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ABSTRACT. In this article, we construct simple and convergent finite element methods for linear
and nonlinear elliptic differential equations in non-divergence form with discontinuous coeffients.
The methods are motivated by discrete Miranda-Talenti estimates, which relate the H? semi-
norm of piecewise polynomials with the L? norm of its Laplacian on convex domains. We develop
a stability and convergence theory of the proposed methods, and back up the theory with numerical
experiments.

1. INTRODUCTION

In this article, we consider finite element methods for linear and nonlinear second order elliptic
problems in non-divergence form. A prototypical (linear) example is given by

(1.1) A(z) : D*u(z) = g(x) in Q c RY,

accompanied with Dirichlet boundary conditions. Here, g € L?*(f) is a given source term, and
A Q — R¥4 is symmetric and uniformly positive definite on a bounded domain €. Such problems
naturally appear in stochastic optimal control in the form of the Hamilton—Jacobi-Bellman equation,
and they also arise as linearizations of fully nonlinear second-order PDEs.

This paper focuses on the case in which the coefficient matrix is not differentiable, in particular,
integration-by-parts cannot be performed on (?7), and weak solutions based on variational principles
are not applicable. In this setting, there are several distinct theories and solution concepts concerning
the well-posedness of the problem, each depending on the regularity of the matrix A. For example:

e If A is Holder continuous and if the boundary of the domain is sufficiently smooth, then
there exists a classical solution satisfying the PDE pointwise in € [?, Chapter 6].
e If A is uniformly continuous on €2 or if A has vanishing mean oscillation, then there exists a
unique strong solution u € W2P(Q) to the problem, i.e., u satisfies the PDE a.e. in §2 [?,?].
o If A is essentially bounded and it satisfies the so-called Cordes condition (cf. Definition ?7),
and if the domain 2 is convex, then there exists a strong solution u € H%(Q) [?,7?].
In this paper we consider the third case which assumes the least regularity conditions on the co-
efficient matrix, i.e., we assume that the matrix is possibly discontinuous but satisfies the Cordes
condition. The Cordes condition, a type of anisotropy condition on A, is a crucial assumption to
establish the well-posedness of the elliptic problem (??); counterexamples in d > 3 show that solu-
tions to (??) are not unique for general discontinuous A (cf. Example ??). Another key ingredient
to show the well-posedness of (?7) is the Miranda-Talenti estimate, which relates the H? semi-norm
of a function with the L? norm of its Laplacian on convex domains.

Lemma 1 (Miranda-Talenti inequality [?,?]). Suppose that  C R is a bounded convex domain.
Then there holds

(1.2) ||D211||L2(Q) < Av|| 20 Yo € H*(Q) N H(Q).

The important feature of the estimate (?7), and crucial to the analysis of problem (?7?), is that
the equivalence constant is exactly one on convex domains.
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The goal of this paper is to develop finite element methods for PDEs in non-divergence form and
a convergence theory by extending Lemma 77 to piecewise polynomial functions. In particular, we
shall prove the following discrete Miranda-Talenti inequality. A more detailed explanation of the
notation is given in subsequent sections.

Theorem 1 (Discrete Miranda-Talenti inequality). Let Q C R? (d = 2,3) be a convex polytope. Let
Vi C HE(Q) denote the kth degree Lagrange finite element space with respect to a simplicial mesh
Trn with2 <k <3 ifd=3, and k > 2 for d = 2. Then for any vy, € V}, we have

1/2

(1.3) 1D%vn|z2c7s) < I1Awnllzecy +Cr | D by I10vn/OnflliZap) |
feri

where the constant Cy > 0 is independent of h and vp,.

We shall show that the estimate (?7?) naturally leads to simple and efficient finite element methods
for linear and fully nonlinear problems in non-divergence form as well as a stability and convergence
theory.

Despite its non-variational structure, a flurry of finite element methods have recently been devel-
oped for problems in non-divergence form (??). In the case that the coefficient matrix is continuous,
finite element methods have been developed in [?,?,?]; these methods and their analysis are based
on discrete Calderon-Zygmund estimates. The first Galerkin method in the case of discontinuous
coefficients was done in [?], where an intricate hp-discontinuous Galerkin (DG) method was proposed
for elliptic PDEs satisfying the Cordes condition. There, the authors bypass a discrete Miranda—
Talenti estimate by adding auxiliary terms in their formulation. This method was extended to the
fully nonlinear Hamilton—Jacobi-Bellman equation with continuous coefficients satisfying the Cordes
condition in [?,?]. Much of the present work is influenced by these results and techniques. A related
but simpler DG method for elliptic problems in non-divergence form based on a least-squares for-
mulation is proposed in [?]. However, it is unclear whether this method extends to fully nonlinear
problems. A weak Galerkin method was presented in [?], and a mixed discretization based on stable
finite element Stokes spaces is proposed in [?]. A finite element method based on the convolution of
finite differences for (??) was proposed in [?], and the stability of the method was shown via discrete
Alexandrov-Bakelman-Pucci estimates. Extensions of these results to fully nonlinear problems was
done in [?].

An advantage of the proposed methods is their relative simplicity; the methods can be readily
implemented on standard finite element method software packages. Furthermore, in contrast to
[?,7,7?], the methods are provably convergent for linear problems with discontinuous coefficients
satisfying the Cordes condition. Finally, as far as we are aware, the methods have the fewest number
of global degrees of freedom on simplicial meshes for problems with discontinuous coefficients. On
the other hand, the cost of the simplicity of the methods includes restrictions on the finite element
spaces and the mesh. For example, in contrast to [?,7,?], we require that the mesh is simplicial and
does not contain hanging nodes, and that the polynomial degree does not vary between elements.
Furthermore, we do not track the dependence of the polynomial degree in the stability and error
estimates.

The rest of the paper is organized as follows. In Section ??7 we establish the notation and
state some preliminary results. In Section ?? we build an enriching operator that connects the
Lagrange finite element space with a cubic spline space in two and three dimensions. With this
enriching operator, we prove Theorem 7?7 in Section ?7?7. In Section 7?7 we propose a finite element
method for linear PDEs in non-divergence form, prove the well-posedness of the method, and derive
optimal order estimates. These results are extended to the fully nonlinear Hamilton—Jacobi-Bellman
equation in Section ??. Finally, numerical experiments are presented in Section ?7.



