CHAPTER 7

Hilbert spaces

53. Inner product vector spaces

53.1. Inner product in a vector space. Let X be a vector space over
complex numbers. A function

()1 XxAXx—-C

that is, a rule that assigns a unique complex number to every pair of
elements of X', is called an inner productin X if it satisfies the following
inner product arioms that hold for any u, v, and w from X and any
complex number «:

(i)
(ii)
(iii)
(iv)

v

53.2. Properties of the inner product.

53.2.1. The Schwartz (or Cauchy-Bunyakowski) inequality.
[(w, 0)* < (u, u)(v, )

If v = 0, then the inequality holds. To prove the inequality in the case
v # 0, consider a real function of two variables

ft,s)={(u—av,u—av) >0, a=t+is
It is a quadratic polynomial
f(t,s) = (u,u) + (s* 4+ t*){v,v) — 2tRe (u,v) — 2sIm (u, v)

that is bounded from below. Therefore it attains its absolute minimum
at the only critical point:

Im (u, v)

(v, v)

fi =2t(v,v) —2Re(u,0) =0 = t=t"= %

*

fr=2s(v,v) —2Im(u,v) =0 = s=s5" =

677
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It follows from the inequality f(¢*,s*) > 0 and the inner product ax-
ioms that

[{u, v)|*

0 <(u—a'v,u—a"v) = (uu) — 0.0)

from the Schwartz inequality follows.
53.2.2. The Minkowski inequality.
V{4 v u+0) < lu,u) + /(v,0)
Put ||u|| = \/W Then the Schwartz inequality can be written as

Re (u,v) < [(u, v)] < [ull[]v]

It follows from this inequality that

|u+v||* = (u+v,u+v) = ||ul]® + [|v||* + 2Re (u, v)
<l + [Jol* + 2l o]l = (full + [Jv])?
By taking the square root of this inequality, the Minkowski inequality
is obtained:
[ 4ol < Jull + [Jv]]

53.3. Natural norm. The Minkowski inequality can be viewed as the
triangle inequality for the norm

[ull = v/, u)

It is not difficult to see that the other norm axioms are also satisfied.
It is called the natural norm of an inner product space. Thus, every
inner product space is a normed space. The converse is not generally
true. There is no “natural” inner product in a normed space (an inner
product that can be defined via the norm).

The natural norm satisfies the parallelogram law

lu+0l* + flu = vlf* = 2llul® + 2||v]*

which is similar to the parallelogram law for vectors in a real Euclidean
space. A proof is simple
|u+v]|? + |Ju—v|)* = (u+v,u+v) + {u—v,u—0)
= [lull® + [[o]l* + 2Re (u, v)
Hul* + [Jv]|* — 2Re (u, v)
= 2[|ull* + 2|jv||?
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PROPOSITION 53.1. On order for a normed space X to be an inner
product space, it is necessary and sufficient that the parallelogram law
holds for the norm in X. In this case, the inner product can be defined
by the rule:

1
(u,v) = 7 (Il + 0l = flu = v]?)
any u and v in X.

Steps to prove this assertion are outlined in Exercises.

53.4. Continuity of the inner product. Since an inner product space is
also a normed space, one can consider converging sequences. A se-
quence {u,} C X is said to converge to a vector u € X if it converges
with respect to the natural norm:

lim ||u — u,| =0
n—oo

The inner product is continuous with respect to its arqguments. Let
U, — u € X and v,, —» v € X. Then the numerical double sequence
(Up, V) converges to (u,v):

lim lm (u,, vy,) = lim lim (u,, v,) = (u, v)

n—oo Mm—00 m—0o0 N—00

First, recall that any convergent sequence is bounded. Indeed, by con-
vergence of u,, there exists an integer N such that

Ju—un| <1
for all n > N. Hence
Junll = [Jun —u +ull < flup —uf| + llull <1+ flull, n>N
Therefore
< —
lunll = M = max|Jun|[, 1+ [Jull}
for all n. It follows that

[ (i, 0m) = (w, 0)| = [{tn, vm = ) + (un, v) = (u, V)]
< [(n, v = 0)[ + [{un = u, v)]
< unllllv = vmll + lu = wallfv]]
< Ml = v + [Jol[lJu = ]

this shows that the sequence (u,,, v,,) converges to (u,v).
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53.5. Hilbert space. An inner product space is called a Hilbert space
if it is complete with respect to its natural norm. In other words,
every Cauchy sequence in a Hilbert space has a limit in it. Every
Hilbert space is a Banach space with respect to its natural norm. Every
Banach space can be turned into a Hilbert space if the norm satisfies
the parallelogram law.

For example, the Banach space of bounded functions with the supre-
mum norm cannot be converted into a Hilbert space. Let 2 = (0,1).
Put u(z) = 1 and v(z) = x. Then ||u+ v|je = 2 and ||u — v||s = 1,
but ||[u|lec = ||v]|ec = 1 and the parallelogram law does not hold.

53.5.1. Complex Euclidean space. Let C? be a linear space of N —vectors
with complex components. Put

N
(u,v) = Z U;U;
j=1

It is not difficult to see that the inner product axioms are satisfied.
So, C¥ is an inner product space. The natural norm is nothing but
the Euclidean norm. The space C" is a Banach space and, hence, is a
Hilbert space.

53.5.2. Space C3(Q). Let 2 be bounded open set in a Euclidean space.
Consider a linear space of continuous complex-valued functions on 2
that also have a continuous extension to the boundary 0f) that is as-
sumed to be piecewise smooth. Put

(u,v) = / u(z)v(z)dVz
Q
The integral exists for any functions from C°(2). The axioms are also
satisfied. Clearly, ||u||> = 0 implies that u(z) = 0. If u(z) # 0 at
some T = xg, then u(x) # 0 in a ball centered at xy by continuity of u.
Therefore the integral of |u(z)|? cannot be zero.
This space is not complete with respect to its natural norm. For
example, take Q@ = (—1,1). Put

1 1
un(z) =1 —nlzl, |:B|<E, un(x) =0, E<|:B|<1

It is not difficult to see that the integral

i =t = [ (i) = ()P = [ (i) = ()P

1 =1
n
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where n < m, vanishes with increasing n so that {u,} is a Cauchy
sequence, but

limun(x):u(x):{?’iig

Evidently, u(x) is not continuous on [—1, 1.

53.5.3. Space of square summable complex sequences [». For any two
square summable complex sequences u = {u,,} and v = {v,}, put

(u,v) = Z UnUn

The series converges absolutely because
1
| Un| < §(|un|2 + |val?), Z |un|? < 00, Z |on]? < 00
n n

Thus, the inner product exists. The axioms are straightforward to
verify. Therefore 5 is an inner product space. The space [5 is complete
with respect to the natural norm

Jull = vy = (3 Jual?)

and, hence, [5 is a Hilbert space.
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54. Orthogonal sets in inner product spaces

54.1. Orthogonality and linear independence. Two elements of an inner
product space are called orthogonal if their inner product vanishes:
ulv & (u,v)=0

Evidently, the zero element is orthogonal to any element. A collec-
tion of elements B is called an orthogonal set if all elements of B are
orthogonal to one another:

(u,v) =0, VYu,veB

An orthogonal set is called orthonormal if, in addition, all its elements
have unit natural norm, ||u| = 1.

PROPOSITION 54.1. Elements of an orthogonal set are linearly in-
dependent

Take n non-zero elements of an orthogonal elements, v;, 7 = 1,2,...,n.
Their linear independence means that the equation

Cl'Ul—l—Cg’Ug—l—""l'Cn'Un:O
has only the trivial solution ¢; = ¢y = --- = ¢, = 0. Let us show that
this indeed so if
<'Uj>'Uk>:0> ]7&]{:
By the properties of the inner product:
0 = (0,vg) = {c101 + C2v2 + -+ + CpUn, VE)
= c1(v1, vg) + c2(va, Vk) + -+ + Cn(Un, Vi)
= c(vr, vi) = cillogl)?
= c. =0

since [|vg|| # 0. Thus, the said equation can have only the trivial
solution.

54.2. Complete sets. A set B is a normed space X is dense in X if for
any element u from X one can find an elements of B that is arbitrary
close to u. Or, a more formal way, for any u € X and any € > 0 there
exists v € B such that
lu—v| <e

A set B is a normed space X is complete in X if the span of B is dense
in X.

For example, a set of monomials B = {2"}° is complete in the
space of continuous functions relative to the supremum norm. The
assertion follows from the Weierstrass theorem:
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THEOREM 54.1. For any continuous function f(x) in an interval
la, b], there exists a sequence of polynomials p,(x) that converges to f
uniformly:

Jim ||~ paflc = 0

The set of all polynomials is the span of B. By the Weierstrass
theorem Span B is dense in C[a, b].

A complete linearly independent set B = {v,,} in a normed space X
is called a basis if for any element u in the space there exists a unique
collection of complex numbers {a,,} such that

u = E QU
n

where the convergence is understood with respect to the norm X. In
finite dimensional vector spaces, any vector can be uniquely expanded
into a linear combination of N linearly independent vectors, where N is
the dimension of the space. So, any N linearly independent vectors can
serve as a basis. The situation is more subtle in infinite dimensional
spaces. Some elements of a linearly independent set can be arbitrary
close to linear combinations of the other elements and, for this reason,
not every linearly independent complete set is a basis. For example,
let

B={v,}*, vo(x)=¢", v(z)=2", n>0.

Evidently, the set B is linearly independent because no element in any
finite collection is a linear combination of the others. The set is also
complete in the space of continuous functions on any interval because
its subset {z"}5° is complete in C°[a, b]. However, B cannot be a basis.
Let u(z) = e*. Then its expansion over B is not unique

1
e =v_q(x), e’ = Z ] Up ()

n=0

where the series converges uniformly (because the power series for the
exponential has infinite radius of convergence). Also e* is linearly inde-
pendent with any finite collection of monomials, there are linear com-
binations of monomials that are arbitrary close to e*.

Complete orthogonal sets. In the space C?[a,b], the functions

2 2
B:{l, cos(bmw), sin(bmw), n:1,2,...}

—a —a
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are orthogonal. Linear combinations of them are called trigonometric
polynomials:

pn(T) = ag + Z [an cos (iﬂ_nz) + by, sin (2%_”2)}

k=1

THEOREM 54.2. (Weierstrass)
For any continuous function f on an interval [a,b] that takes the equal
values at the endpoints, f(a) = f(b), and any € > 0 there exists a
trigonometric polynomial p(x) such that

If = pllo <€

It follows from the Weierstrass theorem for trigonometric polyno-
mials that the said orthogonal functions is complete in C9[a,b]. Let
first f(a) = f(b). Fix € > 0 and find a trigonometric polynomial p(z)
as stated in the theorem. Then

b
I - p||2—/ (@) — pla)Pde < ||f - p||2/d:r

a

Therefore any continuous function with equal values at the endpoints
of an interval can be approximated by a trigonometric polynomial with
any desired accuracy relative to the natural norm in C3[a, b]:

If =pllz < Vb—ace

Suppose that f(a) # f(b). Put L = b —a and for any z € [a, b]

Inl@) = {vn(z) ,x>b—%
where n = 1,2, ..., and v, is a linear function such that v,(b — %) =
f(b— L) and v, (b) = f(a), that is
p_ L
vale) = fa) + 1O =IOZD

The function f,(x) has equal values at the endpoints, f,(a) = f.(b) =
f(a) for any n, and it is continouus on [a,b]. Then f, converges to f
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in CY]a, b] because

b
tm I = £l = tim [ 1f(0) = fu(o)Pde
b

= lim |f(z) — va(2)|?dz = 0

b—L/n

because the interval of integration shrinks to a point in the limit and
the integrand is a bounded continuous function. Thus, given € > 0,
one can find f,, such that

If = fall2 <€
Having found f,,, one can find a trigonometric polynomial p such that
[fn = pllec <€
By the triangle inequality
If = pllz < [If = full2+ [Ifo —pll <+ Vb—ac

which means that for any f € C9[a, b] there exists a linear combination
of orthogonal functions from B that is arbitrary close to f, or the
orthogonal set B is complete in Cf|a, b].

54.3. Gramm-Schmidt process. In an inner product space, every lin-
early independent set can be converted to an orthogonal set. The
algorithm to do so is known as the Gramm-Schmidt process.

Let S = {u,} be a linearly independent set in an inner product
space. Then there exists an orthonormal set B = {(,,} such that

Span S = Span B
and

(i) (r ©n) = Okn
(II) On = Zankuk
(i) un = burr

where each element ¢, is determined uniquely by the properties (i) — (iii)
up to a phase factor.
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Let us prove the stated assertions. Put

Y1 =1uy, P =uy— an

where the number «s; is defined by the orthogonality condition

(ug, u1)
(U2,91) =0 = an ]2
so that
(2> U2—<U2’UI> 1
[uz|]?
Then put
(1 o

PrL=7 7 P2=
[k [ba]|

It follows that the relations (i)-(iii) hold for n = 1 and n = 2 with our
choice of ¢ 2.
Note that the vectors

Y1 = (u1, p1)¢1,

Py = up — (ug, 1)1,

Y3 = ug — (us, 1)1 — (u3, P2) P2
are orthogonal, and the vectors ¢; = v;/||¢);|| are orthonormal. Sup-
pose that n — 1 vectors ¢;, j = 1,2,...,n — 1, constructed by this

process are orthonormal. Let us show that n vectors constructed by
this process are also orthonormal. Put

n—1

wn = Un — Z(una Spj%pj

j=1
Then it follows that
<w’n>(pk>:0, k:1,2,...,n—1

Put ¢, = ¥, /||1n]|. Then the system of n vectors is orthonormal if so
is the system of n — 1 vectors, and the latter is true by the assumption
of mathematical induction. Thus, the process holds for any n and there
exists a choice of ¢; for which relations (i)-(iii) holds.

Conversely, suppose that (i)-(iii) hold. Then it follows from (i) that
(iii) must have the form

n

k=1
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for any n. For n = 1 it follows that ¢; is determined up to a phase
factor. Since ¢1 must be proportional to uy, any other choice of ¢ is
just a scaling ¢ — 27 for some complex z. But

(ur, 1)1 = (ur, zp1) 20 = |2P=1 = z=¢e"
Similarly,

uy — (uz, 1)1 = (uz, P2)p2

implies that only scaling transformations are allowed for ¢5 for a given
ug and ;1. By the same arguments, the scaling factor must be a phase
factor €2, Thus, relations (i)-(iii) imply that ¢ — €y is the only
freedom to change ;. The Gramm-Schmidt process defines elements of
an orthonormal set from a linearly independent set up to a phase factor.
If the inner product space is real, then this uncertainty is reduced to
the sign uncertainty.

Legendre polynomials. Consider the set of all monomials in CY|a, b]:
S = {un(@)}0,  valz) ="
This is a linearly independent set. In particular, put [a,b] = [—1,1].
The Gramm-Schmidt process leads to the Legendre polynomials
1 d\" n 1 . n n—
Paw) = () @ = 1" = 5 DGR =)+ 1)

~ 2l ~ o
k=0

where C} are binomial coefficients

0 n!
Cr = (n — k)k!

and

1
2
P,,P,) = P, ()P == 5,
(Poubi) = [ Pua)Pula) e = 5= o
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55. Separable inner product spaces

55.1. Dense and countable sets. Recall that a set A is called dense in
a set B in a normed (or metric) space if any element from B can be
approximated by an element from A with any desired accuracy, or for
any € > 0 and any u € B, there exist v € A such that

|lu—2| <e

If A is dense in B and B is dense in C, then A is also dense in C.
Indeed, fix ¢ > 0. Then for any u € C there exists v € B such that
|lu — v|| < e. Having found v, one can also find w € A such that
|lw — v|| < e. By the triangle inequality
[w —ull < [Jw—vl| + [Jo —ul| <2
A set A is called countable if there is one-to-one correspondence
between elements of A and positive integers. In other words, A is

countable if its elements can be counted. For example, a set of rational
numbers Q is countable.

PROPOSITION 55.1. A countable union of countable sets is count-
able

Let
A=A, Av={aulin
n=1

So, all elements of A can be arranged into an infinite table in which
the nth column is formed by elements of A,. The counting of elements
of A can carried out in the following way:

11— Q21 — Q12 — Q1,3 — Q22 — Q31 — *
— Q1 — A2 pn—1 — A3 n-3 — 7 dn1
— An411 — Qp2 — *+° — Q2p — Q1 ptl — °

A set is said to at most countable if it is either has finitely many or
countably many distinct elements.

55.2. Separable spaces. A space (metric, normed, or inner product space)
is called separable if it contains a countable dense subset. For exam-
ple, a Euclidean space R” is separable. A countable dense subset is
the collection of all vectors with rational components, QV. Indeed, for
any real component z; of a vector z € RY there is an arbitrary close
rational number g;:

|l’j—Qj|<€, j:1,2,...,N
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Therefore for any x, there is a vector ¢ € Q" such that
N
v —ql* =) la; — ¢ < N&?

J=1

that is, ¢ is arbitrary close to z, and, hence, Q is dense in RY. All
elements of QQ can be viewed as the union of N collections of rational
numbers. But the union of finitely many countable sets is countable.
So, R is separable.

PROPOSITION 55.2. (Orthogonal systems in separable spaces)
Let X be a separable inner product space and B be an orthogonal system
i X. Then B is at most countable.

Let u, € B and the label a takes its values in a set M (whose nature
is irrelevant). Since u, and w, are orthogonal if a and b are not the
same element, one can always scale elements of B so that they all have
unit length, ||u,|| = 1. Then the distance between any two elements in

B
[t — up|| = V2
because
|wa — ub||2 = (Ug — Up, Ug — Up) = 2 — 2Re (ug, up) = 2

Let B(ug; %) be a ball of radius % centered at u,, that is, it contains all
elements of X whose distance from u, is less than %:

Bmm@:{uexwu—wﬂ<%}

Clearly, the ball centered at distinct elements of B, u, and u;, have no
common elements

Blug; 3)( | Blus3) =0, a#b

By the hypothesis, X contains a countable dense subset A. Since A is
dense in X, there is an element of A that lies in B(u,; 3) for every a.
Since A is countable, a collection of all elements of A that are found
to be in each B(u,;3) is at most countable.

Separable Hilbert space. A Hilbert space is separable if it contains a
dense countable subset. Any orthogonal system in a separable Hilbert

space is at most countable.

55.3. Exercises.
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1. Consider a collection of all functions that square integrable on
(=R, R) for any R > 0, and satisfy the condition that the following
limit exists:

lim — ! *d

REEO@/_RMQH r < 00
Define a space X whose elements are equivalence classes of the functions
defined above: Two functions u and v belongs to the same equivalence
class if

R
lim i/_ lu(z) — ()2 dz = 0

In other words, v = v in X if functions u(z) and v(z) representing
equivalence classes u and v satisfy the above condition, similarly to Ls:
u=wvin Ly if u(z) = v(z) a.e.

(i) Show that X is a linear space;

(i) Define the inner product on X by

Prove that it exists for any two functions from X and all axioms of the
inner product are fulfilled.

(iii) Consider a set of elements of X represented by functions u,(x) =
sin(ax), o € IR. Show this set is orthogonal. Use this fact to prove
that the inner product space X’ is not separable.
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56. The space of square integrable functions

56.1. L5(£2) is an inner product space. The inner product is defined by

(u,v) = / u(z)v(z)dVz
Q
First, note that it exists because

[u@yo(@)| < ()P + o)

and u and v are square integrable. Recall that for any two complex
numbers

1 1
_ < 24 Zlal?
|2122] = |21]|22] < 2|z1| + 2| 2|

because (|z1| — |22])> > 0. The first three axioms of the inner product

(u,v) = (v, u)
(ou,v) = alu,v)
(u+v,w) = (u, w) + (v, w)
are obviously fulfilled. It is also required that
(u,u) >0, uw#0 and (u,u)=0<u=0

If u(z) = 0 for all z € Q, then (u,u) = 0. However, the converse is not
true:

(u,u>=/ﬂ|u(x)|2sz:0 = u(x) =0, ae.

In other words, any function that differs from the zero function on a set
of measure zero would fulfill the condition (u,u) = 0. To circumvent
this difficulty and fulfill the fourth axiom of the inner product, each
element of £5(€2) is understood as the space of equivalence classes, each
class consists of all square integrable functions that may differ from one
another on a set of measure zero. In other words, the equality of two
elements

u=uv in Lo(N)
means that

u(x) =v(x) a.e.
With this agreement, the fourth axiom of the inner product holds. Note
that L£5(€2) is still a linear space even if its elements are now equiva-
lence classes because the sum of two functions that are zero almost
everywhere is a function that is zero almost everywhere.

The Cauchy-Bunyakowski inequality

[{u, 0)] < v/ (w, u)r/ (v, 0)
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has the following form in L5(£2

(o) (e

56.2. L2(€2) is a normed space. The natural norm in £5(2) reads

full = VT = ([ 1) -

It satisfies all the norm axioms owing to the interpretation of L5(£2) as
a space of equivalence classes. Note ||u|| = 0 means that u(x) =0 a.e.
The triangle inequality in £2(€) is also know as Minkowski inequality:

lw+ ol < flufl + vl

uv dNx

56.3. Properties of £5(€2).

THEOREM 56.1. (L2(Q2) vs L(Q2))
Suppose that Q C R is bounded and u € L2(). Then u € L(Q).

PROOF. The characteristic function ygq of a bounded region €2 is square
integrable on €:

/ Ixal?d¥ e = / A" = p(Q) < oo
Q Q

where pp(€2) is the Lebesgue measure (volume) of €. The measure is
finite because € is contained in a ball and hence its measure is bounded
by the volume of the ball. Since |u| and xq are from L5(€2), by the
Cauchy-Bunyakowski inequality

/ |V = / ulxad¥e = {Ju], xa)
Q Q
< Nulllxall = VAo @) llull < o0

Therefore |u| € £(€2) which implies that u € £(€2) by the properties of
the Lebesgue integral. O

56.4. L2(€2) is a separable Hilbert space.

THEOREM 56.2. (Riesz-Fisher, 1907)
L2() is complete and separable.

The completeness of the space £5(£2) means that every Cauchy se-
quence of Lebesgue square integrable functions has a limit and the limit
function is also Lebesgue square integrable integrable. This is contrast
to the space C9(€), an inner product space of continuous functions on
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a closed bounded set ) with the same inner product. In other words,
a completion of the space of continuous square integrable functions by
adding the limits of all Cauchy sequences requires an extension of CY
to Lo (an analog of the extension of all rational numbers Q to R).
A separability of £5(Q2) implies that £5(€2) has a countable orthogo-
nal basis, which is a foundation of the Fourier analysis. Thus, by the
Riesz-Fisher theorem, the space of Lebesque square integrable functions
1s a separable Hilbert space. It is also a Banach space with respect to
its natural norm.

Completeness. A proof of completeness can be found in Sec. 28 of
“Functional Analysis” by F. Riesz and B. Sz.-Nagy.

Separability. First, let us show separability of L2(R) = L. One has
to construct a countable subset A C Lo that is dense, that is, A = Ls.
Let u € Ly. Therefore u € Lo(—n,n) because

/_n lu(z)[2dx < /|u(:c)|2dx <.

n

By the definition of the Lebesgue integral, the integral of |u|?> over
(—n,n) is the limit of Riemann integrals of some sequence of piece-
wise continuous functions on [—n,n]. Therefore the set of piecewise
continuous functions on [—n,n| is dense in the set L£o(—n,n). But the
set C9([—n,n]) is dense in the space of piecewise continuous functions.
Indeed, a piecewise continuous function v has finitely many jump dis-
continuities in [—n,n|. Suppose v is not continuous at z, then define
a continuous function w(z) € CY([—n,n]) that coincides with v(z) ex-
cept in (xg — 0,29 + 0) in which w(z) is a linear function such that
w(wo £ 6) =v(xo £ ). It is clear that

ol = [ " o) — w(a) do

-n

zo+09
= / lv(z) —w(x)|*de —0 as & — 0"
z0—0

The same construction can be extended to the case when v has finitely
many jump discontinuities. Thus, C9([—n,n]) is dense in Lo(—n,n).
Now recall that the space P of polynomials is dense in C9([—n,n]),
and the countable set Pg of all polynomials with rational coefficients
is dense in P and, hence, in C9([—n,n]), and, hence, in Lo(—n,n).

It is not now difficult to construct a countable dense subset in Ls.
Let

veA,: v(x)=x.v)p(x), pe Py
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where x,(x) is the characteristic function of [—n,n]. Then the set A,
is countable. The union .
A={]JA,
n=1

is countable as the countable union of countable sets and so is the
intersection A N Ly. Thus, for every u € L5 and any € > 0 there exists
v € A such that

o —o]f? = / o)z + / () - plo)|?da < ¢

-n
lz|>n

where p is a polynomial with rational coefficients. Note that the first
term can be made arbitrary small because
/ lu(z)Pdr = / lu(z)Pdx — / lu(z)]Pde — 0 as n — oo

|z|>n "
whereas the second term can be made arbitrary small for any n because
Py is dense in C9([—n,n]) and the latter is dense in Lo(—n,n).

An extension of this construction to R¥ is left to the reader as an
exercise.

56.5. Exercises.

1. Show that the Legendre polynomials form an orthogonal basis in
the Hilbert space H = Lo(—1,1).

2. Prove that L5(Q), Q C RY, is separable. Hint: Show first that
CY(|x| < n)isdense in Ly(|z| <n),n=1,2,....

3. Prove that the space of test functions D({2) is dense in the Hilbert
space H = L5(Q) for any bounded open Q C R,
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57. Linear manifolds in a Hilbert space
57.1. Orthogonal sets.

THEOREM 57.1. Each separable Hilbert space has a countable or-
thonormal set that is complete.

PRrROOF. Let A = {v,}5° be a countable dense subset in a separable
Hilbert space H. Let us construct a linearly independent subset in A.
Here is an algorithm:

put u; = 1
us = vy if v1 and vy are linearly independent
otherwise us = v3 if v1 and v3 are linearly independent

continue to get uy = vy,

k

Put uy, = vy, if {vy, }j:1 are linearly independent

By the linear independence of the set {uy},
SpanA = Span{uy}

and, hence, Span{uy} is dense in H which means that {u;} is complete
in H. By the Gram-Schmidt process, the set {uy} can be transformed
into a complete orthonormal set in H. O

Remark. A mere completeness and linear independence of the con-
structed countable set {uy} is not sufficient for {us} to be a basis in H
if H is infinite dimensional. Clearly, if the dimension is finite, then any
complete linearly independent set is a basis. Recall that in order for
{ur} to be a basis, every u € H must have a unique expansion over it,
that is, for any v € H there should exist a unique sequence {ay} C C

such that
v = Z AU
k

where the series converges in the norm in H. Problem 1 in Exercises
offers an example of a complete linearly independent set that is not
a basis. A necessary and sufficient criterion for a complete orthogo-
nal set to be an orthogonal basis in a separable Hilbert space will be
established in Section 58.

57.2. Projections on linear manifolds. Suppose u € R3®. Let M be a
plane orthogonal to a vector vy, that is, for any vector v in the plane
(v1,v) = 0 where (-,-) stands for the dot product in R?. What is the
best approximation of u € R? by a vector M? The best approximation
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is a vector v € M such that the distance ||u — v|| is minimal. It is not
difficult to find such a vector by the Pythagorean theorem:

<U,’U1>
[[o1[|?

v=u— Proj,u=u— 1
where Proj,, u stands for the vector projection of w onto v;. It is also
clear that such v is unique. If v and v3 are are orthogonal vectors in
the plane, then v;, j = 1,2, 3, form an orthogonal basis in R* and

(u, va) (u, v3)

— 2
[ 2 loa]® ™

Can this picture be extended to an infinite dimensional Hilbert space?
It turns out that the answer is affirmative.

THEOREM 57.2. (Baby projection theorem)
Let A, = {pr}] be an orthogonal set in an inner product space X and
M, = SpanA,,. Then for any u € X there exists a unique element
v € M, such that

ol —ul| = o~ u]| and v:;@,wm

(u—v,w)y=0 YweM,

PROOF. Put

w = Zak@k S Span {Q01>Q02> 7@0n} = Mn?
k=1

where oy, € C. Put
Ck = <u> S0k> :
Using the definition of ¢, the orthonormality relation (pg, n) = dkn,
and the properties of the inner product, one infers that
lu —wll* = (u - w,u —w)

= (u,u) — (u, w) — (w,u) + (w,w)

n n

— [l = 3" (ren + awan) + > v

k=1 k=1

n n
= JJull® =) lel + > low — el
k=1 k=1
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It follows from this representation that ||u — w||* attains its absolute
minimum if and only if oy = ¢, that is,
w=v=> cxor = (U, or)pr
k=1 k=1
and in this case
Ju = ol = ful = [l
(u—v,w) = Z (cka_k—cka_k) =0 YweM,
k=1
which completes the proof. O
Note that it is crucial for the proof that the linear manifold M,, C
X is finite dimensional, dim M,, = n, otherwise all finite sums in the
expression for ||u—w/||* become series and the expression becomes mean-
ingless because nothing is known about the convergence of the series.

57.3. Orthogonal complements of linear manifolds.

DEFINITION 57.1. (An orthogonal complement of a linear manifold)
An orthogonal complement M= of a linear manifold M in a Hilbert
space H is a collection of all elements v € 'H that are orthogonal to any
element from M:

veMt: (vu)=0Yue M.

First, note that M+ is a linear manifold, that is, if v, w € M, then
a linear combination av + Sw € M belongs to it for any numbers o
and 3. The manifolds M and M= have only one common element v =
0 (which is the only element in H that is orthogonal to all elements).

Properties of orthogonal complements. Let H be a Hilbert space and
M be a linear manifold in it. Then

(1) MM+ ={0}

2) MCWMH =M

(3) Miisclosed = M = (M*)*
(4) Misclosed = H=MUM™*
5) NcM = M+cN*t

All the properties, except (2), are familiar for finite dimensional Hilbert
spaces, R or CV, because any finite dimensional linear manifold is
closed so that its orthogonal complement is closed, too. This implies
that (2) is automatically reduced to (3). The property (2) will be
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proved and discussed in more detail later in the theory of operators in
Hilbert spaces. Here it is illustrated by an example.

A closed linear manifold in an inner product space is a Hilbert
space. For example, the space of even functions in Lo(—1,1) form a
Hilbert subspace. Even Legendre polynomials form an orthogonal basis
in this Hilbert subspace of £o(—1,1). The orthogonal complement of
the space of even functions is the space of odd functions in Lo(—1,1)
because )

(u,v) = / u(x)v(x)dr =0
-1
for any u(—x) = wu(z)a.e. and v(—z) = —v(x)a.e. Note that both
the manifolds are closed; they are orthogonal Hilbert subspaces of
L5(—1,1). Let M be the linear manifold of all even continuous func-
tions in H = L2(—1,1). The linear manifold M is not closed because,
as noted before, the space of square integrable continuous function is
not complete and, in particular, C9([—1,1]) is not complete (its com-
pletion is £9(—1,1)). The closure M is the space of all even functions
in £y(—1,1), that is, M C M. The orthogonal complement M* is
the space of all odd functions in L9(—1,1), and the orthogonal com-
plement of M+ is the space of all even functions in L£y(—1,1). Thus,

MC (MY =M.

57.4. Projection on a linear manifold. Keeping in mind the noted differ-
ences of linear manifolds in an infinite and finite dimensional Hilbert
spaces, let us discuss the projection of a vector onto a linear manifold
in a Hilbert space.

THEOREM 57.3. (Projection theorem)
Let M be a closed manifold (a Hilbert subspace) in a Hilbert space H.
Then
VweH NueMandINweMt : v=u+tw

and
|lv —ul|| = hinf |lv—h.
eM

PRrROOF. First, let us prove that the existence of a solution to the best
approximation problem:

YoeH JueM : inf [|[v—h| =|v—u
heM

that is, the minimum is actually attained in M. The procedure from
a finite dimensional case no longer applies. So, a different approach is
invoked. Let
d = inf ||v — Al
heM
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Therefore there exists a sequence {h,} C M such that ||[v — h,| — d
as n — oo. The natural norm in an inner product space satisfies the
parallelogram law

1 +gll* +11f = gll* =2l £FII* + 2]lg]1?
A proof is left to the reader as an exercise. By the parallelogram law
with f = v — h, and g = v — h,,, the sequence {h,} is shown to be a

Cauchy sequence and, hence, it has a limit in M because M is closed.
Indeed,

W

0 < 7w = hunll* = 21 = all* + 21 = Pl = 1120 = (o + b )|
@)
= 20f = hall® + 201 = hnl* = 200 = 5(ha + h) |12

®) 2 2 2
< 2f = hall” + 2[f = hil|” = 2/[v — 4d
@2d2—|—2d2—4d2:0 as n,m — 0o

(1) by the parallelogram law;

(2) by factoring out a factor 2 in the last term;

(3) Since 3(hn + hm) € M, ||v — 2(hn + hi)|| = d by definition of
infimum;

(4) by the choice of the sequence {h,}.

Thus, there exists u € M such that h,, — u in 'H as n — oo.

Next, let us prove the existence of w in the decomposition of v.
Having found u € M with the said property for a given v € H, put
w = v —u. The vector w is proved to be from M. Indeed, given
u € M, take another vector h € M. Then for any a € C, u+ ah € M
and the following inequality holds:

I(v = u) = ah|® = [[v = (u+ah)|* > [lv - u||* = @
by the construction of u. This implies that the function
fl@) = |lw—ah|* > w|, VYaeC, VheM
is bounded from below. Since f is a quadratic polynomial in two real
variables (s,t), where @ = s + it, the function f has a minimum at
s =t = 0. Since partial derivatives of f are continuous, they must
vanish at t = s = 0:
f;(0> 0) = —2Re <h> ’LU> =0
It follows from these relations that

(hywy=0 = weM?*
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because h is an arbitrary vector from M.
Finally, let us prove that the decomposition v = u + w is unique.
Suppose that v = u +w = v’ + w’. Then

(u—v)+(w—w)=0 = wu=uv and w=u

because u — u' € M and w — w' € ML, Thus, the said orthogonal
decomposition is unique. i

57.5. On the best approximation in a Banach space. A Hilbert space is
a Banach space with respect to the natural norm. The optimization
problem to find a best approximation in a linear manifold to a given
vector can also be posed in a Banach space. However the existence
and uniqueness of the solution is not so obvious. A natural question
to ask: Under what conditions on the norm || - || can a Banach space
be converted into a Hilbert space with the natural norm being || - ||?
If an affirmative answer exists, then the projection theorem proved
above will be applicable to such Banach spaces. It turns out that
the parallelogram law used in the proof of the projection theorem is
essential for this question.

THEOREM 57.4. (normed vs inner product space)
In order for a normed space X to be an inner product space, it is
necessary and sufficient that the norm in X satisfies the parallelogram
law:
lu+l* +[lu — vl = 2fjul* + 2[v]*, Vu,ve X

A proof of this assertion is left to the reader as an exercise. Guide-
lines for the proof are given below.

It is also interesting to note that the space £,(€2), (the space of all
functions u for which |ul? is Lebesgue integrable ) is a Banach space
for any p > 1, including the case p = oo for which the norm is the
supremum norm ||u||.. However, only £2(€2) can be converted to a
Hilbert space. This assertion can be established by checking the paral-
lelogram law. Furthermore, in the framework of quantum mechanics,
elements of the Hilbert space £2(€2) describe all states of any material
object in the universe.

57.6. Exercises.

1. Let ¢p(x) =2, k=0,1,...,and ¢_;(x) = .

(i) Show that B = {¢x}> is linearly independent in £5(0, 1);

(ii) Show that B = {¢;}> is complete in L£5(0,1), that is, Span B is
dense in £5(0,1);
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(iii) Show that B = {¢y}> is not a basis in £5(0, 1) by demonstrating
that for u(x) = e there is no unique decomposition

that is, the choice of the expansion coefficients ay is not unique (whereas
for a basis this choice must be unique by definition). Thus, the mere
completeness and linear independence of a set in a Hilbert space is not
sufficient for the set to be a basis.

