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Introduction. This paper complements |5, where the motivic Hopf algebra
Humot(k,0; A) of a field k& endowed with a complex embedding o : k — C was
constructed and studied. (As usual, A denotes the ring of coefficients.) Recall that,

given a k-motive M, its Betti realisation Bti’(M) is naturally a comodule over
Homot (k, 05 A). This yields a functor

DA®(k; A) — coMod(H et (k, o3 A)) (1)

from the category of motives (étale and with coefficients in A) to the category of
comodules over H,ot (K, o; A).

Unfortunately, there are obvious drawbacks: H,(k,0;A) is only a Hopf alge-
bra in D(A), the derived category of A-modules, and, similarly, the coaction of
Himot (k, 05 A) on Bti (M) is only defined in D(A). In particular, the target of the
functor is not a triangulated category.

The author was supported in part by the Swiss National Science Foundation (NSF), Grant
No. 200021-144372/1.
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It is natural to expect that H,,o(k, 0; A) can be enhanced into a motivic homotopy
Hopf algebra H ot (k,0;A) and that Bti} (M) can be enhanced into a homotopy
comodule over H .4 (k, o; A)[| This would then yield a triangulated functor

DA (k; A) — hocoMod(H yei(k, o3 A)) (2)
that refines . The goal of this paper is precisely to carry out this expectation.

Relation with the work of Nori. The motivic Hopf algebra H,,(k,o; A) is acyclic
in strictly negative homological degrees and thus its zeroth homology Hy,ot(k, 05 A)
is naturally a Hopf algebra in the category of A-modules. By the work of Nori [12]
and thanks to the comparison result of [7], one has a triangulated functor

DA (k: A) — D(coMod(Huey(k, 0 A))) (3)

where coMod(H (K, 0; A)) is the abelian category of comodules over Hy,oi (K, o; A)
in the category of A-modules. (For details about the construction of (3)), see [T,
§7.4].)

Considering Hy,t(k, 0; A) as a homotopy Hopf algebra, one also has the triangu-
lated category hocoMod(H,,et(k, 03 A)) of homotopy comodules over Hyo (K, 05 A).
Assuming that A is a field, this category is closely related to the derived category
of the abelian category of comodules over Hy,ot(k, 05 A). Indeed, there is a natural
t-structure on hocoMod(Hy,et(k, 0; A)) whose heart is exactly coMod(Huyot (k, 03 A)).
Moreover, the obvious functor

D(coMod(H et (k, 05 A))) — hocoMod(Hyet(k, 0; A)) (4)

is t-exact, fully faithful, commutes with homotopy colimits and induces an equiva-
lence when restricted to the subcategories of objects which are t-bounded from the
left.

There is a corestriction functoid
hocoMod(H et (k, 03 A)) — hocoMod (Hpet (K, 05 A)), (5)

and the composed functor (5] o (2)) : DA®(k; A) — hocoMod(He (k, o5 A)) factors
through the fully faithful embedding . (This follows from the properties of
mentioned above and the fact that DA (k; A) is compactly generated by motives
whose image by o are t-bounded.) This gives a functor from DA (k; A)

! Informally speaking, the multiplication of a homotopy Hopf algebra is strict whereas its comul-
tiplication is lax (i.e., the comultiplication is only defined up to homotopy and the coassociativity
property is only satisfied up to coherent higher homotopies). Similarly, the coaction of a homo-
topy Hopf algebra on a homotopy comodule is lax. For the precise notions we refer the reader to

Definitions and

2This functor is constructed as follows. Consider the diagram of cosimplicial algebras
Homot (k, 05 A) —— T0(Hmot (k, 03 A)) — Ho(Hmos (k, ;3 A)).
The left arrow is a quasi-isomorphism by [5, Corollaire 2.105] which implies also that
Ho(Hmot (k; 03 A)) = B(Hmnot (K, 03 A))

where B(—) is as in Construction Thus, the above diagram is actually a diagram of homotopy
Hopf algebras where the left arrow is a quasi-isomorphism. Applying Proposition we deduce
two triangulated functors

hocoMod(H ot (k, o3 A)) «—— hocoMod(7>0(H mot (k, 0; A))) —— hocoMod (Hyet (k; 03 A))

where the left one is an equivalence. This gives the functor .
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to D(coMod(H et (k,0;A))) which we expect to coincide with up to an iso-
morphism. We also expect this compatibility to be routine but lengthy, and we
do not attempt to verify it here. Finally, recall that 3 . (k,o;A) is conjectured
to be acyclic except in degree zero (see |5, page 126, Conjecture A|). Therefore,
H oot (k, 3 A) is conjecturally quasi-isomorphic to Hy,ot(k, 0; A), so that the functor
is conjecturally an equivalence of categories and the functors and are
conjecturally the same (up to the fully faithful embedding )

Relation with the work of Pridham. By [13], Hmot(k, o; A) can be enhanced into a
motivic dg Hopf algebra. Pridham’s work also gives a functor similar to but
where the target is the homotopy category of the dg category of dg comodules
over the motivic dg Hopf algebra. In a sense that I don’t really comprehend yet,
Pridham’s motivic dg Hopf algebra is more strict than our motivic homotopy Hopf
algebra. This is illustrated by the fact that in [13], Pridham uses a stronger notion
of equivalence between dg Hopf algebras. Indeed, in loc. cit., a morphism of dg Hopf
algebras inducing a quasi-isomorphism on the underlying complexes does not neces-
sarily induce an equivalence on the dg categories of dg comodules (whereas, with our
definitions, a morphism of homotopy Hopf algebras inducing a quasi-isomorphism on
the underlying complexes does induce an equivalence on the categories of homotopy
comodules).

Also, it should be noted that our approach is much more explicit than Pridham’s
[13] and uses heavily the specificity of the situation (contrary to the approach of
Pridham which is applicable to general dg categories). In particular, our method
gives a nice and concrete model for the motivic homotopy Hopf algebra. Neverthe-
less, a serious comparison with Pridham’s work should be done, but this probably
deserves a separate paper.

Organisation. In Section [I| we recall well known interpretations of bialgebras and
comodules as certain cosimplicial objects. In Section 2| we recall the notions of
“homotopy Hopf algebras” and “homotopy comodules”. In Section [3| we describe
a situation which naturally gives rise to a homotopy Hopf algebra. In Section [4]
we introduce the notion of commutative spectra which is a variant of the notion
of symmetric spectra. In Section [5, we discuss the stabilisation of commutative
spectra. In Sections [6] and [7, we recall and complement the explicit model of the
monad Bti, ,Bti} obtained in [5], §2.2.5]. In Section |8 we construct the promised
enhancements and the functor (2)).

Notation. We work over a base field k£ of characteristic zero endowed with a complex
embedding o : k — C. By k-variety we mean a separated k-scheme of finite type.
We denote by Sch/k the category of k-varieties and by Sm/k its subcategory of
smooth k-varieties. Given a k-variety X, we denote by X?" the associated complex
analytic space (which depends on o).

We fix a commutative ring of coefficients A. For most of the constructions, it will
be necessary to assume that A is a Q-algebra. We denote by Cpl(A) the category
of complexes of A-modules and by D(A) the derived category. More generally, given
an additive category A, we denote by Cpl(A) the category of complexes in A and,
if A is abelian, we denote by D(A) its derived category.

Given a model category I, we denote by Ho(9) its homotopy category. Given
an essentially small category €, we denote by PSh(C; A) the category of presheaves
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of A-modules on €. If € comes with a Grothendieck topology 7, Cpl(PSh(C; A))
has a 7-local model structure and we denote by Ho, (Cpl(PSh(C; A))) its homotopy
category.

As usual, we denote by A the category of simplices (aka., finite ordinals [n] =
{0 < --- < n}.) A simplicial (resp. cosimplicial) object is a contravariant (resp.
covariant) functor from A. Given a category €, we denote by A°PE (resp. AE) the
category of simplicial (resp. cosimplicial) objects of &.

1. BIALGEBRAS AND COMODULES AS COSIMPLICIAL OBJECTS

In this section, we fix a symmetric monoidal category with unit (€,®,1). If not
otherwise stated, algebras in € will be commutative and unital. Coalgebras in € will
be counital but not necessary cocommutative. (See [5, §1.1] for more details.) The
following construction is well known; it is dual to the construction of the classifying
simplicial set of a monoid (see Remark |1.2] below).

Construction 1.1 — Let A be a bialgebra in €. We associate to A a cosimplicial
algebra B(A) in € as follows.

(1) For n € N, we set

n times
—_——
B"(A)=A® ---®A.
(2) For 0 < i < n, the map o; : B""1(A) — B"(A) is given by

AL — A% g A g A®T dgcu®id = 1@ ®1® ASi — A®n

(3) The map & : B"(A) — B"T1(A) is given by

AB" =10 A% 22 A A% = Ao
(4) For 1 < i < n, the map ¢; : B"(A) — B"1(A) is given by

A®n — A®i—1 ®A®A®n—z M) A@i—l ®A®A®A®n—z — A@n—l—l'

(5) The map 6,41 : B"(A) — B""!(A) is given by

AP = AP @1 Y gen g 4 = Ao

Of course, u, cu and cm denote the unit, counit and comultiplication of A.

Remark 1.2 — Keep the notation as in Construction [I.I] Let E be an algebra
in €. Then the set of algebra homomorphisms homa, (A, E) is naturally a monoid.
Moreover, it is easy to see that the simplicial set homa, (B(A), £) identifies with the
classifying simplicial set of the monoid homas(A, E') which is given in degree n € N
by the set of functors

[n]op T ®homp,(A,E)

where, for a monoid M, e, is the category with one object e satisfying end(e) = M.
By the Yoneda lemma, this gives a quick verification that Construction yields
indeed a cosimplicial algebra.

DEFINITION 1.3 — Let B be a cosimplicial algebra in €. We introduce three
conditions on B.

(B1) The unit map u: 1 — B is an isomorphism.
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(B2) For every n > 1, the natural map

n times

——
,71...77”;31@)...@31 — B",
induced by the maps n; : [1] — [n] given by n;(0) =i — 1 and n;(1) =1, is an
tsomorphism.
(B3) The natural maps

61-00: B'@B'— B> and 6,6 : B'® B' — B?
are isomorphisms[]

The following result is well known.

PROPOSITION 1.4 — The functor A B(A) gives an equivalence of categories
between the category of bialgebras in € and the category of cosimplicial algebras in €
satisfying the conditions (B1) and (B2) of Definition [1.5 Moreover, a bialgebra A
is a Hopf algebra if and only if B(A) satisfies the condition (B3) of Definition[1.3

Proof. The fact that B(A) satisfies the conditions (B1) and (B2) is clear. Similarly,
if A is a Hopf algebra, it is easy to see that B(A) satisfies the condition (B3).

Now, let B be a cosimplicial algebra satisfying (B1) and (B2). We will show that
B! is naturally a bialgebra. We define the comultiplication cm : B! — B! @ B! by

the composition of

B2 g2 0 plgp
To check that this comultiplication is coassociative, we identify the two possible
maps with the composition of

Bl n B3 n-m2:-1m3 Bl ®Bl ®Bl

~

where the first morphism is induced by 7 : [1] — [3] sending 0 and 1 to 0 and 3

respectively. The remaining verifications are easy and will be omitted.
Alternatively, one could use the Yoneda lemma as in Remark [1.2] to reduce to the

classical dual statement about monoids and their classifying simplicial sets. OJ

Construction 1.5 — Let A be a bialgebra in € and L a left comodule over A.
We associate to L a B(A)-module M(L) as follows.

(1) For n € N, we set

n times
M"(L)=B"(A) @ L=A® ---®@ A L.
(2) For 0 < i < n, the map o; : M"*(L) — M"(L) is given by

o; ®id

B""(A)® L B"(A) ® L.
(3) For 0 <4 < n, the map &; : M"(L) — M"*(L) is given by
B"(A)® L 2, g4y @ L.

(4) The map 6,1 : M"(L) — M"*1(L) is given by

A @ [ 9EA pen o A g [ = AP @ .

3Note that, with the notation of (B2), we have g = 72 and dy = 7.
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Of course, ca denotes the coaction of A on L.
Similarly, given a right comodule R over A, we may construct a B(A)-module
M(R) given by M"(R) = R ® B"(A), etc.

DEFINITION 1.6 — Let B be a costmplicial algebra in € satisfying the condition
(B1) of Definition|[1.5. Let M be a B-module. We introduce two conditions on M.

(Cl) For all n € N, the morphism of B"-modules
B"@ M°* — M",
induced by the map i, : [0] — [n] given by 1,(0) = n, is an isomorphism.
(Cr) For all n € N, the morphism of B™-modules
M@ B" —s M,
induced by the map i : [0] — [n] given by 1o(0) = 0, is an isomorphism.
The following result is well known.

PROPOSITION 1.7 — Let A be a bialgebra in €. The functor L — M(L) (resp.
R — M(R)) gives an equivalence of categories between the category of left (resp.
right) comodules over A and the category of B(A)-modules satisfying the conditions

(Cl) (resp. (Cr)) of Definition 1.6,

Proof. We only discuss the case of left comodules. Clearly, given a left comodule L
over A, the B(A)-module M(L) satisfies the condition (Cl).

Conversely, let M be a B(A)-module satisfying (Cl). We define the coaction of A
on M?° by the composition of

MO MY A MO,
To check that this coaction is coassociative, we identify the two possible maps with
the composition of
MO 225 M2 E-B2(A) @ MO.

The remaining verifications are easy and will be omitted. O

PROPOSITION 1.8 — Let B be a cosimplicial algebra in € satisfying the con-
ditions (B1), (B2) and (B3) of Definition [1.5. Let M be a B-module and assume
that M satisfies condition (Cl) (resp. (Cr)) of Definition[1.6, Then, M satisfies the

following stronger condition.
(Cs) For all 0 < m < n, the morphism of B"-modules
B ® M® —s M,
induced by the map t,, : [0] = [n] given by 1,,(0) = m, is an isomorphism.
In particular, M satisfies condition (Cr) (resp. (Cl)) of Definition[1.4

Proof. By Propositions and , we may assume that B = B(A) and M = M(L)
where A is a Hopf algebra and L is a left comodule over A. The claim is then easy
and the details will be omitted. O
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2. HOMOTOPY BIALGEBRAS AND HOMOTOPY COMODULES

In this section, we fix a symmetric monoidal model category with unit (€, ®,1)
in the sense of Hovey [9, Chapter 4[; in fact, for simplicity, we will assume that the
unit object 1 is cofibrant as in [2 Définition 4.1.57]. We are mostly interested in
the case where € = Cpl(A); in this case “algebras” are usually called “dg algebras”.

