Theory and Applications of Categories, Vol. 32, No. 3, 2017, pp. 53-112.

C-SYSTEMS DEFINED BY UNIVERSE CATEGORIES:
PRESHEAVES

VLADIMIR VOEVODSKY

ABSTRACT. The main result of this paper may be stated as a construction of “almost
representations” p,, and i, for the presheaves Ob,, and Ob,, on the C-systems defined by
locally cartesian closed universe categories with binary product structures and the study
of the behavior of these “almost representations” with respect to the universe category
functors.

In addition, we study a number of constructions on presheaves on C-systems and on
universe categories that are used in the proofs of our main results, but are expected to
have other applications as well.
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1. Introduction

The concept of a C-system in its present form was introduced in [9]. The type of the
C-systems is constructively equivalent to the type of contextual categories defined by
Cartmell in [1] and [2] but the definition of a C-system is slightly different from Cartmell’s
foundational definition.

In [8, Sec.3] we constructed, on any C-system and for any n > 0, presheaves Ob,, and
C’%n. These presheaves play a major role in our approach to the C-system formulation
of systems of operations that correspond to systems of inference rules. For example, by
providing a construction for [8, Prob. 4.5] we construct a representation in terms of these
presheaves of the most important structure on the C-systems, the structure corresponding
to the (II, A, app, B, n)-system of inference rules. Another formulation of this structure is
the Cartmell-Streicher structure of products of families of types [1, pp. 3.37 and 3.41], [5,
p. 71].

This paper appeared as an outcome of the work on systematization and generalization
of the ideas that has been used in the second part of the preprint [7]. In the process of
this work new structures became apparent both on the C-systems and on the universe
categories whose general properties could be combined to obtained clear and systematic
proofs of the main theorems of the second part of that preprint.

As a result the paper is about certain constructions on presheaves on C-systems and
universe categories, about their interaction in the case of the C-systems of the form
CC(C,p), and about their behavior with respect to the universe category functors.

The paper is subdivided into two parts. In the first part there are collected con-
structions and theorems (most often called ‘lemmas’) about structures on one C-system
or universe category or one pair of a C-system and a universe category. In the second
part we study the behavior of these constructions with respect to the universe category
functors.

Throughout the paper we use the diagrammatic order in writing the composition, that
is, for f: X - Y and g : Y — Z we write f o g for their composition. This convention
applies to functions between sets, morphisms in categories, functors etc.

We denote by ®° the functor PreShv(C’) — PreShv(C') given by the pre-composition
with a functor @ : C? — (C')°P, that is,

In the literature this functor is denoted both by ®* and ®, and we decided to use a new
unambiguous notation instead.

In the first Section 2.1 we study a functor Sig : PreShv(CC) — PreShv(CC') defined
from any C-system C'C. This functor comes together with functor isomorphisms

SOb, : Sig(Ob,) — Oby1

Sé/bn : Slg((//j_l/)n) — E97)714—1
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that makes it important for the study of the ‘structure sheaves’ Ob,, and (?)?)n

In Section 2.2 we study a functor D, : PreShv(C) — PreShv(C) that is defined for
any category C with a choice of a universe p (see [6, Def. 2.1]) in it. We define the sets
D} (X,Y), which play a major role in all that follows, by the formula

DX, Y) = Di(Yo(Y))(X)

where Yo(Y') is the contravariant functor represented by Y and D} refers to the n-th
iteration of D,. These sets are functorial both in X and Y and we use the notation o for
this functoriality, that is, for d € Dj(X,Y), f: X' = X and g: Y — Y we set

fod=Dy(f,Y)(d)

dog=D,(X,g)(9)

This o-notation is justified by the identity and associativity equalities collected in Lemma
2.2.3 and makes many computations in the following sections more convenient.

In Section 2.3 we construct the first of the main isomorphisms that we work with in
this paper, namely, the isomorphisms u; and wu; of the form

uy = Oby — int°(Yo(U))

Uy : Oby — int°(Yo(U))

Here we start with a universe category, a category with a universe and a final object, that
we denote (C,p) where p : U — U is the universe. Associated to it in [6, Constr. 2.12] is a
C-system C'C(C,p) that comes together with a fully-faithful functor int : CC(C,p) — C.
For a functor ® we let ®° denote the functor of pre-composition with ® on presheaves. In
particular, for a presheaf I’ on C, int°(F') is a presheaf on CC(C,p). The isomorphisms
uy and u; provide what we referred to as ‘almost representations’ for Qb; and (%1.

In Section 2.4 we connect, by a functor isomorphism SD,, the functors D, and Sig in
the case of a pair of a universe category and the associated C-system. The isomorphism
SD,, has the form

SD, :int® o Sig = D, o int®

In Section 2.5 we combine SOb,, Sig and SD, to provide the inductive step for a
definition of isomorphisms

Uy : Ob, — into(Dg’l(Yo(U)))

Uy 2 Ob,, — int®(D1(Yo(U)))
starting with u; and w;. This construction combines all constructions introduced in
Sections 2.1-2.4.

Section 2.6 is different from the preceding sections in that, that we assume an addi-
tional structure on C namely the combination of the locally cartesian closed and binary



56 VLADIMIR VOEVODSKY

product structures. Under the assumption of these structures we construct a functor
I, : C — C and a family of representations for presheaves of the form D,(Yo(V)) that we
denote by ny:

v 2 Dp(Yo(V)) = Yo(I(V))

This family is natural in V' forming a functor isomorphism
n:YooD,— I,0Yo

where both functors are from C to PreShv(C). By a simple iterative construction we
obtain from n functor isomorphisms

Yoo D) — I oYo

and with them representations of presheaves of the form D}(Yo(V)). The naturality
properties of our construction admit convenient presentation in the o-notation:

Nu(f od) = fon.(d)

M(dog) =nu(d)o I,/ (g)
Combining isomorphisms 7 with isomorphisms u and u we obtain the second main family
of isomorphisms constructed in this paper

2 Ob, — intO(Yo(]gfl(U)))

fin : Ob, — int°(Yo(I'"Y(U)))

To be able to rigorously construct I, as a functor and later to study its properties with
respect to universe category functors we need notations related to the locally cartesian
closed structures that we could not find in the literature. Therefore, we added the two
appendices where these notations are introduced. The appendices contain known facts
about categories, but it seems that these facts have never been represented at the level of
detail that we need in this paper.

We may add that using a locally cartesian closed and a binary product structure to
construct I,(V') and the representations of the functors D,(Yo(V)) by means of these
objects is to require a lot where much less would suffice. It would be sufficient to sim-
ply require a family of objects I,(V') parametrized by V' € C and representations 7y of
D,(Yo(V)) by means of I,(V). The functoriality for this family in V' may then be de-
rived from the representations and the functoriality of Yoo D, and this functoriality will
automatically make the representations natural in V. This is a much less grand require-
ment that a full locally cartesian closed plus a binary products structure. However, we
will continue to consider the construction based on these two structures because they are
more familiar.

Section 2.6 completes the first part of the paper. In the second part we consider how
the constructions introduced in the first part interact with the universe category functors.
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In Section 3.1 we study the interaction of the functor D, and the construction Dy (X,Y")
with the universe category functors. We start with a universe category functor & =

(P, 0,0): (C,p) — (C',p') and construct a functor isomorphism
®D:3°0 D, — Dy o d°

Then we use this isomorphism along with a number of other constructions to define, for
all X,Y € C and n > 0, functions

These functions are natural in X and Y, which, in the o-notation, can be written as
®"(fod)=®(f) o ®"(d)
P"(dog)=@"(d) o P(g)

In Section 3.2 we study the interaction of the isomorphisms u,, and w,, with the universe
category functors. First, we recall the construction, given in [6, Constr. 4.7], of the
homomorphism of C-systems H : CC(C,p) — CC(C',p') defined by ®. We also show
that the family of isomorphisms ¢ (I") constructed in the same paper forms a functor
isomorphism

Y :Hoint —into®

The main result of this section is Lemma 3.2.4 that establishes the rule under which
isomorphisms u,, and u,, are transformed by universe category functors.

In Section 3.3 we study the interaction of universe category functors between locally
cartesian closed universe categories with binary product structures and the constructions
I,, and 7,,. No assumption about the compatibility of the functor with the locally cartesian
closed or binary product structures used to define [, and I, and the corresponding 7,
functions is made. In a somewhat surprising result no such assumption turns out to be
necessary to construct a natural family of morphisms

Xon : P (Y)) = I3 (2(Y))
that satisfy, for d € ®"(X,Y’), the equalities

n(®"(d)) = @(1(d)) © Xxn(Y)

In Section 3.4 we apply the results of the previous section and Section 3.2 to describe
the interaction of isomorphisms u, and p, with universe category functors. This is the
last result of the present paper.

In [10] the result of Section 3.4 it is used to prove the functoriality theorem for the
construction of a (II, A)-structure on CC(C, p) from a P-structure on p.

Throughout the paper we work in the Zermelo-Fraenkel foundations. The methods of
this paper are constructive in the following sense. Neither the axiom of the excluded mid-
dle nor the axiom of choice are used. Unbounded universal quantification is used since we
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make statements about “any C-system” etc. and operate with concepts such as a presheaf
or a family without specifying the target universe. I seems that this use of unbounded
quantification can be easily eliminated at the price of extending the foundational system
to include one or two universes. We have not fully analyzed the requirements that these
universes would have to satisfy. At the moment it appears that it would be sufficient to
use “small” universes whose existence can be proved in ZF.

At the same time as complying with the requirements imposed by ZF we made an
effort to ensure that the paper can be translated into the UniMath language.

The paper is written in the formalization-ready style, that is, in such a way that no
long arguments are hidden even when they are required only to substantiate an assertion
that may feel obvious to readers who are closely associated with a particular tradition of
mathematical thought.

As a result, a number of lemmas, especially in the appendices, may be well know to
many readers. Their proofs are nevertheless included to comply with the requirements of
the formalization ready style.

On the other hand, not all preliminary lemmas are included or a reference to a complete
proof is given. There are some, but very much fewer than is usual in today’s papers,
exceptions.

The concept of “a family” can be formalized as suggested in [8, Remark 3.9].

The main results of this paper are not theorems but constructions and so are many
of the intermediate results. Because of the importance of constructions for this paper we
use a special pair of names Problem-Construction for the specification of the goal of a
construction and the description of the particular solution.

In the case of a Theorem-Proof pair one usually refers (by name or number) to the
theorem when using the proof of this theorem. This is acceptable in the case of theorems
because the future use of their proofs is such that only the fact that there is a proof but
not the particulars of the proof matter.

In the case of a Problem-Construction pair the content of the construction often mat-
ters in the future use. Because of this we have to refer to the construction and not to the
problem and we assign in this paper numbers both to Problems and to Constructions.

Acknowledgements are at the end of the paper.

2. Presheaves Ob,, and 56/”

2.1. FUNCTOR Sitg AND FUNCTOR ISOMORPHISMS SOb, AND S&)n. Let C'C be a C-
system. Presheaves Ob,, and Ob,, on C'C where defined in [8, Section 3]. On objects they
are given by

Ob, (D) = {T € OW(CC) | I(T) = I(T) +n, ft"(T) =T} (2.1)

Ob,(I') = {0 € Mor(CC) | codom(o) € Ob,(I'), 0 € sec(Peodom(o)), codom(o) > T} (2.2)
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where for a morphism p: Y — X we set
sec(p) = {s € Mor(X,Y)|sop=Idx}

Elements of sec(p) are called sections of p.
On morphisms these presheaves are defined by

Ob, (F)(T) = f*(T)

Obn(0) = f*(0)
where f*(7') is defined in [8, above Lemma 2.4] and f*(o) is defined in [8, Lemma 2.13].
For o € 0b,(I") we write 0, r(0) for codom(o). We will often omit the indexes n and

I' at 0. The family of functions 0, r forms a morphism of presheaves 0, : (%n — Ob,,
In this section we consider three constructions that apply to any C-system CC — a
functor Sig : PreShv(CC) — PreShv(CC) and two families of isomorphisms paramer-
ized by n € N:
SOb,, : Sig(Ob,,) — Ob,, 41

and . . .
SOb, : Sig(Ob,,) — Ob, 11

such that SOb, 0 d,41 = Sig(d,) o SOb,.
Let G be a presheaf on C'C. For I' € CC we set

Sig(G)(T) = gcon md(T) (2.3
and for f: 1" — T

Sig(G) ()T, g) = (f(T),G(q(f, T))(T)) (2:4)

2.1.1. LEMMA. The presheaf data Sig is a presheaf, that is, one has:

1. forT' € CC,
Sig(G)(Idr) = Idsig)r)

2 for f T TV, f:T" =T,

Sig(G)(f' o f) = Sig(G)(f) o Sig(G) (/")
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PROOF. For the identity we have
Sig(G)(Ldr)(T,g) = (Idp(T),G(q(Idr, T))(g)) = (T, g)

where the second equality is by axioms of the C-system structure. For the composition
we have

Sig(G)(f)(Sig(G(/)(T’9))) = Sig(G)(f)(f*(T),G(a(f, T))(9)) =

)
()T, Gla (s F NG a(f, T))(9))) = () (F(T)), Gla(f', f(T))eq(f, T))(9))

= (1o N)N(T).G(q(f = 1, 1))(g)) = Sig(G)(f" o )T, g

where the first two equalities are by definition of Sig(G), the third by the composition
property of G, the fourth by the axioms of the C-system structure and the fifth again by
the definition of Sig(G). This completes the proof of Lemma 2.1.1. m

~—  —

One defines Sig on morphisms of presheaves r : G — G’ by the family of morphisms

Forr:G — G and f: IV — I', we have

Sig(G)(f) o Sig(r)r = Sig(r)r o Sig(G')(f)

that is, the family of functions Sig(r)r parametrized by I' € CC' is a morphism of
presheaves.
For G € PreShv(CC') we have

Sig(1dg)r(T, g) = (T, (Idg)r(9)) = (T’ g) (2.6)

and forr: G — G, ' : G' — G” we have

Sig(ror)r(T, g) = (T, (ror)r(9)) = (T, r7(re(9))) = Sig(r')(Sig(r)(T,9))  (2.7)

These two equalities show that the functor data given by Sig on presheaves and Sig on
morphisms of presheaves is a functor that we also denote by

Sig : PreShv(CC) — PreShv(CC)

2.1.2. REMARK. The construction of Sig works in more general setting than presheaves.

Indeed, for any family of sets G(I') parametrized by I' € CC' the formula (2.3) defines
a new family of sets Sig(G)(T') also parametrized by I' € CC. For any two families
G,G" and a family of functions rr : G(I') — G'(I") the formula (2.5) defines a family of
functions Sig(r)r : Sig(G)(X) — Sig(G")(X). The properties (2.6) and (2.7) hold in this
more general setting.

