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ABSTRACT. We analyze a local discontinuous Galerkin (LDG) method for
fourth-order time-dependent problems. Optimal error estimates are obtained
in one dimension and in multi-dimensions for Cartesian and triangular meshes.
We extend the analysis to higher even-order equations and the linearized Cahn-
Hilliard type equations. Numerical experiments are displayed to verify the
theoretical results.

1. INTRODUCTION

In recent years, many finite element methods have been applied and analyzed for
solving fourth-order problems, which have broad applications, such as the modeling
of thin beams and plates, strain gradient elasticity, and phase separation in binary
mixtures.

For fourth-order elliptic problems, mixed finite element methods introduced by
Ciarlet and Raviart [6, 21, 22, 15], Hellan-Herrmann-Johnson (HHJ) mixed finite
element method [1, 10, 23], and interior penalty methods [2, 19, 24, 20, 14, 4] have
been studied, and optimal error estimates have been obtained.

Finite element methods have also been analyzed for fourth-order time-dependent
problems. In [13], Elliott and Zheng applied a conforming finite element method
to the Cahn-Hilliard equation, and optimal error estimates were obtained in L2
and L°° norms under the assumptions that the approximate solution is bounded
in L* and the polynomial degree k& > 3. In [11], Elliott and French applied a
nonconforming finite element method based on the Morley nonconforming finite
element to the Cahn-Hilliard equation, and they showed optimal error estimates
in H! and L* norms when piecewise quadratic polynomials are used. In [17], the
lowest order Ciarlet-Raviart mixed finite element method was applied to the Cahn-
Hilliard equation on quasi-uniform triangular meshes, and optimal error estimate
was obtained. In [18], Li analyzed a mixed finite element methods for a fourth-
order time-dependent equation on quasi-uniform rectangular meshes, and showed
optimal estimates for the primary variable and its Laplacian. In [12], a semi-discrete
splitting finite element method using piecewise linear polynomials was proposed,
and second order accuracy was proved for triangular and rectangular meshes under
the assumption that the approximate solution is bounded in L*°. In [29], interior
penalty methods was applied to the Cahn-Hilliard equation, and error estimate of
order k£ — 1 for piecewise polynomial of degree k was shown in the energy norm. In
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[16], a variant of Baker’s discontinuous Galerkin (DG) method was applied to the
Cahn-Hilliard equation and optimal error estimates were proved for k > 3.

The LDG method was introduced by Cockburn and Shu in [9] for time-dependent
convection-diffusion systems. One of its features is to first rewrite a higher order
differential equation into a system with first order equations, and then to apply the
DG method to the first order system. Through the design of suitable numerical
fluxes (traces) for the first order system, the LDG method has been successful in
handling equations with high-order derivatives. In [28], Yan and Shu developed an
LDG method for fourth-order time-dependent problems, and the L2-stability was
proved. The LDG method was also applied to the nonlinear Cahn-Hilliard type
equations and systems, and energy stability was shown; see [26]. In [28] and [26],
although no error estimates were obtained, numerical experiments show that the
approximations converge with the optimal rate.

In this paper, we carry out the error analysis of the LDG method for fourth-order
time-dependent problems in one-dimensional and multidimensional spaces. For the
sake of simplicity and easy presentation, we restrict ourselves mainly to the model
problem

(1.1a) ug 4+ N = f in Qx (0,7T),
with a periodic boundary condition and the initial condition
(11b) u|t:0 = uq,

where O C R? (d > 1) is a bounded domain. We discuss more general cases in
Section 4.

We analyze the LDG method and obtain optimal error estimates in two different
ways. In one dimension, what we do is not simply applying the energy argument
used in [27] for KdV type equations, because this can only give us a sub-optimal
error estimate. The novelty of our analysis is that we make the energy norm
contain both u and its three derivatives. Then we eliminate many inter-element
boundary terms by carefully choosing projections, which allows us to get an optimal
error estimate for . Similar arguments are applied to multidimensional Cartesian
meshes and to higher even-order equations.

For multidimensional triangular meshes, the above argument gives us only a sub-
optimal error estimate because we cannot eliminate the inter-element boundary
terms that affect the convergence rate by using known projections. To get an
optimal error estimate, we use a technique that is standard for parabolic problems,
which makes use of the so-called elliptic projection; see [25, 13, 11, 17, 16]. We
first prove an optimal convergence result of the LDG method for the corresponding
elliptic problem, and then apply it to show the optimal error estimate of the time-
dependent problem. Since the linearized Cahn-Hilliard equations are very similar to
the model problem (1.1) except that there is a lower order term and the boundary
condition is not periodic, we easily extend the analysis to the linearized Cahn-
Hilliard equations and get optimal error estimates.

The paper is organized as follows. In Section 2, we define the LDG method for
the fourth-order time-dependent problems, show the cell entropy inequality and the
L2-stability, and state the a priori error estimates. The error estimates are proved
in Section 3. Then we extend the error estimates to higher even-order equations
and the linearized Cahn-Hilliard type equations in Section 4. In Section 5, we
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display numerical experiments validating the theoretical results. We end with some
concluding remarks in Section 6. In the Appendix, we prove the error estimates for
the biharmonic problem, which we need to use in Section 3.

2. THE METHOD AND THE MAIN RESULTS

2.1. The LDG method for fourth-order time-dependent problems. Before
we introduce the LDG method, we rewrite the fourth-order equation (1.1) into a
system of first-order equations

(2.2a) qg=Vu in Q,
(2.2b) z=V-q in Q,
(2.2¢) oc=Vz in Q,
(2.2d) f=w+V-0 inQ.

where u, q, z, o are periodic functions on Q.

In order to define the LDG methods for the problem (2.2), let us introduce
some notation. We denote by ) = {K} a partition of the domain © and set
oy, = {0K : K € Q}. For example, in the one-dimensional case, K is a sub-
interval; in the two-dimensional case, K is a shape-regular triangle for triangular
meshes, or a shape-regular rectangle for Cartesian meshes. The finite element spaces
associated with the mesh €, are of the form

Vi={ve L*Q) : v|x e V(K) VK € Q},
Wy ={w e L*(Q) : w|x e W(K) VK € Q},

where V(K) and W(K) are local spaces on the element K. For one-dimensional
meshes and multidimensional triangular meshes, we let V (K) = P*(K) and W(K) =
P*(K), where P¥(K) is the space of polynomials of degree at most k& > 0 defined
on K, and P¥(K) := [P*(K)]?. For multidimensional Cartesian meshes, we let
V(K) = Qk(K) and W (K) = Q*(K), where Q*(K) is the space of tensor product
of polynomials of degrees at most k in each variable and Q" (K) := [Q* (K)]%.

The LDG methods seek an approximation (o p, zn, g, ur) to the exact solution
(o, 2,q,u), in a finite dimensional space V', x W), x V), x W}, and determines it by
requiring that on each K € Q,

(2.3a) (@nv)k + (un, V- v)k — (Un, v - n)ox =0,
(2.3b) (zh,w)K + (@5, VW) K — (@), - 1, w)ax =0,
(2.3¢) (on, )k + (20, V- p)x — (Zn, p - M)ox =0,
(2.3d) (une: M = (@n, V) x +(an -1, mox =(f, 1)k,

for all (p,n,v,w) € Vi, x Wi, x V', x Wj,. Here, the outward normal unit vector to
0K is denoted by n, and we have used the notation

(.00 = [ p@)-v(@)do.
(n,w)k :z/Kn(x) w(z) dx,

(2.4) (0 - Yox = /d 1) e) - ndy.
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for any functions p,v in H*(Q,) := [HY(Q,)]? and n,w in H'(Q), where the
broken Sobolev space H'(},) is the space of functions that are are elementwise in
the H' Sobolev space. Note that in the integral in (2.4), if  or v is not single-valued
on inter-element faces, we take its value on K and restrict on 0K.

