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The cohomology of biquotients
via a product on the two-sided bar construction

JEFFREY D CARLSON
APPENDIX WRITTEN JOINTLY WITH MATTHIAS FRANZ

We compute the Borel equivariant cohomology ring of the left K-action on a homogeneous space G/H,
where G is a connected Lie group, H and K are closed connected subgroups, and 2 as well as the
torsion primes of the Lie groups are units of the coefficient ring. As a special case, this gives the singular
cohomology rings of biquotients H \ G/ K. This depends on a version of the Eilenberg—-Moore theorem
developed in the appendix, where a novel multiplicative structure on the two-sided bar construction
B(A”, A, A’) is defined, valid when A” <— A — A is a pair of maps of homotopy Gerstenhaber algebras.

16U80, 55N91, 57T15, 57T30; 16E45, 55T20, 57T35

Homogeneous spaces, which can be realized as coset spaces G/H for G a transitively acting Lie group and
H the stabilizer of a point, are arguably the most highly symmetric, most canonical, and most thoroughly
investigated objects of study in differential geometry after Lie groups. A generalization of perennial
interest, which offers many interesting examples in positive-curvature geometry, is the class of biguotients,
the orbit spaces K\G/H of G under free left-right actions by products K x H of two closed subgroups.

The cohomology rings of a Lie group G over Q and those finite fields [, for which H*(G; Z) lacks
p-torsion have been known to be exterior algebras since the fundamental 1941 work of Hopf [17], and
that of a homogeneous space G/H with connected stabilizer H has been known over R since work of
Henri Cartan from 1950 [9]:

In his 1952 dissertation [6, Section 30], Borel used the Serre spectral sequence of the Borel fibration
G — G/H — BH to show the same ring isomorphism also holds when H is of maximal rank, with [F,,
coefficients if H*(G;7Z) and H*(H ;Z) lack p-torsion and with Z coefficients if they are torsion free.
Beyond this, however, ring isomorphisms proved hard to find. Starting with Baum’s 1962 dissertation, a
program began to obtain a more general result, additively at least, using the then-new Eilenberg—Moore
spectral sequence of the fibration G/H — BH — BG. Cartan’s result implies this spectral sequence’s
collapse over R, and Baum proved collapse under hypotheses covering the best-studied homogeneous
spaces. Subsequent work of authors including Baum [2], Larry Smith [30], Gugenheim and May [15],
© 2025 The Authors, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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Munkholm [26], and Joel Wolf [34] in the 1960s—70s proved collapse under substantially more general
hypotheses and with accordingly more involved proof techniques. Again, however, almost all of these
proofs provided only the additive structure of H*(G/H), and those which in special cases gave the
ring structure could be factored through Borel’s theory. A collapse result guaranteeing a multiplicative
isomorphism was provided by Franz only in 2019 [11].

Arguably the most general of the Eilenberg—Moore collapse results actually applies to a more general
case than homogeneous spaces: Munkholm proves the collapse of the spectral sequence corresponding to

the total space of a pullback bundle
XxpE——E

]

X — B

when X, B, and E have polynomial cohomology on countably many generators and the fundamental
group 71 (B) is trivial [26].1 A biquotient— and hence, in particular, a homogeneous space — fits into
this setting when X = BK, B = BG, and E = BH are models of classifying spaces chosen in such a
way that BH — BG is a fiber bundle, and Singhof [29] used Munkholm’s result in this case to determine
that H*(K\G/H) is additively isomorphic to Tor};. (BG)(H *(BK), H*(BH)), and simply to Tor? in the
special case where the rank of G is the sum of the ranks of K and H. Because the Eilenberg—Moore
spectral sequence is concentrated in the 0™ column in this case, there is no extension problem, so this is
in fact a ring isomorphism. One might hope Singhof’s and Franz’s theorems were instances of a more
general result, and our initial motivation was to show this hope is justified.

Theorem 0.1 Let G be a connected Lie group, H and K closed connected subgroups, and k a principal
ideal domain in which 2 and the torsion primes of G, H, and K are units. Then the Borel equivariant
cohomology ring of the left translation action of K on G/H, or, equivalently, of the two-sided action of
KxH onG by (x,h)-g:=xgh™1,is

Hg(G/H:k) = Hg, y(G; k) = Tory. gy (H* (BK; k), H*(BH; k)).
In particular, if the two-sided action of K x H on G is free, the cohomology ring of the biquotient
K\G/H is given by
H*(K\G/H k) = TorZ,*(BG;k)(H*(BK; k), H*(BH; k)).
See Example 6.1 for a sample computation. This result in fact extends to what could be called generalized

biquotients by analogy with generalized homogeneous spaces; see Remark 4.3, where we recover a known
result on the cohomology of certain free loop spaces.

In broadest outline, our proof of Theorem 0.1 uses the Eilenberg—Moore theorem to show the cohomology
of the homotopy pullback of the diagram BK — BG < BH is Torc+(gg)(C *(BK), C*(BH)) and constructs
maps between H*(BT) and C*(BT) for I' € {G, K, H} which then induce an isomorphism with

' And additionally, in characteristic 2, the cup-1 squares of polynomial generators of H*(X) and H*(E) vanish.
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Tor g+(pcy(H*(BK), H*(BH)). This much it has in common with many collapse results, but our result
also shows that this map takes the classical product on the Tor of cochain algebras to that on the Tor of
cohomology rings. The way this multiplicativity is established closely follows Franz’s proof, but among
the technical underpinnings necessary to extend his approach from a fibration to a general pullback is one
substantial innovation.

A Tor of DGAs in full generality is not endowed with a product, and the product that is defined on
Torc+gG)(C*(BK), C*(BH)) is synthetic, arising from the homological external product rather than
a multiplicative structure on the resolution itself. As a consequence, in previous collapse results, one
could not say whether the isomorphisms shown were multiplicative. But there is a cochain complex
B(A’, A, A”), the two-sided bar construction, functorial in spans A’ <~ A — A” of DGA maps, whose
cohomology is Torg(A’, A”) under mild conditions. In Theorem A.1, assuming the maps in the span
are actually maps of so-called homotopy Gerstenhaber algebras, a type of DGA with extra structure (of
which cochain algebras are the main examples), we are able to define a product on B(A’, A, A”) inducing
a product on Torg(A’, A”) which specializes to the known products when A’, A, and A” are cochain
algebras or cohomology rings. This product may be the point of greatest interest in this paper; it is
certainly the most difficult. Then the maps between H*(BT') and C*(BT) alluded to in the previous
paragraph, chosen with sufficient care and assuming 2 is a unit of the coefficient ring k, will preserve this
novel product in the transition from B(H *(BK), H*(BG), H*(BH)) to B(C*(BK), C*(BG), C*(BH)).

Outline The layout of the paper is as follows:
(1) In Section 1 we recall algebraic conventions and the two-sided bar construction.

(2) In Section 2 we discuss extended homotopy Gerstenhaber algebras and recall results showing
normalized cochain algebras and cohomology rings are examples.

(3) In Section 3 we recall the quasi-isomorphisms we need: Axo-algebra maps A from H*(BT) to
C*(BT) forT €{K,G, H} and DGA maps f:C*(BT)— H*(BT) for T € {Tk, Ty} maximal tori in
K and H. These f will be defined so as to annihilate the error terms distinguishing A from a genuine DGA
map, so that the composites H*(BK) — C*(BK) - C*(BTx) — H*(BTk) and H*(BH) — H*(BTg)
are just the functorially induced H*(B(Tx <— K)) and H*(B(Ty < H)). The DGA quasi-isomorphisms
f do not necessarily exist if T is replaced by a more general Lie group, and to construct them we need
a simplicial model for BT, which necessitates the replacements discussed in Section 4.

It is an important technical point in showing the three Aoo-maps A from H*(BT) to C*(BT) induce a
map of Tors that they are essentially functorial up to homotopy. This fact, and our control over the error
term annihilated by f, come from the existence of a certain auxiliary structure on extended homotopy
Gerstenhaber algebras, a so-called strongly homotopy commutative algebra structure & whose existence
was proven by Franz. The explicit formula for ® plays a key role in the appendix. The fact that ®,
so defined, is a structure of the type sought follows from an extraordinarily involved cochain-level
computation [10].
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(4) In Section 4 we apply the enhanced version of the Eilenberg—Moore theorem proven in the appendix
to the span BK — BG < BH whose homotopy pullback K\G/H we are interested in, showing that
B(C*(BK), C*(BG),C*(BH)) carries a weak multiplicative structure inducing the cup product on
H*(K\G/H). We then show this product is preserved when we replace BK — BG < BH with a
simplicial model making available the DGA formality maps discussed in the previous paragraph.

(5) In Section 5 we weave these threads together to prove Theorem 0.1. We first construct a quasi-
isomorphism

©: B(H*(BK), H*(BG), H*(BH)) — B(C*(BK), C*(BG), C*(BH)),

roughly to be thought of as B(Ag, Ag, Afr), which is not necessarily multiplicative. Letting Tx < K and
Ty < H be maximal tori, we then map the codomain into B(C*(BTx), C *(BG), C*(BTg)), using the
maps p: C*(BT) — C*(BTr) for I" € {K, H} to define a strictly multiplicative map

W = B(fp,id, fp): B(C*(BK), C*(BG), C*(BH)) — B(H*(BTx), C*(BG), H*(BTg)),

inducing an injection in cohomology. Because we have chosen f and A to compose nicely, the composite
WO is multiplicative up to homotopy, and because the multiplicative map H* (W) is injective, this shows
H*(©) is multiplicative as well, concluding the proof.

(6) Finally in the appendix, the technical core of the work, we construct a product on the two-sided
bar construction and use it to prove an Eilenberg—Moore theorem (Theorem A.27) in which the prod-
uct on the cohomology of the pullback of X — B <« E arises from the nonassociative product on
B(C*(X),C*(B),C*(E)).

Remark 0.2 (added in proof) Since the submission of the present article, several new results have been
obtained. Franz [12] has shown that the product on the two-sided bar construction mentioned above can
indeed be extended to an Ao-structure; this had been anticipated in Remark A.26. Moreover, when the
domain is equipped with this As-structure, the quasi-isomorphism & of Theorem A.27 is enhanced to
a map of Aso-algebras. Munkholm [26, Section 9] had already introduced a product on Torg (A", A”),
for DGA maps A <— A" — A” meeting certain hypotheses. Carlson [8] has resurrected and studied the
properties of this product and determined [7] that under mild flatness hypotheses, the product introduced
in the present article induces Munkholm’s product in cohomology.
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1 Algebras, twisting cochains, and bar constructions

In this background section we establish notational conventions and recount some foundational lemmas.
Nothing is original here, save possibly some of the lemmas on two-sided twisted tensor products and bar
constructions, which if not published are still likely known.

Fix forever a commutative base ring k with unity over which we will consider cochain complexes, and
with respect to which all tensor products and Hom-modules will be taken. We will take as understood
the Koszul sign convention and the notions of derivation, coderivation, differential graded k-algebra
(henceforth DGA), and differential graded k-coalgebra (DGC). A commutative DGA is a CDGA. All
algebras we consider are nonnegatively graded, associative, and connected unless otherwise noted,
and all coalgebras nonnegatively graded, coassociative, and cocomplete. All DGA maps preserve unit
and augmentation, and all DGC maps preserve counit and coaugmentation. All ideals of DGAs will be
two-sided differential ideals.

We also assume understood suspensions, desuspensions, tensor products, and Hom-modules of cochain
complexes, homomorphisms of DGAs and DGCs, and the classical (reduced) bar construction of a DGA.
We nevertheless need to establish notation:

Notation 1.1 (1) Given a cochain complex B = @ By, its differential is canonically written dp. For
the tensor differential on a tensor product (X) B® of complexes B® we write dg. We write |x| for the
degree n of a homogeneous element x € B,,. The desuspension s™'B = {s~'b : b € B} is the (re)graded
k-module given by (s~ B), := By,+1, equipped with the differential d;—15: s~ 'b > —s~1db. The
desuspension map s~1: b > s71b is a degree-(—1) isomorphism of cochain complexes with inverse
s:s~'B = B, the suspension.

(2) A DGA A is a list comprising, besides the underlying cochain complex (A, d4), a canonically
named multiplication puyg: A ® A — A, unit n4: k — A, and augmentation €4: A — k, the clarifying
decorations suppressed when practicable. The augmentation ideal is A and we write ,u[”]: A®" — A for
iterated multiplication.

(3) A DGC comprises a cochain complex (C, d.), comultiplication A¢c:C — C ® C, counitec: C — k,
and coaugmentation n¢ : k — C. Cocompleteness of C means that every element is annihilated by some
iterate of the reduced comultiplication c — Ac -1 ®c —c ® 1.

