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Abstract

We study the algebraic K-theory and Grothendieck—Witt theory of proto-exact categories
of vector bundles over monoid schemes. Our main results are the complete description of
the algebraic K-theory space of an integral monoid scheme X in terms of its Picard group
Pic(X) and pointed monoid of regular functions I"' (X, Ox) and a complete description of the
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Introduction

Monoid schemes are topological spaces modelled locally on spectra of commutative pointed
monoids, in much the same way that schemes over a field are modelled locally on spectra of
commutative rings. Monoid schemes form the core of algebraic geometry over the elusive
field 'y with one element [39,44], in the sense that every other approach to F{-schemes con-
tains monoid schemes as a full subcategory. From the point of view of algebraic geometry
over fields, monoid schemes can be seen as a direct generalization of toric geometry and
Kato fans of logarithmic schemes; see [3,6,8,9,27] among others. The central position of
monoid schemes within Fj-geometry is confirmed by their numerous links to other areas
of mathematics, such as Weyl groups as algebraic groups over F; [29,44], computational
methods for toric geometry [7,8,14], a framework for tropical scheme theory [15], applica-
tions to representation theory [20,40-42,51] and, last but not least, stable homotopy theory
as K-theory over [Fq [3,10], a theme on which we dwell in this paper.

The algebraic K-theory of schemes, originally developed by Quillen [16,30], Waldhausen
[46] and Thomason—Trobaugh [43], among many others, is a rich and difficult subject
which remains very active today. Grothendieck—Witt theory (or hermitian K-theory) is a
generalization of K-theory constructed from algebraic vector bundles with a non-degenerate
bilinear form and, as such, can be seen as an algebraic analogue of Atiyah’s topological K R-
theory [1]. Grothendieck—Witt theory plays a fundamental role in Karoubi’s formulation and
proof of topological and algebraic Bott periodicity and study of the homology of orthogonal
and symplectic groups [21-23]. Recently, much effort has been devoted to developing the
Grothendieck—Witt theory of schemes; see, for example [13,24-26,34,38].

In this paper we study the algebraic K-theory and Grothendieck—Witt theory of monoid
schemes and develop strong links to stable homotopy theory. This should be compared to the
K-theory and Grothendieck—Witt theory of schemes over fields and their many connections
to arithmetic. Our results for K-theory refine earlier calculations of the group Ko (X) in [3]
to a complete description of the K-theory space K(X) in terms of the Picard group Pic(X)
and the group I'(X, Ox)*. For the Grothendieck—Witt theory of monoid schemes, a subject
which had not yet been studied, we give a similar description of the Grothendieck—Witt space
GW(X) in terms of Pic(X) and I'(X, Ox)* together with their natural involutions. In the
remainder of this introduction, we give a more thorough description of these results.

Results

In Sect. 1 we recall relevant categorical and K- theoretic background. We work in the set-
ting of proto-exact categories, a non-additive generalization of Quillen’s exact categories
introduced by Dyckerhoff and Kapranov [11]. This is a convenient setting for both K-theory
and Grothendieck—Witt theory and was developed by the authors in [12]. The first main
result of [12] is a Group Completion Theorem for the K-theory of uniquely split proto-exact
categories. The second main result of [12] is a description of the Grothendieck—Witt space
GW2(A) of a uniquely split proto-exact category with duality A satisfying additional mild
assumptions, defined using the hermitian Q-construction, in terms of the group completion
of the groupoid of hyperbolic forms and the monoidal groupoid of anisotropic symmetric
forms in A.

In Sect. 2 we study the K-theory and Grothendieck—Witt theory of proto-exact categories of
modules over pointed monoids or, in geometric terms, vector bundles over non-commutative
affine monoid schemes. Let A be a (not necessarily commutative) pointed monoid. The
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Algebraic K-theory and Grothendieck-Witt theory of monoid schemes 1409

category A-proj of finitely generated projective left A-modules has a uniquely split proto-
exact structure (Lemma 2.5) and so fits into the framework of [12]. The category A-proj
is particularly simple when A is integral,! in which case all projective A-modules are free.
This, together with the Group Completion Theorem, allows for an explicit description of the
K-theory space KC(A-proj) in terms of the group of units A*, thereby giving a ‘Q = +’
theorem in this setting. In this way, we extend earlier results of Deitmar [10] and establish
some unproven claims of Chu—Morava [4]. Our result is as follows.

Theorem A (Theorem 2.6) Let A be an integral pointed monoid. Then there is a homotopy
equivalence

K(A-proj) ~7Z x B(AX 1 Sg)™,
where A* ? Xo s the infinite wreath product h_n)ln (A" x Xp).

Next, we study the Grothendieck—Witt theory of projective A-modules, where our results
are new. Unlike the case of rings, the category A-proj does not admit an exact duality
structure. In particular, the functor Hom g_proj(—, A) is poorly behaved. For this reason,
we restrict attention to the non-full proto-exact subcategory A-proj” C A-proj of normal
morphisms, that is, A-module homomorphisms whose non-empty fibres over non-basepoints
are singletons. We prove in Lemma 2.3 that A-proj" admits a duality structure if A is integral.
From this point of view, normal morphisms are essential to Grothendieck—Witt theory. We
remark that the K-theory of A-proj” and A-proj coincides. For earlier appearances of normal
morphisms in [F|-geometry, see [3,41,51]. The main results of this section determine the
Grothendieck-Witt spaces GW® (A-proj") and GWC (A-proj™). In particular, the former
space can be described in terms of “infinite orthogonal/symplectic groups over F;". In this
way, we obtain an [Fj-analogue of Karoubi’s results on the hermitian K-theory of rings [21].
A simplified version of our result is as follows.

Theorem B (Theorem 2.14) Let A be an integral pointed monoid with A* = {1}. Then there
is a homotopy equivalence

GW®(A-proj) ~ 7% x B((Z/21 Too) X Too) .

By applying the results of [12], we can use Theorem B to describe the weak homotopy
type of GW2 (A-proj™).

Having treated the local theory, we turn in Sects. 3 and 4 to the global theory of monoid
schemes. Following earlier approaches [10,19], a general definition of the K-theory of a
monoid scheme X was given in [3], where a proto-exact category of vector bundles Vect(X)
and their normal Ox-module homomorphisms was defined. We point out that this is not the
only approach to the K-theory of monoid schemes; see [17] for a recent alternative. In Sect. 3
we bring the approach of [3] to its natural conclusion by explicitly describing the K-theory
space K(X) := K(Vect(X)). The key structural result is Proposition 3.14, which exhibits
an extremely simple non-full proto-exact subcategory (Ox))[Pic(X)] C Vect(X) whose K-
theory space is homotopy equivalent to IC(X). Here, (Ox)) is the category whose objects
are isomorphic to 0% n e Z>y, together with all normal Oy-module homomorphisms
between them. The category {(Ox))[Pic(X)] can then be seen as the group algebra of Pic(X)
with coefficients in (Oy)); see Sect. 3.3 for a precise definition. Proposition 3.14 fails for
the exact category of vector bundles over a field and is the source of the relative strength of
the following result.

! More generally, A need only be right partially cancellative. We work at this level of generality in the body
of the paper.
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1410 J.N. Eberhardt et al.

Theorem C (Theorem 3.17) Let X be an integral monoid scheme. Then there is a homotopy
equivalence

k)= [ ZxBIEX, 005",
MePic(X)

where [] is the restricted product of pointed topological spaces.

Turning to Grothendieck—Witt theory, let £ be a line bundle on an integral monoid
scheme X. The integrality assumption on X ensures the existence of an L-twisted duality
structure (P£, ©%) on Vect(X). Write GW(X; £) for the Grothendieck—Witt space space
SW(Vect(X), P*, ©F), defined either via the hermitian Q-construction or group comple-
tion. The duality structure (PL,0%) is compatible with the subcategory (Ox))[Pic(X)].
This leads to a complete description of GW(X; £) in terms of the pointed monoid I'(X, Oy)
and Pic(X), together with its set- theoretic Z/2-action determined by L.

Theorem D (Theorem 4.8) Let L be a line bundle on an integral monoid scheme X. Then
there is a homotopy equivalence

/ /
GW(X; L) ~ 1_[ GW(' (X, Ox)-proj') x 1_[ K (X, Ox)-proj"),
MePic(X)PF MePic(X)*/PL

where Pic(X)PE denotes the fixed point set of Pic(X) under the 7. /2-action determined by
£ and Pic(X)*/ P~ is the quotient of the complement Pic(X) \ Pic(X)PE.

In particular, this result, together with Theorems A and B, leads to an explicit description
of GW®(X; L). The space GW2(X; L) can then be described using the results of [12].

As an application of our results, we prove space-level projective bundle formulae for K-
theory and Grothendieck—Witt theory, giving analogues of well-known results for schemes
over fields [30,32,36,47]. In our setting, the key background results are Theorem 3.27 and
Lemma 4.14, which give a (Z/2-equivariant) description of the Picard group of a projective
bundle in terms of that of the base. Notably, our proof relies on different arguments than the
classical proof over fields, since sheaf cohomology is not available in the [F|-setting. Instead,
we use particular properties of monoid schemes whose analogues for schemes over fields
fail to hold. The projective bundle formula for Grothendieck—Witt theory is as follows; for
K-theory, see Theorem 3.28.

Theorem E (Theorem 4.15) Let £ be a vector bundle on an integral monoid scheme X with
associated projective bundle w : PE — X and L a line bundle on X. Then there is a homotopy
equivalence
GWPE, n* L) ~ GW(X; L) x 1_[/ K (X, Ox)-prof").
(M.DEPic(X)xZ*)/{(P£,~1))

1 Background material

In this section, we recall necessary background material on proto-exact categories and their
K-theory and Grothendieck—Witt theory.
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Algebraic K-theory and Grothendieck-Witt theory of monoid schemes 1411

1.1 Proto-exact categories

We begin with recalling the definition of a proto-exact category from [11, §2.4].

Definition 1.1 A proto-exact category is a category A with a zero object 0 and two distin-
guished classes of morphisms, J and ®, called inflations (or admissible monomorphisms)
and deflations (or admissible epimorphisms) and denoted — and —, respectively, such that
the following axioms hold:

(1) Any morphism 0 — U is in J and any morphism U — 0 isin ©.
(ii) The classes J and ® are closed under composition and contain all isomorphisms.
(iii) A commutative square of the form

ey

T4

—
—

4 <

is cartesian if and only if it is cocartesian.

(iv) A diagram of the form W — X « V can be completed to a bicartesian square of the
form (1).

(v) A diagram of the form W « U »— V can be completed to a bicartesian square of the
form (1).

Let U — V be an inflation. By axioms (i) and (v), the pushout diagram

Ur—V
¥ ¥
0>--> X

exists and V. — X is a cokernel of U — V. By axiom (iii), we conclude that U —
V is a kernel of V. — X. Since kernels are monomorphisms, we find that inflations are
monomorphisms. Similarly, deflations are epimorphisms.

Conflations (or admissible short exact sequences) in A are admissible squares of the form
(1) with W = 0 which, for ease of notation, we denote by U — V — X.

A functor between proto-exact categories is called proto-exact if it sends admissible
squares to admissible squares. In particular, proto-exact functors send conflations to con-
flations.

The proto-exact categories of interest in this paper have a weak analogue of an additive
structure, axiomatized as follows.

Definition 1.2 [12, §1.1] An exact direct sum on a proto-exact category A is a symmetric
monoidal structure @ on A such that 0 is the monoidal unit and @ is a proto-exact functor.
Moreover, the following additional axioms are required to hold, where we set iy = idy @
Opsy : U — U@ Vandny =idy ®0y_,0: U@V — U forobjects U, V € A.

