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§0. Introduction.

We consider the following eigenvalue problem :
—du—p(x)u=Au®, ueL*R").

If p(x) does not decay too rapidly at infinity, the above problem has an in-
finite sequence of negative eigenvalues (bound states) approaching to zero.
We denote by n(r;p) (r>0) the number of eigenvalues less than —7. In this
paper we are concerned with the asymptotic behavior of n(r;p) as r tends to
Zero.

The asymptotic distribution of negative eigenvalues for the Schoédinger
operators has been studied in Brownell and Clark [4] and McLeod under
the condition that the potential p(x) is non-negative and sufficiently close to a
spherically symmetric potential.

The purpose of the present paper is to study the distribution of eigenvalues
by a different method from those in [4] and without assuming the above
condition.

we shall briefly explain our approach. Our method is based on the follow-
ing proposition (see Birman [1]).

ProPOSITION 0.1. Let H, be the unique self-adjoint realization of —d4 with
domain D(H)=H?*(R™) (the Sobolev space of order 2). Assume that |p|*® is a
H{2.compact operator as a wmultiplicative operator. Let 9D be a core of HY2
Then, n(r; p) coincides with the maximal dimension of subspaces lying in D such
that

(HYu, H*u)—(pu, u) < —r(u, u),

where (, ) stands for the usual scalar product in L*(R™).
By making use of this proposition, we shall prove the following theorem.

0) It is convenient to write the Schrodinger operator as —4—p(x) instead of as
the usual notation —4+p(x) since we are mainly concerned with an eigenvalue problem
of the following form: —Adu+u=2p(x)u, p(x)>0.
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THEOREM 0.2. Under the assumption of Proposition 0.1, n(r;p) is equal to
‘the number of positive eigenvalues less than one of the following problem :

0.1) —dv+rv=2p(x)v, ve D(HY?),

where D(HY?) is the domain of the operator HY
ProOOF. It follows from [Proposition 0.]] that n(r;p) coincides with the
maximal dimension of subspaces lying in 9 such that

((Ho+7)""u, (Hy+7)"*u) <(pu, u),

since (H{?u, H{?u)+r(u, w)y=((H,+7r)"?u, (H,+r)"*u) for us D(HY?). We put v=
(Hy+7)"?u. Note that this transform preserves a linear independence and that
D' =H,+N"*D={(H,+r)V*w|wesD} is a dense subspace in L*(R"). Then we
see that n(r; p) is equal to the maximal dimension of subspaces lying in 9’
such that

(0.2) (v, V) <((Ho+7)""*p(Hy+1)" v, v) .

Furthermore we note that the operator (H,+7) Y?p(H,+7r)""* is a compact
operator in L?(R™) by the assumption that |p|*? is a H}¥?-compact operator.
implies that n(r;p) is equal to the number of positive eigenvalues greater
than one of the operator (H,+#»)"Y2p(H,+r)"*% Therefore, if we put w=
(H,+7)""*v in the eigenvalue problem

(Ho+n)"V*p(Hy+7r) Pv=pv,  p>1,

then we have
—dw+rw=2pw, 0<2=1/p<1.
This completes the proof. q.e.d.

Putting r=1/h in [0.1), we have the following eigenvalue problem with a
parameter A:

(0.3 —hdv+v=2Ap(x)v.
Without loss of generality, we may assume that A=1. Let N,(4;p) be the
number of positive eigenvalues less than 2 of problem [0.3). Under some as-

sumptions on p(x), we shall show in §3 that for any 0>0 small enough,
there exists a constant C(0) independent of 4 and A such that for A=C(d)h?,

(0.4) | Na(2; p)—Ch~™228 | < 6h™238

where a and B are some positive constants satisfying 0<a<1 and B>n/2
respectively, and C is a constant independent of 2, 4 and d. Since 0<a<]1,
we see that there exists a constant hA(6) such that for A>h(0d),

(0.5) | No(h s p)—Ch=™2+8| < §h-m/2+8

Noting that n(r; p)=N,(h; p) with r=1/h, we can obtain the asymptotic formula
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for n(r; p).

We shall give an outline of this paper. In § 1 we introduce some notations
and state our main theorem in this paper. In §2 we prove some lemmas
which will be often used later. In §3 we study the eigenvalue problem
in the case where p(x) is a smooth positive function satisfying some conditions
and obtain the asymptotic formula for n(r;p). In §4 we investigate an eigen-
value problem with zero boundary conditions in an unbounded domain. Let
p(x) be a not necessarily positive function (smooth) and let £ be the open set
given by £2={x|p(x)>0}. Then we consider the following eigenvalue problem :

—du—p(x)u=Au, usHYD),

where H(2) is the usual Sobolev space. We denote by n(r;p, £) the number
of negative eigenvalues less than —7 (r>0) of the above problem. We give
the estimate of n(r;p, 2) from below for r—0 by studying the eigenvalue
problem

—hdv+v=2p(x)v, veH2).

This result is applied to the estimate of n(r;p) from below. In fact, we easily
see that n(r;p)=n(r;p, 2). In §5 we give the estimate of n(r;p) from above
for the singular potentials p(x), using the result obtained for smooth potentials
in §3 and the theorems by Birman and Borzov [2], Birman and Solomjak [3],
and Rozenbljum and we prove the main theorem in §6, combinig the
result in §5 with the estimate from below obtained in §4. In §7 we apply
the method developed for the Schrodinger operators to the Dirac operators
with scalar potentials. The further development of our method to the Dirac
operators with not necessarily scalar potentials will be discussed in a forth-
coming paper [1I]. Some of results of this paper were reported in [9] without
detailed proofs.

Finally we note that throughout this paper we use the same symbol C to
denote positive constants which may differ from each other. When we specify

the dependence of such a constant on a parameter, say m, we denote it by

C(m). When we take integrations over the whole space, we write f f(x)dx

instead of j S

§1. Notations and main results.

Let us introduce some classes of functions. Consider a smooth function
p(x) (real-valued) satisfying the following condition:

(K-1) lim r™p(rw) = alw ; p)

700
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uniformly for w=S™"!, where m>0, r=|x|, x=rw, S® ! is the n—1 dimensional
unit sphere and a(w;p) is a continuous function defined on S™ %

Let £2 be the open set defined by £2={x|p(x)>0} and 2, be the subset in
S™~! defined by 2,={w|a(w;p)>7} for each fixed y>0. Then, by the condi-
tion [K-1), we can take a constant R(y) so large that £ contains (R(y), o)X
2;=Gy in the polar coordinate system. From now on, we fix G,. In addition,
we assume that p(x) satisfies the following condition:

(K-2) There exist constants C,(y) and C,(y) such that for x=G; and
[x—y| = Co(r) (14| x]*)2,
[p(x)—p(W) | = Ci(p)p(0)A+ [ x| x—y],

where we note that C,(y) is taken small so that y belongs to £.

From now on, for brevity, we put p(x)=(1+ |x|*)"2

DEFINITION 1.1 (Class K(m)). If a smooth function p(x) satisfies the con-
ditions (K-1) and (K-2), we say that p(x) belongs to K(m).

DEFINITION 1.2 (Class K¥(m)). We denote by K*(m) the set of all functions
p(x) satisfying the following conditions:

(K*-1) p(x) belongs to K(m);
(K*-2) There exist constants C; and C, such that
Cip(0)™™ = p(x) = Cop(x)™;
(K*-3)  For |[x—y|=1/2p(x),
[p(x)—p(M) | = Cop(x)p(x)7 [ x—y].

