SCHRODINGER OPERATORS ON THE WIENER SPACE

ICHIRO SHIGEKAWA*

ABSTRACT. We discuss a Schrodinger operator on the Wiener space of the
form L — V', L being the Ornstein-Uhlenbeck operator and V' is a potential
function. We determine the domain of L —V and show the spectral gap under
the assumption of exponential integrability of the negative part of V.

1. Introduction

We consider a Schrodinger operator 2l = L — V' on an abstract Wiener space
(B, H, i1). Here L is the Ornstein-Uhlenbeck operator and V' is a scalar potential.
Our goal is to determine the domain of L — V. To be precise, we will show that
Dom(2) = Dom(L) N Dom(V') under a suitable condition.

This kind of problem was considered in the context of scalar field of quantum
field theory. Essential self-adjointness was discussed by Segal [5], B. Simon [10] and
others. Issues of determining the domain and the spectral gap was considered by
Glimm and Jaffe [1], Simon and Hgegh-Krohn [11], etc. Their methods depend on
the hypercontractivity but we use logarithcic Sobolev inequality, which is known
to be equivalent with the hypercontractivity. To determine the operator domain
we use the intertwining properties of operators.

The organization of the paper is as follows. In §2, we discuss the essential
self-adjointness of a Schrodinger operator. We use the perturbation theory and
the logarithmic Sobolev inequality. We also give a refinement of the logarithmic
Sobolev inequality in terms of the generator itself. In §3, we determine the domain
of the Schrodinger operator. The intertwining property of operators plays an
important role. Last, in §4, we discuss the spectral gap of the operator.

2. Essential self-adjointness

We first fix notations. Let (B, H,u) be an abstract Wiener space, i.e., B is a
Banach space, H is a Hilbert space imbedded in B, and p is the Wiener measure
with the characteristic function

) 1
/ ez(w,tp>M(dw) — exp{—ihp‘%[*}, p e B*C H*. (21)
B
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Let FC§° be the set of all functions f: B — R such that there exist n € N,
F e C°(R™) and ¢y, ..., p, € B* with

f((E):F(<$,301>7,<1',(pn>) (22)
We suppose that a Schrodinger operator L — V is defined on L?(u), where L is
the Ornstein-Uhlenbeck operator, and V is a scalar potential. We first consider
when L — V is essentially self-adjoin on FC§°. To do this, we use the theory of
positive generalized function (see, e.g., [3]). We denote the L?-norm by || |2 and
the operator norm by || ||op. We divide V into the positive part Vi := max{V,0}
and the negative part V_ := max{—V,0}. We have the following

Proposition 2.1. We assume that V, € L**. For the negative part, we assume
that there exist 0 < a < 1, b > 0 such that

IV-£llz < allLfll2 + bl f]2- (2.3)
Then —L 4V is essentially self-adjoint on FCG°.
Proof. From (2.3), we have
V(e = L)™' fllz < al| L(e = L) ™" fll2 + bll(c = L) 7' f]2.

Further, by using the spectral decomposition, we have ||L(c — L) |lop < 1, |[(c —
L) lop < 1/c and thereby

b
IV-(e= D)7 )2 < (a+2) £

Take ¢ to be large so that a + 2 < 1. Since L is symmetric, we also have ||(c —
L)™YW_|op < 1. From the assumption Vi € L?T, we can take p, p’ > 1 so that
I+l +5=landV, € L.

¢—L+V is clearly well-defined on FCg°. To prove the essential self-adjointness,
it suffices to show that

Ker(c— L+ V)" ={0}. (2.4)
Now we take any g € Ker(c — L + V)*. Then we have, for all f € FC§°,
(e=L+V)f,g)=0. (2.5)

Let ¢’ be a conjugate exponent of p’. Then Vg € L7 By noting that FCg§°
is dense in Fp, we can see that (2.5) holds for all f € Fo,. Let {I}} be a
semigroup generated by L — c. Since F3,, is invariant under 7}, we have, for all
f e fz,plu

Tifo) = (f.0) = [ STFavds = [ (L= aTsgds = [ (T.f.Vayas

Recalling that F3 , is dense in L* and using the continuity, we have

t
(. Tug) — (f.9) = /0 (T.f.Vg)ds,  VfelL.

