AN OPERADIC MODEL FOR A MAPPING SPACE AND ITS
ASSOCIATED SPECTRAL SEQUENCE

DAVID CHATAUR AND KATSUHIKO KURIBAYASHI

ABSTRACT. Let X and Y be simplicial sets and K a field. In [13], Fresse
has constructed an algebra model over an Eo.K-operad £ for the mapping
space F(X,Y), whose source X is finite, provided the homotopy groups of the
target Y are finite. In this paper, we show that if the underlying field K is
the closure Fp of the finite field F;, and the given mapping space is connected,
then the finiteness assumption of the homotopy group of Y can be dropped
in constructing the £-algebra model. Moreover, we give a spectral sequence
converging to the cohomology of F(X,Y) with coefficients in Fp, whose Ea-
term is expressed via Lannes’ division functor in the category of unstable
Fp—algebra over the Steenrod algebra.

1. INTRODUCTION

Let X and Y be spaces (or simplicial sets) and F(X,Y) denote the mapping
space. In [17], Haefliger has given a rational model for a mapping space F(X,Y)
for which Y is a nilpotent space. Subsequently, Bousfield, Peterson and Smith [9]
have constructed another rational model for a mapping space with a functorial way,
more precisely, their model is expressed via a division functor in the category of
commutative differential Z graded algebras over the rational field. In the same pa-
per, we are also aware of an interesting spectral sequence (henceforth BPS spectral
sequence) converging to H*(F(X,Y);Q), which is constructed with the algebraic
model. Brown and Szczarba [10] have derived an accessible rational model for
F(X,Y) by computing the division functor explicitly. The construction renders
the model more computable.

As for a p-adic model for a space, Mandell [22] has proved that the homotopy
category of nilpotent, p-complete spaces of finite p-type is equivalent to a full sub-
category of the homotopy category of algebras over an Fp—operad E. Here Fp denotes
the closure of the finite field IF,. This motivates us to construct an £-algebra model
for a mapping space F(X,Y). Recently, Fresse [13] has given such a model by
means of a division functor in the category of algebras over an F,-operad under
some finiteness condition on the homotopy group of X. One of the purposes of
this article is to improve Fresse’s model for a mapping space. Another one is to
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construct a spectral sequence converging to H*(F(X,Y);F,), which is regarded as
a p-adic version of the BPS spectral sequence.

It is worth to mention that Chataur and Thomas [12] have constructed a Coo-
algebra model for a mapping space which is the normalization of a simplicial Co.-
algebra, where Co, is a cofibrant replacement of the commutative operad. When
the source space is the circle, the model for the mapping space, namely for the
loop space, is related with the Hochschild chain complex. We also mention that
our spectral sequence is a generalization of that due to Békstedt and Ottosen [6],
which converges to the cohomology of a free loop space.

We recall briefly the algebraic model for a mapping space over an operad due
to Fresse. Let £ denote the Barratt-Eccles operad over a field K, which is an
E-operad. Then we can regard the normalized cochain functor C*(—;K) as a
functor from the category of simplicial sets to £-Alg the category of E-algebras ([4,
1.5],[26]). Let A be an &-algebra and K an E-coalgebra. The diagonal map on &
makes the dg-module Homg (K, —) of homogeneous morphisms into an &-algebra
(see [13, 1.5] for details). We denote by £( , ) the hom set in £-Alg.

Proposition 1.1. [13, 1.6.Proposition] Let K be an E-coalgebra. Then the functor
Homg (K, —) has a left adjoint. More explicitly, for A an E-algebra, there is an
E-algebra A @ K such that E(A 0 K, —) =2 E(A, Homg (K, —)).

Let K* be an £-algebra of finite type and K, the £-coalgebra which is the dual
to K*. Then, by definition, A @ K, is regarded as Lannes’ functor (A : K*)g_alg
in the category of £-algebras (see [30, 3.2 and 3.8] for the existence of the division
functor, such as Lannes’ T-functor). Moreover, if A is an almost free algebra £(V),
then A@ K is also an almost free algebra of the form £(V ® K'). Since Homg (K, —)
preserves fibrations and acyclic fibrations, the total left derived functor — @ K
of — @ K can be defined; that is, we have a natural bijection h€(A 0% K, —) =
h&€(A,Homg (K, —)) for any E-algebra A. Here hE( , ) denotes the hom set in the
homotopy category of £-algebras. The functor —®% K provides an £-algebra model
for a mapping space.

Theorem 1.2. [13, 1.10.Theorem| Let X and Y be simplicial sets. We assume
that X s finite and that 7, (Y) is a finite p-group for n > 0. We have a quasi-
isomorphism between C*(F(X,Y);K) and C*(Y;K) oF C.(X;K), which is functo-
rial with respect to X and Y .

Henceforth, we work in the category of algebras over the Barratt-Eccles operad £
defined in the field Fp, unless otherwise specify mentioned. The chain and cochain
complexes C,(X;F,) and C*(X;F,) are written as C,.(X) and C*(X), respectively.
In this paper, we first show that C*(F(X,Y)) can be connected with C*(Y) %
C.(X) by quasi-isomorphisms without assuming that m,(Y) is a finite p-group,
subject to the connectedness of the mapping space F(X,Y). More precisely, we
establish the following theorem.

Theorem 1.3. Let X be a finite simplicial set and Y a connected nilpotent simpli-
cial set of finite type. Assume that the connectivity of Y is greater than or equal to
the dimension of X. Then there exists an isomorphism between C*(F(X,Y)) and
C*(Y) ol C.(X), which is functorial with respect to X and Y, in the homotopy
category of E-algebras.
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As mentioned above, the functor — @ K, is regarded as Lannes’ division functor
(— : K*)g-a1g- This fact enables us to construct a spectral sequence converging to
the cohomology H*(F(X,Y)). In order to describe the spectral sequence, we recall
that the generalized Steenrod algebra B is the free associative F,-algebra generated
by the P® and (if p > 2 ) the 8B* for s € Z over the two sided ideal generated by
the Adem relations (see [22, Section 11]). The result [22, Theorem 1.4] states that
the quotient algebra B/(Id — P°) is the usual Steenrod algebra A. Let K-F, be the
category of unstable Fp—algebras over the generalized Steenrod algebra B. We have
a spectral sequence.

Theorem 1.4. (Compare with [9, Corollary 3.5]) Let X be a finite simplicial set
andY a connected nilpotent simplicial set of finite type. Assume that the connectiv-
ity of Y is greater than or equal to the dimension of X. Then there exists a left-half
plane spectral sequence {E,,d,} with

By = Ly(H(Y) : H* (X)) 5,

converging strongly to H*(F(X,Y)). Here Lg(— : H*(X))K-FP denotes the s
left derived functor of the division functor (— : H*(X)),C_Fp in the category K-F,.
Moreover the spectral sequence is natural with respect to X and Y .

In what follows, we shall refer to the spectral sequence in Theorem 1.4 as the
mod p BPS spectral sequence. For a B-algebra B and a B-algebra A of finite
type, one can define the derived functor Ls(B : A) K-F, using a simplicial resolution

of B in the category K-F,. Since the resolution is a complex in the category of
unstable B-modules, the functor Ls(B : A),C_Fp for any s inherits the B-module
structure from that of the complex. The same derived functor can be defined in the
category S-F, of unstable F,-algebras over the usual Steenrod algebra A. Observe
that an object in S-F, is regarded as one in K-F, with the natural projection
B — B/(Id—P") = A. The following theorem allows us to work in the more familiar
category S-F,, than K-F, when computing the mod p BPS spectral sequence.

Theorem 1.5. Let A and B be A-algebras of finite type. Then L4(B : A),C_ﬁp is
isomorphic to Lg(B : A)S-Fp as a B-module for any s.

This theorem implies that the mod p BPS spectral sequence is reducible in the
second quadrant. Moreover we have

Assertion 1.6. The mod p BPS spectral sequence possesses an unstable module
structure on B and hence on A.

For the more precise statement concerning the Steenrod operations on the spec-
tral sequence, see Theorem 7.7.

The rest of the paper is organized as follows. We recall Mandell’s work for p-adic
homotopy theory in Section 2 since our proof of Theorem 1.3 relies on the work.
In section 3, we prove Theorem 1.3 and give a result (Theorem 3.6) concerning the
homotopy type of mapping space. Section 4 is devoted to proving Theorem 1.4.
The edge homomorphism of the mod p BPS spectral sequence in Theorem 1.4 is
also considered. In Section 5, we prove that, for any unstable A-algebra A of finite
type, Ls(H*(K(Z/p,n) : A),C_Fp = 0 when s < 0. This fact is a key to proving
Theorem 1.5. In Section 6, we first clarify the algebra structure of the division
functor (B : A) x-F, over B for given unstable B-algebras B and A. Moreover, we
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give a few examples in which the division functor (H*(Y") : H*(X)) k-, for some
spaces X and Y is compared with the cohomology of the function space F(X,Y)
with coefficients in Fp via the edge homomorphism. In particular, an interesting
calculation of the Steenrod operation in H*(F(2,, BSU(2)); F3) is made in terms
of the Lannes’ division functor, where ¥, is a Riemann surface of genus g and
BSU(2) denotes the classifying space of the Lie group SU(2). We mention that the
calculation is based on a more general result (Theorem 6.6). Section 7, Appendix,
is devoted to defining well-behaved Steenrod operations in the spectral sequence
which is constructed out of a simplicial £-algebra. As a consequence, we will see
that the mod p BPS spectral sequence possesses an unstable module structure on
A.

