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Abstract. Let © be a bounded domain in R™ with C?-smooth boundary, 9%,

of co-dimension 1, and let H = —A + V(z) be a Schrédinger operator on

Q with potential V' € L7 (Q). We seek the weakest conditions we can find

on the rate of growth of the potential V' close to the boundary 9 which

guarantee essential self-adjointness of H on C§°(£2). As a special case of an

abstract condition, we add optimal logarithmic type corrections to the known
3

condition V(z) > a2 Where d(xz) = dist(x,9). More precisely, we show

that if, as = approaches 052,

1 3 1 1
Viz) > - — — ...

(z) 2 d(z)? (4 In(d(x)~1) In(d(z)~')- Inln(d(z)~1) )
where the brackets contain an arbitrary finite number of logarithmic terms,
then H is essentially self-adjoint on C§°(Q2). The constant 1 in front of each
logarithmic term is optimal. The proof is based on a refined Agmon exponen-
tial estimate combined with a well-known multidimensional Hardy inequality.

1. Introduction

Consider a particle in a bounded domain € in R™, n > 1, in the presence of a
potential V. At the heuristic level, if V(z) — oo as a approaches the bound-
ary 0f), then the particle is confined in Q and never visits the boundary. At the
classical level, this indeed happens when V(z) — oo as @ — 09 (see, e.g. [17, The-
orem X.5]). At the quantum level, the problem is much more complicated due to
the possibility that the particle tunnels through the infinite potential barrier and
“sees” the boundary. The fact that the particle never feels the boundary amounts
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to saying that V' determines completely the dynamics: there is no need for bound-
ary conditions. At the mathematical level, by Stone’s Theorem, the problem is
then finding conditions on the rate of growth of V(x) as + — 9 which ensure
that the Schrodinger operator

H=-A+V (1.1)

is essentially self-adjoint on C§°(€2). Let us note here that oscillations of the po-
tential could also play a role in the essential self-adjointness problem due to the
possibility of coherent reflections by an appropriately chosen sequence of potential
barriers (see [17], the Appendix to Chapter X.1). In this paper we will not consider
oscillatory potentials, but rather focus on potentials which grow to infinity at the
boundary of the domain.

The problem has a long and distinguished history; for details and further
references, we send the reader to [6] and [17] and the review papers [4,5,15]. In the
1-dimensional case (say, 2 = (0, 1)) there exists a well-developed theory of essential
self-adjointness of Sturm-Liouville operators, which is based on limit point/limit
circle Weyl type criteria (see e.g. [6,17] and the references therein). In particular
if, under appropriate regularity conditions,

3 1
where d(z) = dist(z, {0,1}), then H is essentially self-adjoint on C§°(0,1). The
constant % is optimal, in the sense that if for some ¢ > 0,

OSV(x)ﬁ(i—e)-d(i)z,

near 0 and/or 1, then H is not essentially self-adjoint on C5°(0,1) (see Theo-
rem X.10 in [17]). Many results have been generalized from one to higher di-
mensions — see, for example, a comprehensive review of these results in [5]. In
particular, if Q is a bounded domain with C? boundary 92 of codimension 1, and
if V satisfies (1.2) as x approaches 0, with d(z) = dist(z, 9Q), then H defined as
in (1.1) is essentially self-adjoint on C§°(£2). Moreover, Theorem 6.2 in [5] implies
that for the case at hand the essential self-adjointness of H is assured by a weaker
condition, namely

(1.2)

3 1 c
V() = 1 W - m
with some ¢ € R. This raises the following optimality question: While among
power-type growth conditions, % . ﬁ is optimal both in the exponent and in the
constant, does a growth condition of the type

3

V(z) > 1 ﬁ(l - m(d(m))) , tli%1+m(t) =0, m(t)>0

(1.3)

still imply essential self-adjointness of H? It turns out that this is false — see the

counterexample in the proof of Theorem 3. So the question of optimality should

be refined to asking whether %ﬁ is the leading term of a (possibly formal)
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asymptotic expansion near Jf2 of a critical potential V. such that V' > V. near 0f2
implies essential self-adjointness of H on C§°(2). This would amount to finding
the form and size of sub-leading terms in the asymptotic expansion of V.