(i) The maps

Homa (U &V, W) — Homa (U, W) x Homa(V, W), f i+ (foiy, foiy)
Hom (W,U @& V) — Homy (W,U) x Hom4(W, V), f+ (mry o f,mwy o f)

are injections forall U, V, W € A.
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1412 J.N. Eberhardt et al.

(i1) Let U ~Ls X —Z% V be a conflation. For each section s of 7, there exists a unique
isomorphism ¢ which makes the following diagram commute:

The analogous property holds for every retract r of i.

A functor between proto-exact categories with exact direct sum is called exact if it is
proto-exact and @-monoidal.
Let A be a proto-exact category with exact direct sum. A commutative diagram

Ut s x T vy

H dl H

Ur—sU®V —» V
iy 14

with ¢ an isomorphism is called a splitting of the conflation U o X —In V.

Definition 1.3 [12, §1.1] A proto-exact category with exact direct sum is called

(i) uniquely split if every conflation admits a unique splitting, and

(i1) combinatorial if, for each inflation i : U ~— X| @ X», there exist inflations iy : Uy —
Xk, k = 1,2, and an isomorphism f : U — U; @ U, such thati = (i1 @ i») o f.
Moreover, the obvious dual axiom involving maps 7y, k = 1, 2, is required to hold.

1.2 Algebraic Ktheory of proto-exact categories

Let A be a proto-exact category. The Q-construction of .4 can be defined as for exact cate-
gories [30, §2], yielding a category Q(A). See also [12, §2.1]. The K-theory space of A is
then K(A) = QBQ(A), where BQ(A) is pointed by 0 € Q(A), and the K-theory groups
are

Ki(A) =mKA), i>0.

Lemma 1.4 Let A and B be proto-exact categories and F : A — B an essentially surjective
proto-exact functor which is bijective on inflations and deflations. Then the induced map
K(F) : K(A) — K(B) is a homotopy equivalence.

Proof To begin, note that F is conservative. Indeed, a morphism in a proto-exact category is
an isomorphism if and only if it is an inflation and a deflation.

Since F is proto-exact, there is an induced functor Q(F) : Q(A) — Q(B). Essential
surjectivity of F implies that of Q(F). Moreover, Q(F) is full (resp. faithful) because F
is surjective on inflations and deflations (resp. conservative and injective on inflations and
deflations). Hence, Q(F) is an equivalence and the associated map /C(F) is a homotopy
equivalence. O

Letnow (A, @) be asymmetric monoidal category. The maximal groupoid S C A inherits
a symmetric monoidal structure. Following [16, Page 222], the direct sum K-theory space of
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Algebraic K-theory and Grothendieck-Witt theory of monoid schemes 1413

A is the group completion of BS:
K®(A) = B(S7LS).

We have the following proto-exact analogue of Quillen’s Group Completion Theorem
[16].

Theorem 1.5 [12, Theorem 2.2] Let A be a uniquely split proto-exact category. Then there
is a homotopy equivalence K(A) ~ K®(A).

Remark 1.6 The construction of the space K(A) can be refined to produce a connective
spectrum K(.A); see [49, Remark IV.6.5.1, §1V.8.5.5]. While /C(A) and K(.A) have the same
homotopy groups, the spectrum K (.A) has many technical advantages. For example, a functor
® : A x A — A which is biexact in the sense of [49, Definition IV.6.6] induces a pairing
of spectra K(A) A K(4) — K(A). This gives Ko(A) = P, Ki(A) the structure of
commutative Zxo-graded ring if ® is symmetric monoidal. N

1.3 Proto-exact categories with duality

For a detailed introduction to proto-exact categories with duality, the reader is referred to
[34, §2], [12, §1.2].

A category with duality is a triple (A, P, ®) (often simply .4) consisting of a category A4,
a functor P : A°P — A and a natural isomorphism ® : id 4 = P o P°P which satisfies

P(©®Oy)o®pwy =idpwy, U €A 2)

If A is proto-exact and P is proto-exact, then A is a proto-exact category with duality. We
henceforth restrict attention to this case.

A symmetric form in A is an isomorphism ¥j; : M — P (M) which satisfies P (i) o
Oy = Yy. Anisometry ¢ : (M, Y¥y) — (N, Yy) is an isomorphism ¢ : M — N which
satisfies ¥y = P(¢) o ¥n o ¢. The groupoid of symmetric forms and their isometries is Ay

Let (M, ¥pr) be a symmetric form. An inflation i : U ~— M is called isotropic if P (i) o
Yy oiis zeroand U — UL = ker(P(i) o Yr) is an inflation. In this case, the reduction
MU := U'/U inherits a symmetric morphism Ymypu : MJU — P(MJU), which we
assume to be an isomorphism; this is the Reduction Assumption of [50, §3.4]. A symmetric
form (M, {p) is called metabolic if it has a Lagrangian, that is, an isotropic subobject
U — M with U = U=, and is called anisotropic if it has no non-zero isotropic subobjects.

If A has an exact direct sum, then we require that P is exact and ® is ©-monoidal. In this
case, Ay, is a symmetric monoidal groupoid. Given an object U € A, the pair

<H(U) =U®PW), Yuw = (%U iodp<w>>

is a symmetric form in .4, called the hyperbolic form on U. In the definition of Vg 1), we
have used the isomorphism P(U @ P(U)) ~ P(U) @ P?(U). The assignment U +— H(U)
extends to a functor H : S — A;, where S is the maximal groupoid in .A. A symmetric form
which is isometric to (H(U), ¥y (v)) for some U € A s called hyperbolic.

Lemma 1.7 [12, Lemma 1.7] A metabolic form in a uniquely split proto-exact category with
duality is hyperbolic.

@ Springer



1414 J.N. Eberhardt et al.

Example 1.8 Let A be a category. The triple (H (A), P, ididy 4,), Where H(A) = A x AP
and P(U, V) = (V, U), is called the hyperbolic category with duality on A. If A is proto-
exact, then so too is H(.4) and an exact direct sum on .4 induces one on H (A).

A form functor (T, n) : (A, P,®) — (B, Q, E) between categories with duality is a
functor T : A — B and a natural transformation n : T o P = Q o T°P which makes the
diagram?

Erw)

T(U) ——— Q*T(U)

o] Joow

TPX(U) —— QTPU)

Nnp)

commute for each U € A. The form functor is called non-singular if » is a natural isomor-
phism and is called an equivalence if, moreover, T is an equivalence.

1.4 Grothendieck-Witt theory of proto-exact categories

Let A be a proto-exact category with duality. The hermitian Q-construction of A can be
defined as for exact categories with duality [34, §4.1], yielding a category Qj(A). See
also [12, §3.1]. Forgetting symmetric forms defines a functor F : Qj(A) — Q(A). The
Grothendieck—Witt space GW2(A) is the homotopy fibre of BF : BQj,(A) — BQ(A)
over 0 and the Grothendieck—Witt groups are

GWE(A) = mgW2(A), i>0.

Despite the name, without further assumptions, G WOQ (A) isinfact only a pointed set. If, how-

ever, A has an exact direct sum, as will always be the case, then GWOQ (A) is a commutative
monoid. The Witt groups are defined by

W2 (A) = coker <K,~ ) 5 ow? (A)) . i>0,
where H, is induced by the map K(A) — GW2(A). As for GWZ (A), in general W2 (A)
is only a commutative monoid.

Proposition 1.9 Let A be a proto-exact category with associated hyperbolic category H (A).
Then there is a homotopy equivalence GW2 (H (A)) = K(A).

Proof The proof of the corresponding result in the exact setting [34, Proposition 4.7] carries
over. O

Proposition 1.10 A non-singular proto-exact form functor (T, n) : (A, P, ®) — (B, Q, B)
induces a continuous map owe(r, n) : GWL(A) — GW2(B). Moreover, if (T,n) and
(T', ') are naturally isomorphic, then GW2 (T, n) and GW2(T', ') are homotopic.

Proof The proofs of the corresponding results in the exact setting [35, §2.8] carry over. O

An obvious modification of Lemma 1.4 (and its proof) is as follows.

2 For legibility, we have written P2 in place of P o PP, and so on.
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Lemma 1.11 Let A and B be proto-exact categories with duality and (F,n) : A — Ban
essentially surjective proto-exact form functor which is bijective on inflations and deflations.
Then the induced map SWEL(F,n) : GWL2(A) - GWE(B) isa homotopy equivalence.

Suppose now that (A, @) is a symmetric monoidal category with duality. Orthogonal
direct sum gives A, the structure of a symmetric monoidal groupoid. As in [18, §2], the
direct sum Grothendieck—Witt theory space is the group completion

GWE(A) = B(A; ' Ap),

with associated Grothendieck—Witt and Witt groups GWi€B (A) = 1;GW®(A) and Wi® A =
coker(K fB (A) A GWfB (A)), i = 0, respectively. Note that these are indeed groups. We
remark that the obvious analogues of Propositions 1.9 and 1.10 and Lemma 1.11 hold for
direct sum Grothendieck—Witt theory.

Let Qp(A) C Qn(A) be the full subcategory on hyperbolic objects and gwg (A) the
homotopy fibre of BQ g (A) — BQ(A) over 0. Let also

GWEA) = B(AL An).

where Sg is the symmetric monoidal groupoid of hyperbolic symmetric forms. The following
result plays the role of the Group Completion Theorem for the Grothendieck—Witt theory of
uniquely split proto-exact categories. Compare with [33, Theorem 4.2], [36, Theorem A.1]
and [37, Theorem 6.6] in the split exact setting.

Theorem 1.12 [12, Theorems 3.2 and 3.11] Let A be a uniquely split proto-exact category
with duality.

(1) There is a weak homotopy equivalence QWS (A) ~ gW}? (A).
(1) If, moreover, A is combinatorial and noetherian, then there is a weak homotopy equiva-
lence
owly ~ || BGs, xGWEA),
we WOQ (A)

where Sy, is an anisotropic representative of the Witt class w € WOQ (A) with self-isometry
group Gg, .

2 K-theory and Grothendieck-Witt theory of pointed monoids
In this section we study the K-theory and Grothendieck—Witt theory of proto-exact categories

of projective modules over pointed monoids. The specialization of this section to commutative
pointed monoids is the local model for the scheme theoretic considerations of Sects. 3 and 4.

2.1 Pointed monoids and their module categories

We record basic material about pointed monoids and their module categories. A detailed
reference for commutative pointed monoids is [3, §2]. Many of the results of [3], and their
proofs, apply with only minor changes in the non-commutative setting. See also [28], which
treats modules over non-commutative semigroups with identity.
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1416 J.N. Eberhardt et al.

A pointed monoid is a semigroup A with a zero (or absorbing element) 0 and an identity
I,sothata -0 =0 =0-aanda-1 =a = 1-a foralla € A. A homomorphism
of pointed monoids is a semigroup homomorphism which preserves the zero and identity.
Pointed monoids and their homomorphisms form a category /\70. The full subcategory of
commutative pointed monoids is M.

Let 1 be an ideal of a commutative pointed monoid A, thatis, 0 € I and /A = I. The
quotient pointed monoid A/ is the set (A \ ) U {0} with the multiplication a - b = ab if
a,b,abe A\ I and a - b = 0 otherwise.

A left A-module (also called an A-set) is a pointed set M, with basepoint denoted again
by 0, together with a left A-action under which O € A and 1 € A act by the zero and identity
map of M, respectively. Right A-modules are defined similarly. Unless mentioned otherwise,
by an A-module we mean a left A-module. An A-module homomorphism is a pointed A-
equivariant map. Let A-Mod be the category of left A-modules and their homomorphisms
and A-mod its full subcategory of finitely generated A-modules. An A-module P is called
projective if, for every A-module homomorphism f : P — M and surjective A-module
homomorphism g : N — M, there exists an A-module homomorphism # : P — N
satisfying g o h = f. Let A-proj C A-Mod be the full subcategory of finitely generated
projective A-modules.

