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Besov spaces and function series on Lie groups

LESZEK SKRZYPCZAK

Abstract. In the paper we investigate the absolute convergence in the sup-norm of Harish-
Chandra’s Fourier series of functions belonging to Besov spaces defined on non-compact
connected Lie groups.
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1. Harish-Chandra’s Fourier series.

In this section we recall the definition and basic properties of Fourier series on
a Lie group introduced by Harish-Chandra. For details we refer to [2] and [13, §4.4].

Let G be an n-dimensional Lie group countable at infinity and let K be a k-
dimensional connected compact subgroup of G. Let X(K) denote the set of all
equivalence classes of finite-dimensional irreducible representations of K. For any
0 € ¥(K), let z5 be the character of the class 6 and d(J) its degree. We define

(1) ag = d(0) Ty.

Let R be the Lie algebra of K. Since K is compact we can choose a positively-
definite quadratic form @ on R, which is invariant under the action of the adjoint

representation of K. Let X1,..., X} be a base of B orthonormal with respect to
Q@ and put
(2) Q=1— (X} +---+XP).

It is well known that ) regarded as a differential operator commutes with both
left and right translations on K, and that the functions as are eigenvectors of the
operator € with eigenvalues ¢(d) > 1,

3) Q(as) = ¢(9) as.

The group G is countable at infinity, therefore the space of smooth functions
C°°(G) and the space of smooth functions with compact supports C§°(G) taken
with their usual topologies are locally convex, complete and metrizable vector topo-
logical spaces. Let G > x — L(x) be the left regular representation of G on C*®°(G)
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(or C§°(G)), i.e. (L(z)f) = f(z~1y), and G > z — R(z) be the right regular repre-
sentation of G on C*°(G) (or C3°(G)), i.e. (R(x)f)(y) = f(yx). Let f be a suitable
function on G, then the functions

(4) (ag % f)(z) = /K as@) /(v \x)dy, =€ G,
(5) (f * a5)(a) = /K as(y ) (xy)dy, =€ G,

are called a J-Fourier component of the function f with respect to the representa-
tion L(x) and R(x), respectively. Here dy denotes the normalized Haar measure
on K. Identifying as with an element of the space of Radon measures with compact
support on G we can regard (4) and (5) as the convolutions on G.

Theorem 1 (Harish-Chandra). Let f € C*(G) (f € C§°(K)), then the Fourier
series
Z as* [ and Z f*ag
se(K) SEN(K)
converge absolutely to f in C*(G) (C§°(G)).
For every distribution 7' € D’(G) on G its §-Fourier component with respect to
L(z) and R(z) can be defined respectively by

ag*xT, [x*xag (the convolution of distributions).

Using the notation of a contragradient representation it is not hard to see that the

series
Z as*T and Z T * ag
seX(K) SEX(K)

converge to T in D'(G) equipped with the topology of uniform convergence on
bounded subsets (cf. [13, §4.4.3]).

2. Function spaces on Lie groups.

Let e be the identity of G and & = TG be Lie algebra of G identified with
the tangent space TeG. We equip & with a scalar product g.. For every =z € G,
a scalar product in 7, G is now defined by

gz = del(z™Hge (pull-back)

where dl(z~1) denotes the tangent mapping at z to I(z~1) : y — zy. Furnished
with this Riemannian metric g the Lie group G becomes a connected complete
Riemannian manifold with a positive injectivity radius and a bounded geometry
(cf. [3], [9]). Furthermore, g is left invariant, that is

gyx(dxl(y)Xa d:cl(y)y) = g(X7 Y)7 z,y€ G, Y eTl,G.
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If » > 0 is a sufficiently small number, then the group G can be covered
by a countable family of sets I(x;)(B(r)), j = 1,2,..., B(r) = exp{X € & :
9e(X,Y) < r?}, such that each set I(z;)(B(r)) has non-empty intersection with at
most N elements of the family. Moreover, there exists a resolution of unity {¢;}
corresponding to the above covering such that

(6) & €C%(G), 0<¢; <1, suppg; ClUz;)(B(r), D dj=1,
(7) for any multi-index (3 there is a positive number bg with
|DP(¢; 0 l(x;) oexp)(X)| < bg, j=1,2,...
(c£. [9, [11]]).
Definition 1 (cf. [9]). Let {¢;} be the above resolution of unity.
(i) Let either 0 < p < 00,0 < g < oo orp=g=oc0. Let —0o < s < co. Then
Fpg(G)={f e D(G):|f | F; (G =

o0
= (D ¢jf ol(zj) oexp | Fj4(RM)]) < oo}
j=1
(with usual modification if p = c0).
(ii) Let 0 < p< 00,0 < g <o00. Let —00 < 59 < s < 81 < 00. Then

By o(G) = (Fp%(G), F L (G))a g
with s = (1 —0)sg +6s1, 0 <8 < 1.

