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Abstract

We describe a generalization of the Hardy theorem on the motion group. We prove that for some weight
functions v, w growing very rapidly and a measurable function f, the finiteness of the L?-norm of uf
and the L9-norm of wf implies f = 0 (almost everywhere).
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1. Introduction

The classical uncertainty principle asserts that a function and its Fourier transform
cannot both be concentrated on intervals of small measure. In the case of the Eu-
clidean space, various forms of the uncertainty principle are known. For example,
it is known that if f € L?(R") and the supports of f and its Fourier transform f
are bounded then f = O (almost everywhere). Benedicks generalized this result
to the case when both f € LP(R") and f vanish outside sets of finite Lebesgue
measure [1, Proposition 8]. For another example, the Hardy theorem [3, pp. 155-
158] yields that if a measurable function f on R satisfies |f| < Cexp(—ax?) and
| fA| < Cexp(—by?) and ab > 1/4 then f = 0 (almost everywhere). Here we take
fA(y) =(1/ V2m) f_°:° fx) eXp(x/:-—l_xy) dx as the definition of the Fourier transform
of f. More generally, Cowling and Price [2] obtained the following L? version of the
Hardy theorem: Suppose that 1 < p, g < oo and one of them is finite. If a measurable
function f on R satisfies || exp(ax2)f ll»wy < 00 and || exp(by®)f l|ew) < 00 and
ab > 1/4 then f = 0 (almost everywhere).
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Recently, Sitaram and Sundari {7] and Sundari [8] obtained generalizations of the
Hardy theorem to some types of Lie groups. In [4], by applying similar arguments
to [7], we also got the Hardy theorem for the Cartan motion group. In this note, we
shall prove an L? version of the Hardy theorem for the motion group, which is similar
to that of Cowling and Price. In accordance with [5], by the motion group is meant
the semidirect product K x V of a real vector space V and a connected compact Lie
group K acting orthogonally on V. In [6], Kumahara defined the Fourier transform
on the motion group by using the representations induced from the characters of V
and gave the characterization of the image of the Schwartz space under the Fourier
transform. By the way, L? functions on the motion group can be regarded as tempered
distributions in the same fashion as in the case of the Euclidean space. These facts
allow us to compute the Fourier transforms of L? functions in such a way as tempered
distributions. With the help of these and similar arguments to [4], we can get an L?
version of the Hardy theorem for the motion group.

2. Notation and preliminaries

The standard symbols Z, R and C shall be used for the integers, the real numbers
and the complex numbers. If U is a vector spac€ over R, U,, U* and U’ denote its
complexification, its real dual and its complex dual, respectively. For v € U, Rv, Sv
and v denote its real part, its imaginary part and its complex conjugate, respectively.
For a Lie group L, L denotes the set of equivalence classes of irreducible unitary
representations of L. As usual, we use lower case German letters to denote the
corresponding Lie algebras and upper case German letters to denote their universal
enveloping algebras.

If # is a complex separable Hilbert space, B() denotes the Banach space
comprised of all bounded operators on # with operator norm || - ||,,. For T €
B(J#) and 1 < p < 00, we indicate its Schatten p-norm by || T|,, that is, | 7|, =
(tr( T*T)"/ 2)1/,,’ T* being the adjoint operator of 7. For a complex separable Hilbert
space S and a o-finite measure space (X, i), we denote by LP(X, B(J¥)) the
Banach space comprised of all B(#°)-valued L? functions on X. Here the L?-norm
| FllLrx. By Of F € LP (X, B(J#)) is given by the following:

1/p
(2.1 N Fllr x By = (/ IFCONp du(x)) , (1<p<o0),
X
I Fll oo cx, Boyy = €sssup || F(x)loo-
x€X

As is well-known, L?(X, B(2#)) becomes a Hilbert space with inner product

22) (F,Glrxpuey = ftr(G(X)*F(x)) dux), (F,G e L*(X,B(#))).
X
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Let V be a finite-dimensional vector space over R with inner product (-, -) and
its corresponding norm | - |. We use the same symbols (-, -) and | - | for the bilinear
form and the norm on V* induced by those on V. If £ € V*, we define X; € V by
£(X) = (Xg, X) forall X € V. Let K be a connected compact Lie group acting
orthogonally on V. We denote by (-, -) and || - || the canonical inner product and the
corresponding norm on L?(K), respectively. In the situation described above, we call
the semidirect product G = K x V the motion group. For any g € G, we write
g = (k(g),X(g)),where k(g) € Kand X(g) € V. Ifk € K and X € V, we simply
write k for (k, 0) and X for (e, X), e being the unit element in K. With these notations,
we have