The main result of this note is the affirmative answer to this optimality
question. Namely, we show that for bounded domains € in R", n = 1,2,3,...
having C? boundary of codimension 1, and for potentials V satisfying

1 /3 1 !
V(@) 2 gy (4 T In(d@) ) () D) - nn(d(z) ) _> Y

as x approaches 0, the Schrodinger operator H is essentially self-adjoint on
C§°(9), and that the constants 1 in front of each logarithmic term on the right-
hand side of (1.4) are optimal (for a precise statement, see Theorem 3).

Two remarks are in order here. The first one is that we are interested in
optimality rather than generality. Accordingly, and also in order not to obscure
the main ideas of our proofs by technicalities, we consider the simplest case, which
is still the most interesting from a physical point of view: a bounded domain
Q1 C R" with C? boundary of co-dimension 1. In addition, we only consider scalar
Schrodinger operators with regular (L7%.) potentials, and we consider only what
one can think of as the “isotropic” case, i.e. we seek conditions on V' (z) which
depend only on d(z), and not on the specific point zy of the boundary that x
approaches, or the direction along which * — zy. In this setting the proofs are
short and elementary. Concerning more general situations, we note here that many
results about the essential self-adjointness problem of second order elliptic opera-
tors of general form on arbitrary domains in R™ can be found in [5] (see especially
Corollary 3.3 and its applications) — and then one can consider again the above
optimality question. At the price of technicalities, one may be able to extend the
results of the present note to more general situations, e.g. boundaries with com-
ponents of higher co-dimension, local singularities of the potential or second order
elliptic operators of general form. Reducing the regularity of the boundary OS2
below C? seems to require a finer analysis — in particular, of multidimensional
Hardy inequalities on domains with less smooth boundaries (see e.g. [7,8,16] and
references therein for results in this area).

The second remark concerns the method of proof. While the proofs in [5] are
based on his theory of semimaximal operators, our method of proof is based on the
observation that essential self-adjointness follows (via the fundamental criterion for
self-adjointness, see, e.g., [2,17]) from Agmon type results on exponential decay of
eigenfunctions (see [1, Theorem 1.5a]). As stated, the result in [1] does not lead
to optimal growth conditions on the potential. One has both to strengthen the
exponential decay estimates, and to combine them with multidimensional Hardy
inequalities [7]. So our basic technical result is an exponential estimate of Agmon-
type — see Theorem 4. Here the point is that our condition (X.2) below is strictly
weaker than the corresponding condition (3.12) from Brusentsev [5].

The paper is organized as follows. In Section 2 we state the problem and the
main results. Section 3 contains the proof of the Agmon-type Theorem 4. While
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some of the results in this section go back to Agmon [1] and are well-known (e.g.
the identity in Lemma 3.2), we give complete proofs for the reader’s convenience.
Finally Section 4 contains the proofs of Theorems 1 and 2.

2. Main results

Let Q be a bounded domain in R”, n > 1, with C%-smooth boundary, 02, of
co-dimension 1. We consider the function

d(z) = dist(x,09), for xz €, (2.1)

where “dist” denotes the usual, Euclidean distance in R™. As is well-known (see,
for example, the Appendix to Chapter 14 in [13]), d is Lipshitz and differentiable
a.e. in ). More importantly for us here, there exists a constant

do >0 (depending only on the domain )
such that for € Q with d(z) < dq, d is twice-differentiable and
[Vd(z)| < 1. (2.2)

Remark 2.1. Actually |Vd(x)| = 1 for z € Q with d(x) < dq, see for example [13],
or Lemma 6.2 in [5], but in the proofs below we use only (2.2).

