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Abstract. The equation which describes the small vibrations of a nonhomogeneous damped
string can be rewritten as an abstract Cauchy problem for the densely defined closed
operator 1A. We prove that the set of root vectors of the operator A forms a basis of
subspaces in a certain Hilbert space H. Furthermore, we give the rate of convergence for
the decomposition with respect to this basis. In the second main result we show that with
additional assumptions the set of root vectors of the operator A is a Riesz basis for H.
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1. INTRODUCTION

We focus on a nonhomogeneous one-dimensional string of length one. Its density is
denoted by p: [0,1] — (0, 00), modulus of elasticity by p: [0,1] — (0, 00). We assume
the presence of a damping coefficient 2d and a potential g, where d: [0,1] — R and
q: [0,1] = R. In our case the string is fixed at the left end and the right one is damped
with coefficient h € C.

Set v := v(z,t) to be a vertical position of a string on the interval [0, 1] in time
t € [0,00). Then small vibrations of our string are described by the string equation

vy (z, 1) — p(x)fl(p(x)vx(x, t))w + 2d(z)ve(z,t) + q(x)v(x,t) =0 (1.1)
with the boundary conditions

v(0,t) =0, vz(1,t) + hve(1,t) =0,
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and initial conditions

v(z,0) = vo(z), vi(x,0) =01 (x). (1.2)
Here vy and wv; are the initial position and velocity of the string, respectively.
v is considered as a function v: [0, 1] x [0,00) — C.

In what follows, the symbol I/Vp1 [0,1], p > 1, stands for the Sobolev space with the
first derivative in L,[0, 1]. For convenience, we introduce the notation

W,10,1) := {y € W;[0,1] : y(0) =0},

where the scalar product (-,-); on W[0,1] is given by
1
(ur by = [ i @)y (e)dn, w; € WHO.1) 5= 1.2,
0

We assume that

p € W3[0,1] and 0<m, < p(z), =€ [0,1],
p € W3[0,1] and 0<m, <p(z), z€l0,1],

where m,, m, > 0 are constants independent of x, and

d € L0, 1], (1.5)
qE LQ[O, 1]

As Ly(]0,1]; p) we understand the space L2[0, 1] equipped with the norm induced
by the scalar product

(v1,v9)9 1= /p(x)vl(x)ﬁg(x)da:, v; € Lo([0,1]; p).
0

When the domain of an arbitrary function is not indicated, it is assumed to be [0, 1].
The problem of a damped string can be transformed into an abstract Cauchy
problem in a suitable Hilbert space H. We take
H := W3[0,1] x La([0,1]; p),

where the scalar product on H is

<(u1,uQ),(v1,v2)> = /u'l(x)ﬁll(x)dxqt/p(x)uz(x)@(x)dx
0 0
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If V(t) = [v(-,t),v(-,t)]", then the new representation of the problem
(1.1)-(1.2) is:

V'(t) =iAV(t), t>0,
V(0) = [vg, v1]",

where the linear operator Ay : D(Ap) — H is defined by

0 1

o
P 10 (pd ) g —2d

and I is the identity operator on ng [0,1]. The domain of Ay, is
D(Ap) := {(u,v) € WZ[0,1] x W3[0,1] : u(0) =0, u'(1) + hov(1) = 0}.

We show in the next section that Ay is densely defined and closed.

If d, ¢ > 0 and Reh > 0 then A} generates the Cy-semigroup of contractions. See
[6] and [7], for the proofs and some estimation for the exponential decay of energy
in this problem.

The eigenfunction (u,v) € D(Ap) of A, associated with the eigenvalue p, satisfies
v = ipu, where u is the solution of the equation:

(p(@)' (@) + (42 = 2ipd(2) - o(@) )pla)u(z) =0, w€[0,1],  (17)
with the boundary conditions
w(0) =0, Ulul(p) :=u' (1) + iphu(l) = 0.

Our first aim is to study spectral properties of Ay. We prove that under assumptions
(1.3)—(1.6) and

p(1)
o # (1.8)

all eigenvalues of Ay, lie in a finite stripe | Im p| < a, a > 0 and almost all eigenvalues
are simple. The main result states that for every w € H the following spectral
decomposition is true

w = an, Ty € Hyy n > 1, (1.9)
n=0

where Hy is the finite-dimensional space spanned by eigen- and associated functions
and H,, n > 1 are two-dimensional spaces spanned only by eigenfunctions associated
with simple eigenvalues. It means that the set of root vectors (i.e. eigen- and associated
functions) of the operator Aj forms a basis of subspaces for H.
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Furthermore, with the additional claim

1 1
/w%(p’,r) dr < oo /W%(d7 7) dr < oo (1.10)
T2 ’ T2 ’ '
0 0

where

Wl(g7€) = OS%E ||g( + 5) - g(')||L1[0,17§]7 €€ (Oa 1)7 g€ Ll[Oa 1]7
<o<e

is the integral modulus of continuity (see, e.g., [1, Ch. 2, §7]), we prove the Riesz basis
property of the root vectors in H.

