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Abstract. Four basic results of Marcinkiewicz are presented in summability theory. We show
that setting out from these theorems many mathematicians have reached several nice results for
trigonometric, Walsh— and Ciesielski—Fourier series.

1. Introduction. In this survey paper we will consider Marcinkiewicz’s work in summa-
bility theory and its impact up to the present days. We present four of his fundamental
theorems and several (recent) extensions and generalizations. We investigate convergence
and summations of one- and multi-dimensional trigonometric, Walsh— and Ciesielski—
Fourier series. First we give the corresponding results in the one-dimensional case and
then the generalizations for higher dimensions. Two types of summability methods will be
investigated, the Fejér and Cesaro or (C, «) methods. The Fejér summation is a special
case of the Cesaro method, (C, 1) is exactly the Fejér method.

In the multi-dimensional case three types of convergence and maximal operators are
considered, the restricted (convergence over the diagonal or over a cone), the unrestricted
(convergence over N%) and the Marcinkiewicz-type convergence. Marcinkiewicz proved
that the Fejér means o, f of a two-dimensional integrable function f converge a.e. to
f as m — oo over a cone. Another theorem of Marcinkiewicz says that the so called
Marcinkiewicz means (i.e. the arithmetic means of the cubic partial sums taken on the
diagonal) of a two-dimensional function f € LlogL converge a.e. to f. We introduce
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classical and martingale Hardy spaces H,(X) (where X = T or X = [0,1)) and prove
that the maximal operators of the summability means are bounded from H,(X) to L, (X)
whenever p > pg for some py < 1. The exact value of py, which depends on the type of
the Fourier series and on the dimension, is given in each case. For p = 1 we obtain a weak
type inequality by interpolation, which implies by the density theorem of Marcinkiewicz
the a.e. convergence of the summability means just mentioned. The a.e. convergence and
the weak type inequality are proved usually with the help of a Calderén—Zygmund type
decomposition lemma. However, this lemma does not work in higher dimensions. Our
method, that can be applied in higher dimensions, too, can be regarded as a new method
to prove the a.e. convergence and weak type inequalities.

Finally, the strong summability result of Marcinkiewicz and Zygmund is generalized
for multi-dimensional trigonometric, Walsh— and Ciesielski—Fourier series. This paper was
the base of my talk given at the Jozef Marcinkiewicz Centenary Conference, June 2010,
in Poznan (Poland).

2. Trigonometric and Walsh system. We consider either the torus X = T or the
unit interval X = [0,1) with the Lebesgue measure A. We briefly write L, (X) instead of
the real L,(X,\) space equipped with the norm (or quasinorm) ||f|, == ( [y |f|P dX)}/P
(0 < p < 00). The weak L,(X) space L, «(X) (0 < p < 00) consists of all measurable
functions f for which

[ llp,o0 = sup pA(|f] > p)'/P < o0.
p>0
Note that L, - is a quasi-normed space. It is easy to see that
Lp(X) C Lp,o(X) and [ Moo <11+ Il

for each 0 < p < oo.
The Rademacher functions are defined by

1, ifzel0,3)
NOEES SRR
-1, i 1

and
rn(x) :=r(2"x) (x €[0,1), n € N).

The product system generated by the Rademacher functions is the one-dimensional Walsh

system:
(o)

Wy, = H ri"F (n S N),
k=0
where

n=> m2"  (0<n,<2).
k=0

In what follows let ¢,,(z) denote the trigonometric system e2™*** defined on T or the
Walsh system ¢, (x) := wy,(z) defined on the unit interval.

In this paper the constants C),, depend only on p and may denote different constants
in different contexts.
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3. Partial sums of one-dimensional Fourier series. The Fourier coefficients and
partial sums of the Fourier series of f € L1(X) (X =T or X =[0,1)) are defined by

V= [focdh sf= Y fRe (e

|k|<n
The definition of the Fourier coefficients can be extended easily to distributions and
martingales.
One of the deepest results in harmonic analysis is Carleson’s result, i.e. the partial

sums of the Fourier series converge a.e. to f € L,(X) (1 < p < 00) (see Carleson [6], Hunt
[25] for trigonometric series and Billard [4], Sjolin [47], Schipp [42] for Walsh series).

