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Abstract

In discrete probability theory, we often have to deal with infinite
sums. It usually is requested that such a sum converges uncondition-
ally, i.e., in any ordering and always to the same limit. (This is auto-
matically the case if the sum converges in one ordering and has only
got non-negative addends.) Unconditional convergence allows us to
reorder infinite sums as we like. However, not everything that may
look like a reordering at first glance is one in fact. A common move
is to partition the addends and to take the limit over each class of the
partition, then taking the limit over all those limits. In this note, we
prove a lemma stating that this leads to the same limit as the origi-
nal sum. In text books, this question often is not addressed but the
partitioning is incorrectly described as a “reordering”.

For example, we encounter such a situation when we prove the well-
known identity I(X) = > g zP(X = z) for a real-valued random
variable X, expectation being defined as E(X) ==} . X(w)P({w}).
In addition to proving the lemma, we will in this note elaborate on
this example and give two other examples from elementary discrete
probability theory where the lemma is of use.

Unconditional convergence allows us to reorder infinite sums as we like. For-
mally, a reordering of a sum 72 ) ay, is a sum 332 aq(x), where a : N — IN
is a bijective mapping. Not everything that may look like a reordering at
first glance is one in fact. A common move is to partition the addends and
to take the limit over each class of the partition, then taking the limit over
all those limits. For example, this is utilized to prove the well-known iden-
tity E(X) = > ,cr#P(X = z) for a real-valued random variable X. The
expectation is defined as E(X) = Y cq X(w)P({w}), where X : @ — R
and the sum is requested to converge unconditionally. We write:

E(X) =) X(w)P({w}) © Yo > X(@P({w})
weN zeR we:
X(w)=zx

reordering-infinite-sums.tex 5753 2010-07-16 13:07:09Z lki-desktop



=3 Y 2Puh) =2 > PHw)=> 2P(X=2).

z€R we: z€R we: zeR
X(w)=z X(w)=z

At (%) we do partitioning. Instead of taking the limit over all w € €2, we take,
for each x € R, the limit over all w € ) that map to z under X, and finally
take the limit over all those limits (indexed by € R). This partitioning
is most often described as “reordering” in text books and not explained
any further, most probably because reordering is covered by unconditional
convergence. But unless X ~1(z) = {w € ; X(w) = x} has finite cardinality
for each x € R, it is not just a reordering. In this note, we prove a general
lemma stating that this step is correct nonetheless.

Before we turn to the lemma and the proof, we give two more exam-
ples of applications in discrete probability theory. Let 2 be countable and
p:Q — [0,1] a stochastic vector, i.e., > cop(w) = 1. Then P : PALJN
[0,1],A — > ,cap(w) is a probability measure. While proving this, we
have to consider a series of pairwise disjoints events (A;,)npen and show
P(Unenw An) = > new P(Ay). This is again a partitioning, not a reordering.
We have to transform Y- ¢ 4, a0, P(w) into 3o c a4, P(W)+D"ca, P(W)+. ...
That is, we have to show that taking the limit over the union |J, o A5 is
the same as taking the limit over each set A,, n € IN, and finally taking the
limit over all those limits.

As a third example, we consider the product measure. Let (Q1, 2%, P;)
and (92,292,]?2) be discrete proability spaces, and denote 2 = Q1 X Qs.
Then p : Q@ — [0,1], (w1, w2) — P({w1}) P({w2}) is a stochastic vector.
The measure defined by p is called the product measure of IP; and IPs.
Proving that p is in fact a stochastic vector, we require sum partitioning
again. We write:

dopw) = Y plurw)= Y Pi({wi}) Pa({ws})

weN (w1,w2)€EQ (w1,w2)€QR
© Z Z Pi({wi}) Po({we}) = Z Pi({w1}) Z Py({w2})
w1 €01 walo w1€M walls
= > Pi({wmi})-1=
w1 €N

The innocent-looking transformation marked with (%) is the partitioning.
Instead of taking the limit over all (wy,ws) € €2, we take, for each w; € 4,
the limit over all wy € 9, and then take the limit over all those limits
(indexed by wi € ©1). Pulling “P;({w1})” out of the inner sum on the
other hand is only an application of the following simple and well-known
rule: If a sequence (ay)ren converges to limit a, then for each ¢ € R the
sequence (cay)reN converges to limit ca.

