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Abstract

This paper continues the series of papers that develop a new approach to syntax
and semantics of dependent type theories. Here we study the interpretation of the
rules of the identity types in the intensional Martin-Lof type theories on the C-systems
that arise from universe categories. In the first part of the paper we develop construc-
tions that produce interpretations of these rules from certain structures on universe
categories while in the second we study the functoriality of these constructions with
respect to functors of universe categories. The results of the first part of the paper play
a crucial role in the construction of the univalent model of type theory in simplicial
sets.
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1 Introduction

The concept of a C-system in its present form was introduced in [16]. The type of the
C-systems is constructively equivalent to the type of contextual categories defined by Cart-
mell in [3] and [2] but the definition of a C-system is slightly different from the Cartmell’s
foundational definition.

In the past decade or more, it has been a tradition in the study of type theories to consider,
as the main mathematical object associated with a type theory, not a C-system by a category
with families (see [4]). As was observed recently all of the constructions of [13], [I5] and of
the present paper (but not of [16] or [I4]!) can be either used directly or reformulated in a
very straightforward way to provide very similar results for categories with families. This
modification will be discussed in a separate paper or papers.

In this introductory explanation we will distinguish between the syntactic and semantic C-
systems. By a syntactic C-system we will mean a C-system that is a regular sub-quotient of a
C-system of the form CC(R, LM) where R is a monad on sets and LM is a left module over
R, see [14] and [16]. In particular, the C-systems of all of the various versions of dependent
type theory of Martin-Lof “genus” are syntactic type systems in the sense of this definition.

By a semantic C-system we will mean a C-system whose underlying category is a full sub-
category in a category of “mathematical” nature such as the category of sets or the category
of sheaves of sets.

Usually one knows some good properties (i.e. consistency) of a given semantic C-system and
tries to prove similar good properties of a syntactic C-system by constructing a functor from
the syntactic one to the semantic one.

To construct such a functor one tries to show that the syntactic C-system is an initial
one among C-systems equipped with some collection of additional operations and then to
construct operations of the required form on the semantic one. A pioneering example of this
approach can be found in [§].

In this paper we investigate the set of three interconnected operations on C-systems that, in
the case of the syntactic C-systems, corresponds to the set of inference rules that is known
as the rules for identity types in intensional Martin-Lof type theories (first published in [6] )EI
Since the key ingredient of this structure is known in type theory as the J-eliminator we call
it the J-structure.

We do not use the “sequent” notation that is so widespread in the literature on type theory
for general C-systems restricting its use only to examples where we assume the C-system to
be a syntactic one.

The reason for this restriction is that translating the sequent-like notations into the algebraic
notation of C-systems or categories with families requires considerable mastery of various
conventions connected to the use of dependently typed systems. An example of such a trans-

4There is also a simpler set of rules corresponding to the identity types in the extensional Martin-Lof
type theory (first published in [7]). Cartmell, in his notion of a strong M-L structure [2, p.3.36], considers
the set of rules for the extensional theory.



lation is the description of an object IdxT(T') corresponding to the sequent-like expression
(T,z:T,y:T,e: 1dT T xy;) in Construction [2.1.4]

Some of the difficulties that arise here can already be seen on the translation of the sequent-
like expression (I';x : T,y : T;). Here the same letter 7" is used to refer to objects of two
different types - the first 7" refers to an element on Ob;(I') and the second T refers to an
element in Oby(T). It is “understood” that the second T is the image of the first 7" under
the map p% : Obi(I') — Oby(T) but this understanding is a part of a tradition and is not
reflected in any mathematical statement that one can refer to.

For the syntactic C-systems we are allowed to use the sequent notation for the following
reason. First, since C'C in this case is a sub-quotient of CC(R, LM) our notation only needs
to provide a reference to elements of sets associated with CC(R, LM) itself. There, the first
T refers to an element of LM ({1,...,1}) where [ is the length of I' and LM (X) is the set of
type expressions in the raw syntax with free variables from a set X and the second T refers
to an element of LM ({1,...,l+ 1}) that is the image of the first 7" under the map

LML, 1Y) — LM({1,...,1+1})

defined by the inclusion {1,...,{} C {1,...,l+1}. In this case the map does not depend on
T. We should distinguish between IdT as a structure on the C-system and the correspond-
ing syntactic construction (because they have different types). If we denote the syntactic
“identity types” by IdT® T t; ts then for the sequence

Dyx:T,y:Te: 1dT°Txvy;

to define an element of Ob(CC(LM, R)), the expression IdT* T xy must refer to an element
of LM({1,...,1+2}) and its form shows that we assume that there is an operation

1dT° : LM xRx R— R

(a natural transformation of functors that is a linear morphism of left R-modules) and
IdT* Tz y is the “named variables” notation for IdT} ;. (T, + 1,1+ 2).

We do not continue this explanation of how to construct J-structures on syntactic C-systems.
This will be done in a separate paper. Let us remark however that constructing J-structures
on syntactic C-systems is relatively easy and that the difficult questions about J-structures
on such C-systems are the ones related to the initially properties of the resulting objects.

While constructing J-structures on the syntactic C-systems relatively straightforward, con-
structing non—degenerateﬂ J-structures on semantic C-systems or categories with families
proved to be very difficult.

The first instance of such a construction, due to Martin Hofmann and Thomas Streicher,
appeared in [5]. It was done in the language of categories with families and the underlying
category there was the category of groupoids.

The construction of Hofmann and Streicher was substantially extended and generalized in
the Ph.D. thesis of Michael Warren [17],[18] and his subsequent papers such as [19].

5See Remark




Further important advances were achieved in the work of Richard Garner and Benno van
den Berg [10].

Two main results of the first part of this paper provide a new approach to the construction
of J-structures on semantic C-systems, an approach that can be used to construct the J-
structure on the C-system of the univalent model.

Construction [2.2.11] provides a simple way of extending a J1-structure on a universe p in a
category C to a full J-structure.

Construction 2.4.15|provides a method of constructing a J-structure on the C-system CC(C, p)
from a J-structure on p.

Combined together they provide a method of constructing a J-structure on CC(C,p) from a
J1-structure on p.

We also discuss two sets of conditions on a pair of classes of morphisms T'C' and F'B in a
locally cartesian closed category that can be used in combination with Construction
to construct J-structures. These conditions often hold for the classes of trivial cofibrations
and fibrations in model categories (or categories with weak factorization systems) providing
a way of constructing C-systems with J-structures starting from such categories.

In this paper we continue to use the diagrammatic order of writing composition of morphisms,
ie,for f: X - Y and g:Y — Z the composition of f and g is denoted by f o g.

In this paper, as in the preceding papers [13] and [I5], we often have to consider structures
on categories that are not invariant under equivalences and their interaction with structures
that are invariant under the equivalences.

The methods used in this paper are fully constructive and the paper is written in “formal-
ization ready” style with all the proofs provided in enough detail to ensure that there are no
hidden difficulties for the formalization of all of the results presented here.

Except for the section that discusses the use of classes T'C' and F'B, the methods we use are
also completely elementary in the sense that they rely only on the quasi-algebraic language
of categories with various structures.

The key Definition and its relation to the J-structures on categories CC(C,p) first
appeared in [I1].

The author would like to thank the Department of Computer Science and Engineering of the
University of Gothenburg and Chalmers University of Technology for its hospitality during
the work on this paper.

2 J-structures on C-systems and on universe categories

2.1 The J-structure on a C-system

To define the J-structure on a C-system we will actually define three structures JO-structure,
J1-structure over a JO-structure and and J2-structure over a J1-structure with the J-structure



being the same as a triple (IdT,refl,J) where Idt is a JO-structure, refl is a J1-structure
over IdT and J is a J2-structure over refl. For the notations used below see [15].

Definition 2.1.1 [2015.03.27.defl] A JO-structure on a C-system CC'is a family of func-
tions

1dTt : {01, 00 € Oby(T') | 8(01) = d(02)} — Oby(T)

gwen for all T" € Ob that is natural in T i.e. such that for any f : TV — T and 0,0" € /Ovbl(F)
with d(0) = 9(0'), one has f*(Id1r(o,0")) = IdTr (f*(0), f*(0)).

Definition 2.1.2 [2015.03.27.def2/ Let IdT be a JO-structure on CC. A J1-structure over
1dT is a family of functions . .
T@fl : Obl (F) — Obl (F)

gwen for all ' € Ob such that:

1. refl is natural in T,

2. for any I and o € 57)1<F) one has

[2015.03.27.eq8]0(refl(0)) = 1dT (o, 0) (2.1)

To define the notion of a J2-structure over a given J1-structure we will need to describe two
constructions first.

Problem 2.1.3 [2015.03.27.probl/ Given a JO-structure IdT to construct a family of
functions

such that for f : 1" — T and T € Oby (") one has f*(1dzT(T)) = 1dzT(f*(T)).

Construction 2.1.4 (for Problem[2.1.5) [2015.03.27.constrl Recall that for T' € Ob,(T')
we let §(7") denote the morphism 7" — pk(T') that can be described equivalently as s;q4,. or
as the only morphism such that §(T") o pp: () = Idr and 67 o q(pr, T) = Idr. Because of the

first equation we have 6(T) € @Vb(p*T(T))

We define:
[2015.04.06.eq1]1daT(T) = IdT, z)((P}s (1) (0(T)), 60 (T))) (2.2)
We have N
Pps.r)(07) € Ob(p: 1y (P2 (T)))
and

3(pi(T)) € Ob(p}, (1 ((T)))



and since ft(p;?(T) (ph(T))) = p5(T) the IdzT(T) is well defined. The fact that IdzT(T) €

Obs(T") follows now from the fact that ft*(pi(T)) = ft(T) = I'. The objects and some of
the morphisms involved in this construction can be seen on the diagram:

Pl iy (03 (T)) ——— pi(T) —— T

l ppai(T)l lpT
Ppi(T)

pi(T) T—"—T

The proof that IdzT is natural in f : " — I is straightforward. W

Problem 2.1.5 [2015.03.27.prob2/ Given a JO-structure I1dT and a J1-structure refl
over it to construct for allT' € Ob and T € Oby(I') a morphism

rfr: T — 1dxT(T)

such that for any f : 1" — T one has f*(r fr) = rfr(1)

Construction 2.1.6 (for Problem ??7) [2015.03.27.constr2/We have:
o(T)"(IdxT(T)) = 6(T)"(1dT .y (s ) (O7))), 6 (7 (1))

= 1dTr(5(T) (P (1) (7)), 6(T)"(0(pr(T)))) =
= 1dTr(5(T),0(T))

where the last equality follows from the fact that f*(d

(T ))fsfandforanysEOb Ss = 8.
This shows that we have a canonical square of the form

2015.03.31.eq3] [dT(8(T), §(T)) —LDTE) o pgnp(r) (2.3)

L.

T

and refl(6(T)) is a morphism T'— IdT'(6(T'),d(T)). We define:
[2015.04.02.eql]r fr :=refl(6(T)) o q(6(T), IdzT(T)) (2.4)

The proof that for any f : IV — I' one has f*(rfr) = rfs«(r) is straightforward. W

Definition 2.1.7 [2015.03.27.def3] Let IdT and refl be a JO-structure and a J1-structure
over it. A J2-structure over (IdT,refl) is data of the form: for all T € Ob, for all T €

Oby(L'), for all P € Ob(IdzT(T)), for all sO € Ob(rf7(P)), an element J(I',T, P, s0) of
Ob(P) such that:



1. J is natural in T, i.e., for any f: 1" — T and T, P, sO as above one has
X(J(, T, P,s0)) = JI', f*(T), f*(P), f*(s0))

where the right hand side of the equation is well-defined because of the naturality in f
of IdxT and rf.

2. J satisfies the v-rule. For I', T, P,s0 as above one has

Tfi*“(‘](F7T7 P7 SO)) = s0

Remark 2.1.8 [2015.05.12.rem1/A JO-structure is called degenerate or extensional if for
all T' € Ob>1(CC) and 0,0 € Ob(T) one hasﬁ

N . 0 ifo#d
Ob(IdxT(o0,0")) = { ot ifo i o

One can easily see that any two extensional JO-structures are equal and that any extensional
JO-structure has a unique extension to a full J-structure that is also called extensional.

