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Abstract

This paper offers an algorithmic solution to the problem of obtaining “economi-
cal” formulae for some maps in Simplicial Topology, having, in principle, a high
computational cost in their evaluation. In particular, maps of this kind are used
for defining cohomology operations at the cochain level. As an example, we obtain
explicit combinatorial descriptions of Steenrod kth powers exclusively in terms of
face operators.
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1 Introduction

In this paper we deal with problems in the field of Combinatorial Topology. We
work with simplicial sets, which provide combinatorial descriptions of topo-
logical spaces. A simplicial set (see [16]) is a graded set K = {K,},>0 whose
g-dimensional “building blocks” are g—simplices and whose “mortar” is face
(0; : Kyy1 — K,;) and degeneracy (s; : K, — K 1) operators. It is an elemen-
tary fact that any composition of face and degeneracy operators of a simplicial
set K can be expressed in the “normalized” form:

S, 55,05 - O,

where j; > --- > 71 > 0 and 75 > --- > i; > 0, due to certain commutativity
properties. Roughly speaking, we are interested here not only in “normalizing”
some compositions of face and degeneracy operators, but also in determining
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which of them involve exclusively face operators. In particular, we simplify
compositions that are used for defining important cohomology operations such
as Steenrod squares [22], Steenrod kth powers [23] or Adem secondary coho-
mology operations [Il2]. In fact, from a simplicial viewpoint and taking into
account that we deal with homological information given in terms of explicit
chain homotopy equivalences [20J6], the description of invariants in Algebraic
Topology can be reduced to the study of compositions of certain specific maps
given essentially in terms of face and degeneracy operators. The fundamental
maps involved are the AW, EML and SHI operators given in the Eilenberg—
Zilber Theorem [5]. This theorem states that there is a chain homotopy equiv-
alence (AW, EML, SHI) from the normalized chain complex CV(K x L) of
the cartesian product of K and L to the tensor product CV(K) ® CY(L) of
the normalized chain complexes CV(K) and CV(L). Whereas the number of
summands in the formula for AW grows linearly, the number of summands
in the formulae for EML and SHI grow exponentially, then in order to de-
fine “computable” algebraic—combinatorial invariants, it seems that the right
strategy is reduced to determine compositions of maps in which the morphism
AW is involved. For example, the cup product on cohomology is essentially
determined at the cochain level by the morphism AW and the diagonal map.
All of this fits well with the results of Kristensen [13/14], where a representa-
tion result for stable primary and secondary cohomology operations in terms
of cochain maps is given; and that of Klaus [IT[12], extending Kristensen’s
results to prove that any cohomology operation module p can be described in
terms of polynomials of coface operators at the cochain level. This approach
is also corroborated in [19], [7] and [9] where Steenrod squares, Steenrod kth
powers and Adem secondary cohomology operations are seen at the cochain
level essentially as compositions of the type

H= AW(p)tTSHI(p)tr_l <. SH[(p)tlSHI(p) : CN(KXP) — CN(K)®p (1)

where ¢; are permutations of p factors and AW, and SHI, are, respectively,
the AW and SHI operators given by the Eilenberg—Zilber Theorem for p sim-
plicial sets. It is evident that an algorithm for computing these cohomology
operations based on the previous formulation shows extremely high computa-
tional costs. Because of this, a normalization of compositions of face and de-
generacy operators and a following step of the elimination of those summands
of the normalized formula for H with a factor having a degeneracy operator
in its expression are done in order. This “simplification” process allows to
reach to a combinatorial description for H having the minimum number of
face operators involved.

In this paper, we work with a general simplicial expression of type (), where
the t; can be any permutation. We have developed a software using Mathe-
matica that deduces its “minimal” simplicial formulation. In particular, the



solution to this combinatorial problem provides a way to design an efficient
algorithm for computing any Steenrod cohomology operation on any cohomol-
ogy class of any degree. This work has been presented in [10].

The paper is organized as follows: In Section 2l we review the necessary theo-
retical background. In Section B we develop simplification techniques for ob-
taining an “economical” formulation for operations of the type (). Finally,
Section (] is devoted to show an application of our method: an algorithm for
computing the Steenrod kth power Plf on the cohomology of any locally finite
simplicial set is developed.

2 Preliminaries

In this section we introduce the notation and terminology used throughout
this paper. References for this material appear in [16] and [15].

