Chapter 2

Spectral Theory

In the first chapter, we show that the operators we studied are bounded
between two Sobolev spaces. However, if we want to study the eigenvalues
of an operator, we must assume that it is a linear operator on one Hilbert
space. Unfortunately, if the operator has a positive order, it is not bounded
on a Hilbert space. But for elliptic operator, we could prove that it is a
closed unbounded operator on the canonical L?-space. In this chapter, we
will study the spectral theory, roughly speaking, the eigenvalues, of the closed
unbounded operator.

2.1 Symmetry and Self-adjoint

2.1.1 Closed operator

As we discussed in Section 1.2.1, for a closed unbounded operator T : H — H
on a Hilbert space H, from the closed graph theorem: Theorem 1.2.11, T" will
only be defined on a linear subspace of H. This subspace, which we denote
by D(T), is called the domain of the operator T (for the definition of the
domain, we don’t need T is closed).

Warning: To study an unbounded operator on a Hilbert space, we must
first fix the domain and then see how it acts on that space.

Definition 2.1.1. The graph of the linear operator T is the set of pairs
{(u,Tu) € HxH :u € D(T)}. The graph of T, denoted by I'(T), is a
Hilbert space with inner product

((ug,v1), (u2,v2)) = (uy, uz) + (v1,v9). (2.1.1)
The corresponding norm is denoted by || - ||r. From (2.1.1),
[, Tu 7 = Qlull® + | Tul (2.1.2)
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Recall that in Definition 1.2.9, we say T is closed if for u, € D(T),
up — u, Tu — v, we have u € D(T') and v = T'u. The following proposition
follows directly from Definition 1.2.9. In fact, in many literatures, this is the
definition of the closed operator.

Proposition 2.1.2. The linear operator T is closed if and only if I'(T) is a
closed subspace of H x H.

Proof. Assume T is closed. If (uy,Tuy) converges in H x H with respect
to the norm (2.1.1), since |[{(ug, Tug) ||t = [Jug|* + ||Tur||*, we see that uy
and T'uy converge. Let up — w, Tup, — v, since T is closed, u € D(T') and
Tu =wv. Thus (ug, Tug) — (u, Tu) € I'(T).

Assume that I'(T) is closed. If for u, € D(T), uy, — u, Tup — v, since
['(T) is closed, the limit of (uy, T'uy) exists in I'(T'), which is (u,v). Thus T
is closed.

The proof of Proposition 2.1.2 is closed. [

Definition 2.1.3. Let 7T} and 75 be linear operators on H. We say 15
is an extension of 77, which we write 7y C Ty, if D(Ty) C D(T3), i.e.,
D(Ty) € D(T3) and for any u € D(1y), Tou = Tiu.

Definition 2.1.4. An operator T is closable if it has a closed extension. The

smallest closed extension, which exists obviously, is called the closure of T,
denoted by T

In the followings, we will prove that the elliptic pesudodifferential oper-
ators on R” or compact manifolds are closable. This is our main purpose to
study closed operators here.

Proposition 2.1.5. If M is compact, the elliptic pesudodifferential operator
P:€¢>°(M,E) — €>°(M,E) of order m > 0 is closable. We will also denote
the closure by P for the simplicity. In this case, D(P) = H™(M, E).

Proof. From the elliptic estimate (1.4.21), the norms ||P - |lo + || - [Jo and
|| - |l are equivalent. From Definition 2.1.1, the norm |[P - |jo + || - || is
equivalent to the norm of the graph I'(P). Thus the closure of I'(P) is
{(u, Pu) :u e H™(M, E)}.

The proof of Proposition 2.1.5 is completed. 0

In the same way, we have the corresponding result for M = R".

Proposition 2.1.6. The elliptic pesudodifferential operator P : €°° — €°
of order m > 0 is closable. We will also denote the closure by P for the
simplicity. In this case, D(P) = H™.
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Remark 2.1.7. (1) If M is a general noncompact manifold, the case is
complex. We need additional conditions to obtain the elliptic estimates. We
will not discuss it in this note.

(2) If m = 0, by Proposition 1.3.2, P is bounded. If m < 0, by Rellich’s
theorem and Proposition 1.3.2, P is compact operator. They are easier to
handle than closed operator.

(3) From Propositions 2.1.5 and 2.1.6, we see that in general, even if T is
closed, D(T) may be not a closed space.

Proposition 2.1.8. If T is closable, then I'(T) = I'(T). Thus we could
obtain the closure of T be taking the closure of I'(T)).