2. Prove the parallelogram law:
lu+v[* + [lu — of|* = 2fJul® + 2[jv|*
where || - || is the natural norm in an inner product space.
3. Prove that in order for a normed real space X to be an inner product

space, it is necessary and sufficient that the norm in X satisfies the
parallelogram law

lu+ 0| + [lu = o] = 2flul® + 2|v]*, Vu,v€ X
Consider the inner product defined by

1
(u,v) = 1 (lu+ )2 = flu—ol]?)

and prove that the inner product axioms
(u,u) >0 and u=0 < (u,u)=0
(u,v) = (v, u)
(u+v,w) = {(u,w) + (v, w)
(ou,v) = alu,v)

follow from the norm axioms.
(i) To show that the third axiom holds, put

F(u,v,w) = 4<(u + v, w) — (u, w) — (v,w>)
and show using the parallelogram law that
Flu,v,0) = —|lu+w — vl + lu —w — v|”
Hlu+w|? = [lu = w|? = [Jo +w|* + [[o — wlf?

Then use the identity F' = %F + %F where F' in the first term is taken
from its definition, whereas F' in the second term is taken from the
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above representation, to show that F' = 0 by means of the parallelo-
gram law.
(i) To prove the last axiom, put

fla) = {au,v) — alu,v)

show that f € C° and f(0) = f(—1) = 0. If « is a positive integer n,
use the identity

(nu,v) =(u+u+---+u,v)

to show that f(n) = 0. Let o be a positive rational p/q. Use the
relation (explain why it is true!)

_QU’U :1 Uu,v
(1,0) = {u,0) = {qu,0)

for any positive integer ¢, to show that f(p/q) = 0. Use continuity to
show that f(a) = 0 for any a > 0. Finally, show that f(—a) = 0.

4. Show that the Banach space R} of all finite real sequences {z;}1’
cannot be turned into a Hilbert space in which the natural norm is

N 1/p
el = (zw) Clpen

n=1
and

[ ]loe = max{|z;[} = lim [z,
j p—o0
unless p = 2.

5. Show that the Banach space [, of all real sequences u = {u,}{°
cannot be turned into a Hilbert space in which the natural norm is

N 1/p
nunp:<z|uj|p) oo <<

n=1
and

[ulloe = sup{[u;|} = lim [[u]|, < oo
J p—oo

unless p = 2.
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6. Show that, unless p = 2, the Banach space £,(2) of all real valued
functions u : 2 — R cannot be turned into a Hilbert space in which
the natural norm is

1/p
nmuz(/hwmwMQ coo, 1<p<o
Q

and
[ulloo = Sgp{IU(fE)I} - ]}ijgo Jull, < oo

7. Let P3 be the linear manifold of all polynomial of degree at most 3
in the Hilbert space H = £1(—1,1). Let f(x) = e” € H.

(i) Find the best approximation g(x) of f(z) in Ps in the sense of the
Lo norm:

17 = glla = it 117~ Al

(i) Is this approximation better than the Taylor polynomial approxi-
mation about x = 0 of the same degree relative to the £5 norm?
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58. Fourier series in a separable Hilbert space

58.1. Fourier series. Let X be an inner product space and {¢;}3° be a
countable orthonormal set in X:

(O, on) = Okn -

For any u € X, define a sequence of complex numbers

Cp = <.f7 Q0k>

A formal series
o0
u ~ E CLPk
k=1

is called the Fourier series of u with respect to the set {¢x}7°, and
the numbers ¢ are called the Fourier coefficients of u with respect to
the set {yk}5°. The series is formal because nothing is said about its
convergence. Yet, even if the series converges, does it converge to f?

If dimX = n < oo, then all these questions are easy to answer.
In this case, any orthogonal set is finite and the series is just a finite
sum and, hence, it exists for any u. If, in addition, the orthogonal set
has exactly n = dim X elements, then the Fourier sum is nothing but
a decomposition of u into a linear combination of elements from the
orthogonal set.

If X is infinite dimensional, then answers to these questions are
not so obvious. It turns out that they are still affirmative if X is a
separable Hilbert space.

58.2. Bessel inequality.

THEOREM 58.1. (Bessel inequality)
Let X be an inner product space and {@x}3° be an orthonormal set in
X. If ¢, = (u, p) are the Fourier coefficients of f € X, then

[e.e]
> lel® < Jull?
k=0

PrROOF. By Theorem 57.2, the partial sums of the Fourier series

Un =Y _ckpr € Span{p, @2, ..., 00} = My,
k=1
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provide the best approximation of v by vectors in M,, for every n =
1,2,..., and

lu = vnl* = [Jull* = [lva|* > 0,

n

U— v, =u— Z(u,gpk>g0k € M,

k=1
The Bessel equality follows from the first of the above relations:

n

lonl® =D lesl* < IFIP, n=1,2,..

k=1

The sequence ||v,||? is monotonically increasing and bounded. There-
fore it converges, which implies that

[e.e]
D lel < 717
k=1

O
It should be pointed out that the equality is not generally possible.
For example, let X = Lo(—7, 7) and

1 1
wo(z) = Nora or(z) = NG cos(kz), k=12, ..

The set {@}y° is orthonormal in Lo(—m,7):

(ks o) = / " k()o@ = B

If u(—z) = —u(x) is an odd function in L5(—1,1), then its Fourier
coefficients with respect to {¢x}5° vanish because ¢y, are even:

k= /7r u(x)pr(x)dr = /7r u(x)pr(—x)dz

—T —Tr

:/ u(=y)er(y)dy = —cr. = =0,
where y = —z. Clearly, the reason for this to happen is that {p}g°
is not a complete set. Any linear combination of orthogonal functions
sin(kx) € Lo(—1,1), k =1,2, ..., is orthogonal to {¢y }¢°. This is indeed
so in general.

THEOREM 58.2. (Parseval-Steklov equality)
Let X be a separable inner product space and B = {@x}3° be an or-
thonormal set in X, (¢k, Pm) = Okm. Then B is complete if and only
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STl o) = llul? Vuex
k=1

PROOF. Suppose the Parseval-Steklov equality holds. Let us show
that B is a basis. All partial sums of the Fourier series of u belong to
the linear manifold Span B:

Sp = chgpk € Span B, ek = (u, pr) -
k=1

By Theorem 57.2

lu = sull? = llull* = llsall® = lJull® = > lexl?
k=1
The right side of this equality converges to 0 as n — oo because, by
assumption, the Parseval-Steklov equality holds. Therefore for any
u € X one can find an element v from Span B that is arbitrary close
to u:
Ve>0 Yue X JveSpanB : ||u—v|<e

which means that Span B is dense in X and, hence, B is complete in
X.

Conversely, suppose that B is complete. Let us show that the
Parseval-Steklov equality holds. If B is complete, then for any v € X
one can find an element v € Span B that is arbitrary close to u:

Ve>0 Yue X JweSpanB : |lu—w|<e

Since w € Span B, it is a linear combination

w = Zakspk € Span {QDMQD?) e ?Spn} = Bn
k=1

By Theorem 57.2 there exists the best approximation v € B,, of u so
that
lu—vl| <flu—hl  Vhe B,

and the equality is reached if and only if

n

h=v=> (uen)pk

k=1

This implies that v is arbitrary close to u:

lv = vl < flu—w| <e
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or, again by Theorem 57.2,

n
lw =0l = Jlull® = [lol* = [lull® = Y [{u, )
k=1

The sequence in the left side of the equality is positive and monotoni-
cally decreasing. Therefore if it can be made arbitrary small for some
n = N, then it remains arbitrary small for all n > N. This means that
the series >, [{u, p)|* converges to ||u||* and the Parseval-Steklov
equality holds. O

58.3. Convergence of Fourier series. The following theorem due to Riesz
and Fisher answers the question about convergence of Fourier series in
a Hilbert space.

THEOREM 58.3. (Riezs-Fisher theorem)
Suppose that

(1) H is a Hilbert space
(2) B ={wr}i° is an orthonormal set in X

3) {a}PcC: D |al <o
k=1
Then there exists a unique element u € X such that
cx = (u, pr) and Z lek]? = (u, u) = ||lul?

PRrROOF. Consider a sequence {u,}$° C ‘H where

n
Up = E CLPk
k=1

First, it is proved that this sequence is a Cauchy sequence and, hence,
by completeness of a Hilbert space, it has a (unique) limit in it. One
has
||un+m - un||2 = ||Cn+1S0n+1 + Cn-l-m()pn-l—mnz
= |Cn+1|2 + |Cn+2|2 +---+ |Cn+m|2

= On+m — Sn
n

Sp =Y |l

k=1
Since the series > |ck|> < oo converges, the sequence of its partial
{S,} sum also converges and, hence, is a Cauchy sequence, and so is
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the sequence {u,}. Thus, there exists a unique element u € H such
that

lim ||u — uy,|| =0
n—0
Next, one has

(U, o) = (Un, Pr) — (U — Un, Y1) = Ckx — (U — Up, Pk)

It follows from this relation that

by the Cauchy-Bunyakowski inequality. The right side of the above
inequality can be made smaller than any preassigned positive number
for any k = 1,2, ... by taking n large enough. This means that

Ck = <u> S0k> :
Furthermore by Theorem 57.2
lu = wnl* = [Ju]|* — [[ull} = ull* — Sx

for all n. Taking the limit n — oo, it is concluded that

[e.e]
lul® = lewl?.
k=1

O

It should be noted that the separability of a Hilbert is not required

in the Riezs-Fisher theorem. The orthogonal set {yx} is countable,

but may not be a basis in ‘H. The Riesz-Fisher theorem allows us

to answer the question about convergence of the Fourier series in a
separable Hilbert space.

COROLLARY 58.1. Let {p}5° be an orthonormal set in a Hilbert
space H for which the Parceval-Steklov equality holds. Then {¢x}7° is
an orthonormal basis and for any u € H the Fourier series

k=

1

converges to u in 'H

Indeed, by the Parseval-Steklov equality Y, |cx|? = |lul|* for any
u € H, where ¢, = (u, ¢g). By the Riesz-Fisher theorem, there exists
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v € H such that

v=> capr and (v,01) = cx = (U, )
k=1

[e.e]
= ol =l and  (u,0) =) fel® = [lul?
k=1

by continuity of the inner product, (u,s,) — (u,s) if s, — s in H as
n — 0o. Therefore

lu = v]* = {u —v,u—v) = [[ul® + [lv]|* = {u,v) — (v,u) =0

and, hence, v = u. If u = ), agyy for some choice of complex oy,
then

0=llu—ull>=) Ku,on) —anl = = (up)
k=1

Thus, the expansion coefficients are unique and {¢y }7° is an orthonor-
mal basis.

58.4. Examples of bases in L.

Legendre polynomials in Lo(—1,1). By applying the Gram-Schmidt
process to the set of monomials S = {z"}° in Lo(—1, 1), the orthogonal
set of Legendre polynomials B = {P,(z)}° is obtained:

Fale) = 2n1n! (%)n(xz s
. 1 - (n')2 n—k k
= o 2 G- e Y

1
200m
P, P,) = P, (z)P,,(z)dx =
(PouPa) = [ Pa)Pa(o)do = 5o
The completeness follows from the Weierstrass theorem that asserts
that for any continuous function v(z) in a bounded interval and any
¢ > 0, one can find a polynomial p(z) such that

lv = pllo <€

Fix e > 0. Since the space of continuous functions is dense in £o(—1, 1),
for any u € L5(—1,1), one can find a continuous function v(z) such
that

lu = wvll2 <
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Having found v, one can find a polynomial p by the Weierstrass theo-

rem. It also follows that
1

1
o —pll2 = / o) — p(a)P dz < |lo - pl% / <22
-1

Therefore
lu—pllz < [lu—vll2+ [l = plla < e(1 +v2)

This shows that the span of the set of Legendre polynomials is complete
in L5(—1,1) and, hence, is an orthogonal basis. So, in this case, the
Parseval-Steklov equality follows from the Weierstrass theorem.

Trigonometric basis in Lo(a,b). Consider the set

2mnx

G =1, o) =cos (37) o) =sin(;

—a

% n=12, .

It is an orthogonal set in Ly(a,b). Its completeness follows from the
Weierstrass theorem for trigonometric polynomials, which asserts that
for any € > 0 and any continuous function v(x) such that v(a) = v(b),
there exists a trigonometric polynomial

pu(r) = awdf(x) + Y Budi(x)

—a

such that

v —plloe <
Fix ¢ > 0 and u € L3(a,b). The space of continuous functions is dense
in L£5(a,b) and, hence, one can find a continuous function w(z) such
that

lu—wll2 < e
but in general w(a) # w(b). Having found w, one can find a continuous
function v(x) that differs from w(z) only in the interval [b — ¢,b] and
v(a) = v(b). For example, this can be achieved by defining v(zx) in
this interval as a linear function whose graph connects the points (b —
d,w(b—9)) and (b,w(a)). It is easy to show that the parameter § can
be made small enough so that

|lw—v|2<e

Having found such a v, a trigonometric polynomial p is found by the
Weierstrass theorem so that

b b
o —pll2 = / o) — p(a)Pdz < |lo - pl% / dr < (b— a)e?

a
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The completeness of the span of the trigonometric set follows:
[u—pll2 < lu —wlz + [[w = v]2+ [[v = plla <e(2 = Vb —a)

In this case, the Parseval-Steklov equality follows from the Weierstrass
theorem and that the convergence in the supremum norm implies the
convergence in the Lo norm for any bounded region. This argument can
no longer be used for orthogonal sets in unbounded intervals.

As a consequence, the set

1 emt . on=0,41,42, ...

QDn([L’) = \/% 9

is an orthonormal basis in Lo(—7,7), known as the trigonometric
Fourier basis.

Hermite polynomials in £5(R). Consider the set of weighted monomials:

S = {x"e_mz/z} C Lo(R)
0
Its linear independence follows from the linear independence of mono-
mials. The Gram-Schmidt process for this set leads to an orthogonal

set
o0

B= {Hn(x)e—f2/2}0 C L2(R)

where H,, are known as Hermite polynomials:
d" 2 d\"
Hy(z) = (—1)e®® 2 " = (2::;——) 1, n=01,..

(z) = (=1) dx™ dx
Note that Gram-Schmidt process makes orthogonal functions by tak-
ing linear combinations of functions from S and any first n functions
in B are linear combinations of the n first functions in S and vice
versa. Therefore the weight e=*/2 does not change and H, must be
polynomials. The set B is an orthogonal basis in L9(R). A proof of
this assertion is outlined in Exercise 3 below and technical details are
left to the reader.

58.5. Smoothness of basis functions in £5(£2). The the Parseval-Steklov
equality provides the necessary and sufficient condition for an orthog-
onal set in an inner product space to be a basis. This criterion holds
even if the inner product space is not complete. In particular, if X
is a dense linear manifold in a Hilbert space H, X C X = H, and
B = {p}5° is an orthonormal basis in X, then {(}$° is an orthonormal
basis in ‘H. Indeed, if u € H, v € X, and w € Span B, then choosing
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v arbitrary close to u (X is dense in H) and w arbitrary close to v
(Span B is dense in X), it is concluded from the triangle inequality

[ = wl| < flu = o] + [ — w]|

that Span B is dense in H. Therefore the Parseval-Steklov equality
holds for any element u € H, hence, B is a basis in ‘H by Corollary
58.3.

For example, the space of test functions D(Q2), Q@ C RY is dense in
L2(€2) (see Section 56.5) and for any bounded €2 the following inclusion
holds

D(Q) € C®(Q) C CPH(Q) € CP(Q) C Lo(Q)

for any p = 1,2,.... This means that a basis in £2(2) can be found in
any of the above spaces of smooth functions. Recall, for example, the
Legendre polynomials. They are from the class C*°([—1,1]) and form
a basis in Lo(—1,1).

This observation is essential in applications of the Fourier series in
the theory of partial differential equations and quantum theory because
bases in the Hilbert space L2(£2) are formed by eigenfunctions of some
differential operators, and the domain of such operators lie in spaces of
smooth functions.

For example, consider the eigenvalue problem for the second-derivative
operator

—u"(z) = Mu(z), z€(-mmn), uelC*[-m 7)),
u(—m) = u(m)

where A € C. It is not difficult to obtain a general solution for any com-
plex A and show that the boundary condition is satisfied only by solu-
tions with real non-negative A, namely, A = \, = n?, n =0,1,2,.... For
n = 0 there is only one linearly independent solution u(x) = ug(x) =1
and for every n > 0, there are two linearly independent solutions
u(r) = ul(z) = e, By the Weierstrass theorem about trigono-
metric Fourier series, the C'*° functions
{1’ 6:|:im’ 6:|:2im’ 6:|:3im’ . }

form an orthogonal basis in C3([—n,n]). The Fourier series converges
uniformly to any continuous function that has the same values at the
end points of the interval, u(—m) = u(r). Since CY([—,7]) is dense in
Lo(—m, ), the above functions also form a basis in Lo(—m, 7). How-
ever, the uniform convergence is lost for the trigonometric Fourier series
of functions from Ly(—m, ), but the Fourier series still converges in the
Lo norm.
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Similarly, the space of test functions for temperate distributions
S C Ly(RY) = L, is dense in the space of square integrable functions
and

SCC’NLy C Ly

Therefore bases in £, can also be sought in spaces of square integrable
smooth functions. An example of an orthogonal basis in £5(R) that is
formed by functions from S(R) will be given in Exercises.

One should not get an impression that all bases in Lo are formed by
smooth functions. In fact, it is not difficult to construct an orthogonal
basis that contains only piecewise constant functions. They are known
as Haar wavelets.

58.6. Convergence in the mean. The Fourier series in a separable Hilbert
space L5(9), Q C RY does not generally converge pointwise because
the convergence in the L5 norm means that the sum of the Fourier
series coincides with the function almost everywhere

u(x) = chgpk(z) a.e., cp=(u,p)= /Qu(at)gpk(:c) dNz

that is, they may differ on a set of measure zero (this set may also
depend on the choice of a basis).

DEFINITION 58.1. The convergence of Fourier series in the Lo(£2)
norm is called the convergence in the mean.

For example, u(x) be a continuous, 2r—periodic function. Then its
trigonometric Fourier series converges to u uniformly on any interval
(Weierstrass theorem). Now suppose that that u is not continuous at
xo (it is still periodic) where it has a jump discontinuity. Evidently,
u € Lo(—m, m) So its trigonometric Fourier series converges to u almost
everywhere. In fact, it converges to u(z) everywhere except possibly
at x = xo at which the Fourier series converges to the midpoint of the
jump discontinuity:

< P 1.
Jim 37 et = 5 lim u(e) + 5 lim o)

where ¢j are the trigonometric Fourier coefficients of u. They do not
depend on the value of u(xp). The above relation holds for any choice of
u(zp). All such functions represent the same element of u € Lo(—m, )
as they differ on a set of measure zero.
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58.7. Resolution of unity. Let {(}5° be an orthonormal basis in £o(RY).
Then for every y € RY, the sequence

On(3y) =Y or(y)pr(z)

converges in the distributional sense. Let us find its limit. Since ¢y, is
square integrable for any k, d,, is a temperate distribution:

(sutr:0).00)) = 3 aut) [ olaa@s

for any ¢ € S§. By the completeness of the space of temperate dis-
tribution &', the limit of 4,, exists for any y and defines a temperate
distribution §(x;y) that acts on any ¢ € S by the rule

(s(as09.000) = Jim 3 aut) [ ololantalas

= 1im Y @r(y){e, ex) = 6(y)

This proves that

o(z;y) = ZSDk(y)SDk(f) =(r—y) in &

The latter relation is called a resolution of unity in L. In particular,
using the trigonometric Fourier basis in Lo(—m, )
L M@y = §(z —y) xr,y € (—m,m).
27_(_ ) ) )

n=-—oo

o)

This is the Poisson summation formula restricted to the interval (—m, )
in the distributional sense.

58.8. Exercises.

1. Find the Fourier series of u(z) = e® with respect to the basis of
Legendre polynomials in £o(—1,1):

1 oa
- 2npl dan

n

@ =1 =5 Y o o~ U a1

Pn(x)
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Compare four first terms of the Fourier series with the four first terms
of the power series representation of e”.

2. An orthogonal basis in L2(R).
The Hermite polynomials are defined by the relation

) d" —a? d\m o
H, () = (~1)"e” T _(2g;—dz) 1, n=0,1,..

(i) Show that the Hermite polynomials satisfy the recurrence relation
Hy1(z) =2zH,(x) — 2nH,_ ()
(i) and the identity
H(2) = 20H, () — Hosa (2)

Hint: One can use, for example, mathematical induction or the defini-
tion of the Hermite polynomials
Put

@n(fp) = Hn(z)e_mz/z

(iii) Show that ¢, € S(R) (they are test functions for temperate dis-
tributions) and
(iv) they are eigenfunctions of a differential operator:

Loy(2) = —¢p(2) + 2%0u(2) = Mapn(z), XAa=2n+1, z€R
(v) For n # m, use integration by part to prove

A {Pn, Om) = (Lon, ©m) = (Pn, Lom) = An{Pn, Om) ,

where

(u,v) = /_00 u(z)v(x) dx

e}

is the inner product in L5(R), and
(vi) conclude that, if n # m, then

(s ) = / " ou(@)om(a) dr = / " Ho (o) Ho(a)e ™ do = 0,

(vii) Use, e.g., mathematical induction and the recurrence relation for
the Hermite polynomials to show that

loul® = / H2 ()6 de = 2'nly/m

Thus, B = {y,}{° is an orthogonal set in L(R).
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Prove that B is an orthogonal basis in £2(R).
(viii) Show, first, for any v € L2(R), the Fourier series

e}

'U>S0n
> e o= e Cl®
n=0 Pn

converges in the mean and
lull® < lol”

If the equality holds, then B is a basis. Suppose that |Jul|* < ||v
(ix) Show that this implies that M* # {0} where M = Span B. Let
v#0and v e Mt

(x) Prove that

F(z)= / v(z)e* "2 dy = Z Z—'(U,$"e_m2/2> =0
_ n

e}

I°.

n=0

for any z € C. Note that this requires changing the order of integration
and summation which must be justified. Set z = ik, £ € R, and
conclude that

F(ik) = f[v(x)e—mz/ﬂ (k) =0

where F stands for the Fourier transform.
(xi) Show that v(z)e™**/2 is a regular temperate distribution. Use the
inverse Fourier transform to show that

v(z)e ™ =0

in the distributional sense, and conclude that v = 0 using the Du Bois-
Reymond lemma. A contradiction. Hence, B is an orthogonal basis in
Lo(R). In quantum mechanics, this basis is associated with stationary
states of a harmonic oscillator of unit mass and unit frequency.

3. A generalization of the above construction is as follows. Let A =
{x™w(z)}5° where w(z) € C°, w(x) > 0, and is such that z"w(x) €
L2(€2) where €2 can be any interval in R, either bounded or not.

(i) Prove that A is linearly independent.

(ii) Prove that Span A is dense in C9(Q) and, hence, in Ly(f2).

(iii) Show that for any such w(x), one can find a complete orthonormal
set in L2(Q2) of the form

on(T) = pp(r)w(x), /Qpn(x)pm(x)|w(x)|2dx = Onm

where p,(x) is a polynomial of degree n. The above orthogonality
relation is called an orthogonality with weight |w(z)[* > 0. For the
Hermite polynomials the weight is |w(z)[?> = e~

—T
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4. Consider the space of square integrable functions with a weight
p(x) > 0and p e C°

u € Lo(Q;p) if /Q lu(z)Pp(x) dz < oo
Put
(w0) = [ ule)ola) plo) s

Show that L£2(€; p) is a separable Hilbert space. Hint: Use the results
of Section 56.4

5. Isomorphism of separable Hilbert spaces

DEFINITION 58.2. Hilbert spaces H and H* are isomorphic, which
1s denoted as H ~ H*, if there exists a one-to-one mapping

f: H-—-H
such that for any u,v € H and any o € C the following properties hold

flu+v)=f(u)+ flv) =u"+v"
flau) = af(u) = au”
(u, v)p = (f(u), f(V))rr = (U, 0" )

In other words, the isomorphism of two Hilbert spaces is a one-to-
one correspondence between their elements that preserves linear trans-
formations in them and the inner product.

THEOREM 58.4. Any two separable Hilbert spaces are isomorphic

Prove the theorem by following the indicated steps:
(i) 2 is a separable Hilbert space;
(ii) The Riesz-Fisher theorem implies that any separable Hilbert space
is isomorphic to lo;
(iii) Any two separable Hilbert spaces are isomorphic

This theorem shows that there is, in fact, only one separable Hilbert
space as all separable Hilbert spaces are isomorphic to it. In this sense,
L5(£2) is unique. For some (unknown) reasons, the nature is such that
all material objects in the universe can be viewed as elements of this
space! This assertion is based on quantum theory and so far no evidence
against it has been found.

Furthermore, since every separable separable Hilbert space has a
countable orthonormal basis B, the distance between any two elements
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u and v is given by
o
lu—=v]* =" lax = Bl
k=1

where oy, and ) are the Fourier coefficients of u and v, respectively, in
the basis B. The above Parseval-Steklov equality looks like an infinite
dimensional analog of the Pythagorean theorem. For this reason all
separable Hilbert spaces are often denoted as R*> (real space) or C>
(complex space), an infinite dimensional Euclidean space.



CHAPTER 8

Operators in Hilbert spaces

53. Definition of an operator in Banach and Hilbert spaces

DEFINITION 53.1. (Operators)
Let By and By be two Banach spaces with norms || - |1 and || - |2,
respectively. A map

A DA§81—>82

1s called an operator, the set Da is called the domain of A, the set
A(Dy4) = Ra C By is called the range of A, and the set

NA:{UEDA ’ Au:O}
15 called the null space of A.

Example 1. Let B; = CV and By = CM. Let A be an N x M matrix
with complex elements. Then A defines a map A : CY¥ — CM by
Ax =y, where x € RY and y € R (here Az is interpreted as a matrix
product). The null space of the operator A is a collection of all vectors
annihilated by the matrix A.

Example 2. Let K(z,y,z) be a continuous functions on Q x ) for ev-
ery z € R, where € is a closed bounded subset in R with a piecewise
smooth boundary, and, in addition, be Lipschitz continuous with re-
spect to z

|K(x,y,z1)—K(x,y,z2)|§m0|z1—zg|, ($>y)€QXQ

and K (z,y,0) = 0. For any continuous function u on €, put

Au(z) = / K (2, u(y)) dy

Then A is an operator with Dy = C°(Q) = B; (the norm here is the
supremum norm, || - ||« ) and its range also lies in the space C°(Q) =
Bs. The continuity of Au(x) follows from the Lebesgue dominated
convergence theorem and boundedness of ).

719
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Example 3. Let L be a differential operator of order p:
p
L= Z aq,(x)D?
q=0

Then, under suitable restrictions on the coefficients a,(z), it can be
viewed as an operator in the Hilbert space Lo

L: CP(Q) N Lo(Q) — Lo()

where Q@ C RY. In this case, Dy = CP(Q2) N Ly() and the range is
a subset in the space of square integrable functions. Note that if  is
not closed or not bounded or both, then not every function from C?(£2)
is square integrable. The null space is the set of all solutions to the
homogeneous partial differential equation Lu = 0.

Example 4. A linear functional [ on a Hilbert space is an operator
A: H — Cso that Au=[(u). In this case, By = H = D4 and || - ||
is the natural norm on H. The space By = C and || - ||2 is the distance
between two complex numbers.

DEFINITION 53.2. (Linear operator)
An operator A is linear if the image of a linear combination of elements
in its domain is the same linear combination of images in its range

Alau + pv) = cAu+ fAv, Yu,v € Dy Va,B€C

Note that the domain and range of a linear operator must be linear
manifolds. In particular, A0 = 0 (where 0 in the left side is the zero
element in D4, while 0 in the right side is the zero element in R4).
Operators in Examples 1, 3, and 4 are linear. The integral operator in
Example 2 is not linear.

53.1. Bounded operators.

DEFINITION 53.3. (Bounded operator)
An operator A is called bounded if there exists a positive constant C
such that
[Aull2 < Cllully, Vu € Da

and C' s independent of u € D4 C By.

The integral operator in Example 2 is bounded. Indeed, for any
x €

mmwhsﬁuaa%wwnwySmng@mwy

S%MMLWWWWNWWm



53. DEFINITION OF AN OPERATOR IN BANACH AND HILBERT SPACES

where () is the Lebesgue measure (volume) of €. Since (2 is
bounded and has piecewise smooth boundaries, its volume is finite.
The inequality holds for all x € €2, by taking the supremum in the left

side (which exists because Au € C(2) and ) is closed and bounded),
one infers that

[Aullse < Clltfloe, €= mopL(S2).

The norm of a bounded operator.

DEFINITION 53.4. Let A: Dy C By — By be a bounded operator.
The least number C' for which

[Aullz < Cllully
is called the norm of A and denoted ||A|| so that

A
) = sup 1Aul2
oo Tl

If,in addition, A s linear, then

[All = sup || Aull2

flufli=1
By definition of the norm of the operator
[Aullz < || Al

In Example 4, the operator A is bounded if, in addition, the linear
functional [ is continuous. In this case, by the Riesz representation
theorem and the Cauchy-Bunyakowski inequality

Au=(u,v) = [|Aul < ulllv]] = Al = sup, [(u, v)| = [Jv]]
because the Cauchy-Bunyakowski inequality becomes equality if and
inly if v and v are proportional. The supremum is attained on u =
ﬁ v E Dy.

Remark. It is important to note that the supremum cannot always
be attained on the domain of the operator because the domain of a
bounded operator may not be closed, Dy C D4 C By. A situation is
similar to the supremum of a bounded and continuous functions on a
set that is not closed. If [|A]| < oo, then put C, = ||A[(1+ %). Then
for each n = 1,2, ..., there is an element w,, € D4 such that

|Aunll2 < Cullun|ly, n=1,2,..
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because || A|| = inf{C,}. Even if {u,} is a Cauchy sequence and, hence,
has a limit ug € B; in the Banach space, the limit point may not belong
to the domain, ug ¢ D, if D4 is not closed.

Furthermore, even if the domain of a bounded operator is closed,
there cannot always exist ug € D4 such that ||A|| = [|Augl|/||wo||. To
understand this, note that the supremum is taken over all non — zero
elements in D4. When the zero element is removed from a closed set
Dy, the resulting set is no longer closed and u = 0 is its limit point
that is not in the set! A bounded operator maps every null sequence
in the domain, u, — 0 as n — o0, to a null sequence in the range,
Au, — 0. The limit of a positive sequence || Auy,l|2/|u||1 becomes an
indeterminate form 8 and, if it exists, it can be any number between
0 and [|A||. In particular, if D4 is closed and there is no ug € Dy for
which ||A|| = [|Auol|/||uwo]|, the limit is equal to ||Al|. In other words,
the supremum in the definition of || A|| can occur for elements arbitrary
close to the zero element.

These observations about the norm of a bounded operators can be
summarized as follows.

Properties of bounded operators.

PROPOSITION 53.1. Suppose that A is a bounded operator. Then

A
either Jug € Dy :  ||Al = | Agl|2
[|uollx
Auy,
or Hup}® € Da : lim |Aunllz _ 1Al

e A

PROPOSITION 53.2. If an operator A is not bounded, then there
erists a sequence {u,}7° in its domain D, such that
Au,
A

n=oe |[|un|y

=00, U, #0.

53.2. Continuous operators.

DEFINITION 53.5. (Continuous operator)
An operator is said to be continuous at u € D 4 if for any sequence {u,}
that converges to w in the domain Dga, its image {Au,} converges to
Au in the range Ry:

V{u,} CDs @ lim |lu—u,|1 =0 = lim [[Au— Au,l2=0

An operator is said be continuous on a set if it is continuous at every
element of the set.
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For example, the integral operator in Example 2 is continuous be-
cause

[Au — Aup oo < moprn(Q)]|u — tn ||

and, hence, a uniform convergence of u,, to u implies the uniform con-
vergence of Au, to Au.

It turns out that the properties of linear continuous operators are
similar to the properties of linear continuous functionals.

Properties of continuous linear operators.

PROPOSITION 53.3. If A is a linear operator that is continuous at
u =0, then A is continuous on its domain D 4.

PROPOSITION 53.4. Suppose that A is a linear operator. Then A
1s continuous if and only if it is bounded:

A is continuous <& A is bounded

PRrROOF. If A is bounded, then for any sequence {u,} C D4 that
converges to u € Dy,

[Au = Aup[ly < [[Alllu — unlly — 0

as n — 00. Therefore {Au,} € R4 converges to Au € Ry.

Conversely, let A be continuous. This means that for any sequence
{u,} that converges to 0 in D4, the sequence {Au,} converges to 0 in
the range R4. Suppose that A with the stated property is not bounded.
Then for any positive integer n, one can find v,, € D4 such that

[Avn|s = nflvn|,

or by linearity of A

1
n < || Awn|2, wn:mUm |wa| =1
n

The sequence u,, = %wn converges to u = 0 because

1
[unlli = ol =— — 0 asn—o0
n

But

Awy,
| Attn]|2 = [lAwa[l2 1
n

and, hence, the sequence { Au, } cannot converge to 0, which contradicts
the hypothesis that A is continuous. Thus, A must be bounded. O
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53.3. Hilbert-Schmidt operators. Let
K:QxQ — C, QCRY

be a square integrable function of two variables:

M://|K(x,y)|2dNdex < o0
aJa

PROPOSITION 53.5. The operator
A £2(Q) — £2(Q

)
Aufz) = v(z) = / K (. y)uly) dy

is linear, bounded, and, hence, continuous on Lo(£2).

First, let us show that D4 = L5(2). By Schwartz inequality, for
every x € )
2

[o(@)* =

/Q K (2, y)u(y) ¥y
< / K (2, 9)2dy / u(y) &y

= Jlul? / K (2, y)? dVy

It follows from this inequality that

| Aul? = / (@) d¥e < Mjul]

Therefore Au € L5(2) for any u € L5(€2).
Furthermore

[Aull < VMllul] = [JAl < VM

Linear integral operators with square integrable kernels are called Hilbert-
Schmidt operators.

53.4. Differentiation operators. Put
Au(z) =4/(x), weCY0,1)NLy(0,1), o € Ly(0,1)

The domain of this linear operator consists of all differentiable square
integrable functions on (0, 1) whose derivative is also square integrable
on (0,1).

PROPOSITION 53.6. The differentiation operator is not bounded in
£2(O> 1)
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Let us find a sequence {u,} for which
Auy

A
oo ||uy||

This would mean that A is unbounded. Put

un(x) = sin(mnz), Au,(r) = mncos(mnz)

Therefore

! 1

[un||* = / sin?(rmnx) dr = =

0 2

! 1
| Au,||* = 7T2n2/ cos®(mnx) dr = 5 n°n?
0
|Aunll _ lim ™ =
= n =00
W ]

Thus, the differentiation operator is not bounded and, hence, not con-
tinuous.
Alternatively, one can take the null sequence

inx
(&

1
vn(z) = = o]l = e 0 in L5(0, 1)

However, Av,, does not converge to 0 in L£5(0, 1) because
Avy(x) = vl () = ie™ = |Av,||=1>0

So, the differentiation operator is not continuous and, hence, not bounded.
It is straightforward to extend this analysis to operators of par-

tial derivatives of any order in £5(£2) where Q@ C RY with the same

conclusion. Take a rectangular box R = H;V:1 x(aj,b;) C Q. Put

7T’rl,l' —a
HSIH( J j)), aj<:17j<bj

bj — a;

and u,(z) = 0 otherwise. If Aju = g; , then ||Aju,||/||un|| = 70 — o0
as n — oo. By the same line of arguments, the operators of higher
order partial derivatives are shown to be not bounded and, hence, not

continuous, too in L5(£2).

The norm in the domain and boundedness of an operator. It should be
noted that boundedness of an operator depends on the norm in the
Banach space which contains the domain of the operator. In particular,
there are Banach spaces in which differentiation operators are bounded.
An example is provided in Exercises.



726 8. OPERATORS IN HILBERT SPACES

53.5. Multiplication operators. Put
Au(z) = zu(x), u € L3(0,1) =Dy

Then A is a linear operator in £2(0, 1) because

1 1
| Aul? = / 2Ju(z)P do < / (@) de = [Ju]]? < oo

so that Au € £5(0,1) for any u € £5(0,1). It is a bounded operator
because

[Aul| < fluf] = [[A <1
The domain of the multiplication operator is the whole Hilbert space

L5(0,1) and, hence, is closed. Despite this, there exists no function
ug € L£5(0,1) for which ||A]| = ||Auol||/||uol]. Define a sequence of

functions
uﬂ(x):{o, 0<:{:<1—%
I—-<z<1
Then
a2 = % S up— 0 in £2(0,1)

as n — 00. So, {u,} is a null sequence. One also infers that

1
1 1 1
w2 = [ ade= - o
Auy,
lim H|| ”H” — lim (1+O(%)) —1
n—0o0 Unp n—0o0

Thus,
[All =1
because ||A]| < 1. However the supremum in the definition of ||A]| is
reached on elements arbitrary close to the zero function.
This analysis can easily be extended to the multiplication operators
Au(z) = zju(z) where z; is the jth component of z € Q@ C RY and
u € Lo(Q). If Q is bounded, then ||A|| < oo, otherwise A is unbounded.

