NONLOCAL APPROXIMATION OF ELLIPTIC OPERATORS WITH
ANISOTROPIC COEFFICIENTS ON MANIFOLD *

ZUOQIANG SHIT

Abstract. In this paper, we give an integral approximation for the elliptic operators with
anisotropic coefficients on smooth manifold. Using the integral approximation, the elliptic equation
is tranformed to an integral equation. The integral approximation preserves the symmetry and
coercivity of the original elliptic operator. Based on these good properties, we prove the convergence
between the solutions of the integral equation and the original elliptic equation.

1. Introduction. Recently, manifold model attracts more and more attentions
in many applications, include data analysis and image processing [28, 27, 3, 7, 18,
15, 29, 13, 17, 6, 25, 33]. In the manifold model, data or images are assumed to be
distributed in a low dimensional manifold embedded in a high dimensional Euclidean
space. Differential operators on the manifold, particularly the elliptic operators, en-
code lots of intrinsic information of the manifold.

Besides the data analysis and image processing, PDEs on manifolds also arise
in many different applications, including material science [5, 10], fluid flow [12, 14],
biology and biophysics [2, 11, 26, 1]. Many methods have been developed to solve
PDEs on curved surfaces embedded in R3, such as surface finite element method [9],
level set method [4, 34], grid based particle method [20, 19] and closest point method
[30, 24]. On the other hand, these methods do not apply in high dimensional problem
directly.

In the past few years, many numerical methods to solve PDEs on manifold em-
bedded in high dimensional space were developed. Liang et al. proposed to discretize
the differential operators on point cloud by local least square approximations of the
manifold [23]. Later, Lai et al. proposed local mesh method to approximate the
differential operators on point cloud [16]. The main idea is to construct mesh locally
around each point by using K nearest neighbors instead of constructing the global
mesh. The other approach is so called point integral method [22, 21, 31, 32]. In the
point integral method, the differential operators are approximated by integral oper-
ators. Then it is easy to discretize the integral operators in manifold since there is
not any differential operators inside. The convergence of the point integral method
for elliptic operators with isotropic coefficients has been proved [21].

In this paper, we consider to solve general elliptic operators with anisotropic
coefficients on manifold M. We assume that M € C? is a compact m-dimensional
manifold isometrically embedded in R? with the standard Euclidean metric and m <
d. If M has boundary, the boundary, M is also a C? smooth manifold.

Let X : V C R™ — M C R? be a local parametrization of M and § € V. For
any differentiable function f: M — R, let F(0) = f(X(0)), define

(1.1) Def(X(O) = 3 9”(9)%)2(9)22(9)’ k1 d

i=1
where (¢"); j=1....m = G™' and G(0) = (gij)i j=1,. .m is the first fundamental form
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which is defined by

Xd: axk axk ”
26, ¢

(1.2) 9i;(0
k=1

The general second order elliptic PDE on manifold M has following form,

d
(1.3) = Y Di(aij(x)Dju(x)) = f(x), x€M

4,5=1

The coeffcients a;;(x) and source term f(x) are smooth functions of spatial variables,
i.e.

aij»fecl(M)v Za]:]-avd

The matrix (aij)i,jzl,...,d is symmetric and maps the tangent space Ty into iteself
and sastifies following elliptic condtion: there exist generic constants 0 < ag,a; < 0o

independent on x such that for any & = [¢1,---, &) € Tx,
d

(1.4) ag 252 > ai (%) < m Z&
3,7=1 i=1

For any x € M, the matrix (a;;(x)) gives a linear transform from R¢ to R?, denoted
as A(x). The tangent space at x, Ty, is a invariant subspace of A(x). Confined on
Tx, A(x) introduces a linear transform from 7 to 7y, denoted as A7 (x).

In [22, 21], the point integral method (PIM) was proposed for elliptic equation
with isotropic coefficients, i.e.,

(1.5) ai;(x) = p*(x)dij,

where p(x) > Cp > 0 and

s _ L i=j
Y10, i
The main ingredient of the point integral method is to approximate the elliptic equa-
tion by an integral equation:

ou _ Rt(an)
SRRy = [ ) .

