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ON DISCRETENESS CRITERION FOR THE SPECTRUM
OF A DIFFERENTIAL OPERATOR OF EVEN ORDER



Abstract. Necessary and sufficient conditions are obtained for the discreteness of the spectrum of
the operator

Lu(z) = —— (=) (p(z)u™ ()™, zel=1000), m>1.

In the case of p(x) = a”, v € [0, 1), they are the same:
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lim 327"*1*”//)(35) dx = 0.
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1 M. Sh. Birman’s discreteness criterion

We are talking about the discreteness of the spectrum of the differential operator®

Lu(z) = ﬁ (=)™ (p(a)u™ (@)™, 2 € T = [0, 00), (1.1)

m > 1, and its special case which we call Special case,

Lu(x) :== ﬁ (=)™ (z), zel. (1.2)

The functions p(z), p(x) are assumed to be measurable and positive (almost everywhere) on (0, 00).

We assume that for s > 0,
S

dx
/p(x) < 00. (1.3)
0

The operator £ (both in the first and second cases) is considered to be defined on the linear manifold
of the space Lo(I, p) of functions whose square is Lebesgue integrable on I with weight p.

For operator (1.2), M. Sh. Birman obtained the following criterion (the necessary and sufficient
condition) for the discreteness of the spectrum (given in [3]):

o0

lim s*"~! /p(x) dx = 0. (1.4)

§—00
S

As is noted in [3], for operator (1.1), the sufficient conditions are far from optimal, and the necessary
ones are not considered. In this paper, we obtain a necessary condition and a sufficient condition for
the discreteness of the spectrum for operator (1.1). These conditions are different in form, but their
application to special cases gives the same result: a necessary and sufficient condition. In particular,
let p(x) = «¥, v € [0,1). Then the condition

(o}

lim st*l*l’/p(z) dx =10 (1.5)

55— 00
S

(generalizing (1.4)) is necessary and sufficient for the discreteness of the spectrum of the operator
(1.1) (see example 4 below). In the case of operator (1.2), here we offer a simpler proof of necessity
compared to the proof of M. Birman based on choosing a simple test function and obtaining a two-sided
estimate.

Theorem 1.1. For the spectrum of operator (1.1) to be discrete, it is necessary that

§— 00

lim cp(s)/p(x) dr =0
S
and it is sufficient that the equality

lim o (s) /p(x) drx =0

§—00
S

hold. The functions ¢ and @o are defined in (3.4) and (3.2).

1The symbol := means equals by definition.
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1.1 Problem research scheme

For ease of reading, we present here the scheme of the study in full. The reader can find the general
results, for example, in [3]. A simple scheme [4] is proposed that does not require a deep study of the
spectral theory of unbounded operators. The differential operator £ will be obtained as a solution to
the variational problem. Let

[u,v] := /p(x)u(m)(x)v(m)(x) dx, (1.6)
0

and let W be the space of functions with absolutely continuous derivative (™~ on each finite interval
from I = [0, 00), finite value [u, u|, and satisfying the boundary conditions

u(0) = --- = u™Y(0) = 0. (1.7)

The form [u,v] is an inner product in the Hilbert space W (Lemma 5.1).
The operator T' defined by the equality Tu(z) = u(x) acts from W to Lo(1, p) and is bounded
(Lemma 5.2) under the condition
sup ®(s) < oo, (1.8)
sel
where the function ®(s) is defined in (3.6). This condition is apparently also necessary for the operator
T to be bounded. In any case, this is true in the case of p(z) = 1 (for the operator (1.2)) (Remark 2.1).

The problem of minimizing the functional 0.5[u,u] — (f,Tuw), v € W, leads to an equation for
u € W in the variational form [u,v] = (f,Tv), v € W. This equation has a solution u = T* f.