Here constants C,, C, and C are independent of x and .
From the condition (K*-2) it readily follows that for [x—y|=1/2p(x),

(1.1 Cop(x) £ p(¥) =Cyp(x) .

DEFINITION 1.3 (Class S(m)). We denote by S(m) the set of all real-valued
functions satisfying the following conditions :

(8-1) p(x) is decomposed into p(x)=p,(x)+p,(x);

(S-2) p.(x) belongs to K(m) and there exists a sequence {g,(x)}3, such that
for each k ¢,(x) belongs to K*(m) and satisfies Cp(x) ™ =¢q,(x) =p*(x)=
max (0, p(x)) with some constant C independent of 2 and x and that
for each @ a(w;q;) tends to a*(w; p,)=max (0, alw; p,)) as k—oo;

(S-3) P,(x) is a non-negative function such that if n=<2, p,(x) has compact

support and belongs to LP(R™), p>1, and that if n=3, p,(x) beiongs
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to LP(R")NL™*(R™), p>n/2.

We denote the usual scalar product in L*(R™) by (, ) and the norm by
| I. For a domain G, we denote by H?(G) the usual Sobolev space of order j
with the norm || ||; on G and by Hj(G) the subspace of H’(G) obtained by the
completion of C7(G) (the set of all smooth functions with compact support in
G) under the norm || |;.

For a linear operator A, we denote by 9(A) and R(A) the domain and
the range of A respectively.

Now we shall state our main result in the present paper, which will be
proved in §6.

Let p(x) be a function belonging to S(m) with 0<m<2. Consider the
following eigenvalue problem :

(1.2) Hu=—du—p(x)u=Au, us L*(R™).

- Here H is the semi-bounded self-adjoint operator associated with the symmetric
bilinear form

e v)= B (s, )~ (b0, 1), u, v HUR").

Then we have the following theorem.

THEOREM 6.1. Assume that p(x) belongs to S(m) with 0<m<2 and that
according to (S-1) in Definition 1.3 p(x) is decomposed into two parts; p(x)=
p(x)+p,(x). Let n(r;p) be the number of eigenvalues less than —v of problem
(1.2). Then, as r—0,

. n(r , p) — Corn/g_n/m__]_o(rn/z—n/m) ,

where

13 C=@a e e, SB[ o) pyrde,
a*(w; p)=max (0, a(w; p,)), 0,_, is the surface measure of S™ ' (6,=2 if n=1),
and dw is the Lebesgue measure on S™7°.

As an immediate consequence of [Theorem 6.1, we have

COROLLARY 6.2. Let A; be the j-th eigenvalue of problem (1.2). Then, 2; is
asymptotically represented as

XJN___C(—)—Q]C[

as j—oo, where a=(n/2—n/m)™*.

REMARK. The constant C, given by (1.3) does not depend on the way of
the decomposition of p(x). In fact, it is not difficult to show that a(w;p)=0
a.e. for p(x)eL™*R™).
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§2. Preliminaries.

In this section we shall state some lemmas which will be often used later.
LEMMA 2.1. Assume that p(x) belongs to K*(m). Let k and j be positive
numbers such that km>n and n>(k—j)m>0. Then, as A—oo,

o ap(e)Ide= Coarmrro(armt,
where

_ o L(n/m—(k—j)I(k—n/m) . pynim
Ci=m 0 jsn_la@,p)/ do .

Proor. By the condition (K*-1), for any ¢>0 small enough, there exists
a constant R(e¢) such that for |x|=r=R(e),

2.1) (alw; p)—er ™= p(x) = (a(w; p)+e)r ™.

Since f(H)=t*(1+2AH)"7 (t>0) is a monotone increasing function, we have for
| x| =R(e),

(2.2) flalw; p)—eyr ™ = f(p(x) = f((aw; p)+e)r™™).
We shall first give the estimate from above. It follows from that

23)  [p@ra+ap@)ars] - flla; D)o et Cea b

Furthermore, a change of variable and the obvious relation 0(177)=0(2"™ %)
which follows from the condition n>(k—j)m yield that the right side of
is equal to

@4) 2 (a9 D) o,
sn-1 R(Z, &)
where R(4, e)=A"Y™(a(w ; p)+¢e)"V™R(e). Since g(t)=tY-P™**-1(t™+1)77 is integr-

able on (0, o) by the conditions km>n and n>(k—j)m, we have

I

as A—oo, This gives the desired estimate from above. Similarly we can
obtain the estimate from bhelow. Thus the proof is completed since ¢ is
arbitrary. q.e. d.

LEMMA 2.2. Assume that p(x) belongs to K+*(m) with 0<m<k. Let j>0.
Then, if we take a constant q, ¢>0, large enough, we have

(2.5) j p(x)" (14 Ap(2)) " V*dx=0("¥*),  as A—oo.

1) This estimate follows from_ the following estimate:
Ci(e) =p(t) £Cy(e) for |t|SR(e).
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PROOF. is a consequence of the fact that by the condition m<k, we
can choose a constant ¢ such that p(x)"*/p(x)"¥* is integrable. In fact, the
function p(x) 9 p(x)"¥* behaves like C|x| ¢ "™#®9*i ag |x|—co. Hence, from
this our assertion follows. gq.e.d.

Next we shall introduce some operators. Let p(x) belong to K*(m). For
each fixed t€R", h=1 and A>0, we define the operator R,,(2) (=R{%(4)) as

(2.6) Ry w()=(—hd+1+2p(t)"
and R(A) (j; positive integer) as

26)  RAD= (L) Rop(®=(—1)G 90 (—hA+1+Ap(0) 1+

The operator R (2) (j; non-negative integer) is an integral operator with
kernel F{#(x—y;A) (real-valued), which is defined by

@27  FRy; A=D0 !)p(t)j(Zn)‘"je“”f(h 1€ 214+ 2p() "9V de
= (_1)1'(]' !)(zn)—nh—nﬂp(t)](l+ZP(t))n/Z-(jH)G(j)(g(t’ h, Z)y) ,
(i=v—1)

where '
g(t, h, A)=h~*(1+Ap(1)"?,

GP(3)= [e (1 [*41)"9+ds .

We shall state the well-known properties of the fundamental solution
G(y) (Mizohata [7])).
LEMMA 2.3. G“(y) satisfies the following estimates:

G2 =HW) |y P77, if n>2(7+1),
=HO)|y|™ , iof n=2(j+1),

= H(y) » 1f n<2(+1),

l aik G”’(y)|§H(y)lylz"'“"‘"“), if n>2(+1)—1,
=HW) 1™, if n=2(j+1)—1,
=H(), if n<2(j+1)—1.

Here H(y) is a rapidly decreasing bounded function.
Finally we shall state the Tauberian theorem of Hardy and Littlewood.
LEMMA 24. Let a and B be positive numbers satisfying f>a>0. Let 0,(2)
be a non-negative non-decreasing function on [0, o) with a positive parameter
h and let oh(+0):12i£13 o, (A)=0. Assume that for any 6>0 small enough, there

exists a constant C(0) independent of h such that for t=C(0)h7, y>0,
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! { “(z+t)-ﬂdah(z)—za-ﬂ[ <518,
0
Then, there exists a constant C,(0) independent of h such that for A=C,(0)h7,

re .
D= T@iDl(—a) *

<0A%.