A simplicial set K is a graded set indexed by the non—negative integers to-
gether with face and degeneracy operators 0; : K, — K,y and s; : K, — K 41,
0 < i < g, satisfying the following identities:

(i) 0,0; = 0,10, 1< J;
(ii) sisj = sj418, 1< 7;
(iii) 9;s; = sj-10;, 0 <J;
0;8j = 50,1, 1> 7+ 1;
0js; = 1k, = Oj415;.

The elements of K, are called g-simplices. A simplex x is degenerate if x =
si(y) for some simplex y and degeneracy operator s;; otherwise, = is non-
degenerate. Let K and L be two simplicial sets. A map f =3 f,: K, = L,
of degree zero is a simplicial map if it commutes with face and degeneracy
operators, i.e., f,0; = 0;f,41 and f;8; = s;fy-1.

The cartesian product K x L is a simplicial set whose simplices and face and
degeneracy operators are given by

(K X L)q =Ky x Ly, ai(x7y> = (@‘%aiy)a Si(xvy> = (32‘36’7 Siy>‘

Let R be a commutative ring with identity 1 # 0. The chain complex of a
simplicial set K with coefficients in R, denoted by C.(K), is constructed as
follows. Let C,,(K) denote the free R—module on the set K,,. The face operators



0; linearly extend to module maps 0; : C,(K) — C,,—1(K). The alternating

suin
n

dp =Y (=1)'0; : Co(K) = Cp_i(K)
i=0
is an R—module endomorphism of degree —1 such that d,d, ;1 is null for every
n > 0; it is called the differential on C,(K). The normalized chain complex
CY(K) is defined by the quotient

Oy (K) = Cu(K)/s(Cra(K)),

where s(C,,—1(K)) denotes the free R—module on the set of all the degenerate
n—simplices of K. Since we always work with normalized chain complexes, we
simplify notation and write C,(K) instead of CY(K). Z,(K) = kerd,, is the
module of n—cycles in C\.(K); B, (K) = Im d,,+1 is the module of n—boundaries
in C,(K); the quotient H,(K) = Z,(K)/B,(K) is the nth homology module
of K. The homology class of a cycle a € Z,(K) is denoted by [a.

Given an abelian group G, form the abelian group
C"(K;G) = Homg(C,(K),G)

for each n; the elements of C™(K) are called the n—cochains of C*(K; G). The
differential d on C,(K) induces a codifferential 6 : C*(K;G) — C*"(K; G) of
degree +1 via dc = cd; the cohomology of K is the family of abelian groups

H"(K;G) = ker 6" /Tm 6",

B"(K;G) = Im "' is the module of n—coboundaries; Z"(K;G) = ker 6" is
the module of n—cocycles. Furthermore, if G is a ring, H*(K; G) is an algebra
with respect to the cup product

— H(K;G)® H(K;G) - HY(K; Q)
defined for [¢'] € HY(K;G) and [¢/] € H/(K;G) by [¢'] — [¢] = [¢' — ],
where
(¢ — &) (x) = p(c (i1 -+ 0sjw) @ @ (o - B 1))
for z € C;4;(K); here p is the multiplication on G.

Whenever two graded objects z and y of degree p and ¢ are interchanged
we apply the Koszul’s convention and introduce the sign (—1)"?. The tensor
product of chain complexes C,(K) and C.(L) is the chain complex C.(K) ®
C.(L) with differential de, xypcu) = deni) @ Lo,y + Lo @ deyry. Thus if
z, € Cp(K) and y, € C,(L), an application of the Koszul convention gives



de.rzc. ) (Tp @ Yg) = (deyiy ® Loy + lewi @ dewy) (Tp @ yq)
=de. ) (Tp) @ Yg + (1)) @ dey 1y (Yg) -

A module homomorphism f : C,(K) — C.(L) of degree zero such that df = fd
is a chain map. If f: C.(K) — C.(L) and g : CL(K') — C,(L’) are chain
maps, so is f ® g : Cu(K) ® Cu(K') — C.(L) ® C.(L'). Examples of chain
maps are:

e The diagonal map A : C,(K) — C,(K*™) defined by A(x) = (x,n times 7).
e The cyclic permutations

t:C(K"™) = CU(K™™)  and T :Cu(K)®" = Cu(K)®"

such that
t(r1, T2, ..., Tp) = (T, ..., 2, T1)

and
T, ®@TQ...Q x,) = (=1)lElle2l+lanD () o @z, ).

