arXiv:1012.2724v2 [math.RT] 14 Dec 2010

BAR COMPLEXES AND EXTENSIONS OF CLASSICAL
EXPONENTIAL FUNCTORS

ANTOINE TOUZE

ABSTRACT. We compute Ext-groups between classical exponential func-
tors (i.e. symmetric, exterior or divided powers) and their Frobenius
twists. Our method relies on bar constructions, and bridges these Ext-
groups with the homology of Eilenberg-Mac Lane Spaces.

Together with [T3], this article provides an alternative approach to
classical Ext-computations [E'S| [FESS| [C1] [C2] in the category of strict
polynomial functors over fields, and it corrects some mistakes in [C2].
We also obtain significant Ext-computations for strict polynomial func-
tors over the integers.

1. INTRODUCTION

1.1.  Let k be a commutative ring, and let GL,, x be the general linear group
over k. If k is not a field of characteristic zero, the rational representations
of GL, do not split as direct sums of simple representations. This gives
birth [J, I, Chap 4] to nontrivial extension groups between representations
of GLy x, which measure the various ways of pasting them together. Unfor-
tunately, these extension groups are often quite difficult to compute, even
when one restricts to the most basic representations of GL,, . In this article,
we deal with the classical (but challenging) problem of computing extension
groups between symmetric, exterior or divided powers of the standard rep-
resentation k™ of GLy .

A first partial answer to this problem was obtained in [A], where the
extension groups Extg;, . (S*(k™), A*(k™)) between symmetric and exterior
powers of the standard répresentation are computed over a field k. Actually,
Akin uses the Schur algebras S(n,d) to perform this computation. Indeed,
S*(k™) and A*(k™) are S(n,d)-modules and there is an isomorphism

Extéy, , (ST(K"), A%(K™)) ~ Extg, o (S4(K"), A4 (K")) .

The interest of this approach lies in the fact that extension between S(n, d)-
representations are often easier to compute than representations between
G L,, x-representations.

Further progress on the problem was made using the category Py of ‘strict
polynomial functors’ introduced by Friedlander and Suslin [F'S]. These strict
polynomial functors are a stabilized version of modules over Schur algebras
(see appendix [§ for a summary of the theory of strict polynomial functors),
and they are more powerful than modules over Schur algebras for compu-
tations. Examples of strict polynomial functors are the symmetric powers

Date: December 15, 2010.
The author was partially supported by the ANR HGRT (Projet BLAN0S-2 338236).
1


http://arxiv.org/abs/1012.2724v2

2 ANTOINE TOUZE

functors V + S4(V), the exterior powers functors V ~ A%(V) and the di-
vided powers functors V + I'Y(V) = (V®4)S¢ (where the variable V takes
values in finitely generated projective k-modules). We call these examples
‘classical exponential functors’ (the reason for this is given in paragraph
23] below). Extensions between these functors give informations between
extension between the corresponding G L,, x representations, e.g. there is an
isomorphism:

P Extyr, , (S'(K"), M (k™) ~ @D Exth, (57, M) .
.3

h,j<n

Over a field k of positive characteristic, extension groups between classical
exponential functors were all computed in the innovative articles [FFSS] and
[C2]. In fact, these authors do not only compute extension groups between
classical exponential functors. Because of links [FFSS|] with the representa-
tion theory of the finite groups GL,(F,) and with the category of unstable
modules over the Steenrod algebra, they compute more generally all the
extension groups of the form Extp (X* (), y= (5)), where X* and Y™ are

classical exponential functors and X* () and Y*() denote the precomposi-
tions of X* and Y* by the Frobenius twist functors I") and I®) (r, s € N).

In this article, we study the extension groups between classical expo-
nential functors, and also between their twisted versions if k is a field of
positive characteristic. Our methods are different from the methods used in
[FESS| [C2], and they also allow explicit computations over the integers. We
obtain the following results.

(1) We get new independent proofs of all the computations performed
in [FFSS| (the results are stated in theorems [.T9 and [7.20]).

(2) We get new independent computations all the extension groups com-
puted in [C2]. We explain why some results of [C2] are false and we
correct them (in theorems [[.21] and [(.23)).

(3) We also obtain completely new results, namely we compute extension
groups between classical exponential functors over the ring k = Z

(in theorem [6.1T]).

To perform our computations, we use bar complexes to show that ex-
tension groups between classical exponential functors are nothing but the
singular homology of some Eilenberg-Mac Lane spaces under disguise. Then
we elaborate on Cartan’s computation [Car] of the homology of Eilenberg-
Mac Lane spaces to get explicit results. On our way, we obtain the following
computation, of independent interest.

(4) We compute (theorems 5.7, 513 and remark [5.9]) the homology of
iterated bar constructions of the divided power algebra I'*(V'), over
any field. (This was done only for prime fields by Cartan [Carl).

Finally, over fields of positive characteristic, we show that the extension
groups between twisted exponential functors can quite easily deduced from
the extension groups between untwisted exponential functors. The latter
fact is proved once again via bar complexes, together with the techniques
developed in [T3].
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1.2. Before undertaking computations, we wish to clarify the meaning of
‘computing extension groups’. So we now recall various structures (func-
toriality, products, coproducts...) which equip extension groups between
classical exponential functors and their Frobenius twists, and which ones it
is important to compute. Full details are given in section 2l

1.2.1. Strict polynomial structures. Let k be a commutative ring and let V'
be a finitely generated projective k-module. If F' is a strict polynomial func-
tor, we denote by FV the strict polynomial functor U + F(Homy(V,U)).
Throughout the article, we shall write for short:

E*(F,G;V) :=Ext} (FV,G), H(F,G;V):=Homp,(F",G).

Thus E*(F, G;k) equals Exty (F,G). Actually V i+ E*(F,G;V) is a strict
polynomial functor.

In this article, we systematically study extension groups of the form
E*(F,G; V) instead of Extp (F,G). This yields more general results, and
also reveals some hidden useful structures (e.g. exponential structures, cf.

C23).

1.2.2. Products and gradings. Let A* be a graded strict polynomial alge-

bra (that is, the A’ are strict polynomial functors, and the multiplication

A'® AJ — A" is a morphism of strict polynomial functor) and let C* be

strict polynomial coalgebra. Then the extension groups E*(C*, A*; V) are
equipped with a product defined as the composite

E'(C*, A™ V)®E! (C*, A™; V) — E"™ (C*®C*, A0A™ V) — B (CFH, A V)
where the first map is induced by tensor products and the second one by

the multiplication of A* and the comultiplication of C*.

So the extension groups between (twisted) classical exponential functors,
e.g. E*(S*(3),A*(5); V), form a trigraded strict polynomial algebra, and this
algebra structure greatly helps to organize the computations and the results.

In fact, it is not necessary to compute extensions between (twisted) clas-
sical exponential functors as trigraded algebras. Indeed, there are no ex-
tensions between homogeneous strict polynomial functors of different strict
polynomial degree, so the last two gradings carry the same information. For
example, E*(S*®) A*G). V) actually equals Di.a0 B (59P* (3) AdG), V),
Therefore we only compute the extension groups as bigraded algebras in
this article.

1.2.3. Ezponential structures. Actually, symmetric powers, exterior powers,
divided powers and their Frobenius twists are not only algebras and coal-
gebras: they are exponential functors. A (multigraded) exponential func-
tor E* is a functor satisfying a (multigraded) ‘exponential isomorphism’:
EX(VaeW)~E*(V)® EY(W).

When k is a field, extensions between graded exponential functors inherit
an exponential structure:

EY(X" Y Ve W) ~E(X"Y5V)EY(X*, Y, W).
The product described in section coincides with the composite

E* (X*,Y*:55)
_—

EX(X*, Y* V)®? ~ BY(X*, Y V) E*(X*,Y* V),
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where ¥y : V®2 — V sends (z,y) to = + y. The exponential structure also
yields a coproduct (where Ay : V' — V®2 is the diagonal map):
E*(X™*,Y*;A
B,y V) SEOTR), e ey p82) L (X YR V) SR
In [FESS| IC2], both the algebra structure and the coalgebra structures are
computed. But in fact the coalgebra structure is not so interesting. Indeed,
it is not hard to see that the algebra structure of E*(X™*,Y*; V) determines
the exponential structure, hence also the coalgebra structure.

That’s why we limit ourselves to computing E*(X*, Y*; V) (for X*,Y*
(twisted) exponential functors) as strict polynomial algebras in this article.

1.3. Let us indicate what is known so far about extensions between classical
exponential functors S*, I'™* and A* over a commutative ring k.

e The algebras E*(I'™*, X*; V), for X = I', A or S are very easy to
compute. Indeed I'*V is projective in Py for all d > 0 and the Yoneda
lemma (see appendix B3| yields a bigraded algebra isomorphism,
natural in V:

P BT x4v)~ PRI XLV) ~ P xiy) .
i>0,d>0 d>0 d>0

e Now Kuhn duality E*(X? S%V) ~ E*(T? X9 V) gives for free
bigraded algebra isomorphisms, natural in V':

P ExshV) ~ PE(XY 5EV) ~ P XV .
i>0,d>0 d>0 d>0
(Recall that A%% = A? and 9% =T7))
e Finally, it is well known (and we shall give a proof in remark [1.6]) that
E{(A? A% V) = 0 for i positive. Now an elementary computation
gives a bigraded algebra isomorphism (natural in V):

P ELLALY) ~ PEINLALY) ~ DTV .

1>0,d>0 d>0 d>0
So, the only non-trivial extension groups to be computed are:

E*(A*,T* V) ~E*(S*,A";V) and E*(S*,I'";V).
The first ones were first computed (when k is a field and V' = k) by Akin in
[A], but only as graded vector spaces, that is, without the algebra structure.
Recently, all these extension groups were computed as algebras (still when
k is a field) by Chatupnik in [C2]

The purpose of section Ml is to compute these extension groups, as al-
gebras, for V = k™, over commutative rings k. Our method bridges strict
polynomial functors with classical algebraic topology computations. Indeed,
we show that the algebras E*(S*, A*;k™) and E*(S*,T'*;k™) are respec-
tively linked with the homology algebra of the Eilenberg-Mac Lane spaces
K(Z™,3) and K(Z™,4). Our method generalizes the main theorem of [A].

In section [{, we elaborate on Cartan’s computations [Car] to obtain ex-
plicit results over fields of prime characteristic. In fact, the careful reader
will notice that not all our results agree with the computations previously
made by Chalupnik [C2]. So, for sake of completeness, we give in section



BAR COMPLEXES AND EXTENSIONS OF CLASSICAL EXPONENTIAL FUNCTORS 5

(.3 elementary examples which show that our results seem to be the right
ones.

Finally, we give explicit computations over k = Z in section [@] (still based
on the computations of [Car]).

1.4. Assume now that k is a field of positive characteristic p. We are
interested in the algebras E*(X*), Y*(); V), for r,s > 0 and when X*
and Y* are one of the classical exponential functors S*, A* or I'*. These
algebras were computed in [FFSS] and [C2]. To be more specific, let us
order the classical exponential functors from the most projective one to the
most injective one: I'* < A* < S*. Then the algebras E*(X* () y*(): k)
for X* < Y* were computed in [FESS|, using hypercohomology spectral
sequence associated to De Rham complexes. The algebras for X* > Y*
were computed in [C2] (but once again with mistakes), relying on the same
techniques, together with Koszul duality.

In section [7, we give an independent approach to compute these algebras.
Namely, we explain how one can recover the algebra E*(X *(r),Y*(S);V)
from the algebra E*(X*,Y*; V) in a simple way. To get rid of the Frobenius
twists, we essentially combine an analysis of bar constructions, and the use
of Troesch complexes as in [T3].

Thus, the present article together with [T3] provide a complete alterna-
tive approach to classical computations in the category of strict polynomial
functors [FS], [FESS| [C1l [C2], independent from these articles and relying on
different techniques.

2. THE STRUCTURE OF THE EXTENSION GROUPS E*(X* () y*(s), /)

Definition 2.1. Let k be a commutative ring. A graded strict polynomial
algebra consists of the following data.

e For all i, a strict polynomial functor A*. If k is not a field, we allow
A’ to have values in arbitrary k-modules.

e For all 4, j, a morphism of strict polynomial functors A*® A7 — A7,

e A morphism of strict polynomial functors k — A°,

These data are required to satisfy the usual axioms of graded algebras. A
morphism of graded strict polynomial algebras A* — B* is a set of mor-
phisms of strict polynomial functors f* : A* — B' which commute with
products.

Similarly, one defines multigraded strict polynomial algebras, strict poly-
nomial CDGA algebras (i.e. Commutative Differential Graded Augmented),
ete.

Definition 2.2. Let k be a commutative ring. A (multi)graded strict poly-
nomial exponential functor is a (multi)graded strict polynomial algebra E*
with E°(0) = k, and such that for all V,W € V, the following composite
(where vy and ¢y denote the canonical inclusions of V, Win V@ W) is an
isomorphism:

E*(wy)RE" (tw)

EX(V)® E*(W) EY(V o W)®2 MY gy o w).
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Let X* and Y™ be classical exponential functors (i.e. S*, A* or I'*) and
let X*() and Y*(©) denote their precompositions by the Frobenius twist
functors I") and I(®) (For positive values of r, s, these Frobenius twist func-
tors are defined only if k is a field of positive characteristic. For arbitrary
rings k, take » = s = 0. Since I(©) is the identity functor, this still makes
sense). The purpose of this section is to establish that the extension groups
E*(X*(), y*(), V) = @i,j,kzo EA(X7 () Yk(), V) are trigraded strict poly-
nomial algebras, and even better, trigraded exponential functors if k is a

field. We begin with the study of the functors V' — H(F,G; V).

2.1. Parameterized Hom groups. Let d be a positive integer. We first
work in the category Py of homogeneous strict polynomial functors of de-
gree d over a commutative ring k. This category identifies with the cat-
egory of k-linear functors from 'y to Vi, where Vg is the category of
finitely generated projective k-modules, and I'*V is the category with the
same objects as Vi but whose morphisms sets are Sg-equivariant maps:
Homray, (V, W) = Homg (V& W&?).

For all F € Pyy, we define families {Fy }yey, and {FY }yey, of strict
polynomial functors parameterized by finitely projective k-modules:

Fy W FV@W) and FY:W — F(Homy(V,W)).

Morphisms f € Hompay, (V, V') induce morphisms of strict polynomial func-

tors Fy — Fy» and FV' — FV (in a way which respects composition). As
a consequence, for all F,G € Py we have functors:

rv, — k—Mod riy, — k—Mod
\% — Hompd’k(FV,G) ’ \%4 — Hode,k(FaGV)

Observe that these two functors have values in the category k—Mod of k-
modules. To prove that they define genuine strict polynomial functors (i.e.
elements of Pg), we must prove that they have values in the subcategory
Vi of finitely generated projective k-modules. This is indeed the case if k is
a Dedekind ring (e.g. k is a field or Z), as the following lemma shows it.

Lemma 2.3. Let k be a Dedekind ring. Then for all F,\G € Py,
Homp, (F,G) is a finitely generated projective k-module.

Proof. If F =T%V the k-module Homp,, (I'*Y, G) is isomorphic to G(V),
hence finitely generated and projective. For a general, F', there is an epimor-
phism from a finite sum of Ik onto F, hence Homp, (F,G) is a submodule
of a finite direct sum of G(k?). Over Dedekind rings, submodules of finitely
generated projective k-modules are also finitely generated and projective.
Whence the result. O

Over arbitrary commutative rings k, Hom-groups need not have values
in V. So the two functors above are only elements of the category Pgy of
strict polynomial functors with values in arbitrary k-modules. See appendix
[ for further details about this category.

Lemma 2.4. The two strict polynomial functors

V = Homp, (FV,G) and V — Homp,, (F,Gy)
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are canonically isomorphic. We denote them by H(F,G; V).

Proof. Let us first take F' = T4V, Then (I'4V)V = '4U®V and the Yoneda
lemma yields an isomorphism:

Hompd’k((rd’U)V, G)~GU ®V) ~ Homp,, T4V Gy,

natural with respect to G, to f € Homray, (V,V’) and g € Hompay, (U, U’)
(or equivalently to g € Homp,, (T4 74U Since the T4V, U € Vi, form a
projective generator of Py, we can take presentations of F' to extend this
isomorphism to all F' € Pgyy. O

For d = 0, the category Py of homogeneous strict polynomial functors
of degree 0 identifies with the category of constant functors with finitely
generated projective values (that is with V). So the discussion above is
trivial and lemma [2.4] also holds for d = 0.

Now let us turn to the category Py of strict polynomial functors. Then Py
splits as the direct sum of its full subcategories Pyk. In particular, if F,G
are strict polynomial functors, they split as finite direct sums F = @ Fy
and G = @ Gy, where F; and G4 are homogeneous of degree d, and the
functors

V = Homp, (FV,G) = @ Homp, , (F),Gy)
V= Hompk(F, Gv) = @Hompd’k(Fd, (Gd)\/)
are canonically isomorphic strict polynomial functors, which we still denote

by H(F,G;V). The following lemma summarizes the main properties of
parameterized Hom groups.

Lemma 2.5. Let k be a commutative ring. Parameterized Hom groups yield
a bifunctor:

’Pﬂgp X Py — ’i)Tk
(F,G) +— H(F,GV)"’
If F, G are homogeneous of degree d, then so is H(F,G; V). Moreover:
(1) Kuhn duality yields an isomorphism of strict polynomial functors
H(F,G;V) ~ H(G* F*; V), natural in F,G.
(2) If G is homogeneous of degree d, there is an isomorphism
H(T?, G; V) ~ G(V), natural in G.
(3) Tensor products induce a morphism of strict polynomial functors:
H(F,G;V) @ H(F',G;V) S HF @ F',GR G';V) .
Finally, ifk is a Dededkind ring (e.g. a field of Z), then H(F,G; V') actually
belongs to Px. Thus, (F,G) — H(F,G;V) defines an intern Hom in P.

Proof. The first part of lemma 23] follows from lemma[Z4l To prove (1), we
can assume that F,G are homogeneous of degree d. Since (FV)* = (F*)y,
there is an isomorphism

Hom'Pd,k(Fv? G) = Hom'dek (Gﬁ? (Fv)ﬁ) = HOm'pdyk(Gﬁ, (Fti)V) )

natural in F,G and f € Homray, (V,V’). Whence the result. (2) is a re-
formulation of the Yodeda lemma Homp, ,(I':V, G) ~ G(V) (see appendix



8 ANTOINE TOUZE

RI3[E)). For (3), we we can assume that F,G (resp. F',G’) are homoge-
neous of degree d (resp. €). The map:

Homp, (FV,G)® Horr17;67]k{((F')W7 G") 2, Homp,, (FV o (F)YW,Goa)

is natural with respect to f € Hompay, (V,V’) and g € Homrey, (W, W’)
(i.e. it is a morphism of strict polynomial bifunctors). Hence it becomes
a morphism of strict polynomial functors if on takes V= W. The last
statement follows from lemma 23] O

2.2. Parameterized extension groups. The category of strict polyno-
mial functors over a commutative ring k is an exact category with enough
injectives and projectives. So we can define Ext groups as usual. Strictly
speaking, the extension groups Ext}‘;k (F,G) are only defined up to an iso-
morphism (corresponding to a choice of injective or projective resolution).
But in the category of strict polynomial functors there are natural projective
resolutions P(F), and we define Extp, (F, G) as the homology of the complex
Homp, (P(F'), G), which fixes this problem.

