5

~-Radonifying operators

Experience has taught that many results in analysis involving L2-techniques,
such as the Plancherel theorem in harmonic analysis and the It6 isometry in
stochastic analysis, carry over without difficulty to the Hilbert space-valued
setting. Often this fact characterises Hilbert spaces among all Banach spaces.

It has only been recently realised that many results do generalise beyond
the Hilbert space case if one does three things:

e Replace ‘functions’ by ‘y-radonifying (integral) operators’;
e Replace ‘uniform boundedness’ by ‘“y-boundedness’;
e Replace ‘orthogonality’ by ‘unconditionality’.

This paradigm has had enormous impact in the areas of (parabolic) evolution
equations and harmonic analysis, more recently, in the theory of stochastic
(parabolic) evolution equations.

In this lecture we address the first item in the list and investigate properties
of y-radonifying operators. These operators will be used in the next lecture to
give necessary and sufficient conditions for stochastic integrability, the main
idea being that the L?-norms occurring in the It6 isometry are replaced by
the y-radonifying norms of associated integral operators.

5.1 v-Summing operators

We begin with a discussion of the class of y-summing operators. In the next
section, y-radonifying operators are defined as the y-summing operators which
can be approximated in the y-summing norm by finite rank operators.

Continuing the notational conventions of the previous lectures, (v,)52
always denotes a Gaussian sequence, H is a Hilbert space (with inner prod-
uct [-,-]), and F is a Banach space. Although we have made the standing
assumption that all spaces are real, most results of this lecture extend with
only minor changes to complex scalars.
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Definition 5.1. A linear operator S : H — FE is called y-summing if for some
(equivalently, for all) 1 < p < oo,

k 1
||S||750(H7E) = sup (EH Z’yj Sthp) " < o0,
j=1

the supremum being taken over all finite orthonormal systems {hy, ..., hi}.

By considering singletons {h} we see that every -summing operator is
bounded and satisfies [|S]| < || S|y (a,5)-

With respect to any one of the norms S+ ||S||yee (1, ), which are mutually
equivalent by the Kahane-Khintchine inequalities, the linear space v (H, E)
of all y-summing operators from H to E is a normed space. Unless otherwise
stated we shall write

||S||7°°(H,E) = ||S||72°°(H,E)-
Proposition 5.2. The space v (H, E) is a Banach space.

Proof. 1f (Sp)p2; is Cauchy in v*°(H, E), then sup,,; ||Sn|lye(m,m) < oo
Let us denote this supremum by C. Since (5,)52; is a Cauchy sequence in
Z(H,E) it tends to an operator S in Z(H,FE). We will prove that S €
~v*°(H, E) and that lim,_,o, S, = S in the norm of v*°(H, E).

If {hq,..., s} is an orthonormal system in H, then by Fatou’s lemma,

n—oo

k 2 k 2
EHZ%Sth gnmmeHZ%thjH <cC.
=1 =1

It follows that S € v*°(H, E) and S|y (m,5) < C.

Next we check that lim,—., S, = S in the norm of v*°(H, E). Given
e > 0, we choose N > 1 such that ||.S,, — Sp |y (m,5) < € for all m,n > N.
Let {h1,...,h} be an orthonormal system in H. By another application of
the Fatou lemma,

m— 00

B3 2 (50— S0 < mint B 3 (50— St < 2
Jj=1 j=1

Therefore, ||S,, — S||yoc(m,5) < € for alln > N. O

Proposition 5.3 (y-Fatou lemma). Let (S5,)%2, be a bounded sequence in
W (H, E). If S € £(H, E) is an operator such that

lim (Sph,x*) = (Sh,2*) Vhe H, z* € E*,

n—oo

then S € v°°(H, E) and for all 1 < p < co we have

[Sllnge a1,y < Niminf {15 |yee (1, m).
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Proof. Let {hy,...,hz} be an orthonormal system in H. Let (z%)%°; be
a sequence of unit vectors in E* which is norming for the linear span of
{Shi,...,Shi}. For all M > 1 we have, by the Fatou lemma,

st < s (305
j=1

m= 1; 7M m=1,...,

< 1inrgioréf ||Sn||$;o(H,E)-

Taking the limit M — oo we obtain, by the monotone convergence theorem,
k P
. o
B[ S sh||” < timinf 19401 .1
j=1

and the proposition follows. a

The next result shows that the class of y-summing operators enjoys a
certain ideal property:

Proposition 5.4 (Ideal property I). Let S € v*°(H, E). If H' is another
Hilbert space and E' another Banach space, then for all T € £ (H',H) and
Ue Z(E,E) we have UST € v*°(H', E’) and for all 1 < p < 0o we have

NUSTlyee (7,7 < U NS lyso e,y 1Tl

Proof. 1t suffices to prove that ST € ~*(H',E) and ||ST| u,p) <
1S]lyo (1, | T||, the assertions concerning U being trivial.

Let {h},...,h}} be an orthonormal system in H’. We denote by H' and H
the spans in H' and H of {h,...,h}.} and {Thi,...,Th,}, respectively. Let
E be the span in E of {STh ...,8Th}}. Then S and T restrict to operators
S:H—FEandT:H — H.

Let {h1,...,hx} be an orthonormal basis for H. For all z* € E* we have
k N
Y (STh) ") = T8 |5, < ITIP 1572 % = 171 D (Sha,2")*.
j=1 n=1

Hence, by Theorem B9,

k N
p
E[| Y05 SR | < ITIPE]| S 0 Sha|” < ITIP IS s 1,5
Jj=1 n=1
and the result follows. m|

As a corollary we observe that we may ignore the kernel of S:
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Corollary 5.5. If S € v*°(H, E) and Hy is a closed subspace of H containing
(ker )+, then the restriction Sy of S to Hy belongs to v (Hy, E) and for all
1<p<oo,

150 llys2 (#0,8) = 1S 1ly2e (11,) -

Proof. The only nontrivial thing to prove is the inequality ||.S ||,-Yoo( HE) <
||S()||,-Yoo(H0 g)- Let Py be the orthonormal projection of H onto Ho. Then
S = SOPO and the desired inequality follows from Proposition B4 O

We are now in a position to prove the following characterisation of -
summing operators in terms of orthonormal bases. We formulate the result for
separable infinite-dimensional spaces; for finite-dimensional spaces the same
result holds with a slightly simpler proof.

Proposition 5.6. If H is separable and (h,,)22; is an orthonormal basis for

H, then an operator S € £ (H, E) belongs to v*>°(H, E) if and only if for some
(equivalently, for all) 1 < p < oo,

P
n < 00.

In this case,

N
1515 e 17,y N>1 712::1%

Proof. Let {h},...,h}.} be an orthonormal system in H. For K > 1 let Px
denote the orthogonal projection onto the span of {hq,...,hx}. For all 2* €
E* and K > k we have

K

k
> (SPichly,a*)? < ||PgS*a*||> = (Shn,z7)>.

j=1 n=1

Let 1 < p < oo. From Theorem B3 it follows that

K
P
< EH Z Tn
n=1

Hence by Fatou’s lemma,

k
E| > spPik
j=1

N
P
< sup IEH Z Yn
n=1

N>1

k k
p
|| < ] 3o
i=1 =

It follows that

N
S oo sup EH o
L POR

The converse inequality trivially holds and the proof is complete. a
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5.2 v-Radonifying operators

When h is an element of a Hilbert space H and x an element of a Banach
space E, we denote by h ® x the operator in .Z(H, E) defined by

(h®@x)h = [h, W]z, K € H.

An operator in £ (H, E) is said to be of finite rank if it is a linear combination
of operators of the above form. It is a trivial observation that every finite rank
operator from H to E belongs to v*°(H, E). In fact we have:

Lemma 5.7. If S = 25:1 hp ® x,, 1s a finite rank operator with hy,..., Ay
orthonormal in H and x1,...,zy € E arbitrary, then S € v°(H, E) and for
all 1 < p < oo we have

p

N
112 a1 = B[} 3 v
n=1

Proof. Testing on hy, ..., hx gives the inequality ‘>’. To prove the inequality
‘<’ let P be the orthogonal projection from H onto the span H of {hy,...,hn}
and define S € Z(H,E) by S = SP*. The inequality then follows from
Proposition 24 applied to S = §P, and Proposition B2 applied to S. O

In view of this observation the following definition makes sense.

