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1. Introduction. Let A be the Laplacian in the Euclidean space R", that is,
A=Y"7_,0%/0z}. Let V(z) be a nonnegative function defined on R". Suppose that the
set {ze R"; V(z)=0} is an unbounded subset of R". Our aim is to give an estimate
for the asymptotic distribution of eigenvalues of the Schrédinger operator — A+ V(2).
Several results on this problem are known (cf. for example, Robert [8], Simon [10]
and Solomyak [12]).

In this paper we restrict our attention to the potential of the form

(a1 Ve )=C [T A xD [T a0y 1xP1p1?,

where x=(x;, -, Xu)ER™, y=(¥1, * ", ym)) €ER™, |x|=Q 2, xD'?, |yl=
Q.72 yD'? and m, +m,=n with some conditions on f;, g;, ;, B;, 7 and .

Our main result is given in Section 3. Special cases of our estimates are closely
related to some results studied by Robert, Simon and others.

The case V(x,y)=C][]l-1 fill x|)*- 1=194 y|)% is a classical one and the
asymptotic distribution of eigenvalues is given by the well-known formula (cf.
Rozenbljum [9]).

The case V(x,y)=(1+]|x|?)%y|?® is studied by Robert [8] by means of
pseudo-differential operator calculus with operator symbols. Our method is quite
different from his. The results will be given as corollaries when am, > m, in Section 3.

The case V(x, y)=|x|*y|? is studied by Simon [10] when m, =m,=1. The case
mym, >2 is included in the results of Solomyak [12]. Our method gives another proof
of their results when am, =fm,. The result is given in Corollary 3.1.

In order to prove the main theorem we shall use classical Dirichlet-Neumann
bracketing method formulated by Edmunds and Evans [2]. We shall also apply a simple
modification of Theorem 2 of Fefferman [3; p. 144], where he gives several estimates
for the eigenvalues of Schrodinger operators with polynomial potentials. We shall apply
Fefferman’s theorem to operators with 4_-weight potentials and use it in the proof of
Lemmas 3.2 and 3.2'.

In Section 2 we shall show some properties of A -weights. These properties will
be used in Sections 3 and 4. In Section 3 we shall state our main theorem and give the
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proof assuming several lemmas. In Sections 4 and 5 we shall prove these lemmas in
Section 3.

ACKNOWLEDGEMENT. The author would like to thank Professor Satoru Igari for
his constant encouragement.

2. A_-weight potentials. Let Q be an open set in R". By L*(2) we shall denote
the Lebesgue space of all square integrable functions in Q. By H'(Q2) we shall denote
the Sobolev space

HI(Q)={ueL2(Q); j—uELZ(Q), i=1, -, n}
Xi

where 0/0x; denote distributional derivatives. We put

n 2

Vu(z)|*= 3.

i=1

ou
Ox;

for ue H(RQ) and ze Q. By CX(Q) we shall denote the space of all infinitely differentiable
functions with compact support in Q. For a set S in R", | S| denotes the Lebesgue
measure of S. By cubes in R" we shall mean closed cubes whose sides are parallel to
the coordinate axes. '

Let us recall the definition of 4 -weights.

@)

DEFINITION. A nonnegative locally integrable function w(z) on R" is called an
A,-weight on R" if there exist positive constants C and J such that

J w(z)dz S\
@.1 sisc(u>
J. w(z)dz 121

Q

for all cubes Q in R" and for all measurable subsets S of Q. We call the pair (C, §) of
constants A4 -constants of w. We denote the space of all 4, -weights on R" by 4_(R")
or A,.

We now mention some properties of A ,-weights which are useful in proving that
our potential ¥ belongs to 4. For the proof we refer to [4; Chap. IV].

LeMMA 2.1. Let w(z)>0 be locally integrable on R". Then the following conditions
are equivalent:

(1) wed,.

(2) There exist 0<Cy, C,<1 such that
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{zeQ; o)< Cy f W(J’)d}’HSCle|
101,

for every cube Q.
(3) There exists C>0 such that

l—é—l J . w(z)dz<C exp(é J . log w(z)dz)
for every cube Q.

(4) There exist C>0 and £>0 such that
1/(1+e¢)
<—1— I w(z)”‘dz) S—C— J w(z)dz
1Q1Jo 1Q1Jo

REMARK 2.1. By Hélder’s and Jensen’s inequalities, w € A, is equivalent to saying

that
i e~y [ e ae) (g o)
_— ~l — tdz ~expl — ogw(z)dz
|Q|LW(Z)Z 01J,"" Prail,

for every Q, where the bounds are independent of Q.

for every cube Q.

LEMMA 2.2. Let u and v be A -weights. Then we have the following:
(1) Ifa, B>0, then ou+pveA,.

2) If0<a<l, thenu"cA,,.

3) Ifu? vieA,, then uweA,.

Lemma 2.2 is a direct consequence of Lemma 2.1 but we give a proof for
convenience.

ProoF. (1) follows from the Hardy-Littlewood maximal theorem with weights,
but follows directly from the definition of A -weights. Let (C’, 6’) and (C”, $”) be
A ,-constants of u and v, respectively. Then C'| S|* |, udz>| Q|* |5 udz for every subset
S of a cube Q and a similar inequality holds for v with constants (C”, 6”). Thus, adding
both sides, we get (2.1) for au+ fv with constants C=max(C’, C”) and 6 =min(6’, §").

(2) Assume O<a< 1. Fix a cube Q. By Hélder’s inequality

1 1 a
- edr < — dz ) |
IQJQ”(Z) Z<<IQILu(Z) z)

which, by Lemma 2.1 (3), does not exceed
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(C exp(I é | ‘[ log u(z)dz))a =C* exp(é L log u(z)"‘dz) .

Thus u*e 4.
(3) By Schwartz’s inequality

1 [ 1
— d. 24, 2d
lQl.Q“(Z)”(z)K(lQJ“(Z) ) (IQIIV(Z) Z)

Applying Lemma 2.1 (3) to each term on the right hand side, we get

1 [ u(z)(z)dz< C exp(ifaji (log u(z)*> +log v(z)’)dz)

1Q1Jo
=C exp(| 0] j‘ log u(z)v(z)ds) ,

which proves (3). q.e.d.

