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GYSIN FUNCTORS, CORRESPONDENCES, AND THE
GROTHENDIECK-WITT CATEGORY

DANIEL DUGGER

ABSTRACT. We introduce some general categorical machinery for studying Gysin func-
tors (certain kinds of functors with transfers) and their associated categories of corre-
spondences. These correspondence categories are closed, symmetric monoidal categories
where all objects are self-dual. We also prove a limited reconstruction theorem: given
such a closed, symmetric monoidal category (and some extra information) it is isomor-
phic to the correspondence category associated to a Gysin functor. Finally, if & is a field
we use this technology to define and explore a new construction called the Grothendieck-
Witt category of k.

1. Introduction

Fix a ground field k. In this paper we describe a category GWC(k) whose objects are
the finite separable field extensions of k. The morphisms are a Grothendieck group of
certain kinds of “correspondences” built up from bilinear forms, and there is an intrinsic
notion of composition. We call this the Grothendieck-Witt category of k. In order to
study this category, we generalize to the theory of what we call Gysin functors and their
associated categories of correspondences. These notions simultaneously generalize the
classical theory of Green functors and Burnside categories for finite groups. The majority
of the paper is devoted to building up the requisite categorical machinery for studying
this structure.

The motivation for this paper comes from motivic homotopy theory. Consider the
motivic stable homotopy category over k, and restrict to the full subcategory whose
objects are the suspension spectra of separable field extensions of k. This should coincide
with the Grothendieck-Witt category GWC(k) defined here, and the results in this paper
are tools for producing a careful proof of this folklore result.

To further explain the ideas and motivation of this paper we take a brief detour into
equivariant homotopy theory. Let G be a finite group, and let GTop be the category
of G-spaces and equivariant maps. We regard GS8et, the category of G-sets, as the full
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subcategory of GTop consisting of the discrete G-spaces. The orbit category Or(G) of
G is the full subcategory of GS8et consisting of the G-sets on which G acts transitively.
Every object in Or(G) is isomorphic to a quotient G/H, for some subgroup H.

Next consider the stabilization functor £°(—),: Ho(GTop) — Ho(GSpectra) from
the homotopy category of G-spaces to that of genuine G-spectra (the version of G-spectra
where representation spheres are invertible). When restricted to G8et this map is an
embedding, but it is not full. The full subcategory of Ho(GS8pectra) whose objects are
»>°0, for O a G-set is called the stable category of G-sets, and denoted G8et®. We will
actually focus on G8et,, where we restrict O to be a finite G-set. The full subcategory
of G8et;! consisting of the objects ¥°(G/H), is called the stable orbit category.

There are two common ways of describing GSet,:

(1) Given two finite G-sets O; and Oq, define a span from O; to Oy to be a diagram

N\,

in the category of finite G-sets. A map between spans is a map of diagrams that is
the identity on O; and O,. This category has a monoidal structure given by disjoint
union in the “P”-variable. Define Burn(O1,O3) to be the Grothendieck group of
isomorphisms classes of spans from O; to Oy, with respect to this disjoint union
operation.

Note that we will sometimes refer to spans as “correspondences”, as that terminology
is often used in geometric settings. Also note that the right-to-left convention we use
in drawing spans is explained further in Section 1.6 below.

If we have three finite G-sets 01, Oy, and O3 then we can define a composition of
spans via the pullback operation shown in the following diagram:

Q. X094 P

Og/Q/\O2/P\OI.

This operation induces a map
Burn(0y, O3) x Burn(0q, 0y) — Burn(01, O3)

which is readily checked to be unital and associative. So we have defined a cate-
gory Burn whose objects are the finite G-sets. This is usually called the Burnside
category of G-sets.

Here are some things to take note of:
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(a) There is a functor R: G8ets, — Burn that is the identity on objects and sends a
map fﬁ 07 — 04 to the span [OQ (L O l—d> Ol]

(b) The category Burn has a duality anti-automorphism (—)* which is the identity
on objects, and on morphisms sends a span [Oy - P — O4] to the similar span
[O1 <~ P — 0] obtained by reversing the order of the maps. The duality functor
is an isomorphism

(=)*: Burn® — Burn .

(c) In particular, setting I = (—)* o R gives a functor I: G8ety? — Burn. If f: O; —

5 then I(f) is the span [0, DL, NN Os).

If A is an additive category then additive functors Burn® — A are the same as what
are usually called Mackey functors. (One could also identify Mackey functors with
additive functors Burn — A, since Burn is self-dual; however, our notation for the R
and [ maps fits better with the contravariant option).

It is a classical theorem [LMS, Proposition V.9.6] that Burn is isomorphic to the stable
category of finite G-sets. See also [Li] for the initial introduction of this category and
its relationship to Mackey functors.

(2) The stable orbit category Or(G)®" can also be described in terms of generators and
relations. This is the additive category whose objects are the transitive G-sets and
whose morphisms are freely generated by the maps Ry: Oy — Oy and Iy: Oy — Oy
for every map of G-sets f: O; — O, subject to the morphisms satisfying the relations

(i) Rgp = Ryo Ry;
(i) Igp = Iyoly;
(ili) Given a pullback diagram of G-sets

P10,

"

9, 2= 0,

where the actions on 01, O, and O3 are transitive, write P = [ [, X; where each
X, is a transitive G-set. Then

IQORQZZRiOIﬁ

where f; and p; are the restrictions of f and p to X;.

It is again a classical theorem that this category, defined in terms of generators and
relations, is isomorphic to the stable orbit category.
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Now let us return to our original setting, where k is a fixed ground field. Keeping the
above discussion in mind, we would like to examine the full subcategory of the motivic
stable homotopy category over k whose objects are the suspension spectra of fields. This is
vaguely analogous to the stable orbit category, although in the case of G-spectra the orbits
generate the category whereas field spectra do not generate the category in the motivic
setting. Our goal (though not fully realized in the present paper) is to give descriptions
of this category that are analogs of (1) and (2). To give a sense of this in the first case,
the Grothendieck-Witt category of & is defined to be the category GWC(k) whose objects
are Spec E/ for F a finite, separable field extension of k. The morphisms from Spec E to
Spec F' are the Grothendieck group GW (F ®; E) of quadratic spaces over F' ®; E (see
Section 2 for details). The definition of composition is a little too cumbersome to be
included in this introduction, but it mimics the composition we saw in (1) above.

Morel [Mo] proved that if k is perfect and F'/k is a separable field extension then
[5(Spec F),., 5] = GW(F)

where S is the motivic sphere spectrum and [—, —] denotes maps in the motivic stable
homotopy category of smooth k-schemes. If J/k is another separable extension one can
then argue that

I

[X°°(Spec F) 4, ¥°°(Spec J) ] = [2*°(Spec F') . A X%°(Spec J) 1, S|
= [X°°(Spec(F @k J))+, S|

~ GW(F @ J)

where the first isomorphism uses a self-duality X°°(Spec J); = F(X>°(SpecJ),,S) and
the last isomorphism is the aforementioned one of Morel (using that F' ®; J decomposes
as a product of separable field extensions of k). The self-duality is dealt with in the
appendix to [H], and in the equivariant context it is in modern times usually couched in
the machinery of the Wirthmiiller isomorphism (cf. [Ma2], for example).

Accepting the above computation, it remains to compute the composition in the mo-
tivic stable homotopy category and relate it to the appropriate pairing of Grothendieck-
Witt groups. The present paper exists partly because attempting to do this by ad hoc
methods proved unwieldy.

In the narrative we provide here, everything comes down to the existence of transfer
maps. Transfer maps coupled with diagonal maps give rise to duality structures, and
quite general categorical computations show that any reasonable category with this kind
of structure may be described by a “correspondence-like” description of composition.

Let us now explain the results in a bit more detail. Let C be a finitary lextensive
category (see Section 3.1, but understand that this is basically just a category where
coproducts behave nicely with respect to pullbacks). We define a Gysin functor on C to
be an assignment X — FE(X) from ob(C) to commutative rings, together with pullback
and pushforward maps f* and fi satisfying certain compatibility properties. Given this
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situation, one can construct a category of correspondences Cr where the object set is
ob(C), maps from X to Y are the abelian group F(Y x X), and composition is obtained by
a familiar formula using the pullback and pushforward maps. The category Cg is enriched
over abelian groups, is closed symmetric monoidal, and has the property that all objects
are self-dual.

Now suppose H is a closed tensor category (additive category with compatible sym-
metric monoidal structure) with tensor ® and unit S. Suppose given functors R: C — H
and I: C? — H satisfying some reasonable hypotheses (see Section 4). For f: X — Y in
C we think of Rf as the “regular” map associated to f in H, whereas I f is an associated
transfer map. The prototype for this situation is where H is the genuine G-equivariant
stable homotopy category, C is the category of finite G-sets, R(X) = I(X) = £2(X,),
Rf is the usual map induced by f: X — Y, and [f is the corresponding transfer map.

Write 7 for the functor C? — Ab given by 7(X) = H(RX,S). This inherits the
structure of a Gysin functor, and we prove the following:

1.1. THEOREM. Under mild hypotheses, the category of correspondences C (o) is equivalent
to the full subcategory of H whose objects lie in the image of R.

That is, we prove that one can reconstruct the appropriate subcategory of H as the
category of correspondences associated to the Gysin functor 7. See Theorem 4.16 for a
precise version of the above theorem.

The second result of this paper concerns the structure of the category of correspon-
dences Cg for a general Gysin functor E. In the Burnside category of a finite group, there
are special collections of maps Rf and Ig and every map in the category may be written
as a composite Rf o Ig. There are also rules for rewriting compositions I f o Rg in the
above form. In the case of a general Gysin functor, there are three collections of special
maps, elements of which are written Rf, g, and Da where f and g are maps in C and
a € E(X) for some object X in C. We prove the following:

1.2. THEOREM. Every map in Cg can be written as a sum of maps Rf o Da o Ig. Other
composites of the R-D-I maps can be rewritten in this form using the rules

(a) DaoRf = Rf oD(f"a),
(b) IfoDa= D(f*a)olf,
(¢) IfoRg= RpoIq where p and q are the maps in the pullback diagram

P—=4
s
B—L-¢C
inside the category C.
Moreover, for a map f: X =Y inC and a € E(X) one has Rf o Dao If = D(f(a)).

The following corollary is really just a reformulation of the theorem:
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1.3. COROLLARY. Maps in Cg(X,Y) can be represented by a pair consisting of a span
Y J oz X] and an element a € E(Z): this pair represents Rf o Dao Ig. If a

map in Cg(U, X) is represented by [X RN U, a' € E(Z")] then the composite is
represented by the pullback span

P
2
Z oz
VN LN
Y X U

and the element (s*a)(t*a’) € E(P), where the product is the multiplication in E(P). That
18 to say,

(Rf o Daolg)o(Rf oDd olg')=R(fs)o D((s*a)(t*a")) o I(g't).
Moreover, we have the extra relation

vz Ly, aeE(Z)]:{wi

Y LY, fila) € E(Y)].
If one assumes the category C to have some basic Galois-type properties (which model

the behavior of the category of G-sets) then explicit computations become easier. For
example, one can prove the following:

1.4. PROPOSITION. Assume C is a Galoisien category (see Section 5.13), and let X be
an object in C that is Galois. Then in Cg one has

P

Ende, (X) = [Aute(X)]BE(X)

where on the right we have the twisted group ring whose elements are finite sums »_.[g:]a;
with g; € Aute(X) and a; € E(X), and the multiplication is determined by the formula

[9la - [h]b = [ghl(h*a - b).

(Here [gla corresponds to the element Rg o Da).

The above proposition describes the full subcategory of Cp consisting of a single Galois
object. In a similar vein, one can explicitly describe the full subcategories generated by
multiple Galois objects. See Section 5.

Although the motivation for this paper comes from a concrete question concerning
motivic homotopy theory, here we only develop the categorical backdrop. In the future
we hope to explain how this backdrop applies to both the G-equivariant and motivic
settings.
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1.5. ORGANIZATION OF THE PAPER. In Section 2 we write down a complete definition
of the Grothendieck-Witt category. In Section 3 we generalize this, by introducing the
notions of a Gysin functor and its associated category of correspondences (a Gysin functor
is the same thing as what is called a commutative Green functor in the group theory
literature). Section 4 continues the development of this machinery and proves the main
“reconstruction theorem”, which in this generality is a simple exercise in category theory.

Section 5 gives a deeper investigation into the structure of correspondence categories,
and serves as a prelude to Section 6 where we work out some basic computations inside
Grothendieck-Witt categories over a field.

1.6. NOTATION AND TERMINOLOGY. The common notation “f(z)” establishes a right-
to-left trend in symbology: one starts with x and then applies f to it. The common
notation Hom(A, B) is based on the opposite left-to-right trend. The opposing nature of
these two notations is one of the most common annoyances in modern mathematics. Our
general philosophy in this paper is that we will always use the right-to-left convention,
except when we write Hom(A, B). This has already appeared in our treatment of the
Burnside category, where spans from O; to O, were drawn with the O; term on the right.
That particular convention will have various incarnations throughout the paper.

The projection map X x Y x Z — X x Z will be written 7357, and similarly for
other projection maps. If f: A — X and g: A — Y, then it is sometimes useful to
denote the induced map A — X x Y as f x g. Unfortunately, f x g also denotes the map
Ax A — X xY. Usually it is clear from context which one is meant, but when necessary
we will write (f X g)4y and (f X g)45 to distinguish them. In all these conventions, the
superscript is the domain and the subscript is the range.

2. Background on Grothendieck-Witt groups and composition

In this section we recall the definition and basic properties of the Grothendieck-Witt group
of a ring. Then we explain how these groups can be assembled to give the hom-sets in a
certain category GWC(R). This sets the stage for the rest of the paper, which develops
tools that help analyze generalizations of this construction.

2.1. GROTHENDIECK-WITT GROUPS. Let R be a commutative ring. A quadratic space
over R is a pair (P,b) consisting of a finitely-generated, projective R-module P together
with a map b: P ®r P — R that is symmetric in the sense that b(x,y) = b(y, z) for all
x,y € P. One says that (P,b) is nondegenerate if the adjoint map P — Hompg(P, R)
associated to b is an isomorphism of R-modules.

