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Abstract
Restricting to K-invariant functions we prove L” boundedness of Hérmander-

Michlin multipliers on Non-Riemannian Symmetric Spaces using Flensted-
Jensen duality.

1 Introduction

In accordance with the Riemannian case one could try looking at H-invariant
convolutors but unfortunately this does not work. The reason is that H is
infinite so H-invariant functions cannot belong to any L? space. So if we apply
the convolutor to a function with small support then the resulting function
will be almost H-invariant and hence not in L?. Instead one may look at what
operators correspond to multipliers preserving L2. It turns out that if we restrict
our attention to multipliers acting on K-invariant functions then on the dual
side these are the convolutors. The problem is that K-invariant L? functions
on G/H corresponds to K %-invariant L? functions on H?\G¥. In this paper we
show that in spite of this we can use multiplier theory from the Riemannian
case to prove a Hormander-Michlin theorem.

I would like to thank Jean-Philippe Anker, Mogens Flensted-Jensen, Toshiyuki
Kobayashi, Eric Opdam and Peter Sjogren for valuable comments and sugge-
stions.

2 Notation

For more details about the general theory of non-Riemannian symmetric spaces
see [8] and [9]. Let G be a noncompact semisimple connected Lie group with
finite center and an involution . Let H be an open subgroup of G?. So G/H
is a semisimple symmetric space. Assume that we have a Cartan involution 6
commuting with ¢ and denote by K the fixed point set for §. Corresponding to
the involutions we have the following decompositions

g=hoq=top (1)
Since 0 0 8 = § o o, we also have

g=hntehnNnpdgntdqny. (2)



This splits into eigenspaces for o o 8

g+ =bntdgny,

g-=hnNnpoqnt.

We can now define the non-compact Riemannian form G4/K¢ of G/H. First
we set

g’=hnedi(hnp)@i(aNe) & qNyp. (3)

Then we let G¢ be the real form of Gg(the complexification of G) with Lie
algebra g?. The subgroup K¢ = G4 N Hc corresponding to hNE@® i(hNp) is a
maximal compact subgroup. Hence the symmetric space G¢/K? is Riemannian.
We will also need H¢ = G4 N K¢ with Lie algebra h? = hnt S i(qN ). By
partial holomorphic extension we obtain a map f +— f" mapping C*°(K;G/H)
into C®(H%;,G4/K?), ie. it takes K-finite smooth functions on G/H to H4-
finite smooth functions on G¢/K¢9. Since we are only interested in the most
continuous part we take a maximal split f-invariant Cartan subspace b of g,
i.e. such that the intersection a = b N p is maximal Abelian in g N p. We
have two rootsystems X(a,g) and X(a, g4) with respective Weyl group W and
Wknr. We will also use the quotient W = W/Wgknp. Set m} = dimg, Ng.
and mg = dimgy Ng-, where g, is the root space related to o € £(a, g). If we
define

B =bnNnp+i(bNk). (4)
then b” is maximal split for g¢. We have the generalized Cartan decompositions
G=KATH, G%=HATKA

Here A corresponds to the positive roots in E(a, gy ).

3 Multipliers

Let % be a function in PW*(b5)", i.e. a W-invariant entire function of expo-
nential type with slow growth, then by van den Ban, Flensted-Jensen and Schli-
chtkrull [4] this function has an operator My : C°(K;G/H) — CX(K;G/H)
associated to it. Such operators are special cases of what they call multipliers,
which are operators

M : CP(K;G/H) m C2(K; G/H) (5)

that are equivariant under the action of g, K and D(G/H) and restricts conti-
nuously to C°(G/H) for all 1 in K. The connection to multipliers is that the
Fourier transform of My (f) is zp(A)f(r) on v € Vp of type A. Here V, denotes
the space of H-fixed distribution vectors for the irreducible unitary represen-
tation 7. To construct M, they use partial holomorphic extension defining it
by

(Myf) =f"+F, [feCF(K;G/H) (6)
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where F is the K-biinvariant distribution with spherical transform . By the
Paley-Wiener theorem, the assumptions on ¢ implies that F € & (K\G/K).
Hence the convolution is in the image of C®°(K; G/H) under the isomorphism
()7, so My is well defined.