These results are generalization of Theorems 6.1 and 6.3 from [5]. There we
considered the problem (1.1)—(1.2) with p =1, d = 0, ¢ = 0. In this article we develop
the approach introduced in [5].

The Riesz basis property for problem (1.1)—(1.2) was investigated with the use
of many different methods in the series of papers of M. Shubov (see [9] and [10],
for instance). It is assumed in [11] that p, p € WZ[0,1] and are strictly positive,
d € Wi[0,1], ¢ € Loo[0,1] and % # |h|. Our assumptions are weaker. Indeed, for
f € W0,1] we have

T2

1
/w%(f, 7) dr < 00
0

since w1 (f,€) < €]|f'||L,. On the other hand one can take a function p(z) = 1 + =%,
1/2 < a < 1 which belongs to W3[0,1] but not to W£[0,1]. Obviously, the first
condition in (1.10) is satisfied.

Furthermore, as far as we are concerned, the explicit rate of convergence in (1.9)
in terms of the integral moduli of continuity in this case has not been published yet.

2. ASYMPTOTIC OF EIGENVALUES AND EIGENFUNCTIONS
The resolvent of A, is determined by the equation
(An = ) (u,v) = (f,9);
where (u,v) € D(Ap) and (f,g) € H. This equation leads to
(p(@)y' @) + (12 = 2ipd(z) - a(x) ) p(@)y(x) = F(a, ), (2.1)
w(0) =0, Ulu)(p) :=u'(1) +iphu(l) = —ihf(1), (2.2)

where
Fla, 1) i= p(2)[i(g(2) + 24(2) f(2)) = uf (2) | € L1]0,1]
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and
v(z) == i(f(z) + pu(z)). (2.3)
We are going to use knowledge about the asymptotical behavior of fundamental
system of solutions for (2.1). First, we need to introduce the notation

o(x) = pla)p(x) € WE[0.1], b(z) = §g§=zig)ew€mu.

Recall that p and p are positive and bounded, hence ¢ and b satisfy
0<my,<o(x) <M, 0<mp<blz)<M, zecl0,1],
where m,, m; are positive constants independent of z. We will also use
K(f,s) =wi(fs™) + 57 fllz,, s> 1

and

me%=/%@mﬁv%@w%§/%hmM, (2.4)
0 x

t 1
q(s,t,p) == /Qo(ﬂ pdr,  &o(p) = /QO(T» p)dr.
s 0
Let rg, 71 > 0. We define

Cy(ro,r1) ={pe€C; |u| >ro, £Imp > —r},
and
(Ci(ro) = Ci(TO,O).

We assume that (1.3)—(1.6) and (1.8) are satisfied. According to [4, Theorem 1]
for any r1 > 0 there exists rg > 0 and the fundamental system of solutions u (z, i),
uz(x, u) of equation (1.7), which for any z € [0, 1] is analytical on p € C1(rg,71) and
admits for |u| — oo the asymptotical expressions

wr(@, 1) = o~ (@)e ™) [1+ 0(6(|ul)| (2.5)
p(@)d (2, 1) = g (@)e @0 [1 4 O(5(| ) |, (2.6)
us(, 1) = 0 (@)@ [ 14 O(8(| ) | (2.7)
pla)uy (v, p) = —ipug ()e® =) [1+0(6(|u]))] (2.8)

where

3(|l) = s, lul) + s(d, |ul) + |ul gl - (2.9)
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Remark 2.1. The fundamental system of solutions w;(x, 1), j = 1,2, in C_(rg,r1) is
given by @;(z, p) = sj(z, —p), j = 1,2, where s;(z, 1) is the solution of

(p(m)s'(x))/ + (uQ + 2ipd(x) — q(x))p(x)s(x) =0, ze€]l0,1]. (2.10)

We obtain explicit formulas for p € C_(rg,r1) from (2.5)—(2.8) exchanging p and d
with —p and —d. Obviously, this system is analytical with respect to u € C_(rg,71).

Now we look for solutions of (2.1)—(2.2) in the form
u(x, p) = Crur(z, p) + Couz(z, ) + uo(w, p),

where

1
uo(, ) = 2 /u1 s, 1) F' (s, p)ds + wl@ 1) /uz , w)ds,
0

is the particular solution of (2.1). We obtain that

) = 578 (2 0,0) G0 1) + Ulao] (1) — o0, Ul )

+ 22572 (w0, U Tn 1) = a0, (i (1) + Ul (1)) + o ),

where
A(p) = u1(0, ) Uluz] (1) — u2(0, p)U[ur] (1)

We see that the resolvent exists for 1 which is not a zero of A. That is why we analyze
asymptotical behavior of A to investigate spectral properties of operator Ay. Using
(2.5)—(2.8) we get

