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Section 1. Summary

If it was so, it might be; and if it were so, it would be,
but as it isn’t, it ain’t. That’s logic.
— Tweedledee, about LDTT

1. Summary

1.1. General Context

Over the last decades, proof mechanization has become a highly focused problem in logic. By
proof mechanization, we mean making a computer automatically verify that a mathematical
proof is correct. Although one might initially think that this is just a matter of having a
sufficiently smart proof checker, on par with what mathematicians routinely do, it has appeared
that the problem is much more deep, leading logicians to consider alternative foundations of
mathematics, more amenable to mechanization: dependent type theory [1], [2] (later refered to as
DTT). This path has lead to revolutionary ideas, unveiling a deep connection between logic and
homotopy theory [3], [4], [5], sprouting into Homotopy Type Theory [6], which is still actively
studied today.

At the same time, Girard discovered what has now become linear logic [7] (later refered to as
LL), as if he put the most fundamental logical connectives that were known at the time in a
particule accelerator, making them collide, break, and reveal that they are, in fact, composed of
“smaller”, more primitive, ones. This very fundamental discovery has, surprisingly, managed to
reconcile two worlds that were thought to be completely disjoint: classical logic, and intuition-
istic logic. This is crucial, as modern mathematics are built in a classical framework, yet type
theories are intuitionistic in nature. Linear logic has since become a very rich research area,
relating logic with many other fields.

1.2. Research problem

Despite their respective importance in the field, and several attempts [8], [9], no satisfactory
linear dependent type system has been found yet. Achieving this would be a key milestone,
as it would, among other things, improve our ability to do classical reasonings in a dependent
setting. The issue is that linear logic expresses finely the dependence of certain formulas with
respect to other formulas, seen as resources.

1.3. Our contribution
During the internship, we have studied the problem of defining a linear dependent type theory,
by interleaving two complementary viewpoints: syntax and semantics. Indeed, we have
o identified a key type former, the singleton type, as a bridge between LL and DTT
o developed a linear dependent type theory, the Hanaba system. The main technical novelties
are
1. a usage of several contexts to speak of linearity and dependence (modifying contexts with
this purpose in mind has been done before, eg [8], but not in the same way)
2. the usage of the aforementioned singleton type
3. mixing intrinsic and extrinsic semantics of the A-calculus, after [10]

We have not proved standard meta-theoretical results for the system, such as subject
reduction, inversion lemmas, canonicity, confluence, strong normalisation, consistency, ...

e developed a notion of models for the Hanaba system on top of fibered double categories. A
model is, intuitively, a mathematical object in which one can interpret the Hanaba system,
but we haven’t fully defined the interpretation yet.
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e built a “concrete” family of such models. These are useful for several reasons:
1. they help developping an intuition of what Hanaba models look like
2. their existence is a key step in proving some meta-theoretical results, such as consistency

This family of models is more of a framework on top of which to build models, rather that
one, specific model, as it can build a model without semantic constructors from any fibered
double category. Additional assumptions can be made to build models with more features.

1.4. Arguments supporting its validity

The syntactic and semantics of the Hanaba system were developed simultaneously. Where it
was not clear which option to choose when defining the type system, the same problem has
been studied from the semantical point of view, and reciprocally. Hence, even if we haven’t had
the time to prove basic properties of the system, which would support its validity, the system
itself and its models have emerged naturally, so we are confident that, with enough time, we
could show its consistency.

1.5. Summary and future work

First and foremost, the semantics are not on par with the syntax. Indeed, we have not provided
the semantic counterparts to universes, with, coproduct and the exponential. We expect their
treatement to be similar to that of models of DTT and linear logic, repsectively.

That being said, some obvious, yet important, technicalities have not been covered during the
internship, for time reasons (the size of the system rules out proving these theorems “by hand”,
and formalizing the whole system would itself probably require months of work): confluence,
strong normalization, canonicity, subject reduction, soundness, completeness, the actual inter-
pretation of the calculus in the model, ...

Also, we have not “properly” handled universes: we have assumed Type : Type, as is usually
done in prototype theories (again for time reasons). Fixing this should be completely straight-
forward, as is done with other DTTs, as our extensions do not interfere with universes.

Besides these minor points (in the sense that solving those problems would probably not require
new ideas, as these are common problems which have already been solved in the literature for a
wide variety of systems), the Hanaba system embeds only the intuitionistic fragment of linear
logic [11]. Crucially, it lacks an involutive negation. We believe such an involutive negation
could be added, syntactically by supporting continuations, semantically by considering chirality
categories.

1.6. Outline of the document

The document starts with Section 2, which presents the main ideas of the syntactic system.
Then, it follows up with Section 3, which presents exhaustively the definition of the basis of a
Hanaba model. Aquaintance with Grothendieck fibrations is required in order to understand it;
in case the reader needs some reminders, they can read Appendix A.

Most of the proofs have been moved to the appendix. Yet, the appendix also contains the
construction the the chain models in Appendix F. We suggest reading that section of the
appendix, if time permits, above others, as it’s the one that contains more novel ideas.

2. Syntax of the Hanaba calculus
Developing a linear dependent type theory therefore involves introducing a more fine-grained
control of dependency in a dependent type theory. The main obstruction in doing so is that, in
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dependent type theory, types themselves can depend (or, at least, observe) the resources whose
usage we carefully track. Specifically, it appears that in the current presentation of dependent
type theories, substitutions between contexts do not bother with keeping track of what each
term of the substitution actually depends on: every term simply implicitely depends on the
whole domain context.

Consider, for instance, a vector type Vec,(n) of lists of size m, and of elements of type A.
Consider now the substitution that doubles each element in such a list of natural numbers,
leaving its size unchanged. In usual DTT, this would look as follows

map(A\z.2x, v)
v : Vecy(n) > u : Vecy(m)

l |

n:N m: N

But actually, the term for the variable m is just n, it does not depend on v. So one could be
more parsimonious

map(A\z.2z, v)
v : Vecy(n) > u : Vecy(m)

L

n:N > m: N

We can therefore consider a more general form of substitution, where each variable of the
codomain context also specifies up to which layer it depends. That is, a substitution might look

like so
x,, A
¥ tn+1
Tpiq P Apis Yn+1 * B
¥ tn ¥
\ .
Ty An 7 Yp t Bn
LTy Anfl

such term ¢, is exactly the same as in the following situation, where we pull back everything
below it
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Z,, A
¥ tn+1
Tpy1t Apga Ynt1 * Bup1lyr Bty sy 0 4]
x, A,
Tp1* Anfl

that is, it’s a substitution
Tpp1 P Apits o Ty 1A, — B[y 2t oy, 2t

above the context x; : A;,...,a,, : A,,. This naturally suggests that we are interested in judge-
ments of the form

F''EAFt: A
where A proves A over the context I'.

We furthermore note that context substitutions are not the only place where dependent type
theory is “wasteful” with respect to dependency. Indeed, in DTT, the primitive function type
is IT types, which make both the resulting value and the resulting type depend on the input.
While this should be expressible in a linear dependent setting, we need finer-grained primitive
function spaces, expressing that only the resulting value, or the resulting type, depend on the
input, because we cannot simply discard a value that we don’t care about in a linear setting.
The former type former is the linear implication A — B, with constructor \z.t where x appears
in ¢ but not in B, and the latter is a universal quantification V. 4B, with constructor Ax.t
where x appears in B but not in t.

From this, we deduce two key insights. First, the judgement I' F A - ¢ : A is not enough, because
we need to distinguish between variables that can appear in the type, but not in the term, and
vice versa. Hence, we introduce a third context © in

F'EO|AFt: A
where variables in © can only be used in types, and variables in A can only appear in t. Hence,
the introduction rules for the two type formers that we have described are

'E0|Az:Art: B 'eEe,z:A|Art:B
TEO|[AFAst:A B TEO|AFAzt:V, B

Secondly, this is not enough to express II types, because variables so far cannot appear both
in terms and types. Rather than introducing a third constructor dz.t, introducing variables

4 -
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in both contexts at once, we introduce a singleton type {a} 4 for a : A. Elements of {a}, are
thought of as those equal to a, but the term a itself appears in the type, whereas its inhabitants
appear as terms. Thus, we can decompose

O, 4B:=V,a{a}, - B

Similarly, we can decompose the X type in a tensor product type A ® B and an existential type
3,.4B, and have a similar equation

Ea:AB = EIa:A{a}AXCB

Combining these two insights requires some care though. Indeed, in a usual DTT context, one
might have the following introduction rule for the singleton type.

I'Fa:A
F'ta:{a}4
But in our setting, this is ruled out by the fact that a term cannot, in general, appear both on
the left and on the right of the colon in the typing judgement, as these two places live above
different contexts, so the following rule is ill-formed:

Fr'EO©|AFa:A
F'EO|Ata:{a}y

The first step to fix this issue is to relax a little bit the rule to include every term that is
definitionally equal to a

F'EO|AFad' =a:A

F'EO|AFa :{a},

Presented as such, if one looks just at the conclusion of this rule, we have solved our issue: two
different terms (a” and a) appear on the left and on the right of the colon. Yet, if we look at the
premise of the rule, one sees an impossible statement: @’ = a : A, since they live above different
contexts. Hence, we introduce a new typing judgement, stating a heterogeneous definitional
equality between a term defined in a term context, and a term defined in a type context

re0o|Aturuv:A

with the idea that the introduction rule for the singleton type would be the following

F'EO|AFad' Ha:A
F'EO|AFa :{a},

We will see, however, that in order to make + a congruence, in order to keep track of
variables introduced inside the terms a and a’, we need two more contexts in the heterogeneous
definitional equality judgement.

The Hanaba system is a intuitionistic linear dependent type system, ie. it is a MLTT [2] with
the intuitionistc fragment of LL [11], that is, ®, !, —, & and @. Crucially, it lacks negation,
and hence 7 and %. The full specification of the calculus can be found in Appendix B. We will
present here its key ideas.

One of the main points of the Hanaba calculus is the decomposition of II types as a universal
quantification, which gives dependency, a linear implication, which gives linearity, and a
singleton type, which relates the two “levels”.
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Let us describe the Hanaba calculus step by step. This involves defining the set T of terms

inductively, as well as three kind of contexts:

I',©,X are “dependent” contexts, that is, contexts used additively, and where each type can
depend on previous variables in the context, as is usual in DTT

= is a “linear” context, that is, it will be used multiplicatively, and types cannot depend on
variables in the same context (type can have free variables, though)

A is a “linear” annotated context, that is, same as Z, but variables can be annotated with
free variables:

A:::O|A,V:T’A,VHV:T

With this in mind, we will define the following judgements

F T ctxt: “T" is a well-formed (dependent) context”

'k A ctxt: “A is a well-formed (linear) context under (dependend) context I'”

'+ T type: “the type T is well-defined in context I'”

F'FO|AFt:T: “t has type T in global context I', type context ©® and term context
A”. Note that I' is an intuitionistic context whose variables can appear both in ¢ and in T
(intuitionistic in the sense that variables can appear any number of times, or, equivalently,
that it will be used additively in typing rules), © is an intuitionistic context whose variables
can appear only in 7', and A is a linear context (its variables must appear exactly once)
whose variables can appear only in .

FrEO|X|A|EFurv: A: “uis under v of type A in global context I', type context ©,
exclusive type context X, term context A” and shared term context Z. As before, I' is an
intuitionistic context whose variables can appear in u, v and A, © is an intuitionistic context
whose variables can appear only in v and A, ¥ is an intuitionistic context whose variables
can appear only in A, A is an enriched linear context whose variables can appear only in wu,
and Z is a linear context whose variables can appear only in v and v

Fr'FO | AFu=wv:A: “u is definitionally equal to v of type A in global context I', type
context ©, term context A”

' A= B type: “A is a type definitionally equal to B in global context I'”

2.1. Definitional equality

We will not give here the exact rules for the definitional equality, but they can be easily intuited:

it is an equivalence relation, that is a congruence with respect to the syntax, and which might

closed under 7 (if one wishes the theory to be extensional).

Similarly, the definitional equality between types could be expressed purely in terms of the

definitional equality of terms, which happen to be types, but it is technically easier to include

it as an additional judgement.

2.2. Contexts

Dependent context formation is very much akin to what happens in usual DTT

Ctxt-NL-empty Flctxt TFAtype Ctxt-NL-cons
F o ctxt FT,z: A ctxt

Linear context formation, on the other hand, happens under a dependent context

Ctxt-L-empty '-Actxt TI'F Atype
['Foctxt I'-A,z: A ctxt

Ctxt-L-cons
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F'FActxt TEo|loby: A
'FAxz—y: A ctxt

Ctxt-L-cons’

2.3. Universe

In order to keep the Hanaba system simple, we assume type-in-type. This is blatantly incoherent,
but universes are not the construction under scrutiny here, and replacing it with a universe
hierarchy is orthogonal to our work.

T:=...| Type

Type-F I',© - A type
't Type type TEO ok A: Type

Type-1

The rule Type-I is particularly important as it shows that a type has access to variables that
occur in I and ©, but not in A.

2.4. Variables

Assume we have a fixed, infinite set of variables V. A term can be a variable
T:=..|V

Judgement for typing variables are the axiom rules

z:Ael' FT,0 ctxt IOk z: A ctxt
Ax-NL
F'EB|okz: A FrE0|z:AFz: A

Ax-L

erzry: A ctxt
F'EO|z—y:AFz: A

Ax-I’

Note that free variables of the term in a judgement of the form ¢ : A can only occur in I', any
number of times, or in A, exactly once.

2.5. Function space

Te= .. | AV.T|TT | T — T
' A type I‘I—Btype_o_F 'k |Ajz: AFt: B o]
' A — B type r'k® | AFXzt: A—-B

TEO|A Fu:A~B TEO|[AFv:d
'E©| A, AyFuv: B

-B

With I and © fixed, these definitions correspond to the usual linear logic implication.

