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Abstract

NUMERICAL SOLUTION OF A TIMELIKE CAUCHY PROBLEM FOR THE
WAVE EQUATION

Let D C R™ be a bounded domain with piecewise smooth boundary, and ¢(z,t) a
smooth function on D x [0,7]. Consider the time-like Cauchy Problem

up — Dgu~+q(x,t)u=0 in D x[0,T]

u=g, up,=h on 9D x[0,T]

Given g, h for which the equation has a solution, we show how to approximate u(x,t) by
solving a well posed fourth order elliptic pde. We use the method of quasi-reversibility
to construct the approximating PDE. We derive error estimates and present numerical
results.

Classification number : 0260



1 Introduction

Let D C R" be a bounded domain with piecewise smooth boundary, and ¢(x,t) a function
on D x [0,T]. Consider the Cauchy problem

Lu=wy — Apu+q(z,t)u=0 in D x[0,7] (1)

u=g, up=nh on 0D x[0,T] (2)

It was shown in [1] (also see [5]) that the above equation need not have a solution for arbitrary
g and h. In particular, they showed that if ¢ was zero, and a part of the boundary of D
was planar, then the value of u and w,, on some part of this planar boundary in (x,t) space,
determined the value of v on other parts of this planar boundary. So if the above problem
is to have a solution then g and h can not be prescribed arbitrarily. Hence (1), (2) is not a
well posed problem. We will say more about the uniqueness question later in this section.

Our goal is, given g and h for which (1), (2), does have a solution, to approximate u
stably in the interior. This problem is of interest because of situations where only boundary
measurements may be possible and the initial state of the system may be unknown. Further,
Klibanov and Malinsky in [7] have proposed a numerical scheme to solve an inverse problem
related to (1), in which the most difficult step is the construction of solutions of (1), (2).

If D were unbounded, or if Cauchy data was prescribed only on ”one side” of 0D, then
we have no hope of constructing a stable algorithm. In this case, the problem is not stable
because of exponentially growing solutions. e.g. if n = 2 and D is the half plane y > 0, then
consider the equation

Ou = Uy —Upz —Uyy =0 on z€R, y>0, 0<t<T

1 . 1 . ,
u(x,0,t) = @e(““ IR (2, 0,1) = %e(m RN G 0<t<T, z€R

Its solution is
ie(ix\/ 1+k2+it+ky)
L2

In any neighbourhood of a point (a, b, ¢) with b > 0,

up(z,y,t) =

ekb

||uk’| |O,loc ~ ﬁ

which approaches infinity as k approaches infinity. On the other hand, the cauchy data

8uk 1
0,1 oc a 707t oc ™~ T
g (z,0,8)|[1,10¢ + || By (2,0, )00 ~ +

approaches zero as k approaches infinity. Also, see [6] for some other interesting examples.



For piecewise, smooth, bounded domains the situation is much better. If D is contained
in a ball of diameter T', then it was shown, by Lop Fat Ho in [3] for ¢ = 0, by Komornik and
Zuazua in [9] for ¢ > 0, and by Klibanov and Malinsky in [7] for ¢ € L>(D x [0,T]), that
the solution of (1), (2) depends stably on g and h. i.e.

l|ull1,pxj0,71 < C(llgll1 + [|Rl]o)

For general D, bounded and piecewise smooth, one can prove stability over parts of D x [0, T,
using Carleman estimates, as done in [11] and [5]. This region will be described more carefully
in Proposition 2 - also see Section 2 for some examples. This region may be empty for certain
domains D x [0, T7.

Stability implies uniqueness, so u is uniquely determined over the subsets (possibly
empty) of D x [0, T] mentioned in the previous paragraph. Cohen constructed examples, see
[4], which show lack of local uniqueness for (1), (2) for certain choices of D. However, the
question of uniqueness for bounded domains has not been resolved completely, especially for
real valued q.

We approximate the solution of (1), (2), by solving a well posed fourth order elliptic
equation. This equation is constructed using the method of quasi-reversibility introduced by
Lattes and Lions in [10]. This method was used by Klibanov and Santosa in [8] to construct
numerical solutions of the Cauchy problem for Laplace’s equation. Danilaev and Klibanov
in [2], using quasi-reversibilty, implemented a scheme to solve an inverse problem for a one
dimensional parabolic equation. Quasi-reversibility has also been used by Strauss in [13]
to prove the existence of solutions of certain non-linear evolution equations. See [12] for
references for other applications of the method of quasi-reversibility.

