May 11, 2021

We'll continue our discussion of spectral theory for self-adjoint compact operators today — we should recall that the
spectrum of a bounded linear operator is a generalization of the set of eigenvalues, and it is defined as the set of A € C
such that A — X is not invertible. We discussed previously that for a self-adjoint operator, the spectrum is contained
within a line segment on the real line, and in the finite-dimensional case we can choose a basis of eigenvectors in which
the operator is diagonal. We'll prove that something similar holds in the infinite-dimensional case, as long as we have
compact operators (which makes sense, since they're the limit of finite-rank operators). But we'll prove some other

results along the way first, based off of some of the examples we've been presenting.

Theorem 228 (Fredholm alternative)
Let A = A* € B(H) be a self-adjoint compact operator, and let A € R\ {0}. Then Range(A — \) is closed,
meaning that

Range(A — \) = (Range(A — A\)1)+ = Null(A — X)L,

Thus, either A — X is bijective, or the nullspace of A — X (the eigenspace corresponding to X) is nontrivial and

finite-dimensional.

This result basically tells us when we can solve the equality (A—X)u = f: we can do so if and only if f is orthogonal
to the nullspace of A— X. The finite-dimensional part of this theorem comes from Theorem 227 — it is useful because
we can check orthogonality by taking a finite basis of A — X's nullspace.

A further consequence here is that because the spectrum of a self-adjoint A is a subset of the reals, we have
Spec(A) \ {0} = {eigenvalues of A},

since the nonzero spectrum only fails to be bijective because we have an eigenvector. And because the eigenvalue set

is finite or countably infinite, it can only be countably infinite if those eigenvalues converge to zero.

Proof. We need to show that the range of A— X is closed if A # 0. Suppose we have a sequence of elements (A—\)u,
that converge to f € H, and we need to show that f is also in the range of A — \.
It is not true that the u,s will necessarily converge, but we'll find a way to extract a relevant subsequence. We can
first define
Vi = Mnuna—) Un,
the projection onto the orthogonal complement of Null(A — X). Then we can use the direct sum decomposition of

vectors into Null(A — X) and its orthogonal complement, and we find that
(A - >\)U,, = (A - >\) (HNuII(A—)\)Un + Vn) = (A - >\)Vn-

So we can take away some noise and just consider a sequence (A — A\)v, — f, where v, all live in an orthogonal
subspace to Null(A — X).

We now claim that {v,} is bounded — suppose otherwise. Then there exists some {v,, } such that ||v, || — oo as

J — 00, SO )
Vn
A ) = A= A)v, —0f=0
AT = T4 ™M

as j — oo, using the definition of our sequences and the fact that the norm diverges. Because A is a compact operator,

114



there now exists some further subsequence, which we'll denote {v,, }, such that {A Ty } converges. But because

HVNKH
Vo :1<Am_(A_A)Vnk>
Vol — X\ vl Vol

and the second term on the right converges to 0 and the first converges based on our choice of subsequence, we

find that the sequence of terms on the left-hand side, {ﬁ}' must converge to some element v which is also in
I7k
Null(A — X\)* (because said set is closed and our definition of v,s means that all terms are indeed in Null(A — X)*).
V/k

This gives us a contradiction, because ||v|| = limk_ oo ﬁ =1, and
Nk

Vi

||Vnk|| B

(A—A)v:kli_>m (A=2X) 0

by the choice of our further subsequence. Putting this all together, v is both in the nullspace of A — X and also its
orthogonal complement, so v = 0, contradicting the fact that ||v|| = 1. Thus our sequence {v,} must be bounded.

