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Abstract Let A be the Laplace operator on R and 1 < § < 2. Using transference methods we show
that, for max{q,q/(g — 1)} < 4d/(2d + 1 — §), the maximal function sup,q |e"*2 f| for the Schrédinger
group is in L9, for f € L? with A%/2f ¢ L9 We obtain a similar result for the Airy group expitA3/2,
An abstract version of these results is obtained for bounded Cp-groups e!*L on subspaces of LP spaces.
Certain results extend to maximal functions defined for functions with values in UM D Banach spaces.
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1. Introduction

Let {2 be a complete and separable metric space, and u a o-finite Radon measure on f2.
Let E be a closed linear subspace of the Lebesgue space LP({2;u), where 1 < p < oo.
Suppose that L is a closed and densely defined linear operator in F; for convenience we
will take its null space to be zero. We are concerned with the abstract Cauchy problem

iwy = Lw, w(z,0) = f(z), (1.1)

which has a unique solution for initial data f € E, in the sense of Hille and Phillips [13,
p. 622], whenever (—iL) is the generator of a Cy-semigroup of bounded linear operators
on E. It is of interest to determine when the solution satisfies w(z,t) — f(z) p-almost
everywhere as t — 0. This involves imposing extra conditions on f in order to control
the maximal function sup,q |w(z,t)|, as in the following theorem.

Theorem 1.1. Let A = — Z?=1 3; be the Laplace operator in LP(R?), and let 2 <
a < 3 and max{p,p/(p — 1)} < 12d/(6d + 3 — 2a).
(i) Then there is a uniformly bounded family of linear operators on LP(R%)
eit(vVay® _ g
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for which the maximal function

frosuplm@ VR (e 1) (1.3)
t>

defines a strongly bounded sublinear operator LP(R%) — LP(R¢9).

(ii) Further, the solution w of (1.1) with L = A3/? satisfies w(z,t) — f(x) almost
everywhere as t — 04, when f € LP is in the domain of A®/?,

The method of proof is based upon a device of Cowling [10, Theorem 6]. For suitable
m, we can take the Fourier transform of h(z) = m(e*) and write

m(tL)f = /_oo h(EWELEfde/2r (fEE, t>0) (1.4)

for the multiplier operator m(tL). We will usually take m(tL) to be defined by this
formula, whenever the right-hand side is a convergent Bochner-Lebesgue integral. The
operators to which we apply our results have a rich functional calculus which is essentially
unique, so this mode of definition may be adopted without ambiguity.

In §3 I prove Theorem 1.1, and the result on the Schrédinger group stated in the
abstract, by showing that the right-hand side of (1.4) is suitably convergent. The key
step, which suggests the subsequent generalizations, is to use the Marcinkiewicz multiplier
theorem to control the group L of imaginary powers of L = v/A. In cases of interest
involving LP (1 < p < o0, p # 2), the operator group L¥ is locally but not uniformly
bounded.

In §4 we extend the method for application to the generators (iL) of bounded Cj-
groups eitl of operators on subspaces E of LP(§2; 11). In order to achieve bounds on (1.4),
we use the functional calculus for spectral integration, as developed in [1-3]. In §2 we
describe the class of g-Marcinkiewicz multipliers of [2,9,11,20} which include the classical
Marcinkiewicz multipliers. We then transfer bounds on the mulipliers into bounds on the
operators m(L).

In § 5 we use similar techniques to deal with almost everywhere convergence of solutions
of an abstract wave equation. See [8] for an introduction to cosine families and hyperbolic
equations. The technique works for functions with values in a suitable Banach space,
precisely a UM D Banach space. Throughout the paper we use transference techniques for
Co-groups of operators, as in [3,4], rather than analytic semigroups as in [10, Theorem 1].