2. PRELIMINARIES

3) be a bounded, convex polytope, and let T;, be :
culation of (2 without hanging nodes. For each el
eT, hr. We denote by V;, and Fj, the set of vertice
», Tespectively. We write F), = Fi U FP, wher
lenotes the set of boundary faces. Likewise, we d
as Vi and VP, respectively. Let Vr and Mz be t
oints, respectively, of a simplex T' € 7. Let 7, be
vertex p € Vi,. We also denote by F; (resp., F})
ensional faces in Fi (resp., FP) that share the co
y edge midpoints in 7}, is denoted by M’ and M?P

, let ny € RY denote a fixed choice of a (constant)
that ny coincides with the outward unit normal o
serator -] on f by

[[UH = /U‘Tout - U|Ti if f= OTout N OTyy, € }_}Im
[v] := vlr,., if f=0T,,N00e FE,

regular scalar valued or vector-valued function. He

DRI e & ] Tencrrnn ] e bt L T



4 M. NEILAN AND W. WU

o——

C

©

FIGURE 1. The two-dimensional (left) and three-dimensional (right) Clough-
Tocher element. Solid circles indicate function evaluation, large circles indicate
derivative evaluation, and straight lines indicate directional derivative evaluation.

e For d = 2, the simplex is split by connecting the vertices to the barycenter of the simplex
(cf. Figure 77 left).

e For d = 3, each of the 2—dimensional faces of the simplex is split by connecting the vertices to
the barycenter of the face. Then the vertices and the barycenters of the faces are connected
to the barycenter of the tetrahedron (cf. Figure ?? right).

Thus we see that each simplex is split into Ng := (d + 1)!/2 subsimplices. We denote the set of
subsimplices of this split by T} := {73} and define

Na
Py (T,) := HPk(Ti)a
i=1

to be the space of (local) piecewise polynomials of degree k with respect to the split. A unisolvent
set of degrees of freedom which induces a globally C! piecewise polynomial space is given in the
next proposition. We refer to [?] for a proof.

Proposition 1. For a 1-dimensional edge e, denote by {s§ ;_1;11 C R4 a set of unit vectors such
that, together with the direction determined by the edge, they provide a basis for R®. Then
(1) The dimension of C*(T) NP5(T,) is 2(d+ 1)(d* + d + 2).
(2) A function v, € C1(T) NP3(T}) is uniquely determined by
(a) the values v (p) and Vo (p) for all p € V(T);
(b) the values Vo (p) - s§ for allp € My and i € {1,...,d — 1} such that p is the edge
midpoint of e.

Remark 2. For the convenience of the proofs below, we set the direction vectors {s¢ f;ll associated

with a (boundary) flat edge midpoint as follows: In two and three dimensions, we take s§ to be the
common normal vector given in Definition 7?7. In three dimensions, we take s§ to be orthogonal to
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both the common normal and the edge. Note that s§ is tangent to the boundary faces associated with
the edge. Furthermore, we omit the superscript e in the notation when the context is clear.

The degrees of freedom given in Proposition 77 induce a global piecewise cubic space
Vi = {on € H(Q) : wp|r € CHT) NP3(T}), VT € Tp}.

A characterization of the associated space with zero Dirichlet boundary conditions with respect to
the degrees of freedom is summarized in the next lemma.

Lemma 2. A function v, € Vi, satisfies vy, € f/h,() =V, N HY(Q) if and only if (i) vi(p) = 0 for
pEVE; (i) ‘%h( ) =0 for allp € VZ and tangent vectors t with respect to faces/edges in ]—'f; (iii)

Vur(p) =0 for allp € VZ# U M#; and in three dimensions (iv) gzg (p) =0 for all p € M5,

Proof. Tt is clear that if vy, € Vj, o then (i) is satisfied.

Let p € Vfbl be a flat vertex, and denote the common normal vector at p by n. If v, € Vh,o, then
vp, = 0 on Ff , and so the tangential derivatives of v, are zero along the boundary faces in ]—f ; thus
(ii) and (iv) hold. Note that the derivative of v, in the direction of n is not restricted on V2 U M5,

We now show that if vy, € Vh,o then Vv, = 0 on sharp nodes. Let p € V;fk U/\/lf be a sharp node,
and denote by f1, f2 € ]—'f two faces with nonparallel unit normal vectors ny, ny. Then there exist

two orthogonal bases of R, {n1,t11,...,t1.4-1} and {na,t21,...,t2.4-1}, where {th 1 are the
tangential vectors of fi, {ta; }?;% are the tangential vectors of fs. Thelrefore7 foreachi=1,...,d—1,
d—1

there exist a unique decomposition t; = Y =1
1 <4< d—1such that ¢; g4 # 0.

Suppose the claim is not true, i.e., ¢;4 = 0 for all ¢, which implies that span{t; ; ?:_11 C
span{tg,j}?;ll for all j. Since the dimensions of the (linearly independent) sets are the same, we

Cijtaj+ciane (¢;; € R). We claim that there exists

conclude that spam{7§17i}‘ii:_11 = span{tg,j}?;%, and therefore ny -t ; = 0 for all j. Hence, since

{na,t21,...,t2.4-1} is a orthogonal basis, we have
d—1
ni =Y (1 -toy)te; + (n1-na)ng = (ny - n2)na,
j=1

implying that n; and no are parallel, a contradiction. Thus there exists 1 < ¢ < d — 1 such that
Ci,d 7"é 0.
Now since vy, = 0 on ff , the tangential derivatives of v}, are zero along the boundary faces f;

and f, i.e., aatvf; (p) =0 and g’—zh](p) =0fori,j=1,...,d — 1. We then have

- 8’Uh avh 8’Uh o 6vh 8’Uh -
0= 3t1 p ch,j 3152 ] z,d%(p) - C’L’dang (p) = (p) =0.