It is convenient to fix terminology for this article. An operad £ = {&€(r)}r>0
over a field K is called an E-operad if each complex E(r) is acyclic and consists of
free modules over the group ring K[2,], where ¥, is the symmetric group of order
r. We refer to an E.-operad as an EF.K-operad when emphasizing the underlying
field K. An almost free algebra is an E-algebra of the form (£(V),do + d1), for
which (E(V),dp) is the free E-algebra generated by a differential graded module V'
and d; is a derivation associated with a morphism h : V. — E(V) of degree +1.
More precisely, we can write di(pQ@v1 ® - ®v,) = Yi_, £p(v1, ..., h(v;), ..., vy) for
any pRu1 ® - @ v, € E(V) = Bp>0€(r) @kx,) VO (see [13, Section 2.3]).

2. OVERVIEW OF MANDELL’S WORK FOR p-ADIC HOMOTOPY THEORY

As mentioned in the introduction, our proof of Theorem 1.3 relies on Mandell’s
work for p-adic homotopy theory [22]. We recall it briefly in this short section.

Let C.(X) denote the normalized chain complex of a simplicial set X with coef-
ficients in the field F,, and let C*(X) be the dual to C.(X), namely the normalized
cochain complex.

Let € be an ExFy-operad and £( , ) the hom set in the category of £-algebras
E-Alg. The hom set of the category of the simplicial sets A°PSet is denoted by
Simpl( , ). Let A be a category consisting of ordered sets [n] = {0,1,...,n} and
non-decreasing maps [n] — [m]. Observe that the standard simplicial set A[n] =
homa( ,[n]) defines a cosimplicial simplicial set Afe] and gives the simplicial &-
algebra C*(Ale]).

In [22], Mandell has defined the contravariant functor U from the category of
E-algebras £-Alg to the category A°?Set by UA = E(A, C*(Ale])) for any E-algebra
A. An important property of the functor U is stated as follows.

Proposition 2.1. [22, Proposition 4.2] The functors U and C* are contravariant
right adjoints between the category of simplicial sets and the category of £-algebras:

Simpl(X, UA) = £(A, C*(X)).

Let Ho be the homotopy category obtained from the category of simplicial sets
by formally inverting the weak equivalences and h€ denote the homotopy category
of £-algebras.

Proposition 2.2. [22, Proposition 4.3] The derived functor U of U exists and gives
an adjunction Ho(X, UA) = hE(A, C*(X)).
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3. PROOF OF THEOREM 1.3

Before proving Theorem 1.3, we first recall a result due to Fresse, which is a
key to constructing the £-algebra model C*(Y) @ C.(X) for the mapping space
F(X,Y). Observe that, by definition, F(X,Y), = Simpl(X x Alq],Y).

For any simplicial set K, let Fo«(x) — C*(K) denote the universal cofibrant
resolution of the £-algebra C*(K). Observe that the resolution is constructed with
the bar and cobar construction [14, Theorem 2.19].

Theorem 3.1. [13, 5.1.Theorem] Let X and Y be a simplicial sets. We have a
morphism of £-algebras q : Fo-(xxyx) — C*(X;K)@C*(Y;K), functorial in X
and Y, which makes the diagram

For(xxvyix)
q
pl: N\\ i
C*(X x V3 K) = C*(X; K)BC* (Y K)

EZ
commutative in cohomology, where EZ is the classical shuffle morphism.

We can assume that Y is a connected nilpotent p-complete simplicial set. In
fact it is immediate that a p-completion ¢ : Y — YpA induces a quasi-isomorphism
C*(F(x,Y,))) — C*(F(+,Y)). Inductive application of the Eilenberg-Moore spec-
tral sequence mentioned in [21, Theorem 2.1] enables us to conclude that the p-
completion ¢ gives rise to a quasi-isomorphism C*(F(X,Y}})) — C*(F(X,Y)).
Observe that X is a finite simplicial set.

Let 1 : A =5 C*(Y) be a cofibrant resolution. Since Y is resolvable, the unit
Y — U A, which is the adjoint to ¢, is a weak equivalence. In order to prove The-
orem 1.3, we first consider the following sequence (3.1) of morphisms of simplicial
sets:

F(X,Y)

F(X,UA) = Simpl(X x Als], UA)

=

E(A,C*(X x Ale]))

tr.

E(A, Fo-(xxAle)

o

E(A, C(X) © C*(Als]))

|=

U(A2 C.(X)) = E(A 0 Cu(X),C*(Ale])).

~

We define functors C%, Fx and T% from the category A°?Set to £-Alg by
Cx(-) = C*(X x —), Fx(-) = For(xx) and T(-) = C*(X) ® C*(-), re-
spectively. Define an £-algebra map 91 : C*(X x K) — Simpl(K, C%(Ale])) by
P1(a)(o) = (1x x 0)*(a), where 1x x 0 : X x A[n] - X x K for 0 € K,, &
Simpl(A[n], K) (see [22, Section 4]). In similar fashion, &-algebra maps 1y :
Feou(xxxy — Simpl(K, Fx (Ale])) and 13 : C*(X) ® C*(K) — Simpl(K, Ty (Ale]))
are defined.
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Lemma 3.2. The maps ¥, Vo and Y3 are isomorphisms which make the following
diagram commutative:

C*(X % K) =t P (1)~ C*(X) © C*(K)

¢1¢§ - E\sz - %\Libs

Simpl(K, C% (Ale])) ~ Simpl(K, Fx (Ale])) — Simpl(K, T% (Ale])).

Proof. The inverse 71 : Simpl(K,C%(Afe])) — C*(X x K) of ¢ is given by
n(y)(e) = v(e?) (et x ¢,) for v € K, where 0 = o' x 0> € X,, x K,, and
Cn = id) € Aln],. Similarly, we can define the inverses of ¢, and 3. The
commutativity follows from the functorality of p and of gq. O

Theorem 3.3. In the sequence (3.1) of morphisms of simplicial sets, the maps
Px 5(A7FC*(X><A[0])) — S(A, C*(X X A[O])) and qx 5(A7FC*(X><A[0])) —
E(A,C*(X) ® C*(Ale])) are weak equivalences for any cofibrant object A.

Thus the sequence (3.1) allows us to obtain an operadic model for F(X,Y).
Corollary 3.4. In the homotopy category Ho, the simplicial set U(A @ Cy(X)) is
isomorphic to F(X,Y).

Proof of Theorem 3.3. We write Ucs A = E(A, C* (X xAle])), Upy A = E(A, For (x xAle)))
and Ury A = E(A, C*(X)®C*(Ale])). By using Lemma 3.2 and the same argument
as in the proof of Proposition 2.1 due to Mandell, we have a commutative diagram

Simpl(K, Ucy, A) ——= £(A,C* (X x K))

(;D*)*T Tg(AﬁD)
Simpl(K, Upy A) ——— E(A, For (xxK))
<q*>*¢ is(Aq)

Simpl(K, Ury A)

£(4, 0 (X) © C*(K))

in which horizontal arrows are bijective. Here £(A, p) and £(A4, ¢) are maps induced
by p and g, respectively. If A is a cofibrant object, the diagram obtained by replacing
£ and Simpl with h€ and H, is also commutative. In the diagram, £(A4,p) and
E(4, q) are bijective because p and g are quasi-isomorphisms. Thus we see that p.
and ¢, are weak equivalences. O

We here recall the definition of the B,-complex introduced by Mandell. Let B,
(1 <m <o0,n>1)bean E-algebra model for K(Z/p™,n), that is, there exists a
quasi-isomorphism B, , — C*(K(Z/p™,n)). Let By, be an E-algebra model for
K(ZQ, n). A B-cell (CBy, n, Bm,n) is an augmented E-algebra C By, ,, together with
By, n — CByy, 5 a cofibration of augmented £-algebras such that the augmentation
CBy, n — Fp is a quasi-isomorphism. We can assume B,, , and CB,, ,, are almost
free algebras. A B,-complex is an £-algebra A = Colim A; such that Ay = F, and
for each j > 0, A; fits in a push out diagram

ij,nj—i-l Oij,nj+1

g !

Aj Aj+1,
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where {n;} is a non-decreasing sequence in which positive numbers repeat at most
finitely many times.

By assumption, the simplicial set Y has a Postnikov tower whose fibres are all
K(Z/p™,n)’s and K(Z;,,n)’s with only finitely many for each n. From the tower,
we have a B,-complex A = Colim A; = C*(Y). Applying the functor — @ C,(X)
to each stage of the B,-complex, we get a push out diagram (4.2):

B C(X)——= CB o C.(X)

f@ll/ i

Aj 0 C(X) Aji1 © Cu(X),

and a pull back diagram (4.3):
U(B o Cy(X)) U(CB @ Cy(X))

U(f@l)T T
U(4; 2 Cu(X)) =—— U(4j41 © C(X)).

