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Abstract We start by pointing out an important ambiguity in the mathematical treatment of
the study of bound state solutions of the Schrodinger equation for infinite well type potentials
(studied for the first time in a pioneering article of 1928 by G. Gamow). An alternative to get
a “localizing effect” for the wave packet solution of time dependent Schrédinger equation
with potentials becoming singular on the boundary of a compact region  is here offered
in terms of “ Hardy type potentials” in which the potential behaves like the distance to the
boundary to the power « = —2. We show that in this case the probability to find the particle
outside €2 is zero once we assume that at # = 0 the particle is located in Q2. The paper extends
to the N-dimensional and evolution cases some previous results by the author.
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1 Introduction

This paper is a companion of a previous paper by the author concerning the one-dimensional
case [22] (already quoted in a textbook on Quantum Mechanics [54]).

We consider the Schrodinger equation with potentials V (x) becoming singular on the
boundary of a regular open bounded domain Q of RN, N > 1 after identifying (for simplicity
in our proposes) the usual parameters % (the renormalized Planck constant) and 2m (m being
the mass of the particle) with 1. So, if i = /—1, our problem becomes

{iaa”f =AY+ V@Y in (0, 00) x RY,

(1)
Y (0, x) = Po(x) onRM.
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Let us recall that in his 1928 pioneering article Gamow [40] proved, for the first time,
the tunneling effect which, among many other applications, lead to the construction of the
electronic microscope and the correct study of the alpha radioactivity. Most of his study was
concerning with the bound states ¥ (x,t) = e~iBt u(x) [E denotes the energy and in the
following we shall denote it also by A], i.e. with u(x) solving the stationary equation

—Au+V@u=»ru in RV, 2)

for a given potential V (x). He was specially interested in the Coulomb potential but he
offered some reasons to truncate such a potential when 0 < |x| < r’ for some ' > 0. Then
he proposed to replace the resulting potential by a simple potential which keeps the main
properties of the original one: in this way he proposed, it seems that for the first time in the
literature, what today is usually called as the finite well potential

V, 00 = 3)

Vx) ifxeq,
ifx e RN — Q.

In his paper © was an one-dimensional interval, as for instance (—R, R), and V(x) = W
for some Vp > 0 and ¢ > 0, but more general situations were considered also later in the
literature. It seems that the first reference dealing with the limit case, the so called infinite
well potential,

Vo ifxeQ,

too ifx ¢ Q, S

Veol(x 1 R, V) = {
for some Vj € R (without loss of generality we can assume Vp > 0) was the book by the 1977
Nobel Prix Mott [48]. Since 1930 to our-days, the infinite well potential problem was selected
as one of the best pedagogical, mathematical and physical models in Quantum Mechanics
and was considered as a basic example in any text-book in the field (see, e.g. the survey [10]
which includes 248 references on the subject). In many textbooks this case is presented as a
limit case of the associate finite well potential (3). In fact, there is an abuse of the notation in
the above terminology. What is really true is that we can introduce as a definition of solution
u of the infinite well potential problem (i.e. problem (2) with V given by (4) the function
u = limg_, o ug with u, solution of (2) associated to the potential V, o (x) given by (3) (see
Lemma 2.1 of [22] and [26]). It is usually claimed that u = lim, .« u satisfies Eq. (2) for
the infinite well potential but, as we shall explain now, this is not correct since some other
terms appear in the limit equation (which, in fact must be understood in the distributional
sense).

In contrast with the case of the finite well potential (3) the usual study of the infinite
well potential, such as it is presented in most of the textbooks, contains an ambiguity which,
curiously enough, it seems unseen before: it is said in many textbooks that to solve the
equation in RY outside € it is necessary to impose that the solution u(x) of (2) letu(x) =0
if x ¢ €2 (a better justification of this fact can be given through the approximation of such
potential by a sequence of truncated potentials V,; and passing to the limit on the associated
solutions u,; as ¢ — +o0: see [22]). Thus the study of problem (2) leads to solve the
associated Dirichlet problem on

—Au+ V(x)u =Au in L,

DP(V’)"Q){uzo on 02

This Dirichlet problem can be almost explicitly solved in many cases. For instance, for the
radially symmetric case of the N-dimensional infinite well potential over aball Q2 = Br(0),
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for some R > 0 and with V(x) = V(|x|), the differential equation and the conservation of
the orbital angular momentum leads to the equation

d’u, N —1dup, I+ 1)
= () = T ) g V(i g = Dt ©)

with r = |x| and [ > 0. In the case N = 3 and (4) with Vp = 0 the solution is given by

un,i(r) = Cji(onr)
with j; the spherical Bessel function of the first kind and «,, such that
JilanR) = 0. (©)

If 1 is the nth positive zero of the function j;(s), then the energies of the bound state are

(see, e.g. [39,54]). Forl = 0 equation (6) reduces to sinoR = 0, i,,,0 = n and the problem
is equivalent to the one-dimensional case (see [22,39,54]). In terms of the original value of
the parameters m and A, and denoting again the energy by E we get the countable set of
energies
ﬁZ
En,l = %)\n,l

(see also some PDE’s textbook as, e.g., Strauss [55]).

The ambiguity in this mathematical treatment arises because the derivatives of such u,
are discontinuous over d€2 (i.e. onr = R), and thus such u,, ; are not solutions of the equation
(5) in the whole domain R (i.e.r € [0, +-00)) in the sense of distributions but of the different
equation

d’u 2du 10 +1) .
) = ) () = At () -k 1(R)S() (). i (0, +00)

)

with k,, ;(R) # 0, since the second derivative develops a Dirac delta §;g) (see also [22]).
The presence of such discontinuities was noticed previously in the literature (see, e.g. [39,
page 140] and the survey [10]) but, as far as we know, it seems that a careful analysis of this
ambiguity, and the study of some alternative potential V (x) preventing this ambiguity, was
not considered before.

Besides pointing out such ambiguity, the main goal of this paper is to present a set of results
offering some kind of alternative and extending to the N — dimensional case the results of
the author [22] dealing only with nonnegative solutions ¥ > 0 of the stationary problem
DP(V, X, Q) in the one-dimensional case, 2 = (—R, R).

