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PARAMETRIZED HIGHER SEMIADDITIVITY
AND THE UNIVERSALITY OF SPANS

BASTIAAN CNOSSEN, TOBIAS LENZ, AND SIL LINSKENS

ABSTRACT. Using the framework of ambidexterity developed by Hopkins and
Lurie, we introduce a parametrized analogue of higher semiadditivity called
Q-semiadditivity, depending on a chosen class of morphisms Q. Our first
main result identifies the free Q-semiadditive parametrized category on a sin-
gle generator with a certain parametrized span category Span(Q), simulta-
neously generalizing a result of Harpaz in the non-parametrized setting and
a result of Nardin in the equivariant setting. As a consequence, we deduce
that the O-semiadditive completion of a parametrized category C consists of
the Q-commutative monoids in C, defined as Q-limit preserving parametrized
functors from Span(Q) to C.

As our second main result, we provide an explicit ‘Mackey sheaf’ description
of the free presentable Q-semiadditive category. Using this, we reprove the
Mackey functor description of global spectra first obtained by the second-
named author and generalize it to G-global spectra. Moreover, we obtain
universal characterizations of the categories of Z-valued G-Mackey profunctors
and of quasi-finitely genuine G-spectra as studied by Kaledin and Krause—
McCandless—Nikolaus, respectively.
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1. INTRODUCTION

The notion of ambidexterity, introduced by Hopkins and Lurie [HL13], is a vast
generalization of the notion of semiadditivity in category theoryﬂ Recall that a

1Throughout this article, we will say ‘category’ for ‘co-category.’
1


http://arxiv.org/abs/2403.07676v1

2 BASTIAAN CNOSSEN, TOBIAS LENZ, AND SIL LINSKENS

category C is called semiadditive if it admits finite products and finite coproducts
which canonically agree with each other. Thinking of finite products (resp. coprod-
ucts) as limits (resp. colimits) indexed by a finite set X, this can be expressed as the
condition that a certain norm map Nmx : colimyxy — limx between the X-indexed
limit and colimit functors is a natural equivalence. The formalism of ambidexter-
ity allows one to consider such properties for a broader class of indexing objects
X, leading to a diverse range of generalized notions of semiadditivity, including
higher semiadditivity [HLI3LHar20L[CSY22)], tempered ambidexterity [Lurl9], and
equivariant semiadditivity [Narl6l|QS21LICLIL23a].

The concept of semiadditivity is closely related to the algebraic structure of com-
mutative monoids. For example, a category with finite products is semiadditive if
and only if it admits an enrichment in the category of commutative monoids. At
the heart of this lies the fact that, when C admits finite products, the category
CMon(C) of commutative monoids in C is the universal semiadditive category ad-
mitting a functor to C which preserves finite products. We might summarize this
by saying that CMon(C) is the semiadditive completion of C.

Each of the generalized notions of semiadditivity mentioned above comes with its
own generalized notion of commutative monoid: in the case of higher semiadditivity
these are known as m-commutative monoids, while for equivariant semiadditivity
these usually go under the name of Mackey functors. It turns out that also in these
two cases the semiadditive completion of a category C is given by the commutative
monoids in C. For m-commutative monoids this universal property was established
by Harpaz [Har20], and for Mackey functors this was done by Nardin [Nar16].

The goal of this article is to show that the above phenomenon is not specific to these
two examples and occurs for a large family of notions of (higher) semiadditivity in
the context of parametrized category theory. Given an (co-)topos B, we refer to
a limit-preserving functor B°? — Cat as a B-category. The generalized notions
of semiadditivity we consider depend on a choice of a so-called locally inductible
subcategory Q of B, meaning that Q is a local class of locally truncated morphisms
in C which is closed under diagonals, see Definition B.J1 We then define:

Definition (Q-semiadditivity). Given a locally inductible subcategory Q C B, we
say that a B-category C is Q-semiadditive if the following conditions are satisfied:

(1) Tt admits Q-colimits: The functors ¢* := C(q): C(B) — C(A) for ¢: A — B in
Q admit left adjoints ¢i: C(A) — C(B) satisfying base change;

(2) It satisfies ambidexterity for Q: For every n > —2 and any n-truncated mor-
phism ¢g: A — B in Q an inductively defined transformation N\Elq: T —
ide(a) exhibits the left adjoint ¢ additionally as a right adjoint to ¢*.

We are mostly interested in the case of presheaf topoi B = PSh(T) for a small
category T'. In this case, the data of a B-category is equivalent to that of a functor
T°P — Cat by restricting to representables; the original functor PSh(T') — Cat is
recovered via limit-extension. In this situation, it usually suffices to check conditions
(1) and (2) only for a much smaller subcategory Q@ C PSh(T') that ‘generates’ Q in
a suitable sense; we will speak of Q-semiadditivity in this case. For example:

e When T = %, a functor T°P — Cat is just a category. Taking ) to be the subcat-
egory Fin C Spc = PSh(x) of finite sets, condition (1) demands the existence of
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finite coproducts, while condition (2) asks that finite coproducts are also exhib-
ited as products (via some preferred map). In other words: Fin-semiadditivity is
precisely ordinary semiadditivity for categories.

e More generally, taking () to be the subcategory Spc,, € Spc of m-finite spaces@
for —2 < m < oo, we recover the notion of m-semiadditivity: a category is m-
semiadditive if and only if (1) it admits A-indexed colimits for every m-finite
space A, and (2) if these colimits are also exhibited as limits via a preferred map.

e For a finite group G, contravariant functors Orbgy — Cat from the orbit category
of G are known as G-categories |BDGT16]. Taking @ to be the subcategory
Fing C Spce = PSh(Orbg) of finite G-sets precisely recovers the notion of
G-semiadditivity introduced by Nardin [Narl6].

e Various variations are possible, including p-typical m-semiadditivity, equivariant
semiadditivity, global semiadditivity and very G-semiadditivity for an arbitrary
group G} see Section 341

Our first main result identifies the free O-semiadditive B-category with a certain
parametrized span category Span(Q). Recall that the span category Span(C) of a
category C with pullbacks is a category with the same objects as C, but where
a morphism from X to Y is given by a span X < Z — Y in C; composi-
tion is given via pullback. The assignment A — Span(Q,4) defines a B-category
Span(Q): B°P — Cat, where the functoriality in A is given by the pullback functors
f*: Span(Q/p) — Span(Q,4) for f: A — B. This B-category is Q-semiadditive:
the functor f* admits a left adjoint given by applying Span(—) to the postcompo-
sition functor fi: Q,4 — Q,p, and by self-duality of span categories this is also a
right adjoint of f*. We then show:

Theorem A (Theorem [i1). The B-category Span(Q) is the free Q-semiadditive
B-category on a single generator.

More precisely, this means that for every Q-semiadditive B-category D, evaluation
at the identity maps ida € Span(Q,4) induces an equivalence of parametrized
categories

Fun® (Span(Q), D) < D.

Here the left-hand side denotes the full subcategory of the parametrized functor
category spanned by the functors which are Q-continuous, meaning that they com-
mute with the rights adjoints of ¢*.

To appreciate the generality of Theorem [Al let us explain how it recovers various
results previously established in the literature. As before we take B = PSh(T') and
assume Q is generated by some smaller subcategory Q.

e For T'= x and @ = Fin, we recover the fact that the span category Span(Fin) of
finite sets is the free semiadditive category;

e For T = x and Q = Spc,,, we obtain the fact that the span category Span(Spc,,,)
of m-finite spaces is the free m-semiadditive category, as was previously estab-
lished by Harpaz [Har20, Theorem 1.1]. In fact, our proof strategy for Theorem/[Al
mostly parallels Harpaz’s arguments.

2Recall that a space is m-finite if it is m-truncated, has finitely many path components, and
has finite homotopy groups.
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e Taking T'= ) = Spc,,, we get a strengthening of Harpaz’s result: if we embed m-
semiadditive categories into Spc,,,-semiadditive Spc,,,-categories by sending a cat-
egory C to the functor Fun(—,C): Spc,?” — Cat, then Theorem [Al shows that the
image of Span(Spc,,) is even free among all Spc,,-semiadditive Spc,,-categories,
not just those coming from m-semiadditive categories. This strengthening will
be crucial in forthcoming work by Ben-Moshe on transchromatic characters.

e Taking T' = Orbg and @ = Fing for a finite group G, we recover the statement
that the G-category G/H +— Span(Fing) is the free G-semiadditive G-category,
as was previously established by Nardin [NarI16l Theorem 6.5, Proposition 5.11].

If C is a B-category admitting Q-limits (the dual of condition (1) in the above
definition), we define the B-category of Q-commutative monoids in C as

CMon?(C) := Fun? > (Span(Q),C).
Building on Theorem [Al we prove:

Theorem B (Theorem [(4 Theorem [T.27]). For a B-category C admitting Q-limits,
the forgetful functor CMon<(C) — C is terminal among Q-limit-preserving functors
D — C from a Q-semiadditive B-category D:

Fun< (D, CMon?(C)) == Fun® (D, C).
We will say that CMon<(C) is the Q-semiadditive completion of C.

Moreover, if C is presentable (and Q satisfies a mild smallness condition), then
also CMon?(C) is presentable, and the forgetful functor admits a left adjoint C —
CMon©(C) which is initial among left adjoint functors C — D into a presentable
Q-semiadditive B-category D:

Fun™(CMon®(C), D) -~ Fun"(C, D).

Q-commutative monoids as Mackey sheaves. Even though Q-commutative
monoids in C are defined as certain parametrized functors, we will show as our
second main result that they admit a concrete non-parametrized description in
terms of Mackey sheaves for suitable choices of C. If £ is a presentable category,
we may consider the presentable B-category Shv(B;E&) of £-valued sheaves, de-
fined by assigning to B € B the category Shv(B,p; &) = FunR(B/B, &) of E-valued
sheaves on the slice category B,p. We then show that a Q-commutative monoid in
Shv(B; £) is equivalently given by a &€-valued Mackey sheaf on BB, defined as a functor
F: Span(B, B, Q) — £ whose restriction to the subcategory B°P ~ Span(B, B, .53)
preserves limits. In fact, assembling the £-valued Mackey functors on all slices B, p
into a B-category Mack?(B; ), we prove:

Theorem C (Theorem B2]). For every presentable category £, there exists a nat-
ural equivalence

CMon<(Shv(B; £)) ~ Mack?(B; £).

When €& is the category Spc of co-groupoids, Shv(B;Spe) is the B-category Spcg
of B-groupoids, and combining Theorem [C] with Theorem [B| we deduce that ev-
ery Q-semiadditive B-category C is canonically enriched in Mackey sheaves: the
parametrized Hom-functor Hom: C°? x C — Spc; uniquely lifts to Mack?(B; Spe).
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In practice, the data of a Mackey sheaf can be significantly reduced, leading to
simpler descriptions more in line with classical Mackey functors. We explain this
reduction in Section

Global Mackey functors. We then apply Theorem [C] to give Mackey functor
descriptions of various categories considered in (global) equivariant homotopy the-
ory. In particular, we use the universal property of global spectra established in
[CLL23al to deduce the following result which has also been concurrently proven
by Piitzstiick [Pi24]:

Theorem D (Theorem @TT)). Let G be any finite group. Then the category of
G-global spectra from [Len20] is naturally equivalent to

Fun®(Span(%, s ¥ pa» F/561%)), Sp)

where ¥, p¢ is the (2, 1)-category of finite groupoids over BG, and ¥, [%] denotes
the wide subcategory of faithful functors.

We further use our results in [CLL23b|] to reprove the Mackey functor description
of G-equivariant stable homotopy theory from [CMNN20], see Corollary [0.16]

Mackey profunctors. As a new application of our results, we further general-
ize the aforementioned Mackey functor description of equivariant stable homotopy
theory to give for any discrete group G a parametrized interpretation of the cate-
gory of quasi-finitely genuine G-spectra as defined by Krause-McCandless—Nikolaus
[IKMN23] building on work of Kaledin [Kal22].

For this, let QFin, C Setq denote the full subcategory spanned by the quasi—ﬁnitfﬂ
G-sets, i.e. those G-sets S for which all orbits are finite and for which the fixed point
sets ST are finite for all cofinite subgroups H C G. Following [KMN23|, we define
a quasi-finitely genuine G-spectrum to be a functor M : Span(QFing) — Sp such
that for every quasi-finite G-set .S the canonical map

M(©S) = [ M)
5€S/G

is an equivalence, where 7: S — S/G denotes the quotient map. The category of

all such functors is denoted Squfgcn.

Letting Orbg C QFing denote the full subcategory spanned by the finite orbits
G/H, we will refer to C/)H)gcategories as G-procategories. We then define what it
means for a G-procategory to be very G-semiadditive by applying our framework
to @@ = QFing, and we prove:

Theorem E (Theorem [0.20). The category Sp‘é;fgcn of quasi-finitely genuine G-
spectra is the underlying category of the free presentable very G-semiadditive stable
G-procategory.

We further provide a similar universal interpretation of Kaledin’s category M (G,7Z)
of Z-valued Mackey profunctors, see Theorem [0.2]]

3We adopt the terminology from [KMN23|; Kaledin used the term ‘admissible’.
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2. RECOLLECTIONS ON PARAMETRIZED CATEGORY THEORY

The variants of higher semiadditivity we are interested in are most conveniently
phrased using the language of parametrized category theory, which we will briefly
recall now.

Definition 2.1 (Parametrized categories). Throughout this article, we will use the
following two notions of parametrized categories:

(1) For a small category T, we define a T'-category to be a functor C: T°P —
Cat. We write Caty := Fun(T°P,Cat) for the (very large) category of
T-categories.

(2) For an (co-)topos B, we define a B-category to be a limit-preserving functor
C: B — Cat. We write Cat(B) = Fun®(B°P, Cat) for the (very large)
category of B-categories.

For a morphism f: A — B in T or B, we refer to the functor f* :=C(f): C(B) —
C(A) as the restriction functor of f.

Remark 2.2. The formalism of B-categories is more general than that of T-
categories: restriction along the Yoneda embedding T' < PSh(T') defines an equiv-
alence Cat(PSh(T)) =~ Catr between PSh(T')-categories and T-categories, with
inverse given by limit-extension. Given a T-category C, we will generally abuse
notation and denote its limit-extension PSh(T")°P — Cat again by C.

While the general formalism of parametrized semiadditivity will be developed for
B-categories, most of our examples will come from T-categories for suitable T". It
will occasionally be convenient to state definitions that apply both to B-categories
as well as to T-categories; in these cases we work with functors A°? — Cat for some
(either small or large) category A.

Example 2.3 (B-groupoid). Every object B of B defines a B-category B via the
Yoneda embedding;:

B := homp(—, B): B°® — Spc — Cat.
The B-categories of this form are called B-groupoids.
Example 2.4 (The B-category of B-groupoids). Since B is a topos, the functor
B°P — Cat given by B — B,p (i.e. the cartesian unstraightening of the target map

Ar(B) — B) preserves limits and thus defines a B-category that we denote by Spcy
and refer to as the B-category of B-groupoids.

Definition 2.5 (Underlying category). Every B-category C has an underlying cat-
egory T'C := C(1), where 1 € B is the terminal object.
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Definition 2.6 (Parametrized functor category). The category Cat(B) is cartesian
closed by [Mar21l Proposition 3.2.11]. We denote the internal hom by Fungz(C, D)
(or by Fun(C, D) if B is clear from the context), and denote its underlying category
by Fung(C, D) := T'Fun(C, D).

Proposition 2.7 (Categorical Yoneda Lemma, cf. [CLL23a, Lemma 2.2.7, Corol-
lary 2.2.9]). For an object B € B, evaluation at idp € B(B) defines a natural
equivalence

Fung(B,C) = C(B).
As a consequence, there are natural equivalences

Fung(B,C) ~ C(B x -)

and

Fung(C,D)(B) ~ Fung(C x B, D) ~ Fung(C,Fung(B, D)).

Proof. In the special case B = PSh(T') (whence Cat(B) ~ Catr), this is the content
of [CLL23a, Lemma 2.2.7 and Corollary 2.2.9]. For the general case, we claim that
the embedding Cat(B) — Fun(B°P, CAT) preserves internal homs, where we jump
universes to ensure smallness of B. For this, let C,D € Cat(B) arbitrary. By the
above special case, the internal hom in the category on the right satisfies

¢(Fun(C, D)(A)") =~ Fun(C x [n], D)(A) ~ ¢ Fun(C x [n], D(A x —))
= hom(C x [n], D(A x -)),

for every A € B and n > 0; in particular, the complete Segal space associated
to Fun(C, D)(A) is contained in the original universe, so Fun(C, D) is contained in
Fun(B°P, Cat). It remains to show that it is even contained in Fun™(B°P, Cat). As
Fun(C,-) is a right adjoint, it suffices that B°? — Fun(B°P,CAT), A — D(A x —)
preserves small limits. Since limits in functor categories are pointwise, this amounts
to saying that D(— x B) : B°? — CAT preserves small limits for every B, which
directly follows from cartesian closure of B and the sheaf property of D. O

Remark 2.8. In what follows, we will freely cite results from [CLL23a] for internal
homs of T-categories even when working with general B-categories; in each case the
reduction step used in the proof of Proposition [Z77] applies.

Remark 2.9. Given an object B € B, every B-category C canonically gives rise to a
B, g-category m3C by precomposing C with the (colimit-preserving) forgetful functor
np: B/p — B. The resulting functor 73 : Cat(B) — Cat(B,p) preserves internal
homs by [CLL23al Corollary 2.2.11], and as a result there is for all C,D € Cat(B)
and every B € B a natural equivalence

Fung (€, D)(B) = Fung, , (15C, 75D).

Under this equivalence, restriction along f: A — B corresponds to restriction
along B/s: B/a — B, and conjugating by the evident equivalence, see [CLL23a,
Lemma 2.2.12].
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2.1. Parametrized colimits. In parametrized category theory, there is a notion
of ‘groupoid-indexed colimit’ that we will now recall. To this end, recall that a
class of morphisms Q in a category A is said to be closed under base change if base
changes (= pullbacks) of morphisms in Q along morphisms in 4 exist and are again

in Q.

Definition 2.10 (Q-colimits). Let A be a category and let Q be a class of mor-
phisms in A closed under base change. Given a functor C: A°P? — Cat, we say that
C admits Q-colimits or is Q-cocomplete if the following conditions are satisfied:

(1) For every morphism ¢: A — B in Q, the functor ¢*: C(B) — C(A) admits a
left adjoint ¢i: C(A) — C(B).
(2) For every pullback square

A 24 A

q’l - l‘l

B 1.8
in A with ¢ in Q, the Beck—Chevalley transformation BCi: ¢j¢* — f*¢ of
functors C(A) — C(B') is an equivalence.

Dually, we define what it means for C to admit Q-limits.

Remark 2.11. By [MW21| Corollary 3.2.11], the above amounts to saying that
q¢*: m5C — Fun(A,75C) ~ C(A x g —) has a parametrized left adjoint qi, i.e. a left
adjoint in the homotopy 2-category of Fun((A,5)°P, Cat).

We will mostly use this notion in the case of B-categories for a topos B. In this
case, we will further assume that the class of morphisms Q in B is local, meaning
that a morphism ¢: A — B is in Q whenever there exists an effective epimorphism
]_L.el B; — B in B such that each of the base change maps A xg B; — B; is in Q.

Remark 2.12. Let T be small and let @ C T be closed under base change. We
define Q = Q)oc as the collection of all maps ¢: X — Y in PSh(T) such that for
every map A — Y from a representable the base change A xy X — A belongs to
Q. Given an effective epimorphism [],Y; — Y, the Yoneda lemma shows that any
map A — Y from a representable factors through one of the Y;. Thus, Qi is a
local class in PSh(T), and we will refer to it as the local class generated by Q. By
[CLL23a, Remark 2.3.15], a T-category is then Q-cocomplete if and only if its limit
extension is Qoc.-cocomplete.

Definition 2.13. Let C,D: A°® — Cat be Q-cocomplete. A natural transforma-
tion F': C — D is said to preserve Q-colimits if for every morphism ¢q: A — B in Q
the Beck—Chevalley map qi1F4 — Fpq is an equivalence; alternatively we say that
F is Q-cocontinuous.

If A = B is a topos, we denote by Cat(B)<! C Cat(B) the (non-full) subcategory
spanned by those B-categories admitting Q-colimits and those B-functors preserving
Q-colimits. Dually, we define the non-full subcategory Cat(B)<* C Cat(B).

Remark 2.14. If A =T is small and @ C T is closed under base change, [CLL23a,
Lemma 2.3.16] shows that a functor F': C — D in Caty preserves Q-colimits if and
only if it preserves Qoc-colimits when viewed as a map in Cat(PSh(T)).
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Example 2.15. In the case B = Spc, the condition of being Q-cocomplete reduces
to a non-parametrized cocompleteness condition. Recall that taking global sections
defines an equivalence Cat(Spc) —= Cat, with inverse given by sending a category
C to Fun(—,C). For local @ C Spec, a category C then has Q-colimits if and only
if ¢*: Fun(B,C) — Fun(A4,C) has a left adjoint (satisfying base change) for every
q: A — B in Q. Specializing to B = 1, we see that C has A-indexed colimits for all
A € Q)1 C Spc C Cat; conversely, if C admits such colimits, then Kan’s pointwise
formula and the closure of Q under base change show that all the required adjoints
exist and satisfy base change, i.e. C is Q-cocomplete as a B-category.

In the same way, we see that a Spc-functor is Q-cocontinuous if and only if it
preserves Qi-colimits as a functor of non-parametrized categories.

Construction 2.16. For a local class of morphisms Q in B and an object B € B,
we denote by

Ug(B) CB)p
the full subcategory spanned by those morphisms ¢q: A — B which are contained
in Q. Since Q is closed under base change, pullback along a morphism f: A — B
restricts to a functor f*: Ug(B) — Ug(A), and since Q is local we obtain a
B-subcategory Ug C Speg.

Remark 2.17. The B-category Uy is a class of B-groupoids in the terminology
of [MW21], and thus determines a notion of Ug-colimits in a B-category. By
Proposition 5.4.2 of op. cit. this precisely recovers the above definitions of Q-
colimits and Q-cocontinuity.

Proposition 2.18 ([MW2I1| Proposition 5.2.7]). Let C and D be B-categories, and
assume that D has Q-colimits. Then:

(1) The B-category Fun(C, D) again has all Q-colimits.
(2) For any C — C’ the restriction Fun(C’', D) — Fun(C, D) is Q-cocontinuous.
(8) For any Q-cocontinuous functor D — D' the induced functor Fun(C, D) —
Fun(C,D’) is again Q-cocontinuous. O
Construction 2.19. Let C,D be Q-cocomplete B-categories. We define a full B-
subcategory Fung™™(C, D) C Fung(C, D) spanned in degree B € B by the objects
corresponding to ﬂ'ng—cocontinuous functors 75C — 75D under the equivalence

from Remark 2.0t see [MW21l Remark 5.2.4] for a proof that this is indeed a B-
category.

