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ON L RESOLVENT ESTIMATES FOR
LAPLACE-BELTRAMI OPERATORS ON COMPACT
MANIFOLDS

DAVID DOS SANTOS FERREIRA, CARLOS E. KENIG, AND MIKKO SALO

ABSTRACT. In this article we prove LP estimates for resolvents of La-
place-Beltrami operators on compact Riemannian manifolds, generaliz-
ing results of [12] in the Euclidean case and [17] for the torus. We follow
[18] and construct Hadamard’s parametrix, then use classical bounded-
ness results on integral operators with oscillatory kernels related to the
Carleson and Sjolin condition. Our initial motivation was to obtain L”
Carleman estimates with limiting Carleman weights generalizing those of
Jerison and Kenig [11]; we illustrate the pertinence of L” resolvent esti-
mates by showing the relation with Carleman estimates. Such estimates
are useful in the construction of complex geometrical optics solutions to
the Schrédinger equation with unbounded potentials, an essential device
for solving anisotropic inverse problems [4].
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1. INTRODUCTION

This article aims at proving LP estimates on the resolvent of Laplace-
Beltrami operators on compact Riemannian manifolds in the spirit of those
obtained by Kenig, Ruiz and Sogge [12] on the flat Euclidean space and of
Shen [17] on the flat torus. This work grew out of our recent interest in
LP Carleman estimates with limiting Carleman weights generalizing Jerison
and Kenig’s estimates [11] to variable coefficients and used in the context
of anisotropic inverse problems [4, 5]. It turned out that in [5], we were
able to prove IP Carleman estimates in a direct way, without referring to
resolvent estimates. Meanwhile, in the process of obtaining those Carleman
estimates, we were led to derive resolvent estimates. Since these resolvent
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2 DOS SANTOS FERREIRA, KENIG, SALO

estimates might be helpful in different contexts, we decided to make them
available.

Let (M, g) be a compact Riemannian manifold of dimension n > 3 (with-
out boundary). In local coordinates, the Laplace-Beltrami operator takes
the form

5= e s (Vasart )

where (gjk)lgj’kgn denotes the inverse matrix of (gjx)1<jr<n if g = gji dzi ®
da*. As is classical, we are using Einstein’s summation convention: repeated
upper and lower indices are implicitly summed over all their possible values.
We will be using the notation

10lg = 1/ 91076

to denote the norm of a vector and d; to denote the geodesic distance in
(M, g). We denote o(—A,) the set of eigenvalues of the Laplace-Beltrami
operator on (M, g), and denote by

R(z) = (=Ag+2)7', 2€C\o(-4y)
the resolvent operator. We are interested in proving estimates of the form
lullocary < Cll(Ag — 2)ullLaar)
for the couple of dual exponents (a =2n/(n+2),b = 2n/(n —2)). Note
that by taking u = 1, it is clear that such estimates can only hold away from
z = 0, and similarly by taking u to be any eigenfunction of —A,, away from
the negative of any eigenvalue. This is in contrast to the non-compact flat
case where Kenig, Ruiz and Sogge [12] were able to obtain such estimates for

all values of the complex parameter. In fact, we will restrict our investigation
to the following set of values

Z5={z€ C\R_:Reyz >4}
={z€ C\R_: (Im2)? > 45*(0* — Rez)}.
This set is the exterior of a parabola and can be visualized in figure 1. The
corresponding results were obtained by Shen [17] on the flat torus.
It seems that such estimates cannot be obtained as a direct consequence of
the spectral cluster estimates obtained by Sogge [18]. Indeed, if y,, denotes
the cluster of spectral projectors related to the eigenvalues of the Laplacian

the square root of the negative of which lie in the interval [m,m + 1) then
Sogge’s estimates read

1
HXmUHL%(M) < C(+m)2||ull L2 (ar)

lemtlzzany < CL+m)ull, 2,

This would reduce the resolvent estimate to an L2 estimate of the form

xmull z2(ary < Alms 2)l[xm(Ag = 2)ullL2(ar)
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but summing the corresponding series y ~_,(1+m)A(m, z) to patch the es-
timates requires a decay of A(m, z) which cannot be achieved. Nevertheless,
we will use Sogge’s estimates in the process of reducing Carleman estimates
with limiting Carleman weights to resolvent estimates in the last section of
this paper.

FiGURE 1. Allowed values of the spectral parameter z

Theorem 1.1. Let (M,g) be a compact Riemannian manifold (without
boundary) of dimension n > 3, and let § € (0,1) be a positive number.
There exists a constant C > 0 such that for all w € C>°(M) and all z € Es,
the following resolvent estimate holds

(1.1) Jul 2 ) < €A = 2)

ul| 2n

Ln+2(M)
The proof of the theorem relies on the construction of the Hadamard para-
metrix. We provide a fairly complete study of the LP boundedness properties
of Hadamard’s parametrix and the corresponding remainder term. Some of
the estimates might not be used in the proof of Theorem 1.1 but may be of

independent interest in other contexts.

Remark 1.2. The question of whether the estimates hold for a larger set
of values of the spectral parameter z, for instance

Z5={2€ C\R_:|Imz| > 6 when Rez <0 and |z| > ¢ when Rez > 0}
remains open.

As is common practice, we will write A < B as shorthand for A < CB
where C' is a constant which depends on known fixed parameters (the di-
mension n, the indices p, g of the Lebesgue classes involved, the Riemannian
manifold (M, g), etc.), but whose value is not crucial to the problem at
hand. Similarly we use the notation A ~ B when A < B and A 2 B. We
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consider the principal branch of the square root on C\ R_ which we denote
by v/z. We also choose the convention that arg z € (—m, 7) when z € C\R_.

In the second section of this note, we review the different bounds known on
oscillatory integral operators, in particular those obtained by the Carleson-
Sjolin theory. In the third section, we construct the Hadamard parametrix
following [9]. In the fourth section, we prove bounds on the Hadamard
parametrix following the techniques of [12, 18] and derive the corresponding
resolvent estimates. Finally, in the last section, we illustrate the pertinence
of resolvent estimates by showing how they imply Carleman estimates with
limiting Carleman weights in the spirit of Jerison and Kenig’s estimates [11].
Note that these Carleman estimates can be obtained by other means [4].

Acknowledgements. Carlos Kenig was partially supported by NSF grant
DMS-0968472. Mikko Salo is supported in part by the Academy of Finland.
David Dos Santos Ferreira would like to acknowledge the hospitality of the
University of Chicago.