Notation. The Bochner-Lebesgue space of strongly measurable functions f: R —» E
with || f(¢)||% integrable is denoted LP(R; E) (13, p. 79). When W : LP(R) — LP(R) is
a bounded linear operator, it has a natural extension W® I : LP(R)®@ E - L?(R)® E
which, under favourable circumstances, extends to define a bounded linear operator on
LP(R; E); we then write W for this extension. We denote by (e,) the Rademacher random
variables, and by E. the expectation with respect to their usual probability measure.
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2. g-variation and multipliers

Definition. Let Ay = [2%,28+1) and Ay = (—=25*1,~2%] for k € Z be the intervals
defining the standard dyadic decomposition of R. For any bounded interval I, 1 < ¢ < o0
and complex-valued function H, the g-variation of H over I is defined to be the supremum
over all finite partitions:

N-1 1/q
varq(H;I)=sup{<ZIH(tj+1)—H(tj)|q> |tj€I; t1 <t2<~"<tN}. (21)
j=1

When g = 1 this gives the usual notion of variation, as in the classical Marcinkiewicz mul-
tiplier theorem [16, Theorem 6]. The Marcinkiewicz g-multipliers of R are the functions
H for which the norm

| H ||aze(zy = sup |H(t)] + sup varg(H; A) + sup varg (H; Ag) (2.2)
terR kez keZ
is finite. The space M9(R) thus formed is a Banach algebra under pointwise multiplication
of functions. In [9] it is shown that ¢-multipliers do indeed give bounded Fourier multi-
pliers on suitable L spaces. Further, M!(R) includes all functions of bounded variation
on R.

Let L be a closed and densely defined operator in a Banach space E with zero null
space, and suppose that the imaginary powers L'* (u € R) form a Cy-group of operators
on E. (In the cases of interest, the powers may be defined by functional calculus, see
(4.2) below.) As in [4], we define the modular function of this group to be

7e(u) = sup{|IL*|lpse | Is| < lul}  (ueR). (2.3)

By an application of the uniform boundedness theorem, given in [13, p. 306], the function
7e(u) is at most of exponential growth in |u|.

Proposition 2.1. Let m(A) (A > 0) be a function with h(z) = m(e”) integrable, and
let h(€) be the Fourier transform. Let E be a closed linear subspace of LP({2; u) for some
1< p< oo, and let ¢ with1 < g < oo have |1/2—1/p| < 1/q.

(i) Then m(L), defined as in (1.4), has operator norm

o
Im(D) -6 < Cp D>, 78231k * Yellzoc@y + b * P

a(2))) (2.4)
k=—o0
where . N
sin 21z exp(i3 - 251z
bi(z) = p( ) eR)

T

so that m(L) is a bounded linear operator, whenever this series converges.
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(ii) Suppose further that L' is a bounded Cy-group of operators, so that the modular
function is bounded by 7. Then |m(L)| g~ < C(p, )72 hllmae(w)-

Proof. (i) Let us suppose that the series in (2.4) converges. By the Fourier inversion
theorem we can write

A) = - Ai&“ |

m= 3 [+ [ Ab@wsm (>0, 5
so that, at least formally, the multiplier operator is

Di= 3 h(€)L¥ f dg/2 E). 2.6

m(L)f k;@Ak+Ak ©OUfde/an (feB) 26

Our task is to show that the right-hand side is norm convergent; this we do by considering
a typical summand. The operator

He:f o /A MoLEfag/or  (f € E) (2.7)

is certainly well defined, since h is integrable over Ay and £ — L¥f is norm continuous.
By the transference theorem for Co-groups [4, Theorem 2.1], the operator norm of Hy, is
< 2V/P73 (2541)|| A(hy)||, where || A(hg)]|| is the operator norm of the convolution operator

M) igm [ B+ Odr (g PR (2.8)

on the Bochner-Lebesgue space LP(R; E). By Fubini’s Theorem, this is just the norm of
A(izk) acting on the scalar-valued function space LP(R); and by the multiplier theorem 1
of [9], this is < Cp ||k * Y |IMe(r). Summing up these estimates over k we obtain the
stated result.

(ii) This is a special case of [2, Theorem 1.2]. O

Proposition 2.2. Let E and L be as in Proposition 2.1(i). Suppose further that
T5(€)h(€) is integrable. Then the Bochner integrals

m(tL)f = /_ - h(&)tELEfdé/2r (f € E,t > 0) (2.9)

define a uniformly bounded family of linear operators m(tL) on E for which the maximal
function

fr sup Im(¢tL)f|  (f € E) (2.10)

defines a strongly bounded sublinear operator E — LP({2; ).
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Proof. Since £ — L¥f € E is norm-continuous and each image is bounded by
|IL¥ ||z ell f]l £, the expression (2.9) is a well-defined Bochner-Lebesgue integral. By {13,
Theorem 3.8.2] the integral defines a bounded linear operator m(tL), and the following
computation will additionally achieve a uniform bound on the operator norms.

