SELF-ADJOINT EXTENSIONS

1. INTRODUCTION

We have seen that the issue of self-adjointness is subtle when dealing with
unbounded operators.

Usually, we have at hand a differential operator which is manifestly sym-
metric on a convenient domain of regular functions, say in the Schwartz class
or infinitely smooth with compact support.

As we have seen in earlier lectures such an operator is closable. However
essentially self-adjointness is not necessarily given, sometimes false and even
there might not be self-adjoint extensions at all.

The issue is of great matter in mathematical physics as if essential self-
adjointness fails to hold, then the question arises to decide which one of the
possible self-adjoint extension (if they exist at all) describes the considered
system (in particular which one is to choose to generate the dynamics e %),

In this part we give a framework to study the existence of self-adjoint
extensions of a symmetric operator. We then illustrate the method with the
simple example of —i% on C§°(0,1)

Remark 1. Throughout this part A denotes a symmetric operator (densely
defined) on a Hilbert space H. Its domain is written dom(A).

Furthermore the complex conjugation of a complexr number z is written z*
so that the notation (-) is kept for the closure of operators or of subset in H.

The important (necesary and sufficient) condition to remember is the
equality of the defect indices of A:

dy := dim ker(A* F1i).
2. A CRITERION FOR ESSENTIAL SELF-ADJOINTNESS
We start with a criterion for self-adjointness.

Lemma 2. Let A sym. on H. If there exists z € C such that ran(A + z) =
ran(A + z*) = H, then A is self-adjoint.

Proof. Let ¢ € dom(A*): let us show that ¢» € dom(A). By assumption
there exists x € dom(A) with (A + z*)x = (A* + 2*)¢. For all ¢ € dom(A)
we thus have:

W, (A+2)0) (A + 2y, ),
= ((A+2")x, #),
(

X (A + 2)e).
As ran(A + z) = H, we obtain ¢ = xy € dom(A). O

6

Lthere is no need for this theory to study the s.a. extensions in this case, but it is
always good to check one result on something we understand well.
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The criterion for essential self-adjointness is the following.

Lemma 3. A symmetric operator A is essentially s.a. if and only if there
exists z € C\ R such that

ran(A — z) =ran(4 — 2*) = H,

or equivalently:
ker(A* — z) = ker(A* — 2*) = {0}.

Remark 4. As C\ R C p(A), if the condition holds for some z € C\ R, it
also holds for another zy € C\ R by the identity:

(A—20)0 = (A— 20)(A — 2) (A — 2), ¥ € dom(A).
Indeed, as (A — z)(A — 2)~ € L(H) is invertible, if ran(A — 2) is dense,
then so is ran(A — zp).
Proof. Claim: We have the equalities
ran(A — z) =ran(A — 2) & ran(A — z*) = ran(4 — 2*).

Using the claim and Lemma [2, we get that A is s.a.
Let us show the claim. this follows from the auxiliary result:

Lemma 5 (Aux. res.). Let A sym. on H. For z € C\ R, (A—2) is
injective and its inverse (A — z)~! : ran(A — 2) — dom(A) is bounded with
norm smaller than |Im(z)|~!.
Proof of Auz. res. Let ¢ € dom(A) and z = x + iy with z,y € R. As A is
symmetric there holds:
(A= 2)0, (A= 2)0) = | AY|I7, + 2[5 — 22(A, v) + 2 [PlI3,,
> y?[lvl3,
We have used the Cauchy-Schwarz inequality and 2ab < a? 4+ b>. Hence
(A — 2) is injective and its inverse (A — 2)7! : ran(4 — z) — dom(A) is
bounded with bound |y| ™.
We consider the graph of (A—2)~1
I'A-2) —{ A= 2)Y,v), ¢ € dom(A)}.

Let us write ¢ = (A — 2)4 for ¢ € dom(A): we have

191l < [yl lllae (1)
By the above bound, the operator (A — 2)~! can be extended to the closure

of its domain ran(A — z) and:

dom ((A — z)*1> =dom(A — z)~1.

We check this claim by studying the closure of T' (4 — z)~. Let (p,) be
a sequence of dom (A — z)~! with ¢, — ¢’ and ¥, = (A —2)"1p, — . By
(1), we have [|¢n]l% < |y|~|l¢n %, hence the closure of the graph is also a
graph. This also shows the equality on the domains. This ends the proof if
we notice that I' (4 — 2)~! is, up to the switch (p, %) + (¢, ¢) the graph of
(A — z). Hence:

ran(A — z) = dom(A — z)~! = dom (W) =ran (A — z),
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which ends the proof. U

3. SELF-ADJOINT EXTENSIONS

As said above we choose z = 7 to simplify. The outcome is that a particu-
lar role is played by ran(A—i) and ran(A —1), or their orthogonal ker(A* +1)
and ker(A* —1).