We will not consider these extended versions of J in the present version of the paper.

Remark 2.1.9 [2015.05.24.rem1] When one studies J-structures on C-systems that have
no (I, A)-structures it is important, as emphasized for example in [9], to consider a more
complex structure than the one that we consider here. This more complex structure can
be seen as a family of structures eJ,, where eJy = J2 and where eJ,, over (IdT,refl) is a
collection of data of the form: for all I' € Ob, for all T' € Ob(I'), for all A € Ob,,(IdzT(T)),
for all P € Oby(A), for all sO € /07)(rf7*~(P)), an element eJ, (I, T, A, s0) in &)(P) such that
e J, satisfies the obvious analog of (-rule and such that it is natural in I'. See also Remark
2.2.12

2.2 The J-structure on a universe in a category

Let C be a (pre-)category and p : U — U a morphism in C. Recall that a universe structure
on p is a choice of pullback squares of the form

(XiF)—=2 0

x—F vu
for all X and all morphisms F' : X — U. A universe in C is a morphism with a universe
structure on it and a universe category is a category with a universe and a choice of a final
object pt.

5The following is the classical way of saying that there is an equivalence between the types 5?)([ dxT(0,0"))
and (0 = 0').



For f:W —-Xandg: W — U we will denote by f % g the unique morphism such that
(f*g)opxr=f
(fx9)eQ(F)=g

When we need to distinguish canonical squares of different universes we may write (X; F),
and f *, g.

Remark 2.2.1 [2015.03.29.rm1] Note that we made no assumption about Q(Idy) being
equal to Idg. In fact, since we want the results of this paper to be constructive, we are not
allowed to make such an assumption since the question of whether or not a given morphism
is an identity morphism need not be decidable and therefore we can not “normalize” our
constructions by doing a “case” on whether a morphism is an identity morphism or not. The
importance of this observation (in the context of whether a simplex is degenerate or not)
was emphasized by [1J.

For X' L X 5 U we let Q(f, F) denote the morphism
(pxrpor 0 f)* Q(f o F) 1 (X5 fo F) = (X3 F)

As is shown in [15], the square

2015.04.06.10.5q] (X' fo F)—2Y" . (x. ) (2.5)

pX’,foFl le,F

X' X

is a pullback square.

Following [15] we define for any universe p : U — U and any V € C a functor
Dy(=,V): X = Up.xuvHom((X; F),V)
whose action on morphisms is given by
Dy(f, V)= (Fra) = (f o F,Q(f, F) o a)

When C is a locally cartesian closed category any morphism p : U — U defines a functor

I, : V= Hom((U,p), (U x V,pry))
and we have constructed in [I5, Construction 3.9] a family of bijections

Mox.v : Hom(X, I,(V)) = Dy(X,V)
that are natural in X and V. We let n denote the inverse bijections

Mp.x.v : Dp(X, V) — Hom(X, I,(V))

8



Using the functorial structure on the mapping V' +— (U x V, pry) together with the naturality
of internal Hom-objects in the second argument we get a functoriality structure on I,

(f V= V)= (L) (V) = L,(V')

Similarly, using the functorlahty of Hom in the second argument (see e.g. the appendix in
[15]) we obtain, for any p : U—U, P U —Uand h:U — Uover U and V a morphism

V) 2 L(V) = Ly (V)

Lemma 2.2.2 [2015.04.10.12/ In the notations introduced above let f : V. — V' be a
morphism, then the square

Ly (f) ,
Ly (V) ——— Iy (V")

l[h(vl)
(V) —E— 1, (V")

Proof: This is a particular case of the commutative square of [15, Lemma 8.5]. W

Lemma 2.2.3 [2015.04.02.14] Let p : U—Uandyp : U — U be two morphisms with
universe structures and f : U’ — U be a morphism over U. For V € C let I7(V) be the
corresponding morphism L,(V) — 1,(V'). Then for any X the square

Mp, X,V

D,(X,V) -2 Hom(X, L(V))
Df(X,V)l Jo[f(V)
Dy(X,V) Y Hom(X, I, (V)

where the left hand side arrow is of the form
DH(X, V) : (F, F') = (F,F*(f) o F)

commutes.

Proof: Since 7 is defined as an inverse to n' it is sufficient to show that for any g €
Hom(X, I,(V)) one has 11" (g o I/ (V) = DI(X,V)(1'(g)). Let

pr=prL,(V): L(V)—=>U

pr' =prly (V) : Iy(V) > U

be the canonical projections. Let



st = sty (V) : (Ly(VYipr') =V
be the morphisms introduced in [I5]. By [15, Problem 3.8] we have
N go ! (V) = (go ! (V)opr',Q'(go I'(V), pr') o st')
and
DI(X,V)(1'(9)) = D! (X, V)(gopr,Q(g.pr) o st) = (g o pr, (g o pr)*(f) 0 Qlg. pr) o st)
Therefore it is sufficient to show that
II(V)opr' =pr

and
Q(go ' (V),pr') o st' = (gopr)*(f) o Qlg,pr) o st

The first equality asserts that I/(V) is a morphism over U which follows from its construction.

By Lemma we have

(gopr,(gopr) (f) o Qg pr) = Q'(g.pr)opr(f)
Next we have

Q'go I'(V),pr') = Q'(g. I/ (V) o pr') 0 Q"I (V) pr') = Q' (9,p7) 0 Q(IT (V), pr")
by [15, Lemma 3.2]. It remains to check that
Q(IF(V),pr') o st' = pr*(f) o st

This requires opening up the definitions of st and st which gives us

Q(IF(V),pr') ot o ev' o pry = pr(f) o Lo evopry
We will obtain this equality as a consequence of commutativity of three squares:

Q' (17 (V),pr)

~ I (vyxId ~
(I,(V),pr) xu (U, p') ———" (L, (V), pr’) xur (U, )

pr*(f)

(L(V),pr) xu (U7, pf) — 2L

and
H(VyxId

(L, (V),pr) xu (U, p))

Idel J{ev/

(I,(V),pr) xu (U, p) v UxV

10



The first two squares are particular cases of [15, Lemma 8.1]. To obtain the first one one
has to set Z = U, b = Idg,, and a = I/(V). To obtain the second one one has to set Z = U,
b= f and a = Id, ). The last square is a particular case of [I5, Lemma 8.6]. B

Definition 2.2.4 [2015.03.27.def4] A JO-structure on a universe p in a category C is a
morphism Eq: (U;p) — U.
Let Eq be a JO-structure on p. Consider the object
EU := (U;p, Eq)
as an object over U relative to the composition of projections

EU " (U p) (3 U KU
that we will denote by pEﬁ :

Problem 2.2.5 [2015.05.08.prob1/ To construct a universe structure on pEﬁ.
Construction 2.2.6 (for Problem ?7)[2015.05.08.constrl] We have three diagrams with
pullback squares of the form:

(X5 F,Q(F) op, Q(Q(F),p) o Eq) et e B (U;p, Eq)

J{ lp(ﬁ;p),Eq

(X; F,Q(F)op) (Usp)

(X:F) 42T

X5 U

and we define the canonical square for F' relative to pE(? to be the square obtained by

concatenating these three squares vertically. Il

Let us denote the components of the canonical squares for pE(? as follows:

(X: F)p 22 g

p)E(Fl J/pEU

XxX—r U

11



Explicitly we have
(X5 F)p = (X5 F,Q(F) o p, QQ(F), p) © Eq)
Q(F)r = QQ(Q(F), p), Eq)
PX.p = POGEQ(F)on) QU@UF).p)oFa © P(X:F),.QF)op © PX.F
We will also write Q(f, F')g for the canonical morphisms from (X; f o F)g to (X; F)g.

Definition 2.2.7 [2015.03.27.def5/ Let p be a universe in C and Eq be a JO-structure on
p. A J1-structure on p over Eq is a morphism Q : U — U such that the square

[2015.03.27.sq1] U ———U (2.6)

J

(Usp) ———U
where A = (Idg) * (Idg) is the diagonal of U, commutes.

The square 1) defines a morphism U — EU that we will denote by w.

To define a J2-structure on a universe we will need to assume that C is a locally cartesian
closed category. Recall that locally cartesian closed category is a category with the choice
of fiber squares based on all pairs of morphisms with a common codomain as well as the
choice of relative internal Hom-objects and co-evaluation morphisms for all such pairs. For
our notations related to the locally cartesian closed categories as well as for some other
notations used below see [15].

When a universe is considered in a locally cartesian closed category we make no assumption
about the compatibility of choices of the pullback squares of the universe structure on p and
pullback squares of the locally cartesian closed structure.

Consider the functors I, and I gy We have the following commutative square:

2010.sq1] [, ,5(U) ———— 1,(U) (2.7)

and therefore a morphism

i (U) <5 (I (U), 19(U)) % 1,0y (I(0), L(p))

Definition 2.2.8 [2015.03.27.def6/ A J2-structure on p relative to a JO-structure Eq and
J1-structure 2, 1s a morphism

Ip i (L (U), 1°(0)) xn,w) (,(U), 1,(p)) = Lpg(U)
such that Jp o coJ = Id.

12



Note that we have:

[2015.04.04.eql].J o I“(U) = J o coJ o pril,(U) = pri,(U) (2.8)

2015.04.04.eq2]J o I .5(p) = JocoJ o prl p5(U) = pri,oz(U). (2.9)
where prl,(V) is the canonical morphism I,(V) — U.

A J-structure on p is a triple (Eq, (2, Jp) where Eq is a JO-structure, €2 is a J1-structure
relative to Fq and Jp a J2-structure relative to Eq and 2.

For a J1-structure (Eq, 1) on a universe in a category with a locally cartesian closed structure
let F'pgy o denote the fiber product

(L (U), I*(U)) %1,0) (1p(0), 1, (p))

and let pFpgr,o = 1¥(U) ¢ I,(p) be the projection Fpg,o — U. Let further pry be the

projection from Fp to I ;7(U) and pry the projection from Fp to I,(U).

Our solution to the following problem is the key to the construction of J-structures over
a given Jl-structure in categories with weak factorization systems in particular in Quillen
model categories.

Problem 2.2.9 [2015.05.12.11/ Let C be a category with a locally cartesian closed structure
and Eq, Q) be a J1-structure on (C,p). To construct a bijection between the set of J-structures
on p over (Eq,Q) and the set of morphisms (Fp,pFp) Xy (E(?,pE(N]) — U that split the
following square into two commutative triangles:

adj(pra)opra

[2015.05.22.5q1]  (Fp,pFp) xu (U, p)

U
Idele lp
U

(Fp, pFp) xu (EU, pED) —4®roerr

(2.10)

Remark 2.2.10 If we omit, as is customary done, the explicit functions to the base in the
notation of the fiber products the square (2.10)) takes the following form:

Sy

[2017.08.16.Sq1] (I Eﬁ(U) X 1,() [p(ﬁ)) Xy [7 adj(pra)opra

p
Idewa/

(I o (U) X1 L(U)) xu EU

p

(2.11)

“—
=

adj(pri)opra

g

Construction 2.2.11 (for Problem 77 )[2015.05.22.constrl] Observe first that there is a
bijection between the set of morphisms

(Fp,pFp) xy (EU,pEU) — U

13



that split the square (2.10)) into two commutative triangles and the set of morphisms
(Fp,pFp) xu (EU,pEU) — U x U
that split into two commutative triangles the square:

adj(pra)

(Fp,pFp) xu (U, p) UxU

IdeXwJ J{IdUXp

(Fp,pFp) xy (EU, pEU) —4%)__,y x U

The rule f +— adj(f) gives us a bijection of the form

HOmU((Fp’pr)7 (I Ef](ﬁ)v *)) — HomU((Fp,pr) XU (Eﬁ,pEﬁ), (U X ﬁ,p?“z))

p.

All sections of coJ are automatically morphisms over U. Therefore it remains to show that
this bijection defines a bijection of the subset of morphisms that are sections of coJ and
morphisms that make the two triangles commutative.