THEOREM 3.1. If f € L,(X) for some 1 < p < oo, then
lsup lsn 1], < Coll 1y
neN

and

lim s,f=f a.e. and in Ly-norm.
n—oo

4. Summability of one-dimensional Fourier series. The preceding theorem does
not hold, if p = 1, however it can be generalized for p = 1 with the help of some
summability methods. Summability is intensively studied in the literature, we refer at
this time only for the books Stein and Weiss [50], Butzer and Nessel [5], Trigub and
Belinsky [51], Grafakos [23] and Weisz [59] and the references therein. Here we consider
the Fejér and Cesaro (or (C, «)) means defined by

onf = Zsf > (1= j6ye,

[71<n

and

7L *

ZAn st =—— D A% i F()es,
k=0

n 1 n 1\]|<n

where

g E+a\ (a+1)(a+2)...(a+k)
Pk ) k! '
It is known (Zygmund [66]) that
AY ~k* (keN).

If & = 1 then we get the Fejér means. We will suppose always that 0 < o < 1. The case
a > 1 can be led back to & = 1. The mazimal Cesaro operator

ol f = suploy f]|
neN

is of weak type (1, 1) (see Zygmund [66] for the trigonometric system and Schipp [40] and
Weisz [56] for the Walsh system), i.e
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THEOREM 4.1. If0 < a <1 and f € L1(X), then

sup pA(o f > p) < C||f|1-
p>0

This weak type (1, 1) inequality and the density argument of Marcinkiewicz and Zyg-
mund [30] imply the well known theorem of Fejér [12] and Lebesgue [26] with o = 1.
Riesz [33] proved it for other o’s and Fine [I3], Schipp [40] and Weisz [56] for the Walsh
system.

COROLLARY 4.2. If0<a <1 and f € L1(X), then
lim oy f = f a.e.
n—oo
The next density theorem of Marcinkiewicz and Zygmund [30] is fundamental and
similar to the Banach—Steinhaus theorem about the norm convergence of operators.

THEOREM 4.3. Suppose that X is a normed space of measurable functions and Xy C X
is dense in X. Let T and T,, (n € N) be bounded linear operators from X to L, for some
1 < p < oo such that for each f € Xo, Tf =limy,_o T f a.e. If

su}gpA(Tf > <Clfllx (f€X)
p>

and
sup pA(T" f > PP <Clflx  (fEeX),
where
T"f=sup|T.f|  (f€X),
neN
then

Tf= lim T,f a.e.
for every f € X.

In Corollary we apply this theorem for T' = id, T}, = 0%, p =1 and X = L;(X).
The dense set X is the set of the trigonometric or Walsh polynomials. It is easy to see
that Corollary -2 holds for f € Xj.

5. Multi-dimensional partial sums. Let us fix d > 1, d € N. For a set Y # () let Y¢
be its Cartesian product Y x ... x Y taken with itself d times. The L,(X%) spaces are

defined in the usual way. For z = (z1,...,24) € R? and u = (uy, ..., uq) € R set
d d 12
U= Zuk:ﬂk, lz||2 :== (Z |z ) , |z| ;= sup |zgl|.
k=1 k=1 k=1,....d

The d-dimensional trigonometric and Walsh system is introduced as a Kronecker
product by

Or(x) == dp, (1) - - Py (xa),

where k = (ki,...,kq) € N, z = (21,...,24) € X% The multi-dimensional Fourier
coefficients, rectangular partial sums and cubic partial sums of the Fourier series of
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f € Li(X%) are defined by
Bi= [ fodx  (hend)
X4

snfi= > ... > fk)gr  (neN?)

[k1]<na [kal<na
and
snf(x) = f(k)¢p(z)  (n€N).
keZd |k|<n
It is easy to see that
lim s, f=f in Ly-norm as n — oo,
n—oo
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whenever f € L,(X%) (1 < p < o). The analogue of Carleson’s theorem does not hold
in higher dimensions for the rectangular partial sums. However, it is true for the cubic
partial sums (Fefferman [I1] and Grafakos [23] for the trigonometric system and Moricz

[31] for the Walsh system).

THEOREM 5.1. If f € Lp(Xd) for some 1 < p < oo, then for the trigonometric Fourier

series
Hsg\); |5nf‘Hp < Cpllfllp
n

and

lim sp,f=f a.e.
n—oo

The same result holds for the Walsh—Fourier series if p = 2.

