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1 Some Notations and Definitions

The theory of Ill-Posed Problems addresses the following fundamental question: How to
obtain a good approximation for the solution of an ill-posed problem in a stable way?
Roughly speaking, a numerical method, which provides a stable and accurate solution of
an ill-posed problem, is called the reqularization method for this problem.

We now briefly introduce some common notations which will be used throughout this
course. We work in this course only with real valued functions. Let 2 C R™ be a bounded
domain. We will always assume in our analytical derivations that its boundary 09 € C3,
although we will work with piecewise smooth boundaries in numerical studies. This is
one of natural discrepancies between the theory and its numerical implementation, which
always exist in computations. Let u (z),z = (x1,...,2,) € Q be a k times continuously
differentiable function defined in (2. Denote
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the partial derivative of the order |a| < k, where o = (v, ..., ) is a multi-index with
integers o; > 0. Denote C* (€2) the Banach space of functions u (x) which are continuous
in the closure Q of the domain € together with their derivatives D%u, || < m. The norm
in this space is defined as

luller(@y = Y sup D% (2)] < oo.

o <m ©€
By definition C° (ﬁ) =C (ﬁ) is the space of functions continuous in Q with the norm

lulle(a) = sup fu ()]

We also introduce Holder spaces C*+e (ﬁ) for any number a € (0,1). The norm in this
space is defined as
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provided that the last term in finite. It is clear that if the function v € C**! (ﬁ) , then
u € C* (Q) ,Va € (0,1) and

Ul < C Hu”ck+1(§) , Yu e CFH (ﬁ) ,

where C' = C'(2,a) > 0 is a constant independent on the function u. Sometimes we
also use the notion of Holder spaces for infinite domains. Let D be such a domain. It
is convenient for us to say that the function u € C** (D) if u € C¥* (Q) for every
bounded subdomain € C D. Although sometimes people say that u € Ckt (E) if the
above Holder norm in D is finite, we do not use this definition here.

Consider the Sobolev space H* (Q) of all functions with the norm defined as
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where D% are weak derivatives of the function u. By the definition H® () = Ly (Q). It
is well known that H” (Q) is a Hilbert space with the inner product defined as

(U, V) gy = 22 /D"‘uDavdm.
Q

|| <k

Let T > 0 and I' C 092 be a part of the boundary 02 of the domain 2. We will use the
following notations throughout this book

Qr=Qx(0,T),Sr=00x (0,T),I'7=Tx(0,T),Di" =R" x (0,T).

The space C**F (@T) is defined as the set of all functions u (x,t) having derivatives
DeDPu e C (Qr) with |a] + 26 < 2k and with the following norm

ullaes(gy = > max| DD u(a,b)].
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The Holder space C*Fekte/2 (@) ' € (0,1) is defined similarly.

We now remind some definitions from the standard course of Functional Analysis.

Definition 1.1. Let B be a Banach space. The set V' C B is called precompact
set if every sequence {z,} -, C V contains a fundamental subsequence (i.e., the Cauchy
subsequence).

Although by the Cauchy criterion the subsequence of Definition 1.1.3.1 converges to
a certain point, there is no guarantee that this point belongs to the set V. If we consider
the closure of V, i.e. the set V, then all limiting points of all convergent sequences in V
would belong to V. Therefore, we arrive at

Definition 1.2. Let B be a Banach space. The set V' C B is called compact set if V'
is a closed set, V =V, every sequence {zn},~, €V contains a fundamental subsequence
and the limiting point of this subsequence belongs to the set V.

Definition 1.3. Let B; and B; be two Banach spaces, U C B; be aset and A : U —
Bs be a continuous operator. The operator A is called a compact operator or completely
continuous operator if it maps any bounded subset U’ C U in a precompact set in Bj.
Clearly if U’ is a closed set, then A (U’) is a compact set.

The following theorem is well known under the name of Ascoli-Archela Theorem (more
general formulations of this theorem can also be found).

Theorem 1.1. The set of functions M C C (ﬁ) is a compact set if and only if it is
uniformly bounded and equicontinuous. In other words, if the following two conditions are
satisfied:

1. There exists a constant M > 0 such that

Ifllo@) =M, VfeM.
2. For any ¢ > 0 there exists 6 = d () > 0 such that
[f (@)= fl<e, Voye{lr—yl<dtnQ vfeM.

In particular, because of some generalizations of this theorem, any bounded set in
C*(Q) (or H*(Q)),k > 1 is a compact set in C? () (respectively H” (2)) for p €



[0, k — 1] . We also remind one of the Sobolev embedding theorems for spaces H* (). Let
[n/2] be the least integer which does not exceed n/2.

Theorem 1.2. Suppose that k > [n/2] +m, the domain 2 is bounded and 0Q € C*.
Then H* (Q) c C™ () and ||f”cw(§) < Clfllgr VS € H*(Q), where the constant
C =C(Q,k,m) > 0 depends only on Q, k,m. In addition, any bounded set in H* (Q) is
a precompact set in C™ (ﬁ) .

Theorem 1.2 actually claims that the space H* (§2) is compactly embedded in the space
C™ (Q) . “Compactly embedded” means that | f]| (@) < C N fllgriy,Vf € H* () and
any bounded set in H* (€2) is a precompact set in C™ (ﬁ) . In other words, any sequence
bounded in H* () contains a subsequence, which converges in C™ (ﬁ) , although the
limit of this subsequence does not necessarily belong to H* ().

2 Some Examples of Ill-Posed Problems

Example 1 (J. Hadamard). We now describe the classical example of Hadamard. Con-
sider the Cauchy problem for the Laplace equation for the function u(x,y),

Au=0, ze€(0,7), y>0, (2.1)

u(z,0) = 0,uy(z,0) = asin(nx), (2.2)

where n > 0 is an integer. It is well known that the Cauchy problem for a general elliptic
equation with “good” variable coefficients has at most one solution (although it might
not have solutions at all). The unique solution of the problem (2.1)), (2.2)) is

u(z,y) = %Sinh(ny) sin(nx). (2.3)

Choose sufficiently small numbers ¢ > 0, = a (¢) > 0 and a number y := yo > 0. Let in
(2.3) x € (0,7). Since the function

e"vo (1 + €—2nyo)
2

sinh(nyy) =

grows exponentially as n — oo, then it is clear from ({2.3) that for any pair of reasonable
functional spaces C* [0, 7], Lo [0, 7], H* [0, 7], etc. one can choose such two numbers ¢ >
0,19 > 0 depending only on numbers ¢, «, yo that

|lasin(nz)||1 < e, Vn > no,

a .
lu (2, 9o) |, = || sinh(nyo) sin(nz)[ls > ¢, Vn = no,

where ||-||; is the norm in one of those spaces and |||, is the norm in another one.

The above example demonstrates that although both the Dirichlet and Neumann
boundary data are small, any reasonable norm of the solution is still large. In other
words, this is a manifestation of a high instability of this problem. Based on this ex-
ample, Hadamard has concluded that it makes no sense to consider unstable problems.
However, his conclusion was an exaggeration. Indeed, unstable problems arise in many



applications. Being inspired by applications to geophysics, Tikhonov has proposed in 1943
the fundamental concept for solving unstable problems.

Example 2. Differentiation of a function given with a noise. The differenti-
ation of functions given by analytic formulas is a trivial exercise. In the reality, however,
functions are often measured in experiments. Since experimental data always contain
noise, then measured functions are given with a noise. Quite often it is necessary to
differentiate these noisy functions. We demonstrate now that the problem of the dif-
ferentiation of noisy functions is unstable. Suppose that the function f(z),z € [0,1] is
given with a noise. In other words, suppose that instead of f(z) € C'[0,1] the following
function fs(x) is given

fo (@) = f(z) +0f(x),z€[0,1],
where ¢ f(x) is the noisy component. Let § > 0 be a small parameter characterizing the
level of noise. We assume that the noisy component is small, [0 f{| ¢, < 6. The problem
of calculating the derivative f; (z) is unstable. Indeed, let for example
_ sin(n’x)

0f(x) = ——,

n

where n > 0 is a large integer. Then the C]0, 1]-norm of the noisy component is small,

1
16 oo < -

However, the difference between derivatives of noisy and exact functions
fi (@) — f' (z) = ncosn’z

is not small in any reasonable norm.

We now describe a simple regularization method of stable calculation of derivatives.
The idea is that the step size h in the corresponding finite difference should be connected
with the level of noise 9. Thus, h cannot be made arbitrary small, as it is the case of the
classic definition of the derivative. We obviously have

x+h)—f(x Of(x+h)—3df(x
The first term in the right hand side of (2.4) is close to the exact derivative f'(x), if h
is small enough. The second term, however, comes from the noise. Hence, we need to

balance these two terms via an appropriate choice of h = h (¢) . Obviously

fle+h) - f(=)
h

f5 () =

Hence, we should choose h = h (§) such that
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For example, let h (§) = ", where p € (0,1). Then
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Hence, the problem becomes stable for this choice of the grid step size h (§) = 6*. This
means that h (9) is the regularization parameter here. There are many practical methods
in the literature designed for stable differentiation. For example, one can approximate the
function f5(z) via cubic B splines and differentiate this approximation then. However,
the number of these splines should not be too large: otherwise, the problem would become
unstable. So, the number of cubic B splines is the regularization parameter in this case,
and its intuitive meaning is the same as the meaning of the number 1/h (6). A more
detailed description of regularization methods for the differentiation procedure is outside
of the scope of this book.

Let  C R is a bounded domain and the function K (z,y) € C' (€ x Q). Recall that
the equation

g(ﬂf)+/K(ﬂf,y)9(y)dy=p(af),ﬂf6Q, (2.5)

where p (z) is a bounded function, is called integral equation of the second kind. These
equations are considered quite often in the classic theory of PDEs. The classical Fredholm
theory works for these equations. Next, let ' C R"™ be a bounded domain and the function

K(z,y) e C (ﬁ X ﬁ) Unlike , the equation

/K(x,y)g(y)dyzp(x),:veﬂ’ (2.6)

is called the integral equation of the first kind. The Fredholm theory does not work for
such equations. The problem of solution of equation is an ill-posed problem, see
Example 3.

Example 3. Integral equation of the first kind. Consider equation (2.6). The
function K (x,y) is called kernel of the integral operator. Equation (2.6 can be rewritten
in the form

Kf=p, (2.7)

where K : C (ﬁ) — C (ﬁ,) is the integral operator in 1} It is well known from the

standard Functional Analysis course that K is a compact operator. We now show that
the problem ([2.7)) is ill-posed. Let Q = (0,1),Q" = (a,b) . Replace the function f with
the function f, (z) = f (z) 4 sinnz. Then

/K (z,9) fu () dy = gn (x), v € (0,1), (2.8)
where g, () = p () + pn(z) and

1
pu(z) = / K (z,y) sinnydy.
0

By the Lebesque lemma
i [[puloge s =0



However, it is clear that

[ fo (z) — f (x)Hc[o,l] = ||Sin”x“c[o,1}

is not small for large n.