2.6. Universal quantification

Note that the linear map space, A — B, does not bind the argument variable at the type-level:
B does not depend on a : A. Dually, Hanaba has a universal quantification type, whose terms
are those that bind a variable but do not “use” it

T:=...| AV.T | TQT | Vy.,T
' A type I‘,a:AI—BtypeV_F re0,z:A|Art:B F,@lZActxtv_I
'V, 4B type F'FO|AFAzt:V 4B

'E®|AFu:V, 4B F,@I=<>|<>I—'U:Av_
F'EO© | AFuQu: Bla v

E

-7 -
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Note that, in the rule V-I, the bound variable is not added in the term context A, but in the
type context ©, which has not axiom rules. Variables in © can only be accessed when © is
merged with the global context I', as in rule V-E. Dually, the latter rule does not require the
argument to be defined in the same context as the application itself.

2.7. Singleton type

The two previous sections have introduced, respectively, linearity and dependency, in a separate
fashion: you can either bind a variable on which a type can depend, or you can bind it so
that the term (linearly) depends on it. This is not enough to express, say, II types, where the
variable bound is used both in the term and in the type. To link these two worlds, we need
the singleton type {a},. Elements of {a} 4, where a : A, are thought of as being definitionally
equal to a. However, inhabitants of {a} 4 live at the term level, whereas a itself lives at the type
level. To express a definitional equality between terms that live at different levels, we need a
new judgement: u  a : A. The idea is that having a u : {a} 4 is the same as u — a : A holding,
and — should additionally be a congruence.

F'Eoloka:A ¥ F'EO|¢o|Alokt—a:A

-1
'+ {a}4 type I'EO | AtFloopt:{a}y Y

Fr'EO|Ajyz—a:AFv:B TEO|A Fu:{a}ly, (B
'E6 | A, Ayletloopr=uinv:B

The rules for the judgement 'E O | ¥ | A | EF ut» v: A follow closely the typing rules. For
instance, we have the following rules
e, YXFz—u: A ctxt , e,Xkzx: A ctxt
Ax--L
FreE0|X|z—u:Alobzu: A FrEO|X|o|z:Arzz: A

Ax-—-L

' |X|A|Ejz:AFu—v: B ree |2z:A|A|Etu—v:B
SN AR

TEO|S|A|EF zuAzv:A—=B  TEO|X|A|EFAzur \zw:V, B
with this, we can reconstruct the intuitionistic II type as

Ha:AB = va:A!{a} — B

3. Semantics of the Hanaba calculus

Following the logic of [1], [12], we will define a semantic couterpart to the previously defined
system. Our definition will rely on fibered double category, which is inspired by comprehension
categories [13] and fibrational models of DTT. It will also rely on extrinsic term semantics, as
in [10].

More specifically, we will define the notion of fibered double category, which is a framework in
which to speak of models of DTT, as will be explained later. Similarly, we will use monoidal
closed categories as the backbone of models of linear logic. As syntactically our system has
three contexts, stacked onto each other, semantically, our models will be defined as two fibered
double category sitting on top of each other (representing respectively the contexts I' and the
context ©), as well monoidal closed categories on top of it, representing the category whose
elements are contexts A.

In a way, the separation between the type context, and the term context is reminescent of
some restrictions of proof irrilevant universes. Indeed, terms well typed in our system are those
where variables of the type context are only used to build types, which can be thought of as

-8 —



Section 3. Semantics of the Hanaba calculus

everything that is erased at compile time. Under this interpretation, a term is well-typed if,
after performing a “type erasure”, it doesn’t contain any variable of the type context anymore.

This is not yet a fully semantical condition, though. A better way to phrase this would be
to say that the behavior of the term (what is obtained after the erasure) is invariant under
substitutions that only affect variables that appear in the type context.

To express this semantically, one has to consider a category of type contexts, on top of which
is a fibered model of linear logic. For each type context ©, there is a fiber in which morphisms
A — A represent terms ¢ such that © | A+t : A. However, such a term can still “depend” on
©, so we additionally have a model M of untyped lambda calculus in which to interpret ¢: {t} €
M in such a way that for any substitution p : © — O, we have {t{p}} = {t}}.

Of course, this all actually lives on top of a global context I', that is, in a fiber above I'. Hence
a Hanaba model is two fibrations, one sitting above the other, with a fibered model of untyped
lambda calculus.

3.1. Models of untyped linear A calculus
Hanaba models are partly built as extrinsic models of A calculus, in the spirit of [10]. The
motivating example is the following:

oF a:Type |0k 1,0a@Ql*:a®1

Note that, in this term, the variable o appears, but is irrilevant as to the “meaning” of the term.
That is, if we substitute a for N or 1, it doesn’t change its computational behavior, yet the
two terms are not exactly equal. Hence, we would like to have a “type erasure” operation that
erases from the term the parts of it that are not relevant for its computational behavior, turning
1,@a@1 * into ¢y *. Of course, the resulting term is not type correct, as the type information
has been forgotten, so such a “type erasure” operation must have as codomain an untyped
setting.

Semantically, such codomain will be a fibration over a base category whose fibers are models
of untyped linear A calculus. Let us first define the latter, as in [14].

Definition 3.1.1 (Model of linear \ calculus) N

A model of linear X calculus is a monoidal closed category (€, I, ®, —) with a universe U :

€ equipped with a retraction

ie. such that

app o lam = idy_;
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Definition 3.1.2 (Morphism of model of linear A calculus)

A morphism between a model (C,I,®,—,U,app,lam) and (C’,I’,®",—", U’ app’,lam’)
is a closed monoidal functor F' : C — C’ such that

FU)=U'
F(app) = app’

F(lam) = lam’

&

Models of linear A calculus and their morphisms form a category LAMod , which is a subcat-
egory of Cat.

Note that LAMod is exactly the category of diagrams of shape § in the category of monoidal
closed categories, where § is the free monoidal closed category with an object P, as well as a
retraction P — P < P.

Definition 3.1.3 (LAMod-fibered fibration)

A LAMod-fibered fibration is a fibration p : € — 2D such that the fiber pseudo-functor
p~! factors through the forgetful functor LAMod — Cat.

3.2. Fibered double categories
Hanaba models are inspired by the fibrational approach of categorical semantics [15], double
categories [16]. Hence, let us define a notion of fibered double category, mixing the two notions.

Definition 3.2.1 (Double category)

A double category is a pair of categories £* and & ! forming an internal graph in the category

Cat
&l
/ \
E* E°

where s is the source functor and t the target functor, equipped with a unit functor e :
&* — &l making the following diagram commute

and a composition functor

— 10 —



Section 3. Semantics of the Hanaba calculus

making the following diagram commute

&l

&l

&l &l

E* o é*

The unit must behave as an identity with respect to composition, that is, the following
two triangles must commute

gl Xg.@ e Xg- gl
Elx e &® ———— Elx,. &L E Xgo El —————— &£l x,. &l
Ty Ty
(o (o
&l &l

Furthermore, the composition must be associative, that is, the following diagram must
commute (note that this diagram is well-defined by definition of ¢):

OXé’-id 1
I
o —— &

1d£l X go O

O
e —— el

L]
. J

If we are given a double category (é’ &€ I,s,t,e,o), we will denote by a horizontal arrow a
morphism in &£°, and by a vertical arrow an object of &£ L.

— 11 —
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B

where s(a) = A and t(a) = B. Furthermore, we will say that a square as follows commutes

fl fn
Al e 1N B1
Oék Bm

gl gr

~
~

A B,
if there exists a morphism
(pak0~0a1—>ﬂm<>oﬁl

such that

s(p)
t(p) =

Definition 3.2.2 (Fibered double category)

A double category (6’ & I, s,t, e, <>) is said to be fibered if t is a split cloven Grothendieck
fibration, the unit is a fibration morphism

faoro i
r° %91

e: idgo —t
and so is the composition

Oitomy — 1
&

Intuitively, in a fibered double category (5 & I, s, t, e, <>), &° represents the category of contexts,
with morphism substitutions, and & ! represents the category of types on top of a context. The
functor t is the forgetful functor that, to each type associates the context on top of which it is
defined. s, on the other hand, is the context extension: if we have a type A on top of a context
T, s(A) is the context I'.A. The unit of the double category is the functor that, to each context
associates the unit type on top of that context, and ¢ is the dependent sum.

t being a fibration makes the notion of a category of types above a contexrt I' meaningful, because
we can consider the fiber t!. Furthermore, for each substitution p : A — T, it can consider its
action t;l St — tgl which actually performs the substitution on types and terms. Finally, the

- 12 —
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fact that e and ¢ are fibration morphisms is to ensure the substitution of the unit type above
on fiber gives the unit type above the other fiber, and similarly that the substitution of the
dependent sum is the dependent sum of the substitution. This is exactly what the following
propositions will show:

Proposition 3.2.3

Let f: X — Y be a morphism in £°. We have a canonical isomorphism

e} ey = tj?l(ey)
L)

Proof. f is a cartesian morphism for the identity fibration, hence e; is itself cartesian for ¢.
Hence, there exist e} and its inverse making the following diagram commute

t
f
X ——Y
O
Definition 3.2.4 (Morphism extension)
Given a morphism f: X — Y in £ and R : t3* be above Y, the extension of f by R is
f7 = s((flr)
-
Proposition 3.2.5
Given a morphism f: X — Y in &%, and R : t3! and S : ts_&z), the morphism <[f]§;l, [fR];)
is cartesian for t o m,.
»
Proof. See Appendix G. O

Proposition 3.2.6

Given a morphism f: X —Y in &° and R:ty' and S: ts_(lR), we have a canonical
isomorphism

R0} S : 17 (R) o t74(S) = t; (R S)

L)

t

Proof. Because ([ ikl fR]tS) is cartesian, and because ¢ is a fibration morphism, [f]% o [ fR]S

is cartesian. Hence, there exist unique maps making the following commute

— 13 —



Section 3. Semantics of the Hanaba calculus

3.3. Foundations of Hanaba models

We will now proceed to defining a Hanaba model. This definition will span over the next few
sections, as we will enumerate all the data in this definition. A summary of this enumeration
can be found in Appendix E.

Suppose we have a fibered double category (1)
B,
/ \
B B

(): B— B,

with unit (2)
and with multiplication (3)

— — B, x5 B, — B,

as well as an other fibered double category (4)
&
/ X
B, B,

1:8, =-¢&

with unit (5)

and multiplication (6)
Y:i&xg E—E

~ 14 —



Section 3. Semantics of the Hanaba calculus

Suppose we also have a LAMod-fibered fibration (7) v: € — B. For I': B, let us note Cr :=
vp! and U the universe of Cp.

Let’s call B the global context category, as its elements will be global contexts (ie. contexts that
we called I in the syntactic part). B, is the pointed context category, ie. contexts that we called
© in the syntactic part. The name comes from the fact that, in the chain model, B, will be
constructed as the category of pointed global contexts. Finally, let’s call £ the type category.

3.4. Global contexts B
For I : B, let us note Ctxt(T) the fiber 7! above I'. For a context © : Ctxt(T), and a morphism
p:T" =T, let

©{p} = 7,(O)
This defines a function
—{p} : Ctxt(T") — Ctxt(I)
which we call substitution action along p.
For © : Ctxt(I"), let us note
I'e:=F(©)

We have purpusefully chosen this notation to be the same as the multiplication —, —, since
we have

F: (@D @2) = (F7 @1)7 @2
which we can therefore denote as
Fa @h @2
3.4.1. Global context projection

Suppose there is a natural transformation p : F = 7 (8) such that, for every context I': B,
we have

Py, = idr

3.4.2. Global terms

For a context I' : B, and a pointed context © : Ctxt(T"), a global term at © is a morphism ¢ :
()p — O in Ctxt(T"). We write Tm(I' E ©) for the set of global terms at ©. Note that a global
term ¢t : Tm(I"' F ©) induces a section of the global context projection. Indeed, we have

P
F7 <>F r
F(t) m(t)
Pe
re ————T

Since 7(t) = idp, I', )p =T and P, = idp, we have that the following diagram commutes
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idp
F(t)

Pe
re ———7T

Let p:TI” — T be a substitution, and ¢ : Tm(T' k ©). Let us note t{p} := 7, (t) o ()% : (}o —
©{p} in Ctxt(T"). This defines the substitution action along p:

—{p} : Tm(T' E ©) - Tm(I" E ©{p})
For © : Ctxt(I"), suppose there is a term vg : Tm(I', 0 F ©{pg}) (9) .

3.4.3. Global context extension
Let global contexts I and I}, and © : Ctxt(I},) be a pointed context. For any substitution
p:I} =TI, and a term ¢t : Tm(I] E ©{p}), there exists a substitution (p,t): I} — I,,0 (10)
such that
Po ° (p,t) = p
vo{(p )} =t
{p,t) o p" = (pop'st{p'})
(idp,ve) =idp o
3.5. Pointed contexts B,
For a global context T': B, a pointed context © : Ctxt(T'), let us note Ty(T' F ©) = pg' the

category of types above I" and ©. We will sometimes omit the I', and simply note it Ty(0). For
a type A: Ty(' F ©), let us write

©.A:=q(A)
For a pointed substitution p : " — © in Ctxt(I'), and a type A : Ty(I' E ©), let us define
A{p}=p,'(4)
This defines a map
—{p}: Ty(TE @) > Ty(T F O
called the action along the substitution p.

Suppose there is a natural transformation p : ¢ = p (11) such that, for every pointed context
©: B,, we have

51@ =idg

3.5.1. Pointed terms

For a context I' : B, a pointed context O : Ctxt(I'), and a type A : Ty(I' E ©), a pointed term
of type A is a morphism ¢:1g — A in Ty(I' F ©). We write Tm(I' F © - A) for the set of
such terms.

