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Abstract

After presenting our variant of constructive dependent type theory (CDTT), we develop the
language necessary to postulate Voevodsky’s univalence axiom (Univ), which formally encodes
the identification of equivalent objects, in any categorical model of CDTT. Afterwards, we
describe the original construction of a model of CDTT + Univ in the (Quillen) model category
of simplicial sets, due mainly to Voevodsky.
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Overview

Our ultimate goal is to construct a certain model category in which every theorem of CDTT + Univ is
true. As we shall see, this model category interprets a dependent type as a fibration. The univalence
axiom is so named because in any model category satisfying it, the canonical fibration over a chosen
universe of types U is univalent, i.e., every fibration with small enough fibers is an essentially unique
pullback of it. In the language of oco-category theory, this means that a univalent fibration is a
classifier for the class of all such fibrations.

It need not be the case, though, that CDTT + Univ is modeled by any model category with object
classifiers. In the categorical semantics of CDTT, the syntactic substitution of a term ¢ for a variable
occurring in a dependent type B is interpreted as a pullback of the fibration interpreting B along
the morphism interpreting ¢t. But substitution is strictly functorial, whereas pullback is merely
functorial up to isomorphism. Thus, any model of CDTT + Univ needs at least enough structure
to make pullbacks in it along certain fibrations strictly associative. Our chosen model category will
have such structure, as well as enough structure to model the strict behavior of the type constructors
of CDTT. Finally, we must find an object classifier in our model category that is strictly “closed”
under these type constructors.

1 Martin-L6f dependent type theory (MLDTT)

In this section and Section 2.1, we present a particular variant of (intensional) Martin-Lof dependent
type theory, another name for constructive dependent type theory, in honor of the Swedish logician
Per Martin-Lof. In the type theory literature, there are many other variants of the same theory.
These differ from ours only in which logical/type constructors they include. The more one includes,
the more expressive it is. Usually, other variants include at least our constructors for the unit type,
the dependent product, and the dependent sum.

1.1 Syntax

A Martin Lof dependent type theory is a system of natural deduction whose object- and meta-
languages are defined as follows. (See Section A for a review of deductive systems.)

Object language

Our presentation of the object language is inspired by [1].

First of all, we are given a countably infinite set of variables
V = {vg,v1,v2,...}

along with the auxiliary symbols ¢, ¢, ‘(’; and ‘(> Note that V inherits the well-ordering < of N.



We want to build our language out of variables and auxiliary symbols
Definition 1.1.1.

1. An arity is a tuple of the form

((nla 61)7 (n27ﬂ2)7 B (nlmﬂk)aﬂ)
where k € N and 3, 8; € {0,1} for each 1 <14 < k. Let Ar denote the set of all arities.

2. A signature is a pair (X%™, «) consisting of a set ™ of logical symbols/constructors and a
function a : %™ — Ar. The value

a(s) = ((n17ﬂ1)7 (n27ﬂ2)7 EERE) (nkvﬂk)7ﬂ>

is called the arity of s. If s has arity 0, then it is called a term-valued symbol. If it has arity
1, then it is called a type-valued symbol.

Definition 1.1.2 (0- and l-expressions). Let (%™ «) be a signature. By mutual recursion,
define the set X5"™ of 0-ezpressions and the set 7™ of 1-expressions so that

(i) every variable is a O-expression and

i) if s € XY™ has arity ((n1, 1), ..., (g, Bx), B) and M, is a B;-expression and z%, 2%, ..., 2% is
y p 1) T2 n;
a list of pairwise distinct variables for each ¢ € {1,2,...,k}, then
s(x%:v% ..... x;lLl.Ml, L S xflkMk)

is a B-expression.
If kK = 0, then we write s instead of s() and say that s is a constant symbol.

Terminology. Other names for a 0-expression and 1-expression are term expression/constructor and
type expression/constructor, respectively.

Think of the arity
OL(S) = ((nla 51)7 (n2752)7 ey (nkwgk)vﬂ)

of s as specifying an operation that

(a) takes k expressions as inputs (the sort of each indicated by §;) with n, pairwise distinct
variables bound in the i-th input and

(b) outputs a new expression whose sort is indicated by £.
Let us add one more kind of expression to the object language.
Definition 1.1.3 (Context). A context is a list of the form

T1: AL, 20t Aoy Ty s Ay
such that

e each z; denotes a variable,



e each A; denotes a 1-expression, and

o for any 7,5 > 1 with ¢ # j, we have that z; and x; denote distinct variables, i.e., each variable
in the list is a fresh variable.

We say that the context declares the variables z1, ..., z,.

The set of raw terms / expressions is taken to be 3™ U X7 U X where X' denotes the set of all
contexts.

Thus, the object language of a particular dependent type theory is determined by its signature.

All but one logical symbol in our specific MLDTT will appear in at least one of the inference rules
postulated in Section 1.3, Section 1.5, or Section 2.1. The other one (namely univ) will appear in
the univalence axiom (Definition 2.4.2). The arity of each logical symbol will be evident.

Table 1: A fragment of our signature
H Symbol Arity H

I ((0,1), (1,1), 1)

A ((0,1), (1,1), (1,0), 0)
by ((0,1), (1,1), 1)

0 (1)

1 (1)

2 (1)

02 (0)

U (1)

el ((0,0), 1)

Id ((0,1), (0,0), (0,0), 1)

Definition 1.1.4 (Free variable).

1. Let t be a raw term other than a context. If ¢ is a variable, then we say that ¢ is free in itself.

Otherwise, by construction, ¢ is of the form

If x is a variable occurring in ¢t and = ¢ {:c; lie{l,...,k}, ge{1,... ,ni}}, then z is free in
t. If x = 3:3 for some i and j, then we say that x is bound in M;.

2. For any context x1 : Ay,...,x, : Ay, a variable x is free in I' if x = x; for some 1 < i < n or

r
x is free in A; for some 1.

The set of free variables in an expression p is denoted by FV(p).
Example 1.1.5.

1. If A and B are l-expressions and z is a variable, then the raw term IT,.4 B := II(A,z.B) is a
l-expression with z bound in B.

This is similar to a first-order formula such as Vzx.1, where z is bound in .



2. If A and B are l-expressions, t is a term, and « is a variable, then the raw term A(x : A).t ==
AMA, z. A, z.t) is a 0-expression with z bound in A and ¢.

This is similar to a first-order definition of a function such as f(z) = x4+ yz, where z is bound
inz+yz.
Meta-language

By assumption, the meta-language contains a countably infinite set of meta-variables, which range
over raw terms.

Notation.
e The symbols z;, y;, x, y, 2, 2/, etc. will refer to arbitrary variables.
e The symbols I, A, ©, IV, I';, etc. will refer to arbitrary contexts.
e The symbols a, b, ¢, d, e, f, g, h, m, t, s, t', t;, s;, T, etc. will refer to arbitrary 0-expressions.
e The symbols A, B, C, A’, B', C', A;, etc. will refer to arbitrary 1-expressions.
For readability, we may write A(z1,...,z,) in the meta-language to indicate that the variables

occurring in the 1-expression denoted by A include z1,...,z,.

Any judgment will have one of six forms.

1. (well-formed context) “I" is a well-formed context,” formally,

ctx(T).

2. (equality of contexts) “T" and A are judgmentally equal well-formed contexts,” formally,

I'=Actx.

3. (typehood) “A is a well-formed type in context I',” formally,

'+ Atype.

4. (typing declaration) “a is a (well-formed) term of type A / inhabiting A in context
I',” formally,
'ka: A

5. (equality of types) “A and B are judgmentally equal well-formed types in context I',”
formally,
I' A= Btype.

6. (equality of terms) “a and b are judgmentally equal well-formed terms of type A in
context I',” formally,
T'Fa=b:A.

A generic judgment refers to any judgment with one of the last four forms. A generic judgment
consists of an antecedent I' and a consequent, e.g., Atype. We call such a judgment a hypothetical



judgment, thinking of I' as a list of hypotheses. For example, the theory of a category % has as
an axiom z : obj,y : obj - hom(z,y) type. Intuitively, this is intended to mean that hom(z,y) is a
well-formed type whenever x and y are objects in €.

Notation. The symbol K will denote the consequent of a generic judgment.

Note that the inference rules of a MLDTT induce six relations on the set of all raw terms, which
determine the subset of raw terms that are well-formed.

Finally, we define a family of total operations on expressions and then define another such family in
terms of it.

Definition 1.1.6 (Capture-free substitution). Let y be a variable and ¢ be a term expression.
Let p be any expression. Define the (capture-free) substitution of t for (free occurrences of) y in p,
denoted by

plt/yl,

as follows.
1. Suppose that p is not a context. Then p[t/z] is the finite string obtained recursively by

t =y
v oxty

(b) k[t/y] = k where k denotes a constant symbol, and

(a) xft/y] = {

where for each i € {1,...,k},

N = FLEL. L T Mlt/y) oy ¢ {f, ... 2k}
' xhal. .. Ty, -M; otherwise

such that for any 1 < j < n;, we choose 50; to be the least variable z > x; with
z ¢ {5011, ey 53_1} UFV(M;) UFV(?).

2. If p is a context, then p[t/y] is the context obtained recursively by
(a) €[t/y] = €, where e denotes the empty list, and

(b) (E12A1,...,$k1Ak [t/y]:
k>1

{(‘rl : Alv'“axkfl : Akfl)[t/y]v‘%k : Ak[t/y} Z; #yv 1= ]-7"'ak

€ otherwise

where we choose Zj to be the least variable z > xj, such that z ¢ {z1,...,25_1} UFV(2).

We extend this definition in the obvious way to a definition of the substitution of t for x in K,
denoted by K[t/z].



Remark 1.1.7. We have defined substitution so as to avoid obtaining a raw term in which variables
intended to be free are captured, i.e., become bound. For example, in the language of arithmetic,
naively substituting the variable y for z in the formula Jy(z 4y = 1) results in Jy(y +y = 1), which
is not logically equivalent to the original formula. Rather, one ought to first convert Jy(z +y = 1)
to something like 3z(z + z = 1) and then naively substitute y for z in it.

Definition 1.1.8 (Simultaneous substitution). Let x1,...,z, be pairwise distinct variables
and let t1,...,t, be term expressions such that

(FV(t)U---UFV(t,)) N{x1,...,2,} = 0.

Let p be any expression. Define the simultaneous substitution of ti,...,t, for x1,...,z, in p,
denoted by

p[tl7"'atn/xl7"'7xn]7

as the term
plt1/x1][t2/x2] - - [tn/zn],

which is obtained by iterated substitution. We extend this definition in the obvious way to a defini-
tion of the simultaneous substitution of t1, ...ty forx1,...,z, in K, denoted by Klt1,. .., tn/T1, ..., 2y).

Example 1.1.9.
1. Mz : A)y)lz/z] = Az : A).y.

2. (A(v1 : A)wa)[vg, v3/v2,v1] = A(v1 : A).vg.

1.2 Structural rules
We also require any MLDTT to include certain inference rules known as structural rules, which we
now list.

First, we postulate four structural rules, which govern the formation and equality of well-formed
contexts:

(where € denotes the empty list)
ctx(e

x1: A1, X1 A1 B Ay type

when x, L1, ., Tp
ctx(zy : A1, .oyt Ay) ( #in 1))

I'=Actx ' A= Btype
€ =e€ctx z:A=A,y: Betx

(when 2 ¢ FV(T') and y ¢ FV(A))

where
Iy - A17. ey -1 ¢ An,1

is, by convention, the empty context when n = 1. It follows that a context is well-formed exactly
when it is either empty or an expression of the form

T1: AL, 20t Ao,y s Ay

such that



e if 2 <k <n, then
x1: Ay, 20t Aoy 1t A1 F Ag type

and

e if n =1, then
F A; type.

In this case, we say that A; is a closed type. Also, if a is a term of type A in the empty context,
then we say that a is a closed term.

Note 1.2.1. It turns out that, in light of all of our inference rules to be presented, the following
meta-theoretic property will be true of our system:
For any well-formed context
T A, T Ay,

we have that FV(4;) C {z1,...,z;-1}. Moreover, if we can derive both ctx(T") and T" -
a : A, then any free variable in either a or A must be declared by I'.

In addition, we postulate the rules

ctx(T) I'=Actx '=Actx A =0Octx
I'=Tectx A=Tctx I'=0ctx ,

which together assert that equality of contexts is an equivalence relation.

To be able to manipulate variables for convenience in our derivations, we postulate four more struc-
tural rules:

ctx(T,z: A A) 'ka:A Nz: AAEK
VBLE SuBsT
Dx: A Akz: A T, Ala/x]) - Kla/x]
' Atype LAFK ) )
WkKaG (when z is not free in ', A)
Tz: AL ARK

Nz:Ay:BAFK
EXCHANGE (when z is not free in B)
Iz:By: A/ AFK

Mx: A AFK
a-CONV-CTX (when 2z’ is not free in T,z : A, A)
' A Al Jz) Kl /)

(i) The variable rule VBLE asserts that each declared variable in a well-formed context is well-
typed.

(ii) The substitution rule SUBST asserts that substituting a declared variable with a term of the
same type preserves K.

(iii) The weakening rule WKG asserts that expanding the context by a fresh variable of type A
(known as weakening by A) preserves K.

(iv) The exchange rule EXCHANGE asserts that certain permutations of the context preserve K.



(v) The context a-conversion a-CONV-CTX rule asserts that renaming a declared variable as a fresh
variable preserves K.

Additionally, we postulate the structural rules

'Fa=b:A I'z: A A+ Btype 'Fa=d:A Nx:AAFb:B
T, Ala/x] - Bla/x] = B[b/z] type I, Ala/z] - bla/z] = bl /z] : Bla/x]’

which assert certain congruence conditions for judgmental equality of terms.

Next, we postulate those structural rules governing judgmental equality of types. Specifically, we
have the rules

'k Atype ' A= Btype I'- A= Btype ' B =Ctype
' A= Atype ' B= Atype T'HA=Ctype

)

which together assert that judgmental equality of types is an equivalence relation, along with the

variable conversion rule
I'- A= Btype Ne: AAAFK

I'z: BAFK

Finally, we postulate those structural rules governing judgmental equality of terms.

I'Fa:A T'Fa=b:A 'Fa=b:A T'Fb=c: A

T'Fa=a:A I'Fb=a: A T'Fa=c: A
I'Fa:A I' A= Btype 'Fa=b:4A ' A= Btype
I'a:B 'ta=b:B '

Together, these assert that judgmental equality of terms is an equivalence relation respected by
typing.

1.3 Logical rules

In addition to our structural rules, our MLDTT postulates certain inference rules known as logical
rules. These allow us to define various types inductively. We can describe five main kinds of logical
rules.

1. A type formation rule, which asserts those conditions under which we can use a type constructor
to form a new type B.

2. A term introduction rule, which asserts those conditions under which we can use a a term
constructor to form a term of type B.
This term is called a canonical term of type B.

3. A term elimination rule (sometimes called an induction principle), which asserts that to define

a “section over B” it is both necessary and sufficient to define it on the term constructors for
B. That is, it is enough to define it on the canonical terms of type B.

4. A computation rule, whose conclusion is a judgmental equality allowing us to rewrite the result
of applying term elimination to a term formed by term introduction.



5. A congruence rule, which asserts that a given logical constructor preserves judgmental equality
in each of its arguments.

An inductive type is governed by at least a type formation rule and an induction principle. An
inductive type is non-degenerate if it is governed by all five kinds of rule (among others).

Dependent products (II-types)

' Atype I'z: Ak B(z) type
I'FII,.4B(z) type

II-FORM

I'z: AF B(z) type Iz: Ak b(z): B(x)
LHAa: A).b(x) : U, 4B(x)

II-INTRO

Tk f:IL.4B(x) Tra:A
'+ app(f,a) : Bla/x]

II-ELIM

I,z: AF B(x) type D,x: AFb(x) : B(x) 'ta:A
Tk app(A(z : A).b(x),a) = bla/z] : Bla/z]

II-comp

'-A=Atype T,x:AF B(z)=B'(x)type

II-coNG(1
(1) [+ . 4B(x) = M4 B () type

'A=A"type T,x:AF B(z)=DB'(z)type T,z:AFbz)=0b(2): B(z)
TEXz:A)b(z) =Nz : A)Y (z) : T 4B(x)

I1-cONG(2)

. T+ f:T,.aB(x)
TE f=Xa:A).app(f,z) : .4B(x)

A judgment I' - A type together with a judgment
Iyz: AF B(z)type

is called a type family B over A. Informally, this corresponds to the fiber bundle
7 : [{,ea B(x) — A. Moreover, we can think of an inhabitant f of the dependent product Il;.4 B(x)
as a set-theoretic function f: A — | J,c 4 B(z) where f(x) € B(x) for each x € A (i.e., f is a choice
function). We can also think of f as a section of the fiber bundle determined by I', z : A+ B(x) type.
In any case, we shall call such an f a section of B over A or a dependent function on A.

Notation.

o We may write Az.b(z) for the expression A(z : A).b(z).

o We may write f(a) and f(z) for the expressions app(f,a) and app(f, x), respectively.
Example 1.3.1 (Function types). Using the weakening rule, we get the derivation

I'F Atype I' - Btype
I'xz: AF Btype
I'F1I,.4B type

10



In context T', the expression II,.4 B is called the type of (non-dependent) functions from A to B.
Thus, a non-dependent function is a special case of a dependent one.

Notation. We may write A — B or B4 for the type of functions from A to B. To avoid ambiguity,
we stipulate that the symbol — is right associative.

Example 1.3.2 (Swap function). We can apply the exchange rule together with the context
a-conversion rule to obtain the derivation

'+ Atype I' - Btype I'z:Ay:BF C(z,y) type
ctx(L, f : Hzeny .3 C(z,9), 20 Ay : B)
L, f s, Clag). o Ay BE J@)(y): Clay)
L f i a3 Cz,y),y: Bx: AF f(y)(z) : C(z,y)
L, f: Mayly.5)Clx,y) B Ay Az f(y) (@) : Uy Il2.)C (2, y)
LM AyAdz f(y)(@) : (Wga .50, y) = (My.p) a0, y))

Intuitively, this shows that we can switch the order of two independent arguments of a dependent
function.

Note 1.3.3 (a-equivalence). Moreover, we shall postulate certain a-conversion rules when defining
a new inductive type. In the case of II-types, these are precisely

I,z: At B(x) type
[+ ,.4B(z) = .4 B[z’ /2] type

(when 2’ is not free in I', x : A)

Iyz: Ak b(x) : B(x)
= Az.b(z) = A\’ b[z /x] : U,.4B(x)

(when 2’ is not free in ',z : A)

These assert that we can always rename bound variables in A- or II-expressions so long as we avoid
variable capture. We shall tacitly assert similar rules for each subsequent logical constructor.

Definition 1.3.4.
1. Using the variable rule, we get the derivation
ctx(Tyz : A) '+ Atype

Fz:AFzxz: A
'FXxx:A— A

We call Az.x the identity map on A, written as idmap 4.

2. Using both the variable and weakening rules, we get the derivation

ctx(T,y: B,z : A) '+ Atype
I'y:BFy:B
INNy:Bx:AF-y: B
Ny:BFXA.y: A— B

We call Az.y the constant map at y, denoted by cons,,.

11



3. It is straightforward yet tedious to derive the rule

' Atype I' - Btype ' Ctype
ctx(I',g: CB,.f:BAx:Ay: B)
L FAgAfAz.g(f(z): CB = (BA - C4) .

We write j o h for
app(app(Ag-Af-Az.g(f(x)), 4), h),

called the composition of j with h.!
Theorem 1.3.5. The rule

r-f:A—_B 'tg:B—=C 'h:C—=D
'k (hog)of=ho(gof):A—=D

is derivable.” Hence function composition is associative.

Dependent sums (X-types)

Remark 1.3.6. From now on, we shall postulate tacitly a congruence rule CONG for each new logical
constructor that we define. This rule will be like that found in our definition of II-types.

' Atype ' z: AF B(z)type
'+ X,.4B(z)type

Y-FORM

Iz: AF B(z) type ta:A I'Fb: Bla/z]
I+ pair(a,b) : 3. 4B(x)

Y-INTRO

T,z:%,..4B(x) F C(z)type Tyz:Ay: Bx)Fd(z,y) : Clpair(z,y)/z] F'kp:3.aB(x)
I'F split(2.C, z.y.d,p) : Clp/Z]

Y -ELIM

T,z:%X,..4B(x) F C(2) type
Iz : Ay B(x) Fd(z,y) : Clpair(z,y)/2]
'ka:A I'kb: Bla/z]
P
T F split(2.C, z.y.d, pair(z, y)) = d[a,b/z,y] : C[pair(a,b)/z]

Y-coMm

Informally, we can think of a dependent sum ¥,.4B(z) as a set-theoretic disjoint union [ . , B(z).
Notation. We may write pair(z,y) as (z,y).

Note 1.3.7. Intuitively, X-ELIM asserts that to construct a dependent function out of ¥,. 4 B(x), it
suffices to construct, for each canonical element (a,b), a term of type C|(a,b)/z].

1120, Definition 2.2.4] includes a full derivation.
2120, Lemma 2.2.5].

12



Definition 1.3.8. Suppose that we have a type family B over A.

1. Define the first projection map pry : (Xz.4B(x)) — A inductively by

prl(‘ra y) =

Notation. In the style of programming languages, the symbol := here means that pr; is syn-
tactic sugar for split(A4, z.y.x, (x,y)). In particular, pr, is not a symbol in our object language.
We shall make use of sugaring throughout.

2. Define the second projection map pr, : H(pzz(z:A)B(z))B(prl(p)) inductively by
pry(2,y) = y.

Example 1.3.9 (Product types). Using the weakening rule, we get the derivation

' Atype '+ Btype
Iz: A Btype
I'FX,.ABtype

In context T, the expression X,. 4B is called the (cartesian) product of A and B.

Notation. We may write A x B for the product of A and B.

Empty type (0)

ctx(T) Iy,z:0F C(x)type 'Fa:0
0-FORM ———— 0-ELIM
I'F 0type I'Findo(z.C,a) : Cla/x]

Note that the empty type is a degenerate inductive type. In particular, if one can derive a typing

declaration of the form I' F ¢ : 0, then one can derive any typing declaration with context I". Thus,
the empty type corresponds, informally, to the empty set in set theory for if one can prove 3z(z € (),
then one can prove any sentence in the language of set theory.

Unit type (1)
ctx(T) ctx(T)

1-FORM ———— 1-INTRO ————
I' - 1type 'Ex:1

Iyz:1F C(x)type I'kec: Clx/x] ta:1
I'kindy(2.C, ¢ a) : Cla/z]

1-ELIM

Iz:1F C(z)type I'kc: Clx/x]
I'Findy(2.C ¢, %) = c: Clx/x]

1-comMP

Note that in any well-formed context I', we have that * is the unique term of type 1. Thus, the unit
type corresponds, informally, to a singleton set in set theory.

13



Boolean type (2)

ctx(T) ctx(T) ctx(T)
2-FORM ———— —  2-INTRO(l) —————  2-INTRO(2) ————
I'F2type I'F0g2:2 'E1p:2
Iyz:2F C(z)type Tk ec:Cl0g/x] T'kd:Clly/x]
I'Fa:2
2-ELIM
I'kind2(2.C,¢c,d,a) : Cla/x]
I z:2F C(x)type T'Fec:Cl02/x]
2-coMmp(1)
I'Findz(z.C,c,02) = c: C[02/x]
I'yz:2F C(z)type Tkd:Clla/x]
2-CoMP(2)

'k indz((E.C7 d, 12) =d: C[].z/{II]

Informally, the Boolean type corresponds to the set of truth values {F, T} in propositional logic.

1.4 Propositions as types

The following table describes the so-called Curry-Howard correspondence.

Table 2: Logical and set-theoretic interpretations of type theory

H FOL (with bounded quantifiers)  Set theory Type theory H
Proposition Set Well-formed type
Proof Element Inhabitant
-A A€ A—0
ANB Ax B Ax B
A— B BA A— B
Ve:aB(2) [[.es B(x) 1.4 B(x)
304 B(x) . Bz) Ye:aB(2)
T {0} 1
1 ) 0

In particular, this correspondence between first-order logic and type theory, called the propositions-
as-types doctrine, encodes a system of constructive logic inside our type theory. (It is constructive in
the sense that proving a proposition P corresponds to constructing a term of type P.) For example,
negation in our MLDTT corresponds to the principle of explosion in constructive logic, and II-ELIM
corresponds to modus ponens. In addition, the propositions-as-types doctrine automatically provides
us with a type-theoretic notion of logical equivalence.

Definition 1.4.1 (Logical equivalence). Suppose that we have derived a rule of the form

Jl Jn
I' - Atype I' - Btype
'-f:A—-B 'g:B— A

where each J; denotes a judgment. Then we say that the type expressions A and B are logically
equivalent.

14



1.5 The universe (U)

With the following logical rules, we define a closed type called the universe (type) such that it is
closed under all of our logical constructors.

F Utype x: Uk el(z) type
'-a:U T,z :el(a) - b(x): U 'a:U Iz :el(a) - b(x): U
I+ (a,2.b) : U I F el(Il(a,2.b)) = e el (b(x)) type
'-a:U T,z :el(a) - b(x): U I'a:U I,z :el(a) - b(z): U
L'+ S(a,z.b): U I Fel(3(a,2.0)) = Ep.aayel (b(z)) type
F0:U F el(0) = 0 type
Fi:U Fel(1) = 1type

F2:U Fel(2) = 2type
Definition 1.5.1. We say that a well-formed type A in context I' is small if we can derive
I'FA:U Trel(A) = Atype
for some expression A.

From a set-theoretic viewpoint, A is a lift of A under el.

Example 1.5.2. If A is a small type in context I" and B(z) is a small type in context ',z : A, then
II,.4 B(z) is a small type in context I

We can view el as an interpretation operator (in a semantic sense) so that each inhabitant X of U
in context I" is a name for the genuine type el(X).

Aside. We could not assert that every type has type U, in which case U inhabits U. For then we’d
obtain an encoding of Russell’s paradox known as Girard’s paradox, so that our MLDTT would be
inconsistent (i.e., we could construct a closed term of type 0). We could postulate a sequence of
universes (U;),cy governed by the rule schemata

ctx(T) r-A:U;
DFU;: Ui PFA:Ujq

Such a sequence is called a cumulative hierarchy.® In this case, we would alter our MLDTT by
removing judgments of typehood and expressing that A is a well-formed type via a typing declaration
such as I' - A : U;. This approach is taken by [25].

3Each stage of this hierarchy is called a universe d la Russell. The universe in our MLDTT is called a universe d
la Tarski.
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2 Homotopy type theory

In this section, our goal is to develop enough classical homotopy theory within our MLDTT to
motivate and state the univalence axiom. This form of homotopy theory is known as synthetic
homotopy theory. This is precisely the area that both [25] and [20] cover. Synthetic homotopy
theory has produced some new proofs of old theorems, such as the Freudenthal suspension theorem.

Throughout this section, we shall mention a new, informal interpretation of Martin-Lof dependent
type theory in which each well-formed type represents (the homotopy type of) a topological space.
This interpretation will be made precise by way of categorical semantics.

Remark 2.0.1. After defining identity types, we shall mainly use informal notation so that our pre-
sentation matches the ordinary style of mathematics. (The type theory literature normally does the
same.) Still, all of the definitions, theorems, proofs, etc. internal to our system can be syntactically
formalized.*

2.1 Identity types (Id_(—,—))

So far, our sole concept of equality is judgmental equality. But this fails to caputure our ordinary
concept of equality, as in the formula Vz,y € R(z +y = y + ). Indeed, this is a first-order sentence
and thus should correspond to a well-formed type a la Curry-Howard. By contrast, judgmental
equality, as a relation on the set of all raw terms, determines a rewriting system, i.e., a set of rules
for replacing one raw term with another.

To reason about mathematical equality in our MLDTT, we define our final inductive type, the
(propositional) identity type, as follows.