Here (CB, B) is a B-cell with B = By, n;+1 (1 < mj < 00). From Corollary 3.4 and
the assumption on the dimension of X and the connectivity of Y, it follows that the
simplicial set U (B, n,+1 @ Cx(X)) is simply connected. Thus the diagram (4.3)
enables us to obtain the Eilenberg-Moore spectral sequence {E,,d,} converging
strongly to H(C*(U(A,+1 @ Cy(X)))) with

Ey = Torg o+ u(Boc. (x)) (H(C™(U(Ai @ C«(X)))), H(C*(U(CB © C.(X)))))-

From [22, Corollary 3.6] and the diagram (4.2), we have a left half-plane cohomo-
logical spectral sequence {E,,d,} with

By Tory-(Boc. (x) (H" (A © Ci(X)), H*(CB © Ci(X)))

converging strongly to H*(A;j 1 @ C4(X)). Comparing {E,,d,} and {E,,d,} with
the morphism of spectral sequences induced by the adjoint maps 4; @ C(X) —
C*(U(4; @ Ci(X))), B0 C(X) — C*(U(B @ Cx(X))) and CB @ C,(X) —
C*(U(CB @ C.(X))), we have the following theorem.

Theorem 3.5. Let A be the B,-complex mentioned above. Then the adjoint A @
Cu(X) - C*U(A 2 C (X)) is a quasi-isomorphism.

Proof. In order to obtain the result, it suffices to prove that the adjoint map ad :
Bijnj+1 @ Cu(X) — C*(U(Bm,n;+1 © C«(X))) is a quasi-isomorphism for any
1 <mj; < oo and n;.

Since Ho(X,UCB) = h€(CB,C*(X)) = * for any simplicial set X, it follows
that UCB is contractible and hence so is U(CB @ C (X)) ~ F(X,UCB). We see
that h€(CBC.(X), —) =2 h€(CB,C*(X)®—) = hE(F,, C*(X)®—) = *. Thus the
E-algebra CB @ C,(X) is acyclic. Hence ad : CB@ Cy(X) — C*(U(CB® C«(X)))
is a quasi-isomorphism.

The result [13, 4.1.Lemma] asserts that the &-algebra B, @ C.(X) is quasi-
isomorphic to C*(F(X, K(Z/p,n))). Therefore, it follows from [22, Theorem 7.3]
that By, @ Cy(X) is quasi-isomorphic to a B,-complex. The argument of the proof
of the implication (ii) = (i) in [22, Theorem 7.3 (ii)] allows us to deduce that the
adjoint ad : B, @ C(X) — C*(U(B1,n @ C«(X))) is a quasi-isomorphism.
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Consider the push out diagram

Bl,nj CB1,77,]~+1

! !

Bm—l,nj+1 E—— Bm,nj+1;

associated with the fibre square

K(Z/p,n;) *

T T

K(Z/pmfl,nj +1)<=—K(Z/p™,n; +1).

By using inductively the comparison of the spectral sequences mentioned above
with the adjoint maps, we see that for 2 < m < oo, ad : By p,4+1 @ Cu(X) —
C*(U(Bmn;+1 @ C«(X))) is also a quasi-isomorphism. We can regard Boo n;+1 as

the colimit of the cofibre sequence B1,,11 — Ban;41 — -+ — Bman;41 — .
This implies that ad : Boo n;41 @ Ciu(X) — C*(U(Boon;+1 @ Cx(X))) is a quasi-
isomorphism. (I

Proof of Theorem 1.3. Combining Corollary 3.4 with Theorem 3.5, we have the
result. O

Thanks to Corollary 3.4, the following significant result on the homotopy type
of mapping spaces is also deduced.

Theorem 3.6. Let X and X' be connected finite simplicial sets and Y a connected
p-complete nilpotent simplicial set of finite type. Suppose that dim X and dim X’
are less than or equal to the connectivity of Y and C*(X) is quasi-isomorphic to
C*(X'") as an E-algebra. Then F(X,Y) and F(X',Y) are weak equivalent.

Proof. Let A — C*(Y) be a cofibrant resolution. It follows that h&(ADC, (X), —) =
hE(A,C*(X)® —) 2 hE(A,C*(X') ® —) 2 h€(A @ C.(X'),—). Thus we can con-
clude that A © Cy(X) =2 A @ C.(X') as an E-algebra and hence U(A @ C\. (X)) ~
U(A© C.(X")). The result follows from Corollary 3.4. O

4. PROOF OF THEOREM 1.4

Before proving Theorem 1.4, we here consider the homology of a free £-algebra
EWV) =&r>0&(r) ®F, (5] V& The vector space V is decomposed as V = H(V) ®
dyS®S. Then it follows from [27, Lemma 1.1 (iii)] that the inclusion i : H(V) — V
induces a quasi-isomorphism ¢ = &, (1®i®") : E(H(V)) — E(V) in the category of
differential graded modules. The £-algebra structure of a free £-algebra comes from
the operad structure of £. This implies that ¢ is a morphism of £-algebras. Let M
be an unstable B—Fp—module and U, M denote the enveloping algebra, which is an
unstable B—Fp—algebra. From [22, Proposition 12.4], we see that the canonical map
H(V)— H(E(H(V))) is extendable to an isomorphism on KH (V) := U, BH(V),
where BH (V) denotes the free B-F,-module generated by H (V). We regard K as a
functor from the category of F,-vector spaces to the category K-F,. Consequently
we have the following lemma.

Lemma 4.1. The composition map

ue(vy : KH(V) = U BH(V) — H(EHV)) " H(EW))
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is an isomorphism of unstable B-F,-algebras.

In the remainder of this section, we construct the spectral sequence in Theorem
1.4.

Let £(W) — C*(Y) be an almost free resolution in which £(W) is a B,-complex.
From Theorem 1.3, it follows that £(W) @ C«(X) = C*(F(X,Y)) in the homotopy
category h€. Consider a simplicial E-resolution R of E(W):

o E(V) T S eV B E() S W)

equipped with contractions h : £(V_s11) — £(V_s) in the category of differential
graded modules over F,. (As an example of such a resolution, we can give the
standard simplicial resolution described in [3] and [30, 3.8].)

Lemma 4.2. The map
e@1:Total(E(Ve) @ Cu(X)) — E(W) @ Cu(X)
is a quasi-isomorphism.

Proof. Put A = Total(E(Vs) @ C.(X)). We define a decreasing filtration F =
{FiA} of A with internal degrees: FIA™ = @ _ 44 pen1>i(E(V_s) @ C*(X))*. Tt is
easy to check that the filtration F is exhaustive and weakly convergent; that is,
A =Us>oF A and FPANKer d = N, (FPANd ' (FP*"A)). Let us consider the
spectral sequence {Er, élvr} associated with the filtration F. Then the FE-term has
the form

O(0-s01)
e .

C: = OE(Voy) © Cu(X)) = O(E(Vp) © C(X)) — 0.

Here 9s ©1 = (—1)'d; ©1 and O denotes the forgetful functor from the category
of differential graded modules to the category of graded vector spaces. We view
O(E(V_s)) as an O&-algebra. Observe that (O(E(V_s) @ Ci(X)),0(0-s @ 1)) =
(O(E(V_s) @ OCL(X),0(0—-5) @ 1). We see that the free resolution R of E(WW)
gives rise to a free resolution £ : O(£(Ve)) — O(E(W)) — 0 of O(E(W)). The
complex L@ 1 : O(E(V4)) @ OC.(X) is nothing but the complex C mentioned
above. Since O(E(W)) is a free O&-algebra, we can take a constant simplicial
resolution V : .-+ — O(E(W)) = O(E(W)) = O(E(W)) — 0 as a free simplicial
resolution of O(E(W)). Since B, ™* =~ H-(C) = H (L ® 1) 2 H (V0 1), it
follows that Ey ™ = 0 for i > 0 and that E>* = O(E(W)) @ OC,(X). Moreover
we see that ES* = EO* = H(Total(£(Vs) @ C.(X))).

We next define the filtration ‘F' of the E-algebra E(W) @ C.(X) with internal
degrees. This filtration gives a spectral sequence {‘E,, ‘d,-} converging to H(E(W)©
C.(X)) with

i _ [ OEW) 0 OC.(X) ifi=0
1 =10 if i #0

It is immediate that ‘Ey™* = ‘E%* = H(E(W)®C,(X)). The map £ @ 1, which pre-
serves the filtrations, induces {f,} : {E,,d,} — {‘E,,‘d,} a morphism of spectral



10 DAVID CHATAUR AND KATSUHIKO KURIBAYASHI

sequences. This allows us to obtain a commutative diagram

f2

Eg,* ‘Eg*
H(Total(E(Vs) @ C (X)))HW H(EW) o Cu(X)).
Since fi is an isomorphism, we have the result. O

We define a decreasing filtration F* = {F~®A} of the total complex A of the
double complex E(Va) @ C(X) = (E(Va) : C*(X))g-a1g by F*A=&_<,E(Vi) @
C*(X). Let {E,,d,} be the spectral sequence associated with the filtration F'°.

Theorem 4.3. The spectral sequence {E,.,d,} converges strongly to H*(F(X,Y)).

Proof. Tt is readily seen that the filtration F'® is exhaustive and weakly convergent.
Since the filtration is bounded below, it follows that the natural map v : HA —
lim. HA/FPHA is an isomorphism; that is, the filtration is strongly convergent.
The complex E(W) @ C.(X) is quasi-isomorphic to C*(F(X,Y)). Therefore the
result follows from Lemma 4.2. O

We will describe the Ea-term of the mod p BPS spectral sequence in terms of
the derived functor of the division functor in the category KC-IFp,.