We can also define Sig(G) for any presheaf data, that is, for any pair consisting of a
family G(I") of sets parametrized by I' € CC' and a family of functions G(f) : G(I') —
G(I") parametrized by f : [V — I' in Mor(CC). For this we can again use formulas (2.3)
and (2.4).

If rp: G(I') — G'(I") is a morphism of functor data, that is functions r, commute with
functions G(x), then Sig(r) is a morphism of functor data as well.
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2.1.3. PROBLEM. Forn > 0 to construct an isomorphism of presheaves
SOb,, : Sig(Ob,) — Ob, 11

In constructing a solution of this problem and other problems where one needs to
build an of isomorphism of presheaves we will use the following lemma that is often
applied without an explicit reference.

2.1.4. LEMMA. Let ®,9’ : C — D be functors and ¢ : & — &' a natural transformation.
Then ¢ is an isomorphism of functors if and only if for all objects X of C the morphism
ox : O(X) — (X)) is an isomorphism in D.

When this condition is satisfied, the inverse isomorphism is formed by the family of
morphisms o5 = (dx) L.

PROOF. One should first verify that identity isomorphism of functors is formed by the
family Idg(x). This is immediate from the definitions.

If ¢ is an isomorphism as above and ¢! is its inverse, then the composition of these
two morphisms is Idg(x) and since it consists of the identity morphisms of the objects
®(X) we conclude that the morphisms ¢)_(1 form inverses to the morphisms ¢x. This
proves the “only if part”.

If all morphisms ¢x are isomorphisms then the family (¢x)~! forms a morphism of
presheaves ¢! : & — ®. Indeed, for f: X — Y one has

Oy 0 ®(f) = '(f) o by

This equality follows by taking its composition with ¢x on the left and ¢y on the right.
That ¢! is both the left and the right inverse to ¢ is immediate from its definition. This
proves the “if” part. [

We will also need the following lemma.

2.1.5. LEMMA. Let I' € CC. Then one has:
1. if T € Oby(I') and X € Ob,(T) then X € Ob,+1(I),
2. if X € Ob,41() then ft"(X) € Oby(T") and X € Ob,(ft"(X)).

PROOF. The first assertion follows from the equalities {(X) = {(T)+n = (') +1+n and
FI(X) = JH(M(X)) = FHT) =T

To prove the second assertion let X € Ob,1(I"). Since [(X) > n we have [(ft"(X)) =
(X)=n=IT)+(n+1)—n=1I1T)+ 1. The equality ft*(ft"(X)) = ft""(X) =T is
obvious and we conclude that ft"(X) € Ob;(I'). Next, again because [(X) > n, we have
I(X)=1(ft"(X)) + n and since ft"(X) = ft"(X) we have that X € Ob,(ft"(X)). "
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2.1.6. CONSTRUCTION. Let I' € CC. Then Sig(Ob,)(I") is the set of pairs (7, X') where
T € Oby(T') and X € Ob,(T). By Lemma 2.1.5(1), the formula

SOb,. (T, X) = X (2.8)

defines a function Sig(Ob,)(I') — Ob,;1(I).
Conversely, by Lemma 2.1.5(2), the formula

SOb, 1(X) = (ft"(X), X) (2.9)

defines a function Ob,,+1(I') — Sig(Ob,)(I).
If & = SOb,r and ¥ = SOb, . then

O(V(X)) = o((f1"(X), X)) = X

and
U(R(T, X)) = V(X) = (ft"(X),X) = (T, X)

where the last equality follows from the equality T'= ft"(X). We conclude that SOb, r
and S (’)b;lr are mutually inverse bijections.

In view of Lemma 2.1.4, it remains to verify that the family of bijections SOb, r
parametrized by I' € C'C' is a morphism of presheaves, that is, that for any f : " — T’
and (T, X) € Sig(Ob,)(I") we have

Obp41(f)(SObnr (T, X))) = SObn 1 (Sig(Oby) (f)(T, X)) (2.10)

Computing we get
Oby, 1 (f)(SOb,r (T, X))) = f*(X)

SOb,, 1 (S1g(Ob,) (/)(T, X))) = SObur(f*(T), q(f, T)" (X)) = a(f, T)"(X)
and (2.10) follows from [8, Lemma 2.7]. This completes Construction 2.1.6.

As a corollary of Construction 2.1.6 and Lemma 2.1.4 we obtain the fact that the
family of functions (2.9) parametrized by I' € C'C is an isomorphism of presheaves that
is inverse to SOb,,. .

We proceed now to the construction of isomorphisms SOb,.

Recall from [9, Sec. 3], that Ob(C'C) is the set of elements o € Mor(CC') such that
0 € 5ec(Peodom(o)) and l(codom (o)) > 0. For such elements we also denote codom(o) by
d(0).

It follows easily from (2.2) that for T € Ob(CC) and n > 0 one has o € Ob,(T') if and
only if 0 € Ob(CC) and d(0) € Ob,(T). It also follows from (2.2) that Oby(I') = 0.

2.1.7. PROBLEM. Forn > 1 to construct an isomorphism of presheaves

Sann : Slg((fl)vbn) - (%n—i-l
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2.1.8. LEMMA. Let I' € CC. Then one has:
1. if T € Oby(T) and 0 € Ob,(T) then o € Oby 41 (),

2. if 0 € Oby,yy (L) then ft™(D(0)) € Oby(T) and o € Ob,(ft"(0(0))).
PROOF. If 0 € (%n(T) we have n > 0 an therefore o € avb(C’C) and 0(o) € Ob,(T). By

Lemma 2.1.5(1) we have d(0) € Ob,11(I'). Therefore o € Ob,,1(T"). This proves the first
assertion.

If o € Ob,11(T") then o € /Ovb(C'C') and 0(0) € Ob,41(I'). By Lemma 2.1.5(2) we have
ft"(0(0)) € Oby(I') and 0(0) € Ob,(ft"(9(0))). Therefore o € Ob,(ft"(0(0))). "

We can now provide a construction for Problem 2.1.7.

2.1.9. CONSTRUCTION. For I' € CC we have
Sig(Ob,)(T) = {(T,0) | T € Oby(T), 0 € Ob,(T)}

For (T,0) € Sig(Ob,)(T') we have o € Ob,,1(T') by Lemma 2.1.8(1) and therefore the
formula .
SOb, r(T,0) =0 (2.11)
defines a function Sig(@?)n)(r) — (’%nﬂ(l“). N N
If o € Ob,41(I") then by Lemma 2.1.8(2), ft"(9(0)) € Oby(I') and o € Ob,(ft"(9(0))).
Therefore the formula .
S0b,, r(0) = (ft"(8(0)),0) (2.12)
defines a function (5?),1“(1") — Sig((’%n)(l“).

One verifies in the same way as in Construction 2.1.6 that S@?)n’p and SavbnlF are
mutually inverse bijections. .

In view of Lemma 2.1.4 it remains to verify that the family of functions SOb, 1
parametrized by I' € C'C is a morphism of functors, that is, that for f : IV — T" and
(T, 0) € SOb, 1 one has

Oby11(f)(SOb, (T 0)) = SOb,, 1 (Sig(Ob,)(f)(T, 0)) (2.13)
Computing we get
Oby11(£)(SOby 1 (T, 0)) = Oby 1 (£)(0) = f*(0)

SOby, 0:(S1g(Oby) (f)(T, 0)) = SOby 1 (f(T), q(f, T)*(0)) = a(f, T)*(0)
and we conclude that (2.13) holds by [8, Lemma 2.15].
This completes Construction 2.1.9.
As a corollary of Construction 2.1.9 and Lemma 2.1.4 we obtain the fact that the
family of functions (2.12) parametrized by I' € CC is an isomorphism of presheaves that
is inverse to S (A??)n
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2.1.10. LEMMA. For any n > 1 the square of morphisms of presheaves

Sig(Oby) <2 Ob,.

st | L .14

Sig(Ob,) =22 Ob,.

commutes.

Proor. Let I' € CC'. By definition we have
Sig(Ob,)(T') = {(T,0) | T € Ob(T"),0 € Ob,(T)}
Let (T,0) € Sig((’%n)(l“). Then, again by definitions,
O (SOb,, (T, 0)) = Br(0)
and
SObmF(SZ‘g(a)F(T, 0)) = SObn’F(T, ar(0>> = 8{*(0)
The lemma is proved. [

2.1.11. REMARK. Define Sig™ by induction on n, setting Sig" = Idpyesho(ccy and Signtl =
Sig™ o Stg. Then, also by induction on n, we can construct isomorphisms

SOb;, - Sig"(Oby,) — Obpym
where SO, = Idey,, and SO is the composition

Sig(SOb™,) SOby i m
— —

Sig"t(Ob,,) = Sig(Sig"(Ob,)) Sig(Oby i)

Obn+m+1

In exactly the same way we construct isomorphisms

2.2. FUNCTOR D,, SETS D}(X,Y) AND THE o-NOTATION. In this section we work in
the context of a category C with a universe p. The goal of the section is to construct, for
any such pair, a functor

D, : PreShv(C) — PreShv(C)

The definition of a universe in a category was given in [6, Definition 2.1]. We repeat it
here for the convenience of the reader.
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2.2.1. DEFINITION. Let C be a category. A universe structure on a morphism p : U—U
in C is a mapping that assigns to any morphism f : X — U in C a pullback of the form

(X, f) =2 0
Wl lp (2.15)
x 5 vu
A universe in C is a morphism together with a universe structure on it.

We usually refer to a universe by the name of the corresponding morphism without
mentioning the choices of pullbacks explicitly. To shorten the notation we will write pg
instead of px p.

For f:W — Xandg: W — U such that foF = gop we will denote by f %z g the
unique morphism W — (X; F') such that

(f*rg)opr=f (2.16)
(f*rg)oQ(F) =g (2.17)

For X' L X 5 U we let Q(f, F) denote the morphism
QULF) = (pror o [)*r Q(f o F) 1 (X5 fo F) = (X F) (2.18)

Observe that one has

QUf o F) = Q(f, F) o Q(F) (2.19)
Q(Idy, F) = Idix.p) (2.20)
QU o L F)=Q(f,foF)oQ(f, F) (2.21)

where the first equality follows directly from the definition, the second from the definition
and the uniqueness of the morphisms f *p g satisfying (2.16) and (2.17) and the third is
proved in [6, Lemma 2.5].

Let us fix a category C and a universe p in it.

For any G € PreShv(C) we define functor data D,(G) given on objects by

Dy(G)(X) := lp.xuG((X; F)) (2.22)
and on morphisms by

Dy(G)(f) = (Fy) = (f o F,G(Q(S, F)) (7)) (2.23)
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2.2.2. LEMMA. The functor data D,(G) specified above is a presheaf, i.e., one has
1. for any X € C, Dp(G)(Idx) = Idp,(g)(x),
2. forany f: X —=Y,qg:Y = ZinC,

Dy(G)(f 0 9) = Dp(G)(g) 0 Dy(G)(f)
PROOF. For the first property we have

Dy(G)Ldx)((F,7)) = (Idx o F,G(Q(Udx, F))(7)) = (F,7)

where the second equality is by (2.20) and the identity morphism axiom for the presheaf
g.

For the second one we have
Dy(G)(fog)(F,y) = (fogo F,G(Q(fog, F))(7))) =

(fogoF,G(Q(f,g0 F)oQg, F))(v)) = (folgoF),G(Q(f, 90 F))(G(Qg, F) (7)) =

Dp(G) () (Dp(G)(9)(F, 7)) = (Dy(G)(g) © Dp(G) (/) (F,7)

where the second equality is by (2.21) and the third one by the composition axiom of the
presheaf G. m

One defines D,, on morphisms of presheaves r : G — G’ by the family of morphisms

Dp(r)x(F.v) = (F,rem) (7)) (2.24)
For f: X — X' and r : G — G’ we have
Dy(G)(f) © Dy(r)x = Dy(r)x: 0 Dp(G")(f) (2.25)

that is, the family of functions D,(r)y parametrized by X € C is a morphism of

presheaves.
For G € PreShv(C) we have

Dy(Idg)x = Idp,(g)(x)
and forr : G = G’ and ' : G’ = G" we have
Dy(ror’)x = D,(r)x o D,(1'")x (2.26)

These two equalities show that the functor data given by D, on presheaves and D, on
morphisms of presheaves is a functor that we also denote by

D, : PreShv(C) — PreShv(C)
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Note that for the presheaves of the form Yo(A), where Yo is the Yoneda embedding, we
have

D,(Yo(A))(X) = Up.xvMore((X; F), A) (2.27)
and for a morphism f: X — X',
Dy(Yo(A))(f)(F1, F) = (f o F1,Q(f, F1) o ) (2.28)
For a morphism a : A’ — A we have
D,(Yo(a))x (F1, F») = (Fy, Fyoa) (2.29)
Define
DI(X,Y) = D (Yo(Y))(X) (2.30)

such that in particular one has
Dg(X, Y)= More(X,Y)
Since D}}(Yo(Y')) is a presheaf we have, for any f : X’ — X, the function
Dy (Yo(Y))(f) : Dy (Yo(Y))(X) = Dp(Yo(Y))(X')

that we denote by

D)(f,Y): Dy(X,Y) = Dy(X'Y) (2.31)
Since D} and Yo are functors we have, for any g : Y — Y’ a function

Dy (Yo(g))x : Dy(Yo(Y))(X) = Dy (Yo(Y"))(X)

that we denote by

D (X,g): D)(X,Y) = Dy (X,Y) (2.32)

Let d € Dy(X,Y). For f: X" = X welet fo"d denote D}(f,Y)(d). For g:Y — Y’ we
let d"o g denote D} (X, g)(d). When no confusion is possible we will abbreviate both o”
and "o to o.

Let us summarize, using this “o-notation” some of the results proved above in the
following lemma.

