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Abstract  Consider the equation
=(r(@)y'(z)) +q(2)y(z) = f(z), =z €R, (%)
where f € Lp(R), p € (1,00), and
r>0, q>0, 1/reLP%R), q€LPR),

rT dt " T
lim / —/ g(t)dt =00 Vz €R.
ldl =00 Ja—a 7(t) Jo—d
By a solution of (), we mean any function y absolutely continuous together with (ry’) and satisfying (*)
almost everywhere on R. In addition, we assume that (*) is correctly solvable in the space L,(R), i.e.
(1) for any function f € LLOC (R), there exists a unique solution y € L, (R) of (*);

(2) there exists an absolute constant ci(p) > 0 such that the solution y € L,(R) of (x) satisfies the
inequality
lvllz,® < c@fllL,® Ve LpR). (%)

We study the following problem on the strengthening estimate (**). Let a non-negative function
0 ¢ L;,OC (R) be given. We have to find minimal additional restrictions for # under which the following
inequality holds:
19yllL,®) < c2®fllL,® Vf€LpR).

Here, y is a solution of (k) from the class L,(R), and c2(p) is an absolute positive constant.
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1. Introduction

In this paper we continue the study developed in [22,23,25-27]. We consider the equation

—(r(@)y'(2)) + q(x)y(z) = f(z), w€ER, (1.1)
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where f € L, (L,(R) := L), p € (1,00) and

r>0, ¢=0, 1/relLlc, qelLPc (L :=LIR)), (1.2)

Throughout what follows, by a solution of (1.1) we mean any function y that is abso-
lutely continuous together with (ry’) and satisfies (1.1) almost everywhere in R.

In addition to (1.2)-(1.3), we always assume that (1.1) is correctly solvable in L,
p € (1,00). The latter condition means that requirements (I) and (II) hold (see [31,
Chapter 111, §6.2]).

(I) For any f € L,, there exists a unique solution y € L, of (1.1).

(IT) There exists an absolute constant ¢(p) > 0 such that the solution y € L, of (1.1)
satisfies the inequality

1yllp < eI flly VFe Ly (Ul = IF1z,)- (1.4)

Exact restrictions to r and ¢ that guarantee (I) and (II) are known (see [26] and §2).
Furthermore, in connection with (1.4), we adopt the following conventions: by the sym-
bol y we denote only solutions of (1.1) belonging to the class Ly; the symbols ¢, ¢(-) stand
for absolute positive constants that are not essential for exposition and may differ even
within a single chain of computations.

We now return to (1.1). Our general goal is to study possibilities for strengthening
estimate (1.4). To be more precise, let § denote an arbitrary non-negative function from
Lye (L(R) := L?°). Our specific goal is to find minimal additional restrictions to 0
under which the solutions y of (1.1) satisfy the inequality

10yllp < eI fll, Vf € Ly (1.5)

Note that in a particular case (1.5) for § = ¢, (1.1) may (or may not) have an interesting
feature, depending on p € [1,00) and properties of the functions r and ¢. In order to
describe this feature, we introduce the following definition.

Definition 1.1. Suppose that (1.1) is correctly solvable in the space Ly, p € [1,00).
We say that this equation is separable in L, if the following inequality holds:

||(Ty/)/||p + ”qup < C(p)”pr Vf € Ly, (1.6)

or, equivalently,
laylly < clIfllp Vf € Lyp. (1.7)

(Definition 1.1 is sometimes referred to within this paper as the ‘separability problem’
or ‘separability conditions’.)
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The problem on separability was posed by Everitt and Giertz in [35,36] (in terms
of different operators) and is therefore called the Everitt—Giertz problem. In [35, 36],
the first examples of inseparable operators and the first study of sufficient conditions
for separability (of the Sturm-Liouville operator in Ls) were given. These results were
then strengthened and developed by the authors themselves [37-44], and in successive
papers [1-15,17-24,28-30,33,34,46,47,49-56,58-63]. We want to emphasize the fact
that until now unconditional criteria for the validity of (1.5) and (1.7) have been found
only in particular cases (see [3,21,22,24,28,30,45,49,52,53]), and therefore the study
of (1.5) and (1.7) continues to be of interest. All the works cited above represent the
literature on this question as a whole, i.e. not necessarily in connection with (1.1) on the
Sturm-Liouville operator.