Definition 5.8. The space v(H, E) is defined as the closure in v*°(H, E) of
all finite rank operators. The operators in yv(H, E) are called vy-radonifying.

By definition, v(H, E) is a Banach space with respect to the norm inherited
from v*>°(H, E). For notational simplicity, for R € v(H, E) we shall write

IRl (m.E) = | Rl (m,E)

and more generally |||, x5y = HRHWEQ(H,E) for 1 < p < 0.

A bounded operator is compact if the image of the unit ball is rela-
tively compact. Every v-radonifying operator R is compact: if lim,, o ||Rn —
R||(#,g) = 0 with each R,, of finite rank, then lim,, . [[R, — R|| = 0 and the
claim follows since each R,, is compact. Here we use that the uniform limit of
a sequence of compact operators is compact.

Without proof we mention the following theorem, which rephrases a fa-
mous result due to HOFFMANN-JORGENSEN and KWAPIEN on the almost sure
convergence of random sums whose partial sums are almost surely bounded.

Theorem 5.9 (Hoffmann-Jorgensen and Kwapien). Let H be an infin-
ite-dimensional Hilbert space. For a Banach space E the following assertions
are equivalent:
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(1) y>(H, E) = v(H, E);
(2) E does not contain a closed subspace isomorphic to c.

An explicit example of an operator which is y-summing but not ~-
radonifying is the multiplication operator R : £? — cq defined by

R((an)iZy) = (om//log(n +1))72,

The proof of this statement depends on some subtle estimates for Gaussian
sums and is omitted.

As an immediate consequence of Definition B8 every R € ~(H, E) is
‘supported’ on a separable closed subspace of H:

Proposition 5.10. If R € v(H, E), then (ker(R))* is separable.

Proof. Suppose that R = lim,,—. R, in v(H, F) with each R,, of finite rank,

say R,h = Z?Zl [h, hjn]xjn. Let Hy denote the closed linear span of all vectors
hjn, n > 1,1 < j < kyp. Then Hy is separable and if h L Hy, then R,h =0
for all n > 1 and consequently Rh = 0. O

The ideal property of v*°(H, E) carries over to v(H, E):

Proposition 5.11 (Ideal property II). Let R € v(H, E). If H' is another
Hilbert space and E' another Banach space, then for all T € £ (H',H) and
Ue XE,E") we have URT € v(H',E") and for all 1 < p < 0o we have

IWURT |y, a1y < NUIRlly .17l

Proof. If R is of finite rank, then also URT is of finite rank. Moreover if
limp oo Ry = R in 7p°(H, E), then [U(R — Rp)T|yeo(n 6y < |[U[[[|R —
Rullyse(r,m) | T and therefore URT € y(H', E'). The estimate follows from
the corresponding estimate for the y-summing norms. a

We mention a simple but useful application.

Proposition 5.12 (Convergence by right multiplication). If H; and Hs
are Hilbert spaces and S1,Ss,... and S are operators in £ (Hy, Ha) satisfy-
ing S*h = lim,,_,oo Sih for all h € Ha, then for all R € ~(Ha, E) we have
lim,, o0 RS, = RS in v(H1, E).

Proof. The uniform boundedness principle implies that sup,,; [|Sn|| < oo.
Hence, by the estimate | RT'||,(m, ) < | Ry (o, m) [|T|| for T € £ (Hy, Hy), it
suffices to consider finite rank operators R € v(Hs, E). Fix such an operator,
say R = Z%Zl Ry, @ T, and let (hj)¥_; be orthonormal in Hj. Then, by the
triangle inequality in L?(§2; E),
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m=1 j=1
}k:% S*H, —s;,h;n,hj]f)%||xm||

Jj=

E

Ms

=

k 1
SIS By = it B512) om

Jj=1

3

Il

-
~ —

Ms iM:

15", = S P 2]

m=1
Hence,
M
IR(S = Sl o) < Z 157 hipy = S5 |
and by assumption the right hand side tends to zero as n — oc. a

Here is a simple illustration:

Ezample 5.13. Consider an operator R € y(H, E) and let (hy,)2; be an or-
thonormal basis for (ker(R))L. Let P, denote the orthogonal projection in H
onto the span of {h1,...,hy}. Then lim, .o RP, = R in v(H, E).

