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Abstract

A nine-dimensional exponential Lie group G and a linear form £ on the Lie algebra of G are presented
such that for all Pukanszky polarizations p at £ the canonically associated unitary representation p =
p(£, 1) of G has the property that o (£ (G)) does not contain any nonzero operator given by a compactly
supported kernel function. This example shows that one of Leptin’s results is wrong, and it cannot be
repaired.
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1. Introduction

An extension of Kirillov’s original theory for nilpotent Lie groups gives a description
of the unitary dual G of an exponential Lie group G in terms of the coadjoint orbits
in the linear dual g* of the Lie algebra g of G — see, for example, [2]: for each
£ € g* one chooses a polarization at ¢, that is, a subalgebra p which is maximally
isotropic with regard to the skew-symmetric form (X, Y) — £([X, Y]) of g, and
which satisfies Pukanszky’s condition P¢ := Ad*(P)¢ = £ + p, where P = exp(p).
The form ¢ defines a character x on P, x(exp X) = ¢YX) and one may construct
(L, p) = indg x. This representation is irreducible, its class is independent of the
choice of p and it is only dependent on the coadjoint orbit from which £ is taken. In
brief, one obtains a bijection from the orbit space g*/G onto G (which actually is a
homeomorphism, as was shown in [5]).

If 7 =n(£, p) then the operators w(f), f € L!(G), are given by kernels on
G x G satisfying certain covariance conditions with regard to P x P, that is, they are
basically functions on G/ P x G/ P (using appropriate cross sections). It is a classical
task in harmonic analysis to describe the image of the Fourier transform. Here, one
may study, for instance, the following problem (for the history of this problem, see
also [4]): describe the kernels obtained in that way (or large parts of them). Due
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to Howe [3], in the nilpotent case, one has a very satisfactory result: all Schwartz
functions on G/P x G/P are in the image of £'(G), actually obtained by Schwartz
functions on G. This result was generalized by Ludwig [6] (see also [5, 7, 8]) to
exponential Lie groups. Ludwig replaced the Schwartz space S (on G or G/P) by
a modified space £S of functions, where £ stands for exponential and means that
those functions as well as some of their partial (abelian!) Fourier transforms have an
exponential decay in certain directions. In general, the compactly supported smooth
functions will not be contained in £S. The latter fact was the motive for Leptin to look
for a ‘theorem’ of the following form.

“THEOREM”. If G is an exponential Lie group and € € g* then mw({, p)(ﬁl(G))
contains all operators given by compactly supported smooth kernels [for brevity, we
will say that the property (CK) is satisfied], provided that p is suitably chosen.

In fact, while Howe and Ludwig’s results are true for arbitrary Pukanszky
polarizations, an example, given by Leptin [4], shows that the property (C K') depends
on the polarization — for this example (g, £) there exist polarizations at £ such
that (CK) is satisfied, and others where (CK) is violated. It remained a question
what ‘suitable’ might mean in the “theorem”. Leptin coined in [4] the notion of a
tame polarization, and showed that, for each £ € g*, there exists at least one tame
polarization at £ and ‘proved’ the following.

THEOREM. Ifp is a tame polarization at £ € g* then 7w (£, p) has property (CK).

However, Abdennadher and Molitor constructed in [1] a nine-dimensional
exponential Lie group G, a functional £ on g, and a tame polarization p at £ such
that (CK) does not hold. Thus, Leptin’s ‘Theorem’ is not true. Two comments on this
example may be in order. Firstly, there is a two-dimensional ideal a in g, contained
in ker £ N g (which implies that 7 (£, p) factors through G — G/ exp a), such that the
polarization p/a C g/a of the induced functional is no longer tame. This shows that
the notion of tameness is not well behaved under forming quotients, a ‘fact’ which
was used by Leptin. We don’t know if this is the only error in [4]. Secondly, in this
example, there are other polarizations p’ at ¢ such that (C K) holds true.

Hence the original question of a valid “theorem” (with another notion of ‘suitable
polarization’) is still open. It is the purpose of this note to present an example of
an exponential Lie group G which definitely behaves badly with regard to the above
question. There is a form £ in the linear dual g* of g such that, for all polarizations p at
¢, the image 7 (¢, p)(L'(G)) does not contain a nonzero operator given by a compactly
supported kernel. Thus, a revision of the notion of tameness will not help. At the end
of the paper we shall present a conjecture, under which conditions one presumably
finds all compactly supported smooth kernels in the £!-image.

2. The Lie algebra

We start with the five-dimensional Heisenberg algebra m with basis X1, X3, Y71, Y7,
Z and nontrivial brackets

(X1, ]=Z =[X>, »].
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To this algebra two further ‘nilpotent’ elements V7, V; are added with the relations
Vi, X1l =711, [V2, X2l =Ts.