'+ Atype '+ Atype
Id-FORM Id-INTRO
Dyz:Ay: A lda(z,y) type Tyz: Abrefl(A,z) : lda(z, x)

F,JT : A7y : A7p : IdA(xvy) - O(x?y7p) type
D,z2: Ak c(z): Clz, z,refl(A, 2) /2, y, p]

Dozt Ay:Ap:lda(z,y) - J(zyp.C z.c,z,y,p) : C(z,y,p)

Id-ELIM

F,.’,U : Avy : Avp : IdA(l',y) + C(I?yvp) type F’Z tAF C(Z) : O[Z,Z, rEfl(Aaz)/x7y7p]
Tyo: AF J(xyp.C,z.c,x,x,refl(A x)) = c[z/z] : Cla, z, refl(A, z) /x, y, p]

Id-comp

Notation. We shall write refl, for refl(A,a) when its first argument can easily be inferred.

Remark 2.1.1. Our MLDTT is intensional in that it leaves out both of the following inference rules.
1. (equality reflection rule (ERR))

Thkp:lda(z,y)
l'Fz=y: A

4For example, there are ongoing implementations of [25] in the proof assistants Coq and Agda available on GitHub.
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2. (uniqueness of identity proofs (UIP))

ctx(T)

reuip: [T ] I s @y @)

A:U z,y:el(A) p,q:ldea) (z,y)

A Martin-Lof dependent type theory is extensional if it includes ERR. It is a set-level type theory if
it includes UIP.° In an extensional type theory, propositional equality implies judgmental equality.
(The converse is always true.) In a set-level type theory, for any two well-formed terms, there is at
most one proof that they are propositionally equal. If ERR is assumed, then UIP is provable with
[d-ELIM.

Now, consider the logical rule |d-ELIM. Intuitively, this asserts that if we know that
(a) for any z,y: A and p : lda(z,y), we have a type C(x,y,p) and
(b) whenever =y and p = refl(A4, z), we have a term ¢ of type C(z, z, refl(A, z)),

then we can construct a certain term J of type C(z/,y/,p’) for any ',y : A and p’ : lda(z,y).
Terminology. Another name for Id-ELIM is path induction.

Indeed, we can interpret a well-formed type A as a topological space and each inhabitant of Id 4 (z, y)
as a path in A from the point z to the point y. In this case, we think of the term refl, as the constant
path at the point x.

Moreover, under our propositions-as-types doctrine, we view a path in A from x to y as a proof of
the proposition that z = y.

With the following two rules, we postulate that the universe is closed under the logical constructor
Id.

'a:U I'Fb,c:ela) I'-a:U I'Fb,c:ela)
L ldg(b,e¢) : U I Fel(ldy (b, ¢)) = Idei(a) (b, ¢) type

Notation. We may write  ~»4 y for Ida(z,y), omitting the subscript A when it can be easily
inferred.

The type z ~~4 y can be viewed as the path space of A, which consists of the set of paths in A
equipped with the compact-open topology.

Table 3: Homotopy interpretation of type theory
H Type theory Homotopy theory H

Type Space
Inhabitant Point
Identity type Path space
Type family Fibration
Dependent sum Total space

51t is easy to prove that UIP is incompatible with the univalence axiom.
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In our propositions-as-types doctrine, we intuitively interpret any type as a certain logical proposi-
tion. Using identity types, we can define an alternative notion of proposition within our MLDTT
as follows.

Definition 2.1.2. A type A is an h-proposition (or a mere proposition) if there is some term of type

is_prop(A4) = H T~y
z,y: A

Not every well-formed type A is necessarily an h-proposition within our MLDTT. It is one exactly
when any two of its inhabitants are propositionally equal. According to our propositions-as-types
doctrine, this means that any two of its proofs are the same. In this case, A is true exactly when it
is inhabited by a single term and false exactly when its inhabitation leads to a contradiction.

As a result, the constructive logic encoded in our MLDTT now has the property that a specific proof
of a proposition P carries no mathematical data other than the fact that P is true. Likewise, in
propositional logic, a proposition is interpreted as nothing more than a truth value.

Aside. Suppose that we treated as propositions exactly those types A such that is_prop(A) is
inhabited. Further, suppose that we postulated the rule

' Atype
dny : is_prop(4) —» (——A = A)

called the law of double negation.® Then the logic encoded in our MLDTT would become classical.
Thus, we could recover classical mathematical reasoning, if desired, at the expense of constructive-
ness.

2.2 Basic properties of (type-theoretic) paths

Lemma 2.2.1 (Path inversion). Let A be a type and let © and y be inhabitants of A (in context
T'). Then there is some function
inv: (z ~y) = (y ~ x)

such that inv(refl,) = refl, for each z: A. For any p:x ~ vy, let p~* := inv(p).
Proof. By path induction, it suffices to construct a term
inv(refl,) : ¢ ~ .
Take inv(refl,) to be refl,. O

Lemma 2.2.2 (Path concatenation). Let A be a type and x,y : A. Then there is some function
concat : (x ~ y) = (y~ 2) = (z ~ 2)

such that concat(refl,,q) = q for any q: x ~ z. Let p* q := concat(p,q).

Proof. Again, it suffices to construct, for any z : A, a term

concat(refl,) : (z ~ 2) = (x ~ 2).

6As it turns out, this is compatible with the univalence axiom, but it would not be if we omitted the antecedent
“is_prop(A).” See [25, Theorem 3.2.2].
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Take concat(refl,) to be idmap, ... The fact that concat(refl,,q) = ¢ follows automatically from
Id-comp. O

It follows that propositional equality is like a set-theoretic equivalence relation.
Lemma 2.2.3. Let A be a type. Let x,y : A and p:x ~ y.

(1) Let z,w: A. Let q:y~>z and r: z ~ w. Then there is some path
assoc(p,q,r) : (p*xq)*x1 ~>px(q*71).
(2) There exist certain paths

1 unit(p): refl, xp~p
runit(p) : p * refl, ~ p.

(8) There exist certain paths

1inv(p):p ' *p~ refl,

1

r_inv(p) :pxp " ~ refl,.

Proof. Let us just prove (1) for both (2) and (3) will follow similarly. By path induction, it suffices
to construct a term of type
(refly, * q) xr ~ refl, x (g *r)

where g : © ~ z. Note that (refl, * q) xr = ¢*r and refl, x (¢ x ) = g *r due to Lemma 2.2.2. Thus,
by some of our structural rules, we can just choose reflg,. O

Corollary 2.2.4. Fvery type has the structure of a fundamental groupoid of a topological space.
Our next result shows that any non-dependent function is continuous in a certain sense.

Lemma 2.2.5 (Functoriality). Any non-dependent function f : A — B preserves paths, i.e., for
any path p : x ~ 4 y, there is some path ap; , : f(x) ~p f(y).

Proof. 1t suffices to construct a term ap, ,(refl,) : f(z) ~>p f(z). Choose refly (). O

Lemma 2.2.6 (Transport). Let P be a type family over A. Let p: x ~»4 y. Then there is some
function
transport(p) : P(z) — P(y)

such that transport(refl,)(u) = u for any u : P(x). Let p - u := transport(p)(u).
Proof. 1t suffices to construct a term transport(refl;) : P(z) — P(z). Choose idmapp,,. O
Lemma 2.2.7. Let f:[[,.4 P(x) and p: x ~»4 y. Then there is some path

apd;(p) : p- f(z) ~p(y) f(Y)

Proof. Tt suffices to construct a term apd(refl,) : f(x) ~p(s) f(z). Choose refls(,). O
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As fiber bundles in topology possess the homotopy lifting property, our next lemma leads us to
interpret the dependent sum ), P(z) as the total space of a fiber bundle over A.

Lemma 2.2.8 (Path lifting). Let P be a type family over A. Suppose that p : x ~>4 y and that
u: P(x). Then there is some path

p(u) : (z,u) ~5, @) (Y, P u).
Proof. It suffices to construct a term (refl, )y (u) : (z,u) ~ (z,u). Choose refly .. O
Lemma 2.2.9. Suppose that z,z’ : A, y: B(z), and 3y : B(z'). Suppose that we have both a path
from (x,y) to (z',y’) and a path from y' to z where z : B(a’). Then there is some term of type

IdEw;AB(w)(($7 y)a (‘rla Z))

Proof. Another easy application of path induction. O
As one may expect, if two dependent functions of the same type are propositionally equal, then they
are pointwise propositionally equal.

Lemma 2.2.10. Let f,g : [[,.4 P(x) where P is a type family over A. Let o : f ~» g. Then «
induces a path o(x) : f(x) ~ p(e) g(x) for each x : A. Therefore, we have a function

nApply,p: || (f9) = (Hf )

f,9:e.a P(x)

Proof. 1t suffices to construct a term

happly, p(f, f)(refly) : [] f(z) ~ f().

z:A
Choose Az.refly(,). O

Definition 2.2.11 (Homotopy). Let f,g : [],., P(x) where P is a type family over A. A homotopy
from f to g is a term H of type

If this type is inhabited, then we say that f and g are homotopic, written as f ~ g.

As it turns out, if our MLDTT assumes the univalence axiom, then any model of it must sat-
isfy so-called functional extensionality, which ensures that every type-theoretic homotopy induces a
continuous choice of paths p, : f(x) ~ g(z), just as a homotopy in the classical sense.

The following notion corresponds to homotopy equivalence in topology, i.e., an isomorphism in the
homotopy category of Top.

Definition 2.2.12 (Isomorphism). Let f: A — B. We say that f is a (homotopy) isomorphism
if there is some g : B — A such that fo g~ idmapg and g o f ~ idmap,. To be precise,

iso(f) == Z (idmapp = fog) X (idmap, ~ go f).
g:B—A
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We call such a g a homotopy inverse of f.

Definition 2.2.13. Let B be a type family over A. Define homotopy concatenation as the function

htpy_concat : H (frg)—=(g~h)—(f=h)
f,g,h:H(l,:A)B(l')

where htpy_concat(H, K) := Ax.H (z) * K(z). We write H e K for htpy_concat(H, K).

Lemma 2.2.14. Suppose that f,g: A — B and f',g' : B — C. Suppose that we have inhabitants
H and H of f =g and H' : ' = ¢, respectively. Then ' o f ~ ¢ og.

Proof. The term Aa.g’(H(a)) @ H'(f(a)) has type f'o f =g og. O

Definition 2.2.15 (Contractible type). Given a type A, we say that A is contractible if the type

is_contr(4) == Z Ha: ~a

a:A x:A

is inhabited. For any inhabitant (¢, C) of is_contr(A), we call ¢ a center of contraction for A and
C a contraction of A.

To preserve our topological intuition, we should interpret this as saying that A is contractible exactly
when we can construct a term a : A and a homotopy from Az.x to Az.a.

Example 2.2.16. The unit type is contractible.
Proof. Define f : [[,.;  ~» % inductively by f(x) := refl,. Then (x, f) has type is_contr(1). O

The following result reveals that a type where each inhabitant is potentially non-contractible can
collectively form a contractible type.

Lemma 2.2.17. For any type A and any a : A, the type Y . 4 x ~ a is contractible.

Proof. We claim that (a,refl,) inhabits is_contr(} . , « ~» a). We must show that there is some
path from (z,p) to (a,refl,) for any (z,p) : >°,. 4,2 ~» a. By the path lifting lemma along with
Lemma 2.2.9, it suffices to construct a term ¢ : a ~» x such that ¢ - refl, and p are propositionally
equal. By path induction, it is easy to show that p - refl, and p are propositionally equal. Hence
take q to be p. O

The following notion corresponds to the fiber of a point under a continuous map between spaces.

Definition 2.2.18. Let f: A — B and b: B. The homotopy fiber of b is the type

hFiber(f,b) := Zf(m) ~ b.
T:A

We can now extend our notion of contractibility to functions.

Definition 2.2.19. We say that a function f: A — B is contractible if hFiber(f,b) is contractible
for each b : B, i.e., there is some term of type

is_contr map(f) = H is_contr(hFiber(f,y)).
y:B
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2.3 Type-theoretic equivalence

Definition 2.3.1. Counsider a function f: A — B.

1. Let
retr(f) = Z go f ~ idmap, .

g:B—A

For any term (g, G) : retr(f), we call g a retraction of f.

2. Let
sec(f) = Z foh~ idmapg.

h:B—A

For any term (h, H) : sec(f), we call h a section of f.

3. We say that f is an equivalence from A to B if we have functions g: B —+ Aand h: B - A
such that go f ~ idmap, and f o h ~ idmapp, i.e., there is some term of type

is_equiv(f) := retr(f) x sec(f).
Then the type of equivalences from A to B is precisely

A~B:= Z is_equiv(f).

f:A—>B
If this is inhabited, then we say that A and B are equivalent.
Remark 2.3.2. We have defined logical equivalence and equivalence between types differently.
Example 2.3.3. For any type A, the map idmap , is clearly an equivalence.

Corollary 2.3.4. Let P be a type family over A and p : x ~>4 y. Then transport(p) is an
equivalence from P(x) to P(y).

Proof. An easy application of path induction. O

Lemma 2.3.5. Suppose that P and @ are h-propositions and that we have terms f: P — Q and
g:Q — P. Then P and Q are equivalent.

Proof. Tt is easy to see that f and g are homotopy inverses of each other. O
We now proceed to establish two new ways of logically characterizing is_equiv(f).

Lemma 2.3.6. A function f : A — B is an equivalence if and only if it is an isomorphism, i.e.,
iso(f) and is_equiv(f) are logically equivalent types.

Proof. The («<=) direction is obvious. Conversely, suppose that f is an equivalence. Then we have
a term (g,G) : retr(f) and a term (h, H) : sec(f). For any y : B, we can apply Theorem 1.3.5 to
get a chain of paths

G(h(y)~!

h(y) S (g0 1) (h(y)) ~r g((f 0 b)) TLEL

9(y) -

This shows that we can construct a homotopy K : h = g. It follows that h o f ~ idmap,, so that h
is a homotopy inverse of f. O
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Corollary 2.3.7. Any two contractible types are equivalent. In particular, every contractible type
is equivalent to the unit type.

Corollary 2.3.8. If the types A and B are contractible and f : A — B, then f is an equivalence.

Proof. Tt suffices to show that f is an isomorphism. By assumption, we have inhabitants (¢, C') and
(¢,C") of is_contr(A) and is_contr(B), respectively. It is easy to check that f o cons. ~ idmapp
and cons;of ~ idmap,. O

Theorem 2.3.9. A function f : A — B is an equivalence if and only if it is contractible, i.e.,
is_equiv(f) and is_contr_map(f) are logically equivalent types.

Proof. For the (=) direction (which is much more difficult), see [20, Theorem 6.3.3].

Conversely, suppose that f is contractible. Then for each y : B, we get a term
(h(y), H(y)) : is_contr(hFiber(t,y)).

Therefore, we have a term

Ny.(h(y), H(y)) : | [ Fiber(f,y).
y:B

From this we can construct a function h : B — A and a homotopy

H: ][ (b)) ~5 v.
y:B

Now, we also can construct a term of type [],., h(f(x)) ~»4 x. Indeed, for each = : A, we have a
path
p: f(h(f(x)) ~p f(2),

so that f(h(f(z))) inhabits hFiber(f, f(x)). Since hFiber(f, f(x)) is contractible, we get a path

q: (h(f(2)),p) ~ (x,reflp)).

Then pr,(h(f(x)),p) ~ pri((x,refl))) is inhabited due to Lemma 2.2.5. Hence h(f(x)) ~ x is
inhabited as well. It follows that A is both a section and a retraction of f. In particular, f is an
equivalence. O

Definition 2.3.10. Let P and @ be dependent families over A. A function ~ : [[,., P(z) = Q(x)
is a fiberwise equivalence from P to Q if each vy(z) is an equivalence from P(x) to Q(x).

Theorem 2.3.11 (Voevodsky). Let P and Q be type families over A. Consider a term

m:[[Pa) = Qx)
z:A
with the property that

o7 = . (pry (1), 7(pr, () (o () : 3 Pla) = 3 Q)

z:A z:A

is an equivalence. Then T is a fiberwise equivalence.”

7119, Theorem 2.4.19)].
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Functional extensionality

So far, we have intuitively regarded dependent functions as set-theoretic functions, i.e., ordinary
mathematical functions. At this point, however, our deductive system is too weak to prove that
any two dependent functions f and g that are pointwise propositionally equal are themselves propo-
sitionally equal. In this way, they are more like algorithms than ordinary functions. Indeed, two
different algorithms may have the same output on each input. To avoid this issue, we may consider
so-called functional extensionality principles.

Definition 2.3.12.

1. The weak functional extensionality principle (WFE) asserts that for any type family P over
A, we have a term

(H iscontr(P(x))) — is_contr (H P(m)) 8

z:A z:A

2. The functional extensionality principle (FE) asserts that for any type family P over A, there
is some term of type
II  isequiv(nappiy(f,9)).
fvginw:AP(r)

In particular, FE asserts that for any two dependent functions f,g : [[,., P(x), if f are g are
homotopic, then they are propositionally equal. From a set-theoretic perspective, this corresponds
to the fact that if two functions f,¢g : X — Y agree at each point in X, then f = g. From a
topological perspective, it corresponds to the fact that a homotopy between f and g induces a path
between f and g in the mapping space M (X,Y). In this case, our type-theoretic notion of homotopy
agrees with the classical notion.

Example 2.3.13. To see that functional extensionality is useful, let P be a mere proposition (as in
Definition 2.1.2). We want to show that —P is also a mere proposition, i.e., that Hx,y:—'P T~y is
inhabited. To this end, assume FE and let z,y : P — 0. We must construct a term of type x ~ y.
Note that x(z) ~ y(z) is inhabited for any z : P by virtue of O-ELIM. Thus, we get a term of type
II,.pa(2) ~ y(z). By FE, it follows that = ~~ y is inhabited, as desired.

It turns out that, despite our terminology, WFE is logically at least as strong as FE. Before proving
this, we state a few intermediate results.

Whereas the axiom of choice is not provable in ZF, its type-theoretic formulation & la propositions-
as-types is easily derivable in our MLDTT.

Theorem 2.3.14 (Axiom of choice). Let P be a type family over A. Also, for each x : A, let
C(z) be a type family over P(xz). Then we have a term

ac: H Z Cz,y) | — Z HO(JZ,S(I)) .9

z:Ay:P(x) s:Ily. 4 P(z) ©:A

8This corresponds to the fact that any product of contractible spaces is contractible in classical homotopy theory.

9This is called the axiom of choice because it is a direct translation of the set-theoretic axiom of choice under the
Curry-Howard correspondence. Despite this formal similarity, the set-theoretic version is much stronger in FOL than
the type-theoretic version is in our deductive system. In fact, a suitably strong type-theoretic version is not derivable
in our MLDTT.
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Proof. Take ac to be the term Ah.(Az. pry (h(x)), Az. pry(h(x))). O

Under the propositions-as-types doctrine, the following result states that we can always switch the
order of bounded quantifiers in a proposition of the form Va3yC(x,y).

Theorem 2.3.15. Assume WFE. Then ac is an equivalence.’’

Corollary 2.3.16. Assume WFE. Let P be a type family over A and f : [],., P(z). Then

is contractible.

Proof. By Lemma 2.2.17, we know that the type Zy:P(z) y ~ f(x) is contractible for each z : A.

By WFE; it follows that
1> v~ r@
z:A y:P(x)

is also contractible. It is easy to see that any type that is equivalent (hence isomorphic) to a
contractible type is contractible. Thus, it follows from Theorem 2.3.15 that Zg:nx:A Px)9 & fis
contractible.

Theorem 2.3.17. If WFE is derivable in our MLDTT, then so is FE.
Proof. Assume WFE. Let P be a type family over A and f : [],., P(z). We want to show that
I[ is-equiv(nappiy(f,9))
g:11,. 4 P(x)

is inhabited.

Consider the function
Ag.hApply, p(f,9) : [[ P(z) — ((f ~ g) = <H fla) ~ g(l‘)) )
x:A

By Theorem 2.3.11, it suffices to show that

Jkg.hApplyA,P(f,g) : Z f ~ gl = Z f ~g
9], , P 9], , P

is an equivalence. Note that Lemma 2.2.17 and Corollary 2.3.16 imply that the “domain” type and
the “codomain” type here are contractible, respectively. Therefore, oy napp1y, ,(f.9) IS a0 equivalence
by Corollary 2.3.8. O

The derivability of WFE in our system is useful for proving many inferences about propositional
equality of functions. The next two results are small examples of this.

Example 2.3.18. Assume WFE. For any type family P over 0, we have that [], ., P(z) is con-
tractible.

10719, Lemma 2.5.6]. This relies on IT-.
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Proof. By induction, there is some dependent function f : [[,., P(x). Forany g : [],.o P(z), another
use of induction shows that f ~ g. By FE, it follows that f ~» g is inhabited. Therefore, [],., P(x)
is contractible, with center of contraction f. O

Example 2.3.19. Assume WFE. Let B be a type family over A. Suppose that for each = : A, the
type B(x) is an h-proposition. Then [], ., B(x) is an h-proposition.

Proof. Let f,g:]],.4 B(x). For any x : A, we see that f(x) and g(z) are propositionally equal. By
FE, it follows that f and g are propositionally equal. O

Corollary 2.3.20. Assume WFE. For any function f : A — B, the type
is_equiv(f) ~ is_contr_map(f)

s inhabited.

Proof. By Lemma 2.3.5 along with Theorem 2.3.9, it suffices to show that both is_equiv(f) and
is_contr map(f) are h-propositions. The fact that the former is an h-proposition is precisely [25,
Theorem 4.3.2]. Moreover, [25, Lemma 3.1..4] states that is_contr(F) is an h-proposition for any
type E. By Example 2.3.19, it follows that is_contr_ map(f) is an h-proposition, as desired. O

Remark 2.3.21. By contrast, even if WFE holds, it is not the case that for any function f: A — B,
iso(f) ~ is_equiv(f). Indeed, iso(f) need not be an h-proposition [25, p. 77].

2.4 Univalence
Lemma 2.4.1. Let B be a type family over A. For any x,y : A, there is some function
14t0equiv,, o p(u)(®1) ¢ (z - y) = (B(z) = B(y)).

Proof. By path induction, it suffices to construct a term idtoequiv, (refl,) : B(x) ~ B(z). We
can choose idmap B(x) thanks to Example 2.3.3. O

Definition 2.4.2 (Univalence axiom (Univ)). For any A, B : U, the function
idtoequiv,, e, (4; B) : (A ~y B) — (el(A) ~ el(B))

is an equivalence. Formally, we postulate the logical rule

F univ : H is,equiv(idtoequivxzu;d(w)(a:,y))
z,y:U .

In general, we say that a type family B over A is univalent if the function idtoequiv,. 4 5, (a,b)
is an equivalence for any a,b : A. Therefore, the univalence axiom states that the type family
2 : Ut el(x) type is univalent. In particular, there is some homotopy inverse

idtoequiv(A, B)™!: (el(A) ~el(B)) — (A ~y B).

Informally, this means that whenever two types are equivalent, they are propositionally equal.
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Theorem 2.4.3. Let A and B be types. Then Univ implies that there is some term of type

[T tr9)= -9

f,9:A—B
Corollary 2.4.4 (Voevodsky). Univ = WFE = FE.

Proof. In light of Theorem 2.3.17, it just remains to prove that if Univ is derivable, then so is WFE.

Assume Univ. Suppose that P is a type family over A and that we have a term of type
H is_contr(P(z)).
z:A

Since U is closed under all logical constructors, we may assume that A as well as each P(z) is a
small type. We must show that [],., P(x) is contractible. Define F': A — U as the constant map
Az.1. Since both P(x) and 1 are contractible for any z : A, we have that P(z) ~ 1 is inhabited. By

Univ, it follows that Jg(;) ~y 1. By path induction, we see that the type

(Hx;A?(;O U Hx:A 5;(1;3

is inhabited, so that

is also inhabited.

Hence it suffices to show that the righthand type is contractible. But any function f: A — 1 is
homotopic to Az.x. Theorem 2.4.3 thus shows that f and Az.x are, in fact, propositionally equal. It
follows that [],., F(z) is contractible, with center of contraction Az.x. O

For a concrete application of Univ to algebra within Martin-Léf dependent type theory, see Section B.

3 Categorical semantics

Any variant of CDTT is purely a formal language. To give its well-formed expressions meanings,
we interpret them as certain mathematical objects. Specifically, we define an interpretation of them
as certain structures within a suitable category, thereby providing the CDTT with a categorical
semantics.

This section develops those notions from categorical semantics which Section 5 will rely on. First of
all, it is worth summarizing our set-theoretic foundations for category theory.

Definition 3.0.1. A Grothendieck universe is a transitive set U such that
(i) NeU,

(ii) € U = P(x) € U, and

1119, Lemma 2.7.6].
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(iii) for any I € U and function u : I — U, |J;c;u(i) € U.

By a combination of (ii) and (iii), any subset of an element of U belongs to U. As a result, U is also
closed under intersections, unions, and cartesian products.

Example 3.0.2. For any (strongly) inaccessible cardinal k, the x-th stage V,; of the rank hierarchy
is a Grothendieck universe.

In fact, any Grothendieck universe U satisfies ZFC. Thus, by Godel’s incompleteness theorems, it is
impossible to prove the existence of a Grothendieck universe in ZFC. This leads us to the first-order
aziom of universes:

For every set s, there exists a Grothendieck universe U such that s € U.

This guarantees that every class definable from U-small sets for some Grothendieck universe U is
U’-small for some larger universe U’.

Conversely, it is provable in ZFC that any Grothendieck universe U has the form V,, for some
inaccessible cardinal x.'? By Example 3.0.2, it follows that there exists a Grothendieck universe if
and only if there exists an inaccessible cardinal. This means that the axiom of universes is equivalent
to the large cardinal axiom that there exist arbitrarily large inaccessible cardinals.

For us, category theory will be formulated in the extension of ZFC by this axiom (which, of course,
has not been proven inconsistent). Moreover, the category Set will consist of all U-small sets for
a sufficiently large Grothendieck universe U. In particular, this means that if € is a locally small
category, then we can pass to a universe U’ larger than U via the axiom of universes so that % itself
is a U’-small category. For this reason, we may regard, for example, sSet as a small category.

Remark 3.0.3. Most of our results, however, do hold in ZFC.

Remark 3.0.4. Throughout this section, all categories are assumed to be locally small.

3.1 The syntactic category

To begin with, we build a category directly out of our MLDTT. In Section 3.2, we shall see this
category determines the canonical semantics of CDTT.

Notation. Let T denote our MLDTT (without Univ).

Definition 3.1.1 (Context morphism). Let I" and A = z1: 4;,...,2, : A, be well-formed
contexts in T. Further, let ¢, ..., ¢, denote O-expressions.

¢ Recalling Definition 1.1.8, suppose that the following n judgments are derivable in T:

't : A type
Ik ty: Agfty /2] type

Tk ty: Anlti/x1][ta/x2] - - [tn—1/Tn—1] type.

Then the tuple f = (t1,...,t,) is a context morphism from T' to A, written as f: T' - A.

12See [27].

28



o Let f = (t1,...,tn) and g == (s1,...,Sn) be context morphisms from I" to A. Suppose that
the following n judgments are derivable in T:

F"tl = S1 IAl
F"tg = S92 : Az[t1/iE1]

'+ tn =Sy An[tl/xl][tQ/xQ} cee [tn—l/xn—l]'

Then f and g are judgmentally equal context morphisms from I' to A, written as
f=g:T = A.

Notation. K[f/A] == Klt1/x1][t2/x2] - [tn/zn]-
Example 3.1.2 (Display map). Suppose that ctx([,z: A) is derivable in T where
I'=x1:A,...,2, : A,. Then each of

Dyz:AF xp: A type

Dyz: AF xo: As type

Fz: Ak x,: A, type

is derivable in T due to the structural rule VBLE. Thus, pa = (z1,...,2,) is a context morphism
from ',z : A to T, called the display map of A.

From a syntactic perspective, this represents a type family A over the types appearing in I'. From
a topological perspective, it represents a fiber bundle over I'.

Definition 3.1.3 (Syntactic category). Define the syntactic category € (T) of T as follows.

o Let Ob%@(T) be the quotient of the set of all well-formed contexts in T by the equivalence
relation ~ where
I'~vA <= T = Actx is derivable in T.

o For any [I'],[A] € Ob¥%(T), let €(T)(I', A) be the quotient of the set of all context morphisms
from I" to A by the equivalence relation ~’ where

[f]~[g] <= f=g:T - A is derivable in T.