By [CLL23a, Remark 2.3.27], M?H (C,D) can equivalently be described as the
full subcategory spanned in degree B € B by those objects that correspond to O-
cocontinuous functors C — Fun(B, D) under the final equivalence of Proposition 27

Assume now that the morphisms in Q are closed under composition and contain all
equivalences, so that @ C B defines a wide subcategory. In this case, the B-category
U, admits Q-colimits. In fact, it is universal with this property:

Proposition 2.20 ([MW21, Theorem 7.1.13]). The B-category Uy is the free Q-
cocomplete B-category with Q-colimits: for every Q-cocomplete B-category D, eval-
uation at the point pt: 1 — Ug defines an equivalence of B-categories

MQ_H (ng D) - D7

whose inverse is given by left Kan extension along pt: 1 — Ug. O
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While most of our paper only refers to the above ‘groupoid indexed colimits,” we
will on some rare occasions need the complementary notion of fiberwise colimits:

Definition 2.21. Let K be a (non-parametrized) category. We say that a B-
category C has fiberwise K-shaped colimits if the category C(A) has K-shaped col-
imits for every A € B and the restriction functor f*: C(B) — C(A) preserves
K-shaped colimits for each f: A — B in B.

Given a functor F': C — D of B-categories with fiberwise K-shaped colimits, we say
that I preserves fiberwise K-shaped colimits if each Fa: C(A) — D(A) preserves
K-shaped colimits.

Remark 2.22. [MW21| Proposition 5.7.2] also proves the analogue of Proposi-
tion[2Z.I8for fiberwise colimits in B-categories and functors preserving them, making
precise that all colimits in functor categories are pointwise.

Combining the above two notions of colimits we define:

Definition 2.23. A B-category is called cocomplete if it is B-cocomplete in the
sense of Definition 2.10]and moreover fiberwise cocomplete, i.e. has all small fiberwise
colimits in the sense of Definition 2.21]

A B-functor F': C — D of cocomplete B-categories is called cocontinous if it is
B-cocontinuous and preserves all small fiberwise colimits.

Warning 2.24. If B = PSh(T'), we referred to the above notion as T-cocompleteness
in [CLL23al/CLL23b], which clashes with the terminology in Definition 210 above.

Remark 2.25. If C is cocomplete, then the inclusion of constant diagrams 73C —
Fun(/C, 74 C) has a left adjoint for every A € B and every small B, 4-category K
by [MW2I, Corollary 5.4.7]. In particular, it makes sense to talk about K-shaped
colimits in 73 C for any such K.

3. PARAMETRIZED SEMIADDITIVITY

In this section, we introduce a wide range of generalized notions of semiadditivity
for parametrized categories, using the framework of ambidexterity by Hopkins and
Lurie [HL13].

3.1. Ambidexterity. We start with a recollection on ambidexterity.

Definition 3.1 (Inductible subcategory). Let A be a category and let Q be a wide
subcategory of A closed under base change. We say that Q is inductible if the
following conditions are satisfied:

(1) Q is closed under diagonals: for every morphism ¢: A — B in Q, the
diagonal map A,: A =+ A xp A is again in Q;

(2) Q is truncated: every morphism ¢: A — B in Q is truncated (i.e. ng-
truncated for some natural number n,).

The assumptions on Q allow us to make inductive definitions for morphisms in Q
by iteratively passing to diagonals, explaining our terminology. The condition that
@ is closed under diagonals in A admits various alternative characterizations:

Lemma 3.2. For a wide subcategory Q C A closed under base change, the following
conditions are equivalent:
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(1) Q is closed under diagonals;

(2) Q is left-cancelable: for morphisms p: A — B and q: B — C in A, if both q
and qp are in Q then also p is in Q;

(8) Q admits pullbacks and the inclusion Q — A preserves pullbacks.

Proof. For (1) = (2), observe that with p and ¢ as in (2) we may factor p as the
composite of (1,p): A — A xc B and prg: A Xx¢ B — B. The first map is a base
change of A;: B — B x¢ B and the second map is a base change of ¢gp, hence by
assumption both lie in Q and thus so does p. For (2) = (3), consider morphisms
A — Band A’ — B in Q. It follows from (2) that a map C — A xg A" is in Q
if and only if the two components C — A and C — A’ are, from which (3) is an
immediate consequence. The implication (3) = (1) is clear. (]

Consider an inductible subcategory Q of a category A, and let C: A°? — Cat
be a functor which is Q-cocomplete in the sense of Definition 2.J0l The restric-
tion of C to Q° admits a cartesian unstraightening [(C|ger) — Q, which due to
Q-cocompleteness of C is a Beck—Chevalley fibration in the sense of [HL13| Defini-
tion 4.1.3] and thus gives rise to a notion of C-ambidexterity:

Construction 3.3 (Ambidexterity, [HL13| Construction 4.1.8]). Let Q be an in-
ductible subcategory of a category A and let C: A°P — Cat be a functor which is
Q-cocomplete in the sense of Definition We will inductively define what it
means for an n-truncated morphism ¢: A — B in Q to be C-ambidextrous, in which
case we will construct a transformation uf]‘): ide(py — q¢* exhibiting ¢ as a right
adjoint to g*.

The induction starts at n = —2, in which case any (—2)-truncated morphism gq is
declared to be C-ambidextrous. Since ¢ is an equivalence, the counit map q¢* —

(=2)

ide(p) is an equivalence, and we define p tide(py — g™ as its inverse.

Assume now that we have defined the n-truncated C-ambidextrous morphisms for
some n > —2 and have assigned to them the required transformations u,(ln). We
say that an (n + 1)-truncated morphism ¢: A — B in Q is weakly C-ambidextrous
if its diagonal A;: A — A x g A is C-ambidextrous (which is well-defined since A,
is n-truncated). Counsider the following commutative diagram:

A—L B

We define the adjoint norm map ﬁr—ﬁq: q*qr — id as the following composite:

o BCfl (n)
Nmg: ¢*qg —— pryprs fa, priAiA¥pry ~id.

An (n 4 1)-truncated morphism ¢: A — B is called C-ambideztrous if every base

change ¢’ of ¢ is weakly C-ambidextrous and the adjoint norm map Nmg : ¢"*¢, —

ide(as) exhibits g as a right adjoint of ¢'*. In this case, we let uénﬂ) ides) — @q”

denote the corresponding unit for the resulting adjunction ¢* 4 ¢.
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Remark 3.4. The norm map is independent of the choice of pullback. In partic-
ular, taking the same object A xp A but with the two projection maps swapped,
we see that we can equivalently define the adjoint norm map as the composite

¢ q =~ propr; 5 pro AJApri ~ id.

Remark 3.5. Let f: A" — A be a functor and let Q" C A’ be inductible such that
f(Q') C Q and f preserves pullbacks along maps in Q’. Given any C: A°P — Cat,
we define f*C == Co f: A°P — Cat. It then follows straight from the definition
that f*C is Q'-cocomplete if C is Q-cocomplete, and that ¢ € Q' is (weakly) f*C-
ambidextrous if f(q) is (weakly) C-ambidextrous. Moreover, the adjoint norm map
for ¢ agrees with the adjoint norm map for f(q) in C.

Remark 3.6 (Norm map). In the situation of Construction B3] consider a weakly
C-ambidextrous morphism ¢: A — B. If the functor ¢*: C(B) — C(A) admits
a right adjoint ¢.: C(4) — C(B), then the adjoint norm map N\Iﬁq: q — id
corresponds to a transformation Nmg: i — g, that we call the norm map associated
to g. In this case, it follows that ¢ is C-ambidextrous if and only if for each base
change ¢’ the restriction functor ¢’* admits a right adjoint ¢, and the norm map
Nmy : ¢/ — ¢, is an equivalence.

The above construction interacts with natural transformations as one would expect:

Proposition 3.7 (cf. [CSY22| Theorem 3.2.3]). Let F': C — D be a natural trans-
formation of Q-cocomplete functors A°® — Cat. Assume that for every (n — 1)-
truncated map p in Q at least one of the Beck—Chevalley maps BCy: ;o F' — Fp
and BC,: Fp, — p.F is invertible.

(1) Let g be an n-truncated map that is both weakly C-ambidextrous and weakly
D-ambidextrous. Then the following diagram commutes:

g F =25 ¢*Fg —= Fq*q
Nm, Fl lFNan
F F.

(2) Assume in addition that ¢*: C(B) — C(A) and ¢*: D(B) — D(A) admit
right adjoints q.. Then the following diagram commutes:

N

BCgl TBC*

Fq W Fq..
(8) Assume that q is C-ambidextrous and D-ambidextrous and that at least one
of the Beck—Chevalley maps @ FF — Fq and Fq. — q.F is invertible. Then
also the following diagram commutes:

Ja F(pq) FCpq*

| oo

Q¢ F —— qFq"
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Proof. First fix n and ¢ and observe that (2) follows from (1) via adjoining over,
also see [CSY22, Lemma 2.2.11]. We will now show that this in turn implies (3):
indeed, in the diagram

J Ny q+q* e ), Fqq*

i Jpe: Toa

4+q"F —— q.F'q* ? qFq”

the right-hand square commutes by (2) and the assumption that at least one of
the two Beck—Chevalley maps is invertible, while the left-hand square commutes by
direct inspection.

Using this, we will now prove (1) by induction on n. For n = —2, N\rﬁq is simply
the inverse of the unit id — ¢*q, and the statement follows by a standard mate
argument, also see [CSY22, Lemma 2.2.3(3)]. If we already know the statement for
n — 1, then we consider the diagram

T qF & (pryhpryF — B (pry A\ A*prsF —— F
BC, (pry ) Fpry —2—— (pry)i1AA*Fprs
¢ Fq  (x) (1) (pri)i A FA*pry —— F
Bc,l
~ (pry)1Fpry ——=—— (pry)i FAA"prs  (+)
BCgl Bci
crt N
Fq*q — F(pry)i(pry)* ——=— F(pr; ) AiA"pry —— F

whose top and bottom row spell out ﬁr—ﬁq and F (N\r—ﬁq), respectively; here and in
what follows, we will simply denote the naturality constraints of an A°P-natural
transformation by equality signs to streamline notation.

The two subdiagrams marked (%) commute by basic mate arguments, cf. [CSY22,
Lemma 2.2.4(1)], while the subdiagram (}) commutes by the induction hypothesis
and the above implication (1) = (3). As all the remaining subdiagrams commute
simply by naturality, this completes the inductive step. ([l

As an immediate consequence, we can now describe the interaction of the norm
with base change, cf. [HL13| Proposition 4.2.1 and Remark 4.2.3]:

Corollary 3.8. Let
A2 A
T
B’ — B

be a pullback in A such that q is a map in Q (whence so is q').
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(1) If C is Q-cocomplete and q is weakly C-ambidextrous, then we have a com-
mutative diagram

[ == 9"¢"q

BC!T lg* N,

Ix | %

Q799" ——— g
Il’lql

(2) Assume in addition that ¢* and ¢'* admit right adjoints. Then also

" f*Nm "
ffa —= fq.

noi| |me.

!k !k
a9 qu, q+9
commutes.

Proof. For the first statement, let 75: A;p — A denote the projection. It then
suffices to apply Proposition B.7(1) to the A, p-natural transformation f*: m3C —
C(A xp —), using Remark [3.0] to identify the adjoint norms on both sides.

The second statement follows in the same way from Proposition B.7(2). O

3.2. Parametrized semiadditivity. The notion of ambidexterity leads to a vari-
ety of notions of parametrized semiadditivity for B-categories. These varieties are
most naturally indexed on locally inductible subcategories, which we introduce now.

Definition 3.9. A wide local subcategory Q of a topos B is locally inductible if

(1) every morphism ¢: A — B in Q locally truncated: there exists a covering
(Bi = B)ier (ie. the induced map [[,.; Bi — B is an effective epimor-
phism) such that each base change ¢;: B; xp A — B, is truncated, and

(2) Q is closed under diagonals.

Definition 3.10 (Q-semiadditivity). Let B be a topos equipped with a local in-
ductible subcategory Q. We say that a B-category C is Q-semiadditive if it admits
Q-colimits and if every truncated map ¢q: A — B in Q is C-ambidextrous.

Remark 3.11. Let f: B’ — B be a left adjoint functor that preserves pullbacks,
and let @' C B, Q C B be locally inductible with f(Q’) C Q. Specializing Re-
mark 35 we see that for any Q-semiadditive B-category C the restriction f*C is a
Q’-semiadditive B’-category, with the evident (adjoint) norms for truncated maps.

In particular, if A € B is arbitrary, we can apply this to the forgetful functor
ma: B4 — B and the locally inductible subcategory Q" = B,4[Q] = 7,(Q). This
will in various proofs allow us to restrict to slices, simplifying notation.

Remark 3.12. Suppose that C is Q-semiadditive. Because parametrized (co)limits
in functor categories are computed pointwise, one easily checks by induction that
Fun(Z,C) is again Q-semiadditive for every small B-category Z, with (adjoint) norm
maps given pointwise by the norms in C.

Remark 3.13. Note that the definition of Q-semiadditivity for a locally inductible

class Q only requires that truncated maps in Q are C-ambidextrous, because only in
this case does the inductive procedure of Construction [3.3] terminate. Nevertheless,
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we will show in Theorem [G.TT] that there are natural units and counits witnessing
an adjunction ¢* - ¢ for any map g € Q.

Conversely, it suffices to check Q-cocompleteness on the classes Q<,, of n-truncated
maps for every finite n:

Lemma 3.14. Let Q C B be a locally truncated local class. Then a B-category C
is Q-cocomplete if and only if it is Q<,-cocomplete for every n > —2.

Proof. The ‘only if’ part is clear. For the other direction, fix ¢g: A — B and
consider the full subcategory ¥ C B/p of all f: B’ — B such that the pullback
q¢ = f*(q): AxpB’ — B’istruncated. This is a sieve as truncated maps are stable
under pullback, and it is covering by the assumption that ¢ be locally truncated.
Moreover, Q<,-cocompleteness for all n > —2 shows that ¢* admits a left adjoint
qi satisfying base change along maps in . Letting ¢ vary, the lemma is therefore
an instance of Corollary [A.4l O

In the same way Lemma [A_F] specializes to:

Lemma 3.15. Let Q@ C B be local and locally truncated. Then a functor F: C — D
of Q-cocomplete B-categories is Q-cocontinuous if and only if it is Q< -cocontinuous

for alln > —2. (|

While the definition of Q-semiadditivity only refers to O-colimits, we in fact also
have all Q-limits:

Corollary 3.16. Every Q-semiadditive B-category C admits Q-limits.

Proof. By Lemma[B.T4PP it is enough to show that it has Q<,-limits for all n > —2.

Let g: A — B be amap in Q<,,. By O-semiadditivity, we know that ¢* has a right
adjoint g, so it only remains to verify the Beck—Chevalley condition, i.e. that for
every pullback

Ay
|
q’l l‘l
B’ — B
the Beck—Chevalley map BC.: f*q. — ¢.f’* is an equivalence. However, this
follows immediately from Corollary B.8 by 2-out-of-3. O

In the same way one shows (using Lemma [B.18 and its dual):

Corollary 3.17. A functor between Q-semiadditive B-categories preserves Q-limits
if and only if it preserves Q-colimits. O

Definition 3.18. A functor F': C — D of Q-semiadditive B-categories is called
Q-semiadditive if it preserves Q-colimits or, equivalently, O-limits. We write
Cat(B)2® for the category of Q-semiadditive B-categories and Q-semiadditive
functors. Given C,D € Cat(B)%®, we write Fun?®(C,D) = Fun?®>*(C,D) =
Fun<(C, D).
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3.3. Presheaf topoi. For the applications we have in mind, we are mainly inter-
ested in the case where the topos B is a presheaf topos PSh(T') on some small cate-
gory T, so that B-categories correspond to T-categories T°P — Cat by Remark 2.2
In this case, the local classes Q that appear in practice are usually generated by a
much smaller collection of morphisms, and the condition of Q-semiadditivity of a
T-category simplifies accordingly. We suggestively refer to these smaller classes as
‘pre-inductible’:

Definition 3.19 (Pre-inductible subcategory). Let T be a small category and let
@ C PSh(T) be a replete subcategory containing all representable presheaves. We
say that @Q is pre-inductible if the following conditions are satisfied:

(1) (Locality) Consider a morphism ¢: A — B in PSh(T) with B € Q. Then ¢
lies in @ if and only if for every pullback square

A4
_I
q’l l‘l
B —+ B
in PSh(T') with B’ € T the base change ¢’ lies in Q.

(2) (Diagonals) For every morphism ¢ in @), also its diagonal A, lies in Q.
(3) (Truncation) Every morphism in @ with target in T is truncated.

Remark 3.20. The first axiom together with the pasting law implies that @ is
closed under base change along maps f: A — B such that A, B € @ (but f need
not be a map in Q).

There are two ‘extreme’ cases of pre-inductible subcategories:

Example 3.21. Every inductible subcategory @@ C T is pre-inductible when re-
garded as a subcategory of PSh(T): condition (3) holds by assumption and condi-
tions (1) and (2) are a consequence of the fact that the Yoneda embedding preserves
pullbacks.

Example 3.22. Every locally inductible subcategory @ C PSh(T) is in particular
pre-inductible: conditions (1) and (2) hold by assumption and condition (3) follows
from the fact that every locally truncated map with representable target A € T is
already truncated: any cover (A4; — A);cs of A has to contain a map A; — A hitting
the component of id 4, so that already A; — A itself is an effective epimorphism,
implying the claim.

Definition 3.23 (Q-semiadditivity). Let @ C PSh(T) be a pre-inductible subcat-
egory, and let A C PSh(T') be the full subcategory spanned by the objects of Q.
For a T-category C, we denote by C| 4op : A°P — Cat its right Kan extension along
T°P — A°P, or equivalently the restriction to A°P of C: PSh(T)°? — Cat.

(1) We say that C is Q-cocomplete if C|aor is Q-cocomplete in the sense of
Definition 210

(2) We say that C is Q-semiadditive if in addition every truncated morphism ¢
in @ is C| gep-ambidextrous.

Remark 3.24. If Q = Q C PSh(T) is in fact locally inductible then A = PSh(T')
and one observes that Definition [3.23] specializes to Definition [3.10]
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Remark 3.25. If T = B happens to be a topos and @ = Q C B is an inductible
local class, then after passing to a larger universe we may regard Q as a pre-
inductible subcategory of PSh(B) by Example B22Il In this case we get A = B,
and we see that a B-category C is Q-semiadditive in the sense of Definition
if and only if its underlying functor B°P? — Cat is Q-semiadditive in the sense of
Definition

The main reason for introducing @-semiadditivity for pre-inductible @ is the flexi-
bility of this setup: essentially all examples of parametrized semiadditivity provided
in Section 3.4 below will be of this form. We will now show that this setup is indeed
a special case of our general formalism of Q-semiadditivity for locally inductible Q.

Construction 3.26. Let @ C PSh(T) be a pre-inductible subcategory. A mor-
phism ¢: A — B in PSh(T) is said to be locally in Q if for every morphism B’ — B
in PSh(T) with B’ € Q we have that the base change map A xg B’ — B’ lies
in @. Since such morphisms are clearly closed under composition and contain all
equivalences, they determine a wide subcategory Qloc of PSh(T). We refer to Qioc
as the locally inductible subcategory generated by Q.

Remark 3.27. If Q = @ is already locally inductible, then we have Q). = Q.

Lemma 3.28. For every pre-inductible subcategory @ C PSh(T), the wide subcat-
egory Qioc € PSh(T) is locally inductible.

Proof. Tt is easy to check that Qo is closed under base change and composition,
and it is local by the same argument as in Remark [2.12]

For a morphism ¢: A — B in Q1o we may cover B by representable objects so that
assumption (3) immediately implies that ¢ is locally truncated. It remains to show
that Qec is closed under diagonals. By Lemma3.2] we may equivalently show that
Qioc is left-cancellable: if p: A — B and q: B — C are morphisms of presheaves on
T such that ¢ and gp are in Qoc, then also p must be in Qioc. In other words, given
a morphism b: B — B in PSh(T) with B’ € @, we have to show that the base
change p’: A xp B’ — B’ is in Q. To this end, consider the following commutative
pullback diagram:

T

AxpB 2 Axe B -2y 4

o

— C.

Since q and ¢p are locally in ), the morphisms ¢’ and ¢'p” are in Q. As Q is closed
under diagonals, Lemma implies that also p” is in @, and hence p’ is in Q by
Remark B.200 This finishes the proof. ([

The following is the main result of this subsection:

Proposition 3.29. Let Q C PSh(T) be a pre-inductible subcategory.

(1) A T-category C is Q-cocomplete in the sense of Definition[T23 if and only
if its limit-extension C: PSh(T)°P — Cat is Qioc-cocomplete in the sense
of Definition[2.10.



18 BASTIAAN CNOSSEN, TOBIAS LENZ, AND SIL LINSKENS

(2) A T-category C is Q-semiadditive in the sense of Definition[T23 if and only
if its limit-extension C: PSh(T)°P — Cat is Qioc-semiadditive in the sense
of Definition[3.10.

Proof. For the first statement, the ‘if’-part is clear; for the other direction, we
note that it even suffices to check the existence of adjoints and the Beck—Chevalley
conditions after restricting to maps in Qo with representable target by [CLL23al
Remark 2.3.15].

For the second statement, the ‘if’-direction is again clear. For the ‘only if’-direction,
we will argue by induction that C is (Qloc)<n-semiadditive for all n > —2.

For n = —2 there is nothing to show. Now assume that we already know that C
is (Qloc)<n—1-semiadditive. By assumption, the restriction along any n-truncated
q € @ has a right adjoint ¢, and Nm: q*q — id adjoins to an equivalence ¢ — g..
Arguing as in Corollary B.16] we deduce from Corollary B.8] that g, satisfies base
change along maps in A, so [CLL23al Remark 2.3.15°P] shows that C is (Qioc)<n-
complete. Given now a general map q: A — B in Q, Corollary 3.8 shows that

f*Nm, agrees up to equivalence with the norm along ¢’ := f*(¢); in particular,
f*Nm, is invertible whenever B’ is representable (so that ¢’ € Q). Covering B by
representables, we see that Nm, itself is invertible, as desired. ([

3.4. Examples. We will now provide various examples of pre-inductible subcate-
gories and discuss their associated notion of semiadditivity. Let us start with the
non-parametrized examples:

Example 3.30 (Ordinary semiadditivity). The subcategory Fin C Spc of finite sets
is pre-inductible. A category C is Fin-semiadditive if and only if it is semiadditive
in the classical sense.