Proposition 5.14 (Measurability). Let (A, </, u) be a o-finite measure
space and H a separable Hilbert space. For a function ® : A — ~(H, E)
define ®h : A — E by (Ph)() := P(&)h for h € H. The following assertions
are equivalent:

(1) @ is strongly p-measurable;
(2) ®h is strongly p-measurable for all h € H.

Proof. 1t suffices to prove that (2) implies (1). If (h,)$2; is an orthonormal
basis for H, then with the notations of the Example for all £ € A we have

n

o(¢) = lim ()P, = lim D [, hy]8(E)h;,

n—oo
=1

with convergence in the norm of v(H, E). O

We proceed with the main result of this section which states, loosely speak-
ing, that an operator is y-radonifying if and only if it maps orthonormal se-
quences into y-summable sequences.

Theorem 5.15. If H is separable, then for an operator R € £ (H,E) the
following assertions are equivalent:

(1) R en(H, E);
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(2) for all orthonormal bases (hy,)5%y in H and all 1 < p < oo the sum
>0 Yn Rhy, converges in LP(§2; E);
(3) for some orthonormal basis (hy)oy in H and some 1 < p < oo the sum

> Yn Rhy converges in LP(£2; E).

In this situation, the sums in (2) and (3) converge almost surely and define
an E-valued Gaussian random variable with covariance operator RR*. For all
orthonormal bases (hn)S%; of H and 1 < p < 0o we have

IR, 1., = B -
n=1

Proof. (1)=(2): Fix R € v(H,E) and 1 < p < oo, and let (hy)32; be an
orthonormal basis of H. Let P,, denote the orthogonal projection in H onto
the linear span of {hy, ..., h,}. By Proposition I we have lim,,_,.c RP, = R
in y(H, E), and by Proposition id for all m < n we have

EH Z Vi Rh; H =|RP, — RPy ||7 (H,E)"
j=m+1

Since the right-hand side tends to 0 as m,n — oo, this proves the convergence
of the sum Y >° v, Rh, in LP(2; E).

(2)=-(3): This implication is trivial.

(3)=(1): With the notations as before, by Proposition 6] we have

lim |RP, — RPu|” y py = lim IEH Z ~;Rh; H

m,n—o0 m,n—oo
=m+1

It follows that (RP,)52; is a Cauchy sequence in y(H, E). Its limit equals R,
since lim,, oo RP,h = Rh for all h € H.

This proves the equivalence of (1), (2), (3) as well as the final identity. The
almost sure convergence in (2) and (3) follows from the It6-Nisio theorem. O

We are now ready to characterise Gaussian covariance operators in terms
of y-radonifying operators.

Theorem 5.16. Suppose Q € L(E*, FE) and R € ¥(H, E) satisfy Q = RR*.
The following assertions are equivalent:

(1) Q is a Gaussian covariance operator;
(2) Revy(H,E).

If X is an E-valued random variable with covariance operator @, then

EIXP = |RI? (rmy 1<p<oc.
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Proof. (1)=(2): Let X be E-valued Gaussian with covariance Q. By Theorem
the Hilbert space Hx is separable, and from the identities E(X,z*)? =
(Qx*,z*) = || R*x*||? it follows that the mapping jx : (X, 2*) — R*z* extends
uniquely to an isometry from Hx onto H:= ran(R*).

