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ABSTRACT. In this work we analyze a nonlinear eigenvalue problem for the p-
Laplacian operator with zero Dirichlet boundary conditions. We assume that
the problem has a potential which depends on the eigenvalue parameter, and
we show that, for n big enough, there exists a real eigenvalue A, and they
corresponding eigenfunctions have exactly n nodal domains.

We characterize the asymptotic behavior of these eigenvalues, obtaining
two terms in the asymptotic expansion of A, in powers of n.

Finally, we study the inverse nodal problem in the case of energy depen-
dent potentials, showing that some subset of the zeros of the corresponding
eigenfunctions is enough to determine the main term of the potential.

1. INTRODUCTION
In this work we consider the following problem
(1.1) —(j"72) = N+ g, M ulPu, @€ (0,1)
with zero Dirichlet boundary conditions
(1.2) u(0) = u(l) =0,

where 1 < p < 00, A is a real parameter, and ¢ : [0, 1] x [0,400) — R satisfies the
following conditions:

H1) g is a continuous function in [0, 1] x R, and it is locally Lipschitz continuous
on the variable A except perhaps at A = 0.

H2) There exists C' > 0, a € (0, 1) such that |g(z, A)| < C(A*+1) for any A € R
and z € [0,1].

We are interested in the existence of eigenvalues, and these hypotheses are enough
to show the existence of an increasing sequence. However, in order to study the
asymptotic behavior of the eigenvalues and the inverse nodal problem, we impose
an additional condition,

H3) There exists a continuous function h(x) such that g(a, \)/A* — h(z) as
A — o0, uniformly in z.

This kind of problems belong to the class of nonlinear eigenvalue problems, where
the coefficients of the differential equations depend on the eigenvalue parameter.
There exists several particular cases of interest, like the quadratic eigenvalue prob-
lems, see [32, 34]; or the energy dependent potentials, see [1, 10, 13].
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When p = 2, the eigenvalue problem (1.1)-(1.2) is very important in both clas-
sical and quantum mechanics. For example, such problems arise in solving Klein-
Gordon equations which describe the motion of massless particles such as photons,
they are also used for modelling vibrations of mechanical systems in viscous me-
dia, or in hydrodynamic stability problems, see [5]. In particular, generalized one
dimensional Schrédinger equations with quadratic operator pencils,

(1.3) —u" = (A\* = 2\h(z) — q(2)) u

where studied in several papers, see [1, 2, 3, 10, 22, 28, 35, 36], among other works.

The existence of a discrete set of eigenvalues in the linear case is a difficult
problem, and it was solved first by Friedman and Shinbrot [11] using functional
analytic techniques for linear compact symmetric operators which can be applied
to the inverses of the differential operators. In the one-dimensional case, the work
of Greenberg and Babuska [12] uses the shooting method as a way to obtain the
eigenvalues; however, this need some monotonicity assumptions on the coefficients.
Again in the linear one-dimensional case corresponding to equation (1.3), the dis-
creteness of the spectrum and the existence of a double sequence of real eigenvalues
going to +oo can be found in [14, 15], where additional conditions are imposed on
the coefficients, namely,

G1) h € H*(0,1).

G2) q € L*(0,1) satisfies fol |u'|? + q(z)|u*dz > 0 for u € H?(0,1), u # 0.
Without these conditions, a finite number of complex eigenvalues can appear, see
also the work of Browne and Watson [2], where this question is discussed in detail.

Let us remark that this double sequence depend on the particular problem con-
sidered. In some cases, equation (1.3) appears as

—u = ()\ —2VAh(z) — q(:c)) u,

and only positive values of A are allowed as eigenvalues. We prefer to work here with
this type of problem, since the other case can be handled in much the same way.
Let us remark that some pathologies can occur, like the existence of complex eigen-
values, or the existence of two values of A with the same associated eigenfunctions.
We will discuss these questions briefly at the end of Section §2.

