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Introduction

Stability for the wave equation
g — Au +a(x)g(u) =0in Q x Ry, 1)

where Q is a bounded domain in R", has been studied for long
time by many authors. When the feedback term depends on
the velocity in a linear way (g(s) = s) it has been proved by
Zuazua [CPDE/90] that the energy related to the semi-linear
wave equation decays exponentially if the damping region
contains a neighborhood of the boundary 992 of Q or, at least,
contains a neighborhood w of the particular part given by

{x € 9Q: (x —Xp) - v(x) > 0}.
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Euclidian Setting

A rich body of results is currently available in the literature in

what concerns the wave equation subject to a locally distributed

damping in the Euclidian setting; for instance see

Dafermos [Wisconsin/78]
Zuazua [CPDE/90]

Liu [SICON/97]

Nakao [Math. Ann./96]
Nakao [Israel J.M./96]
Martinez[RMC/99]

Nakao [OTAA/05]

Nakao [Math. Nachr./05]
Alabau-Boussouira]AMO/05]
Toundykov [NLA/Q7]
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Riemannian Compact Manifolds

Rauch and Taylor [CPAM/75] are among the pioneers in
investigating the long time behaviour of weak solutions of the
Cauchy problem for the linear wave equation on a compact
manifold (M, g) without boundary with a dissipative term, which
is described by the equation

Ut — Au +2a(x)us =0 in M x 10, o0,
u(x,0) = u(x), w(x,0)=ul(x) X € M.
(2)

Assuming that a is a bounded nonnegative function on M such

that a € C*°, we say that the Rauch-Taylor condition holds if
there exists a time Ty > 0 such that any geodesic (also called
ray of the geometric optics) with length greater than Ty meets
the open set {x € M;a(x) > 0}.
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In this case it was established by Rauch and Taylor [CPAM/75]
that the energy

E(t):%/M (juf? +19uP) dx

decays exponentially. Analogous result was settled by Bardos,
Lebeau and Rauch [SICON/99] for Riemannian manifolds with
boundary. In this work the authors present sharp sufficient
conditions for the observation, control and stabilization of the
linear wave equation on a compact Riemannian manifold (M, g)
with boundary. In particular, when one considers the equation

ur — Au +2a(x)us =0 in M x ]0, o0,
u=~0 on oM x |0, oo,
U(X,O):UO(X), ut(X,O):Ul(X) X € Ma

a € C*, and a(x) > 0 in some nonempty open subset w of M,
they proved that the exponential decay holds if and only if
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a similar condition on the ray of geometric optics for
Riemannian manifold with boundary is satisfied. The intuitive
idea behind these kind of results is that if every ray of geometric
optics remains at least a well defined proportion of time in the
damping area during its traveling, then the energy decays
exponentially.

A classical example, in the Euclidian setting, of an open set w
satisfying the Geometric Control Condition is a neighborhood of
the boundary 02 de €2, according to the figure below.
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Rays propagating inside a domain  Q c R" follow straight lines
which are reflected on the boundary 992 de Q according to the
geometric optics laws.

Figure: The Geometric Control Condition is satisfied for some To > 0.
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The following figure is an example of a region that does not
satisfy the geometric control condition.

R

w

Figure: In this case there exists a ray R of the geometric optics that
does not intercept the region w for all T > 0.
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When we consider the wave propagation on compact
manifolds, or, mare particularly, on compact surfaces, to
determine the geometric control conditions (GCC) is a delicate
problem since we need to know all the geodesics on the
surface under consideration. On compact manifolds (M, g), this
guestion is much more complex. Let's see some examples
involving the torus or the sphere according to the figures below
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Figure: An example of a region of geometric control condition is given
(in red). Note that it intercepts all the Torus’s geodesics (black curves)

ningos Cavalcanti Universidade Estadual de Ma Stabilization of dissipative models on manifolds



Figure: One of the regions of of geometric control condition (in red)
intercepts all the geodesics on the sphere (in black).
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It is worth mentioning the contribution due to Luc Miller
[SICON/03] whom characterized the geodesic conditions of
Bardos, Lebeau and Rauch [SICON/99] in term of escape
functions. Roughly speaking the escape function condition
provides a straightforward geometric proof that the geodesic
condition holds in the situations where first order differential
multiplier methods apply.

Related to Problem (2) on compact Riemannian manifolds
without boundary, it is worth quoting the result due to
Christianson [JFA/2007]. Assuming that u® = 0 and, in addition,
that a(x) > O outside a neighbourhood of a closed hyperbolic
geodesic v, he proved the following energy estimate

E(t) < Ce™*/C|ut|2. ). t 20,

for some C > 0 and for all <.
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The Wave propagation on a compact surface

Natural questions arise in this context:

@ (i) What does happen if the wave propagation is on a
compact surface instead of a domain ?

@ What would be the geometric impositions on the surface if
we use the radial multiplier x — x° as in the Euclidian
case?