Example 3.31 (m-semiadditivity). Given an integer —2 < m < oo, recall that a
space is called m-finite for —2 < m < oo if it is m-truncated, has finitely many path
components, and all its homotopy groups are finite. The subcategory Spc,,, C Spc
by the m-finite spaces is pre-inductible, and a category C is Spc,,-semiadditive if
and only if C is m-semiadditive in the sense of [HL13| Definition 4.4.2].

Example 3.32 (oo-semiadditivity). Recall that a space is called w-finite if it is
m-finite for some integer m. The subcategory Spc,. C Spc of 7-finite spaces is pre-
inductible, and the associated notion of semiadditivity is that of co-semiadditivity
[CSY22| Definition 3.1.10]: a category C is oo-semiadditive if and only if it is m-
semiadditive for all m > —2.

Example 3.33 (p-typical m-semiadditivity). As a variation on the previous two
examples, let p be a prime and let Spcgﬁ) C Spc,,, be the full subcategory consisting
of the m-finite p-spaces, i.e. those m-finite spaces all of whose homotopy groups
are p-groups. Then Spcgﬁ) is pre-inductible, and the corresponding notion of semi-
additivity is that of p-typical m-semiadditivity [CSY21l, Definition 3.1.1]. Working
with Spcgrp ), the category of m-finite p-spaces, similarly gives the notion of p-typical
oo-semiadditivity.

Example 3.34. As the common generalization of the previous examples, let @ C
Spc be a full subcategory of truncated spaces which is closed under base change
and extensions and which satisfies 1 € Q. Then @ is pre-inductible, giving rise
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to a notion of @-semiadditivity for categories C. A non-parametrized category is
@-semiadditive in our sense if and only if it admits A-shaped colimits and A-shaped
limits for every A € @, and the norm Nm4: colimy — limy4 is an equivalence for
each such A.

In fact, this is the most general form of semiadditivity our formalism provides in the
non-parametrized setting: given an arbitrary locally inductible subcategory Q C
Spc, the full subcategory @ := Q1 C Spc/1 = Spc satisfies the above assumptions,
and since @ = Q1o we see that Q-semiadditivity agrees with @-semiadditivity by
Proposition

It turns out that the individual categories of a parametrized semiadditive category
inherit some degree of non-parametrized semiadditivity.

Lemma 3.35 (Fiberwise semiadditivity). Let Q be a locally inductible subcategory
of a topos B and consider the full subcategory Qar, C Spc consisting of those spaces
A which are truncated and for which the map colimal — 1 in B is contained in Q.

(1) The subcategory Qap C Spe is pre-inductible;

(2) Every Q-semiadditive B-category C: B°P — Cat is fiberwise Qnap-semiadditive,
i.e. factors through the (non-full) subcategory Cat9® of Qgp-semiadditive
categories.

Proof. Denote by L: Spc — B be the unique left exact left adjoint, given on objects
by sending a space A to colimyl € B. Note that Qg consists precisely of those
truncated spaces A such that the canonical map L(A) — L(pt) =1 is in Q. Since
L preserves colimits and finite limits, it follows that Qg contains the point and is
closed under base change and extensions, hence it is pre-inductible by Example[3.341

Given now any object X € B, the functor X x L(-) is again a pullback-preserving
left adjoint. Since Q is closed under base change, we see that X x L(A4) — X is
in Q for all A € Qsp, and thus by left-cancelability and locality of Q we deduce
that X x L(-) maps all morphisms of (Qfp)ioc € Spc to morphisms in Q. By
Remark BT we conclude that the category C(X) is Qnn-semiadditive. Moreover,
if f: X — Y is any map in B, then the base change condition for C shows that
f*: C(Y) = C(X) preserves A-indexed (co)limits for A € Qgp. It follows that C
factors through Cat@®®  finishing the proof. (|

Example 3.36. If Q C B is a locally inductible subcategory containing the map
1111 — 1 (hence all fold maps X ITX — X), then each C(X) is semiadditive in the
usual sense, and each f*: C(Y) — C(X) is a semiadditive functor.

We now come to the examples of semiadditivity that are truly parametrized.

Example 3.37 (G-semiadditivity). For a finite group G the subcategory Fing C
Spcg = PSh(Orbg) of finite G-sets is pre-inductible. A G-category C: Orby — Cat
is Fing-semiadditive if and only if C is G-semiadditive in the sense of [Narl6QS21].

Example 3.38 (Equivariant semiadditivity). Consider the subcategory Glo C F of
the (2, 1)-category F of finite groupoids spanned by the connected finite groupoids,
i.e. groupoids of the form BG for a finite group G. Consider also the wide subcate-
gory F; of F spanned by the faithful functors between finite groupoids. Identifying
F with the full subcategory of PSh(Glo) spanned by the finite disjoint unions of
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representable objects, the resulting subcategory #; of PSh(Glo) is pre-inductible.
A global category C: Glo°® — Cat is Fi-semiadditive if and only if it is equivariantly
semiadditive in the sense of [CLL23al, Example 4.5.2].

Example 3.39 (Global semiadditivity). In fact, also the full subcategory ¥ C
PSh(Glo) is pre-inductible. We will refer to the associated notion of semiadditivity
as global semiadditivity. Informally, the difference to the notion from the previous
example is that we now require that for any homomorphism «: H — G of finite
groups the restriction functor o admits both adjoints and that they agree, instead
of just requiring this for subgroup inclusions.

The notion of global semiadditivity may be seen as a generalization of the notion
of 1-semiadditivity from Example B31] as follows: Given a (non-parametrized) cat-
egory C we may form its Borelification CB, i.e. the global category defined via
CB°"(BG) := Fun(BG,C); here we use the canonical embedding Glo C ¥ < Spc.
Since the essential image of the inclusion functor & < Spc is precisely the subcat-
egory of 1-finite spaces, one observes that a category C is 1-semiadditive if and only
if its Borelification is globally semiadditive, also cf. [CLL23c, Lemma 5.9]. In this
sense, global semiadditivity generalizes 1-semiadditivity (see also Remark [0.14]).

Example 3.40 (P-semiadditivity). As a common generalization of Examples3.30
B37 and 338 (but not of the previous example), let T be a small category and let
P C T be an atomic orbital subcategory, in the sense of [CLL23al Definition 4.3.1].
Let Fp C PSh(T) be the full subcategory of PSh(T') spanned by finite disjoint
unions of representable presheaves, and let IF; C Fr be the wide subcategory
consisting of finite disjoint unions of morphisms of the form [, p;: [[-, 4; — B,
where each morphism p;: A; — B lies in P. Then the subcategory FE C PSh(T) is
pre-inductible. A T-category C is FL-semiadditive if and only if it is P-semiadditive
in the sense of [CLL23al Definition 4.5.1].

Example 3.41 (Very G-semiadditive G-procategories). Let G be an arbitrary
group. We denote by Orbg C Orbg the full subcategory spanned by the orbits
of the form G/H where H is a finite-index subgroup of G We refer to functors
C: Gﬁ)g’ — Cat as G-procategories.

In [Kal22| Definition 3.1], Kaledin considers G-sets S satisfying the following two
conditions:

(1) For every s € S the stabilizer subgroup G, C G is cofinite.
(2) Every cofinite subgroup H C G the fixed point set S is finite.

Following [KMN23|, we will call such G-sets quasi-finite, and write QFing for
the the full subcategory of Sets spanned by them. Assigning to S the presheaf
G/H — SH determines a fully faithful functor QFing < PSh(Orbg) which ex-
hibits QFin, as a pre-inductible subcategory. We say a profinite G-category C is
very G-semiadditive if it is QFing-semiadditive.

Example 3.42 (Tempered ambidexterity). Let 7 be a subcategory of Glo con-
taining the final object 1, and consider the category PSh(7). We write R: Spc —
PSh(T) for the fully faithful right adjoint of evy: PSh(7) — Spc. We observe that
R(Spc,) is a pre-inductible subcategory of PSh(T). To see this, note that the cate-
gory T is a full subcategory of Spc, and so by Yoneda’s lemma R(BG) is equivalent

4This subcategory is denoted Orbg by [KMN23)].
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to the representable object associated to G € T. The remaining properties of a pre-
inductible subcategory are inherited from m-finite spaces, using that R preserves
limits. In [LurI9], Lurie considers the case where T is the full subcategory of Glo
spanned by the groupoids with abelian isotropy. The main result of [Lurl9] shows
that the T-category of tempered local systems associated to an oriented P-divisible
group is R(Spc, )-semiadditive.

Example 3.43. In [Sch23| Lecture 6], Scholze defined for every six-functor for-
malism D notions of cohomologically proper and cohomologically étale morphisms
f: roughly speaking, this condition demands that the functor fi given by the co-
variant functoriality of the six-functor formalism is right (resp. left) adjoint to the
morphism f* coming from the contravariant functoriality in some preferred way.

Only remembering the contravariant functoriality, every six-functor formalism D
forgets to a category parametrized by some category T. As we will show in future
work, the class @ of maps in T' that are both cohomologically étale and cohomology
proper form an inductible subcategory of T, and D is @-semiadditive in the sense
of Definition

3.5. Alternative characterizations of Q-semiadditivity. Let us close this sec-
tion by discussing various equivalent definitions of Q-semiadditivity:

Proposition 3.44. Let C be a Q-complete and Q-cocomplete B-category. The
following are equivalent:

(1) The category C is Q-semiadditive.

(2) The category C°P is Q-semiadditive.

(8) For every truncated g: A — B in Q, the functor qi: Fun(A,n5C) — m5C
preserves Q-limits.

(4) For every truncated ¢: A — B in Q, the functor ¢.: Fun(4, 75C) — 75C
preserves Q-colimits.

(5) For every pullback square

AP A
-

q’l l‘l

B —2.B

consisting of truncated maps in Q the double Beck—Chevalley transforma-
tion BC\ . : pigl, — q.py is an equivalence.

(6) For every truncated map q: A — B in Q the double Beck—Chevalley trans-
formation BCy . : qipry, — g«pry, associated to the pullback square

AxgA 2254
prlj/ - lq
A—* . B

i Q is an equivalence.

Proof. We will prove that (1) = (3) = (5) = (6) = (1). Dually, we then have
(2) = (4) = (5) = (6) = (2), so that all statements are indeed equivalent.
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For (1) = (3), note that ¢ is a left adjoint, so it preserves Q-colimits by [MW21]
Proposition 5.2.5], whence Q-limits by Corollary BI7 The implication (3) = (5)
simply amounts to spelling out the definition of preserving Q-limits, while (5) = (6)
is immediate. Finally, for (6) = (1), we will be done by induction if we show that
for any truncated ¢ the norm map Nmg: ¢ — g, can be factored as the composite
Nm! Ci «
Q@ ~ qpry A —= qipry, A 2o @Dy Ay 2 @i
Up to replacing C by C°P, the proof of this claim is identical to that of [CLL23al
Lemma 4.4.2] and will hence be omitted. (]

We will later prove that one can equivalently drop all the truncatedness assump-
tions, see Corollary [6.12]

4. PARAMETRIZED SPAN CATEGORIES

Fix a topos B equipped with a locally inductible subcategory @ C B. The goal of
this section is to construct the B-category Span(Q) and show it is Q-semiadditive.

Definition 4.1. Let @' C Q C B be another locally inductible subcategory. For
every A € B, we denote by

Q,4[Q1C Q/a
the wide subcategory consisting of those morphisms in Q,4 whose underlying map
in Q lies in Q. As Q' is a local class of morphisms, this defines a B-subcategory
UolQ] C Ug.
Lemma 4.2. For every object A € B, the category Q,a admits finite limits and
the wide subcategory Q/A[Q’] C Q)4 is closed under base change.

Proof. Note that Q,4 admits pullbacks by Lemma It also admits a terminal
object, given by the identity map on A, and thus admits all finite limits. The
second claim is immediate from the fact that morphisms in Q' are closed under
base change. O

Construction 4.3 (Parametrized span category). Let Qp,Qr C Q be locally

inductible subcategories of B. By Lemma 2] the triple (Q,4,2/4[QL], Q/4[2QR])

is an adequate triple for every A € B, in the sense of [Barl7, Definition 5.2]. Since

9, 9 and Qg are local classes, this defines a limit-preserving functor
(Ug,Us[Qr], Ug[Qr]): B — AdTrip

to the category of adequate triples by [HHLN23, Lemma 2.4]. We define the

parametrized span category Span(Q, Qr,, Qr) as the composite

(EQ’EQ[QLLEQ[QR])

BeP AdTrip 2P Cat .
Since the functor Span: AdTrip — Cat is a right adjoint [HHLN23| Theorem 2.18]
and hence preserves limits, it follows that Span(Q, Qr, Qr) is indeed a B-category.
For simplicity, we will write Span(Q) for Span(Q, Q, Q), so that for A € B we have
Span(Q)(A) = Span(Q4).

For a morphism f: A — B in B, the restriction functor f*: Span(Q,g) — Span(Q,.)
is given by pullback along f.
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Warning 4.4. We warn the reader that the underlying category of Span(Q, Qr,, Or)
is not equivalent to Span(Q, Qr, Qr), because Q,; # Q.

The contravariant and covariant parts of the span categories give rise to canonical
inclusions

Up[Qr]? — Span(Q, Qr, Qr) < Ug[Qr]

of B-categories. For later reference, let us record the following property of these
inclusions:

Following [Sha22| Definition 3.1] we define a factorization system on a B-category
C to be a pair (E, M) of wide B-subcategories E, M C C such that for every B € B
the wide subcategories E(B) and M (B) of C(B) define a factorization system on
C(B) in the sense of |[Lur(9, Definition 5.2.8.8]. We denote maps in F with the
symbol — and maps in M with the symbol .

Proposition 4.5. Let O, Qr C Q be locally inductible subcategories. The inclu-

sions Ug[Qr]?,Ug[Qr] — Span(Q, Qr, Qr) define the left and right class of a
factorization system.

Proof. This follows by applying [HHLN23| Proposition 4.9] levelwise. O

The parametrized span category Span(Q) can be seen to be both Q-complete and
Q-cocomplete, with the relevant adjoints given by applying Span(—) to the post-
composition functor qi: Q4 — Q/p for ¢ in Q. More generally, we have:

Proposition 4.6. Let Q;,Qr C Q C B be locally inductible subcategories.

(1) The B-category Span(Q, Qr, Qr) admits Qgr-colimits, and the inclusion of

Uy [Qr] into Span(Q, Qr, Qr) preserves Qgr-colimits;
(2) Dually, Span(Q, Qr,Qr) admits Qr-limits, and the inclusion of Ug[Qr]°P

into Span(Q, Qr, Or) preserves Qr -limits.

Proof. Since Span(Q, Qr,, Qr)°? ~ Span(Q, Qr, Qr), part (2) is dual to part (1).
To prove (1), consider a morphism ¢: A — B in Qg, and consider the adjunction

qQ: Q4= QB q",

where qi(f: A — A) = go f. Note that both functors preserve pullbacks and
preserve morphisms in @, and Qg, so that they are morphisms of adequate triples.

We will apply [BH21 Corollary C.21] to show that this adjunction induces the
required adjunctions at the level of span categories. In order to do so, let us spell
out the unit and counit maps of this adjunction. For an object (f: A" = A) € Q 4,
the unit of the adjunction is given by the map

A D A A = Al

in @/4. Observe that this map is a base change of the diagonal A;: A — A xp A
of ¢, and hence lies in Qg since Qp is locally inductible. As a direct consequence
of the pasting law of pullback squares, we see that for any other map g: A” — A
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and any map h: A” — A’ over A, the naturality square

A (g,1) A ><BA//

4
hl llxh
A D A A
is a pullback square. Similarly, for an object (g: B" — B) € Q,p, the counit of the
adjunction is provided by the projection map

q¢"B = Axp B 2% B

in Q,p, where the source lives over B via the composite A x p B’ P A% B, This
map is a base change of ¢, and thus lies in Qg. Again it follows from the pasting
law of pullback squares that for any morphism h: B” — B’ over B the naturality

square

AxpB" 22 B

o J

AxgB 22, p

is a pullback square. Thus, [BH21 Corollary C.21] implies that the adjunction
q: Qa5 Q/p ¢ induces an adjunction at the level of spans of the form

Span(q): Span(Q, Qr, Qr)(A) = Span(Q, Qr, Qr)(B) :Span(q*)

with unit and counit given by the right-pointing arrows associated to the original
unit and counit. The Beck—Chevalley conditions for the adjunctions ¢ < ¢* then
immediately imply the Beck—Chevalley conditions for the adjunctions Span(q) -
Span(g*). We conclude that Span(Q, Qr, Qr) admits Qg-colimits and that the
inclusion Uy [Qr] — Span(Q, Qr, Qr) preserves Qg-colimits. O

Corollary 4.7. A functor F: Span(Q, Qr, Qr) — C preserves Qr-colimits if and

only if the composite HQ[QR] < Span(Q, O, Or) i> C preserves Qg-colimits.
The dual statement for Qp-limits also holds.

Proof. Since ¢ preserves Qpr-colimits by Proposition 6] the ‘only if’-direction is
clear. For the converse, assume that F o preserves Qg-colimits. We have to show
that for any map ¢: A — B in Qpg, the Beck—Chevalley transformation ¢ 'y = Fpq
filling the right square of the following diagram is an equivalence:

Q/4[Qr] —2— Span(Q,a, Q/a[QL], Q/4[Qr]) BELENV

lq! == "’l / l‘“

Q,5[Qr] £ Span(Q,5, Q,5[Q1), Q/5Qr]) —2= Cp.

Since the inclusion t4: Q/4[Qr| — Span(Q,a, Q/a[QL], Q/4[QR]) is essentially
surjective, it suffices to test this after precomposing by t4. But since Beck—
Chevalley transformations compose and ¢: Ug[Qr] < Span(Q, Qr,, Qr) preserves
Qpg-colimits, this follows from the assumption that F o ¢ preserves Qpr-colimits.
This finishes the proof of the first statement. Once again the second statement is
formally dual to the first. O
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By Proposition 6] the restriction functors f* of Span(Q) admit both left and
right adjoints which canonically agree, suggesting that it is O-semiadditive. This
is indeed the case:

Lemma 4.8. Let Qp,Qr C Q C B be locally inductible subcategories. Then the
B-category Span(Q, Qr, Or) is (Qr N Qr)-semiadditive.

Proof. Let ¢: B — C be a morphism in Q. By Proposition 1.6, the functor
q: Span(Q) B, Q/8[QL], Q/B[Qr]) — Span(Q,c, Q/clQL], Q/cQr]) is given on
objects by qi(f) = qf for any (f: A — C) € Q/p, with unit

A A8D 4y B.
The associated counit is then given on any g: A — C by
AxcB+— AxcB 25 A

Dually, if ¢ is in Qr, then g, f = qf with counit and unit given by the flipped spans

AxeBIY) 4 =04 and AL Axe B =5 Axe B,

respectively. Thus, the duality equivalence Span(Q) ~ Span(Q)°P flipping spans
exhanges the adjunctions ¢ 4 ¢* and ¢* - ¢, for any ¢ € Q1 N Qr, and hence maps
the Beck—Chevalley maps qipri — prig and prig. — ¢.prj to each other (note
@i = q«). As the above equivalence is given on groupoid cores by inverting, we
conclude that these two Beck—Chevalley maps are just inverse to each other, and
so the double Beck—Chevalley transformation from part (6) of Proposition 344 is
simply the canonical equivalence qipr;, = @pry, == qipry; = ¢«Pry. In particular,
Span(Q, Qr, Or) is (Qr, N Qr)-semiadditive by Proposition B.44] as claimed. O

Remark 4.9. Using the inductive description of the norm maps in terms of the
double Beck—Chevalley maps given in the proof of Proposition [344] we see that
with respect to the above choices the norm map ¢ — g, is simply the identity for
every truncated ¢ € Qp N Qr. We immediately get that the adjoint norm map
Nm: q*q1 — id and the corresponding map p: id — qi¢* are just the counit and
unit ¢*q — id and id — qi¢* constructed in the above proof, i.e. they are given by
flipping the spans representing the unit and counit, respectively, of g1 4 ¢*.

5. THE UNIVERSAL PROPERTY OF PARAMETRIZED SPANS

Throughout this section, we fix a topos B together with a locally inductible sub-
category Q C B. The goal of this section is to show that the parametrized span
category Span(Q) admits a universal property: it is the free Q-semiadditive B-
category on a single generator. More precisely, if we denote by pt: 1 — Span(Q)
the functor given in degree B € B by the object idp € Q/p C Span(Q, ), we have:

Theorem 5.1. For every Q-semiadditive B-category D, restriction along the func-
tor pt: 1 — Span(Q) induces an equivalence of B-categories.

Fun<-®(Span(Q), D) == D.
As we will explain at the end of this section, this can be seen as a parametrized

generalization of a theorem of Harpaz [Har20] identifying the free non-parametrized
m-semiadditive category. Our proof of Theorem [5.1] is inspired by an alternative
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approach to this non-parametrized result due to Lior Yanovski, and we would like
to thank him for sharing his ideas and notes with us.

The first key technical ingredient needed for the proof of the universal property
is an extension result for functors out of parametrized span categories, letting us
increase the number of right-pointing arrows on which the functor is defined. We
will present a general form of this result in Section [B.1] and specialize to span
categories in Section As the second key ingredient, we prove in Section
that for functors into a semiadditive category this result can be dualized, allowing
us to increase the number of left-pointing arrows. Combining these ingredients, we
then establish the universal property in Section 5.4

5.1. The coSegal condition. This section contains one of the main technical
ingredient needed for the proof of the universal property of parametrized spans: the
existence of unique extensions for so-called coSegal functors, see Proposition (.18
below. We start with various definitions.

Definition 5.2 (Distinguished object). Let (E, M) be a factorization system on a
B-category C. We say an object X € I'M C I'C is distinguished if the corresponding
B-functor X: 1 — M is fully faithful. We will frequently denote a distinguished
object by pt, and denote the corresponding inclusion by {pt} < M. By restriction
we also obtain an object ptg = B*pt € C(B) for every B € B. Given an object
X € C(B), we refer to maps in M of the form ptz — X as coSegal maps.

Given the inclusion C C D of a subcategory and an object X € I'C, we write C,x
for the pullback C xp D/ x.

