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1. INTRODUCTION

This note is motivated by a question that a colleague of the author’s often challenges calculus

students with: Does the series
o0

Z (—1)"7Lsinn| )
n=1

converge? This series combines features of several series commonly studied in calculus:

= (—1)" 2. |sinn) and . sin(nz)
come to mind. However, unlike these familiar examples, the series (1) seems to live on the fringes,
just beyond the reach of standard convergence tests like the alternating series test or the tests of
Abel and Dirichlet. It is therefore tempting for an infinite series aficionado to study (1) in hope to
find some clever resolution of the question of its convergence. Yet, the author’s colleague reports
that although he has posed the above question to many calculus students, he has never received
an answer. It turns out that there is a good reason for that: the question is quite delicate and
is intimately connected to deep facts about Diophantine approximation—facts which the typical
second-semester calculus student is unlikely to know.

The series (1) is obtained by perturbation of the moduli of the alternating harmonic series, which
is the simplest conditionally convergent alternating series one can imagine. In this note, we study
the convergence sets of similar perturbations of a wide class of alternating series. In particular,
the convergence of (1) follows from our results and classical work by Mahler [5] on the rational
approximations to .

Let § denote the class of continuous, decreasing functions f : [1,00) — R such that

oo
lim f(z) =0, / f(z)dr = oco.
T—>00 1

When f € §, the alternating series ) (—1)"f(n) is conditionally convergent. Our goal is to
describe the convergence set of the related series

o0

> (=1)"f(n)]sin(nma), (2)

n=1

where « is a real number.

It is natural to start one’s investigation of (2) with the case when « is rational, since in that
case the sequence {(—1)"|sin(nma)|}5; is periodic, and one may hope to see a pattern. Indeed,
this turns out to be the case, and one quickly discovers the following result.

Theorem 1. Suppose that f € § and that a = p/q, with p € Z, q € Z*, and ged(p,q) = 1. Then

the series (2) converges if and only if q is odd.
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Given Theorem 1, one may expect that when « is irrational, the convergence of (2) should
depend on the nature and quality of the rational approximations to c. The next result sheds some
light on the dependence.

Theorem 2. Suppose that f € § and o ¢ Q, and let {gn}22, be the sequence of denominators of
convergents to the continued fraction ofa If the series

By combining Theorem 2 with various facts about Diophantine approximation, we obtain the
following corollaries.

n= 1
qn even

converges, then so does the series (2).

Corollary 3. There is a set D C R, with Lebesque measure zero, such that the series (2) converges
for all real « ¢ D and all f € F.

Corollary 4. Suppose that f € § and « is an algebraic irrationality. Then the series (2) converges.
Corollary 5. The series (1) converges.

Corollary 3 follows from Theorem 2 and Khinchin’s theorem [2] on metric Diophantine approx-
imation. In particular, the set D can be chosen to be the set of real « such that the inequality
Gn+1 < q,?;/ ? fails for infinitely many n. Similarly, Corollary 4 follows from Theorem 2 and Roth’s
celebrated result [8] on Diophantine approximations to algebraic irrationalities. Finally, to derive
Corollary 5 directly from Theorem 2, we need to establish the convergence of (3) in the special
case when o = 1/m and f(x) = z~!. To that end, it suffices to know that the sequence {g,}>,
of denominators of convergents to the continued fraction of 7 satisfies an inequality of the form
n+1 K qn for some absolute constant C'. The first such results were obtained by Mahler in the
early 1950s. In particular, he showed in [5] that C' = 41 is acceptable. More recent improvements
on Mabhler’s work by Hata [1] and Salikhov [9] allow us to take C' even smaller (C' = 7.02 and
C = 6.61, respectively), but that has no effect on Corollary 5. The interested reader can easily
obtain further corollaries along the lines of Corollaries 4 and 5 by appealing to other results in
transcendental number theory. For example, one can use irrationality measures of numbers of the
form Ina or (Ina)/(Inb), with a and b real algebraic, to obtain other explicit examples of convergent
series similar to (1).

Theorem 2 provides a sufficient condition for convergence of alternating series of the form (2).
It is natural to ask how far is this condition from being also necessary. A closer look at the special
case f(z) =279, 0 < 6 < 1, reveals that sometimes the convergence of (3) is, in fact, equivalent to
the convergence of (2). We have the following result.