% /M Ri(x,y) (u(x)—u(y))p(y)dpy —2

where n is the out normal of OM, R;(x,y) and R;(x,y) are kernel functions given as
following

(1.7) Ri(x,y) = CiR ("‘;:"2) , Ri(x,y)=CR <|X1t"|2>

where Cy = W is the normalizing factor with k = dim(./\/l). R € C*(RY) be

a positive function which is integrable over [0,400) and R(r) = [ " R(s)ds. The
main advantage of the integral equation is that there is no dlﬁerentlal operators in the
equation. It is easy to be discretized from point clouds using numerical integration.
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The main contribution of this paper is to generalize the point integral method
to solve the general elliptic equation (1.3). The observation is to change the kernel
function to

1.8 Ki(x,y
1.9 Ki(x,y — R (x,y) + ——R) (x,y)
49 ( )= A% |A7 )| \/ |A7 )l

where |A7(x)| is the determinant of Ay(x) and

RX(x.y) = R ((mm = Ym)a™" (x) (& — yn)> R (xy) = R ((xm — Ym)a™" (y) (xn — yn)>

4 at
RX(x,y) = R <(:vm - ym)aT’;’;(X)(an - yn)> R (xy)= R <(xm - ym)a”:;(y)(xn — yn)>

with matrix (a™(x)); j=1.... a4 is the inverse of the coefficient matrix (a;;(x)); j=1.....d
Using above kernel function, we get an integral equation approximate the original
elliptic equation (1.3),

(1.10) / K (x,y)(u(x) —u(y))duy — / Z ni(y)ai;(y)Dju(y)Ki(x,y)dry
oM

i,j=1
_ / Ki(x,y)f(y)dpy,
M

Furthermore, under some mild assumption in Assumption 1.1, we prove that the
solution of the integral equation (1.10) converges to the solution of the elliptic equation
(1.3) as t goes to 0.

ASSUMPTION 1.1.

e Smoothness of the manifold: M,9dM are both compact and C* smooth
k-dimensional submanifolds isometrically embedded in a Euclidean space R?.
e Assumptions on the kernel function R(r):
(a) Smoothness: R € C?(RT);
(b) Nonnegativity: R(r) > 0 for any r > 0.
(¢) Compact support: R(r) = 0 for Vr > 1;
(d) Nondegeneracy: 36y > 0 so that R(r) >y for 0 <r < 1.

REMARK 1.1. The assumption on the kernel function is very mild. The compact
support assumption can be relaxed to exponentially decay, like Gaussian kernel. In
the nondegeneracy assumption, 1/2 may be replaced by a positive number 0y with
0 < 0y < 1. Similar assumptions on the kernel function is also used in analysis the
nonlocal diffusion problem [8].

Under above assumptions, we prove the convergence which is stated in Theorem
1.1.

THEOREM 1.1. Let u be the solution to Problem (1.3) with f € C*(M) and the
vector uy be the solution to the problem (1.10). Then there exists constants C' and Tp
only depend on M, such that for any t < Ty

[ — wel| gy < CEV2| fll o -



REMARK 1.2. Using the techniques in [31, 21], we can get the similar result for
feHY(M), ie.

= wel| g vy < CEV2F ] o oty

To make the paper clear and concise, we only present the analysis for f € C1(M).
The generalization for f € HY (M) is straightforward following the similar arguments
in [31, 21].

The rest of this paper is organized as follows. In Section 2, we prove Theorem
1.1 based on the local truncation error estimate and the stability analysis. The local
truncation error analysis is given in Section 3. The stability analysis is defered to
Appendix, since it is similar to the result in our previous paper [31]. Finally, the
conclusions and discussion of future work are provided in Section 4.

2. Proof of the Main Theorem (Theorem 1.1). To prove Theorem 1.1, we
follow the standard argument in numerical analysis. First, we derive the truncation
error of the integral approximation (1.10) in Theorem 2.1. Then, we use the stability
estimate given in Theorem 2.2 and 2.3 to get the error estimate of the solution. In
the truncation error, we have two terms, interior term and the boundary term. Cor-
responding to these two terms, we give two stability estimate respectively in Theorem
2.2 and 2.3.