We shall be interested in LP-multipliers for K-biinvariant functions on G/H.
Let ¥ be a W-invariant function on the support of the Plancherel measure.
Let LP(K\G/H) be the space of K-invariant L”-functions on G/H. We can
repeat the construction above, referring to the isomorphism LP(K\G/H) =
LP(HA\G/K?) instead. That is if F maps LP(H*\G*/K?) to itself, the operator
M, will be well defined and map LP(K\G/H) to itself. We also have to show

that mv = t/)(/\)fv, where v is an H-fixed distribution of type A. This may
be done as in [4] by referring to a paper by Delorme and Flensted-Jensen [5],
where a related result is proved, but for the convenience of the reader we will
give the proof, which in our case is simpler as we only look at the trivial K-type.

Proof. We want to show that
< m(Myf)v,v' >=$(A) < 7(f)v, 0" >,

for v/ with trivial K-action and v € V, of type A. As My, f is K-invariant we can
rewrite the LH-side as, using P; to denote the projection to the trivial isotypic
component,

/ < Pyr(z)v, My f(z)v' > dz,
K\G/H
which by duality is, denoting ¢(z) = Pym(z)v
/ < ¢"(z), fT * F(z)v' > dz.
H\G4/K4
As the integrand is right K%-invariant this equals
/ < ¢"(z), fT * F(z)v' > de.
H\G¢

We now write the convolution as a double integral and substitute this into the
last expression

/ / fr(y) < ¢"(z), / F(y~‘hz)dhv' > dydz,
H\G¢ HI\Ge /K1 e

which we rewrite using the left H%-invariance of ¢” as
/ ) [ <), Py > dedy
HI\Gi /K4 G4
This becomes after a change of variables

/ fr(y)/ < ¢"(yz), F(z)v' > dzdy.
H\G/K4 Gd



We now use the right K-invariance of F' to obtain

/ F(z) < / T (y)¢" (ykx)dkdy, ' > dz.
GU/K? HA\GY K1 JKe

Let

o(z) =< [ 17 ()¢ (vhz)dhdy, o' > .
H\G/Ke JKe

We then observe that @ is bi-K%-invariant and it is also an eigenfunction for
D(G?/K?) with eigenvalue A and hence it must be a constant multiple of the
spherical function ¢_;x. Thus it remains to prove that this constant is equal to
< w(f)v,v’ >. But this constant is just

3(e)=< [ ()6 (sb)dkdy, o' >,
HA\G4 /K¢ JK4
which as ¢" is right- K 9-invariant is
</ f(z)¢" (z)dz, v’ >:</ f(z)p(z)dz, v > .
HI\Ge/K? K\G/H

Taking into account the left- K-invariance of f and ¢ this completes the proof.
O

Let 7 be the strip a* + ¢Conv(Wp).

Theorem 1. Let v be a holomorphic function in the strip T and continuous
up to the boundary, satisfying the following estimate

ni

Vi) < CL+ )™, AeT,i< [zj ¥, (7)

then M is a bounded operator on LP(K\G/H) for 1 < p < co.

Remark 1. Before the proof it may be useful to recall that Anker [1] has proved
that this assumption imples LP-boundedness in the Riemannian case.

Remark 2. In the Riemannian case the analytic continuation is necessary since
the spherical functions are in L? forp > mzj\ﬂg and ¢ is the spherical transform
of a K-invariant distribution, but in the non-Riemannian case the problem ari-
ses that although we can make a similar construction with Eisenstein integrals
of trivial K -type, these may have zeros and hence may cause the function ¢ to
have poles. See section 4.

Proof. By construction the corresponding operator on the dual side is convolu-
tion with the inverse spherical transform of ¢ which is a K-biinvariant function
F. By Anker if we divide F into two parts, Fy concentrated close to the origin
and F, = F — Fy. Then these parts have the following properties

® fiai>apy [Fo(y™1z) — Fo(z)ldz < C,

o Fo, € LY{(G4/K9).
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He also shows that F, is bounded on L2(G¢/K?) but this we will not use. Let
f be in L?(K\G/H) then by duality f" will be in LP(H4\G¢/K?) and we have
the following commutative diagram

LP(K\G/H) —— LP(H\G*/K?)