Klibanov and Malinsky in [7] introduced the method of quasi-reversibility for (1), (2),
and proved the convergence estimate. But they were only interested in the case where D was
contained in a ball of diameter T" and did not present any numerical results. In this article,
using a modification of their arguments, we extend the method to apply to any smooth,
bounded domain D and we implement the proposed algorithm. If D is contained in a ball
of diameter T' then theoretically the convergence is of order 1/2 (as e approaches zero), see
[7]. In the general case the convergence is slower.

Let us remark again that we work only with bounded domains D, and our method will
approximate u over all of D x [0, T] provided D is contained in a ball of diameter T". In the
general case, u is approximated only over a subset (possibly empty) of D x [0,7T]. Solving
fourth order elliptic equations, in 3 dimensions, is rather time consuming. However, to the
best of our knowledge, no other method is known for approximating the solution to (1), (2).



2 The Algorithm and its Convergence

First, we reduce (1), (2) to an equation with zero boundary data, but a non-zero right
hand side. This may always be done by subtracting from u a function which has the same
boundary data as u. So for the rest of the article we will be concentrating on

Lu=uy — Ngu+qz,t)u=f in D x[0,T] (3)

u=0, u,=0 on 0D x[0,T] (4)

So the goal is - Given f € L*(D x [0,T)), for which (3), (4) has a solution, obtain a numerical
approximation of wu.

Define the differential operator
1 *
Lv=-L"Lv+ Vst + Vsgis + U
€

where the ¢ term is to be summed over the indices 1 to n. Then using an integration by
parts one may show that for smooth v, w

/ dr dt w Lv = <v,w >y + bdryterml + bdryterm?2 (5)
Dx]0,T]

where

1
<v,w >y = / {LUL?U + VWi + Viwy + vw}
Dx[0,T] L €

1
bdryterml = / {viiniw — viywm; b + / —{w,Lv — (Lv),w}
dDx[0,T) dDx[0,T] €

1 1"
bdryterm2 = / dr w {Uttt + (Lv)t} — wy {Utt + LU}
D € €

0

Now < v,w > is an inner product on C?(D x [0,T]), and its completion is H*(D x [0,T]).
Let H be the completion, under the above norm, of the space of functions v in C*(D x [0, T])
such that v and v, vanish on 0D x [0,7], . Then H consists of functions v which are in

H?(D x [0,T]) such that v and v, are zero on D x [0, T].

Proposition 1 Given f € L*(D x [0,T)), there exists a unique u¢ € H which solves

1

Lot = —L'f (6)

u =0, u,=0 if (x,t) €D x][0,T] (7)
1

Uy + —(Lu)y=fi on t=0,T (8)

€



1
uft—l—ELuE:f on t=0,T (9)

in the weak sense. In addition ]
w7 < g!lf!l%

Remark: Let us determine the weak form of (6) - (9). Suppose u¢ and w are C* functions
with w and w,, zero on 9D x [0,T]. Then using (5) and (6)

1
—/ wL*f = / wLfu® =< u,w >y + boundary terms
€.J Dx[0,T] Dx[0,T]

But the boundary terms which are integrals over 0D x [0, T] are zero because w and its nor-
mal derivative vanishes on 9D x [0,T]. Again, noting that w and w,, are zero on 9D x [0,T],
we have

* _ B T B
/Dx[O,T}wL ;o= /DX[O,T}fLw + /D {fow = fuwdlo + /an[o,T] {wfn — fwn}
= [ B+ [, e = fud

Using the above relations and noting the boundary conditions (8), (9) satisfied by ¢, one
concludes that

1
<uf,w >p= 7/ fLw Ywe H (10)
€ Dx[o,1]

This is the weak formulation of (6) - (9).