THEOREM 2.1. Under the assumptions in Assumption 1.1, let u(x) be the solution
of the problem (1.3) and us(x) be the solution of the corresponding integral equation
(1.10). If u € C3(M), then there exists constants C, Ty depending only on M, OM,
so that for any t < Ty,

(1 Le(uw = ue) = Toall 2 pny < Ct'2|Jul| o2 ().

(2.2) 1D (Lo(u = ) = Ioa)ll o ay < Cllullos i,
where
(2.3 L) = 7 [ K )(alo) = ).
and
! R*(x u T, — T
(24) D= /8 )0 00— .Y )y o — )y
! R¥(x T,
2 /8 )k~ 281Dk, (0Dl FE )by
+ /0 ) m(y)am(x)MiMRz‘(x, ¥)Bmntt(y) (n — yn)dry
8iamn(Y)(xn — yn) >

+ /a/\/t nkz(Y)aij (Y)ajU(Y) akm(X)Rf(X»Y)dTy-

[ A7 ()]

The proof of this theorem will be given in Section 3
Next, we list two theorems about the stability.
THEOREM 2.2. Assume both the submanifolds M and OM are C*, and u(x)
solves the following equation

—Liu=r(x)—T
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where r € HY (M) and 7 = M/%I S 7(x)dpx. Then, there exist constants C > 0, Ty >
0 independent on t, such that

lull ) < C (Pl + HIVT L2 my)

as long ast < Ty.
For the boundary term Ipq in (2.4), the stablity result is given as follows.
THEOREM 2.3. Assume both the submanifolds M and OM are C* smooth. Let

d . —
i)=Y [ B ) - w Ry

where bi(y) € L®(OM) for any 1 < i < d. Assume u(x) solves the following equation
—Liu=1r-—r,

where 7 = ﬁ fM r(x)dux. Then, there exist constants C > 0, Ty > 0 independent
on t, such that

[l g any < CVE ax (16"l oo) -

as long ast < Ty. The similar stability results have been given in our previous paper
[31]. Above two theorems can be proved following the similar line as those in [31].
The details of the proof can be found in Appendix A and B respectively.

3. Proof of Theorem 2.1. Proof. Using the Gauss formula, we have

(3.1) /MDi<aij<y>Dju<y>>Rr<x,y)duy

=— / a;j(y)Dju(y)Di R¥ (x,y)dpy + / ni(y)aij (y) Dju(y) Ry (x,y)dry.
M oM
Substituting above expansion in the first term of (3.1), we get

(32) — /M a1 () Dyuly) Di R (x, y)dpiy
1 VAN .
=5 | @0 ()08 50" 0 1 — ) B y) .

The coefficients a;;(y) maps the tangent space 7y, into itself which means that there
exists ¢;(y) such that

aij(Y)al/@j = ¢ (y)0, @
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Then

(33) - /M a:;(y) Dyu(y) Di RE(x, y)dpsy

1 : : 1.0 YA
=5 " cl/l(y)alq)lai/@gl kgt 05 @"a™" (%) (2m — Ym ) RY (X, y) O u(y)duy
1 AN
T IVReh ()05 ®"g" " ™" (%) (X — ym) RY (%, y) O uly ) dpy
1 AN
=5/, ani(y)Or @' g"F ™ (%) (2 — Y ) RY (%, y) O u(y)dpy
1
=5 | au (¥)a™" (%) (Tm — ym) R (%, y) Diu(y)dpy
M
1
=5 (z1 — y1) Diu(y) Ry (%, y )dpy
M
1
_% M(anl(Y) - anl(x))amn(x)(xm - ym)Rf(Xy y)Dlu(y)d/ly

Notice that
— ]_ v
DnR;{(x7y) :ital’q)ngl J aj/q)laml(x)(xm - ym)Rz}S((x7Y)
]_ v
(3.4) = 000" g7 00 ()0, ™ (S )REG,) + O(1)