Since the F;-term of the spectral sequence is induced by the internal differential,
namely the differentials of the complexes £(V_g41), it follows that the F;-term has
the form

S H(EWV_) 20 (X)) TV L HEW )00 (X)) — HEVe)2CL (X)) — 0.

Since the free E-resolution R of £(W) has contractions, by taking the internal

differential, we have a simplicial resolution

H(0-1) H(e)
—_—

e HEWVL)) H(E(W))

I I

KH(V_1) KH(Vo)

H*(Y) 0

IR
IR

in the category K-F,. The following proposition completes the proof of the Theorem
1.4. Observe that the naturality of the spectral sequence also follows from the same
proposition.

Proposition 4.4. Let E(V) and E(V') be free E-algebras and let 0 : E(V) — E(V')
be a morphism of £-algebras.
(i) Then the diagram

(HEWV)) : H (X)) g5, ——> (H(EV") : H (X)) x5,
(“£(V>:1)Tg %T(Us(v/)il)
(KH(V): H* (X)), 5, (KH(V') : H* (X)), 5,
H H
K(H(V) ® H.(X)) KH(V') ® H.(X))
UE(VQCH(X)) ig %iusw’@c*(m)

HE(V & Cu(X)) ——os—> HE(V' & C.(X)



AN OPERADIC MODEL FOR A MAPPING SPACE 11

is commutative in K-F,,.
(ii) Let f : X — X' be a map. Then the following diagram is commutative:

% 1:H*(f %
(HEW)) : B (X)) 5, S HEW)) - HY (X)) 5,
(us(vwl)T% %T(uav'):l)

(KH(V): H*(X))cz, (CH(V) : H* (X)),

KH(V)® H.(X)) KHV)® H.(X"))
HS(V®C*(X>>¢% %iusw’@c*(m)
HE(V @ Cu(X)) —————— HE(V @ Cu (X)).

(V& C(X) e HE(V 8 CL(X))

In order to prove Proposition 4.4, we prepare a lemma. Let £( , ) denote the
hom set in the category IC-IF).

Lemma 4.5. For any E-algebra N, the diagram

adg(v)

o

EE(V) @ Cu(X),N) — D~ £(E(V),N ® C*(X))
H\L i/H
K(H(E(V) 0 C (X)), HN) K(H(E(V), HN ® C*(X)))
u;}(v@c*(x))\Lg Eiuz‘(\/)
K(KH(V) : H*(X))5,, HN) —— K((KH(V)), HN @ H*(X)))

adx g (v)

is commutative. Here adg(vy and adge(vy are adjoint isomorphisms and H s the
map which sends a morphism f of chain complezes to the induced homomorphism
H(f) on homology.

Observe that, by definition, £(V) @ C.(X) = E(V @ Ci(X)) and (KH(V) :
H* (X)), = K(H(V) @ H.(X)).

Proof of Lemma 4.5. The given diagram is decomposed as follows:

E(E(V & CL(X)), N) ——— Homggn (V@ C.(X), N) ——
“2<V®c*<X))°Hl Hi

K(K(H(V) ® Hu(X)), HN) —z Homgg (H (V) ® H.(X), HN) >

Homgm (V, N ® C* (X)) — == E(E(V), N @ C*(X))
H\L \LHE(V)OH

Homagm (H(V), HN ® H*(X)) > K(K(H(V)), HN ® H*(X)),

where Homggm( , ) denotes the hom set of the category of differential graded
modules and the compositions of horizontal isomorphisms are the adjoints. By a
fairly straightforward manner, we can check the commutativity of each square. The
details are left to the reader. |
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Proof of Proposition 4.4. (i) Put ay = (uz(v))_load,CH(V) Ouz(vg)c*(x)) forU=V
and V'. From Lemma 4.5, we have a diagram (4.1):

adg(v)

E(E(V & C,),N) E(E(V),N ® C¥)
— | @ —I

vov* | K(HE(V @ C.), HN) — K(HE(V), HN @ H*(X))
HOOD" | adg J
EEWV'®CL),N E(EWV'),N @ C*) H(0)*
\H \H

K(HE(V' ® C,), HN) — K(HE(V'),HN ® H*(X))

whose squares are commutative except for the front one, where C* = C*(X) and
C. = Ci(X). We also have a diagram

KHE(V ® C,), HN) 2> K(HE(V), HN ® H*(X)?d%vk((Hg(V) : H*(X),HN)
H(o01)" | 1) ()" |
K(HE(V' ® C.), HN) — K(HE(V'), HN & H*(X)a)di;—(v/I)C((HE(V)  H*(X), HN)

in which the right square is commutative. The commutativity of diagram (4.1)
implies that H(9)*av (idpsvec,)) = av H(O © 1)*(idgg(vec,)) and hence

(H(0) : 1)*(adpevy) tav(idyevac.)) = (adgeqn)  av H(O @ 1) (idpevec.))-

Put ¥y = ugwec, (x)) © (Ugw) : 1)*_1 for U =V and V’. Then the commutative
diagram

K(HE(U ® C.), Hﬁﬁ”ﬁ;(/@ﬁ(mﬂw) L H(X)), HN) Y (KH(U), BN © H*(X))

(ue@w ¢1)*T% U T%
*\ W) )

K((HEWU) : H*(X)), HNE)ldH—:f)C((HS(UL HN @ H*(X))

enables us to deduce that (adge(r)) ~*oay = ¥f;. Thus by choosing £(V&C,) as N,
we can conclude that (H(9) : 1)* ¥, (idg e (vec.))) = Vi H(O01)" (idgewvec.)))
This completes the proof.

(ii) The map 1@ C.(f) : E(V® *(X)) — E(V®C.(X")) is defined by the extension
of the linear map 1 ® C,(f) : V@ Ci(X) — V ® Ci(X’). Therefore it is easy to
check the commutativity. |

We end this section with consideration on the edge homomorphism of the spectral
sequence {E,,d,}.

Let ¢ : * — X be the inclusion map. Observe that the map ¢ induces the
evaluation map evy = F(¢,id) : F(X,Y) — F(*,Y) =Y. Define a map

0:H"(Y)— (H*(Y): H'(X))c5, = Lo(H*(Y) : H(X)) 5,
by composing the natural isomorphism H*(Y) = (H*(Y) : F,) x-F, With the in-
duced map (1: %) : (H*(Y) :FP)K_FP — (H*(Y): H*(X)),C_FP.

Proposition 4.6. The induced map evy : H*(Y) — H*(F(X,Y))) is decomposed
via the edge homomorphism of the spectral sequence {E,,d,}, that is, the following
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diagram is commutative:

*
€’UO

H*(Y) H*(F(X,Y))
0
Ey" = Lo(H*(Y) : H* (X)), 5, E> EY*.

Proof. Consider the spectral sequence { E,., d,} with ES* = Lo(H*(Y) : H*(%))xF,
converging to the cohomology H*(F(x,Y)) = H*(Y'). We regard that this spectral
sequence is constructed from the complex R @ Fp, where R denotes a simplicial
resolution of a cofibrant model for Y. Since R@R, is isomorphic to R as a complex,
it follows that 3" = 0 if s # 0 and that ES” = Lo(H*(Y) : Fp)g, = H*(Y).
This implies that the spectral sequence {Ei’ jr} collapses at the Es-term. Moreover

the edge homomorphism E207* — -+ — E%* is viewed as the identity map. The
inclusion map ¢ : * — X induces a morphism {f.} of spectral sequences from

{E,,d,} to {E,,d,} on account of the naturality of the spectral sequence. We then
see that the morphism f5 is nothing but the map 6. This completes the proof. [

Remark 4.7. From the construction of the spectral sequence, we see that the edge
homomorphism coincides with the composition

(H*(Y) : H* (X)) 7,
H
Coker{H(d © 1) : H(E(V_1 ® C.(X))) — H(E(Vo ® C4(X)))}
\LH(E@l)
H(EW) 2 C.(X)) = H*(F(X,Y)).

This implies that the edge homomorphism is a morphism of unstable B-algebras.

Remark 4.8. We here give a model for the based mapping space F.(X,Y).

Let ¢ : ¥ — X be the inclusion and £(W) = C*(Y) a cofibrant model. Recall
that the maps in the sequence (3.1) and the adjoint in Theorem 3.5 are functorial
with respect to X. Therefore we have a commutative diagram

C*(Y) = C*(F(x, V) 22 o (F(X, V)

EW) = E(W) 0 F, = EW) @ C.(X) = EW © C.(X)
for which in : F, — C.(X) is the inclusion and the vertical arrows are quasi-
isomorphisms. The map id@in is regarded as the inclusion E(W) — E(W R C. (X))
and hence as a cofibation.
Consider the evaluation fibration

Fo(X,Y) = FIX, Y)Y,

The map evg is nothing but the induced map F(¢,Y) so that the map id @ in is
a model for the evaluation map evy. By virtue of [11, Théoreme 4.2], we have a

model E(W ® C*(X)*) 5 C*(F.(X,Y)), where C*(X)" = C*(X)/F,.
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So far we adhere to working with cochain complexes in order to get topological
results. However, one can reconsider the construction of the mod p BPS spectral
sequence by replacing the cochain complexes C*(Y) and C*(X) with E-algebras
B and A, respectively. Then a more algebraic spectral sequence appears. More
precisely, we can establish the following theorem.

