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Harmonic Analysis

Recall that if f € L%([0,271]"), then we can write f as

fla) =) e, (3.4)

kezn

where the convergence takes place in L%([0,27]") and f is the “kth
Fourier coefficient” of f; that is,

fo = (2m)™" /[02 } etR X f(x) d for all k € Z".
p2di

Eq. (3.1) is the starting point of harmonic analysis in the Lebesgue space
[0,25]". In this chapter we develop a parallel theory for the Gauss space
(R™, B(R"), Pp).

1. Hermite Polynomials in Dimension One

Before we discuss the general n-dimensional case, let us consider the
special case that n = 1. We may observe the following elementary
computations:

71(x) = —xy(x), 21(x) = (® = )yilx), 71"(x) = —(x® = Bx)p(x), ...
etc. It follows from these computations, and induction, that
7x) = (O Hplx)y(x) [k >0, x € R],
where Hp is a polynomial of degree at most k. Moreover,
Holx):=1, Hy(x):=x, Hy(x):= x? =1, Hs(x):= x> - 3x, ...

etc.
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Definition 1.1. H} is called the Hermite polynomial of degree k > 0.

I should warn you that different authors normalized their Hermite
polynomials differently than I have here. So my notation might differ
from theirs in certain places.

Lemma 1.2. The following holds for all x € R and k > 0:
(1) Hp41(x) = xHg(x) — Hp,(x);
(2) Hy,q(x) = (k + 1)Hg(x); and
(3) He(—x) = (—1)*Hp(x).

This simple lemma teaches us a great deal about Hermite polynomi-
als. For instance, we learn from (1) and induction that Hy, is a polynomial
of degree exactly k for every k > 0. Moreover, the coefficient of x*¥ in
Hy(x) is one for all k > 0; that is, Hp(x) — x* is a polynomial of degree
at most k — 1 for all k > 1.

Proof. We prove part (1) by direct computation:

d

() Hale)nle) = 2470 = Softa) = (<08 S [Hlom (o)

1
= (=1)* [Hi(x)71(x) + Hi(x)7}(x)]
= (=1)* [H(x) — xHg(x)] 71 (x).

Divide both sides by (—1)k*!(x) to finish.

Part (2) is clearly correct when k = 0. We now apply induction:
Suppose H;,(x) = (j + 1)Hj(x) for all 0 < j < k — 1. We plan to prove
this for j = k. By (1) and the induction hypothesis, Hg,1(x) = xHp(x) —

kHy_1(x). Therefore, we can differentiate to find that
Hy.4(x) = Hg(x) + xHy(x) — kH},_4(x) = Hg(x) + kxHg_1(x) — kH},_4(x),

thanks to a second appeal to the induction hypothesis. Because of (1),
xHp_1(x) — H,_(x) = Hg(x). This proves that H, ,(x) = (k + 1)Hg(x),
and (2) follows.

We apply (1) and (2), and induction, in order to see that Hy is odd
[and H,, is even] if and only if k is. This proves (3). O

The following is the raison d’étre for our study of Hermite polynomi-
als. Specifically, it states that the sequence {Hy }32 , plays the same sort of
harmonic-analyatic role in the 1-dimensional Gauss space (R, B(R), Py)
as do the complex exponentials in Lebesgue spaces.
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Theorem 1.3. The collection

1 o0
1 Hk}
{ VE! k=0
is a complete, orthonormal basis in L%(PPy).
Before we prove Theorem 1.3 let us mention the following corollary.

Corollary 1.4. For every f € L%(IPy),

| |

f=f(2Z) = Z Bl (f, Hk>L2(]P1) Hyp(Z Z Al E[fHy|H a.s.
k=0 k=0

To prove this we merely apply Theorem 1.3 and the Riesz-Fischer
theorem. Next is another corollary which also has a probabilistic flavor.

Corollary 1.5 (Wiener XXX). For all f,g € L%(IPy),

E[fHe] E[gH], and

= \

Cov(f,g) = E[fHe] E[gHg].

Rr‘,_‘

Proof. Multiply both sides of the first identity of Corollary 1.4 by g(x)
and integrate [dIP4] in order to obtain

=1
(9. 12w, = Z Bl (f » He)rogey) (9 He)r2py)-
k=0

The exchange of sums and integrals is justified by Fubini’'s theorem.

The preceding is another way to say the first result. The second
follows from the first and the fact that Hy = 1. O

We now prove Theorem 1.3.

