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We consider the nonself-adjoint Sturm-Liouville operator with g € L,[0,1] and either periodic or antiperiodic boundary
conditions. We obtain necessary and sufficient conditions for systems of root functions of these operators to be a Riesz basis in

L,[0,1] in terms of the Fourier coefficients of g.

1. Introduction

Let L be Sturm-Liouville operator generated in L, [0, 1] by the
expression

y'+(A-q)y=0, M

either with the periodic boundary conditions
y=y©, 1=y, ()

or with the antiperiodic boundary conditions
yM)=-y©0), ¥y 1)=-y0, (3)

where ¢ is a complex-valued summable function on [0, 1].
We will consider only the periodic problem. The antiperiodic
problem is completely similar. The operator L is regular, but
not strongly regular. It is well known [1, 2] that the system
of root functions of an ordinary differential operator with
strongly regular boundary conditions forms a Riesz basis
in L,[0,1]. Generally, the normalized eigenfunctions and
associated functions, that is, the root functions of the operator
with only regular boundary conditions, do not form a Riesz
basis. Nevertheless, Shkalikov [3, 4] showed that the system
of root functions of an ordinary differential operator with
regular boundary conditions forms a basis with parentheses.
In [5], they proved that under the conditions

q(1)#q0), gec?[o,1] (4)

the system of root functions of L forms a Riesz basis in
L,[0,1]. A new approach in terms of the Fourier coefficients
of g is due to Dernek and Veliev [6]. They proved that if the
following conditions

In|m|

Dom ~ 9-2m> lim 0, (5)

m—>oomq2m
hold, then the root functions of L form a Riesz basis in
L,[0,1], where

qm = (q ’612mnx) = jo q(x) e—zZmnxdx (6)

is the Fourier coeflicient of g and without loss of generality we
always suppose that g, = 0 and the notation a,, ~ b,, means
that there exist constants ¢, and ¢, such that 0 < ¢; < ¢, and
¢ < la,/b,| < ¢, for all large m. Makin [7] extended this
result as follows.

Let the first condition in (5) hold. But the second condition
in (5) is replaced by a less restrictive one: g € W} [0, 1],

g? 1) =4%©), vk=0,1,...,s-1 7)
holds and |q,,,| > cm ™" with some ¢ > 0 for large m, where s
is a nonnegative integer. Then the root functions of the operator
L form a Riesz basis in L, [0, 1].

In addition, some conditions which imply that the system
of root functions does not form a Riesz basis of L, [0, 1] were
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established in [7] (see also [8-10]). In [11], we proved that
the Riesz basis property is valid if the first condition in (4)
holds, but the second is replaced by g € W} [0, 1]. The results
of Veliev and Shkalikov [12] are more general and inclusive.
The assertions in various forms concerning the Riesz basis
property were proved. One of the basic results in [12] is the
following statement.

Let p > 0 be an arbitrary integer, ¢ € WF[0,1] and (7)
holds with some s < p, and let one of the following conditions
hold:

s—1

|Gom| > em™ or -

|G2m| > €m Viarge m  (8)

with some & > 0. Then a normal system of root functions of the
operator L forms a Riesz basis if and only if q,,,, ~ q_opm-

Here, for large m, by ¥, ;(x) for j = 1,2 denote
the normalized eigenfunctions corresponding to the simple
eigenvalues A, ;. If the multiplicities of these eigenvalues are
equal to 2, then the root subspace consists either of two
eigenfunctions or of Jordan chains comprising one eigen-
function and one associated function. First, if the multiple
eigenvalue A, ; = A,,, has geometric multiplicity 2, we take
the normalized eigenfunctions ‘¥, ,(x), ¥,,,(x). Secondly,
if there is one eigenfunction ¥, ,l(x) corresponding to the
multiple eigenvalue A,,; = A, ,, then we take the Jordan
chain consisting of a normalized eigenfunction ¥, , (x) and
corresponding associated function denoted again by ‘¥, ,(x)
and orthogonal to ¥, ; (x). Thus the system of root functions
obtained in this way will be called a normal system.

Moreover, for the other interesting results about the
Riesz basis property of root functions of the periodic and
antiperiodic problems, we refer in particular to [13-18].

In this paper, we prove the following main result.

Theorem 1. Let q € L,[0,1] be arbitrary complex-valued
function and suppose that at least one of the conditions

—o, lim P
m— 00 mqizm

lim 2= =0 (9)
is satisfied, where p(m), defined in (40), is a common order of
the Fourier coefficients q,,,, and q_,,, of q.