In Q we consider the Schrodinger operator H = —A 4+ V with V' € L2 (),

loc

defined on D(H) = C§°(€2). As explained in the Introduction, we are seeking
growth conditions on V' close to 0f) ensuring essential self-adjointness of H. These
will be given in terms of functions G described below:

Condition (X). A function G : (0,00) — R is said to satisfy condition (X) if it is
C1(0,00) and such that:
(X.1) There exists dg > 0, do < dg, such that

1
0<G'(t) < 7 for t€(0,dy) and
G'(t)=0 for t=>dy.
(X.2) For any py < %0,

D aTnem20R ) = og (2.3)
n=1

We can now formulate our main result:

Theorem 1. Consider an open, bounded domain Q C R™ with C%-smooth boundary,
and the Schrédinger operator

H=-A+V, (2.4)
with V- € LS, and domain D(H) = C§°(Q). Assume that there exists a function

loc

G satisfying condition (X) such that
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where )

@) = G'(d(x))” and Vo e L®(Q). (2.6)

Then H is essentially self-adjoint in L?(2).

Theorem 1 follows from the fundamental criterion for self-adjointness (see, for
example, [2,17]), a multidimensional Hardy inequality [7], and a (refined) Agmon-
type exponential estimate (see Theorem 4 in Section 3).

We now turn to various examples of functions G satisfying condition (X), and
the associated criteria for essential self-adjointness of H in terms of the growth of
the potential at the boundary of the domain.

The first, simplest example of a function G satisfying condition (X) is the
one for which at sufficiently small ¢:

G(t) =Int,
which leads to the classical bound
3 1
> - Q. 2.
Vl(ac)_4 FTESER as x — 0 (2.7)

The second example is (again for ¢ sufficiently small)
Gt)=Int—c-t, ceR".
This choice of G leads, through (2.6), to
3 1 ¢
\% > -,
@) 2 1 JeE ~ dw
for all ¢ < 2¢. This is the lower bound obtained by Brusentsev in [5, Theorem 6.2]

for the case at hand.
The next example is (again for sufficiently small ¢) of the form

G(t) = lnt+/f(u)du

t

as x — 08}, (2.8)

with
f(u) >0, lin%)uf(u):O, and }in(l)/f(u)du<oo. (2.9)
U— — t
This leads to a bound on V of the form
3 1 c
> - — 00N 2.1
V(z) > 1 A0E " dw) f(d(x)) , as x — 00, (2.10)

with f as above and all ¢ < 2. Although this result does not appear in an explicit
form in [5] it can still be obtained from Corollary 3.3 in [5]. Note that, since we
required that uf(u) — 0 as u — 0, the second term i f(d(x)) in (2.10) is of
lower order than ﬁ, and thus does not contradict the optimality of % . Tglc)g.
The last example is our main hierarchy of essential self-adjointness conditions.

Let p € Z, p > 2, and iteratively define
Li(t) =In(1/t), L,(t)=InL,_1(t), (2.11)
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where each L, is defined for t € (0, e;l) with e; = e and e, = e®»~'. Then we have
the following result:

Theorem 2. Consider an open, bounded domain Q@ C R™ with C*-smooth boundary,
and the Schrddinger operator

H=-A+YV, (2.12)
with V' € LY, and domain D(H) = C§°(). Let p € Z, p > 2 and assume that
V=WVi+V, (2.13)

where
—1

3 1 1 K 1
Vi(z) = 1 d@?E  d@)? ng <;<;1:[1 Ly (d(ﬂf))> T fd@),  (2.14)

for all x with d(z) < min(e;l,dg), with [ satisfying (2.9), V1 bounded from below
on §, and Vo € L>®(Q).
Then H is essentially self-adjoint in L?(2).

Remark 2.2. Let K be a positive constant. Rewriting V(x) as
V() = (Vi(z) + K) + (Va(2) — K)

one sees that, in order to obtain the result above, it is sufficient to prove Theorem 2
with V] bounded from below by some (appropriately chosen) positive constant; this
is exactly how we prove the theorem — see Section 4.

Note that, for any given j > 2, each term - ([T4_} Ly ())~" is non-integrable,
and hence a higher order correction than the integrable term f(¢). Further note
that the domain on which ngp(ni;ll Li(t))~1 is well defined shrinks to the
empty set as p — oo.

