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Abstract. The Ewens sampling formula in population genetics can be viewed as a probability measure on the group of
permutations of a finite set of integers. Functional limit theory for processes defined through partial sums of dependent
variables with respect to the Ewens sampling formula is developed. Using techniques from probabilistic number theory,
it is shown that, under very general conditions, a partial sum process weakly converges in a function space if and only if
the corresponding process defined through sums of independent random variables weakly converges. As a consequence of
this result, necessary and sufficient conditions for weak convergence to a stable process are established. A counterexample
showing that these conditions are not necessary for the one-dimensional convergence is presented. Very few results on the
necessity part are known in the literature.
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1. INTRODUCTION

Ewens [9] derived a formula to describe the distribution of a sample of n genes from a population that was
evolved over many generations, by a partly heuristic argument. In several genetic models, it is an exact formula
and, in others, it is a close approximation. The formula is derived under the null hypothesis that there are no

selection effects. In this case, the allelic partition, k= (k1, ..., k,), contains all the information available in a
sample of n genes, where k; denotes the number of alleles represented j times in the sample, j =1, ..., n.
The Ewens sampling formula [9] is given by
k b ) = 21T (2 1.1
Vn,é)( )-—Vnﬂ( Isees n) = 0@)]11(7) a’ ( . )

where 6 > 0, 0,) =00 +1)--- (@ +n—1), k; >0, and

1k + -+ nk, =n. (1.2)
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Processes for the Ewens formula 233

The vector k represents a partition of an integer n.
For each 6 > 0, the Ewens sampling formula describes a probability measure on the symmetric group S, of
permutations on {1, ...,n}. Let 0 € S, and let

o= sy (1.3)

be its unique representation (up to the order) by the product of independent cycles s, where w = w(o) denotes
the number of cycles. Recall that o, ¢’ € S,, are conjugate if o = o’ 7! with some 7 € S,. So S, splits into
the union of classes of conjugate elements. There is a bijective correspondence between the set of classes and
the set of vectors k := (ki, ..., k,) satisfying (1.2) such that the elements in the conjugate class corresponding
to k will all have the same number k; of cycles of length j for all 1 < j < n. Hence, this class can be identified
by k, and probability (1.1) can be assigned to it. We also get the same probability measure for the classes if we
start with the definition v, ¢({o'}) := 9'”(“)/9(,1) for each o € S,,. In what follows, we preserve the notation v, g
for this probability measure on S,,.

It is well known (see, for example, [2]) that the asymptotic distribution with respect to v, of k;(.) for a
fixed j > 1, as n — oo, is Poisson with parameter 6/j. Relation (1.2) makes k;(.), 1 < j < n, a dependent
sequence. The dependency is rather strong for en < j < n. Nevertheless, functional limit theorems similar to
those for independent random variables can be established.

In the case & = 1 for the function w(o) in (1.3), the first functional limit theorem was established by
DeLaurentis and Pittel [7]. The case of general 6 for the function w(o) was examined by Hansen [11] and
Donnelly et al. [8]. A short proof of Hansen’s theorem is given in Section 2.C of [2]. The convergence of more
general partial sum processes to the Brownian motion was investigated by the authors [4]. It was shown that
an analogue of the Lindeberg condition is necessary and sufficient for the weak convergence of the processes,
in contrast to the fact that this condition is not necessary for the one-dimensional central limit theorem. In this
paper, we extend these results to a class of infinitely divisible limit laws that include stable laws.

This branch of statistical group theory is closely associated with distributions of arithmetic functions in
probabilistic number theory. The idea of approximating truncated sums of dependent and the corresponding
independent random variables in total-variation distance has been exploited and well documented in probabilistic
number theory (see, for example, [3], [12], [13], [14]). Thus, for the proofs in this paper, it is rather natural
to borrow some techniques from probabilistic number theory. In recent papers, R. Arratia and his colleagues
(see [1], [2], and the references given in these papers) have exploited similar ideas in probabilistic combinatorics
based on the approximation in the total-variation distance.