Definition 5.3. Let F': ' — D be a functor, and let C C C’ be a full subcategory.
We say F' is (pointwise) left Kan extended from C if for every object A € B and
every object X € C'(A), the B, 4-parametrized colimit of the composite 7%C,x —
74 C — 74D exists and the canonical map

: *
colimzs ¢, ThF' — Fa(X)
is an equivalence.

Remark 5.4. It follows from [MW21 Remark 6.3.6] that a pointwise left Kan
extension admits the universal property of a left Kan extension.

Definition 5.5 (CoSegal functor). Let C and D be B-categories, let (E, M) be a
factorization system on C, and let pt be a distinguished object. We say a B-functor
F:C — D is coSegal if F|js is left Kan extended from pt. We let Funcegeg(C, D) C
Fung(C, D) denote the full subcategory of coSegal B-functors.

Example 5.6. As we will show in the next subsection, pt is a distinguished object
for the standard factorization system on Span(Q), and a functor Span(Q) — D
into a Q-cocomplete category is coSegal if and only if it is Q-cocontinuous.

Given a general subcategory C° C C, it does not even make sense to ask whether the
restriction of a coSegal functor on C to C° is again coSegal. We therefore introduce:

Definition 5.7 (Adapted subcategory). Let (E, M) be a factorization system on
an non-parametrized category C. We call a subcategory C° C C adapted if the
following two conditions hold for every object X € C°:
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(1) Every morphism X — Y in C belongs to C°.
(2) For a morphism e: X — X’ in C, a morphism f: X’ — Y belongs to C° if
and only if the composite fe: X — Y belongs to C°.

Given a parametrized factoriation system (E, M) on some B-category C, we call a
parametrized subcategory C° C C adapted if each C°(A) C C(A) is adapted in the
above sense.

Example 5.8. A full subcategory C° C C is adapted if and only if it satisfies the
following (a priori weaker) version of the first axiom: given X — Y with X € C°,
also Y € C°.

Corollary 5.9. If C° C C is adapted, then E° := ENC° and M° := M NC° form
a factorization system on C°.

Proof. Tt suffices to prove the non-parametrized statement. First note that if f is
a morphism in C° with factorization f = me in (C, E, M), then e belongs to E°
by the first axiom of an adapted subcategory, so m belongs to M° by the second
axiom.

It then only remains to show that E° and M° are orthogonal to each other, which
amounts to saying that for every commutative square

X —Y

I

X/ Y/

in C° the essentially unique lift X’ — Y in C already belongs to C°. This is again
immediate from part (2) of the definition. O

Definition 5.10 (Good subcategory). Let C be equipped with a factorization sys-
tem (E, M) and a distinguished object pt. We say that a subcategory C° is good if
it adapted and contains the coSegal maps ptz — X for all X € C°(B).

Note that for a good subcategory C° we may now again talk about coSegal functors:
Corollary shows that (E°, M°) is a parametrized factorization system on C°,
while the fact that C° contains all coSegal maps ensures that C° inherits a distin-
guished object pt® = pt. The goal for the rest of this section is to show that every
coSegal functor on C° uniquely extends to C and that all coSegal functors on C are
of this form. We start with the following preliminary result:

Lemma 5.11. Restriction along a good inclusion C° — C takes coSegal functors
to coSegal functors, and the resulting functor Funcegeg(C, D) — Fungogeg(C°, D) is
conservative.

Proof. For the first claim, we must show that for a coSegal functor F': C — D
the restriction F|pso is pointwise left Kan extended from {pt}. By definition, this
requires the comparison of F4 X with a certain colimit indexed by a category of
morphisms ptg — X in M° for X € C°(B). But by assumption this indexing
category agrees with the category of all morphisms ptz — X in M, hence the
claim is immediate from the coSegal property of F'.
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For the second claim, it suffices to observe that further composition with evaluation
at pt € C is conservative: it equals the composition

Funcogeg (C, D) — Funceseg (M, D) == Fun({pt}, D) ~ D,

where the first functor is conservative since M C C is wide, and the second functor
is an equivalence by the definition of being coSegal. O

Next, we show that the coSegal condition behaves well with respect to left Kan
extension along the inclusion C° — C. For an object X € C and an adapted
subcategory C° C C, we use the notation

C;X =C° XCC/X and M;)X = M° XMM/X.

Lemma 5.12. For every global section X € I'C, the inclusion M,x — C,x admits
a parametrized left adjoint, and the resulting adjunction C,x = M /,x restricts to
7X = M7X.

Proof. Let A € B. Then the inclusion M, x(A) < C,x(A) can be identified with the
inclusion M(A),x, — C(A),x,. By [CLL23b, proof of Proposition 3.33] the latter
is fully faithful and it admits a left adjoint A4 such that the unit consists of maps
in C(A);x, Xc(a) E(A). To see that the A\4’s assemble into a parametrized functor,
it will be enough to check the Beck—-Chevalley condition. By full faithfulness of
the inclusions this just amounts to saying that for every f: A — A’ there is some
dashed arrow filling

C(A/)/XA’ ! C(A)/XA

el o

This follows at once from the fact that the vertical arrows are localizations at
C(A")x, *can E(A") and C(A),x, xc(ay E(A), respectively, by loc. cit.

Next we show the second statement, which entails showing that the left adjoint A
as well as the unit and counit restrict accordingly. The fact that A4 sends objects
of C7X to objects of M7, and that the unit lies pointwise in C;’X is immediate
from the first axiom of an adapted subcategory, while the second axiom guarantees
that it maps morphisms of C;’X to morphisms in M/OX. Finally, the counit is an
equivalence, whence lies pointwise in M}’X as claimed. ([l

Corollary 5.13. The inclusion M/OX — C;’X is final in the sense of [MW21], Propo-
sition 4.6.1], i.e. C;’X -shaped colimits can be computed after restricting to M/OX.

Proof. We will prove more generally that any parametrized right adjoint R: C — D
is final. By Quillen’s Theorem A for parametrized categories, see [Mar21l Corollary
4.4.8], it suffices to show that the comma category 7% Cx/ is weakly contractible for
all X € D(A). However by [MW21| Corollary 3.3.5] this category even admits an
initial object, and so is clearly weakly contractible. ([

Proposition 5.14. Let ¢: C° — C be a good inclusion such that C is small, and
suppose that D admits all colimits. Then the Beck—Chevalley transformation filling
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the square

Fun(C°, D) —“— Fun(C, D)

“laee | B

Fun(M°, D) —*— Fun(M, D)
is an equivalence.

Note that in the above situation the two left Kan extension functors indeed exist
by [MW21] Corollary 6.3.7].

Proof. Consider a functor F': C° — D and let X € M(A). Then a quick computa-
tion shows that the composite

colimes e F' > 0y (F|pe)(X) = (uF)| (X)) =~ colimzs co F

is induced on colimits by the map WQM;’X — WZC?X of B/ -categories. However
we note that 7% C° — 7%C is again a good inclusion, and so this is an equivalence
by the previous corollary. O

Definition 5.15. Let C be a B-category equipped with a factorization system and
a distinguished object. We say a B-category D admits C-coSegal colimits if for
every object Y € I'D the pointwise left Kan extension of Y: {pt} — D along the
inclusion {pt} — M exists.

Remark 5.16. Suppose D admits C-coSegal colimits and suppose C° C C is a good
inclusion. Then D also admits C°-coSegal colimits.

Lemma 5.17. Let C° C C be a good subcategory and suppose D is a B-category
with C-coSegal colimits. For every coSegal B-functor F°: C° — D, there exists a left
Kan extension F': C — D along the inclusion C° — C. Furthermore, the B-functor
F is again coSegal, and the canonical map F°(pt) — F(pt) is an equivalence.

Proof. By changing universe we may assume that C is small. Let us first assume that
D is cocomplete, so that we may apply Proposition £.14] to deduce the restriction
F|ar: M — D is the left Kan extension along M° < M of the restriction F°|pso.
Because F° is coSegal, F°|pro is itself left Kan extended from {pt}, and thus it
follows from transitivity of left Kan extension that also F|ys is left Kan extended
from {pt}, i.e. that F' is coSegal. The final claim follows from the assumption that
the inclusions {pt} < M*® and {pt} — M are fully faithful.

For arbitrary D, pick an embedding D «— D’ into a cocomplete B-category D’
which preserves all colimits that exists in D (e.g. the coYoneda embedding). By
the previous paragraph, the left Kan extension F' of F° exists as a functor into D’
and has the required properties. Furthermore as we have seen, once F' is restricted
to M it is pointwise left Kan extended from {pt} and hence lands in D by the
assumption that D has coSegal colimits. However M C C is a wide subcategory,
and so F itself lands in D. O

Putting everything together, we obtain the main result of this subsection:
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Proposition 5.18. Consider a good inclusion v: C° — C, and let D be a B-category
with C-coSegal colimits. Then restriction along C° — C induces an equivalence of
categories

Funcoseg (C, D) - Funcogeg (CO, D)

Proof. By Lemma[5.IT]the restriction functor ¢*: Fun(C,D) — Fun(C®, D) restricts
to a conservative functor Funcogeg(C, D) — Funceseg(C°, D). By Lemma [5.17, this
restriction admits a left adjoint

1 Funcegeg (C°, D) — Funeeseg (C, D),

given by left Kan extension along ¢. Since (* is conservative when restricted to the
coSegal functors, it remains to show that the unit id — ¢*¢; of this adjunction is an
equivalence. This follows again from Lemma [5.17 and the fact that evaluation at
the point is conservative. ([

5.2. Good inclusions of span categories. Our main interest in Proposition[5.1§
is in the case where C is a parametrized span category. In this subsection, we show
that various inclusions of parametrized span categories are good inclusions.

Convention 5.19. Throughout this section, we fix locally inductible subcategories
Qr,9Qr C Q C B. We will always equip the span category Span(Q, Qr,, Qr) with
the canonical factorization system from Proposition 5] in which the left class
consists of the left-pointing maps and the right class consists of the right-pointing
maps:
A— B=(A+ B=B),

We further take the distinguished object of the span category to always be the
identity map pt := (1 = 1) € 1(Q/1) € Span(Q, Qr, Qr)(1).

As a first step, we show that the C-coSegal colimits for C = Span(Q, Qr,, Q) can be
expressed in terms of Q-colimits.

Proposition 5.20. Let D be Q-cocomplete. Then D has Span(Q, Qy,, Q)-coSegal
colimits and a functor F: Span(Q, Qr,, Q) — D is coSegal if and only if it preserves
Q-colimits.

Proof. By Proposition 2220, the left Kan extension of any 1 — D along {pt} —
U, exists exists, and a functor Uy — D arises this way if and only if it is Q-
cocontinuous. The claim follows as by Corollaryd.Ta functor F': Span(Q, Qr,, Q) —
D preserves Q-colimits if and only if the composite G: Uy — Span(Q, Qr, Q) — D
preserves Q-colimits. O

We now provide two examples of good inclusions of parametrized span categories.
Lemma 5.21. The inclusion

t: Span(Qr) < Span(Q, Qr,, Q)

is good. In particular, for a B-category D admitting Q-colimits, restriction along ¢
induces an equivalence of co-categories

A Funcoscg(§IM_H(Q, 9r, Q); D) - Funcoch(M(QL)v D)
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Proof. Note that Span(Qy,) is a full subcategory of Span(Q, Qr,, Q) by left-cancel-
ability, and obviously contains pt. Therefore Span(Qy) is clearly good if it is
adapted. Condition (1) follows from left-cancelability of Qp,, while Condition (2) is
automatic. The final claim follows immediately from Proposition and Propo-
sition O

Notation 5.22. Given any collection of maps Q C B, we write A(Q) for the
collection of all maps in B of the form A;: A —+ A xp A for morphisms q: A — B
in Q.

Lemma 5.23. Assume that A(Q) C Qr. Then the inclusion
¢: Span(Q, Qr, Qr) — Span(Q, Qr, Q)

is good. In particular, for any B-category D admitting Q-colimits, restriction along
L induces an equivalence of co-categories

Funcoch(SQan(Q; QL; Q)7 D) - Funcoch(SQan(Q, QL7 QR), D)

Proof. Note that Span(Q, Qr,, Qr) contains all left-pointing maps in Span(Q, Qr,, Q),
and thus condition (1) of an adapted subcategory is immediate. Condition (2) fol-
lows from a simple calculation of the composition in the relevant span categories,
showing that Span(Q, Qr,, Qr) is an adapted subcategory. To see it is even a good
subcategory, it remains to show that it contains the coSegal maps s: ptz =— A for
all A € Q,p, which boils down to showing that for every span

B=——B -2+ A

N

in Q,p the morphism s is contained in Qg. To this end, consider the following
diagram in Q

- ; A_I f B
R
—— 3 AxpA —— A
[

AﬁB

B
|
A

in which all squares are pullbacks. Since the diagonal map A: A — A xp A lies
in Qg by assumption, also its base change s: B — A lies in Qg as desired. We
conclude that Span(Q, Qr, Qr) is a good subcategory. The final claim follows
immediately from Proposition and Proposition O

Using this, we can give a more concrete description of coSegal functors out of
Span(Q, Qr,, Qr) when A(Q) C Qg, generalizing Proposition [5.20)

Construction 5.24 (CoSegal map). Let D be a B-category admitting Q-colimits,
and let F': Ug[Qg] — D be a B-functor. Assume moreover that A(Q) C Qr. We
will construct for every morphism ¢: A — B in Q a coSegal map

coSegal: ¢ F(ida) — F(q).
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For this, let F': Uy — D be the left Kan extension of F(id;): 1 — D. By
Lemma (for Qr = 1Q), the restriction of F' to Ug[QRg] is still left Kan
extended along {id;} — Ug[QRr], and hence there exists a unique natural trans-
formation
coSegal: F'|y (o = F

which results in the identity of F(id;) when evaluated on id;. Since F” preserves
Q-colimits by Proposition 220, we have F'(q) ~ ¢ F'(ida) = qF(id4) for every
morphism ¢: A — B in 9, resulting in the desired map

. coSegal
@F(ida) ~ F'(q) === F(q).

Construction 5.25. We continue to assume that A(Q) C Qg. Consider any B-

functor F': Span(Q, Qr, Qr) — D. For every morphism ¢: A — B in Q, we may

apply Construction [5.24]to the restriction of I to U4[QRr] to obtain a coSegal map
coSegal: ¢ F(id4) — F(q).

Unwinding definitions, we see that F' is a coSegal functor if and only if the coSegal
map is an equivalence for every ¢ € Q.

5.3. CoSegal functors as Segal functors. While Lemma [5.23] allows us to ex-
tend the covariant functoriality of a functor out of a parametrized span category,
we will also need an analogous result which lets us extend the contravariant functo-
riality, at least under suitable semiadditivity assumptions on D. We will accomplish
this by showing that in this case a functor out of a parametrized span category is
coSegal if and only if it is Segal, defined dually. We continue using the notations
from Convention [5.19

Definition 5.26 (Segal functor). A functor F': Span(Q, Qr,Qr) — D is called
Segal if the composite
Span(Q, Qr, Q1) ~ Span(Q, Qr, Qr)™” L= D
is coSegal. We denote by
Fungeg(Span(Q, Qr, Qr), D) C Funp(Span(Q, Qr, Qr), D)
the full subcategory spanned by the Segal functors.

The following is the main result of this subsection:

Proposition 5.27. Let D be a Q-semiadditive B-category. If A(Q) C Qr N Qg,
then a B-functor F': Span(Q, Qr, Qr) — D is Segal if and only if it is coSegal.

Before discussing the proposition, let us record the main corollary:

Corollary 5.28. Let D be a Q-semiadditive B-category and assume that A(Q) C
Q. Then restricting along the inclusion Span(Q, Qr, Q) < Span(Q) defines an
equivalence of categories

Funcoch(gpa_n(Q)v D) - Funcoch(gpa_n(Qa 9r, Q), D)
Proof. By Proposition[5.27] we may equivalently show the claim for Segal functors.

Unwinding definitions, this reduces to the claim that restriction along the inclusion
Span(Q, Q, Q) < Span(Q) defines an equivalence

Funcoseg(Span(Q), D) == Funcoseg (Span(Q, Q, Qr), D).
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This is a special case of Lemma [5.23] (I

The proposition should not be too surprising: as explained above, the coSegal
condition amounts to demanding that for every ¢ € Q a certain map q F'(pt) — F(q)
is an equivalence, while the Segal condition amounts to saying that the dually
defined map F'(q) — ¢.F(pt) is an equivalence. The equivalence Nmy,: ¢ F (pt) ~
¢+ F(pt) coming from Q-semiadditivity of D thus strongly suggests that these two
conditions are equivalent. While this is true, relating the above two maps (defined
basically in terms of maps in Span(Q)) to the norm map Nm, of D turns out to be
somewhat subtle and will take up the remainder of this subsection.

We begin by describing the coSegal map explicitly in the above situation:

Lemma 5.29. Let q: A — B be a morphism in Q and assume A(Q) C Qr. Then
the coSegal map @ F(ida) — F(q) is adjoint to

F(idy) 22,

F(q"(q)) = ¢"F(q).
Here the map Ag: ida — q*(q) = (pry: A xp A — A) is the morphism in the slice
Q/a[QRr] corresponding to the diagonal map Ay: A — A xp A.

Proof. Consider the following diagram:

F'(q) " qF'(ida) —2F0 5 ¢ F(ida)
lF'(Q!Aq) lQ!F/(Aq) l‘l!F(Aq)

coSegal

Fl(qq*(q) +—— aF'(¢"(q)) —— aF(q"(q9))

* ~ * coSegal «
F'(qq*(q) «—— qq*F'(q) £ Qq*F(q)

|Fron) Jes 2

F'(q) ——— F'(q) —=%0_, P(g).

The right half of the diagram commutes by naturality of the coSegal map F’' — F.
In the left half of the diagram we use that F: Uy — D preserves Q-colimits; the
bottom left square commutes because the counit 4: ¢1¢*(¢q) — ¢ in Ug is given by
the projection map pry: A xg A — A. The left vertical composite is the identity
as Ay: A —+ A xp Ais asection of pr;. As the top of the diagram is the canonical
identification F'(q) = qi(id4), the claim follows. O

Corollary 5.30. Assume again that A(Q) C Qr. Let D be a B-category admitting
Q-colimits and let F': Ug[QRr] — D be a B-functor. Consider a pullback square

bé\
—
[ ]
UTUIJ

Q
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in Q, expressing the relation ¢' = p*(q) in Ug. Then the diagram

GF(ids) == ¢/(p)* F(idc) — p*qF(idc)
cochall lp* (coSegal)
F(q) p*F(q)

commutes up to homotopy.

Proof. By Lemma [5.29] this is equivalent to the commutativity of the following
diagram:

F(ida) p " F(idc)
F(a, )l lp'*F(Aq)

But this is immediate from the fact that the image of the map A,: C — C xp C
under the pullback functor p'*: Q¢ — Q4 is the diagonal Ay : A - Axp A. O

The description of the coSegal map from Lemma [5.29 naturally leads us to consider
the following more general coSegal maps:

Construction 5.31. Let I': Uy[Qgr] — D be a B-functor and assume that A(Q) C
Qpr. For morphisms p: A — B and ¢q: B — C' in Q, we define a coSegal map

coSegal: qF(p) — F(qp)

as the map adjoint to F(p) LGN F(¢*(qp)) = ¢*F(qp). Here (1,p): p — ¢*(gp) is

the morphism in the slice Q,5[QRr] corresponding to the map (1,p): A — A x¢ B.

Remark 5.32. On Span(Q), the functor ¢o: p — ¢p is simply the left adjoint ¢
of ¢*, and the maps (1,p) form the unit, see Proposition In particular, we see
that the above generalized coSegal map ‘is’ natural in p.

Proposition 5.33. Let Qp,Qr C Q be subclasses with A(Q) C Qr, N Qg and let
D be a Q-semiadditive B-category. For a B-functor F: Span(Q, Qr, Qr) — D that
is coSegal the composite

coSegal Segal

q!F(idA) q*F(idA>

is homotopic to the norm map Nmg: ¢ F(ida) — ¢.F(ida) in D.

F(q)

Proof. As Qyp, contains the diagonal A,: A — A x g A of ¢ by assumption, the span
Axp A A =54

defines a map ¢*q — id4 in Span(Q, Qr, Qr)(A) = Span(Q 4, Q/a[QL], Q/a[2R]);
we will denote this span by V4. The dual of Lemma[5.29]shows that the Segal map
F(q) — ¢« F(id4) is adjoint to the composite

* * F(vq) .
¢"F(q) = F(q"q) — F(ida).

The proposition is thus equivalent to the claim that the composite

% . oSegal * % F(V, .
¢ aF(ida) <25 ¢ F(g) = F(q'q) =2t F(idy)
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is homotopic to the adjoint norm map N\Iﬁq of D.

To prove this, we consider the following diagram, where the top row spells out the
definition of Nmg: ¢*q F(ida) — F(ida):

BC ! Nm?! - .
¢ @F(idy) —— prypriF(ida) —— prj A A*priF(ida) —2= pryy AJA*pryF(id4) —=— F(id4)

CoSegall

F(q*q)

——— pryF(idaxgza) — proAA*F(idaxza) (%) proAA"F(idaxpa)

coSegal

» I
BC,=Segal BC=coSegal
\\) ‘ “
Fm) pry F(Asida) T T pry F(Aiida)

my")
) H

pry, F(A) pry, F(A)

coSegal

Here the square on the left commutes by Corollary (.30 Moreover, as A is a map
in @7, N Qg by assumption, Proposition B.7shows that the rectangle (*) commutes
before inverting the norm equivalences; as the right hand vertical map is invertible
by assumption, we conclude that also the rectangle with the inverted norm maps
commutes. The rightmost rectangle commutes by direct inspection, and so does the
triangle in the second column. To finish the proof it will therefore suffice to show
that the bottom composite F(g*q) — F(ida) is simply the map F (V). However by
Remark[5.32] the subcomposite F'(pry) = F(q¢*q) — F(pr;A) agrees with F(pry,n),
so this is a straight-forward computation in Span(Q, Qr, Qr), using that the unit
map 7: idax,a — A is given by the analogous span in Q4 a:

Axp A<D 4 =54 0

Proof of Proposition [5.27 By symmetry, it suffices to show that any coSegal func-
tor F': Span(Q, Qr,Qr) — D is also Segal. But this is immediate from Proposi-
tion [£.33] since Nmy,, is an equivalence. O

5.4. The universal property. Combining all results of this section, we will now
prove the universal property of Span(Q) from Theorem[5.T} for every Q-semiadditive
B-category D evaluation at the global section pt restricts to an equivalence of B-
categories

evpe: Fun®® (Span(Q), D) = D.
The main part will be an induction proving the analogous statement for the trun-
cations Q<. In order to pass to the full span category, we will use:

Lemma 5.34. Let V be a B-category. Assume we have an increasing chain Vy C
Vi C - CV of full B-subcategories such that each X € V(A) is locally in the V,’s
in the following sense: there exists a cover (f;: A; = A)icr and for each i € I a
natural number n; € N such that ffX € Vp,(Ai).