The term % . ﬁ in (2.6) comes from the additional “barrier” given by the
uncertainty principle of quantum mechanics via the Hardy inequality (see (4.2)
below). The fact that Hardy inequalities appear here is not surprising since, as
expressions of the uncertainty principle, they play a key role in various aspects
of the spectral analysis of Schrédinger and Dirac operators like stability, self-
adjointness, etc (see e.g. [10-12,14] and the references therein). During the last
decade a large body of literature about improvements to Hardy inequalities has
appeared (see e.g. the references in [3,9,11,18]). In particular, in [3] (under suitable
conditions) the following optimal improvement of (4.2) was proved:

/Q Vo ()? da > i/ﬁégl (1 +S I X2 (‘@)) de (2.15)

i=1 k=1

where D is a sufficiently large constant, and X (¢), ¢ > 0 are defined recursively
by
Xi(t)=(1-Int)"", Xp(t) =X1(Xp-1(1)).
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However, this improvement of Hardy’s inequality does not lead to an improvement
of the result in Theorem 2 (which according to Theorem 3 is already optimal at
the level of logarithmic subleading terms). Indeed, at the level of the leading term,
ast — 0, X7 = L, % and so the contribution of the logarithmic terms in (2.15) can
be absorbed in the last (integrable) term on the right-hand side of (2.14).

As we will show in Section 4, the theorem follows from Theorem 1 with the
following choice, for sufficiently small ¢, of G function:

G, (t) :lnt+%~ iLj(t)+/f(u) du, (2.16)

where f also satisfies (2.9).

Our last result is about the optimality of (2.14). With the hypotheses of
Theorem 2, it is well-know that the constant % in front of the first term on the
right-hand side of (2.14) is optimal. We claim that the constant 1 in front of each

logarithmic term in the sum above is also optimal, in the following precise sense:

Theorem 3. Given p > 2 and a constant ¢ > 1, there exist potentials V' for which
H = —-A+YV is not essentially self-adjoint, and which grow close to the boundary
o) as

-1

3001 1 ==
V(z) > 1 d@e W]; (IH Lk(d(x))>

1 (= B
—c- W ‘ (1;[ Lk(d(m)>>

We end this section with a discussion of condition (X) and its relation with
condition (3.12) from Corollary 3.3 in [5]. We comment first on condition (X.1).
Note that (X.2) implies that G(t) — —oo as t — 0. So G'(¢t) > 0 in (3.1) only
adds that G(t) — —oo monotonically which is not a real restriction as far as we
are not considering (as already stated in the Introduction) the effect of oscillations
of the potential. In fact, if one considers potentials which grow monotonically as
x — 0 one may impose even a stronger condition that G’(¢) is monotonically
increasing to oo as t — 0. Consider now G'(t) < 1 in (3.1). This is again harmless
(as far as it does not contradict (3.2)!) since if G| (t) > G4(¢) then Theorem 1
with G(t) = Ga(t) gives a stronger result than with G(t) = G1(t).

The crucial condition is (¥.2) and this is to be compared with Brusentsev’s
condition (3.12) from Corollary 3.3. We show now that Brusentsev’s condition
(3.12) is (at least for G(t) satisfying (3.1)) strictly stronger than (X.2). Notice
that we have restricted our attention to the situation when his matrix A = 1.
Comparing functions, we see that in Brusentsev’s notation the function which
determines the growth of the potential at the boundary is n(x), and that we are
therefore interested in showing that, if

n(x) = —G(d(x)) , (2.18)

(2.17)
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satisfies condition (3.12) in [5], then G must satisfy our condition (X.2). Condition
(3.12) in Brusentsev guarantees that there exists a constant C' > 0 such that

|Vn(z)|-e~ ") < C. (2.19)
If we recall that for x with d(z) small enough, |Vd(z)| = 1, then we get from (2.18)
and (2.19) that

%eG(t) _ G/(t)eG(t) < C,

for all 0 < t < dg. But since G(t) — —o0 as t — 0+, we can integrate, for all n
greater than some fixed integer Ng,

27" po
G2 "p0) _ / G'(t)eCO dt <27 Cpy .
0

Plugging this into the series from (2.3) we get

24*”6*”(2""00) > Z 474" (Cpy) ™2 = 400,
n=1 n>Ngq
thus showing that G satisfies (2.2).
Conversely, recall the G, defined in (2.16). As we will show in Section 4, the
function G, satisfies (X). Take now the simplest case G(t) = G (t) with f = 0 i.e.
G(t) =Int+ Inln for sufficiently small ¢ and set

n(w) = =G(d(x)) .
Then as t = d(z) — 0+

1
1\2 11
Tl = 60 = () (1 Sy ) = e,

ny

J—

and hence 7 does not satisfy condition (3.12) from [5].

