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The starting point is the following result of Ambartsumyan (1929) :
If g(x) € L°°(0,1) be real-valued and the spectrum of the boundary value
problem (with appropriate normalization)

—y"(x) + a(x)y(x) = Ay (x), y'(0)=0,y'(1) =0

is equal to
M = (mk)?, k=0,1,...

then g(x) = 0 a.e. on the interval (0,1). Hence, the Neumann spectrum
uniquely determines the potential.

Borg in 1946 proved that a single spectrum in general does not suffice to
determine potential uniquely, and therefore the result of Ambartsumyan is
an exception.

A positive result can be provided by the celebrating Borg-Levinson
theorem.
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The classical one-dimensional Borg-Levinson theorem is formulated as
follows : let g be real-valued and belongs to L>°(0, 1), and y(x, \) solves
the initial value problem

—y"(x,A) + g(x)y(x, A) = Ay(x,A), y(0,A\) =0,y'(0,\) = 1.
Define the Dirichlet eigenvalues Ax(q) by the condition
y(L,A) =0

and define the norming constants cx(q) by

1
() = /0 i M) 2 dx.
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The result of Borg (1946) and Levinson (1949) is : if for two different
potentials g1 and g, their Dirichlet spectrums and norming constants are
equal

Ak(qr) = M(q2),  a(qr) = eklq2), k=1,2,..,

then g1 = q».
It can be reformulated as : if for all k =1,2,...

Me(q1) = M(a2), vi(L, A q1) = yie(1, Ak g2),

then g1 = g»2. Thus, the Dirichlet eigenvalues and normal derivatives of
the eigenfunctions at the boundary uniquely determine a potential.

We generalize the classical Borg-Levinson theorem for the case of
multidimensional elliptic differential operators.
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We start with magnetic Schrodinger operators. Let 2 € R”,n > 2, be a
smooth bounded domain and let Ax(A, V), k = 1,2, ..., be the Dirichlet
eigenvalues of the magnetic Schrodinger operator

Hayv = — (V +iA)? + V-

with real valued electric potential V' and real-valued magnetic vector
potential A. Associated to the eigenvalues A\i(A, V), we have the
eigenfunctions ¢k (x; A, V), k = 1,2, ..., forming an orthonormal basis in
L2(Q).

Inverse spectral problem is : given the spectrum g and normal derivatives
0, ¢k of the corresponding eigenfunctions at the boundary of Q of the
magnetic Schrodinger operator, can we determine V and A?
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Borg-Levinson theorem for the Schrodinger operators for the first time was
proved by Nachman, Sylvester and Uhlmann (1988) for the potentials

V € C*>(Q). Their proof remains however valid if one assumes that

V e L>(Q).

The same result independently was obtained by Roman Novikov (1988).
For singular (meaning not bounded) potentials V' € LP(£2) for p > 7 this
theorem was proved by Paivarinta and Serov (2002).

For magnetic Schrodinger operator with singular potentials this theorem
was proved by Serov (2010).

For Riemannian manifolds this result was proved by Katchalov, Kurylev
and Lassas (they call this problem as the Gelfand inverse problem for
quadratic pencil) in series publications (1999-2000).

For zero order perturbation of the bi-harmonic operator see lkehata (1991)
who proved the first result for the operator of order 4.

For elliptic partial differential operator (with constant coefficients) with
L*°-potentials Borg-Levinson theorem was proved by Krupchyk and
Paivarinta (2012).

For the first order perturbation of the poly-harmonic operator see
Krupchyk, Lassas and Uhlmann (2012 and 2014).
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One-dimensional so-called " magnetic” equation can be written as

2
- <:x + iA(x)> u(x) + V(x)u(x) = Au(x), x€(0,1)

with real-valued functions A(x) and V/(x). Assuming that A € W} (0,1)
and V € L(0,1) we can rewrite it as

d2

—@v(x) + V(x)v(x) = Av(x)

with the same A and with v(x) = e™*)u(x), where h(x) = [ A(y) dy.