(4) We use ¢ to abbreviate indices or exponents representing an indefinite number of tensor factors to be
determined from context; for instance, if A is a graded algebra, a, denotes a pure tensor a1 ®- - -Qay, € A®"
where n is to be gleaned contextually. A repeated e implies summation unless explicitly stated otherwise, so
that for example dg = id* ®d4 ®id®: A®" — A®" represents the sum of the n maps 1d®f @ dy®id®" 1
applying dy4 to one tensor factor. Given a pure tensor a, € A®", an expression involving the string a,
multiple times represents a sum over order-preserving subdivisions of a, into tensor factors.
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(5) Our notation for tensor-factor permutations is typically cyclic. For example, (12): AQ B> B® A
denotes the k-linear map given by a ® b — (—1)!%2lp @ a. We may at times also abusively use arguments
to indicate permutations; for example we may instead of (123) write 7,05, : A BRC - CR® A® B
for the map taking a @ b @ ¢ to (—1)lcllal+lellble @ ¢ @ b. Amongst all permutations, shuffles will be
of particular interest for us: a (p, q)-shuffle is a permutation 7 of {1,..., p + ¢} such that 7 (i) < 7(j)
whenever i < j both liein {1,..., p} or both liein {p + 1, ..., p + ¢}. Thus shuffles interleave two
blocks, leaving the order within each block unaffected. To avoid writing Koszul signs, we generally
manipulate such maps directly, without evaluating on elements.

Definition 1.2 The graded module underlying the bar construction BA of a DGA A is the direct sum
of ByA := (s~ A)®" for n > 0. The projection BA — B, A is denoted by pr,. Pure tensors are
written as bar-words [a1|---|an] € By A, or [a,] when the length E([a1| |an]) = n is immaterial.
The empty word [] € BoA is the image of 1 € k under the coaugmentation; the counit can be identified
with pr,. The comultiplication is the deconcatenation Ag4:[a.)— Zﬁ(ﬁ:)) [ai]---lapl®lap+1]---lag@.)]-
We will employ Einstein—Sweedler notation for the values of iterated deconcatenations: Ag'/]l [a.] =:

[a(1)] ® - -+ ® [a(y)], implicitly summing over partitions of [a,] into n bar-subwords.

The sum of the tensor differentials on the B, A = (s 1 A)®" is the internal differential din; the external
differential dey.: B, A — B, _1 A is the bar-deletion operation id* ® s~ ;4 s®2? ® id® for n > 2 and is 0 on
B A. The total differential dg4 := dint + dext makes BA a DGC. This DGC structure is functorial in DGA
maps f: A — B, with the DGC map Bf : BA — BB given by (s~ £5)®": [a,)— [fa1|--- | fan] =:[fa.]
on B, A.

Neglecting the DGC structure, there is a structurally irrelevant but sometimes notationally convenient
concatenation map A : [ay|---|ap) @ [b1|---|bg] = [a1]|---|ap|b1]|---|bg] which comes from viewing
BA as the tensor algebra on s~ A.

Definition 1.3 Given a DGC C and DGA A, we write Homy, (C, A) for the k-module of k-linear maps f
sending each C; to Aj1,, and set the degree | f| to n for such a map. We write Hom(C, A) for the
graded module €, ., Hom,(C, A4). This module becomes a cochain complex under the differential
D = dyom(c,4) given by Df :=dy f — (=D!! fd¢ and a DGA with respect to the cup product f —
g:=ua(f ® g)Ac, unity ngec: C — k — A, and augmentation f +— ny fec. If h € Homg(C, A)
satisfies Anc = 14, then a cup inverse A~ "1 := Y72 [ (naec — h)—* is well defined by cocompleteness
of C. An element t € Hom; (C, A) satisfying the three conditions

€qt=0=1tnc, Dt=t—t

is called a twisting cochain.

Example 1.4 For each connected DGA A, the composition
t4:BA B 7148 45 4
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of degree 1 is a twisting cochain called the rautological twisting cochain. The assignment #(_ is a natural
transformation between the functors assigning a DGA A the underlying graded modules of BA and of A.

Any twisting cochain C — A extends uniquely to a DGC map C — BA, and inversely, given a DGC map
F:C — BA, postcomposing t4: BA — A gives a twisting cochain t4 F': C — A, thus prescribing a
bijection between twisting cochains C — A and DGC maps C — BA.

Example 1.5 Given a DGA A, one can check that the map
tv=pa(t4 Qe€g+€4t4):BAQBA — A,

which takes [a] ® 1 and 1 ® [a] to a and annihilates all other pure tensors, is a twisting cochain if and
only if A is a CDGA. In this case, the uniquely induced DGC map

puv:BA®BA — BA,

called the shuffle product, is a product making BA a DG Hopf algebra. The shuffle product takes
[a.) ® [be] € B A @ By A to the sum of all (p, g)-shuffles (with Koszul sign) of [a,|b.].

More generally, let B be another DGA. Then the shuffle map
V:BAQBB - B(A® B)

is the direct sum of the maps B,A @ B; B — B, ,(A ® B) sending [a.] ® [b,] to the sum of all tensor
(p,q)-shuffles of [a1 ® 1|---|ap ® 1|1 @ by|--- |1 ® by]. This is a DGC map, and if A = B is a CDGA,
then the composition By o V is the product v of the previous paragraph.

The bijection between DGC maps and twisting cochains preserves suitable homotopy notions.
Definition 1.6 A DGC homotopy from one DGC map F: C — B to another such map G is a degree-(—1)
map H: C — B such that

egH =0, Hnc=0, DH=G—-F, and ApH=FQ®H+ H®R®G.

We write H : F >~ G in this situation. Taking B = BA for an augmented DGA A, we may translate to an
appropriate notion of homotopy for twisting cochains. Given two twisting cochains ¢, u € Hom;(C, A), a
twisting cochain homotopy from the former to the latter is a map # € Homg(C, A) satisfying the three
conditions

ech=¢€4, hng=nc, and Dh=t—h—h—u.

We again write i: ¢ >~ u.
Proposition 1.7 Given a DGC homotopy H : C — BA, the map h = nqec +t4H: C — A is a twisting

cochain homotopy, and the assignment H + h is a bijection from the set of DGC homotopies F >~ G to
the set of twisting cochain homotopies t4 F' >~ t4G.
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Aside from providing a tractable encoding of DGC maps C — BA and homotopies therebetween, twisting
cochains C — A can also be harnessed to produce new differentials on C ® A which we will use to
define the two-sided bar construction.

Definition 1.8 Let C be aDGC, A’ and A” DGAs, M a differential right C-comodule, and N a differential
left A”-module. One defines the cap product with an element ¢ € Hom(C, A”) by

Sg = (idy @ un)(idy ® P Qidy)(Ay ®1dy): M QN - M N, xQy > £x1)®d(x2))y.

It is standard that if ¢ =¢” is a twisting cochain, then dg — 85/ is a differential on M ® N, making it a
cochain complex we denote by M ®,~ N and call a twisted tensor product. When M = C and N = A",
this prescription makes C ®;~ A” a differential left C-module and a differential right A”-module.

A symmetric construction produces a cap product endomorphism 85 on P ® Q from a graded linear
¢: C — A, a differential left C-comodule Q, and a differential right A’-module P, andif ¢ =" is a
twisting cochain then 81‘, + dg is a differential on P ® Q; we again write P ® Q for the twisted tensor
product. Applying this construction to P = A" and Q = C ®;» A”, we obtain a two-sided twisted tensor
product [19, Remarks I1.5.4]:

A/ (0% C (2% AN = A/ (2% (C Ry A//).
This is an (A4’, A”)-bimodule, and given ideals a’ <I A" and a” < A”, we write (a/, a”) for the (A’, A”)-

subbimodule C Q A"+ A C ®da”.

We will need some lemmas describing when (homotopy-)commutative squares of maps
/ 7’

11 11
0 0
Ay 2 Cy —2 A

(1.9) l l l

A ——Cp —— AY
1 ’ V4 1
1 1

induce a map Ay ®,; Co ®;y Ag — A} ®; C1 ®,r A of twisted tensor products. These properties seem
to be well known in the one-sided case (see e.g. Huebschmann [18, page 360] and Franz [11, Section 7]),
so we can safely suppress the proofs of their easily guessed two-sided generalizations.

Lemma 1.10 Let G: Cyp — C; be a DGC map, f': Ay — A} and f": Ay — A| DGA maps, and
l]/-: C; — A} and ZJ’.’: C; — A}’ twisting cochains for j € {0, 1}. Then f'® G ® " is a cochain map
0 ®zy Co @y Ag — A} @ C1 ®yy Af

if t1G = f't) and t/G = f"tj. If G is one such DGC map and G another, and H: Cy — C; is
a DGC homotopy G ~ G such that t1H and t{H are 0, then f'® H ® f" is a cochain homotopy
f’®G®f”2f,®é®f//-
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Corollary 1.11 Let Cy and Cy be DGCs, A" and A” DGAs,t': C; — A’ and t”: C1 — A" twisting
cochains, and G : Cy — C1 a DGC homomorphism. Thent' o G:Cy — A" and t" o G: Cy — A" are
twisting cochains and

idg ® GRidgr: A @y CoRirg A — A @y Cr @y A”

a cochain map.

Lemma 1.12 Let C be a DGC, A’ and A” DGAs, t]’-: C — A’ and ZJ’.’: C — A" twisting cochains for
j €40, 1_}, and a’ < A’_and a” <1 A” ideals, and suppose there exist homotopies h': tj ~ t] and h" : 1] ~t{
with h'C < a' and h"’C < a2 Then the composition

(8 ®idar)(ida ®83): A/ RCRA" > A RC®A”

is a cochain isomorphism A’ ®,; C ®,y A" = A'®,; C ®,r A" congruent to the identity modulo (', a”).
We now define the twisted tensor products of greatest interest to us:

Definition 1.13 Let A, A’, and A” be augmented DGAs and F': BA — BA’ and F”: BA — BA” DGC
maps.> Associated to F’ and F” are twisting cochains t’ = t4F’ and t” = t4» F", and we define the
two-sided bar construction as the two-sided twisted tensor product

B(A,’ A, AN) = A’ ®IA/F’ BA ®l‘A//F” AN-

We will write a pure tensor a’ ® [a.,] ® a” € B(A’, A, A”) as a’[a,]a”. The differential of B(A4’, A, A”)
preserves the length filtration B_y(A’, A, A”) := A’ @B_,AQ A”.

Example 1.14 This two-sided bar construction, when we take F’ = Bf’ and F” = Bf” for DGA
maps f': A— A" and f": A — A”, coincides with the familiar classical two-sided bar construction
of differential graded algebras. In this case, the twisting cochains ¢’ and ¢ defining the twisted tensor
product B(A’, A, A”) = A’ 4 BA ®;» A” are simply t4/Bf’ = f't4 and "'t 4, respectively.

We see already from the preceding lemmas that DGA maps from A’ and A” and DGC maps from BA
induce maps of two-sided bar constructions, and want to extend this technique to induce maps from
commutative diagrams of DGC maps of the form

’ 7
0 0

BA, BAo BA!
|
(1.15) Gd‘ ¢ lc~
BA/ BA BA”
1 F 1 Fl' 1

2 Note this second homotopy goes the opposite direction to the one one might expect.
3 These are Aoo-algebra maps from A to A’ and A” in the language to be introduced in Section 3.
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We write GEI): A_() — A_’1 for the composite 14 0 G os A,l and similarly for GE’I); later, in Definition 3.1,
0
we will see ne + G£1) : Ay — A’ and ne + G(l) : Ay — A can be understood as a sort of approximate

DGA map.

Proposition 1.16 (Wolf* [34, Theorem 7]; cf Gugenheim and Munkholm [16, Theorem 3.5,]) Suppose
given a strictly commuting diagram of DGC maps as in (1.15). Then, in the notation of Definition 1.2, we
may define a cochain map B(Aj, Ao, Ag) — B(A}, A1, A]) by

(1.17) B(G'.G.G") = (T ®G®Y")(idy ® A} ®idgy),
where
T k@B, = idk ® €Ay c'laqy] = celal,

T/|1‘T€)®BA0 = Z‘A/1 G/A(_(S.Zé)l ® Fé) a/[a(l)] = j:tA/lG’([a/] ® Fé[a(l)]),
Y |Bao@k = €BAo ® idg: laz)le” = elag)lc”,

TI,'BA()@ITE,’ = t4/G"A(Fy ®s;6}): lagpyla” = £t47G" (Fy'la)] ® [a"]).