Given any maximal ideal m of R there is an induced map

P®gP b R

| |

(P/mP) @ (P/mP) "> Rfm
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giving a symmetric bilinear form b, on the R/m-vector space P/mP. One readily checks
that (P,b) is nondegenerate if and only if (P/mP, b,,) is nondegenerate for every maximal
ideal m of R. In many cases nondegeneracy is most easily checked using this criterion.

It will be useful for us to sometimes think geometrically. A quadratic space is an
algebraic vector bundle on Spec R equipped with a fibrewise symmetric bilinear form,
and it is nondegenerate if the bilinear forms on the closed fibers are all nondegenerate.

Note that there is an evident direct sum operation on quadratic spaces. There is also
a tensor product: if (P,b) and (Q, c¢) are quadratic spaces then (P ®g Q,b ®g ¢) denotes
the projective module P ®g ) equipped with the bilinear form

(P®rQ) Qg (P®RQ>MP@RP(gRQ@RQ&)R@RR—u)R.
It is easy to check that the direct sum and tensor product of nondegenerate quadratic
spaces are again nondegenerate.

The Grothendieck-Witt group of R, denoted GW(R), is the Grothendieck group
of nondegenerate quadratic spaces with respect to direct sum. It has a ring structure
induced by tensor product. If f: R — S is a map of commutative rings then there is an
induced map of rings f.: GW(R) — GW(S) given by (P,b) — (P ®r S,b ®p ids).

It turns out that GW(—) is also a contravariant functor, but only with respect to
certain kinds of maps. This will take a while to explain.

2.2. DEFINITION. A map of commutative rings R — S is sheer if S is a finitely-
generated, projective R-module.

2.3. REMARK. The following conditions on R — S are equivalent:

(1) R — S is sheer;
(2) S is finitely-presented and projective as an R-module;

(3) S is finitely-presented and flat as an R-module.

The equivalence (1) <= (2) is elementary, and (2) <= (3) can be found as [E, Corollary
6.6] or [R, Theorem 3.56].

When f: R — S is sheer there is a trace map trg/g: S — R defined in the evident
way: trg/g(s) is the trace of the multiplication-by-s map x + xs on S. The map trg/p
is R-linear. We can then use this trace map to take quadratic spaces over S and induce
quadratic spaces over R: if (Q,c) is a quadratic space over S then we regard () as an
R-module (via restriction of scalars along f) equipped with the bilinear pairing

QorQ—QusQ—=5"LR
This does not quite give a map GW(S) — GW(R) because the nondegeneracy condition
on the form need not be preserved. For example, if ' = F,(x) and E = Flu]/(u? — z)
then I’ < E is sheer but the trace map trg/p is zero. In order to get around this issue,
we need to assume a little more about the map R — S. This is our next subject.



164 DANIEL DUGGER

2.4. SEPARABLE ALGEBRAS. The following material is classical, but perhaps not as read-
ily accessible in the literature as it could be. See [J], [DI], and [L], though.

2.5. DEFINITION. Let A — B be a map of commutative rings. We say that B is a
separable A-algebra if any of the following equivalent conditions is satisfied:

(1) B is projective as a B & » B-module,
(2) The multiplication map p: B ®4 B — B is split in the category of B ® 4 B-modules,

(3) There exists an element w € B ®4 B such that u(w) =1 and (b® 1)w =w(1 ®@0b) for
allb € B.

(4) The ring map B ®4 B — B is sheer.

The equivalence of the conditions in the above definition is straightforward: clearly
(1)<(2), and (2)<(3) by letting w be the image of 1 under the splitting. Note that
B®4 B — B is necessarily surjective, and so B is always cyclic as a B® 4 B-module (and
in particular, finitely-generated). This explains why (1) is equivalent to (4).

If w is a class as in (3) of the above definition, then for any z € B ®4 B one has

zw=(uz)®1)w=w.(l®puz)).

To see this, write z = > a; ® b; and then just compute that

Zw = Z(ai ® b;).w = Z(ai R1D1Rb).w= Z(ai ®1)(b;®1).w
_ ((Z aib;) @ 1>.w = (u(z) ®1).w.

In particular, notice that the class w from (3) will be unique: if w’ is another such class
then we would have
ww' =(pw el =110 =u

and likewise w.w’ = w. Also notice that w is idempotent. Consequently, we have the
isomorphism of rings

B®sB=(B®sB)/w x (B®aB)/(1—w)

given in each component by projection. The second component can be identified with B.
Indeed, certainly 1—w belongs to ker u. Conversely, if s € ker p then s.w = (u(s)®1).w =
0,and so s = s — s.w = s(1l —w) € (1 —w). It follows that p induces an isomorphism of
rings (B®4 B)/(1 —w) = B.

2.6. REMARK. It helps to have some geometric intuition here. When E' — B is a topo-
logical covering space, the diagonal A: E — E xpg E gives a homeomorphism from FE
onto an open-and-closed subspace of ' xg E. Similarly, when A — B is separable then
Spec B Xgpec 4 Spec B splits off the diagonal copy of Spec B as an open-and-closed sum-
mand. The idempotent w € B ® 4 B is the algebraic culprit for this splitting.
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2.7. REMARK. There is another description of w that is sometimes useful. Since B is a
finitely-generated, projective B ® 4 B-module there is a trace map trg/(pg,p): End(B) —
B ®4 B. The element w is simply trg/(ss,p) (idB).

We will shortly restrict ourselves to studying maps R — S which are both sheer and
separable. Such maps are commonly referred to using different language:

2.8. PROPOSITION. For a map of commutative rings R — S the following are equivalent:
(1) R — S is both sheer and separable (we will refer to such maps as “sheerly separable”);
(2) R— S is sheer and S is flat as an S @g S-module;

(3) R — S is étale and S is finitely-presented as an R-module.

2.9. REMARK. Algebraic geometers tend to use the phrase “finite étale” to describe the
maps R — S satisfying the condition of Proposition 2.8. But this terminology is a bit
confusing in the non-Noetherian case, since “finite étale” does not mean “both finite
and étale”. Because of this confusion (which seems entirely unnecessary) we avoid the
geometers’ phrasing in what follows.

PROOF OF PROPOSITION 2.8. The implication (1)=-(2) is trivial. For (2)=-(1), consider
the exact sequence

0—I1—S®rS 55 —0. (2.10)

The map s — s ® 1 is a splitting for p as a map of left S-modules, and so there is
an associated splitting S ®r S — I of left S-modules. If R — S is sheer then S is
finitely-presented as an R-module, and so S ®g S is finitely-generated as a left S-module.
Consequently, I is finitely-generated as a left S-module. Thus [ is also finitely-generated
as an S ®g S-module, and therefore S is finitely-presented as S ®p S-module. Flatness
of S as an S ®p S-module then implies S ®z S — S is sheer by Remark 2.3, and so we
have proven (2)=-(1).

Now we turn to (1)=(3), so suppose R — S is sheerly separable. Separability implies
that (2.10) is split as a sequence of S ®g S-modules. So there is an S ®pg S-linear map
x: S ®gr S — I splitting the inclusion. Linearity implies that this map sends I into I2,
and so surjectivity gives us I = I?. So Qg/p = I/I*> = 0. Since S is flat and finite-type
over R, and Qg/p = 0, it follows that R — S is étale by [Mi, Proposition 1.3.5].

Now suppose that R — S is étale and S is finitely-presented as an R-module. Since
R — S is flat it follows from Remark 2.3 that R — S is sheer. The map f: S — S®g S
given by f(s) = s ® 1 is also étale (geometrically, étale maps are closed under pullback).
If u: S®r S — S is the multiplication, then po f = id. Since f and id are étale, so is
by [Mi, Corollary 1.3.6]. Therefore S is flat over S®pr S, and so we have shown (3)=(2).m



166 DANIEL DUGGER

2.11. COROLLARY. Let k be a field. A map of commutative rings k — E is sheer and
separable if and only if there is an isomorphism of k-algebras E = Fy X Ey X --- X E,
where each F; is a separable (in the classical sense) field extension of k.

ProOF. By Proposition 2.8 we can replace “sheerly separable” by “finite étale”, and then
the result is standard (for example, see [Mi, Proposition 1.3.1]). n

2.12. REMARK. Suppose we are working in a category that has finite limits. Let P be
a property of morphisms that is closed under composition and pullback. Say that a
morphism X — Y has property PP if X — Y has P and A: X — X xy X also has P.
Then it follows by general category theory that property PP is closed under composition

and pullback, and has the feature that if composable morphisms X Ty 4 Zare given
such that both g and ¢f have PP then so does f. For the proof of the latter, the main
ideas can be found in any standard reference dealing with the case where P is “étale”
(e.g. [Mi, Corollary 1.3.6]). In the present context, we can apply this principle to the
opposite category of commutative rings, where P is “sheer” and PP is therefore “sheerly
separable”. So the sheerly separable maps are closed under pullbacks and composition,
and have the indicated two-out-of-three property.

2.13. EXAMPLE. Here are three examples to keep in mind when dealing with these con-
cepts:

(a) If R and S are commutative rings then the projection R x S — R is sheerly separable,
but not an injection.

(b) If R is a commutative ring then the map R[z] — R sending x — 0 is separable but
not sheer.

(c) Given any non-separable, finite field extension k < FE, this map is sheer but not
separable.

2.14. REMARK. The maps we are calling “sheerly separable” are called “strongly sepa-
rable” in [J], and “projective separable” in [L]. The following two conditions on a map of
commutative rings R — S are also equivalent to being sheerly separable:

(1) S is separable over R and S is projective as an R-module (but not required to be
finitely-generated);

(2) S is a finitely-generated projective module over R and the trace form S ®z S — R
(given by x ® y — trg/r(zy)) is nondegenerate.

The proof of these equivalences, or at least a sketch of such, is available in [L, Proposition
6.11].

2.15. COROLLARY. Suppose that R — S 1is sheerly separable. Then for every finitely-
generated projective S-module @, the map Homg(Q,S) — Hompg(Q, R) given by g —
trs/r 0g is an isomorphism of R-modules.
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PROOF. Part (2) of Remark 2.14 shows that the given map is an isomorphism when
@ = S. It then follows immediately that it is an isomorphism for () = S™, and therefore
whenever () is a retract of S™. [

2.16. SCHARLAU TRANSFER MAPS FOR GROTHENDIECK-WITT GROUPS.

Suppose f: R — S is sheer and separable. If (@, ¢) is a nondegenerate quadratic space
over S, consider () as an R-module via restriction of scalars and equip it with the bilinear
form b given as the composite

O®r0 — Q050 —5 5 =5 R,

Note that as an S-module @) is a direct summand of some S™, and S is projective as an
R-module, so @ is also projective as an R-module. We claim that (@, b) is nondegenerate.
To see this, consider the commutative diagram

Q € Homg(Q, S)

T

Hompg(Q, R)

where the top map is the adjoint of ¢, the diagonal map is the adjoint of b, and the
vertical map T" sends g: ) — S to the composition trg/grog. Then ¢ is an isomorphism
by nondegeneracy of (@, c), T is an isomorphism by Corollary 2.15, and so b is also an
isomorphism.

It is now clear that we obtain a well-defined map of groups f': GW(S) — GW(R).
This is sometimes called the Scharlau transfer; one can find a version of it (not done
in full generality) in [S, Chapter 2.5]. Note that f' is only additive, not a map of rings.

When B is a separable A-algebra there is a canonical quadratic space over the ring
B ®4 B: it is B itself (with the usual structure of B ® 4 B-module), equipped with the
following bilinear form:

B ®pg.p B —+ B®j4 B, TRy — (ty®1).w.

A moment’s check shows that this is indeed B ®4 B-bilinear, as required. It is also
nondegenerate: this is an easy exercise using the properties of w. We will denote this
quadratic space as (B, u - w). We can also describe this construction in another way.
Observe that u: B®4 B — B is sheerly separable (it is sheer because A — B is separable,
and it is separable because B ®pg , 5 B — B is actually an isomorphism). The quadratic
space (B, - w) is simply the element p'(1), where u': GW(B) — GW(B ®,4 B) is the
Scharlau transfer.

More generally, for any quadratic space (P,b) over B we obtain a quadratic space
(P,b-w) over B® B. The underlying module is P (regarded as a B® 4 B-module, where
it is necessarily projective) equipped with the bilinear form

P ®po,p) P — B®y B, z@y > (b(r,y) ®1)w.
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This construction induces a map of groups (not rings)
GW(B) - GW(B ®4 B), [P,b] — [P,b- W]
and this is precisely the map p'.

2.17. REMARK. The significance of the quadratic space (B, i - w) will become clear in
Section 2.18 below. It plays the role of the identity morphism in the Grothendieck-Witt
category.

2.18. THE GROTHENDIECK-WITT CATEGORY OF A COMMUTATIVE RING. We next re-
strict to a somewhat specialized setting. Assume that S, T', and U are R-algebras, but
also assume that R — T is sheer and separable.

Now suppose given a quadratic space (@, ¢) over U ® g T and another quadratic space
(P,b) over T ®g S. In the following diagram, it is readily checked that the “across-the-
top-then-down” composite satisfies the appropriate T-invariance condition to induce the
dotted map:

QRrPRrQOr P22 Q@r Q@r Por P2 (U®r T) ®g (T @5 S)
1®p®1

UrT ®rS

1®trr p ®1

U®RrR®RrS

o

(Q®7 P) ®R (Q ® P) v i — ~U ®@p S.

This produces a quadratic space (Q ®7 P, c®rb) over the ring U @z S. It is easy to check
that this is nondegenerate if (P, b) and (Q,c) were, and the construction is evidently
compatible with direct sums. So we obtain a pairing

CW(U ® T) ® GW(T ®5 S) 25 GW(U @5 S). (2.19)
If we denote the evident maps as
Ji2: URRT - U®rT Qg S, Jo3: T®ORS >URrT ®gr S,
J13: URrS > UR®rT ®rS

then the pairing of (2.19) can also be expressed as

a®78 = jiz((j12.0) - (j2s.8))

(and this observation avoids the need to check nondegeneracy). Note that ji3 is a pushout
of the map R — T, and so is sheerly separable by Remark 2.12; this is why the transfer
map ji, is defined.