Note that in spite of the abundance of outstanding results and the obvious interest
in (1.5) and (1.7), no analytical survey paper has been dedicated to this subject. There-
fore, below, in order to position our work among the above cited papers, we give only
the most general additional necessary information. To stay within a limited framework,
we only discuss (1.7). Thus, we first want to emphasize that the decisive role in study-
ing the separability problem is played by (1.1). This equation (or the corresponding
Sturm-Liouville operator) is the main testing ground for almost all the innovations in
the separability research. In particular, this is the main explanation of the fact that a
significant part of the work cited above is directly related to (1.1). The research ded-
icated to (1.1) can, in turn, be subdivided into two non-intersecting groups. The first
group contains the majority of the papers on (1.1). This group can be characterized
by the fact that separability conditions are expressed in the form of certain require-
ments on the coefficients r and ¢ of (1.1). As for the second group, which consists of
the papers [3,19-21,23,29,30,51,56,61], here separability conditions are expressed in
terms of requirements on certain local integral averages of the functions r and ¢. (The
first investigation in the second group is due to Otelbaev; see [51,56].) Each of these
approaches has its advantages and disadvantages, which will be made clear after obtain-
ing unconditional criteria for the separability of (1.1) in L,, for p € (1,00) (for p =1, (1.7)
holds automatically; see [22,30,45,53]).

We now begin the discussion of our present research. Since we are studying (1.1),
according to our classification, this research belongs to the second group of papers. In
particular, we study conditions for the separability of (1.1) in L,, remaining in the
framework of the approach to (1.7) that was developed in the papers [3, 19, 20, 23,
30,45,53,61].

Our general goal consists of extending the methods of [23], in whichr =1 and 1 < g €
L'*¢, to the case of (1.1) (with conditions (1.2) and (1.3)) correctly solvable in Ly, p €
(1, 00). Similar problems for the cases p = 1 and p = oo will be considered in forthcoming
papers. Note that the main result of this paper contains necessary and (nearly) sufficient
conditions for the validity of inequalities (1.5) and (1.7) (see Theorems 3.3 and 3.4).
Unfortunately, although these assertions are general and precise, they are not sufficient
for the study of (1.5) and (1.7) in concrete cases. The point is that the requirements of
Theorems 3.3 and 3.4 are expressed in terms of certain auxiliary functions (averages of
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Otelbaev type of the functions r and ¢; see § 3). Exact values of these auxiliary functions
can be found only in exceptional cases. However, to apply Theorems 3.3 and 3.4 to
concrete equations, it is enough to have two-sided, sharp-by-order estimates for these
averages. The second part of this paper contains a solution of the problem on the proof
of such inequalities.

We emphasize that, by combining all the results, we obtain an efficient tool for the
study of inequalities (1.5) and (1.7). As an example of such an application, we con-
sider (1.1) with the coefficients

r(z) =1+2% q) =l +ellcos(e?)), zeR, a>o0. (1.8)
In the second part of the paper, we obtain the following fact.

Proposition 1.2. Equation (1.1) with coefficients (1.8) is correctly solvable in L, for
all p € (1,00), regardless of a € (0,00). The inequality

lelyll, < @ fllp Vf € Ly (1.9)
holds if and only if o > %
The paper has the following structure. Most of the facts used in the following are given

in §2, all our results are given in § 3, and the proofs are given in §4.

2. Preliminaries

We adopt the following convention: the requirements (1.2) and (1.3) are assumed to be
valid and do not appear in the statements.

Lemma 2.1 (Chernyavskaya and Shuster [22]). The equation

u(z) >0, wv(z)>0,

r(@) [V (z)u(r) -

=0. (2.4)

Corollary 2.2 (Chernyavskaya and Shuster [22]). Equation (2.1) has no solutions
z € L, apart from z = 0.

Throughout the following, by the symbols {u,v} we denote only the FSS from
Lemma 2.1.
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Theorem 2.3 (Chernyavskaya and Shuster [22], Davies and Harrell [32]).
For {u,v}, there exists the following Davies—Harrell representation:

u(x) = \/p(x) exp (—; /Ij dg), z € R, (2.5)

GYG
= s X 1 : 7(16 o
v@) = Velz)ep <2 / r<5>p<s>)’ <R (26)

where p(x) = u(x)v(z), x € R, z¢ is the unique solution of the equation u(x) = v(x)
in R. In addition, for the Green function G(x,t) corresponding to (1.1),

Glat) = {“Ex)”(t;’ z i i (2.7)

and, for its ‘diagonal value’ G(x,t)|;=, = p(x), x € R, there are the following relations:

[5al) mer e
0 [ee)
/—00 & B /0 & - (2.9)

Remark 2.4. Equations (2.5), (2.6) and (2.8) were given for » = 1 in [32] and in [22]
under the conditions (1.2) and (1.3).

N —

Gz, 1) = V/p(@)p(D) exp (—

Lemma 2.5 (Chernyavskaya and Shuster [22]). For any given x € R, each of the
equations in d > 0,

z z z+d z+d
/_d % /_d q(t)ydt =1 and / 7“(2;/ q(t)dt =1, (2.10)

has a unique finite positive solution.

