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AN AMBARZUMIAN TYPE THEOREM ON GRAPHS WITH ODD CYCLES ?
TEOPEMA THUITY AMBAPIIYMSHA JJIA I'PA®IB 3 HEITAPHUMU TUKJTAMUA

We consider an inverse problem for Schrodinger operators on a connected equilateral graph GG with standard matching
conditions. The graph G consists of at least two odd cycles glued together at a common vertex. We prove an Ambarzumian-
type result, i.e., if a specific part of the spectrum is the same as in the case of zero potential, then the potential must be
equal to zero.

PosmisiHyTO 00epHEHY 3amady s oneparopiB Illpeninrepa Ha 3B’s3HOMY piBHOCTOpOHHBOMY Tpadi G 31 CTaHIZapTHUMH
ymoBamHu y3romkeHHs. Ipad (G ckimagaeTsesi MpUHAMHI 3 JBOX HEMAapHHX LHMKIIB, [IO CKJICEHI B CHUIbHIN BEpIINHI.
JloBeneHo pesynbrar THIy AMOapiyMsiHa, TOOTO SKIIO NEBHA YAaCTHMHA CIEKTpa Taka )k caMma, sK 1 y BUIAAKy HYJIbOBOTO
MOTEHIiaTy, TO MOTSHIIial TOBHHEH OYTH HYJIbOBHM.

1. Introduction. The addressed problem originates from a work of Ambarzumian [2] on reconstruc-
tion of a differential operator from its eigenvalues. Another source of the problem is the so-called
quantum graphs, i.e., differential operators on graphs [3, 21, 26]. From the classical theory of Sturm —
Liouville equations we refer to [7, 17], for special Ambarzumian type inverse problems see [10, 18].
Previous results for graphs are [6, 8, 12, 20, 22, 25]. Both in forward and in inverse problems
on graphs a usual ingredient is the calculation of spectral determinants (or alternatively functional
determinants or characteristic functions) [1, 5, 9, 11, 13-16, 19, 23, 24, 27]. For a more detailed
discussion of these results see the introduction in [20].

2. Results and discussion. Let » > 2 and consider r cycle graphs C4, Co, ..., C,. with odd
cycle lengths ni,ng,...,n, (nj =1 is also possible). Let the vertices of C; be vjo, ... s Vjn; = V50,
and let us form the graph G as the union of C}’s, identifying the vertex v;o for all j. We shall say
that G is a graph consisting of » > 2 odd cycles glued together at a common vertex. The edge of G
between vj,_1 and vj; is sometimes denoted by e;;; however, when the particular location of the
edges are not important, we shall refer to them as ey, e2,. .., €/g.

Choosing an arbitrary orientation, we parametrize each edge with = € [0, 1], and consider a
Schrédinger operator with potential g;(x) € L1(0,1) on the edge e; and with Neumann (or Kirch-
hoff) boundary conditions (sometimes called standard matching conditions), i.e., solutions are re-
quired to be continuous at the vertices and, in the local coordinate pointing outward, the sum of
derivatives is zero. More formally, consider the eigenvalue problem

—y" +aqj(x)y = Ny (2.1)
on e; for all j with the conditions
yi(K5) = yr(k) 2.2)

if e; and e;, are incident edges attached to a vertex v where x = 0 for outgoing edges, x = 1 for
incoming edges (and can be both 0 or 1 for loops); and in every vertex v
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ooy = > win) (2.3)

= leavesv €4 entersv

(loops are counted on both sides).

Theorem 2.1. Consider the eigenvalue problem (2.1)—(2.3). Let G be a graph consisting of
r > 2 odd cycles glued together at a common vertex. If A = 0 is the smallest eigenvalue and
for infinitely many k € 7 there are v — 1 eigenvalues (counting multiplicities) such that \ =
= (2k +1)27% + o(1), then ¢ = 0 a.e. on G.

