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Regular Sturm—Liouville problems with indefinite weight functions may possess
finitely many non-real eigenvalues. In this paper we prove explicit bounds on the real
and imaginary parts of these eigenvalues in terms of the coefficients of the differential
expression.

1. Introduction

In this paper we consider regular indefinite Sturm—Liouville eigenvalue problems of
the form

T(f)=\f WithT:;(—dpd—&-q) (1.1)

on bounded intervals (a,b) C R with real coefficients p~—t, ¢, w € L'(a,b) such that
p > 0 and w # 0 almost everywhere (a.e.) on (a,b). Problem (1.1) is supplemented
with suitable boundary conditions at the endpoints a and b. The peculiarity here
is that the weight function w is not assumed to be positive, and for this reason the
eigenvalue problem and the Sturm-Liouville differential expression 7 in (1.1) are
called indefinite.

The history of indefinite Sturm-Liouville eigenvalue problems goes back to the
early 20th century, when Haupt [10] and Richardson [16] generalized oscillation
results to the indefinite case, and noted that problems of the form (1.1) may have
non-real eigenvalues. For more historical details and other classical references we
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refer the reader to the interesting survey paper [13] by Mingarelli. From a modern
and more abstract point of view, the spectral theory of Sturm—Liouville opera-
tors with indefinite weights is intimately connected with spectral and perturbation
theory of operators that are self-adjoint with respect to the indefinite inner product

b
Frg] = / f(@)g@w() dz, (12)

where f, g are functions in the weighted L2-space L|2w| (a,b). The qualitative spectral
properties of the self-adjoint differential operators associated to 7 in the Krein space
(L\2w| (a,b),[-,-]) are well understood. We emphasize the contribution of Curgus and
Langer [9], who laid the foundations of this operator-theoretic approach. In partic-
ular; the spectrum of any self-adjoint realization consists only of normal eigenval-
ues. There are at most finitely many non-real eigenvalues, which appear in pairs
symmetric with respect to the real axis, and the real eigenvalues accumulate to
+oo and —oo. We refer the reader to the monograph [18] for an overview, and
to [1,2,4-8,11,14] for some other aspects in indefinite Sturm-Liouville theory.

The main objective of this paper is to prove bounds on the non-real spectrum
of indefinite Sturm-Liouville operators in terms of the coefficients in the differ-
ential expression. This is a challenging open problem according to Mingarelli [13]
and Kong et al. [12, remark 4.4] (see also [18, remark 11.4.1]). Only very recently
first results in this direction have been obtained by the authors of this paper,
jointly with Trunk in [3] for a particular singular problem, and in [15,17] with
Xie for regular problems with separated boundary conditions and special weight
functions w.

In this paper we investigate the general regular case with arbitrary self-adjoint
boundary conditions and a large class of weight functions, thereby extending and
completing the results in [15,17]. The only restriction on the weight w is that we
assume the existence of an absolutely continuous function g with ¢”?p € L(a,b)
such that sgn(g) = sgn(w) a.e. In theorems 3.2 and 3.6 we then obtain bounds for
the real and imaginary parts of the non-real eigenvalues of the indefinite Sturm—
Liouville eigenvalue problem (1.1), which depend on p, ¢, ¢ (and thus implicitly
on w) and the self-adjoint boundary condition. The techniques in the proofs of
our main results are inspired by the methods in [15,17]. For the case of a weight
function with finitely many sign changes, we construct an admissible function g
and find bounds that do not depend on g in corollaries 3.3 and 3.7. A particular
weight function with infinitely many turning points is treated in example 3.4. Fur-
thermore, for a certain set of real eigenvalues where the eigenfunctions have special
sign properties (sometimes called real ghost states) we obtain similar bounds as in
theorem 3.2 in theorem 4.3.