Let p: ©; — O, be a pointed substitution in Ctxt(T'), and ¢ : Tm(I' F ©, - A) be a term. Let
us note

— 16 —
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t{p} =p,'(t) o1} : 19 — A{p}
This defines the action along the substitution p:
—{p}  TmIT'FO,FA) — Tm(l'F 6, - A{p})
For I' a global context, © : Ctxt(I') and A : Ty(I' F ©), suppose there is a term v, : Tm(I' E
OFA) (12) .

Note that a pointed term ¢ : Tm(I' F © + A) induces a section of the pointed context projection.
TODO

3.5.2. Pointed context extension

Let T' be a global context, ©,, 0, : Ctxt(I') be pointed contexts, and A : Ty(I' E ©,) be a type.
For any pointed substitution p : ©; — 0,, and any term ¢ : Tm(I' F ©; - A{p}), there exists a
substitution (p,t) : ©; = ©5.4 (13) such that

Pac(ptir=p
va{lp,t)r} =t
(o, t)rop” = (pep’,t{p'})r
(idg,va)r =ide.4
3.5.3. Linear structure
Assume that p is a MonCat-fibered fibration, where MonCat is the category of symmetric

monoidal closed categories and monoidal closed functors. Suppose, furthermore, that the unit
of each fiber above © is exactly 1g, and that it is a final object in the fiber category.

Let us note & the fiber of 7o p above I

Consider the category &) whose objects are those of &, and morphisms are p : A{p} — A for
p:0©— 0 and A: Ty(0').

Suppose there is a shape functor Sy : Epl — Cp (14) that factors through §:
&l

St

S — Cp
such that, for any substitution p, and any types A and B, we have
Sp(p: A{p} = A)® Sp(p: B{p} = B) = Sp(p: (A® B){p} + A® B)

Furthermore, for any global context I', pointed context © : Ctxt(I"), suppose there is a monoidal
closed functor {—}rre : Ty(I' E ©) — Cp (15) such that, for every A : Ty(I' E ©),

{[A]}n:e = SP(A)

Definition 3.5.1 (Linear terms)

Given two types A, A: Ty(T' F ©), a linear term is a morphism ¢ : A — A such that for
every pointed substitution p : @ — © in Ctxt(I"), the following diagram commutes
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{t{r}}
{A{pt} ——— {A{p}}
Sr(p) Sr(p)
{t}
{A} > {A}

Let us note Ty,;(I' E ©) the subcategory of Ty(I' F ©) where morphisms are linear terms.

-
Lemma 3.5.2

Ty,(I' E ©) is a sub-monoidal category of Ty(I' F ©).

Proof. As Ty,(I' E ©) contains every object of Ty(I' F ©), we just need to check that, given two
linear terms ¢, : A, — A; (i € {1,2}), their product t; ® t, is still linear. Consider a pointed
substitution p : © — ©O. Note that, because p is a MonCat-fibered fibration, p;l is a monoidal
functor, hence

(t1 ®ta){p} =t1{p} ® to{p}

and {—} is also a monoidal functor, so

1ty @ ta){p}} = {t:{p}} ® {t2{p}}
{[tl ®t2]} = {[tll} ® {[t2]}

hence the following diagram commutes

{ti{p}tt ® {t2{p}}
{A{r}} ® {As{p}} > {A{p}H ® {A2{p}}
Sr(p) ® Sr(p) Sr(p) ® Sr(p)
A {ti} ® {to} :

A1 ®{A,) » 1A @ {4,)

Definition 3.5.3 (Enriched linear context)

An enriched linear context over contexts I' and © is a pair of types A, A : Ty(I' E ©) with
a epimorphism A — A and a term 6 : Tm(I‘ FOF Z).

Definition 3.5.4

For a global context I' : B, a pointed context O : Ctxt(I'), an enriched context A : Ty(I' F
©) and a type A: Ty(I' E ©), let us write Tm(I' F © | A+ A) for the set of linear terms
A — A
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Let =Z: Ty(I' E ©) be a context. There exists a unique map E — 1g. Suppose it is an epimor-
phism. Thus, every context can be seen as an enriched context:

[1]

lo
Furthermore, if we have two enriched contexts (Al,zl,al CA = AL 1y — Zl) and
(AQ,Zz, Oy i Ay = DNy, 6y :2g — ZQ) over ©, we can form their tensor product

A®A,

N

For this definition to be correct, we need to suppose additionally that the tensor product of
epimorphisms is an epimorphism.

For any © : B, above a T', let us note vg : ()p g — © the following composition

{r.e

Ve{Pe}
Vo

[p@]e
O{pe} — ©

We assume vg to be an isomorphism. Indeed, in the model, we distinguish between types which
are otherwise identical syntactically, that is, if we have a context I', ® and a type A above it
(that is, above ()r g ), syntactically, it is the same as having a type above ©, but semantically,
they live in different fibers. Hence, we need identify these copies in all the fibers.

Definition 3.5.5 w

Given a global context I': 3B, a pointed context O : Ctxt(I'), a pointed context X :

Ctxt(T, ©), an enriched context A : Ty(T' E ©,%) (with enrichment A, ¢: A — A and
§:1g — A) and a context Z: Ty(I' E ©,%), a type A : Ty(T' £ ©,%), a linecar term u :
Tm(T'EFBO,X | AQEF A) and a linear term v: Tm(I',® F X | E{vg, X} F A{vg, L}).
We say that w maps to v, noted u s v, if there exists a linear term ¢t: A®Z — A,

necessary unique, making the following diagram commute
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u
A®E y A
/>‘ A
//// p
/// [VG?E]A
///
t /’
oc®= 7 A{vg, X}
////
v
///
¥ /’/ IRE [Ve;z]g
AQE < = < ={ve, T}

.

s
J

Given u: Tm(I'FO© | AF A), and v: Tm(T'EOF A), we
(necessarily unique) such that

_
7

u
A A
t
/’ v
AP
A

¢ lg

3.6. Semantic type formers

say that u > v if there exists a t

We have not formally defined semantic counterparts to every syntactic constructor, as well as

an interpretation for the Hanaba system into an Hanaba model, but a partial attempt can be

read at Appendix D.
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Appendix A Grothendieck fibrations
A Grothendieck fibrations
For this section, assume we have a functor p : £ — B.

A.1 First definitions and notations
For R: & and X : B, we say that R refines X if p(R) = X, and we denote it by

R

X

We can omit the p if it is clear from context. Furthermore, we say the following square commutes

ifp(f) =g

Definition A.1.1 (Cartesian morphism)

A morphism a: R — S in £ is said to be cartesian if, for any morphism §: T — S in &,

and g : p(T) — p(R) such that p(8) = p(a) o g, there exists a unique v : T — R making
the following diagram commute

Definition A.1.2 (Grothendieck fibration)

p is a (Grothendieck) fibration if for every diagram of the shape
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Appendix A Grothendieck fibrations

f

X —— Y

there exists an object p;*(R) in & and a cartesian morphism [f] : p?l (R) — R making
the following diagram commute

[f1&

p;'(R) — R

Definition A.1.3 (Cloven fibration)

I |

If p is a fibration, p equipped with a choice of such p}l(R) and [f] for every f is called
a cloven fibration.

Definition A.1.4 (Split fibration)

A cloven fibration p is said to be split if
Pay(R) =R
[idx]% =idp

for every R refining X.

Definition A.1.5 (Fibration morphism)

Given two fibrations p : £ — B and q : F — 3B, a fibration morphism F : p — q is a functor
F : & - F making the following diagram commute

F
é

QY

B

and such that any cartesian morphism « in £ is sent to a cartesian morphism F(«) in & .
oo
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A.2 Some properties of fibrations

Proposition A.2.1 (Folklore)

The pullback of a fibration by any functor is a fibration.

»

Proof. Let p: & — B be a fibration, and q: € — B be a functor, and consider the following
pullback

T2
Cxgl — &
_
U5 p
q

C — B

We have to show that 7 is a fibration. Consider such a diagram

(Y, 5)

T

f

X —— Y

We have that ¢(Y) = p(5), so we can lift the following diagram

[a(F)]s
pq_(lf)(S) > S

q(X) > q(Y)

therefore, the following diagram commutes

(f, la(Ns)
(X,p,(5(8) —— (v, 9)

T ™

X > Y

Let us show that this is indeed a cartesian morphism. Let (g, @) : (Z,T) — (Y, S) be a morphism
in € x5 & and h: Z — X such that the following diagram commutes

~w+3-
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(f, la(HI3)
Us! (X,pg(lf)(S)) > (Y, 8)

™

~ o

X >

In particular, the following diagram commutes

T (6]

[a(H)]s

p
q(h) *
q(f) 5

X Y

so there exists a unique 8 : T — pg(lf)(S) making the following diagram commute

q

(9) P
q(f) \

X Y

and so the (h, 8) uniquely makes the following diagram commute
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Ty (f: [a(H]s)
m (X.255(9)) > (Y,8)
a 7T1
z g ™
h
o f o
> Y

Proposition A.2.2 (Folklore)

Let p: & — B and ¢ : B — € two fibrations. g o p is a fibration.

Proof. Let f: X — Y be a morphism in €, and R such that ¢(p(R)) =Y.

X —Y

In particular, we are in the following situation

X ——Y

We can lift f one layer:

“—w+5 -
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q q
f o
X > Y
and again
p
1 (Fm],
Pl B) ————— R
p p
! [flpr) !

X > Y

Proposition A.2.3 (Folklore)

Let € be a category. ide is a fibration.

Proof. Consider a morphism f : X — Y. The following diagram trivially commutes

i, ide

f

X —Y

Let us check that f is a cartesian morphism. Let g : Z — Y be a morphism, and h: Z —- X
such that g = f o h. Then A is the unique morphism making the following diagram commute
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p
/\
z g p
h
f
X > Y
|
Proposition A.2.4 (Folklore)
Consider a family (p;), , of fibrations p; : & — B. Its coproduct
oIl
is a fibration.
L

Proof. Consider the following situation

X ——Y

for a given 4 : I and S : &,. We can lift f in &;:

. 1112
(), '(8) ——— 5
p; p;
f
X > Y
and therefore, in [] &
11
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Let us show that this morphism is cartesian. Consider a h : (j, T) — (i, (pz);1(5)> making the

following diagram commute

(4, 7T)

Pl (i ), (8)) ——— (0.8)

Then we must have i = j and this is exactly equivalent to the commutation of the following

diagram
T - g
X
LB
, 0);'(8) ———' s
g D;
h
i f
X > Y
by cartesianity of [f]o, there is exactly one such h. O

Proposition A.2.5 (Folklore?)

Let F: B — D and G : € — D be functors. Consider their glueing
FlG

/ \
B (6

Proof. Let f: X — Y be a morphism in B, and let (Y,R,g: F(Y) — G(R)) be an object in
F' | G, such that we are in the following situation

m; is a fibration.

LY
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(Y,R,g)

T

f

X —— Y

Note that go F(f) : F(X) - G(R), and that the following diagram commutes
go F(f)
F(X) — G(R)
F(f) G(idg)

F(Y) L) G(R)

Hence the following diagram commutes

(f’idR)
(X,R,go F(f)) — (Y, R,9)

™ st

X > Y

Let us prove that (f,idp) is cartesian. Suppose we have a (o, ) : (Z,S,v: F(Z) — G(95)) as
well as an h : Z — X making the following diagram commute

(o, B)
(Z,8,7)
<f71dR)
! (X,R,go F(f)) — (Y, R,9)
b ™
z— o T
h
o f o
X %

Suppose there is a h : (Z,5,7) = (X, R,ge° F(f)) making the following diagram commute
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(Z,8,7)
™
b ™
z - a T
h
o f o
X > Y

Then in particular we must have h = (h, B), so it is unique. Let us check that this indeed forms
a morphism (Z,5,7) — (X, R, g F(f)), that is, that the following diagram commutes

F(2) T, G(S)
F(h) G(B)

go F(f)
F(X) ——— G(R)

It does, as we can decompose it as follows

F(Z) ——— G(S)

F(\i/) % G&%)

The left triangle commutes by assumption, and the square commutes because (a,f) is a
morphism (Z,S,v) — (Y, R, g) O

A.3 Grothendieck construction

Theorem A.3.1 (Grothendieck construction [17])

The category of fibrations on a base category B and fibration morphisms is equivalent to
the category of pseudo Cat-valued presheaves

BP — Cat

For a fibration p over B, we note p~! its corresponding pseudo-functor.
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Proof. See Appendix J for a proof. O

Definition A.3.2 (C-fibered fibration)

Let € be a category, and ¢ : € — Cat a pseudo-functor. p : £ — B is a C-fibered fibration
if it is a fibration, and if p~! factors as such

-—w+11 -
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B Hanaba calculus

B.1 Terms
te=1x
IN|O|S|RN
|t —ot| Azt | tt
| V.t | Azt | tQt
[t®t| (t,t)|let (z,z) =tint
| 3,..t ]| (t,t) | let (z,xz) =tint
| {t}, | loop t | let loop z =t in ¢ | let z =lift z in ¢
|t=,t|refl | J
| 1t |let* x =t in ... let* x = ¢ in box ¢ | unbox ¢ | diag ¢ | drop ¢;¢
| t&et | [t, 2] [ my |
|[t®t |ty [ |R®
| 1]*]| ¢t
| Type

B.2 Rewriting rules

—-f N-S-zero
(Az.t)u — tlz — u] RY(P, g, Ugyee; 0) — ug

V-8 S S N-f-succ
(Az.t)Qu — t R (P, ug, Ugyee, SN) — usucc(n, R (P, uo,usucc,n))
®-B 3-8

let (z,y) = (u,v) in t — t[x > u,y - V] let (z,y) = (u,v) in t — t[y > v]

