Asymptotic Expansions in the Poisson Limit Theorem

A. D. Barbour
The Annals of Probability, Vol. 15, No. 2 (Apr., 1987), 748-766.

Stable URL:
http://links jstor.org/sici?sici=0091-1798%28198704%2915%3 A2%3C748%3 AAEITPL%3E2.0.CO%3B2-S

The Annals of Probability is currently published by Institute of Mathematical Statistics.

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www jstor.org/journals/ims.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

JSTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of
scholarly journals. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org/
Thu Mar 17 07:17:23 2005



The Annals of Probability
1987, Vol. 15, No. 2, 748-766

ASYMPTOTIC EXPANSIONS IN THE POISSON LIMIT
THEOREM

By A. D. BARBOUR

Universitdiit Ziirich

Asymptotic expansions for the distributions of sums of independent
nonnegative integer random variables in the neighbourhood of the Poisson
distribution are derived, together with explicit estimates of the truncation
error. Expansions are also derived for the expectations of at most polynomi-
ally growing functions of such sums. Applications to the Poisson binomial
and Poisson negative binomial approximations are considered. The method
used is an adaptation of the Stein—Chen approach.

1. Introduction. In Chen (1975), Stein’s method of obtaining error bounds
for normal approximations was introduced in the Poisson context, and was used
to obtain rates of convergence in total variation to the Poisson distribution for
sums of stationary sequences of 0-1 random variables. Chen also observed that
Stein’s method is in principle suited to developing asymptotic expansions as well
as obtaining error estimates, and used it for independent 0—1 summands to
derive the second term in such an expansion, together with an estimate of the
remaining error: Kerstan (1964) had previously derived a similar result, with a
sharper error estimate, by a quite different technique. The Stein—Chen method
was refined in Barbour and Hall (1984) to yield the best known upper bounds for
the discrepancy between the Poisson distribution and that of a sum of indepen-
dent 0-1 random variables, as well as complementary lower bounds, and new
estimates for the error remaining after the second term in the asymptotic
expansion were also established. However, although Stein’s method was poten-
* tially applicable also to higher-order expansions, it proved in practice too
cumbersome to use.

In this paper, it is shown how, by means of a simple identity, the Stein—Chen
method can be made to yield a full asymptotic expansion with a minimum of
difficulty. The error estimates obtained perform well in comparison with other
estimates that are available. For sums of independent 0-1 random variables,
they agree with those of Barbour and Hall, when the series is truncated after one
term or after two. For the more general case of sums of independent nonnegative
integer valued random variables, the error estimates obtained after two terms in
the expansion differ only slightly from those in Barbour and Hall. Comparison
with Kerstan’s estimates, for integral nonnegative summands, of the error after
one term of the expansion is more complicated. By and large, the techniques of
this paper give better approximations, except when the summands themselves
are almost precisely Poisson distributed. In Section 3, expansions are also
obtained for the expectations of at most polynomially growing functions of the
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sum, which can be used to derive nonuniform estimates of the rate of conver-
gence. Analogous results in the context of normal approximation are given in
Barbour (1986).

Deheuvels and Pfeifer (1986) have recently used an elegant operator technique
to study the error after one and two terms of the expansion in the case of 0-1
summands, but the only error estimates they give which are comparable with
those obtained here are those of Kerstan. They are mostly concerned with
asymptotic error estimates, valid when the mean of the distribution to be
approximated tends to infinity. This reduces the problem to a study of the
contribution of the first and second terms in the Poisson—Charlier measure
defined in (2.7) below, rather than of the whole discrepancy.

The principal tool in the argument is Lemma 1.1 below. Let X be
any nonnegative integer valued random variable, and let m;; and «;; denote
its jth factorial moment and cumulant, respectively. That is, m; =
E{X(X — 1) -+ (X — j + 1)} is the jth derivative of E(z¥) at z =1, and
the jth derivative of log E(2%). Set

y, = max{m : max (m,_.|« .
1 { [1+1]5 Osssl—l( r-sl [s+l]|)}

Note that », is a maximum over quantities of degree / + 1 as moments of X, and
replaces the E|X|**! error estimate available when ordinary, instead of factorial,
moments and cumulants are being used. Note also that

1

(1.1) My = 2 (g)m[l—s]"[sH]'

s=0

[Kendall and Stuart (1963), Section 3.17 and Example 3.9].
For any function g: Z* — R, define

max |A%g())], r>k,
Dk(g; r) = {Osjs,-_kl g(])'
0 0<r<k,

and let g; be the function defined by g(x) = g(x + J).

