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cohomology by connective complex K-theory, and weighted cup-length arguments by
considerations with biequivariant maps on spheres to improve on Farber—Grant’s bounds
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1. Topological Complexity of 2-Torsion Lens Spaces

The concept of topological complexity was introduced by Farber in [4] motivated by
one of the most basic problems in robotics: given a mechanical system S, one wants
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to determine an algorithm or a program capable of taking the system from any given
initial state A to any given final state B under certain given constraints. Thus, a
motion planning program for S is a set of rules that specify a movement of the
system from any given initial state to any other given final state. The problem can
be formalized mathematically in the following way. Let X denote the configuration
space of S, and let PX be the function space of all continuous paths v : [0,1] — X
in X. There is a fibration mx : PX — X x X that associates to every v € PX the
ordered pair formed by the initial and final points of v, i.e. mx(v) = (7(0),v(1)).
In its most basic form, the motion planning problem in X asks to construct a
function s : X x X — PX such that the composition wx o s is the identity; that
is, s must be a cross-section of wx. The natural restriction that the section s be
continuous can only hold when X is contractible; in general, continuity will hold
on neighborhoods U; covering X x X, called local domains, on each of which 7y
should admit a continuous local cross-section s;, called the ith local rule. Such a
set of local domains and local rules is called a motion planner in X.

The (normalized) topological complexity of X, denoted here by TC(X), is one
less than the lowest possible number of local rules among motion planners in X.
In other words, TC(X) is the normalized Schwarz genus of mx (so, the standard
convention for the Lusternik—Schnirelmann category is now imposed on Farber’s
original definition).

The concept of topological complexity captures a number of interesting phe-
nomena. To begin with, as shown by Farber, TC(X) gives a sharp measure of
the intrinsic discontinuities in the motion planning problem in X. On the other
hand, TC(X) depends only on the homotopy type of X and, since the diagonal
A : X — X x X is homotopy equivalent to 7y, the weighted cup-length of the
zero-divisors in any multiplicative cohomology theory of X gives lower bounds for
TC(X). The latter is the key observation leading (with singular cohomology) to
Farber—Grant’s general lower bounds for the topological complexity of lens spaces
(Theorem 6.1 in the final section of this paper). But most striking is the connec-
tion with a classical problem in differential topology: For the n-dimensional real
projective space P", Farber, Tabachnikov, and Yuzvinsky show in [6] that

TC(P") = Imm(P™) (1.1)
when n # 1,3,7. Here Imm(P™) stands for the Euclidean immersion dimension of
P™, i.e. the smallest positive integer d such that P™ can be immersed in R?.

The above property can be extrapolated to the case of lens spaces by recalling
from [1] that, for n # 1,3,7, Imm(P") is the smallest positive integer m for which
there is a Zs-biequivariant map S™ x S™ — S where Z, acts antipodally on each
sphere.

Definition 1.1. For positive integers n and ¢ consider the standard Z;-action on
the (2n + 1)-dimensional sphere S?"*! and let b, , denote the smallest positive
integer m for which there is a Z;-biequivariant map S2"+1 x §2n+l — §2m+1

1250051-2



Topological Complexity of Lens Spaces

Let L?"+1(t) denote the standard (2n + 1)-dimensional ¢-torsion lens space, the
orbit space of the action in Definition 1.1 above. The main result in [10] partially
extends (1.1) by showing

ﬁ(LQn—i_l(t)) = 2bn,t + 5n,ta 5n,t Z O; (12)

where in fact €,,; € {0,1} if ¢ is even.®

We focus on by, 3¢, which will also be denoted by b(n, e). While b(n, 1) captures
up to parity the (still undetermined) immersion dimension of P?"*! the function
b(n,e) has an easy description for e large enough: [10, Proposition 2.2] claims

b, ) {Qn, e > a(n); (1.3)

2n—1, e=a(n),

where a(n) denotes the number of ones that appear in the binary expansion of
n. This paper’s goal (Theorem 1.1 below) is to analyze the “first” unsolved case
in (1.3): e = a(n) — 1.

The main result in [3] claims that P?(™+2(m)=1) does not admit an immersion
in R4m=22(m) Therefore (1.1) and (1.2) imply

b(m+ a(m) —1,1) > 2m — a(m). (1.4)

More generally, considerations of the immersion dimension of lens spaces led to the
following conjecture in [12].

Conjecture 1.1. For 1 <e < a(m), b(m+ a(m) —e,e) >2m — a(m) +e — 1.

This should be considered as an alternative point of view toward an eventual
understanding of the intricacies in the “TC-approach” to the immersion dimension
of odd-dimensional projective spaces (cf. [10]). Namely, although half a century of
experience suggests that the numerical value of (1.1) might look like 2n—k(n)a(n)+
o(a(n)) with 1 < k(n) < 6, determining the nature of k(n) and the form of o(a(n))
is currently a major open task. However, if the “correction term” a(m) — 1 in the
first entry of the b-function in (1.4) were to be ignored, k(n) = 2 and o(a(n)) > 0
would provide a rather satisfying general lower bound for (1.1), at least in the case of
odd-dimensional projective spaces. Conjecture 1.1 extends such an idealistic bound
to (the topological complexity of) 2¢-torsion lens spaces in such a way that the
required correction term «(m) — e gets smaller as the lens-space torsion increases.
For instance, after ignoring the correction term “+1”, Theorem 1.1 below should
be thought of as giving the expected answer for the next case in (1.3).

In view of (1.3) and (1.4), Conjecture 1.1 is true for e = 1, and sharp for
e = a(m). It is also known to hold in many other cases with e = 2 (cf. [12, Theo-
rem 2.4]). One of the main achievements of this paper is a proof of Conjecture 1.1

aThere is a gap in the proof given in [10] of the estimates for e, ¢. The first author thanks José
Garcia—Calcines and Lucile Vandembroucq for noticing the problem and for discussions leading
to a fixing of the gap. Details are discussed in the final section of this paper.
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for e = a(m) — 1, with its corresponding application to the topological complexity
of lens spaces.

Theorem 1.1. b(m + 1,a(m) — 1) > 2m — 2 provided o(m) > 2.
Corollary 1.1. TC(L*™+3(20(m)=1)) > 4m — 4 provided a(m) > 2.

The proof of Theorem 1.1 is given in Sec. 5. Corollary 1.1 improves by arbi-
trarily large amounts on Farber-Grant’s general lower bound for the topological
complexity of lens spaces. Indeed, if v(m) stands for the exponent in the largest
2-power dividing m then, as indicated in Proposition 6.1 in the final section of the
paper, [5, Theorem 11] asserts in the case of L2™+3(2¢(™)~1) that

TC(L> 3 (200 =1)) > gy, — 2v(m)+2 _ 1 (1.5)

provided a(m + 1) > «a(m) — i.e. when (1.3) does not apply. But Corollary 1.1
improves the lower bound in (1.5) by 2¥(™+2 — 3 units.

2. On the Annihilator of the Toral Class in ku,(Zgr X Zze)

Let ku stand for the connective cover of complex K-theory, and write ku,X for the
reduced ku-homology of a space (or spectrum) X. The obvious projection Z x Z —
Zox X Zae determines a “toral” map T? = S x St — B(Zgx X Zae). Since the top
cell of T? splits off after a suspension, this yields a stable map S? — B(Zgx X Zge)
and a corresponding “toral” class 7 = 7y ¢ € kugB(Zok X Zae). Note that 7 actually
lies in the ku,-direct summand kusB(Zor) Q. ke B(Zae).

The first result in this section (proved in Sec. 3) identifies key elements in
Anny,,, (7), the ku,-annihilator ideal of 7.

Theorem 2.1. Let v; € kug correspond to Bott periodicity. For k > e and1 < j <
e consider the elements

_i 277 (k—e+3)—2
€j:2€ JU]_ ( e+3) Eku*

Then ;- Tpe =0, for j =0,...,e, where we set g9 = 2°.

Plenty of evidence (some of which is discussed in the following paragraphs)
points toward the possibility that the elements e; in Theorem 2.1 generate
Anny,,, (7). For instance, Theorem 2.2 below — a crucial ingredient in our
proof of Theorem 1.1 — settles the initial steps in such a task. The following
potential picture, which implies that the e; would indeed generate Anng,, (1),
arose from extensive computations mimicking those in the classical Conner—Floyd
conjecture.

Conjecture 2.1. Let I = I, . be the ideal of ku. generated by the elements €;
for j =0,...,e. Then there is a kuy-filtration of ku,B(Zgr) Qu, ku.B(Zaoe) whose
associated graded object is ku./I-free, and has (the class of ) Tk as a basis element.
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Remark 2.1. An important motivation for Theorem 2.1 and specially Conjec-
ture 2.1 comes from a desire to prove the corresponding statements with ku replaced
by the 2-primary Brown—Peterson spectrum (or, for that matter, by any BP(n)
with n > 2). This would yield a (Zyx X Zse)-analogue of the classical Conner—Floyd
conjecture. An immediate consequence of such a potential result is that the BP-
projective dimension of B(Zgr X Zge) would be 2 — the (Zyr X Zge)-case of an
old conjecture of Landweber. (Some of these goals — for k = e = 2, as well as
for e = 1 — have been accomplished in Nakos” Ph.D. work [16].) Furthermore,
on the applications side, and even more interesting, is the fact that a proof of the
BP-version of Conjecture 2.1 would complete an important step toward proving the
general case of Conjecture 1.1 (cf. [12]).

