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Abstract. The paper is concerned with the eigenvalue problem for the Laplace operator in
a disc under the condition that the oblique derivative vanishes on the disc boundary. In a
famous article by V. A. Il'in and E.I. Moiseev (Differential equations, 1994) it was found, in
particular, that the root of any equation of the form

pI(p) +intanaJu(n) = 0,  neZ

with the Bessel function J, () determines the eigenvalue A = p? of the problem. In our work
we correct the information about the location of eigenvalues. It is specified explicit view of the
corner, containing all the eigenvalues. It is shown that all the nonzero roots of the equation are
simple and given a refined description of the set of their localization on the complex plane. To
prove these facts we use the partial differential equations methods and also methods of entire
functions theory.

1. Statement of the problem
In the unit disc D = {(:17, y) |22 +9? < 1} we consider the problem

Aw+ Aw =0 in D, %—2;):0 on 0D. (1)

Here, A is the Laplace operator, A € C is the spectral parameter, [ is a direction at a fixed angle
o € (—m/2,7/2) with the outer normal vector m to the boundary D = {(z,y) | 2® +y* = 1}.
The problem with oblique derivative was extensively studied [1]-[5]. Our paper is closest to
the papers [1], [5] and has been strongly influenced by these papers. Of great interest in problem
(1) is to find nontrivial solutions w = u + iv and the corresponding eigenvalues A\ = p? = & +in.
It is known (see, for example, [1], [6, Ch. §8]), that any weak solution to problem (1) from the
Sobolev class WZ(D) is a classical solution. It is also known [7, Ch. 4, § 1, Theorem 3], [8, Ch. 5,
§ 19], that in the case a = 0 (that is, when Jw/0l = Ow/0On) all the eigenvalues of problem (1)
are real and nonnegative, the eigenfunctions forming an orthogonal basis for Lo(D). In [1] it
was proved that for any € > 0 outside the set {\ € C | |arg \| < ¢} there is at most finite number
of eigenvalues of problem (1), and, hence, they all located in some angle on the complex plane.
Besides, the system of eigenfunctions and associated functions was shown to be complete in Lo
in [1] for general elliptic problems (in particular, including problem (1)). The main result of [5]
is that the system of root functions of problem (1) fails to have the basis property both in the
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space Lo (D) and in the space Ly, (D) for any p > 1. In [5] it was also shown that any root of
an equation of the form

pd(p) +intana J, () = 0, n € Z, (2)

with the Bessel function J, (i) defines an eigenvalue A = p? of problem (1) with the
corresponding eigenfunction J,(ur) exp(iny). Besides, there exists a subsequence of eigenvalues
A = p? for which the set [Imp| is unbounded. In other words, this subsequence does not
lie “inside” the so-called Carleman parabola [9], [10]. In [11] an asymptotically exact set on
the complex plane was found to contain all the eigenvalues of an elliptic operator with classical
conditions on the boundary. Even though we failed to directly apply these result to problem (1),
nevertheless the approaches of [11] were found to be instrumental in treating problem (1). The
results of our paper extend the results of [1], [5] on the location of eigenvalues of problem (1).
Our arguments depend on the methods of partial differential equations and methods of special
considerations from the theory of entire functions.

2. Statement of the main results
In what follows, the phrase “u is a root of equation of the form (2)” will mean that p satisfies
at least one equation from the family of equations (2).

We have the following results.

Theorem 1. Let A =& +in € C be an arbitrary eigenvalue of problem (1). Then

In| < {ftanal, 3)

which shows that all the eigenvalues lie in the right half-plane.
Thus, for the angle appearing in [1] we give an explicit description by (3).

Theorem 2. Each root p # 0 of an arbitrarily chosen equation from (2) is simple, Impu # 0
with n # 0.

Theorem 3. For a fized n € Z, the corresponding equation from (2) has no roots u # 0 on the
set {p € C| Rep? < n?}.
Theorem 4. \ = p? is an eigenvalue of problem (1) if and only if when u is a root of an
equation of the form (2).
Theorem 5. All the eigenfunctions of problem (1) are given in polar coordinates by formulas
of the form

w(T‘, (10) = Jn(,u T) exp (Z n(p)v ne Z7 (4)
where p assumes all such values from the set of roots of equation of the form (2) with given n
for which w(r, ) Z 0. There are no associated functions in problem (1).