To estimate the maximal function we take the supremum norm in the ¢-variable, and
then the LP(f2; u) norm, to obtain

oo

| sup Im(¢L) fll oy < / WE)IILEflede/or  (feB),  (211)

and by considering the triangle inequality for integrals we see this is

< [ @@ demxiile (7€) (2.1

By the assumptions on h and the modular function, the latest integral is finite. a

3. Maximal functions for Schrédinger and KdV groups

Let A be the operator — E;.izl agj in L?(R9,dz). This defines an essentially self-adjoint
and positive operator in C2°(R%); and we can use the spectral theorem to form functions
of A, in particular, we form the square root VA > 0. One can extend suitably bounded
operators, defined initially on L2 N LP, to LP for 1 < p < oo [8, p. 412].

Lemma 3.1. Let 0 < 8 < d and max{p,p/(p — 1)} < 2d/(d — ). Then there is
C(p, B) < oo such that the modular function 7, of the group of imaginary powers Ai* on
LP(RY) satisfies

1A™lroir < Tp(u) S CR, AL+ 1uf’)  (ueR). (3.1)

Proof. We may suppose that 2 < p < 0o, for the other cases follow by duality. We
set § =1 — B/d, so that there exists ¢ with p < ¢ < 0o for which 1/p =0/2 + (1 — 8)/g;
this exploits the assumptions on 8 and p.

The operator A™ corresponds to the Fourier multiplier (E?zl £2)/2. By the Marcin-
kiewicz multiplier theorem [16, Theorem 6'], Ai* defines a Cy-group of operators on
LI(RY) with

IA™ ]| Lozt Loy < C(@ DA+ [ul)?  (u€R); (32)
and by the Plancherel formula
lA™ ]| L2 (R4)—L2(RY) = 1 (u e R). (3.3)

We interpolate between the estimates (3.3) and (3.2) using the Riesz—Thorin Theorem
(21, p. 95] to achieve the desired bound (3.1). ]
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In the course of the proofs of Theorems 3.3 and 1.1, we require to estimate various
oscillatory integrals. The basic technique may be summarized in the following variant of
van der Corput’s Lemma from [18, p. 334].

Lemma 3.2. Suppose that the phase function ¢ is real-valued and smooth on (a,b)
and that [¢*)(\)| > 1 for all A € (a,b), where either

(i) k=2;0r
(ii) k=1, and ¢'(\) is monotonic.

Then there is ¢, independent of ¢ and s, with

/ab e's¢My(N) d,\‘ < cps~Vk <I¢(b)| + /ab [ (A d/\) (s > 0).

The following result was stated in the abstract. The group of operators el*® involved is

used to solve the Cauchy problem for the Schrédinger equation in free Euclidean space.
Theorem 3.3. For1 < § <2 and 4d/(2d+J — 1) < ¢ < 4d/(2d +1 —§), the maximal
function

1tA -7

NGE f‘ (fe L*nLY) (3.4)

f»—)sup

defines a strongly bounded sublinear operator LY(R%) — L(R%).

Proof. We begin by making a Fourier transform representation of h(z) = m(e*),
where m is the multiplier

m(A) = iAT‘—l (A>0). (3.5)

The maximal function involves a scaling of m. We calculate

~ oo . o0 i’\2 —_ .
h(€) = /_ ooh(a;)e-'ff dz = /0 ‘i/\H—élA—'f d¢ (€ €R), (3.6)

where we have introduced the variable A = €%; the latest integral is absolutely convergent
when 0 < § < 2. Consequently, h(£) is bounded near to £ = 0; by considering large &,
we shall show iz(é)*r,,({) € Lé. Integration by parts gives us, since the integrated term
vanishes, the expression

(&) = /0 " N-s-iggin g (3.7)

5+i€
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which invites the method of stationary phase. The phase function ¢(A) = A% — £log A
has derivative ¢’'(\) = 2\ — £/, which vanishes only when & > 0 and A = /£/2; there
¢"(\/€/2) = 4. Consequently, we have an asymptotic estimate {12, p. 51]