The starting point for the second result in this section comes from the obser-
vation (Proposition 4.1) that, since ku, is polynomial on a single variable, the
verification that the elements ¢; in Theorem 2.1 generate Anny,,, (7) follows easily
from the next conjecture.

2971 (k—e4+3)—3 (

Conjecture 2.2. None of the elements 2¢~Jv;] 1 < j <e) annihilates

The-

Conjecture 2.2 is true for k > e = 1 and k > e = 2. More generally, the following
result is proved in Sec. 4.

Theorem 2.2. Neither of the elements 2¢~ v ~¢ and 257211?(16_6”3 annihilates
the toral class T (the latter element makes sense only for e > 2). Consequently,
the elements € in Theorem 2.1 generate Anny,, (Ty.c) provided e <2 and k > e.

Remark 2.2. Conjecture 2.2 for j = 3 and k = e and, therefore, the last sentence
in Theorem 2.2 for k = e < 3 are proved in the Ph.D. thesis of the second author.P
As a consequence, it is deduced that, for K = e > 4, none of the elements

20 il 02 (g < j <), (2.1)

annihilates 7. .. Note that, for j = 4, this says that 2°7%v$%7, . # 0, involving a
power of v; which is only one less than that described by Conjecture 2.2. Although
the difference between the exponents in vy in (2.1) and Conjecture 2.2 (for k =
e) grows exponentially in j, it is its quotient which displays a good asymptotic
behavior, as it tends to % as t — oo. The proofs of these facts are given in [17,
Chap. 3], and are based on a much more elaborate argument than that given in
Sec. 4 to prove Theorem 2.2. Since we have no (say, TC-)application for these
extended results, we leave the interested reader to look in [17] for proof details of
the facts mentioned in this paragraph.

bThe thesis extends in fact the range k = e < 3 to k = e < 4, for which Conjecture 2.1 is also
verified. This depends on extensive computer-based calculations.
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The rest of the section is devoted to preparing the grounds for the proof of
Theorem 2.1 — the actual proof is done in Sec. 3.

We use the shorthand ku.(e) and ku.(k,e), respectively, for the reduced ku,-
homology of ™' BZs- and ¥ ~2BZy. A BZs-. The suspended spectra are taken just
for notational convenience as bottom classes become zero-dimensional. It is well
known (see, for instance, [8, Sec. 3]) that ku.(e) has a length-1 ku.-resolution

0— Ly iLo — kus(e) — 0,

where Ly = Lg is the ku.-free module on generators z; for ¢ > 0. Each z; has
dimension 2; and will also be denoted by (7). The map 9. comes from the 2¢-series

for the multiplicative formal group law [2¢](z) = M = Z e ) g,
Explicitly,
201
Deli) =Y as(i—s), (2.2)
s>0

where (¢) = 0 for £ < 0, and a5 = (ﬁ:l)vf. In particular, the ku.-Kiinneth spec-
tral sequence for X "2BZqx A BZs- collapses to the usual Landweber short exact

sequence
0 — ktta (k) @pu, kus(e) — ku.(k, e) — STork™ (ku.(k), ku.(e)) — 0.

The attention in this and the next two sections focuses on the tensor group
kus (k) Qpy, kus(e), in which the toral class lies. An important computational tool
will be given by the Smith ku.-morphism § : ku.(e) — ku.(e) determined by

5(i) = (i — 1).

We have the two endomorphisms 6; = 6 ® 1 and 63 = 1 ® ¢ of ku. (k) Qpu, ku.(e)
through which we can define a T-module structure on ku. (k) @y, ku.(e), where
T = ku.[[01, 02]] is the power series ring on two variables §; and d with coefficients
in ku.. An element (a) ® (b) € kuy(k) ®gu. ku(e) will simply be denoted by
(a,b). For instance, the toral class 7 € kug(k,e) corresponds to (0,0). We will
generically denote by ((s)) any linear combination of elements of the form (a, b) with
a+b=s.

Proposition 2.1. For j = 1,...,e any element 2k_jvfj+2j_172(a,b) lies in the
T-module generated by terms of the form

2k_svfs+2j_172((a +b+2 —2%), with j <s<k.
The proof of Proposition 2.1 and the deduction of Theorem 2.1 from Proposi-

tion 2.1 are given in the next section. It will be convenient to write

ok=i 2 T2 =2 p) Z T2 (g 4 b+ 2 - 2)) (2.3)
s=j+1

1250051-6



Topological Complexity of Lens Spaces

for expressing the conclusion in Proposition 2.1. Here, the congruence symbol is
to be read as “modulo T-multiples of the elements on the right-hand side”. This
notation will be in force throughout the following sections.

Remark 2.3. Although the proof of Proposition 2.1 is relatively straightforward,
and has the k = e case of Theorem 2.1 as an obvious consequence, in Sec. 3 we
need to appeal to a rather involved process in order to derive the general case of
Theorem 2.1 from Proposition 2.1. In a sense, our approach to Theorem 2.1 fills in
the gap for the case k > e. The other major feature of our proof for Theorem 2.1
has already been discussed in Remark 2.1, namely, the possibility of extending this
result to the BP-case. In this respect, it is to be observed that Proposition 2.1
claims, in particular, that not only the toral class, but the whole tensor product
ks (k) @k, kus(e) is killed by vfgil(k_e+3)_2 when k = e. This situation might also
hold for any k > e, but perhaps not with BP. Thus, in an eventual BP-generalization
of these results, the present direct form of Proposition 2.1 might need to be replaced
by the type of (inductive) methods in Sec. 3.

3. Proof of Theorem 2.1

The arithmetical manipulations in this section are based on the standard fact that
the highest power of 2 dividing the binomial coefficient (32+1) is

(i) equal to e — ¢, if s + 1 = 2¢, for some £ =0,...,¢;
(ii) greater than e — £, if 2¢ < s +1 < 2+, for some £ = 0,...,e — 1.

For instance, in terms of the notation set up in (2.3), the relation imposed by (2.2)
on the second tensor factor of ku. (k) ® ku.(e) yields

2°(a,b) = Y _2°7*0] M(a,b—2° +1),
s=1

a (j = 0)-version of (2.3) when k = e as long as we think of 27! as being 1. The
proof of Proposition 2.1, which is given next, makes a systematic use of analogous
considerations based on a suitable combination of the relations coming from both
tensor factors.

Proof of Proposition 2.1. Set g({) = 2¢—1 and, for a generator (a, b) of ku.(k)®
ke (€), write 26=0+1p9071 (q) = 26=3+24 4 A’ and 2¢309Y) (b)) = 267+ B 4 B/
with

j=2 i1
A=Y 272D at g~ D) —g(s). B=Y 2ol (04 g() - g(s),
s=0 s=0
Lk e
Al = Z Qk—svf(s) (a+g(j—1)—g(s)), B = Z 26_5vf(8) (b+g(j) —g(s))-
s=j s=j+1

1250051-7
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Note that the terms coming from (ii) above are meant to be taken care of by the
suitable use of the congruence symbols (of course, B’ = 0 when j = e, and A =0
when j = 1). Then, with k = e+ d, d > 0 we get

2k7jvi7(j)+9(j—1) (a,b)

_ 2dvlg(j*1) (a, 2€_jvf(j) (b))

= 20U | g oe—itip 4 Z 2¢=209) (b + g(j) — g(s))
s=j+1

2k j+1 g(] 1)((1 B Z 2k s 9(8)+9(] 1)(61 b+g( ) g(s))

s=j+1

The summation in the previous line has the form required in (2.3). Thus we only
need to deal with the term 2¢=9+109Y ™Y (¢, B) which is congruent to

k
2IHA,B) + 3020+ 9 1) — 9(5), B). (3:1)

The last summation is congruent to

k j—1
> 2k ( +9G—1) = g(s), > 277 b+ g(j) - g(a»)
s=j o=0
or, in the proposed shortened form, to
k j—1
SN ok IO (bt g(G) + g(G 1) — g(s) — () (32)
s=7 0=0

for each of whose summands one has 1 < s+ o0 4+ 1 —j < k. Those with s +
o+ 1—j > jare (T-multiples of terms) of the form required in (2.3) since, in
that case, g(s) + g(o) > g(s+ o+ 1 —3j)+ g(j — 1), as can easily be verified.
Those with s + 0 + 1 — j = j take in fact the form 2k*jvf(s)+g(0) (a, ), where now
g(s)+g(o) > g(j)+9(j—1), @ < a,and § > b. Finally, those with s+o+1—j=p
for a fixed 1 < p < j and necessarily with p > o + 1 are taken into account within

pn—1

Z 2k—uvf(ﬂ+j*ff*1)+9(0) ((-+4)),

o=0
where numbers inside double parenthesis are forced by dimensional reasons. But
since u < j, all terms in the last summation are T-multiples of that with o = p—1.
We deduce that the summation in (3.1) is congruent to

k
Z 2k—svf(s)+g(j*1) ()
s>7
+22k PP () S 2 ),

(a,B)EA
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where A C {(o, 8)|a+ 8 =a+b, @« <a, B> b}. On the other hand, the first term
in (3.1) is

2k*j+2 (A7 B)
= 20+1(4,2°77+1 B)

=2 [ AN 2 (b + g(5) — g(s)

s=j

=32 N (A b + g(j) — g(s)

s=j

e Jj—2
=) okmetly g (Z 2777209 (a4 g(j — 1) — g(0)), b + 9(j) — g<s>>
s=j o=0

e J—2

=N okt ORI (0 4 b4 () + g(G — 1) — g(s) — g(0))),

s=j 0=0

which is similar to (3.2) and, therefore, the corresponding analysis applies, with
the exception that, in the case s + o + 1 — j = j, the relations « < a and g > b
might not necessarily hold but, instead, one gets the strict inequality g(s) + g(o) >
9(j) +g(j — 1) from the new restriction o < j — 2.