53.6. Operators in a separable Hilbert space. Let
A D A g H — H

where H is a separable Hilbert space. Suppose that dimH = N < oo.
If {,}YV is an orthonormal basis in H, then any vector u is uniquely
defined by its components relative to this basis

N
U = Zan()pn» Ay = <U>S0n>>
n=1
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and, conversely, any vector in CV with components «,, defines an ele-
ment of H by the above relation. So, H ~ CV.

Furthermore, any linear operator A : H — H is uniquely defined
by the matriz An, = (Apg, pn) relative to an orthonormal basis {¢n}
and, conversely, any matrix Ani defines a linear operator in H:

N N
n=1 k=1

Indeed, for any A and any u € ‘H one has

N

n=1

Ifu= fovzl ek, then by linearity of A and the inner product,

= (AL n)n) = (Lot
k=1 k=1

N N
> (Agk pr)ar =Y Ay
k=1

k=1

(53.1)

The converse is obvious.

A natural question to ask whether this property can be extended
to infinite dimensional separable Hilbert spaces. Riesz-Fisher theorem
58.3 allows us to claim that H is isomorphic to the space of square sum-
mable complex sequences, l5. However, the second and third equalities
in (53.1) require justification if N = oo as the argument of linearity of
A and the inner product does not apply if N = oco. Intuitively it looks
plausible to interchange the order of A and summation (with N = 00)
if A is continuous. Owing to linearity of A, a continuous A is bounded,
|Al|| < 0o. The idea is indeed correct.

For any u € H the sequence u,, = fozl ok, where oy are Fourier
coefficients of u, converges to u as N — co. By continuity of A, the
sequence Au, converges to Au as N — oco. Then by continuity of the
inner product

and the rest of (53.1) follows for N = oco. By the Parseval-Steklov
equality

(53.2) 1Akl” =D~ (A, o) =D [Au]* < 00
n=1 n=1
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for any k. So, the columns of infinite matrix A, are square summable.
It will be shown later that any bounded operator has the adjoint and

the adjoint has the same norm. Using this property it will be proved

that the rows of the infinite matrix A, are also square summable:

(53. S g el = [Aul? < oo
k=1 k=1

In particular, this relation implies that the series

(53.4) B = Anray
k=1

converges absolutely for any u € ‘H and any linear bounded operator A.
Indeed, for any n, this series can be viewed as the inner product in the
Hilbert space l;. The assertion follows from the Cauchy-Bunyakowky
inequality and (53.3):

medeMm)MMm

So, the terms in the series (53.4) for (3, can be rearranged in any way.

The difference with a finite dimensional case is that the converse is
not generally true, meaning that, not with every infinite dimensional
matriz of compler numbers Ay, with square summable columns and
rows one can associate a bounded linear operator. First note that in
order for the vector defined by the rule

(53.5) Au=">" Bupn,
n=1

where 3, are given by the series (53.4), to be in H for any u € H,
the sequence {f,} must be square summable according to Riesz-Fisher
theorem 58.3. A sufficient (not necessary) condition for this is not
difficult to obtain by using the Cauchy-Bunyakowky inequality in [ as
in the proof of absolute convergence of series (53.4)

| Au* = Zlﬁn|2 < ZZ | Ak ul?

n=1 k=1

This implies that A is bounded if all matrix elements are square sum-
mable and, in this case,

AL <S03 [Auf? < oo

n=1 k=1
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Evidently, not all matrices with square summable columns and rows
have this property. If Ag, has just finitely many elements in each row
and column, e.g., a matrix with finitely many non-zero super-diagonals
and other elements being zeros, then the rows and columns are square
summable in such a matrix, but all A, are not square summable if
they grow unboundedly with increasing n and k. Matrices with this
property can define a linear operator that is not bounded. For example,
let the matrix be diagonal, A,; = ¢,0,x where |¢,| — 00 as n — 0.
Every row and column has just one element. Then the operator A is
defined by the rule (53.5) and its domain D4 is defined by the condition
that the series [|[Aul|* = Y |cn]?|an|? converges for any u € Dy for a
given sequence {c,}. However this operator is not bounded because
|Apnll = || — 00 as n — oo.

53.6.1. On a matrix representation of unbounded operators. A matrix
representation for an unbounded operator does not generally exists
because the sequence Au, does not generally converge to Au, where
u,, is a truncated Fourier series of u, due to the lack of continuity of an
unbounded operator. In fact, the sequence Au, may have no limit. For
example, let A = —(<L)? in H = Lo(—n, 7). One can take the domain
of A to be Dy = C*([—n,]). Let {¥,} be the trigonometric Fourier
basis. It consists of orthogonal functions 1, cos(nx), and sin(nx) where

n =1,2,... Then u(z) = $(7* — 2?) is from the domain of A, and
Au = —%. The trigonometric Fourier series reads
272 0 —1)nt+1
u(x) = % 2 % cos(nz) .

It follows that the sequence

N (_1)n+1 N
Au, = Z o Acos(nx) = Z(—l)mrl cos(nz)
n=1 n=1

has no limit in Lo(—m, ), not to mention convergence to Au. So, the
matrix representation is not possible for all v € D,4. However, it is
possible for functions from a subspace of D 4.

Let u be a test function from D(—m, 7). Evidently, D(—m,7) C
Dy. If a, are the trigonometric Fourier coefficients of a test func-
tion with support in (—m,7), then for any p > 0, n?|a,| — 0 as
n — o0o. So, the Fourier coefficients are decreasing faster then any
power function. This implies that the series > a,Ap, = > a,n’p,
converges uniformly on [—m, 7] as |¢,(x)| < 1 and, hence, Au, — Au
in Lo(—m,7)if u € D(—m, ). Therefore A has a matrix representation
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Ape = L(Apy, on) = 1?0y, because ||, ||* = 7, n > 0. In other words,
if {a,,} are Fourier coefficients of u and {f,} are Fourier coefficients
of Au, then 3, = Y, Anray if u € D(—m,m), and this relation does
not hold for all w € D4. So, the matrix representation can be used for
linear unbounded operators only with an appropriate reduction of the
domain. In particular, any differentiation operator (derivative of any
order) has a matrix representation in Lo(—m, ) relative to the trigono-
metric Fourier basis if the domain of the operator is reduced to the
space of test functions with support in (—7, 7).

It is noteworthy that the said reduction of the domain of an un-
bounded operator depends on the basis relative to which the matrix
representation is sought. For example, let P,(z) be Legendre polyno-
mials. Then ¢, (x) = P,(z/7) is an orthogonal basis in Lo(—7, 7). In
the above example, any polynomial is from the domain of the second
derivative operator A and it is a linear combination of the basis func-
tions. So, if u is a polynomial and ¢, (z) = P,(z/7), then Au, — Au
because u, = u for all large enough N. Furthermore, let u be rep-
resented by a power series u = Y ¢,x™ with radius of convergence
R > m. Since P, are obtained by the Gram-Schmidt process for the set
of monomials {z"}{°, a truncated power series u, for u is nothing but
a linear combination of ¢,, for n < N. So, a truncated power series u,
converges to u in Lo(—m,m). A convergent power series can be differ-
entiated term-by-term any number of times to get the corresponding
derivative of the sum in the interval |x| < R and, hence, Au, — Au.
Thus, the matrix representation of A exists relative to the basis of Le-
gendre polynomials if D, is restricted to analytic functions. This is
not true for the trigonometric Fourier basis (as shown with the above
example).

53.7. Exercises.

1. Let Au(z) = zu(x) where u € Ly(a,b).

(i) If —oo <a <b< oo, find [|A].

(ii) If (a, b) is not bounded, specify the domain of A in Ly(a,b) and
show that || Al| = oo.

2. Let
Au(z) = —=, u € L5(0,1)

(i) Find D4, Ra, and its null space Ny
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(ii) Show that A is not bounded. Hint: Take a continuous positive
function v on [0, 1]. Put w,(z) = xn(x)v(x) where x, is the character-
istic functions of the interval [0, £]. Investigate || Auy||.

3. Differentiation operator in C'([a, ]).
On the linear space B = C'([a, b]) define the norm
lull = sup [u(x)| + sup [ (z)]
[a,b] [a,b]
(i) Show that the norm axioms are fulfilled and B is a normed space.
(ii) Show that B is a Banach space. To prove the completeness, use
a relation between uniform convergence and differentiability, that is, if

/

u/ (z) converges uniformly to v(z) and u, C C' converges to u, then

uwe€ Cand u' = v.
(iii) Consider
A CYa,b) =B, — By=C%a,b]), Au(z) =u/(z),
where
[ul[1 = sup [u(@)| +sup [u'(z)[, ||v]]2 = sup |v(z)|

Show that [|A]| < 1, that is, the differentiation operator is bounded.
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54. Operator algebra

54.1. The sum of operators.

DEFINITION 54.1. (Sum of operators)
Let A and B be linear operators

A: DycX — Y
B: DgCcX — Y

where X and Y are linear manifolds. Then the sum of A and B is an
operator

C=A+B: DcCcX — Y
with the domain Do = D N Dpg that acts on it by the rule

Cu= Au+ Bu, Yué€ D¢

In other words, the sum of operators makes sense only on com-
mon elements of the domains of the operators in the sum. Naturally,
this can be extended to the sum of finitely many operators, provided
their domains have common elements. The sum is commutative and
distributive

A+B=B+A, (A+B)+C=A+(B+C)

So, the sum of several operators will be written without specifying the
order of summation as the latter is irrelevant:

A+B+---+C.

54.2. Properties of the sum of operators in a Banach space. In this case,
one discuss continuity and boundedness of operators. Clearly, the sum
of two linear operators is linear

A, B arelinear = (C = A+ B is linear

Next, it is assumed that X and Y are either Banach spaces or linear
manifolds in them. In this case, one discuss continuity and boundedness
of operators.

Simplified notation for the norm. In what follows, the norm in the do-
main D C B; of an operator and the norm in its range R C By will
not be indicated by the subscripts 1 and 2. This should not cause any
confusion because ||Au|| clearly means ||Aul|; because Au € By and,
similarly, ||u|| means |Jul|; because A acts on w and, hence, u € B.
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PROPOSITION 54.1. (Continuity of the sum)
The sum of continuous operators is continuous:

A, B are continuous = C = A+ B is continuous

Let {u,} C D¢ be a sequence that converges to u € D¢. If Re
denotes the range of C', then then by continuity of A and B, the se-
quences {Au,} C Re and {Bu,} C R¢ converge to Au € Re and
Bu € R, respectively. By the basic laws of limits

Cu, = Au, + Bu, - Au+ Bu=Cu as n— o0
which means that C' is continuous at any u € D¢.

PROPOSITION 54.2. (Boundedness of the sum)
The sum of two bounded operators is bounded:

A, B are bounded = C = A+ B is bounded
and
[A+ B[ < [[All + [ B]]-

For any u € D4y, one has

W @)
I(A+ Bul| = [[Au+ Bul| < [[Aul| + [[Bul| < [[Al[l[ull + | BI[[[ul]

here (1) is by the triangle inequality for the norm; (2) by the definition
of the norm of an operator and that D45 is a subset in D4 and Dg
(the supremum cannot decrease with enlarging the set on which it is

taken). Therefore
A+ B)u
w <A+ Bll, VYu€Dayp, u#0

Taking the supremum in the left side of this inequality, it is concluded
that

A+ Bl < [|A+]B].
Therefore A+ B is bounded if A and B are bounded.

54.3. The product of operators.

DEFINITION 54.2. The product of operators A and B,
A:DycX—-Y, B:DgCY—Z7
18 an operator
C=BA : DcCcDyCcX — Z
that acts by the rule
Cu=B(Au) € Z, Yue€ D¢
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and whose domain
DC:{UEDA|AUEDB}

consists of all elements of Da whose image under the action of A lies
in the domain of Dp.

Note that the description of the domain of the product is just a
necessity in order for the rule (BA)u = B(Au) to make sense, that is,
u must be from D, in order for Au to exist, and, in turn, Au must
be from Dp in order B(Au) to exist. As a consequence, the product of
operators is sensitive to the order. First,

Dap # Dpa
Second,
AB # BA evenif Dy = Dpa
For example,

Bu = / K(zx,y)u(y)dy, K € Ls((a,b)x (a,b)), u€ Ls(a,b)

that is, B : Ls(a,b) — Lo(a,b) (a Hilbert-Schmidt operator or an
integral operator with a square integrable kernel discussed above). Let
A CYa,b]) C Ly — C°%([a,b]) C Lo(a,b), Au(z)=u/(x).
Then
BA . C*(la,b]) C Ly — La(a,b)
and

BAu(x)Z/ K(z,y)u'(y) dy

However the operator AB does not even exist in general because the
function Bu(z) is not from Dy = C'([a,b]) if K(z,y) is not smooth
enough.

To illustrate the non-commutativity of the product of operators,
consider

Au(z) = zu(x), D = Ly(a,b),
Bu(z) = u/(z), Dg = C*([a,b]) C La(a,b)
Then the rules
BAu(x) = (zu(z)) = u(z) + zu'(z) ,
ABu(z) = xu'(x)

both make sense if
Dap = Dpa = C*([a,b)])
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and in this case
(BA— AB)u(x) = u(x) Vu € C'([a, b))
If Dap = Dpa, then the operator
[A,B] = AB — BA

is called the commutator of A and B. In particular

4 -

where [ is the unit or identity operator lu(z) = u(x).

54.4. Properties of the product of operators.

PROPOSITION 54.3. (Properties of AB)
Let A and B be operators with domains D4 and Dg such that AB
exists. Then

(1)  Da, Dg are linear manifolds = Dag is a linear manifold
(2) A, B arelinear = AB is linear

(3) A, B are continuous = AB is continuous
A proof of these assertions is left to the reader as an exercise.

PROPOSITION 54.4. (Norm of the product of operators)
Let A and B be bounded operators with domains D4 and Dg such that
AB exists. Then the product AB is bounded

A, B are bounded = AB is bounded

and in this case

IAB| < [|A[[ ]| Bl

Let u € Dyp. The following chain of inequalities hold for bounded
operators A and B and any elements in their domains:
|ABu|| = [[A(Bu)|| < [|A[| [[Bull < A B[ {[wl]
Therefore for any u # 0 from Dap

[ ABull
]

< [[AlBI

Taking the supremum in the left side, it is concluded that
[AB| < [[A]l][B]

Therefore the boundedness of A and B implies the boundedness of their
product, [[AB| < oc.
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It is worth noting that the equality is not always possible. Let n > 0
and m >). Put

Au(z) = 2"u(z), Bu(r)=x"u(zr), Das= Dp=Ly(0,a)
=  ABu(z) = 2"""u(z)
= | Al=d", [IBll=a™, [AB|=a"""
= [[AB]| = [lA[[]IB]

However, put

Au(e) = [ty dy, Da=C(0,1)

Bu(z) = (z), Dy = {ueC0,1])]u(0) =0}
~  ABu(z) = /0 o (y)dy = u(x) — u(0) = ulx)
= [[AB| =1,

but the differentiation operator is not bounded ||B|| = oo (the bound-
ary condition u(0) = 0 does not affect this conclusion; take, for exam-
ple, u,(x) = sin(nmz) so that u,(0) = 0, but ||Bu,| — oo as n — 0).
The operator of antiderivative A is bounded, ||A|l < oo:

||Au||2:/// dzdyda:<///|u W u(2)| dzdydz
<! / / / (Ju)P? + lu(=) ) dedyd
:/ / lu(y 20lydx</ / lu(y)|*dydzx

—||u||2/xda:——||u||2 S 4] <
. f

where the inequality ab < £(a® + b*) was used (note (a —b)* > 0). So,
in this case | AB|| < ||A||||B|| yields a trivial statement 1 < oo.

54.5. Linear space of operators. Let L(X,Y’) be the set of all operators
whose domain is X and whose range is Y. Then

L(X,Y) is a linear space
Indeed, L(X,Y") is closed under the operator addition:
Di=Dp=X = Dip=X = A+BelL(X)Y)
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The multiplication by a number is defined by
(aA)u o alAu), Yue X
Note that this requires that av € Y for all v € Y and any a € C.
Therefore
Doa=X = aqAelLl(X)Y)
The null operator A = 0 is defined by
Au=0 Yue X

Then aA =0 if @« =0 and A+ (—1)A = 0 for any operator A. Thus,
L(X,Y) is a linear space.
The operator norm was proved to satisfy the norm axioms

|Al=0 & A=0

|A|l >0 VA#O0

laAll = |l ]

|4+ B < ||A] + 1|8
Therefore

L(X,Y) is a normed linear space of bounded operators

THEOREM 54.1. (Banach space of bounded operators)
Suppose that the domain X s a linear manifold in a Banach space, and
the range Y = B is a Banach space B. Then

(1) L(X,Y) is a Banach space w.r.t. the operator norm

and for any operator sequence {A,};° C L(X,Y) such that the series
Y AL < 0o converges, there exists A € L(X,Y) such that

(2) A=) A, and A<D A
n=1 n=1

PRrooF. Consider a sequence of partial sums

k=1

Then {B,}{° is a Cauchy sequence in L(X,Y’). Indeed, for n > m

B~ Bl =] 3 Al 3 14

can be made arbitrary small for all large enough m because ), || Akl <
oo and the partial sums of a convergent series form a Cauchy sequence
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in R. Next, for any u € X the sequence {B,u}{° is a Cauchy sequence
in Y because

|Bru — Bpul|| < ||Bn — Bul|||ul]] = 0 as n,m — oo

By the hypothesis, Y = B is a Banach space (a complete normed linear
space). Therefore there exists v € Y such that

lim Byu=v, VYueX

n—oQ

Define an operator A with domain being X by

Au—v—hmBnU—ZAku u€e X

n—00
k=1

By the limit laws, A is a linear operator that maps X to Y.
Let us investigate the convergence of the sequence B, to A. One
has

||Au—Bnu||:HAu—ZAkuH:H 3 Akqu ST A el
k=1 k=n+1 k=n+1

From which it follows that for any u € X, u # 0,

M Z 1AL

R

Taking the supremum in the right side

| > DAl

k=n+1
In the limit n — oo the right side of this inequality vanishes. This
implies that the operator sequence of partial sums B,, converges to the
constructed operator A with respect to the operator norm:

A_JLTOZA,C_ZA,C e L(X,Y)

=1 k=1

and A is bounded because

Al = tim |37 A < lim ST A = 3 A < oo
k=1 k=1 k=1
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54.6. Convergence for operator sequences in a Hilbert space. Let {4,,}7°
be a sequence of operators on a Hilbert space H.

DEFINITION 54.3. (Weak convergence)
An operator sequence {A,}5° is said to converge weakly to an operator
A if the following numerical sequence converges

lim (A,u,v) = (Au,v), Yu,v € H

n—od

DEFINITION 54.4. (Convergence in the norm)
An operator sequence {A,}° is said to converge to an operator A in
the norm if the following numerical sequence converges

lim ||A,u — Aul| =0, YueH

DEFINITION 54.5. (Strong convergence)
An operator sequence { A, }3° is said to converge strongly to an operator
A if it converges in the operator norm

lim ||A, — A|| =0.
It follows from the the Cauchy-Bunyakowski inequality
(A= Ap)u, )| < [v][|[Au — Apul] < [lolfjul[[|A — Ax||

that the strong convergence implies the convergence in the norm and
the latter implies the weak convergence. This the reason why the weak
convergence is called “weak” (as it the weakest of the three).

54.7. Exercises.

1. Suppose that
Apu(z) = 2"u(x), u € C%[a,b])

(i) Show that ||A,| < oo for all n in the Banach space C°([a,b])
(the norm is || - [|«) and find || A4,
(i) Investigate convergence of the series

A:icn/ln, cn €ER,
n=0

with respect to the operator norm and formulate a sufficient condi-
tion on the numerical coefficients ¢,, under which the series is strongly
convergent.

(iii). Suppose that the above series is strongly convergent. Find the
norm || A|| (express the answer via the coefficients ¢;,).
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2. Geometric series of operators.
Let A: X — B be a bounded operator such that |[|A|| < 1, where B is

a Banach space. Put
B=>) A"
n=0

(i) Show that the series is strongly convergent and
1
Al

(ii) Prove that the operator B has the following property

B
1B < ——

B(I-Au=u, Yu€Dy or ZA“— I—A)™, 4] <1,
n=0
where [ is the unit operator, Iu = u. Hint: Let B, be a sequence
of partial sums so that B, — B strongly as n — oo. Investigate the
convergence of the operator sequence B, (I — A).

3. von Neumann series for Fredholm equations.
Consider an integral equation in L£5(€2)

u=AKu+f, uwelsy), feLlQ), IeC
/Kx yYu(y) d™y, K(z,y) € L2(Q2 x Q)

(i) Find a condition on the complex parameter A such that there is
a unique solution u for every f # 0 which is given by the von Neumann

series
o0
u = E N'K"™f
n=0

Express this condition in terms of the Hilbert-Schmidt kernel K (z,y).
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55. The inverse operator

In applications one often deals with the problem to find an element
u from the domain of an operator A for a given f from the range of A
such that:

Au=f

In a linear algebra, this problem has a unique solution if the matrix A
is invertible.

DEFINITION 55.1. (invertible operator)
An operator A : Djy — Ra s said to be invertible if the equation
Au = f has a unique solution for any f from the range Rs. In this
case, the solution is denoted as u = A~ f, where the operator A~' is
called the inverse of A:

A7t Ry — Dy and A(A_lf) =f VfeRy
By definition, the domain of the inverse is the range of the operator:
Dy-1 =Ry

The main criterion for a linear operator to have the inverse is similar
to the matrix theory.

THEOREM 55.1. (Existence of the inverse for a linear operator)
Let A be a linear operator. In order for the inverse operator A=! to
exist, it is necessary and sufficient that the equation Au =0 has only a
trivial solution uw = 0, or the null space of A has only the zero element

3470 & Na={0}

A proof of this criterion is identical to a proof of the case when A
is a matrix. Recall from linear algebra that a matrix A has an inverse
if and only if the equation Au = 0 has only a trivial solution u = 0).
So, the proof is left to the reader as an exercise.

An important difference with the matrix theory is that operators
in general are defined by its action on elements of its domain and by
the domain itself. The domain of a linear operator is a linear mani-
fold. This latter property is always the case in the matrix theory, but
has to be verified for general operators, when applying the criterion
given in Theorem 55.1. This subtlety is illustrated with an example of
differentiation operator.

Example: the differentiation operator. Let

D: CY[0,1]) € £2(0,1) — L5(0,1), Du(x) =u'(z).
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In this case, the range of the operator is Rp = C°([0,1]). The operator
D is linear. Indeed, its domain is a linear manifold and the deriva-
tive of a linear combination is a linear combination of derivatives. So,
Theorem 55.1 allows to conclude that D is not invertible because the
equation

Du(x) =u'(z)=0 = u(z)=1uo=const € C'([0,1])

has non-trivial (constant) solutions. Alternatively, a solution to the
equation u/(z) = f(z) is given by an antiderivative of f, which is not
unique. This merely reflects the well known fact from calculus that an
antiderivative of a continuous function is determined up to an additive
constant.

Let us keep the rule (differentiation), but change the domain to get
a new operator A:

A DsC L0,1) — £L2(0,1), Au(z)=1u'(x),
D= {ueC[0.1])]u(0) =0}
In comparison with the operator D, the domain is reduced by imposing
the condition u(0) = 0. Note that »/(0) can have any value if u(0) = 0.
So, R4 = C°([0,1]). The domain D, is still a linear manifold as the
boundary condition is fulfilled for a linear combination of functions

that satisfy the boundary condition. So, the operator A is linear. It is
also invertible by Theorem 55.1

{Au(:c) —/(z) =0

u(0) = 0 & u(r)=0

One can find the inverse by solving the initial value problem:
Au(z) = u/'(z) = f(z)
{u(O) —0 = ulz)= f

and the solution is unique for any f € R4 = C°([0,1])
On the other hand, consider the operator

Dy = {ueC'([0.1])|u(0) =1},
Bu(z) = u/(z)

A similar initial value problem also has a unique solution

{%SQT u(a) = flz) u(z) =B ' f(z) =1+ /Omf(y) dy
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for any f € R = C°([0,1]). So, B is invertible. However, the homo-
geneous problem

{Bu(:ﬂ) = /(z) =0

uw(0) = 1 s ulr)=1

has a non-trivial solution u(x) = 1 in Dg. The domain of B is not a
linear manifold because u(x) = 0 does not belong to it. The criterion
given in Theorem 55.1 does not apply to this operator. It is also in-
teresting to note that the operator A~! is linear, whereas the operator
B~!is not linear!

The lesson here is that an operator is defined not only by the rule
it acts, but also by its domain. Properties of operators defined by the
same rule but acting on different domains might be quite different.

55.1. Natural domain. In what follows, if an operator is defined only
by its action (without specifying its domain), then it is assumed that
the domain of the operator is its natural domain which is a collection
of all elements for which the said rule makes sense. Thus, unless the
domain is explicitly specified, a rule

A: DyjCcX-—->Y
defines an operator whose domain is the natural domain:
Dy={ueX|AueY}.
For example, if
A1 DaC L) — L2(Q), Au(z) =/(x)

The natural domain D4 consists of all functions that are square inte-
grable on 2, differentiable almost everywhere in €2, and whose deriva-
tive is square integrable on (2

DA: {UE,CQ(QHU/ EﬁQ(Q)}

55.2. Properties of the inverse operator.

PROPOSITION 55.1. If A is a linear operator, then its inverse is
also linear if A is invertible.

PROOF. Let f and g be from the range R4 = D4-1. One has to verify
that

af +8g € Ra, a,8€C
AN af +Bg) = aA™ f + BATYg
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Since f and ¢ are from the range R4, there are u and v from D4 such
that

Au=f, Av=gyg
By linearity of A, D4 is a linear manifold so that au 4+ fv € D4 and
Alau+ pv) = cAu+ BAv = af + g € Ry
Therefore
AN af+Bg) =au+ PBv=aA ' f+3A7g
as required. O

THEOREM 55.2. (Banach theorem about the inverse operator)
Let A be an operator with the domain and range being Banach spaces.
Suppose that A is linear, bounded, and invertible operator. Then the
inverse operator is bounded, ||A™!|| < oo.

In other words, if the domain and range of a linear bounded (or
continuous) operator are complete linear manifolds, then the inverse
operator is bounded, too (provided it exists)’. A simpler version of
this theorem will be proved later.

Although the Banach theorem about the inverse operator plays a
significant role in the operator theory, it should be noted that the
hypothesis about the completeness of the domain is only a sufficient
condition for the conclusion of the theorem. This hypothesis is not true
for differential operators that are often studied in applications (their
domains are not complete linear manifolds). Nevertheless there are
invertible differential operators whose inverses are either bounded or
unbounded. This subtlety is illustrated with an example of the second
derivative operator.

Example: The inverse of the second derivative operator. Define the op-
erator

A 1 Dy CLy0,1) — £5(0,1), Au(z)=—u"(x),

Dy = {u e 020, 1] ‘u(O) — u(1) = o} .

The operator A is linear because the boundary condition is fulfilled
for a linear combination of functions each of which satisfies it, that is,

LA proof of this theorem can be found, e.g., in the textbook by A.N. Kolmogorov
and S.V. Fomin, Elements of the theory of functions and functional analysis, Chap-
ter IV, Section 5.4
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Dy is a linear manifold. By Theorem 55.1, A is invertible because the
boundary value problem

{AU(I) =—u"(z) =0,
u(0) =u(1) =0

has only trivial solution. The domain of A is not complete because
Dj C Da = £5(0,1). However, the inverse A~! is bounded.
The domain of A~! is the range of A:

Dy =Rs=C"0,1] C L5(0,1).
In order find A~!, one has to solve the boundary value problem

{Au(x) = —u"(x) = f(z), f€Ra,
u(0) =u(1) =0

It can be done by means of the Green’s function of A (a fundamental
solution that satisfies the boundary conditions):

G'"(z,y)=0d(x—y), ye(0,1); G0,y)=G(1,y) =0

As was shown earlier

u(e) = A7 f(2) = — /0 Glx,y) f(y) dy

= u(r)=0

—(1-a) /Ozyﬂy)dwa:/ (1 - )/ () dy

The inverse operator is an integral Hilbert-Schmidt operator be-
cause its kernel G(z,y) is square integrable on (0,1) x (0,1). The
reader is advised to calculate

1 pl 1/2
M = (/ / |G(a:,y)|2dzdy) < 00
o Jo

and show that ||A7'|| < M.
Here a slightly different avenue is adopted to demonstrate the bound-
edness of A71. One infers that

/myf(y)dy < /:y|f<y>|dyg / Y1/ ()] dy

0

1
< llyllllfIF = 7 l

where the Cauchy-Bunyakowski inequality has been used for (y, |f]).
Similarly,

/ (1—y)f(y) dy‘ S/O L =ylfW)ldy <X = IIfIl = \% £l
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so that

L L 1 _ L
A f ()] < 7 LA =) + 7 (R 7 il

Therefore, the inverse operator is bounded
1
V3

despite that the domain of A is not complete.
Let us define a new operator by keeping the rule (the second deriv-
ative) but changing the domain:

B : DpC LyR)— Ly(R), Bu(x)=—-u"(z),
Dy — {u € C2(R) N Ls(R) ‘ u' € EQ(R)} .

. 1
1Al = A7 < —

-1
AT f]l < 7

Clearly, B is a linear operator. The operator B is invertible because

Bu(z)=u"(z)=0 = wu(x)=ar+b € Dp
= a=b=0 or u(x)=0

Note that a linear function is not square integrable on R, unless it is
equal to zero. Thus, B~! exists. As in the previous case, the domain
of B is also not complete because Dy C D = L3(R).

In contrast to the previous case, the inverse B! is not bounded,
|B71|| = co. Recall that a linear operator is bounded if and only if it
is continuous. So, it maps every null sequence to a null sequence. Take
a positive numerical sequence a,, >0, n =1,2,.... Put

ap 2.2
e anm/2’

|lun|| =1, a,>0
T

Uy =
Suppose that a, — 0 as n — oo. Then the sequence f,, = Bu, € Rp
is a null sequence because
1full = | Bua|l = luyll = Oan) — 0, as n— oo

Assume that ||B~!|| < co. Then the operator B! should map the null
sequence f, = Bu, to a null sequence in Dpg because

IB=full < IB7H11 £

However this cannot be true because B~!f,, = u,, so that

1
< [|B7Y
| f2l|

where || f,|| — 0 as n — oco. A contradiction. Thus, ||B~

IB= full = lluall = L < IB7HIIfull - =

Y| = oo.
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On the range of differential operators. If B is the second derivative op-
erator in Lo, then it is proved to be invertible. The domain of the
inverse is the range of B:

Dp-1 = Rp C C°(R) N Ly(R)

Note well that the range is not the whole set of continuous square
integrable functions. For any u € Dp, u” € CY(R)NLy(R), this implies
that

o) = - [ W@ e = [ )P = o

e} e}

after integration by parts (u(z) — 0 as |x| — oo if u € Dy). This
means that the derivative v’ is also square integrable because the inner
product (Bu,u) exists. Hence, u/(z) — 0 as |z| — oo because u’ € L,.
By continuity of u”,

f(o) = —u'(z) = / " )y = — / " (y)dy = — (@) + o (~a)

It follows from u/'(—a) — 0 as a — oo that for any f € Rp

i(z) = / " fly)dy € Lo(R), V€ R

In other words, an antiderivative of f must be square integrable. In
particular, this implies that

r—00

lim w/(z) =0 = /_oo Fy)dy =0

Clearly, not every continuous square integrable function would satisfy
the above conditions. For example, f(z) = e™*” is not from the range
of B because it fails to satisfy the above condition:

/_°°f<x>dx=ﬁ7éo = f¢Rp

but f € C°N Ly. Therefore the equation Bu = f has no solution in
Dp C Ly because f ¢ Rp. On the other hand, the differential equation

2

X Yy 5
—u"(x)=€e" = wulx)=a+br+ / / e " dzdy
o Jo

has many solutions in the class C?(R), where a and b are constants.
The point is that none of these solutions is square integrable.
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55.3. Perturbation theory for an invertible operator. Suppose that the
linear problem

Aou:f

can be solved for some operator Ag. The following question is of interest
in applications: Can it be solved for A = Ag+AA where A A is a “small
perturbation” of Ay? The following theorem address this important
problem.

THEOREM 55.3. (Perturbations of an invertible operator)
Let By and By be Banach spaces. Suppose that a linear operator Ag is
wnwvertible and bounded:

A(] : DAO:BI_)RAO:B2> ||A0|| < 00, 31451
Let AA be a linear bounded operator such that
1
AA Bl — RAA - Bg, ||AA|| < T
14|
Then the operator A = Ag+AA is invertible and its inverse is bounded,
| A7 < 0.

PROOF. Note that by Theorem 55.2, the inverse A;' is bounded,
|Agt|| < oo. Fix f € By. Consider the operator

B: Bi—By, Bu=Aj'f— A;'AAu

Then the operator B is a contraction on B;. Indeed, for any u, v € B
1Bu— Bo|| Y | A7 Adu — A7 AAv| 2 | ATT A A — v)|

® @
< [Ag A4 [lu = vl < [|Ag [ [[AA] [[u — vl
= Cllu—vll, C=[Ag"IIAA] <1
where (1) is by the definition of B, (2) by linearity of the product of
linear operators, (3) by the property of the norm of an operator, and
(4) by the property of the norm of the product of bounded operators.
By the contraction principle, the operator B has a unique fixed point
in DB = Bli
VfeBy, AlueB; : u=Bu
Let u be the fixed point of B for a given f € By. Then it follows that
u=Ay'f — Ay AAu
= Aju=f-— AAu
= Au=(Ag+AA)u=f
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The latter equality implies that for any f € B, there exists a unique
u € By that satisfies the equation Au = f, that is, A is invertible. Since
A is bounded:

[All = 1[40 + AA[ < [[Ao]l + Aol < o0

its inverse is bounded, too, ||A7!|| < oo, by the Banach theorem 55.2.
O
The theorem gives sufficient conditions under which the problem
Au= (Ag+AA)u=f

has a unique solution if Agu = f has a unique solution. The solu-
tion can be found by means of the operator geometric series using the
following algorithm

Aww=f = u=A'f=v

(Ao + AA)u=f

A (Ag+ AA)u= A f =v
(I-Bu=v, B=-A;'AA, |B||<1

=(I-B)'v, (I-B)'= iB"

where the series converges strongly (in the operator norm)? and

> 1
(I -B)7" < |1B|" = ——=7
HZ:O 1— B

U

Since
| B™| < [|B[I"[[v]| =0  n—o0

the terms in the series for the solution are successively smaller. For
this reason the series is often called a perturbative expansion in powers

of AA. If
= Z B
k=0

is a approximation of the solution u by a perturbative solution of order
n. Then the accuracy of the perturbative approximation is

. sl < S 15 I3
-l = 3 > 1Bl - =g

k=n+1 k=n+1

It is decreasing to zero with increasing n because ||B]| < 1.

2 See Exercise 2 in Section 10.7
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In applications, a perturbation of Ay often contains a numerical
parameter:

A=A4A,—NAA, MeC
Then the perturbation theory

Au=f = u= an(AEIAA)nAEIf
n=0

is always valid, provided A;*AA is bounded and
Al < (|45 AA]|

If A;' happens to be an integral operator, then the perturbative ex-
pansion of the solution is nothing by the von Neumann series for a
solution to the Fredholm problem.

55.4. Operators bounded away from zero. A linear problem Au = f is
said to be well-posed if it has a unique solution that depends continu-
ously on f. If A is invertible, then the problem has a unique solution
u = A~'f. If a sequence f, converges to f in the range of A, then
the problem is well-posed if the sequence u,, = A~!f, converges to
u = A7'u in the domain of A. This is true if the inverse is bounded,
|A7Y] < co. So, small variations of f produce small variations of the
solution u = A~1f. If A~! is not bounded, then the latter is not gen-
erally true. When analyzing a well-posedness of a linear problem, it is
therefore important to establish a criterion for an operator A to have
a bounded inverse.

