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The notion of convergence is absolutely fundamental in the study of calculus. In
particular, it enables one to define the sum of certain infinite sets of real numbers
as the limit of a sequence of partial sums, thus obtaining so-called convergent
series. Convergent series, of course, play an integral role in real analysis (and,
more generally, functional analysis) and the theory of differential equations. An
interesting textbook problem is to show that there is no canonical way to “sum”
uncountably many positive real numbers to obtain a finite (i.e., real) value. Plenty
of solutions to this problem, which make strong use of the completeness property
of the real line, can be found both online and in textbooks. In this note, we show
that there is a more general reason for the nonfiniteness of uncountable sums. In
particular, we present a canonical definition of “convergent series”, valid in any
totally ordered abelian group, which extends the usual definition encountered in
elementary analysis. We prove that there are convergent real series of positive
numbers indexed by an arbitrary countable well-ordered set and, moreover, that
any convergent series in a totally ordered abelian group indexed by an arbitrary
well-ordered set has but countably many nonzero terms.

1. Introduction

The set R of real numbers is rich in both algebraic and topological structure. For
example, the usual addition + of real numbers is a continuous binary operation
on R. This enables one to define the sum Z?:o r; of real numbers ryg, ..., r, for
any nonnegative integer n by recursion as follows:

0 j+l j
Zri :=rg, andfor0<j <n, Zri = (Zr,) +rjt1. (1-1)

i=0 i=0 i=0
Observe that it is quite difficult to formulate a natural definition of an infinite sum of
real numbers by appealing solely to the usual algebraic (field) axioms of 4+ and x;
one wants some notion of “getting close to”. This is usually formalized topologically.
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The relevant topology on R is the order topology determined by the usual complete
linear order < on R. In this setting, there is a canonical way to formalize an infinite
list of real numbers “getting arbitrarily close to” another real number; this familiar
notion is often presented in a first course in calculus, and is instrumental in defining
convergence of so-called infinite series. More formally, a countably infinite real
sequence (r,, : n € N) converges to a real number r provided that'

for every € > 0, there exists k € N such that
ifneNandn >k, then |r, —r| <e. (1-2)

In this case, r is called the limif* of the sequence (r, : n € N), and we write

lim r, =r. (1-3)

n—oo
We now give the usual definition of a convergent series encountered in calculus:

Definition 1. Suppose that (r, : n € N) is a countably infinite sequence of real
numbers. For each n € N, set S, := Z?:o r;. The sequence (S, : n € N) is called
the infinite series determined by (r, : n € N), denoted by Z::OZO rp. Forn e N, §,
is the n-th partial sum of the series. Finally, if the sequence (S, : n € N) converges
to a real number r, then we say that the series ) -, r, converges and that the sum
of the series Y .-, ry is r, denoted by Y 0 jr, =r.

We now work toward generalizing the above definition to formalize the notion of
a possibly uncountable sum? in a natural way. Toward this end, consider a collection
S :={r; : i € I} of real numbers, where I is an infinite index set. We want to
define the series determined by S. In what ways might we proceed? Recall that
a real series ) - r, converges absolutely if the series Y .- |r,| converges. If a
series converges but does not converge absolutely, then we say the series converges
conditionally. Next, we recall the following classical result of Riemann:

Theorem 2 (rearrangement theorem; see [Tao 2014, Theorem 8.8.9]). Suppose that
Z;O:o r, converges conditionally but not absolutely, and let v be an arbitrary real
number. Then there exists a bijection f : N — N such that the rearranged series
> o 0T f(n) CONVergestor.

The rearrangement theorem implies that, in general, the sum of a convergent
series is determined not only by the terms being summed, but also the order in
which they are added. Therefore, it is reasonable to assume that there is some order
relation < on the set I, where (above) S = {r; : i € I} is the set whose sum we have

'We assume that 0 € N throughout this note.

ZSince R is dense in itself under <, it is easy to see that a convergent sequence has a unique limit.

3Various such notions exist in the literature; more on this shortly. Though our initial discussion
will involve uncountable sums of real numbers, we will soon transition to the more general setting of
totally ordered abelian groups.
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yet to define. But what kind of order relation? Well, recall that our definition of
“n-th partial sum” in Definition 1 above implicitly employed the recursion theorem
on the index set N of natural numbers. It is reasonable that we may want to employ
the so-called transfinite recursion theorem in our definition of an uncountable sum of
real numbers (more generally, an uncountable sum of elements of a totally ordered
abelian group). But if this is indeed the case, we would like a well-order on 1.*

The outline of this note is as follows. In the next section, we give a precise
formulation of a sum of real numbers relative to a well-ordered countable index set
which extends Definition 1 above. We then establish the existence of convergent
sums of positive real numbers relative to an arbitrary countable well-ordered set.
Section 3 is devoted to extending some notions of “uncountable sum” appearing
in the literature. In particular, we show that in any totally ordered abelian group,
every convergent series indexed by an uncountable well-ordered set (this definition
is forthcoming) has but countably many nonzero terms.

2. Countable sums of positive reals

2.1. Order-theoretic terminology review. We begin with a review of some basic
order-theoretic terminology which will be utilized often throughout this note. To
wit, let S be a set. Recall that a binary relation on § is simply a subset of § x §.
If R is a binary relation on S and (a, b) € R, then it is customary to write a Rb to
denote this fact. Next, recall that if R is a binary relation on S, then R is irreflexive
on S if x Rx does not hold for any x € S. If, forall x, y,z € S, xRy and y Rz imply
x Rz, then we say that R is transitive on S. A relation on S which is both irreflexive
and transitive on § is called a partial order on S. A partial order < on S for which
either x < y or y < x for distinct x, y € S is called a total order or a linear order
on S. If < is a total order on § with the property that for every nonempty X < S,
there exists xo € X such that xg < x for all x € X, then we say that < is a well-order
on S Finally, suppose that P; := (P, <) and P, := (P>, <) are totally ordered
sets. A one-to-one function f : P| — P, with the property that x <; y implies
f(x) <2 f(y) for all x, y € P, is said to be an order embedding of P; into P,.°
If in addition f is bijective, then f is called an order isomorphism between P,
and P,. If such an isomorphism exists, we write P; = P,, and say that P; and P,
are order isomorphic. We conclude this subsection with several natural examples.

Example 3. Let S be a set and let P(S) be the power set of S. Then the usual
proper subset relation C is a partial order on P(S).

4Very roughly (though definitely nor exactly), the well-order is what enables one to prove the
existence of recursively defined functions.

5 As usual, the notation xg < x abbreviates “xp < x or xog = x.”

Observe that if < is a total order, then any f with this property is necessarily injective.
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Example 4. Suppose that (X, <) and (Y, <) are linearly ordered sets. Then the
order < on X x Y defined by (x, y1) < (x2, y») if and only if x; <j xp or x; = x»
and y; <, y is a total order on X x Y, called the dictionary order on X x Y.

Example 5. The usual order < on N is a well-order on N.

