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Discrete spectrum of the
perturbed Dirac operator

Mikhail Sh. Birman and Ari Laptev
Abstract. In this paper we study the asymptotics of the discrete spectrum in the gap

(~1,1) of the perturbed Dirac operator D(a)=Dg —aV1 acting in Ly(R3; C*) with large coupling
constant «. In particular some “non-standard” asymptotic formulae are obtained.

§1. Introduction

§1.1. The Dirac operator with a decreasing electric potential gives a non-trivial
example of the discrete spectrum in a gap of the continuous one. Let y=(v1,¥z2,73)
and 7o be (4x4) Dirac matrices; 1 be the unit matrix. The Dirac matrices satisfy
the equations

(1.1) Yive+ Ty = 20561,  §,k=0,1,2,3.
Let us consider the “free” Dirac operator in La(R3; C*)

DO =7D+70a
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D=—¢| — — —— .D:—' ; —
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and its perturbation by a potential

(1.2) D(a)=Dp—0aV1l, a>0,

(1.3) VeLs(R®), V(z)>0.

The spectrum of the operator Dy is (absolutely) continuous and covers the com-
plement of the interval (gap) A=(—1,1). The continuous spectrum of the operator
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D(c) coincides with the continuous spectrum of Dg. Besides, the operator D(«a)
has a discrete spectrum in the gap A. The eigenvalues of D(«) are monotonically
moving to the left, when « is increasing.

Let us denote by N(a, A) the number of eigenvalues of the operator D(t) passing
the point A, |\|<1, when the coupling constant t 1is increasing from 0 to the value
t=a. We study the asymptotic behaviour of N(a,\) when a—oo0. In the case
A=x=1 we need some additional assumptions on V. In particular, these assumptions
guarantee N{a,1) to be finite for all a>0.

The starting point of our paper is the following result of [K].

Proposition 1.1 ([K]). Let us assume that, as well as (1.3), we have

(1.4) Ve Ls;(R?).
Then the following asymptotic formula holds*
1
. -3 _ 1 3
(1.5) algrgooz N(a,£1)= 3.2 fV dz.

In this paper we claim the following statements in addition to the result of
Klaus.
(a) The asymptotic formula (1.5) holds for N(a, ), |A|<1, whenever we only have
the condition (1.3).
(b) The asymptotic formula (1.5) survives under some weaker (compare with (1.4))
additional restrictions on V.
(c) There are potentials satisfying (1.3), such that N(«,1) has an asymptotics of
the order af, ¢>3.
(d) There are potentials, satisfying (1.3), such that N(a, 1)~ca3, but the coefficient

c¢>J, where
1

_ 3

J:

§1.2. Let us clarify the previous statements. We begin with the necessary notations.

Let T be a compact operator in a separable Hilbert space, and sx(T) be its
singular numbers, i.e.; the decreasing sequence of the eigenvalues of the operator
(T*T)l/ 2 enumerated with their multiplicity. Let us set

n(s,T)=card{keN: s;(T)>s}, s>0.
Besides, if T=T* we set 2T =|T|+T, and
nt(s,T):=n(s,Ty), s>0.

* The coeflicient in [K] is incorrect and this mistake is repeated in [T].
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Obviously
n(5,T)=ny(s,T)+n_(s,T), T=T"

Throughout the paper we use the notation
W (z)=(V(2))!/2.
Let us consider the operator
(1.6) XA\ =W(Do-MI)"'W, [N<1.
If this operator is compact, then the well known abstract method gives
(1.7) N(oyA)=n4(s, X(X), as=1, |N<1L

Using the relations (1.1) we represent the operator (1.6) as follows

(1.8) XN =YN)+2(), A<,
(1.9) Y(A) =W (y-D(-A+e)™ Y)W, o=1-)?
(1.10) ZA) =W (yp+M)(-A+0l)7'W, o=1-)2

In particular, for the edges of the gap (i.e., when A==1)

(1.11) Y :=Y(+1)=W(y-D|D|"*)W,

(1.12) Z(x1)=W(yo+£1)|D|*W.