A contraction from C,(K) to Ci(L) is a triple of homomorphisms r = (f, g, ¢),
respectively referred to as the projection, inclusion and homotopy operator,
with the following properties:

o f:C.(K)— C,(L) is a surjective chain map,

e g:C,(L) — C.(K) is an injective chain map,

o ¢:C.(K)— Cip1(K) is an endomorphism of degree +1,
® do. )¢+ dde. ) = Loy — 91

Furthermore, f, g and ¢ satisfy the following identities:
og =0, fo=0 and op = 0.

A contraction will be denoted by r = (f, g,¢) : C«(K) = C.(L). Two contrac-
tions 7 = (f, g, ¢) : Co(K) = Cu(L) and " = (f', ¢, ¢') : C(K') = Ci(L)
can be canonically combined to form new contractions in the following ways:
e The tensor product contraction given by

rer’ = (fof, g0g, ¢0¢' f'+10¢") : C(K)@C.(K') = C.(L)@C.(L).
o If L = K’, the composition contraction given by

r'r=(f'f, 99", ¢+ 9¢'f) : C.(K) = C.(L).

Let p and g be non—negative integers. A (p, q¢)—shuffle («, 3) is a partition

far < <aph U {B <+ < By}



of the set {0,1,...,p+ ¢ — 1}. The signature of («, §) is given by

sig(a Z a; —(1—1).

1<i<p

Let v = {71,...,7} be a set of integers. Then s, denotes the composition of
the degeneracy operators s, ---s.,.

An Filenberg—Zilber contraction [5] from the chain complex C.(K x L) to
the tensor product of chain complexes C.(K) and C.(L) is a triple rp, =
(AW, EML, SHI) such as:

e The Alexander—Whitney operator AW : C,(K x L) — C.(K) ® C,(L) is
defined by

AWLUm,ym = Z aH—l mxm®80 ai—lymv

0<i<m

where (,, Ym) € Crn(K X L).
e The Eilenberg-Mac Lane operator EML : C,(K) ® C,(L) — C.(K x L) is
defined by

EML(x, ® y,) = Z (_1>Sig(a’ﬁ)(sﬁxpv Salq) ;
(a,8)€{(p,q)-shuffles}

where z, ® y, € C,(K) @ Cy(L).
e And the Shih operator SHI: C,(K x L) — C,1(K x L) is defined by

SH[(an ?/0) = 07
SHI(Zy, Ym)

— Z (_1)5(0676) (Sﬁ+mam—q+1 e amxm7 3a+m8m . am_q_lym> ,
T(m)

where

Tm)={0<p<m—-q—1<m-—1, (a,5) € {(p+ 1, q)—shuffles}},
m=m—p-—q,
o+ m= {041+m,...,04p+1+m},
Btm={m—1,0+m,...,0+m,}
E(OA, 5) =m—1+ Sig(Oé,ﬁ).
A recursive formula for the SHI operator appears in [4]. The explicit formula
given here was stated by Rubio in [2I] and proved by Morace in the appendix
of [19]. It is evident that the AW operator has a polynomial nature (concretely,

the number of face operators involved in its formula is O(m?)). However, the
EML and SHI operator have an essential “exponential” character, because



shuffles of degeneracy operators are involved in their respective formulations.
In [18], Prouté determines that EML is unique and there is only two possibil-
ities for AW, both of its formulae being of the same complexity. Concerning
SHI, all the possible formulae have in common their exponential nature.

There is a contraction from C,(K*™) to C.(K)®" obtained by appropriately
composing Filenberg—Zilber contractions. For any positive integers s < n, let
us denote by ruzm. = (AW, EML, 5, SH, ) the contraction

Tozme @197 = (AW® 1971 EML ® 19571 SHI ® 1%°71)

from C,(K*"* x K)@C,(K)®* 1 to C.(K*" %)@ C,(K)®C,(K)® . Then,
the composition 7y, 1) Tezm Bz 1S @ contraction from C,(K*™) to

C.(K)®". We denote it by
TEz(m) = (AW(H), EML(H), SH](n)) : C*(Kxn) = C*(K)®n

Observe that the expression of AW, is:

AW(n) (X) = AW(n,n—l) AW(n,n—Z) s AW(mg)AW(n,l)(X)
= Z Oip41 - Oy

0<iy-<in—1<m

®0g « -+ 03y —10i941 * * - O T2 (2)

®0y -+ 0ip_5—105, 141" OmTn_1
®0y -0, 1 —1Tn

where x = (x1,...2,) € Cp,(K*™). The number of face operators taking part
in this formula is O(n - m™).