If the lengths of the odd cycles are all 1, i.e., the cycles are all loops, then the statement reduces
to that of Theorem 2.1 in [28], which states the following:

Suppose G is a flower-like graph, i.e., a single vertex attached r loops of length 1. For k =

=1,2,..., let my be a sequence of integers with lim m; = +oo. If eigenvalues are nonnegative,
Ai = (2my, + 1)?7? are eigenvalues with multiplicities (r — 1), where my, is a strictly ascending
infinite sequence of positive integers, then ¢;j(z) = 0 a.e. on [0,1], for each j = 1,2,...,r. We

have to require r» > 2 for the consequence to hold.

3. Calculation of the spectral determinant. Denote by c;(x, A) the solution of (2.1) which
satisfies the conditions ¢;(0,A\)—1 = ¢(0,A) = 0 and by s;(x, A) the solution of (2.1) which satisfies
the conditions s;(0,A) = s7(0,A) — 1 = 0. Each y;(x, A\) may be written as a linear combination

yi(z, \) = Aj(N)ej(z, \) + VABj(A)sj(x, \).

Then y;(0, \) = A;(\) is the same on each outgoing edge; hence, as in [20], we index the functions
A(N) by vertices, and then

yi(z, \) = Ay(N)ej(, ) + VAB; (V) sz, \),

if e; starts from v. If the eigenfunctions are normalized, i.e., Zj lyj(z, A3 = 1, then A,(\) =

= B;j(\) = O(1) [8, 20, 28]. The coefficients A, and B; form a (|V| + |E|)-dimensional vector,
which satisfies |V| Kirchhoff conditions at the vertices and | E| continuity conditions at the incoming
ends of edges, namely, for all v € V(G),

3 \%Avj()\)c;-(l,)\)—i—Bj()\)s;(l,)\)— S B =0,

€l ...—U €j V...
! ™ ! Jy50)
FYAN VAT

where in the first sum v; denotes the starting point of e;; and, for all e; € E(G),
Au(N)ej(1,0) + VAB;(V)s;(1,A) — Ay (\) = 0,

if e; points from u to v (see equations (2.3) and (2.4) in [20]).
The matrix M of this homogeneous linear system of equations has a special structure. For the

A B} , Where

convenience of the reader we repeat its description from [20]. Namely, M = [ c D

1
Ais a |V] by |V| matrix, a,, = 7 Z c;(1,A), the sum is taken on edges pointing from w

to v; in the zero-potential case A is — sin /) times the (transpose of the) directed adjacency matrix
of G;
B and C are like incidence matrices;
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5;(1, A), if e; endsin v,
— -1 if e; starts from v,
Uj si(1,A) =1, if e; isaloopin w,
0, otherwise
and
-1, if e; endsin w,
. ci(1,N), if e; starts from v,
v —14¢j(1,A), if e; isaloopin wv,
0, otherwise;

D is an |E| by | E| diagonal matrix, d;; = v/As;(1, \).
The determinant of the matrix M is the so-called spectral determinant of the problem (2.1) —(2.3).
Example. Consider a flower-like graph, i.e., a single vertex with r loops. Then

J 1
— Y (LN | i) -1 0 s, =1
\/X; k 1
M=M= —1+c(1,A) | VAsi(1,)) ... 0
—1+c (1, 0 o AV As (1N
with determinant
det My = A" (LX) [T s 2) = (sk(1, ) = (=1 +er(1,0) [ 551,
k=1 j=1 k=1 J#k

corresponding to formula (2.9) in [28].

For A = (2k+1)27% +d + o(1) the elements of M have the following asymptotics, independent
of k (see [8], equation (2.3), or [22], Lemma 3.1):

1

}%(1,»:2\15 d—/qj +0<\%>, 3.1)
0

sh(1,A) = —1+0<\%), 3.2)

ci(1,\) = —1+0<\%>, (3.3)

ﬁsj(l,x):;& jqjd +0<\%>. (3.4)

Remark. Using these asymptotics, we get

det My = —4 > T VAsj(1,0) + o(A™2).
k=1j#k
This is a special case of (4.1) and of (4.2) below.

ISSN 1027-3190. Yxp. mam. scypn., 2022, m. 74, Ne 12



1682 M. KISS

4. Proofs of main result.

Lemma 4.1. The total multiplicities of the eigenvalues N\ = (2k + 1)?72 + O(1) are exactly
E| - V.