One verifies first that a morphism f : Fp — ]pEﬁ((N] ) is a section of coJ if and only if
fol

Leg(P) =priand fo 14(U) = pry. This is straightforward.

Next we have N N
I o5(p) = Homy ((EU, pEU), Idy X p)

P
I4(U) = Homy(w, (U x U, pr2))
Therefore by [I5, Lemma 8.7] one has
adj(f o I,pz(p)) = adj(f) o (Idy x p)

adj(f o I(U)) = (Idp, xu w) © adj(f)
and we conclude that f is a section of coJ iff
adj(f) o (Idy x p) = adj(pry)
(Idpy xv w) o adj(f) = adj(prs)

This completes the construction.

Remark 2.2.12 [2015.05.24.rem?2] It is likely to be relatively easy to generalize the con-
structions of this paper to the extended J-structures eJ, (see Remark . The key to
such generalization is [I5, Remark 3.13]. The structures eJp, can be defined in the same
way as Jp but with the square replaced by the square

~ @) o~
[2015.05.24.5q1] [ 5 (12(T)) ——5 T,(I(D) (2.12)

prgu;(p))l
Ir ~
Lgg(Iy(U)) ———— L,(1;(U))

14



2.3 J-structures on universes in categories with two classes of mor-
phisms

This is the only part of the paper where we depart from constructions that are conservatively
algebraic over the theory of categories, i.e., from constructions that can be expressed in terms
of adding new quasi-algebraic operations to the theory of categories without adding new sorts
to this theory.

Considering classes of morphisms in categories can be expressed in the quasi-algebraic way
but this requires adding new sorts to the theory.

This is also the only context where we use the concept “there exists” in this paper. In
all the previous cases the objects that we considered were given (specified). To make the
lemmas proved below into constructions and to avoid the use of “there exists” one would
have to define the collection F'B as a collection of pairs of a morphism p together with, for
all i € TC, fw and fz such that f; op = 70 fy, a morphism ¢ such that i 0 g = fy and
gop = fw.

Recall that a collection of morphisms R is said to have the right lifting property for the

collection of morphisms L if for any commutative square of the form Z 2, B such that

)
w2 B
1 € L and p € R there exists a morphism g : W — FE that makes the two triangles into

which it splits the square to commute i.e. a morphism ¢ such that iog = f7 and gop = fy.

We are going to consider two sets of conditions (Conditions[2.3.1|and [2.3.3]) on a pair of classes
of morphisms F'B and T'C'in a category with fiber products and then show in Theorems[2.3.2]
and how pairs satisfying conditions of each of these two sets can be used to construct
J-structures on elements of F'B5.

Our first set of conditions is as follows:
Conditions 2.3.1 [2015.05.22.cond2/

1. A morphism is in F'B if and only if it has the right lifting property for TC,

2. consider morphisms f : B'— B, p1 : E1 — B, py: Ey — B and i : By — Ey such that
p1,p2 € FB and i € TC. Then the morphism

Idp xi: (B, f) xg (Ev,p1) = (B, f) xp (E2,p2)

s 1TC.

Theorem 2.3.2 [2015.05.22.th1/ Let F'B and T'C' be two classes of morphisms in a locally
cartesian closed category C that satisfy Conditions|2.5.1. Let p be a universe in C and (Eq, )
a J1-structure on p such that:

1. pisin FB,

15



2. wisinTC.

Then there exists an extension of (Eq,2) to a full J-structure on p.

Proof: Let us apply Construction [2.2.11]to (Eq, §2). To construct the required morphism it
is sufficient to establish that Idp, x w is in T'C. It follows from the first of our conditions

that F'B is closed under pullbacks and compositions. Therefore, pE(NJ is in F'B. It remains
to apply the second of our conditions. W

Our second set of conditions is more involved. Conditions of this set can be satisfied in
the situations arising when one attempts to localize Quillen model structures and when the
resulting sets of morphisms do not for a model structure. The difference is mainly concerned
with the fact that the good behavior is required only for fibrations over fibrant objects. One
particular example of such situation is considered in [12], Section 3.3].

Conditions 2.3.3 [2015.05.22.cond1/

1. Id, 1s in F'B,

2. let B be such that the morphism B — pt is in F'B then a morphism p : E — B is in
FB if and only if it has the right lifting property for TC,

S.ifp: E— Band B — pt arein FB,i1: Z = W isinTC and f : W — B iis an
arbitrary morphism then

(Z XU[dE) : (Z,ZOf) X B (E7p) — (Wf) XB (E7p)

s in T'C.
We will say that B is fibrant if the morphism B — pt is in F'B.

Lemma 2.3.4 [2015.05.14.12]/ Let p: E — B be in FB and f : B' — B be a morphism.
Assume in addition that B and B’ are fibrant, then for any pullback square of the form
E'—— E the morphism p' is in F'B.

1)

B'—— B
Proof: Since B’ is fibrant it is sufficient to verify that p’ has the right lifting property for

T'C. This can be shown in the standard way to be a consequence of p having the right lifting
property for T'C'. That p has this property we know because p is in F'B and B is fibrant. B

Lemma 2.3.5 [2015.05.14.14/ Let B be fibrant and py : Ey — FE1, p1 : By — B be in FB.
Then py o py is in F'B.
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Proof: Let us show first that £ is fibrant i.e. that g, : By — pt is in F'B. Since pt is
fibrant it is sufficient to show that 7mg, has the right lifting property for 7°C'. It is shown in
the standard way from the fact that both p; and wg : B — pt have the right lifting property
for TC and 7, = py o7p.

Since FE is fibrant we know that p, has the right lifting property for T'C' and since B is
fibrant we know that p; has the right lifting property for F'B. From this we conclude in the
standard way that ps o p; have the right lifting property for TC' and since B is fibrant this
implies that pyop; isin F'B. B

Lemma 2.3.6 [2015.05.14.11] Assume that U,V are fibrant and that p : U — U is in F B.
Then the morphism prI,(V) : I,(V) = U is in FB.

Proof: Since U is fibrant it is sufficient to check that pr = pril,(V') has the right lifting
property for T'C'. Consider a commutative square of the form

Z 2 Homy, (U, p), (U x V. pry))

l |

W Tw U

We need to construct a morphism f : W — Homy, (U, p), (U x V,pr1)) that would make
the two triangles commutative. The commutativity of the lower triangle means that f is
a morphism over U which is equivalent to the assumption that f = adj~'(g) for some

g: (W, fw) xu (ﬁ,p) — U x V over U.

Consider the square

(szofW) Xy ([77]))MU xV

’iX.[dﬁl J/pﬁ

(W, fw) xu (&WLU

By Lemma we know that pri belongs to F'B. By our assumptions on T'C' and F'B we
know that ¢ x Idg is in TC'. Therefore there exists a morphism g : (W, fw) xy (U,p) = UxV
that makes the two triangles commute. The commutativity of the lower triangle means that
this is a morphism over U. Therefore adj~'(g) is defined. Set f = adj~'(g). It remains
to check that i o f = fz. This is equivalent to adj(i o f) = adj(fz). Since adj(i o f) =
(i x Idg) o adj(f) by [15, Lemma 8.7(3)], this is equivalent to (i x Idy) o g = adj(fz) which
is the commutativity of the upper triangle. B

Lemma 2.3.7 [2015.05.14.13] Assume that U,V are fibrant and that p : U — U and
r:V'—V are in FB then 1,(r) : I,(V') — I,(V) is in FB.

Proof: By Lemmas [2.3.6{and [2.3.5{ we know that [,(V') is fibrant. Therefore it is sufficient
to show that I,(r) has the right lifting property for TC'. Consider a commutative square of
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the form

2015.05.14.5q1] Z —22—— Homy, (U, p), (U x V', pr1)) (2.13)

Zl J{MU(([A}JJ)vldUXT)

W —2 . Homy, (U, p), (U x V,pr1))

The lower right corner is an object over U through the morphism pApri. Let py =

fw o (pLpryY) and /
pz =topw = fzo0 (pAPTUV )

Consider the square

2015.05.14.5q2] (Z,ps) xuv (U,p) —2Y2 s v (2.14)

iXIdﬁl lldUXT

(W, pw) xu (ﬁ,p) W)Ly v
This square commutes. Indeed,
adj(fz) o (Idy x r) = adj(fz o Homy (U, p), Idy x 1)) =

adj(z e} fW) = (Z X Idﬁ) ) adj(fw>

where the first equality is by [I5, Lemma 8.7(1)] and the third by [15, Lemma 8.7(3)].
By Lemmas [2.3.4] and [2.3.5| we know that Idy X r is in F'B. By our assumption (3) on
FB and TC we know that 7 x Idg is in T'C. Therefore, there exists a morphism g :

(W, pw) Xu ([7 ,p) — U x V' that splits this square into two commutative triangles. Since
the lower triangle commutes, g is a morphism over U and in particular g = adj(f) for some
W = Homy,((U,p), (U x V', pr1)). Let us show that f splits the square dﬁ into two
commutative triangles i.e. that we have io f = f; and f OMU((ﬁ,p), Idy xr)= fw.

The first equality is equivalent to adj(i o f) = adj(fz) which is equivalent, by [I5, Lemma
8.7(3)] to (i x Idgz)og = adj( fz) which is the commutativity of the upper of the two triangles
into which ¢ splits (2.14)).

The second equality is equivalent to adj(f o Homy, (U, p), Idy x 1)) = adj(fw), which is
equivalent by [15, Lemma 8.7(1)] to g o (Idy X r) = adj( fw) which is the commutativity of
the lower of the two triangles into which g splits (2.14)).

Lemma is proved. W

We can now prove the second main theorem of this section.

Theorem 2.3.8 [2015.05.16.th1] Let (C,p,pt) be a universe category, let C be given a
locally cartesian closed structure and let TC and F'B be two collections of morphisms in C
that satisfy Condztzons . Let further Eq : (U p) — U and Q2 : U — U be a J1-structure
and assume that the followmg conditions hold:
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1. U 1s fibrant,
2. pisin FB,
3. wisinTC.

Then there ezists a J-structure Jp extending (Eq, Q).

Proof: Let us use the notations of Problem [2.2.9] We need to show that under the assump-
tions of the current theorem there exists a morphism that splits the square of Problem [2.2.9]
into two commutative triangles. Observe first that constructing such a splitting is equivalent
to constructing the splitting of the square

ooadj(pra

(U,p) xu (Fp, pFp) N

wXIdel lldUXp

(Eﬁ,pE(?) xu (E'p,pFp) o’ oadj(pr1) UxU

where B B
o : (U,p) xu (Fp,pFp) — (Fp,pFp) xy (U, p)
o' : (EU,pEU) xy (Fp,pFp) — (Fp,pFp) <y (EU, pEU)
are permutations of the factors.

It is easy to show that U x U is fibrant. Therefore it is sufficient to show that Idy x p is in
FB and w Xy Idp, is in TC'. The first fact follows from the assumption that p is in F'B and
that U is fibrant. The obtain the second fact let us apply condition (3) on the classes F'B
and TC'to B=U, [ = pE(?, 1 = w and p = pFp. It remains to show that pF'p is in F'B.
We can represent pF'p as the composition

prIpEﬁ

Fp=1,.:(U) U

The morphism pEﬁ is in I'B as a composition of pullbacks of p with respect to morphisms
with fibrant domains through repeated application of Lemmas [2.3.4] and 2.3.5] Therefore,
the morphism prl .7 is in F'B by Lemma and as a corollary we know that I, i (U) is
fibrant. Similarly 7,(U) is fibrant and i,(p) is iIn F'B and applying again Lemma we
see that pry is in F'B. And again by Lemma [2.3.5| we see that pF'p is in F'B which finishes
the proof of the theorem. Wl

Corollary 2.3.9 [2015.05.18.corl] Let C be a locally cartesian closed category with a
Quillen model structure, p a universe in C and (Eq,Q) a J1-structure on p. Assume further
that p is a fibration and w is a trivial cofibration and that in addition one of the following
two conditions holds:
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1. consider morphisms f : B' — B, p1 : E1 — B, ps : By — B and i : By — E5 such that
p1, P2 are fibrations and © a trivial cofibration. Then the morphism

Idp xi: (B/af) xp (Ei,p1) — (B/;f) X g (Ha, p2)

1s a trivial cofibration,
2. U s fibrant and the pullback of a trivial cofibration along a fibration is a trivial cofi-

bration.