Therefore, the directional derivatives of vj, at p are zero along {ns,ts1,t22...,t2 q—1}, the basis of
R?, and it thus follows that (iii) is satisfied.

Finally, suppose that v, € V}, vanishes at the values (i)-(iv). Since vy, respected to an edge, is
a one-dimensional cubic polynomial, we conclude from (i)—(iii) that v, vanishes on the boundary
edges. Therefore in the case d = 2, vy, = 0 on 0. In three dimensions, we use condition (iv) and
the two-dimensional unisolvency result in Proposition 7?7 to conclude that vy, = 0 on 92 when d = 3
as well. ]

Remark 3. Let p € V,E U M% and let {t1z L and {tg,j 1 span the tangent space of some
fi, f2 € ff with nonparallel unit normal vectors. Then the pmceeding proof shows that there exists
an i such that {t1;,t21,...,t24-1} forms a basis of R4.
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3.1. Construction of map E; : V;, — Vh,o- In this section, we construct a linear operator
connecting the Lagrange finite element space to the Clough—Tocher finite element space by averaging.
This is done by assigning the values specified in Proposition ?? and Lemma 77.

Let N be any (global) degree of freedom of ‘N/h’o. If N is an interior degree of freedom, then we
set

3.1 N(FE N
(3.1) (Envp) = |7—N T; (vr),

where vp := vp|p is the function vy, restricted to the simplex T', Tn is the set of simplexes in 7y,
that share the degree of freedom N, and |7x| is the number of elements in 7y .

If N corresponds to a function evaluation at a boundary vertex p € V,? , we set N(Epvp) =0. If
N is a boundary degree of freedom corresponding to the function gradient at a flat vertex p € VZ,
let the common unit normal vector of faces in ]—"}; be n, and set

(3.2) N(Epvy) = |7, | Z (N (vr) - n)n.
N ey
Thus, N(Epvy,) is a vector with direction n and magnitude \TilNl D TeTn %’—5(17).

If NV is a boundary degree of freedom corresponding to a function directional derivative at p € M?L
with direction unit vector s;, let the common unit normal vector be n, and set

(3.3) N(Epvp) = ‘7}1\4 Z (si n)%(p)
TeTN

Finally, if IV is a boundary degree of freedom corresponding to the function derivative or directional
derivative at some p € V# U M#, we set N (Epvp) = 0. Note that this construction and Lemma ?7
show that Ejvy, € V0.

Lemma 3. For k =2 or 3, the map E}, satisfies the estimate
_ 2
(3.4) |Uh — Ehvh|12qg(7—h) < Z hfl ||[[6vh/8nf]}HL2(f) Yoy, € V.
fer}

Proof. The proof of (??) in the two dimensional setting is given in [?,?], thus it suffices to prove
the result when d = 3.

Let vy, € Vj, be arbitrary and set wp, = vy, — Epvp. Fix T € Ty, and set wr = wp|r. From
Proposition ??, the inclusion P3(T) C P3(7,) N CH(T), scaling and shape regularity, and since
wp(p) = 0 for all p € Vy,, we have

lon = Envall32cry = lwllFz

S D Wrlw®)P + B3 Ver()P) + ) Zh‘}

(35> pEVT meMrp i=1
8wT 2
DL D S L)

pEVT meMrp i=1

By (??), for an interior point p (i.e., a point that is not on 992), we have

Vur@P = (7 3 Vo) = Vor @)])
PlpreT,

(3.6)
S 2 IVor(p) = Ver (o)
T/ET,
For any T" € 7,, there exist a finite sequence of simplices {7} ;'\io C Tp labeled such that
To=T, Tny = T', and 0T;NOT; 41 € Fi. We emphasize that M is is bounded uniformly in h by the
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shape regularity of 75, (cf. Remark ??). Hence, by an inverse estimate, and since vy, is continuous
across the faces,

M—1
|Vour(p) — Vo (p)| < Z |Vour, (p) — Vo, (p)]

(3.7) = Z H[[VUh]]HLoc(f)

fert
< Z hflm[avh/anf]]um(f)'
ferk
Applying (??) to (??), we find that
(3.8) V@) S > b2 [0vn/ong]]5x

feFrk

Using similar arguments, we have for any interior midpoint m and 7 € {1,2},

81) a’U ’
55, ™ B, m)] < 3 Vol ry S 3 47" 11008 /0n Al 2
fern FeFL
and therefore,
awT 2 ]. 8'[}T a'UT/ 2 _ )
(39) ‘asﬁm)‘ ‘!WTZ G m) = G| S 3 g 1100/on Dl
Tm feFl,

At a sharp vertex p, VEpvp, vanishes, and thus
[Vwr(p)* = [Vor(p)®.

Since p is a sharp vertex, there exist two simplexes T, T” € 7T, boundary faces fi C 97" N 01,
f2CcOT"NOQ, and f1, fa do not have a common normal vector. Hence, by Remark 77, there exist
a tangential vector t1 ; of f1 and two tangential vectors {t21,%2.2} of fa such that together, the three
vectors form a basis of R3.

By connecting T' through a sequence of simplex in 7, to T”, we have

0 ? - i
c’)tvlT. (p)‘ S Z thH[[avh/atl,iHHQLz(f) + hf12 HavT’/atlxiHiQ(ﬁ)
(3.10) | gl 2
S D b0/ ongD
feF]

because the tangential derivatives of v vanish on 9.
Similarly, by connecting T through a sequence of simplex in 7, to T”, we have

aUT 2 _ 2 .
ot (p)‘ N Z hf2||[[8vh/8nf]]||L2(f) for j =1,2,
3 feFl
and therefore
v v
NE T T -2 2 §
(3.11)  [Vawr(p)| <‘ ] Z’at% ‘ < 2 loonongla, VP EVENVEL

fer}]

Next, for a boundary flat vertex p € V,bl with common unit normal vector n, we first write

aUT 2

on (p)n

(9’UT

(312) Vur@)? £ |55 ) - VBwn)| +[Ver) -
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By (??) and by applying similar steps in (?7?), (??), and (??), we have

