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ABSTRACT. Let g be a C?® Riemannian metric defined on a bounded domain
Q C R? with C3* boundary and let X be a C%* vector field on Q satisfying
X|oa = 0. We show that if [ is a gradient field of a solution u to the equation
Agu— <Vg o, Vgu>g = 0 on 2, then both inner products <l, X>g and <ll, X>g
are uniquely determined by the restriction of the tensor Lx(g) — (e Vg4 -
(e79X))g to the gradient field I, where Lx(g) is the Lie derivative of the
metric tensor g under the vector field X and o = log\/det(g). This work
solves a problem related to an inverse boundary value problem for nonlinear
elliptic equations.

1. INTRODUCTION

The goal of this paper is to present a solution to an inverse problem for the inho-
mogeneous conformal Killing field equation. The inverse problem originates from
a study of the inverse boundary value problems for a class of quasilinear elliptic
equations initiated in [H-Su]. The inverse boundary value problems for semilin-
ear and quasilinear elliptic equations have been studied extensively in the last few
years [I1], [[2], [I-N], [I-S], [Su], [Su-U]. It is well-known that an inverse bound-
ary value problem for a quasilinear elliptic equation can be reduced to an inverse
boundary value problem for the corresponding linearized elliptic equation through
a linearization procedure [[1]. This linearization procedure solves the quasilinear
problem almost immediately when the equation is an isotropic one [Su]. However,
when one deals with the quasilinear anisotropic elliptic equation, the linearization
procedure reduces the original quasilinear problem to a family of linearized prob-
lems depending on the boundary values, and another argument is thus needed to
show that the diffeomorphism obtained from the linearization is actually indepen-
dent of the boundary values. If the original quasilinear anisotropic problem involves
merely the unknown solution in its quasilinear coefficient, one can use a second lin-
earization procedure to achieve the above goal since the required linearization is
performed only at the constant boundary values [Sul, [Su-=U)]. In the case where
one has a quasilinear anisotropic problem involving the gradient of the unknown
solution, the above second linearization argument fails to work since in this case
one needs to linearize the equation at a general boundary value. The recent work
of [H=Su] has been devoted to solve this problem, in which the second linearization
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has been replaced by a more subtle geometric analysis that reduces the problem to
an inverse problem for the inhomogeneous conformal Killing field equation. This
paper is devoted to solve this problem. We refer the readers to [U] for a general
discussion on the field of inverse boundary value problems.

Let Q C R? be a bounded domain with C*® boundary. Let g be a C*“ Riemann-
ian metric defined on Q and let X be a C% vector field on Q. The conformal Killing
field equation considered in this paper is concerned with the tensor

(1) Lx(9) = (e"Vy - (e77X))g,

where Lx(g) is the Lie derivative of the metric tensor g under the vector field X
and 0 = logy/det(g). Here we use V- to denote the divergent operator under
the metric g. In this paper, we are mainly interested in the case when X satisfies
Xloa =0.

Let I be the (C%%) gradient field of a C3“ solution u to the equation

Agu—({V,0, Vgu>g =0
on . Then [ satisfies the equation
(2) Vg-1— <Vga,l>g =0.

Here we use notations A, and V, to denote the Laplacian and gradient operators
under the metric g. Note that u and therefore [ depends on the boundary value
u|aq as well as the metric g. Consider the restriction of the tensor defined in (1)
on the gradient vector field I defined in (2) and let F' be the resulting 1-form. We
then obtain the following inhomogeneous equation related to the conformal Killing
field:

(3) H(Lx(g) = (7V - (e77X))g) = F.

Given a metric g, the inverse problem considered in this paper asks whether one
can obtain information about X and ! from knowledge of F, assuming X |sq = 0.
In this paper we prove that both inner products <l, X>g and <lJ-, X>g are uniquely

determined by F', where I+ stands for the unique vector perpendicular to ! with
||lL|| = HZH in the counter-clockwise direction under the metric g.

Theorem 1. Let g be a C?* Riemannian metric on Q. Let X be a C*>* vector
field on ) satisfying X|oa =0, and | a C?2 gradient field satisfying equation (2).
Let F be a C% 1-form on Q such that

H(Lx(g) = (e7V - (e77X))g) = F.
Then both <l, X>g and <lJ-, X>g are uniquely determined by F.

The main feature of Theorem 1 is that both X and [ are unknown. As one will
see later, the assumption that X|sq = 0 is crucial in Theorem 1. This assumption
guarantees that both <l , X >g and <lJ-, X >g can be determined by F' alone. In fact,
the assumption X |pq = 0 guarantees <l7 X>g|8Q =0 and <ZL, X>g|8Q =0 for any [,
and thus eliminates the need of any addtional information about [ at the boundary.
If we consider the case where [ is a known gradient field and search for information
of X only, then the assumption X|gn = 0 is not necessary, as one can see from the
following theorem.
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Theorem 2. Let g be a C?® Riemannian metric on Q. Let X be a C>* vector field
onandl a C?® gradient field satisfying equation (2). Let F be a CY* 1-form on
Q, such that

1 (Lx(g) = (e7V - (e77X))g) = F.
Then both <Z,X>g and <lJ-,X>g are uniquely determined by F, X|oq and l|sq.