So now returning to what we wanted to prove, because {v,} is bounded and A is a compact operator, {(A—X)v,}
is also bounded, and thus there exists a subsequence {vnj} (a completely different subsequence from before) so that
{Avy,} converges. (The definition of compactness tells us facts about the unit ball, but we can always scale to a unit
ball of any finite radius.) And now by the same trick as before,

Vn;

1
=5 (Avp, — (A= X))

has both terms on the right converging, so v, — v for some v € H. And now we know that (A — X)v, converges to

f, so because convergence still holds when we restrict to a subsequence, we have

f=1lm(A=Xv, =(A-X)v
J—o0
(since A — X is a bounded and thus continuous linear operator), and we're done because f is now in the range of
A= O

Remark 229. We did not actually use the fact that A is a self-adjoint operator in this argument — the fact that
Range(A — \) is closed is still true if A is just a compact operator, but the consequences of that fact only apply for

self-adjoint operators.

We've also shown previously that one of +||A|| must be in the spectrum, and that gives us this next result:

Theorem 230
Let A = A* be a nontrivial compact self-adjoint operator. Then A has a nontrivial eigenvalue A\; with |\{| =

supy(=1 [{Au, u)| = [(Auy, u1)|, where u; is a normalized eigenvector (with ||u1|| = 1) satisfying Auy = Aju.

Proof. Since at least one of +||A| are in Spec(A) (and ||A]| # 0 because we have a nontrivial operator), at least one
of them will be an eigenvalue of A by the Fredholm alternative, and we'll let this be A;. The equation for A; follows
from the fact that we generally have

Al = sup [(Au, u),

[lull=1

and the equality with |(Auy, u1)| comes from the fact that being an eigenvalue implies that we have an eigenvector. [

We'll now keep going — it turns out we can keep building up eigenvalues in this way, because of the fact that
eigenvectors of different eigenvalues are orthogonal. This will lead us to constructing an orthonormal basis in the way

that we alluded to at the beginning of class.
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Theorem 231 (Maximum principle)

Let A = A* be a self-adjoint compact operator. Then the nonzero eigenvalues of A can be ordered as |A;| >

[A2| > --- (including multiplicity), such that we have pairwise orthonormal eigenfunctions {ux} for Ak, satisfying
Al = Sup, [(Au, u)| = [(Au;, uj)].
ul|=

u€eSpan(uy, -+ ,uji—1)*

Furthermore, we have |);| — 0 as j — oo if the sequence of nonzero eigenvalues does not terminate.

In other words, after we find A1 (which will be the eigenvalue with largest magnitude) through our previous result,
we can look at the orthogonal complement to all of the eigenvectors so far and get the eigenvector of next largest

magnitude, and we can keep repeating this process.

Proof. We already know that we have countably many eigenvalues and that each one has a finite-dimensional
eigenspace, so the fact that they can be ordered is not new information. And the fact that |A\;j| — 0 has already
previously been proved in a previous lecture as well (for the case of distinct eigenvalues, but it still holds when each
eigenvalue has finite multiplicity), so the only new result is the equation for computing |A;|.

We will show that the equation holds by constructing our eigenvalues inductively. First of all, we can construct
A1 and wup using our previous theorem (finding an eigenvalue of largest magnitude and its corresponding eigenvector),
so the base case is satisfied. For the inductive step, suppose that we have found A, -, A,, along with orthonormal
eigenvectors uy, - - -, Up, satisfying the equation for [Aj| in the maximum principle. We now have two cases: in the first
case, we have .

Au = ZM(U, Uk ) Uk,
k=1

so we've found all of the eigenvalues and the process terminates (because A is a finite-rank operator). But in the
other case, A is not finite-rank and the equality above doesn’'t hold. So if we want to find A\,41, we can define a linear
operator A, (which is not identically zero) via

n
Anu = Au — Z AU, Uk ug.
k=1
We can check that A, is a self-adjoint compact operator (because A is self-adjoint and the Ak are real numbers, and
A, is a sum of a compact operator A and a finite-rank operator). So if u € Span{uy,---, u,}, then A,u =0 (because
orthogonality of the eigenvectors so far gives us A,u; = 0 for all j € {1,---, n} and then we can use linearity to extend
to the span). Furthermore, for any u € Span{uy, ..., u,}*, we have A,u = Au because the sum term drops out.
Therefore, for any u € H and any v € Span{uy, -+, u,}, we have

(Apu, vy = (u, Apv) =0

(first step because A, is self-adjoint and second step from our work above). Another way to say this is that A,u is

always in the orthogonal complement of Span{uy, -+, us}, so
Range(A,) C Span{uy, -+, us}+.