In some sense, our main aim can be stated in terms of the following inverse free boundary
problem: find a class of potentials V (x) such that the solution of the Schrodinger Eq. (1)
let localized for any ¢ > 0, in the sense that if we start with a localized initial wave packet
Yo € H'(R : ©), i.e. such that

support Vo C 2,
then the particle still remains permanently confined in €2 in the sense that

supporty (¢,.) C @ forany ¢ > 0.
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We recall that, in contrast with Classical Mechanics, in Quantum Mechanics the incertitude
appears (the Heisenberg principle). For instance for a free particle (i.e. with V(x) = 0), in
nonrelativistic Quantum Mechanics, if the wave function ¥ (z,.) at time + = 0 vanishes
outside some compact region  then at an arbitrarily short time later the wave function is
nonzero arbitrarily far away from the original region . This is an easy consequence of the
free propagator (see, e.g., [51]). Thus the wave function instantaneously spreads to infinity
and the probability of finding the particle arbitrarily far away from the initial region is nonzero
for any ¢+ > 0. Recall that this concerns a nonrelativistic theory and so this superluminal
propagation is not a philosophical contradiction. See also [18,38,39,42—44]. Nevertheless,
there are many relevant applications for which it is very important to have some kind of partial
localization of the particle and so in many textbooks the infinite well potential is presented
as an example of simple potential for which such partial localization occurs. Unfortunately,
this is no coherent since the solution obtained trough the associated Dirichlet problem is not
solution of the Schrodinger Eq. (1) but only of a variation of it. In some sense the modified Eq.
(7) can be understood as the equation corresponding to an effective potential which presents
a singularity on 9€2 of the type C/d(x, dS2). Indeed, formally we can write

kn,l(R)5{R}(r)u
u(r)
and since we know that K, g |[R — r| < u,(r) < fn,E |[R —r| forr € [0, R) (see, e.g. [50]

and [11]) we get that Eq. (7) can be understood as the equation associated to the effective
potential

kni(R)8{Ry(r) = (r)

IA+1)  (—kp (R)Sry(Ix])
|x|? IR — |x]| ’

W(lx]) =
In the more general class of potentials V (x) with a singularity on <2 of the type

ax o == aka)e rew ©
for some o > 0 and some C > C > 0 the answer to the confinement question depends
strongly of the value of «. For o € (0, 2) it can be proved (see, e.g., [22] and part iv) of
Theorem 4.1 below) that there is a funneling effect since (support ¥ (¢, .)) N (RN —Q) # ¢
for ¢+ > 0. The main goal of this paper is to show that this changes drastically if « = 2
(case in which V (x) can be called as Hardy type absorption potentials for many different
reasons which will be presented in this paper). The case & > 2 requires some special notion
of solution (see [26]) and will be treated separately in a different paper. So, our main result
(see Theorem 4.1 below) proves that if « = 2 the probability to find the particle outside €2 is
zero assumed that at ¢+ = 0 it is located in 2.

Notice that in the radial case the singularity at the origin is always present (even for
bounded potentials) due to the term ](Irng) uy,1(r), nevertheless there is a large class of singular
potentials presenting singularities for other values of » > 0. This is the case, for instance of
the so called Posch-Teller potential (see [49])

1 {k(k—l) M(M—l)}

Vix)=V(x]) ==V
x) (Ix1) 270 sina x| cos?a x|

(C))

for some Vp, o > 0, k, © > 0, intensively studied since 1933 (see, e.g. the monograph [41]).
The special case of Vo = 2, « = 1 and p = 0 was studied in [17] as an important examples
of the so-called supersymmetric potentials (SUSY).
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The content of this paper is organized in the following way. In Sect. 2 we show the
localization of the associated eigenfunctions by using an energy method which allow to show
that the eigenfunctions of the corresponding eigenvalue problem on €2 are “ flat solutions”

0
(in the sense that e = 0 on 9€2). We also extend, in Sect. 2, the study of flat solutions

for a class of problenms in which the singularity over 9€2 is not presented by any absorption
potential but for a diffusion coefficient. This remarkable property of some linear problems
seems to be not considered before in the previous literature except in a recent paper dealing
with some eigenvalue problem under symmetry assumptions (see [35]).

The application of the super and subsolution method to the study of the flat eigenfunctions
of the associated Dirichlet problem is presented in Sect. 3. In some sense this can be under-
stood as the natural extension to the N- dimensional case of the technique of proof developed
in [22] for the one-dimensional case. Unfortunately the situation becomes much harder for
N > 1 (for instance, there is a lack of information on the classification of the set of nodal
solutions of the auxiliary semilinear problem, in contrast to the very rich answers given in
[28,31] for N = 1). In fact we improve the results of [22] since here the study is not limited
to the first eigenfunction (which is positive in €2) but to any eigenfunction corresponding to
the set of countable eigenvalues. The estimates, near d<2, found in this section are sharper
than the ones obtained in Sect. 2.

Finally, Sect. 4 is devoted to the consideration of the evolution problem (1). Besides to state
and prove the main result of this paper (Theorem 4.1) we present several commentaries on
possible generalizations. In particular it shown that the wave function ¥ (¢, x) corresponding
to the Posch—Teller potential can exhibit * holes” for finite-time intervals, in contrast with
many other singular potential satisfying (44) with « € [0, 2) (see [18,42-44]).

2 An energy method for the study of flat eigenfunctions

2.1 The Schrodinger equation with singular potentials

As mentioned before, given a potential V € L }OC(Q), V > 0on €2, an open regular bounded
setof RV, N > 1 (the value of V on R—§ being irrelevant for our purposes: see Remarks 2.3
and 4.2 below), the study of problem (2) leads to the consideration of the associated Dirichlet
problem on

—Au+VxXu=iu in L,

DP(V’)L’Q){M=O on 0%.

