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Abstract. We establish connections between four approaches to inverse spectral problems: the classical Gelfand–Levitan theory, the Simon theory, the approach proposed by Remling, and the Boundary Control method. We show
that the Boundary Control approach provides simple and physically motivated
proofs of the central results of other theories. We demonstrate also the connections between the dynamical and spectral data and derive the local version
of the classical Gelfand–Levitan equations.

In this paper we consider the Schrödinger operator
(0.1)

H = −∂x2 + q (x)

on L2 (R+ ) , R+ := [0, ∞), with a real-valued locally integrable potential q and
Dirichlet boundary condition at x = 0. Let dρ(λ) be the spectral measure corresponding to H, and m(z) be the (principal or Dirichlet) Titchmarsh-Weyl mfunction.
1. Three approaches to inverse spectral theory
In this section we give a brief review of three different approaches to inverse
problems for the operator (0.1): the Gelfand–Levitan theory, the Simon theory
and the Remling approach. In the next section we describe the Boundary Control
method and its connections with the other approaches.
1.1. Gelfand–Levitan theory. Determining the potential q from the spectral measure is the main result of the seminal paper by Gelfand and Levitan [16].
To formulate the result let us define the following functions:
½
3
2
ρ(λ) − 3π
λ 2 , λ > 0,
σ(λ) =
(1.1)
ρ(λ), λ < 0
√
√
Z ∞
sin λx sin λt
(1.2)
dσ(λ).
F (x, t) =
λ
−∞
Let ϕ(x, λ) be a solution to the equation
(1.3)

−ϕ00 + q(x)ϕ = λϕ,

x > 0,
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with the Cauchy data
(1.4)

ϕ(0, λ) = 0,

ϕ0 (0, λ) = 1.

The so-called transformation operator transforms the solutions of (1.3), (1.4) with
zero potential to the functions ϕ(x, λ):
√
√
Z x
sin λx
sin λt
√
√
(1.5)
ϕ(x, λ) =
+
K(x, t)
dt.
λ
λ
0
The kernel K(x, t) satisfies the integral (Gelfand–Levitan) equation
Z x
K(x, s) F (s, t) ds = 0 , 0 6 t < x,
(1.6)
F (x, t) + K(x, t) +
0

and the potential can be recovered by the rule
(1.7)

q(x) = 2

d
K(x, x).
dx

1.2. Simon approach. In [21] Barry Simon proposed a new approach to inverse spectral theory which has got a further development in the paper by Gesztesy
and Simon [18] (see also an excellent survey paper [17]). The inverse data in this
approach is the Titchmarsh–Weyl m-function which is equivalent to the knowledge
of the spectral measure. It was shown in [21] that there exists a unique real valued
function A ∈ L1loc (R+ ) (the A−amplitude) such that
Z ∞
2
(1.8)
m(−k ) = −k −
A(t)e−2tk dt .
0

The absolute convergence of the integral was proved for q ∈ L1 (R+ ) and q ∈
L∞ (R+ ) in [18] for sufficiently large <k. In general situation one has an asymptotic
equality
Z a
(1.9)
m(−k 2 ) = −k −
A(t)e−2tk dt + O(e−2ak )
0

(see [21, 18] for details).
So, if we know the m−function, we know the A−amplitude. Then the following
local approach for solving the inverse problem was put forward in [21]. Locality
means that the A−amplitude on [0, a] completely determines q on the same interval
(and vice versa). Based on representation (1.9) Simon proved the local version of
the Borg–Marchenko uniqueness theorem: m1 (−k 2 ) − m2 (−k 2 ) = O(e−2ak ) if and
only if q1 (x) = q2 (x) for x ∈ [0, a].
If A(·, x) denotes the A−amplitude of the problem on [x, ∞), then this family
satisfies the nonlinear integro-differential equation
Z t
∂A(t, x)
∂A(t, x)
=
+
A(s, x)A(t − s, x) ds = 0 .
(1.10)
∂x
∂t
0
If one solve this equation with the initial condition A(t, 0) = A(t) in the domain
{(x, t) : 0 ≤ x ≤ a, 0 ≤ t ≤ a − x}, then the potential on [0, a] is determined by
(1.11)