This is well-defined because of the derived rule

FlzI‘g F35F4 f:rlﬁrg
f:Ta—=Ty

o For any two (equivalence classes of) context morphisms f : I' = A and g = (81,...,85) :
A — 0O, let
gof: (Sl[f/AL,Sn[f/A])

It is straightforward yet tedious to verify that the operation o is well-defined and associative and
that for any well-formed context I" := 1 : A1,..., 2, : Ay, the morphism (z1,...,x,) is well-defined
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and constitutes the identity morphism idr for (the equivalence class of) I'. It follows that € (T) is,
indeed, a category.

Note 3.1.4.
(1) Let ' :== a1 : Ay,...,2, : A,. We have a one-to-one correspondence between typing dec-
larations I" = a : A and sections of the display map pa given by mapping I' F a : A to
(x1,...,2Zpn,a).

(2) The set Ob%'(T) is N-graded in that there is a natural bijection Ob %’ (T) = [], .y C, Where
C,, denotes the quotient of the set of all well-formed contexts in T of length n by ~. Thus,
Ob % (T) may be viewed as a rooted tree with the following properties.

(a) Tts root is precisely the empty context.
(b) Its n-th level is precisely C,,.

(c) For any node T,z : A of degree n > 1, its parent is precisely T'.

In particular, the empty context is the terminal object of € (T) as well as the unique object of
degree zero.

Let f == (t1,...,tn) : A = ' be a morphism in €(T). Suppose that both ctx(A,y: A[f/T]) and
ctx(T',z : A) are derivable in T. Note that

q(f7A) = (tla“-atnay)

is a morphism from A,y : A[f/T] to ',z : A because A,y : A[f/T|Fy: A[f/T] is derivable in T by
the structural rule VBLE.

Lemma 3.1.5. The commutative square

q(f,4)
—

Ay A[f/T] Nz:A
pA[f/F]J/ J,pA (1)
A 7 r
is a pullback in € (T).
Proof. Suppose that
g2
S}
Ay Alf/r] S g
91 PA[f/F]l lPA
A 7 r

commutes in €(T). We must show that there exists a unique morphism ¢g : © — A,y : A[f/T'] that
fits into this diagram. Since psogs = f o gy, we see that go = (f o g1, 7) for some term expression 7

30



such that © - 7 : A[f o g1/T] is derivable in T. But A[f o g1 /T = A[f/T][g1/A], so that g := (g1,7)
is a morphism © — A,y : A[f/T']. This satisfies

pajf/r1©9 = 91

q(f, A)og=(fog1,7) (%)
= 92,
and thus ¢ fits into our diagram. To prove that g is unique, let § be any other such morphism

© — A,y : A[f/T]. As pajs/r)© g = g1, we have that g is of the form (g;,7) for some 7 such that
0+ 7 : A[g1/A] is derivable in T. Moreover, using (x), we have that

(f ° 91’7) =92
= q(f? A) °g
= (f,y) o (91, 7)
= (f Oglvi—)'
This implies that © - 7 =7 : A[f o g1/T'] is derivable in T. This means that
—_———
Alf/Tlg1/A]

g=1(91,7) = (91,7) = g,

as required. O

3.2 Contextual categories

There are at least three reasons for looking at contextual categories for our categorical semantics.
First, the class of objects in a contextual category has a tree-like structures, just as the set of well-
formed contexts of our MLDTT. Second, contextual categories are suitable for interpreting type
equality judgments of our MLDTT as their objects can be compared for a kind of equality, not
just for isomorphism. Third, they possess a class of distinguished pullbacks, which must be strictly
functorial and must commute strictly with logical constructors such as dependent products, thereby
resembling syntactic substitution.

Overall, the notion of a contextual category is designed to abstract the key structure from Defini-
tion 3.1.3.

Definition 3.2.1 (Contextual category). A contextual category € is a category such that

(i) € comes equipped with a terminal object 1,

(ii) Ob¥ is N-graded, i.e., is of the form ], . Ob, ¥,

(iv) for each m, € comes equipped with a (class) function ft,, : Ob,+; ¢ — Ob,, €,

)
)

(iti) Obo(%) = {1},
)
)

(v) for each X € Ob,41 €, € comes equipped with a morphism px : X — ft,(X) (called the
display map of X),
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(vi) for each X € Ob,,11 % and map f:Y — ft,,(X), € comes equipped with an object f*X and
a morphism ¢(f, X) such that ft(f*X) =Y and

q(f,X)

X X
;Df*xl J{PX
Y s f(X)

is a pullback square (called the canonical pullback of X along f), and
(vii) every canonical pullback is strictly functorial in the sense that
q(idg, x, X) = idx
(f9)"X =g"(f"X)
q(fg,X) = q(f, X)a(g, f* X)

for any X € Ob,,4+1 % and morphisms f:Y — ft,(X)andg: Z = Y.

Remark 3.2.2. To motivate condition (vii), let I' - A type be derivable in T and let f: A — I' and
g : © — A be context morphisms in T. On the one hand, it is easy to check that

Alf/Tllg/A] = Alfg/T]

as strings. On the other hand, consider the commutative diagram

q(fg,X)

“~ .
7 (f*X) q(9,f*X) X q(f,X) X
P(fo)*x \ ‘ ‘
Pg*(5*X) PFrx pPX
1 1 1

ft(g*(f*X)) — ft(f*X) — ft(X)

If (vii) is omitted, then the induced map +, though an isomorphism in %, need not be the identity
morphism. Therefore, without strict functoriality, interpreting typehood judgments of the form
A F A[f/T] as canonical pullbacks in ¢ may be unsound. Yet, we want a contextual category to
carry a structure similar to that of the syntactic category of T, in which A + A[f/T] is correctly
interpreted as the canonical pullback (1).

Example 3.2.3. The category Set of sets carries the data of a contextual category 2. Indeed,
define the grading of Ob & by mutual recursion with a function § : Ob 2 — Set as follows.

e ObgZ = {0}, and §(0) = {0}.
o The class Ob,1+1 2 consists of pairs (X, A) where X € Ob,, 2 and A : §(X) — Set, and
5(X, A) = {(2,0) | 2 € 5(X),a € A(x)}.
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Let Homg(X,Y) consist of all set-theoretic functions 6(X) — 6(Y). The remaining data of a
contextual category are given as follows. For any (X, A) € Ob, 41 2 and f € Homg(Y, X),

o ft(X,A4)=X.
o pix,a) (T, a) =2,
o [H(X,A) = (Y, Ao f), and q(f, (X, A))(z,a) = (f(2),a).

Let g : 6(Y) — 6(X) be any set-theoretic function. Define A : §(X) — Set by A(x) = g~ !(z). It
is easy to check that the function ¢ : §(Y) = §(X, A) given by y — (g(y),y) is bijective and that
P(x,A) ©¥ = g. Thus, every map in & is isomorphic to a canonical projection. In an arbitrary
contextual category, then, we may think of canonical projections as resembling set maps.

Note 3.2.4 (Binary products). Let ¥ be a contextual category. For any object X in €, we can

form the pullback square

e q(px,X) X

Pp}l lpx .

X —— (X )
Then p% X is the product X x X in ¢ with projection map Pp3, -

Note 3.2.5 (Pullback section). Suppose that s is a section of px. Then, by the universal property
of pullback squares, there exists a unique morphism f*s:Y — f*X such that

sof

Y
frs

. S
idy pp* XJ, Px

commutes. This means that f*s is a section of ps-x.
Notation.

1. For any X € Ob,, ¥, we may write (X, A) for any object Y € Ob,,41 € such that ft(Y) = X.
Also, we may write (X, A, B) for any object Y € Ob,42 % such that ft(Y) = (X, A).

2. For any such X and any map f : ¥ — X in ¥, we may write (Y, f*A) for the canonical
pullback f*(X, A).

3. For any such X and f, we may write pa for the display map p(x 4y : (X, 4) = X and ¢(f, A)
for the map q(f, X, A).

4. For any such X, we may write p4, g for the composite of display maps paopp : (X, A4, B) — X.

5. For any such X, we may write s for any section of p4.

33



6. For any commutative diagram of the form

Y

X q(f,X)

9 Pf*XJ(

p
Y > ft(X)

X

X

we may write (f*X, g, h) for the unique morphism ¥ — f*X fitting into it.

Using the setting of contextual categories, let us begin formally defining a notion of truth of a
judgment in T. Let ¥ be a contextual category. We want % to carry a structure for each logical
constructor in T as well as a structure for the universe type in T. Defining such a structure on %
amounts to

(a) translating the main logical rules (except congruence rules) governing the given constructor or
universe into the language of contextual categories and

(b) stipulating a so-called stability condition so that canonical pullbacks commute strictly with
the given constructor or universe.

In the interest of space, we describe here the structures for just II, 0, Id, and U. For the other logical
constructors, see [14, Appendix BJ.

A TlI-type structure on € consists of the following data:
(i) for each (T, A, B) € Ob,,12 %, an object (I',II(A, B)) € Ob,+1 €;
(ii) for each such (T, A, B) and each section b of pp, a section A(b) of pri(4,p);

(iii) for each such (T, A, B), each section k of pr(4,p), and each section a of p4, a section app(k,a)
of the composite pa g such that pg o app(k,a) = a,

(iv) app(A(b),a) =boa, and
(v) for each map f : T’ — T" in €, we have that
f*(F7H(A,B>) = (F/’H(f*Av f*B>>
JIAD) = A(f7b)
frapp(k,a) = app(f*k, f*a).

Remark 3.2.6. We have left out the data for II-n for simplicity. Nevertheless, they are present in
every model of T studied in Section 5.

A 0-type structure on € consists of the following data:
(i) for each T' € Ob ¥, an object (T, Or);

(ii) for each object (T',0r, A), a section indg(A) of p4 such that
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(iii) for each f: T’ — T, we have that

f*(rv OF) = (F/’ OF’)
F(indo(A)) = indo (£ A).

A Id-type structure on € consists of the following data:
(i) for any (T', A) € Ob,,4+1 € and sections a and b of py4, an object (I', A, p’ A, 1d4);
(ii) for each such (T', A), a morphism refl4 : (I', A) — (I', A, p% A, Id4) such that pq, orefly = Ag;

(iii) for each (T, A,p%A,lda,B) € Ob,44% and map d : (I, A) — (I', A,p% A, Ilda, B) satistying
pp od = refly, a section Jp q of pp such that Jp qorefl4 = d and

(iv) for each f:I" — T', we have that

P10, A piANda) = (' f7A, (pgea)"(f7A),d )
frrefla = reflp g
[*IB,a =B fea-
Note 3.2.7.

1. Consider the commutative diagram

Ty
(T, A, A%ldy) —— (T, A,p A lda)

l l

(0 A) ——5— (O APA)

where A 4 stands for the diagonal morphism A 4). Note that the dashed arrow
<(F, A, A%Ida), id(I‘,A), ref|A>
is a section of JINATIE

2. Consider the pullback square

(T, A, refl, B) —— (T, A,p% A, |d4, B)

| |

(Fa A) T (Fa Avp*AAy IdA)

Then for any section s of prefi, 5, we have that pp o q(refla, B) o s = refl4. Thus, d yields a
| —

d
distinguished section Jp 4.

35



A U-type structure on € is a distinguished object (U,el) € Oby @ that is closed under each type
structure on %. For example, it is closed under II-types in the sense that

(i) for any two maps a : I' — U and b : (I',a*el) — U, ¥ comes equipped with a morphism

A

II(a,b) : ' — U such that
(ii) (r,ﬁ(a,b)*e|) — (I, I(a*el, b*el)) and

(iii) for each f:I” — T', we have that

N

(a,b) o f =Tl(ao f,boq(f,a*el)).

Notation. Consider the diagrams

(T,15U) —— U (T, (q(Ir, U) o s)*el, 1*U) — U
(1 | (1
r— 1 (T, (q('r, U) o s)*el) —— 1

!1’* i
where both s and § denote sections. We shall refer to the composite maps gos : I' = U and
qos:(T,(¢('r,VU)os)*el) = U as v, r and v; s 1, respectively.

Definition 3.2.8 (T-structure). A T-structure is a contextual category equipped with a structure
for each logical constructor in T and a structure for the universe type in T.

Let € be a T-structure. We proceed to define a partial function [—] (called an interpretation
function) on the class of all judgments in T such that [—] has values of the forms

[etx(D)] = X, X eOb¥%
[T+ Ctype]l =pa, (X,A)€O0b¥
[TEec:C]=s, paos=idx.

Intuitively, this means that
e objects in % represent well-formed contexts in T,
« display maps in % represent well-formed types, and
 sections of display maps represent inhabitants of well-formed types.

Our motivation for interpreting typing declarations as sections of display maps is precisely part (1)
of Note 3.1.4.

Specifically, [—] is defined, in part, via mutual recursion as follows.!?

Well-formed contexts
[etx(e)] =1

[etx(T)] = X [T+ Ctype] =pa

when x ¢ FV(T
[etx(T,z : O)] = (X, A) ( ¢ FV(I))

30ur definition is an adaptation and extension of [16, Section 6.4].
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Typing declarations
[ctx(D)] =X [+ Ctype] = pa
[T,z :CH+ C'type] = ppaya
[T,2:Cka:C'=((X,Ap4A4),idx,a),id(x,4))

[etx(I)] = X [l Citype] = pa [,z : Cy = Cytype] = p(x,a,B)
[T,z :C1,z’" : Cy - Cstype] = Plps.a) A

[T,z:Cy2": Cotx: Cs] = ((X, A, B, (pa,B)*A),id(x,4,5):PB)

Dependent products

[I'F C type] = p(x,a [T,z : CF C'(x) type] = p(x,a,B)
[T F1L.cC'(z) type] = P11(A,B)

[I'F Ctype] = p(x,a [T,z : CF C'(x) type] = p(x,a,B)
[T x:CkHd(x): C'(x)] =sB

[T EXz:C).d(z): M.cC'(x)] = NsB)

[T F Ctype] = p(x,a) [0,z : C+ C'(x) type] = p(x,a,B) [T FE:pcC'(2)] = sua,n)
[TFa:C)=sa

[T+ app(k, a) : C'[a/]] = ((X,s4B),idx, app(sm(4,5), 54))

Zero type

[etx(T)] =X
[+ 0type] = poy

[T,z :0F C(x) type] = p(x,0x,4) [T'Fa:0] =soy
[T+ indo(z.C,a) : Cla/z]] = {(X,s§,A),idx,indg(A) o s, )
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Identity types

[I' = C type] = p(x,a)
Hr,l‘ :Cyy:CH ldC(xay) type]] = p(X,A,pZAJdA)

[I'F Ctype] = p(x,4)
[T,z :CFrefl(C,2) : lde(z, )] = ((X, A, A%lda),id(x, 4, refla)

[Tz : Cry: Cop:lde(w,y) b C'(,y,p) tyPe] = P(x 4 Alda.5)
Hra z:Cke: Cl[za Z, reﬂ(cv Z)/.’B, y,p]]] = Sreﬂ:j‘B

[[Fax : Aay : Aap : |dc(1’,y) + J(Z.c,x,y,p) : C/(:L'ayap)]] = JB,q(refIA,B)os,eﬂZB

Universe type

[FUtype] =!:U—1

[x: Ut el(x) type] = pel

[T'Fa:U]=sey [T,z :el(a) Fb(z) : U] = S oY
5!;{U'

[[r - H(a, z.b) : U]] - <(X7 1% U), idx, (v, u)>

Due to its hideous form, we ought to describe the map S := s+ U explicitly:
Us!* U,Xe
X

(X,1*U) —“> U <X,v;‘!* U7Xel) 5 (Usel) !*(X, vk U7Xe|) U
X ——1 X—— U (X,U* Xe|>—>1
8% v v

The reason that we forego a separate group of semantic rules for typehood is that these correspond
to the formation rules for 0, 1, 2, and U, i.e., our four non-dependent types. In the interest of space,
we have omitted any rule defining [—] for X-types, the unit type, or the Boolean type.

Notation. If ¢ is a judgment in T, then the notation [¢] , means that [—] or an extension of it is
defined at .

Definition 3.2.9 (Model of type theory). Let € be a T-structure and let ¢ be a judgment in T.
We say that € satisfies ¢ or ¢ is true in €, written as € |= ¢, according to the following conditions.

o ¢ = ctx(I') if and only if [ctx(I')] .

¢ ¢ =TF Ctype if and only if [I' - C type] , .
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e ¢E=TFc:Cifandonlyif [I'Fc:C],.

o €T =T"ctx if and only if [etx(T')] = [ctx(T)].

o ¥ =TFC=C"type if and only if [T+ Ctype] = [I' F C’ type].
o ¥ ThHt=t:Cifandonlyif [T'Ht:C)l=[TFt:C]

where [¢] = [¢'] means that [¢] and [¢'] are defined and equal. We say that a T-structure ¢
models T if every theorem of T is satisfied by €.

Example 3.2.10 (Tautological model). The syntactic category %(T) is clearly a T-structure.
By its design, for any judgment ¢ in T, €'(T) satisfies ¢ if and only if ¢ is a theorem of T.

Theorem 3.2.11 (Completeness). For any judgment ¢ in T, if ¢ is satisfied by every T-structure,
then @ is a theorem of T.

Proof. If ¢ is satisfied by every T-structure, then it is satisfied in particular by %'(T), which only
satisfies theorems of T. O

Definition 3.2.12. Let ¥ and & be contextual categories. A conteztual functor F : € — 2 is a
functor ¥ — 2 that preserves the structure of a contextual category on the nose, i.e.,

(i) if " is the parent of I, then F(I") is the parent of F(IV),
(ii) F(lg) =19,

(iii) F(pr) = pr(r) for any I' € Oby 41 €,

(iv) F(f*T) = F(f)*(F(T)) for any f: " =T, and

(v) F(q(f,T)) = q(F(f), F(I)).

Likewise, if both ¥ and 2 are T-structures, then a contextual functor F' : € — Z is a logical
contextual functor if it preserves all of the logical structures on the nose.

For each T-structure €, the function [—] induces a functor

[-17 :€(T) = %
xl:C’l,...,xn:C’n — (1,)(1,...,)(»”)7 [[.Z‘l501,...331'_1201‘_1'_01']]:]))(1.

(t17~--»tn,)
_—

r x1:C1,...,2, : Cpy — [[F]]Cgl)(l,Xl,...,Xn)7

where the morphism 7 is defined as follows.

idp, X ti—2,Xi—1)oti—1,X;
(T, x;) —9eX0) o pox (r, x,fldtizXeetion gy v )
Qe T 8
1 1 i i
r idp I r q(ti—2,Xi_1)0t;_1 (F7 le v 7Xi71)

q(q(tn—2,Xn_1)0tn_1,Xn)

o
—_
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Conjecture 3.2.13 (Initiality of syntax). If ¢ is a T-structure, then [[—]]% is a logical contextual
functor €(T) — €. Moreover, it is unique.

Informally, this means that every T-structure correctly interprets the syntax of T.

We shall assume that Conjecture 3.2.13 is true. Most, but not all, type theorists accept that it
is a straightforward adaptation of the Correctness Theorem in [24], which proves the conjecture
for a type theory smaller than ours (called the Calculus of Constructions).!* If we do not assume
Conjecture 3.2.13, then the soundness of the semantics of our MLDTT is left unverified.!® In this
case, proving that a contextual category (such as sSet) has suitable logical structure is insufficient
to prove that it correctly interprets the syntax.

We are now in position to state a crucial consequence of Conjecture 3.2.13 (whose counterpart in
classical FOL, by contrast, holds easily).

Theorem 3.2.14 (Soundness). For any judgment ¢ of T, if ¢ is a theorem of T, then ¢ is satisfied
by every T-structure. Hence every T-structure is a model for T.

We say that T is consistent if no judgment of the form F a : 0 is derivable in T. Otherwise, we say
that T is inconsistent.

Corollary 3.2.15 (Consistency). T is consistent if and only if it has a model in which the display
map po, has no section.

Proof. For the forward direction, simply observe that if T is consistent, then €'(T) is a model of it
and contains no section of pg,. The backward direction follows easily from Theorem 3.2.14 (just as
it does for classical FOL). O

Before moving on, let us formulate the univalence axiom in any sufficiently structured contextual
category.

Let € be a T-structure and let I' be an object in €. Since
H is_equiv (idtoequivxzu;el(x)(x, y))
z,y:U

is a closed type in T, we can find, by virtue of our existing semantics, a certain object (1,1I(A,, By)) €
Ob; € such that

+ H is,equiv(idtoequivmtu;d(z)(:1:7y)) type|| = Pria,,Bu)-
z,y:U

Note that ¢ satisfies a typing declaration of the form

Fr: H is,equiv(idtoequivwzu;el(z)(a:,y))
z,y:U

if and only if [—] maps this judgment to a section of pra,,p,). Therefore, we make the following
definition.

14Currently, there is a communal project called the Initiality Project, hosted on nLab, that aims to rigorously
establish the initiality of € (T).
15Note, however, that [11, Section 3.5] briefly sketches a direct proof of soundness.
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Definition 3.2.16. We say that & satisfies the univalence axiom if it comes equipped with a section

univ of pri(a,,B.)-

3.3 Universe categories

Definition 3.3.1. Let € be any category. A universe in € is an object U in € equipped with a
morphism p : U — U and, for each map f : X — U, a distinguished pullback square

(X:f) 20 0
Py s | ip ) (%)

Intuitively, U corresponds to the universe type U, and the morphism p corresponds to the type
family T',z : U k- el(x) type over U. Further, any map « : ¥ — X isomorphic to Px ; in the over
category € /X corresponds to a judgement of the form I' - el(a) type, i.e., a well-formed type.

Notation.

1. For any maps f1 : X = U and fo : (X; f1) — U, write (X; f1, f2) for the object ((X; f1); f2)
and Px y, r, for the map Px.7,) r,-

2. (X;)=2X.
Definition 3.3.2.

1. A universe category is a triple (¢,U, 1) where € is a category, U is a universe in ¢, and 1 is
a terminal object in %

2. A functor of universe categories from (€,U, 1) to (¢',U’,1') is a triple (®, ¢, p) where & :
€ — €' is a functor and ¢ : ®(U) — U’ and ¢ : ®(U) — U’ are morphisms such that
(a) ® maps distinguished pullback squares in € to pullbacks squares in ¢,
(b) ® maps 1 to a terminal object in ¢, and
(c) the diagram

is a pullback square in %”.

The notions of a universe category and a functor of universe categories are due to Voevodsky and
can be found in [26].

Remark 3.3.3. Definition 3.3.2 makes the class of all universe categories into a precategory, i.e., a
category except that each composition operation is partial rather than total. For simplicity, we shall
refer to this precategory as a category.
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Now, consider any universe category (¢, U, 1). Define the contextual category 4y as follows.!©

e Ob, 6y ={(f1,--s fu) € Mox(€))" | fi: (1; f1,..., fim1) = U, 1 <i <}
® Hom%U((fh...,fn),(g1,...,gm))EHOmcg((l;ﬁ,...,fn)a(l;gh...,gm))-

e lg, = (), the empty sequence.

i ftn(flw"afnJrl) = (f17'-~afn)~
Fo)sFrin (as in (x)) to be the display map D(fryeosfrsr)-

.....

o For any object (f1,..., fnt1) and map « : (g1,...,9m) — (f1,..., fn) in €y, the canonical
pullback of (fi,..., fn+1) along « is given by (g1, ..., gm, fn, © @), i.e., the canonical pullback
square is precisely the lefthand square in

Q(fnt100)
(l;gl,...,gm,fn+1oa) ***** > (l;fl,...,fn+1 — U
N Q(fn+1)
P(1ig1...c.gm. fn+1°°‘)J{ P(1;51,., fn+1)J( [ (*)
(1;917"'7gm)f>(l;fla"'vfn *>U

f’!‘L

Theorem 3.3.4. There exists a certain functor CC from the category of universe categories to the
category of contextual categories such that CC(¢,U,1) = €y .17

Suppose that U is a universe in ¢ when equipped with either of two choices C and C’ of distinguished
pullback squares. Further, suppose that both 1 and 1’ are terminal objects in 4. These conditions
yield two universe categories UC and UC'.

Corollary 3.3.5. CC(UC) and CC(UC") are isomorphic as contextual categories.

Proof. The triple (ide, idy, idy) is a functor of universe categories UC — UC'. Clearly, it is its own
inverse and thus is an isomorphism. This implies that CC(id¢, idy,id) is an isomorphism, thereby
completing our proof. O

This means that, up to canonical isomorphism, % is independent of our choice of distinguished
pullback squares and terminal object in %.

3.4 Logical structure on a universe category

Let (¢,U, 1) be a universe category with morphism p : U — U. As we did on contextual categories,
we would like to endow U with logical structures based on the logical rules in T. Moreover, we
would like these structures to induce corresponding logical structures on the contextual category
%u, thereby making %y into a T-structure. (We can think of the logical structure on % as internal
to that on %.) This section is devoted to describing certain structures on U that achieve these goals.

16[14, Definition 1.3.2].
17126, Construction 4.7].
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Remark 3.4.1. Throughout this section, we shall assume that % is a locally cartesian closed category
(LCCC). See Section C for a review of this kind of category. Additionally, we shall assume that €

has both an initial object 0 and the coproduct 1]]1.

For convenience, Table 4 summarizes our results of this section.

Table 4: Logical structure on U

H

CDTT

LCCC

|

Dependent product
Dependent sum
Empty type
Unit type
Boolean type
Identity type
Universe type

Dependent product
Dependent sum
Initial object
Terminal object
1]]1
Path space object
Internal universe

Dependent products

Consider a distinguished pullback Px 4 in ¢, i.e., a well-formed type A. Consider also a distinguished
pullback Px 4 B, i.e., a type family B over A. Intuitively, to form the dependent product [],., B(x)
in ¢, we need a map II(A, B) : X — U along with an isomorphism P f(A,B) = Ipy 4 Px, B such

that (X TI(A, B)) is stable under pullback.

To this end, we endow ¢ with such a map f[(A, B) under the assumption that X equals
U) =%, 1L, (75 : U x U — U)

and (A, B) equals a special pair (A4, By) of maps determined by II(U), called the generic pair. As
it turns out, this is enough to produce in 6y any dependent product [[,., B(z) as well as ensure
stability.

Note 3.4.2 (Functoriality of TI(—)). Let Pb(%) denote the category with morphisms in ¢ as
objects and squares of the form

Xy ----- > Y]
T
Xg ----- > Yo

as morphisms & — y. (This is a wide subcategory of the arrow category Arr(%) of ¢.) Now, let U’
be another universe in ¢ and let (f, g) be a map p’ — p in Pb(%):
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We can define another map 7" — ¥ in Arr(%) by the commutative square

U’xff’MUxU

ml lﬂz

0 ——— 0

U

This induces a unique map H(f,g) : 7§ — f*n¥ in the over category € /U’ thanks to the universal

property of pullback squares. Applying the functor I, to H yields a new map
My (7") = T (f*74)
in € /U’. In light of Proposition C.0.16, there exists an isomorphism
My (f*75) = g"T0, (75)
natural in 7§. From this, we get yet another map II,/ (ﬂg /) — g*1L, (ﬂg ) in /U’ and thus a map
My (") = 10, ()
in Arr(%). This is our desired map II(g) : II(U’) — II(U) under the identification ¢/1 = €.
Now, let us return to describing the map T[I(Ay, B,) : TI(U) — U. The map I, can be viewed as
a projection map pr : II(U) — U in €. Take the pullback II(U) xy U to be A, and let a, denote

the corresponding projection map A, — II(U). Note that oy = p*(II,m2). Consider now the counit
e of the adjunction II, 4 p* and define B, and 3, so that

bS]

At last, we define a II-structure on U as a map II : II(U) — U together with an isomorphism

*p = 1, By-

Empty type

Recall that we can think of the empty type as the empty set, i.e., the initial object in Set. This
leads us to define a 0-structure on U as a map 0 : 1 — U together with an isomorphism 0*U = 0.
Identity types

Let 2 be a contextual category. For simplicity, we shall refer to an object (T', A) in 2 by simply A
and to the product (T, A) x (I, A) in 2 by A x A. Recall the notion of an Id-type structure on &
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(p. 35). Note that condition (ii) exhibits a section

Af4|dA —_— |dA

SA* D
Anldg Pid 4
\

A— Ax A
Aa

by way of refl 4. This is equivalent to exhibiting a lift

Id 4
refl 4 //){ J/p,dA . (T)

-
-
-

ATA>A><A

Further, condition (iii) exhibits a diagonal fill-in

This implies that refl 4 has the left lifting property against any display map pc in 2. Indeed, for
any map f :ldg — ft(C) and commutative square

we have a lift

A@C

>
reﬂAl I lpf*c J{pc .

