DAHLBERG’S BILINEAR ESTIMATE FOR SOLUTIONS OF DIVERGENCE
FORM COMPLEX ELLIPTIC EQUATIONS

STEVE HOFMANN

AsstracT. We consider divergence form elliptic operators L = —div A(X)V, defined in
R™L = {(x,t) € R" xR}, n > 2, where the L™ coefficient matrix A is (n + 1) x (n + 1),
uniformly elliptic, complex and t-independent. Using recently obtained results concerning
the boundedness and invertibility of layer potentials associated to such operators, we show
that if Lu = 0 in R, then for any vector-valued v € W12, we have the bilinear estimate

loc?
‘ff Vu - vdxdt
]RTI

1/2
where |||F||| = (ffRM [F(x, t)|2t‘1dxdt) ,and where N, is the usual non-tangential maxi-

mal operator. The result is new even in the case of real symmetric coefficients, and general-
izes the analogous result of Dahlberg for harmonic functions on Lipschitz graph domains.

< C sup JuC- il 2¢en) (VI + INLVIl 2y )
t>

1. INTRODUCTION

In [6], B. Dahlberg considered the bilinear singular integral form

(1.1) fg Vu-v,

where u is harmonic in the domain Q = {(x,t) € R™! : t > ¢(x)}, with ¢ Lipschitz,
and where v € Wlt’cz is vector valued. He showed that the bilinear form (1.1) is bounded
by the L? norm of the square function plus the non-tangential maximal of u, times the
same expression for v. In the present note, we generalize Dahlberg’s Theorem to variable

coefficient divergence form elliptic operators. To be precise, let

n+1 P P
L =—-divAV = - — AL —
v i; OXi ( b (3Xj)
be defined in R™* = {(x,t) € R" x R}, n > 2, (we use the convention that xn,; = t), where
A = A(x)is an (n + 1) x (n + 1) matrix of complex-valued L= coefficients, defined on
R" (i.e., independent of the t variable), and satisfying the uniform ellipticity (accretivity)
condition

(1.2) AP < Re(ANEE), NIAllL=@n) < A,
forsome A > 0, A < oo, and forall £ e C™?1, x € R". Here, (-, -) denotes the usual hermitian
inner product in C™1, so that

n+1

(AME &) = > A
ij=1
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In order to state our theorem, we first recall that the non-tangential maximal operator
N. (and a variant N, are defined as follows. Given xg € R", let

y(Xo0) = {(x, 1) e RML 2 xo — x| < 1}

denote the cone with vertex at Xo. Then for U defined in R+,

N.U(xo)= sup U t)], N.U(xo))= sup (J[ﬁxym |U(y,s)|2dyds].

(xDey(x0) xevixo) \J J X
Our main result is the following:

Theorem 1.3. Suppose that L is an operator of the type described above, with
(1.4) IA = Aollee <€,

for some real, symmetric, L*, elliptic, and t-independent matrix Ap. Suppose also that
Lu = 0, and that v € W-2(R™2, C™1). If € < €, with € sufficiently small, depending only
on dimension and ellipticity, then we have the bilinear estimate

ff Vu - vdxdt
RTI

where C = C(n, 4, A) and

1/2
IIF I = ( f f IF(x,t)IZt‘ldxdt) .
RTI

We remark that the result is new even in the case of real, symmetric coefficients. The
analogous result was proved by Dahlberg for harmonic functions in Lipschitz graph do-
mains, using a special change of variable found by Kenig and Stein, and independently by
Maz’ya. Our theorem includes that of Dahlberg, as may be seen by pulling back under
the mapping (x,t) — (x, ¢(x) + t). Dahlberg’s original method seems inapplicable to the
variable coefficient case, unless the coefficients are differentiable and satisfy an appropriate
sort of Carleson condition as in the work of Kenig and Pipher [13]. In the present setting,
in lieu of the special change of variable, we use recently obtained results of [1] concern-
ing the boundedness and invertibility of layer potentials associated to variable coefficient
t-independent operators.

