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(Communicated by Bennett Chow)

ABSTRACT. We give an explicit description of polynomial growth solutions to
a uniformly elliptic operator of non-divergence form with periodic coefficients
on the Euclidean spaces. We also show that the solutions are of one-to-one
correspondence to harmonic polynomials if the coefficients of the operator are
continuous.

§0. INTRODUCTION

In this article, we will study polynomial growth solutions to a uniformly elliptic
operator of non-divergence form defined on R™. In terms of rectangular coordinates
{z1,...,2} of R", let

82
8:51-8@
be second order differential operator. We assume that it is symmetric and uniformly
elliptic with the coefficients satisfying

(0.1) L = aij(z)

(0.2) aij(z) = aji(x)

and

(0.3) Algf? < Z ai;(2) & & < plEf
ij=1

for some positive constants 0 < A < p < oo. Moreover, we assume that the functions
a;; are measurable and periodic with respect to the lattice Z" satisfying

agj (¢ + 2) = ai;(x)
for all z € R" and z € Z". We say that a function u € W2 (R") is L-harmonic if
it is a weak solution of the equation

Lu=0.
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Let r(z) be the Euclidean distance function to the origin on R™. For any d > 0, let
us define

HYUL) = {u e WA R™) | Lu = 0, u|(x) = O(r'(x))}
to be the space of L-harmonic functions of polynomial growth of order at most d.

Our main purpose is to prove the following theorem.

Theorem. If L is a Z™-periodic, uniformly elliptic operator of mon-divergence
form, then the following properties hold:

(i) HYL) = HI(L).

(ii) For any positive integer N and u € H™ (L),

p,,l‘) u

V<N

where v = (v1,...,vn) €2, v =30 vy, V! =T] vl and o¥ =[], 7" The
functions p,(x) are Z™-periodic and Holder continuous. Moreover, when |v| = N
the functions p,(x) are constants.

(ili) If a;; are continuous, then the homogeneous polynomial

WM (z Z pv 7

lv|=N
solves
n 924 (V)
(N) — . =
QU igz:l qij 81‘1 81‘] y

where (¢;5) s a positive definite constant matriz. In particular,
dim HY (L) = dim HN (A).

Let us first point out some history relating to this particular problem. In 1989
[ATn], Avenalleda and Lin studied solutions to a uniformly elliptic operator of
divergence form on R”™. In their setting, they consider elliptic operators of the form

0 Pe i (w 2)

defined on R™. They assumed that the coefficients {a;;(z)} of the operator are
Lipschitz functions, satisfying (0.2), (0.3) and period under the Z™ action. They
proved that the dimension of the space of polynomial growth solutions of degree at
most d, H(P), must satisfy

dim H?(P) = dim H*(A),

where A is the Laplace operator on R™. Three years later, Moser and Struwe [MS]
used a different argument and proved the same theorem without the Lipschitz
assumption on the coefficients. Moreover, their argument applied to a certain class
of non-linear operators as well.

In 1996, Lin [Ln| considered uniformly elliptic operators of divergence form which
are asymptotic to a conic operator at infinity. This result can be viewed as a
generalization of the previous results since a periodic operator is asymptotic to an
operator with constant coefficients. Recently, Zhang [Z] considered a more general
class, namely operators that are asymptotic to a compact 1-parameter family of
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conic operators. In this setting, he only proved an upper bound on the dimension
of HY(P).

The most general theorem on uniformly elliptic operators of divergence form was
included in the work [LI] of the first author. He showed that for any uniformly
elliptic operator of divergence form with measurable coefficients the dimension of
H?(P) must satisfy

dimH4(P) < Cd™!

for all d > 1. In fact, his argument also works for uniformly elliptic operators, L,
of non-divergence form (0.1) with measurable coefficients satisfying (0.2) and (0.3).
In that case, the upper bound

dimH4(L) < Cd" !

is obtained.

In a recent paper [LW], the authors found a sharp asymptotic upper bound for
the dimension of H%(P) as d — oo, for uniformly elliptic operators of divergence
form with measurable coefficients. They showed that

d [ n—1 2
imH,;(P) < [ == = 2n)"
;dlm'){( )_()\OO) py (d+2n)

where A\ and o, are the ellipticity constants at infinity. This estimate is sharp
in the sense that for the Laplace operator, we have
d 2
. n . .
Jim d ;dlmm(m ==

An obvious question is to ask if the above theories apply to uniformly elliptic
operators, L, of non-divergence form. Other than the result in [L1], there are no
known results for this class of operators. The first step in our attempt to obtain
some form of sharp estimates on dim H%(L) is to see if similar results such as [ALn|
and [MS] are valid. Our program follows pretty much that of Moser-Struwe with
the exception that different treatments are used in various crucial steps to deal with
the non-divergence case.

We would like to remark that the continuity assumption of the coefficients is
only required in discussing the solvability of the equation

Lu=f.

