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ABSTRACT

Structures where we have both a contravariant (pullback) and a covariant (pushforward)
functoriality that satisfy base change can be encoded by functors out of (co-)categories
of spans (or correspondences). In this paper, we study the more complicated setup
where we have two pushforwards (an ‘additive’ and a ‘multiplicative’ one), satisfy-
ing a distributivity relation. Such structures can be described in terms of bispans (or
polynomial diagrams). We show that there exist (oo, 2)-categories of bispans, charac-
terized by a universal property: they corepresent functors out of co-categories of spans
where the pullbacks have left adjoints and certain canonical 2-morphisms (encoding
base change and distributivity) are invertible. This gives a universal way to obtain func-
tors from bispans, which amounts to upgrading ‘monoid-like’ structures to ‘ring-like’
ones. For example, symmetric monoidal oo-categories can be described as product-
preserving functors from spans of finite sets, and if the tensor product is compatible
with finite coproducts our universal property gives the canonical semiring structure
using the coproduct and tensor product. More interestingly, we encode the additive
and multiplicative transfers on equivariant spectra as a functor from bispans in finite
G-sets, extend the norms for finite étale maps in motivic spectra to a functor from
certain bispans in schemes, and make Perf(X) for X a spectral Deligne-Mumford stack
a functor of bispans using a multiplicative pushforward for finite étale maps in addi-
tion to the usual pullback and pushforward maps. Combining this with the polynomial
functoriality of K-theory constructed by Barwick, Glasman, Mathew, and Nikolaus, we
obtain norms on algebraic K-theory spectra.
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1. Introduction

This paper is the first part of a project aimed at better understanding certain sophisticated
ring-like structures that occur in ‘homotopical mathematics’. By this, we mean not just the
theory of E.-rings, where additions and multiplications are indexed over finite sets, but also
more exotic structures occurring in equivariant and motivic homotopy theory where operations
can be indexed over finite G-sets and finite étale morphisms, respectively. Such structures are
also relevant to derived algebraic geometry and algebraic K-theory.

In the present paper we construct equivariant and motivic versions of the canonical semiring
structure on a symmetric monoidal oco-category whose tensor product commutes with finite
coproducts.

In the G-equivariant case this structure encodes the compatibility of additive and multi-
plicative transfers (or norms) along maps of finite G-sets. In the case of genuine G-spectra such
multiplicative transfers were defined by Hill et al. [HHR16] (extending a construction on the
level of cohomology groups due to Greenlees and May [GM97, Boh14]) and played a key role in
their solution of the Kervaire invariant one problem; more recently, they have been considered
as the defining structure of an equivariant symmetric monoidal co-category in ongoing work of
Barwick et al. [BDG'16].

In the motivic version, we have multiplicative transfers along finite étale morphisms and addi-
tive transfers along smooth morphisms of schemes. Such multiplicative transfers were constructed
for motivic spectra (and in a number of related examples) by Bachmann and Hoyois [BH21].
These generalize, among other constructions, Fulton and Macpherson’s norms on Chow groups
[FM87] and Joukhovitski’s norms on Ky (see [Jou00]).
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We will also show that the oo-categories Perf(X) of perfect quasicoherent sheaves on a
spectral Deligne-Mumford stack X have a similar structure given by a multiplicative pushforward
for finite étale maps in addition to the usual pushforward and pullback functors. In all these cases
we will obtain the canonical ‘semiring’ structures using a universal property of (0o, 2)-categories
of bispans, which is the main result of this paper.

1.1 Spans and commutative monoids

Before we explain what we mean by bispans, it is helpful to first recall the relation between
commutative monoids and spans: if ' denotes the category of finite sets, then we can define a
(2,1)-category Span(F) where:

e objects are finite sets;
e morphisms from I to J are spans (or correspondences)

S
S,
e composition is given by pullback, i.e. the composite
T S
J T K ) I T J
is the outer span in the diagram
SxxT
S — ™~ T
I - \ J / o K;

)
e 2-morphisms are isomorphisms of spans.
If M is a commutative monoid in Set, we can use the monoid structure to define a functor

Span(F) — Set,

which takes I € F to M! := [Lic; M and a span I e S % J to the composite Jof* where
f*: MT — M is given by composition with f (so f*¢(s) = ¢(fs)) and gg is defined using
the product on M by

92 =[] ¢
s€g71(4)
This is compatible with composition of spans, since a pullback square gives a canonical
isomorphism of fibres and we have (g99')g = gg gk as the multiplication is associative.

It can be shown that if C is any category with finite products, every functor ®: Span(F) — C
such that ®(I) = ®(x)*!/l via the canonical maps arises in this way from a commutative monoid
in C. More precisely, we can identify commutative monoids in C with product-preserving functors
Span(FF) — C. (In other words, the homotopy category of Span([F) is precisely the Lawvere theory
for commutative monoids.) This is also true homotopically as we now describe.

THEOREM 1.1.1. Let € be an co-category with finite products. There is a natural equivalence of
oo-categories between commutative monoids in € and product-preserving functors Span(F) — C.
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The earliest proof of this seems to be the in thesis of Cranch [Cral0, Crall]; other proofs (as
special cases of different generalizations) are due to Bachmann and Hoyois [BH21, Appendix C]
and Glasman [Glal7, Appendix A]. In addition, it appears in Harpaz [Har20, § 5.2] as the bottom
case of his theory of m-commutative monoids.

1.2 Bispans and commutative semirings

We can ask for a similar description for commutative semirings. In this case, we have two oper-
ations, addition and multiplication, so we want a (2, 1)-category Bispan(IF) whose objects are
again finite sets, with a morphism from I to J given by a bispan (or polynomial diagram)

x 1.y

v ~ (1)

1 J.
If R is a commutative semiring in Set, we want a functor
Bispan(FF) — Set
that takes a set I to R and the bispan (1) to qg fop* where:
e p*: R — RX is defined by composing with p,

P (9)(z) = ¢(px);
o fo: RX — RY is defined by multiplying in R fibrewise,
fa@w) = II o)
z€f~1(y)

® (g is defined by adding in R fibrewise,

y€q~1(j)
The question is then whether there is a way to define composition of bispans so that this gives

a functor. Given a pullback square

Iy
b (2)

I%J

in F, we have identities ggi* = j* fg and ggi* = j* fo as before, but now we also need to deal
with compositions of the form vgug for u: I — J and v: J — K. Using the distributivity of
addition over multiplication, for ¢: I — R and k € K we can write

vwus(@)(k) =[] Y e@) = > ]I e (3)

jeJy i€l; (ij)eHjGJk 1; teJy

We can interpret this in terms of a distributivity diagram in F: if we let h: X — K be the family

of sets Xy = [[;c;, Ij (so that h = v,u where v, is the right adjoint to pullback along v), then

the pullback v*X has a canonical map to I over J: on the fibre (v*X);, which is the product
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Hj/e ot I, we take the projection to the factor I;. This gives a commutative diagram

X — Y X

J—— K
where the square is cartesian, and we can rewrite the distributivity relation (3) as
VoUgpy = h@f)(g)e*.

This means we will get a functor Bispan(IF) — Set from the commutative semiring R if we define
the composition of two bispans

ISELBL
JErL oYK,

as the outer bispan in the following diagram:

\ / ! \
Here we have used a distributivity diagram for ¢ and the pullback .

An explicit construction of a (2, 1)-category Bispan(F) with this composition is given in the
thesis of Cranch [Cral0], where it is also proved that this has products (given by the disjoint
union of sets), so that we can define commutative semirings in 8 as functors Bispan(FF) — 8 that
preserve finite products. Alternatively, one can relate bispans of finite sets to polynomial functors,
which gives an easier definition of Bispan(F) (as the complicated composition law (5) corresponds
to the ordinary composition of such functors); this approach was carried out by Gambino and
Kock [GK13], who also show that the homotopy category of Bispan(F) is the Lawvere theory
for commutative semirings, so that commutative semirings in an ordinary category C with finite

products are equivalent to product-preserving functors
Bispan(F) — C.

We expect that the homotopical analogue of this statement® is also true, but this has not yet
been proved.

1.3 The universal property of spans
If € is a symmetric monoidal co-category such that € has finite coproducts and the tensor product
preserves these in each variable, then we expect that € has a canonical semiring structure in Cateso

! Specifically, the definition of commutative semirings in an co-category with finite products in terms of Bispan(F)
should be equivalent to that of Gepner, Groth, and Nikolaus [GGN15].
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with multiplication and addition given by the tensor product and coproduct, respectively. This
follows? from the universal property of an (oo,2)-category of bispans in I, which is a special
case of our main result. Before we state this, it is convenient to first recall the simpler universal
property of the (oo, 2)-category SPAN(F) of spans in F, which can be used to prove that an
oo-category with finite coproducts has a canonical symmetric monoidal structure.

Here SPAN(F) has finite sets as objects, spans as morphisms, and morphisms of spans as
2-morphisms, i.e. 2-morphisms are commutative diagrams of the form

X

SN

I J.

AN

Y

Suppose X is an (0o, 2)-category. A functor ®: F? — X is called left adjointable if for every
morphism f: I — J in F, the morphism f® := &(f): ®(J) — ®(I) in X has a left adjoint fg,
and for every pullback square (2) in I, the canonical (Beck—Chevalley or mate) transformation

;®

90i® — j®fa

is an equivalence.

THEOREM 1.3.1. Restricting along the inclusion F°? — SPAN(F) (of the subcategory containing
only the backwards maps and no non-trivial 2-morphisms) gives a natural equivalence between
functors SPAN(F) — X and left adjointable functors F°P? — X.

This is a special case of a recent result of Macpherson [Mac22], which we review in more gen-
erality below in § 2.2. Another proof is sketched in the book of Gaitsgory and Rozenblyum [GR17]
where this universal property is used to encode a ‘six-functor formalism’ for various categories of
quasicoherent sheaves on derived schemes. Lastly, we note that the analogous result for ordinary
2-categories seems to have been first proved by Hermida [Her00, Theorem A.2].

1.4 The universal property of bispans
We now want to consider a 2-category BISPAN(IF) whose objects are finite sets, with morphisms
given by bispans and 2-morphisms by commutative diagrams of the form

E——B
/ N \
I \ / J "
E —— B
where the middle square is cartesian. If we look at the subcategory where the morphisms are
bispans whose rightmost leg is invertible and with no non-trivial 2-morphisms, we get an inclu-
sion Span(F) — BISPAN(F). A special case of our main result gives a universal property of
BISPAN(F) in terms of this subcategory as follows.

THEOREM 1.4.1. Let X be an (oo,2)-category. Restricting along the inclusion Span(F) —
BISPAN(F) gives an equivalence between functors BISPAN(F) — X and distributive functors
Span(F) — X.

2 This semiring structure is also constructed in [GGN15] by a different method.
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Here a functor ®: Span(F) — X is distributive if:

e for every morphism f: I — J in IF, the morphism f® := &(J L= I) in X has a left adjoint
fa;

e for every pullback square (2) in F, the Beck—Chevalley transformation g4i® — j®fg is an
equivalence;

e for every distributivity diagram (4), the distributivity transformation
helme® — vgue,
which is defined as a certain composite of units and counits, is an equivalence in X.

Note that the only property of F we have used in the definition of distributive functors is the
existence of distributivity diagrams. These exist in any locally cartesian closed oco-category, and
more generally we can consider triples (C, Cr, Cr) consisting of an oo-category € with a pair of
subcategories Cr and €, such that:

e pullbacks along morphisms in Cr and €y exist in €, and both subcategories are preserved
under base change;

e there exist suitable distributivity diagrams in € for any composable pair of morphisms /: x — y
inCr, f: y— zin Cp.

We can then generalize the notion of distributive functors above to that of L-distributive functors
Spany(€) — X, where Span(C) is the co-category of spans in € whose forward legs are required
to lie in Cp. Our main result in this paper is then the following generalization of Theorem 1.4.1.

THEOREM 1.4.2. For (C,Cp,Cr) as above, there exists an (0o, 2)-category
BISPAN 1 (€)
such that:

e objects are objects of C;
e morphisms are bispans
e EN b Y
where f is in Cp and l is in Cp;
e 2-morphisms are diagrams of the form (6);
e morphisms compose as in (5).

The (00, 2)-category BISPAN 1, (C) has the universal property that restricting to the subcategory
Span(C) gives for any (oo, 2)-category X an equivalence between functors BISPANg ,(C) — X
and L-distributive functors Spany(C) — X.

The analogue of this result for ordinary 2-categories (at least in the case where € = Cp = Cy)
is due to Walker [Wall9].

1.5 Equivariant and algebro-geometric bispans
We now look briefly at some examples of Theorem 1.4.2 beyond the case of finite sets, coming
from equivariant and motivic homotopy theory and derived algebraic geometry. These examples
are discussed in more detail in § 3.

Let us first consider the equivariant setting, over a finite group G. In all of our discussion
above it is straightforward to replace the category I of finite sets with the category Fg of
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finite G-sets. The analogue of a commutative monoid is then a functor
M : Span(Fg) — Set

that preserves products. This is (essentially®) the same thing as a Mackey functor [Dre71], an
algebraic structure where for a subgroup H C G we have restrictions M¢ — M and transfers
MH" — MG satisfying a base change property that can be interpreted in terms of double cosets.
Mackey functors play an important role in group theory, and every genuine G-spectrum E has
an underlying Mackey functor moFE.

Similarly, the G-analogue of a commutative semiring is a product-preserving functor
Bispan(Fg) — Set, which is essentially* a Tambara functor [Tam93, Str12, BH18]. This is a
structure that has both an ‘additive’ and a ‘multiplicative’ transfer, satisfying a distributivity
relation. If F is a genuine G- F-ring spectrum, then 7o E has the structure of a Tambara functor
[Bru07].

If we replace the category of sets with the co-category of spaces, a theorem of Nardin® [Nar16,
Corollary A.4.1] shows that connective G-spectra are equivalently product-preserving functors
Span(Fg) — 8 that are grouplike, generalizing the classical description of connective spectra as
grouplike commutative monoids in 8.6

The analogue for ring spectra is also expected to hold: connective genuine G-FE-ring spectra
should be equivalent to product-preserving functors Bispan(Fg) — 8.

Now we turn to the ‘categorified’ versions of these structures: for H a subgroup of G, the
(additive) transfer from H-spectra to G-spectra is classical,” but the multiplicative transfer or
norm was only introduced fairly recently by Hill, Hopkins, and Ravenel as part of the founda-
tional setup for [HHR16]. This inspired a plethora of work on equivariant symmetric monoidal
structures [HH16, GMMO20, Rub17] and its relation to equivariant homotopy-coherent commu-
tativity (in particular, [BH15] and subsequent work on Ny.-operads), culminating from our point
of view in the approach of Barwick et al. [BDGT16], where a G-symmetric monoidal co-category
can be viewed as a product-preserving functor

Span(Fg) — Catwo,

i.e. a ‘categorified Mackey functor’.

If the contravariant (restriction) functors have left adjoints that satisfy base change and
distributivity, Theorem 1.4.2 allows us to upgrade such G-symmetric monoidal structures to
functors from BISPAN(F¢), which encodes the distributive compatibility of multiplicative and
additive transfers. We will see that this applies, in particular, to genuine G-spectra, giving a
‘categorified Tambara functor’ structure on G-spectra.

Next, we look at the motivic setting, where it is more instructive to first work in the cate-
gorified context. By this we mean Ayoub’s construction of a functor from schemes to categories
X — SH(X) which satisfies a full six functors formalism [Ayo07], vastly expanding Voevodsky’s

3 Mackey functors are usually viewed as taking values in Ab rather than Set; since the functor induces commutative
monoid structures on its values, this amounts to asking for these monoid structures to be grouplike. The relation
between Mackey functors in Ab and Set is, thus, analogous to that between abelian groups and commutative
monoids.

4 Again, the usual notion of a Tambara functor takes values in Ab, which gives the equivariant version of a
commutative ring rather than a semiring.

® Building on the description of G-spectra as ‘spectral Mackey functors’, originally due to Guillou and May [GM17].
5 This can be seen as an co-categorical version of more classical descriptions of equivariant infinite loop spaces,
cf. [Shi89, Ost16, MMO17, GMMO19].

7 See e.g. [LMMS86, §11.4].
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notes in [Voe99]; we also refer the reader to the book of Cisinski and Déglise [CD19] for another
exposition, [Hoy17] for an co-categorical enhancement of this construction in the more general
motivic-equivariant setting, as well as the more recent [DG22] for a universal property of this
construction. Here SH(X) denotes the co-category of motivic spectra over a scheme X.

In this context, given a smooth morphism of schemes f: X — Y over a base S, the pullback
functor f*: SH(Y) — SH(X) admits a left adjoint, fy: SH(X) — SH(Y"). This is a categorified
version of the additive pushforward: if f is the fold map V: Y™ — Y, then V4 computes the
I-indexed direct sum. The compatibility of fy with pullbacks yields a functor

SH: Spang,, (Schg) — Catec. (7)

An important additional functoriality of SH was recently discovered by Bachmann and Hoyois
in [BH21]: given a finite étale morphism f: X — Y we have the multiplicative pushforward or
norm fg: SH(X) — SH(Y'), which in the case when f is the fold map computes the I-indexed
tensor product. This also satisfies base change, and so can be encoded by a functor

SH: Spang, (Schg) — Catoo, (8)

which leads to the correct notion of a coherent multiplicative structure in motivic homotopy
theory, a normed motivic spectrum, as a section of the unstraightening of (8) that is cocartesian
over the backwards maps in Spang, (Schg).

The motivic bispan category should combine these two structures, giving an additive push-
forward along smooth morphisms and a multiplicative pushforward along finite étale morphisms.
For technical reasons (due to the non-existence of Weil restriction of schemes in general), for
our motivic bispan categories we either have to restrict to morphisms between schemes that are
smooth and quasiprojective or work with algebraic spaces. Thus, we consider 2-categories of the
form BISPAN¢ o (AlgSpcg) where AlgSpcg means the category of algebraic spaces over S, and
we promote SH to a functor

SH: BISPAN¢¢; ¢m(AlgSpcg) — Catog; 9)

see Theorem 3.5.9.

The decategorification of the above structure has been studied by Bachmann in [Bac21].
Working over a field, and restricting to a category of bispans between smooth schemes,
Bispang; ¢, (Smy), Bachmann proved that the structure of a normed algebra in the abelian
category of homotopy modules (the heart of the so-called homotopy t-structure on motivic spec-
tra) is encoded by certain functors out of this bispan category to abelian groups (appropriately
christened motivic Tambara functors), at least after inverting the exponential characteristic of k.

We also note that there is a discrepancy with the classical and finite-equivariant story:
finite étale transfers are a priori not sufficient to encode the structure of a motivic spectrum.
Instead, the correct kind of transfers are framed transfers in the sense of [EHK'21]. In particular,
the category of framed correspondences, where the backward maps encode framed transfers, is
manifestly an oco-category. In other words, the additive and multiplicative transfers are rather
different in the motivic story; for example, we do not know if the space of units of a normed
motivic spectrum has framed transfers (see [BH21, §1.5] for a discussion). For us, this means
that a more robust theory of bispans in the motivic setting which encodes framed transfers is
open for future investigations.

Finally, we consider an example in the context of derived algebraic geometry: If Perf(X)
denotes the co-category of perfect quasicoherent sheaves on a spectral Deligne-Mumford stack,
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Barwick [Barl7] has shown that the pullback and pushforward functors extend to a functor
Perf: Spangp(SpDM) — Cateo,

where SpDM is the oco-category of spectral Deligne-Mumford stacks and FP is a certain class of
morphisms (for which pushforwards preserve perfect objects and base change is satisfied). We
promote this to a functor of (0o, 2)-categories

BISPAN{y, g9 (SpDM)**P — CAT,

using a multiplicative pushforward functor for finite étale maps (which exists by results of
Bachmann and Hoyois [BH21]), where FP' is a certain subclass of FP for which Weil restrictions
exist.

1.6 Norms in algebraic K-theory

A combination of the present work and [BGMN21] produces concrete examples of Tambara
functors valued in 8, the oo-category of spaces, via (connective) algebraic K-theory, which we
discuss in §4. The motivation for our results traces back to classical representation theory: given
a finite group G, the classical representation ring of GG is a certain Grothendieck ring:

Rep(G,C) = Ko(Fun(BG, Vectld)). (10)

In particular, the tensor product of representations induces the multiplicative structure on
Rep(G,C). It is natural to consider the formation of representation rings as a functor in G,
where the functoriality encodes various operations in representation theory such as induction and
restrictions. From this viewpoint, one can enhance the multiplicative structure on Rep(G, C) to
one parametrized by cosets: if K C G is a subgroup, then we have a map given by the operation
of tensor induction:

Rep(K,C) — Rep(G,C), V= ®q/kV.

As reviewed in Example 3.4.18, all of this functoriality can be encoded as a functor out of a
bispan category formed out of finite G-sets.

Representation theory with ‘fancy coefficients’ entails replacing the category Vect%1 with
a more sophisticated symmetric monoidal (co-)category €. This line of investigation arguably
began with the subject of modular representation theory, which takes € to be Vectﬁ-c; . This is

especially subtle when G is a p-group because of the failure of the category Fun(BG, VectIfF(i) to
be semisimple. More recently, Treumann has also considered replacing vector spaces with KU-
module spectra, thus taking € to be Perfxy where KU is the Eo-ring spectrum representing
complex topological K-theory [Trel5]; his work suggests that, up to p-completion, representation
theory over KU is, in a precise way, a smooth deformation of representation theory over the p-adic
integers [Trelb, 1.7].

In light of the last example, which is homotopical in nature, it is natural to consider the
K-theory space Q*°K (Fun(BG,C)) for C a small stable oo-category; its homotopy groups are
the higher K-groups. Using the universal property of bispans, coupled with the main result of
[BGMN21], we offer the following result concerning its functoriality in the variable G.

THEOREM 1.6.1. Let G be a finite group and C a symmetric monoidal co-category, then the
presheaf on G-orbits:

O®Kg(€): O -8 G/H — QK (Fan(BH, €)),
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extends canonically as
Q@ Kq(€)

oy — S.
l ////’///5/2“}?6(8)
Bispan(Fq)

The proof of Theorem 1.6.1 is quite simple given our main theorem: we use this to deduce
that Fun(BG, €) upgrades to a functor out of bispans into the oco-category of oo-categories.
Using a general criterion which we detail in §4.2, we prove that the multiplicative pushforward
enjoys the property of being a polynomial functor in the sense of Goodwillie calculus. A recent
breakthrough of Barwick et al. [ BGMN21] proves that the formation of algebraic K-theory spaces
is functorial in polynomial functors, which then gives Theorem 1.6.1.

We believe that Theorem 1.6.1 could have computational significance. Using an equivariant
analogue of [BH21, Example 7.25], Theorem 1.6.1 produces genuine-equivariant power operations
on these representation-theoretic gadgets. In particular, the coherence afforded by the language
of bispans results in relations between these operations.

By exactly the same methods we also show that the algebraic K-theory of a genuine G-FEqo-
ring spectrum is also a Tambara functor valued in 8. The latter are expected to be precisely the
connective G-FE-ring spectra, and given this we prove the following result.

THEOREM 1.6.2 (see Theorem 4.3.7). The formation of algebraic K-theory preserves G-Eo-
rings.

We believe this is a completely new structure on algebraic K-theory in equivariant homotopy
theory that significantly extends several recent results in the literature; see Remark 4.3.8.

In the algebro-geometric context the same method also shows that, for instance, the algebraic
K-theory of schemes (or more generally spectral Deligne-Mumford stacks) has multiplicative
transfers along finite étale morphisms.

1.7 Notation
This paper is written in the language of co-categories. We use the following reasonably standard
notation:

e 3 is the co-category of spaces, i.e. co-groupoids;

e Cat, is the co-category of co-categories;

e CAT is the (00, 2)-category of oo-categories;

o Cat(,9) is the oo-category of (oo, 2)-categories;

e if C and D are oo-categories or (0o, 2)-categories, we write Fun(C, D) for the oo-category of
functors from C to D;

e if C and D are (o0, 2)-categories, we write FUN(C, D) for the (oo, 2)-category of functors from
C to D;

o we write (—)1): Cat (o 2) — Caty for the functor taking an (oo, 2)-category to its underlying
oo-category (thus, ()1 is right adjoint to the inclusion of Cate, into Cat(o2));

e we write (-) for the functors Caty, — § and Cat( ) — 8 taking an oo-category or (o0, 2)-
category to its underlying co-groupoid;

e if Cis an co-category and x and y are objects of €, we write Mape(z,y) for the space of maps
from x to y in C;

e if Cis an (00, 2)-category and = and y are objects of C, we write MAPg(x, y) for the co-category
of maps from z to y in C;
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e if X is an (o0, 2)-category we write X°P for the (o0,2)-category obtained by reversing the
morphisms in X and X?°P for that obtained by reversing the 2-morphisms.