Denote the solutions of (2.10) by d~)(z) and d*)(x), respectively. For = € R, we
introduce the functions

z dt z+d P (2) dt
() = / PR CE / 7 (2.11)

Cp@)la) @ -
M) = S T (/M-)(w) q“”“) ' (2.12)

Theorem 2.6 (Chernyavskaya and Shuster [22]). We have Otelbaev’s inequalities
27 h(z) < p(z) < 2h(z), =z €R. (2.13)

Remark 2.7. A priori sharp-by-order estimates of the function p were first obtained
by Otelbaev in [57] (under some additional requirements on r and ¢). Therefore, all
relations of the form (2.13) will be called Otelbaev inequalities. Note that the auxiliary
function used in [57] is, probably, more complicated than the function h in (2.13).
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Lemma 2.8 (Chernyavskaya and Shuster [22]). For every x € R, the equation

ind >0,
x+d
dt
& 2.14
L. e (2.14)

has a unique finite positive solution. Denote this solution by d(x). The function d(x) is
continuous for x € R. In addition, (Jz| — d(z)) = oo as |x| — oo.

Lemma 2.9 (Chernyavskaya and Shuster [22]). Letz € R, t € [x—d(z), z+d(z)].
Then,

e ?p(x) < p(t) < ?p(x), (4e?) 'h(x) < h(t) < (4e®)h(z), e =exp(1). (2.15)

Definition 2.10 (Chernyavskaya and Shuster [24]). Suppose that we are given
x € R, a positive continuous function (t), t € R, and a sequence {z,}nen,
N = {£1,+2,...}. Consider the segments A, = [A,AF], AT =z, &+ »(2,), n € N.
We say that the segments {A, 152, (respectively, {A,},2 ) form an R(x, s)-covering
of [x,00) (respectively, of (—oo, x]) if the following requirements hold:

1) A7

n

= A, if n > 1 (respectively, A =Arifn < 1),

n—1

(2) AT = x (respectively, AT, = z), U™, A, = [x,00) (respectively, J.' A, =

(700"%]). n=1 U=—00

Lemma 2.11 (Chernyavskaya and Shuster [24]). Suppose that a positive contin-
uous function x(t) for t € R satisfies the relation

lim (¢t — »(t)) = 0o (respectively, tiil}loo(t + x#(t)) = —o00). (2.16)

t—o00

For every x € R there then exists an R(x,s)-covering of [x,00) (respectively, an
R(z, »)-covering of (—o0, z]).

Remark 2.12. Assertions similar to Lemma 2.11 were introduced by Otelbaev
(see [51]).

Lemma 2.13 (Chernyavskaya and Shuster [22]). For every x € R there exist
R(z, d)-coverings of [—o0,x) and [z, 00).

We introduce the set D, and the operator Lp:
D, ={y € L,: y,ry € AC*(R), —(ry/) +qy € L,}, (2.17)

Lyy=—(ry)+qy, y€ED, (2.18)

The linear operator £, is called a maximal Sturm-Liouville operator, and (I) and (II)
(see §1) are, obviously, equivalent to the problem of existence and boundedness of the
operator L, Y. L, — L,, i.e. the problem of continuous invertibility of the operator £,
(see [16]).
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Theorem 2.14 (Chernyavskaya and Shuster [26]). Let p € [1,00), and let
G: L, — L, be the Green operator

(Gf)(x) = /:X) Gla,)f(t)dt Vf €Ly, R (2.19)

Then, (1.1) is correctly solvable in Ly, if and only if the operator G: L, — L,, is bounded.
In the latter case, for any f € L,, the solution of y € L, of (1.1) is of the form y = Gf.
In particular, /3;1 =G.

Theorem 2.15 (Chernyavskaya and Shuster [26]). Let p € (1,00). Then, (1.1)
is correctly solvable in L,, if and only if

B= sgg(h(x)d(x)) < 0. (2.20)

Theorem 2.16 (Oinarov [53]). Suppose that condition (1.2) holds and that
infzer g(x) > 0. The operator G: L, — Ly, is then bounded for all p € [1,00).

Remark 2.17. In connection to Theorem 2.16, see [22, Theorem 2.3] and [26, Corol-
lary 1.9].

Let p, 6 be almost everywhere finite, measurable, positive functions defined in an
interval (a,b), —0o < a < b < co. We introduce the integral operators

b

(K f)(x) = ulx) / 0(6)f(t)dt, € (ah), (2.21)

(Kf)(z) = p(x) /w 0(t)f(t)dt, x € (a,b). (2.22)

Theorem 2.18 (Kufner and Persson [48]). For p € (1,00), the operator
K: L,(a,b) = Ly(a,b) is bounded if and only if

H,(a,b) = sup Hy(a,b,z) < oo,

z€(a,b)
where
x 1/p b , 1/p’ P
Hy,(a,b,z) = [/ wu(t)? dt] [/ O(t)? dt] , p=— (2.23)
a x p—= 1
In addition,
Hy(a,b) < |K||1, (ap)—1,@p) < (0)/P@0)7 Hpy(a,b). (2.24)

_Theorem 2.19 (Kufner and Persson [48]). For p € (1,00), the operator
K: L,(a,b) = Ly(a,b) is bounded if and only if

Hp(a,b) = sup ﬁp(a,b, x) < 00,
z€(a,b)

) (a,b,7) = { / "oy dt] " [ / " P dt] e

where

I
—
o
[\
ot
~
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In addition,
Hy(a,b) < |KIL, (ap)— L, (@p) < (0)/P(0)/7 Hy(a,b). (2.26)

Note that, apart from the facts listed above, in §4 we use several assertions (mainly
of a technical nature) that are given there in the course of our exposition.