The existence of eigenvalues for the p-Laplacian is subtle, since the tools used
for p = 2 are not available in the quasilinear case. Also, a general nonlinearity like
g(x, ) forbids the use of the Priifer transform based on the generalized trigono-
metric functions (as in [7, 8, 12]) without additional conditions of monotonicity
on g. Nevertheless, we can show that, for sufficiently big n, we have at least one
eigenvalue \,, and the corresponding eigenfunctions have exactly n + 1 zeros in
[0,1]. Our first results in this direction are the following theorems:

Theorem 1.1. Let g be a function satisfying (H1)—(H2). Then there ezists ng > 1
such that, if n > ng, there exists an eigenvalue A, of problem (1.1)-(1.2) such that
the associated eigenfunction u, has exactly n + 1 zeros in [0,1].

Let us observe that this theorem does not preclude the existence of more than
two eigenvalues with same number of zeros. The following corollary is a direct
consequence of the previous theorem and the Sturmian comparison theorem (see
Theorem 2.2 in Section §2).
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Corollary 1.1. Let g be a function satisfying (H1) — (H2), and let us assume that
g(xz, A) is monotonic in A\. Then there exists ng > 1 such that, if n > ng, there
exists an eigenvalue X, of problem (1.1)-(1.2) such that the associated eigenfunction
u, has exactly n+1 zeros in [0, 1], and there are no other eigenvalues in (A, , +00)
such that the associated eigenfunction has n+ 1 zeros in [0, 1].

Also, we can compute the asymptotic expansion of A,,. We obtain two terms,
with a different error term depending on the relationship between « and p’, the
Sobolev conjugate exponent of p satisfying

1 1

- =1

p p
Theorem 1.2. Let us consider the problem (1.1)-(1.2), and suppose that g satisfies
conditions H1), H2), and H3). Then, if ap’ <1,

1 1
(14) An =0Ty — ];(an)”""“"’ / h(w)dz + O(n?Po=2r+0),
0
and, if ap’ > 1,
1 1
(15) An = nPa) = (myn) TP / h(x)de + o(n' P 7).
p 0

Here, m, is the first nontrivial zero of the generalized p-sine function, see Section
62 for the corresponding definition.

Let us remark that Theorem 1.2 improves the results obtained for the quadratic
eigenvalue problem and p = 2 in [2], since an additional term is obtained. Also, less
regularity is assumed on g than the one imposed by hypothesis G1) in [14]. On the
other hand, assuming more regularity on the function h as in G1), more terms in
the asymptotic expansion of A, were obtained in [14, 15]. Our proofs are based on
simple arguments, depending on the classical comparison and oscillation theorems,
combined with a fixed point argument.

Our next result shows that, for the quadratic eigenvalue problem, some infinite
subset of the zeros of {up }n>n, is enough to determine the function accompanying
the higher order power of A in the potential, which enable us to determine A in
H3). We postpone the definition of a dense twin subset to Section §5.

Theorem 1.3. Let us consider the problem (1.1)-(1.2), and suppose that g satisfies
conditions H1), H2), and H3). Let {\p}n>n, be the sequence of eigenvalues given
by Theorem 1.1. Then, given the zeros of the corresponding eigenfunctions, we can
determine univocally the function h. Moreover, it is enough to consider a dense
twin subset of the zeros, and

s

(16) . P—pa,, —pa 1 P
zllmn_>ooﬂ'p n m—n :|
In particular, for the quadratic eigenvalue problem, we have the following corol-

lary, which includes the order of convergence:

Corollary 1.2. Let us consider the problem

—([W/[P72) = [N+ Ah(@) + q(@)] [ulPPu, e (0,1)
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with zero Dirichlet boundary conditions u(0) = u(l) = 0. Then we can recover h
given a dense twin subset of the zeros of eigenfunctions. Moreover, if h is Lipschitz
continuous with constant K, we have

< Ké,
n __ n —
s |

h(x) - /\;a [W - An]

and

< Kb, + O(nl_p),

e — 1
) [

where 6, = max{|r — a7 [, |z — 27|}

Let us remark that the constant in the term O(n!~P) depends only on the L>
norm of i (in order to bound the integral of h), and in this case also the constant
K can be estimated explicitly.

The spectral inverse problems for energy dependent potentials started with the
works of Jaulent and Jean [19, 20, 21], and was studied later in [3, 18, 27, 37, 36].