LEMMA 1.1. Suppose that, for somel € N,
E{X"',(g X)} < .

Then

12 E(Xe(X) = T (x4 1) +ne),
where o _

(1.3) Imi-+(8)] < E{ max |80 i(X)),

and

¥ (X) = XP‘I{X(XI_ l) + li‘,l l—KLﬁl—]l(l fs)}

!
s=0 S:
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REMARK. The conclusion of the lemma may be equivalently rewritten as

E(Xg(X) - EX)g(X + 1)} = ¥ LUE(8g(X + D} + . ,(8):

s=1

Proor. From Newton’s interpolation formula, for 0 <s </ —1,
l-1-s

rf(x) - X (E)ar+f(0)

r=0

<(, %), max |8F())],

O0<j<x—I+s

for any function f and x € Z*. Hence

(4) [eCre0) - T E(x(X 7 1)) < £(x( X e )

and
gy SR~ (X)) < (X, Jo s 1)

. 0<s<l-1
But

({7 1)) - S 8 (),

s=0
because of (1.1), and the lemma thus follows from (14) and (1.5). O

The next two corollaries follow immediately from estimate (1.3). Let ¢,:=
Ev, (X), and note that ¢, < 2'»,/I!

CoROLLARY 12. If, for some L€ N, |Ag| = sup;, A2(J)| < o and
EX'*! < o0, then, forallj> 0,
E{Xg/(X))} - “‘*”E{As (X +1))

s—O

< ¢/lI0%l < 2% 8%/

COROLLARY 13. If X is a 0-1 random variable and ||Alg|| < o, for some
lE N, then, forallj >0,

-1

E{Xg,(X)) = L (-1)'pE{ag,(X + 1)

< p"Y|Agll,

where p == P[ X = 1].
COROLLARY 1.4. Suppose X has a factorial moment generating function with
nonzero radius of convergence, and let g satisfy

(1.6) sup|Afg(j)| < Crt, k=m,
Jj=0
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for some C, m > 0 and r < R, where R denotes the radius of convergence of the
factorial cumulant generation function of X. Then the identity

(17) E(Xg(X)} = T e (ng(X + 1))

§=>0

holds.

Proor. The radius of convergence of the factorial moment generating func-
tion of X is no less than R. Hence, for [ > m,

(1+1) N Cl(s+1) 1 }
=T R O

rl
< C'l2(—,)
r
for any r < r’ < R and for suitable constants C’. Hence
lim |n,_,(g)| = 0. o
l-> o0

In—.(8)] < C/rl{

ReEMARK. If A™g is bounded, it follows automatically that (1.6) holds with
r=2.

2. Expansions for distributions. In this section, it is assumed throughout
that (X;)N , are independent nonnegative integer valued random variables, the
distribution of whose sum W is to be approxnmated The notation of Section 1 is
carried over in the natural way with m{;, «{, ¢{” and »{" referring to the
X-distribution: deﬁne also kp;:=LN k%), the ]th factonal cumulant of W,
¢y = LN ¢, v;:=LN v, A=EW and W, = W — X,. The symbol @ is used
throughout to denote a random variable with the Poisson distribution P, with
mean A.

Then the following lemma is a: consequence of Corollaries 1.2 and 1.3:

LEMMA 2.1. Suppose that g: Z* — R satisfies ||A'g|| < oo for some I € N.
Then, if EX!*' < 00,1 <i<N,
-1 1
E(Wg(W) —Ag(W + 1)} = T — oy (88(W + 1))

s=1

(2.1)
< ¢/ll10%]|.
Proor. From Corollary 1.2,

Es+1]

E{A%%(W + 1)}

E{X;g(W) - (EXi)g_(W"' 1)} - g

(2.2)
< P E||lMgyll, 1=<i<N,
and (2.1) follows by adding over i. O
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The first step in Chen’s (1975) approximation technique is to observe that, for
any function hA: Z* — R such that A := EA(Q) exists, the function 6,4 defined
by 8,h(—1) = 0 and

0yh(m) = mA-m1 Y (M(h(j) - F) 4}

(2.3) =
=-—-mI\~™1 Y {Aj(h(j) - ﬁ)/j!}, m=0,
Jj=m+1
satisfies
(2.4) N0, h(m) — mOh(m — 1) = h(m) —h, m=0.