lim A(t, x) = q(x) , 0 ≤ x ≤ a.
t↓0
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The A−amplitude has the explicit representation through the spectral measure
by the formula derived in [18]:
√
Z
sin(2t λ)
√
dρ(λ) a.e.
(1.12)
A(t) = −2 lim
e−ελ
ε→0 R
λ
Without the Abelian regularization the integral need not be convergent (even conditionally) [18].
1.3. Remling approach. Remling [19, 20] proposed another local approach
to inverse spectral problems based on the theory of de Branges spaces. He introduced the integral operator K acting in the space F T := L2 (0, T ) :
Z T
(1.13)
(Kf )(x) =
k(x, t) f (t) dt ,
0

where
(1.14)

1
k(x, t) = [φ(x − t) − φ(x + t)] , φ(x) =
2

Z

|x|/2

A(t) dt .
0

Remling proved that given a function A ∈ L1 (0, T ), there exists a unique q ∈
L1 (0, T ) such that A is the A−amplitude of this q if and only if the operator I + K
is positive definite in F T . The same positivity condition was proved in [20] to be
necessary and sufficient for solvability of the equation (1.10).
He proved the following representation of the A−amplitude through the regularized spectral measure dσ:
√
Z
sin(2t λ)
√
dσ(λ)
(1.15)
A(t) = −2
λ
R
with the convergence in the sense of distributions.
Remling derived also two linear integral equations,
Z x
(1.16)
y(x, t) +
k(t, s)y(x, s) ds = t ,
0

Z
(1.17)

z(x, t) +

x

k(t, s)z(x, s) ds = ψ(t) ,
0

Rt
where 0 ≤ t ≤ x ≤ T and ψ(t) = −1 − 0 φ(s) ds. The potential q(x) on [0, T ] is
uniquely determined by any of the functions y or z.
2. The Boundary Control method.
The Boundary Control (BC) method in inverse problems was developed about
two decades ago by M. Belishev and his colleagues [7, 14, 13, 11, 2]. As well
as methods of Simon and Remling, the BC method provides the local approach
to inverse problems developing ideas of A. Blagoveshchenskii [15] who seems to
have been the first proposed the local approach to the 1d wave equation. It is
worth to notice that the papers by Simon, Gesztesy and Remling are based on the
spectral approach, and locality is proved there using hard analysis, power analytical
tools. In the BC method locality naturally follows from the finite speed of the front
propagation in the wave equation.
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The BC method uses the deep connection between inverse problems of mathematical physics, functional analysis and control theory for partial differential equations and offers an interesting and powerful alternative to previous identification
techniques based on spectral or scattering methods. This approach has several
advantages, namely: (i) it maintains linearity (does not introduce spurious nonlinearities); (ii) it is applicable to a wide range of linear point and/or distributed
systems and reconstruction situations; (iii) it can identify coefficients occurring in
highest order terms; (iv) it is, in principle, dimension-independent; and, finally,
(v) it lends itself to straightforward algorithmic implementations. Being originally
proposed for solving the boundary inverse problem for the multidimensional wave
equation, the BC method has been successfully applied to all main types of linear
equations of mathematical physics (see the review papers [9, 10] and references
therein). In this paper we use this method in 1d situation applying it to inverse
problems for the operator (0.1) and demonstrate its connections with the methods
described above. We do not give the detailed proofs of our results here, they will
be provided in a forthcoming paper.
2.1. The main operators of the BC method. The main ideas of the BC
method can be explained on the example of the 1d wave equation
½
utt (x, t) − uxx (x, t) + q(x)u(x, t) = 0, x > 0, t > 0,
(2.1)
u(x, 0) = ut (x, 0) = 0, u(0, t) = f (t).
Here q ∈ L1loc (R+ ) and f is an arbitrary L2loc (R+ ) function referred to as a boundary
control. The solution uf (x, t) of the problem (2.1) can be written in terms of the
integral kernel w(x, s) which is the unique solution to the Goursat problem:
½
wtt (x, t) − wxx (x, t) + q(x)w(x,
R x t) = 0, 0 < x < t,
(2.2)
w(0, t) = 0, w(x, x) = −1/2 0 q(s) ds.
Using the successive approximations, one can prove the following
Proposition 1.
(a) If q ∈ L1loc (R+ ), then the Goursat problem (2.2) has
a unique generalized solution w(x, t) which is an absolutely continuous
function and
(2.3)

wx (·, t), wt (·, t), wx (x, ·), wt (x, ·) ∈ L1, loc (R+ ).
The equation in (2.2) holds almost everywhere and boundary conditions
are satisfied in the classical sense.
1
(b) If q ∈ Cloc
(R+ ), then the solution to the Goursat problem (2.2) is classical,
all its derivatives up to second order are continuous.