Example 4. The case of a general compact operator. We now describe an
example of a general ill-posed problem. Let H; and H,; be two Hilbert spaces with
dim H; = dim Hy, = oo. We remind that a sphere in an infinitely dimensional Hilbert
space is not a compact set. Indeed, although the orthonormal basis in this space belongs
to the unit sphere, it does not contain a fundamental subsequence.

Theorem 2.1. Let G = {|z|,, <1} C Hy. Let A: G — Hj be a compact operator
and let R(A) := A(G) be its range. Consider an arbitrary point yo € R(A). Let
e > 0 be a number and U, (yo) = {y € Hy: |ly —wolly, < 5}. Then there exists a point
y € Us (yo) \R (A) . If, in addition, the operator A is one-to-one, then the inverse operator
A7 R(A) — G is not continuous. Hence, the problem of the solution of the equation

A(x)=z2€G,z€ R(A) (2.9)

18 unstable, i.e. this is an ill-posed problem.

Proof. First, we prove the existence of a point y € U. (yo) \ R (A). Assume to the
contrary, i.e. assume that U. (yo) C R(A). Let {y,} -, C H> be an orthonormal basis in
H,. Then the sequence

{yo + %yn}jl = {zn}ey C {Hy — 1ol = g} C Us (o) -

We have
€

|20 — Zm||H2 = E
Hence, the sequence {z,} -, does not contain a fundamental subsequence. Therefore,
U. (yo) is not a precompact set in Hy. On the other hand, since G is a closed bounded set
and A is a compact operator, then R (A) is a compact set. Hence, U. (yo) is a precompact
set. We got a contradiction, which proves the first assertion of this lemma.

We now prove the second assertion. Assume to the contrary: that the operator A= :
R(A) — G is continuous. By the definition of the operator A we have A™' (R (A)) = G.
Since R (A) is a compact set in H,, then the continuity of A~ implies that G is a compact
set in Hy, which is not true. [

We now summarize some conclusions which follow from Theorem 2.1. By this theorem
the set R(A) is not dense everywhere. Therefore, the question about the existence of the
solution of either of equations or does not make an applied sense. Indeed,
since the set R(A) is not dense everywhere, then it is very hard to describe a set of values
y belonging to this set. As an example, consider the case when the kernel K (z,y) €
C ([a,b] x [0,1]) in equation is an analytic function of the real variable x € (a,b).
Then the right hand side p (x) of equation should also be analytic with respect to
z € (a,b). However, in applications the function p(x) is a result of measurements, it is
given only at a number of discrete points and contains noise. Clearly it is impossible to
determine from this information whether the function p (z) is analytic or not. Hence, we
got the following important

Conclusion. Assuming that conditions of Theorem 2.1 are satisfied, the problem of
solving equation is ill-posed in the following terms: (a) the proof of an existence



theorem makes no applied sense, and (b) small fluctuations of the right hand side y can
lead to large fluctuations of the solution z, i.e. the problem is unstable.

Example 5. A Coefficient Inverse Problem (CIP). Let the function a(z) €
C*(R"),a € (0,1) and a (x) = 0 outside of the bounded domain  C R™ with 9Q € C3.
Consider the following Cauchy problem

u=Au+ta(r)u, (z,t) €Dy (2.10)

u(x,0) = f(x). (2.11)

Here the function f (x) € C*** (R") has a finite support in R". Although less restrictive
conditions on f can also be imposed, we are not doing this here for brevity. Another
option for the initial condition is

f(x)=0(x—x0), (2.12)

where the source position 2y ¢ Q. Throughout the book we will always assume that the
source is located outside of the domain of interest 2. The reason of doing this is that
we do not want to work with singularities, since CIPs are very complicated even without
singularities. The second reason is that in the majority of applications sources are indeed
located outside of domains of interest.

Statement of a Coefficient Inverse Problem. Assume that the function a (z) is
unknown inside of the domain 2. Determine this function for z € ) assuming that the
following function g (z,t) is known

ulsp=g(z,1). (2.13)

The function g (z,t) is an additional boundary condition. This function can be inter-
preted as a result of measurements: one is measuring the function u (z,t) at the boundary
of the domain {2 in order to reconstruct the function a (z) inside of €2. Indeed, if the coef-
ficient a () would be known in the entire space R", then one would uniquely determine
the function u (x,t) in D™ But since a (z) is unknown, then the function u |g, can be
determined only via measurements. Note that since a () = 0 outside of €2, then one can
uniquely solve the following initial boundary value problem outside of €2,

ur = Au, (x,t) € (R™MN) x (0,7,
u(z,0)=f(z),z € R"™\Q,

u|g.= g (x,1).
Hence, one can uniquely determine the Neumann boundary condition for the function u

at the boundary 052, and we will use this consideration throughout this book. Thus, the
following function g; (z,t) is known along with the function g (z,t) in (2.13))

Ot |sp= g1 (z,t) .

This CIP has direct applications in imaging of the turbid media using light propagation.
In a turbid medium, photons of light, originated by a laser, propagate randomly in the
diffuse manner. In other words, they experience many random scattering events. Two
examples of turbid media are smog and flames in the air. The most popular example is the



biological tissue, including human organs. Assuming that the diffusion coefficient D = 1,
we obtain that in the coefficient a (z) = —p, (z) < 0, where p, (x) is the absorption
coefficient of the medium. The case of smog and flames has military applications. Since
i, (x) = oo for any metallic target, then imaging small inhomogeneities with large values
of the absorption coefficient might lead to detection of those targets. In the case of medical
applications, high values of p, (x) usually correspond to malignant legions. Naturally one
is interested to image those legions noninvasively via solving a CIP.

Thus, in both applications the main interest is in imaging of small sharp abnormal-
ities, rather than in imaging of a slowly changing background function. Furthermore, to
correctly identify those abnormalities, one needs to image with a good accuracy the value
of the coefficient i, () within them. Naturally, in both applications one should use the
function as the initial condition. In this case z( is the location of the light source.

We now show that this CIP is an ill-posed problem. Let the function uy be the
fundamental solution of the heat equation ug; = Aug,

up (x t):;exp —ﬁ
0= mr )

It is well known that the function u has the following integral representation

w@wt) = [w@-e07@d+ [ [ula-ct-na@uienar. (@)

Because of the presence of the integral

JoL:

0

(2.14) is a Volterra-like integral equation of the second kind. Hence, it can be solved as:

w@t) = [unle =607 e+ (o), (215)

R’Il

un(x,t):/t/uo(x—f,t—T)a(g)un1(§,T)d7.

One can prove that each function u, € C?+®1+e/2 <E;H> and
5 Mk (Mt)"
| Dy Dyuy (2,4)] < -——, 8] +2k <2, (2.16)
n!

where M = ||a|| o (@) - In the case when f = § (x — z¢) the first term in the right hand

side of (2.15) should be replaced with ug (2 — o, t) . Let uf (,t) be the first term of the
right hand side of (2.15) and v (x,t) = u (z,t) — ul (x,t). Using (2.16)), one can rewrite
E19) as

v (2,t) = //uo (&t —7) (a(©)uf (€.7) + Pla) (¢, 7)) dedr. (2.17)
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where P (a) is a nonlinear operator applied to the function a. It is clear from ([2.15)-
that the operator P : C* (Q) — C?***1**/2(Q,) is continuous. Setting in
(z,t) € St, recalling and denoting denoting g (x,t) = g (x, 1) —ug (x,t), we obtain a
nonlinear integral equation of the first kind with respect to the unknown coefficient a (x)

//uo(x—f,t—T) (u{;(f,T)a(f)—l-P(a)(f,T)) dédr =g (x,t), (x,t) € Sp. (2.18)
0 Q

Let A (a) be the operator in the left hand side of (2.18). Let H; = Lo () and Hy =
Ly (St) . Consider now the set U of functions defined as

U= {a ta€C*(Q), Ha”ca(ﬁ) < M} C H,.

Since the L, (€2) —norm is weaker than the C (€2) —norm, then U is a bounded set in
H,. Using and Theorem 2.1, one can prove that A : U — C(Sr) is a compact
operator. Since the norm in Ly (S7) is weaker than the norm in C (St), then A: U — H,
is also a compact operator. Hence, Theorem 2.1 implies that the problem of solution of
the equation

A(a)=g,a €U C Hy,g € Hy

is ill-posed in terms of the above Conclusion.

3 The Foundational Theorem of A.N. Tikhonov

This theorem “restores” stability of unstable problems, provided that uniqueness theor-
ems hold for such problems. The original motivation for this theorem came from the
collaboration of Tikhonov with geophysicists. To his surprise, Tikhonov has learned that
geophysicists successfully solve problems which are unstable from the mathematical stand-
point. Naturally, Tikhonov was puzzled by this. This puzzle has prompted him to explain
that “matter of fact” stability of unstable problems from the mathematical standpoint.
He has observed that geophysicists have worked with rather simple models, which included
only a few abnormalities. In addition, they knew very well ranges of parameters they have
worked with. Also, they knew that the functions, which they have reconstructed from
measured date, had only very few oscillations. In other words, they have reconstructed
only rather simple media structures. On the other hand, the Ascoli-Archela Theorem ba-
sically requires a priori known upper bounds of both the function and its first derivatives.
Clearly there is a connection between the number of oscillations per a bounded set in R"
and the upper bound of the modulus of the gradient of the corresponding function. These
observations have made Tikhonov to believe that actually geophysicists have worked with
compact sets. This was the starting point for the formulation of the foundational Tik-
honov theorem (below). In particular, this means that in an ill-posed problem one should
not expect to reconstruct a complicated fine structure of the medium of interest. Rather,
one should expect to reconstruct rather simple features of this medium.

The key idea of Tikhonov was that to restore stability of an unstable problem, one
should solve this problem on a compact set. The question is then whether it is reasonable
to assume that the solution belongs to a specific compact set. The answer on this question
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lies in applications. Indeed, by Ascoli-Archela theorem 1.1 an example of a compact set
in the space C (ﬁ) is the set of all functions from C* (ﬁ) which are bounded together
with the absolute values of their first derivatives by an a priori chosen constant. On
the other hand, it is very often known in any specific application that functions of ones
interest are bounded by a certain known constant. In addition, it is also known that those
functions do not have too many oscillations, which is guaranteed by an a priori bound
imposed on absolute values of their first derivatives. These bounds should be uniform for
all functions under consideration. Similar arguments can be brought up in the case of other
conventional functional spaces, like, e.g. C* (ﬁ) , H% (Q), etc. Another expression of these
thoughts, which is often used in applications, is that the admissible range of parameters is
known in advance. On the other hand, because of the compact set requirement of Theorem
3.1, the foundational Tikhonov theorem essentially requires a higher smoothness of sought
for functions than one would originally expect. The latter is the true underlying reason
why computed solutions of ill-posed problems usually look smoother than the original
ones. In particular, sharp boundaries usually look as smooth ones.