It is an open question, whether this theorem holds in the last case for p #

Schipp, Wade, Simon and Pal [45]).

2 (cf.

6. Summability of multi-dimensional Fourier series and Hardy spaces. The
summability results can be generalized for higher dimensions in several ways. We con-
sider three methods, which were introduced/investigated by Marcinkiewicz. He proved

fundamental results in this topic. The Fejér and Cesaro means of f are defined by

sf= Y, o Y H( m) F(5)é;

TL11 ndl

onf

H Ny k1=1 kq=1 l711<ny |da|<mngqi=1

and

ni—1 ng—1

wifm S S ()

Hi:l A77.7‘,—1 ki=1 kq=1 i=1

d
e Y Y (T4 ) G

it ARt i=n pal=ng it
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respectively. For a given 7 > 0 the restricted and non-restricted mazximal operators are
defined by

(e} — « « —— (0
UDf = sup |o-nf‘7 O f ‘= sup |0-nf‘
277 <n, /n; <27 neNd
i,j=1,...,d
Note that we can define the Cesaro means and operators also for a vector o = (o, . . ., ayg),

but for simplicity we assume that o € (0,1]. The next result follows easily from the
corresponding one-dimensional result by iteration.

THEOREM 6.1. If0 < a <1 and 1 < p < oo, then
o2 fllp < Cpllfllp (f € Ly(X7)). (3)
Moreover, for all f € L,(X%) (1 < p < o0),

lim o f = f a.e. and in L,-norm. (4)

n—oo
The L,-norm convergence holds also if p = 1. Here n — oo means that
min(nq,...,ng) — oo (the Pringsheim’s sense of convergence). Inequality does not

hold for p < 1. However, with the help of Hardy spaces we extend it to p < 1.

6.1. Hardy spaces. We give a common definition of the periodic and dyadic Hardy
spaces. Let us define the periodic and dyadic d-dimensional Poisson kernel by

PtTd (z) := Z e~ tImllz g2mum-2 (x €T? t>0)
meZa
and

POV (z) = 21 0-nyx xo2-my(x) Hn<t<ntl  (zel0,1)9).

A distribution or martingale f is in the periodic or dyadic Hardy space HE(Xd),
H,(X%) and H)(X?) (0 <p<oo,i=1,...,d)if

o X
1 2 ey == H%liltﬂf * P |Hp < 00, (5)
Ifllm,eay =1 sup  [(F* (P @...@ PR, < oo, (6)
tr>0,k=1,..., d
and
”f”Hé(Xd) = H Sup |(f*(PEf®"'®PE§—1 ®PE§+1®"'®PE§))|H;¢<OO’

t>0,k=1,...,dsk#i
respectively. It is known (see e.g. Stein [48] or Weisz [59]) that
Hy (X7) ~ Hy(XT) ~ Hy (X)) ~ Ly(X")  (1<p< o)

Moreover, each Hardy space has an atomic decomposition, in other words every function
from the Hardy space can be decomposed into the sum of simple functions, the so called
atoms (e.g. Stein [48], Lu [27] and Weisz [59]).

6.2. Restricted summability. In this subsection we investigate the operator of and
the convergence of o2 f over the cone {n € N?:2°7 <n;/n; <27; i,j =1,...,d}, where
7 > 0 is fixed.
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THEOREM 6.2. If 0 < a <1 and po(X) < p < oo, then
lotyfllp < Coll g (F € HY (X)), (7)
where po([0,1)) = 1/(a+ 1) and po(T) = max{d/(d +1),1/(a+ 1)}.

This theorem is due to the author [55] 59]. By the atomic decomposition @ has to
be proved for atoms, only. It is known that po(X) is the best possible constant, in other
words, if p < po(X) then of is not bounded anymore (see Stein, Taibleson and Weiss
[49], Simon and Weisz [46], Goginava [21]).

THEOREM 6.3. The operator o is not bounded from HE (X9) to L,(X?) if 0 < p < po(X).

However, in the one-dimensional case the operator o satisfies a weak type inequality,
Le. it is bounded from H{(X) to weak L,(X) for the endpoint p = po(X) = 1/(c + 1)
(see Weisz [46], [59] for the result and Goginava [21] for the counterexample).

THEOREM 6.4. If f € HID/(Q+1)(X), then

ot fll1/(a+1),00 = sup pA(ogy f > p)*tt < C| fll o .
p>0 1/(et+1)

This inequality does not hold for higher dimensions.