2. OSCILLATORY INTEGRAL OPERATORS

This section is a short review of the classical boundedness results of oper-
ators with oscillatory kernels which will be needed in this note. We consider
operators of the form

Tyu(z) = / AP oz, y)uly) dy

where a belongs to C3°(U x V') with U,V open sets in R™ and ¢ is a smooth
function on U x V. The product T*U x T*V of cotangent bundles of U
and V endowed with the symplectic form ¢ = d§é A dx + dn A dy is a sym-
plectic manifold of dimension 4n. A fundamental object in the study of the
operators under our scope is the Lagrangian submanifold of T*U x T*V

Co = {(2,000(x,y),y. Oyp(x,y)) : (x,y) €U x V}.

The first result relates to L? boundedness of such oscillatory integral oper-
ators. For that purpose, we consider the two projections

C, CTYU x TV
U V.
If 7y is a local diffeomorphism, i.e.

2

%
away;&o onU xV

then so is my and C, is locally the graph of the canonical transformation
s = 1 omy. The mother of L? estimates [9] [21, Theorem 2.1.1] corresponds
to the case where C, is locally a canonical graph.

(2.1) det
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Theorem 2.1. Suppose that the non-degeneracy assumption (2.1) is satis-
fied, then for all compact K C V there exists a constant C' > 0 such that for
all A >1 and all u € C°(K)

ITxull 2 < CATul| 2.

This non-degeneracy assumption is too stringent for the applications in
this note (we stated this result only for the sake of completeness), in fact, we
will use a weaker result and make the following non-degeneracy assumption
[9, Theorem 25.3.8]

(2.2) corank oc,, = 2
on the lifted symplectic form
oc, = (0.

Note that we could have used either the first or the second projection 7y to
lift the symplectic form; the condition is explicitly given by'

0%

(2.3) corank oroy 1 onUxV.

The L2 boundedness result that we will need reads as follows.

Theorem 2.2. Suppose that the non-degeneracy assumption (2.3) is satis-
fied, then for all compact K C V there exists a constant C' > 0 such that for
all A >1 and all u € C°(K)

ITaull 2 < CAC D2 | 2.

By interpolation with the trivial L — L' bound, one gets the following
LP — LV result.

Corollary 2.3. Under the assumptions of Theorem 2.2, we have
ITxull o < CpA™ =D a1
where 1 < p < 2.

The range of admissible exponents in this theorem is represented by the
green line in figure 2.

The second type of results we need are those related to the n xn Carleson-
Sj6lin hypothesis [1]. Under this curvature assumption, the former LP — L9
boundedness results may be improved by a factor A~1/2. We refer to [22,
Chapter IX] and [21, Chapter 2] for a more detailed exposition of such
results. Let us start by recalling this assumption: suppose that (2.2) holds,
then

S5 = {00, y) :y eV C T U
V %
Eyo = {aw(%yo) 1T € U} C TyOV
are hypersurfaces in the respective cotangent spaces.

IThis is also equivalent to the fact that dry : T(C,) — T(T*U) has rank 2n — 1.
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FIGURE 2. Admissible exponents in Theorem 2.4 and Corol-
lary 2.3

Carleson-Sjolin Assumption. Both hypersurfaces EmUO and E?‘J/o have ev-
erywhere non-vanishing Gaussian curvature for all xg € U and yo € V.

Under the n x n Carleson-Sj6lin hypothesis, we have the following bound-
edness result [21, Corollary 2.2.3].

Theorem 2.4. Suppose that the non-degeneracy assumption (2.3) is satis-
fied and suppose that the n x n Carleson-Sjolin condition holds. Then for
any compact set K C V there exists a constant C' > 0 such that for all A > 1
and all u € C3°(K)

(2.4) ITxull Lary < CA9ul| Loy
withq:%p’ and 1 <p < 2.

The range of admissible exponents in this theorem is represented by the
red line in figure 2.

Let us finish by the following important remarks.

Remark 2.5. If the amplitude a depends on parameters, the estimates in
the theorems are uniform with respect to the parameters as long as the
amplitude is supported in a fixed set U x V and is uniformly bounded as
well as all its derivatives. Similarly if the phase ¢ depends on parameters,
the estimates remain uniform as long as all its derivatives are uniformly
bounded and either

— there is a uniform lower bound on a minor of the determinant of the
mixed Hessian in (2.3) in the case of Theorem 2.2 and Corollary 2.3,
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— or there is a uniform lower bound on the Gaussian curvature of the
hypersurfaces in the case of Theorem 2.4.

Remark 2.6. Although Theorems 2.3 and 2.4 are stated for oscillatory
integral operators T with amplitudes a € C5°(U x V') compactly supported
in x and y, they are still valid if one only assumes that the amplitude is
compactly supported in x—y, provided one makes, as in the previous remark,
uniform assumptions on the amplitude and phase on U x V. Indeed, one
can use the techniques described in [22, pages 392-392] to deduce estimates
from one type of operators to another. Let us briefly explain how: let T be
an oscillatory integral operator with amplitude a € C*°(U x V') such that
the set
{x —y:(z,y) € suppa}
is contained in a fixed compact set K in R™, and a and all its derivative
are bounded on U x V, and with a phase ¢ satisfying non-degeneracy or
curvature assumptions of the type discussed in Remark 2.5 uniformly on
UxV.
Firstly, one observes that it suffices to prove an estimate of the form

(2.5) IT\ull La(Bzo,1)) < CA*lull Lo (B(wor))
with a constant C uniform with respect to x¢ and some radius r depending

only on K. Then one exponentiate the former inequality to the power g and
integrate with respect to zg € R", this gives

B0, 1)] | Tull?, < cqwq/ </| | ]u(ar)]pdx>pda;0
r—x0|<T

and by Minkowski integral inequality since ¢ > p

q
3Ol Tul}y < 00 [ uoPlBo.nfF az)

therefore

1
[BO,7)[ 7, s
[Thul[Le < C<|B(01)\ A%l e

Secondly, the estimate (2.5) can easily be deduced from the uniform ver-
sion of Theorems 2.3 and 2.4 discussed in Remark 2.5 because the op-
erator T does not move too much the support: let x € C3°(B(0,2)),
resp. ¢ € C3°(B(0,r) be cutoff functions which equal one on B(0, 1), resp.
B(0,r/2). Then one has x(z — xo)a(z,y) = x(z — zo)a(x, y)(y — yo) for r
large enough depending on K and

IT\ull Lo (Bzo,1)) < IIX(- = w0)TaullLe = [[X(- — 20) A (- — xo)u|La-

The estimate (2.5) follows from the LP — L7 boundedness results on the
oscillatory integral operator

/ x(@)a(z + xo,y + yo)v(y)e P TEoUFU0)y (y) dy
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with compactly supported amplitude. The constant C' is independent of
xo because of Remark 2.5, if one has uniform curvature or non-degeneracy
assumptions on the phase, and uniform bounds on the amplitude.