In which follows we shall consider Hardy type absorption potentials, i.e. such that

c c
— <V < —_ .e. Q 10
daor = VW= gigae e Fe (10)

for some C > C > 0. It is useful to introduce the following notation:

Definition 2.1 We say that a function u € HO1 () is a “ flat solution” of problem

ad
DP(V, A, 2) if u satisfies DP(V, A, ), u(x) # 0 forae. x € Q and a—u =0on Q.
n

A very detailed analysis of the eigenvalues and eigenfuctions of the linear problem
DP(V, X, ), under condition (10) for the special case of C = C > 0, was carried out
in [16] (see also some classical approach in some PDE’s or Quantum Mechanics textbooks,
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260 J. 1. Diaz

as, e.g. [39,51,54,55]) but they do not consider the possibility to get flat solutions as eigen-
functions.
As a general first result we have:

Proposition 2.1 Assume (10), then there exists a sequence of eigenvalues A, — 400, A1 >
A1,q (the first eigenvalue for the Dirichlet problem for the — A operator on Q2), M1 is isolated
and uy > 0 on Q2.

Proof We start by arguing as in the proof of Theorem 3.2 of [30]. For any & € L?(RQ) we
define the operator Th = z € HO1 (£2) solution of the linear problem

H—Az-i—V(x)z:h in Q, (1n

z=0 on 0L2.

This operator is well defined since problem (11) has a unique (weak) solution z € H(} ().
This follows from applying the Lax-Milgram Lemma to the associated bilinear form in
H ()
a(u,v) = / Vu - Vvdx +/ V(x)uvdx
Q Q

which is well-defined, continuous and coercive. Indeed, taking into account that

C
Vix) < ———— ae. Q,
(x) = doaa? e F €
(thanks to assumption (10)) Hardy’s inequality implies that
1 2
:/ V(x)u2dx 5/ “ 2 f IVul2 dx
ClJa d(x)

for some suitable constant k = k(£2) and then

a(,u) =C IIMIIH Q)

for some C > 0, which implies that a is continuous (the coerciveness of a is obvious since
V(x) > C/maxgqd(x, d)?). Thus, for any h € L?(S), there exists a unique Th € Hy ()
solution of the above equation and it is easy to see that the composition with the (compact)
embedding Ho (Q) c L3(Q)isa selfadjoint compact linear operator T=ioT: L3(Q) —
L2(Q) for which we obtain in the usual way a sequence of eigenvalues A, — +00. By
well-known results (see e.g. [12,51]) we know that A; > 0. In fact, since V(x) > 0, we
know that A1 > A1 q. Moreover we know that A; is isolated and that 1 > 0. ]

Remark 2.1 As mentioned in the Introduction, we recall that in the one-dimensional case

2
Q= (—R,R)wehave L1 q = (%) and that by well known results, if Q2 = Br(0) C RN

T \2
and V (x) = V(|x]) with N > 1 then | ¢ > (ﬁ) .

As usual in Quantum Mechanics we shall pay attention to the associate eigenfunctions
with normalized L%-norm, i.e. such that

litnll 2y = 1. (12)
The following result shows that the only assumption (10) suffices to ensure that any

eigenfunction u, is a flat solution.
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Theorem 2.1 Let u, be an eigenfunction associated to the eigenvalue L,. Then uy is a flat
solution of DP(V, ,y,, ). In fact, there exists K, > 0 such that

liun ()| < Kpd(x,dR)°> ae. x € Q. (13)

The main idea of the proof will consist in the use of an appropriate set of test functions and
aMoser-type iterative argument (see [34,36]) leading to a quantitative estimate of ||uy || o (q)
in terms of A,. Notice that taking ¢ = u,, as test function, and using (10) we conclude that

el
/|wn|2dx+/ 5 || dx<kn/ |t | dx = . (14)
Q 3(x)

This provides an estimate of |[u|| L@ in terms of A,. In the one-dimensional case, since

Hé (2) C L°°(2) this implies an L*-estimate but this is not so if N > 2. Moreover, we
shall get a sharper L°°-estimate valid for any dimension N.
Givenn € Nand M, k > 0, we consider the set of truncate test functions of the form

o(x) = v (), with v, 4, () = min{[u, (0], Msign(u, (x)). (15)

Since ¢ € HO1 (2) is an appropriate test function

2k+1
‘vMK+ (x)llunldx

(2K+1)/ |vis (x)\|w,,|2dx+/ 502

< (2K+1)/ AN AR dx—i—/ V(x)‘ 2K+1(x)‘|un|dx

=An/ o351 @)l dx (16)
Q

where from now and in what follows we use the simplified notation vy, = v, » and
S(x) =d(x,0Q).

The following lemma was proved in [34] for the case n = 1 (and some other additional
conditions) but it can be easily adapted to the case of changing sign eigenfunctions.

Lemma 2.1 [34] Letn € Nand M,k > 0. Then

2(k+1 . c
vy, (k+ )(x) dx =limpy— 400 fQ o7 ‘UZKJr](x)’ |t | dx

%(K'H)(x)'dx <A fQ (K+1)(x)‘dx

. C
limps s o0 fQ W

= Joss 32

Proof Since |vy| /' |u,| monotonically as M 7 400, fora.e. x € 2, we get the conclusion
from the monotone convergence theorem and the inequality

« C | %
/Q,g(x)2’ L2 +])(x)’dx 5/ o v2H ()

< An/ ErasCTr sxn[ 26D ()| d,
Q Q

which is a consequence of the energy estimate (16) (remember that we already know the
in D )| dx < 2R, o

lun| dx

uniform in M estimate [, |u

A Moser-type iterative argument leads to an inequality which can be understood as an
inverse Holder type inequality:
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262 J. 1. Diaz

Lemma 2.2 [34] Letn € Nandletq € (1,+00) if N <2and g = 2* :==2N/(N —2) if
N > 3. Then there exists a sequence kK, — +00 if m — +00 and a constant C(q, C, A, Q)
such that

lunlloge,+1g < €@, Cs A, Q) lunll, for any m € N. (17)
In particular,

lunlloo = Clg, C, An, Q) llunlly -

Remark 2.2 The proof of this lemma is identical to the one given in [34] although there are
some slight differences in the framework considered there. The dependence with respect 2
appears not only because, obviously, A;,, depend on €2 but also because in the proof it is used
that Cq < 1/82(x) for any x € Q and for some Cq > 0.

Proof of Theorem 2.1 From Lemma 2.1

/ C
[ o 8(x)?

Then, by Lemma 2.2, for any fixed ¢ € (1, +00) and for eachm € N,

C
[/sz 8(x)?