Proof of Proposition 1 Consider the following linear functional on H

1
w— — / fLw, weH
€J Dx[0,T]
Then
1 1
o [ rLwl < ZifllollLello
< Il
— w
= 7 0 H
So from the Riesz Representation Theorem there exists a unique v € H such that

1
<u€,w>H:f/ fLw Ywe H
€J Dx[0,1]

1
Further ||uf|[% < EHfH%



Lemma 1 Suppose f € L*(D x [0,T]) and u € H*(D x [0,T]) solves (3) - (4). Suppose u*
is the solution to (6) - (9) guaranteed by Proposition 1. Then

= wfl; < 4flull3 (11)
1L(u—us)lls < deflull; (12)

Proof: From the definition of u¢ we have
1
<uf,w >p= f/fLw Yw e H
€
Also, noting that u satisfies (3), we have
1
<u,w >p= f/fLw + (u,w)y Ywe H
€
Here, we have used the notation
(v, W)y = / {vpwy + viwy,; + vw}
Dx[0,T]
So subtracting the previous two relations we obtain

<u—uSw>p= (u,w)y Ywe H

Given that u € H*(D x [0,7T]) and u satisfies (4), we have u € H. Also u¢ € H. So taking
w = u — uf in the previous equation we obtain

lus —ullly = (u,u—u)s

< lullz [lu — w2

1

< 2ffull + 5l — el
1

< 2ffull; + gl — el

Therefore
s — |7 < 4|ull

and noting the definition of ||.||g we obtain the Lemma.

Proposition 2 Suppose u € H*(D x [0,T)) and f € L*(D x [0,T]) satisfy (6), (7). Sup-
pose u is the solution to (6) - (9) guaranteed by Proposition 1. Let ¢ be a function in
C?(R™1) with

o Vo #0 in D x[0,7T]



e ¢ pseudoconvex w.r.t L in D x [0,T]. See [4] for the definition.
e a < b implies Q, C ), where

Qe={(z,t) e Dx[0,T] : ¢p(x,t) >c}

e g does not intersect t =0 ort =T (for convenience)

Then for any § > 0 and € small enough
5
lu— w2, < Cemm |lull (13)

where m is the largest value of ¢ on §.

Remark So Proposition 2 proves a Hoélder rate of convergence. If D is contained in a ball
of diameter T', then the convergence is faster and over the whole region. It was shown by
Klibanov and Malinsky in [7] that

l|u — UEH%,DX[O,T] <C EHuH%,DX[O,T]

Proof: Construct a function § € C*°(R"*!) such that 6 is 1 on Qs and
supp 6 N (D x [0,T]) C Qo

Let v = u — u® and w = Av. Since v and v,, are zero on 9D x [0,7] and # vanishes near
t = 0,T, one concludes that w € H3(D x [0,T]). So from the Carleman estimate in [4], for
large A,

)\/ |Vw|*e** + )\3/ lw|2e*M < C/ | Lw|?e**? (14)
Dx[0,T] Dx[0,T] Dx[0,T]

Now
Lw = L(6v) = 0Lv + [L,0]v

Therefore, using the definition of 6
|[Zw|* < Xx(Q0)|Lv[* + Cx(Q \ Q5){[Vo]* + [v]*}
where x(A) represents the characteristic function of the set A. Also

Vwl* = |[V(ov)/*

v

92 2 2
A

Y

1
SX(%) Vo = (@0 \ ) ol
w2 x(6) ol

7



So (14) implies that

2 INVoul? + N3 |o? SC{/ LU262)\¢+)\/ Vol? + U2€2)\¢}
Jo @ IR £ XPE <O [ Lol 0, 190 1)

Let m be the largest value of ¢ on €y. Noting that ¢ < § on Qg \ Qs, and that ¢ > 2§ on
s, and using (11), (12), one obtains

2 (20) {)\/Q% |VU|2 +)\3 /Q25 |U|2} < O{E 62>\m||u||g + )\62/\(6)““”3}
Therefore for large A
Ay 19042 [ ol < Clfullf {e 22 4 2e=20) (15)
26 26

Choose A such that

that is ) )
A= S oy Q)

If € is small enough then the A chosen will be large enough so that (15) is valid. Then (15)
implies

Vol2 + [v]2} < Censs [|ul|2
Jo, (9P 1017} lulf

which proves the proposition.

3 Numerical Results

We solve
Ou = Uy — Ugy — Uyy = f(x,y,t) in D x[0,T]

u=0, u,=0 on 0D x[0,T]

Here T varies in size and
D={(z,y) : 0<zxz<1, O0<y<l1l}

We start by choosing a u such that v and w,, vanish on 9D x [0, T], and obtain an expression
for f i.e. Du. We add a certain percentage of uniformly distributed random error to f and
then construct the approximation u¢ using our algorithm. Then we compute the L? norm of
u — u° (and the relative error) over subsets of D x [0, 7.



