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The Skew Derivative Problem

in the Exterior of Open Curves in a Plane

P. A. Krutitskii

Abstract. The skew derivative problem for the Laplace equation in the exterior of open curves
in the plane is reduced to the Fredholm integral equation of the second kind, which is uniquely
solvable. ' ' ’ D
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1. Introduction

Boundary value problems for 2-dimensional partial differential equations are mostly
treated in domains, bounded by closed curves. A small number of studies are devoted
to problems in the exterior of open curves, for instance, Dirichlet and Neumann problems
for Helmholtz and Laplace equations were treated in [1, 4, 6 — 13, 15 — 16]. Similar
problems have great significance, because open curves model cracks, screens or wings.
The present note is an attempt to consider a skew derivative problem for 2-dimensinal
harmonic functions in the exterior of open curves. This problem arises in the physics of
semiconductors [5].

2. Formulation of the problem

In the plane z = (z1,z22) € R? we consider simple open curves I'y,...,['y € C2* (A €
(0,1]), so that they do not have common points. We put

N
I'=|JT..
n=1

We assume that each curve ', is parametrized by the arc length s:

T, = {:z: sz =z(s) = (z1(s), z2(s)) for s € [a,,,bn]} (n=1,..,N)
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so that a; < b, < ... <an < bn. Therefore points z € I' and values of the parameter
s are in one-to-one correspondence. Below the sets of the intervals on the Os-axis

N
U [am bn]
n=1
will be denoted by I' also.

The tangent vector to I at the point z(s) we denote by 7, = (cosa(s),sin a(s)),
where cosa(s) = zi(s) and sina(s) = z5(s). Let n; = (sina(s), —cosa(s)) be a
normal vector to I' at z(s). The direction of n; is chosen such that it will coincide with
the direction of 7 if n, is rotated anticlockwise through an angle of 7.

We say, that the function u = u(z) belongs to the smoothness class K if the following
conditions are satisfied: :

1) u € C°(R?\I') N C*(R?\T), and u is continuous at the ends of T.
2) Vu € C°(R2\I'\ X), where X is a point set, consisting of the endpoints of T':

N
X = (2(an) Uz(bn)).

n=1
3) In the neighbourhood of any point z(d) € X, for some constants C > 0 and
€ > —1, the inequality
IVl < Clz - a(d)[* (1)
holds where z — z(d) and d = a, or d = b, forn =1,...,N.

Remark. In the definition of the class K we consider I as a set of cuts in a plane.
In particular, the notation C°(R2\TI") denotes a class of functions, which are continuously
extended on I' from the left and right, but their values on I from the left and right can
be different, so that the functions may have a jump on T'.

Let us formulate the skew derivative problem for the Laplace equation in RZ\I:

Problem U. To find a function u = u(z) of the class K which satisfies the Laplace
equation
Au(z) =0 (z e RA\T; A =02 +82)), (2)a
the boundary condition

7] i)
(a—n: u(z(s)) + ﬂa_rz u(:c(s))> ‘r = f(s) (2)
and the conditions at infinity

lu(z)| € const and  |Vu(z)| = o(|z|™") as |z| = /2% + 2% — co. (2),
We suppose that § is a real constant. All conditions of the problem U must be satisfied
in the classical sense. '

The problem U arises, for instance, in the mathematical models of magnetized
semiconductors [5]. The Neumann problem for the Laplace equation in the exterior of
open curves is a particular case of our problem when § = 0.

On the basis of energy equalities [14: Sections 21.2, 28.2 and 31.1} we can easily
prove the following assertion.
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Theorem 1. Let T'e C** (X € (0,1)). If a solution of the problem U ezists, then
it 13 defined up to an arbitrary aedditive constant.

Let us show that if ug = ug(z) is a solution of the homogeneous problem U, then
ug(z) = const. To prove this with the help of energy equalities, we envelope open curves
by closed contours, tend contours to the curves and use the smoothness of the solution
of the problem U. In this way we obtain

. auo + _ auo -
IVl v = Jim, IVl oy = [t (Foe ) ds = [ug (322 as,

where the conditions (1) and (2). are taken into account and C, is the circle of the
radius 7 with the center in the origin. Besides, in the latter formula we consider " as a
set of cuts. The side of ' which is on the left, when the parameter s increases we denote
by I'* and the opposite side we denote by I'~. In a similaf manner; by the superscripts
"+” and ”—" we denote the limit values of functions on I'* and '~ respectively.