The Goursat problem was studied in [22, Sec. II.4] for smooth q, but the
method works for q ∈ L1 (0, a) as well (see [4, 5, 6, 3]).
The next proposition can be proved by direct calculations.
2
1
(R+ ), f (0) = f 0 (0) =
(R+ ) and f ∈ Cloc
Proposition 2.
(a) If q ∈ Cloc
f
0, then the classical solution u (x, t) to the initial-boundary value problem
(2.1) admits the representation
½
Rt
f (t − x) + x w(x, s)f (t − s) ds, x < t,
(2.4)
uf (x, t) =
0, x > t.
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(b) If q ∈ L1loc (R+ ) and f ∈ F T , the formula (2.4) represents a unique generalized solution to the initial-boundary value problem (2.1) and
uf ∈ C([0, T ]; HT ), where
H = L2loc (0, ∞) and HT := {u ∈ H : supp u ⊂ [0, T ] }.
The response operator (the dynamical Dirichlet-to-Neumann map) RT for
the system (2.1) is defined in F T by
(2.5)

(RT f )(t) = ufx (0, t), t ∈ (0, T ),

with the domain {f ∈ C 2 ([0, T ]) : f (0) = f 0 (0) = 0}. According to (2.4) it has a
representation
Z t
T
0
(2.6)
(R f )(t) = −f (t) +
r(s)f (t − s) ds,
0

where r(t) := wx (0, t) is called the response function.
The response operator RT is completely determined by the response function
on the interval [0, T ], and the dynamical inverse problem can be formulated as
follows. Given r(t), t ∈ [0, 2T ], find q(x), x ∈ [0, T ].
Notice that from (2.2) one can derive the formula
Z
1 ³ t ´ 1 t ³t − ζ ´
(2.7)
r(t) = − q
−
q
v(ζ, t) dζ. ,
2 2
2 0
2
where
³η − ξ η + ξ ´
v(ξ, η) = w
,
.
2
2
To solve the dynamical inverse problem by the BC method let us introduce
a couple more operators. Proposition 2 implies in particular that the control
operator W T ,
W T : F T 7→ HT , W T f = uf (·, T ),
is bounded. The next statement claims that the operator W T is boundedly invertible.
Proposition 3. Let q ∈ L1loc (R+ ) and T > 0, then for any function z ∈ HT ,
there exists a unique control f ∈ F T such that
(2.8)

uf (x, T ) = z(x).

Proof. According to (2.4), condition (2.8) is equivalent to the following integral Volterra equation of the second kind
Z T
(2.9)
z(x) = f (T − x) +
w(x, τ )f (T − τ ) dτ x ∈ (0, T ) .
x

The kernel w(x, t) is continuous and therefore equation (2.9) is uniquely solvable,
which proves the proposition.
¤
The connecting operator C T : F T 7→ F T , plays a central role in the BC
method. It connects the outer space (the space of controls) of the dynamical system
(2.1) with the inner space (the space of waves) being defined by its bilinear product:

®
 T
®
(2.10)
C f, g F T = uf (·, T ), ug (·, T ) HT
In other words,
(2.11)

C T = (W T )∗ W T ,
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and Propositions 2, 3 imply that this operator is positive definite, bounded and
boundedly invertible on F T . The remarkable fact is that C T can be explicitly
expressed through R2T (or through r(t), t ∈ [0, 2T ]).
Proposition 4. For q ∈ L1loc (0, ∞) and T > 0,
Z T
(2.12)
(C T f )(t) = f (t) +
[p(2T − t − s) − p(|t − s|)]f (s) ds , 0 < t < T ,
0

where
1
p(t) :=
2

(2.13)

Z

t

r(s) ds .
0

∞
One
¡ f Proof.
¢ can easily check that for any f, g ∈ C0 (0, T ) the function U (s, t) :=
u (·, s), ug (·, t) H satisfies the equation

Utt − Uss = (RT f (s)g(t) − f (s)(RT g)(t) , s, t > 0 ,
with the boundary and initial conditions
U (0, t) = 0 , U (s, 0) = Ut (s, 0) = 0 .
Using the D’Alambert formula gives representation (2.12).