Let (v,)52; be an orthonormal basis of Hx and put hy, := jx7,. Then
(hy )22, is an orthonormal basis of H. By the Karhunen-Lotve theorem (The-

orem ELT) we have X = Y7 | vnixVn, where ix : Hx — E is given by
ix(X,2") = Qz* = RR"z" = Rjx (X, z").
It follows that ix = Rjx, and therefore

Z’ynRhn = Z Yo RixVn = Z YnixYn = X. (5.1)
n=1 n=1 n=1

Let R denote the restriction of R to IET By the implication (3)=>(1) of Theorem

ETH we have proved that R € y(H,E). Since R = 0 on H+ = ker(R), we

have R = RP where P is the orthogonal projection from H onto H. From
Proposition BTTl we infer that R € v(H, E).

(2)=(1): Using Proposition I let (h,)$2; be an orthonormal basis of
the separable Hilbert space H = (ker(R))~. The E-valued random variable
X =3 Y Rh, is Gaussian and has covariance operator RR* = Q.

The final identity follows from (BJI) and Theorem BET3 O

We continue with a domination result for y-radonifying operators.

Theorem 5.17 (Domination). Let Hy and Hy be Hilbert spaces and let
R, € X(Hl,E) and Ry € f(H27E). [f

[Riz"|| < [[R3z™|| V2™ € E7,
then Ro € v(Ha, E) implies Ry € v(Hy, E) and for all 1 < p < 0o we have
[R5, o1,y < | Rally, (i1, 2)-

Proof. Put Hy = ran(R7) and Hy = ran(R3%). By assumption, the mapping
j: Rsx* — Rix* extends to a contraction from ﬁg to ﬁl. For all hy € ﬁl
and z* € E* we have (Ryj*hy,z*) = [h1,jR3x*] = [h1, R{z*] = (Rih1,x™).
Hence Ryj*P = Ry, where P is the orthogonal projection of H; onto I;H, and
the result follows from Proposition 21Tl O

Corollary 5.18 (Covariance domination). Let X; and X5 be E-valued
Gaussian random variables satisfying

E(X1,2*)? < E(Xy,2%)2 Va* € B
Then, for all 1 < p < oo,
El|l X1 < E[| X2]".
Proof. Combine Theorems BI6 and B2T7 O
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5.3 Examples of ~-radonifying operators

For certain range spaces, a complete characterisation of v-radonifying oper-
ators can be given in non-probabilistic terms. The simplest example occurs
when the range space is a Hilbert space.

Theorem 5.19 (Operators into Hilbert spaces). If E is a Hilbert space,
then R € v(H, E) if and only if R € % (H, E), and in this case we have

IRl z,2y = | Bl (81, B)-

Here, % (H, E) denotes the space of all Hilbert-Schmidt operators from H
to E, that is, completion of the space of all finite rank operators R € .Z(H, E)
with respect to the norm

N
1R,y = D llzall?,

n=1
where R = 25:1 h, ® x with the hq,...,hy orthonomal in H.

Proof. This is trivial, since for R = 27]:/:1 h, ® x with hq,..., hy orthonomal
in H we have

N 2 N
VRI2 o157 = B[ 32 | = D Nl = 1Rl .
n=1 n=1

O

In what follows we shall use the notation A =, B to express the fact
that there exist constants 0 < ¢ < C < o0, depending only on p, such that
cA < B < CA. The notation A <, B has a similar meaning.

The next result shows that an operator from a separable Hilbert space
into an LP-space is vy-radonifying if and only if it satisfies a square function
estimate.

Theorem 5.20 (Operators into LP-spaces). Let (A, <7, ) be a o-finite
measure space, let H be a separable Hilbert space, and let 1 < p < oco. For an
operator R € L (H, LP(A)) the following assertions are equivalent:

(1) R e~(H, LP(A));

(2) For all orthonormal bases (hn)3, of H the function (Yo, |Rhn|2)%
belongs to LP(A);

(3) For some orthonormal basis (hy)52y of H the function (Y_0°; |[Rhn|?)
belongs to LP(A).