3. Main results

Note that if a pair of functions (in the following, just a ‘pair’) {r,q} satisfies condi-
tions (1.2) and (1.3), then, for every A > 0, the pair {r, gy}, where gx = ¢ + )\, satisfies
the same conditions. We adopt the following convention: throughout what follows instead
of the notation for auxiliary functions,

d=Y, d ] g, . b, d (3.1)

(see (2.10), (2.11), (2.12), (2.14)) constructed by a pair {r,gr} for A > 0, we use the
notation
dg71)7 dg\+)7 "% 1/})\7 h/\7 d)\? (32)

respectively. We reserve the notation of (3.1) for the pair {r,¢\} with A = 0 if this is
specially mentioned.

Definition 3.1. Let a pair {r,g»} be given. Assume that for some b > 0 there exist
a > 1 and X > 0 such that, for all € R, the following relations hold:

a " ha()dy(z) < ha(t)da(t) < ahy(x)dy(z) if |t — 2| < bdy(z), (3.3)
x+bd;(w) dt b
—— > - VzeR, 3.4
/Lbdx(z) dr(t) ~ a 34
| l‘im (|z] = bda(x)) = 0. (3.5)
€T |—r0o0

The value

b
v(b) = aexp <_500aQ>

is then called the exponent of the pair {r, ¢} corresponding to the number b > 0.

In (3.3)—(3.5), we formalize a priori properties of any pair {r,q} satisfying condi-
tions (1.2) and (1.3). We also note that if the number ~(b) is small enough, then our
main assertion (see Theorem 3.4) gives the complete answer to the question of (1.7).
These facts are fixed in the following assertion.

Theorem 3.2. Let a pair {r,q} and a number ¥ > 4e* be given. There then exist
b > 0 and the exponent «v(b) of this pair such that ~v(b) = 7.

Throughout the following, by the symbol ~v(b), b > 0, we denote the exponent of the
pair {r, ¢} formed by the coefficients of (1.1).
The next two theorems constitute the main result of this part of the paper.
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Theorem 3.3. Suppose that (1.1) is correctly solvable in the space L,, p € (1,00),
and inequality (1.5) holds. Then,

, z+d(z) 1/p

my (1, q,0) = sup h()d(z)'/? [ / o (1) dt} < 0. (3.6)
z€R z—d(x)

In particular, (1.7) holds only if m,(r,q,q) < cc.

Theorem 3.4. Suppose that (1.1) is correctly solvable in the space L, p € (1,00), and
at least one of the exponents v(b), b > 0, of the pair {r, q} satisfies the inequality y(b) <
Yo, Yo = exp(fﬁ). The estimate (1.5) then holds if my(r,q,0) < oco. In particular, if
my(T,¢,q) < 0o, then (1.1) is separable in the space L,(R).

Remark 3.5. The first study of (1.5) and (1.7), with the help of inequalities of
type (3.3) and a functional of type (3.6), was carried out by Otelbaev for r = 1
(see [51,56]).

Remark 3.6. Recall that the main questions related to applying Theorems 3.3 and 3.4
to concrete equations will be considered in the future in part IT of this paper.

4. Proofs

Proof of Theorem 3.2. We need some auxiliary assertions.

Lemma 4.1 (Chernyavskaya and Shuster [22, p. 1422]). For « € R, we have
the inequality

|d(z + s) —d(z)| < |s| if |s] < d(x). (4.1)
Lemma 4.2. Let € € [0,1) and = € R. Then,
(1—e)d(z) <d(t) < (1+e)d(x) < (1—¢e) td(x) if|t —z| < ed(x). (4.2)

Proof. Set
z+s=t, |s|<ed(z), £€][0,1), zeR.

From (4.1), it then follows that

|d(t) — d(z)| = |d(z + s) = d(2)] < [s] < ed()
= ‘;l((j:))—l‘ge for |t — x| < ed(x)
= (4.2).