O — x
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This transformation saves the Dirichlet eigenvalues and the norming
constants. Hence, the result of Borg and Levinson implies immediately that

Vl(X) = VQ(X)

from the "magnetic” equation. And even more is true : we may conclude
that

0/ Ar(y) dy = 0/ Ao(y) dy.,

A1(0) = A2(0),  Ai(1) = Ax(1).

So, more detailed analysis is required even in one-dimensional case.
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Consider in the smooth bounded domain Q C R", n > 2, the magnetic
Schrodinger operator

Hayv = — (V +iA)? + V-

with electric potential V' and magnetic vector potential A. We assume
that A and V are real-valued and satisfy the following quite general

conditions :
(i) A=(a1,a,...,a,), a; € L*(Q),

(il VelyQ), v=>o.
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Under these conditions on A and V for any function u € C3°(Q2)
(Havu, u) 2 = [(V + iA)ul|f > ||Vl

These inequalities allow us to conclude that there is self-adjoint extension
denoted by Hx v which is positive and with domain

D(Hayv) = {f € D(V +iA) : Havf € [*(Q)}.

The conditions (i) and (ii) for the coefficients are very general, but
nevertheless we can use so-called " diamagnetic inequality” and obtain the
needed result.
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The diamagnetic inequality (DMI) of Barry Simon says that for any t > 0
and any f € L%(Q)

eV F()| < e TOYF(x). e xR

operators e~ AV and e~ .0 can be understood via J. von Neumann
The operators e~tHav and e~ tHoo be understood J Neuma
spectral theorem as follows :

[o.¢] oo
_ _ AV _ _
e tHA,V — /e tA dE)\v , e tHoy() — /e tA dE)(\),O7
0 0

where E;"V and Eg’o are spectral families corresponding to Ha v and Hp o,
respectively.
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In the bounded domain 2 the Laplacian Hp o has pure discrete spectrum
and corresponding eigenfunctions form an orthonormal basis in L?().
That's why e~ tH0.0 is an integral operator with kernel denoted by
Po(t,x,y). Since Py is a Heat kernel it can be proved the following
estimate
1 _x=yP?
OSPO(tvxay)Sie at

(v/art)"

This fact allows us to rewrite DMI as

1 x—y|?
‘e*tHAva(X)’ < (\/Frt)n/e I If(y)|dy, ae xecQ.

Q
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Let A > 0 is an eigenvalue and ¢(x) is corresponding normalized
eigenfunction of Hy y. Using this general type of DMI we can obtain the
inequality for an eigenfunction

e % n
o (q) < <—) A4,
19l < (5
This is very nice estimate (if we take into account so general conditions for
A and V). But in the applications it is usually needed more, namely the
estimates for the "bundle” of eigenfunctions

ST lekx)P < €A

A<A<2)

uniformly with respect to x € €, and the estimates of the normalized
eigenfunctions in some Sobolev spaces. For these purposes we need more
restrictive conditions for the coefficients of the magnetic Schrodinger
operator.
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Let us assume that A € L"(Q) for n >3, A€ L*(Q),s > 2, for n =2 and
V € L}(Q) and V >0, as it was before. Then instead of the first
inequality for the quadratic form we can obtain for any u € C5°(Q2) the
Garding’s inequality

(Havu,u)z > alluljy — ellullf,

where 0 < ¢; < 1 and ¢ > 0. This inequality implies that H4 \/ has the
Friedrichs self-adjoint extension with pure discrete spectrum

A< X< <Aoo = +00

of finite multiplicity with only one accumulation point at +o00. The
corresponding orthonormal eigenfunctions {¢x(x)}?2; form orthonormal
basis in L2(Q).
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Even more is true in that case. Namely, e tA.v is an integral operator
with kernel denoted by P(t,x,y). And DMI can be rewritten as