Idgy =—— Ida T> ft(C)

In light of (), we see that A4 factors as a map A — Id4 having the left lifting property against all
display maps followed by a display map ldy — A x A.

Remark 3.4.3. In the language of model categories (Section 4.2), if we view a display map as a
fibration and a map having the left lifting property against all fibrations as a trivial cofibration,
then Id 4 is precisely a path space object of A.

With this in mind, an Id-structure on U consists of maps Id : U xy U — U and ¢ : U — 1d"U such
that

U — 510

~

UXUU
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commutes and ( is stably orthogonal to p x U over U, i.e., for any map X — U, every lifting problem

XxypU —*-UxyU

XXCJ{ J{pXU

X xyld°U —— Uxy U
U

between X x ¢ and p x U comes equipped with a solution D(a,b) such that for any map f:Y — X
over U,

D(a,b) o (fx |a*U) :D(ao (fx0),bo (f x |&*U)).

This structure can be thought of as the “generic” identity type just as a II-structure is seen as the
generic dependent product. This means that it produces in 6y every identity type thanks to the
universal properties of a LCCC.

Universe type

A U-structure on U roughly amounts to a universe Uy in % that is “nested” in U. To be precise, a
nested universe in U is a pair (ug,¢) where ug is a map 1 — U and ¢ is a map Uy = uiU — U.

Terminology. Uy is called an internal universe, and U a meta-universe.
Note that Uy is, indeed, a universe in ¥ when equipped with the morphism
Cp U — Uy
~—~ \~/-/
Po Uo

and, for each map f : X — Uy, the lefthand square in the commutative diagram

Qo f)
(X, L O f) 7(727(}5> UO T) U
PX, 0 fl Pol p
X s Uy — U

as the distinguished pullback square. We say that Uy is closed under Il-types in U if it has a
II-structure I, : II(Uy) — Up such that

(Us) s (v

o J»

Uy —— U

L

commutes (with II(¢) as in Note 3.4.2). We say that Uy is closed under X-types, etc. under similar
circumstances.

Again, in the interest of space, we have omitted the definitions of X-structure, 1-structure, and
2-structure.
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Induced logical structure on %y

The following result will ensure that the induced II- and X-type structures on 6y are stable under
substitution.

Lemma 3.4.4. Let B 2% A 25T bea composite of morphisms in €. Let gy : T — U, go: A — U,
hi:A—U, and hy : B — U be morphisms in € such that

ALU B%ﬁ
TR S
FTU ATU

ne.
Proof. We have a unique mediating map

g2

U—1

by the universal property of pullback squares. Note that k is a map g1 X p — 71 in €/U. Thus, we
can take its exponential transpose k : g; — (m1)?. Since

(m)P ~ T,p*m = M,rY

by Proposition C.0.15, we see that k& is a map g, — 75, ie., amap (A, B): T — II(U) over U. It
is easy to check that this map satisfies (x). The fact that it is unique is clear from the way in which
it is constructed. O

Of course, this universal property fails to imply that the induced ld-type structure is stable. For
this, we use instead the requirement that ¢ be stably orthogonal to p x U.

Theorem 3.4.5. Any given logical structure on U induces a corresponding logical structure on €y ."%

Proof. Other than the data for Id-ELIM (i.e., condition (iii) and part of condition (iv) for a Id-
type structure (p. 35)), each corresponding structure flows from the “generic” structure on U in a

18[14, Theorem 1.4.15].
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predictable way. To understand our method for verifying this, it is enough to consider just the data
for TI-FORM, i.e., condition (i) and part of condition (v) for a II-type structure (p. 34).

Suppose that U has a Tl-structure IT : TI(U) — U. Let (I', A, B) € Ob, 2 %y. This is precisely a
pair of pullback squares

(1;1, 4) 24 (1;1,4,B) 2E5 ¢

U U
PF,A\L Jp Pp)A)Bl J{p
U U

(LT) —— (LT, A) —5—
in ¢, which yields another diagram

(1;T,A,B) —— B,

Pr,A,Bl lﬁg

(1,7, A) —— A,

e [

(1;T) a5 IL(U)

consisting of pullback squares via Lemma 3.4.4. Take the composite ITo (A, B) to be TI(A, B) in €.

It remains to check that II(A, B) is stable under substitution in . Let f : (1;I') — (1;T) be a
map in %. On the one hand, we have that

(T, 1(A,B)) = (I",l:[ o(A,B)o f).
On the other hand,
(T, I(f*A, f*B)) = (I',ILo (f*A, f*B))
(f*A,f*B) = (A, B)o f
by the uniqueness of (f*A, f*B). Hence II(A4, B) is stable. O
Remark 3.4.6. It is easy to show that, under this logical structure, 4y also satisfies II-7.

In conclusion, we have a method for building a model of T in a given LCCC: finding a “logically
structured” universe in it. This is precisely the method we employ in Section 5.

3.5 Presheaf universes

At this time, it is worth outlining a modest extension of the map U — %y due to [3]. This requires
a certain concept from algebraic geometry. Suppose that € is any locally small category with a
terminal object 1. At this point, we may pass to a larger Grothendieck universe than our current
one so that € is small (see p. 28).

Notation. Let Y : € — % denote the Yoneda embedding, as in Lemma C.0.7.

Definition 3.5.1 (Grothendieck). Let i and U be objects in %. A natural transformation

p:Z]—>Z/l
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is representable if for any object C' in ¥ and any map T : Yo — U, p comes equipped with a
distinguished pullback square

Yor —2E— U

y(pr)l - Jp

Yo ——— U

in %2\, which means that each fiber of p is chosen to be a representable object. In this case, we say
that U is a universe in €.

Since the functor Home (C, —) : ¥ — Set is limit preserving for each C' € Ob ¥, so is the Yoneda
embedding. Therefore, we can apply ) to Definition 3.3.1 to get a special case of Definition 3.5.1.
As h is fully faithful, this means that any universe in ¥ may be viewed as a universe in €.

As it turns out, a representable natural transformation p over € makes € into a category with
families, equivalently a category with attributes [16, Definition 6.3.3]. This is the same as a contextual
category with the N-grading of Ob % replaced by a chosen class Ty (X) of semantic types as well
as a chosen total object X x A of A for each X € Ob% and A € Ty, (X).

Remark 3.5.2. We assume that Conjecture 3.2.13 also holds for categories with attributes.

In particular, a canonical pullback square looks like

Y ox A A x

Prxa lPA .

YﬁX

If we regard C.T € Ob % as the total object of T, then any such pullback square exists in . Indeed,
consider the cospan
Cc.T

Jpr

in . We have two pullbacks of p fitting into a commutative diagram

AToY(f)

Yeroy(f) -5 Yor —g— u

qr
y(pToy(f))J/ ly(PT) \Lp .
b gy Yo U

As both the total rectangle and the righthand square are pullbacks, so is the lefthand square. Further,
the induced map g has the form )(q) for some unique map ¢ : B.T o Y(f) — C.T in € since the
Yoneda embedding is fully faithful. It also reflects all limits for the same reason. Therefore, we can
take

B.ToY(f) —= C.T

PToy(f)J( J{PT

BﬁC
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as a canonical pullback square in %.

Moreover, [3] defines dependent products, dependent sums, and identity types on U just as in
Section 3.4 and proves a corresponding result to Theorem 3.4.5. It is straightforward to extend that
result to the empty type, the unit type, and boolean types on U again with similar definitions to
those found in Section 3.4. In conclusion, if U is logically structured enough, then ¥ models our
type theory T excluding the universe type U.

Let D be a subclass of Mor(%). We want to specify conditions on D guaranteeing the existence of a
universe U in € with sufficient logical structure.

Definition 3.5.3. We say that D is stable if
(a) for any f € D, the pullback of f along any map in & exists and

(b) for any pullback square
X4 E— X1

l - lg
X3 — Xo

in €, we have that g€ D = e € D.

Define the presheaves Iy and Dy on ¥ as follows, where C/% denotes the under category.

S
S
I

{(a,d) € C/€ x D | cod(a) = dom(d)}
Do(C) = {(a,d) € C/€ x D | cod(a) = cod(d)}

>

Di(s: D — C)(a,d) = (aos,d)
Dy(s: D — C)(a,d) = (aos,d)

Further, define the natural transformation ¢(D) : D; — Dy componentwise by
¢(M)¢(a,d) = (doa,d).
Lemma 3.5.4. Suppose that D is stable. Then the natural transformation (D) is representable.

Proof sketch. Let C' € Ob% and consider any map T : h¢ — U. We must exhibit a pullback square
in € of the form
Yor —%= Dy

Yor)| - Jco- (0)

yCT”D)O

Note that T is an element of Dy(C') via the Yoneda lemma, so that it is a cospan of the form

B
s
C— A
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where dr € D. Take the pullback square

ai(B) —Z B

pT J/dT
C — A

ar

in €. Let C.T = aX(B) and let gr be the map corresponding to the pair (Gr,dr) € D1 (C.T) under
the Yoneda lemma. A straightforward yet tedious argument, omitted here, confirms that (¢) is a
pullback square. O

For any X € €, let D(X) denote the full subcategory of €/X consisting of all maps in D with
codomain X.

Definition 3.5.5. We say that D is closed if

it is stable,

(a
(b

it is closed under composition,

(c
(d

every map of the form C' — 1 belongs to D,

)
)
)
) for any map a : D — C'in €, the base change functor a* : D(C) — D(D) has a right adjoint,
and

(e) the inclusion functor D(C) < € /C preserves exponentials.

Definition 3.5.6. We say that D is factorizing if every map a : C' — D in € factors as a = do f
where d € D and f has the left lifting property against all maps in D.

Theorem 3.5.7. Suppose that D is both closed and factorizing. Then the universe Dy in % carries
enough logical structure that € (as a category with families) models T excluding U.*?

4 Homotopy theory
This section develops those notions from classical homotopy theory which Section 5 will rely on.

4.1 Simplicial sets

Here, we gather a number of standard concepts and properties about the category sSet of simplicial
sets, i.e., the functor category [A°P, Set] where A denotes the category of all nonempty finite ordinals
with order-preserving functions as morphisms, known as the simplex category.

Recall that any simplicial set X admits a nice combinatorial description. Specifically, for any n € N
and integer 0 < ¢ < n + 1, consider the i-th coface morphism 47 : [n] — [n + 1] defined by

oy
5;L(m):{:+1 Z>z

19[3, Theorem 32].
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Also, for any integer 0 < i < n, consider the i-th codegeneracy morphism o} : [n + 1] — [n] defined
by

m m <1
Jn(m):{m—l m;i.

The following properties of Mor(A) are easy to verify yet quite useful.
Lemma 4.1.1.

(1) Any morphism [n] — [m] in A factors uniquely as the composite of an epimorphism [n] — [p)
(i.e., an order-preserving surjection) and a monomorphism [p] — [m] (i.e., an order-preserving
injection,).

(2) Any epimorphism € : [n] — [p] in A factors uniquely as € = oj, ---0;, wheret =n —p and
0<j1 <---<jp<n.

(3) Any monomorphism u : [p] — [m] factors uniquely as p = &;, ---0; where r = m — p and
0<i <+ <% <m.

Now, let us form the i-th face operator d; = X(6") : X, 41 — X, and i-th degeneracy operator
si=X(0o"): X, = Xpt1 in X

Terminology. The boundary of an n-simplex = € X, is the tuple 0z := (doz, ..., d,z).

For any n-simplex z in X, we can view d;(x) as the (n — 1)-simplex, or face, in X missing the i-th
vertex of x. Moreover, we can view s;(x) as the (n + 1)-simplex having x as its i-th and (i + 1)-th

faces so that collapsing the edge between its ¢ and (¢ 4+ 1)-th vertices yields x. For example, the map
s1 acts on 1-simplices by

(. z .>H @

— .
Terminology. A simplex of the form s;(z) is called degenerate.
Since any epimorphism other than an identity morphism in A factors as a composite of degeneracy

operators, we may say equivalently that z is degenerate if there exist an epimorphism s : [n] — [m)]
with m < n and an m-simplex y € X,,, such that x = X (s)(y).

Lemma 4.1.2 (Simplicial identities).

didj = dj—ldi fOT’i <j

disj = sj_1d;  fori<j
diSj:ian forj<i<ji+1.
diSj = dei—l fOTj+ 1<

S$iSj = Sj+15; fO?”i S]

Proof. Tt is easy to verify that the cosimplicial identities, those dual to the simplicial identities, hold
in A, e.g.,
6j5i = (Siéj,h 1< J.

Applying now the contravariant functor X on A to the cosimplicial identities yields the simplicial
ones. 0
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Conversely, a family of set maps
{df : Xnp1 = X, |0<i<n+1, neNyU{s}: X, = X1 |0<j<n, neN}
satisfying the simplicial identities completely determines a simplicial set X.?° In other words, a

simplicial set amounts to an N-graded set (X,,) equipped with such a family of maps.

Lemma 4.1.3 (Eilenberg-Zilber). For any x € X,,, there exists a unique pair (s,y) where s :
[n] = [m] is an epimorphism and y is a non-degenerate m-simplex in X satisfying v = X (s)(y).
Proof. To see that such a pair exists, we have two cases to consider.

e If z is non-degenerate, then simply take the pair (id[n], x)

o If x is degenerate, then by definition we can find an epimorphism ¢ : [n] — [m] with m <n
and an m-simplex w € X,,, such that x = X(¢)(w). In this case, if w is non-degenerate, then
we are done. Otherwise, we can find another pair (r,z) witnessing the degeneracy of w, so
that r : [m] — [p] for some p < m. But this process must terminate in finitely many steps,
resulting in our desired pair since any composite of epimorphisms is epic.

To see that (s,y) is unique, suppose that (s’,3’) is another such pair.
Claim. Any epimorphism in A is a split epimorphism.

Proof. Note that any surjective map in A has a set-theoretic section,?! which is easily seen to be
order-preserving. But the epimorphisms in A are precisely the order-preserving surjections, which
completes our proof. O

Thus, we may choose sections o and ¢’ of s and s’ in A, respectively. This implies that

y=X(0)(x) = X(0)X(s) () = X(s'0)(¢)).

Since ¢ is non-degenerate, s’c must be an automorphism. But the identity map is the only auto-
morphism of a well-ordered set. Hence ¢y’ = y, and any section of s is a section of s’. This means
that s’ = s, so that (s,y) = (s, y). O

Before moving on, let us record a definition that will appear in Section 4.2.

Definition 4.1.4. A simplicial set is finite if it has only finitely many non-degenerate simplices.

Next, for any integer n > 1 and any simplicial set X, consider the discrete diagram D valued in the
over category sSet /X consisting of all simplicial subsets Y < X that contain every non-degenerate
simplex in X of degree < n. The limit sk, (X) < X of D, which exists because sSet is complete, is
called the intersection of the Y. We can view the n-skeleton sk, (X) of X as the smallest simplicial
subset of X that contains every non-degenerate simplex in X of degree < m. Note that sk, (—)
determines a functor sSet — sSet.

Consider the Yoneda embedding Y : A — A (Lemma C.0.7). For any n € N, we call the simplicial
set

the standard (combinatorial) n-simplez.

20721, Lemma 6.2.8].
21This is provable in ZF as it follows from the finite version of the axiom of choice.
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Remark 4.1.5. Notice that

Alnlk = {(zo,...,z) |0<z; <z; <n, i <j}

for any k € N. Thus, we can view A[n] as the simplicial complex whose k-simplices are precisely the
nonempty subsets of {0,1,...,n} endowed with their natural orders.

Now, the i-th face operator d; : A[n]x+1 — A[n]y is given by

(e +1 L ) = (1] 2 e+ 1] L [n]).

Additionally, the i-th degeneracy operator s; : A[n]p — A[n]g41 is given by
/ o f
(1 5 1nl) = (6 + 1 = (8] =5 ]

Using Lemma 4.1.1, we see that the non-degenerate k-simplices in A[n] are precisely the monomor-
phisms belonging to A([k], [r]). In particular, the unique non-degenerate n-simplex in A[n] is pre-
cisely id[,;. Thus, for any simplicial set X, there is a natural one-to-one correspondence

r€X,+— An] 5 X

where the map x sends the unique non-degenerate n-simplex in A[n] to the element x.

Suppose that n € Z>1. For each i € {0,1,...,n}, The i-th face of A[n] is the simplicial subset (i.e.,
subfunctor) 9*A[n] of A[n] with

'Aln], = im(ASIY)) € Alng

for each k € N. The simplicial subset
n .
0A[n] = | ] o' Aln]
i=0

of A[n], computed pointwise in Set, is called the simplicial (n — 1)-sphere or boundary of A[n].

Remark 4.1.6. The k-simplices of OA[n] are precisely the non-surjective morphisms [k] — [n] in A.
Thus, in light of Remark 4.1.5, we can view 0Al[n] as the simplicial complex whose k-simplices are
precisely the nonempty proper subsets of {0,1,...,n} endowed with their natural orders.

Geometric realization

Let &2 be any cocomplete, locally small category and let € be any small category. Suppose that F'
is a covariant functor ¥ — 2. For each X € Ob 2, consider the presheaf

Rp(X) =Homg(F(—),X): €°° — Set.

Also, for any map f : X — Y in 2, define the natural transformation Rpf : Rp(X) — Rp(Y)
componentwise by
RF(X)C _>RF(Y)07 <p'_>f0§0'7

thereby yielding a functor Rp : 2 — [€°P, Set].
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Example 4.1.7. We can view each nonempty finite ordinal as an order category. This means that
A is precisely the full subcategory of Cat on all nonempty finite ordinals. Consider the full inclusion
t: A < Cat. Then for each small category &, N& = R, (&) is a simplicial set (called the nerve
of &) with N&,, = Homcat([n], &) for each n € N, i.e., the set of all sequences of n composable
morphisms in &. The i-th face operator d; : N&, 11 — N&, is given by

1 —> T2 — = Tptl — Tpt2 =0
o — Ty — " = Tptl — Tpt2 XTo—> X1 —> > Ty —> Tpl Z:ﬂ+1,

To—> =Ty —> Tjyo —> -+ —> Tppo Otherwise

and the j-th degeneracy operator s; : N&, — N&, 11 is given by

idg .
(zg = T1 =+ = Ty = Tpy1) <x0—>~-~—>xj —’>xj—>xj+1—>~-~—>xn+1>

for each j =0,1,...,n.

In general, Rr has a left adjoint, which we now begin constructing. To this end, consider the
following generalization of Definition C.0.2.

Definition 4.1.8. Let & be a closed monoidal category and £ a category enriched over /. Let
be ObZ and S € Ob /. The copower of b by S is an object S ® b in & together with a natural
isomorphism

Homg (S ©b,y) = [S,Homg(b, y)]

iny € ObA.

For example, since Z is enriched over Set and has all coproducts by assumption, the copower of
r € Ob Z by a set S is precisely the coproduct [ [, g = of [S| many copies of  along with the natural
isomorphism

Homg, <H x, y) & H Homg (z,y) = Homget (S, Homg (z,y))
ses ses
witnessing the fact that Homg(—,y) : 2°P — Set is a continuous functor for each y € Ob 2.

Definition 4.1.9. Suppose that <7 is a small category and 4 is cocomplete. Let G : &/°P X of — A
be a functor. The coend of G is the coequalizer of the diagram

G(a,f) a: e
1 cd)——= ] Glaa) ---» / Gla, a) (o)
f:a’—a G(fa") acOb o/

in A.

Here is an equivalent description of the coend of G. A cowedge k : G — w for G is an object w
in A together with a family of morphisms {k, : G(a,a) = w | a € Ob &/} such that for each map

f:ad — ain &, the square
k/
w +———— G(d',a’)

’%T TG(f,a')

/
G(a,a) ST G(a,a’)
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commutes. The coend fa:d G(a,a) of G is defined as a universal cowedge {k, : G(a,a) = w | a € Ob </}

for G in the sense that there exists a unique map fa:% G(a,a) — w in A such that any diagram of
the form

k
w +——— G(d,a)

kaT TG(fya/)

!
G(a,a) e G(a,a)

commutes. We have a category Cwd(G) with cowedges for G as objects and maps v : w — w’ in B
for which the triangle
w—— w'
] %
G(a,a)
commutes for every a € Ob .o/ as morphisms w — w’. Note that the coend f o G(a,a) is precisely

the initial object of Cwd(G). Thus, it may be viewed as either a colimit in % or a colimit in
Cwd(G).

Definition 4.1.10. The Yoneda extension of F is the functor

c:€
F:[¢°", Set] > 2, Xw— X(c) ® F(c).

We call | X| := F(X) the geometric realization of X with respect to F.

If F' denotes the functor A — Top mapping [n] to the standard topological n-simplex A™ then we
recover the familiar definition of |(X,,)| as a quotient space

IT (i x Am™),.

m>0
where each set X, is endowed with the discrete topology.
Proposition 4.1.11. For any simplicial set X, |X| is a CW-complez.

Intuitive proof. For each integer m > 0, consider the subset Y;, C X,, of all non-degenerate m-
simplices. Then |X| is obtained by gluing together countably many disjoint unions Y, x A™ =
[l ey, A™ of topological simplices A™ along their individual boundaries 9A™. Therefore, |X|
carries the structure of a CW-complex. O

This means that the functor |—| : sSet — Top takes values in the full subcategory kTop of k-spaces,
i.e., quotient spaces of disjoint unions of compact Hausdorff spaces.

The subcategory kTop C Top has a coreflection k : Top — kTop, known as k-ification. For any
topological space U, the k-space k(U) is given by the set U topologized so that a subset A C U is
closed if and only if AN H is closed in U for any compact Hausdorff subspace of U. Thus, k(U) has
a finer topology than U.
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Since right adjoints preserve limits and Top is complete, we have that kTop is complete. Indeed,
let D :J — kTop be a functor. Then

k(li§n (Lo D)j) s li§n (koto D)j

where ¢ : K Top — Top denotes inclusion.

Proposition 4.1.12. Consider any adjoint pair (F : ¢ — 2,G : P — €) of functors. If F' is fully
faithful, then the unit n : ide — G o F' is an isomorphism.

Proof. Let the natural isomorphism ¢ : Homg (F(—), —) —» Home/(—, G(—)) witness our adjunc-
tion. Suppose that F is fully faithful. Then we have a composite of isomorphisms

F(=) P, Fy
Home (z,y) —— Homg(Fz, Fy) —— Homg(z, GFy)

for any z,y € Ob¥%. For any map f: x — y in €, we have that
Pa,ry(F(f)) = G(F(f)) ©na (unit identity)
=nyof. (naturality of 7)

Thus, our composite isomorphism is given by f — n,0f, i.e., Home(z,1,). As the Yoneda embedding

reflects isomorphisms, we see that 1, : y — GF'y is an isomorphism, i.e., 7 is an isomorphism. [

As a consequence, k o ¢ is naturally isomorphic to the identity functor because. Hence lim; D; is
given by k(lim J (Lo D) j>. Note that the limit of a diagram in kTop is obtained by k-ifying the

limit of the same diagram in Top.
Theorem 4.1.13.
(1) The functor |—| : sSet — kTop preserves finite products.**

(2) The functor |—| : sSet — kTop preserves equalizers, hence all finite limits.”’

Let us now return to our general setting.
Lemma 4.1.14. (ﬁ7 RF) is an adjoint pair.*

Proof. Let x € Ob¥% and consider the Yoneda embedding Y : € — %. For each ¢ € Ob %, define
the map k. : [[ ey () F(c) = F(z) in Z by the copairing (F(s) : F(c) = F(2))scy, (o) For any
map f: ¢ — cin € and any s € YV, (c), we have that

F(s)o F(f) = F(so f) = F(Vx(f)(s)) = F(Va(f)(s)) 0 idp(cer) -
22[12, Lemma 3.1.8].

23[12, Lemma 3.2.4].
24Cft. [18, Section 4].
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This implies that the square

kot
F(z) ¢ Tyey, (e F(¢)

14 Tyw(f)eF(c/)

/
Hseym(c) F(c) m Hseym(c) F(d)

commutes, so that {k.} is a cowedge to F(z). Let {ké Hsey, o) Fle) = w} be another cowedge.

Consider the composite &}, o i, : F'(x) — w, where 49, denotes inclusion. For any map s: ¢ — x

in €, the fact that
k.
w Hiey, o Fle)

’fﬁ Tyw(s)QF(c)

Hteym(x) F(z) Ve (2)OF (s) Hteym(x) F(c)

commutes yields

k! o, o keois =kl oiiq, o F(s)
=k, 0 (Va(s) @ F(c)) 0 iiq,
=k, 0y, (s)(id,) © idp(e)

! .
=k, 0.

It follows that F'(z) is a universal cowedge. By uniqueness of colimits, we have a natural isomorphism

€
F@ = [ 200 Flo = FX)
in x. Thanks to this as well as the Yoneda lemma, we have a sequence of isomorphisms
Hom AV, Rp(d)) = Rp(d); = Homg (F(z),d) = Homg (F(Y,), d) (¢

natural in both z and d. By Theorem C.0.8, every presheaf X : €°P — Set is naturally isomorphic
to a small colimit of representable presheaves. Further, colimits commute with colimits, and thus F
commutes with all colimits. Since the hom-functor of any locally small category is continuous in its
first variable, we can conclude that () holds with Y, replaced by any presheaf X. O

Kan fibrations

Let n € Z>;. For each integer 0 < k < n, the simplicial subset

AF[n] = U d'Aln]

i€{0,....k—1,k+1,...,n}

of A[n], computed pointwise in Set, is called the (simplicial) (n,k)-horn. For any simplicial set X,
an (n, k)-horn in X is a simplicial map A¥[n] — X.

Terminology. If 0 < k < n, then such a map is called an inner horn in X. Otherwise, it is called an
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outer horn in X.

Example 4.1.15. The geometric realization of the inner horn in A[2] looks like

1
AN
0 2
whereas the geometric realizations of the two outer horns in A[2] look like
1 1

/ N

00— 2

o

2

We say that X is a Kan complez if every horn in X has a filler, i.e., can be extended to A[n] along
the inclusion map:

Intuitively, by the Yoneda lemma, such an extension picks out a unique n-simplex in X all of whose
faces but one are determined by the given horn in X.

Definition 4.1.16 (Kan fibration). A map p: X — Y of simplicial sets is a Kan fibration if any
commutative square of the form

admits a lift

This means that X is a Kan complex if and only if the unique map X — 1 from X to the terminal
object A[0] is a Kan fibration.

Now, let " be any cocomplete category. We say that a subclass of Mor(%) is saturated if it
(i) contains all isomorphisms in %,
(ii) is closed under pushouts,
(iii) is closed under retracts (see () below), and
(iv) is

Terminology. The smallest saturated class containing a given class K of morphisms in % is called

v) is closed under transfinite compositions (see Definition 4.2.13 below).

the saturated class generated by K.
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Definition 4.1.17 (Anodyne extension). A map of simplicial sets is an anodyne extension if it
belongs to the saturated class generated by the set

{Ak[n]f—>A[n] In>1, 0<k<n}
of horn inclusions.

Notation. A will denote the class of all anodyne extensions.

Thanks to Remark 4.2.15 below, we see that a simplicial map is a Kan fibration if and only if it has
the right lifting property against A.

We want to look at a certain class of Kan fibrations that will play a key role in our interpretation of
CDTT + Univ in sSet. For this, we must first gather some standard concepts of simplicial homotopy
theory.

Definition 4.1.18 (Simplicial homotopy). Let f,g : X — Y be maps of simplicial sets. A
(simplicial) homotopy f —» g from f to g is a map h: X x A[1] = Y of simplicial sets fitting into
a commutative diagram

X
—

X x A[0]
idx x&ll \
XxAl] —2 3y -

idx X(soT g
X x A[0]

——
X

Notation.
e ho=ho (idx xd7).
e hy=ho (idx Xdo).
The cospan  A[0] 9=%, All] &=l A[0] is the standard interval object in sSet, analogous to the

standard interval object
{0} ——[0,1] +— {1}

in Top. From this perspective, any simplicial homotopy h : f — ¢ satisfies h(z,0) = f(z) and
h(z,1) = g(z) for all simplices z in X.