The paper has the following structure. After introducing the relevant notions
in §2, we prove the a priori bounds on the non-real eigenvalues of indefinite reg-
ular Sturm-Liouville operators in §3. We give estimates on the real exceptional
eigenvalues in §4. A key ingredient in the proofs of the results in §§3 and 4 are
certain estimates on the norms of the corresponding eigenfunctions and their deriva-
tives in lemmas 3.1, 3.5 and 4.2. In order to improve the flow of the paper we cover
the proofs of these lemmas separately in § 5.
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2. Preliminaries

Let 7 be the indefinite Sturm-Liouville expression from (1.1) with real-valued coef-
ficients p~!, ¢, w € L'(a,b) such that p > 0 and w # 0 a.e. on (a,b). Assume that
both sets

{z € (a,b): w(x) >0} and {z € (a,b): w(z) <0}

have positive Lebesgue measure. Let szl(a, b) be the linear space (of equivalence
classes) of measurable functions f: (a,b) — C such that f2w € L'(a,b), and equip
this space with the indefinite inner product [-, -] in (1.2).

The differential expression 7 is then formally symmetric with respect to [+, ], and
hence gives rise to self-adjoint realizations in the Krein space (L|2w‘ (a,b),[,]), that
is, 7 induces a family of differential operators that are self-adjoint with respect
to the Krein space inner product [-,-]. In the remainder of this paper, self-adjoint
refers to self-adjointness with respect to this inner product.

We briefly recollect how the self-adjoint realizations of 7 can be parametrized
(see [18, §4.2]). For this, denote by Dyax the maximal domain that consists of all
f € L? (a,b)such that f, pf’ are absolutely continuous and 7(f) € L? (a,b). Any

|w] |w]
self—adqj‘uoint differential operator associated with 7 in (L|2w‘ (a,b),[,]) is then of the
form
AD)f =7(f), dom A(D) =D, (2.1)
where

D = Dsep(l,7) 1= {f € Dmax: (pf')(a) = 1f(a), (pf')(b) =7f(b)}

with I,7 € RU{oc0} or

D = Deoup(; R) = {f € Dmax: <(pffgl))2b)> - ewR((pJJc”S;L()aQ }

with ¢ € [0,27) and R € R?*? such that det R = 1. We note that [ = co or r = oo
in Dyep (I, ) stand for the Dirichlet boundary conditions at a or b, respectively. For
brevity we refer to the above domains as self-adjoint domains. To any self-adjoint
domain D we assign a constant ¢(D) > 0 as follows:

1| + |r] if D = Dgep(l,7) with I,r € R,
|7 if D = Dyep (00, ) with r € R,
7| if D = Dgep(l,00) with I € R,
(D) := (2.2)
0 if D = Dgep (00, 00),
2
—|7"11| T T2|2| + if D= Dcoup((pa R) and 12 7& Oa
T12
|r11r21| if D= Dcoup(‘ﬁa R) and r19 = 0,

where the 7;; are the entries of the matrix R = (ri;); ;—; € R®** in the case of
coupled boundary conditions, i.e. D = Deoup (¢, R).
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LEMMA 2.1. Let D be a self-adjoint domain and let ¢ € D. We then have that

Im((p¢)(0)(b) — (p¢')(a)¢(a)) =0 (2.3)

and, in addition,

|(p¢") (0)(b) — (p¢')(a)$(a)| < (D) max{|o(a) |, [4(b)|*}. (2.4)

Proof. The identity (2.3) follows from the self-adjointness of A(D). We only show
that (2.4) holds in the case D = Deoup(, R). The other cases are evident. Let
¢ € Deoup (¢, R). We then have that

(ontn) = (o 72) (i) 9
and hence, as det R = 711792 — 112721 = 1, also that
Ci; 732) (<£5§’?b>) =< ((zﬁ?()a))' (26)

From (2.5) we obtain

r12(p¢’)(a) = e ¥ (b) — rd(a),
and (2.6) yields that

r12(p3)(b) = r229(b) — ei¢¢(a)-
Hence, if r15 # 0, then

raalé(b)” +r11[6(a)* — 2Re(e?p(a)$(b))