By fr ...do we mean Z,I:le f:: ...do. Using the homogeneous boundary condition
(2)s we obtain from the latter formula

2 6uo + _ auo -
IVuolly, me\ry = =B {/r""; (ar,) ds - /r"° or.) “

1 N
=85 {3 (bitatom ) - tatam)

m=1

- i (CHEON) lua(x(am»f)} =0

m=1

since ug (z(bm)) = ug (z(bm)) and ug (z(am)) = uy (z(am)) for m = 1,..., N in accor-
dance with the smoothness properties of the function ug, which belongs to the class K.

Thus, Vug = 0 and u¢ = const, and the theorem is proved due to the linearity of the
problem U B

3. Integral equations at the boundary

Below we assume that f = f(s) from (2), is an arbitrary function from the Banach
space C®(T'), with Hélder exponent A € (0, 1]. We consider the angular potential from
(2] for the equation (2), on T’

. 1
(@) = 5= [ WoWV(z,0)do. (3)
r
The kernel V(z,0) is defined (up to indeterminacy 2rm, with m = +1, +2, ...) by the
formulae

I — y;(a)
lz — y(o)l

z2 — yz(a)

cos V(z,0) = [z —y(o)|’

and sinV(z,0) =
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where

y(0) = (y1(0),y2(0)) €T
o= y(@) = (51 - 01(0)” + (22 — 12(0)) .

—_

One can see that V(z,0) is the angle between the vector y(o)z and the direction of the
Oz,-axis. More precisely, V(z,0) is a many-valued harmonic function of z connected
with In |z — y(o)| by the Cauchy-Riemann relations.

Below by V(z,0) we denote an arbitrary fixed branch of this function, which varies
continously with ¢ along each curve I', (n = 1,....,N) for given fixed z ¢ T'. Under
this definition of V(z,0), the potential v[u)(z) is a many-valued function. In order that
the potential v[y](z) be smgle valued it is necessary to impose the additional conditions

w(o)do =0 (n=1,..,N). (4)

Below we suppose that the density u(s) belongs to the Banach space C(T') (w €
(0,1], ¢ € [0,1)) and satisfies the conditions (4) We say that u € C¢(T) if the function
h defined by

h(s) = p(s) H |s — anl?s — bal?
n=1
belongs to the Holder space C%*(I') with exponent w and lellcery = llkllcow(ry. As
shown in [2, 6], for such u(s) the angular potential v[u}(z) belongs to the class K. In
particular, the inequality (1) holds with ¢ = —gq, if ¢ € (0,1). Moreover, integrating
v[p}(z) by parts and using (4) we express the angular potential in terms of a double
layer potential '

olul(z) = / o) —Inlz —y(o)ldo (5)

with density

p0) =[O (o €lambalin=1uW). - (6)
Consequently, v[u](z) satisfies both equation (2), outSIde [ and the conditions at infinity

(2)e-

Let us construct a solution of the problem U. Such solution can be obtained wivth
the help of potential theory for the equation (2),. We seek a solution of the problem in
the form

, u[p)(z) = vlp)(z) - Buw(pl(z) + C, (7
where C is an arbitrary constant, v{u|(z) is given by (3) and (5), and

wlpl(e) = = 5= [ wo)inle — y(o)do
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As mentioned above, we will seek u(s) from the Banach space Cy(T) we(0,1],9€
[0,1)). We note that u(s) must satisfy the conditions (4). For such u the function (7)
belongs to the class K and satisfies all conditions of the problem U except the boundary
condition (2)s. In particular, the conditions at infinity hold due to (4). To satisfy the
boundary condition we put (7) into (2)s, use the limit formulas for the angular potential
from [2, 6] and arrive at the singular integral equation [11: Section 96] for the density m

1+[32 / sin o (2(s), y(a))
u(o) do = f(s seTr) 8

(5) - ¥(o)] ) ®

where po(z,y) is the angle between the vector T and the direction of the normal ng.
The angle o(z,y) is taken to be positive if it is measured anticlockwise from n., and
negative if it is measured clockwise from n,. Besides, wo(z,y) is continuous in z,y € T

ifz#y.