Theorem 4.9. Let A and B be E-algebras over a field F. Suppose that A is of
finite type. Then there exists a left-half plane spectral sequence {E,,d,} converging
strongly to H(B @Y A,) with E5™ = Ly(H(B) : H(A))x_F, the left derived functors
of the division functor ( : H(A))x—r in the category K-F of unstable B-algebras
over F.

Remark 4.10. Let F}Y" be the cosimplicial resolution of Y. It seems that the Bous-
field spectral sequence [7] for the cosimplicial space F(X,F2Y) gives rise to the
spectral sequence converging to H(F(X,Y)) with the same Es-term as that of our
spectral sequence (see [5, Sections 3 and 7] for details of the case where X = S1).

5. DERIVED FUNCTORS OF DIVISION FUNCTORS

Let A be an unstable A-algebra of finite type over F,,. To simplify, the derived
functor Ls( : A) x-F, may be denoted by Lg( : A). Our goal in this short section is
to prove Theorem 1.5. We will first prove the following theorem.

Theorem 5.1. For anys < 0, Ls(H*(K(Z/p,n)) : A) =0 and Lo(H*(K(Z/p,n)) :
A) is isomorphic to Uen A(e, @ Ay) as a graded vector space.

Before proving Theorem 5.1, we prepare a proposition and a spectral sequence.
Proposition 5.2. Lo(F, : A) =F, and Ly(F, : A) =0 for s < 0.

Proof. Let - —K(V_1)—K(F,)-—F,—0 be the standard simplicial resolution
of F,. Here K denotes the functor Ue,B from the category of graded F,-vector
spaces to KC-F,, (see Section 4). We then define a morphism r : F,, — K(F,) in K-F,
by (1) = 1x. It is immediate that the composite € o r is the identity. From [30,

Lemma 7.1.3], we see that the complex --- —(K(V_q) : A)M(IC(IFP) 1 A)—0,

which computes the derived functor Ls(F, : A), is acyclic. The result for s = 0
follows from Theorem 6.1 in the next section. O

It is known that the cohomology H*(K(Z/p,n)) is isomorphic to Ue,.A(e,) as
an unstable A-algebra (see also [30, Proposition 1.6.2], [8]). Moreover, by virtue of
[22, Proposition 12.5], we obtain a pushout diagram

a
UenBen —— UenBen = a*UenBen

| i

F, UsnAen = H (K (Z/p, )

in the category K-F,, where a = Ue,, (1 — P?).

By using a spectral sequence [28, IT §6 Theorem 6 (b)] due to Quillen, Bokstedt
and Ottosen have construct a spectral sequence converging to a derived functor
applied to a pushout in an appropriate category (see [6, Proposition 6.3]). The
way of their construction of the spectral sequence does work well in the category
KC-F,. The division functor (— : A) preserves colimits, and hence pushouts, in K-F,
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since the functor is the left adjoint of the tensor product functor A ® —. Thus [6,
Proposition 6.3] enables one to deduce the following proposition.

Proposition 5.3. Let B’ <— B— B" be a diagram in the category IC—F,, such
that Tor?(B',B") = 0 for any i > 0 and let B' ®@p B denote the pushout. Then
there exists a third quadrant spectral sequence {Ey,d,} converging to L.(B'®p B" :
A) with By = Tork~BA([ (B’ : A), L.(B" : A)):.

Proof of Theorem 5.1. We observe that Ls(K(e,) : A) = 0 if s < 0 and that
Lo(K(en) : A) = K(en, ® A.). Moreover we see that a.K(e,) is a free K(e,)-
module. This follows from [22, Proposition 12.5]. Proposition 5.3 enables us to
obtain a spectral sequence {E,,d,} such that

Byt Tork« e (L (0, K(en) : A), Lu(Fp: A))iy  ES' = Loyi(UenAlen) - A).

By virtue of [13, 4.2.7 Lemma), we see that Lo(a./K(e,) : A) = (aK(e,) @ A) =
Klen, ® Ay) @ UepAle, ® Ay) as a K(e, ® Ay)-module. Therefore it follows from
Proposition 5.2 that

Tork-®Een) A (L (0, K(e,) : A), L.(F, : A)).
>~ Torl (L (0,K(en) : A),Fp)o
> UnpA(e, ® Ay).
This completes the proof. O

We are now ready to prove Theorem 1.5.

Proof of Theorem 1.5. We take the standard simplicial resolution U, — B — 0 of
B in the category S-F,, (see [3] and [30, 3.8]). Let Bo > B — 0 and Vie - U; — 0
be the standard simplicial resolutions of B and U, respectively, in IC—FP. Observe
that U; = (Uen A)Y(B), By = K¥1(B) and Vj, = K*1(U;). Since the standard
simplicial resolution is functorial, we have a double complex :

0 0 0 0
T S(=1)td; T T e T
i i+1 e Uy B 0
nT 2(—1>1'7<<ety-)nT WT K(e) WT
i0 (i+1)0 e Voo By 0
dO_le z<—1>i1c2<df/1 T T K2(e) T
Via (i+1)1 - Vou By 0

o o

The resolution Uy — B — 0 has a contraction h; : U; — U;_; for any ¢ in the
category of graded F,-vector spaces. Thus, for any k, the horizontal sequence

jck+1
Vek 56 By — 0 is interpreted as a simplicial resolution of B, = KF*1(B).

Therefore the spectral sequence arising from the horizontal filtration of the double
complex Dge := Total((Vee : A),C_Fp) gives an isomorphism of B-modules from
H,(Dqo) to L. (B : A) K.F, The vertical filtration of the double complex D4, defines
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another spectral sequence converging to H.(Ds,) with E}"* 2 L, (U, : A) .7, BY
virtue of Theorem 5.1, we see that E* 2 Lo(U, : A),C_Fp and E' = 0 for t < 0.
Moreover we have an epimorphism

(n:1): Lo(Us : A)yeg, = (Vso : A)/Im{(8p: 1) — (61 : 1)} —— (U, : A)sr,»
which is induced by 7, in the category of B-modules. Theorem 5.1 implies that
Lo(Us : A)xg, = (Us : A)y_g, Is isomorphic to (Us : A)g_g, as a vector space
and hence (7 : 1) is an isomorphism. Thus it follows that E5° = L, (B : A) S-F,

and Ey" = 0 for t < 0. We have an isomorphism of B-modules from H,(Dss) to
Ly(B:A) s-F,- This completes the proof. O

Remark 5.4. Theorem 5.1 is refined. In fact, Theorem 1.5 yields that the division
functor (H*(K(Z/p,n)) : A)/C—Fp is isomorphic to UepnA(e, ® A) as a B-module.

6. COMPUTATION OF THE DIVISION FUNCTOR (H*(Y) : H*(X));C-Fp

Let A and B be unstable B-algebras. The fact described in Remark 4.7 motivates
us to compute the division functor (B : A) x-F, as an unstable B-algebra.

In order to describe the structure of the functor explicitly, we first define a
bracket (, ): {K(B® A,) ® A}*" @ A®" — K(B ® A.) by

(M1 RT1Q - @A QTy, A1, @+ ® Ary) = 1 (T1,a14) - W (Tr, Ary).

Here A, is the dual space to A and (, ): A® A, — F, denotes the usual pairing.

Let 1x and 1p are units of K(B) and B respectively. The counit of A, is
denoted by 14,. We use the usual notation P! for 351 P%1 ... 3% Pk where I =
(51, S1y.-49Ek, Sk)

Theorem 6.1. Suppose that A is of finite type. Let 2 is the ideal of the unstable
B-algebra K(B ® A.) generated by the elements 1x — 1 ® 14, and
((P") (1 ®wi,) @2 @ @6(PT) (yr @2, ) @2’ , AU Vz) — (Ply, - Py, ) @,
where A=Y s the r-fold iterated coproduct on the dual algebra A, {z*} and {z;}
denote a basis of A and its dual basis, respectively. Then Lannes’ division functor
(B : A)xg, is isomorphic to K(B ® A.)/2 as an unstable B-algebra.

Proof. Let us consider the standard simplicial resolution of B:

do—dy
—

- —=K(K(B)) K(B) —= B—=0.

By a straightforward calculation, we can get explicit forms of (dp : 1) and (d; : 1)
as follows:

(do:1)(1e®1l)=1k, (d1:1D)(1x®1la.)=1p®1a,
(do: 1Dl ®@xy) =0, (di:1)(lx®@zy)=1pRux, for z,#1
(do : 1)(P"yy i -+ PTyr) @ )
= (P @w,) @ @ @5(P")(y, @ mi,) @™, AT V),
(di: )((P"yy k- Plry) @ 2) = (Plyp -+ Plry,) @ o,
where -k denotes the product on C(B). The division functor (B : A),C_Fp is realized
as the quotient algebra (B ® A.)/Im{(do : 1) — (d1 : 1)}. In fact, the existence of
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degeneracy operator sq : K(B) — KK(B) tells us that 2 = Im{(do : 1) — (dy : 1)}
is an ideal. We see that the algebra K((C(B) ® A.) is generated by elements
g1 qr @z for ¢; € K(B) and 1g ® x.. Moreover it is readily seen that the
elements 1g ® z, for x, # 1 belong to 2A. Thus we have 2" = 2. O

The following proposition states one of important properties of the division func-
tor () K-F, -

Proposition 6.2. Let A and B be unstable algebras over the usual Steenrod algebra
A.  Then the division functor (B : A),C_ﬁp is generated, as an algebra, by the
elements of the form y ® x. such that y is indecomposable and x, € A.. Moreover,
the division functor is an unstable A-algebra.