3. Agmon-type estimates
Proposition 3.1. Let 1) be a weak solution of
Hy = Ev,
i.e. P € Hﬁ)c(ﬂ) and satisfies
(,(H—E)p)=0, forevery e Ci°(Q) (3.1)

Let g € CY(Q) be a real-valued function for which there exists a constant ¢ > 0
such that

(o, (H — E)p) — / (@) 2IVg(@) 2 dz > clg|]? (3.2)

for every ¢ € C5°(Q).
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For p > 0, small enough, set Q, = {x € Q|d(xz) > p}. Then there exists a
constant K = K(c) < oo, independent of p, such that

9@ ()2 dp < BLE) 1 1) 9@ ()2 da
/Q| (o) di < /Qp\%p(pﬂw >|)| So)fFdr.  (33)

2p p

Since this might be of independent interest and the proof is the same, we will
actually prove this proposition in a slightly more general context. Indeed, consider
the Schrédinger operator with magnetic potential on 2

H=@@-a*+V, VeLX(Q), acCL.(Q), p=-iV, (3.4)
defined on D(H) = C§°(Q) and, for ¢p,1) € W2, the associated quadratic form
otl = [ = (7= appdat [ o-Virda. (35)
Note that if ¢ and ¢ are both in CZ(€2), then

o t] = [ @) (1) (@) da
One of the main technical ingredients is the following simple identity [1]:
Lemma 3.2. Let ) be a weak solution of Hy = Evp, and let f = f € C3(Q). Then
(h = E)fv, fu] = (0, [V fI*0) . (3.6)
Proof. Consider first f € C5° and let ¢ € C§°. Then

(h = E)lp. f] = ((H - E)p, fv) = (f(H - E)p, ).
Since [f,p — d] =iV f on C§°, we get that

[f.Hl = [f.(F—a@)?] =i((F—a)-Vf+Vf-(F-a),

and so, if we remember that 1) is a weak solution,

Since fip € Wy*() and Cg° is dense in the W2 topology, the identity above
implies that

(h — B[, o) = (b, FH. J10) = Re (b, FIH. J5)
= 2 (v, (18, 11~ [, 71) ) (3.7

1
Finally, a straightforward computation shows that

fH )] ==ilf,(F—a)-Vf+Vf-(f—a)] =—i(2Vf-VI)=2[Vf]?,
which completes the proof. O
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Proof of Proposition 3.1. As in [1], we will now choose a function f to plug into
the formula (3.6). More precisely, let

f=¢9,

where g € C*(Q), real-valued, is the function from the statement of the proposition,
and ¢ € C§° (), 0 < ¢ < 1, is a cut-off function,

0, z¢Q
d)(x)—{ 1, xeﬂgp.

Taking ¢ of the form ¢(z) = k(d(x)) where

_J 0, 0<t<p
k(t)_{l, t>2p

d
one sees that for p small enough (say p < %)
K,

Vol < 2L 3.8
|¢>|_p (3.8)

with K7 an absolute constant. Then
VI[P = FIVg]* +m,

where
m=2feIVg-Vo+e*|Vo|?.
Estimating directly leads to:

(b, map)| < (¢, |m|¢>=/Q|¢)|2(2629<15|Vg|IchﬁlJreQ“’\VqSIQ)dﬂC

>
P Ja,\Q

P 2

IN

IN

K
|1/Jeg|2 <2|Vg + 1) dz
. p
where in the last inequality we used (3.8), as well as the fact that V¢ = 0 on
(Q2\ Q,) UQ2,. But now recall that the Agmon condition (3.2) was that