If L4 G' takes B3 Ay, into an ideal ' < A' and tA/{G” takes B> A into a” <1 A, then

B(G',g,G") = (ne + G(;)) ® G ® (G} +ne)  (mod (¢, a")).

Notation 1.18 In the event that the maps G, G', and G” in (1.15), are respectively Bg, Bg’, and Bg” for
g:Ao— Ay, g’ Ay — A}, and g": Aj — A/, we abuse notation by writing the map of Proposition 1.16
as B(g’, g, ¢”) :=B(G’,G,G"). Such a map is also a special case of that of Lemma 1.10.

We are interested in two-sided bar constructions because they provide functorial resolutions:

Proposition 1.19 (see Barthel, May, and Riehl [1, after Proposition 10.19]) Suppose k is a principal
ideal domain and A — A’ a map of DGAs flat over k. Then given another DGA map A — A", the coho-
mology of the classical two-sided bar construction B(A’, A, A”) =B(A’, A, A) ®4 A” of Example 1.14
is Torq(A’, A”). If H*(A) and H*(A") are flat over k, then the E, page of the associated algebraic
Eilenberg—Moore spectral sequence is Tor g« 4)(H*(A"), H*(A")).

Discussion 1.20 For the proof of Theorem A.13, we will need a more explicit expression for the
differential on the classical two-sided bar construction B(A’, A, A”) of Example 1.14. Note that the total
differential is the sum of the tensor differential dg on A’ ® BA ® A” and two cap products. Separating
the summand id4’ ® dg4 ® id4~ into its internal and external components, dp(4’,4,4) decomposes as
4 Wolf [34] cites his unpublished dissertation [33] for a proof of this result; however, this work was not publicly accessible at
time of writing. (It is now available at the author’s webpage.) For our proof, which turns out to be nontrivial, see the first version

of this paper (arXiv 2106.02986v1). Proofs of the lemmas and many of the standard claims in this section can be found there as
well.
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the sum of tensor differentials and an “external” differential which is the sum of the two cap products and
the bar-deletion differential. Explicitly, appealing to Definition 1.8, this external differential d&¥"

B(A’,4,47)
is given on the summand B;(4’, A, A”) by
pa(idy @ f's) ® 1d®£ ! idgr
(1.21) +idy ® dext ® idgr
—idy 1d®_€Al ® puar (s ®idgr).

The minus sign before the third term of (1.21) is important and not consistently noted in the literature.

2 Homotopy Gerstenhaber algebras

We ultimately want to describe the multiplicative structure on Torc«(g)(C*(X), C*(E)) in terms of a
product on the two-sided bar construction. The special property of a normalized singular cochain algebra
A enabling us to do so will turn out to be the existence of a DG Hopf algebra structure on BA, or in other
words, a DGC map BA ® BA — BA making it a DGA.”

Definition 2.1 Let A be a DGA such that BA admits a multiplication making it a DG Hopf algebra. If
the twisting cochain E :=74ug4: BA ® BA — A satisfies E; 4 := E|BjA®B¢A =0for j >2,wecall 4,
equipped with up4 (equivalently, with E), a homotopy Gerstenhaber algebra (HGA).

Notation 2.2 We will on occasion write the values of the product (g4 in infix notation as [a.] * [b,.]. It
will be useful later to translate E; , into a degree-zero map on A ® BA by taking

¢:=Ei.(s ' ®idps): A®BA— A, alb.] > E([a] ® [b.]).

We will also have occasion to use the operations E; = Ej g0 (s71)®1+¢: A ® A®¢ — A, whose values
we write as Eg(a;b,) = Eg(a® b1 ® --- ® by). An HGA structure on A is more commonly phrased as a
list of conditions [11, (6.2)—(6.4)] on the E,.

Remark 2.3 Unitality of up4 implies Eo 1 and E1 o must both be s: s14A> Aand E 7,0 and Eg ¢ must
be 0 for j,£ > 2. The “¢tn = 0” clause in the definition of a twisting cochain in Definition 1.3 implies
Eo,0 = Enp4 = 0. For notational convenience, we will extend Eg ; and Eq o to both be s: sTIA—> A
(thus respectively sending [1] ® [] and [] ® [1] to 1) and extend the operations E; 4 to (s71A)®1+L for
¢ > 1 by setting them to 0 on pure tensors any of whose factors lies in s~!imn4. That is, we will
sometimes consider bar-words containing a letter ¢ in the coefficient ring k, but such words are to be
annihilated by E; ¢ unless (j,£) = (1,0) or (0, 1).

3 Under our blanket assumption that A is graded and connected, a bialgebra structure on BA admits a unique antipode defined by
a formula analogous to the one defining the cup inverse in Definition 1.3 [14, Propositions 1.4.14 and 1.4.24].
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Example 2.4 If 4 is a commutative DGA, then the shuffle product vy of Example 1.5 makes the bar
construction BA a DG Hopf algebra, so that A becomes an HGA. The corresponding twisting cochain
tv = E satisfies E = Eo 1 + E1 9, so the operations E; vanish for £ > 1.

The Maurer—Cartan identity DE = E — E for the twisting cochain E: BA ® BA — A defining an HGA
structure on A yields, upon mild rearrangement, the useful formulae

(2.5) E(ua®idpa) =) pa(€RE)T:ARARBA— A, E(ajaz[b.]) = +€(a1[b.])€(az[b.]).

where the sum is over shuffles 7 : [a1|a2] ® [be] — £[a1]be] ® [az]b.], and
D€ =ds€—Cdgpa(s ® €)(12) + E(ids ® diy 4 4)) — Ha(E® ),

(2.6)
(Do) (albu]) = b1 €(alba|ba|be]) % €(albr[bulbpby+11belbe)) £ €(albilbalbe1])be

for £ > 2, with the middle term omitted if £ = 1.° Here dg refers to the “internal” differential
dz ®idgq +idz ® dg on A ® BA, omitting the external differential on the BA factor, and Dg is
the derivation on Hom(A ® BA, A) defined with respect to this internal differential and d 4.

Critically, there is a natural way to make a variant of the cochain algebra into an HGA:

Definition 2.7 The normalized cochain algebra C*(X,; k) on a simplicial set X, is the DG subalgebra
containing all and only cochains vanishing on each degenerate simplex. It is augmented with respect to
the map C*(X,; k) = C*(xo; k) = k induced by the inclusion of the simplicial subset associated to
any chosen basepoint xg € Xp.

The so-called interval-cut operations, among which the classical cup product and Steenrod cup-i products
are the most famous examples, are known [24, Theorem 2.15] to define on C*(X,; k) the action of
a symmetric DG-operad 2 called the sequence operad [24] or surjection operad [3]. This operad is
known to be a quotient of the DG-operad & associated to the classical Barratt—Eccles simplicial operad [3,
Theorem 1.3.2], an E-operad filtered by an increasing sequence of suboperads Fy, & whose geometric
realizations are equivalent to the little n-cubes operads, and the sequence operad is accordingly filtered by
quotients F, 2" [3, Lemma 1.6.1]. As it turns out, an HGA structure on a DGA A is precisely an algebra
structure over F, 2" [23; 24, Theorem 4.1; 3, Section 1.6.6] (cf Franz [13, (3.13)] for the signs of the
operations). Franz [10, Section 3.2] defines an extended homotopy Gerstenhaber algebra structure on a
DGA A to be an algebra structure over a certain suboperad F3.2" of F3.2" containing F> 2. This structure
comes in the form of operations F}, 4 : A®P @ A®1 — A for P,q > 1, in addition to the Ey, satisfying
several compatibility conditions. An extended HGA homomorphism f: A — B is a DGA map which is
simultaneously an Fj .2 -algebra homomorphism (which is to say it distributes over the E; and the Fj 4).
Thus we have the following:

6 Compare Franz [13, Lemma 3.1] for conditions for a map C — 2C ® RC to be a twisting cochain inducing a DGC structure
on the cobar construction C of a DGC C.
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Corollary 2.8 For any pointed simplicial set X,, its algebra C*(X,) of normalized cochains is naturally
an extended HGA. Any CDGA A is naturally an extended HGA.

Convention 2.9 All CDGAs in this work, particularly cohomology rings, come equipped with this trivial
extended HGA structure. Consequently, if A is an extended HGA and B is a CDGA, then an extended HGA
map f: A — B annihilates the values of Fj, 4 and of Ey for £ > 1.

3 Strong homotopy commutativity

As adverted to in the introduction, we will require maps between DGAs that are not multiplicative, but
still preserve the multiplication up to coherent homotopy.

Definition 3.1 Given two Aso-algebras A and B, an Aso-map from the former to the latter is defined to
be a DGC homomorphism F: BA — BB. Such a map F is determined by the sequence of compositions

Fony: A®" % g 4. BA £ BB 2 B,

If A and B are DGAs, then we write F(l) = F(1) + npea: A — B. This is a cochain map, and if
H*( (1)) H*(A) — H*(B) is an isomorphism, we call F an Aso-quasi-isomorphism.”

We will see it is possible to construct an Aso-quasi-isomorphism from the CDGA H *(A) with trivial
differential to A itself when A is a DGA with polynomial cohomology. To do so, we need two auxiliary
notions:

Proposition 3.2 [26, Proposition 3.3] There exists an internal tensor product of A~,-maps which,
given DGAs A, A’, B, and B’ and DGC maps F:BA — BA’ and G : BB — BB’, produces a DGC map
F®G:B(A® B) > B(4A'® B').

The operation (F,G)— F @ G

* extends the tensor product of DGA maps in the sense thatif f: A— A’ and g: B — B’ are DGA

maps, thenBf ® Bg =B(f ® g),
e is functorial in each variable separately,
e is unital in the sense that F ® idx and id; ® F can be identified with F, and

e is associative in the sense that given a third pair C, C’ of DGAs and a DGC map H: BC — BC’,
the iterated products (F @ G) @ H and F @ (GQ H):B(A® B® C) — B(A' ® B’ ® C’) agree.

This notion of internal tensor product is connected to the ordinary external one by the shuffle map V of
Example 1.5.

7 The map FT (1) can be seen as a DGA map up to homotopy, and an ideal b < B containing the image of tg F'(B>2A) can be seen
as a measure of its deviation from multiplicativity, for FT 1) is a DGA map just if 1 F(B>2A) = 0; and if so, then F' = BF, (T)
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Proposition 3.3 [11, Lemma 4.4] Let DGAs Ay, A}, Ay, and A} and DGC maps G’: BAy; — BA’| and
G":BAj — BA be given. Then the following square commutes:

\%
BA), @ BA) —— B(4} ® 4))

G,®G,,l J{G1®Gu

BA| @ BA| —— B(4] ® 47)

The internal tensor product allows us to define another notion of homotopy commutativity a priori
unrelated to HGAS:

Definition 3.4 A strongly homotopy commutative algebra (henceforth SHC-algebra) is an augmented
DGA A equipped with an Axo-map from A ® A to A (i.e. a DGC map P: B(A ® A) — BA), satisfying the
following conditions:
(1) Its 1-component Pyy: A® A — A is the restriction i ]| Ae of the given product on A.
(2) Itis strictly unital in the sense that ® o B(idg ® n4) = idpg = P oB(n4 ® idy).
(3) It is homotopy-associative: there is a homotopy between (P ® idg): B(A® A ® A) — BA and
O(idy ® D). -
(4) Tt is homotopy-commutative: there is a homotopy between ® and ® o B(12), where (12) is the
tensor-factor transposition A ® A = A ® A of Notation 1.1(5).
We define the iterates ®1: B(4®") — BA of the structure map ® by @[ := & and ol*+1 .=
d(d" ®idy).

An SHC-algebra structure ® on a DGA A allows one to combine maps in a useful way: given sequences
(A )7=1 of DGAs and (Fj: BA; — BA);’=1 of DGC maps, the composite

(3.5) B(®4)) BF, Ba®ny 2", gy

is guaranteed to be another DGC map. We will say this map is compiled from the F;.

Associated to each homogeneous element a € A is a map from the free DGA on one generator of degree |a|
taking this generator to a. If a is a cocycle of even degree, this map factors through the map A,: k[x] - A
taking x to a, where the differential on k[x] is trivial. Thus, given a list @ = (a;) of even-degree cocycles
of A and taking A; := k[x;] for [x;| = |a;| and Fj := BA,;, the compilation procedure (3.5) yields a

DGC map
B(®Aa;) n
(3.6) - (®k Y ) B®ha)) g qony o) gy
Then (A a)a) is easily seen to be the optimist’s candidate for a ring homomorphism,
k[X]:=klx1,...,xn] > A, xP'ooxPrisalt.oaln,

Though this map is in fact almost never multiplicative, it is at least a quasi-isomorphism.
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Proposition 3.7 (Stasheff-Halperin [31, Theorem 9] and [26, 7.2]) If A is an SHC-algebra whose
cohomology ring H*(A) is polynomial on classes represented by even-degree elements a; € A and A; is
defined as in (3.6), then H*()La)zrl): k[xX] — H™*(A) is an isomorphism.

