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Quadratic Forms for Singular
Perturbations of the Laplacian

By

Alessandro TETA*

Abstract

Singular perturbations of —4 in L?(R®) supported by points, regular curves and regular
surfaces are considered. Using a renormalization technique the corresponding quadratic
forms are constructed and a complete characterization of the domain and the action of the
operators is given, together with explicit expressions for the resolvent.

§ 1. Introduction

In recent years some attempts have been devoted to the construction of
Schrédinger operators with potentials supported by sets of zero Lebesgue
measure. Such hamiltonians are of great importance in applications as models
of a variety of physical situations in quantum mechanics, nuclear physics, solid
state physics, scattering in disordered media etc. (see e.g. [4] and references
therein). Some interesting connections with a model of antenna in classical
electrodynamics are stressed in [13].

The existence of such Schrddinger operators can be proved, under some
very general conditions on the support of the potential, using different techniques.

A natural framework for justifying the formal manipulations of & poten-
tials often employed in the physical literature is non-standard analysis ([1]);
standard methods are used in [2], where a singularly perturbed hamiltonian is
given by resolvent limit of smooth approximating operators, and in [3], where
a construction is obtained studying the non trivial selfadjoint extensions of the
Laplacian restricted to smooth functions vanishing on the support of the
perturbation.

A more abstract result is given in [14], where the notion of singular bilinear
form defining a perturbation of a positive and selfadjoint operator in a Hilbert
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space is introduced and conditions for the construction of the perturbed operator
are given.

Somehow related questions are discussed in [15], where sufficient conditions
for the existence of perturbations of a linear differential operator supported by
a submanifold of codimension greater than zero are given, and in [16], where
the existence and uniqueness of the solution of a Schrédinger type equation
with a potential given by a distribution are proved.

It should be emphasized that, except for some special cases like interactions
supported by points ([4]) or by a sphere ([5]), using the above mentioned methods
it is difficult to get information about the properties of the constructed operator,
e.g. locality of the interaction, detailed structure of the domain, spectrum etc.

The aim of this paper is to develop a new approach, based on the theory of
quadratic forms, for the description of Schrédinger operators in L*(R®) with
d-like interactions supported by particular sets of Lebesgue measure zero in R®,

More precisely given a set € C R3, where £ can be a finite number of points,
a regular curve or a regular surface, we define a quadratic form Fpg satisfying
the following properties: 1) it is closed and lower bounded, ii) D(Fg) 2 D(F,),

where D(F)=H(R®) and Fy(u, u)=5 , |Puldx, iii) Fe(u, v)=Fy(u, v) for any
R

u< D(F,) which vanishes in a neighbourhood of € and for any v& D(F).

When these conditions are satisfied we say that Fg defines a perturbation
of the Laplacian supported by & (cf. definition given in [1], [6]).

Once the quadratic form is defined we provide a complete characterization
of the domain and the action of the selfadjoint operator associated to Fe and
also an explicit formula for the resolvent.

Moreover it is clear from the construction that the interaction we are defin-
ing has a local character in the sense that it is completely specified by an assigned
function on &€, which is a measure of the strength of the interaction,

In order to illustrate our construction it is convenient to start with the
case in which & is a finite set of points. As it is well known ([4]), the Schrodinger
operator —4, , with (point) interactions located on the set ¥Y={y,, -+, yu},
¥, € R%, with strength a= {a,, ---, @y}, @;ER, is the unique selfadjoint operator
in L*(R3) with resolvent

(—Au,y'f“l)_l = G}“[“_%IG}‘(" _yi)[rﬁ,Y(z)—I]ij GM(- "J’j) (1.1

where, for >0, I', (%) is the N X N matrix
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I,y = [(ai+—’\‘{nz)aij—éh(yi—yj)]jj“l 1.2)
and
G = (—4+)7!
vy GMx) if x=+0
G0 = { 0 it x=0
GNx) = Z:IZ"I‘ " (1.3)

The domain of —4, y, as shown by formula (1.1), contains functions which do

not belong to H*(R®) and have singularities in yi, -+, yy of the type |- —y;| %,
i=1, -, N.