Hence the estimate (2.1) of Lemma 2.1 directly yields an asymptotic expansion
(2‘5) IEh(W) - IEh(Q) Z K[s-{-l]IE{Asa)\h(W)} + n,

where, for functions A such that ||A’0,‘h|| < oo,

(2.6) 1l < /| A8 All,

from (2.1). By using the left-hand side of (2.5) successively to obtain expansions
of the right-hand side of (2.5), an asymptotic expansion for EA(W) can be

deduced.
To state the theorem, some extra notation is needed. Let the Charlier

polynomials C,(A; x) be defined by
C(A;x) = X (?)(_1)n_r>\_rx[r],
r=0

where x[,; = x(x — 1) --- (x — r + 1) denotes the rth factorial power of x.
’ Then define signed measures @,, /> 1,on Z* by

1) @ (m) - | e_“m}{u Yy H{ ((]”[;—?),)r’}cms(x;m)},

s=1[s]j=1

where ¥, denotes the sum over all (r,,...,r,) € (Z*)* such that ¥%_,jr,=s
and R = X%_,r;

Further, let
ey =A"11-e*) <min(A71,1),
and set
k |k
[s;+1]
k+1 J
b= n(la)-x {e)\ ¢sk+lﬂ SA! }7_
k+1,
’ ex Vs, [sl+l]
= max
# () {(sk+1 1)' l
where max, denotes the maximum over (k> 0; 1<j<k+]1;

Thils =1}
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THEOREM 1. Suppose that h: Z+* — R satisfies || h|| < oo and that EX!*! <
0,1 < i < N; then

(2.8) ER(W) = [hdQ,+m,
where

22 ||,
(2.9) mi<{ _,, (1 1%11

2 7+ 5 L 5 [IAl

REMARKS. 1. Inequality (2.12) below is sharper, but less convenient, than
(2.9).

2. The use of truncation can extend the range application of Theorem 1.
Thus, defining, for some m > 1,

Y =

13

X, X, <m,
0, X, >m,

and letting Z = XV Y, it follows, as observed by Kerstan (1964) and Serfling
(1975), that, if ||A|| < oo, [ER(W) — ER(Z)| < 2||h|EN.,P[X; > m]. Theorem 1
is then automatically available for the approximation of Ea(Z).

In order to prove Theorem 1, we need the following results:

LEMMA 2.2. Let h: Z* — R satisfy ||h|| < o0. Then ||A0,h| < 2e,| A||.

ProoF. Define h*(j) :== h(j) — inf,h(k) > 0. Clearly, 6,A" = 6, h. But also,
(2.10) INAEIDY h+(j)0>‘8j,

Jj=0
where §;: Z* — R is defined by

1’ j= m’
§(m) = {O, Jj#*m.

From the argument used to prove Lemma 4(ii) of Barbour and Eagleson (1983), it
now follows that

180,A] < e suph*(1)},
Jj=0

giving the required result. O

COROLLARY 2.3. Let ||A| < 0. Then, for any choice of r, s;, Sgy...,8, =1
such that X% _;s;=12>1,

< 2} ||

(4%6)) R
j=1
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ProoF. It is immediate, for any function g: Z* —» R such that ||g|| < oo,
that ||Ag|| < 27||g]|. Thus

r r—1
T (a%6,)n| < 251 Aﬁ,‘I—[(A"‘iox)hN
Jj=1 Jj=1
r—1
< 2%¢,| [T (A%8,)A l
J=1

using Lemma 2.2; repeating the process, the corollary follows. O

PROOF OF THEOREM 1. Iteration of the relation (2.5) leads directly to the
formula