The following proposition follows directly from lemmas 2.4] and by
taking resolutions.

Proposition 2.6. Let k be a commutative ring and let F,G be strict poly-
nomial functors over k. For all i > 0, the functors

Vs Extp (FY,G)  and V — Extp (F,Gy)

are isomorphic strict polynomial functors (with wvalues in arbitrary k-
modules). We denote them by E'(F,G; V). This yields bifunctors:

Pﬂgp X Py — ‘ 73\]1;
(F,G) +— EYF,G)V)’

The homogeneous part of degree d of the strict polynomial functor
EYF,G;V) equals B'(Fy,Gg4; V), where Fy and Gy denote the homogeneous
parts of F' and G of degree d. Moreover, Kuhn duality induces an isomor-
phism BY(F,G; V) ~ E{G*, F*; V), and tensor products induce a morphism
of strict polynomial functors

E(F,G;V)QF/ (F',G",V) = B (Fe F,GG;V).
Finally, if k is a field, then (F,G) — E{(F,G;V) actually has values in Py.
Corollary 2.7. Letk be a commutative ring. Let C*, resp. A*, be a graded
strict polynomial coalgebra, resp. algebra. The extension groups

E*(C*, A", V) = ®i,j,k20 E{(CI, AF; V)

form a trigraded strict polynomial algebra, whose product equals the com-
posite (where the last map is induced by the comultiplication of C* and the
multiplication of A*):

E*(C*, A% V)®2 & BX(C*®2, A*®2, V) — EX(C*, A*; V)

In this article, we shall study the strict polynomial algebras E*(C*, A*; V)
when C* and A* are classical exponential functors or their Frobenius twists.
Observe that being a strict polynomial algebra is stronger than being an
algebra natural with respect to V. Indeed, strict polynomial functors with



BAR COMPLEXES AND EXTENSIONS OF CLASSICAL EXPONENTIAL FUNCTORS 9

values in arbitrary k-modules can be thought of as genuine functors Vx —
k—Mod equipped with an additional ‘strict polynomial structure’. Hence
there is a forgetful functor (see also appendix [}))

U : Pp — Fet(Vi, k—Mod) .

Thus, a strict polynomial algebra A*(V') yield an algebra (U A*)(V'), natural
in V. However, non isomorphic strict polynomial algebras A*(V') and B*(V)
may have the same underlying natural algebras (UA*)(V) ~ (UB*)(V'). For
example, take k = F,. Then S*(V) and S*(V(1)) are non isomorphic strict
polynomial algebras, but they become equal after applying /. This reflects
the fact that the algebras S*(V) and S*(V()) are isomorphic as algebras,
the isomorphism is compatible with the action of the finite group GL,,(F,)
(n = dim(V)), but not with the action of the group scheme GL,,. See section
5.0 for further details about the difference between algebras functorial in V
and strict polynomial algebras.

2.3. Exponential functors. In this paragraph, we recall well-known facts
about strict polynomial exponential functors. Then we prove that if k is a
field, the extension groups between strict polynomial exponential functors
are strict polynomial exponential functors. Most of the material presented
here is already contained under a slightly different form in [FESS].

Lemma 2.8. Let E* be a (multi)graded strict polynomial functor, with
E°(0) = k. The following statements are equivalent.
(i) E* is a (multi)graded strict polynomial exponential functor.
(il) E* is equipped with an isomorphism of multigraded strict polynomial
bifunctors E*(V) @ E*(W) ~ EX(V @ W).
(i) E* is a (multi)graded strict polynomial coalgebra such that for all
V., W €V, the following composite is a k-linear isomorphism:

E (v ow) ZE2 pry g ez ZOOETW) gy o gy

Proof. Let us prove (i)<(ii), (ii)<(iil) is similar. First, (i)=-(ii) is trivial.
So let us assume (ii). Then we define a multiplication as the composite:

B (V)2 ~ B (Ve v) Z5 gy
where Yg(z,y) = z + y. By naturality of E,, the composite
E*(V)®@ E*(W) = EX(VaW)®? - EX(Vae W)
equals the isomorphism E*(V) @ E*(W) ~ E*(V @ W), so the strict poly-
nomial algebra E* is actually an exponential functor. O

The following lemma is proved exactly in the same fashion as lemma 2.8

Lemma 2.9. Let EY and E5 be (multi)graded strict polynomial exponen-
tial functors, and let f* : EY — E3 be a morphism of (multi)graded strict
polynomial functors. The following statements are equivalent.

(i) f* is a morphism of strict polynomial algebras.
(il) f* is a morphism of strict polynomial exponential functors (that is,
f* commutes with the exponential isomorphisms).
(iii) f* s a morphism of strict polynomial coalgebras.
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Lemma 2.10. Let E* be a graded strict polynomial exponential functor, and
let F, G be strict polynomial functors. Assume that for all i, the Hom-groups
H(E!, F; V) and H(E', G;V) are k-projective. Then the composite (where
the last map is induced by the comultiplication of E*)

H(E*, F;V) @ H(E*,G;V) S H(E* @ E*, F® G;V) —» H(E*, F © G; V)
is a graded isomorphism (take the total degree on the left handside).

Proof. Step 1: Projectivity of H(E’, J;V), J injective. Observe first
that if .J is injective, then H(E?, .J; V) is always finitely generated and projec-
tive as a k-module. Indeed, since functors of the form Sg form an injective
cogenerator of Py, all injectives are direct summands of (finite sums of)
such injectives, so the proof reduces to the case J = Sg. By lemmas [2.4],
25(1) and Z5(2), H(E?, S¢; V) is isomorphic to E*¥(U ® V') which is finitely
generated and projective since E'f € Py.

Step 2: Reduction to the injective case. For X € Py, let X — JS]( —
J% denote an injective copresentation of X, and let [X] denote H(E*, X; V).
By left exactness of [—], [X] is the kernel of [J$] — [J%]. For arbitrary F, G,
with [F] projective, F @ G is the kernel of the map J% ® J% — Jh ® J2 &
Jy @ Jk, and since [F], [J2] and J} are projective, [F] ® [G] equals the
kernel of the map [J%] ® [J2] — [JH] ® [J2] @ [J2] @ [J}]. Now the maps of
lemma 210 fit into a commutative diagram with exact rows:

[F1 @ [Gl— [JR] @ [Jg] — [Jp] ® [J&] & [JP] ® [J5] -

! ! |

[F ® GI— [J) ® J&] —— [J} ® J2] & [J§ ® JE]

So to prove lemma 210, it suffices to prove the case when F' and G are
injective. Since all injectives are direct summand (finite sums of) of functors
of the form Sfl], we can even assume that F = S{} and G = Sy,

Step 3: Case F = Sg and G = S5},. We are going to treat all values
of d and e at the same time. Let us write (E*, S;) for @, ;o H(E?, S&; V).
It suffices to show that the following composite is an isorﬁo?phism:

(E*,S) @ (E*,Syy) — (E* @ E*,Si; @ Syyy) — (E*, Si @ Siy)-
By duality, this is equivalent to proving that the composite:
(F*U,Eﬁ*> 2 <F*W,Eﬁ*> N <F*U®F*W’Eﬁ* ®Eﬁ*> N <F*U®F*W,Eﬁ*>
is an isomorphism. This composite fits into a commutative diagram:

- )

<F*U@W,Eﬁ*> ® <F* U@W,Eﬁ*> i). <F*U@W7Eﬁ* ®Eﬁ*> - - o <F*U@W7Eﬁ*>

where the maps are as follows. The vertical isomorphisms are induced by
the exponential formula for divided powers. The map (1) is induced by
the canonical inclusions vy : U < U & W and vy : W — U & W. The
map (2) is induced by tensor products and the comultiplication of I'*V®W
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(i.e. it is nothing but the map of lemma 210 with ‘E*’= T*U®W and ‘F'=
‘G’= E**). The map (3) is induced by the multiplication of E**.

Now, we can use the Yoneda lemma (see appendix B.I.3I@])). The map (1)
readily identifies through the Yoneda isomorphism with the map E%,*(U ) ®
IEQ/*(W) — E%/*(U ® W)®? induced by 1y and ty. The map (2) readily
identifies through the Yoneda isomorphism with the identity map of IE%/* U
W)®2 and the map (3) identifies with the multiplication E%,*(U o W)®2 -
IEQ/*(U ® W). Since E#* is an exponential functor, so is E%F, so that the
composite of (1), (2) and (3) identifies with the exponential isomorphism
IE%/*(U) ® IE%/*(W) o~ E%,*(U @ W). Thus the first row of the diagram is an
isomorphism, which finishes the proof. (]

Remark 2.11. Alternatively, one could prove lemma 210 by using first
the sum-diagonal adjunction as in the proof of [FESS, Thm 1.7], and then
identifying the isomorphism obtained, as in [T2, Lemma 5.13]. We observe
that our proof does not use bifunctors, and only relies on the Yoneda lemma.

Lemma 2.12 (Compare [EFSS, Thm 1.7]). Let k be a field, let E* be a
graded strict polynomial exponential functor, and let F,G be strict polyno-
mial functors. The composite:

EY(E*,F;V)E*(E*,G;V) =N E(E*®@E*,FRG;V) - E(E*",FRG;V)
yields a bigraded isomorphism.

Proof. Let I'r and I be injective coresolutions of F' and G. Since k is a field,
we can use the Kiinneth formula to identify E*(E*, F; V)QE*(E*, G; V') with
the homology of the complex H(E*, Ir; V) @ H(E*, I5; V). Now the result
follows from lemma 2.101 O

Proposition 2.13. Let k be a field, let X*,Y™* be graded strict polynomial
exponential functors. Then E*(X*,Y*; V) is a trigraded strict polynomial
exponential functor.

Proof. We know by lemma 28 and corollary 7] that E*(X*,Y*;V) is a
trigraded strict polynomial algebra. The composite

EX(X*, Y5 V)QE (X*, Y5 W) = EX(X* Y VoWw)®? - EX(X*,Y*; VW)
is an isomorphism. Indeed, it equals the composite
Extp (X*,Yy)®Extp (X*,Yyy) — Extp (X*, Yy®Yyy) — Extp (X, Yaw),

where the first map is the isomorphism of lemma [2.12] and the second one
is induced by the isomorphism Yy; ® Yy, >~ Y7y U

We make no use of proposition ZT3] in this article. We have stated it
only to justify that it is a priori not worthy to to care about the coalge-
bra structure on E*(X*,Y*; V) (as claimed in the introduction). Indeed,
by lemma 2.8 if we know the algebra structure, we automatically know
the coalgebra structure (the obvious candidate is the good one!). Observe
that one cannot prove that the algebra structure determines the coalgebra
structure if one restricts to computing the unparameterized extension groups
Extp, (X, V") = E*(X*, Y™ k).
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3. THE SIGNED PRODUCT ON E*(X* () y*(s), V)

Let X*,Y* be classical exponential functors, an let r,s be nonnega-
tive integers. In this section, we modify the strict polynomial algebras
IE*(X*(T),Y* (s); V) by introducing a sign on the products. We denote by
E*(X*™), y*); V) the resulting algebras. In the remainder of the article,
we shall work with the strict polynomial algebras E (X* (), Y*(): V) rather
than the strict polynomial algebras E*(X x(r) y* (), V). Indeed, the sign
introduced simplifies the computations (see e.g. lemmal4.2]) and yields more
readable results. We first introduce signed algebras.

3.1. Signed algebras and graded commutativity. Let k be a commu-
tative ring. In what follows, we always assume that algebras, coalgebras,
etc. are nonnegatively (bi)graded, and defined over k.

Definition 3.1. A bigraded strict polynomial algebra A** is (1,¢€)-
commutative (with e € {0,1}) if the following diagrams commute up to
a (—1)J+ekl sjon:

mult

Ak @ AL Aitik+e
PrA Sy — Aitik+e

Thus, a bigraded strict polynomial algebra is bigraded commutative in
the usual sense if it is (1,1) commutative. One defines (1, ¢)-commutative
bigraded coalgebras similarly. One easily checks that if E** is a bigraded
strict polynomial exponential functor, then E** is (1, €)-commutative as an
algebra if and only if it is (1, €)-commutative as a coalgebra.

Definition 3.2. Let A** be a (1, €)-commutative bigraded strict polyno-
mial algebra. The ‘signed algebra’ A™" is the bigraded strict polynomial
algebra which equals A™* as a bigraded functor, and whose multiplication
is defined by sending x ® y € A%F @ A% onto (—1)m(x ® y), where m is
the multiplication of A**.

Observe that the signed algebra A™" is still associative. One defines sim-
ilarly signed coalgebras. In general, the totalization of a (1, €)-commutative
bigraded strict polynomial algebra A** is a not graded commutative. The
following elementary lemma (which we actually use in section [7.3]) explains
why it is sometimes easier to work with the signed algebras AT

Lemma 3.3. Let A%* be a bigraded strict polynomial algebra. For o € Z,
we define the graded algebra Tot®A*™* to be the same algebra as A™*, with
AR placed in total degree k + ol If A** is (1,€)-commutative, then for all
i € Z, Tot**+<(A"") is graded commutative.

A similar result holds for (1,€)-commutative bigraded coalgebras.

3.2. The signed algebra E*(X*(T),Y*(s); V).

Convention 3.4. Let k be a commutative ring, let X*,Y™* be classical
exponential functors, and let 7, s be nonnegative integers (with r = s = 0 if
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k is not a field of positive characteristic). We consider the extension groups
E* (X* (r), y* (s); V) — @h 050 Eh(Xdps (7"), det (s); V) ’

as a bigraded strict polynomial algebra, with E?( X" ("), ydr' (s). V') placed
in bidegree (h,dp*") (that is, ‘h’ is the cohomological degree and ‘dp**" is
the strict polynomial degree), and with product as defined in corollary 2.7

By convention, I(¥) is the identity functor of V. So, if r = s = 0 then
E*(X* ) y*():V) actually denotes E*(X*,Y*; V). The following lemma is
an easy check (or use [FFSS, Lemma 1.11]).

Lemma 3.5. Let X* Y™ be a pair of classical exponential functors, and let
e € {0,1} denote the sum € := e(X*)+€(Y™) modulo 2, with e(S*) = ¢(I'*) =
0 and e(A*) = 1. Then E*(X* ), Y*(): V) is a (1, €)-commutative bigraded
strict polynomial algebra.

Convention 3.6. We denote by E (X* (), Y*(): V) the signed algebra as-
sociated to the bigraded strict polynomial algebra E*(X* (), y* (), V),

Example 3.7. (1) The bigraded strict polynomial algebra E*(S*, A" V) is
defined as follows. As a bigraded strict polynomial functor we have:

E'(S*, A% V) i= @) 420 EM (54 A% V)

with E?(S? A% V) placed in bidegree (h,d). If 2 and y have respective
bidegrees (i,d) and (7, €), the multiplication sends z®y, onto (—1)*“m(z®y),
where “m’ is the product of E*(X* () Y *(). V) (as defined in corollary Z7).
(2) The bigraded strict polynomial algebra E*(S*, I'*; V) is defined by

E'(S*,T%V) = @), g0 EM(SLTHV) |

with E?(S?, T V) placed in bidegree (h,d) and with multiplication as in
corollary 2.7

Observe that in the following situations, the algebras E" (X y*().v)

and E*(X* (™) Y*(); V) are equal.

e The ring k has characteristic 2.

e The number of A* in the pair (X*,Y™) is even.

e The extension groups E"( X" (r), ydp' (s), V) are trivial if h is odd.
As we shall see later, these three situations cover almost all cases, with the
notable exception of E*(S* (r) A*(s), V) in odd characteristic. However, we
keep the notation E*(X x(r) y* (), V') in every cases in order to give a unified
treatment of all the computations.

4. EXTENSIONS BETWEEN CLASSICAL EXPONENTIAL FUNCTORS: BAR
CONSTRUCTIONS AND K (Z™,n)

Let k be a commutative ring. In this section, we express the strict poly-
nomial algebras B (S*, A*; V) and E'(S*,T*; V) (or to be more specific, a
totalization of these algebras, cf. section L.IJH]) below) in terms of bar con-
structions and singular homology of some Eilenberg Mac Lane spaces.

4.1. Notations and degrees. Before starting, we take time to describe
clearly the various objects involved in our computations and their gradings.
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4.1.1. The explicit homological degree. All the objects used in our compu-
tations bear a homological degree (and the differentials, if any, lower the
homological degree by one). We now list these objects, and indicate how
they are graded.

(1) If V is a k-module, we denote by V[i] a copy of V' placed in homo-
logical degree i, for ¢ > 0.

(2) If X* is a classical exponential functor (i.e. S*, A*, or I'*), and i > 0,
we denote by X[i], the exponential functor:

X[ils : Vs X*(V]i]) .

In other words, X[i]g (V) equals X¢(V) and X[i], (V) equals zero if
d fn. We denote the degree of X[i], by a subcript to emphasize that
we think of it rather as a homological degree than as a cohomological
one, cf. point (@) below.

(3) Let A, be a graded strict polynomial algebra, and let E, be a strict
polynomial exponential functor. We define the graded strict poly-
nomial algebra H(E, A,; V) (with multiplication as in corollary [2.7])
by:

H(E, A V) =D, j>o H(Ei, Aj; V),
with H(E;, Aj; V') placed in homological degree j.

(4) Foralli > 0, we denote by E (S, A[2i+1],; V) and E" (S, '[2i+2],; V)
the graded strict polynomial algebras obtained by totalizing the bi-
graded strict polynomial algebras E*(S*, A*; V) and E*(S*, I'*;V)in
the following way:

E'(S,A[2i +1].; V) = D a0 Eh(SdJ\d; V),
with Eh(Sd, A% V) placed in homological degree d(2i + 1) — h, and
E'(S,T[2i + 2 V) i= @ uso B (5LT4V) |

with Eh(Sd, I'“; V) placed in homological degree d(2i+2)—h (beware
the signs).

Remark 4.1. The graded strict polynomial algebras E (S, A[2i + 1],; V)
and E (S,T[2i + 2],;V) are the Tot®*+2)_totalizations of E (S*, A*; V)
and E*(S *, IT'*; V) in the sense of lemma 3.3 In particular, they are graded
commutative.

4.1.2. The implicit strict polynomial degree. The objects listed above are
strict polynomial algebras, as will be all the algebras involved in our com-
putations. Thus they bear an implicit strict polynomial degree, e.g. the
elements of S¢(V[i]) = S[i]s;(V) have explicit homological degree di but
also an implicit strict polynomial degree d, which is the degree of the func-
tor S¢. This strict polynomial degree is usually not explicitly indicated in
our computations. Indeed, it is always very easy to compute and it is auto-
matically taken in charge by the fact that all morphisms of strict polynomial
functors preserve the strict polynomial degree.