Using the analogy with electrostatics we interpret this by saying that, for
each ue D(—4,, ), one can define N point charges 0,={Q., -+, 0%’} , depending
on the singularity of v in ¥, such that the potential u—G% Q,, (G}¥Q, is a short
notation for 3IY_; QiGN+ —y,)) has finite energy, i.e. belongs to H(R®).

This suggests that the quadratic form F, y, associated to —4,y, can be
decomposed into the sum F, , =%+ @} ,, where F% is essentially the energy
associated to the regularized potential u—G%}Q, and @} ; is a sort of renormaliz-
ed energy of the system of the point charges Q, located in Y (see § 2).

The same idea is then applied to the more interesting case of a perturbation
of the Laplacian supported by a regular curve C; one has only to replace the
point charges Q, with a linear charge &, distributed on C. The resulting
quadratic form Fg, is essentially the sum of the energy % associated to
u—G%E€,, where G¢£, is the potential produced by &,, and of an extra term @ ¢
due to the renormalized energy of £, (see § 3).

We remark that, exploiting further the analysis in [7], perturbations of the
Laplacian supported by Y or C can also be obtained as suitable limits of Robin
boundary value problems with data on smooth surfaces shrinking to Y or C
respectively.

Finally we will briefly consider the well known case of a perturbation sup-
ported by a regular surface and we will show, by simple algebraic manipulations,
that the corresponding quadratic form can be written in terms of a surface
charge, in analogy with the previous cases (see § 4).

§ 2. Point Interactions

Let Y={y,, ---, ¥y} be a set of N distinct points of R* and a={a,, ---, ay},
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with @;€R, i=1, .-, N. For each positive 2 let us define the following
quadratic form in L*(R®)

D(F,y) = {us(R%|30,ECY s.t. u— GyQ, € HY(RY)} @1

a,Y(u’ u) = Y(u’ u)+q)w,Y(Qu’ Qu) (2'2)

where C is the complex plane and
Mty 1) = S [P (u—GY Q,,)|2dx+z L Ju=Gh0, %dx—2 g Jultdx 23
R

0,r(Quw Q) = El[Fa.y(l)]i,-QiQ.’i : @4

It is easy to check that @} , can be obtained as a renormalized energy of the
point charges O,

0.0, 0) = 3 0t lim [$10i0¢—y)—=E |+ Saloir.
Moreover the point charges Qi corresponding to a given u & L*R®) are uniquely
determined; in particular one has Q,=0 for any u < H'(R3).

In fact the point charges Q; associated to u can be explicitly computed.
Let B,(y;) be the sphere of radius r centered in y; and |B,(y;)| the correspond-
ing volume. For ueD(F, y), using the Holder inequality and the continuous
embedding of H'(R®) into L5(R®), we have

|, e GHldx< =G Qulltaty

|B,(») IB(V)IV6

<const 2||lu—G} Q|| xz* -

Then we conclude

8 .. r 8 r '
llm—-g udx = °F Q¢ lim S GMx—y,)dx = Q: .
3 B o0 no0 " T 3 L IR G Y TETIIE=C

Remark 1. Notice that the domain D(F,y) is independent of 2>0.
Moreover for any 4, 2’ >0

Fo(u, u)—F% (u, u)
— | ,1-465 0.~ Gr01a— Gy D)ax

+| [~ 46y 0.~ Gy GGy 0ax

S |GA0, | 2dx—2 SsaG;Q,‘dx—xLauG?Q‘,,dx
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=X S |G¥ Q, |2dx+ S aG¥ Q. dx+ 2 S uGY Q,dx
B B R
’ < F o . ’
= W= (@0)GHC)dx = 31 GL0UC i—)—G* 3,

= _QQ,Y(Qua Qu)_l_@z:Y(Qm Qn)

where we have used the equation —4(G¥ Q,—G%0,)=1G¥Q,—A'G¥Q,, the
resolvent identity and an integration by parts. We conclude that F, y is in fact
independent of the choice of 2>>0; the positive constant 2 has the only purpose
to provide a regularization of the behaviour of the Green’s function at infinity.

The following proposition shows that F, , defines a perturbation of the
Laplacian supported by Y.

Proposition 1.  F, y is a quadratic form in L*(R®) closed and bounded below.
Moreover

D(F,,y) D D(Fy) (2.5)
Fu.Y(u’ v) = Fy(u, v) (2.6)
for any u, ve D(Fy).