It is likely that the theorem also holds for measurable coefficients. Finally, we would
like to refer the interested reader to a comprehensive survey [L2] by the first author
on harmonic functions.

We would like to thank P. Kuchment and Y. Pinchover for informing us about
their recent paper [KP|, in which they have used Floquet theory to obtain many
interesting results concerning the representations of solutions to general periodic
elliptic equations with smooth coefficients. Consequently, they were able to con-
clude the similar results proven here. In fact, they have also outlined an argument
similar to ours in the appendix of their paper. In any case, it is still unclear to us
how to deal with the measurable coefficient case.
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§1. PROOF OF THE THEOREM

We will now give a proof of the Theorem.

Proof. Denote E; to be the translation operator defined on functions given by
(Biu)(z) = u(z + €;) — u(x),

where e; = (0,...,1,...,0) is the i-th Cartesian coordinate vector. We also denote
B =l Ef for v = (v1,...,v,) € Z7.
As a general fact, we will first show that

u(z) = Z pu(x) ¥

[v|<N

it E¥u =0 for all v with |v| = N, where each p,(z) is periodic. We will prove this
by induction on N. For N =1, if F;u =0 for alli =1,...,n, then u is Z"-periodic
and the result is trivially true. Suppose now that this is true for N = k and we
would like to prove it for N = k + 1. Note that for any v € Z" with |[v| = &,
the assumption asserts that F;(E”u) = 0 for all # = 1,...,n. This implies that
E"u = p,(z) for some periodic function p,. Now for a fixed vy € Z7 with |vp| = &,
one checks directly that

EY | u(x) — Z AC) ¥ | = E"™u —py,(z) =0.

Hence the induction hypothesis implies that

u(zx) — Z ]#x” = Z ]#x”.

vl=k lv|<k

Rewrite this as

u(z) = Z #m”;

v|<k

the induction argument is complete.

To continue with the proof of the theorem, let us denote wp, (r)(f) to be the
oscillation of a function over the ball B, (R). The Harnack inequality of Krylov-
Safanov [KS1], [KS2] implies that there exists a positive constant C' < 1 depending
only on A\, p and n, such that, if f € VVIQOC" (R™) is an L-harmonic function, then

(1.1) wp,(r)(f) < Cwg,@r)(f)
for all z € R™ and R > 0. We claim that for any u € H%(L), E;u € HY%(L) for all
i=1,...,n, where § = log, % > 0. In fact, it is clear that if we define

v(z) = Eju(x)
=u(z +e;) —u(x),
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then Lv = 0 and v € WQ’"(R"). For any x € R™, let k be the minimum positive

loc

integer such that r(x) < 2%. Using (1.1), we get
[0l(z) < wp,)(u)

S Ck wa(Qk) (U)

< CF A(r(z) + 28)¢

< Bri=9(x).
This implies that v € H?~%(L) and the claim follows.

A standard argument using the Harnack inequality also implies that there exists

a > 0 such that H*(L) only consists of constant functions. For a fixed d > 0, there
exists a positive integer m such that d — md < a. Therefore if u € H%(L) and

v € 7} with |v| = m, then E"u € H=™9 (L) must be a constant. In particular, for
v € 2 with |v| = m + 1, EYu = 0. Hence we conclude that

(1.2) u(zx) = Z py(!x)x”,

14

lv|<m

where the functions p,(x) are periodic. However, the growth order of u is of at
most d. The non-zero terms in (1.2) must satisfy |v| < [d]. Thus, H4(L) = HI4(L)
and (i) is proved.

Using (1.2), we conclude that if v € HY (L) with N being a positive integer,
then

(1.3) u(z) = Z #m”.
\

v|<N

Direct computation then shows that EYu = p,(z) € H(L) for |v| = N. Due to
the fact that the space H°(L) consists of constant functions only, we conclude that
p, must be constant for |[v| = N. The Hoélder regularity of L-harmonic functions
implies that all the p,(z) are Holder continuous.

To show (iii), we first remark that we may view L as an operator on the torus
T". The standard LP estimate implies that the image of H?(T™) under L is a
closed subspace of L?(T™). Note that by the maximum principle, positive functions
are not in the image space. This implies that the kernel of the dual operator
L* : L*(T™) — H?(T™) is non-trivial. Let f € L*(T™) be a non-zero function in
the kernel of L*. Without loss of generality, we may assume that

f=0.
T’Il

We now claim that f must be non-negative on T". In fact, for any non-negative
smooth function h on T, let w(x,t) be the solution of

0

w(x,0) = h(x).
Note that by the LP estimate, w(x,t) € H*(T™) for all t > 0 and

with

lim w(z,t) =c¢

t—o0
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for some constant ¢ > 0. Since L*(f) = 0 and w(x,t) € H*>(T") for t > 0,
() Lw(z,t)de =0
T7L

for all ¢ > 0. Thus,

4 flz)w(x,t)de =0

dt Jopn ’ B
and

/n f(z)h(z)de = lim f@)w(z,t)dz

t—o0 Tn

=c flx)dzx
T7l
> 0.

