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ABSTRACT. In the linear theory of elasticity we consider a bounded, compressible, and
isotropic body whose mechanical behavior is described by the Lamé system with density
and Lamé coefficients depending on the space variables. Assuming null surface displace-
ment on the whole boundary, we first prove an estimate of the surface traction in terms
of the energy of the solution and the body force. Then, under suitable restrictions on the
density and the Lamé coefficients, we show that, in the absence of body forces, the elastic
energy can be controlled by the surface traction exerted on a suitable sub-boundary pro-
vided that the final observability time is sufficiently large. The latter condition is related
with the density, the Lamé coefficients, and the geometry of the body. These inequalities
are applied to an inverse source problem for the Lamé system.

§1. Introduction. Let us consider an elastic, compressible and isotropic body which
occupies a bounded domain 2 C R”, n > 2, with boundary 99 of class C?, whose
outward unit normal is indicated by v. This body has mass density p and, referring
to the linear elasticity theory (see, e.g., [6]), its elastic behavior is characterized by the
Lamé coefficients A and pu. Here we assume that p, A, and p are smooth enough and
depend on the space variable x = (x1,...,2,) € R". We now denote by u(z,t) =
(up(z,t),...,un(z,t)) the displacement field with respect to a fixed unstrained state
at point x, at time ¢, and we introduce the linear strain tensor and the stress-strain
relationship. In order to do that, we first need some matrix notation, namely, if A is
an n X n matrix, its trace is indicated by Tr A, while AT is the transposed matrix.
Moreover, for any pair of n x n matrices A and B, we indicate by A - B the usual scalar
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matrix product and we set |A| = y/(A-A). We use the same notation for vectors;
while AB and Ay, y € R™, will simply indicate the standard matrix and matrix-vector
products, respectively.

The linear strain tensor is defined by

Sym Vu = % (Vu + VuT)

where Vu is the Jacobian matrix of u. Then, the stress tensor o(u) is given by the
constitutive law

o(u) = A(Tr Vu)d + 2uSym Vu

being 6 the Kronecker tensor.
Suppose now that the body is subject to a body force F. Hence, the evolution of u
over a time interval (0,7"), T' > 0, is governed by the so-called Lamé system

(1.1) pu’ = L(u) +F, in Qx (0,7)

where prime stands for the time derivative and L is the second-order linear differential
operator given by

(1.2) L(u)=V-ou)= A+ p)V(TrVu) + pAu+ (VA)Tr Vu + 2(Sym Vu) V.

Here V- is the spatial divergence operator.
Supposing that the body displacement field is null over the whole boundary, we are
led to associate with (1.1) the following initial and boundary conditions

(1.3) u(z,0) = ug(x), u'(z,0)=u(z), x €
(1.4) u(z,t) =0, (x,t) € 0 x (0,T)

where ug and u; are given data.

If p, A\, and p are smooth and strictly positive, then standard assumptions on F and
on the initial data ensure that there is a unique solution u to (1.1) which satisfies (1.3)
and (1.4).

We now introduce the elastic energy F associated with the Lamé system (1.1), namely

(1.5) E(t) = %/Q {QM(LU)ISymVu(Q:,t)]z—l—A(x)\TrVu(x,t)P+p(a:)]u'(x,t)|2}da:.

Our main result is a pair of inequalities which relates the surface traction o(u)v to
E(0) and F (see [5]). More precisely, according to the terminology used in [12], the
first (direct) inequality controls the L?-—norm of o(u)r on 02 x (0,T) by E(0) and the
L?—norm of the body force F. The second main result is an inverse inequality which
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allows us to estimate E(0) with the L?—norm of o(u)r on I x (0, T), provided that T is
large enough, I' is a subset of 02 properly chosen, and p, A, p fulfill suitable restrictions.
These inequalities can be considered as a first step towards the solution to an open
problem in exact controllability formulated by J.-L. Lions (see [12, Ch. IV, Probleme
ouvert 6, p. 321]) in the case of Dirichlet-type action. Indeed, taking advantage of such
inequalities one can implement the Hilbert Uniqueness Method (HUM) for the isotropic
Lamé system with nonconstant coefficients (see [12]). In the case of constant coefficients,
direct and inverse inequalities for the Lamé system have been proved in [12] (see also
[8] and, for nonsmooth domains, [13]), while for anisotropic cases we refer to [2, 14, 15].

The present results generalize the ones obtained in [4] where 1 was assumed to be con-
stant (see [4, Lemma 2.3]). This generalization may appear trivial but, as we shall see, it
requires some work. The argument is always based on the so-called multiplier method
(see, e.g., [7, 9, 11, 12]) which has to be suitably adapted to the Lamé system with
variable coefficients (cf. also [3] for a related result obtained by different techniques).

In [4] (see also [16]) inverse and direct inequalities along with HUM techniques were
applied to the following inverse source problem for the Lamé system. Suppose that the
body force F : Q x (0,7) — R™ has the form

(1.6) F(x,t) := p(t)f(x) (x,t) € Q@ x (0,7T)

where ¢ : (0,7) — R is a given and smooth function, while the spatial part f : Q@ — R"
is unknown. In this case our problem can be viewed as an approximated model for
elastic wave generated from a point dislocation source (see, e.g., [1, Ch. 4]). Then f
has to be identified from the knowledge of the surface traction g = o(u)r exerted on
a portion I' of the boundary 992 over the time interval (0,7), provided that u solves
(1.1) and (1.3)-(1.4). As far as this problem is concerned, the main results obtained
in [4] can be summarized as follows. The linear mapping G : f — g has a continuous
inverse, f can be reconstructed by means of the eigenfunctions associated with the linear
operator —p~! L with homogeneous Dirichlet boundary conditions, and the range of the
adjoint operator G* can be partially characterized. We show that all these results can
be extended to the present case.