The paper is organized as follows. In the next section, we recall some of the aforemen-
tioned results of [1]. In Section 3, we prove Theorem 1.3, and in Section 4 we discuss the
analogue of another result of [6] concerning the domain of the infinitesimal generator of
the Poisson semigroup for the equation Lu = 0 in R,

Let us now set some notation and terminology that we shall use in the sequel. We
shall employ the standard convention that the generic constant C is allowed to vary from
one instance to the next, and may depend upon dimension and ellipticity. The symbol f

denotes the mean value, i.e., fE f= |E|*1fE f. We shall use the notation

< Csup U, liczqeny (VY + INLVll2geny)
t>0

Dj=0dx, 1<j<n+1,

bearing in mind that x,.1 = t, and we use ej, 1 < j < n+ 1, to indicate the standard unit
basis vector in the x; direction. The symbol V denotes the full (n+1)-dimensional gradient,
acting in both x and t, and we use Vy or V| to indicate the n-dimensional gradient acting
only in x. We use adj to denote the hermitian adjoint of an operator acting on functions
defined on R". We define the homogeneous Sobolev space I'_i to be the completion of
Cg’ with respect to the seminorm [|[VF||2. As is well known, for n > 2, this space can be
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identified (modulo constants) with the space 11(L?) = A~Y2(L?). We write F — fn.t. to
mean that for a.e. x € R", F(y,t) — f(x), as (y,t) — (x,0), with (y, 1) € y(x).

2. RESULTS FOR VARIABLE COEFFICIENT LAYER POTENTIALS

We now recall the definitions of the layer potentials. We first note that by (1.4), the
stability result of [2], and the classical De Giorgi-Nash Theorem [7, 15], solutions of Lu =
0 are locally Hélder continuous. Let I'(x, t,y, s) denote the fundamental solution for L (we
refer the reader to [9] for the construction of, and estimates for, I" in the case of complex
coefficients, assuming De Giorgi-Nash bounds). By t-independence,

(2.1) (xty,s) =T(x,t-s,y,0).

We define the single and double layer potentials, respectively, in the usual way:

Stf(x)zf T(x.ty,0) f(y)dy, teR
(2.2) R

th(x)sf Oy, 0,x,t) f(y)dy, t+0,
]RI‘I

where 9, is the adjoint exterior conormal derivative; i.e., if A* denotes the hermitian ad-
joint of A, then

n+1
(23) aV*(y)r (y7 07 Xs t) == Z An+]_,j(y)a_y_(y3 0, X, t) = _el"l+1 : A (y)Vy,sr (y’ S’ X’ t) |S:0
=1 !
(recall that yn,1 = S), where en1 = (0,...0,1) is the unit basis vector in the t direction.
Here, T* is the fundamental solution for L*, the hermitian adjoint of L. Thus, T is the
conjugate transpose of T; i.e.,

*(y, s, X, 1) =T(X. t,Y, s).
We also define (formally) the boundary singular integral

@4) K09 = pv” [ ZTG0X0) )y

(For the precise definiton of the latter operator in the case of non-smooth coefficients,
see [1], Section 4). In a departure from tradition impelled by the context of complex
coefficients, K*, S * and D©* will denote the analogues of K, S and D corresponding to L*.

In order to prove our Theorem, we shall require some of the main results of [1], which
we summarize as follows:

Theorem 2.5. [1]. Suppose that L satisfies the hypotheses of Theorem 1.3. There exists
a small constant eg = e(n, 4, A) such that if e in (1.4) satisfies € < ¢, then the layer
potential operators i%l + K, J_r%l + K* are isomorphisms on L?(R"), with the implicit
constants depending only upon dimension and ellipticity. In addition,

(2.6) SU(F))IIthIIz +IItVOS w1 flll + sup [[Itd:S D flll < Clifll2,
>

1<j<n

and D, f — (i% I+K)f n.t.andin L?, for f € L2. Moreover, the corresponding statements
hold also for Oy, K* and S;. Finally, the solution to the Dirichlet problem

Lu=0inR™ = {(x,t) e R" x (0, o)}
(D2) lim_ou(-,t) = f in L2(R") and n.t.
SUP o IU(:, D)ll2ny < oo,
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which exists by virtue of the aforementioned facts about layer potentials, is unique.
We shall also require the following technical facts.

Lemma 2.7. [1] (Lemma 2.2) Suppose that L satisfies the hypotheses of Theorem 1.3, with
€ < €. Set Ky(x,y) = ta2T'(x,t,y,0). Then

t
(2.8) [Ke(x, Y)I < CW-

Lemma 2.9. [1] (Lemma 2.8) Suppose that L satisfies the hypotheses of Theorem 1.3, with
€ < g. Then
V7S L Fllony < Cllfll2.