It is easy to check that these pairings satisfy associativity. They are also unital, with
the unit being the canonical element (T, - w) in GW(T ®p T).
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2.20. DEFINITION. Let R be a commutative ring. The Grothendieck- Witt category
of R is the category enriched over abelian groups defined as follows:

(1) The objects are SpecT for T a sheerly separable R-algebra,
(2) The set of morphisms from SpecT to SpecU is the additive group GW(U Qg T);

(8) Composition of morphisms is defined by (2.19).
This category will be denoted GWC(R).

3. The general theory of Gysin functors

When studying the Grothendieck-Witt categories GWC(R), it turns out to be advanta-
geous to investigate the story in greater generality. We do this in the present section.
The “Gysin functors” that we introduce here are simply functors with pullback and push-
forward maps which are compatible in familiar ways. Certainly such functors have been
encountered time and again in the literature, and so it is unlikely that anything in this
section is actually “new”. A very early reference is [G], whereas a more recent reference is
[B]. In the setting of finite group theory, our Gysin functors are precisely the commutative
Green functors.

Being unaware of a reference that serves as a perfect source for what we need, we take
some time here to develop the theory from first principles. In doing so, we have tried
to provide a unity of discussion that justifies this. We stress, though, that much of the
material from this section is in [B].

The main things we do here are:

e Give the definition of a Gysin functor and develop the basic properties;
e Observe the existence of a “universal” Gysin functor, called the Burnside functor;

e Observe that any Gysin functor E on a category C gives rise to an associated closed,
symmetric monoidal category, denoted Cg, of “FE-correspondences” between the
objects of C. These symmetric monoidal categories have the properties that all
objects are dualizable, and moreover every object is self-dual.

3.1. GYSIN FUNCTORS. Let C be a category with finite limits and finite coproducts, with
the property that pullbacks distribute over coproducts: that is, given any maps A — X,
P, — X, and P, — X the natural map

(AXXpl)H(AXXp2>—>AXX(P1HP2)

is an isomorphism. We also assume that for any objects A and B in C the following
diagrams are pullbacks, where () is the initial object:

J A T

A" ATIB B-"_ AT B . AT B.

(3.2)
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Such categories are called finitary lextensive [CLW, Corollary 4.9]. The strange term
“lextensive” comes from combining “extensive” with “Limits”. Standard examples to
keep in mind are the categories Set and GSet, and more generally any topos. Note that
the category of pointed sets Set, is not finitary lextensive, as the distributive axiom fails.
Here is another important example:

3.3. PROPOSITION. Fiz a commutative ring R. Let Affg be the category of affine schemes
over R (the opposite category of commutative R-algebras) and let Affg o5 be the full sub-
category consisting of all objects SpecT where R — T' is sheerly separable. Then Affp s
is finitary lextensive.

PROOF. The two-out-of-three property from Remark 2.12 shows that every map in Aff g 4,
is sheerly separable. We claim that finite coproducts exist in Affg , and are the same
as those in Affz. To see this one needs to check that if R — 7" and R — U are sheerly
separable then so is R — 1" x U. It is certainly sheer. For separability one uses that

(TxU)@r(TxU)Z(TOrT)x (T@rU)x (U®gT) x (U®rU).

The multiplication map on 7" x U makes it a module over the four-fold Cartesian product
on the right by having the middle two factors act as 0, whereas the first and last factors
act via T ®r T — T and U ®g U — U. Since T (resp. U) is projective as T ®@pr T' (resp.
U ®g U)-module, we get projectivity of T' x U over the four-fold Cartesian product.

We next claim that pullbacks (and in particular, finite products) exist in Affp s and
are the same as those in Affg. This follows immediately from the properties of sheerly
separable maps given in Remark 2.12.

At this point we have shown that Affp ,s has finite coproducts and finite limits, and
that these agree with those in Affg. Verification of the distributivity axiom and the
necessary pullback squares are then trivial exercises. [

3.4. REMARK. The analog of Proposition 3.3 is not true for the subcategory Affg g,
consisting of objects SpecT where R — T is sheer, and where the maps in the category
are also required to be sheer. The problem lies with finite limits. If R — T is sheer but
not separable and X = SpecT', Y = Spec R, then the diagonal map X — X Xy X is not
a map in the category. So either the pullback of X — Y < X does not exist in Affg g,
or it is different from the pullback in Affg.

We record one useful lemma about finitary lextensive categories (note here again that
() always denotes the initial object of C):

3.5. LEMMA. Let C be finitary lextensive. Then any map Z — ) is an isomorphism, and
the pullback of any diagram ) — Y < X is ().

PROOF. The first part is [CLW, Proposition 2.8|, but we recount the proof here. If
f: Z — ) is a map then we can write

Z=Zxp0=2xy(OI0) = (Z xyp0) I (Z xyp0) = Z 1 Z.
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So the fold map V: Z I Z — Z is an isomorphism, and hence any two maps from Z to
another object must be identical. In particular, the composite Z — () — Z must be the
identity, from which it follows that f is an isomorphism.

The second statement in the lemma is an immediate consequence of the first. [

3.6. DEFINITION. A Gysin functor on a finitary lextensive category C is a contravariant
functor E from C to CommRing together with a covariant functor E: C — Ab such that
E(X) = E(X) for every object X. If f: X — Y is a map we write f* = E(f) and
fi=E(f). The maps fi will be called Gysin maps. For a € E(X) and b € E(Y') we write

a®b=(rx")"(a) (7")"(b) € E(X x Y).
We require the following axioms:
(1) [Zero axiom] E(()) = 0.
(2) [Behavior on sums| For any objects X and Y, the natural map

iy xiy: E(XTIY) — E(X) x E(Y)

s an isomorphism of rings. Here ix: X — X IIY and iy:Y — X IIY are the
canonical maps.

(8) [Push-product axiom] For any maps f: X = X', g: Y =Y anda € E(X),be E(Y)
one has

(f x gh(a®b) = fila) ® (D).
(4) [Push-Pull axiom]| For every pullback diagram

A-L-B
s
C—2-~D
one has fip* = q*q.
A natural transformation between Gysin functors is a natural transformation of con-
travariant functors that is also a natural transformation of the covariant piece.

3.7. REMARK.

(a) The above definition starts with the “internal” multiplications on the abelian groups
E(X) and derives the external pairings E(X) ® E(Y) — E(X xY). As usual, the
opposite approach can also be taken: we could have written the above definition
in terms of external pairings, and then constructed the internal pairings using the
diagonal maps. The two approaches are equivalent.

(b) When C is the category of finite G-sets, what we have called Gysin functors are more
commonly called commutative Green functors; see [B, Chapter 2]. We adopted the
term “Gysin functor” due to its brevity.

The following lemmas are useful to record:
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3.8. LEMMA. If f is an isomorphism in C then fi = (f*)~' in any Gysin functor.

PRrOOF. This follows immediately from the push-pull axiom, using the pullback diagram

A
id lf
At A

3.9. LEMMA. For any objects A and B, the composition

(i0)1®(i1)1 (G0)* X (i1)*

E(A) & E(B) E(ALLB) E(A) x E(B)

sends a pair (z,y) to (x,y) (we refrain from calling this the identity only because the
domain and target are perhaps not “equal”). Consequently, the pushforward map (ip), ®
(i1)1: E(A) ® E(B) — E(AIL B) is an isomorphism of abelian groups.

PRrROOF. For the first statement use the push-pull axiom applied to the three pullback
squares listed in the original introduction of C, together with E(()) = 0. The second
statement of the lemma then follows directly from Axiom (2) in Definition 3.6. n

3.10. LEMMA. Let f: A— X and g: B — X. Then (f xx g)h(1) = fi(1) - g:(1).

ProorF. Use push-pull for the square

Axx B——=AXxB

fXXgl lfxg

X2 X xX.

Start with 1 =1® 1 € E(A x B), and use the push-product axiom. ]

3.11. PROPOSITION. [Projection formula] Let E be a Gysin functor. Then given a map
[ X =Y, a€ EX), and 5 € E(Y) one has

Silae- f7(B)) = fila).B.
PROOF. Using push-pull applied to a ® € E(X x Y), the pullback diagram

X vy

1

Y 2.V xY

implies that fi(a- f*5) = A*(f xid)(a® ). The push-product axiom finishes the proof. m
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3.12. ExAaMPLE. We give various examples of Gysin functors.

(a)

Let C be the category of sets but with morphisms the maps where all fibers are finite
(called quasi-finite maps from now on). Let E(S) = Hom(S,Z), with the ring
operations given by pointwise addition and multiplication. If f: S — T then f* is
the evident map and fi: E(S) — E(T) sends a map a: S — Z to the assignment
t = > o1 @(s). This satisfies the axioms of Definition 3.6, except C is not finitary
lextensive (there is no terminal object). Taking C to instead be the category of finite
sets repairs this.

Let G be a finite group, and let C be the category of finite G-sets. For S in C
define A(S) to be the Grothendieck group of maps X — S (where X is a finite
G-set) formed with respect to the direct sum operation II, made into a ring via
[X — S|-[Y = S] = [Xx5Y — S]. Given f: S — T one gets maps f*: A(T) — A(S)
by pulling back along f, and fi: A(S) — A(T) by composing with f.

Fix a commutative ring k and consider the category Affy s from Proposition 3.3.
For R a k-algebra let K°(Spec R) be the Grothendieck group of finitely-generated R-
projectives. For f: Spec R — SpecS we have f*: K°(SpecS) — K°(Spec R) given
by [P] — [P ®s R], and fi: K°(Spec R) — K°(Spec S) given by restriction of scalars
(so [P]r + [P]s).

Again considering Affy ;s as in the previous example, the assignment SpecS —
GW(S) has the structure of a Gysin functor, as detailed in Section 2.

Let C be the category of topological spaces, with morphisms the quasi-finite fibrations.
Define E(X) = Hom(my(X),Z) = H°(X). The pullback maps are as expected. For
f: X =Y and a € E(X) define fi(a) to be the assignment [y] — > .1, o([z])
where [z] and [y] denote the path-components containing x and y. This satisfies the
axioms of a Gysin functor (the fibration condition is needed only to show that f; is
well-defined), but the category C is not finitary lextensive (it does not have a terminal
object). This example has a strong relation to that in (a) above.

The following is not an example of a Gysin functor, but is nevertheless instructive.
Let C be the category of finite sets, and let P(X) be the powerset of the set X; this is
not quite a ring, but it does have the intersection operation N which we will regard as
a multiplication. Given f: X — Y one has the inverse-image map f*: P(Y) — P(X)
(which preserves the multiplication) and the image map f.: P(X) — P(Y) (which
does not). The axioms of Definition 3.6 are all satisfied, when suitably interpreted.
The powerset functor is something like a “non-additive Gysin functor”.

3.13. REMARK. Let C be the category of compact, oriented topological manifolds, and
let B(X) = H*(X). With the usual pullbacks and Gysin morphisms, this is almost
(but not quite) a Gysin functor as we defined above. In addition to the category C not
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being finitary lextensive (finite limits do not always exist), the difficulty is that the push-
pull axiom only holds for pullback squares satisfying a suitable transversality condition.
This same problem arises if one uses smooth algebraic varieties and the Chow ring, or if
one uses oriented manifolds and complex cobordism. But all of these settings represent
appearances in the literature of structure similar to what we consider in the present paper.
Especially in the case of cobordism, see the axiomatic treatment in [Q, Section 1]. Prior to
[Q, Proposition 1.12] Quillen refers to, but does not give, an axiomatic treatment related
to the multiplicative structure; the axioms for a Gysin functor are essentially this.

3.14. THE UNIVERSAL GYSIN FUNCTOR. Let C be finitary lextensive. Given an object
X in C, define A¢(X) to be the Grothendieck group of (isomorphism classes of) maps
S — X where

(SUT)— X]=[S — X]+ [T — X].

The multiplication [S — X]- [T — X| =[S xx T — X] is well-defined and makes A¢(X)
into a commutative ring with identity [id: X — X]|. We call A¢(X) the Burnside
ring of X. Note that A has the evident structure of a contravariant functor to rings,
as well as that of a covariant structure to abelian groups, generalizing the situation in
Example 3.12(b). When the category C is understood we abbreviate A¢ to just A.

3.15. PROPOSITION. The Burnside functor Ac is a Gysin functor.

PROOF. Axioms (3) and (4) are immediate. Axiom (1) follows from Lemma 3.5, which
says that every map Z — () is an isomorphism. For axiom (2) one checks directly that
the composition

) (0)1®(i1)1

E(X)® E(Y Ex 1Y) poxy « B(Y)

is the identity; this follows from the pullback squares in (3.2) together with the pullback
property from Lemma 3.5. The check that the composite [(ig) (i1)1]o[(70)* X (i1)*] equals
the identity is similar, since for S — X I1' Y one can write the distributivity formula

S:(XHY) XX]_[yS:<X XX]_[yS)H<Y XX]_[yS).

3.16. EXAMPLE. When C is the category of finite sets, note that there is a natural
isomorphism A(S) = Hom(S,Z), sending the element [f: M — S| to the assignment
s+ #f71(s). The Gysin functor given in Example 3.12(a) is the Burnside functor for C.

The Burnside functor has the following universal property:

3.17. PROPOSITION. If E is a Gysin functor on the category C then there is a unique
map of Gysin functors Ac — E. It sends [f: A — X] in Ac(X) to fi(1) € E(X).
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PROOF. For existence, use the given formula. The fact that A¢(X) — E(X) is well-
defined follows using Lemma 3.9, which implies that (f Il g)i(1) = fi(1) + gi(1). The
fact that it is a ring map follows from Lemma 3.10. Compatibility with pullbacks and
pushforwards is trivial. Uniqueness follows from the fact that [f: A — X] € A(X) equals
f(1), the pushforward in the Gysin functor A. =

3.18. CATEGORIES DERIVED FROM GYSIN FUNCTORS. Given a Gysin functor £ on C
we can define an additive category Cg as follows. First, the objects of Cg are the same as
the objects of C. Second, for any objects A and B define

Cp(A, B) = E(B x A).

Really what we mean here is that Cg(A, B) is the underlying abelian group of F(B x A).
Third, define the composition law

HCe,B,A: CE(B, C) ®CE(A, B) — CE<A, C)

by
pe,pa(a @ B) = (ms)((m2) (@) - m23*(5))

where the 7., maps are the evident ones
7'('12214><B><C’—>14><B7 ngiAXBXC—)BXC,

7T131AXBXC—>AXC.