Alp) = 9(3;9(1) ((h —b(1)[1+0(5(|u)] = (b +b(1))e* W [1+ 0(5(|u)()]).)
2.11

Therefore A is not identically zero for u € C4(rg,r1). This implies that the resolvent
set of Ay is non-empty, thus Ay is closed.
If b(1) # |h| (for h € R), then the zeroes of A in C4 (rg,r1) are

+ N> 0(5(n)), a—Z;zEB o o0, (212)

1 10g|a|

where

and 6(n) = o(|n]).
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What is more, formula (2.12) shows that the eigenvalues of Ay, in C(rg,r1) lie in
a stripe | Im u| < r, r > 0. Analogously, we can derive the asymptotical behavior of A
in C_(rg,71). This leads to the conclusion that the zeroes of A located in C_(rg,71)
lie in a stripe too. Therefore to find the asymptotical behavior of eigenvalues of Ay, it
is sufficient to take appropriate r} and find zeroes of (2.11) in C (rg,r}). Obviously,
this leads again to (2.12).

Analogously as in [6], we can prove that Ay, is densely defined and due to embedding
theorems for Sobolev spaces it has a compact resolvent. Furthermore, the following
lemma is true.

Lemma 2.2. Suppose that conditions (1.3)~(1.6) are satisfied and b(1) # |h|. Then
the following facts are true:

(a) There exists a sequence of positive numbers

R, :z%JrO(l), ne{0}UN, n— o,

such that on the contours
Y ={n€C: |ul =Ry}

the resolvent of Ay, exists. Furthermore

|A()| > clpl, 1 € Yn,

with a certain constant ¢ > 0.
(b) The spectrum of operator Ay, is given by

G(Ah) = {MOJ}?iI U {.un}go=—oo,n;£07

for some ng > 0, such that

lo,j1 < lptn| < |ptmenl, F=1,...,n0, neN.

If ng = 0, then the first part of o(Ay) is empty. Furthermore, all eigenvalues
{Mn}?f:—oo,n;&o are simple and for an appropriate number | € Z their asymptotical
behavior is described by (2.12).

Routine calculations reveal that the adjoint of Ay is given by

Ay =i 0 !
" pst(pat-) —q 2d
and its domain is
D(A;) = {(u,v) € W2[0,1] x W[0,1] : u(0) =0, u'(1) — hwv(1) = 0}.

Using Lemma 2.2 we can describe the behavior of eigenfunctions of A, and Aj . Let
be the solution of (1.7), such that y;(0, 1) = 0 and y;(0, ) = 1 and 7, be the solution
of (2.10), such that g;(0, ) = 0 and g7 (0, u) = 1.
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Corollary 2.3. The eigenfunctions

Y;L = (yl('a ,un)a i/”’n@/l('; Hn))

of operator Ay, associated with eigenvalues p, are described by

- _ p(0) 040 (i) _ e o(@n)
n(ootn) = gty (L 0] [1+0(8.)]) (213)
and

/ _ p(O) 4 (Z‘) qo (T, pn —qo(Z,ln
p(@)y1 (@, pn) = =5~ 2(0) (e () [1 4 0(8,)] + emolewmD 1 +O(5n)]> )

(2.14)
where n — o0 and 0, := §(|n|), n € Z.
The eigenfunctions Y, of operator A} associated with [, are given by Y, = (v1,if,01),
where the behavior of T, is described by (2.12) and

p(0)

W) = e

(5T [1 4 0(3,)] — e~ T [140(5,)] )

(2.15)
~ — 0\ p(O) 4 (I) q5 (.18, —a5 (1,
P (@ B,) = =5~ 2(0) (6 (CHI L+ 0(8,)] + eI [1 4 O(én)])
(2.16)
and . "
qy(x, 1) = i,u/b(T)dT—/d(T)b(T)dT.
0 0

What is more, using this corollary we can obtain that Y,, and }7” are almost
normalized and asymptotically biorthogonal. This fact will be useful in the proof of
the Riesz basis property.

Lemma 2.4. ForY, := (y1,iuny1) and }N/n = (y1,10,91) we have
(Yn,ffnﬁl = a(l + O((Sn)), n — oo,

where a > 0.

3. MAIN RESULT

Recall that the compact resolvent R(Ay,, 1) of the operator A;, exists on the contours ~,,.
This is why we can define finite dimensional Riesz projectors

1
Tn
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In particular, we will use
750 = Po, 'ﬁn :=Ppn—Pp-1, neN.

According to Lemma 2.2 we can choose R,,, such that the subspaces 73nH, n=12...
are spanned by two eigenfunctions associated with u,, and p_, and located in the ring
R,—1 < |u| < R,. Then ﬁoH is finite-dimensional and spanned by a finite number of
eigen- and associated functions.