In that way we obtain a seven-dimensional nilpotent Lie algebra n (of step 3) which
will be the nilradical of the example algebra g. The algebra n may be thought of as
the product of two four-dimensional filiform algebras Lr (X Vi Y, Z),j=1,2,
glued together at the center. The Lie algebra g is, as a vector space, the sum of n and
Lr(A|, Ay) with additional relations:

[A1, X1l = X1, [A1L, I]l=-711,
[A2, X2l =X, [A2, 2]=-Y»,
[A1, Vil ==2Vy, [Az, Vo] = =2V;,
and [A1, Ay] = Z.

The functional £ € g* is just Z*, that is, £(Z) = 1, and all other basis elements are in
the kernel of £. One of the features of the pair g, £ is that there are only very few
polarizations; in fact, we have the following proposition.

PROPOSITION 2.1. The radical g, of the skew-symmetric form (X, Y) — £([X, Y])
on g is the linear span of V1, Va, Z. For each polarization p at £ there are real numbers
A, Ay with A%+ 23 =1 such that p = Lr(—A2A1 +MA2, Vi, Vo, Y1, Y2, Z). In
turn, all those spaces are polarizations, and they satisfy Pukanszky’s condition.

REMARK 2.2. The linear form £ is not in general position. Its coadjoint orbit is
of dimension six, while there are forms, for instance Z* + V" + V', with eight-
dimensional orbits.

REMARK 2.3. As gy C n, tameness in the sense of [4] just means that the trace of
ad(X) on g/p is zero for all X € p. This is the case if and only if L1 = A,.

PROOF. The easy verification of the first sentence is omitted. Let p be a given
polarization at £. From the first sentence we conclude

Lr(Vi, Vo, Z)Cp, dimp=6. 2.1)

Moreover, as gy is also the radical of the skew-symmetric form (X, Y) — £([X, Y])
on n, maximal isotropic subspaces of n have to be of dimension 5. Hence it is
impossible that p is contained in n. Therefore, one of the alternatives

(A) dim(p+n)=8, dimpnNn=>3,
(B) dim(p+n)=9, dimpnNn=4,

has to hold.
Next we claim

p Nnis contained in Lr(Z, Vi, Va, Y1, Y2). 2.2)
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If not, by (2.1), there exist coefficients «1, oz, B1, B2 € R with alz + a% =1 such that
W =a1 X1 +aXo+ B1Y1+ Yo epnn.

If both 1 and a5 are different from zero, we apply V1 and V; to W, and we conclude
that Yy, Y, € p. Hence Z, Vi, Vo, Y1, Y», W are linearly independent elements of
n N p, which is impossible. If, say, oy =0, but oy # 0 then [V}, W] =«a1Y] € p. But
[W, a1Y1] = a%Z = Z shows that p is not isotropic, and (2.2) is proved. This was the
first step to obtain

pNn=Lr(Z, V), V, Y1, 12). 2.3)

Again we argue by contradiction. Suppose that there is strict containment in (2.3).
Then only (B) of the alternatives (A) and (B) is possible. Using (2.1), we find
coefficients oy, ..., fr and v}, . . ., B such that

Wi =A1+o X1 +a2Xo+ B1Y1 + B2Y2, and
Wa = Ax + &} X1 + a5 X2 + B1Y1 + B4 Y2

are in p. The bracket

(Wi, Wal = a1 X1 —aaXo — B1Y1 + BoYa + (1 + Bias + oy — i fi — Paay) Z
2.4)
has tobe in p N n.

If an 75 0 then pNns Vo, [W, Wa]] = —an Y>. The relation [[W1, W3], —arY>]
= oz%Z contradicts the isotropy of p. Hence, we have to have oy = 0 and, likewise,
o/l = 0. In (2.4), the coefficient of Z has to vanish, which, in view of ap =0 = oe’l,
means that

1+,B{ot1 —,8205&:0:(12:0/1. (2.5)

Further, [W1, V1] = —2V] — a1 Y1 isinp. If o) # O then Y] € p. But £ does not vanish
on [Wy, Y1] = —Y1 + a1 Z. Hence o] has to be zero, which, using (2.5), implies that
o) # 0. The relation [W3, V2] = =2V, — a5 Y2 shows that Y> is in p. But £ does not
vanish on the bracket [W, Y] = —Y> + aéZ , and this is a contradiction.

Using (2.3) (and dim p = 6), we conclude that there are coefficients A1, Ao, or1, o2
with A% + A2 = 1 such that p is spanned by p N n and

W= —MA + MA + a1 X + ar X,

As p is isotropic, the linear form £ has to vanish on the brackets [W, ¥;] for j =1, 2.
But
(W, Y1l€eanZ + Lr(Y1, Y2) and [W, Y2l € uZ + Lr(Y1, Y2)

show that ¢ = 0 = .