Theorem 6. Suppose that o ¢ Q, and let {g,}°°; be the sequence of denominators of convergents
to the continued fraction of a. When 0 < 0 < 1, the series

Z ] sin( mra)\ )

converges if and only if the series

does.



In particular, it follows from Theorem 6 that the divergence set of (2) can be uncountable. Let
a,b be integers, with ged(a,b) = 1 and b # 0, and {d};°, be an infinite sequence of 1’s and 3’s,
and consider the series

_a . —k!
A—b+kz:1dk10 .

When a = 0 and d;. = 1 for all k, this is the Liouville constant, the first example of a transcendental
number constructed by Liouville [4]. It is not difficult to show that when A is of the above form,
the respective series (5) diverges for 0 < 6 < 1. Furthermore, this classical example can be easily
modified to construct numbers for which the series (5) converges even when 6 = 1. Since the set L
of such A\’s is uncountable and dense in R, we obtain the following corollary.

Corollary 7. There is an uncountable set L C R, dense in R, such that the series (4) diverges for
all o € L and all 6 € (0,1].

As is stated in the opening paragraph, the present work is motivated by a calculus question.
Thus, the author decided to keep the mathematical prerequisites of the paper relatively low. The
statements of the theorems should be accessible to a good undergraduate student familiar with
calculus and elementary number theory, and the statements of the corollaries require only slightly
higher mathematical sophistication. Some high-powered mathematics is involved in the proofs of
the results on Diophantine approximation used to derive the corollaries from the main theorems, but
the proofs of the theorems themselves do not require advanced techniques. It is, perhaps, possible
to go further by using more sophisticated harmonic analysis, but the author deliberately avoided
going down that road. For example, one may be tempted to generalize the proof of Theorem 6 as
to turn Theorem 2 into a necessary and sufficient condition similar to Theorem 6. However, such
an attempt leads to an analysis of the asymptotic behavior as £ | 0 of the Fourier transform f (€)
of a function f € §. While the author is quite interested to see what the proper such version of
Theorem 2 looks like, he decided that this paper is not the place for it.

Acknowledgment. The author would like to thank Geoffrey Goodson, Alexei Kolesnikov, Pencho
Petrushev, and Houshang Sohrab for several conversations, suggestions and comments during the
writing of this paper.

2. PRELIMINARIES

We start by introducing some notation. Throughout the remainder of the paper, we write
e(z) = €2™* and ||z|| for the distance from the real number = to the nearest integer. We also use
Landau’s big-O notation and Vinogradov’s <-notation: if B > 0, we write A = O(B) or A < B, if
there exists a constant ¢ > 0 such that |A| < ¢B. We remark that in our proofs, the real numbers
a, 0 and the function f € § are considered fixed, and so implied constants are allowed to depend
on those; dependence on other parameters will be stated explicitly when it occurs.

We need to recall some basic facts about continued fractions. For definitions, proofs and fur-
ther details, see Khinchin’s book [3]. Let a be an irrational real number. Then « has a unique
representation as an (infinite) continued fraction

a = [ag;a1,az,...] =ap +
ai +

1
a2_.|_



Let prn/qn, where ged(pn, ¢n) = 1, denote the nth convergent to the continued fraction of «,

1

&:CLO+ .

P
! 1

..+
an—1

Then, by a variant of Khinchin [3, Theorem 1], the sequences {p,}72 ; and {¢,}°; can be defined
recursively by the conditions

po=1 ¢q=0, pr=a, q=1,
Pntl = GnPn + Pn—1, Gnt+1 = Qndn + Gn—1 (n > 1)
It then follows (see Khinchin [3, Theorems 9 and 13]) that

1 1
P O R—— L P . (6)
2¢ngn+1 dn dndn+1
Furthermore, the denominators ¢, grow exponentially and satisfy
gn > 2771 (n>1). (7)

Next, we state some estimates that will be needed in the sequel. Our first lemma is well-known
to number theorists; see Montgomery [6, pp. 39-40], for example.

