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Abstract

Mathematics and computer science increasingly rely on proof assistants to ver-
ify reasoning and ensure program correctness. Yet a persistent obstacle in the
formalisation of programming languages and calculi is the treatment of variables
and the associated operations of a-renaming and capture-avoiding substitution.
Despite many proposed approaches, none match the flexibility and clarity of in-
formal reasoning on paper. As a result, formalising languages in proof assistants
often demands navigating a cumbersome layer of syntactic metatheory before
any real benefits of mechanisation can be realised.

In parallel, mathematical frameworks offer powerful, reusable tools for work-
ing with syntax — such as type-preserving simultaneous substitution and compo-
sitional semantics via initial algebras. However, their practical impact on formal
verification has been limited, due to their categorical sophistication and the chal-
lenges of encoding them in dependently-typed settings.

This thesis bridges this gap by formally relating the method of intrinsically
typed encodings to the presheaf approach for languages with binding. We intro-
duce the familial model of second-order abstract syntax as a categorical founda-
tion for intrinsic typing, and show its equivalence to the presheaf model both
syntactically and semantically. This places many ad hoc practices on solid mathe-
matical footing, opening up principled paths for abstraction and extension. Along
the way, we develop general tools for weakened monoidal structures and functo-
rial models of syntax, framed by adjoint modalities - laying the groundwork for
scalable and mechanised reasoning about syntax.
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CHAPTER 1

Introduction

A technical argument by a trusted author, which is hard to check and looks
similar to arguments known to be correct, is hardly ever checked in detail.

— Vladimir Voevodsky (2014)

The increasing complexity of modern mathematical and theoretical work has exposed the limi-
tations of informal reasoning. Influential results have occasionally been undermined by subtle
but critical errors; technical arguments often span many pages, pushing the bounds of human
comprehension; and detailed proofs frequently go unverified by the broader community. In
many cases, confidence is placed in the reputation of the author rather than the rigour of the
argument itself. Identifying a mistake may cast doubt over an entire body of work, leaving
it unclear whether the fault lies in the proof, the theorem, or the counterexample. As a dis-
cipline that progresses by building on the results of the past, mathematics must grapple with
the uncomfortable reality that even widely accepted results can rest on fragile foundations.

Computer verification offers a promising solution. Increasingly, mathematics embraces
proof assistants to formalise both historical work and new research (Paulson, 2023; Tao, 2025).
With their reliance on small, trusted cores, flexible syntax, and well-understood logical foun-
dations, proof assistants have opened new avenues for exploration and collaboration. The
benefits are clear: formally verified proofs guarantee correctness; light automation handles
“tedious but straightforward” details that would otherwise fill pages with mechanical symbol-
pushing; and the open-source nature of formalised mathematics promotes collaboration, com-
partmentalisation, and peer review.

That said, there are good reasons a mathematician might hesitate to use a proof assistant
at the start of a project: the steep learning curve, limited expressivity compared to informal
reasoning, and the strict requirement for rigour introduce a kind of viscosity that familiar pen-
and-paper methods do not. Nevertheless, proponents argue that it is precisely this stubborn
demand for precision that gives proof assistants their greatest strength: no longer can we
gloss over trivial-looking steps, forget obscure assumptions, or leave key arguments to the
imagination of the “interested reader”

Research in theoretical computer science poses a slightly different challenge, both for hu-
mans and computers. Due to the inductive nature of most aspects of programming languages



18 INTRODUCTION

- grammar of expressions, typing relation, evaluation, etc. — recursive definitions and induc-
tive proofs are the primary way of interfacing with the metatheory of a syntax. Induction
over the structure of a grammar or a typing derivation is notoriously tedious, often involving
dozens of similar but subtly different cases, complex induction hypotheses, finicky constraints,
and delicate bookkeeping. Using a proof assistant to streamline such work quickly reveals an
additional difficulty: syntax involving variable-binding operators is far more intricate than
pen-and-paper proofs tend to acknowledge. Subtle issues easily glossed over by human intu-
ition become major obstacles during formalisation.

The primary culprits are notions of scope, variables, binding, and capture-avoiding substi-
tution, all silently interacting with the following fundamental principle:

Variable names do not matter, as long as binding relationship match.

Humans naturally apply this principle and consciously avoid situations where variable names
introduce confusion. Good practice dictates stating and following naming conventions, being
explicit about changes of variables, and avoiding the reuse or overloading of names where
ambiguity might arise. Proof assistants, however, must deal with the fluidity of variable names,
resulting in challenges such as:

« f(x) = x? and f(y) = y? define the same function, as does g(z) = z? but with a different
name which may or may not matter depending on the context;

e f(x,y) =x*+yand f(y,x) = y* + x are the same, f(x,x) = x* + x is not a valid definition,
but it is a valid predicate over x;

« f(x) =x*+aand f(y) =y + b may be different or the same depending on the context:

— they can be made equal by replacing a and b with the same term ¢: e.g. f(x) = x*>+ (3 +c)
is the same as f(y) = y? + (3 + ¢) for any c;
— except if t has occurrences of x or y: e.g. f(x) = x*+(3+y) differs from f(y) = y*+(3+y);

— except if they’re bound occurrences: e.g. f(x) = x* + ((Ay. 3 + y) ¢) is the same function
as f(y) =y* + ((Ay. 3+ y) o).

A researcher in programming languages may initially turn to proof assistants to expedite the
long and tedious inductive proofs of properties like progress and type preservation, only to find
themselves trapped instead in the minutiae of syntax representation, structural lemmas, and
the definition and well-typedness of substitution — technicalities that informal proofs often
gloss over with a few words or a footnote. Worse, because syntactic metatheory is often
tailored to each specific language, this painstaking infrastructure must be rebuilt for every
new formalisation project, with little opportunity for reuse.

1.1 THE CHALLENGE

A comprehensive study of a language often involves analysing its computational behaviour
and semantic meaning, expecting a close alignment between the two. One describes the former
using operational semantics, and the latter via denotational semantics; their correspondence
is proved using soundness, adequacy, and abstraction results. Operational metatheory for a
language could involve:
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Reduction A reduction relation s ~» t defining how expressions are computed.

Equivalence Two terms are contextually equivalent if they reduce to the same value in the
same evaluation context.

Determinacy The reduction relation is deterministic: if s w» t; and s ~» 5, then t; = t5.

Progress Every closed well-typed term is either a value, or takes a reduction step.

Preservation Reduction preserves the typing and variable context of a term.

Safety Well-typed programs don’t get stuck.

Closure If s ~» t, then s reduces to a value iff t reduces to a value.

Normalisation Every well-typed closed term reduces to a value.

On the other hand, denotational metatheory addresses both the mathematical meaning of
programs and its relationship to operational behaviour:

Semantics Every term T +t : a determines a morphism [t]: [T] = [«].
Compositionality ~For all evaluation contexts C[—], [s] = [¢] iff [C[s]] = [C[¢]]
Soundness IfT ks, t:aands ~» tthen [s] = [¢]: [T] - [«].

Adequacy If two terms are denotationally equivalent, they are contextually equivalent.

Full abstraction Iftwo terms are contextually equivalent, they are denotationally equivalent.

These informal lists illustrate the kinds of deep and often challenging properties one might
wish to prove for a given language. Since many of these results are established via structural
induction on syntax, proof assistants would appear to be a natural fit: they can automate
routine arguments and manage the complex web of assumptions, variables, and hypotheses
involved in more intricate proofs.

In practice, however, the path to such results is frequently obstructed by a mountain of
syntactic overhead. Before one can reach the interesting theorems, one must first tackle an
array of uninteresting but necessary properties about the syntax and its associated operations.
Some of these are familiar and straightforward, while others arise unexpectedly mid-proof,
interrupting progress with yet another tedious induction. Worse still, these properties often
have little to do with the semantics or computational content of the language under study
- they stem instead from the choice of syntactic representation and its inherent complexity:
variable binding, scoping, and other structural constraints.

Regardless of the formalisation strategy adopted, syntactic concerns are all but guaranteed
to surface at inopportune moments. Unlike informal proofs — where handwaving and intuition
can often fill in the gaps — a proof assistant demands full rigour. The resulting metasyntactic
metatheory involves the following kinds of foundational properties:

a-renaming Changing the name of binding and bound occurrences in parallel.
Substitution [s/x]t replaces every free occurrence of x in t, avoiding variable capture.
Well-scoping IfT ¢ : a, then fv(t) € dom(T).

Weakening IfT'rt: S, thenT,x: art:p.

Exchange Ifl,x:ay:frt:y, thenl,y: fx:akt:y.

Substitution typing IfT,x:a+t:fandl +s: a, thenT F[s/x]t: p.
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Substitution invariance If x ¢ fv(t), then [s/x]t =¢.
Syntactic substitution lemma For all terms r, t,s, [r/y]([s/x]t) = [[r/y]s/x]([r/y]t).

Semantic substitution lemma For all terms ¢ and s, [[[s/x]¢] = [¢t] o (id, [s])-

These properties can be surprisingly intricate to prove in a formal setting — often more so than
the high-level results they support. Naively following the structure of informal proofs may fail
due to quirks of the syntax representation, or be finicky without the crutch of intuition and
syntactic conventions. A successful formalisation typically requires abstracting and generalis-
ing beyond the original statement, introducing auxiliary lemmas, or rethinking the encoding
of syntax entirely. In many cases, significant effort is required merely to reproduce what once
seemed a triviality on paper.

1.2 OUR SOLUTION

A number of techniques and frameworks exist to formalise languages with variable binding
in proof assistants. One of the most critical design decisions concerns the representation of
variables. Below, we outline some approaches, leaving a more detailed survey to Section 2.4.

Textual variables Variables are represented as strings (or, more generally, atoms with decid-
able equality), mirroring conventional notation. This offers human-readability, but does not
provide any static enforcement of binding structure. Capture-avoiding substitution requires
explicit string comparison and either limits substitution to closed terms or necessitates a
separate mechanism for generating fresh variable names.

de Bruijn indices Variables are encoded as natural numbers indicating their binding depth.
This nameless representation avoids the need for a-conversion or quotienting, but terms
become less readable, and metatheoretic manipulations of indices can be subtle and error-
prone.

Intrinsic syntax Terms are defined in such a way that only well-scoped and well-typed ex-
pressions can be represented. This integrates typing directly into the term structure, uni-
fying term definitions with well-formedness properties. For instance, defining substitution
simultaneously proves that substitution preserves typing. While this approach offers strong
invariants, it also requires a nontrivial foundation of general-purpose syntactic operations
and lemmas that must be derived from first principles.

Among these options, we adopt an intrinsic, nameless representation of syntax, owing to the
strong static guarantees it provides in dependently-typed settings. This choice ensures that
syntactic ill-formedness is excluded by construction, making subsequent semantic develop-
ment more robust. However, we also recognise the significant up-front effort that intrinsic
representations demand: much of the groundwork must be formalised before any high-level
results can be established. Accordingly, our research aims to place this groundwork on a solid
theoretical foundation, clarifying the structure of syntax, its mathematical underpinnings, and
its role in categorical semantics.
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Our starting point is the presheaf model of abstract syntax, developed by Fiore, Plotkin,
and Turi 1999. In this framework, terms with variable binding are elements of presheaves
- functors from a category of contexts and renamings to the category of sets. A term in a
presheaf indexed by a context I' is, by construction, well-scoped with respect to I'. By building
additional structure on the presheaf category, one can axiomatise substitution, variables, and
binding structure in categorical terms.

While the presheaf model provides a conceptually clean and general account of syntax, it
is not directly amenable to formalisation in dependently-typed proof assistants, particularly
due to its reliance on quotient constructions and other mathematical tools. To address this,
we develop a new, formalisable model that retains the key strengths of the presheaf approach
while being suitable for mechanised formalisation.

Our approach is based on indexed families of sets, without assuming renaming as a prim-
itive. By examining the presheaf model from the ground up, we isolate the minimal use of
renaming and reconstruct the theory around a simpler foundation. The resulting model is
both expressive and amenable to formalisation in Agda, enabling the automatic derivation of
rich syntactic metatheory for a wide class of binding-aware languages. Concretely, we make
the following contributions:

« A new categorical model of abstract syntax based on indexed families of sets, rather than
presheaves over cocartesian categories. In this model, renaming is treated as additional,
rather than intrinsic, structure. This results in a simplified formulation of substitution and
binding, while retaining compatibility with existing theory.

— We present a systematic account of categorical structures associated with syntax, includ-
ing skew-monoidal closed categories, actions, modules, strength, and linearity, clarifying
the relationships between multiple definitions in the literature.

— We introduce the notion of derived monoidal categories, applicable in contexts where skew-
monoidal structure is lost when objects are equipped with additional object-level struc-
ture (e.g. algebraic or semantic).

— To bridge the gap between indexed families and presheaves, we prove general results for
lifting categorical structures and universal constructions along forgetful functors.

+ A formalisation framework in Agda built on the familial model. This framework provides
a near end-to-end solution for defining syntactic structures and deriving their metatheory
from a high-level specification. Key features include:

— A generic metatheoretic development over arbitrary signatures, using initial algebra se-
mantics rather than recursion on a fixed syntax.

— An intrinsically-typed, structurally recursive syntax implementation, overcoming com-
mon issues of positivity and termination that affect other generic syntactic frameworks.

Our decision to pursue an abstract, category-theoretic foundation is motivated by a desire to
uncover the deeper mathematical structure of syntax and to guide the design of formalisation
tools in a principled way. In doing so, we aim not only to support the formalisation of simply-
typed languages, but to lay the groundwork for modular, adaptable techniques applicable to
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polymorphic, linear, or dependently-typed languages. A more ad hoc, problem-specific devel-
opment would have likely obscured these general patterns and limited the reusability of results.
By contrast, our approach aspires to connect the rich body of categorical semantics with prac-
tical mechanisation strategies, and to offer a framework extensible to future developments in
the semantics of programming languages.

The formalisation framework is furthermore equipped with a lightweight code generation
pipeline, enabling users to transition from a concise and human-readable syntax specification
to a complete Agda formalisation via a single command. Users provide a high-level textual de-
scription of a typed language with variable binding and an optional equational theory. For in-
stance, the following specification defines the simply-typed lambda calculus (STLC) extended
with natural numbers (type N) and a function type constructor (—):

term
app a—-p a —p
lam : a.p - a—-p
ze : — N
su : N — N
nrec : N o (a,N).a — «
theory
(AB) b:a.p a:ar» app(lam(x. b[x]), a) = b[a]
(An) fira - f> lam(x. app(f, x)) = f
(zB) z:a s:(a,N).a » nrec(ze, z, rm.s[r,m]) = z

(sp) n:N z:a s:(a,N).a » nrec(su(n), z, rm.s[r,m])
slnrec (n, z, rm.s[r,m]), n]

Our system generates Agda code for:

« a grammar of types and an intrinsically-typed data type of terms;

« operations of weakening and substitution together with their correctness properties;

« arecord that, when instantiated with a mathematical model, induces a semantic interpreta-
tion of the syntax in the model that preserves substitution;

+ aterm constructor for parametrised metavariables and their associated operation of capture-
permitting metasubstitution; and

« an equational/rewriting theory that can be instantiated with the axioms of the syntax to ob-
tain a library for second-order equational/rewriting reasoning. For example, the equational
proof that 1 + 2 = 3 looks as follows:

1+2: m> 0+ plus $ su ze $ su (su ze) = su (su (su ze))

1+2 = begin
plus $ su ze $ su (su ze) ~( thm A% with{ nrec x; xo (su Xq) < su ze < su (su ze) ) )
nrec (su ze) (su (su ze)) (su xg) =( ax sf with{ ze < su (su ze) <suxq ) )
su (nrec ze (su (su ze)) (su x¢))  =( cong[ ax zeff with{ su (su ze) < su xq ) ]inside suO*)

su (su (su ze)) |

where plus is the primitive recursive encoding of addition, 14° is a derived equation for two-
argument f-reduction, and thm, ax and cong are helper operations for applying axioms and
proved theorems inside subexpressions to construct explicit equational proofs.



OUTLINE 23

1.3 OUTLINE

Following this introductory chapter and a discussion of theoretical background and related

work in Chapter 2, the thesis is organised into four main parts.

Part I introduces the mathematical tools used in the main development.

Chapter 3 establishes the equivalence between distributive laws and liftings, a recurring
tool used to extend functors to categories with added structure. In particular, Section 3.3
proves one of the central theorems of the thesis: that the family of syntactic terms generated
by a signature gives rise canonically to a presheaf of terms, i.e. the renaming structure is
determined by recursion on syntax.

Chapter 4 develops the theory of biclosed modular categories over monoidal categories, in-
cluding strong functors and the clone (double-dualisation) monad construction. This struc-
ture underpins the metasubstitution operation, which is shown to be a strong monad mor-
phism between the term monad and the clone monad, with the relevant axioms derived
from this general theory.

Part II explores the substitution structure of indexed families in a setting where monoidal
coherence laws are relaxed, leading to skew-monoidal structure.

Chapter 5 develops a systematic theory of skew-monoidal closed structures in categories
and modular categories, including the formulation of monoid and module objects, and prop-
erties of parametrised morphisms.

Chapter 6 considers categories that embed into skew-monoidal categories while possessing
internal analogues of the unit and tensor. These derived monoidal categories support a theory
of derived monoidal and module functors, as well as monoid and module objects, and are
essential to formalising constructions over families that do not carry over directly from
presheaves, such as pointed strength.

Chapter 7 revisits the notion of skew-monoidal warpings, which allow the generation of
new monoidal structures from existing ones. Skew-closed warpings are introduced, along
with sufficient conditions for lifting categorical structure along warpings. The key result is
an equivalence between algebraic monoids and lifted structures, which ultimately yields an
equivalence between syntactic models in the presheaf and familial settings.

Part III introduces the familial model, relates it to the presheaf model, and demonstrates its
use in establishing initiality and freeness theorems for second-order abstract syntax.

« Chapter 8 surveys the theory of presheaves and related constructions such as co/ends, Kan
extensions, Day convolution, nerves, and realisations.

+ Chapter 9 synthesises substitution structure for presheaves and families in three ways: via
universal properties, from first principles, and through an adjoint warping. This last formu-
lation yields the canonical skew substitution tensor on families, providing a formal bridge
to the presheaf model.
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Chapter 10 presents the familial model in full detail, emphasising differences from the
presheaf approach. Notably, it employs Day convolution for variable binding and meta-
substitution, module structure for renaming, skew-monoidal structure for substitution, and
derived monoidal structure to capture strength and algebraic behaviour.

Chapter 11 applies this theory to reproduce and generalise the initiality and freeness results
of the presheaf model in the familial setting. The new proofs are more efficient, leveraging
internal homs to better accommodate the skew structure. The chapter also derives a second-
order metasubstitution theory and sound equational reasoning.

Part IV explores the practical advantages of the familial model in formalisation, highlighting

its computational tractability in contrast with the more abstract presheaf approach.

Chapter 12 describes the Agda formalisation framework developed from the familial model.
Families are naturally represented as functions into Set, offering a simpler and more us-
able foundation than fully functorial encodings. With modest adaptations, the framework
faithfully implements the core model and syntactic metatheory without quotient types.

Chapter 13 presents example applications of the framework, including generic syntactic
constructions and concrete encodings of various syntaxes and equational systems.

Finally, Chapter 14 summarises the main contributions and outlines future directions for ex-

tending this work in both theory and practice.

1.3.1 Practicalities

Most of the relevant categorical notation is introduced as part of the text. Equational and

diagrammatic proofs are annotated with references implying an equality step or the commu-

tativity of a certain cell. We collect the main conventions for diagram labelling below - they

are intended to be more indicative than fully rigorous, and in some cases the same label is used

for a class of laws, with identification of the exact property left to the reader.

Equalities appear as double lines without arrowheads, and no label.

Isomorphisms appear without arrows at either end, and often without a label when the
transformation is clear. The direction is also omitted if it is inferable or unimportant.

A cell is not labelled if the edges are identical composites, or it commutes by functoriality.
A cell is labelled o = if it commutes by definition of the operator o.

A cell is labelled [p]if it commutes by naturality of ¢. If a natural transformation is multi-ary,
. indicates naturality in the k™ component.

A natural transformation ¢ preserving an operation o is generally notated as ¢|o].
An F-co/algebra homomorphism axiom for f is labelled f | F].

Monad laws (unit or associativity) for T will simply be labelled by the monad name itself,
and laws of a monad algebra a: TA — A by T.

Adjunction zig-zag identities will be denoted .
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When working with several adjunctions, we will avoid using ¢ and 1 (and labelled/renamed
variants) for the co/units in favour of explicitly referencing the natural isomorphism of
hom-sets 7: D(FA, B) = C(A, GB) associated with the particular adjunction. We will write
7: F 4 G: € — D for such an adjunction. Then the unit 7(idz,): A — GFA and counit
7(idgp): FGB — B will be denoted as 7, and 75, respectively; this will not lead to ambiguity
as we will not be referring to specific components of 7 as a natural isomorphism.

Other notational conventions are as follows:

« Coproduct injections are denoted 1;*: A — A + B and ,”: B — A + B. For morphisms
f:+ A — and g: B— C, their copairing is denoted [f, g]%": A+ B — C, or simply [f, g] if
the objects are clear from context.

« We write “co/[term]” for “[term] and [coterm]” — e.g. “co/complete” for “complete and co-
complete”, or co/algebra for “algebra and coalgebra”.

« Small categories will be denoted using blackboard letters C, D, while arbitrary (usually lo-
cally small) categories using calligraphic letters C, D.

« Presheaves (over the free cocartesian category) will generally be denoted P, Q, R, while fam-

ilies (discrete presheaves) as X,Y,Z. Sorted variants thereof will use calligraphic letters:
P, Q,Rand X, Y, Z.






CHAPTER 2

Background

We begin by motivating and contextualising the technical developments of this thesis through
a detailed exposition of the two main strands of research it aims to unify: intrinsically-typed
language formalisation and the presheaf model of abstract syntax. Section 2.1 introduces the
intrinsic encoding of syntax, highlighting both its intuitive appeal and the often counterintu-
itive, piecemeal nature of developing its metatheory, which is prone to ad hoc constructions
and subtle pitfalls. In addressing these challenges, we identify opportunities for abstraction
that recent work has touched upon but not yet grounded in a coherent theoretical framework.
Section 2.2 then develops the classical (cartesian) presheaf model of Fiore et al. (1999), ex-
tending it to encompass second-order features. In particular, we provide a comprehensive
treatment of second-order features of syntax (Fiore, 2008), offering a principled account of
metasubstitution and meta-interpretation. Finally, Section 2.4 presents an in-depth survey of
existing literature on the formal foundations of syntax and its mechanised implementation.

2.7 INTRINSIC SYNTAX

Intrinsic syntax, also called type- and scope-safe encoding, embraces the “illegal phrases are
unrepresentable” principle in unifying the term grammar with the typing judgment. Every
encoded term is well-typed and well-scoped by construction: types and contexts are assigned
“at construction”, and respected by all operations, such as substitution and reduction, with
correctness statically enforced by the type checker. This stands in contrast with the usual ex-
trinsic style, where a raw term grammar is defined independently of the typing judgment, and
operations are defined independently of their type-preservation proofs. Since most metatheo-
retic properties — progress, safety, normalisation, etc. — require a well-typedness assumption,
intrinsic syntax avoids redundancy and administrative overhead inherent in duplicating the
term grammar and type system.
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2.1.1 Advantages

Intrinsic encodings operate over sets of the form {¢ | T' -t : @}, containing only well-typed,
well-scoped terms. Defining and manipulating such families requires dependently-typed in-
ductive families (Dybjer, 1994), which proof assistants like Agda and Rocq support natively.
For example, an intrinsic encoding of the simply typed lambda calculus (STLC) in Agda defines
four components: sorts (with base sort B) contexts, variables, and terms:

data S : Set where dataV:S — Ctx — Set where
B :S new : Va(a-T)
= :S—>S5->S old :VBT =V B(a-T)
data Ctx : Set where data A: S — Ctx — Set where
O :Ctx var :Vall > AaT
: S — Ctx — Ctx app : Ala = )T > Aal - ABT

lam : Af(a-T) > A(a— p)T

Contexts are lists of sorts, and variables are type- and scope-safe de Bruijn indices. Each term
constructor enforces its typing rule statically: variables select a context entry, applications
combine terms of matching function and argument types, and A-abstractions extend the con-
text and bind a new variable. As examples, consider the SKI combinator terms:

| :Ala—=a)T KiA(la—=pf—-a)T

| = [am (var new) K = lam (lam (var (old new)))

S:A(a—=p-y)=(a=p—-a-y)T
S = lam (lam (lam (app (app (var (old (old new))) (var new))
(app (var (old new)) (var new)))))

Although verbose due to explicit de Bruijn manipulations, these terms encode type- and scope-
safe syntax trees: any change to the expressions will result in a type error. Agda can even
synthesize parts of these definitions automatically, owing to the rigid type and context depen-
dencies enforced by the constructors. Such static guarantees would not be enforced if one
used untyped terms, numeric de Bruijn indices, or textual variables. Operations like weaken-
ing, substitution, and reduction are naturally typed to preserve well-typedness:

wkn : AaT - Aa(f-T)
sub :Aal > Af(a-T)—>ABT
> cAal 5 AaTl — Set

For instance, weakening explicitly shifts variables in the syntax tree, with the type system
ensuring correctness. Substitution encapsulates the single-variable substitution lemma; re-
duction expresses type-preserving evaluation steps. In each case, type preservation is not
merely a theorem but is embedded directly into the recursive definition of the operations.
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2.1.2 Challenges

Intrinsic typing has some very compelling properties, but fully committing to it also means
accepting its idiosyncrasies. Namely, it forces us to prove more things upfront than other ap-
proaches, and will forbid us from continuing with the development until Agda’s type checker
is happy — prototyping, experimentation and testing are all blocked by the “boring bits”. In this
section we give a flavour of the familiar frustrations of defining the innocuous top-variable
substitution operation sub: AaT' — A B (a«-T) — A BT that forms the basis of the opera-
tional semantics of the STLC. In an intrinsically-typed setting, the definition should parallel
the usual proof of the well-typedness of substitution, which rarely causes difficulties on paper:
it proceeds by induction on ¢, pushing the term s under constructors until a free occurrence
of the last variable in the context is reached. Agda requires the utmost rigour however, so
deriving single-variable substitution will take us through some meandering workarounds.

First attempt: top substitution We define sub s t by induction on t: A § («-T). The key
cases are variables and abstractions, where contexts change nontrivially. In the variable case,
if t = var x, pattern-matching on x distinguishes two subcases:

« If x =new: Va (a-T), corresponding to the top variable, we return s.

« Ifx =old (y: V BT), alower variable, we return it directly as vary: A fT.

In application nodes, substitution recurses structurally:

sub: AaT -5 AB(a-T)—>ABT
sub s (var new) =s
sub s (var (old y)) = vary

subs (app fa) =app(subs f)(subs f)

The abstraction case, however, reveals a difficulty. If t = lam b: A (f — y) («-T'), the body
b has type Ay (f-a-T'). Informally, the substitution [s/x](Ay: B. b) recurses into the body
of the binding, avoiding variable shadowing and capture by renaming the bound variable y
if needed. This is not immediately possible in Agda, since freshness of the new variable in b
is explicitly represented by context extension, and its type f “covers” the free variable « that
we are substituting for. The recursive call to sub is therefore not general enough, since it only
substitutes for the last variable in the context.

subs (lamb)=lam (sub([_l: Aa(B-T)(L_|: Ay(a-B-1): Ay(B-T))

In a pen-and-paper proof of the syntactic substitution lemma, we would use the structural
rules of exchange to swap « and f in the context of b, and weakening to weaken s: A a T to
Aa (p-T) before applying the induction hypothesis — again, very standard properties that are
rarely dwelt upon. Sadly, defining wkn: Aa T — A a (7-T) leads to the same problem as
before: the recursive call is impossible since we would need to add the 7 variable under the
newly bound one, weakening b: A f (a-T) to A B (a - 7-T') without disturbing «a.

wkn (lam (b: A B (a-T))) = lam (wkn ([_]: A (a-T)): AB(a-7-T))
Perhaps all will be solved if we define exch: Aa (f-y-T') - Aa (y-f-T')? No luck — once

again, the recursive call only accounts for the top of the context which gets extended in binding
terms. We evidently need to strengthen our induction hypothesis.
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Second attempt: middle substitution An easy way to generalise the substitution function is
to allow substituting for an arbitrary variable, surrounded by any two contexts:

sub: T:Ctx) > Aa(T+A) > AT +(ax-A) > AT +A)

This is strong enough to make the recursive call in the lam, instantiating I" with (f-I'). How-
ever, lam (sub s b) doesn’t typecheck yet since s has to be weakened from A « (T' + A) to
Aa (- (T +A)). We can do this using a generalised middle-weakening map

wkn: Aa T +A) > Aa T +(r-A))
which is now definable, assuming we also establish weakening for variables:

wkn-var: (I': Ctx) > Va ([ +A) > Va ([T +(r-A))
wkn-var 0 x =old x

wkn-var (@ -T) new = new

wkn-var (a - T') (old x) = old (wkn-var T x)

wkn: ([': Ctx) > Aa T +A) > Aa ([ +(r-A))
wkn T (var x) = var (wkn-var T x)

wkn T (app fa) =app (wknT f)(wknT a)
wkn T (lam {y} b) = lam (wkn (y - T') b)

Though the abstraction case of sub is solved, we are now unable to complete the variable case:

sub: T:Ctx) > Aa(T+A) > AT +(ax-A) > AT +A)

sub @ s (var new) =s
sub 0 s (var (old x)) = var x
sub (@ -T') s (var x) = var new

sub (& -T) s (var (old x)) = var (old ([_]: V B (T + A)))
sub T s(appfa) =app(subTs f)(subT sa)
subT s(lam{y}b) =lam (sub (y-T) (wkn 0 s)b)

The hole expects a variable V (I' + A), but x has type V (I + (- A)) and can’t generally
be “strengthened” to the required form. Despite the promising initial steps, no amount of
pattern-matching will let us close the hole and complete the definition of sub.

Third attempt: simultaneous substitution We need to step back and consider the most gen-
eral form of the substitution operation: simultaneous substitution. Instead of substituting a
single term s of type « for a single free variable of type « in ¢, we replace every free variable in
t with different terms of appropriate types, all of which must be in the same context. For exam-
ple, applying the simultaneous substitution 0 = [x; — (y: f s 1), x2 = (y: fFs2: az)]
to the term xy : @1, x2: @y Ft : 7 results in the term y: B + [o]t : 7. There are two ways to
represent a simultaneous substitution rule ¢ in Agda: as an inductive data type containing
a sequence of terms, or as a dependent function space that maps variables in one context to
terms in another. For the purposes of formalising substitution laws the function space repre-
sentation is more convenient.
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Sub : Ctx — Ctx — Set
SubTA={r:S} >Vl > A7rA

The simultaneous substitution operation now has the type sub: SubT' A = Aal — AaA,
easily specialised to single-variable substitution using Sub (f-A) A that maps the existing
variables to themselves and the new variable to a term A 8 A. In the definition of sub, variables
are looked up using the substitution rule without any case analysis, and application recurses
into subterms. More work is needed for abstraction, since the body binds a new variable which
must be left undisturbed by the substitution. We need to “lift” a substitution Sub I'" A over a
binder, resulting in a map Sub (7 - T') (7 - A); intuitively, it maps the new variable to itself, and
old variables to the original terms, weakened by z:

lift : SubT' A — Sub (z-T) (r- A)
lift c new = var new

lift o (old x) = wkn (o x)

The operation wkn: AaT' — A« (7-T') is derived from the centre-weakening of the previous
attempt. With this, we can finally implement the remaining cases of substitution, and derive
single-variable substitution by mapping the last variable of the context to s:

sub: SUbTA—>AalT - AaA
subo (varx) =ox

sub o (app f a) = app (sub o f) (sub ¢ a)
sub o (lam b) = lam (sub (lift o) b)

[/]:AaT 5 Ap(a-T)>APBT
[s/] =subA{new > s;old x> varx}

This approach works well, and it scales to terms that bind any number of variables — we just
need to apply lift several times. Nevertheless, it is worth pondering if there are further op-
portunities for abstraction that may clean up the definitions, especially of wkn-var and wkn.
Indeed there are: structural lemmas - weakening, exchange, etc. — can all be expressed as
renaming the variables of a term according to some renaming rule between contexts. A re-
naming rule o of type Ren I' A is a mapping from variables in I' to variables in A, and the
renaming operation applies the rule Ren I' A to a term A a T to obtain a term A « A.

Ren : Ctx — Ctx — Set
RenTA={r:S} > VI ->VrA

ren: RenTA—-Aal - AaA ext: RenT A — Ren(y-T)(y-A)
ren p (var x) = var (p x) ext p new =new
ren p (app f a) = app (ren p f) (ren p a) ext p (old x) = old (p x)

ren p (lam b) = lam (ren (ext p) b)

Here, ext — the analogue of lift for variables - lifts a renaming over a binder by mapping a newly
bound variable to itself, and “weakening” the existing variables using old. The weakening map
wkn: AaT — A a(y-T) used in the definition of lift above is then defined as ren old.
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While we are not making full use of renaming here, the abstraction is valuable as it lifts
any context transformation to the level of terms. Instead of one structurally recursive defini-
tion for every structural property with inductive correctness laws, we have a single renaming
operation, a few general laws involving renaming, and as many instances of the structural
lemmas — weakening, exchange, contraction, permutation, etc. — as we want.

With much trial and error, we were able to define the substitution operation for the simply-
typed lambda calculus. Examining the approach, we make two main observations: both renam-
ing and substitution are required, but their definitions and the auxiliary functions (weakening,
lifting) they depend on are quite similar. Perhaps this can be generalised even further?

Fourth attempt: syntactic traversal Since ren is needed for wkn, lift and subsequently sub,
renaming cannot be derived from substitution. But McBride (2005) showed that there is a
way to generalise both operations into a single traversal function that, with the appropriate
instantiations, specialises to renaming and substitution. A traversal recurses into a term and
replaces every free variable with “stuff”, for a suitable notion of “stuff”: if it is a variable,
the traversal acts as a renaming, and if it is a term, we get substitution. A type-preserving
mapping from variables to a type- and context-indexed family of sets generalises the Sub and
Ren constructs defined above:

Map : (S = Ctx — Set) — Ctx — Ctx — Set
Map XTA={r:S} > VT > XA

A term traversal trav: Map XT'A — A a T — A a A can be defined generically if we assume
some structure on the family X, axiomatised in a record that McBride calls a Kit. The record
supports the translation of variables into stuff, translation of stuff into terms, and weakening
of stuff. Every Kit instance supports a lifting operation on traversal rules.

record Kit (X : S — Ctx — Set) : Set where

fieldvar :Val' - X aTl lift: Map XT A - Map X (r-T) (z- A)
trm : Xal - Aal lift c new = var new
wkn: Xal' - X a(r-T) lift o (old x) = wkn (o x)

With an instance of Kit X, the traversal operation is defined as follows:

trav: Map XTA—-Aal - Aa A
trav o (var x) =trm (o x)

trav o (app f a) = app (trav o f) (trav o a)
trav o (lam b) = lam (trav (lift o) b)

Renaming and substitution can be extracted by defining Kit instances for variables and terms.
Crucially, this is a two-step process: the renaming operation derived from Kit V is used to
instantiate wkn in Kit A.

V-Kit : Kit V ren: MapVIA—-Aal - AaA
V-Kit ={var=id ;trm =var;wkn=old} ren = V-Kit.trav
A-Kit : Kit A sub: Map ATA > AalT - AaA

A-Kit ={var =var;trm =id ;wkn =renold} sub = A-Kit.trav
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Finally, having waded through some messy definitions and ad hoc generalisations, we arrived
at a satisfying conclusion: an abstract term traversal operation that encompasses both re-
naming and substitution, but maintains their conceptual separation through a dependency
relationship. This invites yet another opportunity for abstraction.

Fifth attempt: semantic traversals McBride’s syntactic traversal approach was extended by
Allais et al. (2017) to arbitrary semantic traversals. The key insight is that the Kit.tm field
can more generally return a family that supports the operations of the A-calculus, i.e. a model

of STLC. An Allais-style semantic kit is thus parametrised by two type- and context-indexed
var trm
X

families, and requires conversion maps V M, weakening on X, and analogues

of the application and A-abstraction (presented in terms of extension) operations on M.

Traversal (X M : S — Ctx — Set) : Set
var :Val - XaTl

trm : Xal - Mal

wkn: X al - Xa(r-T)

A M@—-pfHT >Mal > MBT
L :MB(aT)»M(a—-pT

The traversal function acts as a semantic interpretation of STLC terms in an arbitrary model,
additionally incorporating a mapping into a new context.

trav: Map XTA—-Aal - MaA
trav o (varx) =trm (o x)

trav o (app f a) = A (trav o f) (trav o a)
trav o (lam b) =L (trav (lift o) b)

Renaming and substitution are recovered from instances Traversal V A and Traversal A A, but
the construction is far more general: Allais et al. (2021) show how to use it for pretty-printing,
normalisation-by-evaluation, CPS transformation, desugaring, and many other applications.
Considering how systematic the structure of Traversal and trav is, a natural question arises:
can this construction be syntax-generic, operating over an arbitrary second-order signature?

Sixth attempt: signature-generic traversals Generically encoding the constructors of a
second-order syntax can be done in several ways. One, using algebras for signature endo-
functors, is the main topic of this thesis. Another, a technique based on generic programming
(Weirich and Casinghino, 2012), is to encode the second-order syntax as a universe of codes
(Chapman et al., 2010), and generalise the Traversal record to arbitrary syntax encodings. In-
troduced by Allais et al. (2021), this is a powerful but quite technical solution, and forces the
user into a particular term representation. While their approaches served as an important
inspiration to our work, the Agda-heavy implementation obscures some fruitful paths of in-
vestigation that present themselves quite naturally when looking at the categorical model.
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2.1.3 The need for theoretical foundations

The definitions of renaming, substitution, and other traversals are only half the story: we also
rely on their correctness properties, beyond simple type preservation. These typically take the
form of compatibility laws that express how traversals can be combined, commuted, or sim-
plified. Examples are the substitution associativity law [r/y]([s/x]t) = [[r/yls/x]([r/y]t),
the substitution identity law [x/x]t = t, or the semantic substitution lemma [[s/x]t] =
[t] o (id, [s]). As with substitution itself, formalising these laws in a proof assistant is far
more intricate than it first appears, and the challenges are rarely discussed in the literature.
Nevertheless, they are unavoidable: such laws regularly surface in proofs of important theo-
rems like soundness and normalisation.

Attempting to prove a special case of a law is typically hopeless: the induction hypotheses
will not be strong enough to handle variable or binding cases. Consequently, the laws must be
formulated for simultaneous substitution, which in turn depends on corresponding laws for
lift, themselves requiring a sequence of auxiliary lemmas about renaming, and so on. Working
with intrinsic typing demands considerable patience and determination: once we recognise a
required property of substitution, we must be prepared for a cascade of technical lemmas that
must first be established. Benton et al. (2012) list twelve such correctness properties — cover-
ing all the identity and composition laws for renaming and substitution, together with their
associated lifting lemmas — that must be proved sequentially, each one building on previous
results, in order to establish substitution associativity. There are four “unit” laws:

extid=id :Va(r-T)—>Va(rT)
renid=id :AaTl — AaTl
liftvar=var : Va (r-T) > Aa(r-T)
subvar=id :AaT - AaT

and eight “fusion” laws, for all renaming rules p : RenT' A, o : Ren A ©, and substitution rules
o:SubT A, ¢: SubA®©:

ext (oo p) =extpoextp :Va(rt-T) > Va(r 0)
ren (o op) =renporenp :AaTl - Aa©®
lift (co p) =liftcoextp :Va(t-T) > Aa(r-0)
sub (¢ o p) =subgorenp :AaTl —Aa©®
lift (renp o o) =ren(extp)oliftoc : Va (r-T) > Aa (r-0©)
sub (renp o o) =renp osubo :AaTl —Aa®
lift (subg o o) =sub (liftg) oliftc : Va (r-T) > Aa (r-0)
sub (subg o o) =subgosubo :AaTl - Aa©

Allais et al. (2021) take a more general approach, considering a notion of simulation between
traversals, and fusion of two traversals into one; while powerful, their method employs an
advanced logical relations framework to prove results that, conceptually, should stem from
straightforward (albeit tedious) structural inductions on the grammar.
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The central aim of our work, then, is to place the tradition of intrinsic encodings on a formal
foundation, where the abstractions outlined above can be properly captured. Our starting
point is the presheaf model of abstract syntax developed by Fiore et al. (1999), which, despite
its parallel evolution alongside much of programming language formalisation, has yet to be
adopted directly as a basis for a metatheoretic verification framework. This is likely due both to
the model’s abstract mathematical nature — which does not lend itself easily to implementation
— and a prevailing attitude of “I'm just doing Rocq/Agda; I don’t need abstract category theory.”
Indeed, Allais et al. (2021, Section 10.3) express a somewhat dismissive sentiment about the
presheaf model, arguing that by avoiding commitment to an external mathematical semantics,
their framework remains more flexible and less encumbered by type-theoretic assumptions.

Our belief is that the presheaf model provides an efficient and robust encapsulation of
intrinsic encoding, along with many of its generalisations, extensions, and pragmatic adapta-
tions developed through years of trial and error. The adjustments required to fit the presheaf
model into a practical, working implementation are all mathematically justified. Moreover, by
committing to the full rigour of the theory, we are able to exploit its full categorical strength.

2.2 THE PRESHEAF MODEL

We set the scene for the work by giving a high-level, but concrete summary of the presheaf
model of second-order abstract syntax (Fiore et al., 1999; Fiore, 2002, 2008). To give context
for the abstract constructions, we use the simply-typed A-calculus as our running example,
notationally mirroring the intrinsically-typed formalisation of the previous section.

Sorts and contexts The grammar of STLC sorts below generates the set S:
a,feS =B |a—p

The category of contexts is the free cocartesian category generated by S, F[S]. Its objects are
lists of sorts, morphisms are renaming rulesI' — A mapping elements of T to elements of A, and
the coproduct is context concatenation T'+A, with injections /{*: T = T'+Aand 1;": A = T+A,
and copairing of renaming rules p: I - ©@ andp: A - O to [p, o]5": T+ A — ©.

Category of presheaves A sorted presheaf P = {P.I'}pesrer(s) € (Set"151)S is a sort- and
context-indexed family of sets with an associated renaming structure that maps I' — A to a
function P,I' — P,A for all a. Elements t € P,T of a presheaf are intrinsically typed and
scoped, representing a term t of type « in context I'. Sorted presheaves and natural transfor-
mations between them form the category PSh, £ (Set"[5])S.

Syntactic signature A binding signature lists the operators of the syntax, along with their
type signatures which explicitly specify when an operator binds a variable in its argument.

app: (a = f)yxa — B lam: (a.f) — (a = )

The signature of a second-order syntax gives rise to a signature endofunctor %: PShy — PShy,
mapping a presheaf to the coproduct of the operator parameters. The context extension oper-
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ator 6;(P),I' = Py(7 - T') can be used to express binding terms, and equality constraints are
used to specialise the output sort. For the STLC, this would be

SAP, [Z ?aﬁﬂx?ﬂx(r:/s)] + [Z 8aPpx (= (a— B))
a,pes a,pes
As the definition only involves products, coproducts, and the context extension endofunctor
6, : PShy — PShy, the output is indeed a presheaf over F[S].

Variables The presheaf of variables V € (Set'[S1)S is defined as the Yoneda embedding
F[S]® — Set™[S! precomposed with the singleton list embedding [—]: S — F[S]:

Vol = £[a](T) = F[S]([a].T)

This corresponds to the Var type in Agda, as a morphism in F[S]([«],T’) selects an occurrence
of ¢ in I', whose index may be encoded as a well-typed de Bruijn index.

Terms The presheaf of terms is the initial (V + X)-algebra, whose object part is the inductive
definition of terms above. Concretely, it is a presheaf T with natural transformations var: V —
T (the “V-algebra” part) and alg: T — T (the X-algebra part). The first corresponds to the
constructor for variables, while the X-algebra is a copairing of the term constructors. Initiality
of the term presheaf gives rise to definitions by structural recursion: for any (V + ¥)-algebra
(A, 0:V = A, a: ZA — A), there exists a unique morphism sem: T — A satisfying the
homomorphism conditions of (V + X)-algebras:

v ST 20 54
varl X algl la
T sem A T sem A

For the signature of the STLC, we therefore get natural transformations in PSh = Set" [
var: V, — T, lam: 6, Tg — Taop app: Taop X Ty — Tp

for all &, f € S. The initial homomorphism conditions state that given any X,-endofunctor
(A,0,a,l), we have an interpretation map sem: T — A that satisfies the following composi-
tionality laws, which can equivalently be seen as the definition of sem by structural recursion
on the syntax encoded in the initial algebra:

UX
[ (semb)

a(sem f,semt)

sem (var x)

sem (lam b)

sem (app (f, 1))

Renaming and substitution rules A sort-preserving mapping of variables of type a in I to P-
terms of type a in A can be captured as the product [ [ ,cr PoA, functorial in A. We will call such

a mapping a P-traversal rule and denote it T’ 2 A In specific cases of P =T, it will be called a
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substitution rule, while for P =V, it will be called a renaming rule, and simply denoted I' — A,
as it’s equivalent to morphisms in [F[S]. Traversal rule can be copaired by case-analysing on

the variable: for o: T - © and ¢: A 2 e, 7o, ¢]5" denotes the rule (I + A) 2 0.

Renaming under a binder Given a renaming rule I' — A, the lifting of p is the action of the
context extension endofunctor §;p: (7-T) — (7-A) defined asid;,; +p: ([7] +T) — ([7] +A).
In the presheaf model, the context extension endofunctor has an equivalent characterisation
as exponentiation by the presheaf of variables: §;P = (V, = P), and for arbitrary contexts,
doP = X¥© = P. This follows from the Yoneda lemma via the following calculation:

(f® = P)(T) = PSh(XT x ¥O,P) = PSh(¥(© +T),P) = P(© + ') = 5o P(T)

Simultaneous renaming Since the initial (V + X)-algebra is a presheaf, its functorial action
maps I' = A to Ty(p): T,I' — T,A and corresponds to renaming. The algebra structure map
(V+32)T =V + 3T — T is a natural transformation between presheaves, and its naturality
decomposes as the following compatibility conditions between functoriality and constructors:

T(p) (varx) = var (px)
T(p) (lamb) = lam (T([a] + p) b)
T(p) (app (f.1)) = app (T(p) f.T(p) 1)

These, of course, correspond to the structural recursive definition one would use to equip the
underlying family of the initial algebra with the functorial action.

Weakening The single-variable weakening of a term wkn: T,A — Ty(7 - A) is derived as
renaming by the injection I;J’A: A — [7] + A. Of course, this works for any presheaf P, and an
arbitrary extending context ©:

wkn £ P(i5"): P(T) - P(© +T)

Substitution under a binder Given a substitution rule o: ' - A, we can extend both the

domain and codomain of ¢ to lifto: (© +1T') L (© + A) by the copairing

T[var o i, wkno ¢ ZfA: (©@+T)5 (©+A)

The lifting extends into a more general operation constructed in terms of the substitution tensor
product ® of presheaves, defined through the substitution action @ as

reF[s]
(P@Q)(A)é/ P(T)XT->A (P®Q), = P, @0

The tensor product comprises equivalence classes of tuples (I',t € P,I',o: T N A) € (P®Q),A
of a context, a term and a substitution, quotiented by the equivalence relation generated from
the following condition: for all p: I' = A, o: A&Q and terms t € P,I', we identify the
(componentwise unequal) tuples (A, P(p)t, o) ~ (L, t, oo p).
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Being a tensor product, we have natural isomorphisms 1,: V® Q= Q, p,: P®V = P and
Upoqt (POQY®R = PR(Q®R), which make use of functoriality and the quotienting. The “lift-
ing” is then expressed as a pointed tensorial strength transformation for the context extension
endofunctor dg, operating on a presheaf P € PSh and pointed presheaf (Q € PShy,5: V — Q):

(6eP) @ Q — So(P @ Q)

This maps equivalence classes of tuples (I', t € P(@ +T), o: T N A) € (8eP @ Q)A to the
equivalence class of
(@+T, t, lifto) € So(P @ Q)A

where lifto: (@ +T) N (© + A) is the generalised lifting for the traversal map o: I’ LA
a[n o', wkno O']ZfA: (©@+T) > (©+A)
The strength for dg¢ forms part of the strength for the signature endofunctor ~: PShy — PSh,
str: 2(P)®@Q - X(P® Q)

which is responsible for “pushing” substitutions into constructor arguments and under binders.
While the strength may not exist for arbitrary functors, it can always be derived when X is
constructed from a second-order signature: since XP is a sum-of-products-of-deltas, and we
have the strength dgP @ (R) — do(P @ R), and isomorphisms and transformations

(P+Q)oR=(POR)+(QOR) (PXQ)@R—->(POR)X(QOR)
we use these repeatedly to push (—) @ R deeper into the signature. For the STLC,

(6aPp + (Paosp X Po)) @ R = (8P @ R) + ((Paosp X Py) @ R)
— 8,(PpOR) + ((Pasp@R) X (Py @ R))

which, as explicit mappings on constructor components, amounts to

[(T, b€ 8,PT, 0 e T->A)| = [(a-T, bePs(a-T), lift o: (@-T) > (a-A))]
[(T, (f € PapT, t € PD), 0 € T-3A)] = ([T, f,0)], [(T,1,0)])

The pointed strength also allows us to generalise initiality of the presheaf of terms T to
parametrised initiality, using the closed structure: for any pointed presheaf (P,0: V — P)
- taking the role of the parameter — and (P + X)-algebra (A,p: P — A,a: ZA — A), there
exists a unique (2 + V)-algebra homomorphism trav: T ® P — A satisfying

VeP 2 vea STeP =5 5(TeP) 212 54

vm®?l llﬁ ﬂg@?l la

1169 j) ——?;;7—> fl T‘Qb g) 04

trav
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For the STLC, the axioms for this traversal operation become the recursive specifications

p(ov)
I (trav (b, lift o))

a(trav f, o, travt, o)

trav (var x, o)

trav (lam b, o)

trav (app (f.t),0)

The naming is not coincidental — trav generalises the traversal operation of McBride (2005)
(see Section 2.1.2) and behaves similarly to the semantics operation of Allais et al. (2021).

Simultaneous substitution The simultaneous substitution operation for presheaves can be
expressed as a monoid multiplication for the substitution tensor product, turning T into a
monoid object in PShy:

var: V—=T sub: T®T —>T

It maps a term ¢t € T,I and a substitution rule o: T L A to a term sub (T, t,0): T4A. The
substitution operation sub: T ® T — T is an instance of a traversal operation induced by
parametrised initiality, with the pointed presheaf P instantiated with (T, var) and (P + X)-
algebra with (T,id: T — T, alg: XT — T). The axioms of traversal maps then become

VeT STRT =5 S(TeT) =45 5T
var®Tl Pr a[g®Tl lalg
T®T —— T T®T T

sub sub

expanding for the STLC to the expected recursive specification of substitution:

sub (varx, o)
sub (lam b, o) = lam (sub (b, lift 0))
sub (app (f,1),0) app (sub (f, 0),sub (¢, 0))

ov

Single-variable substitution The single-variable substitution operation is a natural transfor-

mation [—/]: Ty X 6, Tg — Tp, that performs a substitution with a rule (« - I') L
[s/]t 2 sub(e- T, t, t[t, var]i: («-T) lr)

An algebraic description of this operation is the subject of Fiore et al. (1999, Section 3) and,
more recently, Fiore and Ranchod (2024, Section 4).

Simultaneous substitution laws The categorical presheaf model makes laws an essential
part of the structures, rather than an afterthought. We do the hard work upfront - in sufficient
generality — from which valuable corollaries are easily derived, rather than having to work
backwards to figure out the general properties needed to derive the specific laws one seeks.
Of the 12 laws in the previous section, the ones concerning ext and lift follow from the strength
laws for the endofunctor dg:

extid =id lift (x = (I, ox,6))y = (A liftoy,liftg)
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The ones concerning sub and ren are the unit, naturality and associativity laws of the monoid
multiplication sub: T® T — T - establishing them is part of showing that T is a monoid.

Any signature endofunctor has a strength transformation which satisfies the required ax-
ioms (which are straightforward for products and sums, and reduce to the two axioms above for
d;), from which the main theorem is proved: the initial (V+23)-algebra is a monoid. The monoid
multiplication — substitution — is extracted as a traversal as above, and its laws use the unique-
ness of parametrised-initial interpretations. For example, the unit law sub (varo p)t = Tpt
expresses the equality of the two morphisms

TeV 129 TeT S, T TV _—21uT

which, if shown to be homomorphisms of (V +X)-algebras, must be equal to the unique traver-
sal trav: T ® V — T induced by parametrised initiality on the pointed presheaf (V,id) and
(V + X)-algebra (T, var, alg). Similarly, the associativity law sub (subg o ¢) = subg o subo is
the equality of the composites

sub®T

T (T®T) —5 (T®T) @ T =225, T®TLb>T

T®sub

TR (TO®T) =, TeT 22, T

which are both (V + X)-algebra homomorphisms and therefore equal the traversal map
trav: T® (T ® T) — T induced by parametrised initiality with pointed presheaf parameter

(TOT,V=VeV 22 T®T)and ((T®T) + 3)-algebra (T, sub, alg).

Models and interpretations A model for the syntax is nothing but a (V + X)-algebra M: a
presheaf which supports variables and the operators of the syntax. The initiality theorem char-
acterising T as the initial such model gives rise to compositional interpretations int: T — M
directly, satisfying the expected recursive equations. The notion can be further strengthened
to also incorporate substitution. A X-monoid is therefore a monoid (M, , i) with a ¥-algebra
structure a: XM — M that is compatible with the monoid multiplication:

SMeM =5 S(MeM) —2 5M
a®Ml la
MM T M

The traversal axioms for sub exhibit T as a X-monoid. In fact, it is initial in the category of
>-monoids, meaning that any model M with a substitution operation that commutes with the
constructors in the appropriate way is equipped with a compositional interpretation function
int: T — M which automatically satisfies the semantic substitution lemma:

int (sub (t,0)) = p (intt,int o o)

Consequently, the soundness of substitution is established as soon as we show that the model
is a ¥-monoid, removing the need for proving the inductive compatibility laws between int
and renaming, weakening, etc. We will refer to this result as the initiality theorem.
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Metavariables Metavariables are a feature not generally addressed by formalisation, but they
appear quite naturally as part of the presheaf model. Above we argued that the initial (2 +V)-
algebra T is an initial X-monoid, which allowed us to define compositional interpretations in
models that support substitution. A natural question to ask is whether there is a free con-
struction that turns any presheaf into a X-monoid, just how the list constructor turns any set
into a free set-theoretic monoid. A free monoid on P in the monoidal category of presheaves
(PShs, V, ®) would be a presheaf LP with a natural transformation n: P — LP such that for
any monoid M € PShy and map ¢: P — M, there exists a unique monoid homomorphism
@*: LP — M factorising ¢ = ¢* o p:
P —— LP
X it
M
A list object (Cockett, 1990; Fiore and Saville, 2017), if it exists, is a free monoid: on a presheaf
P, it consists of morphisms var: V — LP and cons: P®LP — LP such that for all objects Q, M

withn: Q - Mand c: P ® M — M, there exists a unique map iter: LP ® Q — M satisfying
the parametrised-initiality condition:

Ve Qo 2% 1pe0 % (peP)®Q

. !

|
|
A iteri PR (LP®Q)
: l?@iter
v
Q - M . PoM

To generalise this to a list object with algebraic structure, we also ask for an algebra constructor
alg: LP — LP; since this, with the “empty list” constructor var: V — LP, makes LP into a
(2 + V)-algebra, we are justified in thinking of the object as the presheaf of terms TP with an
additional constructor cons: P ® TP — TP, which we will write as mvar from now on.

The intuitive interpretation of the constructor mvar: P ® TP — TP was first suggested by
Hamana (2004): the opaque, non-syntactic term m € P/ II is a metavariable, and the associated
substitution rule assigning types in II to syntactic terms in context I is a metavariable environ-
ment. Parametrised metavariables mvar (m, {ty,...,t,)), also denoted m{ty,..., t,}, allow one
to construct syntactic terms with holes that stand for arbitrary expressions, with the holes
having a predefined number of slots that can be populated with terms of a predefined type.
The type and number of the metavariable slots is predetermined by the metavariable context
I1. For example, for elements m € Ps[a] and n € P[], standing for metavariables m: [a]p
and n: []a with one and zero parameters respectively, we can construct T-terms

app (lam (mvar (m, {var new))), mvar(n, {))) mvar (m, {(mvar (1, ())))

that encode the syntax of the informal meta-terms (Ax : . m{x})(n) and m{n}. Metavariables
provide a formal way to refer to abstract terms that can be instantiated with concrete syntac-
tic expressions, and parametrised metavariables are further associated with an environment
of terms that are substituted for the free variables of the instantiating expression. For exam-
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ple, instantiating m{y} above with f(y) for some term f: & — f results in (Ax: a. f(x))(n)
and f(n): in the first, the actual parameter x bound to the 1 is plugged into the y formal
parameter of the metavariable; in the second, we replace y with the term consisting of the
metavariable n. It is worth emphasising that instantiation is not standard substitution, as it is
capture-permitting: given a second-order term

m: [NJ(N=>N) » fra->NF Ax:a. (m{fx})(fx): N
and the instantiation m{x} +— Ay: N. x + y, the resulting term is
0> fra-NFAx:a. (Ay:N.(fx)+y) (fx): N

and the bound variable x maintains the binding to f x.

One application of metavariables and instantiation is the specification of second-order
equational systems (Fiore and Hur, 2010), which construct a sound and complete equational
logic from a set of second-order axioms, namely a pair of terms with metavariables which
abstract over all instantiations of the axiom. For example, the  and n-rules of STLC and the
first-order universal-conjunction equivalence can be represented as the axioms

m: [a]fn: [Ja » 0 F (Ax: a. m{x})(n) m{n} : p
a: [la—=p) » 0+ Ax:a.gx = g ra—p

p: [IB,q: [N]B » 0 + p A (Vn e N. q{n})

VneN. (pAq{n}): B

Note that parametrised metavariables give us a clear control over what variables are free and
bound in each metavariable: for the n-rule, the metavariable { has no parameters and therefore
does not bind the x, and for the FOL axiom, only q refers to the quantified variable as p has no
parameters it can connect to.

As shown in Corollary 4 of Fiore (2008) and Lemma 5.6 of Fiore and Saville (2017), the
initial (¥ + V + P®)-algebra — the syntax of terms that support constructors, variables, and
metavariables — is a X-list object, which is furthermore the free ~-monoid: for all 3¥-monoids
M with interpretation ¢: P — M, there is a unique 3-monoid homomorphism ¢#: TP — M
such that ¢ = (prt o emb, where emb: P — TP maps m € P,II to mvar(m, var). In other words,
given a model of the syntax M, and an interpretation for the metavariables ¢: P — M, there
is a unique extension ¢ = int,: TP — M which satisfies

Yint, ¢®int,
A% TP — EM PRITP — MM
varl X algl la mvarl lll
TP —— M TP —— M TP — M
int, inty inty
int, (varx) =nx

a(Zinty, b)
p(@m,int, o ¢)

int, (algt)
int, (mvar (m, ¢))
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We will refer to this as the freeness theorem; it can be instantiated to the initiality theorem on
page 40 with P = 1 and the initial map L — M, which extends to TL — M, the compo-
sitional interpretation of terms without any metavariables. When metavariables are present,
they are mapped to elements of the model into which the interpretation of the metavariable
environment is substituted.

One subtle question is the categorical representation of the metavariable family in the
presheaf model. Every presheaf admits renaming, but this works against our intention to
rigidly enumerate the metavariables featured in an equation or theory. For example, we may
want to collect every metavariable in the examples above into a single family:

m: Ppla]  n:Pall  §:Paspll  p:Pell q: PaN]

To fit in the presheaf model, we also need to define the arrow mapping of the presheaf P, but
it is not at all clear how to do this for the elements above; and even if we did, the use for such
a renaming operation would be uncertain. The mvar operator is defined in terms of ® and
therefore performs the usual quotienting:

(Ppm)(e) = m{e o p}

but again, the meaning and utility of this is not clear as it introduces a malleability to metavari-
ables that we would rather avoid.

Hamana’s (2004) suggestion is to keep metavariables in indexed families of sets Fam; =
(Set®)%, but freely equip this family (henceforth denoted 2, B) with a presheaf structure

A A 2 Z F(T,A) x 2,T
res*

This associates a metavariable with a renaming rule, and the presheaf action of 3 simply alters
the renaming rule rather than altering the context of the metavariable. Thus, the family 2
can be embedded into the presheaf framework without a significant change to its role as an
enumeration of metavariables. Composing the free presheaf and free >-monoid functors gives
the free X-monoid on sorted families 2 +— T2 (which we still denote T: Fam; — 3-Mon)
computed on 9l as the initial (X + V + g@)-algebra.

Metasubstitution The instantiation of metavariables — the metasubstitution operation —
combines a term in TP with a mapping of metavariables in P to terms in TQ to obtain a term
in TQ. It operates in a way very similar to object-level substitution, but one level up: the meta-
substitution rule ? — TQ is lifted to a mapping TP — TQ. However, since the category of
presheaves is closed, the operation has an external and internal form (introduced by Hamana
(2004) and Fiore (2008), respectively), with important practical differences between the two.

The external metasubstitution rule is the hom-set PShg(P, TQ), and the external metasubsti-
tution operation is the Kleisli extension

PShy (P, TQ) — PShy(TP, TQ)

Concretely, given a X-monoid M, the freeness of the free X-monoid functor T amounts to
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a bijection between natural transformations ¢: P = M, and X-monoid homomorphisms
int, € X-Mon(TP, M) which, for M = TQ, induces the metasubstitution operation. In ad-
dition, for P = TQ, the extension of the identity TQ — TQ is the monad multiplication
join = intyg: T(TQ) — TQ, exhibiting T as a monad, as expected:

join (var x) = varx
alg (X join b)

sub (t, join o ¢)

join (algt)
join (mvar (t, €))

The external metasubstitution operation is too limited for the intended purpose. An exter-
nal metasubstitution rule P — TQ assigns every metavariable m € P/II to a term TQ,II,
so the target of the rule may only refer to variables in the parameter context; in particular,
metavariables with no parameters may only be instantiated with closed terms. For example,
inm: [N]Ja » x: N,y: N + m{y}: @, we cannot instantiate m{y} with x +y as the target term
of the metasubstitution can only refer to the y parameter of m. This is restrictive considering
x is in scope throughout the whole term.

The solution is to internalise the metasubstitution operation as a natural transformation
between presheaf exponentials, rather than a function between homsets - this is the key con-
tribution of the two-level substitution calculus of second-order abstract syntax as developed
by Fiore (2008). Temporarily moving to the unsorted setting of the paper, an internal meta-
substitution rule is the presheaf exponential P = TQ € PSh, and the internal metasubstitution
operation is a natural transformation between exponentials

(P =TQ) = (TP = TQ) € PSh

also presentable, in uncurried form, as TP X (P = TQ) = TQ. The presheaf exponen-
tial P = TQ is defined at all I as the hom-set PSh(IfF X P, TQ), which can be curried to
PSh(P, T = TQ) = PSh(P, 5rTQ). Thus, the type of the metasubstitution operator at compo-
nent I" expands as
TP(T) x ( ﬂ P(IT) - TQ(T + 1)) — TQ(T)
IleF

As intended, the ambient context I is available in the TQ-terms in the target of the rule, along-
side the metavariable parameter contexts II: in m: [N]a » x: N,y : N + m{y}: a, we can
now instantiate m{y} with x: N,y: N + x + y: N. Note that we’re only extending the parame-
ter context with the overall context of the term, not the particular variable scope at the point
of instantiation: with m: [N]a » y: N + Ax: N. m{y}: «, we still cannot instantiate m{y}
with x + y, even though x is in scope under the binder. This is the intended behaviour for
constraining variables to not be free in metavariables, otherwise nothing would stop us from
instantiating the 5 rule Ax : . (g) x = g with g — x and deduce that (Ax : a. x x) = x.