Although the proof of Theorem 3.1 is short and simple, this result is one of only a few
backbones of the entire theory of Ill-Posed Problems.

Theorem 3.1. (Tikhonov, 1943). Let B; and By be two Banach spaces. Let U C By
be a compact set and F : U — By be a continuous operator. Assume that the operator F
is one-to-one. Let V = F(U). Then the inverse operator F~1:V — U is continuous.

Proof. Assume the opposite: that the operator F~! is not continuous on the set V.
Then there exists a point yg € V and a number ¢ > 0 such that for any § > 0 there
exists a point ys such that although ||ys — yoll 5, < 9, still [|F~! (ys) — F~' (vo)ll 5, > €.
Hence, there exists a sequence {3, }, -, , lim, .o 0, = 0" and the corresponding sequence
{yn}>>, C V such that

195, = voll g, < O || F~" (yn) = F~ (90)]| , = & (3.1)
Denote
Tn=F 7 (y), 00 = F7' (o). (3.2)
Then
|20 — 2oll 5, > €. (3.3)

Since U is a compact set and all points z, € U, then one can extract a convergent
subsequence {z,, };-, C {z,} -, from the sequence {z,} - . Let limy_ x,, = Z. Then
Z € U. Since F (z,,) = yn, and the operator F' is continuous, then by and
F(Z) = yo = F (x0) . Since the operator F' is one-to one, we should have T = xy. However,
by |7 — @0l g, > €. We got a contradiction. O

4 Classical Correctness and Conditional Correctness

The notion of the classical correctness is called sometimes Correctness by Hadamard.
Definition 4.1. Let B; and B, be two Banach spaces. Let G C B; be an open set
and F': G — Bs be an operator. Consider the equation

F(z) =y, z €G. (4.1)
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The problem of solution of equation is called well-posed by Hadamard, or simply
well-posed, or classically well-posed if the following three conditions are satisfied:

1. For any y € B, there exists a solution x = z(y) of equation (4.1)) (existence
theorem).

2. This solution is unique (uniqueness theorem).

3. The solution z(y) depends continuously on y. In other words, the operator £~ :
By — Bj is continuous.

Thus, the well-posedness by Hadamard means the existence of the solution of the
operator equation for any right hand side y. This solution should be unique. In
addition, it should depend on the data y continuously. All classical boundary value
problems for PDEs, which are studied in the standard PDE course, satisfy these criteria
and are, therefore, well-posed by Hadamard.

If equation does not satisfy to at least one these three conditions, then the
problem (4.1)) is called ill-posed. The most pronounced feature of an ill-posed problem is
its instability, i.e. small fluctuations of y can lead to large fluctuations of the solution .

Since the experimental data are always given with a random noise, we need to introduce
the notion of the error in the data. In practice this error is always due to that random
noise as well as due to an inevitable discrepancy between the mathematical model and
the reality. However, we do not assume the randomness of y in (4.1)). Let § > 0 be a small
number. We say that the right hand side of equation (4.1)) is given with an error of the
level 0 if [|y* — y||5, < &, where y* is the exact value of y, which has no error.

Definition 4.2. Let B; and B; be two Banach spaces. Let G C By be an a priori
chosen set of the form G = G, where G; is an open set in By. Let F : G — B be a
continuos operator. Suppose that the right hand side of equation (4.1)) y := ys is given
with an error of the level § > 0, where ¢ is a small number, ||y* — y;|| 5, < J. Here y* is
the ideal noiseless data y*. The problem is called conditionally well-posed on the set
G, or well-posed by Tikhonov on the set G if the following three conditions are satisfied:

1. It is a priori known that there exists an ideal solution z* = z* (y*) € G of this
problem for the ideal noiseless data y*.

2. The operator F' : G — B, is one-to-one.

3. The inverse operator F'~! is continuous on the set F (G).

Definition 4.3. The set GG of Definition 4.2 is called correctness set for the problem
).

We point out that, unlike the Classical Well-Posedness, the Conditional Well-Posedness,
does not require the correctness set G to coincide with the entire Banach space B;. Like-
wise, Definition 4.2 does not require a proof of an existence theorem, unlike the classical
case. Indeed, it follows from Theorem 2.1 that it is hopeless to prove such a theorem
for equation (2.9). In addition, such a result would not have a practical meaning. For
comparison, recall that a significant part of the classical PDE theory is devoted to proofs
of existence theorems, as it is required by the definition of the Classical Well-Posedness.
On the other hand, in the definition of the Conditional Well-Posedness the existence is
assumed a priori. Still, the existence is assumed not for every y in but only for an
ideal, noiseless y := y*. The assumption of the existence of the ideal solution x* is a very
important notion of the theory of Ill-Posed Problems. Neither the ideal right hand side y*
nor the ideal solution x* are never known in applications. This is because of the presence
of the noise in any experiment. Still, this assumption is a quite reasonable one, because
actually it tells one that the physical process is indeed in place and that the mathematical
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model, which is described by the operator F', governs this process accurately.

The second condition in Definition 4.2 means uniqueness theorem. Combined with
Theorem 2.1, this condition emphasizes the importance of uniqueness theorems for the
theory of Ill-Posed Problems.

The third condition in Definition 4.2 means that the solution of the problem is
stable with respect to small fluctuations of the right hand side y, as long as z € G. This
goes along well with Theorem 3.1. In other words, the third condition restores the most
important feature: stability. The requirement that the correctness set G C B; is not
conventionally used in the classical theory of PDEs. In other words, the requirement of x
belonging to a “special” subset of B; is not imposed in classically well-posed problems.

Motivated by the above arguments, Tikhonov has introduced

The Fundamental Concept of Tikhonov. This concept consists of the following
three conditions which should be in place when solving the ill-posed problem (4.1)):

1. One should a prior: assume that there exists an ideal exact solution z* of equation
for an ideal noiseless data y*.

2. The correctness set GG should be chosen a priori, meaning that some a priori bounds
imposed on the solution z of equation should be imposed.

3. To construct a stable numerical method for the problem (4.1)), one should assume
that there exists a family {ys} of right hand sides of equation (4.1)), where § > 0 is the
level of the error in the data with ||y* — ys]| 5, < 0. Next, one should construct a family
of approximate solutions {zs} of equation , where x5 corresponds to ys. The family
{zs} should be such that

: T
Jim [lzs — 27| = 0.

5 Quasi-Solution

The concept of quasi-solutions was originally proposed by V. K. Ivanov. It is designed to
provide a rather general method for solving the ill-posed problem (4.1)). This concept is
actually a quite useful, as long as one is seeking a solution on a compact set. An example
is when the solution is parametrized, i.e.

N
T = E @i P55
i=1

where elements {¢,} are a part of an orthonormal basis in a Hilbert space, the number N
is fixed and coefficients {a;}._, are unknown. So, one is seeking numbers {a;}"_, C G,
where G C RY is a priori chosen closed bounded set. This set is called sometimes “the
set of admissible parameters”.

Since the right hand side y of equation (4.1)) is given with an error, Theorem 77?7
implies that it is unlikely that y belongs to the range of the operator F'. Therefore, the
following natural question can be raised about the usefulness of Theorem 3.1: Since the
right hand side y of equation most likely does not belong to the range F (G) of the
operator F', then what is the practical meaning of solving this equation on the compact set
G, as required by Theorem 3.1¢ The importance of the notion of quasi-solutions is that
it addresses this question in a natural way.

Suppose that the problem is conditionally well-posed and let G C B; be a
compact set. Then the set F'(G) C B, is also a compact set. We have |ly —y*| 5, < 4.
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Consider the minimization problem,

mén J(x), where J(z) = ||F(z) — y||3, (5.1)

Since G is a compact set, then there exists a point x = z(ys) € G at which the minimum
in (5.1) is achieved. In fact, one can have many points z(ys). Nevertheless, it follows
from Theorem 1.5 that they are located close to each other, as long as the number 9§ is
sufficiently small.

Definition 5.1. Any point x = z(y) € G of the minimum of the functional J(x) in
(5.1]) is called quasi-solution of equation in on the compact set G.

A natural question is: How far is the quasi-solution from the exact solution x*¥¢ Since
by Theorem 3.1 the operator F~! : F(G) — G is continuous and the set F(G) is compact,
then one of classical results of Real Analysis implies that there exists the modulus of the
continuity wr (2) of the operator F~! on the set F(G). The function wr (2) satisfies the
following four conditions:

1. wp (z) is defined for z > 0.

2. wr(z) >0 for z >0, wp(0) =0 and lim, o+ wr (2) = 0.

3. The function w (z) is monotonically increasing for z > 0.

4. For any two points 41, ys € F(G) the following estimate holds

1E 1) = F (o)l < wr(llys = 92)l]5,)-

The following theorem characterizes the accuracy of the quasi-solution.

Theorem 5.1. Let By and B, be two Banach spaces, G C By be a compact set and
F : G — By be a continuous one-to-one operator. Consider equation . Suppose that
its right hand side y := ys is given with an error of the level 6 > 0, where ¢ is a small
number, ||y* — ys||g, < 0. Here y* is the ideal noiseless data y*. Let x* € G be the ideal
exact solution of equation corresponding to the ideal data y*, i.e. F (x*) = y*. Let
x} be a quasi-solution of equation , i.e.

Tg) = min [|F() — o, (52)

Let wr (2),2z > 0 be the modulus of the continuity of the operator F~* : F (G) — G which
exists by Theorem 3.1. Then the following error estimate holds

|25 — 27| g, < wr(20). (5.3)

In other words, the problem of finding a quasi-solution is stable and two quasi-solutions
are close to each other as long as the error in the data is small..
Proof. Since ||y* — ys|| 5, < 0 then

J(«*) = |F(«") = ysll5, = ly" — s, < 6%
Since the minimal value of the functional J (z*) is achieved at the point x{, then
J(@) < J (@) < 8
Hence, ||F(z}) — ys||s, < ¢. Hence,

1F(x5) = F (x|, <[1F(x5) = wslls, + llys — F(27)|[ 5,
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= [[F(25) = ysll 3, + [lys — "Il 5, < 26.

Thus, we have obtained that ||F(zf) — F'(z*)||p, < 20. Therefore, the definition of the
modulus of the continuity of the operator F~! implies . 0

This theorem is very important for justifying the practical value of Theorem 3.1. Still,
the notion of the quasi-solution has a drawback. This is because it is unclear how to
actually find the target minimizer in practical computations. Indeed, to find it, one
should minimize the functional J(z) on the compact set G. The commonly acceptable
minimization technique for any least squares functional is via searching points where the
Fréchet derivative of that functional equals zero. However, the well known obstacle on
this path is that this functional might have multiple local minima and ravines. Therefore,
most likely the norm of the Fréchet derivative is sufficiently small at many points of, e.g.
a ravine. Thus, it is unclear how to practically select a quasi-solution. In other words, we
come back to the following question:

The Central Question of the theory of Nonlinear Ill-Posed Problems: How
to find a good approximation for the exact solution without an advanced knowledge of a
small neighborhood of this solution?