Proof. We use the same notation as in Theorem 6.1. The second assertion follows
from Theorem 1.5.

Let {z'™} and {z;(y)} be a basis of AV and its dual basis of Ay, where z; g
denotes the unit 14 of A. We write {2} = Uy {2*™} and {z;} = Un{zin}. Let
@B be the vector space of indecomposable elements and S(QB ® A.) denote the
symmetric algebra generated by the vector space QB ® A,. Consider the natural
map 7 : S(QB® A,) — (B: A)K—Fp- In order to complete the proof, it suffices to
show that the map 7 is surjective. Recall from Theorem 6.1 the formula (6.1):

(6(P™)(y1 @4, @2 ®- - @6(P)(y, @, )@t , AT Vg) — (Pliy ... Plry, )@ .

This enables us to conclude that an element y ® z; for y € B is in the image of
1. We have to prove that °P*(y ® ;) with e +s > 0 is in Im 7. Assume that
B°P'(y ® xj) € Im n for ¢t and e such that £ +¢ < M. Consider the element
B°P*(y ® xj) with € + s = M. Then by applying (6.1) again, we see that

(B°P°y) @ x;
= (0P y@z) @', z;)
= | > £BOP* (y @ m) @ B P et ) + (8P (y @ 1) @ 2, ).

epte1=e,s0+s1=s
e1+s1>0

It turns out that the element (3°P*(y®@z;) @', z;) = °P*(y®x;) is in the image
of n. We have the result. |

Theorem 6.3. Let X be an n — 1-dimensional finite simplicial set. Then the edge
homomorphism

(H*(K(Z/p,n)) : H*(X)) 5, — H (F(X, K(Z/p,n)))
is an tsomorphism.

Proof. Consider the spectral sequence {E,,d,} in Theorem 1.4 converging to the
cohomology H*(F(X, K(Z/p,n))). Theorem 5.1 yields that E2* =0 for s < 0. It
is readily seen that EQ* ~ EY* =~ (H*(K(Z/p,n)) : H*(X))K—Fp and ES* = 0 if
5 < 0. We have the result. O
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Assume that X = S' and H*(Y;F,) is a polynomial algebra. Let F be the the
homotopy fibre square

F(SLY) Y

Y%AYXY’

where A is the diagonal map. Then the mod p cohomology algebra of the free loop
space LY = F(S',Y) can be determined explicitly by using the Eilenberg-Moore
spectral sequence (EMSS) {E,(Y),d,(Y)} associated with F (see [18, Remarks 3.4,
3.5], [20, Theorem 1.6]). To be exact, it H*(Y;F),) = Fply1, .., yi], as an H*(Y;F,)-
algebra, then

H*(LY;Fp) = Fplyr, .. ] © A1, G2, -, 70) i p#2,
where degy; = degy; — 1. In the case p = 2, we see that
H*(LY7F2) = FQ[yla "7yl] ® FQ[glnga --7gl] /(yf + @Sqdegyi—lyi;i = 1a 27 ) l)

as an H*(Y;Fq)-algebra, for which ® is the derivation defined by ©(y;) = ¥; (see
also [5] for the algebra structure of H*(LY;F2) ).

Since the derivation @ is compatible with the Steenrod operations ([18, Remark
3.5]), we can determine explicitly the A-algebra structure of H*(LY;F,) from that
of the polynomial algebra H*(Y';F,) (see, for example, [18, Example 3.6]). The fol-
lowing theorem asserts that the A-algebra structure of H*(LY; Fp) is also expressed
via the Lannes’ division functor.

Theorem 6.4. Let Y be a simply-connected space whose mod p cohomology is a
polynomial algebra. Then the edge homomorphism

edge(y.s1) : (H*(Y) : H*(Sl)),c_ﬁp — H*(LY)
is an isomorphism.

Before proving Theorem 6.4, we consider some important relation which appears
in the division functor (H*(Y) : H*(Sl)),c_ﬁp.

Lemma 6.5. Lett, be the base of H.(S*) which is defined from a base of H.(S*;F,)
via the inclusion H.(S';F,) — H.(S").

(i) The algebra (H*(Y) : H*(Sl)),c_ﬁp is generated by the element y; ® t,. and
Y Q1. B B

(ii) For the case p = 2, we have (y ® t.)? = DSqie¥~1(y @ 1), where ® is the
derivation defined by f)(y ®1) =yt for any y.

Proof. Part (i) follows from Proposition 6.2.

In the case p = 2, it follows from the formula (6.1) that (y®t.)? = S¢ie¥~1(y®
t.) = (Sq¥8Y~1y) @ t,. Since t, is primitive, we see that, for any elements y1, .., %,
in H*(Y),

(v yr) @t = (@) (Y201) - (yr@1) 4+ -+ (101) (2@1) - - - (Yr—1 1) (Y, D).
in (H*(Y): H*(Sl)),C_FP. This completes the proof of (ii). O
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Proof of Theorem 6.4. We fix an generator y; of H*(Y : Fp). Put n; = degy;. Let
f:Y — K,, = K(Z/p,n;) be a representative of the element y;. Then we see that
there exists an element s~14,,, such that F(1, f)*(s~1i,,) = ¢;. This follows from
the naturality of the EMSS {E,.(Y),d,(Y)}. Let t. be the same base of H.(S) as in
Lemma 6.5. Theorem 6.3 allows us to deduce that edge(Kni:Sl)(em ®t) = ;s i,
for some non-zero element «; € Fp. By naturality of the edge homomorphism, we
have a commutative diagram
edge(Kni:S1
(H () B (S ez, 2 e (LK)
() lf(Lf)*
(H*(Y) : H*(Sl)),c_]k—-p G H*(LY).
e ge(Y:S1)
It is readily seen that edge(Y:Sl)(yi ® ti) = a;y;. Proposition 4.6 enables us to
deduce that edge(y.g1)(y; ® 1) = y;. We define an algebra map ¢ from H*(LY) to
(H*(Y) : H*(S1)) by p(y;) = v;®1 and ¢(¥;) = (o)~ 'y; ®t.. The well-definedness
for p = 2 follows from that of the map edge(y.g1) and Lemma 6.5(ii). By virtue
of Lemma 6.5(i), we can conclude that ¢ is the inverse of the edge homomorphism
edge(y . g1y- O

Next we look at the edge homomorphism in the case where X is a Riemann
surface 3, of genus g and the target Y is the classifying space BG of a simply-
connected Lie group G. Using generators a1, B, ..., &g, By of m1(2,), we can write
Y, = V¥, S' U, D?, where o = [ay, B1]--- |1, B,]. Let {E,,d,} be the EMSS
obtained from the cofibre square

Eg<—jD2

2 1
ViZy St =S¢

converging to H*(F (X4, BG)) (see [21, Theorem 2.1]). Assume that the cohomol-
ogy H*(BG,;F,) is isomorphic to a polynomial algebra F,[c;] generated by the ele-
ments with even degree, equivalently the integral cohomology of G is p-torsion free.
Then the calculation of the integral cohomology of F (2,4, BG) due to Atiyah and
Bott in [2, Proposition 2.10] allows us to deduce that the EMSS {E,,d,} collapses
at the Fo-term. Hence we have

29

B 2 Fples] @ Q) Alwa) @ T[s ™ a;]

1=1
as a bigraded algebra, where bideg ¢; = (0,degc;), bideg z; = (0,degc; — 1)
and bideg v;(s~'z;) = (—t,t(degc; — 1)) (for more details, see [21, Remark 3.6]).
Moreover it follows that, as an H*(F (V295! BG))-module,

H*(F(%,,BG)) = H*(F(V¥S', BG)) @ T'[s ).

Here the H*(F(V?9S!, BG); F,)-module structure is defined using the map F (i, 1)*.
We observe that H*(F(V29S', BG)) = Fyle;] © @72, A(zi) (see [21, Proposition
3.1]).
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Let F*H* = {F'H*},<o be the filtration of H*(F(X,, BG)) which is brought
from the EMSS {E,.,d,}. Let SA be the subalgebra generated by H*(F(V29S!, BG))
and elements s~'ax;. It follows from the bigraded algebra structure of E., that SA
is a submodule of FPH*. Moreover the A-algebra structure of the EMSS tells us
that SA is a sub A-algebra of H*(F(X,, BG)).

As is presumed from the integral cohomology calculation of F(X,, BSU(2)) due
to Masbaum [24], it seems very difficult to determine the whole algebra structure
of H*(F (X4, BG)). Fortunately, we can determine the 4-algebra structure of SA
explicitly using the edge homomorphism edge BG:E,) subject to exact knowledge of
A-action on H*(BG;F,).

Theorem 6.6. Assume that the integral cohomology of G is p-torsion free. Then
the edge homomorphism

edge(pais,) + (HY(BG) : H(5g)) 5, — H*(F(%y, BG))

factors through the sub A-algebra SA of H*(F(X4, BG)). Moreover the map into
SA is an isomorphism.