Since T(W) = La(I,p) (Lemma 5.4), the operator T* is an injection. Denote £ = (T*)~!. Thus,
the domain of the operator £ lies in W, and the equation Lu = f has a solution v = T*f. The
representation of the operator £ in form (1.2) is constructed as the Euler equation in a variational
problem (Lemma 5.5).

This equation is the boundary value problem Lu = f, (1.7),

(pu™)(00) = - -+ = (pu™) (™D (o) = 0. (1.9)

In spectral theory, the operator £ is assumed to be unbounded with domain of definition belonging
to Lo(I, p). It is also convenient to consider the domain of £ as an independent space, which is what
we do. In this case, the spectrum will be expressed by using the operators £ and 7. A number A
is called regular if the operator (£ — AT)~! is defined on the entire space Lo(I, p) and is continuous.
The spectrum of the operator L is the set of values A that are not regular. The number A will be
eigenvalue if the equation (£ — AT)u = 0 has nonzero solutions. A spectrum is called discrete if it
consists only of eigenvalues of finite multiplicity.

A necessary and sufficient condition for the discreteness of the spectrum is the compactness of the
operator T'. Sufficiency follows from the fact that the equation Lu = AT'u is equivalent to u = \T*T'u.
Necessity follows from the fact that the compactness of operator T*T coincides with the compactness
of T [1, Chapter 10, Theorem 5].

Theorem 1.2 (Gelfand [2]). For the set U to be relatively compact in the Banach space E, it is
necessary and sufficient that for any sequence of linear bounded functionals converging on any element
z € F, the convergence is uniform on the set U.

Lemma 1.1. The compactness criterion for the operator T is the equality

lim sup (T'u,Tu)[s00) = 0, (1.10)

§—00 [u7u]:1

where
o0

(Tu, Tu)[s,00) = /u(x)Q,o(x) dx. (1.11)

S
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Proof. Necessity. Let T be compact, but for some ¢ > 0, there are sequences s — oo and uy with
the norm |ug|| = 1 such that (Tuy, Tug)(s,,00) > 0. Let

X[sn,oc)

fn =
1 Tun|

Ty,

[Svuoo)

where X[s, ) is the characteristic function of the set [s,,00). Since

S e / "pd“/z pd”‘/z i

we have (fy,z) — 0 for any z € Ly(I, p). However, the inequality

oo oo

1
(fn,TUn)Zuﬂu”[)/Uide: /U%Pdﬂ«”z\/{;

Sn Sn

contradicts Theorem 1.2.

Sufficiency. Let f, € La(I, p) be a sequence converging on any z € Lo(I, p), i.e., (fn,2) — 0. Let us
show that (f,,Tu) — 0 uniformly on [u,u] < 1. From the inequalities

(oo} 2 oo (oo} oo
(/fnupdz> S/fipdx/qudeC/uzpdz,

S S

due to (1.10), it follows that

lim [ fpupdx =0
§—00

uniformly on [u,u] < 1. Therefore, it suffices to show the uniform convergence of [ f,updx on
0

[u,u] <1 for any ¢ > 0. We have

(Jroos (]
<
< fron

(x—S)m W™ () ds da ?
fa ) dsds

c

/ o s mmmm i) 2
0

p(s on(s)? ds,

§
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»
\
/‘\
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o
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where

(E—S

 fu@)ol) de.

N
Note that ¢, (s) = (fn, 2s), where z;(z) =0 if = ¢ [s, ¢], and
1 (z—s)mt

if x € [s,c]. Since zs € Lo(1, p), we have @, (s) — 0 for any s € [0, ¢]. Since

zs(w) =
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by the Lebesgue theorem,

/<pn(s)2 ds — 0. O
0

2 Estimates. Special case

As follows from Lemma 1.1, we need two-sided estimates of the expression sup (Tw,T'u)(s ). To do
[u,u]=1

this, we need auxiliary inequalities, which we will obtain first for a simpler particular case, and then

in a general form.