Since a™!(y) also maps the tangent space Ty M into itself, there exists dj;(y) such
that

aml(y)ﬁm/ ‘I)m = dm’l' (y)al/ ‘I)l.
It follows that

— 1 Y]
(35)  DaRE(GY) =5 ()00 010, 8177 000" (s — B RE(x,y) +O(1)

:%d””’ (¥)0ur ®" (s — B )R (x,y) + O(1)
:%am(ywm’q’m(am' — B )RE(%,y) + O(1)
= 0" () (o — yn) B () + O(1)
= a0 (e~ ) R y) + O(1).

The last term of (3.3) becomes

(3.6) (ani(y) = ani(x))a™" (%) (@n — ym) BY (%, y) Dyu(y)dpy

2

- / (ani(y) — an (%)) DY RE (x, y) Dyuly)day + O(VE)

B M

_— / Dt (y) Dyu(y) B (x, )iy
M

+ / 1 () (@t () — @i (%)) RE (%, y) Dyu(y)dry + O(VD).
oM
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Now, we turn to estimate the first term of (3.3). In this step, we need the help
of Taylor’s expansion of u(x) at y,

(3.7) u(x)—uly) = (zj —y;) Dju(y)+ %DmDnU(Y)(ffm ~Ym) (@ —yn) TO(Ix~yl*)

This expansion gives immediately

(3.8) 2 (@) ) Dyuly) RE (%, y)dpy

2t |\
_ _2% /M RE(x,y)(u(x) — u(y))dpy

1 X
+E /M R (%, ¥) Din Dnu(y) (Tm — Ym ) (Tn — yn)dpy + O(\/i)
Next, we focus on the second term of (3.8). It follows from (3.5) that

(39)  am(IDRE(,Y) =gsami(x)a™ () — ) BE(x,y) +O(1)
1 m'i X
=g ami(¥)a™ () (@m — ym ) B (%, ) +O(1)
1

T2t

The second term of (3.8) is calculated as

(xm - ym)R;{(Xv y) + O(]-)

(3.10)

e
E\

RY(%,¥) Dy Dy ) (T — Ym ) (20 — yn)dﬁ'y

Aim, (X)Din(X, Y) D Dpu(y)(zn — yn)d:uy

N = N =

T

Wi (%) (03 D' g7 9 0 ®™) D,y Dy ) RE (%, y)dpy

+
N | =

/6 )i (VR Y) D Dy e — )ty
Notice that
Wi () (8 DT g" 7 0, ™) D, ,

=i () 0y ®' g7 8,0 (0 @™ g" " Dj) + O(V)

—cim 0 @0, ®' g 0,07 g" " 0,1 + O(V1)

=m0 ®"g" " 0 + O(VE)

:amnai”@mgi”j”ajn +O0(V1)

=apmn D + O(Vt)

From 3.10, we obtain

(3.11) 4% /M R¥(X,¥) D Dpu(y) (@m — ym ) (@ — yn)dpy
- /M G (%) Do Dyu(y) R (%, y) dpty
45 [ ) (OREGe.3) Do Doty = 1)ty + OV
2 Jom

7



Now, using (3.1), (3.3), (3.8) and (3.11), we get
(3.12) / Diay (y) Dyuly)) R (x, y)diy
=g | Ry 6) ~uy)iy + 5 [ 060 DD () REGey )y

+ / Diag; (x)Dyuly) R (x, y)dpiy + / ni(y)as; (y) Dyuly) RX (%, y)dpy
M oM
+B.T.1+ O0(WVt)

where

BT1= /8 )0 (VR (6, Y) D Doty (e — )7y

DO =

(3.13) - /0 i) (A (y) — () RE (e, y) Dty )y

Now, we change the kernel function to

IA . RY (x,y) and get

(3.14) / D;(ai;(y)Dju(y (x,y)dpy
\/ |AT |
=— a;;(y)Dju(y)D; dp
/M ’ <\/|AT )l > Y
Ry (x.y)
[ naly)as)Dsuty) 2D
o "I
Direct calculation gives that the first term of (3.14) becomes
615~ [ a0 dity
M |A’T

)8 (I)Z ' 8 (I)n mn ( T _ym)R%,()QY)dMy

2 / M/ |AT a”
i / Wazy w(y)Dia™" (y) (@m — Ym ) (@0 — yn) RY (%, ¥)dpy

1 BY (x
- /M aij(Y)aju(Y)ai <|AW'(Y)|> Ry ( »Y)dﬂy-

Next, we will estimate the three terms in (3.15) one by one.