2. MAIN RESULTS

Let hj(k), k > 0, j > 1, be a real double sequence such that /;(0) = O for each j. It naturally defines the
additive function on S,

h(o) == Zhj(kj(o))-

j=1

The number of cycles w(o) and the function defined by #;(k) = 1{k > 1}logj and well approximating the
logarithm of the group-theoretical order of o € S, are the classical examples of additive functions. The function
given by hj(k) = k{{cj}}, where {{u}} denotes the fractional part of u € R, appears in the recent studies [17] and
[10] on the distribution of eigenvalues of the permutation matrices. The weak convergence of the distribution
functions v, j(h(o) — a(n) < xB(n)), a(n) € R, B(n) > 0, was examined in [15]. It appears that the events
{o: kj(o) > 2} are rather rear and, therefore, in the case 8(n) — oo, the values h;(k), k > 2,1 < j < n, have
no influence on the limit distribution. The same phenomenon has been observed in the invariance principle [4].

Set, for brevity, a(j) = h;(1), and u* = (1 A |u|)sgnu, where a A b := min{a, b}. Here and in what follows,
the limits are taken as n — oo. We sometimes use the notation f(n) < g(n) instead of f(n) = O(g(n)).
Throughout this paper, we assume that the normalizing factors B(n) > 0 satisfy B(n) — oco. The sequence
{B(n)} need not be monotone. Define

=S (E)% wen-x ()}

j<u J j<u
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and

y() := y,(t) = max{l <n: B(,n) <tB(n,n)}, tel0,1]. 2.1
We shall consider the weak convergence (denoted by =) of the process

1

H, = H,(o,t) = B0

Y hitki(0)) — Ay@),n), 1 €0, 1],

J<y ()

under the probability v, ¢ in the space D[0, 1] endowed with the Skorokhod topology [6]. Having in mind the
asymptotic distribution of k; (o), we define the corresponding process X,, with independent increments

X, = X,(t) = Z X, — A(y(t),n), tel0,1],
J<y@)

where X,; = a(j)§;/B(n) and &;, 1 < j < n, are independent Poisson random variables with E(§;) = 60/;.
Since B(u, n) is close to the sum of truncated second moments of the involved random variables, our choice of
the time index function y(¢) seems to be natural. The quantity A(u, n) then serves for the centralizing function.

The main results are established under the following assumption on a random element X = {X(#): 0 <t < 1}
in D[O, 1].

Condition A. For some 0 < n < 1 and for all but countably many ¢ € (n, 1), the distribution of X (1) — X (¢)
is absolutely continuous with respect to the Lebesgue measure on the real line.

THEOREM 1. Suppose that X is a random element in D[0, 1] for which Condition A holds and that the
distribution of X (1) is nondegenerate. Then H, = X if and only if X,, = X.

Remark 1. The limiting process X in Theorem 1 is necessarily a process with independent increments and
satisfies P(X(0) = 0) = 1. It is interesting to note that the convergence of the process defined through the partial
sums of dependent random variables is equivalent to the convergence of the process defined through the partial
sums of the corresponding independent random variables. This holds in spite of the strong dependent structure
on {k;j(0): %n < j < n}. Such a result is not possible for the one-dimensional convergence of v, g - X (1)~
Here and in what follows, P - ¥~! denotes the distribution of a random element ¥ with respect to the probability
measure P.

Remark 2. Suppose that X is a process with independent increments. Since X (¢) and X(1) — X (¢) are
independent and X (1) — X (#) has an absolutely continuous distribution for some 0 < ¢ < 1, it follows that
X (1) has an absolutely continuous distribution. Hence, the distribution of X (1) is nondegenerate. Thus, if
X, = X, then the assumption of nondegeneracy of the distribution of X (1) is redundant and can be dropped
from the ‘if” part of Theorem 1. Instead of Condition A, Theorem 1 can be established under the assumptions
that X is a process with independent increments and that the characteristic function ¢, of X (1) — X (¢) satisfies
inf; |¢;1(A)] =0 for all t € (n, 1) for some 0 < n < 1.

In the following theorem, we confine ourselves to the stable limit processes.