2.2.3. LEMMA. For d € D}(X,Y) we have the following formulas:

1. IdXOd:d,
2 (flof)od=fo(fod),
3.d0]dy:d,

4. do(gog')=(dog)ogd,

5. foldog)=(fod)ogy.
PROOF. The first two equalities follow from the axioms of presheaf for DJ}(Yo(Y')), the

second two from the fact that Yoo D; is a functor and the last one from the fact that
the family of functions D,(Yo(g))- is a morphism of presheaves. "
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2.2.4. LEMMA. Let (C,p) be a universe category, n > 1, X, Y € C, and
(F,a) € Upx—uD) ' ((X;F),Y) = Dp(Dp 1 (Yo(Y)))(X) = Dp(X,Y)
Then one has

1. for f: X'—> X
fo(F,a)=(foF,Q(f F)oa)

2. forg:Y =Y’
(Fia)og=(F,aog)

PROOF. In the first case we have
fo(F a)=
Dy(Yo(Y))(f)((F,a)) = (f o F, Dy~ (Yo(Y)(Q(f, F))(a)) =
(foF,Q(f, F)oa)

where the first equality is by the definition of D (f,Y), the second by (2.23) and the third
by the definition of D}~H(Q(f, F),Y).

In the second case we have

(F7 CL) °g=
Dy (Yo(g9)x((F.a)) = (F, Dy (Yo(9)) x:r)(a) =
(F,aog)
where the first equality is by the definition of DJ'(X,g), the second by (2.23) and the
third by the definition of D~'((X; F), g). The lemma is proved. n

2.2.5. REMARK. It is likely that the functions (2.31) and (2.32) generalize to composition

functions
DZ(X, Y) x D;"”(Y, Z) — D;”“m(X, Z) (2.33)

The formulas 1.-5. suggest that these composition functions satisfy the unity and as-
sociativity axioms and therefore one obtains, from any universe category (C,p), a new
category (C,p). with the same collection of objects and morphisms between two objects
given by

Morey), (X,Y) = 1,50D) (X,Y)

The study of the composition functions (2.33) and categories (C, p). is deferred to a later
paper.

2.2.6. REMARK. The observations of Remark 2.1.2 apply, with obvious modifications, to
the construction D, as well.
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2.3. ISOMORPHISMS OF PRESHEAVES u; AND ;. We now consider a universe category,
that is, a category C with a universe p and a choice of a final object pt. We usually
denote a universe category as (C, p) without mentioning the final object. For any universe
category we have constructed in [6, Section 2| a C-system CC(C, p).

The main goal of this section is to provide constructions for Problems 2.3.2 and 2.3.5.

Let us first recall the construction of CC(C,p). One defines first, by induction on n,
pairs (Ob,,int, : Ob, — C) where Ob, = Ob,(C,p) is a set and int, is a function from
Ob,, to objects of C. The definition is as follows:

1. Oby is the standard one point set unit whose element we denote by ¢¢. The function
into maps tt to the final object pt of the universe category structure on C,

2. Obyy1 = acop, Mor(int(A),U) and int, 1 (A, F) = (int(A); F).

We then define Ob(CC(C,p)) as 11,500b,, such that elements of Ob(CC(C,p)) are pairs
' = (n,A) where A € Ob,(C,p). We define the function int : Ob(CC(C,p)) — C as the
sum of functions int,,. Where no confusion between int and int,, is likely we will omit the

index n at int,.
The morphisms in C'C(C, p) are defined by

Morceepy = UrreonceyMore(int(T), int(I))

and the function int on morphisms maps a triple ((I', I), a) to a. Note that the subset in
Mor that consists of f such that dom(f) =I" and codom(f) = I" is not equal to the set
More(int(I'),int(I")) but instead to the set of triples of the form f = ((I',I"),a) where
a € More(int(T'),int(I")). The functor int maps ((I',I”),a) to a. This map is bijective
and therefore the functor is fully faithful but its morphism component is not the identity
function.

The length function is defined by I((n, A)) = n.

One defines pt as pt = (0, tt). It is the only object of length 0.

If I' = (n, B) where n > 0 then, by construction, B = (A, F') where F' : int(A) — U.
The ft function is defined on such ' by ft(I') = (n — 1, A) and on pt by ft(pt) = pt.

2.3.1. LEMMA. ForI' = (n,A) and T = (n/, B) € Ob(CC(C,p)) one has T € Oby (") if
and only if n’ =n+ 1 and there exists F : int(A) — U such that B = (A, F).

PROOF. By definition of the length function I, we have {(I') = n and I[(T') = n/. By
definition of Oby, T' € Ob;(I') if and only if n’ =n + 1 and ft(T) =T.

HET=(n+1,(A F)) then ' =n+ 1. In particular, {(T) > 0 and therefore ft(T) =
(n, A) =T'. This proves the "if” part.

Assume that T'= (n/, B) € Oby(T). Then n’ =n+ 1. Since n’ > 0, B is a pair of the
form (A’, F). Since ft(T) = (n,A’) = (n, A) we have A’ = A. This proves the “only if”

part. ]
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The p-morphism for I' = (n, A) wheren > 0 and A = (B, F') is given by ((I', ft(T")), pr)
where pp are the p-morphisms of the universe structure.

For f: (n,A") — (n,A) and T such that I(T) = {(I') + 1 and ft(T) = T one has, by
Lemma 2.3.1, T = (n+ 1, (A, F')) and one defines

F1(T) = (n+1, (A, int(f) o F)) (2.34)

and
o(f, T) = ((f*(T),T), Qint(f), F)) (2.35)
The C-system axioms are verified in [6].

Let us denote by
int® : PreShv(C) — PreShv(CC)

the functor of pre-composition with int°? and by
Yo:C — PreShv(C)
the Yoneda embedding of C.
2.3.2. PROBLEM. To construct an isomorphism of presheaves
uy = Oby — int°(Yo(U)) (2.36)
such that for ' = (n, A) and T = (n+ 1, (A, F')) one has

ur(T)=F (2.37)

2.3.3. CONSTRUCTION. By definition of int° and Yo and Lemma 2.1.4, an isomorphism
of presheaves of the form (2.36) is a family of functions of the form

uyr : Oby(I') = More(int(I'),U)

parametrized by I' € Ob(CC(C,p)) such that for any f: IV — I and any 7" € Ob;(I") one
has

urr (f*(T)) = int(f) o uy r(T) (2.38)

and for any I' the function u, r is a bijection.

By Lemma 2.3.1, the conditions (2.37) define our family completely and it remains to
verify (2.38) and the bijectivity condition.

ForI'=(n,A), T=(n+1,(AF)), "= ,A) and f: I — ' we have, by (2.34),

fHT) = (' + 1, (A int(f) o F))
Therefore,

ulyp/(f* (T)) = uLp/((n' + 1, (A/, mt(f) o F))) = znt(f) of = mt(f) o ul,[‘(T)
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which proves (2.38).
By Lemma 2.3.1, for I' = (n, A), the formula F' — (n+ 1, (A, F)) defines a function

Morc(int(A),U) — Oby(T)

By the same lemma and (2.37) this function is inverse to u; p. This proves the bijectivity
condition and completes Construction 2.3.3.

Using again Lemma 2.3.1 and (2.37) we see that for any I' € Ob(CC(C,p)) and T €
Oby(T),

int(T) = (int(T'); uy r(T)) (2.39)
and
iNt<pT) = Du, r(T) (240)
For f: TV — T and T as above we have
int(q(f,T)) = Qint(f), ur,r(T)) (2.41)

2.3.4. LEMMA. For T = (n, A) and o € Oby(T') one has

codom(int(o)) = (int(I'); u1 r(0(0))) (2.42)

PRrROOF. We have codom(o) = 0(0) € Oby(I"). Therefore (2.42) follows from the equality
codom(int(f)) = int(codom(f)) and (2.39). n

The second problem whose solution is constructed in this section is as follows.

2.3.5. PROBLEM. To construct an isomorphism of presheaves
Uy : Oby — int°(Yo(U)) (2.43)
such that for o € (5?)1(F) one has
1.0(0) = int(0) o Q(urr(9(0)) (2.44)
where the right hand side is defined by (2.42) and the equality dom(Q(F)) = (dom(F); F).

To construct a solution for this problem we will need the following two lemmas.

2.3.6. LEMMA. For a universe p in C and X € C, the function
HFeMor()QU)SeC(pF) — MOT(X7 6)

given by the formula (F,s) — soQ(F) is a bijection. The inverse bijection is given by the
formula F +— (Fop, Idx * Fop F) where Idx *fop £ 1 defined because Idx o Fop = Fop.
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PRrROOF. Let us denote the first function by ¢ and second one by W. We have

O(U(F)) = ®(Fop,Idx #5,, F) = (Idx #5,, F) o Q(Fop) = F
where the last equality is by the definition of * Fop» and

V(D(F,s)) = (s 0 Q(F)) = ((s 0 Q(F)) 0 p, Idx *(soq(r))ep (8 © Q(F)))

Next we have
soQ(F)op=soppoF=F (2.45)

It remains to compare Idx *s0(r)op (5 © Q(F)) with s. To do it we need to compare its
post-compositions with pr and Q(F') with the same post-compositions for s.
By (2.45) we may replace s o Q(F') op with F'. We have

Idx xp (so Q(F)) opr = Idx = sopr

Idx xp (s0 Q(F)) o Q(F) =s0Q(F)=so0oQ(F)
Therefore, Idx *r (s o Q(F)) = s and

U(P(F,s)) = (F,s)

The lemma is proved. [

2.3.7. LEMMA. Let p:Y — X be a morphism in C and ® : C — C’ a functor. Then for
s € sec(p) one has ®(s) € sec(P(p)).
If @ is fully faithful then the resulting function

Pcep = sec(p) — sec(®(p))
s a bijection.

PRrROOF. The first assertion follows immediately from the definition of sec and the axioms
of a functor.
Assume that @ is fully faithful. To prove that ®,., is a bijection let

®,'5 : More (®(A), ®(B)) — More(A, B)

be the inverse to the function ®4 5 : Morc(A, B) — More (®(B), ®(B)) that we denoted

simply by ®. One verifies easily that for any A, B,C' € C the functions @g}B, @,}}C and

&« commute with the compositions and for any A € C one has &', (Ide(a)) = Ida.
Therefore, for s’ € sec(Py,x(p)) we have O3y (s') € sec(p). Indeed,

Dx x(Pyy(s) op) = Oxy(Pxy(s)) 0 Py x(p) = ¢ 0 Py x(p) = Ida(x)

and since (I))},lx([dé(X)) = Idx we obtain that ®3',(s') o p = Idx. This implies that
Decp and the restriction of @'y to sec(®(p)) form a pair of functions between sec(p)
and sec(®(p)) and one sees immediately that they are mutually inverse. "
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2.3.8. CONSTRUCTION. By definition of ¢nt° and Yo and Lemma 2.1.4, an isomorphism
of presheaves of the form (2.43) is a family of functions of the form

Uir: (’/5?)1(F) — More(int(T'),U)

parametrized by I' € Ob(CC(C, p)) such that for any f : " — I" and any o € C’Tbl(F) one
has

ur (f*(0)) = int(f) o urr(o) (2.46)
and for any I' the function u; p is a bijection.
The equalities (2.44) define our family completely and it remains to prove (2.46) and
the bijectivity condition.
For the proof of (2.46) we have the following, where we write u instead of u;r and
uy,r and u instead of u; p and uy v,

u(f*(0)) = int(f*(0)) o Q(u(d(f*(0)))) = int(f*(0)) o Q

int(f*(0)) o Q(int(f) o u(0(0))) = int(f*(0)) o Qint(f), u(9(0)

int(f*(0)) o int(q(f,9(0)))  Q(u(d ( ) = t(f (0) o q(f,8(0)

int(q(f,T) 0 0) 0 Q(u(9(0))) = int(f o 0) o Q(u(9(0)

int(f) o int(o) o Q(u(a(O))) = nt(f) o u(o)

where the first equality is by (2.44), second is by definition of f*(0), the third is by (2.38),

the fourth is by (2.19), the fifth is by (2.41), the sixth is because int is a functor, the

seventh is by [8, (2.19)], the eighth is by definition of ¢(f, —), the ninth is because int is
a functor and the tenth is again by (2.44). This completes the proof of (2.46).

To prove that the function u; r is a bijection we will represent it as the composition
of functions that we can show to be bijections. The functions are of the form

—~
g
—~
KH

*
—~
o5
—~
Q
~—
~—
~—
~—
Il

Oby(I) — Urcon 0 (T) = Up.inyrysvsec(pr) — Mor(int(T),U)
and are given by the formulas
o+ (0(0),0) (T,0) — (u(T),int(o)) (F,s) — soQ(F)

The first function is the function X — I ey f~'(y), which is defined and is a bijection for
any function of sets f : X — Y. The second one is the total function of the function u and
the family of functions intsep, of Lemma 2.3.7. Since u and the functions ints..,, are
bijections the total function is a bijection. The third function is the bijection of Lemma
2.3.6. N

Let us show that the composition of these bijections equals @. Indeed, for o € Ob; ()
we have

0+ (0(0),0) — (u(0(0)),int(0)) — int(o) o Q(u(d(0))) = u(o)

This completes Construction 2.3.8.
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2.3.9. REMARK. The inverse to u; r can be expressed by the formula

ﬂill"(H) = Znt1:1 (Idznt(F) *Hop H)

suy p(Hop)

Note that while we can omit explicitly mentioning dom(f) and codom(f) when we write
int(f) we must specify them when we write int~!(f) because int is bijective only on the
subsets of morphisms with fixed domain and codomain. This makes the expression for
271_% longer than one would prefer.

The family of functions dr forms a morphism of presheaves /Ovbn — Ob,, that we usually
denote simply by 0.

2.3.10. LEMMA. The square of morphisms of presheaves
Ob, —2s int°(Yo(D))
al linto(Yo(p)) (2.47)
Ob; —— int°(Yo(U))

commutes.

ProoF. For I and o € (57)1@) we have
int®(Yo(p))r(urr(0)) = (tr(0)) o p = int(0) o Q(urr(9(0))) o p =

int(0) © Puy r((0)) © t1,0(0(0)) = int(0 © pa()) © u1,r(9(0)) = u1,r(9(0))
where the first equality is by definition of int® and Yo, the second by (2.44), the third

by commutativity of (2.15), the fourth by (2.40) and the fifth by the definition Ob; (") in
(2.2) and the fact that d(o) = codom(o). The lemma is proved. "

2.4. FUNCTOR ISOMORPHISMS SD,. In this section we continue to consider a universe

category (C,p). For any (C, p) we will relate the functor D, on PreShv(C) and the functor
Sig on PreShv(CC(C,p)).