The operators (1.9), (1.10) are pseudodifferential operators of order (—1) and (—2)
respectively. The symbols of the operators (1.11), (1.12) are homogeneous. Besides,

(1.13) +Z(+1)>0.

Let us notice that the representation (1.8) — (1.10) together with (1.7) was used
in [K].

The general results of the paper [BS2], about the Weyl asymptotics for the
spectrum of pseudodifferential operators of negative order, imply (see §2.2) the
following Proposition.
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Proposition 1.2. Under condition (1.3) we have the asymptotics
(1.14) lim $ni(s, Y(A)=J, |AI<1.

According to (1.7), (1.8) the asymptotics (1.14) is equivalent to

(1.15) lim a3N(a, A) =,
whenever
(1.16) n(s, Z(A)) = o(s*).

We shall see below that if [A\| <1, then (1.16) is provided only under condition (1.3).
On the contrary, if A=+1, then (1.16) cannot be obtained without some restrictions
on V. One of the simplest restrictions of this type is the condition (1.4), which leads
to the estimate

(1.17) n(s, Z(£1)) = O(s~3/2)

(see the explanations in §2.2). However, (1.16) can be obtained under some weaker
restrictions on V. On the other hand, there are conditions on V, such that (1.3) is
fulfilled, but

(1.18) n(s, Z(£1)) =0(s"), ¢>3.

Then the asymptotics (1.5) does not hold for sure. The most delicate case is g=3
in (1.18). Then the contribution of both terms in the representation

(1.19) X(*1) =Y +Z(+1)

have the same order. We are going to show that for a sufficiently large class of
potentials these contributions lead to the summation of their respective asymptotic
coefficients (see Theorems 3.7 and 3.8).

§1.3. Two clarifications should be added to the above statements. Firstly, the
operator (1.2) needs to be correctly defined. Having only the condition (1.3), it is
impossible to introduce this operator as the sum of two operators. However, we
can define the sum of the two operators in (1.2) via the sum of their respective
sesquilinear forms. This definition is normally used for semibounded operators. For
non-semibounded operators the scheme of definition of operators via the sum of
forms is given in Chapter 1 of the book [Y]. In our case it can be applied under
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condition (1.3), since the operator W|Dy|~'/? is compact. The reader can find all
the details in [Y].

The second clarification concerns the relation (1.7) and some of its analogies.
These types of formulae are well known in the additive perturbation theory. How-
ever, their justifications need an accuracy when the perturbation is introduced via
the sum of forms, particularly, in the case when A is an edge of the gap. In the
semibounded case all the details can be found in [B1] and [B2]. Similar ideas lead
also to (1.7) in our case, if one introduces the sum of sesquilinear forms according
to [Y].

Acknowledgement. We both wish to express our gratitude to the Mittag-Leffler
Institute where this research was carried out.

§2. The preliminary information

Our analysis is based on the well developed technique of investigation of the
negative discrete spectrum of the Schrodinger operator. We list here the important
facts, with their references.

§2.1. Let us begin with the notations for classes of operators and functional spaces.
Let $ be a separable Hilbert space. The space of linear continuous operators in $
is denoted by B=B(9); the space of compact operators in § is equal to &,. Fur-
thermore, let &, be the class of operators T €&, whose quasinorm

1/p
nTne,,=(Zs£(T>) . 0<p<oo,
k

is finite. An operator T€G, is said to be from the class %, if the quasinorm

(2.1 IT|ls, =sup(sPn(s, T))"/?, 0<p<oo,
s>0

is finite. The space X, is a complete and a non-separable space. By 22 we denote
the separable subspace

L0={T€X,: n(s,T)=0(s"")}, 0<p<oo.