4.2. Injective coresolutions of classical exponential functors.
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4.2.1. Quick recollections of bar constructions. Let k be a commutative ring,
and let A, be a Differential Graded Augmented k-algebra. The (reduced,
normalized) bar construction over A is the Differential Graded Coalgebra

B(A,) defined as follows.

e Let A’ be the kernel of the augmentation ¢ : A, — k. Then B(A,)
equals @,,5 AL" as a k-module.

o A scalar X of k = A,®? is denoted by A[] and has degree 0. For
n > 1, an element a1 ® --- ® ap, of Ag, ® --- ® Ay, is denoted by
[a1] ... |a,] and has degree n + > k;.

e The differential d : B(A.)r — B(A4)x_1 sends an element [a1] . . . |ay]

to the sum:
n—1 n
> (=D ar] . Jasairal - lan] =Y (=) aa] . [d(a)] - |an]
i=1 i=1

where g = 0 and for i > 1, ¢; equals i + ., deg(a;).
e The coproduct A : B(A,) — B(A,) ® B(A,) sends an element
[a1] ... |ay] to the sum

n

> ol lai] ® [ais] - - Jan] -

=0

If A, is a CDGA k-algebra (i.e. Commutative Differential Graded Aug-
mented), we can define a ‘shuffle product’ on B(A,) compatible with the
differential, which makes B(A,) into a CDGA k-algebra. Hence we can
iterate bar constructions, and we denote by B (A,) the n-th iterated bar
construction of A,. To be more specific, let a; € Ay, for 1 <7 < p+4¢q. Then
the product [a1]...|ap] * [ap+1]. .. |ap+q) of two elements equals

Z G(U) [ao_l(l)’ s ‘ao_l(prq)]

where the sum is taken over all (p, g)-shuffles o, and €(o) is the Koszul sign
such that z1 A+ Axy = €(0)2501) A+ - ATy in A(1, ..., Tp), where each
x; has degree k; + 1.

Now if A,(V) is a strict polynomial CDGA algebra, the formulas above
show that the multiplication and the differential are morphisms of strict
polynomial functors. So iterated bar constructions yield functors (n > 0):

strict polyn. _E_"_) strict polyn.
CDGA-alg. CDGA-alg.

Finally, recall from [ML, X Th. 11.2] that bar constructions preserve
quasi isomorphisms.

4.2.2. Bar constructions of symmetric and exterior algebras. Let k be a
commutative ring and let V[i] be a finitely generated projective k-module,
concentrated in homological degree ¢ > 0. If d > 0, the homogeneous part
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of B(S*(V [z])) of strict polynomial degree d equals the complex:

-2
e SEY VYRV
Ok 62 ®d—k—2 ., d
EB @S (V)eV — e BV @ SL(V) — SYV)
degree k= degree
d(i+1) di+1

Similarly, one gets the homogeneous part of B(A*(V[i])) of strict polynomial
degree d by replacing symmetric powers by exterior ones in the complex
above.

Assume that the algebras S*(V[i]), resp. A*(V]i]), are graded commuta-
tive (i.e. assume that i is even, resp. odd, if the characteristic of k is different
from 2). Then the canonical inclusions A%(V) < V&4 resp. T4V) < V&
define morphisms of (strict polynomial) differential graded Hopf algebras:

A*(V[i +1]) = B(S*(V[i])) and T*(V[i+1]) <= B(A*(V[i])).

These morphisms are quasi-isomorphisms, see e.g. [T1, Lemma 3.19] for this
classical result.
In particular, the homogeneous part of strict polynomial degree d of
B(S*(V]i])) yields a coresolution of A%(V) by symmetric powers. Since
bar constructions preserve quasi-isomorphisms, the composite

T*(V[i + 2]) = B(A*(V]i + 1)) = B (S*(V[i]))

is also a quam isomorphism. The homogeneous part of strict polynomial

degree d of B (S*(V[i])) yields a coresolution of I'Y(V') by symmetric powers
which has the form:

SEY VYRV

®d _, .. d
e@V ? evestiy) 7 &0
degree degree
d(i+2) di+2

In the framework of strict polynomial functors, the resolutions above are
particularly interesting. Indeed, symmetric powers are injective objects, so
we obtain the following result.

Lemma 4.2. Let k be a commutative ring and let i be a nonnegative integer.
The graded strict polynomial algebras E*(S, A[2i +1],;V) and E'(S,T[2i +
2],; V) are respectively given by the homology of H(S,B(S[2i].);V) and
H(S, B*(S[2i],); V).

Proof. We first treat the case of E (S, A[2i +1],; V). As explained above,
the homogeneous part of strict polynomial degree d of B(S*(U[2i])) yields
a chain complex Ig4(U) := Cypip1)(U) — --- = Co(U) = 0 whose ob-
jects are symmetric tensors and whose homology equals A4(U[2i + 1]) in
degree d(2i + 1). Thus, the n-th homology group of H(S% I,4;V) equals
ED I (gd pd. v,

So it remains to study the products. If C, is a chain complex, we denote
by C* the same complex, but viewed as a cochain complex with C? := C_;.
For all a € Z We also denote by C{a)® the cochain complex defined by
shifting: C{a)? := C% and the differential of C{a)® equals the differential
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of C* up to a (—1)? sign. Here comes a subtlety about signs: the canonical
isomorphism of complexes

¢:Cla)®* @ D) = (C®D)a+b)*
sends z @ y € Cl{a)* ® D(b)! = C*** @ D to (—1)*2 ® 5. (The sign is
needed for the compatibility with the differential).

Now let us apply this to E*(S,A[Qi + 1],; V). The cochain complex
I4(d(2i + 1))*(U) is an injective coresolution of A%(U[2i + 1]). On the
cochain level, the ‘usual product’ of two classes c¢j,cy (i.e. the prod-
uct of the algebra E*(S*,A*; V), as in corollary 2.7)) is defined as follows.
Choose two cycles 21, 2o in H(S?, I;{d(2i + 1))*) and H(S®, I.{e(2i + 1))*)
representing c¢; and c respectively, take their product (21 ® 22) 0 Ag, in
H(S9e, I,(d(2i + 1))* @ I (e(2i +1))*) (here Ay, : ST¢ — % ® S€ is the
comultiplication), and send this element into H(S%e, Iy, ((d+e)(2i+1))*)

via a lifting of the multiplication A4 ® A® — A%T¢. Now, such a lifting is
given by the composite (where ‘x’ is the shuffle product):

1(d(2i + 1)) @ L{e(2i +1))* L (L@ L){(d+e)(2i +1))* 55 Lose((d+e)(2i+1))° .
Thus, the ‘signed product’ of E*(S, A[2i 4+ 1]4; V) is defined by sending the
cycles 21, 2o onto the image of (21 ® 22) 0 Ag. by the shuffle product. That

is, E*(S,A[Qi + 1]4; V) is computed as a strict polynomial algebra by the
homology of H(S, B(S[2i],)). The case of E*(S,T'[2i +2],; V) is similar. [

4.3. An interchange property. This subsection is the core of our compu-
tation. The key is the following interchange property, which is very specific
to exponential functors.

Lemma 4.3. Let k be a commutative ring, let E, be a strict polynomial
exponential functor and let A, be a strict polynomial CDGA algebra. Assume
that for all i,j > 0 the Hom-groups H(E;, A;; V') are k-projective.

There is an isomorphism of strict polynomial differential graded strict
polynomial functors:

H(E, B(A,);V) ~ B(H(E, A,; V)) .

If E, is commutative (i.e. x;-x; = xj - x; in the algebras E.(V)), then
H(E, A,; V) is graded commutative and the isomorphism is an isomorphism
of strict polynomial CDGA algebras.

Remark 4.4. If k is a Dedekind ring (e.g k is a field or Z), then the assump-
tion that the Hom-groups H(E;, F; V) and H(FE;, G; V) are k-projective is
automatically satisfied by lemma 2.3]

Proof of lemma[{.3 Let us write for short [X] instead of H(E, X;V). By
lemma 210, there are isomorphisms fitting into commutative diagrams
(where the vertical arrows are induced by multiplications):

[Akl] ... [Akz] X [Aki+1] e ® [Ak‘n] —Z> [Akl ... Ak¢ X Aki+1 e ® Akn]

l |

[Ak‘l] ... [Ak¢+k¢+1] e ® [Ak‘n] — [Ak‘l ... Aki+k¢+1 e ® Akn] .
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Thus, the isomorphism of differential graded strict polynomial functors
B([A]) ~ [B(A,)] follows directly from the definitions of bar construc-
tions given in section 2.1l If E, is commutative, then for all o € &,, the
isomorphisms of lemma 210 fit into commutative diagrams :

[Akl] Q- ® [Akn] ; [Akl R ® Akn]
l" l[ff]
[Ako—l(l)] ® e ® [Aka_l(n)] % [ ko_l(l) ® U ® Ako—l(n)]

In particular, if my, : Ay ® Ay — Apye is the product of A,, and 7 is
the exchange map X ® Y ~ Y ® X, then [myyJofo7 = [mppo7]ob =
(=1)¥[my, 4] 06. Hence H(E, A,; V) is graded commutative. So B([A,]) and
[B(A,)] are both strict polynomial CDGA algebras. The product in B([A.])
is the shuffle product ‘+’, whose restriction to (QF_;[A,]) ® (QF~ +§ 1 [AR])
equals [ e(o)o (product taken over all (p, q)—shufﬂes) and and the product
in [B(A,)] is [¥] o 8, whose restriction to [®F_, Ax,] ® [QF11 ~o1 Ak, equals
[1e(o)[o]of (with the same signs as for [B(A,)]). Thus, by the commutative
diagram above, the two products coincide. O

Let ¢ be a positive integer. We can now compute the graded algebras
E*(S,A[2i4+1),; V) and E (S, T'[2i + 2],; V). Theorem .5 can be thought of
as a generalization of [Al Thm p. 361] (Akin’s theorem corresponds to the
case of E' (S, A[2i+1],; V), with V = k, and without the algebra structure).

Theorem 4.5. Let k be a commutative ring, let V be a finitely gener-
ated projective k-module and let © be a nonnegative integer. The algebras
E(S,A[2i + 1],; V) and E (S, T[2i + 2],; V) are respectively computed, as
graded strict polynomial algebras, by the homology of the bar constructions

B(I*(V[2i])) and B*(T*(V[2i])).

Proof. By lemma [£.2], E*(S A[2i + 1]4; V) equals the homology of the strict
polynomial CDGA algebra H(S, B(S[2i],); V). By lemma[25(1) and (2), the
Hom-groups H(S, S[2i.; V') equal I'*(V[2d]) as an algebra. Hence they are k-
projective, and by lemma @3] H(S, B(S[2i].); V) is 1som0rphlc to the strict
polynomial CDGA algebra B(I'*(V[2i])). The case of E (S,T[2i + 2],; V) is

similar.

Remark 4.6. As another application of the interchange property, one can
prove that E*(A%, A% V) equals zero if * > 0. Indeed, let E*(A, A[3],; V)
denote the graded strict polynomial functor €B; ;- Ei{(AY, A% V) with
Ei(AY, A% V) in degree 3d — i. Then E*(A,A[3],;V) equals the homol-
ogy of H(A, B(S[2]4); V), which equals B(H(A, S[2]«;V)) by the interchange
property (no algebra structure here, since A* is not commutative). Now
H(A, S[2].; V) ~ A*(V[2]). So E*(A,A[3]«; V) finally equals T*(V[3]) as a
graded strict polynomial functor. Whence the result.

Thus, computing the graded algebras E (S, A[2i+1],; V) and E"(S, [[2i+
2]4; V) reduces to computing the homology of iterated bar constructions

of the divided power algebra I'*(V[2i]). In fact it is sufficient to do the
computation for one specific value of i, as the following result shows it.
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Lemma 4.7. Let k be a commutative ring, let V be a finitely generated
projective k-module, and let i be an even positive integer. For all n > 0,
B"(I*(V[0])) and B"(I'*(V[i])) are equal as ungraded algebras. An element
of homological degree h and strict polynomial degree d in B" (I'*(V[0])) has
homological degree h + di and strict polynomial degree d in B" (T*(Vi])).

Proof. Let A,(V) be a graded strict polynomial algebra. We define a new
graded strict polynomial algebra A, (V') which equals @ p An(V) as an un-
graded object, and an element a € Aj(V) of strict polynomial degree
deg®(a) = d has homological degree h+ di in X*(V) Then the homological
degree of [a1] ... |ag] € Ap, @ -+ ® Ap, equals k+ > hj in B(A.(V)), and it
equals k+) (hj+ideg®(a;)) = (k+)_ hj)+ideg™®([a1]. .. |ag]) in B(A,(V)).
Now lemma [£7] clearly holds for n = 0. For n > 1, one obtains the result by

induction on the preceding observation (set A,(V) = En_l(P*(V[O])) and

A(V) =B" T (V]i)). O

We explicitly compute the homology of the iterated bar constructions
of T*(V[2]) in sections Bl and [l But before this, let us give a topological
interpretation of theorem

4.4. The homology of Eilenberg-Mac Lane spaces. Let m be an
abelian group, let n be a positive integer. The Eilenberg-Mac Lane space
K (m,n) is the topological space (more specifically the CW-complex, unique
up to homotopy equivalence) whose i-th homotopy group equals 0 if i # n,
and 7 if 4 = n. Since K(m,n) is an H-space, its singular homology with
coefficients in a commutative ring k is a graded commutative algebra. By
[EML, the homology of the iterated bar constructions B (kr) compute the
singular homology algebras H,.(K(m,n),k), naturally in 7 (here kr is the
group algebra of 7 over k).

Forn =1, H,(K(m,1),k) equals [Br| I.4] the homology algebra H,(m,k) =
Tor’™ (k,k) (as a functor of the abelian group 7). The first homology of an
abelian group 7 with coefficients in a commutative ring k is isomorphic to
the k-module m ®z k. Using products, we get a k-algebra morphism, natural
in

v A (r @z k[1]) = He(m, k) .

If 7 is a free abelian group, this map is an isomorphism [Brl, V.6 Th 6.4(ii)].

Actually one can do a little better. All the elements of B(kr); are cycles,
so that the canonical map kn = B(kr); — Hy(m, k) = 7®zk is surjective. If
m is free, then m ®7zk is a free k-module, and we can choose a section of this
map. Since the bar construction is graded commutative, taking products

induces a map of differential graded k-algebras:

¥ A (r @z k[1]) = B(kn)
which equals ¢ after taking homology. Thus 1; is a quasi isomorphism. Now
B(A*(k™[1])) is quasi isomorphic to T'™*(k™[2]) (by section £22]) and bar
constructions preserves quasi isomorphisms, so B (I'*(Z™ ®7 k[2])) com-

putes H,(K(Z"™,n + 2),k) for all n > 2 and m > 1. Thus, theorem
yields the following result.
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Theorem 4.8. Let k be a commutative ring, then we have isomorphisms of
graded k-algebras (with B (S, A[3],; k™) and E*(S,T[4],;k™) as specified in
section [{.1):

E*(S, A[3],; k™) ~ H,(K(Z™,3),k) ,

E*(S, T[]y k™) ~ H, (K (Z™, 4),k) .
Remark 4.9. Theorem [4.8] expresses the extension groups as graded al-

gebras. To recover the bigrading, we need to examine the implicit strict
polynomial degree on the homology of B" (I'* (k™[2])), n = 1,2.

The homology of Eilenberg-Mac Lane spaces were computed by Car-
tan [Car] when k is a prime field or Z. We use Cartan’s computa-
tions to compute explicitly the bigraded algebras By, ;~¢ Eh(Sd, A% V) and
Dr.a>0 Eh(Sd, ' V) in the following sections.

Remark 4.10. Observe that the quasi-isomorphism {/; is not natural with
respect to the group m = Z™ (although 1 is). Thus, it is not clear at first

sight that the isomorphism induced by
H(B (2" @5k 2])) = Ho(K(Z",n +2),K)

is natural with respect to Z™. However when k is a field, this isomorphism
is actually natural with respect to Z™.
Indeed, Cartan has build |Car| universal graded k-algebras A.(Z™,n,k)

and isomorphisms which fit into a commutative triangle

1

H.(B"(I*(2" ©2 k [2))) HL(K (2", +2).k) .

The A.(Z™,n,k) are functors in the variable Z™, and the isomorphisms with
source A,(Z™,n,k) are natural with respect to Z™. Their naturality is clear
since they are built using the natural maps A, 2(Z™,n,k) = 2" @z k ~
Hy12(K(Z™,n + 2),k) and cohomology operations which are also natural.
Further details are given in sections [5.1] and

5. EXTENSIONS BETWEEN CLASSICAL EXPONENTIAL FUNCTORS:
EXPLICIT COMPUTATIONS OVER FIELDS

In this section, we elaborate on Cartan’s computation of the homol-
ogy of Eilenberg-Mac Lane spaces [Car| to get explicit computations of
E*(S*,A*; V) and E*(S*,T*; V) over a field k of positive characteristic (recall
from the introduction that the computation is trivial in characteristic zero).
We finish the section by comparing our results with previous computations
of Chatupnik [C2].

5.1. Computations over a field of odd characteristic.
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5.1.1. Cartan’s result. We assume first that k = [F,, is a prime field with
p > 2, and V is a finite dimensional k-vector space. Then the homology
algebras of the B"(I'*(V[2])) are computed in [Car, Theoreme fondamental,
p. 9-03]. For n = 1, the homology is:

I <®k20 V¢p"{koo [2pk+1 + 2]) ® A <@k20 Vo'y}foa [2pk + 1]) )

where each Vd)p,ygw and each Vm{ oo 18 a copy of V' (placed in the homological

degree indicated in the brackets) For n = 2, the homology is given by an
analogous formula:

Iy <@k20 Voorkoo 2p* + 2]) ® A" <@k,£20 Vorkoprboo [PF(2p"! +2) + 1])

O (B0 Voprpopgor P20 +2) +2])

To be more specific, the isomorphisms are built as follows. The letters
o, ¢p and vy, refer to operations in the homology algebras of iterated bar
constructions of a CDGA Fj-algebra A, (natural in A,) [Carl Exposes 6
and 7], respectively to the suspension, the transpotence and the r-th divided
powers:

o : Hi(A.) = Hpy1(B(AL))
¢p + Hop(AL) — Hporo(B(AL))
Yr : Hop(B(AL)) = Hyon(B(AL))

Each copy of V generating the homology is simply obtained by applying
a suitable sequence of operations to V,, = I''(V[2]) = Ha(I'*(V[2])) (where
I'*(V[2]) as a CDGA algebra with trivial differential). For example, the

generator Vmﬁpvgoo is the image of V,, by the sequence of operations:

Voo 5 Hyps (" (VI2) 5 Hyppoo (B0 (VI2D)) % Hopr o BT (VI2))).

In general, the operations to be applied to V., are the one needed to com-
plete the word ‘oo’ in order to obtain the word indexing the copy of V
considered, starting from the right to the left.

The isomorphisms are then built from these generating copies of V', to-
gether with products and divided powers. Observe that the map V,,[2] —
I'*(V]2]), the products and the cohomology operations are all natural in V,
so that Cartan’s result is natural in V.

5.1.2. The strict polynomial structure. Cartan’s result gives the homology
of B"(I'*(V]2])) as a functor in V, but not as a strict polynomial functor in
V. One must be careful about this point. Indeed, the forgetful functor

U: Py — Fet(Vk, Vi)

is not injective on objects, and two non isomorphic strict polynomial alge-
bras A, and B, may have the same underlying algebra UA, = UB, (see
section 2.2)). In this section, we determine the homology of B" (I'*(V[2])) as
a strict polynomial algebra. Our method is as follows. We first determine
all the graded strict polynomial algebras A, such that U/ A, equals Cartan’s
computation. Then we use a strict polynomial degree argument to prove
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that only one of these A, can correspond to the strict polynomial structure

of the homology of B"(I'*(V[2])).