12

(pd")(0)p(b) — (p)(a)¢(a) =

This directly implies (2.4). If 715 = 0, then 711722 = 1. Moreover, by (2.6) we have
that reap(b) = e?¢(a), and from (2.5) we obtain

e (pd')(b) = ra1¢p(a) + ra2(pd’)(a).
This yields that

(p¢")(0)p(b) — (p9)(a)d(a) = (' (pg") (b)e ™ — (p¢')(a))d(a)
= (ry (ra10(a) + ra2(pg')(a)) — (pe')(a))d(a)
= r11791|¢(a)|?,

and (2.4) follows. O

For the estimates on the non-real and exceptional eigenvalues in the next sections
we need a set of norms. If r: (a,b) — [0,00) is a measurable function, we denote
by p, the measure on (a,b) with du, = rdt and define the weighted L2-spaces
as Li(a,b) := L*((a,b),p,); this is in accordance with L, (a,b) defined above.
The norm of L2(a,b) is denoted by || - ||2. As usual, the L'-norm and L*°-norm
are denoted by || - ||; and || - ||oo, respectively.
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We close this section with a simple observation, which is exploited in many of
the proofs below. Let ¢ be a solution of (1.1), i.e. ¢, p¢’ € ACJa,b] and

—(p9") + q¢ = Mw¢. (2.7)
Multiplying (2.7) with ¢ and using (p¢'¢)’ = (pg’)'¢ + p|¢’|? we obtain
Mwlo* = —(p¢)' ¢ + qlo|* = —(p¢'d) + ple'[* + alo|*. (2.8)

Integration over [z,b] C [a,b] gives

b 7 _ b
A / wldf = (p')(2)3(2) — (') (B)BB) + / WP +aléP).  (29)

and for the real and imaginary part we conclude that

b 7 _ b
(Re) [ wlof? = Re((po!))30) — (p0) 30N + [ (A0 +alo) (210

and

b - R
(ImA)/ wlo* = Im((pe") (2)d(x) — (pg') (b)H(b)). (2.11)

3. Bounds on non-real eigenvalues

In this section we provide a priori bounds on the non-real eigenvalues of the self-
adjoint realizations of the regular indefinite Sturm-Liouville expression 7 (see the-
orems 3.2 and 3.6). The following constants are incorporated into these bounds:

a=eD)+lgl,  Bi=a(l/lph+a)+a,  vi=2B+ T
3.1

Here (and in the following), ¢—(z) := min{0,¢(x)}, © € (a,b). Note that «,

and - only depend on the chosen self-adjoint boundary conditions and the norms

lla_ll1, lp~ 1. In particular, the constants a, 8 and « do not depend on the weight
function w.

The following lemma is the first of three similar statements that play a key role

in the proofs of the eigenvalue estimates in this paper. Its proof can be found in § 5.

LEMMA 3.1. Let D be a self-adjoint domain. Then, for all A € C\R and all solutions
¢ €D of (2.7), the following estimates hold:

19" lp.2 < Blldllyp2  and [[@lloo < VIl p.2-

The next theorem is the first main result of this section. It provides estimates
on the real and imaginary parts of the non-real eigenvalues of the operators A(D)
in (2.1) for any self-adjoint domain D. For the special case of separated boundary
conditions, a different type of estimate can be found in [17, theorem 1.2] and [15,
theorem 1.3].

THEOREM 3.2. Let D be a self-adjoint domain, let «, B, v be as in (3.1), and
assume that there exists a real-valued function g € AC|a,b] with g(a) = g(b) =0
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and g' € L2(a,b) such that gw > 0 a.e. on (a,b). Then, with e > 0 chosen such that

i1p({2 € [,8]: p(@)g(@)w(z) < €}) < % (3.2)

the following holds for all eigenvalues A € C\ R of the operator A(D):

2
[Tm A < gﬂvllg’ |p.2 (3.3)

and

[Re Al <

(U}

(B 1p.2 + (8% + 7 llall)llglloo)- (3-4)

Proof. Let A € C\ R be a non-real eigenvalue of A(D) and let ¢ € D be a corre-
sponding eigenfunction. It is no restriction to assume that