6 Regularization

To solve ill-posed problems, regularization methods should be used. In this section we
present main ideas of the regularization. Note that we do not assume in Definition 77
that the operator F'is defined on a compact set.

Definition 6.1. Let B; and By be two Banach spaces and G C By be a set. Let the
operator F' : G — By be one-to-one. Consider the equation

F(z)=y. (6.1)

Let y* be the ideal noiseless right hand side of equation (6.1]) and * be the ideal noiseless
solution corresponding to y*, F' (z*) = y*. Let §p € (0,1) be a sufficiently small number.
For every § € (0, o) denote

Ks(y') = {2 € Bo: |z y'llg, <5}

Let a > 0 be a parameter and R, : Ks (y*) — G be a continuous operator depending on
the parameter a.

Definition 6.2 (regularization operator and the regularization parameter). The op-
erator R, is called the reqularization operator for equation if there exists a function
a (0) defined for ¢ € (0,00) such that

lim || Rags) (y5) = 2| 5, = 0.

The parameter « is called the regularization parameter. The procedure of constructing
the approximate solution x5y = Ra(s) (¥s) is called the regularization procedure, or simply
reqularization.

There might be several regularization procedures for the same problem. This is a
simplified notion of the regularization. In our experience, in the case of CIPs, usually
a (0) is a vector of regularization parameters, such as, e.g. the number of iterations, the
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truncation value of the parameter of the Laplace transform, the number of finite elements,
etc.. Since this vector has many coordinates, then its practical choice is usually quite time
consuming. This is because one should choose a proper combination of several components
of the vector a(9).

We now present an example of the regularization operator. Consider the problem of
the solution of the heat equation with the reversed time. Let the function u (x,t) be the
solution of the following problem

Up = Uyy, ¢ € (0,m), t€(0,T),
U(J}7T) :y([E) € L2(077T)7

u(0,t) =wu(m,t) =0.

Obviously, the solution of this problem, if it exists, is

u(x,t) = Zyne”Q(T’t)sinnx, (6.2)
n=1

2 ™
Yn = \/j/y(x)sinnxdx.
m
0

It is clear, however that the Fourier series (6.2)) converges for a narrow class of functions
y (z) . This is because the numbers {e”Z(T_t)} grow exponentially with n.

n=1
To regularize this problem, consider the following approximation for the function
u(x,t),

N
uy (z,t) = Z e TV sin na.
n=1

Here o = 1/N is the regularization parameter.

First, we consider the following

Inverse Problem. For each function f € Ly (0,7) consider the solution of the
following initial boundary value problem

U = Vg, x € (0,m), t€(0,7), (6.3)
v(z,0) = f(z), (6.4)
v (0,t) =v (m,t)=0. (6.5)

Given the function y (z) = v (x,T), determine the initial condition f (x) in :

Regularization Operator for Problem (6.3)-(6.5)).

Following the Fundamental Concept of Tikhonov, let y* € Lo (0,7) be the “ideal”
noiseless function y, which corresponds to the function f* in (??). Let the function
Ys € L2(0,m) be such that [lys —y*||;, 0. < 0. Define the regularization parameter
a :=1/N and the regularization operator R, (y) as

N
R (ys) (z) = Y yne" "V sinna, (6.6)

n=1
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2 ™
= \/j/y(; (x) sin nzdz
7T
0

Let f* € C1[0,7] and f*(0) = f*(7) = 0. The integration by parts leads to

5 _\f / £+ (2) sinnads = = \[ / Y cos nads.

Hence, )
o < 10 @)
n — TL2
Hence, ,
> , Ol @) on
> e K Jesony (6.7)
n=N+1

where C' > 0 is a constant independent on the function f*. Consider now the function

Ra(y)_f*7
(ys) — [* —\/EZ smnx—\/7 Z frsinnx.

n=N+1

Since functions {(2 /)2 sin na:} form an orthonormal basis in Ly (0, 7), then

n=1
1R (4) = F* 70 0m < WTZ + > ()
n=N-+1
This implies that
1R () = 11,00 < V7074 )0 (f0)2 (6.8)

n=N+1

The second term in the right hand side of is independent on the level of error . How-
ever, it depends on the exact solution as well as on the regularization parameter « = 1/N.
So, the idea of obtaining the error estimate here is to balance these two terms via equaliz-
ing them. To do this, we need to impose an a priori assumption first about the maximum
HLQ(O,’TF) < M?
where M is a priort given positive constant. This means, in particular, that the resulting
estimate of the accuracy of the regularized solution will hold uniformly for all functions

f* satisfying this condition. This is a typical scenario in the theory of Ill-Posed Problems.
Using (6.7), we obtain from (6.8)

of a certain norm of the exact solution f*. Hence, we assume that H( f

Y

. CM?
[ Ra (o) = f N s m < €70° +

The right hand side of contains two terms, which we need to balance by equalizing
them,

(6.9)

2N2T ¢2 CM?
e
¢ N
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Since e2N' TN (CM?) ™" < 3T for sufficiently large N, we set

3N3T _ i

e 52.

Hence, the regularization parameter is

0=y = I ()]

Here {a} denotes the least integer for a number a > 0. Thus, implies that
CM?

o)

It is clear that the right hand side of this inequality tends to zero as  — 0. Hence, Ry s)
is indeed a regularization operator for the above Inverse Problem.

12
| Ra (ys) — f HLQ(OJ’I’) <6+

7 The Tikhonov Regularization Functional

A Member of Russian Academy of Science Dr. Andrey Tikhonov (Moscow State Univer-
sity) has constructed a general regularization functional which works for a broad class of
ill-posed problems. That functional carries his name in the literature. In this section we
construct this functional and study its properties. The Tikhonov functional has proven
to be a very powerful tool for solving ill-posed problems.

7.1 The Tikhonov Functional

Definition 7.1. Let B and @ be two Banach spaces with norms ||-[|; and [-||, respect-
ively. Let Q C B as a set. We say that the space @) is compactly embedded in the space
B if any closed subset of @, which is bounded in terms of the norm ||-||,, is a compact
set in the space B and also

121l 5, < llzllg, ¥z € Q C By,

i.e. the norm in B; is weaker than the norm in ().

Let B; be a Banach space. Let the space Q be Q C B; as a set, Q = B;, where the
closure is understood in the norm of the space B; and let () be compactly embedded in
B;. Some examples of () and B, are:

a. By =Ly (Q),Q = H*(Q),Vk > 1, where Q C R" is a bounded domain.

b. By =C™ (ﬁ) ,Q = Cmtk (ﬁ) ,Vm > 0,Vk > 1, where m and k are integers.

c. Bp=C™ (ﬁ) ,Q = H*(Q),k > [n/2] + m, assuming that 9Q € C*. This follows
from the Sobolev embedding theorem.

Let G C B be the closure of an open set. Then G N Q # @,since Q = B;. Let B,
be another Banach space. Consider a continuous one-to-one operator F' : G — Bs. The
continuity here is in terms of the pair of spaces B, By, rather that in terms of the pair
@, Bo. We are again interested in solving the equation

F(z)=ys5,x € GNQ. (7.1)
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Just as above, we assume that the right hand side of this equation is given with a small
error of the level § € (0,1). Let y* be the ideal noiseless right hand side corresponding to
the ideal exact solution z* € G N Q,

F@@")=y" s —y"llp, <9 (7.2)

The Tikhonov regularization functional .J, (x) is

1 Q
Ja(2) = 5 I1F() = yllh, + 5 o = zolly (73)

J,:GNQ >R, z€GNQ,

where o = a (0) > 0 is a small regularization parameter and the point 2y € Q). In general,
the choice of the point xy depends on the problem at hands. Usually z( is a good first
approximation for the exact solution z*. Because of this, xg is called the first guess or
the first approximation. The dependence o« = «(4) will be specified later. The term
allz — :c0H2Q is called the Tikhonov regularization term or simply the regularization term.

Thus,
Io,IL‘* € GﬂQ (74)

Suppose that
[zl < AVz e GNQ, (7.5)

where A > 0 is a constant. Then by the triangle inequality, (7.4 and (7.5)) in (?7?)
L+ [Jxollg + |2 —@ollp €T+ A+24 =34+ 1. (7.6)

Consider the set M C @,

M:{ZGQ:HzHQ§3A+1}. (7.7)
We assume that
McC(GNQ). (7.8)
By (74)-(7.8)
o,z € M C(GNQ). (7.9)

7.2 Approximating the exact solution z*

Consider a sequence {5k}Z°:1 such that 0, > 0,lim;_ 0 = 0. We want to construct
sequences {a (65)}, {Za(s,) } such that

Jim |z, — 27| 5 = 0.

Hence, if such a sequence will be constructed, then we will approximate the exact solution

x* in a stable way, and this would correspond well with the second condition of the

Fundamental Concept of Tikhonov.
Using ((7.2)) and (7.3)), we obtain

2

« « 0 « %
+ 5 " = wollg < 5 + 5 12" = wollg - (7.10)

5
) <
Joo(27) < =9 Ty

2
2
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Let
Me(sy,) = Cl:%g Ja(ék) (IE) .
By (7.10))
Ma(s,) < D) + 5 2" — IOHQ'
Hence, there exists a point x,(5,) € G such that
52 o (6k) * 2
M) < Joy) (Ta@n) < 5+ =5 2" = wollg - (7.11)

Theorem 7.1. Suppose that the above conditions imposed on the sets G, () and the
operator F' hold. Also, assume that conditions —(@ are valid. Let

(52
li = —r <1 12
kl_g)loa(éw 0 and o) = (7.12)
Then the sequence {xa((;k)} converges to the exact solution x* of equation in the
norm of the space By, i.e.
kll_{rolo |Za(s,) — :L‘*HBI = 0. (7.13)

Remarks 7.1:

1. Note that convergence takes place in the norm of the space By. This norm
1s weaker than the norm of the space Q) in which the reqularization term is taken. Still,
the sequence xs,) converges to the point x* which is in Q) rather than in B1\Q. This is
typical for ill-posed problems.

2. In , the inequality 63/ (6x) < 1 can be replaced with 83 /a (6;) < C for any
fixed constant C' > 0. We use “1" only for the convenience.

Proof of Theorem 7.1. By ((7.3) and (7.11])
0
a (0x)

|7a() — 0|5 < + [l — ol - (7.14)

We know that
va?+ b <a+bVa,b>0.

Hence, by (7.14)

J
HZBa(ék)—Z'OHQ < W%—Hx*—xoﬂq). (7.15)
Furthermore, by the triangle inequality ||zq(s,) — :L‘OHQ > Hxa((;k)HQ — |lzol|, - Hence,

[712). (7-6) and (7-15) imply that

|za@oll < 1+ lzollg + ll2* — zollg < 3A+1.

