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Abstract

We introduce and analyze a new mixed finite element method for the numerical ap-
proximation of incompressible magneto-hydrodynamics (MHD) problems in polyg-
onal and polyhedral domains. The method is based on standard inf-sup stable ele-
ments for the discretization of the hydrodynamic unknowns and on nodal elements
for the discretization of the magnetic variables. In order to achieve convergence
in non-convex domains, the magnetic bilinear form is suitably modified using the
weighted regularization technique recently developed in [7]. We discuss the well-
posedness of this approach and establish a novel existence and uniqueness result
for non-linear MHD problems with small data. We further derive quasi-optimal er-
ror bounds for the proposed finite element method and show the convergence of
the approximate solutions in non-convex domains. The theoretical results are con-
firmed in a series of numerical experiments for a linear two-dimensional Oseen-type
MHD problem, demonstrating that weighted regularization is indispensable for the
resolution of the strongest magnetic singularities.
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1 Introduction

Incompressible magneto-hydrodynamics (MHD) describes the flow of a vis-
cous, incompressible and electrically conducting fluid. The governing partial
differential equations are obtained by coupling the incompressible Navier-
Stokes equations with Maxwell’s equations and arise in several engineering
applications such as, for example, liquid metals in magnetic pumps or alu-
minum electrolysis, see, e.g., [20]. In the stationary case, the resulting multi-
field problem is of the form: find the velocity field u = u(x), the hydrodynamic
pressure p = p(x), and the magnetic field b = b(x) that satisfy

—R;'Au+ (u-V)u+Vp+Sb x curlb = f in
R;'S curl(curlb) — S curl(u x b) = g in Q,

divu =0 in €2,

divb =0 in Q,

supplemented with suitable boundary conditions on 0f2. Here, €2 is a bounded
domain in R3, and the functions f and g are given source terms, with g being
solenoidal. Furthermore, R, is the hydrodynamic Reynolds number, R,, the
magnetic Reynolds number, and S the coupling number. These numbers are
defined by ,
R =L p UL S= BOQ,
U peUs
with By and Uy denoting the characteristic values of the magnetic field and the
velocity, respectively. The parameter L is the characteristic length scale of the
problem. The constants o and 7 represent the density and the viscosity of the
fluid, and p and o are the magnetic permeability and the electric conductivity,
respectively. In industrial applications, one typically has R, ~ 102 — 10°,

R, ~ 107! and S ~ 1.

Over the last few years, several finite element methods (FEM) to numerically
solve the incompressible MHD equations and linearizations thereof have been
proposed that are based on nodal (i.e., H!(Q)-conforming) finite elements for
the magnetic field b, combined with standard discretizations of the hydrody-
namic unknowns u and p. We mention here [1,13,16-18| and the references
cited therein. However, it has been known for some time that in non—convex
polyhedra of engineering practice the magnetic field components may have
regularity below H'(€) and that nodal FEM discretizations of the magnetic
operator, albeit stable, can converge quasi-optimally to a magnetic field that
misses certain singular solution components induced by reentrant vertices or
edges (for more details, see, e.g., [7] and the references cited therein). Con-
sequently, in non—convex domains, setting the magnetic components of the
incompressible MHD equations in H'() leads to a well-posed problem where
the magnetic field lacks certain singular (but physical) solution components.



A possible way to overcome these difficulties was recently proposed in [24,25]
by the use of Nédélec’s elements for the magnetic field b and by the introduc-
tion of an additional Lagrange multiplier related to the constraint divb = 0.

In this paper, we propose a new mixed finite element approximation for in-
compressible MHD problems. Our method is also based on nodal elements for
the magnetic field b, and employs standard inf-sup stable elements for the un-
knowns u and p. However, as opposed to the approaches mentioned above, we
modify the magnetic bilinear form using the weighted regularization technique
recently developed by Costabel and Dauge in [7]. This allows us to account
for the possible low regularity of the magnetic field in non-convex domains.
We first discuss the well-posedness of this approach and show the existence
and uniqueness of weak solutions for small data. We then carry out an er-
ror analysis for the proposed finite element method and show that it leads to
quasi-optimal error bounds in the mesh-size. Finally, we show the convergence
of the approximate solutions in non-convex domains where the components of
the magnetic fields may have regularity below H'(£2). Our theoretical results
are confirmed in a series of numerical experiments for a linear Oseen-type
MHD problem in two dimensions.

The outline of the paper is as follows. In Section 2, we introduce a weighted
regularization approach for incompressible MHD problems and show the well-
posedness of the underlying weak formulation. Our finite element approxi-
mation is proposed and analyzed in Section 3. A series of numerical results
for a two-dimensional MHD problem is presented in Section 4. We end our
presentation with concluding remarks in Section 5.

Throughout the paper, we use the following notation: For a Lipschitz domain
D C R", n = 2,3, we denote by LP(D), 1 < p < oo, the Lebesgue space of
p-integrable functions, endowed with the norm || - || Lr(p). We write Li, (£2) to
denote the space of functions that are locally p-integrable. We further make

use of the subspace LZ(D) of L?(D) defined by
Ly(D) ={q € L*(D) | [ qdx =0},

For s > 0, we denote by H*(D) the standard L2-based Sobolev space of order s
and write || - || gs(p) for its norm. The closure of D({2) (smooth functions with
compact support) in H*(D) is denoted by H§(D). We write H*(D) for the
dual space of Hj(D), equipped with the dual norm || - || z-s(p). For a generic
function space X (D) we write X (D)", n = 2,3, to denote vector fields whose
components belong to X (D). Without further specification, these spaces are
equipped with the usual product norms which we simply denote in the same
way as the norms in X (D).




2 Weighted Regularization of Incompressible MHD Problems

In this section, we introduce the governing equations of stationary incompress-
ible magneto-hydrodynamics, derive a weak formulation using the weighted
regularization technique of [7], and establish the existence and uniqueness of
weak solutions for small data.

2.1 Incompressible MHD Equations

Let Q C R? be a bounded Lipschitz polyhedron. We assume throughout that
is simply-connected and that its boundary 0f2 is connected. We consider sta-
tionary incompressible MHD problems of the following form: Given forcing
terms f and g in L?(Q)3, find the velocity field u = (u1, us, u3), the magnetic
field b = (by, by, b3) and the pressure p such that

—~R;'Au+ (u-V)u+Vp+ Sb x curlb = f in Q, (2
RS curl(curlb) — Scurl(ux b) =g in Q, (2
divu=0 in €, (2.

divb =0 in Q, (2

u=20 on 02, (2

nxb=0 on 0f). (2

Here, n is the outward normal unit vector on 02. For simplicity, we have
imposed no-slip boundary conditions on the velocity field u and perfectly in-
sulating magnetic boundary conditions on b. We comment on inhomogeneous
boundary conditions in Remark 2.19 below.

By taking the divergence of equation (2.2), we see that the datum g has to be
solenoidal. Thus, we assume throughout that g € H(div;{2) and

divg =0 in €, g-nds = 0. (2.7)
o9

Here, H(div; Q) = {g € L*(Q)? | divg € L*(Q)}, endowed with the norm

Igllae = IgllZzq) + Il divellizq).

Due to [14, Theorem 1.3.4], there is a stream function ® € H'(Q)? such that
g = curl ®.

Remark 2.1 We also consider the two-dimensional analogue of the MHD
problem (2.1)-(2.6). However, in two dimensions, the definition of the curl-
operators requires some care. For vector fields w = (wy,ws) and r = (r1,713),



we define the vector product w X r = wyre — wory and the scalar-valued curl-
operator curlw = 0., wy — O, wy1. Furthermore, for a scalar function c, we set
w X ¢ = c(wy, —wy). The vector-valued curl-operator is given by curlc =
(Op,c, —0z,¢). The two-dimensional analogue of (2.1)—(2.6) then reads as
follows: Find the velocity field u = (uqy,us), the magnetic field b = (by,by) and
the pressure p such that

—R'Au+ (u-V)u+Vp+ Sb x curlb = f in 2, (2.8)
RS curl(curlb) — Scurl(u xb) =g in €, (2.9)
divu=0 in Q, (2.10)

divb =0 in 2, (2.11)

u=20 on 082, (2.12)

nxb=b-t=0 on OS). (2.13)

Here, we denote by t the counterclockwise oriented unit tangent vector on OS).

