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ABSTRACT. The first eigenvalue of a one-dimensional transmission problem is
calculated. The eigenvalue problem originates from the analysis of electromag-
netic fields near an interior edge in a heterogeneous medium.

This note is inspired by [6]. Our goal is a formula for the first eigenvalue of the
system

= —k2D () forpel;, i€ {1,...,4},
= eWyp®W(2m), (%/1(1))'( 0) = (™)' (2m),

v (m) =9@(m), (@) (r) = <w<3>>’ ),
PP Gm) =W (Em), WD) En) =D W) (En),
where
L :=(0,%), Ih:=(5m), I3:=(m, %TF), Iy = (%W,Qﬂ'),
and

e £ @ (2)

are two positive numbers. The notation f() further refers to the restriction f|r,
of a function f € L?(0,2r). Inspired by [2, 3, 1, 4, 5], we use (1) in [7] during
the study of a two-dimensional Laplacian on the disk with transmission conditions.
Note that the transmission conditions are different from the ones in [1, 2, 3, 6, 5].
The following representation formula for the first eigenvalue of (1) is essential to
decompose the domain of the Laplacian into a regular and a singular space, see
Section 3.3 in [7]. Eventually, this uses to analyze certain components of the electric
field near interior edges of a heterogeneous material, see Lemma 5.10 therein.

The main result of this note is formula (3) for the first eigenvalue of (1). We
establish the relation within the following three lemmas. The statement and the
proofs are to some extend in analogy to Lemmas 1-2 in [6].

Lemma 1. Let ¢ > (). The first eigenvalue k3 of (1) satisfies the formula

(@ — D)2 4sin? (k)

= ) 3
e@e) cos(2 k1) cos(§k1m) )

The associated eigenspace is one-dimensional, and the next eigenvalue is greater or
equal than 1.

Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) —
Project-ID 258734477 — SFB 1173.

1



2 KONSTANTIN ZERULLA

Proof. 1) Throughout, we make multiple times use of basic trigonometric formulas.
In the first three parts of this proof, we take an eigenfunction ¢ # 0 of (1) with
eigenvalue \ := k% € (0,1) for granted. This uses to derive the asserted estimates.
In the fourth step, we prove the existence of this eigenvalue.

We first conclude the representation

Y@ (p) = a? cos(ﬁg@) + b sin(VAp), ie{l,...,4}, (4)

with real numbers a(?,b(?). The transmission conditions then imply the relations
aM =a® =a® and b = b2 = p(3), The fact A # 0 and the second line of (1)
lead to the expressions

(4)
D = %(a«o cos(VA2r) 4+ b sin(VA27)), (5)
g

b = —a® sin(vA27) + b™ cos(VA27).
Combining the last line of (1) with (5) then results in the identities
a™® cos(VAZ7) + bW sin(vVA37) = aV cos(VAST) + b sin(VAET)

(4)
5(1)( @ cos(V/A2r) 4+ b sin(vA27)) COS(\/XST(‘)

+ (—aW sin(vVA27) + b cos(VA27)) sin(VAST),
being equivalent to the statement
a®) (cos(\ﬁ)\% ) — EE—I; cos(VA27) cos(\[\%w) + sin(VA27) SiH(\/X%T()) (6)
=@ ( - sin(\f/\%ﬂ') + z% sin(VA2) cos(\a%ﬂ) + cos(VA2r) sm(ﬁ%w))
= b0WA;(N).

Relating the derivative condition in the last line of (1) to (5), we further infer
the equation

eV (—a sm(f A7) + 0@ cos(VAST))
—MVX ( =0 a™ cos(VA2T) sin(VAZT) — Z00b sin(VA2n) sin(vAZ7)
— a® sin(vA2m) cos(VAZ) + @ cos(vA2r) cos(VAZT) ),

implying with A > 0 the identity
a® (= @ sin(VA3) + @ cos(vVA2m) sin(vVAST) + eV sin(vA2r) cos(VAZT)

o) ( — e cos(VAZr) — e@ sin(v/A2r) sin(vA37)

+ M cos(va2r) cos(ﬁgn))
= bW Ay (N). (7)

We now distinguish two cases for a(*), the first one leading to a contradiction.
2) Assume in the following that a*) = 0. In view of (5), b®* is then different
from zero, and A;(\) = 0. Introduce next the numbers
(4)
€
— — W _ (M