Hence, the sequence {Jfa(gk)} C @ is bounded in the norm of the space (). Namely, by

and i
{2a@pn)} oy CTM C(GNQ).

Since @ is compactly embedded in By, then ((7.7) implies that M is a compact set in
B;. Hence, there exists a subsequence of the sequence {xa((;k)}zozl, which converges in
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the norm of the space B; to a certain point T € G. For brevity and without any loss of
generality we assume that the sequence {xa((gk)}:;l itself converges to 7,

Jim |20 = 7| 5, = 0. (7.16)

Then ([7.11)) and the first equality (7.12]) imply that

]}LI{.IO Ja((gk) (Cl,‘a((sk)) = 0. (7.17)
On the other hand, by (7.2)
Jim {lys, —y*llp, = 0- (7.18)

Hence, the first equality (7.12)) and (7.16)-(7.18)) imply that

| .
lim Jags (o) = 5 . [|F (@aen) = v, + 0 00) [z = 2ollg]  (719)

1 — *
=S IF@ -y,

Hence, (7.16|) and imply that ||F'(Z) — y*|| 5, = 0, which means that F'(z) = y*.
Since the operator F'is one-to-one on the set G and since by r* € G, then T = z*.

Thus, we have constructed the sequence of regularization parameters {« (0x)},-, and
the sequence {xa((gk)}zozl such that

*

=0.0

i [|zag,) — 27 5,

To guarantee the second inequality (7.12)), one can choose, for example « (d;) =
Col, € (0,2]. It is reasonable to call {xa((gk)}:j:l reqularizing sequence.

We point out that the condition that the operator F is one-to-one plays a crucial role
in the above construction since it guarantees that T = z*. The sequence {xa((;k)}zozl is
called minimizing sequence.

There are two inconveniences in the above construction. First, it is unclear how to find
the minimizing sequence computationally. Second, the problem of multiple local minima
and ravines of the functional presents a significant complicating factor in the goal
of the construction of such a sequence.

7.3 Regularized solution and accuracy estimate in a finite di-
mensional space

The construction of section 7.2 does not guarantee that the functional J, (z) indeed
achieves it minimal value. Suppose now that the functional J, (z) does achieve its minimal
value,

Jo (To) = glr% Jo (), a0 = ().
Then z,5) is called a regularized solution of equation for this specific value o =
a (0) of the regularization parameter. It is important to prove convergence of regularized
solutions to the true one x*. This is done in the current subsection.

Consider now the case when B; = R", i.e. the finite dimensional space. In this case
any closed bounded set is a compact set. The norm in this set is denoted ||z .
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Remark 7.2. The importance of a finite dimensional space is due to the fact that real
computations are always done in finite dimensional spaces.
Let G C R™ be a closed bounded set. Let B, be another Banach space. Consider
a continuous one-to-one operator F' : G — B,. We are again interested in solving the
equation
F(x)=ys,xz €qG. (7.20)

Let the number 6 € (0,1) be the level of a small error in the data. Let y* be the ideal
noiseless right hand side corresponding to the ideal exact solution z*,

F) =y g =yl <9 (7.21)
Consider the Tikhonov regularization functional J, (z) : G — R
1 o}
Ja(2) = 3 IF () — walls, + 5 o ol (7.2

Let A = const. > 0. We impose the following analogs of conditions (7.4))-(7.9)): Let

M={zeR":|z|| <3A+1}, (7.23)
We assume that
MCd (7.24)
and that
2ol , 2"l < A. (7.25)
Hence, by (7:23)-(7-25)
ro,x" € M C G. (7.26)

Let R (M) be the range of the operator I’ while it acts only on elements of the set M.
By the fundamental theorem of Tikhonov the operator

F ' R(M)— M (7.27)

is continuous. Therefore, as it is well known from the Analysis course, that there exists
the modulus of the continuity of the operator in (7.27). In other words, there exists a
function wg s : (0,00) — (0, 00) such that:

L. wpar (21) <wpar (22) if 21 < 29.

2. lim, .o+ wpar (2) = 0.

3. The following estimate holds:

||JZ1 — ZL‘Q” < WE M (HF(ZL‘l) — F(IL‘Q)”BQ) ,VZL‘l,ZEQ e M. (728)

Theorem 7.2. Suppose that conditions of this subsection imposed on the set G C R"
and the operator F : G — By hold. Consider the problem of the solution of equation

. Assume that conditions -(7.27) are valid. Then the functional F achieves

its minimal value on the set M at a point x5, € M. Furthermore, the following accuracy
estimate for the regularized solution s, is valid

|50 — 2| < wpm (2 (5 + A\/a)) ) (7.29)
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In particular, if o = a (§) = 6%, then
5.0 — 2*|| < wpar (20 (A +1)). (7.30)
Remark 7.3. Just as in section 6, let
Ks(y") ={z € B2t |lz = y"|lp, < 0}

Assume that the regularization parameter o = « (8) = 6. Consider the operator Rus) :
Ks (y*) — M defined as Ros) (Ys) = Ts.a(5), Where x5.4(5) is defined in Theorem 7.2. Then
Ras) (ys) is the regularization operator for the problem .

Proof of Theorem 7.2. Since the closed ball M is a compact set in R”, then by
the Weierstrass theorem, the functional J, (z) achieves its minimal value on M at a point
Z54 € M. Since by x* € M, then

To(@50) < Ju (%) = S 1PG) = wolld, + 5 llo® = 2ol

1 * a *
= Sl = sl + 51" = ol (7.31)
By 1) ly* — y(;||2B2 < 6%. Hence, 1) and 1’ imply that

1 *
E (5+\/E||x —$o||),

This, (7.25)) and the triangle inequality imply
1
V2

Next, using the triangle inequality and ([7.21)),
17 @5) = wils, = I(F (250) = F @) + (F ) = ),

> ||F (25.0) = F (27) | g, = [1F (=) = sl 5,
> ||F (#5.0) = F (2"l 5, — 0.

| (25.0) — y6||32 <

IF (250) — sllp, < —= (6 +24v/a) <5 +24a. (7.32)

Thus,
1F (25.0) = Ysll g, = 1F (25,0) = F (27 g, — 9.

Substituting this in (7.32)), we obtain
IF (@50) = F (@), <2 (5 + AVa). (7.33)

Estimates ((7.29) and ([7.30)) follow immediately from ([7.33)) and ((7.28)). O
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8 Uniqueness of a Coefficient Inverse Problem for a
1-Dimensional Wave-Like Equation

A Coefficient Inverse Problem (CIP) is the problem of finding a coefficient of a Partial
Differential Equation (PDE) from boundary measurements. The topic of CIPs is the single
most challenging and single most applied one among all other topics of the field of Inverse
Problems. The unknown coefficient characterizes a material property of a constituent
material of a medium of interest. Therefore CIP is the problem of finding the unknown
property of the interior using boundary measurements only. In other words, this is a non
invasive technique! Most exiting medical examples of CIPs are ultrasound devices and
X-ray tomography.

I have dedicated my entire career to CIPs. Initially I was focusing on uniqueness
questions only. But starting at about 2001, I became increasingly more interested in
globally convergent numerical methods for them.

All CIPs are nonlinear and all ill-posed. The reason of their nonlinearity is that
solution of a PDE depends nonlinearly on its coefficients. For example, consider a trivial
ODE

y' =ay,y(0) =1,

where a = const. Then
y(t,a) = e™.

Hence, the function y (¢, a) depends nonlinearly on the coefficient a.

8.1 Statements of forward and inverse problems

Consider the wave-like equation with the potential function ¢ (z) € C' (R),
Uy = Uy +q(x)u,z € Rt € (0,7, (8.1)

u(x,0) =0,u; (x,0) =0 (z), (8.2)

The Cauchy problem (8.1)), (8.2)) is our forward problem.
Here 6 (x) is Dirac delta function. Actually this is a functional (by Sobolev) which

acts on “good functions" as
(0 (x), f () = f(0). (8.3)
This is often CONDITIONALLY written as

[i@ @iz = ).

although this is not a true integral. Paul Dirac (a French physicist and a Nobel laureate)
has defined his function as:
5(%)2{ 0,7 #0,

oo,z =0

and

/5(m)da::1.



25

This is of course not a rigorous definition. So, a Russian mathematician Sergey Sobolev
in 1930-ies has introduced a rigorous definition of the delta function as in (8.3). He has
introduced the so-called “generaliz0ed" functions, which are functionals on a linear space
of C'*°— functions.

In Physics, ¢ (x) corresponds to the point source at {0} . We can also consider 0 (z — )
which means the point source at {z(} . Hence,

(6 (x —0), [ (z)) = f(20),
or, conditionally,

[o( =20 1 (&) dz = f ().
R
Therefore, the physical meaning of the solution u (z,t) of problem (8.1)), is that the
wave propagation process was generated by a point source located at (0) at the moment
of time ¢ = 0. And u (x,t) is the amplitude of the wave at the point € R and at the
moment of time ¢ € (0,7"). ¢ (x) is the scattering potential, i.e. this function causes waves
to scatter.
Definition 8.1. If the coefficient q(z) is known, then the problem of finding the
function u (x,t) from conditions , 18 called the “forward problem”.
Definition 8.2. In fact, the problem , 15 called the “Cauchy problem" for
the hyperbolic equation .
Coefficient Inverse Problem 8.1. Suppose that the following two functions fo (t), f1 (t)
are given:

fO(t):u<O’t)7f1 (t):uac(()»t)vte(()?T)' (84)

Find the function q (z) for x € (—a,a), where the number a > 0 will be defined later.

So, we measure the scattered wave at the point {x = 0} and want to find the scatterer
q (z) from these measurements.

In practice usually only the function fj (¢) is measured, i.e. the amplitude of the wave
at {x =0} . Assuming that the function ¢(x) = 0 for z < 0, one can easily find the
function u (x,t) for x < 0,t € (0,T) as the solution of the following initial boundary value
problem:

Ut = Uz, T € (—00,0),t € (0,T),

u(z,0) =0,u; (x,0) =0 (z),
u(0,1) = fo(t).

This is well known from the first part of the PDE course. Therefore, we can uniquely
determine the function u, (0,t) = f1 (¢).

8.2 The form of the solution of the forward problem

Consider just the Cauchy problem for the wave equation
Uy = Uge + f (2,8),2 € Rt € (0,T), (8.5)

u(z,0) =0,u; (x,0) = (), (8.6)
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where f (x,t) € C' (R x [0,77]) is a given function. Then by the D’Alembert formula

» -
/w )de + O//Tfé, dédr.