2.4.1. PROBLEM. For a universe category (C,p) to construct an isomorphism of functors
from PreShv(C) to PreShv(CC) of the form

SD, :int° o Sig — D, oint®

2.4.2. CONSTRUCTION. In view of Lemma 2.1.4, we have to construct, for any G €
PreShv(C), an isomorphism of presheaves on CC(C, p) of the form

SD,g : Sig(int” o G) — int o D,(G)

and to show that these isomorphisms are natural in G, that is, that for a morphism of
presheaves r : G — G’ one has

SD, g oint®(D,(r)) = Sig(int®(r)) o SD, g
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Applying Lemma 2.1.4 again, we see that we need to construct, for each G and I' €
CC(C,p), a bijection SD, g r, which we will denote ¢gr for the duration of the proof, of
the form

¢gr : Sig(int™ o G)(I') — (int” o Dy(G))(I') = Dp(G)(int(T))

and to show that two conditions hold:

1. for any f: IV — I' we have

¢g.r o Dy(G)(int(f)) = Sig(int™ o G)(f) © dgrv (2.48)

that is, the square

Sig(int™ o G)(I) ~2% D, (G)(int(D))
Sz‘g(mtopog)(f)l le(g)(mtm) (2.49)

bg v

Sig(int°? o G)(I") D,(G)(int(I'"))
commutes.
2. forany r: G — G and I' € CC(C,p) we have
¢g.r © Dp(r)inyry = Sig(int®(r))r © ¢gr (2.50)

that is, the square

Sig(int o G)(I) ~2% D, (G)(int(D))
Sz‘g(z‘nt%r))rl le(T)mt(m (2.51)
Sig(int o §')(I) —255 D, (G)(int(T))
commutes.

To construct ¢gr we first compute using (2.3)
Sig(int® o G)(T') = Hreop, )G (int(T))

and using (2.22)
D,(G)(int(I')) = Up.inyry—v G ((int(L); F))

and define the function ¢gr by the formula

¢g,r((T> 9)) = (ul,F(T)a 9) (2.52)

where the right hand side is defined because of (2.39). The function ¢¢r is a bijection as
the total function of the bijection u;r and the family of bijections, namely the identity
functions.
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To prove equality (2.48) we compute using (2.4)

Sig(int o G)(f)(T, g) = (f*(T),G(int(q(f, T)))(int(T)))
and using (2.23)

Dy(G)(int(f))(F, g) = (int(f) o F, G(Q(int(f), F))(g9))

Equality (2.48) follows now from (2.38) and (2.41).
To prove equality (2.50) we compute using (2.5)

Sig(int®(r))r(T, g) = (T, riner)(9))

and using (2.24)
Dp(r)'mt(l") (F7 g) = (F7 T(int(I);F) (g))

and (2.50) follows from (2.39).
This completes Construction 2.4.2.

2.5. ISOMORPHISMS OF PRESHEAVES u,, AND %, FOR n > 2. In this section we continue
to consider a universe category (C,p). For any such (C,p) and any n > 1, we construct
isomorphisms of presheaves on CC(C, p) of the form

Uy : Oby, — int®(D) ' (Yo(U))) (2.53)

and . _
Uy = Oby, — int°(D) " (Yo(U))) (2.54)
where Dg = Idpresho(c), and u; and wu; are the isomorphisms constructed in Section 2.3.

We show that
Uy o int® (D)~ (Yo(p))) = 0o iy (2.55)

Let us fix a universe category (C, p).

2.5.1. PROBLEM. Let n > 2. To construct an isomorphism of presheaves on CC(C,p) of
the form (2.53).

2.5.2. CONSTRUCTION. We proceed by induction on n starting with n = 1. Observe
that SD, g is an isomorphism of the form

Sig(int°(G)) — int°(D,(G)) (2.56)

The isomorphism u; was constructed in Section 2.3. For the successor, define u,,; as
the following composition

SOb; ! SDp,D$‘1<Yo<U))

Obn-i—l —

Sig(un

Sig(Ob,) S0, Sig(int> (D2 (Y o(U))))
int°(Dy(DE"Y(Yo(U)))) =——  int°(D2(Yo(V)))
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The isomorphism w41 is of the form

T (JU(T), T) = (J1(T), un iy (T)) = (a0 (JE(T)), i, pom () (T)) (2.57)

where the form of the first map is by (2.9), the second by (2.5) and the third by (2.52).
In particular, for n = 1 we get

ug,p(T) = (urr(FUT)), wa, (1) (T))

2.5.3. PROBLEM. Let n > 2. To construct an isomorphism of presheaves on CC(C,p) of
the form (2.54).

2.5.4. CONSTRUCTION. We proceed by induction on n starting with n = 1. The isomor-
phism u; was constructed in Section 2.3. For the successor, define u,,; as the following
composition, where we use that SD, g is of the form (2.56),

500, " Sig(in ~ SD,, pn=1 (v o(@))

Obuis 20 Sig(Ob,) S, Sig(int*(Dy (Yo(0)))
int°(Dy(D2~Y(Yo(U)))) =—— int°(D2(Yo(U)))
The isomorphism 41 1 is of the form

o= (ft"(9(0)), 0) = (f1"((0)), tn, pin((0))(0)) = (ur,p(f1"((0))), Un sin(o(0))(0)) (2.58)

where the form of the first map is by (2.12), the second by (2.5) and the third by (2.52).
In particular, for n = 1 we get

uz,r(0) = (u1,r(f1(9(0))), U1, py(s(0)) (0))
2.5.5. LEMMA. For any n > 1, (2.55) holds, that is, the square
Ob, — int*(Dr~(Yo(U)))
3l li"tc’(Dg_l(YO(p)))
Ob, —— int*(Dr(Yo(U)))
commutes.

PrOOF. We proceed by induction on n starting at n = 1. For n = 1 it is shown in Lemma
2.3.10.
For the successor of n we have the diagram

ob, " Sig(in ~ ~

Ob,iy 22 Sig(Ob,) 2 Sig(into(D(Yo(D)))) ——2s int(Dy(D2(Yo(D))))
al Sig(ml &g(z‘ntC’(D;(Yo@))))l mt°<Dp(D;:(Yo(p>>>>l

Obpr 2225 Sig(Ob,) 22 Sig(into (D2 (Yo(U)))) —22 int*(Dy(D(Y o(U))))
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where the composition of the upper horizontal arrows is u, and the composition of the
lower horizontal ones is u,. To prove the lemma it is sufficient to show that the three
squares of the diagram commute.

The commutativity of the left square follows easily from Lemma 2.1.10. The middle
square commutes by the inductive assumption using the fact that Sig is a functor. The
right square commutes because SD, is an isomorphism of functors, that is, it is natural
in morphisms of presheaves. n

2.6. THE CASE OF A LOCALLY CARTESIAN CLOSED C - ISOMORPHISMS 17, AND [i,.
In this section C is a locally cartesian closed category (see Appendix 4.2) with a binary
product structure (see Appendix 4.1).

The main construction of this section is Construction 2.6.4 for Problem 2.6.3 that
provides, for a universe p in a category C as above, representations for the presheaves
D,(Yo(Y)). As a corollary we provide constructions for Problems 2.6.5 and 2.6.8.

For a morphism p: U — U in C and an object Y of C let
IP(Y) = MU((ﬁap)v (U X varl))

and let
pri,(Y) =plpry : L(Y) = U

be the canonical morphism.
For a morphism f:Y — Y’ let

L(f) = Homy,((U,p), U x f)

By (4.10),(4.11) and Definition 4.1.4(3) we have
Ip(ldy) = Id]p(y)
and for f': Y’ — Y"” we have

I(fo [ = I,(f)o Ip<f/)

which shows that the mappings Y — I,(Y) and f — I,(f) define a functor from C to
itself.
The main goal of this section is to construct an isomorphism 7 between functors from
C to PreShv(C) of the form:
n:YooD,— I,0Yo

This isomorphism provides, in particular, a family, parametrized by Y € C, of repre-
sentations for the functors D,(Yo(Y)).

Note that I, depends on the choice of both the locally cartesian closed and the binary
product structures on C, but does not depend on the universe structure. On the other
hand, the construction of the functors D,(F') requires a universe structure on p but does
not require either the locally cartesian closed or the binary product structure on C.
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The computations below are required because we have to deal with this fact. In
particular, we have to take into the account that for F' : X' — U the fiber product
(X, F) xy (U, p) that we have from the structure of a category with pullbacks on C need
not be equal to (X; F') that we have from the universe structure on p.

Let p : U — U be a universe and Y an object of C. We assume that C is equipped
with a locally cartesian closed and a binary product structures. For F': X — U there is
a unique morphism B

L © (X,F) — (X,F) XU (U,p)

such that
Lp OPry = pPr
(2.59)
Lp OPro = Q(F)

which is a particular case of the morphisms ¢ of Lemma 4.1.3.
The evaluation morphism in the case of 1,(Y’) is a morphism in C/U of the form

evl, : (1,(Y),prl,(Y)) xg (U x Y,pry) — (U X Y, pry)

Define a morphism
stp(Y) : (L (Y); prip(Y)) =Y

as the composition:
stp(Y) = tprr,(v) 0 e0I,(Y) o pry (2.60)

We will need to use some properties of these morphisms.

2.6.1. LEMMA. Let f:Y — Y’ be a morphism, then one has

Q(IP(f)7prlp(Y/)) © Stp(yl) =stp(Y)o f

PROOF. Let pr = pri,(Y), pr' = prL,(Y'), t = tp, V' = tp, ev = evl,(Y) and ev' =
evl,(Y"). Then we have to verify that the outer square of the following diagram commutes:

(L(Y);pr) —— (L(Y),pr)xy (U,p) —=» UxYy 225 v
Q(Ip(f),pr/)l Ip(f)xldﬁ Idefl lf
(L(Y")ipr') — (L(Y"),pr') xu (U,p) -~ U x V' 225 y7

The commutativity of the left square is a particular case of Lemma 4.1.3. The commu-
tativity of the right square is an immediate corollary of the definition of Idy x f. The
commutativity of the middle square is a particular case of (4.7). [
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2.6.2. REMARK. In [3] generalized polynomial functors are defined as functors isomorphic
to functors of the form I,,.

2.6.3. PROBLEM. Let C be a locally cartesian closed category with a binary product struc-
ture and p a universe in C. To construct, for all Y € C, isomorphisms of presheaves

ny : Dp(Yo(Y)) = Yo(I,(Y))
that are natural in'Y', i.e., such that for all f :Y — Y’ the square

D,(Yo(v)) 20 b (vo(y))

.| I~
Yo(L(v)) ~22Y0% yo(r,(v7))
commutes.

2.6.4. CONSTRUCTION. We will use the notation introduced before Remark 2.2.5. We
need to construct bijections

ny.x @ Dp(X,Y) = More(X, 1,(Y))

such that for all f:Y —Y’, X € Cand d € D,(X,Y) one has

ny.x(d) o L(f) = nyr x(do f) (2.61)
and for any f: X' — X and d € D,(Yo(Y))(X) one has
fonyx(d) =nyx(fed) (2.62)

We will construct bijections
77!Y,X : MOT(Xa IP(Y)) - Dp(Xv Y)
such that for all g : X — I,(Y’) one has:

1. for all f:Y — Y’ one has
' (g) o f =190 L(f)) (2.63)
2. for all f: X" — X one has

fon(g)=n(fog) (2.64)
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and then define 7y x as the inverse to 7y . One proves easily that (2.61) implies (2.63)
and (2.62) implies (2.64).
By (2.27) we have

Dy(X,Y) = Ip.xuMore(X; F),Y)
For g : X — I,(Y) we set
Nyx(9) = (g0 prLy(Y), Qg priy(Y)) o st,(Y)) (2.65)

as can be seen on the diagram

Y

TStp(Y)
Qprip(Y ~
(X:goprL(Y)) L(Y);pri,(v)) 22T 7

l ! &

X g [p (Y) prip(Y) U

Q(g,prIp(Y)) (

To see that this is a bijection observe first that it equals the composition
Mor(X, L,(Y)) = Up.xuMory (X, F), (1,(Y),prL,(Y))) = Up.xuMor((X; F),Y)

where the first function is given by the formula g — (gopri,(Y), g) and the second is the
sum over all F': X — U of functions g — Q(g,prl,(Y)) o st,(Y).

The first function is a function of the form A — Il,egh™'(b), which is defined and is
a bijection for any function of sets h : A — B. It remains to show that the second one is
a bijection for every F'.

By definition of the Hom;; structure we know that for each F' the function

adj : Mory (X, F), (I,(Y), prI,(Y))) = Mory((X, F) xu (U, p), (U x Y, pry))

given by g — (g Xu Id g p)) oevl,(Y) is a bijection.
By definition of the binary product, the function of post-composition with prs,

Mory (X, F) xy (U,p), (U X Y,pr1)) = Mor((X, F) xy (U,p),Y)

is a bijection. By Lemma 4.1.2, ¢ is an isomorphism and therefore the pre-composition
with it is a bijection. Now we have two functions

Mory((X, F), (L(Y), prI,(Y))) — Mor((X; F),Y)

given by g — tpo (g Xy Idg) o evl,(Y) opry and g — Q(g,prl,(Y)) o st,(Y') of which the
first one is the bijection. It remains to show that these functions are equal. In view of
(2.60) it is sufficient to show that

tro(g Xy Idﬁ) =Q(g,prl,(Y))o bpri,(Y)
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To do it we have to show that the compositions of the left and right hand sides with pry
(to 1,(Y')) and pry (to U) are equal.
For pr; we have
LFO(Q XU]dlj)Opﬁ =LlpOopriog=prog

Q(g,prIp(Y)) © tpri, vy 0 pri = Qg prip(Y)) © Dpri,(v) = Pgopri,(v) © 9 = Prog
where we used the defining equations (2.59) of ¢, the definition (2.18) of Q(—, —) and the
fact that ¢ is a morphism over U.

For pry we have

tpo (g xyIdg)opry =1popryoldy = ipopry = Q(F)

Qg: pr1p(Y)) © tpriy vy 0 pro = Qg, pri,(Y)) o Qpriy(Y)) = Qg o prip(Y)) = Q(F)
where we used the defining equations (2.59) of ¢, (2.19) and the fact that g is a morphism
over U.

We now have to check the behavior of n' with respect to morphisms in Y (equality
(2.63)) and X (equality (2.64).