Then the inclusions exhibit V as the colimit in Cat(B) of the V,,’s.
Proof. Let us write B’ := FunR(BOp, Spc) ~ B. Identifying Cat with complete Segal
spaces we then obtain a fully faithful functor

Cat(B) = Fun®™(B°P, Cat) — Fun™(B°P, Fun(A°?, Spc)) ~ Fun(A°P, B')

F(pr A)
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given in degree [k] € Aby C — ¢ (C[k]), also see [Mar21l, Proposition 3.5.1]. As fully
faithful functors reflect colimits and since colimits in functor categories are point-

wise, it will be enough to show that ¢(VI¥]) is the colimit of the L(V,[Ik])’s. Clearly,

each L(VLk]) — (VI¥]) is fully faithful (i.e. a monomorphism of B-groupoids).
Given now an object Xo = (Xo — -+~ — Xj;) € VIFI(A) we can find covers
(fi(j): Agj) — A)ier, such that each (fi(j))*Xj is contained in some V&]J Pass-
ing to a common refinement and setting n; = max{n; o, ...,n;x} we see that X, is
locally in the Vg, Replacing V by «(VI*]) we are therefore altogether reduced to
proving the analogous statement in B’.

In Spc, transfinite compositions of monomorphisms are monomorphisms; exhibit-
ing B’ ~ B as a left exact localization of a presheaf topos, we therefore see that
the same holds true in B’, and it only remains to show that the subgroupoid in-
clusion colim, V,, — V is essentially surjective. This follows immediately from the
assumption that each X € V(A) be locally in the V,’s. O

Proof of Theorem[5.1l The map evy is given in degree B € B by
Fun™s % (15Span(Q), 75 D) ~ Fun™s > (Span(rj' Q), 75D) — (xD)(idp) = D(B).

Replacing B by B/p, it therefore suffices to prove the statement on underlying
functor categories.

By the previous lemma, the inclusions exhibit Span(Q) as a colimit of the trunca-
tions Span(Q<y,), which by Lemma BI5 induces an equivalence

Fun<®(Span(Q), D) = lim,> 2 FUHQS"_GB(S_Lan(QSn)’ D).

Thus, it suffices to prove the theorem for Q replaced by Q«,, for alln > —2. As a
functor Span(Q<,) — D is Q<y,-semiadditive if and only if it is coSegal (Proposi-
tion[5.20]), we are altogether reduced to prove that evaluation at the identity defines
an equivalence

Funcogeg (Span(Q<y ), D) == I'D.

We proceed by induction on n. When n = —2, we get that Span(Q<,) = 1 is
the terminal B-category and every functor is coSegal, so the claim holds trivially.
Assume that the result holds for n — 1, and consider the inclusions

Span(Q<p—1) — Span(Q<y, Q<n—1, Q<n) — Span(Q<y).
As A(Q<yp) C Q<p—1, Lemma (2T and Corollary 528 show that restriction along
these inclusions induce equivalences
Funcoch(SQan(an); D) - Funcoch(SQan(QSn; an717 an), D)

and

FuncoSeg(SQan(ana QSn—lu an)u D) - FuncoSeg(Slf_)an(QSn—l)a D) 0

5.5. Examples. We will now specialize the universal property of parametrized
spans to the examples given in Section 3.4l Recall that in each of these examples
the topos B is a presheaf topos PSh(T) on a small category T and that the locally
inductible subcategory Q is of the form Qo for some pre-inductible subcategory
@@ C PSh(T). For easier reference, we explicitly spell out this special case of the
theorem:
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Theorem 5.35. For a pre-inductible subcategory Q C PSh(T), the free Q-semiad-
ditive T'-category is the T-category Span(Q) given by

Span(Q): T°? — Cat, B+ Span(Q,pg).

Proof. Taking B = PSh(T) and Q = Qioc, Theorem [E.1] says that the free Qioc-
semiadditive B-category is given by the B-category Span(Qioc): B°? — Cat sending
B to Span((Qioc)/5). By PropositionB.29 it follows that its underlying T-category
is the free Q-semiadditive T-category. Since for B € T' we have (Qioc)/B = QB>
the claim follows. O

Example 5.36 (Ordinary semiadditivity). Taking @ = Fin C Spc recovers the
well-known fact that the category Span(Fin) of spans of finite sets is the free semi-
additive category on a single generator.

Example 5.37 (m-semiadditivity). For —2 < m < oo, taking @ = Spc,,, C Spc
recovers the fact that the category Span(Spc,,) of spans of m-finite spaces is the
free m-semiadditive category on a single generator, as was previously established by
Harpaz [Har20, Theorem 1.1]. Similarly, taking @ = Spc,. shows that Span(Spc,)
is the free oo-semiadditive category on a single generator. Analogous results hold
for Span(Spcﬁﬁ)) and Span(Spcgrp)) in the p-typical setting.

Example 5.38 (Equivariant semiadditivity). For @ = % C PSh(Glo), [CLL234),
Lemma 5.2.3] provides a natural equivalence Q,pe ~ Fing. Thus, we deduce that
the assignment G +— Span(Fing) determines the free equivariantly semiadditive
global category.

Example 5.39 (G-semiadditivity). For a finite group G, taking Q = Fing C Spcg
shows that the G-category Span(Fing): G/H +— Span(Fing) of spans of finite
G-sets is the free G-semiadditive G-category.

Example 5.40 (P-semiadditivity). More generally when P C T is an atomic
orbital subcategory of a small category T, we deduce that the T-category Span(FZ)
is the free P-semiadditive T-category.

Example 5.41. If Q C T is an inductible subcategory, it is in particular a pre-
inductible subcategory of PSh(T') by Example B:22T] and hence Span(Q) is the free
Q-semiadditive T-category.

Remark 5.42. The previous example can be used to provide a strengthening of
Harpaz’s result from Example B37 If we take T to be the category Spc,, of m-
finite spaces, then assigning to a category C the T-category Fun(—,C): Spcy? — Cat
provides a fully faithful inclusion Cat < Catr, whose essential image consists of
those functors SpciP — Cat that preserve m-finite limits. Under this inclusion,
the span category Span(Spc,,) gets sent to the functor A + Span(Spc,,)4 =~
Span((Spc,,),4), which is precisely the parametrized span category Span(Q) for
T = @ = Spc,,,. The previous example then tells us that Span(Q) is free among all
Spc,,,-semiadditive T-categories, strengthening Harpaz’s statement that it is free
among just those contained in the essential image of the inclusion Cat — Caty.

This strengthening of Harpaz’s result will be crucially used in forthcoming work of
Shay Ben-Moshe on transchromatic characters.
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6. THE Span(Q)-TENSORING ON Q-SEMIADDITIVE B-CATEGORIES

In this section, we will show that the property for a B-category to be Q-semiadditive
can be characterized via a suitable notion of Span(Q)-tensorings, generalizing the
analogous result of [Har2(, Section 5.1] in the m-semiadditive situation. We will
further discuss various useful consequences of this characterization.

Definition 6.1. Let C,D, & be B-categories. We will use the term bifunctor for a
B-functor —-X—: C x D — £.

If C and & are Q-cocomplete, then we say such a bifunctor preserves Q-colimits in
the first variable if the curried functor C — Fun(D, £) is Q-cocontinuous, or equiv-
alently if the curried functor D — Fun(C, &) factors through the full subcategory
Fun<9(C,€). Analogously, we define what it means for a bifunctor to preserve
Q-colimits in the second variable (if D and £ have Q-colimits), or in both variables
(if all three of them have Q-colimits).

Of course, there is a dual notion of preserving Q-limits in some or all of the variables.

Remark 6.2. Unraveling the definitions, a functor F': C x D — &£ preserves O-
colimits in the first variable if and only if for every ¢: A — B in Q, X € C(4), and
Y € D(B) the projection map

@(XXgY) > gXKY,

defined as the mate of the naturality equivalence ¢*(—-XY) = ¢*(-) M ¢*Y is an
equivalence.

Example 6.3. Let C be Q-cocomplete. By Proposition[2.20] the evaluation functor
evpt: Fun® 1 (Uy, C) — C is an equivalence, so it has a unique section (automati-
cally an equivalence, hence in particular Q-cocontinuous). In other words, there is
a unique bifunctor —® —: Uy x C — C that preserves Q-colimits in each variable
and restricts to the identity on {pt} x C.

Using the universal property of spans we can extend this tensoring in the case that
C is Q-semiadditive:

Corollary 6.4. Let C be Q-semiadditive. Then the above tensoring Ug X C — C
extends uniquely to a bifunctor Span(Q) x C — C. Moreover, this tensoring again
preserves Q-colimits in each variable separately.

Proof. Note that any such extension is necessarily Q-cocontinuous in each variable
by Corollary E71 Conversely, Theorem (.1 gives by the same argument as in the
previous example a bifunctor Span(Q) x C — C preserving Q-colimits in each vari-
able. Its restriction to Ug x C then again preserves Q-colimits in each variable
by another application of Corollary [£7] so it necessarily agrees with the canonical
tensoring. O

The main goal for the rest of this section will be to prove the following converse:

Theorem 6.5. Let D be Q-cocomplete and let V be Q-semiadditive. Assume there
exists a bifunctor -X—: VxD — D preserving Q-colimits in each variable separately
together with a global section I € T'V such that — X — restricts to the identity on
{I} x D. Then D is Q-semiadditive.
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In practice one applies the previous theorem in the case that V is Span(Q); however,
the notation in the proof is simplified by assuming V is arbitrary.

6.1. Bifunctors and the adjoint norm. The key idea to prove the theorem will
be to use the maps p: id — ¢i¢* in V to construct analogous transformations in C
that together with the adjoint norm maps will exhibit ¢ as right adjoint to ¢*. To
do so, we will first have to understand the interaction of general bifunctors with
these sorts of maps better.

Lemma 6.6. Let C, D, and £ be B-categories and assume that C and £ are Q-
cocomplete and Q<n—1-semiadditive. Let —X—: CxD — & be a bifunctor preserving
Q-colimits in the first variable and let q: A — B be an n-truncated map in Q.

(1) The diagram
¢ q(id X ¢*) & id X ¢*
o Jrmar
(@ Rid) —=— ¢*q R g*

of natural transformations between functors C(A) x D(B) — E(A) com-
mutes.

(2) Assume that C is even Q<p-semiadditive. Then the composite

* i roj *t Nm
¢ ¥¢* = ¢*(id ®id) 52 () ¢ (@q" Rid) 22 (" Rg*) 2 ¢* R g*

is the identity.
Proof. Unravelling definitions, the first part is an instance of Proposition B.7(1) ap-
plied to the composite 7%C — Fun(m% D, 74&) — (7%4E)PA). The second part then

follows immediately from this together with the triangle identity for the adjunction
q* 4 qin C. (|

We will also need the following complementary result:

Proposition 6.7. Let C,D,& be Q-cocomplete Q<,_1-semiadditive B-categories,
and let —X—: C x D — & be a bifunctor preserving Q-colimits in each variable.
Moreover, let q be any n-truncated map in Q. Then:

(1) The following diagram commutes:

q(¢* Xq*q) — P R
a(q* &NE)\L lproj’1 (1)

a(q ﬁld)mm)qs(q g Xid).

(2) Assume that C is even Q<y-semiadditive. Then the following composite is
the identity:

. —1 * /‘r"n roj
idR g 29 gg* K 2 (" Kg*q) ala ER, @ (q" ®id) =2 id K g,
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Unlike the previous result, this does not seem to directly translate to a statement
about non-parametrized functors, making its proof a bit more involved computa-
tionally. We start with the following Beck—Chevalley lemma whose proof we leave
to the reader:

Lemma 6.8. Let C,D,E be Q-cocomplete B-categories and let —-X—: C x D — &
be any bifunctor. Assume moreover we have a commutative diagram

ALB

s s 2)

CT}D

in Q. Then the diagram

BCXid . r0j
Fgl(frg* B g™) 20 fi(gr g Rid) =22 £(frgig* Bid) 22 gig* B f,

| |

gfi(fg" ®g") —or 9lg" Wf9") —ggpe 99" W g™ fi) — o 919" B fi

commutes, where the unlabeled equivalence is induced by ([2). (Il

Proof of Proposition [6.7 Consider the following diagram:

-1

(" Xq*q) Qq* X aq o) q(g*qg* Xid)
q!(q*ﬁBcrl)l lq;(BCE’l&id)
q(q* W prypry) —> qproi (prag* W pry) ~ qipry, (prag* X pry)

proj

q (prypryg* Xid)

proj proj
q(q" gprzlﬂ)i lqy(prup‘ﬁid)
a1(¢" X proy A/ A™pry) q(pry A1A*prig* Kid)
a(q* Xid) a(q” Xid).

Note that the right-hand vertical column spells out the definition of ¢ (N\r/n Xid),
while the left-hand column agrees with ¢1(¢* X Nm) by virtue of Remark[3.4l Thus,
the first statement amounts to saying that the total rectangle commutes.

To prove this we first note that the top rectangle commutes by the previous lemma.
To show that the bottom rectangle commutes, we expand it as follows:

proj
@ (pryprig” Bid) «——— gipry, (prig® K pri) ———— qipray (prig” W pr}) —— q(¢* K proyprf)
qz(prmﬂid)l qurl!ul l‘ﬂprzz/t lq!(q*ﬁprmu)
q(pryyAtA*prig* Kid) qpri A(A*prig* K A*pri) —— qipro A(A pr q* X A*pry) * X proy AA*pry)

\)quq X id) a(qg* ﬁld <—/

The top square in the middle column commutes by naturality, and the bottom
middle square commutes since the composite homotopy gpr; A ~ gpry A ~ g agrees
with the homotopy induced by pr; A ~ id. To see that the two pentagons commute
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we begin by observing that they are symmetric, and so it suffices to spell out the
left-hand one. For this we expand it once again:

q(pryyprig* ®id) «— 21— gipry, (prig* W pr}) ——— qpry, A/A* (prig* K pr})

al [ |
q(priA\A*prig* Kid) Lol qipry (A A*prig* X pry) Lol qipr Ar(A*prig* X A*pry)
@ (priAg” Mid) o] qpr(Aig” W pry) ol apriAi(g” X Apri)

Nl lN
q(g" Xid) q(g" Wid).

Here the top left square as well as the two squares in the middle row commute by
naturality, the top right square commutes by Lemma (note that A is (n — 1)-
truncated), and the bottom rectangle commutes by direct inspection. This finishes
the proof of the first statement.

For the second statement, we consider the diagram

* i 1 (Nm Ki
q(g* ®id) D, (g g Kid) @ (Nm Bid) q(g* Xid)
prOJlN Nlpmj Tq! (¢*®Nm)
: * : ~ * *
dM g — 5 o¢" Bid ——=— a(¢" K q'q)

where the left square commutes by naturality while the right-hand square commutes
by part (1). As the composite of the top row is the identity by the triangle identity
in C, the claim follows. ([

Using this, we can now easily prove the theorem:

Proof of Theorem [620. It suffices by induction to show that if C is Q<,-semiadditive
and if ¢: A — B is any (n + 1)-truncated map, then Nm: ¢*¢ — id is the counit
of an adjunction.

We claim that the natural map m: id — qi¢* defined as the composite

. 1
id=IKXid & @ IRid 22— q (¢ IR ¢*) = q¢*

provides a compatible unit, i.e. we have to verify the triangle identities. The identity
(Nm¢*) o (¢*m) = id is simply a special case of Lemma [B.6}(2), while (¢ Nm) o
(mqy) = id follows from Proposition[6.7H(2) as the projection map qi(¢*Xid) — idXg
is simply the identity when restricted to I in the first component. (I

6.2. Applications. The characterization of semiadditivity in terms of the exis-
tence of a Span(Q)-tensoring has various interesting consequences:

Theorem 6.9. Let C,D be B-categories such that C is Q-semiadditive and D is
Q-complete. Then Fun9 > (C, D) is again Q-semiadditive.

Proof. By Proposition 2 I8P, Fun(C,D) is Q-complete. If F: C — Fun(A,D)
defines any object of Fun(C,D)(A) and ¢: A — B is any map in Q, then ¢.F is
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simply given by the composition

¢ - Fun(A, D) %= Fun(B, D),

hence Q-continuous as a composition of Q-continuous functors. In other words,
Fun®-* (C, D) is closed under Q-limits and hence in particular itself Q-complete. It
will therefore suffice by Theorem [E.5PP to construct a functor

Span(Q) x Fun*(C, D) —+ Fun®*(C, D)

preserving Q-limits in each variable and restricting to the identity on {pt} x
Fun<*(C, D). Adjoining over, this amounts to constructing a Q-continuous section

Fun?*(C, D) — Fun?* (Span(Q), Fun?*(C, D)) (3)
of the evaluation functor.

For this we observe that we have by Corollary[64FPP a functor —X—: Span(Q)xC —
C preserving Q-limits in each variable and restricting to the identity on {pt} x C.
Using this, we consider the composite

Fun(C, D) - Fun(Span(Q) x €, D) ~H2

~

Fun (Span(Q), Fun(C, D)).

We claim that this restricts to the desired section (B]). Indeed, one easily checks that
this is Q-continuous (in fact, it preserves all limits that exist in D) and a section.
The claim that it lands in Fun? > (Span(Q), Fan <> (C, D)) amounts to saying that
for every Q-continuous F: C — DA the composite F(—X -): Span(Q) x C — DA
preserves Q-limits in each variable. This is clear by assumption on K. (|

Finally, let us use the tensoring to show that the left and right adjoints ¢ and g,
also agree for non-truncated ¢, and to moreover upgrade this to a parametrized
comparison.

Construction 6.10. Fix q: A — B in Q, and let C be Q-semiadditive. We define
a natural transformation m from the identity of 75C to the composite

750 L5 C(Axp ) s 14C
as follows: write X for the (essentially unique) Span(Q)-tensoring of C and let

pt = (idg: B — B) denote the prefered global section of n5Span(Q); then we
define m as the composite

idrsc = pt Xid i, @' ptXid == q(¢"pt K ¢*) = qq*

where p: pt — qig*pt is represented by the span B +-~ A —» B and the unlabeled
equivalence comes from the projection formula, i.e. it is the adjunct of the map
¢pt X q¢* = ¢*qq*pt X ¢* induced by the unit.

Unravelling definitions, we see that for any f: B — B and ¢' == f*(q): A’ —» B/,
the value of m on f is precisely the transformation mg : id — ¢/¢’* considered in
the proof of Theorem In particular, we have shown that it is the unit of an
adjunction ¢’* - ¢ whenever ¢ is truncated, with corresponding counit Nm.

Theorem 6.11. Let C be Q-semiadditive and let q: A — B be any map in Q, not
necessarily truncated. Then the above transformation m: id — qq* is the unit of a
parametrized adjunction q¢* - qi of B,p-categories. In particular, there is a natural
equivalence Nmg: g == q. of B,p-functors.
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As explained before, the parametrized transformation Nm, recovers the usual in-
ductively defined norm on underlying categories whenever ¢ is truncated.

Proof. Fix q: A — B in Q; to simplify notation, we will replace B by B/, so that
B is terminal. We have to show that m is the unit of an adjunction, or equivalently
that ¢ admits a left adjoint ¢' and that the adjoined map ¢' — ¢* is an equivalence.

For the construction of ¢', we once more consider the covering sieve ¥ C B of
the terminal object given by those f: B’ — 1 such that the pulled back map
qd = f*(q): B' x A — B’ is truncated. By the above, we then have for each
such ¢’ an adjunction (¢')' = ¢’* - ¢ with unit m,; the fact that m is a natural
transformation of B-functors then translates to saying that for every map g: B” —
B’ in ¥ the Beck-Chevalley transformation (¢")' (A xg)* — g*(¢')" of (Ax g)* is just
the naturality equivalence (¢"”")*(A4 x g)* — ¢*(¢')* again, in particular invertible.
Thus, Proposition [A.3] shows that the parametrized left adjoint ¢' exists.

Consider now the natural transformation of B-functors m: ¢ — ¢* induced by m.
By construction of ¢', mp: is an equivalence (even the identity) whenever B’ € X.
Given an arbitrary B € B, we can now cover it by objects of ¥ (for example via
the projections C' x B — B with C' € X). It therefore follows immediately from
naturality and descent that m is an equivalence as claimed. O

Corollary 6.12. Let C be a Q-complete and Q-cocomplete B-category. The follow-
ing are equivalent:

(1) C is Q-semiadditive.

(2) For every q: A — B in Q there exists an equivalence of parametrized func-
tors g1 ~ g.: Fun(A, 7n5C) — n5C (a priori unrelated to the norms).

(8) For every q: A — B in Q, the functor qi: Fun(A,n5C) — n5C admits a
parametrized left adjoint.

(4) For every q: A — B in Q, the functor qi: Fun(A,n5C) — n5C preserves
Q-limits.

Proof. Clearly, (2) = (3) = (4). The implication (1) = (2) is the content of the
previous theorem, while (4) = (1) follows from Proposition B.44 O

7. Q-COMMUTATIVE MONOIDS AND THEIR UNIVERSAL PROPERTY

In this section, we introduce the B-category CMon? (D) of Q-commutative monoids
in a Q-complete B-category D, and show that the forgetful functor CMon< (D) — D
exhibits it as the Q-semiadditive completion of D.

7.1. @-commutative monoids. The following is the key definition of this section:

Definition 7.1 (Commutative monoids). Given a Q-complete B-category D, we
define its B-category of Q-commutative monoids as

CMon? (D) := Fun® > (Span(Q), D).
We let U := evy,: CMon? (D) — D denote the evaluation functor at the point.

Informally speaking, we may think of a Q-commutative monoid in D as a global
section M of D equipped with certain ‘parametrized addition/transfer maps.” Recall
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from Proposition Z.220PP that every global section M uniquely extends to a Q-
continuous functor Eg — D given at level B € B by sending a map ¢: A — B
in Q to the g-indexed product (Mp)4 = q.¢*Mp € D(B). Enhancing M to a
Q-commutative monoid in D is then equivalent to providing an extension of this
functor along the inclusion HOQP — Span(Q), which we may interpret as providing
a suitably coherent collection of ‘addition/transfer maps’ fq: (Mp)* — M.