Then a normal system of root functions of the operator L

forms a Riesz basis if and only if

dom ~ 9-2m- (10)

This form of Theorem 1 is not novel (see, e.g., [12]).
The novelty is in the term p(m) defined in (40) (see also
Lemma 4). Indeed, if we take p = 0 in the Sobolev space
WIP[O, 1] given above in [12], that is, if ¢ € L,[0,1], then
the nonnegative integer s in the conditions in (8) must be
zero and the assertion on the Riesz basis property remains
valid with a less restrictive condition in (9) instead of (8). For
example, let p(m) = o(m™V?). If instead of (9) we suppose
that at least one of the following conditions holds

3/2

|Gom| > em™ or 32

|g_om| > em™*  Vlargem  (11)

with some ¢, then the assertion of Theorem 1 is obvious.
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It is well known (see, e.g., [19], Theorem 2 in page 64)
that the periodic eigenvalues A,,,A,,, are located in pairs
satistying the following asymptotic formula:

A1 =Apa +O (ml/z) = 2mn)’ +0 (ml/z) , (12)

for m > N. Here, by N > 1 we denote large enough
positive integer. From this formula, the pair of the eigenvalues
{A 1> A} is close to the number (2mm)* and is isolated from
the remaining eigenvalues of L by a distance m. That is, we
have, for j = 1,2,

Aj— @(m=Kk)m)*| > K| [2m— K| > Cm,  (13)

forall k # 0,2m and k € Z, where m > N and, here and
in subsequent relations, C is some positive constant whose
exact value is not essential. For the potential g = 0 and
m > 1, clearly, the system {e”*™™, e} is a basis of the
eigenspace corresponding to the eigenvalue (2mm)* of the
periodic boundary value problems.

Finally, let us state the following relevant theorem which
will be used in the proof of Theorem 1.

Theorem 2 (see [12]). The following assertions are equivalent.
(i) A normal system of root functions of the operator L
forms a Riesz basis in the space L, [0, 1].
(ii) The number of Jordan chains is finite and the relation

um,j ~ Vm,j (14)

holds for all indices m and j corresponding only to the simple
eigenvalues A,,, ; for j = 1,2, where u,,, ;, v, ; are the Fourier
coefficients deﬁned in (21).

(iii) The number of Jordan chains is finite and the relation
(14) for either j = 1 or j = 2 holds.

2. Preliminaries

The following well-known relation will be used to obtain,
for large m, the asymptotic formulas for periodic eigenval-
ues A, ; corresponding to the normalized eigenfunctions

¥, j (x):
A -y (\Ijm,]” ei2(m—k)7rx) (q \I,

where A, k) = =L, Qm-kn )% j=1,2. From Lemmal
in [20], we iterate (15) by using the following relations:

5 (B ), )

m;=—00

1 (m— k)rrx)’ (15)

2mmx )

(q m,j> €

(g%, ™7™ < 3M, 17)

where for allm > N, m; € Z and j = 1,2, where M =

Supmei"'qml'
Hence, substituting (16) in (15) for k = 0 and then
isolating the terms with indices m; = 0,2m, we deduce, in
view of g, = 0, that
Ay (Yo

i2mrmx )
e

—12m7‘rx)

dom ( ],6

z m—m; )x (18)
0 A, (B ™).

my#0,2m
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First, we use (15) for k = m, in the right-hand side of (18).
Then, considering (16) with the indices m, and isolating the
terms with indices m; + m, = 0, 2m, we get

[Am’j ! (Am,j)] Um,j = [qu +by (/\m,j)] Vm,j T Ry (m),

(19)
by repeating this procedure once again, and
(A= () =2 (M)t
(20)
= [qu + bl (Am,j) + b2 (Am,])] Vm,j + R2 (m) >
where j = 1,2,
Uy, j = (\I’m,j, eizmm‘) , Vim,j = (‘I’m’j,e_izm”x) , (21
Im, 9~
a, (Am,]) = ZAml e 5
my 22 m—my,j
Im, Im,4 (22)
m m —m, —m,
aZ(AmJ): ZA : ZA —
My 22 m=my,j L m—my —m,, j
qm qu—m
b (Am,j) :Z Al .l’
m, m—my,j