The following definition is motivated by the considerations in Section [I, We have
learned this definition from B. Toén. Clearly, it is also a variant of the concept of a
Segal space (see [14]).

DEFINITION 2.1 — Let B be a cosimplicial algebra in €. We say that B is a
homotopy bialgebra if the following two conditions are satisfied.

(hB1) The unit map u: 1 — B° is a weak equivalence.

(hB2) For every n > 1, the natural map

n times
—_—

1 L L 1 n
nlnnB ®...®B —>B’
induced by the maps n; : [1] — [n] given by n;(0) =i —1 and n;(1) =1, is a
weak equivalence.

We say that B is a homotopy Hopf algebra if moreover the following condition is
satisfied.

(hB3) The natural maps

L L
6 -6:B'®B'— B* and -6, :B'®@B' — B?
are weak equivalences!]
Remark 2.2 — Clearly, a cosimplical algebra B is a homotopy bialgebra (resp.
a homotopy Hopf algebra) if and only if B, considered as a cosimplicial algebra in
Ho(¢), satisfies the conditions (B1) and (B2) (resp. (B1)-(B3)) of Definition

In particular, by Proposition B determines a bialgebra (resp. a Hopf algebra)
in the monoidal category Ho(€).

DEFINITION 2.3 — Let B be a homotopy bialgebra and let M be a B-module.
We say that M is a left homotopy comodule over B if the following condition us
satisfied.

(hCl) For all n € N, the natural map
L
B"® M° — M™,
induced by the action of B™ on M™ and the map v, : [0] — [n] given by
tn(0) = n, is a weak equivalence.

Similarly, we say that M is a right homotopy comodule over B if the following
condition s satisfied.

(hCr) For all n € N, the natural map
L
M°® B" — M™,

induced by the action of B"™ on M™ and the map vy : [0] — [n] given by
10(0) =0, is a weak equivalence.

4Note that, with the notation of (hB2), we have dg = 12 and ds = 7.
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Morphisms between left (resp. right) homotopy comodules over B are simply mor-
phisms of B-modules.

Remark 2.4 — Let B be a homotopy bialgebra. Clearly, a B-module M is
a left (resp. right) homotopy comodule over B if and only if M, considered as
a cosimplicial object in Ho(€&), satisfies condition (Cl) (resp. (Cr)) of Definition
. In particular, by Propositions and , M determines a left (resp. right)
comodule M" over the bialgebra B! in Ho(€).

For later use, we record the following observation. (We note that the class of weak
equivalences in AN consists of those maps which are weak equivalences in every
cosimplicial degree.)

LEMMA 2.5 — Let B be a homotopy bialgebra and let M — M’ be a morphism
of left (resp. right) homotopy comodules over B. Then the following conditions are
equivalent:

(1) M® — M" is a weak equivalence in IN;

(ii) M — M’ is a weak equivalence in AIN.

PROPOSITION 2.6 — Let M be a left (resp. right) homotopy comodule over
a homotopy bialgebra B. Assume that B is a homotopy Hopf algebra. Then, M
satisfies the following condition.

(hCs) For all 0 < m < n, the natural map
L
B & M° — M™,

induced by the action of B™ on M"™ and the map iy, : [0] — [n] given by
tm(0) = m, is a weak equivalence.

In particular, M is also a right (resp. left) homotopy comodule over B.
Proof. This follows immediately from Proposition [I.8] O

In the remainder of this section, we will use results from [I5]. For this, we need to
impose some mild technical assumptions on the monoidal model category €. Namely,
we will assume the following.

Hypothesis 2.7 —

e The model category € is presentable by cofibrations as in [2] Définition
4.2.39]. (Another possibility is to assume that € is cellular as in [8, Defi-
nition 12.1.1].)

e The monoidal model category € satisfies the monoid axiom as in [I5], Defi-
nition 3.3].

Remark 2.8 — The assumption that € is presentable by cofibrations (or cellular)
insures that € is cofibrantly generated as in [I5, Definition 2.2|. Clearly, Cpl(A), en-
dowed with the projective model structure, satisfies both assumptions in Hypothesis

217

PROPOSITION 2.9 — Let B be a cosimplicial algebra in €. Then Mod(B) is
naturally a monoidal model category. Weak equivalences and fibrations in Mod(B)
are preserved and detected by the forgetful functor from Mod(B) to the category of
cosimplical objets in € endowed with its injective model structure (see |2, Définition

4.4.15)).
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Proof. The category A€ has an injective model structure (see |2, Proposition 4.4.17])
where cofibrations and weak equivalences are defined degreewise. In fact, A€ is a
monoidal model category satisfying the assumptions in Hypothesis 2.7 The claim
now follows from [I5, Theorem 4.1(2)]. O

DEFINITION 2.10 — Let B be a homotopy bialgebra. We denote by hocoMod,(B)
(resp. hocoMod,.(B)) the full subcategory of Ho(Mod(B)) consisting of left (resp.
right) homotopy comodules over B. If B is a homotopy Hopf algebra, the categories
hocoMod;(B) and hocoMod,(B) coincide by Proposition and we simply write
hocoMod(B).

We end this section with a few functoriality results.

ProprosiTION 2.11 — We assume that the endofunctor QQ ® — of € preserves
weak equivalences for every cofibrant object Q) € €. Let B be a homotopy bialgebra
n €. Then

hocoMod;(B) € Ho(Mod(B)) and hocoMod,(B) C Ho(Mod(B))

are monoidal subcategories. Moreover, if € is stable (see [9, Definition 7.1.1] or |2
Définition 4.1.44] ), these are also triangulated subcategories.

Proof. Let M and N be two left homotopy comodules over B. We may assume that
M and N are cofibrant objects in Mod(B). We need to show that M ®@p N is still
a left homotopy comodule, i.e., we need to show that, for n € N, the map

L
B"® (M" ®po N°) — M"™ ®pn N™,

induced by ¢, : [0] = [n], is a weak equivalence.
Let U — M° and V — N? be cofibrant replacements. As 1 — B is a weak
equivalence, we may use [15, Theorem 4.3] to deduce that the natural map

U@V%M()@BONO

is a weak equivalence; this already uses the extra assumption on €. Using again this
assumption, we get weak equivalences

L
B"@(U®V)— B"@UaV),

L L
B"®@M" — B"@U and B"@N’°—B"®YV.
Thus, we are left to show that
B"@(U®V)— (B"®U)®p. (B"QV)

is a weak equivalence. But the latter is an isomorphism, and we are done.

Next, assume that € is stable; it follows that Mod(B) is also stable. It is clear that
the subcategory hocoMod;(B) is closed under homotopy pushout. Thus, it remains
to show that this subcategory is closed under the quasi-inverse of the suspension

L
functor ¥!. But this quasi-inverse is given by — ®p Hom(X'1, B) and it is easy
to see that Hom(X'1, B) is a homotopy comodule over B. We may now use that
hocoMod;(B) is a monoidal subcategory to conclude. 0J
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PROPOSITION 2.12 — We assume that the endofunctor QQ ® — of € preserves
weak equivalences for every cofibrant object QQ € €. Let B — B’ be a morphism of
homotopy bialgebras. There is an induced functor

L
B’ ®p — : hocoMod(B) — hocoMod(B').
Moreover, if B — B’ is a weak equivalence, this functor is an equivalence of cate-
gories.
Proof. We have a left Quillen functor
B' ®p — : Mod(B) — Mod(B'")

which is a left Quillen equivalence if B — B’ is a weak equivalence (see [I5]
Theorem 4.3|).

L
First, we check that B’ ® 5 — takes a left homotopy comodule M over B to a left
homotopy comodule over B’. This amounts to check that, for n € N, the map

B/n QI_‘@ (B/(] é MO m L n
50 M%) — B" @pn M

is a weak equivalence. We fix a cofibrant replacement U — M°. Arguing as in the
proof of Proposition [2.11 we have weak equivalences

L L
B™® (B° ®po M) — B"®@U and B"®@U — M".
Thus, we are left to show that

L
B"®U —s B" @pn (B"® U)

is a weak equivalence, which is clear since B" ® U is a cofibrant object in Mod(B").
To finish the proof, it remains to show that the forgetful functor

Ho(Mod(B')) — Ho(Mod(B))

takes a left homotopy comodule over B’ to a left homotopy comodule over B (as-
suming that B — B’ is a weak equivalence). This follows easily from the fact
that
L 0 m kL 0
Bn®BOM — B" ®po M

is a weak equivalence (use again [15, Theorem 4.3]). O

3. AN ABSTRACT HOMOTOPICAL SETTING

In this section, we will describe a situation which naturally gives rise to a homotopy
Hopf algebra. Following the terminology in [I], §2.1.4|, we will use “pseudo-monoidal
functor” instead of “lax monoidal functor”.

Setting 3.1 — Let (¢,®,1) and (9, ®,1) be two monoidal model categories
related by a Quillen adjunction

(c¢,[): € == M,

where the left Quillen functor c is monoidal. Let 8§ be a pseudo-monoidal monad of 9
(i.e., 8 is a pseudo-monoidal endofunctor of 9 endowed with a unit u : id — 8 and
a multiplication m : § 08§ — 8 which are pseudo-monoidal natural transformations
and which satisfy the usual rules of associativity and unitarity). We assume that
the following conditions are satisfied.
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(a) The endofunctor 8 preserves fibrant objects and weak equivalences between
fibrant objects. In particular, it admits a right derived functor

RS : Ho(M) — Ho(M) (6)

which is pseudo-monoidal.
(b) The pseudo-monoidal functor

RI'o RS : Ho(M) — Ho(¢€) (7)
is monoidal. (In particular, the map 1 — RI'o R8(1) is an isomorphism in
Ho(¢).)

(c) For every objects A, B € M, the natural maps
AGRS(B) —s RS(A® B) and RS(A)® B —s RS(A & B) (8)
are isomorphisms in Ho(91).

Remark 3.2 — The first map in is given by the composition of

u®id

AGRS(B) “U9 RS(A) & RS(B) — RS(A & B),

and the second map in is defined similarly.

LEMMA 3.3 — We work under the hypothesis in Setting [3.1. For A, B € 9N,
and m, n € N, there is a canonical isomorphism in Ho(9N):

RS°™(A) & RS™(B) ~ RS™"(A & B)

given by the composition of

RS°™(A) & RS°"(B)
JVS‘”" (uW)®u(8°™)

RS°™ 6 R§™(A) ® RS°™ 0 RS*"(B) —— RS°™(A) & RS (B)

m

RS™"(A & B).

Proof. First, we assume that m = 0 and we argue by induction on n. When n = 0,
there is nothing to prove. When n = 1, the claim is contained in condition (c) of
Setting 3.1} If n > 2, we use induction to get isomorphisms
L L
ARRS8™(B) = A®RS™!oRS§(B)
L
~ R8" 1 A®RS(B))
L
~ R8"!'oRS8(A® B)
L
= R8&"(A® B).

We leave it to the reader to check that the composition of these isomorphisms coin-
cides with the composition in the statement.
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At this point, we know the lemma if m = 0 or n = 0 (by symmetry). Using these
two cases, we may form the following chain of isomorphisms

RS°™(A) ® RS§™(B) =~ RS8°™(A® RS™(B))
~ RS oRS*"(A® B)

L
RS (A ® B).
Again, we leave it to the reader to check that the composition of these isomorphisms
coincides with the composition in the statement. [
COROLLARY 3.4 — We work under the hypothesis in Setting [3.1]

(a) For n € N, there is a canonical isomorphism of algebras in Ho(9N):

n times

RS(1) & --- & RS(1) > RS™(1)
which on the m-th factor, for 1 < m < n, is given by the map
R8(1) = R8*™ ' o R§ 0 R§™(1) = R8™"(1).
(b) For M € 9 and n € N, there is a canonical isomorphism in Ho(9):
RS (1) & M s RS*" (M)

which can be characterised as follows. It is a morphism of R8°"(1)-modules
and its restriction to the second factor is given by u: M — R8™(M).

Proof. This is a direct consequence of Lemma [3.3] O

PROPOSITION 3.5 — We work under the hypothesis in Setting[3.1. For M € 9,
and m, n € N, there is a canonical isomorphism in Ho(€):

RT o RS (1) & RT o RS”™ (M) < RT o RS™ ™+ (1)

given by the composition of

R 0 R§*™1(1) & R o RS (M)

JF(S‘W“(H))@F(H(SO”“))

R 0 R§*™ o R§"(1) ® RT o R§™ o R8°™1 (M)

RI 0 RS“™7+1(1) & RI 0 RS+ (1)

Jm

RT o RST™+L( ).
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Proof. By Corollary [3.4] we have isomorphisms

m-+1 times

RT o RS™1(1) ~ RI(RS(1)® ... RS(1)),

n4+1 times

RI o R§™ (M) ~ RI(RS(1)&... 5 RS(1) & M).

Moreover, under these identifications, the composition in the statement can be
rewritten as

RI ( $(1)"em & RS(1) ® RS(1)"®" & M)

RT (RS(1)"e+1 6 M ).

By applying the circular permutation (1---m+1) € %1 on R8(1)"®™+! we may
as well show that the composition of

R (RS(1) & RS(1)™ ) & RT (RS(1) & RS(1)"<" & M )

m

RT (RS(l) SRS(1)"5™ & RS(1) HRS(1)*en & M)

~IT

RT <RS(1) S RS(1) GRS(1)*®™ & RS(1)" " & M)

Jm

R (RS(1) & RS(1)"™ & RS(1)"®" ¢ M )
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is an isomorphism. Thus, it is more general to show that the composition of

RT (RS(1) & B) & R (RS(1) & C)

Jm

RT (RS(1) & B & RS(1) & C) —Z— RI' (RS(1) S RS(1) & B& C)

RI (RS(1) & B & C)

is an isomorphism for all B, C' € 9. Using the isomorphism R8(1) ® — ~ R8(—),
we may identify the composition above with the composition of

RI(RS(B)) & RI(RS(C)) —™ RI(RS(B) & RS(C)) —™ RI(RS(B & C))

which is an isomorphism by condition (b) of Setting [3.1] O]
COROLLARY 3.6 — We work under the hypothesis in Setting[3.1. For n € N,

there is a canonical isomorphism of algebras in Ho(€):

n times

RT 0 RS%(1) & - -- & RI" 0 RS2(1) <5 RT o RS”™1(1)
which on the m-th factor, for 1 < m < n, 1s given by the map
RI o R8*(1) % RI'o (R ' 0 R8*? 0 R8°" ™ (1)) = RI o R8*"*1(1).