So far we have seen that all polarizations are of the form as claimed in the
proposition. The easy verification for the converse fact, namely that each choice of
A1, Ao yields a polarization satisfying Pukanszky’s condition, is omitted. O
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For the rest of this article we fix a polarization as in (2.1) and we adapt a basis of

g accordingly. The basis elements V1, Va2, X1, X»2, Y1, Y2, Z of n remain unchanged,
but A; and A; are replaced by By := A1 A1 + A2A and By := —A2A| + A1 Ao where,
of course, )»% + A% = 1. In this basis, we have the following, slightly more unpleasant,
relations:

[B1, X1l =M X1, [B1, Yil=—MYh,

[B2, X1l = —X2X1, [B2, Y1l =22Y71,

[Ba, X2l = A X2, [B2, Y21=—A1 Y2,

[Bi, Vil = =20 Vi, [Bi1, Val = =2A, V2,

[B2, Vil =2x2V1,  [Ba, Vo] = =2A1 V3,

[Bi, Bol=Z, and p=Lgr(B2, Vi, V2, Y1, Y2, Z). (2.6)

3. The group

Here we present a model for a group with the Lie algebra of the previous
section. The Lie algebra g is a sum of the ideal m = Lr(X1, X2, Y1, Y2, Z) and the
subalgebra u = L (B1, By, Vi, Vo, Z). A particular model for the Heisenberg group,
a semidirect product-model, is obtained as follows.

On M = R a multiplication is defined by

(x1, X2, y1, Y2, D (X], X3, ¥}, ¥3, 2)
=1 +xp, 2+, v+ YL 2y, 2+ =Xy —xgy). (Bl
For the exponential map exp : m — M and its inverse log : M — m one finds that
exp(a1 X1 + a2 Xo + Bi1Y1 + oYo + ¢ Z)
= (a1, 02, B1, P2, ¢ — 3[e1 1 + a2f2]),  and
log(x1, x2, y1, y2, 2) = x1X1 + x2X2 + y1Y1 + Y2
+ (2 + 5[xiyr + 02 Z. (3.2)

A realization for a group U with Lie algebra u is given as follows.
On U =R’ a multiplication is defined by

(b1, by, v1, v2, 2) (b}, by, vy, v, 2)
= (b + b, by + b}, exp(211b] — 20,b5) v
+ v}, exp(Aab] + 21D vy + vh, 7+ 7 — byba). (3.3)

Using (3.2) and the relations (2.6), we see that elements (b1, bz, 0, 0, 0) € U act on
M as automorphisms Ip, p, via

Iy, by (X1, X2, Y1, ¥2, 2) = (x1 exp(b1A1 — b2A2), x2 exp(b1Ay + boAy),
y1 exp(—b1i1 + bak2), y2 exp(—b1Ay — baA1), 2). (3.4)
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Likewise, elements (0, 0, vy, v2, 0) € U act on M as automorphisms I, ,, via

Ly vy (X1, X2, Y1, Y2, 2) = (X1, X2, y1 +X1V1, Y2 + X202, 2 — %[lef + v2x3]).
(3.5)
Putting these pieces together, a realization of a group G with Lie algebra g is given as
follows. On G = R? a multiplication is defined by

(b1, ba, v1, v2, X1, X2, Y1, Y2, 2) (b, b, v}, V5, X1, X5, ¥i, V5. 2)
= (b1 + b/l’ by + b/z, V1 exp(ZMb/l — 2)»2[7/2) + Ui, v exp(2kzb/1 + 2)\1b/2)
+ v}, x1 exp(—bi A1 + byA2) + x], x2 exp(—bjry — byA1) + x5,
y1 exp(bjri — byra) — vixy exp(—b| A1 + biA2) + y|, y2 exp(bjra + biAy)
— vyxp exp(—bjAy — byd1) + y5. 2+ 2 — biby

+ 11v), X exp(=2b1 A1 + 26522) + vhxj exp(—2b) Ao — 2b501)]

— x1y1 exp(biA1 — brr2) + v)x|x1 exp(—biA1 + byA2)

— x5 y2 exp(bj Az + byr1) + vhxhxp exp(—bjdy — bhhy)). (3.6)
This does not look very pleasant. Fortunately, we shall not really have to work with this
multiplication law, but mainly with the inner automorphisms restricted to the normal
(Heisenberg) subgroup M, which could be derived from the Lie algebra in a more
direct manner, that is, without constructing the group G. But as we are presenting

a counter-example, it seemed to be worthwhile to have the group once written down
explicitly. The automorphisms look much simpler, as follows.

If
g = (b1, by, v1, v2, x1, X2, ¥1, ¥2,2) €G
and
0,0,0,0, xj, x5, 1, ¥5, 2) =1 [x], x5, ¥}, ¥5, 2 1€eM
then

U= [x] exp(b1A1 — bada), x5 exp(bira + bar1), (v] + vix])

x exp(—biA1 + baha), (y5 + v2xy) exp(—bidy — bydy),

glxy, x5, v, v5. 218

2 = x{y1 — xby2 + x1y] +x2yh — six? +vxH] (3.7)

Introducing appropriate notation the number of variables can be (formally) reduced.
On X :=Y :=R? we have the standard scalar product (-, -) and the standard basis.
The group M may be written as follows.