2.2. Defining a sum of reals indexed by a countable well-ordered set. Let W :=
(W, <) be a well-ordered set. Let us call a function f : W — R a real-valued
W-sequence. We shall often denote such a sequence by (r; : i € W). Mimicking
(1-2), the following is a natural notion of convergence:’

Definition 6. Suppose that W := (W, <) is a nonempty well-ordered set, and let
(r; i € W) be a real-valued W-sequence. Say that (r; : i € W) converges to a
real number r, or that r is the limit of the sequence (r; : i € W), provided that for
every € > 0, there exists i € W such that if j € W and j > i, then |r; —r| < e 8 If
(r; 11 € W) converges to r, we shall denote this by liﬁm(r,' :1 € W) =r. In the case
W =g, we set 1i_rp(ri e W):=0.

As in the case where (W, <) = (N, <), a real-valued W-sequence can converge
to at most one limit; the proof goes through mutatis mutandis as follows: Suppose
by way of contradiction that (r; : i € W) converges to real numbers r and s with
r < s. The open balls B;_,)/2(r) and B_,)/2(s) are disjoint, yet it is clear from
the definition of convergence that there must exist a real number in both open balls,
a contradiction.

We now make a trivial yet useful observation.

Lemma 7. Suppose that (W, <) is a well-ordered set. Suppose, moreover, that
W has a largest element w* relative to <. Then every real-valued W -sequence
(ri : i € W) converges to ry.

Proof. Let (W, <) and w* be as stated, and consider a real-valued W-sequence
(r; :1 € W). Let € > 0 be given. Then note that if w € W and w > w*, then w = w™
Consequently, if w > w*, then |ry — ry| = [rys —ry«| =0 < €. [l

Next, we address the problem of formalizing a sum of real numbers indexed by
a countable well-ordered set. Toward this end, we use Definition 1 as a template,
but choose a countable well-ordered index set W which is ordered much differently
than N in order to guide us to a “natural” definition of a sum of reals relative to an
arbitrary countable well-ordered index set. To wit, consider the set N x N of ordered
pairs of natural numbers. Recall from Example 4 that the dictionary order < is a

"The reader may notice that our definition of convergence resembles the definition of a real-valued
net in the order topology on R. This is certainly the case, but in the interest of keeping the paper as
self-contained as possible, we shall say no more about nets. We refer the reader instead to the popular
text [Munkres 1975] for further reading.

8By abuse of notation, we use the symbol < to denote both the order on W and the usual order on R.
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e o 0 0
0123
N

(0.0) (0:1) (022) (0.3) - (1:0) (I.1) (172) (13) - (220) (.1) (212) (23) ---
NxN

Figure 1. The set N of natural numbers relative to the usual order
(above) and the set N x N with the dictionary order (below).

total order on N x N. We claim that it is a well-order. To see this, suppose that
S € N x N is nonempty. Let ag € N be least (relative to the usual order on N)
such that there exists b € N with (ag, b) € S. Now let by € N be least such that
(ao, bg) € S. It is easy to see that (ag, bg) is the <-least element of S, and thus <
well-orders N x N. We pause to contrast the “shapes” of the well-ordered structures
(N, <) and (N x N, <); see Figure 1. Observe that the dictionary order on N x N
is, as an ordered structure, obtained by simply laying off countably infinitely many
copies of N from left to right.

Before defining a convergent series of reals relative to a countable well-ordered
index set, we recall that if (W, <) is a well-ordered set and w € W, then seg(w) :=
{x € W :x < w}. Observe that seg(w) is well-ordered via the well-order < restricted
to seg(w). We call seg(w) the initial segment up to w.

We now motivate our “bottom-up” definition of a convergent series of real
numbers relative to (N x N, <), where < is the dictionary order on N x N. From
this, we shall derive a natural definition of convergence of a sum of reals relative
to an arbitrary countable well-ordered index set. Suppose that (r; : i € N x N) is
a real-valued N x N-sequence. We may define finite partial sums recursively as
before:

Def. 6 ;. .
(1) S©.0:=r@0.0=0+r00 = Hm(S;:ieseg(0,0)))+rq,0).
Lem. 7 .. .
(2) So.1) = S0.0 +roy = Hm(S; :i €seg((0, D)) +r@.1)-
(3) Sw.2) = S,1) + 102 =lIm(S; :i €seg((0,2))) +r©2)-

Clearly we may continue recursively to define S ,) for every natural number 7.
Our “next” partial sum to define is thus S o) (observe that from Figure 1, (1, 0)
is the “next” element which appears after all of the pairs (0, n)). Intuitively, we
want 51,0y to be the sum of all of the r;’s, where i < (1, 0). Assuming the limit (4)
below exists, we naturally define:

(4) Sq.0) :=1m(S; : i € seg((1,0))) +ra,0)-
(5) S,y = Sa,0+ra,n=Um(S; :i €seg((1, 1)) +ra,1).
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(6) Sa2) == Sa,n+raz=Im(S; i €seg((1,2))) +ruo.

Continuing in this manner, we may define what it means for the series (S; :i e NxN)
to converge. Roughly, this simply means that the limits defined above exist at each
“stage” and that, finally, li_r)n(S,- ;1 € N x N) exists (as a real number). With these
observations in mind, we make the following definition:

Definition 8. Suppose that (W, <) is a countable, nonempty well-ordered set and
that (r; : i € W) is a real-valued W-sequence. Choose any e ¢ R. We now present
our definition of the series (S; : i € W) determined by (r; : i € W) by recursion
on W.° Suppose that i € W and that S; has been defined for every j < i. Next,

define S; as follows:'?
L e if S§;=e for some j <i or lim(S;: j €seg(i)) does not exist,
- lim(S;: j €seg(i)) +r; otherwise.

We say that the series (S; : i € W) converges provided that both S; € R for each
i € Wand li_I)n(S,- :i € W) € R. In this case, we say that S is the sum of the series
(S;:ieW).

2.3. Countable sums of positive real numbers. Our next goal is to show that for
every countable well-ordered set (W, <), there is a positive real-valued W-sequence
(r; : i € W) such that the corresponding series (S; : i € W) converges. We require
another definition.

Definition 9. Let (L, <) be a linearly ordered set:

(1) (L, <) is dense (in itself) if for any x, z € L such that x < z, there exists y € L
such that x <y < z.

(2) (L, <) is without endpoints if for every y € L, there exist x, z € L such that
xX<y<z.

We now recall a result of Cantor which we shall soon utilize.

Lemma 10 (Cantor; see [Enderton 1972, Theorem 26H]). Any two nonempty,
countable, dense linearly ordered sets without endpoints are isomorphic.

Our next result is well known. We give a short proof.

Lemma 11. If (W, <) is a countable well-ordered set, then there is X < (0, 1)
such that (W, <) = (X, <), where the second occurrence of < denotes the usual
order on R restricted to X.