Lemma 2.10. . Suppose that {R¢}-¢ is a family of operators defined by

Rf09 = [ Kix Ty,

where the kernel K; satisfies (2.8). Suppose also that Ri1 = 0 for all t € R. Then for
h e LA(RM),

(2.11) f IR¢h|? < Ct? f IVyh2.
R RN

The proof of the last lemma is a standard exercise in the use of Poincaré’s inequality.
We omit the details, but see, e.g. [1] (Lemma 3.5), for a more general result.
Finally, we shall use the following special case of the “Fatou Theorem” of [1].

Lemma 2.12. [1] (Corollary 4.41) Suppose that L satisfies the hypotheses of Theorem 1.3,
with € sufficiently small, and that Lu = 0 in R™?. Suppose also that

sup lu(, t)ll2 < co.
t>0

Then u(-, t) converges n.t. and in L? ast — 0.

3. Proor oF THEOREM 1.3
The proof of the theorem will use the following

Lemma 3.1. Suppose that L satisfies the hypotheses of Theorem 1.3, with e sufficiently
small. Suppose also that Lu = 0 in R™?, with sup,.  [[u(-, t)]l2 < co. Then

itVulll < C Sug UG, Oll2.
>
Proof. It is enough to show that for each fixed € (0,107),
2n 1/6
JC f [Vul2tdxdtds < C sup [lu(:, t)]f2.
n 5 RN t>0
Integrating by parts in t on the left side of the last inequality, we obtain
21 1/6
(3.2) —Re J[ f (8:Vu, Vu)t?dtds + boundary,
n o
where the boundary terms are dominated by

2r
(3.3) sup f r?|Vu(x, t)[?dxdt < C sup [|u(-, )II5,
r R" t>0

>0
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as desired, and in the last step we have split R" into cubes of side length ~ r and used
Caccioppoli’s inequality. By Cauchy’s inequality, the main term in (3.2) is no larger than

e (2 s 1 2n 1/6
= JC f VuPtdxdtds + - J[ f IVoulPdxdtds = 1 + 11,
2 n S RN 2¢e n S RN

where & > 0 is at our disposal. Choosing € small, we may hide term I. Having fixed &, and
applying Caccioppoli’s inequality in Whitney boxes, we obtain that

1 scff |6;ul2dx tdt.
RTl

By the Fatou Theorem of [1], Section 4, u converges in L?(R") to some f, with

Ifll2 < sup[lu(:, Dl
>0

Thus, by Theorem 2.5, u(-,t) = Dy (—%I + K)fl f. By (2.6), the bijectivity of (—%I + K)
and the definition of Dy, we obtain that

f f |6rul*dx tdt < C|If|l2 < C sup [lu(-, t)ll2.
R t>0

Proof of Theorem 1.3. By the previous lemma, it is enough to establish the bound

1/6
f f Vu - vdxdt
o R

<C (IIItVUIII +sup IIU(~,t)IIL2(Rn)) (IIItVVIII +sup ||V(~,t)||L2(Rn)) .
t>0 t>0

(3.4) sup
0<n<10-10

2n
ds
n

We may suppose that the right hand side of (3.4) is finite, otherwise there is nothing to
prove. On the left hand side of (3.4), for each fixed n, we integrate by parts in t to obtain

the bound

2y s _ 2n ~1/6

ff fVu‘atvdxtdtch ch fvatu-detdtch
n Jo RM n Jo RN

where the boundary terms are dominated by

(3.5) + + boundary,

or 12
C(sup fR nr2|Vu(x,t)|2dxdt) (s;ug)llv(-,t)llz)

r>0 Jr
< C(supuu(‘,t)nz) (supnv(-,t)uz),
>0 t>0

and we have used (3.3) in the last step. Moreover, by Cauchy-Schwarz, the first term in
(3.5) is no larger than [|[tVu]|| [|ItVV]]|.

It therefore remains to treat the middle term in (3.5). To this end, we write V. = V4 +
Oten+1, and V = V) + Vpy1€n41, Where Viop1 = V- 1. Now,

2n r1/6
f f f Vot - v_”dxtdtd(S’
n Jé RN

2n r1/8
ff fatu div, ¥ dxtdtds| < Cl[itvull [[tVv],
n S5 R
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as desired. Thus, it is enough to consider

2 M5 2 (15

J[f fatzuvmldxtdtdé J[f fa?uvmldxtzdtdé‘
n 1 n n 1 RN
2n ~1/6

f f f 92U BV, 1dx t2dtds
7 Js  Jrn

where we have again integrated by parts in t, and 8 denotes boundary terms which satisfy