2.3) k(g™ = k(g)™", X =-k(g)'X(g),
k(g182) = k(g1)k(g2), X(g:182) = k(g)X(g2) + X(g1),

forg,g1,8,€ G.If g € Gand § € V*, we define g& € V* by g&(X) = £(k(g)"'X)
forall X e V. 4

Letn = dim V,let {X,, ..., X,} be an orthonormal basis for V andlet {£;, ..., &}
be its dual basis for V*. Using these bases, we identify V and V* with R* and look
upon K as a connected subgroup of SO(n). For @ = («y, ..., a,) € Z%,, we define
differential operators D% on V and D on V* by )

glel glal
(24) Dl;( = a_;a_s Dg = S asan?
axXT ---aXy o9& - - - 3&,"
where |o| = } 7, o;.

Finally, let dk be the Haar measure on K normalized as | x @k = 1. We normalize
Euclidean measures on V and V* by multiplying (27r)~"/? and denote them by dX
and d¢, respectively. Then dg = dkdX is a Haar measure on G. For t € K, we
denote by d(r) and . its degree and its character, respectively and put &, = d(1) x,.

3. The Fourier transform on G

In this note, according to {4—-6], we shall define the Fourier transform on the motion
group G = K x V by using the representations induced from the characters of V
instead of using the irreducible unitary representations for G. Let £ € V*. Define the
action m; of G on L*(K) by

@3.1) (1 (2)p) (k) = eV EE XD k(g)'k), (p € LE(K)).

Then (7, L2(K)) is a (reducible) unitary representation for G. It is to be noted that
any irreducible unitary representation for G is contained in ; for some & € V* as an
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irreducible component. For f € L!(G), we define its Fourier transform by

3.2) FFE =fE) = f f (@) (g) dg.
G

If f € CX(G), the set of all smooth functions on G with compact support, the
following inversion formula holds (compare with [6]).

(3.3) fle= f tr (f (§)me (g)™") dt.
-

In the following, for all T € K, wefixa representative of T and by abuse of notation,
write T for it again. Since m;|x is the left regular representation of K on L*(K), it
follows from the Peter—Wey! theorem that

(34) mle =) d@r,  LHEK)=) V@V

rek rek

Here V, denotes the representation space of t. If T® v € VX ® V;, we set prg, (k) =
T(t(k)~'v) € C®(K). Let g € G and define

(3.5) o =X@l O =f T g
K

Lett, 1, € K and put ¥ = Hom¢(V,,, V;,). We denote by (-, -}y and || - ||y the
canonical inner product and the corresponding norm on ¥ respectively, that is, for
S, Te¥, (S, Ty =t(T*S) and | T||32 = (T, T)y. For T € ¥, we set

(36) B(T.£.9) = [ n0Trlkkg)e 4" dk
K

Then it is known, [4, Lemma 3.1], that the function § — E(T, &, g) can be extended
to a holomorphic function on V*. We list here the essential properties of the functions
o,Pand E: Fora € 25,6 € V!, k, ki, k€ Kand g € G,

(3.7) o(kigky) = o(g), o(g”) =o0(g),
D, (kigks) = P (g), e(g7") = e (g),
E(T, &, kigk)) = (k) E(T, £, 8)1a(ks), E(T.&,8)* = E(T*,£,87"),
E(T, k€, g) = E(ti(k)"' Ty (k), &, g),
ID{E(T, &, @)y < Ty (1 +0(8))*'® /=4 (g).
(e ()9 10u: Prien) = (E(T] Th, &, 8)v2, Vi),

Here (-, -),, is an abbreviation of (-, -}y, and when there is no possibility of confusion,
we shall use similar abbreviations.
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We shall now summarize some known facts concerning the Schwartz spaces € (G)
on G and Z(V*) on V*. Let L and R be the left and right regular representation of
K on L?(K) and use the same symbols their differentials. As usual, we look upon
any element K as a right invariant differential operator on XK. Then £ operates on
L?*(K) in the sense of distribution. Let ¥ (G) be the set of all smooth functions f on
G satisfying the following condition: For any o € Z%,,r € Rypand y, )’ € &,

(3.8) sup(1 + o (®)»)'|DILO)YRG)f ()] < o0.
g€

As is well-known, the system of seminorms given by the left-hand side of (3.8) makes
% (G) into a Fréchet space. Let 2°(V*) be the set of all B(L?(K))-valued smooth
functions F on V* satisfying the following conditions:

(i) Foranya € Z'éo’ reR,pand y,y € R, Dg’F(S) leaves C*°(K) stable and it
is satisfied

(3.9) sup(1 + [€[%)
112%4 .

yDEFE)y'|,, < oo

(ii) foranyk € Kand§ € V*,
(3.10) R(k)F (§) = F(k&E)R(k).
The system of seminorms given by the left-hand side of (3.9) also makes 2°(V*) into

a Fréchet space. With these notation, the following proposition holds.

