Functional analysis

Lecture 8: HILBERT SPACES AND THE PROJECTION THEOREM;
RIESZ REPRESENTATION THEOREM FOR FUNCTIONALS ON HILBERT SPACES

5 Hilbert spaces

In this section, we deal with normed spaces whose norm is given by an inner product,
that is, a sesquilinear form. We start with some basic definitions.

Definition 5.1. Let X be a vector space over K € {R, C}. By an inner product (or scalar
product) we mean any function of two variables (-,-): X x X — K satisfying the following
axioms:

(i) for every y € X, the map X 3> = — (z,y) is linear;
(ii) (z,y) = (y, ) for all z,y € X;

(iii) (z,z) > 0 for every z € X

v)

(i

Proposition 5.2 (Cauchy—Schwarz inequality). Let (-,:) be an inner product on
a linear space X. Then:

(&) [(z,y)] </ (2,2)\/(y,y) for all z,y € X;

(b) the formula ||z|| = \/(x,x) defines a norm on X.
Proof. (a) Observe that for every A € K we have

(z,x) = 0 if and only if x = 0.

0< (z+ My, x+Ay) = (2,2) + Ay, 2) + Az, )+|>\\( v)
= (z,2) + Mz, y) + M=

Hence, taking

we obtain the desired inequality.
(b) The first two axioms of norm are obvious. To see that the triangle inequality is
satisfied, note that for all x,y € X we have
lz +ylI* = (z,2) + (2,9) + (2,9) + (4.)
= [|z[* + 2Re (,y) + |ly||”
< [l )1* + 2|z, )| + Iyl
< [l 1* + 2llellyll + Iyll* = (] + vl O

Remark. Notice that in view of the Cauchy—Schwarz inequality, the map (-,-) is jointly
continuous. Indeed, for any z,2’,y,v" € X we have

(2, y) = (@, y)| <z, y) = (@ )| + (2, y) = (2, y)]
=z =2yl + 12",y =) < llz = 2[lyll + l='[[ly — ¥/ll

In particular, for any y € X the map = — (z,y) is a continuous linear functional on X.
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Definition 5.3. A normed space (X, ||-||) equipped with an inner product (-,-) which
generates the norm |[|-[|, i.e. ||z|| = v/(z,x) for x € X is called an inner product space. If
X is a complete inner product space, then it is called a Hilbert space.

We will use the following notation (z,y are elements of an inner product space X and
F C X is any set):

« H, K will typically stand for Hilbert spaces,

«x Ly if (z,y) =0, and such elements are called orthogonal,

ex L F ifx L yforeveryyéeF,

. P is the set of all elements that are orthogonal to F, ie. {x € X: z L F};
in particular, if M C X is a subspace, then M~ is called an orthogonal
complement of M.

Observe that since
Ft= ﬂ{xeX: rly}= ﬂker(-,y),
yeF yeF

the set F'* is always closed. Plainly, we have F' N F+ = {0} hence, in particular, every
closed subspace M of an inner product space X is complemented and M & M+ = X (the
orthogonal complement M+ is always a closed subspace).

Let X be an inner product space over K and x,y € X. The following elementary
identities are quite useful:

> = ||z + y||* provided that z L y (the Pythagorean theorem),

&+ yl* + [z = ylI* = 2l|z[* + 2]|yl|* (the parallelogram law),

1 .
c(@y) = 1l +ylP — e —yl) EK=R

1 : , : : :
« (2.y) = Z(le + ol = lle =yl +illz +iy|* — ife —iy|) FK=C.

In fact, there is a Jordan—von Neumann theorem which says that the parallelogram law
characterizes norms which come from an inner product; see Problem 5.3). Consequently,
in order to verify that a given norm comes from an inner product, it is enough to consider
only 2-dimensional subspaces. The last two identities are called polarization formulas and,
as we see, they express the inner product in terms of its symmetrization; see Problem 5.2.

Example. Finite-dimensional spaces equipped with the Euclidean norm, that is ¢35, are
canonical examples of Hilbert spaces, where the inner product is given by

n) =Y &m  for &= (&), n=(n;)}, €K".
j=1

More generally, for any measure space (X, 9, u), the Banach space Lo(p) is a Hilbert
space and its norm comes from the inner product

(f.9) = /f du(z)  for f,g € La(p).