The plan of the paper goes as follows. In the next Section 2 we present our inequalities
and some related remarks. Then, Section 3 is devoted to the proofs of two energy-type
integral identities which play a basic role in proving the direct and inverse inequalities.
This will be done in Sections 4 and 5, respectively. The final Section 6 is concerned
with the application to the inverse source problem described above.

§2. Main results. Let us set
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and recall that V* = (H~1(2))™, V* being the dual space of V. Also, we set

W =Vn(H(Q)"

Assume
(2.1) P, A, € CHQ; (0, +00))
and let
(2:2) po =minp(z), p1=maxp(r), po=minpu(z).

TEQ rEQ rEQ

The following proposition is well-known and can be proved by the Fourier method or
the semigroup theory, as in the case of the wave equation (see, e.g., [12, Chap. I, 3.2]).

Proposition 2.1. Let (2.1) and
(2.3) w eV, uweH FelL(0,T;H)

hold. Then there is a unique u € C°([0,T); V) N C([0,T]; H) which satisfies equation
(1.1) in V*, for almost all t in (0,T') and initial conditions (1.3).

We now state the direct inequality which yields a so-called hidden regularity property
of the solution u. Indeed, we have

Theorem 2.2. Let (2.1) and (2.3) hold. Then there is a positive constant C =
C(Q,T,p,\, ) such that

(2.4) lo(@)vL2(0,1y(L2(00))) < C (\/ E(0) + ||F||L1(0,T;H)> :

To introduce the inverse inequality, we choose a point o € R™ and set (see [12,
Chap. I, Sec. 5] for more details)

m(z) =z — xg Vo eR"
Then we consider the subset of 0€):
Ti(zo) ={z€d : m(z) v(z) >0}

and we define
Ry = Ro(x0) = |lm)|(o(q))n-

The inverse inequality is given by
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Theorem 2.3. Let (2.1) and (2.3) hold with F = 0. Suppose there is a positive
constant vy such that

(2.5) mﬁin{l—{—p_le-m, 1-A"'VA-m, 1 —u_lv;pm} > Yo
and let

2p R
(2.6) T>T, = LW

Yo+/ PoH0 '

Then there exists a positive constant C = C(Q, T, xg, p, A, ) such that
(27) \/ E(O) S CHU(“)V”LQ(O,T;(L2(F+(:E0))”)-

Remark 2.4. If p, A\, and p are constants, we can take o = 1 and condition (2.6) reduces

T > 2]%()\/E
1

which says that T" should be greater than twice the traveling time of the secondary wave
(compare with [12, Chap. IV, Théoreme 1.1] where p = 1).

to

Remark 2.5. If p is constant as supposed in [4], then estimates similar to (2.4) and (2.7)
hold, the only difference being that o(u)v is replaced by the normal derivative (Vu)v.
This fact is related to the structure of the elastic energy which, in the present case, does
not allow to control the L?—norm of (Vu)v directly (see (3.5) and Section 5 below).
However, one can prove that the L?2—norm of (Vu)v is equivalent to the L?—norm of
o(u)r whenever u satisfies (1.4) and p as well as n) + 2y are strictly positive in Q (see
Lemma 4.3).

63. Integral identities.

Here we prove two integral identities. The former is the usual energy identity, while
the latter is obtained via the multiplier method. However, we need to recall first the
following regularity result about problem (1.1) and (1.3)-(1.4).

Proposition 3.1. Let (2.1) and

(3.1) Ug € W, u €V

(3.2) FcWwhl(0,T; H)

hold. Then there is a unique function u € C°([0,T]; W) N C([0,T]; V) N C?([0,T]; H)
which satisfies equation (1.1) almost everywhere in  x (0,7T) and initial conditions

(1.3).

The energy identity is given by
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Lemma 3.2. Let (2.1) and suppose ug, uy, F sufficiently smooth to ensure the exis-
tence of a function u € C°([0, T|; (H%(Q)™))NC([0, T]; (H*(Q)™))NC?([0, T]; H) which
satisfies (1.1) and (1.3). Then, for any t € [0,T],

(3.3) E //8Q (z))-u xtdet+// (2, 1) (x, t)dadt.

Proof. Suppose that the initial data and F satisfy (3.1) and (3.2) so that, in particular,
u’ € CY([0,T]; V). Then, choosing u’ as test function, from (1.1) in V* we deduce

/pu”-u’dx:/L(u)-u’dw+/F-u’dw
Q Q Q

from which we deduce

4 g = / (a(u)u)-u’dS+/F-u’dx, £>0.
dt a9 Q

being dS the Lebesgue (n — 1)— dimensional surface measure. Thus, integrating with
respect to time from 0 to ¢ yields (3.3). A density argument completes the proof. [
Here is our basic integral identity.

Lemma 3.3. Let (2.1) hold and suppose that ug, uy, F are sufficiently smooth to ensure
the existence of a function u € C°([0,T]; (H2(2)™))NC*([0, T]; (HX(Q)™))NC?%([0, T); H)
which satisfies (1.1) and (1.3). Then, for any given h € C?({Q; R™), we have

{ / (Vu)hdx] BT

// (TrVh — 1)|u’|?