Remarks. The definition of F}j,(G) and B, ,(G) is independent of the chosen
resolution of unity and the chosen left invariant Riemannian metric. The group G
can be equipped with a right invariant Riemannian metric and on this base one
can introduce “right” function spaces F;q(G), F;,’q(G). In general the “left” and
“right” spaces do not coincide, but the relation between them is not enough clear up
to now. Various characterizations of the above spaces by the means of derivatives,
differences and the like, can be found in [9]-[11].

A lot of properties of the scales Fjj, — B, on R" have counterparts in the
properties of the above defined function space on the Lie group G. For example,

the following embeddings hold:

(8) B;,min(p,Q)(G) C Fp(G) C B;,maX(p,q)(G)
for 0<p<oo, 0<qg<oo and —o0 < s < 00,
(9) By ,(G) C B, oo(G) for 0<p,q< oo and 0<0<s—g.

Moreover one can prove the following interpolation property,

(Bpiao (G, Byigy (G))o,g = (Fpiay (G), Fplgy (G))o,q = Bpg(G)
for 0 < p < 00,0 < qp, q1 <00, —00<89<581<00,0<6b<1,8=(1-6)sg+0s;.
The spaces F;Q(G), 1 < p < oo coincide with the Bessel-potential spaces for the

corresponding Beltrami-Laplace operator (cf. [11]).
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3. Absolute convergence of Fourier series.

Harish-Chandra’s result presented in Section 1 says that on the one hand Fourier
series converge in a very strong sense for very smooth functions, on the other, the
Fourier series of any distribution converges in the topology of uniform convergence
on bounded sets. In this section, to fill the gap between these two convergences, we
investigate the absolute convergence in the sup-norm of Fourier series of functions
belonging to the Besov spaces B, ,(G).

Let zK, x € K, denote a left-coset of K. We will use the notation introduced
in the foregoing sections. In particular, I(z) : y — 1y is an isometry of the
Riemannian manifold (G, ¢g) and zK is a compact submanifold of G for every = € G.

We need the following version of the trace theorem for the scales ;) (G) —

B3 ,(G) (cf. [7]).

Lemma 1. Let 1 <p<oo,1<g<o0orp=q=o0 (1 <p, q<ooin the case of
the By, ,(G)-scale). Let s > "Tjk, n=dimG, k = dimK. Let Rz, x € G, be the
restriction operator and &, the extension operator

Rz Fy o (G) — FL(2K)  (Re: By ((G) — Byl (zK)),
Ex t FL(eK) — Fp ((G)  (&x: Byl (2K) — B, ((G))
described in Theorem 1 in [7], s — s1 = ”Tjk. Then there are norms |- | F, . (zK)||
(I | By 4(zK)I|) such that:
) If Fﬁ,q(xK)! = llaf | F5 oK) (If | B o(@K)[| = |l f | By 4(K)I[), where
«f(y) = f@™y),
(ii) there are constants c¢; = c1(p,q, s, K) and ca = ¢2(p, q, s, K) dependent on
p,q, s, K but independent of x such that

IRzl <e1 and  ||Ez]] < ca.

Remarks. The above lemma is true in a more general situation, when we replace
G by any complete connected Riemannian manifold with bounded geometry, K
by a compact submanifold, the translations {(z) by a family of isometries and the
left-cosets by images of the compact submanifold under the action of the family of
the isometries. In particular one can take the right-invariant Riemannian metric
on G, the right-cosets of K and the spaces F;q(G), qu(G). We recall that the
operators R, and &, satisfy the identity R, o &, = id.

PROOF: The proof is similar to the proof of Theorem 1 in [7], therefore the details
are omitted. The only difference is that now we have to pay some attention to the
norms of the restriction and extension operators. Since the group K is compact,
there is a finite family {(B(y;, pi), ®;)}i~; of charts of G such that:
— B(y;, pi) is a geodesic ball in G centered at y; € K with radius p;, p; < i(G)/4,
i(G) being the injectivity radius of G,
~ ®i(yi) = 0, Bi(B(yi, pi) NK) CRF = {(t1,...tp) € RF ity g = -+ = t, = 0},
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—sets V; = B(y;, pi/4) NK, i=1,...,m, form an open covering of K,
- B(yi,pi) N K C Bk(y,i(K)/2) for every y € B(yi,pi) N K, Bk(y,r) being
a geodesic ball in K,
(cf. [7, §4.2]).
The sets .V; = B(xy;,pi/4) N 2K, i = 1,...,m, cover zK. Let {¢;}I""; be
a smooth resolution of unity corresponding to the covering {V;}>,. Then the
functions ;1;(y) = ¢;(z~1y), i = 1,..., m, form a resolution of unity corresponding
to the covering {;V;} of K. The expression

(10) I1F 1 Ep g =Y 1evif) o l(z™h) 0 @771 | Fp4(G))]
1=1

is a norm in Fj  (vK). It should be clear that
1 1 Ep @K = llaf | Fp g (K,

where |- | F}; ,(K)|| is given by (10) with z = e.