Let us point out that G,CX9, p>0.
If TeX, we introduce the following functionals (see [BS3])

(2.2) Ap(T)=limsup sPn(s,T), 6,(T)=lim i(I)lf sPn(s, T).
8—0 88—
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If T=T*€X,, then we also define the functionals
(2.3) AE(T):=Dp(Ts), 6E(T):=6,(Ts).

All these six functionals (2.2) and (2.3) are correctly defined and continuous on
the factor-space X,/ Eg. Moreover, they are continuous with respect to the quasi-
norm (2.1).

Let f(z)>0 now be a measurable function on R, which defines the measure
of(w)=/, fdz, wCR?. Let us recall the definition of the Lorentz spaces with
respect to the measure g; (we shall omit f in our notations when f(z)=1). For a
measurable function u:R%—C we set

pul®) = or{z €RY: [u(2)] >1).
We say that u is in the class L, .(R?, f), 0<p<oo, 0<r<oo, provided that the
quasinorm || ||, is finite, where
x
|{ullp - =/ /Pty dt, 0<r < oo,
0
|[ullf, 00 = sup ¥ pu(2).
>0

The spaces L, , are complete; the spaces L, o, are not separable. When r=p we
obtain the usual classes L,(R?, f). Finally,

LS (R, f)={u€Ly (R f): pu(t) =0(t™?), t =0, t - 00}.

§2.2. In what follows below, ® is the operator of the Fourier transform in Lz(Rd).
By C (may be with indices) we denote different constants appearing in our estimates.
For the operator of multiplication by a function we use the same symbol as for the
function itself.

Proposition 2.1.
(a) Let be Ly(R%), c€ Ly 0(R?), p>2. Then b®*ceX, and the following esti-
mate holds
19" cllz, < C(p, d)Bllz, lellz, o

{b) Under the additional condition
mes{z €R?: |c(z)| >t} =0o(t™?), t—0,
we have

(2.4) bd*ce Xy,
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In essence Proposition 2.1 is due to Cwikel [C]. Concerning (2.4) see [BKS],
[BS5]. In the future we use the notation

(2.5) Q.:=WI|D|"%%, 0<p<2d.

It is clear that Q, is equal to W®*¢, where c(¢)=|¢|~¢/2. Therefore we have
Proposition 2.2. Let WeL,(R?), p>2. Then

(2.6) 1Qells, <C(p, DIW|L,, o=2d/p.

Let a(¥9), 9=£/|£|, now be a Hermitian matrix-function. The operator

(2.7) K,(a)=Q,aQ,

is a pseudodifferential operator with the Hermitian symbol

Gz, &) =W (z)]*a(d)IE|™8, 9=¢/I¢].

Proposition 2.3. Let We Ly, (R?), #>1, o=d/» and a€Lo(S%1). Then
(a) The following estimate holds for the operator (2.7)

(2.8) 1Ko (a)lls. < C(d, #0)llall L. [IWIIL,.-

(b) The following asymptotic formula holds

(29)  APEe) =8 (Kofa) = @m) ™ [[ ne1,Glo,0) do

(c) The asymptotics (2.9) hold if the function a(d) in (2.7) is substituted by the
sum a(9)+g(€), where the Hermitian matriz g€ Lo (R?) and g(¢)—0 when |€]|— oo.

Notice that the estimate (2.8) directly follows from (2.6). The subsections (b)
and (c) in Proposition 2.3 are very special cases of the results of the paper [BS2]
(see Theorem 1 and Remark 5 on this theorem, and also Theorem 2 and Remark 3
on this theorem).

It is easy to see that the asymptotics (1.14) are a simple corollary of Proposi-
tion 2.3. If A==1 then, for the proof of (1.14), it is enough to use subsection (b).
When |A|<1 we must also take into account subsection (c). The arguments in the
paper [K] are more cumbersome; instead of referring to the result from [BS2], the
problem was reduced to the results of the earlier paper [BS1] which needs the ho-
mogeneity of the symbols. Probably this explains why in [K] the asymptotics (1.14)
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was obtained only for A==+1. Proposition 1.1 also follows directly from Proposi-
tion 2.3. Indeed, under condition (1.4) the estimate (1.17) follows from (2.8) when
d=3, x:-g— and p=2.