=

In this case we have ||R||y(m,Lr(a)) ~p ||(ZZ°:1 |Rhn|2)%||.
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Proof. Applying the identity ZTJLM len|? = E| ZTZLM CnYn|? with ¢, = fn(€),
& € A, then applying the scalar Kahane-Khintchine inequality, then Fubini’s
theorem, and finally the Kahane-Khintchine inequality in LP(A), for all M <

N and fu,..., fnv € LP(A) we obtain
2\ 3 N I~
), = (=] X )
n=M

N % N
IS 1)1, 5
n=M n=M
N Py = N 2\ %

The equivalences (1)< (2), (1)<(3), and the final two-sided estimate now
follow by taking f,, :== Rhy,, where (hy)52; is an orthonormal basis of H. O

p

Here is a neat application:

Corollary 5.21. Let (A, o7, 1) be a finite measure space and H a separable
Hilbert space. For all T € £ (H,L®(A)) and 1 < p < oo we have T €
~(H,LP(A)) and

1T\l cz,2ra)) Sp 1Tl 2(2,250 ()
Proof. Let (h,)2%; be an orthonormal basis of H. Fixing N > 1 and ¢ € R,
for p-almost all £ € A we have

N N
> camh)©)| < || X el
n=1 n=1

oo

N
<INz e can|| Y enhn| | = 1Tt canllel.
n=1

Taking the supremum over a countable dense set in the unit ball of RY we
obtain the following estimate, valid for p-almost all £ € A:

1

N =
(S 1TR)OF)" < IT e ey
n=1

Now apply Theorem O

Every f € LP(A; H) defines a bounded operator Ry € Z(H,L”(A)) by
putting
(Ryh)(&) =1[f(&).h],  €€A heH.

The next result shows that Ry € v(H, LP(A)), and that every R € v(H, LP(A))
is of this form; this gives an alternative description of v(H, LP(A)). For later
use it will be useful to formulate this result in a more slightly more general
form. The isomorphism ~(H, LP(A)) ~ LP(A; H) is obtained in the special
case £ =R in the next theorem.
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Theorem 5.22 (v-Fubini isomorphism). Let (A, o/, ) be a o-finite mea-
sure space, let H be a Hilbert space, and let 1 < p < oo. The mapping
U:LP(A;~v(H,E)) — Z(H,LP(A; E)) defined by

((UNHR)E) = f(h, L€ A, heH,
defines an isometry U from LP(A;~,(H, E)) onto v,(H, LP(A; E)).
Proof. Let f € LP(A;v,(H,E)) be a simple function of the form f =

Z%Zl 1a,, ® Uy, where the operators U, are of the forril 25:1 hy @ Ton

for some orthonormal system {hi,...,An} in H. Let H be the span of
{h1,...,hy}. Using Corollary BB Lemma BT and Fubini’s theorem we ob-
tain

||Uf||wp H LP(A'E = HUeryp(fI,LP(A;E))
1 N
B> ws) ) = ([ E[X
( 27 F)h lLr(A:E) A ZV'
1

/HfHMHE )’ /Ilfll%(HE)du)p

= [ fllr (s, (11, B)) -

)%

Since the simple functions f of the above form are dense, these estimates imply
that U extends to an isomorphism of LP(A;~,(H, E)) onto a closed subspace
of v,(H,LP(A; E)). To show that this operator is surjective it is enough to
show that its range is dense. But

N K K N
U(Z 1a, ® (Z hi ® xkn)) = Z hi ® (Z 1a, ® xkn)a
n=1 k=1 k=1 n=1

for all A,, € & with u(A,) < oo, orthonormal hq,...,hx € H, and arbitrary
Zrn € E. The elements on the right hand side are dense in v,(H, L?(A; E)).
O

The final example is important in the theory of Brownian motion.
Theorem 5.23 (Indefinite integration). The operator Iy : L?(0,T) —
C10,T) defined by

(Irf)(t / f(s)ds, feL*0,T), telo,T],

18 y-radonifying.

A proof is outlined in Exercise Bl
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5.4 Exercises

1.

Let 1 < p < oo. Determine for which scalar sequences a = (a,)22; the
diagonal operator u, — a,u, defines a y-radonifying operator from ¢2 to
¢P. Here u,, = (0,...,0,1,0,...), with the ‘1’ in the n-th entry, is the n-th
unit vector of (7.