To complete the definition of the LDG methods, we need to define the numerical
traces (also called numerical fluxes) up,q,,, 2, and 6. To do that, we need to
introduce some notation. We associate to this partition 2 the set of all faces &,.
In the one-dimensional case, we define

wE(z) = 1iﬁ)1w(x te) Vredé,.
In multidimensional case, let e be a face shared by elements K1 and Ko, and define

the unit normal vectors n; and ns on e pointing exterior to K1 and Ko, respectively.
The average and the jump of a scalar-valued function ¢ on e € &}, are given by

¢k = %(Cl + (2), [Cn] := (in1 + (oo,

where (; := (|sak,. For a vector-valued function o, we define o1 and o5 analogously
and set

1
{o} ::5(0'1—1—02), [o-n]:=01-n1+03 12 one € &.
Let vg be an arbitrarily chosen but fixed nonzero vector, and we define

Wt = fu£8- wn]
where 3 is any function on &} such that, for x € 0K N &,

1.
B -nkg(x)= 5sign (vo(a:) . nK(w))
The numerical traces (&, Zn, gy, tn) are defined on inter-element faces as the
alternating fluxes
(25) ah :U;7 Zl\h =q

Note that we can also choose

ah :uZa ah = q}t7 Eh = 2:7 a.h = 0'}:
On the boundary of ), the numerical traces are chosen to satisfy the periodic
boundary condition. For example, in one dimension, we set = (a,b). Then

Un(a) = un(b) = u; (b), qnla) = qu(b) = g; (a),
Zn(a) = Zn(b) = 2, (b), n(a) =an(b) = o} (a).
In multidimensional space, numerical traces are defined similarly.

2.2. Cell entropy inequality and L?-stability. In [28], the cell entropy inequal-
ity and the L2-stability of the LDG method for the fourth-order time-dependent
problem was proved for the one-dimensional case. Here we show the cell entropy
inequality and the L2-stability for multidimensional case in a similar way.

Theorem 2.1. (Cell entropy inequality) Suppose f = 0. On each K € Q, there
exist numerical entropy flures Hoy such that the solution given by the LDG method
defined by (2.3) and (2.5) satisfies

1d

- — uidm—i—HaK(uh,a'h)—HaK(zh,qh) <0,
24t Jx
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where
Hyg(w,v) = (0,v-n)ox + (0 -n,w)gx — (v-n,w)gx  Yw € Wp,v € V.
Proof. Suppose f = 0. Adding equations (2.3b)-(2.3d) and then subtracting the
equation (2.3a), we get the identity
(2.6) (unes )k + Br (un, @y 20, 0031, v, 0, p) =0,
for any (n,v,w, p) € Wi X Vj, x Wj, x V1, where
Bk (un, @y, 2n, 0n3 1, 0,0, p)
=(on, P)k + (2n,w)k — (@1, V) K
— (o Vg + (20, V- p)k + (qn, Vw)k — (un, V- v)k
+(@n-n,mox — (Zn, p-M)orx — (@) M, w)ox + (Un, v - N)oK.
Taking (7, v,w, p) = (un, oh, 21, q;,) and using integration by parts, we get
Bg (un, @y, 2h, Ony Uhy Ohs 20, 4y) = (20, 20) k + Hox (un, on) — Hor (2n,qp,)-

Hence, from (2.6) we get

1d
(2.7) 3d / upde + (zn, 2n) Kk + Hox (un, on) — Hox (21, 4y) = 0,
K
which implies the cell entropy inequality. (]

Using the definition of the numerical traces (2.5), we get the following property
of the numerical entropy flux Hyk (w,v).

Lemma 2.2. Suppose e is an inter-element face shared by the elements K1 and
Ko, then

H@Klﬁe(u}; ’U) + H@Kzﬂe(u}; ’U) =0,
for any w € Wy, and v € V. Moreover, we have

Z HaK(w,v) =0.

KeQy,
Using Theorem 2.1 and Lemma 2.2, we immediately get the L?-stability result.
Theorem 2.3. (L?-stability) Suppose that f = 0. The solution given by the LDG

methods defined by (2.3) and (2.5) satisfies

d 2
—_ <
7 /h uj (z,t)dx <0,

2.3. A priori error estimates. In this subsection, we obtain a priori error esti-
mates for the approximation (o, zn, q;,, un) € Vi X Wy, x Vi, x W), given by the
LDG methods. To state them, we need to introduce some norms.

For any real-valued function n in H'(Q), we set

1
Il = (D2 I lEna)*
KeQy,
For a vector-valued function p = (071,...,04) € H'(Q) we set

1

d
[ p”H‘(Q;L) = (Z | oi |\12Hl(szh))2~
i=1
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For each K € )}, we denote hx the diameter of K, and we set h = maxxeq, hx-
The errors in the approximation of u, q, z and o are given in the following the-
orem.

Theorem 2.4. For one-dimensional meshes or multidimensional Cartesian meshes,
if (u,q,z,0) and (un, qy,, zn, o) are solutions to (2.2) and (2.3), respectively, then
for T >0, we have

() = un(T)llaen) + lalT) = (D20, <C -4,
T
|1z =l + o = onllza,) de <C RS
0

where Cis a constant independent of h and dependent on |[ul| grraq, ), |u(T)| mr+s,),
1w (O)| rxts(anys Nlwell mrts(q,) and T

If we use similar analysis for multi-dimensional triangular meshes instead of
Cartesian meshes, we get the following sub-optimal convergence result.

Theorem 2.5. For multi-dimensional triangular meshes, if (u, q, z, o) and (up, @y, 2h, On)
are solutions to (2.2) and (2.3), respectively, then for T > 0, we have

u(T) = un(T)| 22y + 19(T) — @ (T)| L2 (02, <C h*,
T
(A(W—fﬂmmm+ﬂa—aﬂﬁmmﬁﬁﬁcm-

where C is a constant independent of h and dependent on |ul| gr+a(q,), |u(T)|| gr+2(a,)s
H’U,tHHk+2(Qh) and T.

The error estimates in Theorem 2.5 are not optimal, because in the proof there
are some boundary terms that we can not eliminate by choosing projections on
triangular meshes. However, we can improve the estimates for £ > 1 by imposing
some regularity assumption.

To get optimal convergence result for fourth-order time-dependent problems on
multi-dimensional triangular meshes, we consider the following biharmonic prob-
lem:

(2.8a) P =V in Q,
(2.8b) E=V-y inQ,
(2.8¢) ¢ =V¢ in €,
(2.8d) n=V-¢ inQ,

with periodic boundary conditions. To make the problem well-defined, we assume
that the average of ¢ on () is a given constant and that of 7 is zero.

If we assume the following elliptic regularity result (see e.g. [3])
(2.9) ¢l @) 1€ a2 + 1 20 + 1@ [H30) < Cer [ n]l22(0)
we can improve the error estimates in Theorem 2.5 to get an optimal convergence
result.

Theorem 2.6. Under the same assumption as in Theorem 2.5, if we further assume
the regularity (2.9) for the elliptic problem (2.8), then we have

HU’(T) - uh(T)||L2(Qh) S Cthrl.
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or k > 1, where C' is a constant independent of h and dependent on ||uo|| gr+4(q, ),
()
lu(D)mr+acay)- lluellmea,), Cer and T

Remark: The proof of Theorem 2.6 does not work for the case k = 0. In the
numerical experiments, we see that the method is not convergent for the piecewise
constant case.

3. PROOF OF THE ERROR ESTIMATES

In this section, we prove the error estimates stated in the previous section. In
subsection 3.1, we introduce some projections and inequalities that we are going
to use in our analysis. In subsection 3.2, we prove Theorem 2.4 and Theorem
2.5, the optimal estimates for one-dimensional meshes and multidimensional Carte-
sian meshes, and the sub-optimal error estimates for multi-dimensional triangular
meshes. To get the optimal convergence result for multi-dimensional triangular
meshes in Theorem 2.6, we introduce a corresponding biharmonic problem in sub-
section 3.3. Then in subsection 3.4, we use the error estimate of the elliptic problem
to get an optimal error estimate for the time-dependent problem.

3.1. Projections and inequalities. Before we introduce the projections that are
defined on different types of meshes, first let us define the commonly used L2-
projection P*: Given a function € L?(Q;,) and an arbitrary simplex K € €2, the
restriction of P‘n to K is defined as the element of P‘(K) that satisfies

(3.10) (P —n,w)kx =0 Vw e PYK).
To simplify the notation, we are going to denote P* as P.