LEMMA 2.3. Let P;(z) be polynomials on R" of degrees d;j, where i=1, - -, q and
Jj=1, -+, r. Let oy, Bi; and y;; be positive numbers. Let

f.{z)—Z“ulPu(Z)lﬂ“, i=l,'”7q,

j=1

and
wa)= 1 sy

Then w(z2) is an A ,-weight on R" and the A ,-constants depend only on n, d;, B;;, v;j and q.

Proor. First we observe the following: if P(z) is a polynomial on R" and a>0,
then | P(z)|*€ 4. Indeed, we have

2.2) 1 J | P(z) |dz<max | P(z)| < <—— J | P(2) |dz
1Q1Jo

for every cube Q, where C is a constant depending only on »n and the degree of P (cf.

[3; p. 146]). Thus Lemma 2.1 (4) holds for every ¢>0. Thus | P(z)|*€ 4, fora=1,2, - - -

By Lemma 2.2 (2), this holds for every a>0.

Next we observe the following: if P(z), j=1, - - -, h are polynomials on R", then
]_[;;1 | P{z)|* € A, for every a;>0. Since | P,(z)|*** € 4,, and | P,(z)|**>€ 4,,, we have
| Py(z)|*| Py(2)|*>€ A, by Lemma 2.2 (3). The case A>2 is shown similarly.

Therefore, by Lemma 2.2 (1), f(z)’eA, for y=1,2, ---. By Lemma 2.2 (2),



EIGENVALUES OF SCHRODINGER OPERATORS 385

filz)’e A, for every y>0. Applying the preceding argument, we can show w(z)e 4.
q.ed.
COROLLARY TO LEMMA 2.3. Let w(z) be the function given in Lemma 2.3. Then

there exists a positive constant C depending only on n, d;;, By;, v; and q such that

| o] f w(z)dz < max w(z)<C é—l . w(z)dz

Sor all cubes Q in R".

Proor. It suffices to show the second inequality. By the definition of w we have

maxuz) <[] ( 3 a.-,-(max | PA) |>ﬁ) .
j zeQ

zeQ =1

Since | P;;| are A,-weights, by (2.2) and Lemma 2.1 (3), the last term does not exceed

. 3 Bij\ vi
il=—[1 <j§1 <C1”|Q,f | Pif2) |dz> >
S ﬁ <i aij<C1ijC2ij exp(_l_ I log| Pfz)| dz))ﬂb)yi
101J¢
<G ] <Z (exp<lé| f log| P,z) |dz))ﬂ")",

where C,;; depend only on n and d;;, while C;=][[{_, (max;(C,;;C,;))’¥)". By Jensen’s
inequality the last term does not exceed

Note that f; are Am-weights. Applying Lemma 2.1 (3) again to the last term and arguing
similarly as above, we get an estimate

maxw(z)<C, — n fl2)'dz< C4—~f w(z)dz ,
zeQ |Q| Qi=
where C, depends only on n, d;;, B;;, y; and q. q.e.d.

The following Lemmas 2.4 and 2.6 are modifications of Theorems 2 and 3 in
Fefferman [3; p. 144], respectively.

LeMMA 2.4. Let U(z) be an A -weight on R". Put

a>0
SeR"

A= inf <a'2+a'"J U(z)dz).
lz—¢&l<a/2
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Suppose that 2, >0. Then
Clxj |u(2) | 2a’zsf (IVo(2) 1> + U(2) [o(2) | *)dz
Q 4]
for all cubes Q in R" with side length 2(1,)~ " and for all ve H(Q), where C is a positive
constant depending only on n and the A . -constants for U (z), and Q) denotes the interior of Q.

To prove Lemma 2.4 we use the following lemma.

LEmMMA 2.5 (Morimoto [6]). Let Q be a cube in R" and let U(z) be a nonnegative
measurable function on Q. Suppose that there exist positive constants C, and C, such that

(2.3) Ci1Q1<I{ze Q; CUQ)*<U@)} I,
where 1(Q) denotes the side length of Q. Then we have

CI(Q)”J lv(Z)lzdzsf (IV(2)>+ U (@)l v(z) [*)dz
) e

for allve H I(Q), where C is a positive constant depending only on n, C, and C,.

PrOOF OF LEMMA 2.4. Let Q be a cube in R" with [(Q)=2(4,)”!/? and center z°.
Put a=21; 2 and ¢=z°. Then, by the definition of 4,, we get

1
,lls—/ll+~1— Udz.
4 [Q1Jo
Therefore
illﬁi Udz
4 1Q1Jo
Thus
2.4) 31(Q)‘25L Ud:z .
1Q1Jo

Since U is an 4 -weight in R", we have, by Lemma 2.1 (2),

GilQl<

{zeQ; CzéL Udz< U(z)}

where C, and C, are positive constants depending only on » and the 4 -constants of
U. Combining this with (2.4), we have

CilQI<l{ze 0;3C,UQ) *<UR} -

Therefore U and Q satisfy the inequality (2.3). Thus Lemma 2.4 follows from Lemma
2.5. q.ed.
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Now, in order to consider the distribution of the eigenvalues of Schroédinger
operators with A4, -weight potentials, we introduce some notation.

Let U be an A, -weight. Suppose that an operator —A+ U which is defined on
CZ(R™) is essentially selfadjoint in L2(R") and L is a selfadjoint realization of —A+ U.
Assume that L has only discrete spectrum. Let 4 be a pdsitive number and let N(4, U)
be the number of eigenvalues of L less than 1. Let & be a tesselation of R" by cubes
whose side length is A~ /2 and whose vertices are points in A~ /22" where Z is the set
of integers. Let N,(4, U) be the number of cubes Q in & such that

1
— | Uz)dz<A.
IQIL (e)z <

LEMMA 2.6. Assume that U satisfies the above conditions. Then we have
N{(CiA, U)SN(A, U)<N,(C,A, U)

for every positive number A, where C, is a constant depending only on n, while C, is a
constant depending only on n and the A -constants of U. ‘

We omit the proof of Lemma 2.6. The reader may follow the arguments of the
proof of Theorem 3 in [3; p. 148] if he applies Lemma 2.5 in place of Main Lemma
in [3; p. 146].