On the other hand, the expression of SHI,) in terms of the component mor-
phisms of the previous Eilenberg—Zilber contractions is:

Z EML(nyl) A EML(,,%Z) SH](n,Z+1)AW(n,Z) st AW(n,l)

1<e+1<n

= SHI(nyl)
_I_EML(n,l) SH](7L,2)AW(7L,1)

+EML(n71) c EML(n’n,Q) SHI(n,nfl)AW(n,nfw AR AI/I/(n,l)'



Observe that whereas the number of summands in the formula for AW,
grows in polynomial time (fixed n), the number of summands in the formulae
for EML,y and SHI,) grow exponentially.

3 Simplification Techniques

Let us recall that our motivation here is to simplify any composition of the
type

AWyt SHIpyty—1 - - - SHIpyt1 SHy = Y AWyt ESAgpg,y - - -1 ES A ey
where every t; is any kind of permutation of p factors,
ESA@pey = EMLg) - - - EMLp ) SHIp 041y AWy - - - AWy 1)
and the sum is taken over theset {1 <i<r, 0<(<p—2,1<k; <p-—1}.
We will use the following basic properties:

e Any composition of face and degeneracy operators of K can be put in a
unique ‘“normalized” form:

S 5,0 -0y

where j; > ---> 7, >0 and i3> --->1; > 0.

e Any summand on the tensor product of n copies of C,(K) having a factor
(in the normalized form) with degeneracy operators in its expression, is
degenerate.

Let 4, j, m be integers such that 0 < i < j < m. The interval [i, j) denotes the
set of consecutive integers from 7 to 7 — 1.

The face-interval 9j; 5, denotes the composition 0y - - - 0;—10j41 - - O, -
If s = 0 then 0[0,]-) = 8j+1 cee 8m

If] = m then 8[2,m) = 80 < -@_1.

In the case i = j then 0 ;) = 0y -+ - 0;—10;41 - - - O

The notation Jj; ;) must be interpreted as the interval [i, j) representing the
indexes ¢, 0 < £ < m — 1, such that 0y---0;,_, 10;,11 - Oms¢ is degenerate.
Whereas j; < 19, define the following “composition”:

Fin,j1) Mizygo) = Oo - 051041+ -+ 010511+ + - O -

This composition can be extended without problems to the composition of n
face—intervals.



With the new notation, we can rewrite the expression of AW, given in page

[ as:
AW(n) (X) = Z 8[11171 &® 0[2}:2:'2 e ® a[n}ZEn ,

P(m,n)
where [¢] represents the interval [i,_1,7,) and P(m,n) is the set of all the
possible partitions of [0,m + 1) in n intervals.

First, in order to gradually show our technique, let us simplify the composition
AW(n)tkESA(n,o)(X) = AW(n)tkSH[(nJ)(X), where 1 < k<n-—1:

AW(n)tkESA(mO) (X)
- Z Z (_I)E(aﬁ) a[1}56+7ﬂam—q+1 o O Thg
)

P(m+1,n) T(m

®8[n—k—l]sﬁ+m8m—q+1 O Tn1 (3)
®8[n—k] Sa+m8m o 8m—q—laf’n

QO n—k+1]58+mOm—q+1 - - O 1

Q01 S8+mOm—q41° * - Om Tk, -

On one hand,

(a+m)U(B+m)=[m—1,m+1) and m-—-1e€f+m.
On the other hand, the non—-degenerate summands of (3) satisfy that
(@+m)Nin-p-1,ink) =0 and  (B+m)N([0,7p—k-1) U [in-k,m+1)) =0.
We immediately obtain that

B4+ m C in—k—1,%n—k) and a+m C|0,ip—g—1)U[in_r,m+1),
therefore i,, 1 <m—1, i,_p =m — p,
B+m=[m—1i,) and a+m=[ip_r,m+1).

Now, we denote
i 0<j<n-—k,
=9i-¢-1 n-k<j<n,

m j=n+1.



and we can rewrite (3) as:

S (=)™ Opxs1 @ ® Opp——1)Tn1 @ Ok Ons1)Tn
P(mn+1)

®8[n_k+11181 Q& 8[n]a:k

where

To=m—1+(p+1)g =i, + (i, — i) (i1 — 1)
=1+ +|n—k+(n—k+1]+ -+ |n])n+1],
|¢| being ) — ij_,.