3.1.1. Projections in one-dimensional space. In one dimension, we use the special
projections

PE: H' (Qn) — Wi,
which are defined as the following. Given a function n € H*(,) and an arbitrary
subinterval K; = (x;_1,;), the restriction of P*7 to K are defined as the elements
of P¥(K;) that satisfy
(P*n—n,w)k, =0 YweP"Y(K;), and PYy(z;_1) =n(w;-1),
(P n—nuw)k, =0 Vwe iPk_l(Kj), and P7n(z;) = n(z;).
For k = 0, we use P~1(K;) = {0}. For more details, see [5].

(3.11)

3.1.2. Projection for Cartesian meshes. For Cartesian meshes in multidimensional
space, we use projections that are tensor products of the projections in one di-
mension; see [8]. For example, on a two-dimensional rectangle element I ® J =
[i—1,x:) X [yj—1,y;], we take vg = (1,1). The projections P~ for scalar functions
are defined as

(3.12) P~ =P, ®P,,

where the subscripts x and y indicate that the one-dimensional projections defined
by (3.11) are applied with respect to the corresponding variable.

The projections M* for vector-valued functions p = (p1(x,y), p2(z,y)) are de-
fined as

(3.13) N p = (P ®Pyp1,Pe @ P pa),
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where Pl and P} are the one-dimensional projections defined by (3.11). It is easy
to see that, for any p € [H(Q1)]?, the restriction of M p to I ® J are the elements
of [Q%(I ® J))? that satisfy

//(I’I*p — p)Vwdydx = 0,
1J7

for any w € Q¥(I ® J), and
/J (M (i 1,9) — plai1,9)) - nw(a? 1L y)dy =0 Vwe QI ®.J),

/I (M*p(z,y;-1) — p(z,yj-1)) 'nw(x,y;f_l)dx =0 YweQ*I®J).

3.1.3. Projection for triangular meshes. For triangular meshes in multidimensional
space, we use the L2-projection P! for scalar-valued functions and a projection M+
[7] for vector-valued functions.

The projection M is defined as: Given a function p € H*(Q), an arbitrary
simplex K € €, and an arbitrary edge ¢ € 0K that satisfies vg - nz < 0, the
restriction of M*p to K is defined as the element of P*(K) that satisfies

(3.14a) (Mtp—pv)g =0 VYoeP" YK), ifk>1,
(3.14b) (Mtp—p) - n,w)e=0 Vw € PF(e) and Ve € 0K, e # é.
3.1.4. Approximation property of projections and some inequalities. The projec-

tions defined in above subsections have the following approximation property; see
[5, 8, 7].

Lemma 3.1. Let P be the projection defined by (3.10), (3.11) or (3.12). Then for
any n € H*1(Q),

1Pn = nll 2, + 2Py — nllL2s,) < CRF! 71l 41 (2, )

where C' is independent of h.
Let II be the projections defined by (3.13) or (3.14). Then for any p € [H*1(Q)],

ITp — pllL2(,) + B2ITp = pllL2s,) < CH*Hpllre(ay),
where C' is independent of h.

In the proofs of the error estimates, we are going to use the following inverse and
trace inequalities.

Lemma 3.2. For any v € P*(K) and w € P¥(K) there exist positive constants C
such that

v nH%Q(e) < Chi}leHi?(K)’
wlZ2(e) < ChillwllZ2(se),
IVwlizxy < ChlllwllZe(sey;

where e is an face of K, and C is independent of the mesh size h.
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Lemma 3.3. For any p € H*(K) and n € H'(K) there exist positive constants C
such that

lp- nH%Q(e) < C||p||L2(K)||p||H1(K)a
H77H%2(e) < C||77||L2(K)H77HH1(K),
where e is an face of K, and C is independent of the mesh size h.

3.2. Proofs of Theorem 2.4 and Theorem 2.5. First, let us introduce some
notation. We set

(pav)ﬂh = Z (pvv)Kv

KeQy

(n7w)Qh - Z (777W)K7

KeQy,

(n,v-m)oq, = Z (n,v-mox,
KeQyp

B(¢a¢a£vx;777vawap) = Z BK(¢;¢;£7X;777U7W7P)'

KeQy,
Note that the exact solution (u, g, z, o) of the problem (2.2) also satisfies the equa-
tion (2.6), so we have the Galerkin orthogonality
(3.15) (€ur,N)ey, + Bleu, eq; ez, eq51,v,w,p) =0,

for any (n,v,w, p) € Wp, x Vi, x W, x V', where we use the notation e, = p — ps,
for p =u,q,z and o.

Next, we use the Galerkin orthogonality (3.15) to obtain an intermediate result
on the errors of u and z, and that on the errors of g and o. Then we combine the
two intermediate results to get a priori error estimates, from which Theorem 2.4
and Theorem 2.5 follow.

In the following Lemmas, we let P and IT be some projections onto the finite
element spaces Wy, and V', respectively, and we will specify the projections later.

Lemma 3.4.
(Peys, Pey)q, + (Pe.,Pe)q, =T + T + Ts,
where
T) = — (u—Pu)¢, Pey)q, +(g—1Ig,Iles )q, — (2 —Pz,Pe,)q, — (0 —Ilo,Ieq)q,
Ty =(u—Pu, V-Iley)q,— (g—I1g,VPe.)q,— (2 —Pz, V-Ileq)q,+ (o —Ilo,VPe, )q, ,
T5 =(1, —(u—@)l’[e,f n +(q—ﬁE)]P’ez' n +(z—]I/’E)Heq~ n —(U—ﬁ;‘)ﬂbeu~ n)aq,, -
Proof. From the Galerkin orthogonality (3.15), we get
LHS = RHS,

where

LHS =(Pey;,n)q, + B(Pey,Ileq,Pe,, Ileq;n, v, w, p),

RHS =— ((u —Pu)¢,n)q, — B(u — Pu,q —Ilq,z — Pz,0 — Ilo; n,v,w, p).

Then we only need to take (n,v,w, p) = (Pey, ey, Pe.,Iley) and simplify LHS
by integration by parts and Lemma 2.2. (Il
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Lemma 3.5.
(Heqta Heq)ﬂh + (Hecr; Heo’)ﬂh = Sl + 52 + 537
where
S1 :((U_Pu)tv ]PeZ)Qh - ((q—HQ)t, Heq)ﬂh - (Z_sz (]Peu)t)ﬂh - (O'—HO', HeU)Qh, )
Sy =— ((u - Pu)ta V- Heq)Qh - (q —Ilg, V(Peu)t)ﬂh
— (2 —Pz,V-Iley)q, — (60 — o, VIleq)q, ,
Ss =(1, (u—@z\t)tﬂeq~n+(q—ﬁa)(]P’eu)t~n+(z—]I/”;)He,,'n+(a'—ﬁ;')Pez~n)th.
Proof. Differentiating the equation (2.3a) with respect to ¢, we have
(3.16) ((gn)e; v) i + ((un)e, V - v) ik — (W), v - n)ox =0.
We add equations (3.16), (2.3b) and (2.3c), subtract the equation (2.3d), and sum
over all the element K. We get
(317) (qht’ ’U)Qh + B(uhv dp,Zh; O3, P> W, ’U) = (fv 77)9;,7

where

B(un,qy,, 21, 0n; 0, pyw,v)
=((gn)t:v)e, + (2n,w)e, + (Oh, P)a, — (Uns, M),
+ ((un)e, V- v)a, + (ah, Vw)a, + (21, V- p)a, + (o1, Vn)a,
— (@), v - n)aq, — (@, - n,w)aq, — (Zn, P Mo, — (Or -1, 1)a0,

Since the exact solution (u, q, z, o) of (2.2) also satisfies (3.17), we have the follow-
ing new Galerkin orthogonality

(€q,:v)0, + Bleu, eq, €2, €031, p,w, v) =0,
for any (n,v,w, p) € Wi X V, Xx Wp, x V},. This implies that
LHS = RHS,
where
LHS =(Ileq,,v)q, + B(Pe,, ey, Pe., ey;n, p,w,v),
RHS = — ((q — IIq);,v)q, — B(u —Pu,q — g, z — Pz, 0 — Ilo;n, p,w,v).