Let now v (z) = § (x) . Denoting ¢ (x) = 1, we obtain

T+t T+t

/w(f)%:/d(g‘).g(@df:{ 9(0)=1ifx+t>0.andx—t<0,

0 otherwise.

r+t>0and z —t <0 means —t < x <1, i.e.
t>|z|.
Counsider the Heaviside function

1,2 >0,
H<Z>:{0z<o.

Hence,
x+1

/5 €)de = H (t — |x]).

Hence, if ¢ () = 0 (x), then the solution of the problem (8.5)), is

t x+1

w (o t) = ; (t— ) + //f ¢ 1) dedr. (8.7)

0 z—T1

If f =0, then means that the wave amplitude u (z,t) = 0 at the observation point
x for t < |z|, i.e. for those times t, for which wave did not yet reach the point z. In
particular, this means that the speed of waves propagation is just 1. But as soon as the
wave reaches the point = at the moment of time ¢ = |z|, it stands unchanged there for all
follow up times.

Denoting temporary f(x,t) = q(z)u(z,t), we obtain that the solution of problem

(8.1)), (8.2) has the form:

t x+1

w () = ; (t = |a]) + // w (€, 7) dédr. (8.9)

Lemma 8.1. In u(x,t) =0 for t < |z|.
Proof. If t < |z|, then by (8.8])

t z+1

/ / ) dedr, t < |al. (8.9)

0 z—71
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The integration is carried out over the triangle with the vertex at (z,t) and its sides
intercept xr—axis at points x —t and x +t. Hence, this triangle is located below the graph
of the function ¢ = |z|. Hence in integral T <€,

Hence, is a homogeneous Volterra integral equation. Hence, implies that
u(z,t)=0fort < |z|.O

Recall that the Volterra integral equation is

yﬁ%—/Kﬁﬁw@%h+f@%

If f(t) =0, then y () = 0, see my previous PDE course.
Because of Lemma 1, we can rewrite equation (8.8) in the form

. ) (z+t)/2 t—|z—¢|
u(m,t):§+§ / q (&) dg / w(& T)dr,t > |z|. (8.10)
(z—t)/2 €]

The integration in (8.10|) is carried out over the domain D in the (z,t) plane,

D={(&m) gl <7 <t—|e—¢l}. (8.11)

The domain D is the intersection of {t > |z|} with the triangle whose vertex is at the
point (z,t) and sides intercept the x—axis at points z — ¢ and = + t.

Exercise 1. Using this geometrical description, prove that limits of integration in
8.1()) are correct ones.

8.3 Uniqueness of the Coefficient Inverse Problem

I will prove uniqueness theorem first. And will formulate it then.
The following formula is well known

B(t) B(t)
o |9t dr=g(t,5(8) 5 (1) =g (t,a(t))a’ (1) + /gt (t,7)dr, (8.12)
at) al(t)

for appropriate functions involved here. Also,

r . 1,37 > O,
|z|" = sign (z) = { la<0. (8.13)
Consider
u(t,t) = lim+u($,t) ;x> 0.
t—|z|
By (8.10)

t t—[t—¢]

u (t,t) :1 —/q (&) d¢ / u (&, T)dr. (8.14)



28

Since by (8.11)) ¢ > |£], then
t—t—¢l=¢

If € > 0, then ¢ = [£|. Hence, upper and lower limits of the interior integral in ({8.14])
equal to each other in this case. Hence, the integral in (8.14]) equals zero in this case.

If £ <0, then t — |t —&| < |£|. Hence, by (8.11]) the integral in (8.14) again equals
zero. Thus,

1
u(t,t) = lim wu(x,t) = -, >0. (8.15)

t—|a|t 2

Exercise 2. Prove that

1
u(—t,t) = tlilmﬁu(x,t) =5 %< 0. (8.16)

Using (B.10), (8.12), (8.13),

(z+t)/2
wet) =5 [ a@uet=lo-g)son(c - o) de (8.17)
(z—t)/2
Hence, by
t/2
/q@M@ﬁ—KDwMO%=2ﬁ®-
—t/2
Hence, by and
t/2
2710 =50 (5) +30(-5) + [a@uci-m@de 19

Next, since we have u; in (8.18)), then we have to have an equation for u;. By (8.10),
®12), 8 13)

(z+1)/2
)= [ a©uEt-lo-ehdet>al. (5.19)
(v—)/2
Next,
) t/2
w00 =)= [a©uieele) e
—t/2
Hence,
t/2
2730 =50 (3) 30 (-3) + [a©@uiet-lehas (5:20)
—t)2
Sum up (8.18) and (8.20)),
t/2
0(5)+ [e@uiet-leim©+ e =200+ K1) s21

—t/2



We now subtract (8.20) from ({8.18)),
t/2

t . - ’ ot
; (——) + [ al©u 6016 (sign (€ ~ e = 2(51(0) — 1)

2
—t/2

Denote

Then
q(z)=H (z)p(z)+ H(—z)r(—z).

Then (8.21)) and (8.22)) can be rewritten as:

t/2

p(3) +2 p@uict- i =200+ 1 0).

. (%) _ z/r@) we (€.t — €]y de+ = 2(F1 () — fi(1)).

—t/2
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(8.22)

(8.23)

(8.24)

(8.25)

(8.26)

Assume now that we have two solutions of our inverse problem (q;,u;) and (g2, us) .

Then by (§24) and (8:25)
pi(t)=q;(t),r;(t) =q;(—t),t>0,j =12,

¢; () =H(x)pj(x)+ H (—x)rj(z),j =1,2.

Denote

p(x)=p1(x) —py(x),7(—2) =11 (—2) —1ro (—x),2 > 0,
u(x,t) =uy (x,t) —ug (x,1).
Hence, to prove uniqueness for our inverse problem, we should prove that

p(x)=7(—x)=0,2 >0,

u(x,t) =0 for all x and all ¢ > 0.

Note that for any numbers aq, by, as, bs
a1b1 — a2b2 = (a1b1 — agbl) + ((lgbl — agbg)

= ((ll —CLg) b1 +6L2 (bl — bg)

(8.27)

Hence, substituting in (8.25) and (8.26)) (p1,71,u1) and (p2, 72, u2) and then subtracting,

we obtain
t/2 t/2

ﬁ(f) 2 [p@u (et = I d+2 [ O 60~ e g =

0

(8.28)
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0 0
P(-5) v [FCOmiet- ka2 [rn-9u -l =0 (529
—t/2 —t/2
In addition, by and
X (z+t)/2
W=y [ HOFO+HEOFOmEt—|o-ghd  (830)
(z-1)/2
. (z+t)/2
3 [ w@uEt-lo-e)det> ol
(a—1)/2
Also, by
. (z+t)/2 t—[z—¢]
i@t =5 [ HOFO+HEOT0) [ wer)dnds
(z—t)/2 €]
el
w3 [ w© [ aenidses (8:31)
(z—1)/2 l€]

Integral equations (8.28)-(8.31]) represent a homogeneous system of Volterra integral
equations with respect to the vector function

(ﬁ(%) ,?(—%) T (1) ,ﬂ(m,t))T.

Recall that the data fo (t), fi1 () for the inverse problem are given for ¢ € (0, 7). Therefore,
p(x) =7 (—x) for z € (0,T/2),

u(z,t) =0 forx € (0,7/2),t € (0,T).

Thus, we have proven Theorem 8.1:

Theorem 8.1 (uniqueness). The Coefficient Inverse Problem 8.1 has at most one
solution q (x) € C'[-T/2,T/2].

Also, in fact, it follows from an insignificant modification of the above discussion that
Theorem 8.2 is also valid:

Theorem 8.2. Assume that the function q(z) € C[=T/2,T/2]. Then there ezists

unique solution u (z,t) € C? (|| <t <T) of the forward problem (8.1), (8.9).
Exercise 3. Prove Theorem 8.2.
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9 Introduction to the Bukhgeim-Klibanov Method

9.1 Preliminaries

In this section 9 we will see how to prove an analog of Theorem 8.1. But instead of
integral equations of section 8, we will use the Bukhgeim-Klibanov method, which is
based on Carleman estimates. This method, so as the apparatus of Carleman estimates,
was first introduced in the field of Coefficient Inverse Problem by A. L. Bukhgeim and M.
V. Klibanov in their paper

“Uniqueness in the large of a class of multidimensional inverse problems", Soviet Math-
ematics Doklady, 17, 244-247, 1981. “Doklady" means "reports" in Russian. This journal
publishes only short communications of either members/corresponding members of the
Russian Academy of Science (RAS), or those works, which are communicated by members
of RAS. As of 10/27/2021, this paper has 601 citations, https://scholar.google.com /citations?user=pl

Here is the copy of the first paragraph of this paper “Uniqueness theorems for multi-
dimensional inverse problems have at present been obtained mainly in classes of piecewise
analytic functions and similar classes or locally (see [1] -[7] , [15] and the literature cited
there ). Moreover, the technique of investigating these problems has, as a rule, depended
in an essential way on the type of the differential equation. In this note a new method of
investigating inverse problems is proposed that is based on weighted a priori estimates.
This method makes it possible to consider in a unified way a broad class of inverse prob-
lems for those equations Pu = f for which the solution of the Cauchy problem admits a
Carleman estimate of the type considered in [8] -[11] .The theorems of §1 were proved by
M. V. Klibanov and those of §2 by A. L. Bukhgeim. They were obtained simultaneously
and independently."

We will prove both uniqueness and stability theorems for the CIP 8.1. “Stability
theorem" means an estimate of the modulus of the continuity of the inverse operator.

We remind the material of section 4. Let B; and B, be two Banach spaces. Let
G C B; be compact set and F' : G — By be a continuos one-to-one operator. Then by
the Tikhonov foundational theorem the operator F~! : F(G) — G is continuous. Since
F' is continuous, then the F'(G) is a compact set. Hence, one of classical results of Real
Analysis implies that there exists the modulus of the continuity wr (z) of the operator
F~! on the set F(G). The function wy (z) satisfies the following four conditions:

1. wp (z) is defined for z > 0.

2. wr(z) >0 for z >0, wp(0) =0 and lim, o+ wr (2) = 0.

3. The function wp (2) is monotonically increasing for z > 0.

4. For any two points 41, ys € F(G) the following estimate holds

[~ (y2) = F ()|l 5, < wr (e = w1ll,) Vo1, 42 € F(G). (9-1)

Definition. “Stability estimate" of the operator F~' : F(G) — G 1is either estimate
or any estimate of the right hand side of as wr (2) < wg) (2) for all z > 0,

where wg) (2) is another function satisfying conditions 1-3. This means that

1F 7 (2) = F7 ()|, < wr (lve — il s,) < @i (lv2 =l p,) -

‘v’yl,yg c F(G)
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9.2 The forward and inverse problems

We recall the statement of the CIP. But unlike section 8, we assume now that

>0 forze (0,1),
i@ e C®), a0 ={ 20 () 92)
The forward problem:
Uy = Uge +q(x)u,z € Rt € (0,T), (9.3)
u(x,0) = 0,u; (x,0) =0 (). (9.4)
Coefficient Inverse Problem 9.1. Suppose that the following two functions fo (t), f1 (t)
are given:
w(0,t) = fo(t),u, (0,t) = f1(t),t € (0, T+ 1). (9.5)

Find the function q(z) satisfying conditions (9.3).
Therefore, we should find ¢ (x) only for x € (0,1). As we have derived in Lemma 8.1
and in (8.10)),

(a+)/2 t— o]
o] bt [ a©@a [ uEnan o>, 00
(z—t)/2 13
0,t < |z|.