The reintroduction of sorts requires more care: we cannot simply quantify over sorts across
the whole metasubstitution operation, as the sorts of the metavariables are different from the
sort of the host term. The operation becomes, for all @ € S and I" € F[S]:

12,0 ([ | [ 2015 TQ.(T +10) - TQ,T
re$ IIeF[S]
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By writing (P, Q) € PSh for the product of exponentials (P,Q) = [[,cs+ Py = Q, and
(=) * (=): PShy X PSh — PSh; for the action (P * Q), = P, X Q, the type is concisely ex-
pressed as the natural transformation

TP « (P, TQ) => TQ

Alternatively, we can take PSh as PSh-enriched, with (P, Q) above defining the hom-presheaf
of two sorted presheaves. Denoting it as PSh (P, Q), the metasubstitution operation then takes
the form of the hom-presheaf morphism (natural transformation)

PShy(?P, TQ) => PShy(TP, TQ) € PSh

which resembles the type of the external metasubstitution, but now in the presheaf-enriched
setting. Generalising the target TQ to an arbitrary X-monoid M, and specialising the presheaf
of metavariables P to the free presheaf % generated from a metavariable family 2, we have
the equivalent specifications of meta-extension as

TA % (A, M) = M PSh, (2, M) = PSh, (T, M)

Of these, the second one (with unit PSh,(2(, T2)) exhibits T: Fam; — =-Mon as a (=)-relative
PSh-enriched monad (Arkor and McDermott, 2024, Theorem 8.12), which also informs the laws
the operation must satisfy.
How exactly is the internal/enriched metasubstitution defined? We present both the
derivation given by Fiore (2008), and an alternative derivation focusing on the enriched setting.
To construct the (uncurried) metasubstitution operation

TP % (P, TQ) — TQ
we induce the cartesian strength for the free ¥-monoid monad T: for all P € PShs and Q € PSh,
cstr: TP« Q — T(P * Q)
From this, we internalise the functorial action of T as the meta-renaming map
mren: TP x (P, Q) —=s T(P « (P, Q)) =2, TQ
and from here, derive internal metasubstitution via join:
msub: TP % (P, TQ) 2<%, T(TQ) 22 TQ

A cartesian strength for the signature endofunctor XP % Q — (P * Q) can be extended to a
cartesian strength TP * Q — T(P = Q). This is induced by cartesian-parametrised initiality:
given a presheaf Q and a (Z+V+(P+Q)®)-algebra (A, [a, v, m]), there exists a unique cartesian
traversal operation ctrav: TP x* Q — A satisfying
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(TP * Q) (P % Q) ® (TP % Q)
cy Yatrav VxQ My dV Y@ctrav
S(TP) % O SA var*Ql J (P@TP) % O (P+0)®A
a[g*Ql Ja TP =« Q . A mvar*Ql lm
TP« Q A TP« Q A

ctrav ctrav

Here, the sorted version of a map dist: (P @ Q) X R — (P X R) @ (Q * R) for a pointed
presheaf (Q,n: V — Q) encompasses a distributivity property between the cartesian product
and substitution tensor, implemented with a combination of weakening, copairing of (Q * R)-
valued traversal rules, and variable embedding:

dist((T,t € P(T),0: T -5 A),r € RA) 2 ((A+T), (P(L™) £, R(EY) r),
oR[x — (nx,r), y (oy,r)]y € A+ T 25 A)
Instantiating this traversal with A = T(P* Q) and m = mvar: (P*Q)T(P*Q) — T(P*Q),
we get the cartesian strength cstr: TP * Q — T(P = Q) for the syntax monad T; the unit and
associativity axioms depend on those of the cartesian strength for %, and similar laws for dist.
To show that T is furthermore a strong monad, we require the strengths for X to be compatible:

(ZP®Q) xR —1R L 3PoQ) +R —=  3((P®Q) *R)

distl lEdist

(ZP*R)® (Q=*R) prewt 2(P*R)®(Q*R) —— 2((P*R)®(Q2=R)

From there, meta-renaming and metasubstitution follow:

msub: TP x (P, TQ) —<%s T(P » (P, TQ)) 2 T(TQ) - TQ
Moreover, one can show that the forgetful functor 2-Mon — PSh; is monadic, establishing an
isomorphism between »-monoids and T-algebras ¥-Mon = T-Alg. With this, the metasubsti-
tution operation is an instance of the meta-interpretation operation mint: TP x (P, M) — M
that internalises int,: TP — M for M a ¥-monoid (equivalently a T-algebra c: TM — M)
and ¢: P — M a metavariable interpretation:

mint: TP (P, M) —= T(P # (P, M)) 22 TM —s M

Equivalently, mint can be induced via parametrised initiality immediately: instantiating the
traversal with Q = (P, M) and (A, a,0, m) = (M, a, n, m), with the metavariable operation

m: (P (P, M) @ M 222, oM —2s M

The corresponding recursive specification gives a clearer idea of the sequence of actions that
metasubstitution performs on metavariables:
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mint (var x, {) =nx
mint (alg t, () = a(Zmint (cstr(t,{)))

p(Z(m), [, y = mint (e, )]

mint (mvar (m, ¢), ()

First, m: P,(II) is looked up in the meta-interpretation rule {: (P, M)I' to obtain a term
{(m): M (T + ITI). Then we perform an object-level substitution to populate the metavari-
able parameter variables in IT with terms given in the metavariable environment ¢, while
mapping the existing variables in I' to themselves with 7. Since the metavariable envi-
ronment terms may themselves contain metavariables, we need to apply ¢ to them recur-
sively. As an example, take the open term in object context x : N and metavariable context
A =m: [N,N]N,n: [N]N, p: []N, and metasubstitution rule from 2l to terms in 8 = q: [N]N:

> x: NF (Ay: Nom{x + L,n{y}}) p: N
(= (m{m,n} — q{m} xXn,u{m} — q{m+x},p— 2)

The metasubstitution is calculated as follows:

msub((Ay : N. m{x + 1, n{y}}) »,{)
=msub(Ay : N. m{x + 1, n{y}}, ) (msub(p,))
= (Ay: N. msub(m{x + 1, n{y}},wkn {)) 2
= (Ay: N.sub (q{m} x n, [m — x + 1,n — msub (n{y}, wkn)])) 2
sub (q{m} X n,[m +— x + 1,n + sub (q{m + x}, [m — y])])) 2

ONONOCNONONC)

:(Ay N.
= (Ay: N.sub (q{m} xn,[m— x+ 1L,n — q{y + x}])) 2
= (Ay: N.afx + 1} x a{y + x}) 2

In steps (1)-(2) we push the metasubstitution rule into the application and under the binder. A
crucial component of this step is the weakening of the terms in the metasubstitution rule ¢,
since the local context changes from x: Ntoy: N, x: N. In step (2) we also apply { to p, which
simply replaces it with 2 without any changes as p has no parameters. In step (3) we look
up the mapping from m to the term q{m} X n, substituting the contents of m’s metavariable
environment for m and n, and recursively metasubstituting wkn ¢ into n{y}. Steps () and (5
evaluate the recursive calls, applying an object-level substitution to q{m + x} that replaces the
parameter m with the variable y. The final substitution is evaluated at step (6.

The enriched view of metasubstitution considers (P, Q) as the hom-presheaf in PSh; en-
riched over PSh, and the meta-interpretation as the enriched free extension:

mint: PShy(2, M) — PSh, (T3, M)

This, with M = T, specialises to metasubstitution msub: PShy (5, TB) — PSh (T, TB) and,
with the unit unit: PShg (ﬁ, T20), it exhibits T: Famg — X-Mon as a (=)-relative PSh-enriched
monad. This characterisation also suggests the appropriate laws of metasubstitution and meta-
interpretation, provable using freeness:

msub unit = id mint{ o unit =¢ mint & o msub ¢ = mint (mint £ o {)
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The enriched hom PShg (P, Q) at context I expands as
[ [PSh(T x P4, Q) = [ | PSh(P, XT = Q) = | | PSh(Pe, 5 Qs) = PShy(P, 6rQ)
Furchrmore, when P is a free(;resheaf 91, we have the }?om-set isomorphism
PSh (%, 6rQ) = Famg(2, |5:Q))

where |—|: PShy — Fam; is the underlying family functor. Altogether, the components of
msub are equivalently a family of functions

msub: Famg (2, |5y M|) — PShg (T2, 5rM)

To construct this, it is sufficient to show that 6r lifts to X-monoids, and use the free extension
to induce a map from T2 into the X-monoid rM:

9 <m0, Ty

S

|or M|

Since X-Mon = T-Alg, the lifting of dr can be equivalently induced by a distributive law
Tér = OrT, which constructs a T-algebra structure (5pM, T(5rM) — 6rTM — M) for
the T-algebra M. Then, as 6rQ = T = Q (where we overload notation for sorted and semi-
sorted exponentials (P = Q), = P = Q) the distributive law equivalently has components
T(XT = Q) — (T = TQ) which is an instance of the exponential strength, equivalent to the
cartesian strength TP * Q — T(P * Q) constructed above.

T(P= Q) —» (P = TQ)

Equational logic Using the two-level substitution theory of second-order abstract syntax,
Fiore and Hur (2010) introduce second-order equational logic, building on the abstract theory
of equational systems by Fiore and Hur (2008) and further generalised by Fiore (2013). It
allows one to concisely define an equational theory for a particular syntax, only specifying
the interesting axioms, from which a congruent equivalence relation is generated.

Given a set of axioms of the form 9l » T' + s = t: @, we generate an equational theory built
on the set of axioms with the following inductive definition:

A>T rs=t:a

AX
A>Trs=t:a

NA>TFs
REFL SYM TRANS
A>Trs=s:a A>T rEt=s:a A>T rs=u:«a

A>T trs=t:«a A>T rt=u:

M
T
K

A>Ars=t:a ,E: U — 6r(TB) Vme A LB T +IIF{(m) =E(m): t
BeT+AFrmsubls=msubét: a

MSUB
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The first rule lifts axioms into equivalences, while the middle rules make it into an equivalence
relation. The key rule is MsuB, which allows for an arbitrary instantiation of an equivalence
with metavariables, given equivalent metasubstitution rules. In particular, this enables instan-
tiation of axioms with arbitrary terms that fit the type and context of metavariables:

m: [N]JN,n: [JN > O F (Ax: N. m{x})n = m{n}: N

m: [NINyn: [IN > O F (Ax: N. m{x})n = m{n}: N (=m{x} P x+1L,n—5
>0F(Ax:N.x+1)5=5+1: N

AX

MSUB

Another use of the MsuB rule is encoding the congruence of the equivalence relation: if s =
t: a, then m{s} = m{t} for any metavariable m: [«]f, which may represent an arbitrarily
complex evaluation context. The equational theory then allows us to build a library for second-
order equational reasoning, populating it with derivable rules that are proved abstractly. For
example, f-reduction with three arguments is derivable as follows:

(Ax:a. Ay: . Az:y. m{x,y,z})npq
=Ay: . Az:y. m{n,y,z}) pq
=(Az:y. m{n,p,z})pq
=m{n, p,q}

A model of an equational theory is a X-monoid M that, for all axioms 2l » I' + s = ¢: « and
metavariable interpretation rules w: (2, M), satisfies the equation mint(s, ) = mint(t, ») in
M. We then establish the soundness of the equational logic: if 2 » I' + s = t: « is a derivable
equivalence in the equational theory, then their interpretations in any model of the theory are
equal as well. The proofis by induction on the rules of the equational logic: for the Ax case we
use the fact that M satisfies the axioms by assumption, and for the MsuUB case we argue using
the associativity law of metasubstitution:

mint(msub(s, ), @) = mint(s, m > mint({ m, ))
= mint(s, m > mint(£ m, w))
= mint(¢, m — mint(&m, w))

= mint(msub(t, &), w)

The generic theory of second-order equational logic also proves that the logic is not only sound,
but complete too: if an equivalence is satisfied by every model of the equational presentation,
it is also derivable in the logic.

To summarise the presheaf model, we list the main steps of the development:

1. A set of sorts S and second-order signature induces the category of (sorted) presheaves
and a signature endofunctor ~: PShy — PShy, constructed from products, coproducts, and
context extension épP = P(I" + —).

2. The category of presheaves is monoidal, with variables V as the unit and the substitution
tensor ® as the product. X is pointed-strong with respect to this monoidal structure.
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3. The category of presheaves is cartesian closed, and exponentiation by representables T =
P is isomorphic to context extension drP. X is strong with respect to the cartesian structure.

4. A ¥-monoid M is a monoid V — M < M ® M with X-algebra structure XM — M: a
presheaf with substitution structure, variables, and term constructors.

5. Given a presheaf of metavariables P, the initial (2+V+P®)-algebra TP encodes the syntax of
the language with terms, variables, and parametrised metavariables. It comes with recursion
and induction principles arising from initiality TP — A, monoidal-parametrised initiality
TP ® Q — A and cartesian-parametrised initiality TP * Q — A.

6. TP is the free X-monoid on P: given a 3-monoid M and interpretation of metavariables
¢: P — M, there is a unique ~-monoid homomorphism TP — M factoring ¢.

7. Freeness makes T: PShy — PSh, into a monad, and induces an external meta-interpretation
operation PShg (P, M) — PShy (TP, M) in any X-monoid M.

8. Using cartesian-parametrised initiality, we show that T is a strong monad, and meta-
interpretation thus internalises to a natural transformation (P, M) = (TP, M) between
presheaf exponentials.

9. Second-order axioms in the syntax induce a sound and complete equational logic with re-
spect to 2-monoids that satisfy the axioms.

The familial model introduced in this thesis will address each of these points, adapting the
well-understood techniques of the presheaf approach to an implementation-friendly theory.
We give an outline of our development in the next section, highlighting the commonalities
with intrinsic typing and presheaves.

2.3 THE FAMILIAL MODEL

The thesis builds up the familial model in an abstract and bottom-up manner, so we give a
roadmap to future developments to put them in context of abstract syntax.

Sorts and contexts Sorts S are defined inductively as before, and contexts form a discrete
category of lists of sorts S* with context concatenation I' + A and the empty list [] forming
the (strict) monoidal structure.

Sorted families Families X,Y € Fam and sorted families X,Y € Fam, are again (sort-
and) context-indexed sets, without any a priori renaming structure — equivalently, they are
presheaves over the discrete category of contexts, where functoriality is trivial as morphisms
in S* are equalites. They are related to presheaves (viz. presheaves over the free cocartesian
category [F[S]) via a free-forgetful-cofree adjoint triple ¢ 4 x -+ M: the forgetful functor
*: PSh — Fam maps presheaves to their underlying action on objects (forgetting functori-
ality), while the free and cofree presheaf functors ¢, m: Fam — PSh “accumulate” renaming
rules. The free presheaf on a family is a triple of a context, a term and a renaming rule, and
the cofree presheaf is a function from a renaming rule to a term; in both cases, functoriality
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over [F[S] is implemented by composition of the applied and stored renaming.

*X(A) Zx(r)x(reA) *X(0) 2 (I,x,p: T > A) — ([,x,00p:T > ©O)
res*

nX(D) £ [ [(T=8) X)) mX(p)2p = 8,0:A-0 - po(eop)
AeS*

The free presheaf functor X is the same construction we used in the presheaf model to turn a
family of metavariables 9 : PShy to a presheaf 9 : PShy. Postcomposed with the forgetful func-
tor, the functors give rise to the co/free presheaf co/monads ¢,0: Fam — Fam. Intuitively,
¢X: Fam is a pair of a term and a renaming rule, waiting to be combined; OX : Fam is a term
parametrised by a renaming rule, waiting to be applied.

Being presheaves over a discrete category, with that category of contexts monoidal, fami-
lies can be equipped with two isomorphic monoidal closed structures given by Day convolu-
tion and the Day internal hom (Section 8.2):

(X © Y)(©) 2 Z X(T) x Y(A) (X 0 Y)(©) 2 Z X(A) x Y(T)
T'+A=0 T'+A=0

(X — Y)(T) & ]—[ X(A) = Y(T+A) (X o= Y)(T) 2 ]_[ X(A) — Y(A +T)
A€eSx A€eSx

The Day unit is the (discrete) Yoneda embedding of the unit in §*, namely the empty list: *[].
The sorted family of names N, = [r] allows us to constrain contexts to singletons: N,T'
is inhabited only if ' = [r]. This is used in an alternative characterisation of the context
extension operator §;Y(I') = Y(7 - T') as the hom N; o— Y, since

(N, o— Y)(T) = ]—[ f[z](A) — Y(A+T) = ]—[ (A = [1]) = Y(A+T) = Y([z]+T) = Y(z-T)
AES A€ES*

The pointed strength for §; — responsible for pushing substitutions under binders as part of the
strength for the whole signature endofunctor — will be extracted as an instance of a pointed
strength for W o— (—), with W = f[z]. The Day homs will furthermore feature prominently in
the metasubstitution theory, where they seamlessly handle the complex interaction between
the ambient context and metavariable parameter contexts; to ensure sorting is taken into ac-
count correctly, we will need the derived operators (—) — (=): Fam® X Fam; — Fam, and
{—,=): Fam{" x Fam; — Fam defined as: (W — X), = W — X;and {X,Y) = [[,es X; — Y-.

Syntactic signature The endofunctor associated with a signature is defined the same as for
presheaves, but with binding for operators implemented using the cocartesian structure of
families and the family context extension (or Day hom). Of course, in this case it is merely an
endofunctor on families ¥: Fam; — Famg, without functorial renaming.

Variables and terms The sorted families of indices J is defined inductively as in the intrinsic
case, with constructors new and old. The family of terms T is characterised as the initial algebra
for the family endofunctor (J+%): Famg — Famy, in practice also implemented as an inductive
data type. Initiality induces a unique map sem: T — A for any (J + X)-algebra (A, v, a). The
connection between indices, presheaves, and names is established using the modalities:
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oN =V * V=] J=ON

Renaming and substitution rules Sort-preserving families of maps from variables in one

context to X-terms in another are called X-traversal rules T - A, living in the sorted family of

functions {J,I' — XA }4es. For X = T the family of terms, T L, Ais called a substitution rule.
A renaming ruleI' — A = F[S](T, A) is equivalent to an J-traversal rule {J,I" — J,A}qes

Simultaneous renaming The renaming operation on terms T — or in fact, any family X -
can be encoded as a co/algebra structure for the co/free presheaf co/monad. The <¢-algebra
structure a: ©X — X combines a term t € X(I') and a renaming rule I' — A into a term
a(T,t,p) € X(A), while a coalgebra ¢c: X — 0OX or maps a term t € X(T') into a term that
admits a renaming c,t: (I' = A) — X(A). Being a co/algebra for a comonad, these struc-
ture maps need to be compatible with the co/unit and co/multiplication, which reduces to the
intuitive preservation properties for renaming identity and composition:

a(T,tid) =t crtid=t
a(T,t,oop)=a(Aa(T,t,p),0) cot(0op) =colcstp)o

We can show that the category of ¢-algebras, O-coalgebras, and presheaves are equivalent
(Section 9.3.1), giving us alternative ways of expressing renaming as an extra structure on a
family, rather than an inherent part of being a presheaf. Thus, the formalisation can work with
families as much as possible, and explicit renamability can be requested only in the few places
it is needed.

Substitution under a binder As in the presheaf model, we aim to identify the substitution
operation as a specific morphism in the category of families and to characterise substitutable
families abstractly as objects equipped with this additional structure. However, this is precisely
where the presheaf and familial models diverge most sharply. The substitution tensor product
defined in PShy has no direct analogue in families, so Famg lacks a substitution monoidal
structure. The reason is technical but significant: the coend defining @ in the presheaf model
— which yields the crucial quotienting condition (A, P(p)t,0) ~ (I',t,0 o p) — collapses to
a dependent sum in sorted families, losing the internal renaming-invariance represented by
the quotient. Since several monoidal laws in PShg rely on this condition - for instance, the
invertibility of 1,: V®Q — Qand a,, ,: (P®Q) ®R — P® (2®R) - they do not carry over
to the simpler familial model.
Not all is lost, however. The following quotient-free definitions in families

Xey(a) 2 Y XT) x ThA  (X@Ya2X,0Y
ress

together with the family of indices J, make Famy into a skew-monoidal category: a weaker
form of a monoidal category where the structure transformations need not be invertible:

Ap:JeY —Y p: X =>X0T ., (XeYeZl-Xe(Yez)
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In practice, this restriction is not severe: we can still carry out the generic initiality proof
within the skew setting. The abstract theory, however, requires further development, since
several fundamental aspects of the presheaf model rely on its monoidal substitution structure.
Addressing these challenges is the main focus of Part II, but we outline the approach here.

The dependent sum in the definition of © lacks the quotienting condition essential in the
presheaf model. To resolve this, we adopt a systematic workaround: instead of comparing
tuples (I',t,0) € (X © Y)(A) directly, we compare the images of a morphism f: XY — Z
that acts on the tuples. In this setting, the identification according to (A, P{p)t,o) ~ (I, t,c0p)
can instead be treated as a property of f, requiring that, for a ¢-algebra structure x on X,

f(Ax(T,t,p),0) = f(T,t,00p)

Morphisms f: X©Y — Z satistying this condition are called balanced or middle-linear. When
such morphisms are also homomorphisms of ¢-algebras, they correspond to natural transfor-
mations (®X) © (Y) = (#Z2) in PSh, where balancedness captures extranaturality (preser-
vation of the quotienting; see Section 8.1.1), and the homomorphism condition to naturality.
The tensor product P ® Q in presheaves is a quotiented dependent sum, and natural trans-
formations P ® Q = R preserve both renaming and the quotienting condition. In contrast,
the tensor product X @ Y in families is a plain dependent sum, and balanced homomorphisms
X ®Y — Z serve the same role by identifying tuples related by the quotienting condition.
The main place this workaround is needed is in the precise formulation of pointed strength
str: XX 6Y — E(X eY), which is responsible for pushing traversal rules under constructors.
For each constructor in 2, it outputs a product of tuples (T, t, ) with o lifted for binding terms:

(XxY)eZ - (XeZ2)x(Yey) 6 X62—>6(X6eg)
(T, (f.1),0) = (T, f,0), (T, t,0)) (T,t,0) = (z-T,t,lift o)
Unlike for maps X©Y — Z with Z not containing a quotient, equating the outputs of strengths

may still lead to incompatibilities that would otherwise be resolved with quotienting in the
presheaf model. Consider the associativity law of strength:

SWeX)e Y
strﬂy' w
CWeX)oY S(WaeX)aY)

Aswxy l l g xy

SWe (XeY) —— Z(We (XaY))
In the case of ¥ = §; and W = X =Y =T, this reduces to the equality of
(I‘, tlift (x > (A, ox, g))) and (F, t,y — (A lift cry,liftg))

For the triples to be equal, their substitution rule components must be equal too; however,
comparing them by induction on the input variable x € J,(7 - I') we would need to show

(a - T,varnew,var) = (a - T, varnew,¢) (T,ox,wkno¢) = (a-T,wkn (ox),liftg)
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Clearly, these tuples are incomparable componentwise, and could only be identified in the
presence of the quotienting condition. Thus, in the familial model, the pointed strength for J;
cannot be shown associative — an innocuous technicality that nevertheless renders the core
assumptions of the presheaf model invalid.

The solution is the same as before: apply a parametrised map to the tuple, and equate
the outputs. The “culprit” in the associativity law is the tensor X & Y, so we can collapse
it further by postcomposing the diagram with a parametrised map g: X ® Y — Z. Writing
algl: We X) @Y — W e Z for the composite

W,X,Y W
WeX) ey L we (XoY) —L Wz

the associativity law can be modified to

S(WeX)a Y
stréy' N
CWeX)oY S(WeX)eY)
a[g]l 120([9]
SWe Z S(We 2)

str

This diagram, for the case ¥ = J,, reduces to the equality of
(F, t, lift (ng(A,ax,g))) and (F, t,y — g (A lift Gy,liftg))
and performing induction on the input variable of the traversal rules, we need to show
varnew = g (a - I, var new, ¢) wkn (g (A, 0x,6)) =g (t- A wkn (ox),liftg)

which, with suitable assumptions on g, is now tractable. Namely, g must be a balanced homo-
morphism, and preserve variables: g (T, var x, var) = var x.

The above generalisation is only valuable if we have useful examples of pointed balanced
homomorphisms. Fortunately, we can show that

JoT —>T Tel->T ToelT—>T
(T,x,0) > ox (T,t,p) —>renpt (T,t,0) > subot

all satisfy the required conditions, and using them to instantiate the lifting axiom
lift(x = g(Aox,6) =y g(Aliftoy,liftg)
simplifies to the familiar lemmas relating lifting, renaming, and substitution (see Section 2.1.3):

lift (cop) =liftgoextp
lift (renp o 0) =ren (extp) o lifto
lift (subg o o) =sub (lift¢) o lifto
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These lemmas interleave nicely with the pointed balanced homomorphism laws for applica-
tion, renaming, and substitution, which constitute the rest of the interaction laws between
the operations. The upfront effort in abstraction paid off: every property that the substitution
associativity proof depends on can be motivated through algebraic axioms, or instantiations
of the strength associativity.

Traversal The notion of parametrised initiality also needs to be modified in the familial
model — once again, for a technical but important reason. Standard initial-algebra seman-
tics states that for any (X + J)-algebra A we have a unique homomorphism sem: T — A.
Parametrised initiality says that given a pointed ¢-algebra P (i.e. a pointed presheaf), and a
(2 +P)-algebra A, there exists a unique homomorphic map trav: T @P — A. This framework
is then used both to derive the substitution operation (by the existence of the map) and prove
the associated laws (by its uniqueness). The flexibility provided by the choice of parameter is
a key mechanism of constructions and proofs by parametrised initiality.

In the presheaf model, substitution on the presheaf of terms sub: T ® T — T is defined
as a traversal with pointed presheaf parameter T and (2 + T)-algebra target T. In the familial
model — where the family of terms is not a priori a presheaf — we first need to show that
T can act as a parameter; that is, it is a pointed <{-algebra. Pointedness is just the variable
constructor var: J — T, while the ¢-algebra structure T — T —i.e. the renaming operation —
is equivalently a morphism T @J — T, a J-parametrised traversal map from T to T, induced by
initiality. From this, weakening, lifting, and substitution follow, the latter as a T-parametrised
traversal T T — T.

Of course, for the full formality, we also need to establish the renaming and substitution
laws, which is another place where the current model is unsuitable. Recall that the laws are
proved using the uniqueness of initial semantics or traversals, by showing that the two sides
of the axiom constitute homomorphisms of (¥ + J)-algebras. For the renaming and substi-
tution laws, we’'d need to equate the following pairs of composites to establish the unit and
associativity properties:

ren®J

ToJ (Toed)el — TaJ
Pr ren a’ ren
/ I'sem / trav \
T T Te (JaJ) T
id IR Y
TeT ToeT)oT 2L 1T
id@var sub at sub
/ Itrav \ / trav \
Teld T Te(ToT) / T
\/ ‘[m TeT sub

The issue may be clear already: the associativity diagrams require the associator to go in a
direction not generally allowed in skew-monoidal categories. The proof approach that worked
for presheaves will not work here, as T ® (T @ T) — (T @ T) @ T is not a morphism in
Famg, let alone a (2 + J)-algebra homomorphism. Trying to fix this by starting the diagram
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at (T ®T) @ T will not work either, as (T @ T) @ T — T is not an instance of a parametrised
traversal: the parameters have to be fully separate from the family of terms T in the domain
of the parametrised map T & P — A.

To overcome this difficulty, we have several choices. One is to generalise parametrised
initiality to any number of parameters (Fiore and Saville, 2018): for example, with two param-
eters, the 3-algebra homomorphism condition for the double-parametrised traversal becomes

CTeP?) a0 2% »(TeP a0 s (To?P) Q) =% 54

(algaP)®Q a

(TeP)®Q A

trav

Instead, we opt for a more systematic and direct approach: initial algebra semantics into the
substitution hom, the right adjoint to the substitution tensor:

[ yhm = [ 50 —>va [XY]e 2 [X Yab
AeS*
A parametrised map X 6 Y — Z is equivalent to X — [Y, Z); in particular, maps OX =
X 67 — Y transpose to X — [J, X) = OX, characterising presheaves equivalently as O-
coalgebras. More importantly, a traversal map T & P — A transposes to T — [P, A], and
instead of resorting to a separate parametrised initiality theorem, it is sufficient to show that
[P, A] is a (2 + J)-algebra, and induce trav: T — [P, A] by standard initiality from the initial
(2 +J)-algebra T. Dealing with multiple parameters requires no additional machinery either:
a double-parametrised traversal (T @ P) & Q — A is still an initial morphism into [P, [Q, A]].

The above is part of our more general effort to redevelop the presheaf model in closed,
rather than monoidal categories. One simple reason for this is implementation efficiency:
since functions are first-class objects in Agda (and most other proof assistants), they are easier
and more seamless to work with than a formalisation based on data types and records that
encode substitution tensors and Day convolution. The occasional need for function extension-
ality is favourable compared to frequent pattern-matching on tuples, projections, and the in-
efficiency in passing around nested collection types (which can add significant type-checking
complexity in large formalisations).

Secondly, the closed structure leads to cleaner proofs by standard initiality. In the monoidal
presheaf presentation we deal with initial denotational interpretations T — M, monoidal-
parametrised initial substitution maps T ® T — T, doubly-monoidally-parametrised initial
traversal maps (T ® P) ® Q — A, cartesian-parametrised initial meta-interpretation maps
TP (P, M) — M, etc.; in the closed familial model these are all standard initial maps from T
(or TX) into objects M, substitution homs [T, T] and [P, [Q, A]], and Day homs {X, M) —o M.

Thirdly, closed structure already plays an important role in the presheaf model of abstract
syntax: namely, the equivalent characterisation of context extension ;P = PV, and the rep-
resentation of metasubstitution rules (2, T8). It is therefore not a stretch to commit to the
closed structure fully, making everything as uniform as possible.

A brief summary of the closed structure and the changes required to traversals follows.
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The structure transformations of a skew-closed category are

i[9, X) - X j: I — [XX] L:[Y, Z) - [[¢Y], [X, Z))

The pointed strength for the signature endofunctor is a natural transformation str: X[X, Y] —
[X, 2Y], again satisfying an associativity condition relative to a parametrised map X — [Y, Z].
Given a pointed O-coalgebra (P,n: I — P,c: P — 0OP) and a (X + P)-algebra homomorphism
(A, a,p), we can show that [P, A] is a (2 + J)-algebra and induce an initial traversal map
trav: T — [P, A] satisfying

7 —L 5 [7,9] ST 22, 3P, A] — [P, 3A]
varJ l [?.p] a]gJ l [P.a]
T trav II:P’ ‘A]] T trav [[fP, ‘A]]

Simultaneous substitution and its laws A monoid in a closed category is a family M with
maps: J —» Mand M — [M, M] satisfying unit and associativity conditions. For the monoid
of terms J —» T — [T, T], the substitution sub: T — [T, T] is induced by initiality, using the
previously established fact that T is a pointed O-coalgebra (with the renaming T — [[J, T] also
constructed by initiality) and a (X + T )-algebra (T, alg, id). The left unit law sub (varx) o = o x
follows by construction, and the right unit and associativity laws

[7.7) 28 7] [v,7] L+ [T, T[T, 7]]
su i sub sub,i
b N / | N Jsebid]
S = [T.[7. 71]
id k‘ % 0l
[T.7]

follow by showing that the composed morphisms are all (X + J)-algebra homomorphisms.
Unlike in the monoidal presentation, there is no problem with the direction of the transfor-
mations, even with multiple parameters. One caveat is that L: [R, A] — [[Q, R], [Q, A]] (for
Q, R pointed O-coalgebras and A a (X + R)-algebra) is not a homomorphism on its own, as the
>-algebra homomorphism condition would require the usual associativity law of the strength
[ Y] — [X,2Y] to hold. In the case of = §;, we encounter similar incompatibilities
with the lift axioms as in the monoidal setting, but these can be resolved by replacing L in the
strength associativity axiom with the composite

LI [RA] —2 [[2, %], [2.A]] 224 [, [0, A]]

for a pointed balanced homomorphism f: P — [Q, R]. With that, we can abstractly show that
LIf]: [RA] — [P [Q. A]] is a (Z + J)-algebra homomorphism, which takes care of part of
the top composite of the monoid associativity law above.
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Models and interpretations The notion of a X-monoid adapts readily to the closed family
setting: a monoid I — M — [M, M] with an algebra structure SM — M such that the
following diagram commutes:

SM —2 s SV M] — s M, EM]

] f

M - v, M]

For any »-monoid M, initiality induces a unique homomorphism int: T — M which preserves
both the monoid and the algebra structure.

Metavariables As with the presheaf model, the initial ¥-monoid proof can be strengthened
to a freeness theorem. Recall that in the presheaf model, TP was the free ¥-monoid on the
presheaf of metavariables, but metavariables naturally only form a sorted family (without an
obvious notion of renaming), leading to a small discrepancy between the practical use case
and the mathematical theory bridged by the free presheaf construction 2 on a metavariable
family 2. In the familial model, where objects are sorted families by default, this patch is no
longer required - the theory provides a cleaner treatment of parametrised metavariables.

The main proof lies in the construction of the initial (¥ + J + 2®)-algebra T?, and us-
ing its initiality to induce a free extension of a family morphism 2 — M to a ¥-monoid
homomorphism T2 — M. In order to keep the theory uniformly over the closed struc-
ture, the metavariable operator mvar: 2 & T2 — T2 is instead presented in the curried
form mvar: % — [T2, T], and the corresponding homomorphism condition for a map
f: (T, mvar) = (M, m) is

A = [M, M]

ml |2

TA,TA| —— | T

In particular, given a ¥-monoid M and an interpretation of metavariables ¢: A — M, the

model M can be equipped with a metavariable operator 2 Lowd [M, M], and initiality
induces a unique X-monoid homomorphism int,: TA — M that satisfies

Yin 4 H
9 ST —2% 5 A — M > [MM]
varl X algl la mvarJ l[[intq,,idﬂ
o o [T, 7] e [T 0]

Metasubstitution As before, freeness makes T into the free >-monoid functor T: Famy; —

o T(TA) and the external meta-
interpretation operator Fam,(2l, M) — Famg(T2, M). Of course, since the exponentials in

>-Mon, which induces a monad structure 2 emb , T9r

Famg are indexed functions, this operator internalises directly:

A =>M) - (TA = M)
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External meta-interpretation suffers from the same limitations here as in the presheaf model:
the meta-interpretation rule has no access to the variables in the ambient context, so can only
map metavariables m: 2[,II to terms in the same context II. Inspired by the simplification of
the relative enriched monad extension PSh(2[, M) — PShy (T2, M) to Fam (2!, |SeM|) —
PSh (T2, e M), we replace morphisms into the context extension endofunctor by unsorted
linear homs (X, Y) = [[,cs Xo = Yau:

mint: {20, M) — (T, M)

Expanding this, we can see that a shared context A is threaded through both the meta-
interpretation rule and the term interpretation:

( ]_[ AT — M (IT+A)) — ( 1_[ TA,T — M (T +A))

€S, resS* aeS,I'eS*

As before, our aim is to represent this operation as a purely initial morphism from T2(. Writing
(X = Y)y = (X — Yy,), the type of mint can be equivalently written as

mint: T — ({A, M) — M)

and the operation can be freely induced as the free homomorphic extension of the evaluation
map 2 — ({2, M) — M), as long as we show that (2, M) —e M is a Z-monoid. To prove this,
it is (almost) sufficient to show that ¥ is powered over —e with pow: (W — Y) — (W —e 3Y),
and W —e (—) is a closed functor over the substitution hom: closed functors preserve closed
monoids, and the strength lifts W —e (—) to X-algebras. The closed functor structure requires

operations
J— (W —J) W — [X,Y] > [W =X, W - Y]

that satisfy unit laws and an associativity law that is parametrised by a pointed balanced ho-
momorphism. The multiplication W —e [X,Y] — [W — X, W —e Y] is nothing but the closed
family version of dist: (P® Q) * R — (P * R) ® (Q * R) which, with the linear definition, only
requires a pointn: J — Y:

dist(e: (W — [, Y])aT) (0: TE=5A) (w: W) 2 ew ([0 cow, no®]®

A+®)

The unit I — (W —e J) is a component of const: P — (W —e P) for a O-coalgebra (P,r: P —
0P), defined using weakening:

const (t € PoL) (w: WA) £ rt (17%): Po(T + A)

The one other thing needed to show that W —e (—) lifts to 2-monoids is that the liftings to
monoids and X-algebras are compatible. This is in turn reliant on the compatibility of the
pointed and linear strengths for ¥ connected using dist, which is similar to the analogous
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property from the monoidal presheaf model:

pow W —estr

S(W — [P,Y]) W - 2[P,Y] W — [7,2Y]

Zdistl ldist

SW P W Y] —— [W = PEW Y] s [W —+ P, W — 3]

Similar structure can be given for the other linear hom (W o Y), = W e Y,, and we may
also show that dist and const combine to equip W e~ (—) with a pointed strength:

[const,id]

W e [P,Y] -5, [W e P, W o Y] [P.W o Y]

which, since XT e Y = §gY, amounts to the pointed strength for the context endofunctor that
we require for the object-level metatheory. The same connection in the presheaf model was
also observed by Fiore (2008, Theorem 10), and suggests that the linear hom is fundamental
to the second-order metatheory. With this view, some constructions reduce to rather simple
derivations: for example, showing that dg is strong over —e (as part of the corresponding proof
for ) amounts to constructing T e (W — Y) — W — (T e Y), an instance of a standard
transformation for Day internal homs.

We follow a more abstract approach in the construction of mint and its laws, inspired by
Fiore (2013). The codomain of mint: T2 — ({2, M) —e M) can be extracted as the powered
clone functor (Y,Z)2 = (2,Y) —e Z that resembles a double-dualisation or continuation
passing style transformation. We can then show that (Y, Z) is itself a powered functor over
—, and (Y) = (Y,Y) is a furthermore a powered monad. Then, we deduce that algebras
TY — Y for a strong monad T are in bijection with powered monad maps T = (Y|, which,
instantiating T with T and Y with the T-algebra induced by a 2-monoid M, gives us the meta-
interpretation operation

mint: TA — (M)A = (A, M) - M

The fact that mint and msub are powered is sufficient to establish their associativity property
required for the soundness proof of the equational theory.

The final thing left to formally establish is that T is a powered monad. We know by freeness
that it is a monad, and to construct the strength T(W — Y) — (W —e TY), it is sufficient to
show that W —e TY is a X-monoid, which, of course, follows by the same reasoning as above:
W —e (—) is a closed functor and therefore lifts to the category of monoids, and ¥ is powered
so W —e (—) lifts to X-algebras too, and the strength-powering compatibility for ¥ also proves
the compatibility of the monoid and X-algebra structure. The strong monad axioms similarly
follow from freeness, which we show in the abstract setting in Section 3.4.

To reiterate the line of reasoning we adopt for equipping the term monad T with a lawful
internal metasubstitution structure, consider a signature endofunctor ~: Famy; — Famg with
a pointed strength and powering

str: B[ Y] — [X, 2Y] pow: (W —e Y) — (W —e 3Y)
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If these operations are compatible in the sense of the hexagon above, the powering W —e (—)
lifts to X-monoids which, by freeness, induces a ¥-monoid homomorphism T(W — X) —
(W —e TX). This, then, implies that T is a powered monad, so every algebra TM — M
thereof induces a powered monad morphism T = (M, M). For M £ T the free T-algebra,
the monad morphism expands at component 2 to T2 — (2, TB) — TV which, equivalently,
constitutes the enriched Kleisli extension {2, T8) — (T2, TB) we were seeking.

Equipping a signature endofunctor X~ with the compatible strength and powering involves
constructing the transformations for products, coproducts, and the context extension endo-
functor. The first two are generally easy, as neither X or + manipulates the term context in
nontrivial ways. The strength dg[X, Y] — [X, deY] for a pointed O-coalgebra X derives from
the general distributivity transformation dist of e— over [—, =] as:

[const,id]
_

o[, Y] = O o [X, Y] —5 [0 o X, ¥O o Y] [, %0 o Y] = [X, 56Y]

The powering do(W — Y) = W —e §gY is simply the exchange transformation
O (WY =W — (O oY)

arising from the isomorphism of the two Day convolution structures X ¢ ¥ = Y © X.
The compatibility of strength and powering for context extension reduces to showing that
O o— (W - Y) = W —e (O o Y) is a natural transformation between the closed functors
O o (—) and W —e (—); the preservation of the respective dist transformations implies
the compatibility of str and pow, and, in turn the compatibly strength and powering for any
signature endofunctor .

Equational logic With the streamlined theory of metasubstitution in Fam,, the equational
logic and its soundness theorem work the same as in the presheaf setting — a reassuring sign
that the familial model works as intended.

To summarise, the familial model adapts the well-known presheaf theory of abstract syntax
to a skew-closed setting, favouring an algebraic rather than functorial view of renaming and
avoiding uses of parametrised initiality and quotienting. The bulk of the dissertation consists
of the abstract derivation of the familial model and justifying its correctness by formally relat-
ing it to presheaves.

2.4 RELATED WORK

The study of abstract syntax and variable binding is rich and extensive, yet surprisingly young.
Although the foundational notions of variables, substitution, and binding permeate all of math-
ematics, it was not until Church’s (1936) A-calculus that a formal system was explicitly devised
to study abstraction and variable binding. Efforts to place these concepts on rigorous math-
ematical foundations only gained traction in the 1990s, largely due to the challenges of for-
malising capture-avoiding substitution — especially for computer-based implementations. In-
triguingly, many core themes of the field trace back to its earliest publications: Church (1932,
Section 4) invokes an intuitive notion of substitution (presumably capture-avoiding) without
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defining it; Barendregt (1985, Moral 2.1.14) adopts a-equivalence and the variable convention
as blanket remedies for renaming, capture, and shadowing; and de Bruijn (1972) introduces
his de Bruijn indexing scheme precisely to handle the practical difficulties of renaming and
substitution in implementations.

In this section, we provide an overview of major approaches to abstract syntax formalisa-
tion. For further surveys that complement this account, see Aydemir et al. (2005), Kmett (2015),
Cockx (2021), Popescu (2023), and Lamiaux and Ahrens (2025).

2.4.1 Named approaches

Named-variable formalisation seeks to mirror traditional mathematical practice, where bind-
ing is represented by matching variable names. While appealing in its naturalness, this ap-
proach introduces several technical challenges for formalisation, such as dealing with string
equality, shadowing, and explicit a-conversion. Nevertheless, a major development came with
the axiomatisation of permutation models in Fraenkel-Mostowski set theory, applied to syn-
tax by Gabbay and Pitts (1999, 2002) and later developed into nominal logic by Pitts (2003, 2013).
Gabbay and Pitts observed that essential notions such as freshness, capture, and a-equivalence
could be defined purely in terms of atom swapping, with finite support — the property that each
term contains only finitely many atoms - serving as a central concept. These foundations en-
able the introduction of a freshness quantifier Ma € A. ¢ and name abstraction [A]X.

Nominal techniques have since found broad applicability across logic and computer sci-
ence, including equational theories and unification (Urban et al., 2003; Clouston and Pitts, 2007;
Gabbay and Mathijssen, 2009; Clouston, 2010), structural induction and recursion (Pitts, 2006,
2011), rewriting systems (Fernandez and Rubio, 2012; Dominguez and Fernandez, 2019), game
semantics (Abramsky et al., 2004; Murawski and Tzevelekos, 2016), probabilistic programming
(Sabok et al., 2021), and even cubical type theory (Pitts, 2014, 2015). Nominal syntax has been
implemented in practical systems such as FreshML (Pitts and Gabbay, 2000; Shinwell et al.,
2003) and FreshOCaml (Shinwell, 2006), enabling the definition of datatypes with binding. It
also underpins the Nominal Isabelle framework (Urban, 2008; Huffman and Urban, 2010; Ur-
ban and Kaliszyk, 2011), which has been successfully applied in numerous formalisation efforts
(Urban and Norrish, 2005; Bengtson and Parrow, 2007; Tobin-Hochstadt and Felleisen, 2008;
Urban et al., 2011; Paulson, 2015).

Adapting nominal methods to dependently typed settings is nontrivial, as they often de-
pend on classical axioms and set-theoretic reasoning. Constructive implementations have
been explored via several routes, including an experimental Rocq axiomatisation (Aydemir et
al., 2007), an initial setoid-based Agda development (Choudhury, 2015), a Rocq implementa-
tion using type classes and rewriting to manage equivalence without descending into “setoid
hell” (Paranhos, 2022; Paranhos and Ventura, 2022), and an ongoing Agda project modelling
permutations as bijections (Pagano and Solsona, 2023).

Other significant named approaches include the following.

« The locally named approach of Randy Pollack et al. (2012) separates the syntactic constructs
for free (global) and bound (local) variables, making use of nominal predicates in the meta-
syntactic operations.
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« A line of work continues on the Agda formalisation of named binders in the syntax of the
STLC using ideas from nominal techniques, Stoughton’s (1988) parallel substitution, and
explicit a-conversion (Tasistro et al., 2015; Copello et al., 2016, 2017, 2018P; Urciuoli et al.,
2020; Copello et al.,, 2021), extended to generic signatures by Copello (2017) and Copello
et al. (2018).

+ Gheri’s (2019) general theory of syntax with bindings defines the a-equivalence class of
syntax-generic quasi-terms using nominal swapping and substitution, using bounded natu-
ral functors (Blanchette et al., 2019) to construct complex binding patterns.

« Renaming-enriched sets or rensets (Popescu, 2023) associate every term in the set with a
renaming operator that generalises the swapping operation on nominal sets, simplifying
the freshness predicate and recursion principles.

« Wan and Cao (2024) develops Rocq formalisation of a syntax-driven, decidable a-
compatibility relation that traverses terms in parallel and compares variable names in iden-
tical positions directly, taking variable shadowing into account.

« Anand and Rahli (2014) presents a Rocq axiomatisation of context-free grammars annotated
with variable-binding information (CFGV), along with a term language and named syntactic
metatheory parametrised by such a CFGV.

For a broad comparison of named and nameless frameworks, see Berghofer and Urban (2007);
recursion principles for nominal representations are also discussed in Popescu (2024). Overall,
named approaches are theoretically rich and flexible but present obstacles in constructive and
dependently-typed contexts. Formalisations in Agda remain in early stages or are hindered
by the need for setoid-based reasoning (Choudhury, 2015; Pagano and Solsona, 2023). Even
more complete efforts, such as Copello et al’s (2021), involve low-level name manipulations
that can be difficult to scale and use.

2.4.2 Nameless approaches

Nameless representations encode binding without using variable names, enabling simpler
mechanisation at the expense of readability. The main example is de Bruijn indices (de Bruijn,
1972), where variables are represented as natural numbers relative to their binding depth.

§ Numeric de Bruijn indices

De Bruijn indices are compact and sidestep a-conversion entirely. They are widely used in
compilers and interpreters and are straightforward to use in a datatype declaration:

Tm : Set
var : N — Tm
lam: Tm — Tm
app: Tm —Tm — Tm

However, they lack static guarantees: indices may refer outside the scope of binders, and such
errors are not syntactically evident. Terms are also difficult to read and debug: for instance,
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the expression Af. f(Axg. f(g,x)) translates to A0(A42(01)), where the variable f is encoded
as both 0 and 2, and the de Bruijn index 0 encodes both f and g.

Formalising substitution with de Bruijn indices is error-prone, requiring delicate shifting
operations and strengthened induction hypotheses. This complexity has been widely noted
in the literature (Shankar, 1988; Altenkirch, 1993; Huet, 1994; Berghofer and Urban, 2007;
Matache, 2017), with some authors reflecting on the tediousness of such work:

“It is annoying to spend so much time on uninteresting details.” — (Rasmussen, 1995)

Although criticised by the PoPLMARK challenge (Aydemir et al., 2005), several authors have
defended the practicality of de Bruijn indices (Vouillon, 2011; Berghofer, 2012), showing their
viability for formalisation despite the arithmetic overhead and fragility of implementation.

Recent theoretical work attempts to formalise de Bruijn indices more abstractly.
Hirschowitz et al. (2022) define de Bruijn monads — sets A equipped with variables N — A,
substitution A x AN — A, and syntax algebra XA — A - in a manner similar to the presheaf
model. De Bruijn monads are simplified (“extrinsic”) representations of abstract clones (Taylor,
1993; Arkor and McDermott, 2021), though the authors do not make this connection clear.

Another significant development is the calculus of explicit substitutions. Originally intro-
duced in the Ao-calculus (Abadi et al., 1991; Rose, 1996), substitutions become part of the
syntax with terms for composition and de Bruijn shifting operations, allowing controlled ap-
plication of simultaneous substitutions. This approach improves implementation efficiency
but adds complexity to the metatheory, as substitution is no longer a meta-operation and
must be handled in all definitions and proofs.

A practical application of this idea is the Autosubst framework for Rocq. Its first version
(Schafer et al., 2015) generates substitution operations and lemmas from annotated syntax.
Autosubst 2 (Kaiser et al., 2017; Stark, 2020) compiles an expressive higher-order syntax repre-
sentation to Rocq code with well-scoped terms, modularity, first-class renamings and traversal
(Kaiser et al., 2018; Forster and Stark, 2020). While powerful, these systems still rely on nu-
meric indices, which limits the static guarantees that dependently typed systems can provide.

Other frameworks that use de Bruijn indices include:

« Pottier’s (2014) DBLIB uses Rocq’s type classes to generate lifting, substitution, and other
definitions and lemmas from a user-supplied datatype for the syntax, a traversal operation,
and six easily dischargeable lemmas.

« Polonowski (2013) introduces a grammar called de Bruijn with Explicit Binding (DBEB) to ex-
press syntaxes with binding and generic infrastructure operations and lemmas thereon, and
the tool DBGEN for augmenting annotated Rocq declarations with a variety of metatheoretic
definitions up to and including the substitution lemma.

+ Keuchel et al. (2016) present KNOT, an expressive specification language for syntaxes with
binders and accompanying specification-generic syntactic metatheory (shifting, substitu-
tion, well-scopedness, interaction lemmas), and NEEDLE, a code generation tool turning
Knort specifications into de Bruijn-encoded Rocq terms and their metatheoretic boilerplate.

All in all, while numeric de Bruijn indices remain a popular and practical choice — particularly
in the Rocq community — and have been successfully deployed in large-scale formalisation
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projects, their use can feel somewhat uneasy. When working in a dependently typed setting,
where one typically enjoys rich static guarantees, the reliance on natural numbers to represent
something as fundamental as variable binding can feel precarious — much like reaching into
unsafe code in a language like C. The mismatch between the rigid structure of syntax, and the
flexibility (or flimsiness) of natural numbers motivates the investigation of well-scoped syntax.

§ Endofunctors and monadic substitution

The integration of monads into computer science originated with Moggi (1991) and his com-
putational A-calculus, later popularised by Wadler (1990, 1992) within the functional program-
ming community. A key insight came from Bellegarde and Hook (1994), who proposed defin-
ing syntax as a monad Tm : Set — Set, parametrised uniformly by a variable set:

Tm : Set — Set
var : X—>TmX
lam: TmX - Tm X
app: TmX > TmX - Tm X

This encoding enables a generic definition of substitution for de Bruijn-indexed terms, Tm N,
via a polymorphic function:

map-with-policy : (X > Y) > (X > Y) > X —>Y)>TmX > TmY

This operation simultaneously handles de Bruijn shifting and substitution, with a final monadic
join Tm (Tm X) — Tm X collapsing nested layers. The idea lay mostly dormant until Bird and
Paterson (1999%) applied the notion of nested datatypes (Bird and Meertens, 1998) to syntactic
terms with binding. Their insight was to bound de Bruijn indices at the type level, encoding
scope directly into types by using the Maybe monad:

Tm : Set — Set
var : X —->TmX
lam : Tm (Maybe X) —» Tm X
app: Tm X >TmX - TmX

This deceptively small change has a profound effect: bound variables are now characterised
precisely, and scope is enforced statically. For instance, when X = L (the empty type), any
term ¢t : Tm L must be closed, since there are no free variables to reference. Under a binder, the
scope is extended by wrapping X in Maybe; the bound variable is accessible as var none, and
nested scopes are encoded via nested applications of some. This design ensures that variables
cannot escape their scope — an invariant enforced by the type system rather than manually
checked via shifting and renaming. Compared to raw numeric indices, this provides a vastly
improved user and proof experience.

Bird and Paterson (1999?) went on to define a generalised recursion scheme (Bird and
Paterson, 1999°) and used a distributive law Maybe(TmX) — Tm (Maybe X) to derive
monadic multiplication Tm (Tm X) — Tm X, from which single-variable substitution Tm X —
Tm (Maybe X) — Tm X follows naturally. Building on this, Altenkirch and Reus (1999) pro-
vided categorical foundations for this approach, offering two constructions of the monadic
Kleisli structure for Tm. One is a mutually recursive definition of the operations
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bind: (X > TmY) > (TmX — TmY)
lift : (X = TmY)— (Maybe X — Tm (MaybeY))

which involves intricate termination and monad law proofs. The alternative construction is
more modular: it leverages the functoriality of Maybe to prove functoriality for Tm, defines
lift via the functorial lifting Tm some : Tm X — Tm (Maybe X), and then constructs bind in
terms of lift, avoiding mutual recursion.

Already, clear connections to the presheaf model emerge — indeed, as the authors remark,
“Our work seems to be closely related to recent work by Fiore et al. (1999).” Altenkirch and
Reus (1999) also extend their approach to simply typed syntax, generalising from Kleisli triples
to Kleisli structures on indexed sets. This anticipates the development of relative monads (Al-
tenkirch et al., 2010), and underpins the intrinsically typed, intrinsically scoped syntax for
A-terms used in many modern developments.

Two further strands of research have continued to explore and refine monadic abstract
syntax, both still active and evolving. For detailed comparisons between these methods, the
nested monad approach, and the presheaf model discussed next, see the surveys by Zsido
(2010) and Lamiaux and Ahrens (2025).

Modules over monads The modules-over-monads framework models syntax with binding
by capturing both syntactic structure and substitution in a unified categorical setting. The
core challenge lies in reconciling the algebraic structure of syntax (from a signature) with the
substitution structure provided by a monad.

A syntactic signature is presented by a functor %: Set>® — Set>®!, combining the do-
mains of syntactic constructors. These constructors can be retrieved from a X-algebra struc-
ture a: X(Tm) — Tm. For example, in the STLC, the constructor algebra is the copairing:

[lam,app]: 6(Tm) + (Tm X Tm) — Tm,

where §(X) £ X o Maybe. However, as observed by Hirschowitz and Maggesi (2007), the
interaction between:

« the substitution unit n: X — Tm(X),
« substitution itself g: Tm(Tm(X)) — Tm(X), and

« the syntax constructor map a: £(Tm) — Tm
does not follow standard homomorphism patterns. Specifically:

« pis not a X-algebra homomorphism, since Tm o Tm is not a >-algebra.

+ ais not a monad morphism, as X(Tm) is not a monad.

These failures are illustrated by the non-commuting diagrams:

b
>(Tmo Tm) — ¥Tm STmo STm —%% % Tm

R

TmoTm T) Tm 2Tm T) Tm
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To address this, Hirschowitz and Maggesi (2007) and collaborators (Ahrens and Zsido, 2011;
Hirschowitz and Maggesi, 2012; Ahrens, 2016; Hirschowitz et al., 2020; Ahrens et al., 2021;

tSet 5 SetSet je.

Lamiaux and Ahrens, 2025) proposed using modules over a monad T: Se
functors S: Set>*t — Set>°t equipped with a natural transformation a: S o T = §, satisfying

the coherence conditions:

sid 1, ST ST K, sT
\ la (le la

id
S ST —— S

A signature in this setting assigns to each monad T a T-module (3T,%T o T — XT). A model
consists of a monad T together with a module morphism ¥T — T. For the STLC, the signature
maps T to 2\T = 6T + T x T, with module structure defined by:

(T+TXT)oT - 86(ToT)+(TXT)oT = 6(TT)+TT XTT — 6T +T XT.

A model is then a monad T with a module morphism a: ¥,T — T satisfying:

>
SAToT —2— SA(ToT) —25 3T

ToT m T

The initial model Tm gives rise to a unique syntax- and substitution-preserving model homo-
morphism sem: Tm — T for any model (T, a):

>(Tm) =21 5(T)

algl |

Tm——0—T

This framework is well-developed and has been extended to handle typing and operational
semantics (Zsido, 2010; Ahrens, 2012, 2015, 2016; Ahrens et al., 2019; Hirschowitz et al., 2020;
Ahrens et al., 2021; Lamiaux and Ahrens, 2025). However, it also exhibits practical drawbacks
that can limit the scalability of the formalism:

« Flat hierarchy: All components — signatures, contexts, terms, variables — are encoded sets

tSet

or endofunctors on Set or Set>®', making it hard to know what level of the metatheory to

operate on and how to differentiate between application and composition:
(6(S) o T)(TX) wvs. (6(ST)oT)(X) vs. O6(SoTT)(X)
« Excessive flexibility: since the syntax can be instantiated over any set, bizarre terms like
lam (app (var none)(var (some [var [], lam (var (some (—0.381i))])))) € Tm(List(Tm(C)))

are type-correct but meaningless in practice. This level of generality can introduce errors
that are difficult to catch with a type system.
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Heterogeneous substitution systems An alternative approach, pioneered by Matthes and
Uustalu (2004), focuses on substitution for non-wellfounded grammars using what are called
heterogeneous substitution systems (HSS). This generalises iteration principles such as Bird and
Paterson’s (1999) folds to a categorical setting.

Given a pointed strong endofunctor (%, ¢: Id = ¥,0:5: 3(F) o G — X(F o G)) on
Set>°t, an HSS assigns to every pointed morphism f: (F,¢) — (T,n) into a Z-algebra
(T € Set>®, a: 3T — T) a unique extension {f}: T o F — T, satisfying:

F
F— T o ToF <Y _sToF

|6
) 5(T o F)
lE{f}

T 2T

[24

The module-over-monads approach naturally yields an HSS: the module action 2T o T — 2T
is generally composed of a strength 3T o T — (T o T) followed by a monad multiplication.
The coherence pentagon of algebraic and monadic structure is an instance of the axiom above
for {id}: T o T — T. As Matthes and Uustalu show, the setting of HSSs allow for modelling

more complex syntactic constructs, such as explicit flattening: the endofunctor 3T = T o T

TTF
with strength T o F = TTF — ., TFTF defines a heterogeneous substitution system that is

coherent with an internal monadic flattening operation 2T =TT — T.

Ahrens and Matthes (2018) extended the theory by defining homomorphisms of heteroge-
neous substitution systems and relating initial algebras to initial substitution systems. They
highlight important connections between the generalised iteration of Matthes and Uustalu
(2004), the even more generalised folds of Bird and Paterson (1999°), and the Mendler-style
induction of Mendler (1991), which handles recursive syntaxes by enforcing termination via
typing rather than structural constraints. Abel et al. (2005) subsumed generalised folds by ex-
tending Mendler-style iteration to higher-order and nested datatypes, applying it to the nested
structure of lambda-terms. Matthes (2011) further explored syntactic operations and laws on
monadic syntax using induction principles derived from this generalised Mendler framework.

The most recent development is by Matthes et al. (2023), who abstract heterogeneous substi-
tution systems to monoidal and modular categories equipped with pointed strengths. This gen-
eral setting subsumes both heterogeneous substitution systems and the substitution monoids
of Fiore et al. (1999), covering simple types and non-wellfounded syntax. However, it does not
address the challenges posed by quotienting in the presheaf model.

2.4.3 Presheaves and monoidal substitution

The presheaf and family-based approach aligns naturally with the intrinsic formalisation of
syntax, representing contexts as structured lists of type- and scope-safe de Bruijn indices. This
avoids the two main drawbacks of the monadic approach: variables are inductively defined
and listed (rather than generated via the Maybe monad in the broad category Set), terms live in
sets functorially indexed by contexts (not as endofunctors on Set), and signatures are encoded
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as endofunctors on presheaves (not endofunctors on endofunctors on Set).

Fiore et al. (1999) were the first to lay out a rigorous algebraic theory of abstract syntax. A
central insight was to treat terms and their contexts of free variables inseparably, with variable
renaming a first-class syntactic operation. Substitution emerges via a monoidal structure that
models simultaneous substitution: monoids in this structure are presheaves equipped with
variable embeddings and substitution operations that respect renaming both externally (re-
naming commutes with substitution) and internally (renaming fuses with substitution). While
monad multiplication plays a similar role in the monadic setting, the simultaneous substitution
rule is not spelled out explicitly: the terms to be substituted are embedded directly under their
associated variable constructor. Thus, while the internal renaming coherence is not needed,
we also don’t have sharing of common variable-term substitution mappings. In the presheaf
setting, syntax models are substitution monoids with algebraic structure, echoing the modules-
over-monads and HSS frameworks. The initiality theorem shows that the initial model of a
syntax naturally carries this substitution structure, supporting the intuition that substitution
and its properties follow “freely” from the syntax itself.

This foundational work sparked several important lines of research, summarised below.

Linear syntax Tanaka (2000) extended the theory to linear syntax, prompting broader gen-
eralisations to cover a wide array of systems (Tanaka, 2005; Tanaka and Power, 2006; Power,
2007; Power and Tanaka, 2008). These works developed pseudo-distributive laws that ab-
stractly construct the substitution monoidal structure when the base category’s structure is
known, covering linear syntax, typing, substructural systems, and nominal syntax. However,
the high level of abstraction made these developments less suited for mechanisation. While
Fiore et al. (1999) also introduced single-variable substitution algebras, Tanaka (2000) claimed
they could not generalise to linear settings — a claim later refuted by Fiore and Ranchod (2024),
who used symmetric endofunctors and distributive laws to do precisely that.

Second-order syntax and algebraic theories The introduction of ¥-monoids - syntax mod-
els with substitution - led Hamana (2004) to study free constructions turning presheaves into
>-monoids. This resulted in a general calculus of parametrised metavariables (Sato et al.,
2003), supporting binding-aware opaque terms and metasubstitution operations. Fiore (2008)
developed an enriched axiomatisation of metasubstitution alongside a generalised theory of
strengths over modular categories, which underpins our work. Parametrised metavariables
enable second-order equational presentations encompassing operations like f-reduction, for-
malised in a corresponding equational logic theory (Fiore and Hur, 2007, 2008, 2009, 2010; Hur,
2010). Parallel work defined second-order algebraic theories a la Lawvere (1963), extending to
logic, universal algebra, and categorical algebra (Fiore and Mahmoud, 2010; Mahmoud, 2011;
Fiore and Mahmoud, 2014; Fiore, 2017).

Typed syntax Typed extensions of abstract syntax began with Fiore (2002) and Miculan and
Scagnetto (2003), motivated by normalisation-by-evaluation and higher-order abstract syntax.
Zsido (2010) clarified the relationship between typed presheaf models and monadic syntax.
Arkor and Fiore (2020) developed a theory for inductively defined simple types using polyno-
mial functors. Polymorphic abstract syntax emerged from Hamana (2011) and was expanded
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by Fiore and Hamana (2013), incorporating metavariables and equational theories. A pre-
liminary development of dependently-typed second-order syntax is outlined in Fiore (2008),
though it lacks full generality and detail.

2.4.4 Higher-order abstract syntax

A conceptually elegant approach to representing syntax with binders in functional languages
is based on higher-order abstract syntax (HOAS), introduced by Pfenning and Elliott (1988) but
already suggested by Church (1940). The idea is that binding and variables of an encoded lan-
guage are directly represented as constructs of the simply-typed A-calculus, with substitution,
a-renaming, etc. directly borrowed from this higher-order metalanguage. The semantics of
HOAS were first formally developed by Hofmann (1999), using presheaves over finite sets and
substitutions to model higher-order encodings.

Adapting HOAS to practical implementations and formalisation faces some challenges,
however. A naive inductive representation

Tm : Set
lam: (Tm — Tm) —» Tm
app: Tm—Tm — Tm

would allow us to write terms with a mixture of object-level syntactic constructors, and meta-
level function bindings, with S-reduction deferred to evaluation of function application:

app (lam (Ax. lam (1y. x))) (lam(Ax. x)) —4 (Ay. (lam(Ax. x)))

However, this simplicity comes at a cost for the purposes of formal reasoning.

First, terms are no longer purely syntactic: some subterms are regular syntax (e.g. argu-
ments of app), while others are functions (e.g. in lam). This hybrid nature complicates recur-
sive definitions and structural induction - pattern-matching on binders becomes impossible,
and defining operations like equality or term size is obstructed.

Second, HOAS permits the construction of exotic terms — values that do not correspond
to any valid term in the object language. For example:

lam (Ax. case x of (lamt) — apptt | (app fa) — f)

Here, host-level pattern matching is used to inspect and distinguish between object-level con-
structs, which breaks the abstraction. Additionally, such a definition violates the positivity
restriction required by many proof assistants: in the example above, the argument of the lam
constructor features Tm in a negative position (to the left of an arrow). This is generally for-
bidden as it can introduce non-terminating behaviour:

loop: Tm — Tm — Tm
loop (lam b)t =bt

loop (app fa)t=t
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applied to t = lam (Ax. loop x x) would result in the diverging reduction
looptt —4 (Ax. loopx x)t —p loop tt

This contradicts normalization and undermines the consistency of the type theory.

Weak HOAS To address these issues, Despeyroux and Hirschowitz (1994) proposed weak
HOAS, where the function argument in lam is restricted to an abstract variable type V:

data Tm : Set where
var : V—Tm
lam: (V. — Tm) —» Tm
app: Tm —Tm — Tm

Variables are explicitly embedded into terms:

app (lam (Ax. lam (Ay. (var x)))) (lam (Ax. (var x)))

Since V is abstract, we cannot pattern-match on its values, thus avoiding exotic terms. More-
over, Tm is now strictly positive, so the type is accepted by proof assistants. However, since
binders are encoded as functions from V, we can no longer define recursive functions struc-
turally on terms, and substitution must be implemented explicitly.