DEFINITION 55.2. An operator A s called bounded away from zero
if for any element u in the domain of A there is a constant C > 0
independent of u such that

JAu| > Cllull, Vue Da
For example, a multiplication operator
Au(z) = zu(z), u € Dy = Ly(a,b),

is bounded away from zero if 0 < a < b:
b b
| Aul? = / Plu(o)P de > o / @) Pde = [Au| > allul.

The differentiation operator in £;(0, 1) is not bounded from zero.

Let {a,} be a numerical sequence that converges to zero, e.g., a, = %
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Consider the sequence u,(z) = e in L5(0,1). Then

Jun® = J/ ()2 = 1

1
IMWWZWMszl%@WMZai
0

Similarly

Therefore
i AUl _
im =
oo ||un|
So, there are functions for which the ratio ||Au||/||u|| can be made
arbitrary close to zero and, hence, A cannot be bounded away from
ZEro.

lim |a,| =0
n—oo

Criterion for an operator to be not bounded away from zero. The tech-
nique used to show that the differentiation operator is not bounded
away from zero in Ly is rather general. Suppose that there is a unit
sequence ||u,|| =1 in the domain of an operator A such that its image
is a null sequence in the range:

=0

Au,,
lunl =1 and  Tim [Auf =0 = lim A%l

n—oo |[|uy||

The latter implies that there are elements in the domain of A for which
|Aul|/||u| can be arbitrary close to 0 and, hence, the operator is not
bounded away from zero

Criterion for an operator to have a bounded inverse. Operators bounded
away from zero have a remarkable property.

THEOREM 55.4. (Simplified Banach theorem)
A linear operator A has a bounded inverse if and only if it is bounded
away from zero.

PROOF. Suppose A is bounded away from zero:
|Aul| > Cllul|, Yue Dy, C>0.

Then the equation Au = 0 can have only the trivial solution u = 0
because

0=Aul = Cllul = [lul=0 = u=0

This means that the inverse A~! exists (Theorem 55.1). Let us show
that the inverse is bounded. Put v = Au. Then

1
loll = lAu]l = Cllull = Jull < = |lv]
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It follows from u = A~'v and v # 0 that
|A™ ]| .
<= = A<
o]l C

Thus, the inverse is bounded because C' > 0.

Conversely, suppose that A has a bounded inverse, [[A7!|| < M <
0o. Then for any v in the range of A, there is a unique u = A7'v in
the domain of A and, boundedness of the inverse,

A= ] < JA7Hloll < M|

or, restating this inequality in terms of u,

L
ot

1
= |A ]| < = =

1
lull = MAu] = fAu]l = 7 [lul

for all u in the domain of A. Thus, A is bounded away from zero. [J

Remark. An operator A that is not bounded away from zero can still
have the inverse. In this case, the Banach theorem implies that the in-
verse is not bounded. An example is provided by the second derivative
operator in the Hilbert space L2(R) discussed in Section 55.2.

55.5. Exercises.

1. Suppose that A and B are invertible operators. Show that the
product AB is invertible and

(AB)'=B7tA™!,

2. Consider the differentiation operator in L5(0, 00):
A Dy C Ly0,00) = L2(0,00), Au(z)=1u'(z),
Dy = {u e ([0, 0)) N La(0, 00) ‘ u(0) = o}

(i) Show that A is invertible.

(i) Find the explicit form of A~ f.

(iii) Show that A is not bounded away from zero. Hint: Consider
u(x) = ze ™ k> 0. Calculate ||Aul|/|u].
(iv) Show that neither A nor its inverse A™! is bounded.
(v) Show that the range of A is a proper subset of C°([0,00)) N
0,00). In particular, solve the equation Au = f, u € D4, where
) =e* e C%0,00)) N L2(0,00) or show that no solution exists.

2

(
f(x
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3. Prove that the multiplication operator Au(z) = xu(zx) is not bounded
away from zero in Ls(a,b) if the closed interval [a,b] contains x = 0.
Hint: Construct a unit sequence ||u,|| = 1 such that {Au,} is a null
sequence.

4. Let {\,}3° C C be a sequence such that |\,| > 1 for all n. Let
{¢n}5° be an orthonormal set in a Hilbert space. Consider a sequence

of operators:
n

u?
Apu = Zﬂgpk, n=12 ..
k=1
(i) Use the Riesz-Fisher theorem to prove that the operator sequence
converges in the norm, that is, there exists a unique v such that

lim ||A,u —v|| =0
n—oo
and one can define
Au = lim A,u
n—oo

for any w in the Hilbert space.
(i) Show that, if the series Y [\,|™" < 0o converges, then the above
operator sequence converges strongly (in the operator norm) and

=1
EIES I
n=1 n

Hint: Show that
Pau= (0, 0a)pn = |IPall =1

(iii) Determine the null space of A. Formulate the condition on the
set {¢n,}3° under which the null space contains only the zero element
u = 0 and, hence, A has an inverse. In the latter case, find the inverse
A7t Give an explicit form A~'f for any f from the range of A in
terms of ¢, and \,. Show that the range of A consists of the elements

FERs = = fapn, I fal> <D Il IAaf? < 0.
n=1 n=1 n=1

(iv) Investigate if A is bounded away from zero or not. In particular,
consider the cases when {\,} is bounded or not bounded, and when
{¢n} is a basis or not a basis.

(v) Use the results of parts (iii) and (iv), to determine the conditions
on {\,} under which the inverse of A is bounded or unbounded.
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5. Recall from Section 58.8 that the functions ¢,(z) = H,(x)e /2,
where H,,(x) are the Hermit polynomials, n = 0,1, ..., form an orthog-
onal basis in L5(R), and

Agy(7) = = (2) + 2°0n(2) = Mn(2), Ao =2n+1
Consider the linear problem
Au(z) = —u"(2) + 2*u(z) = f(r), we Dy CLy(R), f€ERy

(i) Use the definition of an invertible operator to show that A is
invertible. Hint: Prove that (u, ¢,) = 0 if Au=0.
(i) Show that

{f, dn)
An ||¢n||

Hint: Prove that (u, ¢,) = (f, ¢n)/An if Au=f.
(iii) Show that A~! is a continuous operator. Show that A is an
unbounded operator that is bounded away from zero.

Au=f = u=A"f=)
n=0
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56. An extension of an operator

DEFINITION 56.1. (An extension of an operator)
An operator B is an extension of an operator A if the domain of B
includes the domain of A and the actions of B and A coincide on the
domain of A:

(1) DACDB,
(2) Bu=Au, Yu€ Dy

56.1. An extension of a bounded operator in a Hilbert space. A linear
bounded operator in a Hilbert is continuous. It turns out that any
such operator can be extended to the whole Hilbert space. In this
sense, linear bounded operators have properties identical to matrices
in Euclidean spaces. One might even think of bounded operators and
infinite dimensional matrices.

THEOREM 56.1. (Extension of a bounded operator)
Let A be a linear bounded operator in a Hilbert space. Then A can
be extended to the whole Hilbert space and the extension has the same
norm:

A: DyCH—H linear, |A] <oo
= dB: Dp=H—H, Bu=Au, ue€ Dy, |[B|=]|A4|
PROOF. Suppose first that D, is a closed linear manifold:

Dy=Dy.

Put
Bu=Au, Yu€ Dy, Bu=0, uéc Dy
Clearly, B is linear if A is linear. Since D4 is a closed linear manifold,

by the projection theorem (Theorem 57.3), any u € H can be uniquely
represented as the sum of v € Dy and w € Dy:

u=v+w, vEDy, wEDj
Then by linearity of B:
Bu=B(v+w)=Bv+Bw=Au+0=Au, YueH
It follows from this relation that
18] = |14

as required.
Suppose D4 is not closed,

DACD—A.
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In this case, let us fist extend to the closure Dg = D4, and then use
the above construction to extend B to the whole Hilbert space. Let
{u,} be a Cauchy sequence in D4. By completeness of H there exists
u € D, to which this sequence converges. Since ||A|| < oo, the operator
A is continuous and, hence, it maps any Cauchy sequence to a Cauchy
sequence:

[Aun — A || = [[A(un = um)[| < [[Al[l[tun — vl

so that the right side can be made arbitrary small for all large enough
n in m. Therefore there exists f € H to which the sequence {Au,}
converges. Put
Bu = lim Au,, Yu € Dy

This definition does not depend on the choice of the Cauchy sequence
converging to a given v € D,. Indeed, if {u,} and {v,} are two
sequences in D4 that converges to the same v € D4. The the sequence
Wy, = U, — Uy, is a null sequence, and Aw,, — 0 as n — oo by continuity
of A. This implies that {Au,} and {Av,} have the same limit.

The extension B is bounded. Indeed, since the domain of B is
closed, Dg = D,, by construction, for any v € Dp there exists a
sequence u, € D4 that converges to u. Therefore

[Bul| = lim || Bug || = lim || Aug || < [| Al Lim [Je || = ] A[[[}e]
Since this true for any v € Dp,

[ Bull
]

Recall that for a bounded operator whose domain is closed, the supre-
mum of || Bu||/||u|| can either be reached for some uy € Dp or occur on
elements arbitrary close to zero. In the latter case, || B|| = ||A|| because
Dy C D and 0 € D4 because Dy is a linear manifold. In the former
case, if the supremum is reached on uy € Dy, then again ||A| = || B]|.
If the supremum reached on uy € D4, but ug ¢ Dy, then there exists
a sequence {u,} € Da, ||us| # 0, that converges to ug, one has

| B = sup < [ A]
u#0

= ]lilm =
noo funll o n=oo [un|

1Al

An extension to the whole H is obtained by setting Bu = 0 for any u
from the orthogonal complement of D = (D%)% = Da. O



56. AN EXTENSION OF AN OPERATOR 757

56.2. An extension of an unbounded operator. If an operator is not
bounded, then it is not continuous. The continuity was necessary for
an extension of a bounded operator. Note that if an operator A is
not bounded, then the image {Auw,} of a null sequence {u,} € D4 is
not necessarily a null sequence so that an extension to D4 used for
bounded operators is no longer valid. If two sequences in D4 converge
to the same element in Dy, then the limits of their images under the
action of A may not exist or, even if they both exist, they may not be
the same.

Differential operators in Lo are the most common examples of un-
bounded operators. They are of fundamental significance for quantum
physics and Fourier analysis.

Let us divide all unbounded operators into three classes by the
properties of the images of null sequences.

Class1 : limwu,=0 = lim Au, =0
Class2 : lmwu,=0 = lim Au, does not exist
Class3 : limu,=0 = lim Au,=f#0

Operators from Class 3 will not be considered as they are somewhat
“pathological” and are not common in applications. Note that if the
above classification is adopted to all linear operators, then all bounded
operators would be in Class 1.

DEFINITION 56.2. (Closable operator)
A linear operator is called closable if for any null sequence {u,}, the
image sequence {Au,} either is a null sequence or has no limit.

Naturally, all bounded operators are closable.

Differentiation operator is closable. An investigation if a particular un-
bounded operator is closable might be quite technical. The procedure
is illustrated with the simplest example of the differentiation operator
in £5(0,1). Put

A Dy=CY0,1)NLy0,1) — L2(0,1), Au(z) =u'(2)
The range of this operator is R4 = C°(0,1) N L2(0,1).
PROPOSITION 56.1. A continuously differentiable and square inte-

grable function on an open interval is bounded if its derivative is square
integrable on the interval:

u € Cl(a,b) N La(a,b)

u' € Lo(a,b) } = Ju(@)| <M, a<z<b
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The conclusion of this proposition is not obvious because there are
functions from C*(a,b) N L2(a,b) that are not bounded. For example,
u(x) = x¥ is not bounded on (0,1) if 0 > v > —1 but it is continuously
differentiable and square integrable on (0, 1).

Let us prove the proposition. By the fundamental theorem of cal-
culus (by continuity of u'):

u(z) = u(e) + /m W' (t)dt = u(c) +v(z), Va,c€ (a,b)

Then u is bounded if and only if v is bounded. If v is complex-valued,
then it is bounded if and only if its real and imaginary parts are
bounded. So, it is sufficient to show the boundedness of a real-valued

v. One has
dtdy' / / W/ (@)l (y)] dtdy

<2 / / |u'<t>|2+|u'<y>|2)dtdy
23 [ (wwr + wwr) aay

=2|| u'[|* + |IU||2—Z|IU||2 l=b-a

—
[
~—

—
w
=

where (1) is by |pg| < 3(p* + ¢%); (2) follows from the non-negativity
of the integrand and that u' € Ly(a,b); (3) by evaluating the integrals.
Thus,

o(@)] < VU = Ju(@)] < Ju(e)] + VI W] < oo

as required.

Now with the help of the above proposition, one can show that A is
closable. Suppose that the converse is true, that is, A is not closable.
Then there exists a null sequence {u,} C D4 such that

limu, =0 = limAu,=f#0
By continuity of the inner product
lim(Auy,, g) = (f,9) Vg € L2(0,1)

In particular, let g be from D4 and in addition it satisfies the zero
boundary conditions
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for example, g € D(0,1) (the space of test functions with support in
(0,1)). Then

L /01 un(z)g'(z) dx

(g = [ @i 2w @],

1)
=0- (un,g/> = _<un>g/>

where (1) is by integration by parts; (2) the boundary term vanishes
because by the proposition |u,(z)| is bounded and ¢g(0) = g(1) = 0.
Taking the limit in the above relation and using the continuity of the
inner product again, it is concluded that

lim(Au,, g) = —lim(u,, g') = (f,g9) =0

Now recall that D(0,1) C C°([0,1]) (the space of test functions) is
dense in L. So, for any ¢ > 0 and any u € L2(0,1) there is a test
function g € D(0,1) such that

lu—gll <e

Therefore

[(frwl = fu—=g)+ (9l =1(Fu—gl < fllllv—gl < Ifle

This means that absolute value of the inner product of f with any
element of the Hilbert space is smaller than any preassigned positive
number, which means that the inner product is equal to zero:

<f7u>:0, VUE,CQ(O,:[) = f:O

Thus, f = 0. A contradiction. So, the differentiation operator is
closable.

The reader is advised to repeat the above line of arguments to show
that the second derivative operator

A Dy=C%*0,1)NLy(0,1) — L2(0,1), Au(z) = —u"(x)

is closable, too.

56.3. An extension of a closable operator. Suppose A is a linear closable
operator in a Hilbert space. Take a Cauchy sequence {u,} in the
domain Dy4. Then there is an element u € H to which the sequence
converges. Note that the limit point u is not generally in D 4. Suppose
that the image of the sequence under the action of A also has a limit
point:

limu,=uvu€eH = limAu,=f€eH
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Take another sequence {v,} in the domain D4 that converges to the
same element u. Since A is closable, there are only two following pos-
sibilities:
Case1: limA(u, —wv,) =0 = limAu, =limAv, = f
Case 2:  lim A(u,, — v,) does not exist or is not zero

In Case 1, the limit of Au, does not depend on the choice of the se-
quence just like in the case of a bounded operator, one can extend A
to such u by

Au = lim Au,, = f.

In the second case, no extension of A to u is possible. The domain D 4
is extended by adding all u € H for which the sequence {Au,} has a
limit whenever {u,} € D4 and {u,} converges to u. Clearly,

Dy C DpC Dy
because there are limit points of D4 for which no extension is possible.

DEFINITION 56.3. (The closure of an operator)
The closure A of a closable linear operator A is an extension of A such
that for any u € Dy there exists a sequence {u,} in the domain of A
that converges to u and the sequence Au, converges to f € H in which
case Au = f.

PROPOSITION 56.2. (Properties of the closure)
If an operator is bounded, then the domain of the closure is closed:

|Al <00 = Dz=Dyu

If an operator is unbounded, then then the domain of the closure is not
generally closed:
|Al—oc = DsCDx

Note that any closed linear manifold in a Hilbert space is also a
Hilbert space so that D4 is a Hilbert space. The second assertion
follows from the fact that an unbounded operator cannot be generally
extended to all limit points of Dy4.

56.4. Closed operators. Evidently, no further extension of the closure
of an operator can be made by the procedure given in the definition of
the closure, that is,

A=A
the closure of the closure of A is the closure of A. An operator whose
closure does not change the operator is called closed.
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DEFINITION 56.4. (Closed operator)
A linear operator A : Dy C 'H — H in a Hilbert space 'H is called
closed if

{un} € Dy
{25 Pf} cR whenever limu, =ueH
- A lim Au, = f € H

or B
Aisclosed & A=A

56.4.1. Properties of closed operators. In this section any operator is
assumed to be linear, unless stated otherwise.

PROPOSITION 56.3. A closed linear operator with a closed domain
18 bounded: B
A=A

Let us show that A is continuous. Then the conclusion would follow
from the linearity of A. For any u in the domain of A, there exists a
sequence {u,} in D4 such that w, — u and Au,, — f (in which case
Au = f). Since the domain D, is closed by the hypothesis, the limit
point u belongs to D4 as well. The operator is closed. This means that
Au,, — f = Au = Au and, hence, A is continuous on Dy.

PROPOSITION 56.4. The inverse operator of a closed operator is

closed: ~
glAZ_lA} = A1=A""

Let {f,} be a sequence in the domain of the inverse A~!, which is
the range of A, Dy—1 = R4. Suppose that f, — f € H and A~ f, —
u € H. One has to show that f € Dy-1 = R4 and u € Rp-1 = Dy.
Put u, = A~'f,. Then u, — v € H and Au, = f,, — f € H. The
operator A is closed. This means that u € Dy and f € Ry (here
Au = f) as required.

PROPOSITION 56.5. The inverse of a closed operator is bounded if
and only if the range is closed:
A=A

HA—l} = Ri=R), & |A' <o

Suppose the range is closed, R4 = R4. Under the hypotheses,
the inverse is closed because A is closed (Proposition 56.4). By the
assumption, the domain of the inverse is closed because it is the range,
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Dj-1 = Ry. A linear closed operator with closed domain is bounded
(Proposition 56.3). Therefore the inverse is bounded:

A_IZF

A—l
e L

Conversely, suppose that the inverse is bounded, ||[A7!|| < co. One
has to show that every Cauchy sequence in the range R4 has a limit
in it. Take a Cauchy sequence {f,} C R4. Then its image {A71f,}
is a Cauchy sequence in the domain D, because, by the hypothesis,
the inverse is bounded and, hence, continuous. By the completeness of
the Hilbert space, there exist u € H and f € H to which the above
sequences converge:

up, —mu€eH, Au,=f,—feH

The operator A is closed. This means that u € Dy and f € Ra as
required.

56.5. The closure of differentiation operators in L. Let H = Lo(1)
where [ is any open interval in R (bounded or not). A natural do-
main of a differentiation operator is a subset of smooth functions CP?,
p > 1, that are square integrable on I:

DycCcCP(I)NLy(]), Au(z)=u'(x), p>1.

Note that for different p, the operators A are different because they
have different domains. Even for the same p, the domain can be further
restricted by some boundary conditions at the endpoints of I leading to
different operators. For example, for any differential operator one can
always choose the "smallest” domain D4 = D(I) (test functions on I).
The space of test functions is dense in any CP(I). If I is not the whole
R, then all derivatives u(™ vanish at the endpoints of 1. Similarly, one
can take Dy in CP(I) and the values of u and some of its derivatives
are restricted by some linear boundary conditions.

Here no distinction between all differentiation operators will be
made. The main question here is to investigate a space that contains
Da C CYI)N Ly(I) and the domain of the closure of A,

Dy Cngﬁg(I).

For example, the derivative of a piecewise smooth function does not
exists everywhere but nonetheless can be square integrable. So, any
such function is not from C'(I) but it can be in Dt because even the
smallest domain Dy = D([I) is dense in Lo(1). The objective here is to
find the largest space of functions in which the domain of the closure of
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a differentiation operator lies. The question about boundary conditions
will be studied later.
For any u € D4, the Fundamental theorem of calculus holds:

u(z) =u(a) + /r Au(y)dy, a,zel.

The closure of A is an extension of A such that if u € Dz, then there
exists a sequence {u,,} C Dj4 that converges to v and Au,, — f € Lo(1).
So, to construct the closure, let us take u € Lo(1). Since Dy is dense
in Lo(I), there exists a sequence u,, € D4 that converges to u. If, in
addition, this sequence has the property that Au, = u,, — f € Lo(1),
then u € D7 and Au = f. Therefore

Un () = up(a) + /m u,(y) dy = up(a) + Bul, ()

Let us assume for a moment (and for the sake of an argument) that the
action of B and taking the limit n — oo can be interchanged. Then
by taking the limit one would infer that

u(x) =0+Bg<z>=0+/mg<y>dy=u<a>+/mf<y>dy

where u,(a) — C and the constant C' is fixed by setting x = a. It
follows from this integral representation that u € C°(I) N Lo(I) by
continuity of the Lebesgue integral. Note no restrictions on f is im-
posed but f must be locally integrable on I in order for the integral
representation of u to hold. This is indeed true for any f € Lo(1).

PROPOSITION 56.6. Let Q0 be any open set in RN, If f € L£5(Q),
then f s locally integrable on )

One has to show that integral of |f(x)| over any bounded open
subset €2, C Q converges. If (-, ), denotes the inner product in £5(€2)

and || - ||, denotes the natural norm, then by the Cauchy-Schwartz
inequality
: [o(@)[dVa = (1, [v])s < [[L]lsllvlls = v/ p()llv]ly < o0
b

where (£2) < oo is the Lebesgue measure of €2, and
iy = [ Jo(@)Pd"e < / [o(z)* @z = |Jv]|* < co.
o Q

Let us investigate the limit of Bv/,. It follows from Proposition 56.6
that the antiderivative operator B is defined for any f € Ly([) and,
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hence, for any f € Ly(b, c) where (b,c¢) C I and a € (b, ¢):
B: Dp = Ls(b,c) — La(b,c), Bu(zr)= / v(y)dy, aé€ (bc).

If v/ — fin Lo(1), then v/, — f in Ly(b,c). So the sequence of
derivatives v/, converges to f in the mean on any bounded interval
(b, ¢). Next, let us show that B is a bounded operator on Ly(b, ¢) and,
hence, is continuous. This implies that for any v € Dy

(56.1) u(z) = ula) + /m fy)dy, x,a€ (bc)

for any bounded interval (b,c) C I where f € Lo(I). One has by the
Cauchy-Schwartz inequality in Lo(b, ¢) that

Bu(x |</ o(y |dy</|v ) da = (1, o))
< Il = Ve =Bl
= |Bof? = / Bu(x)Pdr < (c — b)|Jo]?
b
= |B||<c—b< 0.

Therefore B is bounded and, hence, continuous on £5(0,1).

Functions that have a characteristic property (56.1) where f is any
locally integrable function on I have some remarkable properties. Let
us investigate them.

56.5.1. Absolutely continuous functions. Suppose that a function f is
monotonic and its derivative exists almost everywhere and is Lebesgue
integrable. Owing to a possible lack of continuity of f’, the fundamental
theorem of calculus does not hold:

/f'(ff)dafﬁf(b)—f(a) Va < b

For example, take a monotonically increasing piece-wise constant func-
tion. Then its derivative is zero almost everywhere and its integral
vanishes on any interval, whereas f(b) — f(a) is either equal zero if a
and b lie in the same interval of continuity or it is some positive number
if @ and b are in different intervals of continuity.

It is interesting to note that there are functions for which the in-
equality is strict for any choice of a and b. The most famous example
of this sort is the so called Cantor ladder, a function that is contin-
uous, monotonically increasing, and whose derivative vanishes almost
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everywhere?

flx)eC®; flz)=0ae; flx)<fly),z<y

One can always set f(0) = 0 and, in this case, by monotonicity

0— / " Py < f(2)

that is, the inequality is strict.

It is therefore natural to ask about the largest set of functions for
which the fundamental theorem of calculus holds if the integral in it is
understood in the Lebesgue sense. The answer is well known *. Here
only some basic facts, that are necessary for what follows, about these
functions are given without proofs.

DEFINITION 56.5. (Absolutely continuous functions)
A function u is called absolutely continuous on an interval I if for any
e > 0 there exists 0 > 0 such that for any finite collection of non-
overlapping intervals I; = (a;,b;) C I, 7 = 1,2,...,n, ;N1 = 0,
j # k, the total absolute variation of u on these intervals does exceed €
whenever the total length of the intervals does not exceed J:

n

Z|u ;) —u(aj)| <e whenever Z|bj—aj|<5

j=1

Clearly every absolutely continuous function is continuous. It turns
out that one can prove that absolutely continuous functions are differ-
entiable almost everywhere, the derivative is locally integrable in the
Lebesgue sense, and the Fundamental theorem of calculus holds for
them. The converse is also true

THEOREM 56.2. (Absolutely continuous functions)
For every absolutely continuous function u on |a,b], there exists a
Lebesgue integrable function f € L(a,b) such that

uw) = u(a)+ [ ) dy

and in this case

3A.N. Kolmogorov and S.V. Fomin, Elements of the theory of functions and
functional analysis, Chapter VI, Sec. 4

4A.N. Kolmogorov and S.V. Fomin, Elements of the theory of functions and
functional analysis, Chapter VI
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Owing to this theorem, in what follows it will be used as the def-
inition of absolutely continuous functions. The set of absolutely con-
tinuous functions on an interval I will be denoted as AC(T).

The set AC? is a linear space with respect the usual addition of
functions and multiplication of a function by a number. It is larger
than the set of Lipschitz continuous functions but smaller than the set
of function differentiable almost everywhere, and it is also larger than
C* but smaller than C°:

{Lipschitz continuous} C AC? C {differentiable a.e.}
C'c AC® c C°

56.5.2. Integration by parts. The integration by parts follows from the
identity (uv)’ = w'v + wv’ and the fundamental theorem of calculus
which is applicable in the Riemann integration theory if u and v are
from class C'. In the Lebesgue theory, the fundamental theorem of
calculus is extended to absolutely continuous functions. Therefore, the
integration by part is valid for absolutely continuous functions:

/ w(z)v'(x)dr = u(z)v(z)

b

- /u'(x)v(x) dr, w,ve AC”
56.5.3. The closure of differentiation operators (continued). It follows
from the above analysis that the domain of the closure of a differ-
entiation operator in Lo(I) lies in the space of absolutely continuous
functions that are square integrable on I and whose derivatives are also
square integrable on [:

Dz C{ue AC°(I)N Lo(I)|u' € Lo(I) } C Lo(1),
Au(r) = u/(2) a.e.
If I = (b,c) is bounded and no boundary conditions are imposed on
absolutely continuous functions from D4, then the range of the closure
is the whole space Ly(b, ¢).

The operators of derivatives of higher-orders can be closed in a
similar fashion. If {u,} C Da and Au(z) = u®(z), then

uglq_l)(l“) = Uglq_l)(a) + / ugzq)(y) dy, q=12,..,p.

If one demands that u'? — fp € L2(I), then u ™Y must converge in
the mean to f,_1(z) = g,-1(a) + [ f»(y) dy and so on

ui_q(z) - fp—q(x) = fP—Q(a) + / fp—q—l—l(y) dy> q = 1727 - D
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on any interval (b, c). So, the domain of A lies in the of functions whose
derivatives up to order p are square integrable and the derivative of
order p — 1 is absolutely continuous. If derivatives of a functions are
absolutely continuous up to order p, then the function is said to be
from class ACP. So, the closure of a differential operator of order p lies
in ACP(I)N Lo(1).

The closure of a differential operator is not bounded. For example,
if Au=u® in Ly(a,b), then for u = e** € Dy so that

A /
JAull
Fll = al

Since k is arbitrary, ||A|| = co. Note that the domain of the closure of
a differential operator is not closed because it contains only functions
from AC? class that is a proper subset of £y. So, the second hypothesis
of Proposition 56.3 is not fulfilled.

56.5.4. Boundary conditions and the closure of a differential operator. If
A is a differential operator in Lo(a,b), then functions from its domain
can be required to satisfy some boundary condition at the endpoints of
the interval. In this case, one can ask what happens to the boundary
conditions upon closing the operator. Do the boundary conditions
survive the closure? It turns out that the boundary condition may
not survive the closure. Each boundary condition must be investigated
when closing a differential operator to see if it survives or does not.
The assertion is illustrated by a few examples.
Put

Dy, = {u € C*([0,1]) |u(0) = 0}
Ay Dy, C L2(0,1) — £2(0,1),  Aju(x) = ()

Let us construct the closure of A; and verify whether the boundary
condition survives the closure. The domain of A; is dense in L5(0,1).
Therefore for any u € L5(0,1), there exists a sequence {u,} C Da,
that converges to u. The difference with the previously studied case
is that the sequence {u,} satisfies the boundary condition u,(0) = 0.
This implies that

Un() = /0 " (2) de = Bul(x)
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and owing to continuity of B in £5(0,1), the condition that limu; =
f € L£2(0,1) implies that the domain of the closure A consists of abso-
lutely continuous functions on [0, 1] of the form

/f )dy.

By continuity of the Lebesgue integral, u(0) = 0. Therefore,
D4, = {ue AC°[0,1]|u(0) = 0,u" € £L5(0,1)}, Ayu(z) = u/(z)a.e.

Thus, the only boundary condition survives the closure.
Now put

Dy, = {u € C'([0,1]) |u(0) =0 «/(0) =0}, Au(z) =u'(z)

The domain is dense in £5(0,1) so that for any u € £2(0, 1) there is a
sequence u, € D4, that converges to u. Since u,(0) = 0, the domain of
the closure of As consists of absolutely continuous functions that have
the same integral representation as in the previous case. Therefore the
boundary condition %(0) = 0 survives the closure. However the second
boundary condition does not survive the closure because

u'(z) = f(z) a.e. = u'(0) = f(0) #0
as f is a general square integrable function. Thus, Dz, = Dy, .
Let
DAB = D(0> 1) ) A3u(£) = u/(l’)

Any function from the domain vanishes at the endpoints together with
any derivative, u®(0) = u® (1) = 0 for any non-negative integer p.
Let us investigate what happens to these boundary conditions upon
the closure of As. The domain is dense in L£2(0,1) and, hence, for
any u € L5(0,1), there exists a sequence {u,} of test functions that
converges to u. Since u,(0) = u,(1) = 0, there are two equivalent
integral representations

Up () = /Om Uy, (y) dy = /lm () dy

Each of these integrals can be viewed as the action of a bounded op-
erator in £5(0,1) on the sequence {u]}. Therefore the domain of the
closure of A3z consists of absolutely continuous functions that have two
integral representations

=A?@@=[?@@

This shows two things. First, the boundary conditions u(0) = u(1) =0
survives the closure, while the zero conditions on the derivatives do



56. AN EXTENSION OF AN OPERATOR 769

not survive the closure because u'(z) = f(x) a.e. but f(0) # 0 and
f(1) # 0. The higher order derivatives do not even exist at the and
points for a generic f € L5(0,1). Second, the range of the closure is
a proper subset of £5(0,1) because f must be orthogonal to the unit
function, in contrast to the two previous cases in which the range of
the closure is the whole Hilbert space £2(0,1). Thus,

Dy, = {ue AC°0,1]|u(0) = u(1) = 0,u’ € L2(0,1)},

Azu(z) = /() a.e.

56.6. Classification of operators for solvability Au = f. Let A be a linear
operator. A linear problem

Au=f, A: Dy—H,

of finding v € D4 for a given f € H often appears in applications.
The following questions are significant for solving the problem and
properties of the solution:

e Does the inverse of A exist?
e Does a solution exist for any f € H?
e Does the solution depend continuously on f?

The first question is about the existence and uniqueness of the solu-
tion. The second equation is about the range of A. If R4 = H, then
the answer is affirmative. The third question is about stability of the
solution under small variations of f. Its practical significance is the
following. Let {f,} be a sequence of successive approximations to f,
|f — fall = 0 as n — oo. Suppose A is invertible. Does the sequence
of the solutions u, = A~'f, converge to u = A~ f? If the inverse is
bounded, then the answer is affirmative, otherwise no conclusion can
be given. In addition, if {f,} is a Cauchy sequence in the range R,
and ||A7Y| < oo, then {A71f,} is also a Cauchy sequence and, hence,
has a limit in H. Is the limit point a solution to the problem? If the
range is not closed, then {f,} can converge to some f that is not in
the range of A and, hence, {A~!f,} converges to some u that is not
in the domain of A and therefore cannot be a solution to the problem.
In applications, f can depend on various parameters and the behavior
of the solution under variations of these parameters is of great signifi-
cance. From these perspectives, all operators can be classified by two
sets of properties, properties of A~! and properties of the range R4.
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Properties of A",

(I)  ||[A7"|) < oo (there exists a bounded inverse)
(II) ||A7Y| = oo (there exists a unbounded inverse)
(IT) A is not invertible

Properties of R 4.

(Ic) Rs=Rs=H (the range is dense and closed)

(In) Ra C Ra=H (the range is dense, but not closed)
(2c) Rs= R4 CH (the range is closed, but not dense)
(2n) Ra C Rqa CH (the range is not dense and not closed)

The numbers 1 and 2 indicate whether the range is dense (1) or not (2),
and the letter c or n stands for a closed or not closed range, respectively.
So, all operators are divided into classes (u,r) where p indicate the
property of A~! (that is, I, or I, or III), while v indicates the property
of the range in a similar fashion.

The existence of A™! can be studied by investigating solutions to
the homogeneous problem Au = 0. If the null space of A contains only
the zero element, then A™! exists. It is bounded if and only if A is
bounded away from zero. These two criteria help to find the first index
without an explicit solution to the linear problem.

Class (I,1c). Operators from this class are called regular or well-posed.
The linear problem has a unique solution for any f € ‘H and the solution
depends continuously on f:

limf, =f = LmA'f, =A"'f

because A~! is continuous (it is bounded) so that its maps every con-
vergent sequence to a convergent sequence and D41 = R4 = H so
that A='f € D,. This is the most desirable class of operators for
linear problems.

Class (IL,1c). The linear problem still has a unique solution for any f €
‘H. However the solution does not depend continuously on variations of
f. If one takes a sequence of successive approximations to f, lim f,, =
f, then the corresponding sequence of solution would not generally
converge to the solution. In fact, the sequence of approximate solutions
{A71£,} might have no limit at all. So, depending on f and the choice



56. AN EXTENSION OF AN OPERATOR 771

of {fn} there are three possibilities
limA™'f, = A7 f
lmA ' f,=g#A'f
lim A‘lfn does not exist

In other words, any approximation methods for solving the linear prob-
lem with operators from this class require additional investigations to
show that a sequence of approximate solutions converges to the solution
that is sought-after.

Class (I,In). The linear problem does not have a solution for any f €
‘H, but it does have a unique solution if f € R4 and the solution
depends continuously on f. The difference with the class (I,1c) is that
one has to be careful with the choice of f. If {f,,} is a Cauchy sequence
in the range, then the sequence of solutions A~!f, has a limit in H (by
boundedness of A7), but the limit point might not be from the domain
of A because { f,,} might converge to some f not from R4 (because R4
is not closed).

Class (IL,1n). The linear problem does not have a solution for any
f € H, but it does have a unique solution if f € R4. However, the
solution does not depends continuously on f.

Other classes. The linear problem for an operator from class (III,v)
may have no solution, and, if a solution u exists, then it is not unique
because u+uyg is also a solution where Aug = 0 and uy # 0 (a non-trivial
uo always exists because A is not invertible).

56.6.1. The closure of an operator and well-posedness of a linear problem.
An extension of an operator enlarges the domain and, possibly, the
range. In particular, this is the case for the closure of an operator. So,
if the operator in the linear problem is replaced by its closure then the
well-posedness of the linear problem can be improved especially in the
case of differential operators.

To illustrate the point, H = £5(0, 1) and consider a simple problem
Au = f where A is the derivative operator. Let

Dy =CY0,1], Au(z)=(x)

so that R4 = C°[0,1]. The operator does not have the inverse because
Au(z) = 0 has a non-zero constant solution that belongs to D4. The
range is not closed. So, this problem is from class (II,1n). The range of
the closure A is the whole Hilbert space. So, the problem Au = f has
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a better class (II,1c). A solution is now required to satisfy the equation
a.e., that is, v/(x) = f(x) a.e. for any f € £5(0,1).

The non-existence of the inverse is obviously due to a lack of bound-
ary conditions. However, imposing boundary conditions implies chang-
ing the domain of the operator and some boundary conditions may not
survive the closure. Nonetheless, closing the operator in the linear
problem promotes the problem to a better class.

Consider the linear problem for the operator A; from Sec. 56.5.4.
The range R4, = C°[0,1] is a proper subset of £5(0,1) but it is closed
in £2(0,1). The operator is invertible because it follows from u/'(z) = 0
that u(z) = 0 if u(0) = 0. The explicit form of the inverse reads

msz*ﬂwzéﬂwm% fe R,

The inverse is bounded as shown in Sec. 56.5.4. This operator from
class (I,In). The boundary condition u(0) = 0 survives the closure
and the range becomes the whole £5(0,1). Thus, after closing Ay, the
linear problem becomes well-posed.