@ What would be the geometric impositions on the surface if
we use an intrinsic multiplier Vf ? (where f is a function (to
be determined) defined on the surface M).

The main task of this talk is to evaluate the impact of the
multipliers on the geometry of surfaces (or manifolds) when
stabilizing the wave propagation.
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Let M be a smooth oriented embedded compact surface
without boundary in R3. This talk is devoted to the study of the
uniform stabilization of solutions of the following damped

problem
Ut — Apmu +a(x)g(u) =0 on M x]0,o00[,
U(X,O):UO(X)7 Ut(X7O):Ul(X) X €M7

(3)
where a(x) > ap > 0 in an open proper subset M, of M and,
in addition, g is a monotonic increasing function such that
g(s)s > 0 and, moreover,

kis| <lg(s)| < K|s| forall |s| > 1.
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External Vision

Initially we shall consider, as usually in the literature,
M = Mgy U M4, where

Mi = {x e M;m(x)-v(x) >0} and Mg = M\M;3. (4)

Here, m(x) := x — x°, (x° € R3 fixed) and v is the exterior unit
normal vector field of M.

The main goal of the first part of this talk is to prove uniform
decay rates of the energy when the portion of M, where the
damping is effective is strategically chosen. Fori =1,...,Kk,
assume that there exist open subsets Mg C Mg of M with
smooth boundary Mg such that Mg are umbilical or conical,
or, more generally,
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Surfaces constituted by umbilical parts

that the principal curvatures k; and k, satisfy
k1(x) — ka(x)| < &i

(gi considered small enough) for all x € Mg;. Moreover,
suppose that the mean curvature H of each Mg is non-positive
(i.,e. H < 0on Mg foreveryi =1,..., k) and that the damping
is effective on an open subset

M, CM

that contains
./Vl\ U!(:l Mo
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The observer is at xg. The subset M is the “visible” part of M and
M3 is its complement. The subset M. is an open set that contains
M\ Moz and the damping is effective there.
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Surfaces constituted by a conical part

Assume that there exists x° € R3 such that m(x) - v(x) = 0 for
all € Mg and, in addition, that M., contains M\ M according
to the figure below,
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Mo is a non-dissipative area (in white) while the demarcated area (in black)
contains dissipative effects.
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Well-posedness

We set
—{veHlM)fM x)dM = 0},

which is a Hilbert space endowed with the topology given by
H*(M). The condition [,,v(x)dM = 0 is required in order to
guarantee the validity of the Poincaré inequality,

1112200y < M) HIVTf (B2 0y, forallf e W, (5)

where ); is the first eigenvalue of the Laplace-Beltrami
operator. We observe that the problem (3) can be written in the
following form

Uy + AU = G(U),
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where
u 0O -1
U_<Ut>andA—<_AM 0)

is a maximal monotone operator and G(-) represents a locally
Lipschitz perturbation. So, making use of standard semigroup
arguments we have the following result:

@ (i) Under the conditions above, problem (3) is well posed
in the space W x L2(M)), i.e. for any initial data

{u®,ul} e W x L?(M), there exists a unique weak
solution of (3) in the class
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ue C(Ry;W)NCYHR,; L2(M)). (6)

@ (ii) In addition, the velocity term of the solution have the
following regularity:

u € L2, <R+; L2 (/Vl)> : (7)

(consequently, g (u;) € L2 (R4; L% (M))). Furthermore, if

{ul,ut} € {W NnH? (M) x W} then the solution has the
following regularity

ue L™ (Ry;WNHZ(M)) nWE2 (R W) NW2 (Ry; L2 (M)
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Remark

It is convenient to observe that the space W may be not
invariant under the flow because of the nonlinear character of
the equation under consideration. In this case, it is sufficient to
add an extra term au, (« > 0) in the equation in order to
control L, norms. However, for simplicity in the computations,
we shall omit this term since it does not bring any additional
difficulty or novelty.
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Supposing that u is the unique global weak solution of problem
(3), we define the corresponding energy functional by

1
EW) =5 [ [t 02 +[VruxoP]am. @
M
For every solution of (3) in the class (6) the following identity
holds
t
(tz) E tl) = / / Ut Ut d./\/ldt for all Lb>t > 0,
ty

9)
and therefore the energy is a non increasing function of the
time variable t.
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Main Result

Before stating our stability result, we will define some needed
functions. For this purpose, we are following the ideas firstly
introduced in Lasiecka and Tataru [DIE/93]. We will repeat
them briefly. Let h be a concave, strictly increasing function,
with h (0) = 0, and such that

h(sg(s))) = s* +9%(s), for [s| < 1. (10)

Note that such function can be straightforwardly constructed,
given the hypotheses on g. With this function, we define

r(.) = h( ). (11)

meas (X1)
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As r is monotone increasing, then cl + r is invertible for all
¢ > 0. For L a positive constant, we set

p(x) = (cl +r)" 1 (Lx), (12)

where the function p is easily seen to be positive, continuous
and strictly increasing with p(0) = 0. Finally, let

qx) =x—(1+p)~*(x). (13)

We are now able to proceed to state our stability result.