[9ll1/p2 = 1. (3.5)
Since g(a) = g(b) = 0, integration by parts yields that

b b b b
[ d@ [ wnewrads = [ g@ [ wePds

b
~ [ sta)ul@)loa) da. (3.6)

Let 2 := {z € [a,b]: p(z)g (ac) (z) < e} and let 2° = [a,b] \ 2. By assumption we
have that p,-1(£2) < 1/272, and hence we find that

b b
2: 2, -1 2, -1
[ ol = [ awiers > [ 1o

(- )

e(1 = 19l2mp-1(2) = (1 = 72p,-1(£2))
9

§a
where we have used the estimate ||¢|%, < 42 from lemma 3.1 together with (3.5).
Combining (3.6) and (3.7) we obtain the estimate

\V

> (3.7)

N ™

b b
</ g’(;v)/ w(t)|6(t)? dt da. (3.9)

From this, (2.11) and g(a) = g(b) = 0, we obtain

~

b b

¢ (z)(Im \) / w(t)|o(t)|? dt da

X

3
Im A <

b —_

g (z) Im((p¢') () (x) — (p¢')(b)p(b)) dz:

b

g'(x) Im((pg') (2)(x)) dz

)

I
— T
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which can be further estimated as being less than or equal to

|p72~

b b
/ 1998 8] < 1|l / 218 102 < [l g Il

Thus, the assertion on the imaginary part of the eigenvalue A\ follows from the
estimates ||¢/[|, 2 < § and ||¢]|s < v (see lemma 3.1 and (3.5)).

It remains to estimate the real part of A. For this we define the function G(x) :=
N *p|¢'|2 + gq|¢|2. From (3.8) and (2.10), we have that

Red \ / J(Re((p') (2)0(@) — (p8') ()3(D)) + G(a)) da

b

\ / 0 Re((p0") (@0 s + [ o (@)G() o).

a

(3.9)

Integration by parts gives

b b b
[ 9@ e == [ g@)6 @) ds = [ ga)p(@)l6 @ +a(@)6()) do

and hence from (3.9) we have that
RexS < [ lopooi+ [ ot 4 o)

<lolle [ o161 + gl [ 16+ ol
a a
< 10l Inal9' e + Il (1612 + lalil612)- (310)

The inequality (3.10) together with the estimates ||¢’||p.2 < 0 and ||¢|lcc < 7y (see
lemma 3.1 and (3.5)) implies that

3
[ReAl5 < BY19llp.2 + glloo (8% +27llall1),

which is (3.4). The theorem is proved. O

As the condition in theorem 3.2 concerning the existence of the absolutely con-
tinuous function g is somewhat implicit, we show in the next corollary how the
theorem becomes more explicit in the case of an indefinite weight function with a
finite number of turning points, that is, the interval (a,b) can be segmented into a
finite number of intervals, on each of which sgn(w) is constant. For the special case
of one turning point and separated boundary conditions, a different estimate was
shown in [17, theorem 1.3] (see also [15, theorem 1.2]).

COROLLARY 3.3. Assume that p = 1 and that w has n turning points in (a,b).
Moreover, let D be a self-adjoint domain, and let «, 3, v be as in (3.1). Then, with
€ > 0 chosen such that

(e € (a.): ()| <) < 75
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the following holds for all eigenvalues A € C\ R of the operator A(D):
§ 2 2 2 2 2
ImAl < 267" (n+1) and  [ReA| < (407" (n+1) + (67 +77llgll))-

Proof. Let 21 < - -+ < x;, be the turning points of w in (a, b), set xg := a, X411 := b,
and define the constant

1
R
Let k € {0,...,n}. If 2411 — 21 > 2v, for © € [z, Tp41] We set
z;xk for x € [xg, xp + V],
g(z) :==sgn(w | (g, zx11)) { 1 for x € [z + v, xp11 — V],
% for € [Tr41 — v, Tp41].

If k11 — x < 2v, then we define

(x — ) (P11 — 7)
202 ’

g(x) :=sgn(w | (g, Tp41)) x € [Tg, Tpi1].