Proof. The existence of a lower bound is a consequence of the fact that
([4] page 116) I', () is a symmetric matrix whose eigenvalues are all strictly
increasing in 2, so that there exists 2y(a, ¥)>0 such that I, ,(2) defines a scalar
product in C¥ for all 2>2(a, Y). To prove that the form is closed it is more
convenient to consider

Fhyluy w) = Fay(s )42 | lulax @7

for any 2>2(a, Y). For any sequence {u,} CD(F} ;) converging to u in
I*(R® and such that lim, ,, F} y(u,—,, u,—u,)=0 one has

lim [[w,— Wy g1a% = O 2.8
1"1{51 D, (04— Oupp Quy—0Q,) =0 (2.9)
where w,=u,—G%Q, . Then there exist we H'(R®) and Q=¥ such that
tim [[w,—wl iy = O 2.10)
lim ||GYQ., —G¥Qll 2 = 0. (2.11)

Formulas (2.10), (2.11) and the uniqueness of the strong limit give u=
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w+G%Q, i.e. us D(F} ), moreover
lim F} y(u—u,, u—u,) =0 (2.12)

and the closedness of F, y is proved. Finally the inclusion relation (2.5) and
the equality (2.6) can be easily checked. Q.E.D.

Using the explicit form of F, y, it is not hard to reconstruct the domain
and the action of the associated selfadjoint operator —4, y

D(—4,,) = WwED(F, )| u—Gy0,E H(R) ,
w—G0)») = i [Ty, Qi, i=1,, N} 2.13)
(— gyt R = (— A+ Du—G0,) . @.14)

Moreover formula (1.1) for the resolvent can be easily obtained. The
proof of (2.13), (2.14), (1.1) can be carried out along the same line as the proof
of the propositions 4, 5 of the next section and is omitted here.

Remark 2. 1If one defines r;=|x—y;|, VXER3, i=1, ---, N, then it can be
verified that the boundary condition satisfied by uD(—4,y) at the points
Y1+, Y can be written in the form extensively used in the literature (see [4], [11])

7;>0

lim [%"u)—hai(riu)] =0 i=1-,N.
F;

We finally observe that a perturbation of the Laplacian supported by points
in dimension two can be constructed, following exactly the same line as that of
the three dimensional case, the only difference being the logarithmic singularity
of the two dimensional Green’s function for —4+2.

§ 3. Perturbations Supported by Curves

The construction of a perturbation of the Laplacian supported by a curve
is more delicate. The essential reason is that the space of the linear charges
distributed on the curve is infinite-dimensional, so that in the definition of the
renormalized energy of the linear charge distribution one has to face the pro-
blems of domain and closedness.

Let C be a curve in R® of class C! and, for a chosen initial point and
orientation, let y=y(s), s, be a parametric representation of C, where I can
be a finite interval (closed curve) or the whole real line (infinite open curve).

Typically s will be the arc-length of C relative to the chosen initial point.
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Moreover we assume that there exists a positive constant ¢, such that the
following two conditions are satisfied.
C-1
[y@)—y(E) | = |s—s"|(1—c|s—s"|") whenever |s—s'|<¢,
where T, ¢ are positive constants satisfying ceg<<l.
C-2

[ y(s)—y(s)| >so(1——c53)—|—Klog|—sil whenever |s—s'| >e¢,

o
where K is a positive constant.
Conditions C-1, C-2 guarantee in particular that the curve cannot have
multiple points; moreover one can verify that
sup.e; | exp(—v/ T Iy@—yE) D<o for A=K @)
I

In fact, using C-1, C-2, we have

[ o=y T @)D <] expl—y/ T s |1 —cls—s'| s’

1

Is—s’1>gg l s—s' I YAk

ls=s

texp[—+/ 2 eg(1—cep)leg X S ds’

As a preliminary step in the construction of the quadratic form we define

20 =—| o0y

Is—s’1

1 1
— @Y —y(s’ ]d '— —log?2 3.2
+S|S_sq<s[4zls—s'| (&)= Jds' =5 - log 2 (3.2)
for any fixed 2>0 and e<¢,, We observe that a*(s) depends only on the
geometry of C and it is a constant in the particular cases of a straight line and
of a circumference of radius p

A :~1_< 1 \/7)
as.;. o £+ og—2

/2 _ =S :
Be = | [ L -2 20500 L 105 22,
2z Jo t sin ¢ 2r
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where & is the Euler’s constant. Moreover one can verify that a’(s) is in fact
independent of the choice of e< ¢, and it is a continuous and bounded function
of sl for any 2>0. We shall need the following technical lemma.