Simplicial homotopy ~ is not an equivalence relation in general. For example, let n € Z>; and
consider the simplicial maps ¢, ¢t1 : A[0] = A[n] induced by the monomorphisms 0 — 0 and 0 — 1,
respectively, in A. In light of Remark 4.1.5, it is easy to see, on the one hand, that the map sending,
say, (0,0,1,1) to itself determines a homotopy from ¢g to ¢;. On the other hand, there is no homotopy
from ¢1 to ¢g, because 0 < 1. This shows that ~ is not symmetric in general.

Lemma 4.1.19. Simplicial homotopy is an equivalence relation on the class of all simplicial maps
X =Y with Y a Kan complez.
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Proof. For the moment, assume that X = A[0]. Then, by the Yoneda lemma, there is a homotopy
f = g if and only if there is a l-simplex v € Y; such that v = (g, f). Thus, the equation
dsof = (f, f) witnesses the fact that ~ is reflexive.

Next, to see that ~ is symmetric, let dvy = (g, f). Let v1 = sof. Then djv; = dyjve. From this,
we get a (2,0)-horn (v1,ve) in Y where v; acts on the i-th face of A%[2] for each i = 1,2. As Y is a
Kan complex by hypothesis, this has a filler

By the simplicial identities, we have that

A(dob) = (dodob, dydyh)
= (dod10, dyd20)
=(f,9),

so that there is a homotopy from g to f.

Finally, to see that ~ is transitive, let Quy = (g, f) and dvg = (4, g). This means that dyvy = dove,
thereby yielding a (2,1)-horn (vg,v2) in Y. As Y is a Kan complex, this has a filler:

We have that

0(dr0') = (dody0', dydr0)
= (dodot, dvd>0")
= (]7 f)’

so that f is homotopic to j.

Now, assume that X is arbitrary. Since sSet is cartesian closed by Lemma C.0.10, any simplicial
map f : X X A[0] 2 X — Y naturally corresponds to a map f : A[0] — YX. Likewise, any simplicial
homotopy h : X x A[1] — Y naturally corresponds to a map h : A[0]x A[1] = A[1] — Y X. Therefore,

any homotopy & : f —» ¢ naturally corresponds to a homotopy & : f — §. In this case, we have
shown that ~ is an equivalence relation, and thus our proof is done. O

It follows at once that for any n € Z>1, A[n] is not a Kan complex.

For any simplicial set X, the set 7o(X) of connected components of X is precisely the coequalizer in
the diagram
do

X1 on ---> 7T0(X).
d1
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Explicitly, mo(X) equals the set of all connected components of the undirected graph
(XO’EXo)v EXo E{{do(l‘),dl(l‘)} | IGXl}'

By viewing a 1-simplex in X as a homotopy, we thus have mo(X) as the quotient of the set of all
vertices in X by the equivalence relation ~.

Remark 4.1.20. We can generalize this notion a bit. Let % be a category enriched over the cartesian
monoidal category sSet. Then the category mo(€) of components of € is given by

Obmy (%) =0b¥
Hom,(4)(a,b) = mo(Home (a, b)).

It follows easily from the universal property of coequalizers that any sSet-enriched functor F' : € —
2 induces a functor wo(F) : mo(€) — 70(2).

Moving on, for any two simplicial maps i : A — B and k : Y — Z, consider the pushout product
ixk:(AXZ)Usxy (BXxY)— BXx Z,

i.e., the unique map fitting into a commutative diagram

Axy — XY . Bxy

] |

AXZ —— (AX Z)Uaxy (BxY)

Bx Z

Notice that Bx Z = Z x B and (A X Z)Uaxy (BxY) = (Y x B)Uyxa (Z x A). Moreover, it is
easy to check that if both ¢ and k are monic (i.e., levelwise injections), then so is i * k.

Theorem 4.1.21 (Gabriel-Zisman). Ifi and k are monic and i is anodyne, then i*k is anodyne.”’

Proof. Let k : Y — Z be any simplicial map. Let D denote the class of all monomorphismsi: A — B
such that 7 * k is an anodyne extension. We must show that A C D.

Fact. Let C denote the saturated class generated by
{Le*m:({e} X Z'VU(A[] X Y') — A[1] x 2" | m ;Y momie, g1 6:0,1}

where 1. denotes the horn inclusion {e} — A[l] for each e =0,1. Then A = C.”°

Therefore, it suffices to show that C C D.

25(13, Theorem 3.2.2].
26[13, Theorem 3.2.3].
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We have that D is saturated. For example, to see that D is closed under pushouts, let ¢ € D and
consider the pushout square

A1 ¢
il - lf*m (1)
B T>D

where f,i is monic since pushouts preserve monomorphisms in Set. This square induces another
pushout square

ixZJ{ - J{f*iXZ . (2)

Let p: U — V be a Kan fibration. We must show any lifting problem of the form

(CxZ)u(DxY) ——U

foink| l (3)

DxZ —V
has a solution. To this end, note that the commutative diagram
(AXxZ)UBXY) — (CxZ2)U(DxY) — U

i*kl frixk p

BxZ Dx/7 ——V

induced by (2) admits a lift B x Z — U. By the universal property of (2), we obtain a unique
mediating map D x Z — U, which is a solution to (3).

Thus, it suffices to show that for each monomorphism m : Y’ — Z’ and each integer 0 < e < 1, the
map

exm: ({e} x ZYU (ALl xY') = A[l] x Z'
belongs to D. It is easy to see that the maps
(texm)xk:((({e} x ZVUA[] xY")) x Z2)U (Al x Z') xY) — (Al x Z') x Z
tex(mxk):({e} x Z' x Z)U(A[l] x Y xZUZ' xY)) — A[l] x (Z' x Z)

are isomorphic in Arr(sSet). But ¢, * (m * k) belongs to C and thus is anodyne. This implies that
(te * m)xk is also anodyne since A is closed under retracts. Hence the monomorphism ¢, *m belongs
to D, as desired. O

Corollary 4.1.22 (Covering homotopy extension property). Letp: U — V be a Kan fibration
and k1Y — Z be a monomorphism. Any commutative diagram of the form

(V x A1) U(Z x {e}) —— U

k‘*LCJ/

ZxAl] ———— 5V

hS]
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has a diagonal fill-in for each e =0, 1.

Suppose that L is a simplicial subset of X and that f [,= ¢ 1. We say that a homotopy h : f — ¢
is a simplicial homotopy from f to g relative L if the square

LxAll] "

L
LXidA[l]\[ J{fFL:‘gFL

X XAl — Y

commutes. The relation ~ rel L is also an equivalence relation when Y is a Kan complex.

Suppose that p : X — Y is a Kan fibration. We say that p is minimal if for any commutative
diagram of the form
IA[n] x A[1] ——— 0A[n]

I |

Aln] x Al —— X (*)

m| l,,

Alp] ——— Y
the diagram
(idA[n],(So) h
Aln] —/————= An|x All] — X
(idA[n],él)

commutes. The bottom square of (x) exhibits h as a fiberwise homotopy. Note that p is minimal
precisely when

e h is a homotopy relative boundary,
e pohg=pohy (ie., hg and h; are in the same fiber of p), and
o whenever h is a fiberwise homotopy relative A[n], we have that hy = hy.

In general, we say that two n-simplices e, e’ : A[n] — X of X are p-fiberwise homotopic relative
boundary, written as e ~, ¢’ rel 0A[n], if there is a diagram of the form (*) such that hy = e and
hi1 = ¢€’. Then p is a minimal fibration if and only if e ~, ¢/ = e=¢'.

Proposition 4.1.23. ~, rel9A[n] is an equivalence relation.

Definition 4.1.24 (Deformation retraction). Let i : A — B be a map of simplicial sets and let
r: B — A be a retraction of i.

1. We say that r is a deformation retraction of i if there is a homotopy h : B x A[1] = B from
idg toior.
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2. We say that r is a strong deformation retraction of i if it is a deformation retraction of i and
the homotopy h is stationary on A in the sense that

iXidA[l

Ax All] —2 B x A[1]
WlJ{ h
commutes.
Theorem 4.1.25. Let p: X — Y be any Kan fibration. There exists a commutative diagram

zZ I .x_2,z

x i / (*)

such that g s a fiberwise strong deformation retraction of j and p’ is a minimal fibration.?”

Lemma 4.1.26 (Quillen). The map g in (o) has the right lifting property against the inclusion
in : OA[n] — Aln] for every n € N.%%

Proof. Since g is a fiberwise strong deformation retraction of j by hypothesis, we have a homotopy
h: X x A[l] — X fitting into commutative diagrams

X 9

— 7 X xA[l] 5 X
L )
X x All] 1 X X ———Y"
‘SOT%

X

Now, consider any lifting problem

Aln] —— Z

between i, and g with n > 1. It is easy to check that these two squares along with (e) yield
additional commutative diagrams

OAIn] —s X Lz L x OA[n] x A[1] — Ly A s X

in\[ / J{p inXidA[ll\[ p

Aln] g Z——Y Aln] x A[] _ Afp] — Y
I

27(13, Theorem 3.3.3].
28[8, Lemma 10.11].
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(0A[n] x A[1]) U (Afn] x {0}) — Lolexitam)Jet)

[ J

An] x A[1]

Ty
Since p is a Kan fibration, our last diagram admits a diagonal fill-in H : Aln] x A[l] — X by
Corollary 4.1.22. Consider the n-simplex v in X given by

Aln] x A[0] =2 Aln] x A[1] -1+ X .

Then the triangle

commutes since hy = idx. Therefore, the composite ¢ :== go ho (v x idapy)) : Aln] x A[l] = Z is a
homotopy gojogowv = g owv such that ¢ [ga[nxap=goho (a X idAm). Note that g o H and ¢
—_—

gov

together determine a map (g o H,t) : A[n] x A°[2] — Z, with
(go H,t) [am)xotapp =90 H
(go H,t) [Anxo2a[2 = t-

We now have a commutative diagram

(0A[n] x A[2]) U (Aln] x A0[2]) —ehelexan)(ooll))

[ -

Aln] x A[2] Aln) Y

p’ob

USY

which admits a diagonal fill-in H' : A[n] x A[2] — Z thanks to Corollary 4.1.22. This yields another
commutative diagram

OA[n] x All] — = 9A[n]
j H'o(ida[n) X60) Jgoa
Aln] x All] —m8= Z -
Aln] = Y

This shows that g ov ~, b. As p’ is minimal, it follows that g o v = b, so that v is a solution to our
lifting problem. This completes our proof. O

Weak homotopy equivalences

Recall from Definition 4.1.10 the geometric realization functor |—| : sSet — kTop. We say that
a simplicial map f : X — Y is a weak homotopy equivalence if |f| : |X| — |Y] is a homotopy
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equivalence of topological spaces.

Remark 4.1.27. By the Whitehead theorem, f is a weak homotopy equivalence in sSet if and only

if | f] is a weak homotopy equivalence in kTop.

Definition 4.1.28. A simplicial set X is contractible if the unique map X — 1 is a weak homotopy

equivalence.

Example 4.1.29. Any horn A*[n] is contractible.

Suppose that p: Y — X is a map of simplicial sets. Let F' be a simplicial set such that for each

vertex xg € Xy, the fiber

Y — X

of p over x is isomorphic to F. In this case, we say that p is a fiber bundle with standard fiber F.

Theorem 4.1.30. If p is a minimal fibration with two pullback squares

1Y — Y Y — Y
L) L)
A—— X A—— X
f1 f2
and a homotopy fo — f1, then there is a commutative triangle of the form
RY —= [Y

N

Proof reference. See [8, Corollary 10.7].

O

Corollary 4.1.31. If p is a minimal fibration and X is connected (i.e., m1o(X) = 1), then it is a

fiber bundle.

Proof. Suppose that p is a minimal fibration and that X is connected. Consider any two vertices
v1,v2 : A[0] = X in X. Since X is connected, there is a 1-simplex z in X whose boundary 0z equals
(v2,v1). Then z is precisely a homotopy v1 — vs. By Theorem 4.1.30, the fiber of p over v; is thus

isomorphic to that over wvs.

O

Theorem 4.1.32. If p is a minimal fibration and X is contractible, then p is trivializable, i.e.,

isomorphic to the trivial bundle
FxX

lm
X

over X with fiber F.?’
29(4, Corollary IIL.5.6].
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Lemma 4.1.33. If p is merely a Kan fibration, then the trivial bundle F x X =% X is a Kan
fibration.

Proof. Note that the unique map F — A[0] is precisely the pullback

ny
-
A0} —— X

Thus, F' is a Kan complex by Lemma 4.2.6 below. Moreover, 7o is precisely the pullback

FxX "5 F

<

X —— A0

Hence 75 is a Kan fibration again by Lemma 4.2.6. O

4.2 Quillen model categories

This section begins to develop the theory of model categories, a generalized setting for homotopy
theory (whether simplicial or topological) originally developed by Quillen. This will provide the
background for Section 4.3, which examines the classical model structure on sSet. This, in turn,
will play a key role in Section 5.

Our treatment of model categories is mainly based on [9] and [12].

Definition 4.2.1. We say that a category ¥ is a category with weak equivalences if it is equipped
with a subclass W of Mor(%) consisting of weak equivalences such that every isomorphism in ¢
belongs to W and W satisfies two-out-of-three, i.e., for any commutative triangle

Y
X —— 7
in %, if two of these three morphisms are in W, then so is the third.
Definition 4.2.2 (Model category). Let € be a category with all small limits and colimits.

1. A weak factorization system (WFS) on € is a pair (£, R) of subclasses of Mor(%) such that

(i) any morphism in % factors as a morphism in £ followed by a morphism in R,

(ii) £ consists of all R-projective morphisms in %, i.e., those with the left lifting property
against every morphism in R, and

(iii) R consists of all L-injective morphisms in €, i.e., those with the right lifting property
against every morphism in L.

2. A category (%, W) with weak equivalences is a model category if € is equipped with two addi-
tional subclasses Fib and Cof of Mor(%’) consisting of fibrations and cofibrations, respectively,
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such that the pairs

trivial cofibrations

—
WnCof ,Fib

Cof, WNFib
—

trivial fibrations

are both weak factorization systems on %.

In this case, the triple (Fib, Cof, W) is called a model structure on €.

Remark 4.2.3. For any WFS (£, R) on ¢, both £ and R contain all isomorphisms in ¢. Hence F'ib,
Cof, and W contain all isomorphisms in 4. Thus, the condition of Definition 4.2.1 that W must
contain all isomorphisms in % is superfluous for Definition 4.2.2.

Terminology. Let € be a model category and let X € Ob%.
1. We call X cofibrant if the unique map 0 — X is a cofibration.

2. We call X fibrant if the unique map X — 1 is a fibration.

Definition 4.2.4 (Properness). Let (¢, F'ib,Cof, W) be a model category.

1. We say that € is right proper if for any pullback square

X — X
,l - l
w w
Y’ 4>f Y
where f € Fib and w € W, we have w’ € W.
2. We say that € is left proper if for any pushout square
x L x

wi r l“’/

Yy — Y’

where f € Cof and w € W, we have v’ € W.

We say that € is proper if it is both right proper and left proper.

Lemma 4.2.5. Suppose that both € and 2 are model categories. Let (F : € — 2,G: 9 — €) be
an adjoint pair of functors.

(a) F preserves cofibrations if and only if G preserves trivial fibrations.

(b) Dually, G preserves fibrations if and only if F' preserves trivial cofibrations.
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Proof sketch. Suppose that F' preserves cofibrations. Let f : A — B be a cofibration in % and
g : C — D be a trivial fibration in 2. Any lifting problem between f and G(g) induces a lifting
problem between F(f) and g by adjunction.

A—— G(O) = FA) —— C
fl lew P g
B —— G(D) = F(B) —— D

Since ¢ is a trivial fibration, there is a solution § : F'(B) — C to our righthand lifting problem. The
conjugate of § under our adjunction is a solution to our lefthand lifting problem. This proves that
G(g) has the right lifting property against every cofibration in %, i.e., that G(g) is a trivial fibration
in %.

A similar argument proves that if G preserves trivial fibrations, then F' preserves cofibrations. [

Lemma 4.2.6. Let (L,R) be a WES on €. Then L is closed under pushouts. Dually, R is closed
under pullbacks.

Proof sketch. Consider any pushout square

where x € L. Let

yg{ lf

Buys(C —Y

be a commutative diagram with f € R. We must find a lift BUy C — X. To this end, note that
the commutative diagram

A—2 00—t X

| l

B—— BUyC —— Y

admits a lift s : B — X because x € £ and f € R. By the universal property of pushout squares, the
pair (s,t) induces a unique mediating map B U4 C' — X, which is a solution to our lifting problem
between y.x and f. O

Lemma 4.2.7 (Ken Brown). Suppose that (€, Fib,Cof,W) is a model category and (2,W) is
a category with weak equivalences. Let F : € — 2 be a functor sending any trivial fibration of
fibrant objects to a weak equivalence. Then F sends any weak equivalence of fibrant objects to a weak
equivalence.
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Proof. Let f: A — B be a weak equivalence of fibrant objects in 4. The pullback square

AxB -2 B

SR

 —

exhibits the projections m; and 7o as fibrations in ¥ by Lemma 4.2.6. Now, factor the map h :=

(ida, f) : A— A X B as
h

A——C —— AxB
p1 D2

where p1 € WNCof and py € Fib. Both 71 o py and 7 o py are weak equivalences by two-out-of-
three. They are also fibrations since F'ib is closed under composition. For the same reason, C is
fibrant. Therefore, both 71 o po and w9 o po are trivial fibrations of fibrant objects. By hypothesis,
it follows that both F(m o pa) and F(mg o p2) are weak equivalences in 2. As

F(mpopyopy) =F(ida) = idF(A)

is a weak equivalence in 2 as well, we have that F(p;) is a weak equivalence by two-out-of-three.
Applying two-out-of-three yet again shows that

F(mp 0paop1) = F(f)
is a weak equivalence, as desired. O

Let I denote the interval category {0 — 1}. The functor category ¢’ := [I, %] is isomorphic to the
arrow category Arr(%) of €.

Lemma 4.2.8. Let (£,R) be a WES on €. Then L is closed under coproducts in €*. Dually, R
is closed under products in €7.

Proof. Let {fs : As — Bs},cg be any set of elements of £. As colimits in €T are computed pointwise,

their coproduct is precisely the map

(fs)s
HSES AS = HSES BS

induced by the universal property of coproducts. Let

HecsAs — X

<fs>sesl

HsesBs — Y

S|

be any lifting problem such that p € R. By the universal property of coproducts, this naturally
corresponds to the set

Ay —— X

f{ J{p|865

B, —Y
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of lifting problems, each of which has a solution ¢5 : Bs — X by hypothesis. Again, by the universal
property of coproducts, the induced map (¢),. g is a solution to our original lifting problem. Hence
(fs)seg belongs to L. O

Consider a commutative diagram of the form

in a category %. In this situation, we say that f is a retract of g. This corresponds to a retraction
(i.e., left-inverse) in the arrow category €.

Notation. Let J be a subclass of Mor(%).
o ret(J) will denote the class of all retracts of elements in J.

o 1lp(J) will denote the class of all maps in € with the right lifting property against every
element of J.

o llp(J) will denote the class of all maps in ¢ with the left lifting property against every element
of J.

Lemma 4.2.9 (Retract argument). Consider any composite h = f o g of maps in €.
(a) If h has the left lifting property against f, then h is a retract of g.

(b) Dually, if h has the right lifting property against g, then h is a retract of f.

Proof. Suppose that h has the left lifting property against f. We have a lifting problem of the form

A—25C
hl lf
B —— B,

which has a solution ¢ : B — C by hypothesis. As a result, we get a commutative diagram

A=——A=—7—=A

.
B—(C —— B

idB
which means that h is a retract of g. O

Lemma 4.2.10. Let (L, R) be a WES on €. Then both L and R are closed under retracts.
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Proof. For simplicity, let us just show that £ is closed under retracts. To this end, let f and g be
as in (1) and suppose that g € £. We must show that any commutative square of the form

A— X

| b

B——Y

where j € R has a lift B — X. The commutative diagram

C — A—— X

A

D—B——Y

must have a lift t : D — X since g € £ by assumption. Therefore, the composite
AL D Lx

is a lift for the expanded commutative diagram

A C A X
RN
B D B Y

It follows easily that the same composite is a lift for our original square. This means that f € L, as
desired. 0

Corollary 4.2.11. Let (¢, Fib,Cof,W) be a model category. The classes Fib, Cof, W N Fib, and
WnCof are closed under retracts.

Corollary 4.2.12. The class W is closed under retracts.’’

Proof. Let f and g be as in (1) and suppose that g € W. We must show that f € W.

Step 1: Assume that f is a fibration. We can factor g as a cofibration g; : C' — D’ followed by a trivial
fibration go : D' — D. As W satisfies two-out-of-three, g; is actually a trivial cofibration.
Thus, the commutative diagram

C —— A

.| !

D’TD%B

30[17, Lemma 2.4].
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admits a lift £: D’ — A, which fits into the extended commutative diagram

A——C —— A

|

A——s D L5 A

i

B——D—B

This implies that the composite A — D’ Ny} equals the identity map id 4, so that f is a
retract of go. By Corollary 4.2.11, f is a trivial fibration, hence a weak equivalence.

Step 2: Let f be arbitrary. We can factor f as a trivial cofibration f; : A — B’ followed by a fibration
fa : B' — B. By the universal property of pushout squares, we obtain a unique map d such
that the diagram

£

=
—
=

Q
N

{. |
H——Q

®

ey

e
%
&
Q
— W
—~
=
S~—"

Z
g

commutes. Likewise, there is a unique map y : £ — B’ such that the diagram

A——C —— A

! { r lcl lf ! @

B -2, F--Y,p

idB/

commutes. But f; oy o ¢y equals the composite C — A LNy YNEEN B, and fy oy o ¢y equals
the composite B’ Py B s D — B. Hence f2 oy is a mediating map for our pullback
square. Similarly, one can check that the composite E D Bisa mediating map. But
such a map is unique by the universal property of pushout squares. Therefore, y fits into (1),
so that f; is a retract of d.

Note that ¢y is a weak equivalence thanks to Lemma 4.2.6. Hence d is one as well by the
two-out-of-three property. By Step 1, we see that fo is also a weak equivalence. Thus, the
composite f = fy o f1 is a weak equivalence by the two-out-of-three property.

O

It will be useful to extend our ordinary notion of composition to the transfinite case. Let ¢ be a
cocomplete, locally small category. Let («, €) be any ordinal viewed as an order category and let J
be any subclass of Mor(%).

Definition 4.2.13. An a-sequence of maps in J is an a-shaped diagram F' : o — % such that

(i) F sends the successor morphism j3 <, B8+ 1 toamapin J for each 8+ 1 € a and
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(ii) for any limit ordinal v € «, F, together with the family of induced maps {Fg — F, | B € v}
is the colimiting cocone under F, restricted to the full-subdiagram {8 | 8 € v}; in short, we
have an isomorphism

colimFpg = E,.
Bey
The (transfinite) composition of such a sequence is the induced map Fy — F,, := colimge, F3.

Note 4.2.14. Let (£,R) be a WFS on €. Suppose that p;,ps € £ and ¢ € R. Consider the lifting

problem
— X
Y

Q<—U:J<f:2>-

We have a lift

because p; € L. Since ps € L, this yields a solution C — X to the lifting problem (z,y). This
is a solution to our original lifting problem. This proves that £ (dually, R) is closed under finite
composition. By the universal property of colimits, it follows easily that L is closed under transfinite
compositions as well.

Remark 4.2.15. Note 4.2.14, Lemma 4.2.10, and Lemma 4.2.6 together show that for any class M
of maps in €, the class of all maps in ¥ with the left lifting property against M is saturated.

Proposition 4.2.16. Consider a set {gs},.g of objects in the arrow category Arr(%’). The coproduct
[,cs 9s arises as a transfinite composite of pushouts of the gs.”!

Definition 4.2.17. The class cell(J) of relative J-cell complexes consists of all maps in € arising
as transfinite composites of pushouts of elements of J.

Example 4.2.18. Let ¥ = Top, which is cocomplete because it has all coproducts and coequalizers,
and let J consist of all Hurewicz cofibrations, including all inclusions of subcomplexes into CW-
complexes. Let X_; = @ and consider any CW-complex Y := |J,~_; X,, with attaching maps
{(pa 8"t s X, 1 ac€ An}. Then we have a pushout square -

(‘Pa)aeA"

-1
HaEAn Sn Xn—l

I -

Hocn, D" ———— X

3119, Proposition 10.2.7].
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for each n > 0, and Y is precisely the colimit of the induced diagram

X_1 X() Xl X2

This means that the map () — Y is a relative J-complex. In this case, we call Y simply a J-cell
complez, thereby recovering our usual notion of a cell complex.

Suppose that x is a cardinal and F : kK — % is a functor. The colimit of such a functor is called a
k-sequential colimit. Further, if F' satisfies condition (i) of Definition 4.2.13, then its colimit is called
a Kk-sequential colimit relative to J.

More generally, if k is regular and A is a poset such that any subset B C A with cardinality <  has
an upper bound in A, then we call A a k-directed set and the colimit of any A-shaped diagram D a
k-directed colimit. In this case, if every morphism in D belongs to J, then we call such a colimit a
k-directed colimit relative to J.

Definition 4.2.19.

1. An object X in ¥ is k-compact relative to J if for any regular cardinal A > &, the covariant
functor Home (X, —) preserves A-directed colimits relative to J, specifically, the set map

o

lim Home (X, Fg) — H X, colimF,
colim omg (X, Fjg) 0m<g< , colim 5)
[fg:X—)FB]H(X&F@%cgliKnFB>
[S

is an isomorphism.
We say that X is small relative to J if it is k-compact relative to J for some cardinal k.
We say that X is small if it is small relative to Mor(%).
2. We say that € is locally presentable if there is a regular cardinal A along with a set S of

A-compact objects of % such that every object in % arises as a A-directed colimit of a diagram
with objects in S.

Note that if X is k-compact relative to J, then any map X — colimgeyFjp factors through one of
the maps ig

X —— colimgeyFj

L

Fg
of the colimiting cocone so that any other such map X — Fj with 8 < (' is precisely the composite

X — Fg — Fg.

Lemma 4.2.20. Let k be any infinite reqular cardinal. Then any finite simplicial set (Defini-
tion 4.1.4) is k-compact.””

Proof. Let K be a finite simplicial set and let D : kK — sSet be a k-sequence. We must show that
the canonical set map

cglim Homgget (K, Dg) — Homgget (K, cgling)
€K (S

32[12, Lemma 3.1.2].

76



is bijective.
To see that it is injective, suppose that we have equal simplicial maps
K 1% Dy — colimDy
BEK
K £> Dg — colimDg.
BEK
Since K is finite, there is some ordinal 8 < a < k such that
D(B = @) 0 fi [aKuonaee= D(B = @) © f2 [AKuondes

where AK ondeg denotes the category of non-degenerate simplices A[n] — K in K. By Lemma 4.1.3,
it follows easily that

D(B = a)o fi TaKuonaes= P (B = @) © fo [AK ondes

so that [f1] = [fz] in colimge, Homgget (K, Dg), as desired.

To see that our canonical function is surjective, consider any simplicial map g : K — colimge,D3.
For every integer n > 0 and every non-degenerate n-simplex x in K, there exists an ordinal a, € &
along with an n-simplex y, in D,, such that g,(z) = (ia, ), (¥z). Since K is finite, we may take

= max{c, | z is a non-degenerate simplex in K}

to form a levelwise set map h : AKyondeg — Dy, such that i, 0h = g [ax
we can extend h to a levelwise set map h' : K — D, that both commutes with all degeneracy

. Using Lemma 4.1.3,

nondeg

operators and satisfies i, o b’ = g.

Now, let = be a non-degenerate n-simplex x in K. For any integer 0 < i < n + 1, we have that
ip(h,_1diz) = gn1diz = dignr = dii ko = i, (d;h,x)
Hence [d;h),z] = [h),_,d;z] in the quotient set colimge,(Dg),. This means that
D(p — o, i))n(dihyx) = D(p = (x,4))n(hy, 1 dix)

for some ordinal p < a(z,%) < k. As K is finite, we can take

p' = max{a(z,q) | z is a non-degnerate simplex in K, 0 <i <n+ 1}

to form a levelwise set map h” : K — X, such that
(a) iy o b = g,
(b) A" commutes with all degeneracy operators, and
(€) W' TAK onae, cOmmutes with all face operators.