Obviously, we have g € AC[a,b], ¢ € L*(a,b), g(a) = g(b) = 0 and gw > 0 a.e.
Moreover,

2 .
Trg1 , » if kg1 —xp = 20,
[ w@pasdy
2 if xp1 —xp < 2v
2
<2
v

In addition, it is easy to see that |g(x)| < 1 for every = € (a,b). Hence, we obtain

2
lglle <1 and lg'llz <4/ ~(n+1) = 4y(n+1).

Now, define S := {x € (a,b): |g(x)| # 1} and 2 := {z € (a,b): g(z)w(x) < e}. We
then have p1(S) < 2v(n + 1), and hence

p1(02) <pi({z € (a,0) \ St w(z)| <e}) +2v(n+1) < #

The claim now follows from theorem 3.2. O

As the following example illustrates, theorem 3.2 also applies to weight functions
with an infinite number of turning points.

EXAMPLE 3.4. Let p = 1 and let w(z) = sin(1/z) for z € [0,1/n]. Then w €
L'(0,1/m), but w ¢ AC[0,1/n] (and hence the results in [15] do not apply here).
In order to estimate the non-real eigenvalues of (1.1) with some ¢ € L(0,1/7)
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and some self-adjoint boundary conditions, we set g(x) := z*sin(1/x). Then, g is a
function as in theorem 3.2 with

llglleo < 0.003 and |[g'||2 < 0.02.
Choose ko € N such that (ko + 1)m > 442. If, for k € N, we set

Y
b (k+ )7 kr |’
we then have
- 1
Nl( U Ik) < W?
k=ko+1
so, for (3.2) to hold, it suffices to find € > 0 such that

,ul({x € G I: 2*sin?(1/x) < 5}) < #. (3.11)

k=1
For this, we first observe that for x € Ij, we have z?|sin(1/z)| > p (), where
1

= ;(1 —krx)((k+ Vrx —1), x € .

pr(x)
It is easily seen that, for € > 0 small enough, we have

1= /1—4Vek(k+ D _ 4yek(k+Dr
N k(k+ 1) < k(k+1m e

Hence, with /e := 1/4ko(ko + 1)m we can estimate the left-hand side of (3.11) by

pi({z € Iy : pr(z) < Ve})

1 1

ko
];ul({x € Iy: 2?|sin(1/z)] < Ve}) < dkove = o7 < 7%

so that (3.11), and hence (3.2), is satisfied. We now find estimates on the non-real
eigenvalues by making use of (3.3) and (3.4) in theorem 3.2.

In the next lemma we prove different estimates from those in lemma 3.1 for
|¢'||p,2 and ||@|lec under the assumption that the weight function w is such that

/abw £0. (3.12)

These involve the constant « in (3.1) and the constant § defined by
[[wll

-
| Jo wl

The proof of lemma 3.5 can be found in §5.

0:=2+2

(3.13)

LEMMA 3.5. Assume that the weight function w satisfies (3.12). Then, for all A €
C\ R and all solutions ¢ € D of (2.7), the following estimates hold:

19 llp.2 < @dllllijpe and [Igllsc < Vadlll1/p.2-
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By the same reasoning as in the proof of theorem 3.2, the estimates on ||¢||, 2
and ||@]|c yield bounds on the non-real eigenvalues of the self-adjoint realizations
of the regular indefinite Sturm-Liouville expression 7. We note that the estimates
in theorems 3.2 and 3.6 are not directly comparable, but can of course be combined
if w satisfies assumption (3.12).