Remark 7.2. For A € B a B, s-functor F': Span(7,'Q) ~ m%Span(Q) — 74D
belongs to CMon<(D)(A) if and only if it is a Segal functor in the sense of Defini-
tion [£.26] see Proposition [5.20PP.

Let us note the following immediate consequence of Theorem [6.9]

Corollary 7.3. In the above situation, CMon? (D) is Q-semiadditive. (]

In fact, it is the universal Q-semiadditive completion of D in the following sense:

Theorem 7.4. We have an adjunction incl: Cautg‘69 = Cautg'X :CMon®, with
counit given by the evaluation functor U = evy,: CMon?(D) — D.

Proof. First observe that CMon< indeed lands in O-semiadditive categories by
the previous corollary. Moreover, Proposition I8P shows that it preserves Q-
continuous functors and that U is Q-continuous. Thus, it only remains to show
that U: CMon®(D) — D is an equivalence for every Q-semiadditive D and that
CMon©(U): CMon?(CMon?(D)) — CMon<(D) is an equivalence for every O-
complete D.

The first statement is precisely the content of Theorem [B.1l Similarly, appealing
to the previous corollary once more, we know that Ucmoene(p) is an equivalence for
every Q-complete D. Thus, it will suffice for the second statement that the auto-
morphism of Fun(Span(Q), Fun(Span(Q), D)) exchanging the two span-factors in-
duces an automorphism of CMon<?(CMon<(D)). But this follows immediately from
the observation that the adjunction equivalence Fun(Span(Q), Fun(Span(Q), D)) ~
Fun(Span(Q) x Span(Q), D) identifies CMon<?(CMon< (D)) with the full subcate-
gory of functors preserving Q-limits in each variable separately. O

We can further refine this universal property to a statement about parametrized
functor categories, generalizing previous results due to Nardin for equivariant semi-
additivity [Narl@, Corollary 5.11.1 and Theorem 6.5] and due to Harpaz for higher
non-parametrized semiadditivity [Har20, Corollary 5.15]:

Theorem 7.5. Let C be Q-semiadditive and let D be Q-complete. Then postcom-
position with U defines an equivalence of B-categories

Fun®*(C,CMon®(D)) =~ Fun?*(C, D).

Proof. 1t suffices to show that for any Q-complete B-category T the induced map
hornCaxt(l.‘)’)Q’>< (Tv @Q_X (Ca Mg (D))) — hornCaxt(l.‘)’)Q’>< (Ta MQ—X (Ca D)) (4)
is an equivalence. However, using the adjunction equivalence for Fun and keeping

track of Q-limit conditions as in the proof of the previous theorem, this map agrees
up to equivalence with the map

hom,, -« (C, CMon?(Fun®* (T, D))) — homg,e-« (C, Fan®* (T, D))
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induced by U, so this is a consequence of the previous theorem. O

We close this subsection by giving two variants of the above universal property.
Both of these rely on the following observation:

Lemma 7.6. Let R C B be any local class. If D is R-complete and Q-complete,
then CMon9(D) is R-complete and U: CMon< (D) — D preserves and reflects
R-limits.

Similarly, if K is any non-parametrized category and D admits fiberwise K -shaped
limits, then so does CMon< (D), and U preserves and reflects K -shaped limits.

Proof. Proposition 2-T8 shows that the full functor category Fun(Span(Q), D) has
all R-limits if D has them and that the evaluation functor evy; preserves R-limits
in this case. As CMon?(D) C Fun(Span(Q),D) is closed under R-limits by the
same argument as in the beginning of the proof of Theorem [6.9] we then get the
same statement for U: CMon< (D) — D.

The existence and preservation of fiberwise limits follows in the same way from
Remark [2.22] To finish the proof it then suffices to prove that U is conservative for
every Q-complete D. But U factors as the composite

Fun® > (Span(Q), D) == Fun®* (U, D) =5 D

and the first functor is conservative as HOQP C Span(Q) is a wide subcategory, while
the second functor is even an equivalence by Proposition 2.20PP. (Il

Corollary 7.7. Let C be Q-semiadditive, let D be Q-complete, and let F: C — D
be Q-continuous. Then F lifts uniquely to a functor C — CMon< (D).

Proof. By Theorem [ 4] there is a unique such lift that is in addition Q-continuous,
while the previous lemma shows that in fact any lift is Q-continuous. O

Corollary 7.8. Let C,D be complete B-categories and assume C is Q-semiadditive.
Then postcomposition with the forgetful functor induces an equivalence

Fun™(C, CMon? (D)) — Fun®(C, D)

of B-categories of continuous functors.

Proof. This follows from Theorem [Z.5], observing that by Lemmal[7.6] a functor C —
Fun(A, CMon?(D)) is continuous if and only if the induced functor C — Fun(A, D)
is so. O

7.2. Non-parametrized (higher) semiadditivity. Let us make explicit how
Theorem recovers various results from non-parametrized higher category the-
ory, and in particular Harpaz’s result alluded to above. Recall once more that
taking global section defines an equivalence Cat(Spc) = Cat, and hence Spec-
parametrized functor categories are just non-parametrized functor categories be-
tween the underlying categories. By Example BT5 the subcategory of Q-limit
preserving functors then consists precisely of those functors that preserve A-shaped
limits in the usual sense for every A € Q/; C Spc C Cat.
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Example 7.9 (Commutative monoids). Applying the theorem to the pre-inductible
subcategory Fin C Spc of finite sets recovers the well-known result that for every
category C with finite products the forgetful functor

Fun* (Span(Fin),C) —2% C

exhibits its source as the universal semiadditive category equipped with a finite-
product-preserving functor to C. In other words, we have an equivalence of cat-
egories CMon(C) ~ Fun* (Span(Fin),C), as was previously established by Cranch
[Cra09, Theorem 5.4] (for an ad-hoc construction of Span(Fin)) or in [BH21l, Propo-
sition C.1] (using Barwick’s construction of Span).

Example 7.10 (m-commutative monoids, [Har20, Corollary 5.14]). More gener-
ally, consider the pre-inductible subcategory Spc,, C Spc of m-finite spaces for
some —2 < m < oo, and let C be a category with m-finite limits. Then Theorem
translates to saying that the forgetful functor

evpyt

CMon™(C) := Fun™"(Span(Spc,,),C) —= C

exhibits CMon™(C) as the universal m-semiadditive category equipped with an
m-finite limit-preserving functor to C, a fact previously proven by Harpaz [Har20,
Corollary 5.14]. If we instead consider the subcategory Spc, C Spc, we also obtain
the analogous statement for m = oo, previously proven by Carmeli, Schlank, and
Yanovski [CSY21], Proposition 2.1.16].

Example 7.11 (p-typical m-commutative monoids). As a new variant of the pre-
vious example, we may consider for —2 < m < oo the pre-inductible subcateory
Spc%’) C Spc of p-typical m-finite spaces from Example For a category C
admitting Spcgﬁ)-indexed limits, we define the category CMOD?;) (C) of p-typically
m-commutative monoids in C as the full subcategory

CMonfy) (€) € Fun(Span(Spetl)), €),

of functors which preserve Spcgﬁ)-indexed limits. The evaluation functor to C then
enjoys the ‘p-typical analogue’ of the previous universal property.

7.3. Q-stability. Building on the result of Section [Z.I] we can now introduce a
notion of Q-stability generalizing our work in [CLL23a]. For this let us first recall
the notion of fiberwise stability from [Narl€, Definition 3.5] and [MW22, Defini-
tion 7.3.4]:

Definition 7.12. A B-category D: B°? — Cat is called fiberwise stable if it fac-
tors through the non-full subcategory Cat®™* C Cat of stable categories and exact
functors. We write Cat(B)** := Fun®™(B°P, Cat®™) and call its maps fiberwise
exact.

Remark 7.13. Write Cat'®® for the category of left exact functors between cat-
egories with finite limits, and set Cat(B)fP1* = Fun®(B°P, Cat'™). Then the
inclusion Cat(B)iPe* < Cat(B)fP!** admits a right adjoint Sp™® given by post-
composing with the right adjoint Sp of Cat'®* < Cat®*.

5Note that Cat®™ admits all limits, which are computed in Cat, by [Lurl7, Theorem 1.1.4.4].
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Definition 7.14. We say that D is Q-stable if it is both Q-semiadditive and fiber-
wise stable. We write Cat(B)<* := Cat(B)<® N Cat(B)iPe* for the category
whose objects are the Q-stable categories and whose morphisms are the functors
that are both fiberwise exact and O-semiadditive.

Lemma 7.15. The adjunction incl: Cat(B)Pe* = Cat(B)iP1x :SpiP restricts to
an adjunction Cat(B)<* = Cat(B)<2-®:lex,

Proof. Observe that the functor Sp = Fun®°(Spc™, ) can be extended to an
(00, 2)-functor; all that we will need below is that it induces a functor on homo-
topy (2,2)-categories. Observe now that each ¢*: C(B) — C(A) has a left exact
left adjoint q1 ~ g, by Q-semiadditivity, so 2-functoriality of Sp implies that also
Sp(q*) = ¢*: Sp"™(C)(B) — Sp™(C)(A) has a left adjoint given by Sp(q)) with the
induced unit and counit. The Beck—Chevalley maps for these left adjoints are then
again obtained from the Beck—Chevalley maps in C via applying Sp, and in partic-
ular the left adjoints again satisfy basechange, i.e. Spfi® (C) is Q-cocomplete. In the
same way, one shows that Sp’(C) is Q-complete and that Sp™® sends Q-continuous
functors to Q-continuous functors.

It will then be enough to show by Proposition B.44] that for any pullback

AxpA 21 A
PTQ\L - l‘]

A—Fr— B
in Q the double Beck-Chevalley map ¢ipry, — g¢.pry for SpiP(C) is an equiva-

lence. This however follows again immediately from 2-functoriality of Sp™™® and the
corresponding statement for C. O

Definition 7.16. Let C be a B-category with O-limits and finite fiberwise limits.
We define Sp2(C) := Sp"(CMon<(C)), and we write 2°: Sp2(C) — C for the
composite

SpfP (CMon2(C)) 25 CMon?2(¢) % C.

Proposition 7.17. This defines a functor Sp<: Cat(B)<* fiblex _ Cat(B)<2x
right adjoint to the inclusion, with counit given by 1°°.

Proof. Tt suffices by Lemma [[.I5] to show that the adjunction incl: Cautg'69 =
Cabtg'X :CMon? from Theorem [T restricts to Catg'®’ fiblex — Catg'x’ﬁb X This
is immediate from Lemma [7.6 O

7.4. A presentable universal property for Q-commutative monoids. If D
has Q-limits, then Theorem identifies (certain) functors into CMon?(D); the
goal of this subsection is to give (under a mild smallness assumption) a similar
property for functors out of CMon< (D) whenever D is a presentable B-category.
For this we first recall:

Definition 7.18. A B-category C: B°® — Cat is called presentable if it is B-
cocomplete and factors through the non-full subcategory Prl C Cat, i.e. each C (4)
is presentable and each f*: C(B) — C(A) is a left adjoint.
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We write Pr(B)" for the category of presentable B-categories and left adjoint func-
tors, and Pr(B)R for the category of presentable B-categories and right adjoint
functors.

Remark 7.19. [MW22] instead defines presentable B-categories as accessible Bous-
field localization of presheaf categories. This is equivalent to the above definition
by Theorem 6.2.4 of op. cit.

Remark 7.20. By definition, every presentable B-category is in particular co-
complete. Moreover, an easy application of the non-parametrized Special Adjoint
Functor Theorem shows that every presentable B-category is also complete, also
see [MW22, Corollary 6.2.5].

Because we have not bounded the size of Q, the B-category CMon©(C) does not
necessarily have to be presentable, even if C was presentable. To fix this, we intro-
duce:

Definition 7.21. We say that a wide local subcategory Q C B is slicewise small
if the category Q4 is (essentially) small for every A € B, i.e. if Uy is a small
B-category.

Example 7.22. If Q C PSh(T) is a small pre-inductible category, then the cor-
responding locally inductible subcategory Qo of PSh(T) is slicewise small. This
follows immediately from the fact that Ug is the limit extension of the small T-
category A +— Q4.

In particular, all examples of locally inductible categories from Section B4l are
slicewise small.

Proposition 7.23. Assume that Q is slicewise small and let D be presentable.
Then the inclusion CMon< (D) C Fung(Span(Q), D) is an accessible Bousfield lo-
calization. In particular, CMon® (D) is again presentable.

Proof. As seen in the proof of Lemmal[Z.6, CMon< (D) is complete and the inclusion
is continuous. It will therefore suffice to show that we have an accessible Bousfield
localization in each individual level A € B: the pointwise left adjoints will then
assemble into a B-left adjoint by Remark

For this recall the description Fung(Span(Q), D)(A) ~ Fung, , (7% Span(Q), 74 D),
under which CMon<(D)(A) corresponds precisely to the 7% Q-continuous functors
(see Construction 2.19). In other words, after replacing B by B, 4 it will suffice to
give a set of maps S such that a functor F' € Fung(Span(Q), D) preserves Q-limits
if and only if it is S-local.

We now observe that since each D(B) for B € B is presentable, we can find a set
T C D(B) of objects jointly detecting equivalences. Moreover, observe that for any
X € Span(Q)(B) the evaluation functor Fung(Span(Q), D) — D(B), F — F4(B)
agrees up to the equivalence from the Yoneda lemma with restriction along the map
B — C classifying X, so it is a right adjoint (with left adjoint given by parametrized
Kan extension).

Fix now any map ¢: A — B in Q and X € Span(Q)(A). Then the compar-
ison map ¢.Fa(X) — Fpg.(X) in D(B) is natural in F' and hence so is the
induced map hom(T, ¢.Fa(X)) — hom(T, Fpq.(X)) of spaces for any T € Tg.
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The source and target of this map are corepresentable by the above, so this map
agrees by the Yoneda lemma with hom(t, F') for some suitable map t = ¢4 x,r in
Funp(Span(Q), D). By choice of Tp we see that ¢.F4 — Fpg. is an equivalence
if and only if F' is local with respect to the set of all ¢, x v with T € Tp and X
running through objects of Span(Q) (up to equivalence).

Pick now a small category M together with a left exact localization L: PSh(M) —
B, yielding a set By := L(M) of objects of B such that every B € B can be covered
by elements of By. By Lemma [A5] we then see that F' is Q-continuous if and only
if the Beck—Chevalley map Fg. — ¢« F' is an equivalence for all g: A — B in Q
such that B € By. By choice of By and assumption on Q, there is only a set worth
of such maps (up to equivalence). Thus, we may take S to be the set of all ¢4 x
for such ¢ and for X and T as before. O

Corollary 7.24. Assume that Q is slicewise small and let D be presentable. Then
the forgetful functor U: CMon?(D) — D admits a left adjoint P.

Proof. We may factor U as the composite
CMon® (D) < Funy(Span(Q), D) —= Fung(1, D) ~ D.

The first functor admits a left adjoint by the previous proposition, while the second
one admits a left adjoint via parametrized left Kan extension. O

Proposition 7.25. If Q is slicewise small, then the adjunction
incl: Cat(B)9® = Cat(B)2™* :CMon®

restricts to an adjunction Pr(B)} 2 Pr(B)R 29,

Proof. The previous proposition and corollary show that CMon€ restricts on ob-
jects accordingly and that the counit U lies in Pri. Moreover, the unit is even an
equivalence as the inclusion is fully faithful, so it only remains to show that for
any adjunction F': C 2 D :G of presentable B-categories, CMon<(G) is again a
right adjoint. But indeed, the composition of Fun(Span(Q), F') with the localiza-
tion Fung(Span(Q), D) — CMon?(D) is easily seen to restrict to the desired left
adjoint. ([

Dualizing we get:

Corollary 7.26. If Q is slicewise small, the inclusion Pr(B)% <® — Pr(B)Y ad-
mits a left adjoint given on objects by D + CMon?(D) and with unit given by the
left adjoints P of the forgetful maps. O

The usual argument internalizes this to the following equivalence of B-categories:

Theorem 7.27. Assume Q is slicewise small, let C be presentable, and let D be
Q-semiadditive and presentable. Then restriction along P: C — CMon<(C) induces
an equivalence

Funy(CMon?(C), D) = Fung(C, D). O
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7.5. Fiberwise modules. We can also prove a presentable universal property for
Sp2(C) when C is presentable. In fact the only thing relevant about the property
of stability is that it is equivalent to being a module over the idempotent object Sp
in Prl". We present the argument in this generality.

Definition 7.28 (See [CSY21], Definition 5.2.4]). A mode is an idempotent object
in Pr¥, i.e. a pair (€, E) of a presentable category £ together with an object F € &£
such that the map £ ~ Spc® £ — £ ® £ induced by F is an equivalence.

Given any mode (€, E), a module over it is a presentable category F such that the
map F ~ Spc® F — £® F induced by E is an equivalence. We write Modg C Pr™
for the full subcategory of £-modules.

As usual, we will just refer to £ as a mode when the object E € £ is understood.

Remark 7.29. In the above setting, £ actually admits a (unique) commutative al-
gebra structure with unit E [Lurl7 Proposition 4.8.2.9], and for this algebra struc-
ture the forgetful functor from £-modules (in the usual sense) to presentable cate-
gories is fully faithful with essential image Modg, see [Lurl?, Proposition 4.8.2.10],
justifying the terminology.

As a direct consequence, the inclusion Modg < Pr admits a left adjoint given by
&€ ® —; in particular, Modg¢ is closed under limits.

Remark 7.30. As a left adjoint, £ ® —: Pr" — Pr" preserves all colimits; we
will need below that it also preserves certain limits, namely limits of diagrams
X : K — Pr such that all structure maps X (k — ¢) are also right adjoints. Indeed,
on Pr* NP the functoriality of the Lurie tensor product £ ® C = Fun™(£°P, () is
simply given by postcomposition, so the statement is clear.

Example 7.31. The pair (Spc, 1) is a mode, and every presentable category is a
Spc-module.

Example 7.32. The pair (Sp,S) is a mode, and the Sp-modules are precisely the
stable presentable categories, see [Lurl7, Proposition 4.8.2.18].

Example 7.33. The pair (Set, 1) is a mode, and the Set-modules are precisely the
presentable 1-categories, see [Lurl7, Proposition 4.8.2.15].

Example 7.34. The pair (Ab,Z) is a mode, and the Ab-modules are precisely
the presentable additive 1-categories; this is immediate from the previous example
together with [GGN15, Theorem 4.6].

Example 7.35 (cf. [Har20, Corollary 5.21]). Let Q C Spc be locally inductible.
We claim that (CMon<(Spc),P(1)) is a mode whose modules are precisely the
O-semiadditive categories.

Indeed, if D is presentable, then the map D — CMon<(Spc)®D is left adjoint to the
forgetful map Fun®™(D°P, CMon®(Spc)) — Fun™(DP, Spc) ~ D, and Corollary [T.8
shows that this is an equivalence whenever D is Q-semiadditive and cocomplete
(so that DP is complete). It follows immediately that CMon<(Spc) is a mode and
that every presentable Q-semiadditive category is a module over it. On the other
hand, one easily checks that Fun™(D°?, CMon®(Spc)) is Q-semiadditive for every
presentable D, so conversely every CMonQ(Spc)—module is Q-semiadditive.
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Definition 7.36. A fiberwise presentable B-category C: B°P — Prl is called a
fiberwise €-module if it factors through the full subcategory Mode C Pr¥, i.e. if
every C(A) is an E-module. We write Modg (B) C Pr™(B) for the full subcategory
spanned by those presentable categories that are in addition fiberwise £-modules.

Example 7.37. By Example[T.32 a (fiberwise) presentable B-category is fiberwise
stable if and only if it is a fiberwise Sp-module.

Example 7.38. By Lemma [3.35 and Example [[.35] a (fiberwise) presentable Q-
semiadditive B-category is always a fiberwise CMon@® (Spc)-module.

Lemma 7.39. Let £ be any mode. Then the inclusion Modg (B) C Pr™(B) admits
a left adjoint given by applying € ® — pointwise, with unit C — £ ®C induced by the
map Spc — E.

Moreover, this restricts to an adjunction Modg ®(B) = Pr™» 2% (B).

Proof. First observe that the pointwise tensor product £ ® C is indeed a B-category
for any presentable B-category C by Remark Next, let us show that £ ® C is
again B-cocomplete, whence presentable. For this we recall that the tensor product
lifts to an (oo, 2)-functor; all we will need below is that it is a functor on the
homotopy 2-category of Pr® (which also follows immediately from its construction
as a functor category), and hence sends adjunctions to adjunctions. Given now any
f+ A— Bin B, both f* and fi are left adjoints, so they form an internal adjunction
in Pr® and hence induce an adjunction £ ®@ fi 4 € ® f*. Given any g: B’ — B,
the base change map (£ ® f))(€ ® ¢"*) = (€ ® ¢*)(€ @ f1) is then induced via 2-
functoriality from the base change map f/¢"* — ¢* fi, so it is invertible as the latter
one is. Finally, the same 2-functoriality argument together with Proposition [AT]
shows that the canonical map C — £ ® C is indeed a parametrized left adjoint.

If C is now QO-semiadditive, then the functor g, is itself a map in Pr® for any
g: A — Bin Q (as g« ~ q), so the right adjoint of £ ® ¢* is given by & ® g,
with the induced unit and counit. Arguing as before, we see that the double Beck—
Chevalley map (€ ® pry))(€ ® g+) = (€ @ pry, ) (€ ® @) is invertible, so that £ ® C
is @-semiadditive, proving the second statement. ([

Let us specialize this to the stable case (Example [[:37]):

Corollary 7.40. Assume Q is slicewise small. The inclusion Pr(B)% < —
Pr(B)Y admits a left adjoint Sp = Sp ® CMon?. For every presentable C, the
unit £5°: C — Sp(C) is given by the composite

o0
¢ 5 CMon?(C) —= Sp ® CMon?(C) = Sp2(C).
Proof. Combine Proposition with Lemma O

As before, we formally deduce the following internal version:

Theorem 7.41. Assume Q is slicewise small. Let C be any presentable B-category,
and let D be presentable and Q-stable. Then restriction along ¥5°: C — Sp<e(C)
induces an equivalence

Funj(Sp<(C), D) = Funy(C, D). O
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8. O-MACKEY SHEAVES

Our definition of Q-commutative monoids in a general B-category C makes heavy
use of the language of parametrized category theory. In this section, we will see that
Q-commutative monoids admit a concrete non-parametrized description whenever
C is obtained in a suitable way from a non-parametrized category.