Remark 2.1. The assertion Im p # 0 with n # 0 in Theorem 2, the sufficiency in Theorem 4,
as well as the fact from Theorem 5 that there are no associated functions in problem (1) were
proved in [5]; these results are shown for the sake of completeness of exposition. We also note
that Theorem 5 is an immediate consequence of Theorem 4 and the results of [5].

Remark 2.2. For each n € Z a fixed equation from (2) has an infinite countable set of roots.
For later purposes, it will be convenient to split the family of equations (2) into two
subfamilies:
wJ (1) +intana J,(pn) = 0, n €N, (5)

wJ (1) —intana J,(u) = 0, n € NU{0}. (6)

The following properties of subfamiles (5), (6) are immediate.
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(i) If some p = p(n) is a root of an equation from (5), then its complex conjugate 7 is a root
of an equation in (6) with the same n, and vice versa.

(ii) For each m # 0 the change « by —a carries over an equation from (5) into an equation
from (6), and vice versa.

(iii) If p is a root of equation of the form (2), then — p is a root of the same equation.

Thus, in the study of complex roots of the family of equations (2) it suffices to consider only
equations (5) and only in the right half-plane, assuming that o € (0,7/2), because the case
a = 0 has received a good deal of attention (see, for example, [8, Ch. 5, § 19]).

3. Proofs of the main results
We give only sketches of the proofs; detailed arguments will be given in a forthcoming paper.

3.1. Proof of Theorem 1.
Let m, T be, respectively, the unit normal vector and the unit tangent vector at a point
(x,y) € 0D. We assume that the shortest rotation from 7 to m forms a counterclockwise

rotation. We fix an eigenvalue A = £ + in and the corresponding eigenfunction w = u + v,
w Z 0. On 9D we have

0 0 0
8—2;) = (ncosa + Tsina, Vw) = cos e + sinaen = (ncosa + Tsina) Vu' |

on or

where Vw = {wy;wy} is the vector of the gradient, Vw! is the corresponding column. The
vectors m and 7 depend on a point (z,y), while the angle a € (—7/2,7/2) between I and the
outer normal vector m is fixed. A rotation for « in a clockwise direction is assumed to be positive.
In polar coordinates, for (z,y) € 0D we write n = {cos ¢;sin ¢}, T = {sin ¢; — cos ¢}. Consider

the matrix
A- [ cosa — sin o
-\ sina  cosa )’
and calculate
div (Vw AT) = div {w, cos a — wy sin a; w, sin a + wy cos a} = cos a Aw.
This enables us to rewrite equation from the statement of problem (1) in the equivalent form
div (Vw AT) +wAcosa = 0.
Multiplying the last equality in Lo(D) by w, we find that
/ div (Vw AT) wdxdy + A cos « / |w|? dzdy = 0. (7)
D D
Transforming the first integral in (7) we find that

/ div (Vw AT) wdz dy = —/ [cos a| Vw|? + sin a (w, Wy — wy, W,)]| drdy.
D D

We shall assume that the eigenfunction is normalized; that is, ||[w|? = [, |w|*dzdy = 1.
Equating to zero in succession the real and imaginary parts of (7), this gives

5:/ |Vw|? dz dy ncosa:sinaIm/ (wy Wy — wy Wy,) drdy.
D D
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Hence,
|n| cos a = | sin |Im/D (Wg Wy — wy W) dady| < |sinaf /D |wy Wy — Wy Wy| drdy <
< |sinq| /D |Vw| |Vw| dxdy = |sin o] /D |Vw|? dzdy = |sinal €.
This proves inequality (3). The proof of Theorem 1 is complete. O

3.2. Proof of Theorem 2.

Let us prove that each root pu # 0 of equation (2) with fixed n € Z is simple. That for n = 0
the corresponding equation has simple roots is well-known (see, for example, [12, Ch. 15]). For
definiteness, let us consider equation (5) with parameter o € (0,7/2). Assume that p # 0 is
a multiple root of (5) with fixed n € N. Then the following equalities hold simultaneously:

wd) (1) +in tana Jp (@) =0,

(8)
inptanaJ, (u) — (% —n?)J.(p) =0.