In the target application, A is the normalized cochain algebra on a classifying space BG. Munkholm
[26, Proposition 4.7] (and stating a bit less, Gugenheim and Munkholm [16, Proposition 4.2]) showed that
the cochain algebra of a simplicial set admits a natural SHC-algebra structure, but to define the product on
the two-sided bar construction we will need later for our variant (Theorem A.27) of the Eilenberg—Moore
theorem, we will use a result of Franz defining an SHC-algebra structure in terms of extended HGA
operations.

Theorem 3.8 (Franz [10, Theorem 1.1 and (4.2)]) An extended HGA A admits an SHC-algebra structure
whose structure map ® and associativity and commutativity homotopies are defined in terms of the
extended HGA operations on A, and hence are natural in extended HGA maps. Moreover, the composite
®oV:BA®BA — B(A® A) — BA of the shutfle map of Example 1.5 and this structure map is the
given product g4 making A an HGA.

We will require an explicit formula for 4 ®4 in the proof of Theorem A.5, but hold off on stating it until
then. From Corollary 2.8 and Theorem 3.8, we immediately have the following:

Corollary 3.9 The normalized cochain algebra C*(X,; k) of a pointed simplicial set is naturally an
SHC-algebra.

Corollary 3.10 For a pointed simplicial set X, with polynomial cohomology and any list a in C*(X,: k)
of representatives for k -algebra generators of H*(X,;k), the DGC map A;: BH*(X.; k) — BC*(X.; k)
given in (3.6) is such that H*(Aa)zrl) can be identified with the identity map of H*(X,: k).

We have observed that though it is a quasi-isomorphism in the cases that interest us, the extended 1-
component (Aa)a): H*(X,) - C*(X,) is rarely a DGA homomorphism on the nose. However, the
extended HGA structure and the resulting SHC structure on C *(X,) guarantee that, loosely speaking, it
is a DGA map up to an error term contained in an ideal £y, of C*(X,) functorial in X,, independently
of the choice of representatives d in C*(X,); thinking of £x, as a neighborhood of 0, we may consider
it a sort of uniform bound on failure to be a DGA map. It will be an important point in the proof of
our main result that the bounding ideal £y, lies in the kernel of the formality map f to be described in
Theorem 3.16, and hence f annihilates the error term.

Definition 3.11 (Franz [11, (10.2)]) Given a pointed simplicial set X,, viewing its normalized cochain
algebra C*(X,) as an extended HGA via Corollary 2.8 we denote by £ = tx, <t C *(X,) the ideal generated
by the following elements, where a, b, b,, and ¢, range over C*(X,):
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(1) coboundaries,

(2) elements of odd degree,

(3) elements of the form Ey(a; b,) for £ = £(b,) > 1,

(4) elements of the form Fj 4(b.;c,) with (p,q) # (1, 1),
(5) elements of the form a —, E;(b; c,) with £ > 2,

(6) elements of the form a — (- ((bo —1b1) —1b2) —1 +-+) for cocycles a and b,.

From the naturality of the extended HGA structure on a cochain algebra, the following functoriality
property of £ is immediate:

Lemma 3.12 (Franz [11, Proposition 10.1]) If ¢: Y, — X, is a map of pointed simplicial sets, then the
ideals of Definition 3.11 satisfy ¢*tx, < ty,.

Morally speaking, then, our maps A; are functorial and multiplicative modulo &:

Theorem 3.13 (Franz [10, Proposition 7.2; 11, Proposition 11.5 and Theorem 11.6]) Suppose 2 is a unit
of k. Then the maps A : k[X] — C*(X.,) of (3.6) are functorial modulo ¢ in the sense that, given a map
¢: Y, — X, of simplicial sets with polynomial cohomology and sequences a in C *(X,) and b in C*(Y,)
representing generators of H*(X,) and H*(Y,), respectively, the left diagram of (3.14) commutes up to a
DGC homotopy Hy: BH *(X,) — BC*(Y,) whose associated twisting cochain homotopy ne + tcx(y,) He
sends B>1 H*(X,) into ty,.

BH*(X.) 2, Br*(v.) B(k[T] ® k[F]) —2— B(k[F])

(3.14) | |2 ol | [

BC*(X.) T BC*(Y.)  B(C*(X.)®C*(X.)) —— BC*(X.)

Moreover A is multiplicative modulo € in the sense that tc+(x,)A; takes B>>(k[X]) into tx, and the
right diagram of (3.14) commutes up to a DGC homotopy H , : B(k [)?]®2) — BC*(X.) whose associated
twisting cochain homotopy ne + tc+(x,) Hy sends B>1 (k [5c']®2) into ty, .

We remark that the mere existence of such homotopies, without the bound in terms of &, lies at the heart of
Munkholm’s collapse proof [26]. To make precise our claim that there is a map C*(BT) — H*(BT) in
the other direction annihilating €, we recall the classical construction of the simplicial classifying space:

Proposition 3.15 (see e.g. May [20, Section 21]) Let G, be a simplicial group. Then there exists a
contractible simplicial G,-space WG, functorial in G,. That is, if ¢: Go — H,. is a homomorphism of
simplicial groups, then W¢: WG, — W H, is ¢-equivariant in the sense that (W¢)(x-g) = (W¢)(x)-¢(g)
for x € (WG.,), and g € G,,. The projection WG, — WG, :== WG, /G, is a principal G,-bundle, and
the base W G, is the classifying simplicial set for simplicial principal G,-bundles.
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The promised map is then provided by the following result:

Theorem 3.16 (Franz [11, Theorem 9.6 and Proposition 9.7]) Let T, be a simplicial abelian group
pointed at 1 € Ty and such that the cohomology H*(T,; Z) of the normalized cochain complex C *(T,)
is an exterior algebra on finitely many degree-1 generators. Then there exists a quasi-isomorphism
f = fr:C*(WT,) - H*(WT.) of extended HGAs, called the formality map, which annihilates all
extended HGA operations Fy, 4 except for 1,1 = ——». If 2 is a unit of k, the formality map can be
chosen so as to annihilate all —-products of cocycles and such that its kernel contains the ideal ¢y, of
Definition 3.11.

4 Simplicial substitution

In this section we introduce a simplicial form of the homotopy pullback whose cohomology we will
ultimately compute.

Discussion 4.1 We use the functorial Milgram model [25; 32; 28] of the universal principal bundle
EG — BG associated to a Lie group G. It is well known that K\G/H is the homotopy pullback of
the diagram BK — BG <— BH when K x H acts freely on G [29, Section 2]. More generally, writing
i:K— Gand j: H— G for the inclusions, the homotopy pullback can be identified as EK @ x G/H 8
which is the pullback of the diagram BK 57 BG < EG/H, the homeomorphism being given by
e®gH — (eK,(Ei)(e)gH).

It is even better known that Ej: EH — EG is H-equivariant and induces a homotopy equivalence
BH — EG/H . The resulting map of triples induces a map of bar constructions

B(C*(BK), C*(BG), C*(EG/H)) — B(C*(BK), C*(BG), C*(BH))

which the algebraic Eilenberg—Moore spectral sequence shows is a quasi-isomorphism by Proposition 1.19.
Moreover, by Theorem A.27, this map is multiplicative with respect to the product of Theorem A.1, and
hence induces a ring quasi-isomorphism.

If we write G for the singular complex Sing G of a connected Lie group, made a simplicial group by
equipping each level (Sing G), with the valuewise multiplication of maps A" — G, then the counit
|G| — G of the standard adjunction |—| - Sing between the geometric realization and singular complex
functors is a homomorphism and a homotopy equivalence, and is natural in continuous homomorphisms
[20, Theorem 16.6(ii)]. For any simplicial group G,, there is a natural |G, |-equivariant homeomorphism
|WG,| 2 E|G,| descending to a natural homeomorphism |[WG,| 2 B|G,| [4], so for G, = G we
get a composite weak homotopy equivalence |W G| — E|G| — EG equivariant with respect to the

8 This is the quotient of EK x G/H under the equivalence relation (ek, gH) ~ (e, kgH) for k € K, more commonly denoted by
EK xg G/H, the same notation as a pullback.
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homomorphism |G| — G. Long exact homotopy sequences then show the map WG = |WG|/|G| —
(EG)/G = BG is a natural weak homotopy equivalence. By naturality, these maps yield a multiplicative
quasi-isomorphism B(C *(BK), C*(BG), C*(BH)) — B(C*|WK|,C*|WG|,C*|W H|).

Finally, the unit X, — Sing | X,| of the standard adjunction is a natural weak equivalence of simplicial
sets whenever X, is a Kan complex [20, Theorem 16.6(i)], which we know WK, WG, and W H are
[20, Lemma 21.3], so we have a multiplicative quasi-isomorphism to a more economical bar construction,
B(C*|WK|,C*|WG|,C*|WH|) - B(C*(WK),C*(WG),C*(W H)), although our proof does not
strictly speaking require this simplification.

All told, we have the following:

Proposition 4.2 Let G be a compact connected Lie group and H and K closed subgroups, and suppose
the coefficient ring k is a principal ideal domain. Then there is an isomorphism of graded algebras

H}:(G/H) =~ H*B(C*(WK),C*(WG),C*(WH)),

natural with respect to the diagram K — G <= H.

Proof It remains only to check naturality, but this follows from the functoriality of W, Sing, |—|, and C*
and the naturality of the unit, the counit, and the Eilenberg—Moore isomorphism. |

Remark 4.3 May and Neumann observed [21] that the general result [15, Theorem 4.3] behind the
Gugenheim—-May computation of the cohomology groups of a homogeneous space G/H applies equally
in many cases to a generalized homogenous space, meaning the homotopy fiber F of a map By — Bg
of path-connected spaces. Here F is to be thought of as G/H for G = QBg and H = Q By, and we
assume a trivial 71 (Bg)-action on H*(F) and that H*(Bg) is a polynomial algebra over the principal
ideal domain k, finitely generated in each degree. The key additional assumption is that there is a map
BT — By, where BT is a K(Z",2), making H*(Bp) a free module of finite rank over H*(BT); then
T = QBT is called a maximal torus of H.

Our result similarly generalizes. Given three path-connected spaces Bg, Bk, and By such that K and
H admit maximal tori Tx and Ty and H*(Bg), H*(Bg), and H*(Bp) are polynomial algebras of
finite type, then replacing Sing BTk and Sing BTy by W Tk and W Tk, respectively, the same proof as
in Section 5 shows that the cohomology of the homotopy pullback Y of the span Bx — Bg < By is
given as a graded group by Tor g+ (p.;)(H*(Bk), H*(Bg)), and as a ring if 2 is a unit of k.

We are not aware of great interest in such spaces Y in general, but some special cases have been studied.
For instance, if Bx and Bp are points, we recover that H*(2Bg) is an exterior algebra, and for the
span Bx — Bg x Bg < Bg, with both maps the diagonal, we find the cohomology ring of the free loop
space L By is the tensor product of H*(Bg) and H™*(K). This is an instance of a more general result
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of Saneblidze [27], derived using Hochschild homology and a model of the total space of the fibration
QY — LY — Y equipped with a cochain-level product related to the product described in Theorem A.5
and the HGA structure on C*(Y'). His result, however, requires of H*(Y) only that the cup-1 squares of
a set of polynomial generators be zero, without any maximal torus assumption, and of k only that it be a
commutative ring.

5 The quasi-isomorphisms
We have finally assembled the necessary ingredients to prove Theorem 0.1.

Notation 5.1 In the calculation that follows, the base ring k is now a principal ideal domain, still
usually suppressed in the notation. We will not require that 2 be a unit initially. Let G be a connected
Lie group and H and K closed connected subgroups such that BG, BK, and BH have polynomial
cohomology over k (equivalently, such that the torsion primes of G, H, and K are units). We will
work with normalized cochains on the simplicial models WG of Section 4, but in the notation for
cohomology identify H*(BG) with H*(W G) and so on, suppressing the natural isomorphisms induced
by the simplicial weak equivalences WG — Sing |W G| — Sing BG.