Let us mention some previous works in the inverse nodal problem, and let us
compare briefly the differences with our proof of Theorem 1.3. First, let us recall
that there are two different inverse problems for the equation

—u" = Mr(x)u + q(v)u,

one is to determine the weight r, and the other one is to determine the potential g.
For quadratic eigenvalue problems,

—u" = XNu + Mh(z)u + q(z)u,

both h and ¢ are terms of the potential, and were determined in the linear case
p = 2 by Buterin and Shieh, see [3], and by Yang in [36] in terms of a dense subset
of nodes and the integrals of i and g. Their proofs are based on precise estimates
on the location of zeros of eigenfunctions obtained from the regularized traces of
the pencil of operators and the corresponding Weyl function. Let us remark that
only g was determined before for the p-Laplacian operator, see the works of Goktas,
Gulsen, Yilmaz, and Koyunbakan [13, 22, 23, 38].

The determination of ¢ followed the ideas introduced originally by McLaughlin
in [26], which were quickly extended in [6, 16, 17, 24] among several other works.
Their proofs need a detailed knowledge of the lengths of the nodal domains in terms
of the eigenvalues, which depends on a better estimate on the eigenvalues than the
one given by the estimate (1.4).

This method works well also in the determination of the weight r, and different
approaches were proposed in [31], based in the problem of moments combined with
integration rules on the zeros of the eigenfunctions; in [25], where the authors used
the WKB method; and recently in [29, 30], based on the convergence of a sequence
of measures concentrated on the zeros of the eigenfunctions.

Here, we are mainly interested on the characterization of h. The previous meth-
ods need much more information on the eigenvalues than the one available here,
and the last one cannot be used in this problem since the sequence of measures
converge to the Lebesgue measure, and therefore the information on h and ¢ is lost.
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So, we introduce a different approach here, of more elemental character. Com-
pared with previous works in the linear case (i.e., [3, 36]), we are using more in-
formation about the nodes, since they assume only that a dense subset of zeros is
given, and also it is enough to know them on more than half the interval. On the
other hand, we are not assuming that the integral of ¢ and h are given, and only
the case o = 1/2 was studied in these works.

1.1. Organization of the paper. The paper is structured as follows: in Section
§2 we introduce some notation and previous results. In Section §3 we prove Theorem
1.1, and in Section §4 we prove Theorem 1.2. Section §5 is devoted to the nodal
inverse problem.

2. PRELIMINARIES

In this section we will recall some necessary definitions and results about solu-
tions to the problem (1.1)-(1.2).

2.1. The one dimensional p-Laplacian problem. Let us start with the constant
coeflicient problem

/
= (lw1e=2w) = (o= Dl

and let S, (z) be the unique solution of the initial boundary value problem satisfying
u(0) = 0, w/(0) = 1. This function is known as the generalized sine function, and
for p = 2 become sin z, see [7, 8]. The first zero of S,(z) is

/1 dt
T =2 e
o Y1I—tr
and enables us to characterize the eigenvalues and eigenfunctions of the problem
!
= (10720} = (o = DAl

with zero Dirichlet boundary conditions u(0) = u(1) = 0 (see [8]). There exists a
sequence of eigenvalues {\, }»>1, such that

A <Ao< <A, <. = 0,

where A,, = nPrb, and the corresponding eigenfunction is u,(x) = Sp(nm,r). Let
us note that u, has n + 1 zeros in [0,1], or nodal points, which define n nodal
domains, i. e., the interval between two consecutive zeros.

Using the shooting method and the Prufer transform, it is possible to extend this
result to the nonconstant coefficient case, obtaining also estimates on the eigenval-
ues. An alternative procedure is the variational method, we have again a sequence
of discrete eigenvalues, and the eigenfunction associated to A,, has n+ 1 zeros or n
nodal domains.

We recall the following results on the existence of eigenvalues together with the
fundamental theorems of comparison and oscillation for Sturm-Liouville problems,
which hold for linear and quasilinear problems, and will be needed later:

Theorem 2.1. Let us assume that g(x, \) = g(x) does not depend on X. Then all
the eigenvalues A of the problem

I
— (W) = (& + gla))ul ™
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with zero Dirichlet boundary conditions are given by an unbounded increasing se-
quence {A, }n>1, and their asymptotic behavior as n — oo is given by

AYP = nm, + o(n).