Ovr a'UT

2
S =VEw S > |(Gr () = Vor () -n)n)
T'ET,
dor, . dup, P2
(3.13) =y ‘ ) - (p)(
TET,
S Y WP vn/ongll (s,
feFt

Since p is a flat vertex, there exist a simplex T” with a boundary face f3 € ]—'f. Let {t31,t32}
denote an orthonormal basis of f3. Then by marching to the boundary (as in (??)), we have

on i—1 875371
(3.14) 5 5
v _
Yl £ Y bR 1100/ e ) -
=1 feFl
Hence, by (??)—(??), we have
(3.15) Vu@)® S Y b2 [0v/ons]l7z) VP € VNV

feFL

For a boundary flat midpoint m, by (??) and (??), we have

2

ow ovr oELvy, 2 ovr ovr 2
- < . - _ —C —
Ge ()| S |5 m) G (m) = S ()| | T () = (51 m) 7 (m)
ov _ Oup 2
(3.16) Y ‘ ~( - (m)‘
T'€Tm
< > Hﬂav/anfﬂn;(f)-
frerF,
Likewise, we have that
ow 2 Ovr OEyvy, 2 ovr Ovr 2
- < .n)— — . —
G ()| S |52 m) G (m) = S ()[4 | T () — (52 m) 5 (m)
(3.17) e, )
— |5 £ 3 b5 10v/ons]la

feFrk

Combining (2?), (22), (??), (22), (?7), (2?), and (2?) yields

lon = EnvallZzcry S (Z Z ol ‘%/8”f]]||L2 + Z Z hy? ||[[3v/anfﬂ”i2(f))'

pEVT fEF] meMr feFl
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Finally, by an inverse estimate and the shape regularity of 73, we obtain

lon — Envnlfzory S Z htlon — Eponll72r)

TeTh
S (X2 X w7 Ilov/on I
TeTh pEVr fEeF]
= 30 a0 /ong D )
meMr feF]
S Y bt 0w/ ongl3s ) -
fert

O

Remark 4. In two dimensions, there exists a family of C* Clough-Tocher spaces of degree greater
than or equal to three [?]. As a result, the estimate (?7) can be generalized to arbitrary k > 2 [?].
However, as far as we are aware, degrees of freedom for higher-order Clough-Tocher spaces in three
dimensions are not found in the literature; see [?] for partial results. As a result, the estimate (77)
is restricted to 2 < k <3 if d = 3.

Remark 5. An operator that maps piecewise polynomials to H%(Q) N HY(Q)-conforming functions
has been recently been constructed in [?]. There, the mesh is allowed to have hanging nodes, and
the dependence of the polynomial degree is explicitly stated in the estimate. On the other hand, the
operator is constructed in a global fashion, and as such, it seems that the mesh must be quasi-uniform
in order to get an estimate analogous to (77?) by directly using [?, Theorem 4J.

4. PROOF OF THEOREM 1

With the result of Lemma ??, we are able to prove Theorem ?77.

Proof. For vy, € Vj, we have Epv, € H?(Q) N HY(Q), and therefore, by the Miranda-Talenti and
triangle inequalities,

lvnl 27y < | Envnlm2e,) + [vn — Envnla2(7)
(4.1) < |AEpvnllL2(r,) + lvn — Envaluz(r,)
< |1A(vn = Envn)llL27) + 1Akl L2(7,) + [on = Envalae(7s,)-
We then use the identity |[Avp||z2¢7,) < \/&|vh|Hz(Th) and Lemma ?7? to get

ID*onll 273y < 1AV L2 () + (L + Vd)|on — Enonlazcr)

- 1/2
< | Avnl g2y + C+ VA (Y A7 NIwm/nfl3ep))
ferf
The proof is complete with C; = C(1 + V/d). O
Corollary 1. There holds, for all T € (0,1),
02
1Av 1727y = (1= T)[D*0nll 727,y — TT Z s 0w/ On g7 5y
feFt

Proof. Applying the Cauchy—Schwarz inequality to Theorem ?? yields

1 _
ID%0l ey < (L4 o)l AvnllZecry + CF(L+2) 3 by [[T00n/OnyDllEe
feFi
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for any p > 0. Letting 7 = p/(1 + p) € (0,1) and rearranging terms, we have

(1-7) _
”AU’L”QL?(Th) >(1- T)||D2Uh|\%2(n) - C? - Z hf1||[[8“h/3”f]]|\%2(f)
fer}
2 2 C? -1 2
> (1= D)ID*nFa iy = = D by [ [0vn/Ong] 3 (p)-
fer}

5. APPLICATIONS TO LINEAR PROBLEMS IN NONDIVERGENCE FORM

In this section, motivated by the discrete Miranda-Talenti estimate, we construct simple conver-
gent finite element methods to approximate strong solutions for elliptic problems in non-divergence
form:

(5.1a) Lu:=A:D*u+b-Vu—cu=g in Q,
(5.1b) u=0 on 0f.

Here, A: B := Zf j=1AijBi ; denotes the Frobenius inner product of two matrices. We recall that

u is a strong solution to (??) if it has regularity
ue V= H*(Q)N H(Q),

and satisfies (?7?) almost everywhere in €.

To ensure the well-posedness of problem (??) we assume that g € L%(f), that the coefficients
satisfy A € [L>(Q)]9*4 b € [L>=(Q)]?, ¢ € L*>(Q) with ¢ > 0, and that A is uniformly positive
definite in €, i.e., there exists v, 7 > 0 such that

v|E]? < ' A(x)E < DIE]* ae x€Q,
for all £ € R?. Here, |€| denotes the Euclidean distance of £ from the origin. More importantly, we
assume that the coefficients satisfy the Cordes Condition.
Definition 2. The coefficients satisfy the Cordes Condition if
(i) whenever c # 0 or b # 0, there exists A > 0 and € € (0,1) such that
[ A2 +[b]/2X + (¢/N)? _

(tr A+ c¢/N)? “d+e
Here, |[A|=VA: A, and tr A = Z?zl A;; is the trace of A.
(ii) whenever ¢ =0 and b =0, there exists € € (0,1) such that

|A]? 1
<

(trd)2 —d—1+e¢

a.ce. v €.