{}-6 lift-5

let loop z = loop u in v — v[z > u] let z =lift w in v — v

=8 L5

J(T, P,t, (refl(T,u,v))) — tu unbox (let* z, = e; in box t) — t[z; > €]

_I-diag —&p-1
diag (let* z; = e; in ... let* z,, = e, in box t) — ¢ m[u,v] — u

I-drop — &-p-2
drop (let* z; = e, in box t); u — drop e;;...;drop e, ;u Ty, v] — v

®-5-1 ®-5-2
R®(P,1,;QAQBv, uq, uy) — uqv R®(P,1,Q@AQBv, uy, uy) — uyv

1-8

U — U

. * — N
let* 2, = e, in — let* z; =€, in

. * — :
let* z, =e, in  let* z; je=e; ; in
* _ .
t let* z;, ., =e;,, in
% .
let* z,, = e, in

tlr, = e
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Appendix B Hanaba calculus

t =let (z},2]) = diag e, in

let (z,,zr) = diag e,, in

(let* z; = ] in ... let* z, = = in box t,let* z; = z7 in ... let* z, = z] in box t)
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Appendix C

C Hanaba typing system
We note

Hanaba typing system

1_Ia:AB = va:A{a‘}A —~ B

Za:AB =

C.1 Context formation
T ctxt
I' ¢ ctxt

Ctxt-L-empty

I'FActxt I'F Atype Ctxt-L-cons
I'FA x: A ctxt

FTctxt D'F A type Ctxt-NL-cons
FID,z: A ctxt

C.2 Universe
Type-F

I' - Type type

I'Or A= B type

Type-=
'O |0k A= B:Type
C.3 Variables
z:Ael FTOctxt \

TEO|[okz:A

IOk xz u: A ctxt )
Ax-L
Fr'k®|z—u:AkFz: A

e, X+ x: A ctxt Axe
FreE0|X|jo|lz:Arazz: A

C.4 Structural rules

Jaala}a&B
Ctxt-NL-empty
F ¢ ctxt

F'FActxt TFol|loly:A Ctxt-L-econs
F'-Az—>y: Actxt

I'OF A type
'FO |0k A: Type

Type-1

Type-—

I'EO | X |o|oF Type Type: Type

I'OFz: Actxt AL,
e |z:AFz: A

z:Ael T,0,XF Atype AX-—-NL
FrEO | |o|oFazrax:A

e, XFzxtu: Actxt )
Ax-—-L
Fr'EO|X|z—u:AlorzHu:A

'O |Atu:A F’G‘MO'—AEB:TypeE—CaS’L—L

'E®|AFtu:B

u—> v I‘I=9|A"“‘A:_5
FrkO|Atu=v:A B

PEO[AFu:d _ oo
FreE0|Atu=u:A

I' A= B type
' B =C type =-Trans-type
I'A=C type
' B= Atype =-Symm-type
' A= B type

FrE0|AFtu=v:A
FrE0|AFv=t:A

=-Trans
Fr'kO|AFu=t: A
FrEO|Atv=u:A _
=-Symm
Fr'E0 | Atu=v:A
' A type =-Refl-type
' A=A type
-Ax

TFO|X|zy:Alokaiy:A
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C.5 Natural numbers

———~N-F N-
I' - N type F'EO|X|o|oF N N: Type
N-I-zero N-I-zero-+—
F''EO|oF0:N Fr'EO|X|o|oF0H0:N
N-I-succ N-I-succ-—
'EBO |oksucc:N—-N F'EO|X|o|oFsucct succ: N —-N

I'E® ‘ ot RN : VP:VWN typeHz:P(O)Vs:Vn:NP(n)—OP(suCC n)'{s} - Hn:NP(n)

N-E-+»

'=oe ‘ Y ‘ © ’ ok RN = RN : VP:VWN typeHz:P(O)vs:VmNP(n)wP(succ n)'{s} - Hn:NP(n)

C.6 Singleton type
FrEO|AFa=b:A
T'E Fu:A

olobfu -F IO |o|or A= B:Type

[ {u}a type TEO|AF {a}, = {b} 5 : Type U-=

F'eE0 | AFu=v:A4A

H :
P':@|<>‘A|<> t—a A{}-I F}:(—)IO‘A‘OFUHGA

e | AFlI t: -I-=
| oop t: {a}s I'EO | AFloop u=loop v:{a}, U
FrFe |X|Alotu—uv:A FIZG),Z|AI—uI—>a:A{}_I_|_)
Fr'FO|X|A|otloop utsloop v:{a},
'eE0 | Ay,z+—a:At-v: B FF@\AII—uz{a}A{}_E_L
'EO | A,AyFletloopz=uinv:B
FrE0 | A Fu=d :{a}y FI=®|A2,x|—>a:Al—va/:B{}_E_L_=
F'EO | A,,Ayletloopxz=uinv=let loop z=u" inv' : B B
Freoe | 2|A|EiFu:{a}y TEO|XZ|Agz—a:A|EFvH
F'EO | X|A,A, | E,EyFlet loop z =uin v
FreE0 | XA EiFuu’ {a}y
Fre0 | X|Ayz—a:A|Eykv=d]jz—al: B (}-E->
o || A,A, | E,EyFlet loop x =uinvi>let loop x =u' inv : B
FreE6,z:C|Ajy—ax:C, A Ft: A . Lift-=
Lift TEAF
0| A,,y:C,AyFletz=liftyint: A
'EB,y:B|YX|Ajz—y:B|E,EsFuvzHyl: A Lift-is1
F'EO |2 |A|E,z:B,EyFlety=liftcinulety=lift zinv:A
Lift-+-2

'EO|X|A,z:BA;, |EFlet y=1ift z in urs let y =lift?inv: A

C.7 Identity type
FFA=A"type TFololtu=u:A
Id-F F'Eolokv=0v:A
F'Fu=4v=u" =4 v type

F'Eo|loFu:A TEo|lokv:A
I'u=4vtype

Id-=
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Id-I

Id-I-+
F'EO |okrefl: I, ja=,4a

F'EO|X|o|otreflisrefl : I, ja=4 a

Id-E
I'eeo | ok J: vA: TypevP:Va:AVb:AVe:a:Ab type(Hz:AP(xv T, reﬂ(A, Z, LE))) - va:Avb:AHe:u=AbP(a7 b’ 6)

Id-E-+—
r'=oe ‘ Y ’ © | obJ J: vA: TypevP:Va:AVb:AVe:a:Ab type(Hx:AP(x7 T, reﬂ(A, T, 33))) - va:AVb:Al_J:e:CL:AbP(a‘7 ba 6)

C.8 Lollipop

' A type FI—Btype_0
' A — B type

Bt ' A=A type I‘I—BEB’type_o__
'rA—-B=A" — B type

'eE®|Az:Art: B
FrEO|AFXzt: A—B

o TrEAz:Aru=v:B
FrEAF(Azu)=(Azw): A—B

—o-I-=

reE0 | |A|Ez:AFu—v:B
reE0|X|A|EFXzu-Ayv: A—B

I 'eEAjFt:A—-B TFAFu:A
—o-]-— —o0
Fr'eA,AyFtu:B

-E

Fr'EAjFu=u :A—-B

reo|2|A|E,Fu—u :A—B
FrEAFv=0v: A

o F= FFO | XAy |EyFovd A o
FreEA,AsFuv=uv: B Fre0 | X2|A,A | E,EgFuv—u'v @ B
C.9 Universal quantifier
I'-A= A type
At INa: AF Bt
ype 4 MARVA I'a: A+ B = B’ type _
[V, 4B type ; V-=
' I'EV,aB=V, 4B type
'E©,z:A|AFt:B VoI re0,z:A|Atu=v:B VL=
T'EO|AFAzt:V, 4B TEO|AFAzu=Azv:V 4B
re®|Artu:v, 4B
TEO|S,z:A|A|EFurv: B | AFu: Vo
TEO|Z|A[EFA hewe v B LOJolorvid  yp
[ ZTATEFAzub Azv: Vo F'EO | AFu@Qu: Bla v
F''EAru=u :V, 4B FI—UEU:AV_E_L_E
'EAFu@Qu=4Qv : Blats v
F'FO|2|A|EFu—u VY, 4B F,@,E\O]O\OIOI—UHU’:AV_E_H
F''EO | Y| A|EFuQu v Qv : Bla v
C.10 Monoidal product
' A type FI—Btype@_F I'FA=A":Type FI—BzB’:Type@_Z
I'- A® B type ''FA® B=A"® B’ : Type B
FTEO|AFu=u:A
re®@|AjFu:A TEOG|A,Fv:B
AP [B2Fv:B gy TEO|Abo=0v:B _
'O | A, A F (u,v): A® B

R-I-=
e | ALAF (u,v)=(u,v): AQ B
Fr'E0|2]|A|EiFu—u A F|=@\2|A2|EQI—UI—>U’:B®_I_'_>
Fr'EO | 2| AL,A, | E,E F (w,v) > (W,v'): A® B
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e |Aj,z:Ay:BFt:C P|=@|A2I—U:A®B®_E

o | A, AyFlet (z,y) =uint:C

'O |Aj,z:Ay:Brv=v:C TEO|AFu=v:A®B
F'EO | A, AyFlet (z,y) =uinv=let (z,y) =" inv : C

QR-E-=

Fr'FO|X|A|E,z:Ay:BFov—v:C TEO|X|A,|EFu—u:AQB

®-E-—
F'EB|X|A,A | E,ExFlet (z,y) =uinvilet (z,y) =u inv : C
C.11 Existential quantifier
I'-A= A type
THA¢t la:AFBt
};pl(iEI ,;t YP€ 3 I'La: A+ B = B’ type o=
a:A WYPC r'+3,,B=3,,B type
o |o|oktu:A e |o|loktu=u: A
I'E® | AFv:Blar u a7 'E® | AFv=17":Blar u 1=
'E0 | AF (u,v):3,.4B 0| AF (u,v) = (u,v):3,.4B

e, |ole|o|loturmru:A TEO|X|A|EFvv : Blat u L
Fr'EO |2 |A|EF (u,v) = (u,v):3,.4B

ree|Ajkru:3, 4B TEOz:A|Ayy:Blarz]lFv:C TEOFC type

3F-E
o | A, Ay Flet (z,y) =uinv:C
ree|AFu=v :3,4B Fb@,x:A[AQ,y:B[aHx]I—UEv/:CH_E_:
'O | A, Ay Flet (z,y) =uinv=let (z,y) =" inv : C B
F'EAFuru :3,.4B F,:v:A\A2,y:B[a|—>3:]l—vl—)v’:CEl_E_'_>
F'EA,,AyFlet (z,y) =uin v let (x,y) =u inv : C
C.12 Bang modality
' A type LF PFA=A type | _
T+ 1A type THIA=1A" type
re0 |z :14,,..,z,: 1A, Ft:A TFEO|A Fu, 14, .. Fh@\AnFun:!AnLI
reoe | A, ..,A, Flet*z; =u; in ... let* 2, =u, in box t:!A4 .
'e0 |z, :144,..,z,: 1A, Fu=v:A TEO|A Fu =v,:14
reEe|A,Fu,=v,:14, L=
TEO|A,..,A, Flet*z; =u; in =let* z; =v; in : 14 o
let* z, =wu, in let* z, =v, in
box u box v
e |X|o|zy: 14, ..z, 1A, Furv:A TFEO|X|A |E Fu v 14
ree|x2|A, |2, Fu,—~u,: 14, | Lis

TEO|Z|A,..,A,|Z5,..,E, Flet* 2, =u; in s let* z; =v; in : 14

o o i o o i
let* z, =u, in let*z, =v, in

box u box v
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FreEo|AkFt:1A LE FrEO|Atu=v:!A LE =
0| Abunboxt: A I'EO|AFunbox u=unboxv:A
TEO|S|A|SFumv:!A TEO|AFt: 1A .
I-E- l-diag
'O | X |A|EF unbox u > unbox v: A F'EO | Atdiagt:!1AQ!A
e | Aru=v:14 T
I-diag-=
kO | AFdiagu=diagv:!AQ!A
FreE0 |2 |A|Eru—v:!lA LA
l-diag-—
Fr'EO|X|A|EFdiagu diagv:!1A®!A
FreEo|Atru:lA Iy
F'EO|AFu=let* z=uin box (unbox u) : 14
C.13 With
'k A type I‘I—Btype&_F I'A= A type FI—BEB’type&_:
I' - A& B type ' A&B = A’&B’ type
F'EO|AFtu=u A
IS Atu:A TFE Atwv:B
@F':@“AF GA‘&B” &1 TEO|Abv=0v:A L
[AF o] TEO|AF [u0] = [w,v]: A&B
ree | 2|A|ZEFu—u A N
- . E-1
FEO|Y|A[EFv=v A &-Lis I'EO |obm:A&B - A
Fr'EO|2|A|EF [u,v] - [u,v]: A&B
&-E-2 &-E-1-—
reE0|okm,: A&B —- B FreE0 | X|o|okbmi>m: AZB — A
&-E-2-—
TEO|S|o|okmtsmy: ALB — B
C.14 Coproduct
'+ A type I‘I—B‘cypeEB_F I'-A= A type PI—BEB’typeEB_=
I'- A® B type I'rA®B=A & B’ type B
o-1-1 O-1-1-+~
&-12 S-12-—
Ph@|<>l—L2:vAtTypevB:TypeB_oA@IE@|E|<>’<>|_L2|_>L2:vAiTypevB:TypeB_oA@B
®-E
I'=o | oFR®: vA: TypevB: TypevP:Vm:A@B Type(Ha:AP([’la’)) - (Hb:BP(l’Qb)) - Hx:AEBBP(x)
® ® &-E-
I'=o | by | ¢ ’ oFR¥ = R¥: vA: TypevB: TypevP:Vw:AeaB Type(Ha:A‘P(l’la’)) - (Hb:BP(LQb)) - Hm:AGBBP(x)
C.15 Unit
—1-F 1-1
' 1 type FrEO ok x*x:1
1L reE®|AjFu:l F#@\AZI—U:AlE
FTEO | |o]ok*xrx:1 )

'O | A A Fuwv: A
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FrEO|AFu=u:1 TEO|AFv=v:A
Fr'EO | AL A Fuyv=u;50 A

1-E-=

Fr'EO XA |EjFud' 1 TEO|X|Ay)|Eykvv A
F'EO|X2|ALA |2, B Fuyovu;0 A

1-E-—

%

-—w+19 -



Appendix D Semantic type formers

D Semantic type formers
What we have defined so far forms the backbone of Hanaba models. In order to interpret the
syntax, we additionally need to have semantic counterparts to type formers.