IWe are employing the transfinite recursion theorem implicitly; see [Enderton 1972] or [Jech
2003] for the precise statement of the theorem and its proof.

10The reader should interpret S; = e to mean, intuitively, that the i-th partial sum of the series
doesn’t exist.
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Proof. Let (W, <) be a countable well-ordered set. If W = &, the result is patent, so
assume that W is nonempty. Now consider the set W x Q with the dictionary order.
It is clear that w — (w, 0) is an order embedding of W into W x Q. It is also easy
to verify that W x Q is a dense linearly ordered set without endpoints (relative to the
dictionary order). By Lemma 10, there is an order isomorphism ¢ : W x Q — Q. Let
i : @< R be the inclusion map. The function ¥ (x) := %(tanh(x) +1) yields an order
isomorphism between the ordered structures (R, <) and ((0, 1), <). Composing
the above maps furnishes us with a sequence of order embeddings

W—-WxQ—-0Q—R— (0,1).

Now let X be the image of W in the above composition. Then clearly (W, <) =
(X, <), concluding the argument. (]

Recall that a countably infinite real-valued sequence (r, : n € N) is bounded if
there is M € R such that |r,| < M for every n € N. The natural generalization is:

Definition 12. Let (W, <) be a well-ordered set, and let (r; : i € W) be a real-valued
W-sequence. Say that (r; : i € W) is bounded provided there is a real number M
such that |r;| < M forevery i € W.

Our next definition generalizes the notion of a countably infinite monotonic
real-valued sequence.

Definition 13. Let (W, <) be a well-ordered set, and let (r; : i € W) be a real-valued
W-sequence:

(1) (r; : i € W) is monotonically increasing if whenever i, j € W and i < j, then
ri < rj.

(2) (r; :i € W) is monotonically decreasing if whenever i, j € W and i < j, then
ri = Tj.

(3) If (r; : i € W) is either monotonically increasing or monotonically decreasing,
then we say that (r; : i € W) is monotonic.

We now generalize the familiar result that every bounded monotonic countably
infinite real sequence converges. The proof is a mutatis mutandis adaptation of the
proof in the countably infinite case.

Lemma 14. Let (W, <) be a well-ordered set, and suppose that (r; : i € W)
is a monotonic real-valued bounded W -sequence. Then (r; : i € W) converges.
Moreover, if W # &, then (r; :i € W) converges to sup{r; :i € W}if (r;:i e W)
is increasing. Respectively, (r; :i € W) converges to inf{r; :i e W}if (r;:i e W)
is decreasing.

Proof. Let (W, <) be a well-ordered set, and assume that (r; : i € W) is real-valued,
monotonic, and bounded. We assume that (r; : i € W) is monotonically increasing, as
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a similar argument handles the case where (r; : i € W) is monotonically decreasing.
If W =0, then (r; :i € W) converges to 0 by Definition 6. Thus we assume that
W is nonempty. Let M be the least upper bound of {r; : i € W}. We claim that
lim(r; :i € W) = M. To see this, let € > 0 be given. Then M — € is not an upper
bound of {r; :i € W}. Hence there is i € W such that M —e < r;. Now if j € W and
Jj=i,then M —e <r; <rj <M < M +¢. Therefore, |rj — M| < €, as required. []

We are almost equipped to present our first theorem. Our proof will rely upon
the principle of transfinite induction. Recall first the principle of strong induction
for the set N of natural numbers:

Principle of strong induction on N. Suppose that S C N has the property that, for
every n € N, if every natural number less than n is in S, thenn € S. Then S = N.

A more general version of the above induction principle holds for any well-
ordered set. As a bonus, it is quite easy to prove.

Principle of transfinite induction. Let (W, <) be a well-ordered set. Suppose
further that S C W has the property that, for every w € W, if seg(w) C S, then
weS. Then S = W.

Proof. Suppose that (W, <) is a well-ordered set and that S € W has the above
property. Assume by way of contradiction that S # W. Then W\ S is nonempty; let
w € W\S be least. By the leastness of w, seg(w) C §. But then by the condition
on S, we have w € §. This contradiction concludes the proof. ([

We are now sufficiently equipped to prove the main result of this section.

Theorem 15. Let (W, <) be a countable, nonempty well-ordered set. Then there is
a positive, real-valued W -sequence (r; : i € W) such that the corresponding series
(S; :i € W) converges.

Proof. Let (W, <) be an arbitrary countable, nonempty well-ordered set. By
Lemma 11, there is a sequence (x; : i € W) in the open unit interval (0, 1) such that

foralli,jeW, i<j < x <xj. 2-1)
Since W is countable, there is an injective map f : W — N. For each i € W, set
Tima+ Y oo 22)
Jj<i
Clearly each T; € R. Now suppose i, j € W with i < j. Then by (2-1),
Xi <. (2-3)

Moreover, since i < j,

1 1
> 5m <25 2-4)

k<i k<j
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It is immediate from (2-3) and (2-4) that 7; < 7;. Summarizing,
foralli,jeW, i<j < T <T;. (2-5)

Recall above that for each i € W, we have 0 < x; < 1. It is immediate from the
definition of 7; that 0 < 7T; < 3 for all i € W. Therefore, (7; :i € W) is monotonically
increasing and bounded, and hence converges by Lemma 14. Even more, for any
i € W, the sequence (7] : j € seg(i)) is also monotonically increasing and bounded.
Summarizing, we have

(T; : i € W) converges. (2-6)
Moreover,
(T; : j €seg(i)) converges for every i € W. 2-7)
Our next claim is that
li_1>n(Tj :jeseg(i)) <T; forallieW. (2-8)

To see this, let i € W be arbitrary. If i is the least element of W, then the result is
patent. So let us assume this is not the case. Let j € seg(i) be arbitrary. Since j <1,
we also have x; < x;; see (2-1). Observe too that ), _; 17270 <3 17270,
Therefore, x; + Y, 1/27® < xi + 37, 1/27®. Set M := x; + 3 _; 1/2/®.
We have shown that
T; <M forall j €seg(i). (2-9)
Finally,
11_1)11(7} :jesegd)) =sup{T;:jeseg)} <M <T, (2-10)

establishing (2-8).
Now, for each i € W, set

ri =T, —h_r)n(Tj : j €seg(i)). (2-11)

Invoking (2-8), we see that r; > 0 for every i € W. Let (S; : i € W) be the series
determined by (r; : i € W). Next, we demonstrate that

Si=1T;, forallieW. (2-12)

Leti € W and suppose that S; = T; for all j <i. By the principle of transfinite
induction, it suffices to prove that S; = 7;. Toward this end, simply note that

Si=lim(S; : j €seg(i))+ri =lim(7;: j €seg(i))+r;=T; (by the definition of r;),

and we have proven (2-12). It follows that S; € R for every i € W. Applying (2-6)
and (2-12), (S; : i € W) converges, and the proof of Theorem 15 is complete. [
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3. Uncountable sums in totally ordered abelian groups

3.1. Transitioning to uncountable sums. The question of how to define an un-
countable sum of positive real numbers is quite a natural one, given the applications
of (standard) convergent series to calculus. Indeed, this question has received
attention both online and in the literature; see [Tao 2011, Exercise 0.0.1; Rudin
1987, Chapter 1; Folland 1999, Chapter 0]. A common way (which circumvents
the need to delve more deeply into set theory and order theory) is to define the sum
of an uncountable set S of positive real numbers as!!