From Proposition 4.2 we have a natural isomorphism

(5.2) Hg(G/H) ;Torc*(Wg)(C*(WI?),C*(Wﬁ))

of graded algebras, and our goal is to use the maps A of (3.6) and f of Theorem 3.16 to induce a CGA
isomorphism

(5.3) Hyg(G/H) = Torg g (H™*(BK), H*(BH)),

natural in inclusion diagrams K < G <= H. On the level of graded modules, this isomorphism particularly
means the Eilenberg—Moore spectral sequence of the homotopy pullback square of BK — BG <— BH
collapses, a theorem of Munkholm [26] we will reprove as Proposition 5.7. To improve this result to a
ring isomorphism, as both Tors arise as the cohomology of a two-sided bar construction, we will connect
the argument DGAs of the two via maps preserving enough structure to guarantee our novel product on
the two-sided bar construction is preserved up to homotopy. The structure of this section closely follows
that of Franz [11, Section 12] and specializes to it in the case K = 1.

Discussion 5.4 We begin by constructing an additive cochain map between the two bar constructions.
Selecting arbitrarily and fixing a list @ of cocycles representing irredundant generators of H*(BG), and sim-
ilarly for H*(BK) and H*(BH), we may use (3.6) to construct Ao-quasi-isomorphisms A :BH *(BG) —
BC*(WG), Ak, and A . Recall that these maps are selected so that if x ;7 denotes the cohomology class
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of a; € C*(WG) and 1k G = n, then the extension ()L(;)zrl) = ne + (Ag)() of the 1-component is the
additive quasi-isomorphism

k[X] = H*(BG) — C*(WG), x{’l e xPn |—>a{’1 eabn,
and similarly for Ag and Ag. We write the canonical twisting cochains BH*(BG) — H™*(BG) and
BC*(WG) — C*(WG) respectively as ty and ¢, and for any homomorphism L’ — L of topological
groups will write p = pF, for the functorially induced DGA maps C*(W L) — C*(WL’) and H*(BL) —
H*(BL'). Then the candidate quasi-isomorphism
(5.5) ©:B(H*(BK), H*(BG), H*(BH)) — B(C*(WK),C*(WG),C*(W H))

is defined as the composition of the cochain maps

H*(BK)®u,8pBH * (BG) Q1,80 H* (BH) C*(W K)®y,Bprc BH* (BG) Qo1 C*(WH)

lB(AK,id,/l ,%(id,lc ,id)l

C*(W K)®y3 x8,BH *(BG) @41 3y C*WH)  C*(WK)®1cpBC* (W G) 1o C* (W H)
given from beginning to end by Lemmas 1.16, 1.12, and 1.11, where 6 = (5;I;K ®id)o (id® 85[1)’ the
twisting cochain homotopies #X : BH*(BG) — C*(W K) and h : BH*(BG) — C*(W H ) coming from
Theorem 3.13.

Lemma 5.6 The map ® defined in (5.5) satisfies
O =K ®Ac ®Ar)h,  (mod (b b)),

Proof As [C*(WI?)’\K and ZC*(Wﬁ))LH respectively take B> H*(BK) and B>> H*(BH) into ¢ g and
£ 7 by Theorem 3.13, the first factor B(Ag,id, Ay ) is congruent to ()LK)zrl) ®id® ()LH)zrl) modulo
(tw -+t ) by Proposition 1.16. Next, by Theorem 3.13 again, the twisting cochain homotopies hK
and 1 respectively send B> H*(BG) into ty g and Eyr g, S0 (5}1; r ®id)(id ® 8}}},,) is congruent to the
identity modulo (¢ . E77 ) by Lemma 1.12. Finally, B(id, A, id) is id ® A¢ ®id. |

Proposition 5.7 We retain the notation G, K, H from Notation 5.1 and ® from (5.5).

(i) The induced map

H*(®): Torz*(BG)(H*(BK), H*(BH)) — Torz*(Wé)(C*(WI?), C*(WH))
of graded k-modules is an isomorphism.

(ii) The Eilenberg—Moore spectral sequence for the homotopy pullback of BK — BG <— BH collapses
at the E, page.

Proof (i) Because H*(BG) and H*(BK) are flat over k, under the length filtration of two-sided bar
constructions discussed in Definition 1.13, the E, page of the target under the map of associated filtration
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spectral sequences induced by ® is again Tor’;{*(BG)(H *(BK), H*(BH)) as noted in Proposition 1.19.
Since Ag, (A K)zrl)’ and (A H)a) are each quasi-isomorphisms, by Lemma 5.6, the map of E, pages is
the identity map. These are half-plane spectral sequences with exiting differentials and in the associated
exact couples (E, A1) one has A? = 0 for p > 0, and particularly lim pAf = 0, so they are strongly
convergent [5, Theorem 6.1(a)]; hence H™*(®) is a graded k-linear isomorphism [5, Theorem 5.3].

(i1) In the map of spectral sequences, the codomain is the Eilenberg—Moore spectral sequence of the
homotopy pullback of the diagram BK <— BG — BH. We have seen the spectral sequence map is a k-linear
graded isomorphism from E; on, so it is enough to show the domain spectral sequence collapses. But E, of
this domain sequence is already isomorphic to the sequence’s target H *B(H *(BK), H*(BG), H*(BH))
as a graded k-module. a

To show H*(®) is multiplicative and natural will involve the formality map of Section 4, and particularly
from here on out, we will need 2 to be a unit in k. We will soon specialize to maximal tori, but for now let
arbitrary compact tori Tk and T and simplicial group homomorphisms ax: Tx — K and ag: Ty — H
be given, and choose formality maps fr.: C*(WTk) — H*(BTx) and fr,,: C*(WTg) — H*(BTy)
as guaranteed by Theorem 3.16, recalling that these maps respectively annihilate the ideals tyr, and
i 7, defined in Definition 3.11. As f and p are HGA and hence DGA maps, Lemma 1.10 provides a
H
cochain map of two-sided bar constructions

(5.8) VYyray: C*(WK) ®ptc BC*(WG) Qptc C*(WH)
JoSUBIE, H*(BTR) ® fore BC*(WG) ® fpre. H* (BT
Lemma 5.9 Let G, K, and H be as in Notation 5.1, ® as in (5.5), and ¥ as in (5.8).

(i) The cochain map V is multiplicative with respect to the product ji of Theorem A.I.
(i) The composite WO is equal to

Pl ®AG ® pfh, - H* (BK) ® pty BH *(BG) ® sy H* (BH)
— H*(BTk) ® £p1. BC*(WG) ® fp1. H*(BTg).

(iii) If ag and ap are inclusions of maximal tori, the induced map H* (W) in cohomology is injective.

Proof (i) Multiplicativity of W follows from naturality of ji since f and p are HGA maps.

(i) The restriction pYIgK sends ¢y g to €y by Lemma 3.12, while by Theorem 3.16 fx annihilates
by 7, and similarly fg p;IH annihilates £ 7. As © is congruent to (A K);rl) ®Ag ® (A H)a) modulo
(tw - tg) by Lemma 5.6, we then have

YO = (fp®id® fp)O = fp(rk)l) ® 16 ® fo(hn)fy,

But taking cohomology of the cochain maps
* (AK):';) * /7 v\ P ENa7 7de al f *
H*BK) —L C*(WK)=> C*(WTg) = H*(BTk)
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yields
H*(BK) % H*(BK) % C*(BTk) % H*(BTxk),

and the differentials on H*(BK) and H *(BTk) are zero, implying the cochain map fx o pTIgK o(A K)ZLl)
is itself pTIfK, and similarly for pﬁH.

(iii) We factor ¥ as (f ®1d® f)(p®id® p) and show both factors induce injections in cohomology. As
fRid® f:B(C*(WTk),C*(WG),C*(WTg)) — B(H*(BTk),C*(WG), H*(BTg)) induces the
identity map between the E» pages of the associated filtration spectral sequences, it is a quasi-isomorphism.
As for p ®id ® p, consider the map of Serre spectral sequences induced by the map of (vertical) fibrations

TKGTH — BTK X BTH

l |

kGyg ——— BK xBH

The homotopy fiber of both fibrations is K/ Tx x H/ Ty . Thus the E; page of the right spectral sequence
is concentrated in even degree, implying the sequence collapses, and the map of spectral sequences
implies the left spectral sequence collapses as well; it follows that the left fibration induces an injection
in cohomology. But by the naturality clause of Proposition 4.2 this injection is H*(p ® id ® p). a

Theorem 5.10 The isomorphism H *(®) of Proposition 5.7 is multiplicative.

Proof Since we know from Lemma 5.9 that H* (W) is injective and multiplicative it will be enough
to show the map YO = p ® Ag ® p is multiplicative up to homotopy. As H*(BK) and H*(BH) are
CDGAS, the HGA operations Ej, are zero for kK > 0 by Convention 2.9, so the product [t of (A.6) reduces
to a’[a.)a” - b'[b.)b" = +a'b’ ® [a.] * [b.] ® a”’b”, which is just the tensor permutation IT of (A.4)
rearranging the factors in the correct order followed by the coordinatewise product ;1®3. Recalling from
the proof of Theorem A.1 that IT gives a natural cochain isomorphism from the tensor-square of the
two-sided bar construction to the two-sided twisted tensor product with respect to the twisting cochains ¢’
and ¢ given by p®2(t ® ne + ne ® t), we can transfer the desired multiplicativity of ¥® up to homotopy
to a question about maps

H*(BK)®? ®, (BH*(BG)®* ®,» H*(BH)®* - H*(BTk) ® fp1. BC*(WG) ® sp1. H*(BTH).
We want to find a homotopy between the cochain maps

(P®AG ®p) (L ® UpH*BG) ® 1) = pit @ AG UBH*(BG) @ PI
and

(1 ® pge gy ® W (PE? @A ® p®%) = 11p®? @ pye gyt © np®2.
On tensor factors we have pjt = up®? because p is a ring map, while Theorem 3.13 provides a coalgebra
homotopy H,: A¢Bug+56) = ®(AG ® Ag) such that 1c H,, takes B> (H*(BG)®?) into £, so that
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the twisting cochains fptc annihilate the image of H,,. As the shuffle map V is a natural transformation
® — Q@ of bifunctors, we may append the square of Proposition 3.3:

(BH*(BG))®? — B(H*(BG)®?) = B(H*(BG))

|
AG®AGJ *G%*G PG

(BC*(WG))®? - B(C*(WG)®?) = BC*(WG)
Recalling ®oV = Hpc*(WG) (Theorem 3.8) and Bu o V = ugg+(pg) (Example 1.5), we then see H,V
is a DGC homotopy from A (s +(8G) 1O g+ (Wé)kgz. As tcH,, V takes the coaugmentation coideal
of (BH*(BG))®? into 75, we may apply Lemma 1.10 to see that fo® H;,V ® fp is a homotopy doing
what we wanted. |

This establishes the ring isomorphism of Theorem 0.1. It remains to show this isomorphism is natural in
inclusion diagrams.

Theorem 5.11 Given a diagram
K, s G1 <—)H1

1

K()C—> Go <—>H0

of continuous group homomorphisms such that the cohomology of each of the groups’ classifying spaces is
a polynomial ring over k and given cocycle representatives for an irredundant set of polynomial generators
of each cohomology ring, so as to define quasi-isomorphisms ®1 and ®¢ as in (5.5), the following induced
square commutes:
* * * Tor (p.p) * * *
TorH*(BGO)(H (BKy), H*(BHp)) — TorH*(BG)(H (BK1), H*(BH1))
H*(QO)lZ ZlH*((@l)

Hy (Go/Ho) Hyg (G1/Hy)

Proof Letig,:Tk, < Kjandig, : Ty, < H be inclusions of maximal tori. We expand the description
of ¥® in Lemma 5.9 to the diagram in Figure 1. Note carefully the asymmetry in the bottom square:
on the left we have Gg rather than G, but the tori Tk, and Ty, are subtori of G rather than Go. The

composite fp ®id ® fp after © in the right column is the map W of (5.8) and the composite after

iKl yiHl
O the first column is ¥j. ;,,, where jx and jg are respectively the compositions Tx, < K1 — Ko and

TH1 — H| — H().

Our goal is to show the top square commutes in cohomology, but as H™*(¥; Ko Hl) is injective by
Lemma 5.9(iii), it will suffice to postcompose W; . i, to the two paths around the square and show the
resulting maps induce the same map in cohomology. One confirms tensor factor by tensor factor that the
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* * * POBp®p * * *
H*(BKo) ®pry BH*(BGo) ®piyy H*(BHy) ———— H*(BK1) Qpiy BH*(BG1) Qp1y H*(BH1)

Q9 0
C*(W Ko) @ pie BC*(WGo) @ pre C*(WHo) —2222 5 C*(WE ) @i BC* (WG ) @ pie C*(WH 1)
oRid®p 0®id®p
C*(Tky) Oy B (W Go) 8 e C* (W Tity) —=s C* (W Ty 9y BC*(WG1) 0 C* (W Ty

foue f f®id® f

H*(BTk,) ® fpic BC*(WGo0) @ pic H* (BTHy) ~ oo H* (BTK,) ® fpic BC* (WG 1) ® fpic H* (BTwy)

Figure 1: A diagram of two-sided bar constructions.

bottom two squares commute, so it will be enough to find a cochain homotopy between the two paths
along the outer rectangle. By Lemma 5.9(ii), the composite along the upper right is

K H K G H K G K
(5.13) (org, ® A6, ® pr,; Nk, ®Bog) ® ppy) = pre ® A6 Bog, ® oy

K

and the composite along the lower left is
. G . K H, K G H
(5.14) (i[d®Bpg’ ® 1d)(/oT1‘31 ® LG, ® ,OTI?II) = pT1(<)1 ®@Bpg A, ® ’OTISI .