Proof. Suppose that S is a closed extension of 7. Then T'(T') ycr I'(S) =T(S).
Thus if (0,0) € T(T), v = 0. Let A = {u: Jv,s.t.{u,v) € T(T)}. Thus for
u € A, there exists unique v € H such that (u,v) € I'(T)). Define R by
Ru = v. Then I'(R) = T(T). So R is a closed extension of T. Since R C S
for any closed extension S, we have T = R.

The proof of Proposition 2.1.8 is completed. ]

Remark that for general linear operator T', the closure of I'(T") may not
be a graph of an operator.

Proposition 2.1.9. A linear operator T is closable if and only if for u;, €
D(T), up — 0, Tur, — v, we have v = 0.

Proof. If w, € D(T), up, — 0, Tuy, — v, then (0,v) € I(T). Since T is
closable, by Proposition 2.1.8, (0,v) € I'(T). Thus v = 0.

For the other direction, if (u,vy), (u,vs) € I'(T'), then there exist u, — u,
u), — u such that Tuy — vy and T'u), — vy. Note that uy —uj, € D(T'). Thus
up —up — 0 and T'(u, — uj) — v1 — va. So v; = vy. Thus we could define
a operator R such that for any (u,v) € I'(T), v = Ru. Since I'(R) = I'(T)
is closed, by Proposition 2.1.2, R is a closed operator, which is a closed
extension of T'.

The proof of Proposition 2.1.9 is completed. O]

Now we summarize some properties of the closed operator.

Proposition 2.1.10. (1) If T is a 1 —1 closed operator, then T~ is closed.
(2) If T is closed, then Ker(T) is a closed space.
(3) If T is closed, D(T) = H, then T is bounded.

Proof. (1) Rotate I'(T") and use Proposition 2.1.2.
(2) If ug € Ker(T), ux, — u, then Tuyp = 0. Since T is closed, Tu = 0.
(3) It is the closed graph theorem (Theorem 1.2.11).
The proof of Proposition 2.1.10 is completed. ]
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2.1.2 Symmetric and self-adjoint

Now we study the adjoint of a linear operator. In order to get a well-defined
adjoint operator, we need the condition that the domain is dense in H.

Definition 2.1.11. We say T is densely defined if D(T') is dense in H.

From the closed graph theorem, for unbounded closed operator, D(T') #
H. We can always assume that D(T') is dense in H. If not, we consider the
Hilbert space D(T).

Remark that since the space of the smooth functions is dense in the

L?-space, all elliptic operators and pseudodifferential operators are densely

defined.

Definition 2.1.12. Let T be a densely defined linear operator on H. Let
D(T*) be the set of v € H for which there exists w € H such that for any
ue D(T),

(Tu,v) = (u,w). (2.1.3)

For each such u € D(T™), we define T*v = w. The operator T is called the
adjoint of T'.

Obviously, T™ is linear. Since T' is densely defined, T™ is well-defined: if
for any u € D(T), (u,w) = (u,w’), then w = w’. In general D(T*) may not
be dense.

Proposition 2.1.13. Let T, S be a densely defined linear operators on H.
(1) The element v € D(T™) if and only if there ezists a constant C, > 0
such that for any v € D(T), (Tu,v) < Cyllul|.
(2) The adjoint T* is closed.
(3) If S C T, then T* C S*.
(4) T is closable if and only if D(T*) is dense, in which case T = T**.
(5) If T is closable, then (T)* = T*.
(6) T is closed if and only if T* is densely defined and T = T**.

Proof. (1) If w e D(T™), by (2.1.3), (Tu,v) < ||wl||||u]]. If for any u € D(T),
(Tu,v) < C,llu||, then by Riesz representation theorem', since (Tw,v) is
bounded linear on u, there exists w € H such that (T'u,v) = (u,w).

(2) We define a operator V on H xH by V (u,v) = (—v,u). Then V(I'(T"))
is a linear space. We claim that

0(T*) = (V(I(T)))*, (2.1.4)

!Theorem 2.2.1 in ”"Functional analysis” by Zhang
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where -1 is the complement with respect to the inner product (2.1.1). In
fact, if u € D(T*), for any (w, Tw) € T(T),

((u, T*u), V{w, Tw)) = ({u, T*u), (—Tw, w))
= —(u,Tw) + (T*u,w) = 0. (2.1.5)

Thus I'(T*) C (V(I'(T)))*. On the other hand, if (u,v) € (V(I'(T)))*, then
for any (w, Tw) € T'(T),

0= ((u,v), V{w, Tw)) = ((u,v), (~Tw,w)) = —(u, Tw) + (v,w). (2.1.6)

Thus (u,v) € T'(T*). Then (2.1.4) holds.

Note that (V(I'(T)))* is a closed subspace. So is I'(T*). From Proposition
2.1.2, T is closed.