Lemma 2.1 [3, Proposition 2.27] Every projective A-module is of the form @, ; Ae; where

eiz = ¢; are idempotents in A.

ieJ

An A-module homomorphism f : M — N is called normal if f~!(n) is empty or a
singleton for eachn € N \ {0}. This definition of normality is compatible with the categorical
definition in the case of monomorphisms and epimorphisms; cf. [3, Proposition 2.15]. The
zero and identity morphisms are normal, as are compositions of normal morphisms. Denote
by A-Mod" C A-Mod the subcategory of normal A-module homomorphisms, and similarly
for A-mod" and A-proj".

An element a € A is called right cancellative (resp. right partially cancellative, or rpc)
if right multiplication -a : A — A is an injective A-module homomorphism (resp. normal
A-module homomorphism). Explicitly, a € A is rpc if xa = ya implies x = y or xa =
ya =0forall x,y € A. Let A" C A be the subset of right partially cancellative elements
and A™ C A be the subset of right cancellative elements together with 0 € A. Both A™
and A are pointed submonoids of A. We call a pointed monoid A right cancellative if
A™ = A and rpc if A™° = A. Replacing right with left multiplication leads to the notion of
a left (partially) cancellative pointed monoid. A pointed monoid is called cancellative (resp.
partially cancellative, or simply pc) if it is both left and right cancellative (resp. partially
cancellative).

A pointed monoid A is called right reversible if Aa N Ab # {0} for any two non-zero
elements a, b € A. For example, a commutative cancellative pointed monoid is (both left
and right) reversible, since 0 # ab € Aa N Ab.

A pointed monoid is called right noetherian if it satisfies the ascending chain condition
for right congruences.

For a family of A-modules {M;};c, the direct sum A-module is

B i = (LIM:)/ O ~0u; 17 € )

ieJ ieJ
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with the obvious A-action. For an A-B-bimodule M and a B-C-bimodule N, the tensor
product A-C-bimodule is

M ®p N=(M x N) /{(mb,n) ~ (m,bn) | b € B}

with the obvious actions of A and C.

Example2.2 (i) The initial object of /\70 is Fy := {0, 1}. There is an equivalence of
F1-mod with the category set, of finite pointed sets. The subcategory Fi-mod" =
IFy-proj" is often denoted by Vecty, in the literature.

(ii) The terminal object of /\70 is {0}, the unique monoid with 0 = 1.

(iii) Let G be a group. Then F[G] := G u {0} is a cancellative pointed monoid. A pointed
monoid is cancellative and right reversible if and only if it can be embedded in F'[G]
for some group G [5, Theorem 1.23].

(iv) The subset A* C A of multiplicative units is a group and F;[A*] C A is a cancellative
pointed submonoid.

(v) The pointed monoid F[t] = (¢! }i=o0 U {0} is cancellative.

(vi) Letn > 2. The pointed monoid F[¢]/{(t" = 0) = {0, 1,¢, ..., "1} is not cancellative,
sincer-0=1-t""! butis pc and reversible.

(vii) The pointed monoid A = FF[¢, s]/(ts = 0) is pc but not reversible, since ArNAs = {0}.

(viii) Letn > d > 2. The pointed monoid F[¢]/(t" = t4) = {0, 1,¢,...,¢t%, ..., " 1} is
not pc, since ¢ - =1 = .1

For a left A-module M, the set Hom 4_moq(M, A) becomes a right A-module via
(f -a)(m) := f(m)a, f € Homymod(M,A), a€ A, meM.

Unlike in the case of rings, the module Hom 4_poq(M, A) does not define a good notion of
a module dual to M. For this reason, we instead consider the subset Hom 4_poqn (M, A) C
Hom 4_pmod(M, A) of normal homomorphisms. As the following result shows, this subset is
not an A-submodule without additional assumptions. Denote by A°P the monoid opposite to
A.

Lemma 2.3 Let A be a pointed monoid.

(1) Forany M € A-Mod, the right A-module structure on Hom g_po4(M, A) induces a right
AP -module structure on Hom 4_pjoqn (M, A).
(i) If A is right reversible and rpc and M is a finitely generated free A-module, then the
right A-module Hom 4_p,oq4n (M, A) is finitely generated and free.
(iii) If A is right reversible, rpc and right noetherian, then Hom 4_poq (—, A) defines a &-
monoidal functor

P : (A-mod")P? — A°P-mod" .

Proof The first statement is a direct verification. For the second statement, let

M:@Asi

iel
be a finitely generated free A-module. Denote by s;” : M — A the map sending as; to a and
as;j to 0if j # i. We claim that the induced map

EBS,»V : @t,-A — Homy mogn (M, A), tixi > s, - x;
iel iel
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is a right A-module isomorphism. The map is well-defined and injective since A is rpc.
If |J| = 1, then the map is clearly an isomorphism. Suppose then that |J| > 2 and let
f € Homy pmogn (M, A). Set f; = f(s;). We claim that there is at most one i € J such
that f; # 0 and hence f = sl.V - fi. Assume that there exist distinct i, j € J such that
fi #0 # f;. Since A is right reversible, there exist a, b € A such that af; = bf; # 0.
Hence, f(as;) = f(bs;) # 0, a contradiction. The second statement follows.

Turning to the third statement, let M € A-mod. Fix a surjection F — M with F a
finitely generated free A-module. A direct check shows that P (M) is naturally a submodule
of P(F). By the first two parts of the lemma, P(F) is finitely generated and free. Since
A is right noetherian, P (F) is noetherian [3, Proposition 2.31], from which it follows that
P (M) is finitely generated. The definition of P on morphisms is via pre-composition and
is well-defined because the composition of normal morphisms is normal. To prove that P
is @-monoidal, let M, N € A-mod. An element f € P(M @ N) determines by restriction
fm € P(M) and fy € P(N). Suppose that neither fps nor fy is zero. Since A is right
reversible, im fy;Nim fx # {0}, contradicting the assumption that f is normal. It follows that
at most one of fi and f) is non-zero and there is a well-defined A-module homomorphism

P(M & N)— P(M)@® P(N).

It is straightforward to verify that this is an isomorphism. We omit the verification that P
respects @ on morphisms. O

Remark 2.4 (i) There is a right A-module isomorphism

Hom 4_mod <EB As;, A) =]]A

ieJ ieJ

where the s; are generators of the A-module €, ; As;. In particular, the standard A-
linear dual of a free A-module is in general not free. In fact, ]—L-6 7 A need not even be
finitely generated. For example, the [F [¢]-module F [#] x [F{ [¢] is not finitely generated.
From this point of view, the normal dual Hom 4_p,oqn (—, A) has better properties than
Hom g mod(—, A).

(i) The functor Hom 4_pyoqn (—, A) of Lemma 2.3(iii) does not extend to (A-mod)°P —
A°P-mod, since for a non-normal morphism f : M — N, the image of
Hom 4_mogn (f, A) is not contained in Hom 4_yoqn (M, A) C Hom g moed(M, A).

2.2 Ktheory of pointed monoids

The K-theory of pointed monoids has been studied by a number of authors [3,4,10,17]. In
this section we describe those results which are relevant to this paper.

Let A be a pointed monoid. The category A-Mod admits a proto-exact structure with
inflations and deflations being the normal A-module homomorphisms which are injective
and surjective, respectively [3, §2.2.2]. However, @ is not a coproduct for A-Mod". Indeed,
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for a non-zero A-module M, there is no dashed arrow in A-Mod" which makes the diagram

idyy

commute. In particular, A-Mod" is not a quasi-exact category.
Since A-proj C A-Mod is an extension closed full subcategory, it inherits a proto-exact
structure from A-Mod.

Lemma 2.5 (See also [3, Proposition 2.29]) Let A be a pointed monoid. The proto-exact
category A-proj is uniquely split and combinatorial.

Proof Let U -+ V —» W be a conflation in A-proj. Since W is projective, there exists a
sections : W — V of &. Since 7 is a deflation, it is normal by definition which implies that
that the section s is unique. Define an A-module homomorphism ¢ : U @ W — V by

¢u) =i(w), ¢w)=sw).
To see that ¢ is injective, suppose, for example, that ¢ (u) = ¢ (w). Applying 7 gives
0=n@)=n(sw)) =w,

implying u = w = 0. We claim that ¢ is also surjective and hence an isomorphism by [3,
Lemma 2.2]. It is immediate that imi C im¢. Let v € V \ imi. Then 7w (v) # 0 and hence
also s( (v)) # 0. Because 7 os = idw, the map s o 7 is idempotent. It follows that s (7 (v))
and v have the same (non-zero) image under s o 7. Since s o 7 is normal, s (7 (v)) = v. We
conclude that ¢ is a splitting of the original conflation.

That the combinatorial property holds follows from the fact that & is defined using disjoint
union of the underlying sets. O

Note that Lemma 2.5 also implies that A-proj” is a uniquely split proto-exact category.
The following ‘Q = 4+’ theorem is the main results of this section.

Theorem 2.6 Let A be an rpc pointed monoid. Then there is a homotopy equivalence
K(A-proj) ~7Z x B(AX Zg)t.

The K-groups of A-proj are given by the stable homotopy groups of (BA™) 4, the classifying
space of A* with an added base point,

Ki(A-proj) = mf (BA)).

Proof Since A is rpc, projective A-modules are free. Indeed, this follows from Lemma 2.1
and the fact that a (non-trivial) rpc pointed monoid has a single non-zero idempotent, namely
1 € A. By Theorem 1.5 (see also [4, Theorem 4.2]), there is a homotopy equivalence
K(A-proj) ~ K®(A-proj). To compute K (A-proj), we apply [48, Proposition 3] to the
cofinal family {A®"},cz._, of A-proj. We then have

Aut(A-proj) := lim Auts proj(A®") = lim (A™)" x T, = A1 e,
n

n
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and hence K®(A-proj) = Z x B(A* ! £o0)T which implies the first statement.

The Barratt—Priddy theorem [2] provides a homotopy equivalence between Z x B(A™ 2
Yoo) T and QXXX (BA*), which implies the second statement; see [49, Example 4.10.1]
for a reference. O

Note that, by Lemma 1.4, the embedding A-proj” < A-proj induces a homotopy equiv-
alence K(A-proj™) >~ K(A-proj).

2.3 Grothendieck-Witt theory of pointed monoids

In this section, we study the Grothendieck—Witt theory of pointed monoids. This leads to a
non-additive analogue of Karoubi’s Grothendieck—Witt theory of rings [21].

Let A be an rpc pointed monoid. Fix a pointed monoid involution 0 : A — A°P and a
central element € € A which satisfies eo(¢) = 1. For example, when A is commutative,
o =1idy and € = 1 is an admissible choice. For a non-trivial case, see the examples below.

Given M € A-Mod, consider P° (M) := Hom 4_poqr (M, A) as a left A-module via

(a- f)(m):= f(m)o(a), feP’(M),acA meM.
Compare with Lemma 2.3.

Proposition 2.7 Let A be a right reversible rpc pointed monoid. The natural transformation
O%€ 1 id g prop = P o (P?) with components

O (m)(f) =€ea(f(m), feP’(M),meM

makes (A-proj”, P°, ©%€) into a uniquely split combinatorial proto-exact category with
duality.

Proof Lemma 2.5 shows that A-proj, and hence A-proj", is uniquely split and combinatorial.
Given ¢ : M — N in A-proj", the morphism P?(¢) : P°(N) — P° (M) is defined to be
(=) o ¢. This is well-defined since the composition of normal morphisms is normal. Since
A is rpc, projective A-modules are free. That P° is @-monoidal on A-proj" follows from
Lemma 2.3. Exactness of P? then follows from the splitness of A-proj". Hence, P? satisfies
the desired properties.