The proof of this lemma is done by examining the proof of the Tauberian
theorem in [5]

§ 3. Eigenvalue problem on the whole space.

In the first half of this section, we shall consider the following auxiliary
problem :
3.1) HER)v=h(—DH*v+v=29(x)v, ve L}(R"),

where ¢(x) is assumed to belong to K*(m) with n<m<2k. It is clear that

H(k) is a positive self-adjoint operator with domain D(H(k))=H?*(R™).
Problem [3.1) is transformed into an equivalent eigenvalue problem of the -

following form :

3.2) AR u=q ?(h(—A)*+1)q *u=2u .

Here the operator A(k) is a positive self-adjoint operator with domain D(A(k))
= RHE) ).
For each fixed tR" we define the operator E,; (1) (h=1, 1>0) as
Eon(A) = (h(—d)*+1+29(1)) .

The operator E,,(4) is an integral operator with kernel
3.3) Kinlx—y; A)= (27r)‘”fei‘”‘”"' (hE1**+1+429(D) " dE

= (2m) "hTMER(LA-Ag(O))VEE T E(f(t, By A)(x—))) ,
where
J(t, hy 2)=h*2(14-2q(1) ",

E(y)= [e3(1&|*41)"d¢ .

It is clear that E(y) is a rapidly decreasing bounded function by the condition
n<2k.

We note that all constants appearing throughout this section are independ-
ent of A, A2 and &

THEOREM 3.1. Assume that q(x) belongs to K*(m) with n <m<2k. Let
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{v;}7=1 be eigenvalues of problem (3.2). Then, there exist constants C and «a,
0<a<l, such that for A=h,

(3.4) i (”j+/z)_2§Ch_n/»2k2ﬂ/m_2 .
=1

PrOOF. Define the operator E,(3) as E,(A)=(—4)*+1+2¢)". Then we
have
(3.5) qPENAG = ¢ PE (D) P+ A9 P E 1 (D) (q(6) — ) En(D)gV? .

Let {v,}7- be the normalized eigenfunctions (real-valued) corresponding to the
eigenvalues {v;}7~;. Then, letting operate on each v;, we have

(3.6) (v;4+2) ;= q"V?E, () q"?v;4+A(v;42) ¢ E, 1 ()(q@) — q)q~ v,
since ¢V?E,(A)q"?v,=(v,+A)'v;. Set 8;(t, »)=(¢®)—q(»))q(») *v,(»). Then, re-

writing (3.6) in the form of the integral equation, we have

(37 Wy 070,90 = q(0)V* [ K, u(x—y 3 D) 0,(3)dy

+ 200, 2) () K=y DAL, 3)dy

=a,(x, )+b;(x, )  (cf. [107).
Since each v;(x) is a smooth function by the regularity theorem for elliptic
operators, is well-defined for all x. Hence, putting x=¢ in [3.7), we have
(3.8) (Vj+/z)—lvj(t): (lj(t)‘I"bj(t) y

where we have set a;({)=a,(t, t) and b;(f)=b,(t, ). By taking the square of
both sides of [3.8), summing up with respect to j, and integrating over the
whole space, we have

(3.9) S A0 =2(E fo,0dt+ 3 fb,07dr).

The proof is completed as an immediate consequence of the following lemma.
LEMMA 3.2. There exists a constant «, 0<a <1, such that for A=h*,

(310) i jaj(t)zdté Ch~™2knim=2 ,
j=1

(3.11) ifbj(t)zdté Ch-m2kn/m-2
i=1

ProoF. We shall first prove [3.10). Using the Parseval equality, we have

S a0 = g Kinlt—; Da(0)dy=1).

We write I(f) as follows:
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1t)= q(t)zjKt,n(t—-y s A)dy+- q(t)fg Kont=3; HXq(3)—q(D)dy

40 go Kenlt=y; %(a(n)—a(®)dy

=L+ LM+ LA,

where we denote by £,, and £, the set {y||t—y|=1/2p(#)} and its comple-
ment respectively. We shall first consider the term [;(¢). By the Parseval
equality and a change of variable, we obtain

[Eont=y; D2dy=2x) [ (1§ +1+ 29(1))*dE
:Ch—n/zk(l+2q(t))n/2k—2 .
Hence, by means of Lemma 2.1, we have

(3.12) j I,()dt=Ch-"2* j a(1)* (14 Aq(£))™2*=2dt < Ch-m/2kgeim=2

Next we investigate the term I,(¢). By the condition (K*-3) in
we have for ve£,,,

lg(3)—q(t)| = Cq(t).

Using this inequality, we have
813)  [Ldt=cC j q(0)dt j K, u(t—y; DMdy<C j L(D)dt < Ch-mekgum=2
24/2

Finally we shall estimate the term I,(f). We have

B.14) [L0dt= [qydtf o Konlt—y; Ddy+[adtf 0 Konlt—y; Da(3)dy

We see that the first term on the right side of (3.14) is dominated by
Ch~™2kpvm=2 " On the other hand, recalling the definition of K, ,(t—y;2) given
by [3.3), we have for any p>0 large enough and y=%,,

(3.15) | Ko n(t—y; A)| S ChP M 14 Aq(1)) 2281 [ t—y | P
g Ch(p’")/”(l—l—}q(l‘))(”_p)/”’lp(t)'p ,

since E(y) is a rapidly decreasing bounded function. Hence, by means of
and [(3.15), the second term on the right side of (3.14) is dominated
by

(3.16) Chee=mHg()(14 Ag(0)™~7*~2p(t)*2dt [ q(y)dy

é Ch—n/zkzn/m—zhrz—ﬁ ,
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where y=p/k—n/2k<f=p/k—n/k+n/m and we have used the fact that g(¥)
is integrable by the condition n<m. Choosing p appropriately and setting
a=7/B, we can obtain [3.10).

Next we shall prove [3.11). Using the Parseval equality, we have

21 b, (0 = g Ko nlt—y; At —g(3))*a(y) " *dy
=200 Kop(t—3 5 D%0)dy+20(0) , Konli—y 5 DP9 dy

+20(0)°f po Konlt—3; 0%(3) ™" dy
=IO+ 1(O+111(1) .

The term f[(t)dt has been already estimated in the proof of and satis-
fies the desired estimate. By [1.1), we easily see that g(¥)*=Cq(f)™! for y&
2., Hence, it readily follows that the term. ‘fH(t)dt is dominated by
Ch~™2kpmm=2 It remains to show that fHI(t)dt satisfies the desired estimate.

Noting that for any p>0 large enough,

[ g 1t=3177q(3) dy=Cp(t)-27*m+™,
2is

we have by means of and that

[ III(t)de = CRo=m"{ gty (1 2q ()P 4=2p(8) 200y
g Ch—n/zkln/mdhrx—ﬁ ,

where y=p/k—n/2k<B=p/k+n/m—n/k. This completes the proof of [3.11).
q.e. d.

We now study the following eigenvalue problem:
(3.17) Au=p " (—hd+1)p V?u=2u, ueL*R"),

where p(x) is assumed to belong to K*(m) with 0<m<2, and A is a positive
self-adjoint operator with domain D(A)=R(p*(—hd+1)"1p*?).

Problem is equivalent to problem [0.3). Let {g;}7: be eigenvalues
of problem [3.1I7).