Proof. Let f; : BG — K; = K(Z/p,degc;) be a representative of the element c;.
We consider the following commutative diagram

edge(Kj:Eq)

(H*(K;) : H*(S)) o, ———a > H(F(S,, K;)
)| |7y
(H*(BG) : H*(%y)) -5, ——— H*(F(Zy, BG))
(1;1‘*)T ” Tf(m)*
(H*(BG) : H*(V29SY)) = = > H*(F(V*9S, BG)).

edge pg.v29sT)

P

Let {tx}1<j<24 and {s2} be bases of H;(X,) and Ha(X,), respectively. The proof of
Theorem 6.4 does work well to verify that the edge homomorphism edge gy 2051)
is an isomorphism such that edge pe.y2051)(ci ® t) = aipxi, for some non-zero
element oy € Fp. Hence we have edge(BG:Eg)(ci ® tr) = airxig. Theorem 6.3

—1lgz, with a non-zero element

implies that the map edge(peq.x, ) sends ¢; ® sz to ;s
a; € F,. By virtue of Proposition 6.2, we see that the algebra (H*(Y) : H* (Eg))ic—J?p
is generated by the elements ¢; ® t, ¢; ® so and ¢; ® 1. It follows from the bigraded

algebra structure of the E.-term that, as an H*(F(V29S!, BG))-module,
SA= H*(F(v*S', BG)) @ Fpls'a;]/ ((s7'z:)?) .

We define an H*(F(V?9S1, BG))-module map ¢ : SA — (H*(Y) : H*(Eg))ic—ﬁp by
q(za) = ate; @ty and q((s7tz;)") = (a;lcj ® sg)™ for n < p. It is immediate
that ¢ is the inverse of the edge homomorphism as an H*(F (V295! BG))-module
map. In fact, the edge homomorphism is a morphism of algebras over A. Thus we

have the result. O

We conclude the paper with an example concerning calculations of the Steenrod
operations on the cohomology H*(F(X,, BG);F,).
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Example 6.7. We choose a base {1,t"* 1™ s3},<;<, for the integral cohomol-
2 2
ogy H*(X4;Z) so that t(l)* (m)* = 0;555 and tl(.l)* = tl(.m)* = 0. Then, in the
cohomology H*(.’F(Zg,BSU( )); F3),
(c2®52)> = Pllea@sa) = Y (2@ 1)) (c2®t{™) +2(c2 @ 52)(c2 @ 1).

%

Here {1,¢, () ¢m) ,s2}+ denotes the dual basis for H,(3,) and ¢y € H*(BSU(2)) is

s by o by

the mod 3 reduction of the 2nd Chern class. In fact, by using (6.1), we see that
0= (5(P"(ca ® ;) @ 2, 59) — (Pley) ® 59 = P(ca ® 53) — €2 ® 52
in (H*(BSU(2)) : H*(Xg)) x5, Where {z;} = {l,tzl),tgm) s2}. Moreover it follows
that
3Rsy = (@3 @3, @ @2 @iy, Asy)
= (202" 1, @cy @12 @ x4,
s2@01+1@s— Yt @t +3 1™ o)

(c2®s2) (2®@1)+(c2®1)- (62®82)
—Z@@t( (2@t +Zc®t ) (2@ t).

Thus we have the above formula.

Remark 6.8. We refer the reader to [1] for remarkable properties which are reliable
in explicitly computing Lannes’ T-functor.

Acknowledgement. The authors would like to thank the referee for comments which
helped them to revise a previous version of this paper.

7. APPENDIX

As mentioned in Introduction, this section is devoted to considering the Steenrod
operations in the spectral sequence arising from a simplicial £-algebra. We assume
that the underlying field is F,, or F, throughout this section.

Let Ae = {(A},04)} be a simplicial E-algebra. We put A~% = A; and define
the total complex Total(A®) by Total(A®*)" = @si11—nA>'. Let {E,,d,} be the
left-half plane spectral sequence associated with the filtration F defined by F*" =
Boptmn,s>i A% Put FSH = Im{H(.) : H(F*Total(A®)) — H(Total(A®))}, where
¢ : FTotal(A®) — Total(A®) is the natural inclusion. Then {F*H} is a strongly
convergent decreasing filtration of H(Total(A®)) (see [25, Chapter 3]). Observe that
Est = st FsTLHsTt as a module. Thus, by definition, the spectral sequence
converges strongly to H*(Total(A®)). Recall that

Est Zs t/( i—k—i,t—l +Bif1)a

where Z3t = Fostt q d-}(Fstrstttl) and BIt = postt q dps-rlsti=l Ag
is known, there exists an isomorphism p : E5"* = H*(H'(A,9), Y (-1)'H(d;)) =:
HirHr(A) which sends the element [z ® 2541 D - - - @ 2g] of Ea to [[2s]s], where [z5]o
denotes the class in H?(Asg, d) represented by z,. Since H*(A, ) is an unstable B-
algebra and Y (—1)*H(d;) is a B-module map, we can define the Steenrod operation
B Py, on HipHi(A) by 5°Pp,|[[2s]s] = (=1)7[3°P*[2]a].
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Our main theorem in this section is stated as follows.

Theorem 7.1. In the spectral sequence {E,,d.} constructed above, each stage
(Ey,d,.) possesses a differential bigraded algebra structure and an unstable mod-
ule structure over the big Steenrod algebra B for each r such that:

(1) FFPid, = (—1)%d,(°P?,

(2) for any operator 3°P' € B, 3P : ESt — Ef’t+2i(p_l)+€,

(3) the Cartan formula holds and

(4) for r = 2, the operation (°P° : E;t — E;’t+2i(p71)+5 coincides with BEP};JZ up
to the isomorphism p : E3™ = HrHr(A).

Suppose further that there exists an E-algebra map n from A§ to an £-algebra
(B, d) such that the composition Total(As) = Ay ~» B* is a morphism of differen-
tial graded module and a quasi-isomorphism, where w denotes the natural projection.
Then F*H(B,0) := H(non)(F*H) is an unstable B-submodule of H(B,d) and,
as a bigraded algebra and an unstable B-module, EX* = F*H(B,0)/F** H(B,d).
In consequence, the spectral sequence {E,,d.} converges strongly to H(B,0) as an
algebra and an unstable B-module.

Suppose that a given spectral sequence {E,., d,.} admits the differential bigraded
algebra structure and an unstable module structure over the big Steenrod algebra
B (resp. the usual Steenrod algebra A) for which the conditions (1), (2), (3) and
(4) in Theorem 7.1 are satisfied. Then we call such the structure on {E,,d,} a well
compatible DGA-B-module (resp. DGA-A-module ) structure.

The rest of this section is devoted to proving Theorem 7.1.

Let NA, be the normalized complex of A,; that is, NA, = NizoKer d; with
the differential do. Since d; is a morphism of £-algebras for any i, it follows that
NA, is a sub £-algebra of A,, for any n. We define the spectral sequence {Er, d.}
converging to H*(Total(IN A)) by the same way as in the construction of the spectral
sequence {E,,d,}. It is immediate that the inclusion ¢ : NA — A gives rise to the
morphism {i,} : {E,,d,} — {E,,d,} of the spectral sequences.

Lemma 7.2. The morphism i, : ET — E, is an isomorphism of differential graded
modules for any r > 2.

Proof. We first observe that the degeneracy and face operators on A® are compatible
with the differential 94. The inclusion i : NA — A defines the morphism 4 : El =
H(NA,8) — H(A,8) = Ey. Since the inclusion i : NA — A is a chain homotopy
equivalence for which the chain homotopy is constructed from degeneracy and face
maps, it follows that 47 induces an isomorphism

and hence i, is an isomorphism for any r > 2. O

Remark 7.3. By construction, the homomorphisms i; and i, are a B-algebra map
and a B-module map, respectively.

In order to prove Theorem 7.1, we define a B-module structure on the spectral
sequence {E,,d,}. Moreover we give an algebra structure on {E,,d,} and will
prove that the Cartan formula holds with respect to the Steenrod operations on
{E.,,d,} which comes from a B-module structure on {E,,d,} via the isomorphism
{ir} of the spectral sequences.
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Let 3° P be the chain level operation on N A, (see [27, Section 3]). We here define
operation (3°Pg : Total(NA)" — Total(N A)"+2(p=1)+e for any 4 and € = 0,1 by
B Pl = @, (- 1) P'.

Proposition 7.4. The operation [3°Ply gives a well-defined operation 3°P' :
Est — BPPHODYE queh that fEPd, = (—1)°d, 5 P

The chain level operation is not homomorphism so that we have to verify the
well-definedness of the operators very carefully.

We prepare a lemma to prove Proposition 7.4. Let 0; and 0o be the vertical
differential and the horizontal differential dy on Total(N A), respectively.

Lemma 7.5. For any element u;_y € NAG—D=0-1) gnd y; € NA ", 4f
Ooui_1 + O1u; = 0, then 6256Piu1'_1 + (—l)sélﬂsPiui =0.

Proof. We observe that 9; is the differential (—1)?0n 4, of NA; and s is the mor-
phism of £-algebras. Since d1u; is a di-cycle, it follows from the formula (10) in
the proof of [27, Theorem 3.1] that 3° P*(—d1u;) = —(3° P'O1u;. This enables us to
deduce that 3°PiOyu;y1 = —[°P'0u; from Gouiry + O1u; = 0. By virtue of [27,
Theorem 3.1 (i)], we have 023° Piu; i1 = —(—1)°01 3° Piu. O

Proof of Proposition 7.4. Lemma 7.5 implies that 3°Pig(Z5?) is contained in
Zf’Zi(p D for any r. Therefore, in order to verify the well-definedness for the
operator on E**, it suffices to show that 3°Pig(B>*)) C Z5H1* 4 BS*,.