Proof of Theorem 1.3. Recall the adjoint operator A from (2.3), page
27. Presently, n = 1; therefore, in this case, A maps a scalar function to
scalar function. Since polynomials are in the domain of definition of A
[Proposition 3.3], Parts (1) and (2) of Lemma 1.2 respectively say that:'

Hist = AHp and DHyq = (k+1)H,  forall k > 0. (3.2)

it is good to remember that Hp plays the same role in the Gauss space (R, %B(R),P1) as does
the monomial x¥ in the Lebesgue space. Therefore, DHp,1 = (k + 1)Hg is the analogue of the
statement that d(x**1)/dx = (k + 1)x¥. As it turns out the adjoint operator behaves a little like
an integral operator and the identity AHy, = Hp.q is the Gaussian analogue of the anti-derivative
identity [ x® dx oc x**1, valid in Lebesgue space.
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Consequently,

(o.¢]

E(Hy) =/ Hi dPy =/ Hy(AHy_1)dPy =/ (DHg)Hg—y dIPy

—00

= k/ H? ,dP; = RE(HE ).

Since TE(H3) = 1, induction shows that IE(HZ) = k! for all integers k > 0.
Next we prove that

IE(HyHg¢) := /Hka+g dPy =0 for integers ¢ > k > 0. (3.3)
By (3.2),

E(HrHp+e) = /Hk(AHkM—i)dIPi = f(DHk)Hk+€—1 dPy

= k/Hk—inH’—l dP;.

Now iterate this identity to find that

E(HkaHJ) = k!/Hng d]P1 = k!/ Hg(x)qq(x) dx =0,
—00

since Hyyy = (—1)€7§e). It follows that {(k!)~"2H}}$°  is an orthonormal
sequence of elements of L%(Py).

In order to complete the proof, suppose f € L?(P4) is orthogonal—in
L2(IPy)—to Hy for all k > 0. It remains to prove that f = 0 Py-a.s.

Part (1) of Lemma 1.2 shows that Hy(x) = x* — p(x) where p is a
polynomial of degree k — 1 for every k > 1. Consequently, the span of
Hy, ..., Hy is the same as the span of the monomials 1, x, - - - ,xk for all
k > 0, and hence [ flx)x®yi(x)dx = 0 for all k > 0. Multiply both
sides by (—it)¥/k! and add over all k > 0 in order to see that

/ flx)e ™y (x)dx =0  forall t € R. (3.4)

If the Fourier transform § of a function g € C.(R) is absolutely inte-
grable, then by the inversion theorem of Fourier transforms,

1 (>
glx) = 2ﬂ/ e g(t)dt  forall x € R.
Multiply both sides of (3.4) by g(t) and integrate [dt] in order to see from
Fubini’s theorem that [ fgdP; = 0 for all g € C.(R) such that § € L*(R).
Since the class of such functions g is dense in L%(IPy), it follows that
[fgdPy =0 for every g € L%(PPy). Set g = f to see that f = 0 a.s. (|

—00

Finally, I mention one more corollary.
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Corollary 1.6 (Nash’s Poincaré Inequality). For all f € D'2(Py),

Var(f) < T (Df?).

Proof. We apply Corollary 1.5 and (3.2) to obtain

(o.¢] o 1

1 9 )
Var(f) = é B+ 1)l |E[fHe+1]|” = 2 (k4 1) IE[fA(Hy)]|
=), (k i 1)1 IE[D(f)He]” < Z% IE[D(f)Hg]|*.

El
Il
o

The right-most quantity is equal to IE(|Df|?), thanks to Corollary 1.5. O

2. Hermite Polynomials in General Dimensions
For every k € Z"! and x € R" define
n
Fou(x) = [ [Hylr)  [x € R,
j=1

These are n-variable extensions of Hermite polynomials. Though, when
n = 1, we will continue to write H(x) in place of F(p(x) in order to
distinguish the high-dimensional case from the case n = 1.

Clearly, x — $(i(x) is a polynomial, in n variables, of degree k; in
the variable x;. For instance, when n = 2,

FCio,0)(x) = 1, F,0)(x) = x1, Fo1)(x) = x2,
Fiy 1) () = X122, FC1,9)(x) = x4 (x5 — 1), ...

etc. Because each measure P, has the product form P, = Py x --- x Py,
Theorem 1.3 immediately extends to the following.

Theorem 2.1. For every integer n > 1, the collection

1
%}
{m * | kezn

is a complete, orthonormal basis in L%(P,,), where

n
kl:=[ [ke!  forallkeZ!.
q=1

Corollaries 1.4 has the following immediate extension as well.
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Corollary 2.2. Foreveryn > 1 and f € L2( n)

_ Z E(];jck) 9,

a.s., where the infinite sum converges in L*(PP,).

Similarly, the following immediate extension of Corollary 1.5 com-
putes the covariance between two arbitrary square-integrable random
variables in the Gauss space.