~

|R(E)] ~ —Meii/?(gﬂ)(l—a—ig)/z

e (€~ ), (33)

since Fresnel’s integral takes the value

/_ Z e’ dy = \/%(i +1)  (a>0). (3.9)

When ¢ < 0 there is no point of stationary phase; so we split the integral (3.7) and
write

/oo Al—éei¢()\) dx

1

16 i(A) 70 00 (o _ £Vy1-6 oo 3-6

= /\._e_ _/ Q___‘E)A_el¢(f\)d)\+/ ,—4)‘———e'¢(’\)d/\. (3.10)
ig'(A) ], 1 i(2A2 =) 1 i(2A% = )2

The integrated term is O(1/|€]) as € - —o0; whereas, for 1 < § < 2, the other integrals
in (3.10) contribute at most

= 1 A dh_ C [edx _ C(9)
/1 (22— )12 (2X2 =228 S g2 J; A < HEER (3.11)
and
©__1 A3 dr_ C [®dr _ C()
/1 (2A2 — £)1/2 (2)2 — £)3/2 A < €72 J, A8 < 17z (3.12)

respectively. By repeated integration by parts, one can show that the contribution to
(3.6) arising from fol decays fast enough as £ — —oo; see (3.15) below for a more delicate
case. (Alternatively, one can transform (3.7) into a Gamma function integral and use
Stirling’s formula [4, p. 248].)

By Lemma 3.1, 7,(u) = O(|u|?) as |u| — oo, where § < (6 — 1)/2; and hence on
combining the preceding estimates we see that 7,(§ YA(€) is integrable. The result follows
from Proposition 2.2. a

We can establish the result stated in the introduction in a similar fashion. This involves
a variant of the Airy group et which solves the linearized KdV equation (ug + Uzzr =
0) in one space dimension. We have —id/8z = HVA, where the Hilbert transform
H is defined as in (5.7) below, and all the operators commute. The Riesz projection
R, : L — HP? onto the Hardy space {f € L* | f(§) = 0;(£ < 0)} is bounded for
1 < p < o0o; so to obtain almost sure convergence for solutions of (KdV), it suffices to
apply Theorem 1.1 to Ryu and (I — Ry )u.
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Proof of Theorem 1.1. (i) We introduce

e _ 1
)\a

m(A) = =gMA*  (A>0), (3.13)
where g(\) extends to define an entire function; and we proceed to calculate the Fourier
transform of h(z) = m(e*). Let ¢;(x) (j = 1,2) be smooth bump functions, supported
on [—1,1] and [1/2,00) respectively, with 1 = ¢1(z) + p2(z) for z > 0. Then we have
absolutely convergent integrals

1 00
h(£) = / P1(N)g(A)A2e= € gn + / @a(A)(e™* — 1A~ gy, (3.14)
0 1/2
Integrating by parts, we show that, when o < 3, the first integral is

—1
B-a—-i)d—a-)bB-a-

1 .
if)/o (019)" (AW)AP~2" i d ), (3.15)

this expression is clearly O(1/|¢|%) as |¢| = oo.
In this case the crucial integral to estimate is the second integral in (3.14), which we
integrate by parts and write as

3i
o+ i€

0o 1
/ A—eE4 260 o 3y an L / @~ Dey(NATEdr. (3.16)
1/2 a+ig 1/2

The latest integral may be estimated after repeated integration by parts. In the first
integral in (3.16), the phase function is ¢(\) = A3 —€log ); so there is a point of stationary
phase in the range of integration only when ¢ > (3/2)3, and it occurs at A = (£/3)1/3.
At this point, ¢” = 3%/3¢1/3; consequently, we have an asymptotic expression for the
modulus of first integral of (3.16) [12, p. 51] as £ — oo, namely

. (2—a—i)/3-1/6
Jrim L e (é) ,

a+ i 3 (3:17)

Let p and « be as in the statement of the result. By Lemma 3.1, 7,(u) = O(|u}?) as
u — 00, where 8 < 1/6+ (a—2)/3. We have chosen the constants such that the estimates
(3.1) and (3.17) are good enough to ensure [ |h(£)|[|A¥] d¢ < oo, as we require to show
that the maximal operator (1.3) is bounded.