3. HADAMARD’S PARAMETRIX

We follow [18], and use Hadamard’s parametrix [9, Section 17.4] to prove
the resolvent estimates. We first introduce the following sequence of func-
tions

ei:v{
F,(|lz|,z) =v! (2m)™" ————d¢, veN
(al.2) = r) " [ ot
including a fundamental solution Fy of (—A+z) where A is the flat Laplacian
on R™. We used | - | for the Euclidean norm (recall that | - |; denotes the

norm induced by the Riemannian metric). These are radial functions and
in polar coordinates, the equation on F), reads

-1 1) h =0
o, +2F, =" waen ==
T vF,_1 whenv >0

(A +2)F, = —0*F, —

Besides, as can be seen from their Fourier transform, these functions satisfy
r

(3.1) o.F, = —§FV_1, v > 0.

3.1. Construction of the parametrix. Let xo € M and U be a neigh-
bourhood of zg in M. Since the construction is local, we can think of U as
a ball in R", and work in coordinates. If U is small enough, the distance
function r = d4(x,y) is smooth on the product U x U with the diagonal
removed, and furthermore one can take polar normal coordinates for x in U
with center at y. In polar coordinates

r = exp,(rf), 0eT,M
the volume form takes the form
vy = "1 J(r,0) dr A d6

where df denotes the canonical measure on the unit sphere SyM of the
tangent space (TyM,g(y)). The Laplacian of the distance function r =
dg(z,y) is given by?
n—1 0,J(r,0)

r J(r,0)
and this implies for a radial function

Agf(r) = f"(r)ldrly + f'(r)Agr

" n—1, orJ
:f(r)‘f‘Tf(T)‘f‘T

Agr =

f'(r).

2We refer the reader to [6, section 4.B] for those computations.
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This identity holds in the classical sense when = # y and in the distribution
sense on U. If we use those computations on the function agFy, we get

OpJ
(—Ag + Z)(aoFo) = gy — 2(87«@0 + 2JC¥0> orFy — (Agao)Fo

and on the function o, F,, v > 0 using (3.1)
(—Ag +2)(F)) = (r@ral, + <1/ + rij) ,,> Fo1—(Agou)F,
in D'(U). Thus, if we set
F(x,y,2 Zau 2, 9)Fy (dg(2,y), 2),

then we have

(—Ag + Z)F = a05( ) — 2(8 (%)) 62:]] >8TF0

N
+ Z (Tarozy + (V + r%j) AV 1>Fu 1 — (Agan)Fn
v=1

in D'(U), where the derivatives were taken with respect to x. Here §(r)
stands for the pullback of the Dirac mass dyp on R by the map = — dy(x,y),
this can be explicitly computed

1

o(r) = m by()

If we choose the coefficients o, to be solutions of the equations

orJ
.2 =
(3 ) Orag + i —ag =0
orJ
(3.3) roray, + | v+ rﬁ ay =Agay,—1, 1<v <N
then the function F' satisfies:
(3.4) (—Ag+ 2)F = apd(r) — (Agan)Fn.
The equation (3.2) can be explicitly solved by taking
1
1 det K
ap = detg(y)_1/4 _ < et g(y) — ) )
J(r,0)  \det(expy g)(expy )

Note that the computations that we just made are not coordinate invariant,
neither is the quantity det g (contrary to the volume form) so the choice of
g may be understood in the following manner: first pick normal coordinates
in « depending on y

(,y) = (expy ' (x),y)
then oy depends on the ratio of the determinant of the metric expressed in
the coordinates in y and of the determinant of the metric expressed in the
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normal coordinates (depending on y!) in x that we have just picked. Having
given those precisions, it is clear that the function g is smooth and satisfies

aO(ya y) =1 _
Setting &, = aalal, and B,_1 = aalAgal,_l reduces the equation (3.3)
to
rOray + vy = By_1, 1<v <N.
—— —
=rl=vo,(rvay)

In polar coordinates, this is explicitly solved by

r _ 1 -
oy = r”/ t”flﬂy_l(expy t)dt = / t”flﬁy_l(expy rtd)dt, v >1.
0 0

By induction, one can solve the equations on «, by taking

1
o = g / 7 (a Agaty—1) (1 (1)) d.
0

where 7., is the distance minimizing geodesic from y to = (this is well
defined if the neighbourhood U of xg is small enough). These functions are
smooth on U.

Let x € Cg°(U x U) be a symmetric function which equals one near the
diagonal, we get using our computation (3.4)

(35) (—Ag+2) [x(- WECy, Z)} - % g

+ IXCo ) A F (-, 2) + X 9) (Agan) Fx (dy (-, ), 2) -

N~

:HN(x7y7Z)

Note that [x(-,y),Ay] = 2grad, x(-,y) is a first order differential operator
whose coefficients are supported in the support of y and away from the
diagonal x = y. We are ready to consider Hadamard’s parametrix

Tiaa(:u = [ x(w) . 2)ul) AV, o)
which satisfies
(3.6) (—Ay + 2)THad(2)u = x(7, 2)u + S(2)u
with S(z) = 2grad, x(+,y) o THad(2) + S2(2) = S1(2) + S2(z) and
$a(:) = [ (o, 2)uly) V(o)

The integer N will be chosen, in the next paragraph, large enough so that
Sa(z) is smoothing. Given the fact that the function

N
Fy,z,2) =Y _ a(y,2)F,(dg(z,y))
v=0
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behaves in a similar fashion to F'(x,y, z) (the only lack of symmetry comes
from the coefficients a,, whose only relevant property is their smoothness),
the transpose ‘Tiaq(2) shares the same boundedness properties than Ti,q(2).
It is therefore not misleading to think of the Hadamard parametrix as a sym-
metric operator in terms of its boundedness properties.

3.2. Bessel functions. In this paragraph we describe the behaviour of the
functions F), (see [12, page 338-339], [18, Lemma 4.3]). They can be explic-
itly computed in terms of Bessel functions

(3'7) FV(T? Z) = CVT_%—HJ—H»?I’%_V;I Kn/2—1—1/ (\/27”)

where K, 5_1_, are Bessel potentials

oo
K (w) = / e weosht cosh(mt)dt, Rew > 0.
0

The qualitative properties of K, are as follows

| K (w)| < Crplw]™™ when |w| <1 and Rew > 0,

Ky (w) = am(w)w_%e_w when |w| > 1 and Rew > 0,

where the functions a,, have uniform estimates of the form
oo ()
= o (r—
ore""\U |w|
when » > 1. We sum up the well known properties of the function F,
obtained from the explicit formula (3.7) in the following lemma.