Putting everything together, there results that Qk’jvi’(j)ﬂ’u_l) (a,b) is congru-
ent to

k j—1
Z 2kfsvf(5)+9(J—1)((_ ) + Z 2k7uvf(ﬂ+g(#—1) ((-+4)

s>j pn=1

+ZQk_jvf(j)+g(j71)+R((.”))+ Z 2k—jvg(j)+g(jfl)(a B).  (3.3)
R>0 (e,B)EA

Now, for 1 < g < j — 1 (holding only for 5 > 1) one has g(j) + g(p — 1) >
g(1) + g(p — 1) so that, by induction, each term on the second summation in (3.3)
becomes

_ j —1 — A j —1)—
ok uvf(ﬂ-"g(# )(( ) = Z ok )"Uf( )+9()+g(p—1)—g(p) ((-+4)).
A>p

Here, terms with A > j are easily seen to be contained (up to congruence) in the first
summation of (3.3), whereas those with A = j are contained in the third summation
of (3.3). But the terms 28— AN T9@Tow=D=000) (L)) with 1 < < A < j—1 are
easily seen to be T-multiples of the corresponding Ath term in the second summation
of (3.3). Therefore, an auxiliary inductive process on g = 1,...,j — 1 allows us to
get rid of the second summation in the expression (3.3) for 26=3p? @90~ (4 3y,
Then, by iterating the resulting formula, we can also get rid, first, of the last
summations in (3.3) and, then, of the third summation in (3.3). O

1250051-9
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One further formula is needed before proving Theorem 2.1. We use the relation
imposed by (2.2) on the second tensor factor to write

2790{(a,0) = 3 27 0{ P ((a+ b+ g(j) — 9()) (3.4)
sel;

for j =1,...,e, where I; = {s|0 < s < e,s # j}. Then, for j < ¢ < d+ j (recall
d=Fk—e>0) we have

Qk_evfj_l(€+37j)72 (a,b)

= gty i) (g, )

. i1 o s g(s .
= 20ty P DTN 9500 (0 + b+ g(5) — 9(5))
sel;

. J—10p_ s o s .
_ Z 2k+]7€78vf ([ ])"I‘g(] 1)+g( )((a + b + g(]) — g(s))), (3.5)
SEI]‘

Note that, in the last summation, 1 < ¢+ s — j < k. In particular, we could
use Proposition 2.1 in order to get rid of some such summands (those with a high
enough power of v1). However the resulting expression seems to become unneces-
sarily complicated. Instead, all summands in (3.5) will be taken care of (in the
arguments below) by means of a suitable inductive process.

We now start working toward the proof of Theorem 2.1. The relation 2¢(0,0) = 0
is obvious as it comes directly from the second tensor factor. In fact, in ku.(e) one
can easily prove (see, for instance, [9, Corollaries 2.6 and 2.7])

2¢T1(i) =0 and 2°T o (i) =2°T(i + 1), fori > 0. (3.6)
This implies the (j = 1)-case in the conclusion of Theorem 2.1:
2¢=Lyh=et1(0,0) = 2¢0%7¢(0,1)
= 2¢T i e71(0,2) = - - = 2%(0,d + 1) = 0, (3.7)
where the last equality comes directly from the bottom relation in the first tensor
factor. However, the (j > 1)-cases in the conclusion of Theorem 2.1 are much more
cumbersome to derive. The auxiliary constructions below are intended to organize
an elaborate process whose main idea is to use (3.5) as a generalization of (3.7) in
order to fill in the gap left by (2.3) when k > e (this is a slightly more detailed

description of the first two sentences in Remark 2.3). Thus, throughout the rest of
this section we assume k = e + d with d > 0.

Definition 3.1. Set p(0) = —1 and p(o) = (d+1)g(c — 1) for o > 1. Consider the
set J consisting of all pairs of non-negative integers (i, j) satisfying 1 < j < d+o
whenever p(c — 1) < i < p(o) with 1 < o < e. The number o above is determined

1250051-10



Topological Complexity of Lens Spaces

by i; yet at times we will denote it as o (i, j). Then, for (i,7) € J, set
g d+1+4i—2"71 for j < (i, §),
s(2,7) = L
d+1+i—2°0D="1 —o(i,j)+1) for j > (i, ),
(i) 9(j) +9(o(i,j) — 1) for j < o(i,j),
u(i,j) = -
20071 (j +3 —0(i,j)) =2 for j > 0o(i,]),
and
B(i,5) = 2" 70" ((s(i, ).

Note that, for 1 < o < ¢, s(p(c),d+o) = 0 and u(p(c), d+0) = 2°71(d+3)—2, so
that E(p(c), d+0) reduces to the term e, - (0, 0) in Theorem 2.1. Thus, Theorem 2.1
is a particular case of the following more complete result.

Theorem 3.1. E(i,5) =0 for (i,5) € J.

The main computational task in this section is to show that, for any (i,j) € J
and in terms of the convention set up in (2.3),

E(i,j) =Y E(,j"), (3.8)

where the summation runs over (some of) those (i/,5') € J which, in the lexico-
graphic order of J, satisfy (i, ') < (¢, ). Theorem 3.1 will then be a consequence
of the following.

Lemma 3.1. F(0,1) =0.

Proof. E(0,1) =2 vy((d)) = 5., 2¢70{” ((d +2 - 2%)) in view of (2.3). But,
in view of the first relation in (3.6), each of these summands is trivial as d — 2% +
2+e<k—sfors>2. O

The remainder of this section is devoted to establishing (3.8). By the way of
example, we first complete the analysis for the case i = 0 (that is 0 = 1) started in
the proof of Lemma 3.1. Thus, for 1 < 7 <d+1, (3.5) yields

B(0,7) =2 of(d+1- ) = D2 T (d 3 - 2),
sely

where [; is defined in (3.4). The term with s = 0 corresponds to E(0, j—1) whereas,
as in the proof of Lemma 3.1, the terms with s > 2 are trivial in view of (3.6). The
proof of (3.8) in the general case is as follows.

Proof of (3.8). Suppose p(c — 1) <i < p(0), with o > 2, and consider E(3, j) as
given in Definition 3.1 (so that 1 < j < d+ o).
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Case 1 < j < . From (2.3) we have

E(i,j) = 28 9p{DH9 D (g 41 44— 2771))
k
_ Z 2k—svg(3)+9(0*1)((d +14i49271 = 2)).

s>7
The summation really runs for j < s < d + o since, when s > d + o (and given
that i < p(o) and j < o), one actually has d + 1+ + 2/~ — 2% < 0. But in this
restricted range, one easily checks that the sth summand in the last summation
is a T-multiple of E(i — 1,s). Of course such a fact has to be verified by dividing
into cases, depending on whether s > o or s < o, and whether ¢ — 1 > p(c — 1)
or i —1 = p(c — 1). The actual verifications are left to the reader and, for the
sake of illustration, we only sketch a representative situation. When o < s and
i—1>p(oc—1) one has

B(i—1,s) = 2650 H3-90=2((g 1 99-1(5 _ 5 1 1))

so that we only need to verify that d +1+i+2/"1 =25 <d+i—2""Y(s -0+ 1)
(for which it is convenient to keep in mind that, in the present situation, j < o <'s
with j < s) and that 2° (s +3 — o) — 2 < g(s) + g(o — 1).

Case 0 < 7 < d+ o. Using (3.5) we now have
E(i,j) = 26302 UFm0"2((g 41 4 - 27 (j— 5+ 1))
- Z 2k+a—j—svf”‘1(jfo)+g(ofl)+g(s)
sel,
x((d+14i—-27"1j—o+1)+27 —2%).

This time the summation is relevant only for j + s — o0 < d 4+ o — 1 because,
otherwise, the summands have a ((negative))-part. One then verifies (again taking
into consideration suitable cases, so that Definition 3.1 is applied correctly) that
summands with s < o (so that 1 < j+s—o0 < j) are T-multiples of E(i,j+s—0),
whereas summands with s > ¢ are T-multiples of E(i — 1,5 + s — 0). O

4. Proof of Theorem 2.2

In this section k > e are fixed, and attention is focused on the ku,-annihilator ideal
of the toral class 7 = 7y ¢ € kuaB(Zokx X Zge).