(5.2a)

(5.2b) a.e. x €.

Remark 6. In two dimensions, and in the case ¢ = 0 and b = 0, uniform ellipticity of A implies
the Cordes condition with € =2v/(v + ) [2, Example 2].

Remark 7. Uniformly ellipticity of A € [L>°(Q)]9*? is not sufficient to ensure that there erists a
unique strong solution to problem (?7?), at least in three dimensions. The following classical example
illustrates this feature.

Example 1. Let d = 3, Q = B1(0) be the unit ball, c=0, b=0, and

1+ oz) axt
||’

where 1/2 < o < 1 and I3 denotes the 3 x 3 identity matriz. Clearly A is essentially bounded and

uniformly positive definite withv =1 and v =2/(1 — «).

A(x):13+(1_a
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The function u(x) = |z|* — 1 satisfies u € V,
D?u(x) = a(a — 2)|z|* *zxt + a|z|* 23,
and since I3 : (vat) = (zat) : (x2t)/|x]? = |z|?,
1+a 1+ o
Az) : D*u(@) = ala = lal* 2 (14— ) 2340 =0,
(z) u(z) = ala — 2)|z| + - + alx| + -

Therefore both u = |z|* — 1 and the zero function are strong solutions to (??) with g = 0.
Note that

1+ o l+a2 2(a?—-2a+3)
2 _ —
4] _3+2(1—a)+<1—a) o (1-a)2
1+a\2 4(a®—4a+4)
2 _ _
(br4) _(3+1—a) T
and therefore
1 2020 — 1)
2 _ 1 2 _ slea—1)
|A| 2(trA) 1—a) > 0.

Thus, the coefficients do not satisfy the Cordes condition.
Define the function v € L*>(Q) by

_ trA+c/A

AP+ BP/2A + (/AP

Since A is positive definite and ¢ is non-negative, we clearly see that v > 0. In particular, if the
Cordes condition (?7?) is satisfied, then

(5.3) v

S d+e < d+e o
TE R At /AT At /A

To state the well-posedness of problem (??), we define the operators £, Ly : V — L?(Q) by
. v = yLv, AV = Av — A\,
(5.4) L, ~L L Av— A

where in the case that b = 0 and ¢ = 0, we set A = 0 in (??). Note that, since A is nonnegative
and ( is convex, the mapping £y : V — L?(Q) is surjective. Moreover, since v > 7 > 0 a.e. in ,
simple arguments show that u € V' satisfies (??) if and only if £L,u = vg a.e. in Q. Thus, these two
observations show that u € V' is a strong solution to (??) if and only if

(5.5) B(u,v) := /Q(Eyu)(ﬁ,\v) dr = /Q’yg(L'AU) dx Yv e V.

Lemma 4. Under the given assumptions, there holds the following inequality a.e. in §:

(5.6) |L,w — Lyw| < VT — ey/|D2w|? + 2\|Vw|? + \2|w]2.

Proof. Suppose that b £ 0 or ¢ # 0.
Applying the definitions of the operators and the Cauchy—Schwarz inequality, we have
|[Lyw = Law| < YA = La|| D*w| + [y][b][Vw| + [A = ey]w|

5.7
(5.7) < VM/|D2w[? + 2\ Vw2 + X2|w|?,

with

b|? A—cy|?
M= A - L + P o A=l
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Expanding this expression out and using the definition of vy and the Cordes condition (??), we have

g LIS L R
M=d+1 27(trA+>\)—|—|7| (|A]* + + )

22 A2
=d+1—y(trA+c/A)

(tr A+ c/\)?

BV R VY

<1l-—e

Combining this inequality with (??) yields (?7).
Likewise, for the special case b =0, ¢ =0 and A = 0, we have by (?77?),

[£yw — Law] < [7A - 1/|Dw)
— Jd— oy A+ hRIARID?ul
= Vd —ytr A|D*u|
< V1 —¢|D?w|.

O
Lemma 5. If Q is convez, then there holds
1Erv20) > /Q (1D%0]? + 2AVof2 + N[uf?) dz Vv e V.
Proof. Integration by parts gives
1£A0lI72 () = /Q (|Av? + 2X|Vo)? + A2|]?) d.
An application of the Miranda-Talenti estimate now yields the result. O

Theorem 2. There exists a unique strong solution to (?77?) provided the Cordes condition is satisfied.

Proof. A proof of this result is given in [?] (also see [?,7]). However, we give it here for completeness
and to motivate the numerical analysis of the method given in the next section.
Let v € V, and write

B(v,v) = [ |Lav|* + / (Lyv = Lav) (L) da.
Q Q
Applying Lemmas ??7-77 yields
2
B(v,v) > (1-v1- E)HE/\UHH(Q)’
and therefore B(:,-) is coercive on V. Since v — fQ vgL v dz is clearly a bounded linear form on
V, with | [, ygLav da| < [|7] @) 9]l L2 @) |1£xv]| 12(q), the Lax-Milgram theorem shows that there

exists a unique u € V satisfying B(u,v) = fQ vgLvdz for all v € V. Equivalently, there exists a
unique solution u € V satisfying (?7). O

5.1. Finite element method. Based on the discrete Miranda—Talenti estimate and the arguments
given in Theorem 7?7, we propose the following finite element scheme to approximate the solution
to (??): Find uyp, € V}, such that

(5.8) By (un,vn) = Z / vg9Lyvpdx  Nup € Vy,
TeTi /T
where the bilinear form B(-,-) is given by

Bu(w,v)= ¥ /T (Lyw)(Lrvn)dz+o 3 h7! /f [0w/an ) [0v)on;] ds,

T€eTh fE.F}{
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o > 0 is a positive penalization parameter, and we recall that V}, is the Lagrange finite element
space of degree k.