For the operator A, in Sec. 56.5.4, the range R4, consists of con-
tinuous functions on [0, 1] that vanish at © = 0. It is a subset of Ra,.
The operator is invertible by the same reason as A; and the inverse is
bounded

mszfﬁwzéﬁww% feco,1], f(0)=0.

So, the linear problem is from class (I, 1n). The boundary condition
u/(0) = 0 does not survive the closure and A, = A;. Closing A
promotes the problem to well-posed one. This also shows that the
boundary condition u/(0) = 0 should be discarded in the first place to
obtain a well-posed problem.

For the operator As in Sec. 56.5.4, the range R4, consists of test
functions from D(0, 1) whose integral over (0, 1) vanishes. The equation
u'(x) = 0 has only the trivial solution in D(0,1) and, hence, Aj is
invertible

uw=&%w=fﬂwm.mD@mAf@M=0

This problem is from class (I,2n) because the range is in the orthogonal
complement to all constant functions in £5(0, 1) so that R4, C £2(0,1).
By closing As, the problem is promoted to a better class (I,2c). The
range of the closure is the whole orthogonal complement of the space
of constant functions. It is closed by the projection theorem.



56. AN EXTENSION OF AN OPERATOR 773

56.7. Exercises.

1. The closure of the second derivative operator. Let
A Dy=C*[0,1]) C £2(0,1) — L2(0,1), Au(z) =u"(z)
Then the operator A is closable and its closure is
A Di=ACY 0,1 — £2(0,1), Au(z) =" ()

where AC?, p = 0,1,.., denotes a space of functions whose deriva-
tives up to order p are absolutely continuous, u® € ACP. Prove this
assertion.

(i) Show that for any u € L5(0,1) there is a sequence {u,} C Dy
that converges to u.

(i) Suppose that lim Au,, = g € £2(0,1). Show that for any v € Dy

w(x) = w(0) +w’(0)x+/0m /Oy w"(z) dz dy = w(0) +w'(0)z + Bw"(x) .

(iii) Show that
lim BAu,, = Bg
Use that
d [
dz [,
to show that Bg € AC[0,1], that is, (Bg)' € AC?[0, 1].

(iv) Show that the sequence of linear functions v,(x) = wu,(0) +
u, (0)x converges to a linear function such that

fly)dy = f(x), VfeAC0,1] c C*([0,1])

u(r) = u(0) + u'(0)x + Bg(x) € AC[0,1]
which proves the assertion.
2. Let A: Dy CH— H,and H = L,(0,1) and
Dy ={uecC[0,1])|u(0) =au(l),a e C}, Au(z)=1u'(v)
(i) Show that the boundary condition survives the closure:
Dz ={ue€ AC°0,1]|u(0) = au(1)}, Au(x)=1u'(z)a.e.

and the range of the closure is Rz = £5(0,1).



774 8. OPERATORS IN HILBERT SPACES

(ii) Show that the closure is invertible if @ # 1 and

Au—fe Ry = M@ZNszlemew@

Gle,y) = 1 0y =) + 1 Oz — )
Gy =i —y). GOy =aG(Ly), ye O

(iii) Show that the range of the closure is closed and that the inverse
of the closure is bounded, ||A™!|| < oo.

(iv) Show that A € (I,1n) and A € (I, 1¢).

3. Let A: Dy CH— H,and H = £L5(0,1) and
Dy={ueC[0,1])|u(0) =u(l) =0}, Au(z)=1u(v)
(i) Show that the boundary conditions survive the closure and
Dji={uec AC"0,1]|u(0) =u(1) =0}, Au(z)=1v'(z)a.e.
(i) Show that the closure is invertible if @ # 1 and

Au=fecRy = mwzmvwzlﬂww

(i) Show that the inverse of the closure is bounded, ||A7!|| < oo,
and that the range of the closure is closed, R; = R4 using the proper-
ties of closed operators.

(iv) Show that the range of the closure is the proper subset in the
Hilbert space, Rz C £2(0,1). In particular, (1, f) =0 for any f € Ry,
that is, f is orthogonal to any constant function.

(v) Show that A € (I,2n) and A € (I,2c).

4. Let A: Dy CH— H,and H = L2(0,1) and
Da={ueC([0,1]) ] (0) =0}, Au(z)=u'(x)

(i) Show that the boundary condition does not survive the closure
and

D= AC°0,1], Au(z) =u'(z)a.e.

Hint: Follow the procedure for constructing the closure of the derivative
operator on D4 = C'([0,1]) (no boundary condition). Does the stated
boundary condition affects the procedure?

(ii) Show that the closure is not invertible.
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(iii) Show that the range of the closure is closed and
Ri=Rsi=L(0,1).
(iv) Show that A € (I11,1n) and A € (I11,1c).

5. Show that the multiplication operator
Au(z) = zu(z), Da= L5(0,1)

is from class (II,1n).

6. The shift operator A in a separable Hilbert space is defined by the
property

App = b1, k=1,2,..
where {¢x}7° is an orthonormal basis in the Hilbert space. Show that
|A|| <1and A € (II,1n).

6. A modified shift operator A in a separable Hilbert space is defined

by the property
1
AQSkZ ﬁ¢k+1’ kf:l,2,

where {¢;}7° is an orthonormal basis in the Hilbert space. Show that
A is bounded and invertible. In particular,
IAll =1, Na={0}

and its range is
Ry = {Zakgpk ‘ a; =0, Zk‘4|ak|2 < oo}
k k

and deduce from the above properties that A € (I11,2n).

7. Let
A: Dy=D(0,1) — L5(0,1), Au(zr)=1u'(x)
(i) What is the range of A?
(ii) Find the closure A.
(iii) Find the range of the closure. Hint: If u € D4, then u(0) = u(1) =
0. Do these boundary conditions survive the closure?
(iv) Classify the closure.
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57. Linear functionals in a Hilbert space

DEFINITION 57.1. Let M C H be a linear manifold in a Hilbert
space. A linear functional on M is a function

l: M-—F
satisfying the linearity property
llou+ fv) =al(u) + Bl(v), Yu,ve M, Va,5€F
where F is either R (a real functional) or C (a complex functional)

Note that any linear manifold contains the zero element because
0-u = 0. Therefore by the linearity property

10) = 0

For example, if M = R then any linear functional can be written in
the form

l(z) = a1y + gy + - - - +ayoy = (a,z), Vz € RY

and some o € RY. So, a linear functional on a Hilbert space is, loosely
speaking, a linear homogeneous function of infinitely many variables.
It is worth noting that it is far from obvious that every linear functional
can be written in the form of an inner product with some element of a
Hilbert space.

Consider the following three functionals defined for some v € H
and some number « € [F:

(1) U(uw) = (u,v),

If F = C, then only (1) is a linear functional. If F = R, then only (2)
is not a linear functional. The reader is asked to explain why.

Recall also that distributions are linear functionals on the space D
of test functions which is a linear manifold. However, a liner functional
is required to be continuous on D in order to define a distribution.

57.1. Continuous linear functionals.

DEFINITION 57.2. (Continuous linear functional)
A linear functional | is continuous at an element v € M of a linear
manifold M if for any positive number € > 0 there exists a positive
number 6 > 0 such that

[l(u) —l(v)| <e whenever |u—vl|<?d
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A linear functional | is said to be continuous on M if it is continuous
at any element of M.

As in the case of distributions, this definition means that a contin-
uous functional maps a convergent sequence in M onto a convergent
numerical sequence. The latter property is necessary and sufficient for
a linear functional to be continuous.

THEOREM 57.1. (Continuous linear functional)
A liner function | is continuous on a linear manifold M if and only if
for any convergent sequence, u, — u in M as n — oo, the numerical
sequence [(uy,) converges to l(u).

A proof of this assertion is left to the reader as an exercise.

Since [ is linear, a continuity at a particular element of M implies
continuity at any point.

THEOREM 57.2. If a linear functional on M is continuous at v =0,
then it is continuous at any v € M.

Indeed, suppose u, — u € M as n — oo. Put v, = u, —u. Then
v, — 0 in M. By continuity at v = 0 and linearity of [ it follows that
lim {(v,) =0 = lim (l(un)—l(u)) —0 = lim () = l(u).

which is true for any v € M.

Continuity of a linear functional and topology in its domain. Consider the
following functional on a linear manifold M = C9([—1,1]) defined by
l(u) = u(0), Vue Cy([~1,1])

This functional is similar to the Dirac delta-function. It is obviously lin-
ear. Let us investigate its continuity. Note that C9([—1,1]) C L2(—1,1)
so that the convergence is understood with respect to the natural norm
of Lo(—1,1). Let f be continuous on R such that f(z) =0 if |z| > 1.
Put u,(z) = f(nz) € CI([—1,1]) and, hence, u,(z) = 0 if |z| > *.

Therefore the sequence {u,(z)} converges pointwise:
. _ _J0, =x#0
}LIL%UVL(:E) - u(l’) - {f(()), r=0

The limit function u(z) = 0 a.e. and, hence,
lim u, =0 in Lo(—1,1).

n—oQ

Alternatively, by a direct calculation

1 n 1 )
ol = [ 1fmPds =+ [ 1s@)Pay = [ 15w)Pay =L

1 -n -1



778 8. OPERATORS IN HILBERT SPACES

because f(x) =0 if |z| > 1. This shows that ||u,|| — 0 as n — oo and,
hence, u,, — 0in L2(—1,1) as n — co. However,

Thus, this linear functional is not continuous.

Recall that the Dirac delta function defines a linear continuous
functional on the space of test functions D. The difference is that
the convergence (or topology) in £y (or in any inner product space,
in general) is not the same as in the linear space D. The conver-
gence of u, to v in D means that partial derivatives D“u,, converge to
Dy uniformly for all & = 0,1, ... Take, for example the hat function
f(z) = wi(x) € D. Itssupport is the interval [—1, 1]. Then the support

1

of up(z) = wi(nz) = win(x) is the interval [+, £]. Therefore

(0, tn) = un(0) = w1(0) # 0

which does not imply that ¢ is not continuous on D because the se-
quence {u,} has no limit in D and, hence, is not suitable to verify
continuity of 6 on D. Thus, the linear functional [ = ¢ is continuous
on D (viewed as a linear space with its topology), but not continuous
on CY (with topology defined by the natural norm in £5).

57.2. Bounded linear functionals.

DEFINITION 57.3. (Bounded linear functional)
A linear functional is called bounded on a linear manifold M if there
1s a constant C > 0 such that

[(u)] < Cllull,  VueM
For example, for some v € H in a Hilbert space H, put
l(u) = (u,v), YueH

Then [ is a complex linear and bounded functional on H. Indeed, by
linearity of the inner product

lau+ pw) = {(au + fw,v) = alu,v) + B(w,v) = al(u) + Bl(w)
and by the Cauchy-Bunyakowski inequality
()] = [{u,0)| < [lollflul = C=]v]

The Dirac delta function is not continuous in the topology of Ls.
Let us investigate if it is bounded or not on M = C9([—1,1]). Suppose
it is bounded. Then there should exist a constant C' > 0 such that

[(w)| < Cllull Vue C3([-1,1])
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Let v, = mun, where u,(z) = f(nz) that is introduced above so

that ||v,|| = 1. It follows that

)l _ O] _ O
=Tl = Tl — 11 V"

But the continuity of [ implies that |l(v,)| < C||lv,|| = C for all n,
which is impossible. Thus, [/ is not bounded.

The method by which the non-boundedness of | = § was established
is noteworthy. It can be used as a general principle to investigate
whether a given functional is not bounded.

PROPOSITION 57.1. A linear functional on M is not bounded if and
only if there ezists a unit sequence {u,} C M, ||u,| =1, such that

Cn < |l(u,)| and lim C,, = o0

Indeed, suppose that [ is not bounded. Let us find a unit sequence
with the required property. Negating the definition of a bounded func-
tional, for any C' > 0 there exists v € M such that |l(v)| > C|jv|. In
particular, for each C = C,, = n, n = 1,2, ..., there is v,, € M such
that

[(vn)|

C,=n< =
[[vn]]

1
[ (un)l tn = T U [un]l =1

The converse is obvious because I(u,) is not a bounded sequence if
C, — 00 as n — 0.

57.3. Continuity and boundedness. It appears that the continuity and
boundedness are equivalent properties of a linear functional.

THEOREM 57.3. (Linearity vs boundedness)

A linear functional is continuous on a linear manifold M if and only
if it is bounded on M.

PROOF. Suppose a linear functional [ is continuous. One has to show
that it is bounded. Assume that the converse is true. This implies
that there exists a unit sequence {u, } C M such that C,, < |{(u,)| and
C, — oo as n — oo. Put

1 1
=gt =l = i Em =0
Therefore v, — 0 in M as n — oo. By continuity of [
lim I(v,) =0

n—oo



780 8. OPERATORS IN HILBERT SPACES

But o
1 n
= — > —_— =
i) = & ) 2 5 =1

A contradiction. Therefore [ is bounded.
Conversely, suppose [ is bounded. Let a sequence {u, } converge to
u € M. Then

[U(uy) — L(uw)| = |l(up —u)| < Clluy, —ul] =0 as n— oo

by the linearity and boundedness of [. It follows from this inequality
that the convergence of {u,} to u implies the convergence of {l(u,)}
to l(u). Hence, [ is continuous on M because u is arbitrary. O

57.4. Null space of a linear continuous functional. The null space of a
linear functional [ on a Hilbert space H is a collection of all elements
of H on which [ vanishes:

Nz{uEH}l(u)zO}

By linearity of [, its null space is a linear manifold. For any u,v € N/
and any «, 5 € C,

lau+ pv)=al(u)+ Blv)=0=0 = au+pBveN

If, in addition, [ is continuous on H, then the null space is closed. In-
deed, Let {u,} C N be a Cauchy sequence. Since N C H, there exists
u € H to which the sequence {u,} converges. Since every continuous
functional is bounded and I(u,) = 0,

0 < l(w)] = [1(u) = U{un)| = [l{u = up)| < Cllu —un| ¥

and some C' > 0. By taking the limit n — oo in the right side of
this equality, it is concluded that I(u) = 0 which means that v € N.
So, every Cauchy sequence in N has a limit in N and, therefore, N is
closed:

[ is continuous = N =N .

If H = RY, then, as noted above, [(u) = (u,v) for some v € RY and
the null space consists of all vectors orthogonal to v so that AV ~ RV~!
if v #£ 0.

57.5. The Riesz representation theorem. As noted before any linear
functional on a finite dimensional Hilbert space can be written in the
form I(u) = (u,v). Can this be extended to infinite dimensional Hilbert
spaces? It turns out that such a generalization is only possible for con-
tinuous (or bounded) functionals. The result is know as the Riesz
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representation theorem. The theorem plays a fundamental role in the
theory of self-adjoint operators in Hilbert spaces.

THEOREM 57.4. (Riesz representation theorem)
Let | be a linear continuous functional on a Hilbert space H. Then
there exists a unique v € H such that

NveH : l(u)=(u,v) YueH

PROOF. Let N be the null space of [. If N' = H, then v = 0 satisfies
the required property: [(u) = (u,v) = 0 for all w. If v # 0 has the
same property, then [(v) = ||v||* = 0 so that v = 0.

Suppose now that A/ C H, a proper subset.
Existence. Let us show first that v with required property exists. Since
[ is continuous, its null space is closed and

N=N = N*-#{0}
by the properties of the orthogonal complement. Therefore the orthog-
onal complement N must contain non-zero elements:
NCcH = FJw#0, weNt
Put
h=aow+ pu, ueH
and demand that
heN <& I(h)=0.
It follows from the linearity of [ that the relation
l(h) = al(w)+ Bl(u) =0
is fulfilled if & = I(u) and § = —I(w). It is concluded that
h=Il(ww—Il(wueN, YweNt, VYueH
Using this property it is now not difficult to find v € H such that
I(u) = (u,v). Since h € N and w € N'*, they are orthogonal

l(w)

0= (h,w) =l(u){w,w) — l(w){u,w)y = Il(u)= ||w||2(u,w>

The above relation holds for any element u € H. Therefore

l(u) = (u,v)y, v= Ww)

0]
Uniqueness. Suppose that [(u) = (u,v1) = (u, vy) for all u € H. Hence
(U9 —wv) =l(u) —l(u)=0 YueH = v3—vy2=0

because only the zero element is orthogonal to all elements in a Hilbert
space. Thus, v; = vy and v in the representation of [(u) is unique. O
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COROLLARY 57.1. Let [ be a linear continuous functional on Lo(£2).
Then there exists a unique square integrable function v such that

l(u) = (u,v) = /Qu(x)@d]vx YVu € Lo()

Remark. The above equality is a reason to use the notation (f, ) for
the action of a distribution f € D’ on a test function ¢ € D.

57.6. Exercises. Recall that a complete linearly independent set {¢y}
is a basis in a Hilbert space ‘H if for any u € H there exists a unique
numerical sequence {ay} such that

o0
u= Z feyXa
=1

and the series converges with respect to the natural norm in H.

1. Basis representation of a linear functional. Prove

COROLLARY 57.2. A linear continuous functional on a Hilbert space
15 uniquely determined by its values on elements of any orthonormal
basis.

Hint: If {¢)} is an orthonormal basis in H, use the Riesz represen-
tation theorem to show that

l(u):(u,v>, U:Zl(spk)gpk

k=1

for any u € H.

2. Dual basis in a finite dimensional Hilbert space. Let ¢; and ¢ be two
linearly independent vectors in H = R?. Clearly, they form a basis.
Use vector algebra to show that there exist two unique vectors ¢] and
¢35 such that

<¢k> ¢;kz> = 6kn> k‘,?’l, = 1, 2

The vectors ¢;, form the so-called dual basis. The concept can be ex-
tended to any finite dimensional Hilbert space. Dual bases are used in
crystallography.
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3. Dual basis in a Hilbert space. Prove

THEOREM 57.5. Let {¢r}7° be a basis in a (separable) Hilbert space
H. Then there ezists a set {¢;}3° C H such that

uzzak¢k> ak:<u>¢z>> VueH
k=1

u:Zﬁk¢Z> ﬁk:<u>¢k>> Vu e H
k=1

that is, {¢;}5° is a basis in H.

(i) Extend the result of Corollary in Problem 1 to an arbitrary basis,
that is, any linear continuous functional is uniquely determined by its
values on basis vectors, [(¢x). To do so, note that for any u € H, there
are unique numbers oy, such that

n—oQ n—oQ

n
u = lim u, = lim E Qg Ok
k=1

Use the continuity of [ to show that [(u) is defined by numbers [(¢y).
Assume that [(¢r) = I'(¢r) for any two linear functionals. Show that
l(u) =1U'(u) for all w € H and conclude that { =1’

(ii) Define linear continuous functionals I, : H — C by lx(¢n) = dkn
for all n. Use the Riesz representation theorem to show the existence
and uniqueness of the dual basis.

(iii) Put

v = Z<u> ¢k> QSZ
k=1
Use that Span {¢;}3° is dense in H to show that v = v. Similarly, for
the expansion of u over {¢x}7°.

4. Let {¢;}° be the basis dual to the basis of monomials ¢ (x) = ¥,
k=0,1,...,in £5(0,1). Find the expansions of u(x) = e* over {¢y}
and over {¢;}.

5. Let ¢p(z) = 2%, k =0,1,..., and ¢_i(z) = €. The set {¢p}™ is

linearly independent and complete. Recall that this set is not a basis

in £5(0,1) (see Problem 1 in Sec. 57.6). Show that there is no dual

linearly independent and complete set {¢;}> with the property
<¢k,¢2> :51m, k:,n: —1,0,1,2,....

Hint: Show that (¢, ¢*,) = d,—1 implies (¢_1,¢*;) = 0. A contra-
diction.
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58. The adjoint of an operator

Recall from linear algebra that the adjoint A* of a square matrix A
is defined as
(Au,v) = (u, A*), Yu,veCV
If {e;}} is an orthonormal basis in CV, then the matrix elements of
the adjoint can be expressed via the matrix elements of A as

ay, = (A'ej ex) = arg, aj = (Aej, ex)
They are obtained by the transposition and subsequent complex con-

jugation of the matrix elements a;j.
The symmetric or Hermitian matrices

A=A
have remarkable properties:

(1) The eigenvalues are real: Au = A\u, A\ € R;

(2) Among all linearly independent eigenvectors, one can select N
orthonormal vectors ¢, k = 1,2,..., N, that form a basis in
CN, (@), or) = djk;

(3) If none of the eigenvalue is equal to zero, A # 0, then the sym-
metric operator A belongs to the class (I,1¢) and the solution
to the linear problem Au = f is given by

N
Au:f = u:zg;\ﬂgpk, AQOk:)\kQOk, )\k%o
k=1 K
It is natural to ask: Can the concepts of the adjoint and symmetric
matrices be extended to linear operators in a Hilbert space? Can eigen-
vectors of symmetric linear operators be used as bases in a (separable)
Hilbert space?

Matrices provide a simple example of bounded operators. Yet,
bounded operators in an infinite dimensional Hilbert space are also
determined by their matrix elements in an orthonormal basis. So, it is
natural to start the discussion with bounded operators.

58.1. The adjoint of a bounded operator. Any linear bounded operator
can be extended to the whole Hilbert space and the extension has the
same norm. Therefore without loss of generality, it will always be
assumed that
A: Dy=H-—-H, A <o

One has to show the existence of the adjoint. Note that an operator is
defined by its action and its domain. The latter is a main concern in
the infinite dimensional case.
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Fix v € H. Consider a linear functional associated with a bounded
operator A and the element v:

la: H—=C, Ils(u)=(Au,v), YueH.
This linear functional is bounded because the operator A is bounded:
La(u)| = [(Au, v)| < [|Aul[|o] < [[Al[[ull{lo]l,

l
S la] = sup 1A

wto |lu]

A bounded linear functional is continuous. Therefore by the Riesz
representation theorem for linear functionals on a Hilbert space, there
exists a unique g € ‘H such that

ANgeH : lalu)=(u,g), YueH

< [[A[l[lo]] < o0

Of course, the element g = g(v) depends on v. In fact, g is a linear
function of v. Indeed, let v = v; + v9. For three elements v, vy, and
vy there are unique elements g = g(v), g1 = g(v1), and g2 = g(vy) such
that

<Au> 'U> = <u> g> ) <Au> 'U1> = <u> gl> ) <Au> 'U2> = <u> 92> ) VueH
By linearity of the inner product:

(u,9) = (Au,v1 +v2) = (u, g1 + g2), YueH
= g=g+g = gvit+v)=g(v1)+g(ve)

This implies, in particular, that
gv)=0 < ov=0
In other words, ¢ is the result of an action of a linear operator:
g(v) = Av; A* ¢ Dyr=H—-H

because g(v) is uniquely defined for any v € H. This operator is called
the adjoint of A.

DEFINITION 58.1. (Adjoint of a bounded operator)
Let A be a linear bounded operator on a Hilbert space H. The adjoint
A* of A is an operator on 'H for which

(Au,v) = (u, A™), Yu,veH
holds for all u and v in 'H
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Properties of the adjoint of a bounded operator. The adjoint operator is
bounded. Indeed,

[(u, A"0)| = [(Au, v)| < [lullllo][|All, Vue™H
In particular, take u = A*v. The above inequality is reduced to

[ A
o]

<[l = AT <Al < o0

Therefore one can construct the double adjoint A** = (A*)*.

PROPOSITION 58.1. The double adjoint of a linear bounded operator
1s the operator itself:

A <00 = A% = (A=A

A proof of this assertion follows from the definition of the adjoint:

(Au, vy = (u, A*v) = (A*v,u) = (v, A**u)
= (A"u,v), Yu,veEH
= Au=A"u, YueH
= A=A"

PROPOSITION 58.2. The adjoint of a bounded operator has the same
norm:

1A} = [lAll

It has been already shown that ||A*|| < ||A||. Let us prove that the
converse is also true:

[Aul* = (Au, Au)| = (u, A" Au) < [Ju*| A"A|| < [l *[|A]]A7)
| Aul?
u]?

= AP < 1AIAT = AL < (A7)

< [[Al[A™]

Therefore || Al = ||A*.

The adjoint of a Hilbert-Schmidt operator. Recall that a Hilbert-Schmidt
operator is an integral operator with a square integrable kernel:

Au(z) = / Ko y)uly) d¥y, A < / / K (2, y)Pd N 2d™y < oo
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Let us find the kernel K*(z,y) of the adjoint of A. Using Fubini’s
theorem:

(Au, v) :/ /Ka?y dNdex—/ /Ka?y v(x)d™ zdVy
(u, A"v) —/ /K*xy z)d™ xdNy

=  K*(z,y)=K(y,z)

The rule is similar to matrices: taking the adjoint means a combination
of the transposition (of arguments) and complex conjugation.

Matrix elements of the adjoint. Recall that a bounded operator in a
separable Hilbert space is uniquely defined by its matrix elements. It
is not difficult to show that the matrix elements of a bounded operator
and its adjoint are related exactly in the same way as a matrix and its
adjoint:

K= Ak ), ap = (Ao, 05) = aj;=ax

58.2. The adjoint of an unbounded operator. The Riesz representation
theorem can no longer be used to construct the adjoint if the operator
is not bounded. Here it will be assumed that domain of an unbounded
operator is dense in the Hilbert space:

A: DicH—H, Di=H, |A]=occ

Domains of differential operators in the space of square integrable func-
tions are dense: D C S C C? C Ly and D = L, The key difference
with the case of bounded operators is that there are elements g in the
Hilbert space for which the equality (Au,v) = (u, g) does not hold for
all u € Dy.

DEFINITION 58.2. (The adjoint operator)
Let the domain of an operator A be dense in a Hilbert space H. Let D -
be a collection of all elements v € H for which there exists a unique
element g € H such that (Au,v) = (u, g):
Dy ={veH|NgeH : (Au,v) = (u,g), Yu € Da}
Put
A0 Dy CH—H, Av=g
The operator A* s called the adjoint of A.

In other words, to construct the adjoint, one has to find all pairs
(v, g) for which (Au,v) = (u, g) for any u from the domain of A. The
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first element in all such pairs form the domain of the adjoint, A*, while
the second elements form the range R4+, provided g is unique for each
v.

e Why is it required that Dy is dense in ‘H? This conditions
ensures that the adjoint is a linear operator if it exists.

As in the case of bounded operators the element ¢ in the pair
(v,9) € Da X Ry« depends on v, g = g(v) = A*. If g(v) is a
function, then for any v there should be a unique element g such that
g = g(v). By construction, if such g(v) exists, then g(av) = ag(v) for
any complex «. Therefore, g(v) = A*v is linear if g(0) = A*0 = 0.
Let us show that if v = 0, then there is a unique ¢g(0) and ¢(0) = 0,
provided D4 is dense in H:

A'0=9¢(0)=0 < (u,9)=(Au,0)=0 Yu € Dy
& ¢g=0 ifandonlyif Dy="H
Note if D4 C H (a proper subset), then the orthogonal complement D+

contains non-zero elements (recall the properties of orthogonal comple-
ments). This implies that g(0) # 0 and A* is not linear:

DiCH = D;#{0} = 3g#0: (u,g)=0, Vuec Dy

e [t is important to understand that the domain of the adjoint of
an unbounded operator is not necessarily dense in the Hilbert
space:

D—A =H = D 4 C H
In other words, there are unbounded operators with a dense domain

for which D4« is a proper subset of H. This is a drastic difference with
the case of bounded operators. An example is given below.

Example: A “pathological” operator. When the closure of unbounded
operators was discussed, it was noted that there are operators which
map a null sequence to a sequence converging to a non-zero element.
Consider H = L3(R) = £5. Let f be a bounded function that is not
square integrable:

f(2)| < Mae., f¢&Ls

xT

For example f(z) = 1. Fix ug € Ly, e.g., ug(z) = e~*". Define a linear

operator

A DA:{UE£2||<f,U>|<OO}—>£2, Au:<u>f>u0



58. THE ADJOINT OF AN OPERATOR 789

The domain of the operator consists of square integrable functions u
for which the integral

uf|—‘/ dZE<OO

exists, or uf € L. Since the domain of integration is not bounded, not
every square integrable function is also Lebesgue integrable. For this
reason D4 C L.

The operator A is not bounded and, hence, it is not continuous.
Indeed, suppose f € L, is locally integrable but f ¢ L5. Then the
numerical sequence

cn:/ |f(2)|*dz — oo as n — oo

diverges. Consider the following sequence in D4
0 x|l >n , 1 [ ) 1
w@ = {7 i on = el = [ P

So, {u,} is a null sequence in the domain D 4. Consider the image of
the sequence under the action of A:

Auy, = (Up, flug = uo—/ 7)|?dx = ug

Therefore
lim ||Au, —wo|| =0 < limAu, = ug

This implies that A is not continuous and, hence, it is unbounded.
It also provides an example of a pathological operator for which the
closure A does not exist (A is not closable).

The domain of this operator is dense in L. This assertion follows
from the relation between functional spaces:

SCDACLy = Dj=2L

Since the space of test functions for temperate distributions is dense in
Lo, s0is Dy.
Let us find the adjoint. One has to find all pairs (v, g) for which

(Au,v) = (u,g) Yu € Dy

Then all such v form the domain D4+« and all such g form the range
A*v = g € Ry by definition of the adjoint. Fix v € £5. One has

(Au,v) = ((u, f){uo,v) = (u, f)(uo,v) = (u, (ug, v) f) = (u, A*v)
= (u, A" — (up,v)f) =0
= A= (v,ug)f because Dy = L,
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However f ¢ L, and, hence, the latter equality is only possible if
(v,up) = 0. Thus, the domain of the adjoint consists of all functions
that are orthogonal to wug:

Dy ={ve Ly|{v,up) =0}

This means that the orthogonal complement D+. contains ug # 0 and,
hence, the closure of D4« is a proper subset of the Hilbert space

DA*C£2, A*v =0.

by the orthogonal projection theorem.

58.3. Properties of the adjoint. The adjoint has the following properties

PROPOSITION 58.3. (Properties of the adjoint)

(I) If an operator B is an extension of an operator A, then the
adjoint A* is an extension of B*

ACB = B'CA"
(IT) The adjoint is closed:

Ax = A
(IIT) The adjoint operators of an operator and its closure are the
same:

(IV) An operator is closable if and only if the domain of the adjoint
1s dense in the Hilbert space:
JA & Da=H
and in this case the closure is the double adjoint:
Z — A**

To establish (I), one has to show that v € Dp- implies v € D4~ and
A*v = B*v. Let v be from the domain of B*. This means that there
exists a unique g € H such that (Bu,v) = (u, g) for all u in the domain
of B. Since A C B, Au = Bu for any u in the domain of A and, hence,

(Bu,v) = (Au,v) = (u,g), u€ Dy
This means that v € Dy« and g = A*v = B*v for any v € B* or
B* C A
(IT). Let v be in the domain of the closure of the adjoint. This
means that there exists a sequence {v,} in the domain of A* such that
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v, — v and A*v, — ¢ (in which case A*v = g). For any u € Dy, one
has

(u, g) = lim(u, A*v,) = lim(Au, v,) = (Au, v)

by continuity of the inner product. This means that v € Dy« and
g = A*vor A = A*,

(IT). Let w be from the domain of the closure A. This means that
there exists a sequence {u,} C D4 such that u,, — w and Au,, — f
(in which case, Aw = f). For any v in the domain of the adjoint (A)*,
there exists a unique g such that (Aw,v) = (w,g) for all w € D5 (in
which case, (A)*v = g). By Property (I) (A)* C A* because A C A.
So, v € D y«. Therefore

(w, g) = (Aw,v) = lim(Au,, v) = lim{u,, A*v) = (w, A*v)

for all w in the domain of A. Since the domain of A is dense in the
Hilbert space (recall that A must be densely defined in order to have
the adjoint), it follows that g = A*v or (A)* = A*.

(IV). Suppose that the adjoint A* has a dense domain. Let us show
that A is closable. If one assumes that the latter is not true, then
there should exist a null sequence {u,} in the domain of A such that
Au, — f # 0. Let v belong to the domain of the adjoint A*. This
means that there exists a unique ¢ such that (Au,v) = (u,g) and,
hence

(f,v) = lim(Au,,v) = lim(u,, A*v) =0
for all v € Da«, by continuity of the inner product. Therefore f # 0
must be from the orthogonal complement of D 4+ which consists of the
zero element because Dy~ is dense in the Hilbert space. Therefore
f =0 and A must be closable. A proof of the converse as well as the
relation A = A** is more difficult and long, and will be omitted here®.

It is worth noting this property states that only “pathological”
densely defined operators would have the adjoint that is not densely
defined. If D4~ is dense, then the closure A can be constructed by
taking the double adjoint A** = A, which is often technically simpler
than finding the closure using the definition.

58.3.1. Example. Second derivative operators. Let Au(z) = u’(x) in
H = L5(0,1) and D4 = D(0,1). Note that u®(0) = u®(1) = 0 for
any p > 0. Let B be an extension of A such that D = C?0,1]. In
fact, one take C?|0, 1] as Dp for any p > 2.

Ssee a proof, e.g.,in: M. Reed and B. Simon, Methods of Modern Mathematical
Physics, Vol 1. Chapter VIII
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The adjoint operator A*. One has to find all pairs (v,g) in £5(0,1)
for which (Au,v) = (u,g) for all test functions u € D(0,1) and g is
uniquely defined by v. First, let us show that Ds. € AC'(0,1). For
any v € L5(0,1), there exists a sequence {v,} in a dense subset of
smooth functions, for which the integration by parts is permitted, that
converges to v, v, — v in L£5(0,1). For example, let us take D(0, 1) as
such a dense subset. Then

(Au,v) = lim(Au, v,) = lim/0 v (x)v,(z) d

— lim (u’(x)m‘; — u(x)m‘: + (u, vx>) = lim(u, v)

So, if v € Dy4-, then one should demand that v/ — g € £5(0,1). By
the fundamental theorem of calculus

i) = uifa) + [ " (y)dy = vala) + Koll(x),

tnla) = vnla) + [0 dzdy = o] (0) + Kol o)

for any 0 < a < 1. The operator K maps £2(0,1) into £5(0,1) (recall
that any square integrable function is locally integrable). The operator
K is bounded (as shown earlier). Therefore K is continuous and, hence,

o= f(@) = e+ Kg(x) = fla) + / ") dy.

vn = v(2) = co+ Kf(x) = v(a) + f(a)(z — a) + / " f) dy

where v/ (a) — ¢1, vp(a) — ¢o and the constants are fixed by setting
x = a. This shows that f € AC°0,1) and f'(x) = g(x) a.e., and,
hence, v € ACY(0,1) and v"(x) = g(x) a.e. Thus, Dax C AC(0,1).
The domain D4+ might still be further restricted by some boundary
condition (depending on Dy). Let us check if this is the case or not. For
any v € AC'(0,1) the integration by part is permitted twice because
u” is locally integrable, and one has

(Au,v) = / W (@ol@) dr = (2ol — ()o@ + o)
= (u,v") = (u, A*v)

because the boundary terms vanish for any v € D(0,1). This means
that

Dy = ACH0,1], A*v(z)=v"(z) € L(0,1).
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This method can be used for finding the adjoint of any differential
operator.

The adjoint B*. Using the same line of argument, it is shown that
Dp« C AC'0,1]. Then for any v € C?[0,1] and v € D4« one must
have

(Bu,v) = / W (@)o(w) do = o @) — u(eo @], + (0"
= (u, B*v)

which is possible only if the boundary terms vanish. Since the val-
ues u(0), v'(0), u(1), and u/(1) are unrestricted, this implies that the
corresponding boundary values of v must vanish. Therefore

Dp- = {v e AC'[0,1]|v(0) = v'(0) = v(1) ='(1) = 0},
B*v(z) = v"(x) € L2(0,1).
This example illustrates Property (I) of the adjoint operators. Clearly
B* C A* because Dp« C Dy« whereas Dy C Dgp.
The closure of A. The domain of A is dense in £2(0,1). For any

sequence u, of test functions that converges to u € £2(0,1), one has
by the fundamental theorem of calculus

uy, () Z/OmUZ(y)dyzflmUZ(y)dy
we) = [udn= [y,

because u,(x) and v/ (x) vanish at © = 0 and = = 1. If one demands
that u € Dj then there exists f € L9(0,1) such that u! — f. Inte-
grations in the above relations can be viewed as actions of a bounded
operator on v and v/. Therefore the convergence of u! to f implies
the convergence of v/, to some g € AC?[0,1] and

g(z) = /Omf(y)dyz
u(z) = / “gly)dy = / o) dy, (@) =g(z), u'(z)=flz)ae.