Note that, by identifying the two-dimensional vector field b = (by, by) with its
extension b = (by, by, 0) in R3, it is ‘easy to see that curl curl b = curl curl b.
Similarly, curl(u x b) = curl(u x b) and b x curlb = b X curlb.

2.2 Weighted Spaces

To derive a weak formulation for (2.1)-(2.6) based on weighted regularization,
we need to introduce the weighted Sobolev spaces from [7].

To this end, we denote by C the set of all corners of the polyhedron ). For
c € C, we set 1¢(x) = dist(x,c). At each corner c there is a ball B(c, R.)
of radius R, such that V. = QN B(c, R) is a cone which, in local spherical
coordinates, is of the form V. = {(7¢,0:) |0 < re < Re, 0. € G.}. Here, we
use the function r. as the radial coordinate while 6. is the angular coordinate
with values in G, a spherical polygonal domain in the unit sphere S2.

Furthermore, let £ denote the set of all (open) edges of €2. Then, for each
point x of an edge e, there is a ball B(x, Ryx) of radius Ry such that V,.(x) =
QN B(x, Ry) is diffeomorphic to a wedge I'.(x) x R with I'.(x) being a plane
sector with opening angle w, € (0, 27). This angle is intrinsic and is called the
opening angle of {2 at the edge e. We set r.(y) = dist(y, €); r. is equivalent to
the radial coordinate in I'.(x). Let ¢ and ¢’ be the two endpoints of an edge e.
Then we define g, by 7.(x) = 7¢(X)7e(X)0e(x). Note that g, is equivalent to
Te/Te In Ve, to 1o /T in Ve, and to r. outside of V. U Ver.

Next, we introduce weight vectors ~ which are collections of real numbers

{VC}CEC U {76}668- We set ‘1| = ma;{{f)/c}ceﬁ {76}665}- For two Weight vec-
tors 3 and 7, we use the notation 8 < v to mean that 8. < 7. and 3. < 7.



for all c € C and e € &. Similarly, 8 & v is the weight vector given by the
components (.3 and 3, £7.. For constants x; and kg, we write £1 < 7 < Ky
to mean that k1 <. < kg and Ky <. < Ky forallceCand e € &.

With a weight vector v we associate the weight function
Wy (x) = (H r;VC) < 11 rge>. (2.14)
h ceC ecé

Moreover, we need the distance function d(x) = dist(x,CUE). For s € Ny, we
define the weighted space

V() = {v € Ly (Q) : wyd ™00 € L*(Q)), « € N} with |a| < s}, (2.15)

equipped with the norm

loll2y = > lwnd ™= 0uv]Z2().

 al<s

A special role is played by the weight vector 69" given by

. 1 .
5dir = i AL, ceC, (2.16)
gir—1 T ceg (2.17)
We

Here, following [7, Section 4.3], we have set

. 1 [ 1
)\dlr - _ dir -
c,1 2 + M1 + 47
dir

with uf™ > 0 denoting the smallest Dirichlet eigenvalue of the Laplace-
Beltrami operator in the cone Gc. Note that we always have Agf{ > (. Thus,
there holds

. 1 .
07| < 5~ 5, (2.18)

for a parameter 69" > 0. We remark that 6¢" approaches zero if one of the
opening angles of €2 approaches 2.

The following result holds; see [7, Theorem 4.1].

Theorem 2.2 Let 6% be the weight vector in (2.16)-(2.17). Then for any
weight vector o with

<y and  0<q<1, (2.19)

the Laplacian with Dirichlet boundary conditions is an isomorphism from
V,YQ(Q) N HY(Q) onto V,YO(Q).



Remark 2.3 In a Lipschitz polygon Q@ C R? the definitions of w, and the
corresponding weighted spaces are easier as the edges do not need to be taken
into account. To define w,, let C be the set of all corners of ). The opening
angle at the corner ¢ € C is denoted by we, with w. € (0,2m). Then, for a
weight vector v = {Vc}eec, the weight function w, is given by

wy(x) = IT re(x), re(x) = dist(x,c). (2.20)

ceC

Introducing the distance function d(x) by d(x) = dist(x,C), the spaces V3 ({2)

are defined as in (2.15). In two dimensions, the critical weight vector édi? s

gir—1-T . cec (2.21)

We
The result of Theorem 2.2 then holds true, with 6 given in (2.21).
Next, we introduce the Sobolev spaces
H(cur; ) = {b € L*(Q)? | curlb € L*(Q)*},
as well as
Ho(curl; Q) = {b € H(curl;Q2) | n x b =0 on 00},
and endow them with the norm
Il = lIbllZ2i) + | curlbZzq).
For a weight vector v, we further define the space
X,(Q) = {b € Ho(curl; 2) [ divb € VIO(Q)}, (2.22)
and equip it with the norm
bl%, = eurlblfaq, + [divb]3, + bl (223
Our finite element discretization will be based on the subspace H,(Q) C X, ()

given by
H,(Q)={be H'(Q)? |nxb=0ondQ}, (2.24)

equipped with the norm || - || x, .
The following result is crucial; see [7, Theorem 5.1].

Theorem 2.4 Let v be a weight vector satisfying (2.19). Then the space
H, () is dense in X,(2).



Remark 2.5 The same result holds true in polygons Q C R?, with w~ and g
defined as in (2.20) and (2.21), respectively.

Finally, let us show a Poincaré-type inequality that will be needed in our
analysis. We set

bk, = llcurlb|72q) + [[divh]3,,
and have the following result.
Proposition 2.6 Let vy be a weight vector satisfying (2.19). There holds:

(i) |- |x, is a norm on X, (Q).
(ii) There exists a constant C > 0 only depending on Q and v such that

blx, > Clblx,  ¥be X,(®)
Proof : To prove the first assertion, it is sufficient to show that |b|x = 0implies
b = 0. Indeed, if |b|x, = 0, we conclude that curlb = 0 and w, divb = 0.

Since wy > 0 in €, we also have divb = 0. By using that n x b = 0 on 92
and the Poincaré-type inequality from [12, Proposition 7.4], we obtain

[bllz2() < C| curlbl| 12y,

with a constant C' > 0 only depending on 2. Thus, b = 0, which shows the
first assertion.

For the second assertion let ¢ € HJ(€2) be the solution of Ap = divb in Q,
¢ =0 on 9. Since divb € V(2) and the Laplacian is an isomorphism from

Vf(Q) N Hy () onto VZO(Q), see Theorem 2.2, we have ¢ € Vlz(Q) and
lellzy < Clldivbllo, < Clblx,, (2.25)
for a constant C' > 0 solely depending on 2 and 7.

By setting by = b — V¢, we have divby = 0 and curlby = curlb in 2, as
well as n x by = 0 on 0. As before, the inequality in [12, Proposition 7.4]
yields

||b0HL2(Q) S CH CurlboHL2(Q) = CH curlb||L2(Q) S C‘b‘Xl7 (226)
for a constant C' > 0 only depending on (2.
Referring to (2.25) and (2.26) gives

Ibllz2(0) < [Bollz2(e) + [Vl z2@) < [Ibollr2@) + Cliell2y < Clblx,, (2.27)



for any b € X,(12), with a constant C' > 0 solely depending on Q and 7.
Equation (2.27) implies the second assertion. O

We point out that the results in Proposition 2.6 can be easily adapted to the
two-dimensional case.