Lemma 1. Suppose that N is a positive integer and o € R\ Z. Then

b <“““( oMo ||> ®)

Z e(an)
Lemma 2. Suppose that 1 <v < pu<oo and 6 > 0. Then

n=0
a 0 0
/ t 7 costdt < v, (9)

Proof. Partial integration gives

sin ¢
/ tOcostdt =t esmt‘”—l—ﬁ/ dt,
12

o+1
and (9) follows. O
Lemma 3. Suppose that 0 <0 <1 and 0 <v <1< u. Then
/M tcostdt = Ag+O(p? +0v'77), (10)
where Voo
Ay = /0 t=%costdt = T(1 — 0) sin(n0/2) > 10%9 (11)

Proof. Inequality (10) follows from Lemma 2 and the bound
12 v
/ t=% cost dt < / t=0dt < 0.
0 0

The closed-form expression for Ay is a standard Fourier cosine-transform formula. Its most natural
proof (which uses the theory of contour integration) can be found in the solution of Problem II1.151
in Pélya and Szegd [7, p. 331]. To justify the final inequality in (11), we use that sin(w6/2) > 6 (by
the concavity of the sine function) and
1-0r(1—-0)=I2-0)>I(1)=1. O
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3. PROOF OF THEOREM 1

We derive the theorem from Cauchy’s criterion. Consider the sum
N+M

S(a; M,N) = Y (=1)"f(n)|sin(nma)], (12)

n=N+1

where M, N are positive integers. Splitting S(p/q; M, N) according to the residue class of n modulo
q, we have

¢  N+M
Sp/a M. N) =3 (=1)"f(n)| sin(mpn/q)|
h=1 n=N+1
n=h (mod q)
q N+M
= sin(mph/g)| Y. (=1)"f(n). (13)
h=1 n=N+1
n=h (mod q)

We now consider separately the cases of odd and even g¢.

Case 1: q odd. Then the sum over n in (13) is alternating, and hence, bounded by its first term,
which is at most f(N). Thus,

|S(p/a: M, N)| < qf(N).
This establishes the convergence case of the theorem.

Case 2: q even. Then p is odd and we have (—1)" = (=1)" = (=1)P" in the sum over n in (13).
Hence,

q N+M
S(p/q; M,N) =Y (=1)"[sin(rph/q)] > f(n).
h=1 n=N+1
n=h (mod q)

We apply Euler’s summation formula to the sum over n and deduce that

S(p/a: M, N) = 2L Z 1P| sin(wph/q)| + O (af (V). (14)
where
N+M
Iy =1Ip(M,N) =/ f(z)dz.
N
Since ged(p, q) = 1, the sets {p,2p,...,qp} and {1,2,...,q} are equal modulo ¢q. Thus,
q q
Z(—l)phlsin(wph/q)\ = Z( 1P sin(nh/q) = Zsm wh(l+1/q)).
h=1 h=1

We evaluate the last sum using the well-known formula

i _ sin((g + 1)a/2) sin(qz/2)
2 _sin(he) = sin(z/2) ’

and (after some simplification) we obtain
q

> (=1)"|sin(wph/q)| = — tan (m/2q) . (15)
h=1
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Substituting (15) into the right side of (14), we conclude that
S(p/a; M, N) = C, If(M N)+0(qf(N)),

where C;, = —¢ 'tan(r/2¢) < 0. Since [y f v Jf(x)dx diverges, this completes the proof of the
divergence case.

4. PROOF OF THEOREM 2

To prove Theorem 2, we again estimate the sum S(a; M, N) defined by (12). It is convenient to
assume that N is even—as we may, since

S(a; M,N) = S(a; M,N + 1) + O (f(N))..

We start by expanding the function |sin(nmwa)| in a Fourier series. It is known and easily verified
that the Fourier expansion

cos
| sin(z/2)] —7—24]{2_1

is valid for |z| < 7, and consequently by periodicity for all real z. It follows that

fo'e) N+M

2 -1 n
S(e; M,N) = p Z 21 Z (=1)"f(n)e(akn).
k=—0o0 n=N-+1
The contribution from & = 0 is
9 N+M
2N ) < FV),
n=N-+1