Proof. 1f ¢ = 0, det M is a polynomial of cos v/A and sin v/\, hence its zeros are 27-periodic in
VA A = (2k+1)%7%24-0(1) with periodicity implies v\ = (2k+ 1) exactly. For A = (2k+1)%x2
A and D are zero matrices, thus the rank of M is 2|V|, and its nullspace is exactly (|E| — [V])-
dimensional. Let us write for a moment A = A(¢q) to denote the dependency of the eigenvalues on
the potential. If we arrange the eigenvalues in an increasing sequence Aj,...,A,,..., then there is
a constant ¢ depending only on the graph and the L!-norm of the potential and not depending on 7,
the particular index of the eigenvalue, such that |\, (¢) — A, (0)| < ¢ for all n [20]. Hence, the total
multiplicity of eigenvalues A = (2k + 1)?72 4+ O(1) is the same for all ¢ € L*.

Lemma 4.2. The determinant of M for A = (2k + 1)?72 + O(1) is O()\_%(lE'_lV')).
Proof. Each term in the Leibniz formula for the determinant must contain at least (|E| — |V|)

1
factors from A and D having a magnitude of O <>

VA

Lemma 4.3. Assume that a graph has the same number of edges as vertices. Then the deter-
minant of its (unoriented) incidence matrix is zero, except if there is no even cycles in the graph
and every component contains exactly one (odd) cycle. In that case the determinant is +2% where k
denotes the number of components.

Proof. 1f the graph contains an even cycle, then the corresponding rows are dependent. If a
component contains no cycles, then the corresponding columns are dependent. The number of cycles
(including loops) is equal to the number of components, hence, if a component contains more than
one cycles or loops, then there must be another component without cycles. In all of these cases
the determinant of the incidence matrix is zero. Otherwise it is enough to prove the statement for
connected graphs, as the incidence matrix is a direct sum of that of the components. It is true for odd
cycles as well as for a single vertex with a loop. If the graph is not a single cycle or a single loop,
there is at least one vertex with only one incident edge. Removing this vertex (and its edge) from
the graph does not change the absolute value of the determinant of the incidence matrix. This can be
repeated until we reach a single cycle or a single loop.

Lemma 4.4. If A = (2k + 1)%272 + O(1), then the determinant of a |V| x |V| submatrix of C

1
(and of B) is £2" + o )\) if the indices of the rows in C (the columns in B) correspond to
the edges of a subgraph which has no even cycles and every component contains exactly one (odd)

1
cycle. Otherwise the determinant is o () .

VA

1 1
Proof. Leaving out the O(ﬁ) terms from the submatrix we make only 0(&) error in its

determinant. What we get is the negative of an incidence matrix of a subgraph with |V'| vertices and
|V| edges. Then the statement follows from the previous lemma.

Theorem 4.1. If A\ = (2k + 1)?72 + O(1), then

_BE[=|V]+1

det M = (—1)VIY "4 TT VAs;(L ) + 0 2 ), (4.1)

T e;¢T
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where the sum is taken for such subgraphs T of G which have |V | vertices and their incidence matrix
is nonsingular (i.e., T has no even cycles, has k components, each of which contains exactly one
(odd) cycle).

Proof. The main terms in the Leibniz formula for the determinant are those which contain
exactly (|E| — |V|) elements from D. The product of a fixed set of (|E| — [V|) elements in D is
weighted by the determinant of the respective minor, with all other elements of D substituted by
zero. The remaining rows in C' and columns in B look like an unordered incidence matrix of the
graph 7 spanned by the remaining |V'| edges. Then the determinant of the minor is (—1)!VI times
the square of the determinant of the incidence matrix of 7.

Corollary4.1. If X = (2k + 1)272 + O(1) and the graph G consists of v odd cycles of length

ni,..., Ny, glued together at a common vertex, then
r nj
det M =—43 T[> vAs(1, 2, q50) + 0072, (4.2)
i=1 j#i I=1

where qj; is the potential on the [th edge of the jth cycle.