(3.8) <Coumr™®, aeN

Lemma 3.1. There is a constant C > 0 such that
|E, (1, 2)] < Cr~"T2T2Y yhen r < \z|7%.

Furthermore, one has

E,(r,z) = |z|nT_1_%16_ﬁTr_nT_1+”a,j(r, 2)

where the functions a, have a symbolic behaviour

0%a,
a/]ﬂa (T7 Z)

< Ca,z/r_a, aeN

when r > |z|_% The constants are all uniform with respect to z € C,
|z| > c.

In particular, if N > (n — 1)/2 then by Lemma 3.1 we have
(3.9) |[Fx(r,2)] S [=71?

when |z| > §. We also recall that

N
F(x,y,z) = Z ay(z,y)F, (dg(x, Y), z)
v=0
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with smooth coefficients «,,. Thus from Lemma 3.1 we deduce bounds and
asymptotics on the function F', which we synthesize in the following lemma.

Lemma 3.2. There is a constant C > 0 such that
(3.10) |F(x,y,2)| < Cdg(z,y) "2 when dy(x,y) < |2|2.
Furthermore, one has
(3.11) F(z,y,2) = ]z]%*%e*ﬁdg(x’y)dg(x,y)*nTila(x,y,z)
where the function a has a symbolic behaviour
‘8§7ya(x,y,z)} < Cody(z,y)™ %, a€N
when dg(x,y) > |z]_%. The constants are all uniform with respect to z € C,
|z| > c.

4. RESOLVENT ESTIMATES
This section is devoted to the proof of LP estimates on the resolvent.

4.1. Parametrix estimates. Our goal in this paragraph is to prove that
the Hadamard parametrix is bounded on certain Lebesgue spaces. Due to
the local nature of the construction, the kernel of the parametrix is supported
in U x U with U a small neighbourhood of a point x¢g € M; using local
coordinates, we might as well suppose that x¢ = 0 and that U is a small
ball in R"” of radius € > 0.

Theorem 4.1. The Hadamard parametriz is a bounded operator
(4.1) |2|® Thaa(2) : LP(M) — LY(M)

with a norm uniform with respect to the spectral parameter z € C, |z| > 1
when 0 <s<1,p<2<q

11 25 2
(4.2) S+ ==Z

) 1 11 1 - 1 2 <1 1<
min [ - — =, = — — — -—=
p 2°2 ¢ 2n” n+1 p q~

Remark 4.2. The region of admissible exponents in Theorem 4.1 is the
trapezium C'C'D’'D (blue quadrilateral in figure 3) with vertices

1 1 1 3 , 1 3 1 1
C‘(g*zn’z‘zn)’ C—<2+zn’z‘2n)-
—1)2 2 —
po(lyl (oD (rPedano11 1Y
2 2n’'2n(n+1) 2n(n+1) "2 2n

Note that . . . .
F=-+—-,-—
2 n+12 n+1

and

S
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FiGURE 3. Admissible exponents in Theorem 4.1

is the middle of [C'C"].

Let ¢9 € C°(R) be supported in [—1,1] and equal one on [—%, %], let
¥ = o(-/2) — Yo € C°(R) be supported in [-1,—3] U [4, 1], we consider

2
the following dyadic partition of unity
Yo(r) + ) w2 7'r) = 1.
v=0

We denote ¢, = 1(277-) if v > 1 and decompose Hadamard’s parametrix
in the following way

Thad(2) = To(2) + > _ To(2)
v=1

T, (2)u(z) = /M )Yy (121 dy (2, 1)) Fa 1, 2)uly) AV ().
We first observe that
(43) Blae,y) = LGl y)lal — 1)@k — ")

where G(z,z) = g(z) for all x € U. Indeed, the square of the distance
function vanishes at order two at x = y and its Hessian is twice the metric
since

82
(0,0) = = -d2(exp, 0, y)

27 72 2
v [dg(.’y)]a::y o2 9 t:0:2|9|9'
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In particular, in the chart U the geodesic distance is equivalent to the Eu-
clidean distance, i.e.

1
(4.4) alﬂﬁ—yl < dg(z,y) < Clz -yl

when z,y € U.
Let us begin by examining the term 7p(z): using the bound (3.10) in
Lemma 3.2, we majorize the kernel by a constant times

—n—+2
|z =y o yi<ompap-1ree

Using Young’s inequality when 0 < 1/p—1/¢ < 2/n and Hardy-Littlewood-
Sobolev’s inequality when 1/p —1/q = 2/n, and scaling the estimates, bear-
ing in mind the condition (4.2), we get

n—2,n(2s,1_ 1_
(4.5) 21 To(2) | e eopey S 12T ra(zei-1a)

when 0 < 1/p —1/q < 2/n excluding the endpoints (0,2/n) and (2/n,0) of
the segment 1/p — 1/q = 2/n. Now we deal with the other terms: on the
support of the kernel of T, (2) we have d,(z,y) > 2~ 1|2|7%/2 and if we use
the asymptotic description (3.11) in Lemma 3.2, the operator T, (z) assumes
the form

Ty(z)u(a:

wf f%ﬂnﬁjggduywanuxw)<mwww

If we denote

o— Rev/Zdy(2,9)
A(‘Tayv Z) = —L—la(l’ayaz)X($ay) detg(y)
dg(xvy) 2

then we have
(4.6) 0, A = O(dy(w, )" 1)

uniformly in z.

We need to distinguish two further cases: argz € [—m/2,7/2] where the
exponential is uniformly decaying and argz ¢ [—m/2,7/2] where the expo-
nential has an oscillating behaviour. Let us begin by the first case which is
straightforward: thanks to (4.4) the kernel of T, (z) may be bounded by a
constant times

|Z|"T_22—”T_1ye*%‘z|l/2|m*y|
and Young’s inequality provides the bound

21T (=)l e po,zoy) S 2757 Ve
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This (together with (4.5)) can be summed as a geometric series

oo
|2° | Trtaa ()Ml (2o, poy < D 121 1T (2)ll2zo 2oy
v=0

s 1
Sy
v=0

so it only remains to consider the case where argz ¢ [—7/2,7/2].