Proof. This is a direct consequence of Proposition Il
COROLLARY 3.7 — We work under the hypothesis in Setting[3.1 For M € I

and n € N, there is a canonical isomorphism in Ho(€):

R 0 R§*"1(1) & R o R§(M) 5 RT o RS (M)

which can be characterised as follows. It is a morphism of RI' o R8°"*1(1)-modules
and its restriction to the second factor is given by

u:RI'oRS§(M) - RT 0o R8" o R§(M) = RI' o R§*" ! (M).

Proof. This is a particular case of Proposition [3.5] O

We will also need the following variant of (a special case of) Proposition [3.5]

LEMMA 3.8 — We work under the hypothesis in Setting [3.1. There are two
canonical isomorphisms of algebras in Ho(€&):

5-8y and 0 -6, : R[ o RS2(1) & RT 0 R8%(1) % RI o RS*(1)
where:
S : RT(R8 o R8(1)) = RI'(id o RS o R§(1)) — RI'(R8 o R§ 0 R§(1)),
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51 : R[(R8 o R8(1)) = RI'(RS oid 0o R§(1)) — RI'(R8 o R§ 0 R§(1)),
5 : RT(R8 o R8(1)) = RI'(R8 o R§ 0id(1)) — RI'(R8 o R§ o R§(1)).

Proof. The argument used in the proof of Proposition can be easily adapted to
prove the lemma. We leave the details to the reader. O

Construction 3.9 — We work under the hypothesis in Setting [3.I] The monad
S gives rise to a cosimplicial pseudo-monoidal endofunctor 8§ of 9 as follows.
(1) For n € N, we set
gn — Son—l—l'
(2) For 0 < i < n, the natural transformation o; : Sntl 5 8 s given by
Son+2 — Soi o 802 o Sonfi idomoid Soi o S o Sonfi — 80n+1.
(3) For 0 < i < n+ 1, the natural transformation ¢; : S — §ntl s given by

80n+1 — Soi o ld o SonJrlfi idouoid Soi o 8 o SonJrlfi — Son+2‘

Given an algebra A in 90, g(A) is a cosimplicial algebra in 91.

THEOREM 3.10 — We work under the hypothesis in Setting [3.1. We fix a
commutative algebra A in I which is fibrant (as an object of M) and such that the
map u:1— A is a weak equivalenceﬂ

(a) The cosimplicial algebra T o §(A) is a homotopy Hopf algebra in &.
(b) Let M be an A-module which is fibrant as an object of M. Then T' o S(M) is

a homotopy comodule over I' o §(A)

Proof. As A is a commutative algebra in 901, I o S(A) is a cosimplicial commutative
algebra in €. Furthermore, by the choice of A, we have isomorphisms in Ho(&):

[0 8 (A) ~ RI'o R&"(1).

Thus, Corollary implies that ' o §(A) is a homotopy bialgebra and Lemma
insures that this homotopy bialgebra is in fact a homotopy Hopf algebra. This proves
part (a) of the statement.
We now prove (b). As M is assumed to be fibrant, we have isomorphisms in
Ho(¢€):
[0 8 (M) ~ RI o R§"(M).
Thus, Corollary implies that the I' o g(A)—module o §(M ) is a left homotopy

comodule. (As I"o 8(A) is a homotopy Hopf algebra, we may speak of homotopy
comodule thanks to Proposition [2.6]) O

THEOREM 3.11 — We work under the hypothesis in Setting[3.1. We also assume
the following technical conditions.

e The model categories M and € are presentable by cofibrations as in |2, Déf-

inition 4.2.39]. (Another possibility is to assume that € is cellular as in |8,
Definition 12.1.1].)

®Tt is not always possible to find such a commutative algebra; see for example [I5, Remark 4.5].
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e The monoidal model categories M and € satisfy the monoid axiom as in |15,
Definition 3.3].

e The endofunctor M @ — (resp. Q ® —) of M (resp. &) preserves weak
equivalences for every cofibrant object M € M (resp. Q € €).

Fiz a commutative algebra A in 9N which is fibrant (as an object of M) and such that
the map u:1 — A is a weak equivalence. Then, there exists a monoidal functor

RT 0 R§(A® —) : Ho(M) —s hocoMod(T" o §(A)). (9)
Assuming that 9 and € are stable, the functor @ 18 triangulated.

Proof. By [15, Theorem 4.3|, we have a left Quillen equivalence 9 — Mod(A)
yielding an equivalence of categories

A® — : Ho(9) < Ho(Mod(A)).
On the other hand, we have a pseudo-monoidal functor
I'o8: Mod(4) — Mod(S(A))

which preserves weak equivalences between fibrant A-modules. Thus, it admits a
right derived functor

RI o RS : Ho(Mod(A)) — Ho(Mod(8(A))).

By Theorem , the image of this functor is contained in hocoMod(S(A)). This
gives the functor (9)) of the statement.
Using Proposition it follows that the functor (9)) is pseudo-monoidal and

triangulated under the appropriate technical assumptions. Thus, it remains to see
that @D is monoidal. This follows from Lemma and the fact that

Rl o RS’ = RI' o RS : Ho(9M) —» Ho(€)
is a monoidal functor (by condition (b) in Setting [3.1)). O

We end this section with the following compatibility result with the weak Tan-
nakian formalism of [5], §1].

THEOREM 3.12 — We work under the hypothesis in Setting[3.1 and we assume
the following two further properties.

(i) The functor f = Rl o RS admits a right adjoint g : Ho(€) — Ho(IMN).
Moreover, the natural transformation RS — g o f, which is adjoint to the
composition of

foR8S =RI'oR8? =5 RI'o RS = f,

1s an isomorphism.
(ii) The composition of

id -5 RTMoLe " RIoRSoLe= fole

is an isomorphism of endofunctors of Ho(€&). In particular, Lc is a monoidal
section to f.

Then, the functor f, with its monoidal section Lc, satisfies |5, Hypothése 1.40].
Furthermore, the following two conclusions hold.
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(a) The Hopf algebra H = fog(1) of Ho(€), given by |5, Théoréeme 1.21| (and |5
Théoréme 1.45]), is canonically isomorphic to the Hopf algebra RT o R§°%(1)
that one gets from Theorem [3.1()(a) via Proposition[1.4]

(b) For M € Ho(M), the left coaction of H on f(M), given by [, Proposition
1.28(a)|, coincides with the left coaction of RT'oR8°%(1) on RI'oR8(M) that

one gets from Theorem (see also Theorem [3.1((b)) via Proposition [1.7]
(modulo the Hopf algebra isomorphism of (a)).

The rest of this section is devoted to the proof of this theorem. Thus, until the
end of this section, we work under the assumptions of the statement of Theorem
5. 12)

Remark 3.13 — From the assumption (ii) of the statement of Theorem [3.12]
there is a natural isomorphism of endofunctors of Ho(&):

id — foLec (10)
Passing to right adjoints, one also gets a natural isomorphism of endofunctors:
RI' o g > id. (11)

Notation 3.14 — We denote by a : f o RS — f the composition of
foRS=RIoRSoRS = RI'oRS = f

and we denote by 6 : RS — ¢ o f the natural transformation obtained from «
by adjunction. By the assumption (i) of the statement of Theorem [3.12] 6 is an
isomorphism.

LEMMA 3.15 — The invertible natural transformation 6 : R§ — go f is an
isomorphism of pseudo-monoidal monads.

Proof. 1t is easy to see that 6 is a morphism of pseudo-monoidal endofunctors. We
will only check that 6 is a morphism of monads. By adjunction, the composition of

id 25 RS s gof
corresponds to the composition of
f-% foR§=RIoRSoRS s R o RS = f

which is clearly equal to the identity of f. This shows that 6 is compatible with the
unit maps.
It remains to prove that 6 is compatible with multiplication, i.e., that the square

RSoRS 2% (go f)o(gof)

——
P,
RS%gof

is commutative. To do this, we expand the square into the following diagram

RS o RS 2% g o RS % g g f (12)

o, e

RS ———gf

and check that each subdiagram commutes.
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The commutativity of the triangle in follows the commutativity of the dia-
gram

foRS —— fgf oRS —2 fgf
N kb
foRS —%— f.
The square in can be expanded as follows

RSORSLgfoRSoRSLOS)ngRS

S
gf oR§ —*—— gf.

The left triangle commutes for obvious reasons and the commutativity of the square
follows from the associativity of the multiplication of §. O

We can now prove the following bit of the statement of Theorem [3.12
COROLLARY 3.16 — The monoidal functor f satisfies [5, Hypothése 1.40].

Proof. The functor Le¢ admits a right adjoint, namely RI'. It remains to show that
the natural morphism

9(A) ® B — g(A'® f(B))
is an isomorphism for A’ € Ho(€) and B € Ho(M). Since the functor f admits
a section, it is surjective on objects, and thus we may assume that A" = f(A) for
some A € Ho(9M). Moreover, the composition of

9f(A) @ B — g(f(A) ® f(B)) ~ gf(A® B)
coincides with the composition of

9f(A) ® B2 gf(A) ® gf (B) —" gf(A® B).

Using the isomorphism of pseudo-monoidal monads RS ~ go f of Lemma ﬂ the

result follows from the assumption (c) in Setting|3.1 O]

Notation 3.17 — For n € NU {—1}, we denote by

_—

pn: RTORS™™ =5 fo(go f)"

the composition of

RFORSOQJFHL:%)RFOQOJCO(gof)01+n$fo(fog)01+n,

where the last isomorphism is induced from . (By convention, (go f)~! is the
identity functor.)

LEMMA 3.18 — The natural transformations p,, for n € NU{—1}, define an
isomorphism of coaugmented cosimplicial functors

_—

p:RToRS™ =5 fo(go f)°.

6 Tn fact, we only need to know that RS ~ g o f is an isomorphism of pseudo-monoidal functors
which is compatible with the unit maps.
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In particular, the following squares

RT o RS1+™ —%, RT o RS+

Nern NernJﬁl

_— . _—

51 1
folgof)" —— fol(go f)rt
commute for all 1 <1 < n+ 2.

Proof. This is a direct consequence of Lemma [3.15| and the definition of the natural
transformations p,,. O

Notation 3.19 — We denote by v : id — f o g the natural transformation given
by the composition of

., (@ (10
ldfoLCL)fogofochog.

Equivalently, v is also the composition of

idRFogL)RFogofogﬁfog.

~

(We leave the verification of this claim to the reader.)
Remark 3.20 — Modulo the isomorphism 1 ~ f(1), the two maps

Y1) :1— fg(1) and  f(n): f(1) — fgf(1)
coincide since both of them are unit maps for the algebra fg(1).
LEMMA 3.21 — Forn € NU{-1}, the composition of

RI o R§™! —2, R o R§1+7+1 2 fo(go )Tt

is equal to the composition of

_—

RFoR§”+1%fo(gof)"LfOQOfo(gOf)”:fo(gof)”+1.

Proof. 1t is clearly enough to treat the case n = —1. Thus, we need to analyse the
composition of

RIoRS = Rl oido RS~ R[ o RS o RS 25 Rl o gfgf - fqf.
By Lemma [3.15] this composition is equal to

RIoRS -5 Rlogf =RToidogf -5 Rl ogfgf —= fgf. (13)
Now, recall that v : id — fg is the composition of
id~RlIMNog - Rlogfg ~ fg.

This shows that the composition of the embraced portion in is equal to the
composition of

Rlogf ~ f - fgf.
This finishes the proof of the lemma. 0
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Theorem [3.12] follows from Propositions [3.22] and [3.23] below.
PROPOSITION 3.22 — The isomorphism
p=po(1) : RT o R8*(1) = fg(1) = H
is an isomorphism of Hopf algebras. (See the statement of Theorem for the
description of these Hopf algebras.)

Proof. 1t is easy to see that p is a morphism of algebras. We will only show that p
is compatible with comultiplication.
The comultiplication on RI" o R8§°%(1) is given by the composition of

RI 0 R8%?(1) — R 0 R8°3(1) 2% RI o R82(1) ® RI o RS%(1)

(see the proof of Proposition[L.4). By Lemmas and |3.21] we have a commutative
diagram

RI 0 R8°2(1) —2 RT 0 R83(1) 22 RI o R82(1) ® R o RS%(1)

NJp ~Jp1(1) NJ/J@/)
Faf(1) —2— fafgf(1) —2— fgf(1) @ faf(1).

Identifying f(1) with 1, &y is simply 7 : fg(1) — fgfg(1). Thus, comparing with
the comultiplication as defined in [5, Théoréme 1.21], we need to identify the map

fafm) -~(fgf(1)): fof(1)® fgf(1) — fgfgf(1)

with the composition of

f9(1) ® fg(1)

12

f9(1)® foLeco fg(1)

~  f(g9(1) ® Leo fg(1))
(14)
—% f9(1® foLco fg(1))

~  fgfg(1).
As both maps are morphisms of algebras, it is enough to check that they coincide

on each of the two fg(1) factors.
On the left fg(1) factor, is simply

fo(w): fg(1) — fgfg(1)

where u : 1 — fg(1) is the unit of algebra fg(1) which is also equal to f(n) :
f(1) — fgf(1) modulo the identification f(1) ~ 1. This proves what we need for
the left fg(1) factor.

On the right fg(1) factor, (14) is given by the composition of

fg(1) = foLeo fg(1) == fgf oLeo fg(1) =~ fgfg(1)
which is precisely 7(fg(1)) as needed. This finishes the proof of the proposition. [

PROPOSITION 3.23 — Let M € Ho(9M). The identification
RI'o R8(M) = f(M)
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is compatible with the left coaction of RI' o R8%(1) on RI o R8(M) and the left
coaction of fg(1) on f(M). (See the statement of Theorem[3.19 for the description

of these coactions.)