A direct calculation shows that (H)‘;,f (m) : P°(M) — A is an A-module homomorphism.
To see that @i,f (m) is normal, fix an A-module basis M = @ieJ As; and write m = xs;.
When x = 0, the map ®7Vf (m) is zero, which is normal. Suppose then that x % 0 and let
0 #a € A. We have

0% (@) ={f € P7(M) | e(o(f(xs1)) =a} ={y € A | (o (ys; (xs5)) = a}
={yeAlo(y)ox) =a(e)a}.

Since A is rpc and o is an isomorphism, the final set is empty or a singleton, as required. The
assumption €o (¢) = 1 ensures that the equalities P(®y) o ® pyyy = idpy) hold. ]

Example 2.8 Let A = IFy. The only possibilities are 0 = idy, and € = 1. For each M ¢
Vectr, = Fy-proj", there is a canonical isomorphism

1 iftm=m’,

Sm:M — P(M), dy(m)(m) = 0 ifm#m.
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We emphasize that such an isomorphism does not exist for a general pointed monoid. Under
this identification, P squares to the identity. The triple (Vectg,, P, ididVect]F ) is therefore a
1

proto-exact category with strict duality.

Next, we turn to the classification of symmetric forms in A-proj". Let M be a free A-
module of rank one. Fix a basis M = A. A symmetric form yr); on M then takes the form

Ym(a)(x) =xéo(a), a,xe€A

for some & € A* which satisfies § = €0 (£). Write ¢ for this symmetric form. An isomor-
phism M — M, which is necessarily determined by an element u € A*, defines an isometry
Yutow) — Ve. Motivated by these observations, define an A*-action on the set

Age={ €A |E=co(®)}
by u - £ = u&o (u). Then the set of isomorphism classes of rank one symmetric forms in
A-proj" is PicY™(A) := A ./A*. The isometry group of ¢ is the stabilizer
1¢)={ue A" | & =ubo )}

Example 2.9 The pointed monoid A = 3 := F[Z/3] has a unique non-trivial monoid
automorphism o, which is an involution. Either non-identity element € € Z/3 is compatible
with 0. We have A, = {€2} and I (%) = Z/3. In particular, Pic®™(A) is a singleton.

Given (h, {mg}) € Z>o x ]_[’éepicsym( A)Zzo in the restricted product (see Appendix A.2),
define a symmetric form '

f Sm;
wh,{ms} = wH(lA) ® @ wé :
£€Picym(A)
Proposition 2.10 Let A be a right reversible rpc pointed monoid.
(1) The assignment (h, {mg}) = Vi (m.y induces a monoid isomorphism between
!
Z>o X H L
£€Picm (A)
and the monoid mo(A-projy,) of isometry classes of symmetric forms in A-proj".
(ii) There is a group isomorphism
%
Autppropt (Wi ime) = ((Z/2 %6 A7)0 Z0) x [ (1E) 1 Zy).
£€Picym(A)
where Z,/2 acts on A* by u — o (u™").

Proof After using Lemma 1.7, the first statement is straightforward. The second statement
is a direct calculation. O

Remark 2.11 Let M € A-projbe free of rank n. Fixing a basis of M, and hence also of P° (M),
identifies a symmetric form on M with an A*-valued permutation matrix ¥ = (¥; i) €
A* %, which satisfies ¥;; = eo(Yj;), 1 <1i, j < n.In this formulation, Proposition 2.10
becomes the classification of such matrices up to congruence.

We recall the Reduction Assumption from Sect. 1.3: let (M, vrjs) be a symmetric form and
i : U » M an isotropic inflation; then the inherited morphism ¥y yy : M JU — P(M JU)
is assumed to be an isomorphism.
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Proposition 2.12 The Reduction Assumption holds for (A-proj", P, ©®%€).

Proof An isotropic subobject U »— ¥y (m,} necessarily factors through the summand
H(A)®" It therefore suffices to consider only hyperbolic symmetric forms. By the com-
binatorial property of A-proj", we can write U = U; & P(U,) for some U; € A-proj, in
which case the isotropic condition is P(Uz) — P (X /Uj). The reduction of H (A)®" is then
canonically isometric to H (coker(P (Uz) — P(X/Up)). See also [51, Lemma 1.1]. ]

Remark 2.13 In view of Proposition 2.12, we conclude, using [50, Theorem 3.10], that the
forgetful morphism R4(A-proj”) — S,(A-proj") from the R,-construction to the Wald-
hausen S-construction is a relative 2-Segal space. We can therefore apply the construction of
[50, §4] to produce a module over of the Hall algebra H(A-proj"). The algebra H(A-proj"),
and its variations, have been studied by Szczesny [40—42]. In the setting of the representation
theory of quivers over [Fj, which is combinatorial but not split, modules arising from the
Re-construction have been studied in [51] where, in particular, a version of Green’s theorem
is proved.

‘We can now state the main result of this section.

Theorem 2.14 Let A be a right reversible rpc pointed monoid with Pic®™(A) countable.
Then GW® (A-proj', o, €) is homotopy equivalent to
+

Zx( T Z)xB (Z/2xe A7)0 E) x [[ (16):12x)

£€Picm(A) £€Picym(A)

Proof Index the set Pic™Y™(A) as {£;} e for some subset J C Zx. Foreachn > 0, consider
the symmetric form
"pn = @ wé_i

jeJ
Jj=<n

andsets, = H(A)®"@WS" Then {s,}nez., is acofinal family in A-projj,. Using Proposition
2.10, we find

!
Aut(A-projp) = lim Aut g propr (s0) = ((Z/2 %5 A7) 21 30) x [ 1)1 3.
£€PicYM(A)

We are therefore in the setting of [48, Proposition 3], allowing us to conclude that there is a
homotopy equivalence

gGW®(A-proj", o, €) ~ K& (A-projj) x B Aut(A-projj) ™.
Finally, use Proposition 2.10 to identify KéB(A-projE) and Z x H/Eepicgym(A)Z. O
Corollary 2.15 In the setting of Theorem 2.14, there is an isomorphism

!
WeA-prof. o )= [ Z
£€PicH(A)

Example 2.16 Suppose that A has no non-trivial units. This is the case, for example, for
A =F [Ty, ..., T,]. Then there is an isomorphism

GW®(A-proj®, o) = 72 x B (/21 Eoc) X Eoo) ™
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Example 2.17 For later use, we record the homotopy equivalence
GW® (Vecty,) =~ Z% x B ((Z/22 So0) X Eo0) ™.

To describe G2 (Vecty, ), we use Theorem 1.12. Since {H (F?")}nzo is a cofinal family
of Ay, arguing as in the proof of Theorem 2.14, we obtain a homotopy equivalence

GWy (Vecty,) =~ Z x B(Z/22 Zoo) ™
so that there is a weak homotopy equivalence

oW (Vect) >~ | | BE, x Z x B(Z/21Zo0) ™.

HEZZO

Computations for more general monoids are similar.

3 Algebraic K-theory of monoid schemes

In the remainder of the paper, all pointed monoids are assumed to be commutative.

3.1 Monoid schemes

We present some background on monoid schemes. The reader is referred to [3,6,8,9] for
further details.

A prime ideal of a pointed monoid A is an ideal p C A whose complement S = A —p is
a multiplicative subset, that is, S contains 1 and is multiplicatively closed.

Let S be a multiplicative subset of A. The localization of A at Sis S™'A = (§ x A)/ ~,
where (s, a) ~ (a’,s") if there exists t € § such that tsa’ = ts’a. Write § for the class of
(s,a) in S~' A. The product 4. ? = % endows S~! A with the structure of a pointed monoid
andthemapts: A — § 1A a— %, is a monoid morphism, which we call the localization
map.

Given h € A, we write A[h~!] for the localization of A at § = {hi}i€Z>0. Given a prime
ideal p C A, we write Ay for the localizationof Aat S = A —p. If Ais cancellative, then
S = A — {0} is a multiplicative subset and we define the fraction field of A as Frac A =
S~1A, which is a pointed group, that is, (Frac A)* = Frac A — {0}. More generally, if A is
cancellative and 0 ¢ S, thentg: A — § “14 s injective and S—1A is cancellative. In this
situation, we often identify A with its image in S~' A and write a for Tes —1A.

A monoidal space is a pair (X, Ox) consisting of a topological space X and a sheaf of
pointed monoids Ox. We often suppress Ox from the notation. A primary example of a
monoidal space is the spectrum X = Spec A of a pointed monoid A whose points are the
prime ideals of A, whose topology is generated by the principal opensubsets U, = {p | h ¢ p}
for h € A, and whose structure sheaf Oy is characterized by the values Oy (Up,) = Alh~Y
and by its stalks Oy , = Ay. We use the short hand notation I'X = Ox (X) for the pointed
monoid of global sections of Oy.

An affine monoid scheme is a monoidal space which is isomorphic to Spec(A) for some
pointed monoid A. A monoid scheme is a monoidal space which admits an open cover by
affine monoid schemes.

A morphism between monoid schemes X and Y is a continuous map ¢ : X — Y together
with a morphism ¢* : Oy — ¢,(Oyx) of sheaves of pointed monoids such that, for every
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x € X, the induced pointed monoid morphism ¢ : Oy p(x) = Ox x is local, that is, maps
non-units to non-units.

A monoid scheme is of finite type if it is quasi-compact and has an affine open covering
by spectra of finitely generated pointed monoids. We say that X has enough closed points
if every point y € X specializes to a closed point x or, equivalently, x is contained in the
topological closure of {y}.

Remark 3.1 We list some well-known properties of monoid schemes.

(i) A monoid scheme is a spectral space (cf. [31]), which means, in particular, that every

irreducible closed subset has a unique generic point, which we typically denote by 5.

(i) A pointed monoid A has a unique maximal (prime) ideal, namely, the complement
m = A— A* of the unit group A*. Therefore, every affine monoid scheme X = Spec A
has a unique closed point x = m, and X is the only open neighbourhood of x. As a
consequence, every affine open subset U of a monoid scheme X has a unique closed
point x and 'U = Ox .

(iii) If X has enough closed points, then it is covered by the minimal open neighbourhoods
U = Spec Oy , of the closed points x. This covering is the minimal open covering of
X, in the sense that every other open covering of X refines to {U, | x € X closed}.

(iv) If X is of finite type, then it has only finitely many points. In particular, X has enough
closed points and Uy is open in X for every x € X.

Definition 3.2 A monoid scheme X is called

(1) cancellative (resp. pc) if the pointed monoid Oy , is cancellative (resp. pc) for each
x € X,
(ii) integral (resp. reversible) if the pointed monoid Oy (U) is cancellative (resp. reversible)
for each open set U C X, and
(iii) torsion free if for every x € X, the unit group of Oy y is torsion free, that is, if a”* = 1
forn > 1,thena = 1.

Remark 3.3 Note that we digress from [3] in the meaning of integrality of monoid schemes.
To wit, we require that Ox (U) is cancellative for all opens U, and not merely for an open
covering, as required in [3]. For instance, the disjoint union of two integral monoid schemes
(in our sense) would be integral in the sense of [3], but not in the sense of this text.

Lemma3.4 (i) Let X be a cancellative (resp. pc) monoid scheme. Then the pointed monoid
Ox (U) is cancellative (resp. pc) for each affine open subset U C X.
(ii) An integral monoid scheme is cancellative.
(iii) An integral monoid scheme is reversible.

Proof Let U C X be an open affine subset of a cancellative (resp. pc) monoid scheme. Then
U = Spec Oy, where x is the unique closed point of U It follows that Ox (U) is cancellative
(resp. pc).

The second statement follows from the fact that the stalks of an integral monoid scheme
are submonoids of the (cancellative) generic stalk.

The final statement follows from the first statement and the fact that cancellative pointed
monoid is reversible. O

Let X be an irreducible cancellative monoid scheme with generic point 7. Define the
function field of X as Oy ,, which is a pointed group.
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Lemma 3.5 Let X be an irreducible cancellative monoid scheme with generic point 1. For
every open U C X, there is an equality Ox(U) = [,y Ox.x of pointed submonoids of
Ox -

Proof Since Oy , is cancellative and Oy , is a localization of Oy ,, the localization map
Ox,x — Ox,; is injective for every x € X. O

Proposition 3.6 A monoid scheme X is integral if and only if it is irreducible and pc.