In the same way, the expression of AW(n)tkESA(n,l)(x) is:

Z (—1)sio(@brte(@s)

0<<m
P(m+1,n), T(¢)
(a,b)e{(¢t+1,m—1)-sh.}

01115658470,—q+1 * * * O Thg1

®On—k—256534+701—g41 * * - OmTn—2 (4)
®8[n—k—1]5bsa+faf e aL—q—18L+1 e amxn—l
®8[n—k]5a80 te aL—1':En

®8[n—k+l]5b$B+ZaL—q+l T 8m$1

®8[n]SbSB+ZaL—q+1 T 8majk .

On one hand, a Ub = [0,m + 1) and on the other hand, the non-degenerate
summands satisfy that

an [in—k—lain—k) = @ and bN ([O,in_k_l) U [in—ka m + 1)) = @,

then b = [i,_g_1,%n—x) and a = [0,4,_g_1) U [in_k, m + 1). We denote

i 0<j<n-—k,

ij+1—m+b n—kﬁyﬁn—Q

10



Therefore (@) becomes

Z (_1)si9(a,b)+e(a,5) 8[1]56%&_(1“ .. 'aml'kﬂ

0<it<m
P(+1,n—-1), T(2)

®a[n—k—2}sﬁ+lab—q+l e amxn—Z
Q0 n—k-1]Sa+107 =+ 010,41+ - OmTn—1  (5)
®80 Tt 8L—1xn

®a[n—k}56+lab—q+1 o amxl

®a[n—1} S,B—l—ZaL—q—f—l e amzk .

and sig(a,b)is (m—¢)(¢t+1—14)_,_;). Now, we can observe that if k+1 =n
then the composition above is degenerate, else

bnopo<t—1, BHi=[—-14, 4 ,) and a+i=1[ 4 ;,t+1).

We denote
z; 0<j<n—k-—1,

ii—q—1 n—-k—-1<j<n-2,

=9 t—q¢ j=n-1,
: j=n,
m j=n+1

therefore (B is

Z (=)™ OThs1 ® +++ ® On—b—2Tn—2 @ In—k— 1100 Tn—1 ® Tny1)Tn
P(mmn+1)

Rn-kT1 @+ ® O] Tk,

and the sign:

n=m-)t+1—id,_ 4 ) +i—1+(p+1)q
= (g — i) (i + 1 =iy + iy — iy — 1)
Fiy g+ (g — g0 (G — iy y)
=1y g1+ (fno1 = Tp_g—1) (g1 — Tpr)
=14+ +n—k=1+(n—Kk+ -+ |n—=1))(n|+|n+1]).

11



Now, let us study the general case. As we said before, we are interested in
simplifying any composition of the form

AW(n)tTESA(n,gT) cee tlESA(n,gl) . (6)

We will do it inductively. Let h : C,(K*") — C.(K)®" be a morphism of
degree r whose normalized expression is:

such that (zg,,...,xx,) = ta(x1,...,x,) where ty @ Cu(K*") — C.(K*")
is any permutation. and each ) denotes a composition of non-consecutive
elements of the set {01}, Oz, - - -, O} where {[1],[2],...,[n+7]} € P(m,n+
r); moreover, each dj;, 1 < j < n +r, appears exactly once in the expression
of h(x). Our goal is to simplify the composition H = h ESA, ), where 0 <
(<n-—2.

Proposition 1 If one of the following conditions holds on h:

e There is not any face—interval preceding x; for 1 < j <mn;

e There exists a factor in h(x) with more than one face—interval preceding
Tpa1—y for some 1 <u < {;

o The face—interval Oy immediately before x,_y in h(x) satisfies that
Jj = max {v such that Oy appears preceding some x,, for 1 <u <n —Ll};

then all the summands of H are degenerate.

From now on, let us suppose that h(x) does not satisfy any of the conditions of
the proposition above. Let us denote by 9;;,] the unique face-interval preceding
Tna1_y for 1 <u < /L.

Lemma 2 If the composition 0,10, +1) appears in the expression of h for
some u, 1 < u < /¥, then all the summands of H are degenerate.

Theorem 3 SIMPLIFICATION ALGORITHM.

INPUT: The morphism h: C.(K*") — C.(K)®" of degree r described
above such that it does not satisfy either Proposition [
or Lemma [2].