By applying Lemma 4.1.3 to (c¢), we see that h” commutes with all face operators as well. Thanks
to the simplicial identities, this means that h” is a simplicial map. By condition (a), this completes
our proof.

O
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Lemma 4.2.21. Let k be a reqular cardinal and A be a k-directed set. Let 9 be a small category.
Let % be a cocomplete, locally small category and & be a finite category.

(a) Any representable functor Homg(—,C) : 9°P — Set is k-compact.

(b) Let F : & — A be a diagram where F(e) is a k-compact object for each e € Ob&. Then
colim.F, is also a k-compact object.

Proof.
(a) Let D: A — [2°P, Set] be any diagram. Using the Yoneda lemma twice, we obtain a chain of
natural isomorphsisms
Hom@\(Hom@(—,X),co}limDa) & (coEmDa)(X)
= colimD, (X)

& co}limHomé(Hom@(—, X),D,).

(b) Let D' : A — % be any diagram. It is well-known that s-directed colimits commute with
finite limits in Set. Since the bifunctor Homg(—, —) is continuous in each variable, it follows
that

Homg (colimFe, colimDé) 2 lim Hom g (Fe, colimD;)
e a e a
& lim colimHom g (F, D.,)
e a

= colim lim Hom g(Fy, D;)
a e

=~ colimHomg (colimF67 D(’l) )

O

Corollary 4.2.22. If 9 is a small category, then the presheaf category [2°P,Set] is locally pre-
sentable.

Proof sketch. Thanks to Theorem C.0.8, it suffices to show that any small colimit of representable
presheaves 2°P — Set arises as an Ny-directed colimit of a diagram with objects in a set S of
Ng-compact objects of [2°P, Set]. To this end, take S to be the full subcategory @fp of [2°P, Set]
on the class of all Rg-compact objects.

Let F : .4 — [2°P,Set] be any small diagram of representable presheaves. Consider the poset
(F, C) of all finite full subcategories of .#. Note that F is an Rg-directed set. It can be shown that

colimF' = colim colim F;.
TEF teT

By Lemma 4.2.21, colimF; belongs to @fp for every T € F.

It remains to show that .@fp is small. Since Z is small by hypothesis, there are only small many
representable presheaves 2°P — Set. Therefore, there are only small many finite colimits of rep-
resentable presheaves. Let X : 2°P — Set be any Np-compact presheaf. It can be shown that X
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o

arises as an Ng-directed colimit of finite colimits of representable presheaves: X — colimgec 4G, .
As X is Rg-compact, this yields a commutative triangle

X —— colim,G,
|
I
|
|

e

for some a € A. Here, the map X — G, must be monic, so that X is a subpresheaf of G,. This shows
that all Rgp-compact presheaves are subpresheaves of finite colimits of representable presheaves. This
completes our proof. O

G

)

Lemma 4.2.23 (Quillen’s small object argument). Suppose that J permits the small object
argument, i.e., for any f € J, the object dom(f) is small relative to cell(J). Then any map in €
can be factored as a map in cell(J) followed by a map in rlp(J).”?

Proof. Let z: Xg — Y be a map in €. Consider the set

Af E— Xo
LO = fJ/ J{Z | f ceJ
By —— Y
of lifting problems in ¥. The universal property of coproducts yields a map | | feJ f — zin the arrow
category Arr(%). In particular, we have universal morphisms [[,.; Ay — Xo and [[;.; By =Y.

Form the pushout square
H feJ Af > Xo

(f)fe]J/ = Jyl (A)
erJ Bf Emd X1

together with the unique mediating map

Note that y; € cell(J) by Proposition 4.2.16. In general, for any successor ordinal 5 = a+ 1, suppose
that we have constructed a triple

(ys : Xo = XgsDa : Xa = Y,pg: Xg = Y)

of maps fitting into a diagram like (B). Then repeat our construction of (y1,po, p1) with po replaced
by pg to obtain a new triple (yg11,ps,ps+1) of maps fitting into (B). Now, choose the least regular

3319, Proposition 10.5.16].
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cardinal k such that for any f € J, dom(f) is k-compact relative to cell(J). For any limit ordinal
v, suppose that we have constructed a cocone under a y-sequence

Y
Xo —25 X, Xo 255 Xgpg — -

P1 Pa
Po Pa+1

Y

of maps in cell(J). Take the transfinite composition y : Xo — X, of this sequence. By transfinite
induction, we now have defined a x-sequence

Xo —— X3 Xy = Xoyt1 P (€)

of maps in cell(J). The universal property of colimits yields a map p, : X, — Y fitting into the
cocone

Y1 Ya+1
Xo X e X, X1

p1 P~
Po Pryt1

Y

Now, take the transfinite composition = : Xg — X, of (C). We see that the diagram
Xo
le{ X‘
X, —— X, 5 Y

p1

commutes where p, is induced by the universal property of colimits. Therefore, z = p;oy; = pxox.

It remains to show that p, € rlp(J). To this end, let

S

— X,

|

— Y

=
—

<

be a commutative square with h € J. We must exhibit a lift V' — X,. Since U is k-compact, the
map U — X, factors as U — X, — X, for some ¢ € k. In light of (A), we get a commutative

diagram
U X Xw
Ye+1 / Pr
h XeJrl Y
1% \_/
and thus our desired lift. O
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Definition 4.2.24 (Cofibrantly generated). A model category (¢, Fib,Cof, W) is cofibrantly
generated if it comes equipped with a pair (J, K) of sets of maps in € such that

(i) ret(cell(J)) = Cof,
(ii) ret(cell(K)) =W nNCof, and
(iii) both J and K permit the small object argument.

In this case, we call elements of J generating cofibrations and elements of K generating trivial
cofibrations.

Lemma 4.2.25. Let (¢,J, K) be a cofibrantly generated model category. Then
(a) ret(cell(J)) = lp(rlp(J)), and
(b) ret(cell(K)) = lp(rlp(K)).

Proof. For simplicity, let us just prove (a). Since J C llp(rlp(J)), the fact that

ret(cell(J)) C lp(rIp(J))

follows from Lemma 4.2.10 along with Lemma 4.2.8 and Note 4.2.14.
For the reverse inclusion, let f € llp(rlp(J)). By Lemma 4.2.23, we can factor f as

A fl B f2 O

such that f; € cell(J) and fo € rlp(J). Hence f has the right lifting property against fo. By
Lemma 4.2.9, we have that f is a retract of fi. It follows that f € ret(cell(J)). O

Lemma 4.2.25 immediately implies that Cof = rlp(K) and W N Fib = rlp(J).

Our next notion will serve as a noteworthy generalization of sSet equipped with its classical model
structure.

Definition 4.2.26. Let (¢, F'ib,Cof, W) be a model category

1. We say that % is a combinatorial model category if it is locally presentable as a category and
cofibrantly generated as a model category.

2. We say that € is a type-theoretic model category if it is locally cartesian closed as a category
and proper as a model category and Cof consists of all monomorphisms in .
4.3 Classical model structure on sSet
The classical model structure on sSet is due to Quillen and consists of
e Kan fibrations as fibrations,
o monomorphisms as cofibrations, and

o weak homotopy equivalences as weak equivalences.

Notation. We shall write sSetguii11en for the category sSet equipped with this model structure
(Fibss, COfSS? WSS)-
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Note 4.3.1. Every object of sSetgyiiien is cofibrant because the empty map ) — X is trivially
levelwise injective for any simplicial set X.

In particular, A[n] is cofibrant. Therefore, for any trivial fibration p : X — Y of simplicial sets, we
can find a diagonal fill-in of the form

|

N

-
-
- .
-
-
-

Aln]

|

In terms of the Yoneda lemma, this means that the preimage p;,!(y) is nonempty for any n-simplex
y in Y. In other words, every trivial fibration is levelwise surjective.

In the interest of space, we shall only partially verify that sSetquiiien is, indeed, a model category
as well as cofibrantly generated and proper.

Recall the class A of anodyne extensions (Definition 4.1.17) and let J denote the saturated class
generated by the set

B = {0A[n] — An] | n > 0}
of canonical inclusions, i.e., J = ret(cell(B)).
Lemma 4.3.2. A map in sSetquitien @S a cofibration if and only if it belongs to J.

Proof.

(<=) It is clear that every element of B is a levelwise injection, i.e., a monomorphism. One can
readily check that the class of all levelwise injections is closed under pushouts, transfinite composi-
tions, and retracts. For example, suppose that a simplicial map g : X’ — Y is a levelwise injection
and that f: X — Y is a retract of g. Then we have a commutative diagram of the form

id x
X —5— X — X
A )
y 25V —— Y
idy
Recall that a set map is injective if and only if it has a left inverse. Thus, gop; = ¢ o f is levelwise

injective as the composite of two levelwise injective maps. Hence f must be levelwise injective, as
desired.

It follows that any element of J belongs to Cofgg.
(=) Suppose that fo: Xo — Y is a monomorphism. By induction, let us construct an w-sequence
X, of pushouts of coproducts of maps in B along with a sequence (f,, : X;, =Y, -, of monomor-

phisms such that f,, [q, ,(x,) is an isomorphism sk, 1(Xy) =, sk,—1(Y) for each n > 1. Let
n € Z>; and suppose that we have constructed such an X,, and f, : X;,, = Y. Let S, denote the
category of all n-simplices A[n] — Y in Y that are not in im(f,). Note that all objects of S,, are
non-degenerate.
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Claim. For each s € Ob S, the map s [ga[n): OA[n] =Y factors as

OA[n] —— X, Iy

for some unique map §.

Proof. Notice that the non-degenerate k-simplices in dA[n] are precisely the non-identity monomor-
phisms in A of the form [k] — [n]. This means that 0A[n] = sk,,_1(0A[n]). Moreover, f s, _,(x,)

is an isomorphism sk, _1(X,) =, sk,—1(Y) by assumption. This induces an isomorphism s’ :
OA[n] =5 skp_1(X,). Now, take § to be the composite

%

OA[N] =5 sk 1(Xn) — X,
which must be unique since f,, is monic. O

This provides us with a commutative diagram

HsGS’n aA[n] LL;SW> Xn

! - |

[ies, Aln] ————— Xona

I,
sESR

Recall that the Yoneda lemma specifies a natural one-to-one correspondence
yeY,+— Aln]>Y

where the map y sends the unique non-degenerate n-simplex in A[n] to the element y. From this,
we can see that [[, s s is monic. Since f,, is also monic and im(f) Nim(h) = 0, it follows that f, 1
is monic. Further, f,11 s, (x,) is levelwise surjective by construction. Therefore, fni+1 [ok, (x,) 18
an isomorphism, completing our induction step.

The transfinite composition of X, is precisely fy. In light of Proposition 4.2.16, fy belongs to
cell(B) C J, as desired. O

The following property of the geometric realization functor is a nontrivial consequence of all of
Lemma 4.3.2, Theorem 4.1.25, and Lemma 4.1.26.

Theorem 4.3.3 (Quillen). If p : E — X is a Kan fibration, then |p| : |E| — |X]| is a (Serre)
fibration of topological spaces.’*

34[8, Theorem 10.10].
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Lemma 4.3.4. Any map f: X =Y in sSetquii1en can be factored as

AN
A

>

Y

a

——

N

where a € A and b € Fibgg.”®
Proof. The follows directly from Lemma 4.2.23 applied to the class
{A*[n] > An] |n>1, 0<k<n}
together with the fact that A*[n] is small by Lemma 4.2.20. O

Corollary 4.3.5. Any map in sSetqui11en With the left lifting property against Fibss is anodyne.

Proof. Suppose that f : X — Y has the left lifting property against Fib. By Lemma 4.3.4, we can
factor f as an anodyne extension a followed by a Kan fibration b. Then we have a diagonal fill-in of

the form
X 257
A
f b+
Y - Y
Thus, the diagram
X=—=X=X
Y — 7 ——Y
commutes, which exhibits f as a retract of b. Since A is saturated, it follows that f € A. O

The converse of Corollary 4.3.5 is clear, and thus A equals the class of all F'ib-projective morphisms.

Note 4.3.6. Thanks to Lemma 4.3.2, by applying the same argument for Lemma 4.3.4 to the
generating set

{0A[n] = Aln] | n > 0}

instead of {Ak [n] = An]|n>1, 0<k < n}, we have that any map f: X — Y in sSetquiiien can
be factored as a cofibration followed by a J-injective morphism.

Theorem 4.3.7.

(1) J—inj ZWssﬂF’ibss.
~———

J-injective
morphisms

(2) A=WssNCofgs.

35[13, Theorem 3.1.1].
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Proof.
(1) See [13, Proposition 3.4.1], which is based on a different yet equivalent definition of Wss.

(2) For the inclusion A C WgsNCofgg, see [12, Proposition 3.2.3]. For the reverse inclusion,
suppose that f: X — Y is a trivial cofibration. Apply Lemma 4.3.4 to factor f as

x 1,y

N[
Z

where a € A and b € Fibsgs. By Lemma 4.3.8 below, we have that b is a weak equivalence
because both a and f are weak equivalences. Thanks to part (1), it follows that b € J—inj.
Hence there is a lift of the form

Then the diagram

commutes, so that f is a retract of a and thus is anodyne.

O

In light of Theorem 4.3.7, we now can see that (WgsNCofgg, Fibss) is a WFS on sSet, as required.
Likewise, (Cofgg, Wss N Fibgs) is a WES on sSet.

Lemma 4.3.8. Wgs satisfies two-out-of-three.

Proof. Let W top denote the class of all weak homotopy equivalences of k-spaces.

Claim. Wyrop satisfies two-out-of-three.

Proof. Consider any commutative triangle

in kTop. The following two facts are obvious.
o If both f and g belong to Wop, then so does h.

o If both g and h belong to Wrep, then so does s.



Finally, suppose that both f and h belong to Wyrop. In particular, mo(f) : mo(X) — mo(Y) is a
bijection. Therefore, for any y € Y, there is some z € X along with a path p from y to f(z). Let n €
Z>1. When n = 1, the mapping [] — [p * v * p| defines an isomorphism p : m, (Y, y) = (Y, f(2))
where * denotes concatenation. In this case, we likewise have an isomorphism p : 7, (Z, g(f(z))) =
T (Z,g(y)) given by [y] — [(gop) *v* (gop)]. If n > 1, then we can define p by sending any map
s:(I™,0I") — (Y,y) to a new map s, : (I",0I™) — (Y, f(x)) given as follows. Shrink the n-cube
I" to C' = [%, %]n and draw a radial segment ¢; from each point ¢ on 9I™ to (%, %,,%) e C.
Re-parameterize s so that it has domain C and then extend it to a map s, on I"™ that equals p on
each segment /;.

When n = 1, it is straightforward to check that the composite

T (Yyy) —2 s (Y, f(@) 0 (2, g(f (@) — B 72, 9(y))

is precisely m,(g,y). This remain true even if n > 1. By functoriality of m,(—,—), the map
7n(g, f(2)) equals the composite 7, (h, z) o, (f~1, f(x)), which is an isomorphism since both f and
h are weak homotopy equivalences. Therefore, 7, (g, ) is an isomorphism.

It is clear that my(g) is a bijection, and thus g € Wirop. O
As |—| : sSet — kTop both preserves and reflects weak homotopy equivalences, it follows that Wgg
also satisfies two-out-of-three. O

We have established that sSetguiiien is, in fact, a model category.

Theorem 4.3.9. sSetquiiien @S cofibrantly generated.

Proof. sSetquiiien satisfies conditions (i) and (ii) of Definition 4.2.24 thanks to Lemma 4.3.2 and
Theorem 4.3.7(2), respectively. It satisfies condition (iii) because every simplicial set is small by an
argument similar to that given for Lemma 4.2.20. O

Corollary 4.3.10. sSetguiiien s a combinatorial model category.

Proof. This is an immediate consequence of Theorem 4.3.9 together with Corollary 4.2.22. O

Finally, we want to show that sSetquiiien is right proper. For this, the following lemma is useful.

Lemma 4.3.11. The pullback of a weak homotopy equivalence of k-spaces along a Serre fibration
of k-spaces is again a weak homotopy equivalence.

Proof. Consider any pullback square

in kTop where f is a Serre fibration and w is weak homotopy equivalence. We must show that w’
is also a weak homotopy equivalence.
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As a pullback of f, f’ is a fibration with fibers vertically isomorphic to those of f. This yields a
commutative diagram of the form

N

for any two corresponding fibers F' and F. By applying the long exact sequence in homotopy for f
and for f to the top and bottom row of (), respectively, we get a commutative diagram

) = (X )

ﬂ'n(wl?‘)l iﬂ'n(wv')

(Y

o

T (Fy ) —— o (X7, -

mulF.) — mulY") s

for every integer n > 0. But m, (w,-) is an isomorphism because w is a weak homotopy equivalence.

The short split five lemma now implies that 7, (w’,-) is an isomorphism, as required. O

Theorem 4.3.12. sSetquii1en s 1ight proper.

Proof. Consider any pullback square
X — X
l - lw
Y’ — Y

in sSet where f € Fibss and w € Wgg. We must show that w’ € Wgg. To this end, let us gather a
few properties of |—| : sSet — kTop established thus far.

o |—| preserves pullbacks by Theorem 4.1.13(2).
o |—| sends any Kan fibration to a Serre fibration by Theorem 4.3.3.
o |—| both preserves and reflects all weak homotopy equivalences.

As a result, we have a pullback square

[ X' —— [X]

i) =

in kTop such that |f] is a Serre fibration and |w| is a weak homotopy equivalence. By Lemma 4.3.11,
|w'| is also a weak homotopy equivalence. Thus, w’ € Wgg. O

For any model category (€, Fib,Cof,W) and © € Ob ¥, the over category ¢ /x inherits a model

structure from ¢ where a morphism
y — 2
x



in ¢/x is

a fibration if and only if ¢ € F'ib,
a cofibration if and only if ¢ € Cof, and

a weak equivalence if and only if { € W.

Note that an object of €’/z is fibrant if and only if it belongs to F'ib.

Corollary 4.3.13. Let g: X — Y be a simplicial map.

(1) The base change functor g* : sSetguiiien /Y — SSetquirien /X preserves cofibrations.

(2) The dependent product I1; : sSetguitien /X — SSetquitien /Y preserves trivial fibrations in

Ssetuuinen-

(3) If g is a Kan fibration, then g* preserves weak equivalences (hence trivial cofibrations).

(4) If g is a Kan fibration, then Il, preserves Kan fibrations.
Proof.

(1)

J
H
Let G be a cofibration in sSetquiiien /Y, so that j is a monomorphism of simplicial

Y
sets. We have a commutative diagram

X ——Y

obtained by the universal property of pullback squares. By definition, g* sends j to this dotted
arrow ¢g*j. Since the upper square must be a pullback and monomorphisms are stable under
pullback, it follows that ¢g*j is a monomorphism. Hence it is a cofibration in sSetguiiien /X

Note 4.3.14. The preceding argument with “monomorphism” replaced by “trivial fibration”
shows that ¢g* preserves trivial fibrations as well.

Let f: A — X be a trivial fibration of simplicial sets. We can view this as a trivial fibration

ALX

|
X
in sSetguiien /X. We must show that the object II, f of sSetguirien /Y is a trivial fibration
in sSetguit1en- By part (1) together with Lemma 4.2.5(a), we deduce that the map II;f :
I, f — Igidx is a trivial fibration. Since II,(—) is right adjoint, it preserves the terminal

object idx. Hence the map II, f coincides with the object II, f, which is thus a trivial fibration
in sSetguilien-
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w,

A— B
(3) Suppose that g is a Kan fibration. Let \ 1l be a weak equivalence in sSetgiiien /Y, SO

Y
that w is a weak equivalence of simplicial sets. We again have a pasting

of pullback squares. Lemma 4.2.6 implies that ¢’ is a Kan fibration, and thus g*w is a weak
equivalence because sSetgyii1en is right proper.

(4) This follows from a nearly identical argument to (2).

O

Remark 4.3.15. It can be shown that any model category where all objects are cofibrant is left
proper. Hence sSetgui11en is also left proper and thus proper.

Global model structure on [¢°P, sSet]

Let € be a small category. Corollary 4.2.22 and Theorem 4.3.9 together imply that sSetquiiien iS
combinatorial. As it turns out, this ensures that the category [£°P,sSet] of simplicial presheaves
over ¢ inherits a model structure from sSetquiiien in at least two ways:

(a) The projective model structure [¢"°P,sSet| . consists of

o levelwise weak equivalences as weak equivalences,

¢ levelwise fibrations as fibrations, and

e W-projective morphisms as cofibrations.

(b) The injective model structure [¢°°?, sSet],; consists of

o levelwise weak equivalences as weak equivalences,

o levelwise cofibrations as cofibrations, and

o W-injective morphisms as fibrations.

Each of (a) and (b) is called a global model structure on [¢*°P, sSet]. It is known that [¢*°P, sSet], ;
is both proper and cofibrantly generated, just as sSetguiiien. Therefore, it is also a combinatorial
model category.
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4.4 oo-Categories
This section sets forth a generalization of sSet that, in some sense, is the right setting for modeling

CDTT, as we shall see in Section 5.2.

Definition 4.4.1. An oco-category is a category enriched over the cartesian monoidal category sSet.
Example 4.4.2.

1. sSet is an oco-category. Indeed, since sSet is cartesian closed, we have a sequence of natural
isomorphisms

ZY =~ Homsgsget (1, 27)
=~ Homsgget (1 X Y, Z2)
= Homgget (Y, Z)

for any simplicial sets Y and Z. This shows that every hom-set for sSet is itself a simplicial
set, as desired.

2. [€°P,sSet] is an co-category for any small category €. Indeed, this is also cartesian closed as
it is isomorphic to the presheaf category [(¢ x A)°",Set]. We thus have another sequence of
natural isomorphisms

AR Hom[%OP,SSet] (17 ZY)
= Hom[(gop’sset] (1 X }/’ Z)
= Hom[?fOP,sSet] (K Z)

for any simplicial presheaves Y and Z over ¥. Note that any functor of the form G :
(¢ x A)°® — Set restricts to the simplicial set given by [n] — G(x,[n]). Hence Z¥ and
thus Hom{gop sset) (Y, Z) may be regarded as simplicial sets, as desired.

Next, suppose that F': K — % and w : K — ¥ are small diagrams enriched over a closed symmetric
monoidal category ¥'. The weighted limit lim* F of F with weight w is the object, if it exists, of €
that represents the ¥ -valued presheaf

Hom[g v)(w, Homg (z, F(=))) : €°P — ¥
naturally in x € Ob%.
Let ¥ = sSet, so that ¥ is an oo-category. Define the weight w by

k> N(K/k)

where N(—) denotes the nerve of a small category. In this case, we call im" F' the homotopy limit
of F', denoted by holim g F'.

Definition 4.4.3. Let ¥ be an oco-category with all finite homotopy limits. We say that € is a

locally cartesian closed (LCC) co-category if for every map f : x — y in %, the homotopy pullback
functor f*: € /y — € /x has a right adjoint II;.
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We also have a variant of locally presentable for co-categories, but it requires a lot of machinery to
state.

Definition 4.4.4. Let F : € — 2 be a functor of co-categories (i.e., a sSet-enriched functor). We
say that F'is a Dwyer-Kan equivalence if

(i) the functor mo(F) : mo(€) — mo(2) (Remark 4.1.20) is essentially surjective and

(ii) for all z,y € Ob ¥, the map F, , : Home (z,y) — Homgy(F(z), F(y)) is a weak equivalence in
sSetquilien-

In this case, we write € ~px 2.

We now want to define a way of forming an co-category out of a given category with weak equivalences
(¢, W). To this end, consider a directed graph G := (V, E). The free category FG of G has vertices
of G as objects and lists of the form

(an7fnaan—17'"aalafhaO)
neN a €V, ag=a, ap =0

fi is an edge from a;_1 to a; forall0 <i<n
as morphisms a — b. Here, composition is given by

(@ns frs@n-1,-.. 01, f1,00) © (bys Gms Gm—1, .., b1, 91,b0)
Il

(anafn,anfla .. '7a17f13a0 - bmvgrrwamfla .. '7blvglab0)~

The identity map id, is precisely the empty path () from a to itself.

A reflexive quiver is a quiver equipped with an edge i, from v to itself for each vertex v. Every
small category & may be regarded as a reflexive quiver (Ob &, Mor(&’)). This provides us with two
functors

e F&— &, Vv
b : F& — FFE, v+ .

It can be shown that the induced triple F(&) := (F(—),¢€,9) is a comonad in Cat. This induces a
simplicial category Fo& : A°P — Cat defined on objects by

F(&), = F" &
with face d; : Fi(&) — Fr_1(&) and degeneracy s; : Fx(&) — Fr11(&) operators given by

Flepr—i

Fk+1(£’) Fk(@(a)

F§

Fk+1(£>) ﬂ Fk:+2((g))

respectively.
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Let U : Cat — Set denote the functor given by % +— Ob(Z%). Then the composite functor U o Fe&’
is the constant simplicial set at Ob &.

Moving to our next piece of machinery, suppose that (&, W) is a category with weak equivalences.
For any arrow f in &, let f denote the reverse of f. Let

W& (e, y) ={f|f:x =y, feWs}

Consider the directed graph G with objects of & as vertices, elements of Homg(z,y) as edges x — y,

and elements of W3 (x,y) as edges y — x. Now, define ~ as the smallest equivalence relation on
the set Mor(FG) such that

o forany z € Obd&, (x,idy, z) ~ (z,0, ),
o forany maps f:z —yandg:y—zin &, (z,9,y, f,x) ~ (2,90 f,z), and
e for any map f:x — yin We,

(a:,f,y,f,x) ~ (ﬂf,ldx,l')
(y, [z, f.y) ~ (y,idy, y).

The quotient category é’[W;l] = Fg/N is called the localization of & by W .

Definition 4.4.5. If € is small, then the (standard) simplicial localization of € is the simplicial
category
Fo&' [FoW '] : AP — Cat,

where W may be treated as a subcategory of €.%°
The composite U o F.%[F.Wﬁl] is again a constant simplicial set.

Proposition 4.4.6. Let T : A°® — Cat be a functor so that U oT is a constant simplicial set at,
say, S. For any x,y € S and any n € N, let

T(x,y)n = {7 € Mor(T,,) | 7: 2 — y}.
(a) The family {T(2,y)n},>q has the structure of a simplicial set T'(z,y).
(b) Levelwise composition of T induces a composition operation T(x,y) x T'(y, z) — T(x, 2).
(c) The category (T') with Ob(T) =S and Homqy(z,y) = T'(x,y) is enriched over sSet.

It follows at once that
L% = (F.C[FW])

is an oco-category.

Definition 4.4.7. We say that an co-category & is locally presentable if it has a presentation by a
combinatorial simplicial model category 7 in the sense that 2 ~px Ly <.

3616, Section 4.1].
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Here, by “simplicial model category” we mean a model category % enriched over sSet such that for
every fibration p: X — Y and cofibration i : A — B in %, the unique mediating map

Home (i,idx)

Te-3
Home (B,Y) XHomy (4,y) Home (A, X) —— Home (A, X)

l J/Homag (ida,p)

Home(B,Y) Hom¢(A,Y)

Home (idg,p)

Home (¢,idy)

is a Kan fibration. Moreover, this map must be a weak equivalence whenever p or i is one.

Finally, let us define a certain kind of locally presentable co-category with good structure for mod-
eling not only CDTT but also Univ. (We shall make this feature precise at the end of Section 5.4.)
For this, we need a few auxiliary concepts.

Definition 4.4.8. Let % be an co-category with all homotopy pullbacks and all homotopy colimits
of shape D. We say that a D-shaped homotopy colimit hocolimgep F(d) in € is universal if for any
homotopy pullback square of the form

Y %z (hocolimgF(d)) —— hocolimyF'(d)

| |

Y A

in ¥, we have that hocolimy(F(d) xzY) 2Y Xz (hocolimgF(d)).