Hint: Apply Theorem

. Let (hn)$2, be a Hilbert sequence in a Hilbert space H, that is, there

exists a constant C' > 0 such that for all scalars aq, ..., an,

N N 1
HZanhn <C(2|an|2)2.
n=1 n=1

Show that if R € v(H, E), then >_°" | v, Rh,, converges in L?({2; E) and

o0
EH > nRhy
n=1

2
< C2|IRI 11, -

(1) Let (A, o, u) be a o-finite measure space and define @ : A — v(H, E)
by @ := ¢®@U, where ¢ € L?(A) and U € v(H, E). Prove that the operator
Rg : L*(A;H) — E,

Rof = / B(E)(€) du(€) = / SO F(E) du(€)
A A
belongs to v(L?(A; H), E) with norm
|Rally(z2a;m),8) = |0 L2y Ul (a2, B)-

(1) Let again (A, &, u) be a o-finite measure space. For p-simple functions
¢: A— y(H,E) we define Ry : L?(A; H) — E by

Ryf = /A () 1(€) du(€).

By the previous exercise, Ry € v(L?(A4; H), E).

a) Prove that if E has type 2, then the mapping ¢ — R, has a unique ex-
tension to a continuous embedding L?(A;v(H, E)) — v(L*(A; H), E).
Hint: Consider simple functions whose values are finite rank opera-
tors.

b) Prove the following converse for H = R and A = (0, 1): if the mapping
¢ — Ry, defined for simple functions ¢ : (0,1) — E, extends to a
bounded operator R from L?(0,1; E) to y(L*(0,1), E), then E has
type 2.

Hint: Consider step functions.
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Examples of Banach space with type 2 are Hilbert spaces and LP-spaces
for 2 < p < oo (see Exercise BlH]).

Remark: The following ‘dual’ result also holds, with a similar proof: if £
has cotype 2, then the mapping Rg — @ is well defined and has a unique
extension to a continuous embedding v(L?(A; H), E) — L?(A;~v(H, E)).
Conversely, if the mapping R4 — ¢ extends to a continuous embedding
v(L?(0,1), E) — L?*(0,1; E), then E has cotype 2.

5. We present a proof of Theorem due to CIESIELSKI. Another proof
will be outlined in the next lecture.
Without loss of generality we take T'=1 and set Iy = I, =: I.

a) Let v be a standard Gaussian variable. Prove that

2 142
P{|y| >t} < —=e"2'
{hl>1<- Ner
b) Let (7,)52,; be a Gaussian sequence. Use a) and the Borel-Cantelli
lemma to prove that for any o > 1, almost surely we have

[vnl < V/2alog(n + 1)

for all but at most finitely many n > 1.
The Haar basis of L?(0,1) is defined by hy = 1 and hy, 1= ¢j for n > 2,
where n = 29 + k with j =0,1,2,... and k =1,...,27, and

b =221, k—1/2\ — 21/21 k—1/2 k-
( 27 0 27 ) (TQ_J)
¢) Prove that (h,)32; is an orthonormal basis for L?(0,1).
d) Prove that, almost surely, the sum Y | v, (Ihy)(t) converges abso-
lutely and uniformly with respect to ¢ € [0,1].
Hint: Use b) together with the observation that for all j > 0 and
t € [0,1], we have I¢;1(t) = 0 for all but at most one k € {1,...,27}
and that for this k we have 0 < I¢;i(t) < 9-3/2-1
e) Combine d) with Theorem [.TH and the final assertion of the Ito-Nisio
theorem to deduce that I is y-radonifying from L2(0,1) to C[0, 1].

Notes. The class of y-summing operators was introduced by LINDE and
PIETSCH [[0]. A detailed study of vy-summing operators is presented in DI-
ESTEL, JARCHOW, TONGE [35, Chapter 12]. The notion of a v-radonifying
operator is older and has its origins in the work of GrROsS [43]. Frequently
H is assumed to be separable and the equivalent conditions (2) and (3) of
Theorem B.TH are taken as the definition of a y-radonifying operator.