Let a function §; € C°°(G) be such that supp 8 C B(y;,pi), 0 < 6; < 1,
Bi(B(yi, pi/4)) = {1}. Let f € F (G), then we define the restriction of f on 2K
by

m

Ra(f)() = (2Bifio ;o l(x))(y)
i=1

where f; is the restriction of the function (8;f) o l(z~1) o @1 on RF (cf. [12,
Theorem 2.7.2]). Theorem 1 in [7] asserted that the operator R, is a continuous
linear operator from F; (G) onto Fpy(2K), 51 = s — "Tjk. Moreover, according to
the proof of this theorem, the norm of R, depends on:

— the number m,

— the norm of the restriction operator Ry : F}; o(R™) — FpL(RF),

— the cardinal number of the sets zJ;, t € G, i =1,...,m,

oJi = {7 lz;)(B(r)) N B(xyi, pi) # 0},

— the norms of the pointwise multiplier operator in F;I,(Rk) defined by the
functions zt; o l(z™1) o (I)i_l and ;B ol(z™ o <I>i_1,

— the norms of the isomorphism of F;q(R") defined by the diffeomorphisms
(®j0l(z))o(l(z~1)o®;) and exp;j1 OZ(x_l)oq)i_l, exp,, being the Riemannian
exponential mapping at a point y, (cf. [7, §4.1 and 4.2]). But,

— there is a constant C' such that for every z and i card (;J;) < C (cf. [7,
Lemma 2]),

— the norms of the pointwise multiplier operators are bounded by the constant
independent of x because

ot 0 l(z™1) 0 @71 [ C™(RF)|| = [|oh; 0 @7 | CTU(RP)||
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and
2B 0 l(x™1) 0 &1 | C™(RF)|| = |80 &7 | C™(RF)]|

(cf. [8, Theorem 1]),

— a norm of an isomorphism of Flf’q(R") given by a diffeomorphism of R"
depends on a constant which bounds from below a determinant of a Jacobian
matrix of the given diffeomorphism. We have

exp, tol(z7) 0 &1 = (exp, o expyy, ) o (expyy, ol(x ™) o @71,

But I(z7!) is an isometry of the Riemannian manifold G, therefore expxy
I(z™ho <I>Z-_1 = dgy,l(z71) 0 exp,, 0 exp,, o®; . Thus, det(exp,,, o®; b=
det(expyi O(I)z‘_l) by the properties of normal coordinates. In consequence,
we can find a common below bound for the determinants of the Jacobian
matrices of the diffeomorphism we are interested in (cf. [8, Theorem 2], [11,

§4.1]).

This proves the lemma for the F3 .g-Scale and the restriction operator. The proof
for the extension operator is snnllar The statement for the B, ,-scale follows from
the properties of real interpolation method. ([

It was proved by Harish-Chandra that for sufficiently large m
Z d(o < oo (cf. [4, Lemma 7]).
den(K

Thus for every r € R, 0 < r < 2, there is the smallest non-negative number m,
such that

(11) sup d(6)"c(6)”™ < oo, for every m > my.
5eS(K)

Proposition 1. Let 1 < r <2, w e R, w+m, + %( —5) > 0. Let s >

(w +my) + k(— - —) + 5 k. Then there is a positive number C' such that
(12) Z (8)"llag * fIl < CIlf | By, (G)|I"
eX(K

holds for all f € Egm(K).

PROOF: First we show that there is a constant C' such that

(13) > )@ HIT < CIf | BSS(K)|"

SED(K)

holdsfor 1 <r <2, v € R, v—i—%(l—%) >0, s0 = 2%+k(%—%) and all f € Bp%(K).
Here (-, -) denotes the scalar product in Ly(K).
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The above inequality is known for abstract Besov spaces (cf. [6, Theorem 6.5.3]).
So, the only thing we have to do is to show that for a compact Lie group the
Riemannian approach and the abstract approach lead to the same space.

First let us recall that in case of compact manifolds the definition of the scales

F;q — Bp ¢ is independent of a chosen Riemannian metric. In particular the “left”
scales Fy . — By , and the “right” scales F Ep ¢ on compact Lie group coincide.