In particular, ¢5 and ¢5(T") for any index set I' are Hilbert spaces. In fact, as we will see,
it follows from the Riesz-Fischer theorem that every Hilbert space can be canonically
identified with one of such spaces.



Proposition 5.4. Let H be a Hilbert space. Every nonempty closed convex set E C H
has a unique element of minimal norm.

Proof. Define 6 = inf{||z||: z € E'}. Note that the parallelogram law can be rewritten in
the form

Tty HQ
5 :
For any x,y € F, the convexity of E implies that %(3: +y) € E, thus the above equation
yields

1 2 1 2 L. o H
1z = ol = Szl + 5yl

|z —y||” < 2||z||> + 2||y||* — 40> for all z,y € E. (5.1)

If we had two points z,y € E with ||z|| = ||y|| = J, then (5.1) would imply ||z — y|| <0,
i.e. x =y which proves the uniqueness part of our assertion.
For the existence, pick any sequence (y,)5>, C E with ||y,|| — J. Using (5.1) we
obtain
Hym - yn||2 < 2||ym||2 + 2Hynl|2 — 467 ——— 0

m,n—00

which shows that (y,)52, is a Cauchy sequence. Hence, since E is closed, there exists
Yo = lim,, o0 Yn € E and since the norm is continuous, we have ||lyo|| = 9. H

Theorem 5.5 (Projection theorem). Let H be a Hilbert space and M C H be a closed
subspace. There exists a uniquely determined pair of bounded linear operators P: H — M
and Q: H — ML with the following properties:

(a) © = Pz + Qx for every x € H;

(b) if z € M, then Px =z and Qz = 0;

(c) if v € M, then Px =0 and Qr = x;

(d) ||z — Pz| = dist(z, M).

Proof. For any x € H the coset x+.M is a closed convex subset of H, so we use Proposition

5.4 to define Qx € x + M to be the unique element of this coset having minimal norm.
Let also Px = x — Qz so that property (a) is satisfied.

Claim. Qx € M*
Fix any y € M with |ly|]| = 1 and notice that for any a € K we have

(Qz,Qx) = |Qz|* < [|Qx — ay|* = (Qz — ay, Qr — ay),

thus 0 < —a(y, Qz) — a(Qx,y) + ]a\z. Taking o = (Qx,y) we see that 0 < —](Qx,y)\2
which means that Qz L y and proves our Claim.

From the very definition it follows that Px € M for every = € H, so P takes values
in M and @ takes values in M*. Hence, assertions (b) and (c) follow from (a), whereas
assertion (d) follows from the definition of @. It remains to show that P and @) are
uniquely determined and linear.

Suppose we have another decomposition = xy + 1, where o € M and z; € M* .
Then xy — Px = 1 — Qx and the left-hand side belongs to M, while the right-hand one
belongs to M™. Since M N M+ = {0}, we thus have 2y = Pz and z; = Qz. Linearity is
proved in a similar fashion. For any x,y € ‘H and o, 8 € K we have

Plax + Py) — aPr — fPy = aQz + fQy — Qax + Py),

and the same reasoning as above shows that both of the above differences are zero. [
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The maps P and @ are called orthogonal projections onto M and M, respectively.
Note that these linear operators are indeed projections, i.e. idempotent maps: P? = P
and Q% = . This can be seen from assertions (b) and (c) and it plainly follows that
|P|| > 1 and ||Q|| > 1 unless M = {0} or M = H. Note also that by the Pythagorean
theorem, we have

|z||” = |Pz|]® + |Qz|]> for every z € H.

Hence, ||P|| = ||@Q]| = 1 whenever M is a proper subspace. In particular, P is a norm one
projection onto M. This is the first assertion of the following corollary. The second one
follows directly from Theorem 5.5.

Corollary 5.6. Fvery closed subspace M of a Hilbert space H is 1-complemented. More-
over, if M C H, then M+ # {0}.

Continuous linear functionals on Hilbert spaces have particularly simple form and they
are all given by the inner product, as in the remark after Proposition 5.2.