These subsets are determined by the function

$at) = 2P+ -2 ol - Dol

= 2+ —x—y—ot +oTt
Here ¢ is a number in (0, 1) to be chosen later. If
Qe ={ (z,y,1) € Dx[0,T] : ¢(z,y,t) 2 ¢}

We study the error in the approximation over the regions 2., as suggested by Proposition 2.

Clearly €2, decreases as c¢ increases, but also note that (). increases as ¢ increases. Note
that o influences m the largest value of ¢ on D x [0, T| which influences the rate of conver-
gence. Further ¢(x,y,t) is pseudoconvex with respect to the wave operator (see [4] for the
definition) provided 0 < ¢ < 1. Also note that the largest region €2, which does not intersect
t =0,T is . So ¢ has been arranged so that Proposition 2 is applicable. Note that V¢ is
zero at (1/2,1/2,T/2) but we can take care of this problem by using another ¢ based at a
point slightly perturbed from (1/2,1/2,7T/2).

The approximate solution u€ is the solution of

1 1
/ {DuELw + ugwy + ujwg + uﬁw} == f/ fLw
Dx[0,T] L € €J Dx[0,T]

for all w in H?(D x[0,T])) with w and w,, vanishing on the 9D x [0, T]. We solve this using the
finite element method (in z,y, ¢ space). We use rectangular grids and the Bogner — Schmit
conforming elements in 3 dimensions. The resulting system of linear equations was solved
by the Conjugate Gradient method until the relative error was less than 1075, The integrals
were computed using a Gaussian Quadrature scheme.

The random error in f is generated as follows. Following the FEM we first generate the
linear equation Axr = b with exact f. Then we generate a random vector e of the same
dimension as b. Then we choose as our new b the vector
percent_error e

100 lle]]

b+

For all the calculations we assume that o = 0.8, so
d(z,y,t) =2* +y* — 2 —y —0.8t> + 0.8Tt
For this ¢, €}y and its subsets are the regions for which Proposition 2 is valid, €2, with

¢ = 0.2T? is the empty set, and €, with ¢ = —0.5 is D x [0, T].

Example 1
u(z,y,t) = (1 — cos(2mx))(1 — cos(27my))(t +1)?, T =1.0, grid=8x 8 x 8

9



(a) input error = 0%, relative L? error in output is

c/e | 0.1 0.0001
05194% 0.7%
0.0 | 94% 0.6%
0.1 |7.8% 0.6%

(b) input error = 5%, relative L? error in output is

c/e | 0.1  0.0001
-0.5 [ 10.0% 1.0%
0.0 | 10.5% 0.9%
01| 9.6% 1.1%

(c) input error = 10%, relative L? error in output is

c¢/e | 0.1 0.0001
-05195% 1.9%
00 [9.5% 1.7%
01 | 7.7% 1.8%

Example 2 (same as Example 1 except T = 2.0)
u(z,y,t) = (1 — cos(2mx))(1 — cos(2my))(t + 1),