Let u be the weak solution of the problem (3). With the energy
E(t) defined as in (8), there exists a Tp > 0 such that

Valéria N. Domingos Cavalcanti Universidade Estadual de Ma Stabilization of dissipative models on manifolds



E(t)<S <Ti_1>, vt > To, (14)
0

with lim¢_,.,S(t) = 0, where the contraction semigroup S(t) is
the solution of the differential equation

Ss(t) +a(s() =0, S(0)=E(0), (15)

(where q is given in (13)). Here, the constant L (from definition
(12)) will depend on meas(x), and the constant c(from

definition (12)) is taken here to be ¢ = m
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If the feedback is linear, e. g., g(s) = s, then, we have that the
energy of problem (3) decays exponentially with respect to the
initial energy. There exist two positive constants C > 0 and

k > 0 such that

E(t) < Ce ™ E(0), t>0. (16)

As another example, we can consider g(s) = sP, p > 1 at the
origin, we obtain the following polynomial decay rate:

E(t) < C(E(0))[E(0) ™% +1t(p — 1)] ».

We can find more interesting explicit decay rates in D. C.,
I.Lasiecka and M.Cavalcanti. [JDE/O7].

Valéria N. Domingos Cavalcanti Universidade Estadual de Ma Stabilization of dissipative models on manifolds



We observe that in the particular case when m(x) = x — x°,
x € R® and x° € R3 is a fixed point in R3, we have

dvm =3, divimy =2+ (m-v)TrB. (17)

where B is the second fundamental form of M (the shape
operator) and Tr is the trace. Let ¢ and m defined as above.
We also have,

Vre-Vimr - Vip = |Vl +(m-v)(Vre-B-Vry). (18)
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Shape Operator

Remark

The sign of B can change in the literature. In our case, we
remember that B = —dN, where N is the Gauss map related to
V.

The formulas (17) can be rewritten by

divm=3, divimr=2+2H(m-v). (19)

where H = B is the mean curvature of M.
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Proof of the Main Result

We shall work with regular solutions and by using density
arguments we can extend the results for weak solutions.

Our main task is to obtain the following estimate:

/OT E(t)dt <C (E(T)+/OT /M a(x) (g(ut)2+ut2) det) :

for some positive constant C > 0. From this estimate we
deduce the desired decay rates estimates following (verbatim)
the ideas firstly introduced by Lasiecka and Tataru [DIE/93].

Lemma 1. Let M C RS2 be oriented regular compact surface
without boundary and q a regular vector field with

g =dr + (g - v)v. Then, for every regular solution u of (3) we
have the following identity
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The First Identity

T
|:/ uth-VTudM]
M 0

17 : 2 2
+§/ /(dlquT){|ut| ~[VruPhdmdt  (20)
0 JM

T
+/ / Vtu-VtQr - VrudMdt
0 M

+ [ ] a)g@iar  vrudmd=o.
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Employing (20) with gq(x) = m(x) = x — x° for some x° € R?
fixed and taking (17) and (18) into account, we infer

T T
[/ utmT-VTudM] +/ / {|ut|2_|VTu|2}det
M 0 0 JMm

T
+/ /[|VTu|2+(m-z/)(VTu-B-VTu)]det (21)
0 JM

;
+/ /(m-u)H |ut|2—|VTu|2}det

// g(u)(mr - Vyu)dMdt = 0.
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Second Identity

Lemma 2 Let u be a weak solution to problem (3) and
¢ € CY(M). Then

[/M UtEUdM]Z (22)

T T
=/ / £|ut|2det—/ / £|Vrul2d Mdt
0 M 0 M

- /OT /M(vTu - V1&)udMdt

—/OT /M a(x)g(ut) { ud.Mdt.
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Substituting £ = % in (22) and combining the obtained result
with identity (21) we deduce

T T
|:/ utmT-VTudM] +} |:/ UtUdM:| (23)
M o 2Ll/m

+/TE dt+/ / (x)g(u)(mr - Vru)d Mdt
/ / g(ut)u d Mdt
_/0 /M(m.y)H{|ut|2_|vTu|2}det.

_/T/ (M- v)(Vru-B - Vru)d M.
0 M
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Observe that some terms in (23) are easily handled by using
the Cauchy Schwarz and Poincaré inequalities as well as the
inequality ab < 4—1532 + eb? and exploiting the energy identity

)
E(T)—E(0) = —/O /M a(x) g (up)ue d Mt
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Analysis of the terms which involve the shape operator

Let us focus our attention on the shape operator

B : Tx/M — TxM. There exist an orthonormal basis {e;,e,} of
T«M such that Be; = k;e; and Be, = kye, and k; and k;, are
the principal curvatures of M at x. The matrix of B with respect
to the basis {e1, e, } is given by

. ki O
s 5 0).