O

Remark 4.3. Lemmas of type 4.1 and 4.2 were first obtained by Otelbaev (see [51]).
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We now turn to the proof of Theorem 3.2. We find the exponent of the pair {r, ¢} for
b=¢c€ (0,1). Let z € R and A = 0. According to (4.2) and (2.15), we then have (here
we use the notation of (3.2)) that

1—¢ h(t)da(t) 4e? .
< < flt—z| < . 4.
4e? ha(z)dx(z) ~1—¢ if |t - o] < eda(@) (43)

Therefore, following (3.3), a := 4e*(1 — &)~!. We show that, with such a choice of
parameters a and b, we also have (3.4). Below we use (4.2):

>2(1—e) > _
e(1-¢) 4e2

‘/erbdA(:v) dt /a:+ad,\(w) d)\(.’E) dt
z—bdy () d)\(t) T

B e(l—¢) b

—eda(z) () dr() a
Finally, for b = ¢ € [0,1], (3.5) holds by Lemma 2.8. Hence, by Definition 3.1, we have
that

1) =1(6) = 1 e

e(1—¢)?
500(4e2)2>'

It is easy to see that the function ~(e), e € [0,1), is continuous, and as e increases it
monotonically increases from (0) = 4e? to oo, which proves the theorem. (]

Proof of Theorem 3.3. Clearly, (1.5) is equivalent to boundedness of the operator
0L, : L, — Ly, p € (1,00), i.e. to the inequality

||0£;1||pﬁp <0 (4.4)

(see (I) and (IT) in §1, (2.17), (2.18) and Theorem 2.14). Below, we show that (4.4)
implies the inequalities

00 > ||9£;;1||p—>p > Cilmp(ra%g)a
and thus proves Theorem 3.3.

Lemma 4.4. Let z € R, A(x) = [z — d(z),z + d(z)],

_J1U ift e A(z),
f””(t)_{o ift ¢ A(z),

and let y,(t) be the solution in the class L, of (1.1) with f = f,. We then have the
estimate

ol > <o) | [ ot al " (45)

()

https://doi.org/10.1017/5S0013091514000431 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091514000431

Weighted estimates for solutions of the general Sturm—Liouville equation 135

Proof. Let t € A(x). Below, we use Theorem 2.14, (2.8), (2.13), (2.14) and (2.15):
w(t)= [ Gon©«

= G(t,§)dg

A(z)

= [ Ve (—;‘ / 5 S ) e

> pla) /A(z) P (_ /A(w) 7“(5(;2(5)> 4

This inequality implies (4.5):

16y 12 > /A O A > ¢ ) / b(e)" de.

A(x)
O
By (4.5), we now obtain that
0L f|IP 0L f.||P
o0 > 102712y = sup 12U > oy 120 el
rer, Ifllp sek [ fellp
_ Hoym”g -1 P p—1 D
= sup > ¢ " sup h(z)Pd(x) P(t)dt = myp(r,q,0) < oco.
vk 2d(z) z€R Alz)
|

Proof of Theorem 3.4. Below, we study the equation

—(r(@)y (@) + (g(z) + Ny(z) = f(z), z€R, (4.6)

where A > 0 and the functions r and ¢ satisfy conditions (1.2) and (1.3). Note that, by
the assumption of the theorem, (4.6) is correctly solvable in L,, p € (1,00), for A =0,
and for A > 0 this equation is correctly solvable in L,, p € [1,00), by Theorems 2.14
and 2.16. This implies that the semi-axis [0, c0) is the resolvent set for the operator £,
(see (2.17) and (2.18)). Define Ry = (£, + AE)~!, where A > 0, E: L, — L, is the
identity operator. We now apply Hilbert’s formula

R“—RAZ(A—/L)R,\'R#
to our case for p =0 and A > 0 to obtain that
Ro=Rx+ ARy Ro = Rx(E+ ARp), A>0,

or
LV =(L,+AE) ME+ AL, A>0
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(which is the same). Since ||£,!]|,—p < ¢B < oo (see Theorem 2.15), this implies that
16L,  lp—p < 10(Lp + AE) " lposp(1 4 cAB). (4.7)
Thus, we are reduced to proving (under the assumptions of the theorem) the inequality
10(Lp + AE) ™ lpmsp < c(N)my(r, 0, 0). (4.8)

(In (4.8), the parameter A is chosen according to the assumption of the theorem such
that the inequality v(b) < 79 = exp(—zs5) holds for at least one b > 0 for some a > 1,
A = 0; see Definition 3.1.)

In connection with (4.8), consider the operator (£, +AE)~! in more detail. Our nota-
tion is as follows. Throughout the following an FSS of the equation

500

(r()?'(2)) = (q(2) + Mz(2) == qr(2)2(x), 2 €R, A>0,

with the properties (2.2)—(2.4) is denoted by {ux,vx}, pa := uy - vy, and, finally, the
Green function G(z,t, ) (see (2.7)) of (4.6) is denoted by Gx(t,x)(t,x € R). Let f € Ly,
€ (1,00). By Theorem 2.14 and (2.7), we then have that

[(Lp + AE) ™ fl(2) = (Gaf)(2)

/ Ga(z,t)f(t)dt

— ux( >/{ 05O +0re) [ a0 dt
= (Giaf)(@) + (Gonf)(x), zeR.