System (8) is linear and homogeneous in J,(u), Jy, (). Hence, it has either only the zero solution
or its determinant is zero. We claim that none of such cases is realized. If J),(u) = J,(u) = 0,
then the classical Bessel’s equation with g # 0 shows that the derivatives Jr(lm) (1) are
zero for all m € N, which is impossible. If the determinant of system (8) is zero, then
p? = n?(1 + tan®?a) > 0, and therefore, u € R\ {0}, which contradicts the first equation
in (8). The property Im p # 0 for each p # 0 was established in [5]. This proves Theorem 2. O

3.8. Proof of Theorem 3.
Let us consider equation (5) with fixed n € N and « € (0,7/2). Let u € C\ {0} be a root of
this equation. By Theorem 2 we have Im y # 0. The complex conjugate i satisfies the equality

i Jy(7) — intan o J,(7) = 0. 9)

Consider the real function

WV
o

O(x) = |[Jn(u)® = Jo(pa) Ju(fi), x (10)

The first and second derivatives of ® are as follows:

V'(2) = (Jn(pa) Jn(fx)) = pdy () o (fiz) + G, (Gr) Jn (),

7'L2
¥(0) = 3 #/) 2 (Res = 23 ) 8(0) + 2| o)

We have ®(0) = ®’(0) = 0. Besides, using (5), (9) this gives ®'(1) = 0. So, the function ®(z),
as defined by (10), is a solution to the problem

|2, z > 0.

n2
" (x) + é ' (z) + 2 <Re,u2 - F) () = 2| ‘J;L(,uxﬂz , x>0, (11)

®(0) = ®'(0) =0, ®'(1) = 0. (12)
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Since ®(x) is continuous and nonnegative on [0, 1], there exists a point z¢ € (0, 1] such that

d(z) = ®(z) = 0.
Jnax (z) = ®(z0)

Assume that the so-chosen root u # 0 satisfies the condition Re y? < n2. Then in equation (11)
the coefficient multiplying ®(z) is nonpositive:

2
c(x) =2 <Re,u2— %) <0, xe€(0,1].

We first consider the case xg < 1. Taking into account equation (11), we see that subelliptic
function ®(x) attains its nonnegative maximum inside the interval [0,1]. Hence, this function
is constant. But in this case ®(x) = 0, which leads to a contradiction with (10). Assume now
that zp = 1. By the normal derivative lemma (see, for example, [13, Ch. 1, § 1, Theorem 4]) we
have ®'(1) > 0, contradicting (12). So, equation (5) cannot have roots p # 0 that satisfy the
condition Re p? < n?. This proves Theorem 3. U

3.4. Proof of Theorem 4.
If 1 is a root of an equation of the form (2), then a direct calculation shows that the function
Jn(pur)exp(ing) #Z 0 is a solution to problem (1); that is, J,(ur)exp(ing) is an eigenfunction
corresponding to the eigenvalue A = p?. Why problem (1) has no other eigenvalues? Such
results are usually verified using the completeness and orthogonality (the basis property) of
eigenfunctions (see [8, Ch. 5, § 19|, [14, Lecture 27]). But problem (1) has no such properties!
We claim that if A\ = p? is an eigenvalue of problem (1), then u is a root of at least one
of the equations from family (2). Let w = w(r,¢) be the eigenfunction corresponding to this
eigenvalue. We write the equation for w(r, ¢):

2
13<8w>+i67w+u2w: : (13)

r or TE

For each fixed r the function w(r, ¢) is p-smooth and 2r—periodic, and hence, it can be expanded
into a Fourier series.

1
o

2
W) = 30 Rn) €™ Ru) = o [ wlre)e ™ dp mez. ()
meZ 0
Here, at least one of the Fourier coefficients does not vanish identically; that is, there exists an
n € Z such that R, (r) # 0.

