation is multiplied by a weight function x(v) and then the resulting

equation is integrated with respect to the velocity space

/x<%io‘+v.wa+aa.vvfa)dv: /X<E;J;(J‘)00lldv. (1.3.8)

These weight functions x(v) represent some physical features of particles in plasma. By
properly choosing the function y(v), we end up with continuity equation, the momentum
equation, and the energy equation. More precisely, if y(v) = mq, we get the continuity
equation, if x(v) = mqgv, we get the momentum equation, and if y(v) = %maVQ, we

get the energy equation. Consequently, there is a system of transport equations for each

« species since a plasma consists of multiple particle species such as electrons, ions, and



neutral particles. If we denote < y >, as the average over v-space as

<X >a= /Xfadv, (1.3.9)

then we obtain the system of transport equations as follows

8,004 apa
. = == 1.3.1
ot +V (Paua) ( ot )couv ( 3 0)
ou 0
pa[é)ita + (uq - V)ua} + V- (Pa)— <Fy >a=mq /V<éfta>colldv’ (1.3.11)
) 1 0
786: + V- (Eaua> +V. (Pa : U—oz) — Nadalq - E = §ma/ ||VH2< afta>colldV7 (1-3'12)

where the right hand side of the above equations are collision terms. The fluid unknown
quantities are the mass density po = nama = ma < 1 >4, the momentum density pgus =

Pa < Vo >q, and the energy density

Do
v—1

1
+ §pa||ua||2, (1.3.13)

€ —

where 7 is the ideal gas constant, and Py, = mq < (v — uy) ® (v — uy) >4 is the pressure

tensor. If there exist Lorentz force, then the term < F,, >, becomes
< Fq >0= qa(E + uy x B), (1.3.14)

where E is electric field and B is magnetic field. In the case of collisonless plasma, the



conservation equations for each species a reduces to

9Pa 4 G (pata) = 0, (1.3.15)
ot
Jugy
04[ ot + (uq - V)ua] = naga(E +uq X B) =V - (Py), (1.3.16)
Oeq

What we come up with is a fluid model that treats each species (ions and electrons) in a
plasma as a different fluid, [12]. Therefore we end up with a model for two species so called
two fluid model where each individual plasma species lead to a different system of transport
equations. However, there is a simpler description of plasma dynamics as the evolution of
one single fluid, where the plasma is considered a conducting fluid. It is a system of transport
equations which treats a plasma as a whole by combining each species variables. In other
words, the quantities that are relative to each species, we can actually deduce to the one-fluid
quantities that are evolved by the single-fluid model. For example, some of the unknown
variables such as the mass density p(t, ), the momentum density pu(t, z), and the electric
current density J are given, respectively, by the sum of the electron contribution and the ion

contribution as follows

p(t, ) = nama, (1.3.18)
«
pu(t,z) =Y namaug, (1.3.19)
«
«



Then the conservation equations for the plasma as a whole can be given as

ap B
Ju
ﬁ§+upqumE+JxB—v«E¢ (1.3.22)
Oe
a—i—v-(eu)—i—V-(P-u)—pcu-E:O, (1.3.23)

where p. is charge density so that p. = Y- naqa.

Furthermore, for the type of collisionless case of the transport equations with a closure
condition on the pressure tensor P, and some additional assumptions, the system leads to
the three conservation laws, which become the Magnetohydrodynamics (MHD) model, when
an additional approximation is introduced for E. The fourth equation of the MHD system

is the magnetic field equation comes from the ”modified” Maxwell equations,

oB

VxE=->", (1.3.24)
V-B=0, (1.3.25)
VxH=1J, (1.3.26)
V x D =0, (1.3.27)

where B = pgH, D = ¢E and the electric field E is obtained by the Ohm’s law, [12, 60].

The generalized Ohm’s law is

B JxB V.P dJ
E+u>; =nd + 2 ° e

(1.3.28)

enec neec  nee? dt’

10



There are multiple versions of the MHD models. Depending on which term we keep at
the right hand side of the generalized Ohm’s law, we end up with a specific MHD model.
For example, keeping the all terms at the right hand side as zero is called the ideal Ohm’s
law

E+uxB=0, (1.3.29)

and the resulting system becomes the ideal MHD model by decoupling the system with

Maxwell’s equations by doing the following assumptions
the current density: J =e(nju; — neue),

where n; = ne = n since the plasma assumed to be quasi-neutral because of Gauss’s law,
the charge density: pe = e(n; —ne) = 0.

So, the charge density is ignored by the MHD formulation. Also, another assumption is
to neglect the electromagnetic waves which in practice means neglecting the displacement
current 60%—}? in the Maxwell’s equations.

Moreover, keeping just the nJ term in the Ohm’s law gives the resistive MHD. Ohm’s

law then becomes

J=0(E+uxB). (1.3.30)

Using this ohm’s law in the Faraday’s equation (1.3.29) to eliminate E

Vx(g—uxB): B

- 1.3.31
o ot (1.3.31)

11



Then using V x H =J and B = pgH relations, we get

VXB)—Vx(uxB):—ﬁB

v x ( o o

(1.3.32)

Then applying the vector identity V x (V x B) = =V?B + V(V -B) and V- B = 0, we

obtain the magnetic field evolution equation

0B 1
— = —V?’B+Vx(uxB), (1.3.33)
at o

where is ¢ conductivity and NO% is the magnetic viscosity. Also, %%VQB describes the

effects of diffusion in the resistive MHD model.

Another MHD model is the Hall MHD model, which is derived by keeping nJ + %
terms in the Ohm’s law. In this work, our focus is on both the ideal MHD model and the
resistive MHD model and we intend to work on the Hall MHD system in the future. For

more details, see [12, 60].

1.4 Review of Previous Work

1.4.1 Numerical Methods for Hyperbolic Conversation Laws

As stated, the ideal and resistive MHD models are mathematically hyperbolic conservation
laws. This is the base system of the MHD model before applying the constrained transport
correction methodology. There have been many numerical methods applied to MHD system
to solve it in the literature. For example, the discontinuous Galerkin method [30], the finite

volume / finite difference essentially non-oscillatory (ENO) methods [41, 68, 69], and finite
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volume / finite difference Weighted essentially non-oscillatory (WENO) methods [45, 53].
The WENO schemes are the most robust and efficient schemes for the problems that contains
discontinuities comparing to other methods. Thus, we use the WENO scheme in this thesis
as a base-scheme for the ideal and resistive MHD equations. In section (2.2), we will provide
the WENO scheme described for Hyperbolic Conservation Laws [48], which we will refer to
this method as the WENO-HCL scheme.

For the conservation laws type equations, the non-oscillatory property is required for
the time discretization. Therefore, We use strong stability preserving (SSP) Runge Kutta
methods for temporal evolution. In particular, we use the optimal third order SSP-RK

scheme (SSP-RK3) in our works which can be given by [68]. For the following equation

drqg = L(q), (1.4.1)

the SSP-RK3 can be expressed as
¢V = ¢" + AtL(Y),

@_3n 1o, 1 (1)
q 4q +4q +4AtL(q ), (1.4.2)

1, 2 2
¢t = P gq@) + gAtL(q(Z)),

where At denotes time step and the supper scripts mean stage of SSP-RK.

1.4.2 Numerical Methods for ideal MHD

The ideal Magnetohydrodynamics (MHD) equations are one of the most important clas-
sical models of plasma physics explaining the macroscopic phenomena of a quasi-neutral

plasma system. The ideal MHD equations are the set of transport evolution equations for
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the quantities of mass, momentum, and energy density as well as the magnetic field in a
conducting fluid. Mathematically, the MHD equations are a system of nonlinear hyperbolic
conservation laws with divergence-free magnetic field condition. Satisfying this condition
in numerical simulations is the main challenge for the numerical methods. Many standard
schemes fail to guarantee V - B = 0. There have been overall four different dominant ap-
proaches overcoming the difficult in the literature: 8-wave formulation [61, 62]; projection
methods [4, 71]; hyperbolic divergence cleaning methods [33]; and constrained transport
methods [2, 8, 31, 37, 38, 42, 54, 55, 64, 65, 32, 71, 70, 29].

The first methodology used for divergence free condition is developed in [14] utilizing
the classical projection method. They solve a Poisson equation to project the incorrect
magnetic field to a divergence free subspace using the Hodge decomposition. However, it is
difficult to extend the method to an Adaptive Mesh Refinement (AMR) approach, since this
method has to solve a Poisson equation on each time step. The AMR idea is to refine the
mesh based on an accuracy criterion, providing increased resolution at shock and increased
computational efficiency. Zachary [79] presented a Riemann solver which removes negative
pressures and densities and used the Projection method to get a divergence free magnetic
field. The 8-wave scheme is the second approach, developed by Powell in [61]. He adds an
extra source term to update the magnetic field which satisfies the divergence free condition.
By this treatment, the ideal MHD equations, with constraint, becomes a 8 x 8 hyperbolic
system with a source term. This scheme is robust and can easily be extended to an AMR
framework. However, it has been shown in [71] that this method can create inaccurate
jumps in a discontinuous example, such as rotated shock tube problem, since this procedure
is non-conservative because of the source term. The third method introduced by Dedner [33]

is the hyperbolic divergence-cleaning method. This method is a similar to the projection
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method. In this method, hyperbolic and parabolic corrections are combined together and
solved for the magnetic field divergence error. This method is fully explicit, efficient and
fast. However, this method has two tunable parameters, the speed of propagation of the
error and the damped divergence error rate, which needed to be adjusted to ensure good
solutions. This method gives a damped hyperbolic equation for the divergence error and it
does not exactly satisfy divergence free condition.

The main focus in this work is the constrained transport (CT) method for correcting
the magnetic field to satisfy the divergence free constraint. This methodology was invented
by Evans and Hawley in [37]. The original CT method is considered to be a modification
of the Yee method [78] from electromagnetics for the ideal MHD equations. In the origi-
nal constrained transport methodology, staggered electric and magnetic fields are used to
create appropriate finite difference operators. These operators eventually lead to a globally
divergence-free magnetic field.

In the literature, various modification of the constrained transport method have been
presented. In particular, high resolution shock capturing schemes have been a primary
focus. DeVore [34] presented an application of a flux corrected transport approach satisfying
a divergence free magnetic field. There are a range of different approaches for building
the electric field using Ohm’s law in a constrained transport methodology including those
presented by Balsara and Spicer [8], Dai and Woodard [31], and Ryu et al. [65]. Londrillo
and Zanna [54, 55] constructed one of the first high order upwind scheme based on the work
of Evans and Hawley. De Sterck [32] introduced a similar constrained transport scheme on
unstructured triangle grids based on multidimensional upwind advection schemes. Balsara [1]
described a divergence free adaptive mesh refinement (AMR) method utilizing a constrained

transport approach. Té6th [71] compared several of these schemes maintaining divergence free
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condition and also showed a staggered magnetic field is unnecessary as well as developing
some unstaggered CT frameworks.

Unstaggered Constrained Transport schemes are getting increased attention over the
last few years, since it is easy to implement and to extend to adaptive mesh refinement
(AMR) methods. For example , Fey and Torrilhon [38] developed an unstaggered upwind
method satisfying the divergence free constraint. Rossmanith [64] designed an ustaggered
wave propagation scheme for MHD flows based on the algorithms in [51] using a constrained
transport method to keep the divergence free magnetic field. Helzel et al. [42, 43] generalized
the 2D unstaggered CT work to 3D MHD equations so that the method is applicable on both
Cartesian and rectangular mapped grids.

In resent years, several high order methods have been developed for the ideal MHD equa-
tions using various discretization approaches. Balsara [3] designed a third order divergence-
free weighted essentially non-oscillatory (WENO) methods for MHD equations with third
order Runge-Kutta time integration using a staggered magnetic field. Balsara et al. [5, 6] in-
troduced a high accuracy ADER-WENO schemes for divergence free magnetohydrodynamics
on structured meshes, again using a staggered magnetic field. Li et al. [52, 39] and Cheng
et al. [20] presented high order central discontinuous Galerkin schemes satisfying the diver-
gence free constraint globally for ideal MHD simulations on two overlapping meshes, called
primal and dual meshes, by utilizing different discretization for magnetic induction equa-
tions. Kawai [49] introduced a divergence-free high order accurate finite difference scheme
which has an effective shock capturing capability for the MHD equations by constructing
artificial diffusion terms to capture numerical discontinuous in the magnetic field.

In our previous paper [29], we introduced a high order FD-WENO for the ideal MHD in

2D and 3D by developing a high order unstaggered constrained transport methodology for
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Hamilton Jacobi equations using a version of FD-WENO. In that work, WENO formulation
is applied to the central derivative of the solution A instead of the flux values on grid points
to approximate the one-sided partial derivative terms A, and A} appear in HJ equation.
If explicit time stepping is used for HJ equation, then it looks like a convection reaction
equation and it tends to be unstable. That’s why we needed to add artificial resistivity

terms for the 3D case to stabilize it and to control unphysical oscillations in the magnetic

field.

1.4.3 Method of Lines Transpose

In this current work, we further our work [29] on mesh aligned constrained transport by
developing a new kernel-based approach for the magnetic vector potential to solve the ideal
MHD equations in 2D and 3D. The approach is based on a kernel-based numerical scheme
22, 23], which is derived from the Method of Lines Transpose (MOLT) [19, 16, 18, 17, 21, 15].
The equation is first discretized in time with an explicit method and transformed to a
boundary value problem (BVP) at discrete time levels. The spatial operators are converted
from local representations, i.e.. derivatives, to global representations using convolutions with
kernels, i.e. Green’s functions, and is similar in spirt of taking a Fast Fourier transform.
Thus our method is fully implicit since the partial derivative terms are represented by global
operators using convolution integrals which are communicating all the previous and future
data. By this methodology, we update the predicted magnetic field obtained from the base
scheme by a corrected divergence free magnetic field. The approach for solving the vector
potential is derived from the method of lines transpose and is A-stable, eliminating the
need of diffusion limiters introduced in our previous work in 3D [29] since the kernel based

method is a fully implicit method. The corrected magnetic field is computed by 4th-order
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accurate central finite difference operators that approximates the curl of the magnetic vector
potential. The magnetic vector potential is made to satisfy a weakly hyperbolic system using
the Weyl gauge condition. This system is solved using our kernel based scheme developed
for Hamilton-Jacobi equations. Our solver is coupled with the 5th-order FD-WENO scheme
of Jiang and Shu [47] as the base scheme for ideal MHD equations. Third order explicit
strong-stability-preserving (SSP) Runge-Kutta (RK) is used for the time discretization. The
work presented here is an improvement over the previous method in the context of problems
with strong shocks due to the fact that, using the kernel-based approach, we could eliminate
the diffusion limiter that was needed in our previous version of constrained transport. This
method is robust and has been tested on the 2D and 3D cloud shock, blast wave and field

loop problems.