+ATrVu){Tr ((Vu)(Vh)) — (TrVu)(TrVh)}
+2u{Sym Vu - Sym ((Vu)(Vh)) — |Sym Vu|?> Tr Vh}]dzdt

1 T
+3 / /{(vp ~h)[u/'|? — (VA-h)|TrVu|?* — 2(Vy - h)|Sym Vul|? }dxdt
0 Q

1 T
+§/O /Q[A(ﬂvu){ﬂ((vu)(vm)—Iwu}
+2p{(Sym Vu) - Sym ((Vu)(Vh)) — [Sym Vu|*}|dzdt

/ <// (x,1m) xndxdn)dt—/ / (Vu)hdzdt
_ / ( / [ ot v e ndsdn) i
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1 (T
+35 / / {p|u’|* = A\|Tr Vu|* — 2u|Sym Vu|*}(h - v) dSdt
0o Joo
(3.4)
T
+/ (Vu)h - o(u)vdSdt.
o0

Consequently, if (3.1)-(3.2) hold and u € C°([0, T]; W)NCL([0,T]); V)N C?([0,T); H) is
the unique solution to (1.1) and (1.3), then (3.4) reduces to

[/ (Vu)hdaz} ' + E0)T

/ / (TrVh — 1)|u’|?
+ATrVu){Tr ((Vu)(Vh)) — (TrVu)(1rVh)}
+2u{Sym Vu - Sym ((Vu)(Vh)) — |Sym Vu|?> Tr Vh}]dzdt

1 T
+3 / /{(v,o ~h)|u/|? = (VA-h)|TrVul? — 2(Vy - h)|Sym Vu|? }dadt
0 Q

T
l/ /[/\(TrVu){Tr((Vu)(Vh))—TrVu}
+2u{(Sym Vu) - Sym ((Vu)(Vh)) — |Sym Vu|?}|dzdt

/(// (. m) a:ndxdn)dt—// (Vu)hdzdt

:__/ / {ANTrVul® + 24|Sym Vu|*}(h - v) dSdt
2 Jo Joa

T
+/ aQ(Vu)h -o(u)vdSdt.

Proof. Scalar multiplication of (1.1) by (Vu)h yields
(3.6) pu” - (Vuh = L(u)- (Vu)h+ F - (Vu)h.

Some somewhat lengthy calculations are now in order.
Since V(w - v) = (Vw)Tv + (Vv)Tw, we have V(Ju’'|?) = 2(Vu')Tu’ and

1
u' - (Vu')h = p(Vu')Tu'-h = Z(V|u'|?) - ph

[\

1 1
= §T1“V(|U’\2/Jh) - §T1“V(ph)IU'\2

1 1
= 5T V([u'[*ph) = 5{Vp-h+ p(Tr Vh)}u'[”
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Then, noting that

pu” - (Vu)h = %(pu’ -(Vu)h) — pu’ - (Vu')h,
we deduce
0
" (Vu)h = = (pu’- (Vu)h)
1 1
(3.7) — 5TW(|u |ph) + 5{vp~h+p(Tth)}|u’|2.
Henceforth, |[...];; and [...]; stand for the (ij)—component and the j— component of

the matrix and the vector under consideration, respectively.
On the other hand, recalling the symmetry of o(u), observe that (cf. (1.2))

L) (Vwh = Y -l - (V)
0 - 0
(33) = 3 g (o lulVwhl) = 3 ol - (V)b
thus we obtain
(3.9) L(u) - (Vu)h =TrV(c(u)(Vu)h) — o(u) - V{(Vu)h}.
Since
)l =3 o (S2h) = V(Val) b+ (Vo)
=1 93 \OTk
we deduce
TrV((Vu)h) = V(TrVu) - h + Vu - (Vh)T
and

"9
[Sym V((Vu)h)];; =) Do ([Sym Vul;) by, + [Sym ((Vu)(Vh))]y;
k=1
Therefore, taking advantage of the symmetry of o(u), we have

o(u)-V((Vu)h)
o(u) - SymV((Vu)h)
(

(

A(Tr Vu)Tr [Sym V((Vu)h)] + 2u(Sym Vu) - Sym V((Vu)h)
AMTrVu){V(TrVu) - h+ Tr ((Vu)(Vh))}
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+2u Y [Sym Vul Sym V)i + 2u(Sym Vu) - Sym ((Vu)(Vh))

2,5,k=1 ng—xk[
=\(Tr Vu)Tr ((Vu)(Vh)) + 2u(Sym Vu) - Sym ((Vu)(Vh))
HA(TrVu)V(TrVa) -h+p Y aixk([Sym Vu)i;)2he
i,5,k=1

=A(Tr Vu)Tr ((Vu)(Vh)) + 2u(Sym Vu) - Sym ((Vu)(Vh))

1
+§)\V(\Tr Vu|?) - h + uV(|Sym Vul?) - h.
Observe now that
1 2 1 2 1 2
5)\V(|Tr Vul?) -h= §Tr V(A|Tr Vu|*h) — §\Tr Vu|“Tr V(Ah)

1 1
= 5TrV(Am Vu/|*h) — 5mwy?(w -h + A\Tr Vh)

and
pV (|Sym Vu|?) - h = Tr V(u|Sym Vu|?h) — [Sym Vu|*(Vi - h + pTr Vh).