Now Theorem 3.13 provides a DGC homotopy H, between ,Og(l))LGO and Ag pg? such that 7c H,, takes
B-1H*(BGy) into 857G, so that the two twisting cochains fptc defining the common codomain of
(5.13) and (5.14) annihilate the image of H,. Applying Lemma 1.10, we see fp ® H, ® fp is the
sought-after homotopy between (5.13) and (5.14). O

Corollary 5.15 The isomorphism H*(®) of Theorem 0.1 does not depend on the choice of representa-
tives defining ® in (5.5).

Proof One can take the vertical maps to each be the identity in (5.12), defining ®¢ in terms of one set
of representatives and ®; in terms of another. O

6 Example

In this section we give an example where Theorem 0.1 provides information not previously available
from the standard techniques. This example is in a sense minimal in that in similar examples where the
differentials form a regular sequence, the fact that an exterior algebra is a free CGA allows one to resolve
the multiplicative extension problem, and in examples with Tor="2 = 0 one can resolve the extension
problem by noting that elements of Tor~! annihilate one other and lie in odd degree, whereas Tor? is
concentrated in even degree.
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Example 6.1 Let S be the image of the embedding z — diag(z ™4, z, z, z) of U(1) in SU(4). Theorem 0.1
computes the ring Hg (SU(4)/S; Z [%]) as

Toryy« gsuwy:zpi/2) (H " (BS: Z[5]), H*(BS; Z[5]))

(previously, the Sullivan model noted by Kapovich showed the same with Z[%] replaced by Q). One
finds explicitly that the induced map Z[%][cz, c3,c4] = H*BSU4) - H*BS = Z[%][zz] takes the
universal Chern classes ¢z, ¢3, and ¢4 respectively to —612, —8¢3, and —314, so one can compute the Tor
using the associated Koszul complex, as the cohomology of the DGA Z[%] [s2, 2] ® A[vs, ws, x7] with
differential annihilating s and ¢ and with

dvy = 6(s> —1?), dws=28(s>—13), and dx;=3(s*—1%).

Setting pa; = (s/ —17)/(s —1t) for 2 < j < 4 one finds that Tor® =~ Z[%][s,t]/(s —1)(6p2,8p4,3p6);
that Tor~! is the quotient of the Z[%] [s, 2]-module generated by the cocycles

1 1
a =3prws —4pav3 = md(%ws), b =2prx7— pevs = md(%xﬂ,

1
¢ =8psx7 —3psws = Ed(wsxﬁ,

which satisfy pga —4pab + pac = 0, by the submodule generated by d(v3ws), d(v3x7), and d(wsx7);
and that Tor—? is the quotient of the free Z[%] [s, £]-module generated by the class of

e = 3pev3ws —8pav3x7 + 6prwsxy = d(v3wsx7)

1
(s—1)
by the submodule generated by d(v3wsx7). All told, one finds that Hg (SU(4) /S Z[%]) is the quotient
of Z[%][sz, t2,e14] ® A[a7, bo, c11] by the ideal generated by

(352t +st2+1)a—4(2+st+tD)b+(s+1)c, 2(s—t)a, 3(s—1)b, (s—t)c, (s—1)e,

ab—(s+1t)e, ac—A4(s?+st+1t>e, be—(s>+5%t+st2+13e, ae, be, ce and e>.

This computation resolves, for example, the multiplicative extension problem for products of the classes
corresponding to a, b, ¢, and e on the Eo, page of the Serre spectral sequence beginning with E, =
H*(BS x BS) ® H*SU(4) and converging to Hg(SU(4)/S:Z).

Appendix A product on the two-sided bar construction
joint with Matthias Franz

Given that an HGA structure defines a DGA structure on the bar construction of a DGA, one might hope
HGA homomorphisms A’ <— A — A” similarly induce a DGA structure on the two-sided bar construction.
We cannot assert this, but we can at least define a nonassociative product sufficient to prove the variant
Eilenberg—Moore theorem (Theorem A.27) needed for the proof of Theorem 0.1.
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Theorem A.1 Let A’ <~ 4 L% 47 be nga homomorphisms. Then there exists a cochain map

:B(A, A, A @B(A',A,A”) > B(A", A, A"),
which we think of as a product, natural in the sense that given a commutative diagram

Al ——A—— A"

I
g/J( g lg//
1
B «—B——B"

of HGA homomorphisms, the induced map B(g’, g, g"): B(A’, A, A”) — B(B’, B, B”) of Notation 1.18

is multiplicative.

Remark A.2 It requires the extended HGA operations Fj, 4 to define the natural homotopy /¢ witnessing
the homotopy-commutativity axiom for Franz’s natural SHC-algebra structure map ®4 described in
Theorem 3.8, but to define @4 itself and show that &4 o V = up4, which is all we require here, one
needs only that A be an HGA.

Proof of Theorem A.1 By Theorem 3.8, there exists a DGC map ©4: B(A ® A) — BA giving an
SHC-algebra structure on A, and similarly for A" and A”. We set

(A.3) fi=B(Qy, Py, Pyr)o(idrga ® V®idargar) o1,

B(qDA/ SBA 3¢A//)

where the B(—, —, —) maps are as defined in Proposition 1.16 and the initial map
(Ad) IM:B(A, A, A)B(A',A,A") - (A @ A) @y (BARBA) ®, (A" @ A”),
) d'laJa” @b'[bb" + +a' @b’ @ [a.) R [b]@ad" @b,

is the tensor permutation (2354). Here the two-sided twisted tensor product is determined by the twisting
cochains

t'= () ®140:V = () B (14 @ na€Ba + 14€Ba @ 14): (BA)®> — (4)%2,
1" = (") %1402V = (f")®%(ta ® 114€B4 + 114€BA © 14): (BA)®? — (4")®2,
for V the shuffle map of Example 1.5, and it is not hard to check II is a cochain map. To see
ideVEid:(4/A4)®, (BAQBA)®,; (A"®A") - (A @A)/ BARA) @, (A" ® A")

is a cochain mayp, it is enough by Lemma 1.10 to observe t' = (f' ® f)tagaV = taoaB(f' ® f)V
and similarly t”" = t4rg4B(f" ® f")V. To see

B(®ur, By, Puar):BA' @A, AR A, A" @ A") — B(A, A, A")
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is a well-defined cochain map, by Proposition 1.16 it is enough to note the diagram

B NR2 B K2
B A ®4) SV Baw 4) BV B4 g a7

|
(DA/l ® 4 l%”
I

BA' BA BA”
Bf/ Bf//

commutes by the naturality of ® in HGAs.

Naturality follows because IT is natural in sextuples of cochain complexes, V is natural in pairs of cochain
complexes, @ is natural in extended HGA maps, and B(—, —, —) is functorial in triples of DGA maps. O

To make real use of this product, we will require a more explicit formula:

Theorem A.5 The cochain map [t of Theorem A.1 is given in terms of the notation set in Definition 2.1
and Notation 2.2 by

(A.6) a'laJa” @ b'[b)b" — +a'b’ ® [a.] *[b2)] ® €(a"[f"b)])b”

+d'€(f'ar[b'| f'bay)) ® [a)] * b)) ® €(a”[f"be)])b",
where the first term is the sum over all decompositions [b.] = [b(2)] ® [b(3)] into two tensor factors, and
the second is the double sum over decompositions [a,] = [a1] ® [a(2)] where the first tensor factor is of
length 1 and decompositions [b,] = [b(1)] ® [b(2)] ® [b(3)] into three tensor factors, and where we recall
from Remark 2.3 our convention that €(f'ay[b’| f'b(1)]) = 0 when b’ = 1. The signs are those imposed
by the Koszul convention. Explicitly, the first sum is

To

A7) (1a ® uBa ® par(€(idgr @ Bf") ® idar)tp 5, 1:07) 0(ldar@ar @ idpa ® Apg @ idgrga)TT

To.3

for T[p 4 ;0 the tensor shuffle taking the factors [b(z)] ® a to (=1)lballdly g [bz)] and II the

permutation (2354) from (A.4), and the second is
T,

T] 1 Tl 3
(A8) (1 (iday ®E(f's®s ' ®BS)Th1[a,] ®uBA®par (€(idgr ®Bf")Ridar) Tp s ]:07)
o(ida ® (idar —ea) @ ((pr; ®idpa) @ (idp4 ®idpa) @ (epa @idpa)) AL} L\ ®idargar)TI,

where Tp/.[4,] 18 again a tensor transposition.

Concatenations A (as defined in Definition 1.2) have been omitted in the statement and proof to aid
legibility (so far as possible).

Proof We first establish the formula modulo 2. The composition of the first two maps in (A.3) takes a
pure tensor a’[a.Ja” ® b'[b.]b" to (¢’ ® b') ® V([a.] ® [b.]) ® (a” ® b"). Recall V([a.] ® [b.]) is the
signed sum of terms (@ ® Ble := [@1 @ B1] - - - |y ® B¢] where each «; ® B is either ay, ® 1 or 1 ® by, for
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some m, and the indices of the a-arguments appear in increasing order as one encounters them from left
to right, as do the indices of the b-arguments. The map B(D 4/, ©4, $4~) first breaks each term [¢ ® B],
into three factors [0 ® B](1) = [o1 @ B1] - - - oy ® Bpl, [« ® B](2), and [ ® B](3) Via AE(]A®2)’ and applies
f’ to each « and B in the first block and f” to each in the third block. The verification for each of the
three tensor factors will run in parallel.

Now there is a case distinction to be made. Write oz} = f'aj and soon. If '’ @ b’ € A’ ® A" and
a"®b" € A”Q A”, then by (1.17), B(P 4/, P4, P4r) takes (¢’ ® b') @ V([a.] ® [ba]) ® (a” ® b”) to

(A9) £toPyla @10} ® Bi -+l ® ] ® [0 ® Blioy ® tar Parle) @ B -+ g @ yla” @ "),

where p + £([a ® Bl2)) + ¢ = L(a.) + £(b.). If instead @’ ® b’ € im a4 = k, then the associated
clause Y’ =id; ® ¢ from (1.17) applies instead, so the first tensor factor in (A.9) is replaced with a’d’, and
p = 0; similarly, if a” ® b” € im ng»g 47, then instead the third tensor factor in (A.9) is a”’b”, and ¢ = 0.
In either case, these simpler factors agree with those given in (A.6), (A.7), and (A.8) by our observations
and conventions from Remark 2.3 on the vanishing of E, so for the remainder of the verification we may
assume @’ @b’ € A/ @ A’ anda” @ b" € A" @ A”.

At this point it becomes necessary to recall the unsigned formula [10, (4.2)] for t4 D4

(A.10) t4Pala ® Bl = Y+ 1Elaz|Ba] - Elan| B.]Bn.

where the sum is over those permutations o separately preserving the orders of the indices of the o-
arguments and those of the S-arguments, and such that, moreover, at every point, reading left to right, one
has encountered the symbol & more often than . The key point in simplifying this formula in the present
context is that E[«;|B.] vanishes whenever one of the B-letters other than 8, is 1, by the convention set
in Remark 2.3.

Thus in order for 74 P4/ ([a’ ® b'] ® [’ ® B'].) to be nonzero, one of two things must happen. The first
possibility is that p = £[o’ ® B']s = 0, so that t4 ®4/[a’ ® b'] = +a’b’. The other possibility is that
b',B...., B p—1 are all non-1. Particularly, if " = 1, then if/ b’ is again the only term, agreeing with
(A.6), (A.7), and (A.8), so from now on we will assume b’ € A’. Since for each j one of a} and ,3]’ is 1,
it follows that ] = --- =y, _; = 1. As E1,([1]®[]) = I and otherwise Ey,.([1] ® [.]) = 0 by the
conventions of Remark 2.3, for a term in (A.10) to be nonzero one needs oz;, # 1, so that ﬁ;, = 1. Thus
the only relevant terms have

[ @B le=01® f'bi]---11Q f'bp—1|f'a1 ®1],
Py ([a’ @R[’ ®B'ls) = xd'Ey ([ ar] ® [b'] f'by]).
where [f'ba)] = [f'b1] -] f'bp-1].