Thus, if u(s) is a solution of the equations (4), (8) from the space C¢'(T') (w €

(0,1], ¢ € [0,1)), then the potential (7) satisfies all conditions of the problem U. The
following theorem holds.

Theorem 2. If T'€ C?* and f € COXT) (A € (0,1]), equation (8) has a solution
u(s) from the Banach space C¥(T) (w € (0,1], ¢ € [0,1)), and the conditions (4) hold,
then the function (7) is a solution of the problem U.

Our further treatment will be aimed to the proof of the solvability of the system (4),
(8) in the Banach space C¢’(T'). Moreover, we reduce the system (4), (8) to a Fredholm
equation of the second kind, which can be easily computed by classical methods.

It can be easily proved that

_ 1 (sinpo(a(s),y()) 1 o
Y@”—w< 2(e) - 4(0) a—JeC e

(see [6, 7] for details). Therefore we can rewrite (8) in the form

- /r ue) % + /r w(0)Y (s,0)do __

s

Rl en. @

4. The Fredholm integral equation and the solution
of the problem

Inverting the singular integral operator into (9) we arrive at the following integral equa-
tion of the second kind [11: Section 99]:

' _l—/ (a)A(sa)dHLNfc's"—Lus) (seT),  (10)
K+ Gy Jp #LOY Aol Q) & T ) el
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where v
Aole,) = = [ 7722 are) o
N
Q(s) = H Vs = anV/bn — s|sign(s — an)
n=1
o i [ S22
and Gy,..., GNy—) are arbitrary constants. To derive equations for these constants we

substitute u(s) from (10) into the conditions (4). Then we obtain

N-1

/y(a)l (0)do + Z BamGm =H, (n=1,..N), (1))
where
ba )
la(o) = - /Q_I(S)Ao(s,a)ds
a:"
- / Q7' (s)®o(s)ds ) (12)
a:"
—/Qfl(s)sm ds.

By B we denote the (N x N)-matrix with the elements By, from (12). As shown in
[7], this matrix is invertible. The elements of the inverse matrix will be called (B™1) .
Inverting the matrix B in (11) we express the constants Go, ..., Gy_; in terms of y as

G, = 2(3-1),,,,, [H,,, - /F (@) (o) da] .

We substitute G, into (10) and obtain the following integral equation for u(s) on I':

1 1
u(s) + 26) /P u(o)A(s,0)do = Q(—S)Q(s) (sel), (13)
where
N-1
A(s,0) = Ao(s,0) - Z Z(B Yamlm(o)
‘I)(s) @0(3) - Z Z(B 1)nm

It can be shown using the properties of singular integrals (see [3: Section 5] and [11:
Section 18]) that ®¢(s) and Ae(s, o) are Hélder functions if s € I and ¢ € I'. Therefore,



The Skew Derivative Problem 745

®(s) and A(s,0) are also Holder functions if s € I' and 0 € T. Consequently, any
solution of the equation (13) belongs to C¢(T), and below we look for u(s) on T in this
2

space. Moreover, it follows ;from our treatment that any solution of the equation (13)
meets the conditions (4).

Instead of u € C¢(T) we introduce the new unknown function u. € C%“(T') defined
2
by p.(s) = n(s)Q(s) and rewrite equation (13) in the form

i)+ [ 10 (O)A(s,0)do = 8() (€T (14)

Thus, the system of equations (4), (8) for u(s) has been reduced to the equation (14)
for the function u.(s). It is clear from our consideration that any solution of equation
(14) gives a solution of the system (4), (8).

As noted above, ®(s) and A(s, o) are Holder functions if s € ' and ¢ € I'. More
precisely (see (7] and [11: Section 18]), ® € C*?(I') (p = min{},}}) and A(-,0) €
C%?(T") uniformly with respect to o € I'. We arrive at the following assertion.

Lemma 1. If T € C** (A €(0,1]), ® € C*?(T') (p = min{}, 1}) and p. € CO(T)
satisfies the equation (14), then u. € COP(T).

The condition ® € C%?(T) holds if f € C®*(T"). Hence below we will seek pa(8)
from C°(T).