Here, we consider the case p(z) = 1, i.e., operator (1.2). In connection with criterion (1.10),
estimates of the expression sup (Tw,Tu)(s o) above are given in [3]. This makes it possible to
[w,u]=1

obtain sufficient conditions for the discreteness of the spectrum. Below, we give two-sided estimates,
which give a necessary and sufficient condition, i.e., a criterion. The proof is given not only for
readability. The evaluation scheme is used below for the general operator (1.1).

2.1 Inequalities

Let a function u(z) satisfy conditions (1.7), have an absolutely continuous u(™~Y(z) locally on I =
[0,00), and [ (u(’”)(av))2 dx < co. Let
I

(k) (k+1)
u S)u S
Ap(u) == | S(QW)L_%_l( )|ds, k=0,....,m—1,
I
(k) (5)2
u S
Bk(u) ::/527117(—2)/6618’ kZO,...,m.
1

From the Cauchy inequality A7 < By B1,

ds / T ds
By, Z/WZ/u(k)(x)u(kH)(x) dx = Q/u(k)(x)u(k"‘l)(x) dm/m
I 0 I T
(k) (k+1)
_ 2 /u (z)u (x) de < 2 A,
2m — 2k — 1 x2m—2k=1 2m — 2k —1
1
That’s why
2 4
A B B,<———_B
e om ok —1 M TR = m — ok —1)2 TR
qm 22m—2 22m—1
B B,, Bi<———=B,, A< By,.
0= ((2m —1))? "= (2m—3))2 0= (2m — D)N(2m — 3)!!
So,
AO < Cm[U,UL (21)
where
22m—1
Cy = (2.2)

(2m — 1)1N(2m — 3)11”’

since By, = [u, u].
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2.2 Upper and lower estimates

Here, we consider the lower and upper bounds for the expression (T'w, Tu)[; ) in the case p(z) = 1.
Let

oo

P(s) 1= s2m1 /p(x) dx. (2.3)

S

Lemma 2.1. There are the estimates

(Tu, Tu)[p,00) < 4Cp Es[up )@(s) - u, u] (2.4)
and -
1, 1
Proof.
(T, Tu) 00y = /ugpdm = /p(m) dac(u(r)2+2/u(s)u'(s) ds)
=u(r)2/p(a:) dsc—|—2/u(s)u'(s) ds/p(x) dx = S1 + 253,
[ utonisras | [ u(s)(s)
So = [ u(s)u'(s)ds r)de = | ——=P(s)ds < ), sup P(s) - [u,u],
/ (s (5) S/p<> / ) @) s < s @) o0
S1 = Q/U(S)U/(S) dS/P(ﬂf) de < 2/% ds -t /p(:r) dz < 2C,®(r) - [u,u).
0 T 0 T

(TuaTu)[r,oo) < QCm((I)(’I‘) + sup (p(s)) : [ua u]'

SE[r,00)

Now, we estimate (T'u, Tw)s o) from below. We need a supremum, so, we choose a test function

m if 0<z<
u(z)=C - v 1 =%=5
s+ Pp_1(z) if x> s.

The polynomial P,,_; of degree at most m — 1 will be chosen so as to ensure the continuity of the
function u(z) and its derivatives up to order m — 1, inclusive. We choose the parameter C' so that
[u,u] = 1:

S

/(u(m))2 dx = C?*(m!)?s = 1,

0
whence we obtain the estimate
oo oo 1 oo
(Tu, Tu)[5,00) = /u2pdx = 02/(87" + P (z))?pde > (m!)282m_1 /p(m) dx.
S S S

The positivity of P,,_;(z) follows from the positivity of all derivatives u(?(s),i=1,...,m —1. O
Bilateral estimates (2.4), (2.5) and (1.10) immediately imply Birman’s discreteness criterion (1.4).

Remark 2.1. Tt follows from inequality (2.5) that condition (1.8) is necessary for the operator T to
be bounded.
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3 General case of bilinear form

Here,

[u,v] := /p(x)u(m)(x)v(m)(x) dx (3.1)

I

under the same boundary conditions (1.7).