Definition 4.4.9. Let ¥ be an oo-category. Let J be a class of morphisms in 4 closed under
homotopy pullbacks. We say that a map JType — JType is a J-classifier if for any map X — B in
J, there exists a unique homotopy pullback square of the form

X*>J/T3-/;e
|7
B —= JType

Let k be a cardinal. We say that a map X — Y in ¥ is relatively k-compact if for any x-compact
object Y’ of ¥ and any homotopy pullback square

Ixy X — X
Z ——Y

in &, the object X xy Z is also k-compact.
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Terminology.
o If J denotes the class of all morphisms in %, then a J-classifier is called an object classifier.

e If J denotes the class of all monomorphisms in %, then a J-classifier is called a subobject
classifier.

e If k is a regular cardinal and J denotes the class of all relatively x-compact morphisms in %,
then a J-classifier is called a k-compact-object classifier.

Example 4.4.10. To gain a bit of intuition about J-classifiers, let ¥ = Set. Then the function

T:1={FT}
N——
1]_[1

picking out the truth value T is a subobject classifier in ¥. Indeed, for any inclusion function
S < B, define "S7: B — {F, T} as the function

XS(@—{? z;g

Definition 4.4.11 (Rezk). We say that an oco-category % is a Grothendieck oo-topos if
(i) it is locally presentable,
(ii) has all universal colimits, and

(iii) has a k-compact-object classifier for all sufficiently large regular cardinals #.3"

5 A simplicial model of HoTT

This section is devoted to examining [14, Sections 2 and 3|, which constructs a certain model of
CDTT + Univ in the category sSet of simplicial sets. In Section 5.1 and Section 5.2, we choose
particular universes in our chosen class of presheaf categories and show that they carry all of the
logical structure found in our MLDTT without Univ, respectively. Next, turning out attention to
the univalence axiom, we define in Section 5.3 a simplicial notion of univalence for these models
that is logically equivalent to our type-theoretic notion of univalence. Finally, in Section 5.4, we
prove that our chosen universes are univalent in the simplicial sense and then state a remarkable
generalization of this result.

5.1 Fibrant universes of “small” fibrations

This section recounts [14, Sections 2.1 and 2.2], which defines a class of Kan complexes serving as
universes in sSet both in the sense of Definition 3.3.1 and in the sense of internal universe (p. 46).

For any such Kan complex U, we want to find a simplicial map U->U acting as a classifier for a
specific class of Kan fibrations in the sense of Definition 4.4.9. To ensure that this class is closed
under the categorical versions of our type-forming operations, we shall take the class of all k-small

37 A precise definition of “sufficiently large” is found in the proof of [15, Proposition 6.1.6.7].
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well-ordered Kan fibrations. Moreover, since dependent types will be interpreted as Kan fibrations,
U — U must be a Kan fibration to interpret the dependent type z : U I- el(z) type.

Pick any regular cardinal «.
Definition 5.1.1. Let f: X — Y be a map of simplicial sets.

1. We say that f is well-ordered if it is equipped with a well-ordering of Y, = f, 1(x) for each
simplex z € X,,.

2. We say that f is k-small if |Y,| < & for every simplex x.

Let f: X - Y and g: Z — Y be well-ordered simplicial maps. A morphism f — g is a simplicial
map h: X — Z fitting into a commutative triangle

such that h,, : f;1(y) — g, '(y) is order-preserving for every n € N and y € Y,,.

Note 5.1.2. Recall that for any two well-ordered sets x and y, there is exactly one isomorphism
of the form x — y. Thus, for any two well-ordered simplicial maps X and Y, there is exactly one
isomorphism of the form X — Y.

Now, the isomorphism class of any x-small well-ordered map is a proper class. We can, however,
apply Scott’s trick to make this a set. In this case, for any simplicial set X, we have a definable class
W,.(X) consisting of all isomorphism classes of k-small well-ordered maps Y — X. In fact, W, (X)
is a set. This gives rise to a presheaf

W, : sSet°? — Set

that sends each simplicial map f : B — A to the pullback action f* : W, (A) — W,(B) on
equivalence classes.

Lemma 5.1.3. For any functor F : J — sSet, Wy (colim, F;) = lim; (W, (F})).
Proof. Applying W, (—) to the colimiting cocone {v; : F; — colim;F; | j € Ob J} induces a cone
over W, (F,) and thus a canonical map

P Wy (coyij) — li§n(W,@(Fj))

by the universal property of limits. We want to show that ¢ is bijective.

To see that ¢ is surjective, let [f; : Y; — Fj];_,, ; be a tuple of equivalence classes in lim; (W, (F})).
For each simplex = € colim;(F}), , choose an index j, along with a simplex & € (F},), such that
(vj,),,(Z) = z. Define the fiber Y, over x as the fiber (Y}, ).. For any other such j,, and &', there is
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some map j, — j. in J along with a pullback square

(F‘JJ:)~ E— }/J:L 77777 e Yjsls

| |
l fjli lfj;
Fj,

Aln] —— Fj,

is a pullback. Since £ = &’ in colim;F}, the uniqueness of pullbacks yields an isomorphism

(Fj;>1/

of well-ordered sets. Note 5.1.2 now implies that the fiber Y, is defined up to canonical isomorphism.
Thus, we may patch the f; together to form a x-small well-ordered map f : ¥ — colim;F} such that

1

(Fjl)i

vif = f;
for each j € Ob J, as desired.

By similar reasoning, we can show that v is also injective. O

Consider the opposite Yoneda embedding Y°P : A°P — sSet°P, from which we can form the simplicial
set
W, =W, 0% : A®°’ — Set.

Corollary 5.1.4. The functor W, is represented by W.

Proof. For any n € N, the Yoneda lemma implies that

Homgget (A[n], W,,) = (W), = Wi (Aln]).

n

By Theorem C.0.8, every simplicial set is naturally isomorphic to a small colimit of standard sim-
plices. Moreover, by Lemma 5.1.3, W,,(—) is continuous, and the hom-functor of any locally small
category is continuous in its first variable. It follows that Homgget(—, W) and W, (—) are isomor-
phic functors, as desired. O

As a result, we have a natural isomorphism
U : We(—) — Homgget(—, W) (D)

Notation.

1. For any simplicial set X and k-small well-ordered map f : Y — X, let " f7 refer to the map
U(f]): X = W,.

2. Let [QK : WH — Wm} denote the element ¥~ (idy, ).
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For every x-small well-ordered map f : Y — X, the map ¥ specifies a commutative square

WK, (ch) i> HomsSet (WH7 W.‘-{)

I'fj*_J/ J/_OrfT

WK(X) ~ ” HomsSet(Xa Wn)

of sets. By evaluating this square at U~!(idyy, ), we see that there exists a unique pullback square
of the form

Y — \/ZV\,.i
|
17
X 5 We
This means that €2, is a classifier for the class of all xk-small well-ordered maps.

Note 5.1.5. By the axiom of choice, we can choose a well-ordering of each fiber of any x-small
simplicial map, thereby converting it into a well-ordered map. This map can be expressed as a
pullback of €,. As a result, any k-small simplicial map can be expressed as a pullback of Q. Such
a pullback square, however, may not be unique, as our choice of well-orderings need not be unique.

We want to isolate the Kan fibrations found in Wy (—). Formally, consider the subpresheaf
U — W

such that U, (X) consists of all k-small well-ordered Kan fibrations for each simplicial set X. Also,
let
U, =U,.0Y?: A°° — Set

and consider the pullback square
U, —— W,
S

U, —— W,

Proposition 5.1.6. The map p, : Ux — U, is a Kan fibration.

Lemma 5.1.7. Let f : Y — X be a k-small well-ordered map. Then f is a Kan fibration if and
only if " f7: X — W, factors through the inclusion U, — W,.

Proof.
(=) Suppose that f is a Kan fibration. For any n-simplex z : A[n] — X in X, the pullback

' fAln] xx Y — Aln]

is also a Kan fibration by Lemma 4.2.6. Further, this map is x-small and well-ordered because
im(Aln] xx Y = Y) is exactly the fiber of f over z € X,,. Now, by pasting the two pullback

38114, Lemma 2.1.10].
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squares

Aln] xxY — Y —— W,

x I—f—l

we see that " f7ox = "2* f7 as the total rectangle must be a pullback as well. But "2* 7 € (Uy),,
because x* f is a Kan fibration. Hence " f7 sends each simplex in X to a simplex in U, and thus
factors through U, — W,.

(«<=) Suppose that " f7 factors through U, < W,. This yields a commutative diagram of the form

Y —— U, —— W,
_

f Pr Qp "

X — U, —— W,

\FF/
Since the total rectangle is also a pullback, so is the lefthand square. By Proposition 5.1.6 together
with Lemma 4.2.6, we thus have that " f7 is a Kan fibration. O
Corollary 5.1.8. The functor U, is represented by U,.

Proof. Tt follows directly from Lemma 5.1.7 that (V) restricts to an isomorphism

U (—) =, Homgget (—, Uy ).

Consider the pullback square

Y*>\/N\,Q

1

Y -—--- y Uy —— WN
- _

f Pk JQH

X — U, —— W,

This shows that p,, is a classifier for the class of all k-small well-ordered Kan fibrations. Further,
by the axiom of choice, any x-small simplicial map can be expressed as a (not necessarily unique)
pullback of py.

In this way, U, is a universe in the sense of Definition 3.3.1. Any closed type in our model will be
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a fibration of the form - — 1. Hence if we want U, (or a smaller copy thereof) to serve also as an
internal universe, we must show that it is fibrant. For this, the following result due to Joyal will be
useful.

Lemma 5.1.9. Let j : A — B be a cofibration and p : C — A be a trivial fibration of simplicial
sets.

(a) There exists a pullback square of the form

C —— D
o[l
AﬁB

where p is a trivial fibration.
(b) If p is k-small, then p can be made r-small.
Proof.

(a) Let p = IL;p. This a trivial fibration by Corollary 4.3.13(2). It remains to show that j*II;p = p.
To this end, recall the adjoint triple

2j(=) 477(=) A (=)

This induces an adjunction
j*OZj 4]*01_[]
Since adjoints are unique up to isomorphism and idgget /4 is right adjoint to itself, it suffices

to exhibit a natural isomorphism j* o 3; = idsget /4. For any simplicial map h: E — A, it
is easy to check that the square

<y
g

ff

is a pullback because j is monic. Hence j*¥;h = h, from which we can define our desired
isomorphism.

(b) Let 2 : A[n] — B be any simplex in B. Note that

(ij)m = HomsSet /B(ZE, ij) = HomsSet /A(j*iE7p). (*)

Note that j*A[n] is a simplicial subset of A[n] because monomorphisms are stable under pull-
back. Now, recall that the non-degenerate k-simplices in A[n] are precisely the monomorphisms
belonging to A([k], [n]). In particular, A[n] is finite (Definition 4.1.4), and thus so is j*A[n].
Moreover, Lemma 4.1.3 implies that any simplicial map X — Y is determined by its action
on all non-degenerates simplices in X. We thus can find an embedding of Homgget /4 (5%, p)
into the finite product
P= [ »iGa)
z non-deg.

simplex in
J*An]
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of fibers of p. Assuming that p is k-small, we have that |P| < k by basic cardinal arithmetic.
In this case, it follows that II;p is k-small by (x).

O
Theorem 5.1.10. The simplicial set U, is a Kan complez.

Proof. Let n € Z>,. For each integer 0 < k < n, we must find a filler of the form

Thanks to Corollary 5.1.8, the map "¢ naturally corresponds to a x-small well-ordered map ¢ :
Z — A¥[n]. Tt suffices to find a pullback square of the form

such that ¢’ is a k-small well-ordered Kan fibration and the map Z — Z’ induces an order-preserving
function ¢~(z) — (¢’)” ' (#) for any simplex z in A¥[n]. For, in this case, we can form a pasting of
two pullback squares

A A U,
_ Lo
q iq, me
AF[n] —— An] —= U,
q

where the lower composite must equal "¢ because p,, is a classifier. Hence "¢'” would serve as our
desired filler.

By Lemma 4.1.26, we can factor g as a trivial fibration ¢; : Z — W followed by a minimal fibration
Gm 2 W — AF[n).

Claim. Both q; and q,, are k-small.

Proof. First, to see that ¢; is k-small, note that

6 () € (@ ©40) " (am(w)) = ¢~ (g (w))
for any simplex w in W. As q is k-small, it follows that ¢; is also k-small.

Next, to see that ¢, is xk-small, note that ¢; is levelwise surjective as a trivial fibration. Therefore,
for any simplex ¢ in A¥[n], every element of (qm)_l(ﬁ) has the form ¢;(z) for some simplex z in
Z. Then q sends z to ¢, which shows that the function ¢=(¢) — (gm)” " (¢) given by x — q(z) is
surjective. Hence ¢, is xk-small. O
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By Theorem 4.1.32, the map g, is isomorphic to the trivial bundle F' x A*[n] =2 A¥[n]. This yields
a pullback square
W ——— F x Aln]

_
dm J/WA[n] .

AF[n] ——— An]

Since gy, is x-small, so is the trivial bundle wp,). Further, since g; is x-small, Lemma 5.1.9 provides
us with a k-small Kan fibration ¢ fitting into a commutative diagram
!

7k
|

—_—
|

q

qt

W —— F x Aln] -
_

qm

TA[n]
A¥[n] ——— Aln]

Take ¢’ to be ma,) © g, which is a Kan fibration as the composite of two fibrations. To see that ¢’
is k-small, observe that for any simplex z in A[n], we have that

(@) ') = (ramed) )= U @) "W).

Since k is regular, it follows that ‘(q’)_l(z)‘ < k. Thus, ¢’ is k-small.

Finally, we must extend the well-ordering of g to a well-ordering of ¢’. This is possible because any
well-founded binary relation R on a set ) can be extended to a well-ordering of (). Indeed, consider
the rank function rankg : Q — «, defined inductively by

rankg(z) = sup {rankg(y) + 1 | yRz},

where « is an ordinal. By induction on rankp together with the axiom of choice, we can extend R
to a well-ordering of Q. O

5.2 Modeling MLDTT without Univ

Notation. Continue to let T denote our MLDTT without Univ.

Assume now that s is inaccessible.

In this section, we verify that U, has sufficient logical structure to induce a model of T via Theo-
rem 3.4.5. In the interest of space, we shall describe just the II- and Id-structure on U, along with
smaller copies of Uy serving as nested universes in U,. See [14, Theorem 2.3.4] for sketches of the
remaining cases.

Recall from page 44 that an Il-structure on U, is precisely a map

: 1(U,) — U,
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together with an isomorphism IT*p,, = I, By By Corollary 5.1.8, both ay and 3, are x-small Kan
fibrations.

Proposition 5.2.1. Let h: X — Y and f:Y — Z be k-small Kan fibrations. Then the dependent
product Il¢h is a k-small Kan fibration.

Proof. Corollary 4.3.13(4) immediately implies that II ;A is a Kan fibration. To see that it is k-small,
let n € N and notice from (x) that

(Hfh)z = HomsSet /Y(f*xa h)

for any simplex x : A[n] — Z in Z. The cardinality of Homgget /v (f*, h) is at most the cardinality
of the set S of all functions

fit@) = (foh), (@),
As k is regular, both f,1(x) and (f o h);l(aj) have cardinality < . Hence

|[(Ish), | < [S] <

because « is inaccessible. O

We have seen that any k-small simplicial map can be expressed as a pullback of p,. Thus, by
Proposition 5.2.1, the dependent product Il,, 3, can be expressed as a pullback II*p,, as required.

Next, we want to define an ld-structure on U,. For any Kan fibration p : E — B, the fibered path
space object of p is the pullback

pp(E) —— EAN

J - },Am
B

[ BA[l]
cB

of the exponential object EAM along the constant path map. We have a unique mediating map

We also have composites

evo

sp:pp(E) — EAN 2oy B

evy

t,: pp(E) — BAN 22 B

Proposition 5.2.2. The diagonal map A, : E — E xp E factors as

E—"" 4 pp(E) 2" By E

over B such that
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o 7y, is a trivial cofibration,
o (sp,tp) is a Kan fibration, and
o 7, is stably orthogonal to (sp,t,) over B.7?

If p: E — B is k-small, then so is (sp,t,) because r, is monic. In this case, there is a pullback
square of the form
pp(E) —— E

Gptr)| P

ExpE— B

Specifically, the Kan fibration p, is x-small. Thus, we may take (ﬁm,rm) as our ld-structure.

Finally, to define a U-structure on U, suppose that A < x is another inaccessible cardinal. Then
U, is again a Kan complex. Also, the unique map Uy — 1 is x-small, i.e., the set

(Up),, = Ur(A[n])

has cardinality < & for each n € N. Indeed, each isomorphism class [f : X — Aln]] € Ur(A[n]) is
determined by

(i) a family of isomorphism classes [f~!(z)] over A[n] indexed by the countable set of all simplices
z in A[n] together with

(ii) all of the face and degeneracy operators between the total spaces of k-simplices (k € N) induced
by the fibers of f.

Since every well-ordered set is isomorphic to exactly one ordinal, there are exactly A many isomor-
phism classes of well-ordered sets of size < A. Hence there are exactly Ny - A = A many possible
families of isomorphism classes as in (i). Moreover, the domain and codomain of any face or degen-
eracy operator as in (ii) are of size < A. Thus, there are exactly A many ways of defining such an
operator because \ is inaccessible. Also, there are countably many face and degeneracy operators to
define in total. Therefore, there are exactly Xy - A = A many possible face and degeneracy operators
as in (ii). We can conclude that

UNARDI <A A=) < k.

We thus have a unique pullback square of the form
Uy, — U,
1 —— Uy,

as well as an inclusion map

L:UAHU.@’ [f]}_)[.ﬂ

Finally, we take the pair (uy,t) as our U-structure.

39[14, Proposition 2.3.3].
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Generic structure for modeling CDTT

We can check that any LCCC € carries all data of a T-structure (forgetting its contextual-categorical
structure) aside from an ld-type structure (p. 35). It is possible, however, to almost correctly
interpret extensional identity types (Remark 2.1.1) in ¥. Indeed, suppose that we can derive

T'F Atype
I'Fa:A
'o6:A

in T. Then the well-formed identity type I' F Id 4(a, ) type is interpreted as the equalizer in the
diagram

[T,z :1ds(a,b)] ----------» [I] % [T,z : A].

As a result, the canonical projection pig,(q,»y must be monic. Further, we interpret the canonical
term T' F refl, : 1d4(a, a) as the morphism [I'] — [T, z : Id 4(a, b)] induced by the universal property
of equalizers, i.e., fitting into a commutative triangle

DPid 4 (a,a)
—

[T,z :1da(a,a)]

A~

[refla] i

Ir]

[T

id[[r]]

In general, our interpretation function [—] sends any well-formed term of type ld 4(a, b) to a section
of Pig 4 (a,b)- Since pig, (a,p) is monic, it follows that € satisfies UIP. To see that it satisfies ERR,
recall that any morphism that is both a monomorphism and a split epimorphism is an isomorphism.
Therefore, pig, (q,5) is an isomorphism, so that [a] = [b], as desired.

The reason that such an interpretation is almost correct is that endowing € with a strictly functorial
pullback operation may be impossible. One can, however, convert € into an equivalent category
with attributes, which has such an operation [10]. In this sense, every LCCC admits a model of
extensional CDTT.

Moreover, thanks to [7, Theorem 7.10], we know that every locally presentable LCC oo-category &
has a presentation by a type-theoretic model category €.*° Consider the full subcategory € of €
on all fibrant objects.

Proposition 5.2.3. The class Fib of all fibrations in € is both closed and factorizing. (See
Section 3.5.)

Proof. Note that Fib is factorizing because % is a model category. For the same reason, F'ib satisfies
condition (b) of Definition 3.5.5. It also satisfies condition (c) because all objects of € are fibrant.

To see that F'ib satisfies condition (d) of Definition 3.5.5, note that F'ib is closed under pullbacks
and that the pullback of a fibrant object in any model category is again fibrant. Thus, for every map
f:A— Bin %, we have a base change functor f*: €;/B — €;/A preserving all fibrations. Since
% is locally cartesian closed by definition of type-theoretic model category, it follows that f* has a

407t is hoped that, eventually, we can drop the hypothesis that % is locally presentable.
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right adjoint IIy. We must show that II; preserves fibrations. But f* preserves trivial cofibrations
by Lemma 4.2.5.

It remains to show that Fib satisfies condition (e) of Definition 3.5.5. By Corollary 4.3.13(4) together
with Proposition C.0.15 and the fact that fibrations are stable under pullback, we have that the
exponential of two fibrations over C' € Ob %’ is again a fibration. It is easy to see that this remains
the exponential in F'ib(C'). Hence the inclusion functor Fib(C') — %¢/C preserves exponentials. [

Assuming Conjecture 3.2.13, Theorem 3.5.7 directly implies that € models T (without the universe
type). In this sense, every locally presentable LCC oo-category % can be presented by a model of
intensional CDTT. In particular, [Z, sSet| has such a presentation for any small category 2.

5.3 The simplicial notion of univalence

At this point, let us turn to proving that the induced contextual category sSety, (p. 42) satisfies the
univalence axiom. To begin with, we define a simplicial notion of univalence that will be equivalent
to our type-theoretic one.

Let p1 : F1 — B and ps : E5 — B be Kan fibrations. The over category sSet /B is cartesian closed
by Theorem C.0.17. Thus, we may form the exponential

p]231 : hOI’nB(El,E2) — B
of p; and p, in sSet /B.
Note 5.3.1. The map p5' is a Kan fibration.

By adjunction, any map
X — homB(El,Eg)

f Jpgl

B

over B naturally corresponds to a map f*FE; — E5 over B. This, in turn, naturally corresponds to
a map f*E; — f*FE, fitting into a commutative diagram

By the Yoneda lemma, it follows that an n-simplex = in hompg(FE1, E») is precisely a pair of maps
(x:A[n] = B, sy : " E1 — z"Es).

Lemma 5.3.2. Let g : E1 — Es be a weak equivalence in sSet /B and let h : B — B be a simplicial
map. Then the map h*g : h*Ey — h*Es is a weak equivalence in sSet /B’.
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Proof. By Note 4.3.14, the base change functor h* preserves trivial fibrations. Therefore, Lemma 4.2.7
implies that h* preserves weak equivalences of fibrant objects. In particular, h*g is a weak equiva-
lence. O

Proposition 5.3.3. Let g : E1 — E5 be a map over B. If every connected component of B has a
vertex v : A[0] — B such that the induced map v*g : v*Ey — v*Eq of fibers is a weak equivalence,
then g is also a weak equivalence.?’

Consider any map f : [n] — [m] in A along with induced map Y(f) : A[n] — A[m]. Then the
function
homB(El, EQ)(f) : homB(El, Eg)m — homp (El, Eg)n

is given by

(z: Alm] = B, sy :a*E1 — 2" E2) = (20 Y(f), szoy(s) 1 (o V() Er = (w0 V(f))"Es).
If s, is a weak equivalence, then so is

820y (f) t V() (@ Er) = V()" (2" E2).

by Lemma 5.3.2. Thus, we have a simplicial subset eqz(E1, F2) C homp(E7, Es) whose n-simplices
are exactly pairs of maps
(z:Aln] = B,s; : x*E1 — 2" E»)

s 18 a weak equivalence.

Now, consider any map
(f X = B,Sf : f*El — f*EQ) X = homB(El,EQ)

over B. This sends any x € X,, to the n-simplex (f ox,z*sy) in homp(FE1, E2). If 2*sf is a weak
equivalence for every simplex x in X, then sy must be a weak equivalence by Proposition 5.3.3.
Conversely, if s¢ is a weak equivalence, then any such map z*s; must be a weak equivalence because
the base change functor x* preserves weak equivalences of fibrant objects. In conclusion, the map
sy is a weak equivalence if and only if (f, sy) factors through eqg(E1, E2) — hompg(FE1, E2). As a
result, any map X — eqg(FE1, F2) corresponds naturally to a pair of maps

(f: X = B,sy: f"E1 — f"Ey) (%)
s¢ is a weak equivalence.
Lemma 5.3.4. The restriction p' : eqg(E1, E2) — B is a Kan fibration.
Proof. We must exhibit a lift of the form

Ak[n} —— eqp(F1, Es)

7
Z\[ //// J/pgl

Aln] ——— B

4114, Lemma 3.2.7].
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Since p4' : homp(E1, E2) — B is a Kan fibration, we can find a diagonal fill-in of the form
(z: Aln] = B, s, : ¥ E1 — 2" Es) : Aln] = hompg(F1, E2).

In light of (%), it suffices to show that s, is a weak equivalence. We already have a weak equivalence
Szoi : 1 x*Ey — i*x* Ey from our original square. Therefore, Proposition 5.3.3 implies that s, is a
weak equivalence because A[n] is connected. O

We are now in position to formulate our simplicial notion of univalence. Let p : E — B be a Kan
fibration and let

eq(E) = quxB(ﬂ—ikEﬂ W;E>

As the product of two simplicial sets is computed levelwise, the n-simplices of eq(E) are precisely
triples of the form

(b17b27 Sb1,b2)
bl, by € B,
Sby by - bTE — b;E.

From (%), we see that any map X — eq(F) corresponds naturally to a triple of maps
(fi: X =B, f2: X = B,sp p,: [1E — f3E). (1)
In particular, we have a map dg : B — eq(F) corresponding to the triple (idp,idg,idg), with
(0r), (b) = (b,b,idpg), b€ By. (1)

Then dr has two retractions defined by the composites

*
« wEp
mop 1

eq(F) BxB —" B, i=12. (I11)

Therefore, § is a split monomorphism.

Definition 5.3.5 (Simplicial univalence). A Kan fibration p : E — B is univalent if 0g is a
weak equivalence in sSetgyiiien.

Note that the diagram
Ap

T

B ———eq(E) ——> BxB
E mip™1P

commutes. Thus, since g is monic and 75 p™iP is a Kan fibration by Lemma 5.3.4, we have that dg
is univalent if and only if eq(FE) is a path space object of B.

Example 5.3.6. For any Kan complex X, the unique map X — 1 is univalent if and only if the
space of homotopy autoequivalences of X is contractible.
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5.4 Proof of univalence

This section first unifies our type-theoretic and simplicial definitions of univalence and then shows
that the Kan fibration p, : U, — U, is simplicially univalent. This implies that the contextual
category sSety, satisfies Voevodsky’s univalence axiom (Definition 2.4.2).

Remark 5.4.1. Recall that we interpret dependent types as pullbacks of p,. For convenience, we

may write such pullbacks as dependent types within our MLDTT, thereby abusing notation.

Let p; : E1 — B and py : Es — B be pullbacks of p,,. Suppose that B is a Kan complex (i.e., a
closed type). Consider both the function type

[E1,Eq] :=[z: B+ E; — E type]

and the type
E1 ~E; =[z: BF E; ~ E5 type]

of equivalences from F to Fs interpreted as Kan fibrations over B.
Proposition 5.4.2.
(1) There is an isomorphism [Eq, Ea] — homp(Ey, Es) over B.42
(2) The induced map Eq ~ Eo — hompg(F1, E3) factors through eqp(E1, E2) — homp(E1, Es),

and E1 ~ Ex — eqp(E1, E») is a trivial fibration.*?

Theorem 5.4.3. Suppose that p : E — B is a Kan fibration. Then p is simplicially univalent if
and only if it is type-theoretically univalent in the sense that the Kan fibration

[[x,y :BF is,equiv(idtoequivI:B;E(x)(x, y)) type]]
over B X B has a section.

Proof sketch. Consider the map
wg = [[x,y 1B,z 1w~ py b idtoequiv, pop (7,9)(2) : B(z) ~ E(y)]]

It follows from [14, Lemma 3.3.2] that p is type-theoretically univalent if and only if

[z,y:B,z:z~p51Y] e [z,y: B, f:is_equiv(E(z), E(y))]

—

B x B

is a weak equivalence over B x B. The same Lemma together with Proposition 5.4.2 provides us

42[14, Corollary 3.3.3].
4314, Lemma 3.3.4].
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with a commutative diagram

B —"% & p(B) —2—— 7iE ~ 15(E)

l

eqpp(TiE, T3 E)

|

hOIIlBXB(T(TE,ﬂ';E)

(sB,tB)

Recall that the map rp is precisely the interpretation [z : B I refl(B, z) : © ~>p z] of reflexivity. By
applying the inference rule 1d-COMP to our construction of idtoequiv,. g g, (z,y) (Lemma 2.4.1),
we deduce that the composite

B — homng(TrTE,ﬂ';E)

is precisely the interpretation [z : B+ Ay : E(x)).y : E(z) — E(z)] of the identity map on E(z).
Therefore, the composite B — eqpg, g(7i E, 75 E) is precisely dg, defined by (II).