Corollary 2.3 (Wiener XXX). Foralln >1 and f,g € L*(P,),

1
E[fg] = Y 3 B 9G] Elg9C], and
kez?

Cov(f,g) = Z % E(f FCk) E(g FCk)-

keZ
k#0

The following generalizes Corollary 1.6 to several dimensions.

Proposition 2.4 (The Poincaré Inequality). For all f € D'2(P,),

Var(f) <E (|Df|[?) .
Proof. By Corollary 2.2, the following holds a.s. for all 1 < q < n:

E[Dq(f)¥C E[fA,(FC
Dof - Z [ qg) k] F(y = Z [f Z_g k)] I,
keZ? keZ™

where we recall A; denotes the gth coordinate of the vector-valued ad-
joint operator. By orthogonality and (3.2),

OM)ZZHMWM

q=1keZ?
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Fix an integer 1 < g < n and relabel the inside sum as jy := ky if £ + q
and jq := kg + 1. In this way we find that

E (IDf|1?) > ZZ f2)H;,(Zg) [] Hilz)

q= 1]eZ” 1<l<n
Jjq=1 l£q
-y > s Bl
q= 1]€Z"
Jq=1

using only the fact that 1/(j; —1)! > 1/j,!. This completes the proof since
the right-hand side is simply

1
N B[] - B 9G]
jeZi ]1. .o ']Il-

which is equal to the variance of f(Z) [Corollary 2.3]. O

Consider a Lipschitz-continuous function f : R® — R. Recall [Exam-
ple 1.6, page 22] that this means that Lip(f) < co, where

o If(x) — f(y)]
P e el 55
x#y

Since f € D'*(P,) and | Df|| < Lip(f) a.s., Nash’s Poincaré inequality has
the following ready consequence:

Corollary 2.5. For every Lipschitz-continuous function f : R" — R,

Var(f) < |Lip(f)[%.

If f is almost constant, then f ~ IE(f) with high probability and hence
Var(f) ~ 0. The preceding estimate is an a priori way of saying that “in
high dimensions, most Lipschitz-continuous functions are almost con-
stant.” This assertion is somewhat substantiated by the following two
examples.

Example 2.6. The function f(x) := n~! Yot xi is Lipschitz continuous
and Lip(f) = 1/n. In this case, Corollary 2.5 implies that

Var <n‘1 Yo Zi> <nh

The inequality is in fact an identity; this example shows that the bound
in the Poincaré inequality can be attained.
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Example 2.7. For a more interesting example consider either the func-
tion f(x) := maxi<i<n |xi| or the function g(x) := maxici<n xi. Both f
and g are Lipschitz-continuous functions with Lipschitz constant at most
1; for example,
f(x) = f)] < [lx = 3]

A similar calculation shows that Lip(g) < 1 also. Nash’s inequality implies
that

Var(Mp,) < 1,2 (3.6)
where M, denotes either maxi<ij<n Z; or maxici<n |Z;|- This is a non-
trivial result about, for example, the absolute size of the centered random
variable M, — [E M,. The situation changes completely once we remove
the centering. Indeed by Proposition 1.3 (p. 7) and Jensen’s inequality,

M?2) > [E(Mp)* = (2 + o(1))log n as n — oo.

Similar examples can be constructed for more general Gaussian ran-
dom vectors than Z, thanks to the following.

Proposition 2.8. Suppose X is distributed as N,(0, Q) for some posi-
tive semidefinite matrix Q, and define 0% := maxi<i<n Var(X;). Then,

Varlf(X)] < o”E ([(DA)X)]?)  for every f & D'*(Py).

Proof. We can write Q = A? where A is an n x n matrix [A := a square
root of Q. Define g(x) := f(Ax) [x € R"], and observe that: (i) X has
the same distribution as AZ; and therefore (ii) Var[f(X)] = Var[g(Z)] <
E(||(Dg)(Z)|?) thanks to Proposition 2.4. A density argument shows that
(Dig)(Z) = A;i(D;f)(X) a.s., whence

|Dg(Z)|* = ZAllDf P < max A7 [(DAX)]* as.

Since A?,i < iji = Qi < o2 for all 1 < i < n, this concludes the
proof. O

Example 2.9. Suppose X has a N,(0, Q) distribution. We can argue as
we did in the preceding proof, and see that AZ and X have the same
distribution where A is a square root of Q. Therefore, max;<, X; has the
same distribution as f(Z) where f(x) := max;<n(Ax); for all 1 < i < n.
We saw also that f is Lipschitz continuous with Lip(f) < max;<, Var(X;).
Therefore, Proposition 2.8 shows that for any such random vector X,

Var <max Xi> < max Var(Xj;). (3.7)
1<i<n

1<i<n

2This bound is sub optimal. The optimal bound is Var(My) = O(1/log n).
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We can prove similarly that

Var <max ]Xi[> < max Var(X;).

1<i<n 1<i<n