2.8 Weak Formulation

For a weight vector 0 < v < 1, we define the following weak form for the MHD
problem (2.1)-(2.6): Find u € H(Q)?, b € X,(Q) and p € L§(Q) such that

as(u,v) +os(u;u,v) + bs(p,v) + c1(b;b,v)=(f,v),
am(b,c) — cy(b;u,c)=(g,c), (2.28)
bs(q,u) =0

for all v € H}(Q)3, ¢ € X,(Q) and ¢ € LE(Q). Here, we use the following
forms: -

as;(w,v) = R* / Vu : Vvdx, (2.29)
am(b,c) = 1S/ curlb - curlcdx—l—D/w,y )2 divbdiv cdx,

(2.30)

by(q,v) = —/ divv g dx, (2.31)

os(W;u,v) = 2/ w-V)u| - vdx — —/Q {(W-V)V} -udx, (2.32)

e (d;b,v) = S/ (d x curlb) v dx, (2.33)
Q

eo(d;uc) = S / (u x d) curl c dx. (2.34)
0

Here, we have incorporated the regularization term [, w?{ div b divcdx into

the magnetic form a,,, following [7]. The parameter D is ‘a positive constant
that can be used to dimensionalize the regularization term and to balance
it with the curl-curl term. Furthermore, we use the standard anti-symmetric
trilinear form o, for the discretization of the non-linear convection term in
the Navier-Stokes operator; see, e.g., [27, Chapter I1] for details. The trilinear
forms ¢; and ¢ arise due to the coupling terms in (2.1) and (2.2); we show in
Section 2.4 below that these forms are well-defined for suitable choices of ~.

The regularization term ensures that the magnetic field is solenoidal.



Proposition 2.7 Assume (2.19) and let (u, b, p) be a solution of (2.28). Then
we have divb = 0.

Proof: Since divb € V(€2), the problem Ap = divb in Q, ¢ = 0 on 99, is
well-posed and, as before, has a unique weak solution ¢ € V()N Hy(Q). By

construction, Vp € X, (Q). Choosing ¢ = V¢ as a test function in the second
equation of formulation (2.28) yields

/g-cdx:D/%(x)2divbdivwdx
Q Q -

:D/ w,(x)2divb divbdx = D|| divb]2, .
Q - L
Here, we have used that curl c = 0. Furthermore, by integration by parts,

/g-cdx:/g-Vgde:—/gpdivng:O,
Q Q Q

since ¢ = 0 on 0f2 and divg = 0, as assumed in (2.7). Thus, since w,(x) > 0
in Q and D > 0, we have divb = 0. B O

For the purpose of our analysis, we rewrite the formulation (2.28) in the com-
pact form: Find (u,b,p) € Hy(Q)? x X, () x L§(Q) such that

A(u,b;v,¢) + O(u,b;u, b;v,c) + B(p;v,c) = (f,v) + (g,¢),

Blg:u,b) = 0 (2.35)

for all (v,c,q) € Hy(Q)? x X, () x L§(Q). Here, we use the forms
A(u,b;v,c) = as(u,v) + an(b,c),

B(g;v,c) = bs(q,v),
O(W7 d7 u, ba \Z C) OS(W; u, V) + (&1 (d7 b7 V) - CQ(d; u, C).

The adaptation of the forms in (2.29)-(2.34) and the weak formulation (2.28)
to two-dimensional MHD problems of the form (2.8)—(2.13) is straightforward.

2.4 Well-Posedness

We show that the variational formulation (2.28) is well-posed and uniquely
solvable for small data. We begin by establishing the continuity of the forms.

Lemma 2.8 For any weight vector vy, the forms as, an, and b, satisfy the

10



following continuity properties:

las(u, V)] < Rl m@lIvl|m @), u,v € Hy(Q)”,
|am(b, )] < max{R.' S, D}|[bllx,llellx,,  b,ce Xy (),
165 (¢, V)| < V3llall 2 1Vl a1 q € Lg(Q), v € Hy(Q)*.

Furthermore, there exists a constant C, only depending on €2 such that

los(w;u, v)| < COHWHHl(Q)||u||H1(Q)||V||H1(Q)a w,u, v & H&(Q)3-

Proof: The continuity properties of the forms ag, a,, and b, follow straight-
forwardly using Cauchy-Schwarz inequalities and the fact that || div v||2q) <

V3||v|l 1) The continuity property for oy follows from the continuous em-
bedding H'(Q) — L*(Q2) and Holder’s inequality; see, e.g., [14, Chapter IV].O

To show the continuity of the forms ¢; and ¢y, we make use of the following
embedding result, which is valid for suitable values of v (see also Remark 2.11
below). For each corner ¢ € C, we write &, for the set of all edges that contain
the corner c.

Lemma 2.9 Let the weight vector v satisfy
0<y<1/2 and Ye > Ve Ve €& (2.36)

Then we have HY(Q) C VO (Q) and |jv]lo,—y < Cllv
only depending on € and . -

| 1 @ for a constant

Proof: As described in [7, Section 4.1], we can decompose €2 into

Q:V%(UVQ)u(

ecf

WU ( U Ve(c))>. (2.37)

ceC ecéc

Here, V° is a subregion of  away from corners and edges, and VY is a subregion
of € such that 72 does not contain any corners or parts of any other edge

than e. The subregion V? is such that ¢ € V. and e N V. = 0 for any edge
e € €. Finally, for any edge e € &, the subregion V,(c) is such that V. (c) only
contains ¢ and parts of e. Note that this decomposition is not unique and that
the different subregions may be overlapping.

As in [7, Equation (4.9)], we define the distance functions

de(x) = dist(x,C), de(x) = dist(x, ).

11



Furthermore, we can choose exponents ¢ and e such that |y| > ¢ > 0,
|1| > e > 0 and

ve(x) = v, x € Ve,
ve(X) = e, XEVEU(UVG(C)).
cece
The weight w_, is then equivalent to
w_y R dg" TS (2.38)

Let 7 be a weight vector satisfying (2.36) and let v be in H(Q). We may
assume that 1/2 > [y| > 0, the case |y| = 0 being trivial. We obtain

/Q wiz v?dx < C/Q dc—270+2wdg2w 02 dx
< C/ dngyg v2dx
Q
SC/ dist (x, 992) 7 v? dx < C/ dist(x, 02) "1 v” dx.
Q

Here, we have used that v, > 7. for all ¢ € &, dist(x,0) < dg and v¢ < |7].
Since 0 < || < 1, the continuous embedding in [15, Theorem 1.4.4.3] ensures
that
- 2031 2
/Q dist (x, 002) 722 02 dx < C[ol] .

which completes the proof. O

Lemma 2.10 Let the weight vector v satisfy (2.86). Then there is a con-
stant C. depending on ) and ~y such that

ler(d; b, v)| < SCelldllx, [bllx, VI, — d.beXy(Q), veHQ),
le2(d;u, )| < SC|dllx, [ullm@llelx,,  dyc€X,(Q), ue Hy(Q)*

Proof: We start by noting that, from [7, Theorem 2.2] any field d € X, (Q)
can be decomposed as

d= do + VQO,
with dg € H,(Q) and ¢ € VZ(Q)NH(Q). Furthermore, there exists a constant
C' > 0 only depending on €2 and v, such that

[dol[1r1() + [[Aplloy < Clld]|x, - (2.39)
Let us now establish the assertion for ¢;; the proof for ¢y is completely analo-
gous. We write ¢;(d; b, v) as

Cl(d; bv V) =C (dOa b> V) +a (V§07 bv V)' (240)

12



We first bound ¢ (do; b, v). By Holder’s inequality, the continuous embedding
of H'(Q) into L*(©), and the estimate (2.39), we have
lc1(do; b, v)| < S /Q(do x curlb) - vdx| < S||do| p1q) || curl b|| 2) ||V 24
< OS5 dolla @ Ibllx, [Vl @) < CS[dlx, [bllx, [[V] a2 @),
(2.41)

with a constant C' > 0 only depending on € and ~.

Next, we bound ¢;(Ve;b,v). To do so, we first note that, since |y| < 1/2,

we have H/(Q) = H(‘)ﬂ(Q); see [15, Corollary 1.4.4.5]. Thus, from Lemma 2.9
and duality we have that

V,YO(Q)CH“Z‘(Q) and vl

) < CHUHOQ Vv € VZO(Q>7

H*‘Z‘

with a constant only depending on €2 and . Hence, since Ay € Vf (Q),
Ao e HUQ)  and [ Ap],-n < CllAG],.