Then (Eq,w) can be extended to a full J-structure on p.

The following result can be used to produce many examples of universes with J-structures
(but not the univalent universes). Let C be a locally cartesian closed category with coproducts
of sequences I1,,enX,,. We let in, : X,, — 11, X,, and (f,,), : [1,X,, — Y denote the canonical
morphisms. We let I1f, : I, X,, I1,, Y,, denote the morphism (f,, o in,),.

Assume that these coproducts satisfy the following two conditions:
1. for a sequence of morphisms f, : F, — B, the square

anrll lHn fn

I, E, Sl 11, B,

is a pullback square,

2. for a sequence of morphisms f, : F, — B, the square

HnEn+l (i) ? HnEn

ann+lJ J/ann
I, B, —tn 1y B,

is a pullback square.

Problem 2.3.10 [2015.05.22.th2] Let C be as above FB and TC' two classes of morphisms
satisfying one of the sets of conditions or(2.53.1. Assume in addition the following:

1. the coproduct of a sequence of morphisms from TC is in TC and the coproduct of a
sequence of morphisms from FB is in F B,

2. the composition of a morphism from T'C with an isomorphism is in TC,

3. for any morphism f : X —'Y there is given an object P(f) and morphisms iy : X —
P(f), qr : P(f) =Y such thati; € TC, qy € FB and f =iy o0 qy.
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To construct, for any universe p : U — U such that p € FB a sequence of morphisms
Pn 2 U, — U, such that pg = p, p, € F'B and 11,,p, with the universe structure defined by the
fiber squares of C, has a J-structure with w € TC.

Construction 2.3.11 (for Problem ??)[2015.05.23.constr1] Define p, : U, — U, in-
ductively as follows. For n = 0 we take py = p. To define p,,1 consider the diagonal
A, Uy = (Up,pn) Xu, (Un,pp) and let

Pnt+1 = 4A, - P(An) — (ﬁmpn) XU, (ﬁnapn)

so that in particular U,1 = (U,, pn) Xu, (Un, pn)-

Let U, = I,U,, (NJ* = Hnﬁn and p, = I,p,. According to the first of the two properties
that we required from the coproducts the canonical morphism

L Hn(Un7pn) XUn (Unvpn) — (U*vp*) XU* (U*7p*)

is an isomorphism. Together with the second property applied to the right-most square this
gives us a diagram with pullback squares of the form:

Hn ﬁnJrl — Hn [7R+1 = Hn ijn+1 M (7*

| I )

~ ~ L71 -~ = Z"'/L'n, >’n
(U*,P*) XU, (U*,p*) —>Hn(Un>pn> XUn (Unapn)—>HnUn+l = U*

where r = Il,p,1+1. Define Eq as the composition of the lower horizontal arrows of this
diagram (up to an isomorphism this is just (in,.1),). Since the squares of the diagram are
pullback the natural morphism

LI : Hnﬁn+1 — ((fj*ap*) XU. (6*7p*)7EQ)U* (6*7]7*)

is an isomorphism. Define
Q= (Lpia,) ot o (inpsi)n
such that then

w = (Iia,) 0t

By our assumptions w € T'C' and then by Theorem if F'B and T'C satisfied Conditions
2.3.1)or by Theorem it F'B and T'C satisfied Conditions we conclude that (Eq, )
can be extended to a full J-structure on p,. B

2.4 Constructing a J-structure on CC(C,p) from a J-structure on p
The construction of a C-system CC(C, p) from a category with a universe p and a final object
pt was presented in [13] and summarized in [I5]. Let us recall some facts and notations. The

underlying category of C'C(C, p) is equipped with a functor int to C. Note that while int is
the identity on morphisms by construction of CC(C, p), the notations for the same element of
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Hom(I",T') and Hom(int(I"),int(I")) may differ. In particular for f: [ - T'and F: ' - U
we have
2015.04.02.eq2]q(f, int(T, F)) = Q(f, F) (2.15)

For each I' € Ob(CC(C, p)) we have natural bijections
[2015.03.27.eq7b|u; : Oby(I') — Hom(int(I"),U) (2.16)

2015.03.27.eq7a]d; : Oby (I') — Hom(int(T'),U) (2.17)
where u; ' (F) = (', F) and where

[2015.03.31.eq5]u;(s) = s o Q(u1(9(s))) (2.18)
In particular,
ui(s) o p=s0Qu(9(s))) o p = s 0 py(s) ©u1(9(s)) = ur(I(s))

i.e., with respect to these bijections the function 0 : Ob, (T') — Oby () is given by composition
with p: U — U.

Problem 2.4.1 [2015.03.27.prob3] Let Eq : (U;p) — U be a JO-structure on a universe
p in a category C. To construct a JO-structure on CC(C,p).

Construction 2.4.2 (for Problem ?7)[2015.03.27.constr3] Since the canonical squares
are pullback squares bijections u; and u; gives us a bijection

au : {o,0 € Oby(T) | 0(0) = 0(0)} = Hom(int(T"), (U; p))
where (0, 0') = @i (0) * 11 (o). We set:
1dT(0,0") = uy " (ut(o,0') o Eq).
n

We let IdTg, denote the JO-structure on C'C(C,p) constructed from Eg in Construction
2.4.2l Note that
(2015.03.31.eql]int(IdT(0,0")) = (int(T); (u1(0) * u1(d")) o Eq) (2.19)

Recall that in [16] we let pr,, : I' = ft™(I") denote the composition of n canonical projections
pro--- Opftnfl(l").

Lemma 2.4.3 [2015.03.27.11] Let Eq be a JO-structure on p. LetT' € Ob and F : int(I') —
U. Then one has:
int(IdzT(T', F)) = (int(1'); F) g

Prazr(1),3 = plj?,F

Q(F)poQ(Eq) = Q(Q(Q(F) op) o Eq)
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Proof: Let T'= (', F'). We have:

int(ldxT(T)) = mt(]dTp}(T)(o, 0')) = (int(p5(T)); (ur(0) * uy(0")) o Eq)

where
0= p;*T(T) (5(T))
o' = d(pr(T))
We have
int(p}(T)) = (int(D); F, Q(F) o p)
and

U1 (Ps. 1 (6(T))) = Piant(r.r(F)op) © Q(F)
u(6(pr(T))) = Q(Q(F) o p)

which shows that @;(0) * u;(0') = Q(Q(F'),p) and completes the proof of the first and the
second equations.

The third equality is a corollary of the equality Q(F)r = Q(Q(Q(F),p), Fq) and the equality
QU F)eQ(F)=Q(foF) B

Problem 2.4.4 [2015.03.27.prob4/ Let Eq : (ﬁ;p) — U, Q:U — U be a JO-structure
and a J1-structures on a universe p in a category C. To construct a J1-structure refl(Eq, <))
over IdTg, on CC(C,p).

Construction 2.4.5 (for Problem 77 )[2015.03.27.constr4] Due to the natural bijections
(2.17) the morphism 2 defines maps

refl: Oby(T') = Oby(T)

by the formula
refl(s) = iy (i (s) o )

that are natural in I'. The equation (2.1]) follows from the commutativity of the square (2.6)).
[

We let reflg denote the J1-structure constructed from €2 in Construction [2.4.5] The following
technical lemma is only needed in the proof of Lemma [2.4.7]

Lemma 2.4.6 [2015.04.02.13] For s € Oby(I') one has:

refla(s)oQ(soQ(F)oQop)=s0Q(F)of

where F' = uy(0(s)).
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Proof: We have
ur(0(refla(s))) = ur(refl(s)) op=1ui(s) oQop=s0Q(F)oQop
therefore
ui(refla(s)) = refla(s) o Q(ui((refla(s)))) =
refla(s) o Q(so Q(F)oQop)
On the other hand, by definition of reflq,
uy(reflo(s)) =u1(s) o Q2 =s0Q(F) o Q.
|

Lemma 2.4.7 [2015.03.31.12] Given Eq and Q consider the corresponding IdT and refl.
For T € Oby(T) let
rfr int(T) — int(1dzT(T))

be the morphism constructed in Construction[2.1.6. On the other hand let

F*(w) : (int(T); F) — (int(1'); F)g
1s the pullback of w : U — EU with respect to F' = uy(T) i.e. the unique morphism

(int(T); F) — (int(T); F)g
such that
F*(w)o szt(r),p =DPr

F*(w)oQ(int(T), F)g = Q(F) ow

Then
rfr = F*(w)

Proof: In view of Lemma [2.4.3] both rfr and F*(w) are morphisms from (int(I'); F) to
(int(I); F)g. Let us denote int(I') by X and (int(I'); F, Q(F') o p) by Y. We have

(X5 F)e = (Y;Q(Q(F),p) o Eq)
and we can see this object as a part of the diagram with two pullback squares:

h1 e h2

(Y;Q(Q(F),p) o Eq) EU

U
pY,Q(Q(F)J))Oqu l va

Y Q(Q(F)vp) (ﬁ’p) Eq U

We have two projections

h=hiohy=QQ(Q(F),p)oEq): (X;F)g = U
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U Py,QQ(F) porg L (X F)p =Y
We need to check that
rfroh=F*(w)oh

rfrov=F*(w)owv
The morphism 7 fr is defined in (2.4) as

rfir = refI(8(T)) o q(3(T), fde(T» = refI(5(T)) 0 QU(T), QQ(F).p) o Eq)

where the second equation is from ([2.15} . We have

rfroh =refl(0(T))oQ(0(T), QIQ(F), p)oEq)oh = reflL(6(T))cQ(6(T) e Q(Q(F), p)o Eq) =
reflI(3(T)) o Q(Q(F) o Ao Eq) = refI(§(T)) o Q(Q(F) o (wo pEU) 0 Eq) =

refl(0(T)) o Q(Q(F) ocw o Q(Eq) o p) = refl(6(T)) o Q(Q(F) 0 Qop)
On the other hand

F*(w)oh=F*(w)ohiohy=Q(F)owohy=Q(F)owoQ(Eq) =Q(F)oQ
We have u1(9(6(T))) = Q(F) o p and
5(T) 0 QUun(D(3(T)))) = 6(T) 0 QQ(F) 0 p) = 6(T) o Q(pr o F) =
o(T) o q(pr,T) o Q(F) = Idiny(ry o Q(F) = Q(F)
Therefore by Lemma [2.4.6| we have
refl(0(T)) o QQ(F) 0 Qop) = Q(F) o Q2
Which proves that rfr o h = F*(w) o h.

We have rfr ov = §(T) because the square (2.3) commutes. Both rfr o v and F*(w) owv
are morphisms int(T) — int(ps(T")). Since pi(T') is a part of a pullback square with the
projections being ppx () and Q(Q(F') o p) we need to check that

3(T) 0 Q(Q(F) op) = F*(w) o v o Q(Q(F) o p) = F*(w) o hy o pEU =
Q(F) owopEﬁ: Q(F)oA
which holds by a simple computation, and
dipiiry = 6(T') 0 pyy(ry = F"(w) 00 0 ppym
For this equality we need to verify two further equalities
Q(F) = Idipyr) 0 Q(F) = F*(w) 0 v o pye (1) © Q(F)
and

T—]dznt OpT—F*(w)OUOpp}(T)OpT
The second one is the second equality of the two that define F*(w). For the first one we have
FH(w) 0w o (pyr) 0 Q(F)) = F7(w) ov 0 Q(Q(F), p) o pg ), =
Q(F)oAopy , = Q(F).
This completes the proof of Lemma [2.4.7 W
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Problem 2.4.8 [2015.04.04.probl/ Let (Eq, <, Jp) be a J-structure on a universe p. To
construct for allI' € Ob = Ob(CC(C,p)), for allT € Oby(T), for all P € Oby(1dzT(T)), for
all s0 € Ob(r f7(P)), an element J(I', T, P, s0) of Ob(P).