From this fact, we learn that if A,u = A\u for some nonzero Au, then u = A, (%) is in the range of A,, so it is in
Span{uy, -+, u,}*. From our work above, this means that A,u = Au = Au, so any nonzero eigenvalue of A, is also

a nonzero eigenvalue of A. We can therefore apply our previous theorem to see that A, has a nonzero eigenvalue
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An+1 With unit eigenvector u,i1 (orthogonal to the span of {uy, -, u,} because A, is zero on that span), with
[Ans1] = supjy=1 [{Anu, u)|. Since we're still working in the same Hilbert space, this expression can be written in
terms of A as well. First, we note that

A1l = sup [(Aqu, u)|,

u€Span{ur,,up}*

since A,u is zero on Span{uy, -, Uy} anyway, and then when we restrict to those u, we have A,u = Au, so this is
= sup [{Au, u)],
[Jull=1

ueSpan{uy,- ,up}*

which gives us the desired equation. We also preserve ordering of eigenvalues because because

Api1| = sup [{(Au, u)| < sup [{(Au, u)| = |Anl.
llull=1 [Jul|=1
ueSpan{uy, ,us}+ u€Span{u,-+,up—1}+
Finally, because |Ap11] = [{Aunt1, Unt1)|, we've shown all of the results above and finished the proof. O

Theorem 232 (Spectral theorem)

Let A = A* be a self-adjoint compact operator on a separable Hilbert space H. If [A1] > |X2] > --- are the
nonzero eigenvalues of A, counted with multiplicity and with corresponding orthonormal eigenvectors {u }«, then
{u}x is an orthonormal basis for Range(A) and also of Range(A), and there is an orthonormal basis {£}; of
Null(A) so that {ux}« U{f}; form an orthonormal basis of H.

In other words, we can find an orthonormal basis consisting entirely of eigenvectors for our self-adjoint compact

operator (since the nullspace corresponds to eigenvectors of eigenvalue 0).

Proof. First, note that the process described in the proof of the maximum principle terminates if and only if A is finite
rank, meaning that there is some n with Au ="} _; A« (u, ux)uk. In such a case, Range(A) C Span{uy, -+, ux}, and
thus {ux} do indeed form an orthonormal basis for Range(A) and also of Range(A).

Otherwise, the process does not terminate, and thus we have countably infinitely many nonzero eigenvalues {\«}2°,,
counted with multiplicity. We know that |A\¢] — 0, and we also know that the wuxs form an orthonormal subset of
Range(A). To show it is a basis, we must show that if f € Range(A) and (f, ux) = 0 for all k, then f = 0.

To do that, we first write f = Au for some u € H, meaning that (Au, ux) = 0 for all k. Since A is self-adjoint,

this means (because A is real) that
(U, ug) = (u, Akux) = (Au, ug) = 0.

Therefore u is orthogonal to all ug, so by the maximum principle,

Il = l[Aull = H (A— > A, Uk>uk> u
k=1

(because each term in the sum is zero), meaning that we can rewrite this as

= [|Anul| < [ Xnyal - [lull.

Taking n — oo and noting that the As converge to 0, we must have ||f|| = 0. This proves that the eigenvectors indeed
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form an orthonormal basis for the range of A. To show that they also form an orthonormal basis for the closure of
that range, notice that

Range(A) C Span{ux }«

and now remembering that the span is the set of finite linear combinations of the wugs, but the closure of that can be

written as
= {Z Crlg Z|Ck|2 < OO} .
k k

Therefore, {ux} must indeed be an orthonormal basis for Range(A). We finish by noting that this means we have an
orthonormal basis of
Range(A) = (Range(A)1)* = (Null(A))*,

so to complete the orthonormal basis of H, we just need an orthonormal basis of Null(A), which exists because H is

separable and thus Null(A) is also separable. O

We'll see an application of this to differential equations and functional calculus next time!
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