THEOREM 2. Let X be a process with independent increments satisfying P(X(0) = 0) = 1 and let

0 =)
¢(h; 1) =E (M) = exp{ml /(e“" — 1 —iru®) d(|u|™) — tay /(ef“‘ — 1 —i\u®) d(u“")},
S 0

aj,a >0, a+a>0 O<a<?2, 0<r<l1, reR.
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In order that H, = X, it is necessary and sufficient that, for every u > 0,

Yoo it s ae, Yo it s, (2.2)
Jj<n Jj<n
a(j)<—up(n) a(j)>up(n)
and
lim limsup ~2(n) > a(j)’j~' =0. (2.3)

e—>0 n—oo

Jjsn
la(j)|<eB(n)

Remark 3. Since, in Theorem 2, X (s) and X (¢#) — X(s) are independent and X (t) = X (s) + (X (t) — X (s))
for 0 < s <t < 1, the characteristic function of X (t) — X (s) equals ¢(.; 1)/¢(.;s) = ¢(.;t — s). Hence, the
marginal distributions of {X(¢); 0 <t < 1} completely determine the measure induced by X on D[O0, 1].

Remark 4. The choice of the ‘time’ index function {y(z): 0 < ¢ < 1} makes possible to derive the functional
limit result from the one-dimensional weak convergence. However, H, (1) = X (1) does not imply X, (1) =
X (1). The counterexample given in [4] illustrates this in the case X is the Brownian motion. The following
example illustrates this fact when & = 1 and X (1) has a stable distribution. The example shows that H, (1)
weakly converges to a stable distribution, while the corresponding independent version X, (1) converges to an
entirely different distribution. The details of the example are available in [5].

Counterexample. Let 0 < o < 2. Let F denote the distribution function of the stable law with characteristic
function ¢, given by ¢, (s) = e ", Define

hi(1) = {jl/aF_l({j«/z}) it |[F' (V2] < je,
0

otherwise,

where {x} denotes the fractional part of x. If B(n) = n'/%, then, for the completely additive function h(c) =
> =1 hj(Dk;(0), we have

vml(ﬁh(o) —A(n,n) < x) — F(x)

for all x. However, the distribution of

1
Xul) = 205 > (g — An,n)

jsn
converges to the distribution with characteristic function ¢ given by

1

1
b (%) = exp { [ 5 (809 - l)dy}.
0 y

As an extension of Theorem 1 of [4], we have:
THEOREM 3. For the weak convergence of H, to a standard Brownian motion, it is necessary and sufficient
that
2
Z a(j)\* ¢ 1 for u>0,
— ) - —
Bmn)) j 0 for u~<0O.

Jj<n
a(j)<up(n)
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3. AUXILIARY RESULTS

We shall show later that our problem easily reduces to considering processes with h;(k) = kh;(1) = ka(j)
forall j > 1 and k > 0. Let

. 1
Hy = o= oo Y a(iki) — A(y(@). n). 3.1)

J<y@)
For 0 <r < m, let I’-I\n’ = I/-I\n’(o, t), H := H) (0,t), and X/ := X/ () be the processes obtained from ﬁn, H,,

and X, respectively, by substituting y(¢) A r for y(z). We now present the basic techniques in the following
lemmas.

LEMMA 1.  Suppose that, for some 0 < § < 1 < C, we have B(6n) < CBn) for all n > 1 and
B(n,n) — B(én,n) = o(1). Then

B(n,n) — B(en,n) = o(1) (3.2)
foreach 0 < ¢ < 1.
Proof. Clearly, for any b and d satisfying 0 < b < dC, we have b* < d*C. Hence, for any j > 1
(a;/B(n)*| < |(a;/B(én))*|C.

This implies that

B(n,n) — B(8’n, n) = B(én, n) — B(8°n, n) + B(n,n) — B(én, n) = B(én, n) — B(8°n, n) + o(1)

< (B(Sn, 8n) — B(8%n, 8n)) C* + o(1) = o(1).

The lemma follows by a repeated use of this argument.

LEMMA 2. For any y > 0 and 0 < r < n, we have

P, (y) = P(sup 1 X, (1) — X, ()| > y) &« B(n,n) — B(r,n) 4+ o(1). 3.3)

Proof. Note that, as B(n) — oo,

NI [ I .
SOEX;, — A, n)| < Z a()fle ™ =1 a(j)k

— B(n) j potass

*1o\Ke=0/i
() o = (3.4)

holds uniformly in # > 1, which yields

max max
0<r<n r<k<n

> EX}; — (A(k, n) — A, n))‘ =o(1).

r<j<k

For all y > 0, by the standard arguments we obtain that

1%Lr(y) <;})< L_J ()(nj7é X:Z)) ( max

X r<k<n
r<j<n

> (X —EX;)

r<j<k

> )’/2)

+o(l) € B(n,n) — B(r,n) +o(1).