(3) Since I'(S) ¢ INT), V(I'(S)) ¢ V(I'(T)). Thus (3) follows from
(2.1.4).

(4) We claim that for any subspace A in H x H,

V(AY) =V (A)* (2.1.7)

This follows from

(<u7 U>, V<w7t>) = (<U,U>, <_t7w>) = _(uvt) + (an)
= ((v, —u), (w,t)) = (V{(u,v), (w,t)), (2.1.8)

for any (w,t) € A.
If D(T™) is dense, by (2), T** is well-defined and closed. By (2.1.4) and
(2.1.7),

nr) = (v )y = (v (vemyt)) = (v )

— (0T =T(T). (2.1.9)

From Proposition 2.1.8, T is closable and T' = T**.

If D(T*) is not dense, take v € D(T*)*, v # 0. Then (v,0) € T(T*)*.
So V(['(T*))* is not a graph of an operator. Since by (2.1.9), I'(T) =
V([(T*))*, we see that T is not closable.

(5) If T is closable, from (2) and (4),

%

T =T=T"*=T". (2.1.10)

(6) follows directly from (4).
The proof of Proposition 2.1.13 is completed. ]
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Definition 2.1.14. Let T be a densely defined linear operator on H. If
T C T, wesay T is symmetric. If T'="T", we say T is self-adjoint. If T
is closable and 7' is self-adjoint, we say T is essentially self-adjoint.

If T is symmetric, D(T) C D(T*). Thus T* is densely defined. By
Proposition 2.1.13 (2) and (4), we have

Proposition 2.1.15. (1) Symmetric operator is closable.
(2) Self-adjoint operator is closed.

The following proposition is obvious.

Proposition 2.1.16. A densely defined linear operator T is symmetric if
and only if for any u,v € D(T),

(Tu,v) = (u, Tv). (2.1.11)

Proposition 2.1.17. A densely defined operator T is essentially self-adjoint
if and only of T C T* =T*.

Proof. Since T is closable. By Proposition 2.1.13 (4), T' = T**.

If T is essentially self-adjoint, T is self-adjoint. By Proposition 2.1.13 (5),
T =T = (T)" = T".

T cCcT*=T (T)"=T*=T"=T. Thus T is self-adjoint.

The proof of Proposition 2.1.17 is completed. [

Proposition 2.1.18. Let T be a densely defined symmetric operator. The
following statements are equivalent.

(1) T is self-adjoint.

(2) D(T) = D(T™).

(8) T =T* =T

Proof. Obvious. ]

Remark 2.1.19. We compare the properties of closed, essentially self-adjoint
and self-adjoint for a densely defined symmetric operator. Let T' be a densely
defined symmetric operator. Then

e Tisclosed <= T =T* C T
o T is essentially self-adjoint <= T C T** =T,

o T is self-adjoint <= T =T =T".
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For symmetric operator 7" on H, for p > 0, we have
T £ipld)z||* = (T +ipld)z, (T £ipld)x) = p?||z|)® + || Tz|*. (2.1.12)
So for any p > 0, we have
Ker(T +ipId) = 0. (2.1.13)

Lemma 2.1.20. If T is a closed symmetric operator, then Im(T £ ip1d) is
closed.

Proof. It (T +ipld)xy — y, since |[(T + ipld)(zp — z;)||* = ||k — x5))* +
| T (2, — x)||? @ — z, Txpy — w. Since T is closed, w = Tx. Thus
y=w + iux = (T +ipld)z. The proof for T'— ipId is the same.

The proof of Lemma 2.1.20 is completed. 0

Lemma 2.1.21. Let T be a densely defined symmetric operator. Then for
any >0,

Ker(T* +ipld) = Im(T F ipld)*. (2.1.14)
Proof. If v € Ker(T* 4 ip1d), v € D(T*). For any u € D(T),
(T —ipld)u,v) = (u, (T* + ipld)v) = 0. (2.1.15)

Thus v € Im(T — ipId)*.
If v € Im(T — ipId)*, also as in (2.1.15), v € Ker(T* + ipld).
The proof for T* — iu Id is the same.
The proof of Lemma 2.1.21 is completed. ]

Proposition 2.1.22. Let T be a densely defined symmetric operator. Then
the following statements are equivalent:

(1) T is self-adjoint;

(2) T is closed and there exists pu > 0 such that Ker(T* £ ip1d) = 0;

(3) there exists p > 0 such that Im(T Fipld) = H.

Proof. For (1) = (2), we use Proposition 2.1.15 and (2.1.13).

For (2) = (3), we use Lemmas 2.1.20 and 2.1.21.