In case of this last example, we could have instead invoked a classical
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result, namely the Cauchy product. It yields directly

> Pl({w1})P2({w2})=< > Pl({wl}))( > P2({w2})) :

(w1,w2)€R w1 €M wa €N

But there appears to be no way that the Cauchy product could help us in
the other two examples.

Now we turn to our lemma and its proof. Our proof consists mainly of
technically involved applications of Cauchy’s condition. Cauchy’s condition
states that a series > 7o ; aj converges if and only if for each € > 0 there
exist ng such that

n2

2. a

k=ni1+1

< e forall ng < ny < nog.

We also recall that a sum ) 72, ay is called absolutely convergent if
Y h—1 |ak| converges. It is well known that an absolutely convergent sum
is unconditionally convergent, and vice versa. We will usually use the term
“absolute convergence” instead of “unconditional convergence” from now on.

Lemma. Let (ap)ren be a real sequence. Let (P;)ienw be a partition of IN,
i.e., Uiew Ps = IN. For each i € N denote A; := {ay; k € P;} and assume

A; C(—00,0] or A; C[0,00) . (1)

Then the following two conditions are equivalent:

(a) The series Yo ar is absolutely convergent.

(b) For each i € IN, the series ) i p. ax is absolutely convergent; denote s;
its limit. The series ) ;e Si s absolutely convergent.

If one condition holds — and so both — then Y e Gk = Y ;e Si-

Which case in condition holds, is allowed to be different for different i.
Note once again that the two series > oy ar and D ;e 8i = D jeN D okep, Ok
are not just reorderings of each other (unless each P; has finite cardinality).

We show in detail how to apply the lemma to prove

EX)=) zP(X=u) . (2)
zeR

We enumerate all samples 2 = {wy,wa, ...}, then define ay, :== X (wg)P({w })
for each £k € IN. This establishes @ in the lemma. Then we enumer-
ate the image X () = {x1,x2,...}. For each i € IN denote P, = {k €
N; X(wg) = 2i}. Then A; = {X (wp)P({wi}); k € P} = {x;P({wi}); k €
P;}. This shows since probabilities are non-negative; whether we have
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A; C (—00,0] or 4; C [0,00) depends on z;. Now the lemma states that
> ieN 2kep, ax converges to I5(X). We so have

=> D> ar=> > Xw)P{wr}) =D > i P({wr})

€N keP; €N keP; 1€EN keP;
= Zl‘z Z IP({wk}) = ZxZIP(X :{Ei) = Z Z'IP(X ::r) .
€N keP; i€IN zeR

Proof of the lemma. For each ¢ € IN we enumerate the indices in P; by

k%i) < k:g) < .... Denote agi) = aky) for each j € {1,...,|P|} if P; has

finite cardinality and for each j € IN otherwise. If P; is finite we set ag.i) =0

for all j > [P|. Then s; =3 cn agi) and also [si| = 3" ;en ]ag-i)| due to (1.

“@ = @’ Absolute convergence of > p ax is clear for each i €
IN, since ) .o axr is absolutely convergent. (Realize that the sequence
(>-F—1 lak])nen is non-decreasing and bounded.)

Let Y"1 ax be absolutely convergent to limit a. Then y 52, 2 o(i,): itj=d ay)
converges to a, since it is a reordering of that series (the ordering in the in-
ner sum is irrelevant, since it is finite). We use Cauchy’s condition to show
that 3,y |si] is convergent. Let € > 0. Then, by Cauchy’s condition, there
exists dp such that

da

> Y e
d=di+1 (i,5):
i+j=d

< 5/2 for all dp < dy < ds. (3)

In particular, we have

12 n )
> > la]

i=i1+1j=1

<e¢/2 forall dy —1 <i; <iyand all n. (4)

To see this, note that “i+ ;7 is always large enough in the inner sum, namely
at least dg + 1.