Proof Assume that X is integral. If X is not irreducible, then there exist disjoint non-empty
open subsets U; and U,. By the sheaf axiom, we have Ox(U; U Up) = T'U; x I'Us,
which is not cancellative, contradicting the integrality of X. Thus, X is irreducible. Let
x € X with affine open neighbourhood U = Spec A, so that x corresponds to a prime ideal
p C A. Because X is integral, A is cancellative, as is its localization Ox » = Aj. Thus, X is
cancellative and, in particular, pc.

Suppose instead that X is irreducible and pc. We first prove that X is cancellative. Let
x € X with affine open neighbourhood U = Spec A. Since X is irreducible, A has a unique
minimal ideal p and since U is pc, A is pc by Lemma 3.4(i). Then A fails to be cancellative
only if it has nontrivial zero divisor, say ab = 0 for non-zero a, b € A. In this case, the
inverse image p, = ;' (m) of the maximal ideal m = A[b~'] — A[b~'1* of A[b~!] under
the localization map ¢, : A — A[bisa prime ideal that contains a but not b. Similarly,
there is a prime ideal p;, that contains b but not a. Since ab = 0, the intersection p, N pp
cannot contain a prime ideal. This contradicts the fact that A has a unique minimal ideal.
Hence, A and all of its localizations are cancellative. This proves that X is cancellative.

To complete the proof that X is integral, denote by 1 the generic point of X. Lemma 3.5
implies that Ox (U) is a submonoid of the cancellative stalk Ox , for every open subset U
of X, and therefore is itself cancellative. Thus X is integral. O

Definition3.7 (i) A valuation monoid is a cancellative pointed monoid A such that
FracA = {a,a"! | a € A).
(i) A morphism ¢ : ¥ — X of monoid schemes is proper if for all valuation monoids
A with inclusion ¢ : A — Frac A and all morphisms u : SpecFracA — Y and
v : Spec A — X with ¢ o u = v o (*, there exists a unique morphism v : Spec A — Y
such that the diagram

Spec Frac A % Y
o

N

SpecA ———— X
commutes.
(iii) A monoid scheme X of finite type is proper if the terminal morphism X — Spec Fy is
proper.

Proposition 3.8 Let X be a proper; integral and torsion free monoid scheme of finite type.
ThenT'X =TF;.

Proof Let n be the generic point of X. Since X is integral, all stalks Oy , x € X, are
submonoids of the generic stalk Oy ,; see Lemma 3.5. Thus

rx = () Ox.

xeX
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the intersection being taken in Oy .

In order to prove that 'X = I, we consider an element f € Oyx , and assume that
f ¢ {0, 1}. Being a proper scheme, X is of finite type, and since it is torsion free, we have
Ox,y = Fl[Tlil, R Tnil] for some n > 0. Under this isomorphism, f corresponds to a
Laurent monomial ]_[;’:1 Tiei for some tuple (eq, ..., e,) # (0,...,0) in Z". Therefore, we
find a pointed monoid morphism

v Ox, SR, TE — FiTH)

that maps f to T~ for some i > 0. Since X is of finite type, U, = Spec Oy ; is an open
subscheme of X.
Let ¢ : Fi[T] — F{[T*!] be the canonical inclusion and consider the diagram

Spec T, [T*!] v U, — X

rl //,,——ﬁ"’/ J@

SpecF[T] ————— SpecF,;

whose outer square commutes as Spec [F; is terminal and where b is the unique morphism
given by the defining property of the proper scheme X. Let z = (T) be the closed point
of SpecF{[T] and x = ¥(z). Consider the induced morphism of stalks ﬁf : Oxx —
OspecFy[71,; = F1[T]. Since v(f) = T~ fori > 0, the element f € Oy, is not contained
in Oy , which shows that f is not a global section. This shows that I' X = {0, 1}, as desired.
O

3.2 Vector bundles

Let X and F be monoid schemes. A fibre bundle on X with fibre F, or simply an F-bundle
on X, is a morphism 7 : E — X of monoid schemes such that there is an open covering
{U;} of X and isomorphisms ¢; : E xx U; — F x U;, called trivializations, such that each
diagram

EXXU,‘#FXU,'

~

N A}i

U;

commutes, where 7; = E x x U; — U, is the restriction of 7 to U;. Sometimes we suppress
the morphism 7 from the notation and say that E is an F-bundle on X. An F-bundle E on X
is trivializable if there exists a trivialization £ = F x X. A morphism of F-bundles E and
E’ on X is a commutative diagram

E— 5 F

N

of morphisms of monoid schemes.

Remark 3.9 If X = Spec A is affine, then it has a unique closed point and thus every covering
{U;} is trivial in the sense that U; = X for some i. Therefore every F-bundle on X is
trivializable.

As a consequence, given an F-bundle 7 : E — X on an arbitrary monoid scheme X, we
can find trivializations ¢; : E x x U; — F x U; for every chosen affine open covering {U; } of
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X. In particular, this holds for the minimal affine open covering {Spec Ox x | x € X closed}
if X has enough closed points.

Let n € Zx(. The affine n-space over [F is A” = SpecF [Ty, ..., T,]. A vector bundle
on X of rank n is an A” -bundle. We denote the category of finite rank vector bundles on X,
together with all bundle morphisms, by Vect(X).

Remark 3.10 In contrast to vector bundles on schemes over a field, we need not require
any additional datum to describe vector bundles, since the ‘vector space structure’” of Af
is intrinsically given, and coordinate changes of an A%l -bundle are necessarily ‘IF;-linear’.
This follows from the fact that every A-linear automorphism of A[T1, ..., T,] is graded; cf.
the proof of Proposition 3.11.

As in algebraic geometry over a field, vector bundles correspond to finite locally free
sheaves. We briefly review the definitions.

Let X be a monoid scheme. An Ox-module is a sheaf F of pointed sets on X together
with a morphism Oy x F — F of sheaves such that F(U) is an Ox(U)-module and
the restriction maps F(U) — F(V) are pointed Ox (U)-module homomorphisms for all
open subsets V. C U C X. A morphism of Ox-modules is a morphism ¢ : F — F’ of
sheaves such that F(U) — F'(U) is a pointed Ox (U)-module homomorphism for every
open U C X. This defines the category Ox-Mod of Ox-modules on X.

An Oyx-module F is said to be finite locally free if every point x € X has an open
neighbourhood x € U C X such that F|y is a free Ox|y-module of finite rank. We denote
by LF(X) the full subcategory of Ox-Mod on finite locally free sheaves.

The relation between finite locally free sheaves and vector bundles uses the symmetric
algebra. Let A be a pointed monoid and M an A-module. The symmetric algebra of M is the
Z>0-graded pointed monoid

Sym(M) = @ Sym;(M)
iEZZ()
where
Sym;(M) = M® /(a1 ® - ®a;i =a;(1y ® - @ doy | a1, ...,a; € M, 0 € %)

fori > 0 and Symy(M) = A. The multiplication of Sym(M) is given by concatenation of
tensors and the inclusion A = Symy(M) — Sym(M) is a monoid morphism.

Proposition 3.11 The shedfification of the functor vect = Spec o Sym ol (X, —) defines an
equivalence of categories vect : LF(X) — Vect(X).

Proof This is proven similarly to the corresponding fact for schemes over a field. We briefly
sketch the key arguments, but forgo to verify all details. First of all, note that vect(F) is
indeed a vector bundle since

Sym(A®") = A[Ty,...,T,] = Fi[T1,...,T,] ®r, A

and therefore vect(U) = Spec Sym (F(U, ]—')) = Aﬁl x SpecI'U for every affine open U
of X.

A quasi-inverse If : Vect(X) — LF(X) of vect can be defined as follows. Letw : E — X
be a vector bundle of rank n, U = Spec A an affine open of X and V = E xx U. A

1

trivialization ¢y : V — U XT, AI?I defines an isomorphism

fu:TV = Ap, F1[T1,...,T,] = AlT1,...,T,].
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Since the A-linear automorphisms of A[T7, ..., T,] correspond to the images of 71, ..., T,,
which must be of the form fy(7;) = a;T,() for some permutation o € S, and some
ai,...,a, € A*, the A-invariant subsets

n
IVii = f;'({aT; la€A)) and TV, = | JTVi;
i=1

of 'V do not depend on the choice of trivialization ¢y up to a permutation of indices. This
yields a canonical representation of I'V as a symmetric algebra Sym(I" V7).

Define If (E)(U) to be the set of A-linear maps s : 'V} — A such that s(I'V; ;) = {0}
forallbutonei € {1, ..., n}, whichis a free A-module. The sheafification of the assignment
U — If(E)(U) defines a functor If : Vect(X) — LF(X) that is quasi-inverse to vect. O

In light of Proposition 3.11, we allow ourselves to consider vector bundles as sheaves.
Note that under the correspondence Vect(X) — LF(X), line bundles (vector bundles of rank
one) correspond to invertible sheaves, that is, locally free sheaves of rank one.

Define Pic X to be the set of isomorphism classes of invertible sheaves on X together
with the group operation induced by ®. By abuse of language, we call elements of Pic X
line bundles and sometimes identify an isomorphism class with a chosen representative. The
neutral element of Pic X is the class of Ox and the inverse of a line bundle £ is the dual line
bundle £V = Homo, (£, Ox) where Homp, (L, Ox) is the sheafification of the functor
U — Homry (L(U), Ox(U)).

3.3 Locally projective sheaves

Let U = Spec A be an affine monoid scheme. An A-module M defines an Oy -module M
with ]VI(Uh) = M ®4 A[h™!]. For an arbitrary monoid scheme X, we say that an Ox-
module F is finite locally projective if there exists an affine open covering {U;} of X such
M; = F(Uj;) is a finitely generated projective Ox (U;)-module and such that F|y, = 1\7, as
sheaves on U;. We denote the category of finite locally projective sheaves by LP(X). Finite
locally free sheaves are locally projective sheaves. The converse implication holds for the
following class of monoid schemes.

Lemma 3.12 Let X be a pc monoid scheme. Then every finite locally projective sheaf is finite
locally free.

Proof Let F be a finite locally projective sheaf on X and {U;} an affine open covering such
that F(U;) is a finitely generated projective Ox (U;)-module. Then U; = Spec Oy y, is pc
where x; is the unique closed point of U;. If e2=e¢e=1-¢ina pc pointed monoid, then
either e = 0 or ¢ = 1. Thus, by Lemma 2.1, F(Uj;) is a free Ox (U;)-module of finite rank,
which shows that F is finite locally free. O

A morphism of Ox-modules f : &€ — F is called normal if the pointed Ox x-module
homomorphism fy : & — Fx is normal for each x € X. The category Ox-Mod has a
proto-exact structure in which conflations are kernel-cokernel pairs of normal morphisms
[3, Lemma 5.6]; see also [20, Proposition 3.13]. Normal morphisms define a proto-exact
subcategory Ox-Mod" of Ox-Mod.

The category LP(X) is an extension closed subcategory of Ox-Mod and so inherits a
proto-exact structure. The full subcategory LP"(X) of Ox-Mod" on finite locally projective
sheaves also has an induced proto-exact structure.
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We write @ and ® for the direct sum and tensor product on Ox-Mod, respectively. Both &
and ® induce bifunctors on LP(X), making Ox-Mod and LP(X) into symmetric bimonoidal
categories, as well as the respective subcategories Ox-Mod" and LP"(X).

Lemma 3.13 [3, Theorem 5.12] Let X be a monoid scheme. Then the proto-exact category
LP(X) is uniquely split and combinatorial.