Any eigenfunction associated to A, has exactly n+ 1 nodal points in [0, 1], and the
zeros of the eigenfunctions interlace, excluding the ones at 0 and 1.

Moreover, by considering the Sobolev space Wol’p(O, 1), we can obtain the eigen-
values by using a minimax characterization,

1 1

(2.1) A, = inf sup / |u'|pdaz+/ g(z)|ulPdz,
On€Cn {ueCy:|lull Lr=1} Jo 0

where Cy, is the class of compact symmetric (C = —C) subsets of Wol’p(O,l) of

(Krasnoselskii) genus greater or equal than n.

Theorem 2.2. Given two equations

/
— (W172v) = g1 (@)|ul "D

!/
= (1W10720) = @)l

such that g1(x) < ga(zx) on [0,1], then between every two nodal points of any non
trivial solution of the first equation there is at least one node of every solution of
the second equation.

For a proof of these results, and related ones, we refer the interested reader to
[4, 7, 8,9, 10, 33]. Let us remark that there are similar results for Neumann and
mixed boundary conditions.

2.2. Quadratic eigenvalue problems. As mentioned in the introduction, chang-
ing the spectral parameter v\ — A gives a potential of the form

A? — 2h(x)A — (),

and we can expect the existence of two sequences of eigenvalues going to £oo. Of
course, in the original variable we only consider the positive values of A, or we need
to introduce complex eigenvalues; we prefer this because the situation is harder for
arbitrary powers A“.

The following simple example shows the problems involved and the necessity of
hypothesis G2) in [14, 15].

Ezample 2.1. Let us consider the equation (1.3) in (0, 1), with constant coefficients

h and q,
—u" = (A —2bvV\ — a)u,
where a and b are real numbers.

By considering A2 4+ 2bA + a = n’72, we get that this equation has two real
solutions if and only if a < b? + n?7%. However, we can have two different positive
values for A, both with the same associated eigenfunction. For example, for b = 2,
and @ = —4n2, we have

—u" = (X — 47V A + 4n?)u,

and uy (z) = sin(7z) is the associated eigenfunction to v/A = 7 and also to VA = 3.
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3. EXISTENCE OF EIGENVALUES

In this section we prove Theorem 1.1 and Corollary 1.1. The proof of Theorem
1.1 is structured in three parts: first we derive an estimate for ng and we define, for
n > ng, some intervals I,,; then, we introduce an operator T : I,, — R which gives
the n-th. eigenvalue of an auxiliary problem with g(x, \) replaced by g(x, 1), and
we prove its continuity; finally, we show that there exists a fixed point T'(tt,) = fin,
which is the eigenvalue \,,.

Of course, we cannot prove that there exists a unique fixed point pu, for each
n. However, it is easy to see that this can be done by imposing a monotonicity
condition on g as a function of A as in Corollary 1.1, and its proof follows directly
from the Sturmian Comparison Theorem 2.2.

Proof of Theorem 1.1.
(1) A priori bounds on A, and ng.
Let us recall hypothesis H2),

A=CA“+1) < A+g <A+ C(A" +1),

and hence, since a < 1, there exists a minimum positive integer ng such that, for
n > ng, we have
C(2mb(n+1)P]*+1) 1
mh(n—1)P/2 2
Now, for any n > ng we define I,, = [75(n — 1)?/2,2r5(n + 1)P]. For X € I,, we
have

9@, V| _CO™+1)

AT A
C([rh(n+1)P]* +1)
wh(n— 1)
1
<§.

In other words, whenever A\ € I,,,

(3.1) o, )| < 5.

(2) An auziliary eigenvalue problem.
Now, for each n > ng, and the intervals I,, introduced above, let us define
T, : I, — R, where T, (1) is the n-th eigenvalue of the problem
—(W'P72) = A+ gz, w] P20, 2 €(0,1)

with zero Dirichlet boundary conditions. Let us recall that the associated eigen-
function has exactly n + 1 zeros on I,,. We show now that 7;, is a continuous
function.