REMARK 2.2. Lemma 2.4 shows that Theorem 2 in [3; p. 144] is also valid for
A -weight potentials. This follows easily from the proof of Theorem 2 in [3].

REMARK 2.3. Let U(z) be an 4 -weight on R". Suppose that —A + U defined on
CZ(R™) is essentially selfadjoint in L?>(R"™) and L is a selfadjoint realization of —A+ U.
If N,(A, U)< oo for all 1>0, then L has only discrete spectrum. This fact is verified in
a manner similar to the proof for Remark 4 in Simon [11; p. 215].

REMARK 2.4. Let w(z) be the function given in Lemma 2.3. Let N,(4, w) be the
number of cubes in &, such that

maxw(z)<Ai.
zeQ

for A>0. Then
Nl(la W) S NI(A" W) < NZ(Cj'a W)
for every positive number A, where C is a constant independent of 4. The first inequality

is obvious and the second inequality follows from Corollary to Lemma 2.3.

3. Main theorem. Let p and g be positive integers. Let
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d;
f;‘(t)= Z aiktk, (i=1a o ’,P),
k=0

h<
gj(t)= 2Obists’ U=1-9,

where d; and 4; are nonnegative integers. We assume that a,, b;,>0, (0<k<d,0<s<h;;
1 Sisp, 1 Sjsq) aio, bj0>0 and aidi=bjhj= 1. We pllt

(3.1) V@)=V 3)=C [T Al IT a0y 151y,

where z=(x, y)e R™ x R™=R", m; >0, m,>0, and a;, B, y and 6 are nonnegative
numbers and C>0 is a constant. To avoid trivial cases, we assume Zf’ _, o d;+y#0and
41 Bhj+06+#£0.
By Lemma 2.3 Vis an A -weight on R". The operator —A + V defined on C3(R")
is essentlally selfadjoint in L?(R"), since V>0 and Ve L2 (R") (cf. Kato [5]), where
L2 (R") denotes the set of all functions square integrable on every compact subset of
R". Let L be a selfadjoint realization of —A+ V. Then L has only discrete spectrum.
Indeed, we can show easily that N,(A, V) < oo for all 1>0 where N,(4, V) is the quantity
defined in Remark 2.4. Thus, by Remarks 2.3 and 2.4, the assertion follows.
Now we give an asymptotic formula for N(4, V) which, by definition, is the number
of eigenvalues of L less than A and denoted simply by N(1). Our main result is the
following:

THEOREM. Let V be the potential given by (3.1). Suppose that ym, <(5_, Bh;+

Om; and om < F_ oadi+y)m,. Set p;=2"'2+8)QF_ ,0di+y)"' and p,=
27124+ Q3= Bhj+0) " . Then

N~ J (A— V)2 dxdy as A—oo,

@n)"

where w, is the volume of the unit ball in R" and the set A is defined as follows:
(1) Ify#0 and 6#0, then

A={(x, y)eR™ x R™; V(x, y)< 4, | x| < C, A", | y| < C A%}

where C, is a positive constant depending only on m,, C, d;, a;, b;o, Bj, v and 6, while C,
is a positive constant depending only on m,, C, hj, B;, a;, a;, y and 6.
() Ify=0and 6+#0, then

A={(x,y)eR™ xR™; V(x,y) <A, |x|<C3A*}

where Cs is a positive constant depending only on m,, C, d,, a;, b;o, B; and 8.
(3) Ify#0and 6=0, then
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A={(x, ) eR™ X R™; V(x, y) <4, | y| < C44**}

where Cy is a positive constant depending only on my, C, h;, B;, a;y, a; and y.

@) Ify=0and 6=0, then
A={(x, y)eR™ x R™; V(x, y)<4A} .

j2

COROLLARY 3.1. Let a, >0 and am,=pm,. Let
Vix, y)=|xy|?
for (x, y)e R™ x R™. Then
N(A)~ailogh as A-w0,
where 0=n/2+m, [a and

o Q+a+pr(m, /o)
2"~ YaBI (my/2)I (my/2)T(n/2+myfa+1)

COROLLARY 3.2 ([8; Theorem 3.2 (i)]). Let o, f>0 and om,>pm,. Let
Vix, )=(1+|x?)y|*
for (x, y)eR™ x R™*=R". Then
NMA)~al® as Ao,

where 8 =n/2+m,/(2p) and

_ T(my/2P))
2" 2B (my )0+ 1) J g,

CoRrOLLARY 3.3 ([8; Theorem 3.2 (ii)]). Let a, >0 and am,=pm,. Let
V(x, y)=1+]x|?)y*
for (x, y)e R™ x R™ =R". Then
N(A)~ai’logh as i-o0,
where 0=n/2+m,/(2f) and

(14| x|?) @Dy

ae (1+ B (m,/(2P))
2" Bl (m,/2)[ (my/2)T(O+1)

REMARK. Our constants in the corollaries are different from those in Robert [8].
A careful calculation will lead to our constants.

Let Q be an open set in R" and V be the function given by (3.1). Define
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tlu, v]= f (Vu-Vo+ Vui)dxdy
Q2
and
llull? o =1t[u, u] +f |u|dxdy
2

for appropriate functions « and v. By Dy o and D, , we denote the completions with
respect to the norm || ||, o of C&(R) and the restriction of C3(R") to 2, respectively. Let
ty and t, be sesquilinear extensions of ¢ to Dy o and D, ,, respectively. Then ¢, and
t, are closed and semibounded forms. Let Ty o and T, , be associated selfadjoint
operators with respect to ¢, and ¢, respectively (cf. [2; p. 139]). Let 44  and 44, be
the Dirichlet and Neumann Laplacian on Q, respectively. If there is no confusion, we
drop the notation £, for example, and we denote T, instead of T q.
Let T be a selfadjoint operator in L?(Q). For 1>0 let

A
N(4, T, Q)=rank f dE(T),

where E,(T) is the resolution of the identity corresponding to 7.
In this notation we prove the theorem.