D.1 Linear implication

A Habana model supports linear implication if the category Ty, (I' E ©) is monoidal closed, that

is, there exists, for every A, B : Ty,(I' F ©), an object A — B (16) , and natural bijections
A
Ty,(I'EB®)(A® B,C) <—’ Ty,(T' E ©)(A,B - C)

ev

such that {—[}.e, restricted to Ty;(I' F ©), is a monoidal closed functor.

D.2 Universal quantification

A Habana model supports universal quantification if, for any global context I': B, for ©:
Ctxt(T"), for A: Ty(I' E ©) and B : Ty(I' F ©.A), there exists a type V(A, B) : Ty(I' E ©) such
that, for any term u:Tm(I'F O | A+ V(A,B)), and a term v: Tm(F,@ FQr.e | Lyo b
A{l/@}>, there is a term At(u,v): Tm(I'E © | A+ B{?9}) (17) and, for any term u: Tm(I' F
©.A | A{ps} F B), there is a term A(u) : Tm(T'F © | A+ V(A, B)) (18) such that

At(A(u),v) = u{v}

where

<>F,@-A{V@}

Q<[Ve]i)

0.4

Additionally, these constructors must be compatible with substitutions and with the  relation.

D.3 Existential quantification

A Hanaba model supports existential quantification if, for any global context I': B, for © :
Ctxt(I'), for A: Ty(I' E ©) and B: Ty(I' F ©.A), there exists a type 3(4, B) : Ty(I' E ©) such
that, for any term w : Tm(F, OF (re | Lyo P A{I/e}) andatermv: Tm(I'F © | A+ B{a}),
there is a term Pair(u,v) : Tm(I' E © | A F 3(A, B)) (19) and, for any A : Ty(I' E ©), there is
a morphism Unpair(A, A, B) (20) as follows:

Unpair(A,A,B) : A® 3(A,B) — (A{p,}) ® B

such that, for any type C : Ty(I' F ©) and aterm ¢t : Tm(I'F ©.A | A’'{p,} ® BF-C{p,}), we
have that the following diagram commutes

-—w+20 -



Appendix D Semantic type formers

B  A{ps}®v B 7A/{BA}®[71°BA]B B ¢ B
A{pat ®@A{pa} — > Apa} @ Bl{a{pa} — A{pa}®B ————— C{p4}
= t
[BA]Z’@)A A’ ® Pair(u, v) Unpair(A’, A, B)
(A" @ A){py} » A' @A » A’®3(A,B) ———— A{p,} ®B

The commutation of this diagram ensures that the 8 rule for existential types is respected.

D.4 Singleton type
Let T': B, ©:Ctxt(I'), A: Ty(I' =©). For any linear term ¢: Tm(F,@ FlOre |1y oF
A{IJ@}>, assume there is a type Sgl(¢) : Ty(I' F ©) (21) .

Furthermore, assume that, for any any enriched context (A,Z, o, 5), and for any u : Tm (F E
O|AF A) making the following diagram commute

A
[V@]A
u
Afve}
t
_ 1) 1”@
e r,e

there is a term Loop(u) (22) :

Loop(u,t) : Tm(I' F © | A+ Sgl(t))

D.5 Interpreting the syntax

Given a Hanaba model, we define in a mutual recursive way the following:

o given a (syntactic) context I' such that F I' ctxt, we interpret it as a global context [I'] : B

 given a (syntactic) context © such that - I', © ctxt, we interpret it as [ F O] : Ctxt([I'])

o given a (syntactic) annotated context A such that I',© F A ctxt, we interpret it as an
enriched linear context [A] : Ty([T] £ [©]), where [A] = [[Z]], with A being define as
follows:

o=0

(A,z:A)=A
(Azi—sa:A)=Az: A
o given a (syntactic) type A such that I', © - A type, we interpret it as [A] : Ty([I'] F [©])
o given a (syntactic) context = such that I', © - E ctxt, we interpret it as [E] : Ty([T'] E [©])
o given a (syntactic) term ¢ such that ' © | At : A, we interpret it as a linear term
[t : Tm([] = [©] [ [A] - [A])
o given two terms v and v such that TF© | ¥ | A | EF u > v: A, it will hold that [u] — [v]
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e given contexts I', ©® and A such that I', © F A ctxt, and a type A such that I',; © - A type,
it will hold that

[FEO,z:AFA)=[TF O+ ANPrrroa}
e given contexts I', ©® and A such that I', ® F A ctxt, it will hold that

[[,®ForA]=[IF O+ Al{yree; }

We do so, in every case, by induction on the derivation.
For instance, the {}-I case is

FEO|o|A|lokta:A
F'EFO | Akloopt:{a}y

By induction hypothesis, we have [t] : Tm([T] F [©] | [A] - [A]), and [a] : Tm([[I‘]], [6e]
() F [[A]]{l/[[@]]}) such that [t] + [a]. We therefore have

[loop ¢] = Loop([¢], [a])

{}-1
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E Summary of Hanaba model
As the definition of a Hanaba model is quite large, we have summed up here all the data in its
definition (that is, we do enumerate here the properties that we also assume on this structure).

(1) Fibered double category B, OVET B ........ccovuiiiiiiuiiiiiiiie ettt 15
(2) UNIE () 1 B 3 By ettt 15
(3) Multiplication —, — : B, X5 B, = B, 1 ooeteiiiieie e 15
(4) Fibered double category € OVEr B, ......cccceiiiiiiiiiiiiiiiiiieiie et 15
(5) ULIE 12 B, =5 € weooeeveeeeeeeeeseeeeeeeeeeeeeeeeeeeeeee e e e ee oo eeeeee e 15
(6) Multiplication 3 : & Xg € = &€ i 15
(7) LAMod-fibered fibration v : € — B ..occiiiiiiiiiiiiiiiieic e 16
(8) Global context Projection P i F' = T .oceiiiiiiiiiiieiiiiiee e 16
(9) Global variable term vg : Tm(I', O F ©{pPg}) «oooovveeiiiiiiiiiiiiiii 17
(10) Substitution extension (P, 1) .......ccooiiiiiiiiiiiii e 17
(11) Pointed context ProjeCtion P i @ =5 P coveeveiiiieiiiiiieie ettt 17
(12) Pointed variable TEIT V4 .oocuiiiiiiiiiiiiiiiiiiii e 18
(13) Pointed substitution extension (p, ) .........cccooiiiiiiiiiiiiiiiiicee e 18
(14) Shape functor ST : Epd = Cp coveieiiiei e 18
(15) Type erasure functor {—Jpeg : TY(TE ©) = Cp wovvveiiiiiiiiiiiieieceeeec e 18
(16) Semantic linear implication A —o B ......cccoiiiiiiiiiiiiiiiie e 44
(17) Semantic universal application At(U, 1) ...cocoveeeriiiiiiiiiiiiicce e 44
(18) Semantic universal abstraction A (%) ....ccoovviiiriiiiiiiiiiiicee e 44
(19) Semantic pair constructor Pair(t, U) ....coooiiiiiiiiiiiiiiiiciiic e 44
(20) Unpair morphism Unpair(A; A, B) ...oocooiiiiiiiieeiiee ettt 44
(21) Semantic singleton type SEL(E) ...oooiiiiiiiiiiii i 45
(22) Semantic 100p LOOP (U, T) ..veeiiiiiiiiiiiiiiiiii e 45
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F Chain model

The Hanaba syntax and semantics has been thought of by inspection of a concrete model which
has been developed during the internship, the chain model. This model is the subject of the
current section: in addition to exhibit its definition, we’ll see that it is indeed a Hanaba model.

Assume we are given a double category

VAN

where t is a fibration, with multiplication ® and unit e.

tn Sn
For n : N, we will define a categorical span T°* +— J,, — T * by induction over n:
L g.(’) = :7”, With to == Sot: idg’.
S

* for n: N, assume T* +— T, ST given, consider the following pullback

=3

Te T T
Note that, for every n : N, t, is a fibration, by Proposition A.2.1 and Proposition A.2.2.

F.1 Chain-like structures

This subsection contains a definition and some properties of chain-like structures, which are
artifacts for building the chain model. They are an abstract version of a chain category, and
are used to prove several lemmas at once, without repeating oneself. Some intuition on them
will probably emerge after having read the rest of the section, so in first reading, we suggest
skipping this subsection.

Definition F.1.1 (Chain-like structure)

A chain-like structure C = (p,q,&,r, 1, s) is the data of
e afibrationp: €& — T
e afunctor q:C — T

e asection of p e: T — &, that is, such that the following diagram commutes
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e afunctorr: & — T
o a functor p: 2 — & where &2 is the following pullback

D2
&2 — £
_|
b p
r

E ——mm™ T

such that the following diagram commutes

b1
E2 — &

p
E—m T
and for any f:S — T in &, and any R : £2 such that u(R) = T, there exists a unique
object f*(R) in &% and a unique morphism fT: f*(R) — R such that the following
diagram commutes

For the rest of the section, assume we are given a chain-like structure.

Definition F.1.2 (Unit of a chain-like structure)

We define the unit of the chain-like structure us : € — € x4 £ as the unique functor
making the following diagram commute
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C —— T

This functor is well-defined because the following diagram commutes

q
—):’7‘

e
i
q p

€3
T — €&

Indeed, the right-most triangle commutes by definition of €.

U is a fibration morphism
ug :ide = m;

Note that ide is a fibration by Proposition A.2.3.

Proof. The following diagram commutes by definition of us:

Uc
C > Cxq &

id@ ™

C

We furthermore need to check that w, preserves cartesian morphisms, that is, since every
morphism is cartesian with respect to the identity fibration, that u, sends any morphism on a
cartesian one.

Let f: X — Y be a morphism in €. Let us show that u-(f) is cartesian too. Consider (g, g’) :
(Z,R) = (Y,e(q(Y))) and h : Z — X making the following diagram commutes
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(9,9)
(Z,R)
(f.e(a(f)))
™ (X,e(g(X))) ———— (Y,e(q(Y)))
& Ty
z g Ut
h
o f o
4 Y

Note that ¢(g) = p(¢’), so

g ™

o f a
X > Y

Furthermore, suppose that we have another h’ such that (h,h’) also makes the diagram
commute. We would have ¢q(h) = p(h’), and so by the same reasoning as before, b’ = €(q(h)),
so h’ is indeed unique.

Hence uqo(f) = (f,e(q(f))) is cartesian. O

Definition F.1.4 (Multiplication of a chain-like structure)

Consider € x, &2 the following pullback
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ur
C xy & y £2
_

by
1 &

p
L q dL
C > T

Since p; is the pullback of p by r, and p is a fibration, by Proposition A.2.1, p; is a
fibration. Furthermore by Proposition A.2.2 pop; is a fibration too, so by Proposition
A.2.1, w] is also a fibration.

Let m¢ : C x4 £2, the multiplication of C, be defined as the unique morphism making

the following diagram commute.

Cxqs &2

C — T

This is well-defined as the following outer diagram commutes

2
Cxq € p1/ \
™ & &
p
p
e\q\/
T

Indeed, the inner diagram on the right commutes by definition of u, and the one on the
left by definition of the pullback € x &2.
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For any diagram of the form

X —— Y

there exists a unique f*(R,S) in € x5 €2 and a unique morphism f: f*(R,S) — (R, S)
making the following diagram commute

X > Y

Proof. Suppose we have a g : T — (R, S) such that the following diagram commute

g
T ——— (R,S)

mg mgc

f

X —— Y

then in particular we have g; = f;, and g, makes the following diagram commute

g2

fo

Xy — %
by assumption on p, g, = sz, SO0 g = ( f1s f2T ) is uniquely determined.

Let us now prove existence, by showing that ( f1, f; ) is a valid candidate. First of all, it is
indeed a morphism in € x, &%

p(p1 (ng)) = p(,u(f;)) by assumption on pu
=p(fy) by definition of f;
=q(f;) because (f;, fy) isin € X4 &

Furthermore, the following diagram commutes
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(fl)fg)
(X1, f5(8) —— (R, 9)
meo mgo
f
X > Y

The multiplication m is a fibration morphism
me T — Py
Note that pj is a fibration as it is the pullback of p, by Proposition A.2.1.
Proof. Consider a 7}-cartesian morphism f : (Ry, Ry) — (S, S5) in € x5 2. Let us show that

m(fy, fy) is pj-cartesian. Let g : T — m(S;,S,) and h: p1(T) — p1(R) making the following
diagram commute

g
T
, m(f1, f2)
Py m(Ry, Ry) —— m(51,5))
! P
/ _ / /
pi(T) p1(9) P
h
a fl a
By Lemma F.1.5, there exists a unique g' : g*(Sy,5;) — (S;, S5) making the following diagram
commute
gT
9" (81, 83) ~=mmmmms > (81, 52)
m m
g
T » m(Sy,5;)

By cartesianity of f, there exists a unique h making the following diagram commute
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h
=] f]. =]

h
a fl a

By Lemma F.1.5, we can lift A’ and it must agree with the lifting of g:
gt=fohnT

Hence, the following diagram commutes
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R, > S
Hence h'T satisfies the same universal property as ﬁ, so we have
Wt=h
and so

m(ﬁ) =m(h'T) =h

F.2 The global context category

Definition F.2.1 (Context)

A contert is a pair (|I',I") with || : N and I' : T a chain. We will often denote such a
context by T

Definition F.2.2 (Substitution)

A substitution f from I' to A is a monotonous map
17140, s IAT} = {0, ., DT}

such that |f[(|A]), and morphisms f; : 7 4 ;) — d;, such that for every i, the following

diagram “commutes”

-—w+32 -



Appendix F Chain model

f'H—l

YI£1(+1) ? 5i+1

Lf1+1)
Y fl(i+1)—1
A

V1 £1(5)+1

Df1@)+1
fi ¥

L — 5.
Nsie) 0;
that is, there is a morphism
o ) ® - ®Lpy41 — Aia
such that
s(fi1) = fin
t(fi.+1) = Jis

Note that the f; are part of the data of f.