Then we infer

o(u) - (V(Vu)h) =§{Am Vu)Tr ((Vu)(Vh)) + 24(Sym Vu) - Sym ((Vu)(Vh))}
+%Trv{(/\|TrVu\2 + 244|Sym Vu|?)h}
_%{(w -h)|Tr Vu|? + 2(Vp - h)[Sym Vu|*}
—}—%{)\(TrVu) (Tr ((Vu)(Vh)) — (Tr Va)(Tr Vh)]
(3.10) +24u[(Sym Vu) - Sym ((Vu)(Vh)) — [Sym Vu|*Tr Vh]}.

We now integrate (3.7) over 2 x (0,7"). Using the divergence theorem, we obtain

T
/ /pu”-(Vu)hdxdt
o Jo
T T
= {/ pu’ - (Vu)hdx] — —/ / plu’'|*h - v dSdt
Q o 2Jo Joa
e e
+—/ /(vp~h)|u’\2dxdt+—/ /p(Tth—mu’\?dxdt
2Jo Ja 2Jo Ja

1 /T
(3.11) +—/ / plu’|2dzdt.
2Jo Ja
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On the other hand, on account of (3.9)-(3.10), a further use of the divergence theorem
allows us to deduce

/ / (Vu)hdzdt +/ / (Vu)hdzxdt
/ / -vdSdt
o0

/ / (A|Tr Vu|? + 2u|Sym Vu|?)dzdt

2
= /0 ' /Q ACTE Vu){Tr ((Vu)(Vh)) — Tr Valdadt
[ ntsm v syn (w9 - sy Ve
_%/OT/E)Q()\|TrVu|2+2,u|SymVu|2)(h-y)det
[ A mm 2T sy Ve
= /0 ' /Q A(Tr Vu){Tr ((Vu)(Vh)) — (Tt Vu) (Tr Vh)}dedt
% / / 24{(Sym Vu) - Sym ((Vu)(Vh)) — [Sym Vu|*Tr Vh}dzdt

(3.12)

/ / (Vu)hdzdt.

A combination of (3.6) with (3.11) and (3.12) leads us to the following identity
T | T
[/ ou’ - (Vu)hdx] + 5/ /(p|u’|2 + A|Tr Vu|? + 2u|Sym Vu|?)dzdt
Q 0 0 Q
1 T
—/ /{(vp-h)|u’\2 — (VA-h)|Tr Vu|* — 2(Vy - h)|Sym Vul|?}dzdt

// (Tr Vh — 1)|u/|? + A\(Tr Vu){Tr ((Vu)(Vh)) — (Tr Vu)(Tr Vh)}

+21{(Sym Vu) - Sym ((Vu)(Vh)) — |[Sym Vu|*Tr Vh}]dzdt

= /0 /Q A(Te Vu){Tt ((Vu)(Vh)) — Tr Valdadt

+1 / / 20{(Sym V) - Sym ((Vu)(Vh)) — [Sym Vu|2}dadt

/ / - (Vu)hdzdt



DiRiBCUL AND IINVEROE INBQUALLLIES FOR 1HRHE LANME SYS 1RV 11

1 T
5 || (6P = NTE VP~ 2Sym Vul) (- v) s
0 o2
(3.13

)
T
—l—/o /E)Q((Vu)h) -o(u)v dSdt.

Recalling (1.5) and Lemma 3.2, we observe that

T
[the second term on the left hand side of (3.13)] = / E(t)dt
0
(3.14)

=FE(0)T + /OT (/Ot /89 a(u)y-u'den) dt + /OT (/Ot/QF : u'da:dn) dt.

Finally, identity (3.4) follows from substituting (3.14) into (3.13). Clearly, (3.5) follows
directly from (3.4) since u satisfies (1.4). [

§4. Proof of Theorem 2.2. Let us suppose for the moment that (3.1) and (3.2) hold
so that u € C2([0,T); W) N CL([0,T]; V)N C%([0,T]; H) by Proposition 3.1.
Let us recall the following (see, for example, [9, pp. 18-19] or [12, pp. 29-30]).

Lemma 4.1. If 99 is of class C?, then there exists hg € C1(Q;R™) such that
hy(z) = v(z) on 0f).

The proof of Theorem 2.2 is achieved by setting h = hy in identity (3.5), but this
procedure requires some work which is distributed in the following three lemmas.

First, to estimate the last boundary integral in (3.5), we need to find a convenient
expression for (Vu)v - o(u)v.

Lemma 4.2. Let (2.1) and (3.1)-(3.2) hold. Then
(4.1) (Vu)v - o(u)v = A TrVu|? + 2u|Sym Vu|? on 02 x (0,7).

Before stating our second technical lemma, we introduce the tensor product a ® b
between two vectors a = (ay,...,a,)T and b= (by,...,b,)T, that is

(4.2) a®b=(ab;j)i<ij<n-

Note that a® b is an n X n matrix.

Lemma 4.3. Let (2.1) hold. Define an n x n matrix B(z) for any x € 9§} by setting

(4.3) B(z)a = A(z)(a-v(z))v(z) + 2u(z){Sym (a @ v(x)) v (z),
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for any a € R" and x € 0¥). Then

(4.4) B~ () exists for any x € 99

(4.5) B(zr)a-a> %O\a|2, VaeR", VzedQ
and

(4.6) B(Vu)v) = o(u)v on 90 x (0,T).