Proof. The coaction of RT" 0o R§°?(1) on RI' o R§(M) is given by the composition of

RL 0 §(M) — RT 0 8°(M) 2~ RT 0 8°%(1) ® RT 0 §(M)

(see the proof of Proposition and remark that (o = ¢; and ¢; = Jp). By Lemmas
3.18| and [3.21} we have a commutative diagram

RI 0 8(M) —2 RT 0 8°2(M) «2— RT 0 8°%(1) ® R 0 8(M)

JVPO Jpo@id

n v )

(M) ———— fgf (M) ————— fgf() ® f(M

Thus, comparing with the coaction as defined in [B, Proposition 1.28(a)|, we need
to identify the map

v fef() @ f(M) — fgf(M)
(and more precisely, the fgf(1)-linear extension of v : f(M) — fgf(M)) with the
composition of

fo)® f(M) =~ fg(1)® foLco f(M)

~  f(9(1) @ Leo f(M))

(15)
—% fg(1® foLeo f(M))
~  fgf(M).
As both maps are morphisms of fg(1)-modules, it is enough to show that the re-
striction of to f(M) is equal to v : f(M) — fgf(M) which is clear. O

4. COMMUTATIVE SPECTRA

Let (9, ®,1) be a monoidal model category and let T' € 9 be a cofibrant object.
By [10], under some mild technical assumptions, we may form two model cate-
gories Spt,(9M) and Spt: (M), whose objects are called T-spectra and symmetric
T-spectra respectively. These two model categories turn out to be Quillen equivalent
in some favourable situations (see for example [I0, Corollary 10.4] or |2, Théoréme
4.3.79]). Furthermore, the second category has a monoidal structure (which is com-
patible with the model structure under some further technical assumptions) whereas
the first one does not. For more details, we refer the reader to [10] and [2, §4.3].

Assuming that 91 is Q-linear, we introduce in this section a third model category
Spt%. (M) whose objects will be called commutative T-spectra (for lack of a better
name). In some sense, SptﬁT(Dﬁ) is as simple as Spt,(9) and, at the same time,
retains the good formal properties from Spt3(9). In particular, Spth(9M) is a
monoidal category. Also, in some favourable situations, we will see that Sptgﬂ(ﬂﬁ)
is Quillen equivalent to both Spt, (M) and Spt(9).

If not otherwise stated, in this section (9%, ®, 1) will be a monoidal model category
with cofibrant unit and satisfying the following assumptions.
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Hypothesis 4.1 —

e The model category 9 is presentable by cofibrations as in [2, Définition
4.2.39]. (Another possibility is to assume that 9 is cellular as in [§, Definition
12.1.1].)

e Coproducts and filtered colimits in 91 preserve weak equivalences.

e The category I is additive and Q-linear.

Remark 4.2 — Given a finite group G acting on an object M & 91, the assumption
that 9 is additive and Q-linear implies that the natural map MY — M /G, from
the invariants to the coinvariants, is an isomorphism, and that the functors M +— M¢
and M — M/G preserve weak equivalences, cofibrations and fibrations. (Indeed,
if f: M — M’ is a G-equivariant morphism in 9, then f¢ : M% — M'C is a
retract of f.)

Notation 4.3 — Given a monoidal category with colimits, we denote by S™(M)
the n-th symmetric power of an object M. Recall that this is given by

S"(M) = M®"/3%,,.
The symmetric algebra on M is the N-graded ring S(M) = {S"(M) }nen.

We fix an object T" € 9. Starting from Definition below, we will assume
that T" is cofibrant.

DEFINITION 4.4 — A commutative T'-spectrum s an N-graded module over the
symmetric algebra S(T).

More explicitly, a commutative T-spectrum E is a pair ({Ey, }nen, {Vn tnen) consist-
ing of a collection of objects E,, € M and a collection of maps v, : TRE,, — E, .1,
called the assembly maps, satisfying the following condition.

For all m, n € N, the natural map
Tm4+n—10© "0 Yn: T®m & En — Em+n

is Y, -equivariant with respect to the natural action of 3, on T®™ and the
identity actions on E, and E,,,. (Equivalently, this map factors through a
map S"™(T) @ E, — Epin.)

We denote by SptﬁT(im) the category of commutative T-spectra. This is a symmetric
monoidal category with unit.

Remark 4.5 — By construction, Spth(9) is a full subcategory of Spt, ().
Indeed, a graded module over the symmetric algebra on T is naturally a graded
left module over the tensor algebra on T. Also, Spth(97) is a full subcategory of
Spt7(9). Indeed, a commutative T-spectrum E becomes a symmetric T-spectrum
if we endow each E,, with the identity action of X,,.

LEMMA 4.6 — The inclusion functor Spth(9) < Spt3(OM) admits a left
adjoint

— /% : SptZ(M) —> Spti(M)
which is monoidal. It sends a symmetric T-spectrum E to the commutative T'-
spectrum E /Y given in level n by (E/Y), = E,/%,.

Proof. Given a symmetric T-spectrum E; we define a T-spectrum E/3 by setting
(E/Y), = E, /%, and by taking for v, : T'® (E/X),, — (E/X),+1 the composition
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of
T®(E,/S) =TE,)/(S1 x%,) 2% Ep /(21 X 80) = Eng1/Sny1

Clearly, E/3 is a commutative T-spectrum. Also, given a commutative T-spectrum
F, every morphism of symmetric T-spectra E — F factors uniquely through the
projection E — E /Y. This proves that — /X is left adjoint to the inclusion functor.

We now check that — /X is monoidal. As in |2, Définition 4.3.3], we consider the
categories:

Suite(M) = [[M  and  Suite(Z, M) = [] Rep(Z,, M). (16)
neN neN
Objects in Suite(9M) are simply families (X, )nen of objects of M, and objects in
Suite(X, M) are families (X, ),en endowed, for each n € N, with an action of ¥,, on
X,,. There is an obvious functor
— /¥ : Suite(X, ) — Suite(IMN) (17)

given by (X,)nen = (X,/Zn)nen. Furthermore, the two categories in are
symmetric monoidal (see [2, Définition 4.3.63]). In Suite(91), the tensor product is
given by
(Xn)neN ® (Yn)neN = ( H Xz & Y}')nGN'
i+j=n
In Suite(3, ), the tensor product is given by
(Xn)neN ® (Yn)nEN - ( H Ind%?XEin ® )/j)TZEN'
i+j=n
From these descriptions, it follows immediately that the functor is symmetric
monoidal.

Now, recall that Spt>(9) can be identified with the category of S”-modules in
Suite(3, M), where ST = {T®"},cn with 3, is acting on T®" by permutation of
factors (see [2, Définition 4.3.68] and [2, Proposition 4.3.70]). Similarly, Spt(97)
can be identified with the category of S(T')-modules in Suite(9). As S(T') = ST/%,
there is an induced symmetric monoidal functor

—/% : Mod(S") — Mod(S(T)).
This finishes the proof of the lemma. 0

Recall that the p-th evaluation functors E — E, = Ev,(E) admit left adjoints
Sus?. : 9 — Spt, (M) and  Sush y: M — Spty(M).
The same holds for commutative T-spectra, and we have the following result.
LEMMA 4.7 — The p-th evaluation functor admits a left adjoint
Susf 4+ M — Spth ().
For M € 9N, we have

0 if n<p,
Sus%ﬁ(M)n =
S"P(T) @M if n=p.

We also have the formula

Susf, (M) = Susy »(M)/%.
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Proof. The p-th evaluation functor is the composition of
Spth(9) — Spt3(M) =% 9.

The two functors above have left adjoints given respectively by —/% and Sus} y.
This gives the existence of Susy, , and the last formula of the statement. The com-
putation of Sus’.,(M), follows then readily from the corresponding formula for

Susf, 5;(M), (see [2, Lemme 4.3.9]). O
LEMMA 4.8 — Let E be a commutative T-spectrum. For M € I and p € N,
we have

0 if n<p

P _ 9

(SUST’ﬁ(M> Y E)n - { M® En—p Zf n > p.
Proof. Indeed, as a graded S(7')-module, Susf,(M) is the free S(7)-module gen-
erated by M but whose grading is the p-th shift of the natural one. The result
follows. O

LEMMA 4.9 — Forp, qe N and M, N € O, there is a canonical isomorphism
Sust ,(M) ® Sus} ,(N) ~ Susp (M @ N).
In particular, Sus%ﬁ is a monoidal functor.

Proof. This follows from Lemma [4.6| and [2, Corollaire 4.3.72|. Alternatively, one
can deduce this from Lemma [4.8 0J

We now proceed to construct model structures on SptﬁT(i)ﬁ); for this, we assume
that T is cofibrant.

DEFINITION 4.10 — Let f : E — F be a morphism of commutative T -spectra.

(a) We say that f is a levelwise weak equivalence (resp. cofibration, fibration)
if for all n € N, the map f, : E, — F, is a weak equivalence (resp.
cofibration, fibration) in M. We denote by Wieyel (1esp. Cofievel, Fibievel)
the class of those maps.

(b) We say that f is a projective cofibration (resp. injective fibration) if it
satisfies the left lifting property with respect to maps in Wewel VFibjeyel (Tesp.
the right lifting property with respect to maps in Wieyel NCofeyve ). We denote
by Cof o (Tesp. Fibiy;) the class of those maps.

PROPOSITION 4.11 — The category Sptgp(fm) admits a projective unstable model
structure given by the triple (Wieyel, COfproj, Fibievel). It also admits an injective
unstable model structure given by the triple (Wievel, Cofievel, Fibiyj). The two model
structures are Quillen equivalent and they are both presentable by cofibrations.

Proof. The proof of [2, Proposition 4.3.21] applies mutatis mutandis. O

We denote by Hojewe (Spth(901)) the homotopy category of the unstable model
structures. The projective unstable model structure will be preferred below due to
the following result.

PROPOSITION 4.12 — The category Sptgr(i)ﬁ) endowed with its projective un-
stable model structure is a monoidal model category.
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Proof. The proof of [2, Proposition 4.3.75] applies mutatis mutandis. O

For later use, we establish the following technical result.
LEMMA 4.13 —
(i) Let Q € M be a cofibrant object. If QQ @ — preserves weak equivalences, then,
for every p € N, Sush 4(Q) ® — preserves levelwise weak equivalences.
(11) If the monoidal model category MM satisfies the monoid axiom as in |15, Defi-

nition 3.3|, then so does SptﬁT(fm) endowed with its projective unstable model
structure.

Proof. The conclusion of (i) is a direct consequence of Lemma [4.§

To prove (ii), we need to check that a transfinite compositions of pushouts of maps
of the form ¢®idg : AQE — B®E, with ¢ a levelwise trivial projective cofibration,
are levelwise weak equivalences. By [15, Lemma 3.5(2)], we may assume that the
¢’s are obtained form trivial cofibrations of 90t by applying the functors Sus’r}vﬁ’s. As
weak equivalences in 91 are assumed to be preserved by filtered colimits, we are left
to show that a pushout of

Sust 4(A) ® E — Sust4(B) @ E

is a levelwise weak equivalence if A — B is a trivial cofibration of 99t. This follows
from Lemma (4.8 since 9 satisfies the monoid axiom. O

PROPOSITION 4.14 — The functor
— /% : Spt (M) — Spt5. (M)

is a left Quillen functor with respect to the projective (resp. injective) unstable model
structures. Moreover, this functor and its right adjoint preserve weak equivalences,
levelwise cofibrations and levelwise fibrations.

Proof. By Remark the functor — /¥ preserves levelwise weak equivalences, lev-
elwise cofibrations (and levelwise fibrations). This proves that this functor is a
left Quillen functor with respect to the injective unstable model structures. On
the other hand, the inclusion functor Spth (90) < Spt>(9) preserves levelwise fi-
brations. This shows that —/% is also left Quillen with respect to the projective
unstable model structures. The other statements are obvious. 0

We now proceed to construct the stable model structures on Spt?p(im).
Notation 4.15 — Let M be an object of 9. We have a natural map

why Sus%fﬁl(T ® M) — Susy, ,(M) (18)
which corresponds by adjunction to the identity map T'® M =~ Susf. ,(M), 1.

DEFINITION 4.16 — The projective (resp. injective) stable model structure
on SptﬁT(im) is the Bousfield localisation of the projective (resp. injective) unstable
model structure with respect to the maps Wk, for all p € N and cofibrant M € .
The homotopy category of the stable model structure is denoted by Host(SptﬁT(‘)ﬁ)).
Remark 4.17 — The existence of the Bousfield localisation in Definition can
be established by adapting the proof of |2 Lemme 4.3.28]. The two stable model
structures on SptﬁT(im) are presentable by cofibrations.
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PROPOSITION 4.18 — Let E be a commutative T'-spectrum. Then E is projec-
tively stably fibrant (i.e., fibrant with respect to the projective stable model structure)
iof and only of it satisfies the following two conditions:

(i) E is levelwise fibrant;
(ii) for every n € N, the adjoint to the assembly map
v B, — Hom(T, E,, ;1)

1s a weak equivalence.

Proof. The proof of [2, Proposition 4.3.30] applies mutatis mutandis. 0

Remark 4.19 — Recall that a T-spectrum E is called an Q-spectrum if, for all
n € N, the map v), : E,, — RHom(7",E, ;) is an isomorphism in Ho(t). Thus, a
commutative T-spectrum is projectively stably fibrant if and only if it is a levelwise
fibrant (2-spectrum.

PROPOSITION 4.20 — Assume that the category Spth(9M) endowed with its
stable model structure is stable in the sense of |9, Definition 7.1.1]. Then, the category

SptﬁT(Dﬁ) endowed with its projective stable model structure is a monoidal model
category.

Proof. The claim follows from Proposition in the same way that |2, Théoréme
4.3.76| follows from [2, Proposition 4.3.75|. O

If the model category 91 is stable, then Spt?}(ﬂﬁ) is also stable. In fact, much less
is needed as the following result shows.