A consequence of Theorem 2 is that, when I|sq is known and l|sq # 0, the
vector field X can be determined by F', X|sq and l|spq. This is due to the fact
that any nonconstant solution to a two-dimensional elliptic equation carries only
discrete critical points [B] and thus X is determined by the inner products <l , X >g
and <ZL, X >g. Note that in Theorem 1, the vector field X cannot be determined by

F alone since the vector field [ is also unknown. If in Theorem 1 we assume F' = 0,
then both <l, X>g and <lL7 X>g must equal zero, as one shall see from the proof of
Theorem 1.

Theorem 3. Let g be a C?* Riemannian metric on Q. Let X be a C*>* vector
field on Q satisfying X|sq =0, and | a C** gradient field satisfying equation (2).
If
L(Lx(g9) = (e"V - (e77X))g)l =0
in Q, then both <l,X> and <ZJ-,X> are equal to zero in S).
g g

If one chooses l|pq # 0 in Theorem 3, then we can conclude X = 0 in 2. Theorem
3 sharpens, in the setting considered in this paper, some of the classical theorems
regarding conformal Killing field obtained in [Y].

2. PROOF OF THE THEOREMS

We assume readers are familiar with some basic concepts of Cartan’s moving
frame method on Riemannian manifolds.

For any point in 2 there exists an open neighborhood U of the point in which
one can construct two unit vector fields e; and es such that the pair {e1, e2} forms
an orthonormal frame (under the metric g). Let wy and ws be two 1-forms on U
such that the pair {w1,ws} forms the dual frame of {e1, ea}. We can write

F = Flw; + Fows

with two components F; and Fy defined on U. Then the equation in Theorem 1
can be rewritten as two equations

(4) (Lxg—€e"Vq-(e77°X)g9)l,ex) = Fy, k=1,2,
in which the tensor Lxg —e?V, - (e77X)g is applied to two vector fields [ and e;

or ez and the vector field ! satisfies equation (2).
From the definition of the Lie derivative [He| and the following simple relation

e’Vy-(e77°X)=(V40,X)g — V4 X,
one can further rewrite equation (4) in the following form:
X, ek>9 —([X, 1], ek>g - {[X, ek]>9 + <v90a X>g<l7 ek>9

(5) — (Vg - X)ler)g=Fr, k=12
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Here and in the rest of the paper, we use X f to denote the application of the vector
field X on the function f, which is the directional derivative of f under the vector
field X, and use [X, Y] to denote the Lie bracket of vectors X and Y.

Let us denote by D the covariant differentiation associated to the metric g and
by Dy the covariant differentiation in the direction of a vector field Y. Then

(6) [X,Y] =DxY — Dy X.
D is best characterized through the connection forms w;;, 4,7 = 1, 2, in the following
equations:
2

(7) Dey, = Zwm‘@i, k=1,2,

i=1
with
(8) wij +wj; =0, 1,7=1,2.

Using the connection forms one can express the covariant derivative of a vector field
v = vie1 + vees by the following formula:

2

2 2
(9) Dv = Z(dvz)ez + Z Vjwjie; = Z Vi, jW;€i,

i=1 i,j=1 ij=1

where d stands for the exterior differentiation and the function v; ;, ¢,7 = 1,2, are
the components of the covariant derivative. Similarly, the first and the second order
covariant derivatives of a scalar function f, when expressed by f; and fij, 4,7 = 1, 2,
are given by the following formulas:

2
(10) df = > fiws,
) 5
(11) Zfijwj = df; + Zf]wji, 1=1,2.
=1 =

Note that in this case f;; is symmetric in 7 and j.
Under the above setting we can express the following differential operators in
terms of the covariant derivatives:

(12) Vof = fiex + faea,
(13) Agf - fll + f22)
(14) Vg F=F+Fs.

We now calculate the left-hand side of (5). Under the orthonormal frame {ey, ez}
one can write

l=1lie1 +1lsea, X = Xie1+ Xseo.
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Then
X<l,€k>g: ZXjejlk = ZXj(dlk)(ej)a

where (dl)(e;) means the exterior derivative of I in the direction of e;. By using
(6), (7), (9) and the definition of the Lie bracket,

[X, ek] = Dxek — DekX

2

= D (XjDe,er — Dey(Xey))
j—l

= Z ijm ej ZdX ek Z X]sz ek €i,
3,j=1 i,j=1

so we have (by (8))