Thus, combining the terms with kK = £m, m > 1, we obtain

0o N+M

4 -1
S(a; M, N) = —Re { > ] > (—1)”f(n)e(al~m)} + O (f(N)). (16)
k=1 n=N+1
We estimate trivially the contribution to the right side of (16) from terms with & > M, and we get
M M
4 —e(akN
St V) = L Re{ 3 L S 1 gtnetakn |+ OGO, (7
k=1 n=1
where g(z) = f(N + x). By partial summation,
M M—-1
> _(=1)"g(n)e(Bn) = g(M)U(5: M) Ag(m)U (B;m), (18)
n=1 m=1

where Ag(m) = g(m + 1) — g(m) and

1
Substituting (18) into the right side of (17), we obtain

M-1

(e M) = Re { g0V (0 30) = Y- Aglm)V(asm) b+ O, (19)
m=1
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where

M
V(eym) = Z w U(ka;m).
k=1

In order to estimate the right side of (19), we break the sum V' (a; m) into blocks depending on the
denominators of the rational approximations to «. Let {p,/qn};>o be the sequence of convergents
to the continued fraction of o. We decompose V' (a;m) into blocks Vj(c;m) defined by

—e(akN)
Vi(a;m) = Z o1 U(ka;m), (20)
kekC; (M)
where ICj(M) is the set of positive integers k < M such that ¢; < 4k < gj+1. We obtain different

estimates for Vj(a;m), depending on the size and parity of g;.

4.1. Estimation of V;(a;m) for small j. When j is bounded above by an absolute constant, we
appeal to (8) and get

ka +1/2|71
Vieml< 3 POV o), sy (21)
q;<4k<qj+1

4.2. Estimation of V;(a;m) for odd ¢;. Suppose that ¢; is odd and sufficiently large, and write
P =pj, 4= ¢q;, " = ¢j+1, and f = o —p/q. From (6), when 4k < r,

k 1
k — < —.
Bl <=1
Since ¢ is odd, we have 2q 1 (2pk + ¢q) and
2pk + q 1
S| e SAER |
-] 4
Hence,
1 1 _ 6pq(k)
[t 3 2 Gt = 81 2 i) - . > %22,

Using (21), we obtain

5qu_1 5P:qk_1
Viesm) < Y a5 DI CL

q<4k<r 1<h<2q q<4k<r
2th  2pk+q=h (mod 2q)
h™! 1
= — —_ 22
2 2q1 > i (22)
1<h<2q q<4k<r
2th 2pk=h (mod q)

Upon noting that the sum over k on the right side of (22) is O(q~2), we deduce from (22) that

-1

q
Vilasm)| < g2 )
h=1
(q+1)/2
<q ' ) 1 < q; ' Ing;. (23)
h=1
7

o2h — 1
2q




4.3. Estimation of Vj(a;m) for even ¢;. Suppose that g; is even, and let p,q,r, and  be as
in §4.2. Except when 2k = ¢ (mod 2¢), we can argue similarly to §4.2. Hence, when ¢ is even, we
get

Vi(a;m) = V/(a;m) + O (¢ 'Ing), (24)
where
—e(akN)
keK; (M)

2k=q (mod 2q)
When 2k = ¢ (mod 2q), we get

U(ka;m) Ze Bkn),
n=1
so (8) gives
U (ke; m)| < min (m, (2k[B])~") < min (m, 7).
Therefore, by (25),

. minfm,r)
!Vj(a,m)’ < E P < ¢~ “min(m,r). (26)
q<2l<r
I=q (mod 2q)

Combining (24) and (26), we conclude that
|Vi(a;m)| < qj_2 min(m, gj+1) + qj_1 In g;. (27)
Moreover, we note that the first term on the right side of (27) is superfluous when 2¢; > ¢;41, since

in that case the sum V/(a;m) is empty.