The operator Q (cf. (2)) with the domam D( ) =A{f € La(K) : Qf € La2(K)}
is a self-adjoint, positively defined operator in Lo(K) with pure point spectrum.
Therefore, there are abstract potential spaces D(Q°), D(2°) C La(K), and ab-
stract Besov spaces Bé, Bg C L2(K), s > 0, 1 < g < oo, corresponding to the
operator ) — cf. [6, Definition 6.2.2 and 6.3.1] — the relevant properties of the
Riesz means follow easily from the spectral theorem. The operator €2 coincides
with the Laplace-Beltrami operator corresponding to the bi-invariant Riemannian
metric on K. Therefore Theorem 4 in [11] assures us that D(Q°) = F22’s2 (K), s > 0.
Now the identity
Bf =B35(K), s>0, 1<q<oo,

follows by interpolation (cf. [6, Theorem 6.3.2] and [11, Theorem 5]). Moreover,
we have the following estimate for the number N(A) of eigenvalues of Q, counted
with multiplicity, < A : N(A) < Ak/2 The last inequality is nothing more than
the famous Weyl asymptotic formula. Thus (13) follows from Theorem 6.4.3 in [6],
because the functions T form an orthogonal system of eigenvectors of the operator
Q with eigenvalues ¢(8) (cf. (1), (3)).

From (11) and (13) it follows that

Y c®)las, NI <

SEX(K)
(14) < sup (d(8)e(6)™™) D e(d) " {as, f)I" <
seX(K) SeX(K)

2 1 1
SCIFIBEAON, 51> 2wt m) +h( - ).

Now, let f € E;T(G). Let fz, © € G, denote the function f;(y) = f(zy). Then

(ag % f)(@) = /K as(y) f(y~1e) dy = /K as () faly™Y) dy =

(15) -
:/Ka(;(y)fx(y)dyz<Re(fx)va6>a

because z5(y 1) = z5(y). Applying Lemma 1 to the spaces B3 .(G) we have

sl (Kz)

(16) IRe(f2) | B32(K) | = [1Ra (1) | BREE | < Cllp | B (G

§—81 = ”T_k, C being independent of x.

145
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It follows from (14)—(16) that for every x € G

Y d)las * (@) < Cllf | B3 (G,

seD(K)
which completes the proof. O

Let C(G) denote the Banach space of bounded continuous functions on G with
the standard norm.

Theorem 2. Let 1 < p < oo, 1§q§ooands>2m1+%—|—kmax(0,%—%).

Let f € Ez’q(G). Then the Fourier series ZJEZ(K) ag * [ converges absolutely in
C(G) to the function f. Moreover, there is a constant C' such that

Y llas* fllo < Cllf | By g4(G).

sEN(K)

PROOF: Let h € B2 */2(K). The formula (13) with w =0 and r = 1 reads as

follows:

(17) S I(has)l < Clln | By K.
seX(K)
Since
[(hih) o @771 | By ((RF)|| = [|(wih) 0 @71 | Fs (U, Ui = ®;(B(yi, 6;) NK),

it follows from (10) that if —co < s1 < s9 < 00, S¢ — p% >s1— £ 1< po,p1 < o0,

p1’
1< qo,q1 <00 orpy=gqg=o00,p; =¢q1 =00 then

F oK) C Byt (K) (cf. [12, Theorem 3.3.1]).

By the real method of interpolation we have

(18) Bpg.q0 K) C By g, (K),
for—oo<31<so<oo,so—pﬁo>81—pﬁl,1§P07P1§oo,1§q0,Q1§00.

Let f € By ,(G). Then f € C(G) (cf. [11, Theorem 5]), a5 * f € C(G) for

any 6 € ¥(K) and Re(fz) € Bp%(K), so = s — "Tjk. But (18) and the inequality
k k

s0 > 2my1 + max(g, 5) imply

IRe(f2) | By ™2 (K)| < CIRe(f2) | By (K-
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Thus,

> URe(fr) as)| < ClRe(f2) | BiS(K)I|  cf. (17).
sED(K)

Now, by Lemma 1

> lles* Flloo < Cllf | By o(G)]-
SED(K)

So the Fourier series of f converges in C'(G). But this series converges to f
in D'(G) in the topology of uniform convergence on bounded sets, therefore it
converges to f in C(G). O

Remarks.

1. Since f x ag(z) = (2 f, ag) both Proposition 1 and Theorem 2 are true if we
replace a5 * f by f * as and B, ,(G) by B3 ,(G).
2. One also can regard the series

Z a(;l*f*agz.

61,0263 (K)

It was proved by Harish-Chandra that the above series converges to f absolutely
in C®(G) (C§°(G)) if f € C®(G) (f € C§°(G)). One can ask whether the series
converges absolutely to f in the sup-norm if f € By (G)N F;’q(G).
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