Recall from [MW22| Section 8.3] that every presentable category £ gives rise to a
presentable B-category Shv(B; &) of ‘E-valued sheaves,’ given on objects by assign-
ing to B € B the category Shv(B,p; ) := FunR((B/B)Op, ) of E-valued sheaves on
the slice topos B, g, and on morphisms by sending a map f: A — B in B to the func-
tor f*: Shv(B,p;E) — Shv(B,4; &) given by precomposition with fi: B,4 — B p.
The goal of this section is to explicitly describe the B-category CMon?(Shv(B;£))
in terms of Mackey sheaves:

Definition 8.1 (Q-Mackey sheaves). An E-valued Q-Mackey sheaf on B is a (non-
parametrized) functor M: Span(B, B, Q) — £ for which the restriction

B°P ~ Span(B, B, .B) — Span(B, B, Q) —s £
is an E-valued sheaf on B, i.e. preserves limits. We let Mack®(B; £) denote the full
subcategory of Fun(Span(B, B, Q), ) spanned by the Q-Mackey sheaves.
The assignment A — (B,4,B/4,8/4[Q]) extends to a functor B — AdTrip via
pushforward, hence giving rise to a B-presheaf of categories
A Fun(Span(B/ 4, B/a,B,4[9]),€).

We denote by Mack<(B; £) the full subfunctor given in degree A by the subcategory

MackB/4[< (Bya;€). It comes equipped with a forgetful map U: Mack?(B; &) —

Shv(B; ) induced by the inclusions (B/4,8/4,t8/4) = (B/a,B/4,B8/4[Q)).

Theorem 8.2. Let £ be a presentable category. Then there is a unique equivalence
Mack®(B; £) = CMon© (Shv(B; £))

of B-presheaves over Shv(B; ). In particular, Mack®(B; &) is a B-category.

Before moving to the proof of the theorem, let us explain how it allows us to describe
the free presentable Q-semiadditive and Q-stable B-categories in non-parametrized
terms:

Corollary 8.3. Assume Q is slicewise small. Then the B-category Mack<(B; Spc)
is the free presentable Q-semiadditive B-category, i.e. for every other presentable Q-
semiadditive D evaluation at a certain ‘free Q-Mackey sheaf P(1) € MackQ(B; Spc)
induces an equivalence

Fun®(Mack®(B; Spc), D) == D.
We will give a concrete description of P(1) in Corollary

Proof. Note that for & = Spc we have Shv(B; &) = Spcg. The claim thus follows
from the string of equivalences

W 27
Fun®™(Mack®(B; Spc), D) EFHD%(CMODQ(SDCB), D) = Fung(Spcg, D) == D,

where the last equivalence holds by [MW21] Theorem 7.1.1]. O




PARAMETRIZED HIGHER SEMIADDITIVITY AND THE UNIVERSALITY OF SPANS 53

Corollary 8.4. Assume Q is slicewise small. Then the B-category Mack?(B; Sp)
is the free presentable Q-stable B-category, i.e. for any other such D evaluation at
a certain global section S € Mack® (B;Sp) induces an equivalence

Fun®(Mack® (B; Sp), D) == D.

Proof. Combining Corollaries and B3] the free presentable Q-stable cate-
gory is given by Sp ® Mack<(B;Spc). Using the explicit description of Sp ® —
as Fun™(Sp°P, -), this is immediately seen to be equivalent to Mack®?(B;Sp). O

Remark 8.5. More generally, if £ is any mode, then Lemma shows that
Mack?(B; Spc) ® € ~ Mack<(B; £) is the free presentable Q-semiadditive fiberwise
E-module.

Remark 8.6 (Fiberwise semiadditivity, redux). Let F C Spc be locally inductible
such that the unique left exact left adjoint Spc — B maps F into Q; for example, we
could take the maximal such class Qg C Spc from Lemma Combining said
remark with Example [Z.35] we see that every presentable Q-semiadditive category
C is a fiberwise CMon” (Spc)-module, so that CMon” (Spe) @ C 2 C. Specializing
C, we obtain an equivalence Mack?(B; CMon” (£)) == Mack2(B;€).

In particular, we see that if Q contains the map 1111 — 1, then the free presentable
Q-semiadditive B-category can be equivalently described as Mack<(B; CMon).

We also record the following useful corollary:

Corollary 8.7. Given a Q-semiadditive B-category D, every Q-continuous functor
D — Shv(B; &) admits a unique lift to Mack2(B;&): the forgetful functor
Fun?> (D, Mack?(B; £)) — Fun® (D, Shv(B; )

is an equivalence.

Proof. This is immediate from Theorem and the universal property of CMon<
from Theorem O

Corollary 8.8. For every Q-semiadditive B-category D, there is a unique func-
tor Hom%: D x D — Mack®(B;Spc) that lifts the parametrized hom-functor
Homg: D°P x D — Speg. (I

8.1. Reduction to presheaves. It will be technically convenient to deduce the
theorem from a more general result about ‘Mackey presheaves.” Throughout, let A
be any category, not necessarily small, and let @ C A be left-cancelable and closed
under base change.

Definition 8.9. For any category &, we write MackPSh<(A4; £) for the functor
AP — Cat, A — Fun(Span(A/A, A/A, A/A[Q]), 5)

with functoriality via pushforward. We will refer to global sections of this as Mackey

presheaves.

We further define PSh(A4; €) == MackPSh*“4(A4; €): A — Fun((A/4)°P, &), and we

write U: MackPSh?(A; E) — PSh(A; €) for the evident forgetful map.

Remark 8.10. If A = T is small, the category PSh(A; ) is denoted €4 and called
the category of T-objects in [CLL23a, Example 2.1.11].
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Lemma 8.11. The A-category PSh(A; E) has all Q-limits.

Proof. Let q: A — B be any map in @. As Q is closed under base change,
Asg: Aja — A;p has a right adjoint given by pullback along ¢, and this satis-
fies base change with respect to pushforward along maps in A by the pasting law
for pullbacks. The claim now follows simply from 2-functoriality of PSh. O

Construction 8.12. If 4 has all pullbacks, then the target map t: Ar(A) — A
is a cartesian fibration classifying the functor A% — Cat, A +— A/4. If Q C A is
closed under base change, then this restricts to a cartesian fibration ¢: Ar(A)¢ — A
where the source denotes the full subcategory spanned by the maps in Q; this then
classifies the functor Ug: A — Q4 considered before if A = B is a topos.

If now A is arbitrary, then embedding it in a pullback-preserving way into a category
with all pullbacks, we see that ¢t: Ar(A)€ — A is still a cartesian fibration. We
denote the straightening A°P — Cat again by A — Q,4; note that this agrees with
the previous functor of the same name if A = B is a topos. Taking spans levelwise
then as before gives us a functor Span(Q): A — Span(Q/4).

Proposition 8.13. There is an equivalence
®: MackPSh®(A; €) -~ Fun$ ™ (Span(Q), PSh(A; £))
of A-categories over PSh(A; E).

The proof of the proposition will take up most of this section; for now let us record
that it immediately implies the theorem:

Proof of Theorem[8.3, assuming Proposition [813. Applying the previous proposi-
tion for A = B (and using the comparison of internal homs from the proof of
Proposition 2.7)), it only remains to show that F': Span(B,a,B/4,8/4[Q]) — &
restricts to a sheaf (B,4)°? — £ if and only if ®(F): 7} Span(Q) — 7 PSh(B;£)
factors through Shv(B;€). As @ is a functor over PSh(B; ), it is clear that F
restricts to a sheaf if and only if ®(F)(id4): B?f‘ — & is a sheaf. However, in this
case we have for any f: B — A in B and any ¢q: C — B in Q equivalences

D(F)(q) = ®(F)(g+(fq)"ida) =~ q.(fq)"®(F)(ida)

by Q-continuity; the claim follows as Shv(B; £) C PSh(B; ) is closed under Q-limits
by the above description of limits and local cartesian closure of B. O

8.2. Comparison of underlying categories. Before establishing the full param-
etrized equivalence from Proposition[8.13] we will prove in this subsection that there
exists an equivalence on global sections:

Fun(Span(A, A, Q), ) == Fun® > (Span(Q), PSh(A; £)).
The outline of the proof is as follows:

(1) As we will recall below, there is a 1:1-correspondence between A-functors
F: Span(Q) — PSh(A4; &) and non-parametrized functors F: [Span(Q) —
£ from the total category of the cocartesian unstraightening of Span(Q).
Following [HHLN23], we describe this unstraightening [Span(Q) explicitly
in terms of certain spans in the arrow category Ar(A) of A.
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(2) Next, we prove that a parametrized functor F': Span(Q) — PSh(A; &) pre-
serves O-limits if and only if its associated functor F: [Span(Q) — &
inverts a certain explicit class of maps W, see Proposition B0l In partic-
ular, Q-continuous functor Span(Q) — PSh(A; &) correspond to functors
out of the localization of [Span(Q) at W.

(3) Finally, we show in Proposition BI9] that this localization is given by the

span category Span(A4, A, Q).
Let us start by making the unstraightening [Span(Q) explicit:

Proposition 8.14. Let Ar(A)2 C Ar(A) again denote the full subcategory spanned
by the maps of Q and write Ar(A) ™ C Ar(A)C for the wide subcategory of all
maps inverted by t: Ar(A)2 — A.

Then (Ar(A)<2, Ar(A)2, Ar(A)2 ™) is an adequate triple, and
t: Spang, (Ar(A)<) := Span(Ar(A)2, Ar(A)S, Ar(A)S ™) — Span(A, A, tA) ~ AP

is a cocartesian fibration classifying the functor Span(Q) from Construction[812.

Proof. This is an instance of [HIIILN23, Theorem 3.9], using that ¢: Ar(A4)¢ — A
is (by definition) the cartesian fibration classifying A +— Q4. O

Lemma 8.15. For every presentable category &, there is a natural equivalence

Fun 4(Span(Q), PSh(A; €)) - Fun(Spang, (Ar(4)?), €).

Proof. Applying [CLL23a, Lemma 2.2.13] in a larger universe, there is a natural
equivalence

Fun 4 (Span(Q), PSh(A; £)) ~ Fun([Span(Q), );
The claim is now immediate from the above explicit description of [Span(Q). O

Now that we have obtained a description of A-functors Span(Q) — PSh(A4; &) as
non-parametrized functors out of an explicit span category, we would like to identify
which of them correspond to Q-continuous parametrized functors. This is addressed
by the following result:

Proposition 8.16. Consider an A-functor F: Span(Q) — PSh(A; ), and let
F: Span(Ar(A)2, Ar(A)2, Ar(A)2™) = €

denote the associated functor from Lemmal815. Then I preserves Q-limits if and
only if F inverts the collection WS5P3 of all maps of the form

C=—C —=10(C
qfl lf lf (5)
B<TA:A

for composable morphisms f and q in Q.

The proof relies on the following simple observation:
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Lemma 8.17. Let A be any category and let Q be a wide subcategory. Then the
source map s: Ar(A)2 — A is a localization at the class Wy of maps of the form

A=—=—A
fl qu (6)
B — C

with ¢ and f in Q. Moreover, s admits a left adjoint const given by the inclusion
of constant arrows.

Proof. 1t is clear that the inclusion of constant arrows is left adjoint and right
inverse to s. To complete the proof it now suffices to observe that s inverts the
maps (@) and that the counit const o s — id is levelwise of this form. O

Proof of Proposition[8.16. We first recall from Corollary 4.7 and Proposition
that F' preserves Q-limits if and only if its restriction to HOQP is right Kan extended
from the point. Similarly, the invertibility condition on F only depends on its
restriction to the subfibration ¢: (Ar(A)2)°P — A°P classifying UZ; by naturality,
we are therefore reduced to proving that a functor F': Hg’ — PSh(A; €) is right Kan

extended from the point if and only if the associated functor F': (Ar(A)2)°P — &
inverts the maps (Ws)°P from (G]).

For this let us consider the naturality square

Fun(Ug,PSh(A; £)) —— Fun((Ar(A)?)°P, &)

rcsl lres:(const(’p)*

Fun(1, PSh(A; &) ——=—— Fun(A?,¢)

associated to the map 1 — Ug classifying the point.

The horizontal maps are equivalences and the vertical maps admit right adjoints;
it then follows formally that the top horizontal map restricts to an equivalence
between the essential images of these adjoints. The right adjoint of the verti-
cal arrow on the left is precisely right Kan extension. On the other hand, by
Lemma BT7 we have an adjunction s°® - const®P, so that the right adjoint of
(const®P)*: Fun((Ar(A)2)°P, &) — Fun(A°P, &) is given by (s°P)*. Appealing to
the lemma once more, the essential image of this functor is precisely characterized
by the above invertibility condition. O

As a consequence of the previous result, a functor Spang, (Ar(A)<¢) — & preserves
Q-limits if and only if it factors through the localization of Spany, (Ar(A)<) at the
maps of the form (E). We will now give an explicit description of this localization:

Construction 8.18. Consider the source functor s: Ar(A)¢ — A once more.
By left-cancelability of Q, this maps Ar(A)% ™ into Q. As Q is closed under
base change, this then further shows that the pullback of a map in Ar(A)< ™
along a map in Ar(A)< is just computed pointwise, so that s preserves all req-
uisite pullbacks. Altogether, we see that s defines a map of adequate triples
(Ar(A)2, Ar(A)2, Ar(A)2 ™) — (A4, A, Q), and thus induces a functor

s: Spang, (Ar(A)9) — Span(A, A, Q).
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Proposition 8.19. This is a localization at the class of maps WSP from (B)).

Proof. By the localization criterion from [CHLL24, Theorem 4.1.1], it will be
enough to show that s: Ar(A)¢ — A is a localization at the maps W and that
s: Ar(A)2™ — Q is a right fibration. However, the first statement is an in-
stance of Lemma [B17], while for the second statement it is enough to observe that

Ar(Q) = Ar(A)2 ™ consists precisely of the cartesian edges of the cartesian
fibration s: Ar(Q) — Q. O

Combining the above results, we can now prove the equivalence from Proposi-
tion BI3] on underlying non-parametrized categories:

Proposition 8.20. There is a natural equivalence of non-parametrized categories
Fun® (Span(Q), PSh(A; £)) ~ Fun(Span(A, A, Q), £).

Proof. Combining Lemma and Proposition B.16 the left hand side is equiva-
lent to the full subcategory F C Fun(Spang, (Ar(.A)2), &) spanned by the functors
inverting W5Pa". On the other hand, Proposition shows that precomposing
with s induces an equivalence between Fun(Span(A, A, Q), ) and the same F. O

8.3. Proof of Proposition We will now show how one can upgrade the
non-parametrized equivalence of Proposition to a parametrized equivalence,
yielding a proof of Proposition [R.13 and thus completing the proof of Theorem 8.2
The basic idea will be to reduce this to the unparametrized statement with A
replaced by A4 for all A € A; however, some care has to be taken to get all
coherences straight.

Observation 8.21. Let C be an A-category and let £ be presentable. Combin-
ing the categorical Yoneda lemma with [CLL23al Lemma 2.2.13], we obtain an
equivalence

Fun 4 (C. PSh(A; £))(A4) = Fun([ (€ x 4),€) = Fun([C x aor (A1), €)

natural in C, £, and in A € A°P.

Below we will apply this to C = Span(Q), in which case we have the same explicit
description of the cocartesian unstraightening as before. Let us also describe the
resulting pullback explicitly:

Lemma 8.22. Let A be any category and let A € A. Then (Ar(ra),t): Ar(A/a) —
Ar(A) x4 Ay 4 is an equivalence of cartesian fibrations over A. Moreover, this can
be made natural in A € A (with respect to the functoriality via postcomposition).

Proof. Tt is clear that this is a map of cartesian fibrations, so it is enough to show
that it underlies an equivalence in Fun(A, Cat,4) ~ Fun(A, Cat) /const A-

We begin by making some cocartesian unstraightenings explicit. The cocartesian
unstraightening of A/, : A — Cat is the fibration ¢: Ar(A) = Fun([1], A) — A. As
unstraightening commutes with Cat-tensors it also commutes with Cat-cotensors,
so the unstraightening X — A of Ar(A/,) is given by the cotensor ) in Cat‘}%m,



58 BASTIAAN CNOSSEN, TOBIAS LENZ, AND SIL LINSKENS

i.e. by the pullback
X —— Fun([1] x [1], A)

1 e

A ——— Fun([1], A)

const
where (—,1): [1] — [1] x [1] denotes the map classifying the edge (0,1) — (1,1).
The composite

X — Fun([1] x 1], 4) 200D man 1], 4) x A

then straightens to a natural transformation given pointwise by Ar(m4), while the
target map Ar(A,,) — A/, unstraightens to the map & — Fun([1], A) induced by
restricting to the edge (1,0) — (1,1). Altogether, we get a commutative square of
maps of cocartesian fibrations

((=0",@1,1)")

X = Fun([1], 4) x A
(1,1)* prz/
(1, o A < txA
7 D
~ N
Fun([1], A) Ax A

(s,t)

such that the induced map on pullbacks pointwise straightens to the map (Ar(mw4), ).
Moreover, the diagonal composite X — A x A straightens to the structure map
Ar(Aj,) — const A, so it only remains to show that this is a pullback square in
Cat.

By direct inspection, the pullback is given by Fun(A%, A) ~ Fun([2],.A) with the
comparison map X — Fun([2], A) induced by restriction along the map f: [2] —
[1] x [1] classifying (0,0) — (1,0) — (1,1). The claim therefore amounts to saying
that f induces an equivalence [2] — ([1] x [1])/([1] x {1}). However, one im-
mediately checks that an inverse equivalence is induced by the map [1] x [1] —
[2], (a,b) — min{2, a + 42b}. O

Observation 8.23. The equivalence from the previous lemma restricts to natural
equivalences of cartesian fibrations
Ar(A4)Q = Ar(A 4) A4l 25 Ar(A)9 x4 A)a

for all A € A. By direct inspection, this identifies the weak equivalences W, C
Ar(A;4)? from Lemma BIT with Wy x4 A/4.

Similarly, one checks that it restricts to an equivalence
Ar(A4)% ™ =5 Ar(A)2 ™ x, 4 0(Aja).
Using that Span preserves pullbacks of adequate triples, we therefore get a natural
commutative diagram
(Ar(A4)9)”" ———— (Ar(A)°) " X gon (A/a)°P

[ |

Spang,, (Ar(A/A)Q) —— Spany,, (Ar(A)Q)Op X Aop (Aya)°P
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where the horizontal maps are equivalences of cocartesian fibrations, and the lower
one identifies WP with WP x 4op (Aja)°P.

Combining this with Observation [B.2]] we get a natural equivalence
Fun , (Span(Q), PSh(A; £))(A) = Fun(Spang, (Ar(A/A)Q) ,E).

Corollary 8.24. Consider any F € Fun(Span(Q),PSh(A;&))(A), with associ-
ated functor F: Spang, (Ar(A,4)9) — £. Then F belongs to the full subcategory

Fun®> (Span(Q), PSh(A; £))(A) if and only if F inverts all maps in WSP®,

Proof. As in the proof of Proposition 816, both conditions only rely on the restric-
tion to backwards arrows. We now have a commutative square

A/A A XA A/A
constl J{const X AA; A

AF(A/A)Q — AI‘(.A)Q X A A/A
and hence altogether a commutative square

Fun 4 (UG, PSh(A; €))(A) —— Fun ((Ar(A4)?)P, €)

pt*l J{(Constop)*

Fun 4 (1, PSh(A; €))(A) ———=—— Fun((A/4)°, €).

By the same formal Beck—Chevalley yoga as before, an object of the top left corner is
O-continuous if and only if the top horizontal equivalence maps it into the essential
image of the right adjoint of the right-hand vertical map. Replacing A by A, 4, this
essential image was identified in the proof of Proposition as precisely those
functors satisfying the above invertibility condition. O

Proof of Proposition[8.13 By the above, we have a map of A-categories
Fun " (PSh(A; £)) — Fun( Spang, (Ar(A/,)9),€)

that induces an equivalence onto the full subcategory F spanned in degree A €
A by those functors that invert WSPa%. On the other hand, we have a natural
map s: Spang, (Ar(A,,)?) — Span(A/., A/e, A/e[Q]), and using Proposition BIJ
with A replaced by A, this likewise induces an equivalence onto F, yielding an
equivalence MackPSh2(A; €) ~ Fun$ ™ (Span(Q), PSh(A; £)). It remains to show
that this is equivalence is compatible with the forgetful functors.

We will show more generally that our equivalence is compatible with passing to a
smaller left-cancelable @' C Q closed under base change. This is clear for restriction
along s. For the map Fun ,(Span(Q), PSh(A;£)) — Fun(Spang, (Ar(A,.)9),€)
note that this holds for the intermediate composite Fun 4 (Span(Q),PSh(A4;¢&)) —
Fun(Spang,, (Ar(A)?) x 40r (A/e)°P, €) simply by naturality. Finally, the equivalence
Spang,, (Ar(A)?) x 4o (A/e)°P ~ Spang, (Ar(A/e)?) was construced as restriction
of a fixed equivalence Span(Ar(A)) X gop (A/e)°P =~ Span(Ar(A,)), so it is again
compatible with passing to a subclass. O
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8.4. The free Mackey sheaf. Classically, an easy application of the Yoneda
lemma shows that the free Mackey functor Span(Fing) — Ab is corepresented
by the 1-point set. The analogue holds in our setting, except that proving that the
corepresented functor actually is a Q-Mackey sheaf is not entirely trivial:

Lemma 8.25. The functor hom(1,-): Span(B, B, Q) — Spc is a Q-Mackey sheaf.
Its restriction to BP agrees with the functor tUg: B°® — Spc which sends A to
the groupoid core of Q4.

Proof. As Ug is a B-category, it will be enough to prove the second statement. We
will prove this by computing the cocartesian unstraightening of the restriction of
hom(1, ) to B°P, and show it agrees with the unstraightening of U 4. We first give
an explicit description of the forgetful functor w: Span(B, B, Q);, — Span(B, B, Q),
which is the unstraightening of hom(1,-): Span(B, B, Q) — Spc. To this end, con-
sider the adequate triple Qp;) from [HHLN23, Lemma 2.5 and Definition 2.16]: the
underlying category is the full subcategory of Fun(A2, B) spanned by the functors
sending 0 — 2 to a map in Q. The backward maps consist of all diagrams

X1 — X() e X2

|

Y1 — YQ —_— Y2
such that the right-hand square is a pullback. The forward maps are given by those
natural transformations that are pointwise in @ and for which the left-hand square
is a pullback.
By Corollary 2.22 of op. cit., we may identify the functor (s, t): Ar(Span(B,B, Q)) —
Span(B, B, Q)*? with the map (evy,evy): Span(Qpj) — Span(B, B, Q)*2. Pulling
back to {1} in the first factor and using that Span preserves limits, we obtain
the following description of 7: Span(B, B, Q),, — Span(B, B, Q): the source is the
category of spans in Ar(B)< of the form

Yo «— Xo =——= %y
|
}/2<7X2T>Z2

where the left-hand square is a pullback and ¢ belongs to Q (note that compared
to the previous diagram this has been rotated by %ﬂ' radians); the forgetful map is
then given by the target map.