Lemma 1. lim inf,c; a™(s) = + o0 . 3.3
A>+00

Proof. The first integral in the r.h.s. of (3.2) can be estimated through
C-2; one obtains the bound

| ls-sf.»GA(V(S)—Y<S’)>dS’<;WII_—C;S—) supe; | exp (—v/ T | 5(9) () s’

(G4
Moreover using Condition C-1 one has
[ o—eom—yen s
Is=s’I<eL 47 | s—5" |
S 1 {lweXp [—\/7lS—S'I(l—CIS—-S’IT)]}ds,
T lis-s'I<e 4z | s—5" | l—c|s—s'|"
=1 jvn). (3.5)
4z
For 2 sufficiently large, the last integral is positive and satisfies
YD) o el T . 1
— == pl—vV2¢(A—cCM]de >——. 3.6
Vo R Me=T5 9
The proof of the lemma then follows from (3.1), (3.4) and (3.6). Q.E.D.

We now introduce a class of admissible linear charges distributed on C.
For a given continuous, bounded from below and real valued function g
defined on C and for each positive number 2 let us define

D(®;,0) = {£€LX(I)| 0} (€, £)< -+ oo} 3.7

b€, = |  1E©—EE) G0 ()—y (s sy’

+{ 1601@(0)+p)as (339)
Proposition 2. There exists 2(8, C) >0 such that, for any 2>2,(8, C),
D(@S,c) is a Hilbert space w.r. to the scalar product @2,0(', ).

Proof. The existence of a 2(8, C)>0 such that @} (-, -) defines a posi-
tive definite scalar product for 2>2,(8, C) is a consequence of Lemma 1. In
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order to prove the completeness one has only to mimic the Riesz-Fisher proof
of the completeness of L?.. Given a Cauchy sequence {£,} in D(®} ), it is
sufficient to prove convergence for a subsequence. Pick a subsequence, still
denoted by {¢,}, such that @} o(£,—¢&,4y, £,—&,4)<27". Then

6(s) = 311,8)—£11(5)|
is the monotone limit of
O(s) = 36, —Eus(8)|
and by the monotone convergence theorem O&L*I) and <+ oo ae.

Moreover |6 ,(s)—0 y(s)|2G*(y(s)—y(s")) converges a.e. in IXI to |6(s)—
6(s")|*GXy(s)—(s")) and

N
QQ,C(GN: @N) S’g mg,C( l En'H_EnI > l E»+1_5n | )<COHSt .

so by the Fatou lemma we get ©=D(@} ). Thus &+ 371(£,4,—¢,) is abso-
lutely convergent to a sum & with [£—¢&,| <6, so that E€D(®} ). It is now
straightforward to show that lim, @} (€ —¢,, £—¢,)=0. Q.E.D.

By Proposition 2 we get that @ . is, for 2>2,(8, C), a positive and closed
quadratic form in L*(J) so it defines a positive and selfadjoint operator I'g (),
which acts on smooth £ as follows

[T6,c(A)E1(s) = SI [6(s)—¢ (NG (5)—y (s))ds +E()B(s)+a ()] . (3.9)
Now we want to recall two useful properties of the potential
GhE(x) = S EE)GMx—p(s)ds xR (3.10)

produced by the linear charge £=D(®} ). We observe first that the map
&> GE, 2>24(B, C), is a linear bounded map from D(®} ) to L*(R®), and its
norm converges to zero for —-4-co. The proof, based on an application of the
Fubini theorem, is straightforward. Next it can be shown that G%¢& & H(R%).
We give here a sketch of the proof. The regularity conditions C-1, C-2 allow
us to define, for any >0 sufficiently small, a neighborhood of C

Cs = {x=R3|3ly(s,)EC s.t. x lies on the normal plane to C
in y(s,) and | x—y(s,)| <6} . (3.11)