1.4.4 Numerical Methods for non-ideal MHD

Magnetic reconnection is a significant phenomenon occurring in our solar system. When
oppositely directed magnetic field lines in plasma come together, a strong current sheet
is established. Even a small resistivity in this region becomes important, allowing plasma
diffusion and thus, magnetic reconnection happens. In an ideal MHD model, there is a frozen-
in flux condition, therefore there is no reconnection happening. However, Biskamp showed
in his work [10] that for the resistive MHD model, the frozen-in constraint is broken in the
dissipation region and reconnection occurs. The dissipation region establishes Sweet-Parker
layer for a small resistivity value and the rate of reconnection is very low. In [50, 74], the
inertia of electrons breaks the frozen-in constraint and the collision rate is very small in the
magnetosphere. In the work about hybrid simulation with resistivity [57], in the work about

two fluid simulations [56, 11] and in the work about the particle simulations [67, 44] it is
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found that the rate of reconnection is insensitive to the strength of dissipation. Furthermore,
the narrow current layers remain microscopic in length opposed to macroscopic Sweet-Parker
current sheet. In [11], it is shown that the macroscopic current reappears, when the Hall
term is removed from the simulations, thus the reconnection rate is decreased and it becomes
sensitive to the electron inertia. Therefore, the Hall effect in the MHD model is an important
term in determining collisionless magnetic reconnection rates. In [9] they investigated the
magnetic reconnection in 2D in a simple Harris sheet configuration for resistive MHD and
hall MHD. Our goal is to test our kernel based approximation on some magnetic reconnection
benchmark problems.

Moreover, the choice of time stepping is also important for solving the non-ideal MHD
equations, which have diffusion terms. For choice of explicit time stepping, there is very strict

2
constraint for At due to the stability condition (i.e., At < (Aﬁ) ), where b is the diffusivity

parameter. This stability condition of explicit schemes gives the size of the time step and
forces At to be very small, which leading to many time steps and taking quite computational
time in the simulations. However, there are other ways of solving diffusion equations like
using implicit solver for time stepping. Implicit schemes reduce the stability condition and
allow larger time steps, but then there is a resulting a system of linear equations needed to
be solved which may also take time. In the end, using implicit schemes may still save some
computational time. In [72] Udrea develops an implicit algorithm for solution of the resistive
MHD. The implicit formulation employed by their solver (WARP3) is a two level scheme
and they use symmetric Gauss-Seidel method to solve the linear system resulting from the
implicit scheme. Their solver addresses to solve steady state problems and their code also
has an explicit mode capability. They tested that for time dependent simulations the implicit

scheme in their solver WARP3 is faster than the explicit scheme. In a similar work, in [36]
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Dubuc used a generalized conjugate gradient scheme to solve the linear system that results
from the implicit discretization of the Euler equations. For the linear system resulting from
the implicit discretization there are other direct methods (such as Gaussian elimination),
which requires larger computer memory and thus not desired. Vanden and Whitfield [73]
investigated the use of a direct method for a linear system that results from the discretization
of Euler equations and they showed that their implementation of the direct method required
approximately 3.5 more memory and 14.5 more CPU time than a Gauss-Seidel iterative
scheme.

In this work, we choose explicit time stepping to solve resistive MHD and aim to develop
an unconditionally stable kernel based approximation to solve Hamilton Jacobi equations
with diffusion terms, which will allow us to take larger time steps. We will test our solver
with our previous work [29], which is originally designed to solve ideal MHD. However, we
will add second order approximation for diffusion terms in previous finite difference weighted

essentially non-oscillatory (FD-WENO) solver.
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Chapter 2

The Ideal MHD Equations

2.1 The Ideal MHD Equations

In this section we present a brief review of the ideal MHD equations, which is a first order
hyperbolic system of conservation laws. The conservative form of the ideal MHD equations

can be written as

p pu
pu pu@u+ptl —B® B
ol |+V- =0, (2.1.1)
E u(€ + ptot) — B(u - B)
B u®B-B®u
V-B=0, (2.1.2)

with the equation of state as

g:

2 B 2
p pllul B ‘

— : . (2.1.3)

where the total mass p, the momentum pu = (pul, pu2, pu3)T, the energy densities £ of the
plasma system, and the magnetic field vector B = (B 1 B2 B3)T are all conserved variables.

The velocity u and the total pressure piot = p + %HBH% together with the hydrodynamic
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pressure, which is given by the ideal gas law as

p=(r=1(E - SIBI~ Jollul), (21.4)

are derived quantities. v = 5/3 is the ideal gas constant and the notation || - || is used for
the purpose of the Euclidean vector norm. The MHD equations (2.1.1)-(5.1.2) are derived

and discussed in many standard plasma textbooks (e.g., [59]).

2.1.1 Hyperbolicity of the governing equations

The system (2.1.1) along with the equation of state (5.1) comprise a system of hyperbolic
conservation laws

qt +V-F(q) =0. (2.1.5)

This set of equations describes the time evolution of all eight conserved variables, q =
(p,pu,E,B). We will denote the Jacobian of the hyperbolic system as M(q) = 0F/dq,
which is a diagonalizable matrix with real eigenvalues. The eigenvalues of the Jacobian

matrix represent the wave speeds of the eight waves in MHD system. In particular, in some

arbitrary direction n (||n|| = 1), they can be written as
A8 —u.n¥F cy fast magnetosonic waves, (2.1.6a)
AT =u-nFe Alvén waves, (2.1.6b)
A0 —u.n e slow magnetosonic waves, (2.1.6¢)
M=u-n entropy waves, (2.1.6d)
AN =u-n divergence waves, (2.1.6e)
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The eight eigenvalues are well ordered as

)\1§>\2§/\3§)\4§>\5§)\6§)\7§)\8

(2.1.7a)

(2.1.7b)

(2.1.7¢)

(2.1.7d)

(2.1.8)

where the fast and slow magnetosonic waves are nonlinear while the rest of the waves are

linearly degenerate.

2.2 Overview of the Base Scheme WENO-HCL

Assuming that B is always divergence free, we can simply apply the standard WENO

methodology. Here we review this methodology before talking about of form of constrained

transport. We present the 5th-order Weighted Essentially Non-Oscillatory method developed

for Hyperbolic Conservation Laws (WENO-HCL) [48] for the MHD system that comprises

the base scheme in the CT procedure. WENO-HCL method is described by Jiang and Wu
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in [48]. We will briefly explain the scheme for a one dimensional MHD model

dq  0f(q)
— =0 2.2.1
o " on (22.1)
where
q = (p’ pu17pu27pu3787 B17B27Bg)T7 (22'2>
1
f(q) = (pul,pulul +p+ §||BH2 — BB putu® — B'B?, pulu® — B1B3, (2.2.3)

T
1
u(E+p+ 5\|B|]2) — BYu-B),0,u'B?> —u*B! ' B3 - u331>

Also, we denote the primitive variables as

w= (p,ul,u2,u3,p,Bl,B2, B?’)T (2.2.4)

The Jacobian of the flux % of the above equation can be decomposed based on eigen-

vectors since the MHD system is hyperbolic

of
~— —_RA 2.
5, ~ RAL (2.2.5)

where A is the diagonal matrix of real eigenvalues, R is the right eigenvectors , and L = R™1
is the left eigenvectors.
We discretize the space into uniform intervals with Ax size. Denoting ¢;(t) as the nu-

merical solution of the MHD model at the point x = z;, the WENO-HCL method for the
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MHD system in the conservative form

dg;i(t) 1 (= :
——|F —F 2.2.
dt A:U( i+ ) (2:2:6)

The following WENO procedure is applied to get the numerical flux IAT‘Z,Jr for the above semi

1
2
discrete form:

1. Compute the physical flux and the solution ¢; for all ¢

£, = £(q;). (2.2.7)

2. Do the following steps at each fixed T 1

2

(a) Compute the average state w1 using Roe average
2

1
Wiyl = 5 (Wi +wiyg) (2.2.8)
(b) Compute the eigenvalues A . 1 of the Jacobian of flux, %, at the point x. 1.
Z+§ q Z+§

Also, compute the right eigenvector Rz’+1 and left eigenvector LH_

1
2

(c¢) Project the solution and the physical flux to local characteristic field (right eigen-
vector space)

V.

j=L

and Gj = Li+%fj (2.2.10)

i+5%
where j =7 —2,9—1,4,94+ 1,7+ 2,7 + 3 for the 5th-order WENO.
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(d)

Perform the Lax Friedrichs flux splitting procedure for the each component of the
characteristic variables, to obtain the corresponding component of the V; and
G,. We can assume the m-th component of the characteristic variables of the V;

and G; as v; and g, respectively and compute
i—l(-i (m)y.) (2.2.11
9; = 5 g; = ar 7v;), 2.11)

where the maximum wave speed of the m-th component of characteristic variables
is

alm) = max ™) (g,)] (2.2.12)

Compute the numerical flux by applying a WENO reconstruction on the computed
flux components gjj-c’ Let’s WENOS5 denotes the 5-th order WENO reconstruction,

then the numerical flux is obtained as

gt . = + o+ 4+ 4+ A+
gi—&-% - WENO5(9¢_279¢_179¢ 79¢+179¢+2>, (2.2.13)
9;% = WENO5(95+3792-1279@-11,95,9;1) (2.2.14)

Then we compute the m-th component of the numerical flux GA}H 1 as

2
g 1=0"1+9 4 (2.2.15)
Project the numerical flux back into physical space
H—% = Ri—l—%GH—% (2.2.16)



The scheme described above is the WENO-HCL scheme that serves as the base scheme in
our Constrained Transport framework. Also, the high order SSP-RK methods are used for
the time discretization for the MHD model.

As mentioned earlier, the direct application of the WENO-HCL scheme to the MHD
model leads to divergence error in the magnetic field, and we update the magnetic field
solution through magnetic potential equation by the CT method. In the next section, we
will derive the magnetic potential equation from the magnetic field equation for the ideal

MHD model.

2.3 Magnetic potential in 3D

There have been many numerical methods presented in the literature for numerically solving
the MHD system, but they have faced the main challenge of satisfying the divergence free
condition on the magnetic field. Here, we will derive the magnetic vector potential equation
from the magnetic field equation given in (2.1.1)-(5.1.2) system. This will serve as the
foundation of our constrained transport framework.

Since the magnetic field is divergence free, it can always be written as the curl of a

magnetic vector potential

B=VxA. (2.3.1)

We show in the section (3.2) that if we construct the curl using 4th order central differences,
we locally preserve the divergence free property. The key step of the constrained transport

scheme is to solve the magnetic potential for correcting the magnetic field. The evolution of
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the magnetic field in (2.1.1) can be written in the following form

B; +V x (B xu) =0, (2.3.2)

using the relation

V:(ueB-B®u)=V x (B xu).

Since B is divergence free, we set B =V x A and rewrite the evolution equation (2.3.2) as

V x {A;+(V x A) xu} =0.

This implies that there exists a scalar function v such that

A+ (VXxA)xu=—-V.

There are various choices of the gauge conditions depending on how we chose the 1. Helzel
et al. [42] showed that using the Weyl gauge, i.e., setting ¥ = 0, one can achieve stable
solutions. This condition results in the evolution equation for the magnetic vector potential
as

HA + (VX A)xu=0, (2.3.3)

which can be written as:

OtA + N1A, + NQAy + N3A, =0, (2.3.4)
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with

w00
0 wu 0
—ul —u? 0

The resulting system is only weakly hyperbolic since the matrix of right eigenvectors of the

flux Jacobian doesn’t have full rank in certain directions. We begin with the flux Jacobian

matrix in some arbitrary direction n = (n

1.2

N ,n3) to show the weakly hyperbolicity:

n?u? + ndu3 —nlu? —nly3
M(n,u) = n'Ny +n’Ny +n’Ng = —n2ul ntul 4+ ndu? —n2u3 , (2.3.5)
—n3ul —n3u? ntul +n?u?
which has real eigenvalues for all ||n|| =1 as
Al=0, X=XM=n-u, (2.3.6)
and the right eigenvectors matrix is
n' n2ud —ndu? wl(u-n) —nl|n|?
R= M2 TC’))] = |n? n3ul —nl® w(u-n) — n2|n|? (2.3.7)
n3 nlu? —n2ul wd(u-n) —nd|n|?
If we assume that ||ul| # 0 and ||n|| = 1, then the determinant of the matrix of the right
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eigenvector R can be found as

det(R) = —||lu||? cos(a) sin?(a)

where « is the angle between the vectors n and u. Hence, given any nonzero velocity vector
u, there exist four degenerate directions v = 0,7/2,7,37/2, where the eigenvectors are

incomplete due to det(R) = 0. Therefore, the system (2.3.4) is only weak hyperbolic.

2.3.1 Magnetic potential in 2D

In the two dimensional case (e.g., in the xy-plane), each conserved variable, q = (p, pu, £, B),
depends only on ¢, x, and y independent variables. Thus, the divergence free condition can
be simplified as

V-B=DB,+Bj.

There is no point to define B3 since any value of B3 satisfies the divergence free condition in
2D. The evolution of the magnetic field involves only the third component of the magnetic

vector potential, so that magnetic field components, Bl and B2, can be found as

B' =43 and B?=-43. (2.3.8)

Since we only need the third component of the magnetic vector potential to define magnetic
field, the constrained transport scheme in 2D is reduced to the magnetic vector potential to

a magnetic scalar potential equation as

AP +ul A + 0P A =0 (2.3.9)
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This scalar advection equation is strongly hyperbolic by contrast with the 3D case.

2.4 The advantage of MOLT based current method

over WENO-HJ method

As we will explain in the next chapter about the Constrained Transport Methodology, the
magnetic vector field is updated so that it satisfies the divergence free condition by solving
the magnetic vector potential equations (2.3.9) in 2D and (2.3.4) in 3D. Although the CT
method that we use is the same idea that we used in our previous work [29], in this section
we will explain the challenges of the previous work and present the advantages of the current
work.

The magnetic potential equation is a Hamilton-Jacobi equation since the components of

the velocity are given from the previous time step such that

A} + H(z,y, A+ u®A}) = 0 (2.4.1)

with Hamiltonian

H(z,y, A3 +u?A3) = u' A3 4?43 (2.4.2)

In the previous work [29], the WENO-HJ scheme is directly applied to two-dimensional
magnetic scalar potential equation (2.3.9). However, the scheme cannot be directly applied
to the three-dimensional magnetic vector potential equation due the problem being weakly
hyperbolic of the 3D system (2.3.4). Because of the problem is weakly hyperbolic, we ap-

plied a finite difference weighted essentially non-oscillatory (WENO-FD) discretization using
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arithmetic averages to define derivatives at grid points in the old work [29]. But this type
of discretization approach leads a lack of insufficient numerical resistivity in order to control
unphysical oscillations in the 3D magnetic field equation. Therefore, artificial resistivity
terms into the magnetic vector potential equation were introduced for solving 3D system.
For brevity, we give only the equation of the first component of the magnetic vector potential
system with artificial resistivity term:

02 AL

1 242 343 241 341
A —uw AL —w A+ Ay +ut A =€ 922

(2.4.3)
The above equation is the equation of the first component of magnetic vector potential
Al but this equation also contains other two components A2 and A%. With explicit time
stepping, it tends to be unstable. Therefore, we added the the term that is on the right
hand side of the (2.4.3) to stabilize the equation. The additional term on the right hand
side of the equation (2.4.3) is an artificial resistivity in the missing direction, which in the
above equation for A", it has an artificial resistivity term in the z-direction. The artificial

resistivity is defined as
1 AJZQ
6+ At’

el = 20y (2.4.4)

where § is a very small parameter to ensure that £! remains bounded as At — 0T, ’yl is the
smoothness indicator of A*, and v is a constant to control the magnitude of the artificial
resistivity. Note that the limiter is off in smooth regions.