Definition 1. For A sym. we call Ky := ker(A* F i) the deficiency spaces
and their dimension d+ the defect indices.

Furthermore V = (A —i)(A+i)~! : ran(A +1i) — ran(A — 1) is called its
Cayley transform.

Theorem 6. The Cayley transform defines a bijection between the set of all
symmetric operators A and the set of all libear isometm’cﬂ operators V for
which (1 —V) : dom(V) — ran(1 — V') has dense range and trivial kernel.

Remark 7. Above we will see that ran(1l — V') coincides with dom(A) and
that we have

A=i1+V)1-V)? (2)

This theorem is proven below in Section [0]

From Lemma [2] we get that a self-adjoint operator corresponds to that
for which the Cayley transform is unitary (that is defined on the whole
space H). Assume that A admits a self-adjoint extension A;. There holds
ran(A; £ i) = H and we have:

S
ran(A; 1) = H =ran(A £+ i) ® ker(4A* F1),

_ 1
=ran(A £ i) ® ker(A* F1).

Let us consider the Cayley transforms V and Vi of A and A; respectively.
As A C Ay, then V; also extends V' and as they are both isometric, then V;
defines also an isometry between the two deficiency spaces. Thus a necessary
condition for A to have a self-adjoint extension is that they must have the
same dimension. From the remark, we get that an element ¢ € dom(A4;)
can be decomposed as:

77[) = ¢0 + (1 - V)QD+, wO € dom(Z), P+ € ker(A* - Z)? (3)
and from we have:
Ap = Apg +i(1+ V).
Observe also that Vo, = ¢_ € ker(A* +1).

Remark 8. We can show in fact that the decomposition is unique. If
we introduce the graph norm w.r.t. A*:

Il = 115 + 1A D13, v € dom(A”),

with corresponding inner product

<’¢)>(10>A* = <¢790> + <A*11Z)7A*(10>a

2that is which conserves the norm ||-||#, or equivalently the inner product (-, -)
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then the following decomposition is orthogonal w.r.t. this inner product:

dom(A) é_B ker(A* — 1) @ ker(A* +1). (4)

In particular the decomposition 1s orthogonal w.r.t. this inner product.
This is left as an exercise.

Conversely, if the defect indices are equal, it is sufficient to consider a
linear isometric operator U : ker(A* — i) — ker(A* + i) to define a self-
adjoint extension A of A by setting:

{ dom(Ay) := {¢o + (o1 + Upy), ¥ € dom(A), ¢y € ker(A* —1i)},
A1 (o + (o1 + Upy)) = A" (Yo + (o4 + Ups)) = Ao + iy — Upy).
By construction it extends A, we can easily check that it is symmetric and

closed (with the help of (). At last ker(A} F i) = {0} for the following
reason. Pick ¢y € ker(A} F1¢) C ker(A* F1i), we have:

0= (¢, (A1 +8) (4 + U)) = (W4, 20001) = 2[4 I3,
0= (Yo, (A1 =) (U - +9-)) = (b, —2ip-) = =2i[p- |3,
which yields ¥4+ = ¥ = 0. By Lemma (with z = i), A, is self-adjoint.
We thus obtained the main result.

Theorem 9. A symmetric operator A has s.a. extensions if and only if its
defect indices are equal (may be both infinite). A s.a. extension A C Ay has
a Cayley transform Vi € L(H) which is unitary. Furthermore there holds:

dom(A;) =ran(1 —V;) = dom(A) + (1 — V1) ker(A™ — 1),
and for v = o+ (1 — V1)p4 € dom(Ay) we have
A1y + (1= Vi)py) = AP +i(ps + Vipy).

4. JLLUSTRATION OF THE METHOD
We consider the operator A := —i% on C3°(0,1), or, up to closing it, on

H(0,1). It is obviously symmetric on H = L?(0,1), and it is a classical
result that its self-adjoint extensions Ay are given by:

dom(Ag) == {9 € H'(0,1), v(0) = ¢“9(1)}.
The s.a. extensions are prescribed by the transmission conditions across
1= — 0" (think of L%(0,1) as L*(R/Z)).
We check this result with the method explained in the previous section.

1. Determination of A*. Let ¢ € dom(A*), by definition this means that
there exists x € L2(0, 1) such that for all ¢ € dom(A4) = C°(0,1) we have:

<1/]7A90>L2 = <X790>L27 that is — i<¢7§0/>L2 = <X790>L2'
This is precisely the definition of H*(0,1), and A* = —i% with dom(A*) =
H(0,1).
We recall that this space is embedded in the space of absolutely continuous
functions, and that its elements admit a 1/2-Holder representent. This
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simply follows from:

(z) — $(y)] < / () ds,

< \/ [ s [T

< Vl|x—yll[v'|| 2

2. Determination of ker(A* F1i). Let ¢ € ker(A* F¢). This means that
on (0,1), it satisfies the O.D.E.

—ih F iy = 0 that is ¥ = Feb.
So ¢(z) is colinear to e resp. e*. We normalize them and defines:

2 _ 2
90+($) = 1 6726 & QD,(:E) = 62 1

er.