§2.3. To avoid tedious provisos, we come back to d=3. Apart from the operator
D(a) we consider in Lo(R?) the Schrédinger operator

(2.10) H=—-A-aV.

We denote by Ngy(a,o), >0, the number of eigenvalues of the operator H, lying
to the left of the point (—c). Let us also consider the analogy of the operator (1.6):

Zg(o)=W(-A+oI)'W, o2>0,

and observe the relation

(2.11) Nu(a,0)=n(s,Zg(0)), as=1, c>0.
If 0=0 we use the shortened notation
(2.12) Zy:=Zn(0)=Q2Q3.

The matrix yo£1 is unitarily equivalent to the matrix +2diag(1,1,0,0). This
implies that

(2.13) A(Z(£1))=2"*1Ap(Zn),

(2.14) §(Z(£1))=2P*16,(Zg).
Assume now that (1.4) is satisfied. It follows from (2.6) that
(2.15) 1Q2llz, < C||W]|L,-

By (2.11) this is equivalent to the inequality
Ng(a,0) < Ca3/2/V3/2 dz, o>0.

The last estimate is well known (Rozenblum-Lieb~Cwikel estimate). It is accom-
panied by the asymptotic formula

lim a“3/2NH(a,a)=6%/V3/2dx, 020.

a— o0
§2.4. Let us now discuss the estimates for Ny (o, 0) when the condition (1.4) is bro-
ken. In particular, we need some sufficient conditions which guarantee the inclusion
Zy € Eq, q> %
The appropriate material is borrowed from [BS4], §4. Here we write down the

estimates assuming that the right hand sides are finite. We regard the function ¢,
such that

(2‘16) ‘P(x) >0, ¢pe€ L3/2,00(R3)’ ”‘P”L:;/z,oo <1,
to be fixed. As ¢ we can take, for example, the normalized function |z|~2.
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Proposition 2.4. If ¢>32, then

(2.17) 1Za1%, < C(a) / Vg,
(218) 1zalig, <C@sup(e [ o2as),
¢ >0 V>te
(2.19) AI(Zuy)<C(g) limsup ( / @32 dw).
t+t—1—o0 V>te

Let us clarify that the finiteness of the right hand sides in (2.17) and (2.18)
means that the function V/¢ belongs to the classes Ly(¢®/2?) and Ly o0(0%/?) re-
spectively. The right hand sides in (2.18) and (2.19) are finite, for instance, if

V=oy|lnp|™", 7¢=1.

These results look even simpler for some specially chosen functions ¢. For example,
the following estimate is the particular case of the estimate (2.17)

1Zull§, <Cla) / V92|23 da.

Futhermore, let xr be the characteristic function of the ball {|z|<R} and Ve
Ly(S?), ¥(8)>0, 6=z/|z|. Let us consider the potential

(2.20) Vo(z)=(1-xa(2))le| > (n |z) 7€), 7'=¢>%,
for which the estimate (2.18) turns out to be (if ¢=|z|~2) equivalent to the inequal-
ity
(2.21) sin(s, Zg) < C(q)/ ¥(0)2dS(8), ¢>3.
S2

The accuracy of the estimate (2.21) is verified by the asymptotic formula which
is essentially not a Weyl type asymptotic formula. Let us consider in Ly(S?) the
operator with a parameter >0

(2.22) ~Ag—s~TT(0),

where Ay is the Laplace operator on the unit sphere. Let {ul(r)(s)} be the sequence
of the eigenvalues of the operator (2.22) and

(2.23) M, =1 Z/ (7 (s)+ 1) ds.
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Proposition 2.5. Let, in (2.10), V=V, , where V, is the potential defined
by (2.20). Then the following asymptotic formula holds

(2.24) ;i_r’%sqn(s,ZH)zMT, rq=1, ¢>3.
The asymptotic formula (2.24) is obtained in [L]; the partial result with ¥=1
was analyzed earlier in [BS4], §8.