We will use the notation
aof = pucpala®pf).

Finally, for any object A define i4 to be A4)(1); that is, consider the map

E(A) 2% B(A x A)

and take the image of the unit element of the ring E(A). Note that E(A x A) is a
commutative ring and so has a unit element 1, but this is not necessarily equal to i4. One
may check (see Proposition 3.21(a) below) that this structure makes Cg into a category
with identity maps 7 4.

We refer to elements of E(B x A) as “FE-correspondences” from A to B. The category
Cg itself will be referred to as the category of E-correspondences.

3.19. REMARK. The construction of the category Cg is one that appears countless times
in the algebraic geometry literature, ultimately going back to Grothendieck. For the
category of algebraic varieties over some field k, forming the category of correspondences
with respect to the Chow ring functor is the first step in Grothendieck’s attempts to define
a category of motives. See for example [M, Section 2].
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3.20. EXAMPLE.

(a) Let G' be a finite group, let C be the category of finite G-sets, and let A be the
Burnside functor from Example 3.12(b). The category C4 is precisely the category
Burn mentioned in Section 1.

(b) Fix a commutative ring R, and let Affg ¢ be the category from Proposition 3.3. Then
Caw is the Grothendieck-Witt category over R, defined in Section 2.

(c) Let C be the category of finite sets, and let F be the Gysin functor from Exam-
ple 3.12(a). Then we obtain the category of correspondences Cg. It turns out this
category has a familiar model: it is equivalent to the category of finitely-generated,
free abelian groups. Proving this is not hard, but it will also fall out of our general
“reconstruction theorem” (Theorem 4.16). See Example 4.17.

The following proposition details many (and perhaps too many) useful facts about
the category Cgr. Recall one piece of notation: maps into products can be unlabelled if
there is a self-evident candidate for how the map projects onto each of the factors. For
example, if f: A — B then A — A x B denotes the evident map that is the identity on
the first factor and f on the second.

3.21. PROPOSITION. Let E be a Gysin functor on a finitary lextensive category C.

(a) The structure described above defines a category Cg that is enriched over abelian
groups, where i4 € Cp(A, A) is the identity map on A.

(b) A natural transformation of Gysin functors E — E' induces a functor Cp — Cpr.

(c) There is a functor R: C — Cg that is the identity on objects and has the property that
for f: A— B in C we have

Ry = (idg x f)*(ip) = (Bx A— B x B)*(ig) € E(B x A) =Cg(A4, B).
One also has Ry = (A — B x A)(1).

(d) The category Cg has an anti-automorphism (—)* that is the identity on objects, and
for a € Cg(A, B) is given by
af =t"(«a)

where t: A X B — B x A is the evident isomorphism. We define I: C? — Cg to be
the identity on objects, and to be given on maps by I(f) = (Ry)*. We often write

(e) Suppose given o € Cek(W, Z), f:Y - W, g:Z > U, f""W - Y,and ¢: U — Z.
Then

(1) ao Ry = (idz x f)*();
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(i1) Ryo o= (g % idw)i(c
(ZZZ) a0 ‘[f' = (ZdZ X fl>!(
() Iy oa = (¢ xidw)*(a).

«

);
);
(f) Given A L B<L C inC one has IroRy=(f x q)*(ig) = (7452)(1) in Cp.

(9) Given A<+*~ D —25 C in C one has Ry,0 1, = (p x gh(ip) = ((p x g)ﬁc)!(l) in Cg.

(h) Given a pullback diagram in C
Z—=W

p

Q

x1.y

one has R,ol, =10 R, in Cg.
(1) If f is an isomorphism in C then R; = If_l = Ip1.

ProOF. This proof is tedious, but completely formal. See Appendix B for details. ]

Our next goal is to observe that the Gysin functor E, which is both co- and contravari-
ant, extends to a single functor defined on all of Cg. Before embarking on the explanation
of this, here is some useful notation. If B is an object of C, note that the abelian group
E(B) may be identified with both Cg(*, B) and Cg(B, *), where * is the terminal object
of C. If z € E(B) we write z, for z regarded as an element of Cg(x, B) = E(B x *) and
« for x regarded as an element of Cg(B, x). This notation makes sense if one remembers
our general “right-to-left” convention; e.g., x, is x regarded as a map from the object .

Define a functor E': C%¥ — Ab as follows. On objects it is the same as E: E'(A) =
E(A). For g € Cg(A, B) define E'(g): E(B) — E(A) by

B(g)() =.wog = (x§),[(v§") (@) -]

The fact that this is a functor is immediate from the associativity and unital properties
of the circle product o (the composition product in Cg).

3.22. PROPOSITION. The functor E': C37 — Ab has the property that E'(Ry) = f* and
E'(Iy) = fi for any map f in C.

PRrOOF. Use Proposition 3.21(e), parts (i) and (iii) to write
E'(Rp)(x) = wwo Ry = (id. x f)"(x) = f*(z),  E'(If)(y) =wyoly = (id. x fi(y) = fi(y).

(Note that id, denotes the identity map % — *). n
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3.23. REMARK. Note that E’ is not a functor from Cy into Comm®Ring. This would of
course be too much to ask, since the transfer maps fi do not respect the multiplicative
products.

3.24. FURTHER PROPERTIES OF Cg. The category Cg has some extra structure that we
have not yet accounted for. The categorical product in C induces a symmetric monoidal
product on Cg: that is, for objects X and Y we define

X®Y =X x.Y.
We must define f ® g for f € Cg(X,X’) and g € Cp(Y,Y”). We do this by
fog=(tvxyy) (fog).

This formula appears self-referential, but the two tensor symbols mean something differ-
ent: in the second case, we have f € E(X' x X) and g € E(Y' xY) and f ® g is the
element in F(X’ x X x Y’ xY) that was introduced in Definition 3.6. Note that ¢ is the
twist map that interchanges the middle two factors.

It takes a little work to verify bi-functoriality, but this is routine. The unit object

is S = #, the terminal object of C (note that this is not a terminal object of Cg). The
symmetry isomorphism 7yy € Cp(X ® Y, Y ® X) is defined to be

Txy = R(txy)

where txy: X XY — Y x X is the canonical isomorphism in C. One must verify that
the structure we have defined satisfies the basic commutative diagrams for a symmetric
monoidal structure, and we again leave this with simply the remark that it is tedious but
not challenging.

We can also define function objects in Cg. For objects X and Y define

FX,Y)=X"®Y

*

where (—)* is the anti-automorphism from Proposition 3.21(d). Of course the object X*
is exactly equal to X, but we wrote X* because this is more compatible with the way the
maps work: for g: Y — Y’ define F'(X, g) to be the map ix- ® g, and for f: X — X’
define F/(f,Y’) to be the map I; ® iy.

At this point it is useful to recall the notion of dualizability in symmetric monoidal
categories. See Appendix A for this. We also need the notion of “tensor category”. The
meaning of this phrase varies somewhat in the literature, but in this paper we will adopt
the following:

3.25. DEFINITION. A tensor category is an additive category equipped with a symmetric
monoidal product ® (called the tensor) for which the tensor product of morphisms is
bilinear. It follows as a consequence that the tensor product preserves finite coproducts.
A tensor category is closed if it is equipped with function objects related to the tensor by
the usual adjunction formula, which is required to be linear. We will typically denote the
unit for ® as S.

With the above notions in place, we leave the reader to check the following:
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3.26. PROPOSITION. The above structure makes Cg into a closed tensor category where
the unit is S = %, and in which every object is dualizable. Moreover, every object is
1somorphic to its own dual.

PRroOF. Tedious, but routine. Perhaps the only thing that needs remark is that the
evaluation and co-evaluation morphisms for an object X are

cevy =ix E (X x X)=FE(X x X x %) =Cp(*, X x X) =Cg(5, X ® X)
and
evy =ix E E(X x X)=FExx X xX)=Cp(X x X,%) =Cp(X ® X, 9).

The following proposition is easy but important. It will be used implicitly in several
later calculations.

3.27. PROPOSITION. Let f: A — B and g: X — Y be maps in C. Then R(f x g) =
Rf@Rg and I(f x g) =1f ® Ig.

PROOF. Using Proposition 3.21(d) and the definition of tensor product, we have

If @ Ig = (435" [(A > AB)(1) @ (X > XY)(1)]

(HAXBY ) [(A XX = Ax BxX x Y);(l)]
=(AxX > Ax X xBxY)(1)

I(f x g).

The second equality uses the Push-Product Axiom, the third equality uses Push-Pull, and

the last equality is Proposition 3.21(d) again.
The proof of the other identity is entirely similar. m

4. Gysin schema and the reconstruction theorem

We have seen that given a Gysin functor E on a finitary lextensive category C, there is
an associated symmetric monoidal category Cg called the category of E-correspondences.
One could try to run this process in reverse: given a symmetric monoidal category D, what
do you need to know in order to guarantee that D is the category of E-correspondences
for an appropriately chosen E and C? We might term this the “reconstruction problem”:
can D be reconstructed as a category of correspondences? Of course for this to work one
must at least require that all objects in D be self-dual.

Unfortunately, in this form the reconstruction problem is a little awkward. The cat-
egory Cp comes equipped with two distinguished subcategories, one consisting of the
forward maps Rf and one consisting of the backward maps I f. If we are just given a
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symmetric monoidal category D, there is no clear way to separate out analogs of either
of these distinguished subcategories.

The way around this problem is to add these special subcategories into the initial
data. Then the reconstruction problem becomes solvable, albeit for almost tautological
reasons. See Theorem 4.16 below.

4.1. GYSIN SCHEMA.

4.2. DEFINITION. A Gysin schema consists of the following data:

o A finitary lextensive category C, together with an explicit choice x for terminal object
and for each objects X and 'Y of C an explicit choice of product X x Y,

o A tensor category (D, ®,S) (see Definition 3.25);

e A map of sets ©: obC — obD and two functors R: C — D and I: C? — D;
o [somorphisms 0,: O(x) — S and Oxy: O(X xY) = (0X) ® (OY).

This data is required to satisfy the following axioms:

(1) R(X)=0(X)=1I1(X) for all objects X of C;

(2) R preserves finite coproducts (including the empty coproduct);

(3) The data (R,0) makes R into a strong symmetric monoidal functor from (C, x,*) to
(D, ®,S5).

(4) For all maps f: A— X and g: B—Y inC, the diagram

[(Ax B) <9 1(x xv)
QA’B\LN Nj@x’y
1(f)®I
1(A) ® 1(B) 2229 1(x) @ I(Y)
18 commutative.
(5) For every pullback diagram

A-1.p
p q
C—2~D

i C one has Rf o Ip=1qgo Rg.

We will write the Gysin schema as ©: C — D, suppressing R, I, and 6 from the notation.



GYSIN FUNCTORS AND CORRESPONDENCES 181

4.3. REMARK. There are a couple of odd features about the above definition. First, the
function O is clearly redundant as it can be recovered from either R or I. We include ©
in the definition because it is often useful to have a notation that does not favor either R
or I. Secondly, conditions (3) and (4) could have been made more symmetric by replacing
(4) with the statement that (1, 6) is strong symmetric monoidal; we leave the equivalence
as an exericse. The phrasing from the definition makes applications a little easier, as there
is a bit less to verify: in practice one looks for a “nice enough” functor R that admits
transfer maps satisfying (4) and (5).

4.4. EXAMPLE. One readily checks that the following are examples of Gysin schema:

(a) Fix a finite group G, and let D be the G-equivariant stable homotopy category of
genuine G-spectra. Let C be the category of finite G-sets, and let R(X) = X*°(X}).
The maps I(f) are the usual transfer maps constructed in stable homotopy theory.

(b) Let D be the category of finitely-generated free abelian groups, equipped with the
tensor product. Let C be the category of finite sets. Let R(X) be the free abelian group
on the set X, with its natural functoriality. If f: X — Y thenlet I(f): R(Y) — R(X)
send the basis element [y] to >_ 1, [2].

When X is an object of C we let mx denote the unique map X — %, and Ay denote
the diagonal X — X x X. The subscripts will usually be suppressed when understood.
Note that Rm is a map RX — R(x), and we have a chosen isomorphism R(x) = O(x) = S
so composing these gives a canonical map RX — S, which we will usually also denote
Rm by abuse. Similarly, RA may be regarded as a map RX — RX ® RX. We use these
conventions for I and IA as well.

4.5. TRANSFERS AND DUALITY.

4.6. PROPOSITION. Suppose that ©: C — D is a Gysin schema. Then for every object
X in C, ©X s dualizable in D. In fact, ©X 1is self-dual with structure maps nx and €x
gien by

ST 9(X) A 0(X x X) —-0X ® 0X
and

OX 00X —0O(X x X) 20X . g
PRroOF. The key is the pullback diagram

X A4 X xX
AL ijid

X x X P2 X x X x X,

from which we deduce that I(id x A)o R(A xid) = RAoIA. Combining this with axioms
(3) and (4) from Definition 4.2 gives the first equality below:

(id ® IA) o (RA ®id) = RA o IA = (IA ® id) o (id ® RA). (4.7)
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The second equality comes about in the same way, but starting with the reflection of the
above pullback square about its central diagonal.
To prove the proposition we must first check that the composition

117 1®RA IA®1

X =0XRS—0XRO0X —0XR0X 00X —0X 060X
R7r®ll
SROX =0X

equals the identity. But using (4.7) this is equal to
(Rr®1)o RAoIAoI(1®7)=R((mrx1)oA)oI((1 xm)oA)= R(id) o I(id) = id.

Note that we have again used axioms (3) and (4) of Definition 4.2 to write Rt ® 1 =
R(m x 1), and so forth.
The proof that the composite

ITm®1 RA®1 1QIA

OX=500X —0XR0X —0XR0X®0X —0X ®0X
1®Rm
S®OX =0X
equals the identity is entirely similar. n

The following result is also worth recording:

4.8. PROPOSITION. Let ©: C — D be a Gysin schema. Then given any map f: X —Y
in C, the dual of Rf: ©X — OY (computed using the duality structures provided by
Proposition 4.6) is precisely I f: OY — ©X.