Here

xT

(Corf)(@) = un(x) / @ fE)d, 7 ER, (4.9)

— 00
oo

wmﬁ@wnww/ w®f () dt, zeR, (4.10)

x

||9(£ + )‘E)_l Hp%p = ||9G>\||p%p
= [|0(G1.x + G2\) [lp—p
<0G Allp—p + [10G2 Al lp—p- (4.11)

To extend (4.11), we use Lemma 4.6, which is a straightforward consequence of (4.9)

and (4.10), Lemma 2.1, and Theorems 2.18 and 2.19. We first introduce some more

notation. Let fi(z) and fo(x) be positive continuous functions defined for = € (a,b),
—00 € a < b < oo. If there exists a constant ¢ € [1,00) such that

cHfi(x) < fo@) < cfi(z) Vo € (a,b),
then we write fi(x) < fa(z), « € (a,b).
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Lemma 4.5. We have that

16G1 Allp—p =< sup ¥ (z), A >0, (4.12)
zeR
16G2xllp-p = sup VW), A>o, (4.13)
pAS
where
T , 1/p’ oo 1/p
u7 () = { / 0 dt} { / (O(E)ux ()" dt} . zeR, (414)
— 0o x
and

V() = { / ’ (O(t)va(t))? dt] Up[ /x h ux (t)” dt} W, z€R. (4.15)

— 00

Lemma 4.6. Define

J(z,t) = exp ( /T(Efpi@‘) nteR

For x € R and A\ > 0 we then have the inequalities

_ / oAt dt] W

[p] LJ—o0
py (@) < q - " /9 oo 1/p
/_ p,\(t)J(x,t)p/_ldt] [ / p,\(t)e(t)pJ(m,t)dt} ifp e (2,00),
. (4.16)

00 1/p
/ p,\(t)ﬁ”(t)J(a:,t)”ldt} ifpe (1,2,

_ / ’ pA(t)H(t)pJ(x,t)p_ldt] Up[ /m T o) (1) dt] " ifpe (1,2,

W) < ne e YN
/_ (8T (@, )O(L)P dt} [ / p,\(t)J(x,t)p_ldt} ifp € (2,00).
] (4.17)

Proof. Let p € (1,2] and 5 = (p' — p)(p’ +p) ! (where 5 is an element of [0,1)). We
now use (2.2), (2.5) and (2.6) to give that

n¥(@) < [/; wx (1) TP dt] W[/:’ PR () dt] 1/

[ o] e (5 [ i)

) [/:o Hp(t)p,\(t)J(x,t)p_ldt] 7 (_;/z 7@%)

- { / oA t) dt} Up[ / mep(t)m(t)J(z,t)pldt} Up = (4.16).

— 00
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Similarly, for p € (2,00) and 3 = (p —p')(p+p’) "' (where s is an element of (0, 1)), we
have that

i< | [ oo o " [0 al "
- U NCXCECE let] Ve G) / r(f)dpi(é“))
1/p x
U By palt “’dt] P (‘;/ r(&)ii(f))

:{/Oop)\(t)(]( 1dt] [/ 0(t)Ppa(t xt)dtr/p = (4.16).

Inequality (4.17) is proved in a similar way. a

Below, we need the following lemma.

Lemma 4.7 (Chernyavskaya and Shuster [26]). For given x € R and A > 0, we

introduce the functions
R - R CURPIEY
! r—n T’(t) r—mn

A . z+n dt z+n
@) = / 5 / (a(t) + N)dt,

A _ T+ dt
s (")‘L_n ROING)

The following assertions then hold.

(1) The inequality n > d( )( ) (0<n< dg\_)(x)) holds if and only if Flm (m) > 1
(B () < 1),

(2) The inequality n>d\"(z) (0<n<d\”(x)) holds if and only if FN(n) > 1
() < 1),

(3) The inequality n > dx(z) (0 < n < dx(z)) holds if and only if FIN(\) > 1
(F o) < 1).

Lemma 4.8. We have the inequality (see (3.6))
mp(r,gx,0) < mp(r,q,0), A =0. (4.18)

Proof. The following relations are obvious (see Lemma 2.5):

Y (q(t) +A)dt > / —/ q(t)dt = 1.
/:cd(>(z) () Jo—a) (@) 2—d)(2) T(t) Jo—a) ()
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Hence (see Lemma 4.7), dgf)(x) <d ) (x), z € R, and, similarly, dg\ﬂ (z) < dF)(x),
x € R. Therefore, p)(z) < o(x), ¥r(x) < Y(z) for x € R, since, say,

x+d5\+)(z) dt z+dH) () dt

= = < = = y(a), R.
ma@=[ < b), e
Then, clearly, hy(z) < h(x) for x € R, since

1 1 1 1 1 1

@ oa@ | @) - e @) k@)’

This implies (see Lemma 4.7) that dy(z) < d(z), x € R, since

z+d(z) dt z+d(z) dt
1= / < / _ L seRr
z—d(x) T(t)h(t) z—d(z) r(t)hk(t)

The obtained estimates imply that

z+dy(x)

my (7, qx, 0) = () dx(z)/? {/zdk(x) o1y dt] 1/p

< h(z)d(z)/" [ /gc T dt} v

—d()
= mp(r, Q7 0)