We also adopt the following standard notation for functors between slices of an co-category C:

e if f: 2 — y is a morphism in €, we have a functor

N:Cp—Cyy

such that fi(t — x) =t — = — y, i.e. given by composition with f;
e if pullbacks along f exist in €, then fi has a right adjoint

€ — Cy
e if f* has a further right adjoint, this will be denoted by
Fe: €= Gy

(this right adjoint exists for all f precisely when C is locally cartesian closed, for example if €
is an co-topos).

2. Bispans and distributive functors

2.1 (oo, 2)-categories and adjunctions
Throughout this paper we work with (0o, 2)-categories, and in this section we review some basic
results we use from the theory of (oo, 2)-categories, particularly regarding adjunctions. There
are several equivalent ways to define these objects and their homotopy theory, including Rezk’s
©2-spaces [Rez10] and Barwick’s 2-fold Segal spaces [Bar05]. We can also view (oo, 2)-categories
as oo-categories enriched in oco-categories, which can be rigidified to categories strictly enriched
in quasicategories (see [Haulb]); the latter is the model used in the papers of Riehl and Verity.
We will not review the details of any of these constructions here, as we do not need to refer to
any particular model of (00, 2)-categories in this paper.

We will, however, use the Yoneda lemma for (co,2)-categories, which is a special case of
Hinich’s Yoneda lemma for enriched oo-categories [Hin20].

THEOREM 2.1.1 (Hinich). For any (oo,2)-category X there exists a fully faithful functor of
(00, 2)-categories

yx: X — FUN(X?,CAT )
such that for any functor ®: X°P — CAT, there is a natural equivalence of co-categories

®(d) ~ MAPpyn(xer,cAT.) (Yx(d), @).

Remark 2.1.2. Hinich’s work does use a specific model for (oo, 2)-categories, namely a certain
definition of enriched oo-categories specialized to enrichment in Cats,. Hinich’s definition has
been compared to the original one of Gepner and Haugseng [GH15] by Macpherson [Mac21], and
for enrichment in Cato, the latter is equivalent to complete 2-fold Segal spaces [Haul5], which,
in turn, is known by work of Barwick and Schommer-Pries [BSP21] to be equivalent to most
other approaches to (0o, 2)-categories (including the complicial sets of Verity by recent work of
Gagna, Harpaz, and Lanari [GHL22]).

Recall that there exists a universal adjunction. This is a 2-category ADJ with two objects
— and + and generated by 1-morphisms L: Al = {— — +} - ADJ and R: Al = {+ — -} —
ADJ such that L is left adjoint to R; see [RV16] for an explicit combinatorial definition of
this 2-category. An adjunction in a 2-category can then equivalently be described as a functor
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from ADJ. This universal property also holds in (0o, 2)-categories, where we can formulate it
more precisely as follows.

THEOREM 2.1.3 (Riehl-Verity). Given an (00, 2)-category X, the induced maps of spaces
L*7 R* : MapCat(oo,g) (ADJ7 x) - MapCat(oog) (A17 x)?
are both inclusions of components whose images are the subspaces

1\/[apéa.t(ooY (Al? x)7 Mapgat(wg) (Al’ x) C MapCat(oo,g) (Al? x)

2)

spanned by those functors that are left and right adjoints, respectively.

For details, see [RV16, Theorems 4.3.11 and 4.4.18]. See also [HNP19] for an alternative
proof, using the cotangent complex of (oo, 2)-categories.

We need to upgrade this to a statement about (0o, 2)-categories rather than just co-groupoids.
This follows from the next observation, which identifies the morphisms and 2-morphisms in the
(00, 2)-category of adjunctions using some results from [Hau2l]; to state this we need some
terminology that will be important throughout the paper.

DEFINITION 2.1.4. Let X be an (00, 2)-category and consider a commutative square
/ g y/

1

in X. If g and ¢’ are left adjoints, with corresponding right adjoints h and h’, then we can use
the units and counits of the adjunctions to define a mate (or Beck—Chevalley) transformation
&h' — hn as the composite

N

Eh' — hgéh' ~ hng'h' — hn.

We say the square is right adjointable if this mate transformation is an equivalence. Dually, if g
and ¢’ are right adjoints, with left adjoints f and f’, we say the square is left adjointable if the
mate transformation

fn— fng'f' = fo&f — &f
is an equivalence.

PROPOSITION 2.1.5. Let X and Y be (0o, 2)-categories. A 1-morphism in the (oo, 2)-category
FUN(X,Y), i.e. a natural transformation n: F — G of functors F,G: X — Y, is a right (left)
adjoint if and only if:

1) for every object x € X, the morphism n,.: F(x) — G(x) is a right (left) adjoint in Y;
n
(2) for every morphism f: x — 2’ in X, the commutative square

F(z) —— G(x)

lF(f) lG(f)

F&) " G
is left (right) adjointable.

Proof. We consider the case of right adjoints; the left adjoint case can be proved similarly, and
also follows by duality. Let FUN(X, Y)jax denote the (oo, 2)-category of functors from X to Y
with lax natural transformations as morphisms (see [Hau21, § 3] for a precise definition). We can
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view the natural transformation n as a morphism in FUN(X,Y)x. By [Hau2l, Theorem 4.6]
it has a right adjoint here if and only if 7, has a right adjoint in Y for every x € X; this right
adjoint is given on morphisms by taking mates. If 7 has a right adjoint p in FUN(X,Y), then by
uniqueness this is also a right adjoint in FUN(X, Y)j.x; hence, n must be given objectwise by left
adjoints and the naturality squares of p are the corresponding mate squares: in particular, these
mate squares must commute, so conditions (1) and (2) hold. Conversely, if these conditions hold
for n then n has a right adjoint p in FUN(X, Y).x and the lax naturality squares of p actually
commute. By [Hau21, Corollary 3.17] this means that p is in the image of the canonical functor
FUN(X,Y) — FUN(X, Y)jax; moreover, this functor is locally fully faithful so the unit and counit
of the adjunction also lie in FUN(X, Y), and so n has a right adjoint in FUN(X, Y), as required. [

Notation 2.1.6. Let X be an (0o, 2)-category. We write FUN(A!, X)!24 for the locally full sub-
(00, 2)-category of FUN(A!,X) whose objects are the morphisms that are left adjoints and
whose morphisms are the right adjointable squares. Similarly, we write FUN(A!, f)C)radj for the
sub- (o0, 2)-category of right adjoints and left adjointable squares.

COROLLARY 2.1.7. The functors L*, R*: FUN(ADJ,X) — FUN(A!Y, X) identify the (oc,2)-
category FUN(ADJ,X) with the sub-(co,2)-categories FUN(A!, X)ad and FUN(A!, X)rad
respectively.

Proof. We consider the case of left adjoints; the proof for right adjoints is the same. For any
(00, 2)-category Y we have the following natural commutative square:

Map(Y, FUN(ADJ, X)) —~ Map(ADJ, FUN(Y, X))

= 5

Map(Y, FUN(A!, X)) —=— Map(A!, FUN(Y,X)).

Here Theorem 2.1.3 implies that the right vertical map is a monomorphism of co-groupoids with
image the components of Map(A!, FUN(Y, X)) that correspond to left adjoints in FUN(Y, X).
Using Proposition 2.1.5 we can identify these as precisely those in the image of the subspace
Map(Y, FUN(A!, X)"84) under the bottom horizontal equivalence. By the Yoneda lemma it
follows that L*: FUN(ADJ,X) — FUN(A!, X)!adj is an equivalence. O

2.2 Adjointable functors and spans

In this section we introduce (left and right) adjointable functors and review the universal property
of (o0, 2)-categories of spans in terms of these.

DEFINITION 2.2.1. A span pair (C,Cp) consists of an co-category € together with a wide sub-
category Cp (i.e. one containing all objects and equivalences) such that given morphisms z ERN Y

in Cp and 2 L y in C, the pullback

f/
JTXyZ*}Z

g'l B 9

r—1 .y
exists in €, and moreover f’is also in Cp. If (€, Cr) and (€, €f) are span pairs, then a morphism
of span pairs (C,Cr) — (¢, C%) is a functor ¢: € — €’ such that ¢(Cp) C € and ¢ preserves

pullbacks along morphisms in €r. We write Pair for the co-category of span pairs, which can be
defined as a subcategory of Fun(A!, Caty,).
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Given a span pair (C,Cr) we can, as in [Barl7, §3|, define an co-category Spany(C) whose
objects are the objects of €, with morphisms from x to y given by spans

N

where f is in Cp; we compose spans by taking pullbacks. Following [Haul8, § 5] we can upgrade
this to an (o0, 2)-category SPANr(C) whose 2-morphisms are morphisms of spans, i.e. diagrams

z

I\
N

Zl

T

in G, where z — 2’ can be any morphism in C.

WARNING 2.2.2. In [Haul8], the (oo, 2)-category of spans in € was denoted Span] (C), while
SPAN,,(€) was used for an n-uple co-category of spans.

Remark 2.2.3. In the (0o, 2)-category SPANf(C), every morphism of the form
[flB ==z RPN
with f in Cp has a left adjoint, namely the reversed span

f]F::zﬁzLx.

—

The counit is the 2-morphism

[flrof]s
/ ~
AN
and the unit is "
I
\ /
[flB o [f]F,

where the fibre product x X,  is over two copies of f and A is the corresponding diagonal.

The (00, 2)-category SPAN(C) enjoys a universal property: roughly speaking, it is obtained
from C°P by freely adding left adjoints for morphisms in (Cr)°P. To state this more precisely, we
need some definitions.

DEFINITION 2.2.4. Let (€, Cr) be a span pair and X an (oo, 2)-category. A functor ®: €°P — X is
left F-preadjointable if for every morphism f: x — y in € the I-morphism f® := ®&(f): ®(y) —
®(z) in X has a left adjoint fg in X.
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DEFINITION 2.2.5. We say that ® is left F-adjointable if it is left F-preadjointable and for every
cartesian square

| f lg (11)

r—>Y,

in € with f in Cp, the commutative square

8(z) 75 B(a x, 2)

in X is left adjointable. We write Mapp j,q;(€°P,X) for the subspace of Map(C°?, X) whose
components are the left F-adjointable functors.

Remark 2.2.6. In other words, ® is left F-adjointable if for every cartesian square (11) with f
in Cr, the Beck—Chevalley transformation

f59'® = % fa (12)
is an equivalence.

THEOREM 2.2.7 (Gaitsgory and Rozenblyum [GR17], Macpherson [Mac22]). Let (C,Cg) be a
span pair, and let X be an (oo, 2)-category. The inclusion of the backwards maps C°P —
SPANr(C) gives a monomorphism of co-groupoids

Map(SPANE(C), X) — Map(C°, X)
with image Map g 1,q;(CP, X).

Remark 2.2.8. In [GR17], Gaitsgory and Rozenblyum make use of this universal property of
spans in order to encode the functoriality of various co-categories of coherent sheaves on derived
schemes. They also sketch a proof of Theorem 2.2.7 using a particular construction of SPANg(C).
Macpherson [Mac22] has recently given an alternative, model-independent (and complete) proof.
Roughly speaking, Macpherson’s approach is to first show there exists an (oo, 2)-category that
represents left adjointable functors and then use the universal property to prove that this repre-
senting object has the expected description in terms of spans. The universal property has also
been extended to higher categories of iterated spans by Stefanich [Ste20)].

VARIANT 2.2.9. If X is an (o0, 2)-category, then we have an equivalence of underlying
oo-categories

XMW~ (xZory (D),

while a 1-morphism in X is a right adjoint if and only if it is a left adjoint in X%°P. We therefore
say that a functor ®: C°P — X is right F-adjointable if the 2-opposite functor

2
eop o (Eopy2or 22, y2op

is left F-adjointable. Theorem 2.2.7 then tells us that the right F-adjointable functors correspond
to functors SPANp(€)%°P — X.
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VARIANT 2.2.10. We say a functor ®: € — X is right F'-coadjointable if the 1-opposite functor
PP QP — P

is left F-adjointable. Theorem 2.2.7 then tells us that the right F-coadjointable functors corre-
spond to functors SPAN(€)°P — X. We can also combine both variants, and say that ®: ¢ — X
is left F'-coadjointable if

JHop,2-op
_

P ~ eop,2-op xop,Q-op

is left F-adjointable. The left F-coadjointable functors then correspond to functors
SPAN(@)°P:2-0P — X,

Remark 2.2.11. Unpacking the definition, and recalling that reversing the 1-morphisms in
an (00, 2)-category swaps left and right adjoints, we see that a functor ®: € — X is right
F-coadjointable if for every morphism f: z — y in Cp the 1-morphism fg := ®(f): ®(z) — ®(y)
in X has a right adjoint f®, and for every pullback square (11) the square

fo

is right adjointable. Note that this is not the same as ® being right F-adjointable in the previous
sense: this condition would involve adjointability for pushout squares in C; indeed, to even be
defined this condition would require (C°P, G%p) to be a span pair, which may well not be the case.

2.3 The (oo, 2)-category of spans

For the sake of completeness, in this subsection we include a proof of Theorem 2.2.7. However,
our argument is at most a minor variation of the proof of Macpherson [Mac22] and we make no
claims to originality. We start by observing that the presentability of Cat(., o) implies that left
F-adjointable functors are corepresented by some (0o, 2)-category.

PROPOSITION 2.3.1. Let (C,Cp) be a span pair, with C a small co-category. Then the functor
Map jaqi(C, -): Cat(og2) — 8
is corepresentable by a small (0o, 2)-category SPANE(C), so that there is a natural equivalence
Map g 1,45 (C, X) =~ Mapcyy, . ) (SPANR(C),X) (13)
for any X € Cat (s 2)-

Proof. The oo-category Cat(,2) is presentable, for instance because it can be described as
presheaves on O satisfying Segal and completeness conditions, which gives an explicit presen-
tation as an accessible localization of an oo-category of presheaves. To prove that a copresheaf
on Caty, 9) is corepresentable it therefore suffices by [Lur09, Proposition 5.5.2.7] to show that
it is accessible and preserves limits.

We first show that this holds for the copresheaf Map g j,1eqq;(C°P, —) of left F-preadjointable
functors. By definition, a functor € — X is left F-preadjointable if it takes every morphism in X
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to a left adjoint in X. We can therefore write Map g jeaq;(C°P, X) as the pullback

Map r.1preadj (€5 X) —————— Mapcy, _, (C°P,X)

l J{(f*)fes

HfGS MapCat(w,z) (ADJ7 x) L) HfGS MapCat(oo12> (Alv x)

where the product is over the set S of equivalence classes of morphisms in Cr and R: A — ADJ
is the inclusion of the right adjoint of the universal adjunction. From this description, it is
immediate that Map . jpeaq;(C€°P, X) preserves limits in X, since this is clear for the other three
corners of the square. Moreover, since Cat  9) is presentable we can choose a regular cardinal x
such that S is k-small and the objects C°P, ADJ, and A! are all k-compact in Cat(oo,2)- Then we
see that Map p_jpreadj(C°P, —) preserves r-filtered colimits, since the other corners of the pullback
square do so (as k-filtered colimits in § commute with x-small limits, such as our product over S).

For Mapp. 1,4;(C°?,X) we impose the additional requirement that every cartesian square
(11) in € where the horizontal maps are in Cp is taken to a left adjointable square in X. By
Proposition 2.1.5 the left adjointable squares are the right adjoints in DCAl, so if §" denotes the
set of equivalence classes of relevant cartesian squares in C, we can write Map F_ladj(GOP, X) as
the following pullback:

MapF'ladj (eop’ x) MapF—lpreadj (eop) x)

l l

(Rxid)*
[Ts Mapcy,_, (ADJ x A1, %) "% [Tg, Mapg,,_, (A! x AL,X).

The same argument as for left F-preadjointable maps now implies that the presheaf
Map F_radj(e,f) is also accessible and preserves limits and, hence, is corepresentable. ]

Remark 2.3.2. The identity of SPANf(C) corresponds under (13) to a left F-adjointable functor
i: C? — SPANg(C),
such that the equivalence (13) arises by restriction along i.

Remark 2.3.3. From the universal property we immediately obtain a functor from span pairs
to (00, 2)-categories: for any (oo, 2)-category X, composition with a morphism of span pairs
¢: (C,Cp) — (€, C%)) restricts to a morphism

MapF’—ladj<€/7 x) - MapF—ladj(e7 x)v
natural in X € Cat(, ). We obtain a functor
Map ) jaq;(— ) Pair®® x Cat(2) — 8.

Proposition 2.3.1 says that the corresponding functor Pair®® — Fun(Cat(oog), 8) takes values in
corepresentable copresheaves, and so by the Yoneda lemma factors through a canonical functor
SPAN: Pair — Cat(o 2)-

We can upgrade the equivalence of Proposition 2.3.1 to a statement at the level of (oo, 2)-
categories, rather than just co-groupoids. To state this we first need some notation.

DEFINITION 2.3.4. Let (C,Cr) be a span pair and X an (0o, 2)-category. We say that a natural
transformation 7: C°P x Al — X is left F-adjointable if it corresponds to a left F-adjointable
functor C°° — FUN(A!, X). From Proposition 2.1.5 it follows that 7 is left F-adjointable if and
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only if the components ng,n; are both left F-adjointable, and for every morphism f: z — y in
Cr, the following naturality square is left adjointable.

m0(y) f*®> no(x)

My Nz
f@
m(y) —— m(x)
Let Fung.jaq;(C°?,X) denote the subcategory of Fun(C°P,X) whose objects are the left
F-adjointable functors and whose morphisms are the left F-adjointable transformations. From
Proposition 2.1.5 we also know that a morphism € x Co — X (where Cy is the 2-cell) corresponds
to a left F-adjointable morphism € — FUN(Cy, X) if and only if the component functors and nat-
ural transformations are left F-adjointable. We therefore write FUN p_1,45(C°P, X) for the locally
full sub- (o0, 2)-category of FUN(C,X) whose underlying oo-category is Fung._1aqj(CP, X).

COROLLARY 2.3.5. Let (C,Cp) be a span pair and X an (oo, 2)-category. Composition with
i: C°P? — SPANR(C) gives an equivalence of (0o, 2)-categories
FUN(SPAN#(€), X) = FUN pjaq;(C°P, X).
Proof. For any (oo, 2)-category Y we have a natural equivalence
Map(4, FUN(SPAN£(€), X)) &~ Map(SPAN#(€), FUN(Y, X))
~ Mapp.1,q;(C°?, FUN(Y, X))
~ Map(Y, FUN p_11q;(C°P, X)),

where the last equivalence follows from the description of adjoints in functor (oo, 2)-categories
in Proposition 2.1.5. O

VARIANT 2.3.6. Using analogous notation for right F-coadjointable functors, we have a natural
equivalence

FUN £_rcoadj (€, X) ~ FUN(SPAN £ (€)°P, X).

As a first step toward getting a handle on the (oo,2)-category SPANE(C) we have the
following observation.

LEMMA 2.3.7. The functor i: C°%° — SPANp(C) (corresponding to the identity under (13)) is
essentially surjective.

Proof. Let J denote the full sub-(oo,2)-category of SPANg(C) spanned by the objects in the
image of 4. Then 7 factors through i': €°? — J, and 4’ is again left F-adjointable (since the relevant
adjoints and 2-morphisms all live in J). Hence, i’ corresponds to a functor SPANr(€) — J such
that the composite

SPANp(€) — 7 — SPANp(C)

is the identity. It follows that the inclusion of J must be essentially surjective, which means that
1 is also essentially surjective. (|

To get a handle on the oo-categories of morphisms in SPANg(C), we will use two further
ingredients: (1) the Yoneda Lemma for (oo, 2)-categories (Theorem 2.1.1) due to Hinich; and
(2) the construction of the free (co)cartesian fibrations due to Gepner, Nikolaus, and the second
author [GHN17]. Applying the Yoneda lemma to SPANg(C) we get a canonical family of left
F-adjointable functors to CAT,.
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ProprosiTION 2.3.8. There is a left F-adjointable functor
Y: COP — FUNF_rcoadj(G, CATOO)

such that for any right F-coadjointable functor (in the sense of Variant 2.2.10) ®: € — CAT
there is a natural equivalence

P (c) ~ MAP poreoadj(Y(c), ),
where the latter denotes the co-category of right F-coadjointable natural transformations.
Proof. Applying Hinich’s Yoneda embedding (Theorem 2.1.1) to SPANf 1(C) we get a functor
y: SPANp(C) — FUN(SPANE(C)P, CAT ).
By Proposition 2.3.1 this corresponds to a left F-adjointable functor
Y: CP? — FUN(SPANE(C)?, CAT«) =~ FUNp_rcoadj(C, CAT )

via the equivalence of Variant 2.3.6. Translating the universal property of representable
presheaves through the latter equivalence now gives the result. (|

To proceed further, we will work unstraightened, i.e. with the cocartesian fibrations
corresponding to Y(c): € — Cateo.

LEMMA 2.3.9. The straightening equivalence
Fun(C, Caty) =~ Cat‘;g%rt
identifies the subcategory Funp._;coaqj(C, CAT ) with a full subcategory

F-rcoadj cocart+F-cart ,__ cocart cart
Catoo/e - Catoo/e = Catoo/e X Catos ¢ 5 Catoo/eF,

where the right-hand side is the oco-category of cocartesian fibrations over C that have carte-
sian morphisms over Cr, and whose morphisms are functors over C that preserve cocartesian
morphisms as well as cartesian morphisms over Cp.

Proof. By [Lur09, Corollary 5.2.2.4] a cocartesian fibration to € has cartesian morphisms over
Cp if and only if it has locally cartesian morphisms over Cr, which is equivalent to the cor-
responding morphisms in Cats having right adjoints (cf. [Lur09, Definition 5.2.2.1]). Thus,
the unstraightening of a right F-coadjointable functor gives an object of CatggiagHF ~eart,
Moreover, by [Lurl7, Proposition 4.7.4.17] a morphism over € that preserves cocartesian
morphisms and cartesian morphisms over Cr corresponds to a natural transformation whose nat-
urality squares over Cg are right adjointable, which is precisely the requirement for coadjointable

natural transformations. O

DEFINITION 2.3.10. For c € C, let Y. — C denote the cocartesian fibration classified by the right
F-coadjointable functor Y(c): € — Cat, that corresponds via Proposition 2.3.8 to the functor
SPANE(C)°P — CAT represented by i(c).

The idea is now to construct a ‘candidate’ for Y. using a result from [GHN17] together with
the following observation.

LEMMA 2.3.11. Ifp: € — C is a functor such that € has p-cartesian morphisms over morphisms
in Cp, then the functor

Funfécart((?fx, €) — Fun e({z},€) ~ &,
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given by restriction along the inclusion
{a} = {id,} — ef,
F

is an equivalence, where C /o denotes the full subcategory of €, spanned by morphisms to

in Cp, and Funf Cart(e/x, &) is the full subcategory of Fun/@(C‘,’/I7 &) spanned by functors that

preserve cartesian IHOI'phISHlS over @F .

Proof. We use the results on relative Kan extensions from [Lur09, §4.3.2]. For every object

fry—xof GZ the oo-category

{:L'}f/ ={z} Xef_‘w (Gfaz)f/ ~ Mapefm(f, id;)

is contractible, since id, is a terminal object in sz. Hence, a morphism

{z}}, ~Al ¢

is a p-limit if and only if it’s a cartesian morphism by [Lur09, Example 4.3.1.4]. It follows that a
functor @: Gfx — & over C is a p-right Kan extension from {z} if and only if for every f: y — x
in Cp it takes the unique morphism f — id, (which is cartesian over f) to a cartesian morphism
in €. By the 3-for-2 property of cartesian morphisms this is equivalent to ® preserving cartesian
morphisms over Cr. Hence, [Lur09, Proposition 4.3.2.15] implies that, since € has p-cartesian
morphisms over Cg, the functor Fun /@((‘37; ,€) — Fune({x}, €) restricts to an equivalence from

F-cart(e 8) 0

the full subcategory Fun /e Ja

CONSTRUCTION 2.3.12. Since Y. corresponds to a right F-coadjointable functor, it has cartesian
morphisms over Cg. Applying Lemma 2.3.11 to Y. and x = ¢, we see that there is a unique

commutative square
Y

such that the top horizontal functor preserves cartesian morphisms over Cr and takes id, in C‘ffc
to the identity morphism id;.) in SPANg(C)(i(c),i(c)) = Ye,c-

Now since Y. — C is also a cocartesian fibration, we can extend this to a unique functor from
the free cocartesian fibration [GHN17, Theorem 4.5]

B :=CJ, xe el - e, (14)
giving a unique commutative triangle

B, — Y,

NS

where the horizontal functor preserves cocartesian morphisms and restricts to o, on €% Jer

Remark 2.3.13. To understand the (o0,2)-category SPANp(C), we are going to show that
the functor «. is an equivalence. The explicit construction of the oco-category B, in (14)
allows us to unpack it easily, revealing the expected definition of spans. We carry this out as
follows.