PROOF. The dual of Rf is the following composite:

OY =0Y 95— 0y 9 0X © 60X 2 gy 9 0Y 9 X

j€y®1

S®OX —=0X.

One unpacks 1 and € as nxy = RAxolInx and ey = Rmy o [Ay, and then argues precisely
as in the proof of Proposition 4.6 but instead using the pullback diagram

fx1

X Y x X
fxll llexl
AyXl
Y x X Y xY x X.
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The details are encoded in the diagram

Yy =y.g 1) yv.xBmle v _x

R(1-f1)
Y - X - X——
TROf1)
in which for brevity we have omitted the © symbols and shortened ® to the - symbol. The
composite across the bottom edge is the dual of Rf, the middle quadrilateral commutes
by the push-pull formula, and all other portions of the diagram commute by simple
functoriality. n

4.9. THE CANONICAL GYSIN FUNCTOR FOR A GYSIN SCHEMA. Suppose ©: C — D is
a Gysin schema. Define mg: C? — Ab to be the functor given by

mo(X) = D(RX, S).

Note that the abelian groups mg(—) also inherit the structure of a covariant functor: given
f: X =Y in C define fi: mo(X) — me(Y) by the diagram

D(OX,S5) D(OY,S5).

fi

(Ifﬁs)

Moreover, the abelian groups mg(X) inherit a product: given a,b € mg(X), define a - b to
be the composite

ox A oxwex B e s~s.

This gives mg (X)) the structure of a commutative ring with identity Rmx, andif f: X — Y
is a map in C then f*: mg(Y) = mo(X) is a ring homomorphism.

4.10. REMARK. If a € mg(X) and b € mg(Y") then we have the element a®b € mg(X xY')
defined analogously to as in Definition 3.6. It is easy to check that this is the map

OXxY)—>0X®0Y L 3srs=2:

4.11. PROPOSITION. If ©: C — D is a Gysin schema then mg: C? — CommRing is a
Gysin functor.

PROOF. Axioms (1) and (2) follow from the fact that R preserves finite coproducts (in
particular, R(f)) = 0). Axioms (3) and (4) are immediate consequences of axioms (4) and
(5) in Definition 4.2. -
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4.12. PRELIMINARIES ON THE RECONSTRUCTION PROBLEM. Let (D, ®, S, F(—,—)) be
a closed, symmetric monoidal category in which every object is dualizable. It turns out
all such categories have a description that is somewhat reminiscent of the construction of
Cg.

For an object X write X* = F(X,S5), and for a map f: X — Y write f* = F(f,95).
Let evx: X* ® X — S be the adjoint of the identity map X* — F(X,S), and let
cevy: S — X ® X* be the coevaluation map guaranteed by duality (see Appendix A).

Define a new category D% as follows. The objects are the same as those in D, and
morphisms are given by

DUX,)Y)=DY*® X,S).
If o € D*(X,Y) and 8 € D(Y, Z) then 8o« is given as follows:

o

1®cevy ®1 BRa
_—

7r@ X 7R S®X 7YY ® X S®S=———=2"9.

One readily checks that this composition is associative, and evy € D (X, X) is a two-
sided identity. These are very easy categorical arguments, but one can also give proofs
using the graphical calculus for compact symmetric monoidal categories (see [BS] for an
expository account).

There is a functor I': D — D defined as follows. It is the identity on objects, and
given f: X =Y welet ['f € DX,Y) =D(Y*® X, S) be the composite

Vo X Ll yegy 2 g

The check that this is indeed a functor is best done using the graphical calculus (again,
see [BS]). If f: X - Y and g: Y — Z are maps in D, then I'(gf) and (I'g)(I'f) are the
composite maps represented by the following diagrams:

/ J
['(goop f) ['(g) opea T'(f)

The graphical calculus clearly shows these composites to be identical in D.

4.13. PROPOSITION. The functor I': D — D is an isomorphism of categories.

PROOF. We only need check that the maps D(X,Y) — D (X,Y) = D(Y* ® X, 95)
are bijections. There is an evident map in the opposite direction that sends a map
h: Y*® X — S to the composite

cevy Qidx idy ®@h
5

X———55 X YQY*® X Y ® §————Y.
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Proving that these assignments are inverses to each other is another exercise in graphical
calculus. For example, the composite in one direction sends the map f: X — Y to the
map represented by

and the graphical calculus shows that this is equal to f in D. The other direction is
similarly easy. n

4.14. REMARK. In the above discussion, we never really needed the closed structure on
D. We only needed that all objects are dualizable, together with fixed choices of a dual
as well as evaluation and coevaluation maps for every object. In fact, by Proposition A.8
below every symmetric monoidal category in which all objects are dualizable can be given a
closed structure via F'(X,Y) = X*®Y. Thus, Proposition 4.13 applies to these categories
and we will use it in that generality.

4.15. THE MAIN RECONSTRUCTION THEOREM. Recall from Section 3.18 that C(.) de-
notes the category of correspondences associated to the Gysin functor 7g.

4.16. THEOREM. Assume given a Gysin schema ©: C — D. Then there is a full and

faithful functor of categories Cirgy — D that is equal to © on objects and sends a map
f€Ch(X,Y)=D(OY ® OX,S5) to the composite

OX —— S 0X %X gy Oy X 2%, gy 9 § ——— 0O

PROOF. The proof is easier to understand if we first compare C(,o) to D*. Note that for
any objects X and Y of C we have equalities of sets

Cire)(X,Y) = 6(Y x X) =D(OY ® X, 5) = D*(0X,0Y).

The identity element ix € C(rg)(X, X) = mo(X x X) is Ay(1), which by unravelling the
definitions equals the composite

X ®0X L-oxfr g

also known as ex. This is equal to the identity in D,

Finally, we must compare the composition rules in C,) and D Suppose given
feDOY ®06X,S) and g € D(OZ ® OY, S). The composition go f in C(r,) is given by
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the composite

0Z®O0X —=0(Z x X) L O(Z x Y x X)
RA
OZxYxX)®0O(ZxY xX)
=10
07 ®0Y ® 0X ® 0Z © OY © 0X
1QIQRTx QRTZzR1®1
0Z©OY @S58 S®OY ©0X
IR f
S®S®S®S S

where p: Z x Y x X — Z x X is the evident projection. The composition go f in D is
given by the composite

000X —>070S20X 2" oz00y 90y 90X 2. 595 —x0g

A diagram chase shows these two composites to be equal. This is best left to the reader,
but the main idea is to take the first composite and decompose the diagonal on Z xY x X
into the three diagonals on the individual components followed by a permutation of the
factors. The diagonals on Z and X cancel the mx and 7z appearing later, leaving only
the diagonal on Y. The map Ip is equal to 1 ® Imy ® 1, and the /7y assembles with the
RAy to make ny. An outline of the relevant diagram is

ZX " Lgyx A L gzyxzyx U gyesyx — 2 L 9559

o g

Z2YY XX LT 79y YSX

AAA

where as usual we have omitted © and ® symbols, and where the two maps labelled o
are the permutations (composites of twist maps) sending the word abedef to acebdf.

At this point we have constructed a functor Cr,) — D2 which by inspection is a
bijection on Hom-sets. Finally, compose this with the isomorphism from Proposition 4.13
(see also Remark 4.14) to get the desired result. "

4.17. EXAMPLE. Let D be the category of finitely-generated free abelian groups, and
let C be the category of finite sets. Let ©: C — D be the free abelian group functor,
given the structure of a Gysin schema as in Example 4.4. The associated Gysin functor
Te is precisely the one of Example 3.12(a). By Theorem 4.16 we conclude that Cir) is
isomorphic to the category of finitely-generated free abelian groups.
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5. The structure of correspondence categories

Suppose E: C — CommRing is a Gysin functor. Our goal is to better understand how
the category of correspondences Cg relates to the original category C. Given objects X
and Y in C, every element f € C(X,Y) gives rise to maps Ry and I; in Cg. In addition,
we will see that every element a € E(X) gives an endomorphism D, of X in Cp. We will
prove that every map in Cp may be written in the form R; o D, o I,, and we will explain
rules for rewriting the composition of two such expressions into the same form.

These results do not give a simple picture for the structure of Cg, but they do give
a reasonable prescription for working with these categories in specific examples. In Sec-
tion 5.13 we explore this in a general “Galoisien” setting, meaning a setting where the
category C has properties formally similar to the category of G-sets, with G is a finite

group.
5.1. THE DIAGONAL STRUCTURE. We will need an extra piece of structure in Cg coming

from the diagonal maps in C. For an object X in C let A: X — X x X be the diagonal.
This induces a map of abelian groups

D=A: E(X)— E(X x X) =Cg(X, X).

The target has two ring structures: it has the generic ring structure that any E(Z) has,
and it has the circle product coming from composition in Cg. It is the latter that we
consider in the next proposition. This result also uses the *-involution on Cg(X, X) from
Proposition 3.21(d).

5.2. PROPOSITION. D: E(X) — Cg(X, X) is a ring map, and for any a € E(X) one has
(Da)* = Da.

PROOF. Let a,b € E(X). We calculate

Dbo Da = (m3) [}, (Ab) - 7T33(Aua)]
= (m13)i [(A X id)i(7}b) - mh5(Aia)] (push-pull)
= (m13)1(A x id), [(7]) - (A x id)* 755 (Asa)] (proj. formula)
=mib- Aya
= A ((A*7}d) - a)
=A(b-a)
= D(ba)

The second statement in the proposition is proven by
(Da)* = t*(Da) = (t) ' (Da) = t,(Da) = t(Aja) = Aja = Da,

where t is the twist X x X — X x X. The second equality is from Proposition 3.21(i),
and the third equality is because t = ¢!, "
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5.3. NOTATION. We will usually write Da, or if really necessary D(a), but sometimes we
will write D, for the same thing.

5.4. PROPOSITION. Suppose given f: X — Y anda € E(Y). Then DaoRy = RyoD(f*a)
and Iy o Da = D(f*a) o I;.

PROOF. We compute
Dao Ry = Ao Ry = (idy x ) (Aa) = ((f x i), ), (/")
= (f xid)A(f*a)
== Rf ¢ D(f*a)

The second and fifth equalities are by Proposition 3.21(e), and the third equality is by
push-pull.

To conclude, the second statement in the proposition follows by applying (—)* to the
first and using Proposition 5.2. m

5.5. REMARK. Let G = Aute(X), with the group structure coming from composition.

Note that there is a map G — Aut(E(X)) given by f +— f*. Let E(X)[G] be the twisted
group ring defined as follows: it is spanned by elements a[f] for a € E(X) and f € G,
and the multiplication is induced by

alf] - blg] = a((f7)"b)[fg]-

Then Proposition 5.4 shows that there is a map of rings

E(X)[G] — Cu(X,X),  a[f] = Dao Ry.

In good cases this is an isomorphism: see Proposition 5.16 below.

5.6. INITIAL RESULTS ON THE STRUCTURE OF Cg. If we have maps Y J oz 4 x
and a € E(Z) then Ry o D, o I, is a morphism from X to Y in Cp. We will refer to such
an expression as an RDI formula for the composite morphism. Here are some useful facts
that relate these RDI formulas in Cg to pushforwards in E:

5.7. PROPOSITION. Suppose given maps Y d 7% X andac E(Z). Then:
(a) RyoDyol, = ((f x9){x)(a).
(b) RyoD,ol; = D(fa).
(¢c) Ryoly= D(fil).
PROOF. For (a) we use Proposition 3.21(e) to write
RyoDgoly=(f xid)(id x g)(Aa) = ((f x 9)¥x),(a).

Part (b) follows from (a) together with (f x f)Z, = AY o f. Finally, (c) is just the special
case of (b) where we take a =1 (so Da = iy). "
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In fact every morphism in Cg can be expressed as an RDI composition. This is
actually a triviality, but it is nevertheless important:

5.8. LEMMA. Every element of Cp(X,Y') may be written as Ry o D, o I, for some object
Z, some maps f: Z =Y, qg: Z — X, and some a € E(Z).

PROOF. Let a € Cp(X,Y) = E(Y x X). Set Z =Y x X. We claim that a = Ry, 0o D,0o I,
in Cg. This is immediate from Proposition 5.7(a). n

Now suppose that we have two maps in RDI form, and that we wish to compose them;
that is, consider a composition of the form

[Rf (@] Da (e) Ig] (e} [Rf/ (@) Da/ (e} [g/],

There are three rules that allow us to rewrite this in RDI form once again. We indicate
these schematically as:

DoR~ RoD [Proposition 5.4] (5.9)
IToD~s Dol [Proposition 5.4]
IToR~ Rol [Proposition 3.21(h)].

To use these in our problem, we start by forming the pullback in the following diagram:

P
SN
A A’
VNN
Y B X.
Then

RfODaOIgORf’ ODa’ OIg/ = RfODaORsOIt ODa/ OIg/ (510)
- Rf o RS (@] Ds*a O Dt*al (@] It OIgl
= Rfs @) D(s*a)~(t*a’) @) ]g’t'

The above discussion has proven Corollary 1.3 from the introduction. We also note
that we have proven Theorem 1.2 along the way:

PROOF OF THEOREM 1.2. Parts (a) and (b) are Proposition 5.4, whereas (c) is Propo-
sition 3.21(h). The last assertion in the statement of the theorem is Proposition 5.7(b).m
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5.11. A DETAILED EXAMPLE OF THE BURNSIDE FUNCTOR. Consider the category C4,
where A is the Burnside functor for C from Section 3.14. Given the role of A as the
universal Gysin functor, it is useful to have a particularly good handle on how to work
with C4. Recall that a map in C4 from X to Y is an element of A(Y x X), and so is
represented by a map h: T'— Y x X in C. It is often useful to represent this data as a
span, by writing

7r1h/Txr2h
Y X.

The following list gives a “dictionary” for how certain structures are represented in

Ca.
(1)

X X
J;/ Xd — Rf, 2% \i — [g
A X X B

(2)

X
J:/ \i = Rfolg
A B

(3) X X x X
X X X X

(4) X X' X x X'
YN e N TN
A B A B’ Ax A B x B’

(5) unit of ® is S = *
(6) The adjunction Hom(X, F(Y, 7)) — Hom(X ® Y, Z) is

fXgWh gWth
N <—>Z/\

Y xZ X X xY
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(8) The identity 1x: S — F(X, X) is

(9) The evaluation and coevaluation morphisms are

X
/ ‘ = €Vx, f/ \ = CEVX
*

X x X X x X *

(10) The transposition txy: X @Y - Y ® X is
X xY

N

Y x X X xY

(11) Given a: T'— X, one has T

V \1 = Da.