Making m — oo we get that there exists K, = K (g, C, A, R) such that

1
2D T
u,%("“)(x)‘ dx] < lnlloget1) -

n =

1
20em+T) s
w2 ()| dx] = 2 g, +11g < €@ Cohns B llually

lun(x)| < sup ess lun (V)] < Ky

1 1
8(x)? vea  8(y)?
which proves (13). O

As a particular consequence of Theorem 2.1 it is possible to offer a correct alternative to
the “localizing” process suggested by Gamow in his paper [40].

Corollary 2.1 Let Q be an open regular bounded set of RN, N > 1. For any q € [0, +00)
consider the potential

Vx) ifxeQ,

Vo.o(0) = [q ifx eRN — Q.

Assume (10). Then there exists a countable set of eigenvalues &, and eigenfunctions iy, 4 of
the Schro dinger equation

— Au+ Vyo@)u = Au in RV, (18)
such that

~ _Juax) ifxeq,

“"(x)_{o ifx eRY —Q,

where A\, and u,(x) are the eigenvalues and eigenfunctions of the Dirichlet problem
DP(V, , Q). Moreover the same conclusion holds for q = +oo if we define the corre-
sponding solution as Wy oo (x) = limy 7400 lp,q(x).
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Proof of Corollary 2.1 Thanks to Theorem 2.1 we have it, € H'(RY). Moreoveron RN —Q
we trivially have —Au + V, q(x)u = X,u, so the conclusion follows. The convergence
Up.oo(x) = limg 7400 ﬁn,q (x) follows the same arguments as in the one-dimensional case
(see Lemma 2.1 of [22] and Proposition 4 of [26]). ]

Remark 2.3 Notice that no Dirac delta is generated on the boundary 9 €2 once we assume (10).
Moreover, by construction of the extension i, (x) over RN — Q the value of of the extension
of V(x) over R¥ — Q is irrelevant. Notice that this is peculiar to the special construction
of our solution i, since otherwise some conditions on the behaviour of V (x) for |x| large
enough must be assumed for the existence of weak solutions (see, e.g. [15,37,51] and their
references).

Remark 2.4 1t is possible to consider some unbounded domains of €2 with the help of the
modification of the eigenvalue problem with an auxiliary weight function (so that the right
hand side reads as A,0 (x)u for some weight function o (x)). Some related results can be
found in [32,35,36].

2.2 Flat solution of a problem with singular diffusion coefficient (without
absorption term)

In fact, the same type of localizing conclusions also holds for other types of linear eigenvalue
problems in which the singularity appears merely in the diffusion operator. Consider for
instance the singular diffusion problem

soi.p [ A=) 0

where now we assume
Q = Br(0), forsome R >0,
and the crucial assumption
a(lx]) =8(x)7Y = (R — |x|)7Y for some y € (0, 1). (20)
By defining the weighted Sobolev space Wl’p(Q, 877) as usual (see, e.g. [36,47]),
equipped with the norm
I/p

”u”Wl-I'(Q,S*V) = Z /;’Dau|p8(x)_ydx

o<1

the existence (comparison and uniqueness) of a weak solution u € HO1 (2, 677) of the linear
singular problem is a well-known result if f € Lz(Q, 877) and, in fact, the existence and
comparison of the so-called “ entropy solutions” holds if f € L'($2,877) (see, e.g. [19] and
its references). As a matter of fact, by applying the Hardy inequality it is possible to show
that

1/p

lallytr s = | 3 /Q |D%ul” 5x) " dx

=1

is an equivalent norm for the space HO1 (£2,6877) and that the existence, comparison and
uniqueness, of weak solutions u € HO1 (£2,877) can be extended to more general right
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hand side data f € L*(Q2, o) for some weight function o (|x|) once that the embedding
HO1 (R,877) € L*(R, o) is compact. In the radial case, by taking the weights

o) :=r" Y R=r7" and o(r):=r""YR-r)P,

the result holds if

[y >—landp>—1] or [B<-landy > -2—g8]. (21)
(see [35]).
Theorem 2.2 Assume f € L>(Q2, (R — |x|)?) such that
1 F()] < C8)'TY TP ae xeQ. (22)

Then u is a flat solution and
lu(x)| < K§(x)'™ ae xeQ.
Proof Consider the auxiliary radially symmetric problem with singular diffusion

—div(a(|x|)VU) = A(R — |xDPU  in Q,

SD(a,A,ﬁ,R)={U=O on 9Q.

under conditions (21). It was shown in ([35]) that there is a first eigenvalue A; of
SD(a, ), B, R) which is simple and that, modulo a multiplicative constant, the associated
eigenfunction U satisfies

0<U(x]) < KR —|xD'" ae xeq.

Then, by taking
_ C
() = S~ (R = IxDPU (1x])

we have that —div(a(|x|)Vu) < —div(a(]x|) V) on 2 and since u < u on 92 we get that
u(x) < K8(x)'*7 ae. x € Q thanks to the comparison principle. The proof of u(x) >
—K8(x)'*7 ae. x € Qs similar. ]

Remark 2.5 Notice that the conclusion holds even if f(x) is singular near the boundary 92.
For instance functions of the type f(x) = C8(x) ?satisfy all the requirements to generate
a flat solution in u € HO1 (2,877) if we take 6 € (0, 1/2). In the case of L'—solutions it is
enough to assume 6 € (0, 1).

Remark 2.6 Many variations of the above theorem can be proved. For instance, it is pos-
sible to consider weighted p-Laplacian quasilinear diffusion operators, the equation can be
generalized to equations containing transport and absorption terms and the result holds for
transmission solutions for non necessarily symmetric domains €2 such that Q O B (0), for
some R > 0 and we assume

_ | fr(x) ifx € Bg(0),
f& = {o if x € Q — Br(0),

with fr € L*(Q,(R — |x|)#) satisfying (22). In that case the (unique) solution of
SD(a, 2, f) is given by

_ fur(x) ifx € Br(0)
wx) =1 if x € Q — Bg(0).
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Remark 2.7 In contrast to the large amount of papers on elliptic free boundary problems (see,
e.g. the monographs [2,21]) the occurrence of flat solutions when the only *“ mechanism”
justifying such a phenomenon is the singularity of the diffusion coefficient seems to have being
unexplored in the previous literature. This property could justify, perhaps, the appearance of
some free boundaries for some quasilinear equations under anomalous criteria to the usual
ones and which involve (in different ways) the 1-Laplacian operator (see, e.g. [1,25]).