(23)

b2 (Am,j) _ Z qmlququ—ml—mz ,

My, A m=my, j A m—my—my,j

i2(m—m,—m,)x

Gy G, (4 Yo €
R (m)= ) — ACR ), (24)
my,my Am—ml,j Am—ml—mz,j
R, (m)
G, By, (q \{,m)j,eiz(m—ml—mz—rns)nx) (25)
My, m—my, j Am—ml—mz,j M=1m, =1y =13, j ,

k
m #0, Vis  Ym;#0,2m, Vk=1,2,3.  (26)

i=1

Using (13), (17), and the relation

1 3 In |m]|
> |m1||2m—m1|_o< m ) (27)

m;#0,2m

one can prove the estimates

i+1
R,~(m>=0<<“"—m'> ) i—12  (8)
m

In the same way, by using the eigenfunction e ™™ of the
operator L for g = 0, we can obtain the relations

[Am,j -a ()‘m,j)] Vim,j = [q_2m +by (Am,j)] Up,j + R} (m),
(29)

(A= a1 (Ang) = @ (M) Vi

= [ + 1| (Am,j + b, (/\m,j)] Uy + R) (m),

(30)

3
where
! dm,9-m
ay (Ams) = 20—
my £ m+my,j
m, 9m, 9 (31
i _ my D, D-m, —m,
az (Am,j) - A — ‘,
my,my £ mtmy, j m+m,+m,,j
! Im, 4-2m-m
b (M) = 3 2o,
m m+my,j
G, Doy (32)
! _ my Im, 1-2m-m,—m,
bZ(/\m,j)_ Z A A 5
my,my £ mtmy, j m+m, +m,, j
Y ef2lmmmy)x
R; (m) = Z qm, qm, (q m,j )) )
my,m; Am+m1»j Am+m1+m2,j
! 9, D, D, (qum,p eil(m+m1+m2+m3)nx)
R2 (m) = Z n - . ’
mymyms A mtmy,j L mamy+my,j LN mamy+my+ms,j
(34)
k
m; # 0, Zmi +0,-2m, Vk =1,2,3. (35)

i=1

Here the similar estimates as in (28) are valid for Rl{(m), i=
1,2.
In addition, by using (13), (15), and (17), we get

(%) =0(—). o)

ke Z;k#tm

Thus, we obtain that the normalized eigenfunction ¥, i(x)

by the basis (%™ . k € Z} on [0,1] has the following
expansion:

\Ijm,j (x) — um’jeiZmrrx + Vm’je—iZmrrx + hm (x) , (37)

where
(he™™) =0, |, ] =0(m™),  (38)
|um,j|2 + |Vm)j'2 =1+0 (m_z). (39)

Now, let us consider the following form of the Riemann-
Lebesgue lemma. By this we set

x .
p (m) =: max { sup J q(t) e_’z(zm)mdtl ,
0

0<x<1

(40)

sup
0<x<1

J a® ei2(2m)mdtH ,

0

and clearly p(m) — 0asm — o0. As the proof of lemma is
similar to that of Lemma 6 in [21], we pass to the proof.

Lemma 3. If g € L'[0,1] then j: qt) €*™™dt — 0 as
|m| — oo uniformly in x.



3. Main Results

To prove the main results of the paper we need the following
lemmas.

Lemma 4. The eigenvalues A, ; of the operator L form > N
and j = 1,2 satisfy

Aj = @mm)* + 0 (p(m)), (41)
where p(m) is defined in (40).

Proof. For the proof we have to estimate the terms of (19) and
(29). It is easily seen that

1 1 A
Z A Y = O( w2 )’ (42)
m;#0,£2m m¥my,j m¥m,
where A(lnml = (2m7'r)2 -Q2m=F ml)n)z. Thus, we get

1 D, 9-m Am,j>
A )= — L (0] .
a1< m’]) 4772 ml;mml (2m—-m,) " ( m? (43)

From the argument in Lemma 2(a) of [18] we deduce, with
our notations,

a (M)
_ 1 Gm, 9-m, (Am,,- )
2 my>0,m, #2m (2m+m,) (2m—m,) m?

! , A,
= | (GGx,m) -G, (m)) *“™™dx + O 1),
0 m?