PrOOF OF THEOREM. First we prove (1). Let A be a large positive number. Let
Z', be a tesselation of R" by cubes Q whose side length is 1~ '/?(log 2)'/* and whose
vertices are points in A~ /2(log 1)}/"Z".

Let B'={(x, ) e R™ xR™; x;=0} (i=1, ---,m,), B;={(x, y)e R™ x R™; y;=0}
(=1, -+, my) and B=(U7Z,; B)u(lJ]2, B). Let S, be all cubes Q in & such that
min, o V(z2)<21 and QnB=(J. Let £, be all cubes in #, such that max, o V(z)<A.
Let K, and K, be positive constants which will be determined later. Let .% be all cubes
Q in F )\ 4 such that min,_, V(z)<A and

Qc{(x, y)eR™ x R™; | x| <K A", | y| <K, A"},

where u, and u, are constants defined in the theorem.
Let K5 and K, be positive constants which will be determined later and put

F1={(x’y)ERMIXRmz;(X’Y)¢ U Q,Ixi|<K3'l_1/2, l=1’ .“,ml}s

Qef1US;3

F2={(x’y)€RMIXRmz;(xay)¢ U Q9|yj|<K4'1_1/2,j=1’ "',mz},

QeS1uS3

and
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F53=R"\the closure of (( U Q)UF1 UF2> .

QeSyUS;3

Note that if 4 is sufficiently large, then F;nF,=.

Now we estimate N(1). Remark that N(1)=N(4, L, R") by definition. We have
L=Tg gn=Ty gn since —A4+V defined on CP(R") is essentially selfadjoint in L*(R").
Therefore

3.2) N(A)=N@A, Ty, R)=N(4, Ty, R").

Let Q,, Q,, 2, and Q, be open sets in R" and let Q be the interior of the closure of
Q,uQ,. Suppose that Q, nQ, =0, |2\ (2, U2,)|=0 and Q;<=Q,. By an argument
similar to that in Edmunds and Evans [2; p. 143], we get

NQA, Ty, Q<N@A, Ty, Q)+N@A, Ty, Q,),
N, Ty, )=N(A, Ty, 2,)+N(4, Ty, 2,),
and
N(A, Ty, Q3)<N(A, Ty, 2,) .
'Therefore, by (3.2),

(33) Z N(Aa Tgs Q)SIV(A)S Z N('ls Tla Q)+ Z N('L T.I" Q)+iN(la TI’FI')-
Qe ss i=1

Qes, ‘ _ Qes,

We have the following three estimates for N (-, -, *).
Lemma 3.1. N4, T,, F;)=0.
Lemma 3.2. N4, T4, F))=N(@, T,, F,)=0.
LEmMMA 3.3.

Y N4 Te,O)~ Y NA Ty O+ Y NG, Ty, 0)

Qes2 Qes, QeS3

)
~— | (A=V)"2dxdy as A-o©
(2n)" I 4

where

A={(x, y)eR™ x R™; V(x, y) <A, | x| <K, A", |y|<K,A*?} .

We shall postpone the proof of these three lemmas to the following sections. By
(3.3), Lemmas 3.1, 3.2 and 3.3

w,

N &)~ @n)"

J(A—m”/zdxdy as A—o.
A
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Thus the proof of (1) is complete.

We prove (2). Let £, and .#, be the subsets of #, defined in the proof of (1). Let
K/, be a positive constant which will be determined later. Let .# be the set of all cubes
Qin F \\ 4, such that min, 4 V(z)<4 and

Qc{(x, y)eR™ x R™; | x| <K A"},

where u, is a constant defined in the theorem. Let K, be a positive constant which will
be determined later and put

F12={(x,y)ERMlXRm2;(x’y)¢ U ,Qslyj|<K:1'1_1/29j=19'..,mZ},
QefiuSf;

and

= R"\ the closure of (( U Q>UF'2) .

Qe S uSs

An argument similar to that in the proof of (1) shows that

(3.4) Y NG, Ty, O)<N(A)

Qe s>

< Z N('LT./V’Q)',' Z,

Qe sy Qes)

3
NO, Ty, )+ Y, N(A, T, F)) .
i=2

As before we have:

Lemma 3.1'.

N@4, T, F3)=0.
LemMma 3.2'.

N@4, T,, Fy)=0.
LEmMMA 3.3

Y, N, Ts, )~ Y. NA Ty, O)+ Y. N, Ty, 0)

QeSs, Qesf Qes,

~

(;:)"' j (A—V)?dxdy as A-o
P

where

A'={(x, y)e R™ x R™; V(x, y) <A, | x| <K/ A"} .

We shall postpone the proof of these three lemmas again to the following sections.
By (3.4), Lemmas 3.1, 3.2’ and 3.3’
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w,

N@A)~ 20y

J A—M"2dxdy as A—.
o

Thus the proof of (2) is complete.
We get the proof for (3) if we interchange x and y in the definition of V(x, y).
We now prove (4). Let £, and #, be the subsets of #, defined in the proof of
(1). Let #% be the set of all cubes Q in #,\\#, such that min, 4 V(z)<A. Let

F3=R"\the closureof |J Q.
QeSS US3

An argument similar to that in the proof of (1) shows that

Qe S Qe sy QeS;
LEMMA 3.3”.
Y N&Ts O~ ¥ NG Ty, 0+ Y NG, Ty, 0)
Qes> Qesy Qess
wll

~

A=WM"?dxdy as A—-©
(2m)" J A"

where
A"={(x,y))eR™ x R™; V(x, y) <4} .
This lemma is proved in Section 5. By (3.5) and Lemma 3.3”

w’l
@2n)"

Thus the proof of (4) is complete. q.ed.

N()~

f A—=WM"2dxdy as A-o0.
»

4. Proof of Lemmas 3.1, 3.2, 3.1’ and 3.2'.
ProoF oF LEMMA 3.1. First we assume that
4.1 Vix, y)>A for all (x,y)eF;.

Then we obviously have
J (IVu|>+ VW ulz)dxdy>lj |u|2dxdy ,
Fj F3

for all ue H'(F,), u#0. This proves Lemma 3.1.
Now we prove (4.1). Suppose contrarily that there exists a point (x,, ¥o) in F5 such
that
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4.2 V(xg, Vo) <A .