(3.6) < %

1
- B
+2 + |B|

= [+ (1] +18],

1/2

2r
|B|<C (sup f r4|at2u(x,t)|2dxdt)
r RN

(supnv(-,t)uz)
r>0 t>0
<c (sup u(- t)llz) (sup nv(-,t)uz) ,
t>0 t>0

by a double application of Caccioppoli’s inequality. Moreover,
1] < CIItPazulll Itavlll < C Ilitdulll 1IitdevIll,

where we have used Caccioppoli in Whitney boxes to bound the first factor. Turning to the
main term, we have that

(3.7) =C

1/(26)
f f ARu(X, 2t) Vs (X, 2t) dxtzdtd5’ ,
9,

fZ'J
n /2 R

where we have made the change of variable t — 2t. For t momentarily fixed, set
gt(x) = dwu(x, t).
By Theorem 2.5 (i.e., the result of [1]), we have that

1 -1
Gt(-,s) = DS(_EI + K) Ot

is the unique solution of (D2) with data g;. Hence, by t-independence,
Gt(', S) = (9tu(-, t+ S).
Setting s = t, we therefore obtain that

-1
(D3,U)(2t) = (6?1})(—; + K) Ot

We observe that by (2.1), (2.2) and (2.3),
adj (67Dr) = 0,-07S ",

Consequently, (3.7) becomes

r

1/(26) 1 -1
l=C f f (—§I+K) du(-,1) 0,-D2  S* Vp.a (-, 2t) dx t2dtds),
o RN

/2

so by Cauchy-Schwarz and Theorem 2.5, it suffices to prove

(3.8) IPVD3, 1S 5V (- 20)lll < C (IItVVIIT + [INLVII2) -
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The left hand side of (3.8) equals

co kil dxdt |2
2 2 * 2
(3.9) (kzm j; L It2VD2, ,S* V(- 20)] T)

k+1

) 1/2
dxdt
<y f 2YD2,,S%, (v(-, 2t) - v(-, 269) L&
Ke—oo 2k 3l t

k+1

N 1/2
dxdt
2up2 g+ 2 =
+ [kgm fzk fRn [t“VDy, 1S Zv(, 2t)] n ] = HI+1V

where t, = 2k-1. We consider term 1V first. Dividing R" into cubes of side length 2¥, and
using Caccioppoli’s inequality, we deduce that

00 2k+2 1/2
dxdt
< 2 * . 2
V= C[k;oo \f;k—l - tD5, 1S Zev (- 26 < ]
00 2k+2 1/2
dxdt
<cl )] f [tDZ, 15 %, (V(-, 2t0) — V(-, 28) P——
ke—oo V2T JRO t
+ |||(tDr21+1Sitl) (PVE 200 + IIRVE 20N = 1V + Vo + 1Va,

where
Ri=1tD3,,8%, — (tD2,,57,1) Py,
and P; is a nice approximate identity with a smooth, compactly supported kernel. By
Lemma 2.10,
IV < [tV V]|

By (2.6), Lemma 2.7, and a well known argument of Fefferman and Stein [8], we have that
[t02S #1224 s a Carleson measure, whence

V2 < C[IN.Vl|2.
By Lemma 2.7, the operator f — tD2_,S*,f is bounded on L?(R"), so that

n+1
k+2 2 1/2
dx dt]

00 1 2t
IV, <C f —f Osv(x, s)ds
1 [kzm s o [y, 9069
2t
JC 1{2k§3§2k*3| \/563V(X, S)dS
2ty

g DN

where in the last step we have used the boundedness of the Hardy-Littlewood Maximal
function.

Finally, we consider term 111 in (3.9). By Lemma 2.9, 111 may be handled like 1V,
above. We omit the details. m]

2 1/2
dx dt] < Cliitavlll,

4. THE DOMAIN OF THE GENERATOR OF THE POISSON SEMIGROUP

In this section we generalize to our setting a result of [6] concerning the domain of
the generator of the Poisson semigroup. We continue to suppose that the hypotheses of
Theorem 1.3 hold. By Theorem 2.5, if € < ¢ is sufficiently small, then the Dirichlet
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problem (D2) has a unique solution. Consequently, the solution operator f — P({)f =
u(-, t), where u solves (D2) with data f, satisfies

(4.1) SUp P22 < C. limIPO) - fllz =0,
and
(4.2) Pt +s) = POP(s),

where the last identity uses also t-independence of the coefficients. Standard semigroup
theory therefore implies that the semigroup {#(t)} has a densely defined infinitesimal gen-
erator on L?(R™), which we denote by A. We will show that the domain D(A) of this
generator is the Sobolev space Li =L?%n I'_i. More precisely, we have the following