LEMMA 4.21 — The projective stable model structure on SptﬁT(ﬂﬁ) is stable
in the sense of [0, Definition 7.1.1] if the object T € Ho(M) is isomorphic to a
SUSPENSION.

Proof. The proof of |2 Proposition 4.3.77| applies mutatis mutandis. 0

For later use, we establish the following technical result.
LEMMA 4.22 — We assume the following conditions.

o The category Sptgw(im) endowed with its stable model structure is stable in
the sense of |9 Definition 7.1.1].
e The endofunctor Q ® — preserves weak equivalences for every cofibrant object

Q M.
e For every diagram in M of the form

Ao X YN Be X

|/
Y,
with u : A — B a cofibration, the colimit is naturally isomorphic to the
homotopy colimit in Ho(9M).
Then, the following properties hold.

(i) For every projectively cofibrant commutative T-spectrum E, the endofunctor
E ® — preserves stable weak equivalences.
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(11) If the monoidal model category MM satisfies the monoid axiom as in [15, Def-
inition 3.3|, then so does Sptgﬂ(i)ﬁ) endowed with its projective stable model
structure.

Proof. We split the proof in two parts.

Part 1: Here we prove (i). By Lemma m(i), Susf 4(Q) ® — preserves levelwise
weak equivalences for every cofibrant object Q@ € M. Since, Susf, 4,(Q) ® — is also a
left Quillen functor with respect to the projective stable model structure, we deduce
that it preserves stable weak equivalences.

Now, recall that a projectively cofibrant commutative T-spectrum E is a retract
of the target of a map from 0 which is a transfinite composition of pushouts of
maps of the form Susf. ,(A) — Sush,,(B), with p € N and A — B a cofibration
of M. As filtered colimits preserve stable weak equivalences, it is enough to show
the following property: if E is a projectively cofibrant commutative T-spectrum
satisfying the conclusion of (i), then so does the colimit of

Susf 4(A) —— Susf 4(B)

E

for every cofibration A — B. Let F be this colimit and set C' = B/A. We thus
have a distinguished triangle in the triangulated category Hog, (Spth(90)):

E — F — Sus} ,(C) — .

We need to show that the endofunctor F ® — preserves stable weak equivalences.
It is enough to show that

L
FoG—F®G
is an isomorphism in Host(SptﬁT(ﬂﬁ)) for every commutative T-spectrum G. Clearly,

L
F ® G is the homotopy colimit of

Sush, ,(4) & G —— Susl),(B) & G (19)

J

L
E®G.
By our assumption about the endofunctor E ® —, the natural morphism
L
ExG—E®G
is an isomorphism in Hog (Spth(9)). On the other hand, the square

Sust 4(A) é G —— Sus} 4(B) <§L§ G

L L

Sus 4(A) @ G —— Sust 4(B) ® G

is homotopy cocartesian in the triangulated category Host(Sptgp(im)). Indeed, tak-
L
ing the homotopy cofiber of the upper horizontal map gives Sus’}vﬁ(C ) ® G. On the
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other hand, using Lemma and the third condition of the statement, the homo-
topy cofiber of the lower horizontal map is isomorphic to Sust. ,(C) ® G. (Indeed,
homotopy cofiber can be computed using the injective unstable model structure.)
Since C' is cofibrant, we know from the beginning of the proof, that

L
Sus’ 4(C) ® G — Sus} 4(C) ® G

is an isomorphism in Hog (Spth(90)).
Putting everything together, we see that the homotopy pushout of is naturally
equivalent to the homotopy colimit of

Sust 4(A) ® G —— Susy4(B) ® G

|

E® G

which, by Lemma and the third condition of the statement, is isomorphic to
F ® G in Hog (Spt7(91)). This finishes the proof of (i).

Part 2: Here we prove (ii). Arguing as in the proof of Lemma[£.13[(ii), we are left to
show the following property: given a commutative T-spectrum E, a cofibrant object
M € 9t and a factorisation

P
Wnr

///’\\f\\j

Sush (T ® M) —— Q —— Sus} ,(M),

where ¢ is a projective cofibration and f is a levelwise weak equivalence, every
pushout of
Sush (T® M) ®E — QR E (20)
is a stable weak equivalence.
The third condition of the statement implies an analogous property on commu-
tative T-spectra. More precisely, given a projective cofibration A — B and a
commutative T-spectrum X, every pushout of

ARX —B®X

is isomorphic to the corresponding homotopy pushout in Holevel(SptﬁT(im)). Indeed,
using that a projective cofibration is a retract of a transfinite composition of pushouts
of maps of the form Sus}, ,(A) — Sush,4(B), with p € Nand A — B a cofibration
of M, and that filtered colimits preserve levelwise weak equivalences, we are left to
treat the case of Susf 4(A) — Susy ;(B). By Lemma , this follows from the
third condition of the statement.

We now get back to the proof of (ii). By the previous discussion, every pushout
of is actually a homotopy pushout with respect to the unstable model struc-
ture. Therefore, it is enough to show that is a stable weak equivalence. Since
Sus’;rﬁl (T'® M) and Q are both projectively cofibrant, part (i) of the lemma (which
we proved above) shows that can be identified with

L L
Sush, (Te M) ®E — QR E

L
in HOSt(SptﬁT(f)ﬁ)). This finishes the proof since the endofunctor — @ E preserves
stable weak equivalences. O



FROM MOTIVES TO COMODULES OVER THE MOTIVIC HOPF ALGEBRA 29

PROPOSITION 4.23 — The adjunction
(=/%,1) : SptH(M) — Spth(M)
is a Quillen adjunction with respect to the projective (resp. injective) stable model

structures. Moreover, the functor — /% preserves stable weak equivalences, so that it
derives trivially. Also, the right derived functor

Rt : Hoy, (Spt5(9)) — Hoy (Spt ()
is fully faithful.

Proof. Except the fully faithfulness of R, this follows from Proposition [£.14] and
the fact that
wWhy /2 Susz;fé(T ® M)/E — Sush (M) /5
identifies with
wh Sus?pfﬁl(T ® M) — Susy, ,(M)

by Lemma [4.7, To prove the last claim, we need to check that the counit of the
adjunction (—/X,R¢) is an isomorphism. Let E be a projectively stably fibrant
commutative T-spectrum so that Ri(E) is levelwise weakly equivalent to E. In this
case, the counit map can be identified with the identity map id : E/¥ — E. This
proves the claim. O

We now arrive at the main result of this section.
THEOREM 4.24 — We assume that the following conditions are satisfied.

(i) The transposition T € 3y acts by identity on T®* in Ho(9M) (i.e., that T €
Ho(9M) is even of dimension 1 in the sense of Kimura).
(i) The functor RHom(T, —) commutes with filtered colimits in 9.
(ii1) The object T' is isomorphic to a suspension in Ho(9M).
Then, the functor
—/% : Spty(9M) — Spti (M)

15 a left Quillen equivalence with respect to the projective stable model structures.

Proof. By Proposition , we already know that — /¥ is a left Quillen functor and
that Re is fully faithful. Thus, it remains to show that Re is essentially surjective.
Condition (i) implies that the cyclic permutation (123) € Y3 acts also by identity
on T® in Ho(9M). Thus, by |2, Théoréme 4.3.79], the forgetful functor

Oub”™ : Spt>(M) — Spt,(M)

is a right Quillen equivalence. Therefore, it is enough to show that the composition
of
# Re ) ROub>
Hoy (Spt7(9)) —— Hog (Spt7(9M)) —— Hog (Spt,(M)) (21)
is essentially surjective.

Now, by condition (i), Lemma [2, Proposition 4.3.77] and |2, Théoréme
4.3.79], the functors Re and ROub”™ are triangulated functors. Also, they com-
mute with infinite sums. (Indeed, by condition (ii), infinite direct sums preserve
Q-spectra and Re and ROub™ can be computed on -spectra without a further
fibrant replacement.) As Hog (Spt;(91)) coincides with its smallest triangulated
subcategory closed under direct sums and containing the objects Sush.(M) for p € N
and M € 9 cofibrant, it is enough to show that the Sus}.(M)’s belong to the image
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of the composition of . More precisely, we will show that the natural morphism
of T-spectra

Susy (M) — Sus, (M) (22)

is a stable weak equivalence in Spt,(91). In fact, this is a levelwise weak equivalence
since, in degree n > p, (22)) is given by

TP @ M —s S"P(T) @ M,

and condition (i) of the statement insures that X, is acting by identity on 7" ?
in Ho(9M) so that 7" 7/%,_, is weakly equivalent to 7% P, O

In this paper, we will use the following model for DA®(S; A), the triangulated
category of motives.

DEFINITION 4.25 — Assume that A is a Q-algebra. Let S be a base scheme of
characteristic zero (i.e., S is a Q-scheme). Using the notation as in |2, §4.4.1], we
set

Ts = (Pg,005) @ A = (Ps ® A) /(005 ® A);
this is a presheaf of A-modules on Sm/S. The model category

Spt’. (Cpl(PSh(Sm/S; A)))

will be endowed with its stable (A, ét)-local model structure. More precisely, this is
the projective stable model category on commutative Ts-spectra as in Definition[4.16
deduced from the projective (A, ét)-local model structure on Cpl(PSh(Sm/S;A))
as in [2, Définition 4.5.12] (see also the beginning of |4, §3| for a more concise
discussion). We set

DA®(S; A) = Hoy (Spt5, (Cpl(PSh(Sm/S; A)))).

Remark 4.26 — Up to a (monoidal triangulated) equivalence, the category
DA®(S; A) as defined above coincides with the categories described in [2, Définition
4.5.21] (for M = Cpl(A) and 7 = ét) and at the beginning of [4], §3]. This follows
from Theorem . Indeed, Ty € DA™ ¥(S; A) is even of dimension 1 as it follows
from the equivalence of categories DA®®¢(S; A) ~ DM (S; A) of [5, Théoréme
B.1], available for S of characteristic zero, and the well known fact that Z(1) €
DMt (k, Z) is even of dimension 1 for any field k. (The last property follows from
[16, Lemma 4.8]; see also [I7, Chapter 5, Corollary 2.1.5] and [I1], Proposition 15.7] ]

LEMMA 4.27 — The category SptﬁTS(Cpl(PSh(Sm/S; A))), endowed with its
stable (A',ét)-local model structure, is a monoidal model category satisfying the
monoid axiom as in [I5, Definition 3.3|. Moreover, for every projectively cofibrant

commutative Ty-spectrum E, the endofunctor E @ — preserves stable (A', ét)-local
equivalences.

Proof. This follows immediately from Lemma [4.22] O

7Unfortunately, the proof in [II] is incomplete: it assumes wrongly that permutation matrices
belong to SL, (k).
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5. STABILISATION OF COMMUTATIVE SPECTRA

The goal of this section is to describe an explicit way to turn a commutative
T-spectrum into an 2-spectrum. The story will be parallel to that for ordinary
T-spectra which was detailed in |2} §4.3.4]. As in Section[d] (9, ®, 1) is a monoidal
model category with cofibrant unit and 7" € 9 is a cofibrant object. We will work
under the following assumptions.

Hypothesis 5.1 —

e The model category 9 is presentable by cofibrations as in [2, Définition
4.2.39]. (Another possibility is to assume that 9 is cellular as in [§, Definition
12.1.1].)

e Coproducts and filtered colimits in 9 preserve weak equivalences.

e The category 9 is additive and Q-linear.

e The functor RHom(7', —) commutes with filtered colimits in 9t.

e The transposition 7 € ¥y acts by identity on 7%? in Ho(90).

We start with the following lemma (which is the analogue of |2 Lemme 4.3.59]).
LEMMA 5.2 — Let f : E — F be a morphism of commutative T-spectra.

Assume that f, : E, — F,, is a weak equivalence for n > N. Then f is a stable
weak equivalence.

Proof. We argue by induction on N. When N = 0, there is nothing to prove. Thus,
we assume that N > 1.

We may assume that f is a levelwise cofibration and that E and F are levelwise
cofibrant. We may also assume that E,, = 0 for n < N. Then, by replacing E by
E 5wy ,®y) Susjjy’ﬁ(FN), we may assume that Ey = Fy. (At this point, we loose
the property that f is a levelwise cofibration.)

By adjunction, the map yy_1 : T ® Fy_1 — Fy = Ey gives rise to a morphism
of commutative T-spectra

a: Susﬁﬁ(TQb Fy.1) — E.
Moreover, the square
Susy ,(T ®Fy_1) —— E

|
SUSIJ\{EI(FN_I) — 5 F
is commutative. Let G be the homotopy pushout of the diagram

A =Sus] ,(T®Fy_1) ——E

M_l
Fn_1
B = Susf}cgl(FN,l).

Then clearly, the map E — G is a stable weak equivalence. Thus, it is enough to
show that G — F is a stable weak equivalence. Now, the assumption that 7 € 3y
acts by identity on 7®% in Ho(9)) implies that A, — B,, is a weak equivalence
for n > N. This, in turn, implies that G,, — F,, is a weak equivalence for n > N.
On the other hand, by construction, Gy_; ~ Fy_;. Thus, in fact, G, — F,, is
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a weak equivalence for n > N — 1. We may now use the induction hypothesis to
conclude. 0J

Notation 5.3 — Let E be a T-spectrum and let M be an object of 91. We denote
by M ® E the T-spectrum given by (M ® E),, = M ® E,,, for n € N, and whose
assembly map at level n is given by the composition of

TOMOE, > MeTOE, % M@ E,,,.

This defines an endofunctor
M ® — : Spt,(9) — Spt,(IN).

It admits a right adjoint which we denote by Hom(M, —). The T-spectrum Hom (M, E)
can be described as follows. For n € N, we have Hom(M, E),, = Hom(M, E,,) and
the adjoint of the assembly map at level n is the composition of

Hom(M, E,) —— Hom(M, Hom(T', E,, 1)) —— Hom(T', Hom(M, E,,.1)).

Clearly, if E is a commutative T-spectrum, then M ® E and Hom(M, E) are also
commutative. Thus, we have a pair of adjoint endofunctors

(M ® —, Hom(M, —)) : Spt5(9) — Spth ()

commuting with the inclusion Spti(9) < Spt(9N).
PROPOSITION 5.4 — Let M € M be a cofibrant object. Assume that the

endofunctor RHom(M, —) of Ho(9M) commutes with filtered colimits. Then, the
endofunctor RHom(M, —) of Hoeye (Spt?(IM)) preserves stable weak equivalences.