Then there exists a cube Q in %, such that (x,, yo)€Q and min, o V(z)<A. By the
definition of F; this cube Q does not belong to .#, u.# 5. Therefore, there exists a point
(x1,y1) € Q such that | x; |> K, 4** or | y, | > K,A*?, where K, K,, p; and u, are constants
given in the definition of .#,.

Suppose | x, | > K, A*'. Since the side length of Q is 1~ /*(log A)'/",

inf{| x|; (x, )€ @} = | x, | —m}*A~*(log )*/".
Observe that the right hand side is not less than
K A" —m}23~Y2(log M)" > (K, /2)A"
if A is sufficiently large. Therefore
4.3) inf{| x|; (x, y)€ Q} > (K, /2)A** .
Thus, by (4.2) and the assumptions on f; and g,,

q
Az V(xo, yo)=C.I£l1 Sl xo l_[lg;(lyo P51 0Pl o P2 C TT B3I %0 5547y 2.
i= i= j=1
By (4.3) the last term is not less than
q
C TT J6-(Ku/2)2) o] yo = Cy K Bl 121492y P
j=

where C, =C[]4_, bf(f).z-(zaiawy). ——
ly() l SC2K1_(Z¢M¢+7)/611_ 12

where C,=C 1",
If we choose K; and K, so that

4.4) C,K ;(Zaud« /6 K, ,
then
| yol <K4d™ V2.

Thus, for all components y,; (j=1, - - -, m,) of y, we have |y,;|<K,A~*/2. Hence
(x0, ¥o) € F,. This contradicts (x,, y,) € F;. :
If | y, | > K,A*%, then a similar argument shows that

-1/2
| Xoi| <K3A™Y2, Xo=(Xo1, " "> Xom,) »
under the condition

4.5) C:K; (ZBjhi+0)y K,,
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where Cy=(C[]P_, af§-2~Efhi+d =11 Therefore (xo, yo)€F; and this contradicts

i=1

(X0, Yo) € F5. Thus (4.1) holds under the conditions (4.4) and (4.5). We shall give exact
values of K, K,, K5 and K, satisfying (4.4) and (4.5) later. q.e.d.

PROOF OF LEMMA 3.2. We prove N(J, T, F,)=0. First we show
(4.6) inf{|x|; (x, y)e F,} >(K,/2)A** .
Let (x, y)e F,. Choose Q in #, so that (x, y)e Q. Since
Vi <Kd™2, y=(1 s Ym)

by the definition of F, and since the side length of Q is A~ /%(log 1)}/, we have (x, 0)e Q
if 4 is sufficiently large. Therefore 0=min,., V(2)<A. Since Q¢ #, U.#,, there exists a
point (x,, yo) € Q such that

@.7) |30 | > K, A%t
or
(4.8) |90 > Kak2 .

(4.8) is impossible if 4 is sufficiently large. Therefore (4.7) holds and
|x12]x0|—mi?A~2(log A)1"> (K, /2) A

if A is sufficiently large. Thus we have (4.6).
Applying arguments similar to those in the proof of Lemma 3.1, we have, by (4.6),

p q q
Vix,y)=C Hlf.-(lxl)“" l_llg;(lyl)”"IXI’lyI"Zc [T 651 x Zdetr-| y?
i= j= j=1

q
2C [ b5 (Ky/Da)Teeletr: |y P = C KP4 31+ )2
j=1
for all (x, y)€ F,, where C,=C[]%_, bf-2~ =4+ Therefore

49) J (Vu|*+ Vlulz)dxdyzj (| V|2 + C K Z2di*+ 1)1 %312 3 19| 4| 2)dxdy
. Fj )

ZJ (J (1 Vyu|? + C KF 4721902 y P u| 2)dy>dx
Fayx G

for all wueH'(F,) where |V,u|?=Y72|0u/dy;|?, F,,={xeR™;(x,y)eF,} and
G={yeR™;|y;|<KA™'2,j=1, -, my}.

Remark that the function C,K$*4*7)1+%2| 3| is an 4_-weight on R™ by Lemma
2.3. Set
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a>0
e R™2

A,= inf (a‘2+a‘"'2f C4K§“""'”ll+"/2|y|"dy)-
|x=¢&|<a/2

Then, by elementary calculus,
(4.10) Ay =CsKimj |
where
CS =2—2/(2 +6)(2+5)5—6/(2 +6){2—(6+m2)C4m2(5+m2)—lwm2}2/(2 +4)
and w,,, is the volume of the unit ball in R™>.
By Lemma 2.4
(4.11) j (1 V,0 12+ C K4 72192 y Pl v| ) dy > Csle |v|2dy
G’ &

for all ve H(G'), where Cs is a constant depending only on m, and &, while
G’={yERmz;|yj|<'11_l/25j= 19 o '9m2}'
Choosing K, and K, so that

4.12) CKim=K 2,
we get G=G’ by (4.10). Therefore we have

(4.13) j (Vu|?+ Vlulz)dxdyZCSCGK}/“'lj | u|2dxdy
Fz Fy

for all ue H'(F,). Choose K, so that
(4.13) CsCKVMi>1 .

Then we have
J (|Vu|2+V|u|2)dxdy>).J. | u|2dxdy
F» F»

for all ue H'(F,), u#0. Hence N(4, T, F,)=0.
Similar arguments show that N(4, T, F,)=0 if we choose K, and Kj; so that

(4.15) C;K3"=K3?
and
(4.16) C,CeKiM2>1

where C, is a positive constant depending only on m;,, y, C, ;, h;, a; and a;,, while Cg
is the constant given in Lemma 2.4 for the function | x|".
Now we choose K, K,, K5 and K, so that they satisfy (4.4), (4.5), (4.12), (4.14),
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(4.15) and (4.16). We may put

4.17) K, =max{(C,C¥*’, (CsCe) ™} +1,
(4.18) K, =max{(C5C3?)™, (C7C8)“"2} +1,
and define K; and K, so that they satisfy (4.12) and (4.15), respectively. Then all
conditions in the proofs of Lemmas 3.1 and 3.2 are satisfied. q.e.d.