(a) input error = 0%, relative L? error in output is

c/e | 0.1 0.0001
05 87% 0.4%
0.0 | 8.6% 0.5%
0.7 | 6.5% 0.7%

(b) input error = 5%, relative L? error in output is

c¢/e | 0.1 0.0001
-05[9.0% 1.0%
0.0 [ 9.0% 0.9%
0.7 ]6.6% 1.0%

(c) input error = 10%, relative L? error in output is

10

T = 2.0,

grid =8 x 8 x 16



¢/e | 0.1 0.0001
05 | 8.6% 1.6%
00 | 7.6% 1.3%
0.7 ]6.5% 1.0%

Example 3

u(z,y,t) = 1002%(1 — 2)*y*(1 —y)>, T =1.0, grid=8x8x38

(a) input error = 0%, relative L? error in output is

c¢/e | 0.1 0.0001
-05[89% 0.2%
00 [89% 01%
011]93% 01%

(b) input error = 5%, relative L? error in output is

c/e | 0.1 0.0001
-0.519.0% 1.0%
0.0 | 9.6% 1.0%
0.11]97% 1.0%

(c) input error = 10%, relative L? error in output is

c/e | 0.1 0.0001
05 83% 2.2%
0.0 |8.9% 1.8%
0.1 ]93% 1.3%

Example 4
u(z,y,t) = 1002%(1 — 2)*y*(1 — g/)Qe("’*”rny"/)7 T = 1.0,

(a) input error = 0%, relative L? error in output is

c/e | 0.1 0.0001
-05[9.0% 0.8%
0.0 [9.3% 0.7%
0.1 |85% 0.6%

(b) input error = 5%, relative L? error in output is

11

grid =8 X 8 X 8



¢/e | 0.1 0.0001
-0519.0% 1.0%
00 [9.6% 1.0%
01 ]9.0% 0.9%

(c) input error = 10%, relative L? error in output is

c¢/e | 0.1  0.0001
0.5 ] 9.6%  2.4%
0.0 | 10.1% 2.3%
01 | 97%  2.4%

Example 5
u<$7y7t) = 100172(1 - 5L'>2y2(1 - y)2€(x+y+t)7

input error = 0%, relative L? error in output is

c/e | 0.1  0.0001
-0.5 [ 11.1%  5.9%
0.0 | 11.1%  5.9%
0.05 | 11.9% 5.5%
0.09 | 12.3% 4.6%

Example 6
(1) = 10022(1 — 2)2y(1 — )Peved)
input error = 0%, relative L? error in output is
c/e | 0.1 0.0001
-0.5 | 8.7% 0.5%

0.3 | 84% 0.5%
0.8 | 6.8% 0.53%

CONCLUSIONS

From our examples it seems the algorithm works very well for the examples we have
chosen. We observe from our calculations that the numerical solution approximates the
exact solution with greater accuracy as € gets smaller. However, the accuracy does not seem
to improve much when ¢ increases (i.e. when 2., the region of comparison decreases), though
the theory predicts an increase in accuracy. Of course, the accuracy is quite good for large
., not leaving much room for improvement as 2. decreases in size. Also, studying examples
5 and 6, it becomes clear that the accuracy over regions not covered by the theory can be

12

T=0.7,

T = 2.0,

grid =8 X 8§ X 8

grid =8 x 8 x 10



poor, and if D is contained in a ball of diameter 7" then the accuracy over the whole region
is quite good, as predicted by Klibanov and Malinsky in [7].

ACKNOWLEDGEMENTS

We would like to thank Victor Isakov, Peter Monk, John Sylvester, Gunther Uhlmann,
and especially Paul Sacks, for discussions on this topic.

13



References

1]

8]

[9]

R. Courant and D. Hilbert. Methods of Mathematical Physics, Vol. II, John Wiley and
Sons, New York, 1989.

P.G. Danilaev and M.V. Klibanov. On the solution of coefficient inverse problems by the
method of quasi-inversion, Soviet Math. Dokl., 41, 83-87, 1990.

Lop Fat Ho. Boundary observability of the wave equation, C. R. Acad. Sci. Paris, Serie
I, No. 12, 1986, 443 - 446.

Lars Hormander. Linear Partial Differential Operators, Springer-Verlag, New York, 1976.
V. Isakov. Inverse Source Problems, AMS, Providence, RI, 1990

F. John. Continuous Dependence on Data for Solutions of PDE With a Prescribed Bound,
Comm. Pure Applied Math., Vol. XIII,555-585 (1960).

M.V. Klibanov and J. Malinsky. Newton-Kantorovich method for 3-dimensional potential
inverse scattering problem and stability of the hyperbolic Cauchy problem with time
dependent data, to appear in Inverse Problems, 1991.

M.V. Klibanov and F. Santosa. A computational quasi-reversibility method for cauchy
problems for Laplace’s equation, to appear in STAM J. Appl. Math., 1991.

V. Komornik and E. Zuazua. A direct method for the boundary stabilization of the wave
equation, J. math. pures et appl., 69, 1990, 33-54.

[10] R. Lattes and J.L. Lions. The Method of Quasi-reversibility: Applications to Partial

Differential Equations, Elsevier, New York, 1969.

[11] M.M. Lavrent‘ev, V.G. Romanov, and S.P. Shishatskii. Ill-posed Problems of Mathemat-

ical Physics and Analysis, Translations of mathematical monographs, Volume 64, AMS,
Providence, RI.

[12] L.E.Payne. Improperly Posed Problems in Partial Differential Equations, Regional con-

ference series in applied mathematics, Volume 22, STAM, Philadelphia, PA.

[13] Walter A. Strauss. The initial-value problem for certain non-linear evolution equations,

American Journal of Mathematics, Volume LXXXIX, Number 2, April, 1967, 249 - 259.

14