In view of |y| < 1/2, the elliptic shift theorem for polyhedral domains implies
that

Vo e H?(Q)  and [Vl gy < ClAG -12q) < ClAC]0s,

for a parameter ¢ > 0; see [8]. Further, we have that H'/?+¢(() is continuously
embedded into L?(Q2) for an exponent g > 3; see [14, Theorem I1.1.3 and
Definition 1.1.2]. We can then find a second exponent p < 6 such that 1/2 =
p~t+ ¢!, Using Holder’s inequality with these exponents and the continuous
embedding of H'(Q) into LP(Q), we obtain

le1(Vg; b, v)| < S| /Q(Vgo x curlb) - v dx|

< SHVSOHM(Q)H CurleL2(Q)||V||LP(Q)
< CS[IVol gz bl x, V] @)
< CS[[Aploqlbllx, [V 9)-

This, together with (2.39)—(2.41), proves the assertion for ¢;. O

Remark 2.11 The assumptions in (2.36) restrict the choice of 7 to quite a

small range. In view of (2.18), this is particularly evident when we simultane-
ously seek to fulfill (2.536) and (2.19), that is,

0<y, M<y<1/2  and Y >7. Ve€&
see also Theorem 2.17 below. The upper bound 1/2 shows up because of the use

of the embedding result in Lemma 2.9. Whether or not this upper bound can

13



be improved with a different analysis technique remains an open question. We
also point out that for linear MHD problems no restrictions on vy are necessary.

Next, let us show that for the two-dimensional analogues of the forms ¢; and ¢,
in (2.33)—(2.34) it is possible to obtain a result with less restrictions on 7.

Lemma 2.12 Let Q be a polygon in R? and let the two-dimensional weight
vector v in (2.20) satisfy 0 < v < 1. Then there is a constant C. depending
on ) and v such that the two-dimensional analogues of the forms c; and cy
satisfy

lc1(d; b, v)]
|c2(ds u, )

SClldlx, Ibllx, [vllm@.  dbe X (Q), veH(Q?

SCdlx lallmlellx,,  doee X, (Q), ue HI(Q).

VARVAN

Proof: As in the proof of Lemma 2.10, we can write d = dg + V¢, with
dy € H,(©2) and ¢ € V2(Q) N Hy(Q). The contribution ¢;(do; b, v) is bounded
as in Lemma 2.10. To bound c1(V;b,v), we proceed as follows. First note
that Vo € V(2)? and ||Vell1, < Cll@llz,, < co. From [26, Proposition 25],

we obtain
w Vo e H(Q)?  and  [lo,Vollm@ < ClVelli, < Cllel,

for a constant C' > 0 solely depending on {2 and +. Let p and ¢ be parameters
with 2 < ¢ < p < oo and ¢! + p~! = 1/2. By Holder’s inequality, Rellich’s
embedding theorem and the above estimate, we obtain

| / (Vi x curlb) - vdx | = | / (w,Vip x curl b) - (wI'v) dx|
Q Q - -
S ||w1Vg0||Lp(Q)|| Cur1b||L2(Q)||(,4)l_1V||Lq(Q) (2 42>
< Cllwy Vel m@lbllx, [l viizaw)
< Cllell2albllx, lwl 'Vilzo@),

with a constant C' > 0 solely depending on (2, 7, and the exponents p and gq.
It remains to show that ¢ can be chosen so that ||w V(L) < C|v] g1 @)

To this end, let s and s’ be two other parameters with 1 < s’ < s < oo and

s 14+ 571 = 1. We have

oo ™Vl < 1% )M 1% ) = ¥ ey 05 1

Let V. be a small neighborhood of the corner ¢ € C. In local polar coordinates
(re, ¢) at the point c, there holds

/V lwy| " dx < C /V ro9e4 L g dé < oo,
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provided that ¢s’v. < 2. The constant C only depends on €2. Since we have
maxcee Ve < 1, there is a parameter ¢ > 0 (depending on 7) such that the
condition gs'v. < 2 is fulfilled for ¢ = 2 + ¢ and s’ = 1 4+ . With this choice,

we obtain

||w1_1||qus,(Q) < C < oo, (2.43)

with a constant C' > 0 depending on € and . Combining (2.42) and (2.43),
using Rellich’s embedding theorem and the estimate in (2.39), results in

c1(Vpi b, v)| < SCl@ll24[Ibllx, VI Lo
< SClell25lbllx, IVIa @ < SCld|x, [bllx, 1Vl a1 @)

for a constant C' > 0 depending on €2 and ~.
This yields the result for ¢q, the proof for ¢y is analogous. O

Remark 2.13 We point out that the proof in Lemma 2.12 is based on the
continuous embedding of H'(Q) into LI(Q) for all ¢ > 1. Since in the three-
dimensional H'(Q) is continuously embedded into L1(Q2) only for q € [1,6], a
similar argument in three dimensions shows the continuity of ¢1 and co only
for polyhedral domains whose mazimal opening angle is smaller than 2w /3.

Next, we address the coercivity of the forms a, and a,,.
Lemma 2.14 Let v be a weight vector satisfying (2.19). Then:

as(u,u) > C1R;! ||u||%11(9)> u € Hy(Q)7,
an(b,b) > Comin{R.' S, D}[bl%,, be X, (Q),

with a constant Cy; > 0 only depending on €2, and a constant Cy > 0 only
depending on € and .

Proof: The coercivity of a, is a standard property and the coercivity of a,,
follows from the inequality in Proposition 2.6. a

Finally, we recall the following inf-sup condition for the form bs; see, e.g., [14,
Section 1.5.1].

Lemma 2.15 There is a constant 3 > 0, only depending on €2, such that

. bs(q,v)
inf sup
9eL3(@) vemi @ IVIm@llallz2@)

For notational convenience, we introduce the space

WI(Q) = H&(Q)g X Xz(Q>a
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and endow it with the norm

(v, O)lly, = IVl e + lellx,- (2.44)

We then have the following stability results for the forms in (2.35).
Proposition 2.16 Let v be a weight vector satisfying (2.19). There holds:

(i) There are continuity constants Ca, Cp solely depending on the data and
on D such that

[A(u, b; v, )| < Cal[(w, b)llw, [[(v,S)llw,,  (u,b), (v, c) € W,(),
[B(g; v, ¢)l < Crllal2@ll(v, €)llw,, q € Lg(Q), (v,c) € W,(Q).

If we additionally assume (2.36) to hold, then there is a constant C¢o
depending on the data, the domain, and the weight v such that

[O(w, d;u,b; v, ¢)| < Col[(w, d)|lw, [|(w, ) [[w, | (v, )]l

for any (w,d) € W,(Q), (u,b) € W,(2), and (v,c) € W,(Q).
(i) There is a coercivity constant o > 0, depending on the data, the parame-
ter D, the domain, and vy, such that

A(u,b;u,b) > 04H<uyb)||%w (u,b) € W, ().
(id) Let L= (|8 + lgl3ae)2. We have

(EV) + @Ol LIV, 0wy, (v.0) € W,(9).
(iv) We have the skew-symmetry property

(v) There holds, for the same constant 3 as in Lemma 2.15 and independently
of 7,
B .
i]flf Sup (Q7 V7 C) >
0€L3() (ve)ew, (@) ||V, ) llw llallz2 (o)

Proof: The continuity and coercivity in (i) and (ii) are immediate consequences
of Lemma 2.8, Lemma 2.10 and Lemma 2.14, respectively. The continuity
property in (iii) holds since

(£, v) + (& ) <l @Vl + lgllz@lellx,
< (11720 + lgl1E2@) ' (VI @) + llellf, ).
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To see the skew-symmetry property of O in (iv), it is enough to note that
os(w;u,u) = 0 and ¢1(d; b, u) = c2(d; u,b). The latter identity follows since
(d X curlb) -u = (uxd) curlb.