Put P! = 3P, Let u be the element (9; +02)(ts_r11 D Bus_1 Bus®---up)
of Bffl. By definition, we see that Oyus_,11 = 0 and Oqu;—1 + O1u; = 0 for
s—1r+2<4<s—1. Thus it follows that

U= (Oaus—1 + Or1us) ® (Daus + Or1ust1) B -+ B (O2u—_1 + d1uop)
and hence
Pl = (=1)%* P1(Bous—1+01u,)®(=1)°CT) PH(Ohu4-01us 1) - - <@ P (B2u—1+1uo).
We write 4 = Ug_py1 D+ Dus—1 Dus P+ Dug. Lemma 7.5 yields that

(81 + 82)]3]1,(, =0®---0 ((—1)5(5_1)82P1U5_1 + (—1)5581P1u5)
@((—l)asagPlus + (_1)6(8+1)61P1us+1) D---.
Then we have
P — (=1)%(01 + 02)(Plu)
= (—1)55{P1(82u5_1 + 811,(,5) — (Plagus_l + Plalus)}@
(—1)5(871)~{PI(62’LLS + 81u5+1) - (Plagus + Plaluerl)} D---.
By direct computation, it is readily seen that that, for j > s,

(81 + 82){PI(82U]‘ + 81Uj+1) — (PIaQUj + P181Uj+1)}
= 81P182U,j + P18281Uj+1 — 81P182uj — P18281Uj+1 =0.

Thus it follows that (—1)6(5_1){131(821,(,5 + 81U5+1) — (Plagus + P181u5+1)} D
is in fo%* The elements Osus_1 + Orus and Jougs_1 are Ji-cycles. In fact
0109us_1 = —0201us—1 = O202us_o = 0. Since the operator P! is a homomor-
phism on H=*(NA,d1), we see that [P!(Oaus_1 + Orus)] = Pl[Oaus_1 + Orus] =
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Pl[0gus_1] + PI[01us]) = [P1(Oaus—1) + P1(daus)] in H=*(N A, d1) and hence there
exists an element b € NA~* such that

(01 + O2)(b) — O2b = Pl(agusq + Orus) — (Pl(agusfl) + Pl(ﬁgus)).
Moreover we have

—(81 + 82)(82()) = (61 + 82)(81b)
= (01 + 0o)(P(Oous—1 + Orus) — P (Oaus—1) — P (Daus))
= 81P182u5_1 + 82P181u5 — 81P182u5_1 — 82P181u5 =0.

This enables us to conclude that qb is in Z°']*. Therefore it follows that the
element P’ — (—1)%(d; 4 82)(P'u) belongs to BS*, + Z5T1* and hence P'@ €
B+ 2

The same computation as above is applicable to verify the formula BEPZET =
(—1)°d, 3 P". O
Proof of Theorem 7.1. By virtue of Proposition 7.4, we see that the isomorphism
iy ET — E, gives rise to the Steenrod operations which satisfy the conditions (1)
and (2). The isomorphism p o iy : E5* 5 E3* 5 H3 H;(A) sends an element of
the form [z; @ - - - & zg] to [2zs]. Therefore the condition (4) is also satisfied.

The E-algebra structure of A® and the shuffle product define an £-algebra struc-
ture of Total(A®) (see [12, 2.2 Lemma]). In particular, the product m of Total(A®)
is given by

m(zs (9 Zs’) = Z 9(62 ® SuZs & Syzs’) - Z Msys (Suzs & SVZS’)7
(v,p) (v,p)
(—s,—s’)-shuffles (—s,—s’)-shuffles

where 6 is the E-algebra structure on A" and ey is an element of £(2)° which
induces the product m.sy on AT, It is immediate that m(F*Total(A®) ®
Fs' Total(A®)) is a submodule of F*+5 Total(A®). Therefore the spectral sequence
{E;,d,} possesses the differential algebra structure induced by the product on
Total(A®) and converges to H(Total(A®)) as an algebra.

In order to obtain the Cartan formula, it suffices to prove that the formula holds
in the Fs-term because the E,-term inherits the algebra structure and the Steenrod
operations from those of the F,._i-term. On the Fs-term, we have

ﬁsplm(zs ®Zsl) _ Z (_1)6(S+s’)ﬁsplms+s,(SMZS ®Syzs’)

(vy1)
(—s,—s’)-shuffles

for any z, € i,(HY(NA,)) and zy € i,(HY (NAy)). Since the Cartan formula
holds in H(As+s) and degeneracy maps are £-algebra maps, it follows that the
right hand side is equal to

S e Mo (Sirgmt (D508 P ) @ () s P
(—1)%(—1)%5,P(25) ® (—1)65’syﬁspﬂ'(zs,)) ,

Thus we can get the Cartan formula on the Fs-term.
We have to prove the latter half of the assertion in Theorem 7.1. The isomor-

phism H(non) : F*H S F*H(B,d) maps an element of the form [2s ® -+ D 20]



AN OPERADIC MODEL FOR A MAPPING SPACE 25

to [nz0]. Lemma 7.5 implies that the element [(—1)%*3°Pizs & --- & 3°P'z] is in
F*H. Since 7 is an £-algebra map, it follows that

H(nom)([(-1)¥B°P'zs ® - - B°P'2]) = B P'z0] = 5°P'[nz0).
It is readily seen that the isomorphism EX%* = F*H(B,0)/F**1H(B,) is com-
patible with the Steenrod operations and respects the algebra structure. We have
the result. 0

Remark 7.6. When defining ’vertical’ Steenrod operations on the spectral sequence,
one may use the usual £-algebra structure of Total(A,) which is induced by the
shuffle product ([12, 2.2 Lemma]). However the attempt fails because the £-algebra
structure does not preserve the filtration of Total(N A).

As seen in the proof of Proposition 7.4, we define directly operations in the
spectral sequence without considering those in the filtration F*H of Total(NA).
Unfortunately, the formula 3°Pig(BS*,) € Z5T1* + B*, in the proof of Proposi-
tion 7.4 means that the operations we define are not inherited to the filtration. Still
the proof of Theorem 7.1 allows one to conclude that the spectral sequence arising
from a simplicial £-algebra A converges strongly to H(Total(A)) as an algebra.

We conclude the section with some applications of Theorem 7.1.

Recall the simplicial resolution £(Vs) — E£(W) mentioned in Section 4. Then
the simplicial E-algebra £(V,) @ C.(X) gives the spectral sequence in Theorem 1.4.
Lemma 4.2 guarantees that the assumption in the second assertion of Theorem 7.1
is satisfied. Therefore Theorem 1.5 yields the following theorem.

Theorem 7.7. The mod p BPS spectral sequence {E,.,d,} admits a well compatible
DGA-A-module structure. Moreover {E,,d,} converges strongly to H*(F(X,Y))
as an algebra and an unstable A-module.

One can also define the action of the Steenrod operations on the bar type
Eilenberg-Moore spectral sequence.

Theorem 7.8. Let X, Y and Z be connected simplicial sets of finite p-type and
assume that Z is simply connected. Let X — Z be a map and Y — Z a fibration.
Then there exists a spectral sequence {E,,d,} admitting a well compatible DGA-A-
module structure with

E;* = TOI"H*(Z;]F,,)(H* (X§ Fp), H*(YJ F;D))-

Moreover {E,,d.} converges strongly to H*(X xz Y;F,) as an algebra and an
unstable A-module

Proof. Let Cobar®(X,Z,Y’) be the cobar construction which is a cosimplicial sim-
plicial set (see [29, 2.3]). Observe that the inclusion ¢ : X xz Y — X x Y induces
amap X Xz Y — Cobar®(X, Z,Y) of cosimplicial simplicial sets. The Eilenberg-
Moore theorem asserts that the composition map
C*(Cobar® (X, Z,Y);F,) = C*(Cobar’ (X, Z,Y);F,) = C*(X x Y;F,)
50 (X xzY;F,)

is a quasi-isomorphism, where 7 is the projection (see [31, Theorem 3.2]). Thus
Theorem 7.1 allows us to obtain the result. Observe that the torsion product
Torg-(zr,)(H*(X;Fp), H*(Y;F,)) possesses the A-module structure. This implies
that {E,, d,} admits a well compatible DGA-.A-module structure and converges to
H*(X xzY;F),) as an unstable .A-module. O
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By applying Theorem 7.1 to the Eo-model for a mapping space due to Chataur
and Thomas [12], we have the following theorems (see Remark 7.6).

Theorem 7.9. LetY be connected space of Fy-finite type and Xo a simplicial finite
set. If the cosimplicial space F(Xo,Y) is convergent, then there exists a spectral
sequence {E,,d.} admitting a well compatible DGA-A-module structure with

E7>" 2 H(Y;F,) %%,
Moreover {E,,d,} converges strongly to H*(F(|X.|,Y);Fp) as an algebra.

Theorem 7.10. Let Y be a simply-connected space. Then there exists a spectral
sequence {Ey,d,} admitting a well compatible DGA-A-module structure and con-
verging strongly to H*(F(S',Y);F,) as an algebra with

3™ = HH,(H(V;F,).
Here HH,(H*(Y;F))) denotes the Hochschild homology of H*(Y;F)).
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