1 1

The case = — =
P q

> % + % We majorize the kernel by a constant times

n—2 7,/71,71
‘Z| 2 2 2 1\x—y|§c*12”|z\*1/2

and using Young’s inequality we get

L IT Dl eqzrzn < 25 (G3)),

As above we can sum a geometric series and obtain the boundedness of the
|2|°(Thaa(z) — To(2)) as long as the exponent is positive, i.e. when
1 1 1 1

p q 2 2n
This region is in the plane (1/p,1/q) the triangle ABB’ (delimited by the
purple lines in figure 3).

The other cases. We first observe that, because of the support properties
of the kernel, the only terms 7}, (z) which are nonzero are those for which
2 \z|*1/ 2 is bounded, and in fact even small if one is prepared to shrink the
size of U. We consider the following rescaled distance function

0u(1,y) = |2[2277dy (2" 72, 2"|2| " 2y)

1 ) )
= G (2 21y @ - ) - )

~ |z -y

and the following rescaled operator
T(2)ulw) = | "7 27" [ e 2090, (a,y, 2)u(y) dy

which was obtained by the contraction (z,y) — (2”|z|7%a:, 2”]2\7%y). The
phase is given by

1

ou(z,y,2) =27 Im/zd, (2”\z|*%a:,2”|z] 2y)
. [argz
=sin|{ — ou(,y, 2)

and the amplitude by
au(x7y72) = ’2‘7%7221/%7114(2”’2’7%1‘7 2V‘2|7%y72)¢(gu(xaya Z))
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Because of (4.6) and because 2|z|~'/2 < 1, both phase and amplitude are
uniformly bounded as well as all their derivatives. Besides, the amplitude
ay (-, z) is compactly supported in R"™ x R™ (with possibly a very large
support) but the set

{x —Y: (x7y) € Suppa,,(~, 72)}

is contained in a fixed compact set of R"™.

This is an oscillatory integral operator, whose phase is (a rescaled version
of) the Riemannian geodesic distance, and the previous observation shows
that part of the assumptions in Remark 2.5 are fulfilled. Besides we have

0%, . [argz) 0?
= sin —
0xdy 2 oxdy

V(o) (7 — y)(ak — ) + Ofe)

|-[>v2/2

this means that the non-degeneracy condition (2.3) is satisfied if € is taken
small enough. Corollary 2.3 applies

T n=2__pn=lo_y(n— !
WD) Tl S A7E 2 2

and after rescaling, we obtain

11 . e )
|Z’8HTV(Z)H,C(LP LP/) SJ (|z’1/2271/)n(gfyfl) ’Z‘T2271/71271/(n71)/p

(4.8) < (5 -27)

Again, we can sum those estimates into a geometric series provided that
1 - 1 n 1
p~ 2 n+1

This shows that the operator |z|*(Txaq(z) — To(2)) is uniformly bounded on
the semi-open segment [AF') in figure 3.
Since the distance function r = dy(-,y) satisfies the eikonal equation

|dr|g =1
its differential parametrizes a piece of the cosphere bundle, thus
(4.9) Syo = {dady(z,90), 2 € U} C S§. M

has everywhere non-vanishing Gaussian curvature. This is also true when
x and y are interchanged because of the symmetry of the function. This
remains true after rescaling and it is not hard to see that there is a uni-
form lower bound on the Gaussian curvature when ¢ is small enough. This
means that the Carleson-Sj6lin condition is satisfied (in its uniform variant
mentioned in Remark 2.5) and Corollary 2.4 applies

T n=2__pr=l__un
(4.10) 1T (2)ull oy S 12172 27772 27 [ Lo ary
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ifg=(n+1)p'/(n—1) and 1 < p < 2. After rescaling we finally obtain

2 ITo D ezmin < (Y227 G571 522 9w 5t g wna

2_”(%_”7“)'

N

(4.11)

Those estimates can be summed into a geometric series when

1 1 1

p 2 2n

This shows that the Hadamard parametrix is bounded on the red segment
[AC) in figure 3.

If we sum up the results obtained so far: we have shown the boundedness
of |2|*(T11aa(2) — To(z)) on the segments [AB) (by Young’s inequality), [AD)
(by the Carleson-Sjolin theory), [AF) (by the non-degeneracy corollary 2.3)
in figure 3. By interpolation and duality, this shows that |z|*(Taq(2)—T0(2))
is bounded on the pentagon ABDD’B’ in figure 3. This ends the case
argz ¢ [—m/2,7/2] and hence the boundedness of Hadamard’s parametrix
(4.1). This completes the proof of Theorem 4.1.

Remark 4.3. In fact, the computation made to obtain the bound on the
segment [A, F') is redundant since the bound can be obtained by interpola-
tion and duality from the bound on the segment [A, D).

4.2. Additional bounds. If one is prepared to loose some powers of the
spectral paramater |z|, one can improve the range of allowed exponents.
Indeed, the estimate (4.11) can still be summed on 2¥ < |z|'/? when % <

1 1
3t
o0
|2[° [ Ttaa ()l c(ze,p0) < > 121 1T ()l 2zo 20y
v=0

< 3 o (m1-2) < |z,("71—%)'

v>0:2v|z|~1/2<1
Note that when ¢ = Z—ﬂp’ we have
and therefore

The values of (1/p,1/q) obtained in this estimate correspond to the semi-
open segment (DE] on the figure 6. Similarly, the estimate (4.8) can still
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FIGURE 4. Admissible exponents in Theorem 4.4

1

11
be summed when > <3+

[o@)
|Z|S ||THad(z)||L(Lp,Lp’) < Z |Z’S ”TZ/(Z)HL(Lp,Lp’)
v=0

n+l n—1
/

< Z 2"( » 251) < M(@?*”TA).
v>0:2v|z|~1/2<1
Note that we have
1 1 2(n+1)
n+1(—>=——%n+1
( ) i o ( )
and therefore we retrieve the same bound as above

e () e e,

The values of (1/p,1/q) obtained in this estimate correspond to the semi-
open segment (F'G| on the figure 6.