X X

5.12. EXAMPLE. Note that in this example of the Burnside functor we have D, = R,01,,
which means that we can also write

RfoD,ol,=RfoR,0l,0l;=Rysq0 Iy,

So the “D” factors in an RDI-decomposition can always be eliminated, and every map
can be written in the form R, o [,. This is, of course, very particular to the Burnside
functor.

5.13. GYSIN CATEGORIES IN THE GALOIS SETTING. We now add some extra hypotheses
to the category C, all of which are satisfied in the cases of interest. First, say that an
object X in C is atomic if X # () and X is not isomorphic to a coproduct A IT B where
both A and B are different from the initial object. We will assume that

e If X is atomic and Y and Z are any objects, then the natural map C(X,Y) II
C(X,Z)—C(X,Y I Z) is a bijection.

e For every atomic object X in C, the set Aut(X) is finite.
o If X # () then C(X,0) = 0.

If C is finitary lextensive and satisfies the above properties, we will say that C is a Ga-
loisien category.
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5.14. EXAMPLE. Let G be a finite group, and let C be the category of finite G-sets. Then
C is Galoisien, and the atomic objects are the transitive G-sets.

Let Y be an object of a Galoisien category C, and let G(Y) = Aut(Y). There is an
evident map

]_[ Y, 5 Y xY

ceG(Y)

(where Y, denotes a copy of Y labelled by o), where the map Y, — Y xY isidxo. We say
that Y is Galois if the displayed map is an isomorphism. To generalize this somewhat,
if p: X — Y is a map then let G(X/Y) = {a € Aut(X) |pa = p}. Say that X — Y is
Galois if the evident map

[T x-—»xxyX

ceG(X/Y)

is an isomorphism.
The results in the following lemma can be proven by elementary category theory:

5.15. LEMMA. Suppose that X and Y are atomic.
(a) IfY is Galois then C(X,Y) is either empty or else it is a G(Y')-torsor.
(b) If Y is Galois then every endomorphism of Y is an isomorphism.
(c) If X andY are Galois and f,g: X — Y, then the evident map
H X, — pullback[X Ty X]
{oeG(X) | f=go}
s an isomorphism.
(d) If X and Y are Galois then so is every map X — Y.

(e) Suppose thatY and Z are both Galois, and assume given f: X —Y and g: Z — Y.
If there exists a map u: X — Z such that gu = f, then the evident map

]_[ X, > X xy Z

ceG(Z]Y)
1s an isomorphism.

(f) If f: X — Z is a map and Z is Galois, then the map HJGG(Z) X, — X X Z given by
dxof: Xo = X X Z is an isomorphism.

(9) If X and Y are both Galois and f: X — Y, then for every a € G(X) there is a
unique oy € G(Y') such that fa = ayf. Moreover, the map G(X) — G(Y') given by
o — oy is a group homomorphism.
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PROOF. For (a), suppose that C(X,Y") # () and let f: X — Y be a map. We need to show
that the map G(Y) — C(X,Y) given by o — of is a bijection. Let g: X — Y be any
map, and consider f x g: X — Y x Y. Composing with the inverse of the isomorphism
Ha(y) Y — Y xY the fact that X is atomic shows that the resulting map factors through
amap u: X — Y, for some o. One then obtains the commutative diagram

I

y, Xy «y

which shows that u = f and g = ou = o f. So the action of G(Y') on C(X,Y) is transitive.

Now suppose that a, 8 € G(Y) and af = Bf. Then f x af: X — Y x Y factors
through both Y, and Yj (under the isomorphism HG(Y) Y 2 Y xY). Therefore it factors
through the pullback Y, — HG(Y) Y < Yj. But if o # [ then this pullback is ), by our
standing hypotheses that C is finitary lextensive. Since the map f x af cannot factor
through (), this is a contradiction; so we must have a = (.

Part (b) is an immediate consequence of (a) applied to the case X =Y. For (c), the
pullback in question is isomorphic to the pullback of

VY v xy £ x <X,

Use the decomposition X x X = HaeG( x) X0 and the fact that pullbacks distribute over
finite coproducts to see that our pullback is isomorphic to

[T pulbackly 2+ vy x v 27 x].
ceG(X)

Next use the decomposition ¥ x YV = Haec(y) Y,, together with the fact that A:Y —
Y x Y factors through the summand Y;4. Since X is atomic, we deduce that the pullback
inside the above coproduct is either () (when f # go) or X (when f = go). This finishes
off part (c).

Part (d) is a direct consequence of (c), applied in the case f = g.

For (e), the existence of u implies that X Xy Z is isomorphic to the pullback of

X 5728 Zxy Z

Next use that Z xy Z = HaeG(z /v Z, and the fact that pullbacks distribute over coprod-
ucts.

Part (f) is the special case of (e) where Y = *. Finally, the proof of (g) uses the
same techniques that have been demonstrated in the preceding parts: consider the map
fx fa: X - Y xY and factor this through some Y,, which must be unique. The fact
that o — o is a homomorphism follows from

(aB)sf = flap) = (fa)B = apfB = o f.
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Before proceeding, let us establish some notation. If R is a ring and S is a set, then
R(S) denotes the set of all formal finite sums ) r;s; where r; € R and s; € S. This is the
free left R-module with basis S. Similarly, let (S)R be the set of all formal finite sums
> sri with s; € S and r; € R. When R is commutative these are of course isomorphic
R-modules, but the difference in notation will be useful to us below.

When X is Galois we can now determine the ring Cg(X, X) precisely:

—_——

5.16. PROPOSITION. If X is Galois then the map E(X)[Aut(X)] — Cr(X, X) from Re-
mark 5.5 1s an isomorphism of rings.

PrOOF. Since X is Galois, the usual map HaeAut(X) X — X x X is an isomorphism. So

B: P EX)—EX xX)

oc€Aut(X)

is an isomorphism of groups by Lemma 3.9, where on component ¢ the map B equals
(tdx o)Ay If a € E(X) then we have a copy of @ in the component of the domain indexed
by o. The image of this class in E(X x X) is precisely

(Zd X U)[Ay(a) = Da o [g = Da o RU—1

by Proposition 3.21(e),(iii). Replacing c~! by 3, this says that every element of F(X x X)
can be written uniquely as a sum of terms D, o Rg for a € E(X) and f € Aut(X). So
the map F(X)(Aut(X)) — Cg(X, X) given by a.5 — D,Rp is an isomorphism of abelian
groups. We already saw in Remark 5.5 that it is a ring homomorphism, where we give
the domain the appropriate structure of twisted group ring. [

5.17. REMARK. In concrete terms, Proposition 5.16 says that every map in Cg(X, X) may
be uniquely written as a finite sum of terms D, R, where a € E(X) and o € Aute(X).
Composition is done according to the rule

DaRa o DbRB - DaD(ofl)*bRaRB = Da-(oﬁl)*bRaB

where in the first equality we have used Proposition 5.4 (together with the fact that «
is an isomorphism). The awkwardness of this formula stems from our representation of
elements of Cr(X, X) in the form D,R,. As we have remarked before, it is better to
use the RDI system and represent the elements as R, o D,. If we do this, then the
composition law is

RaDa 9] Rng = RaﬁD(,B*wb),
which is a little simpler. We will always use this formulation from now on.

We next turn to the case of two objects. Assume that f: X — Y is a map in C,
where both X and Y are assumed to be atomic and Galois. Our goal is to describe the
full subcategory of Cp containing X and Y. If f is an isomorphism then this problem
reduces to the case of one object, which we handled above. So let us further assume that
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f is not an isomorphism. Note that this implies that there cannot exist a map in C from
Y to X: if there were such a map, then the post- and pre-composites with f would be
isomorphisms by Lemma 5.15(b), and so f would itself be an isomorphism.

Write Aut(X) = {aq,...,a.} and Aut(Y) = {f,...,08s}. Note that C(X,Y) =
{Bf.....Bsf} by Lemma 5.15(a), and X X Y = J[ cp.y)X by Lemma 5.15(f). Then
Ce(X,)Y) = E(Y x X) = @auwry)L(X), and one can check that the isomorphism is the
one that represents each map in Cg(X,Y) as a sum of maps Rg, D, where a € E(X). A
similar analysis works for Cg(Y, X), and so the full subcategory of Cg containing X and
Y may be depicted as follows:

(Rpy fre R ) E(X)

RN

E(X)(Ig, g Igs5)

The labels on the arrows depict the abelian group of maps in Cg; e.g., the label on the
arrow from X to Y depicts Cg(X,Y). The diagram indicates that every map from X to
Y may be uniquely written as a sum of terms Rg, ;D,, where a; € E(X) (and similarly
for other choices of domain and range). The endomorphism monoids of X and Y are as
described in Remark 5.17.

Compositions of maps are determined via the RDI rules outlined in (5.9) and (5.10).
Here are some examples:

(1) [X - X — Y compositions.] Here one uses

RﬁifDa o Raij = RﬁifRajDa;f(a)Db = R,BifajD(a;fa)b-

(2) [Y - Y — X compositions.] Here one uses that f; is invertible and so we have
Rg, = I;! by Proposition 3.21(i). Then

Da[ﬁjf © RﬁiDu = Da]ﬁjf © Iﬁ_ilDu = Da[ﬁjflﬁleu =D,I

518, 7 Du

- D(a~(5[16jf)*(U))Iﬂflﬁjf'

(3) [Y = X — Y compositions.] In this case we consider
Rg,tDyo Dylg,p = Rg, 0 Ry o Dgyolyols = Rg oDy ap) o g
= fg; 0 Lg; 0 Dignye gy an
= R, 0 By 0 Digonye gy
= B,60 Dy (any):

In the second equality we have used Proposition 5.7(b) and in the third equality we
have used Proposition 5.4 (which applies because f3; is invertible).
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(4) [X =Y — X compositions.] Fix ¢ and j and let T = {0 € G(X)|B;f = Bifo}.
Observe that by Lemma 5.15(c) since X and Y are Galois we have a pullback diagram

HO’ET XU —X

",

Xy

where the vertical map X, — X is the identity and the horizontal map X, — X is
o. We then write

Dallgjf o RﬁifDa = Z Da/[UDa = Z IUD(J—l)*(a/)Da
— Z RO'_lD((O'_l)*(a’)u)'

The second equality is by Proposition 5.4, using that ¢ is an isomorphism.

(5) [Remaining cases.] The cases that have not been treated so far are all very similar to

(1) or (2).

As the reader can see from the above analysis, a complete description of the maps
between Galois objects is relatively simple. But the description of compositions becomes
unwieldy, although in practice it is a purely mechanical process to work out any given
composition.

6. Grothendieck-Witt categories over a field

Let k be a field of characteristic not equal to 2, and recall the Grothendieck-Witt category
GWC(k) over k defined in Section 2.

Let fEt /k be the full subcategory of Aff /Speck consisting of the objects Spec F
where k — FE' is finite étale (in our terminology, sheerly separable—see Remark 2.9 and
Corollary 2.11). Let A be the Burnside Gysin functor, and let y: Am — GW be the
natural transformation from Proposition 3.17.

The following result is essentially [Dr, Appendix B, Theorem 3.1]. We include the
proof for completeness. For the proof, recall that if a € E then (a) denotes the quadratic
space (F,b,) where b,(z,y) = azy, and (a,b) = (a) & (b).

6.1. PROPOSITION. The map x: Ami(E) — GW(FE) is surjective, for any finite separable
field extension k — E.

PROOF. Recall that GW(FE) is generated as an abelian group by the classes (a) for a € E*.
We will show that each of these classes is in the image of .

If a is not a square in E then consider the field extension F, = E[z]/(2* — a). Then
E, is a separable field extension of F, and x(FE,) is simply F, (regarded as an E-vector
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space) equipped with the trace form. An easy computation shows this form is isomorphic
to (2,2a) = (2) 4+ (2a). So we have (2) + (2a) = x(E,).

We claim that (2) € im x. If 2 is a square in E then this is clear, since (2) = (1). If 2
is not a square in F then we may apply the above analysis with a replaced by 2 to find
that (2) + (4) € im . Since (4) = (1) € im x, we again have (2) € im x.

At this point we know that (2) + (2a) € im x and (2) € im y, and so (2a) € im x. But
then (4a) = (2) - (2a) € im x. Since (4a) = (a), we are done. n

6.2. EXAMPLE. The map x is usually not an isomorphism. To see this in one example,
let k = F, where p is odd. Then Ag (k) is a free abelian group on a countably-infinite set
of generators, whereas GW (k) = Z@®Z/2. In general, it might be interesting to have a set
of generators for the kernel of Ami(k) — GW (k) together with some kind of geometric
source for them. See Example 6.7 below.

6.3. REMARK. If f: R — S is a sheerly separable map of rings, we have the induced
maps f.: GW(R) — GW(S) and f': GW(S) — GW(R) from Section 2. However, for
most purposes it is more convenient to use the geometric setting of affine schemes: there
we would write f*: GW(Spec R) - GW(SpecS) and fi: GW(SpecS) - GW(Spec R).
The disadvantage here is that it becomes tedious to write Spec repeatedly. We will tend to
mix the two notations and write f*: GW(R) — GW(S) and fi: GW(S) - GW(R). In
effect, this is basically just dropping the “Spec” and letting it be understood. In practice
there is never any confusion here.

Our goal is to be able to analyze pieces of the categories GWC(k) for some explicit
choices of k. Galois theory gives an equivalence of categories between sheerly separable
extensions of k and continuous Gal(k*? /k)-sets, and this is a useful tool to exploit.