2346

https://doi.org/10.1112/S0010437X23007388 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007388

ON DISTRIBUTIVITY IN HIGHER ALGEBRA [: THE UNIVERSAL PROPERTY OF BISPANS

e An object of B, consists of an object x EN cin Cfc, i.e. a morphism f to ¢ in Cp, together with
a morphism from x in C; in other words, it is precisely a span

f

g
y—2x >c
with f in Cp. The functor (14) to C takes this to the object y.
e A morphism from this object to another object
g s f
Yy —c

in the fibre B, . consists of a morphism

in €/, and a commutative triangle

in €, i.e. precisely a morphism of spans

e Moreover, the cocartesian morphism over y 1, y/ in € is given by composition in €1 and so
takes the span

g
Yy—x —c

to

) ng f
Yy — 1 > cC

To prove that a. is an equivalence we want to use the universal property of Y. (i.e. the
Yoneda lemma) to produce a functor f.: Y. — B., which will be the inverse of a,. This requires
knowing the following.

PRrOPOSITION 2.3.14. The functor B.: € — Caty classifying the cocartesian fibration B, — C
is right F'-coadjointable.

Proof. For f: x — y in C, let us denote the value of B, at f by
f@): Bm,c — By,c?

here B, . can be identified with the fibre product C/, xe (?FC , and the functor fg is given by
composing with f in the first factor, i.e.

g fog
T 2—C —  Yy<e—z—cC
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We first prove that the functor B, — € is cartesian over Cp. In other words, we must show that
for every morphism ¢: ' — y in Cpg, the functor

b@: By e — Bye,
has a right adjoint, which we will denote by ¢®. To see that ¢ has a right adjoint it suffices

(by a reformulation of [Lur09, Lemma 5.2.4.1]) to show that for any span o = (y < z ER c) (f
in Cp), the oco-category By cjo =By e X3, By/o has a terminal object.
An object of B is a commutative diagram of the form
Y %

| h .
Y T

with the full subcategory €/, Xe,, ch of €/, spanned by

y',c/o

~

.<7

More formally, we can identify B, ./,

morphisms z’ — x such that ' — x — cis in €p. The fibre product B,/ ./, we can then identify
with the full subcategory of €/,, where p is the diagram y' — y < x, spanned by commutative

squares
’

X
y ——

—_—

QLR

such that the composite 2’ — x — ¢ lies in Cp. A terminal object in @ /p 1 precisely a fibre
product = X, y', which exists since by assumption € admits all pullback along ¢. Moreover, this
terminal object lies in the full subcategory B since the projection x X,y — x is a base
change of ¢ and so lies in Cp.

To complete the proof we must show that given a pullback square

gl
|3

—
y —2

y'c/o

Yy

| (16)
Y

in € with ¢ in Cp, the Beck—Chevalley transformation

F90® — ¢®g

is an equivalence. Evaluating at a span § < x — c¢ this transformation is given by the canonical

dashed map in the diagram
y 17
h % L//,
Y

~

where the two squares containing squiggly arrows are cartesian. Since the square (16) is by
assumption cartesian, it follows from the pasting lemma for pullback squares that this is indeed
an equivalence. O
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Translating Proposition 2.3.8 through the equivalence of Lemma 2.3.9, we see that
Proposition 2.3.14 implies that any object X € B, over ¢’ € € corresponds to a morphism
Yo — Be. In particular, we have the following result.

COROLLARY 2.3.15. There is a canonical functor B.: Y. — B. over € corresponding to the
identity span of c; this preserves cocartesian morphisms and cartesian morphisms over Cp.

We now need to prove that the functor a, has the same property.

PRrROPOSITION 2.3.16. The functor a.: B. — Y. over C preserves cocartesian morphisms and
cartesian morphisms over Cp.

Remark 2.3.17. For the proof we first need to discuss the naturality of Beck—Chevalley transfor-
mations in the following situation: suppose we have a commutative triangle of co-categories

e —~f 7

N

where p and ¢ have both cartesian and cocartesian morphisms over f: a — bin B, but F' does not
necessarily preserve these. We write fi for the cocartesian pushforward and f* for the cartesian
pullback along f for both p and ¢ (so the functor f; is left adjoint to f*). Then we can make the
following commutative diagrams for x € €,, y € &;.

Foe —— Ff*fix Ff*y —— f*Fy
| | | |
JfiFs — ['Ffie  fFf'y — ff*Fy (17)
| | | |
hFx —— Ffx Fhffy —— Fy

In particular, the top left and bottom right squares here encode the compatibility of F' with the
units and counits of the two adjunctions fi 4 f*. Now suppose we have a commutative square

!/ f, b/

a
ng g
f
a——b
where p and ¢ have cocartesian morphisms over f, f/ and both cartesian and cocartesian mor-
WL

phisms over g,¢’. Then we claim that the two Beck-Chevalley transformations f/¢™* — g* fi,
intertwined by F', are related by a commutative diagram

HF(g"X)
/ \
flg" F(X F(flg™X)
| | (18)
g hFX F(g*fiX).

\ /
g F(fiX)
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This can be extracted from the following diagram, where we have used (17) together with

naturality:
fIFg*X
— | T
Hg*FX Fflg"X
g*g!fgi’*FX — g fiFg*X
9 fi919" FX < g*figiFg" X gaFflg*X  Fg'aflg*X
| |
g HEX —— g*szg’ 9" X gF g}‘(g’*X F g*fi{ 9" X
~ = |
g Ffigig” X Fg*fiX.
|
g FhHX

Proof of Proposition 2.3.16. The universal property we used to define o, implies that it preserves

cocartesian morphisms. Moreover, since a,. was extended from a functor (:”fc — Y. that preserved

cartesian morphisms over Cr, we know «,. preserves cartesian morphisms in the image of ch .
In other words, for f: x — ¢ in Cp, the map a.(¢®[h]r) — ¢®a.([h]Fr) is an equivalence for all
¢: 2’ — x in Cp.

More generally, for a span o = (y RSN c), we need to show that a.(¢%c) ~ ¢Pa, (o) for
any morphism ¢: ¢y — y in Cp. To proceed, let us view o as gg[f]F-

Forming the pullback square

;€

8

’

g g9

;@

x
Yy —

<

)

the Beck—Chevalley transformation yields an equivalence:

96E%[flr = ¢%gelf]r.

Moreover, from (18) we get a natural commutative diagram

Jore(§°[f]F)

956%ac([f]r) e (96E%(f]F)
@] |®
P%geac((f]F) ac(¢%gs[f]F)
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where the map labelled (1) is an equivalence since «, preserves cartesian morphisms from (‘ffc ,

those labelled (2) are equivalences since a,. preserves cocartesian morphisms, and those labelled
(3) are equivalences because the Beck—Chevalley transformations are invertible. Hence, the last
morphism in the diagram is also an equivalence, which shows that a. preserves the cartesian

morphism ¢®ge[f]r — g[f]F. =
COROLLARY 2.3.18. The functors B.: Y. — B. and a.: B, — Y, satisfy

Beoe ~idp,,  ocfe >~ idy,.
Thus, «. is an equivalence with inverse (..

Proof. By construction a. takes the identity span of ¢ to

ide € Ye,c = MAPspaN;. (e (i(c), i(c)).

The composite G.a. is a functor B, — B, that preserves cocartesian morphisms, hence it is
determined by its restriction to C‘,’Fc — B,. This restriction preserves cartesian morphisms over
Cr and so by Lemma 2.3.11 it is determined by its value at id., which is the identity span
in B.. The same holds for the identity of B. and so idg, =~ B.a.. Conversely, a.B. is a
functor Y. — Y. that preserves cocartesian morphisms and cartesian morphisms over Cp by
Proposition 2.3.16. By Proposition 2.3.8, interpreted in terms of fibrations, this functor is deter-
mined by where it sends the identity of ¢; since we know this is taken to itself, this functor must
be the identity idy, . O

The equivalence Y. ~ B. allows us to identify morphisms in SPANg(C) with spans, and
2-morphisms with morphisms of spans. We now check that composition of spans works as
expected.

PROPOSITION 2.3.19. Composition of spans in SPANg(C) is given by taking pullbacks.

Proof. By construction, the cocartesian morphisms in Y. encode precomposition with the images
of morphisms in C°P under the functor ¢: given a morphism ¢g: x — y in € we have

ooi(g) ~ geo
for any span ¢. In particular, from our description of the right-hand side we have
i(g) ~idy 0i(g) ~ ge(idy) ~ (y < = = 2) ~ [g],
and, more generally,
vy Lz gslflr = [flFolgls.

This means that to describe an arbitrary composition in SPAN(C) it suffices (by associativity of
composition) to understand compositions of the form [¢g]s o [f]r. Note that [f]p is in the image
of €% under i, and therefore admits a left adjoint in SPANg (@) since i is left F-adjointable; let
us denote this by [f]%. We claim that

15 ~ [f]F-

To see this, we note that precomposition with [f]p is the functor fg, which admits a right

adjoint f®. Therefore, by uniqueness of adjoints we conclude that precomposition with | f]ZB

must coincide with f®. Therefore, the span | f]% is computed as

1% ~ f2(id) ~ [f]p-
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Furthermore,
915 ° [flF ~ 9]z o [f]5 ~ f®ld]B,

which we saw above is computed by taking the pullback of g along f, as required. O

PROPOSITION 2.3.20. A spano = (y & ER z) is invertible as a morphism in SPANg(C) if and
only if the components f and g are both invertible in C.

Proof. Since we now know composition is given by taking pullbacks, this follows as in the proof
of [Haul8, Lemma 8.2]. O

COROLLARY 2.3.21. The functor i: C°° — SPANp(C) gives an equivalence on underlying
oo-groupoids

CP= = SPANR(C)™.

Proof. We know the functor ¢ is essentially surjective on objects, so it is enough to show that
for any objects x,y the map

Mape(l‘, y)eq - MapSpanF(G) (’Ll’, iy)eq

is an equivalence, where we are taking the components of the mapping spaces that correspond
to equivalences. This is immediate from Proposition 2.3.20 and our description of the mapping
spaces in Spany(C). O

Combining the results of this section, we have shown the following.

THEOREM 2.3.22. Let (C,Cp) be a span triple. Then left F-adjointable functors out of C°P
are corepresented by an (0o, 2)-category SPANp(C) via a left F-adjointable functor i: C°P —
SPANg(C) with the following properties:

(i) 7 gives an equivalence

SPAN (€)™ ~ @~

on underlying oo-groupoids;
ii) morphisms from i(x) to i can be identified with spans
(i) p Y j
g f
YTz

where f is in Cp;
(iii) 2-morphisms correspond to morphisms of spans diagrams; and
(iv) composition of morphisms is given by taking pullbacks.

We end this section by deducing a description of the functor of (oo, 2)-categories correspond-
ing to a left F-adjointable functor.

ProprosiTION 2.3.23. For a left F-adjointable functor ¢: C°? — X, the corresponding functor
®: SPANR(C) — X can be described as follows.

(1) On objects, ®(c) ~ ¢(c) for ¢ € C.
(2) On morphisms, ® takes a span
N g f
o=y Lotz

to the composite fog®: ¢(x) — ¢(y), where fq is the left adjoint to f® = ¢(f).
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(3) On 2-morphisms, ® takes the 2-morphism 3: ¢ — o’ given by the commutative diagram

xr
to the composite
Jog® =~ foh®g'® — foh® O fg® ~ fo fOfeg'® — fog'®, (19)
where the first noninvertible arrow is an adjunction unit and the second noninvertible arrow

is a counit.

Proof. We know that ® o7 ~ ¢ and that ¢ is an equivalence on underlying oo-groupoids by
Corollary 2.3.21, which gives part (1). To prove part (2), observe that the bispan o is the
composite [f]r o [g]p in SPANE(C). Here [g]p is i(g), and so

9% = @([g]B) ~ @(i(g)) ~ ¢(g).

Moreover, the span [f]r is left adjoint to [f] g, hence its image ®([f]r) is the left adjoint fa to f©.
In other words, we have ®(c) ~ ®([f]r) o ®([9]B) = fog®. To prove part (3), first observe that
the 2-morphism £ is the composite (‘whiskering’) of the morphism [¢'] g with the 2-morphism A
given by

and this whiskering corresponds to the first equivalence in (19).
It thus suffices to show that ® takes A to the composite

foh® — foh®fOf =~ fa fOfe — [
using the unit for ff f'® and the counit for fg - f®. To show this we will check that the

morphism A has the corresponding decomposition in SPANy(C). Indeed, we can decompose A
as the composite

xr
xzx—>z

/!

8]

where m, 7’ are the projections from z’ X,z to z and z/, respectively, and ¢ is the unique
morphism such that 7¢ ~ id,, 7’¢ ~ h. Now unpacking the description of units and counits in
SPAN(C) implies that the top morphism in this decomposition is the composite of the unit for

[f'17 4 [f']s with the morphism 2’ & L. 2 and the bottom is the composite of [f']p with the
counit for [f]F 4 [f]B- O
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2.4 Distributive functors

We now start our discussion of distributivity. In this section we introduce the notion of a dis-
tributive functor, which we will prove in the next subsection is corepresented by (0o, 2)-categories
of bispans. For the definition we first need to introduce the notion of a distributivity diagram,
which dictates how the multiplicative and additive pushforwards for a distributive functor should
interact.

DEFINITION 2.4.1. Let 2 - Y L, 2 be morphisms in an oco-category C. A distributivity diagram
for [ and f is a commutative diagram

x g 9 (20)

Yy —™ 2

where the square is cartesian, with the property that for any morphism ¢: u — z, the composite
map

Map/z(¢7g) - Map/y(f*¢a g) o Map/y(f*¢a l) (21)
is an equivalence. The distributivity diagram for [ and f is necessarily unique if it exists.

Remark 2.4.2. Consider the oco-category of diagrams of shape (20) (with the square cartesian).
If all pullbacks along f exist in €, then this is equivalently an object of the fibre product of
oo-categories

€. xe,, Cra
with the functors in the pullback being f*: €,, — €/, and l;: €/, — C/,. The universal property

of the distributivity diagram can then be reformulated as that of being a terminal object in this
oo-category.

DEFINITION 2.4.3. A bispan triple (C,Cp,Cr) consists of an oco-category € together with two
subcategories Cp, Cr such that the following assumptions hold:

(a) (C,Cp) is a span pair;

(b) (€,Cpr) is a span pair;

(c) forl: x — yin Cr and f: y — z in Cp there exists a distributivity diagram (20) where g is
in G, (and, hence, f is in € by assumption (a) and § is in € by assumption (b)).

Notation 2.4.4. For x € C we write Gfm for the full subcategory of €/, spanned by morphisms

y — x in Cr.

Remark 2.4.5. For a fixed f: y — z in Cp, if the distributivity diagram (20) exists for all [ in Cr,

then the functor f*: sz — ny given by pullback along f has a right adjoint f.. Indeed, from
(21) we see that we have

(W 2) = fu(z L y),

which determines the rest of the diagram. Note, however, that if the co-category Cr, is not all of
C then the property of (21) is slightly stronger than the existence of the right adjoint: for this to
exist it suffices to consider maps from ¢ in sz, while (21) asks for an equivalence on maps from
any ¢ in €,.. We can characterize the additional assumption on these right adjoints needed to
have a bispan triple in terms of a base change property.
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LEMMA 2.4.6. Suppose we have a triple (C, Cr, Cr) consisting of an co-category C together with
two subcategories Cr, Cp, such that:
(a) (C,Cp) is a span pair;
(b) (C,Cr) is a span pair;
(¢) for any f:x — y in Cp the functor f*: C’fy — sz given by pullback along f has a right
adjoint f.
Then (C,Cp,Cr) is a bispan triple if and only if for every cartesian square
/ f/ /

——y
I
f
—y

8

o
8

with f in Cp the commutative square

is right adjointable, i.e. the mate transformation
is invertible.

Proof. First suppose we have a bispan triple. Then for [ € Gfm and I’ € GLy, we have natural

equivalences
Map (I, f1€°1) = Map o (f*1,€"1) =~ Map , (&1, 1)
=~ Map , (f*ml’, 1) = Map ,, (ml', f.l)
~ Map ,, (I',n" 1),

using the functors n and & given by composition with 1 and &, respectively, which act as left
adjoints to n* and £* when pullbacks along n and £ exist, and the full strength of condition
(21) for distributivity diagrams, which implies that we have the second-to-last equivalence even
though m !’ is not necessarily in Cy,.

Now suppose our triple satisfies the assumption on Beck—Chevalley transformations. To check
that it is a bispan triple we must show that for [: ¢ — z in €7 and f: x — y in Cp the push-
forward f.l has the universal property (21), i.e. that for every morphism n: ¢y’ — y we have a
natural equivalence

Denoting the pullback square containing 1 and f as above, we have
Map , (1, fil) =~ Map , (midy, fil) =~ Map ,/(idy, 0" fil)
~ Map ,, (idy, f1€71) ~ Map ./ (f"idy/, £"1)
~ Map /. (idy, 1) = Map /, (§1id,, 1)
~ Map . (f*n,1),

where the fourth equivalence holds because id,, is in Cy. g
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Remark 2.4.7. If C is locally cartesian closed, then all distributivity diagrams exist in € for any
choice of Cp; this is the case if € is an co-topos, for example.

Notation 2.4.8. We use the following notation for a functor ®: Spany(€) — X: for any morphism
f:xz—yin C, we write
1e = 2([f]p): 2(y) — 2(x),

and if f lies in Cp we also write
fo =2([f]r): ®(z) — D(y).
For the next definitions we fix a bispan triple (€, Cp, Cr), an (0o, 2)-category X, and a functor
®: Spanp(C) — X.

DEFINITION 2.4.9. Given [: x — y in Cp and f: y — z in Cp, we have by assumption a dis-
tributivity diagram as in (20) in C. If ®|eop is left L-adjointable we define the distributivity
transformation for [ and f as the composite

9o foe® — 9o foe®l®le ~ 9o f2i®ls ~ 9o0® fols — fals, (22)

where the first map uses the unit for the adjunction lg - {®, the second equivalence uses the
functoriality of ® for compositions of spans, and the last map uses the counit of the adjunction
9o 1 g%

DEFINITION 2.4.10. We say the functor ® is L-distributive if ®|eop is left L-adjointable, and the

distributivity transformation (22) is an equivalence for all [ in €y, and f in Cg. If the context is
clear, we simply call ® distributive. We write

Mapy,gie (Span (€), X) C Mapy,_, (Spang(€), ),
for the subspace spanned by the L-distributive functors.

Remark 2.4.11. The distributivity transformation (22) is precisely the mate transformation for
the following commutative square:

B(y) —"— B(x)

lé@

fo P(w x;y) (23)
7o
B(z) —— d(w).

We can therefore reformulate the condition for the functor ® to be L-distributive as: for every
distributivity diagram (20), the square (23) is left adjointable.

VARIANT 2.4.12. Let (C,Cp,Cp) be a bispan triple and X an (oo, 2)-category. We say that a
functor ®: Spanz(C)°P? — X is L-codistributive if the opposite functor

®°P: Spanp(€) — XP

is L-distributive. Similarly, we say that a functor ®: Spanp(C) — X is right L-distributive if the

functor

Spany(€) ~ Spany(C)*°P BT xZop

is L-distributive. Since left adjoints in X?°P correspond to right adjoints in X, this amounts to:
for every morphism [ € € the morphism [® has a right adjoint lg, and the restriction of ® to
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C°P — X is right L-adjointable. Moreover, given a distributivity diagram as in (20) with [ in Cy,
and f in Cp, we have a right distributivity transformation

folo = 9a9% fole ~ 9o foe®1®le — gofoc®,
which is required to be an equivalence.

Just as for adjointability, there is a natural notion of an L-distributive transformation.

DEFINITION 2.4.13. By Proposition 2.1.5, an L-distributive functor Spany(€) — X2" corre-
sponds to a natural transformation

n: Spany(C) x Al — X

such that both 7y and 17, are L-distributive functors, and the mate square for the
required left adjoints commutes. We call such a natural transformation an L-distributive
transformation. We let Funy, gist (Spany(€), X) denote the subcategory of Fun(Spany(C), X) con-
sisting of L-distributive functors and L-distributive transformations. From Proposition 2.1.5 we
also know that a functor Span(€) — X2 is L-distributive if and only if its underlying functors
and natural transformations to X are L-distributive, i.e. if and only if the adjoint morphism

Co — FUN(Spang(€), X)

factors through Funj_gist(Spang(C),X) on underlying oo-categories. We therefore write
FUNL gist (Spang(€), X) for the locally full subcategory of FUN(Spany(C),X) whose underlying
oo-category is Funy,_gist (Spany(C), X).

PROPOSITION 2.4.14. For any (00, 2)-category Y there is a natural equivalence
Mapcat(m’m (Y, FUN[_qist (Spanp(C), X)) ~ Map;_gist (Spangz(€C), FUN(Y, X)).
Proof. We claim that the two sides are identified under the natural equivalence
MapCat(OOJ) (H¢ FUN(SpanF(G), x)) = Map(spanF(e)7 FUN(yv x))
Indeed, the subspace Mapc, 2)(H,FUNL_diSt(SpanF(G),I)C)) of the left-hand side consists of
those functors ®: Y — FUN(Spanp(C),X) such that for every object y € Y the image ®(y) is
an L-distributive functor and for every morphism f: y — 3’ the image ®(f) is an L-distributive
natural transformation. Since the distributivity transformation is given pointwise by distribu-
tivity transformations in X, and equivalences in FUN(Y,X) are detected by evaluation at all

objects of Y, these conditions precisely correspond to L-distributivity for the adjoint functor
Spany(C) — FUN(Y, X) by Proposition 2.1.5. O

2.5 The (o0, 2)-category of bispans
Our goal in this subsection is to prove our main theorem.

THEOREM 2.5.1. Suppose (C,Cp,Cr) is a bispan triple. Then there exists an (oo, 2)-category
BISPANF ,(€) equipped with an L-distributive functor

Jj: Spanp(C) — BISPANp 1(C)
such that:
(i) composition with j gives an equivalence
FUN(BISPAN£ 1(€), X) = FUN/,_qist(Spang(€), X)
for any (00, 2)-category X;
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(ii) on underlying co-groupoids j gives an equivalence
€~ ~ Spanp(C)~ = BISPANE (€)™
(ili) morphisms in BISPANf 1,(€) are bispans

X1,y

I% \J

with f in Cp and [ in Cp, with composition given by (5);
(iv) 2-morphisms in BISPANE 1,(C) are given by diagrams of the form (6).

In order to prove this we will reinterpret the notion of distributivity as a special case of left
adjointability, as follows.

THEOREM 2.5.2. Suppose (C,Cp) is a span pair:

(1) (C,Cp,Cyr) is a bispan triple if and only if (Spany(C)°P, Cr) is a span pair;
(2) if case (1) holds, a functor ®: Spanp(C) — X is L-distributive if and only if it is left
L-adjointable.

Given this, the universal property we want is precisely that of the (oo,2)-category
SPAN[ (Span(€)°P); this amounts to interpreting a bispan as a ‘span in spans’:

x 1.y X Y

e N NN
1 J I 4= Y - > J.
The observation that the composition law for bispans can be interpreted as a pullback in spans

is due to Street [Str20]. To prove this in our co-categorical setting we must first describe certain
pullback squares in Spanj(€)°P.

Notation 2.5.3. Let us write Sq(€) := Fun([1] x [1],€) for the oco-category of squares in an
oo-category €, and given two morphisms f,g in € with common codomain we write Sqy (C)
for the fibre of Sq(€) at (f,g) € Fun(A3, €) (where we view [1] x [1] as (A2)?). Then a pullback
of f and g is precisely a terminal object in Sqﬂg(e). Note also that evaluation at the initial
object in [1] x [1] gives a right fibration Sqy ,(C) — €.