Then we only need to take (1, p,w,v) = (Pe.,Iles, (Pe,):, Ileq) in LHS and
RHS, and simplify by using integration by parts and Lemma 2.2. This completes
the proof. 0

Lemma 3.6. If we take the projections (P,II) = (P~,P™) defined by (3.11) for
one-dimensional space, and take (P,II) = (P~,M") defined by (3.12) and (3.13)
for multidimensional Cartesian meshes, then we have

(3.18)

T
[Peu(T)llzs(@,) + Teq(T) L2, + / (IPe:llzz(,) + Teq| 2(q,)dt < CHEF,

for any T > 0, where C is a constant independent of h and dependent on [|ul| gr+4(q,),
6T zess(cmy. 1)L+ [lze-5(0,) and T.
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Proof. From Lemma 3.4 and Lemma 3.5, we have

1d 1d 3

§£|\Peu”%2(m) + 5&”1_[%”%2(9,,) + H]PezH%Z(Qh) + HHeaﬂiz(Qh) = Z(Ti + 5i).
i1

Integrating both sides of above identity with respect to ¢t over (0,7, we get

1 1 T
§||Peu(T)H%2(Qh)+ EHHEq(T)”QH(Qh) +/0 (IPe- |72, + [IMeq |72, ))dt

3 T
1 1
:§||Peu(0)||%2(gh) + §||Heq(0)||%2(ﬂh) + Z/O (T; + S;)dt.
i=1

It is easy to see that

IPe.(0)]72(c,) + [ITleq(0)l|72(q,) < CAZFHY,
where C' is a constant depending on HUOH%’““(M)' Next we estimate the terms
[Ty dt and [ S dt for i = 1,2, 3.

a. Estimate of fOT Tidt. Using the approximation property of the projections,
Lemma 3.1, we have

Ti <||(u = Pu)e||L2(q,)IPeullr2(,) + g — g L2(q,) [ Teq || L2(q,)
+ Iz = Pzl 2 () [IPezl 12 (@,) + [lo — To|[12(q,) || TTeq]| 2(q,)
<O Y(|[Peul| L2 () + [Tegl 20, + 1Pzl L2 () + 1TTeq | L2(0,)),

where C' depends on ||ul| gr+a(q,). This implies that

T T
/ Tydt <CHM! / (IPewll o) + [Teqll ey + [Pex iz + [Teq |22 ).
0 0

b. Estimate of fOT S1dt. Using the approximation property of the projections,
Lemma 3.1, we have

St <|[(u = Pu)ellr2(a,)IPe:ll2a,) + (g — TI@)e] L2(q,) [ TIeq L2(qy)
+ o — I || 2, ITeq || 22 (,) — (2 — Pz, (Pew)i)a,
<Ch* (| TeqlL2(ay) + [IPezll L2, + Meol L2(a,)) — (2—P2, (Pew)i)q,

where C' depends on ||ul| gr+aq,) and |lugl|gr+2(q,). Using integration by parts
with respect to ¢, we get

T T
[ st <crt [ (imteglizu + [Pl + [Meqlzz,) i
0 0

+ 11z = P2)(T) [ 20 IPeu (T 2(0)
+ 1z = P2)(0)l| 220, Peu(0)l L2(2)

T
+ / 12 = P2)ull 2y [Peull 2oyt
0
T
SChk“/o ([ TTeq||2(q,) + IPez 2, + Tes || L2(q,))dt

1 T
+ O 4 2Pe(T) e,y + OHH [ [Peulizonyit
0
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where C' depends on [[ul| gr+a(q,), (T gr+s,ys 1w(O)arts,ys 1wl mres@,)
and T.

c. Estimate of fOT(TQ + T3 + S92 + S3)dt in one dimension. Using the
definition of the numerical traces, (2.5), and the definitions of the projections P*,
(3.11), we get

T2252:T3:S3:0.
So

T
/ (T + T3 + Sz + S3) dt = 0.
0

d. Estimate of fOT (Tz + T3 4+ Sz + S3) dt on multidimensional Cartesian
meshes. Using the definition of the numerical traces, (2.5), and the definition of
the projection II, (3.13), we have

Ty = (u—Pu,V-Iles)q, — (2 — P2,V -1Ileg)q,,
T3 = —{u— @,Hea ‘NYaq, + (z — I@, Ileq - n)oq, ,
So =— ((u —Pu), V -Tleg)q, — (2 — Pz, V -Ilegs)q,,

S5 =((u — Pu)y, Teq - nYoq, + (z — Pz, Tley - n)og, -

The projection P = P~ defined by (3.12) on Cartesian meshes has the following
superconvergence property (see [8] Lemma 3.6)

Lemma 3.7. Suppose (n,p) € H*T2(Qy) x V'}, and the projection P~ is defined by
(3.12), then we have

l(n =P ™0,V -p)a, — (n—Pn,p-nx)oa,| < CL* Il gz lpll L2,
where C' only depends on k and the shape regular constant.
Using Lemma 3.7, we have

Ty + T + So + S5 <ChF (| Tleo || 12(a,) + I Teql r2(,)),

where C' depends on ||ul| gr+a(q,,) and |Jug|| H*2(). Hence
T T
/ (To + T3 + Sy + S3) dt < Chk“/ (IMTes || 2 (a,) + Tes || L2(,)) dt;
0 0
where C' depends on |[u| grera(q,), and [ug || H52(Qy).

e. Conclusion. Gathering the estimates for fOT T; dt and fOT S;dt,1=1,2,3,
we get

1 1 T
ZH]P’eu(T)Hiz(Qh)‘F §|\Heq(T)||2L2(Qh) +/o (||P€z|\%z(9h) + ||Hea|\%2(9h))dt
T
SChkﬂ/ (IPewl L2 () + ITeqll 20, + IPe- | 2 () + I TTeq || 20, ) Jdt+CRAETD),
0

where C' depends on |[ul| gr+aq,), [[W(T)|lmr+s,)s 1w(O)llmrrs,ys Nuell mretsn)
and T. Finally, (3.18) follows by using Gronwall’s inequality. O
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Lemma 3.8. For multidimensional triangular meshes, if we take the projection P
to be the L? projection P* defined by (3.10), and II to be the projection Nt defined
by (3.14), then we have

T
HJP’eu(T)IILzm,,>+IIHeq(T)I\L2<m>+/O (IPe-|2(,) + [ Teq | L2(q,))dt < CRE,

where C' depends on |[ut|| gri1(q,), lullgrra,) and T
Proof. From Lemma 3.4 and Lemma 3.5, we have

3

1d 1d

5@”“”%”%2(9@ + 5@”1_1%”%2(9,) + [Pe.|72(0,) + TTeq 172, = > (Ti+Si).
=1

Using the definition of the projections P and II, we get that
Ty =5, =0.
By the definition of the projection P, (3.10), we have
T, =(q —Ilg,Iey)q, — (0 — o, Ileg)q,
<llg — gl r2(0,) I Tec | 22(q,) + o — Mo || r2(q,)|[Tleq| 2 (o))
and
S1=—((qg —gq);, Ieq)g, — (o — o, Iles)q,
<|l(g — I1q):||r2(0,) Teql 2(0) + lo — T |[2(q,) [[TXeo || L2(0,)-
Hence
T1+51 < Ch*H(|[Megl|z2(q,) + [Teo|L2(q,))s

Where the constant C depends only on |lul| grra(q,) and [[utl| grr2(q,). By the
definition of the numerical traces, (2.5), and the definition of the projection II,
(3.14b), we have

T3 =(1, —(u— Iﬁ’z\L)HeCr n+(z— I/P;:)Heq M) aq,

<|lu — Pull2(00,,) [ Tles - 1 L2(00,) + |2 — Pz

[ z2(004) I TLeq - mf 2(00,),

and
Ss =(1,—(u— I@a)tﬂeq n+(z— ]I/’E)He,, ‘M) o0,

Ileq - nll22(00,) + 12 — P2[lL2(00,) | T1es - 2| L2(00,)-

< = Pu)e|l 2 002,)
Using inverse and trace inequalities, Lemma 3.2 and Lemma 3.3, we get

T5+S5 < Ch*(|[Teq| 12y + [Meql|L2(0,)),
where the constant C' depends on [|u|| gr+1(q,) and [|ul| gr+s(q, ). Hence

3

1
> (Ti+8i) < Ch* + (|[TMeq |72, + [ Meo | F2a,)).
=0

where C' depends on ||ut|| gr+2(q,) and [|ul| gr+4(q,)- We complete the proof of the
lemma by using Gronwall’s inequality. O
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Proofs of Theorem 2.4 and Theorem 2.5: We only need to use triangle
inequality, and apply Lemma 3.6 and Lemma 3.8.
Notice that in Lemma 3.8, we are not able to estimate the terms T3 and Ss in
an optimal order, and we lose an order h due to the use of inverse inequality and
trace inequality. This makes the error estimate in Theorem 2.5 sub-optimal.