1

Cfw)dy, ¢@) = f(@) ae.,

It follows from this representations that u(0) = u(1) = 0 and ¢(0) =
g(1) = 0. This shows that the domain of the closure consists of func-
tions from AC'[0, 1] whose second derivative is square integrable that
satisfy the stated boundary conditions. Therefore

A=DB"
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The double adjoint A**. Let us calculate A** as the adjoint of A*
and verify the property A** = A. Since A*u = u”, the domain of A**
lies in class AC'[0,1]. One has to verify only for possible boundary
conditions. If v € D« , then there exists a unique g € L£(0, 1) such
that (A*u,v) = (u,g) for any u € D4«. For functions from AC'[0, 1],
the integration by parts is permitted twice so that

1

(A%u,0) = o (2)oa)| | — u(@)o'(@)], + (u0") = (u,9)

Therefore the boundary terms must vanish and A**v(x) = g(z) = u”(x)
a.e. The values of u(z) and v/(x) at + = 0 and = 1 are unrestricted.
Therefore one should demand that v(0) = v(1) = v/(0) = v'(1) = 0 so
that

A*=B*=A
The closure of the adjoint A* If u,, € Da- = AC*(0, 1] that converges
to some u € L£5(0,1), then

() =, (0) + / ") dy,
() = 1, (0) + / ") dy,

If u belongs to the domain of the closure A*, then there exists f &
L5(0,1) such that A*u = u/! — f. By continuity of the antiderivative
operator in the above relations, this implies that u!, — g € AC°[0,1]
and, hence,

/f Ydy. M):u(o)+/:g(y)dy

Therefore u € AC'0,1] = D4 and A*u(xr) = u”(x) a.e. Thus, as
expected, the ad301nt is closed
A= A*.
The adjoint of the closure A. If v belongs to the domain of the adjoint
of A, there exists a unique g € £5(0,1) such that (Au,v) = (u, g) for
all w € Dj and in this case g = (A)*v. It follows from the above

analysis that v must be from class AC[0, 1] and v” is square integrable
n (0,1). Therefore the integration by parts is permitted twice so that

(A 0) = (@0l — @), + (0" = {u,0)

This shows that (A)*v = v = A*v and the domain of (A)* coincides
with Dy« because the boundary terms vanish for any v € AC?[0,1]
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owing to the boundary conditions for © € D ;. Thus, as expected

(A) = A*.

58.4. Symmetric (hermitian) operators.

DEFINITION 58.3. (Symmetric (or hermitian) operator)
An operator A in a Hilbert space is called symmetric (or hermitian) if its

domain is dense in the Hilbert space and the adjoint A* is an extension
of A:

Dy=H, ACA*
that is,
A*u:Au, VUEDA, Djg C Dy«
The criterion for an operator to be symmetric is similar to the finite

dimensional case with one additional requirement that the domain must
be dense.

THEOREM 58.1. An operator A in a Hilbert space is symmetric if
and only if

(Au,v) = (u, Av), VYu,v€ Dy, Do=H
Note that the above condition implies that
(u, A'v) = (u, Av) = Av=Av, Yv € Dy

because Dy is dense (its orthogonal complement D+ = {0} contains
only zero element). Since (Au,v) exists for any v, it is concluded that
Dy C Dy«. So, A* is an extension of A.

For any linear operator A and any w and v from its domain, it is
not difficult to verify the polarization identity

Au, Av) = (u+v, Alu+v)) = (u—0v,A(u—v))
+i(u +iv, A(u+ w)) — i{(u — v, A(u — 1))
It follows from this identity and Theorem 58.1 that an operator A

is symmetric if and only if the quadratic form (u, Au) is real for all
u € Dy:

ACA & (u,Au) eR, Yu€ Dy.
As a consequence, all eigenvalues of a symmetric operator are real.

Indeed, if Au = Au for some non-zero u € D4 and some complex A,
then A|ul|? = Mu,u) = (u, Au) is real and, hence, A must be real.
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58.4.1. The second derivative operator as a symmetric operator. Consider
the operator

A D(0,1) = Ly(0,1), Au(zr)=u"(x)

This operator is densely defined and symmetric:

(Au,v) = /0 lu”(x)@d;p = /0 lu(:v)v“(:t) dr = (u, Av)

because the boundary terms arising after integrating by parts twice
vanish for test functions from D(0, 1).

One can enlarge the domain of the second derivative operator so
that the rule still makes sense, u” € L2(0,1). The operator remains
symmetric if functions from its domain obey suitable boundary condi-
tions. For example, let Bu(z) = u”(z) and

Dp = {u € C?0,1] |u(0) = u(1) = 0}

Then B is symmetric, which can readily be verified by integration by
parts. Since Dy C Dpg, B is a symmetric extension of A. From the
properties of the adjoint it follows that

AcCcBcCcB*C A"

This relation holds for any symmetric extension of any symmetric op-
erator. So, the domain of the adjoint of a symmetric operator is
shrinking upon a symmetric extension of the operator. It is there-
fore possible that for some symmetric extension B, the domains of B
and B* match. Operators with this characteristic property are called
self-adjoint. Their spectral properties are similar to those of symmetric
matrices in a finite dimensional Hilbert space. In particular, spectra of
self-adjoint operators define values of physical quantities, like energy
or momentum, in quantum theory. Eigenfunctions of some of such op-
erators form orthogonal bases in a Hilbert space, which is important
for Fourier methods for solving linear problems in a Hilbert space.

58.5. Self-adjoint operators.

DEFINITION 58.4. (Self-adjoint operator)
An operator A in a Hilbert space is called self-adjoint it is symmetric
and its adjoint has the same domain, Dy = D .

The difference between symmetric (or hermitian) and self-adjoint
operators is in the domain of the adjoint:
Symmetric (or hermitian) : A C A”
Self-adjoint : A = A*
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Every self-adjoint operator is symmetric, but the converse is not true.

58.5.1. Symmetric operators versus self-adjoint operators. Suppose that
A is symmetric, A C A*. Then the domain of the adjoint is dense in
the Hilbert space:

DyC Dy = Dyr=H
By Property (I) of the adjoint, A* = A*, which implies that

Since the double adjoint exists and by Property (II), A = A™, it is

concluded that
AC A= A"  (by Property (II))
AC A*=A*  (by Property (I))

Recall that A is the smallest closed extension of A. Therefore any
self-adjoint operator must be closed:

A=A = A=A

Let us summarize these observations about the domains of a symmetric
operator and its adjoint:

symmetric operator : A C A = A™ C A*
closed symmetric operator : A=A = A*™ C A*
self-adjoint operator : A=A =A™ = A*

Since self-adjoint operators are important for applications due to
their unique priperties, two natural questions arise:

(i) How to verify if a symmetric operator is self-adjoint?
(i) How to construct a self-adjoint extension of a symmetric operator?

58.5.2. Criteria for self-adjointness. There are several ways to answer
the first question. Given an operator A, one can always check if it is
symmetric or not using the criterion in Theorem 58.1 as it uses only
the domain D 4. If A happens to be symmetric, then one can construct
the adjoint A* and check if D4« = D4. However the construction of
the adjoint can be technically involved. Here is a criterion based on
the range of a symmetric operator.

THEOREM 58.2. Suppose that the range of a symmetric operator A
coincides with the whole Hilbert space H. Then A is self-adjoint:

ACA*, Ri=H = A=A"
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Since by the hypothesis D4 C D4+, to prove the assertion, one has
to show that v € Dy« implies v € Dy. If v € D4+, then there exists a
unique g € H such that (Au,v) = (u,g) and g = A*v. Since Ry = H,
there exists w € D4 such that ¢ = Aw and the following equalities
hold for a symmetric A

(Au, vy = (u, g) = (u, Aw) = (Au,w),

for all u € Da. Since Ry = A(D4) = H, this implies that (h,v) =
(h,w) for any h € H or v = w € Dy. Thus, Dy« = Dy and A* = A.

Unfortunately, this criterion can hardly be applied to symmetric
differential operators in an L space. For example, let Bu(x) = u”(x)
and the domain of B consists of all square integrable function such
that u” € L£5(0,1). It follows from the integral representation u'(z) =
u(a) + [ Bu(y)dy that «' is from AC°[0,1] and «' € L£5(0,1). By
repeating the argument, Dpg is found to consists of function from class
AC'[0,1]. Comparing B with the adjoint A* is constructed in Sec.
58.3.1, it is concluded that S = A*. Therefore B* = A* = A C A* or
B* C B and, hence, B is not symmetric.

Loosely speaking, if the range of a differential operator B is the
whole £5(1), where [ is an interval, then by applying an antiderivative
operator to an Lo function (which is permitted as any such function is
locally integrable on I), one can anticipate that the domain of the oper-
ator consists of functions from class ACP(I), where p is the order of the
differential operator, that are not restricted by any boundary conditions
at the endpoints of /. A verification of the condition (Bu,v) = (u, Bv)
requires integration by parts and all boundary terms arising from this
procedure must necessarily vanish. The latter is not possible because
u and v do not obey any boundary conditions. So, B is not symmet-
ric. In fact, B* C B because if B*v is defined by the same rule as
Bu, the relation (Bu,v) = (u, B*v) holds only if v satisfies boundary
conditions under which all boundary terms arising from integration by
parts vanish, or D+ C Dg.

So, with some exceptions, a construction of A* is necessary to verify
that A = A* and if A C A*, the second question becomes significant.

58.5.3. Essentially self-adjoint operators. Let A be symmetric. Then its
eigenvalues are real. Indeed if Au = \u

Suppose that A is self-adjoint. Then A* (and, hence, A) can only
have real eigenvalues. Indeed, let v be a non-zero solution to the eigen-
value problem

A v =X v, v E Dy«
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Since A* = A, v is also a non-zero solution to the eigenvalue problem
for A:
Au= XM, ué€ Dy = Dy

Note that the condition that D4 = D4+ is crucial for this conclusion. If
A is merely symmetric, then it is possible that v is not from Dy C D -
and A is not an eigenvalue of A. It follows that

Mu,u) = g)\u,u> = (Au, u) zi(u,A*u> = (u, Au) = (u, \u)
= Mu,u) = A=A

because ||u|| # 0. Thus, a self-adjoint operator cannot have complex
eigenvalues. All eigenvalues of a symmetric operator

How about the converse? It appears that the converse can also be
made true if, in addition, a symmetric operator is closed.

THEOREM 58.3. (Criterion for self-adjointness)
Suppose that A is symmetric. Then A s self-adjoint if and only if A is
closed and the null space of the operators A* + il consists only of the
zero vector (+i are not eigenvalues of the adjoint):

ACA* = (a)istrue < (b)is true
(a): A=A"
(b): A=A, Ny =1{0}

The use of this theorem requires that A has to be closed. If it is not
closed, then A cannot be self-adjoint. Therefore if one wants to find a
self-adjoint extension of a symmetric operator, one has to find all its
closures first and then apply the above criterion. This is not always a
simple task.

Essentially self-adjoint operators. Differential operators have domains
that are not closed in L£9(2) However, they are commonly closable
and, hence, may have self-adjoint extension.

DEFINITION 58.5. (Essentially self-adjoint operator)
An operator is essentially self-adjoint if its closure is self-adjoint:

(A =4
Typically energy operators in quantum mechanics are essentially

self-adjoint. Since (A)* = A* (Property (III)), the criterion for essential
self-adjointness is proved to be similar.

THEOREM 58.4. (Criterion for essential self-adjointness)
Suppose that A is symmetric. Then A is essentially self-adjoint if and
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only if A is closed and the null space of the operators A* + 11 consists
only of the zero vector (+i are not eigenvalues of the adjoint):

ACA* = (a)istrue < (b)is true
(a) : A is essentially self-adjoint
(b) : Nassxir = {0}

Example: Differentiation operator on a half-line. Let
Au(z) = —iu'(z)
A: Dy ={0"0,00) N Ly(0,00) |u(0) =0} — L(0,00)

This operator is symmetric, A C A*, because

(Au,v) = —z'/ ' (z)v(x) de = —iu(z)v() . + (u, Av) = (u, Av)
0

The boundary term vanishes for any u and v from the domain of the
operator A. If one wants to find out if this operator has any self-
adjoint extension by using Theorem 58.3, then all closures of A must
be constructed first. In this case, it is not difficult to do. But Theorem
58.4 saves the effort. It is sufficient to find A* and investigate solutions
to the equation A*v = +iv.

Let us find A*. For any v € D4~ there exists a sequence {v,} C Da
that converges to v and Av, = A*v, — ¢ (so that A*v = g). It
was shown earlier that D« € ACYN Ly and A*v = —iv’ where v/ is
square integrable on (0, 00). So, one has to check only if any boundary
conditions are required for functions from D4«. Let u € D4 and v be
absolutely continuous and square integrable in [0, 00). Then

R R

(Au,v) = —i lim v (z)v(x) = —i lim u(z)v(z)| + (u, A*)
R—oo [ R—oo 0
= iu(0)v(0) + (u, A*v) = (u, A™v)

The boundary term vanishes for any value v(0). Therefore

D4 = ACY[0,00)L5(0, 00)
Let us know show that A is not essentially self-adjoint, or it does not
have any self-adjoint extension. A general solution to the equation

A*v(z) = —iv'(z) = +iv(x)
reads

v(z) = Ce*®

where C' is a constant. The exponentially growing solution should be
discarded because it is not square integrable. Thus, the equation has
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a non-zero solution from the domain of D4-, which is v(z) = e™*. By
Theorem 58.4, A has no self-adjoint extension.

It is worth noting that A** = A and the domain of the closure is a
subset of the domain of the adjoint A* that consists of all absolutely
continuous functions that vanish at x = 0 so that

By Theorem 58.3, the closure is not self-adjoint.

Self-adjoint extensions of differential operators. In particular, if one wants
to find a self-adjoint extension of a differential operator, one should find
its symmetric extensions and compare them with the closure. The lat-
ter might be a challenging task. Fortunately, there is a simple criterion
to do so.

Any linear differential operator with smooth coefficients can be de-
fined on D(2) which is dense in L£2(€2). An extension is obtained by
enlarging the domain to some subspace of C?(£2). However an extension
is not generally symmetric even the operator on D(f)) was symmetric.
A symmetric extension is obtained if certain boundary conditions are
imposed at the boundary 0€2. Clearly there can be many symmetric ex-
tension of a differential operator. For example, for the second derivative
operator on an interval, these conditions were shown to be character-
ized by two real parameters (51/ca; and [Fy/ag). But, generally, not for
any set of parameters, the obtained symmetric operator is essentially
self-adjoint, that is, it has a self-adjoint closure. Thus, a differential
operator on D(f)) can have many self-adjoint extensions and can also
have none. In application, a choice of a specific self-adjoint extension is
determined by additional conditions (e.g., by experiments because the
spectrum of a self-adjoint operator (a collection of all eigenvalues), like
the energy operator, is observable, and different self-adjoint extensions
may have different spectra).

How to construct a self-adjoint extension. Theorem 58.4 offers useful
guide lines for constructing self-adjoint extensions of an unbounded
operator.

(1) Verify if a given operator A is symmetric:
Dia=H, (Au,v)= (u,Av), Yu,v € Dy

(2) Construct the adjoint, that is, find all pairs (v, g) for which
(Au,v) = (u,g) for all u € Dy. Then v € Dy and A*v =g €
Ra-.
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(3) Verify if the A is essentially self-adjoint:
Av =4+, vE€ Dy = 0v=0

If the latter holds, then the closure A is self-adjoint and (A)* =
A = A* (Property (III)). In other words, A* is the self-adjoint
extension of A.

58.6. Self-adjoint extensions of the differentiation operator in L-(0,1).
Let
A : Dy=D0,1) C L2(0,1) — L5(0,1), Au(x) = —iu'(2)

This operator is obviously symmetric because by integration by parts

(Au,v) = —i /0 @) = i /0 ()T di = (u, Av)

The boundary term vanishes as any function from D(0, 1) vanishes at
the endpoints.

The domain is dense in the Hilbert space, so the operator admits
symmetric extensions and some of which can be essentially self-adjoint.
Let us find them using the procedure outlined above.

Symmetric extensions of the second derivative. Let us construct all sym-
metric extensions of A with the domain in C?([0, 1]). Put

A . Dy CC*[0,1]) € £1(0,1) — Ly, Au(z) =" (2).

The domain is dense in £5(0,1) because its subset D(0,1) C Dy is
dense in £5(0,1). Then for any two functions from Dy, using the
integration by parts twice (which is valid for functions from D)

(Au,v) = /0 1 u"(z)v(z) de

= u’(x)@}; - u(x)v’(x)}; + /01 u(z)v"(z) dx

= u/(1)o(1) — u()v'(1) — ' (0)v(0) + u(0)v'(0) + (u, Av)
If one assumes that the local behaviors of the functions u and v near
x = 0 and x = 1 are unrelated to one another, the operator of the
second derivative becomes symmetric if its domain is restricted by two
conditions

u'(1)v(1)

u'(0)v(0

~—

u(1)v'(1
u(0)v'(0

~—

~—
I
<
~—
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If v(1) and v'(1) do not vanish simultaneously, then owing to that these
numbers are unrelated to u(1) and u'(1), it is concluded that
(1) v(1) :
= —==const = aqu(l)+pu'(l)=0
u(l)  o(1) @ @
for some complex «; and ;. The function v must also obey the same
condition as one can always swap u and v in the argument. Similarly,

aou(0) + Bou'(0) =0

One can always choose o ; to be real by dividing the above conditions
by the phase factor of the complex ag ;. These conditions are necessary
for A to be symmetric but not yet sufficient because the boundary terms
must vanish. If @; = 0, then «/(0) = 0 and v/(0) = 0 and the boundary
term vanishes at x = 1. If oy # 0, then

L) — u()Td) = (v(l) _ %7/(1)) (1)

1

_ (@ _ @7/(1)) W (D (1) = 0

o o
= b=
because «; is real. Similarly
w(0)0(0) —u(0p'(0) =0 = fo= /o

Thus, the second derivative operator becomes symmetric if its domain
is reduced to

Dy = {u e 02([0,1]) | anu(1) + B (1) = 0, agu(1) + Gou' (1) = o}

where g ; and 3y are real numbers. Note that imposing the boundary
conditions does not affect that D, is dense in £5(0,1). These boundary
conditions are known as the Sturm-Liouville type boundary conditions.
The construction of the adjoint will be discussed later.

The discussed approach to construct symmetric extensions of the
second derivative is not the only possible. Think of an example when
the endpoints of an interval are identified (the interval becomes topo-
logically equivalent to a circle). In this case, it is natural to admit
that values of u(0) and u(1) are related and so are «'(0) and u/(1),
e.g., any smooth function on a circle may be viewed as a periodic func-
tion for which u(0) = u(1) and «/(0) = %/(1). The periodic boundary
conditions also lead to a symmetric extension of the second derivative
operator (see also Exercises for all symmetric extensions of this type).
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Symmetric extensions. Let us try to extend the domain as much as
possible so that the integration by parts would still be applicable to all
functions from it:

A DscCH[0,1)) — £2(0,1), Au(z) = —iv/ ()

One has for any u and v from C'([0, 1])
(Au,v) = —z'/o U (z)v(z) de = iu(x)v(z)
= iu(1)v(1) — iu(0)v(0) 4 (u, Av)

;—l-z'/ol u(z)v'(z) dz

The extension is symmetric if the boundary term vanishes:

u(0) _v(1)

u(l) — v(0)

Since u and v are arbitrary, any function from D4 necessarily satisfies
the condition that

ACA = w0)=zu(l), z€C, YueDy

The boundary term vanishes:

u(0 v(1 1 ,
(): () = Z = - = |Z|:1 = Z:@ZG
u(l)  v(0) z
So, there are infinitely many symmetric extensions

Ay C A
labeled by a real parameter 6 € [0, 27):
Ag = Dy, = {uec CH[0,1]) |u(0) = ®u(1)}, Agu(x) = —iu(z)

The closure of symmetric extensions. The differentiation operator Ay is
not closed. Recall that D4, can be further extended to a subspace of
AC°[0,1]. The question is: Does the boundary condition survives the
closure?

Let us use the definition to construct the closure Ay. So, take
{un} C Dy, such that

limu, =u € L3(0,1), lim Agu, = —ilimu,, = f € £5(0,1)

one has to find all such u and f. Then Ayu = f. Using the fundamental
theorem of calculus

un () = un(0) + 4 /Or Apun(y) dy = u,(0) + BAgu, ()
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The integral operator B is bounded on £5(0, 1) and, hence, continuous.
So, by taking the limit one infers that

u(x) = u(0) +z'/0m fdy = weACY0,1], VYf € L£y(0,1)

The limit of the constant functions v,(z) = u,(0) exists by the limit
laws because v, = u, — BApu, and limv, = v where v(z) = u(0).
Applying a similar line of arguments, one can obtain another represen-
tation

u() = u(l) + i / F(y)dy

from which it is then established that the sequence w,(z) = wu,(1)

converges to a constant function limw, = w, w(z) = wu(l). Since
Vn (1) = u,(0) = €?u, (1) = e?w,(x), it is concluded that the boundary

condition survives the closure:

Thus,
Dz, ={ue AC®0,1] | u(0) = e®u(1)}, Ry, = £5(0,1).

The adjoint Aj. One has to find all pairs (v, g) such that
(Apu,v) = (u,g), Vu,v€ Da,, & wvE€Da, Agu=g.

Since Dy, is dense in £(0,1) and Dy C D s, for any v € D4 there
exists a sequence {v,} € Dy, that converges to v. Then

lim(Agu, v,) = (u,g), Yu € Dy,
Since Ay is symmetric and Dy, is dense in the Hilbert space
(Agu,v,) = (u, Agv,) = lim Agv, = —ilimv], =g

By the fundamental theorem of calculus

va() = 0a(0) + / ")y = va(0) + i / " Aovnly)dy
= v,(0) + BAgv, ()

Using the boundedness of the integral operator B and the convergence
of sequences {v,} and {Ayv,} in L£2(0, 1), it is concluded that

v(x) = v(0) +/0m g(y)dy = Day CAC°0,1], Ajv(z) = —iv'(x)

because g € L5(0,1) and, hence, g € £(0,1) by boundedness of the
interval (0, 1).
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Let us check if the boundary condition still holds in Dys. It is
demanded that

(Agu,v) = (u, Agv), Vu € Dya,, Vv &€ Da; C AC(0,1]

Since u € C([0,1]), the product uv € ACP[0,1] and the fundamen-
tal theorem of calculus holds for the derivative of the product (uv)'.
Therefore the integration by part is valid:

1

(u, Agv) = z'/o u(z)v'(z) de = iu(x)v(x)| + (Agu,v)

0

Using the same arguments as when constructing symmetric extensions
of the derivative operator from D(0, 1) to C'*([0, 1]), it is concluded that
the boundary condition also holds for functions from D Az because it
holds for u € Da,:

1 - - -

w@p(z)| = 0 = u@u()=u0p0) = v1)=c"0)
= Da; = {ve AC°(0,1]|v(0) = e"v(1) }

Self-adjoint extensions. Since Ay and its closure Ay share the same ad-
joint, the closure Ay is a self-adjoint operator if and only if the null
spaces of Aj &£ i/ contain only the zero element. One has to solve the
eigenvalue problem:

Ajv = +iv N —iv'(z) = Liv(z) N v(z) = Ce*®
v € Dy v(0) = ev(1) C = Ce*!
The boundary condition yields C' = 0 and, hence, v = 0. It is concluded
that
(Ag)* = Ay
that is, all symmetric extensions are essentially self-adjoint operators.

All self-adjoint extensions of the derivative operator are labeled by a
real parameter 6 € [0, 27).

Remark. Note that the eigenvalues of the self-adjoint extensions de-
pend on the extension parameter ¢

Agv = v N —iv'(z) = M(z) N v(z) = vp(2) = e
v € Dy, v(0) = e?v(1) A=\, =2mn—0
where n = 0,41,£2,.... In physics, the boundary condition ¥(0) =

¥ (1)e are often used to model anions, a generalization of spin states,
0 = 0 for bosons and 6 = 7 for fermions.
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58.7. Extensions of the differentiation operator in £5(0, 00). Put
A1 Dy=D0,00) = L3(0,00), Au(x)=—iv'(x)

The operator is symmetric because

(Au,v) = —z'/ o (x)v(x)de = z/ u(x)v'(z) dx = (u, Av)
0 0
by integration by parts (the boundary term vanishes).

Symmetric extensions. Let us take the largest extension of D, in the
class C' N Ly. Then by integration by parts

(Au,v) = (u, Av), Yu,v € Dy C C[0,00)) N Ls(0,00)
N u(x)@:’ —0 = w(0)u(0)=0
= Da={ueC'NLy|u0) =0}, Au(z)=—iv(s)

Thus, there is only one symmetric extension of A.

The adjoint A*. One has to find all pairs (v, g) such that
(Apu,v) = (u,g), Vu,v€ Da,, & wvEDa, Agu=g.

Since Dy, is dense in L5(0,00) and Dy C D s, for any v € Dy there
exists a sequence {v,} € Dy, that converges to v. Then

lim(Agu, v,) = (u,g), Yu € Dy,
Since Ay is symmetric and Dy, is dense in the Hilbert space
(Agu,vy) = (u, Agv,) = lim Agv, = —ilimo), =g

Since g € L5(0,00), it is locally integrable:
b b 1/2 b 1/2
[ la@lar < ( / m) ( / |g<a:>|2) < (b—a)g]| < o0
for any (a,b) C (0,00). Therefore for any such interval

< (b—a)?|Av, —gl| =0 as n— oo

/ (Ava(x) — g(x)) de

which implies that

lim ‘—z’(vn(b)—vn(a)) —/abg(x)dx —0

n—oQ
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for any (a,b) C (0,00). Since limw, = v in L5(0, 00), it is concluded
that for any a > 0

v(z) =v(a) —I—z’/mg(a:)dz = o€ AC0,00)
=  Du C AC"[0,00) N L3(0,00), A*v(x) = —iv'(1),

because g € Li,.. Note that the value v(0) is not known.
Let us now investigate if the boundary condition holds in the do-
main of the adjoint. It is demanded that

(Au,v) = (u, A"v), Yu€ Da, Vv & Dy«

Since u € C*' and v € AC? on any interval [0, b], the derivative of the
product uv belongs to ACY and, hence, the fundamental theorem of
calculus holds and so does the integration by parts:

b b b
/ vdu :/ d(uv) —/ udv
0 0 0

Therefore for any v € D -
. _
lim u(a:)v(z)’ —0 = u(0)(0)=0

b—o0

0

This condition imposes no restriction on v(0) because u(0) = 0 for any
function from Dy4. Thus, the boundary condition does not survives the
symmetric extension and

Dy = AC°[0,00) N Ly(0,00), A*v(z) = —iv(x)

Essential self-adjointness. Let us verify if the closure of A is self-adjoint

or merely symmetric (recall that (A)* = A*). One has to investigate
the eigenvalue problem:

Ajv = +iv —iv'(x) = tiv(x) L
{UED% = {UECQ(O,OO) = @)= A0

Thus, A is not essentially self-adjoint and has no self-adjoint extension.
The reader is advised to construct the closure of A and show that

AC A= A" C A*

where all the inclusions are proper.
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Remark. The operator A = —z'% is the momentum operator of a quan-
tum particle moving on a half-line. The motion is restricted by an
“infinite potential wall” at the endpoint. The momentum operator
has no self-adjoint extension and is merely symmetric (hermitian). In
contrast, the energy operator, which is proportional to the second de-
rivative, does have a unique self-adjoint extension (see Exercises).

58.8. Exercises.

1. Self-adjoint extensions of the second derivative.
Consider

A : Dy=D(0,00) — L3(0,00), Au(z)=u"(x).

(i) Show that A is symmetric on Dy.
(i) Show that A has infinitely many symmetric extensions

D4, = {C*([0,00)) N L(0,00) |u'(0) = au(0) }, Aqu(z)=u"(x).

where « is any element from the extended real system RU{occ}, where
the case @ = oo corresponds to u(0) = 0.

(iii) Constructing the adjoint A}, (part 1). Show first that for any
pair (v, g) such that

(Aau,v> = <u>g>> Vu € DAa

the following representation holds
@y
v(z) :v(a)+v'(a)z+/ / g(z)dz, 0<a<xz<b

and any b > 0, and conclude that D= C AC'[0,00) N L2(0, 00). To do
so, show first that for any such v there is a sequence {v,} in D4, that
converges to v. Next show that g € L£;,. and

/ab Agvp () dx — /abg(a:)dz

for any (a,b) C (0,00). Deduce from this relation that

lim (v),(6) = v} (@) = £(b) = ().

n—oQ

ﬂ@=ﬂ@+[¥@@eAme>

lim =0

n—oQ
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for any (a,b) C (0,00). Next, show that

lim (vn(b) - vn(a)) — h(b) — h(a),

h(x) = h(a) + /r f(y)dy € AC°[0, 00)

for any (a,b) C (0,00). Finally, use the above two relations to deduce
the required relation between v and g.

(iv) Constructing the adjoint A}, (part 2). Verify that the boundary
condition survives the symmetric extension for any o and

Das = {v e AC'[0,00)Ls(0,00) |v(0) = av'(0) }, A*v(z)=v"(z)

(v) Show that A, is essentially self-adjoint for all a by verifying
the criterion for essential self-adjointness and conclude that A’ is the
self-adjoint extension of A for all a:

ACA,CA,=AL=(A,)

2. Self-adjoint extensions of the second derivative in £5(0,1).
Consider

A Dy=D(0,1) — £L(0,1), Au(z)=1u"(z).

(i) Show that A is symmetric on Dy.
(i) Show that A has infinitely many symmetric extensions A C A, g
labeled by complex numbers a and f:

Da,, = {u€ C*([0,1]) [u(0) = au(1), v'(0) = pu'(1) af =1},

(iii) Construct the adjoint A, 5. First show that for any pair (v, g) such
that

(Aau,v> = <u>g>> Vu € DAa

the following representation holds

v(:v):v(a)—l—y’(a)x—l—/m/yg(z)dz, 0<a<z<b<l

by following the steps of Part (iii) of Problem 1. Conclude that D4+ e

AC'0,1]. Next, show that the boundary conditions holds for functlons
from D4 5 by Verlfylng the condition

(Aapu,v) =(u, Ag 5), Yu€Da,,, Vv€Da:,

(iv) Find all o and g for which A, s is essentially self-adjoint and,
hence, A has self-adjoint extensions.
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3. (i) Find all self-adjoint extensions for the Sturm-Liouville operator
A Da— L£50,1), Au(z)=u"(x),
Dy = {u e C2([0,1)) | aqu(1) + B/ (1) = 0, agu(1) — For/ (1) = o}

where g ; and fy; are real.

(ii). Find the eigenvalues of all self-adjoint extensions of A if o1 >
0, Bop =0, and ag + 81 > 0, g + By > 0.
Hint: The eigenvalues satisfy a transcendental equation. Solve it graph-
ically indicating interval in which each eigenvalue lies.

(i) Construct the closure A and compare it with A*

4. Construct the closure of A if
A Dp— L3(0,00), Au(z)=—i(z),
Dy = {u € C*[0,00)) N L(0,00) |u(0) =0},
by taking the double adjoint A** = A. Compare A with A*.

59. The spectrum of an operator

59.1. The spectrum of a square matrix. Consider a finite dimensional
Hilbert space ‘H. Then any linear operator on it, A : H — H, is
uniquely determined by its matrix elements in an orthonormal basis.
So, without loss of generality, let A be an n x n complex matrix:

A: CV-CV
Consider the eigenvalue problem
Au= lu
it has a non-zero solution if and only if
det(A—A)=0

Therefore A is a root of a polynomial of degree N. By the fundamental
theorem of algebra, any such polynomial has N complex roots if the
roots are counted with their multiplicity, that is, a root of multiplicity
2 is counted twice, etc. The collection of distinct roots

o(A)={N\}, j=12..,n<N

is called the spectrum of the matrix A.

This definition of the spectrum is impossible to extend to the infinite
dimensional case because, first, the determinant of an infinite matrix
has to be defined, second, only bounded operators are uniquely defined
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by their matrix elements. So, let us try to defined the spactrum of a
matrix without the use of the determinant. Consider the linear problem

(A= Xu=f.

It has a unique solution for any f if and only if A ¢ o(A), or the matrix
(A — M) is invertible in this case:

ANoA)cC = Fu: (A-X)u=f, VfeCV
The inverse of (A — AI) is called the resolvent of the matrix A:
Ra(N) = (A=A, Mg o(A)

In other words, A € o(A) if and only if the resolvent exists. Let p(A)
be a set of all complex A for which the resolvent exists:

p(A) ={A e C[IRA(N)}
Then, the spectrum of A can be found as its complement:

o(4) = C\ p(4).
This definition of a spectrum can be extended to the infinite dimen-
sional case because it involves only the question about sovability of the
linear problem which can be addressed for any operator in a Hilbert
space (Recall the classification of operator by the properties of the
inverse and the range).

59.2. The resolvent of an operator in a Hilbert space. The resolvent of
an operator in a Hilbert space H is defined via a unique solution to the
linear problem

(A=X)u=f, weDs, = u=Ra\)f

There are two conditions for solvability of this problem. First, the
operator A — Al should be invertible. Second, the vector f must be
from the range of A — AI. If one follows the analogy with the finite
dimensional case, then those \’s for which the operator A — AI is not
invertible would form the spectrum o(A). The second issue does not
even arise in the finite dimensional case because By definition the op-
erator A — AI is invertible if this linear problem has only the trivial
solution v = 0. By analogy with the finite dimensional case, the set
of complex A for which the linear problem has a non-trivial solution
should be the spectrum of A.

The spectrum of a matrix is always a non-empty finite collection of
complex numbers. Furthermore, recall from the linear algebra that if
the matrix is symmetric A = A*, then the spectrum is real, and there
exists a set of orthonormal eigenvectors that is a basis in CV. Let us
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study a few examples to see how many of these features survive in the
infinite dimensional case.

Example 1: An empty spectrum. Let
A Da={ueC(0,1])]u(0) =u(l) =0} — £5(0,1),
Au(z) = —iu'()

This operator is symmetric A C A* because by integration by part

(Au,v) = —z'/o o' (z)v(z) de = z'/o u(x)v'(z) dz
= (u, Av), Yu,v € Dy

and the boundary term vanishes. It is not difficult to find the adjoint.
One has to find all pairs (v, g) in the Hilbert space for which

<Au>'U> = <u>g>> Vu € DA

Note that D(0,1) C D, is dense in £y and so is Dy4. It was shown in
the previous section that D4« C AC°[0, 1] and A*v(x) = —iv(z) for any
derivative operator (for any boundary conditions). It is important to
investigate if the boundary conditions survive the symmetric extension.
Using the integration by parts it is concluded that

(Au,v) = —z'/o u(z)v(z)de = z'/o u(z)v'(z) d
= (u, A*v), uwe Dy, Yve ACY0,1]

The boundary terms vanish for any values of v(1) and v(0). Therefore,
the boundary conditions do not survive the symmetric extension and

Dy = ACY[0,1], Ra- = L£2(0,1), A*v(x) = —iv(x)

The operator is not essentially self adjoint because the null space N4+ 1;1
contains non-zero elements:

—iv'(z) = +iv(z) = wv(z)=Ce™™ e ACY[0,1]
Thus,
ACA=A"C A" = (A)
The reader is advised to show that
Dg={u€ AC°0,1]|u(0) =u(1) =0}, Au(r)= —iu(x),

that is, the boundary conditions survive the closure. So, the closure is
symmetric but not self-adjoint.
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Let is find eigenvalues of the closure

s = Lo 2ot - e

Thus, the resolvent R4(\) = (A—\I)~! exists for all A € C and, hence,
the spectrum o(A) is empty, even though the operator in question is
symmetric (or hermitian) in full contrast with the finite dimensional
case.