Proposition 4.1. Let 2Pivl’ i =1,...,T, be elements annihilating T such that no
2piv§”71 annihilates 7,1 =2,3,...,T. If piy1 =p;i — 1, pr =0, and 0 = 1 < ¢q2 <
-+ < qr, then in fact Ann(t) = (2Piv]) =1, 7.

Proof. Let f € Ann(7) be a homogeneous element. Since 2P'7 = 0 (and odd
integers represent units in Zg»r: ), we can assume f = 2o} If m > py, then evidently
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2l € (2Piv] )i=1,... 7. Assume m = pg, L =2,...,T. If n < ¢4, then 2”1}%"‘71 is a
multiple of 2707 € Ann(r) and therefore we would have 2P¢v% ' € Ann(7), which
contradicts the hypothesis. Thus we must have n > ¢, so that f = 2™} is a
multiple of 2P¢v{*, and evidently f € (2P v );=1 7. m|

This section’s strategy is to work directly in the free ku,-module F' with basis
the pairs (4, 7), 4,7 > 0, and observe that Conjecture 2.2 can be proved by checking
that it is not possible to have in F' relations of the form

2673.1){(]')_1(0,0) = anﬂga,ﬁ + Zda,ﬁha,ﬁ7 Ca,B5 da’g €7, (4.1)
o, o,
where f(j) =271k —e+3) -2,
9¢ N B 2e S
ga,ﬁ=<1>1}{m B 1(0[,5)4_(2)@{0) B(a,ﬁ—l)—F"', (4.2)
2k NI 2k NI
o= (3 )l Ny + (5 )l e s )

and where the summations in (4.1) run over indexes a and g subject to

a, >0, a+p8<fy). (4.4)

The 2-divisibility properties of binomial coefficients will play a crucial role in our
arguments, and we record for future reference a well-known result stating the form
in which we will make use of these 2-divisibility properties.

Lemma 4.1. The functions o and v defined respectively in (1.3) and (1.5) satisfy
v($) = a(b) + a(a—b) — a(a). In particular, if a,b,c are non-negative integers with
b<aand1l < c< 2% the binomial coefficient (25) is divisible by b (a more
precise form of this assertion — not needed in the sequel — has already been noted
at the beginning of Sec. 3).

Throughout the rest of the section we will assume, to reach a contradiction, that
an equation of the form (4.1) has been given with j < 2. The next two propositions
will be central.

Proposition 4.2.

RS A,

a+pB—-d—3 ifj=2.
Proof. Case 37 = 1. We proceed by inverse induction on « + (3. Notice that, in
agreement with (4.4), the range of interest is 0 < o + 8 < d (we keep the notation
d = k — e introduced in the previous section). Let us focus attention on a basis
element (o, 8) in F with a + 8 = d. In these conditions the terms go, 5 and hq g
are the only ones contributing in (4.1) with multiples of the basis element (a, 3).
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The contributions are 2°c, 3 and 2%d, g, respectively. Therefore, we should have
v(ca) > k—e.

We now assume v(cq g/) > o + " whenever o + (3’ > p for some p < d, and
demonstrate that v(cq,g) > p given o and § with o + 8 = p. Again, we focus
attention on the basis element («, ) in F, and the way it can arise on the right-
hand side of (4.1). By virtue of (4.3), the contributions from the second summation
in (4.1) must arise from summands having an index of the form (r,3), r > «. For

these summands we have
2k:
>
V(r—a—f—l) =pte

due to Lemma 4.1, as r —a+1 =7r+38—-p+1 <d—-p+1 < 24P and
p + e < k — the latter inequality holds because p = a+ ( < d = k — e. On the
other hand, the contributions that arise from the first summation in (4.1) come
from indexes of the form (a, s), with s > 3, and by induction satisty the inequality

v(Ca,s) + l/(sf;rl) > p+efor s > (3. Indeed,

26
V(s—ﬂ—i—l) >pt+e—a—s

holds because the conditions of Lemma 4.1 are satisfied: p+ e — a — s < e since
p=a+B<a+ts, whiles—3+1 <29 PHlgnces—pf+1=s+a—p+1<
20+ =P+ 1 Therefore, when s = (8 we must also have v(ca ) +v(%) > p+ e

that is
v(cag) >p=a+p.

Case j = 2. We proceed by inverse induction on o+ 3. This time the range under
consideration is 0 < a4+ 3 < f(2) = 2d + 4. So, to ground the induction, assume
a+ 3 =2d+3. As in previous cases, we focus attention on the basis element («, 3),
and the way it can arise on the right-hand side of (4.1). Only g, and hq g are
relevant, and the corresponding contributions to the summand (o, 3) are 2°cq g
and 2¥d,, 5. Therefore, we must have v(co 5) > k — e.

Now, we assume that v(cq g/) > o + ' —d — 3 whenever o + ' > p for some
p < 2d + 3, and demonstrate that v(cq,g) > p —d — 3 when o + 5 = p. We focus
attention on the basis element (a, ) in F. In view of (4.3), the contributions of
the second summation in (4.1) must arise from summands with index of the form
(r,3), r > a. For these we have

2k
> —d—3
V(r—a+l>_p+e ’

because of Lemma 4.1 in view of the fact that p+e—d—-3 < ksincep=a+ (<
2d+3=2k—-e)+3andr—a+1l=r+F—-—p+1<2d+3—p+1<22d-p+d,
On the other hand, the contributions from the first summation of (4.1) arise from
indexes of the form («,s), with s > (3, and by induction satisfy the inequality
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v(Ca,s) + u(s_2;+1) >p+e—d—3for s > . Indeed,

26
> — o —
u(s_ﬁ+1)p+e o — S

holds because the conditions of Lemma 4.1 are satisfied: p+ e — a — s < e since
p=a+B<a+s whiles—3+1<29 Pl ginces—f+1l=a+s—p+1<
20Fs=P+1 Therefore, when s = 8 we must also have v(cq ) + V(Qle) >pt+e—d—3,
that is v(cag) >p—d—3=a+3—d—3. O

Proposition 4.3. In the case j = 2, the inequality of Proposition 4.2 can be
improved to v(cag) > a+ B+ 1i—d— 3 when the following conditions are ful-
filled:

(a) d+4—i<a+B<2d—2i+4
(b) a <d+3—1;
(c) 1<i<d.

Proof. We proceed by double induction, first on ¢ in a range limited by (c), and
then on a+ [ in the range specified by (a). Let us consider a triple (i, «, 3) satisfying
(a), (b), and (c), and assume inductively that the proposition has been verified for
any other triple (i', o/, 3") that, in addition to fulfilling (a), (b), and (c), satisfies
one of the following conditions:

(d) i <3
(e) ! =tand o/ + ' < a+ 0.

Of course, the induction hypotheses associated with (d) and (e) are empty at the
start of the corresponding induction. We note that the three conditions (a), (b),
and (c) imply 8 > 1 and « + 8 > 4. In particular, (o, 8 — 1) and (0,0) are differ-
ent basis elements and, consequently, the total coefficient T with which («, § — 1)
appears on the right-hand side of (4.1) must be null. Then, in view of (4.2), the
conclusion we need in order to complete the induction translates into verifying that
the contribution to 7' from the summand with index (a, 8) in the first summation
of (4.1) is divisible by

gat+B+ite—d—4 (4.5)

(notice that in view of (a), the exponent in (4.5) is at least e). But since T' = 0,
it suffices to verify that the rest of the contributions to T' from the right-hand side
of (4.1) are also divisible by (4.5).

By virtue of (4.3), the contributions of the second summation in (4.1) must
arise from summands with index of the form (r, 5 — 1), r > «. For these it will be
enough to verify that (r_2: +1) is divisible by (4.5). But this will be a consequence
of Lemma 4.1, as soon as we establish the inequalities

) at+B+ite—d—4<k
(g) 7—a+1 < 2Ftd-a=f-izets
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The first condition is equivalent to a+ (3 < 2d—i+4 and, therefore, it is guaranteed
by (a). On the other hand, in case of the index (r, 8 — 1), the second inequality
in (4.4) asserts that r—a+1 < 2d—a— (+5, and since 2™ > 2m for every m € Z,
(g) will follow as soon as the inequality

2d—a—B+5<2k—a—B—i—e+d+5) (4.6)

is justified. But an elementary arithmetic manipulation shows that the latter
inequality is equivalent to the second inequality in (a).