In the current work, we will circumvent the stabilization challenges by introducing a new
O(N) implicit method that solves magnetic potential equation with an unconditionally stable
solver using the Method of Lines Transpose idea. We no longer need artificial resistivity terms

for solving the magnetic vector potential equations in this novel method. The rest of the
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scheme is still using the same WENO architecture that we've used in the previous work. We
are targeting a better solver that handle things like strong shocks since we do not need to
introduce a limiter for A. We will show the examples of this in the results section.

In the next section we will present the overview of the Method of Lines Transpose which

have been presented in the previous work [23].

2.5 QOutline of the constrained transport methodology

The major challenge when dealing with the numerical solution of the system (2.1.1)-(5.1) is
to satisfy the divergence-free condition (5.1.2). The constrained transport methodology is
one of the dominant approach in the literature to overcome this challenge. In this section
we will give the main idea of this method and our perspective how we are using high order
CT framework. The idea of the constrained transport methodology is based on updating
the conserved variables q = (p, pu,&,B). One of the early works on this idea of using the
magnetic vector potential equations for CT solution to the MHD equations is presented by
Wilson in [75], as well as Dorfi [35]. However, modern shock capturing strategies were not
used in those works and hence caused strong numerical diffusion. Londrillo and Del Zanna
[54] used the magnetic potential solutions in the context of shock capturing methods, along
with De Sterck [32], Londrillo and Del Zanna [55], and Rossmanith [64]. Helzet et al. [43]
developed a framework for unstaggered CT scheme coupling a conservative finite volume
hyperbolic scheme for the MHD equations with a non conservative finite volume scheme for
the magnetic vector potential equation. In our previous work [29], we developed a high order
finite difference constrained transport scheme. In this paper, we present a kernel based high

order unconditionally stable CT method. We correct the conserved variables, q, using the
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magnetic vector potential formulation with respect to relation B = V x A. Here, we give
an outline of the general unstaggered CT framework listing all important steps. Consider a

semi discrete system of ordinary differential equations for MHD equations (2.1.1)

Aypa(t) = L(dmpa(t)) (2.5.1)

where q,,,,4(t) represents the grid function at time ¢ consisting of all point-wise values of
the conserved quantities in the ideal MHD system q,,,4 = (p, pu, £, B). The details about
L(qmna(t)) were presented in [29].

And also consider the update for the magnetic potential equation ((2.3.9) for 2D case

and (2.3.4) for 3D case) on the mesh,

oy (t) = H(aa(t),ult)), (25.2)

where q4 denotes vector potential A in 3D or the scalar potential A3 in 2D.
The key steps advancing the solution from its current time step ¢t = t" (or the initial

condition at t?) to its new time step "1 are listed below:
e step 0: Start with the given current time step q' , , = (p", pu”, &", B”)T and q'}.

e step 1: Obtain q; ; ; and qTLl separately, where

q:nhd _ (pn—i—l,pn—i—lun—ﬁ—l’ 5*7 B*) '

Here, £* and B* are given with a * superscript instead of n + 1 to indicate that the

predicted B and £ will be corrected by a predictor-corrector Constrained Transpose
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method before the end of the time step.

e step 2: Replace B* to B"t! by a discrete curl of qT’l.

Bt =V x qﬁ""l.

e step 3: Set the corrected total energy density value £+ based on one of the following

options:

Option 1: Keep the total energy conserved
gl — gx
Option 2: Keep the pressure the same after updating the magnetic field
n+1 * 1 n—+112 *(12
el =g (B - B P)

(Second option sometimes helps to prevent negative pressure).

In Section 3.2, we show that our approach leads to a divergence free solution. We now

describe how we constraint the update for qZJrl using our kernel based approach.
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Chapter 3

Kernel Based Approximation with

Constrained Transport for Ideal MHD

In this chapter we develop a kernel based approximation for magnetic scalar/vector potential
equations, which are considered as Hamilton Jacobi equations since the velocity variables
are given in the previous time step. We also present a WENO quadrature formulation to
approximate the convolution integrals, which appears in our kernel based formulation. We
will refer this new kernel based approximation coupled with WENO quadrature as MOLT-
HJ scheme [23]. This proposed scheme is a key part of the constrained transport method
used to update the solutions such that the magnetic field solution satisfies the divergence
free condition. Our goal is to eliminate the need of artificial terms such as the diffusion
limiter (introduced in the previous work [29]) and to understand what that means for strong
shocks. We develop our solver for both 2D and 3D. We later include the artificial diffusion
terms into the MOLT-HJ scheme in 3D to be able to compare the the new scheme with the
old method. We demonstrate the robustness of the new method on several test problems
in 2D and 3D and validate that the new method works well for the blast wave and strong
shocks by comparing with the old method. Further, we validate the negative impact of the
diffusion limiter by adding the artificial limiters to MOLT-HJ scheme. MOLT with diffusion

limiter obtains very similar results with the previous method.
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3.1 Hamilton-Jacobi equations

In this section we introduce the main ideas in our kernel-based method [22, 23], which is
derived from the Method of Lines Transpose (MOLT) [19, 16, 18, 17, 21, 15]. The simplest
way to describe MOLT is: we start by discretizing the problem in time; we then use a global
approximation for the inherently local term (the derivative). By doing this, we are able to
make an explicit approximation unconditionally stable. As for the global approximation,
think FFT, but with a different convolution kernel. The form of the approximation is what
facilitates the stability of the method. The method is an O(N) because the convolution with

the kernels can be evaluated using a three term recreation.

3.1.1 1D Hamilton-Jacobi equations

We start with a 1D Hamilton-Jacobi equation

A+ H(Ay) =0,  A(z,0)=A%),  z€lab] (3.1.1)

where H is the Hamiltonian flux. For the time discretization purpose to evolve the solution
from time ¢ to t"T1, we use the classical explicit SSP RK schemes [40]. In this work, we

propose to use the following SSP RK schemes such as the first order forward Euler scheme

APFL — AT ALH (AT AT, (3.1.2)

the second order SSP RK scheme

AL = A" — ALH (AT AT

Y
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A+l ;An + ; (A(l) _ Atﬁ(Ai(El)’*,A(xl)’Jr)) : (3.1.3)

and the third order SSP RK scheme

AW = — ALH (AT AT,

9 3., L, e A= 4 (1) +
A® =24 +Z<A()—AtH(Ax AP,
AT = a2 (A - arEr (AP ADT). (3.1.4)

Here, At denotes the time step and H is the numerical Hamiltonian, e.g., the local Lax-

Friedrichs Hamiltonian flux [46]:

o~ +o"
2

(0 —97)

H(¢~,¢%) = H( R (3.1.5)

. — 4y !/ + . .

with ¢(¢™,¢7) = MAX 4 Lin(é— 6T ) max(é— 6] |H'(¢)|. A; and A]" are one-side deriva-
tives with left-biased and right-biased methods, respectively, to approximate A,. Finding
these derivatives has the dominant role in our work and we will present the details of the

construction of them in the following subsection.

3.1.2 Approximation of the first order derivative 0,

Approximating the partial spatial derivative terms with kernel based scheme is the major
part of this work. In this section we briefly review the construction of the 0, derivative

approximation using kernel based formulation established in [22]. Let’s define operators L,
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and L on the closed interval [a, b], and their inverse operators

1
Ly, _I+aax = L] a/xe (y)dy + Ape™ a(z—a), (3.1.6a)

a

b b
al e y)dy + Bre™ =7, (3.1.6b)

1

xT

where Z is the identity operator and « is a positive constant. We use [ L and I'® to denote

the convolution integral as

x b
It = a/ e*a(x*y)v(y)dy, It = a/ e*a(yﬂ:)v(y)dy. (3.1.7)

X

We can see that IZ depends on the function values of v from left end point a to z, as well as
IR is for right end point b to z. Also note that Aj, and Bp are determined by the boundary

conditions. For instance, if we assume periodic boundary conditions, i.e

L7l v, al(a) = L7 v, al(b), and, Lp'v,a](a) = LG v, (D).

then we obtain

rool®) g g,

A = =" 1.
L [ e (3.1.8)

where pu = e~al(b=a) | Tf we require

L', al(a) = Ca, and  Lp'[v,al(b) = Gy
with given numbers C, and Cp, then, the boundary coefficients are obtained as

AL = Ca, and BR = Cb' (319)

39



Now, let’s define new operators Dy, and Dp,

Dp=I-L;', and Dp=1I-Lz".

Then é@x can be represented using the infinite series of these operators as

1 (6.¢]
a(’)x:EL—I:EL(I—Lzl) =D(I-Dp) '=> D} (3.1.10a)
p=1
1 —1 ~1 o 5D
~Or=T-Lp=Lp(Ly —I)=-Dr(I-Dg)"' =~ Dy (3.1.10b)
p=1

where, DP is successively defined as DP = D[DP~1]. In the kernel-based method, we will
truncate the series (3.1.10) and only compute the corresponding partial sum to approximate
the AT in (3.1.2)-(3.1.4). Moreover, an additional term Dy is introduced for reasons related

to stability of our high order method

b
Dylv,a] = v(a) — g/a e~ Yly(y)dy — Age= =) _ Bye—alb—1), (3.1.11)

where Ag and By are determined by boundary conditions. For example, if Dy is a periodic

function such that
Dolv, a)(a) = Dylv, a](b), and 0;Dyv, a](a) = d+Dylv, (b)),
then we get

, (3.1.12)
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with I9v, o](z) = § JP ez =yly(y)dy. And if we require

Dolv, af(a) = Cy, and  Dylv, a)(b) = Cp,

with given numbers C, and Cj, then the boundary coefficients are obtained as

A0 = 75 (1 (1°lv, 0)(0) = 0(0) + Cy) = (I'[v,0)(a) = vla) + Ca))

By = —— (1 (I°[v, a](a) — v(a) + Cq) — (1°v, 0] (b) — v(b) + C3)) .

(3.1.13a)

(3.1.13Db)

In fact, —a2D0 [v, a] is an approximation to vgzz, which we present the details in the section

(6.2).

In the following, we will study the properties of the partial sums with different boundary

conditions. Additionally, the parameter o would be chose carefully to make this scheme high

order of accuracy and unconditionally stable properties.

3.1.2.1 Periodic boundary conditions

If A is a periodic function, we define the approximations of the first derivatives Ai,t using

partial sums as

0421521 DZ];[A7OZ](I)7 k = 172a
Ay =P [A al(z) =

ozzl]jzl DL [A, o](z) — aDy = D%[A, al(z), k=3,
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and

—Q ZZ:l D%[A,Oé](l’), k= 1a27

-« 211321 D%[A, al(z) + aDg * D%%[A, al(z), k=3.

Note that we have an extra term for the case of k = 3. This term is necessary to ensure
unconditional stability and show up in all MOLT approximations with k£ > 2. The scheme
for k > 2 is A(a) — stable, however with the modification shown above for k = 3 scheme
A — stable for properly chosen of the constant 8 [22, 23]. Then, we have the following
theorem, which gives an error estimate for the partial sums approximation and has been

proven in [22].

Theorem 3.1.1. Suppose v(z) € C’k+1[a, b] is a periodic smooth function. Consider the
operators Dy with the boundary treatment Dx(a) = Dy(b). Here, x can be L, R, and 0.

Then,
14z = P [A dllloo = O (1/a") Az = PF[A, 0|l = O (1/0F). (3.1.15)

Here, we take a = /(cAt), where ¢ is the maximum wave speed and f is a constant
independent of the time step At. Therefore, the accuracy for the approximation (3.1.14) to
the 0, A is (’)(Atk). Note that, to achieve k" order accuracy in time, k = 1,2, 3, we should
employ the k" order SSP RK method (3.1.2)-(3.1.4) as well as Pki in (3.1.14). Moreover, if
B is chosen appropriately, the semi-discrete scheme (without numerical approach to DP) is
A-stable and hence allows for large time step evolution. Additionally, the linear stability of

the method which argued in the following theorem has been proven in [22].
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Theorem 3.1.2. For the linear equation ¢+ cpy = 0, (i.e. the Hamiltonian is linear) with
periodic boundary conditions, we consider the K order SSP RK method as well as the kth
partial sum in (3.1.14), with o = B/(|c|At). Then there exists a constant By g, > 0 for
k=1,2,3, such that the scheme is A-stable provided 0 < < By inax. The constants B, paq

for k=1, 2, 3 are summarized in Table 3.1.

Table 3.1: B max in Theorem 3.1.2 for k£ =1, 2, 3.

k 1 2 3
Brmaz | 2 1 1.243

Proof. Let’s review the key points of proof for the case of k = 1. A von Neumann analysis
is applied to the advection equation to obtain the amplification factor A for the given ansatz
¢" = ¢ek - According to the von Neumann analysis if |A| < 1 for any k and time step At,
then the scheme is unconditionally stable. Now we apply the Fourier transform in space to

the operators Dy, and Ly,

1 A ik
L =T+—0, = Lp=1+-—, (3.1.16)
ay, ar,
_ 1 ik‘/aL
D,=I-L7' = Dp=1-—=—"1 (3.1.17)
Now, once we apply the Forward Euler scheme and integral approximation
¢"t = ¢" — AtarDred”, o], (3.1.18)
where af = (cht) Thus,
pntl ikeAt/B
A= =1-f—. 3.1.19
ol p 1+ ikcAt/B ( )
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For 8 < 2, the amplification factor satisfies |A\| < 1, which means the scheme is A - stable.
In other words, the scheme is unconditionally stable for appropriately chosen constant value

§ from the table (3.1). The same argument holds for & > 1. This is discussed in [23, 24]. O

3.1.2.2 Non periodic boundary conditions

Next, we introduce a modification of the partial sums (3.1.14) to achieve a higher order
accuracy for the non-periodic case. Assume that we have some derivative values at boundary,
i.e., 0"A(a) and O"A(b), m > 1. Using integration by parts one can derive the following

modified partial sums for k£ < 3 to deal with the non-periodic boundary conditions

k
_ a Y. DA p, of(z), k=12,
Ay = PplAe)@) =4 P (3.1.20a)
Oép; Dp[A1p, o](z) — aDy[A1 3,0)(2), k=3,
k
_ —a ), DplAzp, o(z), k=12,
A7 ~ PlIA, o](z) = ! (3.1.20b)
- 3 DplA2p, af(z) + aDy[Az 3, al(z), k= 3.
p:
And Aj p and Ay ), are given as
A1 = A,
k 1\
A1p=DrlA11,0] = Y (—O) O A(a)e*@—a), (3.1.21a)
=2
Al’g = 'DL[ALQ,Q] —+ Z (m — 1) <_a> 8&”A(a)e—a(:r—a)’
m=2
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A1 =4,

i N —a(b—z
Ago =DplAg1,a] = ) (a> oy A(b)e— (b=, (3.1.21b)

m=2

k m
Ang = DplAzsial + X (m—1) () aa@e o),
m=2

where the boundary conditions for the operators are imposed as

aDr[A11,al(a) = Az(a), aDpg[Ag1,a](b) = —Ax(b),
aDr[A1p, a](a) = aDpg[Agy, al(b) =0, for p > 2,

aDy[Ay 3, a)(a) = aDy[Ay 3,)(b) =0, * could be 1 or 2.
Then, the modified partial sum (3.1.20) agrees with the derivative values at the boundary
Pr (A, al(a) = Agla), P [A,a](b) = Az (D).