3 Application of the super and subsolution method to the study of flat
solutions

3.1 On the radially symmetric semilinear auxiliary problem
In this subsection we shall pay attention to the radially symmetric problem DP(V, A, 2)
when we assume that

Q = Br(0), forsome R >0 and V(x)=V(x|) forae. xe€Q.

As in the one-dimensional case ([22]) it will be useful to start by considering the auxiliary
semilinear eigenvalue type problem

P(R,m, Vy, 1) = { ;ivoir Volo" v = 1v, ana(s)z, in Q,
for a given Vp > 0 and m € (0, 1). We shall prove:
Proposition 3.1 (i) Let
A = g2V 23)

with wy := |B1(0)|. Then, for any A > A¥, there exists a radially symmetric weak
solution u;_ of problem P(R,m, Vy, \) such that

C
lvalleo@) = — 24

I—m

for some C > 0 depending only on R. In addition the above weak solutions v, have
compact support in 2 and satisfy

Um (x) < Kd(x, d(support v))? Y™ for any x € support vy, (25)

for some constant K .
(ii) For » > \* | there exists K > 0

Kd(x, d(support vm))z/(l_m) < vp(x) foranyx € support vy, (26)
for some constant K .

2N
Proof Since A* = (%) , the first part of property 1) is a particular case of Theorem 1 of

[24] (see also [30]). We also recall that by the results of [46] any solution of P(R, m, Vg, 1)
must be radially symmetric. So, it remains to prove estimate (25) and (26). If we make the
change of variables

vy (x) = (‘;(’) o U(ax), 27)
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with v;, solution of P(R, m, Vj, A), then U satisfies

—AU + U™ 'U=U in BL(0),

U=0 on 0By (0), (28)

P(L,m) = {
with
L = VAR.

In order to get the estimates mentioned in i) and ii) we shall use the fact that
" N—1 /
~U"(r) = ——U'(") + fW ) =0
where
fx,u) :=u™ —u.

Then
r2 m+1

F(r) ::/0 f(s)ds:i—m_'_l.

Notice that f(s) < 0if0 <s < 1:=ryand f(s) > 0if 1 < s.On the other hand F(s) < 0
if0 <s <rp =@/ +m)/0=m and F(s) > 0fors > rr. As a matter of fact, if
U, € C([o, L]) is the solution of the one-dimensional equation

~U{ () + fWI1(r)) =07 € (0. 1),
U{(0) =0, Ur(L) =0,

it was shown in [22] that the flat solution satisfies that
U10) =rF

and that
1 'F dr
V2 Juyy (ZF@r)1/?

where L is such that

=|x|, for |[|x|]<L,

I— 1 'F dr 29
_ﬁ/o (=F ()l >

Notice that L < +oo due to the assumption m € (0, 1). Moreover, it was shown in [22] that
0<U(r)<M|L —r|FTm forsome M > 0.

Notice that Uy (r) is a supersolution to our problem and that it satisfies estimate (25).
Coming back to the N-dimensional problem, we know that U € C L([0, L) and that U’ (r) < 0
for any r € [0, L]. Moreover, as mentioned before, there exists Lo € (0, L] such that

U(r) =0foranyr € [Lo, L].
Without loss of generality we can assume that there exists L € (0, L) such that

0<U(Ly) <1
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On the ring r € (L, Lp) we know that 0 < U(r) < 1, so that —F(U(.)) is a monotone
non-decreasing function of U over such ring. Let us define Y (s), when s € [0, Lo — L], by
the expression

Ur)=Y(Ly+s).

Then Y'(s) < 0 and

N —1
Y’ Y'(s) = —f(Y(5)).
(s) + L +s (s) S ()
Since
N -1 N—1 N-—1,
< < if s € [0, Lo — L]
Lo Li+s Ly
we get

N -1
1

Y7 (s) + Y'(s) < —F'(Y(s) = Y'(s) + NT_lY’(S)-
0

Multiplying by Y’(s) we have

e‘AS(% (Y'(9)* ed) < —F(r(s)) < e‘“(% (Y'(9)) My (30)

where
N-—-1 N -1

A= and A =
L Lo

In particular, since Y'(s) = Y (s) = 0if s = Ly — L1, by integrating in (30) we get

—V2e B\ —eMSF(Y(5)) < —Y'(5) < —v2eDs\/—eBs F(Y (5)). (31)

Thus, if for a positive parameter & we denote by 7¢ (s) to the solution of the ordinary differ-
ential equation

{—n(’,(S) =0/=F(n(s))
ng(L—Ly) =0,

by the comparison of solutions for ordinary differential equations, we get that
ng(s) < Y(s) <ng(s) forany s € (5§, Lo— Li]

forsome 8,6, 6 > 0. Thanks to the estimate (31) we get that there exist two positive constants
M < M such that

Mt < L[r_dr <M (32)
T < — —— < M1

o V2Jo =F@r)

for any T € (0, 1) and (25) (26) follows. ]

Remark 3.1 We recall that by the results of [45] then there is a unique flat solution of problem
P (L, m) for a suitable L = /AR, but we do not know if this value of L corresponds exactly
to ¥/A*R . In the one-dimensional case this value of L can be determined explicitly: see
expression y (2/(1 + m))'/(1=™) in formula (2.6) of [22]).
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3.2 Non-radially symmetric case
In the case of a general regular open bounded set  of R¥ it is possible to improve the
estimate given in Theorem 2.1 implying that the eigenfunctions are flat solutions.

Theorem 3.1 Assume (10). Let u, be the normalized eigenfunction of D P LV, An, 2) asso-
ciated to the eigenvalue \,. Then there exists m € (0, 1/2) and a constant K ,, g such that

lu, (x)| < f,,,Ed(x, BQ)ﬁ a.e x € Q. (33)
Proof From (10) and Theorem 2.1 we know that

—Auy + V)uy = Mt < g ] < 2 Knd(x,92)?% in Q,
u, =0 on 0%2.