6.—6(1) 1, Ei=¢ e\,

Employing (6) and trigonometric calculus, we arrive at the equations

0=A1(\) = —sin(VA37) + dsin(vVA27) cos(VA37) + sin(VAIr)
= §sin(VA27) COS(\/X%TF) +2 COS(\/X%W) sin(V/Ar). (8)
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Similar reasoning leads from (7), meaning As(A) = 0, to the expressions

0= 8( : cos(\f3 ) — dsin(VA27) Sin(\/X%W) + cos(ﬁ%w)

=6 cos(f%w) — §sin(vA27) sin(VAS1) — 2sin(vVAS7) sin(Var).  (9)

Multiplying the last identity by cos(ﬁ%w) sin(v/A27) and inserting the formula for
§ from (8), we obtain the relations

0 = —d cos® (VA7) sin(vVA2r) — dsin®(VA27) sin(vVA37) cos(VAS)

— 2sin(VA37) sin(vA) sin(vVA27) cos(VAZ )

= 2cos(VASm) sin(V A7) cos(VAST)
+ 2 cos(VAST) sin(vAr) sin(vVA27) sin(VAZT)
— 2sin(VA37) sin(vA1) sin(vVA27) cos(VAZ 7). (10)

By assumption sin(v/Ar) # 0, and we conclude the statement

0= 2(005(\5%#) cos(VAET) — sin(vA2r) sin(\f)\ﬂ'))
= 2(cos(ﬁ%w) cos(VAIFL ) — sin(vV A5t ) sin(ﬁ%w))
= cos(VAT) + cos(V M) — cos(VAT) + cos(VA3T)
=2 COS(\/XZTI') COS(\/Xlﬂ').

As a result, A is an element of the set {5, 4, 25}. Inserting A = 1/49 into the
formula for § from (8), we arrive at a contradiction to the assumption on () /(1
The two other options for A\ lead to § < —1, meaning 5(4)/5(1) < 0. This is a
contradiction to the positivity of () and €. Altogether, a(* has to be nonzero.

3) Let a® # 0. After scaling, we assume a(*) = 1. We distinguish two cases.

3.4) Assume Ay()\) # 0. Equation (7), the definition £ = ¢ — () and trigono-
metric manipulations then lead to the result
—e@ sin(vVA3m) 4+ @ cos(vA2r) sin(vVAZ) + e sin(v/A27) cos(VAZT)
—e® cos(VAST) — e sin(VA27) sin(VAST) + e cos(VA27) cos(VAST)
- 4 sin(ﬁ%ﬂ') +e@® s1n(f 7) — Esin(v/A27) cos(ﬁ%w)

—eM® cos(VAZT) + e® cos(VAIT) — € cos(vV/A2m) cos(VAZT)
2¢™ cos(VAS) sin(VAr) — €sin(VA2r) cos(VAST)
2e@ sin(VA37) sin(VAT) + € cos(VA27) cos(VAST)

Inserting this representation for 5 into (6), we deduce the equations

p& —

0= COS(\A%W) - ? cos(ﬁ27r) COS(\/X§7T) + sin(VA27) sin(\/X%W)
+<fsin(\f% sm(xf%r)cos(\f?’ )Jrcos(\f)\?vr)sin(ﬁ%w))
2e™ cos(vV/A ) n(VAr) — Esin(vV/A27) cos(VAZT)
" 2@ sin (VA57) sin(vAr) + € cos(VA2) cos(VAST)
= 2sin(VA37) sin(VAr) — & cos(VA27) cos(VAZT)
+ (2cos(ﬁg ) sin(vVAr) + 8 sin(vA2) cos(v A2 )

2e® cos(VAS) sin(vVAr) — Esin(vA27) cos(VA
2eM sin(VA57) sin(vAr) + € cos(VA2r) cos(VA

)+
Ao
2
N0

~— | ~—

™ (12)
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Algebraic and trigonometric manipulations then lead to the identities