Construction 2.4.9 (for Problem ?7)[2015.04.04.constrl| Let X := int(T"), F' := uy(T) :
X — U. By Lemma we have int(IdzT(T)) = int(IdzT(L, F)) = (int(L); ) There-
fore we further have G := uy(P) : (int(I'); F)g — U and H :=1,(s0) : (X;: F) — U.

Let us show first that B
N (F, G) o I¥(U) = n,(F, H) o I(p)

Indeed,
anﬁ(F’ G) o I°(U) = ny(F,G o F*(w)) = mp(F,rfr o G) =

np(Fys00Q(rfroG)op) = np(F,ﬁop) = n,(F, ﬁ) o I,(p)

where the first equality is from Lemma [2.2.3] the second from Lemma [2.4.7] the third from
the commutativity of the canonical square and the fact that sO is a section, the fourth from
(2.18) and the fifth from naturality of 7, x v in V.

Therefore the pair (1,55 (F, G), 1, (F, H)) gives us a morphism
O(I, T, P.50) : X = (L,55(U), I°(U)) X1, (L(U), p(p))

and compositing it with Jp (cf. Definition we obtain a morphism

ST, T, P,s0) o Jp: X — I ,&(U)
Consider the element

(1, Fp) = n;Eﬁ(gb(F,T, P, s0)o Jp) € D, p5(X, U)
By [15, Problem 3.8(1)] we have
(Fy, Fyop) = D, (X, p)(F1, F3) = 0 ,(¢(0. T, P, 50) 0 Jp o I 5(p)) =
o (0 (FG)) = (,C)

Therefore, F» is of the form (X; F)g — U i.e. of the form U1, 1dzr(7)(J)) for some J such
that 9(J) = P. W

Remark 2.4.10 [2015.05.08.rem1] Note that the defining property of J = J;,(I', T', P, 50)
is that it is the unique element of Ob(C'C(C, p)) that satisfies the equation

Npee (u,r (1), W razrry(J)) = (L', T, P, s0) o Jp

where

S, T, P,s0) : int(L) = (I z5(U), I(U)) x1,@) (L,(U), I,(p))
is given by the pair of morphisms (anﬁ(ULF(T), U1, 1a2r(1) (P)), Mp (1,0 (T), U1,r(s0))).
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Lemma 2.4.11 [2015.04.04.14] Let Eq be a JO-structure on a universe p, f : TV — T a
morphism in CC(C,p) and F : int(I') — U a morphism in C. Let q3 : int(IdxT(I", foF)) —
int(IdxT (T, F)) be the morphism q(f, IdeT(T, F),3) defined by T since ft3(IdzT(T,F)) =
. Then q3 =Q(f, F)g.

Proof: Let X :=int(I") and X’ := int(I"”). By definition, Q(f, F')g is the unique morphism
such that
QU FleoQ(F)p =Q(fo F)g

Q(f, F)go pJ)E(,F = p)E(/,foF of
We will be building the proof using the following diagram

QIQ(Q(S,F),Q(F)op),Q(Q(F),p)oEq)

Q(R(Q(F),p),Eq)

Q(Eq)

(X', foF)p (X;F)p EU U
pP3 P1 J/p
QQU,F),Q(F)op) QQF)p) Eq
° ° ° U
QQUf,F),Q(F)op) QQF) p) Q)  ~
° ° ° U
L QUF) : Q(F) i p I
QU F) : Q(F)
[ ] [ ] [ ]
p
X/ ! X r U

By construction that is seen on this diagram we have:
q3 = Q(Q(Q(f7 F)7 Q(F) Op), Q(Q(F>7p) o EQ)

and

Q(X/7f © F)E = Q(Q(Q(f © F)wp)aEQ)
Therefore, the first equation that we need to verify is
QUAMQ(f, F), Q(F) o p), QIQ(F), p) 0 Eq) 0 QIQ(Q(F), p), Eq) = Q(Q(Q(f o F),p), Eq)

By [15, Lemma 3.2] we have, together with the defining rule Q(a, A) o Q(A) = Q(ao A), also
the rule:

Q(al, a9 O A) (¢] Q(ag, A) == Q((ll O ag, A)
Applying it twice and then the defining rule we get:

QR(Q(S, F), Q(F) o p), QIQ(F), p) o Eq) o Q(Q(Q(F), ), Eq) =
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QQA(S, F), Q(F) o p) 0 Q(Q(F), p), Eq) =
QQUAS, F) o Q(F),p), Eq) = QQ(Q(f © F),p), Eq)

which gives us the first equation. The second equation is immediate from the commutativity
of the three squares that define ¢3. B

Lemma 2.4.12 [2015.04.04.11] Let (Eq,<, Jp) be a J-structure on a universe p. Then the
morphisms of Construction [2.4.9 are natural in T i.e. for any f: 1" — T one has
[2015.04.04.eq3] f*(J;, (T, T, P, s0)) = J,(I", f*(T), f*(P), f*(s0)) (2.20)
Proof: Let us write J for J;,(I',T, P,s0) and J' for Jy,(I", f*(T), f*(P), f*(s0)) and use
the notations of Construction 2.4.9 Recall that for f : [ — T the operation f* is defined

only on Ob;(T"). In all other uses it is an abbreviation for operations such as X — f*(X,1)
and s — f*(s,1) for various ¢ (see [16]). In particular, (2.20)) is an abbreviation for

f*(J(T,T, P,s0),4) = J(I', f*(T), f*(P,4), f*(s0,2))
which in its turn translates into the equation in Oby(IdzT(f*(T))) of the form
q(f, 1dzT(T),3)"(J.1) = J'
We have:
N,pp(F u1(J)) = (I, T, P,s0) o Jp
N5 (f o Fyun(J') = o(I", f*(T), f*(P), f*(s0)) o Jp
By naturality of n with respect to the first argument we have

fo ﬁpEﬁ(R u(J)) = UpEﬁ(f o F,Q(f, F)pou(J))

Therefore, by Lemma [2.4.11] we have

fonpp(Fui(J) = n,p5(f o Fu(Q(f, F)p(J,1))) =

i (f o Foua(q(f, 1deT(T),3)*(J,1)))

Since both 7, and u; are bijections and in particular injections it is sufficient to show that

foo(I,T,P,s0)o Jp=o(I", f*(T), f(P), f*(s0)) o Jp
or that

fo oI T, P,s0) = (I, f(T), f*(P), f*(s0))

Since both ¢ expressions are morphism into a product this amounts to two equations that,
taking into account the definition of ¢ in Construction [2.4.9| are:

fongs(FLG) =n,55(f o Fyui(f*(P)))
and N
fonp(F, H) =ny(f o F,ui(f7(s0)))
The first equality follows naturality of n and Lemma [2.4.11] The second equality follows
from naturality of n. This finished the proof of Lemma [2.4.12] B
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Lemma 2.4.13 [2015.04.04.15/ Let (Eq,$2, Jp) be a J-structure on a universe p. Then
the morphisms of Construction satisfy the second condition of the definition of a J2-
structure, i.e., for all T', T, P and sO as above one has

7,JCY}':(JJP<F7 T? P7 80)) =50

Proof: Let J = J;,(I',T, P, s0). Then, using the notations of Construction we have:

Nep(Fui(J)) = ¢o Jp
Then B
Npi(F,u(J)) o I9(U) = ny(F, F*(w) o us (J))
By Lemma we have F*(w) = r fr. Therefore,
N (i (J)) o 14(U) = np(F,r fr 0 () = np(F, @ (r f(7)))
On the other hand
¢oJpoI°(U) = ¢oprl,(U)
by which equals, by construction, n,(F, u1(s0)). Therefore,
1p(F,ur(r f7(J))) = np(F, u1(s0))

and using again that both n and %, are injective we conclude that r f5(J) = s0. B

Problem 2.4.14 [2015.04.04.prob2/ Let (Eq,<2, Jp) be a J-structure on a universe p. To
construct a J-structure on CC(C,p) relative to IdTg, and reflq.

Construction 2.4.15 (for Problem ?77)2015.04.04.constr2] One has to combine Con-
struction with Lemmas 2.4.12] and 2.4.13. W

3 Functoriality of the J-structures

3.1 A theorem about functors between categories with two uni-
verses

[twouniv| Before we can formulate the definition of what it means for a universe category
functor to be compatible with J-structures we need some general results about functors
between categories with two universes that we will later apply to the universes p : U—U
and pEU : EU — U in a locally cartesian closed category C.

Given two universes (p, px,r, Q(F')) and (p', px , Q(F)') where p : U—sUandp :U —U
and the canonical squares are of the form

9D F(xry— 2
px,pJ P Py F P’
X—EL U xX—F v
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and f: U’ — U over U, we let F*(f) denote the unique morphism (X; F)' — (X; F) such
that
2015.04.08.eq3] F*(f) 0 Q(F) = Q(F) o f (3.1)

2015.04.08.eq4] F*(f) o px.r = Py p (3.2)

Note that F*(f) depends on the universe structures on p and p’. Even when two universe
structures give the same choices of the objects (X; F') and (X; F')’ the difference in the choice
of some of the morphisms, e.g., Q(F') will affect morphisms F*(f). We will need the following
lemma about these morphisms.

For X' 5 X 5 U we let Q(f, F) denote the morphism
(Pxrgor 0 f) x Q(f o F) : (X' fo F) = (X; F)

We let '(—) and Q'(—, —) denote the morphisms Q(—) and Q(—, —) relative to the universe

/

p.

Lemma 3.1.1 [2015.04.20.11] Let X' % X 5 U be two morphisms. Then the square

(X'5go FY o) (X5 FY

(goF)*(f)l lF*(f)
(X’;goF)M(X’;goF)

commutes.

Proof: Since (X;F) is a fiber product relative to the projections px r and Q(F) it is
sufficient to verify that

Q' (g, F) o F*(f) o Q(F) = (g0 F)"(f) 0 Q(g, F) 0 Q(F)

and
Q' (9. F) o F*(f)opx,p = (90 F)'(f) o Q9. F) o px,r
which easily follows from the defining equations for Q(—,—) and (—)*. B

Let (C,p,pt), (C',p/,pt') be two universe categories such that C and C" are equipped with
locally cartesian closed structures. In [I5, Construction 5.6] we have defined, for any universe
category functor

® = (2,0,0): (C,p,pt) = (C", 0/, pt)
and any V' € C, a morphism

Xe(V): ®(1,(V)) = Ly (2(V))
We now need to consider the case when we have the following collection of data:
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1. two universes pi, po in C with the common codomain U and a morphism g : U, — Uy
over U,

2. two universes p}, py in C' with the common codomain U’ and a morphism ¢’ : U] — Uj,
over U’,

3. a functor  : C — (',
4. a morphism ¢ : ®(U) — U,

5. two morphisms ¢; : ®(U;) — U/, i = 1,2
and this data is such that:

1. the square

o(0) — 2 U

‘P(g)l lg’

o(U,) —2—— U

commutes,

2. the triples ®; := (P, ¢, ;52), i = 1,2 are universe category functors i.e. ® takes canonical
squares of p; and py to pullback squares and the squares

o(U,) —2 U o(U,) —2 U
‘Nm)l lpﬁ ‘P(pz)l lfp'z
oU)—2 U oU)—2 U

are pullback squares.