To explain the name ‘vy-radonifying’, let us first introduce some termi-
nology. A probability measure p on a topological space E is called a Radon
measure if for all Borel sets B C FE and ¢ > 0 there exists a compact subset
K C B such that pu(B\ K) < e. If u is the distribution of a random variable
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with values in a Banach space E, then u is a Radon measure on F; this can
be deduced from Proposition 23 and some additional thought. Now Theorem
BETd can be interpreted as saying that a bounded operator T : H — FE is
y-radonifying if and only if it maps the finitely additive standard Gaussian
measure vy (see the discussion in the Notes of Lecture H) to a Radon measure
p on E (viz., the Gaussian measure p with covariance operator TT™).

In some sense, the class of y-radonifying operators is the Gaussian ana-
logue of the class of p-absolutely summing operators, a fact with indicates
its importance from the point of view of Banach space theory. The interme-
diate notion of p-radonifying operators has been studied thoroughly by the
French school. We refer to VAKHANIA, TARIELADZE, CHOBANYAN [105] for
more information and references to the literature.

The ~v-Fatou lemma is essentially due to KALTON and WEIS [68]. The
authors used y-radonifying norms to extend certain results in spectral theory
involving square functions to the Banach space-valued setting. Propositions
and T4 are taken from [82)].

Corollary BT8 can be improved as follows: if X and Y are E-valued Gaus-
sian random variables satisfying E(X, z*)? < E(Y,z*)? for all z* € E* and
C C F is closed, convex, and symmetric, then

P{X ¢ C} <P{Y ¢ C}. (5.2)

This result is due to ANDERSON [2].

Without proof we mention the following result, essentially due to NEID-
HARDT [85], which can be proved using Prokhorov’s theorem (Theorem EZT9)
and a Anderson’s inequality (see the Notes of Lecture H):

Theorem 5.24 (y-Dominated convergence). Suppose (T,,)22, is a se-
quence in L(H,E) and assume that there exist R € v(H,E) and T €
Z(H, E) such that for all * € E* we have:

(1) T3z < [[Rrz~],
(2) limy, oo Tiix* = T*x* in H.

Then T € v(H, E) and lim,,_.oc T, =T in the norm of v(H, E).

The main idea is as follows. If 2 is a family F-valued Gaussian random
variables whose covariances are dominated by R in the sense of (1), then by
using Anderson’s inequality (E2) it can be shown that 2" is uniformly tight,
and Prokhorov’s theorem can be applied.

The square function characterisation of v-radonifying operators into LP-
spaces of Theorem is taken from [83]. For p = 2, Corollary B2 asserts
that if (A, <7, u) is a finite measure space, then every bounded operator from
H to L*(A) which factors through L>°(A) is Hilbert-Schmidt. In its present
form, the corollary was suggested to us by HAASE. A related result is contained
in [83]; see also [I06, Lemma 8.7.2]. The y-Fubini isomorphism is taken from
52.
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Exercise @ is from [44]. Exercise Bl goes back to HOFFMANN-JORGENSEN
and PISIER 9] and ROSINSKI and SUCHANECKI [96]. In its present form it
was noted in [84]. From KWAPIEN’s theorem (see the notes of Lecture Bl and
Exercise Hl) we deduce that the mapping ¢ — R, induces an isomorphism of
Banach spaces

L*(0,1; B) ~ ~y(L*(0,1), E)

if and only if E is isomorphic to a Hilbert space.

The proof of Theorem (.23 sketched in ExerciseHis due to CIESIELSKI. He
used the uniform convergence of the sum Y-, v,Irh, to give an elementary
proof that a Brownian motion admits a version with continuous trajectories;
we return to this point in the lext lecture. According to Theorem BI6, the
operator I3 is the covariance of a Gaussian measure w on C[0,T], the so-
called Wiener measure. A straightforward computation shows that

(Ir 350, 5,) = / () () dw(f) = min{s, t}, st € [0,7].

clo,1]

Here 6, and 6; are the Dirac measures concentrated at s and t. We refer to
the textbook of STEELE [09] for a discussion of CIESIELKI's result as well as
some of its ramifications.