ProoF OF LEMMA 3.1'. If we set y=0 and replace F,, F;, £, K,, K, in the proof
of Lemma 3.1 by F), F3, #4, K}, K}, respectively, then we get the proof of Lemma
3.1'. The different point is that the argument on the inequality |y, |> K,A*> does not
occur. The condition on K and K is

(4.4 oK (Eniols < K,
where C, is a positive constant corresponding to C,. We shall give exact values of K
and K later. q.ed.

ProoF oF LEMmA 3.2". If we set y=0 and replace F,, £, K;, K, in the proof of
N, Ty, F,)=0 in Lemma 3.2 by F,, #4, K, K, respectively, then we get the proof
of Lemma 3.2. The different point is that the inequality (4.8) does not occur. The
conditions on K and K, are

4.12)y CioKtm=K,"2

and

4.14y Ci1oCp K> 1,

where C,, and C,, are positive constants corresponding to Cs and Cg. If we put
4.17y 1=max{(CoCi)*",(C1oC11) M} +1,

then all conditions (4.4)', (4.12) and (4.14)' are satisfied. q.e.d.

5. Proof of Lemmas 3.3, 3.3’ and 3.3”. First we prove Lemma 3.3. Let / be the
side length of cubes in &, that is, /=A1"1?(log 2)'/". In order to prove Lemma 3.3, we
show the following three inequalities:

1) ¥ N Ty G)<—n

Qesy (Zﬂ)"

as A—»o0, where M, =#.7,.

j (A= V)"2dxdy + O(M ,(log )~ ")
A

2 Y, N, Ty, )<O(M;log 4)

QeSs3

as A—o0, where My=#.4;.
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3 Y N, Ty Q)= O I(l—V)"’dedy—mll"/zlsll
Qcs, 2n)" J 4

—myA"?| S| |- O(M,(log A)' ~ 1)
as A—> o0, where M,=#4,, S'={(x, y)ed;|x,|<l} and S;={(x, y)e4; |y, |<l}.
PrOOF OF (1). Let Q be a cube in #,. Since

f (1 Vu|*+ V|u|2)dxdy2f (| Vu|2 +min V- | u|?)dxdy
) Q e
for all ue H'(J),
N('{’ T./Va Q)SN(l—mln Va _Aﬂs Q)
0

by the min-max principle in Reed-Simon [7; p. 78]. Following Edmunds and Evans
[2; p. 143], we get

wn
2n)”

n/2
NG-minV, —A,, )< |Q|<l—min V) +C{I+( QI
2 0

where C, is a positive constant depending only on m, and m,. Therefore

61 Y NG T,Q< O > lQl(A—min V>n/2+C1{M1+M1(1Ogi)’_”"},
Qesy (2m)" ges, Q

since the side length of Q is [=A"12(log ).

Let &,,---,&, be positive integers. Let Q be a cube in £, with center
(&, +1/2), -+ -, I(¢,+1/2)) and let Q' be a cube in & with center (/(¢,—1/2), -,
1(¢,—1/2)). Then

P
Vix,y)=C l_[1 Sl x®- 11[1 g,-(lyl)""'lxlylyl"smcin V<a
i= Jj=
for all (x, y)e Q'. Therefore Q'€ #, and
n/2
IQI(A—min V) SJ (A—V)"?dxdy .
Q o

Note that Q—Q’ is a one-to-one correspondence from cubes in .#, with centers in the
first orthant to cubes in 4, with centers in the first orthant. Then we get, by the
symmetry property of V,

(5.2 Y 1o |<}. —inn V)nl2 < f (A—V)"2dxdy ,
I

Qe
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where I=J,,, Q- Note that

(5.3) IcA.
Indeed, by the definition of .£,,
Ic{(x,y)eR™ x R™; V(x, y)<A}.

Furthermore, following the argument in the proof of Lemma 3.1, we get #,=.#,U.#,.
Thus we get (5.3). Hence

Y IQI(l—mén V>”/25f (A—V)"2dxdy .
4

Qe Sy

Applying this to (5.1), we get

Z N(l, T_//, Q)S @, f ().—V)”’zdxdy-f-O(Ml(log 11)1_1/") ,
Qesy (27[)" A

where the bound of the error term is independent of A. q.ed.

PROOF OF (2). Applying the argument in the proof of (1), we get

Y NAL Ty, O)< Y N@4, —A,, Q)— = Y | Q142+ Ci{ M3+ M(log 2)* "}
Qess Qess (2n ) Qes,

=0(M;logl).
PRrROOF OF (3). Let Q be a cube in #,. Since

q.ed.

J (Vu|*+ V|u|2)dxdysj <| Vu|?+max V-|u|?)dxdy
Q Q

Q
for all ue H'(Q),
N(}w TQa Q)ZN(A—max Va _A99 Q)
Q

by the min-max principle. Following Edmunds and Evans [2; p. 143] as before, we get

N(A—-mg.x V, —Ag, Q) 20y

where C, is a positive constant depending only on m,; and m,. Therefore

10 |(A—mgx V)”lz— C{1+( QI =10

54 Z N(4, Ty, Q)—(Z Yo Z 10| (l—-max V)n/Z—Cz{MZ+M2(10g,1)1—1/n} )
Qes, Qe S,

Applying an argument similar to that in the proof of (1), we get
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(5.5) Y lQl(A—max V)"/zz j (A—V)"?dxdy ,
2 J

Qes>
where J={(x, y)e R™ x R™; (x, y)e J 0es, D V(x, y)<A}. Recall the definition of .#,
and apply the argument in the proof of Lemma 3.1. Then we get

( U Q)n{(x,y)eR’”’xR""; |x|>K A or|y|>K,\"} = .