Let pr = prl,(Y) and pr’ = pri,(Y'). Let g : X — I,(Y) be as above. For f: Y — Y’
we have

7' (9) 0 f = Dy(Yo(f))x(gopr,Qg,pr) o stp(Y)) = (9.0 pr, Q(g. pr) o sty(Y) o f)
where the first equality is by (2.65) and the second by (2.29) and

77!(9 o I(f)) = (9o I,(f) opr’,Q(go Ip(f),prl) © Stp(Y,))

where the equality is by (2.65). We have pr = I,(f) o pr’ because I,(f) is a morphism
over U. It remains to check that

Q(g,pr) o sty(Y) o f=Q(go L(f),pr') o st,(Y’)
By [6, Lemma 2.5] we have
Q(go L(f),pr') = Q(g,pr) o QL (f), pr')
and the remaining equality
Q(g,pr) o sty(Y) o f = Q(g,pr) o QU,(f), pr') o st,y(Y')

follows from Lemma 2.6.1.
Consider now f: X’ — X. Then

fon'(g)=Dy(Yo(Y))(f)(gopr,Q(g,pr)ost,(Y)) =

(fogopr,Q(f,gopr)oQ(g,pr) o sty(Y))
and
m(fog)=(fogopr,Q(fog,pr)ost(Y))
where we used (2.65) and (2.28) and the required equality follows from [6, Lemma 2.5].
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2.6.5. PROBLEM. For a locally cartesian closed category C with a binary product structure
and a universe p in C to construct, for alln >0 and Y € C, isomorphisms of presheaves

Ny = Dy (Yo(Y)) = Yo(L}(Y))
that are natural in'Y', i.e., such that for all f :Y — Y’ the square

. Dp(Yo(f)
Dr(Yo(Y)) ———=% Dr(Yo(Y"))

nn,Yl lnn,Y’ <266)
Yo(Im
Yo(Ir(v)) —U yo(myy)
commutes.

2.6.6. CONSTRUCTION. Proceed by induction on n starting with n = 0. By our conven-
tion, Dg = Idpresno(c) and Ig = Idc. We set gy = Idy,y). For the successor we define
Nn+1,y as the composition

Dy (Yo(Y)) =
D,(D2(Yo(Y))) 25 D (Yo(In(Y))) —E2% Yo(L(IM(Y))) =
Yo(Iy+'(Y))

The naturality in Y is easily proved by induction.

Note that we can write 7,y x as a function of the form
DZ(X, Y) = More(X, [g(Y))

Let us spell out the formulas expressing the fact that 7, y is a morphism of presheaves and
the naturality of 7,y in Y in the o-notation. Let d € D}(X,Y). Then for f: X' — X
one has

M(fod)=fon,(d) (2.67)
and for g : Y — Y’ one has

Nu(d o g) = n.(d) o I (g) (2.68)

Indeed, the first formula is an expression of the fact that the family of functions 7,y _ is
a morphism of presheaves and the second formula an expression of the commutativity of
the square (2.66).

We let 7, - denote the isomorphism inverse to 7,y . For m : X — I"(Y) we have the
following formulas that follow from (2.67) and (2.68). For f: X — X’ one has

fon,(m)=mn,(fom) (2.69)



84 VLADIMIR VOEVODSKY

and for g : Y — Y’ one has

m,(m) o g = n},(mo I(g)) (2.70)
Let us also introduce the following notation that will be useful below. For Y € C let
Idy = n,(Idyy) € Dy (L (Y),Y) (2.71)

We have the following formulas.
2.6.7. LEMMA. In the notations introduced above one has:

1. form: X — I'(Y) one has

!

mo Idy =, (m) (2.72)
2. for g:Y — Y’ one has
n ! n
Idy o g =n,(I,(9)) (2.73)
PRrROOF. For the first formula we have
m o Idy. = mon,(Idpy) = m,(m o Idryy)) = 1,(m)

where the first equality is by the definition of IdY., the second by (2.69) and the third by
the identity axiom of C.
For the second formula we have

Idy o g = m,(Idiyyy) 0 g = n,(Idig vy 0 1(9)) = m,(1}(9))

where the first equality is by the definition of IdY., the second by (2.70) and the third by
the identity axiom of C. The lemma is proved. [

Note that (2.72) implies in particular that we have
Ma(d) o Idy = n,,(na(d)) = d (2.74)

2.6.8. PROBLEM. For C as above, a universe p : U—UinC andn > 1 to construct
isomorphisms of presheaves

fin : Ob, — int°(Yo(I)~H(U)))
and . B
i = Ob, — into(Yo(I;}_l(U)))
such that the square -
Ob, " int°(Yo(I771(T)))
al lth’(Yo(I;—l(p))) (2.75)
Ob, — int°(Yo(I21(V)))
commautes.
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2.6.9. CONSTRUCTION. Compose isomorphism u, of Construction 2.5.2 (resp. isomor-

phism #,, of Construction 2.5.4) with the isomorphism int®(n,—1v) (resp. int°(n, ;7))

where 7,1y (resp. 7, , ) is the isomorphism of Construction 2.6.6. 7
To prove the commutativity of (2.75) consider the diagram

—~ a ) ~ int°(n, ) ~
Ob, —=— int°(Dr~Y(Yo(U))) LU int°(Yo(Ir1(V)))
al mt°<D2*<Yo<p>>>l lmt%wu;*(p)»

int® (nnfl,U)
Ty

Ob, —=— int*(Dp~(Yo(U))) int*(Yo(I;~H(U)))

The composition of the upper arrows is i, and the composition of the lower ones is .
It remains to show that the two squares commute. The left square commutes by Lemma
2.5.5. The right square commutes because int° is a functor and 7,1y is natural in Y.

Observe that for I' € CC(C,p), T € Ob,(I') and 0 € (%n(F) one has:

fin,0(T) = N1, Um0y (un,r (T)) € int®(Yo(I;~(U)))(T) = More(int(T), I~ (U))
(2.76)
and

Fin(0) = 01 5 onary (Tinr (0)) € int®(Yo(I7 ™ (U)))(I') = More(int (), I1~1(U)) (2.77)

and the commutativity of (2.75) is equivalent to the assertion that for all I" and o as
above one has

fin,r(0(0)) = fin,r(0) © I (p) (2.78)

3. Functoriality
3.1. UNIVERSE CATEGORY FUNCTORS AND THE D), CONSTRUCTION. Let (C,p, pt) and
(C',p', pt’) be two universe categories. Recall from [6] the following definition.

3.1.1. DEFINITION. A universe category functor from (C,p,pt) to (C’, p pt') is a triple
® = (D,¢,0) where ® is a functor C — C' and ¢ : ®(U) — U', ¢ : (U) — U’ are two

morphisms such that one has:

1. ® takes pt to a final object,
2. ® takes the canonical pullbacks based on p to pullbacks,
3. the square
o) — T
<1><p>l lp/ (3.1)

o(U) —2 U
1 a pullback.
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3.1.2. PROBLEM. Let ® = (@,qﬁ,gg) be a universe category functor (C,p) — (C',p'). To
construct a functor morphism

®D : ° 0 D, — D,y o d° (3.2)

3.1.3. CONSTRUCTION. Both the left and the right hand side of (3.2) are functors of the
form
PreShv(C') — PreShv(C)

Therefore, we need, for any presheaf G’ on C' and any X € C, to construct a function
®Dgrx « Dyp(°(G"))(X) — ©°(Dy(G"))(X) (3.3)
and to prove that

1. the family ®Dg/ _ is a morphism of presheaves, that is, for any a : X — Y in C, the

square
Dy (@°(G))(Y) 2 °(Dyy (")) (V)
| (D, (@) (3.4)
D (@°(G)(X) % °(D,y(¢"))(X)
commutes,

2. ®D is anatural transformation of functors to presheaves, that is, for any ' : 7' — G’
and any X € C the square

Dy(@°(F))(X) 2% (D, (F1))(X)
Dp(‘I"’(f/))xl J@(Dpf(f'))X (3.5)
D(@°(F))(X) 2% °(D,(G"))(X)
commutes.

Computing the left and right hand side of (3.3) we see that ® D¢ x should be a function

of the form
I gex:mn— [ guex):r)
FiX—U Frd(X)—U
Let F': X — U. Consider (®(X);®(F) o ¢). Since (3.1) is a pullback there is a unique
morphism ¢ such that go ¢ = Q(®(F) o ¢) and g o ®(p) = Pa(x),0(F)op © P(F). Then the
external square in the diagram

(B(X); B(F) 0 ¢) —1 B(0) —2 T

l%(xwmw <I>(p)l lp’

®(X) 'y ey —2 v
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is a pullback and since the right hand side square is a pullback, the left hand side square
is a pullback as well. Together with the fact that ® takes pullback squares based on p to
pullback squares this implies that we obtain two pullbacks based on ®(F") ad ®(p).
By Lemma 4.2.1 and Lemma 4.1.2 we have a unique morphism, which is an isomor-
phism,
BT (@(X); (F) 0 6) — B((X; F))

such that
Lg’F o0 ®(px.F) = Po(x),8(F)os (3.6)
13" 0 ®(Q(F)) 0 ¢ =Q(O(F)o¢) (3.7)
and we define:
®Dg x (F,7) = (®(F) 0 6,G'(13")(7)) (3.8)

When no confusion is likely, we will omit the indexes at ¢.
To prove that (3.4) commutes let

(F:Y = Uy €G(2((Y;F)))) € Dp(2(G)(Y)
Then one path in the square gives us
(2°(Dp (G)(a)(@DF x((F, 7)) =

(@°(Dp (G))(@)((R(F) 0 6, G"(1)(Y)) = Dy (G')(2(a))(P(F) 0 ¢,G'(1)(1))) =
(®(a) 0 ®(F) 0 ¢, G (Q(P(a), ®(F) © 9))(G"(1)(V)) =
(P(ac F)o¢, G (Q(P(a), (F) o ¢)or)(v))

where the first equality is by (3.8), the second by the definition of ®°, the third by (2.23)
and the fourth by the composition axiom of ® and G’.
The other path gives us

®Dgr x (Dy(2°(G)) (@) ((F, 7)) =
®Dg x((a o F,2°(G')(Q(a, F)) (7)) = ®Dg x((a 0 F,G'(9(Q(a, F)))(Y))) =
(P(ao F) o, G'()(G(®(Q(a, F)))(Y))) =

(®(acF)od G'(eo®(Qa, F)))(Y))

where the first equality is by (2.23), the second by the definition of ®°, the third by (3.8)
and the fourth by the composition axiom of G’.
It remains to show that

Q(®P(a), (F)od)or=10®(Q(a, F)) (3.9)
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We have four pullbacks

(P(X);P(ao F)o o) Q@(acled) 7 (B(Y); D(F) o ) QE(F)d) 7/

P@(X)sb(aoF)o% lp’ P@(Y)@(F)oqsl lp’

B(X) 2lcheo gy oY) 2@ gy
and ~ ~
@((X, a0 F)) ®(Q(aoF))og (7/ (P((Y7 F)) D(Q(F))od ﬁv/

(I’(pX,aoF)J( lp’ cb(pY,F)J/ lp'

(I)(X) P(aoF)o¢p U CI)(Y) D(F)ogp U
and a morphism ®(a) : ®(X) — ®(Y) such that ®(ao F)op = P(a) o P(F)o¢p. Applying
to these pullbacks Lemma 4.2.1 and then applying Lemma 4.1.3 we obtain a commutative

square
c1 (<I>(a),[d[7/)
7 YA

(®(X); ®(ac F)og)

|

(@(Y); ®(F) 0 ¢)

lt

o((XiaoF) L o((YiF)
To prove (3.9) it remains to show that
o (®(), 1) = Q(8(a), O(F) 0 ) (3.10)
and
c2(P(a), Ids) = ®(Q(a, F)) (3.11)

In view of the definition of the morphisms ¢;, ¢y given in Lemma 4.1.3 to prove (3.10) we
need to show that

Q(CID(a), ‘I)(F) o ¢) O Po(Y),®(F)op = Pd(X),®(acF)og © CD(G)

Q(®(a), ®(F) 0 9) 0 Q(B(F) 0 ¢) = Q(P(ao F) o ¢)
The first equality follows from (2.18). The second equality follows from (2.19). In both

cases we need also to use that ®(a o F') = ®(a) o O(F).
To prove (3.11) we need to show that

®(Q(a, F)) o ®(py,r) = ®(px,aor) © P(a)

(Q(a, F)) o ®(Q(F)) 0 = ®(Q(ao F))o¢

The first equality again follows from (2.18) and the composition axiom for ® and the
second equality follows from (2.19) and the composition axiom for ®. This completes the
proof of commutativity of (3.4).
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To prove that (3.5) commutes let
(F': X = U, B € F(P((X;F)))) € Dy(°(F))(X)
Then one path in the square gives us
O°(Dy (f))x(2Dr x ((F, 8)) =
O (Dp (f)x ((2(F) 0 ¢, F'()(8))) = Dy (f)acx) ((R(F) 0 6, F'(1)(8))) =
(O(F) 0 ¢, f(/<1>(X);<I>(F)of) (F'(1)(8)))
where the first equality is by (3.8), the second by the definition of ®° and the third by
(2.24).
The other path gives us
©Dgr x (Dp(2°(f))x ((F,8))) =
®Dgr x ((F, (2°(f) x:p) (B))) = ©Dgr x ((F, fox.m))(8) =
(®(F)oe, G (L>(f<1>((X F)) (8)))
where the first equality is by (2.24), the second by the definition of ®° and the third by
(3.8).
It remains to show that

faoa@mon (F (W(B) = G'()(fox.r)(B))

which follows from the axiom of compatibility with morphisms of the natural transfor-
mation [’ : F' — G’. This completes the proof of commutativity of (3.5) and with it
Construction 3.1.3.

3.1.4. PROBLEM. Let ® : (C,p) — (C',p’') be a universe category functor. Let F €
PreShv(C), F' € PreShv(C') and let

m: F — ®°(F')
be a morphism of presheaves. Let n € N. To construct a morphism of presheaves
Dg(m) : Dy(F) — @O(Dg,(}"'))

3.1.5. CoNSTRUCTION. We proceed by induction on n.
For n = 0 we set Dg(m) = m.
For the successor of n we need to construct a morphism

Dg"'(m) : Dy(Dy(F)) = ©°(Dy (Dyy(F)))

We define it as the composition

Dy(Dg (m)) ®Dpm )
e

Dp(Dy(F)) Dp(®°(D(F))) ———— &°(Dy (D} (7))

The explicit form of the morphism D} (m) when n > 11is given by the following lemma.
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3.1.6. LEMMA. In the context of Problem 3.1.4, let n>1, X € C, and
(F,a) € Up.xu Dy (F)((X; F)) = Dy (F)(X)
Then one has

Dg(m)x((F,a)) = ((F) o ¢; Dy~ (F)(1)(Dg " (m) (x;)(a))
where
L= T (@(X); B(F) 0.6) — B((X; F))
is the morphism defined by (3.6) and (3.7).