§2.5. Let us give one more simple estimate for the operator Zy, which has not been
mentioned before.

Propositon 2.6. The following implication is valid

(2.25) VeLsyR)=>2Zpe6,, 2<g<oo.

Proof. Tt is more convenient to consider the operator Q, (see (2.5) and (2.12)).
For this operator we have the implications

(2.26) WeLs (R = Q:€B,

(2.27) WeL3(R? = @Qy€%s,

accompanied by their respective estimates. The relation (2.26) is contained in the
results of the paper [BKS], and (2.27) coincide with (2.15). It now remains to ap-
ply the real interpolation. The coincidence of the left first (main) indices is not
an obstacle, since the main indices on the right hand sides of implications (2.26)
and (2.27) coincide with the second indices on the left. The corresponding theo-
rem concerning reiteration (see [BL] Theorem 3.5.4) allows one to deduce directly
from (2.26) and (2.27) the following relation

We L3/2’2q = Q2 S 62(17

which is equivalent to (2.25). O

§2.6. Finally, let us mention one special result about the operator Zy (o), when
0>0. It is contained in the paper [BS4] (Corollary 4.1 when (=1, d=3, ¢=3).
However, we give here its direct deduction.
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Proposition 2.7. Under condition (1.3) we have

(2.28) Zy(o)€Bs, o>0.

Proof. Let us take advantage of the representation Zx(0)=Q2(0)Q2(c)*, with
Q2(0)=W(=A+0I)"1/2. The following implications are valid

W€ Loo(R3) = Qa(c)eB, o>0,

WeL3(R3) = Qa(c)eTs, o>0.

The first one is obvious, and the second one follows from (2.15). After interpolation
we obtain

(2.29) W e Ls(R3) = Q2(0)€Gs, 0>0,

which is equivalent to (2.28). O

§3 The main results

We shall now formulate the main results of the paper. After the preparation
which has been done in §1 and §2, these results almost do not need any proofs, and
therefore we shall give the necessary explanations at once. The only exception is
Theorem 3.7. We devote §4 to the proof of this theorem.

§3.1.
Theorem 3.1. Under conditions (1.3) and |A\|<1 the relation (1.15) holds.
Proof. From (2.29) with 0=1-)? we immediately obtain that
ZN eB3(Ccxy), A<l

This implies (1.16) and, therefore, the matter is reduced to Proposition 1.2. [

§3.2. The following concerns the edges of the gap A==1. The next proposition is
almost obvious, but it is convenient to single it out.
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Proposition 3.2. Let the condition (1.3) be fulfilled, and assume that for the
operator (2.12) we have the inclusion

(3.1) Zyexy.

Then the asymptotic formula (1.5) holds.

Proof. The proof once again is reduced to Proposition 1.2, since (1.16) is the
corollary of (3.1) and (2.13) when A=+1. O

The informative conditions for the validity of (3.1) can be extracted from the
assertions of §2.4 and §2.5. We deduce some of the results avoiding the most general
statements. The estimate (2.17) obviously leads to

Theorem 3.3. Let the condition (1.3) be fulfilled. Let, for some q, the integral

(3.2) /V‘I|:l:|2‘1_3 dr<oo, 32<g<3,
converge or, more generally,
(3.3) /Vq<p3/2_q dr<oo, 3<g<3,

with some function ¢, satisfying (2.16). Then the asymptotic formula (1.5) is valid.

The extreme value g=3 in (3.2) and (3.3) corresponds to the condition (1.4).

The sufficient conditions (3.2) or (3.3) do not absorb each other for different values
of . The next theorem contains a more direct generalization of the condition (1.4)*.