M = X x Y x R with multiplication law

x,y, )&y, ) =+x y+y 2+ =& y). (3.8)

The reason for introducing different letters X and Y for the same space R? is that
by x € X we not only mean that x is a vector in R?, but that we think of x as a member
of a particular subgroup of M. The vector —x is also the inverse of x in M, thus one

>

has ‘x 1 = —x’.
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NOTATION. Further we define for

g = (b1, b2, vy, v2, x1, X2, y1, ¥2, 2) € G : 6(8)

exp(b1rA1 — ba)y) 0
= GL,(R)=GL(X)=GL(Y),
( 0 exp(bria + b)) € GL2®) = GLIX) = GL(Y)
(3.9
using the standard basis of
2 _ _ (viexp(=biri + b2k2) 0
Rt = ( 0 vy exp(=bihrs — bak) ) € M22®)

— Homg(X, Y), o(g) = (y‘) cv,
2

and w(g) = (g) € X. Note that

T(g) = — ('8 i) 8()7 ",

and that r(g_l) =—7(g).
With these notation the conjugation of g € G on [x, y,z] € M = X x Y x R looks
as follows.

= [8(9)x, 8() 7y — t(9)x, z— (0 (g), x)

+(@(9), y) + 5 (8(2)T()x, x)]. (3.10)

In the following section a prominent role will be played by the subgroup H := {g € G |
w(g) =0} of G. It contains Y as a normal subgroup, and one may form the quotient

glx, y,zlg™

group 1‘.1 = H/Y; accordingly we denote by l.1 = hY the coset of h € H in I:I . For
h € H one has
o(h™)=—8() o (h) €Y. (3.11)

Each element g € G decomposes uniquely into g = xh, where x € X, h € H. In order
to transform x4 into h'x’(h' € H, x’ € X) we define

hy =xh(=8(h)"'x) forxeX,heH. (3.12)

More explicitly, we have the following. The element £, is in H, and it is also given by
the formula

hy = h[0, —t(h)x, u(x, h)] with
u(x, hy =—(o(h™"), x) = 26m e ()~ x, x)
= (8() "o (h), x) + $(8() ' (h)x, x), (3.13)
which can be seen as follows. From (3.10) one gets

hlxh=[8(hNx, —t(h ™ x, —(c(h™"), x) + 18 Hr(h Hx, x) e M.
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Using t(h~1) = —7(h), (3.9), one finds according to (3.8) for the product in M
h™ xh[=8(h) " x, 0,01 = [0, T(h)x, —(o(h™ "), x) — MW 't (W)~ x, x)1,

from which the claim follows; the other form of w is obtained by using (3.9) and (3.11).
From (3.13) we conclude, in particular, the following.

8(hy)=06(h) forallhe H, x € X. (3.14)

The coset (hy)*® in H differs from £ only by the central element [0, 0, u(x, /)], which
is considered as being canonically embedded into H.

We simply remark that the group H is isomorphic to U introduced in (3.3).

4. The corner p # L1(G)y  p of the Banach algebra £1(G)y

Recall that we have a unitary character x on expp, where p is the chosen
polarization, see (2.6); in particular, we have x on the central subgroup
Z :={[0,0,z] € M| zeR}. Using this restricted character, by a slight abuse of
the notation denoted by the same letter x, we form, as usual, the convolution
algebra £! (G)y consisting of all measurable functions f : G — C such that f(gz)
=% (2) f(g) forall z € Z and almost all g € G, and that | f| is integrable with regard
to the left Haar measure on G/Z. It is the purpose of this section to show that, for
suitable idempotents p in the adjoint algebra of £! (G)y, the corner p * L! (G)y*pis

isomorphic to a Beurling subalgebra of L' (H )3 where the corresponding weight can
be computed explicitly. The considerations in this section (and partly in the previous
one) are modifications of a part of my earlier paper [10]. Very often we shall identify
G with X x H, see (3.12), and the lines in front of it. Under this identification the left
Haar measure on G is given by the following.

d(xh) = A(h) dx dh, 4.1)

where dx is the Lebesgue measure on X = R2, dh is the left Haar measure on H, and
A(h) := det §(h)~". This means that the functional ¢ —> [ [5; @(xh)A(h) dh dx
is G-left invariant on C.(G).
This is easily proved using (3.12), (3.13) and (3.14), in particular 6 (h,) = §(h).
For f € L!(R?) = L!(Y) the Fourier transform is given by

fn 2/ et f(y)dy, neR’
RZ
For the moment, take any u € S(Y) = S(R?) = Schwartz space on R?> such that

u* =u, that is, u(—y) =u(y) for all y €Y, and that ||u], =1. Later, we shall
specify u. Forany f € L1(Y), x € X, we put

FFO)=e N f(y), yeY, (4.2)
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Using this operation we define p = p, on M by
plx, y, al= e * u)(»). (4.3)
According to [9], p is contained in £'(M )% which is formed analogously to ,CI(G)y

and L£!(H)y. In a canonical fashion, £!(M)z is sitting in the adjoint algebra of
L1(G)5. The function p satisfies p* = p and p x p = p.