Warning 5.1. The behavior of the functor U/ is subtle. In our arguments
below, we only use the functoriality of &/ and the fact that U reflects isomor-
phisms, i.e. f is an isomorphism in Py if and only if U f is an isomorphism

in Fet(Vk, Vk), cf. appendix [8

We first need a few results about additive strict polynomial functors.
We say that a functor F' € Py is additive if the underlying functor U F' is
additive, that is if

YV,W € Vx Vf,g € Homy(V,W) F(f+g)=F(f)+ Fl(g)
(read this as an equality of functions of f, g, not of polynomials).

Lemma 5.2. Let k be a field of positive characteristic p (p even or odd).

o (Classification) If F is an additive functor, then F either equals
zero or is a finite direct sum of Frobenius twists 1) (with possibly
different r > 0).

o (Retracts) Let F,G be additive functors, and let f € Homp, (F,G).
Then (i) and (it) are equivalent.

(i) There exists V € Vx such that the k-linear map fy : F(V) —
G(V) is surjective
(ii) There exists « € Homp, (G, F') such that fo.=1dp.

Proof. To prove the classification, we can assume that F' is homogeneous of
degree d. If d = 0, then F' is constant and additive, hence F = 0. So let us
assume that d > 1. There are two cases.

Case 1: d is not a power of p. Then the polynomial Fj € SUkY) ®
Endy(F(k)) is of the form Fiy(z) = 2¢ ® v, with d # p", and additive.
Hence it must equal zero. Thus 0 = Fi k(1) is the identity map of F'(k).
This is only possible if F'(k) = 0. By additivity of F', for all n > 1 we have
F(k™) ~ F(k)®" = 0. Since d > 1 we also have F(0) =0. So F = 0.

Case 2: d=p", for r > 0. Assume that F' # 0. since evaluation on k™,
(for n > p") yields an equivalence of categories Ppr x =~ S(n,p")—mod (cf.
appendix [) it suffices to prove that F (k") is a direct sum of (k).

So let n > p" and let k; denote the vector space k acted on by the
torus G by (A1,...,An) -2 = XA; - x. Then F(k;) is acted on by G by
A,y Ap) -z = )\fr -x. Now by additivity of F', there is a G,"-equivariant
isomorphism €,.,, F(k;) ~ F(€D,<, ki). In particular, all the weights of
the S(n,p")-module F(k") are of the form (uy, ..., pu,) with all z; = 0 but
one which equals p".

As a consequence let Sp(k™),...,Sny(k™) be the composition series of
F (k™). Then the S;(k™) are finite direct sums of simples with highest weight
(p",0,...,0), that is of (k™).

Now we know (see e.g. [FS]) that Ext!((k™)"), (k*)(")) = 0. Thus there
cannot be nontrivial extensions between finite direct sums of (k™). This
implies that the compositions series of F'(k™) has length N = 1. That is,
F(Kk™) is a finite direct sum of copies of (k™).
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Finally, let us prove the characterization of retracts. We can assume that
F, G are homogeneous of degree p", » > 1. The identity map is a basis of
Homp, (I, 1), so tensor products yield isomorphisms for k,£ > 1:

Homy (k*, k') ~ Homp, (I @ k¥, I 9 k'), f—Id® f,
and the result follows. O

Let us now explain the link between additive (strict polynomial) functors
and (strict polynomial) exponential functors. If A, is a multigraded strict
polynomial augmented algebra, we denote by Q(A,) the indecomposables
of A, that is Q(A,) is the cokernel of the multiplication A, @ A, — A’,
where A’ is the augmentation ideal of A,. Then Q(A.) is a multigraded
strict polynomial functor and UQ(A.) = Q(UA,). Similarly the primitives
P(C,) of a multigraded strict polynomial coaugmented coalgebra C, form
a multigraded strict polynomial subfunctor of C, and UP(C,) = P(UC.).
With these definitions we have the following result.

Lemma 5.3. Let k be a field, and let E, be a (multi)graded strict polyno-
mial exponential functor. The strict polynomial functors P(Ey) and Q(FEy)
are additive. Moreover, if there exists V. € Vi such that the composite
P(E)(V) = E.(V) = Q(E.)(V) is surjective, then Q(E,) is a direct sum-
mand in E,.

Proof. Let E/ be the augmentation ideal of E,. Since E, is exponential, we
have E.(V &W) is isomorphic to E,(V)®k @ k@ E,(W) & E,(V)QE(W).
Moreover, the multiplication EL(V @ W)®? — E.(V @ W) identifies through
this decomposition with the direct sum of three maps (which are induced
by multiplications):

(1) (E(V) 2k - E(V) ok,
(2) (ko EL(W)® ko E(W),
®) (EV)eK) e e EW)e Sp et - B(V) @ EL(W).

The first two maps have respective cokernels Q(FE,)(V) and Q(E,)(W) and
the last one is surjective. This shows that Q(F) is additive. The proof that
the primitives are additive is similar.

Finally, if the map P(E,)(V) — Q(E.)(V) is surjective for some V €
Vi, then by lemma [5.2] it admits a section ¢. So the composite Q(E*) -
P(E,) = E, is a section of E, — Q(E*). O

We are now ready to determine all the candidates for a strict polynomial
version of Cartan’s computation

Lemma 5.4. Let k be a field of positive characteristic p (p even or odd),
and for all d > 0, let Fy € Fct(Vi, Vi) be a finite direct sum of ng copies
of the identity functor. The graded strict polynomial algebras A, such that
UA, = T*(Foyen) ® A*(Foqq) are of the form:

A* = F>'<(C7Yeven) ® A*(GOdd) )

where each Ggq is a direct sum of ng Frobenius twists I(") (with possibly
different r > 0).
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Proof. Step 1: Duality. Let E, be a graded exponential (non strict poly-
nomial) functor. Then finding the graded strict polynomial algebras A, such
that U A, = F, is equivalent to finding the graded strict polynomial algebras
Ai such that L{Ai = EE

Indeed, if UA, = E,, then for all V,W € Vi the composite

A, (V)@ A, (W) = A (Ve W)®? 5 A (Ve W)

is an isomorphism (indeed, this is true for A/ A,). Thus A, is an exponential
functor, and U A, coincides with F, as an exponential functor. Equivalently,
L{Ai coincides with EE as an exponential functor. This is in turn equivalent
to the fact that Ai is a graded strict polynomial algebra such that L{Ai
coincides with EE as an algebra.

So, to prove lemma [5.4] it suffices to prove that the graded strict poly-
nomial algebras B, such that UB, = S*(Feyen) ® A*(Foqq) are of the form
S*(Geven) ® A*(Gogq) with G, as indicated.

Step 2: Indecomposables. If B, is as indicated in step 1, then the
indecomposables of B, are a direct summand in B,. Indeed, since UB, =
S*(Feven) @ A*(Foqq), there exists V€ Vg, e.g. V = k, such that the
composite P(B,)(V) — B.(V) — Q(Bx)(V) is surjective. Then one applies
lemma 5.3

Now, the indecomposables of B, are an additive strict polynomial functor
with UQ(Bx) = Q(UB,) = Fi. So by lemma 52 Q(B.)q is a finite direct
sum of ng Frobenius twists for all d > 0.

Step 3: Universal property. The morphism of graded strict polyno-
mial functors induces Q(B,) — B, induces a morphism of strict polynomial
algebras S*(Q(Bx)even) @ A*(Q(By)oad) — Bx«. For all V € V, this mor-
phism is an isomorphism after evaluation on V. Hence, it is an isomorphism.
Thus B, is of the form S*(Geven) ® A*(Goqq) with G, as indicated in lemma
(.4l which concludes the proof. O

Now we determine which strict polynomial structure corresponds to the
homology of B"(T*(V[2])). To do this this, we examine further properties
of the operations o, ¢, and -, for strict polynomial CDGA algebras.

Lemma 5.5. Letk = F), with p odd, let A.(V') be a strict polynomial CGDA
Fp-algebra and let k be a positive integer.
(1) The suspension o : Hy(A«(V)) — Hpy1(B(A«(V))) is a morphism
of strict polynomial functors. In particular, it preserves the strict
polynomial degree.

(2) If o € Hop(B(Ax(V))) has strict polynomial degree d, then for all
r > 1, its r-th divided power v,(a) € Hop-(B(A«(V))) has strict
polynomaial degree rd.

(3) Assume that a? = 0 in the graded algebra A.(V'). If a € Hop(AL(V))
has strict polynomial degree d, the transpotence ¢, sends it to an

element of strict polynomial degree pd of Hoppr2(B(A«(V))).
Proof. Recall from [Ca& Exposes 3 et 4] the properties which characterize
the ‘construction’ (A, B(Ax), B(A)).
(i) B(A,) := A, ® B(A,) as a graded strict polynomial algebra. Thus,
both A, and B(A,) can be viewed as graded subalgebras of B(A,).
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(ii) B(A,) is equipped with a differential 0, such that following maps
are morphisms of strict polynomial CDGA [F,-algebras:

Id®1

A e®Id
* »

B(A,) <4 B4, .

(B) For all £ > 1, the composite E(A*)k+1_<—> B(A)k+1 N B(A,) is
injective and induces an isomorphism B(A,)x+1 ~ ZB(A.)r onto
the cycles of degree k of B(A.).

Let us prove (Il). Let Z Ay denote the degree k cycles of Ay, k> 1. Then o
is defined on Z Ay, as the composite [Carl, Expose 6, p. 6-01]:

This is a map of strict polynomial functors. By (ii), it has values in the cycles
of the CDGA B(A.), and it takes boundaries to boundaries. So, it induces
a morphism of strict polynomial functors o : Hy(A,) — Hy1(B(A))).

To prove (), recall from [Car, Theoreme 1, p. 7-02] that the divided
powers v, 7 > 1 are actually defined in B(A.) and satisfy v1(a) = a and
0vr(a) = da x y,—1(a) for > 1. Since O preserves the strict polynomial
degree we have deg®(vy,(a)) = deg®®(a) + deg®(y,—1(a)) for » > 1 and the
result follows by induction on r.

Finally, ¢, is defined in the following way [Carl p. 6-05]. Let a € Z Ay, C
Z B(Ax)a, representing . There is an  such that 0z = a. Now the element
y € ZB(AL)ak12 representing ¢, () satisfies 9y = aP~1  9z. So we have
deg:® (g(a)) = deg®(a?~) + deg™(z) = pdeg®(a). O

Remark 5.6. Lemmas [5.5)(1) and (2) remain valid over an arbitrary com-
mutative ring k, with the additional hypothesis that A, (V') is strictly graded
commutative (i.e. a-a = 0 for all @ € Ayqq(V)). This hypothesis ensures
that H,.(B(A.)) has divided powers [Car, Theoreme 1 p. 7-01], and the
proofs carry without change. The transpotence ¢o also exists over a field of
characteristic 2 [Car, p. 6-05] , and lemma [5.5](3) is valid without change in

this setting.

By lemma 5.5, each V,, appearing in Cartan’s computation of the homol-
ogy of B"(I'*(V[2])) is formed by elements of strict polynomial degree pF,
where k is the number of occurrences of 7, and ¢, in the word w. This
indicates which strict polynomial algebra from lemma [5.4] is the right one.
Thus we obtain the following result.

Theorem 5.7. Let k =), be a prime field of odd characteristic, and let V
be a finite dimensional k-vector space. Then the homology of B(I'*(V[2]))
equals the graded strict polynomial algebra:

D (@uag V24 4 2) 04" (Do VI + 1))

and the homology of EQ(F*(V[Q])) equals the graded strict polynomial alge-
bra:

* (@kzo V) [2pk + 2]) ® A* (@k,ezo VD [k (2ptH 1 2) 1]>

QT™* <@k,£20 V) [+ (9t | 9) 4 2]> .
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Corollary 5.8. The computations of theorem [5.7 hold over any field k of
odd characteristic.

Proof. Contrarily to ordinary functors, the strict polynomial functors have
an exact base change. That is, if k is a field of characteristic p, there is an
exact functor [SFB, Prop 2.6]: ®pk : Pp, — Pi. This base change functor
commutes with tensor products and sends divided powers to divided powers
and Frobenius twists to Frobenius twists. Whence the result. U

Remark 5.9. The method developed in this section allows more generally to
obtain the homology of the iterated bar constructions B (I'*(V[2])) as strict
polynomial algebras, for any n. The recipe is simple. In Cartan’s theorem
[Carl, Theoreme fondamental, p. 9-03], replace each copy of V' attached to
a word w (to be more specific, w is a ‘mot admissible de hauteur n + 2 et
de premiere espece’), by V®) k being the number of letters of w equal to
Yp or ¢p. Then what you have written is the description of the homology of
B"(I'*(V[2])), as a strict polynomial algebra, which is valid for all base field
k of characteristic p. This recipe is also true in characteristic p = 2, as we
will see in section

5.1.3. Computation of extension groups. We can now compute the bigraded
strict polynomial algebras E'(S*, A*; V) and E*(S*,T*; V) (with bigradings
and products specified in example [37). The comparison with [C2, Prop 3.1,
Thm 3.2, Cor 4.5] is made in section (.3l Before stating the result, let us
introduce one more notation.

Notation 5.10. Let A and B be multigraded k-algebras. We denote by

A (%) B their naive product, that is A é B = A ® B as multigraded k-
modules, equipped with the multiplication (a ® b) - (¢’ ® V') = (ad’ @ bb'),
without sign.

If A and B are graded k-algebras, with either A or B concentrated in even
degrees, then the usual tensor product (i.e. with a Koszul sign) and the naive
tensor product coincide. For example, the tensor products in theorem [£.7]
could be interpreted as usual ones, or as naive ones. In general, the two
tensor products are different.

Theorem 5.11 (Main computation I). Let k be a field of odd characteristic
p, and let V' be a finite dimensional k-vector space. For allk >0 and i >0
we consider V®)[i] with bigrading (i,p*) (i.e. %’ is the explicit homological
grading and ‘p*’ is the implicit strict polynomial grading of V®[i]). We
have isomorphisms of bigraded strict polynomial algebras:

P E (s A%LV) 2 A [ PVIRE 1] | o | R VEDIRHT -2,
h,d>0 k>0 E>0
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P E"(s%,1%V) ~
h,d>0

I @ v [2pF — 2] é A* @ V(k+£+1)[2pk+£+1 —opk 1]
k>0 k>0,0>0

k>0,£>0

Proof. According to theorem [£5] there is an isomorphism of strict poly-
nomial algebras @, 40 E" (5%, A% k™) ~ H.(B(I*(V[2])). The bigrad-
ing (h,d) can be read on the right handside as follows: an element

of H;(B(T*(V]2])) with strict polynomial degree d is placed in bidegree
(h,d) := (3d —i,d). Now, H.(B(I'*(V[2])) is computed in theorem [G.7.
The generators V®)[i] are in H;(B(I'*(V'[2])), and have strict polynomial
degree p". Hence they have bigrading (3p" — 4,p") in the bigraded al-

gebra @, 450 E'(S%, A% V). Whence the result. The computation of
Dr.a>0 Eh(sd,Fd; V') is similar. 0

5.2. Computations over a field of characteristic 2. Assume first that
k =TFs and let V be a finite dimensional vector space. The homology of the
iterated bar constructions B (I'*(V[2])) are computed in [Car, Theoreme
fondamental, p. 10-02]. In particular, the homology of B(I'*(V[2])) and

E2(F*(V[2])) equal respectively

r (®k20 VU‘/goo [2k+1 + 1]) and I™ (@k,ezo Vavgo’ygoo [Qk(2z+1 + 1) + 1]) )

where the Vm/é - and the Vavé ovboo AC copies of V. To be more specific,
each copy is obtained from V,, = I''(V[2]) = Ho(T*(V[2])) by applying a
suitable sequence of supensions o and divided power operations . Similarly
to the case k = I, with p odd, the sequence of o and <2 to be applied is
the one which enables to complete the word ‘oo’ into the word indexing
the copy of V' considered, going from the right to the left. For example,
Vorpoo = o(12(Voo))-

Since the map V,, — Ha(I*(V[2])) as well as the suspension and the
divided powers are natural with respect to V, these results yield the com-
putation of the B"(I'*(V[2])), n = 1,2 as algebras natural in V. But not as
strict polynomial algebras. However, one can retrieve the strict polynomial
structure exactly as in the case k = [F, with p odd. We first classify all
possible strict polynomial structures.

Lemma 5.12. Let k be a field of characteristic 2, and for all d > 0, let
Fy € Fet(Vk, Vi) be a finite direct sum of ng copies of the identity functor.
The graded strict polynomial algebras A, such that UA, = I'*(F) are of the
form: A, = I'*(G.), where each Gq is a direct sum of ng Frobenius twists
I") (with possibly different r > 0).

Proof. Adapt the proof of lemma [5.41 O
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Then we pick the right strict polynomial structure with the help of remark
and we extend the result to arbitrary fields of characteristic 2 by base
change. We finally obtain the following computation.

Theorem 5.13. Let k be a prime field of characteristic p =2, and let V be
a finite dimensional k-vector space. Then the homology of B(I*(V[2])) and

EQ(F*(V[Q])) are respectively equal to the strict polynomial algebras:

T (Brs0 VP20* +1]) and T* (Do VEOIH 20" + 1) + 1)

One can now use theorem [5.13] to compute the strict polynomial algebras
Dr.a>0 ER(S4 A% V) and D.a>0 E"(S, T4 V) over a field k of character-
istic p = 2 exactly as in the case p > 2. The comparison with [C2, Prop3.1,
Thm 3.2, Cor 4.5] is made in section 5.3

Theorem 5.14 (Main computation II). Letk be a field of characteristic p =
2, and let V be a finite dimensional k-vector space. For all k>0 and ¢ > 0
we consider VW[i] with bigrading (i,p*) (i.e. %’ is the explicit homological
grading and ‘p*’ is the implicit strict polynomial grading of V¥)[i]). We
have isomorphisms of bigraded strict polynomial algebras:

P E" (54 A5V =T [ PVt - 1]

h,d>0 k>0

h,d>0 k>0,0>0

5.3. Comments on the results. We now examine the reliability of our
results. We compare them with some elementary computations and with
the previous computations from [C2].

5.3.1. Even and odd characteristic. As stated in theorems[E.ITland [(.14] the
extension groups E (S*, A*; V) and E (S*,I*; V) have a different behavior
in characteristic p > 2 and in characteristic 2. This phenomenon is already
visible on the Hom-level. Indeed, the algebra H(S*, A*; V) is the subalgebra
of E*(S*,A*; V') generated by elements of bidegree (0,d), d > 0, hence by
theorems [B.11] and .14}

H(SY, A% V) ~ AY V) if p > 2, and H(SY, AL V) ~ T4V ) if p=2.

The difference between even and odd characteristic is confirmed by the fol-
lowing elementary computation. Using the exact sequence A? — ®2 — S2,
one sees that Homp, (52, A?) = H(S?, A% k) is a trivial k-vector space if k
has characteristic p > 2, and is one dimensional in characteristic 2, gener-
ated by the map S%(V) — A2(V), vw — v A w (which is well defined in
characteristic 2 only).