(h— E)p.g] - /Q (@) 2IVg(@) 2 dr > cllg])?,

with ¢ independent of ¢ and p. Using the density of C§° in WO1 2 we obtain that

(h— E)[f, fo] = (fo.|Vgl* fo) > cll fo*. (3.9)
Since
we obtain
= /Qp\ﬂzpwegf (2Vg| " f) dw > (6, mip)] > c/Q!wa dr,

which, if we recall the choice of f made at the beginning of the proof, leads directly
to the claim of the proposition. O
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Theorem 4. Consider an open, bounded domain Q C R™ with C?-smooth boundary,
and the Schrddinger operator

H=-A+V, (3.10)

with V € LS, and domain D(H) = C5°(S2). Assume that there exist E € R and
¢ > 0 such that

(o0l = B)p) = [ IVala)Ple@) = cllol?. (3.11)
for all ¢ € C§° (), where g(x) = G(d(x)) for some G satisfying condition (X).
If ¢ is a weak solution of Hy = Ev, then ¢ = 0.

Proof. Let dy > 0 be the constant that appears in condition (X) for the function G
from the hypothesis. Fix, for the time being, 0 < pg < dp/2, and let p > 0 be such
that 2p < pg. Then define a “normalized” G function:

G, (1) = G(t) — Glp).

and set

Note that for all z €  we have
Vg,(z) = G (d(z))Vd(z). (3.12)

This, together with condition (¥.1) for G, and the fact that |Vd(z)| < 1 for
d(x) < dg, implies in particular that

1
|Vgp(33)| S m for z€Q \ Qdo/2 . (313)
On the other hand, look at = € ,,. Since
po < d(x),
condition (X.1) implies that
9p() = Gr(po) = G(po) — G(p), (3.14)
and so
290 (%) > c2G(po) . o —2G(p) , forall zeQ,. (3.15)
Therefore
e2G(po) .6—26‘(1))/ |z/1(x)|2 dx S/ |€gp(ﬂc)w(x)|2 dx S/ |egp(x)¢(x)|2 dz
on on Q2p

where we used the fact that 2p < pg and so ,, C 25,. Now note that Vg, = Vg,
and so g, satisfies (3.11) with the same E and c as g. In particular, one can apply
Proposition 3.1 and obtain

K(c)

1
ferverass B9 [ (o Bl st

2p
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Since 0 < p < 2p < po < do/2, it follows that Q,\ Qz, C Q\ Qg /2 and so (3.13)
implies that

K(c 1 , K(c
D[ Gevg@)ees@pas S0 [ ok,
P JQ\Qz, \P P Q,\Q2,
where we also used the fact that, for € Q, \ Q),
2p 2p1
90) < Gy(20) = G2p) ~ Go) = | Cyar< [t =log2.
P 2

Putting it all together, we get that
Kafe.po) e 200 [ pp@Pde< [ @Pde. (310)
Qpo Q,\Q2,

for some constant Ks(c, po).
Now, let n > 1 be an integer, and set

1
Pn = 27/00-
So 2p, = pn_1, and we get
M M
U (2, \ €22p,,) = U (o, \Qp, 1) = Ly, \ Qy C Q.
n=1 n=1

So using (3.16) successively with p = p,, 1 <n < M, and summing leads to

M
PaKs(c, po) (Z 4"62G(2np°)>/ [ (z)|? da S/ |v(2)|* dr < oo. (3.17)
n=1 Q

PO

But from condition (.2) we know that the series " . 47 "e™2¢(2 ") diverges,
and so we find that -

/ [op(x)[* dz = 0. (3.18)
Qpq

But pp > 0 was arbitrary, and so by taking py — 0 it follows that

[ w@pas=o, (3.10)
Q

as claimed. 0O

4. Proofs of the main theorems

Our strategy in approaching Theorem 1 consists of combining Agmon-type decay
estimates for (weak) eigenfunctions (see Theorem 4) with multidimensional Hardy
inequalities. More precisely, for H as above, the fundamental criterion for self-
adjointness tells us that Theorem 1 can be proved as follows:
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Lemma 4.1. With the hypotheses of Theorem 4, there exists an E < 0 such that,
for any ¢ € L*(Q), the condition