0=4e® sin2(\f)\g7r) sin? (V) + 4e@ cos2(\&%7r) sin? (VA7)
+2¢ sin(ﬁ%w) sin(v/Ar) cos(V/A2r) cos(ﬁ%w)
—2¢ cos(\f)\gﬂ) sin(V/ A7) sin(v/A27) COS(\/X§7T)
—28e™ cos(VA27) cos(VAST) sin(VAS ) sin(vAr)
+ 26 sin(VA27) cos(VAZ ) cos(VAST) sin(V/Ar)
— 6€ cos®(V/A2m) COSQ(\f§ ) — 8¢ sin?(V/A2r) cos (f% )

= 4e® sin? (VA7) + 2¢ sin(V A7) cos(\f3 )sm(\f% )

—20e™ sin(v/An) COS(\f%ﬂ') sm(\fyr) — € cos (\f%w) (13)

Taking additionally the relation & — §c(*) = —§¢ into account, we conclude the
equation

0 = 4e@ sin? (V) — 26§(sin(\&7r) cos(ﬁ%w) sin(\&%w) + %0052(\5570).

2
Combining the fact sin?(v/Ar) # 0 and
sin(VAr) Sin(\ﬁ%w) = —%(COS(\/X%W) - cos(ﬁ%w)),

we altogether arrive at the result

(@ — (D)2 B 575 2sin?(v/ )
eMe@ e gin(y/ ) cos(VAZm) sin(VASm) + 1 cos?(VASn)
B 4 sin?(v/ )
B cos(VASm) cos(ﬁ%ﬂ)' (14)

As the last expression on the right hand side is only positive on (0, 1/9) and strictly
monotonically increasing there, A € (0,1/9) is characterized by (14).

3.i1) Assume Az(A) = 0. We want to derive a contradiction for this option. Using
trigonometric identities, we first infer the relations

0=—e® cos(ﬁ%w) — e sin(vVA2m) Sin(\f)\%w) + e cos(vV/A2r) COS(\/X%TF)
= 5(4)(005(\[\%77) — COS(\/X%W)) — £ cos(VA2m) cos(\[\%%)
= 2@ sin(\ﬁgw) sin(VAr) — € cos(V/A2n) cos(ﬁ%w). (15)

As a result of a®) = 1 and (7), the identities

0=—c® sin(\r)\%w) + ™ cos(v/A2r) sin(\fkgw) + e sin(v/A2n) cos(\f)\%w)
=@ (Sin(\f)\%ﬂ') - sin(\[\%ﬂ)) — &sin(VA\2n) COS(\/X%W)
=2:@ COS(\/XgTI') sin(V/Ar) — 2¢ sin(vV/Ar) cos(V/Ar) COS(\/X%TF)

also follow. The last equation is equivalent to the formula

0=ec® COS(\/XgT(') — & cos(VT) COS(\/X%TF)

= (@ — 39 COS(\AQW) — 3¢ COS(\f/\lﬂ'). (16)
This implies cos(VA3m) > 0, meaning A € (0, ) U (5%, 1).

We next return to (15). Using & = @ — e it is equivalent to the relation

B & _ sin(VA5) sin(vAr) (17)
e® " Tcos(vA2r) cos(VAST)




DETERMINATION OF THE FIRST EIGENVALUE OF A TRANSMISSION PROBLEM 5

Considering the sign of the right hand side and the precondition ¢®* > ¢, we
infer that A € (9/25,1). Combining (17) with the inequalities

sin(y/z ) sin(y/z)

_2cos(\/527r) cos(v/z3n) > —2sin(v/z37) sin(yv/an)
> —2sin(37)sin(r) > 1, z € (3£, 78],
we further conclude that A € (155, 1). In view of (16) and the relations
(e® — ) cos(v/y2m) — § cos(v/ysm) > (e — %)% — £ cos(&)
>%*%(%+COS(%W»>O, Y€ ({5, %),

we obtain that A € [{,1). Monotonicity and (17) then lead to the contradiction
)

5(1) _ Sin(\/Xﬂ') Sin(\/xgﬂ') ésin( -1
) '

- = >
e cos(VAZm) cos(vA2m) ~ 3 cos(

Altogether, A>(\) has to be zero, and A satisfies (14).

4) Let A € (0,1) satisfy (14). In consideration of parts 1)-3), it now suffices to
show that \ is indeed an eigenvalue. Let 1) be given by (4) with numbers a(¥, b(*)
that are to be determined.