We now fix a positive integer [ such that k,=2'>n/m. Then, we have

LEMMA 3.3. Let k,=2' Assume that p(x) belongs to K*(m) with 0<m<2.
Let {v;(k)}7 be eigenvalues of the problem
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h¥(—Drv+v=2p(x)*v, ve L¥(R").
Then, we have for each j
ko>”](ko)

ProoF. We first note that for any ve H*(R"),
(3.18) ((—hd+1)v, (—hd+1)v) = ((K*(—4d)*+1)v, v).

Let yg; and w; be the j-th eigenvalue of problem and the eigunfunction
corresponding to u; respectively. Then, by (3.18), we have

(3.19) (R (=) +Dw;, wy) = p5(Pw;, wy)

from which it follows that gi=v;(2). In fact, by (3.19), we see that there ex-
ists a subspace of j-dimensions lying in H?*(R"™) such that

((h*(—=4)*+Du, ) = p5(P°u, u).

This implies that g2=v;(2). By repeating this step, we obtain the conclusion.
q. e. d.
From now on, we denote by @ some constants satisfying 0<a <1 and in-
dependent of h, 2 and J, which may differ from each other.
LEMMA 3.4. Let k be an integer satisfying k=k, Then, we have for A=h",

(3.20) i (#j‘{“/z)—zkéCh_n/zZn/m"”.
J=1

PROOF. is an immediate consequence of and

3.3. In fact, we have for A=h%,

S (py+2) 2k < 22k~ k0> 5 (g, 2)2k0 < 1-2k= k0 n (v, (ko)+ A40)
Jj=1 J=1 J=1
éCh~n/22n/m—2k.

This completes the proof.

Now we shall state the main result of this section.

THEOREM 3.5. Assume that p(x) belongs to K*(m) with 0<m<2. Let
N,(A; D) be the number of eigenvalues less than A of problem (3.17). Then, for
any 0>0 small enough, there exists a constant C(0) independent of h and A such
that for A=C(0)h"*, 0<a<1,

| Na(2; )= Coh2am | < G722,
where

&= 2r) " (2n) o I AL D (i pynde,

I'(n/m)

ProoF. For each fixed t=R" we begin with the following equation:

(321) (b D) uy= PR, (NP 2y A+ ) R p (O — D)™,
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where u; is the normalized eigenfunction corresponding to g; and R,,(4) is

the operator defined by [(2.6). (3.21) is the equation corresponding to (3.6) in

the proof of and is obtained exactly in the same way as (3.6).
We now fix an integer k such that

E>max (n/2—1, n/2m—1)+k,=max (n/2—1, n/2m—1)+2'>n/m.

Then, by differentiating (3.21) k-times with respect to 4 in the sense of L*(R™),
we have

(3:22) (= 1)MCk Dpty D740y = PR,

‘i{% C(s)(py+ )" EOp 2 RE ()P —p)p~Vu,

- '2EkoC(7><ﬂj+1)“"’"“’P”R%(Z)(ﬁ(t)~1>)1>‘”2u i

Set 8,(t, W=(p@®—p(Np(»)"**u;(»). Then, rewriting in the form of the
integral equation, we have

323 (—DME (D ()= () FiRe—y s Dp(3) () dy
3 06ty +2) ) Fifi(a—; 20,(t, 3)dy
2.3 C0) s+ 27 pa) [ Fipe— 5 D0 (t, 3)dy

= a0, D5 CObyalx, D+ 2ty A E COIbel, 1)

Since each u;(x) is a smooth function, is well-defined for all x. Hence,
putting x=t¢, in particular, in [3.23), we have

(3.24) (=DMl Dpty -2 F (1) = a,(8) + £ 0,0

+ 2+ D7 2 COby(D)

= aj(t)"}‘bj(t) ’

where we have set a;(£)=a;(¢, ) and b, (#)=b; (¢, ). This is our basic equality
in proving this theorem.

As in the proof of [Theorem 3.1, taking the square of both sides of [(3.24),
summing up with respect to j, and integrating over the whole space, we have

(k 1)? 21(;1,-—[—1)‘“’*“7: 21 faserat+aS fa b, nat+ S b0t

Further it follows that for any 6>0 small enough,
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(325 |0 55 (272000 — £ oot
J=1 Jj=1

<63 [a,(02dt+C0) T [b,(t7at.
Jj=1 Jj=1
In order to complete the proof, we need the following lemmas concerning the

estimates for jilfaj(t)?dt and iljbj(t)zdt. These lemmas will be proved after
= j=

the completion of the proof of this theorem.
LEMMA 3.6. For any 0>0 small enough, there exists a constant C(8) in-
dependent of h and A such that for 2=C(0)h*, 0<a<],

< 5h-n,22n/m 2(k+1)

f )Zdt C (k)h n/zxn/m 2(k+1)

where Cy(k)y=(k1)2n/m F(2(k+1l2_2~—(g_/!~ng>lw(n/m) 50 and 50 1s the constant defined in

Theorem 3.5,
LEMMA 3.7. For any >0 small enough, there exists a constant C(9) in-
dependent of h and 2 such that for A=C(0)h%, 0<a<],

i'zl (b, (Ddt < snmearm=2cen  (r=0, 1, -, B)

Completion of the proof on [Theorem 3.5 By vitue of Lemmas B.6 and
B.7, it follows from [(3.25) that for A=C(d)h%,

(3.26) @ (st D7 ED—=n/m F<2(k?22<kn4T;)F(n/ M) 8 ensa guimerchsn

§ ah—n/zzn/m-Z(k%—l) .

Now we are in a position to apply the Tauberian theorem of Hardy and
Littlewood to (3.26). Then, we get the conclusion. q.e.d.
Now we shall prove Lemmas and
Proor oF LEMMA 3.6. Using the Parseval equality, we calculate as

follows:

(3.27) 3 a)(02=pO)[ Fitt—y: 0°0(3)dy
= P iR —y; D*dy+p(1)[ ) F(t=3 2 (p(3)—p(8))dy

00 e FR(—; D(p(3) —p(t))dy
= 1)+ 1I(t)+ T1(D),

where we denote by 25 and £25 the set {v||t—y|=0dp(f)} and its complement
respectively. We shall first deal with the term I(f). Recalling the definition
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of Ff,k,i(tfy;k) given by (2.7), and using the Parseval equality and the condition
k>n/2—1, we have

(3.28) jFéf’;i(t~y s A*dy=(2m)""(k I)Zp(w“j (h| €121+ 2p(t)) 2k 0de

= 2r) "C(R)A™ ™ p(t)2F(1+ Ap(t))™/2-2k+D

where

— (12 2 1)-2k4D g8 — (b )2 I'@k+D)—n/2)I'(n/2)
Cull) = (B D[ (1§ 1°+ 1) 4 Ddg = (k== g

Hence, by means of Lemma 2.1, we have that as A—co,
J‘I(t)dt: (27r)—nCl(k)h-n/pr(i)Z(ki-l)(l_l_Zp(t))n/z—z(k-fl)dt
= Co(k)h—n/zlzn/m—z(k-kl).*_h—n/Zo(Zn/m-2(k+1)> ,

where we note that o-estimate is uniform with respect to k, and C,(k) is the
constant defined in
Next we shall show that

fl][(t) [dt < COh—m2qnim=2ck+D)

But this is easily done since |p(t)—p(¥)|=Cop(t) for y=8; by the condition
(K*-3) in Finally we shall consider the term [II(t). Since k>
n/2—1. Fi®(y; A) is a rapidly decreasing function. Hence, by a method similar
to that given to the term I, (f) in the proof of Lemma 3.2 we can show that
there exist positive constants 8 and y satisfying 5>y such that

(3.29) f [ITI(t) | dt < C(8)h~™2Rm/m=2Ck+Dp7 =8

Therefore, choosing 4 in so that C(0)h"AF<4, we have for A=C(0)h* (a=
7/8)

(1111t | ats o nm-acksn.