Setting Vru = (&, n) the coordinates of Vtu in the basis
{e1, ey}, for each x € M, we deduce that
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Viu-B - Vru = ki€2 + kon?. (24)

Then, from (40), we infer

(m-y)[(VTU-B-VTU)—%Tr(B)NTu\Z] (25)

— (m-v) [(kl - ko) 2 | (ke - kl)nz] .

Remark: Observe that this is the moment that the intrinsic
properties of the manifold M appear, that is,
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Necessity of umbilical nondissipative region (by parts)

we strongly need that the term — fOT S (m - v)HuZ d M dt lies in
a region where the damping term is effective. Remember that
the damping term is effective on an open set M, which
contains M\ U!‘:l Mai. So, assuming that H < 0 and since
m(x) - v(x) < 0 on My, we have

T
_/ / (M- )H |u2d Mdt < 0.
0 My

In addition, supposing that M, is umbilical for every
i=1,...,k, then, having (25) in mind, we also have that

T
/ / (mz/) |:H‘VTU|2—(VTU'B-VTU) dmdt =0,
0 J My

i=1,... Kk
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Observe that if Mg is a piece of a conical surface M, that is,
m(x) - v(x) =0, for all x € My, we also deduce that

)
—/ / (M - )H |ue? d Mdt = 0.
0 Mo

]
//(m-u)[H|VTU|Z—(VTU-B-VTU) d Mt = 0.
0 Mo
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The general case - |k; — ka| small by parts

More generally, assuming that the principal curvatures k; and
ko satisfy |ky(X) — k2(X)| < & (here, ¢; is assumed sufficiently
small) for all x € Mg, i =1,---  k, we deduce that

m I/) H|VTU| (VTU'B'VTU)] dMdt
Mo

gz// (M- v)lky — kel €2 + nPd Ml
i=170 /Mo
k T k T
gZRiei/ / |VTu|2det§22Ri5i/ E(t)dt,
i=1 0 Mo i=1 0

where R; = maXXE/\TmHX — XO[ge-
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Set My = M\ U!‘Zl Mai. In the case where Mg; are umbilical,
(or conical) and disjoint, recalling (23) taking (25) we deduce

T T T
/ E(t)dt < —[/ utmT-VTudM} ——[/ utudM]
0 M o 2L/m 0

T
+ /0 /Mz(m-l/)[H|VTU|2—(VTU'B-VTU)} dMdt
- /T/ (M - )M |ul? d Mt (26)
0 Mo
- /T a(x)g(ut)(mr - Vyu)d Mdt
0 Jm

T
— l/ a(x)g(ut)udmdt.
2 Jo Jm
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Inverse Inequality

Note that if a = 0, that is, if one has the linear wave equation

Ut — Apu =0 in M x (0,00)
u(x,0) = ug(x); ut(x,0) =uy(x), x € M.

then, E(T) = E(0) forall T > 0 and from (26) we easily deduce
the inverse inequality

.
Eogc// [u?ﬂvTuﬂ dMadt,
0 Mo,

where C is a positive constant and M, = M\ U};l M.
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]
%/ E(t)dt < |><|+C1/ / g(u0))2d Mdt(27)
0
4 cl/ / [V ul? +a(x) u?] d Mdt
0 Mo
where
T o1 T
X:—|:/ UtmT'VTUdM:| __|:/ utUdM:|
M o 2Ll/m 0
Cr = max{|fall[2 *A;* + 8R?L, [[BIIR + HIR, R[H]ag"}

IBJ| = sup B, and [Bx| =  sup  [Byv]
xXeM {veTxM;|v|=1}
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Intrinsic “cut-off”

It remains to estimate the quantity [ Sy, IVTUZdMdt in
terms of the damping term

foT Sulalx) lg(ur)l? + a(x) [ug|*] d Mdt. For this purpose we
have to built a “cut-off” function 7. on a specific neighborhood
of M. First of all, define 77 : R — R such that

1 if Xx <0
A(x) = (x —1)? if xe[1/2,1]
0 if Xx>1

and it is defined on (0,1/2) in such a way that 7j is a
non-increasing function of class Cl. Fore > 0, set

e (X) = 7j(X /¢).

Valéria N. Domingos Cavalcanti Universidade Estadual de Ma Stabilization of dissipative models on manifolds



It is straightforward that there exists a constant M which does
not depend on ¢ such that

P _ M

for every x < e.
Now, let ¢ > 0 be such that

k
e = {x € M;d(x, | JoMa) < e}
i=1

is a tubular neighborhood of U!‘:l OMgi and w, := &, UM is
contained in M,. Definen. : M — R as
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1 if X € Mj
n-(x) = fe(d (X, M3)) if X € we\Ms
0 otherwise.