Let € be an arbitrary positive number. Given any pair of values ui, pe € I,
since g is locally Lipschitz, there exists a fixed constant K, such that

l9(x, 1) — g(@, p2)| < Kn|pr — pa.
Thus, there exists ¢ > 0 such that, if |u; — pa| < 9, we get |g(x, 1) — gz, p2)| < €.
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We will use now the variational characterization of the eigenvalues given by
equation (2.1). There exists a compact symmetric set C’,Sl) such that

An(p1) < sup / |u'|Pdx —|—/ g(@)|ulPde < Ay (p1) +e.

{ueC:|lullLp=1}

Therefore, for any function u € cV , and po satisfying |u1 — pe| < 0, we have

1 1
M) =intsw ([ pds s [ gt s )
Cn {u€Cp:|lullLr=1}
< sup (/ [ |pdx+/ g(z, p1)]|u|Pdz
{ueC:|lullLp=1}
n / 9(0.13) = g
0
() tet  sw ( / l9(a ) — <x,u1>||u|pdx)

{ueC [lull =1}
n(pn) +e+ellullf,
n(p1) + 2¢.

Interchanging the role of 1 and us, taking an auxiliary set Cy(f), we get A (p1) <
An(p2) + 2¢, and thus

[An(p1) = An(p2)| < 2e.
Hence, the operator T, : I,, — R is continuous.

(3) The fized point argument.
Let us show that T, (u,) = pn for some u, € I,. To this end, since T}, is a

continuous function, it is enough to show that:

i- To(mh(n —1)P/2) > 7h(n — 1)P/2,

ii.- T (27h(n +1)P) < 2mb(n + 1)P.
Let us observe that both inequalities implies T;, : I, — I,,, and then the classical
Bolzano’s theorem or the Brower Fixed Point Theorem implies the existence of a
fixed point.

Let us prove i.—. Let us suppose that

An(mh(n — 1)P/2) = T, (7h(n — 1)P/2) < 7h(n — 1)F /2.

Then, from inequality (3.1),

An(Th(n —1)P/2) + g(x, 7h(n — 1)P /2) = T, (7h(n — 1)P/2) + g(z, 7h(n — 1)P /2)
<ab(n—1)P/2+7h(n—1)"/4
<mp(n—1)7,

contradicting the Sturmian Comparison Theorem 2.2, since the corresponding eigen-
function has n + 1 zeros, and the solution to

—(jw'P7*w) = h(n = )PP, x e (0,1)
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satisfying w(0) = w(1) = 0 has exactly n zeros.
In much the same way we prove ii.—, let us suppose that
An (270 (n + 1)P) = T, (270 (n + 1)P) > 270 (n + 1)P,

and using again inequality (3.1),

An (27D (0 4+ 1)P) + g(z, 2mh (n + 1)P) = T,,(275 (n + 1)P) + g(z, 270 (n + 1)P)
> 27b(n + 1)P — 27 (n + 1)P/2

= wg(n + 1P,
contradicting the Sturmian Comparison Theorem 2.2, since the solution to
— ([P = b (n + 1)P|w|P~ 2w, xz € (0,1)

satisfying w(0) = w(1) = 0 has exactly n + 2 zeros.

We have obtained a sequence of eigenvalues { A, },>n,, and their associated eigen-
functions {wy, }n>n,- It is clear that the eigenfunction w, has n + 1 zeros in [0, 1],
since it is the associated eigenfunction to the n-th eigenvalue of the auxiliary Sturm
Liouville problem with Dirichlet boundary conditions. Hence, they are all different.

The proof is finished. O

Remark 3.1. Let us observe that the argument cannot be strengthened to show
that there are no other eigenvalues. However, this can be proved by imposing some
monotonicity condition in order to ensure that 7T}, (x) is an increasing function, as
stated in Corollary 1.1.

Proof of Corollary 1.1. Let ng as in the proof of Theorem 1.1. For each n > ny we
have an eigenvalue \,, € I,,, and the corresponding eigenfunction has exactly n + 1
zeros in [0, 1].