OUTPUT: The simplified expression of H(x)=hESAq n(x).

For u=1to u=/do

replace Jj;,] preceding Ty i—y bY Opgrio—y-
End for.

12



Let {0ny), -3 Oy g}y V1 < -+ < Unyp—yg, denote the set of the face-intervals
preceding x, for 1 <u <n—/.

For s=1to s=n+r—~{do
replace Jp,,] by 0.

End for.

Replace 7,_¢ by Ojpgr—r41)Tn—s-

Starting from the sign of h of degree m + 1, we obtain the sign of H of degree
m as follows.

Step 1:
For u=1to u=/{do

replace |j,| by |[n+r—u+1|+1.

For j=j,+1 to j=n+r—u-+1 do

replace [j]| by |j —1].

End for;

add (n+r—u+ 1+ 1)(|jul + -+ n+r—u|)
End for.

Let 0 be the face—interval immediately before x,_,. Starting from the mod-
ified sign of H do

Step 2:
For j=n+r—/{(+4+2 to j=n+r do
replace |j| by |7+ 1].
End for;
replace n+r—{+1| by |[n+r—~0+2|—1;
replace |v| by [n+r—{¢+1|+1;
add [1|+ -+ |v|+(o+ 1]+ F+|n+r—L|)|n+r—-L+1].

PROOF.

For the sake of simplicity but without lost of generality, we consider that the
expression of h(x) is

P(m,n+r)

consequently, the expression of H(x) is:

13



Z (—1)siam (it} sialog br) -t sig(apbe) +e(and)

P(m+1,n+r), T(Le)
0<tp<ep_1<<Zep<Sm

{(aj.b;)€{(¢j+1,m—rj)-sh.}: 1<5<e}

0156y * Sb 8347700 g1+ OmT

®a[ ]Sbl e Sbgsﬁ-f-ﬂabg—q-i-l Tt amxn—ﬁ—l (7)
®a[ 156y " Sbgsa—kﬁaﬁ T 8Lg—q—1abg+1 T 8majn—f

®a[jdsb1 e Sbeflsaeao e 8%—101,@,1-}—1 e amxn—f-‘rl

®a[j2]sb1 SazaO T 8L2—18L1+1 R o
®01j115a,00 * * - Oy —1Ty, -

The non—degenerate summands of H(x) satisfy that
ar = [0, Z.j1—1) U [ijvm +1) and by = [ijl—laih) :

Then,

ij =i; for 0 < j < ji,
=l —m+u forjy <j<n4dr—1,
P =0+ 1,

i1

Uy = M.

Therefore, we have that
ij =1i; for 0 <j < ji,
ij =1+, — i+ 1 forjy <j<n+r—1,
'in+r :ZiL—i-T_'_l
So, in sign{[1],...,[n+ 7]}, |j1] is replaced by |n + r|+ 1, |j| is replaced by

|7 — 1] for j1 <j <n+r and

sig(ar, b1) = (m — )ty + 1 —ij1) = (ipyp — ipppy + 1)(ingpy — 1)

(In+rl+D(pl+ -+ n+r=1]),

is added.
In general, fixed u, 1 < wu < /¢, we have that

a, = [0, Ul e +1)  and b, = [V, 0.

14



Then,
=27 for 0 < j < ju,
—ZJH byu1+ty for j, <j<n+r—u,

+r—u LU+1

Therefore,
=1 . . .
i =1 for 0<j<j,and n+r—u+2<j<n+r,
G = iy — i, L for i, < <n+r—u,
ix;i—u—i-l = Z.?L-i-r—u—I—l +1.
So, in sign{[1],...,[n + 7]}, |ju| is replaced by |n+ 7 —u+ 1| + 1 and |j] is

replaced by |j — 1| for j, < j <n-+r—u+ 1. Also,

519, bu) = (a1 = tu) (b + 1 = 355)
=(n+r—ut 1+ (g +---+In+r—ul),

is added. Therefore, the expression of (@) is:

Z (—1)sign{[-alnr]}e(es.5)

P(ig+1,n+r—£), T(rp)
0<ip<tp_1<---<ep<m

O156+701,—q+1 " - O
@0 15847701 —q+1 " " OmTp—p—1
- 8 S(X-‘,—Lea_ al,e—q—lal,e-‘rl e amxn—f

®80 o aLg—laLg,l-‘rl o 8mIn—€+1

®80 e 8L2—18L1+1 e amxn—l
®80 e aL1—1'I’n .