Proof. The proof is similar to that of |2, Proposition 4.3.57|. Asin loc. cit., we reduce
to showing that RHom(M, f) is a stable weak equivalence when f is a homotopy
pushout of wk; : Susl}fﬁl (T'® N) — Susf 4(N), with N € 9 a cofibrant object. As
Y., is acting by identity on T®" in Ho(91), the map f,, is a weak equivalence for all
n > p+ 1. This implies that RHom(M, f), is also a weak equivalence for n > p+ 1.

By Lemma [5.2] it follows that RHom(M, f) is a stable weak equivalence. O
Notation 5.5 — Recall that we have an adjunction (s;,s_) where s, and s_ are

endofunctors of Spt,(9M) given as follows. If E is a T-spectrum, (s_(E)),, = E,1;
for n > 0, (s4(E)), = E,_1 for n > 1 and (s;(E))g = 0. Clearly, these functors
preserve commutative T-spectra. Thus, we get also an adjunction

(s4,5-) : Spti(9M) — Spti(M)
and both functors commute with the inclusion Spti.(9) < Spt(9N).

The next lemma fails for T-spectra which are not commutative.

LEMMA 5.6 — Let E be a commutative T-spectrum. There is a natural morphism
of commutative T-spectra

TRE —s_(E) (23)

which is given in level n by the assembly map v, : T Q@ E, — E, 1.
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Proof. We need to show that the following diagram is commutative

TRT®E, e T® E;+q

NJ'T(@EH JV%H— 1
T

T®T®En&>T®En+1L}En+2a

which is clearly true for a commutative T-spectrum. O

Construction 5.7 — Let E be a commutative T-spectrum. We set
A(E) =s_Hom(T,E) = Hom(T',s_E).

This defines an endofunctor

A : Spt5(9M) — Spth.(M).
Moreover, by adjunction, induces a natural transformation

Arid — AL

For a commutative T-spectrum E,; A\g : E — A(E) is given, in level n, by the
adjoint to the assembly map ~/, : E, — Hom(T,E, ;1).

THEOREM 5.8 — Let E be a commutative T-spectrum which we assume to be
levelwise fibrant. The morphism A\g : E — A(E) is a stable weak equivalence.

Proof. By Proposition the endofunctor RHom(T', —) of Hojevel(Spth(901)) pre-
serves stable weak equivalences. The same is true for Rs_. (The proof of this uses
the same method as the proof of Proposition ; we leave the details to the reader.)
Thus, RA preserves also stable weak equivalences. Therefore, to prove the theorem,
we may assume that E is projectively stably fibrant. In this case \g is a levelwise

weak equivalence by Proposition [4.18] O
Remark 5.9 — The next proposition is analogous to [5, Lemme 2.40|. We warn

the reader that the two statements are formally incompatible! In fact, the statement
of [B, Lemme 2.40] is wrong: the definition of the isomorphism

T(n) . An+1(E) L) An+1(E)
needs to be changed so that the triangle commutes. More precisely, in loc. cit., the
action of the permutation 7,y on the functor

So_n-i-lhom((Pl, an’ OO)/\n+1 ’ _)
on—+1

should be defined as the composition of the action of 7(,) on "™ with the inverse
of the natural transformation hom(7(,y, —), where 7, is acting by permuting the
factors of (P12 oco)""*1. Fortunately, this has no consequence on the proof of |5,
Théoréme 2.37] which only uses the existence of a commutative triangle as in the
statement of [B, Lemme 2.40].

PROPOSITION 5.10 — For a commutative T-spectrum E, the triangle

AE) 22 A o A(E)

AA(E)

Ao A(E)
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commutes.

Proof. In level n € N, this triangle looks like

Y Hom(T ® T, Ep o)

(2) l

Hom(T ® T, Ep2)

Hom(T,E, 1)

where (1) and (2) are described as follows. By construction, the map (1) is the
composition of

Hom(T',n)
Hom(T,E, 1) ———— Hom(T,Hom(T, T ® E, ;1))

J“{n«kl

Hom(7,Hom(7T, E,5)) ——

m(T' @ T, Epy2).

Similarly, by construction, the map (2) is the composition of

Hom (T, B, 1) —— Hom(T, T ® Hom(T', E,, 1))

|

Hom(T, Hom(T, T ® E,41)) ——% Hom(T, Hom(T, E,,»))

Hom(T ® T, Epyo).

Thus, it is enough to show that the diagram

Hom(M, —) ———— Hom(M, Hom(N, N @ —)) m(N ® M,N ® —)

; !

Hom(N, N ® Hom(M, —)) — Hom(N,Hom(M, N ® —)) = Hom(M @ N, N ® —)

is commutative for M, N € 9. This is a particular case of Lemma below. [

LEMMA 5.11 — Let C be a category, fi and fs two endofunctors of €, and
T : fio fo —> fao fi a natural transformation. Assume that f1 and fo admait right
adjoints g1 and gs. Define a natural transformation o : fo 0 g1 — g1 0 fo by the
composition of

T é
faogi = giofiofaog = giofro fiog — gio fo.
Also, denote by 7' : g1 0 go — go 0 g1 the natural transformation deduced from T by
adjunction. Then, the following square

n
g1 ———— 919020 fo
" |

g20f20g1—>0 g2 0§10 fo

commutes.
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Proof. Indeed, o can also be defined as the composition of

I )
f2091L>f20910920f2—>f20920910f1 — g1 0 fi.

The claim thus follows from the commutativity of the following diagram

9 ———— qigafo —— G2g1 fa

Jn Jn Jn \
7! 8
92f201 L’ 92129192 f2 —— g2 f29291 f2 —— G201 fo.

(The commutativity of the squares is obvious; the commutativity of the triangle
follows from the definition of an adjunction.) O

Remark 5.12 — Proposition [5.10, which implies in particular that the natural
transformations
A()\E), )\A(E) : A(E) — Ao A(E)
are not equal, is in contrast with [2, Lemme 4.3.62]. (Of course, in loc. cit., A and
A denote different, albeit related, functor and natural transformation.)
To remedy the issue in the previous remark, we need the following construction.

Construction 5.13 — Let E be a commutative T-spectrum. There is a natural
action of ¥, on A°*(E) which is obtained via the identification

n times
A" (E) = s"Hom(T @ - -- ® T, E)
from the natural action of ¥,, on 7%". We set
A"(E) = A (E)/%,.
By construction, we have natural transformations
A" cid — A” and ™" A" o A" —s A,
COROLLARY 5.14 — For a commutative T-spectrum E, the square

~ Am(n) ~
A™(E) = Am o AM(E)

JS‘?\M(E) J“gn
A" o A™(E) L, Amtn(E)

is commutative. We denote by Xg™ ™ : A™(E) —s A™(E) the common value of
the two possible compositions.

Proof. This is a direct consequence of Proposition [5.10] O
Construction 5.15 — Let E be a commutative T-spectrum. We define

A®(E) = cglelén A" (E)

to be the colimit of the N-system {A™(E)},neny where the transition maps are given
by A\g" : A™(E) — A™(E) for m < n. By construction, there is a natural trans-
formation A\ : E — A>®(E).
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THEOREM 5.16 — Let E be a levelwise fibrant commutative T-spectrum. Then
A>(E) is an Qp-spectrum and Ay : E — A®(E) is a stable weak equivalence.

Proof. For every m € N, the map E — A°™(E) is X,,-equivariant (with ¥, acting
by identity on E). On the other hand, by Theorem , this map is a stable weak
equivalence. This implies that E — Km(E) is also a stable weak equivalence. As
stable weak equivalences are preserved by transfinite compositions, we deduce that
A® : E — A™(E) is a stable weak equivalence.

We now prove that A(E) is an Qp-spectrum. As RHom (7', —) commutes with
filtered colimits, it is enough to show that

A : A®(E) — A o A®(E)

A (E)
is a levelwise weak equivalence. There are natural maps
pE™ Ao A™(E) — A™TH(E)

which are levelwise weak equivalences since X,,41 acts by identity on T®™*! in
Ho(9). Passing to the colimit, we obtain a levelwise weak equivalence

(s> Ao A®(E) — A®(E).
Moreover, the composition of
A®(E) — A o A®(E) — A®(E)

is easily seen to be the identity (thanks to Corollary [5.14]). This finishes the proof
of the theorem. O

Remark 5.17 — As far as I know, Theorem has no analogue for symmetric
T-spectra. However, in [5, §2.2.2], we were able to prove such an analogue in a
particular situation and for a special sort of symmetric spectra, that were called
A-spectra. We refer the reader to [5], Définition 2.36] for the notion of A-spectrum
and to [5, Théoréme 2.37] for the partial analogue of Theorem Needless to say
that Theorem is much more satisfactory than [5, Théoréme 2.37], although it
requires a Q-linear setting.

6. THE BETTI MONAD, PART 1

In this section, we revisit some of the constructions in [5], §2.2.3], taking advantage
of the simplicity of the notion of commutative spectra (as opposed with that of
symmetric spectra). These results, and in particular Theorem are prerequisite
for the results of Section[7], and in particular Theorem [7.16] However, Theorem [6.20]
will not be explicitly used in Section [7|as we will be able to refer to [5] for the proofs.
Nevertheless, we feel that Theorem is of independent interest and clarifies the
constructions in Section [7} so we decided to include it.

We remind the reader that the ring of coefficients A is assumed to be a Q-algebra.
If not otherwise stated, our presheaves take values in the category of A-modules.
We start by recalling [5, Définition 2.19|. For the notion of (co-)cubical object and
its enriched variants, we refer the reader to [5, Définitions A.1, A.6 et A.12]|.

DEFINITION 6.1 — Forn € N, we denote by D" the closed unit polydisc of C"
considered as a complex pro-variety, i.e., we set

D" = {D(0, p)" }>1
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where D(0, p) = {z € C; |z] < p}. Varying n € N, one gets a X-enriched cocubical
object D in the category of complex pro-varieties in the following way.

(1) For1 <i<n+1 and e € {0,1}, the face map d; . : D" — D" is given by
inserting the value of € at the i-th coordinate, 1i.e.,
d@e(l‘l, e ,.’En) = (.C(Zl, ey L1, €6, L5, . . ,.ﬁ(]n).
(2) For1 < i < n, the degeneracy map p; : D* — D" ! is the projection parallel
to the i-th factor, i.e.,
pi(T1,. . ) = (1,0 Ty, T).
(3) For 1 <i < n— 1, the multiplication m; : D" — D" is the multiplication
of the i-th and v + 1-th coordinates, i.e.,
mi(azl, e ,.’En) = (I‘l, ey L1, g1, Ly, - - - ,xn).

(4) Forn € N and o € 3, the permutation map o : D* — D" is the permuta-
tion of coordinates, i.e.,

0'(331, e ,xn) = ($0—1(1), ce ,I’U—l(n)).

Notation 6.2 — We denote by CpVar the category of smooth complex varieties.
Given a presheaf F' on CpVar with values in a category admitting filtered colimits,
we set
whenever (X;); is a smooth complex pro-variety (i.e., a pro-object in CpVar).

Construction 6.3 — Given a complex of presheaves K on CpVar, we set

*Sg”(K) = Tot A(K(D)).
In the formula above, Tot is the functor “total complex associated to a bicomplex”
and A is as in [B, Définition A.20]. (Our sign convention will be as in [5, Remarque

2.21].) By construction, *SgP(K) is a complex of A-modules. We will also need a
presheaf version of it, denoted by *SgP(K) and defined by

*Sg”(K) = Tot A(hom(D, K)).

Clearly, we have *SgP(K) = I'(pt, *SgP(K)) where I'(pt, —) is the “global sections”
functor. There are also quasi-isomorphic variants of these constructions denoted by
Sg? and ®Sg? (and Sg® and "Sg® for the presheaf versions). We refer the reader to
[5, Définition 2.20] for their definitions.

LEMMA 6.4 — The endofunctor *Sg® of Cpl(PSh(CpVar; A)) is naturally a
monad.

Proof. The multiplication m : #Sg? o0 8SgP? — 2Sg? is constructed in the same way
as the morphism [3, (63)]. We leave the details to the reader. O

We will endow the category CpVar with the classical (aka., usual, transcendental)
topology which we denote by “cl”. We warn the reader that in [3] and [5], we have
used the symbol “usu” instead of “cl”.

Remark 6.5 — The category Cpl(PSh(CpVar; A)) admits three projective (resp.
injective) model structures:

(1) the global model structure,
(2) the cl-local model structure,
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(3) the (D, cl)-local model structure.

We refer the reader to |3, §1] for the definitions and constructions of these model
structures. We just remind the reader that the (D', cl)-local model structure is
obtained as a Bousfield localisation of the cl-local model structure with respect to
the maps ip : X @ A[n] — (D' x X)® A[n] where n € Z, X € CpVar, D! is the unit
open polydisc and i is the zero section of D!. The homotopy category with respect
to the (D', cl)-local model structure is denoted by AnDAT(A).

Recall the following result.
PROPOSITION 6.6 — The “global sections” functor

['(pt; —) : Cpl(PSh(CpVar; A)) — Cpl(A)

is a right Quillen equivalence if the source is endowed with its projective (D', cl)-local
model structure. In particular, we have an equivalence of categories

RI'(pt; —) : AnDAT(A) =5 D(A).

Proof. This is a particular case of [3, Théoréme 1.8|. O

THEOREM 6.7 — Let K be a complex of presheaves on CpVar. Then *Sg”(K)
is D-local (considered as an object of Hoq(Cpl(PSh(CpVar; A)))). Moreover, the
canonical morphism K — *SgP”(K) is a local (D', cl)-equivalence. Said differently,
2So? is a D'-localisation functor.

Proof. This is [5, Théoréme 2.23] since the complexes of presheaves Sg”(K) and
aSgP(K) are naturally quasi-isomorphic. O

COROLLARY 6.8 — Let K be a complex of presheaves on CpVar. Then, there
is a natural isomorphism in D(A):
RT(pt; K) ~ *Sg”(K)
where R (pt; —) is the equivalence in Proposition 0.6

Proof. This is [5, Corollary 2.26] modulo the quasi-isomorphism Sg?(K) ~ #SgP(K).
Alternatively, it can be derived easily from Theorem O

To go further, we need the following construction.