For (3) = (1), by Lemma 2.1.21, Ker(7* £ iuld) = 0. For any v €
D(T*), there exists u € D(T) such that (T Fipld)v = (T Fipld)u. Since
T C T*, we have (T* F ipld)(v —u) = 0. Thus v = v € D(T). So
D(T) = D(T*). By Proposition 2.1.18, T' is self-adjoint.

The proof of Proposition 2.1.22 is completed. ]
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Proposition 2.1.23. Let T be a densely defined symmetric operator. Then
the following statements are equivalent:

(1) T is essentially self-adjoint;

(2) there exists p > 0 such that Ker(T* £ ipuld) = 0;

(3) there exists > 0 such that Im(T Fipld) = H.

Proof. For (1) = (2), by Proposition 2.1.17, T* is self-adjoint. From
(2.1.13), we get (2).

(2)<(3) is obvious.

For (3) = (1), for any v € D(T™), there exists {u,} C H such that

nh_)n;O(T Fipld)u, = (T" Fipld)v. (2.1.16)
It implies that lim, ,o.(T* F ipld)(u, — v) = 0. Thus lim, . ||(T* F
ipld) (uy, — )2 = limy, oo %[ty — v]|* 4 limy, o0 || T%(uy — v)||? = 0. So
U, — v, Tu, — T*v. Thus (v,T*v) € I(T) =T(T). Sov € D(T) = D(T*),
which means that T C T™*.
On the other hand, from Proposition 2.1.13, T** C T*. So T* = T**.
From Proposition 2.1.17, T' is essentially self-adjoint.
The proof of Proposition 2.1.23 is completed. ]

Theorem 2.1.24 (von Neumann). Let T' be a densely defined closed sym-
metric operator. We have

D(T*) = D(T) ® Ker(T* —i1d) & Ker(T* + ¢ 1d). (2.1.17)

Moreover, for u = ug+ uy +u_ € D(T*) with decomposition as in (2.1.17),
we have T"u = Tug + tuy — tu_.

Proof. Denote by Dy := Ker(T* Fild).

We first claim that D(T'), Dy and D_ are linear independent. In fact,
if up +uy +u_ = 0, where ug € D(T), uyx € Dy, since (T* — ild)u_ =
—2iu_, we have (T' — ild)ug = 2iu_. But from Lemma 2.1.21, we have
u_ € Ker(T*+ild) = Im(T —i1d)*. Thus u_ = 0. Similarly, we get u, = 0.
Therefore, D(T), D, and D_ are linear independent.

Obviously, D(T) @ Dy @ D_ C D(T*). We claim that D(T*) C D(T) @
D, & D_. In fact, from Lemmas 2.1.20 and 2.1.21, H = Im(7T —ild) & D_.
For any u € D(T*), v = (T* — i1d)u has decomposition v = v; + vy, where
vy € Im(T" — i1d), v € D_. Take gy such that (T" — ild)up = v;. Let
u_ = —(2i) vy, Since T*u_ = —ju_, (T* —ild)u_ = —2iu_ = vy. Then
(T* —ild)(up + u-) = v. So (I —ild)(u —up —u_) = 0. Let uy =
u—ug —u_ € D,. We obtain the claim.

The proof of Theorem 2.1.24 is completed. [
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2.1.3 Friedrichs extension

Proposition 2.1.25. FEssentially self-adjoint operator has unique self-adjoint
extension.

Proof. Let T be a essentially self-adjoint operator, then T = T* = T* is a
self-adjoint extension. If Tj be another self-adjoint extension, then T*T C Tj.
Since Ty =1y C T** =T, we have T="T,.

The proof of Proposition 2.1.25 is completed. ]

In general, a symmetric operator may have many self-adjoint extensions.
In this subsection, we introduce the Friedrich extension.

Definition 2.1.26. Let V be a dense linear subset of H. Let a: V xV — C
be a sesquilinear form, i.e., for any b,c € C, u,v € V,

a(bu, cv) = be - a(u,v), (2.1.18)

such that a is positive definite, i.e., there exists a > 0, such that for any
veV,

a(v,v) > allv|)?. (2.1.19)

Lemma 2.1.27. If a is positive definite, a is symmetric, i.e., for any u,v €

v,

a(u,v) = a(v,u). (2.1.20)
Proof. For any \ € C,

0 < a(Mu+ v, \u+v) = |Ma(u,u) + Aa(u,v) + Aa(v, u) + a(v,v). (2.1.21)

Thus Aa(u,v) + Aa(v,u) € R. Tt is equivalent to

Aa(u,v) — Aa(v,u) = AMa(u,v) —a(v,u)) € R. (2.1.22)

Since A € C is arbitrary taken, we have a(u,v) = a(v, u).
The proof of Lemma 2.1.27 is completed. 0