We immediately notice that the scheme (?7) is consistent. Indeed, if u € V is a strong solution
to (??) then £ u = vg a.e. in Q and [Ou/dns] = 0 on F; thus,

By (u,vp) = Z /’ygﬁﬂ)h dx Yo, € Vi
TeT, T

To analyze method (??) and to show that there exists a unique solution, we introduce the following

norm on V + Vj:
- 2
(5.9) [oll% == [I1D*01 2275,y + 2M V0l F2(0) + A0 220 + Z hy! IIVolllz2y) -
feF}

Note that if |v||, = 0 with v € V 4+ V},, then the Hessian of v vanishes on each element T € T, and
[Ov/Ons] = 0 on all f € F£. This implies that v is a linear polynomial on €. Since v vanishes on
09, then we conclude that v = 0. Thus, || - || is indeed a norm on V' + V}, for A > 0.

The next lemma, a discrete analogue of Lemma ?7, relates the discrete norm || - ||;, with the
operator £y on V.

Lemma 6. There exists a constant C; > 0, depending on k and the shape-regqularity of the mesh
such that, for all T € (0,1),

- _ 2
I£xvnllZ2(r) = (L= Dlloalli = Crrt Y-kt |[[0on/0n4]|[ 2y Von € Vi
fer}
Proof. Using the definition of £, and integrating by parts, we have
||,C)\Uh||%2(7-h) = Z / <|A’Uh|2 + )\2"1_)]1‘2 - QAUhAUh) dx
T

TeTh
||AUh||2L2(Th) + 2)\||Vvh||%2(9) + >\2||Uh||2L2(Q)

—2A Z /fvh[[ﬁ'vh/anf]] ds.

feF!

Therefore by Corollary 77,

IL3vnl1 227y = (1= DI D*onll 7275 + 2M Vol 22(0) + AllvnlZe(q)
2

C
(5.10) _ TT 3 ||[[avh/anfﬂ||ig(f) —22 ) /fvh[[avh/anf]] ds

feri feF;

for all 7 € (0,1).
By the Cauchy-Schwarz inequality and scaling, we find that

1/2
2\ Z /fvh[[(?vh/anf]] ds < C’)\||vh||Lz(Q)( Z h}ﬂ”[[avh/anf]]Hi?(f))

feF} feF}
<Xl + S 3 1[0 /om
S T||Vh L2(Q) A7 f Vnh/ON§f L2(f)"
feF!
Applying this estimate to (??) and applying the definition of || - ||, yields
||£/\Uh||%2(77,) >(1- T)HDQUh”QLZ’(Th) + 2>‘HVU}LH%2(Q) + A% (1 - T)”vhH%Z(Q)
c: 2
T -1 2
- (T + Z) Z hy H[[avh/aanHB(f)
feri
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, CTQ Cc? —1 2
> (1 =7)|lonlli — (1 Tt — E) fz}' hy H[[avh/gnf]]HLZ(f)
€7},

, [, C ¢ 1 2
> (1—7)|onll? - (T t— E) fzf, hy || [0vn/on gl e -
€ h

Setting C; =1+ C]? + C?/4 yields the result. a

Lemma 7. For any o € (0,1), there exists o, > 0, independent of h, such that if o > o,, there
holds

Bn(va,vn) > a(1—=v1—¢)|vall7
Consequently, there exists a unique solution up € Vi, to (??) provided o is sufficiently large.

Proof. We add and subtract £yv, and apply Lemma 7?7 and the Cauchy—Schwarz inequality to
obtain

Bh(vh,vh) = Z /T(,C,Y’Uh —Lwh)([,wh) dx + ||£>‘,Uh||%2(7_h) +o Z h;1||[[8’l)h/anf]]||iz(f)

TET, fer;,
_ 2
> [1CavnllZe 7y = VI = ellonllnll Cxonllzmy + o Y by {[10vn/Ong]|7a
feF!
1 1 _ 2
Z (]. — im)nﬁ)\vhniz('ﬁl) - 5\/ 1-— E””Uh”]zl + o Z hf1||[[8’l)h/anf]]||L2(f)
feFr!

Using Lemma ?? we find that

1 1

Bi(vnvn) > (1= 1) (1= 5vI=¢) = 5vVI=e)llunl}
_ 1 _ 2
+ (0 —Cir 71— 5\/1 — e)) Z hflﬂ[[avh/anf]]HLQ(f)
feFt
for any 7 € (0,1). For given a € (0,1), we set 7 = (1 — a)(1 — /1 —¢€)/(1 — 1v/1 —¢). This yields
Bh(vh,vh) Z Oé(]. — \/]. — G)H’Uh”%

(1— 11T —¢)? -1
+(o-a (1- a)fl - \/17—6)) > h7[1ovn /ol o -

fer!
This inequality provides the desired result provided that
&

(5.11) UZUQ::l—'_(l—a)(l—\/li—e)'

Lemma 8. There holds
|Br (v, wn)| < Cllvllnllwrln
for allv eV +Vy and wy, € V.

Proof. We assume that \ > 0; the other case is proved in a similar fashion.
Applying the definition of By (-, -)| together with the Cauchy—Schwarz inequality yields

| B (v, wn)| <||LvllL2 ()| Lxwnll 2 (7)

1 9 1/2 1 1/2
vo( X nplov/on Al ) (X g lownonsd,))

feF} feF!
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We easily find that
||£WH%2(T,L) < QHVHQLOO(Q)(||AH%M(Q)||D2UH%2(77L) + ”bH%M(Q)HVUHQLQ(Q) + ||C||2L°°(Q)HU||2L2(Q))
< 2[00 () max{[| Al F o () 1120 () / (22), el Z oo () /AP M1
and
£ xwnll? < 2([Awpl 227,y + A wnllZ2(q)) < 2d]wall;
AWRIL2(Th) = hIL2(Th) hilL2(Q)) = hilth:
Thus, we find that

_ 2 1/2 _ 2 1/2
[Bu(v,wn)] < Cullollallwnlln + o ( Y2 w7 [100/005]15a ) (D2 07 110wn/ond3a )
feFt fer}
< (o + C)lllnllwnlln,
with
C. = 2Vd||7| o () max{[| Al oo (), [|ll oo (02) / V2, [l Low () /A }-
([l

Theorem 3. Suppose that the solution to (??) has regularity uw € H*(Q2) for some 2 < s < k+1,
and let up, € Vi, satisfy (?7). Then there holds

(5.12) lu—unllf <€ it flu—wnllf < 30 Wl
) TeTh

Proof. The first inequality is a result of Lemmas ?7-7?7 and Cea’s Lemma. The second inequality
follows from standard approximation theory and scaling [?]. O

6. APPLICATIONS TO THE HAMILTON—JACOBI-BELLMAN EQUATION

In this section, we extend the method and analysis of Section 7?7, and consider numerical approx-
imations of the Hamilton—Jacobi-Bellman equation:

(6.1a) Flu] := sup[L% — g*] =0 in €,
acA

(6.1b) u=0 on 01,

where A is a compact metric space, and {£*},c4 is a family of second-order operators in non—
divergence form, namely,
(6.2) L% = A“ : D*v +b* - Vv — ™.