PRrRoOOF. We have
Di(m)x(F.a) =

D1 (2 (DylDig” () (F, @))) = @D s (2 (F, D™ (m) i (@) =

(D(F) 0 ¢: D (F)(0) (D (m) x;r) ()

where the first equality is by definition of D% (m), the second by (2.24) and the third by
(3.8). The lemma is proved. n

3.1.7. LEMMA. In the context of Problem 3.1.4 consider a commutative square in PreShuv(C)
of the form
A ao(F)
l lqw(v/) (3.12)
Fy —= @°(Fy)
Then, for any n € N, the square

Dg(m1)

Dy (F) o°(Dy (F1))
D;}(v)l J@O(D;;,(v')) (3.13)

n Dg (m2) o NN 7
Dy (F) °(D (F3))

commutes.

PrRoOOF. We proceed by induction on n.
For n = 0 the square (3.13) coincides with the square (3.12).
For the successor of n, (3.13) is the external square of the diagram

dD
D;L, (FD)

Dp(Dy(F1)) Dy(®°(Dyy (F1))) ———— ®°(Dp (D (F1)))
Dy} | D@ () | |#=2m e

Dp(Dg(m1))
—

D,(@°(D3(F) —2"2 &0(D,, (D1 (FL)))

Dyp(Dg(m2))

Dp(Dy(F2))
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The left hand side square in this diagram is obtained by applying D, to the square (3.13)
for n. It is commutative because D, is a functor and in particular satisfies the composition
axiom (2.26).

The right hand side square is commutative because ®D is a natural transformation of
functors that satisfies the axiom of compatibility with morphisms of presheaves. In our
particular case this axiom is applied to the morphism of presheaves D (V).

This completes the proof of the lemma. [

The following problem and construction are the only ones in this section where we
change our context from considering a universe category functor to simply a functor
between two categories.

3.1.8. PROBLEM. Given a functor ® : C — C' between two categories to construct, for
each 'Y € C, a morphism of presheaves

yo™Y : Yo(Y) = @°(Yo(®(Y)))

and to show that for a morphism g : Y — Y’ the square

Yo(Y) 25 ao(vo(d(Y))
yo(g)l B°(Yo(®(9))) (3.14)

y/

Yo(v") 25 ao(vo((Y")))
commutes.
3.1.9. CONSTRUCTION. We need to define, for all X € C, functions
Yo(Y)(X) = More(X,Y) = More/(®(X),®(Y)) = 2°(Yo(P(Y)))(X)

which we define as the restriction of @, to More(X,Y):

yo¥ () = ©(f) (3.15)

Let us show that this family is a morphism of presheaves, i.e., that for any a : X' — X
the square

Yo(¥)(X) 255 e(vo(@(y)))(X)
Yo(Y)(a)l 3°(Yo(®(Y)))(a) (3.16)
Yo(Y)(X) e O (Yo(®(Y)))(X)
commutes. Note that for an element f': ®(X) — ®(Y) of ¢°(Yo(P(Y)))(X) we have
*°(Yo(2(Y)))(a)(f') = ®(a) o f* (3.17)

Let f: X — Y be an element of Yo(Y)(X).
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Applying one path in (3.16) to f we get

P°(Yo(@(Y)))(a)(yoy" (f) = °(Yo(@(Y)))(a) (®(f)) = P(a) o ®(f)
where the first equality is by (3.15) and the second is by (3.17).
Applying another path we get
gl (Yo(¥)(@)(f)) = BYo(¥ )x:(a < f) = ®(ao f)

where the first equality is by definition of Yo(Y') and the second by (3.15).

We conclude that (3.16) commutes by the composition axiom of ®.

Let g : Y — Y’ be a morphism. Note that for an element f’ : ®(X) — ®(Y) of
P°(Yo(P(Y)))(X) we have

°(Yo(2(9)))(f") = f o (g) (3.18)
Let us show that the square (3.14) commutes. Let X € C and f € Yo(Y)(X).
Applying one path in (3.14) to f we get

©°(Yo(®(g)))(yo™ " (f)) = 2°(Yo(2(9)))(2(f)) = ©(f) o 2(9)

where the first equality is by (3.15) and the second by (3.18).
Applying another path we get

yo®Y (Yo(g)(f)) = yo™" (fo g) = ®(f 0 g)

where the first equality is by the definition of Yo(g) and the second by (3.15). We conclude
that (3.14) commutes by the composition axiom of ®.
This completes the construction.

Recall that for X,Y € C and n > 0 we have defined in (2.30) the set D}(X,Y) as
follows:
D(X.Y) = Dp(Yo(Y))(X)

We also introduced before Remark 2.2.5 the o-notation that we will use below.

3.1.10. PROBLEM. With assumptions as above, to define, for all X,Y € C and n > 0,

functions
Qv y  DJ(X,Y) — D (®(X), 2(Y))

3.1.11. CONSTRUCTION. Applying Construction 3.1.5 to the morphism of presheaves
yo®Y of Construction 3.1.9 we obtain morphisms of presheaves

Dy (yo™ ) : Dy (Yo(Y)) = @°(Dp(Yo(®(Y))))
Evaluating this morphism on X we obtain a function

Dy(X,Y) = Dy(Yo(Y))(X) = (D (Yo(®(Y))(X) = Dy (®(X), &(Y))  (3.19)

p
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For n = 0 we have
Dg(X, Y)=Yo(Y)(X)= More(X,Y)
and
DYy =Pxy (3.20)

that is, the restriction of @y, to the subset More(X,Y') of Mor(C).
The explicit form of the function ®% ;- when n > 1 is given by the following lemma.

3.1.12. LEMMA. In the context of Problem 3.1.10, letn > 1, X,Y € C and
(F.a) € U u D2 (X3 F),Y) = Dy(Dy (Yo(Y)))(X) = DA(X.Y)
Then one has
B, ((F,0)) = (®(F) 0 6,00 @k ()

where v : (P(X), P(F) o ¢) — O((X; F)) is the morphism defined by (3.6) and (3.7).
PROOF. By construction we have @},Y = Dg(yoé’y)x. By Lemma 3.1.6 we have

D (yo™ ) x ((F,a)) = (®(F) 0 ¢, D~ (Yo(@(Y))) (1) (D~ (yo™ ) (xir) (@)
Again by construction we have @?)E}F)y = D '(yo®Y) (x.r) and DZ,_I(YO((I)<Y)))<L) =
D;,_l(b, Y) =10 —. The lemma is proved. n
3.1.13. LEMMA. In the context of Construction 3.1.11 one has:

1. let f: X' — X be a morphism, then the square

@TL
Dy(X,Y) —= Dp(2(X),e(Y))
D f,Y)l lD;},@(f),CD(Y)) (3.21)

n
q:'X’,Y

DZ(X Y) ——
commautes,

2. let g: Y — Y’ be a morphism, then the square

Dr(X,Y) Sy, Dr(®(X),®(Y))
D;(X,g)l JD;;(@(X)@@)) (3.22)
P v
Dy(X,Y') —— Dp(®(X), (Y"))
commutes.

PRrROOF. Commutativity of (3.21) follows from (3.19) and the fact that D% (yo®Y) is a
morphism of presheaves.

Commutativity of (3.22) follows from (3.19), the commutativity of (3.14) and Lemma
3.1.7. -
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In the o-notation the assertion of Lemma 3.1.13 looks as follows. Let d € Dy(X,Y).
Then for f: X’ — X one has
O(f) o ®"(d) = ®"(f od) (3.23)
and for g : Y — Y’ one has
®"(d) o ®(g) = ®"(d o g) (3.24)

3.2. UNIVERSE CATEGORY FUNCTORS AND ISOMORPHISMS u, AND u,. By [6, Con-

struction 4.7] any universe category functor ® = (P, ¢, 5) from (C,p) to (C’,p) defines a
homomorphism of C-systems

H:CC(c,p)— cc,p)
Let g : pt' — ®(pt) be the unique morphism. To define H on objects, one uses the fact
that
Ob(CC(C,p)) = ,>00b,(C, p)
and defines H(n, A) as (n, H,(A)) where
H, : Ob,(C,p) — Ob,(C',p")

To obtain H,, one defines by induction on n, pairs (H,,,) where H, is as above and 1,
is a family of isomorphisms

Un(A) int,(H,(A)) — P(int,(A))
as follows:
1. for n = 0, Hy is the unique function from a one point set to a one point set and

Yo(A) = o,

2. for the successor of n one has

Hy1(A, F) = (Ho(A), n(A) 0 ®(F) 0 ) (3.25)
and 1,41(A, F) is the unique morphism mt( (A, F)) — ®(int(A, F)) such that
Uni1(A, F) o @(Q(F)) 0 ¢ = Q(¢n(A) 0 B(F) 0 ¢) (3.26)

and
Uny1(A, F) 0 D(pr) = Py, (A)od(F)og © Un(A) (3.27)

)
The function H : Ob(CC(C,p)) — Ob(CC(C',p")) is the sum of functions H,. For I' =
(n, A) in Ob(CC(C,p)) we let p(I") = 1, (A) so that 9 is the sum of families 1,,:

(1) int(H(T)) — ®(int(T))

The action of H on morphisms is given by the condition that for f: IV — ', H(f) is
a unique morphism of the form H(I') — H(T') such that

int(H(f)) = $(I") o @(int(f)) o (') (3.28)
We will often write H also for the functions H,, and v for the functions .
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3.2.1. LEMMA. The family of morphisms
() int(H(I)) — ®(int())
s a natural isomorphism of functors
Y :Hoint —into®

PROOF. By construction, ¢(I") is a family of morphisms of the form (H o int)(I') —
(int o @)(I"). It remains to verify that for f:I" — I" one has

(L) o (int o ®)(f) = (H o int)(f) o (1)
This equality is equivalent to (3.28). =

The following lemma describes the interaction between the isomorphisms u; and
and universe category functors.

3.2.2. LEMMA. Let (P, ¢, 5) be universe category functor. Then:
1. for T € Oby(I") one has

ur ) (H(T)) = (') 0 ®(uyp(T)) © ¢

2. foroe€ (%1(F) one has

gy (H(0)) = (') o @(uyr(0)) o ¢

PROOF. Let I' = (n, A).
In the case of T'€ Oby ('), if T'= (n + 1, (A, F')) then

ui(H(T)) = ui(n+1, H(A, F)) = ur(n + 1, (H(A), (") 0 ®(F) 0 ¢)) = ¢(I') 0 ®(F) 0 ¢

where the last equality is by (2.37).
In the case of 0 € Oby (1), if 9(0) = (n+ 1,(A, F)) then 9(H(0)) = (n+ 1, H(A, F)).
Since 0 : I' — 9(0) we have

H(0) = (T') o ®(int(0)) o (A, F)* (3.29)
and
(ur(n+1,H(A, F))) = H(0) o Q(¢)(A) 0 ®(F) 0 §) =
H(0) 0 9h(A, F) o ®(Q(F)) 0 ¢ = ¢(T) o QI><mt(o)) o P(A, F) " o h(A, F) o ®(Q(F)) 0 ¢ =
®(int(0)) o ©(Q(F)) o (P)ofb(mt() Q(F)) o ¢ =

$() o ( 1(0)) 0 ¢
where the first equality is by (2.44), the second by (3.25) and (2.37), the third by (3.26),
the fourth by (3.29) and the seventh again by (2.44). n

=
2
(]
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We now want to express the assertion of Lemma 3.2.2 in terms of the commutativity
of a diagram of natural transformations of presheaves on CC(C, p).

We will use the natural transformation ° that ¢ defines on the corresponding functors
between the categories of presheaves. Note that for a natural transformation a : &; — &,
of functors of the form C — C’ and a presheaf I’ on C' we have

O5(F)(X) = F'($2(X)) = F'(P1 (X)) = PF(F)(X)
that is, for a : ®; — &, we have a° : &5 — ®J. In particular, in the case of 1) we have:
Y P°oint® = (int o ®)° — (H oint)® =int° o H°

3.2.3. LEMMA. In the context of Lemma 3.2.2 the following two diagrams of natural
transformations of presheaves on CC(C,p) commute:

Ob, -2 it (Yo(U)) Ob,  —25  int(Yo(D))
int® (yo™ V) int® (yo™U)
int°(@°(Yo(2(U)))) int°(2°(Yo(2(U))))
lH(’)bl it (8 (Y o(4)) lﬂabl int® (@°(Y o()))
int°(®°(Yo(U"))) int®(9°(Yo(U")))
Yo(U') Yoy
Ho(Ob) Y% e (inte(Yo(U7)) Ho(Oby) 5% gointe (Y o(T))

PRrROOF. Consider the first diagram. For I' and 7' € Ob;(I') one path in the diagram
applied to T gives us

Ve (int*(2°(Y 0(9))) (int* (yo™  (ur,n(T))))) = ¥° (int®(2°(Y0(¢)))(2(ur,r(T)))) =
(P (ur,r(T)) 0 ) = (') 0 B(ur,r(T)) 0 ¢
while the other path gives
H®(ur)(HOb(T)) = w1, 1y (H(T))

The equality of these two expressions is the statement of Lemma 3.2.2(1).
The case of the second diagram is strictly parallel. The lemma is proved. [

Consider now isomorphisms u,, and wu, for general n > 1.

3.2.4. LEMMA. Let ® = (P, ¢, ¢) be a universe category functor and n > 1. Then
1. for T € Ob,(T") one has

wn, ey (H(T)) = () 0 (@) 1 (nr(T)) © 9) (3.30)
2. for o € Ob,(T') one has
Tty (H(0) = 6(T) 0 (871 (1(0) 0 ) (331)
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PROOF. Let us verify first that the right hand side of (3.30) is defined and belongs to the
same set as the left hand side.
By (2.36) and (2.53), we have u, p(T') € Dy~ (int("),U). Therefore,

o1 o (u,r(T)) € DZ,*I(q)(int(F)),CI)(U))

int(T),U
Since ¢ : ®(U) — U’ and (1) : int(H(T')) — ®(int(T)) we have
Y(T) 0 (@) o (unr(T)) 0 ¢) € Dy~ (int(H(T)), U")

on the other hand w, g (H(T)) is an element of Dgfl(int(H(F)), U') as well. Therefore,
(3.30) is an equality between two elements of the same set.