This completes the proof.
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LEMMA 3. Suppose that Condition A holds for a random element X in D[0, 1]. If X,, = X, then (3.2) holds
and

X = X (35)
foreach 0 < ¢ < 1.

Proof. Let 0 < e <1 and en > 1. If en < y(¢) = y,(¢) < n, then, for all real A,

|Eeix(x,,(1)—x,,(t))| —

exp {9 Z l(eia(j)k/ﬁ(n) — 1)}‘ = exp {0 Z l,(cos(a(j))»/ﬁ(n)) - 1)}

y)<j<sn y)<j<n
(3.6)
1 [ d [ d
>exp{—20 Z —,}>exp{—29/7x}>exp{—29/ 3}2820‘
yn<j<n J y(©) ne

Note that X,, = X implies that X is a process with independent increments and that X, (1)—X,,(t) = X(1)—X(¢)
for all but countable ¢ € [0, 1] ([6], p. 124). Define ¢, = max{s < 1: y(s) < en}. If r, —> t' < 1 for some
subsequence n := n’ — oo, then y,(#) > en for some ¢ € (max{n, '}, 1), for which X,(1) — X,,(t) =
X (1) — X(¢). But, in this case, the distribution of X (1) — X (¢) is absolutely continuous. Consequently, by the
Riemann-Lebesgue lemma, its characteristic function ¢, satisfies ¢;;(1) — 0 as A — oo. This contradicts (3.6)
and yield, t, — 1. Thus, we have

B(y(t,) +1,n) o B(en+1,n) o

I14+0()=1t < B S T Ban

3.7

Since X,(1) = X (1), by Lemma 9 of Chapter 4 of [16], it follows that B(n, n) is bounded. Since 0 <
B(en + 1,n) — B(en,n) = o(1l), (3.2) now follows from (3.7). Finally (3.2) and Lemma 2 yield (3.5). This
completes the proof of the lemma.

LEMMA 4 ([1], Theorem 3). For 0 <e <1 and 2 <r < en, we have
o - B —P-X. | <e0(6+(1—8)7"),
where || - || denotes the total-variation norm.
Let, for brevity, £(I) be the linear space of real functions g on I C R with the finite supremum norm.
LEMMA 5 ([4]). Let
h(o,t) = hi(ki(0), 1) + -+ hy(kn(0), 1),

where hj(k,t), t € I CR, be a set of real arrays of functions on I such that h;(0,t) = 0 and h;(k,-) € L(I)
fork >0, j<n,andt € I. Denote E,(t) = h1(&,t) + --- + h,(&,, t). Then, for any g € L(I) and x > 0,

tel tel

vn,e(sup Ih(o, 1) — g(1)] > x) < c<9>(P9“(sup E,() — g(1)] > x/3) + n‘e).

Here C(0) is a positive constant depending only on 6.

In the necessity part of Theorem 1, we will use an estimate of the mean values of multiplicative functions
defined on permutations having only long cycles.
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LEMMA 6 ([4]). Forb(j)eC,1 < j<n,ando €S,, let
flo)=T]p(iH®, o°:=1.

Ifb(j)=1 forall but j € J C (n/2,n], then

Z Qw(cf)f(o_) 146 Z (.])— 1 n! 9(n—j.)

P jed e(n) (I’l—])!

1
Mn(f) = 9

(n)
Moreover, if |b(j)| <1 and J C ((1 —8n,n] for 0 <6 < §(0) < 1/2, then
M, ()| > c(6) >0,

provided that 5(0) is sufficiently small and n is sufficiently large, n > n(6).

The next lemma shows that the values /;(k) for kK > 2 and 1 < j < n can be neglected.
LEMMA 7. The measures vy g - Hn_1 and vy, ¢ - ﬁ; U can converge only simultaneously and to the same limit.