Our main aim is to prove that for every w € H the unique decomposition

~S B

Jj=0

is true, hence the root vectors of A, form a basis of subspaces H,, := ﬁnH , where
n=20,1,2,.... Note that P,, = Z?:o P;, thus it is sufficient to show that for every
w € H there holds

lim ||P,w —w||g =0.
n—oo

What is more, we want to investigate the rate of convergence for a decomposition
w = Zjo-io Pjw. We introduce the modulus of continuity
1/2
Balf.) = sup /|f (t+8)~ fPdty . e>0.feLs[0.1],

[8]<e

where f € Ly(R) is an extension of f € Ly[0,1] by zero for = € R \ [0,1]. We denote

E(f',g.5) = @a(f's7%) + @a(g. 572 + () (I1f Il + llglls)-

Note that wa(f,€) — 0, when € — 0 and recall that (s) — 0, if s — oo. Consequently,
E(f',g,8) — 0, if s = oco. Summarizing, the first main result of this paper is the
following theorem.

Theorem 3.1. Suppose that (1.3)~(1.6) and (1.8) are satisfied. Then the system of
root vectors of the operator Ay, forms a basis of subspaces in the space H. Furthermore,
there exists ¢ > 0, such that for every w = (f,g) € H and n=1,2,... there holds

“in - ’lU”H < cg(f/7g,n).
The main idea of the proof of Theorem 3.1 is the following. We will use projectors
in H denoted by P: H — W2 and Py: H — Ly. Going back to identity (2.3)
we derive that for w = (f,g) € H

PyR(Ap, p)w = if +ipP R(Ap, p)w
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This leads to

1
[Prw —w|m = H_2 /R(Ah,/ﬁ)wcm —w
i
n H
1 /
< o ot
scl=5 (PLR(Ap, p)w) dp — f
’Y‘n, l/2
1
+ ‘2/HP1R(Ah7M)WdH9
T
o L2([0,1];p)
Let . N
G(s,x) := /1)(7’)d7’7 v(s, ) = /b(T)d(T)dT, s, ¢ € [0,1]
and

filw) := o (@) f'(2) € La[0. 1), g1(w) := pla)e™/*(2)g() € La[0,1].

The first step is to transform the resolvent to obtain

1
‘ —%/(PIR(A}“M)U})/dM—f/ SCI(HWRnfl_f/HLQ
Tn Lo (31)
+ [ Mrog1],, +EC o)
and
—L/MP R(Ap, pwdp —g||  <c HL(W 1) —g‘
2 HRA =2\ Mgz V7t L2 ([0,1];9)
o Lx([0,1];0)
Q1/2 /
+ HT(MR,Lfl)‘ Lz([O,l];p) + g(f ag7n) 9
(3.2)

where ¢y, co > 0 and

o4 () /1 sin (Rq(s, x))

cosh (v(s,z))y(s)ds,

(Mry)(z) = L / sin (R(s, v)) sinh (v(s, z))y(s)ds.
0
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Now we are going to show how these two inequalities imply the thesis
of Theorem 3.1. Consider now the second one. Note that
1/2
p 0
+ |5 (M )]

|z Wr.m) —

L2 ([0,1];p) L2 ([0,1];p)

0'/2p1/2
=
< o(|Wro91) = bgll,, + [ M, )

thus it is sufficient to prove the following statement.

< 0 -]+
2

MR”fl) HL2

Lemma 3.2. There exist positive constants ¢1 and ca, such that for R > 1 there holds
|Wr, 1) = Fll, + (Mg, fi)ll, < als(f,R7Y?),  feWio,1],
H(WRngl) - bgHL2 + (Mg, 91) I, < cola(g, R7Y%), g € Ls[0,1].

Adding and subtracting one in Wg, , we obtain
|Wr, 1) = £l < {117 = Vi £l + 1 Zalid M), ) 63)
where the operator Vg : L2[0,1] — L2[0,1] is given by

1
91/4(33)/5111 (Rq(s,x)) 1/4
0

mp(x) q(s, )
0

(Vef)(x) = (s)f(s)ds

and

1 sin (ch(s, a:))

(Zry)(z) = O/ 705.7) (cosh(v(s,x)) — 1)b(s)y(s)d5.

Analogously as we did in [5], one can prove the modified version of Corollary 7.6.
Corollary 3.3. There exists a constant ¢ > 0, independent of f € L0, 1], such that
If = Vafll, <c@(f,R™Y), feLy0,1], R>1.

It left to estimate the expression Zg.
Lemma 3.4. There exists ¢ > 0, such that the following inequality holds
| ZrfllL, < caa(f,R™Y?), feLy0,1], R> 1.