As in the previous section, Q C R? is a convex domain, but we assume the coefficients satisfy the
stronger conditions b € [C(Q)]¢, ¢c* € C(Q), and A~ € [C(Q)]?*? for all a € A, and that the data
is continuous with respect to «, e.g., the function @ — A%(z) is continuous on A for fixed z € Q. In
addition, we assume that ¢® is nonnegative, and that the family of operators {A®},c 4 is uniformly
positive definite and uniformly satisfies the Cordes condition with respect to «, i.e.,

d
(6.3) vIE? < ) A (0)&E < DIEP VEERY Vo € QVa € A,
i,j=1
and if ¢® #Z 0 or b* # 0 for some « € A, there exists A > 0 and € € (0,1) such that
[ A2+ [6]2/2X + (¢*/N)? _

6.4 Vo € Q.
(6.4a) (tr A> 4 ¢ /)2 “d+e re
Otherwise, if ¢* =0 and b* = 0 for all a € A, there exists € € (0,1) such that

A2 1
(6.4b) |4°] Va € Q.

(trA*)2 —d—1+c¢€

Under these conditions, there holds the following result [?, Theorem 3].
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Theorem 4. Under the given conditions, there exists a unique strong solution uw € V to (77).

We refer to [?, Theorem 3] for a complete proof of this result. Here, we just state the main ideas
of the proof.
Analogous to (??), for each a € A, we define the (positive) function
o tr A% +c¢*/A
(65) = |2 |2 / fet 2
| A2 4 b2 /2X + (c*/A)
and in the special case where b® = 0 and ¢® = 0 for all « € A, we set

tr A%
OL,:
7T Taep

in Q,

in Q.

The Cordes condition and the uniform ellipticity of A shows that there exists 7 such that v > =g
for all @ € A.
Define the operator F, : H*(Q2) — L*(Q) by

Fylu] := sup v* (L — g%).
acA

With £, defined by (??), one concludes that u € V' is a strong solution to (??) if and only if
(6.6) (Mlu],0) = / Flullwdz =0  YoeV,
Q

where (-, ) is the dual pairing between V* and V. Continuity of the data and the compactness of
A implies that M is Lipschitz continuous, and, by using the Cordes condition, one can show that
M is strongly monotone. The Browder—Minty Theorem then gives the existence and uniqueness of
u € V satisfying (??), and thus (??). We adopt this framework in the finite element analysis below.

6.1. Finite element method. Define the operator My, : Vj, +V — V;* such that
(Mp[w],v) :== Z /Fw[w]EAvh dx + o Z h;l/[[ﬁw/ﬁnf]]ﬂavh/ﬁnf]] ds.
TeT, T feF! f
We consider the following finite element method for problem (??): Find wy € V}, such that
(6.7) (Mp[up],vn) =0 Yoy, € V.
Note that since the exact (strong) solution to (??) has regularity u € H?(f2), and therefore, since

u satisfies (7?) almost everywhere in 2, we conclude that (Mpy[u],vp) = 0 for all v, € V}, i.e., the
method is consistent.

Lemma 9. Let Q be a bounded convex polygonal domain of R%. Suppose that (7?) holds, and that
the coefficients and continuous and satisfy the Cordes condition (??). Then there holds the following
inequality:

(6.8) [Fylv] = Fylz] = La(v = )| < VI = ey/[D?(v = 2)2 + 20V (0 = 2)]2 + X[ (v — 2) 2.

Proof. Using Lemma 77, we have

VL — Lyw| < V1 - eV/|D2w|? 4 2\ Vw|2 + \2|w]|2 Va € A,

and therefore

sup [y L% — Lyw| < V1 — eV/|D2w|? 4 2\ Vw|? + X2|w)2.
acA

It then follows, with w = v — z, that
| Fy 0] = Fy[e] = Law| = | sup (v (L% — g*)) — sup (v (L2 — g%) — Law|
acA acA

< sup YL — Lyw]
acA
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< V1 = e/|D2w]? + 2\|[Vw|2 4+ A2 |w|2.
0

Theorem 5. Let Q be a bounded convex polygonal domain of R?, let Ty, be a simplicial, conforming,
and shape-regular mesh of Q) without hanging nodes. Suppose that the coefficients are continuous in
Q and satisfy the Cordes condition (??). Then there exist a unique solution uy € Vi, satisfying (77)
provided o is sufficiently large. Moreover, there holds

(6.9) lu—uplln <C inf Jlu—wvplln <C > B3 *|ule(r)
VR EVh TeT:

provided that uw € H*(Q) for some 2 < s < k—+1.

Proof. Let vy, zp € Vi, and set wy = vy, — 2z, then by the Cauchy-Schwarz inequality, we have

(Mlvp], wr) — (Mzn], wn) = Z /T (Fylon] = Fylzn] — Lawn) Lywy, dx

TeET;
(6.10) =

Flerwlag, +o 3 A7 /f [0wn /O ] [Own/On,] ds
ferFt

Continuing as in the proof of Lemma ?7, we conclude that, for any « € (0, 1), we have
(Mon], wn) — (Mlzp],wn) > a(l = V1 =€) |lwnll},

provided that (??) is satisfied; thus, M,, is strongly monotone. Continuing as in Lemma 7?7, we
also conclude that M, is Lipschitz continuous (with respect to || - ||). By the Browder-Minty
theorem there exist a unique solution up € Vi, to (??). Finally, the error estimate (??) follows
from the consistency of the scheme, the monotonicity and Lipschitz continuity of My, and standard
interpolation estimates. O

Remark 8. To implement the method, we use Howard’s algorithm to solve the nonlinear system;
see Algorithm ?7?. By [?] (also see [?, Section 5.3]), Howard’s algorithm converges superlinearly to
up, with a good initial guess ay.