By duality and interpolation, we get the following theorem.
Theorem 4.4. The Hadamard parametriz is a bounded operator
(4.12) Tiad(z) : LP(M) — LI(M)
when 1 <p<2<q and

1 1 2 n—11
<7
p q n+1
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with a morm bounded by
n=1(1_1)_1
(4.13) I Thaa (oo ooy < €l G3) 2,

The extended set of admissible exponents is the pentagon DEGE’D’, rep-
resented by the union of the green and red sets in figure 6. These estimates
(or rather the endpoint p = 2, ¢ = 2(n+ 1)/(n — 1)) were proved by Sogge
in [18]

_ _n+3
()l g | S e s,

g
A 12
n—1 n
1 N 1
SO
[
1 SN
2 N [N
1 = [ 1
/i S e mmm e ]
O N N |~ n+1‘l_l
| | [ p
[ N S~
[ AN S~
[ [ N S~
[ N R N
[ N
[ | N
[ N
N
[ N
| | [ N
1_% L1 b

ntl  ntl
FIGURE 5. Decay of the parametrix: [|Thad(2)ullz(zp,L0) = O(|2]77)

The combination of Theorems 4.1 and 4.4 gives the following bound on the
parametrix

(4.14) | THaa(2)ull 2o L) < Clz|7°7

in the polygon CDEGE'D'C" (except for the segments [CD], [DD’'] and

[D'C"]), where the order o is a piecewise linear function of d =1/p —1/q
n—1

(4.15) o=4¢ 4
—§d +1 when

1
d+ - when0<d<
2 n+1

<d<1

n —+

The graph of this function is represented in figure 5.
We finish by observing that as a function of the y variable, the kernel of
the Tiad(z) — To(z) is L"-integrable when r < 2n/(n — 1) since

n—1

| (Titaa(2) = To(2)) (@, 9)| S |27 dyla,y) "7 .
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By Young’s inequality, this provides the trivial bound

1 1 1

n—3
[(Thaa(2) — To(2))ullLee(ary < 2177 [JullLe(ary, » <5tg

and by interpolation, we obtain the following additional bounds

n-3_n
[[(Taa — To)(2)ullLaary < Clz| 24 |Jul|Locar)

n—11 1 1 1
— and - < -+ —.
p 2

1
if — <
q n+1yp

Since Tp(z) satisfies similar estimates with better decay in |z| when 1/p <
1/2 4+ 1/2n, the previous estimates remain true for the Hadamard para-
metrix. These estimates with their dual provide the following additional

boundedness properties of the Hadamard parametrix.

Lemma 4.5. Let 1 < p < 2 < q be such that 1/p—1/q < 2/n, the Hadamard

parametrix satisfies the following bounds

| ‘"—*—ﬂ fl<nll dl <1 1
zl 4 24 iy =< — 5 and = < 5+ 5=
HTHad(Z)Hc(Lq,Lp)SC n3_ n , (f Zj: pl/ ’1’ f 21".

2y 2y and > 5 gy

The range of exponents covered by this theorem is the union of the two

violet trapezia in figure 6.

FIGURE 6. Extended set of admissible exponents
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In particular, we have

1
[Thaa(2)ull 2o S 274 |lullpzan
(4.16) L an

1
[Thaa (2)ull 20y S 121 4”“”1;%2(1\4)'

These estimates will prove useful in the final argument proving the resolvent
estimates when dealing with the remainders.

4.3. Remainder estimates. We now deal with the remainder term S(z):
the results are similar than for the Hadamard parametrix (in fact the range
of admissible exponents is larger) but the proof is simpler due to the lack of
singularities since the kernel is supported away from the diagonal in M x M.

Lemma 4.6. The operator S(z) defined in (3.6) is a bounded operator
(4.17) S(z): LP(M) — LY(M)

when 1 < p <2 < q with a norm bounded by

n

n-1_n X _
o T W ifl<ndd
n-t(1_1 _
1) oo < C Qo) TG ot L <L cmity
Ty 1> ndl 1
|2| P qu Z a1y

Proof. The kernel of Sy(z) is uniformly bounded by |z|~'/2 because of (3.9),
hence S3(z) is a bounded operator from LP(M) to L?(M) with norm bounded
by |z]*1/ 2. For this part of the operator we actually get better bounds than
expected since |z| > 6. We now concentrate on the part Si(z) of the oper-
ator: because of Lemma 3.2 and the support of grad, X(+,y), the kernel of
this operator looks like

2| T e VELEWp(, y, 2)

where b is a smooth function.
When arg z € [—7/2,7/2], Young’s inequality provides a better bound
_nt+l n(1_ 1) _ /
IS (2ullzaqary S 217G e 2y,
When arg z ¢ [—7/2,7/2], the bound follows from Young’s inequality, The-
orems 2.2 and 2.4, and duality and interpolation. O

4.4. Resolvent estimates. Before actually turning our attention to resol-
vent estimates, let us first patch our local constructions into a global para-
metrix. We cover the manifold M with finitely many open geodesic balls U;
of radius € contained in charts of M. We consider a partition of unity

J
1= ZXJZ’ supp x; C U;
j=1
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subordinated to the covering (Uj)1<;<., and define TI({Q (z) to be the local
Hadamard parametrix constructed in section 3 using x;(z) ® x;(y) as the
cutoff function. By a slight abuse of notation, we keep Tiaq(z) to denote
the global parametrix

Tiaa(z) = Y T (2)

Jj=1

and similarly for the remainder

S(z) =Y _59(z).

j=1
Having constructed those operators, we indeed get a global right parametrix
(4.18) (—Ag + Z)THad(Z) =1Id +S(Z).

As a finite sum of operators, Tiaq(z) shares the same continuity properties
as the local parametrices, and this is also true of S(z).

We are now ready to prove the resolvent estimates. We use ideas coming
from [14] and also [2, 3] to deal with the remainder terms.

4.4.1. L? estimates. Let 0 = N\g < \; < --- < A\ < ... be the sequence of
eigenvalues of the (positive) Laplacian —A, repeated with multiplicity and
(¢1)72, be the corresponding sequence of unit eigenfunctions. We denote

Fk) = /Mfwdeg

the Fourier coefficient of the function f corresponding to the eigenfunc-
tion y.

Lemma 4.7. Let (M, g) be a compact Riemannian manifold (without bound-
ary) of dimension n > 3, for all z € C\ R_ we have

_1 _
lull 2y < 12177 (Rev/2)"H[(=Ag + 2)ull z2(an)-
Proof. We start with the factorization
A +2= (\/)\k + ’L'\/g)(\/)\k — ’Lﬁ)
which implies
1
Ak + 2| > ()\k + |Z|) 2 Re /2.