Z c=sup{s;+so+---+s,:neZ, s5;€8, s # s fori # j}. (3-1)

s
Interestingly, regardless of the uncountable set S of positive reals, ) _ ¢ as defined
in (3-1) will never be finite. To see why, let S be an arbitrary uncountable set of
positive real numbers. For every positive integer n, let S, := SN (%, oo). One
checks immediately that S = Un <7+ Sn. Because S is uncountable, it follows that
some S; must be infinite (uncountable, even). But then there are infinitely many
elements of S which are larger than % Given a real number N, choose (by the
Archimedean property of the real line!?) a positive integer m such that m > kN.
Now choose m distinct elements sy, ..., s, of S which are larger than % Then
observe that s; +---+s,, > % > N. We deduce that ) ¢ does not exist (as a real

number).

There is a sense in which the reason that ) ¢ (as defined in (3-1) above)
is never finite for uncountable S C (0, co) is because the real line isn’t “long
enough” to accommodate such a phenomenon. To give a related example, a
well-known topological property of the real line is that there does not exist an
uncountable collection of pairwise-disjoint open intervals. The usual proof is by
contradiction: if such a collection existed, simply pick a rational number from
each interval, and you get an uncountable set of rational numbers, which is ab-
surd. We would like to offer a somewhat different argument. The argument is
much less elegant than the proof just given; our purpose is to make a connection
between the nonexistence of such a collection and the real line’s lack of “length”
to which we alluded above. This phenomenon will inspire many of the results of
Section 3.

Example 16 (well-known). There does not exist an uncountable pairwise-disjoint
collection of open intervals on the real line.

HNote that, in some sense, any “natural” definition of the sum of an uncountable set of positive
real numbers must be at least as big as the sup given above.

12The Archimedean property is simply that for every r € R and x € (0, oc), there is n € Z such
that nx > r.
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Proof. Suppose by way of contradiction that there exists a collection C := {(a;, ¢;) :
i € I} of pairwise-disjoint (nonempty) open intervals on the real line, where [ is an
uncountable set enumerating C. For each i € I, set b; := min(c;, a; + 1). Then one
checks at once that the map (a;, ¢;) — (a;, b;) is injective. Set B:={(a;, b;) :i € I}.
As the members of C are pairwise-disjoint, it is immediate that

the members of B are also pairwise-disjoint. (3-2)

For each i € I, let ¢(a;, b;) := b; — a; be the length of the interval (a;, b;). By
construction of the b;’s,

L(a;,b;) <1 foreveryiel. (3-3)

Because the members of B are pairwise-disjoint, it is clear that
ai #a; fori# jinl (3-4)
Now, since {a; : i € I} is uncountable, there is some integer n for which [n, n+1]N

{a; :i € I} :=J is uncountable. Applying (3-3), (a;, b;) € [n,n+2] for all j € J.
Thus we may assume without loss of generality that

(aj,b;) S [n,n+2] foreveryiel. (3-5)

Consider the length function £ : B — [0, 2] defined above. Because (a;, bj) C
[n,n+ 2] for all j € I and the intervals (a;, b;), i € I, are pairwise-disjoint, we
conclude that

E_l(y) is finite for every y € [0, 2]. (3-6)

Noting that {e~! (y) : y e ran(€)} partitions the uncountable set 3, we deduce from
(3-6) that
ran(£) is uncountable. (3-7)

For each y € ran(£), choose (a,, b,) € B such that y = £(ay, by) = by, —a,. Next,
set § := {by —a, : y e ran({)}. Note that S is uncountable by (3-7). Consider
again the definition of ) ¢ given in (3-1) for S an uncountable set of positive
real numbers. We argued that ) ¢ is not a real number. However, observe that

if by, —ay,, ..., by, — ay, are distinct members of §; then we deduce from the
pairwise-disjointness of the intervals (a,, by) and (3-5) that Zle by, —ay, < 2.
But then certainly ) _ ¢ is real, a contradiction. |

Several questions and comments are now in order. First, there are plenty of
examples of conditionally convergent (countably infinite) real series. Is it possible to
define the sum of a real series with uncountably many nonzero terms which has both
positive and negative terms? If we can find such a way, is convergence to a finite
value possible? Next, observe that in our proof that ) _ ¢, defined in (3-1), is infinite,
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we applied the Archimedean property of the ordering on R. What if we replace the
totally ordered additive abelian group of real numbers by an arbitrary totally ordered
abelian group (the definition of which is forthcoming in Section 3.2)? The notions
of convergence we have discussed can easily be translated to this more general
context (we settle on such a notion in Section 3). Are there any uncountable sums
of nonzero elements of a totally ordered abelian group which are “finite” (that is,
have values in the group)? Finally,'® recall that the cumulative hierarchy of sets V,,
where o an ordinal, is generated from the empty set by transfinite applications of
the union and power set operations. By definition, V,,, =, —w, Vi, 8010 a sense,
Ve, 1s a “limit” of the V;’s for i < w;. Moreover, there is no countable S € w; such
that V,,, is the “limit” of {V; : i € S} in the sense that, for any countable such S, we
have | J;.g Vi € Vi,.!* Thus V,, cannot be obtained as the union of a countable
collection of V;’s, where each j < wi. Supposing we have settled on a definition
of “uncountable sum” in a totally ordered abelian group, as in the cumulative
hierarchy example above, can we find a convergent series of positive terms whose
sum is not the sup of the collection of finite sums (in contrast to the definition of an
uncountable sum of positive reals given in (3-1))? We investigate these questions in
the remainder of this article. As a precursor, we give a self-contained introduction
to ordered abelian groups to be utilized shortly.

3.2. Preliminaries: totally ordered abelian groups. The purpose of this subsection
is to give a gentle introduction to the theory of totally ordered abelian groups, as
we shall cast our remaining results in terms of these structures. For the reader
already comfortable with ordered groups, we recommend skipping to the definition
of coinitiality below.

To begin, consider the set Z of integers. The usual addition + on Z enjoys many
nice properties; we single out several below:

(1) (+is associativeonZ) x+(y+z)=(x+y)+zforall x,y,z e Z.
(2) (4 is commutativeon Z) x +y =y +x forall x, y € Z.

(3) (existence of an additive identity) There exists an element O € Z such that
x+0=x forall x € Z.

(4) (existence of additive inverses) For all x € Z, there exists y € Z such that
x+y=0.