Proof of Lemma 4.2. Thanks to (1.4), we have

(4.7) Vu={(Vu)r}®v a.e. ondQx(0,7T)
and
(4.8) TrVu= (Vu)r-v a.e. ondQx(0,7).

In fact, setting u = (u1,...,u,)T and v = (v, ...,v,) T, we see that boundary condition
(1.4) implies

811/1'
8131
ou;
Vu; = : :(Vui-y)yz[ “lv, 1<i<n
: ov
8ui
O,

almost everywhere on 92 x (0,7T). Therefore we have

(vul)T (vul . l/)l/T
Vu = : = : = [(Vui - v)vjhicij<n
(V’un)T (V’un . I/)I/T
(4.9)

almost everywhere on 92 x (0,7"). On account of (4.2), this gives (4.7). Moreover, since

vvT =1, we have

(Vup -v)v'T (Vuy - v)
(Vu)r = : v = : )
(Vuy, -v)vT (Vuy, -v)

so that, owing to (4.9),

(Vu)v-v=(Vuy -v)vy + -+ (Vuy, - v)v, = TrVu



DiRiBCUL AND IINVEROE INBQUALLLIES FOR 1HRHE LANME SYS 1RV

almost everywhere on 992 x (0,7"). Thus, (4.7) and (4.8) follow.
Recalling the definition of o(u) and (4.8), we obtain

(Vu)v - o(u)ry = (Vu)v - {\(Tr Vu)v + 2u(Sym Vu)r}
=A(TrVu)((Vu)v - v) + 2u(Vu)v - (Sym Vu)v
(4.10) =\Tr Vul? + 2u(Vu)v - (Sym Vu)v

almost everywhere on 092 x (0,7).
On the other hand, by (4.7), noting that (a® b) - A = a- Ab, we have

SymVul? = 2[Vu+ (Vo)™ = Z(Vuf’ + (Vo)™ - (Vu)
:%((Vu)y ®@v)-Vu+ %(1/ ® (Vu)r) - Vu
=5 (Vwy - (Vup) + S (Vupw - (Vu) ™)
:%(Vu)y (Vu+ (V)T = (Va)y - (Sym V),
which combined with (4.10) yields (4.1). [
Proof of Lemma 4.3. Let I,, be the n x n identity matrix. Since
(Sym(a@v)v-a=(Sym(a ) (a®v) = [Sym(a® v
by direct calculations, we obtain
(4.11) Ba-a= \a-v|? + 2u/Sym (a ® v)|?.
Let us set
A=Sym(a®v)
and
(4.12) D=A- %(Tr A,
Then Tr D = 0, so that
(4.13) D-I,=0

by the identity D - I,, = Tr D. Therefore (4.11)-(4.13) imply

1 2
Ba-a=\TrA? +2u‘—(TrA)In+D
n

2

n

=\Tr A]* + 21 (’ ! (Tr A)I,,

2
+|D* + E(TrA)In - D)

1 c
=(n\ + 2,u)ﬁ|TrA]2 +2u|D|? > fmAy? + co| D2

1o
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Note that in the last inequality, we have used (2.1). Recalling (4.12), we have A =
D + 2(Tr A)I,,, so that co|A|* = £|Tr A|? + ¢o| D|* by (4.13). Therefore

Ba-a> co|Sym (a® v)[*.
On the other hand, we have
1
Sym(@a@v)]’ = 2(a@v* +2@cv) - (veoa) +|voal’)

la*.

N —

1
= Z(lal* +2la- vf* + [a]?) 2

Thus (4.5) holds.
Direct calculations verify that Ba-b = Bb-a for any a,b € R™. This means that B

is a symmetric matrix. Consequently, (4.5) implies (4.4).
Finally, by (4.7) and (4.8) we deduce

B(Vu)v) = M{(Vu)v - v}v + 2p{Sym ((Vu)r @ v) }v
=ATrVu)v 4+ 2u{Sym (Vu)}r = o(u)r a.e. on 052 x (0,7)

and the proof of Lemma 4.3 is complete. [ ]
The next technical lemma is concerned with the control of F/ by a simpler energy-type
functional.

Lemma 4.4. Let (2.1) and (2.3) hold. Set
1
(4.14)  G(t) =3 / {10 Vu(@, )" + (\(@) + o) | Tr Vu(z, 6)|* + p() |’ (x, ) |* }dz
Q
for u satisfying (1.4). Then there exists a constant C = C'(u) > 0 such that

(4.15) G(t) < E() < C(G(t),  0<t<T.

Proof. Since
(4.16) 2|Sym Vu|? = |[Vu|?® + |Tr Vu|? + Tr V{(Vu)u — (Tr Vu)u},
we have (cf. (2.2))
/QQ;L\SymVuFdx > /QQ;LO\SymVuFdx
= [ olVuf? + T Vulo + | e V() = (T Vuju)do

= [ (ol + o[ T V).
Q
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In the last equality we have used the divergence theorem and (1.4). Hence we have
E(t) > G(t), 0 <t <T. On the other hand,

/2u\SymVu|2dx§C(u)/ |Vu|?de,
Q Q

and (4.15) follows. |
We are now able to conclude the proof of Theorem 2.2. Recalling Lemma 4.1, we set
h = hy in (3.5). Then, using Lemma 4.2 and Lemma 4.3, we obtain

[the right hand side of (3.5)] / / - (Vu)vdSdt
oN

1 T
_L / [ B(Vu)- (Tupass

(4.17) _—/ / |(Vu)v|?dSdt > c/ / (u)v|*dSdt.
o2 o)