ES

Let I, A and © be three contexts, and f:T' — A and g : At — © be two substitutions. We
define their composition as follows:

lge fl=1fl°lgl
(gef)i=g °f\g\(i)

Furthermore, each square of the composition commutes, and the composition is commutative,
because we are composing 2-cells as in an fc-multicategory [18], [19].

Definition F.2.3 (Context category)

Let us write B the context category, that is, the category whose objects are contexts, and

with morphisms substitutions.

Definition F.2.4 (Flat context category)

Let B*® be the flat context category, the subcategory of B with the same objects, and

morphisms f are morphisms in B such that |f|(0) = 0.
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Definition F.2.5 (Chain target functor)

Let £ : B* — T* be the chain target functor, defined by

t:B—7T°
I'— v

=1

Lemma F.2.6

t is a fibration.

Proof. Let T" be a context, § : 7*and f: 6 — ~,.

>

f

56—
Let us lift f by induction on |T'|.
If [T = 0, then [f]% is just f, with A =

f

A ———— 7T

>
>

f

5 —— %

It is cartesian. Indeed, assume we have a g : © — A. Then || = |g|(|]A]) = |¢](0) = 0, so if we
have an h : 6, — 7, such that w(g) = f o h, then in fact g = f o h so h is its own lift.

Otherwise, assume that we have built a cartesian | f]£A| : A = T'||p_; and let us extend it to

[flf-aT—T
We are in the following situation
7|
Ty
h
Op-1 — V|1
with h = ([f]fm_l)m_l, so in particular
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6\I‘|71 ? Vr|-1

Because t is a fibration, we can lift h as follows

[Pl

ty' () ——— Ipy

h
5\1"|—1 * V-1

so we let
Oy = 5(t" (Tiny))
Ayry = t;* (L)
(1718),, = 5(17%,.)
(I715) -, = Inl.
ARIrD = T

Let us show that this extended morphism is still cartesian. Consider a context ©,a g: 0 — T’
and a h : 0, — §, such that the following diagram commutes

0o
90

f

do * Yo

Consider a lifting & of h making the following diagram commmute.
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g
€]
h
. [f1F
t AT > T
/\ Z A
by 90 ¢
h
8 f
4 ” Yo

note that f is uniquely determined by the data of fL| -1 and fz“r‘. But fL| ir|—1 makes the following
diagram commute

g’\I‘\fl

Oljg/(r-1) .

~+>

>
el
H
L

]
S
~+>

o > Y0

so it uniquely exists, by cartesianity of | f]fﬂlmil. Furthermore, the commutation of the previous

diagram also implies the following two pastings are the same:

9|
O > Yy
O
{ ]
¥ gm
: An+k+1
Ougl(r1-1)+1
¥ g|1—\‘_1 ¥

Ogiri-1) — Y}

and
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Py firy
4y * | > My
Qe
N £\*
I (),
= Oy
o Ary
lgl(T|=1)+1
¥ h|p‘_1 ¥ f‘p|_1 ¥

Ogiqri-1y — 7 Opien T Va1

which is equivalent to the commutation of the following diagram

O(ri-1)+1 ® - ® Gyg

t
@ t
Oy T g t
Py sk
o fn+k o
Op|-1 " Yr)-1
hence, lAz|'F| uniquely exists. Thus, h uniquely exists, showing the cartesianity of | f]% O

Definition F.2.7

Let € : T* — B°* be the section of # defined by () = 7.

Definition F.2.8

Let B; be the pointed flat context category, whose elements are pointed flat contexts
(T, |T"]), and whose morphisms f are pointed substitutions such that |f[(0) = 0.

Lemma F.2.9

The following diagram is a pullback
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B — B

>

>

B. ) :7-'0

Proof. Immediate. O

Definition F.2.10
Let p: By — B* be defined by
w: By — B*
(Tyn) —T
f=f

Lemma F.2.11

This defines a chain-like structure.

F.3 The pointed context category

Definition F.3.1 (Pointed context)

A pointed context is a pair (I'yn) with I : B and n : {0, ..., |T'|}.

L]

Note that this definition justifies the name pointed context: indeed, a pointed context is a context
with a distinguished degree. As we will see, pointed substitutions are, as we expect, substitutions
that preserve it.

Definition F.3.2 (Pointed substitutions)
A pointed substitution fro (I',n) to (A, m) is a substitution f : ' — A such that |f|(m) =

Definition F.3.3 (Pointed context category)

Let B, be the pointed context category, the category with objects pointed contexts, and
with morphisms pointed substitutions.

Definition F.3.4 (Global projection)

The global projection 7 is the functor
m: B,— B
(Tyn) — T,
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where

and whose action on morphisms is clear.

(Mey = 2 %) In =T > >

Lemma F.3.5

The following diagram is a pullback

B, —— B°*

*

Proof. Immediate. a
Corollary F.3.5.1
m is a Grothendieck fibration.
Proof. By Proposition A.2.1. O

F.4 Fibered double category structure

Definition F.4.1 (Empty context)

Let () : B — B, be the empty context functor

3
B —

Definition F.4.2 (Forgetful functor)

The forgetful functor is the functor
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F: 3B, —3B
(Tyn) —T
fr=1f

Definition F.4.3 (Context multiplication)

Let us define the functor —, —: B, x5 B, — B as follows.
Let (I',n) and (A, m) be in B such that 7(I',n) = F(A,m), that is, A =T,. Put
(A,m), (T,n) = (I',m)

For any f and g such that n(f) = F(g), f,9 = f.
o

Theorem F.4.4
The following

B B

forms a fibered double category, with unit () and multiplication —, —.

Proof. See Appendix H.

F.5 The type category

Definition F.5.1 (Chain source functor)

The chain source functor is the functor
§5:B—7T°
I'+— "}"F|

with obvious action on morphisms.

Definition F.5.2 (Type category)

The type category & is defined as the following pullback
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r
& > 71
_
p t‘
F 8
B, > B > T
&

Definition F.5.3

Let ¢ : £ — B, be defined by associating to the type ((I',n), A) the context (I'.A, n) where
IAis

s(A)

A

&
A\

Yr

Iy

. &
<

&
A\

Yo

and similarly on morphisms.

Definition F.5.4

Let us define a unit 1: B, — & by

1= (dg,UcsoF)

Definition F.5.5

Let us define a multiplication ¥ : & x5 & — & by
¥(0,A,B):=(0,A® B)

and similarly for morphisms.
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Theorem F.5.6 3

The following

is a fibered double category.

. J

Proof. See Appendix 1 O
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G Proof of Proposition 3.2.5

Proof. Let f: X — Y be a morphism in &, R:ty! and S : tg(llri). We want to show that
<[ ikl fR];) is a cartesian morphism. Consider the following situation, with Z : &%, T : t;*,
U: ts_(lf), g:T — Rand h:U — S two morphisms in &8 such that t(h) = s(g). Let i : T — X
such that the following diagram commutes

(T,U) (g,h)

tom (t71(R), t;4(9)) » (R, S)

z — tom

In particular, by cartesianity of [f]%, there exists a unique i, : T — t;l (R) making the following
diagram commute

X —— Y

Furthermore, if we take the image of the top diagram by s, we have that the following diagram
commutes

3([f]R)

s(t;'(R)) ——— s(R)

Since [fR]S is cartesian, and because t(h) = s(g) and f¥ = s([f]g), we have that there exists
a unique iy : U — t;}]% (S) making the following diagram commute
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s(iy)
\ | >

s(t;'(R)) ———— s(L:S')

Hence, we have the following:

® t(iy) = s(i), hence (iy,15) is a morphism in 6'};

o (tomy)(iy,iy) =t(i1) =1, so (hy, hy) lives above h;
e (g,h) = z[f]tR, [fR]; o (iy,15) by construction.

So indeed, we have found a morphism that makes the following diagram commute.

(T,U) (g, h)

tom t75(R), t74(S) N (RS)
1 (70, 54(5) (U1 (7505
tom
; —_— tom
' t(g)
] f o
X > Y

Now, let’s show the unicity. Suppose we have some (j;, jo) : (T, U) — (t}l(R),t]?}c(S)) making
the latter diagram commute. Then, by projecting with ¢, j; satisfies the same universal property

as iy, so j; = i;, and, using that, and by projecting with s, j, satisfies the same universaly
property as iq, SO jy = g, and so

(jpjz) = (i17i2)
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H Proof of Theorem F.4.4

Proof of Theorem F.4.4

The global projection = is a fibration.

Proof. By Proposition A.2.1. |
|
The following diagrams commute
V; ()
B ——— B, B — B,
™
id idg
B B
Proof. Immediate. |
() : idg — 7 is a fibration morphism.
Proof. By Lemma F.1.3. |

The following diagram commutes

B

B

a

Proof. Consider (A,n,m) in B, x5 B,. For the left triangle, we have
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(Al n), (A, m)) = m(A,n)
=Al,
= 7(Aly,n)
For the right triangle, we have
F((Alm’ n)’ (A7m)) = F(A7n)

=A
commutation for morphisms is just as easy. O
The multiplication is associative
Proof. Immediate. |
The multiplication is a fibration morphism —, —: mom; — 7.

Proof. Consider a morphism (f,g): (A,n,m) = (A’,n’,;m’) in B, x5z B,, that is, F(f) =
7(g), ie. f =g|,,. Suppose (f,g) is cartesian. We want to show that f,g = g is also m-carte-
sian. Suppose given a : (©,k) — (A’,n’) and h: 0], — A’|,, such that the following diagram
commutes, and consider an h: (A, k) — (A, n) making the following diagram commute

I

Then we have

|Al(m) = |h|(lg|(m"))

= |a](m’)

so such an h is exactly one making the following diagram commute
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(©, &, |af(m’))

7T°7T1

so it exists and is unique, by cartesianity of (f,g). O

The following two diagrams commute

B* X3 <> <> Xp B*
B, xgB — B, x5 B, BxgB, — B, x5 B,
m T2
B, B,
Proof. Immediate. |
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I Proof of Theorem F.5.6

p is a fibration.

Proof. By Proposition A.2.1, because t is a fibration. |
The following diagrams commute
Exg 1 Ixg &
Exg B, —————— Exg € B, xpg & ——————> Exg &
T s
' 5 ? 5
Proof. Immediate. |

The following diagram commutes

Proof.
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J Proof of Theorem A.3.1

Definition J.1 (Category of fibrations)

For a base category B, define Fiby as the category of fibrations over B, that is, whose

objects are pairs (&, p) with £ a category and p : £ — B a fibration.

Given two fibrations p, : & — B over B for ¢ = 1,2, a morphism of fibrations between p;
and p, is a functor F' : & — &, making the following diagram commute

F
& — &

P )

i
B — B

and which preserves cartesianity of morphisms.

Definition J.2 (Category of pseudofunctors)

For a given base category B, define Pfct 5 as the category whose elements are contravariant
pseudo-functors P : B°® — Cat in Cat, that is,

» for each object X : B, a category Pyx;

o for each morphism f: X — Y in 3B, a functor P : B, — Px;

o for each object X : B, a natural isomorphism

iX 0 j?dX — ld"PX

called the pseudo unit of P at X;
e for each morphisms f: X - Y and g: Y — Z in B, a natural isomorphism

CtgiFpr = FpoF,

called the pseudo composition law of P at f and g.

&

We additionally require the following coherence conditions: for f: X — Y, the following
diagram commutes

P —— PRy,

id»
c ! Proiy
idX7f f

Pax P I P
x°Jr

Furthermore, for f: W — X, g: X - Y and h: Y — Z, the following diagram commutes
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Cf hog
‘{Phogof - ‘(Pf °5Dh°g

Coof,h Procon

Cfvg o ‘?h
Fpegodh = Fpe Tyt
Given two pseudofunctors P and P’, a morphism v : P — P’ is a pseudonatural transformation
between P and P’ that is, for each point X : B, a functor vy : Py — Px and, for each morphism

f: X — Y in B, a natural isomorphism

Vy
/7
B —— K

14
f /7
Py Py

Vx
P — K
satisfying the following coherence conditions:

o for X : B, the following pasting is vy

Vx
- /
Px Px

. ix Vid x , ix )
ld:pX < 2dX 2 I — ld?)/(

Vx
P — K
that is,
(vx oix)eo Vidy © (i ovy) = id,
e if f: X =Y andg:Y — Z are two morphisms in B, v, is obtained by pasting the squares

(plus pseudo-composition)

Vz
/7
Pp — P

1%
g /7
Ty
/
» vy v Cfg >
/
gof r Fy gof
Vi
/
Py
Vx NA

Po — K
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that is,
_ —1 / /
Vgr = (vxocpy) o (vp o By) o (Ffovy) o (chgovy)
We aim at proving that for a given base category B, we have
Fiby =~ Pfcty
In order to do so, we will build in Appendix J.1 half of the equivalence, namely,
and, in Appendix J.2, the other half of the equivalence, namely,
V¥ : Pfct; — Fibg

In Appendix J.3, we will show that the two form the two halves of an equivalence, finishing
the proof.