In particular, taking u € (Fo )4, f =usgng € L¥" | it follows that

(usgng, Teg) — (u, |gl) = / (Tu(usgng), Va)ds.
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Since the semigroup {7};} preserves the positivity, we have

(u, Ti|gl) > (u,sgn g Tig)

and therefore )
(. Tilal) = G lo) > [ (T.(useng). Vo
Dividing the both hand by ¢ and letting t — 0,
(u, (L = ¢)|gl) = (usgng,Vg) = (u, Vlgl) = —(u, V_|g]).

Here (L — ¢)|g| is regarded a generalized function as an element of F_g ,. Since
the identity above holds for all u € (F2 )4, it follows that (L — ¢)|g| + V_|g| €

(}——Q,q’)—s--
On the other hand, for f € F3 5, we have

[(V-lgl )1 = (gl V=) < llgll2llV-fll2 < llgllz(allLfll2 + Bl fl2)-

Then we can see that V_|g| € F_g 5. The same is true for (L — ¢)|g| and hence
we have (L — ¢)|g| + V_|g| € F_2,2. Now, using [3, Proposition 3.5], we can get
(L —c)lgl+ V_|g| € (F-2,2)+, which means

(c=L)lgl <V_|gl inF_zs.
Since (¢ — L)~! preserves the positivity, we have
lg] < (¢ —L)™'V_|g|
and further
lglla < (e = L)"'V_|gllla < ll(c = L) V_lopllgll2-

Since ¢ was chosen so that ||(c — L)~'V_||op < 1, we have g = 0. This shows (2.4)
and the proof is complete. ([l

We now have to give a sufficient condition for (2.3). To do this, we make use of
the logarithmic Sobolev inequality. It is usually written in terms of bilinear form,
but the generator itself is involved in our case. So we have to rewrite it a bit.

In general setting, the (defective) logarithmic Sobolev inequality for a Dirichlet
form & is written as

/B |12 log(I£1/11fll2) du < a€(f, f) + BIFII3- (2.6)

Here (B, ) is a general measure space. We also denote the associated generator
by L (not specify to the Ornstein-Uhlenbeck operator. For the Dirichlet form &,
we assume the local property and the existence of square field operator, i.e.,

E(f.g) = /B I'(f.g) du (2.7)

and T" has the derivation property. In the case of an abstract Wiener space,
T(f,f) = |Vf]?, V being a gradient operator. We have the following theorem.
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Theorem 2.2. Assume that the logarithmic Sobolev (2.6) holds. Then, for any
€ > 0, there exist positive constants K1, Ko such that

/B 2082 fdu < o2(1+ e)||LFI2 + Ky + Ko FIS. (2.8)

Proof. Let k be a function on R such that k is a concave and even function of class
C? with k(0) = 0 and

k(z) = xlog*? x, x>e.
Since k' (z) = log'/? z + m, we have
log k(z) = logz + log logl/2 x,
1
"(z)? =1 —+1
k' (x) ng+410g1'+

Hence
E'(z)? < logk(x) (2.9)
for sufficiently large . We also note that
1

k(2)k (z) = a:<§ +log |a:|> (2.10)

for |z| > e. By the logarithmic Sobolev inequality (2.6), we have
| 1oglaldn < ~a [ gLgdu+Blgl}+ ol 10z gl

Set g = k(f). Then, by the local property of &,

Lg =K (f)Lf +E"(f)T(f, f)-

Hence
| kg () di
< —a [ KN ULT + KO, bdu+ BIRCIE + 607 og (A e
< [ KOWWILA du-+ SIS + 07 1og [ e

Now, for large z, by using (2.9),
k(z)*log k(z) > k(z)?k (z)2.
For small x, by taking C7 > 0 large enough, we have

k(x)*log k(x) > k(z)?k (2)* — C;.
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Combining them gives
[ R du -
B

< / B(f)2Tog k() dp
B

<a /B KO HILE] di+ BICE 2+ 16CF)12 og I15(F) 2
1 , a?