Let us suppose that A € (\,,, +00), A # A, is another eigenvalue, and let up be
its associated eigenfunction. There exists some n such that A, < A < Ap41, and
the monotonicity condition on g implies that

An Jrg(x,)\n) < AJrg(x,A) < Ant1 Jrg(x,)\n_,_l).

Therefore, the Sturmian Comparison Theorem 2.2 implies up has more than n + 1
zeros, and simultaneously, less than n + 2, which is impossible.

Hence, A must coincide with one of the eigenvalues \,,. However, there exists
a unique solution to the initial boundary value problem given by equation (1.1)
satisfying u(0) = 0, v/(0) = 1, so uy is an appropriate multiple of w,,.

The proof is finished. ([l

4. ASYMPTOTIC BEHAVIOR OF EIGENVALUES.

Let us observe that the existence of an eigenvalue \,, € I,, proved in the previous
section implies that A\, = O(nP?). In order to prove Theorem 1.2, we need the
following previous results.

Lemma 4.1. Let {\,}n>n, be the sequence of eigenvalues of problem (1.1)-(1.2)
obtained in Theorem 1.1, where g satisfies H1) and H2). Then

A = nPrh + o(n?).
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Proof. Let us take ¢ > 0. Let us write equation (1.1) as

—(Ju/[P72) = A [1 + g(x/\,)\)} [ulP 2.

Using condition H1) we get

A
1-Cpe A<y g(i’ ) <14 opetoay,
and hence 1 — ¢ < 1—|—g(%’)‘) <1+ ¢ if X is big enough.

By using the Sturmian Comparison Theorem 2.2,

(1 —g)mbn? <\, < (14 ¢)mhn?,

and the Lemma is proved. ([

Lemma 4.2. Let {uy }n>n, be the eigenfunctions associated to {\, }n>n,, the eigen-
values of problem (1.1)-(1.2) obtained in Theorem 1.1, where g satisfies H1) and
H2). Let 0 = xg < x1 < -+ < x, = 1 be the zeros of u,. Then, for 1 < j < n,
there exists some y; € [xj_1,2;] such that

P

At 95 A) =
J J—

Proof. By re-scaling the interval, we know that b /(x;—x;_1)P is the first eigenvalue

of the p-Laplacian operator in [z;_1,2;]. Now, the Sturmian Comparison Theorem
2.2 implies

m

—=— > min A, +9(y, ),

(zj —2jm1)P ~ yelzsras) 9 An)

P
— P < max M\, + A
(5 — w5 1)P 7 yel; 1] n 90 ),

and the result follows by using the continuity of g and Bolzano’s Theorem. O
We are ready to prove Theorem 1.2

Proof of Theorem 1.2. Applying Lemma 4.2 in the nodal domains of u,,, and the
Taylor’s expansion (14 2)Y/? =1+ z/p 4+ O(2?) for z ~ 0, we get

1
n A

Tj — Tj—1 n
i )\n _
—AYP (1 1 W An) | e 2))
PAn

_\1/p g(yja)‘n) 2a—2+1/p
=\/P+ pr‘”“" +O(N; ).
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Now, by multiplying both sides by (z; —,_1) and summing from 1 to n, we get

J=1
- n J Jj—1 p)\(pfl)/p J Jj—1 n
J]= n

1 n
1/ _ o 20—2+1/
=AP+ p}\(pq)/p § 95, An)(@; — zj-1) + O(A, ),
n j=1

Let us observe that the term O(A2*~>™*/?) in each interval can be bounded
independently of j by the same constant depending only on C given by condition
H1), so after multiplying by (z; —;_1) and summing up, we recover the same term
since the total lengths of the intervals is equal to one.

Now, using that

n n 1
Lm ALY g(ys, A2y —2jm1) = nli_?;oz;h(yj)(xj —xj1) = /O h(z)dz,
iz

j=1
we get

1

Ny, =\ + ——————
p n pA%p—l)/p_a

1
/ h(z)de + oA~/ + O =2 HE),
0
where the o(.) term comes from the error between the integral and the corresponding
Riemann’ sum, and the error between g(x, \)A~* and h(x).
Let us compare the exponent on the error terms. Since o < 1, we have that

a—(p—-1)/p>2a—-2+1/p.