Theorem 4.3. Suppose that L is as above. Then D(A) = LZ, and
A2 ~ IVl

We remark that this last theorem can be viewed as an extension of the Kato square
root problem ([5],[11], [4],[10] and [3]) to the case that the coefficient matrix A is a full
(n+1)x(n+1) matrix. Indeed, the Kato problem corresponds to the case that the coefficient
matrix has the special “block” structure

(4.4)

where B = B(X) is a h x n matrix. In the latter case the generator of the Poisson semigroup

is
—+/—divy BVjy,

and the conclusion of Theorem 4.3 is the (now established) Kato conjecture.
We also note that by Theorem 2.5, we have the representation

1 -1
(4.5) P(t) = Dy (_§I + K) .
In order to prove the theorem we shall require the following result from [1].

Theorem 4.6. [1] Suppose that L satisfies the hypotheses of Theorem 1.3. There exists a
small constant €9 = ey(n, 2, A) such that if € in (1.4) satisfies € < ¢, then the single layer
potential satisfies

(4.7) Sup [|[VSillo—2 < C,
teR

and Sg = Stlo : L?(R") — I'_f(R”) is a bijection. Moreover, there is a unique solution to
the Regularity problem
Lu=0inRM!
(R2) u(.f) - fe L2(RM) n.t.
N.(Vu) € L2(RM),
which has the representation

(4.8) u(- 1) =S¢ (Sg'f).
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and ou(-, t) converges n.t. and in L2(R") as t — 0. Finally,

1
4.9 VSt lteusf > F= - ————€n 1 + 7 f
( ) ( t) lt=+s +2 An+l,n+l(x) n+1
weakly in L2(R"), where 7~ : L?(R") — L?(R",C™?) (see [1], Lemma 4.18 for a precise
definition of 77).

Proof of Theorem 4.3. The deep results underlying Theorem 4.3 are Theorems 2.5 and 4.6,
and we shall deduce the first as a straightforward corollary of the latter two. We observe
that if u solves (R2) with data f € L2, then

!irrg ou(-,t) = !ing P f = Af.
Thus, by (4.7), (4.8) and the bijectivity of S,
ALz < ClIVX 2.

The proof of the opposite inequality is only a bit harder, and we sketch the details briefly
here. We modify slightly the strategy of Verchota [16]. By the well known Rellich identity
(see, e.g., [12]), and the case € = 0 of Theorem 4.6, for Ag real and symmetric we have that

(4.10) IVxUo(:, Yll2 = ll6uo(-, Hll2,

uniformly in t > 0, when uo(-,t) = S?%f, and S? is the single layer potential asociated to
Lo = —divAgV. By Theorem 4.6 and analytic perturbation theory,

(4.11) 1(VS? - VS1) fll < CllAo — Al lIfll2-
The latter estimate, combined with (4.10) yields, uniformly int > 0,
CHIBS fll2 - Ceol fllz < VxSt fllz < ClIAtS tfll2 + Ceoll Iz

Since the tangential derivatives V4Sf do not jump across the boundary, the latter bound,
plus its analogue for the lower half space, and (4.9) imply
<

1 1
5010t Toaat]| < |3 = Traf

where Thi1 = 7 - ens1. Thus, by the accretivity of Apy1n+1 We have

+ Ceollfll2,
2

1 1
[If]l> < E(An+1,n+1)7lf + Thaa , + E(An+1,n+1)7lf — Thaf

2
1 -1
<C ”E(An+1,n+1) f- Tn+1f

+ Ceollfll2.
2

For & small enough, we may first hide the small term, and then obtain invertibility on L?
of —%(Aml,ml)*ll + Ths1 USiNg (4.11) and the method of continuity as in [1]. Now, given
f € D(A), we set

1
0.t = POF, u(.H) =S, (_%(Amm)ﬂ + 7-) Af,

so that 6,{i(-, t), dwu(-,t) — Afnt andin L2 ast — 0. By uniqueness in (D2), d;l = o,
hence @i — u depends only on x, and therefore, since L({i — u) = 0, and T(-, t) — u(-, t) € L?,
for each fixed t > O (for @, this is a consequence of the representation (4.5)), we deduce
that {i — u = constant. Thus, we have that

IV fll2 < sup[[VxU(:, t)ll2 = sup[[Vxu(:, )ll2 < CllAf]l2,
t>0 t=0

where in the last step we have used (4.7) and the bijectivity of —%(Anﬂ,nﬂ)‘ll +The1. O
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