It is straightforward that 1, is a function of class C* on M due
to the smoothness of M, and dw.. Notice also that

|VT7]5(X)|2 _ ‘ﬁé(d(x7M2))|2 < M

= — < 28
R0 (M) 2 )
for every x € w.\May. In particular, WI}%F € L(we).
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Taking £ = n. in the identity (22) we obtain

;
/O / n:|Vrul?d Mdt (29)

T T
= —[/ utunad/\/l] +/ /775|ut|2d/\/l
We 0 0 We

T T
_ / / u(VTu-VTnE)det—/ /a(x)g(ut)ungd/\/ldt.
0 We 0 We

After some estimates we arrive to the following inequality
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1 T
—/ /n5|VTu|2det (30)
2 Jo
“1a
< )+ 2 lBlog / / () 19 (ue) P d.M

T M 5
+2a [ E@dts o [ [ uPdama,

+a, // (x) uZ d M dt.

where « > 0 is an arbitrary number and

yi=- [/w utunadM]T. (31)

0
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Thus, combining (30) and (27), having in mind that

1 /T 1 /7
—/ / IVrul2dMdt < —/ / n|Vrul?dMdt
2 0 Ms 2 0 wWe

and choosing o = 1/16C; we deduce

1 T
Z/ E(t)dt < |x| +2C4|Y| (32)
0

)
+cz/ /[a(x)\g(ut)|2+a(x)|ut\2]d/\/ldt

Mc1

lu2dMdt,

where C, = max{Cl,8Cf)\Il\|a|\|_oo(M), 2C1a;1}.

Stabilization of dissipative models on manifolds
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On the other hand, the following estimate holds

X +2C2[Y| < C(E(0) + (33)

2E( T)+/ / g(u uth]

where C is a positive constant which depends also on R. Then,

TE(T) < /TE(t)dt (34)
0

IA

CE(T)+C

/ ' / [a<x>|g<ut>|2+a(x)|ut|21det]
0 M

)
4 c/ / udMadt,
0 We
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where C is a positive constant which depends on
ao, ||al|leo; A1, R, |H], ||B|| and 2"—2 Our aim is to estimate the last
term on the RHS of (34). In order to do this let us consider the

following lemma, where Ty is a positive constant which is
sufficiently large.

Lemma

Under the hypothesis of Theorem 2, there exists a positive constant
C(E(0)) such that if u is the solution of (3) with weak initial data, we

have
;
/ / 2 d M dt (35)

{/ / +a()$)det},

forall T > Tg.
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In order to prove the above lemma we argue by contradiction
and it is essential to use the uniqueness result which comes
from the Inverse Inequality or, more generally we can also
employ Triggiani and Yao’s [AMO/02] Uniqueness result in the
proof.

Inequalities (34) and (35) lead us to the following result.

Proposition 5.2.2: For T > 0 large enough, the solution u of
(3) satisfies

<C/ / x) |ue]® + a(x )|g(ut)|2]d/\/ldt (36)

where the constant C = C(T,E(0), a0, A1, R, ||B|], ).

From this point we are able to employ Lasiecka and Tataru’s
method [DIE/93] in order to obtain the desired decay rates.
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Generalization of umbilical and conical surfaces - New regi ons

Invoking the second fundamental identity one more time now
with £ = (m - v)H we deduce

//m D [lu? — [VruP]dmde  (37)

[/ m - uHutudM]
M 0

T
/ (Vru-Vy(m-v)H)udMdt
0 Jm

+

T
+/ a(x)g(ut) (m-v)HudMdt.
0 Jm
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Substituting (37) in (23) we infer

[/MUtmT VTudMT+%[/MutudM]T (38)
/ t)dt+/ / g(ut)(mr - Vyu)dMdt
+§/0 /Ma(x)g(ut)ud/\/ldt = — [/M(m-z/)H utudM]:
T

( Tu-Vy (m . I/)H)Udet

b L
—// g(ur) (M - v)H ud Mdt.
_//m

v)(Vru-B - Vyu)dMdt.
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Analysis of fo [M )(Vru - B - Vru)dMdt

Setting Vru = (&, n) the coordinates of Vru in the basis
{e1, e}, for each x € M, we deduce that

Viu-B-Vyu = klfz +k27]2.
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Geometric Conditions

The sub-surface Mg without damping must have nonnegative
Gaussian curvature, that is, K = kik, > 0, with k;, ko <0
connected, and the closure of the Gauss map must be
contained in an open semi-sphere (the last condition is required
in order to guarantee that x — x%(x) - v(x) < 0 for all x € M.
The above geometric condition, now in terms of the Gaussian
curvature K = kjk; instead of the Mean curvature H = ke
allow us to generalize our previous results. However, observe
that we strongly need a Unigue Continuation Property based on
Carleman estimates which has been proved by Triggiani and
Yao [AMO/02] for wave propagation on compact manifolds.
Note that umbilical and conical sub-surfaces satisfy the above
condition. In addition, we can consider new sub-surfaces
without damping. See figures below:
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Mg possesses Gaussian curvature K >0

The observer is at xg. The subset My is the “visible” part of M
(K > 0 on Mp) and M; is its complement. The subset M., is an
open set that contains M\ M, and the damping is effective there.
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Note that conical or cylindrical surfaces K = 0 (where
(X —Xg) - ¥ < 0) can be also considered.