PROPOSITION 3.1 ([6, Theorem 3]). The Fourier transform is a topological isomor-
phism of €(G) onto Z(V*). The inverse Fourier transform is given by the formula
in (3.3).

Let ¥’ (G) and 2’ (V*) denote the sets of all continuous linear functionals on € (G)
and Z°(V*), respectively. Following [5], we define the Fourier transform on €”(G)
by the transposed inverse of the Fourier transform on ¥ (G) and denote it also by .#.

COROLLARY 3.2 ([5, Proposition 4]). The Fourier transform is a topological iso-
morphism of €' (G) onto Z'(V*).

Let T € ¥/(G) and 7y, 7, € K. We define T, € € (G)by T, ,[¢] = T[&;, %o
£, for g € €(G). Since Y . ¢ &, * ¢ * &, converges absolutely to ¢ in €(G) [9,
Theorem 4.2.2.1], the following proposition is valid.

PROPOSITION 3.3. Retain the above notation. Then we have for T € €'(G) that

T= Y Tyu

Il,l'zéxk

and the above series converges absolutely to T in the weak topology of €' (G).
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In what follows we simply write £ (V*) = L?(V*, B(L*(K))). We first remark
that €(G) € L?(G) and Z(V*) C ZP(V*) foralll < p < o0. And for F €
£7(V*) and ¢,, ¢, € L?(K), we have

(3.11) [(F &) 02)|" < IFE)eill” llg2ll?
= (F(&)o1, FE)p1)" ool
< u(FE)' FEY o’ 2l
= IF@ 217 lleall?,

and whence
(3.12) {F &)1, @2 e vy S NF e vl 2]l
For f € LP(G) and F € £7(V*), we define T, € €'(G) and Tr € Z'(V*) by
setting
(3.13) I; [¢] = /f(g)d)(g) dg, (¢ € €(G)),
G

Tr[®] = / tr (FE)P§))ds. (P e Z(V*).
Vt
The following is an easy consequence of Corollary 3.2.

COROLLARY 3.4. Retain the above notation. Let f € L!'(G) and suppose fA €
ZLY(V*). Then f (g) = (F ' f)(g) (almost everywhere).

PROOE. Noting f (g)®(&)m:(g)™' € L'(G x V*,B(L*(K))), we have for any
® € Z(V*) that '

G4  FT0)= T1F'0) = f I, ( / tr(d>(§)ns(g)-‘)ds) dg
G | %
- [ tr( fG f(g><1><s)7rg(g)"dg) de
V'
- f r (FIE)OE) dE = Ty{d),
V.

where fv(g) = f(g~'). By the same computation as above, we also obtain that
ZF Ty = T ,g-1ryv. Accordingly we have from Corollary 3.2 that

(3.15) Ty = FNFT) = F ' Tp = T gy,

and this proves the assertion, g
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4. The main theorem

Let 1 < p < oo and p’ denote its conjugate exponent, thatis, 1/p + 1/p’ = 1. Let
a > 0 and let f be a measurable function on G such that || @’ f (g)" LG (= Gy,

say < 00). Then f € L'(G) follows from the Holder inequality. Let 7;, 7, € K and
put ¥ = Hom¢(V,,, V,,). Fora € Zi,and T € ¥, it follows from (3.7) and the
Holder inequality that

1/p’
<G (/ e ”(S’ZIID;’E(T,E,g)IIQ dg)

(4.1) “ /f(g)D;’E(T,E,g)dg

l/p
< Cs Ty /(1 +0'(g) N Ial/ ~ap’a (g)?~p'3E(k™' X (8)) dkdg)

K

l/p
<CGlTly /(1+|XI )P '“'/ ¢~ P X P/ Sk ‘X’dkdx)

K

1/p
< GlTll¥ ( (1 + IXIz)”""'e“’*’"x'z“”'“("""’ dXx dk)

) 1/p
<GlTly (/(1 + | X [?)Plel gmap IXF-p'aE(X) dX) < 00.