Construction 6.9 — Let K be a complex of presheaves on CpVar. For m € N,
there is a natural transformation

t, : hom((D™, aD™), *Sg”(K)) — *Sg” (K)[—m]* (24)
where the notations are as follows.
e (D™, 0D™) is the pro-pair where D™ is the divisor given by the union of the
images of the faces d; : D™ ! — D™, for 1 <i < m and € € {0,1}.
e The endofunctor hom((D™, 9D™), —) is defined in |5, Définition 2.30].
e For a complex A, the complex A[—m]T is obtained by translating the com-

ponents of A (so that (A[—m]"), = A,,+n) without changing the sign of the
differentials. Thus, for m even, we have A[—m]T = A[—m].
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The morphism is deduced from a morphism of bicomplexes
Ahom((D™, 9D™), hom(I, K)) — A hom(D, K)[—m]*,
which, in degree n € N, is induced by the map of pro-pairs
Drm s T x (B, 00™).
It follows immediately that factors through the image of the projector
alt,, = ni,‘ gezz:m sgn(o) - o

acting on the source of . In particular, taking 2m instead of m, we deduce a
natural transformation

i - hom((D?, OD*)"™", *Sg”(K) /% — *Sg” (K)[2m]. (25)

LEMMA 6.10 — Assume that K is injectively fibrant (with respect to the global
model structure). Then, s a quasi-isomorphism of complexes of presheaves.

Proof. This follows immediately from [5, Lemme 2.33]. O

Recall that T,y = (P 00) ® A. In what follows, the expression “Ti-spectrum”
means “I¢-spectrum of complexes of presheaves on CpVar”.

Remark 6.11 — The endofunctor *Sg® extends to an endofunctor on the category
of T-spectra. Given a Tpi-spectrum E, the Tpi-spectrum *Sg”(E) is given in level
n by 2SgP(E, ). Moreover, the adjoint of the assembly map at level n is given by

T,

*Sg”(E,) — *Sg” (hom((P"*", 00), Ey41)) —- hom((P"*", 00), *Sg” (En1)).

If the T)-spectrum E is commutative, so is the Tp-spectrum *SgP(E).

Remark 6.12 — Similarly, the functor hom((D? dD?)"™, —) extends to the cat-
egory of Tp-spectra and preserves the commutative ones. Moreover, the natural
transformation [, extends as well into a natural transformation

lim - hom((D?,0D*)"™, *Sg”(E)) /%, — *Sg”(E)[2m] (26)
on the category of (commutative) Tp-spectra.

As in [5, Page 66|, we fix an element o € T}, (D? dD?) whose class in homology
freely generates the A-module Hy(Sg”(7},t)). This choice induces a natural transfor-
mation

o : hom((P*** 00), K) — hom((D?, 0D?), K).
DEFINITION 6.13 — Let E be a commutative Ty -spectrum.
(a) We define a natural transformation
< A"(*Sg"(E)) — 57" 0 "Sg” (E)[—2m]
by taking the composition of
s hom (P12, 00)"™, 2Sg”(E)) /%,

(a/\m)*

somhom((D2, 92)"™, *SgP (E)) /5, —2 ™ o *Sg”(E) [—2m].
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(b) We define a natural transformation
U *S¢P(E) —> 5. 0°Sg(E)[—2)
by taking the composition of

*8g”(E) —— s_hom((P"*", 00), *Sg”(E))
s-hom((D?, dD?), *Sg” (E)) —— s 0 *Sg” (E)[-2].
Thus, we have Vg = ¢ © \g.
Remark 6.14 — For n € N, the two maps
52 (Ug), Vson(my 52 0 *SgP(E) —— s+ 0 *Sg”(E)[-2)

coincide. This is compatible with [5, Lemme 2.47] since, for a commutative T}-
spectrum E, the action of ¥,,; on s°"™E is trivial. In particular, there is no
ambiguity in defining a map

U5 : *Sg”(E) — 52" 0 *Sg” (E)[—2m]
as an iteration of the natural transformation of Definition [6.13(b).
LEMMA 6.15 — For allm € N, we have a commutative triangle:

a S\WL ~m a
Se”(B) — " A" (*8g"(E))
s
U
52" 0 *Sg” (E)[—2m).
For all 0 < m < n, we have a commutative square:

Am(*Sg”(E)) ——— A"(‘Zg

19” m

s°™ 0 28gP (E)[—2m] —— s°" P(E)[—2n].
Proof. We leave this to the reader. O
PROPOSITION 6.16 — Let E be a commutative Ty -spectrum. Then Vg is a

stable (D', cl)-local equivalence. If E is levelwise projectively (D', cl)-fibrant, then ¢&
1s a levelwise quasi-isomorphism.

Proof. We repeat the proof of |5, Proposition 2.43| using Theorem instead of
[5, Proposition 2.38]. (Note that in [5, Proposition 2.43] we only stated a weaker
conclusion about ¢g, namely that the latter is a levelwise (D!, cl)-local equivalence.
Nevertheless, in loc. cit., the stronger conclusion holds as well.)

As in the proof of [5, Proposition 2.43|, we may assume that E is levelwise injec-
tively (D!, cl)-fibrant. It follows, as in loc. cit., that ¢f' is a levelwise (D', cl)-local
equivalence. Since the source and the target of ¢ are projectively (D!, cl)-fibrant
(by [, Lemme 2.28]), it follows that ¢ is even a levelwise quasi-isomorphism.
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Now, using the commutative triangle in Lemma [6.15] it remains to show that
A" 2Sg”(B) — A"(*Sg”(E))

is a stable (D!, cl)-local equivalence. This follows from Theorem since, by [5]
Lemme 2.28], *SgP(E) is levelwise projectively (D', cl)-fibrant. O

DEFINITION 6.17 — Let E be a commutative Ty -spectrum. We set
*Sing”(E) = cohm s°" 0 *Sg” (E)[—2n],
the colimit of the N-system
1SeP(E) 22 s_ 0 2SgP(E)[-2] 22 ... B ¢ 528D (E)[—2n)]

2B 52 0 28 (B)[~2n — 2] 5 -

Remark 6.18 — The endofunctor *Sing” coincides with the three endofunctors
2Sing™ >, 2Sing” > and *Sing™ > of [5] when restricted to commutative Tot-
spectra. Only *Sing” > was explicitly defined in [5]; see [5, Définition 2.45]. The
other two appear in [5], Page 89]. This explains the missing “c0” in our notation. (We
refer the reader to Remark for further explanations in an analogous context.)

LEMMA 6.19 — The endofunctor *Sing” of the category
Spth., (Cpl(PSh(CpVar; A)))

1s naturally a pseudo-monoidal monad.

Proof. The monad structure on *Sing” is induced from the monad structure on #Sg®
(see Lemma |6.4). We refer the reader to Lemma and the references used in its

proof for further explanations in an analogous context. O

The following is the main result of this section.

THEOREM 6.20 — Let E be a commutative Ty -spectrum. The canonical mor-
phism E — 2Sing” (E) is a stable (D', cl)-local equivalence and *Sing” (E) is an
Q-spectrum which is levelwise D'-local. Said differently, *Sing” is a stable D'-
localisation functor.

Proof. We repeat the proof of [5, Théoréme 2.48| using Theorem instead of [5]
Théoréme 2.37|.

As in loc. cit., we know that the commutative T)-spectrum *Sing”(E) is lev-
elwise D'-local and that the morphism E — 2Sing”(E) is a stable (D', cl)-local
equivalence. (The latter property follows from Proposition [6.16]) Thus, it remains
to show that *Sing”(E) is an Q-spectrum.

As in loc. cit., we may assume that E is levelwise projectively (D!, cl)-fibrant. The
same is then true for *SgP”(E). Consider the morphism of N-systems

X1,2 /anl,n Xn,n«kl

8gP(B) " Al (sg” A (5gP(E)

N t

"SgP(B) s (*Sg”(E))[—2] — - - —= 7 (*Sg? (E))[—2n] —
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(The diagram commutes thanks to Lemma [6.15]) The vertical arrows are levelwise
quasi-isomorphisms by Proposition [6.16] Taking the colimit, one gets a levelwise
quasi-isomorphism

s A (*Sg”(E)) — *Sing”(E).
By Theorem the source of this morphism is an (2-spectrum. This finishes the
proof. O

For completeness, we recall the following.
PROPOSITION 6.21 — The “global sections” functor

I'(pt; Evo(—)) : Sptf. (Cpl(PSh(CpVar; A))) — Cpl(A)
is a right Quillen equivalence if the source is endowed with its projective stable
(DY, cl)-local model structure. In particular, we have an equivalence of categories
RI(pt; REvo(—)) : AnDA(A) = D(A)

where AnDA(A) denotes the homotopy category with respect to the stable (D', cl)-
local model structure.

Proof. This follows from Proposition as explained in [3, Pages 238-239. O

By a standard argument, we get the following corollary from Theorem [6.20]

COROLLARY 6.22 — Let E be a commutative Ti-spectrum. Then, there is a
natural isomorphism in D(A):

RT(pt; REv(E)) = T'(pt; Evo(*Sing”(E)))
where RI'(pt; REvo(—)) is the equivalence in Proposition |6.21]

7. THE BETTI MONAD, PART 2

We fix a base field £ and a complex embedding o : kK < C. In this section, we
will study “semi-algebraic” versions of some of the constructions in Section [6]

Notation 7.1 — For n € N, we denote by DZ the pro-k-variety of étale neigh-
bourhoods of D" in A?. More precisely, let ¥ (D"/AZ) be the category of pairs
(U, u) where U is an étale A-scheme and v« : D" — U?" is a morphism of complex
pro-varieties making the triangle

En u an

ANy

(CTL

commutative. By [B, Proposition 2.58|, the category ¥ (D"/A7) is cofiltered and
the functor o o
D2 : % (D"/A}) — Sm/k
(Uu) — U

defines a pro-k-scheme D% which is pro-étale over A?. Also, it follows from [5],
Proposition 2.58| that D% is pro-affine (and more precisely, isomorphic to a pro-
object in the category of affine étale Aj-schemes). Moreover, by [5, Proposition
2.102], O(DZ) is the subalgebra of O(D") consisting of those holomorphic functions
which are algebraic over the field of rational functions Frac O(A}).
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DEFINITION 7.2 — As in Definition one gets, by varying n € N, a X-
enriched cocubical object Dy in the category of pro-k-varieties. The Y-enriched cu-
bical algebra O(Dy) is naturally a L-enriched cubical subalgebra of O(D) and this
property determines the structural maps of D uniquely. (For this reason, we will
not spell these out.)

Construction 7.3 — Given a complex of presheaves K on Sm/k, we set (by
analogy with Construction

*Sgar(K) = Tot A(K (Dg)).
By construction, *Sg% (K) is a complex of A-modules. We also need a presheaf
version of it, denoted by #SgZ (K) and defined by
*Se? (K) = Tot A(hom(Dg, K)).

Clearly, we have *Sg2 (K) = T'(k,2Sg2 (K)) where I'(k, —) is the “global sections”
functor. There are also quasi-isomorphic variants of these constructions denoted by
SgP and "Sg” (and Sg¥ and "Sg, for the presheaf versions); see [5, Remarque 2.60].

LEMMA 7.4 — The endofunctor *Sgs, of Cpl(PSh(Sm/k;\)) is naturally a
monad.
Proof. This is explained in [0, Page 84]. O
THEOREM 7.5 — Let K be a complex of presheaves on Sm/k. Then, there is a

natural morphism

"Sga(K) — "Sg” (An"(K))
which is a quasi-isomorphism. (Recall that An* is the inverse image functor along
the functor An : Sm/k — CpVar given by X — X*".)

Proof. This is the combination of [B, Lemme 2.55] and [5, Théoréme 2.61]. O

As in [5 §2.1.2], we define the Betti realisation functor
Btig™* : DA (k; A) — D(A)
to be the composition of

RI(pt;—)

DA (1 A) 2% AnDAT(A) D(A),

where the second functor is the equivalence in Proposition [6.6]

COROLLARY 7.6 — Let K be a complex of presheaves on Sm/k considered as
an object of DA (k; A). Then, there is a canonical isomorphism in D(A):

Bti®*(K) ~ *Sg? (K).

Proof. This follows from Corollary [6.8) and Theorem see [5], Corollaire 2.63]. O

The following is a “semi-algebraic” analogue of Construction see also [5l, Page
77).
Construction 7.7 — Let K be a complex of presheaves on Sm/k. For m € N,
there is a natural transformation

tm : hom((D;, OD), "Sge (K)) — *Sge(K)[—m] (27)

ét
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where the notations are as follows.

o (DI

m. 0D is the pro-pair where DY is the divisor given by the union of the
images of the faces d; : Dj ™' — D%, for 1 <i < m and € € {0, 1}.
e The endofunctor hom((DZ, ID%), —) is defined in [5, Page 77].
As in the analytic case (see Construction , the morphism factors through
the image of the projector alt,,. In particular, taking 2m instead of m, we deduce a

natural transformation
L : hom((IDF, ODZ )™, *Sgé (K))/Zm — *Sge (K)[2m]. (28)
Recall that T}, = (P, 00) ® A. In what follows, the expression “Tj-spectrum”

means “Ty-spectrum of complexes of presheaves on Sm/k”.

Remark 7.8 — The endofunctor *Sg> extends to an endofunctor on the category

of Ty-spectra exactly as in Remark [6.1I] This extension preserves commutative
Ty-spectra. Also, the natural transformation [,, of Construction [7.7] extends to a
natural transformation

= hom((DZ,, 0D, )", *Sgee(B))/Sm — *Sge(B)[2m] (29)
on the category of (commutative) Tj-spectra.

We now assume that the element o € T,(D? dD?), that was chosen in Section
6] belongs to T3,(DZ, dD%). This is possible by Theorem [7.5] It follows that the
class in homology of the element o € Ty (DZ,,0D?,) freely generates the A-module
Ha(Sg2 (T%)). The element o induces a natural transformation

o hoim((]P)llcv OO)? _) — hiﬂ(@év 8®Zt)> _)'
Below is the “semi-algebraic” analogue of Definition [6.13|(b).