3.3. Fourth-order elliptic problems. Suppose (u,q, z,0) is the exact solution
to the fourth-order time-dependent problem (2.2). At any time ¢, we can consider
it as a solution to the following fourth-order elliptic problem

(3.19a) qg=Vu in Q,
(3.19b) :=V.q inQ,
(3.19¢) o=Vz in €,
(3.19d) f=V-o inQ.

where u, g, z, o are periodic functions, and f = f — u,.
The LDG methods give an approximation (o, zn, gy, un) € Vi X Wi x Vi x Wy,
to the exact solution (o, z, g, u), by requiring that

(3.20a) (gn,v)a, + (un, V-v)q, — (uh,v nYaq, =0,
(3.20b) (zn, W), + (@y: Vw)a, — (@), - n,w)oq, =0,
(3.20¢) (on, P, + (zn,V-pa, — Zn,p- n>th =0,
(3.20d) —(oh: Vn)a, + (Gn -1 man, =00,

for all (p,n,v,w) € Vi, x Wi x Vj, x Wp,, and

(3.20¢e) /Q (u—wup) = 0.

Remark: We make the assumption th (u — up) = 0 so that the approximation
given by (3.20) is well-defined. In the elliptic problems with periodic boundary
conditions, up is determined up to additive constants, so we can make such as-
sumptions. The proof of the existence and uniqueness of the approximate solution
is standard, and we skip it for simplicity.

Theorem 3.9. Suppose u and uyp are the solutions of (3.19) and (3.20), respec-
tively. For k > 1, we have

|l — UhHLZ(Qh) < ChF+1,
where C' depends on ||ul| gr+a(q,) and the elliptic regularity constant Ce;.

We prove Theorem 3.9 by duality argument in the Appendix.

3.4. Proof of Theorem 2.6. Here, we apply the elliptic projection to prove the
optimal convergence result of the fourth-order time-dependent problem, using the
error estimate of the fourth-order elliptic problem shown in the previous subsection.

Suppose (u, g, z, o) is the exact solution of the fourth-order time-dependent prob-
lem (2.2), (un, qy,, 2n, op) is the approximate solution of the time-dependent prob-
lem defined by the LDG method in (2.3) and (Rpu, Rnq, Rz, Ryo) is the approx-
imate solution of the corresponding fourth-order elliptic problem given by (3.20).
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It is easy to see that
B(Rpu, Rpq, Rpz, Rpo;n,v,w, p) = B(u,q, z,0;n,v,w, p),
for any (n,v,w, p) € Wi x Vi, x W), x Vj,. Note that
(unt:Man, + Bun, @, 2n, on; 0, v,w, p) = (w,n)a, + B(u,q,2,0;m,v,w, p),
so we have
((un = Rpu)t,n)e, + B(un — Ryu, gy, — Rnq, 2, — Rpz, 00 — Rpoyn, v,w, p)
=(ung, ey, + B(un, gy, 2, o031, 0,0, p)
— (Rpue,m)q, — B(Rpu, Rrg, Ryz, Rno;n,v,w, p)
=(ut, e, + B(u,q,2,0;n,v,w, p)
— (Rput,n)q, — B(Rhu, Rnq, Rrz, Rpo;n,v,w, p)
=(ur — Rput,n)q, -
Taking (n,v,w, p) = (up, — Rpu, o — Rpo, zp — Rpz,q;, — Rrq), we have

10
(3.21) §a|\uh — Ryull2q,) + 12 — Ruzl2q,) = (ue — Ruus, un — Rut)g,,

which implies that
0

&Huh = Rpullr2Q,) <llur — Rpuel|L2(,)-

Integrating with respect to ¢ over (0,7,

T
un(T) — Rpu(T)| L2(0,) < [[un(0) — Rpu(0)||L2(0,) +/ lue — Roue p2(y)-
0

Note that up(0) = Pug and Rpu(0) = Rpug, so by triangle inequality and Theorem
3.9, we have
[ (0) = Rhu(0)| L2 () < CHF,
where C' depends on ||ugl| gr+4(q,) and Ce,. From Theorem 3.9, we get
lur — Ruue||2q,) < CRMHY,
where C' depends on ||u|| gr+a(q,) and Ce,. Hence
[un(T) = Rpu(T)|| 120,y < OB,

where C' depends on [|ug|| grx+4(q, s [|Ut]| r+4(,), Cer and T'. By triangle inequality
and Theorem 3.9,

lun(T) = (@)l 20 < [un(T) = Rut(@) |20 + [ RnulT) = (D120, < CH,
where C' depends on |[ug || gr+4(q,), [u(T)l gr+a,), lutll grraca,)s Cer and T This
completes the proof of Theorem 2.6.

4. EXTENSIONS

The techniques that we use for the fourth-order time-dependent problem (1.1)
can also be applied to prove stability and error estimates for other types of problems.
In this section, we extend Theorem 2.3-2.6 to partial differential equations whose
orders are even, and to the linearized Cahn-Hilliard equations.
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4.1. Even-order equations. We extend the L2-stability and the error estimates
to even-order equations, for example, sixth-order equations, eighth-order equations,
etc.

To illustrate how we extend the analysis to higher even-order equations, we
briefly sketch the corresponding results for the following sixth-order problem:

(4.22) ug—N3u=f inQx(0,7T),
with periodic boundary condition and the initial condition
u|t:0 = UgQ-.

First we rewrite the sixth-order problem (4.22) into a system of first order equa-
tions

(4.23) q=Vu, 2=V-q, 06=Vz, £E=V-0, (=V¢ f=u—V-(

Then we can define the approximations (un, gy, 2h, Oh, En, Cp) € Vi X Wi, X Vi, %
Wi, x v, x W, to the exact solution (u,q,z,0,&,¢) by requiring that on each
K € Qp,
(@p, V) + (un, V- v) ik — (Un, v - m)ox
(zn, W)k + (qp, VW) Kk — (@), - My w) ok
(@n Pk + (21, V- p)x — (Zhsp - Mo
(& Ok + (on, V) — (O -1, d)ok
)
)

=

)k + (V- )k — (Entp - Yok
(ung, M x — (Cpy V)i + <Ch n,n)ox =

for any (v,w, p, ¢, ¥, n) € Vi x Wp, x Vi, x W, x vy, x Wy, where the alternative
numerical fluxes are defined as

)Kv

ih=uy. @=qf. =z, on=of, G=&. §=C
or
Uo=ul, @G =g, =z, Gn=0,, &=, G =¢.
Similar to getting the identity (2.7), we have
1d 9
o ) up (x,t)de + (on,on)a, + H = (f,un)q,,

where

H= Y (—Hox(un:Cp) + How (n: ) — Hox (21, 00))-
KeQy,

Then using the property of the numerical flux, Lemma 2.2, we get the following
stability result.

Theorem 4.1. (L?-stability) Suppose that f = 0. The approzimate solution of the
sixth-order equation given by the LDG method (2.3) satisfies

1d )
—-—— t)der <
2dt /S;h uh(x7 ) x—ov
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Similar to the a priori error estimates for fourth-order equations, Theorem 2.4
and Theorem 2.5, we have the following a priori error estimates for sixth-order
equations.

Theorem 4.2. Suppose (u,q, z,0,&, ) is the solution to (4.23) and (un, G, 2h, Ohy Eny Cp)
is the approximation given by the LDG method. For one-dimensional meshes or
multidimensional Cartesian meshes, we have

[u(T) = un(T)| L2 () + 19(T) = @i (T) || 2(0) + [12(T) = 20(T)| 202y < C R,

and

T
o= anllzagony + e = llzaian) + 16 = Cullzaa, it < 1A
0
For multidimensional triangular meshes, we have
[u(T) = un(T) || 2,y + 19(T) = @1 (D)l 20 + [12(T) = 20(T)l| 220,y <CRF,

and

T
/ (HU - a'hHL2(Qh) + ||£ - EhHLz(Q;L) + ”C - Ch”Lz(Qh)) dt SChkv
0
where C' is a constant independent of h.