Multiplying equation (13) by exp(—imy) and integrating in ¢ € [0, 27], we see that for each

meZ ") )
1d ARy (7 9 N B

Since the functions R,,(r) are bounded, it follows that R,,(r) = Cy, Jy,(ur) for each Fourier
coefficients with some constant Cy,. Substituting the expression for R,,(r) into the Fourier series
in (14), we have

w(r, @) = Z Cop T (1) €.

meZ

The boundary condition of problem (1) implies that

Z Cr €™ [ J), (1) +imtana Jp, ()] = 0.
meZ
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But in this case

Cr [ J), (1) +imtan o Jp, ()] = 0, m € Z.
We have R, (r) # 0, and hence C,, # 0. Therefore, for such n € Z the number p is a root of an
equation of the form (2). This proves Theorem 4. O

4. Concluding remarks
Consider an equation of the form (5) with fixed o € (0,7/2), n € N. We expand the entire
function J,,(u) as an infinite product

1\ 1 1

Jn(ﬂ):a<§> H 1_ﬁ , reC,
k=1 n,

where j,, ;, are its positive roots (see [12, Ch. 15, p. 498]). Taking the logarithmic derivative we

conclude that, for the above «, n with p # 0 equation (5) is equivalent to the equation

[e.e]

1
T =T 2K

Setting pu? = & + in, we have the following system for eigenvalues:

i Jnk n ¢+ ntana _0
P 6 Ja )t n? 2 &+ ’

(15)
Z i n &tana —n 0

-2 2 e

System (15) provides additional tools for the study of the eigenvalues of problem (1). In
particular, in this way we get a different proof of Theorem 1. Indeed, (15) may only have
solutions that simultaneously satisfy the inequalities n > 0, &tana —n > 0. Thus, for the roots
of equation (5) with a € (0,7/2) the eigenvalues A = p? lie in the angle 0 < 1 < £ tan a. Note
that this fact cannot be ‘felt’ by the methods of partial differential equations.

References
[1] Agmon S 1962 On the eigenfunctions and on the eigenvalues of general elliptic boundary value problems
Comm. on pure and appl. math. 15 119-147
[2] Egorov Ju V and Kondrat’ev V' A 1969 The oblique derivative problem Mathematics of the USSR-Sbornik 7
139-169
[3] Bitsadze A V 1988 Some classes of partial differential equations (CRC Press)
[4] Moiseev E I 1976 Completeness of eigenfunctions of some boundary-value problems Doklady Akademii Nauk
SSSR 226 1012-14
[5] Iin V A and Moiseev E I 1994 On the Absence of the Basis Property of a System of Root Functions of a
Problem with an Oblique Derivative Differ. Uravn. 30 128-143
[6] Gilbarg D and Trudinger N S 1984 Elliptic Partial Differential Equations of Second Order (Berlin: Springer)
[7] Mikhailov V P 1978 Partial differential equations translated from the Russian by P C Sinha (Moscow: Mir)
[8] Vladimirov V S 1971 Equations of mathematical physics (New York: Marcel Dekker)
[9] Geppert H 1927 Uber Randwertprobleme bei linearen eliptischen Differentialgleichungen Mathematische
Annalen 98 264272
[10] Carleman T 1936 Uber die asymptotische Verteilung der Eigenwerte partieller Differentialgleichungen
Berichte der Sachsischen Akademie der Wissenschaften zu Leipzig. Math.-Phys. Klasse 88 119-132
[11] Kostin A B 2013 Complex eigenvalues of elliptic operators and an example of inverse problem with nonunique
solution Doklady Mathematics 88 651-654
[12] Watson G N 1944 A Treatise on the Theory of Bessel Functions (Cambridge: Cambridge University Press)
[13] Protter M H and Weinberger H F 1984 Mazimum Principles in Differential Equations (New York: Springer-
Verlag)
[14] Sobolev S L 1964 Partial Differential Equations of Mathematical Physics (Oxford: Pergamon Press)