Proof. We want to use integration by parts and [5, Prop. 7.2]. Note that for s = x
we have §(s,z) = 0 and there is a singularity in Zg. That is why we split Zg into

x

o (Rd(s, )

T (cosh(v(s,2) — 1)b(s)y(s)ds,

(ﬁRy)(m)

I
B °©
w
@
=}

=
')
=
Vo)
8
s
N—
—
o
o
wn
=
—
(4
—~
VA
8
N—
SN—
|
—
SN—
S
=
»
>
<
—
VA
N—
QL
»



152 FLukasz Rzepnicki

We will prove the thesis only for Dg, since the reasoning for Dp is analogous. Note
that if M, is an upper bound for the function b, then

Mb(x—S)ZQ(S,x)Zmb(IE—S), 0<s<x <,

and

x

v(s,z) = /b(T)d(T)dT < My||d]|z, -

S

The second inequality implies

/b 7)dr < My||d] 1, (x — 5)"/ < 1/2 Id]|£,G"?(s,2), 0<s<az<1. (34)
my,
Due to this inequality we obtain
cosh( (s, m)) —-1< C/b T)dr < coql/Q(s,x),

sinh (v(s, z)) < oG (s, ),

with ¢g := CMym, 1/2 |d||, and C := eMvlldlizy | Consequently, we derive

[ cosh (v(s,z)) — 1 oMy | ly(s)]
wmwws/ ‘ b@wﬂw<°$/(y ds

q(s,) x — s)t/?

COMb ds.
— 1/2 |$—S|1/2

The kernel |z — 5|71/ is a weak singularity (see [12, Ch. 2, § 6]), hence
HDRfHLz SCHf”sz feLQ[Ov 1]7 R>1.

Assume now that f € W2[0,1], where

WA0,1] = {y € WJ[0,1) - 5(0) =0 =y(1)}.

Define
P(s,) = cosh (f)(s,x)) - 1.
q(s, x)
Integrating by parts we get
R(Dgrf)(x /P s,) = (1 — cos(R{(s, x))) f(s)ds
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where
xr

(Dunf)(a) = [ 5Plsvn) (1~ cos(Rals. ) £(5)ds.
0

x

(Do,rf)(x) == /P(s,x) (1 — cos(Rq(s, z))) f'(s)ds.
0

The expression Dy g can be estimated in the similar way to this in (3.4), namely

|(Dy.rf) ()] < 2 / P(s,)|f'(s)] ds < 2?}2 / (m“i/ (j))f s ds.
0 My g

Once more due to the weak singularity of |z — s|~/2 we obtain

1
2¢o [f'(s)]
Do) les < =5 | [ Sz s <l
my z— s
0 Lo
We go back to Dy g. First of all we see that
1 — cos(Rj(s, ) = 2sin*(Rd(s,z)/2),

whence

(D1 f) @) =21l [ | 5:P(s.0) sin (Ras.a)/2 s
0

After differentiation we have

0 1 i '
%P(s,x) = m{ — b(s)d(s)G(s,z)sinh (v(s,z)) + b(s)( cosh (v(s,z)) — 1)}7
and this implies
9 A()@/2(s,7) + /2 (s,
5o P (s.2)| < coly o (qz(s);)q (5:2)

Then we can write

1[0 o
CoMb/‘%P(&x)‘Sln (RG(s,x)/2)ds
0

[ d(s)@?(s,x) + G/ %(s, ) 2
go/ (5. 7) sin®(Rq(s,x)/2) ds

< [y SRR o[22,

51/2(3,:13) 63/2(571,)
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We are going to estimate the norms of these integrals in L»[0, 1] . Using sin?(s) < +/|s],

s € R we obtain
[ sin?(Rq(s, =
[t =gt <\l

0

We use two changes of variables to estimate the second integral. The first one is
t = (s, z) and the second is 7 = Rt/2. This leads to

x q(O,I) fe%e]
/sin2(ch(s,x)/2) s — / sin?(Rt/2) dt oL / sin?(Rt/2) it
G3/2(s, ) B /2 b(s(t)) — myp t3/2
0 0 0

172 F 2
_ V2RY / su; TdT:CRl/Q,
mp 73/2
0

with some ¢ > 0. Merging two previous inequalities and this for Dy r in (3.5) we
obtain

I(Drf) (@)L, < RV L, f € WH0,1],

with some ¢ > 0. We checked all the assumptions of [5, Prop. 7.2] and this completes
the proof. O

Remark 3.5. In the formula (3.3) we need estimations in situation when Dp acts on
f1ib~! € L,[0,1] instead of f. However, using this lemma for fib~! and then properties
of &y (see [5, Prop. 7.5]), we obtain &y (f’, R~'/2) in the thesis. The last part missing in
the proof of Lemma 3.2 is the estimation of Mpz. The proof goes along the same lines
as in Lemma 3.4 for Di and Dpg. It is sufficient to split Mg into two integrals and
repeat whole reasoning taking instead of cosh (v(s, x)) —1 the expression sinh (v(s, x))

4. TRANSFORMATION OF THE RESOLVENT
Now we want to find the representation for the resolvent which allows the estimation

(3.1)—(3.2). First we will find the formulas for the resolvent in C4 (rp). Analogously as
we did in [5], we obtain

ot PR (A = o £(2) = Lo ") (o ) + in(Nog) (1) — (Noaf) )

2r
— WM )@ 1) = ip(Mag)(a, ) + (Maaf) (@, 1) }
(4.1)
and
— L (PR ) = i{Z’(Llf')(ﬂc,u) + (Ng) (@, p) + ip (Nigf) (2, )
211 2 (4.2)