So, by the comparison principle, u,(x) < u,(x) a.e. x € Q, where i, > 0 is the unique
solution of

— ATy + V()i = A Kpd(x, 92)% in Q,
U, =0 on 0L.

In particular, if we denote
§(x) =d(x,0) (34)
then

u + u X) .
n S( )2 n = n n

Now, let xg € 92 and for m € (0, 1/2) consider the barrier function
U(x;x0) =K |x —)colﬁ .
It was shown in Lemma 6 of [21] that
m—1 2
—AU + p|U" U = C(K) |x — xo| T,
with

ym=m©2m 4+ N(1 - m))

C(K):= (uK™ — K"~ 0

In particular, if K = K,
1
1 _ 2 1—m
K, < |-d=m7 (35)
2Q2m + N1 —m)

we have that C(K ) > 0 (notice that C(K) = 0 if in (35) the symbol < is replaced by =).
Consider the set

Qg (x0) := 2N Br(xp).

It is clear that §(x) < |x — xo| on Qg (xp). Then if K satisfies (35) we get

2 © 2z
- U>-AU+—"——U=-AU+ ——U
K(=mg(x)2~ ~ K |x — xo|? |;u|t-m

= C(K) |x — x0T > C(K)8(x) T,

—~AU +
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Thus, if
"
—<C (36)
(1—m) -
K, "
and
C(K )R > 3, KnR? (37)
we have that
~ Cc C .
—Au, + Wun < —-AU+ (S(T)ZU in Qg (xgp)

(recall that 12_”; < 2 since m € (0, 1/2)). Notice that conditions (36) and (37) hold if we

take p large enough, then
C(K,) 7250
Ky

(notice that C(K ) /" +o0if i /' +00). On the other hand, by choosing R large enough
we trivially have

Uy, < U on 9Qg(x0),
since on dQ2g (xg) — a2 (i.e. if |[x — xg| = R)
~ ~ 2
up(x) < ”un”oo <Ux) = K;Llem

once we assume

1-m

R (nu[znw)T. 39
0

In consequence, by taking u large enough we can choose R satisfying (38) and (39). Then,
for such a choice of i and R, by the comparison principle,

2 I
U (x) < Ky lx — xo| ™= in Qg (x0).

Moreover, as xo € dS2is arbitrarily chosen, by taking the envelop of U (x; x9) when xg € 0€2,
we get the conclusion. The estimate from above of u, is obtained in a similar way. O

Remark 3.2 Notice that m € (0, 1/2) implies that ﬁ < 4 and thus the improved estimate
(33) and the standard regularity for linear equations shows that the solution u, is at least
of class C3(2) (see also [29] and [33]). This same conclusion can be obtained by using as
supersolution U (x) = C38(x)” forsome b < 4 and playing with the Euler ordinary differential
equation in a similar way to Lemma 2.8 of [3] (see also [4]).

We shall end this subsection by showing an estimate from below for the eigenfunctions
Up.

Proposition 3.2 We have

Kd(x,3Q) ™7 < |un(x)| ae. xeQ.
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Proof Let w C 2. Assume for simplicity that u,(x) > 0 on w. Then, for any ¢ > 0 small,
m € (0, 1) and for any xo € dw,, where

we, = {x € w suchthatd(x, w) > ¢},

let u be the unique solution of the eigenvalue type problem

—Au + pu™ =1 (Q)g(x)u  inw,
(40)
u=20 ondw,
for
Mnl@) o vy > COKYA(x, 00) o ae.x €
Q) — 8 = , We .C. e
An(@e) =g(x)onw — o
A (R2) 8’

(we know that A, (wg) > A,(€2)). Then, if w, is a ball, arguing as in the above subsection
and using local barrier functions we conclude that

u(x) > Cd(x, a)s)ﬁ ae. X € we.

Since we cannot apply directly the comparison principle, we shall apply the iterative method
of super and subsolutions so that if u(x) and u(x) are respectively a subsolution and a
supersolution of DP(V, XA,, €2) such that

u(x) <u(x) forany x €, 41)

then we get the existence of a minimal u*(x) and maximal z*(x) solution of DP(V, A,, 2)
such that

u@x) <u*(x) <u*(x) <u(x) forae xeQ.

As a subsolution we take u(x) extended by zero on  — w, and as a supersolution we take
the solution of

— Aty + V(X)p = Ay lunllee  in €2,
{un =0 on 0%2.
Notice that by well known results
Up(x) > Cd(x,Q2) ae. xeQ.

By taking @ small enough we know (see [30]) that A, (w;) is large enough and that H u H ~
can be assumed as small as desired, so that we have (41). Since € and w are arbitrarily chosen
we get the result. O

Remark 3.3 Notice the absence of contradiction with some papers showing the non-existence
of solutions (see, e.g. [13]) in which they consider non-absorption Hardy potentials, i.e. with
non positive constants C and C.

Remark 3.4 Some of the ideas of this paper can be adapted to the study the existence of
“large solutions” of the same type of linear equation

—Au+Vx)u= f(x) in€,
u = +00 on 9€2,
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when the potential V satisfies (10) (see [23]). Notice that in contrast with [3] it is not required
the presence in the equation of any superlinear term of the form u” with m > 1. We recall
(Theorem 2.10 of [33]) that given f € LY(Q : 9), f(x) > 0ae.x € 2, Vy > 0, the
existence of a large solution of the semilinear problem
—Av+ Vv = f(x) inQ,
= v =400 on 9€2,

requires now the crucial assumption m > 1.

4 The evolution case

As mentioned in the Introduction we consider the Schrodinger equation with potentials
becoming singular on the boundary of a regular open bounded domain Q of RN, N > 1. As
before, we identify & and 2m with 1. So our problem becomes

il = —Ay + V@)Y in(0,00) x RV,
¥ (0, x) = Po(x) on RV,

We consider the case of potentials with a singularity over 92 , i.e., such that there exists
g € [0, +00) such that

(42)

Vix) ifxeQ,
Vot ={ Y R 43)
and V € L}OC(Q) satisfies
c <Vx) < ¢ eQ (44)
_— X —— ae. x ,
d(x,0Q)% — ~ d(x, 0Q)”

for some o > 0 and some C > C > 0. Our interest is the study of the time evolution of
localized initial wave packets Yo € H LR : ©), i.e. such that

support ¥y C Q.