Then an integration by parts yields
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[, 1rareranial  crqermeriar
RA\cs \Cs

=—%§ dsa’s’lf(s)—f(s’)lzfs dx? GMx—y(5))-7 .G x—¥(s")
IxXI R\Cs

1 1>aG¢;(|5|2) 1 1 S aGe(1€13
Gitl———log — )=\ PUgy + — log — hdCAN LA B 3
+Sacs( ¢ 2z 8 0 on + 2 08 o Jacs on

(3.12)

where G’bl(x)=g GMx—y(s))ds, x&R®. The second term in the Lh.s. of
I

(3.12) remains bounded in the limit —0 and the first two terms in the r.h.s. of

(3.12) converge to —@} (&, EH_S: | €(s) | 26(s)ds, which is finite by hypothesis.

Concerning the integral in the last term of (3.12) we have

8G*(1¢19 S j’
——d 2 = AGN(| € |?)dx = 2 GN1E1%)d
SaCa on 2\cs (IEI ) x \Cs (IE| ) X

=2 alewir|, aera—yon<| e,
I R\C3 I

It is now evident that the last term in (3.12) diverges logarithmically for 6—0
and then our assertion is proved.

The above procedure shows, in particular, that @} ¢(£, €) can be considered
as a renormalized energy of the linear charge distribution (cf. §1). Now we
have all the ingredients to define, for 2>24(8, C), the following quadratic form
in L*(R®)

D(Fp ) = {us (R3¢, D(D} o) s.t. u—Geé, € HY(RY)} (3.13)
Fﬁ,C(ua u) = )é(u: U)"*‘@g,c(fm 4:u)' (3'14)

where
.‘Z”&(u,u):Ss|V(u—G’&5u)[2dx—|—lS [u-stude—AS lul?dx. (3.15)
R R B

Given u& L%(R®) then the corresponding linear charge £, is uniquely determined.

In fact if there were £,, £, D(@}) such that u—GgE, € H'(R®) and
u—Ge&,e HY(R%) we would also have G%(6,—¢&.)cH'(R®) which is absurd,
by the above considerations, unless &,=¢&4.

In particular this means that £,=0 for ues H'(R®).

Moreover from reasoning as in Remark 1 it is not hard to show that Fg o
is in fact independent of the choice of 2>0. The following proposition shows
that Fa . defines a perturbation of the Laplacian supported by C.
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Proposition 3. F, . is a closed quadratic form in L*(R®) bounded below;
one has

D(Fg ) D D(Fy) (3.16)
Fg o(u, v) = Fy(u, v) (3.17)

for any u, ve D(F,).
Proof. The existence of a lower bound for Fg . is a consequence of the

positivity of @}, for 2>2,(8, C). In order to prove that it is closed we
consider

P}t 1) = Fp o, 1)+ SR3 |u|dx (3.18)

for any 2>2(p, C). For any sequence {u,} CD(F} ) converging to u in L*(R®)
and such that lim, ,, F§ o(4,—u,,, u,—u,)=0, one has

13{{\ l1zy—Zullgice®y = O (3.19)
lim @3 (€4, —E s €uy—Eup) =0 (3.20)
where z,=u,—G%&, . Thus there exist z& H'(R®) and £ € D(®} () such that
lim |[2,— 2l iz = O @3.21)
lim O (E—¢,,6—6,)=0. (3.22)

By the continuity of the potential of a linear charge and the uniqueness
of the strong limit we get u=z-+G%€, which means uD(F} ). Moreover by
(3.21), (3.22) we have lim, F} ((u—u,, u—u,)=0 and the closedness of Fj . is
proved. Finally the inclusion relation (3.16) and the equality (3.17) can be
easily verified. Q.E.D.