It is not difficult to find the resolvent. One has to solve the bound-
ary value problem:

(A=X)u=f, u€Dy,

where f must be from the range of A— AI which is a subset of £2(0, 1).
It is not difficult to find the general solution to the differential equation

—i/(z) — Mu(z) = f(z) =  u(z)=Ce™ +ie® /r e M F(y)dy .
0

for any f € £5(0,1) so that uw € ACY[0,1]. The solution must be from
the domain D4 C AC?[0,1], that is, it has to satisfy the boundary
conditions:

u(0)=0 = )C=0 = u(z)=1ie? /Or e M f(x)

u(x
1

W()=0 = / CNFdy =0 = (fo0) =0, vaz) = ¢
0

The latter condition shows that the range of A — AI is not dense in
the Hilbert space £5(0,1) because f must be orthogonal to vy. Conse-
quently, the domain of the resolvent is not dense in the Hilbert space:

Ra(N)f (@) = ie™ / TN (g)dy, (fro) =0

0

The resolvent here is a bounded operator

W%dﬂf@ﬂfaéIf@Nd$=<LLﬂ>§HHWfH=HfH

Therefore
IRa(N)| <1, VAeC

So, a symmetric operator can have no eigenvectors in the infinite di-
mensional case and its resolvent exists on the entire complex plane, in
full contrast with the matrix theory.
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Example 2: A discrete spectrum. Let
A s Da={ueC([0,1])]u(0) = u(l) = 0} — Ls(0,1),
Au(z) = —u"(x)

It was shown in the previous section that this operator has a symmetric
extension

D4, ={v e AC0,1]|u(0) = u(1) =0} — L£2(0,1), A*u(z) = —v" ()

Furthermore, A is essentially self-adjoint because the null space N4+4;1
contains only the trivial element v = 0. Thus,

ACA=A"= A= (A)
Let us investigate the resolvent of A (or its self-adjoint closure A).
Since

1
Mu,u) = (Au,u) = / W' (z)[?dz >0,, Yu€ Dy,
0

any eigenvalue A is strictly positive because a non-zero linear function
does not does not satisfy the boundary conditions. The general solution
to the equation

—u"(z) = Mu(z) = u(x)=Acos(vz)+ Bsin(vz), v=vVA>0,
satisfies the boundary condition if and inly if
V=v,=1n, n=12..
Thus, the spectrum is discrete
o(A) = {r2n2)
so that the resolvent R4()) exists if X # #*n? n = 1,2,.... The
corresponding eigenfunctions are
Au_du, = up(x) =sin(mnz), (up,um) =0,n#m

They are orthogonal and form an orthogonal basis in £5(0,1) by the
Steklov theorem® This example resembles the finite dimensional case
with one difference that the spectrum and the associated basis contain
countably many elements.

Let us construct the resolvent. For any complex A

—u(x) — Au(z) = f(z)
= u(x) = Cjcos(vz) 4+ Cy

y)dy
1% 1%

sin(vx) “sin(v(z —y))
[t
0
Ssee, e.g., V.S. Vladimirov, Basic equations of mathematical physics, Chapter
V, Sec. 22.3. This and related theorems will be discussed in the framework of the
operator theory later.
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where 2 = X. Note that the general solution depends analytically

on v? = X (which follows from the power series representation of the
cosine and sine functions). The resolvent is analytic in complex A\. The
solution lies in the domain of the operator if the boundary conditions
are fulfilled:

wW0)=0 = =0
W) =0 = Cy= /1 sin((l — y))

sin(v)

f(y)dy

R fa) = 2 [P
— /0m Sin(l/(i — y)) f(y)dy

Note that the integration constant Cs exists if and only if v # 7n and
the resolvent is symmetric under v — —v. So, the resolvent does not
exists only if A is an eigenvalue of A, A = 7mn, n = 1,2, .... The resolvent
is a bounded operator for any A for which it exists:

ARA(N) = [[Ra(N)| < o0.

A verification of this assertion is left to the reader as an exercise.

It is worth noting that A (or better its closure) is proportional to
the energy operator (Hamiltonian) of a particle in an infinite well. The
eigenvalues of the Hamiltonian are admissible values of the energy of
the particle. The operator A = —id/dz is the momentum operator of
the particle. The particle in a well has no states in which the momen-
tum has a specific value as was found in Example 1, despite that the
momentum operator is hermitian.

Example 3: Discrete spectrum in £2(R). Now recall that the functions
ul(x) = Ho(z)e™™/?, n=0,1,..

where H,(x) are Hermite polynomials, were proved to form and or-
thonormal basis in £2(R) and

Apn(r) = (@) + 2%pn(z) = (2n + 1)pn(2)

where A is defined on D4 = C?*N L. So, they are eigenfunctions of the
operator A corresponding to the eigenvalues \,, = 2n+1. The operator
A can be symmetrically extended to

DA*:{U6A01m£2|A*U:_U//+x22}€£2}> AQA*
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In the theory of ordinary differential equations, it is proved that the
equation
—u"(z) + (2* — Nu(z) =0

is a particular case for the so called hyper geometric differential equa-
tion. Its general solution is a hyper-geometric function. If, in addition,
it is demanded that the solution is square integrable, that is, necessar-
ily u(x) — 0 as |x| — oo, then such a hyper-geometric function exists
if and only if A = 2n + 1. This proves two things. First, the operator
A is essentially self-adjoint (A = 44 is not an eigenvalue of A*):

ACA=A"=A"=(A)
Second, the numbers A\, = 2n + 1 form the spectrum o(A4) = o(A4) as

the resolvent R 4(\) exists for all complex A # \,. The resolvent has
the form (see Problem 5 in Section 55.5)

RaWS0) = 3 g )

The resolvent is bounded for any A for which it exists. Indeed, if A # A,
then

A=A >a>0, Vn

and some positive a because the sequence {\,} has no limit point.

Therefore

L el L& e IR
Ra(N)f|? 2— —
| I"= Z Ve PR Dl o LR

and, hence,
1
ARA(A) = |[RANf] < o <.

This example again resembles the finite dimensional case. In quan-
tum theory, the operator A is proportional to the energy operator of a
quantum harmonic oscillator.

Example 4: Continuous spectrum. The operator
A S8— Ly(R), Au(z)=—iu'(z)
is also symmetric on its domain (the space of test functions of temperate
distributions) and it can be symmetrically extended A C A* where
A* 1 Dy =AC N Ly — Ly, A*v(x) = —iv'(z)
The reader is advised to construct the adjoint A*. The operator A is
essentially self-adjoint because the equation

A v(z) = —iv'(z) = tiv(z), veELy = wvx)=0
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has no square integrable solutions that are not identically zero. There-
fore just like in Examples 2 and 3:
ACA=A"=A" = (A

In quantum mechanics, the operator A is the momentum operator of a
particle moving on a line.
Let us investigate the resolvent. The equation

—iv'(z) = u(z), ueLly = wulx)=0, YreC

has no square integrable solutions for any complex A\. Therefore the
operator A — Al is invertible for any A € C.
Let us construct the resolvent. The problem

—i'(x) — Mu(z) = f(z), u,feS

can easily be solved by means of the Fourier transform if Im A = b # 0.
Indeed, taking the Fourier transform of both sides of the equation, one
infers that

(k= A)Flul(k) = FLf](K)

= u(z)=F"! {k‘[ﬂ(}\)] () =RaAN)f(z), ImA=b#0

This equation can be proved to hold for the closure of A because S
is dense in L5 and the resolvent operator is bounded if b # 0. The
boundedness of the resolvent on S can be established directly using its
above explicit form. Here a more general result is invoked to prove the
assertion.

THEOREM 59.1. For any u € Ly, its Fourier transform Flu] also
belongs to Lo, and the Fourier transform F : Lo — Lo is an isometry

lull* = 2x || F[u][l*,  Vu€ L
If w € S (a test function for temperate distributions), then the
assertion follows from F~'[u](k) = (27) ' F[u](—k) in R. By this the-

orem

RaOIF = Hf [MH) b ey |
A =141
Therefore
IRAN S < = |b| AfI, YfeLly = [[RaV)| < |IH11)\|
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If A € R, the resolvent is unbounded. Let u € Djy. Then v(z) =
e?%y(x) is also from D4 if A € R and moreover

u(x)| = lv(@)] = [lu] =[]

Therefore

(A= Au(a)| = [ Au(x)| = [Au(@)| = W@ijm”

Since the derivative operator is not bounded away from from zero in
L2(R) so is the operator A — Al for real A. Therefore this operator
cannot have a bounded inverse:

[RaQA) =00, AeR

The explicit form of the resolvent acting on f € § can also be obtained
by a suitable regularization of (k — A)~! in the Fourier transform:

RAMﬂwzifméWﬂvwm% AER

Examples 1 and 4 have one thing in common, the operators have
no eigenvalues. The difference is that the resolvent in Example 1 is
bounded for all complex A, while the resolvent in Example 4 is not
bounded only for real A.

59.3. The spectrum of an operator.

DEFINITION 59.1. (Regular value of an operator)
A complex number X\ is called a regular value of an operator A on a
Hilbert space H if all of the following three properties hold:

(R1)  3RA(N) = (A= XI)"t  (the resolvent exists)
(R2)  ||RAN)|| < o0 (the resolvent is bounded)
(R3)  Ra(A) is defined on a dense set in 'H
The operator in Example 1 has no regular values because the prop-
erty (R3) fails to hold. In examples 2 and 3 any complex A that is not

equal to an eigenvalue is a regular value. All non-real )\ are regular
values of the operator in Example 4.

DEFINITION 59.2. (Resolvent set)
The collection of all reqular values of an operator A is called the resol-
vent set of A

p(A) ={ A e C|\= regular value }
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DEFINITION 59.3. (Spectrum of an operator)
The complement

o(4) = C\ p(A)

is called the spectrum of the operator A and a complex number \ € o(A)
from the spectrum s called a spectral value of A.

The spectrum of the operator from Example 1 is the whole complex
plane o(A) = C because the operator has no regular values. The
spectrum of operators in Examples 2 and 3 is a real sequence {\,} C R
that has no limit point. The spectrum of the operator in Example 4
consists of all real numbers, o(A) = R.

59.4. Properties of the spectrum.

THEOREM 59.2. The spectrum of an operator A in a Hilbert space
1s the union of three disjoint sets

0(A)=0,(A)Uc.(A)Uac.(A)

where o,(A) is called the point (or discrete) spectrum and consists of
all spectral values for which the resolvent does not exist; o.(A) is called
the continuum spectrum and consists of all spectral values for which the
resolvent ezists but it is not bounded; and o,.(A) is called the residual
spectrum and consists of all spectral values for which the resolvent exists
but it is not defined on a dense set in a Hilbert space.

The spectra of the operators from the examples considered above
have the following classification:

Example 1 :  o¢(A) =0,(A)=C
Examples 2 and 3:  o(A4) =0,(A)={\,} CR
Example 4 :  o(A) =0.(A)=R

DEFINITION 59.4. (Approximate and compression spectra)
The union

0a(A) = 0.(A) U op(A)
1s called the approximate spectrum of the operator A. The union
Ocom(A) = 0,(A) U, (A)
15 called the compression spectrum of the operator A.

The name “compression” stems from that the range of the operator
A—M\I is compressed so that its closure is a proper subset in the Hilbert
space Ra_x; € Ra_x; C H.
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The following table defines the type of a spectrum using regular
values of the operator.

Properties satisfied | Properties failed | X €
(R1), (R2), (R3) —— p(A)
—— (R1) op(A)

(R1), (R3) (R2) oc(A)
(R1) (R3) o, (A)

The next table defines the type of a spectrum using the properties of
the resolvent

Properties of the resolvent A€

ARaN), [RaM[ <00, Ranr =H | p(A)

Ra(A) does not exist op(A)

ARAA), IRaN)[ =00, Raxr =H | 00(A)

HRA()\), Ry i CH UT(A)

Finally, recall the classification of operators from the point of view of
solvability of the linear problem (A — Al)u = f given in Section 56.6.

The following table defines the type of a spectrum using the class of
the operator A — AI.

Classof A— X[ | \¢€

(L,1%) p(A)
(I11,%) ap(A4)
(I1,%) 0c(A)

(I,2*%), (IL,2*) | 0.(A)

Here any suitable classification index can put in place of the star. For
example, (I,1*) means that either (I,1c) or (I,In) (in this case suitable
classification indices are “c” and “n”). The characteristic property of
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the compression spectrum is
RixiCH & A€Eowm(A)

59.5. The spectrum of a symmetric operator.

THEOREM 59.3. (Spectrum of a symmetric operator)
If A is a symmetric operator, A C A*, then

(Au,u) e R, Yu € Dy
the approximate spectrum is real
04(A) =0,(A)Uc.(A) CR
and two eigenvectors corresponding to different eigenvalues are orthog-
onal

(ur,ug) =0, Y\ # X €0,(A), Auj=Nu;, j=1,2

PROOF. The first property follows from the definition of the inner
product and the adjoint:

(Au,u) = (u, Au) = (Au,u) = (Au,u) €R

The approximate spectrum contains the point spectrum which is
the collection of all eigenvalues of the operator. Let A € 0,(A) be an
eigenvalue. Then there exists a non-zero element u € D4 such that

A
ANeoy(A) = Au=lu = /\:%ER
u
by the first property. Suppose that A € 0.(A). In this case the resolvent
is not bounded and, hence, the operator A — Al is not bounded away
from zero:

(A= A
AEo.(A) = RiN||=0 = inf——>—=
) Ra(N] Inf T

Put A = £ +4n. Suppose the contrary is true, that is, n # 0. Using the
basic properties of the inner product and that A is symmetric

[Au = dul|? = (Au — &u — inu, Au— Eu — inu) = || Au — Eul* + n?|ul]
> 1 ||u
which shows that A — AI is bounded away from zero and, hence, its
inverse Ra(\) must be bounded. A contradiction. Thus, n = 0 and
Aa(A) CR.
The third property follows from the equality
)\1(U1,U2> = <AU1,’U2> = <U1, AUQ> = )\2(U1,U2>
= ()\1 — )\2)(U1,U2> =0 = <U1,UQ> =0
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because A is symmetric, its eigenvalues are real, and \; # \y. O

DEFINITION 59.5. (Deficiency of a spectral value)
A spectral value X\ is said to have the deficiency m if the orthogonal
complement of the range of A — X\l has the dimension m:

m = dim Rj_/\l, A € Ocom(A)

The deficiency of a spectral value show how much the range of
the operator A — Al is smaller than the whole Hilbert space. Recall
from the linear algebra that if A is a symmetric matrix, then m is the
multiplicity of an eigenvalue A. A similar result holds in general.

THEOREM 59.4. (Compression spectrum)
A spectral value \ € oeom(A) of an operator A has the deficiency m if
and only if the complex conjugate X is an eigenvalue of the adjoint A*
with multiplicity m:

m=dimRy_,; =dimNy_5;, A€ ay(A).

PrROOF. Consider an operator B. Then Bu € Rp for any u in the
domain of B. The the orthogonal complement R3 is defined by

veERy < (Bu,v)=0, Yuéc Dg
Consider the adjoint B*. There are pairs (v, g) such that
(Bu,v) ={(u,g), Yu€Dp = DB'v=g, v€ Dp-

If v € R3, then a suitable pair is (v,0) so that B*v = 0. Therefore
R C Np- (the null space of B*). Conversely, if v € Np-, then

0= (u, B*v) = (Bu,v), Yu€Dp = wv&ERp
Thus,
Rp = Np-
Put B=A — AIl. Then
le_—AI = Na-_i1
The null space N 4._5; is the span of all eigenvectors
A*v = v, )€ a,(A).
Suppose that A\ € geom(A) has the deficiency m. Then
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is the multiplicity of the eigenvalue X of the adjoint and A € o,(A*).
Conversely, suppose that A € ,A* is and eigenvalue of A* with mul-
tiplicity m. This implies that R} ,; contains non-zero vectors and \
has the deficiency m:

THEOREM 59.5. (Spectrum of a self-adjoint operator)
If A is a self-adjoint operator, A = A*, then its spectrum s real:

o(A)CR
its residual spectrum is empty:
o, (A) =0 or oceom(A)=0,(A)
and multiplicity of any eigenvalue X € o,(A) is the deficiency of A:
m=dmNjg_r; = diij_/\I

PROOF. Since A is symmetric, its approximate spectrum is real, ,(A) C
R, and, hence, any complex A that is not real must be either in the
resolvent set p(A) or in the the residual spectrum o,.(A). Suppose that
the residual spectrum is not empty, o,.(A) # (). Then for any A € o,.(A),
the complex conjugate A must be in the point spectrum of the adjoint
A* (by the compression spectrum theorem) and hence be also in the
point spectrum of A because A* = A. Since the point spectrum is real,
so must be the residual spectrum. But the residual and point spectra
are disjoint sets. A contradiction.

ANEo.(A) = Ae€og,(A") =0,(4) o (A)=10

Since the residual spectrum is empty, the compression and point spec-
tra coincide, 0eom(A) = 0,(A) = 0,(A*), which means that any spectral
value with non-zero deficiency is also an eigenvalue whose multiplicity
is equal to the deficiency. O

UT(A)rg,(A)zm

59.6. How to find the spectrum of an operator. The properties of spec-
tral values of an operator in a Hilbert space allows us to develop a
procedure to find the spectrum of an operator. The domain of the
operator is assumed to be dense in the Hilbert space in order to define
the adjoint.

Step 1: Point spectrum, 0,(A). Solve the eigenvalue problem
Au= X u, uweDy = Ieogy,(A)
to find the point spectrum
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Step 2: Compression spectrum, ocom(A). Construct the adjoint A* and
solve the eigenvalue problem for the adjoint

Av=M, vE€Dy = A€ Tcom(A)

to find the compression spectrum of A as a collection of the complex
conjugated eigenvalues of the adjoint.

Step 3: Residual spectrum, 0,(A). Find the residual spectrum using
the decomposition

Teom(A) = 0r(A)U0p(A) = 0p(A) = 0eom(A) \ 0p(A)

because the residual and point spectra are disjoint sets.

Step 4: Continuum spectrum, o.(A). For any A € ocom(A), the resol-
vent R4 (A) exists. If the resolvent is bounded, then A € p(A) (the
resolvent set), otherwise A € o.(A):

[RaM[[ =00, A¢oem(A) = A€ o(A)

This can either be accomplished by evaluating the norm of the resolvent
if its explicit form is found or by finding all A for which the operator
A — A is not bounded away from zero.

Remark. If the operator in question is self-adjoint, then 0(A) = 0,(A) =
op(A)Uo.(A) C R and Steps 2 and 3 are not needed.

Example 5. Consider the operator
1
A L5(0,1) — £5(0,1), Au(z) = zu(x) +/ u(z)dz
0

Let us find its spectrum. The operator is symmetric on its domain.
Since the domain is the whole Hilbert space, the operator is self-adjoint,
A = A*. Let us find the point spectrum.

1
Au(z) = u(z), AeR = (z—Nu(x)= —/ u(z)dr =C
0
If an eigenfunction exists, it should have the form

u(z) = % €Ly(0,1) = Ae[0,1]

for some constant C' # 0. The eigenvalues, if any, must lie outside the
interval [0, 1]. Substituting u(z) into the eigenvalue equation and using
that

1 1 dr
/Ou(x)—C/O I_)\—C(ln|1—)\|—ln|)\|)
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the eigenvalue problem is reduced to the equation
e

l=InA|—-Injl=XA = A=X= ¢ [0, 1]

e—1
Thus, the point spectrum contains a single number
1
N )\0 — X

Au=X u = Xeoy,(A)={ o}, ulx)

Let us find the continuum spectrum. If A ¢ [0, 1] and X # X, then the
resolvent is easy to find:

Au(x)—)\U(fl?):f(x) = u(x):a;f(_x))\_ajg)\

where the constant C' is chosen so that u(x) is the solution:

szlu(a?)da?: lf(xl_c/;xdi

0o T —
1
/ f(y)
dy
52| v

= Raf(r)=

0
1

= (=
1+1In

fx

1 1
- / f(y)Ady
1+1In %‘ oY~

The resolvent is bounded. Indeed, if A [0, 1], then there is a positive
number a such that

O<a<|z—X, z€l01]
Therefore
2 1 2 1 2
IRAfI? < If = CIF < S (IIfIl+ 1)

where the triangle inequality was used || f — C|| < [|f]| + |C| because

the norm of a unit function is equal to one, ||1|| = 1, is this case. The
constant |C| can be estimated as follows:
VRN L= g
Cl < [1+m] ’—/ dy < [1+m|—=|] 2
o< e 3L [l < e 5|

because (1, |f]) < ||f]|. Thus,
IRafIl < M|fIl, VfeLy01) = [[Rall <oo

Note that the bound M increases as A — Ag. So, the continuum
spectrum, if any, must be in the interval o.(A4) C [0, 1].
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The resolvent exists in this interval because

Jo u(y)dy
xr—A

The right side of the equation cannot be square integrable for any
A € [0,1] for any u(z) # 0. Therefore only the trivial solution u(z) = 0
is possible, which means that the operator A — AI is invertible. It is
not straightforward to find an explicit form of the inverse. However,
the question about its boundedness can be answered without it. The
operator A — Al A € [0, 1], is proved be not bounded away from zero
and, hence, its inverse is not bounded. Indeed, for any A\ € (0,1),
consider the sequence

Au(z) — du(z) =0 <  wux)=

1, ze(MNA+1)
un(z) =49 =1, ze(A=2%))
0, otherwise

Then for all n for which (A — X, A+ 1) C (0,1),

I(A = Ay |* =

2
2 __
32 |wn||” = n

so that
[(A=Au,|> 1

=— —0 asn— o
1|2 3n

This implies that A — Al is not bounded away from zero. In a similar
fashion, it is not difficult to construct such sequences for A = 0 and
A = 1. Thus, the continuum spectrum is o. = [0, 1] and

o(A) =0c(A)Uay(A) =[0,1]U{A}, p(4)=C\o(A)
59.7. Exercises.

1. Spectrum of a projection operator
Let {v,} be an orthonormal set that is not complete in a Hilbert space
‘H. Define the operator:

P: H-H, Pu:Z(u,vn>vn

(i) Show that
P*=P and P*=P
(i) Show that
ap(P) = {1,0}
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(iii) Determine the range of P. Show that for any A ¢ o0,(P), the
resolvent is

Rp(Nf =1 =N"Pf =\ (f - Pf)
(iv) Show that the resolvent is bounded and that

o(P) = o,(P) ={1,0}

2. The derivative operator on a circle.
Define the operator

A Da={uecC(0,1])|u(0)=u(l)}, Au(z)=—iu'(z)
(i) Show that
op(A) = {2mn}>,

(i) Construct the adjoint A*. Show that A has a self-adjoint extension
and

o-(A) =10
(iii) Show that the resolvent is

Raf(x) = Cpe™ 1 i / A () dy
0
PN

1
ie ~
0 | ey

T 11—

for any complex A ¢ 0,(A).
(iv) Prove that ||Ra|| < oo and find the spectrum of the operator.

3. Repeat the analysis of Problem 2 for the operator
A Dy={uecCY0,1])]u(0) =c?u(l)}, Au(z)=—iu'(x)

where 0 € [0,27). Find the spectrum o(A)

4. Repeat the analysis of Problem 2 for the operator
A Da={uecC0,1])|u(0) =2u(1)}, Au(x)= —iu/(x)

where z € C. Find the spectrum o(A). Note that the operator is not
longer symmetric if |z] # 1.
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5. Quantum particle on a half-axis
Consider the operator

A Dy={ueC*[0,00))N Ly(0,00) | u(0) = 0} — L(0,00)
Au(z) = —u"(x)
(i) Show that A is symmetric, A C A*, and show that
Dy = {u € AC'[0,00) N L5(0,00) | u(0) = 0}
Show that A is essentially self-adjoint, and, conclude that the self-
adjoint extension is A = A* = (A)*.
(i) Show that o,(A) = 0.

(i) For all complex A ¢ [0, co) find the resolvent by solving the bound-
ary value problem:

—u"(z) — Mu(x) = f(x), u€ Dy
To do so, find the Green’s function
G(0,y) =0, lim G(z,y) =0, Vye€ (0,00)

A particular solution can be found by taking the Fourier transform of
the equation so that the general solution is
sin(v/Az) e

G(z,y) = Cy cos(VAz) + Cs A + F1 {k@ — )\} (x)

Find the constants C)2 to satisfy the boundary condition and show
that

G(z,y) =0(x — y)% 6i\/xm +0(y — I)% 6@'\/Xy

and that G(x,y) € £2(0,00) for any fixed z € (0, 00) so that
Ra) = [ Glaaslo) dy
0

where the cut of the complex plane to define v/\ is taken over the half-
axis Re A > 0 so that A = [A|e? and VA = \/]\[e?/2, where 6 € [0, 27).
(iv) Show that o(A) = 0.(A) C R. Show that if A <0

IRAN)|| <00, VA=iv, v>0.

This could be done either by showing [[R4(\) f|| < M]| f|| or by showing
that A — Al is bounded away from zero (in the latter case, Step (iii)
can be omitted if one is interested only in finding the spectrum o(A)).
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Conclude that o.(A) C [0, c0).
(v) Show that A — AI is invertible if A > 0. Use the sequence

sin(v\x)

= emn e Dy

Uy =
VA

to show that A — Al is not not bounded away from zero. The case
A = 0 is understood as the limit A — 0% in v,,. Conclude that

0(A) = 0e(A) = [0, 00)

which is the energy spectrum of a quantum particle on a half-line.

6. A justification of the large box approximation in quantum mechanics
Consider the operator

A Da={ueC*[0,b])|u(0) =u(d) =0} — L2(0,b),
Au(z) = —u"(x)
(i) Show that A is symmetric. Construct the adjoint:
Dy ={u € AC*0,b] | u(0) = u(b) =0}

Show that A is essentially self-adjoint. Conclude that o(A) = 0,(A) U
c(A)
(ii) Show that

(iii) Show that the distribution
sin (\/Xx<) sin (\/X (b— 17>))
T A ¢ ay(A)

where x. = min(z,y), x>~ = max(z,y), and x,y € (0,b), is the Green
function:

Gb(x> y) =

d2

Gy(0,y) =G(by) =0, 0<y<b,
Gi(z,y) € L2(0,b), 0<x<b
Conclude that
b
RANf(z) = / Gy(z,9) () dy
0

(iv) Show that

b b
IRANI < / / Gy y)Pdydy < oo
0 0
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and conclude that
0o(A) =0, o(A)=o0,(4)
(v) If A ¢ [0, 00), find the pointwise limit
Jim Gtz
Compare the resolvent set of the operator in this problem in the limit
b — oo with the resolvent set of the operator in Problem 5. The

outlined limiting procedure is often used in quantum mechanics to in-
terpret a continuum spectrum.



832 8. OPERATORS IN HILBERT SPACES

60. Compact operators

There is a particular class of operators in a Hilbert space whose
properties are close to those of matrices.

DEFINITION 60.1. (Compact operator)
An operator K is compact in a Hilbert space if the image {Ku,} of
any bounded sequence {u,}, ||u.|| < M, in the domain of K contains
a convergent subsequence:

I{ne} : {w} ={Kup,} is a Cauchy sequence

A compact operator has several equivalent definition. Here is an-
other one that is often used in applications.

THEOREM 60.1. An operator is compact if and only if it maps every
weakly convergent sequence to a convergent sequence in the norm:

V{u,} : lim(u, —u,v) =0, VoeH = lim|Ku,— Kul =0

This theorem offers a necessary and sufficient condition for an op-
erator to be compact. So, it can be used as an alternative definition of
a compact operator. The compact operators are also called completely
continuous operators because, as is shown below, they form a special
subset of bounded operators.

60.1. Properties of compact operators.

PROPOSITION 60.1. A compact operator is bounded:

(60.1) K is compact = ||K| < o0

This implies in particular that any compact operator can be ex-
tended to the whole Hilbert space. So, in what follows

K DK:H—>H

PROOF. Suppose that the converse is true, ||K|| = oo. This implies

that there is a unit sequence {u,}, ||u,|| = 1, whose image diverges:
IK[[=00 = 3{un}, [lunll =1+ lim [[Kupl = oo

Therefore one can always select a monotonically increasing subsequence:
{Kup} C{Ku,} || Ktp]| < ||Kum,||, Ymi < mq

Then the sequence {u,,} is bounded because ||u,,|| = 1, but its image
has no convergent subsequence. A contradiction. Thus, the operator
is bounded, ||K|| < oc. O
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PROPOSITION 60.2. Not every bounded operator is compact:
(60.2) the converse of (60.1) is false

Let A = I. It is a bounded operator |A| = ||I|| = 1. Take
an orthonormal basis in an infinite dimensional Hilbert space {uy,}$°.
Then Au, = u,. It is impossible to fund any convergent subsequence
in an orthonormal set because all elements are mutually orthogonal.
So, the identity operator is bounded, but not compact.

PROPOSITION 60.3. A compact operator maps every infinite or-
thonormal set to a null sequence:

K 1s compact
{un}(l)o : <un>um> = 5mn

PROOF. Suppose the converse is true, that is, {Kwu,} is not a null
sequence. This means that {Kw,} has infinitely many terms outside
any neighborhood of the zero element. Therefore for any € > 0 there
exists a subsequence such that

F{v,} C{un} + ||[Kvy]| >e>0

Since K is compact, there is a subsequence of {v,} whose image con-
verges to some element w:

(60.3) } = lim || Ku,|| =0

K is compact = F{w,} C{v,} : limKw,=u#0
because ||Kw,|| > ¢ > 0. By continuity of the inner product:
lim (Kwy,u) = [[u]|* # 0

By (60.1) K is bounded and, hence, its domain can always be extended
to the whole Hilbert space, while preserving its norm. Therefore a
compact operator has the adjoint defined on the whole Hilbert space
and

(Kwp, u) = (wn, K™u)
The sequence {w,} is an orthonormal set by construction, (w,, w,) =
Onm, By the Bessel inequality

D wa, o) <Y [(un, o) < o)), Vo eH

The convergence of the series implies that its terms tend to zero:
lim [(w,,v)|=0, YveH

n—oQ

In particular,
v=Ku = lim |[{(w,, K*u)| =0

n—oQ
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But the sequence (w,, K*u) = (Kw,,u) was shown to converge to
|lul[> > 0. A contradiction. Thus, {Ku,} is a null sequence. O

PROPOSITION 60.4. The inverse of a compact operator in an infinite
dimensional Hilbert space is unbounded:

K 1s compact
(60.4) JK! = |K' =

dim’H = oo
or, K is not bounded away from zero.
PROOF. Since dim’H = oo, there is an infinite orthonormal set {u, }3°,
(Up, Un) = Opm- By (60.3), its image is a null sequence lim || K'u,|| = 0.
This implies that K is not bounded away from zero and, hence, cannot
have a bounded inverse:

K, fuall =1, lim [[Ku,| =0 = [E7 = o
]

PROPOSITION 60.5. The limit a sequence of compact operators that
strongly converges(in the operator norm) is a compact operator:

{K,}5°, K, is compact

JK : lim, . |K — K,|| =0
PROOF. One has to show that the image of a bounded sequence under
the action of the limit operator K has a convergent subsequence. Take

a bounded sequence {u,,}3°, ||un,| < M. Since every K, is compact,
one can select subsequences with the following properties:

n=1, FHu}®c {u,}* : {Kub} converges

(60.5) } = K is compact

n=2, Hu?}®c{uM}®  {Kwu?} converges
n=1,2.., 3IHurt1e cuMye o (K, u"} converges

Let {v,,}$° be the subsequence that consists of the “diagonal elements”:
Vg = ul™

By construction the images of this sequence under the action of any

K, converge:

lim Ky,vp, =w, € H, n=12 ..

m—0o0

Fix € > 0. Then

|K — K,|| <e, for all large enough n,
| K (v, — v5)|| < e, for all large enough m , j
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by the convergence of { K, } and convergence of {K,v,,}°_; for any n.
Then it follows that the sequence { Kv,,} is a Cauchy sequence:

| Kt — Kogl| = (K — Ky )ow — (K — Ku)vj + Ku(va — )]
< N~ K)ol + 1K — K)ol + 1 Ka(vn — 0)]
< 1K — K)ol + 1~ K)ol + 15 (00— 05)]
< 2Me +¢

for all large enough m and j. By the completeness of the Hilbert space,
there exists w € H such that lim Kv,, = w. Thus, the image {Ku,,}
of any bounded sequence {u,,} has a convergent subsequence {Kv,,},
which means that K is compact. ([l

PROPOSITION 60.6. Every bounded operator with a finite dimen-
sional range is compact:

K: H— Rx CH
(60.6) dim Rx < o0 = K is compact
K| < oo

PROOF. Let N = dim Rk be the dimension of the range and {¢;}’ be
an orthonormal basis in the range Rx C H. Take a bounded sequence
{un} CH, ||un|| < M. Then

N
Ku, = chj¢j> Cnj = <Kum¢j>
j=1

Then ¢, = (a1, Cn2, ...y can) € CV ~ R?N. Since K is bounded, the
image sequence is bounded too:

[unll <M = [|Kun|| < [[KlJun]| < MK = lea]] < M[|K]|

By the Bolzano-Weierstrass theorem, every bounded sequence in a Eu-
clidean space has a convergent subsequence (see below). Therefore the
sequence {c,} C CV has a convergent subsequence, which implies that
{Kwu,} has a convergent subsequence and, hence, K is compact. O

PROPOSITION 60.7. A Hilbert-Schmidt operator is compact:

Ku(z) = [ K(z,y)u(y)d"y

(60.7) K(x,y) € L2(2 x Q)

} = K 15 compact

PRrOOF. If {¢,} is an orthonormal basis in Lo(£2), then
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is an orthonormal basis in L2(£2x2) (a proof is given below). Therefore
using Fubini’s theorem

Kym = K(x>y)wnm(x>y) dxdy
19549
//K:rycbm )dy dn(x) da
= (Kdm, dn)

By the Parseval-Steklov equality for Lo(£2 x ):

Xﬁwf=//W@w%W<w
o QJa

Consider the sequence of Hilbert-Schmidt operators Ky with kernels

KN(x,y)z Z Knmwnm(x>y)

n,m<N

The range of Ky is finite dimensional (its dimension is V). It is also
bounded

KN |? g/ﬂ Q|KN(x,y)|2d:rdy: > [ Kml* < 00
X

n,m<N

By (60.6), Ky is compact for any N = 1,2, ... This sequence operators
strongly converges to K:

|m=mw§/ K (2,y) — Kn(z,y)[2dzdy
QOxQ

= Z |Knm|2—>0 as N — oo

nm>N

because the series > |K,m|? < 0o converges. By (60.5), the limit op-
erator K is compact. 0

THEOREM 60.2. Let {¢,} be an orthonormal basis in L2(2). Then

UV (T, Y) = On ()P (y) is an orthonormal basis in Lo(§2 X Q)
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The orthonormality of the set is easy to check

<wnm> wn’m’> = Unm (z> y)wn’m’ (z> y) dxdy

_ /: Xg;(x)ng(x)dx /Q G )6 () dy

== 6nn’ 5mm’

One still has to show the completeness of the set. Note that the set
of complex conjugated functions {¢,} is also an orthonormal basis in
L2(2) because the Parseval-Steklov criterion for completeness holds:

> KadalP =g, ¢u)l* = llal* = llgll®

for any g € L£2(€2). Suppose that f € Lo(2 x Q) that is orthogonal to
all Y. Put

Fo(z) = / £ (@ 9)bm(y) dy

By the Cauchy-Bunyakowski inequality, this function is square inte-
grable

F()? < / Flay)lPdy = F e £2(Q)

because ||¢n]| = 1 and f € L2(Q x Q). Therefore one can take the
inner product:

@
(B &n) = (f,0am) =0, Vm
where (1) holds by Fubini’s theorem. By completeness of {¢,,}, Fi,.(z) =
0 and, hence, f(z,y) = 0 a.e. for any = € €. Similarly, one can show
that

Guly) = / o y)on@ de € Lo(Q)

and (G, ¢n) = {f, Ynm) = 0 so that G,, = 0 and f(z,y) = 0 a.e. for
any y € Q. Thus, f(z,y) =0 a.e. and f =0 in L5( x Q).

PROPOSITION 60.8. The product of bounded and compact operators
18 a compact operator:

Kis compact }

(60.8) 1A < oo

KA and AK are compact
PROOF. Take a bounded sequence {u,}, ||u,|| < M. Then by compact-
ness of K, the image sequence {Kwu,} has a convergent subsequence,
say, { Kv,}. A bounded operator is continuous and, hence, the sequence
{AKwv,} also converges. So, AK is a compact operator.
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The sequence {Au,} is bounded because
[ Aun || < [[All[Junll < M|A]l < oo
By compactness of K, the sequence {K Au,} has a convergent subse-
quence and, hence, KA is a compact operator. O

60.2. Spectral properties of a compact operator. '

PROPOSITION 60.9. A compact operator can have only finitely many
linearly independent eigenvectors for all eigenvalues outside any disk
centered at the origin:

(60.9) Kis compact = dim U Nk _yxr <oo, Va>0
[A|>a

PROPOSITION 60.10. A non-zero spectral value of a compact oper-
ator is in either the point spectrum or in the resolvent set:

Kis compact

(60.10) A0

} = AMe€o,(K)Up(K)
Recall that an isolated eigenvalue is a pole of the resolvent. It
follows from the properties (60.9) and (60.10) that

e the resolvent of a compact operator has finitely many poles in
any open region of the complex plane that does not contain
zero.