<5 [ RGP a5 [ 10rP d
T BIIRCAIZ + I1ECF) I3 Tog 1K)

Here, in the last line, we used the inequality ab < 3(a? + b?). Thus

/Bk(f)zk’(f)zdu <20+ oez/B [LfP dp+ 2811k + 2016 (F) I3 log Ik (f)l2-

Recall that k(z)k'(x) = x(3 + log |z|) for large z. Then, by changing constants,

we have
1 2
/Bf2(§ +10g|f|) du
SCz+a2/BILf\Qdu+2ﬁllk(f)||§+2H/€(f)||§10g||k(f)llz-

Again, by changing constant, we have

/szlogilflduS03+a2/3ILf\2du+2ﬁllk(f)H§+2Hk(f)||§10gIIk(f)Ilz- (2.11)

The essential part has been done. Therefore, it remains to estimate ||k(f)||3 and
lE(H)131og ||E(f)]l2. We first need to compute ||k(f)][3-

k()5 < E[f*log, | f]] + Ca.

Here we denote the integral with respect to u by E[ ]. We use this convention
from now on. We may assume Cy > 1. If > 1, then log(x + ) < log, = + log 2r
(x > 0). Therefore

1613 log [E(f)ll2 < E[f*log, ||+ Ca]log E[f*log, || + Ci]
< E[f*log, | f| + Cul{log E[f*log . | f|] + log(2C4)}
< 2B[f*log, |f||log, E[f*log, |f[] + Cs.

By the Schwarz inequality,

E[f*log, |fl] = E[f - flog, |f[] < {E[f*E[f*log} | fI]}*/2.
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Combining this with the inequality xlog, z < z3/2 leads to
E[f*log, |fllog, E[f*log . |fl]
< {E[f]E[f*1og} | FI1}"/* log A Ef?| E[f* log? | F]}/*
< {BIf1E[f*log | £}/
= B[ 1/ Bf*1og? £/,
Further, by using the inequality

s

xySZJr—,

[SMI

we have, for 6 > 0,

EIfP 6Bl o8} |f]

4
161 1

E[f2 10g+ If1] 10g+ E[f2 10g+ Ifl] <

Then, for any € > 0, there exist constants Cg, C7 such that
k()3 10g [Ik(f)ll2 < eE[f*log} | f[] + Co + C7E[f?].

We can estimate ||k(f)||3 in a similar way. By combining this with (2.11), we can
get the desired inequality. |

Set ®(x) = xlogf_ 2. Then
p(z) = &' (z) = log’ = + 2log, .
Further
pleVeiTh) =z,
which yields that the inverse function v of ¢ is given by
Y(r) = VT,

From this, we can easily see that ¢(x) < eV®. Let ¥ be an integral of ¢. ® is
called a complimentary function. ® can be estimated as

Vo) = [ vy < [ eTdy= [ 2yieyay
0 0 0
= 2/zeV® — / ie\/gcly < 2/zeV?.
0 \/ﬂ

Thus, by the Hausdorff-Young inequality, we have
zy < () + U(y) < xlogl z +2\/yev? (2.12)

Now we are ready to give a sufficient condition for the inequality (2.3) by means
of the logarithmic Sobolev inequality.

Theorem 2.3. Assume the same conditions in Theorem 2.2. Suppose that a
non-negative function v satisfies

et e Lt = | I (2.13)

p>2«
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Then, there exist positive constant a < 1 and b such that

[ofll2 < allLf{l2 + bl fl2- (2.14)
Proof. Take € > 0 so that ¥ € L>(1129) From the inequality (2.12), we have

4(1+¢)2a?|lvf||3 = E[4(1 + ¢)%a®v? 3]

< E[f?log? % + 4(1 + e)ave(1He)ov]

< 4E[f*log? f] + 4(1 + )aB[ve?He)ov],
Now the inequality (2.7) leads to
41 +e)’a®|ofll5 < 40P (1 + e)ILf[5 + 4K + 4K fIIS + 4(1 + e)aB[ve? ).
By taking f/||f||2 instead of f, we have

vfl2 Lfl2
14 ozl 11
5

<da’(1+e¢) + AR, + AR, + A(1 + e)aE[pe2F2)or),

[WA(-
Thus

K+ Ko 1
(1+¢)2a? + (1+e)a

E[ve””s)“”]}nfn%.