‘|

L?(K\G/H) —— LP(H\G%/K*).

*F

Hence we want to prove that f7 x F € L?(HY\G%/K?). But considering the
convolution as a K9%-invariant function on H¥\G?, we obtain by the second
condition above:

1/p
(/ |f7 * Fw(x)lpdm> =
H\G4
P 1/p
- )
Hd\Gd
1/p
( / lf’(xy‘l)lpdr> / |Foo (9)Idy
H\G¢ Gi/Kd
1/p
() |P
< C(/Hd\cdlf (@) dx) -

For the local part we first use a covering lemma to reduce to functions with
support in the unit ball of A, which is a space of homogeneous type and so
we may use Hardy spaces. So assume that f is an atom with support in a
ball of radius ¢t. Let V; denote the part of H*\G¢ where |a| > 2t then with

6(a) = Ha62+(a,g) sinh™& (log @) cosh™= (log a) (see Flensted-Jensen [7])

[, rerh R
Gi/K¢4

A

[ 17+ )iz =
Vi

// f7(a")Fo(a'" R~ 'z)8(a’)da'dh
Vi lJA JHS

[ 1 @)ea)aa /wt L

To be able to use our first condition on Fy we need a lemma.

dr <

Fo(a'"'h™'a) — Fy(h™'a)|6(a)dadh.

Lemma 1. Ifh € H? and a € a then the following inequality is true in G¢/ K¢,
lha| > |a|. (8)

Proof. Since a € pNqit is orthogonal to h?. This implies that the orbits 4.0 and
H%.0 are orthogonal at the origin in G¢/K¢, hence by the triangle inequality
(negative curvature) d(0,a - 0) + d(0,h - 0) > d(k - 0,a - 0). O

For the second part we use the LZ-boundedness of the operator and the assump-
tion ¢ < 1. O



Remark 3. By the same argument we also obtain the same result for mul-
tipliers satisfying L2-conditions instead, since by Anker[1] the corresponding
operator fulfills the same conditions.

Example 1. (for more information about the material in this section see [11])
Let G = SL(2,R) this group has two involutions § : g +— (¢¥) Y and o : g v IgI

where
1 0
()

The first 1s associated the hyperbolic plane and to the second we have two
symmetric spaces G/G? and G/H, where G’ = { diagonal matrices in G} is
the fix point set of o and H is the subset of all positive diagonal matrices. We
will be interested in the space G/H. Clearly § o ¢ = o o 8, hence we are in
the situation of our earlier study. The generalized Cartan decomposition in this

case 1s G = KAH where
es/2 0
Hs = ( 0 6—3/2) ’

_ (cosht/2 sinht/2
©~ \sinht/2 cosht/2)’

o= cos¢/2 sin¢/2
¢~ \—sing/2 cos¢/2)"

In this case we can improve our result a little because instead of restricting our
attention to K-invariant function we can look at functions of a fixed K-type.
The reason is that this corresponds to picking Fourier coefficients. Since M is
assumed to preserve K-types we can take away the K action and then after we
have applied M we may put it back, hence reducing to the K-invariant case.
We want to find the Riemannian non-compact form X" of X = G/H. For this
we first introduce g¢ which is

g’ = t(=i)ehi(=d)oa
i 0 0 1
= RG 4)®RG J
_ itz
T o\z i)’

where ¢ € R and z € C. This implies that G = SU(1,1). We also obtain
K¢ =S(U(1) x U(1)) and

i = ( coshs  isinh s) . 9)

—isinhs coshs

So X" = SU(1,1)/S(U(1) x U(1)), i.e the hyperbolic disc. As the maximal split
Cartan subspace we take a and we see that b” = a and ac = C. To introduce
the Fourier transform we need some representation spaces. Put t*¢ = [t|*sgn‘t.
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Let D, ) be the space of C%° functions ¢ on R such that ¢ — qS(—%)t”l" is
also infinitely differentiable. When s is a positive integer the case of interest to
us will be ¢ = s + 1 and we will denote this space D,. If we use the notation

=(2 %), (19

then we can define a representation of G on Dy, () as follows

Tis,0(9)$(8) = ¢ (;ﬁ i z) (Bt + 8)*~ 1. (11)