Of course Theorem [6.4]is not true for p < 1/(a + 1), because then (7)) would hold for
p < 1/(a+ 1) by interpolation.

The next corollary can be obtained from Theorem [6.2] by interpolation. For the basic
definitions and theorems on interpolation theory see Bergh and Lofstrom [3] and Bennett
and Sharpley [2] or Weisz [52], 59]. The interpolation of martingale Hardy spaces was
worked out in [52]. The method of Theoremcan be regarded also as an alternative tool
to the Calderon—Zygmund decomposition lemma for proving weak type (1, 1) inequalities.
In many cases this theorem can be applied better and more simply than the Calderén—
Zygmund decomposition lemma.

COROLLARY 6.5. If0 < a <1 and f € L1(X%), then

sup pA(ofyf > p) < Ol f]|1-
p>0

The set of the trigonometric and Walsh polynomials is dense in L;(X%), so Corollary
[6.5 and Theorem [£.3] imply the convergence of the Cesaro means over a cone.

COROLLARY 6.6. If0 < a <1 and f € L1(X%), then
onf—f a.e.
asnm— o0 and 277 <n;/n; <27 (i,j=1,...,d).

The first version of this result is due to Marcinkiewicz and Zygmund [30, [66]. They
proved Corollary [6.6] for trigonometric Fourier series and for a = 1, which have motivated
further researches about the restricted summability. The general version of this corollary
is due to the author [53] 55], for Fejér means and for two-dimensional functions it can
also be found in Gat [14].
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The following results are known ([59]) for the norm convergence of o2 f, which gen-
eralize .
THEOREM 6.7. If 0 < a <1 and po(X) < p < oo, then

o2 fllup < Collflns (€ HO(X)
whenever 277 < n;/n; <27 (i,7=1,...,d).
COROLLARY 6.8. If0 < a <1, po(X) <p<ooand f € HE(Xd), then
onf—f in HE-norm

asnm— oo and 277 <n;/n; <27 (i,j=1,...,d).
6.3. Unrestricted summability. Now we deal with the operator ¢ and the conver-

gence of 0% f as n — oo in the Prigsheim’s sense, i.e. min(nq,...,ng) — oo. The next
result is due to the author (|54, [59]).

THEOREM 6.9. If0<a <1 and1/(a+1)<p < oo, then
o2 fllp < Collfllm, — (f € Hp(X)).
As Goginava [21] proved, 1/(a + 1) is the best possible constant.

THEOREM 6.10. The operator o is bounded from H,(X?) neither to L,(X%) nor to weak
Ly(XY) if0<p<1/(a+1).

By interpolation we get here a.e. convergence for functions from the mixed Hardy
spaces H{(X?) instead of L;(X%). One can say that H}(X%) plays the role of the integrable
functions in some sense. Of course, in the one-dimensional case H}(X) = L;(X).

COROLLARY 6.11. If0 < a <1 and f € Hi(X?) for somei=1,...,d, then
sup pA(o' f > p) < C||f| u;-
p>0
The density of the set of the trigonometric and Walsh polynomials in Hj(X?) and
Theorem [£.3] imply the next unrestricted convergence.
COROLLARY 6.12. If0 <a <1 and f € H{(X%) (i=1,...,d), then
lim o f=f a.e.
n—oo
Recall that H{(X?) > L(log L)~} (X?) foralli = 1,...,d, where log* u = 1{,~1) logu
and f € L(log L)?~!(X?) means that
I1710og™ )", < oo

Obviously,
Li(X%) D Llog L) 1(XY) o Ly(X?) (1 <p<oo).

Gat [15, [16] proved for the Fejér means that Corollary does not hold for all
integrable functions.