(15)
X<l,6k> — (L[ X erl)g

2
ZX (dlx)(ey) Z X liwgi(ej) Zl dX;(ex) Z Xliwji(ex)

1,7=1 i,j=1
2
= ZX (dlx)(ey) Z X,liwir(ej) Zl dX;(ex) Z 1; Xwij(ex)
1,7=1 i,j=1
2
= > (Xjlkj + X ).
j=1
By (6), (7) again,
[X,l]] = Dxl — DX
2
= Z (XiDe, (ljej) — 1D, (Xiei))
i,j=1
2
= > (Xi(dly)(es)ej + Xil;De,e; — 1;dXi(e;)e; — Xil;De e;)
.’j_l
ZX(dl )ei)ej + Z Xiljwjm (e
2,7=1 i,j,m=1
2
Z LdXi(ej)ei — Y Xiljwim(e;)em,
i,7=1 2,7,m=1
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so we have (by (9))

2
([X, 1], ex)g = Z (X (dlg)(e;) + Xiljwir(ei))
i,j=1
2
- leka €j) Z Xiljwir(ej)

1 1,7=1

(Xi(dlk + ljwjk)(ei) — li(ka + ijjk)(ei))

=

&
Il
—

Il
:M““’

(Xilk,s — UiXks).

Il
M)

1
From (12) and (14) we have

(Vgo, X)g(l,ex)g — (Vg - X){, er)g

.
I

(17) S
= ZJijlk — (Xl,l + X272)lk.
j=1
Combining (15)-(17) together we have that the left-hand side of (5) can be expressed
as
2
(18) Z(lek’j + lej,k + Uijlk) — (Xl,l + ngg)lk, k=1,2.
j=1

When k =1, (18) can be expressed as
WX+ 10Xon — (X102 + 11 X22) + (01X + 02X0)l,

and therefore the first equation of (5), i.e. the case with k = 1, can be expressed
as follows:

(19) (1, De; X)g — (I, De, X) g + (01 X1 + 02X2)l1 = F.
Here we have used the simple fact that
It = —lser + lyeo.
Similarly, when k& = 2, (18) can be simplified to
1 Xoq1+ 10X+ (X1 + 11 X21) + (01X + 02X2)la,

and the second equation of (5), i.e. the case with k = 2, can be rewritten as
(20) (1, Dey, X)g = (I, De, X )g + (01X1 + 02X3)ly = Fy.

Set

=(1,X)g, q={("X),
Then
pr = exp = (De, 1, X)g + (I, De, X)g,
Gk = exq = (Dep I, X)g + (17, De, X) .
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Clearly, with p and ¢ we can rewrite equations (19) and (20) in the forms
(21) p1— @2 — (Deyl, X)g + (Dey 1, X)g + (01X1 + 02 X2 )y = F,
(22) P2+ a1 — (Deyl, X)g — (Dey I, X)g + (01 X1 + 02X0)ls = Fo.
Since [, k = 1,2, are covariant derivatives of the solution of the equation
Agu—(Vgyo, Vgu>g =0,
we have that I; ;, i, = 1,2, are the second order covariant derivatives of the solution
u, and therefore
lij =i = wji =L, 1,5 = 1,2.
Using this fact as well as equation (2), we have
—(Dey 1, X) g + (D, I, X) g + (01 X1 + 02X2) 1y
= —111X1 —l22X1 + (01 X1 + 02X0)ly
=—(Vg-0)X1+ (01 X1+ 02X2)ly
= —(V40,0) X1+ (01X1 + 02X2) ]y
= =02l X1 + 0211 X2 = 02gq.
Similarly,
—(Deyl, X)g — (Dey I, X)) g + (01 X1 + 02X2) 1o
= —lo2Xo — 111 X2+ (01 X1 + 02X2)l2
=—(Vg )Xo+ (01X1 + 02X5)lo
= —(Vy40,0)g X2 + (01 X1 + 02X2)l2
=—01h Xo+ 01X = —014.

Hence, (21) and (22) become
(23) P1— G2+ 02q = I,
(24) p2+aq —o1g=F.

Taking covariant derivatives on both sides of (23) and (24) and then substracting
the two equations yield

Q11+ q22 — (019)1 — (02q)2 = Fo.1 — Fi 2,

i.e.
(25) Ngg—Vgy-(0g) =V, F*.
Clearly, equation (25) holds in the entire domain 2. By the uniqueness of solutions
to elliptic equations we have that ¢ is uniquely determined by F and ¢|sq. In the
case of Theorem 1, we have X|sq = 0 which implies g|aoqg = 0, and therefore ¢
is uniquely determined by F' alone. In the general case as in Theorem 2, ¢lgq is
determined by both {|sq and X|sq and therefore ¢ is determined by F, l|sqn and
Xlaq. Clearly, if both FF = 0 and X|sn = 0 are assumed, then ¢ = 0, as claimed
by Theorem 3.

On the other hand, one can derive a similar equation for p:

Agp+ (029)1 — (019)2 = Fi1 + Fa 2,

and one can get the same results for p as we did for q. This completes the proof.
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