Taking the sqaure and using the inequality /z +y < /x + /y, we have

1
loflf < 11 +

1 K1+ Ko 1 9 1/2
< L E (14e)av
||UfH2 = m“ f”2 + {(1 + 8)2042 (1 + 6)0( [ve } ||fH27
which is the desired result. (Il

On an abstract Wiener space, it is known that the inequality (2.6) holds for
a =1, =0 (Gross’ inequality):

/ P 0g(LF1/11f112) dpe < / V2 dp. (2.15)
B B

Now, using the previous result, we have

Theorem 2.4. For a Schrédinger operator L — V' on an abstract Wiener space
(B, H, 1), assume that V, "= € L** where V, := max{V, 0}, V_ := max{-V,0}.
Then L —V is essentially self-adjoint on FCF°.

3. The domain of a Schrédinger operator

In this section, we consider an issue of the domain of a Schrédinger operator of
the form A =L —V + W. In §2, we have decomposed the potential into positive
part and negative part. Here we decompose the potential as follows:

(A1) V>1and V € L?T.

(A.2) W is non-positive and there exists a constant 0 < « < 1 such that e
L3/«

W e
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Though the way of decomposing the potential is different from the one in previous
section, it is not hard to see that we can apply the result of §2 and so we have
that A = L — V + W is essentially self-adjoint on FC§°. We fix the constant « in
(ii) throughout this section. We only remark that o can be chosen as close as 1.

To determine the domain, we use the intertwining property of operators; to be
precise, we make use of an operator A satisfying

VVA = AVYV. (3.1)

Let us give a definition of an operator A. Assuming the differentiability, we define
a vector field b by
vv 1
We further define a bilinear form as
Ealf,9) = (VI V) +(b-V g)—(f,b-Vg) +((V—-W—[p])f,g9). (33)

Note that this bilinear form is not symmetric. By the following formal computation
(f,b-Vg) = (V*(fb),9) = (fV*b—b-Vf.g),
an associated generator is given by
A=L-2b-V+(Vbo-V+W+[b). (3.4)

We remark that this is not a rigorous expression because we do not assume the
differentiability of b and so V*b is not well-defined. (3.4) is merely a formal
expression. A is defined through the bilinear form (3.3).

We now give an sufficient condition so that £4 defines a closed bilinear form
whose symmetric part is bounded from below. The problem is what kind of regu-
larity of b should be imposed. We consider the symmetric part and skew-symmetric
part separately. The symmetric part is given by

and the skew-symmetric part is

Ea(f.g9)=(-Vf.g)—(fb-Vyg).
We denote a bilinear form added by A times the inner product of L? by

We first consider the symmetric part (Vf,Vg) + ((V — W — |b]?)f,g). We use
a general theory of perturbation: the KLMN theorem for bilinear form (see, e.g.,
Reed-Simon [4, Theorem X.17]). We regard W +|b|? as a perturbation of a bilinear
form associated to L — V:

gL,V(f, g) = (Vfa v.g) + (Vf,g)

The domain of this bilinear form is Dom(V) N Dom(v/V). Tt is well-known that
this form is a Dirichlet form.

Though there are many ways to give sufficient conditions, we restrict ourselves
to typical ones. One of them is

eWHIE ¢ p2/e (3.5)
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The other is that there exists a constant C' > 0 such that
> < aV +C. (3.6)
Then we have the following

Proposition 3.1. In addition to (A.1), (A.2) we assume that either (3.5) or (3.6)
is fulfilled. Then there exists a constant 8 such that

(W +1p) . f) < ao_v(f, f)+ B, f) (3.7)
and hence
(I —a)er—v(f, [) <Ealf. /) +B(f, f) < A+ )E—v(f, [)+B(f. ) (3.8)

Therefore €4 with the domain Dom(E_v) = Dom(V) N Dom(vV) is a closed
bilinear form that is bounded from below.