If f=(—Ay+ 2)u, using Fourier series, we get

> fk 2 _ —2
lulleqan = 3 s S 1447 R Va1 sy
k=0

This completes the proof of the lemma. O
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Remark 4.8. When Rey/z > 6§, we deduce the following improved L2
bound
_1

(4.19) lullzry S 12172 1(=Ag + 2)ull L2(a1)-
which will prove to be of crucial importance to estimate the remainder terms
in the proof of Theorem 1.1. Unfortunately, such an improved bound only
holds when the spectral parameter is outside of a parabola. Indeed suppose
that the estimate (4.19) holds then testing it with unit eigenfunctions vy,
implies

N + 2| > |22
and the parameter z has to remain outside of the envelope of the curves

1

|\ + 2| = c|z|2, k € N. In particular, if we choose z = —\;, + iy then we
have

y' > R+,

and |y| > V.

__ Besides, if one is interested in proving resolvent estimates when z lies in
=5, then difficulties arise when the parameter z lies on the lines Im z = +4.
This means that the square root of z lies on the part of hyperbola

1) 2
— 1 ) > —
V/Er A —+ ZQ‘X, .A \/is

(see figure 7) and this implies
|z|_%|Re \/2|_1 ~ 1.
In other words, the L? estimate is weak

[ull 2y S 1(=Ag + 2)ull2(ar)

in terms of the decay with respect to the size of the spectral parameter
|2] ~ A2

2n 2n 2n 2n
4.4.2. Ln+2 — Ln—2 estimate. We now prove the Ln+2 — [n—2 estimate of
Theorem 1.1. We start from

U = THad(2)(=Ag + 2)u +v
where
v = (Id —Thad(2) (= Ay + 2))u.
Note that by (4.18) we have
(4.20) (—Ag+ 2)v==8(2)(—Ay + 2)u.
We start our estimations

n < - n n
g O 0 L P P
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5 4 3 2 -1 1 3 4 s

51

FIGURE 7. Values of the spectral parameters z € E(g and /2

and by the boundedness properties of the Hadamard parametrix given in
Theorem 4.1, we have

[l

To estimate the second right hand-side term, we need the following lemma.

(—Ag +2)

n < n n .
. ul g+ 100 2

Lemma 4.9. Let (M, g) be a compact Riemannian manifold (without bound-
ary) of dimension n > 3, and let 6 be a positive number. For all z € Z5 we
have

_1
(4.21) IIUHL%(M) < Ol 72 [(=Ag + 2)vl 2 ar)-

Proof. We use the adjoint of Hadamard’s parametrix as a left parametrix
v = THad(2)" (—Ag + 2)v — S(2)"v

and get the following estimate by the boundedness properties of the Hadamard
parametrix given in Theorem 4.4 — more precisely (4.16) —, and of the re-
mainder given in Lemma 4.6
1 1
ol sz, oy ST E (=R + 2)0llz2an) + |22 10l z2ary.

The proof of (4.21) is completed once one has controlled the second right-
hand side term using the bound obtained in Lemma 4.7

1
vl zz2ary S 12172 [[(=Ag + 2)vll L2 (an)-
This ends the proof of the lemma. O
Using the previous lemma and the identity (4.20), we get

_1
Jul 2 0y S W=y 4 2Dl g+ THIS G (= + 2l 2qany

(
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It is now a matter of using the boundedness properties of the remainder
S(z) given in Lemma 4.6 to conclude that

n < - n .
a2 S =20+ 20l

This completes the proof of Theorem 1.1.

5. RELATION WITH LP? CARLEMAN ESTIMATES

The aim of this section is to illustrate the relations between resolvent esti-
mates and analogues of the P Carleman estimates obtained in the Euclidean
case by Jerison and Kenig [11] (for logarithmic weights) or by Kenig, Ruiz
and Sogge [12] (for linear weights). The proof of L? Carleman estimates
for limiting Carleman weights in [5] is based on integration by parts and
can not be used in the LP setting. However in [4], we were able to prove
such estimates following an idea of Jerison [10], (see also [18, Section 5.1])
using spectral cluster estimates of Sogge [18]. Here we present an alternative
argument following Kenig, Ruiz and Sogge [12] and Shen [17] and reducing
the Carleman estimate to resolvent estimates.

Limiting Carleman weights on an open Riemannian manifold (N, g) are
smooth functions ¢ such that dy # 0 on N and

(5.1) {Por e} (,6) =0, (2,6 €p,'(0) CT*N

if p, denotes the following symbol

pe(@,€) = [€]5 — |del] + 2i(dg, £) .

This a conformally invariant property. This notion was introduced in [13]
which dealt with Calderén’s inverse conductivity problem with partial data
in dimension n > 3; this article was concerned with the isotropic setting and
took advantage of replacing classical linear weights by logarithmic weights
(which are examples of limiting Carleman weights in the Euclidean setting).
The motivation for introducing such weights in the context of general Rie-
mannian manifolds lies in the application to inverse problems [13, 5, 4] where
solutions to the Schrodinger equation with opposite exponential behaviours
are constructed on manifolds using complex geometrical optics.

It was proved in [5, 15] that the condition (5.1) is in fact stringent. Sim-
ply connected Riemannian manifolds which admit limiting Carleman weights
are those which are conformal to one having a parallel field (i.e. simulta-
neously a Killing and a gradient field). In particular, such manifolds are
locally conformal to the product of an Euclidean interval and another open
Riemannian manifold. The results in [5, 4] are concerned with the sim-
pler situation of manifolds conformal to global products of the Euclidean
line with another Riemannian manifold. This is the situation in which we
choose to set ourselves to underline the connection between resolvent and
Carleman estimates.
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The setting is the product N = R x M) of the Euclidean (one dimensional)
line and of an (n — 1)-dimensional compact Riemannian manifold (Mj, go)
without boundary, endowed with the product metric

g9 = da? + go.
We consider the Laplace-Beltrami operator on N
P = Ag - 8%1 +A90‘

A natural limiting Carleman weight on this product manifold is x; and the
corresponding conjugated operator reads

TP = 92 — 270, + T2 + Ay,

Theorem 5.1. Let N = R x My be the product of the Euclidean line and of

an (n— 1)-dimensional compact manifold (My, go) endowed with the product

metric g = dx? + go. For all compact intervals I C R, there eist two

constants C, 19 > 0 such that for all T € R with |T| > 19, we have

(5.2) le™™ ]| 2n < C|le™* Pul| = 2n
L7=2(N) L7FZ (N

)
when u € C{°(N) is supported in I x M.