Notation 2.5.4. We can identify Spany(€)°P as the co-category of spans in € where the backwards
map must lie in Cp, with composition given by pullbacks in € as usual. To emphasize this,
we will use the notation

Spanp, . (€) := Spany(€)°P.
For f: z — y in Cp, we then write [f]p for the morphism y deZzim Spang ,;(C), and for
any f in € we write [f]F for the span z «— x EX Y.

Remark 2.5.5. A square in Spang ,;;(€) can then be identified with a diagram of the shape

T

EN

L
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where the two indicated squares are cartesian and the backwards maps all lie in Cr. Composing
this with a span (indicated by squiggly arrows) we get the diagram

[ ]
o i— o

I S o

o
NYE
o i— o ——
| ]
which exhibits a cartesian morphism in Sq, ,,(Spany,;(€)) where ¢ and ¢ are the bottom and
right sides of the square.

o — 0o — o

o — 06 ———

WARNING 2.5.6. To avoid cluttering the notation too much in the many diagrams that follow,
throughout this section we will often abuse notation and denote as identities what should more
correctly be arbitrary equivalences; the justification for this is that in each case we are really
looking at a contractible space of diagrams that has the diagram with identities as one of its
points.

Remark 2.5.7. As a special case of Remark 2.5.5, we can identify objects of Sqm[g}F(SpanF’au(G))
with diagrams of the form
—— o — o

1
—_—

—_— @

|
4

where ¢ is the bottom span. We can simplify this to

ls (25)

where the map ¢ is required to lie in Cp. Simplifying (24) similarly, we see that the cartesian
morphism in Sq, ), (Spanz,(€)) over a span is given by a diagram of the form

| AT "

where the squiggly arrows indicate the source object, the dashed arrows indicate the target
object, and the double arrows indicate the span we compose with.

The following observation will be useful to describe both classes of pullbacks we are
interested in.
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LEMMA 2.5.8. Suppose the diagram

z T

o YT d

| Lk

a+——b——c
is a terminal object in Sq, [y, (Spangay(C)), where o is the bottom span. Then ¢ is an
equivalence.

Proof. The diagram

y=—=y<+—zx ——d
| "Lk
a+—b——c¢

is also an object of Sq, 4, (Spang . (€)), and so there exists a unique span
a B
Yye—u-—z

with « in Cp, such that composing the terminal object with the span gives this object, i.e. we
have a diagram

But this means that if we compose the terminal object with the span z 22y £, z, then we get
the terminal object back. Hence, by uniqueness this span must be equivalent to the identity span
of z. Thus, we may take u = z, and under this identification ¢« and (§ are identified with id,. We
may then identify the pullback ¢’ with ¢, so that we have a¢ ~ id, as well as ¢o ~ id,. Thus,
¢ is indeed an equivalence. ([l

Remark 2.5.9. Specializing Remark 2.5.7 further, we can identify objects of
54115, (g1 (SPaN a1 (C))

with diagrams of the form
—— o — o

oe—— 0 — 0

T

-
e— O

which we can simplify to

|
|

, b 27)

[ ]
[ ]
where the top left arrow is required to lie in Cp. Simplifying (26) similarly, we see that
the cartesian morphism in Sqpy, 191, (SPang(C)) over a span is given by a diagram of

J
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the form

T
N/

where the squiggly arrows indicate the source object, the dashed arrows indicate the target
object, and the double arrows indicate the span we compose with.

PROPOSITION 2.5.10. Let (C,Cr) be a span pair. Given morphisms f: a — c and g: b — ¢ in C,
the fibre product of [f|r and [g]F exists in Spanp ,,(C) if and only if the fibre product d := a x. b
of f and g exists in C, in which case it is given by the diagram

d=——d——1b
H [

Ld*>b
J |7, b
a a —— C.

Proof. By Lemma 2.5.8 we know that a terminal object of Sqpy),. 191, (Spanp.;(€)), if it exists,
must be of the form

b
9 (29)

C.

bt

Now observe that composing (29) with a span z Ly 5, x, we obtain the object

b
Jq
c.

z

|

@(7‘@

J*J

Thus, an object

T

g

b
Jg
c

of Sqjf),.g1» (SPanpn(€)) has a unique map to (29) if and only if there is a unique diagram

]

b
ig
c

in €. This is true for all objects of Sqyf),. 4, (SPangn(€)) if and only if the square in (29) is
cartesian in €, which is what we wanted to prove. O
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Remark 2.5.11. Returning to Remark 2.5.7, an object of Sq¢), 141, (SPanp ,n(€)) can be identified
with a diagram
o —— 0

A
—_— e

|
4

—

L

—
f

which we can simplify to

e —— o .

Composing this with a span gives, by simplifying (26), a diagram of the form

(31)

with the squiggly arrows indicating the source object, the dashed arrows the target object, and
the double arrows the span we compose with.

PROPOSITION 2.5.12. Let (C,Cr) be a span pair. Given morphisms g: a — b in C and f: b — ¢
in Cp, the fibre product of [f]p and [g]r exists in Spang ., (C) if and only if there exists a
distributivity diagram

a0

h

(S
N——m—
>

fh

in €, in which case it is given by the diagram

e<f7,d—€>a
|
e+——d——a
e
lh Jh’ L‘?
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Proof. By Lemma 2.5.8, a terminal object of Sqyy), 191, (Spanp .1 (€)), if it exists, must necessarily

be of the form
Y y—1Y
_
h (32)
b c.

Composing this diagram with a span y £ =L w, we see from (28) that we get the outer part
of the diagram

|

AN

fh

Z/%Z%w

l J

T

b

Thus, from Remark 2.4.2 we get that every object of Sqps, 14, (Spang,;(C)) admits a unique

morphism to an object (32) if and only if this is given by a distributivity diagram in C, as
required. ]

|
—y

/\

J\

C.

Proof of Theorem 2.5.2. Every morphism in Spang,;(C) is a composite of morphisms of the
form [f]p (with f in Cr) and [g]F. Thus, (Spang,;(C),€Cr) is a span pair if and only if for
all I in €y the pullbacks of [l]r along [g]r and [f]p exist for all g in € and f in Cp, and
these pullbacks lie in Cr. From Propositions 2.5.10 and 2.5.12 we see that these conditions are
equivalent to (€, Cr, Cr) being a bispan triple, which proves part (1). To prove part (2), observe
that since adjointable squares compose, the functor ® is left L-adjointable if and only if we get
left adjointable squares for both types of pullbacks along morphisms in €j separately. From
Proposition 2.5.10 adjointability for the first type corresponds to ®|eor being left L-adjointable,
and adjointability for the second type then corresponds to L-distributivity by Remark 2.4.11. O

DEFINITION 2.5.13. In light of Theorem 2.5.2, if (€, Cr,Cr) is a bispan triple it makes sense to
define

BISPAN1,(C) := SPAN_ (Span(€)°P).

Notation 2.5.14. In keeping with our conventions so far, we will denote the underlying
oo-category of BISPANE 1,(C) by

Bispany, ;(C) := BISPANF,L(G)(I) .

In examples we will often have Cp ~ €, in which case we abbreviate BISPANg(C) :=
BISPANp ,(€C). If we also have Cp ~ €, we write BISPAN(C) for BISPAN(C). We also adopt
the same conventions for the oo-category of bispans Bispany ; (C).

Applying Corollary 2.3.5, we obtain the following result.
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COROLLARY 2.5.15. Let (C,Cp,Cr) be a bispan triple. The co-category BISPANp ,(C) satisfies
FUN(BISPAN . (€), X) ~ FUN/,_gist (Span(€), X)
for any (00, 2)-category X.
This proves part (i) of Theorem 2.5.1. We now prove the remainder.

Proof of Theorem 2.5.1. Part (ii) is immediate from Corollary 2.3.21. A morphism in
SPAN/, (Spang ,(€)) is a ‘span of spans’

with f in Cp and [ in Gy, which we can think of as a bispan by contracting the identity. To
compose these we take pullbacks in SpanF,aH((‘Z), which we can unpack to give the expected
composition law for bispans using Propositions 2.5.10 and 2.5.12. Unpacking the definition of a
2-morphism in SPAN(Spang,;(C)), we get a diagram

\
/
N/

° ° \o
/

/
N\

where the upward-pointing map is necessarily an equivalence, as indicated. Contracting the
invertible edges, we get a diagram of shape (6), as required. O

The universal property also implies that our (oo, 2)-categories of bispans are functorial for
morphisms of bispan triples, in the following sense.

DEFINITION 2.5.16. A morphism of bispan triples (C,Cr,Cr) — (€,C},C7,) is a functor
¢: € — €' such that ¢(Cr) C Ch/, ¢(Cr) C €}, and ¢ preserves pullbacks along Cr and Cr, as
well as distributivity diagrams. We define Trip to be the subcategory of Fun(A3, Caty,) containing
the bispan triples and the morphisms thereof.

PROPOSITION 2.5.17. There is a functor BISPAN: Trip — Cat (o, 2) that takes (C,Cr,CL) to
BISPANF 1 (€).

Proof. Composition with a morphism of bispan triples ¢: (C,Cp,Cr) — (€', €%, C,) restricts
for any (0o, 2)-category X to a morphism

Map,_gist (Spang (€'), X) — Map_gig (Spang(€), X),
so we get a functor

Map _y_gist (Span(y (-), ) : Trip® x Cat (oo 2) — 8.
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By Theorem 2.5.1 the associated functor Trip®® — Fun(Cat( 9, 8) factors through the full sub-
category of corepresentable copresheaves, and so by the Yoneda lemma arises from a functor
BISPAN: Trip — Cat( ), as required. O

Applying Proposition 2.3.23 to SPANL(SpanEaH(G), we obtain the following description of
the functor of (00, 2)-categories corresponding to a distributive functor.

COROLLARY 2.5.18. For an L-distributive functor ¢: Spany(C) — X, the corresponding functor
®: BISPANp 1 (€) — X can be described as follows.

(1) On objects, ®(c) ~ ¢(c) for c € C.
(2) On morphisms, ® takes a bispan

B:(xieLbLy)

to the composite lg f55®: ¢(z) — ¢(y), where lg, is the left adjoint to I®.
(3) On 2-morphisms, ® takes the 2-morphism 3: B — B’ given by the commutative diagram

¥

/

I

<

e —— b

f/
to the composite
l@f®8® ~ l@f@)g@S/@ ~ l@h®f/®81 — l@h®l,®l f S ~ l@l®l f/ '® — léfé8/®
where the first noninvertible arrow is a unit and the second noninvertible arrow is a counit.

We end this section with some useful observations about distributivity diagrams that follow
easily from Proposition 2.5.12.

LEMMA 2.5.19. Let (C,Cg,Cr) be a bispan triple, and suppose given morphisms l;: * — y and
lo:y— zin L and f: z — w in F. Then we can make the following diagram:

o 1o

o — e (33)

/
\

Here all three squares are cartesian and the two rightmost give distributivity diagrams (so
g2 = fila, g1 = fil}). Then the outer diagram is a distributivity diagram for lal; and f.

Proof. This follows immediately from the pasting lemma for pullback squares applied to [l2l1]p ~
[l2]F o [l1]F and [f]p in Spang ;(C). O
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LEMMA 2.5.20. Let (C,Cp,Cr) be a bispan triple, and suppose given morphisms l: © — y in L
and fi:y — z, fa: z — w in F. Then we can make the following diagram:

i f3
° ° °
1
e ——— e
s | . 34
92 92
T g1 g1
\
f1 f2
Y z w.

Here all three squares are cartesian and two give distributivity diagrams (exhibiting g1 = f1 «!
and g2 = fa.g1. Then the outer diagram is a distributivity diagram for | and faf1. (Note that
the composite square is indeed cartesian since the two left squares are cartesian and the middle
triangle just exhibits g}, as a composite.)

Proof. This is the pasting lemma for pullback squares applied to [fafi]p =~ [fi]ls o [f2]B
and [I]r. O

LEMMA 2.5.21. Let (C,Cr,Cr) be a bispan triple, and suppose we have morphisms
l:x—yinCp, f: y— zIn Cp and an arbitrary morphism (: z’ — z. Then we can form the
diagram

h/
w' X,y w'

w
wXen
h
¢
!/

w X,y w

fl*gl i g/

! x f*g

Y N —

\

where the front face is a distributivity diagram for [ and f, and the rest of the diagram is obtained
by pulling this back along {. Then the back face in (35) is a distributivity diagram for I' and f.

X

Y

Proof. This follows yet again from the pasting lemma for pullback squares, now applied to the
pullback of [I]p along [f]p o [(]F =~ [n]F o [f']B. O

The following proposition can be interpreted as saying that distributivity transformations
are compatible with base change.

PROPOSITION 2.5.22. Let (C,Cp, Cr) be a bispan triple, and suppose we have the diagram (35).
Then the distributivity transformations for (I, f) and (I, f') are related by a commutative square
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of the form
9o hly€®E® —— fLILE®

|- |-

Jew®hee® fen®le (36)
I |~

(®gahee® —— (O fgls .

Proof. We have the following commutative cube:

®(y) ®(2)
n® £®
\ ’ I'® \ /
®(y') ®(a)
fe Q(w % y) e®
\(wxjn)@
A he O (w' X, 1)
o () T B(w) e 8
B(2') g° B (w')

This means the following pair of diagrams are identified under the equivalences fén@-‘) ~ (®fg,
hly€'®E® ~ wPhge® given by the left and right faces of the cube:

D(y) — B(a) B(y) ——r 0(2)
le® J{n® . Jf@
fe D(w X y) o(y') —— 0(a')
LI I

B(z) —L— d(w) A d(w' x4 y)
oo e R
d(z') —1— d(w'), d(z") —L— d(w').

We get a corresponding identification of the mates of the outer squares in these two diagrams,
which, in turn, decompose (since mate transformations are compatible with vertical pasting of
squares) into the mates of the two smaller squares; according to Remark 2.4.11 these are the
base change transformation gpw® — (®gg and the distributivity transformation for (I, f) on
the left, and the distributivity transformation for (I, f') and the base change transformation
11,€® — n®lg on the right. This identification gives precisely a commutative diagram

Jeline®E® —— folpé® —— fen®ls

I~ I~

Jpw®hee® —— (Pgahge® —— (®fglg

which we can reorganize into the commutative diagram in the statement. O
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2.6 Symmetric monoidal structures

In this subsection we will prove that the functor SPAN: Pair — Cat(2) preserves products.
Applying this in the special case of bispans, we will see that in some cases a symmetric monoidal
structure on € induces a symmetric monoidal structure on BISPANf 1 (€), and also show that
BISPAN(-) is a functor of (0o, 2)-categories. The construction of symmetric monoidal structures
on spans is also discussed in [GR17, Part III, Chapter 9] (where it is used to encode Serre
duality for Ind-coherent sheaves) and [Mac22, §3.2]. An explicit construction (not relying on the
universal property) of symmetric monoidal structures on oo-categories of spans is also given in
[BGS20].

PRrROPOSITION 2.6.1. The oo-categories Pair and Trip have finite products, given by

(C,Cp) x (€, Ch) = (€ x €, Cp x Ch),

(G,GF,GL) X (G’, /F’7 /L’) ~ (6 X 6’,GF X G/FMGL X G/L’)
Proof. Tt follows from the definition of Pair that the morphism

MapPair((ev GF)v (elv 1‘7’)) - MapCatoo(e7 e/)

is a monomorphism (and similarly for Trip), so it suffices to show that for any span pair (D, Dp)
(or bispan triple (D,Dp, D)) a functor D — € x €' is a morphism of span pairs (or bispan
triples) if and only if the functors D — € and D — €' are both morphisms of span pairs (or
bispan triples). This is clear, since a pair of cartesian squares in € and €’ gives a cartesian square
in € x € and vice versa, and similarly for distributivity diagrams. U

PROPOSITION 2.6.2. Suppose (C,Cr) and (C',C,) are span pairs. Then a functor ®: €°P x
C°P — X is left (F, F')-adjointable if and only if it is left adjointable in each variable, that is:

e for every ¢ € C, the functor ®(c, ) is left F'-adjointable;

e for every ¢ € €, the functor ®(—, ') is left F-adjointable;

e for every morphism ¢; — ¢ in @, the transformation ®(ca,—) — ®(c1,-) is left F'-adjointable;
e for every morphism ¢, — ¢, in €', the transformation ®(—, c,) — ®(—, ¢}) is left F-adjointable.

Proof. We first observe that ® is left (F, F’)-preadjointable if and only if (f,id.)® has a left
adjoint for all f in F and ¢ in €', and (id, f')® has a left adjoint for all ¢ in € and f" in F”,
since (f, f)® ~ (f,id)®(id, f')® and left adjoints compose. Thus, & is left (F, F’)-preadjointable
if and only if ®(c,-) is left F’'-preadjointable for all ¢ € € and ®(—, ') is left F-preadjointable
for all ¢ in €.

A pair of cartesian squares gives a cartesian square in € x €', so if ® is left (F,F’)-
preadjointable then it is left (F, F’)-adjointable if and only if for cartesian squares

’
w—2= z w —2— 2
IR
f / f/ /
T ——y - y y

with f in Cp and f’ in €/, the square

ne
®(y,y") LR (z,z")
j(g,gw@ j(u,uv@ (37)

’U’U/®
Bz, ) @)

2368

https://doi.org/10.1112/S0010437X23007388 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007388

ON DISTRIBUTIVITY IN HIGHER ALGEBRA [: THE UNIVERSAL PROPERTY OF BISPANS

is left adjointable. Taking f = g = id. this implies that ®(c,~) is left F’-adjointable, while
taking f’ =1id, and f =id, we see that the transformation ®(g,~): ®(y,~) — ®(z,-) is left
F’-adjointable. The same goes in the other variable, so if ® is left (F, F’)-adjointable, then the
four given conditions hold.

Conversely, if these conditions hold, then we want to show that the square (37) is left
adjointable. We can decompose this square into the following commutative diagram:

id)® id,f)®
D(y,y') CAUMN O(z,y") LN

O(x,z')

J(g ld)(v e J/(u,id)i e J(uﬁid)(’a

o(z,y) U d(w,y) I B (w, o)
l(ld g)® (id,g")® l(ld u’)®
(v id)® , (id, V) ®
D(z = P(w, ) — P(w,w’).

Here all four squares are left adjointable:

the top left square since ®(—,y’) is left F-adjointable;

the top right square since ®(u,-) is a left F’-adjointable transformation;
the bottom left square since ®(—, ¢’) is a left F-adjointable transformation;
the bottom right square since ®(w,-) is left F’-adjointable.

Since mate transformations are compatible with horizontal and vertical compositions of squares,
left adjointable squares are closed under both horizontal and vertical compositions. Thus, the
outer square (37) is left adjointable, which completes the proof. ]

COROLLARY 2.6.3. Suppose (€,Cp) and (€',C%,) are span pairs. Then there is a natural
equivalence

Map, f)-1adj (€7 X €°P,X) 2 Map 1,45 (C°P, FUN 1.1 (C"P, X))
for X € Cat(u2)-
To prove this we also need the following lemma.

LEMMA 2.6.4. Suppose (C,Cr) is a span pair. A morphism n: ¢ — 1 in the (oo, 2)-category
FUNp.1aqi(C°P, X) has a left adjoint if and only if:

(1) the morphism 1.: ¢(c) — 1(c) has a left adjoint in X for every c € C;
(2) the commutative square

is left adjointable for every morphism ¢ — ¢’ in €. Moreover, a commutative square
é _n . "

[

’

¢~

in FUN p.1,q;(C°P, X) is left adjointable if and only if the commutative square in X obtained by
evaluation at c is left adjointable in X for every c € C.
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Proof. By Corollary 2.3.5 we have an equivalence
FUNp_1aqj(CP, X) ~ FUN(SPANR(C), X).

Suppose H: ® — W is the morphism corresponding to 7: ¢ — v under this equivalence. Then
we know that H has a left adjoint if and only if:

o H.: ®(c) — ¥(c) has a left adjoint for every c € C;
e the square

is left adjointable for every morphism ¢; — ¢ in SPANg(C). In terms of 7, these conditions say

that n. has a left adjoint for every ¢ € €, and for every span c¢; Ly EN co with f in F', the outer
square in the diagram

B(e1) —2 p(cr)
5 5
$(ar) —Z ()
lf@ lf@

dca) —= P(ca)

is left adjointable. Since left adjointable squares compose, and the two squares here are those
associated to spans where one leg is the identity, it is equivalent to require these two squares to
be left adjointable. For the top square this is the condition we want, while the bottom square is
automatically left adjointable since its mate is obtained by passing to left adjoints everywhere
in the commutative square

Blea) —2 ()

e e

$lz) —"— V(x).

Since the mate of a square of natural transformations is given by taking mates objectwise, the
characterization of left adjointable squares is immediate. O

Proof of Corollary 2.6.3. Unpacking definitions, a functor ®: €°P x €’°P — X corresponds to a
functor CP — Funpr_1,q;(€"°P, X) if and only if ®(c,~) is a left F’-adjointable functor for every
c € €, and ®(cg,—) — P(c1,-) is a left F'-adjointable transformation for every morphism ¢; — ¢
in C.

Moreover, it follows from Lemma 2.6.4 that such a functor
CP — Funpf_ladj((?mp, DC) =~ Fun(SPANF/(G'), :XI)
is left F-adjointable precisely when the following conditions hold:

e for every morphism f: ¢y —c; in F and every object ¢ € €', the morphism
(f,id)®: ®(c2, ) — ®(c1, ) has a left adjoint;
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e for every morphism f: ¢; — ¢2 in F' and every morphism ¢j — ¢, in €, the commutative

square
i ®
B(ca, ) LU @(ey, )

)(ﬁkﬂ® l

D(cg, ) —— P(cy, )

is left adjointable;
e for every pullback square

AN

g

u g9

8 <——

Ly

in € with f in F', the commutative square
n (£id)® /
P(y,d) — ®(x,¢)
id)®

Je
D (w, )

J(g,id)@9
),id)®
D(z, ) i)
is left adjointable.

These conditions say precisely that ®(—, ') is a left F-adjointable functor for every ¢’ € €' and
D(—, b)) — D(—,c)) is a left F-adjointable transformation for every morphism ¢j — ¢, in ¢’. We
have thus shown that a functor ®: €°P x €'°P — X corresponds to a left F-adjointable functor
CP — Funprjag;(€"P, X) if and only if it satisfies the four conditions that we saw characterized
left (F, F')-adjointable functors in Proposition 2.6.2. O

From Corollary 2.6.3 we can now deduce that spans preserve products.
COROLLARY 2.6.5. Suppose (C,Cr) and (€', C,) are span pairs. Then the natural morphism
SPAN 5 7)(€ x €') — SPANE(C) x SPAN/(€')
is an equivalence.
Proof. For X an (00, 2)-category we have natural equivalences
Map(SPAN 1y (€ x €),X) = Mapp, . 1oq; (€% x €°P, X)
~ Map g (C°P, FUN 1,45 (€P, X))
~ Map g 1,q;(C°P, FUN(SPAN £ (€'), X))
~ Map(SPAN(C), FUN(SPANz(€C'), X))
~ Map(SPAN £ (C) x SPAN(€), X). O

COROLLARY 2.6.6. Suppose (C,Cr) is a span pair and € has a (symmetric) monoidal structure
such that the tensor product functor is a morphism of span pairs

®: (€ x C,Cr x Cr) — (C,Cr),
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i.e. given morphisms f: x — y and f': 2’ — 4 in F, the morphism f® f: 2 @2 —y®4y is
also in F', and given a pair of pullback squares

w ——

z w — z
b,k
f f/
r—Yy, z y/

with f and f’ in Cp, the commutative square
wRuWw —— z2® 2

| l

rRr —— YRy
is cartesian. Then SPANp(C) inherits a (symmetric) monoidal structure from that on C.

Proof. Since the functor SPAN preserves products, it takes (commutative) algebras in span pairs
to (commutative) algebras in (o0, 2)-categories. O

Ezample 2.6.7. Suppose (C, Cp) is a span pair where € has finite products and morphisms in Cp
are closed under products. Products of cartesian squares are always cartesian, so in this case
Corollary 2.6.6 implies that the cartesian product induces a symmetric monoidal structure on
SPANf(@). This recovers the discussion in [GR17, Chapter 9, 2.1] and some cases of [BGS20,
Theorem 2.15].

DEFINITION 2.6.8. We say an oo-category € is extensive if C has finite coproducts and these
satisfy descent in the sense that the coproduct functor

e T € = €m o,

i=1
is an equivalence. (Equivalently, pullbacks of the component inclusions in finite coproducts always
exist, and coproducts are disjoint and stable under pullback.)