We show that Cauchy’s condition also holds for the series in question.
Let dg — 1 <71 < ia. We choose ng large enough so that

n
Isi] — > 1al]| <
j=1

forallng <nandie€ {i;+1,...,i2}. (5)

2(ig — 1)

Then, using any n > ng,

S S @) N ()
2 7

S ful= 3 (sl =X 1al1+ Y 1ol

i=i1+1 i=11+1 7j=1 7j=1
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io n ) i2 n )
355 (|8i|2|a§”)|+ > Sl
i—i1+1 = 1=11+1j5=1
< Z \sl\—zra“ + Z ZM
i=11+1 i=i1+1 j=1
D e D IS5
< ‘al)‘ - A
2 Z%IJZI 2 2

By Cauchy’s condition, the series Y,y |s;| is convergent.

40)] = [(@)]" Let >,y si be absolutely convergent with limit s. We

show that the series over (Z(i,j):iﬂ»:d ay))d:me converges to s as well.
Then we invoke this result on } ;cny |s;| instead of 3,y s;. Since then all
summands are non-negative, this yields something slightly stronger, namely
convergence of 37579 >7; 5. it i—d ]ay) |; this is a series over (|ak|)ren in some
order. This implies absolute convergence of ), -y ax. We also know then
that the limit of ), -y ax and that of ),y s; are both s.

So all left to show is > g2, Z(i,j):iﬂ‘:d ay) = s. To this end, let € > 0.
First we exploit (absolute) convergence of > ;o s;. We choose mg so that

m
-3

i=1

< % for all mg < m (6)

and, using Cauchy’s condition and absolute convergence,

ma2

Z lsi| < S for all mo < my < mo. (7)
. 3
1=mi1+1
By , we have
Z |a§~i)\ < |si| for each i and any index set J. (8)
JjeJ
Having my fixed, we exploit that for each i € {1,...,mg} the series
;'0:1 agz) converges to s;. We choose ng large enough so that
—Zay) < —— forallng<mnandie{l,...,mp}. 9)
=1 3m0

Let dg := mg + ng and dy < d’. For later, we note

{(d,i); 2<d<d Nmy+1<i<d-—1}
={(d,i); i+1<d<d Amy+1<i<d -1} .
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Then:

' ,
wzzﬂ
d=2 (i,j):
i+j=d

d’ ]
(T
i+j=d
i<myg

ZZ@

o) |

(@,):

i+j=d
1>mg

mo mo
s — Z S; + (Z S; —
i=1 i=1

Sy )5y

d=2 (i.j): d=2 (ij):
it+j=d i+j=d
1<myg 1>mg

d/ .
I

d=2 (i,j): d=2 (i,j):
i+j=d i+j=d
i<mg ’i>’m0
c mo mo d 0 d’ —
KA
=g Hlsm > 2|+ Z Z > af
=1 i=1d=2 j: d=2i=mo+1 7:
i+j=d i+j=d
c mo mg d d —
=g Hsm > D et Z Z ay,
i=1 i=1d=i+1 d=2i=mg+1
c mo d' —i d'—1 d’
=-+4 Zsz ZZa() Z Zadl for2ndsum
3 i=1 j=1 i=mo+1d=i+1
- d'—i ” d—1 d )
1 (A
<3+ S s Z a; > D al
i=1 i=mo+1 d=i+1
mo -1 note that d' —i >
© e
§§+ > Za (mo +ng) —mo = ng
121 i=mo+1 d=i+1 for i < myg
® ¢ d'~1
< g + § + Z ’Sl’
i=mo+1
@ N € N €
=3T3 73°°¢
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