PROPOSITION 60.11. The residual or continuum spectrum of a com-
pact operator is either empty or consists of a single point \:

Kis compact

(60.11) A0

} = Ao (K)Uo.(K)

0
{0}
PROPOSITION 60.12. If a complex number is an eigenvalue of a

compact operator, then its complex conjugation is an eigenvalue of the
adjoint, and these eigenvalues have an equal finite multiplicity:

= oK) Ua ) = {

Kis compact

(60.12) A0

} = dimNK_,\IzdimNK*_;\1<oo

"Proofs of the following propositions (or equivalent to them) can be found in F.
Riesz and B. Sz.-Nagy, Functional analysis, Sec. 93; I. Stackgold, Green’s functions
and boundary value problems, Chapter 5, Sec. 8; M. Reed and B. Simon, Methods
of Modern Mathematical Physics, Vol. 1, Chapter VII
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PROPOSITION 60.13. Zero belongs to the approximate spectrum of
a compact operator in an infinite dimensional Hilbert space:

Kis compact
dimH = oo

PROPOSITION 60.14. Zero belongs to the continuum spectrum of a
compact operator in an infinite dimensional Hilbert space if the operator
18 invertible:

(60.13) } = {A=0} Cou(K) = 0,(K) Uo(K)

Kis compact
(60.14) dimH = oo =  o0.(K)={0}, o(K)=0,

JK-!
and, in this case, zero is not an eigenvalue, the residual spectrum of
the operator is empty, while the continuum spectrum contains only one
point, zero.

Summary of most important properties of the spectrum.
(K1) The spectrum o(K) of a compact operator K is at most count-
able:
o(K)={\}CcC
(K2) Any non-zero spectral value belongs to the point spectrum:
Aea(K), AX#0 = Xeog,(K)
(K3) Every non-zero eigenvalue has a finite multiplicity:
ANeo,(K), AN£0 = dimNg_yxj=m< 0

(K4) The point spectrum can have only one limit point, zero.

(K5) Zero belongs to the approximate spectrum if a compact oper-
ator acts in an infinite dimensional Hilbert space. If, in addi-
tion, the operator is invertible, then zero is not an eigenvalue:

dmH =00 = 0€0,(K)=0,(K)Uo.(K)
= 0€o0.(K) if IK!
Properties (K2) and (K3) are a restatement of (60.10). Property
(K1) follows from (60.9) and (K2). Property (K4) follows from (60.9)

and (60.10). By (60.9), it is possible to order the eigenvalues {\,} of
a compact operator into a monotonically decreasing sequence

M2 el 2 2 Pl 2 ] 2 -

where |\| is the largest eigenvalue. It exists because a compact opera-
tor is bounded. Then this sequence either converges to zero and, in this
case, zero is the limit point of the spectrum, or it does not converge
to zero. In the latter case, there is an open disk centered at the origin
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in which there is at most one spectral value, zero, and by (60.9) the
spectrum is finite and, hence, cannot have any limit point. Property
(K5) follows from (60.11)

It is also worth noting that if zero is an eigenvalue of a compact
operator, then its multiplicity can be infinite. For example, consider an
orthogonal projection onto a finite dimensional subspace of an infinite
dimensional Hilbert space. Then this operator can be defined in a
suitable orthonormal basis {¢,} in the Hilbert space:

N
K: H—RgCH, Ku=>» (1,0

j=1
This projection operator is compact. Indeed, take a weakly convergent
sequence {uy, }:

lim (u, —u,v) =0, YveH

n—oQ

Then
Ku, — Ku = Z(un — U, P;)P;

j=1

and, hence,
N
lim [|[Ku, — Kul? = lim >~ |(u, — u, ;)]
n—00 n—0o0 1
‘7_

N
= > lim [(uy = u, )" =0
= n—o0

Thus, the image of any weakly convergent sequence is the sequence
that converges in the norm. Therefore K is a compact operator. Note
well that changing the order of summation and taking the limit always
holds for a finite sum but might not be possible if the range is infinite
dimensional.

The spectrum of the projection operator is

o(K) = op(K) = {0,1}

The multiplicity of the unit eigenvalue is N < oo in accord with (K3),
whereas the multiplicity of the zero eigenvalue is infinite:

Nk = Rj; = dim Ng = dim Ry = oo
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60.3. The Fredholm alternative for compact operator. Here the linear
problem

Au= (K —XN)u=f

for a compact operator K is analyzed. It turns out that its solution
has properties similar to a finite dimensional case.

THEOREM 60.3. (Fredholm alternative)
Let K be a compact operator in a separable Hilbert space. Put

A=K -\, A*=K*- X, \eC

If X # 0, then either the following alternatives holds

(a) The equation Au =0 has only the trivial solution (A ¢ o,(K))
and, in this case, the adjoint equation A*v = 0 has also only
the trivial solution (A & o,(K*)) and the linear problem Au =
f has precisely one solution.

(b) The equation Au = 0 has finitely many linearly independent
solutions (A € 0,(K), dim Ny = m < o0) and, in this case,
the adjoint equation A*v = 0 has the same number of linearly
independent solutions (A € o,(K*), dim Ny = dim Ny = m <
o0 ) and the linear problem Au = f has solutions if an only if
f lies in the orthogonal complement of the null space of the
adjoint A* (f € N+.). The general solution has the form

m
U= Up + Uy = Up + E Cju;
J=1

where u, 1s a particular solution and ug is a generic element
from the null space of A; it can be expanded over any basis
{u;}7" in Ny, m = dim Ny.

A proof of the Fredholm alternative is based on three following
facts®:

THEOREM 60.4. The orthogonal complement of the range of an op-
erator A is the null space of the adjoint:

Ry = Ny-

THEOREM 60.5. (Solvability for operators with closed range)
If an operator A has a closed range, then the linear problem Au = f

8L Stakgold, Green’s functions and boundary value problems, Chapter 5, Sec-
tion 5
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has a solution if and only if f belongs to the orthogonal complement of
the null space of the adjoint:

FAZRA = du: Au=f < fENj{*

THEOREM 60.6. (Criterion for the range to be closed)
Let A be a closed operator, and let A be bounded away from zero on
NiNDa. Then the range is closed.

Suppose A = K — A\l where K is a compact operator. Any complex
A # 0 is either from the point spectrum o,(K) or from the resolvent
set p(K) by (60.10). If A € p(K), then the range R4 = H is the whole
Hilbert space and A is invertible (the inverse is bounded). Therefore
the linear problem Au = f is well posed and has the unique solution
(A € (I,1c)). Furthermore by Theorem 60.4:

Na- = Ry =H = {0}

so that the alternative (a) holds.

The alternative (b) would follow from (60.12) and Theorem 60.5 if
the range R4 is proved to be closed. The later is established by mean
of the criterion given in Theorem 60.6. Let us show that A = K — \I
is bounded away from zero on Ny:

lAu]l = Cllull,  Vue Ni

If this were not true, then there should exist a unit sequence {u,} C
N7, |lun|| = 1, such that ||Au,|| — 0 as n — oco. Since K is compact,
the image sequence { Ku, } should have a convergent subsequence. So,
let us take a subsequence {v,} C {u,} such that the sequence { Kv,}
converges. Since Av, = Kwv, — A\v, converges to zero and Kwv, also
converges, by the limit laws, the sequence {v,} must have a limit, say,
v because A # 0. By continuity of a compact operator (a compact
operator is bounded), it is concluded that

nlirgo(Kvn—)\vn) =Kv—-—X =0 = 0v&Ny
Recall that the orthogonal complement of a linear manifold is closed
so that N is closed and, hence, the limit of the sequence {v, } must in
Nj. There is only one element which belongs to Nj and Ny4. It is the
zero element. Thus, v = 0. But v is the limit of the unit sequence and,
hence, ||v|| = 1. A contradiction. So, A is bounded away from zero on
N7 and, hence, the range R, is closed.
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60.4. The spectrum of a symmetric compact operator. Since every com-
pact operator is bounded, it can be extended to the whole Hilbert
space. Therefore every symmetric compact operator is automatically
self-adjoint:

K is compact and symmetric = K =K"

PROPOSITION 60.15. The spectrum of a compact self-adjoint oper-
ator is not empty:

K is compact
(60.15) K=K"* = K=0
o(K) = {0}

PROPOSITION 60.16. The non-zero eigenvalues of a compact self-
adjoint operator are real and have finite multiplicity, and the corre-

sponding linearly independent eigenvector can be chosen orthonormal
so that

K is compact Ku =73, \j{u, ej)e;
(60.16) K=K~ = Kej = )\jﬁ’j, <6j, €k> = 5jk
{)\j}:U(K) dimNK_)\j[<OO

Eigenvectors corresponding to distinct eigenvalues of a symmetric
operator are orthogonal. Since the multiplicity of any non-zero eigen-
value of a compact operator is finite, the null space N _y;; has finitely
many linearly independent vectors. They can be turned into an or-
thonormal basis in N, K-\ If {e;} is the collection of orthonormal
vectors for all eigenvalues A\; # 0, then by Riesz-Fisher theorem the
following series converges

v = Z<U,6j>€j € Nz, VYueH
J

and by continuity of K

Kv = Z ANj(u, e;)e;
J

The null space N is closed (by continuity of a compact operator) and
by the projection theorem there is a unique decomposition v = v + w
where w € Ng and v € Nj. It follows that Ku = Kv + Kw = Kw.

PROPOSITION 60.17. Linearly independent eigenvectors of a sym-
metric, self-adjoint operator that is invertible can be chosen to form an
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orthonormal basis in the Hilbert space:

K 1s compact
(60.17) K=K~ g o U= > j(u,ej)ej, VueH
JK! Kej = Ajej,  (ej,ex) = 0

If K is invertible, then A\ = 0 is not an eigenvalue so that Ny = {0}
and the orthonormal set in (60.17) becomes an orthonormal basis. The
operator K is invertible and

Ku=f = UZK_lf:Z%<f,€j>€j
PRy

Furthermore by (60.14), the inverse is not bounded in an infinite di-
mensional space:

dmH =00 = 0€o0.(K) = |K'|=0c

60.5. The spectral theorem for compact self-adjoint operators. Let f and
g be two vectors in a Hilbert space, define the operator

Au= (u,q9)f, YueH
This operator is called a tensor product of f and ¢ and is denoted by
A=f®g
In particular, for any unit vector ||e|]| = 1, the tensor product operator
P=c®e = Pu=(uee

is the orthogonal projection of any vector on e, P2 = P and P* = P.
If dim’H < oo, the property (60.16) can be restated as the sum of the
projection operators
K = Z )\jﬁ’j (%9 €;

J
It turns out the this representation holds for any compact self-adjoint
operator. There are only finitely many distinct eigenvalues outside
any interval that does not contain zero for any compact operator, and
every such eigenvalue has a finite multiplicity. Consider the sequence
of operator defined by finite sums

Kn = Z )\jﬁ’j &® €;
IAj1><
The sequence of operators {K,,} is proved to strongly converge to K:

lim ||K — K| =0
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The assertion is known as the spectral theorem for compact self-adjoint
operators.

THEOREM 60.7. (Spectral theorem for compact self-adjoint operators)
Let K be a compact and self-adjoint operator in a separable Hilbert
space. Let P; be the orthogonal projector on the null space Ni_x;1 (the
space of all eigenvectors of K corresponding to the eigenvalue \;):

YueH, PjuENK_)\j[, szzpj, P;:PJ

Then the operator K and its resolvent can be written as

K=Y NP
i

P.
j J

where the series converges strongly (with respect to the operator norm).

Let m = dim Ng_y,s, and let {ej,};_, be an orthonormal set of
linearly independent eigenvectors corresponding to the eigenvalue \; #
0. Then

m
Pi=) epn@esm
n=1

60.6. Foundations of the Fourier method. The spectral theorem for com-
pact self-adjoint operators provides foundations for the Fourier method
to solve partial differential equations. The basic idea can be formulated
as follows. Consider the initial value problem

U:e(%t) = Lu($>t)> t>0, u|t=0 = UQ(ZL’)

where L is a linear differential operator independent of the parameter
t (e.g., time or any other “evolution” variable).

L : Dy CCP(Q)C L) — L)

where € is open in a Euclidean space, and Dy, is dense in £2(€2). Con-
sider the eigenvalue problem

Lu = )\u

Suppose that A = 0 is not an eigenvalue. Then L is invertible. The
inverse of L is an integral operator whose kernel is a suitable Green’s
function
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where G(z,y) is also required to satisfy some boundary conditions for
functions in the domain D;. Then

mezLﬂwwzfeuwm@w%

Q
The eigenvalue problem can be restated for the integral operator K:

1
Lu=Mu = Ku=~¢&u, SZX
Suppose that the Green’s functions is such that the integral operator
K is compact and symmetric, e.g., G(x,y) is the kernel of a Hilbert-

Schmidt operator such that

Gy, x) =G(z,y) € L3(A x Q) = K*= K is compact
Note that L is essentially self-adjoint. Then linearly independent unit
eigenvectors form a basis in £5(€2) which can be made orthonormal.
The basis functions are also eigenfunctions of L with reciprocal eigen-
values \; = 1/&;. This allows us to write the solution to the initial
value problem using the expansion of the initial data into the Fourier
series

Kej=¢ej, (ejen) =0 = Lej=Xej, N =<

Uy = Z<u0,€j>6j = u= Ze’\ft(uo,ej>ej
J J

provided the series converges for all £ > 0 (or at least in some interval

0 <t <t). For example, if \; < 0 (this is a heat or diffusion type

of partial differential equations, then the convergence in the mean is

guaranteed

lull> =" e (uo, ) < Y (o, ) = [Juol® < oo
J J

If the evolution equation of the Schroedinger type, then the norm is
preserved in the evolution:

wp=Lu = u=Y e Muge)e; = ul® = Juol?
J

The wave type equation

ufy=Lu, t>0, wu

/
Uo , Uy
t=0 t=0

U1

can be treated similarly.
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If € is bounded, then the eigenvalue problem for an essentially self-
adjoint second-order differential operator

Lu(z) = —div (p(x) grad u(x)) + q(z)u(x)
where the parameter functions p and ¢ and the boundary condition for
u € Dy, at 0N are chosen so that
(Lu,uy >0, Yu#0¢€ Dy

is known as the Sturm-Liouville problem for elliptic equations®. It is
solved exactly along the lines indicated above. Here the simplest ex-
ample is considered just to illustrate the concept.

Heat and Schroedinger equations in an interval. Consider the second-
derivative operator

A Dy={uecC*]0,1])|u(0) =u(l) =0} — L5(0,1)
Au(z) = —u"(x)
This operator was shown to be essentially self-adjoint:
AcC A= A" = (A)
So, one can consider the self-adjoint extension A instead of A. Its
spectrum is discrete

a(A) = 0,(A) = {(mn)*}32,
The normalized eigenfunctions for an orthonormal set
Agpn = (Wn)zgpn’ Spn(l’) = ﬂsin(ﬂnx) , <me ij> — 5nj

The key question: Is the orthonormal set {p,}5° an orthonormal basis

This question can be answered by means of reducing the eigenvalue
problem for A to the eigenvalue problem for an integral operator which
is a symmetric Hilbert-Schmidt operator and, hence, compact. Since
A = 0 is not an eigenvalue of A, A is invertible

—u"(z) = u(z) = wulx)= )\/0 G(z,y)uly) dy

G(r,y) =2(1—y)0(y —x) + (1 — 2)yd(z — y)
It is not difficult to see that

1 1
Gla,y) = Cly, ), / / G (e, y)Pdyzy < oo
0 0

9A further discussion can be found in: V.S. Vladimirov, Equations of Mathe-
matical Physics, Chapter V.
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Therefore the operator

K @ L5(0,1) — £5(0,1), Ku(:z)z/o G(z,y)u(y) dy

is a compact self-adjoint operator on £5(0,1) (as a symmetric Hilbert-
Schmidt operator). Using the closure of A, it is not difficult to see that
the eigenvalue problems for A = A* = (A)* and K are equivalent:

Ku=¢u < Au=>u

where A = 1/£. By the theorem spectral theorem for compact self-
adjoint operators, it is concluded that:

U = Z(u,gpn>g0n, Vu € £2(O> 1)
n=1
=1
K = (A) :Zﬂnz(p“@(p"
n=1

The first series converges in the mean, the operator series converge
strongly (in the operator norm). Note that &, = 1/\, = (mn)~2. Zero
is the limit point of the spectrum o (K) in full accord with the developed
theory of compact operators.

Consider the initial and boundary value problem for the heat equa-
tion

u:ﬁ(:mt) :—/Iu(x,t), u :u0($)> ue Dj

t=0

The eigenfunctions ¢,, of A were proved to form an orthonormal basis
in £5(0,1), the solution is given by

—(mn)?2
= 3 e ™ g, ) ()
n=1

The series converges in the mean and
lul® < fluoll, ¢>0

It should be noted, however, that this solution might not be from class
O? as is required in the classical theory of partial differential equations.
For this reason, the above solution is called a formal solution in the
classical theory.
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Consider the Schroedinger equation for a free particle in a box °:

iy, t) = —Au(x,t), u‘ =wug(r), wcuc Dy

Then the solution to the initial value problem is

ulw,t) = ™ g, o) ()

n=1

The series converges in the mean and

ul|? = [Juo, t>0.
60.7. Exercises.

1. Consider the eigenvalue problem for the operator
A Dy={ueC*[0,1])|u(0) =u/(1) =0} — L£5(0,1)

Auw) =~ (pp' (), pa)>0, pec(o,1))

(i). Prove that A is invertible and that the following two problems are
equivalent

Au=X u, we Dy &

Ku=¢u, ueC(0,1)), Ku(a:)z/om@/ u(z)dz

that is, if u € D4 solves the differential equation, then it also solves
the integral equation, and if u € C'([0, 1]) solves the integral equation
then u € D4 and solves the differential equation.

(ii). Prove that K is the Hilbert-Schmidt operator and, hence, bounded.
Show that its extension to the whole L£5(0,1) is compact and self-
adjoint.

(iii) Show that K is invertible and |[K~!|| = co. Conclude that £ = 0
is not in the point spectrum of K. Show that the operators A and K
share the same eigenvectors and all eigenvalues are strictly positive by
analyzing the quadratic form (Au,u).

(iv) Show that each eigenvalue has multiplicity m = 1. Assume that u
and us from D4 are linearly independent eigenfunctions corresponding
to the same eigenvalue A\, Au;o = Aujo. Recall from basic theory of

Othe units are chosen so that the Planck constants is equal to one, and the
mass is equal to %
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differential equations that u; and us are linearly independent on an in-
terval if and only if their Wronskian is does not vanish in this interval.
Use that uy 2 € Dy to show that the Wronskian has zero value in [0, 1]
and conclude that u; and us are not linearly independent.

(v) Show that o(A) = 0,(A) = {);} and the sequence is strictly posi-
tive, can be arranged to be strictly monotonic, and has no limit point.
Prove that the corresponding unit eigenvectors of A form an orthonor-
mal basis in £5(0,1) by means of the spectral theorem for compact
self-adjoint operators.

(vi) Show that A is essentially self-adjoint and find its self-adjoint ex-
tension A. Find the spectrum of the self-adjoint extension of A and

all its linearly independent eigenfunctions. Compare the spectra o(A),
o0(A), and o(K).

2. Let

At Day={ueC¥[0,1])]u(0) =u(1) =0} — £5(0,1)
Au(z) = —(p(e)(@)) , pla) >0, peC([0,1)

(i) Show that the operator is symmetric. Show that zero is its eigen-
value with multiplicity m = 1. Find the corresponding eigenfunction.

(i) Prove that the linear problem
Au=f

has a solution if and only if f is orthogonal to a constant function
(f,1) = 0 and, in this case,

uwzca[wammm mn=£?wmzm
G(z’y):{v(y), y<w U(z):/;d_y

v(@), y > p(y)
where ¢ is an arbitrary constant.

(iii) Show that if A # 0, then the following eigenvalue problems are
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equivalent:

Au=X u, vweDy <«

Ku=¢u, Ku()= / Gz, y)uly) dy

Dy ={u e C*[0,1])] (u,1) =0}

that is, if u € D4 solves the differential equation with A # 0, then it
also solves the integral equation (invoke the result of part (ii) to do so),
and if u € Dk solves the integral equation then u € D4 and solves the
differential equation.

(iv) Show that K is bounded and the closure of its domain is a proper
subset of the Hilbert space, D C L5(0,1); it is formed by all vec-
tors orthogonal to the unit function. Show that the extension K of K
to L£2(0,1) is compact self-adjoint operator (review the extension of a
bounded operator). Show that £ = 0 is an eigenvalue of the extension
K and the corresponding eigenfunction is a constant function.

(v) Show that o(A) = 0,(A) = {)\;} U{0} and o(K) = {1/);} U{0},
where the sequence )\, is strictly positive, can be arranged to be strictly
monotonic, and has no limit point. Prove that the corresponding unit
eigenvectors of A form an orthonormal basis in £2(0,1) by means of
the spectral theorem for compact self-adjoint operators.

(vi) Show that A is essentially self-adjoint and find its self-adjoint ex-
tension A. Find the spectrum of the self-adjoint extension of A and all
its linearly independent eigenfunctions.
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61. Spectral theorem for self-adjoint operators

A spectrum of a self-adjoint operator is non-empty. A compact self-
adjoint operators have only point spectrum. By the spectral theorem
for compact self-adjoint operators, the orthonormal eigenvectors form
a basis in a Hilbert space. It was also shown that the orthonormal
eigenvector of some self-adjoint differential operators (which are not
compact because they are not bounded) also form a basis in the Hilbert
space of square integrable functions. However, these operators were
shown to have a compact inverse. There are self-adjoint operators that
do not have a compact inverse and whose spectrum has a non-empty
continuum part. For example the second derivative operator in Lo() is
essentially self-adjoint, and its spectrum contains only the continuous
spectrum o, = [0,00). Is there any analog of the spectral theorem for
such operators? The answer is affirmative. But in order formulate it,
one has to make reformulate the Lebesgue integral in the framework of
the measure theory.

61.1. Stielties integral. Let u(x) be a monotonic function on R. Let
{x;}) be a partition of [a,b] such that o = a and zy = b and Az =
xj—xj_1 = (b—a)/N. Let f be a bounded function. Put
Apj = plx;) — p(wj-1)
Mj = sup f(z), my=inff(z), [ =[zj, 2],

I;

N N
LN(.fnu) = ijA:uj> UN(.fnu) :ZMJAMJ
Jj=1 J=1

Suppose that the limits of Ly and Uy exist as N — oo and are equal.
In this case the limit is called the Stieltjes integral of f with respect to

%
b
[ #@nt) = tim La(s.) = lim Un(f.0
If u(x) = x, then the Stieltjes integral is nothing but the Riemann

integral. However, it can exists even if  is not differentiable!
For example, consider a piecewise constant u:

o, a<x<c

) =q e, a0 <z <ca, m<py<p
pz , o <x<b

This function is monotonic:

<y = pr)<puy)
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The value of Ay is either 0, or pio — p11, or pug — pe. So, the integral is

b
/ f@)dp(z) = fler)(pe — ) + f(e2) (s — p2)
Note that in the distributional sense

() = pn + (p2 — p1)0(x — 1) + (3 — p2)0(x — w2)

The distributional derivative is

p(x) = (p2 — )0(x — 1) + (3 — p2)0(7 — 2)

If f is a test function, then

/f@mmwzonn

The idea of Stieltjes integral stems from the problem of finding the
center of mass of an extended linear object. If p(x) is the mass density
of an object occupying the interval [a,b], then the mass p(z) of the
part occupying [a, z] is

assuming that p is locally integrable. If p(x) is non-negative, then pu(z)
is monotonic. If p is continuous, then du(x) = p(z) dr and the center

of mass is
1 b b
%zﬂlﬂww,lemw>

The function p(x) is the measure of mass, while its derivative is the
mass density distribution. Suppose the object also include point-like
masses. Then p(x) will suffer jump discontinuities and will no longer
be differentiable. However, the equation for the center of mass still
remains valid, provided the integral is treated as the Stieltjes integral!

Another example is offered by the probability theory. Suppose that
a random variable can take any value in R Let P(z) be the probability
that the random variable takes its value in (—oo,z]. Then P(z) > 0
and P(x) is monotonic. One can defined the Stieltjes integral with
respect to p(z) = P(z). Then

/ iP(z) = 1

The expectation value of a function f of a random variable is

<ﬁ=/¥@mmw
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Note that the probability P(x) is not required to be differentiable. It
can, for example, be piecewise constant. In this case, the probability
distribution or probability density does not exist in the classical sense and
cannot be used to calculate expectation values using the Riemann inte-
gral (it is a sum of Dirac delta-functions (in the distributional sense)).

61.2. The spectral theorem for self-adjoint operators.

DEFINITION 61.1. (Spectral family)
A family of symmetric operators Ex, A € R, in a Hilbert space 'H is
called a spectral family if the following properties hold:

E1
B2

E)\E“:E“E)\:E)\, )\<,u,
/\lim |Exull =0, VYueH

E3
E4

/\lim |lu— Eul| =0, YueH

(
(
(
( lim ||E,u— Ewu| =0, YueH
p—AT

)
)
)
)

The property (E4) is the right continuity of the operator E) with
respect to the parameter .

Example 1. Let H = CV. Let A = A* be a symmetric matrix. Suppose
its eigenvalues are distinct A\; < Xy < -+ < Ay Let {e,}Y¥ be an
orthonormal basis of the corresponding eigenvectors Ae,, = \,e, Put

E\ = ZP"’ Pou = (u,e,)e,

A<A
So, P, is the orthogonal projection onto the null space N4_», ;. Then

E)\ZO, )\<)\1
Ex=PFP, M<A<XA
Ex=P+P, MIA<A

Ex=P +P,+---+Py=1, A>)\y

It is not difficult to see that all the properties (E1)-(E2) are ful-
filled. The functions FE) is a piecewise constant operator-valued func-
tion which is continuous from the right at each jump-discontinuity.
This can easily be extended to the case when eigenvalues are not sim-
ple.
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Example 2. The functions e,(z) = (27)~"/2e™ n = 0,+1,£2, ...,
form an orthonormal (trigonometric Fourier) basis in Lo(—1,1). They

also can be viewed as eigenfunction of the operator A = —i% whose
domain contains function satisfying w(—1) = wu(1). This operator is

essentially self-adjoint. Put
Pyu(z) = Z U, ep)en(x / Dn(z —y)u(y) dy
In|<N

where

sin[r(N + 3)(z — y)]
%20z — )]

Dn(z—y)= > en(n)enly) =

[n|<N
is known as the Dirichlet kernel. The operators
E)\:PN, N<A<N-+1

is a spectral family. If A < 0, then E) = 0, and

e}

/\lggo Eyu = Z (u,en)en, =u

n=-—oo

by the completeness of the set {e, } (by the Parseval-Steklov equality).

Example 3. Consider H = L2(R). If F denotes the Fourier transform,
put

Exu(w) = F~0(1k = NFlu) (k)] (2)
_ 1 //\ e~ ke /OO e®u(y) dy dk
2m
:/ sinA(z — y)] dy—/ Dy (x —y)u(y) dy
oo T(x—
Note that Ey = 0 if A < 0 and Eyu — F ' F[u]] = u as A\ — oco. One

also has
ErEu = EyF-! [9(|k:| - ,u)f[uﬂ
= F1|6(k] = V(K — p)Flu]| = B, Exu

= F 700k = NFlul| = Bxu, A <p
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The spectral theorem. The function
1(A) = (u, Exu)
is real and monotonic for any choice of u € H. In particular for the
above three examples, it is not difficult to show that
w(N) = p(A) = [(Ex — Ex)ul? >0, XN >\

The technicalities are left to the reader as an exercise. Therefore it can
be used to construct the Stieltjes integral with respect to it:

§[mfuwmu>

It follows from

dp(N) = p(A) — p(A —dX) = (u, (Ex — Ex_gy)u), dX >0
that -
| du) =l < oc

because p(—o0) = 0 and p(oco) = |lul|?. So, |lul|~2u(N) is a probability
measure.

THEOREM 61.1. (Spectral theorem in terms of projection measures)
There exists a one-to-one correspondence between self-adjoint operators
and spectral families such that

(u, Au) = /)\d,u()\), w(A) = (u, Exu), Yu € Dy
If A is a compact self-adjoint operator, then o(A) = 0,(A) = {\.}

and
Ex= ) B,

A <A
is the spectral family if P, is the projection operator onto the null
space Ny_y, ;. In particular, £y = 0 if A < 0. For every A > 0, E) is
a projection onto a finite dimensional subspace. If dim’H = oo, then
A1 has no limit point (because ), has one limit point which is zero).
Then the sequence || is strictly positive and can be ordered to be
monotonically increasing to infinity. Then the function

:U“()\) = <u> E)\u> ) u e H>

is monotonically increasing, piecewise constant, and continuous from
the right at each jump discontinuity:

p) =M= INY) e = I1Pul?
n=1
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In particular

pOY =0, A0, dim () = 3 e = uf?

A—00

The spectral theorem for a compact self-adjoint operator can wriiten
in the form of the Stieltjes integral

(u, Au) = /)\d,u()\)

Recall from linear algebra that a symmetric matrix has diagonal
matrix elements in the basis of its eigenvectors

(ej, Aey) = A€, €n) = AOn;

The spectral theorem merely states that for compact self-adjoint oper-
ators there exists an orthonormal basis in the Hilbert space in which
the matrix elements of the operator are diagonal just like in the finite
dimensional case so that in this basis

(u, Au) Z)\|uen , YueH

If the spectrum of a self—ad301nt has a non-empty continuum compo-
nents, then there is no such basis. Nevertheless, The spectral theorem
states that in this case one can find a projection measure such that the
action of A is still a multiplication operator taking its values in the
spectrum of A:

(u, Au) = /)\d(u,E,\u>, Yu e H
Furthermore, consider operator-valued projection measure defined by
dE)\:E)\—E)\_d)\, d\ > 0.
which means that for any u and v from the Hilbert space
(u, dENv) = (u, (Ex — Ex—a\)v)

It is then proved that for any self-adjoint operator there exists a operator-
valued projection measure such that

A= /)\dE,\

In particular, for a compact self-adjoint operators

EA_ZQ — NP,
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so that

A= / AEy = iAnPAn

n=1
[

(v, Au) = Z (v, Pyu), Yu,veH
n=1

In other words, the operator acts as a multiplication operator which
take its values in the spectrum of A. Since v is arbitrary,

Au = /)\ dExu=)Y MPyu, YueH
n=1
which is nothing but the expansion of Au over the basis of eigenvectors
of a compact self-adjoint operators.
For a general self-adjoint operator, a similar representation holds
even though the operator might have no eigenvectors (the spectrum is
continuous, 0(A) = 0.(A)):

(v, Au) = /)\d(u,E,\v>, Yue Dy, YveH

or alternatively
Au = /)\dE,\u, u € Dy

The operator acts as a multiplication operator that takes its values in
the spectrum o(A). The projection measure dE) vanishes if A ¢ o(A),
or it has support on the spectrum o(A). The spectral theorem states
that such a measure exists for any self-adjoint operator.

One can defined a function of a self-adjoint operator by

f(A) = / () dE;

provided the integral exists. In particular, if dF) is the operator-valued
projection measure for a self-adjoint operator, then

I:/dE,\

This is known in quantum theory as the resolution of unity. In the case
of compact self-adjoint operators, this is a familiar expression of the
completeness of an orthonormal basis of eigenvectors:

o

I= ZP/\n = (u,Iv) = (u,v) = Z(u,en>(en,v>

n=1
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The spectral theorem states that a similar resolution of unity exist for
any self-adjoint operator whose spectrum has non-empty continuum
part, with one difference that the summation over eigenvectors should
be replaced by a suitable Stieltjes integral with the measure that has
support on the spectrum of the operator:

(u, Iv) = (u,v) = /d(u,E,\v>

Example. Consider the operators

d 9 d?

A= zdx’ B=A"= Ir2
in the Hilbert space H = L3(R). In quantum theory, these are the
momentum and energy operators, respectively, for a particle on a line.
These operators are essentially self-adjoint and have been shown to
have the self-adjoint extensions. So, the spectral theorem is applicable
their self-adjoint extension (in fact, in quantum theory the self-adjoint
extensions of A and B are the momentum and energy operators). Put

Byu(z) = F [Q(A — B)Flu] (k)] (2)

Then evidently

lim Fyu =0, lim Fhu=u
A—00 A—00

in the norm of £5. Then using the isometry of the Fourier transform
in £2 (]R)
1

du(A) = (u, (Bx = Ex-an)Ju) = o—(Flul, F[(Ex = Ex-ax)u])
- L | k= 5| Flu()] ax

the latter equality is formal and adopts a convention that only terms
linear in d\ are kept. However this formal treatment of the integral im-
plies some smoothness of the integrand. But the integrand is a generic
function from £, and such an expansion does not generally exist. Using
the properties that

FlAu)(k) = kF[u](k), F[Bu](k) = k*F[u](k)
the spectral theorem for these self-adjoint operators is established:

(u, Au) = /_00 Mp(N), w € Da C Loy(R)

e}

(u, Bu) = /_00 Ndu(N\), u € D C La2(R)

e}
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Note well that the above relations do not hold for arbitrary u € L5(R)
even though dyu(\) exists on the whole Hilbert space L2(R). The Stielt-
jes integral can diverge (it would not exist) if u is not from the domain
of the operator.

Let us find the operator-valued projection measure and its action
on any any element of the Hilbert space:

dEsu(z) = F~! [(90\ k) — O\ —dX — k))f[u](k;)} ()

1 A . /oo .
= — e " e"u(y) dy dk
21 Ja—ax -

- / Wz, A, dX\; y)u(y) dy

So the projection measure acts as an integral operator with the kernel
| sinfSd\@ — y)]

m(x—y)
This kernel is square integrable in y for any x, A\, and d\, because it is
continuous and |W|* ~ 1/y? as |y| — oo. In particular,

W(w, A, dX;y) = e ma e

oo 2
W (2, A, dA)|J? = %/ () 1 < o
7T —0Q

22
If the variables x, A\, and d\ are viewed as parameters, then
dE\u(z) = (W(x, A, d\), u)

This is an analog of the projection of u onto an eigenfunction of a com-
pact self-adjoint operator. Let discuss its meaning in the framework of
the probability (or measure) theory.

Recall that positive Stieltjes measures can be viewed as probability
measures. In particular, let us find the value of A in the state W:

(W(z, A, d\), AW (2, A, dN)) \ 1
W (z, A, dN)|2 T2
where AW (x, A, d)\;y) = —iW,(x, A, d);y). If one computes the stan-
dard deviation of A from its value:

(W, (A= X+ %d)\)2W>

W2

It is concluded that the (momentum) operator A has the mean value
which is the midpoint of the interval (A — d\, A] C o(A) = R with
an uncertainty i%d)\. In other words, the operator-valued projection
measure dF) project any state u to onto a state in which the operator
value of A is A — %d)\ with an uncertainty i%d)\. The operator A has

d\

1 2
= 7(@)
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no eigenstates. So the projection onto a states in which the operator
has specific spectral value is impossible. However, the existence of the
operator-valued projection measure guarantees that there are states in
which the operator takes any value from its continuous spectrum, but
with some arbitrary small uncertainty!

In quantum mechanics,

W, A, dA; y|*dy
W2

gives the probability to find a particle in the interval [y, y —dy|. Sketch-
ing the graph of [WW]? shows that it has maximum at y = x and then it
rapidly falls off to zero with increasing the distance |z —y|. So, in quan-
tum mechanics, the state W (z, A\, d\) describes a particle that have a
momentum A\ — %d)\ and position x. The identity stemming from the
spectral theorem

u(z) = / dEsu(z) = / (W (2, \, dN), u)

is known in quantum mechanics as the wave packet decomposition. It
states that any state can be expanded in to the sum (meaning the
Stieltjes integral) of states in which the particle has a specific momen-
tum A with arbitrary small uncertainty d\, and the mean position x.