Proof. Since B(n) — oo, we have by Lemma 5 that, for any y > 0 and K > 2,
v(y;n,0):= vn,e<SUP |H, (0, 1) — Hy(0,1)| > V)
t

< C(9)<P“1 <sup
t

3 (&) —a(ig)| > yﬁ(n)/3> +n—6>
J=y(®
< PM3Ij<K: & >K)+PMN(3j>K: & >2)

+ pM(Z (I &)1 + la(DIg) > yBm)/3, & < K Vi < K) +o(1)

J<K
N1 Ol
—0/j —0/
<(EXern) (X)) o
J<K k=K i=K k>2

QK oAl 92 2N
<<<ZjKK!> +<Zj—z> +ox(1) < K~ + ok (D).

i<k izkK

Here ok (1) denotes the estlmate o(1) dependlng on K. Hence v(y;n,0) = o(l) for arbitrary y > 0. Conse-
quently, the measures v, 5 - H! and v, 4 - H can converge only simultaneously and to the same limit.

4. PROOFS OF THE RESULTS
Without loss of generality, by Lemma 7 we can further assume that
hj(kj(o)) = a(j)k;(o).

Proof of Theorem 1. Suppose that X, = X, 0 < ¢ < 1, and r = en. Then by Lemmas 2, 3, and 5, we get
that, for any y > 0,

vn,e(sumHn(o, 1) — Hl(o,1)| > y) <COP (v/3) + o) =o(l). .1
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The weak convergence H,, = X now follows from (3.5) of Lemma 3 and Lemma 4.

Conversely, suppose thst H, = X. Then H,(., 1) — H,(.,t) = X (1) — X (¢) for all but countable ¢ € (0, 1).
We shall first prove that B(n, n) is bounded. Let s/ = (1 4+ B(n,n))~"/? and r = r(n) = y(s/). Suppose that
r > en for some 0 < ¢ < 1. Then we clearly have

B(en,n) < B(y(s)),n) <s,B(n,n) < B(n,n)"?

and

B(n,n) — B(en,n) < 1+1log(l/e) « 1.

These inequalities together imply that
B(n,n) — B(n,n)'* « 1

and, hence, B(n,n) < 1. Thus, if B(n,n) — oo for some subsequence n := n; — 00, then r(n) = o(n) and
s;, = 0. Consequently, Lemma 4 and the tightness of the family of measures v, g H,l_1 (see [6]) imply

(- sen] )

= Vo (|Hi(0,5))| = v) + o(1) = o(1)

Y a(iki(0)/B(n) — A(r, n)

jsr

> X, — AGr.n)

J<r

> V) +o(1)

for any y > 0. Hence (see Theorem 1 on p. 258 of [14]), B(r, n) = o(1). But since f(n) — oo, we have
B(r,n) = B(r + 1,n) + o(1) > B(n,n)"* + o(1),

which contradicts limsup,_, ., B(n, n) = co. This establishes B(n,n) < 1.

We shall now establish (3.2). Let the constant §(f) > 0 in Lemma 6 be sufficiently small. Let 0 < § < §(0)
and 7, = sup{u < 1: y(u) < (I — §)n}. Suppose that 7, — 5 < 1 for some subsequence n := n’ — oo.
Then y(¢) > (1 — §)n for n sufficiently large and for some ¢ € (max{n, tp}, 1) such that H,(., 1) — H,(..t) =
X (1) — X(¢). Using Lemma 6 with

.~ _ [explira(j)/B(m)} if y(@) < j<n,
b(j) = { 1, otherwise,

and A € R, we note that the characteristic function ¢,; of X (1) — X (¢) satisfies
lpr1 (M) > ¢(0) >0

uniformly in A € R. By the Riemann-Lebesgue lemma, this contradicts the assumption that the distribution of
X (1) — X (¢) is absolutely continuous. Thus, from the definitions of y(#) and the sequence t, it follows that

Ltoy <z, < BO@ L) BA-9n+1n) Blunn)
B(n, n) B(n, n) B(n, n)

forany 1 —6§/2 <u <1 and n > 2/8. These inequalities and B(n, n) < 1 together imply
B(n,n) — B(un,n) = o(1) “4.2)
for any 1 — §/2 < u < 1. Since X (1) has a nondegenerate distribution, it follows that there exists c¢o such that

0<co< B(n,n) 4.3)
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for all large n. We shall now establish