Lemma 9.1 (absorbing boundary conditions). For every two numbers A > 1 and
B > 0, the function u(x,t) satisfies the absorbing boundary conditions:

Uz (A t) +ug(At) =0, ug(—B,t) —u(—B,t) =0, Vt € (0,T). (9.7)
Proof. Using (9.2), we can rewrite as

(z+t)/2 t—|z—¢|
(e, t) = S H (¢ = |al) + S H (¢~ Ja]) / 2(6) de / w(er)dr.  (9.8)
€]

The presence of the function H (t — |z|) in the second term of the right hand side of
is due to Lemma 8.1, which claims that u (z,t) = 0 for ¢ < |z|. Denote

[en]

o (2,1) = %H(t— 2])

Clearly the function g (z,t) satisfies (9.7). Denote @ (z,t) = u(z,t) — ug(z,t). Differen-
tiating (9.8), we obtain similarly with (8.17)
(z+t)/2
_ 1 :
Wt ==y [ sim@-Qa©uiet—lo-ghdg t>lsl.  ©9)
0
(@+t)/2

miet) =3 [ a@uet-lo-ghds > ol (9:10)
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If x > 1, then in (x — &) =1, since ¢ (§) = 0 for € > 1. Hence, by and (9.10))
Uy (x,t) = =y (x,t) 2 > 1,

which implies the first equality .

Next, if z < 0, then in (x — &) = —1 since ¢ (&) = 0 for £ < 0. Hence, and
(9.10)) imply in this case

Uy (x,t) =0 (x,t) 2 <0,

which implies the second equality . U
Lemma 9.2. We have:

1
u(x,t) > E’t > |z, (9.11)
1
u(t,t) = tl_i)rarﬁu(x,t) =50 > 0. (9.12)

Proof. Since is the Volterra integral equation, then we can solve it by successive
approximations as:

quJ):%H(t—MD, (9.13)
. (z+t)/2 t—|z—¢]
Up (z,t) = §H(t — |z|) / q (&) de / Up—1 (&, T)dT,n=1,.., (9.14)
0 €]
w(z,t) = u,(x,1). (9.15)

Suppose that x € [a,b] for an arbitrary finite closed interval [a,b]. Then the function
un (x,t) can be estimated as:

()"

un (2, < =

,x € [a,b], (9.16)

where the positive constant C' = C' ( a, b, HQHC[o,q) > (0 depends only on listed parameters.
&

Hence, (9.16]) implies that series (9.15)) converges uniformly and absolutely for (z,t) €
[a,b] x [0,T] . Next, since by (9.2)) ¢ (z) > 0 for all z, then (9.14]) implies that all functions

].
up (z,t) > 0. This, (9.13)), (9.15) and (9.16) imply (9.11). Equality (9.12) follows from
’15). O
9.3 Integro-differential equation

Consider the function u(z,t) for x > 0 above the characteristic line {f = 2} and change
the variables as
v(z,t) = u(x,t + x), for z,t > 0. (9.17)

Substituting in (9.3]) and using Lemma 9.2, we obtain

Veg — 204 +q () v =0, for z,t > 0, (9.18)

1
v (z,0) = 2 for x > 0, (9.19)



v(0,8) = fo (), va (0,8) = f5 () + f1 (1),
v(x,t) > %, for x,t > 0.
It follows from that we can consider the function p(z, 1),
p(z,t) = Inv(x,t).
Using —, we obtain a nonlinear equation,
Pz = 2Pat + Pa — 2papr = —q (x), for (z,t) € (0,1) x (0,T),

p(z,t) = —1n2,

p(0.6) =In fo (t), o (0,6) = %@J;“)

The absorbing boundary condition at x = 1 implies
p: (1,t) =0,t € (0,7).

Hence, the target coefficient is
q(x) = 2py (2,0).
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(9.20)

(9.21)

(9.22)

(9.23)

(9.24)

(9.25)

(9.26)

(9.27)

Equation has two unknown functions, p(x,t) and ¢(z), which is inconvenient.
On the other hand, the function ¢(x) stands alone is in , and it is independent
on t. Therefore, we follow the first step of the method of Bukhgeim-Klibanov method.
More precisely, we differentiate both sides of equation ((9.23) with respect to ¢. Thus,
we eliminate the unknown coefficient g(x) from this equation and obtain an integro-

differential equation this way.
Let

U}(ZL’, t) = pt(xu t)
Then (0:24) and (9.28) imply
t

plx,t) = /w(a:,r)dr —1In2.

0

Also, by (0.27) and (9.25)
q(x) = 2w, (x,0).

Define the quasilinear integro-differential operator L as

t t

L(w> = Wy — 2Wey + 2w, / wr('ru T)dT — 2w,w — 2wy /wm(x’ T)dT'

0 0

Hence, (9:23)-(0.31) imply
L(w) =0, (z,t) € (0,1) x (0,T),

w(()?t) = 4o (t>7 Wy, (Oat) =0 (t)7

(9.28)

(9.29)

(9.30)

(9.31)

(9.32)

(9.33)
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where

1) = )/ Fo), 91(6) = TICARE) + Fule))/ ol

Assume that we have two solutions of problem ((9.31)-(9.33)), wy, ws. Then by (9.30)

we also have two coefficients g1, g2. Denote
W = w; — ws. (9.34)
Use formula (?7?)
a1by — aghy = (a1 — ag) by + as (by — by) ,Vay, by, as, by € R.

Denote
R={(x,t) € (0,1) x (0,7)}.

Then (9:31)-(©:33) imply
t t

Way — 2Wayy = —2®$/w1x(:p,7)d7' — 2w2x/ﬂ7$(x, T)dT (9.35)

0 0

t t

+2w,wy + 2wo,w + Q@t/wlx(x, T)dT + 2w2t/ﬂ7x(m, T)dr, (z,t) € R.

@(0,8) = @, (0,¢) = 0,¢ € (0,T), (9.36)

where

R=(0,1) x (0,7).
We need to prove that (9.35)) and (9.36) imply that

w (z,t) =0 for (z,t) € R.

9.4 Carleman estimate for the operator 9>, — 20,0,

Introduce the function ¢, (z,t),

oy(z,t) =exp (—2A\(x + at)) ,a € <O, %) , (9.37)

where \ > 1 is a parameter, and « is another parameter. Define the space
Hi(R)={u€ H*(R): u(0,t) = u, (0,¢) =0} . (9.38)

Theorem 9.1 (Carleman estimate). There exist constants C' = C'(a) > 0 and Ny =
Xo(a) > 1 depending only on « such that for all functions u € HZ(R) and for all X > )¢
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the following Carleman estimate is valid:

/(um — 2ugy ) o dwdt > C’)\/(ui + u?) o drdt + CN\3 /u%&/\d:vdt

R R R
1 1 1

e / w2 (2, 0) > da + ON° / w(z,0)e P de — Ore T / e, T (9.39)

0 0 0
1

- C’)\Se_zAaT/uQ(a:,T)da:.

0

Remarks 9.1:

1. Note that integrals over {z € (0,1),¢ =0} are non-negative ones in ([9.39). On
the other hand, integrals over {z € (0,1),¢t =T} are non positive ones, which is
inconvenient. So, we will handle the latter ones in the proof of Theorem 9.2 in
subsection 9.6.

2. Another interesting observation here is that an integral over {z = 1,t € (0,T)} is
not present in ((9.39). This means that we do not need to add a boundary condition

at {x = 1} in (9.36)) when proving (77).

3. Since the function ¢, (z,t) is involved as the weight function in Carleman estimate
(9.39), then is called the “Carleman Weight Function" for the operator 9 — 20,0,
in the rectangle R.

Proof of Theorem 9.1. In this proof C' = C' («) > 0 denotes different constants
depending only on a. We assume in this proof that the function u € C? (R) N H¢ (R).
The more general case u € HZ (R) can be obtained from this one via density arguments.
Introduce a new function

v (z,t) = u(z,t) e Metad (9.40)
and express U, — 2u,; via derivatives of the function v (z,t). We obtain:
=TTy = (v, + M) Yy, = (v, + Aaw) @D,
Use = (Vaw + 20, + )\21)) Aol oy, = (Vat + Aaw, + vy + )\2av) eMatat),
(Ugy — 2gy)” e~ @FOD) — [(Vor — 2v0e + A (1=2a)v) +(2A(1—a)v, — 2)\vt)]2 .

Hence,
(Uge — 2gy)? e~ 2AEF0D > (Ug — tiyy)* e~ 2A@Fat)
m xt ’ o ) 2 (9.41)
(4)\ (1 - Oé) Uy — 4)\’Ut) (U:Bx — 2vzt + )\ (1 i 2@) U)

z+1

We estimate from below in two steps two products in the second line of (9.41)) involving
v, and v;.
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Step 1. Estimate

AN (1 — @) vy (Vg — 205 + A (1 — 20) V) 2) (1 — a) v? 2) (1 — a) v?
PR :< PR >x+ 1)

4N (1 —a)v? 22 (1 — a) (1 — 2a) v? 22 (1 — a) (1 — 2a) v?
<_ z+1 )f( v+ 1 >x+ (& +1)* '

Thus, we have obtained on the first step:

AN (1 — @) vy (Vgr — 205 + A° (1 — 20) v) 2 (1-a)v? 2V (1-a)(1- 2a)1)2+

r+1 (z+1)° (z+1)
22(1—a)v?2  2X3 (1 —a) (1 —2a)v? 4N (1 — ) v?
+ f( =)
rx+1 x+1 - x+1 .
(9.42)
Step 2. Estimate
B A\, (vm — 20, + A2 (1 — 2a) v) _ <_4)\vtvx> AAvggv, 4/\vtvx2+ (9.43)
r+1 r+1 ), z+1 (x+1)
4\ v? 4 v? 207 (1 — 2a) v? 4 v2 — AV,
+ 2 - - 2
r+1), (x+1) r+1 t (z+1)
2002 — 2% (1 — 2a) v? 4Av2 — AV,
4 )
r+1 ; r+1 -
Thus,
A\, (vm — 20, + A2 (1 — 2a) v) 4 v? A\v0,,
B 41 - 2 2
3 T (x+1)° (x+1) (9.44)
2202 —20° (1 — 2a) v? N 4\v} — 4,
r+1 . r+1 .
Summing up (9.42) with (9.44)), we obtain
2 —2X\(z+at) 2\ 2 2
(Uze — 2ug) € > 5 [(1— @) vl — 20,0, + 207 | +
(x+1)
2X% (1 — a) (1 — 2a) v? —2(1 = 2a) (A2 + A*0?
(x+1) r+1 t
2\ (1 — ) v? — D, + 4002 220°% (1 —a) (1 — 2a) v?
+ +
r+1 r+1 -