Parametric HOAS Parametric HOAS (Chlipala, 2008) refines weak HOAS by parametrising
the term syntax over the variable type, as first proposed by Washburn and Weirich (2003):

data Tm (V : Set) : Set where
var : V—>TmYV
lam: (V—>TmV)—>TmV
app: TmV ->TmV - TmV

Term : Set
Term=(V: Set) > TmV

This formulation retains abstraction while enabling operations by instantiating V' with a con-
crete type. For example, to count the number of applications in a term:

count’: Tm T — N

count’ (varv) =0

count’ (lam b) = count’ (b tt)

count’ (app f a) = count’ f + count’ a

count : Term — N
count t = count’ (¢ T)

Because V is abstract in Term, exotic terms in the syntactic model of the encoded type the-
ory are ruled out. But when needed, we can instantiate V a variety of operations, including
substitution (Despeyroux et al., 1995).
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Proof assistants Many proof systems adopt HOAS and its variants, offering trade-offs in
terms of abstraction, automation, and expressiveness:

« TweLF (Pfenning and Schiirmann, 1999) encodes syntax in the logical framework LF (Harper
et al., 1993) using HOAS, though metatheory is expressed using relations.

« DEeLPHIN (Poswolsky and Schiirmann, 2009) replaces relational proofs with functional ones
and includes a coverage and termination checker.

« BELuGA (Pientka and Dunfield, 2008) further incorporates contextual modal type theory
(Nanevski et al., 2008) for explicitly reasoning about variable environments.

« Cocon (Pientka et al., 2021) is a dependent type theory that enables intentional and exten-
sional HOAS definitions and admits a Hofmann-style categorical semantics (Pientka and
Schépp, 2020).

« M@&BIUs (Jang et al., 2022) enables metaprogramming and object-level manipulation of
HOAS syntax via contextual types.

« ABELLA (Gacek, 2008) separates the specification and reasoning logic into a two-level system
based on A-tree syntax (Miller, 2000), a restricted HOAS with nominal abstraction (Tiu, 2009;
Gacek et al., 2011).

« Hysrip (Felty and Momigliano, 2012) encodes a similar two-level calculus in Rocq.

2.4.5 Locally nameless representation

An alternative approach is the locally nameless representation, which combines the benefits
of named and nameless approaches by representing bound variables with de Bruijn indices,
and free variables with explicit names.

Tm : Set
fvar : String — Tm
bvar: N — Tm
lam : Tm — Tm
app : Tm - Tm — Tm

This style avoids the complexities of name binding while retaining readability for free variables.
Variable opening and closing operations, combined with predicates of closure and freshness
enable the definition of capture-avoiding substitution without the headaches of de Bruijn arith-
metic, but with increased metatheoretic boilerplate.

Locally nameless was first hinted at by de Bruijn (1972) and later refined by Huet (1989),
McKinna and Robert Pollack (1993), and Gordon (1994). McBride and McKinna (2004) describe
a LN syntax representation library in Haskell that formed the foundation of Epigram. Leroy
(2007) gave a prominent example in his POPLMark challenge solution. A comprehensive tu-
torial is provided by Charguéraud (2012), introducing techniques like cofinite quantification
(Aydemir et al., 2008) to simplify reasoning about binders.
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Despite its flexibility, the approach involves significant metatheoretical overhead. For com-
plex languages, the number of supporting lemmas and operations can scale quadratically with
the number of binding constructs. Rossberg et al. (2014) report this as a major pain point in
their formalisation efforts. To reduce this burden, tools like LNGen (Aydemir and Weirich,
2010) generate boilerplate Coq code from Ott specifications (Sewell et al., 2010). Although
verbose, this has been effectively used in several large-scale projects (Greenberg et al., 2010;
Busenius, 2011; Bosman et al., 2023).

2.4.6 Representation-generic

Given the rich history of research into syntax representations, it is natural to ask whether one
can reason about syntax generically, without first committing to nominal, de Bruijn, higher-
order, or other encodings. Several efforts aim to support signature- and representation-generic
metatheory by abstracting over the details of variable binding:

+ GMETA (Lee et al., 2012) uses datatype-generic programming to derive first-order infrastruc-
ture and lemmas from Rocq encodings annotated with isomorphisms into a generic universe.
It supports a range of binding styles (nominal, de Bruijn, locally named/nameless), though
reasoning requires special tactics and operates over encodings rather than inductive types.

« Keuchel and Jeuring (2012) define a generic translation between de Bruijn and PHOAS in
Agda. Syntax is described in a universe of codes, while PHOAS terms use a generalised
higher-order Church encoding. The translation allows switching between representations
for convenience (higher-order for programming, de Bruijn for proving), though the work
doesn’t cover substitution or other metatheory.

« TeALEAVES (Dunn et al., 2023%) axiomatise binder-aware traversals via decorated traversable
monads (DTMs) — compositions of syntax monads, writer monads, and applicative functors
(McBride and Paterson, 2008). Backends like de Bruijn or locally nameless are instantiated
by supplying a traversal operation satisfying DTM laws. A categorical account is developed
in Dunn et al. (20232).

As the preceding survey shows, no representation avoids all trade-offs. Every approach has
its own form of “fiddliness” — whether it’s manual a-conversion, de Bruijn arithmetic, locally
nameless bookkeeping, or parameter management in higher-order encodings. That most pro-
gramming language research is still published without formalisation underscores both the
inherent complexity of the problem and the convenience of the Barendregt variable conven-
tion on paper. This thesis does not claim a universal solution, but within its scope, offers a
mathematically robust treatment grounded in a principled foundation.






MATHEMATICAL
FOUNDATIONS

The familial model of abstract syntax offers a lightweight and accessible framework
for formalising languages in proof assistants. However, it departs significantly from
the presheaf model in ways that merit closer study, especially since the main feature
of presheaves — a uniform renaming operation — is not present in the family setting.

The first half of the thesis develops the mathematical infrastructure needed to
describe the familial model at a level of generality comparable to that of presheaves,
but without referring directly to contexts, variables, or substitution. By aligning the
generality of both models, we enable formal comparisons and justify the translation
of definitions and results from the rigid setting of presheaves to the more flexible
world of indexed families — while preserving the core properties essential for the
model theory of syntax. This part focuses on algebraic and biclosed structure, while
the skew-monoidal aspects are deferred to Part II.

Chapter 3 introduces liftings and their associated distributive laws, which are
central to transporting constructions between families and presheaves. These tools
ultimately justify approximating syntax in the category of presheaves by initial alge-
bras in the category of families. Chapter 4 explores categories with strong monoidal
closed structure and establishes an equivalence between algebras for powered mon-
ads and morphisms into clone monads - forming the foundation of the metasubsti-
tution theory for families.

While the internal mechanics of the presheaf model can be intricate, our goal is
to present the theory as abstractly and modularly as possible. One of our key con-
tributions is to identify and isolate the essential components of the model, so they
can be reassembled in new categorical settings. To support clarity and intuition, we
accompany the abstract development with a running example based on unsorted
abstract syntax, assuming familiarity with the high-level overview of the presheaf
model presented in Section 2.2.






CHAPTER 3

Lifting of algebras

One of the central aims of this thesis is to show that the presheaf theory of abstract syntax —
summarised in Section 2.2 - can be faithfully reconstructed in the simpler setting of indexed
families of sets. This chapter focuses on initial syntactic models in both presheaves and fami-
lies, culminating in a proof that term syntax calculated in the category of families can be lifted
to the initial model in the category of presheaves. This result bridges a key conceptual and
practical gap: it ensures in intrinsically-typed syntax — typically implemented as an inductive
data type without native support for renaming - the law-abiding renaming operation can be
computed by structural recursion.

To build up to the initial algebra lifting theorem in Section 3.3, we first recall foundational
notions of distributive laws and liftings in Section 3.1, then examine their relationship to ad-
junctions between algebra categories in Section 3.2. Finally, Section 3.4 discusses how dis-
tributive laws can be constructed over a free monad.

3.1 DISTRIBUTIVE LAWS AND LIFTINGS

The term “lifting” has a variety of meanings in category theory, so we will fix it to refer to the
process of transporting some structure (functors, distinguished objects, categorical structure)
from one category to another, most often along a functor that preserves the lifted structure. For
example, we will say that an initial object lifts from category D to category C alongU: € — D
if there is an initial object L. € C (often calculated from 1, € D) such that ULe = Lp. As
presented in this section, liftings to endofunctor algebras are closely related to the notion of
distributive laws.

3.1.1 Distributive laws

Distributive laws were introduced by Beck (1969) to investigate compositions of monads and
their liftings to algebras. Some results can be weakened to algebras for arbitrary endofunctors,
motivating the following generalisation — the name was chosen in connection to liftings, and
because most other alternatives (distributor, commutator, interchange law, etc.) were taken.
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Definition 3.1.1 For two functors F: A — Cand G: B — D, an elevator from G to F is a
pair of functors K: A — B and L: ¢ — D and a natural transformation ¢: GK = LF. A
co-elevator is the same pair of functors K, L with a natural transformation y: LF = GK. .

We will be particularly interested in cases where F: € — Cand G: D — D are endofunctors,
with co/elevators and liftings between them involving only one functor K: € — D. When
these endofunctors have additional - e.g. monad or comonad - structure, the elevator between
them can be “upgraded” to a structure-preserving transformation.

Definition 3.1.2 A distributive law from a monad S: ¢ — Ctoamonad T: D — D is an
elevator (K, ¢: TK = KS) between the underlying endofunctors, further satisfying

T S
K TTK —% TKS - KSS
UTK KI]S
/ \ erl l K
TK 7 KS TK - KS

Dually, a codistributive law from a comonad C: € — C to a comonad D: D — D is a co-
elevator (L, : LC = DL) between the underlying endofunctors, further satisfying

LC 4 DL LC v DL
\ / L‘scl lm
Le€ &P

L LCC 1//_C) DLC D—l)ﬁ DDL

_I

The theory of distributive laws comes with many elegant results (Beck, 1969; Tanaka, 2005),
but we are most interested in their relationship to liftings.

3.1.2 Liftings

Definition 3.1.3 A (op)lax lifting of G: B — D along (K: A — B,L: C — D) is defined to
be a functor F: A — C equipped with a (co)elevator x from F to G. The pair (F, k) is called a
strong lifting when k is furthermore invertible. When « is an identity 2-cell, the lifting is called
strict — in which case we may simply say that F is a strict lifting. 4

The (op)lax, strong, and strict situations are shown below:

A —Lf e A —Lf e A —Lf e
K lL Kl = lL K L
Z

Notation. For a functor L: F-alg(C) — G-alg(D) and F-algebra (A, a), the carrier of the G-
algebra L(A, a) will be denoted A", and its structure map a*: G(A") — A". For an F-algebra
homomorphism f: (A,a) — (B,b), Lf : L(A,a) — L(B,b) = (A", a") — (B"b") is a homo-
morphism of G-algebras also denoted f": A" — B". 4

Definition 3.1.4 Given two endofunctors F: € - Cand G: D — D and a functor K: € — D,
its strict lifting to algebras is a functor K : F-alg(C) — G-alg(D) such that U°K = KU".
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F-alg(€) —X— G-alg(D)

UFl lUG

C D

Thus, for an F-algebra (4, a), AK = U° (E(A, a)) = KA and a*: GKA — KA, which we will
also denote @a: GKA — KA when K is clear from the context. 1

Strict liftings to algebras can be constructed from a strong lifting, up to isomorphism.

Proposition 3.1.5 Let K: C — D be a functor and L a strong lifting to F-alg(C) — G-alg(D)
via »: U°L = KU". Then, there exists a strict lifting K of K to F-alg(C) — G-alg(D) along the
forgetful functors such that L = K.

F-alg(€) —-— G-alg(D) F-alg(€) —X—» G-alg(D)
P T R
e D e D

Proor The natural isomorphism »: U°L = KU" has components A" = KA at an F-algebra
(A, a). We define the strict lifting K: F-alg(C) — G-alg(D) as mapping (A,a: FA — A) to
the carrier KA with G-algebra structure

L

GA —% . A £ KA

=

GKA

and an F-algebra homomorphism f: (A,a) — (B,b) to Kf : KA — KB with the G-algebra
homomorphism condition

1R

GKA —=— GA' —% 5 A KA
o R
GKB —— GB* B KB

bL =

To show that this is a strict lifting, we need to prove that UK = KU": indeed, for all (A, a) €
F-alg(C@), U°K(A, a) = KA = KU"(A, a). Furthermore, the natural isomorphism L = K holds
because K(A, a) = (KA, » ' oa" o x) = (A", a") = L(A, a). O

The definitions and properties above can also be dualised to categories of coalgebras.

3.1.3 Equivalence

The notions of elevators/distributive laws and liftings are closely connected - indeed, the for-
mer can be used to induce the latter, and in the case of monad algebras, the result goes the
other way around too.
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Proposition 3.1.6 An elevator (K: € — D, ¢) from F: C — CtoG: D — D strictly lifts to a
functor F-alg(C) — G-alg(D).

F-alg(€) =5 G-alg(D)

| Joe

C D

K

Proor Let (K: € — D,¢: GK = KF) be an elevator. Define the lifting K?: F-alg(C) —
G-alg(D) along the forgetful functors U": F-alg(€) — Cand U°: G-alg(D) — D as mapping
an F-algebra (A,a: FA — A) to the carrier KA with G-algebra structure

GKA 2 KFA X% kA
and an F-algebra homomorphism f: (A, a) — (B, b) to the G-algebra homomorphism K f

GKA - KFA X4, ka
GKfl KFfl le
GKB —— KFB — KB

] Kb

The proposition can be strengthened to distributive laws between (co)monads.

Proposition 3.1.7 A distributive lawK: C — D from a monadS: C¢ — CtoamonadT: D — D
strongly lifts to a functor S-Alg(C) — T-Alg(D).

Proor Let (K,¢: TK = KS) be a distributive law between monads. Proposition 3.1.6 in-
duces a lifting K?: S-alg(C) — T-alg(D), and we can further show that the induced algebra

structure (A € 6,SA —» A) — (KA € D, TKA 2 ksA X KA) is compatible with T:

. TTKA Hea TKA
KA —5 TKA To l l%
\ Psa Kﬂi
Kn$ ¢ TKSA —2> KSSA —“> KSA
\ TKal K.ISa lKa
KA «—— KSA v
¢ TKA KSA KA
Pa Ka
Thus, the lifting is a functor K?: S-Alg(C) — T-Alg(D). O

A classic result of the theory of distributive laws is that not only do they induce liftings, they
are equivalent to liftings. We show the inverse construction below; for the formal statement
and proof of equivalence, see e.g. Beck (1969).

Proposition 3.1.8 Given two monads S: ¢ — CandT: D — D, if a functor K: ¢ — D has
a strong lifting K: S-Alg(C) — T-Alg(D) along the forgetful functors of S and T, there is a
distributive law ¢: TK = KS from T to S.
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Proor Given an algebra (A,a: SA — A) for the monad S, the T-algebra K (A, a) is of the
form (KA, a: TKA — KA), since the strong lifting condition UT(I?(A, a)) =K(U*(A,a)) =KA
forces the carrier of K (A, a) to be KA.

We first show that the collection of lifted structure maps p,: TKSA — KSA for the
free S-algebra (SA,p,: SSA — SA) constitute a natural transformation y: TKS = KS.
For a C-morphism f: A — B, Sf: SA — SB is an S-algebra homomorphism between the
free S-algebras (SA, uy) — (SB, pp). The lifting K lifts this to a T-algebra homomorphism
I?(Sf): (KSA, py: TKSA — KSA) — (KSB, iz: TKSB — KSB). The naturality square for
7 simplifies to the square below (since U'KSf = KU’Sf = KSf) which is nothing but the
T-algebra homomorphism condition for KS f =KSf:

TKSA - KSA
TKSfl lKSf
TKSB —— KSB
Hs

With i: TKS = KS in hand, components ji,: TKSA — KSA of which are T-algebra structure
maps of objects KSA, the distributive law ¢: TK = KS is the composite

TKn® 0
¢: TK —— TKS —— KS
which satisfies the distributive law axioms by naturality, monad and algebra laws. O

Given endofunctors F, G on the same category C, an elevator GF = FG between them may
induce liftings both to algebras and coalgebras. If one of the functors is a monad, we obtain a
way of “swapping” liftings through a distributive law, which can be used to lift joint algebra-
coalgebra structures on an object.

Proposition 3.1.9 IfF: D — D is an endofunctor and T: D — D is a monad, a lifting of F to
T-algebras F: T-Alg — T-Alg gives rise to a monad T : F-coalg — F-coalg.

ProoF F: T-Alg — T-Alg induces an elevator ¢ : TF = FT by Proposition 3.1.8, which we
may also consider as a co-elevator from F to F, inducing a lifting T: F-coalg — F-coalg:

T(A,c: A — FA) — (TA TA —“ TFA - FTA)

We show that T is a monad on F -coalg. The unit of the monad T:T:F -coalg — F-coalg is
a natural transformation 77, ,: (A,c) — (T(A,c) = (TA,¢é: TA — FTA)) with components
given by n,: A — TA, which is an F-coalgebra homomorphism:

A - FA
UA‘ Nra ‘FUA
TA TFA FTA

Tc Pa
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The multiplication p 4, : TT(A,c) > T(Ac)isan F -coalgebra homomorphism

(TTA, TTA -2 TTFA —% TFTA -2 FTTA) — (TA,TA —> TFA — FTA)

defined, between the carriers, as u,: TTA — TA and having the homomorphism condition

TTA — TTFA —> TFTA — FTTA
Ha l ‘IJFA Fp,

O

All results in this chapter can be dualiased to an equivalence between codistributive laws and
liftings to coalgebras. Given K: € — D,

« if K is a co-elevator from endofunctors F: ¢ — Cto G: D — D with ¢: KF = GK,
then K has a lifting K¥: F-coalg(C) — G-coalg(D) to categories of coalgebras that maps

(A,a: A — FA) to (KA, KA —X% KFA v GKA);

. if K is a codistributive law between comonads C: € — Cto D: D — D, it has a lifting
KV : C-Coalg(@) — D-Coalg(D) to categories of comonad-coalgebras;

« if K has a lifting K: C- Coalg(€) — D-Coalg(D), the lifting of the free C-coalgebra
K (CA,6,: CA — CCA) = (KCA, 5 KCA — DKCA) induces a codistributive law between

the comonads C and D: ¢: KC —9% . DKC _ DR | DK;

« if G: € — Cis an endofunctor and C: ¢ — C is a comonad, a lifting of G to coalgebras
G: C-Coalg — C-Coalg induces a comonad C: G-alg — G-alg.

The results established in this chapter apply whenever we have algebra and coalgebra struc-
tures on the same object — this will be the case in the proof of the initial algebra-lifting theorem
in Section 3.3. Before that, we investigate the relationship between liftings and adjunctions.

3.2 ADJUNCTIONS

As will be seen in Section 7.2.1, our work features intricate adjoint situations in the presence
of adjoint triples: functors L,R: € — D and J: D — Cwith L 4 J 4 R and an induced
monad-comonad pair T £ JL and C = JR.

TQ;QC

b
L-|]|-|R
D

In this section we prove properties concerning adjoint triples, liftings, and distributive laws.



ADJUNCTIONS 83

Proposition 3.2.1 Assume two adjoint triplesLy 4 J; 1 Ry: B - AandLy 4 J, 1 R;: D — C
with induced adjoint monad-comonad pairs Ty 41 C1: A — A and T, 4 C2: C — C, respectively.
IfF: A — CliftstoG: B — D along (J1, J2), then we have co/elevators

L,F = GL; GR; = R)F

and co/distributive laws
TLF = FT; FC, = CyF

Proor We have the following situation:

T Q‘AQCI i TZQGQC‘Z
T T

Li{ 1 |R - L L |R

B

D

G

The lifting of F to G along (i, J;) satisfies the natural isomorphism k: FJ; = J,G. The co/ele-
vators are transposes of the following composites:

F -1
F—" FjL -5 6L, J:GRy =2 PR, s F

and using these the co/distributive laws derive as:

-1

TyF = J,L,F — J,GL, % FJ,L, = FT, FCy = F/iR, =2 ,GR, — J,R,F = C,F
Since the co/distributive laws and co/monad operations are all constructed from co/units, the
compatibility laws reduce to zig-zag identities. ]

The full generality of the above theorem is needed to cover the cases when F and G are
functors of multiple arguments: for example, with a bifunctor F: € X € — €, an isomor-
phism J(F(A, B)) = F(JA, JB) will induce a distributive law T(F(A, B)) — F(TA, TB). When
F:C — CandG: D — D are endofunctors on an adjoint triple L 4 J 4 R: ¢ — D in an adjoint
situation () in Proposition 3.2.1, the elevators calculated give rise to liftings to co/algebras:

L to F-coalg(C) — G-coalg(D) Rto F-alg(C)  — G-alg(D)
Fto T-Alg(C) — T-Alg(C) G to C-Coalg(C) — C-Coalg(C)

The following corollary of Backhouse et al. (1995, Fusion Theorem) and Hermida and Jacobs
(1995, Theorem 2.3.1) relates the first two of these liftings.

Proposition 3.2.2 A lifting of F: € — CtoG: D — D along J: D — € induces adjunctions
between F-alg(C) and G-alg(D), as well as F-coalg(C) and G-coalg(D).
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Proor The two sides of the isomorphism k: FJ = JG : x are elevators that induce liftings
J<: G-alg(D) — F-alg(C) and J*: G-coalg(D) — F-coalg(C) (Proposition 3.1.6). We show
that these have a right and left adjoint, respectively.

By Proposition 3.2.1, we have an elevator w: GR = RF which lifts R: ¢ — D to
R®: F-alg(C) — G-alg(D); we now show this to be the right adjoint of the lifted functor
J*: G-alg(D) — F-alg(C) by establishing the natural hom-set isomorphism

J(A,a) — (B,b) € F-alg(C)
(A,a) > R”(B,b) € G-alg(D)

An F-algebra homomorphism f: J*(A,a) — (B,b) is a morphism JA — B € C that satisfies
the left diagram below. It must be mapped to a morphism g: A — RB € D that satisfies the
diagram on the right.

FJA 4, JGA -4, JA GA a A
/| ; o 19

Set g to be 7(f): A — RB, the transpose of f: JA — B under 7: ] 4+ R. The G-algebra
homomorphism condition () can be transposed to

Ja

JGA JA
JGgl lf
JGRB —— FB —— B

which, expanding 7(wg), can be proved as follows:
JGA Je JA
y f
FJA B
JGr(f) /
Fﬁ(f)‘ \ b
JGRB —— FJRB —— FB
FEB

The reverse mapping g: A — RB — 7g: JA — B satisfies () with similar reasoning, and the
naturality of hom-set equivalence follows from the adjunction C(JA, B) = D(A, RB).

The dual proof shows that the lifting of L to F-coalg(C) — G-coalg(D) is the left adjoint
of J*: G-coalg(D) — F-coalg(C), establishing the required adjunctions. ]

The main application of this result is the lifting of co/limit preservation results from functors
to liftings between algebras. In the next section we consider a particularly important colimit:
the initial algebra of an endofunctor, which will eventually correspond to syntax.
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3.3 INITIAL ALGEBRAS

We now study the behaviour of initial algebras under liftings, establishing that under weak
assumptions on the elevating functor, initial algebras lift to initial algebras. As expected, every
result can be dualised to terminal coalgebras, but in the context of initial-algebra semantics,
only one side of the story is of relevance. We therefore assume one side of the adjoint triple
introduced above: the adjunction J 4 R: D — C and the induced comonad C.

Notation. The initial algebra for F: ¢ — € will be denoted uF = (F, f: FF — F). 4

Lemma 3.3.1 IfF: C — CliftstoG: D — D along ] viax: F] = JG and G has an initial
algebra, so does F with J*(uG) = uF.

ProoF Proposition 3.2.2 shows that the adjunction / 4+ R: D — € induces an adjunction
J< 4 R*: G-alg(D) — F-alg(C) and, J* - being a left adjoint — preserves colimits, in particular

initial objects in G-alg(D). Thus, J*(6,9) = (JG, FJc =, JGe LN JG) € F-alg(C) is an
initial F-algebra, and furthermore, any initial F-algebra yF is isomorphic to J*(uG). O

The lemma above lets us “lower” initial algebras between adjoint categories, and it will be used
in conjunction with the following initial algebra-lifting result.

Proposition 3.3.2 Let C: € — C be a comonad and F: C — C an endofunctor with F a strict
lifting to C-Coalg(C). Then, an initial F-algebra (F, f) € F-alg(C) lifts to an initial F-algebra
(7, f) € F-alg(C-Coalg(€)) satisfying U(F) = F.

Proor See the Appendix on page 321. O

Using Proposition 3.3.2, we can lift initial algebras to the category of coalgebras for a comonad.
In general, we may have an arbitrary lifting G of F along some functor J; we now show that as
long as J is comonadic, the initial F-algebra can be lifted to an initial G-algebra by first lifting
it to a category of coalgebras, then lowering it to G-alg(C).

Theorem 3.3.3

Let F: ©€ — C be an endofunctor and G: D — D a lifting along a comonadic J: D — C
via k: JG = FJ. Then, the initial F-algebra uF lifts to an initial G-algebra uG such that
JpuG = uF.

Proor ] is (weakly) comonadic, so it has a right adjoint R: ¢ — D and an induced comonad

C £ JR such that the canonical comparison functor K: D — C-Coalg(C) is an equivalence of
categories, i.e. there is a pseudo-inverse functor K: C-Coalg(€) — D for which we have the
natural isomorphisms KK ~1d, and KK = Idc.coug(e)- Consider the situation

C-Coalg(€) XK, C-Coalg(€)
% = %
ulz D G D =|U
J 5 J
e e

-
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where outermost isomorphisms are due to the property UK = ] of the comparison functor K.
We have the natural isomorphism on the left below, which, by Proposition 3.1.5, induces the
strict lifting on the right for an endofunctor H = KGK.

C-Coalg(€) XK, C-Coalg(€) C-Coalg(€) —L C-Coalg(€)
Tk y )
e . e e . e

H is a lifting of F: € — C to C-coalgebras, putting us in the context of Proposition 3.3.2:
the initial F-algebra (F, g) lifts to an initial H-algebra (&, h) with (1) UH = F, and through the
isomorphism H = K GK, there is an associated initial algebra for K GK too, which we will also
denote H. Moreover, since

C-Coalg(0) _KGK, C-Coalg(0)

| |

D D

Rx

@

and the equivalence K can be strengthened to an adjoint equivalence K 4 K, we can use
Lemma 3.3.1 to map the initial KGK-algebra to the initial G-algebra (G, f) = K (m h). Apply-
ing Lemma 3.3.1 again, we get that J“(g, f) = (F, g), as was required.

In summary, the initial F-algebra F lifts to an initial KGK-algebra # which K maps to the
initial G-algebra G, which can further be mapped back to F up to isomorphism. O

The theorem above shows that if G is a strong lifting of F along a weakly comonadic J, an
initial F-algebra pF induces an initial G-algebra that /* maps to an initial object isomorphic
to the original pF. With a stronger assumption on J, the isomorphism can be strengthened to
an equality on the carrier objects.

Corollary 3.3.4 Ifin the context of the above theorem ] is strictly comonadic, we also have the
equality of carrier objects of the initial algebras Jc = F.

Proor If ] is strictly comonadic, K: D — C-Coalg(C) is an isomorphism of categories with
@ KK =1d and ® UK = J. We then have the following calculation:

®

Jo = jRa @ UkKu € un 2

=UH =F O
Remark. The initial algebra-lifting theorem will be applied to show that the term syntax of
a signature endofunctor ¥ computed in families may be equipped with a C-coalgebra struc-
ture by initiality/structural recursion, as long as X itself lifts to coalgebras. If the comonad is
the cofree presheaf comonad O: Famg; — Fam; (whose coalgebras are families with renam-
ing structure, i.e. presheaves), the initial -algebra lifts to an initial f-algebra in O-Coalg by
Proposition 3.3.2. This, by Theorem 3.3.3, gives the initial Q-algebra in presheaves, assuming
the underlying family mapping of Q: PShy — PShg is 3. For formalisation purposes, Propo-
sition 3.3.2 ensures that the inductive datatype of terms admits a lawful recursive renaming
operation. 4
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3.4 FREE DISTRIBUTIVE LAWS

As shown in this chapter, there is an equivalence of liftings of functors to monad algebras,
and distributive laws between the functor and the monad. In practice we will need a way to
“initialise” this equivalence by constructing a distributive law or lifting from first principles,
and translate between them afterwards. In this section we will prove that constructing a dis-
tributive law for a freely induced monad is possible by giving an arbitrary lifting, not just to
algebras. We start by recalling some standard definitions and properties of free constructions
— for more details, see e.g. Mac Lane (1971, Section IV).

Definition 3.4.1 Let U: ¢ — D be a functor. A free C-object on A € D is an object FA € C
and a morphism ,: A — UFA € D such thatforall Y € Cand f: A — UY € D there exists
a unique extension f*: FA — Y € € such that

A1, UFA

N Lo

Uy

Existence of free objects for all A € D implies a free-forgetful adjunction C(FA,Y) = D(A, UY)
for A € D,Y € C and further induces the free monad TX = UFX: D — D. 4

As shown by Mac Lane (1971, Section V1.3), the comparison functor K: ¢ — T-Alg(D) maps

every object X € C to the T-algebra (UX,TUX = UFUX e, UX). Freeness is employed
both to construct free extension functions, and to prove equalities via uniqueness: to show that
two morphisms g, h: FA — Y € C are equal, it is sufficient to show that they both factorise a
map A — UY € D in the sense that Ug o, = f* = Uh o ,. By the uniqueness of the free
extension f*, both g and h must equal to f* and therefore each other. This will be used in the
following theorem to construct a distributive law for the free monad.

Theorem 3.4.2

In the context of the above, let G: D — D be an endofunctor with G: € — € a strict lifting
along U. Then there is monad-functor distributive law TG = GT: D — D.

PrROOF G is a strict lifting of G, so GTA = GUFA = U@FA, so the components of the
distributive law will have the form UFGA — UGFA which is the image of a morphism

FGA — GFA € C under the forgetful functor. This latter morphism out of the free func-

—~ G, —~
tor can be induced by freeness, as the extension k,: FGA — GFA of GA M, GTA = UGFA.

Naturality requires that for all f: A — B € D, k3 o TGf = GTf o k,. We show that both
composites come from morphisms in C:

FGA FGA

TGfl FiD e KAl freeness
FGB GFA
Kal freeness GFf l G:C—C

GFB GFB
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G G
Moreover, they both factorise GA ! GB T, GUFB, so the maps must be equal:
UFGA Ton GA — UFGA
e
KAl Gn, JG f JUFG f
UGFA —= GUFA GB —=— UFGB
UGF fl JG;;B lka
UGFB GUFB == UGFB

The unit axiom (¢|7]) for the distributive law is simply Diagram (F oy

GA —“ TGA = UFGA

lk
Gn,

GTA = UGFA

The multiplication axiom (¢| ;1) is established by the equality of the following two maps in C:

FUFGA
FU, | F:C— ¢
_ FUFGA
FUGFA = FGUFA
sj e.: FUX — X € @
Kura l freeness X
GFUFA FGA
_ KBl freeness
G G: C— Cand GFA
" et FUX > X €@
GFA

They both factorise the embedding UFGA — , UGFA and must therefore be equal. For

simplicity, we will write x both for the extension (Gp,)*: FGA — GFA and its value at U, the
distributive law TG = GT. O

A similar argument can be used to relate liftings of natural transformations, and maps of dis-
tributive laws for a free monad T.

Proposition 3.4.3 For G,H: D — D with strict liftings G H:C— ¢ if a natural transforma-
tiongp: G = H: D — D liftstop: G = H: € — C, the free monad T: D — D distributes
over ¢ with respect to the induced k°: TG = GT and k" : TH = HT.

Proor Given the assumptions, we need to show that the following square commutes:

TG - GT

| Jor

TH —— HT

K

We reason by freeness: the two composites above are values of the following morphisms at U:
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FGA FGA
Kﬁl freeness F(pl FiCoe
GFA FHA
@AJ Px € C(GX, HX) kA l freeness
f_j FA HFA
A Hn,
Both maps factorise the embedding GA *, HA =% HUFA, and are therefore equal:
UFGA Toa GA -, UFGA
ngl G l(p,; lUFqDA
UGFA =—— GUFA HA —— UFHA
UAFA U ZI
| o | Jo=
UHFA HUFA —— UHFA

O

Any lifting of G: D — D to G: € — € induces a distributive law x: TF = FT, but by
Proposition 3.1.8, this distributive law itself gives rise to a lifting of G to T-algebras. The two
liftings for G are related by the comparison functor K: € — T-Alg(D) as follows.

Corollary 3.4.4 In the situation above, a lifting of G: D — D to H: C — C induces a lifting of
G toG: T-Alg(D) — T-Alg(D), and they commute with K: € — T-Alg(D):

e H e

T-Alg(D) — T-Alg(D)

Proor From above we know that H: ¢ — C induces a distributive law TG = GT, which,
by Proposition 3.1.7, gives rise to a lifting of G to T-Alg(D) — T-Alg(D). To relate the two
liftings, we calculate using K(X) = (UX,Ue¢,: TUX — UX) € T-Alg(D), with the algebra
maps Ue,, and GUeg, o k,x equal by a series of zig-zag identities.

K(HX)
= (UHX,Ue,,: UFHX — UHX)
= (GUX,Ue,,: UF(GUX) — GUX)

Kux GU&‘X
= (GUX,UF(GUX) 2% GUFX - GUX)

=G(UX, Uey: UFX — UX)
= G(KX) O
The utility of these theorems will be demonstrated at the end of the next chapter at a high level,

and as part of the familial model in Part IIT in more formal detail. We next address the structure
of biclosed, powered, and enriched categories that underlie the theory of metasubstitution.






CHAPTER 4

Powering and enrichment

This section develops the theory of monoidal biclosed categories and powered functors be-
tween them (Section 4.1), continuing with the definition of the clone monad in Section 4.2 and
powered monad maps into it in Section 4.3. This will underlie the formal derivation of meta-
substitution in the familial model in Section 11.3, establishing the laws of metasubstitution
purely from the construction of algebras for the free term monad.

4.1 BICLOSED MODULAR CATEGORIES

We start by recalling the definition of monoidal categories, and categories acted upon by
monoidal categories. These are variously known as V-actions, V-actegories, or V-modules,
and are the categorification of a module over a monoid; keeping with the monoid—monoidal
naming convention, we shall refer to them as modular categories.

Definition 4.1.1 A monoidal category 'V is equipped with a unit object I € V and a tensor
bifunctor ®: V X'V — V, as well as structural natural isomorphisms

Ay I®B=B P A=A 00 (A®B)®@C=A® (B®C)

satisfying the two coherence conditions

((A®B)®(C)®D _Ganc®D (A (B®C))®D

ApLB

(A®D)®B 2 A® (I®B) P _
p&k Am,; (A®B)®(CeD) A® ((B®C)®D)

A®B aA,mk %{Bﬂp

A® (B® (C®D))

-
Definition 4.1.2 Given a monoidal category (V, I, ®), a left V-modular category is a category

C with a left action ©: 'V X € — C, and structural natural isomorphisms

A IoX=X:C-0C Ay (A®B) O X =2AQ (BOX): VXVXC—C

ABX *
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satisfying the coherence conditions

(AR O X 2 Ag (I X) (I®B)©X 2 19 (BoX)
pﬁ@k /A®A§ A?;@k Ax
ASX Bo X

a5 5 OX

(A®B)®C) o X (A®(B®C(C) o X

S
aA,B@C X

- AS (B (Co X)) A9 ((B®C(C) o X)

)
A,B,COX A® B,C.X |

)
AyeB,cx

(A®B) o (CoX)

A monoidal category is closed if for all B € 'V, the functor (—) ® B has a right adjoint [B, —]. If
the monoidal structure is not symmetric, right adjoints to A ® (—) may give a different closed
structure to the internal hom [—, =].

Definition 4.1.3 A V-modular category (C, ®) is biclosed if it is both left and right closed: for
all X € Cand B € V, both functors (-) © X: V - Cand A © (—): € — C have right adjoints
called the right hom (X, —): € — V and left hom B —s (=): € — C respectively:

K: (-) 90X 4 (X,-) #:AS (=) 4 A—e (=) a

Closure on both sides gives rise to a triangle of adjunctions between the action and the homs.

Proposition 4.1.4 We have a two-variable adjunction between the tensor and the two homs:

C(ASX,Y)
N

V(A (X,Y)) 5 C(X,A—-Y)

—Y
Proor The unit f; and counit 8, (see notation conventions in Section 1.3.1) of the dual
adjunction (—,Y) + (—) —e Y derive, by the exponential transposes, from the adjunctions
involving ©:

By i X = ((X,Y) = Y) B A (A-Y,Y)
w o ((XY)YeX)—»Y (A9 (A—-Y)) oY O

Y

The hom-set isomorphisms above are natural in A € V*, X € C®, and Y € C. Thus, given
f:B—> A g: W — X,and h: Y — Z, naturality amounts to the following composite trans-
positions for a morphismk: A9 X — Y:

f

B A #(k) (9.h)

fog k

Bow 2, A0X h

Y Z

x(k)

—eh
AwY Bz
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Left and right homs are closely connected to powering and enrichment respectively (Janelidze
and Kelly, 2001; McDermott and Uustalu, 2022), and in Chapter 5 we will discuss how these
notions relate to closed modular categories. For the theory presented in this chapter, it will be
beneficial to focus on powered and enriched categories, and take biclosed categories to possess
both powering and enrichment.

Proposition 4.1.5 The left hom (—) —e (=): V* X € — € forms a powering of C overV, in that
it is equipped with natural isomorphisms

i,: (I =-B)=B canx: ((A® B) = X) = (B — (A — X))

that satisfy the following coherence conditions:

A—-X A—-X
/1A—:X/ \A—:ix pA—:X/ W

(I®A) =X A—e (I -X) (AQI) - X I—(A—-X)

Crax Carx

Ay pc—X

(A®(B®C(C)) - X ((A®B)®C) - X

CABoCX l l CagB,CX

(BRC) - (A—-X) —> C_.(B_'(A_.X))C(TABXC_.((A@B)_.X)

CB,C,A-X

The right hom (—,=): C® X € — V forms an enrichment of C over V, in that it is equipped
structural transformations (natural and dinatural in the appropriate components)

Jx: I = (X, X) My ,: (Y, Z) ®(X,Y) = (X, Z)

such that the functions C(X,Y) — V(I, (X, Y)) that map C-morphisms f: X — Y to the compos-

x X, N ; L .
ite ] 25 (X, X) &, (X,Y) are bijections, and the following coherence conditions are satisfied:

I®(X,Y) Y, Z)®1
Jyy \’10‘(,10 i‘fy \/’:Y,m
Y, Y)® (X, Y) - (X,Y) (Y, Z)®(Y,Y) — (Y, Z)

X, 2y(XY)(Y.Z)
Rtaliatitin

(Y, 2) ® (X,Y)) ® (W, X) (Y,Z) ® ((X,Y) ® (W, X))

M;Z®idl lid@M"é,y
X, Z) @ (W, X) —— (W, Z) —— ({¥,Z) & (W,Y)

As shown by McDermott and Uustalu (2022), the data involved with powering and being a left
hom are equivalent, but the equivalence between right homs and enrichment holds with the
further assumption that (V, [—, =]) is closed and the adjunction (-) © X 4 (X, —) internalises
as a natural isomorphism (A © X,Y) = [A, (X,Y)]. This asymmetry is discussed further in a
skew setting by Uustalu et al. (2020) and in Chapter 5. For the purposes of this chapter, we will
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use the language of powering, enrichment and biclosure, rarely using the module structure. In
particular, we will benefit from the following interderivability lemmas between the powering
and enrichment structure, derived from the naturality of the adjunctions in Proposition 4.1.4.

Corollary 4.1.6 The transformations above are related as follows:

X B
X P x X)X [ —— (I-Y,Y)
i, —e jy
X lJXX l 4@
[ X (Y,Y)

,B)Z< M)gz_'Z
X (X, Z)y o 7Z —— ((Y,Z)®(X,Y)) - Z
ﬁﬁl lC<Y,Z>,<x,Y>,Z

(X,Y) =Y oy (X,Y) - ((Y,Z) = 2)
BBy
ARB ———— > (A=< X, X)®(B—- (A—-2X),A—X)
Pl (=,
(A® B — X, X) o (B — (A —-X),X)

Next, we axiomatise a utility operation that combines tensors, powering, and enrichment — it
will simplify constructions later in the chapter.

Lemma 4.1.7 For a biclosed V-modular category C and all A € V, X,Y € C, we have a natural
family of maps that is compatible with the biclosed structure:

6 (X Y)QA > (A—=XY): VXCPXC—> YV

Jy®A £X
I®A — (X,X)®A (X,YY®T - (I - X,Y)
3 [ N2
Px.y) (iy,Y)

A

A—eX

[)}/(A B EYB
(XY @A) @B 225 (A =X, Y)®B —2— (B (A - X),Y)
X (xy)aB l l <cA.B,X:Y>
(X,Y)® (A® B) ((A®B) - X,Y)

X
[Y,A®B

Proor See the Appendix on page 323. O

The notion of a powered functor given by McDermott and Uustalu (2022, Definition 6.3) is

equivalent to the following presentation.



BICLOSED MODULAR CATEGORIES 95

Definition 4.1.8 A powered functor F: € — D between two V-powered categories (C, —) and
(D, —=) is equipped with a powering natural transformation

pay: F(A—=X) > (A=FX): V?"xXC—D

that satisfies the coherence conditions

PasBx

F((A®B) = X) —> (A®B) = FX

FX F c/:B‘Xl lc;;wx
Fiy i
/ \ F(A — (B - X)) A —= (B —=FX)
F(I — X) o I = FX \ /
™ PaB-x A—eppx
A = F(B—-X)

A morphism of powered functors is a natural transformation ¢: F = G satisfying

F
Pax

F(A —e X) — A-—aFX
Q’Aaxl JA—'(PX

G(A~+X) —— A-2GX

The 2-category of V-powered categories (equivalently, right-closed V-modular categories),
powered functors and natural transformations between them will be denoted V-Pow or just
Pow, as will be its full subcategory of biclosed V-modular categories. J

Definition 4.1.9 A powered monad T = (T, p,n,u) on a V-powered category C is a monad
T: C — C with a powering p that is compatible with the monad structure:

T AX ATX
A—X TT(A — X) 25 T(A — TX) "5 A — TTX
Na-x A—eny
/ \ ,UAﬂXl JA_’,UX
T(A—=X) 5= A—=TX T(A — X) A—TX

Pax
A morphism ¢: (S, p’,n°, 1) — (T, p",n", u") of powered monads is a powered functor mor-
phism (S, p°) — (T, p") that is also monad morphism:

ss 2, T

I
W H
STT

S——T

The category of powered monads on a V-powered category € and powered monad morphisms
will be denoted PowM(C). 4

Remark. The laws (pn) and (pp) express n and p as morphisms of powered functors, so as
expected, a powered monad is a monoid in the category of powered endofunctors Pow(C, C).

|



96 POWERING AND ENRICHMENT

Although the construction of powered monad structure will be easier in practice, a more useful
axiomatisation will be that of an enriched Kleisli triple and its corresponding algebras (cf.
extension systems of Marmolejo and Wood (2010)).

Definition 4.1.10 An endofunctor T: ¢ — C forms an enriched Kleisli triple if it is equipped
with natural transformations 775: X — TX and Y : (X, TY) — (TX,TY) satisfying

(X.TY) —s (TX,TY) I — s (rX,TX)
\ i fxl [
(X,TY) X, X) — (X, TX)

(Y, TZ) ® (X, TY) N (TY, TZ) ® (X, TY) Mz, (X, TZ)
Y§®Y§l lY}f

(TX,TY) ® (TY,TZ) (TX,TZ)

M
TX,TZ
-

Definition 4.1.11 An algebra for an enriched Kleisli triple (T, n,Y) is an object A € € with a
natural extension operator §*: (X, A) — (TX, A), satisfying

A B orxa ,A) ® (X, TY) 229 Ty Ay @ (X, TY) 25 (x, A)
\ Jnio von | |
X, A) (TY, A) ® (TX, TY) — TXA)

The relationship of powered monad and enriched Kleisli structure will be developed next.

4.7 POWERED CLONE MONAD

The presence of two adjoint closed structures lends itself naturally to the study of their in-
duced monad, for which ) : X — ((X,Y) — Y) is the unit. Fiore (2013) formally connected
A. Kock’s (1970) work of this double-dualisation monad with the right adjoint of functor ap-
plication studied by Kelly and Power (1993), recognising them as a generalisation of abstract
clones (Taylor, 1993; Arkor and McDermott, 2021). We adapt these to the right V-module
setting, streamlining the proofs using the transformations introduced in the previous section.

Definition 4.2.1 Let (C, (-, =)) and (D, —u) be categories enriched and powered over V, re-
spectively. For Y € C and Z € D, the clone functor (Y,Z)): € — D is defined as

(Y.Z)X = (X,Y)=Z
If (G, (—, =), —e) is biclosed, for Y € G, the endoclone functor (Y,Y): € — € will usually be
abbreviated as (Y)); note that (—) =Y + (Y) is not functorial due to the mixed variance. .

Definition 4.2.2 The clone evaluation map (e).: (Y, Z)Y — Z is the composite
<>

(e)y: (YY)—-Z—>I—IZ—>Z 4
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Being defined in terms of the biclosed structure, it is perhaps not surprising that the clone
functor is itself compatible with the right hom and right action in that it is powered. Note
below the interplay between the ¢ and ¢ operations we defined above, and how their laws fit
together to give relatively simple proofs of the powering axioms.

Proposition 4.2.3 ForallY € C,Z € D, the clone functor (Y,Z): € — D possesses a powering

(v.z)

pA’X .(]Y,ZD(A—OX) — (A—I(]Y,ZDX)

Proor The powering is defined as the following composite, with laws given below:

£y —Z AAXY).Z
(A—-X,Y) =7 — (X,Y)®A =7 —2507, A _u((X,Y) —u 2)
iv,Y)—=Z
I—XY) =z <0 v yy az
/
[}}’(J—.Z Pixy™Z LXy)-z
—
(X.Y)®I) =Z c—— T-=((X,Y) =2)
(A®B - X,Y) 27 (anel) 2 (B—s (A—X),Y) -2Z
e l lff,;x —Z
(X, Y)® (A®B)) = Z ((A—-X,Y)®B) =Z
a(X,Y),A,B_.Z (fﬁfB@A)—-Z
cA®B,<X,Y),Zl \ /
(A® B) —= (Y, Z)X ((X,Y)® A) ® B) = Z R
CAB,(Y.Z)X l CAB&(X.Y).Z l
B—a(A-=(Y,Z)X) «— B-a(({X,Y)®A) =Z) «—— B-a(Y,Z)(B — X)
A—scgxv)z B—-(t’)),fB—-Z) o

Many of our calculations will happen in the category of powered functors, so reframing the
powering transformation as an operation on clones will be useful.

Proposition 4.2.4 For a powered functor F: © — D between two biclosed V-modular categories,
the clone powering natural transformation below is a powered functor morphism, with compo-
nents ((]p[);z)x 2 phinz: FUXY) = 2) = ((X,Y) = FZ).

(]PDiz: F(|Y,Z) = (Y,FZ): C*x € — D

Proor The powering-preservation law expands to the following:

F(A~X¥) =+ 2) L0 (AexY) < 2
s lfﬁ —~FZ
Fxnea—=2) — A®(X,Y) = FZ
F CA(X,Y),zl AB(X.Y).Z
F(A—(X,Y) - 2) .
|

A—=aF(X,Y) - 2)

A—=(X,Y)-FZ O

F
(X.Y),Z
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Clones capture a two-level form of closure: the clone functor (—, =): C? X D — Pow(C, D)
is a functor-valued profunctor that gives a powered functor (X,Y)): € — D forall X € €
and Y € D, but itself comes with transformations for unit Id = (X, X|), clone composition
(Y,Z) o (X,Y) = (X, Z), and evaluation (X, Y)X = Y. This can be formalised using the
notion of enrichment in a (strict) bicategory, a generalisation of enrichment in a monoidal
category introduced by Garner and Shulman (2016, Section 15), whose terminology we adopt.

Proposition 4.2.5 Clones form the morphisms of a category enriched in the 2-category V-Pow.

Proor We define a category Clones enriched in V-Pow whose objects and extents are X € C
for a biclosed V-modular category C, and morphisms between X € € and Y € D are clones
(X,Y): € = D, which are powered functors by Proposition 4.2.3. For each X € C, the identity
(n)*: Ide = (X, X): € — C has components f: W — (W,X) — X, and for each X € C,
Y € D and Z € &, the composition (y)***: (Y, Z) o (X,Y) = (X, Z) has components

—y
ﬂ(w,x) -

Z
(XD (W, X)e =00 Y, Y )y g Z —————— (W, X)e —o: Z

These are both powered functor morphisms: the powering-preservation of (n) is equivalent
to Diagram (¢ - c), while the powering-preservation for (y) is

—y
ﬁ(AaW,X) -

YA
(A-W,X) =Z
(&), —Y.Y)—Z lf)‘(‘fA—oZ

(A®@ (W, X) =Y, Y) =7

((A-W,X) Y,Y) =Z

A®(W,X) - Z

=Y

Ae(W.X) " ®
<CA,<W.X>,YaY>_.Z
(A—- (W,X) =-Y,Y) =Z
4z |
A®ﬂ<w,x>"

Z
ARUW,X) = Y,Y) =Z —0 5 A@(W,X) —Z

CA((W.X)—Y,Y),Z l%(w,x),z

A—-{((WX)—-=YY)—-Z A— (W, X)—-oZ

—=Y

A*(ﬁ(w,x)*Z)

The coherence conditions between the unit and composition operations

14(X, Y) (v, Z)1d
10| \ x| \
YK Y) o (X,) ¥ 200, Y) s (7.7]
1Y, 2)(X, Y)(w, x) 2000 20w, x)
20| G

Y. z)(w,Y) (w.2)

qXDW,Y‘Z
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reduce to the zig-zag axioms of the dual adjunction in Proposition 4.1.4, and naturality of E:

(U,Y) - Z (U,X) =Y
<ﬁz};)Y>_’Zl \ ﬁ{U,X)*Yl \
((U,Y)—OY,Y)—OZ_Y—> (U,Y) - Z ((U,X}ﬂY,Y)—OY_Y—> (U,X) =Y
wn=Z wx~*

—x
ﬂ((u,nfpx,x) —Z

—x —x
(ﬁ(U,w)*Y’Y>_'Z| lﬁ(U.w>—OZ

(U, W) =Y, Y) =Z

— (U,W) — Z

ww)y™*Z O

Just as every endo-hom is a monoid in a monoidal closed category, the endo-clone is a monad
in the enriched category Clones.

Corollary 4.2.6 ForanyY € C, the biclosed endo-clone (Y): C — C is a powered monad, and Y
is an algebra for this monad.

ProoF One-object categories enriched in the 2-category Pow correspond precisely to mon-
ads in Pow, i.e. an object Y € C, with identity (n)": Ide = (Y] € Pow(C, C) and composition
(u)”: (Y)(Y) = (Y) € Pow(C,C) satisfying unit and associativity laws (Garner and Shul-
man, 2016, Example 15.3). The algebra structure on Y is the evaluation map

i

Ly
()l (Y)Y > Y= ((Y,Y) - Y 25 Ty —Y)

: (n)y (ehy & _ .o . . . : .

The unit law Y — (Y)Y — Y = id, is equivalently the f-transposition Diagram (i - j)

Ly :
between (Y,Y) - Y Il eYandY —2 ] — Y, while the multiplication law is:

(]YD(.jY_.Y)

(YD(YDY (Y)(I - Y)
w y i
¥ Y,(Y)Y)Y ——= I — (Y)Y ——— (Y)Y
" 2, (DYDY o T (DY —— (7)
A . ~(el} (e}
(Y)Y — [=Y ——— Y _

Lemma 4.2.7 Clone composition can be given in terms of the clone powering and evaluation:

(Y, Z)(X,Y)

W07 | w

(X Y. ZDY) s (X.2)
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Proor Expanding the definitions in the diagram, we have

_wa —~Z
(W, X) = Y,Y) = Z Parss (W,X) — Z
oY 7 Ay,)V
YAW,X)
CW,X)(Y,Y),Z c(%

(W, X) —= ((Y,Y) = 2) W.X) = (I—=2)

id—e(j,—Z) O

The main result of this section establishes an enriched form of the currying adjunction for the
action given by functor evaluation, and hom given by the clone.
Theorem 4.2.8 (Fiore 2013, Theorem 3.2)
For allY € @, the functor (Y,—): D — Pow(C, D) is right adjoint to the evaluation-at-Y
functor (=)Y: Pow(C, D) — D.

Proor Forall Y € C, we establish the adjunction
(5)Y 4 (Y,=): Pow(C,D) —» D w: D(FY,Z) = Pow(C, D)(F, (Y, Z))
with the unit and counit for F € Pow(C, D) and Z € D defined as

(n)y: F L, F(Y) by (Y, FY) (e)r: (Y, Z)Y — Z

F

(where the unit is a composite of two powered functor morphisms by Propositions 4.2.4

and 4.2.5), with zig-zag identities as follows:

F(n)y
(v.2)(n) FY F((Y,Y) - Y)
1v,z) L2, 0y z) ) x
/ ,/(j&w)
(xhrr? (]p[)qxzb Iy F(I —e Y) Pryyy
/ Pry
(Y,Z) <= (Y,(Y,2Z)Y) [ FY ST (Y,Y) - FY

(Y.(ez)
The corresponding hom-set mappings between f: FY — Z and ¢: F = (Y, Z) are:

il W v ry) 2N v z) B FY 2 (v, z)y

o(f): F 2 Z o

F(Y)

The endofunctor category Pow(C, C) is strict monoidal, and C is a canonical modular cat-
egory with the action given by application: F,X +— F(X): Pow(C,C) x € — €. The
proposition above therefore corresponds to equipping € with an enrichment over Pow(C, €),
given by the clone functor (—,=): €® X € — Pow(C, C), satisfying the x-like adjunction
C(FX,Y) = Pow(C, C)(F, (X, Y)). This will be used in the next section to induce monad maps
from algebras, and in the familial model to construct metasubstitution from a free term algebra.
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4.3 POWERED MONAD MORPHISMS

This section presents the equivalence of algebras for a monad, and monad maps into the endo-
clone of the algebra. The construction will allow us to extract the metasubstitution operation
for any model of a syntactic algebra, and the final Theorem 4.3.5 will be key in the proof of
the soundness of metasubstitution.

We fix a biclosed V-modular category € and a powered monad T: C — C. First, we estab-
lish some auxiliary properties about algebras for the postcomposition endofunctor.

Lemma 4.3.1 The postcomposition endofunctor (To): Pow(C, €) — Pow(C, C) is a monad.

Proor Since T is a monoid in Pow(C, C), the monoid action T o (—) on powered monads is
itself a monad. We will denote its unit and multiplication 1° and p° respectively, but often
conflate application of T with post-composition with T. ]

The clone powering (p)), ,: T(Y, Z) = (Y, TZ) is a collection of distributive laws (Section 3.1)
for all Y € € from the monad T: € — € to the monad To: Pow(C, C) — Pow(C, C).

T e

GY,—Dl P l(lY,—l) (p)y_: T o (Y,—) = (Y. T-)

Pow (€, €) - Pow(€.0)

The corresponding lifting result (Prop. 3.1.6) states that (Y, —) : € — Pow/(C, @) lifts to a functor
T-Alg(C) — (To)-Alg(Pow(C, C)), mapping a T-algebra (A,a: TA — A) to the composite

(II)T (Yah

(a): T(Y,A) —= (Y, TZ) —— (Y,A) € Pow(C,C)

Lemma 4.3.2 For a T-algebra (A, a), the clone composition (y))***: (Y,A)(X,Y) = (X, A) is
a (To)-algebra homomorphism.

(v, A)(x, v)' 2530 v, 4)x, v)
0| [Ce
T(]X,A[) (]X,A[)

(a)

Proor The condition expands to the following diagram:

(v, A% v) 2D v 12 0 v) CUED 0y Apx v)
|
T(IXDX'Y"‘l e lw’“
T(X, A X,TZ X, A
(X A) s (X.TZ) — o (X.4)

Proposition 4.3.3 The lifting of a T-algebra A by (A, —)) is a To-algebra in PowM(C).
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Proor We show that given an algebra (A, a: TA — A) for the monad T, (A) is an algebra
for the monad To: PowM(C) — PowM(C) with the structure map denoted

la): T(A A) <22 4, Ta) 22 (4, 4)

The unit and multiplication laws are as follows:

T(p), T(Aa)

“(4) TT(]AD T(]A, TAD T(]AD
n
(A) —— T(A) b |00,
N
“n e 4 14) (A, TTA) —— (A TA)
N (ATa)
(]AD (—QA,aD (]A,TAI) (]A,ﬂADl l(]A,aD
T(A) =g (ATA) —o— (4) o

The following result is easy to establish but has valuable implications: any algebra for a monad
induces a powered monad morphism into the endoclone. In the familial model, this will induce
the meta-interpretation operation from an algebra structure for the term monad, which is
equivalently a 3-monoid - equipping a syntactic model with substitution structure is sufficient
to induce the internal metasubstitution operation.
Theorem 4.3.4

Algebras TA — A are in bijection with powered monad maps T = (A).

Proor The adjunction in Theorem 4.2.8 tells us that C(TA, A) = Pow(C, C)(T, (A, A)). We
now show that the bijection extends to monad algebras and monad morphisms.
Let a: TA — A be an algebra for the monad T. We show that the composite

T(n) (a)

w(a): T — T(A) — (A)

which we will denote w’(a): T = (A is a monad morphism: it preserves the monad units
and multiplications, as so does (a) from Proposition 4.3.3.

1d 7 T 7 2% rrea) 29 rga) — X 10404
(]fil)\ \ ,/Tq,,p
(n) (A) T(n) p 2°(A) (a) T(A) (a)(A)
7 N "
(A) T(A) T ——— T(A) (A) (AD(A)

(a) T(n) (a)

Conversely, let ¢: T = (A) be a monad morphism. We show that the composite

()i, o

0(p): TA —2 (A)A

is an algebra for the monad T, i.e. it satisfies the following unit and multiplication laws:
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T (D% TA

A N - TA QMADAl lw
(IUDA\ ¢a Ha (A)(A)A N (A)A
A TA qqujDA l\“f"ﬁ
P4 ea O

Our study of clones and powered monads culminates in the following theorem, connecting
algebras for powered monads with enriched Kleisli structures that encapsulate the notion of
metasubstitution and meta-interpretation.
Theorem 4.3.5
Every powered monad gives rise to an enriched Kleisli triple, and every algebra for a powered
monad induces an algebra for the corresponding enriched Kleisli triple.

Proor See the Appendix on page 324. O

To contextualise the results of the previous sections within the presheaf model (Section 2.2),
consider a second-order signature Q and a corresponding Q-monoid M - a model of syn-
tax supporting constructors, variables, and substitution. If T denotes the free Q-monoid
monad, then every Q-monoid can be viewed as a T-algebra via the comparison functor
Q-Mon — T-Alg. When T is a powered monad, Theorem 4.3.5 shows that each Q-monoid M
supports a meta-interpretation operation (P, M) — (TP, M): given an interpretation (P, M)
of metavariables in the model, this operation lifts it to an interpretation of terms over P.

To construct the powering map T(P — Q) — P — TQ, we observe that it arises from a
family of distributive laws between T and the functor P — (—). Since T is a free monad, we
can appeal to the results of Section 3.4: it suffices to find a lifting of P —e (—) to the category of
Q-monoids. Then, by Theorem 3.4.2, we obtain a distributive law T(P — (-)) = P — T(-).
Furthermore, this construction is natural in P (Proposition 3.4.3), yielding a coherent family
of distributive laws p, ,: T(P? —» (=)) = P — (T(-)), compatible with the monad structure
of T. With the powering axioms established by more concrete means, we conclude that T is
indeed a powered monad, justifying the meta-interpretation operation in every Q-monoid.

The abstract treatment of metasubstitution and second-order syntax by Fiore and Hur
(2008, 2010) and Fiore (2013) is formally equivalent to our approach, though it relies on carte-
sian strength rather than powering. Our formulation more naturally extends to the familial
model (see Section 11.3.1). The equivalence of lifted signature endofunctor models between
presheaves and families will be established in Section 7.2.2, while the equivalence of initial
models - i.e. term syntax — is a consequence of the initial algebra lifting theorem in Section 3.3:
if an endofunctor F: Fam; — Famy lifts to G: PShy — PShyg, then the initial F-algebra induces
the initial G-algebra. When G = Q + V + P ® (—), the initial G-algebra is TP. Applying the
lifting theorem thus reduces to identifying an F that lifts to this G. This task - identifying
appropriate functors that lift to Q, V, and (P ®) - is the focus of the next part of the thesis,
which explores the skew-monoidal structure of substitution.



§ Summary of Part |

In this part of the dissertation, we developed key components of the math-
ematical theory supporting the familial model of abstract syntax. Central
to this was the study of liftings to algebras and other categories, partic-
ularly in the context of transferring properties of initial algebras for syn-
tactic signatures across forgetful functors.

We also introduced the theory of powered and enriched clone mon-
ads in biclosed monoidal categories and established a general method
for equipping free monads with distributive laws. These results lay the
groundwork for our later treatment of capture-permitting metasubstitu-
tion in second-order abstract syntax.

Part Il focuses on the most significant divergence between the
presheaf and familial models: their respective substitution structures.



SKEW CONSTRUCTIONS

The main advantage of the algebraic approach to second-order abstract syntax is a
systematic treatment of variables and substitution structure: the substitution ten-
sor product equips presheaves with a monoidal structure, monoids in which corre-
spond to syntactic objects associated with a substitution operation. The categorical
theory of the presheaf model relies on this monoidal structure being strong, which is
implemented using a quotienting construction that represents a form of renaming-
invariance. With the technical limitations of the familial model — namely, the lack
of quotienting — the substitution structure cannot be translated directly. Recon-
ciling these differences is an intriguing technical challenge, requiring the use and
introduction of several categorical tools discussed next.

In the next three chapters we focus on skew-monoidal closed categories, the right
notion of weak monoidality that the familial model of abstract syntax is set in.
Chapter 5 gives the relevant definitions of skew-monoidal and skew-closed cate-
gories, modular categories, monoids and modules, also identifying the crucial no-
tion of parametrised maps that play an important rule in abstract syntax. A limita-
tion of skew-monoidal structure is that it doesn’t transport to categories of algebras
for monads we will be interested in: the tensor products of the underlying objects
of algebras do not necessarily have an algebra structure themselves. We can nev-
ertheless build a valuable theory of categories that functorially map into monoidal
categories, and have objects that in some way represent the monoidal unit and
tensor that are preserved by suitably generalised functors. This theory of derived
monoidal categories is introduced in Chapter 6 and will be the axiomatisation we
need to analyse the familial model. Finally, Chapter 7 studies warpings, a struc-
ture relating a category C to a skew-monoidal category V which equips € with a
skew-monoidal structure. We also introduce the adjoint notion of a closed warp-
ing, formally proving their equivalence and identifying an easily-satisfied sufficient
condition for inducing such an adjoint warping.






CHAPTER §

Skew-monoidal closed structure

This chapter introduces skew-monoidal closed categories in the abstract, and presents the main
constructions that we will employ in the rest of the work. As a byproduct, focusing on a weaker
monoidal structure helps us precisely systematise operations associated with monoidal and
closed categories, elucidating discrepancies and unifying disparate definitions found in the
literature in a consistent framework.

5.1 SKEW CATEGORIES

Monoidal closed categories (Eilenberg and Kelly, 1966; Mac Lane, 1971) are ubiquitous, but
their structure may be too strict in some situations. In this section we introduce an elegant
and wide-ranging technique to weakening monoidal structure and related constructions.

5.1.1 Skew-monoidal closed categories

Skew-monoidal categories, introduced by Szlachanyi (2012) for the study of bialgebroids, offer
a generalisation of monoidal categories better suited to settings where the traditional symme-
try and invertibility assumptions do not hold. Since their introduction, they have emerged as
a robust framework for redeveloping large portions of monoidal category theory in a weaker,
yet richly structured, form - offering elegant dualities and encompassing natural examples
beyond the scope of (op/lax) monoidal categories (using the terminology of the nLab (2026))
(Lack and Street, 20122,°, 20142, 2015). Working with directed structural transformations not
only clarifies well-known results in monoidal and closed category theory but also highlights
which aspects of structure are essential and which may be unnecessarily restrictive.
Following Street (2013) and Uustalu et al. (2020), we echo the sentiment that skew struc-
ture often provides a more appropriate setting for reasoning about monoidal and closed con-
cepts: strong monoidal or closed categories frequently impose excess structure that can ob-
scure rather than aid formalisation. In support of this perspective, we demonstrate how skew-
monoidal closed categories preserve the key insights of familiar monoidal constructs while
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avoiding some of the technical burdens — showing that weakening the structure not only gen-
eralises but also simplifies core categorical ideas.