The operator

B, o9(t) = / (t = 1) beg(ty)dty

is an intertwining operator between T(, .y and T(_, . For s imaginary the
representation is irreducible but for s a positive integer and ¢ = s + 1 there are
two invariant subspaces with intersection E, = KerB(, ). When s is imaginary
this representation is unitary for the scalar product

(%, ) = / SO,

For s a positive integer we obtain a unitary representation by letting Ti; ) act
on the factor space D;/E, equipped with the scalar product

("Z; (;)a = (As'w» ¢),

where A, = 2”7r%1"(—1—;—5)(§;)’. The H-invariant distribution vectors are (s ¢ ,) =
t5. In our present situation the type of these vectors are determined by s,
since D(G/H) is generated by the Laplacian

)

Teo(8) = 5(1=5%) -1 (13)

and

The Fourier transform

F(s,e,u)f(t) = L f(x)(ét - ‘)/)(

s— s—1

7V (=Bt + )T T dz, (14)

maps CP(X) to Dy or D,/E,. Since K = S' the K-types are functions f
such that f(kaH) = e™?f(aH). Even if this is not directly related to the
discrete series one can show that for functions of a fixed K-type the discrete
series is empty, see Appendix 1 in [6]. This explains why it suffices to look at
the dual, which is only related to the (most) continuous part. If we integrate
such functions against e~*"*? we obtain a K-invariant function to which we may
apply Thm 1. Then we define a new function from the resulting K-invariant



function by defining it to be of the same K-type as the original function. As a
result such a multiplier M will map K-finite L?-functions to K-finite functions
with norm only depending on the number of K-parts of the given function. The
Plancherel formula for X

1 o .
J @ = g5 3 s IR

1 o p+ e
s X[ ptent (xEEE) 1B 1P

e,v=0,1 0

where i, = 277~ Y/2I(1£2) (cos(Z) + 1), should be compared with the Plan-
cherel formula for X" [10]

24y = ; 2) tanh( ™2
/_Xr F(e)Pde = o /K/M /R+ 1 kM)A tamb( T )ddkM.  (15)

When we neglect the discrete part we observe that the formulas are of the same
kind and hence it is not so surprising that the behaviour of the multipliers should
be similar.
2.4

Two examples of multipliers are ¢(s) = e~*(1¥¢=#")% and ¢/(s) = 4/(2 —s?),
the first one is almost the spherical transform of the Poisson Kernel for the
Riemannian form and the second one is the inverse of %I + A. They clearly
satisfies the conditions of Thm 1. The reason that we are not considering the
inverse of A itself is that then the function would have a pole at s = 41, also
to avoid poles when we differentiate we include the e shift in the first example.
Another example of a multiplier connected to the first example is the spherical
transform of the Heat kernel for the Riemannian form, ¢(s) = e—t(l*ﬁ)’ this
satisfies the conditions of thm 1 and is entire, but it does not belong to the
space PW*(b%)W as it is not of exponential type.

4 Necessity of holomorphic extension in some
rank-one cases

We shall now prove that for pseudo Riemannian symmetric spaces of split rank
one with W = {1} the multipliers extend holomorphically as in the Riemannian
case.

Theorem 2. If My is a (p,p)-multiplier then 1)()) has a holomorphic extension
to the strip o* + (|3 — - [p).

Remark 4. Note that the extension is only made around a* and hence, in ge-
neral this is different from the set occuring in theorem 1.

Proof. The idea of the proof is the same as in the Riemannian setting. First we
prove that if the operator is bounded on L then it is also bounded on L?', then
we show that there is a function in L?’, which is holomorphic in the given strip
and such that the operator acts by multiplication with ¥ on it. For Riemannian
symmetric spaces we can use spherical functions, in the present situation we use
Eisenstein integrals. Let 7, be the w-component of n € cw (Of course under
the assumptions above C¥ = C and so 7 is just a constant, but as Lemma, 2
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and 3 below are true in general we give the full definition.) Using this we define
a function on X by setting

. [ a**n, ifz€ HuwP
mz) =1 g if £ ¢ Uy HwP

Where P is the parabolic subgroup corresponding to the positive roots in X(a, g).
The Eisenstein integral is now defined by

E(n, \)(z) = /K (e k) dk.
The normalized Eisenstein integral is obtained by a transformation of 7
E%n,A) = E(C(1,)) 1, X).
It is normalized by its asymptotic behaviour
E°(n, M) (aw™1) ~ a*~*n,,

where a € At (correspondingtoX*(a,g)),w € W and Rel is strictly dominant.