Combining the above estimates for fl(z)dt, j |TI(f)|dt and j |III(t)|dt, we

obtain the conclusion.

ProOF OF LEMMA 3.7. The proof is divided into two cases and two dif-
ferent methods of estimates are employed.

2) Instead of the integrability of ¢(y) in [(3.16), we use the following estimate
with some constant C(4) independent of ¢:

[gl=91-mpn =0
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Case 1, k=r=k—k,>max{(n/2—1, n/2m—1): Using the Parseval equality,
we calculate as follows :

é b (D= 2‘2<k'”p(t)fF£51<t—y s DM —p()*p(¥) "~ dy
< Q7R p(p) f o, Fin(t=y s D*(PO—p(3))*p(3)™'dy
+22~2(k—r>p(t)3j.ggF§f,’L(t—y ; A?p(v)~dy

12272k Dp(f) f o Fnt—y; D*p(y)dy

= I(O)+ II(t)+ TTI(E)

where we should note that since r>n/2—1, F{;(t—y; 2) is a rapidly decreasing
bounded function as a function of y.

We shall first consider the term I(f). By the condition (K*-3) and [1.I),
we have

(3.30) (PN —p®)*p(y)~* = Co*p(t)
for y=£2;. On the other hand, it is easily seen that

3.31) fFé,’ri(f—y s APy = Ch™"p(8)* (14 2p(£)™* 2T *+D .

Hence, in view of and ((3.31), it follows from and the assump-
tion 2(r+1)m>n that

(3.32) fl](t) | di‘é Cazh'"ﬂzn/m-m“) .

Next we shall investigate the term II(¢); the term III(f) can be dealt with

in the same way. Since F{3(y;A) is a rapidly decreasing bounded function, it
follows from the definition of F{(t—y;A) given by (2.7) and that
for any p>0

(3.33) |Fin(t—y; )| = CREEp@) (14 2p(H) =272+ D [t —y | 7P,

Furthermore, we have for any p>0 large enough,
J ol t=2177p(3) dy = C@)pltymen,
By using these estimates and Lemma 2.2, J|11(t)[dt is estimated as follows:

(|[](t) |dt < C(g)h(p—n)2—2<k-r)j.p(t)2r+3(1+Zp(t»n-p—z(rﬂ)p<t)-2p+n+mdt

= C(a)h‘”/zzn/m-2(k+1)h72_ﬁ ’
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where y=p—n/2<B=p+n/m—n. Therefore, choosing p appropriately and 2
so that C(0)h"AP<d, we have

(3.34) fl—U(t) |dt < Sh-n/2an/m-2ck+ D)

for Zgé@)h“, a=7/B. Combining [3.34) with [3.32), we obtain the conclusion.
Case 2, 0=<r<k—k,. We calculate as follows:

35,0 = £ (00 pO([Fint—; 20, 3)dy)
=28 (et 7 p0(f o Fit—35 00,8, )

oo 2
+235 (e D700 ([ o Fiat—y; D058, )dy)

=I{t)+1I() .

We note that for any r=0 F{(t—y;4) is a rapidly decreasing bounded func-
tion on £2% as a function of ¥. Hence, by applying the Parseval equality to

II(t), the estimate for leI(t)ldt is carried out exactly in the same way as in

the proof of Case 1 and we obtain

le(l‘) | dt < oh~™EQnm-2Ck+D
for 2=C()h".
Next we consider the term I(f). We shall show that

(3.35) 111= [ p(oyde(f , Firt—y; D¢, Ndy) S CFLE,

where C is a constant independent of j, A, 2 and 0. If we are able to prove
(3.35), the desired estimate is obtained as follows: Since k—r>k,=2!>n/m,
we have by virtue of ‘

(3.36) i (ptj+2) "2k < Cpm/2gnim=2ck=m>
=t
for A=h* Hence, combining with [3.35), we have for A=h",
had 2
-2Ck-r Y4 Ay e
Ju®Idt=C 5 (0720 pwdn(f, Finlt—y; 00,8 9)dv)
§ C52h-n/2zn/m-2(k+1) .

This completes the proof.
Now we shall prove [3.35). To do so, we note the following two facts.

(a) There exists a constant C independent of of ¥, z, 7 and 0 such that for
|y|<0 and |z|=9,
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[lust+y0) | u,t+zp@p]dt=C.

(b) The following estimate holds:
| Fm(t—y; A S Cp(t) A+ p()" "2 t—y| ™.

(a) is obtained by the Schwarz inequality and changes of variables. (b) is
proved with the aid of Lemma 2.3. In fact, it follows from the definition of
FR(y; ) given by (2.7) and that for 2(r4+1)<n,

[Fin(y; D= CR™2p(t) (A4 Ap@)™* TP |G (g, hy )|
= Ch72p()" (1 Ap(D)™*= 0 | g (1, h, Dy [**P"H(g(t, h, 1)3),

where g(t, h, )=h""2(1+2p(?))"* and H(y) is a rapidly decreasing bounded
function. Hence, using the estimate

|g(t, h, Dy|* TP H(g(t, b, DY) =C,

we easily obtain the statement (b) in the case of 2(r+1)<n. Also in the case
of 2(r+1)=n, we can obtain the desired estimate in a similar manner.

Taking the above facts (a) and (b) into account and using the following
estimate obtained from the condition (K*-3) and [(1.1};

105, )= 1(p@)—p(INP() ™ u (31 = CH(E) ()7 1=y ] |u;(3)]

for y=£; we have by changes of variables

IT = Clp(ty DL+ 2p0) ™0 o)t , 1= 1" luy(D)]dyf, 1= 21"" uy(2) |dz

écz—zwﬂ)f

17124

il rdnf 11 o) (o) de
< o2 %T+D ,

from which follows. Thus the proof is completed. g.e.d.
As a direct application of [Theorem 3.5, we have the following theorem.
THEOREM 3.8. Assume that p(x) belongs to K*(m) with 0<m<2. Let n(r;p)

be the number of eigenvalues less than —r of problem (1.2). Then, as r—0,

n(r; )= Corms-im-po(rna-nm),

where C, is the constant defined in Theorem 3.5.

PrROOF. We first note that n{r;p)=N,(h;p) with r=1/h. On the other
hand, since 0<a<1, shows that for any 0>0 small enough, there
exists a constant A(d) such that for h=h(d),

| N,y (h sp)— Copnim=nr2| < §pnm=nsz

From this fact we can easily obtain the conclusion. g.e.d.
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The method developed above can be applied to more general elliptic
operators.
Let us consider the following eigenvalue problem :

ADDyu—p(Xu=2au, ucsL*R"),

where A(D) is a homogeneous elliptic operator of order 2/ with constant coef-
ficients and p(x) is a function belonging to K*(m) with 0<m<2l. Let n(r;p,
A(D)) be the number of eigenvalues less than —r of the above problem. Then,
we have

71(7’ ; jb, A(D)) — éorn/zl—n/m+O(Yn/zl—n/m> ,

where we can give the explicit expression of the constant 50 but we do not

refer to it here (see [9]).