@) enw) - S0 1152 e TT @)@ + o,
Il < X

(s)
[s_,+1]
H ;
®)|J=

here, T, denotes the sum over {k >20;8;,21,1<j<k+1;This =1}
It follows immediately from Corollary 2.3 that
[s +1]
H =3

j-l e

where
E+1

[T (8%6,)%

Sk+1

(2.12) I <2') et e, . IR,

(s)

whence

Il < 2Y|Allp, 21 = 22 Y | A,
(s)

and

il < 24| Bllps ) spi 2%
(s)

1 1411
= 22’u;{— 3 X —}nhu.
I 2.7 s

The proof therefore merely requires the identification of (2.8) and (2.11). How-
ever, it follows from the properties of the Charlier polynomials with respect to
the Poisson distribution that, for any function f: Z* —> R for which the
expectations below exist, '

(213) E{C,(A; @)(a"f)(Q)} = E{C,.n(A; ®)f(Q)}, n,m=0,

and’

(2.14) E{C,(A;Q)(6,)(Q)} = -

1
n+1

E{C...(A;Q)f(Q)}, n=0.



POISSON LIMIT THEOREM 755

Thus

{H (Aslﬂx)h(Q)} = (1" H (J + }: s ) E{Ce.s(X; Q)R(Q)},

r=1

where S = % 7=15;» and the equivalence of (2.8) and (2.11) follows from a standard
combinatorial argument. O

In order to derive an asymptotic expansion for P[W € A], one uses hA(m) =
I[m € A] — }, for which ||A|| = ;. When [ = 1, the estimate (2.9) of the dis-
crepancy between P[W € A] and P,(A) is then very similar to (4.6) of Theorem
4 in Barbour and Hall (1984). Also in the case [ = 1, Kerstan (1964) proves that
(2.8) holds with

N
(2.15) LA min{5.4>\",2}( ) di)”h”:

i=1

provided that max, _; . y{m{}} < }, where
d, = 2{(1 - mfi + ymfl - P[X, = 0]) + (1= mff + 3(mfy)" - exp(-m{3))
+ |exp(—mﬁ)]) - P[X,=0] I}

mif + (m) = o,

Whether estimate (2.15) is better or worse than (2.12) with / = 1 depends on
the distributions of the summands, though in both the particular cases consid-
ered below, of 0-1 and of negative binomial summands, (2.12) gives the better
estimates. However, for Poisson distributed summands, where the discrepancy
being estimated is zero, LY. d; < 2T (m{}) is an order of magnitude smaller
than the estimate (2.12).

An error estimate of similar order of magnitude can, however, be derived from
(2.12), by taking [ = 2, in the form

(216) Ingl < des X {mi(3mf + @) + 7 + exleggl(mfly + (ml3)") iR,

i=1

where 7, = E{X;(X; — I)min(3(X; — 2),1)}. The estimate
€ [min{ X(¥X 7 Vo x),2x( ¥ o seu 1))

of the remainder in (1.4) has been used in the £ = 0 term 4e,¢,, in order to avoid
introducing moments of order three. For Poisson summands with means a;, in
Kerstan’s range of application, this yields

N
gl = Imyl < 4.5e, ) adAl,

i=1

still not qliite as good as his estimate, in which 4.5¢, is replaced by min(%,3.6A~").
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However, a very small perturbation away from the Poisson distribution for the
summands, increasing P[X; = 0] and P[X; = 2] by 1a? and reducing P[ X, = 1]
by 2a2, doubles Kerstan’s estimate (2.15), while (2 16) increases by less than
10e,XN ,a? the estimate of error in (2.16) is then smaller in Kerstan’s range of
application than that of (2.15), for all A < 2.7. Of course, (2.16) is then estimating
the error in approximating EA(W) by (hd@, rather than by (A dQ,.

In the case of 0-1 summands, we have the following corollary:

COROLLARY 24. If p,=P[X;=1]=1-P[X,;=0],1 <i < N, then (2.8)
holds with

Iy < 227X

Zp“nm

Proor. Use estimate (2.12) and the evaluations

N
Kim+11 = (_1)mm! prnﬂ, EP'"H
i=1

to obtain

(2.17) msﬂzﬂﬂ

(®)

N
2 py*! ] Zp“*““} AR
i=1

Since the term in braces cannot exceed A*YN  p!*l the conclusion follows
directly. O

- REMARK. Taking A(m) := I[m € A] — %, Corollary 2.4 yields Theorem 1 of
Barbour and Hall (1984) when [/ =1, and an estimate similar to that of the

remark following their Theorem 3 when [ = 2. The sharper inequality (2.17)

implies, for I = 2, that

2

™=

N
I < 2ey\ ) p? + 2e3 ?
i=1

p

’

3

1

which is almost equivalent to their Theorem 3.