Furthermore, we have the following theorem, which is a result of the Theorem 2.3 from [23].

Theorem 3.1.3. Suppose A € C*L[a,b]. Then the modified partial sums (3.1.20) satisfy
Az — P [A, 0]l = O(1/"), Az — P [Aa]lloc = O(1/a¥), k=1,2,3. (3.1.22)

Again, we take a = /(cAt) in application, where ¢ is the maximum wave speed and /3
is taken as the same as periodic boundary condition, see Table 3.1.

As we have seen in (3.1.21), we need the derivatives 07/' A(a) and 9 A(b), m > 1, for non
periodic boundary conditions. Here, we will only focus on the outflow boundary conditions.

High order extrapolations are used to get all the derivatives at boundaries (that is, there
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are no physical boundary given). The details of the general non-periodic conditions can be

found in our previous work [23].

3.1.2.3 Space Discretization and WENO-based Quadrature

According to the kernel based method, the spatial derivatives can be approximated by the
partial sums based on an integral formulation. A fully discrete numerical solution is then
obtained by discretizing Dy, and Dp operators in space. In this subsection we will give
the details of the spatial discretization of the Dj and Dp operators and the WENO-based
quadrature formulation to approximate the convolution integrals appearing in the Dy, and
Dpr operators.

Suppose we divide the domain [a, b] with N + 1 uniformly distributed grid points

Ax=(b—a)/N, z;=a+iAz, i=0,1,...,N.

The convolution integrals IV = I*[v, a](x;) and I = I%[v, a](x;) satisfy a recursive relation

F=eodnigl L gl =1 . N, IF=o, (3.1.23a)
f—eoBriviff oL gl -0, N—1, I§=0, (3.1.23Db)
where,
X Z;
I =a / " uye @i ay,  Jf=a / Flu)eo-migy, (3.1.24)
Ti—1 i

Since there is a unique polynomial p(x) of degree at most k that interpolates v(x) at the
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nodes in the interpolation stencil S(i) = {z;_,,...,2;_, 1}, which contains x;_; and x;,

k,th

we can approximate JZ»L with order accuracy by

JE ~a / ey gy, (3.1.25)

Note that, the integral on the right hand side can be evaluated exactly. Similarly, JZ-R can

be approximated by

.
JE ~ a/ i p(y)e_a@_xi)dy, (3.1.26)

Zg
with polynomial p(x) interpolating v(z) on stencil S(¢) = {x; 1, g, ..., iy, }, which includes

x; and ;1.

Since the quadratures with a fixed stencil for approximating the JZ»L and JZL may develop
spurious oscillations which violates the entropy solutions, we will use WENO-based quadra-
ture formula and the nonlinear filter to control oscillations and capture the correct solution,
which is proprosed in [23]. Here we will provide a brief description of methodology.

To summarize, if A, is periodic function, then we will be using the following modified

sums framework instead of (3.1.14) for approximation of AL at x;:

k
— —2
Aa:,i = aDp[A al(z;) + a ZQUf,L DZ;J[Aa a(;), (3.1.27a)
p:
LR
Ay ;= —aDg[A,o](w;) — a Y of 5 DplA, o] (z;); (3.1.27b)
p=2

and if A, is non periodic function, then we will use the following formulation instead of
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i—3 i—2 i—1 7 141 i+ 2

S1

Sa

Figure 3.1: The structure of the stencils in WENO integration.

(3.1.20)

Ay = aDrlAry, (i +aZU *Dp A1, al(w7), (3.1.284)

Ay ;= —aDg[Az 1, 0] (w;) —QZU *DplAg,p, (). (3.1.28b)

Moreover, we only use the WENO formulation when p = 1 while we use cheap high order
linear formulation (3.1.25) and (3.1.26) for the case p > 1. The filters o; ;, and o; g are
obtained based on the smoothness indicators from the WENO quadrature.

The fifth order WENO quadrature for JZ-L is presented here as an example. The related
stencil is given in Figure 4.1. We choose the big stencil as S(i) = {x;_3,...,x;12} and the

three small stencils as Sy (i) = {zj_34y,. .., Titr}, 7 =0,1,2.

1. We approximate the integrals on each small stencils S, (i) as follows

. 3
JiI,/r = a/x ! eia(xliy)pr<y)dl’7 = Z C§T)Ui_3+r+j, (3.1.29)
i—1 §j=0

where py(x) is the polynomial interpolating v(x) on nodes Sy(i), and the coefficients

)

depend on « and the cell size Az, but not on v.
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2. Similarly, on the big stencil S(i), we obtain

JE = a/ Lo pyyde = Y dpdh, (3.1.30)
r=0

Ti—1
with the linear weights d; satisfying 272:0 dr = 1.

3. We develop the following nonlinear weights w; using the linear weights d;-
2
wr =W/ Y ws, 7=0,1, 2, (3.1.31)

with

- 75
=d-(1 .
“r T( +5+6r>

We take € = 1070 as a small positive number, € > 0, in our numerical test problems

to avoid zero at the denominator. The smoothness indicator (3, is determined as

3 . ! 2
By = Z/f Az?3 (ag;(f)> dz, (3.1.32)

which is used to measure the relative smoothness of the function v(z) in the stencil

Sy(1). Here, 15 = |8y — B3] Furthermore, we introduce a parameter &; as

¢ = Drmin (3.1.33)

B Bmax

which will be use to create the nonlinear filter. Here,

75 75

2 2
€+ min(ﬁo,BQ)) - Pmin =1+ (e + maX(ﬁ&ﬁQ)) '

/Bmax:1+<
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Note that we have developed the nonlinear weights using the idea of the WENO-Z
method proposed in [13], which has less dissipation and higher resolution comparing

to the original WENO method.

4. Lastly, we obtain the approximation

2
JE =Y wJah. (3.1.35)
r=0
The filter o; 1, is determined as
;= min(§;_1,&). (3.1.36)

All coefficients are given in Appendix. The process to obtain JZR and 0; g is mirror symmetric
to that of JiL and o; 1, with respect to point z;.
To close this section, we summarize the proposed method for approximating one-dimensional

problem (3.1.1) in the following algorithm flowchart.

Given the function u', the approximation order k < 3, the mesh size Az and the time step At.

1. Choose /3 from the Table 3.1. Compute ¢ = max |H'(¢)| at time ¢".

2. On each inner stage of the k" order SSP RK scheme:

(a) Compute ¢, and then obtain parameters o = 3/(cAt). For non periodic boundary

conditions, compute the derivatives 07" A(a) and 0P A(b), m =1,... k.
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(b) Apply Dy, and Dp on A, respectively. Use the WENO quadrature to calculate JLR

and at the same time obtain the nonlinear filter o7, . Compute 157 via (6.2.6) and
then calculate the parameter A, and By based on the boundary condition. Combine

I A; and Bp to construct Dy [A] and Dp[A].

-1 —1
(c) For k > 1, further construct DY [A] = DI " [D[A]] and DL[A] = DY, " [DplA]], or
the modified functions Dy, p[Aj 2 ;] in (3.1.21), by a similar procedure for 1 < p < k.

WENO quadrature is not needed for construction of these high order terms.
(d) Construct AT based on the the partial sum approximations (3.1.14) or (3.1.20).

(e) Substitute into the Lax-Friedrichs Hamiltonian flux (3.1.5) and update the solution

accordingly.

3.1.3 2D magnetic potential equation

In this section we develop our proposed MOLT-HJ scheme in 2D, which still use the WENO-
quadrature formulation presented in the previous section to approximate the convolution
integrals. According to the Constrained Transport formulation described in Section 2.5, we
must update the solution of the magnetic potential equation by solving a discrete version of
the following equation

A3+ ul (2, ) A3 4 u?(x, y)Ag =0 (3.1.37)

where the velocity components u! and u? are known from the previous time step due to

the solution of the base part, HCL. Since the velocity functions are given, we can consider
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(3.1.37) as a Hamilton-Jacobi equation
A+ H(A, A3) =0 (3.1.38)
with Hamiltonian flux
H(A3, Ag) = ul(z,y)A3 + u?(x, y)Ag. (3.1.39)

We can directly apply a two dimensional version of the kernel-based framework presented in

Section 3.1.1. The 2D semi-discrete scheme can be written as

dA3 (1) . B
— e = —H AT i Az iy Ayl Ay i) (3.1.40)

on each point (z;,y;), where H is a Lipschitz continuous Hamiltonian flux. We use the

Lax-Friedrichs flux and the equation (3.1.40) becomes

dAT;®) | (AT AT ) (A AT
Fra “w<f> lij — %(f) i.j
A3+ _ AS— A3+ _ A3_
+Cl<7f L )’z’,j +62<7y 4 )‘ivj (3.1.41)
2 2
with
_ 1 _ 2
¢y =max|u; ;| and ¢y = max|uj .
1,] 2

We remark that the scheme (3.1.41) with this global ¢, can be very dissipative for some

Hamilton-Jacobi equations. There is another way of choosing ¢, which is by taking the max
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value on the local stencil.
The approximations A%i\ivj and Ag’/ih’j to the derivatives of functions Ay (z,y) and
Ay(z,y) at (x;,y;), respectively calculated directly using one dimensional formulation of

A3:|:

the scheme, e.g., when computing , we fix y and apply 1D scheme in z-direction. For

example, when A, is periodic in z-direction, we get

k
AT ~ a1 D2A( y), o1](x) + o g oV P DLIAC, ), a1 (@),

4~ - DRlA(y),a —aq Z ol R (- y), a1](z).

Here, we choose a1 = /(c1At). Similarly, to approximate A7, we fix # and obtain

_ 2
Ay = aoDr[A(z, ), ag(y) + a2 Z Up DY [A(z, ), a2](y),

2
AZ—/’_ ~ —O_/QDR[A(.%, ) — Q9 Z Up Dp ),042](:(/),

with ag = /(coAt). Note that in the 2D case, we need to choose e as half of that for
the 1D case to ensure the unconditional stability of the scheme.

At an outflow boundary condition, we still use extrapolation with suitable order of ac-
curacy for the derivative values, as in the 1D formulation. In the case of outflow boundary
conditions, in the sense of characteristic propagation, it is natural to apply high order ex-

trapolation to get the boundary values.
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3.1.4 3D magnetic potential equation

In this section we present MOLT-HJ scheme in 3D, which is a key scheme in our proposed
3D MHD solver. The main accomplishment in 3D MOLT-HJ scheme is that we avoid the
artificial diffusion limiters, which were needed in the previous work [29]. Note that we can
include those artificial limiters to our 3D MOLT-HJ solver to compare the new method with
the old method. Although the evolution equation for the 3D magnetic potential (2.3.4)
is significantly different from the evolution equation for the 2D scalar magnetic potential
(2.3.9), we can still directly apply the scheme presented in section (3.1.1) to the 3D case.
In our previous paper [29], we needed an artificial resistivity term in the 3D case. However,
with the kernel based approach we no longer need those artificial terms in our equations,
since our method is fully implicit.

Writing out the magnetic vector potential equation derived in section (2.3) in component

form we have:

9 AL = u2(9,A2) + uB(9,A3) — u2(9,AY) — u3 (9. A1) (3.1.42)
0 A2 = —ul(9,42) + u' (9,AY) + u3(0,A%) — uP(9.A2) (3.1.43)
O A? = —u! (9, 4%) — u?(9yA%) + u!(9:AT) + u?(9:47) (3.1.44)

with A = (Al, A2, A3) and u = (ul, u2,u3). While A in 3D is not strictly a H-J equation,
with the new implicit approach we can simply apply the ideas from the 2D case. Then we

can obtain the following equations using the Lax-Friedrichs flux splitting:

AN BN (T AT (a1 AT

a 2 €2 2 Y 2 S 2
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QAT+ AT (AT — AT At Al (Al - Al

Y 2 — 2 2 - 2 - 2 ’
(3.1.45a)
dA%(t) VAZE - AZT) (A2 A2 (AT A (A — A4
a 2 —Aa 2 tu 2 —Aa 2
3 3— 3— 3 _ _
+u3<‘4y+ +A4y7) . (A" -4 s(AZT 4T (AF - Af)
2 3 2 Y 2 3 2 ’
(3.1.45b)
dA3 (1) LAB R A3 (A3 AR (AT AR (A4S - AR
a ¢ 2 — A 2 - 2 2 2
Ll (AIf+A) ) (Al —Alh) o (AZF + AZ) (A2 — A2
2 1 2 b 2 €2 2 )
(3.1.45¢)

at (z;,9;, 2), where

cr=maxuj |, cp=maxfuijpl, and ez =max|uf; ]

3 9 9J 7

Similarly, we use 1D kernel-based formulation to approximate the derivatives of the mag-
netic vector potential components A*T, A;ji, and Azi, where * denotes 1,2 and 3. In
addition, since the density or pressure may become negative in some problems such as the

blast wave problem, we use the positivity preserving limiter idea developed in our previous

work [29]. For more details on positivity limiter, see [26, 28, 66]

3.2 Central finite difference discretization of V x A

According to the Constrained Transport formulation, we applied a discrete curl operator
to the magnetic potential at each stage of CT framework for the purpose of obtaining a

divergence free magnetic field. Here we will present the strategy we used to approximate the

95



curl operator.

3.2.1 Curl in 2D

We apply a discrete version of 2D curl to the equation (2.3.8) as

where D, and Dy, are the discrete versions of the partial derivatives 0, and 9. We use these

version of curls to satisfy the discrete divergence free constraint as follows
V- Bj ;= Dyl; Bl + Dyl; iB® = DyDyl; ;A% — DyDyl; sA% = 0
i,j = DalijB" + Dyli jB” = DxDyli yDzli A" = 0.