Let {(Ox)) C LP"(X) be the full subcategory of objects which are isomorphic to O;‘?"
for some n € Zxp. It is a proto-exact symmetric bimonoidal subcategory. We can form the
proto-exact symmetric bimonoidal category

(Ox ) [Pic(X)] := @ {Ox).
MePic(X)

See Appendix A.1 for the definition of the right hand side.
The following result plays an important role in the remainder of the paper.

Proposition 3.14 Let X be an integral monoid scheme. Then the functor
Fi= @ (Da®M: (Ox)IPic(X)] — LP(X)
MePic(X)

is symmetric bimonoidal, proto-exact, essentially surjective and bijective on inflations and
deflations. In particular, every finite locally projective sheaf on X decomposes uniquely into
a direct sum of line bundles.

Proof That F is symmetric bimonoidal is a direct calculation. It is clear that F is proto-exact.
By Proposition 3.6, the scheme X is irreducible and pc. Proposition 3.12 therefore implies
that finite locally projective sheaves on X are finite locally free. Since X is irreducible, it has
a unique generic point. The proof of [3, Theorem 5.14] then applies to show that any finite
locally projective sheaf on X is isomorphic to a direct sum of line bundles, from which it
follows that F' is essentially surjective.

To see that F is bijective on inflations and deflations, consider the map

n m n m
om (D, Do, ) — tom (Ders, 00, P, 000,
k=1 =1

k=1 =1

whose domain and codomain is a set of morphisms in (O ))[Pic(X)] and LP(X), respectively.
The left hand side is

[T HomouErmy s Fmy)-
kLir=j
Since LP(X) is split (Lemma 3.13), the subset of inflations or deflations in the codomain is
t/dett [ A1 ;
inf/
Honl 25 (e, 010 D72, 0.4,
k=1 =1
~ inf/deff
= 1] Hom‘L“P(/Xj (Emy, ® Miy. Fat, ® Mjjp).
k.l
k=i

It therefore suffices to consider the case n = m = 1 and iy = ji. In this case,
Hom o,y picx)](Em, Fa) = Hompx) (Eat, Far), which we claim can be identified with
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Fig. 1 The canonical covering of
Proj (F1[To, T, T21/(ToT1 T2 = e (Ty,T1)

0)) UQ

<T0,T2>. .<T1,T2>
v, ‘g,

Homypx)(Epm @ M, Far @ M). To see this, consider the quasi-inverse auto-equivalences
— Q@M : Ox-Mod = Ox-Mod : — @ M.

Let f : £ — F be a normal morphism in Ox-Mod. The stalk morphism (f ® M), is
naturally identified with

fx ® ld/\/lx 2 Ex ®OX,x My — Fx ®OX,x My,

which is normal. It follows from this, and the fact that the quasi-inverse of — ® M is of the
same form, that — ® M restricts to an autoequivalence of LP(X). This proves the claim and
finishes the proof of the proposition. O

Example 3.15 The assumption that X is irreducible in Proposition 3.14 cannot be dropped.
Indeed, let X = Proj (F 1[To, Th, L1/{ToTh T» = O)), which is the union of the three coordi-
nate lines in IP’]%-] . The three canonical opens of IP’]%-] provide a covering X = Uy U Uy U Us,
where U; = Spec (Fl[Tj, T /(T; Ty, = 0)) consists of the three points (T;), (Tx) and (T}, Tx)
if {i, j, k} = {0, 1, 2} and where U; N U; = Spec (IFl[Tkil]) consists of a single point (7).
The situation is illustrated in Fig. 1.

Consider the locally projective sheaf F on X with 7(U;) = (F Ox, UN®%i=0,1,2,
and whose transition functions ¢; ; : Fly, (Ui NU;j) — Flu; (Ui N U;) are given by the
permutation matrices

_ (1 0 d _ (0 1
0.1 = %02 = g and @12 = {, )

Then F is not isomorphic to a direct sum of line bundles.
Next, we describe the proto-exact summands of Oy ))[Pic(X)].

Proposition 3.16 Let X be an integral monoid scheme. Then T'X is cancellative and the
global sections functor

I'(X, =) = Hompr(x)(Ox, —) : {Ox)) - I'X-Mod

induces an exact equivalence {(Ox)) 5rx -proj".
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Proof The functor I' (X, —) is @®-monoidal and hence exact, since the domain and codomain
categories are uniquely split. The essential image of I'(X, —) consists of all finitely gener-
ated free [' X-modules. Since X is integral, the pointed monoid "X is cancellative, being a
submonoid of the stalk Oy ;, of the generic point  of X (Lemma 3.5). Hence, projective
' X-modules are free. That ['(X, —) : (Ox)) — ['X-proj” is fully faithful follows from
the observation that both Homp y_mogn (T X®", T X®™) and Hom o, (0", O€™) can be
identified with the set of I' X-valued m x n-matrices with at most one non-zero entry in each
row and column. O

3.4 Ktheory of monoid schemes

In this section we describe the algebraic K-theory space of integral monoid schemes.
Let X be a monoid scheme. Denote by KC(X) = IC(LP(X)) the algebraic K-theory space
of LP(X) and set K; (X) = m; K(X).

Theorem 3.17 Let X be an integral monoid scheme. Then there is a homotopy equivalence

k)~ [[ ZxBCx*iso*
MePic(X)

Proof By Lemma 1.4, the functor F from Proposition 3.14 defines a homotopy equivalence

K({(Ox»[Pic(X)]) = K(X). Using Propositions A.2 and A.4 and the fact that K-theory
commutes with filtered colimits and finite direct sums of categories (see [30, §2]), we obtain

Koo~ lm K(Pox) = lim []E(Ox))

SeZ <00 (Pic(X)) seS S€Z <00 (Pic(X)) s€S
%

~ J] Koxm.

MePic(X)

Using Proposition 3.16, we have K({Ox))) =~ K(I X-proj"). The desired homotopy equiv-
alence now follows from Theorem 2.6. m]

Corollary 3.18 Let X be a proper integral torsion free monoid scheme. Then there is a homo-
topy equivalence

k)~ [[ Zx B
MePic(X)

Proof This follows from Propositions 3.6 and 3.8 and Theorem 3.17. O

Next, we deduce some results at the level of K-theory groups. In particular, we recover
[3, Theorem 5.14].

Corollary 3.19 Le X be an integral monoid scheme with T X* finite. Then there is an iso-
morphism of graded rings

Ko(X) = 7y (B(UX)D[Pic(X)],
where the right hand side is the group algebra of Pic(X) with coefficients in the graded ring
73 (B(CX ™)),
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Proof At the level of abelian groups, the statement follows from Theorem 3.17 by taking
homotopy groups. For the ring structure, we use that the functor F of Proposition 3.14 is
symmetric bimonoidal. Denote by (Ox)) o4 the direct summand of {(Oy)) concentrated in
degree M € Pic(X). Then ® restricts to biexact functors

® : (Oxhat; X (Oxhm, = (Oxhmimy, M € Pic(X).

In this way we obtain a commutative diagram of pairings of K-theory spectra

K({Ox)am) x K((Ox)r,) ———— K{(Ox)minm,)

l !

K{Ox ) [Pic(X)]) x K((Ox)[Pic(X)]) — K((Ox)[Pic(X)]).
Compare with [49, §1V.6.6]. The remaining statements follow. O

Example 3.20 Fix n > 1 and let P be the n-dimensional projective space over IF;. It is a
monoid scheme whose base change ]P’%l X Spec(F;) Spec(Z) is the n-dimensional projective
space I, over the integers. There is an isomorphism of groups Pic(Py ) = Z which sends
O]p%l (1) to 1 € Z; see [45, Theorem 2.6], [3, §5.4.3] or [14, Lemma 6.5]. Corollary 3.19

then gives the isomorphism Ky (IP’%I) =~ Z[Z]. In this way, we recover [3, Corollary 5.15]. In
particular, Ko (]P%l) is independent of 7, in stark contrast to the case of projective space over
a field.

Remark 3.21 It might surprise the reader that the K-theory of P, does not depend on . The
reason for this is the lack of relations between the twisted line bundles O]p% (d). There are
1

various approaches to addressing this issue.

In [3, Theorem 5.17] itis shown that the missing relations can be recovered by a comparison
morphism between K-theory and G-theory. In [17, Theorem 5.7] it is shown that the K’-
theory of IF’%I is as expected, where K’-theory is defined in terms of sheaves that locally
come from finitely generated partially cancellative modules. Neither of these approaches
extend to Grothendieck—Witt theory and hence we do not pursue them further in the present
paper.

In a different direction, it would be tempting to define K-theory using perfect complexes,
in the spirit of Thomason—Trobaugh [43]. This could potentially allow the weakening of the
assumptions on X in Theorem 3.17. Classically, perfect complexes are defined in terms of
chain complexes, which are not well-behaved in the present non-additive setting. However,
employing simplicial sets or co-categories could fix this problem. We thank the referee for
this suggestion. We do not pursue this direction here.

3.5 Projective bundles

Let X be a monoid scheme. A projective bundle on X is a IF’%1 -bundle 7 : E — X for some
n=>0.

As in algebraic geometry over a field, there is a correspondence between classes of vector
bundles, or finite locally free sheaves, and projective bundles on X. Let £ = If (E) be alocally
free sheaf of rank r on X. The sheafification of the functor Projo Sym oI'(—, &) defines a
Pﬁl_l-bundle 7w : PE — X;see [8, §7] for details on the Proj construction. Its restriction to

an affine open U of X is isomorphic to ]P?j_l such that 7y commutes with the structure map
IP’;]I - U.
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Remark 3.22 We note without proof that every projective bundle is of the form P& for some
finite locally free sheaf £ on X. Two finite locally free sheaves £ and &’ define isomorphic
projective bundles 7 : P€ — X and 7’ : P’ — X if and only if there is a locally free sheaf
L of rank one such that £’ = £ ® L.

Lemma3.23 Let A be a pointed monoid and n > 0. Then TP, = A.

Proof Consider the canonical affine open U; = Spec A[%| J = 0,....,n] of P, =
Proj A[Ty, ..., T,] and U, = ﬂf‘zo U; = Spec A[%Ii,j = 0,...,n]. Since ]P”;‘ is cov-
ered by the U; and the restriction maps I'U; — I'U,, i = 0, ..., n, are injective, we have

I'P", = (;_o T'U; as an intersection inside I'U,,.

In particular, a global section f € I'P’y is contained in I'U;, and is therefore of the form
a[l_y T/ for some a € A and (eq, ..., e,) € Z"! with }°!_;e; = 0. Since f € T'U;,
we have ¢; < Oforalli =0,...,n. Thuseg = --- = ¢, = 0, which shows that f € A as
claimed. s

Proposition 3.24 Let X be an integral monoid scheme and w : PE — X a projective bundle.
Then the map 7* : T X — T'PE is an isomorphism of pointed monoids.

Proof Since X is integral, it has a unique generic point 5, all restriction maps are injective and
I'X is the intersection (| T'U inside Oy ,, where U varies over all affine open subschemes
of X.

For every affine open U C X, the bundle P€ x x U = P}, trivializes. Since 7 is contained
in every open subset of X, we conclude that PE is irreducible with unique generic point 7
mapping to 1. Moreover, since every affine open subscheme U of X is integral, PE is covered
by the integral subschemes PE x x U = P7,, which shows that PE is integral. We conclude,
using Lemma 3.5, that TP€ embeds into Opg ; and equals the intersection (1), [U where
U varies over an affine open covering of X.

To show that 7 * is injective, suppose that 7*(s) = 7 *(¢) fors,r € [ X.Let V = Spec A be

an affine open of X and Uy ; = Spec A[%U =0, ..., n] the canonical open of P x x V =

PY,. Since (|y)* : A — A[%lj =0, ..., n]is injective and 7*(s) |y, , = 7*(®)|vy ;. we
conclude that s|y = ¢t|y. Covering X with affine opens V yields the equality s = ¢.