It only remains to establish the inf-sup condition in (v) for the form B. To see
this, fix ¢ € L(Q). From Lemma 2.15, there is an element v € H}(Q)? such
that

bs(q,v) = BllalZzy,  IVIae) < lallze-
We obtain
B(g;v,0) > Bllallzag),  1(v:0)llx, < llallzz,
and the inf-sup condition for B follows. O

Proceeding as in the proof of [23, Theorem 10.1.1], we obtain from Proposi-
tion 2.16 the following existence and uniqueness result for small data.

Theorem 2.17 Let y be a weight vector satisfying (2.19) and (2.36). Assume
further that
CeL
a2
Then the weak formulation in (2.28) has a unique solution (u, b, p) € H ()3 x
X, (Q) x L) and we have the stability bounds

< 1. (2.45)

a 'L,

BL(1+a'Cy+a2Col),

I, b,

<
1Pllz2) <
with o, B, Cx, Cg, Cc, and L denoting the stability constants from Proposi-
tion 2.16.

Remark 2.18 As has been pointed out in Remark 2.11, the restrictions on y
in (2.36) are most likely suboptimal. For the two-dimensional MHD problem
in (2.8)-(2.13), on the other hand, the continuity result in Lemma 2.12 can be
invoked and the result of Theorem 2.17 is obtained for any weight v satisfying

o < 7 < 1, with 0N defined in (2.21).

Remark 2.19 The extension of the result in Theorem 2.17 to MHD prob-
lems with inhomogeneous boundary conditions is not straightforward. While
it is easily possible to lift inhomogeneous boundary data in a divergence-free
fashion into the domain, see [14, Lemma IV.2.3] for the velocity field and [22,
Proposition A.1] for the magnetic field, these liftings affect the size of the
data for which ezistence and uniqueness of solutions can be proved; see [14,
Section IV.2.1]. For velocity boundary data, this effect can be minimized and
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controlled by using the so-called Hopf construction which yields a divergence-
free lifting ug € H'(Q)? such that | [o [(v - V)ue] - vdx| is arbitrarily small
relative to ||[VV||72q, for all v € Hy(Q)?; see [14, Lemma IV.2.3]. However,
analogous Hopf-type liftings for magnetic boundary data seem not to be avail-
able in the literature and remain to be constructed.

3 Finite Element Approximation

In this section, we introduce and analyze the finite element approximation
of the mixed formulation in (2.28). We derive quasi-optimal error bounds in
the energy norm and show that the weighted regularization technique ensures
convergence of the approximation in possibly non-convex domains.

3.1  Galerkin Approximation

We choose conforming finite element spaces V" C Hg(Q)?, X! C X, (), and
L" c L}(9), and endow them with the norms || - ||z, || - [|x,, and || - || z2(0),
respectively. Here, we use the index h to denote the discretization parameter.
We generically refer to it as the mesh-size.

Throughout, we assume that the pair V' x L gives rise to an inf-sup stable
Stokes discretization, that is, we assume that there is a constant 3, > 0
independent of the mesh-size h, such that

. bs(q,Vv)
inf sup
el yevr |[VImr@)llgllz2 @)

> B (3.1)

A wide variety of spaces V" and L" fulfilling (3.1) have been proposed in
the literature; we refer to [5, Chapter IV], [14, Chapter II] and the references
cited therein. A specific choice of finite element spaces based on Hood-Taylor
elements will be discussed in Section 3.2 below.

Given a weight vector v, the finite element approximation of (2.28) is: Find
(up, by, pn) € V" x X x L* such that

as(up, v) + os(up;up, v) + bs(pn, v) + ci1(bp;bp, v)=(f,v),
am(bp, ) — co(bp;upy, €)= (g, c),
bs(qauh> O

(3.2)

forallv e V* c ¢ X,’Y‘ and g € L". As before, problem (3.2) is equivalent to:
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Find (up,, by, pn) € VP x X,’Y‘ x L" such that

A(Uh,bh;V,C) + O(uhabh;uhabh;vac) + B(phSVaC) = (f7 V) + (ga C)a

B(g;un, bp) =0
(3.3)
for all (v,c,q) € V" x X! x L'
Introducing the space W' = V" x X!, endowed with the norm | - ||y, , we
have the following discrete inf-sup condition for the form B
B .
inf sup (5 v, c) > B, (3.4)

aeLt v, jews [[(V, ©)llw, [lgll 2 ()

with the same inf-sup constant 3, > 0 as in (3.1). Condition (3.4) can be
proved by using arguments that are completely analogous to those on the
continuous level.

The discrete version of Theorem 2.17 is then an immediate consequence.

Corollary 3.1 Let v be a weight vector satisfying (2.19) and (2.56). Let the
smallness assumption (2.45) be satisfied. Then the finite element formulation
in (8.2) has a unique solution (s, by, pp) € V" x X! x L" and we have the
stability bounds -

a 'L,

B'L(1+a 'Cy+a 2Cel),

1(w, b)[lw,

<
Pl 22 <

with «, Cy, Cg, C¢, and L denoting the stability constants from Proposi-
tion 2.16, and with (B, denoting the discrete inf-sup constant from (3.1).

As before, in the two-dimensional case, this result holds for weight vectors v
with 6" <y < 1.

Remark 3.2 The solution (up, by, pp) € X,’Y‘ x VI x LM of the finite ele-

ment formulation (3.2) can be found by the following Picard iteration: Given
(up, by, py) € VP x X! L et (upt bpt pptt) € VP ox XI o LM be the
solution of the linearized problem -

as(Wth V) Fog(ulultt v) + by (it v) + er(bY b v) = (f,v),
am(bptt ) — co(bj;uptt c) = (g, ¢)

forallv e Vh c ¢ X;‘ and q € L". Under the smallness assumption in (2.45),
the sequence {(u}, by, pi)}as1 converges to the solution (un, by, pr) of (3.2).
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Other procedures based on Newton’s method are possible as well; cf. [18].
We point out that, if the linearized problems above are strongly convection-
dominated, it might be necessary for their efficient solution to include addi-
tional stabilization terms along the lines of [13]. As our analysis is mainly
concerned with the incorporation of the divergence constraint divb = 0 via the
weighted regularization approach, this point is not further investigated in this

paper.

We derive quasi-optimal error bounds for the proposed finite element approx-
imation. To this end, we introduce on W,(Q) x L§(2) the norm [ (-,-,) ||,
given by

I v.e. )} = (v o)lliy, + lalliz)-

The following theorem holds.

Theorem 3.3 Let v be a weight vector satisfying (2.19) and (2.36). Assume

further that

CoL 1

< —. .
oz T2 (3.5)

Let (u,b,p) be the (unique) solution of (2.28), and let (un,bp,pp) its finite
element approximition obtained by (3.2). Then we have the quasi-optimal error
bound

la—wb—bup=plh<C ot a=vib=cr=ql,

with a constant C' > 0 independent of the mesh-size h.

Proof: We proceed in several steps.
Step 1: We first note that we have the error equation

A(u—up,b—Dbp;v,c)+ O(u—uy;b—by;u, b;v, c)
+ O(up, bp;u —up, b —by; v, ) + B(p — pp; v, c) =0,

for any (v,c) € W/
Step 2: Set ker B, = {(v,c) € W! | B(¢;v,c) = 0 ¥q € L"}. We claim that
(0 —up,b=by)lw, <Cll[(a=v,b=c)llw, +lp—dll@|,  (3.6)

for any (v, c) € ker By, and ¢ € L", with a constant C' > 0 that is independent
of the mesh-size.