It remains to consider the contributions coming from summands in the first
summation of (4.1) having index of the form («, s), with s > 8—1, s # . For these
we have to verify

25
s—04+2

The case s = 3 — 1 follows from the case (e) of the induction, except when oo+ 3 =
d + 4 — 1 — corresponding to the beginning of the induction — in which case (4.7)

y(ca,s)+u< )za+ﬂ+i+e—d—4. (4.7)

is obvious. Hence, throughout the rest of the proof we will assume
5> 3. (4.8)

Likewise, when ¢ = 1, Proposition 4.2 implies that (4.7) is a consequence of the
inequality V(s}ﬁ +2) > B+ e—s, which in turn follows easily from Lemma 4.1. Thus
we will also assume

i>2. (4.9)

Furthermore, when o + s = 2d + 3 (recall that the upper limit for « + s is set
by (4.4)), Proposition 4.2 asserts that (4.7) is a consequence of the inequality
V(S—Qﬁ:-z) >a+ B +1i+e—2d— 4, which in turn follows from Lemma 4.1. Indeed,
the conditions

() a+B8+i<2d+4
(k) s— f+2 < 22d-a—p=it5

required by the above-mentioned lemma are deduced directly from (a) — as
with (4.6), for (k) it is convenient to keep in mind the simple inequality 2™ > 2m
for every m € Z. Thus, we will assume in addition

a+s<2d+3. (4.10)

Now, when o + s < 2d — 2i + 6, the triple (i — 1, a, s) satisfies the conditions
(a), (b), and (c) of Proposition 4.3. Then, the case (d) of the induction assures that
(4.7) is a consequence of the inequality V(S_2;+2) > [0+ e — s which, just as in the
considerations previous to (4.9), follows directly from Lemma 4.1. Therefore, we
can now assume

2d - 2i+6 <a+s. (4.11)
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Note that (4.10) and (4.11) imply that (4.9) specializes to ¢ > 3, while (4.11) and
(a) imply that (4.8) specializes to
s> [+ 2. (4.12)
At this point we are in a position to repeat the analysis performed after (4.10):
When a+ s < 2d —2i+ 8, and by virtue of (4.11), the triple (i — 2, «, s) satisfies the
conditions (a), (b), and (c) of Proposition 4.3. So, the clause (d) of the induction
assures that (4.7) is a consequence of the relation y( 5+2) > B+e—s+1.In turn,
the latter inequality is guaranteed by Lemma 4.1 — the verification of the second
hypothesis in that lemma uses (4.12) together with the fact that 2™ > m + 2, for
m > 2. As a result, we can assume that (4.11) specializes to

2d — 21+ 8 < a+ s.

Recursively, assume that, for some j > 3, (4.7) has been proved except for

2d—i+j+1)<a+s. (4.13)
Note that (4.10) and (4.13) imply that ¢ > j + 1; whereas (4.13) and (a) imply
s> 04+2(5—1). (4.14)

Then, if (4.13) is satisfied together with the inequality o + s < 2(d — i + j + 2),
the triple (i — j,a, s) fulfills the conditions (a), (b), and (c) in Proposition 4.3.
Therefore, the case (d) of the induction assures that (4.7) is a consequence of the
inequality V(s B+2) > f+4+e—s+j—1, which in turn is guaranteed by Lemma 4.1
(the verification of the second hypothesis in the aforementioned lemma uses (4.14)
together with the fact that 2™ > m + j, for m > j). This completes the recursive
process (which is finite, in view of (4.10)), concluding the verification of (4.7) and,
thus, the proof of Proposition 4.3. |

The main result of this section, Conjecture 2.2 for j < 2, will be used in the
proof of Proposition 5.2 which is a key step in the proof of Theorem 1.1 and Corol-
lary 1.1 — our main applications to the topological complexity of lens spaces.
Explicitly, the proof of Theorem 2.2 is as follows:

Proof of Theorem 2.2. The easy part is for 7 = 1, for which we will see that
all contributions to the term v$(0,0) on the right-hand side of (4.1) have integer
coefficients divisible by 2¢. The contributions that come from the second summation
arise from indexes of the form (r,0) with » > 0 and the corresponding coefficient
is divisible by (T%fl). But u(fﬁl) > e in view of Lemma 4.1. Indeed, the relation
r+1 < 2871 i5 assured by (4.4), which in our case translates into r <d =k —e.
On the other hand, the contributions that come from the first summation in (4.1)
arise from indexes of the form (0, s) with s > 0 and they have coefficient ( +1)co s
In such cases, making use of Proposition 4.2, it suffices to verify the inequality
z/(s +1) > e — s. But the latter relation is an easy consequence of Lemma 4.1.

The crux of the matter is dealing with the case j = 2. For organizational pur-
poses we start by settling a few preliminary steps.
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Step 1. Let us focus attention on the multiples of a basis element of the form
(ar, B) with o + 8 = 2d + 3. As we have noticed before, such a basis element arises
on the right-hand side of (4.1) only from the summand with index («, ), in both
summations of (4.1). Thus, we obtain the relation

0=2%qp +2"do s (4.15)

But in view of Proposition 4.2, the coefficient ¢, g in (4.15) takes the form ¢, 5 =
24¢], 5 for some integer ¢, 5. In these terms, the only information we need from
(4.15) is given by the mod-2 congruences

€ 2dre T di2d+2 =0, (4.16)
Chogp1 T d2,24+1 = 0.

Step 2. Let us now focus attention on the way a basis element («, ) with a+ 3 =
2d+ 2 arises on the right-hand side of (4.1). The total coefficient of (the v1-multiple

of) (o, 8) is

e 2 k 2k
0=2%up+ 9 Ca,B4+1 + 2 daﬂ + 9 da+1,ﬂ~

The first summand on the right-hand side of this expression vanishes modulo 2*
provided 0 < a < 2 because, if e < k, Proposition 4.3 (with the triple (1,a, 3))
produces v(ca,5) > d. We thus have the congruences modulo 2%

2¢ 2k
0= <2)ca,5+1 + <2 )da+17ﬂ, for0<a<2. (4.17)

Making use of the fact that V(Q;) = g — 1, together with the expression ¢y g+1 =
2%&5 41 described above, we see that (4.17) is equivalent to the following three
congruences modulo 2:

0= ¢podrs + di2dt2,
0= c/1,2d+2 + d2 2441,
0= Cyoqy1 + d3,2a-
Together with the congruences in (4.16), this leads to the mod-2 congruence
0= cogrs T d324. (4.18)

Step 3 (conclusion of the proof). Let us consider the way in which the basis
element (0, 2d) arises on the right-hand side of (4.1). Notice that this basis element
appears on the left-hand side of (4.1) only when e = k. So, the total coefficient with
which (the vi-multiple of) (0,2d) appears in (4.1) is

2¢ 2¢ 2¢
2¢725(e, k) = 2°cp 00 + <2)CO,2d+1 + <3)CO,2d+2 + <4>Co,2d+3

+2%do 2q + 9 di24 + 3 d2 .24 + 4 ds 24, (4.19)
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where d(e, k) is Kronecker’s delta. We next show that each of the terms on the right-
hand side of (4.19) vanishes modulo 2°~!, except perhaps for the second, fourth,
and last terms.

Case of 2°cg,24. The claim is obvious for e+1 > k. When k& > e+1, Proposition 4.3
(with the triple (4, «, 5) = (2,0, 2d)) produces v(cg24) > d— 1, so that v(2°¢p 2q4) >
e+d—1=k-—1.

Case of (236)00,%_,_2. On the one hand, we have 1/(235) = e, and on the other hand,
Proposition 4.2 implies that v(cg 24+2) > d—1, so that u((Q;)congrg) >et+d—1=
k—1.

Case of the fifth, sixth, and seventh terms on the right-hand side of
(4.19). The affirmation is obvious since V(22k) =k—1and V(23k) =k.

Therefore, modulo 2=, (4.19) reduces to

o9 _ 2¢ 2¢ ok
2 5(6,k‘)_ 9 Co,2d+1 T 4 Co,2d+3 + 4 d3,2d. (4.20)

Now, when e = k, the first term on the right-hand side of (4.20) is trivial, whereas
the rest of the binomial coefficients are exactly divisible by 2¥=2, so that (4.20)
simplifies to the congruence

1 =co2a+3 + ds3,24

modulo 2, which contradicts (4.18) and, thus, completes the proof of Theorem 2.2
for e = k. On the other hand, when k > e, Eq. (4.20) takes the form

0= z c + 2 c + 2 d (4.21)
=\ 9 JC02d11 4 )Co2d+s 4 ) @3.2d .

2F=1 But in terms of the notation co 2413 = 2%} 44,5 and the corre-

modulo
sponding fact that cgog+1 = 2d’1c’0’2d+1 with ¢ 54,; an odd integer (justified
by Lemma 4.2 below), (4.21) translates into 0 = ¢{ o4, + o413 + d32a =
1+ c’0’2d+3 + ds3 2¢ modulo 2 which, again, contradicts (4.18).

|

It only remains to prove that cg 2441 = 2d*106,2d+1 with c’0’2d+1 an odd integer.
Note that the inequality v(c,24+1) > d—1 is guaranteed for d > 2 by Proposition 4.3
with (i,a,3) = (1,0,2d + 1). Hence, our aim is to prove that such inequality can
be refined to an equality for d > 1. We prove in fact the following.

Lemma 4.2. In the case j = 2 of (4.1), we have v(cooe11) = £ — 1 for £ =
1,2,....d.