Definition 5.1.1 A skew monoidal category V is equipped with a skew unit I € V and a skew
tensor product (=) ® (=): VXV — V, alongside natural transformations

Ay:I®B — B piA—>ARI ;0 (A®B)®C —>A® (B®C)

that satisfy the following axioms

\ / pA®Bl TA@AB
Pr A
I®I (A®I)®BWA®(I®B)
(I®A)®B —, |®(A® B) A®B
PV \A‘W@pB
A®B (A®B)®I ——— A®(B®]I)

Ay pc®D

((A®B)®C)®D (A®(B®C))®D

(A®B)® (C®D) v A®(B®(C®D))A<®a— A® ((B®C)®D)
.B.C®D B,C,D ¥
Example5.1.2 (Uustalu (2014, Example 2)). For C cocartesian, the slice category X /Cover X € €
is left skew-monoidal with unit (X,id: X — X) and tensor

AB

XL anexdbpexdbalsarn
since the morphism g cannot be recovered e.g. from the inverse of the left unitor

g id i 5’ [2.id]
X>BmrH—X—>X—X+B)—» (X — X+B—— B) 4
The following example predates the definition of a skew-monoidal category and provides a
rich and abstract source of non-invertible structural transformations — indeed, our definition
of skew substitution structure (Chapter 9) ultimately derives from a similar construction.

Example 5.1.3 (Altenkirch et al. (2010, Section 3.2)). For all functors J: A — C, if the left
Kan extension Lan;: [A, €] — [A, C] exists (see Section 8.1.2), the category [A, C] is skew-
monoidal with unit J € [A, €] and tensor product F ® G = Lan;F o G with the structural
transformations induced via the universal property of Kan extensions. J

A running example throughout this part of the thesis will be the category of unsorted families
of sets, indexed by N - the discrete version of the category of finite sets [ studied in the original
presheaf model (Fiore et al., 1999), also discussed by Borthelle et al. (2020).
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Example 5.1.4. The category N of indexed sets is skew-monoidal, with unit I, = [n] (mapping
n € N to the finite set {0, ...,n—1} of size n), tensor, unitors and associator defined as follows:

(X@Y)(n) 2 D X X (Yp)"

meN
Ay: Z[m]x(Yn)m—)Yn pX:XnHZXmX[n]m
meN meN
(m,k € [m], (yi € Vn)icm) F Y € Yy x € Xp = (n,x, (i)i<n)

orrt DL (D XX (Yn)F) X (Zo)™ = D X x (Y Yg x (Zo)1)Y

meN  keN peN qeN
(m, (k,x € X, (yi € Ym)i<k), (zj € Zn)j<m) = (k,x, (M, yi, (2)) j<m)i<k)

. . . -1 . . . .
The transformations are not invertible: for example, p, would require a reindexing operation
. -1 . . . .
on an indexed set, and A, , while definable, is only a one-sided inverse:

yeY, > (L0, (y)—y  (mk (yi)icm) = yr = (L0, (yx)) 4

Street (2013) developed the theory of skew-closed categories, which, in some ways, are better
behaved than closed categories due to the cleaner definition without any non-diagrammatic
axioms (Eilenberg and Kelly, 1966; Laplaza, 1977). Uustalu et al. (2020) gives a detailed analysis
of the comparative structure of (skew) monoidal closed categories.

Definition 5.1.5 A skew closed category V is equipped with a skew unit I € V and a skew
internal hom [—,=]: V*® XV — V, alongside (extra)natural transformations

i,: [LA] - A Ju: I — [AA] L,.: [B,C] — [[A B],[AC]]

that satisfy the following coherence laws:

[ ——1 [A C] =———= [A,C]
N N =
[LI] [[A’A]s [A>C]] m [L [A’ C]]
Lg‘c I
[B,C] [[L.B], [L,C]]

va
[i,,C] A]

j[A,B]
[[L.B].C] [B.B] 3> [[A.B].[A.B]]

B
LC,D

[[B.C], [B,D]]

Lé,Dl [[id,Lﬁ,D]

[[A,C].[A, D]] 75— [I[A BL [AC]L [1A B, [A, D] T [[B.C]. [[A, B], [A, D]]]
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We have the expected notions of monoidal and closed functors between skew categories, with
axioms directed in the appropriate way. Below we define lax skew-monoidal and -closed
functors; an oplax skew-monoidal/closed functor has the transformations u,m, and h in the
reverse direction, while for strong skew functors they are natural isomorphisms.

Definition 5.1.6 Given skew-monoidal categories (V,I,®) and (W, ], ®), a skew-monoidal
functor F: V. — W comes with a unit morphism and multiplication natural transformation
satisfying the unit and associativity axioms:

u: ] — FI mys: FA® FB — F(AQ® B)
FA —", FA®) JoFB 2%, FI e FB
Pra l T Mar AZs l l Mg
- FB «—— F(I®B
FA® ] —— FA®FI e fU®B)
AB d A®BC
(FA® FB) @ FC %S F(A® B) @ FC 25 F((A® B) ® C)
a?A,PB,FCl lF aipe

FAEB(FB@FC) m) FA@F(B@C) W F(A@(B@C))

A skew-monoidal natural transformation ¢ : F = G satisfies

FA® FB ™% GA® GB

J
”7 YG - l l G
UOW LDV
FI GI

F(A@B) m) G(A@B)

A
Example 5.1.7. The forgetful functor *: F — N, defined as (xP), £ P[n] is skew-monoidal,
where the tensor output is an equivalence class of tuples:
k € I(n) — k € x(V)(n) = [n]
(m,x € (%P)n, (Yi)izm € (kQ)n)™) = [(m,x, (i € [m] = yi))] € (*(P ® Q))n ;

Definition 5.1.8 Given skew-closed categories (V, I, [—, =]) and (W, ], [, =]), a skew-closed
functor F: V — ‘W comes with a unit morphism and natural transformation satisfying:

u: J — FI hus: F[A B] — [FA, FB]
Fi[]
F[I,B] ———— FB J FI
| B | |
[FLFB] —= [J.FB] [FAFA] —— F[AA]
Fﬂs;z

F[B,C] FLLA BJ, [A,C]] 2449, [F[A, B], F[A,C]]

hB,CJ J( [[ld? hA,C]]
[FB.FC] —— [[FA FBL.IFA FCI] o—z [FIA. Bl [FAFCT]

FB FC
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A skew-monoidal natural transformation ¢: F = G satisfies

F[A, B] flan G[A, B]

J
FI or GI [[FA, FB]] m [[FA, GB]] m [[GA, GB]]

5.1.2 Skew-monoidal closed modular categories

Fix a skew-monoidal closed category (V, I, ®, [—, =]), and denote the skew-monoidal and skew-
closed structures with V® and V!, respectively.

Definition 5.1.9 A left/right V®-modular category C comes with a left/right V®-action.

. o .
A left V®-action is a bifunctor A right V®-action is a bifunctor

(=)o (=):VxC—-¢C (m)@(=):xV-20

. and structure transformations
and structure transformations

pl: X > Xol
et (X@B)@C—> X0 (B®C)

A:IQY -Y
oy, (A®B)OZ —>AS (B Z)

satisfying the laws satisfying the laws

)
U1z

(I®B)©Z 19 (B 2) X@C =——=X0oC
\ / pﬁ@Cl [X@A?
AeeZ Ajez
B Z (X@I)@Ca®—>X®(I®C)

X©oB

pf@Zl TA@A? pfég/ \Xfp?

(A®I)®ZTJ,Z>A®(I®Z) (XoB) oI X0 (B®I)

@
X.BI

A®(B®C Z
p (®Z®( ® ))®a® (X0 (B®C)) @D
ABC / NWCZ a?,g,cy %I:M,D

(A®B)®C)© Z AS ((B®C)© 2) (XoB)@C) oD X o ((B®C)®D)

O{i@fxczl lA®a§cz ° l l ®
o o G{XQB,C,D X®aB,C,D
(A®B)©(CO2Z) 7> AS(BO(COZ) (X2B)@(C®D) — X0 (B®(C®D))

X,B,C®D
-

Definition 5.1.10 For skew-monoidal categories (V,I,®) and (W, ],®), a skew-monoidal
(V, W)-bimodular category C has a left V-action © and a right W-action @, with a mixed asso-
ciator and coherence conditions (Capucci and Gavranovi¢, 2022, Section 4.3):
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0y (AQY)0C—>AQ(YOC(O): VXEXW—C

(A®B) O Y)@C —=< (A®B) ® (Y @ C)
Io Y)oC L) Io(Yo C) “iB,Y®Cl lai&mc
\ / (Ao (BOY) oC A® (Bo (YoC))
Ay@C Aoc

YoC aA,Bsy\ Afls,y,c

AS((BOY)o )
(Ao (Ye(C))oD

a,y 0D XpyocD
AQY / \

Pasy Aop?
/ \ (AsY)oC)oD Ao ((Y®C)oD)
(A O Y) oI %y AQS (Y % I) aﬁ@Y,C.Dl 1A®a?(‘,D

(AoY)o (CeD) w2 AS (Yo (Ce D))
,Y,Co&D 1
Modular categories often arise from changing or forgetting some of the structure of monoidal
categories, but the action can be highly heterogeneous too.

Example 5.1.11. For any category C, the strictly monoidal endofunctor category [C, C] is a two-
sided action on C. For example, C presented as a left [C, C]-modular category has the action
O: [C, €] X € — C defined by evaluation: F © X = FX (the right action would be its reverse).
The left unit Id: X — X and associator (G o F)X — G(FX) are the identities. If C is a skew
bicategory (Lack and Street, 2014?), the same construction gives rise to a skew action, without
the invertibility conditions. J

Example 5.1.12. Given two skew-monoidal categories (V,I,®) and (W, J,®) and a skew-
monoidal functor U: W — V, Wactson Vwith A,Q —> AQUQ: VXW — V. 1

Example 5.1.13. The substitution tensor product @ in sorted families is defined via the substi-
tution action (—) © (=): Fam X Famg — Fam as (X @ Y), 2 X, © Y which, “retrospectively”,
is a right Fam,-action. J

Example 5.1.14. Families act on presheaves along *: F—N, using the action X @ P = X ® xP.
Presheaves also act on families via the mixed tensor action (=) © (=): F x N — N:

(PoY)(n) 2 > Plm]x([m] = Y,)

[m]eF

We will use this action along with the free presheaf functor (#X)[n] = X jer P[m] X [n]™ to
construct a warping; see Chapter 7. 4

It is well-known that (strong) left modular categories (C,©: VX € — €) — also known as left
actegories (Capucci and Gavranovi¢, 2022) — are equivalently strong monoidal functors from
V to the endofunctor category [C, C] (Janelidze and Kelly, 2001). Then, a skew left modular
category is equivalently an oplax skew-monoidal functor F: V — [C, €], with directed unit
FI — 1d: ¢ — C and multiplication F(A® B) — FA o FB: C — C satisfying the usual axioms.
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Writing F(A)(X) as A © X, we get exactly the structure defined above. Graded comonads
(Fujii, 2016) are similarly axiomatised as oplax functors V — [C, C], but usually for strict
monoidal V. We may wonder if right (skew) modular categories (C,@: € X V — C) have a
similar natural characterisation, other than as lax monoidal functors V" — [C, C]; we shall
return to this question in Section 5.2.1.

Before proceeding, it is natural to ask whether one can define modules over closed cat-
egories using only the structure provided by the transformations i, j, and L. Eilenberg and
Kelly (1966, Chapter 5) introduce categories over a closed category, a notion extended to the
skew setting by Street (2013); this corresponds to what we define below as a left Vl-modular
category. Campbell (2018) presents an equivalent definition using the language of enrichment,
as formalised in Section 4.1. A skew axiomatisation of powering, framed in terms of closed
structure, fills the gap to yield the expected definition of a right Vl-modular category.

Definition 5.1.15 A left/right V!'-modular category € comes with a left/right V!!-action.

A left V-action is a bifunctor A right V''-action is a bifunctor
(==):C"XC >V [-,=):V*"XC—>C
and structure transformations and structure transformations
]<> I— <X X) i[Y> [LY) > Y
satisfying the laws satisfying the laws
I 0 [A}X) —_ [A’X>
Y Joxwy
T/ \ A l L[)
‘AX [AX)
(V,Y) = [(X, Y),(X,Y)] (1A ALTAX)) —m [LIA X))
YY 51
<X’ Y) _— <X Y> El)?IY

[B,Y) ——— [[LB][LY))

| [tk \ -
lid.iy)
(L2

(X0, X 1)) e 1L X Y))]

B],Y)
(v.2) [(X, Y), (X, 2)] [€.2) — s [[B.CL.[B.2))
L<3,”§| [[id,ﬁz;] L';f;‘ ‘[idﬂéi‘z
(W, Y),(W,Z)] [(X.Y), (W, X),(W,Z)]] [[ACL[AZ)) [[B,Cl, 1, [A Z2)))
Qév“y)fivk 4 id] L [m\‘ A id)
[[{(W,X),(W,Y)], (W, X),{W,Z)]] [[[A, B], [AC]], I.[A Z)))

]|

Definition 5.1.16 A skew-closed (V, W)-bimodular category C has a left V-action (—, =) and a
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right W-action [—, =), together with a mixed compositor satisfying compatibility axioms:
Liy: (XY) = (JAX),[AY)): WXECPXC >V

()X

(Y, Z) - [(X,Y), (X, Z)]
I Lé,z[ | lid.L% ]
h L (LA, Y), [A Z)) [(X,Y), [[A X), [A 2)]]

[ ’ B \ ﬁgy,m}
[{[A, X), [A, Y)),([A X), [A, Z))]

B

(Y,Z) —= ([B,Y), [B,Z))

XYy —2 (LX), [LY)) L*v‘zl l@dw
l>1d\ Ai% ([A.Y). [A, Z)) ([B,Y),[[A B], [A Z)))

([L,X),Y ’ AB 4
) Y) m%;\\ ///@

([[A. B, [A, Y)). [[A B]. [A. Z)))

-

Example 5.1.17. The category of indexed sets N is a left skew-closed action over the closed
category of presheaves:

Y [m] 2 | [([m] = X,) - Y,

neN

The presheaf action, given any function f: [m] — [m’], maps h € (X, Y)[m] to
neN,s: [m] =X, — hy(k €[m]—s(fk))

The transformation j,: V — (X, X) is the mapping k € [m] — n € N;s: [m] = X, — sk
and LY ,: (Y, Z) — [(X,Y),(X, Z)] is the following, natural in I:

he(Y,Z)[k] —m leNf: [k] = X, Y)[l]] » meN,s: [l] = X,
— hm(ie[k]H(fi)m(je[l]+—>sj)) 1

Functors between modular categories generalise strong functors with tensorial strength. Un-
fortunately, “strong” can be an ambiguous term, referring both to a functor with strength, or a
functor that preserves some structure up to isomorphism. Ratkovic (2012) uses the term very
strong monad for monads with isomorphic strengths; instead, we prefer to use a consistent
terminology of modular functors, which can themselves be lax, oplax, strong, or strict.

Definition 5.1.18 A lax left/right skew V®-modular functor between left/right skew V®-
modules € and D is a functor F: € — D with a left/right skew strength.
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A lax skew V®-strength is a natural transfor-

A lax skew V?-strength is a natural transfor-
mation with compatibility laws:

mation with compatibility laws:

Say: ADFY 5 F(AQY): VxXC—D sxg: FX6B—>F(X@B):CxV—>D

IOFY 2 F(IQY)

FX
A“p’y\ A?
FY

AOD(BOFZ) F(XoB)eC
((A®B) O FZ) ASF(B©Z) (FXeB)ecC F((X@B) @)
SA®B,Z l l SABoZ al?X,B,C l lFa;BrC
F((A®B) © Z) :;F(A®(B®Z)) FXe (B®C) — F(X @ (B® ()

_I

Definition 5.1.19 A lax (V, W)-bimodular functor from a V-modular € and a W-modular D is
equipped with

S, ADFY 5 F(ASY) 52, FXOA — F(X @A)

satisfying two unit laws and the associativity law

IOFY -5 F(IQY)

FX
pi':’x/ \Ff’fé
A}’x /FA?
FY

FX@I ST) F(X@I)

(A@FY)eB = F(A@Y)eB AW F((ASY)@B)

D e
Xy ryB l lFaA,Y,B

A Q@ (FY ©B) TN A@F(Y@B) —— F(A® (Y@ B))
AY@B a

As usual, a modular functor is oplax if it is between the opposite categories (so s and the
axioms are reversed), strong if s is an isomorphism, and strict if s is the identity. Natural
transformations between modular functors preserve the strength in the obvious way.

The appropriate notion of functors between closed modular categories coincides with
enrichment- and power-preserving functors, with axioms expressed via the closed structure.

Definition 5.1.20 A lax left/right skew V!'-modular functor between left/right skew-closed
V-modular € and D is a functor F: € — D with a left/right skew strength.
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A lax skew V¥ -strength is a natural transfor- A lax skew VU -strength is a natural transfor-
mation with compatibility laws: mation with compatibility laws:
Sey: (X, Y) = (FX,FY): P x € — V syt F[AY) = [AFY): V"X C — D

F[LY) = [I,FY)

I
VRN
N/

(X.X) - (FX,FX) i
¥, 2) — 2 (1), (X, 2)] F[B,Y) [B.FY)
o [ a5 ri | |
(FY,FZ) [(X,Y), (FX,FZ)] F[[A B],[AY)) [[A B], [A FY))
ﬁ;»;gz\‘ /;Xyld Stanl “\ /['ld sax)
[(FX, FY), (FX,FZ)] F[A, Y))

_I

Definition 5.1.21 A lax (V,'W)-bimodular functor from a closed V-modular € and a closed
W-modular D is equipped with two strengths satisfying three axioms:

sXY (X,Y) - (FX,FY) sAY' F[AY) — [A FY)

F[L Yy = [I,FY)

I
AN T
Fil) i
FY

(X,X) 5= (FX,FX)

CA (V)

(Y.Z) —2 s ([AY),[A2)) ~2252% (F[AY),F[A,2))

syzl j«ld )
(FY.FZ) —— ( [A FY), [A FZ)) Py (FIA,Y),[A FZ))
Example 5.1.22. These notions of functorial strength have appeared throughout the literature,
often under different names and assumptions, and typically shown to be equivalent under suit-
able structural conditions. The resulting terminological inconsistency — encompassing terms
such as left/right strength, costrength, cotensorial strength, opstrength, strong functor, enriched
functor, and powered functor — motivates the unified naming scheme adopted here. By casting
these transformations as instances of natural structure between modular categories, we clarify
the distinctions and structural requirements involved.

A. Kock (1970?, 1972) constructs the right transformation (left V*-strength) A ® FB —
F(A ® B) and left transformation (right V®-strength) FA ® B — F(A ® B) from a strong
endofunctor (left V!-strength) [A, B] — [FA, FB], extending the notions and equivalences
to (commutative) monads. A. Kock (1971P) gives the equivalence between functorial strength
and cotensorial strength (right V!!-strength) F[A, B] — [A, FB]. J
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It may not be surprising that many of the structures introduced above are equivalent — an
important fact that enables seamless translation between skew-monoidal and skew-closed set-
tings as needed. Eilenberg and Kelly (1966) established that monoidal and closed categories are
equivalent in the presence of an adjunction (—) ® B -4 [B, =] internalising to the isomorphism
[A® B,C] = [A, [B,C]], a principle that also underlies the correspondence between enrich-
ment and powering (McDermott and Uustalu, 2022). This equivalence was extended to the
skew setting by Street (2013), who dropped the need for an internalised adjunction. Uustalu
et al. (2020) offer a thorough exploration of this relationship in the skew context, and Campbell
(2018) demonstrates the equivalence for skew modular categories via skew proactegories.

Definition 5.1.23 The 2-categories of left/right skew-monoidal/closed V-modular categories,
modular functors and natural transformations are denoted, respectively, as
Ve-LMod VU-RMod Ve-LMod VI-RMod 2

Theorem 5.1.24
We have the following implications:

(& (-)®BA4[B=] : V>V = Ve ~ Yl
k: (-)OY 4(Y,=) : V> € = V°-LMod = V'"-LMod
#: (<) @B+4[B,=) :€—>€ =— V*-RMod = V!!-RMod

Proor skeTrcH The hom-set natural isomorphisms arising from the adjunctions
E:V(A®B,C) = V(A [B,C]) k:CAOSY,Z)=V(A(Y,Z)) x»:CX0BY)=C(X,|[BY))

are used to bijectively transpose the structural transformations and axioms from the monoidal
to the closed setting. For the left unitors, the transposition is direct:

A§:1®3—>B(§) A?:I@Y—)Y
ji': I — [B,B] VeI — (YY)

()

For right unitors, it goes via the Yoneda embedding;:

V(A®IB) . C(X2LY) \e(p o 1)
\A’
£ V(A, B) ” C(X,Y)
VA LB V(Ai2) /G(;(,i”)
(A, [L,B]) e(X, [LY)) '

To connect the associators and compositors, we again apply the Yoneda embedding to trans-
pose the associator to an internal currying operation, then show that the compositor L is
its mate under some adjunction (see Kelly and Street (1974, Proposition 2.1)). For example,
ay 5ot (X@B)oC — Xo(B®C) transposes by Yoneda to the currying [A®B,Y) — [A, [B,Y)),
and taking its mate under the adjunction below exhibits a bijection [A ® B,Y) — [A, [B,Y))
and [B,Z) — [[A,B], [A, Z)):
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% Cp
(-)®B < 4> [B,=] ‘
v °p
[=Y) ¢
The other equivalences are as follows:
et (A®B)®C —> A® (B®C) Uy, (A®B)OZ > A (BO 2Z)
Crsc: [A®B,.C] — [A,[B.C]] Cvz: (ASY,Z) — [A (Y, Z)]
Lye: [B,C] — [[AB][AC]] L, (Y, Z) = (X, Y), (X, 2)]

The axioms of skew-monoidal and skew-closed categories and left/right actions are shown to
be equivalent — in most cases — by transposing the monoidal axiom to an equivalent one con-
cerning the currying operator c, then using the expansion rules and transposition schemas to
show that the c-axioms and L-axioms imply each other. We do not include the full derivations
here, but see Theorem 7.1.6 for a detailed proof of a similar nature.

For functors between skew-monoidal/closed categories, and left/right actions thereof, the
procedure is similar. The units u: | — FI of skew-monoidal and skew-closed functors are
identical, while the multiplications m,: FA® FB — F(A ® B) and hy.: F[B,C] — [FB, FC]
are mates under the adjunction

Vv i w
(-)®B < 4 > [B,=] (-)®FB < 1 > [FB=]
v = w
Similarly, the strengths
S, ADFY > F(ASY) s2,: FX©B — F(X @ B)

sy (X, Y) > (FX,FY) o sty F[AY) > [A FY)

are mates under

v % e F D
(-)oX < 4 > (X,=) (-)OFX < 4 > {FX,=) (-)@A < 4> [A=) (-)eA < 4> [A=)
C - D e - D
The correspondence between the respective axioms is also a series of transpositions. m]

The following lemma is a useful tool for transposing adjoint functors across monoidal and
closed actions, with the internal transposition as the intermediate step.

Lemma 5.1.25 Given an adjunction 7: F 4 G: C — D between left skew-monoidal closed V-
modular categories, the following conditions are equivalent:

1. F is an oplax left skew V®-modular functor with strength s, ,: FLAQY) - AO® FY

2. G is a lax left skew VU-functor with strength si ,: {Y,Z) — (GY,GZ);
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3. 7 has alax internal transpose
txy: {FX,Y) > (X,GY): CxD -V
that satisfies the unit and associativity axioms

()
Jx

I (X, X)
Jﬁzzj [ exeo
(FX,FX) — (X,GFX)

G

y Y<<>>F (A X), Yt>> (Y, Z) (GY,GZ)
N 57| |22,
(AOFX.Y) (A0 X,GY) [(FX.Y).(FX.Z)]  [(X.GY).(X,GZ)]
CA,FX,Yl lcf,x,cy lid tm k/tx Jid
[A <<FX Y))] [A <X GY>] <FX Y>> <X GZ>
Proor See the Appendix on page 327. m|

Corollary 5.1.26 A strong V°-modular functor F with a right adjointt: F 4 G: € — D induces
an isomorphism {(FX,Y) = (X, GY).

Proor The equivalences of A ® FX = F(A © X) and {(FX,Y) = (X,GY) can be calculated
via the Yoneda embedding.

D(ADFX,Y) 220 D(F(A © X),Y)
< (A © X,GY)
V(A (FX.Y)) 52— V(A (X.GV) 5

Example 5.1.27. The equivalence of «, ¢ and L in Theorem 5.1.24 is an instance ofLemma 5.1.25,
since ,,.: (A® B) ® C - A® (B ® () is an oplax \7® -strength for F = (-) ® C and
Li.: [B,C] — [l[A B],[A C]] is a lax Vl-strength for G £ [A, —]. The internal transpose
tasc: [A® B,C] — [A, [B,C]] is then the currying operator, and the associativity axioms of
t reduce to the intermediate axioms of currying required to connect the associativity laws of
a and L; see Eilenberg and Kelly (1966, Section I1.2), axioms MCC3 and MCC3’. In a strong
monoidal category, the associator is an isomorphism, and by Corollary 5.1.26, so is the curry-
ing transformation - this is familiar from Eilenberg and Kelly’s (1966) proof of equivalence
of monoidal categories, and closed categories with an internalised tensor-hom adjunction
[A® B,C] = [A, [B,C]], and explains the discrepancy highlighted by Uustalu et al. (2020). .
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In the context of the corollary above, the directions of the isomorphism s7,: A © FX =
F(A © X) give rise to two transformations: a V¢ -strength for F, and an internal transpose for
F and G. The next lemma relates these two formally.

Lemma 5.1.28 Given a strong V°-modular functor F with right adjoint t: F 4 G: ¢ — D, the
induced VO -strength scy: (X,Y) — (FX, FX) and internal transpose tyy: {(FX,Y) — (X,GY)
are compatible in the sense of the following diagrams:

(X, Y) (FX,Y) (FX,Y)
SQY l Wf txy l T (id,7y)
(FX,FY) —— (X,GFY) (X.GY) —— (FX,FGY)
Proor See the Appendix on page 329. ]

In the same situation, we can prove similar laws about the interaction between the induced
inverse transpose (X, GY) — (FX,Y) and the V0-strength (X, Y) — (GX, GY).

Example 5.1.29. In a (strong) monoidal category, the functor (-) ® C: V — V is a strong
modular functor with the associator (A ® B) ® C 2 A ® (B ® C). By the above theorem, we
have the induced isomorphism [A ® B,C] = [A, [B,C]], and transformations K¢ ,: [A, B] —
[A® C,B®C] and L} ,: [A,B] — [[C,A], [C,B]]. The K transformation is the subject of
Eilenberg and Kelly (1966, Section II.7), and the axioms above become the schemes that allow
us to express K in terms of ¢ and vice versa. In a skew setting, where a is not invertible, not
all transformations are available at the same time: in a left-skew category, we have

(A®B)®C > A®(B®C(C) [B,C] — [[A,B], [AC]] [A® B,C] — [A, [B,C]]
while in a right-skew category, we have
A®(B®C) > (A®B)®C [A,B] - [A®C,B® (] [A, [B,C]] — [A® B,C]

As Uustalu et al. (2020) show in Definition 4.5 and the corresponding footnote, there is no
“elegant” way to define right-skew closed categories as L is not invertible — this is supported
by the fact that the reversed transpose operation (X,GY) — (FX,Y) does not fit into the
framework of mates, so we do not get an inverse left strength (GY,GZ) — (Y, Z) that could
be a right-skew variant of L. 4

The situation for right modules is somewhat simpler.

Lemma 5.1.30 Assuming an adjunction t: F 4 G: C — D between right skew-monoidal closed
V-modular categories, the following conditions are equivalent:

1. F is an oplax right V®-modular functor with s3 ,: FX© A — F(X © A)
2. G is a lax right VU'-module morphism with s\, : G[A, X) — [A,GX).

Proor The bijection between the strengths is given in the following diagram:
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D(sgpY)

D(FX © B,Y) —=5 D(F(X @ B), Y)
% -

D(FX, [B, Y)) D(X @ B,GY)
T ¢

e GIBYY) oo ™ C(X, [B,GY))

The unit diagrams are transposes of each other. The associativity law of s° transposes to:

D

G[A® B, X) [A® B,GX)
G[A [B.X)) — ST [A,G[C, X>>> ) [A, [B,GX))

which is equivalent to the associativity law of s':

[

G[A ® B, X) o [A® B,GX)
| | e
G[[B,A® B], [B, X)) —=% foson) Y (B, A ® B, G[B, X>>> Moo [[B,A® B], [B,GX))
G[s:,id% [fﬁ,icwj lm,w
G[A, [B, X)) . [A, G[B, X)) R [A, [B,GX))
G[B, X) tox [B, GX)
G[E;?,Xﬂ l[E;‘,Gm
G[[A, Bl ® A, X) 0 [[A, B] ® A, GX)
G[[[A,B] [A, X)) i [[A, B], G[A, X>>> R [[A, B], [A, GX)) .

Example 5.1.31. The forgetful functor x: F —» Nhasa right adjoint cofree presheaf functor
m: N ﬁl—:, defined as
mx)[m] £ | [([n™ = X,)
neN
* is also a strong modular functor from the trivial F-module (F, ®) to the left module (N, ®)
of Example 5.1.14: x(P® Q) = P © %Q. Thus, by above, we have the induced transformations
[P,Q] — (xP,%Q), (X,Y) — [mX,mY], and isomorphism (xP,Y) = [P,mY]. 4

Having defined skew-monoidal closed categories and modules, we can turn to the analysis of
distinguished objects: monoids, and module objects over the monoid. In the theory of syntax,
these will encapsulate the substitution structure of presheaves and families.
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5.2 MONOIDS AND MODULES

The notion of a monoid in a monoidal category extends naturally to a skew-monoidal setting;
in fact, there is no need to call it “skew monoid”, as the structure morphisms are identical to
the monoidal case, and the laws follow the directionality of the skew structure in the obvious
way. One natural variation we consider is the axiomatisation of monoids in a closed category,
which will be more convenient to use in the context of initiality.

Definition 5.2.1 A monoid (M,n, 1) in a skew-monoidal category V is given by an object
M € 'V with the unit and multiplication maps

n:I1—-M pH:MOM—> M

satisfying unit and associativity laws

Tem 2% Mo M Mol 22 MmeM
k lu pM[ lu
M M——M
(M®M)® M —2 M® (M ® M)
,u®Ml lM@,u

The equivalent data and laws in a skew-closed category are maps and axioms

n:1—-M u: M — [M, M]
U M=——M
I /| -
[M, M] (M, M] ST [I, M]
[M,M] —— M £ [M, M]
L?Z,Ml l[id,u]

(M. M), [M, M]] T [M, [M, M]

_I

Definition 5.2.2 A monoid homomorphism f: (M,n™, ™) — (N,p", ") is a morphism
f: M — N €V that preserves the unit and multiplication:

fef f

MeM'SNeN M N
AN ’
M —— N .

M—— N [M.M] o5, [M.N] =, [N.N]

For a skew-monoidal/closed category V, we write Mon(V) for the category of monoids and
monoid homomorphisms. 4
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Example 5.2.3 (Altenkirch et al. (2010, Theorem 5)). Given the skew-monoidal category
([A,€],],®) of Example 5.1.3, a monoid M € [A,C] comes with unit natural transforma-
tion n: ] = M, and a multiplication M ® M = M, which, with the calculus properties of
left Kan extensions and copowers (Section 8.1.1), expands as follows:

AeA
/ (/ C(JA,MB) - MA) — MB = / C(JA, MB) — C(MA, MB)
BeA ABeA

We recognise the RHS as a relative Kleisli extension, making M a J-relative monad. a

Example 5.2.4. The endo-hom [A, A] is a monoid for all objects A in a closed category, with
unit j,: I — [A, A] and multiplication is L7} ,: [A, A] — [[A, A], [A, A]]. This generalises to
the left V!!'-endo-action (X, X) for any X in a left modular category €. y

Example 5.2.5 (Fiore et al. (1999, Proposition 3.4)). A monoid in the category N is an abstract
clone: a N-indexed set M with unit as a set of distinguished elements 5,: [n] — M, = {u; €
M, | i € [n]} and multiplication as an indexed family of functions

{mij: Mix (Mp)" > M},
satisfying unit and associativity axioms that correspond to monoid laws. As a monoid M in N

can be equipped with a renaming operation by substituting variables for variables, it induces
a presheaf in F which itself has a monoid structure over ®. 4

Proposition 5.2.6 Monoidal/closed functors preserve monoids in skew categories.

Proor Given a monoid (M, n, ) € V and a monoidal/closed functor (F: V — W,u, m), FM
Fn

is a monoid in W with unit ] —— FI FM and multiplication maps

MM F F
FM & FM 2, F(M® M) —— FM  FM —— F[M,M] —— [FM, FM]

and monoid laws constructed from those of M and the monoidal functor laws. m|

Corollary 5.2.7 A monoidal functor F: V — W lifts to Mon(V) — Mon(W), making Mon a
functor SkMonCat — Cat from the category of skew-monoidal categories and monoidal functors.

5.2.1 Modules

Generalising the concept of a monoid object in a monoidal category leads naturally to the
notion of a module in a modular category. By the microcosm principle (Baez and Dolan, 1998,
Section 2.2), modular categories serve as the canonical setting for defining module objects, just
as monoids are most generally formulated within monoidal categories. For the remainder of
this chapter, fix a skew-monoidal closed category (V,I,®, [—, =]), a left V-modular category
(C, 9, (-, =)) and a right V-modular category (D, @, [—, =)).

Definition 5.2.8 Let (M,n: [ — M,u: M ® M — M) be a monoid in V.
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A left M-modulein Cis an object Z € C with A right M-module in D is an object X € D
a left action over M, or left M-action with a right action over M, or right M-action
z2MSZ—Z x:XoM—-X
that respects the unit and multiplication of that respects the unit and multiplication of

the monoid: the monoid:
10z Moz Xol =2 XoM
N | I
MOM)SZ ——> MO (M Z) XoM)yoM —/—— X o (M®M)
y®Ml lM@z x@Ml lX®p

_I

If Cis a (V, W)-bimodular category, the two notions can be combined into a C-object that can
be acted on from both sides by two monoids M € Vand N € W in a coherent way.

Definition 5.2.9 A (M, N)-bimodule (Y, y;, y,) has both a left M-actiony;: M © Y — Y and a
right N-action y,: Y @ N — Y that are compatible with each other:

(MOY)oN —2 , Mo (Y@ N)
yl®NJ4 lM®yr

YON " Y m MoY

Definition 5.2.10 Let (M,n: I — M, u: M — [M, M]) be a monoid in V.

A left M-module in € is an object Z € C A right M-module in D is an object X € D
with a left action over M, or left M-action with a right action over M, or right M-action
22 M — (Z,Z) x: X — [MX)
that respects the unit and multiplication that respects the unit and multiplication of

of the monoid: the monoid:
X e X
/ \ xl ]ix
MX) — [ILX
<Z Z> [ s > [U’x> [ > >
(2,7) «—*— M -5 [M, M) [M,X) —~— X X5 [M,X)
Ll W’” Lml l[M,x)

(2. 2).(2.2)] —— [M.(Z.2)] (MM, IMX0) —— [MIMX))

Definition 5.2.11 A (M, N)-bimodule (Y, y;, y,) has both a left M-action y;: M — (Y,Y) and



MONOIDS AND MODULES 125

aright N-action y,: Y — [N, Y) that are compatible with each other:

Y,Y) —=— M L (v, Y)
LQ’,yl l(Y,y»

(wrid) J

Homomorphisms of modules are maps between the carrier objects that commute with the
action in the obvious way, giving rise to a category of modules for a monoid. We write
M-LMod(C) for the category of left M-modules, N-RMod(D) for the category of right N-
modules, and (M, N)-BMod(C) for bimodules. Of course, a trivial example of an M-bimodule
is the monoid M itself, with the multiplication y as either action, but the flexibility over the
object and its category lets us state far more general properties.

Example 5.2.12. Every object X of a left V!!-modular category € is a module over its endo-hom
(X, X), with the evaluation morphism kx: (X, X) © X — X. a

Example 5.2.13. In a skew category, every object is canonically a left I-module, with actions
Ay IQY — Yandj,: I — (Y,Y). Every right I-module is automatically an I-bimodule. .

Example 5.2.14. The microcosm principle suggests enriched and powered categories (see Chap-
ter 4) as the natural setting for defining left- and right closed modules, respectively: a C-object
X with a left N-action N — (X, X) € V or right N-action X — [N, X) € € compatible with
the unit and composition or currying (which can be equivalently expressed in terms of L):

N®N =25 (X, X) ® (X, X) [N,X) < X -5 [N, X)
pJ le{x [,u,X)l l[Nx}
N X (X, X) [N®N,X) ——— [N,[N,X)) 2

Example 5.2.15. Since (Z,Z) € V is a monoid for all Z € C, a left M-module in a skew-closed
modular category C is equivalently an object Z € € with a monoid morphism z: N — (Z, Z).
A categorification of this fact is precisely the equivalence of skew left V-modular categories
(C,0: Vx € — @) and oplax monoidal functors V — [C,€]: if (V,I: 1 - V,®: VXV — V)
is considered as a skew pseudomonoid in Cat (Lack and Street, 2012b), and the endofunctor
category ([C,C],Id: 1 — [C,C],0: [C,C] X [C,C] — [C, €]) is a (pseudo)monoid for any €, an
oplax morphism of pseudomonoids ©: V — [C, C] - or equivalently, a skew left pseudomodule
over the closed pseudomonoid V, or a module object in the MonCat-enriched Cat - is equipped
with natural transformations

OXO®

1 VxV -2 [ee] x [ €]
v —— [c.€] v [e.€]

that satisfy appropriate coherence conditions that reduce to axioms of a modular category.
This analysis also answers a question we posed on page 112: if a skew left V-modular cate-
gory is equivalently an oplax monoidal functor V — [C, €] which is a categorification of skew-
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closed left module object M — (X, X), a skew right V-modular category (C,@: C XV — C) is
equivalently the categorification of a skew-closed right module object X — [M, X). Namely,
defining the closed action [—, =): MonCat® X Cat — Cat by taking the functor category
of the underlying categories [V,C) = [V,C], we have that a right V-modular category
(C,@: XV — C) is equivalently a skew-closed right V-pseudomodule in Cat: the right
V-pseudoaction @: € — [V, C] is equipped with coherent natural transformations

E ——20C [v.€] —2— e —2— [v,¢]
@l ﬂpe L [®,€] l % l [V,2]
[V, €] i [1,€] [VxV,e] . [V, [V, €]]

that have components X — i([], €](@X)) and [V, 2](@X)AB — ¢([®, C](©X))AB. These
simplify (with infix notation) to p3: X — X @l and af,,: (X© A) @B — X 0 (A ® B).
What this tells us is that despite the usual presentation of left modular categories as monoidal
functors V — [C, €], a more fundamental characterisation is as a left skew V-pseudomodule
(over the pseudomonoid V € Cat), either in the monoidal form V X € — C or the closed form
V — [C, €], with right modular categories defined the other way around. The fact that the
former definition aligns with the monoidal functor characterisation simply stems from the

special case that the endo-action (X, X) in any left modular category is a monoid. J

Example 5.2.16. In the presheaf model, the right unitor P® V' — P is a right V-module action.
In N, the transformation X & I — X isn’t available as part of the structure, since it expresses
the reindexing of the N-indexed set:

(D Xm X [1]™) = X = {Xp X [1]™ = X }mnen

We can prove that a I-module structure on an indexed set is equivalent to a presheaf action:
the free presheaf monad ¢0X = x(#X) is isomorphic to X & I, and module actions X & — X
correspond to ¢-algebra structure maps ©X — X. Dually, the cofree presheaf comonad oX =
*(mX) is isomorphic to [I, X], and coalgebras X — 0OX are module actions X — [I, X].

I-RMod®(€) = ¢-Alg(C) = F = o-Coalg(C)I-RMod!! (€) J

Right modules can be described categorically using the following standard result.

Proposition 5.2.17 For a monoid M, the functor°M = (—=) @ M: C — C is a monad, with unit
and multiplication given by the following composites:

aX,M,M

X2ux0l 2% XoM  (XoM)oM 22 Xo(MeM) -2 X oM
For a monoid M, the functor MV = [M, =): € — C is a comonad, with counit and comultiplication

MYy 20y iy ) 2 (v Yy 2 [ [, v

The co/monad laws stem from axioms of skew modular categories and monoids, with all trans-
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formations directed in just the right way to make the appropriate diagrams commute. The
axioms of modules are precisely the compatibility laws of co/algebras for the co/monads.

Proposition 5.2.18 The categories of M-modules M-RMod(C), algebras °M-Alg(C), and coalge-
bras MV-Coalg(C) are isomorphic.

The functor °M = (—) @ M: € — C then lifts to the free M-module functor ¢ — M-RMod(C),
mapping objects X € € to M-modules (X@ M, (X@M) @M — X @ M), and for all M-modules
(Y,y: Y@M — Y), we have a right M-module homomorphism °M(Y) — Y € M-RMod(C)
exhibited by Diagram (@p).

A

Remark. M® = M © (—) is not a monad in a left-skew monoidal category due to the direction
of the associator, so left modules are not expressible as algebras for a monad (but they are
algebras for the endofunctor). The left action M — (X, X) is not expressible as an algebra
structure at all. Consequently, we will be working with right modules as default, specifying
the direction in case of ambiguity. J

We have a preservation property of module objects under modular functors, arising from a
distributive law induced by the strength.

Proposition 5.2.19 A right V-modular functor F: ¢ — D is an elevator from (=) @ B: ¢ — C
to(-)©B: D — D, forall Be V. When B = M a monoid, this is a monad-monad distributive
law.

Proor For all X € C, the action FX © B — F(X @ B) gives the components of the elevator.
For B = M a monoid, the distributive law axioms follow from strength and monoid axioms. O

Corollary 5.2.20 Right V-modular functors F: ¢ — D lift to M-RMod(C) — M-RMod(D),
and M-RMod becomes a functor V-RMod — Cat.

Proor The distributive law of Proposition 5.2.19 induces the lifting to “M-algebras, or equiv-
alently, M-modules. Given (X, x), FX is equipped with a module structure

FXeM 2 F(XoM) 25 FX  FX -2 F[M,X) =% [M, FX) O

Example 5.2.21. Let C be a (V, W)-bimodular category, M € V, N € W monoids, and A € V
an object. Then, the functor A © (-): € — C lifts to N-RMod(€) — N-RMod(C), using the
associator (A © Y) @ N — A @ (Y @ N) as the distributive law. Similarly, X @ (-) lifts to
M-LMod (V) — M-LMod(V), mapping AQM - Ato (X@A)oM — X@(A®M) — X@A. .

Corollary 5.2.22 The action sy : FXeM — F(X@M) of a right V-modular functor F: ¢ — D
over a monoid M is a right M-module homomorphism.

Proor The homomorphism property expands as follows:

Apxmm

id
(FXoM)e M FXe(M®M) —2X s FEXeM

sx,MeMl l Sx.MeM lSX,M

FXoM)eM o F(X o M) o M) T F(Xo (M®M)) 7xon) F(X o M)

The proof is similar for the closed setting. m|
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Modules will form a very important part of our development, as presheaves are equivalently
captured as co/algebras for the co/free presheaf co/monad, or modules for the monoidal unit.
We turn to the discussion of modules and homomorphisms with additional structure, and how
modular functors interact with this structure.

5.2.2 Parametrised maps

We investigate properties of parametrised maps f: X @ B — Y,org: X — [B,Y) for X,Y € C
and B € V. These intend to represent morphisms from X to Y, while incorporating a parameter
B € V. Such maps may interact with module structure in three ways, depending on where in
the object X @ B a monoid M acts.

Definition 5.2.23 Let M € V be a monoid, and € a V-bimodular category.

1. Letx: M® X — Xandy: M © Y — Y beleft modules in C. A morphism f: XoB —- Y € C
is said to be left-linear when the following diagram commutes:

Ayx B

M
(M®X)®B—>M®(X®B)—®IM®Y

o |

XoB y
@ 7

2. Letx: XM — X be aright modulein C,and b: M®B — B aleft module in V. A morphism
f: X @B — Y € Cis said to be middle-linear when the following diagram commutes:

Ax m.B

(XoM) @B Xo(MeB) X% xoB

von| lf

X o B y
@ 7

3. Letb: B&M — Bbearight moduleinVandy: YoM — Y aright module in €. A morphism
f: X @B — Y € Cis said to be right-linear when the following diagram commutes:

Ay pm

(XoB oM™ XoBM) X% xoB

f@Ml lf
YoM Y

]|

Example 5.2.24. The motivation for the terminology comes from abstract algebra: when R is
a commutative ring and (X, -x), (B, ), (Y, -y) are R-modules, the diagrams correspond to the
following properties of a function f: X X B — Y, forp € X,q € B,r € R:

f(rxp.q) =r-f(pq
flpxr.g =fprsq
fp.qsr)=f(p.q) vr J
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Right-linearity is just the notion of a homomorphism from the M-module (X @ B) with canon-

ical action (X © B) ® M —2% X @ (B® M) =22, X @ B to the M-module (Y, y). Middle

linearity is also known as balancedness (Jacobson, 2012, Section 3.7): postcomposition by a
balanced map f: X @ B — Y equates the parallel pair:

oy XOQ(M®B
s XOMBE)

(XoM)oB - T XoB
\_/

aoM

By taking the coequaliser X @ B 1, Q, we find the initial balanced map, through which
all other balanced maps factor via q. The construction therefore allows us to define the right
action of a left M-module on a right M-module (-) @y (=): M-RMod(C) X M-LMod(V) — C,
given, for all (X, x) € M-RMod(C) and (B, a,): M-LMod("V), as the coequaliser

%X®(M®B) Xob,

(X@M)@B\_—:—/\)X®B__q__)X®MB
aoM f lfﬂ
Y

The construction is a generalisation of the tensor product of R-modules for a commutative ring
R (Mac Lane and Birkhoff, 1967, Section IX.8). If R is a commutative ring and (X, -x), (Y, -y)
are R-modules, their tensor product over R, X ®; Y, is defined as the tensor product of the
underlying commutative group X ® Y quotiented by an invariance property with respect to
the module actions:

X®RYéX®Y / (P'x”,Q)N(P”"Y‘J)

For a commutative ring R, this tensor is itself an R-module, exhibiting the category
(R-Mod, R, ®;) as monoidal. In case R is not commutative, the construction still works as
long as X is a right R-module and X a left R-module, though the resulting object will not in
general be a module. The universal property of the tensor product identifies every bilinear
map X X Y — Z as a linear map X ®; Y — Z. This balancedness property and its relation to
quotienting is used to address the main discrepancy between the presheaf and familial models.

Example 5.2.25. In F, a transformation f: P ® Q — R is both natural and dinatural: it is
equivalently a family of maps {f: P[m] X ([m] = Q[n]) — R[n]}mner satisfying, for all
p: [m] — [n] and o: [n] — [p], the dinaturality and naturality conditions

f(lml.t,o0p) = f([nl.P(p)t,o)  f(Im].t,Q(e) o ) = R(e)(f(Iml.t,0))
InN,amap f: X @Y — Z satisfies the same axioms exactly when all three objects are right
I-modules, and the map is middle- and right-linear respectively. 4
Linearity properties compose with homomorphism conditions to give the following.

Proposition 5.2.26 Let M € V be a monoid, and C a V-bimodular category. We have functors
that map objects and modules to the set of left-, middle- and right-linear maps, respectively:
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LeftLin(—, —; —): M-LMod(C)™ x V** x M-LMod(C) — Set
MiddleLin(—, —; —): M-RMod(€)* X M-LMod(V)® x € — Set
RightLin(—, —; —): €® X M-RMod(V)* x M-RMod(€) — Set

Proposition 5.2.27 IfX©@B — Y is a left/middle/right-linear map in C and F: (C, @) — (D, ©)
Sz

is a modular functor, FX 8 B —— F(X @ B) LN FY is left/middle/right-linear in D.

Proor Assuming the appropriate structure on the objects and the functor, the linearity laws

hold by the laws assumed for f, strength properties, and naturality.

M,FX,B

Moss , F
(M®FX) 6B -2, M@ (FX 6 B) —%s M@ F(X @ B) —2L, Mo FY

S S
SMxl sMX@Bl lSMY

F(MOX)©B — F(MOX)0 B) % p(M o (X @ B) “X20) F(Mm oY)
Fx@Bl ey lF(x@B) le
FX©B ———— F(X0B) = FY

(FX © M) © B Toxans FXoe (M®B) -2, rxoB
et Joa Jo
F(X@M)GB Sens (X @ M) @ B) —2% (X o (M® B)) ") F(x o B)
erBl F(x@B)l lFf
FX o B F(X @ B) o FY
(FX©oB) oM T FXo (BeM) —*o, rxoB
ngeldl lsx,m lSX,B
F(X@B) oM =2 F((X 0 B) o M) —2*% F(X o (B M)) -2 F(X o B)
FfeMl lF(f@M) lFf
FYeM F(Y @ M) - FY .

The definition above showcases the symmetry of the operations, but in practice we will use
a more general definition of left-linearity, changing from X © (-): € — C to an arbitrary
module endofunctor F - this also rids us of the requirement that € is a bimodular category.
Other names for the idea are I-linearity (A. Kock, 1971?), left-linearity (Fiore and Saville, 2018)
or left homomorphism (Fiore and Saville, 2017).

Definition 5.2.28 If F: ¢ — C is a right V-modular functor, and (X, x), (Y, y) are F-algebras,
a parametrised map X @ A — Y is F-linear if

X, B F
FX 0B 25 F(X 2 B) -5 Fy

o] |

XOoB Y
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F-linearity is closed under homomorphisms (Fiore and Saville, 2021), so we have a functor
F-Lin(—, —;—): F-Alg(C)® x V* x F-Alg(C) — Set

that maps (((X, x), B), (Y,y)) to F-linear maps X @ B — Y. a

Definition 5.2.29 For a right V-modular functor F: € — €, an F-module over M is an object
X € C with F-algebra structure x: FX — X and an F-linear module structure f: X0 M — X:

FXoM 2% F(X o M) L Fx

o l

XoM X
f

An F-monoid for F: V — 'V is a monoid M which is an F-module over M. We will generally
talk about algebraic modules and algebraic monoids when the functor F is not named. 4

Example 5.2.30. For a right modular monad T, the strength TX @ M — T(X @ M) is T-linear:

TTX @ M 2% T(TX @ M) —2% TT(X @ M)
l1x®Ml lﬂxeM

TX oM T(X o M)

Sx,m

|

Example 5.2.31. Defining (-) @ (=): € X [C, €] — Cas X @ G = GX, an F-module over G is a
natural transformation ¢ : GF = FG and object X with compatible algebra structures:

GFX 5 Fox 2 Fx

o I

GX X

g 4

Example 5.2.32. In F with substitution monoidal structure, for a signature endofunctor Q, a
Q-monoid is a presheaf with compatible substitution and syntax structure. For the initial
Q-monoid, the compatibility law unfolds into the structurally recursive specification of the
substitution operation. 4

The above definitions were presented in their most general form, in order to exhibit the sym-
metry of the definitions; in practice, we will work most often work with modules over the
monoidal unit I.

5.2.3 Modules over the unit

The monoidal unit I is a monoid, with unitid,: I — I and multiplication A,: I® — I. Modules
over the unit feature prominently in our work, as they capture the renaming of presheaves as
an extra algebraic structure on families. The general theory from the previous section also
simplifies: every object of V is canonically a left I-module with action A,: I ® B — B, and thus
every bimodule is just a right module. In this section we discuss some derived definitions.
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Pointed and invariant modules Modules over the unit may interact in compatible ways with
monoids in V. If the module resides in V itself, it may also have a point that is compatible with
the module structure.

Definition 5.2.33 An pointed module (A, p, a) is an I-module (A, a) with a module homomor-
phism p: I — A. Pointed modules are the objects in the slice category I/I-RMod (V).

I
1ol 225 Axl

A |

I A

]

Remark. The unit I is pointed, as is tensor of pointed objects (A, p: I — A) and (B,q: [ — B):

1L 101 -2 AB

However, the tensor is not necessarily a pointed module — see discussion later. 4

Any M-module can be turned into an N-module by restricting along a monoid homomorphism
f:N—> M:

XoN 2, xoM—*s X

One such homomorphism is the unit #: I — N, which is a monoid homomorphism; this can
turn any N-module into an I-module. If a module has both structures present independently,
we ask for them to be compatible.

Definition 5.2.34 A module (X,m: X ® M — X) is invariant if it is also an I-module with
a: X ® I — X, and the structures are compatible:

Xol

o N

XoM —— X

-

Proposition 5.2.35 Every monoid is a pointed invariant I-module, with the unitn: I — M a
module homomorphism.
Proor Given a monoid (M,n: I — M,u: M ® M — M), the I-module structure is given

by Diagram (@n): a: M ® I MO, M ® M -5 M. The compatibility Diagram (®p) (which
establishes 1 as a module homomorphism) is:

I®] nel MeI
Ien
A IQM M®n
neM
)LMl \
I . M i MeM

The module unit law is the right monoid law of M; the associativity law is
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M i I
Mol el M MeM oI 1o M®I
Anrg | aM,MJm M®n
M 1 M
Mo (IaD) ™) Me (M) MeoM) oM L25 Mo M
Me(Mn) u
Me(Ion) i
Ma), Mo (oM 2"\ e (Mo M) Il
Mel,, Moy
M®I Mon MeM T M -

The notion of invariance is more valuable when X has both M-module and I-module structures
a priori. In a strong monoidal modular category, every M-module (X,m: X @ M — X) has
the canonical I-module action p,: X @ I — X which are compatible by the right unit law of
the modular category. In a skew-monoidal modular category, the right unitor X @I — X does
not exist by default, so if it is constructed by alternative means, the invariance condition may
not necessarily hold.

We will call monoids seen as invariant I-modules invariant monoids, and write IMod (V)
for the category of invariant monoids in V: its objects are monoids with a compatible monoid
and module structures, and morphisms are monoid and module homomorphisms.

Example 5.2.36. In the familial model, the proposition above demonstrates that any family
equipped with a substitution structure can also be endowed with a renaming structure, sim-
ply by interpreting variable renaming as substitution of variable terms. However, in the case
of the initial model of a syntax — that is, the inductive datatype generated by constructors
and variables — substitution depends on renaming, particularly because substituting under
binders necessitates weakening. Thus, the module structure must be established first. Once
the monoid structure is subsequently induced, we can prove that the resulting monoid is in-
variant — that is, substitution of variables for variables is extensionally equal to renaming. This
invariant property is a recurring requirement in mechanised formalisations — see Allais et al.
(2021, Figure 86) or the Substitution chapter of Programming Language Foundations in Agda
(Kokke et al., 2020). 4

Parametrised maps When working with modules over I, properties of parametrised maps
are also simplified. Without the need for bimodules, middle-linearity for X @ B — C € C
reduces to the diagram on the left, and left-linearity for X @ B — C is automatic:

XIB X/l?
(XoD)oB 2% Xo(IeB) 2% XoB (IoX)0B - 1o (XoB) - 10y
x@Bl lf A§®Bl % las
XoB Y X B - Y



134 SKEW-MONOIDAL CLOSED STRUCTURE

Middle- and right-linearity requires all three objects in the map to be I-modules, and expresses
preservation of the module structure in two ways. If the objects are also pointed, we can ask for
the map to preserve all points — this is a stronger condition than simply being a homomorphism
A® B — C € 1/V, as the points of the input tensor are specified separately.

Definition 5.2.37 Let A, B,C € 'V be pointed objects in V. A parametrised map f: AQ B— C
is called pointed when the following diagram commutes:

A’I
I® I
p‘*@ﬁﬂ lpf
A®B — C
f J

Definition 5.2.38 Given [-modules X,Y € IMod(C) and B € IMod(V), a parametrised map
f: X @B — Y is called multilinear if it is middle- and right-linear. If A, B,C € 'V are pointed
I-modules, the map A ® B — C is pointed multilinear it is pointed and multilinear. We have
the corresponding hom-set functors

MLin(—, —;—): (Mod(C) X Mod(V))* x Mod(C) — Set
PMLin(—, —;—): (I/Mod(V) x I/Mod(V))® x I/Mod(V) — Set
A natural transformation ¢yy,: X @ Y — Z: Mod(C) X Mod(V) — Mod(C) is (pointed)
multilinear if its components are (pointed) multilinear. J

The hom-set functors from before can now be generalised to

MLin(—,—,...—;—): (Mod(€) x Mod(V)")*® x Mod(C) — Set
PMLin(—,—,...,—;—): (I/Mod(V) x (I/Mod(V))")® x I/Mod(V) — Set

Example5.2.39. A parametrised map P®(Q — Rin F is natural and dinatural in all components.
It is equivalent to a multilinear map X®Y — Z in N, which equates all tuples that are identified
by the quotienting condition of the coend in the presheaf model. 4

We show some examples of multilinear transformations next.

Lemma 5.2.40 The following morphisms and natural transformations are multilinear. When the
modular category is'V, they are furthermore pointed.

1. The left unitor A,: I ® B — B for a module B.

2. The module structure x: X @ I — X for a module X.

3. The multiplication pi: M ® M — M for an invariant monoid M.

Proor The properties for the left unitor follow from naturality, skew-monoidal axioms and
module laws. For b: B ® I — B, point-preservation is Diagram (®p), middle-linearity and

left-linearity both reduce to the module associativity law Diagram (@p).
Let (M, n, 1) be an invariant monoid, with its I-module structure given by the pullback

module M ® I 2o, M ® M —— M. We show that p: M®M — M is a multilinear map.
The pointedness condition is
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I®IQ I
.y I®M X n
— N

: M

MeM

nen

The multilinearity conditions expand as

Anim M®Ay Ay m Mo (Men)
MRIDOIM —> M(IQQM) - MM MOM)@I S MM®I) — M® (Mo M)

(M®U)®Ml M®(U®M)l % m % lM®”

(M®M)®MaﬁMM®(M®M) K pel MeM)®M MeM
/1®Ml ly@M l#
MM M M®I MM M
H Men

O

Tensoring of modules Pointed multilinear maps will play an essential role in the charac-
terisation of pointed strengths, allowing us to collapse tensors that could not be identified
otherwise. Their necessity arises from a more fundamental problem that stands at the heart
of our work: skew-monoidal structure on a category does not lift to categories of algebras
or modules without the use of coequalisers (Fiore and Saville, 2018, 2021). Families form a
skew-monoidal category, but coequalisers correspond to quotienting, which is not supported
by a dependently-typed formalisation. Thus, the skew substitution structure does not lift to
the category of I-modules: even though the tensor product has an I-module structure if B does

(A,a: A®I - B)®(B,b: B®I — B) = (A®B, (AQB)®I TN AQ(B®I) _Asb, A®B)

this only extends to a left V-action (—) © (=): V X I-Mod(V) — I[-Mod(V), with transfor-
mations A and «. The right unitor p,, : (A,a) — A @ (I,id) is not necessarily an I-module
homomorphism, as a is only a left inverse of p:

I
Aol — 2% L (AeD eI

l Apr1

a A®(I®I)
jm,
A o AQI

Even worse, the point I — A ® B of the tensor product of (A, p,), (B, ps) € I/V defined as

12 e 22
module structure.
These limitations are not merely due to our abstraction level: for the substitution tensor
product & in N, the unitor homomorphism diagram above reduces to the equality of tuples
([n],a([m],t, p),id) and ([m], t, p) in (X ®Y),, which are not identifiable without quotienting.

A ® B is not an I-module homomorphism either, so A ® B has no pointed
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As a result, we cannot claim that pointed I-modules form a skew-monoidal category. This
poses a challenge for our main application, the familial model: skew-monoidal structure on
pointed modules is essential for a coherent axiomatization of the pointed strength

FX @B — F(X @ B): N x I/I-Mod — N

as a right I/I-Mod-modular functor. This strength operation is central to several key con-
structions, including the specification of syntax with substitution, the definition of models for
a second-order signature, and more.

The crux of the problem lies in the associativity law for strength: it requires tensoring
elements of I/I-Mod, a process that — even when performed naively as in (f) — results in
unprovable equations for signature endofunctors that involve variable binding, such as context
extension §(X), = X,+1 (see page 53). Since associativity underpins numerous critical results
involving renaming, substitution, and lifting (see Section 2.1.3), its omission is not an option.

To address this, we propose a generalisation of strength via multilinear maps. Specifi-
cally, a functor F: ¢ — D between skew right (I/I-Mod)-modular categories is said to be
“multilinear-strong” if its strength

sxa: FXO0A— F(X2A)

satisfies the standard unit law (Diagram (sp®@)), and the following associativity law formulated
for all pointed multilinear maps f: A@® B — C in PMLin(A, B; C):

(FX©oA)oB T FX© (A®B)
Sx,AeBl lFX@f
F(X@A)oB FXoeC

SX@A,B l l Sx.c

F((X @A) @B) Fal F(X @ (A® B)) Txop F(X20C)
For the context extension endofunctor 9, the associativity law for this strength is provable:
the problematic tuples in the original diagram, which resist identification, are collapsed by the
action of the pointed multilinear map f, and the pointed multilinearity axioms are sufficient to
carry through the calculation. Furthermore, the pointed multilinearity properties of f enable
a complete and coherent derivation (see Theorem 10.3.17). This adapted notion of pointed
strength is familiar from the literature — for instance, the “coalgebraic strength” in our Agda
formalisation (Fiore and Szamozvancev, 2022), or the “structural strength” and Lemma A.5 in
Borthelle et al. (2020) - yet a satisfying theoretical justification has so far remained elusive.
In the next section, we begin to address this gap, outlining initial steps toward a generalised
theory of strength that accounts for these phenomena in a principled and modular fashion.



CHAPTER 6

Derived monoidal constructions

A central challenge in reformulating the presheaf model in the category of indexed sets lies in
the absence - or inadequacy - of several core constructions necessary for the formal theory.
In the previous chapter, we traced the origin of these inconsistencies to the abstract setting of
skew-monoidal closed categories and their modules. Chief among these issues is the observa-
tion that the category of modules over the unit in a skew-monoidal category does not inherit a
tensor product whose underlying object corresponds to the skew-monoidal tensor. This failure
makes the standard axiomatisation of pointed-strong functors in this setting impossible.

The guiding intuition toward a resolution is as follows: the category of (pointed) I-modules
for a skew-monoidal category often appears monoidal — until one inspects the coherence con-
ditions closely. That is, while we may act as if the category possesses a monoidal structure, the
purported unit and tensor product generally fail to satisfy the axioms needed to make them
actual I-modules. More broadly, for a skew-monoidal category V, a category A of V-objects
equipped with some additional structure may not itself be monoidal, as the tensor of underly-
ing V-objects may fail to preserve that extra structure. Nevertheless, we can behave as though
A is monoidal insofar as we avoid explicitly tensoring its objects. Functors between such
categories may similarly simulate skew-monoidality by interacting with the skew-monoidal
structure of V in regular, predictable ways. Naturally, in cases where A is genuinely skew-
monoidal, the real and simulated structures should coincide.

To formally capture this phenomenon, we introduce the notion of derived monoidal cat-
egories. Derived modular categories and derived functors are the topic of Section 6.2, and
Section 6.3 discusses elevators and liftings between derived monoidal/modular functors.

6.1 DERIVED MONOIDAL CATEGORIES

A V-derived monoidal category A consists of objects that cannot be tensored formally, but
which can be mapped into a skew-monoidal category V such that a distinguished class of
morphisms in A correspond to multi-parametrised morphisms in V. This is the situation we
encounter with families and modules: although N is skew-monoidal, the category Mod(N) is
not; however, the underlying morphism of a multilinear map f € MLin((A, a), (B, b); (C,¢))
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is a morphism f: A® B — C. If a derived monoidal category happens to be skew-monoidal
in its own right, the embedding functor becomes a formally skew-monoidal functor. Func-
tors between derived monoidal categories preserve the distinguished class of morphisms in a
manner that respects the mapping into V. The most important example for our purposes is
the equivalence L: Mod — F (with the latter category actually monoidal), which transforms
multilinear maps to equivalent parametrised natural transformations.

The benefit of this generalisation is that the strength transformation for functors between
derived modular categories (over derived monoidal categories) can incorporate parametrised
multilinear morphisms in a way that makes the unit and associativity axioms constructively
provable. The collapsing of tensor structure, which would otherwise lead to the need for quo-
tienting, is encoded directly into the associativity axiom. This provides the correct axiomati-
zation of signature strength in the familial model — accounting for, in particular, the modified
strength associativity condition for the context extension endofunctor in Diagram (sa@L) —
supported by the fact that this form of strength associativity generalises familiar syntactic
interaction and fusion properties.