Here and henceforth C' > 0 denotes a generic constant depending only on €, T', A, u, p,
but independent of u.
On the other hand, by Lemma 3.2, for any fixed § > 0, we have

E(t) < E0) + |F|l 20,1 10| o< 0,1, 11)

1 )
<E(0) + %HFH%l(o T:m) T _HUIH%OO(O T:H)

(4.18) <E(0) + HFHLl(OTH)"‘C(; sup E(t).
0<t<T

Then, taking for instance § = we infer

2C”

(4.19) sup E(t) < C|[F||Z1 0.1,y + CE(0).
0<t<T

Hence Lemma 4.4 yields

(4.20) sup G(t) < CIF|31 0 7.1, + CE(0),
0<t<T

namely, using the Poincaré inequality,

(4.21) W[ 0,7y + 1l 20 0,707y < ClENT 10,750y + CE(0).
Consequently, (2.1) and (4.21) entail

(4.23) [the left hand side of (3.5)] < C’(||f||%1(0,T;L2(Q)n) + E(0)).

Thus, a combination of (4.17) and (4.23) gives (2.4) under the regularity assumptions
(3.1)-(3.2). A density argument completes the proof. |

Remark 4.5. From the proof of Lemma 4.4 we deduce that if p is constant as in [4],
then G = F.
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§5. Proof of Theorem 2.3. Let us suppose for the moment that (3.1) holds so that
ue C°0, T); W)n C([0,T); V) N C?([0, T); H). Take h(x) = m(z) = x — x¢ in (3.5).
Then, on account of Lemma 4.2, we obtain

{ /Q - (Vu)mdx} '

0
1 T
+§/ /{np|u’\2 + (2 = n)(A[Tr Vual? 4 241|Sym Vul?) bdwdt
0 Q

1 (T
+§ / /{(Vp -m)[u'|? — (VA - m)|Tr Vu|? — 2(Vy - m)|Sym Vu|? }dadt
o Ja
(5.1)
1 (T
=— / / (Vu)v - o(u)v)(m - v)dSdt.
2Jo Joa
Here we have used the identity
(m-v)(Vu)r = (Vu)m

which follows from substitution of (4.7) in (Vu)m.
Moreover, multiplying both the hand sides of (1.1) by ”T_lu, and integrating over
Q x (0,T), we deduce (recall that F = 0)

T T
-1 -1
0 :/ / D ud:z:dt—/ / n L(u) - udzdt.
o Ja 2 o Ja 2

Thus, integrating by parts with respect to time the first term and using the divergence

theorem in the second one (cf. also (1.4)), we infer

T T
—1 1
— {/ pu’ - e udx} + —/ /(1 — n)p|u’|2da:dt
Q 2 0 2 0 Q

1 (7
—l—§ / /{)\(n — 1)|VTu)? 4 2u(n — 1)|Sym Vu|*}dzdt.
0o Jo
Adding this identity to (5.1), we obtain
T 1 T
[/ ou’ - M(u)dx} + 5/ /(p|u'\2 + A\ Tr Vu|? + 24|Sym Vul|?)dzdt
Q 0 0 Q

T
+%/0 /Q{Wp -m)[w? = (VA-m)|Tr Vuf? - 2(Vp - m)|Sym Vul|*}dzdt
(5.2) )
:% /0 /m((vu)y o(w)v)(m - v)dSdt
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where we have set 1
n —

M(u) = (Vu)m + u.

Arguing as in [9, Lemma 3.2], we can prove the inequality (cf. (2.2))

R
< OPL (o (2, 1)) + ol Vu(a, £)[2)da

~ 2y/pokio Jo

for 0 <t < T, where we recall that Ry = ||m||(z ).
To obtain (5.3) we first show the following

(5.3)

/ o (2, 4) - M(u)(z, t)da
Q

(5.4) [M(w)(@®)||er < [[(Vu(t))m]|[n.
Indeed, on account of (1.4), Green’s formula yields

IM())]IZ — [(Va®)m|Z
2

n—1
=H<Vu<t>>m+ a®)|| = I(Vu@)m)
H
2 2
_ / ) DAL L i i@ t) 1 e
Q — - (?xj 2 — - 6£Ej
=1 |5=1 =1 [j=1

:/Q Z (n — 1)7auéi:7 t)mjui + Z (n _4 D (ui(z,1))? § dx

i,j=1 i=1

n

B n—1  O(ui(x,t))> " (n—1)2 9
_/Q S 5 3 (i 1) p da

i,j=1 i=1

:/92: <_"<”2_ D (”_41)2) (i (2, 1)) 2d = 1;n2/§2\u(x,t)]2dx <.

Thus, using (5.4), we have

< puld' O | M (@) ()| =

/ (1) - M(u)(t)dz
Q

S\/% (Veollw' (&)1 z) (ol (Vu())ml| )

pr (Bo .\ oane Mo 2 )
< —pollu’(t + —[(Vu(t))m
L (Sl )1 + )l
which entails (5.3).

Observe that (3.3) implies E(t) = F(0) since F = 0 and (1.4) holds. Then, thanks
to Lemma 4.4 and (5.3), we deduce from (5.3)

(5.5) < PL REW0), 0<t<T.