Similarly, in order that t4» D[] ® BY|---|ay ® Byla” ® b"] be nonzero, the arguments ﬂ}’ must be
non-1, so each oc]/" is 1. Thus the relevant tensor factor is

tar@ar ([1® f"bl(3) ®[a” ®b"]) = £E1,4([a"]® [ f"b(3)])b".
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which vanishes by convention if a” = 1. As for the middle tensor factor, we know from Theorem 3.8 that
® oV = ug4. Combining our descriptions of the three tensor factors, we have established (A.6).

It remains to determine the signs. The sign for the permutation IT of (A.4) is by definition the Koszul
permutation sign. For the composition of the second two maps, recall from (1.17) that before involving
4 and Py, the map B(Pyr, upa, Pyr) first breaks [0 ® Ble = V([a.] ® [b.]) into three chunks
via AL As V is a DGC map BA ® BA — B(A ® A) by Example 1.5, we equally well have

B(A®A)"
AL

V= V®3A[3]

B(A®A) BAoBA- Applying the definition (1.17), suppressing concatenations A, gives

(A1) B(Dy, Dy, Py4/)(daga @V Qidgregar)
91 03

= (ta Pa (Spga ®B(f' ® f)V) ®PUV @ tar ParB(f" ® ")V @ 517g )
0

o (idA/®A/ X AEA@BA (%) idA”@A”)-
We will evaluate Q on terms

(@ @b ®[am)] ® [by]) ® ([ae)] ® [b2)]) ® (laz)] @ [bi)l ®a” @ b")

and compare with the evaluations of Ty and 77 from (A.7) and (A.8), recalling from the discussion of
nonzero values of 14/ D4 and 147 P4~ in the previous paragraph that the only nonzero terms in (A.11)
arise when [a(3)] = [] is of length 0 and either we have [a(y)] = [b(1)] = [] of length 0 as well or else
[a)] = [a1] is of length 1.

As each of the three tensor factors of Q, of Ty, and of T is of degree zero, it will be enough to compare
these factors separately. The middle tensor factor ®4V of Q is ugg by Theorem 3.8, as in Ty and T7.
For the first and third factors, we will need to be explicit about the sign for ®. The signed version of
formula (A.10) for (®4) () = 14 0 (P4)|B, 4 © (55 4)E" is

(A.12) (@) = (">l (idA ® &) Eq, ® idA)a,
o m

where the sum is over shuffles o as in (A.10); thus, the sequence (£,,) gives a partition of n—1, apportioning
subsequences of By, ..., By—1 as arguments of E[o,|—] through E[e,|—], and Ey is E; ¢ (s1)®1+L 45
in Notation 2.2; similar arguments hold for ® 4, and ® 4.

To interpret Q1, note that £[a(y)] is either O or 1. In the case [a(1)] = [], the only term we need to worry
about is tA/dDA/SZ,{@A/ = (®4/)(1), which is 4/ by Definition 3.4(1). This is the first factor of Tp from
(A.7). When [a(y)] = [a1], we have seen from the discussion above that the only terms on which 74 ® 4/
will potentially not vanish are those of the form [a' ® b’|1 ® f'b]1) ® [ a1 ® 1]. Here the notation
[a’®b'|1® f'b](1) means some initial subword [a'®b'[1® f'by|---[1® f’'by], whichis [a’ ®b'] if £ = 0.

A term of V([al][b(l)]) leading to a term of this form is created by the operation
vifa1] ® [bay] = [a1 @ 1{1 ®@ bl
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followed by the shuffle T = 74, @1];[195];, MOVing [a1 ® 1] past each [1 ® b;], resulting in
x:=x[a' VR ® f'bl1)Q[f a1 ®1].

To determine the sign explicitly, (A.12) tells us we should rewrite things in terms of the operations Ej.
When we apply @4 to x, we have seen above that the only nonzero term is +a’Ep (a1 b’, b)), which
comes from the summand in (A.12) corresponding to the shuffle
p—1
o' (@ @) @RU® f'b)® (f'ar®1) > (~DaH P1Hb0Dy @ 18771 @ /0y @b/ ® f'by @ 1.
ji=1
If we write x for the map omitting tensor factors 1, then this nonzero term can be written as

. -1 +1
/’L1/4(1dA/®Ep)rb’®b(1);a1X(SA/®A/)®I) X,

where Tp/gp,):q, is the tensor shuffle moving a; past b’ ® byy. Since (s~)®”s®” is multiplication by
(—l)(g), we conclude from (A.12) that on (A’ ® A)  B1 A ® B, A, we have

01 =14Pg (s pa ®B(f)®*1V)
- (—1)(1’;1)(@A/)(p+1)s§}®—;eo(s_,l® 2 ®B(f)®21v)
= (1”2 (—D)? par(ida ®E1,p (55 B TP) @y, %) (1P (idara ® 555 o B(f)B2TV)
= )"y (ida ® E(ida ® (551 ®?)) Ty @by a1 ¥ (dar o4 @54 4 B(F) P2 Tv),

. . . +1 .
where the accounting of signs is as follows: the (—1)(p2 ) comes from (Pa)(14p) = tA/CDArsEg%’ in

(A.12), the first (—1)? is the leftmost term of the right-hand side of (A.12), and the second (—1)? comes
from moving sf% 4 Past s;,}x, A

We must compare the sign of the value of O on ([a’ Qb [a; |b(1)]) with that of the first factor
Ti1 = pa(idy @ E(f's ® s~ ®Bf'))1p:[4,] from (A.8). This is done symbolically by determining
which tensor factors are moved past which others in the computation. For these purposes, the factors
nar,idgar, € x, f/,B(f' ® f’), and v of degree 0 are invisible, as are the tensor factors 1 of degree 0
produced by v and deleted by x. In Figure 2 below, Q1 is in the left column and 77,1 in the right, and
in each row of each column, operations are listed on the left and arguments on the right, the result of
applying the operations appearing on the right in the following row. As usual, moving two symbols y

and z past each other incurs the sign (—1)!¥H21 and the rule goes equally for y = s*1.

In determining whether the signs agree, we can remove cancelling signs within one diagram or pairs of
matching signs in both diagrams, referring to this as “cancellation” either way. Then two crossings cancel
if both involve transposing the same symbols y and z, or if one crossing transposes s and z while the
other transposes s ! and z. After cancellation, the only signs remaining are (—1)!5 s = —1, arising
from the crossing marked with a dot on the right, and the underlined

(_1)(!’;”) (s~H®P—1g8p1) (_1)(P;f‘)+(”;‘) _ (_1)172—17+1 — 1

at the bottom on the left, so the operations in question are indeed the same.
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. a b s ai [by] Wia: @ b 57U ar [bw)
J
-
s®P~1 s:oa b [bw) 51 ap s s7hod sTh a0 (bl
N \ %) L | j
N A — 7 | )
Tygbgya s @ b s®P7! (b ss~lay a ssT'oar s byl
r
sThs=her=l. g aq b s®p-1 (b
N ) \>
(71)( 5 ): a ai s—1p (l\.fl)f@pfl’\,@/)fl [b(l)]
Figure 2

As for Q3 and To 3 = T1,3 (from (A.11), (A.7), and (A.8)), we have seen above that the terms on which the
4~ in Q3 is potentially nonzero are those of the form [1 ® f”b]3) ® [a” ® b”]. In particular, [a(3)] = [].
Recall that we write ¢ = £[b(3)]. We see the many 1 factors arising because V([] ® [b3)]) = [1 ® b](3)
contribute nothing to the iterated p4~-product, so we may omit them with the map ». When they are
omitted, the shuffle involved in the nonvanishing summand of (A.12) simplifies to the shuffle 77y ;47
switching the A” tensor factors containing a” and f" by in f"bzy®a” ®b"”. Thuson B;jA® A" @ A”,
we can expand Q3 as

Q3 — [A//q)A// [¢] (B(f”)®2 ® SIZ/}®A”)
q+1 -
— (_1)( 2 )(q)A//)(1+q) o Sfl%/lgz” © (B(f//)®zv ® SA’}®A//)
q+1 . 3 i
= (D)D) D g (B, (55D R idar) a2 © (5 4BV ®2Y @idargar)

Th_ . - . .
= (_1)(f12 ) q,l,LAN(QE(ldA” &® (SA/})®q) X ldA//)‘Ef//b(3);a//%(SI?fI@A//B(f”)@zV (%9 1dA”®A”),

where, as in the analysis of Q1, the (—1)(qJ2rl) comes from (®g7)g+1 =tar <I>A~s$flg;/, and the (—1)7 is
the leftmost factor of the right-hand side of (A.12). We may simplify the exponent of —1 by observing that

qg+1 _(q+1 qa\ _ (4
("3)-a=("3)-(1)=(2)
In Figure 3 the crossings for Q3 appear on the left and that for
Tos = T1,3 = par(€(idar @ Bf") @ idar) tp 107
appears on the right.

When matching crossings are cancelled, the only signs remaining are the underlined (—1)(3) and
|(s71)®95®9| = (—1)(3) on the left, so the operations are equal, concluding the proof. |

With this more explicit formulation of ji, we are able to relate it to the product on an HGA:
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§®4- [b(3)] a’ b’ T[b3)lia”: [b(3)] a’ b’
Trbgyars S [b) a” b a” bl b"
(S—1)®q: a’ s®4 [b(s)] b”
OB @ ()P (b)) b
Figure 3

Theorem A.13 Given a commutative diagram

e \ N

/

\/

of HGA homomorphisms, the natural cochain map
A14)  E=pB( @ naepa® )B4, A, 4") > A, dada” > ¢ (a')nzepalag’ @),

induces a map in cohomology multiplicative with respect to the product on H*B(A’, A, A”) induced by
the product defined by Theorem A.1 and the expected product on H *(zzf).

Proof By Theorem A.1, B(g'. g, g”) is a multiplicative cochain map B(A’, A, A”) — B(4, A, A), so it
will be enough to show £: B(;f A, ff) — A is a cochain map inducing a multiplicative map in cohomology.
In other words, we may as well start by assuming A’ = A= A" = Aand f' = f" =g’ = ¢g” =idy. Let
us then agree to write © = 4 and id = id4 and € = n4€g4, so we can restate (A.14) as

(A.15) £ =pullid®e®id): ¢'[c.]c” > c'e[ca]c”.

It is trivial to check this is a cochain map.

To show the induced map H *(£) in cohomology is multiplicative, we show that
(A.16) Dh=¢i—nE®?:B(A, A, A)®? > 4

for a certain homotopy /: B(4, A, A)®? — A to be produced momentarily. It will help to adapt (A.6),
(A.7), and (A.8) to the present setup:
A17) = (p ® pa @u(E(d ®idgy) ®id))oIl’
a'b’ (04 [a.] * [b(z)] ® (’E(a” [b(3)]) b
+(nd®E(s @5 '®idpa ))®  ppa  ®u(E(id ®idpa) ®id))oN”
a ® Qf(al [b, | b(l)]) X [a(z)] * [b(z)] X Qf(a” [b(3)]) b,
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where I1" and T1” are preparatory tensor permutations. The permutations 7 in particular have been
absorbed into these without sign change because the operators between 7 and IT in (A.7) and (A.8) are of
degree zero. Here the value, up to sign (determined by the Koszul convention, but not written out), on the
standard pure tensor a’[a.]a” ® b'[b,])b" is displayed below the function, to make the argument easier to
follow, though in principle these values are optional. We will continue with this notation throughout the
proof. Recall that if b’ is in the image of the unit map 74, then the € factor in the second term is defined
to vanish on bar-words containing it by Remark 2.3.

It is evident from (A.15) that —.£®? vanishes unless £ = {(a,) and r = {(b,) are both zero, in which
case it is
—uflid@n ®id @ d@np ®id) =—
a/ a// b/ b// a/a//b/b//.
As upy is of degree 0 and egy4 annihilates B> A, the first term of /i vanishes according to (A.15) and
(A.17) unless £(a,) = £(b(2)) = 0, in which case it reduces to

PP @@ p(Eid ®idga) ®id))ozampy
a'b E(a" [ba)l) b
If additionally £(b(z)) = 0 = r, this further reduces to
1Bl @na@pid ®id)) o teryy = pl oty
a/b/ a// b/,.
The second term of £i vanishes unless [a,] = [a] is of length 1 and [b()] is of length 0, in which case it
contributes
plid® e ®s ' ®idps ) ® E(id ®idgy) ®id)on”
a’ G(al [b/ | b(l)]) @(Cl” [b(3)]) b//
for 7" running over tensor permutations a’[ala” ® b'[b.]b" — a’ ® [a]b’[b1)] @ a”[bz)] ® b”. These
n” are the specialization of IT” from (A.17) to the case £(a()) = 0.