Suppose now that G is a set and @ is a binary operation on G (thatis, 8:GxG — G
is a function). Then observe that the properties of associativity and commutativity,
the existence of an additive identity, and the existence of additive inverses enjoyed
above by Z with the usual addition can all be translated mutatis mutandis to this more

3 This example requires some knowledge of axiomatic set theory.
140n the other hand, Uies Vi = Vi, if S is uncountable.
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abstract setting. For example, @ is commutative on G exactly when x @y =y ® x
forall x, ye G. If G is a set and @ is a binary operation on S such that (1)—(4) above
hold (with + replaced with @, of course), then we say that the structure (G, @)
is an abelian group. We pause to give two additional examples. The uninitiated
reader is encouraged to verify that the following are, in fact, abelian groups.

Example 17. Let X be a set, and let 7 (X, R) be the collection of all functions
f : X — R. Define ® on F(X,R) by (f ® g)(x) := f(x)+ g(x), where + is the
usual addition on R. Then (F(X, R), @) is an abelian group.

Example 18. Let S be a set, and let P(S) denote the power set of S. Define & on
P(S) by A® B :=(A\B)U (B\A). Then (P(S), &) is an abelian group.

Remark 19. We now adopt the usual convention of denoting the operation on an
arbitrary abelian group by + instead of @.

In Section 2.1, we defined various binary relations on a set S. Consider instead an
abelian group (G, +) and a total order < on G. If we are to define a totally ordered
abelian group structure, we would expect some compatibility between the order <
and the addition on G. This compatibility is in the form of so-called translation
invariance, which simply means that if x, y,z € G withx < y, thenx +z < y +z.
If (G, +) is an abelian group and < is a translation invariant total order on G, then
we call the structure (G, +, <) a fotally ordered abelian group. More examples
are now in order. Again, the reader is encouraged to check the details for her- or
himself.

Example 20. Let G := Z x Z with the usual componentwise addition. Then the
dictionary order < on G is total and translation invariant.

Example 21. Consider the set R[X] of polynomial functions with real coefficients.
Then R[X] becomes an abelian group under the usual addition of polynomial
functions. Define < on R[X] by f < g if and only if there is N € R such that
f(x) < g(x) for all x > N. It is straightforward to verify that (R[X], +, <) is a
totally ordered abelian group.

Our final preliminary result concerns convergence in ordered abelian groups,
though for now, we have no need to complicate things by introducing a formal
definition of convergence just yet (though as the reader may expect, it will mirror
Definition 8). First, we present the ordered group analog of Definition 13.

Definition 22. Let (G, +, <) be a totally ordered abelian group, and (W, <) be a
well-ordered set. Further, suppose that (g; : i € W) is a W-indexed sequence in G:

(1) (gi :i € W) is increasing (or strictly increasing) if whenever i, j € W and
i < j,then g; < g; (respectively, g; < gj).
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(2) (gi :i € W) is decreasing (or strictly decreasing) if whenever i, j € W and
i < j,then g; > g; (respectively, g; > g;).

(3) If (g; : i € W) is either (strictly) increasing or (strictly) decreasing, then we
say that (g; : i € W) is (strictly) monotonic.

To close this subsection, we introduce an important definition and lemma of
which we shall shortly make use.

Definition 23. Suppose that (G, +, <) is a totally ordered abelian group and (W, <)
is a well-ordered set. Further, let g* € G:

(1) Suppose that (g; : i € W) is a strictly increasing sequence in G such that
gi < g*foralli € W. Then we say that (g; : i € W) is left g*-coinitial provided
that, for every g € G, if g < g* then there is i € W such that g < g;.

(2) Suppose that (g; : i € W) is a strictly decreasing sequence in G such that
g* < gi for all i € W. Then we say that (g; : i € W) is right g*-coinitial
provided that, for every g € G, if g* < g, then there is i € W such that g; < g.

We conclude with the following observation:

Lemma 24. Let (G, 4, <) be a totally ordered abelian group and (W, <) be a
well-ordered set. Suppose that (g; :i € W) is a W-sequence of elements of G and
that g* € G. If (g; :i € W) is either left or right g*-coinitial, then there is a right
0-coinitial G-valued W -sequence (h; :i € W).

Proof. Let (G, +, <), (W, <), (g; :i € W), and g* be as stated.

Case 1: (g; :i € W) isright g*-coinitial. Then (g; : i € W) is strictly decreasing. For
i€ W,leth; :==g;—g* We claim that (k; : i € W) is right 0-coinitial. First, suppose
thati, j € Wand i < j. Then g; < g;. By translation invariance, g; — g* < g — g™;
that is, hj < h;. Thus (h; :i € W) is strictly decreasing. We claim that 4; > 0 for
all i € W. It is clear that this reduces to g; = g* for all i € W, which is true since
(g; :1 € W) is right g*-coinitial. It remains to show that if g > 0, then there isi € W
such that #; < g. So suppose that g > 0. Then g + g* > g* Because (g; :i € W) is
right g*-coinitial, there is i € W such that g; < g + g* Subtracting g* from both
sides of the inequality, we obtain g; — g* < g; that is, h; < g. We have shown that
(h; : i € W) is right O-coinitial, completing the proof in this case.

Case 2: (g; : i € W) is left g*-coinitial. Then it is clear that (—g; : i € W) is
right (—g*)-coinitial. Therefore, by Case 1, there is a right O-coinitial G-valued
W-sequence (h; : i € W). [l

For further reading on ordered groups, we refer the reader to [Botto Mura and
Rhemtulla 1977].
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3.3. Defining and exploring uncountable sums in totally ordered abelian groups.
Our first task is to give a rigorous definition of “infinite sum” in a totally ordered
abelian group. We begin by defining the convergence of a sequence. To wit, let
(G, +, <) be a totally ordered abelian group. We may define the absolute value of
g € G by mimicking the usual definition on the real line:

gli=1 8 if g >0,
8= —g otherwise.

We are now prepared to define convergence of a G-valued W-sequence, where
(G, +, <) is a totally ordered abelian group and (W, <) is a well-ordered set
(compare to Definition 6).

Definition 25. Let (G, +, <) be a totally ordered abelian group, (W, <) a nonempty
well-ordered set, (g; : i € W) a G-valued W-sequence, and g € G. We say that
(gi :i € W) converges to g, or that g is the limit of (g; : i € W), provided that for
every € > 0, there exists i € W such that if j € W and j > i, then |g; — g| < €. In
this case, we write li_r>n(g,~ ieW)=g. If W=, then we set li_r)n(gl- ieW):=0.

We must pause to address a potential difficulty. Notice the appearance of the
word “the” in the phrase, “g is the limit of (g; :i € W)” above. To justify our choice
of article, we must confirm that a convergent G-valued W-sequence has a unique
limit.

Lemma 26. Let (G, +, <), (W, <), and (g; :i € W) be as in Definition 25. Then
(gi : i € W) converges to at most one g € G.

Proof. Suppose that (g; : i € W) is a convergent G-valued W-sequence. If G is
trivial, then the result is trivial as well, so we assume that G is nontrivial. Then
there is some nonzero g € G. Now, either g > 0 or —g > 0, so G has positive
elements relative to <.