Both rp and Eq ~ Ey — eqg(F1, F3) are weak equivalences by Proposition 5.2.2 and Proposi-
tion 5.4.2(2), respectively. Hence the two-out-of-three property implies that dg is a weak equivalence
if and only if wg is one. O

Theorem 5.4.4. The Kan fibration py : I/_\IH — U, is simplicially univalent.
Proof. We must show that 5@ is a weak equivalence. Recall from (IIT) that the composite
T =1mg0 ﬂé‘pnﬂfp”

is a retraction of 66 . Therefore, by two-out-of-three, it suffices to show that 7 is a weak equivalence.
In fact, we shall show that it is a trivial fibration. To this end, consider any lifting problem of the
form

A— eq(ﬁ,{)
[k
B—— U,

By Corollary 5.1.8 and our characterization (I) of maps into eq (ﬁn), this square naturally corre-

sponds to a commutative diagram of the form

E1L>E2*>E2

N

A— B

where
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e w is a weak equivalence and
e p1, p2, and ¢o are x-small well-ordered Kan fibrations.

Our pullback square here comes from our lifting problem, which exhibits ps as the pullback of p,
along the composite A — B — Uy.

Now, a solution to our lifting problem naturally corresponds to a commutative diagram of the form

where
e w is a weak equivalence,
e 1 is a k-small well-ordered Kan fibration, and

e the square

is a pullback.

Let us define w as the pullback
El _— HjEl

_
“’J J““" (O)

By —— 1B

;5 E,

where 7 denotes the unit of the adjunction j* - II;. First, we want to show that Fy = j*E, and that
J*w = w in sSet /A so that (e) commutes. To this end, recall from our proof of Lemma 5.1.9(a) that
J*I; 2 idgget /4. Thus, using the triangle identities for (j*,1II;), we can apply the functor j*(—) to
(O) to get

JE — B

|
Jtw w

J By —— By
—— dg,

E>

This square is a pullback because j*(—) preserves products as a right adjoint to X;. Since the
pullback of an isomorphism is again an isomorphism, it follows that £y = j*E, and j*w = w, as
desired.

110



Next, we want to show that ¢; is xk-small and well-ordered. In light of our proof of Lemma 5.1.9(b),
both II;p; and II;p; are s-small. Since g2 = lI;ps o np,, it follows that ng, is also x-small. Hence
the map £, — II; By is -small as the pullback of ng_. As  is regular, this implies that ¢; is x-small
as the composite of two k-small maps. Moreover, by the axiom of choice, we may assume that ¢; is
a well-ordered extension of p; as in Theorem 5.1.10.

It remains to show that ¢; is a Kan fibration and that w is a weak equivalence. As a weak equivalence,
w can be factored as trivial cofibration w. followed by a trivial fibration wy. Further, the partial
mapping Arr(sSet /A) — Arr(sSet /B) given by w — w respects composition, so that

w = foic.

Hence we may assume that w is either a trivial cofibration or a trivial fibration. First, suppose that
w is a trivial fibration. Then IT;w is also a trivial fibration by Corollary 4.3.13(2). Hence so is w
as the pullback of a trivial fibration, and now ¢; is a Kan fibration as the composite of two Kan
fibrations.

Suppose, instead, that w is a trivial cofibration. In this case, II;w must be a monic in sSet because
IT;(—) preserves monomorphisms as a right adjoint. Hence w is also monic in light of (O)). Without
loss of generality, we may assume that w is an inclusion map into E,.

Claim. There exists a strong deformation retraction H : Es X A[l] — Ey of w.

Proof. Since w is a trivial cofibration, we have a diagonal fill-in

Eq Ey

%
w\[ 7:// lp1 .
p
.

Thanks to Corollary 4.1.22, this yields another diagonal fill-in

id gy UwUwor

(B2 x {0}) U (Ey x A1) U (Ey x {1}) — B,

E2 X A[l] A

Pp20Ty

Now, we may apply Corollary 4.1.22 to obtain a diagonal fill-in

Huyuid£2

(B2 x A[l]) U (E; UA[]) U (E, x {0}) — E,

E, x Al] B

q2071

The induced map Hj factors through E; because H; factors through F; as a retraction of ¢. There-
fore, Hj is a strong deformation retraction of w. This means that |w| is a homotopy equivalence,
i.e., that w is a weak equivalence in Top. Moreover, H] exhibits ¢; as a retract of g2 in the sense of
(1), and thus ¢; is a Kan fibration by Lemma 4.2.10.
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O

Corollary 5.4.5. For any inaccessible cardinal A < k, the contextual category sSety, models
CDTT + Univ.

Awodey’s conjecture

In closing, it is worth mentioning some subsequent generalizations of [14]. To this end, let us
introduce a new kind of category.

Definition 5.4.6 (Reedy category). A Reedy category is a category # equipped with two wide
subcategories Ry and R_ along with a degree function d : ObZ — « where « is an ordinal such
that

(i) every morphism in # factors as a map in R_ followed by a map in Ry,
(ii) every non-identity map a — b in R satisfies d(a) < d(b), and
(iii) every non-identity map a — b in R_ satisfies d(b) < d(a).
Example 5.4.7.

1. Any ordinal « is a Reedy category with R, = «, R_ the discrete category on Ob«, and
d=id,.

2. By Lemma 4.1.1(1), the simplex category A is Reedy with R, the wide subcategory on all
monomorphisms, R_ the subcategory on all epimorphisms, and d the inclusion map Ob A — w.

Also, note that the opposite of a Reedy category is a Reedy category with Ry and R_ switched. In
particular, A°P is a Reedy category.

Let #Z be a Reedy category and let G be a simplicial presheaf #Z°P — sSet over #. For any
r € ObZ, the latching object of G over r is the simplicial set

L.G:= colim Ggom
e@Ry jryer 2o

where ORy /r denotes the full subcategory of the over category R, /r on all objects except the
identity map id,.. The universal property of colimits yields a unique map L,.G — G,..

Now, we say that % is an elegant Reedy category if for any monomorphism A < B in [%Z°P, sSet)|
and any x € Ob %, the unique mediating map

L,A— L,B

| l

Ay —— A, U, a LB

is monic in sSet. (This notion is due to [5].)

Example 5.4.8. The simplex category A is elegant Reedy.
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Thanks to Proposition 5.2.3, we know that [%#°P,sSet] can be presented by a type-theoretic model
category for any small elegant Reedy category . Specifically, in [23], Michael Shulman modi-
fies the construction of [14] to show that CDTT + Univ can be interpreted in the model category

[%2°P, sSet)| Since the trivial category * is elegant Reedy and

inj"
[°P sSet] = [(x x A)P, Set] = sSet,

it follows that [23] directly generalizes [14].

The general belief that compact-object classifiers model univalent universes leads to “Awodey’s
conjecture”:

Every Grothendieck co-topos is presentable by a model category that models CDTT + Univ.

Assuming Conjecture 3.2.13, Shulman released a proof of Awodey’s conjecture in April of 2019 [22].
Therefore, every theorem of homotopy type theory is true in any co-topos. In other words, a result
in synthetic homotopy theory (including Univ) holds in any co-topos. In this sense, homotopy type
theory serves as a formal language for reasoning within a number of general settings for algebraic
topology at once.

A Deductive systems

Definition A.0.1. A deductive system consists of the following data:
(a) a countable set A of symbols,
(b) a countable set S of (finite) strings over A called expressions or raw terms,
(c) a finite set B of positive integers,
(d) a finite set {o;},.5 where each o; is a subset of S, and
)

(e) a finite set of ordered pairs called inference rules.

The set S is known as the object language of the deductive system (whereas the language of set
theory is chosen as the metalanguage).

For any n € B, we say that an element of o, is a judgment (of order n). By definition, every
inference rule is a pair ({J1,...,Jn},J) where

e n € N and,
e forall 1 <i<mn,J; and J denote judgments.

This is represented graphically as
J1 e In

J

NaAME

We call J the conclusion and each J; a premise of the rule. When n = 0, the inference rule is called
an aziom.

The set of inference rules generates, via mutual recursion, a finite set {R;},. 5 of i-place relations on
S as follows.
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1. If J is the conclusion of an axiom and has order ¢, then J € R;.

2. If ({J1,...,Jn},J) is an inference rule, each J; has order n;, J has order k, and J; € R,,,, then
J € Ry.

That is, {R;} is precisely the smallest family of relations closed under the inference rules.
Definition A.0.2. A theorem is an element of | J; .z R;.

Definition A.0.3. A derivation (or a derived rule) is a finite rooted tree with the following prop-
erties.

o Each node is a judgment.
o For any non-leaf F' with children Fi,..., F, there is some inference rule ({Fi, ..., Fi}, F).

Given a derivation, we say that the root is derivable from the leaves.

A theorem can be characterized recursively as either the conclusion of an axiom or a judgment
derivable from a theorem.

Note A.0.4. Since each inference rule has only finitely many premises, each node of a proof tree
has at most k children for some fixed £k € N. Hence any proof tree can be viewed as a complete
k-ary tree with nodes marked by inference rules. We can define the set of such trees inductively and
thus perform so-called structural induction to prove properties about proof trees.

B Univalent group theory

In this appendix, we shall define some basic notions of group theory within our MLDTT. Our goal is
to state, in a precise way, the fact that any two isomorphic groups are propositionally equal provided
that Univ is true. In ordinary group theory, identifying two isomorphic groups is common practice
but is technically an abuse of notation when they are not equal as sets. A virtue of homotopy type
theory is that in it, such an abuse of notation becomes formally true.

We shall follow [20, Section 11.2] and adopt our informal notation from Section 2.

Definition B.0.1. We say that a (well-formed) type A is an h-set (or set) if there is some term of
type

is_set(A) = H is_prop(z ~» y).
z,y: A

Remark B.0.2. The axiom UIP asserts that every type is a set.

Now, we can encode the set-theoretic notion of a group in our MLDTT as follows.
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Definition B.0.3. We say that a small type G is a group if there is some term of type

is_group(G) = Z Z Z Z

piis_set(G) e:G i:G—=G u:G—(G—G)

I @), 2) ~ pl@ uly 2) |

(,4,2:G)

Hu(e,x)wx X H,u(x,e)wx X

(z:G) (2:G)

[T uti:za) e | x | I] wle.it)

(z:Q) (z:G)

We may write zy for u(z,y).

We require G to be a set so that it is invariant (up to propositional equality) under a different
proof of, say, associativity of . Moreover, Voevodsky has proven that from Univ we can derive that
is_set(X) is a mere proposition for any small type X. Hence the definition of G is invariant under
a different proof of is_set(G).

Example B.0.4. We can turn the groupoid from Corollary 2.2.4 into a group just as we turn the
fundamental groupoid into the fundamental group in classical topology.

Specifically, for any small type X and element x : X such that is_set(z ~~ x), define the loop space
of X at x as the type © ~>x x.

Definition B.0.5. If G and H are groups, then the type of homomorphisms from G to H is

hom(G, H) = > [] flay) ~u f(x)f ().

f:G—H z,y:G

Example B.0.6. For any group G, the identity homomorphism is idmap , = (idmap, p) where
p(x,y) = refly,.
Definition B.0.7.

1. Let (h,p) : hom(G, H) and (k,q) : hom(H, K). The composition of k with h is the term

koh = (ko h,p*q) : hom(G, K)
2. For any groups G and H, the type of group isomorphisms from G to H is

G=H= 3 > (keh~ iduap,) x (hok ~ idnap,, ).
h:hon(G, H) k:hon(H,G)

Theorem B.0.8. Assume Univ. Let A, B : U and suppose that el(A) and el(B) are groups. Define
the function
isoeqy p: (A~y B) — (el(A) Zel(B))

inductively by

is0.-eq, p(refla) = (idmap, , . (1dmap, . (refliamap . refliasap,  )))-
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Then iso_eqy is an equivalence.

C Locally cartesian closed categories

Remark C.0.1. All categories in this section are assumed to be locally small.

Definition C.0.2. A symmetric monoidal category (¢,®) is closed if for every X € Ob¥, the
functor — ® X : ¥ — € has a right adjoint, denoted by

[X,—]: ¢ —F.
In this case, an object of the form [X,Y] is called the internal hom from X to Y.

This generalizes the tensor-hom adjunction found in the category of R-modules.

Definition C.0.3 (Cartesian closed). A category € is cartesian closed if it has all finite products
(hence a terminal object) and for any object X in &, the functor — x X : € — € has a right adjoint,
denoted by

e

In this case, an object of the form Y X is called the ezponential of Y by X.

This means that ¢ is cartesian closed exactly when it is closed as a cartesian monoidal category,
with YX being the internal hom of X and Y.

Suppose that & is cartesian closed. For any object X of ¥, there is some natural isomorphism
(©2) zeon(wor x) Petween the bifunctors

Homg(—, —X) : 6P X € — Set
Homg(— x X, —) : €°P x € — Set.

For any Y € Ob ¥, we call
evxy = pyx,y)(idyx)

the evaluation morphism for YX. Note that (eVX»Y)YeOb% is precisely the counit of our chosen
adjunction. This satisfies the following universal property.

Proposition C.0.4. For any object Z and any morphism f : Z x X — Y, there is a unique
morphism f : Z — YX such that f = evxy O(f X idX).

Z Z x X
J;i indXJ/ 4
Y Y¥XxX —3Y

evxy
Proof. Tt suffices to show that the bijection ¢z yy : Home(Z, Y¥) — Hom¢(Z x X,Y) is given by

P xidx evxy

(Zimx) - (Z><X—>YX><X—>Y).
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By naturality, we have that

Homg (v, y%) W) e (2,Y)

SO(YX,Y)J/ J{‘p(ZvY)

Home (YX x X,Y) Homy (Z x X,Y)

H0m<g(’¢'0p><idx7idy)
In particular,
evVxy O(w X idx) = idy O(p(y)(’y)(idyx) o (’lﬁ X idx)

= (p(Z,Y) (idyx e} idyX Ow)
= Pzy)-

Terminology. The morphism f is known as the (exponential) transpose of f relative to .

This is precisely the ordinary adjunct of f under ¢.

Note C.0.5. Conversely, for any morphism ¢g: Z — VX, let
g:=evxyo(gxldx).

By uniqueness of the transpose, we have that g = ¢ and f = f. Thus, we get a new adjunction
Homg(Z x X,Y) & Homg (Z, YX) given by f — f and g <= g. We call such an adjunction trans.

Example C.0.6. We can think of the exponential YX as a generalized version of the set of functions
from X to Y. In particular, both Set and FinSet are cartesian closed, where YX is taken to be

{flf: X—=>Y}

Let us review now the Yoneda lemma, through which we can establish a key class of additional
examples of cartesian closed categories.

Notation. If € is a category, then % will denote the presheaf category [¢°P, Set)].

Lemma C.0.7 (Yoneda). Let € be a category and let) : € — % denote the Yoneda embedding. In
particular, for any C € Ob ¢, Yo = Y(C) denotes the unique (set-valued) presheaf on € represented
by C. If F € Ob ¥, then the set map

¢ : Hom Ve, F) — F(C)
o(f) = fe(ide)
is a natural bijection in both C' and F. In particular, Y is fully faithful.

For any z € F(C), the natural transformation ¢ ~!(z) is given componentwise by

(gofl(ac))D : Homg (D, C) — F(D)
(07" (@) pl9) = F(g)().
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Therefore, from the natural one-to-one correspondence
r€F(B)+—Yp 5 F,
we obtain another such correspondence

F(f)(x) € F(A) <=z 0 Y(f)

for any map f: A — B in ¥.

Turning now to a well-known consequence of the Yoneda lemma, consider any presheaf F': €°P —
Set. In order to prove our second corollary, define the category f(g F of elements of F as follows. Its
objects are precisely pairs (C, z) with C € Ob¥% and z € F(C), and its morphisms (C, z) — (C’,z')
are precisely morphisms g : C'— C’ in € such that

F(g)(2') = =
Note that [ F' is small whenever € is small.

Theorem C.0.8 (Density theorem). Let € be a small category. For any F € Ob‘g, there is a
functor G : J — € such that J is small and colimje ;YVq, = F.

Proof sketch. Take ﬁg F as J. Consider the projection functor 7 : fcg F — € given by n(C,z) =C
and 7(g) = g on objects and morphisms, respectively. For each element (C,x) of F, define ac ) :
Yr(c.e)y — F as the unique map = : Yo — F corresponding to x via the Yoneda lemma. This
determines a cocone {a(c,x)} under )Y o w. Further, it can be shown that this is colimiting. O

Lemma C.0.9. Let € be any category and J be a small category. For any functors A : J —
[¢°P, Set] and B : €°P — Set, there is a natural isomorphism

colim(A; x B) = <colijj> x B.
j J

Proof. By definition of a colimit, we have a canonical cocone {¢; : A; — colim;A; }j. Applying the
functor — x B to this, we get another cocone

{aj xidp: A; x B — (colijj> X B} .
J .

J

By the universal property of colimits, this induces a unique morphism
a:colim(A; x B) — (col_imAj> x B.
J J
We want to show that « is a natural isomorphism. It suffices to show that each component a¢ is a

bijection. Since colimits in % are computed pointwise, we thus may assume wlog that A;, B € Ob Set
for any j € J. Applying the fact that Set is cartesian closed, we obtain the following chain of

44[2, Proposition 8.10].
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bijections natural in X € Ob Set:

Homget (coljm(Aj X B),X) = lim Homget (45 x B, X)
J J

2 lim Homget (Aj, XB)
J

~ Homget (col_imAj, XB>
J

~ Homget <<colijj> x B, X> .
J

Since the Yoneda embedding is fully faithful and thus reflects isomorphisms, it follows that
colim;(A; x B) = (colim;A;) x B, as desired. O

Lemma C.0.10. If % is small, then % is cartesian closed.

Proof. First of all, recall that % has all binary products where P x @) is computed pointwise for any
P,Q € Ob%, ie., (PxQ)(C) = P(C) x P(Q). Recall also that € has a terminal object, namely
the constant functor at any singleton set. Hence it has all finite products.

It remains to show that — x P always has a right adjoint. For any presheaf Q on &, define Q¥ to be
the presheaf Hom%;(y, x P,@Q) on €. Given any F' € Ob(g, apply Theorem C.0.8 to get a natural
isomorphism colim;e ;jVg, = F. Using the Yoneda lemma together with Lemma C.0.9, we thus get
the following chain of bijections natural in (F,Q):

Hom%;(F x P,Q) = Hom??( (c%i}rlygj) x P, Q)

= Hom%/c(c%i}n(ycj X P),Q)
= liJm Hom(g(ygj x P, Q)
= liJm Hom%\(ygj , QP)

=~ Hom %ﬁ(cogimij , Q”)
= Hom%;{F , QP).
Hence (f x P, fP) is an adjoint pair, as required. O

If ¢ has all pullbacks, then any morphism f : X — Y in % induces a base change functor
f*: €)Y = €/X defined on objects and morphisms, respectively, by

Xxy K — K

(p: K —=Y)— f*(p)l l
X Iy
K 5 K Xxy K 5 XxyK
PN YR Rl BN < £+(a)
Y X

119



where f*(r) is the unique morphism such that

Xxy K —— K

o

XXyK/4>K/ p

f(p)
lf*(q) qi

XﬁY

comimutes.

Lemma C.0.11. Let E be a category with pullbacks and f : X — 'Y be any morphism in €. Define
the dependent sum functor Xy : €/X — €Y by post-composition with f. Then (X¢, f*) is an
adjoint pair.

Proof. We must show that there is a natural isomorphism of bifunctors
Homg v (57(—), =) = Homg, x (=, f*(-)).

For each (a,b) € Ob((6/X)% x (€/Y)), define (a4 by (h: S(a) — b) (iz, Ca— f*(b)).

The universal property of pullbacks implies that this is a bijection natural in (a,b). To see explicitly
that it is natural, let (a : A — X,b: B — Y)and (¢’ : A’ — X, b’ : B = Y) be objects of (¢'/X)°" x
(¢/Y) and consider any morphism (v,u) : (a,b) — (a’,b"). We must prove that

Plarpy(wohoXp(v)) = f*(u) o ppy(h)ov

for any h : £y(a) — b. Note that X(v) = v. By the universal property of pullbacks, it suffices to
prove that

A— " . p
v
g
PURACELE S SV N -
) v
(l, f

X —Y

commutes. We have that h = t o h by definition of h. Further, by definition of f*(u), we have that
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uot=1t"o f*(u). Therefore,
t'of*(u)yohov=uotohov=uohou,

i.e., the top trapezoid commutes.
Next, note that

Thus, the bottom left triangle commutes as well, so that the whole diagram commutes. O

Example C.0.12. Any morphism g : A — X in Set corresponds uniquely to an X-indexed family
of disjoint sets (¢~"(x)), - Under this identification, the functor % is given by

g={ I '@

z€f~1(y) yeYy
for any set function f: X — Y.
We have established that f* always has a left adjoint. If f* always has a right adjoint and % has

all finite limits (equivalently, ¥ has a terminal object in addition to all pullbacks), then we obtain
the following notion.

Definition C.0.13 (Locally cartesian closed category (LCCC)). A category ¢ with finite
limits is locally cartesian closed (LCC) if for each morphism f : X — Y in %, the base change
functor f*: €/Y — € /X has a right adjoint, called the dependent product I1;.

Example C.0.14. The category Set of sets is LCC. Indeed, for any set functions f : X — Y and
g:A— X, we have

Iig)=| ] ¢'@]

€f1(y) yev

which is precisely a Y-indexed family of sets of choice functions f~(y) = U,e -1, 9" (2)-
Proposition C.0.15. Let f: X — Y be any map in a LCCC €. There is a unique isomorphism
(o) =10

of right adjoint functors €Y — €Y.

Proof. Note that the binary product functor (=) x f : €/Y — %€/Y is precisely the composite
Y o f*. Hence both Il o f* and (f)f are right adjoint to (=) x f. But right adjoints are unique
up to unique adjunction-compatible isomorphism, and thus our proof is complete. O
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Proposition C.0.16 (Beck-Chevalley condition). Suppose that

Q

b

PR
.<7
Q

S
S

f
s a pullback square in a LCCC €. Then there are isomorphisms

Yph*o = f Y0
Mph*p = f Il e
natural in ¢ € Ob%/C.

Proof. The first isomorphism follows immediately from the pasting law for pullbacks. From this, we
obtain the second isomorphism. Indeed, we have a chain of isomorphisms

Hom (¢, f*T,p) = Hom(g* X 19, ¢)
= Hom(zhk*wv 90)
=~ Hom(w, Hkh*go)

natural in (¢, ¢) € Ob(%/A x €/C). Our desired isomorphism now follows from the fact that the
Yoneda embedding is conservative. O

Notation. The terminal object of a category will always be denoted by 1.

Theorem C.0.17. Suppose that € has a terminal object. Then € is LCC if and only if €/X is
cartesian closed for every object X of €.

Proof.
(=) Let X € Ob%. We must show that ¢’/ X is cartesian closed. Let a: A - X and b: B = X
be morphisms in ¢. Recall that 4’/X has all finite products, with binary products being pullbacks

Axx B 23 B

N
\\
T S~ b
~
<
~

Ay

and the terminal object being idx : X — X. To see that — x a has a right adjoint, note that it is
the same as the composite functor

CIX 25 ¢/A 2 ¢)X.
Since ¢ is LCC, we have an adjoint triple %, 4 a* 4 I1,. This yields an adjunction
Yeoa* "1Il,0a",

so that — x a has a right adjoint.

(«<=) Let us show that % has all finite limits. It suffices to show that € has a terminal object and
all pullbacks. By assumption, it has the former. To see that is has the latter, note that each slice
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of ¥ is cartesian closed and thus has all binary products, which are precisely pullback squares in % .
It follows that % has all pullbacks.

Next, let us show that Iy exists for every morphism f: X — Y in €. Define Il : /X — €/Y on
objects by mapping a : A — X to the pullback

Iy(a) — (foa)f
I
in /Y where 7 denotes the transpose of the canonical isomorphism
Tidy x f = f

relative to trans (defined in Note C.0.5). We see that II is functorial as the composite Uy o 7* o —f
where Uy denotes a suitable forgetful functor that outputs just the object of the pullback.

It remains to exhibit a bijection

Homey (b,11f(a)) = Home, x (f*(b), a)

natural in (b: B—Y,a: A—Y) € (¢/Y)® x€¢/X. By the universal property of pullbacks, every
g € Hom y (b, I1f(a)) naturally corresponds to a pair (g1, g2) of morphisms in 4’/Y" such that

b
N
Iy(a) — (foa)!
g
1 l _ laf
commutes. But g; must equal b, so that g naturally corresponds to a morphism ¢’ : b — (f o a)f

such that af o ¢’ = idy o b. Furthermore, under the equivalence (¢/X) ~ (€)Y)/f, every g €
Home, x (f*(b),a) is precisely a morphism

bxfihfoa
RN
f

in (¢/Y)/f where 7x is as in
Bxy X 25 X

nBJ J{f :

BﬁY

Now, consider the product-exponential adjunction given by trans in /Y. We want to show that
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trans restricts to a bijection
{9:0= (foa) [afog =idy ob} =5 {gibx f > foalaog=mx},

which must be natural. That is, we want to show that a o transy soq(¢’) = mx. Since we have
assumed that

b2, (foa)f

bl laf

idy ——— f7
T
commutes, it follows from adjunction that

bX f t'r‘ansb,foa(g) (foa)

inde/ la

idy xf f

transiay, , (7)
does as well. But transia, ;(7) =7 =7, and 7o (b x idf) equals the projection b x f Ty f. Since
7y is precisely mx, we have that mx =70 (b x idy) = a o transy foq(g’), as desired. O
Corollary C.0.18. Let € be LCC.

1. € is cartesian closed.

2. Every slice € /A of € is LCC.
Proof.

1. Simply observe that € = €/1.

2. It is clear that ¥/X ~ (¥/A)/a for every X € Ob% and every morphism a : X — A in %.
Hence every slice of ¥ /A is cartesian closed, so that ¥ /A is LCC.

O
Corollary C.0.19. If € is small, then % is LCC.

Proof. Suppose that ¢ is small. Then fg P is also small for any presheaf P on . By Lemma C.0.10,

it suffices to show that %?/ P~ f% P. Let us construct such an equivalence.

Define the functor ¢ : %?/P — f%P as follows. For each morphism f : FF — P in 5927 define the
presheaf o(f) on [, P by mapping each object (C,x) to the fiber product

fol (@) x{=}
—_—
F(C) xpiey {r} —— {=}

| |

F(C) —— P(C)

and each morphism a : (C,z) — (C’,z) to the set function given by (y,z’) — (F(a)(y), z).
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Also, for each morphism

F -l
N

in ‘g/P, define the natural transformation ¢(h) : ¢(f) = ¢(g) componentwise by

T @

p(h)c = fo' (@) x {2} = g5 () x {z}
(y,x) — (hc(y),ZIJ)

For the reverse direction, define the functor 7 : f;?—’ — ‘g/ P as follows. For each presheaf f on f% P,
first define the presheaf Ry : €°P — Set on objects by C' — HmGP(C) f(C, z) and on morphisms by

(@:C =)= ((@,y) = (Pa)(x), f(a)(y)),
where a is also a morphism (C, P(a)(z)) = (C’,z) in [, P. Now, define the natural transformation
7©(f): Ry — P componentwise by 7(f)c(x,y) = .

Also, for each morphism K := (k(C,z)> : f = ¢ in f% P, define the natural transformation
m(K): Ry — Ry componentwise by

7-‘-(I()C'(-r7 y) = ($7 k(C,m) (y)>

Clearly, m(g) o m(K) = w(f), so that w(K) is indeed a morphism in ‘g/P
Finally, it is easy yet tedious to check that ¢ o w = idf/\P and mo p = id%\/P, and we won’t do so
here. ‘ O

Example C.0.20.
1. sSet, the category of simplicial sets.

2. [€°P,sSet] = [(¢ x A)°P, Set], the category of simplicial presheaves over a small category & .
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