Since the function A(s, o) belongs to CO(T" x T), the integral operator from (14)
Apa(s) = /F pa(0)Q (o) A(s, o) do

is compact and maps C°(T') into itself. Therefore, (14) is a Fredholm equation of the
second kind in the Banach space C%(T’).

Let us show that the homogeneous equation (14) has only a trivial solution. Then,
according to Fredholm’s theorems, the inhomogeneous equation (14) has a unique so-
lution for any right-hand side. We will prove this by a contradiction. Let u9(s) from
C°(T') be a non-trivial solution of the homogeneous equation (14). According to Lemma
1, ud € COP(T') (p = min{}, 1}). Therefore the function u%(s) = u%(s)Q~(s) belongs
to C}(T) and converts the homogeneous equation (13) into an identity. Using the ho-

L ;

mogeneous identity (13) we check that u%(s) satisfies the conditions (4). Besides, acting
on the homogeneous identity (13) with a singular operator with the kernel ;1 we find
that u°(s) satisfies the homogeneous equation (9). Consequently, u0(s) satisfies the
homogeneous equation (8). On the basis of Theorem 2, u[u®](z) is a solution of the ho-
mogeneous problem U. According to Theorem 1, u[u®}(z) = const (z € R?\T'). Using
the limit formulas for the tangent and normal derivatives of potentials [2, 6], we obtain

{8 metee) — st}

lim
ama()E*

. g ST . L (s el).
- dm e e - Soulil(@)} = —(1+ 1°(s) =0
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By I'* we denote the side of I" which is on the left as the pa.ra.meter s increases and
by '~ we denote the other side. Consequently, if s € T, then u°(s) = 0 and x2(s) =

1°(s)Q1(s) =0, and we arrive at a contradiction to the assumption that u9(s) is a non-
trivial solution of the homogeneous equation (14). Thus, the homogeneous Fredholm
equation (14) has only a trivial solution in C°(T).

We have proved the following assertion.

Theorem 3. If T € C** (X € (0,1)), then (14) is a Fredholm equation of the
second kind in the space C°(T'). Moreover, equation (14) has a unique solution u, €

CO(T') for any ® € C°(T").
As a consequence of Theorem 3 and Lemma 1 we obtain the following corollary.

Corollary. If T € C** (X € (0,1]) and & € C®P(T), where p = min{}, 1},
then the unique solution of equation (14) in C%(T'), ensured by Theorem 3, belongs to
C%?(T). ]

We recall that ®(s) belongs to the class of smoothness required in the corollary if
f € C®X(I). As mentioned above, if u, € C%P(T) is a solution of equation (14), then
w(s) = pa(s)Q1(s) is a solution of the system (4), (8) in the space C(I"). We obtain
2
the following statement.

P.roposition. If T' € C** and f € COMI) (A € (0,1]), then the system of
equations (4),(8) has a solution p € CY(T'), p = min{\, 1}, which is ezpressed by the
2
formula p(s) = p(s)Q71(s), where p. € COP(T) is the unique solution of the Fredholm
equation (14) in CO(T).

Thus, the system (4), (8) is solvable for any f € C®*(T'). On the basis of Theorem
2 we arrive at the following final result.

Theorem 4. If T' € C** and f € C» ’\(I‘) (A € (0,1]), then the solution of
problem U ezists and is given by (7), where u(s) 1s a solution of the equations (4), (8)
from C"(I‘), p=min{}\, }} ensured by Proposition.

It can be checked directly that the solution of the problem U satisfies condition
(1) with € = —3. Explicit expressions for singularities of the solution gradient at the

end-points of the open curves can be easily obtained with the help of formulas presented
in (6, 7].

Theorem 4 ensures existence of a classical solution of the problem U when T € C%*
and f € C%*T). On the basis of our consideration we suggest the following scheme
for solving the problem U. First, we find the unique solution p.(s) of the Fredholm
equation (14) from C%(I'). This solution automatically belongs to C%?(T'), with p =
min{A, 1}. Second, we construct the solution of equations (4), (8) from C” (T') by the

formula u(s) = p.(s)Q~ 1(s) This solution automatically belongs to Cp (F) Finnaly,
substituting u(s) into (7) we obtain the solution of the problem U.
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