(ii) The last statement of the Theorem 1.1, involving almost sure convergence, follows
from part (i) by a standard argument which will be given in §5 below. O

4. Abstract maximal theorem for subspaces of L?

In this section and the next we suppose that E is a closed linear subspace of the Lebesgue
space LP(£2; ), where 1 < p < 0o. Suppose further that iA is the generator of a bounded
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Co-group of operators on F, and the null space of A is zero. Before stating our maximal
theorem, we recall the functional calculus of spectral integration, as developed in [1-3].

We write 7 = sup{||e**||e»g | t € R} < 0o, and introduce a Stone-type spectral
family for the group e'*4 [3, Theorem 5.1]. There is a unique family of spectral projections
F(\) € B(E) with

@) IFMW)le~e < Cpr;

(it) F(A)F(u) = F(u)F(A) = F(A) when A < 5
(iii) A — F(X) is right-continuous, with left-hand limits, in the strong operator topology;
(iv) F(A\) =» I as A = o0, and F(A) — 0 as A — —o0, strongly; and

(v) there is a well-defined integral with respect to the family F(A\) and a functional
calculus map, giving a bounded homomorphism
m— m(A) = / m(A)F(dN), (4.1)
—o0
from the Banach algebra of functions of bounded variation on R into B(E). It
is shown in [2] that the functional calculus map is bounded M?(R) — B(E), for
[1/2—-1/p| <1/gand 1< g < 00.

We can also use the functional calculus map to introduce closed (unbounded) and
densely defined operators such as

A = lim + / PN (z€C); (42)
5{_’)0; [~-R,—€] le, R}

in this case we exploit the fact that the spectral projection for the null space of 4 is
F(0) — F(0~-) = 0. The function A — A* has 1-variation < 2|u| on each dyadic interval
[27,27%1) (j € 2).

Lemma 4.1. The imaginary powers |A|"* form a Cy-group of operators on E with
modular function of at most linear growth; that is,

HA*le-e <Cl, 7)1+ ul)  (v€R). (4.3)

Proof. This follows from the Marcinkiewicz multiplier theorem of spectral integration
(see [1] and |2, Theorem 1.2]), given our estimate on the M!(R) norm of A O

Theorem 4.2. Let 3/2 < a < 3. Then the family of operators

et _ 1

m(t1/3|A|) = —(t1/3|A|)"

(t > 0) (4.4)
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on FE is uniformly bounded, and the maximal function

f > sup Im(t/*|Af]  (f € E) (4.5)

defines a strongly bounded sublinear operator E — LP(§2; u).

Proof. We now introduce
A% _ 1
A
where g(\) extends to define an entire function; and we proceed to calculate the Fourier
transform of h(z) = m(e®). Let p;(z) (j = 1,2) be smooth bump functions, supported
on [—1,1] and [1/2,00) respectively, with 1 = ¢1(z) + @a(z) for z > 0. Then we have
absolutely convergent integrals

m(\) = =g (A>0), (4.6)

1 o0 5 )
h(&) = / P1(N)g(A\)AZ2i8 ) + / p2(A)(e™ — AT I-ig gy, (4.7)
0 1/2

Integrating by parts, we show that, when a < 3, the first integral in (4.7) is
-1
B-a—-if)(4 - a—ig)(5-a-i)

this expression is clearly O(1/|¢[®) as |¢| = oo.
We also integrate the second integral in (4.7) by parts; the most threatening term so
arising is

1
/0 (019)" (A" dy; (48)

-1
(a+i)(1-a—

which is also O(1/|¢|®) as |¢] — oo.
Hence we can write

® _a12)\3,—A%y2—a—if
e /lﬂm(x)( 3A2)BemAN2memit gy (4.9)

-3 (e
-1 N .
S = [ Honsagzm (>0, (4.10)
an absolutely convergent integral; from whence we can write
| i€/3) 4116
B[AD= whane’ = / R(ETC|ARfAE/2n - (> 0,f € E). (4.11)

We deduce the key estimate
et 1

0| (B73A])

t>0

< / O] o g de/2n % Ifle (f € E),
Lr(£2) o
(4.12)

where the latest integral converges on account of our estimates on (4.8), (4.9) and (4.3).
g
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5. Almost sure convergence for a cosine family

In this section we continue with the formalism of § 4 to obtain an almost sure convergence
theorem for solutions of an abstract second-order equation. The Cauchy problem

wy = —|Al%w(z, t), }

w(z,0) = f(z), wy(z,0) = 0 (5.1)

is well posed for f € E in the domain of |A|°. Indeed, the solution is given by w(z,t) =
(cost|A|®)f(z), as defined by the functional calculus of §4. Simple estimates on the
derivative of cos tA3 and properties of the functional calculus map imply that ¢ — w(.,t) €
E is twice continuously differentiable, with w(z,t) — f(z) in the norm of F as t — 0;
further, w;(z,t) = 0 in F norm as t — 0. For a more general class of initial values, the
function ¢ — cost|A|3f is norm-continuous.