Here, we choose 4th-order central finite differences to get high order accuracy

1

DJ’J|Z’]A3 = m(A?_QJ - 8A§_1’j + 8A§+1,j - A?—FQ,j)? (322&)
1

Dyli A = 20y (A7 =847y +847 1y — 4D 1), (3.2.2b)

where A = A3 is only third component of magnetic potential.

3.2.2 Curl in 3D

We use the following discrete version of the 3D curl

1 2
By i = Dylijx A’ = Dali A%, (3.2.3a)
2 |
B} = Dzli kAt = Dalij A%, (3.2.3b)
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2 1
Bg’,j,k = Dﬂf’i,j,kA - Dy!z‘,j,kA ; (3.2.3¢)

where D, Dy, and D, are notations for the discrete versions of partial derivatives 0 ,
Oy and 0, respectively. With these versions of curls, we get the following divergence free

condition satisfied

1 2
V- Byjk = DalijpB' + DylijuB® + Dali jx B

3 2 1 3

(3.2.4)
+ D, Dyl; j kA% — D2Dyl; j 1A
=0
As in 2D case, we use 4th-order central finite differences to get high order accuracy
1
DalijiA™ = Toan (Aimogn = 841k + 847 j 0 — Ao k) (3.2.5a)
1
Dyli j kA" = 128, ig—2k —8AL 1k T84T i1k — Al jrak) (3.2.5b)
1
DelijpA™ = o a; (Aijh—2 = 8411 T840 k1 — Aljkra): (3.2.5¢)

3.3 Positivity Limiter

In this section we will give an explanation of the positivity limiter strategy that is used in
several test problems in this work. Some test problems that has strong shock sometimes
cause negative density or pressure in simulations. These negative quantities can create
complex wave speeds which violates the hyperbolicity of the MHD system and ruin the

numerical simulations. In the literature there have been many works addressing this problem
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[7, 80, 77, 76, 27, 66]. A positivity limiting strategy was developed in the previous work [29]
is also being utilized in this work to avoid negative density and pressure.

We will present a brief overview of the positivity limiter on one-dimensional MHD system,

dq  0f(q)

ot ox

—0 (3.3.1)

The base scheme WENO-HCL is applied to the MHD equations to update the conserved

quantities with a conservative form as

dgi(t) | 1 ( ; )
+—(F —F 1)=0 3.3.2
dt " Ax\"ity iy (33.2)

A

where FZ,+1 is a numerical flux obtained by WENO-HCL scheme. We can apply time

2
discretization to the semi-discrete equation (3.3.2) with third-order SSP-RK method

L) =~ 5 (BT ). (33.3)

The numerical fluxes reconstructions based on ¢", q(l), and q(2) are F" 1 ]?‘(1)1 , and 13‘@1 ,
Z+§ Z+§ Z“r?
respectively. Thus, considering PA‘TJ]i 1 a linear combination of numerical fluxes from different
(3
2

stages, the final stage of RK scheme can be written as

G =g A —ETE) (334
2 2
where
At . 1/~ . .
A= 20 gk (e gR® w0 (3.3.5)
Ax ity 6\ it3 i+5 it+3
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The idea of the positivity limiter is to modifying the numerical flux Fri 1 by a positivity
irl
2

preserving flux to guarantee the positivity of the high order solutions by the WENO method

as follows

F, :9 (Frkl —f

i+ ity irg itd (3.3.6)

with the limiting parameter Qi 1 € [0,1]. Here, the le is the Lax-Friedrichs flux and

2 2
formulated as
. 1
il = 5 (E(gjn) + £(a) — aldfr — a")) (3.3.7)
where the a is the maximal wave speed
a = max (Ju”| + cf) (3.3.8)
(3

with ¢y as the fast speed of the MHD system. There are two steps for the positivity preserving
limiting procedure. The first step is to guarantee the positivity of the computed density.

We will give the following notations: f” is the first order flux of the density in f; f? and f*

are the flux components in F% and f‘, respectively. We seek upper bounds A” 1 . of the
limiting parameters 91 L1 at each cell I; so that
2
0. 1.0 Sy1, = [0, A x [0, A” 3.3.9
( 2_%7 Z-l—l) S P,IZ [ ) _%Jz] [ ) +%,Ii] ( )
and the computed density is being positive.
n+1 n+1
P; (92_%, 0i+%> > €y (3.3.10)
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The second step is to preserve positive pressure. We describe a subset of the .5, I; as

S,7.=46. 1,0. 1)€][0,A x [0, A? 3.3.11
piy =100, €A Tx 007 ) (3311
and then we describe a rectangle inside of .S, I; as

ol = [O,A_%JZ] X [0,A+%’IZ] (3.3.12)

such that the pressure function p?Jrl(HZ, 1, 9i+1) is positive,

"2 2
+1 +1
;-1 ((91._% , 9@—&-%) > EZ . (3.3.13)
At the end of the this procedure for all j, we get

91-% = mm(/\_%’li, A+%Ji) (3.3.14)

The positivity preserving limiter strategy is used to guarantee the positivity of the solution
at the final RK stage. So, we preserve numerical solutions with positive density and pressure
at the end of the step 1 in the Constrained Transport procedure. Also, we use option 2 in
the CT framework to preserve positive pressure after magnetic field is updated.

The details are omitted here. For the details, see [29].
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3.4 Numerical Results

In this section, we present the numerical results to demonstrate the accuracy and efficiency
of the new method. We demonstrate the robustness of the proposed method on the field
loop test problem in 2D and 3D. We validate that the new method works well for the blast
wave and strong shocks by comparing with the old method [29] and then adding diffusion
limiter into the new method. The main accomplishment is that the new method achieves a
peak of 320, which is 23% higher than the old method, and thus is far less isotropic around
the peak than the old method. We use third order SSP RK method for time discretization.

Time step is chosen as

CFL

em * cd

At = (3.4.1)

where the 8 = 0.8, the CFL number is 0.5, em = max(A\°, X), ¢d = ﬁ + Aiy for 2D and
cd = ﬁ—l—fy + ALZ for 3D. In all examples, unless stated, the results being presented are from
kernel based-CT. We denote the new method as kernel based-CT and our WENO-HJ-CT

method as our previous method.

3.4.1 Smooth vortex test in MHD

We first test the smooth vortex problem in 2D with non zero magnetic field to show the
accuracy of the method within the constrained transport formulation.The initial conditions
are

(p,u',u u,p, BY, B%, B%) = (1,1,1,0,1,0,0,0)
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with perturbations on u!, 42, B!, B2 and p as :

(5ul,6u2) = 200" (_y o),

Cor
2
(68,68%) = ") (—y, ),
5y (- r’) - %26(1—r2)
b= 872 '

And the initial condition for magnetic potential is

2
A3(07$,y> _ %60.5(14 )

where 72 = 22 4+ y2. The vortex strength is taken as p = 5.389489439 and r = /2u
such that the lowest pressure is around 5.3 x 10712 which happens in the center of the
vortex. The domain is [—10,10] x [—10, 10] and periodic boundary condition is used on all
four boundaries. In Table 3.2, we present the errors of B at ¢ = 0.05 with the mesh size
160 x 160. We observe fourth order accuracy in space for B. Note that we use fifth order
WENO scheme for the solution of A, but since we take derivative of the magnetic potential
equation to get magnetic field equation, we loose an order of accuracy for B, thus we get
fourth order in space.

Additionally, in Figure 3.2 we show the results at the final time ¢ = 20 with 160 x 160

mesh size. Those plots show the solution after one period at ¢ = 20.

3.4.2 2D Orszag-Tang Vortex

The Orszang-Tang vortex problem is a standard model problem for testing V- B = 0

condition, since the solution of the problem is sensitive to divergence errors at late times.
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Table 3.2: Smooth vortex problem. Errors of B and orders of accuracy.

N, x N, Ly error order L, error order
20 x 20 2.827E-03 — 1.479E-01 —
40 x 40 2.982E-04  3.245| 1.839E-02  3.007
80 x 80 1.861E-05  4.003| 1.327E-03  3.793
160 x 160 | 1.102E-06  4.078 | 1.126E-04  3.559

320 x 320 | T7.260E-08  3.924| 1.170E-05  3.267

The initial conditions are given as

(p, ub,u?, u3,p, B, B2, B3) = (72, —sin(y), sin(z), 0, v, — sin(y), sin(2zx), 0),

where v = 5/3 is the ideal gas constant and the initial magnetic potential:

The computational domain is [0,27] x [0,27] and periodic boundary conditions are used
everywhere. We test the schemes with 192 x 192 grid points. Although the problem has
smooth initial condition, as solution progresses, several shock waves and a vortex shape
appear in the center of the domain. In Figure 3.3, we show density p at time ¢ = 3, and

compare the results with our previous method [29]. We can see that they are in good

agreement.

A3 = 0.5 cos(22) + cos(y)
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Figure 3.2: Smooth vortex problem. L? norms of u and B at ¢ = 20 with 160 x 160 grid
points. Domain for the plots is [—5, 5] x [=5, 5].

3.4.3 Cloud Shock

In this section we consider the 2D cloud-shock interaction problem, which models a strong
shock passing through a dense stationary bubble. The initial conditions include

T S (3.86859,11.2536,0,0, 167.345, 0, 2.1826182, —2.1826182) z < 0.05,
(p7u7u 7u7p7B 7B7B):

(1,0,0,0,1,0,0.56418958,0.56418958) x > 0.05,

and a circular cloud of density p = 10 and radius » = 0.15 centered at (z,y) = (0.25,0.5).
The computational domain is [0, 1] x [0, 1] with mesh 512 x 512. We use inflow boundary

condition at left boundary and outflow boundary condition elsewhere. The initial condition
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(a) Kernal-based method. (b) Previous method [29].

Figure 3.3: Orszag-Tang vortex problem. Contour plots of density at t = 3 with 192 x 192
grid points.

for magnetic potential:

—2.1826182(z — 0.05) x < 0.05,

—0.56418958(z — 0.005) x > 0.05,

Figure 3.4 presents Schlieren plots of ||B|| at ¢ = 0.06. The new method matches well with

our numerical results of our previous method [29].

3.4.4 2D Blast wave

Here we investigate the 2D blast wave test problem, which has a strong shock causing

negative density or pressure in simulations. To avoid negative density or pressure, we use
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Figure 3.4: Cloud shock problem. Contour plots of ||B]| at t = 0.06 with 512 x 512 grid
points.

the positivity preserving limiter we developed in reference [29]. The initial conditions are

(p,ul,u?, w3, B, B%, B®) = (1,0,0,0,50/v/2x,50/v/2x,0)

with a spherical pressure pulse

1000 r <0.1,
p g
0.1 otherwise.

The initial condition for magnetic potential can be obtained as

A3 =(0,0,50/v27(y — ).

We use a domain [—0.5,0.5] x [—0.5,0.5] with 256 x 256 mesh. Outflow boundary conditions
are applied everywhere. The results are shown in Figure 3.5 and they have good agreement

with the results that we got in our previous paper.
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Figure 3.5: 2D Blast wave problem. Contour plots at time ¢ = 0.01 with 256 x 256 grid
points. (a) density; (b) pressure; (c¢) the norm of u; (d) magnetic pressure ||B].
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3.4.5 2D Field Loop

The field loop problem is a strenuous test problem that moves a steady state. Here we test

our recent method on this strenuous test case. The initial conditions are

(p,ut,u?,p) = (1,5 cos(6), V5sin(h), 1)

with the angle § = arctan(0.5). The initial conditions for magnetic field B are determined

by taking the curl of the magnetic potential, which is initialized with

0.001(R—r), r <R,

0, otherwise,

where r = \/:ﬁy2 and R = 0.3. We use a domain [—0.5,0.5] x [—0.5,0.5] with 128 x 128
mesh. Periodic boundary conditions are applied to all sides. The loop is started in the
middle of the domain and advected around the grid once, returned to initial location at time
t = 1 as shown in Figure 3.6. We observe that the solution maintains the circular symmetry

of the initial condition.

3.4.6 3D Field Loop

We tested an advecting field loop which moved diagonally across the boundary with an

arbitrary initial angle. The initial conditions are

(p7 ul) u2,u3,p) = (17 2/\/67 1/\/67 1/\/67 1)
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Figure 3.6: 2D Field loop. Contour plots at time ¢ = 1 with 128 x 128 grid points. a)
Magnetic Pressure ||B|; b) Magnetic Potential A3.

The initial conditions for magnetic field are determined by taking the curl of the magnetic
potential, which is given as magnetic potential :

r 0.0001(R—7r) r<R

0 otherwise,
where A =0, A2 =0, and r = /22 + y2 and R = 0.3. We use a domain size [—0.5,0.5] x
[—0.5,0.5] x [—0.5,0.5] with 128 x 128 x 128 mesh. Periodic boundary conditions are applied
to all sides. We observe that the field loop integrity is maintained, after advecting diagonally

around the domain, until the final time, £ = 1. The results shown in Figure 3.7 are a 2D

slice of the 3D solution taken at z = 0.
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Figure 3.7: 3D Field loop. Contour plots at time ¢ = 1 with 128 x 128 grid points. The loop
has been advected around the grid once. a) Magnetic Pressure; b) Magnetic Potential.

3.4.7 3D Blast wave

In this section we investigate the 3D version of the blast wave problem to show the strength of
the new method, which eliminating the need for the diffusion limiter. The initial conditions

are

(p,ut,u? v, B, B?, B%) = (1,0,0,0,50/v/2n,50/v/2x, 0)

with a spherical pressure pulse

1000 » <0.1
p o
0.1 otherwise.
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where 7 = \/22 4 y2 + 22. The initial condition for magnetic potential :

A0, z,y,2) = (0,0,50/v2my — 50//27x).

We use a domain size [—0.5,0.5] x [-0.5,0.5] x [-0.5, 0.5] with 150 x 150 x 150 mesh. Outflow
boundary conditions are applied everywhere.The results presented in Figure 3.8 and Figure
3.9 are the solutions cut at z = 0. The sub plots highlight the differences between the two
methods. The key differences are the new method has a maximum value that achieves a
peak of 320, which is 23% higher than the old method, and is far less isotropic around the
peak than the old method. As demonstrated in a latter test, the isotropic behavior and
lower the peak in the strong bast wave is due to the diffusion limiter that was needed with

the old explicit constrained transport method.