¤

2.2. The Gelfand–Levitan type equations. Let us consider the Cauchy
problem:
−y 00 + q(x)y = 0,

(2.14)

y(0) = α , y 0 (0) = β ,

x > 0;

and let f T be a solution of the control problem
½
y(x), 0 < x < T,
(2.15)
(W T f T )(x) =
0, x > T.
For any g ∈ C0∞ (0, T ) the identity
Z T
ug (x, T ) =
κ T (t)ugtt (x, t) dt , κ T (t) := T − t
0

is valid, and we have
Z T
Z
(C T f T , g) =
y(x)ug (x, T ) dx =
0

T

=
0

Z

T

=

y(x)

0

Z

Z

T

0

T

κ T (t)ugtt (x, t) dt dx
T

κ T (t) [y(x)ugx (x, T ) − yx (x)ug (x, T )]0 ) dt

βκ T (t)g(t) − ακ T (t)(RT g)(t) dt = (βκ T − α(RT )∗ κ T , g).

0

Here (RT )∗ is the operator adjoint to RT in F T :
Z T
(2.16)
((RT )∗ f )(t) = f 0 (t) +
r(s − t)f (s) ds.
t

We have used the fact that the solution ug (x, t) is classical and ug (T, T ) = ugx (T, T ) =
0 (see (2.4)).
Let us denote by yi , fiT , i = 0, 1, the functions corresponding the cases α = 0,
β = 1 and α = 1, β = 0. Since g is an arbitrary smooth function, the functions f0T
and f1T satisfy the equations
(2.17)

(C T f0T )(t) = T − t , (C T f1T )(t) = −((RT )∗ κ T )(t) , t ∈ [0, T ] .
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Using (2.12) these equations can be rewritten in more detail:
Z T
(2.18)
f0T (t) +
cT (t, s) f0T (s) ds = T − t , t ∈ [0, T ] ,
0

Z
(2.19)

f1T (t)

+

T

Z
T

c
0

(t, s) f1T (s) ds

T

=1−

r(s − t) (T − s) ds , t ∈ [0, T ] ,
t

where cT (t, s) := p(2T − t − s) − p(|t − s|).
Using any of functions one can easily find the potential q in the following
way. From equation (2.4) it follows that uf (t − 0, t) = f (+0), and in particular,
yi (T ) = fiT (+0). Let us denote fiT (+0) by µi (T ). Then
(2.20)

q(T ) =

µ00i (T )
.
µi (T )

Equations (2.17)–(2.20) were obtained for a matrix valued q of a class C 1
in [2]. Using Proposition 1 we prove that they are valid also for q ∈ L1loc (R+ ).
The remarkable fact that a small modification of these equations holds valid in
multidimensional situation [8].
In [6] we showed that the Titchmarsh–Weyl m-function (the spectral Dirichletto-Neumann map) and the response operator (the dynamical Dirichlet-to-Neumann
map) are connected by the Laplace (or Fourier) transform and established the
relation between the A−amplitude and the response function:
(2.21)

A(t) = −2r(2t) .