<¢, (H - E)<p> =0, forevery ¢ C5°(Q) (4.1)
implies that ¥ = 0.
Proof. In view of Theorem 4 the only thing to be proved is that for 1 € L?(Q), (3.1)
implies that 1 is a weak solution of (H — E)¢y = 0 i.e. ¢ € H] _(Q). This is an
interior regularity result for elliptic equations and follows from general theory. In

our simple setting one can see by elementary means that ¥ € H fOC(Q). Indeed let
0 C Q, dist(Q2,09) > 0. Then V € L>(£2) and from (¢, (H — E)p) = 0 it follows

(¢, (A +1)g)| = (v, (V = E+1)¢)| < Kq el
for all p € CSO(Q), which via the Riesz lemma implies
(1, (A + 1)) = (2,¢)
for some ® € L2 (Q).~This means that the distribution (—A + 1)¥ on Cg°(Q) is
represented by a L?(Q2) function and the proof is finished. O

The following multidimensional Hardy inequality will allow us to complete
the proof of our main theorem:

Theorem 5 (Multidimensional Hardy Inequality). Let Q C R™ be a bounded open
set with C?-smooth boundary. Then there exists a constant A = A(Q)) € R such
that
1 [le(@)?
4 Jq d(z)?
for every ¢ € C3°(Q).

do < / Vo) d + All]? (4.2)
Q

This particular form of the Hardy inequality in domains in R™ can be found,
for example, in [7].
Now the proof of Theorem 1 follows very quickly.

Proof of Theorem 1. From the fundamental criterion for self-adjointness (via Lem-
ma 4.1) and the Agmon-type Theorem 4, we conclude that what we must show
in order to complete the proof is that there exist F € R, as well as ¢ > 0 and a
function g(x) = G(d(z)) with G satisfying (X) such that

(ou(H = B)o) — [ Wa(@)Plota)f do > clel? (43)
for all ¢ € C§°(2).
Recall that under the hypotheses of Theorem 1, the potential V' = V; + V5
with Vo € L*°(Q) and

Vi(z) > G/ (d(x))” - = -




390 G. Nenciu and I. Nenciu Ann. Henri Poincaré

for some G satisfying (X). Using exactly this G to define the g we need, and
applying the result of the multidimensional Hardy inequality above, we get that
for E€R

(o, (H = B)o) = [ [Vota)Plo(@) da

zAme—Gwmf+M®Jwﬂmwx

+(=Vallz~ — A - E)llel?
> (=Vallze — A= E)[e]*.

On the way we have used the fact that |Vg(z)|?> < G’(d(z))?. So choosing, for
example,

E=—|Vallp=—A-1 (4.4)
leads to (4.3) being satisfied with ¢ = 1. This is exactly what we needed, and
concludes our proof. O

Proof of Theorem 2. As already explained in Section 2, Theorem 2 follows di-
rectly from Theorem 1 and a choice of function G which for small ¢ coincides with
(see (2.16)):

1 & .
lnt+2~jz_:2Lj(t)+/tf(u)du,

where we recall that the functions L; were defined in (2.11), and f , which is to be
found, must satisfy (2.9).
More precisely, let
-1

P k—1
IMOED SN | R210) (4.5)
k=2 \j=1

defined for 0 < ¢ < e, '. Notice that lim; .o £,(t) = 0 and moreover %’5)2 is

integrable at zero. So if we define

By _ { fO)+ £Lp(0)%, for 0<t<e;?

f(t) 0, for t> e;l , (4.6)

then it satisfies (2.9). Let now h(t) be a smooth function with the properties:

t for 0<t<d
= ’ - — 2
h(t) { %do s for t > do s (47)

and 0 < h'(t) <1 for all 0 < ¢ < dy. Here dy < min{e;l,dg} and in addition is
sufficiently small such that for ¢ € (0, dp)

1= Lo,y -t >

5 (4.8)
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We claim that
p

Gylt) =Inh(t) + 3 L (A(0) + [ Fwa. (4.9)
j=2 t

satisfies all the needed conditions.
To check that G), satisfies (X), first note that, for any k& > 1,
-1

=
ch(t):—g HLj(t) ;

and so, for t € (0,dp)
1 1 =
G, (t) = ol {1 - 5ﬁ,,(h(t)) — h(t)f(h(t))} h'(t), (4.10)

while for ¢ > do, G7,(t) = 0. Then (X.1) follows from (4.10) , (4.8) and the prop-
erties of h(t).