5.3.2. Comparison with |C2] for_E(S*,A*, V) in odd characteristic. We ob-
serve that our computation of E(S*,A*, V') in odd characteristic coincides
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with [C2, Prop 3.1 and Thm 3.2] only up to a sign. Indeed, [C2, Thm 3.2]
asserts that E*(S*, A*; V') is isomorphic to

A <®k20 VR [k — 1]) é r* <@k20 YUkt 2]> 7

where the V®[pF — 1] are subfunctors of EP'~1(SP" AP*;V) and the
VD [pk+1 _ 9] are subfunctors of EP" " =2(SP" AP V) and the tensor
product is to the naive tensor product from notation .10l We assert that
the later algebra is isomorphic to E*(S*, A% V).

We think that the signs in |C2] are wrong. Let us show on an example
where the problem lies. Choose 11 # up in VI [p — 1] and v € VW [p — 2],

let y2(v) = v®2 € T2(VM[p — 2]) and define
a1 = u1®u € EQp_g(SZP,AQP; V), and as = us®7y2(v) € E3p_5(S3P,A3p; V).

Then, according to [C2, Thm 3.2], their product a; - ag in E*(S*,A*; V) is
non zero and moreover:

aj - ag = (up Aug) @ vya(v) = —(ug Aug) ® y2(v)v = —ag - ay .

The latter computation contradicts the fact that E*(S*,A*; V) is (1,1)-
commutative. This phenomenon does not arise with our signs.

5.3.3. Comparison with [C2] for E(S*,A*, V) in characteristic p = 2. The
reader can observe that our computation of E(S*, A*,V) does not agrees
with [C2, Thm 3.2] in characteristic 2. For example, [C2, Thm 3.2] asserts
that H(S2, A% V) = A2(V)@® V() in characteristic 2, while we assert that it
equals T'2(V).

The following elementary computation argues in favor of our result. First,
we have E*(I(V, T2, V) = 0 for * = 0,1 (this follows from [FS] Prop 4.4]
and the long E*(I(l), —; V)-exact sequence induced by A% « I'2 — IW or
alternatively from proposition [II]). So, the short exact sequence I @D
S$? — A? induces an isomorphism H(S%, A%; V) ~ H(S?,52%; V). The latter
equals I'?(V) by lemma 2.5(1-2).

5.3.4. An alternative method to compute E(S*, A*, V') over a field. Let k be
a field of characteristic p > 0. To compute E(S*, A*, V), we have proved
that these extension groups equal, up to a regarding, the homology of the
(reduced, normalized) bar construction B(I'*(V[2])). Then we have used
Cartan’s computations to obtain the homology of the bar construction. We
now sketch an alternative to obtain the homology of B(I'*(V[2])).

The homology of the (reduced, unnormalized) cobar construction of the
algebra of polynomials k[V] = S*(VV[0]) computes the rational homology
H*(V,,k) of the additive group V, with trivial coefficients (the symbol ‘"’
denotes k-linear duality). These homology groups were originally computed
for V =k in [CPSVdK], and the result for all V' is given in in [J, I Chap.
4]. They are equal, as a strict polynomial k-algebra, to

A* (@QO YV o) [1]) ® 5* (EB@ pVv ) [2]) it p>2,
$* (B,20VVON) ifp=2.
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Let C be a cocommutative differential graded coalgebra over k with unit
n:k — C (eg. C =Kk[V]). The reduced normalized cobar construction
(based on C = C/Imn) and the reduced unnormalized cobar construction
(based on C) are quasi isomorphic. So we can assume that we work with the
reduced normalized cobar construction, which we denote by Q2C'. Moreover,
the shuffle coproduct makes the cobar construction into a Hopf algebra. In
fact, the computation of H*(Qk[V]) made in [J, T Chap. 4] is valid as a
Hopf algebra (indeed, it suffices to check on the generators of the algebra
that the coalgebra structures coincide, and this check is straightforward from
the explicit expressions of the cycles given in [J, T 4.21 and 4.22]). Now the
restricted dual of Qk[V] equals B(I'*(V[0])) as a Hopf algebra. Since k is a
field, the homology of B(I'*(V[0])) is nothing but the dual of H*(Qk[V]) as

a Hopf algebra. Thus we retrieve that H,(B(I'*(V]0]))) equals:
(4 A (B,20 VY O)) @17 (@,5, VVO2) ifp>2,

(5) I (@QO YV [1]) if p=2.

Now, using lemma [L.7] one easily deduces the homology of the bar construc-
tion of the divided power algebra I'*(V'[d]) over a vector space V placed in
homological degree d. One obtains the same result, but each generator space
V[1], resp. V")[2] has to be replaced by V" [dp” 4 1], resp. V") [dp” 4 2].

5.3.5. Comparison with [C2] for E(S*,T*,V). The reader may observe that
our computation of E'(S*,I'*; V') does not agree with [C2, Cor 4.5] (take
i = j = 0 in Chalupnik’s result), even as graded vector spaces. The following
elementary computation argues in favor of our result.

Proposition 5.15. Let k be a field of characteristic p > 0. The extension
groups Extp (SP,TP) equals k if i = 0,2p — 2 or 2p — 3, and are trivial in
the other degrees.

Our theorems b1l and B.I4] agree with proposition Indeed,
Extp (SP,IP) is the component of bidegree (i,p) of E"(5*,T* k), so ac-
cording to theorems 5.11] and B.14] Extp (S?,T?) equals:

(rr 0] 2 ko k)o (T (&2 - 2)) e k0 k) o (ko A&+ [2p - 3]) @ k)
if p> 2, and
P kOO [0)) @ T (kO [2p — 2]) & T (kK O+ ) [2p — 3])

if p = 2. In both cases, the result agrees with proposition

On the contrary, |C2, Cor 4.5] predicts that these extension groups have
dimension 2, which is not possible by proposition (the mistake seems
to come from a misprint in the computation of ‘HO?(D*®) [C2, p. 980]).

Proof of proposition [1.13. The (elementary) proof relies on the analysis of
long exact sequences. We first recall a few facts. For 0 < k < p, the functor
AF ® SP~F is a direct summand of the injective functor ®* ® SP~* hence is
injective. Moreover, one computes that Homp, (S?, SP) is one dimensional,
generated by the identity map, Homp, (SP,S' @ SP~!) is one dimensional,
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generated by the comultiplication S? — S' @ SP~!, and Homp, (SP AP
SP=k) = 0 for k > 2. Finally, the functor I'* is isomorphic to S* for k < p.
We cut the (exact) Koszul complex:

AP 5 AP LSt . 5 At Pt P

into short exact sequences and analyze the long Ext}, (SP, —)-exact sequence
associated to them. We begin on the right. Let K be the kernel of the
multiplication S'® SP~! — SP. Since the composite of the comultiplication
SP — St ® SP~! and the multiplication S ® SP~! — SP equals p times the
identity map (hence zero), we obtain that Ext’(SP, K) ~ k if i = 0,1 and
0 otherwise. For the other short exact sequences, the term Extp (S?, A ®
SP=k) is trivial so the long exact sequence induces a shifting. We finally
obtain that Ext%;k(Sp, AP) ~kif i = p—1,p — 2 and zero otherwise.

To get the computation of Extp, (SP,I'P) from Extp, (SP, AP), we cut the
(exact) Koszul complex:

P TP loAl ... 5T AP 5 AP

into short exact sequences and proceed similarly. O

6. EXTENSIONS BETWEEN CLASSICAL EXPONENTIAL FUNCTORS:
EXPLICIT COMPUTATIONS OVER 7Z

In this section, we elaborate on [Car] to get explicit computations of
E*(S*, A*; V) and E*(S*, I'*; V') over the ground ring k = Z. Actually, we do
not compute them as bigraded strict polynomial algebras, but only as graded
Gn-algebras (i.e. we do not get the naturality in V', but see conjecture [6.7)).

6.1. Graded G,,-algebras. We denote by G,, the multiplicative group
scheme (i.e. Gy, = GL1 7). The representation theory of G, is very easy
[J, I2.11]. Indeed, if M is a G,,-module, there is a splitting M = @ ., Mg
where M, denotes the subspace of weight d. This defines an equivalence of
categories between the category of G,,-modules and G,,-equivariant maps
and the category of Z-graded abelian groups and graded group morphisms.

The link between G,,, modules and strict polynomial functors is as follows.
Let V be a G,,-module, which is free and finitely generated as a Z-module.
Then evaluation on V yields a functor:

evy : 73; —  G,,—Mod
F F(V)

Assume that V has weight 1, that is G,, acts on V as the subgroup of
homotheties of GL(V). Then for all F' € Py, the decomposition of F(V)
induced by the weights of the action of G, coincides with the decomposition
induced by the splitting F' = @, Fy into a direct sum of homogeneous
subfunctors:

@dzo F(V)d = @dzo Fd(v) :

Thus, passing from a strict polynomial functor F' to a G,-module F (V)
should be thought of as a mean of forgetting the naturality while keeping
track of the strict polynomial degree (now encoded in the weight of the
G-action).
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Definition 6.1. A graded G,,-algebra is a graded Z-algebra with an ac-
tion of G,,, such that the multiplication is G,,-equivariant. A morphism of
graded G,,-algebras is a G,,-equivariant morphism of graded algebras.

One defines similarly differential graded G,-algebras, etc. Evaluating
a graded strict polynomial algebra on a G,,-module yields a graded G,,-
algebra. The aim of section [ is to compute the following graded G,,-
algebras:

(1) The homology of the differential graded G,,-algebra B" (I'*(V[2])),
where V2] is a G,,-module of weight 1, with homological degree 2.

(2) E'(S%,Y" V) = @pusoE (SLY4V), for Y* = A% of I*. It is

considered as a graded G,,-algebra with Eh(Sd7 A%: V) in homological
degree h, acted on by G,, as a representation of weight d.

6.2. Bar constructions of divided power algebras over Z. The ho-
mology algebra of the iterated bar constructions B (I'*(V[2])) for a free
Z-module V of finite rank are computed in [Car, expose 11] (and another
description is given in [D]). Before stating Cartan’s result, we need to recall
elementary facts about dual Koszul and De Rham algebras.

6.2.1. Dual Koszul and De Rham algebras. If V is a graded Z-module, we

denote by sV its suspension ((sV); := V;_1), and by s~! the canonical
isomorphism sV ~ V and by hs~! (h in an integer) the composite sV =~
vy

Definition 6.2. Let h be a positive integer. Let U be a positively graded
Z-module, concentrated in odd degree and free of finite type in each de-
gree. The dual Koszul algebra Dx”(U) is the CDGA Z-algebra which equals
I*(sU)®A*(U) as a graded augmented algebra, and whose differential equals
the composite

I (sU) @ AF(U) 22911 (50) @ sU @ AF(U)

Mehs 10U, b1 417y & U @ AR(U) 2987 11 (50) @ AFFL(U) .
Let V' be a positively graded Z-module, concentrated in even degree and
free of finite type in each degree. The dual De Rham algebra DQ!(V) is
the CDGA k-algebra which equals I'*(V) ® A*(sV') as an augmented graded
algebra and whose differential equals the composite

(V) @ AF(sV) L2257 (V) @ sV @ AP (sV)
I[d®hs~1®Id (V)@ V®Ak71(8V) m®Id FnJrl(V) ®Ak71(sv) )

If F, is a graded strict polynomial functor concentrated in odd degree
(resp. even degree), then D" (F,(V)) (resp. DQ!(F,(V))) is a strict poly-
nomial CDGA Z-algebra.

For h =1, D&!(V') and DQ"(V') are the graded duals of the usual Koszul
and De Rham algebras. Let Z[i] denote a copy of Z placed in degree i, then
DxIMZ[i]) and DQM(Z[i]) are the elementary complexes of type (II) from
[Carl p. 11-03].
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The graded algebras Dx! (V) and DQ"(V') satisfy an exponential formula.
Namely, the composite

DEM(V) @ DEM(W) = DEM(V @ W)®2 I DMV e W) ,

where the first map is induced by the canonical inclusions of V' and W into
V @ W, is an isomorphism of CDGA Z-algebras. Similarly, DQ!(V & W) is
isomorphic to DQ (V) @ DQFW).

6.2.2. Cartan’s result. We are now ready to state [Car, Theoreme 1, p. 11-

09], which computes the homology of B"(I'*(V'[2])), or equivalently the sin-

gular homology of K(V,n + 2), not naturally in the free Z-module V.
Case n = 1. Let X,(1) be the CDGA Z-algebra:

X,(1) = DrE (@0 V1201 +1]) -

The dual Koszul complex generated by each V[2p**! +1] corresponds to the
tensor product of all the elementary complexes attached to the pair of words
%’yfjaa, 5p¢p7}’§00 in Cartan’s denomination [Carl, p. 11-08 (iii)]. Thus our
X,(1) is nothing but Cartan’s ‘X,’ in [Car, Theoreme 1, p. 11-09]. We
denote by ,H,(X,(1)) the p-primary part of its homology:

pH(Xp(1)) = {z € Hi(X,(1)),3r 21 p'z =0}

It is a graded Z-algebra without unit, concentrated in positive degrees. We
make it into a unital Z-algebra ,H,(Xp(1)) in the canonical way:

PHo(Xp(1) =Z, pH.(X,(1)) = Hu(X,p(1)) for = > 0.

Now Cartan’s result [Carl Theoreme 1, p. 11-09] yields an isomorphism of
graded Z-algebras:

H(BOvE))) = A (VB) e @ JH.(X%(1) .

p prime

Case n = 2. Similarly, there is an isomorphism of graded Z-algebras:

H(B (VD) =T (Vi) © Q) pH.(X,(2)),

p prime

where X,(2) is the CDGA Z-algebra:
Xp(2) == Dk} ( D0 V[2pk+€+2+2pk+1+1]) ® DY < Do V(20! +2]> :

Each dual Koszul complex generated by V [2pF+¢+2 4+ 2pF+1 1 1] corresponds
to the tensor product of all the elementary complexes attached to the pair of
words (bp'y;f%*y;;aa, Bp%’ygtbp’yﬁaa in Cartan’s denomination [Car, p. 11-08
(iii)]). Similarly, each dual De Rham complex generated by V[2pF*! + 2]
corresponds to the tensor product of the elementary complexes attached to
the pair of words Ugbp%’,faa, ﬁpaqﬁp%],faa.
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6.2.3. The G,,-action. The homology of B"(I'*(V[2])) is a graded strict
polynomial algebra, hence a graded G,,-algebra (we consider V[2] as a G,-
module of weight 1). We now supplement Cartan’s computation by com-
puting the G,,-action.

Theorem 6.3. Let V' be a free finitely generated Z-module, and let Vy denote
a copy of V acted on by G, with weight d. The homology of B(I'*(V1]2]))
is isomorphic, as a Gy, -graded algebra, to

AMvB)e Q) pH. (X,(1)

p prime

where for all prime p, X,(1) denotes the CDGA G, -algebra
X,(1) = DxP (@kzo Vo [209H) + 1]) .

The homology of EZ(F*(Vl [2])) is isomorphic, as a Gy,-graded algebra, to
Vi) @ Q) pH. (X(2)

p prime

where for all prime p, X,(2) denotes the CDGA G, -algebra
DI{{Z (@k,zzo V;)kuw [2pk+€+2 + 2pk+1 + 1]>®DQ€ <®k20 ‘/;)k+1 [2pk+1 + 2]) .

Proof. Let us prove the case of B(I'*(V[2])), the case of EZ(F*(V[Q])) is
similar. To compute the G,,-action, we have to come back to the construc-
tion [Car, p. 11-07] of the morphisms of CDGA Z-algebras f, : X,(1) —
B(I*(V[2])), for p prime, and fo : A*(V[3]) — B(I'*(V]2])).

Case 1: construction of f,, for p prime. Let (u;) be a basis of V.
Then for all basis vector u; and all pair of words ﬁpqﬁpﬂ;aa, gbp%],f oo, Cartan
defines a pair of elements z;x,y;x € B(I'*(V[2])), with respective degrees
(2p** + 1) and (2p*T! + 2), and such that dy; = px; ) (these elements
correspond to the elements denoted by 2’ and 3/ in [Carl p. 11-07], and we
recall their precise definition later in the proof).

Since B(T'*(V[2])) is a CDGA G,,-algebra, the differential is G,, equivari-
ant, so y; ; and x; ;, are acted on by G,, with the same weight. With such a
pair x; , y; 1. at hand, products and divided powers operations yield a mor-
phism of CDGA-algebras from the elementary complex generated by x; 1., ¥; i
to B(I'*(V[2])) (cf. [Car, p. 11-03]). The elementary complex generated by
T; ks Yik is nothing but the dual Koszul complex on the graded Z-module
Zik, which is a copy of Z placed in degree (2pF*! +1). That is products
and divided powers operations induce a morphism of CDGA-algebras:

DrP(Zix) — B(T*(V[2])) .

Since DrP(Z; ) and B(I'*(V[2])) are free as Z-modules, the divided powers
are determined by the products. Now products are G,,-equivariant, so this
morphism of algebras is G,,-equivariant.

Now X,(1) is the tensor product of all the elementary complexes
DrP(Ziy) (and we can rewrite it as D} (@4 V20" + 1]) by the ex-
ponential formula for Koszul complexes, each V[2pF*! + 1] being the sum
of the Z;j over all the indices 7). The maps f, : X,(1) — B(T*(V[2]))
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are defined by tensoring the morphisms DrP(Z; ) — B(I'*(V[2])) for all i
and all k. Hence they are G,,-equivariant. So, to compute the G,,-action on
Cartan’s description of the homology of B(T'*(V[2])), it suffices to determine
how G, acts on the complexes DxP(Z; ). This reduces to determining how
Gy, acts on the elements y; 1.

So we now come back to the precise definition of the y; , [Car, p. 11-07].

This definition involves reduction modulo p. There is a surjective morphism
of G,,-CDGA Z-algebras

BI*(V[2])) » B (V[2))) @z Fp = BI™((V/pV)[2])) -

The element y; is a lifting of a cycle z;x of B(I'*((V/pV)[2])), repre-
senting a certain homology class in the homology c;; in the homology of
B(T*((V/pV)[2])) (that is in the singular homology of K(V,3) with coeffi-
cients in Fp). Since B(I'*(V[2])) - B(I'*(V[2])) ®z F, is G-equivariant,
Gy, acts on y; j, with the same weight as it acts on ¢; .

The class c;j, is defined in the following way. Recall that the index ‘4’
refers to a basis element wu; of the free Z-module V and that the index ‘k’
refers to a word of the form gbp%’,faa. Let u; be the image of u; through
the canonical projection V — V/pV. We consider u; as an element in the
F)-vector space

(V/pV) = (V/pV)oo = Ha(T*((V/pV)[2])) ~ Ha(K(V,2),Fp) .

By [Car, Exposes 6 et 7], the homology of the B (I'*((V/pV)[2])), n > 0, is
endowed with operations ,, o and ¢,. So, applying the operations 7}]; and
¢p to the homology class T;, we obtain a class ¢; , (of degree 2pF*14+2) in the
homology of B(I'*((V/pV)[2])). The class u; is acted on by G,, with weight
1, so by lemma [5.5 and remark [5.6], ¢; ;. is acted on by G, with weight p*F+1.