3.1 Inequalities

Denote

(k) ()2
Bk:/u () ds, k=0,...,m.
wi(s)

The functions wk(s), pr(x) are defined recursively: w,,(s) = 1/p(s),

S

i)
ee(s) = [ weyr(@)dr, wi(z)=—"< k=m—1,...,0. (32)
wi1()
0
Then
(i)’ _ S 1
Ok ©2 WEWk41 Wi
From here,

1 dx
o(s) / wi(z)

S
Indeed, this function is positive and decreasing. Therefore, this improper integral converges. However,
o0

in fairness, for k = m — 1 in the case of convergence of the integral [ dz/p(x) it is better to write the
0

1 7 dx
o (s) Ss/wk(x)'

[ O eu )
Ak‘/ s

inequality

Denote

Then A% S BkBk+1,

S

Bk:/ ds 2/u(k)(x)u(k+l)(x) dz
0

wi(s)
_ 0 ® (0D () da ds u™ (z)u* D (z) "
2/ ()u" ) (z) d w/w’“(S)QI/@’“@ dx < 24;.

Therefore, Ay, < 2Bjgy1, Bx < 4Bgy1, Bg <4™B,,,

Ag <4m—12B = 9¥moip = 92mly g, (3.3)
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3.2 Upper and lower estimates

Lemma 3.1. The following estimates hold:

sup (T, T = 0(5) [ pla)d, (3.4
[u,u]=1
where .
9 3 - t 2
@(s) ==u(s)” = dt) ,
0
and
(Tu, Tu) ooy < 22" sup @(s)[u,ul, (3.5)
s€[r,00)
where

Proof. The test function for lower estimate p(x)u(™ = C on [0, s], whence
— t
=C / i dt x €0, s],
u(x) = Pp—1(x) on [s,00). We find the constant C from the condition [u,u] = 1:

Now, we get the lower bound. Since P,,_1(z) does not decrease,

o0

(Tu, Tu) = / u?pdx > u(s)Q/p(m) dx.
[5,00) s
Substituting the value of u(s)?, we get ¢(s).
Now, we get the upper estimate:
(Tu, Tu)r,00) = /uzpdx = /p(:c) dx (u(r)2 + 2/u(s)u/(5) ds)
= u(r)? /p(w) dx + 2/u(s)u'(s) ds/p(x) dx =51 +2S3, (3.7)

T g g e gt o (el e
= [T pOw I a0 el

r

The value of u(r)? can be estimated in two ways:

o = ( / T / 2 s / P(5) (a7 (5) ds

T

" !
u(r)? = 2/u(5)u’(s) ds = 2/ uls)u'ls) wo(s) ds < 22™ o (1)[u, u).
@o(s)
0 0
From (3.7), we now get an estimate from above (3.5). O

or
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4 Discreteness conditions

From (3.4), for the discreteness of the spectrum of the operator (1.1) we obtain the necessary condition

o0

lim ¢(s) /p(m) dx = 0. (4.1)

§—00
S

Note also the necessary condition for the operator T to be bounded:

o

sup o(s) /p(x) dzr < oo. (4.2)

S

Example. Let us find the necessary condition if p(x) = ¥, v € [0,1). We have

di: Sl—u (S—t)m_l _ gm—v
O/pm = O/<m1>!p<t>‘” (m = DI =)@~ v) - (m —v)

Therefore, we get the estimate

N (1 ) L PR LR (ALl
and a necessary condition for the discreteness
li)m szm_l_”/p(x) dx = 0. (4.3)

S

The sufficient condition for the compactness of the operator 7', which is also the discreteness
condition, has the form

61520 g@o(s)/p(x) dx =0. (4.4)