For a function f € L'(H )3> which is continuous and compactly supported modulo
Z, we define a function Sf on G via
(Sf)(xhy) = 2m) 2 A(h)~/? / dx'T(—x"YA(x — 8(h)x" e ) f (3 ).
X

4.4)

wherex e X, yeY,he H.
Of course, as Y is contained in H, Sf is ‘overdetermined’, but it is easily
checked that Sf is well defined. From (3.14), it follows that f(h$

)
S(h)x
= f(h*[0, 0, u(8(h)x’, h])), and using (3.13) yields

Fh3 o) = FRIO, 0, (0 (h), X'y + L8 hyz (), x')]).

The covariance property of f then gives the following alternative description of Sf:

(S)(xhy) = F()®(x, hy) with d(x, hy)
= Q2n) 2Ah)~1? / dx'T(—xa(x — 8(h)x)e 1)
X
x exp(—i{(o(h), x') + %(8(h)f(h)X’, x)H
forxeX,yeY heH. 4.5)

From this we draw the following consequence. If we define a weight w = w, on
H=H/Y —actuallyon H/Y Z — by

w(h):A(h)/ dx/ dy|®(x, hy)] (4.6)
X Y

then S induces an isometric embedding from the Beurling algebra £!(H, w)y into
Ll (G)3; we denote this embedding by the same letter S.
By direct computation, compare [10], one can show that S is involutive, that is,

S(f) = S(f)* for f e LYH, w)y. 4.7)

In order to show that § is multiplicative (with regard to convolution), and that
the image of S is contained in p * EI(G)Y * p, we use representation theory and
deduce some formulas, which are also useful for the treatment of the representation
p= indg X, P = exp p, which after all is the main subject of this article. Let =’ be

[ ]
any representation of H such that 7/ = x on Z. Considering 7z’ as a representation of
H, one may form the induced representation 7 = indgn/ . Observe that p is of that
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type, p = indg o' with o' = indg X, so that all that will be said about = will apply
to p as well. We consider the more general representation 7, which may be chosen
to be faithful on £!(G)z in order to complete our discussion of the properties of the
operator S. if K denotes the representation space of 7’ then 7 may be realized in
$ = £2(X, R); actually 7 is given by
(g} = AW Pr () @)™ (6 = x))) for§ € H,x' x e X, heH.
(4.8)
For the orthogonal projection 7 (p), see (4.3), one finds, compare [10]:

(T(PENX) =7 /X dx BOE(x). 4.9)

This means in particular that 7 (p)$ can be canonically identified with K; the map
ViR — m(p)9, given by

V(") =ux")n (4.10)
is an isometry from £ onto the range of the projection 7 (p).

Direct computation, see [10], shows that, for any f € LY(H, w)y, the space
w(Sf)$ is contained in 7 (p)$). This implies, as 7 is faithful, that p x Sf = Sf. Since
S commutes with the involution we conclude that also Sf % p = Sf. Consequently we
get the following.

The range of the isometric map S : LY(H, w)y — EI(G)Y is contained in
p* LY(G)5 * p. (4.11)
Again referring to [10], we state that
Vln(SHV =7'(f) forall feL'(H, w)y. (4.12)
Summing up, we have seen that S is an isometric s-morphism from £!(H, w)y into
px Ll (G)x * p. In order to see that S maps onto p * Ll (G)x * p take any continuous
Fell (G)y with compact support modulo Z, and define T F on H by

(TF)(h) = A(h)3/2/ dx/ dx// dy u(xa@h) " x' = x])
X X Y

x exp(ipn(x — x', hy))F(xhy). (4.13)
Obviously, TF is compactly supported modulo Z. Along the lines of [10], one
can verify that w(p)m (F)rn(p) = n(S(T F)), which shows that S(TF) = p * F % p.
Therefore, the range of S contains all functions p * F * p, F as above, which form a
dense subspace of p s £! (G)y * p. As the range of the isometric embedding is closed,
we conclude that S maps onto p * ﬁl(G)7 * p.
So far we have proved the following proposition.