The Cauchy-Schwarz inequality with € :
2 1o
2ab > —ea” — =b",Va,b € R.
€
Hence,

2X (1 — @) v2 — 4 v, + 4 02 > 2\ [(1 —a — &) v? + (2 - é) vf] . (9.46)
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Thus, in order to ensure the positivity of both terms in the right hand side of (9.46)),
we should have 1/2 < ¢ < 1 — a. We take ¢ as the average of lower and upper bounds of

these two inequalities,
171 L 1) = 3 —2a
=513 a)|=—F1—

Hence, (9.46|) becomes

A(1—2 AN (1 -2
2 (1 — a) v? — 4 v, + d\v? > ( 5 a)vi—l— ?)(_2aa)vf. (9.47)

Note that since u € C? (R)NHZ (R) , then v (0,¢) = v, (0,¢) = 0. Hence, (9.47) implies
that the integral of the last line of (9.45) is

_ 2 2 3 o . 2
/ 20 (1 — a) vg — 4 v, + 4 ; N 22 (1—a) (1 —2a)v drdt
r+1 r+1 -

R

T

/ 2 (1 — @) v2 — 4 v, + 4 0? 2A3(1—a)(1—2a)v2
r+1 z+1

0

) (1,¢)dt

2X (1 — a) v2 — 4 v, + 4 v? N 2X% (1 — a) (1 — 2a) v?
x+1 r+1

) 0,6)dt  (9.48)

N o\’ﬂ

B / (2)\ (1 —a)v? — 4 v, + 4)\vt 22% (1 — a) (1 — 2a) v?

1,t)dt > 0.
r+1 r+1 >(’) -

0

We have used the fact here that the third line of ((9.48) equals zero.
Hence, integrating (9.45) over R and taking into account ((9.48), we obtain

/ (Ugg — 2ugy)” e @FD > O\ / (v2 +v7) dzdt + CN® / v2daxdt

R R R
1 1 1 1

+ C’)\/vg (z,0)dx + CON° /112 (x,0)dz — C’)\/vi (z,T)dz — CN® /112 (x,T)dx.
0 0 0 0
(9.49)

We now replace in (9.49)) the function v with the function v via (9.40)). We have
)\,UZ -\ (u2 — 2+ )\2’[,62) 672)\(I+at) > (iUZ . )\SUQ) 672)\(x+at)
x x T = 92 T ’
A
A} =\ (4 — 2hauu + NaPu?) e eted > <§uf — )\3a2u2> e~ atat)

Thus,

O (v2+07) >

=] Q

A (02 +12) > <%/\ (a2 + ) - %/\SUQ) )
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Hence, (9.49)) implies the following estimate, which is equivalent with ((9.39)):

C
/(Uxx — Quyy )’ e Patet) > g)\/ (u2 +up) e~ 2Metal) ddt

R R
1

+ %/\3 / wre” @) goqr + %A/ui (z,0) e dx
R 0
1

+

| Q

1 1
22 / u? (z,0) e dx — Che™ 2T / u? (z,T) dx — C’)\SeQMT/u2 (,T) dz.
0 0 0

O

9.5 Estimating a Volterra-like integral

Lemma 9.3 is very important for the Bukhgeim-Klibanov method.
Lemma 9.3. For any two numbers A\,o > 0 and for any function g € Lo(R) the

following estimate is valid:

t 2

1
/ /g(fL’,T)dT o dxdt < pESe /g2go/\dxdt. (9.50)
R \0 R

Proof. Using (9.37), integration by parts and the Cauchy-Schwarz inequality, we
obtain

t 2 1 T t 2

]:/ /g(x,T)dT gp/\dxdt:/e_%\m/e_”at /g(l‘,’]’)d’r dtdr =

R 0 0 0 0
2

! T d —2\at !
/Q_M/E <—€2>\ > /9(1’,7')d7' dtdzx =
(0]
0 0

0

1
+)\—/62’\xe”°‘tg(x,t) /g(a:,T)dT dtdx <

R 0
1/2 " 2

1
o /92<p)\dxdt / /g(I,T)dT o dxdt
a
R R

0

1/2

Here, we have used the fact that the term in the third line of the above is negative. Hence,

we have obtained that /2

1
I< o /gng/\dxdt VI (9.51)
«

R
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Dividing both sides of 1) by /I and squaring both sides of the resulting inequality,
we obtain (9.50). O

In a different form, inequality (9.50|) can be expressed as follows: For A\, &« > 0, consider
the weighted L,—space

Loy (B) = { e [ul}, iy = [urdodt < o0
R

Then (9.50) means that

¢ 2

1
||U||iQ,M(R) < 22 /U (z,7)dr ,VYu € Ly (R).
0 LQ#P)\(R)

9.6 Uniqueness theorem for Coefficient Inverse Problem 9.1

Theorem 9.2. Assume that two functions qi (z) and g () satisfy conditions (9.3). Let
uy (z,t) and uy (z,t) be two corresponding solutions of the Cauchy problem (9.1)-(9.3).
Suppose that both functions uy (x,t) and ug (x,t) satisfy the same boundary conditions
at x = 0. Assume also that

T2 (9.52)

Then ¢ (x) = g2 (x), and uy (x,t) = ug (x,t) for (z,t) € R.
Proof. Denote
q(r) = q () =g (x).

By (9.30) and (9.34)

q(z) = 2w, (x,0).
Hence, it is sufficient to prove that
w(z,0) =0,z € (0,1). (9.53)

To do this, we combine the Carleman estimate of Theorem 9.1 and Lemma 9.3.
Rewrite equation ({9.35) in a more general form as an integro-differential inequality
rather than just an equation,

t
(s — 20| < B \wxmwtmwu/m (2.7)dr | . (@.1) € R. (9.54)
0

And also by (9.36])
w (0,t) = w, (0,t) =0,t € (0,T). (9.55)

Here and below B > 0 denotes different positive constants depending only on maximal
values of functions |wi,|, |wog|,|w1],|wy| over R as well as of R. In addition, below B
will also depend on the parameter a € (0,1/2), see (9.37).

Square both sides of and apply Cauchy-Schwarz inequality. We obtain

2

¢
(Wee — 2@xt)2 < B |0+ 0w+ 0+ / |w, (x,7)| dr ,(z,t) € R.
0
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Multiply both sides of this inequality by the Carleman Weight Function ¢, (z,t) in (9.37)
and integrate over R. We obtain

2
B/ AT+ T+ /\@x(x,T)W o drdt
R

> / (Way — 2Way)* pydadt. (9.56)
R

By (9.38) and (9.55)) the function w € HZ (R). Hence, Theorem 9.1 is applicable to this
function. Applying (9.39)), we obtain from (9.56]) for A > Ay > 1

2

t
B/ w2+ Wi + w0 + /|ﬁ?x (x,7)| dr o dxdt
R
1
> O\ / (w2 4 w} + w*) pydadt + CX / (02 + @?) (z,0) e *Mda (9.57)

R 0
1

—C’)\36_2’\°‘T/ (w2 + @°) (z,T) da.
0

Using Lemma 9.3, we make estimate ((9.57) stronger via absorbing the term with the
Volterra integral in the left hand side of (9.57) for A > X\g > 1,

B/ (02 + w; + w?) p\dxdt
R
1
> C’)\/ (02 4+ W} + w*) pydadt + C)\/ (w2 + @%) (2,0) e *Mda

0
1

2’\O‘T/ wr + w°) (z,T) du.

0

Choose A1 > A so large that

Ch\
B < —.
< 2

Then for all A > \;
1
0> B)\/ (w2 + @} + w*) go)\d:vdt—i-B)\/ w2+ w*) (z,0) e Mda
R 0

1
2’\O‘T/ w? 4+ w°) (z,T) du.
0
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Or, making the latter inequality stronger,
1 1
0> / (02 + %) (2,0) e *Mda — B)\ze_uo‘T/ (02 4+ 0°) (z,T) du. (9.58)
0 0

Obviously e=2** > e¢=2* for 2 € (0,1). Hence, dividing both sides of (9.58) by e=2*, we
obtain for all A > \;

/ (02 + @*) (2,0) dz < BN exp (—2X (T — 1)) / (02 4+ @°) (z,T) du. (9.59)

Since by (9.52) T' > 2, then there exists a number a € (0,1/2) such that o7 — 1 > 0.
Hence, for this «
lim [\ exp (—2A (a1 —1))] = 0.

A—00

Hence, setting in (9.59) A — oo, we obtain
1
/ w2+ w?) (x,0) dz =0,
0

which proves (9.53). O

9.7 The scheme of the Bukhgeim-Klibanov method

Here is a brief scheme of the Bukhgeim-Klibanov method. I give it here only for proofs
of uniqueness theorems of Coefficient Inverse Problems. This method can also be applied
for proofs of conditional stability results for these problems. In addition, it can be applied
for the numerical side of this theory. In these cases, the scheme is modified, see the above
cited books of Beilina and Klibanov and Klibanov and Li.

The equation with the unknown coefficient is inconvenient to investigate. Indeed, it
is just one equation containing two unknown functions: solution u of this equation and
the unknown coefficient q. Therefore, it is desirable to eliminate somehow ¢ from the
equation. However, a price for this must be paid. This price is usually the elimination of
one of the original initial conditions for the resulting function u.

1. Step 1. Isolate the unknown coefficient ¢ as in (9.23). You obtain a nonlinear
partial differential equation the new function p (x,t) as in (9.23]).

2. Step 2. Differentiate the equation for p with respect to such a variable from which
q does not depend. In our specific case, this parameter is .
3. Step 3. Let w = p;. Express p via w as in (9.29))
t
o) = [ wler)dr +p(,0).
0

You obtain a nonlinear integro-differential equation with respect to w with Volterra
integrals as in (9.31)) with the boundary conditions as in (9.33).
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. Step 4. Assuming the existence of two possible solutions of the original Coefficient
Inverse Problem, consider the difference w = w; — w9 and obtain a linear integro-

differential equation for w with zero boundary conditions as in (9.35]), (9.36).

. Step 5. Replace the boundary value problem of Step 4 with a more general problem
via replacing the equation with the inequality as in (9.54), (9.55]).

. Step 6. Apply the Carleman estimate to the problem of Step 5. In doing so, it is
absolutely necessary to estimate those Volterra integrals, similarly with Lemma 9.3.

. Step 7. In the end of the proof set the parameter of the Carleman Weight Function
A — oo to prove that w = 0 in the desired subdomain of the original domain of
interest.
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