3.4.8 Kernel-based method with Diffusion Terms

In this section we demonstrate the advantage of the new approach in the context of strong
shocks. In the previous approach [29], we needed to add in a diffusion limiter to stabilize
the update for A in the vicinity of a sharp change in the solution. This had no impact on
smooth solutions, and minimal impact on problems like the cloud shock. But in the context
of the blast wave problem, while the diffusion limiter stabilized the solution, comparing ||ul|
for both schemes, we have the max value of the previous method is 261, while it is 320 for the
kernel-based method. This involved decreasing the maximum values, making the solution
more isotropic, and changing the structure of the contours away from the blast. In Figure
3.10, we show the solution generated by the new method with the diffusion limiter used in

our previous code. In this case, the max value of ||ul| is 265. These results confirm that the
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Figure 3.8: 3D Blast wave problem. Contour plots at time ¢ = 0.01 with 150 x 150 grid
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Figure 3.9: 3D Blast wave problem. Contour plots at time ¢ = 0.01 with 150 x 150 grid
points. While the max ||u|| value for previous method is 261, it is 320 for the kernel-based
method. Note that this is 23% higher than the old method, and is far less isotropic around
the peak than the old method
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limiter is what is causing a change in the solution structure for problems with strong shocks.
Adding the diffusion limiter caused the solution to revert from the results of the new method

to those obtained by the old method.
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Figure 3.10: 3D Blast wave from the kernel based method with having added the diffusion
limiter. The max ||u|| value is 265. We note that these results are nearly identical to the old

WENO-HJ method, which required the diffusion limiter.
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Chapter 4

MOLT for PEC for ideal MHD

In this chapter we expand our proposed scheme to work for perfectly electrically conducting
(PEC) boundary conditions. We develop PEC boundary conditions for magnetic potential
in MOLT-HJ scheme. Then, we go over the derivation of a key test problem called the

Hartmann Flow problem and demonstrate the new method on this test problem.

4.1 MOLT for PEC for ideal MHD

We have seen in the previous chapters that our kernel based approximation is working
well for the periodic and outflow boundary conditions. In this section, we will explain
the numerical boundary condition for bounded domains in ideal MHD. We will define the
perfectly electrically conducting (PEC) boundary conditions for the conserved variables and
the magnetic potential. In particular, we will derive these boundary conditions in the context
of MOLT and show that it is equivalent to enforcing Dirichlet conditions.

Following the ideas in [25], we can define the PEC boundary condition. Let’s assume
that the PEC boundary exists at £ = £;. Then on a PEC boundary, we have the following

conditions,

u1(§o,m,t) =0, (4.1.1)

Bi(&o,n,t) = 0. (4.1.2)
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According to the local characteristics analysis, forward fast magnetosonic waves is moving
into the domain, while backward fast magnetosonic waves is exiting the domain. Remaining
characteristics are shown to propagate along the boundary. Note that the PEC boundary
condition on the magnetic field (4.1.2) guarantees that the remaining four characteristics,
Alfvén and slow magnetosonic waves, are moving along the boundary. Thus, these PEC
boundary conditions are consistent with the analysis of local characteristic. A numerical
implementation of these boundary conditions requires a careful treatment, as many charac-
teristics are moving parallel to the boundary.

We will describe the analytic boundary condition for the magnetic potential A in the
constrained transport method before discussing the numerical boundary conditions. The
PEC boundary condition for magnetic field (4.1.2) at the boundary £ = & satisfies the
following relation

= (8xfay77 - axnayf)anA>
pu— O’

which gives that

Hence, the magnetic potential equation at the boundary satisfies

O A+ (u10p€ + ugdy€)de A = 0, (4.1.5)

Also, due to the velocity boundary condition (4.1.1), along with (u10z€+u20y§)0¢ = Va§-u,
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we obtain the analytical boundary condition for the magnetic potential as
A(&o,m.t) = A, (4.1.6)

where A is some constant number that is given in the initial condition.

A Dirichlet boundary condition is applied to the magnetic potential
A=A on i=0. (4.1.7)

Note that values at the ghost points are approximated, here, by using extrapolation of

sufficiently high order. More details can be found in [25].

4.1.1 Derivation of the Boundary Conditions for MOLT for Dirich-

let BC

In the previous section, we showed that the PEC boundary condition is equivalent to en-
forcing a Dirichlet boundary condition on the magnetic vector potential. Our next task is

to connect this to the MOLT scheme using a simple example.
Opv — cOpv = 0, (4.1.8)

we define the operator L as

1
Lr=T~ 0. (4.1.9)
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where o = % For the Backward Euler time discretization, we obtain
— 9" =0, (4.1.10)
where ¢" is the current time level and t"*1 is the new time step. Then,
(W — ™) — cAtd " T = 0, (4.1.11)
then if we rearrange terms, we obtain the semi-discrete equation
(1 — cAtd )" T = o™, (4.1.12)

which can be compactly stated as

LTt =", (4.1.13)

We can then solve this equation by applying the integrating factor method. With the aid of

equation (4.1.13), we find that

A (e " (2)) = —ae " T (2) + e 70" T (2), (4.1.14)

We integrate the relation (4.1.14) from x to b, which result in

/: Ou(e” " (y))dy = —a / b e " (y)dy, (4.1.15)

X
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after which, we see that

b
e~ byl (p) — emaTyntl () = —a/ e Yo" (y)dy. (4.1.16)

+1

If we rewrite this equation to solve for v+ we obtain the formula

b
e~ =)y () dy 4 e~ b=yt gy, (4.1.17)

U”+1(x) = a/

X

In the above, we use the definitions
e W=y ()dy  and B = o"TL). (4.1.18)

The equation (4.1.17) is actually v"+1(z) = 51_%1[1)”](3:) and we need Eél in our infinite
series of Dp, which is defined as Dp =7 — Eﬁl. Remember that we use the infinite series

of Dy to approximate the first order derivative term as follow in short
Or = —ay Db, (4.1.19)

Now we show how to approximate the boundary term Bp using a Taylor expansion. For
non-linear problems, we have observed that using linear operators results in inconsistencies
at the boundaries. Using a Taylor expansion around the previous time level’s data allows us

to correct this issue. Applying Taylor expansion on v 1 gives

Bp = 0" (b) = v"(b) + AtoP (D) + ... . (4.1.20)
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Employing Cauchy-Kowalevski theorem and equation (4.1.8), we have
ot = el + O(Az?), (4.1.21)
hence equation (4.1.20) becomes
Bp = v"(b) + At (b) + O(Az?At), (4.1.22)

=v"(b) + ;vg(b).

In the next section, we describe a well-known benchmark problem, called Hartmann
Flow, to test our formulation of PEC boundary conditions in the MOLT using the above

correction.

4.2 Hartmann Flow

In general, the non-linearity of the MHD equations makes it difficult to write analytical
solutions. However, there is a restricted version of MHD model where non-linear terms
of MHD equations are excluded. For this special case of the MHD model, with the aid
of stationary conditions, it is possible to obtain a steady-state analytical solution. One
such example of this is the so-called Hartmann Flow problem, in which the flow is taken
to be incompressible. The importance of this test problem is that it allows us to assess
the capabilities of our code for both restrictive and ideal MHD models with PEC boundary
conditions. Even though the model for Hartmann Flow includes diffusion terms, we can

ignore them to test the PEC boundaries in ideal MHD. Here, we provide a brief derivation
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of the Hartmann Flow problem, which includes the diffusion terms.
We will start with the MHD equations and end up with the Hartmann Flow. Since the

model for MHD is taken to be incompressible,

V-v=0. (4.2.1)

Further, in Hartmann flow, p = 1 in the domain as well as p = 1. Additionally, the

momentum and magnetic field equations are given as

1
p ?t’ +(v- V)v} =-Vp+f+N(GxB)+ Ev% (4.2.2)
a—B+( V)B=(B-V) + L v (4.2.3)
at A% = A" Rm /N

where the last term at the right hand side of the equation (4.2.3) represents magnetic dif-
fusion. With the assumptions of linearity in equations (4.2.2) and (4.2.3), we have that
v = vg(y)x and B =y + %Bx(y)&, where the subscript z denotes the x-component of
the velocity and magnetic field, respectively. Note that, these components are functions of
a single variable y only.

The geometry of the problem consists of two infinite parallel plates and there is flow
in the gap between the plates. The externally applied magnetic field is perpendicular to
the parallel plates, and there is no boundary at the x direction. Because of the stationary
condition and the assumptions above, left hand side of equation (4.2.3) is identically zero.

Thus, the induction equation simplifies to

02B, vy
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Figure 4.1: Sketch of a Hartmann type of flow [58].

One can also verify that, under these assumptions, the left hand side of the momentum
equation (4.2.2) vanishes. Terms on the right hand side can be multiplied by R so that the
magnitude of the gradient of the uniform pressure becomes unity. Also, the Ampere’s law
gives a relation between the induced magnetic field and the current density

1 . 1 —0B;.
1= — B = —
. HaV * P = oy %

(4.2.5)

so that the Lorenz force j x B can be given with respect to B,. Therefore, the momentum

equation simplifies to
82

Vg 0B,
H =—1. 4.2.6
Thus, we obtain the Hartman flow problem,
Py |y, 0Be _ (4.2.7)
a = — L.
Oy? oy ’
By g _g gy (4.2.8)
a—— = — 2.
ay2 ay ) y )
and
0B
vy =0, 8; =0, at y==+l1, (4.2.9)
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where the walls are perfectly conducting. The analytic solutions of the equations above can

be found as

ve(y) = W(cosh(}!a y) — cosh(Ha)) (4.2.10)
By(y) = -2 4 L sinhiHay) (4.2.11)

Ha * Ha? cosh(Ha)

More details can be found in [58]. Moreover, we can derive the magnetic potential equation

in 2D as

B —y? N 1 cosh(Ha y)
" 2Ha  Ha3 cosh(Ha)

(4.2.12)

4.2.1 Numerical Results for ideal MHD with PEC Boundary Con-
ditions

A refinement study is done for the Hartmann Flow problem for the ideal MHD, where the

diffusion effect is zero, 7 = 0 and the Hartmann number is Ha = 10. We use a CFL number

of 0.5 and § = 0.8. In Table (4.1), we obtained high order accuracy for magnetic field, in

the case of ideal MHD with PEC boundary conditions.

Table 4.1: Hartmann Flow for ideal MHD. Errors of B and orders of accuracy.

N, x N, Ly error order L, error order
64 x 64 9.6462E-007 — 5.3007E-006 -
128 x 128 | 7.2391E-008 3.74 7.9204E-007 2.74
256 x 256 |  4.9457E-009 3.87 1.0718E-007 2.89
512 x 512 | 3.2161E-010 3.94 1.1407E-008 3.23

In Figure 4.2, we have 1D cross-sections of the magnetic potential A and the induced
magnetic field B, for the resolution 128 x 128 and the final time t = 1. We see that exact

solutions overlap the numerical results.
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Figure 4.2: 1D cross-sections of Hartmann problem for Ha = 10 at t = 1 with 128 x 128.

In Figures 4.3, 4.4, 4.5, we have 2D contour plots of exact and numerical results of u,, B,

and A, respectively. The numerical results have good agreement with the exact solutions.
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(a) ug exact. (b) ug obtained with the MOLT scheme

Figure 4.3: Velocity profile for the Hartmann problem for Ha = 10 in 2D at ¢ = 1 with
128 x 128.
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Figure 4.4: Induced magnetic field for the Hartmann problem for Ha = 10 at ¢ = 1 with
128 x 128.
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Figure 4.5: Magnetic potential A for the Hartmann problem at Ha = 10.
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Chapter 5

Non-Ideal MHD Equations

5.1 NON- IDEAL MHD

In this chapter we will describe the non-ideal MHD equations. The structure of this system
is similar to that of the ideal case, with the difference being the introduction of certain terms
in the equation for the magnetic field. These terms, which come from a generalized form of

Ohm’s law, result in the collection of equations given by

p pu 0
pu puRu+ piotl — B® B 0
O +V. = , (5.1.1)
& u(€ + ptot) — B(u - B) 0
B u®B-Bou V x (nJ + 23 x B)
V-B=0, (5.1.2)

with the equation of state as

2 2
p plul” | IB]

£= .
o N
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Here, nJ is commonly referred to as the resistive term, while %J x B is known as the Hall
term. In this work, we focus on the resistive form of MHD, leaving the Hall term as part of
future work.

Compared with plasmas modeled with ideal MHD, there is no ”frozen-in” condition for
the resistive MHD model. This condition can be explained as follows: if some particles of
the plasma are attached by a magnetic field line at one time, they will stay attached by a
magnetic field line at future times and the magnetic topology of plasma is preserved. In
other words, the magnetic field and the plasma move together once we have this condition.

The frozen-in condition is valid when the following conditions are satisfied:

B
The ideal Ohm’s law : E -+ ux>®_ 0, (5.1.3)
c
0B
Faraday’s law : T -V x E. (5.1.4)

However, the resistive Ohm’s law is

B
DA nd, (5.1.5)

As will be derived in the next section, under equation 5.1.5, the filed equation becomes which

doesn’t satisfy the frozen-in condition.

B
aat =V x (ux B) + enV?B, (5.1.6)

where ¢nV2B is the diffusion term. Thus the magnetic topology of the resistive MHD is

changing with the effect of resistivity since there is no ”frozen-in” condition anymore and it
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leads to a "reconnection” of different magnetic field lines, which is an important effect in the
macroscopic processes of MHD plasmas. Magnetic field lines reconnection happens in a very
thin layer in which the resistivity effect cannot be neglected since the parallel electric field
locally vanishes. The main goal of this work will be analyzing this important phenomenon.

Our approach to solve the resistive MHD system is through the magnetic potential equa-
tion derived from the magnetic induction equation for resistive MHD. The derivation of the

magnetic potential equation is given in the next section.

5.2 Magnetic Vector Potential Formulation for Resis-

tive MHD

In this section we will derive the magnetic potential equation for the resistive MHD model.
The resulting equations will be the dominant part for our constrained transport method for
resistive MHD.

Let’s write down Generalized Ohm’s Law for MHD [12, 60],

uxB JxB V-Pe me dJ

eNeC neec  nee? dt’

E + (5.2.1)

nJ +

where 7 is the collision frequency. In deriving the resistive model, we shall keep only the

first term on the right hand side of the equation (5.2.1), i.e.,

B
9xX> g (5.2.2)

E +
c

89



Let’s recall the Maxwell’s equations

1
?atE = —770J + V X B,

8,;B = -V X E,
with involutions
V-B=0,
v E=-"
€0
We also know that
B=VxA,
1
-0 E=0
2 t

in MHD. Then, using (5.2.4) and (5.2.7) we obtain

V x oA =-V x E

=  Vx|[0A=-E|

The relation (5.2.10) implies the existence of a scalar function 1 such that

A = —E + V.