+i(M f )z ) = (Mag) () — i~ (Mo f) . 1) .
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where

(Lof")(

(Vo o ) o= 28 |

(Lyv)(z, p) = i (, 1)

(Ng) () = M2 1)

po(Ap) )
ug (2, p)Ulu] 1
+ (WA /(m(s wuz(0, 1) — ug(s, p)ug (0 N)) (s)ds

(w1 (s, m)UTua] = s (s, 1)U ] ) p(s) () ds

(w2, m)us (0, 1) = wa (s, ) (0, 1) ) p(s)u(s)ds,

prw () Ap)
M. uy (@, p)uz(0, p)
(Mav)(z, ) = w() A () (U1(S p)Uluz] — ua(s, ,u)U[ul])p(s)v(s)dS
'LL2(£L'7 M)U[ ]
+ DA (uz(s )t (0, 1) — ui(s, p)ua(0 ﬂ)) (s)v(s)ds
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Remark 4.1. According to Remark 2.1 we obtain analogous representation for
(4.1) and (4.2) in C_(r¢) exchanging u;(z, 1), j = 1,2 with u;(x, 1). Instead of the
Wronskian w for u;(z, u) we take the Wronskian for u;(x, i).

The expressions Ny, N1, Lo and L; need more transformation. We introduce
operators which occur during the process of construction of fundamental system u;,
j=1,2 (see [4], for details). Let

_ d(2) iq(z)b(x)
L N 105 105

ro(m, p) = e d(z)b(x) + T (4.8)

Qi) i= 2il) + 2a(a)p(z) — "L,

k(s,t,p) := exp (/ o(r, u)dT)

and
(S12)(x) = [ k(z,t, pw)ra(t, p)z(t)dt, T z(x (S12)(t)r1(t, w)dt,
/ !

x

(S22)(z) = /k(t,z,u)rl(t,u)z(t)dt, Toz(z) == /(ng)(t)rg(t,u)dt.

0 T

We will use formulas, which come from the proof of [4, Theorem 1],

(1) = “%wwzmku)—wwo@ﬂo+mm¢mw*n, (4.9)
i (1) = ipp ™ (2)0 4 @) O [z1(2) + (S120) @)] (1 + lall, Ol ) ), (4:10)
wa (@, 1) = —Wuwm“%@uww&axmmrwmmomww) (4.11)
wh(, 1) = —ipp~ (204 (@) ) [25(2) = (S222) ()] (1 + llallz, O (Il ™))
(4.12)

where z; = z;(x, 1), j = 1,2 are the unique solutions in C0, 1] of
zj(x) + (Tz;) (@) =1, z€]0,1].

for u € Cy(rg). Extending results from [4] we can prove the following lemma.
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Lemma 4.2. For j =1,2 and pu € C4(rg) there holds

1552l < Zrzllzlle,  1Sille = O6(1uD),

c
B1/2

c
1Tzl < WIIZHC, 1Tl = O@(|ul)),

cd(lp)
BL/2 "

1S Tjlle + 1T le <

Iz —elle = O@(p)), =12

where z € C[0,1], e is a function, such that e(z) = 1, z € [0,1] and § = Impu.
Furthermore, for the Wronskian w we derive

eo(n) B 5(|u]) llallz,
Mol 1+ (L) O] + O< pL/2 > * O< ] > '

We also have
zj = e—Tje—&—Tjsz, Sz = Sje — 8;T;z;. (4.13)
Denote
filw) = oM (@) f'(2) € La[0, 1], vi(x) := p(a)o™/*(z)v(x) € L20,1]

for f € W}0,1] and v € Ls[0,1].
The identities (4.9)—(4.12), (4.13) and Lemma 4.2 leads to the formulas

20"/4(x)
— (Fogn) (@, )| (1 + llallz, O (In ™)),
’ igl/4(l‘)

(L)oo = 25 [ = (Bof) ) = (Bufi) ) = (Bai) .10

+ (P fu) )] (1 + lallz, O(Iu ™)),

(Nog)(z, 1) = [— (Eog)(, 1) + (Erg1) (@, 1) = (E2g1)(2, 1)
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where

x 1
(Buy) (o) = — [ ene=my(s)as = [ erteemy(s)as,
0 x

(Evy) (@, p) = —(S10)(2) / )y (5)ds
0

1
+ (Sqe)(z /eq(w )8 u)

xT

+ / e102:1) (Sae) (s)y (5)ds — / 1m0 (Sye) (s)y(s)ds,

0

(Bay)(a.p) = (Tre)(a) [ ey (s)ds
0
1
+ / e?@51) (Tye)(s)y(s)ds

+ [(Toe) (@) — (Tse)(0)] / 1)y ()

x

+ [ et s (Te)(s) - (L) 0)(s)ds

0

and

(N1g)(z, 1) = W [ (Eog1)(z, 1) + (E191) (2, 1) + (E291)(x, 1)

+ (Fag) (@, )| (1+ lall, O (1l ™))