x — x0

v(x)
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Torus - we can avoid damping where  m(x) -v(x) <0and K >0
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Further Remarks

It is important to mention that the techniques developed until
now can be naturally extended for a finite number of observers
X1, -+ ,Xpn IN connection with a finite number of disjoint regions
satisfying our geometrical impaositions U4, - - - , U;,. Indeed, for
the sake of simplicity let us consider the simple case where we
have just two observers located at x; and x, and U; and U, are
umbilical. Thus, it is sufficient to make use of the multiplier

g - Vru where g is defined by

q(x)-:{x_xi if xecU,i=1,2, (39)

smoothly extended in M\ (U; U Uy)

accordingly the figure below.
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Note that it is necessary to put damping in D where (x — X;) -
i=1,2.
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Observe that if we consider x; and x, in the opposite side with
respect to the center of the sphere and sufficiently far from
each other, the damping can be made effective in an arbitrarily
small neighborhood of the meridian. This almost reaches the
sharp result for the linear case due to Bardos, Lebeau and
Rauch [SICON/99]. However, note that we have a nonlinear
and localized damping. In addition, we can extend our results
for the semi-linear wave equation as well having in ming we
need a unique continuation property based on Carleman
estimates.
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If A and A’ are antipodal points the damping can be reduced as A and A’
go to infinity

Figure: Observe that if we consider A and A’ observers opposite with
respect to the center of the Torus and sufficiently far from each other,
the area without damping can be made effective in a large region (in
blue)
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Analogous considerations can be done for a finite number of glued
regions accordmg to figure below. Note that it is necessary to put
damping in D, in D and, in addition, in D where (if) (x —x;) - v(x) <0,
i=1,2.
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Intrinsic Vision - A Sharp Result

The main goal of the second part of this talk is to improve
considerably our previous result reducing arbitrarily the volume
of the region where the dissipative effect lies. Denoting by g the
Riemannian metric induced on M by R3, we prove that for each
e > 0, there exist an open subset V C M and a smooth
function f : M — R such that

meas(V) > meas(M) — e, Hessf ~ g

on V and infycy |Vf(x)| > 0. This new intrinsic multiplier Vf(x),
instead of the previous one m(x) = x — x°, will play a crucial
role when establishing the desired uniform decay rates of the
energy.
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In what follows we are going to proceed the proof of the main
result. It will be done by several steps and we are going to use
some identities which had been presented before.

The first step is to consider an identity we have already
presented, namely.

Proposition 4.2.1. Let M c R® be an oriented regular
compact surface without boundary and q a vector field of class
Cl. Then, for every regular solution u of (3) we have the
following identity:
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;
[/ utq-VTudM]

M 0

1 /7 .

5 | [ (@via) {Juf® - [vruft} d men

/ / Vtu-Vtq - ViudMdt

// g(ut)(q - Vru)dMdt = 0.

The proof is based in multiplying the equation by q - Vtu and
integrating by parts.
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Employing the above inequality with q(x) = V1f where
f : M — Ris a C3 function to be determined later, we infer

T
[/ Uthf'VTUdM]
M 0

17 2 2
+—/ / At {Jwf? ~ [Vruf?} d M
2Jo Jm

+/T/ (Vru - Hess(f) - V) d Mdt

/ / Ut VTf VTU)det 0.
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Lemma 4.2.3. Let u be a weak solution to problem (3) and
¢ € CY(M). Then

[/MutgudMH :/OT /M§|ut\2d/\/ldt

.
—/ / £|Vrul2d Mdt
0 M

—/OT /M(vTu - Vr&)udMdt

—/OT /M a(x)g(ut) {ud.Mdt.

The proof is based in multiplying the equation by £ u and
integrating by parts.
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Substituting £ = « > 0 in the last inequality and combining the
obtained result with the previous identity we deduce

/ A—Mf ~ o) Jug2 d M.

/ / [VTU Hess(f) - V1 u) + <a—?> Vru \2] d Mt
:—[/ ug Vof - VTudM]O—a[/MutudMK

—a/ / g(ut)u d Mdt

/ / Ut) VTf VTU)det
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This is the moment where the properties of function f play an
important role. Note that what we just need is to find a subset
V of M such that

.
c/ / ut2+|VTu|2]det
/ /A—Mf—a ) |ug|? d Mdt

+/0 /v [(VTU-Hess(f)-VTuH— <a— A—Mf> VT |2} d Mat,

for some positive constant C, provided that « is suitably chosen.
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Assuming, for a moment, that the last inequality holds we obtain

T T
zc/ E()dt < c/ / [u? + [Vruf?] dvat (40)
0 o Jamv

o]

-
+ o

+ |:/ Uthf~VTUdM:|
M

0

+ a/OT /Ma(x)g(ut)udet

:
+ || [ abog@u(rt - vruda
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The above inequality is controlled considering a standard
procedure. The main idea behind this procedure is to consider
the dissipative area, namely, M., containing the set M\V. Itis
important to observe that M, is as small as big V can be.