To prove (3.30) we proceed by induction on n. For n = 1 this equality is the same as
the equality of Lemma 3.2.2(1).

For the successor of n > 1 we reason as follows. Let 7" = ft"(T') € Ob;(I") and let us
abbreviate u; — to u,. By (2.57) and since H commutes with ft we have

Uun1(H(T)) = (u (ft"(H(T))), ua(H(T))) = (w1 (H(T")), un(H(T))) (3.32)
By the inductive assumption we have
un(H(T)) = (T") 0 (R} 1y (n(T)) © 6) (3.33)

On the other hand, by (2.57), Lemma 3.1.12 and (2.39) we have
‘I’?m (Un+1(T)) = ?nt(F),U((U’l(T,)?un(T))) =

((ur(T")) © 6,10 Bk im0 (1)) = (D(ur(T')) 0 6,10 Bt (1a(T)))

where
= 1" T (@(int(1)); D(ur (T7)) © ¢) — @((int(D); uy (1)) = D(int(T"))

is defined by the obvious analogs of (3.6) and (3.7).
By Lemma 2.2.4(2) we have

((wr(T)) © 6,10 (@]l o (wn(T)))) 06 = (B(us(T")) 0 6, (10 Byl 1 (1a(T))) 0 6)
Next, by Lemma 2.2.4(1) we have
(L) o (B(ur(T")) 0 6, (10 Byl 1 (ua(T))) 0 6) =
(B(T) 0 B(ur (1)) © 6, QUUAT), B(us(T")) 0 6) 0 (1 0 Bl 1 (ua(T))) © 0))

It remains to compare the last expression with (3.32). Both expressions are pairs. The
first components of these pairs are equal by Lemma 3.2.2(1). To show that the second
components are equal we need, in view of (3.33), to show that

Q(I), (ur(T") 0 ) © (¢ © Ry 1y (un(T))) © @) = V(L") 0 (B] ) 1 (un(T)) 0 ¢)
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In view of the “associativities” of Lemma 2.2.3 it is sufficient to show that

Q(T), ®(ur(T")) 0 @) o v = (T") (3.34)
where
L= (@@ (it () D(ug (T7)) 0 ¢) — S((int(D); ur (T')))
Let I' = (m, A) and F = uy; p(7"). Then 7" = (m + 1, (A, F)) and ¢(T") = ¢¥((4, F)) is

the unique morphism that satisfies the equations (3.26) and (3.27). Therefore, to prove
(3.34) we need to show that the following equalities hold:

Q((A), ®(F) 0 ¢) 0 tg™" 0 B(Q(F)) 0 ¢ = Q()(A) 0 ®(F) 0 §) (3.35)

Q((A), ©(F)o )0 Lf;t(A)’F o @(pr) = py(ayor(rop © Y(A) (3.36)
For (3.35) we have

Q(A), (F)og)oro®(Q(F))od = Q((A), ®(F)09)oQ(P(F)od) = Q(1(A)o®(F)og)

where the first equality is by (3.7) and the second one by (2.19).
For (3.36) we have

Q((A), ®(F)o¢)oro®(pr) = Q(Y(A), ®(F) o ¢) O Po(F)op = Pip(A)o®(F)og © P(A)

where the first equality is by (3.6) and the second one by (2.18) and (2.16).
A strictly parallel reasoning applies to the proof of (3.31).
This completes the proof of Lemma 3.2.4. [

From (3.30), using the fact that u, is a bijection, for d € Dg_l(int(f‘), U), we have

H(u, " (d)) = u," (¥(T) o (2"7'(d) © 9)) (3.37)

n n

and from (3.31), using the fact that w, is a bijection, for d € Dp~*(int(I'), U), we have

H(a," (d)) =, (¥(I') o (" 7(d) 0 9)) (3.38)

3.3. UNIVERSE CATEGORY FUNCTORS AND THE [, CONSTRUCTION. Let (C,p) and
(C',p") be locally cartesian closed universe categories with binary product structure as
considered in Section 2.6. Let ® : (C,p) — (C',p’) be a universe category functor. No as-
sumption is made about the compatibility of ® with the locally cartesian closed or binary
product structures.

In what follows we omit the indexes at 7,, 7, and ®" where no confusion is possible.



C-SYSTEMS DEFINED BY UNIVERSE CATEGORIES: PRESHEAVES 99

3.3.1. PROBLEM. In the context introduced above to construct, for anyn >0 andY € C,

a morphism
Xen(Y) : (L7 (Y)) = Ly (2(Y))

such that for any g : Y — Y’ the square

n xen(Y) o,
o(In(Y)) = Iy(2(Y))
@(I;(g))l llz’},(@(g)) (3.39)
n Xen(Y") n
(Ip(Y) = Ly (2(Y"))

commutes.

3.3.2. CONSTRUCTION. We set

Xan(Y) = n.(®"(Idy))

where Idy is defined in (2.71). In what follows we often omit the index ® at x. Let
g:Y — Y’ Let us show that the square (3.39) commutes. We have

Xn(Y) 0 I(®(g)) =
1 (®"(Ldy)) o I)(D(g)) = ma(®"(Idy) 0 D(g)) = 1 (®"(Ldy © g)) =
(@™ (1,13 (9))))
where the first equality is by the definition of y,,, the second by (2.68), the third by (3.24),
and the fourth by (2.73).
On the other hand we have,
(1 (g)) o xu(Y') =
(L (g)) o nn (" (Idy1)) = (P (1, (9)) 0 " (Idy)) = mn (P (1} (9) © Idy)) =
1 (®" (1,(1; (9))))
where the first equality is by the definition of x,,, the second by (2.67), the third by (3.23),

and the fourth by (2.72).
This shows that the square (3.39) commutes and completes the construction.

We have
xo(Y) = Ida(y) (3.40)
Indeed,

xo(Y) = 770(@0(16@)) = 770((1)0<77[!)([dlg(Y)))) = ‘I)O(IdY) = ®(ldy) = Idgy)

where the first equality is by the definition of &, in Construction 3.3.2, the second by the
definition of Idy in (2.71), the third by the fact that ny = Id by the definition of 7, in
Construction 2.6.6, the fourth by (3.20) and the fifth by the identity axiom of the functor
o.

We will also use the following formula.
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3.3.3. LEMMA. In the notation introduced above and d € Dy(X,Y) one has

m(@"(d)) = ®(n(d)) © Xn(Y')
ProOF. We have
D(nn(d)) o xa(Y) =
(1 (d)) 0 (@™ (Idy)) = 0 (P(0n(d)) © @™ (Idy)) = 0 (" (11n(d) 0 Idy)) =
1 (®"(d))

where the first equality is by the definition of y,,, the second by (2.67), the third by (3.23),
and the fourth by (2.74). "

3.4. UNIVERSE CATEGORY FUNCTORS AND THE ISOMORPHISMS fi,, AND [i,,. For a uni-
verse category functor (®, ¢, ¢) and n > 0 let us denote by

on: (L (U)) = I (U")
the composition x&,(U) o I];(¢) and by

Eo,0 O(IN(T)) — IH(T")

the composition x&.(U) o I])(¢).
From (3.40) we have

§o=0¢ §o=0¢ (3.41)

In view of the commutativity of the squares (3.39) and (3.1) and the composition
axiom for the functor I the squares

n(rr g‘l’v” n (777
o(Ip(U)) —— I;(U)
@(1;(6))1 lf;;(a) (3.42)
n So.n n !
o(IpU)) —— L;(U)

commute.

3.4.1. LEMMA. Let (P, ¢, ¢) be a universe category functor, I' € Ob(CC(C,p)) andn > 1.
Then one has:

1. for T € Ob,(T)

pin,11(r) (H(T')) = () 0 @i, p(T)) © Eap 1 (3.43)

2. foroe€ (/9vbn(I‘) N
Fint(r) (H(0)) = $(T) 0 @i (0)) © &1 (3.44)
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PROOF. Let us show first that the right hand sides of (3.43) and (3.44) are defined and
belong to the same sets as the left hand sides.

Indeed, by (2.76), i, r(T) is an element of More(int(T"), I}~ (U)) and therefore
D (pn,r(T)) is an element of More:(®(int(T')), (L}~1(U))).

The morphism 1 (I") is of the form int(H (I")) — ®(int(I')) and the morphism &g ,—; is
of the form ®(I»~'(U)) — I;Z,_I(U’). Therefore, the composition on the right hand side of
(3.43) is defined and belongs to the same set More: (int(H(T)), I;L,’I(U’)) as fin, () (H(T)).

A parallel reasoning shows that the right hand side of (3.44) is defined and both sides
are elements of the set More (int(H (1)), ];3‘1(17’)).

Next, we have

pin, i1y (H (1)) = int° (Mn—1,07) 1) (Un (H(T'))) = 1,07 intmry) (un (H(T))) =

1,07, it (1) (O(T) 0 (D" (un(T)) 0 ¢)) = (') 0 1,07 @(imt(r)) (B" (un(T)) 0 §) =
b(T) 0 M1 o), @iy (" (un(T))) 0 17 (9)

where the first equality is by the definition of p, (cf. Construction 2.6.9), the second by
the definition of int°, the third by (3.30), the fourth by (2.67) and the fifth by (2.68).
Next

-1 (2" (ua(T))) 0 I~ (6) =
@ (1-1(n(T))) © Xn-1(U) 0 Iy (9) = P(Na-1(un(T))) 0 ur =
D (pn(T)) 0 &na

where the first equality holds by Lemma 3.3.3, the second one by the definition of &, and
the third one by the definition of p,. This reasoning proves (3.43).

The proof of (3.44) is strictly parallel to the proof of (3.43).

The lemma is proved. [

From (3.43), using the fact that p, is a bijection, for F' € More(int('), I}~'(U)), we
have

H(py ' (F)) = pi " ($(T) 0 @(F) 0 1) (3.45)

and from (3.44), using the fact that /i, is a bijection, for F' € More(int(T'), I}~ (U)), we
have

H (i, (F)) = T, ((T) 0 B(F) 0 &, 1) (3.46)

4. Appendices

The facts discussed and proved in the following appendices are certainly well known. We
had to repeat them here because we need to fix notations and because there is a number
of facts whose proofs I could not find in the literature.
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4.1. CATEGORIES WITH BINARY PRODUCTS AND BINARY CARTESIAN CLOSED CATE-
GORIES. Let C be a category.

4.1.1. DEFINITION. A binary product diagram is a pair of morphisms of the form (pry :
bp — X,pro : bp = Y) such that for all A € C the function

More(A,bp) — More(A, X) x More(A,Y) (4.1)

given by a — (a o pry,aopry) is a bijection.

The structure of binary products on C is a family, parametrized by pairs of objects
(X,Y) € C xC, of binary product diagrams (pri(X,Y) : bp(X,Y) — X, pro(X,Y) :
p(X,Y)—=Y).

Unless another notation is given, as for the binary products in the slice categories
considered below, the object bp(X,Y) is denoted by X x Y and the structural morphisms
from X xY to X and Y by prf(’y and prf Y respectively. We will often abbreviate the
notation pr;X’Y to pr;.

The following lemma expresses the well know “uniqueness” property of the binary
products. We need its explicit form because in the next lemma we will need to state and
prove that the corresponding “canonical” isomorphisms are natural.

4.1.2. LEMMA. Let (pri; : bp; — X,pra; : bp; = Y), where i = 1,2, be two binary
product diagrams. Let v19 : bpy — bps be the morphism such that vy 9 0 prio = priy and
L120Drags = pray and Ly : bps — bpy be the morphism given by the symmetric condition.
Then vy 5 and 1o are mutually inverse isomorphisms.

PROOF. To show that ¢; 9019 1 = Idp,, We need to compare two morphisms whose codomain
is a binary product. To do it it is sufficient, because of the injectivity of (4.1), to prove that
their compositions with the two projections are equal. This follows by simple rewriting.
The same applies to the second composition. [

4.1.3. LEMMA. Let C be a category. Consider four binary product diagrams (pry; : bp; —
X,proi : bp; = Y) and (pry; = bp; — X',pry,; : bp;, — Y') where i = 1,2. Let 1 = 119 :
pby — pby be as in Lemma 4.1.2 and similarly o' : pby — pb,,. Let a : X' — X and
b:Y =Y.

Let ci(a,b) : pb — pb; be the unique morphisms such that c;(a,b) opri; = pry;oa and
ci(a,b) opro; =bopry,. Then the square

pbﬁ %Cl(mb) by

pb’2 el pba

commutes, i.e., c¢i(a,b) oL =1 oco(a,b).
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PROOF. Since (priz,pra2) is a binary product diagram it is sufficient to prove that
c1(a,b)oropris =1 ocy(a,b)opris

and
C1(a7 b) OLODPrag = /o 02(&7 b) ©Pprag

For the first one we have:
ci(a,b)ovopris =ci(a,b)opriy = pr’Ll oa

and
tocy(a,b)opria=1opri,oa=pri;oa

The verification of the second equality is similar. m

Given a category with binary products and morphisms a : X — X', b:Y — Y’ denote
by a xb: X xY — X’ x Y’ the unique morphism such that (a x b) o pry = pr; o a and
(a x b) opro =pryob.

One has

[dXXY = [dX X [dy (42)

and for a,b as above and ¢’ : X’ — X", V' : X’ — X” one has
(axb)o(a xb)=(aod)x (bol) (4.3)

One proves these two equalities by composing both sides with pr; and pre and using the
uniqueness part of the binary product axiom.
From (4.3) one derives

(a x Idy)o (a' x Idy) = (aoad') x Idy (4.4)

and
(Idx x b)o(Idx xb')=1Idx x (bob') (4.5)

The definition of a binary cartesian closed structure given below differs slightly from
the definition of the cartesian closed structure given in [4, IV.6] in that, that we do not
require the specification of a final object but only of binary products. The rest of the
definition is identical to the one in [4], but written more explicitly in order to introduce
the notations that are used in proofs in the main part of the paper.