()\z—(P—l)/p)

This implies that the error term is o when ap’ > 1, since the exponent

is positive, and it is O()\ia_zﬂ/p) in the other case.

Finally, by replacing \,, = mbn?+o(n?) from Lemma 4.1, the proof is finished. [J

5. NODAL INVERSE PROBLEM

In order to study the nodal inverse problem we introduce the following defini-
tions:

Definition 5.1. Let us call X, the set of zeros of the eigenfunctions of problem
(1.1)-(1.2), that is,

Xg:{sc'?:ogjgn,nzno}.

Definition 5.2. A dense twin subset of zeros T' X, is a subset of X, satisfying that,
for any = € [0,1], there exists a sequence of pair of consecutive zeros in T'X, that

is, {(#7_1,27) }u>n, C T'Xy, such that 27 |, 27 — x as n — oo.

Remark 5.1. Let us note that the existence of this kind of sets is given by Lemma
4.2, since A\, = O(nP) implies that the distance between consecutive zeros must
vanish.
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Proof of Theorem 1.3. Let us fix z € [0, 1], and some ¢ > 0 sufficiently small. Let
us consider the corresponding sequence of zeros {(z}_;,2})}n>n, in the dense twin
subset.

Proceeding as in the proof of Theorem 1.2, by applying Lemma 4.2 in the nodal
domains of u,,, we get

p
™

(I;l - I;‘l—l)p.

A+ 9(y], ) =

for some y? € (z7_;,27). Let us observe that y;' — x when n — oo as well.
Using H3), there exists n; such that, if n > ny, we have
lg(A, ) — A%h(z)| < e
for any « € [0, 1]. Hence,
™
A+ ARh(y]) —

($? — i >

< END,

which implies that

<e.

MW)AﬁlW_y?VM]

J J-1
Since h is continuous (and hence, uniformly continuous in [0, 1]) there exists ns
such that

Ih(x) = h(yj)| <e

for any n > ny. Finally, adding the terms +h(z) and using the triangular inequality,
we obtain

< 2¢

P
@) = A" |y — M
('Tj _qu)p

for any n > max{ns,ns2}.

This proves the first characterization of h involving both the zeros and the eigen-
values. Next, we show that the eigenvalues can be replaced by their asymptotic
expansion.

Using Theorem 1.2, we know that A\, = (mpn)? + O(n®), with s = 1 + ap —
p < p. Therefore, n®*P — 0 with n, and we can perform a Taylor expansion for
(14 O(n®*P))* obtaining

o e - ] rom)
(z )P " [(mpn)? + O(n®)]
(e — ]+ 0)

(mpn)Pe[l + O(n*=P)]*

o — | +00)
(o) + O(—r77)

no__ pn
J Zj
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We can write the term in the right hand side as
P s
[ar=sy — ()] + O) ( (my)? )
(mpn) ’

(rymre Pt O =790

which is

x,,_T;’I’; 7 — (mpn)? s—p+pa
|:( J J*l) P ] + O(nsfpa) 1— O(Tl ) ;
(myn) (myn)p* + O]

or, equivalently,

[ — )

(mpm )P

+ O(n°7P%) (1 — O(nsfp)) .
By observing that the expression converges to h(z), and n* P < n®*P% we get

h(z) = lim ((an)pa [(xwg — (mpn)?

7 aio)P

and the theorem is proved. ([

The proof of Corollary 1.2 is a direct consequence of the previous computation,
and only the order of convergence needs to be proved.
Proof of Corollary 1.2. Starting as before from
™
An + A0R(YR) = ,
n+ n (yj) (-r?_«rglfl)p

where y? € (z_;,z7), we have

P
h(z) =h(z) — h(y?) + N\, | ——2— — N\
SR [P
P
<\ ¢ nipn = A | + K|z —yj|
(% mj—l)p
P
<\ ¢ P — | + K.
" (z;‘ - x?—l)p
From the previous proof we know that
o | N L el AP
O [ceran il Il ey

Since s — pa = (1 + pa — p) — pa = 1 — p, we get an error term O(n'~P), and the
proof is finished. O
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