Fix a finite-dimensional Galois extension L/k, and set G = Gal(L/k). Say that a
separable k-algebra A is L-constructible if it is isomorphic to a product [[; A; where
each A; is an algebraic field extension of k that admits an embedding into L. For each
finite G-set S, let F(S, L) be the set of G-maps from S to L, with ring structure given
by pointwise addition and multiplication. Clearly F(G/H,L) = L# and F(S1I T, L) =
F(S,L) x F(T, L), hence each F(S, L) is L-constructible. In the opposite direction, given
a sheerly separable k-algebra A the set of k-algebra maps k-alg(A, L) inherits an action
of G. Galois theory says that we have an equivalence of categories

finG8et = fEt; "

where the upper arrow is S +— F(S, L) and the lower arrow is Spec A — k-alg(A, L).
The Grothendieck-Witt functor on fEt, restricts, via the above Galois equivalence, to
a Gysin functor on finite G-sets. Let us write

GWL(S) = GW(F(S, L))

for this restricted Gysin functor. Clearly the correspondence category finGSetqw, ) is the
full subcategory of (fEt;)qw whose objects are the L-constructible k-algebras.



198 DANIEL DUGGER

The universality of the Burnside functor gives a natural transformation Az — GWp,
and therefore a functor between correspondence categories finG8et(4.,) — finGSetqw, ).
Composing with the inclusion into (fEtg)gw, we have constructed a functor from the
Burnside category of GG to the Grothendieck-Witt category of k:

ﬁnGSet(AG) — ﬁnGSet(GWL) — (fEtx)aw = GWC(k).
We now look at some examples:

6.4. EXAMPLE. The category GWC(R) has two objects: SpecR and SpecC. Let 7
denote the unique map Spec C — SpecR, and let o: Spec C — Spec C be the nontrivial
automorphism over Spec R. Since GW(C) = Z and GW(R) = Z((1), (—1)), the category
GWC(R) is readily computed to be as shown in the right-hand diagram below. One only
needs check that I o R, =1+ 0 and Ry o I, = (1) + (—1).

Similarly, the Burnside category for Z/2 has two objects: % and Z/2. We write
n:Z/2 = xand o: Z/2 — Z/2 for the evident maps. Then Az /»(Z/2) = Z and Az (x) =
Z([*],[Z/2]). Here one computes that I, o R, =1+ 0 and R, o I, = [Z/2].

Z(1,0) Z(1,0)
Y "
Z]2 SpecC
Z(I) < ) Z(Rm) Z(I) < >Z<R7r>
* Spec R.
@) )
Z([+],[Z/2]) Z{(1),(-1))

The map from the Burnside category to the Grothendieck-Witt category has the evident
behavior (in particular, it sends [Z/2] to (1) +(—1)), and by inspection is an isomorphism.

Before considering our next example we need to recall some facts about finite fields. If
F is a finite field of odd characteristic then F* is cyclic of even order and so (F'*)/(F*)? =
Z/2. Thus when we partition F* into the squares and the non-squares, any two non-
squares are equivalent: if @ and b are non-squares then a = A\?b for some \. A little work
shows when char(F') # 2 that GW(F') is generated by (1) and (g), where g € F* is any
choice of non-square. Moreover, 2(¢g) = 2(1) and GW(F) = Z & Z/2 with corresponding
generators (1) and (g) — (1). See [S] or [D, Appendix A] for details. It is useful to write
a = (g) — (1). Note that

a? = (%) —2(g) +1=2—2(g) = —2a = 0.

Note that the calculation of GW(F') gives a classification of non-degenerate quadratic
spaces over F': in each dimension there are exactly two, namely n(1) and (n—1)(1)+(g) =
n{1)+a. The discriminant of the form, regarded as an element of F* /(F*)?, distinguishes
the two isomorphism types.

The following lemma calculates the behavior of the Grothendieck-Witt group under a
quadratic extension.
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6.5. LEMMA. Let ¢ = p® where p is an odd prime. Fix a non-square g € Fy, and fix a
non-square h € Fpa. If j: Fy — 2 is a fized embedding then the pullback and pushforward
maps for GW (=) are given by the formulas

71 (1) =3"{g) = 1), a((1) = (1) +{g), a((h)=2(1).

Every automorphism of F, induces the identity on GW(F,) (both via pullback and push-
forward).

PROOF. First note that if A is an automorphism of F, then A preserves the property of
being a square or non-square; consequently, \* is the identity since \*({g)) = (g). Since
A is the inverse of \* (Lemma 3.8), this is also the identity. So we have verified the last
sentence of the lemma.

Observe that F,» may be identified with the extension Fy[z]/(2* — ¢), and we may
assume that j is the evident inclusion of F, (using the previous paragraph). Since g = z?
in F2 we have j*({g)) = (1).

To compute j((1)) we must analyze the trace form on F,2. This is represented by the

2 x 2 matrix
tr(l) tr(z)| (2 O
{tr(x) tr(xQ)} N [0 29] '
The discriminant is 4¢g, which is equivalent to g modulo squares. So ji((1)) = (1) + (g),
as the forms have the same discriminant class.
The above work readily generalizes to compute ji({a + bz)) for any a,b € F,. This
form is represented by the matrix

tr(a+bx) tr(az +0b2%)|  [2a 2bg
tr(ax 4+ bz?) tr(az® +0b2®)| — |2bg 2ag|

The discriminant is 4a*g — 4b*¢g* = 4g(a® — b%g), and so ji({a + bz)) = (1) + (g(a® — V?g)).

In a finite field every element can be written as a sum of two squares [S, Lemma 2.3.7],
so we can write g~' = b + r? for some b,r € F,. Neither b nor r is zero, since g is not a
square. Then

3L +bx)) = (1) + (g(1 = b%g)) = (1) + (9(r*g)) = (1) + (1) = 2(1).

Hence (1 + bx) # (1) (since their images under j, are different), and so 1 + bz is a non-
square class; i.e. (1+bx) = (h) in GW(F2). So we have in fact proven that ji((h)) = 2(1).
"

6.6. PROPOSITION. Let q be a power of an odd prime, and consider a field extension
j:Fy— Fpe. Let g and ¢’ be non-squares in F, and F,e, respectively. Then the induced
maps 7° and 7 are given by

(¢") if e is odd,

(1) if e is even,
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J(1)) = {em e odd L)) = {<e — (1) +{g) e odd

(e —1)(1) + (g9) e even, e(1) e even.

(1) = (1), j*(a):{a ¢ odd.

0 e even,

J((1) = {em ¢ odd jilo) =

e(l)+a e even’

PROOF. The statement about j* is immediate: the extension F, contains a square root
of g if and only if it contains IF2, which happens precisely when e is even.

The form j((1)) is either e(1) or (e — 1)(1) + (g), and these are distinguished by the
discriminant. So it suffices to analyze the discriminant of the trace form on Fg: the
discriminant is a square if and only if the form is e(1). A classical computation says this
coincides with the discriminant of the minimal polynomial of any primitive element for
the extension Fy /F,. If ry,...,r. are the roots of this minimal polynomial, then this
discriminant is A = Q? where

Q=]]0ri—mr.

i<j

If the roots are indexed appropriately then the Galois group of F/F, acts by cyclic

permutation. It follows that () is invariant under the Galois action if and only if e is odd.

So we see that A is a square in I, (and equivalently, 5((1)) = e(1)) if and only if e is odd.
Finally, we analyze j5({¢’)). When e is odd this is easy, as we can write

2({g)) = 3" {g) - 1) = {g) - 5({1)) = (g) - e(1) = e(g) = (e = 1){1) + (g)

where in the last equality we have used that (g,g) = (1,1). When e is even the pushfor-
ward GW(Fge) — GW(F /2) sends (g') to 2(1) by Lemma 6.5. It follows that ji((g")) is a
multiple of 2, and of course it also has rank e. The only such element of GW(F,) is e(1). m

6.7. EXAMPLE. [The Euler characteristic of a finite field extension] Our goal is to explic-
itly compute the map x: Ami(F,) - GW(F,) = Z @ Z/2. Given a finite field extension
j: Fy < Fge, the Euler characteristic is another name for j(1). Using Proposition 6.6,
this is equal to x(Fse) = e(1) + eca € GW(F,) where
0 if e is odd,
€e =
1 if e is even.

It is an amusing exercise to use the above computation to check the multiplicativity
formula

X(qu ®Fq qu) = X(qu) : X(qu)a
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which is the analog of the topological formula x (X x Y) = x(X) x x(Y).

We can use the above computation to give generators for the kernel of the canonical
map x: Am(F,) — GW(F,). If we set E, = [F] then by inspection a complete set of
generators is

Enis— Enis— Enii + B, (n>1), 2B, — By — By, By —3E).

It could be interesting to find an explicit geometric explanation for these relations. For
example, one might try to produce a degree 4 étale map f: X — Y of F;-schemes where
Y is Al-connected and where one fiber of f is SpecF, I SpecF,2 and another fiber is
SpecF, IT Spec Fs.

6.8. EXAMPLE. We next explore a small piece of GWC(F,), where p is odd. Specifically,
consider the full subcategory whose objects are SpecF, for ¢ = p? and 0 < i < 3. Set
G = Gal(F,s/F,) = Z/8. Let gy denote some specific choice of non-square element in
F 21, and write agi = (g2:) — (1). Also write Joi = GW(IF 21); this is isomorphic to Z®Z/2
with corresponding generators 1 and asi, subject to the multiplicative relation agi =
—2ap: = 0. Finally, let o always denote the Frobenius x +— xP and fix specific embeddings
Joi: F 2 qum. Let their induced maps be denoted myi: Spec qum — SpecF .

The following diagrams show the Burnside category for Z/8 as well as the relevant
piece of GWC(IF,). Recall that if R is a ring and S is a set then we write R(S) and (S) R for
the sets of finite sums Y 7;s; and Y s;7; where r; € R, s; € S. We let Agi = Az 5(Z/2Y),
the Grothendieck ring of Z/8-sets over Z/2'. So Ay = Z([Z/2'],[Z/2""],...,[Z/8]). Here
when we write [Z/27] we are suppressing the structure map 7: Z/27 — 7Z/2!, which we
always take to be the map of Z/8-sets sending 0 to 0. In the Z/8-set context we let o
always denote the map z — x + 1.

(1,0,...,07)/18 C Z/8 (1,0,...,07)Jg C FPS

Ag(Imy,....](0374)) ( ) (Rmy,...,Rm403) Asg Js (1774,...,1(03@))( ) (Rmy,...,R(0374)) Js
(Low?oas 2 L4 (Lo020%) s (C Fp
Artamst(om ) (tma oot ltmsttoma) ) (Rms ema)
Loy (2 7,2 (Loyss (2 Ty
A2<IW1>< \)(Rm)Az J2<Im>< \)(Rm)Jz
AL C? % nC IFp

Notice that we have written ¢! instead of Ro’. Also, note that o acts trivially on
each J,, by Lemma 6.5 and so the endomorphism ring of F,» is the group ring J,[Z/n].
The analogous remark holds in the Burnside category. Finally, note that while the two
categories clearly have very similar forms, the map between them is not an isomorphism
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because A, # J,. The map A, — J, sends [Z/n] to 1; for k > n it sends [Z/k] to
ji(1) = £ + o, where j: Fyn < Fe is the inclusion (here we have used Proposition 6.6).

Below we list the main relations in GWC(F,). Recall that «,, € J, is the unique
element of order 2. We simplify D, to just a, for a € J,.

RmyolIm, = (2) + «a, € J, Im,oRm, =1+0o"
ay o Rm, =0 Irt,on, =0

Rm,oapyi0lm, =,

We leave the reader to derive these, as they are simple consequences of using the RDI
rules from Theorem 1.2 together with the computations in Proposition 6.6. Coupled with
the obvious relations that come from the category of fields, e.g. Rm, o 6" = Rm,, the
above relations allow one to work out all compositions in GWC(F,).

6.9. EXAMPLE. We describe one last example, this time concerning non-Galois exten-
sions. Most of the details will be left to the reader. Write Ey = Q(3/2), E, = Q(us)
(the cyclotomic field), and Es, = Q(v/2, p3). Note that [E, : Q] = 3, [Es : Q] = 2, and
[Es, @ Q] = 6. The extensions E,/Q and E,,/E, are Galois, but E,/Q is not. Let m;,
i € {0,1,2,3}, be the maps of schemes induced by the evident inclusions of fields:

Spec Ey <—— Spec B,

“j lm

Spec Q <—— Spec E,.

Finally, write GW, = GW(E,), and so forth.

Computing in the Grothendieck-Witt category GWC(Q), maps between E, and Q,
or between E,, and E,, are handled exactly as the general case discussed at the end of
Section 5. For maps from Fs to F,, as an abelian group this is GWy , since Fy ®q F,, =
E,,. A little thought shows that the maps are all of the form Rms o Dasy, o I7, where
ag, € GWQHM.

To compute maps from Fj to itself, we start with Fy®q By = Fy x E, ,. As an abelian
group we then have GWC(Q)(Es, Ey) = GW,;® GW, .. The two summands correpond
to elements Day for ap € GW; and Rmy o Day ), o Im where ay,, € GW;,. The ring
structure is determined by the formulas

Das o Dby = D(ashy),
Day o (Rmy © Dy, 0 Im) = Rmy o D(m(az) - as,,) o Im
(Rmy o Day, 0 Imy) o Day = Rmy o D(ag,, - 1 (az)) o Im
(Rmy o Dayy, 0 Imy) o (Rmy 0 Dby, 0 Imy) = [Rmy o D(ag,ba,,) © I ]+
[Rmy 0 D(0"(ag,,)bs,) o Im].
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These equations all follow from the rules in Theorem 1.2.

To get a sense of the above computation, let us generalize things just a bit. Let f: R —
S be a homomorphism of commutative rings, and let o: S — S be an automorphism such
that 02 = id and o f = f. Define a product on R x S by

(r,s)-(r',s) = (rr', (fr)s + s(fr') + ss’ + o(s)s').

Check by brute force that this makes the abelian group R x S into a ring. Let « be the
unique Es-linear automorphism of E5 , that has order 2. Applying the above construction
to 11 GW(E;) = GW(E, ), where 0 = o*, yields the endomorphism ring of E, in the
Grothendieck-Witt category GWC(Q).

A. Symmetric monoidal categories and duality

In this section we review some elements from the theory of closed, symmetric monoidal
categories. Then we recall the notion of a dualizable object, as well as some standard
properties.