1 _
| ! Pl ) < e ! 3

where f € L2(Q). It holds a.e. x € Q.
Using then the Hardy-Littlewood maximal functions from this inequality
we can obtain the inequality

lx—y|?
w |f(y)] dy,

1 lx—y|?
P(t, x, < ——— e @
PEx < s

that holds a.e. in x € Q.
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Let A > 0, then (Ha,v + Al)~! exists and it is an integral operator. The
kernel of this operator is called Green's function denoted by G(x,y, ). It
can be calculated as a Laplace transform of P(t, x, y)

G(x,y,\) = /et)‘P(t,x,y) dt.
0

Using this we can easily obtain that

n—2

Gy Al < @0 F (F2) T KaaVR - )

where K, is the Mcdonald function of order v.
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Using the estimates for the Mcdonald functions we can obtain more useful
estimates for the Green's function

1G(x,y,A)| < Clx — y[2 e VAl >3
and

16(x,y, M| < € (14 |log(VAlx = y])I) e, n=2,

where x,y € Q and C does not depend on A and x,y € Q.

Remark.

It can be mentioned here that these estimates of the Green's function are
obtained for very weak conditions of the coefficients of Ha v.
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Assume that A € Wpl(Q) and V € LP(Q) for some p > 7, and consider
the Dirichlet boundary value problem

(Hav +Mu(x) =0, xeQ, u(x)="f(x), xedQ,
where f(x) belongs to Besov space B},(992) with

n—1 n p—1
t> , =<p<n t=—— p>n
p 2 p

We can conclude (see Gilbarg and Trudinger) that there exists a unique
solution u of the corresponding boundary value problem which belongs to

2 t
uc Wp,loc(Q) N WP (Q)
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Thus, we may define the Dirichlet-to-Neumann map A4 vy by

Aavaaf(x) = 82( )

where v is outward normal vector.
Green's function estimates allow us also to obtain the estimates

1+4
Prllwaie) < CA

where p is as above, and the convergence of the series

YA uf(x), x €,

[o@)
N
k=1()‘k+)‘)o ’ 2

These two facts imply

Theorem

Under the above conditions for A;, V;, j = 1,2 with A1(x) = Ax(x) at the
boundary OS2 and f is as above, for any 0 < § <1 — %

im 1A a v = Ao vaaflgg, om) = 0
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Applying this Theorem, we can obtain

Theorem

Assume that Aj € W3(Q) and V; € LP(Q), j = 1,2, for some p > 3.
Assume in addition that A;i(x) = A2( ) at the boundary 0). Assume also
that for each k = 1,2, ...

M(A1, Vi) = Me(A2, Vo),

o
ov
Then for all A > \g

B
20K (x; Ay, Vi) = ik(x Az, V).

AA17V1+)\ = AA27V2+)\'
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Now we can present the main result for the magnetic Schrodinger
operator, i.e. Borg-Levinson theorem (n > 3)

Theorem
If Aj € WL(Q) and V; € L°°(Q), j = 1,2, and all conditions of the
previous theorem are satisfied, then

dA1 = dAy, Vi = Vs,

where the 2-form dA is defined by

V.Serov (University of Oulu) 21 /31



Consider now in the smooth bounded domain Q C R", n > 2, the following
operator of order 4 :

Hy = A% 4+ iV(V(AV)) + iV(AA) — V(FV) = 2iGY — iVG + V

with vector-valued functions A and G, and with scalar functions F and V.
We assume that all these coefficients are real-valued and satisfy the
following quite general conditions :

Alx) € W3(Q), F(x)e W3(Q), G(x)e W (),

V(x) € Lp(Q), p> g n>2

with the same value of p. It can be mentioned here that for the operators
of order 4 or higher DMI does not hold and the technique for getting
Green's function estimates is completely different in this case.
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Under the mentioned above conditions for the coefficients of H; we can
obtain for any u € C5°(2) the inequality

(Hau, u)L2 > C1||U||%/V22 - C2HU||%2,

where 0 < ¢; < 1 and ¢ > 0. This inequality implies that Hy has the
Friedrichs self-adjoint extension with pure discrete spectrum