The next steps are devoted to the construction of a function f as
well as a subset V of M such that the desired inequality holds.
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Construction of the function f - local version

Let M be a compact n-dimensional Riemannian manifold
(without boundary) with Riemmanian metric g of class C?. Let
V denote the Levi-Civita connection. Fix p € M. Our aim is to
construct a function f : V, — R such that Hessf ~ g and
infyev, [VF(x)| > 0, where V, is a neighborhood of p and the
Hessian of f is seen as a bilinear form defined on the tangent
space T, M of M at p.

We begin with an orthonormal basis (e, ..., en) of T,M. Define
a normal coordinate system (Xg,...,Xn) in a neighborhood va
of p such that 9/0x;(p) = ej(p) foreveryi =1,...,n. Itis well
known that in this coordinate system we have that F}}(p) =0,
where r}; are the Christoffel symbols with respect to

(X1, ..+, Xn)-
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The Hessian with respect to (X, ..., Xn) iS given by

o 0 02f N, of
Hessf [ —, — | = — -y "k,
©ss <8Xi ’ an > 8xi 8Xj I;L I an

The Laplacian of f is the trace of the Hessian with respect to
the metric g. If g; denote the components of the Riemannian
metric with respect to (xy, ..., X,) and gV are the components of
the inverse matrix of gj;, then the Laplacian of f is given by

Af = Zg”Hessf <88 8(?( >
J

7]
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Consider the function f : \7p — R defined by
1 n
) =x1+ 3 > x?.
i=1

It is immediate that Af(p) = n and |Vf(p)| = 1. Moreover,
Hessf(p) = g(p), which implies that
Hessf(p)(v,v) = [v|3.

We are interested in finding a neighborhood Vj, C \7p of panda
strictly positive constant C such that
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T
c/ / <|Vu|2+ut2)d/\/ldt
0 JVp
T
S/ / [HeSSf(VU,VU)—F <a—A—f> IVul? + (A—f—a> utz} dMm
o v, 2 2

(41)
for some o € R.

We claim that if we consider « = 3 — 3 and C = 1/4 we obtain
the desired inequality, what means that it is enough to prove
that there exist V, C V,, verifying

T
/ / Hessf(Vu, Vu) + (E _3 A—f> |Vul2d Mdt >0
o M, 2 4 2
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and

//Vp<——g 3) u2d Mdt > 0.

In order to prove the existence of a subset V, C \7p where the
first inequality holds, let 6, be the smooth field of symmetric
bilinear form on V, defined as

81(X,Y) = Hessf(X,Y) + (E _3 A—f> g(X,Y)

where X and Y are vector fields on \7p.
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It is clearly a positive definite bilinear form on p since
Hessf(p)(X,Y) =g(p)(X,Y) and

B(P)X.Y) = Za(R)X, V).

Therefore, there exist a neighborhood \7p such that 64 is
positive definite and

T Af
/ /A Hessf(Vu, Vu) + (9 _3 7) |Vu|?d Mdt > 0.
0o JV,
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To prove the existence of V, C \7p such that the desired
inequality holds is easier. It is enough to notice that at p we

have that
Mp) n 1) _1
2 2 4) 4

and the existence of V, C \7p is immediate. Furthermore we
can eventually choose a smaller Vj, such that

infyev, [V(x)| > 0. Therefore the existence of V, C \7p such
that infycy, [Vf(x)| > 0 and (41) holds is settled.
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In what follows, V denotes the closure of V and 9V denotes the
boundary of V. When V C W is bounded, we say that V is
compactly contained in W and we denote by V CC W.

Theorem

Let (M, g) be a two dimensional Riemannian manifold. Then,
for every e > 0, there exist a finite family {V;}i—1.. x of open sets

with smooth boundary, smooth functions f; : V; — R and a
constant C > 0 such that

@ The subsets V; are pairwise disjoint;

@ vol(U, Vi) > vol(M) — ¢;

© Inequality (41) holds for every f;;

Q infyey, [Vf(X)| > Oforeveryi=1,--- k.

Valéria N. Domingos Cavalcanti Universidade Estadual de Ma Stabilization of dissipative models on manifolds



In order to prove this Theorem let us consider the following
steps:

First of all, it is possible to get open subsets {VA\7J- Yi=1,..,s With
smooth boundaries and a family of smooth functions

{fi : W; — R}j_1 s such that {W;};—1 s is a cover of M and
each?j satisfies Inequality (41). Moreover, we can choose VNVJ in
such a way that their boundaries intercept themselves
transversally and three or more boundaries do not intercept
themselves at the same point.

Setby A:=J_; 8VNVJ-. Then, M\A is a disjoint union of
connected open sets U:‘Zl W, such that dW; is a piecewise
smooth curve.
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Each W, is contained in some VNVJ Therefore, for each Wi;,
choose a function f; := f|w,.