Theorem 5.7 (Riesz representation theorem). Let H be a Hilbert space. For every
© € H* there exists a unique vector y € H such that p(z) = (z,y) for every v € H.

Proof. Uniqueness is trivial in view of axiom (iv) from Definition 5.1. Also, if ¢ = 0, then
take y = 0. From now on, assume ¢ # 0 and define M = ker ¢. In view of Corollary 5.6,
we have M+ #£ {0}.

Pick any z € M™* with ||z]| = 1. Since M is of codimension one and y must be
orthogonal to the kernel of ¢, we want to find o € K for which y := az does the job. Let

r € H and define
p(z)

rn=x—"—=y and 1x,="7F7%y.
»(y) »(y)
Plainly, x = 1 4+ x9, 1 € M and
e(@) 12

,Yy) =\T2,Y) = —/—< 1Yl -

(z,y) = (22,9) gD(y)ll I
In order to have ¢(z) = (z,y), we must have ¢(y) = ||y||*> which means ap(z) = |a|?,
equivalently: a = ¢(z). O
From the Cauchy—Schwarz inequality it follows easily that ||¢| = ||y||. Hence, for every
Hilbert space H we have the isometric isomorphism

HE=H

which associates any vector y € H with a functional ¢ € H* via Theorem 5.7.

Definition 5.8. Let X be an inner product space. A set {u,: a € A} C X is called
orthogonal it ©, L x5 for all a, B € A, a # . It is called orthonormal if it is orthogonal
and consists of unit vectors, i.e. |x,| = 1 for each a € A. It is called a mazimal
orthonormal set if it is orthonormal and maximal among orthonormal subsets of X with

respect to inclusion. Any maximal orthonormal subset of X is called an orthonormal basis
of X.
Finally, for any = € X we define scalars

(o) = (z,uq) (e A)

and we call them Fourier coefficients of x with respect to the orthonormal set {u,: o € A}.
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Remark. Observe that if (u;)}_; is an orthonormal set and z € lin{u;: 1 < j < n}, then

necessarily
n

ey 2 SN
r=y T(jlu; and |zl =) [Z(G)
j=1 j=1
For the first formula, assume that © = > | a;u; and observe that by orthonormality we
get 7(j) = (0.1, iui, uj) = aj. The second formula follows trivially by induction from
the Pythagorean theorem.

Proposition 5.9. Every Hilbert space has an orthonormal basis.

Proof. Consider the collection & of all orthonormal sets in a given Hilbert space H,
partially ordered by inclusion. Obviously, every chain has an upper bound in & which is
the union of the chain. By the Kuratowski—Zorn lemma, & contains a maximal element
which is thus an orthonormal basis of H. m

The following procedure in finite dimension is well-known from linear algebra.

Theorem 5.10 (Gram—Schmidt orthogonalization). Let X be an inner product space
and (vi,vq,...) be a finite or countably infinite sequence of linearly independent vectors
in X. There exists an orthonormal sequence (uy,us,...) such that for every k € N not
exceeding the length of the sequence, lin{vy, ... v} = lin{uy, ... ug}.

Proof. For any nonzero vector v € X and any v € X we define an orthogonal projection
of v onto the subspace spanned by u by the formula

(v, u)
I”

proj,(v) = U.

lu

(It is not difficult to see that this definition coincides with Pv given by Theorem 5.5 for
M = lin{u}.)

Define (uy,us, .. .) recursively by

~ U1
Uy = vy, Uy = m
1
_ : Uy
U2 = VU2 — PIO],, <U2)7 Uz = ||ﬂ H
2
n—1 a
/ljn = Un— Zprojuk(vn>7 Un = HﬁnH
k=1 "
Assuming that {uy,...,u,1} is orthonormal, we have proj, (u,) = 0 for all & < n,
which means that u, L wu,. Hence, by induction, all the vectors uy,us,... are pairwise
orthogonal. That lin{vy, ..., v} = lin{us, ..., u;} follows from the fact that (uq,...,ux)
is the image of (vy,...,v;) under a linear map given by an upper triangular matrix with
nonzero entries at the diagonal. O]