(Lo Vo) = G| = (Bofu)(es o) + (Bufa) @) = (Bofo) )

+ (Bsfo) (@ 0)] (1 + lall, O (™))
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where
(Eoy)(%ﬂ) =
(Ery)(z, 1) :=
(Eay)(z, p) =
Here F'j, 5 =0,...,

[(Fyy) (@, p)| <

x

1
eq(s,x,u)y(s)ds+/eq(w,w)y(s)ds’

0
T 1

—(Sle)(x)/e(I(S’m’“)y(s)ds— (Sge)(aﬁ)/e’I(””S’“)y(s)ds

0
x 1

_/%wwwﬂwma@—/ﬂwmw@@M@w

0 T
1

(Tae)( / o)y d&+/ 950 (Tye) (s)y(s)ds

0 T

e L

_ /eq(s7w’”)[(T2€)(8) — (Te)(0)]y(s)ds.
0

3, have a very complex form but admit estimations

pL/2 ||

1
0
C/Giﬂmb‘zis“y(s)l( (|H|) + anLl)ds’ ﬂ — Im,u > 0.
0

Modifying the proof of [5, Lemma 5.1] we can obtain the following fact.

Lemma 4.3. There exists a constant ¢ > 0, such that for R > 1 and j = 0,...,

we have

|/
Ly

< c(Iylead(R) + @2y, R172)), y € Lao, 1)

Now we focus on showing how to derive the main part of the resolvent.

3

Remark 4.4. The main part of the resolvent comes from the integration of Ey and
EO over 7,5 and their analogues E, and EO over 7, . We need to go back to formulas
(4.3)—(4.6) and use Remark 4.1 to find the explicit formulas for E; and Ey. Then we
write integrals over v,  and change variables from —pu to u to get integrals over 7,!.
Next we use the same transformations as in C, (1) but with the aid of the fundamental
system of solutions for (1.7) where d is exchanged with —d.

Recall that

q(Sa Z‘,/J) = iﬂ@(sa Z‘) + ’U(S,.’L‘).
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Proceeding as we described we get

, 1/4(y
,%/(PlR(Ah,u)w) i {a ( )/{(Eofl)(a:,u)+(Eo‘fl)(gg“u)]du

dr | pla)
e
1 o feJ
T i@ / |(Boga) (. )+ (B m)(w)}du},
e
and
1 1 1 -
~5 MPlR(AmN)IUdM ~ s ng(:C) [(Eogl)(x,u) + (EO 91)(1', ’u)} du
" vy
1/4
_o @) [1p .
@) /{(EOfl)(!C,M)Jr (Ep fl)(x,u)}du},
¥
where
z 1
(E()_y) (2, ) == _/ei#f}'(s,z)e—v(s,x)y(s)ds _ /eiﬂq(m,s)e—v(m7s)y(s)d87
0 xr
z 1
(Eqv) (@, 1) == /ei“q(s’z)e’”(s’z)y(s)ds - /ei“q(“ﬂ*s)eﬂ(rys)y(s)ds.
0 x
Let

Fri={pueC: |uy/=R}, Th:={peC: |y =R, Imu>0}.

Note that integration over a positive oriented contour I‘E gives

x

s / (Boy) (@, p)dp = / S (RS 2)) ooy )

q(s, @)
rt ’
1
. RN
- / Sl“(f¢“"))e“(m’s)y(s)ds'
q(s, )

x

Taking this into account we derive

1 B
/ | (Boy) (@, 1) + (Eg y) (. 1) dyu = 4 / W
0

e

cosh (v(s, z))y(s)ds,
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f/ [(Eoy) (@, 1) + (E y)(z, du 4/bm fnq(s a:)) sinh (v(s, z))y(s)ds.
0

T
These results leads to expressions with operators Wg, and Mg, asin (3.1) and (3.2).

Remark 4.5. It is left to estimate the remainder of the resolvent. For the integrals
on ;7 we proceed in the same way as we did in [5]. We have to take into consideration
that ¢ contains v, whereas in [5] there was v = 0. During all the estimates we always
need the modulus of €9(*%#) Note that

|eq(s,m,u)| < C|€iufi(5»f€)| (4.14)

and ¢ is equal to ¢ from [5], thus we can proceed in the same way. Furthermore, in
the definitions of the operators F1 and E5 we now have r1 and ro given by (4.7) and
(4.8) instead of one simpler r given by formula (1.19) from [5]. This changes the rate
of convergence but not the proof itself.

To complete the proof on v, we need to find the form of (4.1)—(4.2) in C_(rp).
We described this process in Remark 4.4. Therefore we see that the only thing which
has changed is the sign of d (according to (4.14) is not important) and a sign in front
of some expressions of the remainder, but here we estimate only the modulus.

5. RIESZ BASIS

The second main result of this paper is the following theorem.

Theorem 5.1. Suppose that assumptions of Theorem 3.1 are satisfied and additionally

1
/w d’7'<OO /wldT)dT<oo (5.1)
0

Then the root vectors of the operator Ay forms a Riesz basis for H.