Lemma 2.1.28 (Schwarz inequality). If a is positive definite, for any u,v €
v,

la(u,v)|* < a(u, u)a(v,v). (2.1.23)
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Proof. From (2.1.21), for any A € C,

IN?a(u, u) + 2Re(Aa(u,v)) + a(v,v) >0 (2.1.24)

If a(u,v) = re??, we take A = te™. Then (2.1.24) is

a(u, w)t* + 2rt + a(v,v) >0 (2.1.25)

for any ¢ € R. Thus
r? < a(u,u)a(v,v). (2.1.26)
The proof of Lemma 2.1.28 is completed. [

From Lemmas 2.1.27 and 2.1.28, we see that a(-,-) is an inner product
on V. It induces a norm on V:

lollZ = a(v,v)"/? (2.1.27)

for any v € V. From (2.1.19), this norm is stronger than the normal norm
of the Hilbert space.

Definition 2.1.29. Let a be a positive definite sesquilinear form. We denote
by D(a) :=V the domain of a. If D(a) is complete with respect to the norm
Il - |la, we say a is closed. In this case, D(a) is a Hilbert space with respect
to the norm || - ||,.

For a symmetric operator 7', since for any v € D(T), (Tu,u) = (u,Tu) =
(Tu,u), we have (Tu,u) € R. We say a self-adjoint operator 7" is positive
definite if there exists o > 0 such that for any v € D(T), (Tu,u) > o ul*.

Proposition 2.1.30. Let a be a closed positive definite sesquilinear form with
domain V. Then there exists unique positive definite self-adjoint operator T,
such that D(T) C V and for any w € D(T), v eV,

(v, Tu) = a(v,u). (2.1.28)
Proof. Set
D(T):={ueV:3C, >0, s.t. Yo € V,|a(v,u)| < C,||v|}. (2.1.29)
By Riesz representation theorem, there exists unique v* € H such that
a(v,u) = (v,u"). (2.1.30)

We define Tu = u* for any v € D(T).
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Obviously T is linear. We claim that T is densely defined. Since || - ||, is
stronger than || - ||, for this claim, we only need to prove that D(T) is dense
in V' with respect to || - |la, which is equivalent to prove that if vy € V and
for any u € D(T'), a(vg,u) = 0, then vy = 0. In fact, for any w € H,

(v, w)| < [Joflllw]l < %IIWIIIIUIIW (2.1.31)
From Riesz representation theorem with respect to the inner product a, there
exists ug € V,
(v,w) = a(v,up). (2.1.32)
Thus
Im(T) = H. (2.1.33)

So if 0 = a(vy, u) = (vg, Tw) for any u € D(T'), vy = 0. We obtain the claim.
For any w,v € D(T),

(v, Tu) = a(v,u) = a(u,v) = (u, Tv) = (Tv,u). (2.1.34)

So T' is symmetric.
Now we prove that 7" is self-adjoint. We only need to prove that D(T*) C
D(T). If u € D(T*), then there exists u* € H such that for any v € D(T),

(u*,v) = (u, Tv). (2.1.35)
From (2.1.33), there exists w € D(T') such that v* = Tw. Thus (w,Tv) =
(Tw,v) = (u*,v) = (u,Tv) for any v € D(T). From (2.1.33) again, we have
u=w e D(T).
Since a is positive definite, T" is positive definite.
At last, we prove the uniqueness. If 7" be another self-adjoint operator

satisfying all conditions. For any u € D(T"), T'u € H = Im(T"). Thus there
exists w € D(T') such that T'u = Tw. Thus for any v € V,

a(v,u) = (v, T'u) = (v, Tw) = a(v,w). (2.1.36)

Since a is positive definite, by taking v = u — w, we get u = w € D(T). So
T' C T. In the same way, T'C T'. Thus T'=1T".
The proof of Proposition 2.1.30 is completed. ]

Definition 2.1.31. Let T be a symmetric operator. If there exists ¢ € R
such that for any u € D(T),

(u, Tu) > c(u,u), (2.1.37)

we say 1" is bounded from below. We also write T" > c.
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Theorem 2.1.32 (Friedrichs extension). Let T' be a symmetric operator. If
T > —M, then we can construct a self-adjoint extension T of T', called the
Friedrich extension, such that T > —M.

Proof. We assume that T" > 1 first. In this case,

(u, Tu) > |Jul]? (2.1.38)
for any u € D(T). Let

a(v,u) = (v, Tu) (2.1.39)

for any uw,v € D(T). Let V be the closure of D(T") with respect to || - ||a-
Then a could be extended on V' x V', denoted by a(-,-). Then a is a positive
definite sesquilinear form.