THEOREM 6.13. The a.e. convergence of C’orollarym is not true for all f € Li(X%).
Another generalization of reads as follows.
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THEOREM 6.14. If0<a <1 and 1/(a+1) < p < oo, then
o flle, < Collflle, — (f € Hp(X?), n e N9).
COROLLARY 6.15. If0<a <1, 1/(a+1) <p< oo and f € Hy(X?), then
lim oy f=f in Hy-norm.
6.4. Marcinkiewicz summability. With the arithmetic means of the cubic partial
sums sk f Marcinkiewicz introduced a third summability method of multi-dimensional

Fourier series. The Marcinkiewicz—Fejér and Marcinkiewicz—Cesaro means of f are defined
by

n—1

1 I 7
@) = - af@ = Y (1=,
and
« 1 = a—1 1 a £l
anf = « ZAn—l—kskf: A Z An_l_U‘f(j)(bj’
"1 k=0 nh jezd |jl<n
where |j] :=sup,_; 4 |jk|- The mazimal Marcinkiewicz—Cesaro operator is defined by

.....

ol f = suplogfl.
neN

THEOREM 6.16. If0 < a <1 and d/(d+ a) < p < oo, then
o2 fllp < Collfllgp— (f € H,(XY)
and for f € Hdﬂ/(d+a)(xd),

||(T*f||d/(d+ ), ig%’ﬂ (e f>p) > ||fHHdD/<d+a)

This theorem was proved by Oswald [32] for Fourier transforms and for Riesz means,
by the author for multi-dimensional Fourier series and for two-dimensional Walsh—Fourier
series [57],[62] and by Goginava [17}, 18, [19] [20] for multi-dimensional Walsh-Fourier series.

Oswald and Goginava verified also that d/(d + «) is the best possible constant.

THEOREM 6.17. The operator o2 (0 < o < 1) is not bounded from HE(Xd) to Ly(X%) if
0<p<d/(d+a).

The weak type (1, 1) inequality and the almost everywhere convergence of the Marcin-
kiewicz—Cesaro means is obtained again by interpolation and by Theorem

COROLLARY 6.18. If0 < a <1 and f € L1(X%), then

sup pA(ol f > p) < C| fl1-
p>0

COROLLARY 6.19. If0 < a <1 and f € L1(X?), then
lim ogf=f a.e.
This corollary was verified first by Marcinkiewicz [29] for two-dimensional Fourier

series, for f € Llog L(T?) and o = 1. Later Zhizhiashvili [63] 64] extended this result to
all f € Li(T?) and 0 < a < 1, D’yachenko [10] and Weisz [62] to all f € L;(T¢). The
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result for Walsh—Fourier series is due to the author [57] and to Goginava [17, 18], 19, [20].
The next two results can be found in [57 [62].

THEOREM 6.20. If0 < a <1 and d/(d+ a) <p < oo, then
logflue < Collflun  (f € HI(X).
COROLLARY 6.21. If0 <o <1,d/(d+a) <p<oo and f € HJ(X), then

: ap : O
lim opf=f in H-norm.
n—oo

7. Ciesielski system. Besides the trigonometric and Walsh system the next results will
be true also for Ciesielski systems, that is a generalization of the Walsh system. First we
are going to introduce the spline systems as in Ciesielski [9]. Let us denote by D the
differentiation operator and define the integration operators

t 1
GFt) = / Fdy HF(®) = / Fdn.
0 t

Define the x,, n =1,2,..., Haar system by x1 := 1 and

272 ifx e ((2k —2)27" L (2k — 1)27 77

Xongr(z) = =272 if x € ((2k — 1)27 "1, (2k)2~"~1)

0, otherwise

forn,k e N, O <k <2" z€l0,1).

Let m > —1 be a fixed integer. Applying the Schmidt orthonormalization to the
linearly independent functions

17t7"-atTrL+17Gm+1Xn(t)a n > 27

we get the spline system (fr(Lm),n > —m) of order m. For 0<k<m+1landn>k—m
define the splines
fT(Lm,k) — Dkf7(lm), gglm,k) — kar(lm)

of order (m, k). Let us normalize these functions and introduce a more unified notation,

sy [EPIATPIE for 0 <k <mt 1
n . gT(lm,—k)”fT(Lmy—k)“Q for 0 < —k <m+ 1.

We get the Haar system if m = —1, k = 0 and the Franklin system if m =0, k = 0. The
systems (h{"™"" i > |k| — m) and (h;m’_k),j > |k| —m) are biorthogonal, i.e.

(RO pme=h)y _ 1, ifi=j
L 0, ifi#j,
where (f, g) denotes the usual scalar product f[o,1) fgdA.