Theorem 5.1. Suppose that 9/2 < § < 6 and that f € E is in the domain of |A’.
Then a (weak) solution w = cos(t|A[)f to (5.1) exists, and satisfies

w(z,t) = f(z) p-almost everywhere ast — 0+ . (5.2)

Proof. Arguing as in the proof of Theorem 1.1, we can show that

tAPP -1
/3141 = O : .
m A = T (> 0) 53)
defines a uniformly bounded family of linear operators on E, and that the maximal
function

fe sup Im(t'*|A)f|  (f € E) (54)

defines a strongly bounded sublinear operator E — LP({2; ). (The value of § may be
chosen larger than in Theorems 1.1, 3.3 and 4.2, since here we have a cosine family rather
than a (semi)-group. We appear to need this enlarged exponent to cope with the growth
of the modular function in (4.3).)

Suppose that f is in the domain of |A|® and take € > 0. Then a solution w(z, )
cos(t|A|®)f of (5.1) exists; on account of (1.4) and (5.3), we may define w(z,t)
m(t|A|)(¢1/3| A])® f + f. This weak solution satisfies, for 0 < ¢ < ¢,

I sup |w(z,t) = f(@)lll 2 = ll(cost| AP = D) fllpre
0<t<e 1/3 1/3 5
= mE /AN 7IAD° fll Lz re

< 3m@ 21 AN (AP Lz (5.5)

by functional calculus. Now the properties of the maximal function ensure that this is
< C@, 0PI flle- (5.6)
Hence u(z,t) — f(x) almost everywhere as ¢ — 0. O
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Our next result concerns functions f: R — X, where X is a complex Banach space
with the unconditional martingale difference property.

Definition. A Banach space X is said to be a U M D space, provided there is a uniform
unconditionality constant Cx such that, for all L2-martingale difference sequences (d,,)
with values in X,

N 2 N 2
E Z +d,|| < CxE Z dn
n=1 X n=1 X

for all choices of signs +. By results of Bourgain and Burkholder, summarized in {3,
Theorem 2.7], this is equivalent to requiring that the Hilbert transform operator

H:f»—)PV% /oo Bt e w;x)) (5.7)

o T—1

be bounded from L?(R; X) to itself.

Many of the reflexive spaces of functions which arise in classical analysis have the UM D
property; Hilbert space is an obvious example, the Lebesgue spaces L? (1 < p < o0) and
the von Neumann-Schatten ideals ¢? (1 < p < o0) are examples presented in [3]. It
is helpful to note that LP(R;X) is a UMD space whenever X is a UMD space and
1 <p<oo.

Theorem 5.2. Let X be a UMD space, 9/2 < § < 6,1 < p < oo and let A be
the Laplace operator in LP(R; X). Then there is a uniformly bounded family of linear
operators on LP(R; X)

costA3/2 — T
m(/3VA) = NG (t > 0), (5.8)
for which the maximal function
£ sup Im@EPVa)fllx  (f € LP(R; X)) (5.9)

defines a strongly bounded sublinear operator L?(R; X) — LP(R).

Proof. By the Marcinkiewicz multiplier theorem for vector-valued functions, A
defines a Cp-group on LP(R; X) with

IA™ | Lo g, ) Lo@ x) S Co(X)A + [ul)  (u€R). (5.10)
Indeed, the functional calculus map (4.1) is bounded M!(R) — B(LP(R;X)) (see

[1, Theorem 1.2], [6, Theorem 4] and [16, Theorem 6]). Now we can repeat the proof of
Theorem 1.1 to achieve the desired result. a
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6. Concluding remarks

Problem 6.1. It is reasonable to hope that Theorem 5.2 should extend to the Laplace
operator in LP(R% X) with d > 1, possibly for a restricted range of p. The known esti-
mates on the modular function of Ai* are not good enough to achieve this by our method.
Note that (3.3) is only known to be valid when X is isomorphic (linearly homeomorphic)
to a Hilbert space. In [17, p. 57|, Stein obtains an estimate on the modular function of
L' whenever (—L) is the generator of a symmetric diffusion semigroup. His estimate is
independent of dimension, but it grows exponentially in |u|.