Algorithm 1 Howard’s algorithm

1: Initialize ag € A,
2: while i > 0 do
3: Find u}, such that Vv, € Vy,

) / VL, — gV Lavnde + 0 3 by / [0}, /On 4] [9vn/Ons] ds = 0.
T f

TeTh fEJ:}IL
4 if i > 1 and ||u}, — ul ||n < tolerance then Stop.
5: end if
6: Qip1 = argmazae AL, — g%),
7: 1 =1+ 1.
8: end while

7. NUMERICAL EXPERIMENTS

In this section we perform some numerical experiments and test the accuracy of the finite element
methods for linear and nonlinear problems in non-divergence form. The penalty parameter is taken
to be 0 = 10 in all experiments.
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F1GURE 2. Test 1: Convergence plot of the two-dimensional linear problem with
k = 2 (left) and k = 3 (right). The red reference line has slope (k — 1), the blue
reference line has slope k, and the green reference line has slope (k + 1). The
behavior of the L? error in the case k = 3 (right) is due to round-off error.

Test 1. In the first experiment we solve the linear problem (7?) in two dimensions on the domain
Q = (—m,m)2. The coefficients are taken to be

xat

7.1 A =101 —, b=0 =0.
( ) 2+|£E|27 , C

The right-hand side function g is chosen such that the exact solution to (?7?)
(7.2) u(zy, x2) = sin(5xy) sin(5as) /(33 + x5 + 2).

It is easy to see that 9|€|? < &' A(x)€ < 11]€)? for all € € R?, and therefore the Cordes condition is
satisfied with € = 0.9 (cf. Remark ?7?).

We compute the numerical scheme (??) for polynomial degrees k = 2 and k = 3 and report
the resulting errors in Figure ??. The figure clearly shows asymptotic (k — 1)th order convergence
in the H2-type norm; this agrees with the theoretical results given in Theorem ??. In addition,
the experiments indicate that the method converges with optimal kth order convergence in the
H' norm. The L? error converges with (sub-optimal) second order convergence when k = 2 and
(optimal) fourth order convergence when k = 3.

Test 2. We again solve the linear problem (??) but in three dimensions with Q = (—m,7)3

with lower order terms:

, and

xat

[a]?”
Note that tr A = 31, |A]? = 321, and therefore
[AP? + B2/ (20) + (¢/A)? _ 3214 1/(2)) + (10/1)?
(tr A+c/X)? N (314+10/X)2 )
Taking (for example) A = 1/2 yields
|A]2 + |b]?/2X + (¢/N)? 722
(tr A+ ¢/N)? 2601’

and therefore the Cordes condition is satisfied with e = 435/722 (cf. Definition ??). In the numerical
experiments, the right-hand side function g is chosen such that the exact solution to (??) is given

(7.3) A =101 + b=(100)", c=10.
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F1GURE 3. Test 2: Convergence plot of the three-dimensional linear problem with
k = 2 (left) and k = 3 (right). The red reference line has slope (k — 1), the blue
reference line has slope k, and the green reference line has slope (k + 1).
TABLE 1. The errors and rates of convergence for Test 2.
h lu —unllz2@) rate  |u—un|gi) rate |lu —wuplln  rate
k=2 272 4.3663 7.6303 13.769
273 2.9558 0.56 5.1724 0.56 10.104 0.45
274 1.4819 1.00 2.6302 0.98 5.9030 0.78
275 0.5539 1.42  1.0053 1.39  2.8660 1.04
276 0.1631 1.76  0.3004 1.74 1.2913 1.15
k=3 272 941E-01 1.79E+00 5.20E+00
273 1.36E-01 2.79 2.85E-01 2.65 1.65E+00 1.65
274 1.40E-02 3.28 2.86E-02 3.32 4.17E-01 1.99
27° 1.37E-03 3.36  2.59E-03 3.46 1.02E-01 2.03
276 1.02E-04 3.74 3.12E-04 3.05 2.53E-02 2.01
by

u(zy, 9, x3) = sin(5x1) sin(5xs) sin(5x3) /(323 4 =3 + 2).
The computed errors, listed in Figure 7?7 and Table ?7, show similar behavior as the previous

two-dimensional experiments. Namely, we observe asymptotic (kK — 1)th order convergence in the
H?-type norm, and Table ?? indicate that
O(h? k=2,
=l =000, Ju=wlize = { Qi) §5 3

Test 3. In these series of experiments, we solve the nonlinear Hamilton-Jacobi-Bellman problem
(??) with d =2, Q = (—m, )2, A= {1,2}, and

Al 2 1/2 45 T2 1 1/2 A2 3/2 1/2 Lo T 1/2 1/2
“\1/2 3/2) Tl \1/2 172)0 T 12 2 ol 12 1)
b' =b* = (10)", d=c=1
The source functions {g*},c4 are chosen so that the solution of (?7?) is

(7.4) u(zy, x2) = sin(z) sin(zz).
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FI1GURE 4. Test 3: Convergence plot of the two-dimensional nonlinear problem with
k =2 (left) and k = 3 (right). The red reference line has slope (k — 1).

With this data, we can verify that the Cordes condition (??) holds with A = 1 and e = 1/6. Note
that the matrices are discontinuous at the lines x;1 = 0 and zo = 0. Therefore the problem does
not satisfy the conditions assumed in Theorems 77 and 7?7. Nonetheless, the plots of the errors
given in Figure 77 show that the method converges as the mesh is refined, albeit at sub-optimal
rates. Namely, the numerical experiments indicate that the method converges with the following
convergence rates:
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