Proof. First we assume (3.5). By the logarithmic Sobolev inequality (2.15) and
the Housdorff-Young zy < xlogz — x + €Y, we have

(2/Q) (W + [b2)f. £) = (2/@)E[(W + ) £]
< B[f*1og %] - B[] + B>/
< 2E(VSP]+ 201713 1og 7113 = 7113 + Ble* P/,
Multiplying the both hand by «/2, we have
(W + )£, f) < aBIV ] +allf[31og I£13 = SI1£13 + 5 EleW 1P/,
Take f/||f|l2 instead of f. Then we get
(W + )£, f) < @BV f2) + SB[V — 1)) 7|3
< o€y (f f) + FEXHI g £,

Thus we have obtained (3.7) and the rest is easy form the KLMN theorem.
Second we assume (3.6). By the logarithmic Sobolev inequality and the as-
sumption (A.2), we have

(W.£) < aB[ V) + S E™/* ~ 1)) |3

Further, by (3.6),

(1bP£, f) < aB[VIfIP] + CIfII5.
By combining them, we can deduce
(W + )1 ) < av(f, D+ (5

The rest is the same as before. O

B[/~ 1]+ C) | /113

We can give a sufficient condition which is a mixture of (3.5) and (3.6), but we
do not go into details.

Proposition 3.2. FC§° is dense in Dom(E4).
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Proof. By Proposition 3.1, Dom(fj 4) is the same as the domain of the bilinear
form associated with L — V. Recall that L — V is essentially self-adjoint in FC{°,
ie., FC§° is dense in Dom(L — V). Hence FC§° is dense in the domain of the
bilinear form. This completes the proof. ([

Let us proceed to the estimate of skew-symmetric part. Assume the inequality
(3.7). We impose one of the following conditions on b:

elbl? c [0+ (3.9)
or there exists a constant C' > 0 such that
b < CV. (3.10)

Proposition 3.3. In addition to (3.7), we assume either (3.9) or (3.10). Then,
for sufficiently large A, there exists a constant K > 0 such that

Ealf,9)] < KEa (£, )?Ea-\(g9,9)" . (3.11)
Therefore €4 satisfies the sector condition.

Proof. We first consider the case that (3.9) is satisfied. We use the logarithmic
Sobolev inequality. We only need to estimate (b- Vf,g). Take ¢ > 0 so that

eslbl* e Lt Then, by the Schwarz inequality,
1

(b~ V1, 9)| < BZ|VFP) /2 E[ebf*g*) 2.

Further, by using the Housdorff-Young zy < xlogx — = + e¥, we have
E[e[b’g’] < Elg*log g°] - Elg’) + Ele™""]
2
< 2E(|[Vg?] + ||gl3 log llgl3 — llgl3 + Ele].

Now replacing g with g/||g]|2, we get

E[elbl*g] < 2B( V"] + Bl —1]|g]3.
Hence

[(b-Vf,9)| < %EHVHQ]”Q&E[IWIQ] + E[e —1]g)3}'/2.

The right hand side can be estimated the norm in £4 by (3.8) and so can obtain
the desired result.

We can also prove it when (3.10) is fulfilled. In fact, it is enough to notice that
in the proof above E[|b|?¢?] can be dominated by E[CV g?]. O

In the sequel, we always assume the conditions (A.1), (A.2). Further we assume
either (3.5) or (3.6) so that £4 is well-defined as a closed bilinear form. Establishing
the £4, we proceed to an issue of intertwining property. Our next task is to show
the following intertwining property:

VA = AVYV.