So, to sum up, we have proved that Cartan’s maps f, are actually G,,-
equivariant morphisms of CDGA G,,,-algebras:

DY (@0 Vpr+1 (2057 + 1)) = B(T*(V[2))) -

Case 2: construction of fy. The map fy is simply defined in degree 3d
by sending A4(V) into V¢ = (I'1(V))®4  B(I'*(V[2]))3q4 via the canonical
inclusion. So if we let G,, act on V with weight 1, then fy : A*(V[3]) —
B(I'*(V[2])) is a morphism of G,,-CDGA Z-algebras (we take the trivial
differential on A*(V[3])).

Conclusion. By [Car, Theoreme 1, p. 11-09], the map fy sends A*(V[3])
injectively into the homology of B(I'*(V[2])), whose image is a complement
of the torsion part of the homology, and the maps fy ® f, induce isomor-
phisms after taking the homology and restricting to the p-primary part.
Since we have written the f; as G,,-equivariant maps, this yields our Gy,-
equivariant result. O

To complete the computation of theorem [B.3] let us mention that the
homology of dual Koszul and De Rham complexes is quite concrete. For
example, [DI Thm 2.4.8] yields a description of these graded algebras by
generators and relations. For the homology of B(I'*(V[2])), we can offer yet
another nice reformulation, involving Koszul kernel algebras.
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6.2.4. A reformulation with Koszul kernel algebras. Let us first define Koszul
kernel algebras. Let U be a nonnegatively graded F,-vector space, which is
finite dimensional in each degree. We can consider U as a graded Z-module
and we let:
re (U), Tf (U):=(U®)% ford>0.

As usual, all tensor products are taken over the ground ring k, which is
here k = Z. We have denoted the resulting vector space by I’%p(U ) for
two reasons. First, because the symbol ‘T%(U)’ is already commonly used to
denote another object, namely the universal divided power algebra generated
by U from [EML2, p.107-110] or [Car, Section 7, p.11-11]. Second, the ‘F,’
index is here to remind the reader that if W is a nonnegatively graded Z-
module which is degreewise free of finite rank, for d > 0 there is a canonical
isomorphism I(W) @ F, ~ I'f (W @ F,).

Similarly, we let A (U) be the quotient of the tensor algebra Do U ®d
by the graded ideal generated by elements of the form z ® x, x € U. As for
divided powers, we have A%p(U) = U® =7Z and for d > 0, A W)@ F, ~
AR (W @ Fp)

Definition 6.4. Let p be a prime, and let U be a nonnegatively graded IF-
vector space which is finite dimensional in each degree. We consider U as
a graded Z-module. We let D"‘ﬁle L(U) be the differential graded Z-algebra

which equals I't (sU) @ Ag (U) as an algebra (as usual, the tensor product

is taken over the ground ring Z), with differential as in definition The
Koszul kernel algebra K, (U) is the graded subalgebra of Iy (sU) ® Ap (U)

formed by the cycles of DR%FM(U )E

d
K.(U) = ker <D/<;]%~p,*(U) LN D/<;]1Fp7*,1(U)) .

Similarly, if W is a nonnegatively graded Z-module which is degreewise free
of finite rank, we denote by K,(W) the graded subalgebra of I'*(sW) &
A*(W) formed by the cycles of Dxl(W) as defined in definition

Observe that if W is graded and degreewise free of finite rank, for all
d > 0 and all prime p the various Koszul kernels are linked by canonical
isomorphisms:
Kd(W)/pKd(W) ~ Kd(W) & Fp ~ Kd(W & Fp) ~ Kd(W/pW) .

The Koszul kernel algebras K,(W) and K,(W/pW') are well known to rep-
resentation theoretists. For example, if W is homogeneous, they equal the
direct sum of all Weyl functors indexed by hooks [BB, Remark III.1.5].

Lemma 6.5. Let p be a prime, and let V' be a free finitely generated Z.-
module. Then

Vs Ky (@ (V/pV) S D258 4 1)

is a strict polynomial algebra. In particular if we consider V as a G,,-module
of weight 1, it becomes a graded G,,-algebra. It is isomorphic to the graded
G-algebra (where Vg is a copy of V' acted on by G, with weight d)

H, (Dlﬁg (@kzo Vo 201+ 1]>) .
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Proof. The first part of lemma is obvious. Let us prove the isomorphism
of graded G,,-algebras. For all nonnegatively graded G,,,-module W, which
degreewise Z-free of finite type, the homology of Dxl(W) equals Z, placed
in degree 0 (indeed, by the exponential formula, one reduces to the trivial
case where W is free of rank one). Thus, the cycles K.(W) C Drl(W) equal
the boundaries in all positive degrees. So the homology of D&% (W) equals Z
in degree * = 0, and K,(W)/pK,.(W) in degrees * > 0. Whence an isomor-
phism of G,,-algebras (in positive degrees): ,H, (DrL(W)) ~ K, (W) ® F,,.
The latter G,,-algebra identifies with K,(W @F,) ~ K,(W/pW) in positive
degrees, so that we finally obtain an isomorphism of graded G,,-algebras:
JH. (DRI(W)) = K.(W/pW),

To finish the proof, observe that for W = P~ Vpr+1 [2p* 1 +1], the graded
G-module W/pW coincides with Q}kzo(V/pV)(k“)[2]9"“rl +1]. O

In view of lemma [6.5], theorem immediately gives:
Theorem 6.6. Let V' be a free Z-module of finite rank. The homology of

B(T'*(V'[2])) is isomorphic to the graded algebra:

AMVB) e Q) K. | @v/pv)F D ephtt 4 1]

p prime k>0

This isomorphism is a priori not natural with respect to V', but however it
preserves the strict polynomial degree.

Conjecture 6.7. We think that theorem actually yields a description
of the homology of B(I'*(V[2])) as a strict polynomial algebra. A careful
analysis of the proof of [Carl Theoreme 1, p. 11-09] seems to confirm this
for the p primary part when p is odd, but there remain problems to solve
for p = 2.

6.3. The computation of extension groups. We can now compute the
graded G,,-algebras

E (S Y%V) = @paso B (SLYSV)

where Y* = A* or I'*, and where a summand Eh(Sd,Yd;V) has degree
h and is acted on by G,, with weight d (as specified in section [G6.1]). By
theorem [£.5] these graded algebras equal, up to a regrading, the homology
of B"(I'*(V[2])) for n =1,2. So theorem almost gives us the result.

To be more specific, we introduce for all s > 0 an additive ‘regrading
functor’:

R : {graded G,,-modules} — {graded G,,-modules},

which sends a graded G,,-module M of degree ¢ and acted on by G,, with
weight d onto the graded G,,-module RsM, which is concentrated in degree
sd — i and which equals M as a G,,-module. With this definition, theorem
yields isomorphisms of G,,-algebras:

E'(S*, A% V) ~ RsH, (BT*(V[2)), E'(S*,T%;V)~RuH, (B*(V[2))).



38 ANTOINE TOUZE

When s is even, the functor R does not affect the parity of degrees: RsM is
concentrated in odd degrees if and only if M is concentrated in odd degrees.
So, Rs behaves well with differentials and tensor products of graded algebras
(Koszul signs are preserved). One easily checks the following properties.

Lemma 6.8. Let s be an even integer. Then Rs induces an endofunctor of

differential graded (DG) Gy,-algebras:
Rs : {DG Gy,-algebras} — {DG Gy,-algebras},

compatible with tensor products. Moreover, if A is a DG Gy,-algebra, then
RsH(A) equals H,(RsA).

If s is odd, Rs might change the parity of degrees. As a consequence,
Rs is not compatible with tensor products of graded algebras. To fix this
problem, we have to define a skew tensor product for G,,-algebras.

Notation 6.9. Let A and B be two graded G,,-algebras. We denote by
A®B their skew tensor product. As a graded G,-module, A®B equals
A®B. The product on A®B is defined as follows. Let a/ id be a homogeneous
element of A of degree i and acted on by G, with Welght d, and let b; . be a
homogeneous element of B of degree j, and acted on G,,, with weight e. Then
the product (a®bj c)-(a] ;) in ASB equals (—1)(i+d)(j+e) (a-aj j)@ (b D).

One easily checks the following lemma.

Lemma 6.10. Let s be an odd integer and let zil, B be graded G,,-algebras.
Then the Gy,-algebra Rs(A ® B) equals (RsA)®(RsB).

Now we can apply the functors R3 and R4 to the results of It
is straightforward to see that RyDrk(M) = DrL(R4M), R4DOL(N) =
DOL(R4N) and R3K.(U) = K.(R3U) for suitable graded G,,-modules
M,N,U. Combined with lemmas and [6.10, this gives us the following
result.

Theorem 6.11 (Main computation III). Let V' be a free Z-module of finite
rank. Assume that V[i] and (V/pV)**+D[i] have homological degree i and are
acted on by G,, respectively with weight 1 and p**'. There is an isomorphism
of graded G,,-algebras:

E'(S*, A% V)~ A (Ve Q) K. | PWV/pV)FHIpHt —1]
p prime k>0

where K, denotes the Koszul kernel algebra from definition [6. Let Vyli]
denote a copy of V placed in homological degree i and acted on by G, with
weight d. There is an isomorphism of graded G,,-algebras:

E'(S*,T%V)~T*V[0) @ @) p/fi()?p(?)) )

p prime

where for all prime p, X ( ) denotes the CDGA Gyy,-algebra

Dlif (@/MZO ‘/])k+l+2 [ka+z+2 _ 2pk+1 _ 1]>®DQ* <®k>0 k+1[ pk+1 _ 2]> )
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7. EXTENSIONS BETWEEN TWISTED CLASSICAL EXPONENTIAL FUNCTORS

Throughout this section, k is a field of positive characteristic p. Our goal is
to compute all the bigraded strict polynomial algebras E*(X x(r) y* (), V),
where X*, Y™ are classical exponential functors (with bidegree and prod-
uct as specified in convention [B.6). Duality yields an isomorphism:
E°(X*0) y*6) 1) ~ E(YH®) X1, V), so it suffices to do the com-
putation for r > s. Thus, our goal reduces to computing the bigraded strict
polynomial algebras:

E (X* (s+t) 7 th* (s); V)
for all nonnegative integers s, t and all pairs of classical exponential functors
(X*,Y™). The principle of our proof is to express them in terms of their
untwisted versions E (X*,Y*; V) (which are explicitly known from the in-
troduction or from section [B). We proceed in two steps.

(1) We show in section [ZI] that the bigraded strict polynomial algebras
E*(X*®_ Y*; V) are equal, up to regrading, to B (X*,Y*; V),

(2) We show in section 2 that E*(X4(+8) yP'd(s); /) can be expressed
as a function of E (X*®,Y*; V). This relies on the computational
tools developed in [T3]. In fact, these tools only give the result up
to a filtration, but with additional work, we prove that this filtration
is trivial.

Our method does not depend on the computations of [FESS, [C2], where
these extensions were computed first (with mistakes in the results of [C2],
which we correct below).

7.1. Frobenius twists and bar constructions. Let A* be a strict poly-
nomial algebra. Then for all strict polynomial functors F, G, we define an

‘external product’ E*(F, A% V) @ E*(G, A5 V) — E*(F @ G, A% V) as the
composite:
E'(F, Ak V)®EJ(G,A€; V) = EH(F®G, Ak AL V) = EH(FRG, Ak V)

where the first map is induced by tensor products and the second one is
induced by the multiplication of A*. In particular, if X* Y™ are classical
exponential functors the product on E*(X* O y*, V') is obtained by com-
bining the external product and the comultiplication of X*(®).

Proposition 7.1. Let k be a field of positive characteristic p. Let F be a
homogeneous strict polynomial functors of d, and let t be a nonnegative in-
teger. For all integer i, there are isomorphisms of strict polynomial functors
(with the convention that E{(F,G,;V) =0 for i < 0), natural in F:

E'(F, 5% V) ~ E(FO, 57 V) |
Ei(F, A% V) ~ EHE DA RO APy
E'(F, 7% VO) o~ gH20-Ddp) pdt y)

Moreover, for Y* = §* A* or T'*, and for homogeneous F,G of respective
degrees d, e the external product

EX(F,YLVO) @ EX(G, Y% VW) 5 BEX(F oG, Yirevh)
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identifies through the isomorphism with the external product:
EY(FO, Y P, V) 0 E(GO, YV V) 5 EX(FO @ GO, y®' ', )

Proof. Let us recall from [T3, Lemmas 2.2 and 2.3] an elementary computa-
tion in Py. If p = (u1, ..., 1yn) is a tuple of positive integers, we denote by S*
the tensor product S*1®- - -®@S#, and by ap the tuple ap == (auq, ..., auy),
for all &« > 0. Then for all G € Pk, there are isomorphisms (the first one is
induced by precomposition by I, the second one by the canonical inclusion

Srt) ey GP'HY:
Homp, (G, S*) = Hompk(G(t),S“ (t)) , (7)
Homp]k(G(t)7 SHt)y = Honrlpk(G(t)7 Spt“) . (i)

Moreover if A is not of the form p'pu, HOIIl'pk(G(t), S equals zero.

If we take G = Fv(t), then G® = (F®)V and these isomorphisms yield
an isomorphism H(F, S*, V1) ~ H(F® SP'# V) compatible with the ex-
ternal product. Since symmetric powers are injective, this proves the case
of E*(F, 8% V1),

Now we prove the case of E*(F,A% V®). We denote by B(d) the ho-
mogeneous part of strict polynomial degree d of B(S*(V[0])). By section
422 for all F' € Py, E?—*(F, A%, V) is isomorphic to the homology of
H(F, B(d)«; V), and the external product is read on H(F, B(d).; V) by tak-
ing tensor products and using the multiplication of B(S*(V[0])). Similarly,
R = (F®) A%, V) equals the homology of H(F®, B(dpt),; V). Now the
maps S¢® (V) — 9" (V) induce a morphism of graded algebras (concen-
trated in degree 0) B(S*®(V[0])) — B(S*(V[0])), whence a graded mor-
phism compatible with external products:

H(F, B(d),; V®) ~ H(F®, B(d)\"; V) — H(F®, B(dp),; V) . (iii)

It is actually an isomorphism. Indeed, all the summands Homp]k(F(t), S*) of
H(F®, B(dp'),; V) equal zero if X\ # p'y, and if A = p‘y the corresponding
summand is isomorphic to H(F, S*;V®) by (i) and (ii). So the case of
E*(F, A% V®) follows from isomorphism (i4i) by taking the homology. The
case of E*(F,T'% V") is similar. O

Corollary 7.2. Letk be a field of positive characteristic p, let t be a positive
integer, and let X* and Y* be classical exponential functors. There are
isomorphisms of bigraded strict polynomial algebras:

EX(X*, Y V) ~ EX(X*D Y* V) | and
which map EN(X, Y% VD) onto Bited( XA yar' v with a =0 if Y* =
S*,a=p' —1if Y*=A" and a =2(p* — 1) if Y* =T*.

Proof. The first isomorphism follows directly from proposition [[1l If p = 2,
the signed and the unsigned algebras are equal, so there is nothing to add
to get the second isomorphism. If p is odd, for all pair of integers (7, d), the
parity of 7 is the same as the parity of i 4+ ad, and the parity of d is the same



BAR COMPLEXES AND EXTENSIONS OF CLASSICAL EXPONENTIAL FUNCTORSt1

as the parity of dp’. So the first isomorphism is also compatible with signed
products. O

Example 7.3. (1) By the Yoneda lemma, we have:
E'(I*, A% V) = E* (I, A% V) = Dazo H(4 A% V) ~ D0 AV
So, corollary yields isomorphisms of bigraded strict polynomial algebras:
E (M@ A% V) = E5 (O A5 V) ~ A5 (VO [pt — 1)),

where the generator V) [p! —1] of the right handside has bidegree (p*—1, pt).
(2) Assume that p = 2. We have computed E' (S*, A*; V) = E*(S*,A*; V)
in theorem 514l Corollary yields an isomorphism

E*(S* (t),A*; V) _ E*(S* (t)7 A% V) ~ T'* <®k20 v (k+1) [kart _ 1]) ,

where the V(5 [pk+t —1] of the right handside have bidegree (pF*t—1, p#+t).
(3) Assume that p > 2. We have computed E*(S*,A*;V) (which equals
E*(S*,A*;V) only up to a sign) in theorem EIIl By corollary [[2] the
algebra E*(S* (), A*; V) is isomorphic to:

A* (@kZO V(k—I—t) [pk—I—t _ 1]) é T* <@k20 V(k+t+1)[pk+t+1 _ 2]> ’

where the generators V(#+9) [pF+t — 1] have bidegree (p*** — 1, pF**) and the

o
V (EHD [pE+t — 9] have bidegree (pFtt — 2, pF*t) | and where ® refers to the
naive tensor product from notation B.I0l

7.2. The twisting spectral sequence and Troesch complexes. Now
we recover the bigraded strict polynomial algebras E*(X *(s+) G (3);V)
from the bigraded strict polynomial algebras E*(X )y, V). In fact, this
question is already settled (up to a filtration) in [T3], by means of the ‘twist-
ing spectral sequence’. Let us describe briefly how things work.

Let us replace ‘G’ by Gy, (s) in the statement of [T3, Thm 7.1]. Then the
twisting spectral sequence can be reformulated as follows. For all F,G € P
there is a spectral sequence of strict polynomial functors, natural in F,G
and compatible with tensor products:

EY/(F,G, V) = EH(FC) g6 v).

The i-th column E5™ of the second page equals the precomposition of the
strict polynomial functor V + EY(F,G; V) by the graded strict polynomial
functor V — E, @ V) (Es equals the graded vector space Extp (1 () 1 (3)),
and the partial degree denoted by ‘x’ is the degree arising when one precom-
poses a strict polynomial functor by a graded strict polynomial functor, as
explained in [T3, Section 2.5]).

When we take F = X*® and G = Y*, with X* and Y* some classi-
cal exponential functors, this spectral sequence yields a spectral sequence
of trigraded algebras (the extra degree comes from the fact that classical
exponential functors are graded), which converges to E*(X* (10 G*(5). v,
Moreover, we have proved in [T3, Thm 8.11] (with the help of Troesch com-
plexes) that the twisting spectral sequence collapses in this case. Thus,
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the second page actually computes, up to a filtration, the strict polynomial
algebra E*(X* (40 G (), 1),

The only slight difficulty in using the twisting spectral sequence is to un-
derstand how the degrees are organized. In the remainder of the section
we recall the explicit description of the degrees in the twisting spectral se-
quence. So we get in proposition [Z.8 the very concrete and explicit recipe to
determine E"(X*¢+1) G* (). V) from E (X*®,Y*; V). The result holds up
to a filtration, but we shall prove in section [Z.3] that the filtration involved
is trivial.

7.2.1. FEwvaluation on graded vector spaces. Let Eg denote the graded vector
space Extp, (1), 1)), So by [FS, Thm 4.5] or [T3, Cor 4.7], we know that
E; is a graded vector space concentrated in even degrees 2i for 0 < i < p*,
and one dimensional in these degrees. In particular E; has dimension p®.