(5.2.3)

(5.2.4)

(5.2.5)

(5.2.6)

(5.2.7)

(5.2.8)

(5.2.9)

(5.2.10)

(5.2.11)

Moreover, if we apply the curl operator to the final term of the (5.2.11), we will get Vx V1) =

0. Note that the function 1 is a gauge function, which is a degree of the freedom. Here, we
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make use of the Weyl gauge, 1) = 0 [42]. Hence (5.2.11) becomes

HA = —E. (5.2.12)

Using the equation (5.2.2) into (5.2.13), we get

— B
oA = — [ 22 4 3], (5.2.13)
Because of the (5.2.8) and the (5.2.3), we get
1
J=—-VxB. (5.2.14)
70
Using (5.2.7) into (5.2.14), we get
1
J= n—V x (V x A). (5.2.15)
0

Using the Grassmann identity, a x (b x ¢) = (a-¢)b— (a-b)c = b(a - ¢) — (a - b)c, we obtain

J = 7710[V(V +A) — (V- V)A] (5.2.16)

Equation (5.2.16) can be rewritten as

OpyA? + 0y A3 — 0yy Al — 0, A

J=— 10,y Al + 0, A3 — 9, A% — 0., A2| - (5.2.17)

Oz Al 4 0z A? — 0y A3 — 0y A3

Now we need to get u x B to complete the equation (5.2.13). So,
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(u?(0, A% — 0y A) — u3(0. Al — 9,A%))

ux (VxA)=|(u30yA% — 0.4%) — ul (9, A% — 9y A1) (5.2.18)

(ul (04! — 0, 43) — u?(9yA3 — 0.4?))

Then combining (5.2.17) and (5.2.18) will give the equation (5.2.13) in component-wise

as
DAY U150 0 ao s 90 0 30 1] N[a a2 a4 a3 4 Al a4l
ot E{“ 0p A% + 30, A% — w9, Al — w30, A } _no{awA + OpzA” — OyyA” — 0224 }
(5.2.19)
A% 1
ot c 70
(5.2.20)
A3 1
= [0l 20,42 — w10, 4° 20,8 = [0y A1 40,21 = 0s 40— 0y
0

(5.2.21)

The resulting system for magnetic vector potential equation becomes a system of Hamilton-
Jacobi equations with diffusion terms since the velocity variables are given from the previous
time step. The approximation used for the Hamilton-Jacobi terms was studied in Chapter-3,
in which we applied the MOLT. In the next chapter, we discuss the approximations used for
the second order derivative terms. Note that in 2D, A = (0,0, AS), so the system (5.2.19) -

(5.2.21) reduces to a single Hamilton-Jacobi equation with diffusion equation given by

0A% 1 1n 43 24 43] 1 3 3

In this work we focus on the 2D resistive MHD system, so we will use the scalar equation
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for the magnetic potential.

5.3 Outline for Constrained Transport Framework for

Non-ideal MHD

In this section, we provide an outline of the steps used to solve the 2D non-ideal MHD system
using our constrained transport methodology. The basic idea of constrained transport (CT)
for non-ideal MHD is similar to the one used for ideal MHD. The approach begins by updating
the conserved variables q = (p, pu, £, B) using a standard HCL-WENO scheme. Then, the
updated magnetic field is replaced with a discrete curl of the magnetic potential. The
importance of the last step is that it automatically maintains the divergence free condition
on the magnetic field. Here, we provide the important steps of the CT methodology to
advance the solution from current time step t = ¢ to the new time step t" 1.

Because we are using explicit time stepping, the values in the update only depend on
the old data in each of the stages of an RK method. We start by considering a single
Euler step. The values of B at level t" are all that are needed for the update of the energy
and momentum. Hence, our proposed method is to update the variables using ideal MHD,
followed by correcting B at time ¢" 1! with the non-ideal solution to A at "1, This avoids
the still CFL restrictions of having a diffusion term on the right hand side of B when doing
the update. This has to be done in the stage values in RK.

Consider a semi-discrete system of ordinary differential equations for ideal MHD equa-

tions (2.1.1)

Aypa(t) = L(dmpa(t)) (5.3.1)
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where q,,5q(t) represents the grid function at time ¢ consisting of all point-wise values of
the conserved quantities in the ideal MHD system q,,,q = (p, pu, £, B). The details about
L(dna(t)) were presented in [29]. Next, note that the evolution equation for the magnetic

potential in 2D is of the form

dla(t) = H(aa(t), u()) + G(aa(t)), (5.3.2)

where q4 denotes the magnetic scalar potential, AS, in 2D, and G is the diffusion part of
the equation which involves second order derivative terms of the A3. In order to update this

equation, we proceed as follows:
e step 0: Start with the given current time step q;’ , ; = (0", pu", &", BT and q’y.
e step 1: Apply a standard HCL - WENO method designed for the ideal MHD and

obtain q; ; ;. where

q;‘;lhd _ (pn—&—l’ pn—I—lun—l—l’gn—&—l’ B*) ‘
Here, B* is given with a * superscript instead of n+1 to indicate that the predicted B.
Note that since explicit time stepping depends on old data, the only wrong variable is
B* and it will be corrected using our CT method at each stage of Runge Kutta method

before the end of the time step.

e step 2: Solve the magnetic potential equation with diffusion qZJrl by applying our

proposed MOLT scheme for the Hamilton-Jacobi with diffusion equation (5.3.2).
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e step 3: Replace B* to B"t! by a discrete curl of qﬁJrl:

Bn+1 —V x qﬁ-i-l‘

Note that we do not provide two options for energy density £ as we saw for in the ideal
MHD case. Instead, we choose to conserve the total energy of the system. Also, note that as
we explained in the section 3.2, we satisfy the divergence free condition automatically, since
the divergence of the curl is identically zero.

In the next section, we will explain how we apply a MOLT scheme to approximate the

second derivatives appearing in the magnetic potential equation.
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Chapter 6

Kernel Based Approximation with

Constrained Transport for Resistive

MHD

The magnetic potential equation that we have derived for resistive MHD in (5.2) is a Hamil-
ton Jacobi equation with diffusion terms. In this chapter, we will develop a kernel based
approximation for that HJ with diffusion equation [22], which now involves second order
spatial derivative terms different than the magnetic potential equation for ideal MHD. As in
the MOLT framework for the first spatial derivative term we developed in the chapter (3),
we also transform second order spatial derivative terms into a kernel based representation.
Such representations are also based on successive convolutions. The proposed method in
this chapter is a key part of the constrained transport methodology to update the magnetic
field solutions in our hybrid resistive MHD solver. We test the performance of the proposed
scheme on some benchmark problems in 2D and show some results for different diffusion

constant numbers 7).
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6.1 Hamilton Jacobi with Diffusion terms

The magnetic potential equation for the resistive-MHD system is considered as a Hamilton-

Jacobi equation with a diffusion term

The main difference with the ideal case is the appearance of second derivative terms in the
equation for the magnetic vector potential. As with the first derivative terms, we transform
the second order spatial derivative terms into a kernel based representation. The scheme we
propose in this section also keeps the unconditional stability property. For the idea we use

in this chapter, we utilize the works [24, 17] and combined it with our HJ solver.

6.2 Approximation of the second order derivative 0,,

In this subsection, we review the approximations used to form second order derivatives,

following the ideas of [24]. Let’s define £ operator
1

where the Z is the identity operator and « > 0 is a constant. For a given function v(x),

assume w(x) is the solution of the following differential equation

Lolw, a](z) = w(x) — ?wm(m) = ov(z). (6.2.2)
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and w(z) can be found by analytically constructing the inverse of the operator L as

w(z) = Ly v, o](w) = 1%, o (x) + Age= =) 4 Bye (b=, (6.2.3)
where
b
1o, a)(2) = 5 /a =Tl y(y)dy, (6.2.4)

and Ag and By are constant values calculated by boundary conditions. For instance, for

periodic boundary conditions we have w(a) = w(b) and wy(a) = w4 (b), then we obtain

AOZIO[U,Q](b) and BO:IO[v,a](a)

2.
= T n (6.2.5)

with p = e—alb—a),
Before we show how we approach second order derivative terms, we present how we

evaluate the convolution integral I°[v, ag](z). Note that, as stated in section (3.1.2.3), the

convolution integrals ]iL = I, o](x;) and IZ.R = I[v, a](x;) satisfy a recursive relation

F=eobnifl gk i=1... N If=o, (6.2.6a)
f—eoBripff L gl i—0. N—1, If=0, (6.2.6b)
where,
L i —a(z;—y) R Titl —a(y—z;)
Ji = a/ v(y)e” N dy,  Jit = a/ v(y)e i dy. (6.2.7)
Ti—1 Zy

Then the convolution integral I[v, ag] () can be broken into a left-biased integral I=[v, ag]()
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and right-biased integral I%[v, ag](z) such that
1
1%, ag](x) = o (I*[v, ao)(z) + I, ag](2)). (6.2.8)

Hence, 19 [v, ag](z) can be calculated based on left-biased and right-biased integrals, which
leads to O(N) evaluation, see [22, 24].

Now we define a new operator Dy as
Dy=T- Ly, (6.2.9)

and find that £y = (Z —Dy)~!. By using the definition (6.2.1), we can construct the second

derivative term with respect to infinite series of the Dy as

1 B _ o0
—50ua =T — Lo = Lo(L; ' T)= Dy -Dyt)y=-> Db, (6.2.10)
p=l1

where operators are described successively as
DY = Dy[DL ). (6.2.11)
Therefore, the term at the right hand side of the equation (6.1.1) can be approximated as
G(A)gy = —a® 3 DHG(A), o] (). (6.2.12)

Remember that we have already seen the approximation to the 0, in the chapter 3. With that

in mind, we can now approximate to the —H (Az) + G(A)z, with the following combination
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of infinite series,

00 00 00
H<_04LZDZ£[A+70‘L]> —{—aRZD%[A_,aR]) —G%Z'Dg[G(A),Ozo] (6.2.13)
p=1 p=1 p=1

where H is numerical Hamiltonian. Here, o, ag, and ap are chosen as
/
b=max|G (4)],

oz P _ /
ap =aR= . c—mjmx\H (A)l.,

where At is time step and (3 is a prescribed constant. We need to truncate the series
and calculate only the corresponding partial sums. In particular, —H(Az) + G(A)zz is

approximated by kth partial sums as

—TA > DHG(A), m](3[,-) (6.2.14)

with accuracy O(AtF). As explained in [22, 24], we have an extra term for the advection part
of the Hamilton Jacobi equation, which achieves fourth order accuracy for the case b << ¢,

i.e., convection dominates. Hence,

cAt o " cAt cAt o cAt
B & B
_bAt Z Do [G(A)7 @KI) (6-2-15)
p=1
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A+ Do DR, o) -DhiAT S @)

6.2.0.1 Periodic boundary conditions

For periodic boundary conditions, we require
A(a,t) = A(b,t), Ax(a,t) = Az(b,t), t>0,
the convolution operators are required to satisfy
DYG(A), ag)(a) = DGIG(A), ag](b),

DY[HT(A), ar)(a) = D [HT(A), ar](b),

DR[H ™ (A), agl(a) = DR[H ™ (A), agl().

(6.2.16)

(6.2.17)

For periodic boundary conditions, the coefficients Ay and B are prescribed by equation

(6.2.5). Recall that the coefficients Ay, and Bp for periodic boundary conditions were pro-

vided in section (3.1.2).

6.3 Numerical Results for Resistive MHD for Periodic

Boundary Condition

In this section we will show some numerical results using resistive MHD equations for our

proposed scheme. The results shown here are to test our method using periodic boundary

conditions. We use third order SSP RK method for time discretization. Time step is chosen
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as

CFL

At =
em *x cd

(6.3.1)

where the CFL number is 1, em = max(\>, \0), cd = ﬁ + Al—y for 2D. This is CFL condition
of hyperbolic conservation laws, where the magnetic potential equation A with diffusion
is solved by kernel based method which is unconditionally stable. We choose § = 0.8 for
ay, and ap whereas f = 0.4 for ap. In the numerical experiments here, we have used
kernel based method for k=3. As stated in section (6.2), the approximation to magnetic
potential equation is expected to be fourth order accurate. In this section, we compare our
MHD solver based on MOLT with the WENO-FD solver, which was originally designed for
Hamilton Jacobi equations, but we add a second order explicit in time approximation for
diffusion term. Note that, the WENO-FD scheme is designed based on explicit time stepping
and has a restricted CFL condition for diffusion terms by von Neumann stability analysis.
Thus, for finite difference with explicit diffusion we use At < mm(Wl*cd, %), where b
is the diffusivity and em is the maximum wave speed coming from the eigenvalues. We are
comparing the CFL restriction of the advection part and the diffusion part and make sure we
take the smallest time step. However, our MOLT solver is capable to take larger time steps

comparing to WENO-FD since our proposed HJ based on MOLT with diffusion behaves

unconditionally stable.

6.3.1 Refinement Study for Smooth Vortex Problem

We performed a successive spatial refinement study for the smooth vortex problem with

diffusion with 100 x 100 at final time ¢ = 0.03 for the diffusion n = 0.1. For refinement study
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we choose CFL=1 and 3 = 0.6 for advection while § = 0.4 for diffusion part.
In Table (6.1), we provide a table of error results, which demonstrate that the method
achieves high order accuracy (almost 5th order of accuracy) in space since 5th order WENO-

quadrature is used.

Table 6.1: Smooth vortex problem. Errors of A and orders of accuracy.

N, x N, Ly error order L, error order
32 X 32 1.9162E-04 — 6.6734E-02 -
64 x 64 1.1876E-05 4.01 3.9467E-03 4.08
128 x 128 | 4.7350E-07 4.65 2.6466E-04 3.90

256 x 256 |  1.6577E-08 4.84 1.0801E-05 4.61

6.3.2 Smooth Vortex Problem for Resistive MHD

In Figures 6.1 and 6.2 we show the results at the final time ¢ = 20 using a 100 x 100
mesh and CFL=. At time ¢ = 20, the solution has advanced by one period. The results
are for different diffusion coefficients n = 0,0.001,0.1,0.5,1. We compare the FD-WENO
scheme with our MOLT scheme. While the FD-WENO scheme can only give results up to
n = 0.5, our method works well, even for n = 1. Moreover, the ability of taking CFL=1
for MOLT is computationally efficient. For example, for the case of n = 0.5 our solver
requires %23 less time than the FD with diffusion method due to its CFL restriction At <

(Az)?

2
1 (Az) 55 will dominate

min(gyz——, ~5—). Note that once we refine the problem in space,

the CFL selection and we will get more time steps, thus we will get square more efficiency
comparing to explicit scheme. This is a simple benchmark problem and there are better

ways to solve the diffusion terms.
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Figure 6.1: (FD) Contour plots of ||B|| at time ¢t = 20 with Az = Ay = 0.2.
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Figure 6.2: (Kernel based method) Contour plots of ||BJ| at time ¢ = 20 with Az = Ay = 0.2.