But A in (3.4) is merely a formal expression, we prove this in the following form:

Ea(f,VVg) = Ea(VV £, 9). (3.12)
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Proposition 3.4. (3.12) holds for f,g € FC§°. Moreover, we have, for f €
Dom(2), g € Dom(A*),
(Af,VVg) = (VV [, A%g). (3.13)
Proof. We take any f,g € FC§°. Then

VYIS = VWV L)~ VIS = (VW) f = %f = V1,

which means
[V, VV]f = VV fb. (3.14)
Using this, we will investigate the commutation relation between L and v/V.
(V1. V(VVg))

= (V£,[V,VV]g) + (Vf,VVVy)

= (V£ VVgh) + (VVV £, Vy)
(VVV,gb) + (VVV S, V)
(VV,VIf,9b) + (V(VV ), ) + (IVV, VI, Vg) + (V(VV ), V)
= —(VVfb.gb) + (b V(VV ), 9) = (VV [b,Vg) + (V(VV ), Vg)
= —(bPVV£.9) + (b-V(VV).9) = (VV £.b-Vg) + (V(VV ), Vg).

It is also clear that vV and V — W are commutative. Let £y be a bilinear form
associated with 2:

Ea(f.9) = (Vf,Vg) + (V=W)f,9). (3.15)
Then the commutation relation between v/V and 2l is obtained as
Ea(f,VVg) = (VVV ), V) + (b V(VV ). 9)
— (V0 Vg) = (BPVV9) + (V= W)VV [, g)
=E1(VV f,9).

So far, f and g are assumed to be taken form FC{°. We will show that, by
taking limit, this holds for f € Dom(2(), ¢ € Dom(A*). To do this, we first fix
f e FCg°. Then we have

—(Af,VVg) = Ea(VV [, 9) (3.16)

for g € FC§°. Using Proposition 3.2 and taking limit, we can show that (3.16)
holds for g € Dom(€4). In particular, if g € Dom(A*), then
(Af,VVg) = (VV |, A%g) VfeFCF.

Now, by noting the essential self-adjointness, we can see that this identity holds
for all f € Dom(2(). This completes the proof. O

We are ready to determine the domain of the Schrodinger operator 2. The
method here is to use the intertwining property of operators, which was developed
in [8, 9]. The main result in this section is as follows:
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Theorem 3.5. We assume the same assumptions as before. Then we have
Dom(2) = Dom(L) N Dom(V').
Moreover, for sufficiently large A, there exist positive constants Ky, Ko such that
K| = AN flle < LSl + [V Fll2 < Kal[ (A= A) fll2- (3.17)

Proof. We use the intertwining property among (2, L?(B)), (A, L*(B)) and V/V.
For f € Dom(2), we define a linear functional on Dom(€4) as

®(g) = (A= 20)f,VVy).
Then, by Proposition 3.1, we have
12(9)] < |(A =20 fll2llVVgll2 < ClI(A =) fll2Ea-r(g,9) .
Now, by the Lax-Milgram theorem, there exist k € Dom(&4) such that
P(g) = Ea-x(k, g)-
We also note that the norm of % is estimated as
Ean(k, k)* < ClIA =) flla- (3.18)
Take any g € Dom(A). By using the intertwining property, we have
(VVI (A= A%9) = (A=) fVVg) = B(g) = Ea-a(k,g) = (k. (A = A")g).

Since g can run through Dom(A), we can get vV f = k. Now noting Proposi-
tion 3.1 and (3.18), we can deduce that

IV Fllz = IVVEl2 < EL—v(k,k)'/? < Cr€a-n(k, k)2 < Col (A =) fll2
We also note that, by Theorem 2.3, for a < o’ < 1,
W fll2 < '|Lfll2 + Bl f]l2- (3.19)
Hence, if we take f € FC§°, we have
[Lfll2 < IL =V +W =N flla + [V Fllo + [WFll2 + All fl2

<@ =N fllz + Col|(A =A) fll2 + &I Lfll2 + Bl fll2 + All ]2,
which leads to

(1= a)Lfll2 < X+ C)I(A = A) fll2 + (B + N fll2-

This, combined with the essential self-adjointness of 2, yields that Dom(2) C
Dom(L). Thus we have obtained that if f € Dom(%), then f € Dom(L)NDom(V).
The reversed inclusion Dom(L) N Dom(V') C Dom(2A) can be seen as