Case 1: G has a least positive element, say €. Let g be a limit of (g; : i € W).
There exists i € W such that, for all j > i, we have |g; — g| < €. By the leastness
of €y, we must have |g; — g| = 0, and hence g; = g for all j > i. If g’ is any
other limit of (g; : i € W), then there is i’ € W such that g; = g’ for all j > i’ Let
k :=max(i, {"). Then observe that g, = ¢ = g/, and we are done in this case.

Case 2: G has no least positive element. We claim that G is dense in itself with
respect to <.!5 To see this, suppose x < z. By translation invariance, z — x > 0.
Since G has no least positive element, there is g € G such that 0 < g < z — x.
Adding x throughout, we get x < g +x < z, completing the verification that G is
dense in itself relative to <. Now, suppose by way of contradiction that (g; :i € W)
converges to both x and z for some distinct x, z € G. Without loss of generality,

15This is a fundamental result in the theory of totally ordered abelian groups.
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we may suppose that x < z. By denseness, there is y € G such that x < y < z. Set
€ :=min(y — x, z — y). Then the balls B.(x) :={g € G : |x — g| < €} and B.(z)
are disjoint. But by convergence, there is some i € W such that g; is a member of
both balls, a contradiction. |

Now that we have established the uniqueness of limits, we are ready to define
infinite series in an arbitrary totally ordered abelian group. Our definition is the
canonical extension of Definition 8.

Definition 27. Suppose that (G, +, <) is a totally ordered abelian group and that
(W, <) is a nonempty well-ordered set. Next, let (g; : i € W) be a G-valued
W-sequence, and choose any e ¢ G. We now define the series (S; : i € W)
determined by (g; : i € W) by recursion on W. Suppose that i € W and that §; has
been defined for every j < i. We now define S; as

. e if §;=e for some j <i or lim(S;:j €seg(i)) does not exist,
N lim(S;:j €seg(i)) + g otherwise.

We say that the series (S; : i € W) converges if S; € G for eachi € W and
li_r)n(S,- ;i€ W):= S8 € G. In this case, we say that S is the sum of the series
(S;:ieW).

We now present a trivial example of a convergent series relative to the above
definition.

Example 28. Let (W, <) be an uncountable well-ordered set, and let iy be the least
element of W. Continuing recursively (on N), define i,,4| := the least element of W
larger than i,,. Because W is uncountable, it is clear that i,, is a well-defined member
of W for every n € N. Next, forn e N, setr;, := (%)n For j € W\{i, : n € N}, set
rj :=0. Then (as one might expect) the corresponding series sums to 2.

Notice that the sequence introduced above has but countably many nonzero terms
(this is what we mean by “trivial”’). The following question is natural:

Question 29. Does there exist a totally ordered abelian group (G, +, <), a well-
ordered set (W, <), and a G-valued W-sequence (g; : i € W) such that g; # 0 for
uncountably many i € W, yet the corresponding series (S; : i € W) converges?

The remainder of this paper is devoted to proving that Question 29 has a negative
answer.

3.4. Nonexistence of convergent series with uncountably many nonzero terms.
We begin by remarking that in order to show that there does not exist a totally ordered
abelian group (G, +, <), a well-ordered set (W, <), and a G-valued W-indexed
sequence (g; : i € W) such that the corresponding series (S; : i € W) converges
and g; # 0 for uncountably many i € W, it suffices to show that if (g; :i € W) is
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a G-valued W-sequence for which both g; # 0 for every i € W and (S; :i € W)
converges, then W is countable. One can give a proof that this is sufficient to
guarantee a negative answer to Question 29 via straightforward (transfinite) inductive
arguments. As such, we omit the details.

Before proceeding, we shall require more terminology. Let (W, <) be a nonempty
well-ordered set, and let S € W be nonempty. Since < is a well-order on W, there
exists a least element s € S (relative to <). Because < is total, it follows that s
is unique; we denote this s by inf(S) (the infimum of S). As in the real case, say
that S € W is bounded above if there is i € W such that s <i for all s € S. Such
an i is called an upper bound of S. If S is bounded above, then the least upper
bound of S is called the supremum of S and is denoted by sup(S). Next, we say
that i € W is a successor if there is j € W such that j < i and there isno k € W
such that j < k < i. If this is the case, then we write i = j*. Finally, if i € W is
not a successor, then we say that i is a limit.'® We present an example below.

Example 30. Let oo be any object not in N. Now extend the usual order < on N
to N U {oo} by declaring n < oo for all n € N. Setting W := N U {oo}, we see that
0 =1inf(W) is a limit, every nonzero natural number is a successor, and oo is a limit.
Moreover, oo = sup(N).

We now state a more general version of Lemma 7. As the proof is essentially
identical, we omit it.

Lemma 31. Suppose that (G, +, <) is a totally ordered abelian group and that
(W, <) is a well-ordered set with largest element w*. Further, suppose that
(gi:i € W)isaG-valued W-sequence. Then li_r)n(g,- e W) =gy~

We are almost ready to prove the final result of this paper. We shall require two
definitions and three additional lemmas. The first definition and lemma generalize
the well-known fact that if (r, : n € N) is a convergent real-valued sequence, then
every subsequence of (r, : n € N) converges to the same limit.

Definition 32. Suppose that (W, <) is a nonempty well-ordered set and that S C W.
Say that S is cofinal in W if for every w € W, there is s € S such that w <.

Lemma 33. Let (G, +, <) be a totally ordered abelian group and (W, <) be a
nonempty well-ordered set. Further, let (g; 11 € W) be a G-valued W -sequence. If
S € W is cofinal in W and lim(g; : i € W) = g* € G, then also lim(g; : i € §) = g™
Proof. Suppose S is cofinal in W and lim(g; : i € W) = g* € G. Now let € > 0.
There exists i € W such that if j > i, then |g; — g*| < €. Since § is cofinal in W,
there is s € S such that s > i. Hence if j € § and j > s, then also j > i. Therefore,
lgj —&*| <€, and lim(g; :i € ) = g™ O

16The reader familiar with the class of ordinal numbers should appreciate the terminology chosen
above.
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Definition 34. Let (G, 4, <) be a totally ordered abelian group and (W, <) be a
nonempty well-ordered set. Further, let (g; : i € W) be a G-valued W-sequence.
Then (g; : i € W) is called ultimately constant provided there is i € W such that
gi =g forall j >i.

Lemma 35. Suppose that (G, +, <) is a totally ordered abelian group, (W, <)
a nonempty well-ordered set with no largest member, and that (g; :i € W) is a
G-valued W -sequence with nonzero terms. If the corresponding series (S; :i € W)
converges, then (S; :i € W) is not ultimately constant.