Theorem 3.4. Let us assume that together with (1.3) we have
(3.4) V € L35 3(R®).
Then the asymptotic formula (1.5) holds.

Proof. By (2.25) from (3.4) we have (3.1). O

§3.3. Let us consider the case when the operator Z(+1) dominates in the sum (1.19).
It is also convenient to begin with the simplest statement.

* It can be shown that Theorem 3.4 absorbs Theorem 3.3. The authors thank T. Weidl for
verifying this fact.
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Proposition 3.5. Let the condition (1.3) be satisfied and there be g>3 such
that we have the following inclusion for the operator (2.12)

(3.5) Zg€x,, g¢>3.

Then

(3.6) limsup a"?N(a,1) =27 lim sup o~ Ng(a, 0),
Qa—00 ax— o0

(3.7) liminf o~ 9N(a,1) =27 liminf a " INg (e, 0),
a—o0 a—r 00

(3.8) lim ¢ 9N(a,—-1)=0.

a—o0

Proof. 1t follows from (1.14) and (3.5) that the functionals A.(Ii) and 6éi) are
the same for X (1) and Z(1); the same assertion is true for the operators X (—1)
and Z(—1). Hence the necessary statements follow from (2.13) and (2.14). To
obtain (3.8) we have to take into account (see (1.13)), that Z(—1)<0. O

Propositions 2.5 and 3.5 imply
Theorem 3.6. Let the condition (1.3) be fulfilled, and

(3.9) V(z) =V, (z)(1+0(1)), l|z|—o0, 0<7<3,

where V; is the potential (2.20). Then we have (3.8) and the following asymptotic
formula holds

(3.10) lim ¢ IN(a,1)=29"1M,, 7¢=1,

aA—00
where the coefficient M, is defined in (2.23).

Proof. For the potential V=V, the inclusion (3.5) is fulfilled (by (2.24) and
also (1.3)). Therefore the formula (3.8) holds for the potential V.., and the rela-
tions (3.6) and (3.7) by (2.24) transfer into (3.10). The same is true for the potential
V=(1-xr)Vr, R>1, since (xg —x1)Vr € L3/2, and the right hand sides in (3.6) and
(3.7) do not change when we vary the potential V' with a term from the class
L35(R3). By the same argument an arbitrary potential (3.9) can be substituted
by another one which is equal to zero in the ball {|z|<R}. It is clear now that the
asymptotics (3.10) are true for any potential V € L3 satisfying (3.9). O
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§3.4. Let us now consider the case when (3.5) is fulfilled by ¢=3, or, which is the
same when

(3.11) N (a,0)=0(a®).

In this case both terms of the sum (1.19) give contributions of the same order.
With some additional conditions we succeed in proving that their asymptotic con-
tributions are added. The point is that the main contribution of the operator Y
to the spectrum is given by large momenta, but the contribution of the operator
Z(+1) is given by small momenta. (The precise meaning of this statement is given
in Lemmas 4.1 and 4.2.) Therefore the contributions of both terms enter into the
asymptotic formula additively. It is convenient to express the necessary supplemen-
tary condition in terms of the Fourier transform W:@W, W=V1/2

(3.12) /15|> W) de <00, £>0.

Theorem 3.7. Let the conditions (1.3) and (3.11) be fulfilled and let us as-
sume (3.12) for some €>0. Then

(3.13) limsup a3 N(a, 1) = J+16lim sup o 3 Ng (e, 0),
ax—o0 a—00
(3.14) liminf & *N(a,1) = J+16liminf a3 Ng(a,0),
a—00 a—o0
(3.15) lim o 3N(a,~1)=J.
(s 2ande o]

From Theorem 3.7 it is easy to deduce the analogy of Theorem 3.6.
Theorem 3.8. Let (1.3) be fulfilled and

(3.16) V(z)=V(z)(14+0(1)), |z|— o0,

where*
¥(9)

2
ey YRS

V(z)=(1-x2(2))

* The potential V; /3 from (2.20) would not be convenient now, since it is not from Ls (R3)
because of the singularities at |z|=1.
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Then we have (3.15) and the following asymptotics hold
lim a™3N(a,1)=J+16M, ;.