We claim that V' C H. In this case, a is closed and we can use Proposition
2.1.30. In fact, let i : D(T') — H be the embedding. For any v € V| there
exists {u,} C D(T') such that lim,_,. u, = v with respect to || - ||o. Thus
{u,} is a Cauchy sequence with respect to || - ||,. From (2.1.38), {u,} is
also a Cauchy sequence with respect to || - ||. Thus there exists v* € H such
that lim,, o, u, = v with respect to || - ||. So we can embed V into H by
identifying v with v*. This process is similar as we did in the proof of the
Sobolev embedding theorem.

Now a is a closed positive definite sesquilinear form. From Proposition
2.1.30, there exists a unique positive definite self-adjoint operator T such
that

~

(v, Tu) = a(v,u) (2.1.40)

for any u € D(T) and v € V. Easy to see that T > 1.
For w € D(T), from (2.1.39), for any v € D(T),

la(v, u)| = [(v, Tw)| < [[Tul|[v]- (2.1.41)

This inequality also holds for any v € V. In fact, if v, — v with respect to
Il lla, wn € D(T), then from (2.1.38), u,, — v with respect to || - ||. We could
take limit in (2.1.41). By (2.1.29), (2.1.41) holds for any v € V' implies that

~

u € D(T). Since

A

(v, Tu) = a(v,u) = (v, Tu) (2.1.42)

for any v € D(T), we have Tu = Tu. So T c T, T is the self-adjoint
extension of T'.
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In general case, if T > —M, let T" =T + (M + 1)Id. Then 7" > 1. So
T’ has a self-adjoint extension 7" and 77 > 1. Then T :=T" — (M + 1) Id is
a self-adjoint extension of T" and T>—M.

The proof of Theorem 2.1.32 is completed. ]

From Definition 1.4.12, the generalized Laplacian H is symmetric and
bounded from below. From Theorem 2.1.32, it has Friedrich extension. (This
is a reason why we need () is bounded from below in the definition of the
generalized Laplacian.) In fact, it is its unique self-adjoint extension.

Corollary 2.1.33. The symmetric generalized Laplacian H on a compact
manifold in Definition 1.4.12 is essentially self-adjoint. We also denote the
unique self-adjoint extension by H.

Proof. We only need to prove that the Friedrich extension H =H. Assume
that H > —M. Then the norm || - ||, we considered in the proof of Theorem
2.1.32is (-, H-) + (1 + M)|| - ||, which is equivalent to || - ||; from the Gard-
ing inequality, Theorem 1.4.13. Thus the dense subspace V in the proof of
Theorem 2.1.32 is H'. From (2.1.29), if u € D(H), there exists C,, > 0, such
that for any v € H, |(v, Hu)| < C,||v||, which means that

A i
|Brul| = sup &1

< C, < 0. (2.1.43)
vew V]|

So Hu € HY(E) = L*(M,E). From elliptic estimate, |ully < C(||Hul| +
|u]) < +o0. Thus u € H2(E). Therefore D(H) C H%(E).

From Proposition 2.1.5, D(H) = H?(E). Since H is the smallest closed
extension of H, we have H2(E) = D(H) c D(H). So D(H) = D(H) =
H?(E). Since H and H are completed with respect to the equivalent norms,
we have H = H.

The proof of Corollary 2.1.33 is completed. ]

2.1.4 Perturbation

Definition 2.1.34. Let A and B be densely defined operators on H. If
D(A) C D(B) and there exist a,b > 0 such that for any v € D(A),

[Bul| < al| Aul] + bjul], (2.1.44)
we say B is A-bounded with bound a.

Theorem 2.1.35. Let A and B be densely defined operators on H and B is
A-bounded with bound a < 1. Then A+ B on D(A) is closable if and only if
A is closable. In this case,

D(A+ B) = D(A). (2.1.45)
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Proof. From (2.1.44), for any u € D(A),

(1 = a)[Au| = bl|ul] < [[Aul] = [[Bul| < [[(A+ B)u|
< || Aull + || Bu|| < (1 + a)||Aul| + bllu]. (2.1.46)

So if a < 1, for {u,} C D(A) converges, {Au,} is a Cauchy sequence if and
only if {(A + B)u,} is a Cauchy sequence. If u, — 0, Au,, — 0 if and only
if (A+ B)u,, — 0. From Proposition 2.1.9, A+ B on D(A) is closable if and
only if A is closable.

If A is closable, A+ B is closable. If u € D(A), there exists {u, } C D(A),
u, — u and Au, convergences. From (2.1.46), (A + B)u, also convergences.
So u € D(A+ B). In the same way, D(A+ B) C D(A). So D(A+ B) =
D(A).