The selfadjoint operator —4, . associated to Fg is by definition the
Schrodinger operator with dJ-interaction supported by C of strength 3; its
domain and action are completely characterized as follows:

Proposition 4.
D(_Aﬂ,c) = {uED(Fﬂ,C) I EuED(Fﬁ,C(A))’ M—G}&quHZ(R:’) [}
(u—GeE)Y(s)) = (Tp,c(D)E)(s) VsET} (3.23)
(—4p,c+Nu = (—4+)(u—Geé,) - (3.24)

Proof. LetueD(—4g). Then, by definition, there exists g & LA(R®) such
that
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Fg,c(u, v) = (v, 8)2z% (3.25)
for any veD(Fg). In particular for v& HY(R®) one has £,=0 and (3.25)
becomes

S 377-7(u—G’56u)dx+lS Fu—GiE,) dx =S gHadx  (3.26)
R R R

which gives u—G%€,& H*R®). Thus an integration by parts yields
(— 4+ Du—GAE,) = (—dp oD (3.27)

For an arbitrary v& D(Fp ) equality (3.25) can be written as

| £@u—are) (y6Nds = 036, &) (328)

where (3.26), (3.27) have been used and the order of integration has been inter-
changed. Equation (3.28) gives now &,&D(Ig¢(2) and (I'g(X)E,)(s)=
(u—G%&,)(¥(s)). Conversely given u belonging to the r.h.s. of (3.23) it is
easily checked, following the same line of reasoning, that ue D(—4; ;) proving
(3.24). Q.E.D.

Remark 3. For ue D(—4, ), with a smooth &, let us denote by 2(y(s), 9)
the mean value of u over the circle of (a sufficiently small) radius &, centered
in y(s)eC and orthogonal to C in y(s); then one can define two continuous
function on C

g B0/6), 9)
Bo(s) =2 lsl_r)r.} Tog 173 (3.29)
85) = lim [a( ), a)—"’-;ii) log %] (3.30)

and it can be verified that the boundary condition (u—G%&,)(¥(s))=Ts,c(R)E,)(5)
is equivalent to

$1(5) = a(s)do(s) - (3.31)

We remark that the last equation, for a fixed s €1, essentially coincides
with the boundary condition defining a point interaction in dimension two
(see [4] page 98).

It is also possible to give explicitly the resolvent of —4g ¢

Proposition 5. For 2>2(B, C) and g = L*(R®) we have
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(—dp )7 = Pgt{ [T (CINOCN - —pe)ds  (3.3)

where G*g | indicates the restriction of G*g to the curve C.

Proof. The r.h.s. of (3.32) defines a bounded linear operator from L*(R%)
onto D(—4g (); using (3.24) one immediately proves the proposition. Q.E.D.

In conclusion we observe that, starting from (3.32), one can investigate
spectral properties of —4g ¢ (such as the location of the point spectrum and
the absence of the singular continuous spectrum) and study the scattering theory
for the pair (—4gc, —4). We plane to come back to these questions in
further work.

§ 4. Perturbations Supported by Surfaces

It is well known that a perturbation of the Laplacian supported by a regular
closed surface S can be defined by the following quadratic form

D(Fy,5) = HY(R®) 4.1)
Fy.o(u, ) = gﬁ qulzdx—I—Serus |%d 5 4.2)

where 7 is a smooth, real valued function defined on S and ug denotes the trace
of uon S. If one defines the surface charge o, associated to ue HY(R®)

0, = —TUs “43)
and, for any 2>0, the potential produced by g,

Ao (x) = Ssau({)G"(x—C)dS © xR (4.4)

then a simple calculation shows that F, ¢ can be written in a form analogous
to the previous cases

Fy,s(u, u) = Fs(u, u)+03 5(0,, 0,) 4.5
where

T, u)=SR317(u~Ggau)|2dx+zS Ju— ’gaulzdx—ls lul?dx (4.6)
R R
O} (00 0,) = ~S o’y 5 —g 5.(Gho)d S . @7
s r s

@} s is clearly a bounded quadratic form in L* %), thus it defines a bounded
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selfadjoint operator I'yg(2) in L*¥). Using the methods developed in §2,
§ 3 one can reconstruct the domain and the action of the selfadjoint operator
—4, s defined by Fy s and one can calculate the resolvent. The results are
summarized below

D(—4,5) = {uc H'(R®) |u— G0, HA(R®), (u—G%s0,)|s = I'ys(Do,}  (4.8)
(—4ys+u = (—4+)(u—G%o,) 4.9

(—y, 547 = G| [I7107C 81 IUOCN-~0dZ@)  @10)

for any g L% (R%). It is a simple exercise to show that, when S is a sphere,
(4.10) reduces to the resolvent given in [5].
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