PROPOSITION 4.14. For any u € S(Y) such that u* =u and ||it]|, = 1 the operator
S of (4.4) or (4.5) yields an isometric *-isomorphism from the Banach algebra

LY(H, w)y onto p * LI(G)Y x p, the weight w on H being given by (4.6) and (4.5).
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In order to determine the weight w more explicitly, we specialize u to be a Gaussian
function. But first we explain why this will tell us (almost) the weight for general u.
The reason is that different u’s yield equivalent weights. Choose ug € S(Y) so that

ip(x) = Ce~ /P9 for x ¢ X =R? with C =~ 1/2. (4.15)
The factor C is necessary for |ugl2=1. We retain the notation p,

w=wy,, S, ® for a ‘general’ u, while the corresponding objects for u are denoted
by po, wo, So, Po. The‘ tool for comparing w and wy is the function k € LM )%
given by k[x, y, z] = e "*(uy * u)(y). It has the following properties.

K x, v, 21 = e 2w xuo)(y), kxk*=py, k*xk=np. (4.16)
Using k we define

K:po*ﬁl(G)y*pQ—)p*Ll(G)y*p and
K/:p*ﬁl(G)Y*pﬁpo*ﬁl(G)y*po by
K(F)=k** F+k and K'(F)=kx* F *k*,

respectively. The equations of (4.16) show that K and K’ are involutive isomorphisms
of Banach algebras (but no longer isometric); in fact, they are inverse to each other. It
is a routine matter to verify that the diagram

. S
LV(H, woyy — po* L1(G)x * po
Idl Kl TK/
LUH, w)y —= p* LGz * p

commutes. Consequently, the identity map is a bounded operator from £'(H, wo)x

L]
onto L'(H, w)y, and vice versa. From this fact, we conclude that w and wg are
equivalent, that is, there is a positive constant £ such that

1 . . . . .
Ew(h) <wo(h) < Ew(h) forallhe H. 4.17)

Now we are going to compute the weight wq explicitly. In order not to interrupt the
discussion at a later point, we state here the following formula.
For real numbers y and v, y being positive, one has

1 o0 o0 o0 1
n_1/22—y_1/2/ dx / dy‘/ ds e~ (1/Ds? exp(——(x — ys)2>
T —00 —00 —00 2

R (ORI K
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To this end, we recall the well-known formula

0 E 2\ /2 122
/ ds e~ A/Ds? pmisz (%) exp(—z%) (4.19)
—0oQ

for complex numbers A, z with SRA > 0.
To evaluate the integral over s in (4.18) we put A:=14 y2 —iv. For the

expression in (4.18) we get
12 oo L oo
/ dxe™ /2/ dy
—0oQ —0oQ

_1 . 2\ _ 1 2 2
exp ﬂ(yﬂxy) = exp 2AZ(XV) T +y9)

8 exp( 114y Zyz)exp<vyxy)
2 AA AA )

carrying out the integration over y yields

21

1
—12 1 i
YA

2

I =

1
exp(—ﬂ(y + ixy)2) .

As

1/2 -\ 1/2
[ = g2l 12|28 P(2mAdNY
2 A 14 y2
00 1 2 2
x/ dx o= {(xy)( +V)+ (vyx) _}
oo 2(1 +y2)AA
1

/2
=n_1/2)/_1/2< 4] > / dx exp<—lx2 : )
1+y2 o 27 142

s 1Al \'/? _
— 12y 1/2(—1+y2 Q)2 (1 + )2 = 2y 1214112

) ) ]

According to (4.5) and (4.6), the weight wg is given by (introducing the new integration
variable y + o (h))

. 2
wo(h) = (%) A(h)l/zfx dx /Ydy‘/x dx' wo(—x")io(x — 8(h)x")

x exp(—i{(y, x'y + %(S(h)r(h)x/, x’)})'.

Let h = (b1, by, vy, v2,0,0,0, 0, 0) € H, hence

8(h) = (0 ;/1)
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with y; = exp(b1A1 — baAy) and

0
y2=exp(biry +b2r1), d(h)T(h)=— (12)1 v2>

and A(h) =1/(y1y2), see (3.9) and (4.1). Writing x = (x1, x2), ¥y = (y¥1, y2) and
x" = (s1, sp) for the integration variables, we find, plugging in the formula (4.15) for
uo, that

. 1 2 12,2 00 OO 00 oo
wo(h) = (—) niy2)~/°C / / dx de/ / dyy dy>
—00 J—00

dS] dsy exp(——(sl +52)>

1
X GXP(——(Xl —yis1)% — 5()62 — ¥252) )

. 1 2 1 2
X exp| —1ys51y1 + 522 — Evlsl — Evzsz .

SinceC =7 , we readily see that wo(h) is a product of two integrals as considered
in (4.18). Hence we find that

1 2 v\ A/ 1 2 v\ 2] 174
=2 (5] = GG +2) + ()T
Y1 Y1 V2 V2

Summing up we have shown the following proposition.