Proof. We proceed by induction on ¢. For ¢ = 1, we start by analyzing the coeffi-
cients of v2473(0,0) on both sides of (4.1). On the left-hand side, the coefficient is
2¢72, On the right-hand side, the coefficients coming from the second summation
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arise from summands having index («, 0) with

a+1<2¥ and a <2d+3 — the latter in view of (4.4). (4.22)
The relevant coefficient ((fjl) is divisible by 27! in view of Lemma 4.1 since the
required hypotheses e — 1 < k and o +1 < 28=¢+2 are satisfied — the latter follows
from the second inequality in (4.22) and the facts that d > 1 and

2m < 2™ for all m > 3. (4.23)

On the other hand, the coefficients coming from the first summation of (4.1) arise
from summands having an index (0, 3) with

8<2d+3, and [B+1<2° (4.24)

For such summands, the relevant coefficient is co g(’,). We show in the next
paragraph that
26
V(e +v >e—1 4.25
@ +v(,7 ) (4.25
for B # 3. Once this is done, the remaining coefficient to analyze — the one with
B = 3 — will be forced to be divisible by 2¢~2 but not by 2¢7!, so that v(co3) +
u(24) = e — 2, that is v(cg,3) = 0, completing the proof for ¢ = 1.
When 0 < 8 < 2 we have
26
u( 1 ) =e if =0,

2¢ 2¢ .
V(ﬁ‘f'l): u<2>:e—1 if g =1,
V<23€> =e if =2,

implying (4.25). So, we can safely assume [ > 4. If 3 is even, (4.25) is evident as

e

u(;ﬂ) =e. If B =2m + 1, then m > 2 and (4.24) reads
2m+1<2d+3, ie m<d+1,

2m+2<2° ie.m<2¢L
We now consider the following two cases.
Case m = d + 1. In view of Proposition 4.2, it suffices to verify the inequality
28
2m+1—-d—-3+v >e—1,
(571)2
that is
26
v >e—d—1.
()=

But this is a consequence of Lemma 4.1 since the two required hypotheses e — d —
1 <eand +1 < 292 hold — the latter follows from (4.23) and the fact that
B+1=2d+4.
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Case m < d. The three hypotheses in Proposition 4.3 for i =d+1—m and ¢y g
are

d+4—-d—-1+m<pB<2d—2d—-2+2m+4,
0<d+3—-d—1+m,
1<d+1—m<d,
or, equivalently
m+3<0<2m+ 2,
0<2+m,
1<m<d,

all of which are obvious. Therefore it suffices to check that
25
ﬂ+d+1—m—d—3+u<ﬂ+1> >e—1.
But since § = 2m+ 1, this simplifies to u(;: ) > e —m which, in turn, follows from
Lemma 4.1 as the two required hypotheses e —m < e and 3+ 1 < 2™*+! hold — the
latter follows from (4.23) and § = 2m + 1. This completes the verification of (4.25)
and, thus, of the case £ = 1 of the lemma.

For the inductive step of the proof (¢ > 2), we analyze the coefficients for
v?472645(0,2¢ — 2) on both sides of (4.1). The coefficient is zero on the left-hand
side. On the right-hand side, the coefficients coming from the second summation
arise from summands having index (a, 2¢ — 2) with

a+1<2¥ and 20+a-2<2d+3. (4.26)

In view of Lemma 4.1, the coefficient for such a summand ((fjl) is divisible by
202 as k> k—2=e+d—2>e+/l—2, a+1<2d+6— 2 by (4.26), and
2d + 6 — 20 < 247443 = 9k—e—t+3 1y (4.23). On the other hand, the coefficients
coming from the first summation in (4.1) arise from summands having an index
(0, 8) with

20-2<p, B<2d+3, and [-20+3<2°

We claim that the coefficient co,s( 5722; .5) of such a summand is also divisible by
2¢+6=2 provided 3 # 2¢ + 1,2¢ — 1. Indeed, we have the following cases.

Case 8 = 2d + 3. In view of Proposition 4.2, it suffices to verify

e

ﬂ—d—3+u<ﬂ_2€+3

>>e+€—2,

that is

26
> —d—2
1/<ﬂ_2€+3)_6+€ d ,
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which follows from Lemma 4.1 as the two required hypotheses £ < d + 2 and
B—20+3 =2d—20+6 < 293~ hold — the latter is by virtue of (4.23) and since
d+3—-¢>3.

Case 3 = 2¢ — 2. We need to verify

26
ummeﬂ+u<l)>e+£—z
that is
v(coe—2) > € —2, (4.27)

and we can safely assume ¢ > 3. The hypotheses of Proposition 4.3 for cg 2¢—2 with
t=d—{+ 3 read as

d+4—(d+3-0)<20-2<2d—2(d+3—10)+4,
0<d+3—-d+1{-3,
1<d—-(+3<d,
which are equivalent to
1+0<20—-2<20 -2,
0<Y¢,
3<l<d+2,

respectively, all of which are clearly satisfied. Therefore (4.27) follows from Propo-
sition 4.3 in this case.

Case 8 = 2¢. We now need to verify v(cg 2¢) + u(238) > e+ — 2, or alternatively
V(Cogg) 2 f — 27 (428)

which follows from Proposition 4.3 for cp2¢ with ¢ = d + 1 — £. This time the
required hypotheses are

d+d—(d+1-0)<20<2d—2(d+1—0)+4,
0<d+3—-(d+1-1),
1<d+1-¢<d,
or equivalently
3<(¢ and 20<20+2,
0</?+2,
1<(<d,
respectively, which clearly hold (except for £ = 2, in which case (4.28) is obvious).
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Case where (3 satisfies
20+2<(<2d+2 and [—20+3<2°. (4.29)

We have to verify the inequality

2€
> — 2. .
V(co,ﬁ)+u<ﬁ_2€+3)e+£ 2 (4.30)

Let [r] denote the integral part of a real number r. We claim that the three hypothe-
ses of Proposition 4.3 for ¢o g with i =d + 2 — [%] hold, namely:

d+4- d—2+[6+ ]<ﬂ<2d 2 — 4+2V;1}+4, (4.31)
0<d+3—d-— 2+[ﬁ;1}, (4.32)
l<d+2- {%} <d (4.33)

The inequality (4.32) is clear. The inequalities in (4.31) are verified by a straight-
forward argument: If 5 = 2m, then (4.31) is equivalent to 2 +m < 2m < 2m,
which is true since, by (4.29), m > 2. If 3 = 2m + 1, then (4.31) is equivalent to
24+ m+1<2m+1 < 2m + 2, which again is valid because m > 2. Lastly, the
second inequality in (4.33) is evident, while the first one follows from (4.29):

[ﬂ+1} - [2d+3
2 || 2

| =1

Thus, the conclusion in Proposition 4.3 allows us to deduce (4.30) from

B+d+2— {%} _d_3+y<ﬂ—2€+3> >e+l—2,
that is
e 1
”<5_25+3> Setl—f+ [ﬂ; }—1. (4.34)

To prove (4.34), we check that the hypotheses in Lemma 4.1 are satisfied. The first
one is

et l— ﬂ+[ﬂ;1]—1§e,

or equivalently

L+ [%] <B+1,
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which is fulfilled since, by (4.29), we have £ 4+ 1 < [g], so that
B+1 I} B+1
0+ | < |Z| -1+ |mV—| <B+1;
+ [ 2 2 + 2 <A+
the last inequality can be verified in a simple direct way. The second hypothesis in
Lemma 4.1 in order to verify (4.34) is that

5],

B —20+3 < 2Pt (4.35)

If B =2m+1, (4.35) is equivalent to 2m + 1 — 20 +3 < 22mF1-f-m=1+2 — om—{42
which is true by virtue of (4.23), since m — ¢ + 2 > 3 (by (4.29)). If 8 = 2m, then
(4.35) is equivalent to 2m — 20 + 3 < 22m—f=m+2 = 9gm—{+2 which is true for the
same reasons as in the case of an odd J.

Therefore, except for the two cases not yet analyzed, namely the terms in the
first summation in (4.1) with index (0,2¢ — 1) and (0,2¢+ 1), all the coefficients of
contributions to the term v??~¥5(0,2¢ — 2) have been verified to be divisible by
2¢+=2 We consider now the case 3 = 2¢ — 1. The greatest power of 2 that divides
the corresponding contribution is given by

v(co20—1) + V(

where the penultimate equality holds by induction. Consequently, the coefficient
coming from the case = 2¢ 4+ 1 must be divisible by 273, but not by 2¢+t¢~2;
that is

€

2) =v(co2(-1)41) te—1=0—-2+e—1=e+ (-3,

26

e+l —-3= V(Co72@+1)—|—y<4

) = V(Co,gg_i_l) +e— 2

Thus v(co2¢+1) = £ — 1, completing the induction. O

5. Proof of Theorem 1.1

The proof of Theorem 1.1 is based on Propositions 5.1 and 5.2 below, the first of
which follows from [10, Proposition 2.7 and Note 2.6]. The proof of Proposition 5.2
will be given at the end of this section.

Proposition 5.1. There is a Zae-biequivariant map S>™+1 x §2m+1 _ G241 ¢
and only if there is a map B : L?™H1(2¢) x L?m+1(2¢) — L2+1(2¢) such that the
diagram

L%°(29) x L>=(2°) — X5 [(2¢)

! T

L2mH1(2¢) x [2m+1(2¢) B, L20+1(2¢)

is homotopy commutative, where p is the H-space product on L>(2¢) = K(Z/2°,1),
and both vertical maps are inclusions.