4.4. Completion of the proof. Let jo > 2 be an integer to be chosen later, and set

Jjo—1 1
ko + 1/2]]
K= Kj@)= ) g5ty —

=0 4k<q;,
We use (21) to estimate the contribution to V(a;m) from subsums Vj(a;m) with j < jo, and we
use (23) and (27) to estimate the contribution from sums Vj(a;m) with j > jo. Let Z, (M) denote
the set of indices j > jo such that g; is even and satisfies the inequalities ¢; < M and 2¢; < gj41.
We obtain

[V(a;m)| < K+ ¢ Z " Z qj_2 min(m, gj41),
J=jo J J€Za(M)

where ¢; > 0 is an absolute constant. Recalling (7), we deduce

[V(a;m)| < K+ co+2¢ Z q;2 min(m, r;), (28)
JE€L(M)
where ¢ > 0 is another absolute constant and r; = [¢j4+1/2]. Using (28) to bound the right side
of (19), we get
|S(; M, N)| < 3er Y 4;755 + Oj(F(N)), (29)
JETa (M)
where the O-implied constant depends on jy and

M-1
5 = g(M)min(M, ;) — 3 Ag(m) min(m, ry).
m=1
8



Using partial summation and the monotonicity of f, we find that

5 qj+1
5, < gjgm>s/ mmdxs/ f(2) d.
1<n<r; 0 1
Hence, (29) yields
361 q”'l
SN < Y / 2) dz + O;(F(N)). (30)
JELZQ (M)

Finally, let us fix an € > 0. Since the series (3) converges, we can find an index jy = jo(g) such

that
QJ+1 c
/ x)dr < —
q] 6c

We choose jg above to be such an integer and fix it. Then

qJ+1 qJ+1
/ ) dr < Z / 2)dr < —
q] , qj 6c1’

J =Jo
q; even

J€Ln (M

and (30) yields
€
1S5 M, N)| < =+ O-(f(N)),
where the O-implied constant depends on €. Therefore, we can find an integer Ny = Ny(e, «, f)

such that when N > Ny, one has
|S(c; M,N)| < e.

This establishes the convergence of the series (2).

5. PROOF OF THEOREM 6

We assume that the series (5) diverges and consider the sum S(«; M, N) one last time. We
will use (19) to show that S(a; M, N) can approach co as M, N — oco. We retain the notation
introduced in the proof of Theorem 2 and proceed with the estimation of S(a; M, N).

Let jo > 2 be a fixed integer chosen so that g, is sufficiently large, and let NV be a large even
integer. We restrict the choice of N to integers of the form ¢; —b, with j > jo and b € {1,2}. Using
(19), (21), (23), (24), and (27), we obtain the following version of (29):

S(a;M,N)= > Sij(e;M,N)+O(N), (31)
JE€ETA (M)
where Z, (M) is the set of indices defined in §4.4,

Sj(a;M,N):j_Re{ (M)V}(a; M) — ZAg V’am)}

and V/(a;m) is the sum defined by (25). Furthermore, by (26) and the choice of N, for indices j
with ¢; < N, we have
[V/'(c; M, N)| < q;2qj41 < ¢; °N,
whence
|Sj(c; M, N)| < ¢;*N.
Thus, from (31),
S(a; M,N)= Y Sj(a; M,N)+ O(N), (32)
JETL(M,N)
9



where Z/, (M, N) is the set of indices j € Z,(M) such that ¢; > N.
We now proceed to obtain an approximation for Vj’ (a;m), which we will then use to estimate
the right side of (32). Let p,q,r and 8 be as in §4.3. When 2k = ¢ (mod 2q), we have

U(ka;m) Ze (Bkn) % +0(1).

Using the Taylor expansion e(z) = 1 + 271iz 4+ O(|z|?), we deduce that when k < r,
e(kmp) —1
—2mikf

We substitute this approximation in (25) and obtain

Z e(kNB/2) e(kmpB/2) — 1 +0 (q—2)

n=1

U(ka;m) = +O(1).

Vi(a;m) =

J keL ) k2 -1 wikf3
1 N+m
= Z k2—1/ e(ktB/2)dt + O (¢7?),
keL; (M) N

where £;(M) denotes the set of even integers k such that 2k € K;(M) and k = ¢ (mod 2q). Hence,

. 4 ReZg(a; M, N)
Sj(o; M, N) = — > P
kEﬁj@W)
where
N+M M—-1 N+m
Zr(a; M, N) = g(M) / e(ktB/2)dt — > Ag(m) / e(ktB/2) dt
N m=1 N