1 '/‘I)i i'j L P g™ _ y
(3.16) Qt/ \/|A7’7a” (Y)az g7 0; a™"(y)(Tm — ym) R (Xay)de
1

1
= —— —yi) D ——RY(x,y)d
ot M(xj y]) JU(Y) ‘AT(}’” t (x Y) Hy

1 1 v
5 /. W& (6,3 () — uly))dny
4t/ W (%, Y) Do Doty — 1) (& — )y + O(V).
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The first equality is from (3.5) In the second equality, we use the Taylor’s expansion
(3.7). We keep the first term of (3.16) and the second term can be further calculated
as

317 4t/ \/|AT7 X y D D u( )( m_ym)(xn_yn)d:uy

4t/ WRX X, ¥)Dm Dpu(y)(x m_ym)(xn_yn)d/‘y+0(\/£)
1

2/Ma”( x)D; Dju(y \/7| Y (x,y)dpy
1
2/@/\4”1( Qi (X \/7‘ ¢ (%, ¥) D Dyu(y)(z n_yn)dﬂy""O(\/i)

|A7(

a; D;Dju (x,y)d
/M J() Y) |AT ‘ y) Hy
1/

— n;(¥)aim (x X (x,y)DmDnu n— Yn)du +O(W1).
5 Nl (3)(@n — wn)dpy + O(VA)

To get the second equality, we use the same calculation as that in (3.11).
The second term of (3.15) is calculated as

_|_

DN =

_|_

318) [ aply)Djuy) P ) )

| A7 (y)|
= 57 oDt PG =) e g + 0V
= % /M ai;(y)Dju(y) Dlamn&);?;)l_ bn) m (X) D RE(x, y)dpty + O(V1)
= % /M f:r(ma” (y)D;u(y)Dia™ (y)apm (y) (8 ®Fg" 7 0, 0™ RX(x, y)dpy
L 9,a™"™(y) (¥ = yn)

45 [ mas D) B () (.3t + O(VA)
oM

| A7 (x)|
In addition, we have that

v 1
(3.19) Dia™™ (y)akm (y)(0s ®*g" 7 0, ®") = ——=D;\/|A7(x)|.

|A7(x)|

The derivation of this equation can be found in Appendix C.
Using above equation, we obtain

(3.20) / W 053 (y) Dyu(y) Dia™ (3 ason () (0 8677 0, ™ R (3, y)dpty
b A0 1y,
== [ as )0t 2 TR ey + OV
1 BY (x
= /M ai;(y)Dju(y)D; (WW) RY (x,y)duy + O(V1).
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Using (3.14), (3.15), (3.16), (3.17), (3.18) and (3.20),

1
3.21 Di(ai;(y)Djuly RY (x,y)dpy
(3:21) / o ey
1
Y(x,y)(u(x) —u dpy
~% G )‘R (¢, ¥)(u(x) — u(y))dp
+;&%®mmmamaﬂﬂ@mwy
o By
+ [ m@emDu) STy + B2+ OV
where
1 - e
BT2= B /a/v( i (Y) @i (X) |AT(X)|Rt (%, ¥) D Dpu(y ) (2 — yn)d7y
1 n 0 " Dia™ (y)(zn — yn)a %) R*(x r
322 g [ Dty P 0y 0 R ey,
Now, (3.12) and (3.21) imply that
(3.23) /Daw ( Ryxy>duy
VIAT(x \/ |AT