O

Lemma 4.9. Let a pair {r, q} be such that, for some A > 0 and « € (0,1), and for all

x,t € R, the following inequalities hold:
bodg ) pA(t)dx(t) . ( bodg D A
[ soml) < mang <ol rang)) @9
10G1Allp—p < (X, p)my(r, q,0), (4.20)
<

Then, for p € (1,00) we have the estimates
c(A, p)my(r,q,0). (4.21)

¢t exp (—a

||9G2,>\||p%p

Proof. Below, we check (4.21) for p € (1,2]. Inequality (4.21) for p € (2,00) and the
estimate (4.20) are established in a similar way. Let x € R, A > 0.
Define (see (4.17))

Hy(z) = /:O ox(t) exp (— /: 7“(5?5,\(5)) dt, (4.22)
s = [ owrmwen (~p-1) [ S e (4.23)
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Our next goal is to get uniform estimates of H)(x) and S,[))‘] (x) with respect to z € R.
We start with Hy(x). The next chain of computations is based on properties of an
R(x, dy)-covering of [x,00) (see Lemma 2.13) and inequality (2.15):

Hle) = i /A oa(t) exp <_ / r(&)ii(&)) &

[eS) A7 df
< chA(a:n)d)\(:cn)exp ( /A; 7“(5)/»\(5)) (4.24)

n=1

From the upper estimate in (4.19), Definition 2.10 and (2.13) and (2.14), we obtain,
for every n > 1, that

PA(ﬁn)dA(ﬁn) < Cp)‘(x)dA(x) exp a/wn r(f)(ii(g))

x

) P (0‘ /A r(@ii(@)
A;
A r(&)clai(s)) P (2“ /A r(f;i(f))
)

= cpa(z)dr(z) exp

(4.25)

(
(
< opa(@)da(z) exp (a
(

Note that Definition 2.10 and (2.14) imply the inequalities

A; d§ B n—1 d§ B B .
/Al T(é“)hx(ﬁ)_k_l/m’“(ﬁ)hﬂﬁ)_n 1 ifn>2. (4.26)

We now extend (4.24), taking into account (4.24), (4.25) and (2.13), as
0o AL df
Hy(z) < cpa(z)da(x) ;GXP ((1 — ) /Af 7"(5)%(5))

< cpr(2)da (@) ip (—1 N /AA msﬁi@))

— epr(@)ir(2) niexp (-55%m-y)

= cpx(z)dx(x).

(4.27)

We now turn to SZ[,/\} (z). Below, we estimate this integral using the same tools as in
the proof of (4.27). Obvious differences are technical. Say, instead of the upper estimate
in (4.19) we use the lower one, and instead of an R(z, dy)-covering of [z, 00), we use an
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R(z, dy)-covering of (—oo, z]. Therefore, we do not comment on the following computa-

tions:
Sy n,z,m e exp(( ”/t (sfpi@)dt
< C,,_Z_OO o (n) [/A )] e (-1 /AA @)

S R R [
) ((m(ocn)di(xn))p—l P <‘(” U /: (si)i(@»

e - 1 oo [0 A de
<’ 3 G (00 [ i)

UAGT ORI L g
e, 2 (1000 [ Tge)
mb(r, qx, 0) —1 1—a
<ec (/\(x)d/\(x))nzooexp(— 5 (p—l)(n|—1)>
m (T,Q)\,G)
@@y (4.28)

Inequality (4.21) follows from Lemmas 4.6, 4.7, 4.9 and (4.27) and (4.28). O

Remark 4.10. In all the following lemmas, except for Lemma 4.12, we always assume
that the pair {r, ¢} has the exponent ~(b) with internal parameters a > 1 and A > 0 (see
Definition 3.1). Therefore, for brevity, we formulate our statements by writing y(b) =

v(b,a, A).
Lemma 4.11. Suppose that the pair {r,q} has the exponent v(b) = v(b,a, \) < 7o,
Yo = exp(—zt5) (see Theorem 3.4). Then, b > 1.

Proof. Assume the contrary, that b € (0,1). Then,

1 L_1 1 b\ b 1
ex =— < —< —exp| ——= | <exp | — exp | — |,
P\500/) = 5 S0 S o TP\ 50042 P\ 500 P\ 500

which is a contradiction. Hence, b > 1

Lemma 4.12. Suppose that the pair {r,q} has the exponent v(b) = ~(b,a,\) < Yo
Then, for all x € R the following inequalities hold:

1 d/\(t) 2 .
< <4 flt— <d . 4.29
4620, d}\( ) e a 1 | Jil )\(Z‘) ( )
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Proof. Since b > 1 by Lemma 4.11, for t € [z —dy(x),x+dx(z)] from (3.3) and (2.15),
we obtain the relations

1 Lha(z) _ da(t)
120 S ahn® S an@) S

VAN
Q
VAN
N
@
(V]
S

O

Lemma 4.13. Suppose that the pair {r,q} has the exponent v(b) = v(b,a,\) < .
Then, for all t,x € R the following inequality holds:

/: df(gg) ’ o % (4.30)

Proof. Let t > x (the case t < z is treated in a similar way), let {A,}52, be an
R(z,dy)-covering of [r,00), and let t € A,. Together with (4.29), this leads to the
relations

/el
. T©m©)| ~ To%a

b ¢ [ da(z.) dE o A& o
/An NG /A NG /A dE) dran) /A O

These relations imply the following obvious estimates:

t d§ 1 t d€ 1
> S, teA,. ,
/A; r(§)pa(§) > 1602a /AE dy() 2 te (4.31)

In particular, for n = 1 from the inequality A] = z, we see that (4.31) coincides
with (4.30). Now Let t € Ay, n > 2.
Below we use Definition 2.10, Lemmas 2.13, 2.5, 2.8, 4.11 and (4.31) to obtain that

1

‘T d tdg
/ GG /A rOmE) /A RGING

k

1 d¢ bdg
>32 ), 7o * s, 7o
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d¢ 1 bode 1

4 Z 4ela Ju, dx(§) + 16e2a Ja- dx(§) )
T 1
~ 16e2a { Z/Ak /An dx(§) } 2

1 tode
- 1662(1/1, dx(§) B

O

Lemma 4.14. Suppose that the pair {r,q} has the exponent v(b) = v(b,a, ) = 7o,
and let © € R. There then exist R(x,bd))-coverings of (—oo, z] and [z, 00).

Proof. This follows from Lemma 2.8, condition (3.5) and Lemma 2.11.

Lemma 4.15. Suppose that the pair {r,q} has the exponent v(b) = v(b,a, ) < 7o,
and let x € R. Denote by {An},2 . and {A,}°2, the R(x,bdy)-coverings of (—oo, z]
and [z, 00), respectively. Then, if t € A, |n| > 1, we have the inequalities

1 A()dA(t) 42! n
a2lnl = ( Yda(z) < » o Inl =1, (4.32)
’/ N g (In|=1), |n| > 1. (4.33)

Proof. Lett € A,,, n > 1 (the case n < —1 is treated in a similar way). Then, by (3.3)
we obtain the inequalities

L NGLNG I
h nd N x Wy
a )\(.’E))\(x) = %gMSGQ fOI‘tEAn,’I’L>1.
PNCHNC I @ ha(Bn)dr(An)
a  ha(An)dr(AR) (434
0

In particular, for n = 1, from (4.34) and the equality A7 = z, we obtain (4.32). Now
let t € A, n>2 and k =1,n — 1. Once again, we use (3.3) and obtain that

| @G
a ha(xp)da(zy) + +
@k )dx(zy) _ 12 <ML o p T
l < h(xg)dy (k) a h)\(Ak )dA(Ak)
a = ha(Ap)da(Ay) T
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By (4.34), (4.35) and Definition 2.10, we now have that
ha(t)da(t) _  ha(t)da(t)
ha(z)dr(z)  ha(A7)da(AT)

_ [H hx(Azm(Az)} ha(H)da(2)
i1 (A AN(AL) T ha(An)da(An)

n—1
< [ H aﬂ] ca? =P = (4.32).
k=1

We now turn to (4.33). Let ¢ > z (the case ¢ < z is treated in a similar way). For n = 1,
the estimate (4.33) is obvious. For n > 2, using Definition 2.10 and (3.4), we obtain that

Ltc&i)g/mclf(iﬁ/t ng (n—1).

We finally turn to the proof of the theorem. To this end, we show that if the pair {r, ¢}
has the exponent v(b) = v(b,a,\) < v = exp(—z43), then, for the given A and o = 3,
inequalities (4.19) hold. First note that, under our assumptions, we have the relations

O

aef(1/64c2)(b/a2) < ef(l/SOO)(b/aQ) < o~ 1/500 ¢
= 2D < o(1/32e)(b/a?)(n=1) o0 >1
= 4a®" < coe(l/w)(b/az)(”*l)71/4, co =4a%e V4 n>1.
(4.36)

Let ¢,z € R be given, and let ¢t > x. There then exists a segment A,, n > 1, from an
R(x, bdy)-covering of [z, 00) such that ¢ € A,. By (4.32) and (2.13), we have that

pA)AA(E) -, ha(8)da()
pa(@)da(z) = ha(w)da(z) ~
On the other hand, from (4.30) and (4.33), it follows that

1/t d¢ 11/td§ 1
2/, r(©)pa(6) 7 32%a J, dr(§) 4
1 b 1
Z 90.9 9 -1)- Rl
pea" V7]
For t > z, z € R, this implies, taking into account (4.36), (4.38) and (4.37), that

pA(t)da(t) W2 < enoxn [ LD _1

<coexp<;/t(£)ii()> = (4.19).

The lower estimate in (4.19) and the case t < x are treated in a similar way, and
inequalities (4.19) are proved. The theorem now follows from (4.20) and (4.21). O

n>l. (4.37)

n>1. (4.38)
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