Another interesting example is that of negative binomially distributed sum-
mands. Suppose that, for each i,

k;+m-—1

), m > 0.
m

P[X;=m]=(1-p)"p; (
Then each X; can itself be written as a sum of independent components,
X, =XR X, where

irs

PLX, = m] = (L=p)* *pp(B Rt 1), s,
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Now
(zr _]( Ll )j R_lki+j_1)
1-p; J
and
) = ( 1 P\
kD = (j— 1)!R™ k( . )
(n ) o
giving
#6 = B- lk( i )’+1{'(R‘1k‘i+j) N z’:(R‘lk,-+t—1
/ 1-p; J t=1 t
and hence

N
A= ZIEXir = E kipi(l _Pi)_l,
i=1

i, r

J t

We are now in a position to prove the following corollary:

t=1

¢/ (R)= Y ¢{" = Z k; ( plpl)jﬂ{(R_lk.i +j) + i (R_lki +t—1

i, r

COROLLARY 2.5. If, foreachl <i < N,

P[X,=m]=(1-p)" pl(k +,':_1), m >0,

~ then (2.8) holds with

P I+1
I < 22 (Zk( p) )uhu.

i=1

ProoF. It follows from (2.12) that (2.8) holds with

§j+1
n)l < 2’Z[H]( 2k ( o ) )]ef“@kﬂ(R)uhn,
) L/= i=1 i
for each R > 1, and hence also
Ps 5+1
) < 2’Z[Hl( Lk ( > ) )]ei%k“nhu,
) L/= i=1 2 .

where
’ p Spe1t1
¢3k+1 = Rh_l,l‘l)o ¢3h+1(R) Z k; ( pl) °

The argument is now completed as in Corollary 2.4. O

757

)
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REMARKs. 1. Taking N = 1, Corollary 2.5 yields the estimate
d(NB(k,1-p),P\) <(1-e)p(1-p)~',

where A = kp(1 — p)~! and d denotes total variation distance. This is better
than the estimate min(2.7, A\)p(1 — p)~! obtained from Kerstan’s inequality
(2.15). However, the inequalities of Vervaat (1969), with Romanowska’s (1977)
improvement, provide better estimates of the distance between NB(k,1 — p)
and P,, except for small A. This is not too surprising, since they are developed
from exact formulae for the distributions being compared, and not merely from
the values of a few moments of the summands.

2. Let k; =1 for all i, so that the X, are geometrically distributed, with
parameters p,. From Corollary 2.5, the total variation distance from P, is at
most e, X, {p,/(1 — p;)}?, where A = ¥ | p./(1 — p,). An alternative way of
approximating the sum of the X,’s by a Poisson variate would be to define

X,., Xl’ Xl = 0,
i\, X, >1,

so that d(TY, X, I, X,) < N | p? and then to use Corollary 2.4 to show that

1=

N

N
d(z P) <o ¥ o,
i=1

i=1

where p = XN  p.. To compare the error estimates with the two approaches,
consider the case when p, = p, 1 < i < N; from the first,

N
d( 2 X, Px) <(l-eMp(l-p)7,
i=1
whilst, from the second,
N
d( Y X, PM) <(1-e*)p+ Np2

i=1

The second of the two estimates is only smaller than both unity and the first of
the estimates in the (approximate) ranges {N = 1, 0.35 < p < 0.77} and {N = 2,
0.45 < p < 0.55}.