To see (3.6), fix (v,c) € ker By, and q € L". Clearly, v — u; € ker By,. Using
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the error equation in Step 1, it can be easily seen that
A(v —uy,c—bpy;v—up,c—by) + O(v—uy,c—by;u,b;v—uy,,c—by)
= A(v—uc—b;v—u,c—b,)+0(v—-—u,c—Db;ub;v—u,c—b)
+O(up, bp; v —u,c —b;v —uy, ¢ —by) — B(p — pp; v —up, ¢ — by).
(3.7)
We first estimate the left-hand side of (3.7) from below. To this end, we use the

coercivity and continuity properties in Proposition 2.16, the stability bound
in Theorem 2.17, and the smallness assumption in (3.5), and obtain

Lh.s. of (3.7) = A(V —up,c —bp; v —u,,c — by)
+ O(v —uy,c—by;u,b;v—u,,c—by)

> o= Cellta bl v = wnoe - bl
[1 CCL

(3.8)

v

| all(v = wn, e = b)),

A%

1
§HW—UMO—WWM

To bound the right-hand side of (3.7) from above, we first note that, because
v — uy, € ker By, we have

B(p — priv — ¢ — by) = B(p — g;v — wpc — by).

Using the continuity properties in Proposition 2.16 and the bounds in Theo-
rem 2.17 and Corollary 3.1 we get

r.h.s. of (37) < <CA + Cc||(u, b)HWl + CcH(uh, bh)”Wl)

X [[(v = u, ¢ = b)[lw, [[(v = un,c = by)llw,
+ Csllp — dll 2@ [[(v — un, € = br)|lw,
< (Ca+2CcLa™)||[(v —u, ¢ = b)[lw,[|(v — un, € — by)|lw,

+ Csllp — dllr2@) [|(v = an, € = by)|w, .
(3.9)

Combining (3.8) and (3.9) results in
(v =, ¢ = bu)llw, < Cll(u=v,b—c)llw, + Cllp — qll z2)-
Since
(0 —wp, b —bp)llw, < [(w=v,b—c)lw, +[[(v—unc—bn)llw,

the assertion (3.6) follows.
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Step 3: 1t is well-known that we can use the discrete inf-sup condition in (3.4)
in order to establish the approximation result (3.6) for any (v,c) € W,?; see,

e.g., [5,14]. This proves the quasi-optimality of the error ||(u—u;, b—by) llw, -

Step 4: It remains to bound the error in the pressure. To do so, let ¢ € L".
The inf-sup condition (3.4) yields

B(q — pn;v,c
Bullg — pullzz < sup (g = pn )
ot IOl

B(q—p;v,c)+ B(p—pn;v,c)

= sup

(vie)eW?: 1(v, ©)llw,
< sup Blazpvio) o, Blopivie)
waews Nve)lw,  weens  lIv.cllw,

Using the error equation from Step 1, the continuity properties in Prop-
erty 2.16, and the stability bounds in Theorem 2.17 and Corollary 3.1, we
have

B(p_ph§V>C)
< (Ca+ Cc||(u,b)[lw, + Ccl|(un, by)|lw,
(v, c)llw, ( + ‘)
x[[(w—ap, b —by)llw,
< (Ca+2CcLa™)||[(u =, b = by)|w,.
Thus,
B(p—ph;V,C)

< CH(u —up,b— bh>||W“/
1(v, €)llw, *

Moreover, employing the continuity of B,

B(qg—p;v,c)

< Cgllp — qllr2(0)-
(v, ¢)llw, @

We obtain
2 = prllz2@) < 1 — dll2@) + la — pull2@
<Clllp = dqllz2@) + (@ = uan, b = by)|w, |-
The estimate and the assertion follows then with the bounds of Step 3. a

Let now {V"},, {X"},, and {L"}, be sequences of finite element spaces,
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chosen such that

Vue Hy(Q)?: in‘fh lu—v|m@ — 0, h — 0,
ve

Vb e X, (Q) : Ciergg Ib—clx, — 0, h — 0,

Vp e L) : inf |p — q|l2@) — 0, h — 0.
qeL

Note that due to Theorem 2.4 and the density of C*°(£2) functions with van-
ishing trace on 9 in V*(Q) N H{(€2), see [7, Proposition 3.2 and Theorem 4.1],

the density assumption for b is justified, provided that the weight vector ol
satisfies (2.19).

Corollary 3.4 Assume (3.5) and that the weight vector v satisfies (2.19)
and (2.36). Then, we have for the above sequence of spaces

Jim || (w =, b = by, p— pn) |, = 0.

In two dimensions, the same result holds for weights v satisfying o < 7 <1,
with 6% given in (2.21).

Theorem 3.3 ensures convergence of the finite element approximation in non-
convex polyhedra as h — 0, provided that the weight vector is properly chosen.
The choice 7. = 0 and 7, = 0 for all ¢ € C and e € £ (no weighted regulariza-
tion), for example, does not lead to convergent FEM solutions in non-convex
polygons. This is due to the fact that, without weighted regularization, the
space H.,(€) is known to be a closed subspace of X () and the strongest
magnetic singularities lie in the complement X, (Q) \ H,(Q); see [7]. Hence, it
is impossible to correctly capture the magnetic fields. This behavior is clearly
confirmed in our numerical results in Section 4, demonstrating that weighted
regularization is indispensable in non-convex domains.

3.2 Convergence Rates for Hood-Taylor Elements

In this section, we present a specific finite element family based on Hood-
Taylor elements for the unknowns u and p, and discuss the corresponding
convergence rates.

To this end, let 7, = {K} be a regular and shape-regular partition of
into hexahedral elements {K}. We assume that each element K is affinely
equivalent to the reference cube K = (0,1)?. We denote by hy the diameter
of element K and set h = maxgeg, {hx}. For an approximation order k > 2,
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we introduce the following finite element spaces

Vh = {veH}(Q)? | vik € QUK), VK € Tp},
X0 = {ce Hy(Q) | qx € QUK), VK € Tp}, (3.10)
L' = {ge H'(Q)NL(Q) | gk € Qra(K), VK €T}

Here, Qr(K) denotes the space of polynomials of degree < k in each variable
on K. The velocity-pressure pair V" x L" is referred to as ”Hood-Taylor”
elements. It is well-known that the spaces V" and L" satisfy the discrete inf-
sup condition in (3.1); see [4].

For this family, let us discuss the convergence rates that can be expected
from Theorem 3.3. We first consider the case of a smooth solution (u, b, p).
Standard approximation properties then give straightforwardly the following
optimal convergence rates.

Corollary 3.5 Let the exact solution (u,b,p) of (2.1)-(2.6) satisfy
(u,b,p) € H"(Q)? x HH(Q)3 x H*(Q).
Under the assumptions of Theorem 3.3, there holds

| (w—up,b—=Du,p—pu)l, < Chk(||u||H’“+1(Q) + [[bllgr+1) + Il ar@))
with a constant C > 0 independent of the mesh-size h.

Next, we show that positive convergence rates are still possible for solutions
that exhibit singularities at the corners of the domain €2. To this end, we
consider a model situation where we assume that the exact solution (u, b, p)
can be decomposed into a regular and a singular part, according to

(u’ b7 p) — (ureg’ breg’ preg) + (using’ bsing’ psing).

Such decompositions can be found in, e.g., [9,21,19,6,7] in the context of
the Navier-Stokes equations, linearizations thereof, and Maxwell’s equations.
Analogous results then hold for linear MHD problems, as the one considered
in Section 4 below. However, for the nonlinear MHD problems under consider-
ation, decompositions of the above type do not seem to be available in detail.
Thus, here we assume that the regular part is smooth and satisfies

w e HAQ)P, b e HAQ)?,  pee HY(Q).

It is then clear that there is an interpolant (v'®8, ¢ ¢™¢) € V" x X,’Y‘ x L so
that -
m (uI‘Og _ .V.I‘Og7 bng _ (.:I‘Og7 pI‘Og _ qI‘Og) ml S Ch.