We turn to surjectivity of 7*. Let s € I'PE. By Lemma 3.23, the restriction s|y of s to
U =PxxV =P comes from a global section ty € I'V for every affine open V of X. Since
(m|ly)* : TV — TI'U is injective, ty is unique, and therefore the collection {ty}, where V
varies through all affine opens of X, glues to a unique global section 7 of PE with 7*(t) = s.
This shows that 77 * is surjective and completes the proof. O

Lemma 3.25 Let X be a monoid scheme and w : PE€ — X a projective bundle. Then there is
a canonical section o : X — PE such that o (x) is the generic point of the fibre 1~ (x) for
everyx € X.

Proof Choose an affine open covering {U; = Spec A;} of X and define V; = U; xx PE.
Since P€ trivializes over affine opens, V; is isomorphic to ]P”Al_ = Proj A;[Ty, ..., T,], with
n the fibre dimension of PE. For each i, the graded A;-linear pointed monoid morphism

sit AilTo, ... T,] — A[T]
Tj > T

defines a morphism

oi=s;:U; = P = Proj Ai[T] —> Proj Ai[To, ..., T,] = Vi.
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Since the s; are invariant under A;-linear automorphisms of A;[7y, ..., T,], they do not
depend on the choice of identification V; = P", > and therefore coincide on the intersections
of the U; and glue to a canonical morphism o : X — PE. Since 7% (U;) o s; is the identity on
A; [?] for every i, the composition o ¢ is the identity on X, which shows that o is a section
to 7. The restriction of o to oy : {x} = 7! (x) corresponds to the graded k(x)-monoid
morphism

sx 1 k@ITo, ..., Tyl — k(x)IT]
T; — T

where k(x) = Ox x/m, is the “residue field” at x. Since s;] ({0)) = (0), we conclude that
oy (x) is the generic point in 7~ 1(x). This completes the proof. O

Lemma3.26 Let A be a pointed monoid and n > 1. Then Pic(IP"}) = {O]PZ (m) | m e Z}.

Proof As explained in the example at the end of Sect. 3.4, this result is known for A = Fy.
The inclusion i : Fy — A induces a morphism 7 : P} — ]P’%l and a group homomorphism
¥ :Pic(IP’%l) — Pic(P)).

Choose any pointed monoid morphism p : A — [y, such as sending all units to 1 and all
other elements to 0. Then i o p = idy, and p induces a section o : IP’%I — P} of T and a
retract 0* : Pic(IP}) — Pic(IP’%I) of *. We conclude that 7* is injective.

We turn to the surjectivity of m*. Let U; = SpecF{[T/T;];—o,...,» be the canonical open
subsets of ]P)%l = ProjF [Ty, ..., T,] and

yaees

U, = UyN---NU, = SpecF[T;/Tili j=0..n-

LetV; = U; Xp1 P and V;, = U, Xp1 IP,. Then {V;} is an affine open covering of P and
“1 1

every line bundle £ on P trivializes over this covering. This means that we get, for every

i =0,...,n,acommutative diagram

L) —2—— TV,

sy | ls

L(Vy) W—Nn> 'V,

of I'V;-linear maps whose right vertical arrow is the canonical inclusion that comes from
the inclusion I'U; — T'U,. Since the I'V;-linear map ¢; ; o resy;, v, is determined by the

image of 1, which is of the form a []/_, 7, for some a € A and (eo, ..., e,) € 7"+ with
Z?:o e; =0, and a is invertible (since ; = ¢; ; o resy;,v, o <pi_1 is a localization of pointed
monoids), we can assume that

n

€i

@inoresy, v, (1) = I_IT,- ,
i=0

after replacing ¢; by a~'¢~!. This shows that we can choose the trivalizations ¢; so that

.....

7*(L') = L. Therefore, 7* is surjective. m}

The following result is a monoid- theoretic analogue of a well-known result for schemes
over algebraically closed fields.
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Theorem 3.27 Let X be an irreducible monoid scheme and w : PE — X a projective bundle.
Then the map

¢ :Pic(X) X Z — Pic(PE)
L,m) +— 7*LQ Opg(m)

is an isomorphism of abelian groups.

Proof Let n be the generic point of X and U, = Spec Oy ,, which comes with a canonical
morphism ¢, : Uy — X. Define V;, = U,, x x P€, which comes with the cartesian diagram

V, ——— P¢

m| HD o

Uy ——— X

where o : X — PE is the canonical section of 7 from Lemma 3.25. This yields a commu-
tative diagram of group homomorphisms

Pic V,, - PicP¢

1 e

Pic Uy ¢—————— PicX
n

where Pic Uy is trivial since U, is affine. Thus t* o 7% = 7 01 = 0. Since 0* o 7™ is the
identity on Pic X, we conclude that * is injective.

By Lemma 3.26, Pic V;y = {Oy, (n) | n € Z}. Thus, the assignment Oy, (n) > Opg(n)
defines a group homomorphism r : Pic V,, — Pic[P€, which is a section of ¢*. This shows
that ¢* is a surjection.

Consideraline bundle £ € Pic PE in the kernel of t*, so that ¢*(£) = Oy, . Choose an affine
open covering {U;} of X, so that U; = Spec A; for A; = ['U;, and define V; = U; xx PE.
This defines an open covering {V;} of PE. Since the U; are affine, PE|y, is trivializable, so
that IP’E|U = IP’"_ where 7 is the fibre dimension of 7. By Lemma 3.26, we conclude that
Lly, = Oy, (m) for some m € Z. Since Oy, (m) = Lly, = Oy,, we have m = 0. We
therefore obtain a commutative diagram

L(Vi) ——— Ope(Vi) ——— 7*(Ox)(Vi) ——— 7*(c*(0)) (Vi)

Ies Vi, VWJ J/I‘CSVI. Vi lresvi Vi lresvi Vi

L(Vy) ——— Ope(Vy) ———— 7*(Ox)(Vy)) ——— 7*(a*(0))(Vy)

for every i. Since the V; cover PE, we conclude that £ = 7* (o* (ﬂ)) is in the image of 7*.
Altogether, this shows that there is a canonically split short exact sequence

*

o2 r
/\ /\
0 ———— PicX ———— PicPé ——— PicV, ——— 0,

which induces the isomorphism
Pic X x Z —> Pic X x PicV, =% PicPe
(L,m) +—> (L.Oy,(m)) —> LQ Opg(m)
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of the claim of the theorem. ]

3.6 A projective bundle formula

We combine our earlier results to prove a projective bundle formula for the K-theory space
of a monoid scheme. This gives a monoid- theoretic analogue of Quillen’s projective bundle
formula over fields [30, Theorem 2.1 of Section 8].

Theorem 3.28 Let X be an integral monoid scheme and w : PE — X a projective bundle.
Then there is a homotopy equivalence

k@) > [ k.

nez

Proof Combining Propositions 3.14 and 3.24 and Theorem 3.27, we obtain a diagram of
functors

LPY(PE) < (Ope)[Pic(PE)] = (Ox)[Pic(X) x Z]
~ ((Ox)[Pic(X)DIZ] — LP(X)[Z].

By Lemma 1.4, the first and last functors induce homotopy equivalences of K-theory spaces.
We therefore have homotopy equivalences

K®E) ~ KAPX)IZD ~ [ K(X).

nez

m}

Corollary 3.29 Let X be an integral monoid scheme. Then there is an isomorphism of graded
rings

Ko (PE) = Ko(X) ®z ZIZ).

As already seen in Example 3.20 in the case of projective spaces, the result is very differ-
ent from the usual projective bundle formula for schemes. We refer to Remark 3.21 for a
discussion of this phenomenon.

4 Grothendieck-Witt theory of monoid schemes

4.1 Duality for locally free sheaves

Let X be a monoid scheme. There is a bifunctor
Homp, (—, —) : Ox-Mod® xOx-Mod — Ox-Mod
defined so that, for £, 7 € Ox-Mod and an open set U C X, we have
Homoey (€, F)(U) = Homoy,, (v, Flu)-

Let £ be a line bundle on X. As in the local case (Sect. 2.1), and unlike the case of schemes
over a field, the functor Homo, (—, £) does not define a duality functor on LF"(X). This can
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be remedied as follows. Let X be a pc monoid scheme. Given £ € Ox-Mod, define a sheaf
of pointed sets P~ (€) on X by

PEE)WU) =Homp, (v, Liv),

the right hand side being the set of normal Ox|y-module homomorphisms &y — Liy.
Because X is pc, PL(€)(U) has a natural Ox (U)-module structure, as follows from a local
calculation using Lemma 2.3.

Proposition 4.1 Let £ be a line bundle on a reversible pc monoid scheme X. Let ®F :
idipxy = PL o (PL)YP be the natural isomorphism with components

OL()(f) = f(s), se€&W), fe PEENU)

where U C X is an open subset. Then (LF'(X), P£, ©%) is a uniquely split combinatorial
proto-exact category with duality. Moreover, the Reduction Assumption (see Sect. 1.3) holds.

Proof That P~ sends locally free sheaves to locally free sheaves follows from the fact that
X is reversible and a local calculation using Lemma 2.3. Let f : £ — F be a morphism
in LF"(X). For each x € X, the stalk morphism Pﬁ(f)x . PL(F)y —> PL(E), can be
identified with

(=)o fx: Hom(’)X_X—Mod“(]:m Ly) = HomOX’X—Mod" (&, Lx).

Since the composition of normal morphisms is normal, P (f) is well-defined. That P~ is
compatible with @ follows from Lemma 2.3. That ¥ is a natural isomorphism follows from
a local calculation using Proposition 2.7.

It remains to verify the Reduction Assumption. Whether or not the induced map ¥y :
NJU — P(N/JU) is an isomorphism can be checked locally, in which case it reduces to
Proposition 2.7. O

Remark 4.2 Proposition 4.1 admits the following generalization, which can be seen as
the natural commutative globalization of the setting of Proposition 2.7. Let ¢ : X —
X be an involution and € € T'(X, Ox)*. Assume that c*£ = £ and €o(e) = 1.
Let P£o : LF"(X)°® — LF"(X) be the functor & — Homg, (0*€, £) and define
OL%€ by @g’“’e(s)(f) = €0 (f(s)). Then the analogue of Proposition 4.1 holds for
(LF"(X), P£-o ©L-9€). The results which follow hold also at this level of generality,
with essentially the same proofs. We note only that the involution of the pointed monoid
I'X is determined through the isomorphism I'X = Endp, .mod(M) via the formula
f > Y0P (fo wx/} . However, for ease of exposition, we restrict to the case o = idy
ande = 1.

When £ = Oy we omit it from the notation so that, for example, POx = p,

Lemma4.3 Let X be a reversible pc monoid scheme. If line bundles L, L' are equal in
Pic(X)/ Pic(X)?, then there is an equivalence of proto-exact categories with duality

(LF'(X), P~, ©F) ~ (LF'(X), PX', ©F).

Proof Under the assumption of the lemma, there exists a line bundle £ € LF"(X) and an
isomorphism

LRLSLVRL. 3)
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Let T be the exact autoequivalence — ® £ : LF'(X) — LF"(X); see the proof of Proposi-
tion 3.14. Then (T, 1) is an equivalence of categories with duality, where n : T o PX =
P£" 6 TP is the natural isomorphism with components

Ne :PE)RLRIL— PE)QLY ®L, EelLF(X)
defined using the chosen isomorphism (3). O

Lemma4.4 Let X be a reversible pc monoid scheme and £ € LF*(X) a line bundle. Then
there is a canonical isomorphism Homo, (€, Ox) = P(€).