/Q o (@, ) - M(w)(x, )da
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Consider now (5.2) and recall that (m-v) < 0on 9Q\I';(xg). Using (2.5) and (5.5),
we derive

2p1 Ry
v/ POO

1 T
570/ / (plu’|? + N Tr Vu|? + 2u|Sym Vu|?)dzdt — E(0)
0 Ja

T
(5.6) gx{/ /‘ (Va)v - o(w))(m - v)dSdt.
Ly (o)
Finally, owing to Lemma 3.2 with F = 0 (cf. also (1.4)) and Lemma 4.3, we have

2
(5.7) Gﬂu M%)Eo<c/!/ w)v|2dSdt.
V/Polo ry (zo)

and the proof follows from (2.6) provided that (3.1) hold. A standard density argument
shows that (2.7) still holds when (3.1) is replaced by (2.3) with F = 0.

§6. Applications to an inverse source problem. Here Theorems 2.2 and 2.3 are
applied to the inverse source problem described in the Introduction. We need first
to recall the following result which can be easily deduced from Proposition 2.1 and
Theorem 2.2 (see also [4] and [16]).

Proposition 6.1. Let (2.1) and
(6.1) u eV, Luge H, u €V

(6.2) FcWwhl(0,T; H)

hold. Then there is a unique function u € C*([0,T]; V) N C?([0,T]; H) which satisfies
equation (1.1) almost everywhere in 2 x (0,T) and initial conditions (1.3). Moreover,
there is a positive constant C' = C(Q, T, p, A\, pu) such that

lo (vl 10,752 009)m)
(6.3) < C (luollv + |l Luo + FO)|rr + willv + I Fllwra0,7:m)) -
As a consequence, if F has the form (1.6) with, for instance,
(6.4) p € C([0, 1Y),

then, for any f € H, there is a unique u = u(f) € C1([0,7]; V) N C?([0,T]; H)) which
solves equation (1.1) with null initial conditions and satisfies (1.4).

Hence, for any given I' C 02 of positive Lebesgue measure, we can define a linear
mapping G : H — H(0,T; (L*(T"))") by setting
(6.5) G(f) =o(u)v a.e. on I' x (0,7),
which is continuous, thanks to Proposition 6.1. Suppose now that the surface traction is
measured on some I’y C 92 over a time interval [0,7] and let g = o(u)v on I'g x (0,7).

The following result shows that f is uniquely determined by g, provided that I'y is
suitably chosen and T is sufficiently large.
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Theorem 6.2. Pick a point zo € R™ and consider 'y (z¢) C 0f2. Suppose that (2.5)
holds for some vy > 0 and let ug = u; = 0. Assume in addition that F has the form
(1.6) with f € H and ¢ satisfying (6.4) and

(6.6) (0) # 0.
If
(6.7) T > %

then there exists a positive constant C = C(2, T, xo, p, A, i, p) such that
(6.8) £l < Cllo(a' (E)vl 20,3220 (z0))m)-

Remark 6.3. Here Ty > 0 is defined in (2.6). As is seen from the proof, the reverse
inequality to (6.8) holds. This means that the norm on the right hand side of (6.8) is
the best possible for estimating ||f||z.

Proof. On account of Proposition 2.1, we let v € C°([0,T]; V) N C*([0,T]; H) be the
unique solution to the homogeneous Lamé system with null initial displacement and
v/(0) = f. Then, arguing as in [4] (see also [16]), we set

u=p*v, a.e. in Q x (0,7),

where * stands for the usual time convolution product over (0,t), t € [0,7]. Of course,
due to (6.4), u € C1([0,T]; V)N C?([0,T]; H). Also, by the uniqueness of the solution,
it is easy to realize that u(f) = u. Hence

ou(f))v=pxo(v)y, a.e. on 00 x (0,7,
so that we obtain the Volterra integral equation of the second kind (cf. (6.4) and (6.6))
(6.9) o' (f))v = p(0)a(v)v + ¢ * o(v)v, a.e. on 00 x (0,T).

Thus, due to (6.6), from (6.9) we can find a positive constant C' = C(p) such that, for
any I' C 00,

(6.10) lo(V)v|| 20,7522y < Cllo(a'(£))v] L2 0,122 )m)-

On the other hand, Theorem 2.3 yields

(6.11) £z < ClloV)vlLz0,7;2r (20))™)
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provided that T' satisfies (6.7). Indeed, since v(0) = 0, in (5.2) written for v we just
need the estimate (cf. (5.5))

‘ [/Q v M(v)deT

so that in place of (5.7) we have

<70T— leO) (0) <C/ / v)v|2dSdt.
V/Poko F+(a:o>

< RoE(0),

v/ PoHo

where .
EO) = ;5 [ plo)lt@)ds.
Q
Therefore (6.8) follows from (6.10) and (6.11). |

Theorem 6.2 entails

Corollary 6.4. Under the assumptions of Theorem 6.2, let I'y (z¢) C I'g. Then, for
any g € HY(0,T; (L?*(To))"), there is at most one f € H such that G(f) = g provided
that T satisfies (6.7).

We now want to obtain a representation formula for f similar to [4, (3.18)] by using a
slightly different approach. We first recall that the positive, linear, unbounded, and self-
adjoint operator —L : D(—L) = W C H — H defined through L (cf. (1.2)) generates
a strongly continuous cosine operator C(t) on H, t € R, and the corresponding sine
operator is defined by

(6.12) S(t)v:/O C(r)vdr

for any v € H (see, e.g., [10, p. 171] and references therein).
Henceforth, by letting p = 1 for the sake of simplicity, thanks to [10, (3.5), (a) and
(¢)], u(f) admits the explicit representation

(6.13) u(f)(t):/o S(t— P)p(r)fdr  te0,T].