Remark. Finding the right formal setting for this notion of strength has been one of the main
technical challenges of our work. While the axioms can be explicitly stated easily enough
(see Diagram (sa@L)) we sought to find a setting where this modified and slightly ad hoc
notion of strength is the canonical axiomatisation of modular functors. The theory presented
in this chapter is a first approximation, but a better presentation would be using the language
of multicategories (Hermida, 2000; Leinster, 2004), which exactly describe situations where
objects of a category are combined without a formal tensor product being available. We give
a brief description of this view in Section 14.2, and leave the details to future work. 4

Fix skew-monoidal categories (V, I, ®) and (W, ], ®).

Definition 6.1.1 Given a skew-monoidal category V, a V-derived monoidal category A is
equipped with a functor E: A — V, profunctors % € 1A and #: A X A+ A, and
natural families of maps « = {#[C] — V(I,EC) }ces and 772 = {M[A,B;C] — V(EAQ®
EB,EC) }aBcea- A is representable if « and 7 are isomorphisms. 4

Notation. A V-derived monoidal category A will be denoted (Ay, %, #) or just Apy. Appli-
cation of E on objects and « and 7z on morphisms will generally be written as underlining:
for C € A, EC € Vis denoted C,, and for f € %[C] and g € M [A,B;C], f : 1 — C, and

—A
g, A ®B, — C, , with the category subscript omitted where clear. 4

Definition 6.1.2 For derived monoidal categories Ay and B, a derived monoidal functor
F: Ay — By is a functor L: A — B with unit and multiplication operators

u[—]: %,[C] > Us[LC] m[—]: M, [A B;C] = M|LA, LB;LC]
satisfying the following axioms:

« Forall f € U4[C],g € M,[A B;C]and h: C — B € A, if the diagram on the left commutes
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in 'V, so does the diagram on the right commute in 'W:

feid ul fleid
I®§A_—)AA®§A J@@B_—)Mﬂ@ﬁﬁ
I o

« Forall f € %,[Bl,g € M,|A B;C]l and h: A — C € A, if the diagram on the left commutes
in 'V, so does the diagram on the right commute in 'W:

h

éﬂ QA ILA’B EB
A kel

« Foralle € M#,[A B;D], f € M,[B,C;E]l,g € M,[D,C;F] and h € M ,[A, E;F], if the left
diagram commutes in V, so does the right diagram commute in W:

(A,®B,)®C, Jane A ®(B,®C,) (LA, ®LB,)®LC, %LA ® (LB, ® LC,)
g®idl lid@]_‘ M@idl lid@@
D.®C, 5 By A, 8L, LD, ®L1C, ot mlg] LE, S m[h] LA, & LE,

A functor between representable derived monoidal categories is itself representable when the
unit and multiplication operators restrict to (di)natural transformations

ul-]: V(I’Qﬂ) - W(]’EB) m[-]: v(éﬂ ®§A’Qﬂ) - W(M'B EB@B’EB)

Definition 6.1.3 A derived monoidal natural transformation k: L = N: Ay — Bjw pre-
serves the unit and multiplication transformations: for all f: %,[C] and g: 4, [A, B;C],

u'[f] mg]
I — LC, LAe®LB, — LC,
W] lK_ g%l JK_
NC, NA®NB, —— NC,

m-191

]|

Example 6.1.4. If (A,T, @) is skew-monoidal and E: A — V is a skew-monoidal functor, A
is in particular V-derived monoidal with % [C] £ A(I,C) and /[A,B;C] £ A(A ® B,C).
Consequently, every skew-monoidal category is derived monoidal over itself. 4
Example6.1.5. A representable derived monoidal functor V|y — W)y between skew-monoidal

categories (presented as derived categories as above) is skew-monoidal, with unit and multi-
plication given by u = u[id;]: ] — LI and m, ; = m[id.es]: LA® LB — L(A ® B). a



140 DERIVED MONOIDAL CONSTRUCTIONS

Example 6.1.6. The category of I-modules is N-derived monoidal via the forgetful func-
tor U: Mod — N, with Z[Z] £ Mod(I, 2Z) given by module-homomorphic points, and
M[X,Y;Z] = MLin(X,Y;Z) given by multilinear maps, with « and 7z extracting the un-
derlying family maps from the homomorphisms. Notably, while modules cannot be tensored,
the family of indices is an I-module with A,: I®I — I, so (I, A;) € Mod and the embedding U
strictly preserves this unit: U(I, 1)) = I.

The category of presheaves embeds into N with a monoidal forgetful functor *: F — N,
making F a derived monoidal category with Z [R] = F(V,R) and /[P,Q;R] = F(P ® Q,R).
It is also derived monoidal over itself.

The equivalence L: I-Mod — F is a derived monoidal functor L: ModN — ﬁFvWF-, mapping a
module homomorphism ([,id) — (Z, z) € Mod to a natural transformation V —= L(Z, z) € F,
and a multilinear map f: X & Y — Z to the corresponding natural transformation L(X, x) ®
L(Y,y) = L(Z, z) with components given by f, and the naturality and dinaturality conditions
by the multilinearity properties. In addition, we have L(I, A,) = V with I = %V = %L([,,). 4

Monoidal functors between base categories lift to representable derived monoidal functors.

Proposition 6.1.7 If Ay and By are representable derived monoidal categories, and a skew-
monoidal functor K: V — W liftstoaL: A — B with KA, = LA, then L is representable
derived monoidal Ay — B)w.

Proor See the Appendix on page 330. O

Monoids and the monoid-preservation result of lax monoidal functors have an analogue in the
derived monoidal setting as well.

Definition 6.1.8 A V-derived monoid in a derived monoidal category Ay is an object M € A,
and morphisms n € % [M] and y € M [M, M; M] such that (M,n: I - M,u: M M — M) is
a monoid in V. J

Proposition 6.1.9 Derived monoidal functors preserve derived monoids.

Proor Let L: Ay — B)w be a derived monoidal functor and (M, n", ™) a derived monoid
in A. Then, LM is a derived monoid in B with operations " = u[p"] € Z[LM] and p** =
m[u"] € M [LM, LM;LM], because (LM € W,u[n"]: ] - LM,m[p™]: LM®LM — LM) isa
monoid in W. The monoid laws in W follow by instantiating the V-diagrams in the structural
laws of L with the monoid laws of M in V. O

The definition of derived modular categories and functors follows a similar pattern.

6.2 DERIVED MODULAR CATEGORIES

A modular category over a monoidal category V can be weakened to a derived modular cate-
gory over a derived monoidal category Ay using a similar approach to the previous section.
Identifying when such modular categories are representable is more subtle, as an action bi-
functor may exist even if the acting category is only derived monoidal.

We give the most general definition, where A}y is a derived monoidal category and € has no
actions.
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Definition 6.2.1 A &-derived Ay-modular category (Cje, &) consists of a V-modular category
(&, @: EXV — &), acategory C, a functor E: € — &, and a profunctor §': CX.A -+ C equipped
with natural family of maps 4 = {S[X,B;Y] — &(X, @ B,,Y,) }xyeeea. The category is
representable if the natural transformation 4 is an isomorphism. As before, application of E
and 4 will be denoted by underlining. 4

Our definition of derived modular functor will also incorporate a change of the acting derived
monoidal category via restricting the action along a monoidal functor. In a non-derived setting,
the total category of modular categories can be defined as the Grothendieck construction of
the functor (—)-Mod, consisting of pairs (V, € € V-Mod) as objects and pairs (K, F): (V,C) —
(W, D) as morphisms, comprising a skew-monoidal functor K: V — W and a functor F: € —
D with K-relative strength sy%;: FX © KB — F(X @ B): € XV — D. This generalises the
notion of a strong relative monad by Uustalu (2010) and coincides with the morphism of actions
defined by Zsido (2010, Section 4.8).

Definition 6.2.2 A morphism of derived modular categories (L,F): (A, Cie) — (Byw, Djz)
consists of a pair of a derived monoidal functor L: A — B and a functor F: ¢ — D with an
associated L-relative strength operator

s[=]: Se(X,B;Y) = &5 (FX,LB; FY)
satisfying the following axioms:

« Forall f e ?%,[B],g€ S[X,B;Y] and h: X — Y € C, if the diagram on the left commutes
in &, so does the diagram on the right commute in J:

h
Xe — Y, X, FY,
pil Tﬁ p}ixl [M

X, 0l — X, 0B FX, 6] —— FX, 6 LB,

id®]_f —¢ 7 =4 ide@

« Foralle € $.[X,B;Y], f € $:[Y,C;Z],9 € M,[B,C;D] and h € S.[X, D; Z], if the diagram
on the left commutes in &, then so does the diagram on the right commute in J:

i pe Xpxipic
X.,0B,)e0C, — X, 0(B,®C,) (FX,oLB,)eLC, — FX o (LB, &®LC,)
g@idl lid@z Meidl lide@
Xe®QﬂT’ZcTKe®QA HDGL_CBE’ED@EDGQ@,

The strength is representable when the operator restricts to a (di)natural transformation
s[-1: €(X, @B, Y,) — F(FX, © LB, FY,)

_I

Definition 6.2.3 A natural transformation of derived modular functors (x,¢): (L,F) =
(N,G): (Aw,Ce) — (Byw,Djz) is a pair of a derived monoidal natural transformation
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k: L = N: Ay — Bjw and a natural transformation ¢: F = G: C¢ — D) that preserves
the strength operator: for all h € §.[X, B; Y], we have

" [h]
FX,©LB, = FY,

<ﬂ_x9'<_sl lﬂ

GX,oNB, S GY,

-
Derived modular categories, functors and natural transformations form the total 2-category
DerMod. If (Aj, (§>) is skew-monoidal and (C, 0: XA — C) is a A-modular category,
C can be equipped with derived modular category structure with §[X,B;Y] 2 C(X®@B,Y).
More generally, one can talk about representable modular categories over derived monoidal
categories, which amounts to a category € with an action @: € X A — C and representable
derived unitor p[—]x: #[C] — C(X,X@C) and a[-]|x: M[A,B;C] —» C((X@A)@B,X@C(C)
satisfying some axioms. While this view is appropriate in our setting — where pointed strength
for a signature endofunctor is on the modular category N over the derived monoidal category
I/Mod, with an action X @ (B,p,b) = X ® B — using the language of fully derived modular
categories will be sufficient. The example below demonstrates the value of the generalisation:
it encapsulates the correct notion of pointed strength in the familial model.

Example 6.2.4. I/Mod is a derived monoidal category over N with % and .4 given by point-
preserving module homomorphisms and pointed multilinear maps, respectively. Then Nis a
derived I/Mod-modular category with §[X,Y;Z] = @(X ® Y, Z), where the pointed module
Y=Y,p: J—>Y,y: Y® ] — Y) satisfies Y =Y. An Id-relative I/Mod-modular endofunctor
3: N — N satisfies the unit and associativity laws for the derived strength transformation
s[-]: S(X,Y;2) —» S(EX,Y;XZ). Instantiating the hypothesis of the derived strength asso-
ciativity law with the diagram

Ay xy

(WeX)eY wWe(XeY)

o Jves

(WGBX)@Y(WX,;/W@Z d wWeZ

where g: X @ Y — Z € PMLin(X,Y; Z) is a pointed multilinear map, we get the diagram

(FWeX)®Y Ty FWa (XaY)
Sur)(@}/l lFW@g
FWeX)®Y FWeZ
Swex,y l l Sw.z
F((W@X)@Y)mF(W@(X@Y))F(TGBg))F(W@Z)

which is exactly the associativity law in Diagram (sa@L) we wished to capture. For F = §, the
law becomes provable, as the postcomposition with the pointed multilinear map collapses ten-
sor products that would otherwise only be equal up to quotienting. The standard associativity
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law Diagram (sa@) of modular functors is not derivable for &, as the identity X @Y - X @Y
is not a pointed multilinear map. 4

Example 6.2.5. The canonical map (11 @Y, @ Y): (XXX)®Y — (X®Y) X (X ®Y) exhibits
the functor F(X) = X X X: N — N as skew N-modular, or more generally, representable
Id-relative derived Ng-modular. The derived strength associativity law is instantiated with

Ay xy

wWeX)sY

We(XeY)
id@Yl lW@id
WeX)eY — Weo(XeY) —— We(XaY)

where all parametrised morphisms are just the identities, as we do not ask for any constraints
(e.g. multilinearity) on any of e, f, g or h. Upon application of F, the law expands to

(WxW)®X)®Y Dravr (WxW)® (X&Y)
Swx®Y l l Sw.xey
(WeX)x(WaeX)eY WeXeaY)x(We (XaY))

m} mcxy

(WeX)eY)x(WeX)aY)

which expresses the mapping of (((#1, %), 0),6) to (((t1,0),6), ((t2,0),5)). 2

An analogue of Proposition 6.1.7 is stated as follows.

Proposition 6.2.6 Let (K,H): (V, (&, @)) — (W, (F,0)) be a modular functor with K -relative
strength sy, : HX © KB — H(X @ B): € XV — J and suppose L: A — B lifts K with
LA, =KA, and N: C — D lifts H with NX, = HX ,. Also suppose Ay, By are representable
derived monoidal and C\¢, D5 are representable derived modular categories. Then (N,L) is a
representable derived modular functor from (A, C¢) to (Bjw, D|5).

Proor The strength transformation for (N, L) is as follows:

H,K

sth: X, @B, - Y] = NX, 6LB, =HX_6KB, — H(X,©B,) > HY =NY,

The derived strength laws are proved similarly to Proposition 6.1.7, by applying the lifting
equalities to the target diagrams and using naturality and skew monoidal axioms. O

Finally, let us consider module objects in derived modular categories, and what parametrised
and multilinear maps look like in this setting.

Definition 6.2.7 Let M € A be a V-derived monoid. A &-derived M-module in a E-derived
Ay-modular category Cj¢ is an object X € € with map x: & (X, M; X) such that (X, x) is an
M-module in €. 4

Proposition 6.2.8 For a derived monoidal K: A — B, a K-relative derived modular functor
F: C — D maps a derived M-module X to a derived KM-module FX.
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Proor The action x € §¢[X, M; X] is mapped to s[x] € &, [FX, KM; FX], and the module
axioms for FX follow by instantiating the laws for a derived modular functor with module
axioms for X. ]

We can adapt the notion of multilinear maps to the setting of derived modular categories.

Definition 6.2.9 If F: C — C is a Id-relative derived Ay-modular functor, B € A is an ob-
ject, and (X, x), (Y,y) are F-algebras, a map f: §[X, B; Y] is derived F-linear if the following
diagram commutes in E:

sty
FX,©B, = FY,

£®Bl lz

X, 0B, Y

—C

An derived F-module over M for a derived monoid M € A is an F-algebra (X,x) € C such
that X is a derived M-module and x € &[X, M; X] is derived F-linear. A derived F-monoid for
F: A — A is aderived monoid M € A such that M is a derived F-module over M. a

Definition 6.2.10 Given a derived .A|y-modular category Cj¢, amap f € S(X,B;Y) for X,Y €
€ and B € A is derived multilinearif f: X, @ B, — Y, is multilinear in €. J

Proposition 6.2.11 Given a multilinear map f € S¢[X, B; Y] and anld-relative derived modular
functor F: C — D, the map s[f]: &»[FX, B; FY] is also multilinear.

Proor Follows by instantiating the associativity axiom of derived modular functors with the
multilinearity laws. O

The last two sections introduced derived monoidal categories and associated notions, giving a
general enough definition of strength to encompass context extension and therefore signature
endofunctors to be discussed in Section 10.2.3. We next investigate liftings and elevators in
the categories discussed.

6.3 LIFTINGS IN DERIVED MODULAR CATEGORIES

The 2-category DerMod is quite intricate, so it is worth spelling out some important construc-
tions explicitly: namely, liftings and distributive laws, as introduced in Chapter 3. Since the
familial model employs a variety of functors and strengths, some derived, some representable,
some lifted, etc., having a clean framework to compare and relate them will be useful.

Given two endo-1-cells in the category DerMod of derived modules and strong functors

(K, F): (A|\7,(?|g) — (ﬂ|v,€|5) (L,G): (B|W,D|g) — ('B|W,D|§)

an elevator between them is a 1-cell (N,H): (Av,Ce) — (Byw,Djy) and a 2-cell
(k,¢): (L,G) o (N,H) = (N, H) o (K, F). Explicitly, we have functors with operators

s [=]: Se[X,B; Y] — Se[FX,KB;FY]
s9H[=]: So[X,B;Y] — 8, [GX, LB; GY]
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s™N[-]: Se[X,B; Y] > Sp[HX, NB;HY]

a derived monoidal natural transformation k: LN = NK: Ay — Bw, and a natural trans-
formation ¢: GH = HF: C — D satisfying, for all h € §.[X,B; Y],

SOH [N [h]]

GHX, © LNB, GHY,,

¢_x9'<_sl lﬂ

HFX, © NKB HFY,,

Restriction of modular functors along monoidal transformations has its derived analogue:
given (L, F): (A, Ce) — (Bw, Dj5) and a derived monoidal transformation ¢: K = L,
we can construct a 1-cell (K, ¢*(L, F)) with F: € — D and an K-relative strength operator

FL— S »@B;
=] So[X, B Y] b s, [PX, LB; Fy] 220

8o [FX,KB; FY]

The following lemma concerns the interaction of elevators in DerMod and restrictions of 1-
cells along natural transformations.

Lemma 6.3.1 For derived monoidal transformations a: K’ = K and p: L’ = L, an eleva-
tor (N, H), (¢,¢")) from (K, F) to (L,G) in DerMod extends to one from a*(K,F) to f*(L,G)
provided ¢ : LN = NK lifts to ¢’: L'N = NK’ withp o fN = Na o ¢’.

Proor Take an elevator in DerMod, consisting of a derived monoidal transformation
¢: LM = MK and a natural transformation ¢: GH = HF satisfying the square above.
Assume further that there is a ¢’: LN = NK’ such that

BN
L'N — LN

v Je

NK WNK

We construct the elevator *(L,G) o (N,H) = (N, H) o a*(K, F) with the derived monoidal
transformation ¢’: L'N = NK’: Ay — B)w, and natural transformation ¢: GH = HF
satisfying the strength-preservation condition

, id@[h SOL[ s [h]]
GHX, © NB, — GHX, 6 LNB,' —— GHY

<0_x®<ﬁ_éj w_x%[ JQ’Y

HFX, © NK'B, HFX, © NKB, s HFY i

e
idoNag

Example 6.3.2. Given a derived monoidal transformation 7: Id = K, a K-relative derived
strength s"%: §.[X, B; Y] — &5 [FX, KB; FY] can be restricted to an Id-relative strength from
(A, Ce) to (Ay, Di5):
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n*(sfgf;): Se[X,B; Y] — S»|[FX,B; FY]

]

With the framework of derived modular categories and liftings now set up, the main theorem
of this section is straightforward.

Theorem 6.3.3

Given Id-relative derived module endofunctors F: Cjg — Cj¢ and G: Dig — Dy, if there
is a lifting (N,H): (A, Cje) — (Byw, Dj5) from F to G, then every derived F-linear map
h € Sq[X, B; Y] becomes a derived G-linear map s"~[h] € §,[HX, NB; HY].

Proor Take endofunctors F: € — Cand G: D — D with strength operators
s'[=]: Se[X,B; Y] — Se[FX,B;FY]  s°[-]: 85X, B; Y] — 85[GX, B;GY]

and a lifting (N, H): (Ajy, Cie) — (Bjw, D|5) with a derived monoidal functor N: A — B, a
functor H: € — D with strength operator

s™N[-]: Se[X,B; Y] > Sp[HX, NB;HY]

and a natural transformation ¢: GH = HF: C — D. Let (X, x), (Y,y) € Cbe F-algebras and
h € 8:[X,B; Y] an F-linear map. We show that s""[h] € &, [HX, NB; FY] is a G-linear map.
The G-algebra structure on HX and HY is given by the elevator GH = HF, and the linearity
condition is stated as follows:

sO[s"™A]]

GHX, © NB, GHY,,
qJ_X@idl l&
HFX,D S @B W’ I‘IFYD
&@idl lfﬂ
HX, © NB, HY,

sV [h]

The bottom rectangle is the application of s*"[—] to the F-linearity axiom for h, and using the
naturality of the strength operator to extract the algebra applications. The top rectangle is the
strength-preservation condition of the elevator ¢. O

Corollary 6.3.4 For Id-relative derived module endofunctors F: Cjg — Cj¢ and G: Djg — D)5,
if there is a lifting (N, H): (Ay, Cie) — (Byw, Djg) from F to G, then H: € — D maps derived
F-modules over M € A to derived G-modules over NM € B.

Proor From Proposition 6.2.8 we know that (N, H) preserves derived modules, mapping
(X, f € Se[X,M;X]) to (HX,s"N[f] € &[HX,NM;HX]). The G-algebra structure com-
posed as GHX — HFX — FX is compatible with the module structure by Theorem 6.3.3. O

As every derived monoidal category Ay is a derived modular category over itself, the following
lifting result of derived F-monoids follows from the preceding corollary.
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Corollary 6.3.5 Given Id-relative module endofunctors F: Ay — Ay and G: Bjw — Bjw
(modular over Apy and By, respectively), if there is a derived monoidal lifting H: Ay — Bw
from F to G, then H: A — B maps derived F-monoids M € A to derived G-monoids HM € B.

These lifting results will be used in the next section to show that algebraic monoids in
presheaves map to algebraic monoids in families, establishing one half of the equivalence of
syntactic models in presheaves and families.

Having singled out our categorical setting — the total category of derived modules, functors,
and natural transformations — we will turn to an orthogonal categorical tool for constructing
and relating skew-monoidal categories.






CHAPTER 7

Warped constructions

Our mathematical theory involves monoidal structures across several categories, and relating
them formally is one of our main undertakings. A useful categorical tool for this is a warping,
introduced by Booker and Street (2013) as the minimal structure needed on a functor F: V — V
to make A ® B = FA ® B a tensor product, and thereby transport monoidal structure across
categories. Lack and Street generalised this concept to skew-monoidal categories (Lack and
Street, 2012b), and then to actions thereof (Lack and Street, 2015). In Section 7.1, we recap the
definition and main constructions in the monoidal case, then adapt the notion to the closed
setting, proving an equivalence result between warpings along adjoint functors. We finally
analyse the liftings of categorical structures across warping functors in Section 7.2, justify-
ing the lifting properties we rely on when adapting properties of presheaves to properties of
families and co/algebras.

7.1 SKEW WARPINGS

We recall the definition of a skew-monoidal warping from Lack and Street (2012°) and define
closed warpings, followed by a discussion of adjoint warpings and their equivalence.

7.1.1 Monoidal warpings

In this section, we let (V, I, ®) be a skew-monoidal category and (C, ©: VX € — C) a skew left
V-modular category.

Definition 7.1.1 A skew-monoidal warping over (C,®) consists of

« afunctor F: C -V
« an object ] € C
« amorphismo: FJf - 1€V

+ anatural family of maps kx: X - FX 9 J: € — C

a natural family of maps pxy: F(FX QYY) > FXQFY: CXxC—V
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satisfying the following axioms:

FX — 2 L FX@®I

Fkxl Tid@v

F(FX® J) —— FX®F]

J =]

3 [

FXoY —% | px o (FY o)

®
krxoy l T Apx ry,)

FFXOY) O] o= (FX®FY) © ]

0®FY

F(FJoY) 25 FJeFy 222 19 FY
F(U®Y)l l/lfy
FIOY) — FY

Prxsyv.z

F(F(FX O Y) ® Z)
F(Px,y®2)l
F(FX ® FY) © Z)

)
F “Fx,ry,zl

F(FXQY)®FZ
lpx,y®FZ
(FX®FY)Q®FZ

®
l Apx Y Fz

F(FX © (FY © Z)) 57— FX® F(FY © 2) > FX ® (FY ® FZ)

The main application is transporting the skew-monoidal structure of V along F to one on C.

Theorem 7.1.2 (Booker and Street (2013, Prop. 25), Lack and Street (2012, Prop. 3.6))

For a skew warping (J € C,F: € — V) over (C,Q), C can be equipped with another skew-
monoidal structure with tensorX ® Y = FX O Y: € X C — C and unit J € C.

Proor First, the structural transformations:

Ay
o The left unitor A2: J®@Y - YisF/OY — QY —— Y

« The right unitor p: X > X @® Jis ky: X - FX O J;

« The associator ag, ,: (X@Y)®Z > X® (YD Z)is

px yOZ

FXFYZ

F(FXQY) o Z 25 (FX® FY) 0 Z 2% FX © (FY © 2)

We construct the coherence diagrams for a skew-monoidal category as follows.

FXoY FX®Y

J=——=] m Tid@li’
k]l P,@ FhyoY (FX®D Y —— FXo (I97Y)
Fio] —— 18] T(id@v)@Y Tm(v@n

F(FX®])®Y—>(FX®F])®Y—>FX®(F]®Y)

Apx Fry
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F]FYZ

FFEIoY) oz (FJeFY) 0 Z ¥ F] o (FY © 2)
idoky
(u®FY)®Zl FXoY 5 FX © (FY © ))
F(ooY)SZ (I®FY)S Z void kwl T“?mf
Amzl X F(FX®Y)o ] — (FX®FY) o J
PxySJ
F(I@Y)@ZWFY@Z s I®(FY®Z)
F(F(FW @ X) 9 Y) © Z"x5 voxr§Z (F(FW © X)® FY) © Z ””“W”F(FW ©X) O (FY® Z)
F(pwxSY)SZ (pwx®id)oZ pwxOid
F(FW®FX)QY)o Z (FW® FX) ® FY) © Z —— (FW®FX) ® (FY © Z)

S
aFWJ-‘X,FY@Z

T pxrr©Z FW © (FX © (FY © Z))

S 3 S
FaFW,FX,Y ®Z 1d® aFX,FY,Z

(FW® (FX®FY)) © Z —— FW © ((FX ® FY) © Z)

aFW FX®FY,Z

(id®pxy)SOZ ido(pxyOZ)

F(FW © (FXOY)) O Z ;— (FW®F(FX O Y)) 9 Z —— FW © (F(FX 9 Y) ® Z)

aFW F(FX®Y),Z

We furthermore have that F: ¢ — V lifts to a skew oplax monoidal functor (C, J,®) —
(V, I, ®) with unit morphism v: FJ — I and multiplication pyx,: F(X®Y) - FX® FY. O

Example 7.1.3. The mixed substitution action (-) © (=): F x N — N of the skew-monoidal
(in fact, mon01dal) FonN may be turned into a tensor product using the free presheaf functor
#: N — [ which - as we will show later - has the structure of a warping. The N-tensor
X@®Y = X O Y is isomorphic to the definition we have been using thus far by Yoneda:

/mEN Zxkx ><(Y)’”~Zka(Y)

keN keN ]

7.1.2 Closed warpings

The notion of a warping for skew-closed categories has not appeared in literature before, but
it can be easily reverse-engineered from the motivating theorem: given a functor G: V — €
and object J € C for a skew-closed category (V, I, [—, =]) and a left skew V-modular category
(C,(—,=): C? X C — V), what extra structure and properties are required to make € with unit
J and hom G(—,=): C® X € — C a skew-closed category?

Definition 7.1.4 A skew-closed warping over (C, (-, =)) consists of

« afunctorG: V — C

« an object J € C
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« amorphismu: ] - Gl € C
« a natural family of maps Ix: G{J,X) - X: € — C
« a natural family of maps q,5: G[A, B] = G(GA,GB): V* XV — C

satisfying the following axioms:

Gil)

G[L, B] GB . o
| & / \
G(GL GB) r—= G(J.GB) GlA, G(GA,GA)
J=—1 6(v.2) —52 . GG, 1), U, 2))
”l Tlf G(ly,Z)l lq<j,Y>,<].z>
O =5 GU. D G(GU. V). 2) oo GLGULY).GU.2))
G[B,C] fnc G(GB, GC) Olesec G[(GA, GB), (GA, GC))]
GLY. l l 4(GA.6B).(GAGC)
G[[A B], [A.C]] G(G(GA, GB), G{GA, GC))
Guasiiac) l lG<qA,B,id>
G(G[A, B], G[A, C]) G(G[A, B], G{GA, GC))

G(id,qac)

As intended, the main transport property is an easy consequence of the axioms.

Theorem 7.1.5
For a skew-closed warping (G: V — C,] € C) over (C,(—,=)), C can be equipped with
another skew-closed structure with internal hom [X, Y] £ G(X,Y) and unit J € C.

Proor First, the structural transformations:

GJY

« The left unitorj[[]]-] — [X,X] is ] —— GI
« The right unitor il : [J,X] — X is Iy: G(J,X) — X;
« The compositor L[[]]Z [Y,Z] - [[X. Y], [X, Z]] is

G(X,X);

<>X

GL)
G(Y,Zy —5 G[{X,Y), (X, Z)] —=

(XY)(XZ>

G(G(X,Y),G(X, Z))

We construct the coherence diagrams for a skew-closed category as follows:

G(Y,Z) J GI(J.Y), (J.Z)] J — GT %, G(G(X, Y), G(X, Y))
G{ly,Z) l l qux.2) Giy l o ~ TG Gex 1)
G(G(J,Y),Z) «—— G(G(J,Y),G(J,Z)) G(Y,Y) G[(X, V), (X,Y)]

G(id, L)

Y)Y
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G(X.Y) — G(X,Y)
J=—— oy | g T
”l Tl] G[(X, X), (X, Y)] S G[L(X.Y)] G(J.G(X,Y))
GI o G{.J) q<X~X>~<X~Y>l m [G(u,id)

G(G(X, X),G(X,Y))

G(GL, G(X, Y))

G{Gloid)
G(Y, Z) O G[(X,Y), (X, Z)] oo G(G(X, Y), G(X, Z))
GlALY] G(idGL}})
o GLOG Y, [(W, X, (W, 2)]] s GUG X, Y, GLOW, X, (W, 2)])
Gl
GLW, Y), (W, 2)] ——s GLIW, X), (W, V)], [(W, X), (W, 2)]]

(W.1).(w.2) G(GL}y.id)

dw.y)(w.z) W X)W LIWX)(W.2)]

G(G(W,Y),G(W, Z)) G(G[(W,X), (W, Y)],G[{W, X), (W, Z)]) G(id.qow x).w.2))

{)G(W.X)
GLG(W,V),G<W,7>

GI{G(W,X),G(W,Y)),(G(W, X),G(W, Z))]

G(id,qqwx).w.2))

G(G(W.X).G(W.Y))(G(W.X).G(W.Z))

G(G(G(W,X),G(W,Y)), G(G(W,X),G(W, Z))) G(G(X,Y),G(G(W, X),G(W, Z)))

G{quwa.awrid) G(GL)}Y,id)

G(G[(W, X), (W, )], G(G(W, X),G(W, Z)))

7.1.3 Adjoint warpings

Since the functors for monoidal and closed warpings go in opposite directions, it is worth
investigating the interaction between warpings on adjoint functors. Indeed, we find that the
monoidal and closed warping structures are equivalent.

Theorem 7.1.6

Suppose we have an adjunction F 4+ G: C — V for (V,I,®, [—,=]) skew-monoidal closed

and (C, S, (—, =)) a left skew-monoidal closed action. Then, F is a skew-monoidal warping

).

over ® if and only if G is a skew-closed warping over (—,

Proor See the Appendix on page 331. O

Corollary 7.1.7 Given an adjoint warping F 4 G: C — V, the skew left V-modular category C
inherits the skew-monoidal closed structure of V.

Proor Above we showed that skew-monoidal closed warpings can be used to equip the
category C with atensor X @ Y 2 FX © Y, and a hom [X,Y] 2 G(X,Y), both with unit
J = GI. To show that the category is then skew-monoidal closed, it is sufficient to establish
the tensor-hom adjunction (=) @ Y 4 [Y, =] - but it is merely a composition of the adjunction
(=)o Y4(Y,=)and F 4 G. m|
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The following theorem gives an efficient way of inducing adjoint warpings and will be appli-
cable in the case of our adjoint modalities in Section 9.3.2.

Theorem 7.1.8

For an adjoint triple FA G 4 H: C = V, if G: V — C is a strong V°-modular functor, then
F and G form adjoint warpings.

Proor See the Appendix on page 338. O

The lemma above uses an adjoint triple as it offers a streamlined construction of the warping,
and is the situation we will encounter in Section 9.3.2; however, the existence of a right adjoint
to G is not essential for the result.

Example 7.1.9. The free-forgetful-cofree adjunction @ + * 4 W satisfies x(P® Q) = P © *Q so
induces an adjoint warping between € and x, with the skew-monoidal closed structure on N
givenby X @Y £ X © Y and [[X, Y] £ x(X, Y). 4

Adjoint warpings can be induced with the minimal assumption of the right/middle adjoint
being a strong modular functor, allowing us to transport skew-monoidal closed structure on
a category to one on its modular category. The skew-monoidal closed substitution structure
on families is induced in this way from the analogous (but stronger) structure on presheaves.
We next investigate the interaction between co/monads induced by the adjunction and the
respective skew-monoidal closed structures, and establish some equivalence results in the case
that the warping G is monadic.

7.2 WARPED ADJOINT TRIPLES

The adjoint situation discussed in the previous section and assumed throughout this section -
namely, an adjoint triple F 4 G 4 H: € — V, with G a strong V°-modular functor — provides
rich opportunities for studying the interaction of the induced skew-monoidal closed structure
on C with functors thereon and objects within.

7.2.1 Warpings and co/monads

The adjoint triple F 4 G 4 H with A © GB = G(A ® B) induces a skew-monoidal closed
structure (@, [-,=]) on €, as well as an adjoint monad-comonad pair T 4 C: € — C, with
T = GF and C = GH. In this section we analyse co/algebras for these in C, relating them
to the modules over J. To strengthen the results, assume further that V is right-normal, i.e.
p,c A= A®Iandi,: [I,A] = A are isomorphisms.

As is the case in any skew-monoidal category, every monoid M € C gives rise to the monad
(=) ® M: C — @€ (Proposition 5.2.17). Modules over the unit J are of particular interest, as
they coincide with T-algebras and C-coalgebras.

Proposition 7.2.1 We have the following natural isomorphisms:

T=°y] lj=c
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Proor The natural isomorphism T = (—) @ J has components
TX =GFX =G(FX®I)=FXOGI=Xa]

Similarly,
CX = GHX = G[I, HX] = G(GL, X) =[], X] O

Naturally isomorphic functors have isomorphic categories of co/algebras.

Corollary 7.2.2 We have the following isomorphisms of categories:
T-Alg(C) = C° = Cll = C-Coalg(C)

This allows us to translate between results about categories of co/algebras and J-modules
(Section 5.2.1). For example, we know that X & (—): € — € lifts to J-modules, and therefore
to T-algebras: for a T-algebra (Y, y), X @ Y has T-algebra structure with

Xy X
TXeY)=XoY)e] “LXxeo(Yo))=XaTY —5 XaY
In the presence of the strength s,5: G(A ® B) = A © GB, this can be expanded in terms of ©:

FXFY

T(XEBY)-GF(X@Y) S, G(FX®FY) — S EX © GFY —, FX oY 2 X @Y

The internal hom [X, Y] has a canonical C-coalgebra structure, independent of whether X, Y
are coalgebras (that is, it is a skew left V!l-action [—, =]: C®? X € — V):

<X Y)

[X,Y] £ G(X,Y) %% GHG(X,Y) £ C[X,Y]

Of course, as we know from Section 5.2.3, these identities do not claim that T-Alg(C) is skew-
monoidal or C-Coalg(C) is skew-closed — the same issues with the T-algebra homomorphism
property of the right unitor X — X @®J apply, which requires us to show that TX — X — X&]
is the identity. We must therefore be careful not to assume that T-Alg(C) is monoidal, even
though both V and C are.

Example 7.2.3. The monoidal category of presheaves is in particular right-normal, with P =
P ® V. Thus, the monad ¢ and comonad O induced by the adjoint triple ¢ 4 % 4 B are
equivalent to the right I-module structure, with 0X = X @ I and 0X = [, X]. 4

We now consider the relationship between the functors that make up the adjoint triple, and
the induced warped monoidal closed structure.

Proposition 7.2.4 In the context of the adjoint warped triple F 4 G 4 H, F: C — V is an oplax
monoidal functor, and G: V — C is lax monoidal closed.

Proor The first part follows from the fact that F is a warping; the second part is a standard
result about adjoints to oplax monoidal functors, equipping G with monoidal structure

u: ] —=— GI
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G(TA®TB)

. GA® GB " GF(GA ® GB) % 3 G(FGA ® FGB) —=% G(A ® B)

Since the multiplication is defined in terms of m" which is itself derived from s, the composite
can be simplified to:

G(TA®B)

GA® GB — — G(FGA® B) —— G(A® B)

The lax closed structure of G is the warping
mS, £ qus: G[A B] — G(GA,GB) 2 [GA,GB]

which can be equivalently expressed in terms of the transpose isomorphism

[A 7g)

G[A, B] == G[A,HGB] —=> G(GA,GB) £ [GA,GB] O

Lemma 7.2.5 We have the following identities relating the isomorphisms of Proposition 7.2.1 and
the monoidal/closed transformations

mS, Gy
GA® ] —5 G(A®I) GA CGA
TGA ——— GA G[L,A] —— [J.GA]

Proor These follow from the expansion properties shown above.

G G”A

GA® ] G(A®I) GA CGA
SFGAI / GiHGA
’ G(TA®I)
G(FGA®) Gp, Gi, G[L HGA]
G[I,m4]
GpPrea / frea
TGA = GA G[IA] [J. GA] -

7.2.2 Monadic warpings

The adjunction F 4+ G: V — € induces the canonical comparison functor K: V — T-Alg(C),
mapping objects A € V to objects GA € C with T-algebra structure given by the counit (TGA =

GFGA) ST, GA. AsGis monoidal, it maps monoids in V to monoids in €, which themselves
are canonically T-algebras due to Proposition 5.2.35: every monoid N € C is invariant, and
the J-module structure is equivalently a T-algebra:

t:TN2N®J] —> NeN —-—> N

If an endofunctor X: € — C lifts to Q: V — V along G, any Q-monoid in V induces a -
monoid in € by G. In this section we identify the sufficient conditions for this mapping to
be invertible, establishing the equivalence of ¥-monoids in € and Q-monoids in V. In the
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presheaf and familial models, this will prove a precise alignment between models of second-
order syntax in families and presheaves (see Theorem 10.2.6).

Start by assuming that G: V — € is monadic, so the comparison functor K: V — T-Alg(C)
has a weak inverse L: T-Alg(C) — V. Assume further that the equivalence extends to pointed
categories I/V =~ J/@T (where CT abbreviates T-Alg(C)), with corresponding functors de-
noted K and L, respectively. We show that the equivalence extends to categories of algebraic
monoids using the framework of derived monoidal categories: the algebra/modular categories
CT or J/CT are not monoidal, but they embed into the skew-monoidal category € so monoidal
structure within may be indirectly connected to V.

Consider the situation below, where boldface symbols denote pointed variants of cate-
gories and functors (e.g. T = J/CT), €7 is derived monoidal with unit and multiplication pro-
functors €T (J, —) and PMLin(—, —; —), and 'V is skew-monoidal with unit and multiplication

profunctors V(I,—) and V(- ® —, —), where the pointed unit and tensor are I = (I,id) € I/V

and PO =P, 125101 2% pg0):

er =

v

C )

G

0. VDQ

Proposition 7.2.6 If L is a derived monoidal functor from €T|@ to V|y, the categories Mon(C)

and Mon(V) are equivalent.

Proor The mapping of monoids in V to monoids in € is performed by the skew-monoidal
functor G: V — G, which is the underlying functor of the comparison functor K: V — €I,
Conversely, let (N,n: I — N,u: N@® N — N) be a monoid in €, which is also a pointed
invariant monoid N € €T by Proposition 5.2.35 and the point : J — N, which is a pointed
algebra homomorphism n: J] — N. The multiplication of an invariant monoid is a pointed
multilinear map by Lemma 5.2.40, so N is a derived monoid object in €T. As L is derived
monoidal, it maps the derived monoid N € €T to the derived monoid LN € V by Propo-
sition 6.1.9. Its underlying object is L(N,a: N ® I — N) € V. The mappings form an
equivalence, as M € V —» GM € C — KM € el — LKM € V = M, and conversely
MeCwr (N,a) = Cl +— L(N,a) € Vi GL(N,a) € €= U(N,a) = N. |

To relate algebraic monoids, we need to make further assumptions on the signature endofunc-
tors : € — Cand Q: V — V. Given the forgetful functor €7 — C, we can define the right
CT-action ()& (=): €x €T - CasX &Y £ X @Y and consider € to be an Id-relative de-
rived €T|@—modular category, with profunctor §(X,Y;Z) = C(X @ Y, Z). A derived modular
endofunctor on C then has the strength operator s*[—]: C(X ® Y,Z) — C(EX @ Y, 2Z), with
the associativity law given in terms of pointed multilinear maps (as the modular category is
over €T ). Similarly, a V-modular functor Q: V — V with strength s2,: QA@B — Q(A®@B)

(for A® B £ A ® B) can be turned into a representable derived V-modular endofunctor,
with strength operator s°[—]: V(A @ B,C) — V(QA @ B,QC) that maps f: A®@ B — C

Q
Sa

to QA B —2 0(Ao B) —L ac.
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Theorem 7.2.7
If two unital endofunctors (3: C — C,p”: Id = %) and (Q: V — V,p%: Id = Q) form
I-cells and 2-cells in DerMod

(id, 7%): (1d,1d) = (14, %) : (€T}e, Cje) — (€T}e, Cje)
(id,l}g): (Id, Id) - (Id, Q): (Vw, VW) — (VW’ VW)

(K,G): (Vy,Viy) — (€T|@, Ce) is a strong elevator between them, and L: (‘ZT|@ — V) is
derived monoidal, then categories of Q-monoids in 'V and ~-monoids in C are equivalent.

Proor See the Appendix on page 340. O

The main value of the theorem is in giving confidence that the structure of second-order syntax
with algebraic structure can be equivalently represented both in presheaves (as understood
from the presheaf model) and families as well. Combined with the other core results of this
thesis — the initial algebra-lifting theorem, and the free ¥-monoid theorem - we obtain a full
and precise correspondence between the two models.

In the next chapter we move away from abstract skew-monoidal structure and introduce the
components of the familial model.



§ Summary of Part Il

This part of the thesis focused on skew-monoidal closed categories and
related notions, including modular categories, warpings, and derived
monoidal structure. Part Ill puts these pieces together to precisely ax-
iomatise the relationship between the presheaf and familial models, cul-
minating with the derivation of the free ¥-monoid structure for the
datatype of terms via initial-algebra semantics.






THE FAMILIAL MODEL

Parts | and Il established the abstract categorical groundwork: categories of alge-
bras, clones, skew-monoidal structures, and modular functors. With these in place,
Part Il turns to the familial model of second-order abstract syntax, grounding it in
the well-understood presheaf setting.

We begin in Chapter 8 with a review of presheaves over small categories, high-
lighting properties relevant to our model-theoretic framework. Since indexed fam-
ilies are presheaves on discrete categories, we then explore substitution from ab-
stract principles to its concrete realisation in Chapter 9. Chapter 10 introduces
the familial model proper, detailing the constructions and proofs used to recon-
struct the presheaf theory within this restricted setting. The culmination comes in
Chapter 11, where we derive the algebraic monoid structure of the initial syntactic
algebra and examine the second-order features of the resulting formalism.






CHAPTER 8

Presheaves

Though a simple concept on the surface, presheaves — or Set-valued functors — have a rich
and extensive theory that permeates the study of categories (Bunge, 1966; Reyes et al., 2004;
MacLane and Moerdijk, 2012). In this section we briefly recall some of the core constructions
on presheaves, covering their categorical structure and universal properties (Section 8.2), and
the notions of nerve and realisation that underlie the substitution structure in the subsequent
Section 8.3. Before that, we introduce a useful categorical tool for manipulating presheaves.

8.1 CALCULUS OF CATEGORIES

We review a powerful categorical formalism for defining constructions and presenting proofs
in an elegant, calculational manner: co/ends and their calculus. Kan extensions - a direct
application of co/ends — form the backbone of much of category theory and feature extensively
in our work as well. A detailed account of many concepts in this chapter is given by Loregian
(2021), so we restrict ourselves to the main definitions and results in order to fix the notation.

Definition 8.1.1 A covariant presheaf P on a small category C is a functor C — Set. The
category of covariant presheaves and natural transformations is denoted C = Set®.

A contravariant presheafis a functor C® — Set. The category of contravariant presheaves and
natural transformations is denoted C = Set®”. Both C and C are locally small for small C. .

Notation. In this and subsequent chapters, objects of the base category C will be written in
lowercase, and presheaves in uppercase. We also focus on covariant presheaves by default. .

Definition 8.1.2 The covariant Yoneda embedding is the functor ¥: C®» — C, mapping an
object a € C to the hom-functor C(a,—): C — Set. The contravariant Yoneda embedding is
the functor &: C — C, mapping b € C to C(—, b). a

Lemma 8.1.3 (Yoneda lemma) For any presheaves P: C and Q: C and objects a € C, we have
the natural isomorphisms

C(¥a P) = P(a) C(%a, Q) = Q(a)

Lemma 8.1.4 The Yoneda embedding is fully faithful: a = b iff fa = b € C iff ka = kb € C.
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8.1.1 Co/ends

Co/ends are both a generalisation and an instance of co/limits, defined in terms of dinatural
transformations, the appropriate notion of naturality for functors of mixed variance.

Definition 8.1.5 A dinatural transformation a: P = Q between functors P,Q: C* X C — D
(for C small and D locally small) is a family of morphisms

a*: P(a,a) » Q(a,a): C*xC —> D
such that for all f: a — b € C, the following hexagon commutes:

Paa) <L pb,a) 28 b b)

Qa,a) 5 Qba) 4= Qb))

_I

Since co/ends intend to generalise co/limits, we also have an analogue of co/cones as natural
transformations between a diagram and the constant functor.

Definition 8.1.6 A wedge of a mixed variance functor P: C® X C — D is a dinatural transfor-
mation Ay = P: C® X C — D from the constant functor Ay: C* X C - D =Au(, ) =A
which we may also simply write A. Dually, a cowedge is a dinatural transformation P = A.
The value A of the constant bivariant functor is called the apex of the co/wedge.

A morphism of co/wedges on the same functor P is a morphism of the apices that commutes
with the dinatural transformation; accordingly, co/wedges over P form a category. J

Definition 8.1.7 The end of a functor P: C*xC — D isits terminal wedge, with apex denoted
end(P) or /a <c P(a,a) and dinatural transformation 7: ( /a cc P(a,a)) =o P. The coend of P is
the terminal cowedge, with apex denoted coend(P) or / 4 P(a, a) and dinatural transforma-
tion @: P =0 (faec P(a, a)). a

The dinaturality and universality condition of co/ends can be pictured as follows: for any
co/wedge S of P with apex W, there is a unique co/wedge map h between it and the co/end.

W , P(a,b) 20, p(q,q)
\ a
[ Ple,) = P(a,a) P(b,b) —> [“CP(c,0)

,rb‘ [P(a,f)

P(b, b) W P(a, b)

The definition of co/ends is a mouthful and rather hard to unpack, but they admit several prop-
erties that allow us to calculate isomorphisms directly and in a satisfyingly elegant manner.
The practical benefit of this calculus of co/ends is that we rarely have to think about co/wedges,
apices, or even dinaturality in its full “hexagonal” form, instead turning proofs into symbolic,
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calculational arguments. We now lay out the essential elements of the co/end calculus with
brief proof sketches where instructive — for details, see Loregian (2021, Chapters 1-2).

Proposition 8.1.8 (Naturality) For F,G: C — D, the set of natural transformations F = G
can be expressed as:

DE(F,G) = / D(Fe, Ge)
ceC

Proposition 8.1.9 (Continuity) For P: C® X C — D:

D(a, [ - Plc.c)) = /

ce

D( [*“ P(c,c),b) = / D(P(c,c), b)

ceC

D(a,P(c,c))
(O

Proor Co/ends are co/limits and are therefore preserved/reversed by the hom-functor. O

Corollary 8.1.10 (Ninja Yoneda lemmas) For presheaves P € C and Qe C,

P= / C(c,—) = Pc Q= C(—,¢) = Qc
ceC ceC
ceC ceC
PE/ C(c,—) X Pc QE/ C(—-,¢) X Qc

Proor Expanding the RHS of the first isomorphism, we have
/ C(a,c) = Pc = / Set(C(a,c), Pc)
ceC ceC

and since ends are natural transformations this is isomorphic to the instance of the standard
Yoneda lemma

/ Set(C(a, c), Pc) = Set“(C(a, —),P) = Pa
ceC

To establish the second isomorphism, we reason via the isomorphism of the Yoneda embed-

dings: Set( [“““ C(c,d) x Pc, Y) = Set(Pd, Y).

ceC
Set(/ C(c,d) X Pc,Y) = / Set(C(c,d) X Pc,Y)
ceC

- / Set(C(c, d). Set(Pc, Y))
ceC
= Set(Pd,Y)

The following generalisations of products and functions interacts nicely with co/ends.

Definition 8.1.11 Given a co/complete category C, the power (resp. copower) of an object A € €
by a set X € Set is an object X h A € C (resp. X - A € @) satisfying for all B € C:

C(B,X t A) = Set(X, C(B,A)) C(X - A, B) = Set(X, C(A, B))
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Corollary 8.1.12 (Ninja Yoneda lemmas for co/powers) For F: C — D and K: C* — D, if
the relevant co/powers exist,

FE/ C(-,c) M Fc KE/ C(c,—) M Kc
ceC ceC

ceC ceC
FE/ C(c,—-) - Fc KE/ C(—,c)-Kc

Proor Take D € D and a € C, and calculate as follows:

@(D,/CC(a, c) M Fc) = / D(D,C(a,c) M Fc)

ceC

E/ Set(C(a,c), D(D, Fc))
ceC
= D(D, Fa)

By the isomorphism of the Yoneda embeddings, /C cc C(a,c) M Fc = Fa, as required. The ninja

ceC . .. .
Yoneda lemma for copowers Fa = / C(c, a) - Fc follows via a similar reasoning as above:

D(/E?c, a) -Fc,D) E/ D(C(c,a) - Fc,D) E/ Set(C(c,a), D(Fe,D)) = D(Fa,D) O

eC eC

Proposition 8.1.13 (Fubini Rule) ForP: C®* X CXxD* xD — &, when all relevant co/ends exist,

/ P(a,a,b,b) = / / P(a,a,b,b) / / P(a,a,b,b)
(a,b)eCxD aeC JbeD beD JacC

(a,b)eCxD aeC p beD beD pacC
/ P(a,a,b,b) = / / P(a,a,b,b) = / / P(a,a,b,b)

Proor See Loregian (2021, Theorem 1.3.1) and Loregian (2019). O

IR

Co/complete categories are always Set-co/powered, with

X A2 UA XhA= ﬂA

xeX xeX

The following identities could be computed through these definitions, but the alternative proof
showcases the convenience of the co/end calculus.

Corollary 8.1.14 For D copowered by Set, functors P: C*® X C — Set and Q: C* x C — D,
A B e D, X € Set, we have:

coend(P) M B = / P(c,c) h B X M end(Q) = / X M Q(cc)
ceC ceC
ceC ceC
coend(P) - A = / P(c,c) - A X - coend(Q) = / X -Q(c,c)

Proor By the Yoneda isomorphism, we have the following calculations:
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D(A, coend(P) h B) D(A, X h end(Q))
= Set(coend(P), D(A, B)) = Set(X, D(A, end(Q)))
~ / Set(P(c, c), D(A, B)) = / Set(X, D(A, Q(c,¢)))
ceC ceC
= / D(A, P(c,c) h B) = / D(A,X th Q(c,0))
ceC ceC
= @(A, /CGC P(e,c) M B) = D(A, /CECX M Q(c, c))
D(X - coend(Q), B)
D(coend(P) - A, B) = Set(X, D(coend(Q), B))

= Set(coend(P), D(A, B))
=~ / Set(P(c,c), D(A,B))
ceC

/ D(P(c, c) -A,B)
ceC

:D( /CGC P(c,c) -A,B)

> Set(X, / D(Q(c.0). B))
[_setlx. D@0 5)
/ D(X - Q(c,¢), B)
~® / X-0(c0), B)

[ IR
1% [l

8.1.2 Kan extensions

Kan extensions are often regarded as the “most universal” construction in category theory
— their constitutional role in the field is captured by the slogan “all concepts are Kan exten-
sions™: see Mac Lane (1971, Chapter IX), Riehl (2017, Chapter 6), Lehner (2014). Indeed, many
fundamental definitions in our theory will be expressible as a Kan extension, allowing us to
prove important results in highly abstract ways. We only recall the essential properties and
definitions used in the thesis, without trying to give a fully comprehensive account.

Notation. As before, we will continue to use blackboard letters A, B to denote small categories,
and calligraphic letters €, D locally small categories. 4

Definition 8.1.15 Given functors F: A — B and G: A — C, the left Kan extension of G along
F is the functor LanpG: B — C together with a unit n: G = LanpG o F satisfying the
following universality property: for any other extension (L: B — C,a: G = L o F), there
exists a unique natural transformation y: LanrG = L such that « = yF o n.

A—F B G —1 s LangG o F
|

N

C LoF

Dually, a right Kan extension of G along F is the functor RanpG: B — C together with a counit
¢: RanpG o F = G satisfying the following universality property: for any other extension
(R: B — C,f: Ro F = G), there exists a unique : R = RanyG such that f = ¢ o §F.
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A—L 53 LoF
‘ I
|
G Rang G 50F: p
y
C RanpG o F G y

£

Example 8.1.16. Co/limits are instances of Kan extensions of a functor G: A — € along the
canonical functor !: A — T into the terminal category (Mac Lane, 1971, Theorem X.7.1). .

We now assume that every functor A — C extends along F: A — B (which is the case if C is
co/complete), implying that Lany, Ranp : €* — C® are functorial.

Notation. We will also use the notation
o Ch 5P *:CP 5 and wmetse?

for the left Kan extension, precomposition, and right Kan extension functors, respectively,
omitting the subscripts if the base functor (F throughout this section) is clear from context. .
Theorem 8.1.17
The Kan extensions along F: A — B are two-sided adjoints of the precomposition functor
(=) o F = %;: CF — @A:

Lang 4 % 4 Rang

Proor The following hom-set isomorphism forall G: A - Cand L: B — C
€®(LanrG,L) = C*(G,L o F)

is nothing but the universal property of the left Kan extension: any candidate extension
(L: B —» Ca: G = LF) factors through the unit n: G = LanpG via a unique natural
transformation y: LanrG = L, giving the bijective correspondence above. The universal
property of the right Kan extension dually gives the isomorphism

B*R o F,G) = C®(R,RanrG)
which establish the required adjunctions. O

Proposition 8.1.18 Left/right adjoints preserve left/right Kan extensions: forL 4 R: € — D,
LoLangG = Lang (L o G) and RoRangG = Rang (R o G)

Proor LetL: C — D be left adjoint to R: D — C. We show that L oLanyG = Lanp (Lo G) (a
dual calculation showing the same for R) using the following calculation of adjoint transposes:
D3 (L o Lanr G, K) = € (Lanr G, RK)
= " (G, RKF)
= D" (LG, KF)
= D¥(Lang (LG), K)
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This theorem, along with uniqueness of adjoints, allows us to find a concrete formula to cal-
culate Kan extensions in terms of co/ends.

Theorem 8.1.19

Let F: A — B and G: A — C, with € cocomplete/complete. Then, the left/right Kan
extensions of G along F satisfy the isomorphism:

acA
LanyG = / B(Fa,-) - Ga RanpG = / B(—,Fa) h Ga
acA

Proor By Theorem 8.1.17, if LanrG or RanrG exist, they must be left/right adjoint to the
precomposition functor * — thus, we merely need to show that the co/end formulae above
satisfy the required hom-set isomorphisms. The proofs are elegant demonstrations of the con-
venience of the co/end calculus.

eB( / aEAB(Fa, —)-Ga,L) GB(R, / B~ Fa) Ga)

_ /MG /aeAB(m b) - Ga, Lb) /bEBG(Rb, /aGAB(b,Fa)rhGa)
= [ [ eman can L[ e n.ro hGo
= /b » / » Set(B(Fa,b),(Ga, Lb)) /b i, / " Set(B(b, Fa), C(Rb, Ga))

- B(b, Fa), C(RD,
= [ Sy SeECRD. 0G0 1) L, L, setnera. e a)
5/ Set” (B(FA, -), C(Ga, L-)) /ASetB(’B(—,FA),(?(R—,Ga))

—_—
IR

IR IR [l

N

acA

= / C(Ga, LFa) = / . C(RFa,Ga)
aceA ac

= YG,LoF) = BYRoF,G)

Since adjoints are unique up to isomorphism, we have that the co/end formulae are isomorphic
to the Kan extensions. m]

Remark. A nuance of the proof above is that Eq. (/NT) is applied over a locally small B, which
will technically result in a proper class of natural transformations, rather than a hom-set in
the functor category Set”. The application of the Yoneda lemma (for a functor B — Set, rather
than a locally small presheaf category) ensures that Set® (B(—, FA), €(R—, Ga)) is only as large
as a set, making the proof valid for this specific case. Mac Lane (1971, Sec. X.4) patches this
technicality by using the “sufficiently large category” Ens to contain the relevant hom-sets
and sets of natural transformations that appear in the proof. J

8.2 CATEGORICAL STRUCTURES

Presheaves carry over much of the categorical structure of sets through pointwise application,
and Yoneda serves as a fully faithful embedding of C* in the category C. Nevertheless, some
of the categorical structure of C is subtle and presheaf-specific.
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8.2.1 Bicartesian closure

For a small category C, the covariant presheaf category C is bicartesian closed. Products and
coproducts are given pointwise:

(PxQ)(a) = PaxQa € Set (P+Q)(a) = Pa+ Qa € Set

but presheaf exponentials need more thought.

Definition 8.2.1 The exponential of presheaves P, Q € Cis

(P> Q)(a) = E(fa XP,Q) = / Set(C(a, b) X Pb,Qb) = / Set(C(a,b),Pb = Qb)
beC beC 1
Notation. When dealing with presheaves over multiple categories, we will use the subscript
of the small base category to disambiguate where an operation is taken: e.g. we will write
P D¢ Q to denote the exponential of presheaves in C. 4

Presheaves are a particularly important categorical construction as they inherit the rich cat-
egorical structure of sets. They also satisfy the following important universal property, pre-
sented in a covariant form to match the rest of our presentation.

Theorem 8.2.2

Cis the free cocompletion of C*®: given any cocomplete category D and functorG: C* — D,
there is an essentially unique cocontinuous extension G#: C — D, exhibiting an equivalence
of categories D¢ and Cocont(C, D):

f —
C» — C

W e

D

Proor The extension G* is nothing but the left Kan extension along >f. This can be derived
by “wishful thinking”: if G* were to exist, it must be (1) cocontinuous and (2) satisfy G#o f = G.

By the ninja Yoneda lemma, every presheaf P can be expressed as P = f ceC Pc x C(c,—) or,
taking C as Set-copowered (with (X - P)(a) = X X P(a)), as the colimit of representables
P= /ce@ Pc - fc. Thus, the action of G* on a P € C can be calculated as:

GH(P) = G'i(/cEC Pe - Tc)
=~ /CEC Gﬁ(Pc - Xfc)

ceC
/ Pc - Gﬁ(fc)

ceC
= / Pc - Ge

ceC _
~ / C(*c,P) - Ge
= LansG(P)

IR
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Universality is guaranteed as G* = Lan(G is a left Kan extension, so is initial among all

. . . . . C
cocontinuous extensions of G. The intermediate representation GH(P) = / “““Pc - Ge - also
known as a realisation — will be used extensively in the next section. O

8.2.2 Monoidal closure

The bicartesian structure of presheaves is inherited from that of sets, often by pointwise in-
dexing (in the case of co/limits). In the case of a monoidal base category (C, e, i), presheaves
over it can also be equipped with an additional monoidal closed structure.

Definition 8.2.3 The Day convolution tensor product S: C x C — C is defined as the coend

a,beC
(P@Q)(c)é/ C(aeb,c) x Pax Qb
Definition 8.2.4 The Day convolution hom (=) — (=): C x C — C is defined as the end
(P~ Q@= [ Pb=0ash
beC |

The above is only one of two possible Day convolution structures that C can be equipped with,
the other one being on the reverse monoidal category (C, o', i):

a,beC

(P@Q)(c)é/ C(bea,c) X Pax Qb (Po—Q)(a)é/ Pb = Q(bea)

beC

Proposition 8.2.5 The two monoidal structures are isomorphic in the sense that:
PsQ=QoP C(P,Q — R) = C(Q,P - R)

Proor The first follows easily from commutativity of x and the Fubini rule:

a,beC
(P@Q)(c):/ C(aeb,c) X Pax Qb

I

a,beC
/ C(aeb,c) X Qb X Pa

[

b,acC
/ C(aeb,c) X Qb X Pa
=(Q e P)(c)

The second follows from the first using the tensor-hom adjunctions.
C(P.Q = R)=C(PoQ.R) =C(Q©P.R) = C(Q.P o= R) 0

The following standard result can be established by another set of co/end calculations; since
we have more than enough of those in this thesis, we refer the reader to e.g. Day (1970, Theo-
rem 3.3), Im and Kelly (1986, Proposition 4.1) and Loregian (2021, Proposition 6.2.1).
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Theorem 8.2.6

(6, Xfi,8, —) and (6, fi, ©, o—) are monoidal closed categories.

If the base category is symmetric monoidal, the two reverse structures are isomorphic; if C is
furthermore cocartesian, both convolution structures collapse to the pointwise cartesian one.

Proposition 8.2.7 The Day monoidal closed structure over a cocartesian category coincides with
the cartesian closed structure of presheaves.

Proor Assume (C, +, 1) is cocartesian, and consider the following calculations:

T(L)(a) =C(L,a) = {+} =T(a)

a,beC
(PocQ)(c) = / C(a+b,c) x Pax Qb

a,beC
~ / C(a,c) X C(b,c) X Pax Qb

acC beC
~ / C(a,c)xPax/ C(b,c) X Qb
= Pax Qa = (P X Q)(c)

Thus, *L = Tand P © Q = P X Q, so the two structures are isomorphic. By uniqueness
of adjoints, we also have that P o Q = P O Q. Moreover, since cocartesian categories are
symmetric, the reverse Day convolution structure is again isomorphic: P Q 2= P © Q = PxQ
andP o Q=Po-Q=P=(Q. O

This property shows that the Day convolution structure over rich enough base categories is
uninteresting — indeed, in the presheaf model, we work with presheaves over the free cocarte-
sian category [, so the Day structure on F is isomorphic to the cartesian closed one. This is
not the case in &, and our familial model will make extensive use of the Day internal hom in
favour of the family exponential.

The Day convolution satisfies its own universal property, enriching that of presheaves in
the case that the base category is monoidal (Im and Kelly, 1986).

Definition 8.2.8 A category C is monoidally cocomplete if it is monoidal, and the tensor prod-
uct is cocontinuous in both operands. 4

Lemma 8.2.9 For a category C co/powered over Set, with X,Y € Set and A, B € C, we have
(XXY)-A=X-(Y-A) (XxXY)MA=Xnh (YA

Proor By Yoneda, we have the following calculations:

C((X xY)-AB) C(C, (X xY) M A)
= Set(X x Y, C(A, B)) = Set(X X Y, C(X, A))
> Set(X, Set(Y, C(A, B))) = Set(X, Set(Y, C(X, A)))
= Set(X, C(Y - A, B)) = Set(X, C(X, Y th A))
= C(X - (Y-A),B) = C(C, X th (Y i A))
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Lemma 8.2.10 For (C, ®,I) monoidally cocomplete, X,Y € Set and A, B € C, we have the follow-
ing interchange law:

(XXY) - (A®B) = (X-A)® (Y - B)

Proor We use the fact that copowering by Set is the colimit X-A = [ [,y A soitis preserved
by the tensor ®. We calculate as follows:

(XXY) - (A®B)=X- (Y- (A® B))

~X-(A® (Y- B))
~(X-A)® (Y- B)

O
Theorem 8.2.11 (Im and Kelly (1986, Theorem 5.1))

C is the free monoidal cocompletion of a monoidal C®: given any monoidally cocom-
plete category D and a monoidal functor G: C* — D, there is a unique cocontinuous
monoidal extension G¥: C — D, exhibiting an equivalence of categories Mon(C*, D) and
MonCocont((ff, D).