Using this relation it is easy to check that the positivity condition of Remling’s
operator I + K is equivalent to the fact that the operator C T is positive definite.
Equations (2.18), (2.19) are reduced by simple changes of variables to equations
(1.16), (1.17).
The fact that the positivity of C T give the necessary and sufficient conditions
of the solvability of the inverse problem was known in the BC community for a
long time. A. Blagoveshchenskii [15] in 1971 obtained the necessary and sufficient
conditions of the solvability of the inverse problem for the 1d wave equation (with
smooth density) which are equivalent to the positivity of C T . (Certainly these conditions were in other terms — the BC method and the operator C T were proposed
fifteen years later). Belishev and Ivanov [12] considered the two velocity system
with smooth matrix-valued potential. In a particular case when two velocities are
equal, their necessary and sufficient condition is the positivity of C T . In [1] necessary and sufficient condition for solvability of a nonselfadjoint inverse problem with
a matrix-valued potential in terms of C T was formulated.
We proved that given r ∈ L1 (0, 2T ), there exists a unique q ∈ L1 (0, T ) such
that r is the response function corresponding to the problem (2.1) with this q if
and only if the operator C T constructed by this r according to (2.12) is positive
definite. The fact that r and q belong to the same functional class is confirmed by
formula (2.7).
2.3. Gelfand-Levitan equations. Spectral representation of r and cT .
Using the BC approach we derive the local version of the classical Gelfand-Levitan
equations (1.6). The proof is based on the fact that the kernel K of the transformation operator (1.5) satisfies a Goursat problem. On the other hand, we show that
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the kernel v of the operator (W T )−1 (which is inverse to W T ) satisfies a similar
Goursat problem. The BC version of the Gelfand-Levitan equations reads as
Z T
(2.22)
v(x, t) + cT (x, t) +
v(x, s)cT (s, t) ds = 0, 0 < x < t < T.
x

We demonstrate that the kernel v is connected with K by the rule v(T − x, T − t) =
K(x, s) and cT is similarly related to F defined in (1.2): cT (T − x, T − t) = F (x, t).
Therefore, equations (2.22) can be rewritten in a classical form (1.6). On the other
hand, equations (2.22) have clearly a local character since v(x, t) and cT (x, t) are
completely determined by q(x) on the interval [0, T ].
To complete the review of the connections between four approaches to inverse
spectral problems, we derive spectral representations of the functions r and cT . The
next proposition refines the similar statement of Remling about the A−amplitude.
Proposition 5. For the response function r the representation formula
√
Z ∞
sin λt
√
(2.23)
r(t) =
dσ(λ),
λ
−∞
holds almost everywhere on R+ .
The last our statement demonstrates relation of cT to the classical object, the
function F defined by (1.2).
Proposition 6. The kernel cT (s, t) admits the following representation:
√
√
Z ∞
sin λ(T − t) sin λ(T − s)
T
(2.24)
c (s, t) =
dσ(λ), s, t ∈ (0, T ),
λ
−∞
3. Acknowledgments
Various aspects of this paper were discussed with M. Belishev, S. Ivanov, K.
Mirzoev, A. Rybkin, A. Shkalikov. The authors are very grateful to all of them.
These results were presented at the International Meeting on Inverse and Spectral
Problems at the University of Auckland (December 17, 2007) and at the Seminar
on Mathematical Physics at the California Institute of Technology (February 20,
2008). The authors are grateful to participants of the both meetings for fruitful
discussions.
References
[1] Avdonin, Sergei; Belishev, Mikhail. Boundary control and dynamical inverse problem for nonselfadjoint Sturm-Liouville operator (BC-method). Distributed parameter systems: modelling
and control (Warsaw, 1995). Control Cybernet. 25 (1996), no. 3, 429–440.
[2] Avdonin, S. A.; Belishev, M. I.; Ivanov, S. A. Boundary control and an inverse matrix
problem for the equation utt − uxx + V (x)u = 0. (Russian) Mat. Sb. 182 (1991), no. 3,
307–331; translation in Math. USSR-Sb. 72 (1992), no. 2, 287–310.
[3] S. Avdonin and P. Kurasov, Inverse problems for quantum trees, Inverse Problems and Imaging 2 (2008), no. 1, 1–21.
[4] Avdonin, Sergei; Lenhart, Suzanne; Protopopescu, Vladimir, Solving the dynamical inverse
problem for the Schrdinger equation by the boundary control method. Inverse Problems 18
(2002), no. 2, 349–361.
[5] S. Avdonin, S Lenhart, and V. Protopopescu, Determining the potential in the Schrödinger
equation from the Dirichlet to Neumann map by the boundary control method, J. Inverse
Ill-Posed Probl. 13 (2005), no. 3-6, 317–330.