4.2. Linearized Cahn-Hilliard equations. We extend the L2-stability and the
error estimates, Theorem 2.3-2.6, to the linearized Cahn-Hilliard equations.

The following problem can be considered as a simple version of the Cahn-Hilliard
problem linearized in the neighborhood of some point:

(4.24a) ug — Au+ AN*u=0  in Qx(0,T),
with the boundary condition

0 0
(4.24b) i a—nAu =0  on 09,

and the initial condition

(4.24c¢) u=uy att=0.

The fourth-order equation (4.24a) can be written as a system of first order equa-
tions

(4.25) q=Vu, z=V-q, o=V(z4u), f=u+V-o.

The approximation (up,qy,2n,0n) € Vi, X Wy x V), x Wy, given by the LDG
method is defined by

(4.26) (@n, V) + (un, V- v)k — (Un, v - n)ox =0,
(4.27) (2n, W)k + (qp, VW) K — (@), - n,w)ox =0,
(4.28) (OhP) Kk + (20 +un, V- p)k — (Zn + Un, p- n)ox =0,
(4.29) (une: Mk = (@n, V) x +(@n -, mox =(f, 1)k,

for any (v,w,p,n) € Vi, x Wy, x Vi, x Wp,. The alternative numerical fluxes are
defined as on inter-element faces

up =u,, qp=4q
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or

=~ 4+ _ _ _

Up =Uy, qn,=4,, Zn=2,, Op=0,,
and on the boundary of Q

g, n=op-n=0, uUp,=1up 2n=2n

Suppose f = 0. Similar to the identities (2.6), from above weak formulation we get

(une, M)k + B (un, @y, 20, o031, 0,0, p) =0,
where
BK(U}M gy, 2h,Oh;1,V,W, p) = BK(Uh, gy, Zhy,Oh;1M,V,W, p)+(uha p)K_<ah7 p'n>8Ka
where By is defined in (2.6). Taking (v,w, p,n) = (un, On, 2n,q},), we have

1d

—— u%(x,t)dx + (zn, zn)q, + H = —(un, zn)a,,
2dt Q,

where

H= > (Hox(un,on) — Hox (zn +un, qy))-
KeQp,
Note that H = 0 by the property of the entropy flux, and that

1 1
—(un, 2n) < 5 (un, un)a, + 5 (2n, 20)0, -
Using Gronwall’s inequality, we get the following stability result.

Theorem 4.3. Suppose that f = 0. The approzimate solution of the linearized
Cahn-Hilliard equation given by the LDG method (4.26) satisfies

/ ujp(z,t) de < et/ ud(z) da.
Qp Qn

Similar to Lemma 3.4 and Lemma 3.5, we get the following lemma.

Lemma 4.4.
(Peys, Pey)q, + (Pes,Pey)q, =T1 + 1o+ T5 + Ty,
(Ileq,, Ileq)q, + (Ileq, Ileq ), = S1+ Sz + S5 + S,
where T; and S;, i = 1,2,3, are the same as in Lemma 3.4 and Lemma 3.5, and
Ty = —(eu, V- IIg) + (eu, IIg - n)oq,,
Sy = —(ey, V- -Ilo) + (e, Ilo - n)sgq, -

It is easy to check that
Ty < — (2 —Pz,Pe,)q, + %(]P’eu,]P’eu)gh + %(Pez,}?ez)gh
— (u—Pu,V - -Ileg)q, + (u— @z\t, Ileq - n)oq,
Sy <(q —Ig,Iey)q, + %(Heq, Ileg)q, + %(]P’e,,,}P’ea)Qh.

The estimates of Ty and Sy are similar to those of T; and S;, i = 1,2, 3, in the
proofs of Lemma 3.6 and Lemma 3.8. So, we get that Lemma 3.6 and Lemma 3.8
also hold for the linearized Cahn-Hilliard equations. Therefore, similar to Theorem
2.4 and Theorem 2.5, we have the following a priori error estimates.
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Theorem 4.5. Suppose (u,q, z,0) is the solution to (4.25) and (up, qy, 2h, OR) S
the approximation given by the LDG method (4.26). For one-dimensional meshes
or multidimensional Cartesian meshes, we have

[w(T) = un(T) || 22(0) + 114(T) = @, (T) || 2(2) < CHFT,

and
T
[0z = 2alzzau +llo = onlaoga, )t < CREL
0
For multidimensional triangular meshes, we have
[u(T) = un(T) | 2,y + 19(T) = @1, (T)l| 20, <CRF,

and

T
(A(W—%Nmmm+ﬂa—ﬂﬂﬂmmﬁﬁ§CW7

where C' is a constant independent of h.

To get an optimal error estimate for triangular meshes, we consider the corre-
sponding elliptic problem of (4.25):

(4.30) q=Vu, z=V-q, o=V(z4u), f=u+V-o.

Similar to Theorem 3.9, we assume the elliptic regularity (2.9) and get the optimal
convergence of the elliptic problem (4.30) by duality argument. Then we set B:=
ZKEQ;L B and define the elliptic projection by

B(uh7qh7zhaah;navawap) = B(u,q, Zaa;navawap)7

where (u,q,z,0) is the exact solution to the linearized Cahn-Hilliard equation
(4.25). Similar to (3.21), we get

10
§§|\Uh — Ruull72,) + 120 — Rrzll72q,)

=(u¢ — Rpus, up — Rpw)q, — (un — Rpu, 2 — Rp2),

which implies that

b T T
Sillon = Rl < [ s = R,y +2 [ lun = R,

Using the optimal convergence of the elliptic projection and Gronwall’s inequality,
we get the following optimal error estimate.

Theorem 4.6. Suppose u is the exact solution to (4.24), uy is the approximate
solution given by the LDG method, and the elliptic regularity (2.9) holds for the
adjoint problem of (4.30). Then for k > 1, we have

[u(T) = un(T)|| L2(,) < CHMFL

where C' is a constant independent of h.
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5. NUMERICAL RESULTS

In this section, we use numerical experiments to validate the theoretical conver-
gence properties of the LDG method for the fourth-order time-dependent problem.

in [28], numerical results were displayed for the LDG method on the one-dimensional
equation us + Uzzr, = 0 with periodic boundary condition. The L*° error on uni-
form meshes at T'=1 is of order £k + 1 for K =0,1,2, 3.

Here we implement the LDG method for the fourth-order time-dependent prob-
lem on two-dimensional triangular meshes. The uniform meshes that we use is
obtained by discretizing = (—%, %) X (—%, %) with squares of side 27! which are
then divided into two triangles as indicated in Fig. 1; the resulting mesh is denoted
by “mesh=[".

05

-0.5 !
-0.5 0.5

FIGURE 1. Example of a mesh with h = 1/23.

The test problem is obtained by choosing f so that the exact solution of (1.1)
is u(z,y,t) = sin(27zx)sin(27y) exp(t) on the domain  x (0,1). The history of
convergence of the LDG method with a fourth-order implicit Runge-Kutta time
discretization is displayed in Table 1 for polynomials of degree k = 1, 2.

In Table 1, we observe that for k=1,2, the quantity ||[u — ux| 12(q) has optimal
convergence rates, which is consistent with Theorem 2.6. For the case of k = 0,
numerical results show that the approximation to u does not converge.