Ezample 2.6.9. Suppose (C,Cr) is a span pair where € has finite coproducts and morphisms
in Cp are closed under coproducts. If € is extensive, then coproducts of cartesian squares are
again cartesian. Hence, in this case the coproduct induces a symmetric monoidal structure on
SPANr(C) by Corollary 2.6.6. The descent condition is satisfied, for instance, if € is an co-topos,
or in the category of sets. See also [Barl7, §4], where C is called ‘disjunctive’ if € is extensive and
has pullbacks; in this case the coproduct in € gives both the product and coproduct in Span(C)
by [Barl7, Proposition 4.3].

Specializing the preceding discussion to bispans, we obtain the following result.

COROLLARY 2.6.10. Suppose (€,Cp,Cr) and (€', €%, C)},) are bispan triples. Then the natural
morphism

BISPAN(F,F/)’(L7L/) (C’ X C”) — BISPANF’L(G) X BISPANF/7L/ (G/)
is an equivalence.

Proof. From Corollary 2.6.5 we get a product of span pairs
(SpanF(@)Op, GL) X (SpanF/(e/)Op, GIL/) >~ (Span(EF/)((‘f X (‘f/), GL X (‘f/ /),
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and, hence, using Corollary 2.6.5 again we have
SPAN(r, 1) (Span g gy (€ x €")°P) ~ SPAN (Spany(€)°P) x SPAN ./ (Span (€")°P),
as required. O

COROLLARY 2.6.11. Suppose (C,Cr,Cr) is a bispan triple and € has a (symmetric) monoidal
structure such that the tensor product is a morphism of bispan triples

[ (G X G, Cr X GF,GL X GL) — (G,GF,GL),
that is:

(1) both Cp and Cyp, are closed under ®;
(2) given a pair of pullback squares

w z w — z
f 7
r —— Yy , m’ # y/’

with f and f’ either both in F or both in L, the commutative square

woUW — 22

l l

1 —— YRy

is cartesian;
(3) given morphisms f:x — vy, f': 2’ — 4 inCp and g: y — 2, ¢': y — 2/, the diagram
eRe — e e

-~

@z g« f®g. f'

obtained as the tensor product of the distributivity diagrams for (f,g) and (f',q’), is a
distributivity diagram for (f ® f',g®¢').®

Then BISPANFE 1,(C) inherits a (symmetric) monoidal structure from that on C.

Ezample 2.6.12. Suppose (C,Cr,Cr) is a bispan triple such that € is extensive and mor-
phisms in € and €y, are closed under coproducts. Then the coproduct satisfies the conditions
of Corollary 2.6.11: The descent condition implies that coproducts of cartesian squares are
cartesian, and the condition on distributivity diagrams amounts to asking for the natural
map

g f g f — (g g")(fILf)

8 Note that the previous condition implies that the square in this diagram is cartesian; the condition can therefore
be interpreted as asking for the natural map

G OGS = (90g)(fRf)

arising from this cartesian square to be an equivalence.
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to be an equivalence; this is true because by descent we have
Map .1 (u T4, go f I g, f') =~ Map . (u, g..f) x Map ., (u', g f')
=~ Map, (9"u, ) x Map,,(¢" v, f')
=~ Map 11, (9"u g™/, f 1T )
~ Map 1, ((9 1 )" (u 1T 4), f 11 ')
~ Map ym,, (u T/, (g I g). (f 1L f)).

for an object u IT u’ over z 11 2. The coproduct therefore induces a symmetric monoidal structure
on BISPANg.(C).”

Remark 2.6.13. Suppose € is a locally cartesian closed and extensive oo-category. Then the
symmetric monoidal structure on Bispan(€) induced by the coproduct in € is a cartesian product:
we have

MapBispan(G)(CaZEHy) = {C<—CL—’ b—>a:Hy}
~{c—azla, — b, Ib, — x1ly}
:{C‘_ax_’bx_)$}x{0<—ay—>by—>y}

= MapBispan((i’) (C’ i’) X MapBispan(G) (Ca y)
Moreover, we have the same identification for co-categories of morphisms, so this is actually an

(00, 2)-categorical product. However, this is not a coproduct in bispans: in particular, () is not
an initial object, since we have

MapBiSpan(@) (@71‘) = {@ —0—b— :C} = e/:$
which is not, in general, contractible.

Remark 2.6.14. For any oco-category C we can consider the minimal bispan triple € :=
(€,C~,C~) where the morphisms in Cp and Cp are just the equivalences. Any functor gives
a morphism of minimal bispan triples, so we have a functor

(-)’: Catee — Trip

that is, moreover, fully faithful. The oo-category Trip is then a Catoo-module via cartesian
products with (-)°. We also have a natural equivalence BISPAN(C") ~ € as all functors are dis-
tributive. This means the functor BISPAN: Trip — Cat( 2 is a morphism of Cat,-modules,
which we can view as a functor of (oo, 2)-categories using the recent results of Heine [Hei23].
Moreover, the natural transformation Spanp(C) — BISPANp.(C) is a transformation of
Catoo-modules, which means the universal property of BISPAN 1,(€) is actually Catoo-natural.

3. Examples of distributivity

3.1 Bispans in finite sets and symmetric monoidal oco-categories

In this subsection we consider the relationship between symmetric monoidal oco-categories and
bispans in finite sets. We first recall that symmetric monoidal co-categories can be described in
terms of functors from spans of finite sets, and then show that the resulting functor is distributive
if and only if the tensor product commutes with finite coproducts in each variable. Our universal

® However, the cartesian product in € does not typically give a symmetric monoidal structure on bispans: we do
not, in general, have an equivalence between g.f x g, f" and (g x ¢')«(f x f').
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property then gives a (product-preserving) functor from bispans in finite sets, which we can
interpret as a semiring structure with the coproduct as addition and the tensor product as
multiplication.

Notation 3.1.1. We write I for the category of finite sets and I, for the category of finite pointed
sets and base-point-preserving maps; every object of F, is isomorphic to one of the form (n) :=
({0,...,n},0). For I € F we write I for the pointed set (I IT {*}, ) obtained by adding a disjoint
base point to I.

DEFINITION 3.1.2. If € is an oco-category with finite products, a commutative monoid in € is a
functor ®: F, — € such that for every n =0, 1,... the map

is an equivalence, where p;: (n) — (1) is defined by
. 1 ifi=y,
pild) = {O otherwise.
We write CMon(C) for the full subcategory of Fun(F,, C) spanned by the commutative monoids.

Notation 3.1.3. If €, D are oco-categories with finite products, we write Fun™ (€, D) for the full
subcategory of Fun(€, D) spanned by the functors that preserve finite products.

Remark 3.1.4. The category F, can be identified with the subcategory of Span(FF) whose mor-

phisms are the spans I i J L K where f is injective, with this corresponding to the morphism
I, — K, given by

: 9(j), 1= [f0),
e
*, otherwise;

we write j: F, — Span([F) for this subcategory inclusion.

The following description of commutative monoids in terms of spans seems to have been first
proved by Cranch [Cral0O, Crall]; other proofs, as special cases of various generalizations, can
be found in [Glal7, Har20, BH21].

PropoSITION 3.1.5. Let € be an oo-category with finite products. Restriction along the
inclusion j: F, — Span(F) gives an equivalence

Fun* (Span(F), €) = CMon(C),
with the inverse given by right Kan extension along the functor j.
Proof. In the stated form, this is [BH21, Proposition C.1]. O

Remark 3.1.6. The functor ®: Span(F) — Cats, corresponding to a symmetric monoidal
oo-category C admits the following description:

o O(I) ~ [[;e; € ~ Fun(/, C);
e for f: I — J, the functor f®: Fun(J, ) — Fun([, C) is that given by composition with f;
e for f: I — J, the functor
fe: Fun(Z,@) ~ H H€—> HG
jeJiel; jeJ

is given by tensoring the components corresponding to the preimages of each j € J.
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In particular, for g: I — * the functor ¢g: Fun(Z,€) — C takes ¢: I — C to Q),c; ¢(i), while
q®: C — Fun(I, @) is the diagonal functor.

PROPOSITION 3.1.7. Suppose ®: Span(F) — Cat is a product-preserving functor, correspond-
ing to a symmetric monoidal structure on € = ®(x). Then ® is distributive if and only if C has
finite coproducts and the symmetric monoidal structure is compatible with these, i.e. the tensor
product preserves finite coproducts in each variable.

Proof. For I € F, the functor ¢®: € — Fun(/, C) corresponding to the morphism q: I — * is the
diagonal. This has a left adjoint if and only if € admits all /-indexed colimits, i.e. € has I-indexed
coproducts. Moreover, if € has finite coproducts, then the functor f®: Fun(J,€) — Fun(7,C)
given by composition with f: I — J has a left adjoint for any f, since all pointwise left Kan
extensions along f exist in C. Given a cartesian square

r L

ol
Ny

in IF, the mate transformation

9o f'® — 9s
is then automatically an equivalence, since for ¢: J' — € this is given at ¢ € I by the natural
map

[Terz— I ¢w).
zel] yEJ}(i)
which is an equivalence since these fibres are canonically isomorphic. This proves that ® is left
adjointable if and only if € admits finite coproducts.

Given morphisms [: [ — J and f: J — K in F, we have the distributivity square

R ¢

I / h=f.1
N
f

J — K

where K = [[,c; Ij. The distributivity transformation he fLe® — fgle is given for ¢: I — C

at k € K by the canonical map
I ®o @ (L)
(i5)i€ll e, 1i 1€k JEJ, “i€l;

This is an equivalence if ® preserves finite coproducts in each variable. Conversely, for K € F
we have, in particular, the distributivity diagram

KUK Y3 K

P

K11 % qllq q (38)

qm)

fIIx —Y 1 &
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where ¢ is the unique map K — *x and V are fold maps. The corresponding distributivity
transformation is given for a.: K IT * — € by

IT (k) @ () — ( 1T a(k)) ® al+).

keK keK

If @ is distributive, then this is an equivalence for all K and «, which is precisely the condition
that ® preserves finite coproducts in each variable. ]

COROLLARY 3.1.8. Product-preserving functors BISPAN(F) — CAT, correspond to symmet-
ric monoidal co-categories that are compatible with finite coproducts.

Proof. By Theorem 2.5.1, functors BISPAN(F) — CAT., correspond to distributive functors
Span(F) — CAT.. Moreover, from Remark 2.6.13 we know that the product in BISPAN(IF)
is given by the coproduct in F, just as in Span(F), so product-preserving functors from
BISPAN(F) correspond to product-preserving distributive functors under this equivalence. By
Propositions 3.1.7 and 3.1.5, the latter are equivalent to symmetric monoidal co-categories that
are compatible with finite coproducts. O

3.2 Bispans in spaces and symmetric monoidal co-categories

In this section we consider a variant of the results of the preceding one: symmetric monoidal
oo-categories can also be described in terms of spans of spaces, and we will prove that the resulting
functor is distributive (with respect to all morphisms of spaces) if and only if the tensor product
commutes with colimits indexed by oo-groupoids. This applies in many examples, since most
naturally occurring tensor products are compatible with all colimits.

Notation 3.2.1. We write Sg, for the subcategory of § containing only the morphisms whose
fibres are equivalent to finite sets. Then (8, 8gy) is a span pair.

Remark 3.2.2. If f: X — I is a morphism in Sg, and [ is a finite set, then the straightening
equivalence

colims: Fun(1,8) = 8§,

implies that X is an [-indexed coproduct of finite sets, and so is itself a finite set. It follows
that the functor Span(IF) — Spang, (8) induced by the morphism of span pairs (F,F) — (8, Sgy,)
is fully faithful.

ProproSITION 3.2.3. Let € be a complete co-category. Right Kan extension along the fully
faithful functor Span(F) — Spang,(8) identifies Fun™(Span(FF),C) with the full subcategory
Fun®¥E (Spang, (8), C) of Fun(Spang,(8), @) spanned by functors ® such that ®|gop is right Kan
extended from {x}.

Proof. This is a special case of [BH21, Proposition C.18]. O
Combining this with Proposition 3.1.5, we have the following.
COROLLARY 3.2.4. Let C be a complete co-category. There is an equivalence
CMon(€) = Fun® ¥ (Spang, (8), €),
given by right Kan extension along F, — Span(F) < Spang,(8).

Remark 3.2.5. In particular, symmetric monoidal oo-categories can be identified with functors
Spang, (8) — Cato, whose restrictions to S§°P preserve limits. If € is a symmetric monoidal
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oo-category, the corresponding functor ®: Spang,(8) — Cato, admits the following description
(analogous to Remark 3.1.6):

o for X € 8, ®(X) ~ limyex ®({z}) =~ Fun(X, C);

e for f: X — Y in §, the functor f®: Fun(Y,€) — Fun(X, C) is given by composition with f;

e for g: F — B in 8gy, the functor gg: Fun(E, C) — Fun(B, €) is given by tensoring fibrewise
along g, i.e. for ¢: F — B we have

(920)(b) ~ X) d(e).
eckEy

In particular, for ¢: X — * the functor ¢® is the diagonal functor, while if X is a finite set, the
functor qg is the X-indexed tensor product.

We will identify when such functors from Spang, (8) are distributive with respect to bispan
triples of the following form.

LEMMA 3.2.6. Let X be a full subcategory of & with the following properties:

e ifp: E — B is a morphism in § such that B € X and Ey, € X for allb € B, then E € X;
e X is closed under finite products.

This implies that morphisms in & whose fibres lie in K are closed under composition, giving a
subcategory Sy of 8. Then (8, 84y, S%c) Is a bispan triple.

Proof. Suppose f: X — Y and ¢g: Y — Z are morphisms whose fibres lie in K. We have a mor-
phism X, — Y, between the fibres of gf and g at z € Z, whose fibre at y € Y, is equivalent to
X,y. Since Y, and X, lie in X for all z € Z,y €Y, it follows that X also lies in X. Thus, we do
indeed have a subcategory 84 of morphisms whose fibres lie in X. Such morphisms are obviously
preserved under base change, and so (8, 8x) is a span pair.

All distributivity diagrams exist in 8§ since this is a locally cartesian closed oco-category; see
Remark 2.4.7. To show that (8, 8an,S%) is a bispan triple it therefore only remains to check
that if [: X — Y is a morphism in 85 and f: Y — Z is a morphism in 8gy, then f,l is also a
morphism in Sq. But we have

(f*l)z = H va

yeY,

which is a finite product of objects of X, and so again lies in X by assumption. O
Ezamples 3.2.7. We can take X in Lemma 3.2.6 to consist of:

e finite sets;

e all spaces;

e 7-finite spaces,”” as follows by examining the long exact sequence in homotopy groups
associated to a fibre sequence;

e k-compact spaces'! for any regular cardinal k, since s-filtered colimits in § commute with
k-small limits, and the k-compact spaces are precisely the (retracts of) x-small co-groupoids.

10

PROPOSITION 3.2.8. Suppose ®: Spang,(8) — Cats corresponds to a symmetric monoidal
structure on € = ®(x), and let K be as in Lemma 3.2.6. Then ® is K-distributive if and only if

10 These are the spaces X such that (1) X is n-truncated for some n, (2) mo(X) is finite, and (3) for each = € X,
the homotopy group 7 (X, x) is finite for each k& > 1.
1 Meaning k-compact objects of the co-category § of spaces.
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C has K-indexed colimits (meaning K-indexed colimits for all K € X), and the tensor product
on C is compatible with such colimits (i.e. preserves them in each variable).

Proof. For K € X, the functor ¢®: € — Fun(K, €) corresponding to the morphism ¢: K — * is
the diagonal. This has a left adjoint if and only if € admits all K-indexed colimits. Moreover,
if C has K-indexed colimits, then the functor f®: Fun(Y,€) — Fun(X, C) given by composition
with f: X — Y has a left adjoint for any f in Sy, since all pointwise left Kan extensions along
f then exist in €. Given a cartesian square

x Ly

s
x 1,y

in § with ¢ in 8, the mate transformation
9 f"® — P90
is then automatically an equivalence, since for ¢: Y’ — C this is given at x € X by the natural
map
colimye x1 ¢(f'p) — colimyeyf(y

L 9(y),

which is an equivalence since these fibres are canonically equivalent. This proves that ® is left
adjointable if and only if € admits K-indexed colimits.
Given morphisms [: X — Y in 84 and f: Y — Z in Sg,, we have the distributivity diagram

vy L 7

X h:f*l

x !

Y — 7

where ZL =~ [], ¢y, Xy. The distributivity transformation he [6€® — fglg is given for ¢: X — €
at z € Z by the canonical map

COlim(a:y)yEHyeyz X, ® d(xy) — ® (colimgex, d()).
yeY, yeY,

This is an equivalence if ® preserves K-indexed colimits in each variable. Conversely, for K € X
we have, in particular, the distributivity diagram

KK Y3 K
K1l % qllq q

qm‘

wIIx —Y 1 «

where ¢ is the unique map K — % and V are fold maps. The corresponding distributivity
transformation is given for ¢: K Il * — C by

colimye i (qb(k:) ® ¢(*)) — (colimkeK ¢(k)) ® ¢(*).

If ® is distributive, then this is an equivalence for all K € X and ¢, which is precisely the
condition that ® preserves X-indexed colimits in each variable. O
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COROLLARY 3.2.9. Let X be as in Lemma 3.2.6. Then functors ®: BISPANg, %(8) — CAT
such that the restriction to 8P preserves limits correspond to symmetric monoidal co-categories
that are compatible with X-indexed colimits.

Proof. By Theorem 2.5.1, functors BISPANg, 5 — CAT, correspond to K-distributive func-
tors Spang, (8) — CAT . On the other hand, we know from Corollary 3.2.4 that such functors
whose restriction to 8°P is right Kan extended from {*} correspond to symmetric monoidal
oo-categories, and in this case the functor is K-distributive if and only if the tensor product is
compatible with K-indexed colimits by Proposition 3.2.8. U

3.3 Bispans in spaces and analytic monads
Our goal in this section is to relate bispans in the oo-category of spaces to the polynomial and
analytic functors studied in [GHK22], where it is shown that analytic monads are equivalent
to oo-operads. Using the results of the previous section we will see that there is a canoni-
cal action of every analytic monad on any symmetric monoidal co-category compatible with
oo-groupoid-indexed colimits.

We first give a general construction of a functor from bispans to co-categories using slice
oo-categories.

PROPOSITION 3.3.1. Suppose (C,Cp, Cr) is a bispan triple. Then there is a functor of (00, 2)-
categories S1: BISPANp 1 (€) — CAT such that:

e Sl(c) ~ (i’fc, the full subcategory of €. spanned by the morphisms to c that lie in Cp,;
o for f: ¢ — ¢ in C, the functor f® is the functor f*: ch, — ch given by pullback along f;

e for f: c— ¢ in Cp, the functor fe is the functor fi: @fc — @fc, given by composition with f;

e for f: ¢c— ¢ in Cp, the functor fg is the functor f,: Gfa — ch, given by the partial right

adjoint to f*: C; — €.

Proof. Let X be the full subcategory of eal spanned by the morphisms in €y. Then the restriction
of evi: A" = € to a functor X — € is a cartesian fibration, with cocartesian morphisms over
morphisms in €z C €. This corresponds to a functor A: €°? — Cat,, which takes ¢ € C to the
oo-category Cfc and f: z — y to the functor f*: ny — sz given by pullback along f. The
functor A is right F-adjointable: since (C, Cr, Cr) is a bispan triple, the functor f* for f: x — y
in Cp has a right adjoint f,: Gfx — ny by Remark 2.4.5, and given a cartesian square
f Y
I
Y

x/

e

X
with f and f’ in Cp, the mate transformation

N fe — fi€7

is an equivalence by Lemma 2.4.6. The functor A\ therefore extends canonically to a functor

_r

A: SPANR(@)*°P — CAT,,

by Theorem 2.2.7. We claim the underlying functor of oo-categories \': Spany(C) — Cato is
L-distributive. Certainly if [: x — ¥ is a morphism in Cr, then the pullback functor [*: ny — Gfx

has a left adjoint I, given by composition with /; to see that the restriction of X' to C°P is left
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L-adjointable it remains to observe that for any cartesian square

4 /

—y
I
Y

with [ and !’ in €, the natural transformation [{§* — n*l; is an equivalence, since for g: z — x
in Gfm in the diagram

&\

e

ey
8 <

o g 7 /
e
Y

)
I
T

l/
—

y

the left square is cartesian if and only if the composite square is cartesian. To see that )\ is also
L-distributive, consider [:  —y in Cp and f: y — 2z in Cp and form a distributivity
diagram (20). The distributivity transformation

g!f*f* — faly
evaluated at {': ¢ — x is a canonical map
fulo fue'l — fu(lol);

this is an equivalence by Lemma 2.5.19. It follows by Theorem 2.5.1 that ) extends uniquely to
a functor S1: BISPANp 1 (€) — CAT, which, by construction, has the required properties. [

g

% l

—

Applying this to the bispan triple (8,8, 8) we get, in particular, the following result.

COROLLARY 3.3.2. There is a functor Sl: BISPAN(S) — CAT, taking X € 8 to §,x and a
bispan

XEpEply

to the functor typ.s*: §,x — 8y, where s* is given by pullback along s, p. is the right adjoint
to p*, and t, is given by composition with t.

DEFINITION 3.3.3. A polynomial functor F': 8,x — §,y is an accessible functor that preserves
weakly contractible limits. By [GHK22, Theorem 2.2.3] the polynomial functors are equivalently
those functors obtained as composites p,s* for some bispan of spaces

xXEphBly

Let PolyFun(8) be the sub-(oco,2)-category of CAT. whose objects are the slices §,x for
X € §, whose 1-morphisms are the polynomial functors, and whose 2-morphisms are the cartesian
natural transformations.

Remark 3.3.4. The (oo, 2)-category PolyFun(8) is the underlying (oo, 2)-category of the double
oo-category of polynomial functors considered in [GHK22].

COROLLARY 3.3.5. The functor Sl: BISPAN(S) — CAT restricts to an equivalence
BISPAN(S) = PolyFun(8).
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Proof. We apply the description from Corollary 2.5.18 to understand Sl: on objects, Sl takes
X € 8 to the oo-category §,x, and on morphisms it takes the bispan

xEELBLy
to the functor #p.s*. The functors of this form are precisely the polynomial functors, by [GHK22,
Theorem 2.2.3]. The description of Sl on 2-morphisms from Corollary 2.5.18(3) implies that
they are sent to composites of equivalences and (co)unit transformations that are cartesian by
[GHK22, Lemma 2.1.5]. Hence, Sl factors through PolyFun(§), and is essentially surjective on

objects and morphisms. To show that Sl factors through an equivalence it then suffices to show
it gives an equivalence

MAPgispan(s) (X, Y) — MAPpgjypun(s) (X, Y)
on mapping oo-categories for all X,Y in 8. Using Corollary 2.3.18 we can identify this with the
functor shown to be an equivalence in [GHK22, Proposition 2.4.13]. O

Remark 3.3.6. We expect that there is an analogue of Corollary 3.3.5 for bispans in any
oo-topos X, but this requires working with internal co-categories in X (or, equivalently, sheaves
of oo-categories on X): a key step in the identification of polynomial functors with bispans is the
description of colimit-preserving functors between slices of § as spans, i.e. the equivalence

FunL(S/X,S/y) ~ Fun(X, 8y ) =~ Fun(X x Y,8) >~ § xy-

This certainly fails for any other co-topos X, but an analogous statement should hold if we view
X instead as an oco-category internal to itself.

DEFINITION 3.3.7. An analytic functor F: 8,x — 8,y is a functor that preserves sifted col-
imits and weakly contractible limits. By [GHK22, Proposition 3.1.9] the analytic functors are
equivalently those functors obtained as composites tip,s* for some bispan of spaces

xXErpLply,
where p has finite discrete fibres.
As a consequence, we obtain the following.
COROLLARY 3.3.8. The functor Sl: BISPAN(S) — CAT, factors through an equivalence
BISPANg,(8) = AnFun(S§), (39)

where AnFun(8) is the locally full sub-(co, 2)-category of PolyFun(8) containing all objects, with
the analytic functors as morphisms, as well as all 2-morphisms between these.

DEFINITION 3.3.9. An analytic monad is a monad in the (oo,2)-category AnFun(§), i.e. an
associative algebra in the monoidal co-category MAP sppun(s) (X, X) of endomorphisms of some
object X, or a functor mnd — AnFun(8), where mnd is the universal 2-category containing a
monad. In other words, it is a monad on the oo-category 8,y whose underlying endofunctor is
analytic and whose unit and multiplication transformations are cartesian. From the equivalence
(39) we see that analytic monads are equivalently monads in the (0o, 2)-category BISPANg,(8).