9

[6] S. Avdonin, V. Mikhaylov, and A. Rybkin,
The boundary control approach to the
Titchmarsh-Weyl m−function, Comm. Math. Phys. 275 (2007), no. 3, 791–803.
[7] Belishev, M. I. An approach to multidimensional inverse problems for the wave equation.
(Russian) Dokl. Akad. Nauk SSSR 297 (1987), no. 3, 524–527; translation in Soviet Math.
Dokl. 36 (1988), no. 3, 481–484
[8] Belishev, M. I. Wave bases in multidimensional inverse problems. (Russian) Mat. Sb. 180
(1989), no. 5, 584–602, 720; translation in Math. USSR-Sb. 67 (1990), no. 1, 23–42.
[9] Belishev, M. I. Boundary control in reconstruction of manifolds and metrics (the BC method).
Inverse Problems 13 (1997), no. 5, R1–R45.
[10] Belishev, M. I. Recent progress in the boundary control method. Inverse Problems 23 (2007),
no. 5, R1–R67.
[11] Belishev, M. I.; Blagoveshchenskii, A. S. Multidimensional analogues of equations of GelfandLevitan-Krein type in an inverse problem for the wave equation. (Russian) Conditionally wellposed problems in mathematical physics and analysis (Russian), 50–63, Ross. Akad. Nauk
Sib. Otd., Inst. Mat., Novosibirsk, 1992.
[12] Belishev, M. I.; Ivanov, S. A. Characterization of data in the dynamic inverse problem for a
two-velocity system. (Russian) Zap. Nauchn. Sem. S.-Peterburg. Otdel. Mat. Inst. Steklov.
(POMI) 259 (1999), Kraev. Zadachi Mat. Fiz. i Smezh. Vopr. Teor. Funkts. 30, 19–45, 296;
translation in J. Math. Sci. (New York) 109 (2002), no. 5, 1814–1834.
[13] Belishev, M. I.; Kachalov, A. P. Boundary control and quasiphotons in a problem of the
reconstruction of a Riemannian manifold from dynamic data. (Russian) Zap. Nauchn. Sem.
S.-Peterburg. Otdel. Mat. Inst. Steklov. (POMI) 203 (1992), Mat. Voprosy Teor. Rasprostr.
Voln. 22, 21–50, 174; translation in J. Math. Sci. 79 (1996), no. 4, 1172–1190.
[14] Belishev, Michael I.; Kurylev, Yaroslav V. Boundary control, wave field continuation and
inverse problems for the wave equation. Multidimensional inverse problems. Comput. Math.
Appl. 22 (1991), no. 4-5, 27–52.
[15] A.S. Blagoveschenskii, On a local approach to the solution of the dynamical inverse problem
for an inhomogeneous string, Trudy MIAN, 115, 28–38 (1971).
[16] I.M. Gel’fand, B.M. Levitan. Gel’fand, I. M.; Levitan, B. M. On the determination of a
differential equation from its spectral function. (Russian) Izvestiya Akad. Nauk SSSR. Ser.
Mat. 15, (1951), 309–360, translation in Amer. Math. Soc. Transl. (2) 1 (1955), 253–304.
[17] Gesztesy, Fritz Inverse spectral theory as influenced by Barry Simon. Spectral theory and
mathematical physics: a Festschrift in honor of Barry Simon’s 60th birthday, 741–820, Proc.
Sympos. Pure Math., 76, Part 2, Amer. Math. Soc., Providence, RI, 2007.
[18] Fritz Gesztesy, Barry Simon A new approach to inverse spectral theory, II. General real
potential and the connection to the spectral measure. Ann. of Math. (2) 152 (2000), no. 2,
593–643.
[19] Remling, Christian Inverse spectral theory for one-dimensional Schrdinger operators: the A
function. Math. Z. 245 (2003), no. 3, 597–617.
[20] Remling, Christian Schrdinger operators and de Branges spaces. J. Funct. Anal. 196 (2002),
no. 2, 323–394.
[21] Barry Simon A new approach to inverse spectral theory, I. Fundamental formalism. Annals
of Mathematics, 150 (1999), 1029-1057.
[22] A. N. Tikhonov and A. A. Samarskii, Equations of Mathematical Physics, Pergamon Press,
New York, 1963.
Department of Mathematics and Statistics, University of Alaska Fairbanks, PO
Box 756660, Fairbanks, AK 99775
E-mail address: ffsaa@uaf.edu, ftvsm@uaf.edu