The behaviour of the support of the particle ¥ (¢, .) depends of the exponent «. Let us
study the permanent confinement in € question under assumption (44) and more specially
for o = 2 (condition (10)).

Theorem 4.1 Assume (10) and let o € H' (RY : C) such that support Yo C Q.Then

(i) For q > 0 consider the the extended potential V (x) = V, q(x) given by (43). Then
Problem (42) has a unique solution ¥ € C([0, +00) : L2(RN : ©)) with ¢ €L*(0, T :
H'RY : C)) and Vy o(x)¥ €L*(0,T : L* R : C)) forany T > 0.

(ii) The problem

i =AY+ V)Y in(0,00) x Q,
=0 on (0, 00) x 9€2, (45)
¥ (0, x) = Yo(x) on 2,

has a unique solution g € C([0, +00) : H*(Q : C)ﬂH& (Q : C)), and we have the
Galerkin decomposition

Yolt, x) =Y aze " u, (x), (46)
n=1
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with convergence at least in L*(2 : C), where A, and u, are the eigenvalues and
eigenfunctions given in Proposition 2.1 (renormalized by (12)) for any n and

a, :/ Yo (x)up (x)dx.
Q

(iii) Assume that
i JR—
> lanl Ky < +o0 (47)
n=1
where K, > 0 was given in Theorem 2.1. Then
[Ya(t, x)| < Kd(x, 89)2 foranyt > 0anda.e. x € 2, (48)

for some K > 0. In consequence, the unique solution of (42) for the extended potential
Vy.@(x) is given by

Yalt,x) ifx e,

W“J):{o ifx eRN —Q, “49)

and thus support ¥ (t,.) C Q foranyt > 0.
(iv) (Tunneling effect or instantaneous propagation). If V (x) satisfies (44) with o € [0, 2)
then

(supportyr (¢, ) N (RN =Q) # ¢ fort > 0.

Proof To prove i) we rewrite problem (42) in terms of an abstract Cauchy problem over the
Banach space X = L2(R" : C) of the form

{§y0+Awg=0 in X
(50)
v(0) = vg
withv(tr) = ¥ (¢,,.) and A : D(A) — X defined by
D(A) ={w e HJ(RY : C) suchthat (—A + V(x))w eL>R" : C)}
Aw = i(—A + V(x))w, ifweD(A).

Then the operator A is m-accretive in X. Indeed, given g e L>(R" : C) to study the existence
of solution of the equation Aw + uw = g, for any u > 0 we observe that if g = g, + ig;
and w = w, + iw; then we had to solve the uncoupled system

—Aw, + Vg ow, + pw, = —gi(x) inRY, 51
—Aw; 4+ Vg o(x)w; + pw; = g(x) inRY.
The bilinear form
a(u,v) = / Vu - Vodx +/ (Vg,.o(x) + puvdx
RN RN

is clearly coercive in H'(R") which shows the uniqueness of solutions of (51) once that
Via(x)w eL?(RY : C). Moreover, given M > 0, by truncating the potential V, o(x) by
Via(x) iV, ) <M,

Vqu[Q (x) = .
M iV, 00> M,
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the associated bilinear form
aM(u, V) = / Vu - Vudx + / (VqMQ(x) + wuv dx
RN RV 7

is not only coercive but also continuous on H'(R"). Then, by applying the Hille—Yosida
theorem (see, e.g. [12,51]) we get the existence and uniqueness of a solution Wy =wy , +
iwy ; of the associated uncoupled system (51). Moreover by multiplying by wys we get the
estimate

2 2
| Vws || 2@y, + /R . (Vi + 5) wiy, dx < Cw) llgi 2@, -

Since by the comparison principle we get that }wM,,(x)| > |wM/,r (x)} for a.e. x € RN if
M’ > M, then the monotone convergence implies the existence of a subsequence such that
Wy, —> Wy in L*(RV) (and thus Vwy » — Vwyy in L2@RM)). In consequence

"
190, 12 g, + fR (Vo + B wkdr < v gy,

and so we get the existence of w, € H L(RN) such that Vq,g(x)wreLz(RN ). The existence
(and uniqueness) of solutions for the case of w; is entirely similar. The regularity mentioned
on ¥ in i) (and some other additional regularity properties) can be obtained in a standard
way by multiplying by ¥ (see [14]).

The proof of (ii) is similar to the one of part (i) but now we rewrite problem (45) in terms of
an abstract Cauchy problem (50) on the Banach space X = L3(Q: C) with v(r) = v, ,.)
and A : D(A) — X defined by

D(A) ={w e H}(Q2:C) suchthat (—A + V(x))w eL*(Q: C)}
AW = i(—A + V(x)w if w eD(A).

Then the operator A is m-accretive in X. Indeed, given g €L*(Q2 : C) the existence of
solution of the equation Aw 4+ uw = g, for any 1 > 0 is consequence of the application of
the Lax-Milgram theorem to the bilinear form

a(u, v):/ Vu-Vvdx+/(V(x)+u)uvdx
Q Q

since now it is coercive in HO1 (2) [it suffices to apply Hardy’s inequality as in Proposition 2.1].
The accretivity is again a consequence of the Hardy’s inequality and the fact that C > 0
in (10). Moreover by adapting to our framework some previous results in the literature
for free particles V = 0 (see, e.g. Remark 1.4.36 of [14] and also [51]) we can get a
Galerkin decomposition as mentioned in (46). Indeed, since the operator defined in the proof
of Proposition 2.1] is compact we know that (u,),,> is a Hilbert basis of L%(2). Then given
Yo € Lz(RN : C), Yo=vo,r +ivo,; we define a, = a, , +ia, ; by

an.r :=/ Yo (Xup(x)dx and ay; :=f Yo,i (X)un(x)dx
Q Q

so that

Yo = Zanun(x)~

n=1

For k € N consider let Yo x € LZ(Q : C) and ¥ « (¢, x) defined by
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k
1pO,k(x) = Zanun(x)a
n=1
and
k .
Yok, x) =Y aze " u, (x). (52)
n=1
It is clear that ¥rq , € C([0, +00) : H*(Q: (C)ﬁHol(Q : €)) and that ¥q £ (0, .) = Yo.x(.).
Moreover