Qe S
Therefore, by the definition of 4,
J={(X, y)EA, 'inZI, l=15 T ml’ |y1|219 ]=15 ) mz}

"_L_ljl {(x,y)e4; |}’j|<1}>

=A\<Ejl {(x,y)ed;|x;|<l}u
i=1 j=1
Thus by (5.5)

y |Q|(/1—mg.x V)n/ZZJ. A—V)"?dxdy— Ef A—V)"2dxdy—
A i=1Jgi

Qes,

Y| (= vy 2dxdy> f A= VYPdxdy— 2 Y 81— 272 3 ||
4 i=1 j=1

j=1 Sj
ZI (A=V)"Pdxdy—2"*my| S*|—2"?m,| S, |,
A

where we used the symmetry property of V. Therefore, by (5.4),

Z N(}" TS% Q)Z wn)"j (i— V)"/zdxdy
)" Ja

Qes> (2

—my A2 St | —my 27| S, | - O(My(log 1) ~1) qod
Therefore, by (1), (2) and (3), Lemma 3.3 follows from the following three lemmas.
LEmmA 5.1,

M (log 2)* ~t"= M,(log A)““"=o(f (A— V)"/zdxdy> as A-oo.
A
LEMMA 5.2.

A"/zlSl|=o(J‘ (l-—V)"/zdxdy) as A—,
4
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and
l"/zlS1|=0<j (l—V)"/zdxdy> as A—o0.
4
LEMMA 5.3.
M,(log A) =o( j A= 2dxdy) as A—oo.
4

To prove Lemmas 5.1, 5.2 and 5.3, we use the following lemma, where f (1)~ g(4)
means that f(1)=0(g(4)) and g(4)=0(f (1)) as A—> 0.

LEMMA 5.4. Let V be the function defined by (3.1). Set vi=n/2+m,(}.]_, ad;+
»7L v2=n/2+mz(Z§=1 Bihij+6)"1, V3=m1/2+2—1(2+5)m1(2f=1 wdi+y)~ ', and
Va=my[2427 2+ y)my(Y - Bi+0) 1

) Iymy<Q i Bhj+Omy, dm < 7_, aidi+y)m, and v, #v,, then

-[ A—M"2dxdy~ A+ 2" .
4
() Ifom,>QF_, ad;+y)m,, then
f A=V 2dxdy~ A" .
A

3) Ifymy;>(Q 5=, Bihj+O)my, then

j A—=V"2dxdy~ A .
4
(4) In the other cases,

f A—=WM"2dxdy ~ (A" +1"?) log 4 .
A

These estimates are given by elementary calculus, so we omit the proof of Lemma
5.4.
As a consequence of Lemma 5.4, we get

(5.6) f (A— VY"2dxdy = O((A" + A"?) log A+ A"+ A™9) .
A

Remark that an easy calculation shows that the order of [ ,(A— V)"2dxdy is the same
as that of A"2| 4].

PrOOF OF LEMMA 5.1. Since the argument before (5.2) shows that M, =M,, it
suffices to estimate M,(log 4)* 1/,
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Since the side length of Qe .#, is I=A"Y2(log A)'/",

Ue

Qes2

My(log A)* ~1m=]""(log A)* 1/ =(log )~ A" 1.

By (5.3) the term on the right hand side does not exceed (log A)~'/"A"?| A4|. Since
A"2| 4|=0([ (A—V)"?dxdy), the assertion of Lemma 5.1 is valid. q.ed.

ProoF oF LEMMA 5.2. First we prove
5.7 2| st |=o< f 1-— V)"”dxdy) .
A

If m,>1, then
A2 811 <24m2]) 8" | =2(log A)Mm A= VI21 §7| |

where S’ is the set of all points (x’, y)e R™ ™! x R™ such that
P q
c Hlfi(lx' D= TT gy )P I x Py lP<a,
i= j=1

|x'|<K,#*' and |y|<K,A*,

where K, K,, u, and u, are comnstants given in the definition of .#;. By an argument
similar to that in the note after Lemma 5.4, we can show that the order of A®~ 12| §’|
is the same as that of [ (A—V'(x’, y))"~ V2dx'dy, where V'(x’, y)=W0, x', y). If we
replace m; by m; —1 in Lemma 5.4, we get the order of [s(A— V)"~ V24dx'dy. Thus,
replacing m; by m; —1 in (5.6), we get

(5.8) (log l)”"f

N

(A= V)"~ D12gx'dy = O((A"* + A*2)(log A)* * 1" + ("% + A*4)(log A)'/") ,

where vy =(n—1)/2+(m,— )T’ adi+7)"1 vo=(n—1)2+my(To_, Bh;+8)"",
vy=(my—1)/2+27 2 +0)(m; — )X - audi+7) "1, and vi=my/2+2° 12+
YImy(Q5-, Bh;+6) 1. If we compare the order of | ,(1— V)"?dxdy in Lemma 5.4 with
the one on the right hand side of (5.8), then we get

2| §1 |=o(f (A— V)"/zdxdy> as A-.
A

If m,; =1, then, by the definition of S,
yie +m2)l2| St |< CAQ+m2)/2] ymapz _ (" ym2/2 +mopz (log ,q.)l/n ,

where C is a constant independent of A. Therefore, by Lemma 5.4, we can show
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A2 St = 0<J A— V)"/zdxdy> .
4

Thus we get (5.7).
Similarly, we can prove

28| =o(f (A— V)"/dedy> )
4 q.e.d.

PROOF OF LEMMA 5.3. Let B’ and B, be the subsets of R" and .#; be the set of
cubes as defined in the proof of the Theorem. Let {i,, - - -, i;} and {j,, - - -, j,} be subsets
of {1, ---,m,} and {1, - - -, m,}, respectively. For {i, - - -, i} and {j,, - - -, i}, denote

b ={0e Sy ONB A, i=iy, -, i, QNBi = i#iy, -, i,
OnBi=,j=1, -, my},
jl,..‘,jtz{era; OnB;#D, j=j1, " s Je OnB;=,j#j1, " s Jo
OnB'=g,i=1, -, m}
and
Qi b ={0e Sy QnB £ P, i=iy, ", i, ONB =, i#iy, ", i,
OnBj# D, j=j1, " s Jo QN Bj=D, j#j1, " "5 Ji} -
Then we get a disjoint decomposition of .#:
(5.9) J3=(. U .@)u( U .@,.l,...,,})u( U Qj.;;:'.:;g).
i< <i, i< <ie <<

Now we show that
(5.10) (¥ 9v i) Jog /1=o<f (A— V)"/zdxdy>
A

for any i;<---<igin {1, -+, my}.