Let us denote the exchange morphisms
Xa; (V) : @(1, (V) = L, (2(V))
by x:(V). The maps ®? in the following lemma are constructed in [15, Construction 5.2].
Lemma 3.1.2 [2015.04.08.11/ Under the previous assumptions and notations the squares
(I>2
Dpz(X> V) — Dpz(cb(X)a (P(V))

Dg(X,V)l lm’(@(m,@(vn
o7
Dy (X, V) ———— Dy (®(X), 2(V))

commute.
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Proof: Let (Fy, Fy) € D,, (X, F) then

DY ((X), 2(V))(R3(F1, F3)) = DY (B(X), (V) (P(F) 0 ¢, 12 0 B(F3)) =

= (®(F1) 0 ¢, (P(F1) 0 9)*(g') 0 12 0 D([3))
On the other hand

®(DI(X,V)(F1, ) = ®(F1, F{(g9) o Fy) =

(®(F1) 0§11 0 ®(F(g) © 1))

It remains to check that
(®(Fy) 0 @)*(g') 0 tg 0 ®(Fy) =11 0 ®(F(g) o Fh)
For which it is sufficient to check that
(2(F1) 0 9)*(g) 0 t2 = 11 0 D(FY(9))

The codomain of both morphisms is ®((X; F}),,) and since ¢ takes canonical squares based
on ps to pullback squares it is sufficient to check that

(D(F1) 0 8)*(¢) 0 12 0 B(Qa(F1)) 0 b3 = 11 0 B(F(g)) 0 (Q2(F})) 0 62

and
(B(F1) 0 9)*(g") 012 0 B(px,;2) = t10 P(F](g)) 0 P(px.py.2)

For the first equation we have

(B(F1) 0 ¢)*(g') 0120 B(Qa(F1)) 0 d2 = (R(F1) 0 9)*(¢) 0 Q2(P(F1) 0 ) = Qu(P(F1) 0 ) o ¢

where the first equality is from the definition of ¢ in [I5, Construction 5.2] and the second

from . On the other hand
110 B(F(9)) 0 (Qa(F1)) 0 6 = 11 0 B(F (g) 0 Qa(F1)) 0 by = 11 0 ®(Q1(F1) 0 g) 0 6o =

1 o ®(Q1(F1)) 0o ®(g) 0 da = 11 0 B(Q1(F1)) 01 og = Qi(B(Fi) o) o g

This proofs the first equation. For the second equation we have:
(P(F1) 0 ¢)"(g') 0 120 P(px,rr.2) = (P(F1) © 8)"(9) © Pacx)(Fi)es.2 = Po(x)d(Fi)os.1
and

110 ®(FY(g)) o P(px.r2) = 10 P(FT(9) o px,;i2) = 10 P(Px. ;1) = Pa(x)@(F1)os,1

This finishes the proof of the lemma. B
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Lemma 3.1.3 [2015.04.06.17/ Under the previous assumptions and notations the squares

(L, (V) — s 1, (0(V))

<1>(1g<V>>l lfg’(«b(vn
V)
O(I, (V) ———— L, (®(V))

commute.

Proof: Let X = I,,,(V)). We have
X2(V) o I7(D(V)) =/ (®3(n (Idx))) o I? (B(V))
by definition of x in [I5, Construction 5.6]. Then by Lemma[2.2.3/and Lemma[3.1.2] we have:
W (@501} (Idx))) o I (B(V)) = n(DY (®(X), (V))(®5(n " (Idx)))) =

n(@1(D(X, V) (™' (Idx))))

Then, again by Lemma [2.2.3] we have
n(®1(DY(X, V) (' (Idx)))) = n(®1(n~" (Idx o I°(V))) = (@3 (n ' (I(V))))
It remains to show that
(@1~ (I°(V)))) = @(I*(V)) o xa(V)

Let a be any element of Hom(I,,(V),I,,(V)). Let us show that

n(®1(n~"(a)) = ®(a) o x2(V)

We have
®(a) o x1 (V) = ®(a) o/ (®(n~ (Idy,, (v)))) =

0 (D (®(a), 2(V)) (@1 (0™ (Id1,, 1))

where the second equality holds because of naturality of 1 in the first argument. Then
1 (D, (®(a), ®(V))(@1(n~" (Idy,,(v)))) = 0 (RL(Dy, (a. V) (1™ (L, (V))))
by [15, Lemma 5.4] and

0 (®1(Dyy (a, V) (™ (L, (V)))) = 1/ (R (0~ (a 0 Idy, (V)))) = 1/ (@11 (a)))

again by naturality of 7 in the first argument. This finishes the proof of Lemma (3.1.3] Bl

Consider the morphisms

G : (I)([pi(U)) - [pi(U/)

33



given by ¢; = xi(U) o I,,,(¢) and
G+ (L, (T)) = 1, (T)
given by G = xi(U7) o Ipi(%). Note that
G = Sapd
where ¢ are the morphisms introduced in [15] and Zi = 5((1)7%51) but EQ #+ §(¢7¢7$2).

Theorem 3.1.4 [2015.04.10.th3/ Under the previous assumptions and notations the mor-
phisms (1, (2, (1, (o form a morphism from the square

Sy @)
O(1p, (V1))

D (Ip, (pz))l

2(1,, (1))
l‘I’Um (p2))
(1, (1)

to the square

Proof: We need to prove commutativity of the outer squares of the following four diagrams:

~ x2(Uh) ~ Ly (91) o

(L, (Uh)) ————— L, (B(U1)) —— L, (U7)

19 (8(Th)) 19 (8(Th)) 9 ()
~ Xl(ﬁl) ~ Ipfl (51) ~
O (1, (Uy)) Ly (®(Uh)) ———— 1, (U})
x2(U1) Ipé(gl)
O (I, (Uy)) ———— Ly, (®(U1)) ——— L, (U})
(19(Uy)) 19 (®(Uy)) 19 (U7)
x1(U1) L, (¢1)
O (1, (U1)) ———— L, (®(Uh)) — Ly, (U1)
~ Xz(ﬁl) ~ Ip/ (51) ~
(1, (Uh)) Ly, ((U,)) — Ly, (U7)
@ (Ipy (p1)) Ly (®(p1)) Ly (p1)
x2(U1) Iplz(al) /
(I)(Ipz(Ul)) Iy, (@<U1)) - IPIQ(UI)



~ i (T) ~ L (¢1) ~
(L, (Uh)) ———— L, (2(U1)) ——— L1, (U7)

®(Ipy (p1)) Ly (2(p1)) Ly (Ph)

x1(Uh) IPi(gl) /
(1, (Uh)) ——— Ly (®(U1)) —— Iy (Uy)

The left squares in the first and the second diagram are commutative by Lemma, |3.1.3]
The left squares in the third and the fourth diagram are commutative by [15, Lemma 5.7].
The right hand side squares in the first and second diagram commute by Lemma [2.2.2

The right hand side squares of the third and the fourth diagram commute because [, are
functorial and therefore take commutative squares to commutative squares.

Theorem is proved. B

3.2 Universe category functors compatible with J-structures

Let us define now conditions on functors of universe categories that reflect the idea of compat-
ibility with the JO- J1- and J2-structures on the universes. Recall that for universe categories
(C,p,pt), (C',p',pt') a functor of universe categories is a triple (®, ¢, ¢) where ® : C — C' is
a functor that takes the canonical squares to pullback squares and pt to a final object and
¢:PU) = U, ¢:PU)— U are morphisms such that the square

2015.04.06.eq10] &(U) —2— " (3.3)

‘P(p)l lp/

oU)—2—U

is a pullback square. For any functor of universe categories and X € C, F' : X — U the
morphism

D(px.r) * (P(Q(F)) 0 ¢) : D((X; F)) — (P(X); (F) 0 ¢)
is an isomorphism and we will denote it ®x r. Let U p be the composition

= P o Q@)
O((Usp)) = (2(U); ®(p) 0 ¢) = (2(U); s o p') =2 (U'; 1)
We also have another description of this morphism given by the following lemma.

Lemma 3.2.1 [2015.04.10.15/ One has:

30p = (D(pg,) 0 6) * (S(Q(p)) 0 9)
Proof: One has

®Upopy, , = 5,0 Q(¢,0) 0P, = Pp, © Py goy © ¢ = Plpgy,) 0 0
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where the second equality is by definition of ()’(—, —) and the third equality is by definition
of LG Then

®Upo Q' (V) = P5,0Q (6,0) 0 Q' (1)) = 5, 0Q(¢pop) =

®5,0Q(®(p) o d) = 2(Q(p)) o

where again the second equality is by definition of QQ(—, —) and the fourth equality is by
definition of ¢y, M

Lemma 3.2.2 [2015.04.10.16/ For s,s" : Y — U such that sop = s' op one has
(s + ') 0 ®Up = D(s 0 )  D(s' 0 §)

wn particular _ L
P(A)odPUp=0¢px¢

Proof: Using Lemma |3.2.1| we have
O(s*s')o @ﬁpop/ﬁ,’p, = d(s*s") o P(pg,) o b=s00
and _ _ B
D(s+ ) 0 @Tpo Q') = B(s + ) 0 D(Q(p)) 0 6 = 5 0 &
The particular case of A follows from the fact that A = Idg x Idy;. B
Lemma 3.2.3 [2015.04.06.15] The square

2015.04.06.0q10] ®((T: p)) —22s (T ') (3.4)

q>(p[7,p)J J/pb/’p/

OU)——U'

15 a pullback square.

Proof: This square is equal to the composition of two squares

B((T;p) — 22 (@(T): F o) L (T )

q)(pﬁ,p)l p‘I’(ﬁ)@Op’l lp,fﬂ,p’

o(U) d(U) U’

The right hand side square is a pullback square (2.5). The left hand side square is a pull-
back square as a commutative square whose sides are isomorphisms. We conclude that the
composition of these two squares is a pullback square. B
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Definition 3.2.4 [2015.04.06.defd/ Let Eq be a JO-structure on p and Eq' a JO-structure
on p'. A universe category functor (®, ¢, @) is said to be compatible with Eq and Eq' if the
square

2015.04.06.eq6] D((T; p)) — 2, (1) (3.5)

@ﬁpl
U p) ———
commutes.

Let Eq, Eq be as above. Let (®, ¢, ¢) be a universe functor compatible with Eq, and Eq'.
Define a morphism B B B B
¢p: ®(EU) = EU' = (U9, Eq')

as (D(P(7,) ) © PUD) % (B(Q(Eq)) 0 §).

Lemma 3.2.5 [2015.04.06.14/ Let Eq, Eq' be as above. Let (P, ¢, ¢) be a universe functor
compatible with Eq, and Eq'. Then the square

O(BEU)—2E— BU
q)(p(ﬁ;p),Eq)J lp(ff’;p’),Eq’
7 2Up Tt
o((U;p)) —— (U 1)

1s a pullback square.

Proof: Consider the diagram

7 $E

[2015.04.06.eq8] ®(ED) Q(Eq)

EU' U’ (3.6)

(I’(p(ﬁ;p),Eq) P@ph,Bq lp’
(0:p) " (U5p) ——U'
The outer square of this diagram is equal to the outer square of the diagram

[2015.04.06.eq7] O(EU) ——o(U) —— U’ (3.7)

q)(p(ﬁ;p),Eq)J @(p) lp'

(:p) " @(U) s U
where the equality of the lower horizontal arrows follows from the commutativity of the
square (3.5)). The left hand side square of this diagram is a pullback square because ® takes
canonical squares to pullback squares. The right hand side square is a pullback square by
definition of a functor of universe categories. Therefore the outer square is a pullback square.

The right hand side square of (3.6 is a canonical square and therefore a pullback square.
We conclude that the left hand square of (3.6]) is a pullback square. B
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Lemma 3.2.6 [2015.04.06.16/ Let Eq, Eq' be as above. Let (®,¢,d) be a functor of uni-
verse categories compatible with Eq, and Eq'. Then the square

[2015.04.06.eq9]  ®(EU) —~2— EU’ (3.8)

CI)(pEf])l J{pEﬁ’
]

o(U) —> U

1s a pullback square.

Proof: It follows from the fact that the square (3.8)) is equal to the vertical composition of
the squares of Lemmas [3.2.5 and [3.2.3 with the square (3.4)). W

Definition 3.2.7 [2015.04.06.def5/ Let Eq, Eq' be as above and let 2, Q) be J1-structures

over Eq and Eq' respectively. A universe category functor (9, ¢, ¢) is said to be compatible
with Q and ' if the square

commautes.

Lemma 3.2.8 [2015.04.10.17] Let Eq,Q and Eq',Q) be as above and let ® be a universe
category functor compatible with Eq, Eq' and ,€Y. Then the square

o(U) —L T

commautes.