1250051-24



Topological Complexity of Lens Spaces

Proposition 5.2. If a(n) > 3, the element 2¢" =33 +1yn+1 s non-zero in the
ring R, = ku.[z, y]/([2a(n)7l](x)7 [20((”)71](3/)7 a yn+2)'

Here is how we use these two results in order to argue Theorem 1.1: We assume
b(n+1,a(n)—1) < 2n—2 and derive a contradiction. Since the case a(n) = 2 follows
from (1.4), we will assume throughout the section that a(n) > 3. By Proposition 5.1,
the restriction to L2+3(20(m)=1) x [,27+3(20(")=1) of the H-product in L>°(22(~1)
is homotopic to a map § : L2322 =1y i [2nt3(ga(n) =1y _, pan=5(ga(n)=1),
Apply ku-cohomology to the homotopy commutative diagram

I2n+2 (2a(n)—1 ) x [,2n+2 (2&(77.) -1 )

|

Loo(2a(n)7l)><Loo(2o<(n)fl) - L2n+3(2a(n)71)XL2n+3(2a(n)71)

e, |

CP>®xCP> L°°(20‘<n) 1 L4n75(2a(n)71)
Ccp> P2n 3

where unlabeled maps are inclusions, p’ is the H-product of CP*°, and 7 :
L#+1(20(m)=1) — CP* (0 < k < 00) stands for the canonical projection (a mor-
phism of H-spaces for k = 00).

It is well known that the maps 7* and (7 x 7)* induced in ku-theory
take respectively the forms ku.[[z]] — ku.[[2]/(2"1])(2)) and Eku.[[z,y]] —
ku [z, y]]/ (22D~ (z), 22" ~1](y)), where 2 and y stand for complex orienta-
tion elements of cohomological dimension 2 and, as usual in this context, ku.
is graded over the non-positive integers. Further, in even dimensions the ring
ku*(L2n+2(20(m)=1) x [2n4+2(22(n)=1)) agrees with R, and the “restriction” map
kucver(Lo° (20 =1) x [oo(2¢(M=1)) — R, is surjective with kernel generated
by "2 and y"*? (cf. [8, Proposition 3.1]). Chase the element x € ku*(CP*>)
across the diagram above, from the lower left corner to the upper right corner,
recalling that (u')*(z) = = + y + vi2y is the multiplicative formal group. Since
x € ku*(CP?"~3) satisfies 22" 72 = 0, we get the relation (z 4+ y+ v12y)*" "2 =0 in
R,,. The proof of Theorem 1.1 will be complete once we show that, up to units in this
ring, z(x +y +v1ay)?" 2 = 203yl lyntl the element in Proposition 5.2.

In view of the relations 2"*? = y"*2 = 0, we have
2n —2

1

2n — 2
i ( 712 )({E +y)2n74v%x3y2

2n — 2
+ ( ! )(w + )" Podaty

(x+y+uzy) T =@ +y)? P+ ( )(w + )2 B2y

3
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These four summands reduce, respectively, to

2n — 2 2n — 2
( )xn+1yn—2 + < )xnyn—l
n n—1

2n—2\ ,_ 2n—2\ . o a1
n n n n 1
+<n_2>ac y +<n_3)x y", (5.1)
2n — 2 2n — 3 n—1 n—2 2n—3 n—2, n—1
CrN ) ()
2 _
" (: - 33) xn3yn] Dt o

2n — 2 2n—4\ 9 ,_ 2n—4\ .5 ._
() () oo
2n — 2 2n—95\ ,_3 n_

( 5 )[(n_?))x 3y Q]Uf:ﬁ4y3. (5.4)

Next we analyze the divisibility by 2 of these binomial coefficients assuming
an+1) > a(n) (5.5)

(Theorem 1.1 follows from (1.3) for a(n) > a(n + 1)). In the following arguments
we make free use of the relations v(}) = a(b) + ala — b) — afa), a(k — 1) =
a(k) =1+ v(k), and 227 =0 for i +j > n+ a(n) and z € {z,y} (the latter was
pointed out in (3.6) to come from [9, Corollary 2.6]).

Lemma 5.1. The first and last terms in (5.1) vanish.

Proof.

u<2nn_ 2) =an)+an—2)—a(n—1)
=an)+an—-1)—-1+v(n—-1) —an-1)
=an)—14+v(n—1)>a(n)—1,
so that in fact (*",?)2"* = 0, which takes care of the first summand in (5.1).
Similarly, the last summand in (5.1) is taken care of by observing that v(*"~7) >

an+1)—24+v(n—1)+v(n—2) > aln) — 1, where the last inequality makes use
of (5.5). |

The rest of the coefficients in (5.1) are analyzed in the following result.

Lemma 5.2. Up to units in R, we have

° (i?:f)x"y" L= ga(m)=3y3gntlyntl qnd (2” 2)33" Lym =0, for n odd;

N (27’?:12)xnyn 10 and (2n 2) n—lyn — ga(n)=3, "+1y”+1, for n even.
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Proof. We only consider the case with n odd; the situation for n even is similar
and, thus, left to the reader. With n = 2k + 1 we have

V<2:_—12) =an—-1)+an-1)—a(n—-1)
=an)—14+v2k+1) =a(n) - 1.

Therefore, up to a 2-local unit, the second summand in (5.1) is g0(n)=1yngn—1

Now, by using the 2¢(")~!_series twice, we get
2a(n) 1 nyn 1

_ 2a(n)—1xxn—lyn—1

I 2a(n)—1 2a(n)—1 2a(n)—1
= (T e () (T )

2oz(n)71 2oz(n)71
:_< 2 )len+1yn—1:_< 2 )Ulnyn+1yn 3

B 3 2a(n)71 2a(n)71
— xn+lyn 3(2(1(71) 1y + < 5 )v%y?’ + < A )v%y‘l + .- )

2a(n)—1 2a(n)—1
_ 2a(n)—1xn+1yn—2 + < 3 )U%xn+1yn + < A )U%xn+1yn+1'

The first two terms in the last expression vanish as 2" ~1z"+1 = 0, while the fact
a(n)—1 . .
that v(*, ) = a(n) — 3 means that, up to a 2-local unit, the third term takes

the form 20" =33z +1yn+1 On the other hand
y 2n — 2
n—2

and the third summand in

(n—2) +a(n) —a(n - 1)
an—1)—1+v(n—1)+an) —an-—1)
(n) — 14 v(2k) > a(n),

I
Q

5.1) vanishes as 2%("y" = 0. m|

—

The proof of Theorem 1.1 is finally completed by noticing that every summand
n (5.2)—-(5.4) vanishes (such a verification is similar to the previous arithmetical
manipulations and, therefore, left to the reader).

The section closes with the proof of Proposition 5.2.

Proof of Proposition 5.2. As a ku,-module, the ring R,, decomposes as the
direct sum of a free ku,-module generated by the unit 1, and a ku,-module M,
generated by the elements z"y® with 0 < r;s < n+ 1,r +s > 0 subject only to

relations of the form
° aoxr—i—lys + alxr+2ys + a2xr+3ys N

o apr"y T+ a1z ys T2 +agaTyS T3 4+
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a(n)—1 . . . .
(for 7 and s as above) where a; = (2 i )vi. In turn, M,, is isomorphic to the ku.-

module M/, generated by elements (i,7) with 0 < i,j <n+1andi+j < 2n+2
subject only to the relations

L4 aO(i_ 17])+a1(7’_27])+
L aO(iLj - 1)+a1(7’a]_2)+

(for r and s as above). An isomorphism M, = M/ identifies 2"y* with (n + 1 —
r,m+ 1 —s) — note that ku, recovers its non-negative grading in the ku.-module
structure of M. Now, we have an obvious map M/, — M/ where M/’ is generated
by elements (4,7) with 0 < 4,7 < n+ 1 subject only to relations of the form

L aO(iLj) +a1(i - 1a]) +CZ2(7: - 27.]) + e
e ao(i,j) +ai(i,j—1)+a(i,j—2)+--

(for » and s as above). Note that, in M/, the generator (n + 1,n + 1) has
been included, and a slightly larger set of relations has been imposed, namely,
besides the relations in M/, M/ also has the relations starting as ag(n +
ILn+1)+a(n+1,n)+- - and ap(n + L,n + 1) + a1(n,n + 1) + - --. Finally,
M!" maps canonically to ku.(L>(2*™~1)) @ ku,(L>(2*(™~1)) — where i and
j vary over all non-negative integers. Since the composition M, = M/ —
M — ku (L>®(2%M 1)) @ ku,(L>® (22 ~1)) sends 2"yt to (0,0), Propo-
sition 5.2 follows from Theorem 2.2 since, as an element of ku,(L>(2*("~1)) @
ku, (L0200 ~=1)), 290 =343(0,0) # 0. m|

6. Comparison with Previous TC-Results

The following general lower bound for the topological complexity of lens spaces was
proved by Farber and Grant in [5].

Theorem 6.1 ([5, Theorem 11]). Let k and ¢ be integers with 0 < k,£ < m. If
t does not divide (k;ge), then TC(L*™+1(t)) > 2(k + £) + 1.

The main task in this section is to complete the details of (1.5) and, therefore,
of the fact that, for lens spaces of the form L?"+3(22(")—1) Corollary 1.1 improves
on Theorem 6.1 by arbitrarily large amounts.