L=V +W =N flla < [ILfll2 + [V Fll2 + W Fll2 + Al fll2
<NZfll2 + IV Fllz + LSl + Bl 2 + Al f ]2,

which completes the proof. (Il
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4. Spectral gap of a Schrédinger oerator

In this section, we investigate the spectrum of a Schéodinger 2l = L — V on an
abstract Wiener space (B, H, ). We first consider the case that V' is bounded. In
this case, L —V is a bounded perturbation of L and so it is essentially self-adjoint
on FC§°. We denote the spectrum of 2 by o(2(). We have the following

Theorem 4.1. [ = sup o(2l) is a point spectrum of multiplicity one and the associ-
ated eigenfunction can be chosen to be positive. Moreover, the spectrum is discrete
on (I — 1,1, i.e., it consists of point spectrums of finite multiplicity.

Proof. The spectrum of L is well-known: (L) = {0, -1, —2,...} and the maximal
eigenvalue 0 is a point spectrum of multiplicity one and the associated eigenfunc-
tion is positive. Therefore, if (B, H, 1) is of finite dimension, then the spectrum of
L is discrete and the resolvent operators are compact. Moreover )l = L — V has a
compact resolvent if V' is bounded and so the spectrum of 2 is discrete.

To deal with infinite dimensional case, we use an approximation method. Let
{pi}32, € B* be a cons of H*. We set F,, = o(p1,92,...,¢,) and define
V,, = E[V|F,]. Then V,, is uniformly bounded and converges to V a.s. as n — oo.
Let {h;}2; be a dual basis of {¢;}, i.e., {h;}2, is a c.on.s. of H and satisfies
(hi, ¢j) = d;; where ;5 is the Kronecker delta. We set H,, = span{hi, he,..., h,}
and B, = {x € B; (z,p;) =0,i =1,2,...,n}. Then B can be decomposed as a
direct sum B = H,, ® B,,. According to this decomposition, L — V,, can also be
decomposed as follows. On H,, it has of the form L, — V,,, and on B, it is just
the Ornstein-Uhlenbeck operator on B,,. This reveals that the spectrum of L —V,,
is discrete on (A(V;,) — 1, A(V;,)] where A(V;,) = supo(L — V4,).

It remains to show that L — V,, converges to L — V as n — oo in the norm
resolvent sense.

We denote the resolvents of L — V,, and L — V by G™ and G, respectively,
namely, let G = (A= L+V,) ' and G = (A — L+ V)~'. We take X to be large
enough. Then it holds that

G -G =GV -V,)G.
Since \ is large, we may assume that [|G(™||,, < 1 and so it suffices to show that

[[(V=V,)Gllop — 0 as n — oo. By the Hausdorfl-Young zy < zlogx — x4 ¢¥ and
the logarithmic Sobolev inequality, we have

I(V = V,)Gf|3
= B[V = V,)2(Gf)?]
1 .
= NE[N(V — V)G
< %E[(Gf)z og(Gf)? — (G 4 NV—VP]

IN

1 oy
~ REIVGIPI+ (|G f|310g [GFII3 — IGFI3 + EleXY )]}



Now replacing f with f/||G/f]|2, we get
IV = VG5 < %{wuvem + BNV ]G3}
< HA-2BILGNGH + BNV — 1)) f3)
< 2B\~ L+ V)GNGS) ~ AB(GI] ~ EV (G

IRTRY
+ B[NV ]| f13)

< 2BL/G] - ABI(GIY] + BIVI(GH)?
+ B[NV 1713}
< {BL) + G + BIVIGHY
+ BN 1)) £
< HACHIVIISIE+ BleMY " — 1713,

Hence

op —

1
IV =Va)GIG, < {2+ Voo + BNV V0" 1))

Since V —V,, is uniformly bounded and converges to 0 a.s., we can use the Lebesgue
dominated convergence theorem and so we obtain

. 2+ ||Vl
lim sup |[(V — Vn)Gng < %
Since N is arbitrary, it follows that

lim ||[(V —V,)G|lop = 0.