B(un) K B(n) 4.4)
for u € [1 — /2, 1]. Note that, in this case, 2u > 1. Substituting nu for n several times, we arrive at
» \"1
> ( a’K) = =o(l) (4.5)
Kz j<n Bn,K)) j

for any fixed K > 1 with B(n, K) := maxog<k B (u'n). From (4.5) we can get a strictly increasing sequence of
integers n,, > 2™ such that, for all n > n,,,

a)y \71 1
2 (ﬁ(n,m)> ism 0

umn<j<n

Let K = K(n) := m for n,, < n < ny4+ and ,5(11) = B(n, K). Since ukn > u"n,, > Qu)™, it is clear that
u¥n — oo and (4.5) holds with I~( = K(n) — oo. Note that (n) =: B(uon) for some 1 < lyp =I(n, K) < K
and r = r(n) := u¥n = o(n). If B(n)/B(n) — oo for a subsequence n := n’ — oo, then ﬁEZ; H,(-, 1) = 0 and,
by (4.5),

B(n)
B(n)

H(G1)—A,=0 4.7)

for some sequence of real numbers A,. By (4.5), (4.7), and Lemma 4, it follows that 8 (n) " 27:1 a(j)§j—c, =0
for some sequence of real numbers c,,. Thus, we have, by Theorem 4 of Chapter 9 of [16], that

(H\*1

alj i i

o(l) = ( = ) = 2 B(u®n,u"n),

Z B(n)

j<n J

which contradicts (4.3). This proves the boundedness of ,5 (n)/B(n), which, in turn, implies (4.4). Hence (3.2)
holds by Lemma 1. Thus, (3.3) and another application of Lemma 5 yield (4.1) for r = ¢n, forall 0 < e < 1
and y > 0. So, by the assumption that H, = X, we obtain that H*" = X for all 0 < ¢ < 1. Now Lemma 4
and another application of (3.3) complete the proof of Theorem 1.

Proof of Theorem 2. We first note that P(X(0) = 0) = 1 and that X (1) has a nondegenerate distribution.
Hence, by Theorem 1, it suffices to establish that X,, = X if and only if (2.2) and (2.3) hold. Since §(n) — oo,
we have, by the Markov inequality and without any additional assumptions, that

aj
Bn)

for 0 < e < 1. So {X,j,1 < j < n} is an infinitesimal array. We now use Theorem 1 of [13] to establish
X, = X under (2.2) and (2.3). By (2.3) we clearly have

lim lim su
=0 n—>oopZ< /

j=1

0
max P(|X,;| > ¢) < max {—
j<n jsn €]

} — 0 (4.8)

2
xdP (X, < x)) =0.

|x|<t

To verify the remaining assumptions of Theorem 1 of [13], let

a(Hy\* 1 _
On(u) =20 ( ) -, ueR, 1<I<n.
j; Bm)) j

a(j)<up(n)
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‘We have

W (u) == Z / x*zdP(an <x)=20 Z (;Ei;f l,+0<z

J<l j<l J

(a(j))*z e/ — 1]
Bn) j
a(j)<up(n)

S CAANCANAN D\,
+O(Z (ﬁ(n)) (7) H)“) 2 (ﬂ(n)) 5+ o) = Qu(w) +o(D),

j=1 k=2 i<l
a(j)sup(n)

—00

uniformly in # € R and 1 </ < n. As a result, even though y(¢) in (2.1) is defined through B(, n) instead of
W, (400), the proof of Theorem 1 of [14] goes through in view of its equation (9). The choice of centralizing
constants A(u, n) is guided by (3.4). According to Theorem 1 of [14], to establish the sufficiency of conditions
(2.2) and (2.3) for the weak convergence, it suffices to show that

U =30, (4.9)

where = means the weak convergence of nondecreasing functions including the convergence at the points oo,
and

apu|=® for u < —1,

W) = a; + a2 — o)A — JuF%) for —1 <u <0,
2012 —a) '+ aar2 —a) W for 0<u<l,
21 +a)2 —a) ' —au™ for u>1.

To verify (4.9) for u < 0, we have by the dominated convergence theorem that

u

2 1
W, (1) = Q,m(u)—l-o(l)zefx* d Y 7 F o) =¥ +o(.
Jsn
a(j)<xp(n)

—00

The remaining cases are treated similarly. Thus, X, = X.

If X, = X, then clearly X,(1) = X (1) and X is a process with independent increments. As noted in (4.8),
{X,j; 1 < j < n}is an infinitesimal array. Hence, the necessity of (4.9) or, equivalently, that of conditions (2.2)
and (2.3) for X,,(1) = X (1) is well known (see Chapter 4 of [16]). This completes the proof of Theorem 2.

Theorem 3 is proved by similar arguments.
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