Proof This follows from the local observation that, for a pc pointed monoid A, any A-module
homomorphism A — A is normal. O

The functor P is ®-monoidal, while P£ is not in general. Instead, P~ is P-monoidal,
that is, there are coherent isomorphisms

PEERF) = P(E) ® PE(F), & FelF(X)
which are natural in € and F. The functor P£ induces an involution
P~ : Pic(X) — Pic(X). “

By Lemma 4.4, this map agrees with that induced by Home, (—, £). We emphasize that,
since P* is only P-monoidal, the map (4) is not a group homomorphism unless £ € Pic(X)
is trivial. Denote by Pic(X)” “ the 7Z/2-invariants of Pic(X). The complement Pic(X)* =
Pic(X) \ Pic(X)PL has a free Z/2-action.

Next, we study the compatibility of Proposition 3.14 with duality. The subcategory
{Ox) C LF"(X) is P-stable and so inherits from LF" (X) a proto-exact duality, again denoted
by (P, ®). Define a proto-exact duality (P£, 0%) on {Ox ) [Pic(X)] as follows. The functor
P~ is defined on basic objects by

PEEM) = P(E) peiay € € (Ox). M € Pic(X)

and extended to ((Ox))[Pic(X)] by additivity. The natural isomorphism O* has components
0% =0%.

Note that, by Remark 3.3 and Proposition 3.6, a monoid scheme X is integral if and only
if it is irreducible, pc and reversible.

Lemma 4.5 Let X be an integral monoid scheme. The functor F of Proposition 3.14 lifts to
an exact form functor

(F. ) : ((Ox)[Pic(X)], PX, @) — (LF'(X), P*, ®5).
Proof Define the natural isomorphism y : F o PX = P% o FP so that its components
ey : P(E) ® PEM) > PEQM)® L, € eLF(X)

are determined by the monoidal data of P. It is straightforward to verify that x is compatible
with ®% and ©F. We omit the details. O

Define a proto-exact category

OPcO™ 1= @ (o). ®)

MePic(X)P~F
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Since PiC(X)PL C Pic(X) is P£L-stable, ((OX))[PiC(X)PL] is a P%L-stable proto-exact
subcategory of (Ox))[Pic(X)]. The induced duality on ({Ox))[Pic(X )P E] is equivalent to
that induced by (P, ®) on each summand of {Oyx)). In other words, equation (5) defines

(Ox ) [Pic(X)P ﬁ] as a proto-exact category with duality.
Define a second proto-exact category by

(Ox)Pic(X)*/PF1= @  (Ox).
MePic(X)*/PL

The choice of a set- theoretic section of the quotient Pic(X)* — Pic(X)*/ PL embeds
{Ox M [Pic(X)*/ PLlasa proto-exact subcategory of LF"(X) which, however, is not PE-
stable. The following result is immediate.

Proposition 4.6 Let X be an integral monoid scheme. There is an equivalence of proto-exact
categories with duality

(Ox)[Pic(X)] = (Ox)[Pic(X)" 1 @ H({Ox ) [Pic(X)*/P*1).

4.2 Grothendieck-Witt theory of monoid schemes

Let £ be a line bundle on a reversible pc monoid scheme X. Let GW(X; L) =
SW(LF(X), P£, ©F), defined by either via the hermitian Q-construction or group comple-
tion. Set GW;(X; £) = miGW(X; L).

Proposition 4.7 Let X be an integral monoid scheme. Then the homotopy type of GW(X; L)
depends on L only through its class in Pic(X)/ Pic(X)2.

Proof This follows from Proposition 1.10 and Lemma 4.3. O
We have the following analogue of Theorem 3.17 for Grothendieck—Witt theory.

Theorem 4.8 Let L be a line bundle on an integral monoid scheme X. Then there is a natural
homotopy equivalence

owx:o~ [ owwoxmx [ Kwoxw.
MePic(X)P~E MePic(X)*/PL
Proof By Lemma 1.11, Proposition 4.6 and the fact that G)V commutes with direct sums of
categories, there is a natural homotopy equivalence
GW(X: £) = GW({Ox)Pic(X)" 1) x GW (H ((Ox ) [Pic(X)*/PF])) .
The second factor is
GW (H((Ox)[Pic(X)*/PED) =~ K((Ox)PicCcO*/PE) =~ T K(Goxh,
MePic(X)*/PL

where the first homotopy equivalence follows from Proposition 1.9 and the second from the
proof of Theorem 3.17.

Turning to the factor GW({Ox ))[Pic(X)? ﬁ]), note that since equation (5) respects the
duality structures, there is a homotopy equivalence

GW(OxPicc0™ D= T awoxm.

MePic(X)P~F
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This completes the proof. O

Using Proposition 3.16, we can combine Theorems 2.6 and 2.14 with Theorem 4.8 to
obtain an explicit description of GW(X; L).

Corollary 4.9 Let X be a proper integral monoid scheme. Then there is a homotopy equiva-
lence

w0~ [[ ZPxBExx@2iSNtx  [[ (ZxBzL).
MePic(X)PF MePic(X)*/PL
Proof The only additional piece of information needed is Proposition 3.8. O

Without the properness assumption, there is an analogue of Corollary 4.9 is written in
terms of Pic®Y™(I"X) and the isometry groups /(£). Since we will not use this, we omit its
formulation.

Specializing to direct sum (Grothendieck—)Witt groups, we obtain the following results.

Theorem 4.10 Let L be a line bundle on an integral monoid scheme X.
(1) There is an isomorphism of abelian groups

GWE(X; L) = Pic™ (I X)[Pic(X)"“ ] x Z[Pic(X)/P~].
(i) There is an isomorphism of abelian groups

WE (X: £) = Pic™ (I X)[Pic(X)"“].

Proof This follows from Theorem 4.8, after using Theorems 2.6 and 2.14. We omit the details.
O

Example 4.11 Let Al = Spec(IF1[¢]). Since [F[#] has no non-trivial idempotents and only

the trivial automorphism, the functor — ®p, IF[¢] : Vecty, — LF" (A]i‘]) induces an equiv-
alence on maximal groupoids. Moreover, this equivalence respects dualities. It follows that
there are homotopy equivalences IC(AIIFI) =~ K(Vectr,) and QW(A]]FI) >~ GW(\Vecty,).

Example 4.12 Let X = IP%I .Fixd € Zandset L = O[p% (d). The involution P~ of Pic(X) &
1
7 is k — —k + d. In particular, Pic(X)” “is non-empty if and only if d is even, in which

case Pic(X)P£ = {%}. Let [d] = 0if d is even and [d] = 1 otherwise. With this notation,
we obtain from Theorem 4.10 an isomorphism

ZM) % 2 Z=q] = GWg (P i d). bly + ) aili = b[Opy (DI + Y ailH(Opy (0)].

i>d i>d
Note that Op (%) admits a unique symmetric form, which is omitted from the notation. In

1
particular, G WSB (IP’”1 ; d) is independent of n and, as guaranteed by Lemma 4.3, depends on
d only through its parity. Moreover, we have Wg” (P ; d) = Z!9 with generator Op 4.
1
Example 4.13 Using Theorem 4.8 and the isomorphism Pic(]P’%l) = Z, we find
4
oW ®;) = oW (Vecty) x [] K(Vects,)
k€Z>0

= | | BEuxZx BZ/215)" x [[ Zx B(Zx)*.
nEZZQ keZ-o

Again, the result is independent of 7.

@ Springer



Algebraic K-theory and Grothendieck-Witt theory of monoid schemes 1441

4.3 A projective bundle formula

We begin with a lemma.

Lemma4.14 Let w : PE — X be a projective bundle on an integral monoid scheme. Then
the isomorphism

¢ : Pic(X) x Z — Pic(PE), (M,m) — 7*(M) ® Opg(m)

from Theorem 3.27 is 7./ 2-equivariant, where Z./2 acts on Pic(X) x Z by P* and negation
on the first and second factors, respectively, and on Pic(PE) by P™ L

Proof This is a direct calculation. O

Theorem 4.15 Let v : PE — X be a projective bundle on an integral monoid scheme and L
a line bundle on X. Then there is a homotopy equivalence

/
GW(PE; T*L) =~ GW(X; L) x [1 K(Ox).
(M,D)ePic(X)xZ*)/(PF,~1))

Proof By Lemma 4.14, the map ¢ induces a bijection
Pic(PE)?™ © = Pic(X) x Z)P5 =D = Pic(X)P* x {0} 6)
and a Z/2-equivariant bijection

Pic(PE)* = Pic(X)"" x Z* L Pic(X)* x Z
= Pic(X)* x {0} U Pic(X) x Z*.

Together with Theorem 4.8, these bijections yield homotopy equivalences

owee: D = [ GWOpe))

MePic(X)P~F
! !
X I1 KWopem x  []  KOped)
(M, i)ePic(X)xZ*)/((P£,—1)) MePic(X)*/PL
7
~ GW(X; L) x I K({(Ope)).

(M, De(Pic(X)xZ*) /{(P£,—1))

as claimed. ]

Passing to homotopy groups, we obtain [F-linear analogues of previously known results
over fields in which 2 is invertible [32,36,47].

Corollary 4.16 Let w : PE — X be a projective bundle on an integral monoid scheme and L
a line bundle on X.

(i) The map
*pl _
01 GWo(X; £) x (Ko(X) @2 ZIZ*) ™ 777" = GWo(Pe; 7* L)

defined by (M) = n* M and oW, m) = HE(JT*W®(9P5 Opg (m)) is an isomorphism
of abelian groups.
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(ii) There is an isomorphism of abelian groups
Wo(X; £) = Wo(PE; n*L).

Proof The first statement follows from Theorem 4.15 by taking connected components.
Alternatively, we could use Theorems 3.19 and 4.10 and Lemma 4.14.
Turning to the second statement, Theorem 4.10 gives

Wo(PE; n* L) = Wy (T (PE, (’)pg)-projn)[Pic(IP’S)P”*E].
Using Theorem 3.27 and the bijection (6), we conclude. O
Example 4.17 We have
GWo(Spec(F1) x Ko(Spec(F)) ®z ZIZ*1*? = 22 x 7 &g ZIZ**? = 77 x ZIZ-0]
which is isomorphic to G Wo(Py ) = Z x Z[Z>], as required by Corollary 4.16.
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Appendix A
A.1 Direct sums of categories

Let I be a set and {C; };cs a family of categories with zero objects.

Definition A.1 The direct sum category @, ; C; is defined as the full subcategory of the
product category ]_[l-e ; Ci whose objects are those tuples (A;);c; of objects A; in C; for
which A; is a zero object in C; for all but finitely many i € 1.

Many properties and structures of the individual categories C; extend in a pointwise fashion
to @i <7 Ci. For example, if all C; are proto-exact (with exact direct sum), then so too is
Dici Ci-

One can realize @,.; C; as a filtered colimit of finite direct sums. Let (1) be
the partially ordered set of finite subsets of I, ordered by inclusion. Consider the functor
P 00(I) — Cat which assigns to a finite subset S C I the category €D, ¢Cs and to an
inclusion § < T the obvious functor P, s Cs — P, Ci.

Proposition A.2 There is an equivalence of categories

lim Pe ~Pe

SeP < (l) se§ iel
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If C = C; is a constant family of categories with a symmetric bimonoidal structure (6, ®)
and (I, -) is an abelian group, then we denote the direct sum by

cll] = EBC.

iel
Define a symmetric bimonoidal structure on C[/] by extending & componentwise and defin-
ing ® using the convolution product

DviePDws:=P| P Ve Ws
a b a,b

c
ab=c

A.2 Restricted products

Let {(Y;, *%;i)}iecs be family of pointed topological spaces indexed by a set /.

Definition A.3 The restricted product of {(Y;, *;)}ies is

[T¥: = () I 31 # % for only finitely many i € 1} < [ ¥

iel iel

equipped with the subspace topology.
The restricted product can be realized as a filtered colimit of finite products as follows.

Proposition A.4 There is a homeomorphism

im  [[%~ T

SeP coo(l) s€S iel
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