(44)
where
x .
G (x,m) = J q(t)e Mt — g, x, (45)
0
i Dm+m
G, (m) =: (G (x,m),e™™™) = 0 (46)
1 ( ) i2mrm,
for m; # 0 and
qm1 i2(m,—2m)mx
G(x,m) -G = P ' :
(%, 1) = Go (m) m;mﬂn (m, —2m) ¢
(47)

Thus, from the equalities

G (x,m) - Gy (m) =O(p(m)), G(1,m)=G(0,m)=0

(48)

(see (40) and (45)) and since g € L'[0,a], integration by parts
gives for the integral in (44) the estimate

al(Am,j):O<$>+O(%> (49)
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for large m. It is easily seen by substituting m, = —k into the
relation for a{ A, ;) (see (29)) that

ay (Aj) = af (Amy)- (50)

In a similar way, by (42), and so forth, we get

—m Am'
L Z qm, 42m 1)+O< ’J>

2 _ 2
Am? (2m-m, m

by (Amys) =

1 S A .
-~ | (@@= e ax O( 5 )
0

m2

-1 1 —i2(2m)nx
J 2(Q(x)-Qp)gq(x)e dx

" 2n2m) )
A
+O< 7';’)
m

where Q(x) = [ q(Hdt, Q,, = (Qx),e”™™) = g,/
i2nm, if my #0,

(51)

QW) -Qy = ) Q™™™ (52)

m;#0

Thus, by using Q(1) = g, = 0 and (40), integration by parts
again gives for the integral in (51) the following estimate:

b (Am;) :o<m>+o<An;"2’j>. (53)

m

Similarly

b (An;) =o<m>+o<1\n;"2’j). (54)

m
To estimate R, (m) = o(p(m)) (see (24)), let us show that
p(m) > Cm™ (55)

for m > N and some C > 0. Since gq(x) # 0 is summable
function on [0, 1], there exists x € [0, 1] such that

J: g dt 0 (56)

and the integral (56) is bounded for all x € [0,1]. Hence,
—i2(2m)x i2(2m)mx

multiplying the integrand of (56) by e e and
then using integration by parts, we get

sup J q@)dt| < C(p(m)+mp(m)) < Cmp(m) (57)
0<x<11J0
which implies (55).
Thus by (13), (17), and relation (27), we deduce that
2
R, (m)| < C(lnnt;ll) =o(p(m)). (58)

Also R;(m) = o(p(m)).
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From relation (39), for large m, it follows that either
;| > 1/2 or |v,, ;I > 1/2. We first consider the case
when [u,, jI > 1/2. Hence, by using (19), (49), and (53) with
R,(m) = o(p(m)) we obtain

Ay (1+0(m72)) = @ 40 (p (). (59)

m,j

This with definition (40) gives A, mj = = O(p(m)). Similarly,
for the other case |v,, | > 1/2, by using (29), (49), (54), and

R; (m) = o(p(m)), we get (41). The lemma is proved. O

Lemma5. For all large m, we have the following estimates (see,
resp., (23), (32) and (25), (34)):

by (Amj) 8 (As) =0 (p(m)ym™?),

R, (m), R, (m) = O (p(m)m™).

(60)

Proof. Let us estimate the sum R, (). By using estimate (28)
and inequality (55) for large m, we deduce that

Ry i) < 6 (o). (60

In the same way R;(m) = O(p(m)mil).

Arguing as in [I12] (see the proof of Lemma 6), let us
now estimate the sum b,(A,,, j). Taking into account (42) and
Lemma 4, we have

by (Aj) = (2)1( m) + O(P;)), (62)
where
I(m)
B m, Dm, D2m—m,-m, (63)
nicany iy (2m —my ) (my +my) (2m —my —m,)’
By using the identity
Ly
k2m-k) 2m\k 2m-k

and the substitutions k; = m;, k, = 2m — m; — m, in the
formula I(mm), we obtain I(m) with the indices m,,m, in the
following form:

1
I(m) = W (I + 2L, + I), (65)

where

Il _ Z qmlqmqum—ml—mz

b
my,m, mym,
I = qml qmz q2m—m1 —m,
2

= > 66
mym, Mh (zm - ml) ( )

I = Z qml qmz qu—ml—mz
’ i, (2m —my) (2m —m,)’

From (46)-(48), (52), and 2I,(m) = I,(m) and using
integration by parts only in I;, we obtain the following
estimates:

1 .
I, = —47° L (Qx) - Q) g (x) e ™™gy = O (p (m)),

1 .
I, = —4r* L (G (x,m) = Gy (m))* q (x) 2™ ™ dx

=0(p(m)).
(67)

Then, in view of (65) and (67), I(m) = O(p(m)m_z). This with
equality (62) implies that b, (A, j) = O(p(m)mfz). In the same

way b, (A, j) satisties the same estimate. The lemma is proved.
O

Thus by using Lemmas 4 and 5, Theorem 2, and an
argument similar to that of Theorem 2 in [12] under the
conditions in (9), let us prove the following main result.