Proof: Since EU' = ((U'; p/); Eq') it is sufficient to verify that the compositions of the two
paths in the square with pg, g, and Q(Eq') coincide. We have:

pow 0 Q(Eq) =dos

by definition of w’. On the other hand

O(w) 0 ¢p o Q(EYG) = ®(w) 0 ®(Q(Eq)) 0 ¢ = () 0 ¢

where the first equation holds by definition of 5 . The proof follows now from the assumption
that ® is compatible with Q and . B
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To formulate the condition of compatibility of a universe functor with full J-structures on C

and C’' we will use Theorem [3.1.4]

Let ® = (P, ¢, 5) be a functor of universe categories. In view of Lemma m, if ® is com-
patible with Eq and Eq’ then the triple ®5 := (P, ¢, 5}3) is a functor of universe categories
as well. If, in addition, ® is compatible with  and 2’ then, by Lemma [3.2.8] morphisms w
and w’ satisfy the conditions on morphisms g and ¢’ of Section [3.1]

Let
o 1 O(L,(U)) — 1y (U')
g@ : (I)(Ip(ﬁ)) - Ip’(ﬁ/)

denote the compositions xe(U) o Iy(¢) and xa(U) o Iy(¢) and let
C‘I’ : (b([pE(7<U)) - IpEﬁ’(U/)

Co + O(L,5(U)) = e (U')

be given by the compositions ys, (U)o pEﬁ,(gb) and xe, (U)o pEﬁ,(gb). Note that (¢ = £a,,

but Zq) is different from E(I,E since the latter is equal to the composition x4, (E(?) oIpEﬁ,(gE).
Applying Theorem in this context we get the following.

Theorem 3.2.9 [2015.04.10.th1] Let ® be a functor of universe categories compatible
with the J1-structures (Eq,Q)) and (Eq',Q)) on p and p' respectively. Then the morphisms

¢o,&, Ca,(a form a morphism from the square

~ | ®I¥(D))
(1, (0)

@(IpEg(p»l
(L, pi(U))

(1,(0))
F(IP@»

(1)
—— ®([,(V))

to the square

[ i (U") —— Iy (U")

p

IpEf]/ (p/)J/

I Ef]/(U/) } Ip’<U,)

p.

Let Rg denote the composition

(L, (U), I°(U)) X1,y (Ip(U), L(p))) = (L5 (U), I*(U)) Xau,wy) SUp(U), I(p)) =

(T (U"), 12 (U) ) (L (U); Ly ()
where the second arrow is defined by &g, 51) and (g in view of Theorem .
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Definition 3.2.10 [2015.04.06.def6/ Let Eq, Eq', Q and ) be as above. Let Jp and Jp/

be J2-structures over (Eq, Q) and (Eq', ) respectively. A universe category functor (®, ¢, ¢)
is said to be compatible with Jp and Jp' if it is compatible with Eq, Eq" and ), Q' in the
sense of Definitions|3.2.4 and |3.2."1 respectively and the square

Ra =7

B((L,p5 (V). 1)) X gy (Ip(0), 1p(p))) == (Lo (U"), I (U")) 1 0y (I (U"), Iy ()

‘1>(Jp)l lJp’

®(I ,5(0)) B Iy (0")

p p

commautes.

3.3 Homomorphisms of C-systems compatible with J-structures
Definition 3.3.1 [2015.04.06.defl/ Let H : CC' — CC’ be a homomorphism of C-systems.

1. Let IdT, IdT" are JO-structures on CC and CC" respectively. Then H is called a
homomorphism of C-systems with JO-structures (CC,I1dT) — (CC,IdT") if for each

['e Ob(CC) and o,0" € Oby(I") such that d(o) = I(d'), one has
H(IdTt(0,0")) = 1dT} 1 (H(0), H(0))
(the right hand side of the equality makes sense because H commutes with ).

2. Let IdT, IdT" be as above and let refl, refl’ be J1-structures over IdT and IdT’
respectively. A homomorphism of C-systems with JO-structures H : (CC,I1dT) —
(CC", 1dT") is called a homomorphism of C-systems with J1-structures

(CC, IdT,refl) — (CC', IdT", refl’)
if for all T € Ob(CC) and o € Oby(T) one has
H(refl(0)) = refl'(H (o))

For a C-system CC with a JO-structure IdT and a Jl-structure refl over IdT define

Jdom(CC, IdT,refl) as the set of quadruples (I', T, P, s0) where I € Ob, T' € Ob,(T"), P €
Oby(1dzT(T)) and s0 € bvb(rf}(P)) Equivalently we can say that Jdom(CC, IdT,refl) is
the subset in Ob x Ob x Ob x Ob that consists of quadruples (I, T, P, s0) where ft(T) =T,
ft(P) = IdxT(T) and 9(s0) = rf5(P). Then a J2-structure is defined by a map Jdom — Ob

with some properties.

Lemma 3.3.2 [2015.04.06.13/ Let H : CC — CC" be a homomorphism of C-systems. Let
['X, Y € Ob(CC), m,n € N and suppose that ft™(X) = ft"(Y)=T. Let f: X =Y be a
morphism over I' and let F : " — T" be a morphism. Then

H(F*(f)) = H(F)"(H(f))
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Proof: This is easy to show from the defining properties of F*(f) and H(F)*(H(f)). B

Lemma 3.3.3 [2015.04.06.12] Let IdT, IdT", refl and refl’ be as in Definition and
let
H:(CC,IdT,refl) — (CC', IdT",refl")

be a homomorphism of C-systems with J1-structures. Then for all elements (I', T, P, s0) of
Jdom(IdT,refl) one has (H(I"), H(T), H(P), H(s0)) € Jdom(IdT",refl).

Proof: We have ft(H(T)) = H(ft(T )):H( )and ft(H(P)) = H(ft(P)) = H(IdxT(T)).
We also have 9(H (s0)) = H(9(s0)) = H(rf5(P)). By Lemma [3.3.2| we further have

H(rfz(P)) = H(rfr)" (H(P))

It remains to show that H(IdzT(T)) = IdaT"(H(T)) and H(r fr) = er This follows by
a straightforward but lengthy computation from the defining equations (2.2)) and ( . |

Definition 3.3.4 [2015.04.06.def2/ Let IdT, IdT", refl and refl' be as in Definition[3.3.1]
and let J, J' be J2-structures over (IdT,refl) and (IdT",refl’) respectively. A homomor-
phism of C-systems with J1-structures

H:(CC,IdT,refl) — (CC', 1dT",ref")
1s called a homomorphism of C-systems with J-structures
(CC, IdT,refl, J) — (CC', IdT",ref; , J)
if for allT € Ob(CC), T € Oby ("), P € Oby(IdzT(T)) and s0 € &)(rf}(P)) one has
H(J(T,T, P,s0))=J(H(T),H(T), H(P), H(s0))

where the right hand side of the equation makes sense by Lemma|3.5.5,

3.4 Functoriality of the J-structures ([dTg,, refla, ;)

Let us first remind that by [13, Construction 3.3] any universe category functor ® = (®, ¢, 5)
defines a homomorphism of C-systems

H:CC(C,p) — COC,p)

To define H on objects, one defines by induction on n, for all I' € Ob,(CC(C,p)), pairs
(H(T'),¢r) where H(I') € Ob(CC(C',p’)) and ¢r is a morphism

Yr int' (H(T)) — @(int(T))
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as follows. For n = 0 one has H(()) = () and v) : pt’ — ®(pt) is the unique morphism to a
final object ®(pt). For (I, F') € Ob,, 1 one has

H((T, F)) = (H(T), yr 0 ®(F) 0 ¢)
and ¢ p) is the unique morphisms int'(H(I', F')) — ®(int(I', F')) such that

Yrr) 0 (Q(F)) 0 ¢ = Q' (thr 0 B(F) 0 ¢)
and
Yr,r) © ®(pr,r) = pr(r,F)) © Yr

Observe that v is automatically an isomorphism. The action of H on morphisms is given,
for f:T"— 1", by
H(f) =4¢ro®(f) oy

Lemma 3.4.1 [2015.04.12.11] Let ® be a universe category functor as above that is com-
patible with the JO-structures Eq and Eq' on p and p' respectively. Then the homomorphism
of C-systems H = H(®) is a homomorphism of C-systems with JO-structures relative to
IdTEq and ]dTEq/.

Proof: Let IdT = IdTg, and IdT" = IdTg,. We need to check that for all ' € Ob(CC(C, p))
and 0,0 € Oby(I") such that d(o) = 9(0') one has

H(IdT(0,0)) = I1dT"(H(0), H(d))

Since

O(1dT'(H (o), H(0"))) = ft(0(H (0))) = H(ft(9(0))) = H(T)

this is equivalent to
uy (H(IdT(0,0"))) = u (IdT'(H(0), H(d")))

By [15, Lemma 6.1(1)] we have
uy (H(IdT(0,0"))) = tr o ®(uy (IdT(0,0'))) o ¢ = ¢r o ®((wy(0) * Uy (")) 0 Eq) 0 ¢ =

Yr 0 ® (T (0) * Uy (o)) 0 ®(Eq) 0 ¢ = ¥r 0 B(T; (0) * U1 (0')) 0 DUp 0 Eq’
By Lemma |3.2.2| we have

Yo (@ (0) ¥ () 0 @Up 0 Eq' = r o (21 (0)) 0 §) * (B(a1 (o)) 0 ¢)) 0 Eq
and [I5, Lemma 6.1(2)]

(@1 (0)) 0 ¢) * (B(w(0) 0 9)) 0 Eq' =

0)) 0 @) * (Yr o ®(uy(0")) 0 ¢)) 0o Eq' =
U (H(0'))) o Eq' = IdT'(H (o), H(0))

~ N
=
* o~

Lemma is proved. B
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Lemma 3.4.2 [2015.04.12.12] Let ® be a universe category functor as above that is com-
patible with the (J0,J1)-structures (Eq,Q)) and (Eq',Q) on p and p' respectively. Then the
homomorphism of C-systems H = H(®) is a homomorphism of C-systems with (J0,J1)-
structures relative to (I1dT gy, refla) and (IdTry,refly).
Proof: Let refl = reflg and refl’ = reflg,. The compatibility condition is
P(Q)od=co

We need to check that for I' € Ob(CC(C,p)) and s € Ob,(T) one has

H(refl(s)) = refl'(H(s))

By [15, Lemma 6.1(2)] we have

H(refl(s)) = H(uy ' (Un(s)oQ)) = Uy (Yro®(tir(s)oQ)o¢) =ty (Yro@(Uis(s)) o @(Q)09) =
= (U 0 ®(T(s)) 0 o ) = &y (@ (H(s)) o ) = refl'(H(s)).
|

To prove the functoriality of the full J-structures we will need some lemmas first.

Recall that in [16] we let pr,, : [' = ft™(I") denote the composition of n canonical projections
Pro -0 pPpn-1(r).

Lemma 3.4.3 [2015.05.10.11] Let ® be a universe category functor and T' € Ob(CC(C, p))
be such that [(T') > n. Then the square

int'(HT)) —=5  o(>int())

PH(F)mi lé(pl",n)

int' (F1n(T)) 2220y @ (int(f17(T)))

commutes.
Proof: It follows by simple induction from the defining relation
Yr o ®(pr) = pu) © Ysur)

of ’QDF. [ |

Lemma 3.4.4 [2015.05.06.13/ Let Eq, Eq' be JO-structures on (C,p) and (C',p') and ® be
a universe category functor compatible with Fq and Eq'. The for all T € Ob(CC(C,p)),

T € Oby (), P € Oby(1dzT(T)) and o € bvb(P) one has:
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1o (W oy (H(T))s W ey (H(P))) is a well defined element of D, (®(int(I')), U’)
and
(ull,H(F)(H(T))> ull,Ida:T’(H(T))(H<P))) =

D, ogr (o, U (Do (int (H (), 6) (% (w0 (T) un, ) (P)))
2. (W gy (H (D)), W) rqpriar(ry) (H(0))) is a well defined element of D, 5 (P (int(I')), U

and
(ull,H(F) (H(T)), a/1,1dgcT'(H(T)) (H(0))) =

D, (or, U')(D, s (int (H (L)), 6) (@3, (ur,r(T), U 1 (0)))

Remark 3.4.5 Since us(T) = (ur(ft(7T)),ur(T)) and ua(s) = (ui(ft(9(s))),u1(s)) , this
lemma is very similar to [15, Lemma 6.1(3,4)] but its proof is much more involved because
of the interaction of the two different universe functors.

Proof: We will only consider the second assertion. The proof of the first one is similar and
simpler.