4.1) We first consider the case A2(A) = 0. By definition of A, identity (13) is then
still true. Reversing the reasoning in part 3.i), we infer the formula

0=1(2 cos(\[\%ﬂ) sin(V/Ar) + dsin(vVA27) cos(ﬁ%w))
- (2e@W COS(\/Xgﬂ') sin(VAr) — €sin(VA27) cos(\ﬂ%w))
= A (\)(2e@ COS(\/X%W) sin(VAr) — €sin(vVA2n) cos(\[\%w)), (18)

[S{Ne] (SN Ne)

involving the term A;(\) from (6). If A;()\) was also zero, the arguments in part
2) would apply again, and would lead to a contradiction. As a result, the second
factor in (18) is zero. Employing again the trigonometric manipulations in (11), we
infer the identity

0=—e® sin(ﬁ%ﬂ') + @ cos(VA27) sin(ﬁ%ﬂ') + W sin(vA27) COS(\A%ﬂ').

In presence of Ay(A) = 0, formula (7) is consequently valid. We then choose
a® =1, and define

@ . cos(\f)\%w) - i—ﬂ cos(vV/\2m) cos(ﬁ%w) + sin(vV/A27) sin(\ﬂ%ﬂ')

’ A0

(Note that A;(\) # 0). This means that also (6) is valid. Choosing now a(*) and
b according to (5) as well as aV) = a® = a3 b1 = p?2) = p(3) | the function ¥
is an eigenfunction of (1) to the eigenvalue .

4.ii) Consider finally the option As(\) # 0. We then define b* by (11), set
a® =1, define ¥ = a® = a® and b = b = p®) by (5), and choose 9 as in
(4). Tt then remains to check that the transmission conditions in (1) are fulfilled.
By definition of a) and (), the transmission conditions in lines 2-4 of (1) are
true. Taking also the choice of b®) into account, we infer that (7) and equivalently
the derivative transmission condition in the last line of (1) are valid. The definition
of A finally yields that (13) is satisfied. This is equivalent to the validity of (12).
As the latter formula holds if and only if (6) is true, we have shown that ¢ fulfills
all transmission conditions in (1). O
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Lemma 2. Let e > @ > 0 with

e® cos( ) sin(3m)
e sin(27) cos(4m)”

Then the statements of Lemma 1 are valid.

Proof. 1) We proceed as in the proof of Lemma 1, and assume first that there is
an eigenvalue \ := k3 € (0,1) of (1) with associated eigenfunction 1 # 0. The
representation formula ¢ (@) = a? cos(vVAp) + b sin(v/Ap) is again assumed
with a(?,b()) € R. Then all statements and formulas in part 1) of the proof of
Lemma 1 are still valid.

2) The reasoning in part 2) of the proof for Lemma 1 shows also here that
a® #£0.

3.i) We can assume that a(¥ = 1. In case the expression Ay(\) from (7) is
nonzero, the arguments in part 3.i) of the proof for Lemma 1 imply also here that
A satisfies the desired formula (3).

3.ii) Next we want to show by contradiction that A2(A) # 0. So assume that
Az(X) = 0. Note then that the formulas up to (16) are still true in the current setting
e > @ Then (16) implies that cos(vA37) < 0 and cos(VA37) + cos(VAST) >
0. Hence A € (o, 1)U (1, Z). Reformulating (15), we infer

2579 4725
e® sin(VAZ7) sin(vAn)
1— 2o =2 S (19)
e® cos(VA2r) cos(VAZT)
The sign of the expression on the right hand side further yields A € (2—15, 11—6) Com-

bining ¢ = ¢ — M) with (16), we additionally conclude
ed cos(VA3m)

e@® cos(VAZT) cos(VAT)

In view of the relations

1) A2 5

5 SO COS?)(\fQW) _ _ﬁcos(gw) 3

e cos(ﬁiw) cos(vV/AT) cos(g)
5 sin(vVAS) sin(vAr) - 28111(%71’) sin(gm)

cos(VA2r) cos(VA3) cos(2m)
for A € (3, 45), we arrive at a contradiction to (19). This shows that As(X) # 0,

and hence A satisfies (3).

4) The arguments in parts 4.i)—4.ii) apply also here and show that A € (0,1)
satisfying (3) is indeed an eigenvalue of (1) with one-dimensional eigenspace. [

> 2,

For the proof of the following result, we use the strategy of the proof for Lemma 2
in [6].