3. Expansions for expectations of unbounded functions. The expansion
(2.8) of Theorem 1 can be extended to cover unbounded functions %, at the cost
of some extra effort, largely devoted to establishing a suitable analogue of
Corollary 2.3. The following lemma states some necessary estimates:

LEMMA 3.1. (i) The following upper estimates of
N m+)/(m+j+s—1)
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are valid in the ranges indicated:
exp{—%(s—l)(s—2)}, 1<s<A+2, [AJ]sm<A+N2, j>0;
exp{—1(A-1)}27C 2D s>A+2 [Alsm<A+N2, j>0;
exp{—zi}\(s—l)(m—x)}, s>1, A+AN2<m<2)\, j>0;

G s>1, 2A<m, j=>0.
(i) Foralls >1,0<m<[A]and 0 <j < |,

A%(m +j)!
(m—ij—tjs)T Sexp{—%(s— 1 +2(>\—m—l))},

Proor. In case (i), observe that,in j > 0,

N m +j)! s-1 m+1-A+r—1)""!
2D 17 {1 ¥ } .
(m+j+s—-1) = ;3 A

The estimates now follow from the inequalities

—x/2, 0<x<l1,

-1 e
(1+x) _<_{ , %> 1

N =

The proof of case (ii) is similar. O
The next lemma is analogous to Lemma 2.2.

LeEMMA 3.2. Supposel € N andp > 0.

(@) Let h: Z* > R satisfy |A'h(m)| < H{1 + mP). Then, for all A <1,
|A'9\h(m)| < c¢;Hmin(1, m~Y){1 + mP} for a universal constant ¢, = c,(l, p).

(ii) Let h: Z* > R satisfy |A'h(m)| < H{1 + A"?/%jm — [A]P}, for some
A > 1. Then

. }\1/2
A6, h(m)| < c,HA Y?min|1, ——————
[48k(m)] < fm =~ TAT]

for a universal constant c, = cy(l, p).

{1 +A7P2m — [A] |p},

PrRoOOF. Observe first that
1
6,C.(A;m) = — XC,,_I()\; m), n>1, m=>0,

and that
6,Co(A; m) = 0.
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Hence, for any polynomial « of degree ! — 1, 6,7 is a polynomial of degree [ — 2,
so that

A(h+7)=An and AG\(h+ 7) = Ab,h.
Thus we may without loss of generality assume that
(3.1) AR([A]) =0, O<r<I-1.
Next, use Equation (2.3) to express 6,4 as

m

m! -
(3.2) 0,‘h(m) = 32.__:0)\_1_8 m(h(m -s)— h)
m! -
(3.3) = — sgl m?\"l(h(m + s) - h),
so that
m l
A9, h(m) = Y A71-® ‘ Yy (l.){Ajh(m —5) — hdp)
(34) §=0 J=0v(-s) .
s!(m + j)!
| *Golt ) (m+ =9
i .
= - Zr T (f) (@0m - 0) =By ()"
(3.5)

(s+1—-j—-1)(m+))
(s—=1)(m+1+s)
For case (i), it follows from (3.1) and the bound on A'A that
i=j

. m .
(3.6) IAJh(m)I < WH{I + m”}, 0<j<l

and so, in particular,
|h| < H{EQ' + EQ'*P} /' < kH,
uniformly in A <1, where, here and subsequently, k; denotes a universal

constant, depending only on / and p. Hence the contribution from A to the
expression (3.5) is no larger than
s+1-1)!m! 1
ko H T ( )

(3.7) EG-Dim+itor = k"HE’l (s—1)!(m+1+s)

< kH(m+1)""
The conclusion in case (i) will now follow from (3.5), if it can be shown that
(s+1—-j—1)(m+j)

GoDimalrs) = k(m+ DTHI+m?),

(3.8) Y |An(m +s)|

s>1
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for 0 < j < l. However,

(s—1+1-j) (m+j) (s—1+1-j)" 1

< -
(s—1)! (m+1+s)! (m+j+s)™ (s—Dl(m+1+s)’

and hence, from (3.6), the left-hand side of (3.8) is majorized by

sl(s? + mP) k,H{1 + mP}

<

(s-1)!(m+s+1)~ (m+1) °

koH Y

s>1

as required.
For case (ii), we have

1-j
) m-— [A
(3.9) |A%h(m)| < I—_(_zi[7)]—vl_H{1 +A7P2m - [A]f},  0<j<l,
in place of (3.6), and, in particular,
(3.10) |h| < Hk N2

Taking first the case m > [A], and using (3.5) and (3.9), it is necessary to bound

Zl)\s'l(m +s— [)x])l_j{l + AP (m+s - [}\])p}

(3.11) (s +1—j—Dl(m+))

(s—1D)(m+1+s) ’ 0<j<i
and, from (3.10),
(s+1-1)!m!
. }\s—1+l/2 .
(3.12) z (5= Dl(m+1+3s)!