We define the Ciesielski system (CSZ””“), n > |k| —m—1) in the same way as the Walsh

system arises from the Haar system, namely,

C'E’Lmyk) = h[sz’i’llc) (n:|k|_m_1)'70)
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and
m,k m,k) . v
CQ”JrZ) . 2 :A2+1 jh(2V+j (O <127 - 1)7

where

W) _ 40 _ o-v)2 2j -1
Aif =455 =2 / wifl( U1 )

(see Ciesielski [7] or Schipp, Wade, Simon, Pal [45]). We get immediately that

m,k v m,k . v
WGt =3 AW, 1< <2 ),
i=1
Then
B0 — g, (n €N),

is the usual Walsh system. The system (cgb ' )) is uniformly bounded and it is biorthogonal

to (C% ") whenever |k <m+1and m > —1 (see Ciesielski [7]).
Now the Fourier coefficients and partial sums of the Ciesielski-Fourier series of
f € L1[0,1) are defined by

Fi) = f™axn, safi= Y f@d™ ™ (meN).

[0,1)

8. One-dimensional strong summability. Some of the preceding results are proved
for Ciesielski systems as well (cf. [59]). For example, Carleson’s theorem (Theorem [3.1)
holds (see Schipp [41] and Ciesielski [8, []). The author ([58]) proved the Fejér summa-
bility, i.e. the analogues of Theorem and Corollary for a = 1.

Let ¢, be the trigonometric, Walsh or Ciesielski system. Corollary for « =1 can
be reformulated as

nhjgo%z_:(skf(x) —f(@) =0 aezeX (feLi(X)).
k=0

Taking absolute value in the last sum we obtain the strong summability. More generally,
we consider the convergence of the means

( S lsus o) - fal)"
k=0

Strong summability was considered first by Hardy and Littlewood [24] for trigonomet-
ric Fourier series. They verified that these means tend to 0 a.e. as n — oo, whenever
feLy(T) (1 < p < o). The generalization of Marcinkiewicz [28] is fundamental, he
proved the a.e. convergence for all integrable functions and for » = 2. Later Zygmund
[65] extended this result to all » > 0 (see also Bary [I]]). For Walsh-Fourier series the
strong summability was shown by Schipp [39, 43] for r = 2, by Rodin [36, [34] for » > 0
and for BMO means and for Ciesielski-Fourier series by the author [60] for 0 < r < 2.
If the strong summability holds for an index r then it holds also for all ' < r. Now we
formulate these results.
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Let .
1« 1/
SO f = Sup(* > |5kf‘r)
n2 M
be the strong maximal operator, where 0 < r < oo.

THEOREM 8.1. If 1 < p < oo, then
IS flly < Coll £l (f € Lp(X))

and

suppA(SY f > p) <CIfl (f € Li(X)).
p>0

The strong maximal operator is not bounded from H; to L; (see Schipp and Si-
mon [44]). The weak type (1,1) inequality in Theorem and the density argument of
Theorem [£.3] imply

COROLLARY 8.2. If0 <r < oo and f € L1(X), then

n—1
lim (:Lkzzo‘skf(x) —f(x)‘r)l/ =0 ae xzeX

n—o0o

Note that the results hold for Ciesielski-Fourier series, whenever 0 < r < 2.

9. More-dimensional strong summability. The multi-dimensional Fejér summabil-
ity, i.e. the analogue of Corollary holds for Ciesielski-Fourier series as well with
a = 1. We can rewrite it as

np—1 ng—1

lim H z Z sif(x )):O a.e. x € X9,
n—oo = 1

" k=0  k4=0
whenever f € L(log L)4~1(X9).
Now the strong maximal operator is defined by

ni—1 ng—1 7'
ST ¢ = sup ( Z Z [skf|" ) .

neNd Mi k=0  ka=0
The multi-dimensional strong summablhty was shown by Gogoladze [22] and Rodin
[35, B7] for trigonometric Fourier series, by Rodin [38] for Walsh—Fourier series and by
the author ([61]) for Ciesielski—Fourier series (with 0 < r < 2).

THEOREM 9.1. If 1 < p < o0, then
IS Fllp < Collflls - (f € Lp(X")
and for f € L(log L)?~1(X%),

SEISPA(S( 1> p) < C+C||Ifl(og™ [F)™,.
p

THEOREM 9.2. If0 <7 < oo and f € L(log L)?~1(X%), then

ni—1 ng—1 l/r
lim( |> =0 ae xeX®
n—oo

H N =0  kq=0
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