This Carleman estimate was obtained in [4], and in [17] when My = T"~!
is the n — 1 dimensional torus, by a different method, which uses as well
the spectral cluster estimates of Sogge but on n — 1 dimensional manifolds.
By translating and scaling the estimate in the first variable, it is always
possible to assume I = [0, 27] without loss of generality, which we do since
this will lighten our notations. The proof follows [12] and is based on the
construction of an inverse operator of the conjugated operator (5.3); to ease
such an inversion, inspired by [8] (see also [16, Section 3.2]), we further
conjugate the operator by a harmless oscillating factor

2

(5.3) eI 5T P TTI 5T (Dxl + ;) + 24T (Da;l + ;) _ 2 Ay,
We regard functions u € C§°((0,27) x M) as smooth periodic functions in
the first variable. This corresponds to a change of perspective by replacing
the manifold N = Rx My by the product M = T x M of the one dimensional
torus T = R/27Z and of the manifold (My, gp). We denote by A\g = 0 <
A1 < Ag < ... the sequence of eigenvalues of —Ay  on My and (¥y)r>0 the
corresponding sequence of eigenfunctions forming an orthonormal basis of
L?(Mo)

— AoV = A\

We denote by m, : L2(My) — L?(Mp) the projection on the linear space
spanned by the eigenfunction v so that

Zﬂ'k =1d, Z)\kﬂ'k =—Ag,.
k=0 k=0
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The eigenvalues of the Laplacian A, on T x My are —(j2 + Ag) with j € Z,
k € N and the corresponding eigenfunctions are?

eij:rl 1/}16'

We denote by ;5 : L2(M) — L?(M) the projection on the linear space
spanned by the eigenfunction e¥/14)y,:

1 T .
mikf(x) = 27T(/O e . f(y1, 2) dy1) e,

and define the spectral clusters as

Xm = E ik, meEN.
m<+/jZ+A\p<m+1

Note that these are projectors x2, = xm. We end this paragraph by recalling
the spectral cluster estimates of Sogge [18, 19] that we will need:

1
Imll 2oy o < OO+ m)2 2oy
(5.4) .
Ivmedllzzn < O +m) ful s,

The two inequalities are dual to each other and can be found in [18, Corollary
5.1.2].

We are now ready to reduce the proof of Carleman estimates to resolvent
estimates. Recall that our goal is to prove

(5.5) Jul <CIfll

Ln 2(M Ln+2

when v € C5°((—m, m) x My) and

1\* 1
(56) <DJ?1 + 2) U+ 20T <D1‘1 + 2>U — Agou — T2U = f

The equation (5.6) is actually easy to solve: writing f = Zj’k mjkf and
similarly for u, the equation formally becomes

1\? 1
((j+2> +2i7<j—|—2> —T2+>\k>7rj7ku:7rj7kf

for j € Z and for k£ € N. The symbol on the left is always nonzero provided
that |7| > 1. Thus, the inverse operator may be written as

=S Z Tied

hokmn (G 3)" 20+ 3) T+ M- 72

3Here we are using in an essential manner the fact that the metric g is a product, i.e.
the fact that z; is a limiting Carleman weight.
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We now use Littlewood-Paley theory to localize in frequency with respect
to the Euclidean variable x1; we have

u = Zu,,, f= ny
v=0 v=0

1 27 ,
uo = 5 / u(yr, ') dyr |,
™ 0

1 2r g
Uy = Z 27r</0 e YV (yr, ') dy1> et >0

2u71§‘j|<2u

with

and similarly for f. It suffices to prove
(5.7) <CIL, 2,

since then by summing the former inequalities and using Littlewood-Paley’s
theory

ol an,

00 00
[ull® 20 Sl 20 S A7 20 S IFIP
L% ~ v L% ~ v L% ~ L%
v=0 v=0

and this is the inequality (5.5) we were looking for.

We now concentrate on the microlocalized estimate (5.7). Because the
conjugated operator (5.3) and the localization in frequency 1jgv—1 9vy(Dy,)
commute?, we have

uy = Grfy.

R(z) = ((Dm + ;)2 Ay + z>_1

the resolvent associated with the elliptic operator (D, + %)2 — Ay,. In the
case v = 0, we have

(5.8) up = G- fo = R(—7> +i7) fo
so (5.7) is a resolvent estimate with z = —72 +i7. When v > 1, we want to
evaluate on microlocalized functions the error made by freezing the operator

27D,, into 2“7 in (5.3). This amounts to replacing G, by the resolvent
R(—7%+ (2" + 1)7). More precisely, we want to estimate the term

(5.9) (R(=7* +i(2" + 1)7) — G+) fo.
This can be explicitly computed
(R(=7>+i(2" + )7) = Go) fo = D> > a5(m) mnts

Jj=—00 k=0

We denote

4Here again we are using the fact that the weight x; is a limiting Carleman weight, i.e.
that the metric go does not depend on ;.
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where
aj(T) =
iT(2 = 25) 1190 (j)
(G+Y*+2ir(G+Y) =2+ 20) (G+ D+ + D7 =72+ 0

Using the spectral cluster estimates (5.4) and the fact that spectral clus-
ters are projectors, we have the following string of estimates

[ (R(=7" +i(2" + 1)7) Gr) full | 2m,
> 1
< Z(Hm)?me( —7? (2" + 1)7) = Re) full 12 )
m=0
s 1
< Z(l +m)2 sup |y, (7)] X [xtm foll 2o
m=0 m<y/ 72+ g <m+1

and using again (5.4), we get

[(R(=7%+i(2" + 1)7) = G- ) fu, 2

TL Z(M)

o

< (Zu b s ) <
m=0 m<y/ 524 A <m+1

We now prove that the above series converges and is uniformly bounded

with respect to 7 and v; we have

sup la% ()] S 2%|7]
m<A/j2+ A <m+1 " - <m2 o 7—2)2 +4vtir?
as well as
i |r|(1+m)  _ /OO 2V |7t "
L (m2 — P22 FIr2 Y g (1= 22 4 4

and if we perform the change of variables s = 47~1772(¢t> — 72) in the
right-hand side integral, we obtain the bound
i 2YI7|(1 4+ m) </°° ds

(m2 —72)2 vtz ~ [ 2417

m=0

Summing up our computations, we have the error estimate

[R50+ 107) = GV ol ) S 150

Ln Q(M )

this means that in order to obtain (5.7), it is enough to prove the resolvent
estimate

IR 4@ Ol S, 2y,

with a constant which is uniform in 7 and v.
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The conclusion of these computations is that Carleman estimates reduce
to resolvent estimates of the form

(5.10)

2n

S
) Ltz (M)

1\ 2
<D1+2> —Ago—i—z)u

ful, 22

with

z=—12+ipr (0>1).

%

After changing u into e”2"'w in (5.10), the resolvent estimate is a conse-
quence of Theorem 1.1 since

Re /7 = /Rez2+\z|:7_

provided |7]| is large.
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