The open subsets V;, i = 1,...,k, we are looking for are
subsets of W;. We can choose them in such a way that
Q Viccw;

Q 0V, is smooth;
© vol(W;) —vol(V;) < e/k.
Finally, if we set f; = ﬂ|\7i, we prove the theorem.
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Let (M, g) be a two-dimensional Riemannian manifold. Fix

e > 0. Then, there exist a smooth function f : M — R such that
inequality (41) and the condition infycy, [Vf(x)| > 0 hold in a
subset V with vol(V) > vol(M) — e.

In order to give an idea of the proof, consider Theorem 4 and

the constructions made in its proof. Denote

A= m;in dist(Vi,V;) > 0. Consider a tubular neighborhood V°
i#

of V = UK_,V; of the points whose distance is less than or

equal to < A/4. Then, it is possible to define a smooth

(cut-off) function given by
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n : M — R such that

1if xeV
n(x) = 0 if x € M\V?
between O and 1 otherwise.

Now, notice that f : M — R defined by

[ ROn(x) if x e W;;
fx) = {0 otgerwise

is smooth and satisfy inequality (41) and the condition
infxey |VE(x)| > 0. In addition, the inequality
vol(V) > vol(M) — e holds, which settles the theorem.
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Final Conclusions

Although the intrinsic result is sharp with respect to the volume
where the damping acts, we do not have any control about the

regions that can be left free of damping. The connected disjoint
components of V can be extremely small. See figure below.
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Mo is a non-dissipative area (in white) arbitrarily large while the demarcated
area (in bIackz contains dissipative effects and ‘can be considered arbitrarily
small, both totally distributed on M.
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In the other direction, the external vision states that some
umbilical domains of surfaces in R2 can be left free of damping.
Therefore the next step is to combine the ideas of both
techniques and try to put the damping in a arbitrarily small
domain, but in such a way that domains with interesting
properties can be left free of damping.
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Finally it is worth mentioning that combining the techniques
developed in [MAA/08] and [TRANS AMS/09] we can reduce
arbitrarily the superficial measure of the dissipative area. Here

the vector field g is defined as

X=X ifxeUj,i=12,
a(x) Vf(x),Hess(f) ~ g, if x is in some small white domain of
X) =
D

smoothly extended otherwise

where g is the Riemannian metric on M (see Figure below).

Stabilization of dissipative models on manifolds
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Note that it is necessary to put damping in D where
(x —xi)-v(x)<0,i=1,2.
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Analogous considerations can be done for a finite number of glued

regions accordmg to figure below. Note that it is necessary to put
damping in D, in D and, in addition, in D where (if) (x —x;) - v(x) <0,
i=1,2.
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Wave Equation on Compact Manifolds

The main goal now is to generalize the results presented
previously for n-dimensional compact Riemannian manifolds
(M, g) with or without boundary. We proceed as follows:

@ We prove that for every x € M (including the case x € OM),
there exist a neighborhood that can be left without
damping;

@ We prove that every radially symmetric portion can be left
without damping;

@ Lete>0andVy,...,V be domains as in (i) and (ii) which
closures are pairwise disjoint. We prove that there exist a
V O UK, V; that can be left without damping and such that
meas(V) > meas(M) — ¢ and
meas(V NoM) > meas(dM) — e.
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A radially symmetric region Q

Figure: The demarcated region M\V (in black) illustrates the damped
region on the compact manifold M with boundary oM, which can be
considered as small as desired. Q is a radially symmetric region
without damping. The measure of 9M N (M\V) can also be arbitrarily

small
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In particular several radially symmetric domains can be left
without damping in a similar way as in Figure above. For this
purpose, we construct an intrinsic multiplier that plays an
important role when establishing the desired uniform decay
rates of the energy. Fix e > 0. This multiplier is given by
(Vf,Vu), where f : M — R is a smooth function such that its
Hessian V2f is closely related to g on an open subsetV ¢ M
that satisfies meas(V) > meas(M) — e,

meas(V NoM) > meas(dM) — e and (Vf,v) <0onV N oM.

The complete proof of the above result can be found in
[ARMA/10].
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Final Conclusion

The results in terms of the ray of the geometric optics are more
general than our results for the linear case. But our results also
consider the nonlinear case and give explicitly examples of
regions that can be left without damping, which can be a
difficult task if we use the hypothesis on the ray of geometric
optics on a general compact Riemannian manifold.

There are a lot to be done in this direction, | mean, about the
relationship between these two different kind of hypothesis.

The last result obtained in this context was published recently:
D.C.; CAVALCANTI,M. M.; FUKUOKA, R.; TOUNDYKOV,D. .
Unified Approach to Stabilization of Waves on Compact
Surfaces by Simultaneous Interior and Boundary Feedbacks of
Unrestricted Growth. Applied Mathematics and Optimization,
(2014).
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THANK YOU VERY MUCH!
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