Thus we have shown that G(") converges to G in norm sense, which we wanted.
Using the Feynman-Kac formula, we can show that the multiplicity of the maximal
eigenvalue is simple and the associated eigenfunction can be taken to be positive
by a standard argument. This completes the proof. [

Now we proceed to the general case. We consider a operator of the form 2 =
L—V+4+W. We assume the assumptions of the previous section to use Theorem 3.5.

Theorem 4.2. Assume that V., W satisfy the conditions (A.1), (A.2) in §3. We
also assume that either (3.5) or (3.6) is fulfilled. Then the spectrum is discrete on
(I —1,1], i.e., it consists of point spectrums of finite multiplicity.

Proof. Define functions V,,, W, that approximate V', W as follows. Let 1,,: R — R
be a function satisfying

n+1, r>n—+2

-n—1, z<—-n-—2
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and that 0 < ¢/ < 1. We set

As in the case of bounded potential, we set G™ = (A = L + V,, — W)™,
G=A\—-L+V —W)! and note that

G—G™ =GV =V, =W +W,)G"™.

We need show the norm convergence of G — G(™ to 0 as n — oco. By taking \
to be large enough, we may assume that |G ||op, < 1, ||Glop < 1. Take any f,
g € L?. Then

(G—=G™)f.9) =

G(V =V =W +W,)G™ [, g)
V=V, =W+ W,)G™f Gg)
V-V, —-W+W,

V+W

—~

G f(V + W)Gg>.

We first estimate the term (V + W)Gyg. By using (3.10) and (3.19), we have

[(V +W)Gyll2 < [VGyl2 + [[WGgl|2
< Kol|(2 = N)Gyllz + || LGyll2 + B Gyll2
< Ka|lgll2 + Kad/[[(A = N)Ggll2 + B[ Gall2
< Ka(1+a)lgll2 + Bllgll-

Further, by the Hausdorff-Young inequality, %G(m f can be estimated
as

V-V,-W+W,
V+Ww

V=V =W W),
_E{ V) (G( )f)2]

1 v 2 2
< NE[(G(”)f)Qlog(G(”)f)Q — (G™ )2 4 NV =Va=WHWa)"/(VHW)T)

G f

2
2

IN

1
FEIVGW P+ G f|*log [ G £
— _ 2 2
— [[G™ £[)3 + B[NV Ve WHWT (W)

Replacing f with f/||G() f||2, we have

2

HV—Vn—W+Wn

G
V+w f

2

IN

1 n V. — 2 2 n
N{QEHVG( VP BNV Ve WSV a1t |33

IN

1 n _ _ 2 2
~ REIVGM f2] + BNV W VT 1)) £15}.
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Further, by using (3.17) again, we get
E[[VG™ fI*] = ~(LG™ f,G™) f)
< LG f2lIG™ fl2
< K[(L = Vo + W = NG 2] £]l2
< K| f3-

Here, we must be careful about that (3.10) holds uniformly in n. To see this, note
that constants in (3.10) depend on the integrability of e"» and the estimate of
2b,, = VV,,/V,. As for e"Wr their L norm can be easily estimated uniformly since
W, < W. Let us consider b,,. Since b,, = 0 when V' > n + 2, and b,, = b when
V < n, it is clear that they can be estimated uniformly. When n <V < n + 2,
note that

[bu] = [VVa|/ Vi = @, IVV[/Ve < (IVVI/V)(V/Vi) < (IVV]/V)(n +2)/n.

Then the uniform estimate can be deduced easily.
Thus we have

(G = G™)f,g)] < {Ka(1+ @) + BYgll2
2Ky BNV W VAW g,

and hence
1 2
G = G llop < - {Ka(1 +a) + FH{2E + BNV WHIY (VW) gy
Now we let n — oo and, by the Lebesgue bounded convergence theorem, we obtain

2
limsup |G — G™||op < N{Kz(l +a) + B} Ko.

n—oo

Since N is arbitrary, we eventually get
lim |G — G™|op =0,
n—oo

which is what we wanted. The rest is the same as the previous theorem. The
proof is completed. O
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