COROLLARY 3.3.10. Suppose T' is an analytic monad on 8,x and 'V is a symmetric monoidal
oo-category compatible with oco-groupoid-indexed colimits. Then T induces a canonical monad
Ty on Fun(X,V).

Proof. We can identify T' with a monad on X € BISPANg,(8). By Corollary 3.2.9 V induces a
functor BISPANg, (8§) — CAT that takes Y € § to Fun(Y, V). Any functor of (oo, 2)-categories
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preserves monads, since they can be described as simply functors of (oo, 2)-categories from mnd.
Hence under the functor induced by V the monad 7" maps to a monad in CAT,, which indeed
acts on Fun(X,V). O

Remark 3.3.11. Suppose the underlying bispan of the monad T is
XxX<ELBL X
Then the underlying endofunctor of the monad Tv is given by

(Tye)(z) ~ colimpep, (X) B(s(e)).
eckEy
This has the same form as the formula for the free algebra monad of an co-operad, and the main
result of [GHK?22] is that analytic monads are equivalent to co-operads in the form of dendroidal
Segal spaces. We therefore expect that if O is the co-operad corresponding to T, then the monad
Ty is the free O-algebra monad for O-algebras in V.

3.4 Equivariant bispans and G-symmetric monoidal co-categories

In this section we look at the G-equivariant version of our results from §3.1 on symmetric
monoidal co-categories compatible with finite coproducts, where G is a finite group: we replace
the category of finite sets by the category Fg of finite G-sets, and consider when a G-symmetric
monoidal co-category, defined as a product-preserving functor Span(Fs) — Catw, is distributive,
and so extends to a functor BISPAN(Fg) — CAT .

DEFINITION 3.4.1. Let G be a finite group, and BG the corresponding 1-object groupoid. We
write Fg for the category Fun(BG, F) of finite G-sets, and O¢ for the full subcategory of orbits,
i.e. finite G-sets of the form G/H where H is a subgroup of G. Then F¢ is obtained from Og
by freely adding finite coproducts, so that for any oco-category € with finite products, restriction
along the inclusion Og — Fg gives an equivalence

Fun* (FZ, €) = Fun(0Z, €).

If C is the oo-category of spaces, this says that the oo-category 8¢ := P(Og) of G-spaces'? is
equivalent to Fun* (FZ?,S). By analogy with the case of G-spaces, we can think of a functor
F: OF — € as an ‘object of € with G-action’, with F := F(G/H) the object of ‘H-fixed points’
of F. We will, in particular, apply this notation for functors 02 — Cats, which we will call
G-co-categories.

Remark 3.4.2. The category F¢ is extensive, and so by [Barl7, Proposition 4.3] the coproduct
in F¢ gives both the product and coproduct in Span(F¢).

DEFINITION 3.4.3. Let € be an oo-category with finite products. A G-commutative monoid in
C is a product-preserving functor Span(Fg) — €. We write

CMong(€) := Fun™ (Span(F¢), @)

for the oo-category of G-commutative monoids in C. A G-symmetric monoidal co-category is a
G-commutative monoid in Cat.

Remark 3.4.4. When G is the trivial group this is equivalent to the usual definition of commu-
tative monoids (in terms of functors from F, satisfying a Segal condition) by Proposition 3.1.5.

12 By Elmendorf’s theorem [Elm83] the co-category S¢ is equivalent to that obtained from the category of topo-
logical spaces with G-action by inverting the maps that give weak homotopy equivalences on all spaces of fixed
points.
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More generally, see [Narl6, Theorem 6.5] for an alternative description of G-commutative
monoids in terms of ‘finite pointed G-sets’ (where this must be read in a non-trivial parametrized
sense).

Remark 3.4.5. A functor F: Span(Fg) — C preserves products if and only if the restriction to
F@ — € preserves products, and so is determined by its restriction to O — €. The additional
structure given by the forwards maps in Span(F¢) can be decomposed into:

e multiplication maps F7 x FH# — FH for each subgroup H of G, coming from the fold map
G/HUG/H — G/H,

e multiplicative transfer maps F# — FX for each inclusion H C K of subgroups, coming from
the quotient map G/H — G/ K,

together with various homotopy-coherent compatibilities that, in particular, make each F# a
commutative monoid.

Remark 3.4.6. Grouplike G-commutative monoids in § can be identified with connective genuine
G-spectra, by [Narl6, Corollary A.4.1]. Applying 7, such a grouplike G-commutative monoid
induces a G-commutative monoid in Set, which factors through a product-preserving functor

Span(Fg) — Ab

because it is grouplike. This is precisely a Mackey functor, which is well-known as the structure
appearing as mg of a genuine G-spectrum.

For a functor Span(Fg) — Cats we can simplify the condition that it is left adjointable as
follows.

ProproSITION 3.4.7. Suppose F: F(ép — Catso is a product-preserving functor. Then F is left
adjointable if and only if:

(1) for every subgroup H C G, the oo-category F/ has finite coproducts;

(2) for every inclusion of subgroups H C K the functor (¢5)®: F% — FH  corresponding to the
quotient map ¢5: G/H — G/K, has a left adjoint (¢5)a;

(3) for every inclusion of subgroups H C K the functor (qﬁ )® preserves finite coproducts;

(4) for subgroups H, K C L, let X be defined by the pullback

x I, ¢/k

bl

G/H - G/L

then the square

is left adjointable, i.e. the mate transformation

froly — (a)®ah)s

is an equivalence.
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Remark 3.4.8. The pullback X in condition (4) can be decomposed into a sum of orbits indexed
by double cosets:

x= [ HnkK,
lg)eH\L/K

where K, denotes the conjugate gK g~ 1. The left adjointability in condition (4) then amounts
to the following double coset formula:

K
(a%)®(afr)e ~ H Cg,@(qH%Kg)@(qngg)®7
lg9leH\L/K

where ¢, is the isomorphism G/K = G/K,.

Proof of Proposition 3.4.7. Since Fg is extensive, a morphism ¢: X — Y in Fg where Y =
[I; G/H; decomposes as a coproduct [, ¢; for ¢;: X; — G/H;. Since F is product-preserving,
to show that ¢® has a left adjoint it suffices to consider the case where Y is an orbit G/H.
Moreover, for ¢: X — G/H where X & ]_[j G/K; we can decompose ¢ as

11, ¢lo/x
[16/x; —"21]6/a < a/m,
- A

J

where V denotes the fold map. Since adjunctions compose, to prove that left adjoints exist it
is enough to consider fold maps and morphisms between orbits. In the first case, the functor
V® induced by the fold map V: [] jes G/H — G/H can be identified with the diagonal functor
FH — Fun(J,F7) and so has a left adjoint for all finite sets J if and only if I admits finite
coproducts, i.e. if and only if assumption (1) holds. In the second case, a morphism ¢: G/K —

- q
G/H can be decomposed as G/K = G/gKg™! oKl G/H and so ¢® has a left adjoint for all
such maps ¢ if and only if assumption (2) holds.
Now we consider the adjointability condition. Again using that F¢g is extensive, a pullback
square

—

N — <

l;

—

where W 22 [[, G/H; decomposes as a coproduct of pullback squares

Xi —— Y,

L

Since F preserves products and taking mate squares commutes with products, we see that F is
left adjointable if and only if it is left adjointable for pullback squares

X —Y

|

Z —— G/H
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over an orbit. If Y =[], G/K; and Z = [[; G/L;, then we can decompose our pullback square
into the diagram
X ———11,,G/Ki — 11, G/K,

| | |

I, 6/L; — 1, ,;G/H —— [1;G/H

| | J

I,6/L; —— ;G/H —— G/H

where the top left square decomposes as a coproduct of pullback squares
Xi,j E— G/Kz

| |

of the form considered in condition (4) and the other squares are defined using fold maps.
Since mate squares are compatible with both vertical and horizontal composition of squares, the
functor F will be left adjointable if the images of the four squares in such decompositions are
left adjointable. Using again the assumption that F preserves finite products, we see that this
holds if and only if condition (4) holds and we have left adjointability for squares of the form

[1e; G/K 5 G/K

JLL-E, p Jqs

e, G/H 5 G/H.

The latter means the canonical map Vg g([]; ¢®) — ¢®V e is an equivalence, i.e. the functor
¢® preserves I-indexed coproducts where ¢ is a map between orbits in Fg. Since such maps are
composites of isomorphisms and maps coming from subgroup inclusions, this is equivalent to
condition (3). O

DEFINITION 3.4.9. We say a G-oo-category F has additive transfers if it satisfies the conditions
of Proposition 3.4.7 when viewed as a product-preserving functor IE‘OGP — Cateo.

Remark 3.4.10. In the terminology of [Sha23, Narl6] a G-oo-category has finite G-coproducts if
and only if it has additive transfers in our sense, cf. [Narl6, Proposition 2.11].

PROPOSITION 3.4.11. Suppose F: Span(Fg) — Catso is a G-symmetric monoidal co-category
whose underlying G-co-category has additive transfers. Then F is distributive if and only if for
all morphisms ¢: X — Y,¢: Y — G/H in F¢, the distributivity transformation

9o Vee® — Vg dq

A
|

—— G/H
2386
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Remark 3.4.12. Decomposing Z = ¢, X in such a distributivity diagram as a coproduct of orbits
is often a non-trivial problem in finite group theory, so we do not expect that this distributivity
condition can be simplified further in general.

Proof of Proposition 3.4.11. Since Fg is extensive, we know from Example 2.6.12 that finite
coproducts of distributivity diagrams are again distributivity diagrams. Since F preserves prod-
ucts, distributivity transformations associated to such coproducts decompose as products, hence
the distributivity condition reduces to the case where the target of the second map is an orbit. [J

DEFINITION 3.4.13. We say a G-symmetric monoidal oco-category F: Span(Fg) — Cateo is
compatible with additive transfers if it satisfies the condition of Proposition 3.4.11.

COROLLARY 3.4.14. Product-preserving functors BISPAN(Fg) — Cats,  correspond — to
G-symmetric monoidal co-categories that are compatible with additive transfers.

Proof. By Theorem 2.5.1, functors BISPAN(Fg) — CAT, correspond to distributive functors
Span(Fg) — CAT. Moreover, from Remark 2.6.13 we know that the product in BISPAN(F)
is given by the coproduct in Fg, just as in Span(Fg), so product-preserving functors from
BISPAN(F¢) correspond to product-preserving distributive functors under this equivalence. By
Propositions 3.4.7 and 3.4.11, the latter are equivalent to G-symmetric monoidal oo-categories
that are compatible with additive transfers. ]

We now consider some examples of G-symmetric monoidal oo-categories compatible with
additive transfers.

Ezample 3.4.15 (Finite G-sets). As a special case of Proposition 3.3.1 we get a functor
BISPAN(Fg) — CAT

taking X € Fg to the slice (Fg),x. Here we can identify (Fg) /(g ) with Fy, so the underlying
G-category is given by (G/H) — Fp. Since F¢ is extensive, this is a product-preserving functor;
the underlying G-symmetric monoidal category encodes the cartesian products of finite G-sets
and their compatibility with the left and right adjoints to the restriction functor Fg — Fp for
H a subgroup of G.

Ezample 3.4.16 (G-spaces). As a variant of the previous example, we can consider the
G-oo-category of G-spaces. Since 8¢ is locally cartesian closed (being a (presheaf) oco-topos),
we can apply Proposition 3.3.1 to it and then restrict to bispans in Fg to get a functor

BISPAN(Fg) — CATw

that takes X € Fg to (8¢),/x; here we can identify (S¢) /(q/m) With Sp. Since 8¢ is extensive, this
is a product-preserving functor. The underlying G-symmetric monoidal co-category (compatible
with additive transfers) encodes the cartesian products of H-spaces for all subgroups H of G
and their compatibility with the left and right adjoints to the restriction functor 8¢ — Sy.

Ezample 3.4.17 (G-actions in a symmetric monoidal co-category). Let € be a symmetric
monoidal oo-category. By Proposition 3.2.3 this determines a functor Spang,(8) — Cateo tak-
ing X € 8§ to Fun(X,€). For a finite group G we have a functor §: Fg — § by restricting the
colimit functor Fun(BG, 8) — §; this takes a finite G-set X to the groupoid X//G = Xjg. The
functor G preserves pullbacks since the colimit functor factors as the straightening equivalence
Fun(BG, 8) = § /BG followed by the forgetful functor to 8, which preserves all weakly con-
tractible limits. Moreover, G takes values in 8gy,, and so yields a functor Span(§): Span(F¢g) —
Spang, (8). This functor preserves products, since G preserves coproducts. It follows that we
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can restrict along Span(9) and obtain for any symmetric monoidal co-category € a G-symmetric
monoidal structure on Fun(BG, €). Moreover, if the tensor product in € is compatible with finite
coproducts, this G-symmetric monoidal structure will be compatible with additive transfers.

Ezample 3.4.18 (G-representations). As a special case of the previous example, we can take €
to be the category Vectp of k-vector spaces with the tensor product as symmetric monoidal
structure. We then obtain a functor

pr: BISPAN(F¢) — CAT

such that pi(G/H) is the category Repy(k) := Fun(BH, Vecty) of H-representations and for
subgroups H C K C G:

o (¢f)® is the restriction functor Resf : Repy (k) — Repy (k);
o (¢¥)g is the induced representation functor Ind% : Repy (k) — Repg (k), left adjoint to Resk,
and given on objects by taking an H-representation V' to @@, JH V' with induced action of K;

o (¢%)g is the tensor-induction functor Repy (k) — Repy(k), given on objects by taking an
H-representation V to @, /i V' with induced action of K.

As a more sophisticated version of this construction, we can instead consider the oco-category
Perfr of perfect (i.e. dualizable) modules over an E.-ring spectrum R. Plugging this into the
previous example we see that the co-categories Rep%y (R) := Fun(BH, Perfy) fit together into a
functor

p%: BISPAN(F¢) — CAT

such that p% (G)(G/H) = Rep; (R). This example will be important when we discuss Tambara
functors arising from the algebraic K-theory of group actions in the next section.

Our final example of a G-symmetric monoidal co-category compatible with additive transfers
is the co-category of genuine G-spectra. This is less formal than our previous examples, but the
input we need is already in the literature.

PROPOSITION 3.4.19. The oo-category Sp® of genuine G-spectra is a G-symmetric monoidal
oo-category compatible with additive transfers.

Proof. Taking fixed point spectra for subgroups of G gives a functor O‘ép — Caty that takes G/H
to the co-category Sp’! of genuine H-spectra; this is the G-co-category of G-spectra. The corre-
sponding product-preserving functor FY — Cats extends to a functor og: Span(Fg) — Catoo
such that for H C K C G the functor (¢%)g: Sp — Sp’ is the multiplicative norm of [HHR16];
this follows from the results of [BH21, §9] by restricting the functor from spans of profi-
nite groupoids defined there. For ¢: X — Y in Fg, the functor ¢®: og(Y) — og(X) has a
left adjoint by [BH21, Lemma 9.7(2)]; for H C K C G the left adjoint (¢)g is the classi-
cal (additive) transfer or induction functor. To see that the functor og is left adjointable we
check the three remaining conditions in Proposition 3.4.7: conditions (1) and (3) hold since the
oo-categories of G-spectra are stable (hence, any right adjoint functor between them automat-
ically preserves finite colimits). To check condition (4) we use that any H-spectrum is a sifted
colimit of desuspensions of suspension spectra X3°X with X a finite H-set, and the functors
involved preserve (sifted) colimits and desuspensions. Hence, it suffices to check that the canonical
map

I L
fraffEEX — (ag)®(an)e T X
is an equivalence for X € Fy. But here all the functors are given on suspension spectra of
finite H-sets by the suspension spectra on the corresponding functors for finite H-sets, so this
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follows from Example 3.4.15. The same argument works for distributivity, since we also have
JoXTX ~ X f.X. g

Remark 3.4.20. The adjointability condition here reduces by Remark 3.4.8 to a double coset
formula for additive transfers. This is a basic fact in equivariant stable homotopy theory that
has surely long been well-known to the experts, but the only explicit references we could find
are [HHR16, Proposition A.30] (applied to the direct sum in orthogonal spectra) and [Patl6,
Corollary 5.2]. The distributivity condition also appears (in terms of orthogonal spectra) as
[HHR16, Proposition A.37].

VARIANT 3.4.21. Following Blumberg and Hill [BH18] we can consider subcategories F¢; 5 where
J is an indezing system as in [BH18, Definition 1.2]; by [BH18, Theorem 1.4] these are precisely
the subcategories of Fg such that (Fg,F¢ g) is a span pair. Since Fg is locally cartesian closed,
we then have a bispan triple (Fg,Fg g, Fg). Product-preserving functors out of Spang(Fg) are
G-symmetric monoidal co-categories where only some subclass of multiplicative norms exist, and
we can characterize distributivity for such functors by the analogue of Proposition 3.4.11 with
the map 1 restricted to lie in Fg 5.

VARIANT 3.4.22. We can also consider a G-equivariant analogue of §3.2: using [BH21,
Proposition C.18] a G-symmetric monoidal oo-category determines by right Kan extension a
functor Spang,(8g) — Cats, Where 8¢ s, denotes the subcategory of 8¢ containing the maps
¢: X — Y such that for every map G/H — Y, the pullback X xy G/H is a finite G-set. Here
(8¢, 8¢ fin, S¢) is a bispan triple, and we might say that the G-symmetric monoidal co-category is
‘compatible with G-space-indexed G-colimits’ if this is distributive. We expect that this should
hold for the G-symmetric monoidal oco-category of genuine G-spectra and, by analogy with
[GHK22], that monads in the (oo, 2)-category BISPANg, (S¢) should be related to a notion of
G-00-operads (see [BDGT16)).

VARIANT 3.4.23. In [BH21, Chapter 9], Bachmann and Hoyois define oo-categories of equivari-
ant spectra for profinite groupoids, and we can also consider distributivity in this setting. We
can take the (2, 1)-category of finite groupoids FinGpd C § to be the full subcategory of spaces
spanned by 1-truncated spaces with finite mg, 7;. We then form the (2, 1)-category of profinite
groupoids by taking pro-objects: ProfGpd := Pro(FinGpd). Let ProfGpdy, be the subcategory
containing only the finitely presented maps as in [BH21, §9.1]. It then follows from [BH21,
Lemmas 9.3 and 9.5] and Lemma 2.4.6 that we have a bispan triple

(ProfGpd, ProfGpdy,, ProfGpd).
In [BH21, Chapter 9] equivariant spectra are defined as a functor
Spang, (ProfGpd) — Cateo;
we expect that this is distributive, giving a functor of (0o, 2)-categories

BISPANg, (ProfGpd) — CAT .
3.5 Motivic bispans and normed oo-categories
In this section we will relate the normed oo-categories of Bachmann—Hoyois to functors from
certain bispans in schemes (and, more generally, algebraic spaces) to CAT . As an example of

this, we will see that the results of [BH21] imply that co-categories of motivic spectra give such
a functor. We begin by describing some bispan triples on schemes.
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WARNING 3.5.1. Throughout this section, schemes and algebraic spaces are always assumed to
be quasi-compact and quasi-separated (qcqgs).!?

Notation 3.5.2. If S is a (qcqgs) scheme, we write Schg for the category of (qcgs) schemes over
S. (This has pullbacks since qcgs morphisms are closed under base change, see [Sta, Tags 01KU
and 01K5].)

ProprosITION 3.5.3. The following are bispan triples:

(i) (Schg, Schilf, Sch@’) for any scheme S, where Schill consists of finite locally free (meaning
finite, flat, and of finite presentation) morphisms of S-schemes and Schqsp of quasiprojective
morphisms of S-schemes;

(ii) (Schg, Schfgét, Sch’) for any scheme S, where Schfgét consists of finite étale morphisms of
S-schemes;

(iii) (Schg, Schgf, Schg") for any scheme S, where Schig"™ consists of smooth and quasiprojec-
tive morphisms of S-schemes;
(iv) (Schg,Schit, Sch3™®) for any scheme S;

(v) (Schg, Schié®, Schgroj) for any scheme S, where S(:hgroj consists of projective morphisms of

S-schemes.

Proof. The classes of morphisms of schemes that are finite locally free, quasiprojective, smooth,
finite, and étale are all closed under base change by [Sta, Tags 02KD,0B3G,01VB,01WL,02GO],
respectively. Hence, the subcategories Schlf, Sch®, Schy"®, and Schi$® of Schg all give span
pairs.

Now the main point is the existence of Weil restrictions for schemes: if f: S’ — S is a
morphism of schemes and X is an S’-scheme, the Weil restriction Ry X, if it exists, is an S-scheme

that represents the functor
Hom g ((—) x5 S, X): Schy’ — Set;

note that this is exactly the requirement (21) for a distributivity diagram for X — S’
and f.

By [BLR17, Theorem 7.6.4], the Weil restriction Ry X exists if f is a finite locally free mor-
phism and X is quasiprojective. Moreover, R; X is quasiprojective over S by [BH21, Lemma 2.13].
This gives the bispan triple (i), from which bispan triple (ii) is trivially obtained by restricting
from finite locally free morphisms to the subclass of finite étale ones. For bispan triples (iii) and
(iv) the only additional input needed is that Ry takes smooth morphisms to smooth morphisms,
which holds by [BLR17, Proposition 7.6.5(h)], while for bispan triple (v) we use that Ry preserves
proper morphisms if f is finite étale by [BLR17, Proposition 7.6.5(f)] and that a morphism is
projective if and only if it is proper and quasiprojective by [Sta, Tag 0BCL]. O

We now review the construction of a distributive functor for the bispan triple (iv) from
motivic spectra, due to Bachmann and Hoyois.

Notation 3.5.4. We write SH(S) for the oco-category of motivic spectra over a base scheme S
and H(S) for that of motivic spaces over S. For any morphism of schemes f: S — S’ we have
a pullback functor f*: SH(S’) — SH(S), and similarly in the unstable case. This gives functors
SH,H: Sch®? — Catg.

13 Note that every morphism between qcqs schemes is automatically a qcqs morphism (see [Sta, Tags 01KV and
03GI]); this means we do not need to distinguish between morphisms of finite presentation and locally of finite
presentation, since the additional qcqs assumption is automatic.
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In [BH21], Bachmann and Hoyois promoted the contravariant functor X +— SH(X) to include
a multiplicative pushforward for finite étale morphisms, encoded as a functor out of a span
category

SH: Spang, (Sch) — Cats,, X Lz%y o g [ (40)
Given a finite étale morphism g: X — Y, the functor
Jgg: SH(X) — SH(Y)
is first constructed unstably as a functor on the level of the pointed unstable motivic homotopy

oo-category,
9o H(X)« — H(Y)..

This functor is, in turn, induced by the functor of Weil restriction [BLR17, § 7.6], Ry : SmQPyx —
SmQPy-, where SmQP 5 denotes the full subcategory of Schx spanned by smooth and quasipro-
jective X-schemes, using the fact that the inclusion SmQP y C Smyx into the full subcategory
of smooth X-schemes induces equivalent motivic unstable categories (since every smooth
X-scheme is Zariski-locally also quasiprojective). We refer to [BH21, §1.6] for a summary of
the construction and [BH21, §6.1] for a detailed construction of (40).

Given a smooth morphism f: X — Y of schemes, the pullback functor f* admits a left
adjoint

fi: SH(X) — SH(Y).

This left adjoint should be thought of as an additive pushforward along f; indeed, if I is a finite
set and Vy: [[; X — X is the fold map, then, under the identification SH([[; X) ~ SH(X)*/,
the functor (V) is given by

(Xi)ier — EP X
el
The functor fy is first constructed unstably as a functor
fyr H(X) — H(Y),

which, in turn, is induced by the functor Smx — Smy given by composition with f (i.e. the
functor that sends a smooth X-scheme T to itself regarded as a Y-scheme); see [Hoyl7, §4.1,
Lemma 6.2] for a construction in the language of this paper in the more general context of
equivariant motivic homotopy theory.

The importance of this additional left adjoint functoriality in formulating smooth base change
was first pointed out by Voevodsky [Voe99] and worked out by Ayoub in [Ayo07]; see [Hoyl17,
§ 6.1, Proposition 4.2] for an oo-categorical formulation (in the more general equivariant context).
In our language, smooth base change for motivic spectra says that the functor SH: Sch°? —
Caty, is left adjointable with respect to smooth maps. Moreover, combining this with [BH21,
Proposition 5.10(1)] we get that the functor (40) is smqp-distributive. Applying Theorem 2.5.1,
these results imply the following.