_ (W@w4_w@w

VIAT VIAT

L s (Y RYGy)
*dﬁg“”w””<WMwﬁ¢wwn

) (u(x) = uly))dpy

e (v)a uly *(x,y) Y(x,y) . Vi
L <¢m7m| VATdey+%+ V1)
where

(324) D=2 [ 0(y)aim(x) e BE(%, ) Do Duti(y) (@n — ya)dl7y

M
+;/8an(3’)04'711()() Alf(x |RX( ) Do Dy u(y) (2 — yn)dry
1 - " Dia™ (y)(x, — yn)a N i
+2/8M nk(y)aij (y)Dju(y) o) fom (X) RX (%, y)dTy



Finally, it follows from (3.23) that

/Da” )Dju(y (\/T \/W )d,uy

R¥(xy) | BY%Y) ) o) -
/M<¢|AT R )(() (3)) ity

i Qi RX(X y) RZ(X,y) T
+2LM Z(Y) 13( ) ) <\/|A7— + \/|A7-(y)|> d y +2B.T. +O(\/Z)

4. Conclusion. In this paper, we give an integral approximation for the elliptic
operators with anisotropic coefficients on smooth manifold. The integral approxima-
tion is proved to preserve the symmetry and coercivity of the original elliptic operator.
Using the integral approximation, we get an integral equation which approximates the
original elliptic equation. Moreover, we prove the convergence between the solutions
of the integral equation and the original elliptic equation.

One advantage of the integral equation is that there is not any differential op-
erators inside. Then it is easy to develop the numerical scheme in high dimensional
point cloud.

Appendix A. Proof of Theorem 2.2.

In the proof we need two technical lemmas which have been proved in [31].

LEMMA A.1. Ift is small enough, then for any function u € L*>(M), there exists
a constant C > 0 independent on t and u, such that

/M /MR(|X3_232>( (x) — u(y))*dpsxdpy <C/ / (lX_Y|2> (u(x) — u(y))?dpxdpy.

LEMMA A.2. Assume both M and OM are C*°. There e:m'sts a constant C > 0
independent on t so that for any function u € La(M) with fM x)dux = 0 and for
any sufficient small t

(A1) 2] ey 0 — ) Py > Clul,

One direct corollary of above two lemmas is that the conclusion in Lemma A.2 still
holds if the kernel is replaced by K(x,y,1t).
THEOREM A.3. Assume both M and OM are C*°. There exists a constant
C > 0 independent on t so that for any function u € Ly(M) with f/vl u =0 and for
any sufficient small t

(A.2) /M /M Ky, 1) (u(x) — u(y))2dmedpy > Cllul, v

To control the derivative, we also need following theorem.
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THEOREM A.4. For any function u € L*(M), there exists a constant C > 0
independent on t and u, such that

a8 [ ] Koy 0 - uw)disdey = € [ 9o,
where
(A.4) u(y)dpy,

and wi(x) = C; [, K(x,y,t)dpy. _
Proof. We start with the evaluation of the x* component of Vv, 1 <1 < d.

Viu(x) = / / K(x,y' ) Vi K(x,y, tyu(y)duy,dpy

2
wi (x

K(x,y,t) Vi K (x,y', t)u(y)du,dp
w%<x>/M/M( VK G,y Duly) iy iy

[ Ky 0K (v () — uly )iy

wt{(x) /M M
/

/ Ox,y,y',)(uly) — u(y’))dy, dpsy
MIM

wi (x)
where Q;(x,y,y’,t) = K(x,y',t)VLK(x,y,1).
Notice that Q;(x,y,y’,t) = 0 when |x — y|?> > 4t/) or |x —y’|? > 4t/\. This
implies that Q;(x,y,y’,t) = 0 when |y —y’[* > 16t/ or |x — ¥5¥-|> > 4¢/A. Thus
from the assumption on R, we have

1 Ay =512 5, (Allx = 5|1
s L)< 59 " t)’R R 2 .
Q(X7y7y7 ) — 5(2)Q (X’y7y1 ) 32t 8t

We can upper bound the norm of Vv as follows:

Vo9 = o i ( /M /M Qi(x,y,¥'s t)(uly) - u(y'))dy’dy>2

wi (x

’ —1
R o Ay =¥ 12 5, (Al = X522 ,
= W) ;/M/ %6y y5h) <R ( 32t ) R 8t dpydpy
by y+y 2 Alv — v/112 ) )
/ / ( [ — 25| > R( Hy32ty | ><u(y>_u(y)>2duyduy

_ g 2 /. /
= /M/MtZQi(x,y,y,t)duyduy

/ / ()\|x Y+y |2> R (/\|y32ty/|2> (uly) — u(y’))?dud, dpsy.

By direct calculation, it is easy to check that

d
/ / £y Qi (x,y, ¥ t)duyduy < CCF
MIM g

12




where C' > 0 is a generic constant.
Finally, we have

I

pyele; / ( / / <A|x vy’ |2>R<>\”y32ty,”2>(u(}’)U(y'))zdu;d,uy> »

002/ / (/ (Mx 8:+y |2>dux>R(W) (uly) — uly') i dy
[ R () ) - at) .

Using Lemma A.1,

/ V(0 2di
cct// <A|Iy yllz)(u(y)_u(y/)ydufyduy

<c / / K (%, 8)(u(x) — u(y))2djixdy.
MIM

]
With Theorem A.4 and A.3, the proof of Theorem 2.2 is straightforward.
Proof. of Theorem 2.2
Using Theorem A.3, we have

(A.5) lull 7oy <C (u, Lyu) = C/M u(x)(r(x) — 7)dpx

<Cllull L2 (a7l 2 (M

To show the last inequality, we use the fact that

T x)dpx
= |M|‘/ p

< Cfrllzz -

(A.5) implies that

llull 22ty < Cllrllz2

Now we turn to estimate ||Vu||z2(aq). Notice that we have the following expression
for u, since u satisfies the integral equation (1.10).

where

/ Ri(x,y)u(y)dpy, wi(x)= /M Ry (x,y)dpy.



By Theorem A.4, we have

2
IVullZ2any <2V0lZ2000) + 262

v (r(x) F)
wy (%) L2 (M)
<C (u, Lyw) + Ct||r[|F2 ) + CEIVT T2
<Cllull 2 171l L2y + CHII T2ty + CENIVEN T2 (00
<Olrl72pmy + CENVTII 72004
<C (lrl 2o + V7l 2 an)
This completes the proof. O

Appendix B. Proof of Theorem 2.3 .
Proof.
The key point is to show that

(B.1) [ a0 () =

Notice that

< C\f Jax (Hb ||oo) llull z71 (an

)Rf(x,y)dTydx

< CVt max (|[b']|s) -
oM 1<i<d

Then it is sufficient to show that

(B.2)
‘/M </aM 2 V)i — i) B G y)dTy> s

Notice that

< C\f max (Hb o) el 21 (pn

(B.3) (2; —yi) RX(x,y) = 2tZam V Rx (x,¥)
= —QtZaij(x) (Vj Rx (x,y) + 17 Z Via™"( m = Ym) (@0 — yn) RY (x Y)>

d

where Ry(x,y) = C¢R (jt Z (Tm — Ym)a™" (%) (2, — yn)> and R(r) = [*° R(s

m,n=1
By integration by parts, we have

(B.4) S J / () () VL RE (x, y)dry dx

1,7=1
/a 0,608 ) R ey
7,7=1

_Z/m/ b (y) V4 [u(x)as; (x)] B (x, y)dxdry

3,j=1
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For the boundary term,

/a . /8 ) GOV (3 o) B (Y
7,7=1

< O max ([l ”°°)/a /GM X)| R (%, y)dredry

< C max ([16']l) (/(w (/W Ju(x) | R¥ (x, y)de>2 dq—y>
< (W) ([ ([ Aewan) ([ woorRrocyin) i)