J.1 Fiber functor
Let’s build

J.1.1 Action of ® on objects
Assume we have a fibration p.

J.1.1.1 Definition of the fibre pseudo-functor
Let us build p~! : B°® — Cat a pseudo-functor. For X : B,

py ={R: | RC X}
px (S, R)={a: 8= R|p(e) =idx}

Let X,Y :B and f: X — Y. Let’s define pJ?l : py! — px* by noticing that, for each R : py!,
by the fibration condition on p, there exists a cartesian morphism [f]z

[f1r

pf'(R) —— R

f

X —— Y

Furthermore, for R, R’ : py' and g : R — R’, we have the following diagram
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X —— Y
By cartesianity of ¢y, there exists a unique p;l(g) : p;l (R) — p;l(R’) st
p(p;'(9)) = idx
[flrrepi'(9) =9g°[flr

ie. the following diagram commutes

X —— Y

Let us indeed check that this defines a functor. For any R : py!, note that

X ——Y

idp?( R) satisfies the universal property of p;l (idg), so we have
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Let now R,R',R” :py',g: R—- R and ¢’ : R’ — R’.

P (g) g
l nire

pil(R) ———— R
p;'(9) g

X > Y

Note that p;'(g") e p;*(g) satisfies the universal property of p;'(g" o g), so we have

Py (g 2 9) =07 (9") o s (9)

1

Let us now show that p~* indeed defines a pseudo-functor.

J.1.1.2 Pseudo identity law

For X : B, let us first exhibit a natural isomorphism p;ﬁ( = idy. For R : p3', we have [id y] R
p;ii(R) — idx(R). This defines a natural transformation. Indeed, for R, R’ : p%' and f: R —
R’, the following diagram commutes by definition of piﬁi( f):

lidx]

Piay(R) ———— R’

N ~

Pig

o ldX o
X — X

So in particular the upper square commutes
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Py (R) — R

P (f) f

lidx] g,
Py (R) ——— R

hence [id ] is natural. Let’s show that each component is an isomorphism.

There is a unique morphism ¢ : R — p;i;(R) making the following diagram commute

So

[idX]R °p=1idg

Furthermore, the following diagram commutes

Pk (R)

X — X

Meaning that ¢ o [idx], satisfies the universal property of [idy], with respect to [idx],. But
so does the identity, so, by unicity, we have

(’0 o [ldX]R - idp;jl (R)

X
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Hence [idx], is an iso.

J.1.1.3 Pseudo-composition law

Lemma J.1.1 (Pseudo-composition law)

Let X,Y,Z:3B,and f: X =Y, g:Y — Z. There is a natural isomorphism

[f, 9] : oy = pf" op,!

Proof. Let R : pZ', and consider the following diagram

[9° flr

Py (R)

X > Y > 7

The fact that [g e f]p is cartesian gives a unique morphism h : p;l (pg_l (R)) — p;olf (R) making
the diagram commute:

[9° flr

Doy (R)
K

X > Y A

Conversely, the cartesianity of [g] z, and then [ f]pgl( ) gives b’ : pg_olf(R) — p;l (R), then [f,g]g :
p;olf (R) — p;l (pg_l (R)) making the following commute
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p;if<R)\~ [9° flr

X > Y > 7

In particular, [f, g] p and h must be each other’s inverse. We have to show that this construction
is natural. Let R,R’ :p,' and h: R — R’. We want to show that the following diagram
commutes

[f; g]R
Pps(R) —— p;'(p, ' (R))
Pgop(h) p;'(pg* ()

[f7g]R’
Pgs(R)) —— p'(p, ' (R"))

Note that in the following diagram

—1 /
Pyi(h) oot (&)

>

A

NI
e | l/ldz

p;olf(h) is the unique solution to the universal problem of living in the fiber above X and making

the top-most square commute. Hence, to prove that
[f,9)r o pgs(R) = 07 (g (h)) o [f, 9]

it suffices to show that [f, g]pr © p;l (pgl (h)) o [f, g also satisfies this universal property. Each
of these three morphisms lives in the fiber above X, so so does their composition. Furthermore,
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g flrr o [f: 957 oyt (P (W) o [f. 91k = [9lme © [Flpor(rr) o PF (P () o [f. 9] by definition of [f, g]p/
= [9lr o Py  (B) o [fly1my © [F- 9lm by definition of py* (p," (h))
=helglge[flym o lf 9r by definition of p;* (k)
=holgoflg by definition of [f, g]
O

J.1.1.4 Identity /composition coherence
Let XY : Band f: X — Y We have to check that the following diagram commutes

1 [fa ldY] 1 1
pyt —————— pilopl

1dp;1

[idx, f] pyt o lidy]

Pay Py T P
[idx]eop I
Let’s show that each triangle commutes independently.

J.1.1.4.1 Upper triangle
Let R : py!. We have to check the commutation of the following diagram

[f> idY]R
p7 (R) ——— p;*(piat (R))

. Pyt ([idY]R)
ldp;l(R)

p; (R)

By definition of [f,idy/], the following diagram commutes

and we also have

— w457 —



Appendix J Proof of Theorem A.3.1

X > Y

Hence, by stitching the two together, we have that the following diagram commutes

p; (R)

X ——Y

By cartesianity of [f]g, p;l ([idy] R) o[f,idy], is unique making this diagram commute; but
since so does idp}l( R)» We must have

ijl ([idY]R) o [fyidyl, = idp}l(R)

J.1.1.4.2 Lower triangle
Let R : py'. We have to show the commutation of the following diagram

p; (R)

[1dX7f]R

By definition of [id y, f], the following diagram commutes
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> X > Y
but, by cartesianity of [f]g, [idX]p,1 ®) ° lid, f]  is unique making this diagram commute.
7

Because idp?l( r) also makes it commute, we must have

J.1.1.5 Composition/composition coherence
Let W, X,Y,Z : B and

f g h
w y X > Y > 7

Let R : p,', we want to show that the following diagram commutes

[fa ho g]R
il (R) > 7t (Pr,(R))

[go f,hlR p; (9, MR)
[f:9)p-1(R)
Po(prt (R)) ———— p;'(p, ' (p*(R)))

It suffices to show that [f,g];zll(R) op}l([g, hlg) o [f, h o g] satisfies the universaly property of
[g° f,h]|R, that is, the following diagram commutes

[hoge flr
Pﬁolgof(R) P R
[fihoglr (AR
7' (Pasy(R)) P! (R)
py*([9, hlR) [9° flpii(r)
1 [fs 9Ly )

P (pg (0 ' (R))) ——— (i ' (R))
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In the following diagram, each inner diagram commutes, hence the outermost diagram commutes

hogo
phelgof(R) hoge la
[f7 ho g}R
w
idy, lg° f]p;l(R)
f £, gl
W X Py (pi (R))
idy, idy h
f g
w X Y
iy, 9o/
w
which is exactly what we wanted.
We can therefore define
P(p) =p~*

J.1.2 Action of ® on morphisms

Let p: & — B and q: & — B be two fibrations, and F : p — ¢ be a morphism

F

i
B — B

We want to define v : p71 — ¢!, Let X : B,
vy 1 p N (X) — N (X)
S+ F(5)
fr—= F(f)
Which is well defined because, if p(S) = X, then
a(F(S)) = p(S) = X

and if f: S — R is in the fiber above X, then
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q(F(f)) = p(f) = idx
so F(f) also lives in the fiber above X. v% is clearly functorial, because F is.

Now, let f: X =Y in B

X —— Y

and so, by cartesianity of F([f]g), which stems from that of [f] because F' preserves carte-
sianity,

J.1.2.1 l/f is an isomorphism

J.1.2.1.1 Naturality

Vf is a natural transformation.

Proof. Let g: R — S be a morphism in py?.
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F(R)
[flrr) F([flr)
vE(R)
g7 (F(R)) » Fps'(R))
F(g)
a7 (F(g)) Fis)  F(p7'(9)
e F([f]z)
+ Vf(S) J
g7 (F(S)) » F(ps'(9))
¥
f f
& id &
X > X

We have to show that the upper front square commutes. This stems from the fact that qJFI (F(g))
has the universal property of living in the fiber over X, and making the left-most square
commute, so we just need to check that the same is true for

vi(8)™ e F(p;'(9)) e vf (R)

which is true because the two triangles and the right-most square commute in the above
diagram. O

J.1.2.1.2 Coherences

v is a morphism.

Proof. We have shown that, for any f, z/f is a natural transformation. We just have to check
that v satisfies the coherence conditions.

o Let X : B. Let R: py'. We have to check that
. _ F (s F . —1
id, (r) = (VX([ldX]R)> ° VidX(R) ° [ldX],,X(R)
that is,
[ldX]F(R) = F([ldX]R) ° Vﬁx(R)

which is, in diagrammatic form,
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4al (F(R))
lidx] .
vE (R) "
F(pzt (R)) — F(R
(v )F([idX1R) "

the commutation of this diagram is exactly the definition of I/igx (R).

Proof of Theorem A.3.1

e Let X,Y,Z: B be three objects, f: X - Y and g: Y — Z be two morphisms in B. Let R :

pz . We have to check that

Ve (R) = vE([f: %) o vf (05 (R)) o a5 (vi (R)) o [f gl e )

that is, that the following diagram commutes

4pf(F(R)) — ¢;" (¢, (F(R)))

~

F(pgs(R)) —— F(p;' (05" (R)))

a5 (vy (R))

vf (0, (R))

F([f,91r)

N

1/5:, s(R) is defined as the unique map in the fiber above X that makes the following diagram

commute
gy (F(R))
JE(R) [9° flFr)
F(ps(R)) ———— F(R)

F(lge flr)

Hence, we just need to show that the following diagram commutes
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[9° flFr)
qpor(F(R)) F(R)
[fag]}’(R) F(lg° flr)
7' (4 (F(R))) F(p,s(R))
7' (vE(R)) F(f, 917"
vf (pg ' (R))

0 (F(p (B)) ————— F(p7 (v, (R)))

Indeed, we can fill it with commuting diagrams as follows

[9° flrr)

Qg (F(R))

[ 9ler) 4, (F(R)) F(lg° flr)

F(p,4(R))
F([f]pgl(R)) .
F([f?.g]R )
F(p7' (v (R)))

O

J.1.2.1.3 Iso
1/}v (R) is an isomorphism.

Proof. This stems from the fact that [f]pg) is cartesian. O

We therefore define

®(F)=vF
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J.2 Grothendieck construction
In this section, we will define a functor ¥ : Pfct; — Fib.

J.2.1 Action of ¥ on objects
Let P : B°® — Cat be a pseudo-functor. Let’s build a fibration over B out of it.

Definition J.2.1 (Total category)

The total category [P has

objects: pairs (X, z) with X : B° and z : Py;

o morphisms between two objects (A, a) and (B, b): pairs (f;, fy) with f; : A— Bin B
and f5 :a — P (b).

o identities for (X,z): [ P: (id(X’z))O =idy and
(ld(X,:E)>1 LT — 2‘1}( (.’.U)
(id(X,:c))l =iy ()

® COIIlpOSitiOIl, given (A7 a)a (Bvb)’(ca C) : f‘lpv (fla.f2) : (Aa a’) — (Ba b) and (glag2) :
(B,b) — (C,c): (hy,hy) = (91,92) © (f1, f2) by
»hitA=>C=gy0f
» hyra— 7, 5 (c) by

fa ?fl (92) 0;11,91 (¢)
o —— P(0) — P (%, (0) — %.5,(0)

Let f be an isomorphism in [ P. f; and f, are invertible.

Proof. Let (f1, f5): (A,a) = (B,b) a morphism in [ 2, and (g, 95) : (B,b) = (A, a) such that
(f1, f2) ° (91,92) = idB,b
(91,92) ° (f1, fo) =1d a4

We have that f; o g; =idg and g, o f; =id,, so f; is invertible and f;* = g;.

Furthermore, the following diagram commute

-1
f2 Cf17f1_1 (a)

?fl (92)
P () ———— (@)

So we have a candidate for the inverse of f,, namely,

fz i=1i,(a)o c;l];ffl (a)o P, (92)
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because the diagram above states that f2 o fy =1id,. Furthermore, the following diagram
commutes

P (Prr(@) ——— 7, (P2 (7, )

Thus the following diagram commutes (the other inner squares/triangles are coherence condi-

tions)
ld?fl(b)
Py (ip(b) " il
7, (0) » P, (Ra, () —————— B,0)
P, (g2) P, (.1, (1))
L P(Ba ) y

P, (Pr1(a)) ———— P, (P2 (7, ))

Cflvffl (a)il Cfl’fl_l ('?fl(b))_
l P, (f2) 1
Pa,(a) > P, (P, () idg, ()
ia(a) ia(7, )
4 f2 4
a > P (b)

the outermost diagram states precisely

foofo= idp, (b)
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Definition J.2.3 (Forgetful fibration)

We can now define the forgetful fibration

w(P): /?—>B
(Aya) — A
(fi, fo) = fi

which is clearly functorial.

Lemma J.2.4

The forgetful fibration is a fibration.

Proof. Let A,B: B, f: A— B andb: Pg, ie we have the following diagram:
(B,b)

We can lift f as
(£, id?f(b))

A > B

Hence, we just have to show that (f, idg)f(b)) is cartesian. Let X : B, z : X, (91,95) : (X,z) —
(B,b) and h : X — A such that g, = fo h:

X

hlx

A — B

We have to show there is a unique h : 2z — B, (P;(b)) with

92

cr.4()

>

7, (idg;f(b))
P (Pr(b)) ——— PP (b))

which is equivalent to the following diagram commuting
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T (P (b))

>

cf,g(b)
92
¢ — %,0)

but it is obvious that there is exactly one h that makes this commute, namely,

A~

h = cf,g(b) °gs

Let (fy, f») be a cartesian morphism in [ . f, is an isomorphism.