Proor For a monoidal C*, C is equipped with a monoidal structure given by Day convolu-
tion (as the opposite of a strong/strict monoidal category is monoidal). This is monoidally co-
complete, since the convolution expands into a coend of cartesian products, X is cocontinuous
and colimits commute with coends. Given a monoidal G: C® — D for (C®, e, i) and (D, ®, J),
the obvious extension to <[~: is the cocontinuous G*: E — D as given in Theorem 8.2.2; it re-
mains to show that it is monoidal. The preservation of the unit G*(:fi) = J follows from the
ninja Yoneda lemma and unit-preservation of G itself:

aeC
Gﬁ(fi) = / f(i)(a) -Ga=Gi=]
We now prove that G*(P & Q) = G*P ® G*Q as follows:
ceC
GWP@Q)E / (PoQ)(c)-Ga

ceC a,beC

E/ (/ C"p(aOb,c)XPaXQb)-Ga
a,beC ceC

E/ / (C(c,a®b) x Pax Qb) -Ga

a,beC ceC
=~ / / C(c,a®b) - ((PaxQb)-Ga)

a,beC

= / (PaxQb)-G(aeb)
a,beC

= / (Pa x Qb) - (Ga ® Gb)

a,beC
= / (Pa-Ga) ® (Qb - Gb)
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. (/aeC . Ga) o ( beC Qb ' Gaz)

~ G*P @ G*Q

If G is lax monoidal, so is G* - the applications of monoidality above become one-way trans-
formations. The property dualises in the obvious way. O

We next consider some presheaf-specific constructions derived from the left Kan extension.

8.3 NERVES AND REALISATIONS

Combining Kan extensions with presheaves and the Yoneda embedding gives rise to functors
that have particularly simple expressions thanks to the co/end calculus, and they will form the
basis of the substitution tensor product and hom to be introduced in the next chapter.

Definition 8.3.1 Given a functor G: A”® — C, its left Kan extension along the Yoneda embed-
ding ¥: A® — A is called the realisation of G:

Reg £ LansG: A — C

Given a functor H: A® — B, the left Kan extension of the Yoneda embedding ¥: A* — A
along H will be called the nerve of H:

Nry £ Lang ¥: B — A

The two notions fit into a diagram as follows:

T < H
A® —— A A® —— B
%{ [rec \/}’ [
G f M
C A 4

Both concepts can be reduced to simpler expressions using the unfolding of the left extension
as a coend, assuming C is co/complete.

Proposition 8.3.2 The realisation and nerve functors satisfy the following isomorphisms, for
G: A®* - Cand H: A® — B:

aceA
Reg (P) = / Pa-Ga Nrys (b) = B(H-, b)

Proor Consider the following calculations, for P € K, beBanda e A:

) ILiec (1;) , Nrg (c)(b)
= an:;A( ) =Lang X(c)(a)
~ / A(Xfa,P) - Ga ~ /aeA B(Ha,c) X A(a,b)

acA
= / Pa - Ga = B(Ha,c)
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O

The following lemmas set out some calculational properties of nerves and realisations, based
on the expansions above.

Lemma 8.3.3 The realisation and the nerve of the Yoneda embedding *: A® — A is naturally
isomorphic to the identity:
Rey = Id = Nry: A - A

Proor Applying the isomorphisms above and the Yoneda lemmas, we have:
aeA .
RegP = / Pax ¥a = P = A(fa,P) = NrP ]
Lemma 8.3.4 The unit of the realisation of G: A® — C is an isomorphism:
Rego X =G

Proor A simple application of the Yoneda lemma of Eq. (J*-):

beA beA
Reg ((a)) = / +(@(b)-G = / A(ab) -G = G(a) -

Nerves and realisations are also adjoint functors, as established next.

Lemma 8.3.5 For functors H: A® — B and G: A® — €, morphisms LangyG(B) — C € C are
in natural bijection with natural transformations Nry B = NrgC:

¢(LangG(B),C) = (NrHB NrgC)

Proor Consider the following calculation:

¢(LangyG(B),C) = G(/ B(Ha,B) - Ga,C)

IR

/ C(B(Ha, B) - Ga,C)

IR

/ Set(B(Ha, B), €(Ga,C))
aeA

= A(B(H-,B),C(G-,0))

A(NI'HB, Nrg C) O
Corollary 8.3.6 The realisation and the nerve of a functor G: A® — C are adjoint:
Reg 4 Nrg: A — C

Proor The adjunction follows from the hom-set isomorphism constructed from the previous
two propositions. Take a presheaf P € A and an object C € €, and calculate as follows:

C(Reg (P),C) = C(LansG(P),C) = A(NrsP,NrgC) = A(P,NrsC) O
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Using the universal properties of presheaves, Day convolution, and the definition of realisa-
tions, we obtain the following result.

Proposition 8.3.7 For a cocartesian category C, a cartesian category D and cartesian functor
G: C*® — D, the realisation functor Reg : C — D is cartesian.

Proor The Day convolution over a cocartesian Category C reduces to the cartesian structure
on C (Proposition 8.2.7). Since Reg = LansG: C — D is the free monoidally cocontinuous
extension of G, by the universal property of the Day convolution (Theorem 8.2.11) it maps
the Day monoidal (i.e. cartesian) structure to the cartesian structure of D, preserved by the
cartesian G. i

Further properties of nerves and realisations are the topic of the next section, where we use
the universal properties to extract the substitution structure of presheaves through abstract
and indirect means, then decompose the proof into lower-level operations involving Nr and
Re to reconstruct it in the weaker setting of indexed families.



CHAPTER 9

Substitution

Substitution appears in many guises throughout mathematics: composition and grafting of
multicategories, species, opetopes and operads (Bergeron et al., 1997; Leinster, 2004; Fiore,
2005; Fiore et al., 2008; J. Kock et al., 2010), cut elimination in logic (Dyckhoff, 2015), clones in
universal algebra (Kerkhoff et al., 2014), and of course, substitution of presheaves in abstract
syntax (Fiore et al., 1999; Fiore, 2007; Power, 2007). For the purposes of formalisation, a core
contribution of the presheaf model is an algebraic characterisation of simultaneous substitu-
tion: rather than a singular operation, it is decomposed into the substitution monoidal struc-
ture on presheaves, and the multiplication operation of a monoid therewithin. Objects with
unevaluated substitutions can be manipulated directly and heterogeneously, enabling the def-
initions of algebraic models, parametrised initiality, etc. The practical strength of this perspec-
tive is perhaps best illustrated by how non-categorical implementations of intrinsically typed
syntax have, over time, independently rediscovered many of its core ideas — such as renaming,
substitution, parametrised traversal, and semantic models - as seen in the implementation-
driven work of McBride (2005), Benton et al. (2012), and Allais et al. (2021).

In this chapter we give three related accounts of simultaneous substitution for simply-
typed syntax. In Section 9.1, universal properties are used to equip the category of presheaves
over the free cocartesian category with a monoidal substitution structure. Section 9.2 rederives
this structure from weaker assumptions, using nerves, realisations, and the co/end calculus to
obtain a more general result over arbitrary small base categories, showing how the results
strengthen in the presence of (free) cocartesian structure. Section 9.3 shows how to build a
richer substitution structure even in the absence of cocartesian structure on the base category,
using an adjoint warping. Throughout, our goal is to identify the minimal assumptions on a
base category C that allow its presheaf category to support a sensible notion of substitution.

Examples in the previous sections used unsorted syntax with the categories N and F. To
encompass simply-typed syntax, we will have to consider objects indexed by a type. We fix a
set S of sorts and consider indexed categories C° as sorted. We also write objects of the coslice
category S/Cat as sorted categories J,: S — A, Ji: S — B, etc., with functors F: A — B
satistying F o J, = Jg.
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9.1 SUBSTITUTION THROUGH UNIVERSALITY

First presented is a high-level argument adapted from Trimble (2013), relying on universal
properties of cartesian extensions and monoidal cocompletions: if C is the free cocartesian
category on S, C* is strong monoidal closed. While an elegant line of “abstract nonsense”
reasoning, it rests on assumptions we aim to relax: namely, that C must be the free cocartesian
category on a set of sorts. After outlining the abstract argument, we dissect elements of the
proof and pinpoint where the properties of C and J are required, and explore how much of
the structure can be recovered without these assumptions. Suppose first that C is the free
cocartesian category over S, with inclusion J: § — C.

Theorem 9.1.1

For any co/complete category D, there is an equivalence D5 ~ CartCocont(C, D).

ProoF Since C is the free cocartesian category over S, we have the equivalence 1) D =~
Cart(C®, D) for the co/complete (in particular, cartesian) D. By the universal properties of
the presheaf construction (Theorem 8.2.2) and Day convolution (Theorem 8.2.11), the carte-
sian monoidal C*® embeds into the free monoidal cocompletion C, exhibiting the equivalence
Mon(C®», D) =~ MonCocont(E, D). However, as the Day convolution over cocartesian cat-
egories collapses to the cartesian structure on the presheaves (Proposition 8.2.7), the equiva-
lence strengthens to (2) Cart(C®, D) ~ CartCocont(C, D). Combining (1) and (2), we have the
equivalence between sorted co/complete categories D, and cartesian cocontinuous functors
CartCocont(@, D), as required. O

Explicitly, a sorted Q: D° is mapped first to the cartesian functor Q*: C* — D defined as

Q*(a) £ Ranjo Q(a) E/ C(Jr,a) h Q;

€S

which, in turn, maps to the cartesian cocontinuous functor (-) © Q: C — D, defined as

aeC
X@QéReQxE/ Xa-Q%(a)

where the realisation of a cartesian functor is cartesian by Proposition 8.3.7. In the opposite
direction, the transformations are simply pre-compositions with ¥ and J: a cartesian cocon-
tinuous functor G: C — D becomes a cartesian functor G o ¥: C* — D and then a functor
(or sorted D-object) Go o J*: S — D.

Corollary 9.1.2 The composition monoidal structure on cartesian cocontinuous functors induces
a strong monoidal structure on C.

Proor Instantiating D in the previous theorem with the co/complete presheaf category C
gives the equivalence
C® ~ CartCocont(C, C)

The endofunctor category is strict monoidal under the identity functor and composition, and
this transports across the equivalence to equip C° with a strong monoidal structure. O
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Explicitly, the unitis J = Id o X o J® = X o J, and the tensor (-) ® (=): CSx C* — C’is:

P ®Q = Regx oRepx o Fo JP
= Regx o P* o J®
EReQx oP

aeC
ETI—)/ P.(a) - Qa

The proof above extracts a unital and associative tensor product from an equivalence be-
tween the sorted presheaf category C° and the cartesian cocontinuous endofunctor category
CartCocont(C, C). Under the assumption that C is the free cocartesian category on S, the
theorem sets out the core categorical infrastructure of the presheaf model of abstract syntax:
d acts as the presheaf of variables, and ® as the substitution tensor. However, if C is not freely
cocartesian, or lacks cocartesian structure altogether, crucial elements of the proof collapse:
we lose access to universality conditions needed to establish equivalences and transport the
composition structure into a monoidal tensor product. This raises the central question: how
much can we weaken the assumptions on C while still recovering a workable notion of sub-
stitution, and what categorical structure on C* remains in such cases?

Somewhat surprisingly, a skew-monoidal structure persists even if C is merely an arbitrary
small category with sorting S — C. We now redevelop the proof of Corollary 9.1.2 from the
ground up, starting from minimal assumptions and building up structure until the proof of the
full strong monoidal structure is possible.

9.2 SUBSTITUTION FROM FIRST PRINCIPLES

The abstract proof above induces several important constructions by universality, and the con-
struction of the tensor product — transported from the strict monoidal category of endofunc-
tors — guarantees the monoidal structure to be strong. However, the weaker, skew-monoidal
structure arises quite naturally when defining the operations from scratch.

9.2.1 Skew-monoidal structure

Suppose C is a small category, D is a locally small category, and they’re sorted by J: § — C
and Q: S — D. The universal properties of the abstract proof may be weakened to extensions
without the invertibility condition, resulting in the following situation:

Cor ¢

AN = /N

(-)oQ

\\//
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Definition 9.2.1 The C-extension Q*<: C® — D of the small category C along J: S — C is
the right Kan extension Q*¢ = Ran o9 with counit Q%¢ o J* = Q:

Q%¢(q) = /SC°p(a,]T) hQ, = / C(Jr,a) h Q, J

TeS

Definition 9.2.2 The substitution operator (=) @° (=): C x D° — D is defined as:

aeC
(—) ©° Q £ Regxe Xo“Q=x / Xa-Q%a

with unit f(—) © Q = Q*c. The substitution action (=) O (=): C° x D5 — DS is

(X o Q)2 X, 0°Q 4
Definition 9.2.3 The substitution bracket | —,=]: (D%)" x D — C is defined as:

[P, —1° = Nryxc [P, Q1° = D(P*~, Q)
with unit ¥ = [P, Q*(-)]. The substitution enrichment (-, =)¢: (D%)” X D% — C* is then
(P97 = [2,2.1° 4
From Eq. (Re4Nr), the two operators and brackets form the adjunction for all Q € D*:
(-) 0“0 4 12=1C—>D (-)0°Q4(2=)°:C — D

The category superscripts will be omitted when clear from the context.
The operations above mirror some preservation properties of the underlying extensions,
as first suggested by Fiore and Turi (2001).

Proposition 9.2.4 ForallK: D — &, there is a canonical transformation K o Q* — (K o Q)*.

Proor The transformation K o Q* — (K o Q)* is the transpose derived from the counit of

the right Kan extension:
K 0 Q* — Ranje (K 0 Q)

Ke,
KoQ¥oJ» —— KoQ O
Corollary 9.2.5 IfL: D — £ is a left adjoint, we have the natural transformation
LIX0Q »>X0(LoQ):CxD° — &

Proor Left adjoints preserve left Kan extensions (Proposition 8.1.18), so

Prop.9.2.4
L(— ©® Q) =L oRegx = Repogx =P

Re(ro0)x == O (Lo Q) m|

Corollary 9.2.6 IfR: & — D is a right adjoint, there is a transformation | P, Q] — |R o P, RQ].
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Proor Assuming L 4 R: D — €&, the Yoneda embedding of L(X ©® P) — X © (L o P) from
Corollary 9.2.5 induces | L o P,Q] — | P, RQ] as

E(X O (LoP),Q) = E(L(X ©P),0)
C(X,|Lo?P,0]) — C(X, |P,RO])

from which we extract the required transformation as

12,01 22, |LoRoP,0] — [Ro P,RQ] 0

In the case that D is itself a presheaf category, we can turn the Yoneda embedding into a sorted
presheaf to stand for the unit.

Definition 9.2.7 The sorted presheaf of C-embeddings J© € C* is defined as
2t o 3a)=Cra) .

Note that the presheaf of embeddings is the nerve Nrje (a)(7) = C(J7, a) with swapped ar-
guments — this is also referred to as the restricted Yoneda embedding. The Yoneda lemma for
embeddings simplifies to

C@3,.Y) = / CC(]T, a) = Ya=Y(Jr)

and the extension Q*: C® — D is equivalently /res J,(-) M Q,.

Notation. The extension into a presheaf Q*: C® — D becomes a profunctor whose elements
0% (a)(b) € Set will be denoted a > b. 4

Lemma 9.2.8 We have a natural transformation ¥ = J*: C* — C.

Proor The reasoning is as follows, using Proposition 9.2.4 and the unit Id — Ranjop J:
= Fo (J7) - (o ]?) =4 0
We are ready to analyse the categorical properties of the substitution operator and bracket.
Lemma 9.2.9 We have the following natural transformations:
Ay:d0°Q— Q: D° - D py: X = (X0°9):C—C
Ayoy: (XO°Q)0°U — X0 (Q0°U): CxD¥x & — &

Proor For the first, we use the isomorphic unit of Regx (Lemma 8.3.4) and the counit of the
C-extension:

H®QéReonTo]"PgQXo]0p_>Q

For the second, we have, by Lemma 8.3.3 and Lemma 9.2.8:

Id=Rey > Reyx =(-) © 7
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The third is an instance of Corollary 9.2.5, with L = (=) ©” U = Reyx which is left adjoint to
Nryx and therefore preserves the operator ©:

(X 0° Q) @” U =Reyx (X 0° Q) = X 0 (Reyx 0 Q) =X 0° (2 0" U) O
Lemma 9.2.10 We have the following natural transformations:
Jo:d = (20D 5D i:[JY]°>Y:C—C
L) LP.R1" = (P, QP [PRIPT: @ x (€)" x € —> E

Proor The first is the adjoint transpose of 1,: § © Q — Q via (-) © Q 4 (Q, =). The second
is computed using the Yoneda embedding of p, and adjunction (-) ® Q 4 |9, =]:

C(X04,Y) > C(X.Y)
C(X.14.Y]) - C(X.Y)

The third is an instance of Corollary 9.2.6, with R = | P, —] right adjoint to (-) © P:
|_Q, R-l[E - |_NI'{P>< 0 Q, Nrox R-l[E = L(T, Q>D, |_'J), R-|D-|[E O

The transformations above are highly heterogeneous, but by instantiating D with C, the oper-
ators and the transformations obtain the shape of tensors, homs, and actions. We will make
the following notational distictions:

© 2 o :CxC°—>C [ =) 2 |-=]°(C)*xC—C
Q 2 oF° : 65 % 65 N 65 [_’ :] A <_’ :>C . (65)013 % 65 N 65
Despite minimal assumptions on C, the properties of the Kan extensions imply the following

(cf. Altenkirch et al. (2010, Theorem 4)):
Theorem 9.2.11

The category CS is skew-monoidal closed, with unit J € 65, tensor ®: CS x C° — C° and
hom [—,=]: (C%)* x C° — C°.

Corollary 9.2.12 The substitution operator @: C x C° — C and bracket [-,=): C°xC — C
make C a right monoidal closed C°-modular category.

Corollary 9.2.13 ForallD, the action O°: CSxD* — D and enrichment (—, =)?: (D¥)*xD°* —
C?® make D° a left monoidal closed C°-modular category.

Although we are ultimately looking for a skew-monoidal structure, the one derived purely
from Kan extensions will not be rich enough for our purposes. In the standard presheaf model,
C is instantiated with the free cocartesian category [F[S] on the set of sorts S, so the presheaf
of variables V,I' = F[S]([z],T) represents proof that 7 is in the context I'. In the familial
model, C is the discrete category S* of lists over S, and the embedding reduces to the family
N.I' = §*([],T), which is inhabited only whenI" = [7]. The extension, substitution tensor and
hom also behave in counterintuitive ways (see Section 9.3.2). Thus, some additional structure
on the homsets of C is desirable to model the membership relation appropriately.
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9.2.2 Strong monoidal structure

We obtain the classic presheaf model from the above theory by making C the free cocartesian
category over S. Corollary 9.1.2 proves that this directly leads to the monoidal structure on
the presheaf category C’ by the universal properties of extensions and Day convolution. Here
we spell out the details, showing how the constructions in the previous section strengthen
with the assumption that C is the free cocartesian category F[S] over the set of sorts S. The
freeness has several consequences:

+ The embedding [—]: S — F[S] is fully faithful: for all € S, there is exactly one renaming
rule F[S]([a], [a]).

« The embedding [-]: S — [F[S] is dense: the nerve Nrj_;: F[S] — Set® satisfies the full
faithfulness isomorphism Set’ (F[S]([-],T),F[S]([-],A)) = F[S](T,A), or equivalently,
Lan(_j [~]: F[S] is naturally isomorphic to Idss.

. For a cartesian category D, every Q € D has the free cartesian extension Q% : F[S]*® — D
satisfying QX(I'+A) = QX' x 9*A and Q*l¢l = .

Proposition 9.2.14 For all Q € D?, the substitution action (—) © Q: F[S] — D is cartesian.

Proor The extension Q*: F[S]® — D is cartesian, and (=) ® Q = Regx is cartesian by
Proposition 8.3.7. O

Corollary 9.2.15 The transformations of Proposition 9.2.4 and Corollary 9.2.5 strengthen to the
following isomorphisms, for K,L: D — & cartesian, and L a left adjoint.

Ko Q% = (KoQ)* L(-09) = (-) o (LoQ)

Proor Since (K 0 Q)*: F[S]® — & is the cartesian extension of K0 Q: § — &, it’s sufficient
to show that K o Q% is cartesian and factorises K o Q. The first is immediate from composition
of cartesian functors Q* and K; the latter holds since K o QX[=] = K o Q by above. The maps
in Corollary 9.2.5 become isomorphisms, establishing L(— ® Q) = (-) ©® (L 0 Q). O

Remark. The transformation | P, Q] — |R o P, RQ] is not invertible due to its derivation using
the counit L o R = Id. a

Lemma 9.2.16 We have the isomorphism §* = *f.

Proor As [—]: S — F[S] is dense, the opposite [—]*: S — F[S]® is codense, so its right
Kan extension along itself is the identity: Ranj_jop [-]® = Id. As (=)~ is a right Kan extension
along [—]*, we can calculate:

9% = (£o[-]")" = To (-] = 1

where X: F[S]® — F[S] is cartesian (turning coproducts in F[S] into products of hom-sets)
and therefore Corollary 9.2.15 applies. O

Corollary 9.2.17 The structure maps of Lemma 9.2.9 and i of Lemma 9.2.10 are invertible.
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Proor Thelemmas above allow us to turn the one-way maps in the definition of the structure
maps into isomorphisms. i

Thus, with our strengthened condition of F[S] being a free cocartesian category, we recover
the expected result, but having arrived at it from first principles.
Theorem 9.2.18

The categoryF [S]S over the free cocartesian category on S is strong monoidal closed, with unit
g €F[S], tensor®: F[S] xF[S]' — F[S]’, and hom [-,=]: (F[S]')* xF[S] — F[S] .

In the presheaf model, with [F[S] consisting of lists freely generated from a set of sorts S along
a dense and fully faithful J: S — F[S], and morphisms corresponding to arbitrary renamings
of elements of the list, the preconditions of the above result are satisfied. List concatenation
is the coproduct, with the injectionsI' — I' + A and A — I" + A representing weakening and
copairing of ' - ® and A — O to (I' + A) — O implemented by case-analysis on the input.

9.3 SUBSTITUTION THROUGH WARPING

In the previous section, we showed how skew-monoidal structure on a presheaf category
emerges from the definition of substitution operators and brackets (for any base category),
and how the unit, associator, and compositor become invertible under stronger assumptions
- specifically, when the base category is the free cocartesian category on a set of sorts. How-
ever, this richer structure is difficult to formalize: implementing the presheaf model directly
results in a computationally impractical system that requires numerous workarounds in a
dependently-typed setting. Conversely, the weaker skew-monoidal structure is too rigid to
model syntactic substitution, especially in its handling of contexts and renamings (see the end
of Section 9.2.1 and Section 9.3.2). If presheaves over a discrete category of contexts are too
weak to express key syntactic constructs (such as variables, renaming, and substitution), and
presheaves over the cocartesian category are too unwieldy to formalize constructively, we
must seek a middle ground: a lightweight theory of context-indexed families of sets with just
enough renaming structure to serve as a foundation for abstract syntax. The categorical tool
of adjoint warpings, introduced in Section 7.1, provides precisely this framework.

9.3.1 Adjoint modalities

Recall, from Theorem 8.1.17, the adjoint triple induced by a functor F: A — B between the
corresponding functor categories, with Lany 4 F* 4 Ranp: C* — €% denoted ® 4 * 4 m.
Suppose, to this end, that we have two small categories connected by a functor F: A — B,
where B will generally have a richer structure that A embeds into. The precomposition functor
* =F* =P PoF: B — A then acts as a forgetful functor that turns “richer” presheaves
into “simpler” ones. This process is adjoint to universal procedures of equipping an A-presheaf
with extra structure to admit functoriality over B: the left Kan extension Lany = 4 constructs
a free B-presheaf, while the right one Ranr = B the cofree B-presheaf.

We generalise our running example of naturals that embed into finite sets, with the em-
bedding n € N — [n] € F inducing the forgetful functor x: F — N. Let A be the discrete cat-
egory underlying B, so presheaves over A are merely sets indexed by objects with no inherent
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reindexing operation (as the hom-sets A(a, b) are inhabited only if a = b), and the forgetful
functor x: B — A maps a ‘proper” presheaf to its underlying indexed set. The extensions
®. m: A — B are the co/free ways of turning an indexed set into a B-presheaf that can be rein-
dexed along a morphism f € B(a,b): ¢Xf: €X(a) — ®X(b) and mXf: X (a) — WX (D).
The adjoint triple also induces an adjoint monad-comonad pair ¢ 4 O on A that we will be
using extensively.

Proposition 9.3.1 We have the following adjoint situation:

<o - m]
x, ; —
AP A
Fop = & 4 »|* 4 |m
B®Y e—u ﬁ
where the adjoint monad-comonad pair & 4 O: A— A is
OX =@®XoF: A — Set OX =mXoF: A — Set

Proor The adjoint triple on the right is an instance of Theorem 8.1.17, for € = Set. We also
need to show that

®0X =X oFP: A" — Set®

We take a € A and b € B, and calculate:
a’ eA
* (X a)(b) = / B(Fd',b) x X, (a)(a’)

a €A
= / B(Fa',b) x A(a,a’)

= B(Fa,b) = ,(Fa)(b) g

Being adjoints, the co/free functors and modalities satisfy various co/continuity properties.
This connection between the presheaf categories A and B is canonically induced by any
functor F: A — B, but it deepens in situations when F is an embedding in a more formal
sense: it is bijection on objects. From this condition (satisfied, for example, by our running
example of a discrete category embedding) we obtain an equivalent characterisation of a “rich”
B-presheaf as an object of A with additional co/algebra structure.
Theorem 9.3.2
IfF: A — B is bijective-on-objects, we have the following equivalence of categories:

o-Alg(A) ~ B ~ 0-Coalg(A)
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Proor We reason by showing that the precomposition functor *: B — A is co/monadic,
which gives us the required equivalences. Beck’s (1968) crude monadicity theorem says that
* is monadic if the following properties hold:

It has a left adjoint By assumption, we have the left Kan extension Lang : A — B.

It reflects isomorphisms Let ¢: P — Q be a morphism in B. We show that if *@: *P — xQ
is an isomorphism, then so is ¢. To this end, let y = x¢: PoF — QoFandy™': QoF — PoF
be the isomorphism in A, and define ¢~': Q — P for all b € B as follows:

o7 Qb = Q(Fa) > P(Fa) = Pb

where a = F~'b is unique since F is bijective-on-objects. Then, the inverse laws follow from
those of ¥/, as ¢, = ¥,' and ¢y = @rz = (*@)q = Y.

It preserves reflexive coequalisers x is left adjoint to Ranr so preserves colimits, including
reflexive coequalisers.

Comonadicity of x is established analogously: Ranp is the right adjoint, and Lang 4 % so %
also preserves limits, including reflexive equalisers. O

The theorem states that if F is a bijective-on-objects embedding of a simpler category A
into a richer B, then presheaves over B can be equivalently represented as ¢-algebras or O-
coalgebras in A, with natural transformations corresponding to co/algebra homomorphisms.
The key advantage of this representation is that it separates the object-level data from the
functorial action, expressing a rich presheaf as a simpler one equipped with extra structure.
In the extreme case where A is the discrete category underlying B, every presheaf P € B
is equivalent to its underlying indexed family X = {Pa},ca, along with an algebra structure
OX — X or a coalgebra structure X — 0OX. Framed this way, the result is intuitive: the
co/algebra structure encodes precisely the functorial action:

A(OX, X) A(X,0X)
E/Set((}Xa’,Xa’) = /Set(Xa,l:lXa)
a’eA acA
acA
E/Set(/ [B(Fa,Fa')xXa,Xa’) = /Set(Xa,/Set([B(Fa,Fa’),Xa’))
a’eA acA a’ €A

N

= / Set(B(Fa, Fa'), Set(Xa, Xa')) / Set(B(Fa, Fa'), Set(Xa, Xa'))
a,a’ €A a,a’ €A

and F is bijective-on-objects, any morphism B(b, b’) can be written as B(Fa, Fa’) for some
a,d € A, allowing us to functorially apply a B-morphism to any X € A. By developing the
theory in terms of co/algebras in A, we can precisely identify when a co/algebra structure
(i.e. functoriality) is necessary, and when a simple indexed family of sets suffices. This ap-
proach also improves computational tractability: rather than manipulating complex presheaf
constructions throughout, most of the formalisation relies on straightforward indexed sets,
with co/algebra structures introduced only where required.
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9.3.2 Warped substitution

The abstract theory of Section 9.2 shows that the definition of substitution operators equips the
category of presheaves C with skew-monoidal structure no matter what C is. For C = F[S],
the structure strengthens to a strong monoidal one, giving rise to the presheaf model with the
syntactically intuitive interpretation for the categorical structure: variables J_I' correspond to

the predicate 7 € I', T 2, A is a simultaneous substitution rule from variables in T to Q-terms
in A, and elements of the tensor (I',t,0) € (P ©® Q)(A) associate a term t € P(I') with a
substitution from I' to Q-terms in A. However, if we instantiate C with a discrete category
(such as the set of lists S, the discrete category underlying F[S]) the resulting notions of
“variables” and “substitution” are rather strange: J.T is only defined if T’ = [7], a substitution

rule T % A is a term Y:A if T = [7] and the singleton set {*} otherwise, and (X © Y)(A)
contains tuples ([7],t € X[7],s € Y;A) for T = [z], or (T, t € XT, ) if T' # [r]. Clearly, this is
very restrictive and wouldn’t be suitable for the representation of syntactic metatheory.

How do we bring this intuitive structure to the category of indexed families? Looking at the
internals of the monoidal structure proof laid out in Section 9.2.1, that the only place the base
category C appears in is the embedding J(a) = C(Jr,a), and, consequently, the extension
a>p= Q*c(a)(b) = fres J%(a) = Q.(b). Thatis, evenif Y € AS is merely an indexed family
of sets, the substitution Y*#(T')(A) = /res J°T = Y.A behaves in the expected way: mapping
variables 7 € T" to Y-terms Y,A. The choice of this category is determined by the first operand
of the substitution action (=) % (=): B® x A® — AS, which associates a B-presheaf with a
substitution that maps B-variables to A-presheaves. We can exploit this “mixed” operator (a
left action as given in Corollary 9.2.13) to construct an appropriate substitution tensor product
on AS: turn the first operand X into a B-presheaf, then apply the action ©° with another
sorted A-presheaf Y to obtain an indexed family that nevertheless behaves like a tensor of
B-presheaves. The crucial step here — turning a A-presheaf into a B presheaf — is precisely
the job of the free presheaf functor : AS — BS.

The story is similar for the substitution bracket and enrichment. The output category of
(=, =)¢ determines the base category of embeddings, so taking the enrichment of two sorted
A-presheaves with (=, =): (A%)® x AS — B°, then converting the output back into A® using
the forgetful functor x: B — A® would give us an internal hom on A®. Rather than verifying
that the tensor and hom thus obtained indeed make A’ into a skew-monoidal category, we
make use of the generic framework of adjoint warpings as developed in Section 7.1.3 where
all the hard work has already been done in the abstract.

Proposition 9.3.3 The functors ® 4 %: AS — B° form adjoint warpings over BS.

Proor The category B is skew-monoidal closed by Theorem 9.2.11 (also monoidal closed,
but we do not need this here) and ©: B*xA® — A° is a left B*-action. Applying Theorem 7.1.8
to

« the adjoint triple ¢ 4 % 4 B A* — B° constructed via Theorem 8.1.17;

« the strong B°-module functor *: BS — A, with isomorphism P © *Q = *(P? ® Q) by
Corollary 9.2.15
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gives us the required adjoint warping structure on € 4 %, along the way also inducing the
maps and isomorphisms

[P, Q] — (xP, *Q) (X,Y) — [mX,mY] (xP,Y) = [P, mY] O

Using Corollary 7.1.7, we transport the skew-monoidal closed structure of B onto AS.
Theorem 9.3.4

Given F: A — B, the category AS is skew-monoidal closed, with warped unit and operators

T2 %] XoYz(eX)o"Y X, Y] 2 x(XY)"

Though not part of the warping framework, the actions corresponding to the operators are
induced in a similar way.

Corollary 9.3.5 The unsorted versions of the operators constitute left CS-actions:
Xoyz (ex)o%Y [X, Y) £ %X, Y]°
Corollary 9.3.6 We have the isomorphisms of categories

J-RMod®(A) = ¢-Alg(A) = B = o-Coalg(A)

IR

J-RMod! (A)
Proor A combination of Theorem 9.3.2 and Corollary 7.2.2. O

When one operand of a presheaf operator is co/free, the underlying family of the tensor or
hom is equivalently given by a family operator.

Lemma 9.3.7 We have the following isomorphisms:
X @ (xQ) = x(X ® Q) [*xP, Y] = %[P,mY]

Proor We calculate as follows, using the definitions of the warped operators and the isomor-
phisms P © *Q = x(P ® Q) and (xP,Y) = [P, mY]

X (xQ) = (®X) O (xQ) = x(¢X ® Q) [*¥P, Y] = %(xP,Y) = x[P, mY] m|

The warped substitution operators give us the valuable abstract results of induced skew-
monoidal structure, but, still being defined in terms of the operations over @5, they are im-
practical: in the formalisation, we need to avoid referring to B-presheaves as they cannot be
captured exactly. The substitution structure of A-presheaves (which will simply be indexed
families of sets) may be defined more directly by a change-of-base-like construction.

9.3.3 Rebased substitution

In the setting of families, a more direct characterisation of substitution structure exists, which
can be shown to be equivalent to the one induced by warping. It directly captures the intu-
ition at the beginning of the chapter of working with A-presheaves, but taking the cartesian
extension in the richer base category of B. As before, fix a functor F: A — B.
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Definition 9.3.8 The rebased extension of a sorted object Q € D is defined as
Q*Xr £ Q%® o F?: A® — D

The rebased substitution operator (=) OF (=): A X D5 — Dis:

. acA
()" Q2 Regr : A =D (X OF Q)(b) = / Xa x/ B(Jur, Fa) = Q,(b)

TeS

and, correspondingly, the rebased substitution action (=) &F (=): AS x D — DS is:
(XoFQ),2X,0"Q

Similarly, we define the rebased substitution bracket |—,=]": (D*)® X D — A and enrichment
(=, =) (D)? x D° — AS:

19, Z1"(a) £ Nrox (Z)(a) = D(Q**(Fa), Z) (Q,2)f £192.1° 4

Remark. Note that if F were full and faithful, the mixed extension would collapse to the A-
extension:

B(F(Jur). Fa) M Y, = / AUz @) h Yr = P (a)

TeS

Y (Fa) = / B(Jsr, Fa) h Y, = /
TeS

T€S
In our case, F will be a discrete subcategory embedding, which is certainly not fully faithful. .

The rebased substitution operations are defined in terms of precomposition with F (same as

the forgetful functor x: B — A), conceptually simpler than the warping via the left Kan
extension . We can show that the two structures are nevertheless equivalent using some
lemmas concerning the adjoint triple ¢ 4 x 4 W, nerves, and realisations.

Lemma 9.3.9 ForP: C* — @, we have the isomorphisms

* o Rep = Reyop Nrp o B = Nr,.p

PROOF * is a left adjoint, so preserves the left Kan extension that defines Rep. The second
isomorphism is a right adjoint of the second: x + M and Rep 4 Nrp composes to the adjunction
* oRep 4 Nrp o B, and the latter is isomorphic to the unique right adjoint Nryop of Reyop. O

Lemma 9.3.10 For G: B® — D, we have the isomorphisms
Reg o @ = Regopor * o Nrg = Nrgopop

Proor We prove the second isomorphism; the first is its left adjoint. For C € C, we have
(% oNrg)(C) = C(G(F-),C) =C((G o F*)—,C) = Nrgoper (C) o
Proposition 9.3.11 The warped and the rebased substitution structures are equivalent:

XeyYy=Xxo'y [x, Y) =X Y]
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Proor The first isomorphism is an instance of Eq. (Re®), and the second is its right adjoint:
(-)eyze(- oY= Reyxs o @ = Reyxacpor = Reyxr = (-) oY O

Thus, the results for the warped substitution structure equivalently apply to the rebased one, so
the two can be used interchangeably in the theory. In practice, working with the rebased def-
initions is more amenable to formalisation, as it doesn’t assume the existence of the monoidal
structure on B°.

To summarise the results of this section, we use the warping induced by the adjoint triple
® 4 % 4 W to transport the monoidal-closed structure of B° to a skew-monoidal closed struc-
ture on A®, and a skew A’-module structure on A. The category of co/algebras on A for the
induced co/monad is then isomorphic to the categories of right modules, and the category of
B-presheaves B. The warped structure is equivalent to the one defined via rebasing along the
functor F, which is conceptually simpler and possible to formalise. This sets up the universe
of discourse for the familial model, to be discussed next.



CHAPTER 10

Discrete families

The theory of presheaves developed in the previous section will now be instantiated with a
specific base category of contexts and renamings, giving rise to the familial model for second-
order abstract syntax. We start by summarising the core definitions and fixing notation, then
step through many concepts introduced in previous chapters, concretising them in the setting
of sorted families of sets.

10.1T FAMILIES AS A MODEL OF SYNTAX

Before setting out to prove deeper results connecting families with presheaves, we first need
to set up our universe of discourse and justify our claim that indexed families of sets can serve
as a model of second-order abstract syntax. At the very least, this should involve the support
for variables, substitution, and algebraic structure over a signature. These are conveniently
packaged up in the notion of an algebraic monoid that we build towards in this section.

As we will be dealing with simply-sorted syntax, we fix a set of sorts S throughout this
chapter, with elements denoted «, 3, 7, etc. Unlike Arkor and Fiore (2020), we do not permit any
algebraic structure on the syntax of sorts itself, keeping them as opaque, unrelated elements
in the model; this is of course not to say that S won’t actually be generated from a simple
grammar of types.

10.1.1 Contexts and variables

Following the presheaf model and the principle of intrinsic typing and scoping, terms keep
track of their own sort and context: the set of all possible terms of the syntax is stratified by
sorts and typing contexts, distinguishing different terms by their indices.

Definition 10.1.1 The category of contexts F[S] is the free cocartesian category on the set of
sorts S. Explicitly, its objects are finite lists of sorts generated by the initial empty context ) and
the cons operator a - (=): F[S] — F[S] for all @ € S, and morphisms are arbitrary functions
between elements of the lists taken as finite sets. The coproduct of the free cocartesian category
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is the concatenation operator (=) + (=): F[S] X F[S] — F[S], defined recursively as

0+A=A
(a-T)+AZza-(T+A)

The singleton list containing @ € S will be denoted [«]. The discrete contexts over S is the
discrete category underlying F[S], denoted S™. 4

As F[S] is freely generated, every object is either the initial object 0, or of the form o - I' =
[a] + T with coproduct structure

NeWer Idal"
[a] —% [a] +T —L T

Definition 10.1.2 From now on, we will call the category of presheaves the presheaf category
PSh = ’TSd], and the category of families the discrete presheaf category Fam £ §* consisting
of list-indexed families of sets and indexed functions between them (since naturality is trivial
over discrete categories). Sorted presheaves and sorted families are further indexed by the set
of sorts S, and denoted PSh, = (F[S])S and Fam; = (5*)S. In either case, the forgetful functor

induced by precomposing with the canonical injection S* — [F[S] is denoted x: PSh — Fam.

_I

Notation. Sorted objects will be written using calligraphic font: P, Q for sorted presheaves,
X, Y for sorted families. If it is unambiguous, functors and operators on sorted categories will
not be distinguished from unsorted versions: for example, (P X Q), = P, X Q. a

Definition 10.1.3 The presheaf of variables'V € PShg and family of indices J € Famg are given
forall € S as:
Vo = F

s L] J= %V 4
As contexts have an inductive structure, so do variables: they can only live in nonempty con-
texts - I', and correspond to a left injection new at the appropriate sort followed by a finite
number of right injections old. For example, given the context [a, f, y, 8], the third variable of

sort y corresponds to the composite of the following injections:

newy s oldg e oldg g1

Vyla, By, 61 = F[SI([y]. [ By, 6]) = [y] —= [1.6] —— [B.v.0] —— [ p.y. 4]

Thus, we can pattern-match on a variable v € V (a - I') as being either new,; € V,(a - I')
or old,;(u) € Vo(a-T) forau € V. (I'). As we will next see, morphisms in F[S] may be
equivalently characterised by sort-preserving mappings of indices.

10.1.2 Substitution structure

The substitution structure of families can formally be constructed from that of presheaves as
laid out in Chapter 9. We build up the definitions from bottom up, indicating where they
appear in the abstract development.

Traversal rules derive from cartesian extensions of presheaves (Definition 9.2.1), equiva-
lently represented by a tuple of X-terms in A with the sorts taken in T, or a sort-preserving
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mapping of variables in I" to X-terms in A.
Definition 10.1.4 The I'-wise product of a sorted family X is defined as:
0T 2 |
ael
At a context A, this is equivalently the function space
0T (A) = ]_[ 7,T — XA
a€s

since membership in T is captured by the inhabitance of the variable presheaf V,I' = F([a],T)
with J as its underlying family, which is nonempty only when & appears in I'. The set X*I'(A)

will be denoted T <> A and generally called a traversal rule from T to A. J
Associating a term with a traversal rule (either as a tuple, or a dependence relationship) gives
rise to the skew-monoidal closed structure of families. The definitions instantiate the rebased

substitution operations from Section 9.3.3, which are equivalent to the structure induced by
the adjoint warping € - *:

Definition 10.1.5 The substitution action and substitution tensor product are defined as

(=) © (=): Fam x Famg — Fam (=) ® (=): Famg X Famg — Famy
Xey)(n) 2 ) XMxIrba  (XeY, XY
TeS*

The substitution powering and substitution hom are defined as

[-, =): Famg X Fam — Fam [-, =] : Famg’ x Famy; — Fam;
[X @ = [ [r5a-90)  [6Y] 2 [X Ya) .
AeS*

As shown in several examples, the reason the substitution structure on families is merely skew-
monoidal is that triples (I',t,p) € X © Y may only be compared componentwise, without
any quotienting that would identify unequal triples. The tensor product of presheaves is a
combination of the tensor product on families, and the quotienting condition that expresses
an internal renaming-invariance.

Proposition 10.1.6 The underlying family of the presheaf substitution action/product can be
expressed by quotienting the family substitution action/product:

*(P@Q) = (xP6%Q) / ~

where ~ is the equivalence relation generated by identifying “inter-renamable” terms: fort €
P(TY),s € P(Ty),0: I} > A andg: T, > A,

(I, t,0) ~ (I, 5,6) € Z P(T)xT>A
TeS*

if there exists a map p: I1 — Ty such that o =g o p ands = P(p)(t).
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In the presheaf model, this quotienting is responsible for bridging the gaps that occur when
proving the monoidal axioms: for example, the inverse laws of the unitors A,: V® Q — Q and
Py P®V — P, the calculation has to equate triples

A (AT, 0,0)) = ([al.idi, (@ = 0(0)))  p7(p(L. 1, p)) = (A, P(p) (1), ida)

which are both instances of the quotienting condition, as is the triangle coherence axiom:

(P M) (a(A (T, t,p),0)) = ([, t,00p) = (AP(p)(t),0) = (p@R)(A (T.t,0),0)

As the family tensor product is merely a dependent sum, the triples to be equated remain
unidentifiable. The situation is similar with the internal hom, where presheaves benefit from
the hom [P, Q] itself being a natural transformation: given h € [P, Q],T, o € I %A and
p: A — O, the naturality condition internal to the hom is Q(p)(ha 0) = he(P(p) o o). Again,
in families, no such condition can be imposed, as the hom is an indexed family of functions
without any naturality condition. For these reasons, the weaker, skew-monoidal closed struc-
ture is required, which only asks for the “safe” directions of the structural transformations,
which satisfy the skew axioms definitionally:

ALJeX —-X p:X—>XDJ
M(T,0 € 9.(T),0: T>A) £ o(0) palt: () 2 (A t,id,)
j: I = [XX] i:[9,X] - X
jr(0:9.(T) 2 (A,o: TS5 A) > o(o) ir(h: [7, X](T)) £ hr(id;)

a:(XeYyez—-Xe (Yo )
ao (A, (T,t € Xo(T),0: T A),c: A50) 2 (T,1,(v T - (A, 0(0),g): T 2 0)

L: [4.2] - [ Y1, [.2]]

Le(h: [9.20:0) 2 Ao: T A 0,60 A% 0 5 ho(o € T 5 0(0)(0))

10.1.3 Renaming structure

Presheaves are equipped with a renaming operation a priori: for t € P(I') and a renaming
p: I' — A, we have P(p)(t) € P(A). For families, this sort of reindexing is not possible
without equipping them with some extra structure. Fortunately, both morphisms in F[S] as
well as the renaming operation may be fully internalised in the category of families, without
reference to presheaves or even the category of contexts explicitly.

Proposition 10.1.7 We have the following isomorphism for allT € F[S]:
V< = (1)

ProoF Since every context can be decomposed into a coproduct of its sorts, and the Yoneda
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embedding turns colimits into limits, we have:

V= []ve = []lal = (] J1e]) = *@ o

ael ael ael

We have consequently have that the singleton set embedding [—]: S — F[S] is

o fully faithful: S(a, f) is a singleton if « = f, and then F[S]([«], [f]) contains the identity
renaming only;

« dense: for I', A € F[S], the set of renamings F[S](I', A) and the set of natural transforma-
tions Set’ (F[S]([-].T), F[S]([-],A)) = (TTges VoI — Vo) = V*T(A) are equivalent.

As the underlying family of the variable presheaf is the family of indices, we get that mor-
phisms in F[S] may be expressed sort-preserving maps of indices in Fam;:

F[S](T,A) = ]_[ 9,T — J,A
a€esS

As discussed in Section 9.3.1, the action of a presheaf may be equivalently expressed as a
co/algebra structure for the co/free presheaf co/monad, given by left and right Kan extensions.

Definition 10.1.8 Given a family X € Fam, the free presheaf and cofree presheaf are defined,
respectively, as

’X(A)é ZX(F)X(F—)A) OX(Q)é(F,x, pr%A)E‘X(A)O—)
res (T,x,00p: T - ©) € X (O)
mx(T) = ]—[ (T = A) — X(A) mX(p) = pecmX(T) -
Aes* ©,0: (A - 0) > pe(pop) € MX(A)

Postcomposition by the forgetful functor x: PSh — Fam gives the co/free presheaf co/monads
¢,0: Fam — Fam which are adjoint as they arise from the adjoint triple ¢ 4 x 4 B. J

The adjoint triple thus constructed defines a warping, and consequently a skew-monoidal
structure on families; this, however, is equivalent to the rebased definition we gave above.
By Theorem 9.3.2, with the canonical identity-on-objects discrete subcategory embedding
S§* — F[S], we get that the categories of ¢-algebras and O-coalgebras in Fam are equivalent
to the category of presheaves. Thus, a presheaf can be equivalently given by its underlying
family X, and a ¢-algebra structure ¢X — X or O-coalgebra structure X — 0OX that acts as
the functorial renaming operation.

Definition 10.1.9 A <{-algebra is a family X with a structure map x: ¢X — X, satistying:
x (T, t,id) =t x (A, (T, t,p),0) =x(T,t,0 0 p)

A O-coalgebra is a family Y with a structure map y: Y — 0OY satisfying:

yidt =t y(ytp)o=yt(eop)
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Definition 10.1.10 A pointed ¢-algebra is a $-algebra or O-coalgebra (X, x) in Fam, or with
a point : 3 — X compatible with the co/algebra structure:

x(T,nov,p) =n(po) x(no)p=n(po) -

As the morphisms in F[S] (and equivalently, sort-preserving functions between indices) corre-
spond to the renaming rules, the structure maps for the co/algebras correspond to the renaming
operation: they modify the context of a term based on a renaming rule.

From Corollary 7.2.2, we have that 0X = X © 7, and 0X = [J, X). The ¢-algebra and O-
coalgebra structure maps are right module actions: 0X = X 6J — X and X — [J, X) = oX.

Notation. For the sake of simplicity and clarity, we will stop distinguishing between the
monoidal and closed structure when reasoning equationally, as the laws and diagrammatic
reasoning reduces to very similar syntactic notation differing only in whether applications
are written in curried or uncurried form. In particular, we will collectively call ¢-algebras and
O-coalgebras modules and denote their category Mod, with the specific nature of the operation
clear from context. Applications of the co/algebra structure for (X, x) € Mod will be written
X{(p)t for either x(I', t, p) or x t p, further abbreviated to simply (p)t when X is clear from the
context. More generally, a parametrised morphism f: X 6Y — Z or f: X — [Y, Z) unfolds
to the same substitution rule-incorporating transformation, and will be commonly denoted

f:X Z. The application to ¢ € X(T') and o': T > A will be written f{c}t, abbreviating
either f(T,t,0) or fto. Note the reverse argument ordering, which will also allow us to par-

tially apply such a map to a substitution rule o: I’ —, A and obtain a context-altering family
function: f{o}: X(I') — Z(A). a

10.1.4 Monoids

The skew-monoidal closed structure of families associates terms with substitution rules, but
does not actually evaluate the result of the substitution. A family which supports evaluation
of substitutions is nothing but a monoid object in the skew-monoidal closed category, which
also carries the expected unit and associativity laws of substitution.

Definition 10.1.11 A substitution monoid is a sorted family M equipped with a variable oper-
ation n: 3 — M and a substitution operation pr: M M, satisfying the expected monoid
laws of Definition 5.2.1, corresponding to the unit and associativity axioms:

plot(nx) =ox pinyt =t pist(piott) = pip{s} o o}t

-
As given in Definition 5.2.34, an invariant monoid is a substitution monoid with a compatible
module action: renaming is equivalent to substitution of variables for variables. While ev-
ery monoid is automatically invariant, in practice we will need the module structure on the
family of a syntax in order to equip it with the monoid structure. This corresponds to the well-
known - if not initially obvious — fact that the renaming operation on the syntax of terms
must be present before the substitution operation can be defined, as pushing substitutions
under binders involves weakening, a special case of renaming.
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Definition 10.1.12 An invariant substitution monoid is a monoid (M, n, 1) with a module ac-
tion such that the compatibility condition of Definition 5.2.34 holds; for p: T - A, we have

pin o p} = Mp)
-
Finally, a ¥-monoid for a family endofunctor ¥: Fam; — Famg has a monoid and X-algebra
structure, with the compatibility condition expressing that substitution into a term involves
substitution into subexpressions, which may involve pushing substitution under binders.
However, to state the compatibility condition, we need to ask for a pointed strength on ¥ —
and, after several chapters of build-up, we have all the tools to tackle this challenge head-on.

10.2 SKEW PARAMETRISATION

Morphisms f: X — Y € Fam are families of functions indexed by a context, expressing trans-
formations of X-terms in I' to Y-terms in I'. Being families of functions indexed by contexts
(and sorts, in Famy), they represent context- and sort-preserving transformations of terms. If
we wish to alter the underlying context of the term, we need a rule to tell us how variables in
the input term transform in the new context. Skew-parametrised maps therefore allow for an
additional (sorted) family parameter either tensored with the argument, or parametrising the
output. They generalise substitution, renaming, and other generic traversal operations that
involve the alteration of the term context.

For a sorted parameter family Y, a Y-parametrised map from X to Zisamap f: XY — Z
org: X — [Y, Z) which, when unwrapped, correspond to the family of functions

1_[ XT) - T5A = Z(A)
I,AeS*

Varying the parameter family results in different operations on terms: X = Z € Famand P =J
becomes nothing more than an J-module action, i.e. a renaming operation; for a sorted family
M, an M-parametrised map M M is a substitution operation. Indeed, our discussion of
initial-algebra semantics in the next chapter will be as generic over parameters as possible.

10.2.1 Multilinear maps

A key point to note is that parametrised maps allow us to recover the renaming-invariance
discussed in Section 10.1.3 by shifting axioms from the structure of families to properties of
parametrised maps. Given f: X ©Y — Z with X a ¢-algebra, even if (T, t, o o p) is not equal
to (A, x(t, p), o) componentwise, both tuples may give the same term after application of f:

(I,t,00p) ~ (A x(t,p),0) = f(I, 1,00 p) = f(A x(t,p), 0) € Z(A)

Similarly, even if for h € [Y, Z](T') with Y, Z O-coalgebras we do not have the internal nat-
urality z (hp 0) p = he(v — y(ov) p), the equality may be satisfied if h is the value of a
parametrised map g: X — [Y,Z]: forallt € X(T), z(gto)p = gt (v > y(ov) p). This is
axiomatised in the notion of a multilinear map, discussed extensively in Section 5.2.3.
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Definition 10.2.1 For modules X, Z and sorted modules Y, a parametrised map f: X zZ
is multilinearifforall p: T — A, 0: T N A,o: A — 0O,andg: A 9, 9 the following hold:

Yo oot =Z{e)o flo}  flgop} =f{s}oX(p)

For pointed modules X,Y,Z € PMod, the map g: X Z is pointed multilinear if it is
multilinear, and furthermore preserves the points:

g{n’}on* =n* a

From Lemma 5.2.40, we know that several maps of interest are pointed multilinear: the ap-
plication J Y (implemented either as the left unitor A,: @& Y — Y or the applicator
Jy: 3= [Y,Y]), the module action X X for a pointed module X, and the multiplication
M M for an invariant monoid M. These three will be the most important examples of
pointed multilinear maps in the initiality proof. In general, however, we have the following
result, relating parametrised maps in presheaves and multilinear maps in families:

Proposition 10.2.2 For presheaves P, R € PSh and sorted presheaves Q € PShg, every morphism
f: %P e %Q — xR € Fam induces a unique natural transformation f*: P Q — Q € PSh if
and only if f is a multilinear map. For pointed presheaves P, Q, R € V/PShy, g: * P®*Q — %R
induces a unique natural transformation g*: P ® Q — R if and only if g is pointed multilinear.

*xP O %Q —22, %(P @ Q) *P B *Q —25 (P ® Q)
# #

x l*f x l*g

*R *R

Proor Take a parametrised map f: xP ©*Q — %R and assume it is pointed multilinear. We
define the natural transformation f#: P @ Q — R to have the same components as f

AT tePT),0: TSA) 2 £(T,1,0)

This is uniquely determined by f. The naturality condition uses the functorial action of the
presheaf tensor, which is delegated to that of Q: for p: A — ©, the naturality square commutes
just when fg(l", t,Q(p)oo) =R(o)( fA11 (T, t, o)) which, using the canonical module structure on
*P, precisely coincides with one of the multilinearity axioms for f: f{(%Q){0)oc} = (xR){p)o
f{o}. Furthermore, since f # is a natural transformation out of a coend, we need to ensure that
it preserves the equivalence relation: given related tuples (I',t,¢ o p) ~ (A, P(p)(t),0), the
outputs fo(T,t,cop) and fo(A, P(p)(t), o) must be equal. This, however, is the second linearity
property of f: f{gco p} = f{s} o (xP){p). For a pointed multilinear map g: * P ® xQ — xR,
the induced natural transformation of pointed presheaves g*: P ® Q — R also preserves the
points: for v € V,T, gi(r, n70,n%) = ga(T,n*" 0,n*?) = n** v, with the last equality being the
point-preserving axiom of the pointed multilinear map g.

Conversely, take a natural transformation ¢: P ® Q — R and take the composite g =
*pomy,: *PO®*xQ — xR, given by ga(T', t,0) = ¢a(T,t, 0). As seen above, the pointed mul-
tilinearity axioms correspond exactly to the naturality, dinaturality, and point-preservation of
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¢, which are then inherited by g. O

Corollary 10.2.3 For natural transformations p: P — P, q: Q" — Q, andr: R — R/, the
multilinear extension satisfies the naturality condition

(xrogo(xp@xq))f =rogto(p®q)

for all multilinear maps g: * P ® *Q — %R.

Proor The extension of the composite decomposes into the following:

*

*P' 6 %O’ T *(P' 0 Q)
*pOXx
ql m A%P@q) ]
*P © %Q = *(P Q) *(*rofO(*pe*q))

\ J-r

*R ———— R’
Thus, the left composite factors through both x(%r o g o (xp @ xq))¥ and x(r o g% o (p ® q)),
making the unique extension (xr o g o (xp ® *q))¥ equal to r o g* o (p ® q), as required. O

The uniqueness part of the theorem gives us a proof technique for equating morphisms in PSh
by calculating in Famg: g = h: P @ Q — R in PSh if we have an equality of multilinear maps
e = f: xP ©%*Q — xR in Fam; such that e = xg o m}, and f = *h o mj,.

We have an analogous relationship between natural transformation P — [Q,R) and
multilinear maps *P — [*Q, *R). Writing MLin(X;Y;Z) for the set of multilinear maps
f: X Z, and PMLin(X;Y; 2Z) for the set of pointed multilinear maps g: X Z, a
classification theorem now follows.

Theorem 10.2.4
For all presheaves P, R € PSh, Q € PShg, we have the natural isomorphisms:

PSh(P @ Q,R) = MLin(xP; *Q; *R) = PSh(P,[Q,R))
For pointed presheaves P, Q, R € V/PShg, we have the isomorphisms:

(V/PShy) (P ® O, R) = PMLin(xP; *Q; xR) = (V/PShy)(P, [Q,R])

10.2.2 Derived monoidal structure

As we have alluded to several times, the primary challenge of adapting the presheaf model to
the family setting is that the substitution monoidal structure of presheaves cannot be faithfully
represented in families, or the category of modules. In particular, while Famg is skew-monoidal
closed, the structure does not lift to modules: given modules X, Y, the object X © Y cannot be
given a module structure in such a way that the action lifts to ©: Mod x Mod; — Mod.
Following the functorial action of P @ Q in PSh, one guess is to delegate the renaming to Y:

(X o Y)(p)(T,t € X(T),0: T-LA) 2 (I,t,(Y(p) o 5): T -5 0)
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This gives a functor Fam X Mod; — Mod which in turn induces a functor Mod X Mod; —
Mod which simply forgets the module structure of the first argument and proceeds as above.
This, however, does not make Mod a Mods-modular category, and Mod, a skew-monoidal
category, for attempting to define the relevant structural transformations will be unsuccessful.
For example, take the unitor p,: X — X © J over a module X, with the usual definition
mapping t € X(T) to (I,t,id) € X © J; to be a unitor in Mod, it must itself be a module
morphism, satisfying, for all p: T' — A,

x(r) 22, (x e 9)(I)

X(p>l l(X93)<p>

This, however, reduces to the equality of (A, X{p)t,id,) and (T, ¢, p) which, without quotient-
ing at our disposal, cannot be established. Similarly, given pointed modules X, Y € J/Mod, the
point for the tensor X @ Y that maps v € J,I to (T, 5" v, ?) is not a module homomorphism,
as the condition is (A, n*(pv),n?) = (T, n% 0,Y{p) o n?).

These discrepancies get in the way of translating between presheaves and modules as seam-
lessly as we would like: while every presheaf is equivalent to a module, Proposition 10.1.6
states that the underlying family of the presheaf tensor is not merely the family tensor of
underlying families, so the presheaf tensor product cannot be decomposed to a family tensor
product with a module structure. The family tensor — being an unquotiented dependent sum —
will always be weaker than the presheaf tensor product, and therefore does not carry a functo-
rial module structure. As a result, any part of the presheaf model that depends on presheaves’
(strong) monoidal structure will not have a direct analogue in the familial model - pointed
strength being the most important example.

This is precisely the motivating situation for our development of derived monoidal cat-
egories in Chapter 6, and we happily reap the rewards now. While J/Mod; is not skew-
monoidal, it is Fam,-derived monoidal, with forgetful functor embedding X = (X, x,n) = X,
unit presheaf J 2 (J,A,: J J,id: 3 — J) for which J = J, and the profunctor of multi-
plicative maps /[ X, Y; Z] consisting of pointed multilinear maps X Z. The category of
unsorted modules Mod (with embedding Mod — Fam) is then a Fam;-fderived J/Mods pap,-
modular category, with set of derived actions §[X,Y;Z] consisting of parametrised maps
X Z. We may also take V/PShg to be a representative monoidal category over PShy and
PSh a V/PSh;-modular category, with the expected forgetful functor embeddings.

Relating these categories is easy, thanks to Theorem 10.2.4. The forgetful functor
*: PShy — Fam; is monoidal, so the pointed comparison functor K: V/PShy — J/Mod; from
the monoidal category of pointed presheaves to the derived monoidal category of pointed mod-
ules is derived monoidal (Proposition 6.1.7): it maps natural transformations V — R to point-
preserving module homomorphisms *V = J — %R, and natural transformations ¢: P®Q — R
to pointed multilinear maps *¢ o mj,: *P & *Q — *XR. Conversely, the inverse functor
L: Modg — PSh; from modules to presheaves maps pointed multilinear maps f: X &Y — Z
to natural transformations f*: LX ® LY — LZ. Thus, the equivalence V/PShy ~ J/Modj is a
derived monoidal equivalence, as is PShy = Mod; and PSh = Mod.



SKEW PARAMETRISATION 201

10.2.3 Strength and algebraic monoids

Let us now return to the definition of algebraic monoids, which was deferred until we have a
clear characterisation of pointed strength for endofunctors. A functor F: Fam — Fam may
well be strong over Fam or Famyg, but in practice, we will encounter functors that manipulate
the variable context and can only be equipped with a strength over pointed modules. While
J/Mod; is not skew-monoidal, Fam is a derived J/Mods|p,m,-modular category, with the action
of J/Mod, onto Fam simply given by the combination of the forgetful functor J/Mods — Fam;
and the action ©: FamxXFamg; — Fam. An endofunctor over such a modular category consists
of a functor F: Fam — Fam and a strength transformation

s"[-]: Fam(X 6 Y,Z) — Fam(FX © Y; FZ)

satisfying unit and associativity axioms, the latter parametrised by a pointed multilinear map
(see Diagram (sa@L)). As the derived module structure is representable, we equivalently as-
sume a strength

Syx: FWO X — F(W e X): Fam X J/Mods — Fam

satisfying parametric unit and associativity laws: for every pointed multilinear map

g: X Z, we have

FWeX)eY
FW SW,xeid/' fo,y
plnlpw Fplnl,,
v N (FWeX)ey  F(WeX)ey)
Fweoey W F(We%) a[g]FWl lFa[g]W
Fwez F(WeZ2)

F(p[n])(t) =s(t,n) Sz

F(alg])(s (s (t,0),¢)) =s(t,g[g] o 0)

Ay xy

where a[g] is the composite ( W e X) ey ——> W e (X & Y) e, W © Z. In the closed
setting, the strength is the transformation satisfying the laws below:

sy, F[Y, Z) — [Y, FZ): (J/Mods)™ X Fam — Fam

F[Y, Z) —=— [Y, FZ)
F[Y, Z) =5 [Y, FZ) FL[g]zj lL[g]FZ

Fi[,ﬂz\ /,-[,,]FZ F[W, [X, Zb) [W, [X, FZ))
FZ

Sw,[ xk /D/V , Sx.z )

F(i[n])(t) =stn [W, F[X, Zp)

F(L[gD)(s(sto)g) =st(gls]loo)

As will be made explicit in Section 12.1.3, this is indeed the appropriate axiomatisation of
pointed strength in that it generalises the right interaction axioms for substitution rule lifting



202 DISCRETE FAMILIES

(see e.g. Section 2.1.3) without relying on quotienting or other hard-to-formalise concepts.
The approach via derived monoidal categories put this generalisation on formal foundations,
demonstrating that the presence of a pointed multilinear map in the associativity axiom is
motivated by the lack of the required monoidal structure on pointed modules.

With the appropriately general notion of strength at hand, we can define algebraic monoids
— the models of second-order abstract syntax.

Definition 10.2.5 Given an endofunctor ¥: Fam; — Fam; of J/Mods-modular categories, an
>-monoid is a substitution monoid (M, 1, u) with an algebra structure a: XM — M such that
either of the following equivalent diagrams commute:

S ) MM
SM e M 225 s(MeM) —% s M —5 SV M] 225 [V, =M
o |- o |peat
Mo M . M M T [M, M]
plat,o) =a (X p(s(t,0))) platyo=a(s(Sut)o) -

Back in Theorem 7.2.7 we proved an equivalence theorem between algebraic monoids in
monoidal and warped categories. Most of the preconditions of the theorem - namely, the
warping and the derived monoidal relationships — are already satisfied, so a straightforward
instantiation establishes the fundamental correctness theorem of the familial model.
Theorem 10.2.6

Given a derived J/Mod;-strong endofunctor ¥: Fam; — Fam, and a V/PShg-strong endo-
functor Q: PShy — PSh; such that both functors are unital, *Q = X% and for all P € PShy,
Q € V/PSh;:

"
S*IP,*Q

s,
S(xP) @ (xQ) —22 S (xP @ %Q) —2 SH(P @ Q)

Q
Q%0 *Sp0

*Q(P® Q)

the categories of 2-monoids in families and Q-monoids in presheaves are equivalent.