Now the expression in (3.11) is no greater than

{ N H(m +j)! } (-7 + (-}

e B (m+j+s—1) m'*i-J

(3.13) s>1
X {(m - IAD + s'H{1 + AP (m — [A])? + A~P/2sP),

which can be estimated using Lemma 3.1(i). For instance, it follows from Lemma
3.1(i) that, for [A] < m < X + VA, the essential contribution to (3.13) comes from
terms with s = O(A\/2), from which it follows easily that, for such m, (3.13) is of
order

A/2 . Nigy = =i+ = O(A~12);

for A + VA < m < 2A, the terms with s = O(A/(m = \)) are important, and
(3.13) has order

(mik)( : )H (m ;i‘_);_j

<(m—=X)"{1+ (m—[A])’A7P2};

{1+ (m - [A])"A22)

m-—A m
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for m > 2\, the terms with s = O(1) are the essential ones, and (3.13) has order
m Y1+ (m — [A])PA~P72}.

The estimation of (3.12) is accomplished by a similar argument, and it follows

that, for m > [A],

N/2

(3.14) |AG\h(m)| < k5H>\‘1/2min(1, m) {1+A72m - [A]1f}.

For m < [A], use (3.4) and argue similarly. The principal quantities to be
estimated are no greater than

R

§=0
X {1+ A"2/2%P + AP m — [A]f},
and Lemma 3.1 (ii) is used to conclude that (3.14) holds also for m < [A]. O

COROLLARY 3.3. Suppose p>0 and I, r,s,...,s, €N are such that
Y%_18; = L. Then there exist universal constants cy(l, p) and c,(l, p) such that:

@) if h: Z* > R satisfies |A'h(m)| < H{1 + mP), then

rI (A8, )h(m)

< caHmin(1, m™'){1 + m?~"*1},

for all X\ < 1;
(ii) if h: Z* > R satisfies |A'h(m)| < H{1 + A"P/%|m — [A]|P} for some X > 1,
then

[T (8%6,)(m)

J=1

|m — [A]]
{1+ (A772m - [A]])"77).

}\1/2
< c4H>\"/2min(1,—————)

ProoF. Immediate, from Lemma 3.2 O

Having established a counterpart to Corollary 2.3, it is necessary to find an
analogue of Lemma 2.1. The following lemma is a preliminary step.

LEMMA 3.4. (i) Suppose A > 1 and EX? < 0,1 <i < N. Then
E{(AP2W - AP} < (1+A"%,)", foro<p<2.
If, for somep > 2,EXP < 00,1 <i< N,

N
E(AP/2|W - AP} < cs{l +ATP2 LEXP+ (’\_l”l)p/z}’

i=1

for a universal constant c;( p).
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(ii) If A < 1, the inequalities

EWP)<(2+»)”% 0<p<2,
and

E(W")scs{1+ %EX{’+1/{’/2}, p>2,
i=1
are valid. l
ProOF. By direct computation, in the case A > 1,
E(W-2A)? = f:varX,- =X+ % (m([g)] - mﬁ)]z) <A+,
i=1 i=1

and the inequality for p < 2 follows from Hélder’s inequality. For p > 2, use an
inequality of Marcinkiewicz and Zygmund (1937) form: For p > 2,

p/2
|

for a universal constant C,, from which the result now follows. The proof for
A < 1is the same. O

. N N
EIW-AP<C,{ Y EIX,— EXP + ( Y varX;

i=1

i=1

We now prove the following counterpart to Lemma 2.1:

LEMMA 3.5. For somel € N and q > 0, suppose that EX? < 0,1 <i< N,
for a =1 + max(q,1). Suppose also that A >1, and that v, <\, and let
g Z* —> R satisfy

|Alg(m)| < Gmin(1, N2m — [A]]7){1 + A"¢2|m - [A]["},

for some G < oo. Then

-1

e(g) = E{Wg(W) —Ag(W+1)} = L —wE{8%(W +1)}

s=1
satisfies
|ez(g)| < c7G{v, + }\—(q—l)/zyl’q}’

for a universal constant ¢, = c¢,(1, q), where

N

_ > E{‘Pz,q(xi)}, qg>1,
i=1

Oa q =< 1.
If A\<landv, <1, and g: Z* > R satisfies

|Alg(m)| < Gmin(1, m™*){1 + m?},

lg’

then
|e,(g)| < cG(v, + ”1,q)~
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REMARK. If »; > A, no useful Poisson approximation can be expected.
Proor. We prove only the case A > 1. The other proof is similar. Under the
given conditions on g, all the required expectations exist.
For the case q > 1, proceed as for Lemma 2.1, using inequality (1.3) of Lemma

1.1 and the given bound for |A%g(m)|, obtaining easily that the quantity to be
estimated is no larger than

N
koG L E{(1 + EN2(W = D)7+ M2x0 g (X)),
i=1
where
E|A-v2(W, - [A])]" < 3971+ EAVA(W - M) [T + BRI,

Now apply Lemma 3.4. For 0 < g < 1, A% is bounded, and Lemma 2.1 can be
directly applied. O

The theorem can now be stated.

Define
“A  max A_(k+1)/2VSk+l ﬁ K[Sj+l]
1,0=
(s) (Sk+1 - 1)! Jj=1 sj! ’
-p/2
. A o=k I’il Kis;+1]
Lp™
P | (e =D =1 st |

where, as before, max (s 1s taken over

k+1
{kZO;SjZ 1,1<j<k+1; Zsj=l}.
. j=1

THEOREM 2. Suppose I€ N, p> 0 and EX?* < 0,1 <i < N, where a =
I + max(1, p). Suppose also that A > 1 and that v, < \. Let h: Z* —» R satisfy
|A'h(m)| < H{1 + A=?/2jm — [A]|P}. Then

(3.15) ER(W) = [hdQ,+m,
where
(3.16) I < cH{p}o+ 1} ,},

and ¢ = c¢(l, p) is a universal constant.
If \<1and v, <1, and h: Z* - R satisfies |A'h(m)| < H{1 + mP}, then
(3.15) holds with

(3.17) md < cH{ph o + 1}, ).
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PROOF. As in the proof of Theorem 1,

1 k
ER(W) = X (- 1)([1 ”) {I:I(A“fﬂx)h(Q)}M;,

(s) 1
where

l—I [s +l]

J'

< X

(O
As before, X, denotes the sum over

SM( ]f[ (A‘iﬂ,‘)h).

k+1
{kzO;sjzl,lsjsk+1; Zsj=l}_
Jj=1

Using Corollary 3.3 and Lemma 3.5, it thus follows that
k

[s +1]

mil < 2\ 11—

(s)|J=1 s]'

=< CH{lBI\,O + "")l\,p} ’
from the definition of p*. O

ci(l, p)HN=*0/2%c [y 4 \~eokosz, L

REMARKs. 1. Forp <1, p} » = 0, and the error estimate is of a similar form
to that of Theorem 1. Note, however, that, in the definition of 1], o, there enters a
factor A~(*+1/2 in place of the factor e’“”'1 in the definition of ,, which, for
large A, is of the smaller order A=+,

2. Suppose that, for some p > 1, IEX;"+1 <ow,1<i<N,and »; <A > 1. Let
A= (j: PIW=j]> P[Q = j]}, and take

h(j) =\ j - [AIf(2I[j € A] - 1}.
Then, using Theorem 2 with [ =1,
0 < ER(W) — EA(Q) < 2¢{\" V2, + A77/2%, .

Hence the total variation distance between the distribution of W and P,,
restricted to the set {j: A\~V2|j — [}\]| > m}, is no larger than a constant times
m PNV 2y, + NP2y, L
3. In the case of 0-1 summands, », is automatically less than A, and

k+1
B, < Bl =maX{ "’“’”H(Zpsf“)}

(s) i=1

< N/2-1 ZPIH-
i=1
'I‘hus, for example, in the binomial case, useful expansions for the expectations of
at most polynomially growing functions of B(n, p) are only obtained from
Theorem 2 when np? is small.
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