§4. Eigenvalue problem in an unbounded domain.

Let p(x) be a function belonging to K(m) with 0<m<2 and let £ be the
open set given by 2={x|p(x)>0}. Then, consider the following eigenvalue
problem :

4.1 Au=—hdu+u=2p(x)u, ueH2).

Here A is the positive self-adjoint operator associated with the symmetric
bilinear form

a(u, v)= h:gl (a—i;u, *a%k—vl)—’r(u, V)o s u, veEHY(Q),
where ( , ), stands for the scalar product in L*(£). As in §3, we transform
problem into the following equivalent eigenvalue problem :
(4.2) Su=p *(—hd+1)p Vu=2Au,
where S is a positive self-adjoint operator with domain
AS)=R(P H(—hA+1)7p7)

Throughout this section, we use the notations G; and 2'; which were defined
in § L.

Our aim of this section is to prove the following theorem.

THEOREM 4.1. Assume that p(x) belongs to K(m) with 0<m<2. Let Ny(Z;
b, 2) be the number of eigenvalues less than A of problem (4.2). Let y>0 be
fixed arbitrarily. Then, for any 0>0 small enough, there exists a constant C(0)

3) The operator pV2(—hd+1)71p¥? is a compact operator in L2(Q) since p'/? is a
compact operator from H}(2) to L2%(2). Hence, problem (4.2) has only discrete eigen-
values.
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independent of h and A such that for 2=C(0)h%, 0<a<1,
W(45 D, Q) = CO()’)h“n/zzn/m_5h—n/22n/m ,

where

-n - F - 2 F 2 n/m
Culy) = @)@yt AL [ o pynd.
Before proving this theorem, we introduce some functions and operators.
Let ¢(x), ¢(x) and X(x) be real-valued C7-functions defined on R™ such
that ¢(x), ¢(x) and X(x)=1 if |x|=<1, =0 if |[x|=2 and that o(x)¢(x)=¢(x)
and ¢(x)X(x)=¢(x). For each fixed f in R" and any &>0, we define ¢, .(x)
as

r,e(1) = so(%p_(%)) :

Similarly we define ¢, .(x) and X, .(x).
Next we define the operators A,(4) and R,(2) for A>0 as

Ry(Q)=(—hd+1+2p)" = Au(A)™

where A,(2) is a positive self-adjoint operator with domain D(A,(1))=9D(A4),
and A,(2) and R,(2) are regarded as operators acting in L*(2). Furthermore
we define the operator A, .(4) for each fixed t€Gy as

Aup() = —hA+142p(0)

where A,,(2) is a positive self-adjoint operator with domain D(A,,(2))=H*(R™).
PROOF OF THEOREM 4.1. Let t=G,. Then, we choose a constant C(y)
independent of ¢ such that the set {y]|t—¥|=C(y)p(t)} is included in £. Let

¢ be fixed so that ¢e<C(y)/2. Then, for each fixed t=Gy, we have the follow-
ing equality :

(4.3) @:,eRh(z) = gbt,eRt,h('z)Spt,s+gbt,th,h(l)(At,h(/z)gpt,e-wt,sAh(Z))xt,sRh()J ’

where R, ,(2)=A,,,(4)"", which is an integral operator with kernel F,,(x—y;4)
defined by (2.7). (4.3) is easily obtained by using the equality ¢ Ax()X;,.=
¢, A(2), which follows from the relation ¢(x)X(x)=¢(x). From now on, we
simply write ¢., ¢. and X. instead of ¢, ., ¢, . and Z,. respectively.

Let {{;}7-1 be eigenvalues of problem and {w;}7~; be the normalized
eigenfunction corresponding to {{;}5;. Then, it follows from (4.3) that

(44) (LD paw;= G R (Do w;
+ (Cﬂ'2)—1¢5P1/2Rt,n(2)(Az,h(l)%——QDEAh(Z))Xep‘”ij .
By the same method as in the proof of [Theorem 3.5, we have the following

equality corresponding to (3.23):
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@5)  (CDMENCAD w0 = )" [Fistt—y; Do p() ™ w,(3)dy
S CONE+ D4 p0 [ Fit—y; Dot 3, Ody
FAE G+ AT e —y; D0, 3,90
RS G2 4T pey [ Fite—y; DB, D, 9p(0) ™ (9)dy
= a,(t, 9+ 2 COIest, SH A ECPet, o

+h3 gt 9,
where
0,(t, 3, &)= (BB —pINPY) " w,;(3),
B(t, D, e)=dp.—¢.4,

and % is the integer fixed in the proof of As in the proof of
Theorem 3.5, by taking the square of both sides of [4.5), summing up with
respect to j, and integrating over Gy, we have for any >0 small enough,

46) | @], word—e ) £, ot e

oo koo
=) [oast, 9dt+C@) 33 z J o.enrt, edt

k oo
2 2
+COR 3 X f, 5t ordt.

In order to complete the proof, we have to prepare some lemmas. The proofs
of these lemmas are very similar to those of Lemmas and B.7, and so we
shall give only outlines. Constants appearing in these lemmas and their
proofs may depend on ¢ and 7.

LEMMA 4.2. For any 0>0 small enough, there exists a constant C(9) in-
dependent of h and A such that for A=C(0)h%, 0<a<],

i . aj(z‘, 6)2dt—-co(7‘, k>h—n/22n/m—2(k+1) §6h~n/2zn/m—2(k+1) ,
J=1 T

where Cy(y, )=(k ?n/m F(z(k_}_]lzz_(;_/l_q?{(n/m) Co(y) and Cy(y) is the constant

given in Theorem 4.1.
PrROOF. By means of the Parseval equality, we get

3 0yt = DO Fit—; D000y
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If we have only to note the following fact (a), the proof is carried out in the
same way as in the proof of

(a)® For any 0>0 small enough, there exists a constant C(d) such that for

2zC(9),

‘jgrp(t)zck“)(l—{—Zp(z‘))"/z'ﬂk“)dl‘——Cl(r)/?"/m'ﬂﬂn

n/m-2Ck+1)
<ax ,

where

Cpy=1/m LM BLBEL Y0 (ot pymd.

q.e.d.
LEMMA 4.3. For any 0>0 small enough, there exists a constant C(0) in-
dependent of h and A such that for 2=C(9)h* 0<a<l,

i .f ej,'r(ty E)Zdté ah—n/22n/m—2(k+1) .
j=1v Gr

Proor. We note the following three facts (a), (b) and (c). Taking these
facts into account, we obtain the proof by an argument similar to that given

in the proof of Lemma 3.7

(a) There exists a constant C independent of y, z, j and 0 (small enough)

such that for |y|=<0 and |z|=9,
Jo. lwstryp@) 1w,t+z0(0) [dt = C.

(b) There exists a constant C independent of & and 4 such that for r=k,>

n/m and A=h",
i (Cj_*_/z)—zr § Ch—n/ZZn/m¢2(r+1) .
Jj=1

(b) is proved as follows: Let p(x) be a function belonging to K*(m) such
that p,(x)=p"(x)=max (0, p(x)). Then, consider the following eigenvalue prob-
lem:

pi(—hd+DpsVu = Au, usL¥R"™).