A< X< <Aoo > 40

of finite multiplicity with only one accumulation point at +c0. The
corresponding orthonormal eigenfunctions {¢x(x)}%2; form orthonormal
basis in L2(€).
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Let A > 0, then (Hyq 4+ A/)~! exists and it is an integral operator. The
kernel of this operator is called Green's function denoted by G(x,y, ). It
can be proved the following estimates :

1
G(x,y, )| < Clx — y[* e 0y = p> 5

1
[G(x,y, M| < € (1+]log(Jx — y]AF)]) e PN =g,

4

C 1
|G(x,y, )| < ﬁeiﬂxiyp\‘l, n<3,
A

where x,y € Q and C does not depend on A and x,y € Q.
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Assume that A € W3(Q), F € W2(Q), G € W}(Q) and V € LP(Q) for
some p > 3, and consider the Dirichlet boundary value problem

(Ha +X)u(x) =0, xeQ,

U(X) = fO(X)’ 81/U(X) = fl(X)v x € 0Q,

3_1
where fy(x) belongs to Besov space By, 7 (0€2) and fi(x) belongs to Besov

o1
space Bpp 7 (0€2). We may conclude (see Mazja) that there exists a unique
solution u which belongs to

ue W;{,OC(Q) N Wj(Q).
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Thus, we may define the Dirichlet-to-Neumann map Ay by

/\)\{fo, fl}(X) =

{0u(Au)(x) + i0,(AVu) + ivAAu(x) — FA(x) — ivGhy(x),

—Au(x) — iAVu(x)}, x € 0.

In the particular case of zero perturbation of bi-harmonic operator we have
that the Dirichlet-to-Neumann map has the form

Mifo, it (x) = {0, (Au)(x), —Au(x)}-

This corresponds to earlier result of Ikehata for zero perturbation of
bi-harmonic operator.
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Green's function estimates allow us to obtain two very important things.
The first one is the estimate for the normalized eigenfunctions in Sobolev
norms

[érllwsa) < C/\

And the second is the convergence of the following number series :
— <00, > -—.
k*l (Ak +A)° 4

These two estimates play the crucial role in the inverse boundary spectral
problems. At the same time these results certainly have some independent
interest.
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More precisely, these two facts imply one of the main results for this
operator H,. Namely, the following theorem holds.

Theorem

Assume that Aj, Fj, Gj and V;, j = 1,2, and fy, f are as above. Assume in
addition that A1(X) = AQ(X), F1(X) = F2(X), Gl(X) = G2(X) at the
boundary. Then, for any0 < § <1 — %

. (1) (2) —_

where /\(j) denotes the corresponding Dirichlet-to-Neumann map for
J? 17G17V+>\ J_l 2
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Assume that all conditions of the previous theorem are satisfied. Assume
also that for each k = 1,2, ... and for x € OS2

M(A1, F1, G1, Vi) = Me(A2, Fa, Go, V),

v¢k(X; A17 Fla G17 Vl) = quk(X;Az, F27 G2a V2)a
Oy (A1Voi(x; A1, F1, G1, V1)) = 0,(AV oi(x; Az, F2, G, V2)),
Aoi(x; A1, F1, Gi, Vi) = Adk(x; Az, Fo, G, V2).

Oy Adi(x; A1, F1, G, Vi) = 0,A¢k(x; Az, F2, Go, Vo).
Then for all A big enough

N (%, ay = Nk, 7).
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Now we can present the main result for the operator Hy, i.e.
Borg-Levinson theorem (n > 3).

Theorem
FA=0, F € W2(Q), G € WA(Q) and V; € L(Q), |5z o
(j = 1,2) is small enough and for each k = 1,2, ... and x € 0Q

M (F1, G, Vi) = Me(F2, Go, V),

Aoi(x; F1, G1, Vi) = Adi(x; Fa, Go, Vo),

Oy Dk (x; F1, G1, Vi) = 0,A¢k(x; Fa, Ga, Va),

then
Fi(x) = R(x), Gi(x) = Ga(x), Vi(x) = Va(x)

a.e. in Q.
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Thanks very much for your attention !
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