Fix now 'y C 02 of positive Lebesgue surface measure and introduce the Dirichlet
map D : § — z where z solves the Dirichlet problem

—V.0(z)=0 in Q

0 on F()
7 =
log 0 on IFj.
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Arguing as in [10, pp. 171-172], one can prove that D : (L?(T'g))" — (HY2722(Q))"
D((~L)¥*=%) is continuous for any o € (0,1], and that the mapping ¥ : D(-L) —
(L?(T))™ defined by

Yz =o(z)v a.e. on Iy

can be represented as
¥ =D*L*

where the superscript x denotes the adjoint operator.
Taking advantage of 3, we thus have an explicit representation of o(u)v (see [10,
proof of Thm. 3.7, p. 178])

(6.14) o(u(f)(t))v = D*L*/0 S(t—1)p(r)fdr te[0,T].

Thanks to Theorems 2.2-2.3 and the HUM techniques, we know that in the Cauchy
problem for the Lamé system (1.1) with F = 0, by a Dirichlet-type action, we have
partially exact controllability (contrdlabilité exacte elargie according to [12, Chap. I,
§9]), provided that T satisfies (6.7) (see [4, Thm. 2.5] and [12, Chap. IV]). This amounts
to say that, for any z° € H, there exists a unique w € L2(0,T; (L?*(T))"), provided
that I'y (z9) C T'p, such that the solution v to the Lamé system (1.1) with final and
boundary conditions

v(T)=0 a.e. in Q, Vv/(T)=0 in V*

B w on I
Vv et
o5 0 on I7j

fulfills
v(0)=2" a.e. in ().

Therefore, whenever I'y C I'y(xg) and T satisfies (6.7), we can define an operator
Il: H— L*0,T; (L*(T))") by setting

(6.15) z° = w.

Then, let us consider the set {zx } e of eigenfunctions associated with the operator —L
and the corresponding Dirichlet controls

Wi = sz.

We note that {zx }ren is an orthonormal basis in H. The controlled solution v can be
represented as (cf. [10, (3.5), (a) and (b), p. 172])

T
Ve(t) = L / S(r — t)Dwy(r)dr,
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so that
Zp = J*Wk;
where
T
(6.16) Jrwy = L / S(r)Dwj(r)dr
0

is the adjoint operator of the linear operator J : H — (L%(9Q))™ (see [10, Corollaries 3.1
and 3.2, p. 173])

(6.17) J(y)(t) = D*L*S*(t)y  Vy € H.

Observe now that S(t) is self-adjoint for any ¢ > 0 since L is so. Hence, on account
of (6.12), (6.16) and (6.17), we have

/kada?
Q

:/J*wk-fdx
Q

T
:/ wy(7) - D*L*S*(7)f dSdr
0o Jro

:/OT wi(r) - D*L* </OTC(n)fdn) dSdr

o
(6.18) :/OT /F </Tka(n)d ) DL C(r)f dSdr.

At the last equality, we used integration by parts in 7. Therefore, if we are able to find,
for any k € N, a unique 6 such that

T T
(6.19) / ot — )05 (£)dt = / we(n)dy  ac. on T, V7€ [0,T]

then, from (6.18) we deduce (cf. also (6.12) and (6.14))

/Qf-zkda:
:/OT /F (/TT gp(t—T)Qk(t)dt> D*L*C(r)f dSdr
T

:/0 [ ou(t)- (D*L* /OtC(T)(p(t—T)de) dSdt

T
(6.20) _ /0 [ 00 o OO dSi.
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Hence we can compute the Fourier coefficients of f with respect to the orthonormal
system {zp}ren. To this aim, let w € L2(0,T; (L?(T'g))™) and consider the integral

equation
T T
(6.21) / ot —T1)8(t)dt = / w(n)dn a.e. on I'g, V7 €[0,T].

T

Differentiating the both members with respect to 7, we obtain (cf. (6.4))

—@(0)9(7’)—/ St —1)0(t)dt = —w(r)  ae. on Ty, ¥ € [0,T].

T

Then, due to (6.4) and (6.6), we deduce that there is a unique
0 € L*(0,T; (L*(To))")

which solves equation (6.21). We thus set § = K'w and we obtain a linear and continuous
operator K from L2(0,T;(L?(T'g))") to itself. In particular, we have

Recalling now (6.19), we finally obtain, owing to (6.15),

/ f-dex
Q

:/T Kz, - o(u'(f)(t))v dSdt.
0o Jro

Summing up, we have thus proved the following

Theorem 6.5. Under the assumptions of Theorem 6.2, let p = 1 and T'y(z9) C
['g. Suppose moreover that there exists f € H such that G(f) = g for some g €
HY0,T;(L*(Ty))") with T satisfying (6.7). Then

—+o0
f=> éwz
k=0
where

T
gbk:/ KHZk-g/det VkeN,
0 I)

{2k }ken being the eigenfunctions of the operator —L.

To conclude, we mention that the same arguments used in [4, Sec. 6] lead us to
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Theorem 6.6. Under the assumptions of Theorem 6.2, let I'y (xg) C I'g. Then, re-
garding G as a linear operator from H to L?(0,T; ((L?(T"))™), we have

V C Range (G*) C (H'2(Q))".
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