Remark 6.2. We mention some previously known results on the almost everywhere
convergence of solutions of the Cauchy problem iw; = Aw, w(z,0) = f(z) for the
Schrédinger equation in free Euclidean space. Carleson has shown that, for f € L%(R)
with AY8f ¢ L?(R), the Cauchy problem is well posed, and w(z,t) — f(z) almost
everywhere as t — 0 [7]. The Sobolev exponent of f € H/4(R) is optimal when d = 1.
In higher space dimensions the optimal value of the index does not appear to be known;
but Bourgain has achieved an almost sure convergence result for compactly supported
initial data f in HP(R2), for some p < 1/2 [5]. The proofs of these results involve
delicate estimates on the kernels of the operator 77* on H?, where T f(z) = eit(=)d; fz)
is the maximal function. Standard results described in [19] show that almost everywhere
convergence is equivalent to weak (p,q) bounds on a suitable maximal function. The
TT* method may be used to yield almost everywhere convergence results for KdV-type
equations. Nevertheless, it does not seem appropriate for vector-valued functions taking
values in Banach spaces, other than Hilbert space (18, pp. 278, 317].

Our final result gives a characterization of those Lebesgue spaces which are isomorphic
to Hilbert space, and it suggests that there are limits to what can be achieved using
transference arguments for bounded groups of operators. See also [11, 1.5].

Proposition 6.3. Let E be an infinite-dimensional and separable complex Banach
space isomorphic to LP(u). Then p equals 2 if and only if, for each K > 1, there is

C(E,K) < oo such that
> &iT f > eifi
J J

for all finite sequences (f;) C E, and all bounded discrete (semi)-groups of operators on
(linear subspaces of) E with ||T?||g—g < K for all j.

E. < C(E, K)E.

E

; (6.1)
E

Proof. By Kahane’s inequality [15, 9.2], when F is isomorphic to Hilbert space there
are positive constants ¢(E) and C(E) with

1/2
«(E) (Z Ilfjll"é) <E|Y e,
J J

from whence (6.1) follows.

1/2
<o®(TIHE) (HcE. 6
E F]
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Our proof of the converse establishes rather more than the statement. Kwapient has
shown that (6.2) characterizes those Banach spaces which are isomorphic to Hilbert
space [14, Theorem 1.1(c)]. We suppose, with a view to obtaining a contradiction, that
the maximal type of E is p = sup{p | E has type p} < 2. Since E ~ LP, this supremum
is attained. Then by the Maurey-Pisier Theorem [15, 13.2, 13.16], £ is finitely repre-
sentable in E. For each n, we take E,, to be a subspace of E, 2-isomorphic to £*(n) and
K-complemented in E. Now we let (T7);cz be the cyclic group of linear operators on E,
associated with T7 : e,) > €[j4r), Where [r] the equivalence class of 7 modulo 7, and e;
the standard unit basis of £7(n). Since E, is K-complemented in E, (T7),cz extends to
a bounded Co-group on F with ||T7| g, < 6K. We take f; = e; (1 < j < n); then one

calculates
> e Tf| =ntlr
3J

fud

’

whereas

< nt/2, (6.3)
44

E.

E 11
J

But (6.1) cannot then be valid for all n 2 1 with p < 2.

Further, if the minimal cotype of E is ¢ = inf{n | E has cotype n} > 2, then copies
of £9(n) embed uniformly in E. We use T7 as above, but this time we take f; = ¢; for
1 € j € n and use Khintchine’s inequality to show [15, 5.5]

n .
D TS
=1

whereas || 327_; €5 filles = n/9; so for (6.1) to persist for all n, we need ¢ < 2.
Hence p = ¢ = 2, and so (6.2) holds; consequently, by Kwapiefi’s Theorem, E is
isomorphic to the Hilbert space L2(p). 0O

Ee

> n'/2/V2, (6.4)
29
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