THEOREM 3.5.5. Motivic spectra give a smqp-distributive functor
SH: Spang (Sch) — Catw,
and so a functor of (00, 2)-categories

BISPANfétVqup (SCh) - CATOO .
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As indicated already in [BH21, Remark 2.14], the restriction to those smooth morphisms that
are quasiprojective here is an artifact of the restriction of SH to schemes instead of algebraic
spaces. We will therefore extend this result by working with algebraic spaces.

Notation 3.5.6. For a (qcgs) scheme S, we write AlgSpcg for the category of (qcgs) algebraic
spaces over S.'* This category has pullbacks since qcgs morphisms of algebraic spaces are closed
under base change by [Sta, Tags 03KL,03HF]; note also that for an S-scheme S’ we have an
equivalence

AlgSpcgr >~ (AlgSpcg) /g
by [Sta, Tag 04SG].
Here we again have several bispan triples.
ProproSITION 3.5.7. The following are bispan triples:

(i) (AlgSpcS,AlgSpcgf, AlgSpcg) for any scheme S, where AlgSpcgf consists of finite locally
free morphisms of algebraic spaces over S;

(ii) (AlgSpcS,AIgSpcfget,AlgSpcS) for any scheme S, where AlgSpcfget consists of finite étale
morphisms of algebraic spaces over S;

iii) (AlgSpcg, AlgSpclf, AlgSpc™) for any scheme S, where AlgSpci™ consists of smooth

S S S S

morphisms of algebraic spaces over S;

(iv) (AlgSpcg, AlgSpcfgt, AlgSpcs") for any scheme S;

(v) (AlgSpcS,AlgSpcfSet,AlgSpcgmp) for any scheme S, where AlgSpct®® consists of proper
morphisms of algebraic spaces over S.

Proof. Morphisms of algebraic spaces that are finite locally free, finite, étale, and smooth
are closed under base change by [Sta, Tags 03ZY, 03ZS, 0466, 03ZE], respectively. Thus, the
subcategories AlgSpc%f, AlgSpcfSét, AlgSpcs™ of AlgSpcg all give span pairs.

Suppose f: Y — Z is a finite locally free morphism of algebraic spaces. Then the functor

f*: AlgSpc, — AlgSpcy

admits a right adjoint Ry, given by Weil restriction of algebraic spaces, by a result of Rydh
[Ryd11, Theorem 3.7]; note that Rj preserves the qcgs property we require by [Rydll,
Proposition 3.8(xiii,xix)]. This gives the bispan triples (i) and (ii) (since finite étale morphisms
are in particular finite locally free).

To obtain bispan triples (iii) and (iv) it suffices to note that R; converts smooth morphisms
to smooth morphisms. If f: X — Y is a finite locally free morphism of schemes this follows from
[Ryd11, Proposition 3.5(i,iv)] and [Sta, Tag 0DPO0]. The extension to the general case is easy:
first note that for W over X we have that RyW — Y is smooth if and only if its pullback along
any morphism ¢g: T'— Y with 7" a scheme is smooth, by [Sta, Tag 03ZF]. In the pullback square

the algebraic space U is a scheme since f is finite and so, by definition, representable. We also
have the base change equivalence g*RyW = Ry ¢ W, and if W is smooth over X, then Ry g"W
is smooth over T' since the base change ¢"*W is smooth over U and f’ is a finite locally free

14 Every morphism between qcgs algebraic spaces is a qcqs morphism by [Sta, Tag 03KR,03KS]; thus, we can still
ignore the distinction between morphisms of finite presentation and locally of finite presentation.
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morphism of schemes. Finally, bispan triple (v) holds since by the same argument starting with
[Rydl11, Remark 3.9] Ry preserves proper morphisms if f is finite étale. O

In order to work with motivic spectra over algebraic spaces effectively we record the following
lemma which amounts to saying that any Nisnevich sheaf on algebraic spaces is right Kan
extended from schemes.

LEMMA 3.5.8. Let € be a complete oco-category and S a scheme, and let
t: Schg — AlgSpcg
be the inclusion. Then the restriction functor ¢*: PShv(AlgSpcg, €) — PShv(Schg, €) induces an
equivalence of co-categories:
1*: Shvis(AlgSpeg, €) — Shvyis(Schg, €),
with the inverse given by right Kan extension.

Proof. Let
tx: PShv(Schg, €) — PShv(AlgSpcg, ©)

denote the right adjoint to ¢* which is computed by right Kan extension. We first claim that ¢,
preserves Nisnevich sheaves, i.e. there exists a filler in the following diagram.

Shvyis(Schg, €) ----- » Shvis(AlgSpeg, C)

l [

PShv(Schg, @) —=— PShv(AlgSpcg, €).

According to [GH23, Lemma 2.23], it suffices to verify that the functor ¢ is topologically cocon-
tinuous!® for the Nisnevich topology on Schg and on AlgSpcg, as this implies that .* preserves
Nis-local equivalences and, thus, ¢, preserves sheaves.

Unwinding definitions, this means we need to prove the following claim.

(*) For any X € Schg and any Nisnevich sieve R’ — +(X) of algebraic spaces, the sieve on Schg
generated by morphisms of schemes X’ — X such that «(X’) — «(X) factors through R’ is
a Nisnevich sieve of X.

This condition is verified by [Knu71, Chapter II, Theorem 6.4]; indeed for z € X and f: YV — X
an étale morphism such that we have a lift
Y
/ |s

Speck(xz) ——— X

this result tells us that we can find a completely decomposed étale morphism U — Y with U
an affine scheme such that Spec k(z) — Y factors through U. Since the composite U — X is an
étale morphism, the desired claim is verified.

Now we claim that ¢* also preserves sheaves. Indeed, if {U, — X} is a family which gen-
erates a Nisnevich covering family of schemes, then it is still a Nisnevich covering family of
algebraic spaces. Therefore ¢ is also a morphism of sites,'S and, thus, :* preserves sheaves,

15 In the sense of [SGA4, Expose III, Définition 2.1] where this is called ‘continuous’; to avoid confusion with the
notion of a functor that preserves limits, we borrow this terminology from [Khal9].
16 In the sense reviewed in, say, [ES21, Appendix B.1].
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i.e. there exists a filler in the following diagram:
Shvis(AlgSpeg, €) ----- » Shvis(Schg, €)

l l

PShv(AlgSpeg, €) —-— PShv(Schg, C) .

Therefore, we have an adjunction on the level of Nisnevich sheaves
¢*: Shvnis(AlgSpeg, €) = Shvyis(Schg, €) ey,

where ¢, is fully faithful since it is given by right Kan extension along the fully faithful functor ¢.
Equivalently, the counit transformation ¢t*1, — id is an equivalence.

It then suffices to prove that the unit transformation id — ¢.t* is also an equivalence.
According to [Lurl8, Theorem 3.4.2.1], any qcgs algebraic space admits a scalloped decomposi-
tion in the sense of [Lurl8, Definition 2.5.3.1]. In this context, this means that any X € AlgSpcg
admits a sequence of open immersions

V=Uy—U — Uy~ ---Uy—---U, =X,

*

such that for any 1 <7 < n we have a bicartesian diagram in algebraic spaces

| |

Ji
Ui-in — U;

where each p; is étale. A result of Morel and Voevodsky [MV99] (in the form [Lurls8,
Theorem 3.7.5.1]) states that any Nisnevich sheaf converts the above square to a cartesian
square. Now although W; is not necessarily a scheme, it is an open sub-algebraic space of an
affine scheme and, hence, is separated. Therefore, by induction and the fact that ¢* is computed
on the level of presheaves, the map F' — 1,*F is an equivalence for any Nisnevich sheaf F' as
soon as we know that it is an equivalence when evaluated on a separated algebraic space.

Now, if X is a separated algebraic space then, in the scalloped decomposition of X, we see
that W; is, in fact, affine, as argued in the proof of [Khal9, Proposition 2.2.13]. Therefore, by
induction again, we need only check that F' — ¢,.*F is an equivalence on affine schemes which
is tautologically true. ]

We can now prove the following.
THEOREM 3.5.9. The functor (40) extends canonically to a sm-distributive functor
SH: Spang, (AlgSpcg) — Catoo
and, hence, to a functor of (co,2)-categories
SH: BISPAN{¢; sm (AlgSpeg) — CAT .
Proof. First, by Lemma 3.5.8, the right Kan extension of the Nisnevich sheaf
SH: Sch®? — CAT
to algebraic spaces defines a Nisnevich sheaf
SH: AlgSpc®® — CAT .
Therefore, we can apply [BH21, Proposition C.18] to obtain an extension
SH: Spang (AlgSpc) — Cato
of (40).
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Now in order to use Theorem 2.5.1, we need to verify that this extension satisfies the
distributivity property with respect to smooth morphisms. Since the functors involved in the
adjointability and distributivity transformations are stable under base change, we are reduced
to the case of schemes we discussed previously. O

Remark 3.5.10. In the more general setting of spectral algebraic spaces, Khan has constructed
the unstable motivic homotopy oco-category (defined in [Khal9, Definition 2.4.1]). By Nisnevich
descent, this agrees with the right Kan extended version appearing in the proof of Theorem 3.5.9,
using the uniqueness part of Lemma 3.5.8.

3.6 Bispans in spectral Deligne—Mumford stacks and Perf
In this subsection we promote the functor Perf: SpDM — Caty to a functor out of an (oo, 2)-
category of bispans. This extends a result of Barwick [Barl7, Example D], which gives a functor

Perf: Spangp(SpDM) — Cat

encoding the usual pullback f* and pushforward f, for a morphism in SpDM, with FP a class
of morphisms for which f, restricts to perfect objects and satisfies base change. Our version
adds a multiplicative pushforward fg where f is finite étale (at the cost of restricting the class
FP in order to guarantee the existence of Weil restrictions). We note that the multiplicative
pushforward in this situation is right Kan extended from the symmetric monoidal structure in
Perf and is, thus, not as complicated as in the motivic and equivariant cases we considered
previously. However, we include this section with a view towards applications in algebraic K-
theory in the following section.

We will freely use the language of spectral Deligne-Mumford stacks introduced in [Lurl8].
We denote by SpDMg the oco-category of spectral Deligne-Mumford stacks over a base S. We
also adopt the following terminology from [Barl7, Example D].

DEFINITION 3.6.1. Recall that for X € SpDM an object € € QCoh(X) is called perfect if for
every map z: Spec A — X, where A is an F-ring spectrum, the A-module z*€ is perfect (i.e.
dualizable or equivalently compact in the symmetric monoidal co-category Mod 4 ). Now suppose
that f: X — Y is a morphism in SpDM. We say that f is perfect if the pushforward functor

f«: QCoh(X) — QCoh(Y),
takes perfect objects to perfect objects.
The following theorem of Lurie furnishes a large class of perfect morphisms.

THEOREM 3.6.2 [Lurl8, Theorem 6.1.3.2]. Let f: X — Y be a morphism in SpDM. If f is
proper, locally almost of finite presentation, and of finite Tor-amplitude, then f is perfect.

Notation 3.6.3. Following [Barl7, Notation D.17], we label the class of morphisms in
Theorem 3.6.2 by FP.

We will also make use the existence of the spectral version of Weil restriction; see the dis-
cussion of [Lurl8, §19.1] and note that the definitions are completely analogous to the classical
situation. There Lurie proves the following existence theorem.

THEOREM 3.6.4 [Lurl8, Theorem 19.1.0.1]. Suppose that f: X — Y is a morphism in SpDM
that is proper, flat, and locally almost of finite presentation. Let p: Z — X be a relative spectral
algebraic space that is quasi-separated and locally almost of finite presentation. Then the Weil
restriction R¢(p) € SpDMy exists.
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Notation 3.6.5. In light of this, let us write:

e W for the class of morphisms in SpDM that are proper, flat, and locally almost of finite
presentation;

e O for the class of morphisms in SpDM that are relative spectral algebraic spaces, quasi-
separated, and locally almost of finite presentation;

e FP' C FP for the class of morphisms in FP which are furthermore relative spectral algebraic
spaces;

e fét for the class of finite étale morphisms in SpDM.

Then Weil restrictions of morphisms in Q along ones in W exist in SpDM. Here FP' C Q
since proper morphisms are always quasi-separated, and fét C 'W.

LEMMA 3.6.6. Suppose that f: X — Y is a morphism in SpDM of class W and p: Z — X is one
of class Q. Then Ry(p) is again of class Q. Assuming f is moreover finite étale, we also have:

(a) if'p is quasi-compact, then Rs(p) — Y is quasi-compact;
(b) if p is proper, then R¢(p) — Y is proper;
(c) if p is of finite Tor-amplitude, then R¢(p) — Y is of finite Tor-amplitude.

Proof. The statement that Rs(p) is of class Q is part of [Lurl8, Theorem 19.1.0.1].

Now let us verify properties (a)—(c). To verify properties (a) and (c), note that quasi-
compactness and having finite Tor-amplitude can be detected étale locally on the target (for
the former, this is [Lurl8, Remark 2.3.2.5] and the equivalences of [Lurl8, Proposition 2.3.2.1]
and for the latter this is [Lurl8, Proposition 6.1.2.2]). Therefore, we may work étale locally on
Y. Since f was assumed to be finite étale, it is étale locally a fold map f: X ~ ", Y — Y.
In this case, we can write p: Z — X as a coproduct [[, fi: [[; Zi — [, Y. Therefore, the Weil
restriction takes the form Ry(p) ~ Zy xy Zs Xy -+ xy Z, — Y. To conclude property (a), we
note that quasi-compactness is stable under base change [Lurl8, Proposition 2.3.3.1], while for
property (c), we note that Tor-amplitudes add up under base change [Lurl8, Lemma 6.1.1.6].

To prove property (b), we use the valuative criterion for properness in the form [Lurl8,
Corollary 5.3.1.2]. To apply this, we need to know that R¢(p) is quasi-compact, quasi-separated,
and locally of finite type. These properties follow from what we have already proved, since a
morphism locally almost of finite presentation is also locally of finite type by [Lurl8, Remark
4.1.1.5]. The properness criterion of [Lurl8, Corollary 5.3.1.2] now follows from the functor-of-
points description of the Weil restriction. ]

ProproSITION 3.6.7. Let S be a spectral Deligne-Mumford stack. Then
(SpDMg, SpDMEt, SpDMIT)
is a bispan triple.

Proof. After Lemma 3.6.6 it suffices to note that morphisms in fét and FP are stable under
base change. This follows from [Lurl8, Propositions 5.1.3.1, 4.2.1.6, 6.1.2.2, 1.4.1.11(2), and
3.3.1.8]. O

THEOREM 3.6.8. Let S be a spectral Deligne-Mumford stack. The functor
Perf: SpDMY — Cato,
canonically extends to a functor

Perf: Spang (SpDMg) — Catc.
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Moreover, this is right FP'-distributive (in the sense of Variant 2.4.12), and so canonically extends
further to a functor of (oo, 2)-categories

Perf: BISPAN 55 (SpDMg)**P — CAT.
Proof. We first apply [BH21, Proposition C.9] to extend Perf to a functor
Spang,q(SpDMg) — Cateo,

where SpDMg‘?Id consists of the finite fold maps, i.e. the maps [[; X — [[; X with I — J a map
of finite sets. Here the pushforward

Vi : Perf <]_[ X) =~ Perf(X)*! — Perf(X)
I

is just the tensor product, and the base change simply encodes the fact that the pullback functors
are symmetric monoidal.

Next, we use [BH21, Corollary C.13] for € = SpDM, t the étale topology and m the class of
finite étale maps to obtain a functor

Perf: Spang (SpDMg) — Cateo.

The content of this result is that since Perf is an étale sheaf and finite étale morphisms are étale-
locally contained in the class of fold maps, we can extend the symmetric monoidal structure to
norms along finite étale morphisms.

In order to show that this functor is right FP'-distributive, we first check that its restriction
Perf: SpDMg — Caty, is right FP-adjointable. For any morphism f: X — Y in SpDMg the
functor f*: QCoh(Y) — QCoh(Y) has a right adjoint f.. Given a pullback square

x Ly

Il
x5y

the commutative square

QCoh(Y) —— QCoh(X)

lg* lg,*

QCoh(Y") I QCoh(X)

is right adjointable by [Lurl8, Corollary 3.4.2.2] provided f is quasi-compact and quasi-separated.
This is true by definition [Lurl8, Definition 5.1.2.1] for any proper morphism and so for any
morphism in FP'. Moreover, if f is of finite Tor amplitude, then f, preserves perfect complexes
by Theorem 3.6.2, so in this case the adjunction restricts to an adjunction

[ Perf(Y) = Perf(X) : f«

on the full subcategories of perfect objects, which still satisfies the right adjointability condition
if f is also quasi-compact and quasi-separated. This holds, in particular, if f is in FP’, so that
Perf is indeed right FP'-adjointable.
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It remains to check the (right) distributivity condition for p: X — Y in 3P and f: Y — Z
finite étale: given a distributivity diagram

F*Ry(p) —— R;(p)

- (41)

the (right) distributivity transformation

f®p* - g*.f®€*

must be invertible. Since Perf is an étale sheaf and distributivity transformations satisfy base
change by Proposition 2.5.22, we may check this étale-locally on Z. Since finite étale morphisms
are étale-locally given by finite fold maps, this means we may assume that f is a fold map

V:YﬁﬁZ%Z.
i=1

Since SpDM is extensive, we get a decomposition of p as

n n n
=1 =1 i=1
and an equivalence
Ry(p) ~ X1 xz Xo Xz -+ Xz Xp,
since the universal property of Ry (p) is equivalent to that of this iterated fibre product:
Mapspoig,yp, , (W> B (p)) = Mapspong, (VW X)

= MapSpDMs/Ui z (H W, H Xi)
% 7
~ [T Mapg,paig,, (W, Xi)
%

~ Mapg,pg, (W, X1 Xz -+ Xz Xa).

If m; denotes the projection X xz -+ xz X, = Xj, then e ~ ][, m;. Now given F € Perf(X)
corresponding to F; € Perf(X;) under the equivalence Perf(X) ~ [], Perf(X;), we can write

VepF = p1,F1 @ @ ppsFn,
GV F ~ g (miF1 @ - Q1 F,),
with the distributivity map Vgp,F — g*@(ge*? given by the composite
PLF1® - @ pnaTn — 919" (P1F1 ® -+ @ P TFy)
~ g (g"p1,xT1 @ -+ @ §"Pp,«Tn)
~ g (TIPiP14TF1 @ - @ T phpn «TFn)
= g (MF1 @ @M Fp).
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That this is an equivalence now follows from base change and the projection formula (which
applies for maps in FP' by [Lurl8, Remark 3.4.2.6]). To keep the notation bearable we spell this
out only in the case n = 2, where it follows from Remark 2.4.11 that the distributivity condition is
equivalent to the following commutative square being right adjointable (where V := X7 xz X»):

Perf(Z) x Perf(Z) pixry Perf(X1) x Perf(Xs)

* *
lﬂ'l ><7T2

® Perf(V') x Perf(V)
le
Perf(Z) g Perf(V).

We can decompose this diagram as follows:

pi xid

Perf(Z) x Perf(Z) —— Perf(X;) x Perf(Z) dxri, Perf(X7) x Perf(Xs)

lid Xpy lid Xy

. *
idxmy

Perf(X;) x Perf(X;) —— Perf(X;) x Perf(V)

® J{Tk’; xid

® Perf(V') x Perf(V)
ls
Perf(2) 7 Perf(X) if Perf(V).

Since horizontal and vertical pastings of right adjointable squares are again right adjointable, it
suffices to check that the three smaller squares in this diagram are all right adjointable. This is
true since the mate of the left square is the projection formula transformation for py,

P1«(5) @ = — pra(-®@pi(-)),

while the mate of the bottom right square is the projection formula transformation for 7y, and
finally the mate of the top right square is idpet(x,) times the base change transformation

PiP2,x — 1,45
corresponding to the pullback square

V"X,

)

X, 2 7.
We have shown that the functor
Perf: Spang (SpDMg) — Catoo
is right FP’-adjointable, and it therefore extends canonically to a functor of (oo, 2)-categories
BISPAN{ g (SpDMg) — CAT

by Theorem 2.5.1. U
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4. Norms in algebraic K-theory

4.1 Algebraic K-theory and polynomial functors
Our goal in this final section is to combine our results so far with recent work of Barwick, Glas-
man, Mathew, and Nikolaus [BGMN21] in order to construct additional structure on algebraic
K-theory spectra. In this subsection we will review the polynomial functoriality of K-theory
constructed in [BGMN21].

Assume that G, D are small co-categories; a functor

f:€—-D

is then to be a polynomial functor if it is n-excisive in the sense of Goodwillie calculus [Goo91]
for some n. For our purposes it is more convenient to follow the inductive definition in [BGMN21,
Definitions 2.4 and 2.11], which is based on work of Eilenberg and Maclane [EML54]:

DEFINITION 4.1.1. Let A and B be additive co-categories and assume that B is idempotent-
complete. Then we inductively define what it means for a functor F': A — B to be polynomial
of degree < n:

e if n = —1, then f must be the zero functor;
e if n =0, then f must be constant;
e if n > 0, then for each fixed x € A, the functor

D,(f): A— B, y—Fib(Fxdy) — F(y)),

must be polynomial of degree < n — 1 (this fibre exists since B is assumed to be idempotent-
complete: it is the complementary summand to F(y) in F(z @ y)).

Remark 4.1.2. Via the comparison result of [BGMN21, Proposition 2.15], this definition of poly-
nomial functors agrees with the one via Goodwillie calculus for all idempotent-complete stable
oo-categories.

WARNING 4.1.3. The notion of polynomial functor from Definition 4.1.1, which makes sense in
additive contexts, is completely unrelated to the concept with the same name that we considered
in Definition 3.3.3, which only exists for slices of the co-category 8.

Remark 4.1.4. Any exact functor between stable co-categories is polynomial of degree < 1. Note
that this applies in particular to any functor that has a left or right adjoint.

PROPOSITION 4.1.5. Suppose F,G: C — D are polynomial of degree <n. Then F $ G: C — D
is also polynomial of degree < n.

Proof. This is a special case of [BH21, Lemma 5.24(3)]. O
DEFINITION 4.1.6. We have the (non-full) subcategory
CatPol¥ € Cato,

whose objects are the small, idempotent-complete stable co-categories and whose morphisms are
the polynomial functors between them.

Recall that (connective) algebraic K-theory can be defined as a functor from stable
oo-categories to spectra. Passing to the underlying infinite loop spaces, we get a functor

Q®K: CatS® - 8,

where Catif)ab denotes the co-category of stable co-categories and exact functors. This is equipped

~

with a transformation (—)~ — Q°°K that exhibits Q°°K as the universal additivization of ()~
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in the sense of [Barl6, BGT13]. The main result of [BGMN21] shows that if we restrict to the
full subcategory Catigab’ldem of idempotent-complete stable oco-categories, then we can extend
this to be functorial in all polynomial functors (rather than only the exact ones).

THEOREM 4.1.7 (Barwick, Glasman, Mathew, and Nikolaus). The space-valued K -theory func-
tor extends to a functor Q> KPoY Catggly — 8 rendering the following diagram commutative:

) . Q® K
Catbogab,ldem 4; IS

-

-
-
-
P 1
oo ppoly
- 3
- QT K
P

CatPo,
(We will usually just refer to this extension as Q*K.)
We want to apply this to construct additional norms in K-theory, in the following way.

COROLLARY 4.1.8. Suppose (C,Cp,Cr) is a bispan triple, and that ®: Spanp(C) — Cate is a
functor such that:

(1) ®(X) is an idempotent-complete stable co-category for every X € C;
(2) f®: ®(Y) — ®(X) is a polynomial functor for every f: X — Y in C;
(3) fo: ®(X)— @(Y) is a polynomial functor for every f: X — Y in Cp;
(4) @ is L-distributive.

Then ® induces a functor

Bispang, /(€C) — 8,
which takes X € € to QK (®(X)).

Proof. Since ® 1is L-distributive, it extends to a functor BISPANp[(C) — CAT, by
Theorem 2.5.1. The induced functor Bispany (€) — Caty on underlying oo-categories then
factors through the subcategory Catggly: on objects and for the maps of the form f® and fg this
is true by assumption, and for fg because this is a left adjoint and so polynomial by Remark 4.1.4.
We can then combine the resulting functor with that of Theorem 4.1.7 to complete the proof. [

Remark 4.1.9. If € = C, then condition (2) is automatic, since f® is a right adjoint for all f.