Proof of Theorem 1. In view of Lemma 4, substituting the
values of

by (As) bl (Aj) = O (p(m)m™),

By (L) (L) Ry (m) , R, (m)

(68)
=0(p(mym™)

given by (53), (54), and (60) in relations (20) and (30), we get
the following reversion of the relations

(A= (M) = 3 (M) ]

(69)
= [4m + O (p(m ™) vy + O (p () m™?),
[y = a1 (Aong) = & ()] s
(70)
= [@2m+O(pm)m ™) uy; + O (p(m)ym™)
forj=1,2.
It is easily seen again by substituting m, + m, = -k,

m, = k,, in the sum aé()lm,j) (see (29)) and using (50) that

a(/\ ) = a'(/\ )fori = 1,2. Hence, multiplying (69) by
and (70) by u ,; and subtracting we obtain the following

equahty
%m"fn,]‘ - q—Zmufn,j =0 (P (m) m_l) : (71)

Suppose, for example, that g,,, satisfies the condition in
(9). Then using this equality we get

an,j - Kmufn’j =o(l), k,= Gom (72)
Dom
for j = 1,2. In addition, for large m, the condition in

(9) for q,,, implies that the geometric multiplicity of the
eigenvalue A, ; is 1. Arguing as in Lemma 4 of [12], if
there exist mutually orthogonal two eigenfunctions ¥,,, ;(x)
corresponding to A,,;, = A,,, then one can choose an



eigenfunction ¥, ;(x) such that u,, ; = 0. Thus combining
this with (39) and (71), we get ¢q,,,, = O(p(m)m_l) which
contradicts (9).

Let the normal system of root functions form a Riesz
basis. To prove k,, ~ 1, from (72) it is enough to show that
all the large periodic eigenvalues A,,, ; are simple, since in this
case we have, by Theorem 2,

Ui~ Vimj ~ 1 (73)

for j = 1, 2. For large m, again by Theorem 2 and the condition
in (9) for g,,,, respectively, the number of Jordan chains and
the eigenvalues of geometric multiplicity 2 are finite; that is,
all large eigenvalues are simple.

Now let q,,, ~ q_,,,- From (72), we obtain the relation
(73) for j = 1 which implies that the number of Jordan chains
is finite. In fact, if there exists a Jordan chain consisting of
an eigenfunction ¥, , (x) and an associated function ‘¥, ,(x)
corresponding to the eigenvalue A, , = A,,, then, for
example, for A, ;, using the eigenfunction ¥, ,(x) of the
adjoint operator L* and the relation

(L - Am,l) \I’m,z (X) = \Pm,l (X) > (74)

we obtain that (¥, ,, m) = 0. Thus, from expansion (37) for
j =1, wegetu,, v, = O(m>) which contradicts (73) for
j = 1. Thus, using Theorem 2, we prove that a normal system
of root functions of the operator L forms a Riesz basis. [

Arguing as in the proof of Theorem 1, we obtain a similar
result established below for the antiperiodic problems.

Theorem 6. Let q € L,[0,1] be arbitrary complex-valued
function and suppose that at least one of the conditions

lim P
m— 00 mq2m+1

m

-0, lim _pm 0 (75)
mTOMG -
is satisfied, where p(m) is obtained from (40) by replacing 2m
with 2m + 1 and a common order of both Fourier coefficients
Goms1 AN 4 3y 0f G.

Then a normal system of root functions of the operator L
with antiperiodic boundary conditions forms a Riesz basis if

and Oi’lly lfq2m+1 ~ qd-om-1-

Remark 7. Clearly if instead of (9) we assume that at least one
of the conditions

P (m) ~ Dom> P (m) ~ d-2m (76)
holds, then the assertion of Theorem 1 is satisfied. In this
way one can easily write a similar result for the antiperiodic
problem.

In addition to all the above results, we note that if either
the first condition of (9) and (10) or the second condition
of (9) and (10) holds then all the periodic eigenvalues are
asymptotically simple. We can write a similar result for the
antiperiodic problem.
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