We thus obtain the unstraightening of hom(1,—)|ger by restricting this forgetful
functor to B°P ~ Span(B, BB,:Q) in the target. The resulting functor is the target
map t°P: (Ar(B)S,,)°P — B°P, where Ar(B)S,, is the wide subcategory of Ar(B)2
spanned by the cartesian squares. As these are precisely the cartesian morphisms
for the cartesian fibration t: Ar(B)< — B classified by Uy, we conclude that this
resulting functor is indeed the cocartesian unstraightening of :Ug, finishing the

proof. O

Remark 8.26. The above proof actually allows to describe hom(1,-) as a func-
tor on all of Span(B,B, Q): it is obtained from Barwick’s unfurling of Ug (see
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[HHLN23| Example 3.4]) by passing to groupoid cores pointwise. In particular, the
covariant functoriality in Q is given by postcomposition.

Corollary 8.27. The free Q-Mackey sheaf P(1): Span(B, B, Q) — Spc is corepre-
sented by 1.

Proof. By the non-parametrized Yoneda lemma, homgpan (1, ) corepresents eval-
uation at 1 on the category of all functors Span(B,B,Q) — Spc. As the same
holds true on Mack®(B;Spc) for P(1) by adjointness, and since homgpan(1,~) €
MackQ(B; Spc) by Lemma [B25] the claim follows. O

9. EXAMPLES AND APPLICATIONS

In this section, we discuss various examples and applications of our results. We
start in Section by proving a general result which lets us in many practical sit-
uations reduce the big Mackey sheaf descriptions obtained in the previous section
to much more manageable descriptions. In the remainder of the section we then
specialize this result to the contexts of higher semiadditivity, equivariant semiad-
ditivity, and ‘very G-semiadditivity,” and discuss various interesting consequences
and applications.

9.1. Smaller spans. As indicated above, the information encoded in a Mackey
sheaf F': Span(B, B, Q) — £ is most of the time highly redundant. For example, if
B is the topos of co-groupoids and Q is the class of finite covering maps, then the
above does not immediately recover the definition of the category of commutative
monoids as Fun™ (Span(Fin),£) but instead describes it in a somewhat bloated
way as a subcategory of Fun(Span(Spc, Spc, Finjee), £). As the most extreme case,
consider an arbitrary topos B with @ = ¢ B (no semiadditivity conditions), i.e. of
a continuous functor F': B°? — £. If B = PSh(T), such a functor is completely
determined by its restriction along the Yoneda embedding. More generally, if B
is given by sheaves on some site A we may equivalently describe F' as a functor
AP — & satisfying descent. We will now give a similar sheaf description for non-
trivial @ as long as the latter is defined via the site A.

Definition 9.1 (Mackey sheaves on a site). Let A be a small category equipped
with a Grothendieck topology 7, and let @ C A be a wide 7-local subcategory
closed under base change and diagonals. Given a complete category &, we define an
E-valued Q-Mackey T-sheaf on (A, 7) to be a functor M : Span(A, A, Q) — £ whose
restriction M| 4op: AP — £ is a 7-sheaf. The categories of Mackey sheaves over
(A, 7) for varying A € A then assemble into a functor Mack® (A; £): AP — .

Example 9.2. If Q C Shv, (A) is locally inductible, then its preimage in A satisfies
the above assumptions.

Proposition 9.3. Let Q C B be a locally inductible subcategory. Assume we have
a small full subcategory A C B equipped with a subcanonical Grothendieck topology
7 such that the following conditions are satisfied:

(1) The inclusion A — B extends to an equivalence Shv,(A) = B.

(2) A is closed under maps in Q in the following sense: for every B € A and
A — Bin Q, also A € A.
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Then the inclusion (A, A, AN Q) — (B, B, Q) is a map of adequate triples and the
restriction functor Fun(Span(B, B, Q),€) — Fun(Span(A, A, AN Q),&) admits a
right adjoint, restricting to an adjoint equivalence

Mack?(B; £) ~ MackAM2(4; &).

Proof. Consider a pullback square

Ay

a
ql lqe onA

!
B Tea B
in B with f € A and ¢ € QN A as indicated. Since Q is closed under base change,
q belongs again to Q, so the second assumption implies that all four objects belong
to A. Tt follows immediately that (A4,.4,.4 N Q) is an adequate triple and that
(A, A, AN Q) — (B,B, Q) is indeed a map of adequate triples.

We now observe that the second assumption on Q guarantees that the induced map
t: Span(A, A, AN Q) — Span(B, B, Q) is fully faithful. We claim that we have an

adjunction
/*: Fun(Span(B, B, Q),£) = Fun(Span(A, A, AN Q),E) 1.

with fully faithful right adjoint and such that ¢, X |gor is right Kan extended from
X|acop. Indeed, after embedding £ in a limit preserving way into a very large
category & with large limits, this is an instance of Proposition EI4PP (for B = Spc)
as the second assumption on A guarantees that Span(A, A, AN Q) C Span(B, B, Q)
is an adapted subcategory with respect to the canonical factorization systems; by
the above explicit description of ¢, X |ger this right adjoint then actually restricts
accordingly.

It is then clear that * restricts to a functor Mack?(B;€) — Mack"2(4; ). On
the other hand, appealing to the above description of ¢, X |gor once more shows that
L4 restricts to an essentially surjective functor in the other direction since a functor
B°P — £ is continuous if and only if it is right Kan extended from an A-sheaf by
[Lurl8, Proposition 1.3.1.7]. O

Corollary 9.4. In the above situation, restriction along A — B induces an equiv-
alence

Mack©(B; £)| aor 2 MackA"2(A; E).

Proof. Tt is clear that the inclusion induces an A°P-natural map Mack® (B; £)| 400 —
MackA72(A4; £), and the previous proposition with A replaced by A /4 for varying
A € A shows that is indeed an equivalence. ([

Corollary 9.5. Let A C B be equipped with a topology T satisfying the assumptions
of Proposition [T.3. Identifying B-categories with T-sheaves of categories on A, we
have:

(1) The free presentable Q-semiadditive B-category is given by MackA"2(A; Spc).
(2) The free presentable Q-stable B-category is given by MackA72(A; Sp).

Proof. In light of Corollary B3] and Corollary 8.4l these are direct consequences of
the previous corollary applied to the two cases £ = Spc and € = Sp. O
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Example 9.6 (Presheaf topoi). The conditions of Proposition @3] are in particular
satisfied in the case where B = PSh(T) is a presheaf topos on some small category
T and where @ = Qo is obtained from a small pre-inductible subcategory @@ C
PSh(T). In this case, we let A C PSh(T") denote the essential image of the inclusion
Q < PSh(T), and equip it with the Grothendieck topology 7 in which collection
{fi: Ai = A} generates a covering sieve if and only if the map [[,.; A; — A is an
effective epimorphism in PSh(T'), or equivalently if every morphism B — A from a
representable object B € T factors through one of the morphisms f;.

To see that the conditions of Proposition are satisfied, first note that condition
(2) is clear. For condition (1), notice that the image of the full inclusion 7' < A —
Shv.(A) consists of completely compact objects which generate Shv.(A) under
colimits, so that restriction along this functor defines an equivalence Shv,(A) -~
PSh(T) by [Lur09, Corollary 5.1.6.11]. It is clear that this equivalence restricts on
A to the inclusion A — PSh(T'), showing condition (1).

Example 9.7 (Trivial descent). As an extreme special case of Example[0.0] assume
that T is a small category equipped with an inductible subcategory Q@ C T'. Then
Q = Qioc C PSh(T') and A =T C PSh(T), equipped with the trivial Grothendieck
topology, satisfy the assumptions of Corollary 0.5 We conclude that the free pre-
sentable Q-semiadditive T-category CMon® (Spcy) is given by the functor

A — Fun(Span(T)a,T/a, T/4[Q]), Spc).

Note that the functors are not required to satisfy any sort of descent or limit-
preservation condition. In particular, we obtain:

Corollary 9.8. Let T be a small category and let Q C T be an inductible sub-
category. For every Q-semiadditive T-category C, there is a unique collection of
functors

Homg(A) : C(A)°P x C(A) — Fun(Span(T)4, T4, T/4[Q)), Spe)

which are natural in A € T°P and whose underlying functors C(A)°P x C(A) — Spc
given by evaluation at ida are the Hom-functors.

Proof. Given the identification of the previous example, the corollary follows imme-
diately from the fact that the parametrized hom functor Hom,(—, —): C°? x C —
Spcy uniquely lifts through the functor U: CMon® (Spcy) — Spey, which holds by
Corollary [T1 O

9.2. Equivariant and global homotopy theory. We will now explain how to
use this to prove, in a unified way, Mackey functor descriptions of various categories
classically studied in equivariant homotopy theory, and to conversely establish uni-
versal properties of some categories of Mackey functors considered previously.

Throughout, we will work with T-categories, i.e. B = PSh(T'). Let us first consider
the case of P-semiadditivity for P C T atomic orbital (see Example B40). We
write Fp for the finite coproduct completion of T', and F% for the wide subcategory
whose maps are finite coproducts of maps [[;"; A; — B with each A, — B in P.

Corollary 9.9. The free P-semiadditive presentable T'-category is given by
Macky : A~ Fun™ (Span((Fr) /4, (Fr) /4, (F1) /4 [F7]), Spe).
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More precisely, for every P-semiadditive presentable T'-category D, evaluation at
hom(1,-): Span(Fr,Fr,FEZ) — Spc defines an equivalence

Fun’(Mack?, D) = D.
Similarly, the free P-stable presentable T -category is given by

A = Fun™ (Span((Fr) /4, (Fr) /4, (F1) /4 [F7]), Sp)-

More generally, if P C T is any wide subcategory such that FL is pre-inductible,
then these define the free presentable (FL)ioc-semiadditive and -stable T-categories,
respectively.

An independent proof of this corollary (excluding the last sentence) has been given
concurrently by Piitzstiick [Pii24] using the theory of cartesian patterns of [CH22].

Proof. We will focus on the semiadditive case, the proof of the stable statement
being analogous.

The topology from Lemma on A = Fr C PSh(T) is just the disjoint union
topology. Corollary thus shows that the free (F%)joc-semiadditive presentable
T-category is the full subcategory of Fun(Span((Fr) /e, (F7) /e, (F%)/e),Spc) given
at A € T by the functors whose restriction to (IFT)‘}}Z, preserves products. However,
by Corollary @7 (or direct inspection), each Span((Fr),4, (Fr) 4, (FF),4) has finite
products, and a functor out of it preserves finite products if and only if its restriction
to (IE‘T)(/)E‘ does so, verifying the above description.

Finally, Corollary shows that hom(1,-) is the universal element, and so the
equivalence Funk(Mack?, D) = D is given by evaluation at hom(1,-) as stated.
(I

Remark 9.10. We can also describe the universal element of the above model of
the P-stable presentable T-category as follows:

As FL contains all fold maps X IT X — X, Remark implies that Mackg(Spc) is
equivalent to Fun® (Span(Fz, F7, F£), CMon) via the forgetful map.

As the delooping functor CMon — Sp is left adjoint to the forgetful functor (in
particular semiadditive), it induces a functor Fun®(Span(Fr,Fr,FE), CMon) —
Funea(Span(FT,FT,F?), Sp) left adjoint to the forgetful functor. By adjointness,
this then sends (the lift of) hom(1,-) to the universal element S; in other words, S
is given by pointwise delooping the unique F-monoid structure on hom(1,-).

Let us make one special case of the above result explicit:

Theorem 9.11. There exists an equivalence, natural in G € Glo, between the
(00-)category of G-global special T'-spaces in the sense of [Len20, Definition 2.2.50]
and FunGB(Span(g/Bg,g/Bg,g/Bg[gT]),CMon), where as before F = Fgo is the
(2, 1)-category of 1-groupoids and F; denotes the wide subcategory of faithful func-
tors.

Stmilarly, there exists a natural equivalence between the category of G-global spectra
[Len20), Theorem 3.1.40] and Fun® (Span(¥,sa, F/Ba: F %)), Sp)-
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Proof. By [CLL23al Theorem 5.3.1] the categories of G-global special I'-spaces make
up the free presentable equivariantly semiadditive global category. The same holds
for the categories of Mackey functors by Corollary [0.9 proving the first statement.

The second statement follows similarly from [CLL23al Theorem 7.3.2]. O

Remark 9.12. In the special case G = 1 the above models recover Schwede’s
ultra-commutative monoids and global spectra [Sch18] for the global family of finite
groups. In this setting they first appeared as [Len22, Theorems 4.22 and 5.17].

We can further use this to describe the free presentable globally semiadditive and
globally stable global categories (Example B39):

Corollary 9.13. The assignment Mackgig: G — Fun®(Span(g/BG),CMon) de-
fines the free presentable globally semiadditive global category. Similarly, the free
presentable globally stable global category is given by G +— Fun® (Span(¥/5¢a), Sp)-

O

Remark 9.14. Note that compared to the category Mackgggl of 1-commutative
monoids, we have fewer limit conditions in Mackg%g, i.e. the two notions do not
agree. Instead, the above descriptions tell us that 1-commutative monoids embed
fully faithfully into ‘fully globally commutative monoids’ as those objects whose
underlying global space is in the image of the fully faithful right adjoint of the
forgetful functor U = evy: PSh(Glo) — Spc. Such global spaces are called cofree

in [Sch18|, Definition 1.2.28] or Borel complete in [CLL23d)].

Remark 9.15. Compared to the objects of classical global homotopy theory, the
above ‘fully global” versions come with extra structure in the form of ‘deflations,’
additive transfers along surjective group homomorphisms.

In addition to the non-equivariant examples arising via the previous remark, several
interesting ultra-commutative monoids like the infinite orthogonal, unitary, and
symplectic groups O, U, and Sp [Schi8 Examples 2.3.6, 2.3.7, and 2.3.9], as well
as various global spectra occuring in nature like the sphere, the global algebraic K-
theory of any Q-algebra [Sch22l Definition 10.2 and Remark 10.7], or global complex
topological K-theory KU [Sch18, Construction 6.4.9] and its real analogue KO are
expected to enhance accordingly, making these fully global categories interesting
objects of study. As another example, fully global Mackey functors arising from K-
theoretic constructions have recently been applied to height 1 chromatic homotopy
theory, see [Yua24] and [CY23|. We moreover remark that objects of the category
Mackgo(Ab) (which can be viewed as a decategorification of Mackgyo(Sp)), or
more generally MackG)o(Modg) for an ordinary commutative ring R, have been
well-studied in representation theory under the name biset functors, see e.g. [Boul0).

As another application, we can reprove the (by now classical) Mackey functor de-
scription of G-equivariant spectra [CMNN20, Theorem A.1] for a finite group G as
well as its refinement to equivariantly commutative monoids recently established
by Marc [Mar24]:

Corollary 9.16. There is an equivalence, natural in G € Orb, between Mack® =
Fun®(Span(F¢), CMon) and Shimakawa’s G-equivariant special T-spaces [Shi89).

Similarly, there is a natural equivalence between genuine G-spectra (say, in the in-
carnation of symmetric G-spectra [Hanl7]) and Mack® (Sp) := Fun®(Span(F¢), Sp).
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Proof. These follow as before as these models make up the universal presentable
equivariantly semiadditive and equivariantly stable Orb-categories, respectively, by
[CLL23b, Theorems 7.17 and 9.5]. O

9.3. Mackey profunctors and quasi-finitely genuine G-spectra. As a new
apphcatlon of our result, we obtain universal characterizations for the category
M(G,Z) of Z valued G-Mackey profunctors introduced by Kaledin [Kal22] and the
category SpG of quasi-finitely genuine G-spectra of Krause-McCandless—Nikolaus
[KMN23].

Let G be an arbitrary group. Recall from Example [3.41] the pre-inductible subcat-
egory QFing C PSh(Orbg) of quasi-finite G-sets.

Definition 9.17 (Mackey profunctors, cf. [Kal22l Definition 3.2], [KMN23| Def-
inition 4.5]). Let G be a group and let £ be a presentable category. A functor
M: Span(QFing) — £ is called very additive if for every quasi-finite G-set S the
canonical map

is an equivalence in &, where w: S — S/G denotes the quotient map. We write
Mack2®(€) := Fun**!¢(Span(QFing), £)

for the full subcategory of the functor category spanned by the very additive func-
tors, and refer to its objects as £-valued G-Mackey profunctors. The assignment
G/H — Mack}°(€) naturally defines a G-procategory Mack?,®(€): Orby — Cat.

In order to apply our main results to this situation, we have to understand the
Grothendieck topology 7 on QFin., provided by Example

Lemma 9.18. A functor M: Span(QFing) — &£ is a 7-sheaf if and only if it is
very additive.

Proof. For the ‘only if’-direction, note that for every quasi-finite G-set S the canon-
ical map [lseq/qm ~1(3) - S is a surjection on H-fixed points for all finite-index
< @G, and thus becomes an effective epimorphism in PSh(Orbg) In particular,
the inclusions {7 ~*(5) < S}scs/¢ define a T-cover, showing that M is very additive
whenever it is a 7-sheaf.
Conversely, assume that M is very additive. We have to show that M is a 7-
sheaf, or equivalently that its restriction M’ == M |QFm°P' QFlnGp — & extends
to a continuous functor PSh(Orbg)°P — &€ Deﬁne N: PSh(OrbG)OP — & as the
limit-extension of the restriction M’ |Orb‘g’- Olrbop — &. Because QFing is a full
subcategory of PSh(Orbg), the restriction of N to QFing? is precisely the right
Kan extension of M’ |6r\bgp along the inclusion, so that there is a canonical map
M" — Nlqriner extending the identity on Orbg. As both sides are very additive (for
N by the first paragraph), we see that this an equivalence, finishing the proof. O

Corollary 9.19. For a presentable category & there is a canonical equivalence
CMong" ¢ (Shv(B; £)) ~ MackPr° (),
where B := PSh(éﬁ)Gﬂ.
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Proof. Both sides are canonically equivalent to MacnginG (€): for the left-hand
side this is by Theorem while for the right-hand side this is a combination of
the previous lemma with Corollary O

In the case & = Sp, the category Macky,®(Sp) is precisely the category Sp(éﬁn of
quasi-finitely genuine G-spectra of Krause-McCandless—Nikolaus [KMN23| Defini-
tion 4.5]. Corollary R4 therefore specializes to:

Theorem 9.20. The category Sp%ﬁn is the underlying category of the free pre-
sentable very G-semiadditive stable G-procategory. ([l

On the other hand, for £ = Ab the category Mackl;°(Ab) is precisely the category
./\//\l(G,Z) of Z-valued Mackey profunctors introduced by Kaledin [Kal22) Defini-
tion 3.2]. Combining Remark with Example [[.34] we therefore similarly get:

Theorem 9.21. The category //\/l\(G, Z) of G-Mackey profunctors in abelian groups
is the underlying category of the free presentable 1-truncated very G-additive G-
procategory. O

APPENDIX A. A CRITERION FOR ADJOINTS

In this short appendix we will recall a criterion from [MW21] for the existence of ad-
joints of parametrized functors and specialize it to a statement about parametrized
colimits. We begin with the following characterization:

Proposition A.1 (See [MW21] Proposition 3.2.9]). A B-functor G: C — D admits
a left adjoint if and only if the following conditions are satisfied:

(1) For each A € B, the functor Ga: C(A) — D(A) admits a left adjoint Fy.
(2) For each f: A — B the Beck—Chevalley transformation Faf* — f*Fp is
an equivalence.

In this case, the left adjoint F is given at any object A € B by the pointwise left
adjoint Fa, and for any morphism f: A — B by the Beck—Chevalley square. O

Remark A.2. If the restriction functor f* has a right adjoint f., the second
condition is equivalent to demanding that the Beck—Chevalley map Gp f« — f«Ga
be invertible. In particular, if C and D are B-complete, then G has a left adjoint if
and only if it preserves B-limits and each G 4 has a left adjoint.

The following proposition allows us to significantly reduce the amount of conditions
we have to check:

Proposition A.3. Let G: C — D be a B-functor. Assume there exists a covering
sieve X C B of the terminal object 1 € B such that for every A € ¥ the functor G
admits a left adjoint Fa and such that for every f: A — B in X the Beck—Chevalley
map Faf* — f*Fp is invertible. Then G admits a left adjoint.

Proof. As Y. is a sieve, the assumptions imply via the previous proposition that for
every A € X the B s-functor 73 G: 7,C — 73, D is a right adjoint. As the objects
of ¥ cover 1 € B, [MW21, Remark 3.3.6] then implies that also G itself is a right
adjoint as claimed. O
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Corollary A.4. Let Q C B local and let C be any B-category. Assume that for
every q: A — B there exists a covering sieve ¥ C B, p such that for every (f: B' —
B) € X restriction functor ¢": C(B') — C(A xp B') along ¢’ := ¢*(f) admits a
left adjoint q{, and such that these left adjoint satisfy base change along maps in 3.
Then C is Q-cocomplete.

Proof. We have to show that for each ¢ the B,p-functor ¢*: m3C — Fun(4,73C)
admits a left adjoint. This is however simply an instance of the previous proposition
(with B/ p in place of B). O

We also note the following result complementing this corollary:

Lemma A.5. Let Q C B be local and let F': C — D be a functor of Q-cocomplete
B-categories. Assume that for every q: A — B in Q there exists a cover (f;: B; —
B)icr (not necessarily a sieve) such that for every i € I the Beck—Chevalley map
@ Faxpp — Fpq) is an equivalence, where ' = f}(q) denotes the pullback of q
along f;. Then F is Q-cocontinuous.

Proof. Fix q: A — B together with such a covering; we have to show that the
Beck—Chevalley map BCy: i F'4 — Fpq is an equivalence. As the f; form a cover,
it will be enough to show that f*BC; is an equivalence for every i € I, i.e. that the
pasting

C(A) —2 c(B) s e(By)

FJ/ //Bc!/;( J{F JF
D

D(A) —;— D(B) 5 D(Bi)

is invertible. However, pasting with the equivalences f*q — ¢ f; coming from
O-cocompleteness and appealing to the compatibility of mates with pastings this
is equivalent to saying that the pasting

C(A) "I o4y B —1 s o(By)

Fl lF /BC!% lF
/
D(A) i DA %5 Bi) — D(B))
BlJi 9

is invertible, which holds by assumption on f;. ([
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