Example. Find the function ¢q in the case p(z) = ¥, v € [0,1).
x

wm(x) = xiuv Pm—-1 = /Siu ds = T‘H’ wm—l(x) = (1 — V)2(E_V = (1 — V)2 s
0

x

(x) = 71 /32_” ds = —m3—v
Pm=2 )= Ty T 1-v2B-v)’
0
1’6_2V 2—v {I?4_V

wm—2(x) = (1— )43 — )2 : (1-v)?2 (1-v)2@B-v)?’
1 . (5—U).’L'5_V
/84 ds = i—v

ool = TR HEErE A

Continuing, we get
(2m — 1 — vy)g?m=1=v
po(z) = 2 2 2"
1-v)2B—-v)2---2m—1—-v)

From (4.4) we obtain a sufficient discreteness condition

o0

lim st_l_”/p(m) dx = 0.

5§—00
S

This coincides with the necessary condition (4.3), and therefore is a criterion for the discreteness of
the spectrum in the case p(z) = =¥, v € [0,1).
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5 Lemmas

Let Lo(I,p) be the space of functions measurable and with Lebesgue integrable square on I and
weight p.

Lemma 5.1. The space W is Hilbert one.

Proof. The justification is the isomorphism of the spaces W and Lo(I,p). If g € Ly(I,p), then, due

to the inequalities
S

(O/S|g<x>|dw)2s/p<><>dw/s /f—

0

the function w(z) is uniquely determined from the equality u(™ = g and the boundary conditions
(1.7). O

Lemma 5.2. Let sup ®(s) < oo be satisfied. Then the operator T is continuous.
sel

Proof. Follows from (3.5). O

Lemma 5.3. Let f € Lo(1,p). If v e W, then

7f(x)v(x)p( )" 7H v () de, (5.1)

where the function H(x) is defined by the equalities H™ = fp, H™ %) (00) =0, k= 1,...,m, and

satisfies the relation
o0

ume = [ fonar (5.2

x

Proof. Integrating by parts, we get

/ F@o(@p(@)ds = S (1 IO (Cay oy [H@ @ dn 63)
0 0

k=1

where the function H(z) is defined by the equalities H™ = fp, H™=%)(00) =0, k = 1,...,m, and
therefore satisfies relation (5.2). O

In order not to complicate the proofs, we make the following remark.

Remark 5.1. The proof is not complete due to the need to check the convergence of the improper
integral. However, Lemma 5.3 is used below in Lemma 5.5. For the purposes of Lemma 5.5, the
version of Lemma 5.3 for a finite interval suffices, so discussion of the convergence of the integral in
this sense is not relevant.

Further, from Lemma 5.5, we can conclude that the integral on the right-hand side of (5.1) con-
verges. Since (—1)™H(x) = p(z)ul™, we have

( / H(z)o™ dx)2 < / (@) (u™)? dz / (@) (™2 da = [u, ] [v, v].
I I I

Lemma 5.4. T(W) = Lyo(1, p).
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Proof. Suppose T(W) # La(I, p). Then there exists h € La(I, p), orthogonal to T (W), i.e.,

VueW) /u(m)h(x)p(x) dx = 0.
1
Due to (5.1),

/H(:ﬂ)u(m) (x)dz =0 for any ue W,
0

where H(™) = hp. Since W maps isomorphically onto Lo(I,p), this implies H = 0. Therefore,
h=0. O

Lemma 5.5. The boundary value problem (1.2),(1.7),(1.9) is a representation of the operator L =
(T*)~1.

Of course, in (1.2), the symbol £ should only be understood as a definition for the expression on
the right-hand side.

Proof. If Lu = f, then u = T*f and [u,v] = (f,Tv) for any v € W. From (5.1),

/p(l")u(m)v(m) dx = (—1)m/Hv(m) dz.
T T

Because of the arbitrariness of v("™) € Ly(I,p), p(z)ul™ = (=1)™H(x) (almost everywhere in I, but
we can assume that everywhere). That’s why

(=)™ (p(a)ut™)™) = fp.

From this we get representation (1.1). Conditions (1.9) follow from the properties of the function H
(Lemma 5.3). O
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