6. CONCLUSIONS

In this paper we apply the LDG method to fourth-order time-dependent prob-
lems, and we obtain optimal approximations for one-dimensional and multidimen-
sional meshes by using different techniques. Then we extend our optimal con-
vergence results to higher even-order equations and the linearized Cahn-Hilliard
equation.
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TABLE 1. History of convergence of the LDG method for wu; +

N2y = f-

mesh | ||u —up||r2(0) mesh | ||u —up||r2(0)
k Y4 error order | k Y4 error order

1 .86e-0 - 1 .23e-0 -
2 40e-0  1.12 2 22e-1  3.40
1 3 80e-1  2.30 | 2 3 J72e-2  1.59
4 22e-1  1.86 4 9le-3  2.99
5 .62e-2  1.82 5 11e-3  3.00
6 16e-2  1.95 6 d4e-4 298

7. APPENDIX: PROOF OF THEOREM 3.9

Here we prove Theorem 3.9, the optimal error estimate of the elliptic problem, in
three steps. First, we introduce error equations and get intermediate error estimates
for g,z and o that depend on the error of u. Second, we use duality argument to
get an intermediate result about error of u that depends on errors of g,z and o.
Finally, we combine all the intermediate results to obtain the a priori error estimate
of u.

7.1. First, let us introduce the error equations. Because the exact solution of the
elliptic problem (3.19) satisfies the weak formulation (3.20), we have the following
error equations.

(7.31a) (eq, V)i + (€, V- v)k — (€y,v - n}aK
(7.31b) (er,w)k + (eq, Vw)k — (€q - M, W)oK
(7.31c) (eo, )k + (€2, V- p)K — <€z,P n>a
(7.31d) —(eqs, V) K + (€5 - M, 77>8K :0,

Now we use above error equations to prove the following intermediate results.

Lemma 7.1. Suppose II and P are projections defined by (3.14) and (3.10). We

have

(7.32a) (i) |Meqllz2(q,) < ChE,

(7.32b) (1) |Pe:llza,) < CR* + CR2|Peg i, .
(7.32c) (1) |MegllL2(,) < Ch* + C[[Peul|L2(a),

where C' depends on ||ul| grra¢q,)-
Proof. (i) Taking p = Ile, in the error equation (7.31c), we get

(eo'a Hea’)Qh = (ezv = Hea’)Qh + <é; ITe, - n>89h
- (Z - Pz, V- Hecr)Q;L - (Pez7 V- Hea)ﬂh + <é;7 Iles - n>39h'
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By the property of the projection P, we get that the first term on the right hand
side is zero. Hence, by integration by parts, we have

(er,eq)o, =(VPe.,Ileq)o, — (Pe.,Ileq - n)oq, + (€5, es - n)oq, ,
:(Vpez; eo’)Qh - <Pezv Heo’ ' n>89h + <é;7 Heo’ ' n>89ha

by the property of II. Then taking n = Pe. in the error equation (7.31d),

(eo'v Heo’)ﬂh :<é; 'n, ]Pez>69h - <Pez; Heo’ ' n>69h, + <é;; Heo’ ' n>69h7

:<(U—ﬁ;)-n,]P’ez>th + <z—@,1’[ea'n>agh+ Z Hyk (Pe,,Ile,).
KeQy,

Using the property of IT and Lemma 2.2, we have that the first and the third terms
on the right hand are zeros. Hence

(es,Ies)q, =(z — ]I/’E, Ile, - n)ogq,
which implies that

|Tleq12:q,) = — (0 — o, Meg)q, + (2 — Pz, Ileq - 1),

<o~ To||z2(a,) |Meal 22, + Ch2]|2 = Pz 1200, I Te || 20y,

So by the properties of IT and P, and trace inequality, we have
IMeq |20, <llo — o 12(0,) + Ch™ V2|12 — Pzl|2oq,) < CHY,

where C' depends on ||u| gr+a(q,)-

(ii) Adding error equations (7.31b)-(7.31d), subtracting (7.31a), and summing
over all element K € €, we get

B(euv €q,€z,€45;7,V,W, p) =0.

Taking (n,v,w, p) = (Pe,, ey, Pe., Iley), we get

(Pe.,Pe.)q Z T;,

where
T, :=— (2 — Pz,Pe,)q, + (0 —Ilo,VPe,)q, — (2 — P2,V -Ileq)q,
q —Ilq,VPe;)q, + (u —Pu,V -Iles)q,,

—(
= (

Ty :=— (0 — o, Iey)q, + (g — g, Mey)q,
=

Ty = — (0 — o) - n,Pey)oq, + (g — Tg) - n,Pe.)oq, ,
Ty:=(z— ]P’z, Ileg - n)oq, — (u — @,Heo’ “M)oq,
Ty = — Z (Hox (Pe,, ey ) — Hor (Pe., Tley)).

KeQy

By the properties of P and IT, we have
T, =T5=0.
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By Lemma 2.2,
T5 =0.
Using inverse inequality and trace inequality, we have
Ty <Ch* (| Tlegl 120, + [Mec | z2(0,)):

and

Ty <Ch*(|[TMeg]|r2(q,) + [Meo|lz2(q,)),
where C' depends on ||ul| gr+4(q,)- So
IPe- 720,y <Ch*(IIPeqllLea,) + | Tew | L2(qy))
<Ch¥|Peg| z2(0,) + CR?*,

by the estimate of error of o, (7.32a).

(iii): Taking v = Ileq in the error equation (7.31a), we get
(eqa Heq)Qh =—(eu, V- Heq)Qh + <é;a Ileg - n)oq,
=— (u—"Pu,V-Ileq)a, — (Pe,,V -Ieq)q, + (€u,Ieq - n)sq,

By the property of the L2-projection P, (3.10), we get that the first term on the
right hand side is zero. Hence, using integration by parts, we get

(eqa Heq)ﬂh :(V]Peuv Heq)ﬂh - <]Peua Heq 'n>89h + <é;, Heq : n>59m

:(VIPeu, eq)Qh - <Peu, Heq ’ n>39h + <é;7 Heq ’ n>39h7

by the property of II. Then using the error equation (7.31b) by taking w = Pe,,
we have

(eq;leq)q, = — (e, Pey)q, + <€; -n, Pey)aq,
- <Pew Heq ’ n>39h + <é;a Heq 'n>39ha
which implies that
HHeqH%Z(Q;L) =— (¢ — Ilq, Heq)ﬂh — (e, Pey)q,
+ (eq - m,Pey)oq, — (Pey,Ileq - n)aq, + (€u, Ileq - n)oq,-

We can rewrite above identity as

H]‘_‘[eQH%Q(Qh) =— (q — Ilg,I1eq)q, — (e:,Peu)q, + (g — IIg) - n, Pey)oq,

+ {u— @L,Heq ‘M)oaq, + Z Hox (Pey,Ieg).
KeQy

By Lemma 2.2 and the definition of the projection IT, we get
HHeQH%2(Qh) =— (¢ —Ilg, Heq)Qh — (ez,Pey)q, + (u—Pu, Ileg - n)oq,
<llg — Mqllz2(0,) ITeqll z2(0,) + [z — Pzllz2(0,) [Peul 22(,)
+ [[Pe.|| 120, [IPeull 2 (n) + Ch ™2 u = Pul| 2(00,,) [ TTeq] L2 (@) -
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This implies that
[Meq| L2(,) SCh* + C|[Pe.|12(0,) + CllPeul| 2(0,),
where C' depends on ||ul| gr+4(q,). Using the error estimate of z, (7.32b), we get

TIeql|L2(q,) SCR* + ClPeu| L2(q,)-
O

7.2. In this subsection, we consider the adjoint problem (2.8) and use the duality
argument to prove an intermediate result about error of w.

Before state and prove the intermediate result, let us introduce an L2-projection
Py defined as follows. Given any function n € L?(&},) and an arbitrary face e € &,
the restriction of Pgn to e is defined as the element of P¥(e) that satisfies

(Pon—n,w)e =0,  VweP*e).
Next, we state the intermediate result of error of u and prove it in four steps.

Lemma 7.2. We have .