3. Discussion on the s.a. extensions. Thus the defect indices are (1,1)
and the s.a. extensions are parametrized by the unitary operator from
ker(A* —i) = Cypy =~ C to ker(A* +1i) = Cp_ ~ C. The latter set is
topologically the circle S' with corresponding unitaries:

Ulpr =2 p_, z=¢" €S, AeC.
The corresponding s.a. extensions are:

{ dom(A.) = {vo + A+ + zp-), ¥o € Hj(0,1), A € C},
AL (Yo + My + 29-)) = —ithy + Xy — ).

4. Link with the transmission condition. Let us check that there is
a one-to-one correspondence between the complex number z and the the
parameter in the transmission conditions. Let ¢ € dom(A,) with ¢ =
Yo + Aot + zp—), with X # 0.

There holds ¥(0) = A(p+(0) + 2¢_(0)) # 0 and (1) = Ae4(1) +
zp_(1)) # 0, and:

P0) v (0)+2(0) e+>z
Y1) pr(l) +ze-(1) 1+ez

It is straightforward to check |a,| = 1, and conversely this relation can be
inversed:

=: .

e— Qy

z= .
a,e —1

The case z = 1, that is a = 1, corresponds to the well-known periodic
boundary conditions, or equivalently to the extension with domain H!(R/Z).
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5. A CRITERION FOR THE EXISTSENCE OF S.A. EXTENSIONS

We give a criterion for the existence of s.a. extensions due to von Neu-
mann.

Theorem 10. Let A sym. on H. Assume that there exists a conjugation
C' that maps dom(A) onto itself, that is that there exists an antilinear map
C.H — H so that C? = 1. Assume firthermore that that AC = CA, then A
has s.a. extensions.

Proof. As C'dom(A) C dom(A), by applying C' a second time, we get
dom(A) C C'dom(A) and the equality of the two sets. Let ¢4 € ker(A* —1).
For all ¢ € dom(A), there holds:

0= (o, (A+i)0) = (Cos, C(A+i)0),
<C90+, (A - i)&/}%

hence C'ker(A* — i) C ker(A* + i). By symmetry we have Cker(A* +1i) C
ker(A* — i), and the two deficiency spaces are (anti)-isomorphic through
C. O

6. PROOF OF THEOREM

A determines V. We first check that V is a linear isometry.
Let ¢ € dom(A). As A is sym, there holds:

1A £ D)5 = 1AV, + [0l + Fi({Aw, ) — (¥, Ap)),
= [ A9 )13, + ¥l
Hence
Vi(A+i)yp €ran(A+1i) — (A — i)Y € ran(4 —i).

is isometric.

A computation yields the following equality (to be read as maps from
dom(V) — H):

(1+V)=(A+ )(A - z) +(A—i)(A+9),

=[(A+ —)](A+i)7,
_ 2A<A + z) ,
T 2i(A+9)t

In particular ran(1 — V) = 2i(A + i) ' ran(A4 + i) = dom(A) is dense. Fur-
thermore we have:

A=i(1+V)1-V)™L (5)
At last we check that ker(1 — V) is trivial, that is ker ((4 + z’)*l)l oy =
{0}. Let (A + 1)y € ran(A +i). As shown above we have:

I(A + D)9 l17, = 14113, + 1113,
hence if ¢ = 0 then (A + i)y = 0.
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V determines A. Conversely let V' : dom(V) — H be a linear isometry.
We use (j5)) as a definition of Ay : ran(1 — V) — ran(1+ V). By assumption
it is both well and densely defined.

We check that Ay is a symmetric operator. As V is isometric, for ¢ €
dom(V'), we have:

(A= V), (15 V)Y) = £2idm(Vep, ).
Hence for all (1 — V)9 € dom(Ay ), there holds:
def

(Avp, ) E —i((1+ V), (1 - V),
= 20m(V¢), ),
— (1= V), (1+ V),
g, Ay,

At last, let us check that V is the Cayley transform of Ay. We have the
following equality of operators defined from dom(Ay ) =ran(1 — V) to H.

(Ay £i) =i(1+ V)1 -V)7L,
=i[(1+V)£(1-V)](1-V)",

_ { 2i(1-V)~,
T 2iv(1-V)Th

Tthis gives the following equality of operators defined from ran(Ay + i) to
ran(Ay —1):

(Ay —i)(Ay +9) ' =2iV(1 - V) 21— V)] = V.
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