—1/2

PROPOSITION 4.20. Let u € S(Y) with u* =u and |[ull» =1, and form p = p,
according to (4.3). Then the operator S, see (4.4) and (4.5), is an involutive

isomorphism from EI(I:I, wo)y onto p * EI(G)Y x p, where the weight wq is given
by
wo(h) = 2{(exp(=b1x1 + bak2) + exp(bii1 — b2r2))®
+ v} exp(=2b1A1 + 2b222)}/H{(exp(=biks — bak)
+ exp(b1A2 + bax1))? + v3 exp(—2b1ry — 2bo)} /4

ifh = (b1, b2, v1,12,0,0,0,0,0) € H.

5. Finishing the argument
After these lengthy preparations it is fairly easy to prove the theorem of this article.

THEOREM 5.1. Let G be the group as described in (3.6) with Lie algebra g, let
t=Z"eg* be the functional as in the lines before Proposition 2.1, let p be any
polarization at £ with associated group P = exp(p), and let x € P be the unitary
character corresponding to L|y,. If p denotes the induced representation ind§ p X then

p(LY(G)) does not contain a nonzero operator given by a compactly supported kernel.
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PROOF. As we described all polarizations in Section 2, we can, of course, take p to be
the polarization given in (2.6). We think of p as p = indg o' with p’ = indf,l x. Recall
that H is the subgroup {(by, b2, v1, v2, 0,0, y1, ¥2, 2) | b1, b2, v1, V2, Y1, Y2 € R} of
G, and that P is its one-codimensional (normal) subgroup consisting of the elements
with b1 = 0. Using the most obvious one-parameter subgroup complementary to P,
the representation p’ is realized in K = L2(R) by

(0" (b1, bz, v1, v2, 0,0, y1, y2, 2)6) (1) =exp(i(z + b1by — th))E(r — by).  (5.2)

Observe that p’ is trivial on a certain four-dimensional normal subgroup of H, that
{(b1, b2, )} is a Heisenberg group, and that p’ is basically one of the standard models
of one of the irreducible representations of the Heisenberg group.

Suppose now that F € £ (G) has the property that (the nontrivial) p(F) is given
by a compactly supported kernel. We may as well assume that F is contained in
Ll (G)y because p|z = x|z. Then F* % F has the same properties. Next we claim the
following.

ASSERTION. There exists u € S(Y), compare (3.8) and (4.3), such that u = u*,
|l#ll2 = 1, u is compactly supported, and with p = p, we have p(p)p(F* * F)p(p) #
0 (and this operator is represented by a compactly supported kernel as well).

Suppose to the contrary that p(p)p(F** F)p(p) =0 for all u as above.
We think of p as being realized in £>(X =R?, &) = L2(R?) ® L*(R) = L>(R?),
compare (4.8). As p(p) projects onto u ® R, the equation p(p)p(F* * F)p(p) =0
means that 0 = (p(F* « F)i @ 1,1 Q@ n) = ||p(F)(@ @ n)||* forall n € K. As, clearly,
the collection of vectors % ® n is a total subset of £2(R?), this tells that p(F) is
zero, which is a contradiction. From the structure of p(p) it is immediately clear
that p(p)p(F* x F)p(p) is given by a compactly supported kernel.

From the results of Section 4, in particular (4.12), we conclude that the operator
p(p * F*x F % p) is completely determined by an operator po'(f) on & given by a

function f € £! (I:I , Wo)y- Also this (nontrivial) operator has to be represented by a
compactly supported kernel. We are going to show that this is impossible. Since p’
is trivial on the subgroup of the v’s, to compute p’(f) we have first to integrate f
over those variables. It results a function f’ on the Heisenberg group {(by, b2, z |
b1, by, z € R} with a covariance condition, that is, f/(b1, ba, z) = e "2 f"(by, b>)
with some function f” on R? = {(by, b)}. The crucial point is that, as f is integrable
against the weight wo, the function f” has at least to be integrable against the weight

wy(b1, by) : = 2(exp(—bir1 + bar2) + exp(birs — barn))'/?
x (exp(—b1Aa — bary) + exp(b1ra + barp))'/? (5.3)

on R?, see (4.20).
From the structure of the representation o', (5.2), we see that

]

W (NEVD) = / K (1, $)E(s) ds 5.4)

—00
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for £ € & = L2(R), if the kernel K £ on R? is defined to be

oo
K(t,s) =f dby f"(t — s, by) 7502,
—o0
For almost all b; € R the integral ffooo dby| f" (b1, by)|wo(by, by) exists.  As
for any fixed b; the function b —> wo(b1, by) grows exponentially the Fourier
transforms s —> ffooo dby f(by, by)e™ 2% extend to analytic functions in certain
strips depending on by and the A’s. Therefore, it is impossible that K  is compactly
supported (if not zero almost everywhere), and the theorem is proved. O

6. Concluding remarks

The reader may wonder why we have taken a nine-dimensional counter-example.
Why didn’t we take, for instance, the following seven-dimensional algebra gg =
Lr(Ay, Az, X1, X2, Y1, Y2, Z) with nonvanishing brackets:

[X1, V1] = Z =[X>, V2],

[A1, X1 = X1, [A1L N]=-T11,
[A2, X2l = X2, [A2, Y2]=—-Y2,
[A1, A2] = 27

In fact, if again £ = Z*, then p = Lr(A1 A2 — M Ay, Y1, Y2, Z), A% + A% =1lisa
Pukanszky polarization at £ (which for A; = A, is tame in the sense of [4]). And it can
be shown along the lines of this article that the image of L(Go) under indg0 x (P and
x are formed in the obvious manner) does not contain any operator with compactly
supported kernel. The reason for taking g is that, besides the above p’s, there are more
‘strange’ polarizations such as

,C]R(Az, X2, Y1+ ,3X1, Z), /3 ;é 0, or
Lr(A; + A2, X1 +aXs, Yo —aYy, Z), o#0.

These polarizations are less pleasant because they are not invariant under A; and A»,.
We did not investigate these polarizations systematically with regard to compactly
supported kernels because we considered it simpler to accept the complication
arising from two additional variables (where we had complete control over all the
polarizations) than to discuss various types of polarizations separately.

Some further words may be in order as to why Leptin’s theorem (and his approach)
failed. Leptin refers to the determinant (or trace) on certain homogeneous spaces. But
the results of [11] show that not only the determinant counts; rather, all eigenvalues
contribute to some sort of ‘analytical’ structure. In the context of the above mentioned
paper the eigenvalues on the stabilizers G ¢ of functionals f € g* are crucial. In the
present context, they are less influential because representations on the nilradical can
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be extended against G f, but nontrivial eigenvalues on other pieces of polarizations
do harm to compactly supported kernels. These sentences may sound a little vague,
but they led me to the following rigorous conjecture which presumably is close to
being optimal.

CONJECTURE. Let G be an exponential Lie group with Lie algebra g; the nilradical
[g, g] of g is denoted by n. Let f € g*, and denote by g the restriction of f to
n. The linear form f induces a skew symmetric bilinear form B = By on g by
B(X,Y) = f([X, Y]); the symbol v for any subspace v of g denotes the orthogonal
space with regard to B. The stabilizer algebra g, = ntB of g acts via the adjoint
representation on n/ng, where ng = g, Nn. Let £ C g, be the common kernel of all
eigenvalues of this action of g, that is, £ is the largest subspace of g, acting nilpotently
on n/n, or, which is the same, on g/g r. Suppose that one of the following equivalent
conditions is satisfied, where gy = stabilizer algebra of f = g8,

(i) tBcgr+t+n,
) E+mBce+gr+n

Then there exists a Pukanszky polarization p at f such that, with P =exp p, x = xr €
P”, the image of £'(G) under indg x contains all operators with compactly supported
smooth kernels.

References

[1] J. Abdennadher and C. Molitor-Braun, ‘Operator kernels for irreducible unitary representations
of solvable exponential Lie groups’, J. Lie Theory 16 (2006), 225-238.

[2] P. Bernat, Représentations des Groupes de Lie Résoluble (Dunod, Paris, 1972).

[3] R. Howe, ‘On a connection between nilpotent groups and oscillator integrals associated to
singularities’, Pacific J. Math. 73 (1977), 329-363.

[4] H.Leptin, ‘Irreduzible darstellungen von exponentialgruppen und operatoren mit glatten Kernen’,
J. Reine Angew. Math. 494 (1998), 1-34.

[5]1 H. Leptin and J. Ludwig, Unitary Representation Theory of Exponential Lie Groups, Expositions
in Mathematics, 18 (de Gruyter, Berlin, 1994).

[6] J. Ludwig, ‘Irreducible representations of exponential solvable Lie groups and operators with
smooth kernels’, J. Reine Angew. Math. 339 (1983), 1-26.

[71 J. Ludwig and C. Molitor-Braun, ‘Exponential actions, orbits and their kernels’, Bull. Austral.
Math. Soc. 57 (1998), 497-513.

[8] C. Molitor-Braun, ‘Actions exponentielles et noyaux d’opérateurs’ Travaux mathématiques, IX
(Centre Universitaire, Luxembourg, 1997), pp. 23—-101.

[91 D. Poguntke, ‘Gewisse Segalsche Algebren Auf Lokalkompakten Gruppen’, Arch. Math. 33
(1979), 454-460.

[10] ———, ‘Nichtsymmetrische sechsdimensionale Liesche Gruppen’, J. Reine Angew. Math. 306
(1979), 154-176.
[11] ———, ‘Algebraically irreducible representations of L!-algebras of exponential Lie groups’,

Duke Math. J. 50 (1983), 1077-1106.

DETLEV POGUNTKE, Fakultit fiir Mathematik, Universitit Bielefeld,
Postfach 100 131, 33501 Bielefeld, Germany
e-mail: poguntke @math.uni-bielefeld.de

https://doi.org/10.1017/5S0004972708000750 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972708000750