Since h is arbitrary, we conclude that f(z) > 0 on T™. Let us now normalize f
such that

flz)de =1

T7L
and define

Qij = / a;j(x) f(z)dx.

Since f > 0 and is not identically zero, g;; is positive definite. We will now verify
that Qu(N) = 0 with this choice of ¢ij- This is obvious for N =1 as uM(z) = ¢y
for some constants ¢;. For N = 2 and u € ‘H?(L), (ii) implies that there exists a
periodic function p such that

u(z) = cij s ¢y + ¢z + pla).
Hence u® (x) = ¢;j x; xj, where ¢;; are constants. Therefore, we have
Qu?) = gij cij

= (x) aij(z) cij dz
T7l

= | fl@)L(u?)(z)dz

Tn

=— [ [f(=) L(p)(x)dx

—— [ r@ s ds
=0.

We will now proceed by induction for N > 3. Suppose for all u € HN=1(L) we
have QuN~Y = 0. Given u € HN (L), we know that E;u € HN=Y(L) for each i.
Note that

(N)
T = B,
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so by the induction hypothesis, we have

AQuM)(@) _  (0u)

=0.

This implies that the function Qu(™) is constant. On the other hand, Qu™) is a
homogeneous polynomial of degree N — 2 > 0, hence it is identically zero. This
implies the first part of (iii).

To prove the second part of (iii), note that the correspondence of v +— uN) gives
a one-to-one map from HY (L)/HW™ =Y (L) to HN (Q)H™ 1 (Q). We will now show
that this map is onto, that is, for any h(z) =3, _y cva” € HN(Q), there exists

u € HN (L) such that uN) = h. Let us write
u(z) = Z pu(z) 2,
lv|<N

where p,(z) = ¢, for |v| = N. For € > 0, we have

()= 3 e ()

lv|<N
= U(x’ y7 E)’
after substituting the new variable y = £. Direct calculation shows that Lu = 0 if
and only if
(Lo + € L1+ €* La) U(z,y,¢) = 0,
where
82
Lo — aii(y) ———
0= ai;j(y) By: Oy, )
82 82
Ly = ay;
1= ay(y) (8% 0y; + yi &Uj)
and
82
Lo = a;i(y) =———.
2 Qij (y) 8.131 81‘]

We now claim that there exists a sequence of functions ¢, (y) such that g(y) =1
and

oo vl
(LoteLi+ ¢ La) D M (y) 5

|v|=0
olvl olvl
— 2 E: 3 E -
=€ auaxy—i—e auaxy—i—...,

lv|=2 |v|=3

(1.4)

where «,, are constants and «;; = ¢;;. In fact, comparing the coefficients of €* and

the corresponding terms of g‘;,‘ of (1.4), we get

Loyo(y) =0 for s =0

and

Loy (y) =0 for v =s=1.
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Let us set 9, (y) = 0 for all v with |v| = 1. For s = 2, we have

(1.5) Lot (y) + ai(y) = o
forall4,j =1,...,n. Setting a;; = ¢;; and using the normalization on f, we check
that

fy) (s — aqij(y)) dy = 0.

Tn

Hence there exist solutions v;;(y) to (1.5). We will now use an induction argument
on s > 3. Let us assume that ¢, (y) exists for all v with || < s — 1. Using (1.5),
we know that for each v with |v| = s,

(16) Lowu(y) = F(%l ) wuz)(y) + ay,

where |v1| = s —1 and |v2] = s — 2. So we may choose a,, such that the right-hand
side of (1.6) is perpendicular to f(y) in L?(T™). Thus, solutions v, exist for (1.6)
and the claim is proved.

Note that the operator Q maps the set of homogeneous polynomials of degree
s onto the set of homogeneous polynomials of degree s — 2. There exists a linear
operator R mapping polynomials to polynomials such that QR = I. Let us define
formally

V|

A= I—l—eRZozl,T—l— Zozl,a‘u

|v|=3 lv|=4
We form the unique formal inverse

A =T—€R Y oy5— 0

lv|=3

v |

l/

Finally, let V(z) = A~'h(z) and

oVl

Zewy 5 V(@)

Note that all the infinite series appearing here and in the following only have finitely
many non-zero terms. The convergence is trivially true. Then by the claim (1.4),

s Iv|
Lu(z) = (Lo + e Ly 4 €* Ly) Z Ly, (y) ngV(x)
|v|=0
v v
= Zal,ay 32041,81/ | V()
lv|=2 |v|=3
— 2 —1
= ;2%, B h(z))
=2 Qh(x)

=0.

Since vo(y) = 1, one easily verifies that u¥)(2) = h(z). Thus the solution u(x)
exists and the proof is complete.
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