Proof. Let (fy,fy): (A,a) — (B,b) be a cartesian morphism. In the previous proof, we have
established that | fi, id:pfl () ) is cartesian. Hence, there exists a unique isomorphism (id 4, )

making the following diagram commute
(A’ ‘Tfl (b))

<f1 yidp, (b))
(id4, @)

J/ (f17f2)

(A,a) — (B, b)

hence the top square of this diagram commutes

id?fl (b)
F, (b) > 7, (b)
@ Cid g, f1
v R, (f2) ¥ .
Ra, (@) ———— Ry, (j)fl (b)) iy, @)
is(a) ia( P, (b))
N2 f2 NE

the lower square commutes by naturality of 74, and the triangle commutes by a coherence
condition. Therefore,

facigla)ep=idp
By Lemma J.2.2, (id 4, ¢) is an isomorphism, so ¢ is too and hence

fo=(iala)o )"
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so f, is an isomorphism. O

Let (fy, f2) be a morphism in [ P, with f, an isomorphism. (f;, f5) is cartesian.

Proof. Let (f1, f2) : (X,z) — (Y,y), with f, : 2 — P (y) an isomorpl}ism, (91,92) : (Z,2) —
(Y,y) and h : Z — X such that g; = f; e h. We want to find a unique h : z — %, (z) such that
(91,92) = (f1, f2) © (h, ﬁ), which is equivalent to the commutation of the following diagram

92

¢h, s, (1)

F(f2)
Flg) — B (-'Pfl (y))

>

e ——_

Since fy is an iso, it is clear that there is a unique h making the above diagram commute. [

We thus define ¥ on objects by

J.2.2 Action of ¥ on morphisms
Let P, P’ be two pseudo-functors, and v : P — P’ a morphism in Pfct.

Definition J.2.7

Let

E, : /?—)/.7”

(X, 2) = (X, vx(2))
(f1, fo) = (fla v (b))t o Vx(fz))
That is, for (fy, f5) : (A,a) — (B, b), we have
va(fs)

Lemma J.2.8
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E, is a fibration morphism

Proof. We have to show that it makes the following diagram commute

FV
JP——— 7

w(P) w(P")

idg

B ————m B

and that F, preserves the cartisian morphisms.

e Let’s show the two functors agree:
» on objects: let (X, z): [P,

m(P)E(X,z)) = m(P') (X, vx(z))
X
(P
(4,

)(X, )
a) = (B,b),

» on morphisms: let (fy, f5

m(P)(E,(f1, f2)) = w(P
=i
= 7(P)(f1, f2)

Hence the diagram commutes.
o Let (f1,f2):(A,a) > (B,b) be a cartesian morphism in [2P. Let (gq,95):(C,c) —

(B,vg(b)) be a morphism in [P” and h; : C — B in B such that the following diagram
commutes

):
)((fp’/fl(b)_l ° VA(fQ)))

C

g1
hy

fi

A— B

Let’s show that there exists a unique hy : ¢ — % (a) such that
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(€,0)
(hl,h2> (91,92)
(4,v4(a) b (B,up(0)
T (v ) Teva(sy) "
that is
92
¢ » P ()
¢ 1 (vp)
s 7 (71, (va (1))
P (v, ()
L 2 wai) l

B (vala)) ——— F (va(7,(®)))

By Lemma J.2.5, f, is an isomorphism, hence the commutation of the latter diagram is
equivalent to that of the following, for which there clearly exists a unique hq

92
c > P (vp(d))
ch, 1, (VB())
hy T, (5Df'1 (V3<b))>
B, (v, ()
Lo H (valf2h) v

B (vala)) ———— B (va(7,1)))

J.3 The equivalence

J.3.1P-0
Let P : B°® — Cat be a pseudo-functor.

s Definition J.3.1
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Consider
H? .q(P)! — P
defined by, for X : B,
HY : () — Py
(X,z) — =z
(idy, f) F= ix(b) o f
Let (idy, f) : (X,a) — (X,b) in 7(P)%}, that is, f: a — R, (b). We have

H)?g(idX7 f)

Lemma J.3.2

For X : B, HY is a functor.

Proof. Let (X,z): n(P)y". idy , = (idx,ix'(z)), and so
HY (idx,z) =ix(z)oix' (x)

=id

T

Furthermore, for (X, a),(X,b),(X,c): 7(P)¥ and (idy, f): (X,a) = (X,b) and (idy, f) :
(X,b) = (X,¢),

HE((idx, g) o (idy, £)) = B (idx, gl () 0 Ba (9) o f)

=ix(c)e Ciﬁi,idx(c) o Py (g)of
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the lower right triangle commutes trivially, the triangle above commutes by a composition/
identity coherence, and the square above by naturality of iy. The outer diagram shows that

ix(c) o cigy,iay (€) © B, (g) o f = (ix(c) o g) o (ix(b) o f)

=H§(idng) :H)?}(idx,f)

H? is a morphism in Pfct..

Proof. Let f: X — Y in B, let’s show that there is a natural isomorphism

H.’P
Y
(Pt ———— R
nf
(P %
HY,

(P —— K

Let (Y,y) : m(P)y*, that is, y : B-. We have

[f]Y,y
(P (Y,y) — (Y,y)

f
X > Y

We can write [f]y , = (f, nf(y)) with n,(y) : Hgg(ﬁ(?);l(Y, y)) = Pr(y).
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Let’s prove that 7, is natural, and that it is an isomorphism.
e lety,y’ : B and g:y — y'. We want to show the the following diagram commutes

nf(y)
HE (7(P)FH(Y,y)) ——— Z(y)
HE (n(P)7 (idy, 9)) Pr(HY (idy, g))

nf(y')
HY (r(P)F(Y.y)) ——— P(y)

We have that the following diagram commutes

[f]Y,y’
7T(?),Ti(Y,y’) > (Y,y)
m(P); (idy, g)
(idYag)
[f]Y,y
m(P); (Y, y) > (Y,y)
o f o
X Y

We can write W(T)}l(idy, g) = (idy, h), and so the commutation of the square implies the
following commutation on the second component of the morphisms
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ns(y)
HZ (m(P)71(Y,y)) > Pr(y)
h ?f(g)
(0 (=772 (v.07)) P (%Y (y’))
Ra, () i,
+ Ci?ii,f(?/) J /
(HX (= (71(Y.9)))) Pa, (P (y) » Pr(y) Prlix(y'))
idgp ()
iX(?f(y/))
HE (v(P);' (Y, v)) — P ()
”If(y )

the two triangles commute by a composition/identity coherence, while the left square is the
naturality of ¢y. Note that the outermost diagram is exactly the one we were looking for,
showing that 7, is natural.

o (f,ns(y)) = [fly, is cartesian (by definition of [=]_), hence, by Lemma J.2.5, n;(y) is an
isomorphism, showing that 7, is a natural isomorphism.

O
H? is an isomorphism.

Proof. To show that H” is a pseudo-natural isomorphism, it is enough to show that each of
its components is an isomorphism. Let X : B. It is clear that both actions on objects and on
morphisms of HY are invertible. O

H? is natural in 2.

Proof. Let P,P’ : B°® — Cat be two pseudo-functors, and v : P — P’ be a pseudo-natural
transformation. We have to show that
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Hence, we have to show that the diagram commutes at each point X : B

HY
(P K

F,

v

Vx Vx

HY
(P —————— P

Let’s check that the functor agree on each object and morphisms:

o let x: Px.
H?}Q(VXV(X@)) = H)g;/ (FV(X, x))
= HY (X, vx(z))
= vx(z)

e let z,y: Py, and f:2 — By ().

VX(H)g;(ian f)) =vx(ix(y) o f)

and
HY (v (idy, f)) = HE (F,(idx, f))
= HY (idX,VidX(Z/Vl ° VX(f2))
=ix(x(y)) o via, (¥) ' o vx(f)

We need to check that the following diagram commutes

vx(f)
vx(a) - ’ VX('ﬂdX(yD
id
VX(‘(EdX(y))
vx(f)
v (Bo. ) vxlix(@))
Vldx(y)il

v ix(vx(y)) +

R, (vx(y)) > vx(y)

note that the lower square commutes by a coherence condition on pasting diagrams, and the
upper triangle trivially commutes.

|
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@ o \II = ideCtB

Proof. We have exhibited a natural isomorphism

H:®oU = idpgy,

J32Vod
Let p : £ — B be a fibration.

Vod(p)=n(p'): /p‘l — B

Definition J.3.7

Consider

G, : /pl — &
(X,R)— R
(fi, f2) = (il o fa
Let (fy,fy): (X,S) = (Y,R), we have f; : X > Y and f,: S —)p}ll(R)

fo [fl]R

S —— p;(R) — R

idx fi

Lemma J.3.8

Gp is a functor.

Proof. Let (X,R): [p~'. idy r = (idx,ix (R)). We have to show that the following diagram
commutes

which commutes by definition of .

Furthermore, let (X, R),(Y,S),(Z,T): [p~ !, and
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(flaf2) : (XvR) — (YvS)
(91,92) : (Y, 8) — (Z,T)

Let us show that G,((g;,92) ° (f1, f2)) = G,(91,92) ° G,(f1, f2), that is, that the following
diagram commutes

f2
R > pr(S)
f2 [fl]s
p7.(S) S
—1
Dy, (92) 92
p7t (pyH(T)) Py (T)
[f1a91]1_31 [gl]T
L (g flr M
Pg.op,(T) > T
We indeed have the following diagram commutes
f2 .
R > py (S)
f2 [fl]s
v [fl]s v
Py (S) > S
pfl (92) 9o
1 [f l]pgll(T) 4
p;}(pgH(T)) ——— pH(T)
[flagl]; [gl]T
Y lgeo flr M
Pg.or, (T) » T

as the lower square commutes by definition of [f;, g;] > the middle one by definition of p}ll (95),
and the top one commutes trivially. O
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G, is a fibration morphism.

Proof. There are two things to check: the commutation with the fibrations, and the preservation
of cartesian morphisms. Let’s proceed in order.
1.

™

St

m(p~') p

B

Let’s check that the two functors agree on objects and morphisms.
o let (X,z): [p', ie X =p(x)

=X

=m(p~)(X, )
o let (X,2),(Y,y): [p', and (f1, fo) : (X,z) = (Y, y). We have

p(Gy(f1: £2)) =p(111], * fo)

= p([fﬂy) °op(fs)
= f1 °idX

=

= W(p1)<f1>f2>

2. Let (fy, f2): (X,S) = (Y, R) be a cartesian morphism. By Lemma J.2.5, f, is an isomor-
phism. Let h: X’ — X and g : R — R such that the following diagram commutes

R g
f2 [fl]R
S ———» p?ll(R) —— > R
8 h id fi
X’ > X > X > Y

A~

By cartesianity of [f;] o there exists a unique h: R — p;ll(R) such that the following
diagram commutes
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8 h id f1
X’ > X . ¢ > Y

Hence, fy'o h satisfies the wanted property. Furthermore, for any h: R’ — S that makes
the following diagram commute

R/

h id fi

X’ > X X »Y

note that fy o h satisfies the same universal property as h, hence fao h= 71, and thus

which shows the unicity.

G, is an isomorphism.

Proof. Let us exhibit an inverse morphism

K,:&— /p_l
o if R: &, we define
K,(R) = (p(R), R)

e if SSR:& and f: S — R is a morphism in &, by cartesianity of [p(f)]g, there exists a
unique f S — p;(lf) (R) such that the following diagram commutes
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Let

Let us show that K, is the inverse of G, (which will entail that it is a functor), and that it is

a fibration morphism.

1. Tt is clear that K, and G, are each other’s inverse on objects. Let (f;, f;) be a morphism
in [p~'. We have that p([fl]R of2) :P<[f1]R) op(fy) = f1 oid = f;. Furthermore, f, is
precisely the cartesian lifting of the identity by [fi],, so we havAe K,(G,(f1,[2) = (fl,Af2).
Conversely, let f: S — R be a morphism in €. By definition of f, we have f = [p(f)] o f, so
G, (K,(f)) = f.

2. We have to check that the following diagram commutes

K

p

p m(p™)

B

Let’s check that the two functors agree on objects and morphisms.
e Let R: &

e Let S,R: € and f: S — R a morphism in &

w(p™) (K, () = =(p7") (p(£), f)
=p(f)

Furthermore, we have to check that K, preserves cartesian morphisms. Let f be cartesian. f
is (the canonical) isomorphism between the domains living in the same fiber, of two cartesian
morphisms. In particular, it is an isomorphism, hence (p( H.f ) is cartesian by Lemma J.2.6.

|
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G, is natural in p.

Proof. Let p: & — B and ¢: F — B be two fibrations, and F :p — g¢ be a morphism of
fibrations. Let’s check that the following diagram commutes

Gp
Jpt &
Fr F
Gq

Joh ———— F
Let’s check that the two functors agree on objects and morphisms. Let (X, R): [p~*.
G,(F,r(X,R)) = G,(X, v (R))
vi(R)
= F(R)
= F(G,(X,R))
Let (X,R),(Y,S): [p~' and (f1, f>) : (X,R) — (Y, S) be a morphism in [p~'.
Gy(Fyr(frs £2) = Gy (frovpe (S)7F o vE(f)
= [filpgy o Vir (S)7H e vk (fo)
= [Fil gy o vir (9)71 e F(f2)
=F(lfil,) ° F(f2)
=F([filg° f2)
= F(G,(f1, f2))

\IJ o (D = idFibB

Proof. We have exhibited the natural isomorphism

G:\Iloq):idFibB

O This concludes the proof of Theorem A.3.1.
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