DEFINITION 7.9 — Let E be a commutative Ty-spectrum. We define a natural
transformation

g : "Sga(E) — s 0 *Sgq (E)[~2]
by taking the composition of

*SgP (E) ——s_hom((P}, 00), *Sg2 (E))

K

s_hom((DZ, 0D%), *Sg2(E)) ——s_ 0 *Sg%(E)[—2].

Remark 7.10 — As in Remark [6.14] for n € N, the two maps
52" (UE), Yeon(m) + 2" 0 *Sgg (B) —— 87" 0 *8g i (E)[—2]

coincide. In particular, there is no ambiguity in defining a map

93 *SeB(E) — s 0 *Sg% (E)[—2m)
as an iteration of the natural transformation of Definition [Z.9
DEFINITION 7.11 — Let E be a commutative Ty-spectrum. We set

*Sing> (E) = colién s°" 0 *Sg? (E)[—2n],

ne

the colimit of the N-system

*Se2 (E) 25 s_ 08¢0 (E)[—2] & ... B ¢ 62500 (E)[—2n]
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As in [5 §2.1.2] (and [3 Définition 2.1|), we define the Betti realisation functor
Bti* : DA% (k; A) — D(A)
to be the composition of

LAn* RI'(pt;REvo(—))
— 5

DA®(k; A) =" AnDA(A) D(A),

where the second functor is the equivalence in Proposition [6.21]

COROLLARY 7.12 — Let E be a commutative Ty-spectrum considered as an
object of DA (k; A). Then, there is a canonical isomorphism in D(A):

Bti’ (E) ~ I'(k; Evo(*Sing}, (E))).

Proof. This follows easily from Corollary and Theorem [7.5} see also [5, Lemme

2.71]. O
Remark 7.13 — As in Remark the endofunctor *Singy; coincides with the
three endofunctors *Singp; *°, *Singyy * and *Singh, °* of [5] when restricted to

commutative Ty-spectra. (See [5, Définition 2.65(ii)] for the definition of *Singg;
5. Page 86] for the definition of *Sing>*" and [5, Corollaire 2.81] for the definition

of aSingi);’m’00/.) This explains the missing “oc” in our notation. As this plays an

important role below, we explain the reason for which these three functors coincide
on commutative Ti-spectra; this is based on the following two properties.

e First, the two natural transformations
Ug, Vg : "Sge (E) — s_ 0 *Sgg (E)[-2],

where ¥ is [5, (65)], coincide; this is [, Proposition 2.79(b)] (which is valid,
more generally, for E a symmetric Ty-spectrum).
e Second, as in Remark [7.10] the two natural transformations

52" (V) Yeon(m) © 57" 0 *Sggy(B) —— 7! 0 *Sg (E)[—1]

coincide. (This, contrary to the previous property, relies on the fact that E

is a commutative Ti-spectrum.)
With these two properties in hand, one sees immediately that aSinglgt’ Oo,(E), as
defined in |5, Page 86|, is equal to *Singl, ™ (E), as defined in [5, Définition 2.65(ii)].
Moreover, these two properties and [5, Lemme 2.80], imply that the maps

Wy *Singl ©(E) — *Singry ©(s_E)[—2]  and
Vg : *Sing> > (E) — s_ o *Sing" ™ (E)[~2]

of [5, Corollary 2.81| are both isomorphisms of commutative Tj-spectra. This implies
that the natural maps

aSingﬂéi’oo(E) — aSingé])i’oo’oo/(E) and 8”Singg’ Oo/(E) — aSingg’w’m/(E)

are isomorphisms.
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LEMMA 7.14 — The endofunctor aSing]gt of the category
Sptf, (Cpl(PSh(Sm/k; A)))

18 naturally a pseudo-monoidal monad.

Proof. The multiplication map

m : *Singp, o *Singy, — *Sing?,
is [5, (67)] modulo the identifications of Remark [7.13] The pseudo-monoidal struc-
ture of *Sing?, is the binatural transformation m at the end of [5, Page 92], modulo

the identifications of Remark . The necessary properties that make aLSingﬂgt into
a pseudo-monoidal monad follow from the corresponding properties of the pseudo-

monoidal monad *Sg2. O
DEFINITION 7.15 — The monad *Singy, of Lemma is called the Betti
monad.

The terminology introduced in Definition is justified by the following theorem.
THEOREM 7.16 —
(a) The endofunctor aSing]]é)t preserves projectively stably (A, ét)-fibrant commu-
tative Ty.-spectra. Moreover, it admits a right derived functor
R(*Sing?) : DA% (k; A) — DA (k; A).
(b) Let E be a commutative Ty-spectrum and assume that B is projectively stably
(A1, ét)-fibrant. There exists a canonical isomorphism in DA% (k; A):
*Singy, (E) ~ Bti, .Bti’ (E).
(¢) The isomorphisms in (b) define an invertible natural transformation
R(*Sing},) ~ Bti, .Bti* (30)
of endofunctors of DA®(k; A). Moreover, 1s an isomorphism of pseudo-

monoidal monads.

Proof. Except the assertion that is a morphism of pseudo-monoidal monads,
everything follows from [5, Théoréme 2.67]. Indeed, a projectively stably (Al ét)-
fibrant commutative Tj-spectrum is also a projectively stably (Al ét)-fibrant sym-
metric Ty-spectrum. (In loc. cit., we work with the Nisnevich topology. However,
the proof works as well with the étale topology, since, with A being a Q-algebra,
filtered colimits preserve projectively ét-fibrant complexes of presheaves.)

The assertion that is a morphism of pseudo-monoidal monads follows from [5]
Théoreme 2.82] and [5, Théoreme 2.87], and the identifications in Remark[7.13] O

8. THE MOTIVIC HOMOTOPY HOPF ALGEBRA

In this section, we put the results of Sections [3| and [7] together to construct the
motivic homotopy Hopf algebra. We first check that the conditions in Setting
are satisfied.

PROPOSITION 8.1 — Conditions (a)-(c) in Setting[3.1] are satisfied if we take:

e € = Cpl(A) with its projective model structure (making it a monoidal model
category);
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o M = Sptgﬂk(Cpl(PSh(Sm/k:;A))) with its stable (A',ét)-local model struc-
ture of Deﬁm’tion (making it a monoidal model category);

o = Sus%wﬁ o (—)est (where (=) 1S the “constant presheaf” functor) and
D = T (ks Bvo(-));

e 8 =2Sing) with its structure of a monoidal monad (see Lemma m

Proof. By Theorem (a), the endofunctor aSingHé)t preserves projectively stably
(Al ét)-fibrant commutative Tj-spectra. Also, it clearly preserves levelwise quasi-
isomorphisms (and, in particular, stable (Al ét)-local equivalences between projec-
tively stably (A, ét)-fibrant commutative Ty-spectra). Thus, condition (a) of Setting
[B.11is satisfied.

To verify condition (b) of Setting [3.1, we use the isomorphism of Theorem
7.16(c). We thus need to show that the composition

RI'(k; REvo(—)) o Bti,.Bti}
is monoidal. This would follows if we could show that the composition
RI'(k; REvo(—)) o Btig.

is isomorphic to the identity functor since Bti, is monoidal. Thus, by adjunction,
we are left to show that
. 0
Bti; o LSusy, 4 0 (—)est

is isomorphic to the identity functor, which is true by [5, Lemme 2.5].
Finally, condition (c) of Setting follows from the fact that Bti, is monoidal
and the fact that the binatural morphism

Bti, «(A) @ M — Bti, (A @ Btii(M))
is invertible for all A € D(A) and M € DA®(k; A) by [5, Proposition 2.7(b)]. O

Remark 8.2 — With the notations as in Proposition [8.1] the monoidal functor
RI" o RS of Setting [3.1[(b) is nothing but the Betti realisation functor Bti}. (This
follows from the proof of Proposition ) Said differently, one can recover the Betti
realisation functor from the Betti monad using the formula

Bti? = RI'(k; REvo(R(*Singg)(—))).
But we already know this formula: see Corollary which also states that it is not
necessary to derive aSing](]ft in the above formula.
We now come to the main theorem of this paper. Let’s denote by

S = Sus%m ﬁ(ACSt)

the unit of the monoidal category Spt%(Cpl(PSh(Sm/k; A))). Below, we use no-
tation from Construction [3.9]

THEOREM 8.3 — Let S — A be a stable (A, ét)-local equivalence of commu-
tative algebras in the category of commutative Ty-spectra such that A is projectively

(Al ét)-fibrant.
(A) The cosimplicial algebra
H oot (K, 03 A) = T'(k; Evo(*Sing (A)))

is a homotopy Hopf algebra in Cpl(A).
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(B) Let E be an A-module which is projectively (A, ét)-fibrant (as a commutative
Ty-spectrum). Then, the H i (k, o5 A)-module

Bti’ (E) = I'(k; Evo(*Sing? (E)))

is a homotopy comodule over H i (k, o5 A).
(C) There is triangulated monoidal functor

Bti* : DA®(k; A) — hocoMod(H et (k, o5 A))

which makes the triangle

DA (k; A) 2o, hocoMod(H et (k, o5 A))
|7
Bti}
D(A)
commutative up to a natural isomorphism.
Proof. Thanks to Proposition [8.1] the theorem follows, as a particular case, from

Theorems and [3.11] (The technical assumptions needed for Theorem are
satisfied by Lemma [4.27]) O

For Theorem to be applicable, we need to show that an algebra A, as in the
statement above, exists. To do so, we recall some notation.

Notation 8.4 — For a smooth k-variety X, A (X) denotes the presheaf with
transfers on Sm/k represented by X, i.e., given by

A (X)(U) =Cor(U, X)®A for U € Sm/k,
where Cor(U, X) is the group of finite correspondences from U to X.
Notation 8.5 — We denote by

St — Sus%gr’ 4 (Acst)

the analogue with transfers of S. More precisely, after forgetting transfers, S* is the
commutative Tj-spectrum given in level n by

szr = Atr((Pllw OO)/W)/ETL'

(Recall that S, = (A ® (P}, 00)"")/%,.) There is an obvious morphism of commu-
tative Tj-spectra S — S* which is easily seen to be a morphism of commutative
algebras.

Notation 8.6 — As in Definitions [6.1] and [7.2], there is a X-enriched cocubical k-
variety Ay, given in degree n € N by A7. As in Constructions and [7.3], this cocubi-
cal k-variety can be used to construct an endofunctor *Sg# of Cpl(PSh(Sm/k;A)).
Of course, *Sg” is simply a cubical version of the well known “Suslin-Voevodsky
complex”.

We have the following result which relies on a number of results of Voevodsky and
Friedlander—Voevodsky in [17].

PROPOSITION 8.7 — The natural morphism S — S™ is a levelwise (A, ét)-
local equivalence and the commutative Ty-spectrum *Sg®(S™) is projectively stably

(Al ét)-fibrant.
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Proof. The first assertion follows form [5, Théoréme B.1| as in the proof of [5, Corol-
laire 2.120]. (We may use [B, Théoréme B.1| instead of [5], Corollaire 2.120] since A
is a Q-algebra; this gives us the more precise statement that S — S' is a levelwise
(A, ét)-local equivalence instead of a stable one.) The second assertion is a conse-
quence of the second assertion in [, Corollaire 2.120| and the fact that 3, acts by
identity on Ay ((P}, 00)") in DA (k: A). (This point was discussed in Remark
1.26]) 0

Remark 8.8 — Since the commutative Tp-spectrum #Sg”(S%) is a commutative
algebra, Proposition implies that we may take A = 2Sg#(S%) in the statement
of Theorem to get the homotopy Hopf algebra

[(k; Evo(*Sing ¢ (*Sg*(S")))).
On the other hand, by [5, 2.122|, the natural transformation
“Sgar(K) — “Sga(*Sg™(K))
is a quasi-isomorphism for every complex of presheaves K on Sm/k. This implies
that the natural morphism of commutative cosimplicial algebras
[ (k; Evo(*Sing, (S"))) — I(k; Evo(*Singg (*Sg*(S"))))
is a quasi-isomorphism. This motivates the following definition.

DEFINITION 8.9 — The motivic homotopy Hopf algebra (of the field k endowed

with the complex embedding o) is
Honot (k, o5 A) = T (k; Evo(*Sing 4 (S™))).
There is a triangulated monoidal functor

Bti* : DA®(k; A) — hocoMod(H et (k, o5 A)) (31)

which factors the Bettz realisation.

Remark 8.10 — By Theorem the Hopf algebra in D(A) determined by the
motivic homotopy Hopf algebra H,,(k,0;A) via Proposition is precisely the
motivic Hopf algebra H ot (k, 03 A) as defined in [5], Définition 2.9(b)|. Similarly, for
a motive M € DA®(k; A), the coaction of Hue(k,o;A) on Btif (M) given by [5,
Proposition 2.11], is precisely the left coaction deduced from the homotopy comodule
Bti% (M) via Proposition [L.7]

Remark 8.11 — Keep the notation as in Definition [8.9 There is a functor

Bti* : DM®(k;A) — hocoMod(ﬂmot(k, a;\)) (32)

which admits a simpler description than (3I). Indeed, as in Definition and
Remark 4.26} - DM (k; A) is the homotopy category of

SptTtr(Cpl(PStr(Sm/k; A)))
endowed with its stable (A!, ét)-local structure. (Above, PStr(Sm/k; A) denotes the

category of presheaves with transfers on Sm/k and T* = Ay, (P}, 0).) Now, given a
commutative T} -spectrum E,

I'(k; Evo(*Sing? (E))) (33)

is automatically a module over the cosimplicial algebra H,,oi(k,o;A) as defined
in Definition . Moreover, if E is projectively stably (Al ét)-fibrant, is a
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homotopy comodule by Theorem (B) applied to the commutative Tj-spectrum
oy (E) (obtained from E by forgetting transfers). In other word, can be defined
simply as the right derived functor

RT(k; REvoR(*Sing® (—))) (34)

on commutative T{*-spectra. On the contrary, the functor is defined as the
composition of the right derived functor , which is then defined on commutative

L
T,-spectra, and the left derived endofunctor S @ —.

10.

11.

12.

13.
14.

15.

16.

17.
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