Proof. The incidence matrix of a subgraph of G is nonsingular if and only if we leave out one
edge from every but one cycle. Note also that |V'| is odd and |E| — |V| = r — 1. Then the statement
follows from (4.1).

Substituting the asymptotics (3.1)—(3.4), we get the following corollary.

Corollary4.2. If \ = (2k +1)*7% +d +o(1) and the graph G consists of v odd cycles of length

ni, ..., Ny, glued together at a common vertex, then
det M = —4<_1)T_1p(d) +o(A” £l ),
2VA
where
r n; 1
pd) =Y T[{rd-> / 4 |- (4.3)
i=1 j#i =1}

Lemma 4.5. Under the assumptions of Theorem 2.1, p(d) = ZT . H ” njdr_l.
i= JFi

Proof. ) is an eigenvalue of the eigenvalue problem (2.1)—(2.3) if and only if det M () = 0.
Let the distinct roots of p(d) be dy,...,d;. By the previous corollary for A = (2k + 1)?72 4+ O(1)
the distinct roots of det M (\) are exactly of the form A = (2k + 1)?7% + d; + o(1), 1 < j <. By
Lemma 4.1 the total multiplicity of these eigenvalues is |E| — |V|. In Theorem 2.1 we assumed that
there are the same number of eigenvalues such that A = (2k + 1)?7% + o(1), hence d; = 0 for all j
and then p(d) is a constant multiple of d"~!. The principal coefficient is given by (4.3).

S
Proof of Theorem 2.1. Let us introduce Q; = Zzl / qji-
=tJo

For a fixed m substituting d = Q—m to (4.3), we get
Nm
~1/Qu\_ 1 Qu) _ 1 Qu _ Q;
2oolon) =l ) = LG )
=1 m H n; m m j#m m J

J=1
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Introducing h; = @, we have
n;

T

Z;hfnlznln(hm—hj% m=12..,m

i=1 ™ j£m

We can assume h; > hg > ... > h,. Then, for m = 2, the left-hand side is nonpositive, hence
ho < 0. Similarly, h.—; > 0. Hence, for m = 1,

r

1, 1,
—h 2 (hy —hy) =Y —hL

n T,
1 =1

If h. = 0, then hy = 0 as n;’s are positive. Similarly, h; = 0 implies h, = 0. If neither of them is

1 1 roo 1 .
) n—ihl and n—r(hr —hy) = Zi:l n—ihr. Subtracting, we get

r

1
then —(hy — hy) = E
zero, then m( 1 ) i

(h1 — hy) = 0.

ng

As n;’s are positive, if r > 2 then hqy = hg = ... = h, = 0, while for r = 2, hin; + hano = 0. In
both cases,

L
Let us denote the operator of the eigenvalue problem (2.1)-(2.3) by L. (¢, Le)

> X = 0 and

equality holds if and only if ¢ is an eigenfunction of L. It follows that the C(;nstant 1 must be an
eigenfunction corresponding to the eigenvalue 0. Substituting this to (2.1) gives ¢(z) = 0.

Theorem 2.1 is proved.

5. Glossary. A walk W in a graph is an alternating sequence of vertices and edges, say
Xo,e1,...,e;,X; where e; = X;-1X;, 0 < ¢ < [. The length of W is [. This walk W is called
a trail if all its edges are distinct. A path is a walk with distinct vertices. A trail whose end
vertices coincide (a closed trail) is called a circuit. To be precise, a circuit is a closed trail without
distinguished endvertices and direction, so that, for example, two triangles sharing a single vertex
give rise to precisely two circuits with six edges. If a walk W = Xg,e1,...,¢e;, X; is such that
[l >3, Xo = X, and the vertices X;,0 < ¢ < [, are distinct from each other and X, then W is said
to be a cycle [4, p. 5].

The incidence matrix of a graph has a row for each vertex and a column for each edge, and is
defined as

0, if e; isnotincidentto w;,
R = (145), rij =41, if e; isnota loop and incident to v;,

2, if e; isaloopat wvj;.
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