Now, a + 177 = [i’, 1+ 1) and B+ 77 = [tz — 1,4¢), then

zﬁ“ fOI'O<j<’U—1 zf“:iﬁ—q—lforv§j§n+r—£—1,
if#,,_g:w—q, f;_f,, 041 = s iﬁﬂ—z forn+r—(+1<j<n+r.
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That is,

=it for0<j<v-—1, =i dg+lforv<j<n4r—>(-1,
Bty =t L+ 1 =it fornd+r—(+1<j<n+r.
So, in sign{[1],...,[n+7]}, |j| is replaced by |j+1| for n+r—~+2 < j < n+r,

|v| is replaced by |[n+r—¢+1|+1 and |n+r—~¢+1| is replaced by |n+r—¢+2|—1.
Finally,

(o, B) =T =14 (p+1)q

_ 41 +1 +1 0+1 0+1
=1 + (Zn—l—r—f — U )(Zn—l—r—é—l—l - Zn—l—r—é)

=1+ -+ +(o+1]+ -+ |n+tr—L)n+r—L+1]
is added. O

Theorem 4 The number of face operators taking part in the normalized for-
mula for AWt SHIp - - - t1.SHI ) is, in the worst case, O(p"ttmPtrHh).

PROOF.

On one hand, the number of summands of the form (@) is (p — 1)". On the
other hand, the number of summands in the simplified formula for each mor-
phism (@) is O(m?P*™") and the number of face operators in each summand is
O(pm) . Therefore the number of face operators taking part in the normalized
formula for AW, t, SHlpyt,—1 - - - SHIpyt1 SHI ) is O((p — 1)"mP*"pm) that is
O(pr-i-lmp-i-r—i-l). 0

4 An Example: Algorithm for Computing Plf

In this section we study the computation of the cohomology operations Steen-
rod kth powers P;f [23] as an application of the technique given in the section
above. First, we give the definition of these operations at the cochain level due
to Steenrod [23]. We next show explicit formulae developed in [7] for these op-
erations in terms of Eilenberg—Zilber contractions at the cochain level. Finally,
we develop an algorithm for computing Plf at the cohomology level on any lo-
cally finite simplicial set.

An infinite sequence of morphisms {D! : C,(K) — C.(K)®"},>o of degree r
such that:

Dg = AWmA; de,en D, + (=1)""'D}de.y = @, Dyy, 7> 05 (8)
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where o, : C.(K)®" — C,(K)®" is defined by

T-1 if r odd,
o =
1+T+---+T" 1 if r even,

called a higher diagonal approximation [23] “measures” the lack of commuta-
tiVity of AW(n).

In the particular case of p = 2, it is possible to define cochain mappings called
cup— product,

— i CYK;G)®CP(K;G) = CTP (K G)

by ¢ —; ¢ = pu(c @ )D?. Observe that the expression of ¢ —¢ ¢ coincides
with that of the cup product given in page [l Taking [c] € H’(K;Z,), the
cohomology operations Steenrod squares [22] are defined by S¢‘[c] = [c —;_;
d € HiVi(K; Z,).

Now, let p > 2 be a prime number. Starting from the sequence (§)), the Steenrod
kth power P¥ : HY(K;Z,) — H*@0-V(K;7,), q > 2k, is defined at the
cochain level as follows. If ¢ € Z9(K;Z,), then

By(c) = Ruc®™ D,y

p

) € 2K 7, (9)

(p—1

where 1 is the natural product on Z, and R = (—1)@-D(k+3z4(a-1) ((p—;l) !)zk_q.
The acyclic model method [3] is used for guaranteeing the existence of the
morphisms D! (n and r being non—negative integers). An alternative of the
previous method is to obtain the morphisms D] using algebraic fibrations with
a cartesian product of n copies of a given simplicial set K as the base space and
a subgroup of the symmetric group .S, as the fiber space. This last point of view
has been established in [19] and [7] for Steenrod operations, in [9] for secondary
cohomology operations and generalized in [6] for any cohomology operation.
In 7] we obtain explicit formulae for a higher diagonal approximation in terms

of the component morphisms of a given Eilenberg-Zilber contraction. Let ; :
CL(K*™) — C(K*™) define by

t if j odd
Vi = 1 e
L4+t if 7 even.

then

D:L = AW(n)’}/TSH](n) s -’ylSH](n)A = Z AW(n)tkTESA(n,gr) s 'tklESA(nél)A
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where the sum is taken over all the possible 1 < ¢; + 1, k; < n, where k; = 1
if i+ rodd; foralll1 <i<r.