Fix i, < - - <i; and simply denote 2 instead of 2",

First suppose s<m;. Let 2’ be the set of Q in 2 which are contained in the first
orthant. Let R be the set of all points (x, y)e R™ x R™? such that

0<x;<l, i=iy, ", 0,
I<x;, i#iy, 0, i,
lS_}’j, j=1""sm2’
|x*| <K A%, |y|< KA
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and
q
C.Izl1 Sl x*—ley )% l—ll glly—le |)Pi-| x*—le, || y—le,°< A,
i= j=

where x*=(xn’ o "xrml-s)’ T.'1< T <Tm1—s’ {tl’ T tm;—s}={1’ B ml}\{il’ T
ii},e;=(1, - -, )eR™ % e;=(1, - -+, 1)e R™ and K, K,, u,, u, are constants given in
the definition of £ ;. Then, by the definitions of .#5 and 2,

U QcRr.

[

Therefore

¥2=I"" <I ™ R|SI™"*|R'|,

Uo

gce

where R’ is the set of all points (x*, y) in R™ ~*x R™ such that
o<x¥, i=l1,-- L my—s, x*=(xt, ", xh -9,
0<y;, j=L-my, y=(i, " "> Vm)>
| x*| <K A*, Y| < KA
and
C ITsx ™ T oy DPx* Py <.
Therefore, since /=4"1%(log A)!/*,
(5.11) $#2<I7"*| R |=(log A)" 1A= R'|
By an argument similar to that in the proof of Lemma 5.2, we get
A0 R | = O((A" + A™) log A+ A"+ A™) |

where 'l1=(n_s)/2+(m1—s)(ZLl“idi“‘?)_la '72=(n"s)/2+m2(zg=1ﬁjhj+6)-1,
ny=(my—5)2+27'2+8)(m -7 0di+7)"" and ny=m,/24+27'(2+y)m,
x (Zj=1ﬂjhj+6)'1. Therefore, by (5.11), we get

(5.12)  (%2)log A=2"(%2) log A= O((A" + A")(log A)! **/" + (A" + A™)(log A)"") .

If we compare the orders in Lemma 5.4 with the one in (5.12), then we get

(#2)log l=o<f (A— V)"/zdxdy) .
A

Suppose s=m,. Then, by the definition of .#; and 2, we get
U os{to neRm xR x|<hi=1, - my || <K,
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Therefore, by Lemma 5.4,
($#2)log A=1""2|log A< CI~"*m mabz |og L

= A2+ miks(log Jymin = 0< j G- V)"/zdxdy) :
A

where C is a constnt independent of A. Therefore (5.10) holds.
Similarly, we can show that

(#2,,...;) log i=0(f A- V)"/zdxdy)
A
and
(#25:7:5) log /1=o( f (- V)"/zdxdy) .
A

Therefore, Lemma 5.3 follows from (5.9). q.e.d.

Thus we proved Lemma 3.3. If we set y=0 and replace 4, .#;, K, in the proof of
Lemma 3.3 by A4', £, K, respectively, then we get the proof of Lemma 3.3’ after
simple modification. If we set y=6=0 and replace 4, .#, in the proof of Lemma 3.3
by A", #14, respectively, then we get the proof of Lemma 3.3”. The differences caused
by these modifications are inessential.

ReMARK 5.1. The above method does not give an asymptotic estimate for N(4)
when ym2>(z;f= L Bihj+8)my or ém, >3 7_, ad;+y)m,. Indeed, we cannot get good
estimates for error terms in that case.

REMARK 5.2. We also have the asymptotic formula for the potential
V(x, y)=Ix"yfly—1/

where (x, ))eRx R, a, B, y>0, B<a, y<a and a<B+y. Let u, =max{(2+B)(2x)~*,
(+7)Q20)~ 1} and p,=(2+x)2"}(B+7)"". Then

N@A)~

)
" | A=WV)dxdy as A-w,
2n)" f A

where
A={(x, ))eRXR; V(x,y) <A, | x| <Ci A", | y| < C, 4"}

and C,, C, are positive constants depending only on a, f and . The proof of this result
is a modification of the proof of the Theorem.



406

[1]
[2]

[3]
[4]

[5]
[6]

[7]1
L8]
[91

[10]
[11]

[12]

K. TACHIZAWA

REFERENCES

R. R. CoirMaN AND C. FEFFERMAN, Weighted norm inequalities for maximal functions and singular
integrals, Studia Math. 51 (1974), 241-250.

D. E. EDMUNDS AND W. D. Evans, On the distribution of eigenvalues of Schrédinger operators, Arch.
Rational Mech. Anal. 89 (1985), 135-167.

C. FerrerMAN, The uncertainty principle, Bull. Amer. Math. Soc. 9 (1983), 129-206.

J. GARCIA-CUERVA AND J. L. RuBio DE FrANCIA, Weighted norm inequalities and related topics,
North-Holland, Amsterdam, 1985.

T. KaTo, Schrédinger operators with singular potentials, Israel J. Math. 13 (1972), 135-148.

Y. MoriMoTO, The uncertainty principle and hypoelliptic operators, Publ. Res. Inst. Math. Sci. 23
(1987), 955-964.

M. Reep AND B. SIMON, Method of modern mathematical physics, vol. IV, Academic Press, New
York, 1978.

D. RoBerT, Comportement asymptotique des valeurs propres d’opérateurs du type Schrodinger a
potential «dégénéré», J. Math. Pures Appl. 61 (1982), 275-300.

G. V. RozenBLIUM, Asymptotics of the eigenvalues of the Schrédinger operator, Math. USSR-Sb. 22
(1974), 349-371.

B. SiMON, Nonclassical eigenvalue asymptotics, J. Funct. Anal. 53 (1983), 84-98.

B. SiMON, Some quantum operators with discrete spectrum but classically continuous spectrum, Ann.
Physics. 146 (1983), 209-220.

M. Z. SoLoMYAK, Asymptotics of the spectrum of the Schrédinger operator with nonregular
homogeneous potential, Math. USSR-Sb. 55 (1986), 19-37.

MATHEMATICAL INSTITUTE
FACULTY OF SCIENCE
T6HOKU UNIVERSITY
SENDAI 980

JAPAN