(Peua 77)Q;L = Z Ei7

i=1
where

Er =(eq,¢ — ), + (2 — P2z, P{ — {)q, — (eq, Yy — ¢)q,,
Ey == (V- (q-1q),P{ - ), — (V(z = P2),¥ —IIYh)q, — (V(e — o), Py — p)q,,
E3 =((d@), — qn, (P€ — n)oq, + (@n —on) -1, P — p)ag, .
Proof. Step 1: By the adjoint equation (2.8d), we have
(Pew, n)q, =(Pew,V - Q)a,
=(Pey, V- (( —II())a, + (Pey, V- II{)q,
Using integration by parts,

(Peua ﬂ)m :<Peu7 (C - HC) ’ n>89h - (Vpeuv ¢— HC)Qh + (Peuv V. HC)Qh
:<Peu7 (C - HC) : n>8ﬂh - (VPeu7 C - HC)Q}L
+ (eu; V- HC)Q;L - (U' —Pu, V- HC)Q;L'

Using the property of the projection IT and P, we have that the second and the
fourth terms on the right hand side of the last equality are zeros. So

(Peua ﬂ)m :<Peu7 (C - HC) : n>89h + (euv = HC)Qh
<Peu7 (C - HC) ) n>39h - (eqa HC) + <é;a II¢ - n>39h

by the error equation (7.31a). Because u, @, and ¢ are single-valued on interior
faces and periodic on 02, we have

<é;7 C ! n>69h =0.

Then

(Peua W)Q;L :<Peu7 (C - HC) : n>39h - (eqa HC) - <é;a (C - HC) : n>39h
=(Up — up, (¢ —II¢) - n)aq, + (Pu —u, (¢ —IIC) - n)sq, — (eq, IIE).
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By the properties of the projection IT and the definition of the numerical trace uy,
we get that the first term on the right hand side is zero. Hence, by the adjoint
equation (2.8c), we get

(7'33) (Peuv n)ﬂh :<Pu —u, (C - HC) ! n>39h + (eqa C - HC)Q;L + A17
where A1 := —(eq, V&)q, -

Step 2: Now we estimate the term A;. Using integration by parts, we have

Ay :(eqv V(P§ - g))ﬂh - (eqa VPE)Q;L
=<6q, (PE - g)n>89h - (V " €q; PE — E)Q;L - (647 vpg)ﬂh'

By the property of the projection P, we have

Ay =<6q, (PE - g)n>89h - (V ’ HemPE - g)ﬂh - (V ) (q - Hq),IP’§ - g)ﬂh
— (eq, VP{)q,
=(eq, (P —&n)oq, — (V- (g —Ilq),PE — §)q, — (eq, VPE)q, .

Taking w = IP¢ in the error equation (7.31b), we get
Ay :<eq7 (PE - g)n>89h - (V ’ (q - Hq)7P€ - g)ﬂh + (627P€)Qh - <é;7P€n>3Qh'

Note that g, g;, and & are single-valued on interior faces and periodic on 0%, we
have

<€;a£n>aﬂh - Oa
which implies that
A1 =((eq, (P€ = En)oq, — (V- (@—11q),PE - &)q, + (e2,PE)q, — (€q, (PE — &)n)oq,
:<(ah — 4y, (]P)f - g)n>59h - (v : (q - Hq),]P’f - g)Qh + (ezv]P)g)Qh'

Using the adjoint equation (2.8b), we have
Al :<ah_qh7 (IPE_E)n>8Qh - (v : (q—Hq),P§—§)Q,L + (ez,Pg—g)Qh + (eZa V- '(/))Qh'

Since P is the L?-projection, we have
(7.34)
Al = <Zih —d4qp (PE - E)n>89h - (v : (q - Hq)a P§ - E)Qh + (Z - PZ7 Pf - g)ﬂh + A27

where Ay := (e,, V- ¥)q,.

Step 3: Next we estimate the term As in a way similar to that of terms Aj.
Using integration by parts, we have

Ay :(ezv = (1117 - H"vb))ﬂh + (eza V- H¢)Qh
:<627 ("/) - Hw) : n>39h - (ve27 P — H"/))Qh + (ez, V- Hw)Qh'

By the property of the projection IT, we have that
Az =(e., (Y —IIY) - n)oq, — (V(z —P2),¢ — IIp)q, — (VPe., ¢ — Ith)q,
+ (627 v : Hw)ﬂh
=(ez, (Y — ) - m)aq, — (V(z = Pz),¢ —Ip)q, + (e, V - I)q,.
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Using the error equation (7.31c), we get
Az :<627 (¢ — Hw) : n>3Q;L - (V(Z —Pz), ¢ — Hw)Qh - (60'5 H"/))Qh + <é;a e - n>39h'

Note that z, z, and v and single-valued on interior faces and periodic on 992, so

<é;7"7b ! n>89h = 0.

Hence we have

Az =(e., (Y —IIY) - n)oq, — (V(z —P2),¢ — IIY)q, — (e, II9h)q,
- <é;7 ("7[) - H"vb) : n>aﬂh
:<2h — Zh;, (w - Hw) ’ n>39h - (V(Z - PZ),'(/) - Hw)m - (60'7 H"/))Qh'

Since on any edge e, either zj, = z;, or (¢ —Ilp, v). = 0 for any v € Pp* (e), we get
that the first term on the right hand side of A, is zero. So

A2 = (V(Z - ]PZ), ¢ - 1-‘[17[))9}1 - (eo'v H¢)Qh
By the adjoint equation (2.8a), we have
(7.35) Ay = =(V(z = P2),¥ — IIY)q, — (€x, I — ¢)q, + As,

where A3 := —(es, Vy)q, -

Step 4: We estimate the term Asz. Using integration by parts,

As :(eo'v V(PSO - @))Qh - (eo'v VPSO)Qh
:<60-, (]PSD - @)n>aﬂh, - (veo'a PSO - SD)Qh, - (60'7 VPSO)Qh

Using the error equation (7.31d), we get that
Az =(eo, (P — p)n)oq, — (Ves,Pp —p)a, — <é; “n,Pp)oq,
By the property of the L2-projection P, we have that
Az =(eo, (P — p)n)oq, — (V(o —1Ilo), Py — ¢)g,
- (VHeO'a Py — @)Qh - <é; 'n, P90>59h,
:<ecrv (PSO - @)n>39h - (V(U - HO’), Py — SO)Q;L - <é; "n, IP50>3Q}L'

Note that o, 65 and ¢ are single-valued on interior faces and periodic on 92, we
have that

(éc M, p)oa, = 0.
Hence
As :<ecrv (PSO - 50)77’>3Qh - (V(U - HO’), Py — SO)Q;L - <é;a (PQO - @)n>89h
(736) :<ah — Oh, (]PSD - Sﬁ)n>89h - (V(G‘ - HU); PSO - SD)Qh,

To complete the proof of Lemma 7.2, we only need to combine (7.33) and the
estimates of the terms Aj, Ay, and As, (7.34)-(7.36). O
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7.3. Proof of Theorem 3.9: Taking n = Pe,, in Lemma 7.2, we get

3
IPeulzz,) = > B
i=1

Then we estimate F; for i = 1,--- 3. By the property of the projections P and II,
we have

Ey < C(hllegll 2 ISz (0,) + hmm{Z’kH}Hz —Pz|z2 ()
+ R BE e (| 2 19] Ho 0n)-
Using the regularity (2.9), we have
By <C(hF2 4 poim28 41 Tey || 12 () + AP 3F 1 e, || 120, IPewl 22 )

€l m2(q)

where C' depends on |lu|| gr+4(q,) and the elliptic regularity constant C... Using
the properties of the projection P and I, we get

E2 < C(hk+min{2,k+1}”q”Hk_H(Qh)
+ hk+min{3,k+1} ||Z||Hk+1

€Ml 20,
@ 1Pl m3 @)
+ REEE || ) 6] 5 () -
Using the regularity (2.9), we have
Ey <ChMY|[Pey|2(a,),

where C' depends on [|ul| gr+a(q,) and Ce,. By inverse inequality in Lemma 3.2, we
have

Es < C(h™™% M leg | 12(0,)
Using the regularity (2.9),
By <C(WM 4 A ey || 12(a,) + P [ Heq || 120, ) IPeul| 22(00)

where C' depends on ||ul|gr+a(q,) and Ce,. Hence, we have

€l 2 () + B3 g || 20,

loll 2 n))-

3
> B < C(F + T [ Teg | 2, + B | TTeq | 120, ) Pew] 2,
i=1
which implies that
||Peu||L2(Qh) < C(hk-i-l + hmin{k,l}”neqHLz(Qh) + hmin{k’3}||Heo-||L2(Qh))7

where C' depends on ||u|| gr+4(q,) and Ce,. To complete the proof, we only need to
apply the error estimates of Ileq, and Ile, in Lemma (7.1) for & > 1.
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