<o max (16'1oe) lullzzan < CE7H2 max ([16loo) llul e -

1/2

The bound of the second term of (B.4) is straightforward. By using the assumption
that the coefficients a;;(x) are smooth functions, we have

d
| > V() Vilu)ay ()| < Z |Viu)Ib (y)ai; (x)] + Z [u(x)|[b () Vieai; (x)]
7,j=1 1,j=1 1,7=1
< C max, (16" lloe) (IV()] + [u(x)1)

where the constant C depends on the curvature of the manifold M.
Then, we have

Bo |3 / /bz VL u(x)as; ()] B (x, y)dxdr,

1,7=1

< C ax (W) | /M<|Vu<x>| ) Ry, ¥y

1<i<d

< Clrgaéc (11510 (/M(IVu( )? + |u(x </ Ry(x y)dry> dux>1/2

< —1/4 i 1 .
<O e (19 ) s can

and
(B.7)
d . . —
Jam Ly 30 Fes T ) o = ) = ) Ry |

gCt/ lu(x)| (/ RX(x, y)dTy> dx < C3/4 | 2.
M oM

Then, the inequality (B.2) is obtained from (B.3), (B.4), (B.5), (B.6) and (B.7).
Now, using Theorem A.3, we have

(B.8) lullZ2 ) < C (s Liwy < CVE max (|67l ) llull 2 )
15



Note r(x) = Zle Jord U (y)(wi — yi) R¥(x,y)dry. A direct calculation gives us that

(B9) 60l 2vn) < €YY mase (1)) and

. <o ) -
(B.10) 197G lz2(ve) < €4 mmax ((87])
The integral equation —L;u = r — 7 gives that

(B.11) u(x) = v(x) +

where
1
(B.12) v(x) = 7/ Ri(x,y)u(y)dpy, wi(x)= / Ry (x,y)dpy.
w(x) J M
By Theorem A.4, we have

(B.13) IVl 22 )

_ 2
r(x)—F
< 2| Vv|3 +2t2 ||V ()
L2(M) wy(x) L2 (M)
< C(u, Lyu) + C|r |72 an) + CEIVE1 7200

< OV e (I l1c) s vy + 8l gy + CEI97 R

< C max, (V1) (Vellullm oae) + CE2).

1<i<d

Using (B.8) and (B.13), we have

(B.14) Jalfy aay < € mmax (1) (Vellulam o + CE2)

which proves the theorem. O

Appendix C. Derivation of Eq. (3.19).

Denote A(x) = (a;j(x)) € R4 Let X = [0,®,02®, -+, 5,,®] be an orthonor-
mal basis of the tangent space Tx(M) at x and Y be the orthogonal completion of X
in R?. Then we have

AX =XC, AY =YD,

since the tangent space Tx(M) is a invariant subspace of A(x). This gives a decom-
position of A

C
0

(C.1) AP[ h

}Pl’ P=[XY], P '= { (XTX)1XT ]

(YTY)-1yT
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Using these notations, we have

Diam”(y)akm(y) (8i/(1)kg¢’j’8j/(l)n)
=trace(D;(A™")AX(XTX)'XT)
=trace(D;(A~")XC(XTX) *XT)
- .
& bl ])rxexx)x)

=trace (PDZ»

+ trace ( D;(P) ({ C; Do,l D P—1XC(XTX)—1XT>
+ trace (P ( Cgl Dql -)Di(P‘l)XC(XTX)‘lXT> .

Then, we calculate three terms one by one.

trace (PDi ([ C(;l Do_l D P1XC(XTX)1XT> — trace (D;(C™1)C),

trace (Di(P) <[ 00—1 Do_l D P1XC(XTX)1XT) = trace (D;(X)(XTX)'XT),

trace (P ({ Cgl Do_l D Di(Pl)XC(XTX)le) = trace (XD;((XTX)1XT)).

Also notice that

trace (D;(X)(X"TX)'XT) + trace (XD;((XTX)'X™))
=D; (trace (XTX)"'X"TX)) = 0.

Combining all the calculations together, we get

Diam”(y)akm(y)(82»/(I>kgi/j/8j@”) = trace (D;(C™")C) = delt(C)Di( det(C)).
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