The part (u*"8, bsi"e psing) consists of the singular functions. These functions
have a low global regularity, but are typically smooth in the interior of the
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domain. This behavior can be described best in terms of the following limits
of weighted spaces

@)= N N 1)

We then assume that the velocity-pressure singularities belong to
uE e K35 (QPNHNQ)®,  pE e K (Q),

Note that u*"e ¢ H2(Q)3 and p*¢ ¢ H'(Q). With arguments similar to those
in, e. g., [26] and the references therein, an interpolant (v"¢, ¢5n¢) € V" x [P
can be constructed such that

||using _ VSingHHl(Q) + ”psing _ qsing||L2(Q) S Chn,
for an exponent 71 > 0 depending on ¢4,

Concerning the magnetic field b¥"8, we assume, in agreement with [6,7], that
it consists of Neumann singularities of the Laplace operator and singularities
that are gradients of Dirichlet singularities of the Laplacian. That is,

b =by+Vy, by € Kgu ,(Q)’NH (Q), € K o (NH ().
(3.11)
Here, similarly to (2.16)—(2.17), §™" are the minimal singularity exponents

for the Laplacian with Neumann boundary conditions; see [7, Section 6]. Note
that bsine & H(Q)3.

As in [7, Section 7 and Section 8], it is possible to construct an approximation
csing ¢ Xff such that

||bsing - csingHX“/ S Ch’TQ’

for a parameter 75 € (0, 1), provided that we have k > k for a sufficiently large
threshold value ky. The restrictions on the polynomial degree k are due to the
proof in [7, Section 7] where it is necessary to construct H?-conforming inter-
polants of the gradient components of the magnetic singularities. However, our

numerical results in two dimensions indicate that positive convergence rates
are already achieved for k£ > 2 on rectangular grids.

In the model situation described above, we have the following result.

Corollary 3.6 Under the above assumptions and those in Theorem 3.3, there
holds

I (@ —wpb —by,p—py)[l, < ChmRY
The constant C' > 0 is independent of the mesh-size h.

Similar convergence results are obtained in the two-dimensional case.
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4 Numerical Results

In this section, we present several numerical experiments for the linear two-
dimensional Oseen-type MHD problem

—R'Au+ (w-V)u+Vp+Sdxcurlb=f  inQCR? (4.
RS curl(curlb) — Scurl(u xd) = g in €, (4.
divu=0 in €, (4.

divb =0 in Q, (4.

N N
S— N N N

where d is a given smooth magnetic field and w a smooth flow field. Problems
of this type arise in each step of the Picard iteration in Remark 3.2. On non-
convex domains, problem (4.1)—(4.4) already exhibits magnetic singularities
with regularity below H'()2. Hence, it is well suited to test the performance
of the proposed finite element method.

We approximate (4.1)—(4.4) using the two-dimensional analogue of the Taylor-
Hood family (3.10) on square meshes. Our implementation is based on the
finite element library deal.II; see [3,2]. It provides powerful C** classes for
handling meshes and degrees of freedom, and for solving the resulting linear
systems of equations. In our experiments, we have solved these systems by
BICGSTAB, using a simple Jacobi preconditioner. While this worked well in
our examples, we point out that the systematic design and analysis of effi-
cient solvers for the weighted regularization approach proposed in this paper
remain open issues. For comprehensive discussions of efficient preconditioning
and solution techniques for incompressible Navier-Stokes discretizations in the
absence of electro-magnetic effects, we refer the reader to, e.g., [11,10,28] and
the references therein.
Ay
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Fig. 1. L-shaped domain ).

Throughout, we consider the L-shaped domain Q with opening angle 37 /2
shown in Figure 1. We always set R, = R,, = S = 1 in (4.1)-(4.4), and
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prescribe the right-hand sides f, g, as well as the field d and w. Furthermore,
we allow for non-homogeneous Dirichlet boundary conditions for u and b-t on
the boundary 02 of €. These conditions are taken into account in the usual
fashion by interpolating the boundary data at the corresponding nodal degrees
of freedom. We always take D = 1 and choose the weight function w., in the
bilinear form a,, as w,(x) = |[x|7, with a parameter 0 < v < 1 that we are
varying in our experiments. We point out that, for the linear MHD problem
n (4.1)—(4.4), the theoretical results of the previous sections hold without any
restrictions on 7.

4.1 Smooth Solution

In our first experiment, we validate the a priori error bounds in Corollary 3.5
for a smooth solution. We solve the problem (4.1)—(4.4) with w =d = (1, 1),
and with f, g and the boundary data chosen so that the exact solution
(u,b,p) = (uy, us, by, by, p) is given by

uy (1, T9) = —e(wy cos (z2) + sin (x9)),

(x1,m9) = €° 932 sin (x3),
bi(z1,22) = —e™ (xgcos (23) + sin (z2)), (4.5)
b ( ) = €"txgsin (x9),

( )

p(T1, T2

L1, L2
= 2€"! sin (23).

Note that u, b, and the corresponding right-hand side g are solenoidal.

We compute finite element approximations to this MHD solution using two-
dimensional Q3 — Q3 — @Q; Hood-Taylor elements on a sequence of successively
refined square meshes {7;};>1, referring to the index i as cycle i. The number
of elements in the mesh 7; is proportional to 2%; the mesh-size h; of 7; is
thus proportional to 27% If e; denotes the error in some component of the
approximation on cycle ¢ (in a suitable norm), the corresponding numerical
rate of convergence is given by

. log(e;/e;_1)
! log(hl/hl_l) )

In Table 1 and Table 2, we show the errors in the indicated norms for the
hydrodynamic variables (u, p) and the magnetic field b, respectively, obtained
with exponents v =0, v = 0.5, and v = 1. We also list the number of degrees
of freedom (dofs) for each of the solution components. For all choices of ~,
the rates in the H'-error in u, the L*-error in p, and in the X, -error in b are
of order two, in full agreement with the results of Corollary 3.5. As can be
expected, the convergence rates in the L?-errors of u and b are of one order
higher and of optimal third order. The difference in the results with respect
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to the different values of v is minimal and almost negligible, indicating that
the weighted regularization term has no influence on the performance of the
proposed method if the solution is smooth.

v | cycle | dofs in u/p | L2-errorinu | H'-error in u L?-error in p
1 130/21 5.77e-03 - 7.33e-02 - 3.06e-02 -
2 450/65 7.07e-04 | 3.03 | 1.82e-02 | 2.01 | 8.02e-03 | 1.93
0 3 1666/225 | 8.70e-05 | 3.01 | 4.55e-03 | 2.00 | 2.13e-03 | 1.91
4 6402/833 | 1.10e-05 | 3.00 | 1.15e-03 | 2.00 | 5.50e-04 | 1.96
5 25090/3201 | 1.37e-06 | 3.00 | 2.84e-04 | 2.00 | 1.40e-04 | 1.98
1 130/21 5.79e-03 - 7.32e-02 - 3.34e-02 -
2 450/65 7.08e-04 | 3.03 | 1.82e-02 | 2.01 | 8.49e-03 | 1.98
0.5 3 1666/225 | 8.79e-05 | 3.01 | 4.55e-03 | 2.00 | 2.19e-03 | 1.95
4 6402/833 | 1.10e-05 | 3.00 | 1.14e-03 | 2.00 | 5.55e-04 | 1.98
5 25090/3201 | 1.37e-06 | 3.00 | 2.84e-04 | 2.00 | 1.40e-04 | 1.99
1 130/21 5.77e-03 - 7.33e-02 - 3.05e-02 -
2 450/65 7.07e-04 | 3.03 | 1.82e-02 | 2.01 | 8.02e-03 | 1.93
1 3 1666/225 | 8.79e-05 | 3.01 | 4.55e-03 | 2.00 | 2.14e-03 | 1.91
4 6402/833 | 1.10e-05 | 3.00 | 1.14e-03 | 2.00 | 5.50e-04 | 1.96
5 25090/3201 | 1.37e-06 | 3.00 | 2.85e-04 | 2.00 | 1.39¢e-04 | 2.00
Table 1

Smooth solution: Errors and convergence rates in (u, p).