Recall that here g(z) = (N + 2)?. Using partial summation, we find that

N+M
S M.N) = [ (10 = Nye(hes2) a
N+M
= / t%e(ktB/2)dt + O(NY).
N
Hence,
Si(a; M,N) = 4 Z 1 /N+M t=% cos(mkt ) dt + O(q*QN*G)
A - 21y
kEﬂjUW)
4 k 0—1 Vit g
= — Z (7T'8|)/ t=% costdt + O(q_QN_G), (33)
T K2-1 |/,
kel; (M) g
where v, = 7k|B|N and ui = 7k|S|M. Summing over j, we deduce from (32) and (33) that
' 4 ﬂ'k"ﬁj 9 1 pvktpg 0
S(oz,M,N)—; Z Z 21 /y t™7costdt+ O (N), (34)
JeT!,(M,N) ke L;( k

where |8j] = ¢;” lgjal.
In order to estimate the right side of (34), we will impose some restrictions on the choice of M.
Let Q, be the set of even members of {g,}72; such that

dn+1
/ 20 d > g1/
1

10



We remark that the contribution to the series (5) from terms with ¢, ¢ Q, is dominated by the
convergent series Y g ¢ 1792, Thus, the divergence of (5) implies the divergence of the series

3 = / " (35)

gn€Qa

In particular, the set Q,, is infinite. We restrict M to the sequence of numbers of the form [QHG/ 3},
with ¢ € Q.
Let J = J(M,N) denote the largest index in the set Z/ (M, N). Using our restriction on the

choice of M and the bound
Vit -0 g <1
/ 0 costdt’ < Fi 1 <
" InM if6=1,

we find that the term with j = J in (34) is
1-6/2

-1
< Y moy<dah
q<2k<M/2
k=q (mod 2q)

where ¢ = ¢y and the implied constant depends on 6. Hence,
Vk+Hk

9
S<O‘;M’N):% > Z (k15 1/V t=%costdt + O (N), (36)

k2 —1
JET!(M,N) keL;( k
where
To(M,N) = Io (M, N)\ {J}.
Since the integrals on the right side of (36) behave somewhat differently when # = 1 and when
0 < 6 < 1, we now consider these two cases separately.

5.1. The case § = 1. When j € Z/(M,N) and k € L;(M), we have p; = 7k|5;|M > 1. Hence,

by Lemma 2,
Vi Uk 1
/ t~'costdt = / t~Leostdt + O(1)

Vi Vg

1
= / (140 (#?)) dt+O(1)
Vg
—Iny, +O(1) =Ingj41 + O(In(kN)).
From this inequality and (36), we obtain

S(a;M,N):% > o ln%“ O (N)

JETV(M,N) keL,( )

4 Ingj1
> — > 21" O(N)
jET(M,N) I
Gttt
> ¥ S [T Erom, (1)
gn€QL (M,N) qn

where Q! (M, N) is the set of those g, € Q! for which ¢, > N and ¢,+1 < M. In view of the
divergence of the series (35), this establishes that
limsup S(o; M, N) =
M—o0
11



5.2. The case 0 < § < 1. When j € Z//(M,N) and k € L£;(M), by Lemma 3,

Vit pk
/ t 0 costdt = Ag + O (v % + 1.?),
1%

k
where Ay is the Fourier integral (11). From this inequality and (36), we obtain

44 k
S M,N)==—"2 3" Z ”'ﬁj Lo a)
FET!(M,N) keL;(
1- 9

4A q

> D, S O +A),
s 4 > —1

JETY(M,N) *J

A=mt S 3 k|5;

JETU(M,N) keL; (M)

where

By (6) and the restriction on M,

1-6
- qj+1 9j+1
A M 0 ] M7 J
< ‘ Z q -1 < Z q, -1’
JETY(M,N) *J JETY(M,N) *J
where v = %92 > (. Thus, for sufficiently large values of M, we obtain
1-6
2A9 q; +1
S(OGM,N)ZW Z qzji_—i—O(N%
JETL(M,N) I
/ 1 n+1 0
>4, Y 2/ t=dt+ O (N), (38)
e (N I /1

where Aj, = 27972(1 — 0)Ag > 0 and Q) (M, N) is defined as in §5.1. Therefore, once again, using
(38) and the divergence of the series (35), we conclude that
limsup S(a; M, N) = o0

M—oo
This completes the proof of the theorem.
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