A.1. BASIC CONVENTIONS. Let (C,®, S, F(—,—)) be a closed symmetric monoidal cat-
egory. This means ® is the monoidal structure, S is the unit, and X, Y — F(X,Y) is the
cotensor.

In this setting there are evident evaluation maps

F(A,B)® A— B

defined as the adjoint to the identity on F(A, B). Likewise, there are certain canonical
maps

F(X,9)®Y = F(X,Y) and F(AB)®F(X,Y)> FA®X,BQY)

defined to be the adjoints of evident compositions involving symmetry isomorphisms and
evaluations. In general, we will use ¥ to denote any such canonical map that arises in
a general closed symmetric monoidal category. It should always be clear from context
exactly what map we mean.

There is one special case where it is useful to have a distinguished name, rather than
just the generic “i»”. For any object X in a closed symmetric monoidal category, set
X* = F(X,S). Then we let evy: X* ® X — S be the adjoint of the identity map
X* = F(X,S).

A.2. DUALIZABLE OBJECTS. The theory of dualizable objects goes back to Dold and

Puppe [DP], but in modern times has been used extensively by May and his collaborators
(see [LMS] and [Mal], for example).
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A.3. DEFINITION. An object X in a symmetric monoidal category is called dualizable
if there is another object Y together with maps

n: S —=>X®Y, e:Y®RX =S

such that the composite

X SeX TN XeyeX 4 .Xes X
1s idx and the composite
Y Yos—2 yoXoy Y. gy Y

1s idy. We say that Y is a dual for X, although it is more precise to say that the dual is
(Y,e,m) since all three pieces of structure are needed.

A.4. REMARK. IfY is a dual for X, then there can be several choices for € and 7 that serve
as structure maps. If one fixes Y and e, however, then there is only one corresponding
choice for n; similarly, if one fixes Y and 7 then there is only one choice for e. This follows
by the same argument that shows that a functor can have at most one left (or right)
adjoint.

The following result can be pulled out of the proof of [LMS, Theorem III.1.6]:

A.5. PROPOSITION. In a closed symmetric monoidal category suppose that X is dual-
izable with dual (Y,e,n). Then the map €:Y — X* adjoint to €, is an isomorphism.
Consequently, X* is also a dual for X, with structure maps evyx: X*® X — S and the
composite

S L XY ™ X o X"
PrOOF. The duality axioms imply that the composite Ay given by

CW,Y) 5 C(WeX,Y®X)—=C(W®X,S) =C(W,X*)

is a bijection, for all objects W. This composite is natural in W, and for W =Y it sends
idy to €; it follows that Ay is post-composition with € for all W. The Yoneda Lemma
then yields that € is an isomorphism. Finally, one uses that

VoX @4 xrgx &%g

equals €. -
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If X is dualizable, evy: X* ® X — S is the evaluation map from the closed structure,
and cevy: S — X ® X* is any map satisfying the conditions of Definition A.3 then we call
cevx the coevaluation map for X (it is uniquely determined, of course). The following
two results are standard:

A.6. PROPOSITION. In a closed symmetric monoidal category, an object X is dualizable
if and only if there exists a map c that makes the following diagram commute:

S X ®X*

o ]

F(X,X) 5 X*'®X
Here 1 is an instance of the canonical map A* ® B — F(A, B). If ¢ exists, it is unique;

and moreover, it is precisely the coevaluation map for X.

PROOF. See [LMS, Theorem I11.1.6]. The uniqueness of ¢ follows from [LMS, Proposition
I11.1.3], which shows that the horizontal map v is an isomorphism. [

A.7. PROPOSITION. If X and Y are dualizable objects in a closed symmetric monoidal
category then the following are true:

(a) X ®Y and X* are dualizable;

(b) ¥: X — X** is an isomorphism;

(c) V: X*@Y* = (X ®Y)* is an isomorphism.
(d) cevx: S — X ® X* is the composite

P ®id

st*&)(X*@X)*%X**@X* X @ X*

PROOF. Part (a) is elementary, while parts (b) and (c) are from [LMS, Proposition III.1.3].
For part (d), perhaps the easiest method is to check that evx and the given composite
satisfy the properties of Definition A.3. To this end, consider the following diagram:

e X ZE(x e x)re X2l (x* e X)X L2 (X o X1 @ X
xwl ll@evx
X - X®S.

The vertical map labelled 1 is the adjoint to the composite

(X*®X>*®X®X*&'<X*®X) ®X*®X EVX*gX S
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We aim to show that the “across-the-top, then down” composition from S*®X to X®5
is the identity (after canonical identifications of the domain and codomain with X'). But
the triangle and the rectangle commute in any closed symmetric monoidal category, by an
easy verification (it suffices to check commutativity in the category of finite-dimensional
vector spaces over a field, cf. [HHP]). Since ¢: X — X* is an isomorphism by (b), this
completes the verification.

The second condition from Definition A.3 is checked in a similar manner. The relevant
diagram is a little easier:

X* ® S* 1®ev™ X* (X* ® X)* X*®¢X* ® (X** ® X*) 19®1 X* ® (X ® X*)

id S®X*

The diagonal map labelled 1 is the adjoint of the composite
XX 0X)oX (XXX @X 2%

The “quadrilateral” and “triangle” in the diagram again commute in any closed symmetric
monoidal category, and this completes the verification. [

Let C be a symmetric monoidal category in which every object is dualizable. For each
object X, choose a specific dual X* together with associated maps nx: S — X ® X* and
x: X*® X — S. We will show that this data determines a closed structure on C, with

FX,)Y)=X"®Y.

This definition has a clear functoriality in Y, but functoriality in X requires a few remarks.
For f: U — X, define D(f): X* — U* to be the composite

1®nu 1®f®1 ex®1

X' ——X"QURQU* ———

It is easy to see that D(id) = id, and we will check below that D(fg) = D(g)D(f). These
dual maps then make F'(—,Y) into a contravariant functor, via F(f,Y) = D(f) ® idy.
We next describe maps

a:C(AX"RY)=2CA®X,Y): 3

X" XU U-.

which will turn out to be an adjunction. Given h: A - X*®Y, let a(h) be the composite

ARX A X Y X X e XY X2 Y.
And given f: A® X =Y, let B(f) be the composite

A Ao x o X Ao X 9 XA X oA X 2L X oY,

The following proposition seems to be a well-known piece of folklore. For example, see
[BS, Discussion after Definition 17].
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A.8. PROPOSITION. Let C be a symmetric monoidal category in which all objects are
dualizable, and where for each object X a triple (X*,nx,€ex) has been chosen. Then the
above definitions for F'(X,Y") and the adjunction make C into a closed symmetric monoidal
category.

ProOOF. This just involves checking a bunch of commutative diagrams. We first verify
that if f: X = Y and g: Y — Z then D(gf) = D(f)D(g). In the following commutative
diagram, these are the two ways of going around the boundary:

v M yexxr L yeyxr X
ezl ez111 ez111 ezl
2x 7y X g gy x xor ML g gy xor ML e s
191 1g111 1g111 1g1
77yy*s I ey x xr ML geyyey e DO ey s
1ny 1ny 11 1ny 11 /

z* e XX VX

Note that we have left out the tensor symbols, to enhance readability.
We next need a special property of the dual maps D(f). Namely, for f: X — Y the
following diagram is commutative:

1Qf

Vo x 9 yigy (A.9)
D(f)®1l lCY
X"® X S.

€X

The proof is immediate upon inspection of the larger commutative diagram below:

ViXe——vyx— Y _yry__ ¥ _g
k [Hex 115)([ [GX
VXXX — = Y*VX*X — > X*X.
1f11 ey 11

Now we can check that the adjunction map « is functorial. In the variables A and Y
this is obvious, but in the variable X it takes some work. For f: U — V we must check
that

CAU*®Y)—2=C(ARU,Y) (A.10)

| T

CAV RY)-2=C(AV,Y)
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is commutative. To this end, consider a map h: A — V*® Y and the following diagram:

AV ——— VYV ——=V*VY Y

Tlfl ]e(ﬂ
1f 11f /V*UY}U*UY
AU VYU ——U*YU

The diagram is readily checked to be commutative—the upper left corner by (A.9)—and
the two ways of pushing h around (A.10) are the two outer composites.

Finally, we prove that a and ( are inverses. Suppose given f: A® X — Y and
h: A— X*®Y. The proof that a(8(f)) = f is

AX XN AX XX YX*X XY X

ST

AX Y — X"XY

f €x

and the proof that S(a(h)) = h is

XXYX* My x XY
16X1
AXX* ML X*YXX* YX*XX*
117x[ 117)X’ 1177X
A h XY Y X*.

B. A leftover proof

Here we give details for the proof of Proposition 3.21. This is mostly routine, but we
include details because several steps are a bit hard to remember, and this is the kind of
thing one wants to be able to just look up when needed.

Note that in this proof we mostly split with our previous conventions and denote
objects by lowercase rather than uppercase letters. This is for typographical reasons,
both to save space in subscripts and to reduce the extent to which the long formulas feel
like they are shouting at the reader.
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PROOF OF PROPOSITION 3.21. For part (a), here is the check that i, is a right identity.
If x € Cp(a,b) = E(b X a) then

T13)1 <7sz$ : 753(A?(1))>
T13)1 <7rf2:13 - (idy X A“)g(l))) (push-pull)

T13)1 <(idb X A“);((idb X AY) iy - 1)) (projection formula)

—~

T Ol, =

—~

—~

8

The last step used that m3 o (idy X A%) = idyx, and m o (idy, X A*) = idyy,. The
verification that i, is a left identity is similar.

Write 7% for the evident projection map ¢ x b X a — ¢ x a. Let x € Cg(a,b),
y € Cg(b,c), and z € Cg(c,d). The proof of associativity proceeds by analyzing the

element
Q= (mge), (i) (2) - (mE™) (v) - (mi) ()
in two different ways. The first proceeds as follows:

dcba
7Tdca ) |

[(michey* (men)* (2) - (7E5)" () - (i) ()|

V(=) - (miben [(m™) (v) - (mi) (@)] | (proj. form.)
ma) () - (mg () [(n) () - (i) ()]

)’ (

(
(

| (W ) (2) - (mea) (mea 0 [(7")" (y) - (mhe)" ()]
).

ca

(push-pull)

| IS

The first and third equalities just use functoriality. For example, in the third equality we
use that 7% = 7 o wébe and so forth. We leave the reader to perform a similar series

of steps to show that Q = (z - y) - . This proves associativity, and so finishes the proof

of (a).

Part (b) is obvious.

For (c) we must show that if f: @« — b and g: b — ¢ then R, 0 Ry = R(gf). That is,
we must check the formula

(mea" )1 | (me")" (ide % g)*(ic) - (mhe)" (idy x )*(ib)] = (ide x gf)"(ic).

Note that the left side is (id. X g)*(i.) o (idy X f)*(ip).
The first step is to use the two pullback squares

cXa e a ! b
7r1><f><772l lfxida lA
cll;a id
exbxag—2 bxa—2 _pxp
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to see that (m2)*(idy x f)*(iy) = (m1 X f x m2)i(1) (here we use that 75 and f* are ring
maps and so send 1 to 1). Next we compute that
Ry o Ry = (nt) [ (ve4")" (ide x g)"(ic) - (mi2)"(idy x f)" (i)
) | (7Y (i x 9)" (i) - (m1 % [ x m)(1)]
m(m % f x| (m % f x ) () (ide x )" (i) - 1]

(ide x gf)*(ic)
R(gf).

In the second-to-last equality we have used that 7% o (7 X f X my) = idexq and that
(ide x g)ywgg(m X f X mp) = id. X gf.

To prove (d) we must verify that if = i, (for every object a) and (go f)* = f* o g*
for every f € Cg(a,b) and g € Cg(b,c). For the first of these, consider the twist map
t:a X a—axa. Since t? = id,x, we have by Lemma 3.8 that ¢, = (t*)~! = t*. So

i = 1%(ia) = (i) = 6(AF(1) = (to A)(1) = AF(1) = d,.

Write 2 for the map ¢: a X b — b x a, and similarly for other situations. Then

:(77
= (

tae)* | (mebnl(xeh)* (9) - (i) ()]
£ [ (mebnl(xeh) (9) - (i) ()]

(9) - (mp2)* (f)]
(th)"g - (o) (t52)* f]
= (2 C>' TRV (L) f - (mpte)* (2%) g

Wffé“)'[ o) (9) - (mhe)* ()]
se h(tan(ten) [(76") (9) - (m5a")* ()]
c) ab ) )

In the second and fourth equalities we have used Lemma 3.8, but all of the other equalities
use only simple functoriality.
Continuing with (d), for f: A — B we have

Iy =t"(Ry) = t"(id x f)"(ip) = (f x 1d)"(ip)
(using part (c¢) for the second equality) and likewise
It =t"(Rf) =t"(A— Bx A)(1) =t(A — B x A)(1) = (A — A x B)(1),

using (c) for the second equality and Lemma 3.8 to identity ¢* and ;.
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To prove the first part of (e) we argue as follows:
ao Ry = (W (W) (@) - (mENY ) (idw % ) (i)
— (T [(TANY) (@) - Gid x f x idy)(1)]
— (R Widy x f x idy )y |(idz x [ x idy) (7ZY)* (@) 1]
— idy|(id x f)a- 1]
= (idz x f)"(«).
In the second equality we have used the push-pull axiom applied to the pullback diagram

ZWY

IxXW XY 9wy Y W w
ideindy] ]fxidy ]A
ZxY —™ Y ! W

together with iy = A(1). In the third equality we have used the projection formula
(Proposition 3.11), and in the fourth equality we have used that 72" o (idz X f X idy) =
idzy and ngWY/Y ¢} (ZdZ X f X Zdy) = ZdZ X f

The other parts of (e) are proven by similar arguments. Part (f) follows from (e) using
If o Rq = If OiB o Rq = (Zd X q)*(If ¢} ZB) = (Zd X q)*(f X Zd)*(ZB) = (f X q)*(ZB)
The second part of (f) then follows using push-pull applied to the square

AXBO B

|a

Ax C-*C B« B

Part (g) is similar to (f).
For (h), use that R,0 I, = ((px 9)4w),(1) = Iyo Ry, by applying (f) and (g) together.
Part (i) follows directly from (h) using the pullback diagram

A4 A
id lf

A-—1.B
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