Since we never use the definition of [4, IV.6] we will often write “cartesian closed”
instead of “binary cartesian closed”, though we are not assuming a final object.
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4.1.4. DEFINITION. The (binary) cartesian closed structure on a category C is a collection

of data of the form:

1. the structure of a category with binary products on C,
2. for all X,Y € C an object Hom(X,Y),
3. forall X and b:Y — Y’ a morphism
Hom(X,b) : Hom(X,Y) — Hom(X,Y")
such that for all Y one has
Hom(X, Idy) = Idgomx,v)
and for allb:Y —Y', 0 :Y' —Y" one has
Hom(X,bo ) = Hom(X,b) o Hom(X. V)

4. For all X, Y a morphism
evy : Hom(X,Y)x X =Y
such that for all W the function
adjy”™ - Mor(W, Hom(X,Y)) — Mor(W x X,Y)

given by
w s (ux Idx) o evy
is a bijection and such that for allb:Y — Y’ the square

X
EVy

Hom(X,)Y)x X — Y

Hﬂ(X,b)X]Xm lb

ev,
Hom(X,Y')x X —— Y’

commutes.

A cartesian closed category is a category together with a cartesian closed structure on it.

By definition the objects Hom(X,Y") are functorial only in Y. Their functoriality in

X is a consequence of a lemma. For X, X", Y and a: X — X' let
Hom(a,Y) : Hom(X"Y) — Hom(X,Y)
be the unique morphism such that
adj(Hom(a,Y)) = (Idgom(x'y) X @) © evyr

Then one has:
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4.1.5. LEMMA. The morphisms Hom(—,Y) satisfy the equalities
Hom(aod,Y)= Hom(d',Y)o Hom(a,Y)
Hom([dx, Y) = [dHﬂ(X,Y)

making Hom(—,Y") into a contravariant functor from C to itself.
In addition, for allb:Y — Y’ the square

Hom(X',Y) 22 Hom(X', V")
Hom(e)) | | sromia
Hﬂ(leb)

Hom(X,Y) ——— Hom(X,Y’)
commutes.

PROOF. It is a particular case of [4, Theorem 3, p.100]. The commutativity of the square
is a part of the ”bifunctor” claim of the theorem. [

4.1.6. LEMMA. In a cartesian closed category let X, X', Y be objects and let a : X — X'
be a morphism. Then the square

IdHom(X’,Y)Xa

Hom(X")Y) x X Hom (X' Y) x X'

Hom(a,Y)X]dXJ/ J{evs)f(/

Hom(X,Y) x X Y
commautes.

PROOF. Let us show that both paths in the square are adjoints to Hom(a,Y'). For the
path that goes through the upper right corner it follows from the definition of Hom(a,Y)
as the morphism whose adjoint is (/d x a) o ev. For the path that goes through the lower
left corner it follows from the definition of adjoint applied to Hom(a,Y’). Indeed, the
adjoint to this morphism is

adj(Hom(a,Y)) = (Hom(a,Y) x Idx) o evy

4.1.7. LEMMA. Let C be a cartesian closed category. Let X, Y, W € C, then one has:
1. Letb:Y — Y’ be a morphism. Then for any r € Mor(W, Hom(X,Y")) one has

adj(r o Hom(X,b)) = adj(r)ob
2. Let a: X — X' be a morphism. Then for any r € Mor(W, Hom(X",Y)) one has
adj(r o Hom(a,Y)) = (Idw X a) o adj(r)

3. Let c: W — W' be a morphism. Then for any r € Mor(W’', Hom(X,Y)) one has
adj(cor) = (¢ x Idx) o adj(r)
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PRrROOF. The proof of the first case is given by
adj(r o Hom(X,b)) = ((r o Hom(X,b)) x Idx) o evy =

(r x Idx) o (Hom(X,b)) x Idx) o evy =
(rx Idx)oevy, ob=adj(r)ob

where the first equality is by (4.6), second equality by Lemma 4.2.2, the third equality by
the commutativity of (4.7) and the fourth equality again by (4.6).

The proof of the second case is given by the following sequence of equalities where we
use the notation Hm for Hom(a,Y") as well as a number of other abbreviations:

adj(ro Hm) = ((roHm) x Id)oev = (r x Id) o (Hm x Id) ocev = (r X Id) o adj(Hm) =

(rxId)o(Idxa)oev=(rxa)oev=(Idxa)o(rxlId)oev=(Idxa)oadj(r)

where the first equality is by (4.6), the second by (4.4), the third by (4.6), the fourth by
(4.8), the fifth by (4.3), the sixth by (4.3) and the seventh by (4.6).
The proof of the third case is given by

adj(cor) = ((cor) x Idx) o evy = (¢ x Idx) o (r x Idx) o evy =

(¢ x Idy) o adj(r)

where the first equality is by (4.6), second equality by (4.4) and the third equality by
(4.6).

Lemma is proved. [

4.2. SLICE CATEGORIES, PULLBACKS AND LOCALLY CARTESIAN CLOSED CATEGORIES.
For a category C and Z € C one denotes by C/Z the slice category of C over Z. When
one works in set theory one has to choose one of the several possible definitions of C/Z.
Indeed, the set of objects of C/Z can be defined as the set of pairs (X, f) where X € C and
f: X — Z or as the set of morphisms f € Mor(C) such that codom(f) = Z. There is an
obvious bijection between these two sets but they are not equal. We define Ob(C/Z) as
the set of pairs (X, f). Even more choices exist in the definition of the set of morphisms of
C/Z. One definition is the set of triples (((X, f), (Y, g)),a) where (X, f),(Y,g) € Ob(C/Z)
and a : X — Y is such that f = a o g. Another one is the set of pairs (a,g) where
a,g € Mor(C) are such that codom(a) = dom(g) and codom(f) = Z. Again, these sets
are obviously isomorphic but not equal. Various other choices are possible. We will use
the second option. We denote the pair (a, g) by a?.

The mappings (X, f) — X and a9 — a define a functor C/Z — C that we denote
by 7z4. We will rarely write the functions (77 4)op and (77 4)per explicitly using them
instead as “coercions”. Formally speaking, we will assume that (77 4)op (resp. (7z.4)nor)
is inserted in our notation whenever an object (resp. a morphism) of C/Z is specified where
an object (resp. a morphism) of C is required.
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We will say that a : X — Y is a morphism over Z if a o g = f. For given (X, f) and
(Y, g), the function
a’ —a (4.9)
defines a bijection between morphisms (X, f) — (Y, ¢) in C/Z and morphisms X — Y
over Z in C.
In a category with binary products the morphism /d; x b satisfies the equality

(]dZ X b) opry = pri

and therefore defines a morphism from (Z x Y, pry) to (ZxY’,pry) in C/Z. We will denote
this morphism in the slice category by Z x b. Since (4.9) is injective, the equalities (4.2)
and (4.3) imply that

Z X Idy = [d(ZXY,prl) (410)
and
Z x (bol)=(Z xb)o(ZxV) (4.11)
that is, that the mappings X — (Z x Y, pry), b — Z x b define a functor Z x — from C
to C/Z.

The same holds for morphisms of the form a : X — X’. We denote the morphism in
C/Z corresponding to the morphism a x Idz by a x Z and the resulting functor C — C/Z
by — x Z.

4.2.1. LEMMA. Let

J lg (4.12)

v L 7
be a commutative square of morphisms in C and f =aog=a"og. Then

(X, f) —“= (Y.qg)
(a/)g/l (4.13)

Y. q')
is a binary product diagram in C/Z if and only if (4.12) is a pullback in C.

PROOF. Assume that (4.13) is a binary product diagram. Let W € C andlet d : W — Y,
d : W — Y’ be such that dog =d og. Let e =dog. Then d9 : (W,e) — (Y, g) and
(d)9 : (W,e) = (Y, ¢') are morphisms in C/Z and therefore there exists ¢/ : (W,e) —
(X, f) such that ¢/ 0a? = d9 and ¢/ o (a’)9 = (d')9 in C/G, that is, coa = d and coa’ = d’
in C. Let ¢ : W — X be another morphism in C such that ¢ oca = d and ¢’ oa’ = d’. Then
e=dog=coaog=~cof and therefore (¢')/ is a morphism (W,e) — (X, f) in C/Z.
Next, (¢} 0a? = (¢ 0a)? = d9 and (/) o (a')¥ = (¢ 0a')? = (d')?. Therefore (') = ¢/,
that is, ¢ = ¢/. This shows that (4.12) is a pullback in C.

Similar reasoning shows that if (4.12) is a pullback in C then (4.13) is a binary product
diagram in C/Z. u
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Lemma 4.2.1, combined with a related statement about commutative squares, implies
that a choice of binary product structures on all the slice categories C/Z is “the same as”
the choice of pullbacks for all pairs of morphisms with the common codomain in C.

To be precise we have to say that how to construct a bijection between the set of
families of binary product structures on the categories C/Z for all Z and the set of
pullback structures on C.

We usually denote the distinguished binary product of (X, f) and (Y,g) in C/Z by
(X, f) xz (Y, g) and the canonical morphism from (X, f) xz (Y,g) to Z by fog.

For f: X — Z and g : Y — Z, the two commutative triangles formed by pry :
(Xa f) XZ(KQ) — (Xv f)a f) f<>g and pro (Xa f) XZ(ng) — (}/7.9)7 g, f<>g are adjacent
and define the familiar commutative square of the pullback of f and g.

This defines a function in one direction.

For f: X — Z and g : Y — Z, the diagonal of the pullback square based on f and g
is an object over Z and the two projections define morphisms from this object to (X, f)
and (Y, g) respectively. The corresponding pair of morphisms in C/Z is a binary product
diagram. This defines a morphism in the other direction.

The fact that these morphisms are inverse to each other follows readily from the
construction.

Given a binary products structure on C/Z, morphisms f : X — Z, ¢g:Y — Z and
morphisms a : X’ — X, b: Y’ — Y we have a morphism af x, b9 which is the unique
morphism in C/Z of the form

al xz 09 (X' ao f) xz (Y bog) = (X, f) xz (Y,9)

such that
(af xz %) 0 pry = pryoal (4.14)

and
(af Xz b)) opry=pryob? (4.15)
4.2.2. LEMMA. In the setting introduced above one has:

L Idix,fyx4(v,g) = Ld(x,5) Xz 1d(v,g),

2. suppose that we have in addition morphisms a' : X" — X' and b’ : Y" —Y'. Then

(")) %z (V)"*9) o (a x 2 %) = (a’ 0 @) x7 (¥ 0 b)*

PROOF. It is a particular case of (4.2) and (4.3). =
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Following the general case considered in Appendix 4.1 we will write (X, f) Xz b9 (resp.
a’ xz (Y, g)) for the morphism in C/X (resp. C/Y’) corresponding to Idx, s Xz b7 (resp.
of x7 L),

In view of Lemma 4.2.2 and (4.14), for any (X, f : X — Z), the functions

(ng) = ((X7 f) Xz (Y’ag)aprl)
7 : (Y g) = (Y,9)) = (X, f) xz VY

form a functor from C/Z to C/X and similarly by Lemma 4.2.2 and (4.15), for any
(Y,g:Y — Z) the functions

(X, ) = (X, f) xz (Y, 9),pra)
(al - (X', f) = (X, f)) = a x5 (Y, 9)!
form a functor from C/Z to C/Y.

4.2.3. DEFINITION. A locally cartesian closed structure on a category C is a family of
(binary) cartesian closed structures on the categories C/Z for all Z € C.

We usually denote the binary product on C/Z as above.

We usually denote the internal-hom objects in C/Z by Hom,((X, f),(Y,g)) and the
canonical morphisms from Hom,((X, f), (Y, q)) to Z by fAg.
- Thg rest of the notations (MZ((X, ),09), @((;(”g];), adj((y;)l)’(x’f), Hom,(a’,(Y,q)))
immediately follow from the ones introduced previously.

A locally cartesian closed category is a category together with a locally cartesian closed

structure on it.

The name “locally cartesian closed” follows naturally from this definition and the
intuition based on the example of the category of open sets of a topological space or a
Grothendieck site. If only the subsets of the open sets of a particular covering are known
then one sometimes says that the space is known only locally, but the global structure
that arises from gluing of all these subsets together is not known. Hence the “local”
structure of a category is given by the structure of its slice categories.

4.2.4. EXAMPLE. The following example shows that there can be many different struc-
tures of a category with pullbacks on a category and also many locally cartesian closed
structures.

Let us take as our category the category F' whose objects are natural numbers and

Mor(n,m) = Fun({0,...,n—1},{0,...,m — 1})

Since every isomorphism class contains exactly one object every auto-equivalence of
this category is an automorphism. Let ® be such an automorphism. It is easy to see that
it must be identity on the set of objects. Let X = {0,1}. Consider ® on End(X). Since
® must respect identities and compositions, ® must take Aut(X) to itself and must act
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on it by identity. If 1 and o are the two elements of Aut(X) we conclude that ®(1) =1
and ®(0) = 0.

Let us choose now any structure of a category with pullbacks on F' and let us consider
two new structures str; and str, that are obtained by modifying pullbacks as follows. In
both structures we set all pullbacks to be as they were except for the pullback of the pair
of morphisms (Idx, Idx). For this pair we set the pullbacks to be as follows:

x 1 x X 25 X
Idxl lIdX for str; and o‘l lfdx for str,. (4.16)

The preceding discussion shows that there is no auto-equivalence which would transform
stry into str,.

The category F' also has a locally cartesian closed structure and it can be shown that
it can be modified so that its pullback components are str; and str,. This shows that
F' has at least two locally cartesian closed structures that are not equivalent modulo the
auto-equivalences of F'.

The solution to this seeming paradox is that there is a category structure on the set
of pullback structures (resp. locally cartesian closed structures) on a category. Any two
pullback structures (resp. lcc structures) are isomorphic in this category and in this sense
pullbacks on a category are “unique”.

4.2.5. REMARK. The following remark is not used anywhere in the paper and we include
it only as a comment for those readers who are familiar with the univalent foundations
where there is a notion of a category and pre-category. There the types of pullback
structures and of locally cartesian closed structures on a category (as opposed to those
on a general pre-category) are of h-level 1, i.e., classically speaking are either empty or
contain only one element.

In addition any such structure on a pre-category should define a structure of the same
kind on the Rezk completion of this pre-category with all the different structures on the
pre-category becoming equal on the Rezk completion. In the case of the previous example
the Rezk completion of F' is the category F'Sets of finite sets and in view of the univalence
axiom for finite sets the two pullbacks of 4.16 will become equal in F'Sets.
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