Proof. Fix an arbitrary i € W. Now observe

that
Lem. 31

Sie =lim(S; : j €seg(i™)) +gi+ = Si+gi+.
Because g;+ # 0, we conclude that S; # Sf . Recalling that W has no largest element,
it is clear that (S; : i € W) is not ultimately constant. O

Lemma 36. Let (G, +, <) be a totally ordered abelian group, and suppose that
(gn :n €N) is a convergent sequence in G which is not ultimately constant. Then
there exists a right 0-coinitial G-valued sequence (h, : n € N).

Proof. We suppose that (g, : n € N) is a convergent G-valued sequence which is
not ultimately constant. Let li_I)n(g,, :n eN):=g. Since (g, : n € N) is nonconstant,
there is some ng € N such that g,,, # g. Set €o := |gn, — g|. There is k € N such that
if j >k, then |g; — g| < €p. Because (g, : n € N) is nonconstant, there is ny € N
such that ny > ng, g,, # g, and |g,, — g| < €o. Next, set €] := |g,, — g|. Similarly,
there is n, > n; such that g,, # g and |g,, — g| < €;. Continuing recursively, we

obtain a sequence (g, : k € N) such that np <n; <np <--- and for every k € N,
|&nsr — &1 < |&gn, — gl. We deduce that
gl’l,‘ # gnj fOI‘i # ] (3_8)

Via the same argument one uses to prove that every real-valued sequence has a
monotonic subsequence, we conclude that (g,, : k € N) has a monotonic subsequence
(g,,kl :1 e N). Invoking (3-8), it follows that (g,,kl :1 € N) is strictly monotonic. Since
{ng,: 1 € N} is cofinal in N, we deduce from Lemma 33 that (8ny, : [ e N) is a strictly
monotonic sequence which converges to g. It follows that (gy,, : ! € N) is either left
or right g-coinitial. Applying Lemma 24 yields the desired conclusion. ([

At long last, we are prepared to prove the concluding theorem of this note.

Theorem 37. There does not exist a totally ordered abelian group (G, +, <), an
uncountable well-ordered set W, and a G-valued W-sequence (g; :i € W) of
nonzero terms such that the corresponding series (S; : i € W) converges.
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Proof. We argue by contradiction. Thus suppose (G, 4, <) is a totally ordered
abelian group, W is an uncountable well-ordered set, and (g; : i € W) is a G-valued
W-sequence of nonzero terms such that the corresponding series (S; : i € W)
converges to S € G. Let i be the least element of W. Proceeding by recursion, set
int1:=inf{j € W :i, < j}. Because W is uncountable, the i,’s do not exhaust W.
Let i, be the least element of W larger than every i,. Since (S; : i € W) converges,
it follows by the definition of convergence that the sequence (S; : j € seg(iy)) =
(Si, :n € N) also converges. By Lemma 35, (S;, : n € N) is not ultimately constant;
invoking Lemma 36,

there is a right O-coinitial G-valued sequence (4, : n € N). (3-9)

We now consider two cases to obtain a contradiction.

Case 1: For every w € W, seg(w) is countable. Because W is uncountable, it
follows that W does not possess a largest element. Employing Lemma 35, we
deduce that

(S; 1 € W) is not ultimately constant. (3-10)

Because (S; : i € W) converges to S, for each n € N, choose j, € W such that if
w e W and w > j,, then |S,, — S| < h,,. We claim that

there is j € W such that j > j, forall n € N. (3-11)

If not, then W ={j, :n e N} U (U{seg(jn) ‘ne N}). But now W is a countable
union of countable sets, and hence countable, a contradiction. Let j € W satisfy
(3-11), and consider any w € W such that w > j. Then w > j, for all n € N, and
so |Sy — S| < hy, for every n € N. Because (h, : n € N) is right O-cofinal, we
conclude that |S,, — S| = 0, and therefore S,, = S. But now S,, = S for all w > j
and (S; : i € W) is ultimately constant, a contradiction to (3-10).

Case 2: There is some w € W such that seg(w) is uncountable. Choose the least
such w. Then observe that seg(w) is uncountable, but for every i € seg(w), we
have seg(i) is countable. Now simply consider the sequence (g; : j € seg(i)) and
the corresponding series (S; : j € seg(i)). This restriction puts us back in Case 1,
and so we obtain a contradiction again, as required. (|

Now that the smoke has cleared, we conclude the note with an informal descrip-
tion of why nontrivial uncountable sums don’t exist in any totally ordered abelian
group. With notation as in the previous theorem, we let i € W be the first nonzero
limit of W. Then convergence of the partial sums at this stage, say to S, forces there
to be (in some sense) “countably much space” on at least one side of S in that there
is a countable S-coinitial sequence. By translation invariance, there is countably
much space around any g € G (on both sides of g). Consequently, there simply
isn’t enough “room” for a nontrivial uncountable series to converge.



300 GREG OMAN, CAITLIN RANDALL AND LOGAN ROBINSON

References
[Botto Mura and Rhemtulla 1977] R. Botto Mura and A. Rhemtulla, Orderable groups, Lecture Notes
in Pure and Applied Mathematics 27, Marcel Dekker, New York, 1977. MR Zbl

[Enderton 1972] H. B. Enderton, A mathematical introduction to logic, Academic, New York, 1972.
MR Zbl

[Folland 1999] G. B. Folland, Real analysis: modern techniques and their applications, 2nd ed., John
Wiley & Sons, New York, 1999. MR Zbl

[Jech 2003] T. Jech, Set theory, Springer, 2003. MR Zbl

[Munkres 1975] J. R. Munkres, Topology: a first course, Prentice-Hall, Englewood Cliffs, NJ, 1975.
MR Zbl

[Rudin 1987] W. Rudin, Real and complex analysis, 3rd ed., McGraw-Hill, New York, 1987. MR
Zbl

[Tao 2011] T. Tao, An introduction to measure theory, Graduate Studies in Mathematics 126, Ameri-
can Mathematical Society, Providence, RI, 2011. MR Zbl

[Tao 2014] T. Tao, Analysis, I, 3rd ed., Texts and Readings in Mathematics 37, Hindustan Book
Agency, New Delhi, 2014. MR Zbl

Received: 2017-08-04 Revised: 2018-01-19 Accepted: 2018-01-22

goman@uccs.edu Department of Mathematics, University of Colorado,
Colorado Springs, CO, United States

crandal2@uccs.edu Department of Mathematics, University of Colorado,
Colorado Springs, CO, United States

26.loganmr.5@gmail.com Department of Mathematics, University of Colorado,
Colorado Springs, CO, United States

mathematical sciences publishers :'msp


http://msp.org/idx/mr/0491396
http://msp.org/idx/zbl/0358.06038
http://msp.org/idx/mr/0337470
http://msp.org/idx/zbl/0298.02002
http://msp.org/idx/mr/1681462
http://msp.org/idx/zbl/0924.28001
http://msp.org/idx/mr/1940513
http://msp.org/idx/zbl/1007.03002
http://msp.org/idx/mr/0464128
http://msp.org/idx/zbl/0306.54001
http://msp.org/idx/mr/924157
http://msp.org/idx/zbl/0925.00005
http://dx.doi.org/10.1090/gsm/126
http://msp.org/idx/mr/2827917
http://msp.org/idx/zbl/1231.28001
http://msp.org/idx/mr/3309891
http://msp.org/idx/zbl/1300.26002
mailto:goman@uccs.edu
mailto:crandal2@uccs.edu
mailto:26.loganmr.5@gmail.com
http://msp.org