Lemma 3. Let € satisfy (2). Then the results of Lemma 1 remain true.

Proof. 1) In presence of Lemmas 1 and 2, we only treat the case

e® 1 2005(1—547r) sin(%w). (20)
e sin(27) cos(3 )

As in the proof of Lemma 1, we first assume that A € (0,1) is an eigenvalue of (1)
with eigenfunction ¢ # 0. As the arguments in part 1) of the proof for Lemma 1
are also valid in the current setting, we use the definitions and formulas from there.



DETERMINATION OF THE FIRST EIGENVALUE OF A TRANSMISSION PROBLEM 7

2) The goal is to show that a® = 0. To that end, we prove by contradiction
that the second factor on the left hand side of (7) is nonzero. So assume, it was
zero. Then,

e@ sin(vA27) cos(vVAS)

I —_ . 21
e sin(VA3m)(cos(vVA2m) — 1) 2D
Formula (7) additionally implies that b(*) or A3()\) has to be zero.
2.i) Let first (Y = 0. Then a* # 0. Here (6) implies
e® sin(VA27) sin(VA37) + cos(VAS) (22)

e cos(VA27) cos(VA3)

Studying the sign of the terms on the right hand side of (21)—(22), we obtain A €
(0, &). Then, the right hand side of (22) is, however, greater than 1, contradicting
(20). As a result, b¥) # 0.
2.ii) Let A2(A) = 0. Then, (9) is again valid and yields
=(4) L— o sin(vVAZ7) sin(VAr) (23)
e B cos(VA3m) + sin(vA27) sin(VA3w)
As e® /e > 0, we infer from (21) that A € (0, 1) U (3, 2). We next employ that
—cos(,/yam) > cos(,/y%) for y € (&, %), and that cos(y/yZm) > 0 for y € (1, 2).
Then we infer the relations

sin(,/y27) cos(,/y3) _ 2sin(y/ym) cos(,/ym) cos(/y5m)
sin(,/y3m)(1 — cos(y/y2m)) 2sin?(\/ym) sin(,/y3 )
1 1 1
B tan(,/ym) tan(/yim) = tan(7) tan(2) tan(g )’
2sin(y/y3m) sin(y/ym) _ 2sin(y/y3m) sin(y/ym)
cos(,/y3m) + sin(,/y2m) sin(,/y3m)  cos(\/y3m) + 5 (cos(\/yim) — cos(,/yz))
B sin(\f ) sin(y/ym) + (cos(\/gj% )—cos(\f m)) - 14
~ Lcos(yy2T) + cos(\/ysm)) + sin(/y37) sin(\/yr) 2L yelm V()

These contradict (20). Altogether, the second factor on the left hand side of (7) is
nonzero.

3) We next show by contradiction that A3(\) = 0, see (7). Assume hence that
As(X\) # 0. Combining the result of part 2) with (7), we conclude a(¥), b4 # 0.
We hence choose a(*) = 1. The reasoning and formulas in part 3.i) of the proof for
Lemma 1 are then again true and we conclude (14) in this way. Assumption (20)
yields A = 1/49 as well as (8). Repeating the arguments in part 2) of the proof for
Lemma 1 in reverse order, we furthermore conclude that As(A) = 0. This leads to
a contradiction. Altogether, A5()\) = 0, and part 2) with (7) imply that a(* = 0.

4) Repeating the arguments in part 2) of the proof for Lemma 1, we now conclude
that A = 1/49. In view of (20), x; = VX satisfies formula (3).

5) It now suffices to show that A = 1/49 is an eigenvalue of (1). The above reason-
ing then shows that the associated eigenspace is only one-dimensional. Introduce
a potential eigenfunction 1 via (4) with a® =0, b =1 and o) = a(® = a®),
b = b2 = pB) satisfying (5). By construction, v satisfies the transmission
conditions in lines 2-4 of (1).

We next show that 1 also satisfies the remaining transmission relations in line 5
of (1). This is equivalent to establishing (6) and (7). Assumption (20) implies
that (8) is valid, meaning that A;(\) = 0. In presence of the choice a(®) = 0, we
conclude that (6) is true. Using the reasoning part 2) of the proof for Lemma 1 in
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reverse order, we finally conclude that (9) is valid, implying As(A) = 0. As a result,
also (7) is proven. O
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