Let {{,,;}7-1 be eigenvalues of the above problem. Then, it holds that {,,;=(;
for each j. Hence, by virtue of [Lemma 3.4, we obtain the proof of (b).

(c) If 0 is taken sufficiently small, we have for y=2;={y||t—y[=dp(t)},
Cip() =p(y) = Cop(2) .
(c) is easily obtained from the condition (K-2). q.e.d.

4) This fact can be verified in the same way as in the proof of Lemma 2.1
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LEMMA 44. For any 0>0 small enough, there exists a constant C(8) in-
dependent of h and A such that for A=C(d)h*,

< ) 2 -n/2-29n/m~2Ck+1)
P { RO .
PROOF. Integration by parts yields
&t &)= (Cﬁl)"k‘”“P(t)”zf 2, (BX(t, D, e)Fi(t, y; ANp(3)™ V2w, (»)dy,

where B*(t, D, ¢) is the formal adjoint of the operator B(f, D, ¢) and we denote
by .2,. the set {y|ep(t)=|t—y|=2ep(t)}. The coefficients of the operator
B*(t, D, ¢) vanish outside the domain .2,.. Hence, B*({, D, e)F{(t—y;A) is a
smooth function. Furthermore, by virtue of and the definition of
F{n(t—y; A) given by (2.7), the following estimate holds for any p>0 large
enough and ye.2,.;

(47)  |BH(t, D, Ft—y; )| = CR? ™ p(ty (1 Ap() ™/~ +5(1)P

If ¢ is taken sufficiently small, it follows from the fact (¢) in the proof of
that for ye.92,.,

(4.8) PP =Cle)p(t) 2.

Using the Parseval equality and t‘he estimates (4.7) and [4.8), we have
é 8iyr(t, €7 = C(e)A > F-T*DRP ()" (14 2p(8))" P>+ D p(8) =22 *"

from which we obtain by means of that

(4.9) ,21 [ 808, €ydt = Clphm2rm2ckebp 18,

where y=p+2—n/2<p=p+2+n/m—n. Hence, we can choose C(d) and a so
that for 2=C(0)h" the righthand side of is dominated by 0h™"/272qn/m-2CkED,
q.e.d.
Completion of the proof of [Theorem 4.1. By virtue of Lemmas K2,
and 44, it follows from that for any >0 small enough and A=C(8)h%,
0<a<l,

(410) |§ (Cj+z)~2ck+1)0.j_(k !)_2C0(T! k)h—n/zzn/m-z(k+1) | éah—n/zzn/m—Z(k+1) ,
Jj=1

where aj:j'GTw ;(O%dt, and Cy(r, k) is the constant given in

Now we put Nh,r(l;p,.Q):,Zloj, and apply Lemma 24 with 0¢,(2)=
Sj~
h"* Ny (2; P, £) to (4.10). Then, we have
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INh,T(Z 0D, Q)_CO(T)h—n/ZZn/m! < Sh-m2pmim

for 2=C(0)h®, where Cy(y) is the constant defined in this theorem. Noting
that N,(A;p, Q) =N, (2;p, £2) for each y>0, we immediately obtain the con-
clusion. q.e.d.
As a direct application of [Theorem 4.1, we have the following theorem.
THEOREM 4.5. Assume that p(x) belongs to K(m) with 0<m<2. Let n(r;
b, ) be the number of eigenvalues less that —r of the problem

—du—p(xX)u=Au, ucsHYD).
Then, we have

lim inf r™™ "*n(r; p, 2) =C,,

r—0
where

I'(n/m—n/2)I"(n/2 Fl e pyR/m
n F(Z/m) n )fsn_la (w; p)"™dw .

Proor. We first note that n(r;p, @) =N,(h;p, 2) with r=1/h. Hence, by
virtue of [Theorem 4.1, it follows that for each y>0,

Cs=Q2m)"(2n) 00y

lim inf 7™ "2n(r; p, Q)= lin’} inf "2 "N, (h; p, 2) 2 Co(7) ,

70

where Cy(y) is the constant given in [Theorem 4.1 Since 7y is arbitrary, we
get the conclusion. qg.e. d.

§5. Eigenvalue problem with singular potentials.

In this section, using the results in [2], and [8], we shall study the
eigenvalue problem with a singular potential.

ProprosITION 5.1 (H. Weyl). Let T, T, and T, be self-adjoint compact oper-
ators in a separable Hilbert space 9. Assume that T is expressed as T=T,+T,.
We denote by A{(T) and 2;(T;) (1=1, 2) the n-th positive eigenvalue of T and
T, respectively. Then,

Airm-1(T) = A3 (T1)+2A(T) .

PROPOSITION 5.2 ([2], [3] and [8]). Let p,(x) be a non-negative function.
Assume that if n=<2, p,(x) has compact support and belongs to LP(R™) and that
if n>2, po(x) belongs to L™*(R™)NLP(R™), where p>max (1, n/2). Let M(A, 1) be
the number of eigenvalues less than A of the following problem for each fixed r
(0=r=1):

—du+ru=2p,(x)u, us H'(R™).
Then, as A—oo,

(5.1) MR, 3)=C{ p,(a)™*dxd™*+-o(A"),
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where C is a constant independent of r and p,(x), and the remainder estimate is
uniform with respect to r.

Let p,(x) be a function belonging to K*(m) (0<m<2) and let p,(x) be a
function satisfying the assumption in [Proposition 5.2l For each fixed 0<r<1
we define the operators T(r), T.(r) and T,(r) as follows:

T(r)=(—d+r)" ps+Ds),
T (=(—=4+7r)"p,, Ty (r)=(—=4+7)""p,.

We note that the operators T(r), T.(r) and T,(r) are self-adjoint compact oper-
ators in the Hilbert space H'(R") with the scalar product

[u, v],=((—=4+n)""u, (—4+1)"™).

LEMMA 5.3. There exists a constant e, independent of 0<r=1 such that
for any 0<e<e, and r, Ty(r) has at least one eigenvalue in (¢/3, ¢/2).
PrOOF. The above statement is obvious from the following two facts:

(a) The number of eigenvalues greater than ¢/3 of the operator 7,(r) is
equal to M(3/e, 7);
(b)  The remainder estimate in is uniform with respect to 7. q.e.d.

LEMMA 5.4. Let m(e, v) be the number of eigenvalues greater than ¢ of
the operator Ty(r). Then there exists a constant C(e) independent of r such that

(6.2) mle, r) < C(e).

PROOF. is an immediate consequence of [Proposition 5.2 q.e.d.

LEMMA 55. For any ¢>0 small enough, there exists a constant v(e) such
that for any r<w(e), the operator T,(r) has at least one eigenvalue 1n (1-—2s,
1—e).

PROOF. We note that the number of eigenvalues greater than (1—2¢) of
the operator T,(7) is equal to n(r; (1—2¢)"'p,). In fact, n(r; (1—2¢)7'p,) coincides
with the maximal dimension of subspaces lying in H'(R™) such that

(1—2&)((—d+7)"u, (—d+1)"u) <(—A+1)V(—d+r)"pyu, (—4+71)") .