THEOREM 3.6. Assume that the weight function w satisfies (3.12), let D be a self-
adjoint domain, let a and § be as above and assume that there exists a real-valued
function g € AC[a,b] with g(a) = g(b) =0 and ¢’ € L(a,b) such that gw > 0 a.e.
on (a,b). Then, with e > 0 chosen such that

1
2062’

the following holds for all eigenvalues A € C\ R of the operator A(D):

pp({z € [a,0]: p(a)g(z)w(r) <e}) <

2
|Im | < foz3/252||g'
€

Ip.2 (3.14)

and
2
[Re Al < Zad*(vallg'lp2 + (@ + lall)llgllo). (3.15)
Proof. Let A € C\ R be an eigenvalue corresponding to some eigenfunction ¢ € D,

and assume that ¢ satisfies (3.5). The same reasoning as in (3.6) and (3.7) leads
to (3.8), and hence to the estimates

2
Al < M9l llgllp.2ll¢']

D2

and

Re Al < =([I¢llcllg’l

p2ll®lp2 + Igllos (/115 2 + llall 1 16112.))-

(LI ]

The assertions now follow from [|¢/|,2 < ad and ||l < vad (see lemma 3.5
and (3.5)). O

The next corollary is a variant of corollary 3.3 and can be proved in the same
way.

COROLLARY 3.7. Assume that p = 1, that w satisfies (3.12) and has n turning
points in (a,b). Moreover, let D be a self-adjoint domain and let o and 6 be as
in (3.1) and (3.13). Then, with € > 0 chosen such that

pi{e € (@) [o(@)| < D) < oy

the following holds for all eigenvalues A € C\ R of the operator A(D):
8 2
[Tm A| < ga253(n +1) and |Re)| < ga52(4a5(n +1)+a+g|h)-

REMARK 3.8. If we regard the existence of the function ¢ in theorems 3.2 and 3.6 as
a condition on the weight function w, it turns out that the condition g(a) = g(b) =0
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is redundant. To see this, let § be an absolutely continuous function on [a, b] with
g € L2(a,b) and gw > 0, choose a function h € AC[a, b] such that

h(z) >0 for all x € (a,b), h(a)=h(b)=0 and '€ Ll(a,b), (3.16)
and set g := hg. Then,
g € ACla, b], g(a) = g(b) =0, gw>0 and g =h'g+hg € L2(a,b).

We note that a function A with the above-mentioned properties can be defined as
follows. Choose z € (a,b) such that [7°1/,/p = ffu 1/,/p and let

¥ sgn(xg —t)
a V()

We also mention that the condition g(a) = g(b) = 0 is not redundant for the
eigenvalue estimates in theorems 3.2 and 3.6.

h(z) = dt, =€ la,b).

4. Bounds on exceptional real eigenvalues

Let A(D) be a self-adjoint realization of the indefinite Sturm-Liouville expression 7
defined on some self-adjoint domain D. It is well known that the resolvent of A(D)
is a compact operator and that the real eigenvalues of A(D) accumulate to 400
and —oo. Moreover, the real eigenvalues have the following sign properties (see [9]).

PROPOSITION 4.1. Let D be a self-adjoint domain. There then exist at most finitely
many real eigenvalues A # 0 of A(D) with a corresponding eigenfunction ¢ such
that

b
Novdl =X [ Jofw <o, (41)
These eigenvalues are called real exceptional eigenvalues of A(D).

We mention that A = 0 is said to be an exceptional eigenvalue of A(D) if there
exists a function 1 in the root subspace of A(D) corresponding to 0 such that
[A(D)y, ] < 0. Furthermore, we note that in [13] the eigenfunctions corresponding
to (non-zero) real exceptional eigenvalues satisfying (4.1) are called real ghost states.

In what follows we provide estimates on the real exceptional eigenvalues along the
lines of theorem 3.2. The following preparatory lemma is the analog of lemma 3.1
and is also proved in §5.

LEMMA 4.2. For all A € R\ {0} and all solutions ¢ € D of (2.7) that satisfy (4.1),
we have

19 llp2 < Bldllyp2  and |Bllc <AIPl1/p.2-

Lemma 4.2 implies the following variant of theorem 3.2; its proof remains the
same. We leave it to the reader to formulate a variant of corollary 3.3 for real
exceptional eigenvalues.
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THEOREM 4.3. Let D be a self-adjoint domain, let o, 3, v be as above, and assume
that there exists a real-valued function g € AC[a,b] such that gw > 0 a.e. on (a,b),
g(a) = g(b) = 0 and ¢’ € L3(a,b). Then, with e > 0 chosen such that