Thus Dy fo(g)E(T, £,8)dg = fo (g)D;‘E(T, &€, g)dg and, since E(T, &, g) is
holomorphic on V*, so is [ cf (@) E(T,&, g)dg. By using similar arguments to the
proof of Lemma 2.1 in [7], we can prove the following lemma.

LEMMA 4.1. Let 1 < p < 00. Let h be an entire function on C* such that
k@) < C[]e ™, Ih)Iwas < C,
j=1

Jor some a > 0 and C > 0. Then h(z) is a constant function on C*. Moreover, if
p < o0 then h(z) =

PROOF. By dilating z — (/7/a)z, we may assume a = 7. Incase n = 1 and
p = 00, the assertion is an easy consequence of the Phragmén-Lindelof theorem
and the Liouville theorem. In case n > 1 and p = 00, the assertion is obtained by
the same arguments as the proof of Lemma 2.1 in [7]. Incase n = 1 and p < o0,
the assertion was given by Cowling and Price [2]. Thus it remains only to prove the
assertion for the case when n > 1 and p < 00. The Fubini theorem yields that for
almost all (4, ...,1,) € R*!, the function x = h(x,t,...,t,) belongs to L?(R).
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Noting
(4.2) lh(ZI, tz’ .. t )| < Cl—[eynz n(‘“z|)

for z; € C and applying the same discussion as in [2] to the function z; —
h(zi, t, ..., t,), we obtain h(z,, t,...,t,) = O for all z; € C. The continuity of
h implies h(zi,x2,...,%,) = 0 on € x R"~! and the theorem of identity implies
h(z) =0on C". O

We shall first show the following proposition.

PROPOSITION 4.2. Let 1 < p,q < 0o. Let f be a measurable function on G such
that

I e @ f (g) "LP(G) <C, I ebwa(E)":ev(v*) =¢

JorC>0,a>0andb > 0. Ifab > 1/4 then f = 0 (almost everywhere). Moreover,
if g < oo andab > 1/4 then f = 0 (almost everywhere).

PROOF. We first assume ab > 1/4. Let 7y, % € K and put ¥ = Homc(V,,, Vi)
LetT; € Vyandv, € V,, (i = 1,2) be such that their norms are equal to 1. We have
from (4.1) that

4.3) f &) enemn. Priem)| = ‘( (fcf(g)E(T(‘Tz, §,8) dg) vy, vn>

T

/ F@E(T T, £, 8) dg
G

“ U] " T " v2 " T2

1/p
< AT Ty ( [ et ax)
1%

e 1/p’
< Cf ([ e~ P IXP=p"3X) dX) ,
v

where C; = || e f (o) Taking into account | X ;| = |J&|, we see that

LP(G)"

1/p
4.4 I(f(s)(pTZQ,,z, (,07',@,,1)] < Cf (f e—ap’IXll—p/(X.Xxg)dX>
1%

1/p’'
— X312 /4a —ap’ (X+X3; /2a,X+Xs /2a)
= Cse e 1794
\'4

1/p
< Gyl ( [ e~ X7 dX) :
1%
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Since the integral appeared in the last expression in (4.4) has to be bounded, we can
find a constant C; > O such that

4.5) ](f‘ ()PLon» 91, ®v.)| <C AR L . G ﬁ e3840
forall § = (&, ..., &,) € V*. Let h(¢) be a holomorphic function on V* defined by
(4.6) hE) =, ..., &) = f E)¢neun Prem) I—[ S
j=1
Then (4.5) is written as

4.7) Ih@®)| < C [ [ ™.
j=l

On the other hand, it follows from the assumption of fA and (3.12) that for £ € V*,

@8) [ ©)onons Proulll oy < CVAEAE) | £ )] 4y

In case ab > 1/4, the Holder inequality implies

@9 NrE o < [0 L L 1 EVonons onou)l Loy

and hence we can find a constant C, > 0 such that if ab > 1/4 then

(4.10) IAE I Laqvy < o

Applying Lemma 4.1 together with (4.7) and (4.10), we can find a constant C; such
that h(§) = C; and moreover if ¢ < 0o then C; = 0. Assume now that ¢ = oo and
ab > 1/4. We have from the definition of h(£) thatif &£ = (&,,...,§,) € V* then

(4.11) (f ©)enem Prien) = G [ [ e/
j=
In case g = oo, the assumption of fA is expressed as

@12)  |{f E)¢nen Prew)| < Ce™™ = C][e™ (almost everywhere),

i=l

and the continuity of the left-hand side in (4.12) shows that (4.12) holds forall £ € V*.
Accordingly we obtain

(4.13) |G 1—[ et 1/44)&2
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and, since b — 1/(4a) > 0, this is impossible unless C; = 0.
Summarizing these, we see that if ab > 1/4 and g < oo, or if ab > 1/4 and
g = oo then

(4.14) {f ©)Pnen. ¢rign) = 0.