Proof. Ai in the proof of Theorem 3.6, it is enough to consider the case when
in (3.16) V=V. The following estimate is true

(3.17) IX (£Dlss < Cl¥|Lo(s2)-

Indeed, from (1.19) it is enough to show similar estimates for the operators Y and
Z(+1). The estimate for the operator Y is a simple corollary of the representa-
tion (1.11) and (2.6) when d=3 and p=6. The estimate for the operators Z(+1)
by (1.12) follows from (2.18) with ¢g=3 (we have to calculate the right hand side
in (2.18) with V=V and @=|z|"2).

By (3.17) it is sufficient to calculate the spectral asymptotics for the operators
X(+1) (and therefore the asymptotics of N(a,=+1)) on some Lj-dense set in the
cone set of functions ¥ such that {¥eL3(S2): ¥(6)>0}. In particular, we may
regard that

TeC>(8%), ¥(0)>0.

Then the condition (3.12) is fulfilled for any £>0. It remains to apply Theorem 3.7
and Proposition 2.5 with ¢=3. O

§3.5. The value
(3.18) N(a,A):=N(a,1)-N(a,-1)

is equal to the number of all eigenvalues of the operator D(a) inside the gap
A=(-1,1). Under conditions of Theorems 3.3 and 3.4, for the function (3.18) we
obtain only the estimate N(a, A)=0(a?). On the contrary, under the conditions of
Subsections 3 and 4 we obtain for N{a, A) more interesting asymptotic information.

84 The proof of Theorem 3.7

84.1. First of all let us make sure that the main contribution to the spectrum of the
operator Y is given by large momenta, and the main contribution to the spectrum
of the operator Z(=+1) is obtained from small momenta.

Let us settle the notations. In what follows below we denote by xr the char-
acteristic function of the ball {|z|<R}; Xr=1—xr. Set (y-D)|D|"'=S. Using the
notation (2.5) we represent the operator Y as

Y =015Q1.
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Lemma 4.1. Let the condition (1.3) be satisfied and
Yr:=QiXr(D)SXr(D)Qi, R>0.
Then
(4.1) Y-Yrexy.

Proof. From (2.6) we have Q1€Xs. Therefore to prove (4.1) it is sufficient to
obtain the inclusion

Qixr(D) € g.

The last one follows directly from Proposition 2.1(b), since
@uxaDW@ =0m W) [ e et de D

Let us rewrite the operator Z(£1) in the form
Z(£1) = Q2(70+1)Q3
and denote
Ze(£1) == Qax (D)o £1)x+(D)Q3, 7>0.
Lemma 4.2. Under conditions (1.3) and (3.11) we obtain
(4.2) Z(+1)-Z.(£1) e %3.
Proof. The equality (2.11) implies that the condition (3.11) is obviously equiv-
alent to the inclusion @2€X¢. Thus to obtain (4.2) it is sufficient to show that
(4.3) Q2x-(D) € .

The relation (4.3) can be established by applying the method of real interpolation
to the integral operator

@DWIE)=@n) W) [ o7 o) e
Indeed, it is obvious that - )
WeLoR®) =  Qxr(D)e€B(La),
and by Proposition 2.1
WeLi(R}) = QxX-(D)eX3(La).
Interpolating the two last implications we find that

WGLG(R3) = inr(D)EGG(Lg)CEg. O

In the formulation of the next lemma we avoid the obvious generalizations.
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Lemma 4.3. Let the condition (3.12) be fulfilled. Then

(4.4) P:= ir+e(D)Q2Xr(D) € 6s.

Proof. Obviously the kernel of the operator P is equal to

@) ™ % 1 (OW (=) In| = ().