The proof of Theorem 2.1.35 is completed. 0

Corollary 2.1.36. If B is A-bounded with bound a < 1. Then A+ B is
closed if and only if A is closed.

Proof. Obvious. [

Theorem 2.1.37 (Kato-Rellich Theorem). If A is self-adjoint, B is sym-
metric and B is A-bounded with bound a < 1, then A+ B is self-adjoint.

Proof. From Proposition 2.1.22, we only need to prove that there exists po >
0 such that Im(A + B £iugld) = H.

For any p > 0, from (2.1.13), Ker(A £iuId) = 0. Since A is self-adjoint,
by Proposition 2.1.22, Im(A 4+ i 1d) = H. Then (A+ipId)~! is well defined
on H. For any u € H, taking x = (A 4+ ipld)"tu in (2.1.12), we get

1
JA(A£ipId) 7 <1, [(A£ipld)~'| < - (2.1.47)
o
Note that
A+ B+ipld = (B(A+ipld)™" —Id)(A £ ipld). (2.1.48)

From Definition 2.1.34 and (2.1.47),

IB(A % in) 1) < af|A(A £ in1d) | + b (A% ipId) " < a+ 2.
L
(2.1.49)

Since a < 1, we could take 1o > 0 large enough such that a+buy " < 1. In this
case, (B(A+iuId)~t —Id) is invertible. From (2.1.48), since Im(A=+ipuoId) =
H, we have Im(A + B £ iugld) = H.

The proof of Theorem 2.1.37 is completed. [
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2.1.5 Hodge decomposition

Proposition 2.1.38. Let P : €°(M,E) — €>(M, E) be an essentially self-
adjoint elliptic differential operator over a compact Riemannian manifold of
order m > 0. Then there is an L*-orthogonal direct sum decomposition

(M, E) = Ker P @ ImP. (2.1.50)

Proof. With respect to the L2-decomposition L?(M, E) = Ker P& (Ker P)*,
for any u € (M, E), we can write u = ug + u; and Puy = 0. From the
elliptic regularity Theorem 1.4.6, g is smooth. So is u;.

Since P is essentially self-adjoint,

(Ker P)* = (Ker P)* = ImP" = ImP = P(H™(E)). (2.1.51)

Thus there exists v € H™(E) such that P(v) = u;. From the elliptic
regularity Theorem 1.4.6 again, v is smooth. So €*(M,E) C Ker P &
P(€¢>°(M, E)). The other direction is obvious.

The proof of Proposition 2.1.38 is completed. ]

For more details of Hodge decomposition, please see my another note on
Kéhler Geometry.

Lemma 2.1.39. For any s € R, there exists Cs > 0, such that for any
u € ImP,

|1 Pulls > Cq|lulls. (2.1.52)

Proof. We assume s > 0 first. If (2.1.52) does not hold, there exists {u;} C
ImP such that ||u;||s = 1 and || Pu;||s — 0. We may assume that || Pu;||s <1
uniformly. From the elliptic estimates, ||t|[s+m < c(||Pujlls + [|uills) < 2e.

From Rellich theorem, there exists a subsequence of {u;}, which we also
denote by {u;}, converges to u € (Ker P)* with respect to || - ||s. Since P

is closable, Pu = 0. So v = 0 and limu; = 0 with respect to || - ||. Since
||lujl|s converges, it must converge to v = 0, which is a contradiction with
[jls = 1.

If s <0, for any u € ImP, from (1.2.56) and (2.1.50),

Julls = sup (u, v) = sup (u, Pw) = sup (Pu, w)
s vEImP “U”—s weIlmP HPU}H?S welmP HPwas
P S —S _
< sup M:CS:LHPUHS' (2.1.53)

welmP CusH—s

The proof of Lemma 2.1.39 is completed. ]
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Let P : €*(M,E) — €>(M, E) be an essentially self-adjoint elliptic
differential operator over a compact Riemannian manifold of order m > 0.
From (2.1.50), P : ImP — ImP is an isomorphism. Then it has an inverse
P71l Let S : €*°(M,E) — Ker P be the orthogonal decomposition with
respect to the decomposition (2.1.50). Set

G:=P'o(d—-S):¢*(M,E)— €<(M,E), (2.1.54)
called Green operator. It is easy to see that
PG =GP =1d-5S. (2.1.55)

Proposition 2.1.40. For any s € R, there exists C' > 0 such that for any
u € EC*(M,E),

[Gulls4m < Cllulls. (2.1.56)

Then it extends a continuous map G : H*(E) — H*™™(E).