Proor The assumptions on the endofunctors exhibit Q as the strong lifting of ¥ along
* in the category of derived modular categories. More precisely, the diagram can be
reinterpreted by considering the objects to be actions of pointed modules on sorted fam-
ilies, where the comparison functor K: V/PShy — IJ/Mods is derived monoidal and
*: PShy — Famy is K-relative strong, with operator sy5: *P & KQ — *(? ® Q). Thus,
(K, %): (V/PShg, PShy) — (J/Mod,, Famy) is an elevator from (Id,X): (J/Modg, Fam,;) —
(3/Modg, Famy) to (Id, Q): (V/PShg, PShy) — (V/PShg, PShy), instantiating the last precondi-
tion of Theorem 7.2.7. ]

Remark. We can characterise >-monoids currying-agnostically, like we did with modules and
parametrised maps. The strength operator s[—] for a derived strong ¥ factors through the
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strength transformation: for a multilinear map f: X 6 Y — Z, the composite

s[f]: ZX 0y 20 s(x oY) —Ls 57

is itself a multilinear map by Proposition 6.2.11, and similarly with closed strengths. Thus, the
strength operator can in fact be seen as a parametrised functorial action from f: X Z to
s[f]: X >Z. This is a valuable perspective, as the strength is generally needed when
we would like to evaluate a multilinear map, but some sort of algebraic structure is “in the way”.
Case in point is the compatibility of algebraic and substitution structure: given a constructor
(i.e. output of an X-algebra structure map) and a substitution rule, the pointed strength will
allow us to perform syntactic substitution by lifting the rule over and inside the constructors.
With the parametrised map notation, algebraic linearity for a multilinear map looks strikingly
simple: a multilinear map f: X Z is ¥-linear and a monoid M is an ¥-monoid if:

s[g] s[u]

X WA =M =M
xl l al la

X —h—Z M —i— M
9 H
g{o}ox =zos[gl{o} p{o}oa=aos[ul{c}

10.3 CONVOLUTIONAL STRUCTURE

Unlike presheaves, the category of families has admits a Day convolutional structure that is
different from its cartesian structure. The resulting operations play a crucial role both in the
encoding of variable binding as well as second-order features.

10.3.1 Context extension

As families are formally presheaves over the discrete monoidal category of contexts, they pos-
sess the expected bicartesian structure of presheaf categories, with products and coproducts
taken pointwise. Since the base category is discrete, the presheaf exponential also simplifies
to the pointwise set exponential.

(XxY)D) 2 XI)xY(T) (X+V)D)2XD)+YT) (X = Y)I) 2 X(T) = YD)

The last definition showcases another limitation of the category of families: while it is simple,
it is also not as “interesting” as presheaves, exponentials of which are far richer than simple
pointwise transformations. In fact, one of the most important identities of the presheaf model
relates exponentiation to context extension, a fundamental building block in the specification
of second-order signatures.

Definition 10.3.1 The context extension endofunctor §q: PSh — PSh is defined as

%6 (P)(I) = P(O+T)  do(p) = P(O+p)
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Variants on sorted presheaves and un/sorted families are defined analogously. J

Proposition 10.3.2 For a presheaf P € PSh, we have the following isomorphism:
f(O) =P = 6P

Proor We calculate at a context I' as follows, using the definition of presheaf exponentials
(Definition 8.2.1), and the Yoneda lemma (Eq. (' =)):

((©) = P)(I') £ PSh(*(I) x ¥(©),P) = PSh(X(© +I),P) = P(@+T) 2 §,P(I) O

The implication is that the bicartesian closed structure of presheaves is sufficient for modelling
second-order abstract syntax, but this is not the case for families: neither co/products nor ex-
ponentials modify the variable context so are not suitable for the interpretation of variable-
binding operators. The task, then, is to derive the context extension endofunctor from a dif-
ferent categorical structure on families.

The key is to notice that the discrete category of contexts is monoidal under context con-
catenation, so Fam is equipped with a different monoidal closed structure given by Day con-
volution and the Day internal hom as defined in Section 8.2.2. The abstract definitions simplify
to the following in the discrete presheaf category:

Definition 10.3.3 The Day tensors in Fam are given by

(X ©Y)(©) 2 Z X(T)xY(A) (XeY)(®) =2 Z X(A) x Y(T)
I'+A=0 T+A=0

The Day internal homs in Fam are

(X — Y)(T) = ]_[ X(A) > Y(T+A) (X o Y)I)2 ]_[ X(A) — Y(A+T)

AeS* AeS* 1

As per Theorem 8.2.6, both structures make Fam monoidal closed, with unit E = L [] that
checks if its argument is the empty list. The structures of course also apply to sorted families,
where an analogue of the variable/index presheaf is the following:

Definition 10.3.4 The sorted family of names N € Fam;y is defined as N, = 1. [a]. NI
checks if T is equal to the singleton list [«]. 4

Note that families are presheaves over the discrete monoidal category of contexts, so the asso-
ciators and unitors in S* are strict equalities: (' + A) +© =T + (A+©) and [] + A = A and
I' + [] =T. Consequently, the functorial action of a family Y is simply an equality rewriting
operation: for t € X((I' + A) + ©), X (a5 0)t =t € X(I' + (A + ©)). Though the action itself is
equality on terms, it will often be useful to be explicit about the equality rewriting: thus, for
example, the internal currying map c¢3,,: (X ©Y) < Z — (X — (Y — Z)) is defined as

Crz (L€ (X 0Y) — Z)(I)) (x € X(A)) (y € Y(O)) = Z(ag,0) ([ (x,y))

asl(x,y) € Z(' + (A+0)),but (X — (Y = Z))re = X(A) — (Y(O®) = Z((I' + A) +
©)). In fact, the opposing convolution tensors and homs come with the following currying
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isomorphisms, the bottom two exhibiting Fam as a powered category (see Section 4.1):

(X0Y)—oZ=X —o (Y —o2) (X0Y)o—Z=X o (Y o—2)
(XeY)—oZ=Y o (X—oZ) (XoY)o—Z=Y o— (X o—2)

If X € Fam also has a module structure, equality proofs in S* give rise to renaming rules in
F[S] by the functorial action of J,, and they are equal to renaming rules constructed via the
cocartesian structure of F[S]. For example, Jo (a7, 0): Jo((F + A) + ©) = Jo(T + (A + ©)) is
equal to the associator ai[ié,: (T'+A)+0O — T+ (A+0)inF[S]. An interesting side-effect
of this is that the quotienting condition (A, X({p)t, o) (I',t,0 o p) does hold in the case that
I' = A € §*, which makes both p: ' — A and X(p): X(I') — X(A) the identity morphisms.

For example, even without application of a multilinear map, we have

T+ (A+0),X{a,o)t.0) = (T +A) +O,t,00a;, )

forallt € X((T+A)+©)and s €T + (A +©0) L =.
With the definition of the Day homs already incorporating explicit context extension, the
following analogue of Proposition 10.3.2 is not surprising:

Proposition 10.3.5 For a family X € Fam, we have the following isomorphism:
T(O) - X = §X

Proor The Yoneda embedding in the category of families is the equality relation, so ¥ (©)(A)
is inhabited only if © = A.

(0 = X)(I) = [ | ¥(©)(A) > X(A+T)
AeS*
~ ﬂ(@:A) — X(A+T) = X(®+T) 2 §,X(I)

AeS* O

In fact, we can relate the Day monoidal closed structure of families and cartesian closed struc-
ture of presheaves precisely, serving as a reassurance that the natural translation of the latter
into the familial model requires structure beyond pointwise products and exponentials.

Proposition 10.3.6 The presheaf of variables, the family of names and family of indices are
related by the following:
eN=V ON =]

ProorF We calculate as follows:

N, (8) = Y FISI(T, ) x No(T) = Y F[S)(T,A) x ([a] =T) = F[S]([a]. &) = Va(A)

T'es* res*

Applying x to both sides gives the second isomorphism, as J = xV. O
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Proposition 10.3.7 We have the following isomorphisms and transformations relating cartesian
closed presheaves with Day monoidal closed families:

*P © %xQ — *(P X Q) *(XoY)=eX xeY
*(X oY) — (6X) = (#Y) *(®X = Q) = X — (*Q)
*(P = Q) — xP = xQ B(xP=Y)=P = (mY)

Proor The isomorphism ¢(X © Y) =~ X X @Y is an instance of the universal prop-
erty of Day convolution from Theorem 8.2.11: taking the monoidal category to be cartesian
presheaves, we have that the free presheaf functor #: Fam — PSh preserves tensors. In-
stantiating Proposition 3.2.1 with J, = # and the “lifting” of X to © along ®, we also get a

coelevator
*P & xQ — *(P X Q)

The isomorphism X X Y — #(X © Y) above is used for (X — Y) — (®X) = (®Y):
(X oY) X ®X — (X = V)X X) — &Y

and the isomorphism itself Yoneda transposes to x(#X = Q) = X —o (*Q). Similarly, the
isomorphism *(P X Q) = %P X %xQ gives us the lax strength x(P = Q) — *P = %(Q, and the
Yoneda transpose B(xP = Y) = P = (mY). O

Remark. Since the cartesian product is commutative, the above isomorphisms also apply to
the reversed Day tensor and internal hom. 4

Proposition 10.3.8 < and O are module functors with respect to the Day convolution and hom:
OX oY -5 o(XoY) O(X = Y) = (X - 9Y) (X -0OY) -oX —oY)

Proor The strength 0X 6 Y — O(X o Y), expanded x¢X © Y — x®(X o Y), is the
transpose of the following, using the strong monoidality of #:

e Xid

S(xOX O Y)= @x0X X ®Y - @X X ®Y = #(X O Y)

The transpose of the strength unit law is:

*OX = X
Xﬁox pix
. 4, xid .
’pox ‘OX XT — X XT *po%
idxu idxu

*(x8X G E) 5 #OX X 8E —— X X 8E —— (X 5 E)

gOX

The transpose of the associativity law is as follows:
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®(s;,07)
*((0XoY)oe 2) ' *(O(XoY)e 2)
m My (xov).z
’ *s0  xid
vz ‘(OX (=] Y) X ®Z - ’O(X e Y) X &7
mox,yXidl € (xoy) X1d
(45 xid)xid
*(0X 6 (Y 6 2)) ($OX X 8Y) X 8Z — ($X X #Y) X 87 —— #(X 0 Y) x #Z
aiox,w.bz a:x,oy,oz ' Myoyz
Mox yoz *OX X (‘Y X ‘Z) é‘—Xl()i ®*X X (‘Y X ‘Z) ‘((X ] Y) S Z)
ldxy idme,Z ’“;,y,z

X x #(Y 5 2)

£4,xid

The monoidal strength ¢X o Y — O(X © Y) induces O(X — Y) — (X — <¢Y) by the usual
calculation given in Theorem 5.1.24. Finally, (X — OY) — 0O(X —o Y) is the Yoneda transpose
of OX0Y —» O(X o). m|

Explicitly, the strength transformations behave as follows:

suy(A+0,(seXT),p: T > A),teY(0) = (A+0,(s,1),p+0: (T +0) - (A+0))
siy(le X = Y)I),p:T 5> A)20,xeX(0) > (Ixe YT +0),p+0: (I'+0) - (A+0))
Ssy(l: (X —aY)(I) = p: T > AB,xeX(O) =»Ilx(p+0: (I'+0) = (A+0))

Combining the isomorphisms with families of names, indices, and presheaf of variables, we
have ways of expressing context extension of presheaves and families in a multitude of ways.

Corollary 10.3.9 We have the following derived isomorphisms:
*(V; = P) = N; —o %P V., >mX=u(J, = X) 0(J, = X) = N; o 0X
Proor The first two follow from isomorphisms in the previous two propositions:

*(V, = P) = x(®N, = P) =N, — %P
V.,=>eX =0V, = X) =20(J;, = X)

The third is a combination of the two:
00, = X)=xB(J;, = X) =2 x(V, = BX) = N; o xBX =N, - 0X O

As presheaves and modules are equivalent, presheaf exponentials out of free presheaves X =
P are equivalently described by a ¢-algebra structure

o
X xP X—ox¢,

O(X —o *P) —, (X —o O*P) X —o %P

Thus, §;(P) = ®N; = P is equivalently described by a ¢-algebra structure on §,(xP), induced
by the distributive law ¢(X — (-)) = X — O(-).
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10.3.2 Pointed strength

By partial sorting the Day convolution operation, we obtain a right action FamxFam; — Fam
which is both left and right closed with the following operations:

Definition 10.3.10 The left and right Day homs (equivalently, powering and enrichment by
Fam) are given by

(=) — (=): Fam® x Famg; — Fam (—,=): Famy x Famg — Fam
(X =) 2 XY, Yy 2 | [ % — e
T€S .

The rest of Section 8.2.2 applies with these definitions, as well as the clone constructions of
Chapter 4 which we will use later.

Notation. Day homs will often be written using superscript notation, with sorting kept implicit:
W—oX ~ XV W—X ~ xXW

We maintain (X, Y) for the right Day hom, and let YX ¢ Fam, refer to the fully sorted hom. .

Definition 10.3.11 The diagonal transformation is a family of maps ! : X — X" for W € Fam
and X € Mod defined as:
Ky tw = Xt a

Proposition 10.3.12 For all W € Fam, the Day hom (=)" : Fam — Fam lifts to modules, and
x is a natural transformation1ld = (-)": Mod — Mod.

Proor The lifting of ()X to ¢-algebras is induced by the strength ¢(=)X — (0—)X of
Proposition 10.3.8. The diagonal transformation k% : X — X" is a module homomorphism:

OX = X

<>K¥Vl lk}}’

O(XW) 50—> (OX)W 7’ XW

commutes by the following calculation, for t € X(T'), p: T — A, w € W(0):

Ky ({p) ) w = (15°) ({p) 1)
=1y op)t
={((p+©)o l§’®> t
=(p+0)((°) 1)
=y(ky tw,p+0)
=y(six (k) £, p) W)
= y" (55,5 (OKY (£,0))) w O
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Remark. Note that the seemingly intuitive strength-diagonal compatibility condition

oY
OKxy Kx.oy
xy \X,OJ

O(Y%) = (oYX
XY
that, combined with naturality of k, would establish the homomorphism law above, does not
commute: the proof gets stuck at equating (I" + @,X(li’G)) t,p+0) and (T, t, Lf’@’ o p). These, of
course, only equal after application of a multilinear map, such as the ¢-algebra structure.

Corollary 10.3.13 Forall W € Fam, the Day hom (—)V : Fam; — Famy lifts to pointed modules,
and x is a natural transformationld = (-)": 3/Mods — J/Mod.

Proor The lifting to ¢-algebras is as before. Given a pointed module (X, x, 17), the point for
X" is the composite:

g1 L xW

This preserves points by definition, and is a module homomorphism by the following:

A,

OJ e J
Onl lﬂ
OX X X

OK;”{l lky
OXW —— (o)W — xW
Sx,y x O
Notation. For g: X — YW and w € W(®), we will write the mapping t € X(T) > gtw €
Y(T' + ©) as glw]: X(I') — Y(T + ©), similarly to how we write the partial application
t e X(T) > f(T,t,0) for f: X0Y - Zand 0 € T 5 A) as f{o}: XT — ZA.
This extends to X" -valued substitution rules w € T X A as well: we denote v € J,T —

wowel BA+@asw|w| eT-5A+0. .

Definition 10.3.14 For a pointed family (X, n), the left and right widening of a substitution

rulec € ASE by a renaming rule p: I' — = and o: ® — = are the respective substitution
rules

p><0':l"+Ai>E O'><Q:A+®i>5

pro=xlpop, o]t o =0 % afo, o]’

_I

As widening is defined in terms of copairing, we directly have the following reduction prop-
erties by cocartesian universality:

(pxao)oli =nop (pxo)on’ =0 e (no®) =n

(0=g)on’ =0 (ex0)os* =nop (10 &%) =i =1
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Nested widenings can be reassociated:

((preo)>g)od,e=p=(o>x0)

Naturality for a point-preserving map f: X — Y amounts to:

folpxa)=p=(foo) fo(o=p)=(foo)>pe

If X is a pointed module, postcomposition with the module action can be pushed into the
widening, using the fact that 7 is a module homomorphism:

(p)o(pr=o)=(pop)x({p)oo) (p)o(o=po)=({p)oo)=(pop)

The following identity will be used several times in situations that the substitution rule to be
widened is (X")-valued.

w
Lemma 10.3.15 For substitution rulec € A 2~ = and renaming rulesp: I' — Eandp: © — =,

w w
the application of a widening p <o € T'+ A 2L E orox 0 eEAN+0O 2, = to a convolutional
parameter w € Q reduces:

(p<o)w]=(5%0p)=olw] eT+ASE+Q
(0>xp)|[w] =0clw]>(;"0p) eEA+OLE+0Q

Proor The identities are established by precomposing them with injections. The first iden-
tity, in the lg’A case, reduces simply to | w]; while in the lg’A v case we have

(p=o)lw] (1% 0)
= (1w (po)) w
=Ky (1 (pv)) W
= (i7" (nx (po))
=1x (17°(p0))

The second identity follows similarly, and the analogous reasoning works for the reversed Day
hom e (see later). O

A form of naturality can be stated for parametrised maps as well; though it looks somewhat
innocuous, this is in fact one of the most important identities of our theory.

Lemma 10.3.16 For all pointed multilinear maps f: X Z and all substitution rules o €

ASEandc e 25 Q:
e ifp: T > Zandp: T — Q aresuch thatcop =ny0p eT -5 Q, then

flsto(p=o)=ox(f{gtoo) eET+AS>Q
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. ifqo:®—>Eand¢:®—>Qaresuchthatgoqz)ZWOgéG@iQthen

flsto(oxg) = (fls}oo)xpeA+05Q

-

Proor Let f,0,¢ be as above. For p: T' — =, p: T — Q, assume () ¢o p = ny o p. To
show the equality of the two substitution rules I' + A 2 Q from a concatenated context, by
universality of coproducts it is sufficient to show that they are equal when precomposed with
the injections.

flsto(pxo)or®
=f{stonxop
= f{s} o X{p) o nx
=f{sop}ony
=f{nyoo}tonx
= f{ny} o X{o) o nx
=f{ny}onxoo
=Nz 00
= (o= (f{g}oo))oi”

The other case f{g} o (p< o) o1y = (o< (f{g} 0 0)) o 15" is direct by the widening reduction
properties. The calculation for right widening is analogous. ]

As discussed in Section 10.2.2, J/Modg is Fam,-derived monoidal . We relate this structure to
the Day hom in the following theorem.
Theorem 10.3.17
For all W € Fam, the lifted functor (=)": J/Mods — J/Mod; is a derived monoidal endo-
functor on J/Mods.

Proor See the Appendix on page 342. m]

Now, let us consider ©: Fam X Famg — Fam as an action ©: Fam X J/Mods — Fam, which
makes Fam a derived J/Mod,-modular category.

Proposition 10.3.18 The diagonal k" : Id = ()W is a derived monoidal transformation.

Proor The diagonal preserves the unit operators by definition. We need to show that for all
pointed multilinear maps g: X @ Y — Z, the following square commutes:

f

Xy — 2
kf{f@xg"l lxg’

m(f]
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Fort e X,I,oc €T I Aandw € W(©), we calculate as follows:

m[f{xy o o}[w] oKy
= f{(ky 0 o) w] < inr} o ky[w]
= f{(Y(inl) o 0) < inr} o X(inl)
= f{((Y(inl) o o) > inr) o inl}
= f{Y(inl) o o}
= Z(inl) o f{o}
=Kzlw] o f{o}

O

Proposition 10.3.19 The Day hom on families (=) : Fam — Fam is a (=) -relative derived

module functor.

Proor We will continue writing (—)" for both Fam — Fam and J/Mods — J/Mod, endo-
functors, with the context (namely, whether the “base” is X € Fam or X € J/Mod;) making it

clear which endofunctor is taken.

Define the strength operator dyY, : X" 64" — (X©Y)" similarly to m[-] in the proof of
Theorem 10.3.17, but without the use of a parametrised map (asd[f : XeY — Z]: XWey" —

Z" can be derived):
de, (L, Lo)w = (T+06,lw,0lw]xi5°)

We show that this satisfies the laws of a derived modular functor.

+ The unit law simplifies to the following:

w
XW (X oW X (x g yyw

Pyw l T dyxy

w w w w
Xt el ideny Xt el idox]/ X" ey

(PX)W

Taking [ € (X")T and w € W(®), we calculate as follows:

d{x o nylw]l = (I'w, (xom)|w] xinr) = (Iw,n)

where the last step appeared in the right unit law of Theorem 10.3.17.

« For a pointed multilinear map f: Y @ Z — U, the associativity law simplifies to

dx yoeid dxoyz
X" ey e W X% (xeyW oW 25 (XeY)e )W
Ew yw o w l l (Ofx,y,z)w
X" o YW e zW) Xeye2)”
idem|[ f]l l(xef)w
XV eouW (XeowW

dx,u
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Taking [ € X" (T'),w €T AR A o€ LA ©, the calculation proceeds as follows:

(a[f1™)(d{@} o d{w})|w]!
=a[fl(d{a} | w](d{w}]))
=a[fl(d{o}|w]l, w|w] xinr)
= a[f]((Iw, w|w] < inr), | w] x inr)
= (Iw, f{o|w] xinr} o (w|[w] > inr))
=(Iw, (m[fl{@} o )| w] > inr)
=d{m[f{a} o w}w]l

where the unlabelled step is taken from the associativity of m[—] in Theorem 10.3.17.

Thus, we have shown that the unsorted functor ()" is strong relative to ()" : J/Modg —
J/Mods. This of course extends to the sorted (—)" : Famg — Fams. |

The theory so far was given for the left-to-right direction of the Day hom — and —e, but can
be symmetrically developed for the opposite directions o— and e— by reversing the copairing
and injections. Thus, abbreviating (W o— (—)) as (W o—), we also have:

Corollary 10.3.20 The reverse Day exponentiation (W o—): Fam — Fam is Fam-derived
J/Mod;-strong relative to the Famg-derived monoidal (W e—): J/Mods — J/Mod.

Since context extension is defined in terms of o—, the following result - though very long in
the making - is satisfyingly immediate.
Theorem 10.3.21

The context extension endofunctor o: Fam — Fam is derived J/Mod-strong.

Proor The strength transformation
vy 0X ©Y > Se(X 0Y)

is the pullback of the (® e—)-relative strength transformation for (¥© o—) along the derived
monoidal natural transformation x: Id = (© e—) (Proposition 10.3.18):

O

5®X9y=(f®wx)eyide_’% (f@wx)e(fawy)ﬂ O - (X0Y) =6(XeY)

The unit and associativity axioms are inherited from the (f© e—)-relative strength transfor-
mation by the pullback. m]

The results can be transposed to the closed substitution structure, equipping context extension
with a closed strength

So[X, Y) — [X, 8oY): (J/Mods)® X Fam — Fam

satisfying the desired laws of Section 10.2.3. For simplicity, we will refer to functors with such
pointed derived strength transformations from now on simply as strong, distinguishing them
from powered functors introduced next.
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10.3.3 Convolutional powering

In the preceding section we established that the context extension endofunctor derived from
the Day convolutional structure is derived strong over the skew-monoidal substitution struc-
ture. This is essential for the reconciliation of second-order algebraic and substitution struc-
ture, as the strength for the signature endofunctor (which may involve context extension to
represent variable binding) is needed to express the algebraic monoid compatibility condition.

When we focus on the second-order features of syntax — namely, metavariables and meta-
substitution — we also need to consider the interaction of the syntax endofunctor with the
convolutional structure itself, in the form of convolutional powering, and compatibility with
derived strengths. In the presheaf model of Fiore (2008) the cartesian closed structure of
presheaves is rich enough to capture metasubstitution, but in the familial model we are com-
pelled to resort to Day convolution and homs again to faithfully represent the intricate context-
manipulation of second-order operations. As an upshot, sorted families are more suitable for
representing metavariable families, leading to a simplified theory of metasubstitution.

In this section we focus on the interaction of powering over the Day convolution struc-
ture, and pointed strength over the skew substitution structure. We recall the definition of a

powered functor below.

Definition 10.3.22 A functor F: Fam — Fam is powered if it comes with a natural operation
Piyy: F(W = Y) — (W — FY)

satisfying the laws of a skew-closed (in fact, strong closed) module functor in Definition 5.1.20,

or equivalently, the laws of a powered category:

F((Ue W) - Y) —2 , (Ue W) — FY
F(E —0 Y) @ E —o FY FCU,W,Yl lcu,w,n

N W= =) W UFy)
i
FY Pwk‘ /VV_VOPW

W — F(U — Y) -
If a functor possesses both a strength and a powering, we want them to respect each other:
in practice, this will correspond to a compatibility of the algebraic, substitution, and meta-
substitution structure. The equivalent notion is stated in the cartesian setting by Fiore (2008,
Definition 12).

Definition 10.3.23 If F: Fam — Fam is equipped both with a powering py : F(XV) —
(FX)V and a strength s,y: FX ©Y — F(X ©Y), the powering and strength are compatible if
the following diagram commutes:

w

F(X")ey" 25 F(xW e yW) R F(xeyW)
Pw,xeidl le,xey

(FX)V o yW (FXe Y)W —— (F(X oY)V

)W

W
FX.,Y (sxy
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For a fixed W, the powering pyx: F(X") — (FX)" for F acts as an elevator from
the functor F to the functor (-)", and the compatibility diagram above actually exhibits
pw: F((-)") = (F-)" as an elevator in the total category of derived strong functors
from (Id, (F,s)): (J/Mods, Fam) — (J/Mod;, Fam) to the derived J/Mods-module functor
(W —e), ((W,—0),d)): (J/Mods, Fam) — (J/Mods, Fam), a construction spelled out in con-
crete detail in Section 6.3. We next focus on the context extension endofunctor 6.

Proposition 10.3.24 The reversed Day hom (U o—): Fam — Fam is powered.

Proor For Y, W € Fam, the strength transformation
ViU o= (W—oY)>W—o (UoY)

is an isomorphism derived from properties of Day homs in Proposition 8.2.5. Calculating via
the Yoneda embedding and the internal currying (X © U) o= Y = (X o— (U o Y)), we have:

Fam(X,U o— (W — Y)) 2 Fam(X @ U,W — Y)
= Fam(W, (X e U) o—Y)
= Fam(W,X o— (U - Y))
= Fam(X,W — (U o-Y))

From first principles, this simply corresponds to an argument swapping with a context reas-
sociation: for [: (U o— (W — Y))(T'), w: W(A) and u: U(O),

ey lwu 2 Y(a.,)(luw) € Y(O+ (I'+A))

where, of course, aj ., is just the identity, as (@+I') + A and © + (I'+A) are strictly equal in the
discrete category of lists. Consequently, the strength axioms also hold on the nose: the unit
law becomes el *u = [u * (where * is the only element of the set E[]), and the associativity
law computes as:

(U —oe)e(ch)owu=e(e(chow)u=e(l(w,0)u=I1lu(v,w)=clel)owu

If Y happens to be a module, the reassociation of the term context can be performed by a

*

module action on the renaming rule ((©+I')+A) — (0+(I'+A)),so Y (a5, ,): Y((O+I)+A) —

Y(© + (T + A)) can be equivalently written as Y(agﬂ . O

Corollary 10.3.25 The context extension endofunctor o: Fam — Fam is powered.
Proor Follows from the previous proposition, with U = ¥©. O

The following proposition uses the derived lifting framework of Section 6.3 to generalise the
compatibility law in Diagram (sdp) for F the Day hom.

Proposition 10.3.26 For U, W € Fam, there is an elevator in DerMod from the (U o—)-relative
J/Mods-module endofunctor (U o—): Fam — Fam to the (W —e)-relative J/Mods-module end-
ofunctor (W —o): Fam — Fam.

Proor See the Appendix on page 344. O
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Lemma 10.3.27 For a module X, we have the compatibility condition between e and k:

%U

XV —s (U = (W - X))
W—O(%g) le;’w
W —e (U o X)

Proor Takel € X"(T),w € W(A) and u € U(®), and calculate as follows:

ex” (aw ) wu

= Xt ) (5 Luw)

= X{ o ) (X (157) Lw)

= W ) (XS + A) (I w)

= X{tggn 0 (157 +A)) (I w)

=X (Tw)

=ny (lw)u

=(W - %)) lwu =
Remark. Of course, by the symmetry of the operations, a similar property holds for the inter-
action of k and e as well. In fact, both (W —) and (U o—) form monads on modules, with x
and » the respective units; e, : U o— (W — Y) — W —o (U o— Y) is then a monad-monad

distributive law, with the lemma above being one of the unit preservation conditions. The
monad structure of the exponentials will not be needed for our purposes. 4

Theorem 10.3.28
The strength and powering for the context extension endofunctor are compatible.

Proor We have the strength and powering transformations

dyy: 06(X) ©6(Y) = do(X ©Y): Fam X I/Mods; — Fam
sxy: 9e(X) ©Y — J(X ©Y): Fam X I/Mods — Fam
Pwx: Oo(W — X) = (W —o §oX): Fam™ X Fam — Fam

As shown in Theorem 10.3.21, the (Id-relative) strength s for &y is derived from its Je-
relative strength d by pulling back along the derived monoidal natural transformation
k™®:1d = Je. Proposition 10.3.26 with U = O showed that p extends to an elevator
from (8o, %) : (J/Mods, Fam) — (J/Modg, Fam) to (W —e), (W —0)): (J/Mods, Fam) —
(J/Mod, Fam). Instantiating Lemma 6.3.1 with F = G = §¢, M = (W —e), K = L = J,
K =L =1d,¢ % p’: 6(W - (=) = W = 5(—), ¢’ =id, a = f = »™: Id = 86, and the
compatibility condition between p and » proved in Lemma 10.3.27, we have that the elevator
d: dy.,: 86(X) © 86(Y) — do(X ©Y) induces an elevator relative to the pulled back modules

Pwx: 0e(W —0 X) = (W —o §oX). The strength-preservation condition of the elevator is
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So(XW) oYW 2 s (X o yW) L s (X e Y)V)
Pxw eidl l Pw.xey

(5®X)W G%W d—) (5®X99)W (—’ (5®(X915))W

50X,y sxy)W

which is exactly the compatibility axiom Diagram (sdp) for the skew and powerings for §o. O

The preceding theorem will take care of the difficult part of equipping signature endofunctors
with compatible strength and powerings. Constructing these strengths for the product and
coproduct functors is much easier, as they do not manipulate the context. We demonstrate
the binary case below, with the n-ary case an obvious generalisation. Note that we are not
strictly dealing with endofunctors any more as X and + are bifunctors Fam X Fam — Fam;
the definitions of actions and strengths are easy enough to formally generalise to multi-arity
functors (see e.g. the structural strength of Borthelle et al. (2020, Definition 2.11)), but since
the compatible strengths for products and coproducts are straightforward to construct, this
generality is not a worthwhile complication.

Proposition 10.3.29 The product and coproduct functors X,+: Fam X Fam — Fam can be
equipped with compatible strength and powerings.

Proor Define the relative pointed strength and convolution strength for X as follows:

s (WxX)eYy - WeY)x(Xey) st (X+Y)eZ - Xe2)+(You)
s (T, (11, ), 0) = ((T, t1,0), (T, 12, 0)) s*(T, inllinr ¢, 0) £ inllinr (T, t, o)

Pr(W—oX)X(W—oY) 5> W-—o (XXY)p:(W—oX)+(W—oY) > W-—o (X+Y)

p (L) w= (lhwl,w) p*(inllinr /) w = inl|inr (I w)

The simple structural definitions make the strength laws and skew-convolutional compatibility
axioms hold by definition. m]

The results of this section culminate in the following theorem, restating Theorem 14 of Fiore
(2008) in the familial model.
Theorem 10.3.30
Every Fam-endofunctor built by composition from 1d, +, X and d¢ comes equipped with
compatible strength and powerings.

We will call endofunctors constructed according to this theorem signature endofunctors. As
endofunctors for second-order signatures will give rise to signature endofunctors, this theo-
rem equips them with the structure to axiomatise signature-compatible substitution and meta-
substitution structure. In the final section of this chapter, we conclude our translation from
the presheaf to the familial model by focusing on initial algebras for endofunctors.

10.3.4 Algebraic monoids

We round up our discussion of convolutional parametrisation by examining the relationship
of the Day monoidal closed structure and second-order models for a syntax. The properties
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proved here will be crucial for the development of the metasubstitution structure, where the
convolutional and skew substitution structure interact in intricate ways.

The semi-sorted linear hom —e: Fam® X Famy; — Famg exhibits Fam, as powered over
Fam, with structural i,.: (E = X) — X and ¢y yx: (U© W) =X — (W — (U — X)). Not
only does (W —e): Famg — Famyg lift to a derived monoidal functor on pointed modules for
all W, the structural transformations also respect this functorial structure.

Proposition 10.3.31 For allU,W € Fam, the transformations i,.: (E — X) — X: J/Mods —
J/Mods and cyyr: XU — (XY)Y: Fam® xFam® xJ/Mod; — J/Mod; are derived monoidal:

UeW

J AN qgE g —— gUeW
N 4k
g jW " U)W (jU)W
dvsw
XU@W 9%U©W X (X@H)U©W
XE o %E ’E( (X o ‘H)E CU,w,xch,w,yl lCU,w,xey

o e (XYW o (y)¥ (Xey)!)W
X~
XoeY dz]ﬁ\ /(dx‘:,},)w

( XU o HU)W
Proor See the Appendix on page 346. O
The following result is the main motivator for the definition of compatible strengths and pow-
erings, and it will be very useful in equipping the term monad with powering.

Theorem 10.3.32
‘ If a pointed 3 has a compatible strength and powering, the category ¥-Mon is Fam-powered.

Proor The powering we are looking for is the lifted Day hom:
(=) — (=): Fam® x X-Mon — >-Mon

Given W € Fam, we have shown in Theorem 10.3.17 that (=)" is a derived monoidal functor
on pointed modules, and therefore maps invariant (derived) monoids in 3/Mod; to invariant
monoids by Proposition 6.1.9. Since ¥ is pointed, ()" also lifts to Z-algebras via the elevator
2((=)") — (Z-)". These two structures on an object W — M are themselves compatible
thanks to the compatibility of the strength and powering of X:

(TR

SvW W

M)y MW —5 s (MY @ MW) —5 (M M)V) — (MW)

Pwmeaidl lp le .

EMY o MY —290 sve W 220 (s e M)W = (0"
fWEBidl (feBM)Wl lfw
MY e MW (Mo MW MW

MM H
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Thus, for all >-monoids M, W —e M is also a >-monoid. To show that —e is an action for
>-Mon, we need to lift the structural transformations to be ¥-monoid homomorphisms:

i: (E—-M)—Me E-Mon cown: (U W) —-M— (W — (U—-eM)) € X-Mon

The modular category axioms for these are the same as for the hom in families, so require no
further proof. First, the £-monoid homomorphism condition for i,;: (E —» M) — M consists
of the unit-, multiplication-, and algebra-preservation conditions:

9 ] ME @ ME 20 v S(ME) =25 M
M gk n (M e M)E K (ZM)E f
i| / rl
MF » M ME - M M —— M

The »-monoid homomorphism conditions for c; . are as follows:

M J M
&‘ w
K
w
KUoW jW U MW
o e
- jU@W T (jU)W (Kg/[)w
’7 e
/ W)N
MU@W o (MU)W
MU@W@MU@W Cuw MmO Cuw,m (MU)WEB (MU)W Z(MU@W) ey wan Z((MU)W)
de’MU Pw v
it (MY @ MW Puowa =U)Hw
(dier0" (Pus)™
M@ M)YY —== s (Mo )Y EMVW 2 (Y)W
/1U©W (#U)W fU@W (fU)W
MU@W o (MU)W MU@W o (MU)W .

In this section we introduced the familial model as the universe of discourse for a formalisable
foundation for second-order abstract syntax. Concepts from previous chapters were instanti-
ated to equip the category of families with a renaming, substitution and convolution structure,
and used derived monoidal categories to formalise the right notion of pointed strength for syn-
tax endofunctors, and show that algebraic monoids form a powered category over families. We
integrate these concepts in the second-order metatheory of abstract syntax discussed next.






CHAPTER 11

Abstract syntax

This chapter applies the abstract mathematical development so far to establish the central claim
of this thesis: a second-order signature freely generates a syntactic family of terms supporting
substitution, interpretation in models, and metasubstitution. In Section 11.1, we present a high-
level overview of the freeness and initiality results, relating the presheaf and familial models.
Section 11.2 introduces the freeness theorem, identifying the initial syntactic algebra as the free
semantic model over a family of metavariables. Building on this, Section 11.3 enriches the term
monad with metasubstitution structure via the linear-clone framework from Chapter 4, and
demonstrates how this supports an equational logic derived from an equational presentation
of the syntax.

11.1 SECOND-ORDER ABSTRACT SYNTAX AND ITS MODELS

The construction of syntax starts from a second-order signature, which lists the constants
and operators that the syntax must support, together with their type signatures and binding
specifications. The signature induces an endofunctor on Famy, algebras for which are sorted
families that support the operators of the signature.

11.1.1 Signatures

The notion of an algebraic signature is a concise and presentation-independent way to specify
first-order algebraic structures, and binding signatures are their second-order generalisations,
allowing for terms that bind variables in their subterms. To capture simply-typed signatures,
we use the notion of a sorted second-order signature given by Fiore and Hur (2010), generalis-
ing the untyped binding signatures of Aczel (1978).

Definition 11.1.1 A second-order signature ¥ = (S, O, | —|) is specified by a set of sorts S, a set
of operators O, and an arity function | — |: (S* X S)" x S. 4

Notation. For an operator o, the tuple |o| = ([(071’, B, (az, B2), ..., (o, ﬁn)] 7) will be de-
noted o: [a7]p1,..., [ @ ]B. — 7, with the bound variable list omitted if empty. a
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Example 11.1.2. A first-order algebraic signature is a special case of a second-order signature,
without any binding. For example, a group has the set of sorts S = {*} and operators

unit: * mult: %+ — =* inv: * — x
The multi-sorted signature of left group actions has the two sorts S = {G, A} and operators

unit: G mult: GG — G inv:G —- G act: GGA— A r

Example 11.1.3. The second-order signature of the simply-typed lambda calculus ¥, with let-
bindings has the set of sorts S inductively defined from a set of base types B with the rules

TE€EB aesS pesS
pes a—-pBeS

and has the following families of operators with arities for all @, f € S:
appyp: (@ = f).a — lamgg: [@]f — (a = ) letop: . [a]f — f
-

Just like how every algebraic signature determines an endofunctor on Set (or Set’) that maps
a set X to a sum-of-products form of the operators, a second-order signature also determines
an endofunctor on Fam; that further incorporates context extension for binding terms.

Definition 11.1.4 The second-order signature endofunctor ¥: Famg; — Famg associated with a

second-order signature ¥ = (S, O, | — |) is defined as follows:
0: [ @ 1Bl Tl fu—r 1SIZN

-
We will usually conflate signatures and endofunctors for signatures, calling both X as above.

Definition 11.1.5 A (first-order) X-algebra for a signature X is an algebra for the Famg endo-
functor (J + X). That is, it is a family A € Fam, with a variable embedding v: J — A and
algebra structure a: A — A comprising, for each operator o: [ar]f1,...,[ @ s — T, a
copairing of families of functions

0: 5[@](36)51 x---xam)](xm — X,

_I

Definition 11.1.6 A (second-order) (3, 2l)-algebra for a signature ¥ and a sorted family 2 €
Famy is an algebra for the Famg endofunctor (J + X + 2@®). That is, it is a first-order >-algebra
(A, 0, a) with a metavariable embedding m: A & A — A that associates elements m € 2IT of

the metavariable family 91 with a metavariable environment e € I1 A Tto produce an element
m(IL, m, ¢) € A,I' that we will usually denote m{¢}. 4

The main freeness theorem we will prove in the next section can now be stated as follows:



SECOND-ORDER ABSTRACT SYNTAX AND ITS MODELS 223

Theorem 11.1.7
Given a second-order signature ¥ and metavariable family 2, the initial (%, 2)-algebra car-

ries the structure of a free £-monoid on 2.

11.1.2 Presheaf and familial models

Theorem 11.1.7 gives a constructive method for calculating free models of signatures: the
initial (2, 2[)-algebra can be represented as an inductive data type with constructors for vari-
ables, operations, and metavariables. The resulting free 3-monoid T2 is a type- and context-
indexed family of terms equipped with a substitution operation that respects the syntactic
structure. A corresponding result appears as Theorem 2 in Fiore (2008), formulated in the
presheaf setting: given a PSh;-endofunctor Q and a metavariable presheaf P, the monoid TP
is the free Q-monoid on P. Although Theorem 10.2.6 establishes an equivalence between X-
monoids in Fam; and Q-monoids in PShg (under compatible strong signatures), it does not
directly relate T2 and TP. In fact, the initial (Q, P)-algebra TP includes a metavariable con-
structor m: P ® TP — TP that is both natural and dinatural, and this induces identifications
between terms that remain distinct in T2, due to quotienting by the dinaturality condition in
the presheaf setting.

A closer examination of metavariables reveals a key simplification in the presheaf setting
that helps bridge the gap between T2 and TP. As observed by Hamana (2004) and extended by
Fiore (2008), metavariables, in their intended use, are rigid symbols of fixed sort and context
- not entities that should vary under term-level renaming. This means they do not naturally
form a presheaf. Instead, the presheaf of metavariables is generated from a family in Famg
via the free presheaf construction: given a family 2I, the presheaf of terms with metavariables
in 2 is T(®2A). As we show in this section, this presheaf has a simpler structure than TP for
arbitrary P, since the quotienting induced by the metavariable operator m is absorbed by the
free presheaf structure on ®2. In fact, the underlying family of T(#2[) is precisely T2, and
we can lift the latter to the former.

To fix notation for the rest of the section, let Q: PShy — PSh; be the signature endofunctor
on presheaves and T: PShy; — PSh; be the free 2-monoid functor, satisfying the isomorphism

[v,am] : TP =V + Q(TP) + PRT?P

Similarly, let X: Fam; — Famjg be the signature endofunctor on families, and T2l the initial
(2, A)-algebra satistying the isomorphism

[v,a,m] : TA = 7T + Z(TA) + A TA
First, we relate presheaf and family algebras, assuming the signatures lift.
Proposition 11.1.8 IfxQ = X then xT® = T.

Proor Setting P = 2 for a family 2, the underlying family of the presheaf T(#2) satisfies
the following using the definition J = %V, the lifting isomorphism xQ = ¥, and Lemma 9.3.7:

*T(®A) = *xV + *Q(T(®A)) + *((#2A) © T(#A))
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=~ J 4+ X(xT(eA)) + AdxT(eA)
Thus, *T(#2) satisfies the same isomorphism as TX, so the two families are isomorphic. O

A more valuable result is that the construction goes the other way around too: the initial
presheaf algebra on free presheaves can be induced purely from the initial family.

Proposition 11.1.9 [f*Q = ¥« then T: Famg; — Famg extends to afunctor'f: Fam; — PSh;
with xT =T and T the initial (Q, ®91)-algebra.

Proor This is an instance of the initial algebra-lifting theorem (Theorem 3.3.3), instantiated
with the lifting constructed in the previous section:

V+Q(-) + €AS(-)

PShg PShg
*l l*
Fam; Fam;

J+2(-) + As(-)

that lifts the initial algebra T? to an initial (Q, ®[)-algebra.

It is worth expanding on the abstract proof, as it uncovers the elegant interaction between
initiality and lifting. The presheaf T is equivalently given by the underlying family AT =T
and a module structure on T2. The O-coalgebra structure T2 — OT? can be induced by
initiality, by equipping OT? with the structure of a (2, 2)-algebra:

g2 09 O, T

»)
7, T2

S Oa
>07TA —— oXTA —— Ol
St Om
Aol — oA TA) —— OTA
where X0 = OX is the elevator induced by the pointed strength 2[J, -] — [J,2(-)], and
A @ 0X — O(A @ X) is the transpose of the composite

Ade,
oA @OX) > A oOX —5 AS X

T satisfies the equation of an initial (Q, #2[)-algebra by the previous result. ]

This lifting theorem concerns the full syntactic algebras that incorporates variables, terms, and
metavariables. Given two endofunctors X: Famy; — Famg and Q: PShy — PShg generated
from the same second-order signature, we also know that the lifting isomorphism *Q = X is
satisfied: x is cartesian and cocartesian, and x(V,; = P) = N, & %P by Corollary 10.3.9.

In summary, starting from a second-order signature, a signature endofunctor on families
and its lifting to presheaves is induced; Theorem 10.2.6 establishes the equivalence of models
>-Mon(Famg) ~ Q-Mon(PShy), and Proposition 11.1.9 relates the initial (%, 2[)-algebra with
the initial (Q, ®90)-algebra. Fiore (2008, Theorem 2) connects the presheaf side by showing
that the initial (Q, P)-algebra is the free Q-monoid on P, and we fill in the missing side by
showing that the initial (2, 2)-algebra is the free X-monoid on 2.
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11.2 METATHEORY BY INITIALITY

The presheaf model offers an abstract, algebraic framework for syntactic metatheory. Rather
than defining capture-avoiding substitution manually, Fiore et al. (1999) showed it can be de-
rived automatically from the syntax via initial algebra semantics, a standard tool in program-
ming language theory. While classical approaches like Goguen et al. (1976) model data types
as initial algebras for Set-endofunctors, shifting to the category of presheaves — variable sets —
allows us to define the datatype of context- and type-indexed terms T as an initial algebra for a
PSh,-endofunctor. This supports initial interpretations into first-order X-algebras T — A that
preserve context and type. With an appropriate choice of A, such interpretations can imple-
ment syntactic operations like substitution or, for second-order signatures, metasubstitution.
The uniqueness of initial algebra semantics yields a robust proof principle for reasoning about
these operations.

In this section, we adapt this approach to the category of sorted families to prove The-
orem 11.1.7, connecting the initial (Z, 2)-algebra to the free X-monoid on 2. Our method
diverges from that of Fiore (2008), whose proof - spelled out by Arkor (2018) and Borthelle
et al. (2020) — relies on a monoidal structure that does not extend to our skew-monoidal setting.
Their technique, a variant of initial algebra semantics known as parametrised initiality, was
formalised by Fiore and Saville (2017, Section 4) and abstractly by Matthes and Uustalu (2004).
IfK: € — Cisaleft adjoint and (K, ¢: KF = GK) forms a coelevator between F,G: C — C,
given an initial F-algebra f: FA — A and any G-algebra g: GB — B there exists a unique
morphism h: KA — B satisfying

Pa

KFA GKA —S' , GB
x| |#
KA - B

Instantiating this appropriately, we obtain the standard parametrised initiality result used
in the presheaf model of abstract syntax: for all signature endofunctors Q: PSh — PSh,
pointed presheaves Q € V/PSh, and (Q + Q + P®)-algebras (A, [v, a, m]), there exists a unique
parametrised initial algebra interpretation h% : TP ® Q — A satisfying:

t5.0 QhS
Voo 2, g Q(TP) ® Q —2 s Q(TP ® Q) QA
V®Ql lv a®Ql la
TP®Q —— A TP ®Q - A

PTP,Q hgj{
(POTP)®Q 2%, Po (TP®Q) —s P A

- |

TP®Q A

Q
h./-l

With different choices of Q and A, different parametrised syntactic operations may be instanti-
ated, and given correctness laws of the form f = g: TP®Q — A, the equality can be indirectly
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established by showing that f and g are parametrised algebra homomorphisms in the above
sense. The technique can also be adapted to cartesian parametrised maps T X Q — Z, as is
done in the derivation of metasubstitution structure by Fiore (2008).

While the notion of parametrised initiality can be translated to families, the skew-monoidal
setting introduces a key limitation: in a parametrised map h: T2 & X — A, variation is re-
stricted to X, requiring T2 to appear as the left operand of the tensor. This imposes a right-
biased structure on the domain, constraining the form of expressible laws. For example, prov-
ing associativity for the substitution monoid on T (with 2 implicit) would require a domain
of the form T @ (T & T), but this cannot be rearranged to (T & T) & T, since the associ-
ator in a skew-monoidal category is not invertible. In contrast, the presheaf model allows
such rearrangements, enabling the associativity law to be expressed as an equality between
(T ® T)-parametrised maps:

B TeT) oT — L . TeT

O‘TI»T/v Il
pretT \
T

TR (T®T) T

e T®T '
One resolution is to use the generalised parametrised initiality and allow for a sequence of
left-biased parameters: for example, a double-parametrised map (T & X) @ Y — A would be
an instance of h with K 2 (- & X) @ Y, which is left adjoint to [X, [Y, —]]. This is similar to
the approach taken by Fiore and Saville (2018) in defining n-left linear maps.

This approach, however, remains cumbersome: we end up with a family of initiality theo-
rems indexed by the number of parameters in the semantic morphisms, which is awkward to
formalise since each case must be spelled out separately. Instead, we abandon parametrised
initiality and the skew-monoidal structure in favour of the skew-closed structure, recasting
each parametrised map T @ X — A as a “standard” initial morphism T — [X, A]. This shift
sidesteps the one-way associator issue without weakening the theory — every construct in the
monoidal presheaf model (pointed strengths, algebraic monoids, etc.) has an equivalent closed
formulation. It also simplifies formalisation in a proof assistant, since closed maps translate
directly to dependent functions without requiring explicit products or dependent sums. Con-
ceptually, the closed freeness theorem yields a modular, efficient proof that replaces lengthy,
repetitive diagram chases (cf. Appendix B of Borthelle et al. (2020)) with concise, composi-
tional reasoning. The remainder of this section presents that proof.

11.2.1 Syntactic algebras

We introduce some auxiliary definitions and lemmas for efficiently equipping objects with
second-order (2, 2)-algebra structure. Thus, fix a signature endofunctor ¥: Fams; — Famyg
(which, as we know from Theorem 10.3.30, comes with compatible skew pointed strength and
powering over the Day hom) and a metavariable family 2I.

Notation. The functor (X + X + @) will be denoted 2, and X will be written as X,. We will
also write ¥ for the category of (X + 3 + 2@)-algebras and homomorphisms. The structure
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maps of a X -algebra A will be denoted and called v: X — A for the variable embedding,
a: XA — A for the algebra map, and m: 9 A for the metavariable embedding. 4

Lemma 11.2.1 fl((f)): Fam_ x Fam_” — Cat is functorial.

Proor By definition, i((j maps families 2 and X to categories of algebras (2, X -Alg = iff .

Given f: Y — X and g: B — ¥, the action of the Cat-morphism (i.e. functor) i; : iff — i;*’c
on objects (A, [0, a, m]) is given by

S . f m
SIA [o,am]) 2 (A[Y > XS Aae8 5 A

The action of fl; on morphisms h: (A, [0%,a*,n"]) — (B, [v*,a®, n®]) gives a i;’-algebra
homomorphism
(A [o" o f,a" m" o g]) = (B, [6" o f,a m" o g])

with h: A — B as the underlying family map, and the structure map preservation conditions
reducing simply to the homomorphism conditions of A:

y S x4 oA - g4 s A
f\A h %@hl aleahl lh
X —— B BOB — ADB — B

0® goB m® O

To allow for simple, compositional proofs of objects having X -algebra structure for different
choices of X, we use the Grothendieck construction to associate variable families X with their
respective second-order algebra categories.

Definition 11.2.2 The category [ im is the Grothendieck construction for the functor
5 : (9/Mod,)*® — Cat; explicitly defined as having:
« Objects: pairs (X, A) with X a pointed module and A a 3 -algebra;

« Morphisms: pairs (f,h): (X,A) — (Y,B) with f: Y — X a pointed module homomor-
phism, and h: iﬁA — B a X -algebra homomorphism.

Explicitly, given a >¥-algebra A and a 3¥-algebra B, X/ A is also a %!-algebra with variable

embedding Y 4, X = A, and a morphism h: i{:fl — Bisa (X +U®)-algebra homomorphism
that preserves the Y-variable embedding:

vl y
vl lu
.AT)B

]

The following proposition allows us to parametrise second-order algebras with a pointed mod-
ule parameter, and will be the main tool we use to build second-order algebras.

Proposition 11.2.3 For all X € J/Mods, every %) -algebra A induces a Zg‘x’x]] -algebra [X, A].
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Proor Let (A, [0,a,m]) be a X)-algebra. We define the components of the Zglx’xﬂ—algebra
structure on [X, A] as follows:

%, ] [ A]
SN, A] = [ 2A] [0, A]
o @ [ A] — [, 2 @ A] 2L [ 4]

where €} ,: A ® [X, A] — [X,U & A] is in bijection with the associator (A & X) @ A —
A ® (X @A) that makes A®: Fams — Famg a right module strength (see Theorem 5.1.24). O

Proposition 11.2.4 The internal hom [—, =] is the object mapping of a functor [30 — 3.

PrOOF  Given an object (X, A € 3¥) € [3, for a pointed module X, the 1nterna1 hom [, A]

is a >1""algebra, and precomposing the variable embedding [X, DC]] [[DC A] with the
applicator map j,.: J — [X, X] makes [X, A] a 3y-algebra. Such reasoning can be efficiently
presented by the following sequence of mappings:

Prop. 11.2.3
= [X,A] € S Zm 2L Sy A € 3,

A€t
Now, given a morphism (f, h): (X, A) — (Y, B) in /3., we show that If.g]: [ A] — [Y, B]
is a 3y -algebra homomorphism. Let (A, [v,a, m]) € iff and (B, [u,b,n]) € i;? be algebras, with
h: A — B a (X +U®)-algebra homomorphism that commutes with u and v as in Diagram (7).
We show that [f, g] preserves variables, algebras, and metavariables.

J
SN
Mxﬂmmﬂlﬂuwﬂwﬁﬂ
[x.0] [2C.u] [9.u]
l
[ A] = [%.3] 5 [9.]
RN
2[XA] —— [4.B] %@Mﬂﬂﬂm%®w3ﬂ
[X,2A] — o Y, 28] [, QI@A]] [ ooe [[y QI@A]]
[X.a] [4.6] [X.m] [Y.n]
[, A] Y, B] [ A] [f.9] 9]

Corollary 11.2.5 For all pointed O-coalgebras X, O lifts to an endofunctor on X -algebras.
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Proor We have the following mappings to show that if A is a X} -algebra, so is OA:

2 FProp.11.2.3 Lem. 11.2.1

Aed —— DAEZ”’C —_— Z;[DAGZ)QIC

Given a X -algebra homomorphism h: A — B, (id, h): (X, A) — (X, B) is a morphism in [ S
with () h o v 0 id = w satisfied by the variable-preservation of h, so [id, k]| = Oh: OA — OB
is also a homomorphism of X} -algebras by Proposition 11.2.4. m]

Remark. The corollary above demonstrates the benefit of working in the closed setting: such
a lifting property does not work for ¢-algebras, as the metavariable constructor would have
to be of the form that requires the inverse of the skew associator:

meJ

A OA = %@(A@J)—>(%I@A)@J — A®] J

The structure maps of the closed category are syntactic homomorphisms.

Lemma 11.2.6 For any X, -algebra A, i,: OA — A is a Xy-algebra homomorphism.

Proor By Corollary 11.2.5, OA is a y-algebra. The homomorphism conditions are:

; 9
SOA —4, 54 ADOA —s Y @A
Dj <j; j sg‘,Al / e;{Al /
~—_ lsa oA
Dpl Iy lp oxA a oA e A) m
0A — A ual uml
oA A oA ; A
o Iy O

Lemma 11.2.7 For any3}-algebra A, pointed O-coalgebras X, Y, Z and pointed multilinear maps
f: X —yl> Z, the following composite — implementing the derived compositor in the derived
closed J/Mods-modular category Famg — is a X, -algebra homomorphism:

1d]]

flaz [2,A] —= (19, 2], [9, A]l —— [ [9, A]l

Proor First, we show that the endpoints are >,-algebras:

- P . 11.2.4 =
Aey —_ [z, A] € 2y

Prop. 11.2.3 L11.2. > - Prop. 11.2.4
AesE 2y Al e S L 2L Sy 4 e S I e STy, Al € 3,

Next, we establish the homomorphism conditions:
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9 Jx [, X]

Ly, Jid
12, 2] —= 119, 2], [% 2] 2 [ [y, 2]]
uz,puj ﬁid,w,puﬂ j[{x,w,puﬂ

[2,4] —— 119,25 [% A1) — [ [%4]]
[z, A] —= 3[[9 2], [4A]] 222 5[ [y, Al
Sx,[[‘(d,A]]
S3a [, 2[Y, A]]
[X.s3.41
12, 2A] == [[y, 2], [%, 2A]] L [, [y, 2]
[2.a] ﬁid,[[‘d,a]]ﬂ [ [Y.a]]
12, 4] (0. 21 19 A1) —— [, [4A]]
o @ [2.4] Ao [[9 2], [4 Al 2D o1 @ [w, [y, 4]
e, MY, 2], 2 @ [4, A]] ——— W, 2 & [Y,A]]
[[1d, ey,.A [[W’ ey,.A
[Z, A & A] o MY 2], [4. A ® A]] ——— [W,[Y,2A & A]]
[Z.m] [id.[Y.m]] [wW,[Y.m]]
12, 4] (09, 21, [% Al ———> W, [%AI1 _

With the main lemmas about second-order algebra homomorphism conditions established, we
can move on to the proof of the freeness theorem.

11.2.2 Free substitution structure

In this section we work through the proof of the freeness theorem: the initial (, 2)-algebra
is the free X-monoid on 2. We will use initial algebra semantics, using the lemmas from the
previous section. To fix notation, we will write (T2, [v, a, m]) for the initial (3, 2)-algebra,
keeping 2 implicit in the first part of the proof. For a 3,-algebra (A, [0, a, m]), the unique
3y-algebra homomorphism into A will be called the interpretation map is: T — A. Given
a pointed module X and assuming A is a X} -algebra, Proposition 11.2.4 shows that [X, A]
is a Xy -algebra; the homomorphism into it will be called the traversal map t: T — [X, A].
The corresponding ¥, -algebra homomorphism conditions simplify to the following diagrams,
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where s[t]: 3T — [X,ZA] and e[t]: A ® T — [X,2 & A] are compositions of the skew-
closed strengths for ¥ and 2A® with the traversal map in the style of derived module functors:

J ST 25 54 NoT 22, 9oAa
U SR “| |
T—E)A T—E)‘A T ﬁ A
fov=uv ioa=aoXi iom{e} =mfioe}
Jx s[t] e[t]
J x> X ST —{xp ZA AT x> A A
\/J( lf) ﬁ]l la [ﬂﬂ]l lm
T x> A

T 4 T —{T— 4
t t

t
t{c}ov=voo t{o} oca=aos[t]{c} t{o} om{e} = m{t{o} o ¢}

Not only do we use initiality to induce interpretation and traversal maps, we also use the
uniqueness of the induced maps to establish equality laws. To show that two maps out of
T are equal, it is sufficient to establish that they are both izfx—algebra homomorphisms; that
is, (@) the codomain of the maps is a izx-algebra, and (®) the maps preserve variables, the
algebra structure, and metavariables. In particular, every homomorphism T — T must be the
identity. The lemmas of the previous section will aid us in proving both of these requirements:
(® by constructing the endpoint by composition of functors between X -algebras (ending with
X =1J), and @ by composing known X,-algebra homomorphisms. As an example, consider

the following lemma relating interpretation and traversal maps.

Lemma 11.2.8 Let (A, [v,a, m]) be a Ey-algebra with a pointed map p: X — A, for a pointed O-
coalgebra (X,r,n: I — X). Then, the composite below equals the interpretation mapi: T — A:
t [n.A] i
T— [LA] —— [JA] — A

Proor The lemma is proved by initiality.

(® The codomain A is a 3y-algebra by assumption.
&) The composite is a Xy-algebra homomorphism as so are the components:

T
t initiality
[X,A]
Al Erop. _11.2.4 with (T) pouv=n
y point-preservation of p
[9.4]
iﬁl Lemma 11.2.6
A

Thus, it is equal to the unique homomorphism i: T — A induced by initiality. ]
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In the presheaf model, the initial (Q, P)-algebra is a presheaf by definition, with the renaming
operation part of the structure. In the familial model, the renaming operation has to be defined
separately, and it is a prerequisite to the substitution structure in which the pointed module
parameter X is instantiated with T. Fortunately, the renaming operation T — OT can be
expressed as an J-parametrised traversal.

Proposition 11.2.9 T is a pointed O-coalgebra.

Proor We induce the O-coalgebra structure map r: T — OT as the unique traversal ;.

Counit law The counit law T —— T h T =T —9 T follows from Lemma 11.2.8,

with (Y,y,n) = (J,j,,id), A= T and p = v.

Comultiplication law The comultiplication law

oT

T —— ol ool = T —— ol —— ogT
is established by showing that both composites are X,-algebra homomorphisms, as (&) is sat-
isfied by two applications of Corollary 11.2.5. Note that §,: 0X — 0OX is implemented as

LLiJa: 19X —= 112,97, [2. %] 2 9, 12,1,

T T
rl initiality ‘| initiality
ol ol
LG Lem.. 1'1.2.7 with pointed l:"r| Cor. 11.2.5 With initial
’ multilinear j, (Lem. 5.2.40) homomorphism r

ooT ool

Point  Finally, T is pointed with v: J — T, and the point-renaming compatibility condition

Js

] —— T ——ol=J 0J —— T

is the v-preservation law tv of r. O

Proposition 11.2.10 For a %y -algebra (A, [v, a, m]), if A possesses a pointed O-coalgebra struc-
turer: A — OA such that r is a Xy-algebra homomorphism, the initial interpretation map
i: T — A is a pointed O-coalgebra homomorphism.

Proor 0OA is a Xy-algebra by Corollary 11.2.5. We show that both composites of the O-
coalgebra homomorphism condition are ¥,-algebra homomorphisms and are therefore equal:

T— ol 24 =T—>4—"->04
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T
initiality of r i
| initiality o 1| initiality of §
ol
A
] Cor. 11.2.5 with initial . l assumption
- homomorphism i P
oA
OA

O
Proposition 11.2.11 For a pointed O-coalgebra (X,n,x) and X)-algebra homomorphism
(A, [0, a, m]), the induced traversal map t: T — [X, A] is a pointed multilinear map if:
« (AT S5 A 0A)is a pointed O-coalgebra;
« f: X — A is a pointed O-coalgebra homomorphism;
« r: A — OA is a X -algebra homomorphism.
Proor The first multilinear axiom expresses the O-coalgebra homomorphism condition of
t, which follows from Proposition 11.2.10 above with (A,r) = ([X, A],L[j ]a: [, A] —

a[X, A]). As j, is multilinear, L[j,] 4 is a 2y-algebra homomorphism by Lemma 11.2.7.
The second multilinear axiom expresses the equality of the composites

T t [[DC,A]] [.r] [[x, I:I.A]] - T t [[:X:,.A]] Llx]a [[x, D.A]]

which we establish by showing (@) for [X, 0A] and @& for the morphisms:

= Or. A = P . 24 -
A ey Cor 1123 OA € 3 op [X, 0A] € %y
T T
t initiality t initiality
[, A] [, A]
Prop. 11.2.4 with Lem. 11.2.7 with pointed
[oc.r] (f)rog=0Oqgopas Llx]fA multilinear p
q € 0-Coalg(X, A) (Lem. 5.2.40)
[X, 0A] [, 0A]

The map t: T — [X, A] is pointed if t{n} o v = 0. By Diagram (lv), t{n} ov = f o n, and
f on =wvsince f is point-preserving. ]

With these preliminaries, equipping T with an algebraic monoid structure — axiomatising the
structural simultaneous substitution operation - follows a very similar pattern.

Proposition 11.2.12 T is an invariant -monoid.

Proor The unit is the variable constructor v: J — T, while the substitution s: T — [T, T]
is induced as the unique traversal map t], using T both as a pointed O-coalgebra (Proposi-
tion 11.2.9) and a X -algebra (T, [idy, @, m]).

A
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Left unit The left unit law is expressed by Diagram (tv) of s:

7 2T, 1]
vJ l[ﬂr,id}]
T — [T.7]

Right unit The right unit law requires showing that the following composite is the identity:

w7

T— [T,T] = [3T] —— T

This is a consequence of Lemma 11.2.8 which shows that the composite must be equal to the
unique point-preserving interpretation iy : T — T, which, by uniqueness, is the identity on T.

Pointed multilinearity We show that s is a pointed multilinear map using Proposition 11.2.11:

« A =X =T is a pointed O-coalgebra by Proposition 11.2.9;
« f=1id: T — T is a pointed O-coalgebra homomorphism;

« r=2r: T — OT is a 3;-algebra homomorphism because it is a 3,-algebra homomorphism,

aT is a 3;-algebra witho = r: T — OT, and r preserves id; and r.