To prove that the pair (u) y)(H(T)), @) rgup gy (H(0))) is a well defined element of

DpEU,(q)(int(F)) U') we need to show that ft(8(H (0))) = IdzT'(H(T)) and that the source
of Wy 14,7v(mr))(H1(0))) equals to (int(H(L));uy(H(T)))p, i.e., that

int'(1dzT'(H(T))) = (int(H(I')); uy (H(T))) e

The former is a corollary of our assumptions and Lemma and the latter is a corollary
of [15, Problem 3.3(1)] and the first equation of Lemma [2.4.3]

Let X =int(I'), F = uy r(T) and G = U1, 1dz(7)(0). By definitions we have

D, s (0, ) (D, ( 0)(BL(F, @))) = Do (W, )(D (- 9)(R(F) 0 6,0 B(E))) =

Do (e, ) (B(F) 0 6,00 ®(G) 0 ) = (Y 0 B(F) 0 6, Q(vr, ®(F) 0 ¢) g 0 10 B(G) 0 6)

where
L (D(X); @(F) 0 d)pr = ©((X; F)p)

is the unique morphism such that

Lo (I)(p?(,p) = pg(X),@(F)mp

Lo ®(Q(F)p) 0 b = Q(B(F) 0 ¢)w

On the other hand
uy, gy (H(T)) = tpr o ®(uy,p(T)) o ¢

U1 razr () (H(0)) = Utz (1der (1)) (H(0)) = Yu(raerry) © P(U,1421(1)(0)) © @
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by [15, Lemma 6.1(1,2)]. Therefore, to prove the lemma it is sufficient to show that
Yraorry = Q(hr, P(F) o d)pr ot

Both sides are morphisms with the codomain
O(int(1dzT(T))) = ¢((X; F)E)

and since @ is a universe category functor it is sufficient to show that the compositions of
the two sides with ®(p¥ ) and ®(Q(F)g) o ¢p are the same. Since

Q(Yr, ®(F)od)moro q)(p)E(,F> = Q(¢r, ®(F)o¢)p o ngX);b(F)od) =

/

pit’(H(F»,wro@(Fw oYr = pfn’(H(T)) ° Yr

the first equation reduces to

[2015.05.10.eq1]Y14.7(1) © P(ph) = pgt,(H(T)) o (3.9)
and since
Qr, ®(F) 0 ¢) i 0 10 D(Q(F)p) 0 b = Q(tbr, D(F) 0 ) 0 Q(D(F) 0 §) pr =
Q(¢pr o ®(F) 0 ¢)pr

the second equation reduces to

2015.05.10.6q2.0]¢)14071) © D(Q(F) ) 0 dz = Q(tbr 0 B(F) 0 ¢) (3.10)
Equation (3.9)) follows immediately from Lemma and the second equation of Lemma
243
We have

¢ = (P(P(@y),5,) © PUD) * (B(Q(Eq)) © ¢)
Therefore (3.10)) is equivalent to two equations:

77ZJIde(T) ° ¢(Q(F)E) © (p(p(l:j;p),Eq) © CDﬁp =

Q(Ur o ®(F) 0 @) © D) g (3.11)
and
Yraer(r) © P(Q(F)5) 0 ®(Q(Eq)) 0 ¢ =
Q' (Yr o ®(F) o ¢) 0 Q(Eq') (3.12)
The first equality we will have to decompose further into two using the fact that by Lemma

[3.2.1] we have

®Up = ((pg,) © 0) * (2(Q(p)) 0 9)
Therefore (3.11]) is equivalent to two equations

Vrazr(r) © P(Q(F)E) © ©(D(17,) 1y) © PPy ,) 0 & =

45



[2015.05.10.eq2aa]Q(¢r 0 B(F) 0 ¢)r 0 P 5y © Py,
and

(3.13)
Yrazr(r) © P(Q(F)E) © ‘P(p(ﬁ;p),Eq> o ®(Q(p)) ° 5
[2015.05.10.eq2ab]Q(¢r 0 ©(F) 0 @) pr © P11 gy © QP') (3.14)
To prove (3.12)) observe first two useful equalities

u1(1dzT(T)) = Q(Q(F), p) o Eq

Q(ur(1dzT(T))) = Q(F)p o Q(Eq)
where the first follows from the proof of Lemma [2.4.3| and the second is the combination of
the first with the third equality of the same lemma.
Now we have:

Grarrry © P(Q(F) ) 0 ®(Q(Eq)) © ¢ = Yrawr(ry © ®(Q(F)p 0 Q(Eq)) 0 ¢ =
Yrazr(r) 0 P(Q(ur (1dxT(T)))) 0p = Q' (V1dger(ry 0 P(ur (IdzT(T))) o)

and

Q(ui(H(1dzT(T))))

Qro®(F)od)p o Q(E]) = Q(ur(H(T)))r o Q(Eq) = Q'(ur(H(1dT(T))))
The equality is proved.

To prove (13.13]) observe two equalities:

QUE)E © P(G.p) 5y = PrasT(r) © Q(Q(F), D)
Q(Q(F)ap) Py p = Pft(1daT(T) © Q(F)
The same equalities hold for F’ = ¢po®(F)o¢ = u}(H(T)) and the equation (3.13]) becomes
Yraor(r) © P(Drazrry) © LPse(raer(ry)) © P(Q(F)) 0 ¢ = Prazt (H(T)) © Pfi(rdar (H(T))) © Q(F")
Using the defining equations for v we rewrite the left hand side as

Mrd;cT(T)O<I>(mdacT(T))O‘I>(Ith(lrdgcT(T)))<>‘1>(Q(F))09g = IDH(M:(;(T))OJth(H(lde(:r)))OQ/JTCKI)(Q(F))O(}5
It remains to show that

Qo (F) 0 ¢) = Ym0 P(Q(F)) 0 ¢
which is the defining equation of (¢ r).

To prove (3.14) let us rewrite the left hand side first

Yraer(r) © 2Q(F)5) © ©(p g,y 5,) © P(QP)) 0 &

@DldzT(T) © (I)(plde(T) © Q(Q(F),p)) © (I)(Q(p)) © Cg
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PH(1dzT(T)) © Vye(1dar(T)) © P(Q(Q(F) 0 p)) 0 =

PH(1dzT(T)) © w(r,F,Q(F)op) © (I)(Q(Q(F) op))o 5 = PH(IdzT(T)) © Q(Ul(H(ft(fdlﬂT(T)))))

Where the first equality holds in view of the upper square of Construction the second
one is one of the defining equalities of ¢ and the third one is from [15, Lemma 3.2].

Let F' = uy(H(T')). Rewriting the right hand side we get
Q(Yr o ®(F) 0 @) 0 0P gy © QD) = QU )5 0 PGy gy © QW) =

Prazr(a(r) © QQF"), ") 0 Q1) = Praar (1) © Q(Q(F) 0 p') =
PrdzT'(H(T) © Q(ur(ft(IdaT(H(T)))))

Where the second equality is from the upper square of Construction in C’, the third
equality is from [I5, Lemma 3.2], and the fourth from the middle square of Construction

2.2.6/in C'.
Lemma [3.4.4]is proved. W

Lemma 3.4.6 [2015.04.12.13] Let ® be a universe category functor as above that is com-
patible with the (J0,J1,J2)-structures (Eq, <), Jp) and (Eq',Y, Jp) on p and p' respectively.
Then the homomorphism of C-systems H = H(®) is a homomorphism of C-systems with
(J0,J1,J2)-structures relative to (1dTgq, refla, Jip) and (IdTey, reflo, Jypy).

Proof: Let IdT = IdTq, Id1" = IdTq, refl =reflg, refl' =reflo, J = Jjp and J' = Jjp.

We need to verify that for all I' € Ob(CC(C,p)), T' € Oby(L), P € Obi(1dzT(T)) and
s0 € Ob(r f5(P)) one has

H(J(T,T, P,s0)) = J'(H(T), H(T), H(P), H(s0))

The defining equation for J' is

Mype (Wi (H (1)), Wy rgar () (J))) = (H(L), H(T), H(P), H(s0)) o Jp'
and to prove the lemma we need to show that H(J) satisfies this equation.

Using Lemma we have

Mppe (W1 (H(T)), 04 ra0r oy (H(J)))) =
M (Do (s ) (Do (-, ) (@ (wa (T), T raer ) ()))) =

Yo TIpEﬁ/((I)QE(Ul (T), 01, raxrr)(J))) © L, (0)
By [15, Lemma 5.8] and by the defining equation for J we further have

Yro anﬁ/(@%(ul(T)a u1,1ax1(r)(J))) © [pEﬁ'(¢) =
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Yr o ‘P(anﬁ(Ul(T); u1,1d27(1)(J))) © X@E(ﬁ) © pEﬁf(g) =

Yr o ®(¢(I, T, P, s0) 0 Jp) o xap (U) 0 55 (9) = ¥r 0 B((I', T’ P, s0) 0 Jp) © (e

It remains to show that

vro @(¢(I', T, P,s0) o Jp) o (e = ¢(H (L), H(T), H(P), H(s0)) o Jp'
By the compatibility condition of Definition [3.2.10] we see that it is sufficient to prove that
vro ®(@(I', T, P,s0)) o Ry = ¢(H(I'), H(T), H(P), H(s0))

Let
pr1 (L (U). I°) X 1,0 (L(0), L(p) = 1 p5(U)

pra: (Lgg(U), I9) X1, (1,(U), L(p)) = L(0)

be the projections and let pri, pr} be their analogs in C’. Then one has
Rg o pry = @(pr1) o (o

Rg o pry = ®(pry) o gb
On the other hand the defining relations of ¢(I', T, P, s0) are

¢(F:T7P730) opri = pEfj(FaG)

O, T, P,50) o pry = n,(F, H)

where

F = Ul,r(T) G = ul,]de(T)(P) H = a1,T(SO)
and similarly for F’, G’ and H'.

We need to prove

[2015.05.10.eq3a]yr o ®(¢(I', T, P, s0)) o Ry o pry = ¢(H(T), H(T), H(P), H(s0)) o pr}
(3.15)
and

[2015.05.10.eq3b]yr o ®(H(T, T, P, s0)) o Rg o pry, = ¢(H(T'), H(T), H(P), H(s0)) o prs
(3.16)
For (3.15)), rewriting the left hand side we get
Yro (I)<¢(Fa T, P, 80)) o Re Op?’ll =4ro CI)(¢<F7 T, P, 50)) © CI)(pTl) o (p =

Yr o ©(¢(I', T, P, s0) o pr1) o (o = ¢r 0 ©(n, z5(F, G)) © Co

Continuing we get

Yr o (I)(anﬁ(F, G))oCe =14yro @(anﬁ(F, G))o&s, 0 pEﬁ/(¢) =

48



Ur 0 1,5 (RH(F. G)) 0 Lz (9)

where the last equality holds by [15, Lemma 5.8] applied to X = int(I'), V = U and ® = ®p.
Continuing further we get

Vr 01,55 (RE(F, G)) © I (0) = 1,550 (D (U, (D, (-, 6) (RF(F, G)))) =

Ny ei (W gy (H(T)), w1, raer (a(ry) (H (P))))
where the last equality holds by Lemma [3.4.4{1).
Rewriting the right hand side we get
¢(H(L), H(T), H(P), H(s0)) o pri = 0,z (F', G")

where F' = uy gry(H(T)) and G" = uy 1407 (s (ry) (H (P)). This shows that the first equality
holds.

For (3.16)), rewriting the left hand side we get
¢F © q)(Qb(F,T, Pu SO)) o Rg OpT/2 - ¢F © q)(¢(r7 T7 P’ 80)) © CD(pT’Q) © g@ =

dr 0 ®($(L, T, P,50) 0 pra) o € = r © B(1,(F, H)) 0 o = 1y (@ sy (H (50)))
where the last equality holds by [I5, Lemma 6.2(2)] since (F, H) = uy,r(s0).
Rewriting the right hand side we get

¢(H(F)v H(T>7H(P)7H(SO)) Op?“/2 = np’(F,v H,)

which proves the second equality since (F”, f]’) = U yry(H(s0)). W
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