Let Py denote the category of graded strict polynomial functors. By [T3,
Section 2.5], we can define for all s > 0 an evaluation functor ev, (compatible
with tensor products)

evg: P — Py
F — F(E,eVO)"

By definition the graded strict polynomial functor F(E, ® V(®)) equals
F(kP" @V ()) as an ungraded strict polynomial functor. To define the grad-
ing, we let the multiplicative group G,, act on each homogeneous degree
i part of E, with weight 7. Thus V — F(kP" @ V) is a strict polyno-
mial functor with G,,-action, and we define the degree of an element of
F(kP" @ V) as its weight under the G,,-action. In particular, F(E,®V®))
is concentrated in even degrees.

For our purposes, we evaluate bigraded strict polynomial algebras on
E, @ V). So the resulting objects are trigraded. We decide to place the
‘new degree’ (i.e. the degree which pops up from the evaluation on a graded
functor) in second position. We also decide to work with multigraded alge-
bras whose last partial degree coincides with the strict polynomial degree
(e.g. bigraded algebras A** such that for all (i,d) A € Pyy). Since
V = E,® V) is a homogeneous strict polynomial functor of strict polyno-
mial degree p*, evaluation on E; ® V() multiplies the last degree by p*. We
gather these conventions in the following statement.

Convention 7.4. We denote by Py A** (resp. PrA***) denote the cat-
egory of bigraded (resp. trigraded) strict polynomial algebras, whose last
degree coincides with the strict polynomial degree. For all A** € P A**,
the tridegree on the strict polynomial algebra A**(E; ® V(S)) is defined as
follows. For all pair of nonnegative integers (i, d), the evaluation of the strict
polynomial functor A% on E, ® V() has tridegrees (i,*,p°d). This yields a
functor

eVS . PkA*7* _) ,P]](A*7*7*

which commutes with tensor products of algebras (in the naive sense, as in
notation [5.10). Moreover, the objects in the image of evs are concentrated
in even second partial degree.
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In practice, the following concrete rule (together with the compatibil-
ity with tensor products) will be sufficient to describe the trigrading on
A**(E, ® V) for our cases of interest. Let X* be a classical exponen-
tial functor, and consider the bigraded strict polynomial algebra A**(V') =
X*(V®)[1]), where the elements of V*)[¢] have bidegree (£, p*). Then

* +k
A*(B, V) = X (B & VEP]) = X* (@pcicp Vo 10))
is trigraded by considering the V;g,:m [(] above are copies of V(TR with

tridegree (¢, 2ip*, p***).

Example 7.5. (1) If A**(V) = A*(V®[pt —1]), then

A (Bs ® V(s)) = A" <@0§i<ps Vz(;:t) ' — 1]) )

where each Vg(;;rt) [pt — 1] equals V+9) with tridegree (pt — 1, 2ipt, ps+t).

2) If A%*(V) =T* V k) [pk+t _1]), then
k>0

*, % S * k S
A (B, @V®) =T (®O§i<ps D=0 V2(ip—’:‘tf—: )[PkH - 1]) )

where each Vb(c) [a] is a copy of V(©) with tridegree (a, b, p°).

(3) If A**(V) is the algebra from example [Z3(3), then A, .(E; ® V)
equals:

* k S ° * k S
A @ GB VQ(ip:Jt) [pk-i-t | er @ GB VQ(ip:ﬂtt;Ll) [pk—i-t-i-l — 9]

0<i<p® k>0 0<i<p® k>0

where each Vb(c) [a] is a copy of V(©) with tridegree (a, b, p°).

7.2.2. The twisting spectral sequence. Let X* Y™ be classical exponential
functors. The twisting spectral sequence is a spectral sequence of trigraded
strict polynomial algebras,

E;’j (X* (t)’ Y*pt, s V) — Fiti (X* (s—i—t)’ Y*pt (s); V)
explicitly described as follows.
(a) The second page equals the evaluation of the bigraded strict polyno-
mial algebra E*(X*®), Y*: V) on E,@V(®). The elements of tridegree
(i, %, p*ttd) arise from the evaluation of V — Ei(X?®) Y%, V) on
E, ® V) as specified in convention [l
(b) The spectral sequence converges to the bigraded strict polynomial
algebra E*(X* (519 y*(5). V). To be more specific, an element with
tridegree (i, 7,d) in the E. page corresponds to an element of bide-
gree (i + j,d) of the abutment.
The precise meaning of the convergence of the twisting spectral sequence
E,Z;’j(X* ®) y*, 5;V) is the following.
(b1) The bigraded strict polynomial algebra E*(X* (9 y* (), V) is fil-
tered (and the product preserves the filtration).
(b2) The associated graded object Gr(E*(X*(+) y*();V)) is isomor-
phic, as a strict polynomial algebra, to the E, page.
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7.2.3. Collapsing. We proved in [T3, Thm 8.11] (with the help of Troesch
complexes) that the twisting spectral sequence Ep? (X*®) | Y*, s5;V) collapses
at the second page if with X* and Y* are classical exponential functors.

So the bigraded algebra Gr(E*(X*(+) Y*(5);V)) equals the evaluation
of the bigraded algebra E*(X* ®) y*, V) on E,®V(®). We want an analogous
statement for signed algebras. For this, we first check that the operation
of taking signed algebras commutes with the operation of taking graded
objects, and with the operation of evaluation on F;® V(). The first lemma
is straightforward.

Lemma 7.6. Let A™* be a filtered bigraded strict polynomial algebra. If
A is (1, €)-commutative, then (GrA)** is also (1, €)-commutative and fur-
thermore (GrA)** equals (GrA)*’*.

Lemma 7.7. Let us denote by ‘tot’ the partial totalization functor
tot : PrA™" — P A™T . AYYT e (totA)™F

defined by (totA)* = Dt ik ABBEIf A%* s (1, €)-commutative, then for
all positive integer s, the bigraded strict polynomial algebra (tot(evsA))™* is
also (1, €)-commutative and furthermore (tot(evyA)) " equals (tot(ev,A))**.

Proof. In characteristic p = 2 there is nothing to prove. So let us assume that
the characteristic p is odd. Let A** be a bigraded strict polynomial algebra.
Then for all i, d the elements of A»*(E, ® V(%)) have degree (i+*, p°d), with
% an even integer, in (tot(evsA))**. Hence, the parity of ¢, resp. d, is the
same as the parity of ¢ + %, resp. p°d. The result follows. O

We are now ready to prove the main result of section

Proposition 7.8. Let k be a field of positive characteristic p, let s,t
be nonnegative integers, and let X*, Y* be classical exponential functors.
By evaluating the bigraded strict polynomial algebras E*(X*(t),Y*; V) and
E*(X*(t),Y*; V) on the graded strict polynomial functor Es @ V), we get
trigraded strict polynomial algebras, with tridegree (i,j,d) as in convention
(74

There are filtrations on the bigraded strict polynomial algebras
E*(X* 6+ y* (). V) and B (X* 6, Y*6); V) such that we have isomor-
phisms of strict polynomial algebras:

Gr (E*(X* (s—i—t)’ y* (s); V)) ~ E*(X* (t)’ Y*; E,® V(s)) ’

Gr (E*(X* (s+8) y* (9, V)) ~E(X*O, Y E,oV).
FElements with tridegree (i, j,d) on the right handside correspond through this
isomorphism to elements of bidegree (i + j,d) on the left handside.

Proof. The case of the unsigned algebras E*(X* (s+t) y=(s). V') follows from
the discussion in the beginning of section [.2.3l To get the signed case, we
take the associated signed algebra on both sides of the first isomorphism
and we apply lemmas and [C.7) O
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Example 7.9. (1) There is, up to a filtration, an isomorphism of bigraded
strict polynomial algebras (where the V(519 [2ip? 4+ p* — 1] on the right hand-
side are copies of V1) with bidegree ((2i 4+ 1)pt — 1,p'**)):

E' (), ;) 2 A (@gaiaye V(20 4+ 1Dpt = 1])

Observe that E (D*(t+5) A*(). V) equals the algebra E*(I*(tHs) A*(). V)
since everything is concentrated in even Ext-degree if p is odd. As a par-
ticular case, if V' = k then Extp (T*(s+8) A*(%)) is an exterior algebra on

generators g; € Extgﬂ:Jrl)pt*l(I(SH),Apt (5)), 0 < i < p°. This result coin-
cides with [FESS, Thm 5.8(3)].

(2) Assume that p = 2. There is, up to a filtration, an isomorphism of
bigraded strict polynomial algebras (where the V*+9[(2i+1)pF*t —1] on the

right handside are copies of V' (#++5) with bidegree ((2i41)p**t —1, pF*t+9)):
B (50, A7 V) o T (@i Brso VE(20 + DA 1))

(3) Assume that p is odd. There is, up to a filtration, an isomorphism of
bigraded strict polynomial algebras:

E*(S* (t+s) A* (), V) ~A* <@ogi<ps @kzo V(k+s+t)[(2i 1)kt — 1]>
é T (®0§i<ps @kzo V(k+s+t+1)[(2i + 1)pk+t+1 . 2])

where each V()[a] is a copy of V(*) with bidegree (a, p®), and where ® refers
to the naive tensor product from notation G.101

Our results hold up to a filtration. But the filtration is actually not a
problem: we prove that it must be trivial in section [.3]

7.3. Solving filtration problems. The purpose of this section is to prove
that for some families of filtered bigraded strict polynomial algebras with
prescribed Gr, the filtration always split. As we will see in section [T4] all
the bigraded strict polynomial algebras E (X (s+t) y=(s). V') belong to these
families, so proposition .8 actually computes E (X* ) y*(); V) (i.e. not
up to a filtration). We begin with the case when k has odd characteristic.

7.3.1. Triviality of filtrations for p odd. Let us begin with general facts about
filtered strict polynomial functors.

Lemma 7.10. Let k be a field of positive characteristic p (p even or odd)
and let F be a filtered strict polynomial functor.

(i) The filtration of F' automatically has finite length.
(i) If Ext%;k(GrF, GrF) =0, there is an isomorphism F ~ GrF.

Proof. To prove (i), observe that a filtration of F' is the same as a filtration
of the S(k? d)-module F (k%) where d is the strict polynomial degree of F.
Hence the filtration is finite for dimension reasons. Let us prove (ii). Let
I CcFy,C---CF, =F be the filtration of F. If Ext%;k(GrF, GrF) equals
zero, then Ext%;]k(Fl,Fg/Fl) equals zero. Hence the extension Iy — Fy —»
Fy/Fy splits, that is Fy ~ Fy @ F5/F;. In this way we build inductively an
isomorphism F' ~ GrF. U
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We can find huge families of functors G satisfying Ext%)]k (G,G) =01in odd
characteristic.

Lemma 7.11. Let k be a field of odd characteristic. Let m,n be positive
integers. If X and a are m-tuples of nonnegative integers and p and 3 are
n-tuples of nonnegative integers, we denote by S*(@ @ A*B) the functor:

(@1 (o) & (@, M)
If G is a finite sum of such strict polynomial functors (for various m,n),
then Ext%;k(G, G)=0.

Proof. First, by iterated uses of lemma (or use [FESS, Cor 1.8]), the
proof reduces to checking that Extl(X ,Y)=01if X and Y are of the form
S or AT (5),

We first check that it is true if the functors are not twisted: Ext!(S%, 59) =
Ext!(A?, S%) = 0 by injectivity of S¢, Ext!(A¢, A?) = 0 by remark E6, and
Ext!(S9, A% = 0 by theorem 511l By proposition [Z1, Ext! also vanish
if only one of the two functors X,Y is twisted (indeed, the Ext-degree is
shifted by an even integer since p is odd). Finally proposition [7.8 shows
the vanishing of Ext!(X,Y") in the general case (since the trigraded strict
polynomial algebra E*(X*,Y*; E, ® V) are trivial in odd second partial
degree, as explained in convention [7.4]). O

We are now ready to prove our first splitting result.

Proposition 7.12 (Splitting result I). Let k be a field of odd characteristic,
and let A** be a (1, €)-commutative filtered bigraded strict polynomial algebra
over k. Assume that F™* and G** are bigraded additive strict polynomial
functors such that the bigraded strict polynomial algebra (GrA)** equals
S*(E™¥) ® A*(G**). Then A%* ~ (GrA)** and A" ~ (GrA)** as bigraded

strict polynomial algebras.

Proof. If we have an isomorphism A~ (GrA)**, then the same isomor-
phism is compatible with unsigned products. Thus, it suffices to build an
isomorphism A" ~ (GrA)**.

Step 1: splitting without products. By lemma [ZI1] for all integers
k¢, Ext%;k((GrZ)k’z , (GrA)®*) equals zero. So lemma [7.10 yields an isomor-
phism of bigraded strict polynomial functors (GrA)** ~ A" In particular,
we have a bigraded injection ¢** : F** @ G** < A", compatible with fil-
trations (take the trivial filtration on F** @& G**), which equals the injection
F** @ G** — (GrA)** after taking graded objects.

Step 2: universal property. We know that A** is (1, €)-commutative,
so by lemma B3 Tot>T¢A™" is graded commutative. Since Tot?+¢(GrA)**
is the free graded commutative algebra on Tot?>T¢(F** @ G**), products in
A** define a morphism of algebras 1) : Tot>T¢(GrA)** — Tot?t<A™" whose
restriction to Tot?T¢(F** @ G**) coincides with Tot**¢(¢**).

Conclusion. Now, ¢** preserves the bigrading, and so do products in
A", So 1 actually preserves the bigrading. Thus, 1 : (GrA)** — A" s
a morphism of strict polynomial functors, compatible with filtrations (take
the trivial filtration on (GrA)**), and Gri is the identity map. So v is an
isomorphism. O
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Now we turn to the case of filtered algebras with divided power algebras
as graded objects. To get back to the situation of proposition [[.12], we shall
use the following lemma.

Lemma 7.13. The following statements are equivalent.

(i) A%* is a filtered bigraded strict polynomial algebra, such that
(GrA)** is an exponential functor.
(il) A™* is a filtered bigraded strict polynomial exponential functor, such
that (GrA)** is an exponential functor.
(iii) A** 4s a filtered bigraded strict polynomial coalgebra, such that
(GrA)** is an exponential functor.

Proof. 1t is trivial that (ii)=-(i), and (ii)=-(iii). Let us prove (i)=-(ii) (the
proof for (iii)=-(ii) is similar). We know that (GrA)** is an exponential
functor. That is, if we consider the A**(V) ® A**(W) as a bigraded object
(with total bidegree), with the tensor product filtration

FI(A(V) @ A% (W) = Sy ooy FEAS (V) @ FLA™ (W)

then the multiplication induces a bigraded map A**(V) @ A**(W) mult™”
AS*(V @ W) compatible with the filtrations, and whose associated graded
map Gr(mult®’) is an isomorphism in each bidegree (k,£). Now since the
filtrations have finite length in each bidegree (k,¢), by iterated uses of the
five lemma, the map mult®* is also an isomorphism. Whence (ii). O

We are now ready to prove our second splitting result.

Proposition 7.14 (Splitting result IT). Let k be a field of odd characteristic,
and let A** be a (1, €)-commutative filtered bigraded strict polynomial algebra
over k. Assume that F** and G** are bigraded additive strict_polynomial
functors such that the bigraded strict polynomial algebra (GrA)** equals
*(F**) ® A*(G**). Then A%* ~ (GrA)** and A”" ~ (GrA)** as bigraded

strict polynomial algebras.

Proof. First, by lemma [[T3] A** is a (1, €)-commutative filtered bigraded

strict polynomial exponential functor, and (GrA)** equals I'*(F**) ®
A*(G**) as a bigraded exponential functor. So by lemma [2.9] it is suffi-
cient to find a coalgebra isomorphism (GrA)** ~ A**.

Step 1: splitting without coproducts. For all k, /¢, the extension
group Ext!((GrA)** (GrA)*) equals Ext!((GrA)**% (GrA)*%), which
equals zero by lemma [Z.11l So lemma yields an isomorphism of bi-
graded strict polynomial functors A" ~ (GrA)**.

Step 2: duality. Thus, A** is a (1, ¢)-commutative bigraded coalgebra
with trivial filtration. That is, each A®¢ splits as a direct sum of subfunctors
G™ ARt and the filtration --- C F'AR ¢ FimtARE ¢ . of AR is defined

by FiAkS =@, . G™ARY. And moreover the comultiplication respects the
. . - . .. k.t
filtration, i.e. for all integer 4, it takes €B,,~; G™A™" to
El} GmAkl,Zl ® GnAk:Q’ZQ X

mA4n>i, k1+ko=k,l1+l2=~L
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If we apply duality to this situation, we obtain that A**? is a filtered bi-
graded strict polynomial algebra (with trivial dual filtration), and

Gr(A™*) = (GrA)*"# = §*(F**) @ A*(G**)

as bigraded strict polynomial algebras. So by proposition[7.12] we get an iso-
morphism of bigraded strict polynomial algebras (GrA)**f = Gr(A**#) ~
A**f Using once again duality, we recover an isomorphism of bigraded
strict polynomial coalgebras (GrA)** ~ A** and we are done. (]

7.3.2. Triviality of filtrations in characteristic 2. The following proposition
is proved exactly in the same fashion as proposition [7.12] and [Z.T14l The
proof is actually even simpler, since there are no signs to handle.

Proposition 7.15 (Splitting result III). Let k be a field of characteristic
2, and let A** be a commutative filtered bigraded strict polynomial algebra
over k. Assume that F** is a bigraded additive strict polynomial functor,
and

(GrA)™* = S*(Fy ) or (GrA)™ =T*(F™").
Then A** ~ (GrA)** as bigraded strict polynomial algebras.

Proposition [Z.15]is sufficient to prove that the filtrations on the abutment
of the twisting spectral sequence split in characteristic 2, except for the cases
of E*(A*(HS), S5*(5): V) and E*(F*(t+5),A*(S); V). In these cases, the algebras

are, up to a filtration, exterior algebras of the form
A* <@ogi<ps Vit [di]>

where the V(+9[d;] are some copies of V(¥ placed in some degree d; (the
computation is made in example [T.9(1) for the case of E* (D) A*(5). 7)),
the case of E (A*(+5) §%(5); V) ig similar).

So we need a analogue of proposition[T.I5lwhen (GrA)** = A*(F**). Two
difficulties arise when we want to adapt the proof of proposition to this
case. First, there might be non-trivial extensions between certain twisted
exterior powers in characteristic 2 (e.g. the extension A% < T2 — AL(D),
Second, exterior algebras are universal algebras for strictly anticommutative
algebras (i.e. algebras in which squares are trivial). So the best we can easily
prove is the following statement.

Proposition 7.16 (Splitting result IV). Let k be a field of characteristic
2, and let A®* be a strictly anticommutative filtered bigraded strict polyno-
mial algebra over k. Let r be an integer, and let F™* be a bigraded strict
polynomial functor, such that all F** are finite direct sums of copies of
1) If the bigraded strict polynomial algebra (GrA)™* equals A*(F**), then
AY* ~ (GrA)** as bigraded strict polynomial algebras.