k k
L0VQ k i i
i = § ape M u, = § a,e M (= A, 4+ V() = — Avg i + V() Vax,
n=1

ot

n=1

so ¥q .« is the solution of problem (45) corresponding to the initial datum v . Since the
set

k
U [Zanu"; (a"vr)l§n§k ’ (a"'i)lfnfk - Rk}

k>1
n=1

is dense in L2(Q : C) we get the Galerkin decomposition (46).
Conclusion (iii) follows from Theorem 2.1 and assumption (47) since

k
o i@, 0 <D lanl |e™™ | Ju, ()]
n=1
k
<Y lay| Kud(x,0Q)* forany >0 andae. xeQ. (53)
n=1

Moreover, the extension V¥ (¢, x) by zero outside €2, given by (49) satisfies that ¥ €
C([0, +00) : L*RY : C)) with ¥ €L*(0,T : H'(RY : ©)) and V, o(x)¥ €L*(0, T :
L2RY : ©)) for any 7 > 0 and solves the problem (1), so it coincides with the uniqueness
of solution of it obtained in 1).

Property iv) is consequence of the Unique Continuation Property obtained under the assump-
tion (44) and « € [0, 2) (see, e.g. Theorem XIII.57 of [20,53]). The conclusion can also be
obtained as an application of the Paley-Wiener theorem (see, e.g. [52]). O

Corollary 4.1 Under the conditions of Theorem 4.1 assumption (47) holds if for instance
a, =0 forany n > ng, forsome ng e N.
]

Remark 4.1 1 conjecture that conclusion (48) can be obtained trough the use of some energy
method similar to the one used in the elliptic case (see Theorem 2.1) and that (47) holds once
we know merely that ¥y € HO1 (€2 : C) but at this moment their proofs are open questions.

Remark 4.2 The case ¢ = 400 can be also considered (see Corollary 2.1). In fact, for the
existence of a solution satisfying that support ¥ (¢, x) C 2 for any ¢ > 0 the value of V on
RN —Q is irrelevant (see Remark 2.3).

Since no assumption on the connectness of the domain & was made in Theorem 4.1 the
conclusion applies to domains with “ holes”:
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Corollary 4.2 (i) Assume (10) and
Q=Qy — Uzzlﬁk, for some regular open bounded sets,2y, Dy, ofRN with Dy CC Q.

Then, if o € H' (RN : C) and yo(x) = 0 fora.e. x € Uzzlﬁfor some and assumption
(47) holds then the same happens for V (t, x), for any t > 0.
(ii) Consider the Posch—Teller potential (9) and let o € H LRN : C©) such that yro(x) = 0

for ace. x| € [0, +00) — ([%,W]u mx W]) with0 < j < j+1<m.

o
Then support W (t, x) C {x € RN such that |x| € [%, W] U %, W]}forany
t>0.

Proof i) is a direct consequence of Theorem 4.1. For the proof of ii) it is enough to observe
thatV (|x|) is T periodic and that if we take 2 = {x € RY such that |x| € (£, LEDT)

”:Tﬂ’ W)} then the Posch—Teller potential (9) satisfies assumption (10). ]
Remark 4.3 The conclusion of the above Corollary can be contrasted with the study of the
cases in which the potential V grows as d(x, 2)~* with « € [0, 2) considered, for instance,
in [18,42-44], where it was shown that the wave function ¥ (¢, x) cannot exhibit “ holes” for
finite-time intervals. Although the study of the Posch-Teller potential was initiated with the
important paper [49], as far as we know, no rigorous proof of the statement ii) was given in
the previous literature.

Remark 4.4 As mentioned in the case of the associate eigenvalue problem (Remark 2.4) the
case of 2 unbounded can be also considered under suitable assumptions on V (x) for |x|
large. For instance, if V (x) = V(|x|) we can assume

C

C
== V() < - for r e (0,e) forsome & >0 54)
r r

and
C <lim inf V()r’ <lim sup V(r)r’ <C.
r—>+00 r—-+00
Notice that under the above condition the spectrum is still countable (see, e.g., [39]). This is
the case, for instance, of the “ effective potential” associated to the Yukawa potential: also
called “ screened Coulomb potential” )

Ly k
W(r) = Y + —e
ur r

r
a

with Lo the angular momentum, p the reduced mass and k, @ > 0 some given parameters.
In that case, the conclusion is the existence of solutions (for suitable initial data) such that

v, x| <K x> for any ¢ > 0 and |x| € (0, ¢) for some ¢ > 0,
Y@ IxDI — 0 as x| - +oo.

Remark 4.5 Asavariant of Theorem 4.1 (see also Remark 3.4), when the potential V satisfies
(10) and under suitable assumptions on the initial data, it is possible to show the existence
of “large solutions” of the linear problem

i = —Ay + V()Y in(0,00) x Q,
Y =400 on (0, 00) x L2, (55)
¥ (0, x) = Po(x) on £2,

(see [23]).
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Remark 4.6 The case « > 2 remains similar to the case &« = 2 but the notion of solution
must be understood in a suitable way (see the examples given in [37] and the mathematical
study of the associated stationary problem made in [26]).

Remark 4.7 A different type of localizing results concerning the non-linear Schrédinger
equation, arising in nonlinear optics,

d n?
iV _ —— AV +aly|°y, in (0, 00) x RV,
ot 2m

can be established if o € (—1, 0). We recall that in most of the papers in the literature it is
assumed o = 2, nevertheless there are many applications in which o € (—1, 0). In a series of
papers in collaboration with Bégout [5-9] we prove precise estimates on the location of the
support of ¥ (x, t), whose boundary gives rise to a free boundary associated to the problem.
The techniques of proof are some extensions of the ones of [2] and are entirely different to
the ones used in the present paper.

Acknowledgements Research partially supported by the project Ref. MTM2014-57113-P of the DGISPI
(Spain) and the Research Group MOMAT (Ref. 910480) supported by the Universidad Complutense de
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