1

myp({e € [a ] pl@)g(@)u(e) < &}) < 575,

the following holds for all real exceptional eigenvalues A of the operator A(D):
2
A< Z (8719 llp2 + (8% + 72 llgll)llglloo)-

5. Proofs of lemmas 3.1, 3.5 and 4.2
In this section we provide the remaining proofs of lemmas 3.1, 3.5 and 4.2.

Proof of lemma 3.1. Choosing = = a in (2.11) and taking into account (2.3) and
Im A # 0, we find that

/ " wlgf? = 0. (5.1)

From (2.9) we then obtain

16122 = (08')(0)3(B) — (') (@) B(a) — / alof?

a

b
< (D) max{|6(a) 2, |6(b)[2} + / |62

< (e(D) + lla- )1 6l1%
— af|g|12.- (5.2)

For z,y € [a,b], y < , we have that
o(2)]* — |o(y)|* = $¢2': x¢/¢_5+¢¢_>/:2 IR d'P) <2 w¢'¢
@) — [p(y)| /y<||> /y( ) /ye() / |

b b
<2 / '] =2 / 1102 (6lp 2 < 26|12

¢||1/p,2a

where we have used the Cauchy—-Schwarz inequality in the last estimate. Multiplying
the above inequality with p~!(y) and integrating over [a,b] with respect to y gives

6@l = 16113 /5.2 < 206/ .20l
for all z € [a,b]. Hence, it follows that
19113 < 2016 lp.2l 6l /5,2 + D7 1T 19112 5,2- (5.3)
Therefore, we obtain from (5.2) that
16'[15.2 < allol1%, < 20|¢]
This yields that

(1¢'llp.2 = el ¢l /p,2)* < llp™ T HISIT 2+ 2SN 2 = P~ T + )1 525

p '

p2llolliype +alp TSI, o
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and hence

19" lp.2 < Va/llp~Hl + )@l /po + @lldllyp2 = Blldllp.2, (5.4)

so the first estimate in the lemma is proved. The second estimate follows from the
first and (5.3). Indeed, with the help of (5.4) we obtain from (5.3) that

19112 < 28116113 /p.2 + I I €113 .2

holds, which implies that [|¢[lcc < /28 +1/[p7 1l¢ll1/p,2 = YI¢ll1/p,2- O
Proof of lemma 3.5. Let W (x f w, x € [a,b], and observe that integration by

parts yields that

b b
t/WWWEW%W@Fj/MW=W@WM%

where we have used (5.1) in the last step. This implies that

b
W®)o()]* = =W B)(|6®)]* — 6()]*) +/ W (lgl*)’

- ((/|m /vaw (5.5)

and hence, with [|W|| < ||w|]1 and W (b) = f:w, we conclude that

b b
|ﬂ@ﬁ=—/umW+4if/vwwm'
b
2/\dw+ﬂmwmjﬂ¢w
(2+2 ||’U}||1 )/ |¢| 1/2|¢|p71/2

< dl¢’ p,zllcblh/p,z (5.6)
holds for all « € [a, b]. This leads to the estimate

6115 < 3110 p,2ll 81l /p,2- (5.7)

As in the proof of lemma 3.1, we have that [|¢/|2, < al|¢||Z, (see (5.2)), which
together with (5.7) yields that

19" lp.2 < | @ll1/p,2-

Plugging this into (5.7) gives
[8llcc < Vad||dll1/p,2:

which completes the proof of lemma 3.5. O
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Proof of lemma 4.2. For a solution ¢ € D we have

b _ _ b
A / wldl? = (p6)(@)8(@) — (08" (D)B) + / WP +aol?)  (58)

see (2.9) with = a. The assumption (4.1) then implies the estimate

_ _ b
112 < (46)0)50) — (0 @)@ — | alo

and hence the estimate [|¢/[12 5 < af[¢[|2, in (5.2) remains valid. Thus, the rest of
the proof of lemma 3.1 also holds under the present assumptions on ¢ and yields
the estimates for ||¢||,2 and ||¢] co- O
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