This shows the above fact. On the other hand, by virtue of we
have

n(r; (1—2&)7'py) = C(1—2¢) MMy ™2 mm L og(pr/2=nimy |

where the constant C is independent of ¢ and the remainder estimate is uniform

for any ¢>-0 small enough. This completes the proof. g.e. d.
THEOREM 5.6. Let p(x) be a function satisfying the following assumptions:

(1) p(x) is decomposed into p(x)=p,(x)+p,(x);

(ii) p(x) belongs to K*(m) (0<m<2);
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(iii) po(x) satisfies the assumption in Proposition 5.2.
Then, for any >0 small enough, there exist constants v(¢) and C(¢) such that
for r<r(e), _

n(r;p)=n(r; 1—2¢)7'p)+Cle) .

Proor. We first note that n(r;p) is equal to the number of eigenvalues
greater than one of the operator 7(r). By virtue of Lemmas and b4, for
any e<g,, the m(e/3, r)(=C(e))-th eigenvalue of the operator T,(r) is less than
¢/2. On the other hand, by Lemma 3.5, it follows that for any 0<e<e, there
exists 7(¢) such that for any »<r(e), the n(r, (1—2¢)"*p,)-th eigenvalue of the
operator Ty(r) is less than (1—e¢). Hence, by proposition 5.1, the (n(r;(1—
2¢)7'p,)+C(e))-th eigenvalue of the operator T(r) is less than 1—e/2. This
completes the proof. q.e. d.

§6. Proof of the main theorem.

In this section, we shall prove our main theorem stated in § 1.
THEOREM 6.1. Assume that p(x) belongs to S(m) with 0<m<2. Letn(r;p)
be the number of eigenvalues less than —v of problem (1.2). Then, as r—0,

7’1.(7’ ; p) — Corn/z—n/m+0(rn/2—n/m) ,

where C, is the constant given by (1.3).
PROOF. By the condition (S—1), p(x) is decomposed into two parts:

P(x) = p,(0)+p,(x),

where p,(x) and p,(x) are functions satisfying the conditions (S-2) and (S-3)
respectively. Furthermore, by the condition (S-2), there exists a sequence
{g.(x)}3=, such that for each & ¢,(x) belongs to K*(m) and that

(6.1.1) a(w; g =C,
(6.1.2) lim alw; g =a*(w;p,).
We shall first give the estimate from above for n(r;p). It is clear that

for each %k n(r;p)=n(r;q,+p,). Furthermore, in virtue of it
follows that for each 2 and any ¢>0 small enough,

n(r; gt py) =n(r; (1—2¢)7'q) +C(k, ) .
Hence, we have by means of that

lim sup 7™ " n(r; qut-p,) = (1—2s)‘"/mC4fSn_la(w ;g™ do,

where

I'(n/m—n/2)"(n/2) '

I'(n/m)

C,=(Q2rm)"(2n) -,
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Since ¢ is arbitrary, it follows from [6.1.1), (6.1.2) and the Lebesgue conver-
gence theorem that

(6.2) lim sup M2y p) = Gy,

where C, is the constant given by (1.3). Thus we have established the estimate
from above.

Next we shall give the estimate from below. Let £ be the open set given
by {x]p,(x)>0}. Then, consider the following eigenvalue problem with zero
boundary conditions:

—du—p(u=24au, ucsHQ).
Let n(r;p,, £2) be the number of eigenvalues less than —r of the above prob-

lem. Then, we can easily see that n(r;p)=n(r;p, £). Hence, we have by
virtue of

(6.3) lim inf 7™ ™?n(r; p) =lim iglf Mty b, D =C,.
r—0 r—
Combining and [(6.3), we obtain the conclusion. q.g. d.

§ 7. The asymptotic distribution of discrete eigenvalues
for the Dirac operators.

In this section, we shall apply the method developed in the preceding
sections to the Dirac operators. Let us consider the following eigenvalue
problem :

(7.1 Sp=S.p—p(x)p

=(k2i‘.l arta)p—pR)e=12¢.
0
0x,
function belonging to [L*(R*71*; a, (k=1, 2, 3, 4) are the Dirac numerical 4x4
matrices satisfying the relationship a,a,+a,a;=20;,; p(x) is a scalar potential
which we suppose, for brevity, to belong to A7 (m) (0<m<2). For later use,
we write the explicit form of «,:

Here §.= ——i( ) (i=~+—1,k=1,2,3); o=(¢,, -+, ) is a four-component

-1

We denote by 7n,(r;p) (r>0) the number of eigenvalues lying in (—1-+7,
1—7) of problem [7.1} We remark that since p(x)>0, discrete eigenvalues
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“cannot admit A=—1 as a cluster point.
LEMMA 7.1. For any 0>0 small enough, there exist operators A(£0) such
that for any <[ C7(R*)]Y,

LA(=d)e, e1=[(S*"—1D¢, ¢]=[A(+0)¢, ¢],
where

By(+£0)
By(£0)
By(£0)
By(+0)

B(+0)=(—1F0)4—2p+C(0)p* and B,(£0)=(—1F0)4d+2p+C(d)p?, while [ , ]
stands for the usual scalar product in [L*R*]*, that is,

A(+0)=

-

4 4
Lo, $1=2 (0, ¢5) and [T'=3 (05 ).
PrOOF. A simple calculation yields

7.2)  [(S*—De, e1=[(Si—De, ¢1+[ %0, ¢]
—2Re [(Sy—ay)o, ppl—2[a,p, po].

1 0 ’
1 ‘
Noting that a,= . 'F we see that
0 !
2 4
(7-3) [C(499, pSD:l :];1 (f’SDjy @j)—jgé (p.wj: 99]) .

On the other hand, we have for any J>0,
(7.4) 21L(Ss—ay)e, pell = oL(S;—a)e]*+1/6[ pe?
4 4
=08 (= dp;, ¢)+1/0 Z (b9, 0)).

Hence, in view of [7.2), [7.3) and [7.4), we obtain the proof since Si—1=-—4.

q.e.d.
THEOREM 7.2. Assume that p(x) belongs to K*(m) with 0<m<2. Then, as

no(r : p) — strs/z—s/m+0(73/z—3/m) ,

I'(3/m—3/2)

Co=1/12(2n ™) =g = j L@ P mdw.
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PROOF. Only an outline of the proof will be presented. We note that
no(r;p) is equal to the maximal dimension of subspaces lying in [CP(R*]*
such that

[S?e, o1<(1—7)Lo, ¢].

Therefore, by virtue of Lemma 7.1, we can apply the same argument as in
the proof of to the operators (—1F8)4—2p+C(6)p* in obtaining
the estimates from above and from below for 7n,(z;p). We should note that
since p(x)? decays at infinity faster than p(x), C(6)p(x)? has no contribution to
the leading term of the asymptotic formula for #n,(r;p). q.e. d.

§ 8. Concluding remark.

REMARK 1. The assumption is weakened as follows. Consider a
smooth function p(x) satisfying

(K’-1) lim ™p(ro)=r(w;p),
where we do not assume that the convergence is uniform with respect to ®
and that a(w;p) is a continuous bounded function on S™%

Let 2* be the set given by 2*={wl|a(w;p)>0}. Then, we assume the
following conditions:

(K’-3) 2% is an open set in S™7!;
(K’-4) The convergence in (K’-1) is locally uniform in 2+ and a(w;p) is a
continuous function in X'*.

We denote by K’(m) the set of all smooth functions satisfying (K’-1), (K-2),
(K’-3) and (K’-4) and define S’(m) corresponding to S(m) with K(m) replaced
by K’(m) in (8-2). Then, for a function belonging to S’'(m) (0<m<2), we have
the same conclusion as [Theorem 6.1l
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