To check (X.2), note that from (4.9) for ¢ < %0 (take into account that dy < 1
and for t < % h(t) =t)

—1

- p—1
672Gp(2_"p0) > 4np0—2672j0+ f(u)du | H Lj (27np0)
j=1

If we define, for € R large enough, the log-log functions Ing(z) = =, Ing(x) =
In(Ing—1(z)), then note that for all 1 < j < p—1and n > N(py) = ——Inp, "
(remember that 2pp < e,")
Li(27"po) =In;(2"pg ") = Inj_1(nln2 +1Inpy') <In;_yn.
But then
1

4" 2Gp(27"p0) > t.
Z ¢ = cons Z nln(n)Ins(n)---In,_o(n)
n=0 n=N(po)

o0

:+OO,

where the divergence of the latter series is an elementary consequence of the inte-
gral test.
Since sup,, i G;,(t)2 < 00, in view of the remark following Theorem 2, all
Z2

that remains to be done in order to apply Theorem 1 is to show that for ¢ €
(0, %) (2.14) implies (2.6) with G(t) = G,(t). Taking into account (4.10) it is
sufficient to check that for ¢ € (0, % ):

1 1 1 1

2~ plt) - 1f(t) = 5

Doing the algebra one gets the condition

OO0k
Ty 2 TR T

(1 — %Ep(t) - tf(t))2 (4.11)

()

+ (0 + £,0) 1
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Now taking into account (4.6) and that from (4.8), for t € (0, %), £, < 2, tf(t) <

2

W

% one has

f(t) | Lyt

2=+ (tF(t) + L,(1))

and the proof is finished. O

Finally we turn to the proof of our optimality theorem:

Proof of Theorem 3. In order to achieve this, we will work in 1 dimension, on the
interval (0,1), and construct such a potential close to 0. In this case, let @ € R
and consider the wave function

1
2

Iz Ly (x)*. (4.12)
j=1

Nl

Upa(z) =2~
First note that 1, o grows as * — 0+ for all o € R, but that

1
/ wga(x)dx:oo = a>--.
o+ 2
A direct calculation shows that

w;/,a(x) = Vp.a(®)Vp.al), (4.13)

with
—1

p—1 J
= 55 5 (frno)
k=1

-1

+ (2a+o(1)).%- HLj(x) (4.14)

where the o(1) comes from a sum of terms which are of lower order (in the same
spirit as in the previous proof). In this case, they are

11 p—1 / j -1\ ? o2 P -
12 HLk(z) T HLj(x)
j=1 \k=1 j=1
o p=1 / j -1 P !
-5 (H Lk<x>> [1%@
j=1 \k=1 j=1
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Further note that the other (decreasing at 0+) solution of
¢;)/,a('r) = Vp,a(x)qbp,a(x)

is given by the usual relation
o1
Op,a(T) = V), a:/ ———dy.
pel® = nal) )

Since 1, % (y) ~ y' ¢ as y — 0+ for any given € > 0, we see that ¢, o(x) — 0 as
x — 0+, and so in particular ¢, o and 1, o are indeed two independent solutions.
But for a < —1, they are both in L?(0+) and so we are in the limit-circle case
and
Hpo=-A+V,0

is not essentially self-adjoint on (0, 1). But this is exactly the type of potential we
were looking for: given a constant ¢ > 1, pick an o < —§ < —%. Thus H,, 4 is not
essentially self-adjoint, but for = close enough to the boundary 9%, equation (4.14)
together with our choice of a implies that V), o satisfies (2.17), as claimed in the
theorem.

Finally, the potentials V}, , can also be used in several space dimensions to
construct counterexamples U
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