All told, on By(A, A, A) @ B, (A, A, A) one has

(4] /"ol — [4] ]
Z/b/;‘}/b’;} a/alf/b/b// ift=0=r,
[4] .d 'd .d 1R/ .
PR L ife=0<r
. —_ A = °

pid® e(s ®s ! Qidgy ) ® €(id ®idpy) ®id)on” 01
a Qi(al [b/ |b(1)]) Qi(a” [b(3)]) b’ o

0 if £ >2.

The promised homotopy is given as

(A.19) hi=puid® ¢ ¢(d ®s ' ®idgy) ®id)
) a  elal) Qf(a” b’ |b.]) b".

To show Dh agrees with £fi — u4£®2, we follow the same case distinctions.
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If £ = £(a,) > 2, then h and hence dh vanish since €[a,] = 0, and since the differential on B(4, A, A)
takes B>2(4, A, A) into B>1(4, A, A), so does th(A,A,A)®2.

If £ = 1, then h and hence dh vanish as before, but id need not, by the formula for the “external”
differential a’l‘;’&’ A4) = dp(a,4,4) — dg given in (1.21), since the outer two operators reduce the length
of the bar-word in a’[a]a” to zero, taking it respectively to +a’a[la” and +a’[Jaa”. Thus hdg and
h(idg(4,4,4) ® dp(a,4,4)) vanish, but for 1(dg(a,4,4) ®1dg(4,4,4)), plugging (1.21) into (A.19), we get

(A20) pH(dRe®e(d®s ! ®idpy) ®id)
o((n(id®s)®nps®id ) ®idp(4,4,4)—1d @ Npa @ (s ®id ) ®idp(4,4,4))
al a [] a// b/[b.]b// a/ [] a a/l b/[b.]b//
=—nMides @ ¢(d @57 ®idpa) ®id) + 1P ([d® E(u(s ®id ) @57 ®idpa) ®id )
a a Q’(a” b b(l)]) b a (‘3( a d’ [b | b(l)]) b”,
the change in signs coming in both terms from the factor s of degree 1 coming from dﬁ’&y A.4) being
moved past the factor s~1 of degree —1 in the argument of . By the Cartanesque formula (2.5), the
second term on the right-hand side of (A.20) can be replaced by
pHid® (@ &) r(s ®id ® s Qidpy) ®id )
ad (€®&n(a da [ | b]) b,
where 7 runs over shuffles a ® a” ® [b'|b] = a[b'|b.](1) @ a”[b|b.](2) and [b'|bs](1) ® [b]ba](2) is a
deconcatenation of [b’|b,]. There is a case distinction here: The deconcatenation yielding [] ® [b’|b.]
recovers 4 .
pHlides @ ¢(id ® s ®idpy) ®id )
ad a Qf(a” b b.]) b,
cancelling the first term of (A.20). Otherwise, b’ is assigned to the first word in the deconcatenation, so
the value is [b'|b(1)] ® [b(3)], and one gets operations

([dRE(s ®s ! ®idgs) ® €(id Qidgy) ®id)on”

a @(al b" | bayl) @(a” bl b”
agreeing with the case £ = 1 of (A.18). Because 7 preserves the relative positions of s and s, it does
not incur a sign change in moving past them to become 7”.

For the £ = 0 cases, we write the differential on B(4, A, A)®? as the sum of the “internal” tensor
differential dg and the “external” differentials idg(4,4,4) ® dﬁ’&’ A.4) and dl‘;’&, an® id(a,4,4). We
may omit the second external differential in consideration of hdg(4,4,4) since dg(4,4,4) vanishes on
By(A4, A, A), and when r = 0 we may omit the first external differential for the same reason. Write Dg
for the differential on Hom((4 ® BA ® A)®2, A), where the domain is B(4, 4, A)®? equipped with the
tensor differential dg. Thus Dgh = d 4h + hdg. Because composition is a cochain map, as are (4, idg,

€BA, idp4, and s~1, we have

(A.21) Deh = p*(id ® nps ® (De®)(id ® s~ ! ®ids) ®id)
d (Dg®)(a” b | b)) b".
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Equation (2.6) shows that for fixed r, the function Dg®: A ® B14+,A — A is given by
(A.22) Dg¢=pu(s ®€)(12) + €EdQ®dext) — n(E®s),

/ ) ) / Qf(a” ])b/ r=0,
b' &(a"[b.])  E(a"dex[b|b]) E(a"[b|br|balbr—1])br 1> 0.

The second term also vanishes when r = 0, and then plugging (A.22) into (A.21) yields

(A.23) Deh= 1 Md@( ® € tpd®s™ @npa)®id)
a/ b/ @(a//[]) b//
_iMory —pflide (€ ®s)(d®s™ @npa) ®@id) —
alb/a//b// a/ @(a//[]) b/ b// a,a”b/b”.

Here we use that € =id on A ® BoA = A, and the further simplification in the first term comes from the
calculation
(s® id)‘fa//;[b/] (id ® S_l) = ‘Ea//;b/(id ®s)(id ® S_l) = Tgrip/-

The £ = 0 = r case of (A.18) agrees with (A.23), concluding that case.
For £ = 0 < r, substituting (A.22) into (A.21) now gives instead

(A24) Dgh=pMde@G ® € )upides ' @idp 4)®id)

al bl Qz(a//[b.]) bl/
+uBld @ eld® s us®? @idp,_,4)([d® s ®id,_; 5 ®idp,_, 4) ®id )
a’ &(a"[b'by|ba|---|by)) b”
+uPl(id ® E€(id ® id ® dexi|p, 4)(d® s~ @idp, 4) ®id)
a €@ [b)® dexlb.)) b
—u¥id® (¢ ®s)(d®s™ ! ®idp, 4 ®id,_s y) ®id)
a ("' |b|---1br-1]) by b

As for h(idp4,4,4) ® dﬁ’&’ A, A))’ composing its definition from (1.21) with the expression for 4 from
(A.19) yields
(A.25) pPlid@e(d ®s™! u(id®s)®idp,_, 1) ®id)

a @(a” [b'by | - |b,]) b’

+uPl(d® €(id @57 ® dexilB, 4) ®id )

a' €@ [b]®dexb]) D"
—uPlid®e(d ® s @idp,_,.4 )@ ®id))

a €@ [ | b ---Ibr_l]) b, b".
These three terms are the respective opposites of the second through fourth terms of (A.24), as transitioning
from one ordering of symbols to the other involves moving s~! past s in the second and fourth terms
and past dey in the third, incurring each time a sign change of (—1)~!"!. Thus these three pairs of terms
cancel. It remains only to check that the uncancelled first term of (A.24) agrees with the £ = 0 < r clause
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in (A.18). For this, note that id has degree 0, so we have 7,7.[;/](id ® sTH=6"1® id)7,.pr, and € has
degree zero as well, so
M Gd® (s ® €)rurp(id®s™! ®idp, 4) ®1d) = pM(d@ (s ® ) (7! ®1d®idp, 4) ®id)T4rpr
= 1 (dRid® € ®id)ryr.p . O

Remark A.26 We expect that if A’, A, and A” are extended HGAs, the product i of Theorem A.1 is the
2-component of a differential on BB(A4’, A, A”) making B(A’, A, A”) an Aoo-algebra and making the

map & of Theorem A.13 the extended 1-component Ele) of an Aoo-map E from B(A’, A, A”) to A, but

we will leave the exploration of this possibility for another occasion.”

We now can use the new product to establish the particular version of the Eilenberg—Moore theorem we

will need:

Theorem A.27 (Eilenberg—Moore with induced product) Suppose the coefficient ring k is a principal
ideal domain, and suppose given a pullback square

YLE

|

X ——B

of pointed topological spaces in which E — B is a Serre fibration, B and X are path connected, the
action of w1 (B) on the cohomology of the fiber F is trivial, and

(1) each H"(F) is a finitely generated k-module, or
(2) each H"™(B) and each H"(X) is a finitely generated k-module.

Then there is a natural quasi-isomorphism
§:B(C*(X).C*(B).C*(E) > C*(Y), x[buJer> a*(x) — nic=ryencr)[ba] — B*(@).
inducing a ring isomorphism
Torz*(B)(C*(X), C*(E)) = H*(Y)
with respect to the product on the domain induced by the product given in Theorem A.1.

We rely on the presentation of Gugenheim and May [15, Theorem 3.3] with some modification of
hypotheses.

Proof We assume B and X are path connected to guarantee that the homotopy type of the fiber F is
well defined and we only have to discuss one group 71 (B); one otherwise needs a separate argument
for each path component. This assumption then also implies 71 (X) acts trivially on H*(F). Given

9 Added in proof: this expectation has now been confirmed; see Franz [12] and Remark 0.2.
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any proper projective resolution P* of C*(X) as a C*(B)-module (or resolution in the more general
sense of Gugenheim and May [15, Definitions 1.1]), Gugenheim and May show the expected composite
filtered map ¥: P* ®c+g) C*(E) = C*(X) Qc+) C*(E) — C*(Y) is a quasi-isomorphism [15,
Theorem 3.3 and Corollary 3.5] under slightly different finiteness hypotheses, namely that k is Noetherian
and the groups H,(X;Z) and H,(B;Z) are all finitely generated.

These hypotheses are used only to see the canonical maps C*(B) ® H*(F) — C*(B; H*(F)) and
C*(X)® H*(F) — C*(X; H*(F)) are quasi-isomorphisms, using a lemma [15, Lemma 3.2] asserting
that if k is a commutative Noetherian ring, G an k-module, and C a chain complex over Z with each
H, (C) finite, then Homz (C, k) ® G — Homz(C, G) is a quasi-isomorphism. The proof of this lemma
uses only that Z is a principal ideal domain, and hence the same argument shows that if k is a principal
ideal domain, C now a differential graded k-module, and G a k-module, then Homy (C, k) ®; G —
Homy (C, G) is a quasi-isomorphism. Thus, assuming k is a principal ideal domain, we can replace
Gugenheim and May’s hypothesis that each integral homology group H,(B;Z) and H,(X; Z) is finitely
generated with the weaker hypothesis (2) that the (co)homology groups with coefficients in k are. If,
alternatively, we assume (1) that the H"(F) is finitely generated over k, then again assuming k is a
principal ideal domain, the decomposition of each H"” (F) as a finite product of cyclic k-modules shows
C*(B)®@ H"(F) —» C*(B; H"(F)) and C*(X) ® H"(F) — C*(X; H"(F)) are isomorphisms of
differential graded k-modules.

To see the suppressed details in the proof of the multiplicativity of H* () with respect to the classical
product on Tor [15, page 26], subdivide the vertical cohomological Eilenberg—Zilber map featuring along
the upper-right of McCleary’s diagram gesturing at such a proof [22, page 255] as

H*Y) @ H*(Y) 2@ H*(C*(¥) & C*(Y)) L> H*((Cu(Y) ® Cu(Y))*) <25 H*(Y x Y).

Then there are evident horizontal maps subdividing the region into three rectangles that can be seen to
commute on choosing maps between resolutions [15, Theorem 1.7] and expanding out the definition of
the external product.

As k is a principal ideal domain, Proposition 1.19 implies that C = B(C*(X), C*(B), C*(B)) gives a
resolution C — C*(X) of C*(X) as a differential C*(B)-module and H*(C) is the desired Tor. The
map ¥ then specializes to our £. As C* is a functor valued in HGAs, by Theorems A.1 and A.13 there is a
natural cochain map i : C®2 - C such that the quasi-isomorphism £ is multiplicative up to homotopy in
the sense that if  is the cup product on C*(Y), then there exists /1: C — C*(Y) with Dh = £Ji — u£®2.
Thus the k-module isomorphism H*(£): H*(C) — H*(Y) takes the induced product

H*(C)® H*(C) % H*(C ® C) 2B, g* )

on Tor to the cup product on H*(Y). Moreover, since the classical proof shows H *(§) is multiplicative
with respect the standard product on Tor and the cup product on H*(Y'), we conclude that H*(ft) o x is
the standard product. O
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Appendix by Jeffrey D Carlson and Matthias Franz

Remark A.28 The classical Eilenberg—Moore theorem obtains the ring structure on the domain through

the external product and the Eilenberg—Zilber theorem, without reference to a cochain-level product on

any complex computing Tor. We went to all this trouble because in Section 5, we need the fact that the

product on Tor is induced by such a product in order to show certain maps of Tors are multiplicative and

finally obtain Theorem 0.1.
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