Interchanging f and f and applying the same discussion as above, we have from
(3.14) and (4.14) that

(4.15) FT[0] = T 0] = / r ((F YT @ (E)) dt =0,
;

for all ® € Z(V*). From Corollary 3.2, we have T;[¢] = O for all ¢ € ¥(G) and
hence f = 0 (almost everywhere). a

If p = g = oo, Proposition 4.2 takes on the following form.

COROLLARY 4.3 ([4, Theorem 4.1]). Let f be a measurable function on G such
that

If®l < Ce™°® (almost everywhere),

I E)llco < Ce 8" (almost everywhere),

JorC>0,a>0andb > 0. Ifab > 1/4 then f = 0 (almost everywhere).

Let p,q,a,b and f be as in Proposition 4.2. Incase p < o0, ¢ = oo and
ab = 1/4, Proposition 4.2 dose not yield f = 0 (almost everywhere). However in
this case, with the help of Proposition 3.3 and Corollary 3.4, we can prove f = 0
(almost everywhere). We first consider the case when fA is of trace class.

LEMMA 4.4. Let 1 < p < oo and let f be a measurable function on G such that
e @ f @]y <€ If E)lloo < Ce™F,

forC>0,a>0andb > 0. IffA is of trace class and ab = 1/4 then f = 0 (almost
everywhere).

PROOF. Under these assumptions, in view of (4.11), we can write f (£) = e™?%"T

for some T € B(L?(K)) of trace class. For each ¢ € L?*(K), k € K and g € G, we
have

(4.16) f e P’ (. ()7 To) (k) d = / e VR =TGR (T ) (k(g)k) dE
v v+
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= ¢ W HOTXOI (To) (k(g)k)
= O (Tp)(k(e)k),

and thus by the Fubini theorem,

@.17) [ [ e oy Tor ot ak as
- /K | oy TRy d ak
= fK ™" @ (Tp) (k(g)k)p (k) dk.

Take {g; : j € Z5o} to be an orthonormal basis for L?(K). Since e ¥ T, (g)~! €
LY (V*), we have

(4.18) / tr (e Ty (g)™")ds =) / e (e () To;, ;) dt
ve j=0JV*

=Y e [ (o) dk
= K

= e @ tr (L(k(g))"'T).

-~

Therefore, we obtain from Corollary 3.3 that f (g) = ™% ®" ¢r (Lk(g)™ T) (almost
everywhere). From the assumption of f in Proposition 4.2, we have

(4.19) e f (g) liriy = I tr (L)™' T) low <€

and, since p < 00, this is impossible unless 7 = 0. Thus we conclude f = 0 (almost
everywhere). 4

Combining Proposition 3.3, Proposition 4.2 and Lemma 4.4, we finally have the
following theorem.

THEOREM 4.5 (L? version of the Hardy theorem). Suppose 1l < p, g < coandone
of p, q is finite. Let f be a measurable function on G such that

le<®f (g) low =€ I eblglzf(g)"za(v') =G

JorC>0,a>0andb > 0. Ifab > 1/4 then f = 0 (almost everywhere).

PROOF. We use 7 to denote the contragradient representation of T € K. It remains
only to prove the assertion for the case when p < 00, ¢ = oo and f is not always of
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trace class. However, replacing f by &, * f * &, if necessary, we can get the desired
result. Suppose that p < 00, ¢ = 00 and fA is not of trace class. We can easily
check that§, * f x&, (1), 1z € K) satisfies the same assumptions as in Lemma 4.4.
Thus taking into account Ty, ,, = Ti, ufss,, We deduce from Proposition 3.3 and
Lemma 4.4 that f = 0 (almost everywhere). 0

In case K = {e} and V = R", the motion group G = K X V coincides with R"
and the Fourier transform given by the formula in (3.2) coincides with the Euclidean
Fourier transform on R”.

COROLLARY 4.6. Suppose that 1 < p,q < oo and one of p, q is finite. Let f be a
measurable function on R" such that

||e""‘|2f (x)"u(mn) <¢ | e f (E)”umn) =G

forC>0,a>0andb > 0. Ifab > 1/4 then f = 0 (almost everywhere).
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