Proposition 6.1. For a positive integer n with a(n) > 2 and a(n + 1) > a(n),
max{k+£:0<k,{<n+1 and 214 (k#)} = 2n — v+l 1,

Remark 6.1. The relevance of the hypothesis a(n + 1) > a(n) comes from [11,
Example 5.9]: the topological complexity of L?**3(2¢("=1) is completely under-
stood for a(n + 1) < a(n) — in which case Theorem 6.1 is optimal. On the other
hand, note that the condition a(n + 1) > «(n) is equivalent to v(n + 1) < 1, which
holds except for n = 3 (mod 4).

The proof of Proposition 6.1 for v(n) = 0 reduces to a simple verification: using
the formulas v(}) = a(a—b) + a(b) — a(a) and a(k —1) = a(k) — 1+ v(k) it is easy
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to check that v (3157), v (1), (1), v () v () v ), v (), v (777,

and v(*'~?) are all greater than or equal to a(n) — 1, while

y<2“n_ 3) — a(n) +aln—3)—a2(n—1)—1)
=an)+an—-2)—1+v(n—-2)—an—-1)—v(n—-1)
=an)—24+vn—-2) = a(n) —2.

However, the argument for v(n) > 0 is arithmetically cumbersome and, for the
reader’s benefit, we split the required verifications into a few preliminary steps.
Note that, for v(n) > 0, the inequality

k+7/
max{k+€10<k,£<n+1and2a(”)_1/+< ;: )}<2n—2”(”)+1—1

in Proposition 6.1 is a consequence of the following result.

Lemma 6.1. Let k,n, and t be non-negative integers with (n) > 2. The inequality
v(}) > a(n) — 1 holds provided

v(n) >0, (6.1)

o — 2" <t <o +2,  and (6.2)
t+1

[%] <k<n+1. (6.3)

In preparation for the proof of Lemma 6.1, we introduce some supplementary
notation which will be in force through the rest of the section. Set v = v(n) and let
n=2" 42" 4... with v = vy < v; < --- be the binary expansion of n. From (6.2)
we have

2n_2u+1 :2V1+1_|_21/2+1_|__._ StS2+2UO+1+2ul+l+"'
and, if we set tg =t — (221 + 27271 ...) we have
0<tg<242v0t, (6.4)

Further, since vy > 1, it is clear that, in the binary expansion of to, only powers 27
with j < vy + 1 are involved. In particular, from t = to + 2271 + 2v2+1 1 ... we
have

a(t) = alty) + a2 272 L)y = afty) + a(n) — 1. (6.5)
Likewise, if we set kg = k — (2"* 42> 4 --.), from (6.3) one has

to+1 to+1+20+ 4 ...
2 2

}+2V1+2”2+-~-=[
t+1
:[ 5 ]<k<1+2”°+2”1+-~-,
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that is

|
[to * } <k <142 (6.6)

Recalling again the assumption vy > 1, it is now clear that, in the binary expansion
of ko only powers 27 with j < 1y are involved. In particular, from k = ko + 2" +
2¥2 4 ... we obtain

alk) = alke) + a2 +2 +---) = alko) + a(n) — 1. (6.7)
Lastly, we claim that
to — ko < 20t (6.8)
For, otherwise, from (6.4) and (6.6) we would have
]
2

24 2v0 Ll > 40 > kg 4 2votL > [ + ovott (6.9)

so that 2 > [©2H] ie. tg < 4. But (6.9) also gives
to > ko 4+ 270t > 2% > 92 =4,

implying in fact to = 4. However, the inequality o > [f22] + 2*0F1 in (6.9) would
now say 4 > 2 4 2¥+! > 2 1 4 = 6, which is a contradiction.
We are now ready to prove Lemma 6.1.

Proof of Lemma 6.1. From (6.5) and (6.7) we obtain

VCD — a(k) +alt — k) — a(t)
ako) + a(n) — 1+ alt — k) —a(ty) —a(n) +1
alke) + ot — k) — alto).

Hence, taking into account the definitions of kg and tgy, we have
t
u<k> = a(ko) + a(to — ko + 2" +2"2 4+ - +) — a(to). (6.10)

At this point we consider two possibilities.
Case kg < tg. to — ko is a non-negative integer whose binary expansion involves
exclusively powers 2/ with j < 1, by virtue of (6.8). Thus (6.10) transforms into
t
u(k) = a(ko) + a(to — ko) + a2 + 22 +--+) — a(to)
a(ko) + alto — ko) — a(to) + a(n) — 1

VG‘;) taln) =12 a(n) -1,

as asserted by Lemma 6.1.
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Case kg > tg. ko —to is a positive integer whose binary expansion involves exclu-
sively powers 27 with j < 1, by virtue of (6.6). Thus, the central term on the
right-hand side of (6.10) becomes

alto—ko+2" +2"2 ) = a2 + - ) + a(2" — (kg — to))
=am) =24+ a2 —1— (ko —to — 1))
=an) -2+ —alky —to— 1)
=a(n) = 2+wv1 — (a(ko —to) — 1+ v(ko — to)),
so that

(i)

a(ko) - Oé(to) + a(n) 241 - Oé(ko — to) +1-— V(ko — to)

O/(kO) - a(to) - Ol(k’o — to) + Oé(’/l) — 14+ — V(k’o — to)
k
= _V<t0> +a(n) =141 —v(ko — to).
0
Thus, under the present hypothesis (summarized as 0 < tp < ko < 1+ 2"° with
0 < 1y < v1), the conclusion of Lemma 6.1 is equivalent to vy > v(ko — to) + 1/(’:;’)
The proof is then complete in view of Lemma 6.2 below. O

Lemma 6.2. For integers i,7, and p with p > 0 and 0 < j < i < 24T — 1, we
have p+1>v(i —7) —|—1/(;.).
Proof. The hypothesis means that the binary expansions of i, j, and i — j involve
exclusively powers 2¢ with ¢ < p, say

i—j =20 421 4.4 20

j = 2j0+2j1 +...+2jb7
with ip < i1 < -+ < iy < pand jo < j1 < -+ < jp < p, where ig = v(i — j). By
Kummer’s theorem [14], the number C' of binary carries in the sum of i — j and j
is C = 1/(;) But the condition i, < p implies that the maximum possible of such
carries is y — (ig — 1). Thus, y(;) =C < p—ig+ 1, as asserted. 0
We are now ready to prove Proposition 6.1.

Proof of Proposition 6.1. It suffices to check that V(Q"_Qu(n)ﬂ_l) <a(n)—1

for v(n) > 0. Setting as above v = v(n), we have

<2n —2ovtl 1
v

" ) =a(n)+an—2""—1) —a2(n -2") - 1)

=an) +amn—2"") —1+v(n—2"
—(a(n—2")=14+v(2(n—-2")))

=a(n)+an -2 -1 +v(n -2
—an—2")—v(n-—2").
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Since n = 2”a, where a is an odd integer greater than 1 (recall that a(n) > 2), we
now have
<2n —ovtl 1
1%

" ) =a2” - a)+a2"(a—2)) - 14+v(2"(a—2)) —a(2"(a —1))

—v(2¥(a—-1))
=afa)+ala—2)—1+v—ala—1)—v—-v(a—1)
=ala)+afa—1)—14+v@—1)—1—afla—1)—v(a—1)
=afla) —2=an) -2 <a(n) -1,

as asserted. O

We close the paper with indications on how to solve a gap in [10] — so to justify
our use of (1.2). In Lemma 4.1 of that paper it is claimed that there is no Z;-axial
map

B LP™HL(t) x L2 (t) — L2 F(¢) (6.11)

when ¢ > 2 — that is, a map [ for which the diagram in Proposition 5.1 (with ¢ = m,
and where 2¢ is replaced by t) is homotopy commutative. Such an assertion (which
is well known to fail for ¢ = 2) is not well argued for a general ¢ in the proof of [10,
Lemma 4.1]: although the argument correctly shows that a Z;-axial map (6.11) can
exist only when both ¢ and m + 1 are prime powers,® the incompatibility with the
relation “a? = 0” asserted at the end of that argument (and which really meant to
use cohomology with Z;-coefficients) overlooked the graded commutativity in the
cohomology ring

H*(L2m+1(t) % L2m+1(t);Zt) ~ H*(L2m+1(t);Zt) ® H*(L2m+1(t);Zt).

In any case, what is important for our purposes is that the above problem hurts
no other result in [10]. Indeed, Lemma 4.1 in that paper is used only in the proof
of its main Theorem 2.9 — stated here as the estimates for ¢, ; in (1.2). Now, the
easy proof of the inequality e, ; > 0 is given in [10, Lemma 3.1 and Proposition 3.2]
independently of the problematic Lemma 4.1. It is the inequality €, ; < 1, asserted
for even ¢, which makes use of the potentially faulty Lemma 4.1. However, as noted
in [7, Proposition 24], the argument in the proof of [7, Lemma 17] shows that [10,
Lemma 4.1] is true even when ¢ is a 2-power.
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¢Although strictly a different property, the converse of this assertion would seem to be related to
the stable parallelizability of lens spaces (a well-understood property by [15]), and to the existence
of H-space multiplications on localized lens spaces (a well-understood property by [2, 13]).
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