105



6.4 Orszang Tang Vortex problem for Resistive MHD

In this section we conduct a refinement study and show 2D contour plots of the density
for the Orzsag Tang Vortex problem with a resistive MHD model. The Orszag Tang Vortex
problem is a good benchmark for numerical schemes, as the solution is sensitive to divergence
errors in the magnetic field. We have two-way periodic boundary conditions on a domain
0,27] x [0,27]. We use 192 x 192 for mesh size, and § = 0.8 for advection part whereas
£ = 0.2 for the diffusion part. We are able to take a CFL of 1 for MOLT, while CFL relation
is At < mz’n(Wl*Cd, %) for WENO-FD due to the stability condition for the diffusion

terms for the explicit time stepping. With this CFL, MOLT requires less time to run the

problem.

6.4.1 Refinement Study for Orszag Tang Vortex problem for Re-

sistive M HD

We show the successive refinement study in this section. The mesh size is 192 x 192 at
time t = 0.03. we choose § = 0.8 for advection part whereas = 0.4 for the diffusion
part and use CFL=0.5 for refinement study. In table (6.2) we obtain 5th order accuracy in
space for A and in table (6.3) we show the time refinement and observe 4th order in time,
which thereby verifying the analysis presented in section (6.2). Note that we use 5th order
WENO-based quadrature for space discretization and observe 5th order accuracy in space

as expected based on the analysis presented in section (6.2), which confirms the theory.
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Table 6.2: Errors of A and orders of accuracy.

N, x N, L, error order L, error order
16 x 16 1.7425E-03 — 9.4445E-03 —
32 x 32 1.0593E-04 4.04 7.7115E-04 3.61
64 x 64 3.1380E-06 5.08 3.1896E-05 4.60
128 x 128 6.7905E-08 5.53 8.3855E-07 5.25

Table 6.3: Errors of A and orders of temporal accuracy.

CFL Ly error order L, error order
0.5 2.4474E-03 — 1.1966E-03 —
0.25 1.5242E-04 4.01 6.6924E-05 4.16

6.4.2 Orszag Tang Vortex problem with diffusion for Resistive

MHD

We add diffusion terms for the magnetic potential for this problem and we want to see the
evolution of the problem for the different diffusion constants n = 0,0.001,0.1 and 1. In
Figures 6.3 and 6.4 we compare the solutions obtained from a FD scheme to those of our

proposed MOLT scheme, at the final time ¢ = 3 with a 192 x 192 mesh. We are able to

use CFL of one for MOLT, while we can use the CFL relation At < min(wl*cd, (A;))?)
for WENO-FD. With the ability of taking larger time steps, we need less time to run the
problems. For example, for the case of n = 0.01 MOLT code requires %40 less time comparing
to FD-WENO code. Note that as stated in the previous example, once we refine the problem
in space, then the diffusion restriction of CFL will dominate the CFL selection for Finite

Differencing method and cause more time steps, thus we will get square more efficiency

comparing the WENO-FD method.
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Figure 6.3: (FD) Contour plots of p at time ¢ = 3 with 192 x 192.
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Figure 6.4: (MOLT) Contour plots of p at time ¢ = 20 with 192 x 192.

109



Chapter 7

MOLT for PEC for non-ideal MHD

Equations

In this chapter we will expand our resistive MHD solver to work for perfectly electrically
conducting (PEC) boundary condition. In the chapter 4, we have presented the PEC bound-
ary conditions for ideal MHD case, which we only had first order spatial derivative terms in
the magnetic potential equation. We have utilized the Cauchy-Kowalevski theorem there to
derive boundary terms A; and Bgr. However, it is not that easy to use Cauchy-Kowalevski
theorem for the second order derivative cases. Thus, we are using the method for diffusion
that is consistent with our approach that is only 1st order at the boundary. Note that we
are not correcting at the boundary and leaving that for future work to achieve higher or-
der accuracy. Then we will demonstrate the results on several test problems such as the

Hartmann Flow and the GEM challenge problem.

7.1 MOLT for PEC for non-ideal MHD

In this section we examine the operator D for non periodic boundary condition, which we

use for the approximation of the second order derivative terms.

b
Dolv, a](x) = v(z) — g/a e_a|x_y|v(y)dy — Age—@=a) _ pje—alb=2), (7.1.1)
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where Ag and By are determined by the boundary conditions. Following the idea in [23], if
we require non periodic boundary conditions, we assume that we are given numbers C'; and

Cy. If we require

Dolv, af(a) = Cy, and  Dylv, a](b) = Cp,

then, the boundary coefficients are obtained as

5 7 (Io[v, a)(b) — v(b) + Cp) — (IO[U, a)(a) —v(a) + Ca)), (7.1.2a)

5 (1 (1%0v, a](a) — v(a) + Ca) — (1°[v, a](b) — v(b) + C3)) . (7.1.2b)

In the next section we will test our code on several test problems such as the Hartmann

Flow problem and the GEM Magnetic Reconnection problem.

7.2 Numerical results for Hartmann Flow problem with

diffusion

The kernel based approximation based on the MOLT for PEC boundary conditions for the
second order derivative term will be tested on the Hartmann Flow which is derived in the
section (4.2). This benchmark problem is a good test problem to test the code both for ideal
and non-ideal MHD models. Here, we will let the diffusion variable n be nonzero and we will
test our code for the diffusion effect.

We choose 8 = 0.8 for o, and ap whereas 5 = 0.6 for ag. Since the Hartmann problem
assumes the MHD model to be incompressible, we use p = 1 and p = 1. We show refinement

study in the table (7.1) at time ¢ = 0.1 for diffusion n = 0.1 and we choose CFL=0.5 for
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refinement study. We get low order of accuracy in space since we only use first order accurate
boundary terms Ay and By for PEC boundary conditions for diffusion, while we use higher
order approximations in the domain. In this test problem we observe that we get first order
accuracy for magnetic potential equation as expected by the theory. Note that we intend
to achieve higher order approximations for PEC boundary conditions for diffusion in the

future by correcting boundary terms Ay and Bp. For resolution 128 x 128, final time ¢ = 1,

Table 7.1: Hartmann flow problem. Errors of A and orders of accuracy.

N, x N,

Ly error order L, error order

32 X 32
64 x 64
128 x 128
256 x 256

3.1362E-07
1.8958E-07
1.0127E-07
5.2168E-08

0.73
0.90
0.96

3.0554E-06
2.1523E-06
1.2318E-06
6.0960E-07

0.51
0.81
0.90

CFL=1 and n = 0.001, the velocity and the induced magnetic field solutions for the different
Hartmann numbers are shown in figures 7.1 and 7.3. In Figures 7.2 and 7.4, we presented
1D cross sections of velocity and induced magnetic field for different Hartmann numbers

Ha = 0,2,5,10. The numerical results overlap on the exact solutions.

7.3 Magnetic reconnection: GEM challenge problem

The main motivation of going beyond the ideal MHD by including additional physics in the
plasma model is to observe the magnetic reconnection phenomenon, which is a significant
cosmic plasma process. This phenomenon has an effect on the dynamics of the magneto-
sphere by facilitating the entry of particles and energy from the Sun’s atmosphere into the

Earth’s magnetosphere at the magnetopause by the solar wind. When the high energy parti-
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Figure 7.1: Velocity profile for the Hartmann problem at Ha = 0, 2, 5, 10.

cles reach Earth and magnetic reconnection happens, then this restricts the performance of
fusion reactors and also affects the geospace weather which can damage power grids, commu-
nication systems, GPS navigation and threaten spacecraft and satellites. One other effect
of reconnection is believed to be helping trigger aurora, also known as the northern and
southern lights. What the magnetic reconnection really is the breaking and reconnecting of
magnetic field lines in a highly conducting plasma. The magnetic field lines get squeezed
together as magnetized plasma flows are going toward each other. The particles resist being
squeezed together and the field lines are broken and the reconnection happens in the tiny
diffusion region.

In plasma physics, it is known that for magnetic reconnection to occur, a mechanism is
required to break the ”frozen-in” flux condition, which could be resistivity, electron inertia or
anisotropic electron pressure, which appear in the generalized Ohm’s law. This phenomenon

does not occur in the ideal MHD plasma (infinitely conductive plasma). In this work, it is
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Figure 7.2: Exact and Numerical velocity solutions for the Hartmann problem at Ha =
0,2,5,10.

the resistivity that breaks this condition since we work within the resistive MHD model.
The Geospace Environment Modeling (GEM) Magnetic Reconnection Challenge Problem
9] is one of the benchmark problems of magnetic reconnection and it is studied in this work.
The study of Magnetic Reconnection is on a simple 2D current-sheet, called the Harris sheet
configuration, with a specified set of initial conditions and magnetic island perturbation to
trigger the dynamics. The Harris sheet configuration is a planar MHD equilibrium with a

horizontal magnetic field given by

Bl(y) = By tanh(y/\p). (7.3.1)
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Figure 7.3: Induced magnetic field for the Hartmann problem at Ha = 0, 2, 5, 10.

Assume a uniform temperature T'= Ty and a density profile given by

p(y) = pocosh™ (y/Ag) + poc. (7.3.2)
The initial equilibrium is perturbed by an additional magnetic perturbation

§BY(x,y) = —1(m/Ly) cos(2mx/ Ly) sin(my/ Ly)
(7.3.3)

§B2(x,y) = (27 ) Ly) sin(2mx/ Ly) cos(my/ Ly).
The standard case takes —%Lx <z < %Lx and —%Ly <y < %Ly with L, = 25.6 and
Ly = 12.8. The simulations use periodic boundary conditions horizontally, while perfectly

conducting impenetrable walls are assumed at y = :I:%Ly. A perfectly conducting wall is a

solid wall boundary and can be given as follows
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Figure 7.4: Exact and Numerical induced magnetic field solutions for the Hartmann problem
at Ha =0,2,5,10.

In Figure (7.7), we have presented our kernel based method results for the GEM challenge
problem and compared it with the work done by Birn et. al., [9]. The mesh spacing is
128 x 128 with CFL = 1. We use § = 0.8 for the advection part of the equation while
B = 0.6 for the diffusion part. The plots show the evolution of the magnetic field lines and

current density for the resistive MHD for uniform resistivity n = 0.001.The formation of the
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Figure 7.5: Magnetic Reconnection in Space. Credits: NASA

magnetic island in the center of the current sheet matches the work done by the Birn et. al.,
[9]. The magnetic island is increasing over the time and then merging with the bigger island

to the left.
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Figure 7.6: Breaking and rejoining of magnetic field lines due to the presence of localized
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Figure 7.7: GEM Magnetic Reconnection Problem for diffusion n = 0.001.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

In this work we developed a kernel based constrained transpose scheme based on the magnetic
vector potential equations in 2D and 3D for ensuring that the solution of the magnetic filed
in ideal MHD is divergence free. The development of the method relies on a kernel based
formulation of the spatial derivatives. The framework of the current method is derived from
the method of lines transpose methodology and the key idea of successive convolution. The
method relies on the idea of replacing a local operator with a global operator that is as
efficient as an explicit method, but because it is global it provides an unconditional stable
method when coupled with explicit time stepping. For time integration, we coupled the
method with the high order explicit strong stability preserving Runge-Kutta scheme. The
most important conclusion of this work is that the newly proposed method offers an approach
to constrained transport that is mesh aligned for AMR and does not rely on diffusion limiter
for stability in 3D, which we needed in our previous work [29]. Eliminating the need of
diffusion limiter improves solutions where there are strong shocks, and as demonstrated in
numerical simulations, the approach also works well for smooth problems. In addition, the
new method is unconditionally stable and achieves high order accuracy. The method is

robust and has been tested on a range of 2D and 3D test problems, such as the field loop
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and blast wave problems.

In Chapter 4, we developed the PEC boundary conditions for magnetic potential equation
in MOLT-HJ scheme. In fact, the PEC boundary condition is equivalent enforcing Dirichlet
boundary conditions. We derived the MOLT-HJ scheme for Dirichlet boundary conditions
for magnetic potential equation. Then we go over the derivation of the Hartmann Flow
problem, which is a benchmark problem to test PEC boundary conditions both for ideal and
non ideal MHD equations. We get high order accuracy for ideal Hartmann problem. We also
showed that the exact solution and the numerical solutions overlap each other by showing
1D cross sections and 2D contour plots.

In Chapter 5, we further our work from ideal MHD to resistive Magnetohydrodynamics
model. We derived the magnetic potential equation from the magnetic field equation which
has the diffusion term in it. We obtained Hamilton-Jacobi with diffusion type of equation
for magnetic potential equation, which still satisfies the divergence free condition for the
magnetic field. We had a kernel based approximation for the first derivative terms in the
ideal MHD in Chapter 3, then in the Chapter 6 we developed a similar approximation for
the second order derivative terms existed in the magnetic potential equation for the resistive
MHD. We presented MOLT-HJ method for the periodic boundary conditions. We tested our
code for periodic boundary conditions on the several 2D test problems. We get high order
accuracy on these examples, Smooth Vortex and Orszag Tang Vortex problems. We also
presented 2D plots of these problems both for FD-WENO code and our MOLT-HJ code for
different diffusion constants 7. We observe that MOLT-HJ is working well and requires less
time since our kernel based approximation is unconditionally stable and allows taking larger
time steps.

In Chapter 7, we introduced the PEC boundary conditions for the MOLT method for
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non-ideal case of MHD equations. We tested our work on both Hartmann Flow problem and
GEM Magnetic Reconnection Problems. For the resistive flow example, we get first order
of accuracy for the Hartmann problem and left the study of making it higher order for the

future.

8.2 Future Work

The main objective of resistive MHD work is to solve the Magnetic Reconnection problem
for the PEC boundary condition at the top and bottom and periodic boundary conditions at
the left and right boundaries. The non-ideal evaluation of code gave us low order of accuracy
so far. For such an important problem we will endeavor to obtain a higher order of accuracy
in future work.

We also will seek to further our resistive MHD work to the Hall MHD equations by
including more physics in Ohm’s law. That problem is more sensitive to diffusions and is
challenging to solve. Keeping the Hall terms in the equations will not change the structure
of the magnetic potential equation, thus we will be able to use our Constrained Transpose

methodology for resistive MHD model to the Hall MHD model.
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Appendix

WENO-Integration Formulation

Here, we show all coefficients in WENO quadrature. We denote v = aAx, then we have

(0) 6—06v+ 202 — (6 — v?)e™V

0 6v3 ’

(0) 6 —8v + 302 — (6 —2v — 202)e ™V
G o=—

1 2v3 ’
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And the linear weights are

g - 6 — 12 — (64 6v + 2v2)e ™
07 (2= v) = 2+ v)e V)
60 — 60v + 1502 + 503 — 3vt — (60 — 1502 + 20h)e ™V
dy = 2 2 Neo—
10v%(6 — v4 — (6 + 6v + 2v=)e™ V)

di =1—dy— do.

The smoothness indicator 5, have the expressions as

Bo =

b1
B2

13 1

1o (7vi-3 +3vi—2 = 3vi—1 + v;)? + 7 i3 = Bvi—g + Tvj—1 — 3v;)%,
13 1

= (—vi—g + 3vi—1 — 3v; + vi41)? + S (vimg — Vi1 — v + 1),

12 4

13
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