Proof. Consider the root vectors of A, and A}

{Yn}zo:—oo,ngém {YN}?LO:—OO,n#U

According to Lemma 2.4 these systems are asymptotically biorthogonal. From
Theorem 3.1 we know that root vectors of Ay forms a basis of subspaces in H, thus this
system is complete. Recall that all eigenvalues p+,, n € N of Ay, save countably many,
are simple. Due to [3, Ch. 6, Thm. 2.1] and Lemma 2.4 it is sufficient to show that
for every w € H there hold

oo

> (Y w)el* < oo, (5.2)

n=—o00, n#0
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o0

> |[Fawin

n=—o00, n#0

2
j < . (5.3)
We are going to use the asymptotical behavior of eigenfunctions

Yo = (y1(@, i), iin s (z, 1),
given by (2.13) oraz (2.14). Let w := (w1, wz) € H, then

(Yo )] < j/p<an<x,un>ﬂa<x>dx *Flﬂn\L/Qh(w7un)ﬂb($)ﬂ($)d$
0 0

1

+ /[yl(wvﬂn)ﬂh(x)Q(x)P(x)dx
0

1 1
1 /p(0) / _ b(zx) g0 (T )— b(x)
< = 7Mn) / 22 dzl + /e qo(%ltn)w/ x dx
2\ b 0{0 o 1)

1

+/@Mw DB da| +| [ e 0) B de

H| L [ evtesmrz o) BTN

+on [ e @) i@ }+wwm n>1, (54)

n
0

where qq is given by (2.4). Recall that ¢ is defined by (2.9) and w;(f,€) converges
monotonically to zero, when € — 0. This fact together with (5.1) imply
o0 oo
Yo Wil Il < oo Yo wild ™) < oo
n=-—o00, n#0 n=—00, n#0
Going back to (2.9) we obtain
o0
Z 52(In]) < oo.
n=—o00, n#0
Due to (2.12) we know that u,, lies in a finite stripe, whence the last two integrals
in (5.4) are bounded. What is more (2.12) implies also |u,|™2 < en™2, thus an
appropriate series will be convergent. Consequently, to prove (5.2) it is sufficient to

establish

2
00 1

Z e®@nn)y () de| < oo, ye Ly0,1], (5.5)
n=—o00, n#0 0
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1
/e q0(@,pin) d:v
0

We start with the proof of (5.5). Note that changing variables

< oo, ye€ Ls0,1]. (5.6)

n=-—oo, n;é()

x

2nt = Go(x) = /b(T)dT

0
we can write the integral from (5.5) as

a

1
/eqo(f JHn) dx = 271'/627rit#"y1 (t)dt, (57)
0

0

where a 1= 5-Go(1) and

— (0, Y1)
1 (t) == ev(0( ))W € y1 € Ly[0,qa].

We can treat F' like a Fourier transformation for a certian function from Ls[0, a].
Let H? be a Hardy space of the upper half-plane of C. Recall that its elements are
Fourier transforms F of y € L0, 00]. Due to [8, Thm. 2.1] we have that for every
F € H? associated with y € Ly[0, 00] the following inequality holds

2 .
71 = sup [ 1FGPda = [0l oys =+ i
B8>0
R
This inequality and (5.7) imply

1
_sup/’/eqoz“" x)dx
>0
R 0

Let v(p) be a measure defined on the half-plane Im p > 0, which is concentrated in

points p,, n = £1,+2,.... Note that
1 1

/eq0 @5 tin) dx = / ‘/eqo(x’“”)y(z)dx

0 Imp>0 0

From (2.12) we derive that v(u) is a Carleson measure (see [2, Ch. 1]). According to
the Carleson Theorem [2, Thm. 3.9] we get

1

2
H / eqﬂ(m”‘")y(z)dx

0

2
da < c|lyllZ,. (5.8)

dv(p). (5.9)

n=—oco n;éO

[ 1FGP avia) < cl1Pie.

Im >0
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This fact together with (5.8) and (5.9) give

2
00 1

3 e m)y(p)dz| < clly|2,.
n=-—o00, n#0 0

The proof of (5.6) is similar. We does not consider y € Ly[0,1] but e™()y

L]0, 1], where 7 is fixed in order to push all the eigenvalues n — y,, into Im g > 0.
Now we go back to (5.3). Using (2.15)-(2.16) we obtain

(Vo )] < ;m{\ / 15T () ngx‘
1

+| [ e 0@, (1) bw) dx‘

p(x)

90 (@ H) 5, (2)\/b(x) p(x) da

_|_
Ot — e T —

+ /e_qg(m’ﬁ")ﬁg(x)\/b(m)p(x) dx

b+,

[}

where
xT xr

a5 (, ) = ip / b(r)dr — / d(7)b(7)dr.

For expressions with —¢g(z, ,,) we proceed analogously as we did for (5.5), whereas
for integrals with ¢g(z,z,,) we go along the same lines as for (5.6). O
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