Proof. The proof that Ext%;k((GrA)k’z, (GrA)¥*%) equals zero reduces, by it-

erated uses of lemma[2.12] to checking that for all d > 0, Ext%;k (A2 AL,
But the latter fact follows from proposition [I.8 and the vanishing of
Ext%;k(Ad,Ad). So lemma [.10] yields an isomorphism of bigraded strict
polynomial functors A** ~ (GrA)**. To get an isomorphism of algebras,

we use the universal property of exterior algebras, exactly as in the second
step of the proof of proposition [Z.12] O
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In order to use proposition [Z.16] we need to show that E (A*(tHs) g+(s). )
and E"(I*t+5) A*(): V) are strictly anticommutative.

Lemma 7.17. Let k be a field of characteristic 2. For all nonnegative
integers s,t, the bigraded strict polynomial algebras

E*(A*(tJrs)’ S*(s); V) and E* (F*(t+s),A*(s); V)
are strictly anticommutative (that is, for all x, x - x = 0 in these algebras).

Proof. Let us prove that E*(F*(t+s),A*(s);V) is strictly anticommutative.
Since k has characteristic 2, we have an injective morphism of algebras
a: A* — I'*. It induces a morphism of algebras:

,8 : E*(F*(tJrs),A*(s); V) _ E* (A*(t+s),A*(s); V) )

To prove that E*(P*(HS),A*(S); V) is strictly anticommutative, it suffices to
prove that f is injective and that E (A4 A*(9); V) is strictly anticom-
mutative.

Let us prove that 3 is injective. For all d > 0, we have a commutative
square, where the vertical arrows are injections induced by the canonical
map A% — @%

H(e,@%;V)

H(T?, @% V) H(A%, @ V) -

H(o, A%;V)

H(I4, A% V) H(A?, A V)

Now the map H(a, ®%; V) is an isomorphism (by lemmaEI0), so H(a, A%; V)
is injective. Using proposition [, we get an injection H(T'? (6) AdP' V) —
H(A? (®) AdP' V). By proposition [Z.8 Gr(S) equals the evaluation of this
map on E, ® V) hence it is injective. We conclude the injectivity of 5.
Now E*(A*(HS),A*(S); V) is strictly anticommutative since it is a di-
vided power algebra. Indeed, E*(A*,A*;V) equals H(A*, A*; V) and the
latter equals I'*(V'). We apply propositions [.1] [7.8 and to conclude
that B ([*#+5) 1*(). V) is isomorphic to I*(Do<icps V[(2i +2)pt —2)).
Whence the result. The proof for E*(A*(HS), S*(5): V) is similar. O

7.4. Final results. In this section, we state the computations of the bi-
graded strict polynomial algebras E*(X *(t+s) y=(s). V). Let us recall the
conventions used.

Convention 7.18. In the statements of theorems [.TM7.23] we adopt the
following conventions.

(1) On the left handside, the algebras E (X*#+5) y*(5); V) denote the
bigraded strict polynomial functors

w=h s s
Do B (X, y ' () v7)
with E'(X4t+), yd(), V) = EM(XA0+) yd6), V) placed in bide-
gree (h,p*Ttd), and equipped with the signed product (as in conven-

tion [3.6]).
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(2) On the right handside, the generators V{(4+s+)[h] denote copies of
V{d+s+t) with bidegree (h, p¢Tstt). Thus, V@5t [h] is a subfunctor
of Ef(Xd{tHs) yd(), V),

Let us order the classical exponential functors from the ‘more projective’
to the ‘more injective’ one I'* < A* < S*. In theorems [.19 and [.20] we get
the computations for pairs (X*,Y™*) with X* < Y™*. Observe that in these
cases B (X* (t+s) y*®). V') is concentrated in even Ext-degree when p is odd,
so this algebra actually equals the unsigned algebra E*(X *(tts) y*(), V).
These results were computed first in [FESS, Thm 5.8] (for V' = k) and our
results agree with this theorem. Finally, we mention that theorem [(.19] is
a particular case of [T3, Cor. 5.8] which computes E*(C* &+ §*(®). V) for
all graded strict polynomial coalgebra C*.

Theorem 7.19 (Pairs (X*,5%)). Let k be a field of positive characteristic
p, and let s,t be positive integers. For all classical exponential functor X*,
there is an isomorphism of bigraded strict polynomial algebras:

N (X* (t+s), g% (s); V) ~ X*ﬁ @ V(H—s) [Qipt]

0<i<ps

Theorem 7.20 (Pairs (X*,Y™) with X* < Y* < §*). Let k be a field of
positive characteristic p, and let s,t be positive integers. There are isomor-
phisms of bigraded strict polynomial algebras:

E @) A0 vy~ A | @ vE2i+ 0p 1] |

0<i<ps

E A4 Cvy = | @ vEr[ei 1] )
0<i<ps

E* (F* (t+s)’r* (s); V) ~T* @ V(t+s) [(2@ + 2)pt _ 2]

0<i<ps

Now we turn to the pairs (X*,Y™), with X* > Y™*. These pairs were not
computed in [FFSS], where the authors suspected that there are ‘no easy
answer’ for such pairs. Our approach somehow explains why Ext-groups
for these pairs are much more difficult to compute. Indeed, for all pairs
(X*,Y™"), the extension groups E*(X* (t+5) y*®). V) can be deduced from
E" (X*,Y*; V). The latter are very easy to compute if X* < Y™ (they reduce
to Hom-groups), but far from being trivial if X* > Y™ since they amount
to computing the homology of some Eilenberg Mac Lane spaces.

In theorems [721 and [7.23), the signed algebras B (X*(+5) y*®): V) are
actually equal to the unsigned algebras E*(X*(¢+5) y*(®). V). But it is not
the case in theorem Our results are quite different from the results
computed in [C2], but as already observed in section [5.3], one can find coun-
terexamples to the latter.
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Theorem 7.21 (Pairs (X*,Y™) with X* > Y™ for p = 2). Letk be a field of
characteristic p = 2, and let s, t be positive integers. There are isomorphisms
of bigraded strict polynomial algebras:

0<i<p®,0<k

)

E* (A* (t+s)7r* (s); V) ~ T* @ V(k+t+s)[(Qi + 2)pk+t _ pk _ 1]

0<i<ps,0<k

E* (S* (t+s) ’ r* (s); V)

0<i<p® ,0<k,0</

(o]
Recall from notation [B.I0 that ® denotes the naive tensor product of

bigraded algebras, that is A** é B** equals A** ® B™* as a bigraded
object, and the product of a ® b and a’ ® b’ equals aa’ ® bb’ with no Koszul
sign.

Theorem 7.22. Let k be a field of odd characteristic p, and let s,t be posi-
tive integers. The bigraded strict polynomial algebra E*(S* (t+s) A*(s), V) is
isomorphic to the naive tensor product:

0<i<ps,0<k

o

T @ VEIHEI(2i 4 1) g
0<i<p®,0<k

The bigraded strict polynomial algebra E*(A* (t4s) (o), V') is isomorphic to
the naive tensor product

0<i<ps ,0<k

é T EB V(k+1+t+s)[(2i + 2)pk+1+t _ pk —9
0<i<p®,0<k

Theorem 7.23. Let k be a field of odd characteristic p, and let s,t be
positive integers. The bigraded strict polynomial algebra IE*(S* (t4s) = (s), V)
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1s isomorphic to the maive tensor product:

0<i<p® ,0<k

® A* @ V(k+£+1+t+s) [(22 + 2)pk+2+1+t _ 2pk _ 1]
0<i<ps ,0<k,0</

0<i<p®,0<k,0<¢

proof of theorems . Step 1. We first compute the bigraded strict
polynomial algebra E (X*,Y*; V). There are two cases. If X* < Y*, then
E*(X*,Y*; V) reduces to H(X*,Y*;V) and is very easy to compute (see
section [L3)). If X* > Y*, then E*(X*,Y*;V) is rather complicated, and
computed in theorems 511 and [.14L In all cases, E (X*,Y*;V) is a sym-
metric, an exterior or a divided power algebra (or a tensor product of these)
on some generators V() [a] which are copies of the functor V() placed in
bidegree (a,p’).

Step 2. By proposition [71] E*(X*(t),Y*;V) is isomorphic, up to a
regrading, to E*(X*, Y*; V®). To be more specific, each generator V()[q]
of E*(X*,Y*; V) corresponds to a generator V) [a + (pt — 1)pPa(Y™*)] of
E"(X*®,Y* V), where a(S%) = 0, a(A*) = 1 and a(T*) = 2.

Step 3. By proposition [(.8] E*(X*(HS),Y*(S); V) is, up to a filtration,
an algebra of the same kind as E*(X *(t),Y*;V), but with more genera-
tors. To be more specific, each generator Vg + (pt — 1)pPa(Y™*)] of
E" (X*® Y*.V) gives birth to a family of generators (indexed by an integer
i, with 0 < i < p®):

V(b+t+8) [a+(pt_1)pba(y*)+2zpb+t] — V(b+t+8)[(Qi—i-a(Y*))pb+t—a(Y*)pb+a].

Step 4. Finally, all the filtrations involved are trivial by section [73l
Whence the results. O

8. APPENDIX: THE BASIC THEORY OF STRICT POLYNOMIAL FUNCTORS

In this appendix, we recall (without proofs) the main features of strict
polynomial functors. The basic references are [ES, Sections 2 and 3] or
[El [P] for strict polynomial functors over fields, and [SEB| Section 3] for the
variants. One can also consult [T2] Section 2].

8.1. Strict polynomial functors over a field. Let k be a field. We denote
by Vi the category of finite dimensional k-vector spaces. For X,Y € Vi we
denote by Hompg (X, Y") the polynomials with source X and target Y, that
is Hompo(X,Y) = S*(XV) ® Y, where ‘¥’ stands for k-linear duality.

8.1.1. Definition. We let Py be the abelian category of strict polynomial
functors over field k.
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The objects of Py are functors F' : Vx — Vi equipped with an extra
‘strict polynomial structure’. Such a strict polynomial structure is a collec-
tion of polynomials Fyw € Hompy (Homy(V, W), Homy (F(V'), F(W)) for
all V. W € Vg, which satisfy the following conditions.

(i) For all k-linear map f : V. — W the k-linear map F(f) : F(V) —
F(W) equals Fyw (f).
(ii) For all U, V,W € Vx, the polynomials Fyw(g)oFy,v(f) and Fyw(go
f) are equal.
(ili) The set of integers {deg(Fv,w), V,W € W} is bounded.

The integer supy yy ¢y, {deg Fy,w } is the strict polynomial degree (or simply
the degree when no confusion is possible) of F. If all the polynomial Fy
are homogeneous of degree d, then F' is said to be homogeneous of degree d.

The morphisms of Py are the natural transformations 6 : ' — G, satis-
fying the following condition.

(iv) For all V,W € Vx the polynomials Oy o Fyw (f) and Gyw (f) o 0w
are equal (both are polynomials in the variable f € Homy(V, W),
with values in Homy (F(V'), G(W))).

8.1.2. Ezamples. The tensor powers @% : V = V®? are homogeneous strict
polynomial functors of degree d. The strict polynomial structure can be
explicitly described as follows. Let (e;) be a basis of Homy(V, W) and
let (e)) be the dual basis. The polynomial ®§l/7w € SYHomy(V,W)V) ®
Homy (V, W)®? equals:

\ \
Z Ciy "€y © Z Cio) @ " D Cigy | >

i1<-<ig a€6(i1,..,1q)

where &(iy,...,i4) is the subset of the symmetric group &, formed by the
permutations o satisfying o (k) < o(¢) for all 1 < k < £ < d such that iy, = iy
(that is, the parenthesis contains one copy of each elementary tensor which
can be obtained from e;; ® --- ® e;, by changing the order of the e;, ). An
elementary check shows that this definition of ®(\i/,W does not depend on the
choice of the basis (e;), and that conditions (i), (ii) and (iii) are satisfied.

One can also compute that Homp, (®@%, ®%) is the free k-module with basis
the natural transformations induced by the permutations o € G4

v ed — y©d
d d :
®i=1?}i — ®i=1?}0'_1(i)

The symmetric powers S¢, the exterior powers A? or the divided powers
V) = (VehSe = (S4VV))V are also homogeneous strict polynomial
functors of degree d. And if X = S, A or I, the multiplications X* @ X* —
X*+£ and the comultiplications X*t¢ — X* @ X* are morphisms in Py. If
k has prime characteristic p > 0, another example is the Frobenius twist
I") which sends V to the subspace of SP" (V') generated by the elements of
the form vP". Also, tensor products of strict polynomial functors F ® G :
Vi— F(V)® G(V), and compositions F oG : V — F(G(V)) are once again

strict polynomial functors. (the degree is additive with respect to tensor
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products and multiplicative with respect to compositions of homogeneous
strict polynomial functors).

8.1.3. Structure of the category Px. The main structural results about Py
are the following:

(1) The abelian category Py has enough projectives; a projective gener-
ator is the family of tensor products of divided powers. It also has
enough injectives ; an injective cogenerator is the family of tensor
products of symmetric powers. In particular P is a nice framework
for homological algebra and computing extensions groups.

(2) The Kuhn dual F* : V s F(VV)Y of a strict polynomial func-
tor (‘Y7 denotes k-linear duality) is a strict polynomial functor of
the same degree, and it induces an isomorphism, natural in F,G:
Extp, (F,G) ~ Ext’;;k(Gﬁ,Fﬁ). We have A% = A4 T8 = () and
St =14,

(3) The abelian category P splits as the direct sum of its full abelian
subcategories Py 4 of homogeneous strict polynomial functors of de-
gree d. In practice, it means that:

e Each functor F' splits as a finite direct sum of homogeneous
functors.

e If F,G are homogeneous functors, Exty (F,G) = 0 if F' and G
have different degrees, and Extp, (F,G) = Ext}k)]k’d(F, G)if F,G
are homogeneous of degree d.

(4) For d > 1, let T be the category with objects the finite di-
mensional k-vector spaces and with morphism V — W the &y4-
equivariant k-linear maps V&% — W®4;

Hompay, (V, W) = Home, (V¥4 W% = T*(Homy (V, W)) .

Then the category Py g is isomorphic to the category of k-linear

functors T4V — V. So, the Yoneda lemma yields an isomorphism
Homp, , (I*(Homy(V, -)), F(-)) = F(V).

(5) Evaluating a strict polynomial functor F' on V' € Vk yields a functor
from Py 4 to the category of finite dimensional modules over the
Schur algebra S(V,d) = Endray, (V) = Endg,(V®?). One proves
that if dim V' > d, the evaluation functor induces an equivalence of
categories Py g ~ S(V,d)-mod. Now S(V,d)-modules are rational
GL(V)-modules, so one has an evaluation morphism:

Extp, (F, G) = Extl gron(F(V),G(V))
which is an isomorphism if dim V' > deg F',deg G.
8.1.4. Strict polynomial vs ordinary functors. Let Fct(Vk, Vi) denote the
category of endofunctors of Vx. Then a strict polynomial functor is an

element of Fect(Vi, Vi) together with a strict polynomial structure. Thus,
forgetting the strict polynomial structure yields a forgetful functor

U:Py— .FCt(Vk,Vk) .

Many subtle properties of the forgetful functor are proved in [FFSS|, Section
2 and 3|, we only recall very basic properties here. First, i is faithful (indeed,
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a morphism of strict polynomial functors is a natural transformation of
functors satisfying an extra condition). Moreover, U reflects isomorphisms,
that is f : FF — G is an isomorphism if and only if ¢/ f is an isomorphism.
Indeed we can assume that F, G are homogeneous of degree d. If U f is an
isomorphism, fy : F(V) — G(V), for dimV > d is a k-linear isomorphism.
Thus, fy is an isomorphism of S(V,d)-modules, which is equivalent to say
that f: F — G is an isomorphism.

Assume that k is an infinite field. So, evaluation induces an injective map
Hompe(X,Y) < Map(X,Y). Thus, for a given functor F' € Fet(Vk, Vi),
there can be at most one collection of polynomials Fy yy satisfying conditions
(1) and (iii) from the definition (and condition (ii) is automatically satisfied).
Moreover, all natural transformations between strict polynomial functors
automatically satisfy condition (iv). Thus, U/ is an embedding,.

If k is a finite field, the situation is quite different. First ¢/ is not full. For
example, if k = F,, then Homp, (S, SP) = 0 since these two functors are
homogeneous of different degrees. But the natural transformation v — v?
is a non trivial element of Hom;ct(vk,vk)(Sl, SP). Also, U is not injective on

objects. For example, if k = IF,, the Frobenius twist functors I (") and I,

for 7 # s are not ismorphic, but UI") and UI®) both equal the identity
functor.

8.2. Generalizations.

8.2.1. Strict polynomial functors over a commutative ring k. Let k be a
commutative ring, and let Vi be the category of finitely generated k-modules.
Then the definition of the category Py can be transposed without change
over k. (i.e. strict polynomial functors are functors F' : Vx — V, endowed
with a strict polynomial structure, satisfying conditions (i), (ii) and (iii).
Then all that is written in section B carries word for word in this more
general setting, up to the following minor change. The categories Py and Py 4
are no longer abelian: there are not enough kernels or cokernels in general.

For example, if k = Z, the cokernel of the multiplication by 2: F 2, F does
not take projective values, hence is not an object of Px. However, if we define
admissible short exact sequences to be the FF — G — H which are short
exact sequences after evaluation on all V' € Vg, then P, and Py 4 become
exact categories in the sense of Quillen, with enough admissible projectives
(divided powers) and injectives (symmetric powers). Hence, Py is still a
good framework for homological algebra, Ext-computations and so on, see
[Bu] for a recent detailed account of exact categories (classical homological
algebra works without change in this setting if one replaces the concept of
short exact sequences by the concept of admissible ones).

Such strict polynomial functors were used in [SFB|, and the reader can
find more details in this article.

8.2.2. Strict polynomial functors with values in arbitrary k-modules. Let
k be a commutative ring. One can also define strict polynomial func-
tors with values in arbitrary k-modules. To be more specific, a strict
polynomial functor with values in arbitrary k-modules is a functor:
F : VYV — k-Mod, equipped with a collection of polynomials Fyw €
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Hompe (Homy (V, W), Homg (F(V'), F(W))) satisfying the same conditions as
in the field case.
Let Pk denote the category of strict polynomial functors with values in

arbitrary k-modules. Then it is easy to prove (the proofs are the same as in
the field case) that:

° 75]1; is an abelian category, which splits as a direct sum of its full

abelian subcategories Py 4 of homogeneous functors of degree d, ex-
actly as in the field case.

e The abelian categories Py 4 are equivalent to the categories of k-
levlear functors 'V, — k-Mod.
e Py has enough projectives (a projective generator is the tensor prod-

ucts of divided powers), so Pk is a nice framework for classical homo-
logical algebra. (But we warn the reader that unlike in the category
Pk, symmetric powers are no longer injective, that Kuhn duality is
no longer a self anti-equivalence of categories, and that tensor prod-
ucts are no longer exact).

Finally, Py equals the full subcategory of 75]1; whose objects are functors
taking values in finitely generated projective modules. Moreover the inclu-
sion Px — Pk is exact and preserves projectives. So for all F,G € Py the
inclusion induces an isomorphism:

Extp (F,G) ~ Ext%k(F, G).

Thus, one can think of the extension groups between F' and G, as being
computed in the exact category Pk, or in the abelian category Py (since the
two categories have slightly different properties, the two viewpoints might
be interesting).
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