Observe that an algorithm based on these formulae for D) is not useful in
practice, due to the exponential nature of the morphisms involved. Neverthe-
less, we can apply the Simplification Algorithm explained before in order to
obtain a pure combinatorial definition of D' only in terms of face operators.
Notice that for obtaining a normalized expression of D', we have to apply
Theorem B (n — 1)I"/2/(n — 1) times in the worst case. However, taking into
account Proposition [I the non-degenerate summands of D) can only appear
when k; +¢; < n for 1 <1 < r. Moreover, if k; + ¢; < n and k; < ¢;;; then
the non-degenerate summands of D)’ can only appear when k; + ¢; < {;; for
1 <@ < r. Examples of the simplification process are:

Di(x)= > (1) 0z @ @t ® Op—r-1]0n—t11)2

P(m,n+1)
RO p—t421T ® -+ @ Oppg1)T ® Oy,

where 7y = [1| + -+ |n—L—=1|+n—l(jn—C+ 1]+ -+ |n+1]) and

Di(x) = Z (=)™ 0[1}1' QK- 8[n—k—£1—1]517 X 0[n_k_gl]8[n_gl+1]:r
0<lo+1<l1<n—1
0<k<n
P(m,n+2)
@047 &+ @ Oty 11T @ On—1)0n—t,42 T
@ n—t34+3T @+ * @ Oppg2)T @ Opp—pog1)T

®8[n_k1_gl+1}l’ KRR a[n_gl]l’

— Y. ()P oz ® - ® Opt—t-9% @ Opp—t—t—1]0pn—t+2 T

0<l+1,k<n
P(m,n+2)

®Op—t43)T @+ + @ Ong21Tn @ Opp—i—gOn—r41)7
®8[n_k_g+1]l’ XX a[n_g]l’

where = (n—k1 — O+ 1+ +n—4L])(ln—6L+ 1]+ -+ |n— Ll — 1]
+n—lo+1+1+-F+n+1+1)+n—k —6+1+-+|n— L)
+Hn—Llo+1(In—Llo+2[+1+ -+ |n+2|+1)

and 73 = [n—k—l—1|+(In—k—L+1|+|n—L+1])(|n—0+2]|+1)+|n—0+3]|+1+
s 2|+ 14+ (In—k—l4+1]+- - -+ n—L))(In—L+1|+|n—Ll+4]+- - -+|n+1]).

Taking into account the sign and organization of the intervals in a general
summand of the normalized expression of D} and DY, it should be possible
to obtain a general expression of any D] but this study exceeds the scope of
this paper.
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On the other hand, bearing in mind the expression at the cochain level of the
Steenrod power operation P;f (c) where ¢ € Z9(K,Z,), since c is a g—cochain,
we only consider those summands in the normalized formula for D{’q_%)(p_l)
with exactly 2k(p — 1) face operators in each factor.

Since the explicit formulae for the Steenrod powers operations Plf are given
at the cochain level, in order to design an algorithm for computing them
at the cohomology level, we first compute an explicit contraction (f,g,¢)
from C.(K) to H.(K), K being a simplicial set finite in each degree and Z,
being the ground ring. This contraction can be constructed using the classical
matrix algorithm [17] based on reducing certain matrices (corresponding to
the differential at each degree) to their Smith normal form [8]. The complexity
of this method is O(M?) where M is the number of simplices of K.

Since the ground ring is a field, then the homology and cohomology are iso-
morphic. Moreover, if « is a generator of homology of degree ¢, then o*
H,(K) — Z, such that

0 ifa#peH(K)

1 if g =aq,

is a generator of cohomology of degree ¢. Fixed k, suppose that the normalized
description of the morphism ngq—Zk)(p—l) obtained using Theorem [3, and a

contraction (f, g, ¢) from C,(K) to H,(K) using the algorithm described above
are given. Then, (@) becomes at the cohomology level as:

:z_: (10" 1)* DYy oy 9(0)) - 75

where {v1,...,7.} is a basis of Hyiop(p-1).

Summing up, we have designed an algorithm for computing any Steenrod
reduced kth powers on any class of cohomology for any locally finite simplicial
set.
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