Therefore

erPlPlle, = [

<

Inl 2 dn /|§|> W-g)p e

< / Inl=2 dn / WP de<oo. O
[n|<r [€]>e

§4.2. We now need the approximations of the operators Yz and Z.(£1).
Lemma 4.4. Let the condition (1.3) be satisfied. Let

Yr:=Xr(D)Q:15Q1Xxr(D), R>0.

Then
Yr—Yp € %%

Proof. Let us use the following representation
Yr—Yr=[W,Xr(D)|SXr(D)Q5+Xr(D)Q2S[Xr(D), W] =:Yr1+Ya,2,

where, as usual, the brackets [.,.] denote the commutator. Let us estimate for
example the operator Yg ;. Representing the commutator explicitly we have

Yr1=Q1Xr(D)SXr(D)Q1 - Xr(D)Q1SXr(D)Q]-

From (2.6) we find
1Q1llss < ClWl|Ls,

which implies
(4.5) YR,1llzs < ClIWI[Z,.

2 —Arkiv f6r matematik
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The estimate (4.5) allows us to consider W from any dense subset of Lg(R3). There-
fore we can assume that

(4.6) W € C°(R3).
Then
Yr1=[xr(D), W|SXr(D)Q3
=xr(D)W SXr(D)Q; —Wxr(D)SXr(D)Q5.
It is clear that under condition (4.6) xr(D)W €&, and Q2€X3. Therefore both
terms on the right hand side of (4.7) belong to the class £J. Using the estimate (4.5)

we see that the inclusion Yz 1 €29 can be extended to an arbitrary W € Lg. Similarly
one can prove that Yz ,€X9. O

(4.7)

Denote now
Zro(£1) :=xo(D)Z,(£1)x(D), o>0.

Lemma 4.5. Let the conditions (3.11) and (3.12) be fulfilled, and let p=r+ec.
Then

(4.8) Z (X))~ Z, ,(£1) e 9.

Proof. The operator in (4.8) can be written as the following sum of three terms

)zg(D)Zr(il)%g(D)+£9(D)Zr(i1)Xg(D)+X9(D)Zr(i1)%9(D)

4.9
( ) IQl+Q2+Q;

Using the notation introduced in (4.4), we write ; in the form
Ql = P(’)/()ﬂ:l)P*
From Lemma 4.3 we obtain that € GGlcﬁg. We have

Qy = P(v0£1)x-(D)Q5x,(D).

Here P€&,, and the other terms are bounded (moreover, (3.11) implies that
Q2€%6). Therefore certainly Q2 €X9. This implies that the operator (4.9) belongs
tox3. O

§4.3. The proof of Theorem 3.7. Using (1.7), (2.11) and also (2.13), (2.14) we
rewrite the asymptotic formulae (3.13), (3.14) and (3.15) as follows

(4.10) A (X (1)) = J+16A3(Zx),
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(4.11) §$Y(X (1)) = T+16635(Zx),

(4.12) AP (X(-1) =8P (X (~1) = .

Let us agree to denote the terms from the class £3 by dots. Using the lemmas of
this section we have

X(£1)=Y+Z(+1) =Yr+Zp(£1)+... = Yg+ Zp o(£1) +... .

Let R>p. Then the operators Yg and Z,. ,(+1) are mutually orthogonal, and there-
fore

AP (X (£1)) = AL (YR)+ AT (Z,,(£1)).

‘We now have
Yr-Y €X), Z ,(+1)-Z(£1)eX),

and hence
(4.13)% APV (x(£1) = A5P (V) +A5" (Z(21)).
Similarly,
(4.14)4 8§D (X (1)) =657 (V) +65(2(£1)).

It is clear now that by (1.14), (2.13), (2.14) the equalities (4.13); and (4.14), lead
to (4.10) and(4.11). In just the same way we have that (4.13)_ and (4.14)_ are
equivalent to (4.12), since Z(—1)<0. O
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