Lemma 2. If a multiplier M s bounded on LP then it is also bounded on the
dual space LP'.

Proof. We want to show that the dual of . x F' is ((.08)* F')of. The result then
follows because fof € L? & f € LP.

/Hd\Gd f*F(z)g(x)dx = /Gd/Af(“)F(aﬂliv)y(x)é(a)dadx

Here we have written the convolution as an integral over H? and A. This in
turn is equal to

[ 1@ [ F@ga)dzsa)a= [ f@)(g00) « F)0@)s@)da.
A Gd A

This equality follows easily using fa = a~!. Finally as the convolution is right
K-invariant this is just (as K is theta invariant)

/ £(2)((g 0 6) * F)(8(x))dz
H\G4

4

The next step is to prove that M acts on the normalized Eisenstein integrals as
multiplication by . ’

Lemma 3. (E%(n, X)) * F = y(A)(E%(n, )"

Proof. We write the convolution as

(B + F(z) = /K d /B (BOY (zkb™) F(b)dbdk.



Using the fact that the K-invariant Eisenstein integrals are joint eigenfun-
ctions of D(G/H) and hence by duality that (E°)" is a joint eigenfunction
of D(G?%/K4?), we obtain

(E°Y « F(s / ox(6-L) F(B)db(E°Y (=),

which is what we wanted to show. O

So far we have not used the assumptions but for the remaining steps we will use
them, even if it seems unlikely that they should be needed.

Lemma 4. If we multiply the normalized Eisenstein integrals with a suitable
polynomial, p(}), as in Lemma 14 [2], so that they become holomorphic in the
strip with endpoints a + z(p 1 )p, then for X in the same set we obtain L* -
functions.

Proof. As we assume that G/H has rank one and W = 1 we can write £°())(a) =
®,(a) + C2(A)®_y(a). To estimate the ®-functions we use theorem 9.1 in [3],
which gives the estimate

P(V)®x(a)] < C(1+ |A)*Pal~TmA=2),

for a € A st. a(loga) > ¢ when a € E¥(a,g). By this, together with the
holomorphisity of p(A)E®()) and the trivial estimate 6(a) < 2¢(1°8) the Lr'-

boundedness follows. Actually one can prove the lemma by direct computation
because as we will see below the Eisenstein integral is just a hypergeometric
function. O

By the identity LP(K\G/H) = LP(H\G%/K?) the lemma also shows that
(E%) € LP (H¥N\G?%/K?). To finish the proof of the theorem we have to be
able to divide by (E°)", at least evaluated at some point. But the normalized
Eisenstein integral is an eigenfunction for the radial part of the Laplacian, which
by Helgason [10] is

§7% 0 (L 08% — La(63)),

with £4 denoting the Laplace operator on A. Inserting the expression 6(a) =
sinh”* (log(a)) cosh™~ (log(a)) and rewriting the result, using the change of va-
riable z = — sinh“(log a), we obtain the hypergeometric equation.

2(1=2)f"+(c—(a+b+1)z2)f —abf =0,

where a = £22 b = 222 apd ¢ = . Thus the normalized Eisenstein inte-
grals are just some constant(depending on ) times the unique solution which 1s
regular at the origin and takes the value one there. As the partial holomorphic
extension of a function and the function itself are equal on A, the same is true
for (E°)". O

Remark 5. By Flensted-Jensen [6] we can determine the discrete series. Set
a = m%— and 8 = m‘z'l. The discrete series consists of the points {in|n =
18] = (@ + 1+ 2m) > 0,m € N}. Hence it is nonempty ff m_ > p+ 1. This
shows that for symmetric spaces of that kind, there exists (p,p)-multipliers for
G4/ K% which are not multipliers for G/H, if2>p > % For example we have
the hyperbolic spaces SO,(p,1)/SO,(p — 1,1) with p > 3.

m_+1
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