4.2 Non-Smooth Solution

Next, we consider the MHD problem (4.1)—(4.4) where all the solution com-
ponents have corner singularities at the origin. We set again w = d = (1, 1),
and choose the data so that the magnetic field b is given by the strongest
singularity of the curl-curl operator for the L-shaped domain in Figure 1,
namely

b(x) = V(r*3sin (2¢/3)), (4.6)

with (r, ¢) denoting the standard polar coordinates. Evidently, curl b = 0 and
divb = 0. We also point out that b ¢ H*(2)2. The hydrodynamic pair (u, p)
is taken to be the strongest corner singularity of the Stokes operator for the
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v | cycle | dofsin b | L2-error in b Xq-error in b
1 130 5.69e-03 | - | 7.10e-02 | -
2 450 7.04e-04 | 3.01 | 1.81e-02 | 1.99
0 3 1666 8.79e-05 | 3.00 | 4.53e-03 | 2.00
4 6402 1.10e-05 | 3.00 | 1.13e-03 | 2.00
5 25090 | 1.49e-06 | 2.89 | 2.84e-04 | 2.00
1 130 5.89e-03 | - | 7.14e-02 | -
2 450 7.23e-04 | 3.03 | 1.79¢e-02 | 1.99
0.5 3 1666 8.92e-05 | 3.02 | 4.51e-03 | 1.99
4 6402 1.11e-05 | 3.01 | 1.13e-03 | 2.00
5 25090 | 1.38e-06 | 3.01 | 2.83e-04 | 2.00
1 130 5.89e-03 | - | 7.14e-02 | -
2 450 7.23e-04 | 3.03 | 1.79¢e-02 | 1.99
1 3 1666 8.92e-05 | 3.02 | 4.51e-03 | 1.99
4 6402 1.11e-05 | 3.01 | 1.13e-03 | 2.00
5 25090 | 1.89e-06 | 2.55 | 2.83e-04 | 2.00

Table 2

Smooth solution: Errors and convergence rates in b.

L-shaped domain in Figure 1. This singularity is given by
ur(1, w2) =1 ((1+ A) sin(0)1(¢) + cos(¢)¥'(9))
ug (21, 29) =7 (—(1+ \) cos(¢

=T+ NP (9) + 9" (9)/(1 = N),

p(x17 x2)

with

U(9) + sin(¢)y'(¢)),

P(p) = sin((1 4+ N)¢) cos(Aw)/(1 4+ A) — cos((1 + A)o)

—sin((1 — X)¢) cos(Aw) /(1 — A) + cos((1 — A)¢).

The exponent A is the smallest positive solution of sin(A37/2) + Asin(37/2) =
0, which is A\ & 0.54448373678246. Note that u is solenoidal, and that (u,p) €
H*(Q)2 x H(2). We consider the same sequence of meshes as in Section 4.1.

The performance of the proposed method is shown in Table 3 and Table 4;
it now strongly depends on the choice of the exponent +. The choice v = 0
(no regularization) does not lead to convergent FEM solutions and the errors
in the field b do not decrease at all. This is due to the fact that for v = 0
the space H,(2) is known to be a closed subspace of X, () and that the

29



singular solution (4.6) lies in the complement X, (2) \ H,(£2); see [7]. Hence,
for v = 0 it is impossible to correctly capture the singular magnetic field. The
tables clearly show convergence of the method for v = 0.5 and v = 1 when
the weighted regularization is switched on, hereby confirming the results of
Corollary 3.4 and Corollary 3.6. The convergence rates in the H'-norm for u
and the L2-norm for p are of the expected order A\. The L2-norm in u converges
with twice that order. In contrast to the restrictions on the polynomial degree
in the theoretical results, good convergence rates for b are already obtained
for quadratic elements. For v close to one, this order is close to the order 2/3;
cf. the discussion in [7].

We point out that the errors are only slightly better with increased approx-
imation order k, and that the rates remain comparable. In all our tests we
started to observe convergence as soon as vy > 1/3, the lower critical bound
in (2.21) that is required for convergence. However, the best results in the
X.-norm and L?-norm were always obtained with the upper bound v = 1.

It is evident that the weighted regularization term is needed to correctly cap-
ture the singular behavior of the solution.

v | cycle | dofs in u/p | LZ-error in u H'-error in u L?-error in p
1 130/21 1.54e-01 - 1.55e+00 - 2.71e+00 -
2 450/65 6.55e-02 | 1.23 | 1.11e400 | 0.49 | 1.50e4-00 | 0.85
0 3 1666/225 | 2.89¢-02 | 1.18 | 7.65e-01 | 0.53 | 1.12e+00 | 0.43
4 6402/833 | 1.52e-02 | 0.92 | 5.27e-01 | 0.54 | 9.25e-01 | 0.27
5 25090/3201 | 1.02e-02 | 0.57 | 3.62e-01 | 0.54 | 8.34e-01 | 0.15
1 130/21 1.51e-01 - 1.55e+00 - 2.84e+00 -
2 450/65 6.31e-02 | 1.26 | 1.09e4-00 | 0.49 | 1.51e400 | 0.90
0.5 3 1666/225 | 2.60e-02 | 1.28 | 7.58e-01 | 0.53 | 1.01e+00 | 0.58
4 6402/833 | 1.15e-02 | 1.18 | 5.21e-01 | 0.54 | 6.97e-01 | 0.54
5 25090/3201 | 5.63e-03 | 1.03 | 3.58¢-01 | 0.54 | 4.90e-01 | 0.51
1 130/21 1.49e-01 - 1.53e+00 - 2.95e+00 -
2 450/65 6.15e-02 | 1.28 | 1.00e+00 | 0.49 | 1.58e+00 | 0.90
1 3 1666/225 | 2.46e-02 | 1.32 | 7.53e-01 | 0.53 | 1.04e+00 | 0.61
4 6402/833 | 1.01e-02 | 1.28 | 5.19¢-01 | 0.54 | 6.96e-01 | 0.57
5 25090/3201 | 4.34e-03 | 1.22 | 3.56e-01 | 0.54 | 4.73e-01 | 0.56
Table 3

Non-smooth solution: Errors and convergence rates in (u, p).

30



v | cycle | dofsin b | L?-error in b X,-error in b
1 130 7.31e-01 - 1.06e+00 | -
2 450 7.07e-01 | 0.05 | 1.04e+00 | 0.03
0 3 1666 6.96e-01 | 0.02 | 1.04e+00 | 0.01
4 6402 6.90e-01 | 0.01 | 1.03e+00 | 0.01
5 25090 | 6.86e-01 | 0.01 | 1.03e+00 | 0.00
1 130 5.00e-01 - 8.34e-01 -
2 450 4.08e-01 | 0.29 | 7.37e-01 | 0.18
0.5 3 1666 3.37e-01 | 0.28 | 6.61e-01 | 0.16
4 6402 2.79e-01 | 0.27 | 5.95e-01 | 0.15
5 25090 | 2.30e-01 | 0.28 | 5.36e-01 | 0.15
1 130 4.30e-01 - 5.88e-01 -
2 450 3.35e-01 | 0.36 | 4.16e-01 | 0.50
1 3 1666 2.56e-01 | 0.39 | 2.93e-01 | 0.51
4 6402 1.85e-01 | 0.47 | 1.97e-01 | 0.57
5 25090 1.26e-01 | 0.56 | 1.28e-01 | 0.62

Table 4
Non-smooth solution: Errors and convergence rates in b.

5 Conclusions

In this paper, we have introduced and analyzed a new finite element method
for incompressible MHD problems in polygonal and polyhedral domains. The
method employs nodal elements for the discretization of the magnetic fields
and standard inf-sup elements for the hydrodynamic variables. In order to ac-
count for singular solution behavior, the magnetic bilinear form has been mod-
ified using the weighted regularization technique recently developed in [7]. The
analysis in this paper shows that this approach leads to convergent schemes in
non-convex domains. Our two-dimensional numerical results on an L-shaped
domain confirm that the weighted regularization approach is indispensable

for the numerical resolution of singular solution components in the magnetic
fields.

We finally point out that this paper is mainly concerned with the discretization
of the elliptic operator underlying the MHD problems under consideration. For
strongly convection-dominated problems, additional stabilization techniques
might be necessary to ensure the robustness of the schemes; see, e.g., [13] and
the references therein.
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