Colin Adams
Arthur T. Benjamin
Martin Bohner
Nigel Boston
Amarjit S. Budhiraja
Pietro Cerone
Scott Chapman
Joshua N. Cooper
Jem N. Corcoran
Toka Diagana
Michael Dorff
Sever S. Dragomir
Behrouz Emamizadeh
Joel Foisy

Errin W. Fulp
Joseph Gallian
Stephan R. Garcia
Anant Godbole
Ron Gould

Sat Gupta

Jim Haglund
Johnny Henderson
Natalia Hritonenko
Glenn H. Hurlbert
Charles R. Johnson
K. B. Kulasekera
Gerry Ladas

David Larson
Suzanne Lenhart
Chi-Kwong Li
Robert B. Lund

involve

msp.org/involve

INVOLVE YOUR STUDENTS IN RESEARCH

Involve showcases and encourages high-quality mathematical research involving students from all
academic levels. The editorial board consists of mathematical scientists committed to nurturing
student participation in research. Bridging the gap between the extremes of purely undergraduate
research journals and mainstream research journals, Involve provides a venue to mathematicians
wishing to encourage the creative involvement of students.

MANAGING EDITOR

Kenneth S. Berenhaut

BOARD OF EDITORS

Williams College, USA
Harvey Mudd College, USA

Missouri U of Science and Technology, USA

University of Wisconsin, USA

U of N Carolina, Chapel Hill, USA
La Trobe University, Australia

Sam Houston State University, USA
University of South Carolina, USA
University of Colorado, USA
Howard University, USA

Brigham Young University, USA
Victoria University, Australia

The Petroleum Institute, UAE

SUNY Potsdam, USA

Wake Forest University, USA
University of Minnesota Duluth, USA
Pomona College, USA

East Tennessee State University, USA
Emory University, USA

U of North Carolina, Greensboro, USA
University of Pennsylvania, USA
Baylor University, USA

Prairie View A&M University, USA
Arizona State University, USA
College of William and Mary, USA
Clemson University, USA

University of Rhode Island, USA
Texas A&M University, USA
University of Tennessee, USA
College of William and Mary, USA
Clemson University, USA

Gaven J. Martin
Mary Meyer
Emil Minchev
Frank Morgan

Mohammad Sal Moslehian

Zuhair Nashed

Ken Ono

Timothy E. O’Brien
Joseph O’Rourke
Yuval Peres

Y.-F. S. Pétermann
Jonathon Peterson
Robert J. Plemmons
Carl B. Pomerance
Vadim Ponomarenko
Bjorn Poonen
J6zeph H. Przytycki
Richard Rebarber
Robert W. Robinson
Javier Rojo

Filip Saidak

James A. Sellers
Hari Mohan Srivastava
Andrew J. Sterge
Ann Trenk

Ravi Vakil

Antonia Vecchio
Ram U. Verma

John C. Wierman
Michael E. Zieve

‘Wake Forest University, USA

Massey University, New Zealand
Colorado State University, USA
Ruse, Bulgaria

Williams College, USA

Ferdowsi University of Mashhad, Iran
University of Central Florida, USA
Emory University, USA

Loyola University Chicago, USA
Smith College, USA

Microsoft Research, USA

Université de Geneve, Switzerland
Purdue University, USA

Wake Forest University, USA
Dartmouth College, USA

San Diego State University, USA

UC Berkeley, USA

George Washington University, USA
University of Nebraska, USA
University of Georgia, USA

Oregon State University, USA

U of North Carolina, Greensboro, USA
Penn State University, USA
University of Victoria, Canada
Honorary Editor

Wellesley College, USA

Stanford University, USA

Consiglio Nazionale delle Ricerche, Italy
University of Toledo, USA

Johns Hopkins University, USA
University of Michigan, USA

PRODUCTION
Silvio Levy, Scientific Editor

Cover: Alex Scorpan

See inside back cover or msp.org/involve for submission instructions. The subscription price for 2019 is US $195/year for the electronic
version, and $260/year (+$35, if shipping outside the US) for print and electronic. Subscriptions, requests for back issues and changes of
subscriber address should be sent to MSP.

Involve (ISSN 1944-4184 electronic, 1944-4176 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o University of
California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and additional
mailing offices.

Involve peer review and production are managed by EditFLow® from Mathematical Sciences Publishers.
PUBLISHED BY
:l mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2019 Mathematical Sciences Publishers


http://msp.org/involve
http://msp.org/involve
http://msp.org/
http://msp.org/

mvolve

2019 vol. no.

Lights Out for graphs related to one another by constructions
LAURA E. BALLARD, ERICA L. BUDGE AND DARIN R.
STEPHENSON

A characterization of the sets of periods within shifts of finite type
MADELINE DOERING AND RONNIE PAVLOV

Numerical secondary terms in a Cohen—Lenstra conjecture on real

quadratic fields
CODIE LEWIS AND CASSANDRA WILLIAMS

Curves of constant curvature and torsion in the 3-sphere
DEBRAJ CHAKRABARTI, RAHUL SAHAY AND JARED
WILLIAMS

Properties of RNA secondary structure matching models
NICOLE ANDERSON, MICHAEL BREUNIG, KYLE GORYL,
HANNAH LEWIS, MANDA RIEHL AND MCKENZIE SCANLAN

Infinite sums in totally ordered abelian groups
GREG OMAN, CAITLIN RANDALL AND LOGAN ROBINSON

On the minimum of the mean-squared error in 2-means clustering
BERNHARD G. BODMANN AND CRAIG J. GEORGE

Failure of strong approximation on an affine cone
MARTIN BRIGHT AND IVO KOK

Quantum metrics from traces on full matrix algebras
KONRAD AGUILAR AND SAMANTHA BROOKER

Solving Scramble Squares puzzles with repetitions
JASON CALLAHAN AND MARIA MOTA

Erd6s—Szekeres theorem for cyclic permutations
EVA CZABARKA AND ZHIYU WANG

181

203

221

235

257

281

301

321

329

343

351

1944-4176(2019)12:2;1-3



	1. Introduction
	2. Countable sums of positive reals
	2.1. Order-theoretic terminology review
	2.2. Defining a sum of reals indexed by a countable well-ordered set
	2.3. Countable sums of positive real numbers

	3. Uncountable sums in totally ordered abelian groups
	3.1. Transitioning to uncountable sums
	3.2. Preliminaries: totally ordered abelian groups
	3.3. Defining and exploring uncountable sums in totally ordered abelian groups
	3.4. Nonexistence of convergent series with uncountably many nonzero terms

	References
	
	