4.2 Polynomial functors from distributivity

In order to apply Corollary 4.1.8 in practice, we need to know that the functors pg are polynomial
for p in Cr. Our goal in this section is to derive a convenient criterion for this using distributivity,
by generalizing an argument due to Bachmann and Hoyois [BH21, § 5.5]. We start by introducing
some conditions and extra structure on bispan triples.

DEFINITION 4.2.1. A span pair (€, Cp) is said to be an extensive span pair if:

(1) the oo-category C is extensive;
(2) Cp is closed under coproducts;
(3) for any x € € the unique morphism () — x is in Cp;
(4) for any x € C the fold map V: z[[2z — z is in Cp.

Remark 4.2.2. If (C,Cp) is an extensive span pair, then the symmetric monoidal structure on
Span(C) induced by the coproduct in € via Example 2.6.9 is both cartesian and cocartesian. In
other words, in this case the coproduct in € gives both the product and coproduct in Spanz(C).
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DEFINITION 4.2.3. Suppose (C, Cr) is an extensive span pair. Then a degree structure on (C, Cr)
consists of a collection of morphisms F,, C Map([1],Cr) for each n € N, called morphisms of
degree n, such that:

(1) for each morphism f: z — y in Cp, there exists a natural number N < co and an essentially
unique (finite) coproduct decomposition (called the degree decomposition)

N
v~ []v,
n=0

such that for each 0 < n < N, the morphism
o= xyud) el =@,y — 4P

is of degree n;

(2) the collection Fy consists of the morphisms ) — X;

(3) morphisms in F,, are stable under base change: if f: © — y is degree n, then for any w — y,
the morphism w X, x — w is also of degree n;

(4) given morphisms f: x — y,g: z — y in Cp which are of degrees n and m, respectively, then
the morphism

ISR
in Cg is of degree m + n;
(5) if n # m, then
F.NFE,={0—0}.

Furthermore, given a degree structure, we say a morphism f: x — y is of degree < n if in the

degree decomposition we have ygf )~ () for i > n. We also say that a morphism is of degree —1 if it

is the essentially unique morphism () — (). Lastly, we say that a morphism f: x — y is surjective
e ()
if yg'' = 0.

Remark 4.2.4. Suppose that (C,Cr) is equipped with a degree structure. We note that not all

morphisms have a well-defined degree although each morphism does have a degree decomposition.

In addition, the reader is encouraged to think of $(()f ) as the ‘locus’ in x where f has empty fibres,

i.e. fails to be surjective.

LEMMA 4.2.5. Given a degree structure on (C,Cr), then:

(1) surjective morphisms are stable under pullbacks;

(2) if f: 0 — y is a surjective morphism, then y ~ ().

Proof. To prove part (1), assume that f: x — y is a morphism with a degree decomposition
Y~ ngo yﬁlf ) 1f g: z — y is another morphism, then from Definition 4.2.3(3) and the uniqueness
of the degree decomposition, we have that the degree decomposition of the base change

[liaxyz—2

is given by z ~ ]_[2[:0(,2 Xy yq(lf)). The degree 0 part of f’ is, thus,

zxyyéf):zxyﬂz(l),

as required.

Next we prove part (2). Let y ~ ngo yﬁlf ) be the degree decomposition of f. Then the map

0 ~0x, yﬁlf) — yflf) has degree n, but by Definition 4.2.3(2) it also has degree 0; hence, by
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Definition 4.2.3(5) we must have ygf )~ () for n > 0. Since, by assumption, we also have y[()f ) ~ 0,
we must have y ~ (). O

Ezxample 4.2.6. Here are the main examples of degree structures on the span pairs that have
appeared throughout this paper.

(1) Consider the extensive span pair (F,F). There is a degree structure where a morphism of
finite sets f: X — Y is of degree n when the fibres all have cardinality exactly n.

(2) Consider the extensive span pair (8,8g,). There is a degree structure where a morphism
f: X =Y in 85, is of degree n if all its fibres have cardinality exactly n.

(3) Consider the extensive span pair (Fg,Fg). Then we say that morphism of finite G-sets
f: X =Y is of degree n when (the underlying sets of) the fibres all have cardinality
exactly n.

(4) Consider the extensive algebro-geometric span pairs (Schg, Sch%f), (Schg, Schgét),
(AlgSpcS,AlgSpc%f), (AlgSpcS,AlgSpcgét), and (SpDMS,SpDMgét). In each of these, the
degree of a morphism f: X — Y can be defined to be n if the sheaf of finite, locally free
Oy-modules given by f.(Ox) is of constant rank n.

Remark 4.2.7. In all the examples from Example 4.2.6, the degree 1 morphisms are precisely the
equivalences. This is not assumed for a general degree structure since we do not need it for our
main results.

CONSTRUCTION 4.2.8. We will need to compute how the degree decomposition interacts with
coproducts of morphisms. Thus, let f: x — y,g: z — y be two morphisms. Each morphism then
induces a coproduct decomposition (where the index runs through a finite set)

y~ [ v=]]v2.

We set

(f)

Ymn = Yp, @)

g
Xy Yt
From this, we can form the following diagram where each square is cartesian:
Zmn ——— Zm

i

Tmn — Ymn — Z/Sﬁ)

L,

2y —s ) Y.

LEMMA 4.2.9. Let (C,Cp) be an extensive pair with a degree structure. Let f: x — y,g: z — y
be two morphisms in Cp. Then in the degree decomposition of the map Vyo (f1l g): 11z — v,

the degree-k component is
H (xmn IT Zmn) - H Ymn,
m+n=~k m+n==k

where zZmn — Ymn Is of degree m and Ty — Ymn IS of degree n.
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Proof. Since coproduct decompositions are stable under pullbacks we have that for each n € N,

0 =, o8 = (10 ) %, 0 = [

By Definition 4.2.3(3) the pullback X, — Ymn of f is therefore also of degree n. Similarly, the
pullback of g to zmn — Ymn is of degree m, and so by Definition 4.2.3(4) the composite

Tmn U Zmn — Ymn U Ymn — Ymn

is of degree m + n. Now note that we have

vy 1o ~T11Tvmn =TT T vwon-

k m+4n=k

Here V, o (f I1 g) restricts over ym, to the map @y, I 2imp — Ymn of degree m 4 n, so this is
a decomposition into components of fixed degree; by uniqueness this is therefore the degree
composition. ]

The purpose of a degree structure as in Definition 4.2.3 is to allow us to prove that cer-
tain functors are polynomial by induction on degrees using distributivity, by abstracting the
arguments in [BH21, §5.5].

DEFINITION 4.2.10. We say a bispan triple (C,Cp,Cr) is an extensive bispan triple if both
(C,Cr) and (€, Cr) are extensive span pairs.

Remark 4.2.11. If (C,Cp, Cr) is an extensive bispan triple, then the symmetric monoidal struc-
ture on Bispan 1 (€) induced by the coproduct in € as in Example 2.6.12 is cartesian, i.e. the
coproduct in € gives a product in Bispang /,(€).

DEFINITION 4.2.12. Suppose (C,Cp, Cr) is an extensive bispan triple where € is idempotent-
complete. For p: y — z in Cp, we say that p, preserves summand inclusions if given any maps
x,2’ — y the morphism p,z — p,(z 11 2’) is a summand inclusion in the sense that there exists
a morphism ¢ — p,(x [T z’) such that

pex e — po(x )
is an equivalence.

LEMMA 4.2.13. Suppose (€, Cp, Cp) is an extensive bispan triple where (C, Cr) is equipped with
a degree structure and C is idempotent-complete. If p, preserves summand inclusions for some
surjective morphism p: y — z in Cp, then for maps x,r’ — y we can write

pi(z 0 z') ~pxllc, L pa’
for some c, 4.
Proof. By assumption, we have decompositions
pe(z 0 a)) ~poxllc~dllp.a’.
Since C is extensive, we can refine the first decomposition over the second, so that
pe(x M) = (pex)g 1 (pez) Mg 1T
where

d=~ (psx)g Mg, pea’ =~ (pex) 1, pexr =~ (pex)g U (pez), c~cqlld.
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We claim that here (p.z)’ >~ (). Once we have shown this, we are done since we then have p,x ~
(psx)q and pya’ ~ ¢, so that

pe(x M 2') ~ pex M ey U pya’
By definition, (p.x)’ fits in a pullback square
(psx) —— pua’

| |

pet — pu(z I a’).

Since the functor p, preserves pullbacks (being a right adjoint), we can identify the fibre product
(pez)’ with pe(x X1 ') ~ pi(0). To identify p.(0), we first note that we have a counit map
p*p«(0) — 0, from which we conclude that p*p,(0) ~ (. On the other hand, by definition of p*
we have the cartesian square

Pp«(0) —— p.(0)

Since p is by assumption surjective, so is the top horizontal map by Lemma 4.2.5(1), which
implies p.(0) ~ 0 by Lemma 4.2.5(2). O

CONSTRUCTION 4.2.14. Let (€, Cr, Cr) be an extensive bispan triple, where (€, Cr) is equipped
with a degree structure and the oo-category C is idempotent-complete. Fix a morphism
p: x — y in Cp such that p, preserves summand inclusions, and which is surjective in the sense

of Definition 4.2.3. We then consider the following distributivity diagram for = II x Ve, 2 2, y in
the sense of Definition 2.4.1:

p w 2, w
(42)

X

Note that, according to Remark 2.4.5, w — y is equivalent to p,(z 1T 2 — z). From Lemma 4.2.13
we then get a coproduct decomposition of w (over y) as

w~yllclly.

Since coproduct decompositions are preserved under pullbacks, we get p*w ~ 2 II (¢ x, ) Il z.
Since coproducts are disjoint, we can further decompose the restriction of € to ¢ xyx — zll x
as a coproduct of two morphisms:

ereg:cxyr~cplleg — o,
Restricting p to ¢y, and cgr gives us two maps
PL:CcL —C PR:CR— C.
We also have the restriction of g to c:

k:c—uy.
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All in all (42) is equivalent to
xHep el —— ylcelly

/

zllz (43)

X)

We are particularly concerned with the following diagram, which we can extract from (43),
where the middle square is cartesian:

P
r—y.

’ﬁlcx x
cpllep —5 ¢

GL]V

xllz k (44)

X

The next lemma states that the maps pr, pr defined above must be surjective. This will be
used to prove polynomiality of pg via an inductive argument.

r—Lr—sy.

LEMMA 4.2.15. Keeping the notation of Construction 4.2.14, we have c[()wi) ~ () fori=L,R.

Proof. We prove the case i = L. To show that p7, has no component of degree 0, let us decompose
c as

c o~ c(()ﬁL) Hcg'%).

Then p*c(()ﬁ L, p*c >~ cp Il cg factors through cg (since, by definition, its component over cy,

is ) and, hence, the composite p*céﬁ L) _, g1l factors through the right copy of . But then

the adjoint map c(()p L, ps(x Ml z) ~ y I ¢l y factors through the right copy of y, which means

c(()ﬁ L) () since it also factors through c. ([l
For the remainder of this section, we fix an extensive bispan triple (C, Cr, Cp) such that:

e C is idempotent-complete;
e (C,Cp) has a degree structure;
e p, preserves summand inclusions for every surjective morphism p in Cp;

and an L-distributive functor ®: Spanp(C) — Cats, such that

(1) @ preserves finite products and
(2) for each x € @, the oo-category ®(x) is additive.

Remark 4.2.16. The assumption that p, preserves summand inclusions when p is surjective holds
in all the examples from Example 4.2.6.

o In (8,84y), if p: Y — Z is surjective with finite discrete fibres, then for X, X’ — Y we have
pe(Xo T X1). ~ [] (X0 X1.).
yey,

Since p is surjective (so Y, # () and products in 8 preserve coproducts in each variable, we can
Write this as [Ty, v, 10,13 [ ey, Xo(),-» Where J[ ey, Xo,- splits off as a summand, naturally
in z.
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e This argument also works in F and Fg: to apply it in the latter case we can think of Fg/z
as Fun(Z,F) where Z — BG is the unstraightening of Z: BG — F, and then interpret p, as a
right Kan extension along a map of groupoids with finite discrete fibres, which is then given
fibrewise by a finite product.

e In the algebro-geometric examples, we note that a summand inclusion corresponds to a clopen
morphism of schemes (or, more generally, algebraic spaces; see Lemma 4.2.17), and the required
condition then follows from the fact that Weil restriction along finite flat morphisms pre-
serves both closed and open immersions [Ryd11, Proposition 3.5(vi)—(vii)] and, thus, preserves
summand inclusions.

LEMMA 4.2.17. Let j: X — Y be a morphism of algebraic spaces. Then j is a summand
inclusion if and only if j is a clopen immersion.

Proof. We freely use the fact that the result holds if we replace ‘algebraic spaces’ with ‘schemes’
which, in turn, follows from the fact that direct sum decomposition of schemes is computed on
the level of underlying topological spaces. The ‘only if’ direction follows from [Sta, Tag 02WN].
Suppose that j is an clopen immersion. Choose a presentation of Y as a quotient U/R where q :
U — Y is surjective étale morphism and s,t: R — U is an equivalence relation. The pullback of j
along ¢: U — Y then defines a clopen immersion of schemes j': U’ := ¢~ (X) < U; similarly we
get a clopen immersion of schemes R := s~ 1(U’) ~ t~1(U’) — R. Now, using the corresponding
result for schemes, we set the complement of U’ in U to be U”, which comes equipped with a
clopen immersion U” < U. Furthermore, note that the complement of R’ in R also defines an
equivalence relation R” on X (this can be checked on test schemes, whence the result follows
from the corresponding result on the level of sets) such that the two maps R” — R hox
factor through U” as s”,t” : R” — U”. We then take the quotient X’ := U"”/R", which exists
as an algebraic space. Since coequalizers and coproducts commute, we have a decomposition
Y~ X][X. O

The following computation follows [BH21, Corollary 5.15] closely.
LEMMA 4.2.18. For any p: © — y in Cp, we have for any E, F € ®(x) an equivalence
Pe(E® F) ~pg(E) ® kgeVe (PLeer (E),Drecq(F)) & pe(F)
in terms of (43).
Proof. The distributivity transformation (Definition 2.4.9) for (42) gives an equivalence
PeVe =~ goPee®.

The claim then follows from this equivalence, the transitivity of all the functors involved, and
the identification of Vg, with the direct sum functor, which follows from the assumption that F’
is product-preserving. [l

Remark 4.2.19. For any morphism ¢: y — x in Cp, it is easy to see that the diagram

v
ylly ——y

idy

yllz P11 ¢

&Hid

Va
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is a distributivity diagram since for a: z — x we have an equivalence

zIz yllx 7z —y
ocm ‘%Hid B X‘ %
zllx T

It follows that for our L-distributive functor ® we have an equivalence

Veo(de,id) = ¢V, o (id, ¢%)
of functors ®(y) x ®(z) — ®(z). If we take ¢ = V,, then V& is the diagonal ®(z) — ®(z) x ®(z)
(since ® by assumption preserves products) and, hence, its left adjoint V g is the coproduct on
®(x). From this the previous equivalence specializes for E, E', F' € ®(z) to a natural equivalence

Veo(E & E,F) ~ Vop(E,F) & Vo (E' F),

so that the functor V, g preserves coproducts in each variable.

PROPOSITION 4.2.20. Suppose p: x — y is a morphism of degree < n in Cp (forn > —1). Then
the functor pg: ®(x) — ®(y) is polynomial of degree < n.

Proof. By convention, a degree-(—1) morphism is given by ) — @ and, thus, defines the zero func-
tor, a polynomial functor of degree —1. We now proceed by induction. Since any morphism () — y
of degree 0 induces a constant functor ®(()) ~ x — ®(y), a degree-0 morphism gives a polynomial
functor of degree < 0. Now let us assume that the result has been proved for any morphism of
degree < n — 1 for n > 1. Consider the diagram (43). Since degree-n morphisms are stable under
pullback, the morphism py, I pr: ¢ Il cg — ¢ is also of degree n. Since ¢ preserves coproduct
decompositions in € (which are the products in bispans) by assumption, coproducts of polyno-
mials of degree < n are likewise polynomial of degree < n by Proposition 4.1.5. Since we already
proved the case of degree 0, we may assume that y(()p )~ () and, hence, apply Construction 4.2.14.
Now, cg, I cg — c is the composite
prllpr

cr Il ep clle Yo e, (45)

We claim that here pr, and pgr are both of degree < mn — 1: indeed, since both maps have no
component of degree 0 it follows from the description of the degree decomposition of (45) in
Construction 4.2.8 and the additivity condition (4) in (4.2.3) that a component of degree > n in
either map would produce a component of degree > n in (45), which is impossible.

Hence, by the inductive hypothesis (pr)s and (Pr)g are polynomial functors of degree <
n — 1. To conclude, we fix E and note that Lemma 4.2.18 yields an equivalence:

Di(pe)(-) = pe(E) @ kg Ve (Praer (E), Pracs(-)).
Here V.g(X,—) preserves finite coproducts by Remark 4.2.19, as does kg since it is a left
adjoint, so the composite kgV.g (5L7®6%(E),§R7®6%(*)) is polynomial of degree <mn —1 by
[BH21, Lemma 5.24(4)]. Using Proposition 4.1.5 again we get that Dg(pg)(—) is polynomial of
degree < n — 1 and, hence, pg is polynomial of degree < n. ]

Since any morphism in Cr has a degree decomposition consisting of finitely many terms and
so is of degree < n for some n, we have shown the following.

COROLLARY 4.2.21. Let p: © — y be a morphism in Cr. Then pg is a polynomial functor.

Ezxample 4.2.22. Corollary 4.2.21 applies, for instance, for any finite group G to the bispan triple
(Fg,Fg,Fg) of finite G-sets and the G-symmetric monoidal co-category of G-spectra as discussed
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in Proposition 3.4.19. In this case we can conclude, in particular, that for any subgroup inclusion
H C G, the Hill-Hopkins—Ravenel norm Sp’ — Sp® is a polynomial functor. This example has
already been studied in more detail by Konovalov [Kon20], though the proof of polynomiality is
similar to ours.

4.3 From bispans to Tambara functors
Summarizing the results of the previous two subsections, we have shown the following.

COROLLARY 4.3.1. Let (C,Cp,Cr) be an extensive bispan triple such that C is idempotent-
complete and (C,Cr) has a degree structure. Assume, moreover, that p, preserves summand
inclusions for every surjective morphism p in Cp, and suppose that ®: Spanp — Cat, is an
L-distributive functor such that:

e & preserves finite products;
e for each x € C, the co-category ®(z) is stable and idempotent-complete;
e for each morphism f: x — y in @, the functor f®: ®(x) — ®(y) is polynomial.'”

Then ® extends to a functor ®: Bispang, 1 (€C) — CatPY and, hence, induces a product-preserving
functor Bispany 1 (C) — 8 given on an object x € € by Q*K(®(x)).

Our goal in this final subsection is to give some applications of this result towards obtaining
new structure on algebraic K-theory.

We first consider the equivariant situation, as previously discussed in § 3.4. For a finite group
G the category F¢ of finite G-sets is extensive and idempotent-complete, and by Example 4.2.6(3)
it also has a degree structure. We therefore get the following.

COROLLARY 4.3.2. Let C: Span(Fg) — Cate be a G-symmetric monoidal co-category that is
compatible with additive transfers. If the co-category CH is stable and idempotent-complete for
every H C G, then C extends to a functor

€: Bispan(Fg) — CatRo,
and, hence, induces a product-preserving functor
Bispan(Fg) — 8, G/H — QK (CH).

Remark 4.3.3. A Tambara functor [Tam93] is a functor T': Bispan(F¢) — Ab, or equivalently a
functor T': Bispan(Fg) — Set such that the induced commutative monoid structure on T'(G/H)
is a group for every H C (. The output of Corollary 4.3.2 is an co-categorical analogue of this:
it is a functor T': Bispan(Fg) — 8 such that the commutative monoid structure on T'(G/H) is
grouplike for every H C GG. We will refer to this as a homotopical Tambara functor. Note that
it is expected that connective genuine G-FE.-ring spectra are equivalent to these homotopical
Tambara functors.

Ezample 4.3.4. By Proposition 3.4.19 the G-symmetric monoidal co-category of G-spectra (given
by G/H — Sp’! ) satisfies the hypotheses of Corollary 4.3.2. Hence, the G-equivariant K-theory
of the sphere spectrum is a homotopical Tambara functor: the functor

Q®K(Sg): OF — 8 G/H — Q*K(SpH),
extends canonically to a product-preserving functor Bispan(Fg) — S.

To generalize this, we introduce some terminology.

17 This is automatic if C;, = C.
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DEFINITION 4.3.5. Let G be a finite group. For us a genuine G-Eo-ring spectrum E will be a
section of the cocartesian fibration [ Spg — Span(F¢) sending a backward arrow to a cocartesian
edge.

Remark 4.3.6. This definition mimics the definition of a normed motivic spectrum in the context
of motivic homotopy theory [BH21]; see especially [BH21, Definition 9.14]. As explained there,
it is also equivalent to the classical definition of a genuine G-E,.-ring spectrum by comparison
of associated monads.

By a similar argument as in [BH21, Proposition 7.6(4)], the formation of modules assemble
into a functor

Modg: Span(Fg) — Cats, G/H — ModEH(SpH),
which satisfies the hypotheses of Corollary 4.3.2. We then have the following theorem.

THEOREM 4.3.7. The algebraic K-theory of a genuine G-E.-ring spectrum FE is a homotopical
Tambara functor: the functor

Q®K(E): 0% -8 G/H — Q¥K(ET) := QK (Modgn (Sp)),
extends canonically to a product-preserving functor Bispan(Fg) — 8.

Remark 4.3.8. As already mentioned, a homotopical Tambara functor is expected to be the same
thing as a connective G-E,-ring spectrum. Assuming this, Theorem 4.3.7 says that algebraic
K-theory preserves G-E-ring structures. As far as we are aware, this is a completely new
structure on algebraic K-theory. Indeed, the recent paper [GMMO23] seems to be the first to
construct even an associative ring structure valued in G-spectra, though the results of [BGS20]
should also suffice to construct K(F) as an ordinary E-algebra in G-spectra.

Another interesting class of examples arises from the G-symmetric monoidal co-categories
obtained from group actions as in Example 3.4.17.

COROLLARY 4.3.9. Let C be an idempotent-complete small stable co-category, equipped with a
symmetric monoidal structure that is compatible with finite coproducts. Then the functor

QO®Kg(C): 0F — 8 G/H — Q¥K(Fun(BG, ©)),
extends canonically to a homotopical Tambara functor Bispan(Fg) — 8.

Remark 4.3.10. In [BGS20], the authors proved that the K-theory of a ‘naive’ G-symmetric
monoidal co-category admits the structure of a Green functor. The previous corollary treats
the case of a G-symmetric monoidal co-category where the action is trivial and produces a
Tambara functor. We expect that a more general statement holds: the K-theory of certain ‘naive’
G-symmetric monoidal oco-categories should also form Tambara functors. We leave this to the
interested reader.

Example 4.3.11. As in Example 3.4.18, let R be an E-ring spectrum and consider the
G-symmetric monoidal co-category from that example, given by G/H +— Fun(BG, Perf(R)). We
obtain a homotopical Tambara functor Bispan(Fg) — 8 given by

G/H — K(Fun(BG, Perf(R))).

Lastly, we note that plugging in our algebro-geometric examples of bispans also gives addi-
tional structure on K-theory. Applying Corollary 4.3.1 to the extension of Perf to bispans as
in Theorem 3.6.8 gives us the following result about the K-theory of spectral Deligne-Mumford
stacks.
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THEOREM 4.3.12. The K-theory presheaf
Q®K: SpDMY — 8, X — Q%K (Perf(X)),
canonically extends to a product-preserving functor Bispang g (SpDMg) — 8.

In other words, the K-theory of spectral Deligne-Mumford stacks has multiplicative norms
along finite étale maps. On the other hand, applying Theorem 3.5.9 gives us a result about the
K-theory of SH, which is in some sense a stable analogue of the secondary K-theory explored in
the thesis of Rondigs [R6n16].

THEOREM 4.3.13. The K-theory presheaf
OQ°K: AlgSpc® — 8, X — K(SH(X)),
canonically extends to a product-preserving functor Bispang g, (AlgSpcg) — 8.

Remark 4.3.14. The multiplicative pushforwards along finite étale morphisms on SH induce a
kind of ‘Adams operations’ on K (SH). It would be interesting to explore some computational
consequences of this structure.
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