Proof. From Proposition 2.1.38, for any u € €*°(M, E), there exists uy €
Ker P, u; € ImP such that u = ug + u;. There exists v; € ImP such that
Pvy = uy. From the elliptic estimate, Lemma 2.1.39 and (2.1.55),

1Gullsim = G PV |s4m = [[01llsm < c([|Pvr]ls +[vr]ls)
< c(1+C7Y|[Puills = (1 + Co Yl < (1 + C7Yfulls. (2.1.57)

The proof of Proposition 2.1.40 is completed. 0

2.1.6 Spectrum
Definition 2.1.41. Let T be a closed operator. Define

p(T)={AeC:Ker(A\-1d-T) =0, Im(\-1d-T) = H,
(A-Id—T)"' is bounded}. (2.1.58)

It is called the resolvent set of T. The inverse (A - Id —T)~! is called the
resolvent of T" at A\. The set

o(T) :=C\p(T) (2.1.59)
is called the spectrum of T'. If T" is only closable, we define

o(T) :=o(T). (2.1.60)
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Definition 2.1.42. Let T be a closed operator. Define

op(T) :={A € C: Ker(\-1d-T) # 0};

0. (T) = {AeC:Ker(A-1d—=T) =0, Im(A-Id —T) # H};

0o(T) :={\ e C:Ker(A\-Id=T) =0, Im(A-1d—-T) = H,
(A-Id—T)"! is unbounded},

(2.1.61)

which are called point spectrum, residual spectrum and continuous
spectrum respectively. Obviously,

o(T)=o0,(T)Uo (T)Uo.(T). (2.1.62)
Proposition 2.1.43. If T is self-adjoint, then o(T) C R.

Proof. 1t is easy to see that if we replace +iu by A = v+iu € C, Proposition
2.1.22 also holds. From (2.1.47), if ImA # 0, A € p(T).
The proof of Proposition 2.1.43 is completed. 0

Proposition 2.1.44. If T is self-adjoint, then o.(T) = ().

Proof. From Proposition 2.1.43, if A € 0,(T), A € R. So Ker(A-1d-T) =
Tm(\ - 1d —T)*.
The proof of Proposition 2.1.44 is completed. ]

Definition 2.1.45. Let T be a self-adjoint operator. Define

Oess(T) == 0.(T) U{\ € 0,(T) : dimKer(A - Id =T") = +o0}; (2.1.63)
0i(T) :={A € 0,(T) : 0 < dimKer(\-1d -T) < 400}, o
which are called essential spectrum and discrete spectrum respectively.
The element of o4(7T) is called an eigenvalue of T. Obviously,

0(T) = Goss(T) U 0g(T). (2.1.64)

Theorem 2.1.46 (Spectral theorem for compact operators ). 2 Let H be a
infinite dimensional Hilbert space. Let B be a compact self-adjoint operator
on H. Then there erists a complete orthonormal basis {p;}32, of H and
a real sequence {A1,- -+, An, -} (at most countable) such that Bp; = \jp;
and lim;_, 1o A\; = 0 (if the real sequence is not discrete).

2Theorem 4.4.7 in "Functional analysis I” by Zhang Gonggqing
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Theorem 2.1.47. Let P : €°(M,E) — €>(M, E) be an essentially self-
adjoint elliptic differential operator over a compact Riemannian manifold of
order m > 0. Then

(1) for X € 04(P), the A-eigenspace E\ = Ker(A1d —P) is finite dimen-
sional and consist of smooth sections;

(2) there is a direct sum decomposition

L*(M,E)= & En (2.1.65)
)\EO’d(P)
(3) the spectrum
o(P) = o4(P) (2.1.66)

and it is discrete.

Proof. (1). Since A1d —P is elliptic, (1) follows from Theorem 1.4.6 (3).

(2). Let E, be the closure of ImP with respect to ||-||s;. Then L*(M, E) =
Ker P & Ey and from the Rellich theorem and Proposition 2.1.46, the Green
operator

G Ey— E,, — E (2167)

is a compact self-adjoint operator. From Theorem 2.1.46, since ker G = 0,
there exists a complete orthonormal basis {(;}32, of Ey and a real sequence
AT At -+ ) such that Gy; = /\j_lgoj and lim;_, )\j_l = 0. So we get
(2).

(3) From Proposition 2.1.38, (M, E) = Ker(P — A1d) & Im(P — A 1d).
If Ker(P—\AId) =0, (M, E) = Im(P — A1d). From Lemma 2.1.39, there
exists C' > 0, such that for any u € € (M, E), ||(P — A1d)u|| > C||lul|. So
for any u € € (M, E), ||(P — A1d) || < C7|u||. So o.(P) = 0.

The proof of Theorem 2.1.47 is completed.