Associativity The associativity law is the equality of the following composites, which we
establish by showing that both are %,-algebra homomorphisms:

sl

T— [T.T] =5 [LITT]] = T —— [T, 7] =25 [T, [T, T]]
T T
s initiality s initiality

[T, T] [T, 7]

Lem. 11.2.7 with
Lls]y pointed multilinear
s from above

Prop. 11.2.4 with s

in¥ assoid=s

[T, [T, 711 [T, [T, T]]

[T.s]

Compatibility with renaming structure 'The invariant monoid compatibility law is:

w7

T— [T,.T] — [%,T] = T —— [7,T]

The first one is the composite of the initial homomorphism s, and the action [v, T], which is
homomorphic by Proposition 11.2.4 with f = v: J — T and () id oid o v = v. The second one
is the initial homomorphism into OT, so by uniqueness, the two composites must be equal,
and T is an invariant substitution monoid.
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Compatibility with algebra structure The X-algebra structure map for T isa: T — T. The
>-monoid compatibility condition

s[t]
=T =T
T~ T
t

with T € J/O-Coalg the pointed O-coalgebra with carrier T and structure map given by

id
T —— [T,T] i), OT derived from the monoid structure. This is not precisely the a-

preservation law (ta) of s, in which the parameter T is a O-coalgebra with r. However, since
we’ve established previously that T is an invariant monoid, both algebra structures are equiva-
lent, so T = (T, v,r) and the components of the corresponding pointed strengths coincide. O

The proposition above achieves our main practical goal: it derives and verifies the structural
simultaneous substitution operation directly from the inductive structure of the syntax. The
“wall” of renaming-lifting—substitution compatibility lemmas from Section 2.1.3 is now in
place — not by bypassing the work, but by proving each property where it necessarily arises,
whether as a naturality condition, a multilinearity axiom, or a monoid law. The underlying
structure of families, modules, and monoids guided the development; no law had to be intro-
duced ad hoc. To conclude, we turn to the proof of the freeness theorem.

Remark. From now on, the metavariable parameter of T will be made explicit; that is, we will
write T2 for the initial 3, -algebra. a

Definition 11.2.13 Every metavariable parameter 2 has an associated term in T2, given by
the unitu: 9 — T of T, a natural transformation with components:

w2 e T 2, e T —T T gy

Lemma 11.2.14 The metavariable constructor decomposes into the unit and substitution:

Ao TM 2 T eTM

le

™

Proor By expanding u, we have the following diagram:

A d
A @ T Pu®l QA7) e T

V

Ad(TTA) (Yev)eid

ADA,
% l?l@(veaid)

ASTA —— A (TA S TY) ST 9 @ T) @ T

ml meid

Ta TAe TA
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Alternatively, we can express the unit in terms of the curried metavariable operator:

’ld .T‘)I
w: o — [1o, T 22 gy, T s T
and use a similar diagram to prove that 9 —— [T2, T[] equals m — T = [T, TA]. O

Theorem 11.2.15
‘ T is the free X-monoid on 9.

Proor Proposition 11.2.12 showed that T2 is a X-monoid on any sorted family 2. To
establish freeness, we need to show that given any X-monoid (M, 1, i1, a), any assignment
w: A — M can be extended to a unique X-monoid homomorphism e, : T2A — M along
u: A — TA:

A —— |TY|
X J1ew
| M|

€, oMm{V} =w

As usual, this is done by equipping M with a 3, -algebra structure and inducing e, by initiality.
The variable embedding and X-algebra structures of M are given by n and a respectively, while
the metavariable embedding m: 2 M is defined as the composite

u
A —— M o> M

The extension e,,: T2 — M is then the initial ¥y -algebra homomorphism into (M, 7, a, pow]).
Left to show is that e, is a X-monoid homomorphism that factors w and the unique such map,
using the following lemmas.

Lemma 11.2.16 [M, M] is a 3y -algebra.
ProorF M is a Xy-algebra with (id,, a, u 0 w), so it is a X}j-algebra by Proposition 11.2.4. O
Lemma 11.2.17 The monoid multiplication pi: M — [M, M] is a 3y -algebra homomorphism.

Proor [M,M] is a X,-algebra by above. The homomorphism conditions for y are given
directly by the left unit law, the X-monoid compatibility condition, and the associativity law
of y transposed in terms of e:

A

Ad M — 9@ [M,M] —2 [V % & M]

w@MJ we)idl
M

MeM 22 Mo [MM] —25% [M,M e M]

uJ | po

M [™M, M]

l [MoaM]
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Lemma 11.2.18 The extension e, : T2 — M is a pointed O-coalgebra homomorphism.

Proor M is a O-coalgebra with the structure r: M LN [M,M] — 1o, oM, which is further-

more a 3, -algebra homomorphism as so is y from above, and [n, M] by Proposition 11.2.4 with
f = nand(})id o id o 5 =  satisfied directly. Then, by Proposition 11.2.10, e,,: T2 — Misa
pointed O-coalgebra homomorphism. O

>-monoid homomorphism We need to show that e,, preserves variables, the 3-algebra struc-
ture, and substitution. The first two follow from the fact that e,, is a 2, -algebra homomorphism.
For preservation of substitution, we equate the following two composites:

ld @ © >
Tor — s 1o, o] 22 pran v = Tor = v — s [ave, ] B2 pran v
T
sl initiality of s
[T, TAJ
[r.e.] | Prop. 11.2.4 with e, in 57 and (1) e, o id = e,,
[T, M]
ewl initiality of e,
M
ul Lemma 11.2.17
[V, M]
eu ] Prop. 11.2.4 with e, € O-Coalg(T?, M) by
< Lem. 11.2.18 and (f)idoid o e, = e,,
[T, M]

The composites are equal by uniqueness, so e, : T2 — M is a X,-algebra homomorphism.

Factoring We next show that o factors through e, with the following diagram in Famg:

9 Aoy A @ TA

o Mo 220 Men L2 m
.

M M Tl
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Uniqueness Finally we show that e, equals any ¥»-monoid homomorphism f: T2 — M that
factorises w: (D) f o u = w. This is done by proving that f must be a ¥y-homomorphism and
is therefore equal to the initial unique map e,. As before, the preservation of variables and
the X-algebra structure follow from the analogous axioms of ~-monoid homomorphisms. The
preservation of metavariables is as follows:

AT nef AdM
W W leBM
= g
A M
f O

In practice, the free monoid theorem implies the following: given a term t € T2, (T') and a
>-monoid M - that is, a model of the syntax equipped with substitution — any interpretation
of metavariables w: A — M induces a homomorphic semantic interpretation e, : T2A — M.
This homomorphism is structurally recursive, preserving variables and the >-algebra struc-
ture, and it satisfies the semantic substitution lemma: syntactic substitution corresponds to
monoid multiplication in the model. Traditionally, these properties require a long list of intri-
cate lemmas involving renaming, weakening, lifting, and more. In the algebraic familial model,
however, once we verify that M is a valid model, the denotational interpretation follows auto-
matically — no additional machinery is needed.
Theorem 11.2.19
The free X-monoid assignment 2 +— T is the object mapping of the free 3-monoid functor
T: Famg — X-Mon.

Proor The functorial action maps a function f: A — 9B to a X-monoid homomorphism

Tf: TA — TB. This is induced by freeness: since T8 is a X-monoid and we have the assign-

ment w = A ER B — TDB, there is a unique homomorphic extension eyor: 1A — TV which

we define to be T f. O

We will also write T: 2-Mon — X-Mon for the induced ¥-monoid endofunctor, mapping
(M, a, n, i) to the 3-monoid (TM, a, v, s) on the underlying family.

Corollary 11.2.20 By freeness, we have a natural transformation 0: T = Id; yon: 2-Mon —

>-Mon, with components 0,.: TM — M given by the extension

M 2% T™M

k l@Mé@id

M

In particular, we obtain the free 3-monoid monad T: Famg; — Fam; = 2 +— |T2| on families,
with unit uy,: A — TA and multiplication j, = ory: T(T2) — TA. Consequently, every
>-monoid M is an algebra for the monad T, with structure map o = 0,,: TM — M satisfying
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the unit law by the factoring property, and the multiplication law by the naturality of o:

T(TM) 2222, v

To| l@

™ M

O

Thus, as expected, the freeness theorem yields a free >-monoid functor and induces a functor
>-Mon — T-Alg. Though we won'’t rely on this, one can show that the categories are equiva-
lent by proving the forgetful functor ¥-Mon — Fam; is monadic, using techniques based on
equational systems from Fiore and Hur (2009). Instead, we turn to the second-order aspects
of the syntax: metasubstitution and sound second-order equational reasoning.

11.3 SECOND-ORDER SYNTAX

The original presheaf model of Fiore et al. (1999) addressed syntax with variables and binders,
supporting both single-variable and simultaneous substitution. Hamana (2004) extended this
to include parametrised metavariables and characterised free ~-monoids, marking a move to-
ward a general theory of second-order syntax. However, key practical limitations remained
unresolved until Fiore (2008) introduced two crucial refinements: an emphasis on metasub-
stitution — mapping metavariables to terms with other metavariables — and its internalisation,
which generalises Hamana’s monadic approach to allow metavariables that reference variables
beyond their declared parameters. Building on results from earlier sections, we translate in-
ternal metasubstitution into the familial setting and show its central role in enabling sound
second-order equational reasoning,.

11.3.1 Metasubstitution

The free X-monoid theorem directly gives rise to a form of metasubstitution implemented as
the Kleisli extension; this was first proposed (in the monadic join form) by Hamana (2004).

Definition 11.3.1 The external metasubstitution operation is the Kleisli extension

Famg (2, TB) — Fam, (T2, TVB) € Set

-
Given a metavariable m € 2,I1I, a metasubstitution rule {': 2 — T3 has to be type-and context-
preserving, so may only map m to terms in the same context II. In particular, a metavariable
without parameters must be mapped to a closed term. For example, given m € 2,[f, y] and
n € Ag[] and the term x: a,y: B,z: y F m{n{}, z}: TU,[], we cannot instantiate n with y as y
is not well-typed in the empty parameter context of n, and neither can we instantiate m with
anything that refers to x, y or z.

The solution is to decouple the type and context of a metasubstitution rule from the ambi-
ent context, allowing the instantiating terms to refer both to metavariable parameters as well
as any variables in the context. In the presheaf model this is made possible by internalising
the metasubstitution operation not as a mapping of hom-sets, but a natural transformation
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of presheaf exponentials. Writing (P, Q) € PSh for [[,.¢ P; = Q,, internal metasubstitution
operation in presheaves is

msy,: (P, TQ) — (TP, TQ) € PSh
with two variations (uncurried and curried) being
TP = (P, TQ) — TQ TP — (P, TQ) = TQ

Fiore (2008) builds the former by equipping the term monad T with a cartesian strength
cSppo: TP x Q — T(P * Q), using which an internal meta-renaming and meta-substitution
operation is derived:

CSp(p,0) Tej)

mryo: TP # (P, Q) % T(P « (P, Q) — TQ

mryp o

msyq: TP+ (P, TQ) 2% TTQ 22, TQ

The cartesian strength for T is dependent on a defined cartesian strength on Q, and when
this cartesian strength is compatible with the pointed strength, the term monad T is cartesian
strong (Fiore, 2008, Theorem 13).

To translate the above to the familial setting, we analyse how the constructions simplify
for free metavariable presheaves P = #39[. Once again, we use the isomorphism x(¢X =
Q) = X o— %xQ and xT® = T to simplify (¢, T®B) and (T2, TB) to

]_[ 9, o TV, and ]_[ T, o TS,

TeS TeS

respectively. Writing (X, Y) = [],es X o— Y, for the left closed action (enrichment) of Fam
over o—, we have the following definition.

Definition 11.3.2 The internal metasubstitution operation is the Fam-morphism
MSyg: {2, TBY — (TA TVB) € Fam
also equivalently written using the right action (powering) —: Fam® X Fam; — Fam; as
MSyg: TA — (A, TB) — TVB a

Of the two approaches, we prefer the second, as it is formulated entirely in terms of the Day-
closed structure and makes the term T2l explicit in the domain. Several construction strategies
are available. Since T2 is the initial ¥y-algebra, we can define metasubstitution by giving
(A, TA) —» TV a Xy-algebra structure and appealing to initiality. Alternatively, treating T2
as the free X-monoid, we can show that {2, T2) —e T is itself a ¥-monoid and define an
embedding w: A — (2, TAY — TB.

We adopt a more abstract route using the framework from Chapter 4, based on clones and
powered monad morphisms. This approach automatically ensures the correctness properties
of metasubstitution, avoiding the need to reprove them via initiality or freeness. To summarise
the relevant results of the chapter: if T is a powered monad, then any T-algebra TM — M
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corresponds bijectively to a powered monad morphism T = (2I|), where the abstract clone
(2() is given by (2 (X) = (2, A)(X) = (X, AY) —e A. The induced operation, known as meta-
extension, internalises the free extension: it interprets a term in T2 in a model M, given an
internal assignment {2I, M) of 2A-metavariables into M:

mey: TA — (M)A = TA — (A, M) — M

Metasubstitution is then the meta-extension with M = TN.

To make use of the framework, we first prove that T is a powered monad: (1) we equip
it with a transformation py, .: T(W — X) — W —e TX, (2) prove its compatibility with the
closed structure i, : E - X — X and ¢y o: (UG W) X — (U —» (W — X)), and (3) with
the monad structure u: Id = T and j: TT = T. Conveniently enough, all the work for (1)
and (3) has already been laid out in Section 3.4, as demonstrated next.

Proposition 11.3.3 For all W: Fam, ¢,,: T(W —e (-)) = (W —e T(-)) is a family of monad-
functor distributive laws, and the family is natural in W.

Proor We know from Theorem 10.3.32 that W —e (—): Famg — Fam; lifts to X-monoids
along the forgetful >-Mon — Famg. This, by Theorem 3.4.2, induces a monad-functor dis-
tributive law T(W — (-)) = W — T(-): Famg; — Fam,, satisfying the compatibility

laws
T(W — TX)
T W)X w)TX
W —e X ((tpy (ow)
Uy —ex ‘/‘/—.[U];x~
= \\ TT(W — X) W — TTX
—H—(W B :X:) ((,0—)> W —TX jw-xl JW—'jx

T(W — X) o W —-TX

For f: W — U € Fam, the natural transformation f — (=): (U —) = (W —e) lifts to a
>-monoid homomorphism also by Theorem 10.3.32, so by Proposition 3.4.3 the free monad T
distributes over f — (—), giving the naturality of ¢, : T(W — (=)) = W — T(—) in W:

TWU - %) 5% U7X

T(f *x)l lf —TX

T(W —-X) — W - TX
( - )((Pw)x - O

Theorem 11.3.4
‘ T is a powered monad.

Proor The powering components are given by the natural family of distributive laws above:
Pwax = (@w)x: T(W - X) — (W — TX): Fam® X Famg — Fam;

Its compatibility with the monad structure of T is also proved in Diags. (pu) and (pjf). Left is
establishing the powering laws (compatibility with i and c), which we do via freeness.
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T(E—-Y) — E—-TY — TH—T(E—'H)—>TH

The first composite is a X-monoid homomorphism: p is a homomorphic extension and i,
by Theorem 10.3.32. The second arrow is a functorial map of T: Famg; — X-Mon (Theo-
rem 11.2.19) and is therefore homomorphic. Both maps factor through v = uy o i,: E —e
Y->TY:

T(E—Y) «— FE—Y —% T(E—Y)

Pey l A

E —o -[I_H i‘d Ti};
iwl
T — Y ——— TY

Both composites of the axiom between p and ¢y y+: (U © W — X) > W — (U — X) are
>-monoid homomorphisms:

T(UeW —X)
Te Thms. 10.3.32
T(Ue W —X) and 11.2.19
pU@W,xl freeness T(U - (W - X))
UeW —TX Pwv«scl freeness
s | Thm. 10332 W - T(U - X)
W — (U —-TX) Weepus Thm. 10.3.32 and
' freeness
W — (U - TX)
Both maps factor through (U @ W — X) —— oo UeW —-TX) — LR (W —- (U —-TX)):
TUOW -X) — oW —X e T(U e W — X)
id-’N Teywx
Puowa UoW —e W — (U — X) =25 T(W - (U —= X))
/ Wv% . m Pwu—x
UeoW —TX —— W — (U - TX) T~ W — T (U — X)
Thus, p is a powering over —e, compatible with the monad structure of T. O

Instantiating Theorem 4.3.4 with the strong monad T, we get the following.

Definition 11.3.5 For all 3-monoids M, components of the powered monad map T = (M)
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thus induced give the internal meta-extension operation
me?I,M: -[I_%I - («9’[5 M)) - M) ~ <<2L M)) - <<-[|—2[’ M>>
With M £ T, the meta-extension specialises to the internal metasubstitution operation

MSyg: 1A = (AL TB) = TB) ~ (A, TB) — (TATYB)
-
It’s worth unpacking the metasubstitution operation, since deriving it through multiple ab-
stract layers can obscure its practical utility. The powering of T is defined via the map

W — [X,Y] > [W - X, W - Y]

which is the closed analogue of the map m[—]: (W -+ X) @ (W - Y) > W — (X @ Y) from
Theorem 10.3.17. Precomposing this with the monoid multiplication M — [M, M], and lifting
the signature endofunctor ¥ through the same powering, allows us to promote W — (—) to an
endofunctor on YX-monoids, as shown in Theorem 10.3.32. The meta-extension (and metasub-
stitution) operation is then freely induced by endowing the internal hom {2[, M) — M with
>-monoid structure. The resulting 3,-algebra homomorphism conditions shown below give
a structural definition of the metasubstitution operation me, ensuring it preserves variables,
constructors, and substitution in a way that aligns with the underlying syntax.

9 " M S(TA) 2000 5020, MY —» M) 2295 090 MY —» SM
Wl lkﬁl,m» al lid_.a
-[I—QI My v <<9/I’ M)) - M _]]—91 mey «QI; M>> —o M

ﬂf: t Dmey J@ﬁ?{t !
A TA : (€A, MY —o M) & (A, M) —o M) —— (A, M) — (M & M)

al o

A Mey 50 «%I: M)) —-M

The diagrams correspond to the following explicit recursive definitions:

>

me || (vo) n (5" 0)
me || (at) a(plll (Emet))
me [{] (m{e}a) = p{(me [{] o &) > 1"} ({a)

>

We work through the case of metasubstituting into metavariables, with M £ T9. Take a
parametrised metavariable a € 2,II, an environment &: II I', and a metasubstitution
rule { € (A, TBHA = [[, A0 — THB, (O + A). Metasubstituting (m{e}a) € T, I with
{ starts by looking up the metavariable a in the rule, which gives a term {a € T8, (Il + A)

(instantiating 7 with « and © with IT). However, ms | {| (m{¢}a) must be in TB, (T + A), so

(TB)

the context of { a needs to be adjusted by a substitution rule IT + A—T + A. This is exactly
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where ¢ € T3 T comes in, which maps every parameter in II to a T2-term in I'. To bring

the metavariable contexts to the right shape, the terms in ¢ are recursively metasubstituted,

giving a substitution rule J,IT —— T,T mele] TB,(A+T). Finally, this is widened by the

injection 1, : J,I' — J,(A +T) to give the final substitution rule

(T3)

(me (] ce) =" eI+ A—T+A

Applying this with the object-level substitution operation to { a: T8, (Il + A) gives us a term
ins{(me |{] oe)>1,"} ({a) € TBe(T + A), as required.

We now have the metasubstltutlon and meta-extension operations in hand, but their role
and governing laws remain to be placed in an abstract setting. Their representation as inter-
nalised extensions offers a key insight: the term monad T is not merely a monad on Fams,
but a monad enriched in Fam, with hom-objects given by {—, =) : Fam{’ X Famg; — Fam. The
equivalence of enrichment and powering was the subject of Theorem 4.3.5, and instantiated
with the powered monad T, we obtain the enriched unit and Kleisli extension operations

u: X - TX ms: (X, TY) — (TX, TY)
satisfying the following axioms:

jTDL

GTYY 255 (TX,TY) I —I= L, (TX,TX)
\ l({ux,id)) J”CJ Tm@x,x
(X, T9) O0X) e €T
ms |[{] (wa) = (a) ms|ult =t
(U TZY © (X TYY ™2 Ty T2y o (X TY) —2, (T2

(TX, TY) e (TY, TZ) (TX,TZ)

TY
M'ITIX TZ

ms [£] (ms [{] £) = ms |ms|£] o {] ¢
The equational laws clearly encapsulate the intended unit and associativity laws that metasub-
stitution should satisfy. Similarly, the associativity of meta-extension is the law

TY

() © (X TY) T2 (Ty, My © (X, TY) —= (X, M)

mey, x©MSxy l lmex,m

(TX, TY) © (TY,M) (TX, M)

meM[ oid

MY
me | k| (ms [{]t) =ms |[me|x] o]t

that is used in the soundness of the equational theory of the next section.
With this final characterisation of the second-order meta-extension and metasubstitution
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operations, our study of second-order abstract syntax is complete. A direct application of
metasubstitution, meta-extension, and their laws concludes this chapter.

11.3.2 Equational logic

Among the first applications of the algebraic theory of second-order abstract syntax were term
equational systems and second-order equational logic. The general theory was developed by
Fiore and Hur (2007, 2008, 2009, 2010), Hur (2010), and Fiore (2013). We distil the core elements
of this research to a simple and implementation-friendly equational system that allows the
specification of second-order axioms between terms with variable binders and parametrised
metavariables, and synthesises a logic for second-order equational reasoning. The soundness
of the logic is established using the metasubstitution laws introduced in the previous section.

Notation. Elements of the set T2,I for 2l € Famg, € S and I' € F[S] will also be denoted
A>T Ft:a. 4

Definition 11.3.6 Let A C Y gcpamg 2urer([s] Zaer (A > T Ft:a) X (A » '+ t: a) be a relation
between (meta)variable contexts, terms and sorts, with elements denoted 2 > I' + t = s: a.
Define an equational theory with axioms A with the following rules and axioms:

A>Trt=s:a A>Trt=s:a
AX REFL SYMM
A TrHt=sa A Trt=t:a A>Trs=t:a
A TrHt=s:a Ao TrFs=u:a A>Trt=s:a p:T'—=A
TRANS REN
A Trt=u:«a A> Arrtp=rsp:a

A>Trt=s:a (,Ee (A, TBYA Vae A LB I+Ar{a=¢art
BerT+Armst{=mssé: a

MSUB
_I

The rules and axioms above define an inductive proof system for equating two second-order
terms. A second-order axiom is a template for an equality rule, with metavariables standing
for terms that can be instantiated arbitrarily (as long as the type and parameter context match).
For example, in the second-order theory of the A-calculus (temporarily extended with arith-
metic, to make for more interesting examples), the axioms representing f and 1 conversion
would be stated as follows, with metavariable families 2[ and B defined appropriately:

a: Aglal],b: Ag[] » [] +app (lam (x.a{x}),b) = a{b}:
g: Be_p[] » [] +lam (x.gx) =g :a-p

Any instance of f-equivalence may be derived by instantiating the axiom with the MsuB rule
with terms of the appropriate form. For example, given terms

O>x:N->Ny:Nrx-(y+5):N O>y:Nry—1:N

we construct the metasubstitution rule { = {a|x] — x-(y+5),b— y—1} € (2, 0)[y: N],
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and applying it to both sides of the f axiom gives the derived equality:

0>y:Nrapp(lam(x.x-(y+5),y-1)=(@y—-1)-(y+5): N

The rule REN, not part of the original equational logic of Fiore and Hur (2010), is required to
prove the general congruence property, where the rewritten subexpressions are open terms.
As a variation of the example above, take

O>y:NFy-(app (lam(x.x+y),3)): N

The abstracted term b: By[N] » [y: N] F y-b{y}: N and metasubstitution rules {,¢ €
A, 0) [y : N] now live in the same nonempty context, and applying ms will combine the
contexts to [y: N, y: NJ|; or more generally, to I'+I'. Collapsing the repeated context elements
is done with the rule ReN, with the diagonal renaming [id,id]: I' + ' — T'. Since ms always
extends the context of terms, such a renaming cannot be captured as a special case of metasub-
stitution, hence its addition to the equational logic; this is not a problem in the presheaf model,
as the presheaf exponentials can represent more complex forms of context manipulation, not
just concatenation.

While the logic allows for equational reasoning within the syntax, this is not connected to
any models yet. Given a set of axioms, we may consider models — 3-monoids — in which the
axioms become equal when interpreted.

Definition 11.3.7 A ¥-monoid M is a model for a second-order axiom A>T F t =s: a, denoted
MEUA>T Ft=s:aifmet =mes € (M)U; explicitly, for all : (A, M)A, we have
me |[{|t =me |{]s € My(T +A). M satisfiesA > T Ft=s: a,denoted MEA>TFt=s: a,
ifmet =mes € (M)2. 4

Definition 11.3.8 For a set of axioms A, a (2, A)-monoid M is a Z-monoid such that for every
axiomin A MEA>T+HE=s: a. a1

The theory of metasubstitution and meta-extension developed earlier makes the soundness of
the equational logic quite easy to prove.
Theorem 11.3.9
Let A be a set of axioms over the signature 3. If 2l » I + t = s: « is derivable for two terms
t,s € TALL, then MEA » T+t =s: « forall (3, A)-monoids M.

Proor Lett,s € T,(T) be two terms and assume 2 > T' + t = s: @. We prove the soundness
theorem by induction on the derivation of the equality.

Case Ax M isa (%, A)-monoid, so it satisfies the axiom by assumption.
Case REFL, SYM, TRANS Follow by the equivalence relation property of equality.

Case REN Let {: (2, M)O a metasubstitution rule and assume inductively that mea{ =
me b . We first show that me: T2 — (2, M) — M is a O-coalgebra homomorphism
using the diagram below, where the naturality and preservation conditions concerning r
are derived from those of s, and the fact that o, p and T f are ¥-monoid homomorphisms:
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M

T — 2 T, MY —o M) 225 090 MY —o TM —9 (91, M) — M

id—o[er lid—-r

Ty ORIy WYy A, M) - OTM _id~0o , €2, M) — oM

s((‘)[,]»[))al l CAMY—
J,TM 57\/[

old — =T > OT (€2, M) — M) —— O({2A, M) — TM) D(((%I M) — M)

OP ooy
With this, meta-extension of a renamed term calculates as follows:

me (rap)k =s{p}(r omeax)
=s{p}(romebk)
=me (rbp)k

Case MsuB Let {, &: (2, TB)A be metasubstitution rules, and x: {8, M)©O a meta-extension
rule. Assume inductively that ms¢ = mss and for all b € B,II, {b = £b. We use the
associativity property of metasubstitution shown in Diagram () to calculate as follows:

me || (ms [{]£) = ms [me|x] o ]t
=ms |me|k]|o&]s

=me | k] (ms [£]s)

Thus, for every model, satisfaction of axioms extends to satisfaction of any equation provable
from the axioms. a

This chapter unified the abstract developments from earlier sections to construct the familial
model of second-order abstract syntax. Using initial algebra semantics, we derived homomor-
phic interpretation maps across models parametrised by renaming, substitution, and metasub-
stitution. We proved a freeness theorem linking initial second-order algebras with free models,
and established correctness and compatibility laws via the uniqueness of initial semantics and
free extensions. Finally, we placed internalised metasubstitution and meta-extension in an en-
riched setting, and used this structure to formulate a sound, syntax-generic equational logic
for second-order reasoning.



§ Summary of Part 11l

Part Il introduced the family-based model of second-order abstract syn-
tax, deriving it from and relating it to the presheaf model. We addressed
the features of the presheaf setting that lead to discrepancies in formalisa-
tion — such as the presence of presheaf actions and the need for quotient-
ing — by formulating the model in more general contexts: skew-monoidal
categories and the Day convolution structure. Beginning in Chapters 8
and 9, we developed the general theory of presheaves, showing how en-
riched structure on the base category yields stronger substitution princi-
ples in the presheaf category. The restricted nature of discrete presheaves,
or type- and context-indexed families, prompted a careful treatment of
renaming, naturality, and parametrisation in Chapter 10. This, in turn,
enabled a reformulation of the key theorems of the presheaf model that
underpin the development of second-order abstract syntax in Chapter 11.

Next, we demonstrate how the abstract theory of the familial model
directly informs the implementation of a generic syntax-formalisation li-
brary, and how it can be used for syntax-generic metatheory.



APPLICATIONS

The categorical theory of second-order abstract syntax developed so far has been
entirely mathematical, though always with a practical goal in mind: to distil core
constructions and theorems into a robust foundation for mechanising second-order
calculi. Our aim was not to formally verify the familial model itself, but to use its
insights to build a formalisation framework that eliminates the tedious and error-
prone boilerplate common in mechanised programming language research.

In this final part of the thesis, we outline the key components of our Agda im-
plementation of a second-order formalisation framework. Chapter 12 provides a
guided overview of the library, focusing on the main challenges of encoding ab-
stract categorical ideas in a concrete setting. We then turn to applications in Chap-
ter 13, demonstrating how the framework supports both generic metatheory and
the implementation of specific syntaxes.






CHAPTER 12

Computer formalisation

The theory developed thus far represents only part of the contribution of this research. The
practical complement is the development of a syntax-generic formalisation framework for
second-order calculi in Agda, called agda-soas. This framework implements the core ele-
ments of the mathematical theory and serves as a proving ground for its claims of practicality
and formalisability. It is not intended to mechanise the familial model in its full abstraction
and generality. Rather, this principled, selective approach enabled the creation of a stream-
lined and relatively simple system, underpinned by a robust mathematical foundation. Unlike
many existing formalisation frameworks, agda-soas handles nearly all boilerplate upfront,
using syntax-generic initial algebra semantics; only minimal syntax-specific metatheory is re-
quired, and even that is automatically generated from a concise syntax-description language.

Since the theoretical underpinnings of the library have already been presented, we avoid
repeating the formal definitions except for illustrative purposes. Sections 12.1 and 12.2 provide
examples of how the abstract categorical theory is realised as clean, idiomatic Agda code. Of
particular interest is the interface between the generic metatheory and user-defined syntax
signatures, the subtleties of which are discussed in Section 12.3.

This chapter builds on our POPL 2022 distinguished paper (Fiore and Szamozvancev, 2022),
with supplementary materials available at the paper’s website. The agda-soas library, avail-
able on GitHub, currently lags slightly behind the full theory presented in this thesis, as it does
not yet incorporate the enriched metasubstitution framework.

12.1 FAMILIAL MODEL

We start by laying down the basic foundations of the familial model: contexts and families in
Section 12.1.1, and the generic axiomatisation of renaming and substitution in Section 12.1.2.

12.1.1 Contexts, families, and variables

The definitions of contexts and variables are well-known from intrinsically-typed treatments
of syntax. Rather than using named variable-type pairs, contexts are lists of types that come


https://www.cl.cam.ac.uk/~ds709/agda-soas/
https://github.com/DimaSamoz/agda-soas
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from a fixed set S, and variables are typed and scoped de Bruijn indices into the context: new
points to the first element of the context, while old(v) points to the variable v in an extended
context. This corresponds to the coproduct structure of the presheaf of variables.

data Ctx : Set where dataJ: S — Ctx — Set where
0 : Ctx new : Ja(a-T)
_i(a:S)— (I: Ctx) — Ctx old :JBT - I p(a-T)

Families and sorted families are indexed families of sets, expressed in Agda as functions in
the universe level Set;, containing types and the type of types Set:

Fam : Set; Famg : Set; _— : Famg — Famgy — Set
Fam = Ctx — Set Famg =S — Fam X—=Y={a:SHI': Ctx} > X aT - Yal

The concatenation of contexts is used in the definition of context extension, as well as the
Day homs. The derivation of the latter from the former is possible, but would result in an
unnecessary indirection step — we will often prefer to define things concretely, where the
derivation from a more general construct is of mathematical interest only.

_+_: Ctx —» Ctx — Ctx
0 + A=A
(- T)+A=a-(T+A)

0 : Ctx > Fam — Famg

SOXT=X@+7)

_—o_: Fam — Fam — Fam _o— : Fam — Fam — Fam
(X—oY)F {A:Ctx} > X A—>Y (T +A) (Xo—Y)F {A:Ctx} > XA—>Y(A+T)

Renaming and substitution rules are type-preserving families of maps from variables to vari-
ables or families, with a change of context:

[_] : Ctx —» Famg — Ctx — Set _~»_: Ctx — Ctx — Set
-[X ]—>A={a:S}—>JaF—>DCaA r~>A=T-[J]-A

The cocartesian structure of contexts and renamings is exhibited by the definitions of the
injections and copairing, both done by induction on the variable syntax.

inl: (A: Ctx) > T~ (T + A) inr: (T': Ctx) > A~ (T + A)
inl A new =new inr v="0
inl A (old v) = old (inl A v) inr (¢ - T) o =old (inr T o)

copair: (X: Famg) > T -[X]-0) > A-[X]-0)—>T+A)-[X]-06
copair X {0} ocuo =Gv

copair X {a - '} 0 ¢ new
copair X {a - T'} o ¢ (old 0)

o new

copair X (o oold) ¢ o

A useful special case of copairing is adding a single term to a substitution, which corresponds
to the standard cons operation in the theory of explicit substitutions (Abadi et al., 1991).

add: (X: Famg) > X a A>T -[X]-A—>(x-T)-[X]=A
add X t 0 = copair X M{ new = t}) o
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To bridge the gap between the categorical theory and existing syntax formalisation efforts,
we include a glossary of terms to connect agda-soas to other proposed frameworks, most
notably the state of the art work by Allais et al. (2021) on the generic-syntax library.

Families McBride (2005) recognises the value of abstracting intrinsically-typed variables and
terms into intrinsically-typed sets, but gives them the vague name of stuff, denoted ¢. Allais
et al. (2021) calls S-sorted families S -Scoped and introduces some syntactic sugar for con-
structing and manipulating sorted (and unsorted families). The Scope operator corresponds
to context extension.

Substitution rules One of the main innovations of McBride (2005) is to generalise the notion
of a renaming and substitution rule into a type-preserving map from variables over I to
“stuff” over A. Allais et al. (2021) writes (I' -Env) X A for such transformations, and calls
renaming maps Thinnings. The e operator corresponds to our add, and select is simply the
composition of a renaming and substitution rule.

12.1.2 Renaming and substitution

Renaming We seek a way to equip families with a functorial action of the form
r{fA:Ctx} > T ~ A)=> XTI — XA
that, syntactically, corresponds to a renaming operation. Rearranging this to the form
r{l:Ctx} > XT - ({A:Ctx} = (L ~ A) - XA)

we note that the codomain is a function of « and I', and refactoring this as an operator on
families gives us the cofree presheaf comonad:

O: Fam — Fam
OXT'={A:Ctx} > (T~>A) - XA

The coalgebra structure map for this family expands precisely to the type of r above, with
the coalgebra axioms corresponding to the expected functoriality laws: preservation of iden-
tity and composition of renamings. In Agda, such structures are typically axiomatized us-
ing parametrised records. We follow the standard approach of separating structures — which
equip a given object with additional structure — from bundles — which package the object to-
gether with its structure. This pattern is familiar from libraries such as agda-stdlib and
agda-categories (Hu and Carette, 2021, Section 4.2).

Coalg (X : Fam) : Set
r X—0X
r-id: {t : XT} > r[id]t=t
ro:{p:T~>Afo: A~ Ot: XTI} —>rlooplt=rlo](r[p]t)


https://github.com/gallais/generic-syntax?tab=readme-ov-file
https://gallais.github.io/generic-syntax/Data.Var.html#531
https://gallais.github.io/generic-syntax/Generic.Syntax.html#1217
https://gallais.github.io/generic-syntax/Data.Environment.html#577
https://gallais.github.io/generic-syntax/Data.Environment.html#710
https://gallais.github.io/generic-syntax/Data.Environment.html#2189
https://gallais.github.io/generic-syntax/Data.Environment.html#2346
https://github.com/agda/agda-stdlib
https://github.com/agda/agda-categories
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For syntactic simplicity, we use the synonym r[ p | t for r t p. Since context transformations
such as weakening, contraction, etc. correspond to renaming maps, the associated structural
rules for a O-coalgebra X can be derived via renaming:

wkl: XT - X ([T +A) wkr: XA — X (T +A) contr: X(I'+I)—>XT
wklt=r[inlA]t wkrt=r[inrT']t contr t =r[copairJidid] ¢

The natural notion of a transformation between O-coalgebras is a homomorphism: a map X —
Y that preserves the coalgebra structures of X and Y.

record Coalg= (X" : Coalg X)(Y°: Coalg Y) (f : X — Y) : Set where
field (N:{p:T~>AH{t: XT} > fXr[p]lt)y=Yur[p](ft)

By turning the structures defined here into bundles, we can define the category of coalgebras
and coalgebra homomorphisms; while we won'’t detail it here, the agda-soas library has some
generic functionality to define categories of objects with extra structure with minimal effort.

Coalgebra : Set, Coalgebra= : Coalgebra — Coalgebra — Set
Coalgebra = 3 Set Coalg  Coalgebra= (X , X°) (Y, Y°) = 2 (X — Y) (Coalg= X° Y°)

Coalgebras : Category
Coalgebras = record { Obj = Coalgebra; _=_ = Coalgebra=;...}

The record PCoalg for pointed coalgebras (equipped with a point n : J — X that commutes
with renaming) and homomorphisms between them are defined similarly.

Substitution The axiomatisation of substitution structure follows the same pattern. We de-
fine the internal substitution hom as a generalisation of the cofree coalgebra, parametrising a
family with an arbitrary substitution rule:

(_,_) : Famg — Famg — Fam
(X,Y)aT={A:Ctx} > T -[X]-A)>YaA

The closed structure of families under this hom is proved easily: the structural transformations
it (3, X)—=X,j:T— (X, X)andL:(Y,2) — ((X,Y), (X,2Z)) are defined by function
application and composition. A family equipped with a substitution operation is a monoid in
this closed category, with the laws (defined in terms of i, j, L) expanding as:

record Mon (M : Famg) : Set where
field n:J - M
p:M— (M, M)

i do i T-[M]= Ao TaTh— o] (o) = oo

pon st Malt—pln]t=t

pp:fo:T=[M]=A{g: A-[M]-0}{t: MaT} —
plelulolty=plulcloo ]t
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The multiplication i represents simultaneous substitution, replacing every variable in context
I' with an M-term in A. In practice (e.g. in S-reduction) one often uses one- or two-variable
substitution for the last variable or variables in the context, which is derived using add:

[/]: MaT >MpB(a-T)>MBT [, /lp: MaTl >MPTr >Mz(a-pf-T)>M<zT
[s/]t=pladdMsny]t [s1,s2/]ot=p[add M sy (add M sy )] ¢

The associativity axiom -/ generalises the associativity laws of single-variable substitution,
often encountered in normalisation theorems: the following instance is derivable for every
monoid, where [_/]’ is single-variable substitution for the second variable of the context:

subst-lemma: (t: My (f-a-I))(s: M (a-T))(r: MaTl)—
[r/ICsA)=[0r/1s/Ar/"t)

Monoid homomorphisms preserve the unit and multiplication. When M is a family associated
with an inductively defined syntax, N is a model of the syntax, and f is a map M — N, the
preservation of multiplication

() Ao :T-[M]=Aft: MaT}— f(Mplo]t)=Npu[foal(f)

expresses the semantic substitution lemma: the interpretation of substitution in the syntax is
the composition of interpretations in the model. We give its familiar form for single-variable
substitution as an example below. The fact that f commutes with add is established by function

extensionality, case analysis on the variable, and the preservation axiom of the monoidal unit
() {o:TaT}— f(Mnyov)=Nyo.

sub-lemma: (s: MaT)t: MP(x-T) > f M[s/]t)=N[fs/](f?1)
sub-lemma s t = trans (i) (cong (N.uz (f t)) (ext A{ new — refl; (old y) = (n)}))

Every monoid M has an underlying pointed 0O-coalgebra instance M5 : PCoalg. As the free-
ness proof induces substitution structure using an existing renaming structure (since we need
to weaken when substituting under binders), we introduced the notion of a invariant monoid
to ensure that the existing renaming structure is compatible with the one derived from sub-
stitution. The main property of invariant monoid we need is that the strength transformation
(defined later) using either pointed coalgebra structure is equivalent.

record InvMon (M : Famg) : Set where
field M5 : PCoalg M
MY : Mon M
n-compat : fo:Jal} -»no=n"o
p-compat: {p: T~ AH{t : MaTl}—-rtp=put("op)

str-eq : str M7 Y = str MM Y
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Linearity As discussed throughout the mathematical development, parametrised maps in
families are more limited than their presheaf counterparts. The simpler monoidal and closed
substitution structures in families lack the renaming-invariance properties captured by dinat-
urality in natural transformations. To address this, we introduce a set of axioms collectively
encapsulating pointed multilinearity — here simply linearity — which encode the necessary
coherence laws for maps X— (Y, 2], assuming all three families are pointed coalgebras:

Linear (f: X — (Y,2)): Set
f o T—[Y ] AHos A~ O} ft: XaT)— 2i[o] (fta) = [t (Yr[o] o 0)
fro{p:T~>Ag:A-[Y]-0{t:Xall— f(Xr[p]t)g=ft(sop)
f-n: fo:Jal}—- f(Xypov)Yny =2Zno

These axioms, spelled out explicitly in Section 10.2.1, capture the structure needed to recover
key properties of presheaf models within the family setting. One immediate consequence is
that the codomain (Y, Z ) becomes a pointed O-coalgebra, and the map f qualifies as a pointed
coalgebra homomorphism. Without linearity, this generally fails: the internal hom (Y, Z) is
not pointed in general, even if both Y and Z are. As shown in Lemma 5.2.40, several relevant
transformations — suchasj: J— (X, X)), r: X — (J,X]) and p: X — (X, X)) — are all linear,
with their laws deriving from the axioms of closed categories, coalgebras, and monoids.
We again compare the definitions above to prior work.

Renaming Our use of coalgebra structure to capture renaming was originally inspired by
Allais et al. (2021), whose Thinnable X operator expands to the coalgebra X — 0X. While
their library defines the operations making 0O a comonad, comonad and coalgebra laws are
neither stated nor used. The library also includes a free presheaf monad < and various
structural operators, though these are not discussed in the paper.

The VarlLike record is a variant of a pointed coalgebra: it equips a sorted family X with
coalgebra structure (a thinning operation), and a distinguished term new : X « (« - T'), from
which the point base (I' -Env) X I' =J — X and various weakening operations are defined
inductively over lists or renamings.

A similar idea appears in McBride’s (2005) kit construction, which packages a translation
tm: ¢ aT — T aT of “stuff” into syntactic terms, a variable embedding vr: Ja T — ¢ a T,
and a weakening map wk: ¢ a I' — ¢ a (f - I'). This concept is further developed in Benton
et al. (2012, Section 7).

Substitution Both McBride and Allais et al. derive substitution as a special case of a generic
traversal (see later), but again, the structure is not axiomatised and families with substitution
structure are not given as much emphasis as families with renaming structure.

Laws and linearity Whereas our work makes coherence axioms an inseparable part of the
structure, Allais et al. decouple operations from laws and prove the latter at an ad hoc basis
using a separate reasoning framework based on simulation and fusion lemmas. Axioms of
coalgebras (ren-id, ren?), monoids (sub-id, sub?), and linear maps (rensub, subren) are stated
and proved for syntactic terms rather than arbitrary families, with a proof technique that
feels quite independent from abstract syntax. By contrast, our approach builds the axioms


https://gallais.github.io/generic-syntax/Data.Environment.html#3720
https://gallais.github.io/generic-syntax/Data.Environment.html#3294
https://gallais.github.io/generic-syntax/Data.Environment.html#3381
https://gallais.github.io/generic-syntax/Data.Var.Varlike.html#512
https://gallais.github.io/generic-syntax/Data.Var.Varlike.html#590
https://gallais.github.io/generic-syntax/Generic.Identity.html#3125
https://gallais.github.io/generic-syntax/Generic.Fusion.Syntactic.html#1035
https://gallais.github.io/generic-syntax/Generic.Identity.html#3474
https://gallais.github.io/generic-syntax/Generic.Fusion.Syntactic.html#3980
https://gallais.github.io/generic-syntax/Generic.Fusion.Syntactic.html#1410
https://gallais.github.io/generic-syntax/Generic.Fusion.Syntactic.html#2701
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into the fabric of the structures from the outset, allowing us to appeal to syntactic princi-
ples like initiality to establish correctness and compatibility laws systematically, without

requiring an external reasoning framework.

12.1.3 Models

Given a family endofunctor ¥ : Fams — Famjg capturing the signature of a second-order syn-
tax, we defined a model for the syntax to be a substitution monoid with compatible >-algebra
structure. As we’ve seen, to express the compatibility condition, we need to be able to push sub-
stitution rules into constructors and under binders using the pointed strength of Section 10.3.2.
The strength for a functor ¥ is axiomatised as a record as follows:

record Strong (X : Famg — Famg) : Set where
field str (X5 : PCoalg)(yY: Fams) = X(X,Y) — (X, 2 Y)

str-ny : (fP=: PCoalg= Wi X /)(h: 2(X,Y) al)(c: T -[W]-A)—
strXYh(foo)sstr WY E1 (AW o =KW (fod))h)o

strrny: (g:Y = 2)h:2(X,Y)al)o:T-[X]=A)—
strXfZ (1 (AR o’ g o) h)o=31g(str XTY ho)

str-i (h:2 (9, YD) al)—>strI?Yhid=2,(iY)h
str-L o {f : W — (X, YD} (f* : Linear W5 X3 Y f)
h:20Y,2)al)o:T-[W]=A)s: A-[X]-0)—
stry7Zh (Ao — f(o0)g)
=strX; 2 (str Wi (X,2) (Z1(Ahog—-h(Ao— f(ocov)g)h)o)g

Though they look rather complicated, the equations correspond the naturality and strength ax-
ioms of derived strengths. In particular, str-L expresses the compatibility of strength with the
parametrised compositor L[f]: (Y,2Z) — (W, (X, Z) ), a closed form of Diagram (sa@L).

2(f.id)

2(Y,2) — 2((X.Y), (X,2)) == (W, (X.,2))
lstrw.nx,zu

(W.2(X,2))
lﬂidﬁtrx,z]]

(9.22) —— ((X.¥),(X,22) ) = (W, (X,32))

The most important instance of strong functors is the context extension §, whose strength uses
the well-known auxiliary lift operation on substitution rules over pointed coalgebras X:

lift:( @:Ctx) > (T-[X]>A) > ©+T)-[X]-(©+A)
lift 0 ov =00

lift (r-©)onew =X.;ynew

lift (7 - ©) o (old 0) = X.r (lift © o v) old
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The Strong instance for context extension requires lift and various derived lemmas thereof, all
ultimately corresponding to the properties listed in Section 2.1.3.

§:Str: (2 : Ctx) — Str (d:Functor E)
4:Str E = record
{str =AX2Yho — h(liftXo)
;str-ny =A ff= ho — congh (lift-n; E 7= o)
sstrng=Af  ho —refl
;str-i =AY h — cong h (lift-i £ Y)
;str-L =AY > hog—congh(lift-LEY fog)}

To show how lifting, closed structure, and linear maps interact, we spell out the proof of lift-L:

lift-L: (E: Ctx) {f W — (X ,Y )} (f>: Linear W XY f)

(c:T-[W]>A)G:A-[X]->0)(v:Ta(E+T)) —
liftY (Au—f(ou)g)o = f(lift Woo)(lift X g)
lift-L 0 ffogo = refl
lift-L (B - E) f> 0 ¢ new = begin
Y.n new ="(f-n)
f (W.p new) X.p =( eq-at-new refl )

f W.pnew) (litt X ¢g) m

lift-L (B - E) f> 0 ¢ (old v) = begin
Yrlold ] (liftYAu— f(cu)g)v) =(lift-LE f> o go)
Yrlold] (f (lift Wao o) (lift X ¢)) =(r-f)
fift Woo)(Xr[old]olift Xg) m

The proof proceeds by induction on the extension context and the variable. When looking
at the top variable, we use the fact that linear maps are point-preserving, and propagate the
property of two substitution rules equalling at the first variable to the equality of applications
of the map to the point of X at the first variable:

eqatnew:{o: (@ -T)-[Y]=(a - O)}{s: (- A)-[Y]-(a O)—
o new =¢ new — f (X.y new) o = f (X.y new) ¢

Indeed, this key property is inlined in the proof of Lemma 10.3.16 and proved using the linearity
axioms. The recursive case of lift-L again proceeds using axioms of linear maps, justifying the
need for the abstraction. To show how lift-L generalises several lifting lemmas in one fell
swoop, we apply it to the linear maps j J, j X, r and ; to obtain the familiar compatibility
conditions of lift with composition of renaming and substitution rules, listed in Section 2.1.3.

litt I (o o p) =lift] poliftIp
lift X (¢ o p) =lift Xgoliftdp
lift X (rlo] co)=r[ liftT plolift X o
lift X (u[gloo)y=p[ lift Xg]olift X o
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With the appropriate definition of strength, we can define our semantic models: monoids
with compatible F-algebra structure. For the initial model - the syntax — the compatibility
condition axiomatises the structurally recursive definition of substitution on syntactic terms.

_-Mon (£ : Famg — Famg) (M : Famg) : Set

M. 2y S

M : Mon M SM — S(M, M) — (M, EM)

a :X2M-—-M

’u<a>{0'r—[M]—> A}{tZMaF}_) dl lﬂld’an
p(at)o=a(str MM (2 pt) o) M (M, M)

While no previous research on formalisation frameworks axiomatises models with substitution
like we do, the associated pattern nevertheless appear.

Lifting and strength The lift operation, which extends the domain and codomain of a sub-
stitution rule by introducing additional variables, has long been recognised as a crucial
abstraction — dating back at least to Altenkirch and Reus (1999) in the context of monadic
syntax. In their setting, the lift operation appears naturally as part of the monad laws, with
the unit and associativity properties ensuring its correctness; however, these properties are
not explicitly abstracted or formalised as a separate concept. In contrast, Bird and Paterson
(1999%) explore a more basic variant of lifting, using a swapping operation sw: TX + 1 —
T (X + 1) in their work on nested datatypes and generalised folds.

Later developments make more explicit use of lifting as a generic traversal mechanism.
McBride (2005) and Benton et al. (2012) adopt the lift pattern to systematically define type-
preserving and structurally generic transformations. In more recent work, Allais et al. (2021)
incorporate a variant under the name extends, specialised to A-terms, and a generalised form
for arbitrary families is given as lift. These usages highlight the continuing relevance of
lifting not just as a programming convenience, but as a structurally important component
in the formal treatment of syntax and substitution.

Laws The laws for lift-like operations naturally arise as part of proving substitution laws for
the family or monad of terms. Altenkirch and Reus (1999) explicitly state the monad axioms
and the interaction laws between lifting, functoriality, and substitution, though they stop
short of isolating the lifting lemmas in a formal setting of their own. In contrast, Bird and
Paterson (19992, Section 3.3) axiomatise their swap-like operation sw as a distributive law
when establishing monadic structure, taking a more categorical route.

A particularly detailed account is given in Benton et al. (2012), whose practical guide
to intrinsically-typed formalisation in type theory lays out an extensive suite of lemmas re-
quired to endow the family of terms with lawful substitution structure. Their comprehensive
to-do list of identity—renaming—variable-lifting—substitution interaction laws in Section 4
(and summarised in Section 2.1.3) vividly illustrates the laborious work typically needed to
formalise syntax and substitution from scratch.

Our framework offers a sharp contrast: not only does the str-L law generalise all four
key lifting-associativity properties (cf. the corresponding instantiations LiftRcR, LiftScR,
LiftRcS, and LiftScS), but it does so generically for any signature endofunctor, with no
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additional user effort. This dramatically reduces boilerplate and shifts the burden of proof
from the user to the general theory.

A similar goal motivates the work of Allais et al. (2021), who introduce the generic
Simulation and Fusion constructions. These are designed to derive correctness proofs of
traversal equivalences and compositions from minimal assumptions. Inspired by Kripke
semantics and logical relations, their framework potentially supports reasoning about a
wide variety of traversal behaviours (see their Section 7).

However, the examples they do provide concern only standard syntactic identities in-
volving renaming and substitution — exactly the kind of properties we show can be proved
purely syntactically, using initiality and structured substitution. Moreover, while powerful,
the simulation and fusion abstractions are quite complex and tend to obscure the underlying
syntactic regularities — especially those related to lifting — which in our framework emerge
directly and naturally. As a result, their approach may come across less as a principled
semantic design and more as an elaborate workaround for missing syntactic structure.

A common challenge in formalising lawful substitution structures is the tangled dependency
between definitions and axioms, which hinders modular, bottom-up development. Ideally,
simpler operations would be fully defined and axiomatised before being used to define more
complex ones. In practice, however, axioms for a “primitive” operation often depend on the
definition of “derived” ones. For example, Bird and Paterson (1999?) define sw as a distributive
law between the functor (=) + 1 and the term monad T. But sw is used in the definition of join,
which itself is needed to even state the monad-functor interaction laws required to prove the
monad laws for T. This circular dependency makes clean separation difficult.

Similar issues arise in intrinsically-typed formalisations, where renaming, lifting, and sub-
stitution are deeply interdependent. To manage this, many developments adopt a two-phase
approach: define operations first, then prove the laws. But this clashes with our goal of pack-
aging related concepts — operations and axioms - into coherent Agda records.

Agda’s records don’t permit interleaved definitions: one can’t define some fields in one
record (e.g. lifting), use them in another (e.g. substitution), and return to the original record
later (e.g. lifting-substitution laws). We address this by formulating strength associativity over
arbitrary linear maps, eventually instantiated with application, renaming, or substitution. This
generality allows us to untangle the axiomatisation, supporting modular, idiomatic formalisa-
tion without premature commitments to concrete operations.

12.2 INITIAL ALGEBRA SEMANTICS

The true value of the familial model lies in placing intrinsically-typed formalisation of syn-
taxes on a rigorous mathematical foundation. This, in turn, enables the use of categorical
techniques - such as those provided by the agda-categories library — as practical tools for
reasoning. Our framework is a strong demonstration of this idea: we prove the free algebraic
monoid theorem by assuming the existence of an initial 3y-algebra via a parametrised Agda
module, and then carry out the proof from Section 11.2 almost verbatim using the library’s
axiomatisation of initial objects.
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12.2.1 Free algebraic monoid structure

To be syntax-generic, we fix a signature endofunctor ¥ and a metavariable family 2. A X-
algebra structure map on A captures the constructors of a second-order syntax, whereas the
variable and metavariable constructors are encodedasv: J — Aand m: A — (A, A). For
example, the term m{t,s} : AzT for a metavariable a : 2 7 [, f], and terms ¢t : AaT and
s : A BT is represented by m a A{ new — ¢ ; old new — s }. Families that support this structure
will be called syntactic algebras or Xy -algebras, with the expected notion of homomorphism.

SynAlg (A : Famg) : Set
a:2A—+A
v: J—=A
m: A— (A,A)

SynAlg= (A®: SynAlg A) (B®: SynAlg B) (f : A — B) : Set

(a) :{t: X Aal} — f(Aat) =BaEft)
vy +{o:JaTl} — f(Avo) =Bwvo
m)y:{a:Aalffe:T-[A]-T} > f(Amae)=Bma(foe)

Such syntactic algebras and their homomorphisms form a category SynAlg, whose initial ob-
ject — whenever it exists — will be denoted T 2 (or just T, if the metavariable family is clear
from the context) with structural maps a, v and m. The universal property of initial objects
states that there is a unique syntactic algebra homomorphism i : T— A into any syntactic
algebra A. In Agda, this translates directly to parametrising the metatheory modules with
a variable of type Initial SynAlgebras, the initial object of the category of syntactic algebras
and homomorphisms. The Initial record of the agda-categories library exposes fields for
the initial object L (renamed to T), the initial morphism ! (renamed to i), and the uniqueness
proof !-unique (used to derive the equality operator eq that equates two syntactic algebra
homomorphisms from T into the same object).

Varying 2, the term monad T maps each family 2 to the initial ¥,-algebra T?l. In this
section, we sketch the Agda proof of Theorem 11.2.19, establishing that T is the free ¥-monoid
functor on sorted families. Since the initial %, -algebra corresponds to the inductively defined
syntax of terms, the theorem formally confirms that the syntactic structure alone determines
the action and laws of substitution. This suggests that much of syntactic metatheory — renam-
ing, lifting, substitution lemmas, etc. — amounts to uninteresting boilerplate. By using initial
algebra semantics, such structure and its associated correctness properties can be derived au-
tomatically, allowing us to focus on deeper properties of the language from the outset.

Traversal Our internalisation of syntactic operations at the level of sorted families is justified
by the initial algebra approach. Since these operations are defined as maps from the initial
syntactic algebra, we can derive renaming T — OT and substitution T — (T, T )) by endowing
their codomains - OT and (T, T)) - with suitable syntactic algebra structures.

Lemma 12.2.1 Given a pointed O-coalgebra X, a X-algebra A, and family maps ¢: X — A and
x: A — (A,A), the internal hom (X, A) has a3y algebra structure.
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The proof is encapsulated in the Traversal module, instantiations of which will give rise to
homomorphic initial algebra interpretations T — (X, A). It crucially relies ¥ being Strong
when defining the structure map X(X, A) — (X, ZA) — (X, A). A simple corollary
(derived by instantiating X with J) is that if A is a syntactic algebra, then so is OA.

Traversal (X§: PCoalgX)(@a: ZA - A)(p: X - A) (y: A — (A, A))
Trav® : SynAlg (X, A)
Trav® = {a=Ah o—a(strX]Aho)
;v =Ao o—p(oo)
sm=Aaco—ya(lo—-evo)}

An initial interpretation into a hom will be called a Y-parametrised traversal into A and written
t: T— (X, A). The syntactic homomorphism properties simplify to the following diagrams,
which also constitute the proof goal when equating two maps f,g: T — (X, AJ: if they are
both Xy-algebra homomorphisms, they must be equal.

(X, A) , (A,A)
o N 7 —— (X, X) o Ny
3T (X,%A) l “id’pn A ((X,A), (X, A))
al l[{id,a[] T _ﬂ) [IDC,AD m lﬂﬁaidﬂ
T : (X,A) (T.T) —g (T (X,AD)

One might be tempted to immediately define substitution T — (T, T ) as a T-parametrised
traversal into T. However, this requires T to first carry a pointed O-coalgebra structure, which
we have yet to construct. Our formalism makes this dependency explicit: substitution relies
on renaming, and the structure of the proof naturally dictates the correct order of construction.
By the time we state the theorem, all necessary lemmas are already in place — avoiding the
usual search for ad hoc auxiliary results. The sequence of constructions unfolds as follows:

1. Prove that traversals t : T— (X, A) applied to the point 77 : J — A are equal to interpreta-
tions i : T — A, assuming p is point-preserving (Lemma 11.2.8).

2. Induce the renaming operator r : T — OT as an J}-parametrised traversal into T and prove
the pointed coalgebra laws to get an instance T} : PCoalg (Proposition 11.2.9).

The r-id law is an instance of traversal-interpretation equivalence above:

Tl —T=T

The comultiplication law is the equality of two parametrised maps T — (J, (I, A) ); show-
ing both to be 3, -algebra homomorphisms is sufficient to establish their equality by unique-
ness. The main complexity in proofs like this is the preservation of X-algebra structure, but
using strength axioms - namely str-L — the equational reasoning is quite formulaic. For
example, the ¥-algebra preservation of the composite (with the right side implementing the
comonad comultiplication of 0)

7,id)

T —" ol —— (oJ,aT) U249 oy
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calculates as follows, using the linearity of jJ:J — (J,J):

r(at)(oop) =((a))
a(strd? T (S 1) (00 p)) =(strL T G 79))
a(strB T (strI2@T) (S Qhpe—hieop) (Eiv1)p)e) =(Epreso)
a(str BT (str2@T) (S (Atpo—rtleop)t)p)o)  m

. Prove that for a % -algebra A with a 3y-homomorphic coalgebra structure r : A — OA, the
interpretation map i: T — A is a O-coalgebra homomorphism (Proposition 11.2.10)

. Prove that a traversal t : T— (X, A) is a Linear map assuming A is a pointed O-coalgebra
and a and ¢ are pointed O-coalgebra homomorphisms (Proposition 11.2.11).

One of the linearity axioms is just a coalgebra homomorphism condition, while the other
one has the same structure as the coalgebra comultiplication law, but with r : A — OA as
the linear map.

. Induce the substitution operator s : T — (T, T ) as a T-parametrised traversal into T, and
prove the monoid laws to get an instance of T" : Mon (Proposition 11.2.12).

The unit and associativity laws follow a similar pattern to coalgebra and linearity laws. Just
as McBride (2005) recognised the similarity of the renaming and substitution operations,
we can establish a clear similarity between their laws. Compare one half of the monoid
associativity law to the comultiplication law above:

s(at)(s[g]oo) =((a))
a(strTY T (Erst)(s[g] o)) =(str-LT s*)
a(strTYT(str T (T, T) E1(Ahogc—h(s[¢c]oo))(Z1st))o)g) =(Z.preso)
a(strTYT(strT? (T, T) E1(Atog—st(s[g]loo))t)o)g) [

The only difference between the proofs is the choice of linear map; the Linear instance s” is
derived using the lemma in step 4.

. Prove that T is an invariant monoid and a ¥-monoid (Proposition 11.2.12).

The renaming-substitution compatibility condition

rtp=st(vop)
derives from the lemma in step 1 and the linearity of s. This is then needed to show that T is
a X-monoid: the homomorphism condition (a) and the substitution-algebra compatibility
condition in »-Mon differ in the pointed O-coalgebra instance that the strength operates
over, but this is precisely addressed by str-eq:

s(at)o =((a))

a(trT?T (2 st)o) =( InvMon.str-eq )
a(strTMT 1 st)o) ]

. Prove that for any other X-monoid M and map w : A — M, there is a unique X-monoid
homomorphism T A— M (Proposition 11.2.12).
The initial extension and its homomorphism property are derived by equipping M with a

metavariable operator 2 R Y (M, M). As the extension is not a traversal map, the
>-algebra homomorphism proofs involved will not use str-L, only its naturality conditions.
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An even more efficient proof technique (implemented after the publication of the POPL 2022
paper) is to follow the proof as laid out in Section 11.2.2 verbatim: reasoning by explicitly con-
structing and composing X -algebra homomorphisms, rather than repeating slight variations
of the same calculation. With the homomorphic reasoning framework implemented in the
library, the coalgebra and monoid instances for T are strikingly concise':

T°: Coalg T T™: MonT
—l]—[\ — ‘l]'M —
{r=r;r-id = tonzs {n=v;p=s;n-p=(v);pn=tonxs O s~id
s r-0 =~y T2 (j J) == T s
(-T° -|r'= |— (- T* -| s*= |—
o T2 -lo?ris |— (rs, T°p T - (T3, s*=)* |-
0? (02 T?) m) (75, (TS, 7)) L)
(- T* | ris |— (-1 | s*= =
T | L[[F72 ]= |— (75, T -IL[s* = |-
0® (O T2) m) } (7%, (TS, T*)) m) }

Rather than splitting the homomorphism conditions into three pairs of equality laws, we use
combinators to lift the components of the diagrams into X,-homomorphisms, which are glued
together as composites in ¥y-Alg. For example, the 0% : SynAlg A — SynAlg (0A) lifts O
to syntactic algebras, and Of is the corresponding functorial mapping on homomorphisms.
The L[_]*= operator encapsulates the homomorphism law of the (parametrised) compositor
L, proving that the composite below is a ¥,-algebra homomorphism for every pointed linear
map f: W — (X,Y) (Lemma 11.2.7).

(¥.4) —— ((x.9), (x.4)) LD qw, x,4))

Whichever approach we use, the free ¥-monoid structure for the term monad T is con-
structed in an efficient and canonical way, with the axiomatised records guiding the develop-
ment. It is worth reiterating that at no point did we make any assumptions about the syntax,
only that its corresponding signature endofunctor is pointed-strong. We can further formalise
the second-order features of the metatheory.

12.2.2 Second-order features

Unlike any other formalisation framework we are aware of, ours supports parametrised
metavariables out of the box. The intricate metasubstitution operation is constructed using
the same ideas presented in Section 11.3, using an abstract formalisation of the main results
of Chapter 4, namely monad morphisms into the powered clone monad. Upon instantiating
the theory with a proof that T is a powered monad with powering T(X — Y) — (X — TY), we
immediately obtain the meta-extension and metasubstitution maps

me: TA - [Ao—M]—-M and ms: TA—-[Ao—TB] -TB

Equipping T with a powering over —e and proving the strong monad laws is done by initiality,
in departure from proofs by freeness used in Section 11.3.1 whose higher level of abstraction

There is a slight lie here in that the applications of Grothendieck re-indexing maps as in Proposition 11.2.4
are not shown, but these do not complicate matters all that much.



INITIAL ALGEBRA SEMANTICS 265

lead to slow typechecking times. The central result is that given a parameter W and a X -
algebra (A,v,a,m), W — A is a X} *¥-algebra, with pointed algebra structure given in terms
of the powering of ¥, and metavariable operator given by the following composite, where dist
is the closed version of the d operation of Proposition 10.3.19:

WA "2 W o(AA) L5 (WA, W—-A)

In particular, for X = J, and A = T2, we have that W — T is a ¥, .y-algebra so, by initiality,
we get a Xy, oy-algebra homomorphism

p: T(W —A) — (W — T)

The powered monad proofs proceed by equating maps out of T2 for various choices of 2.
Some bookkeeping is required to align metavariable families across domain and codomain: a
morphism T2 — T8 can be shown to be a X,-algebra homomorphism provided we have a
map f : A — B such that TVB acquires a compatible %,-algebra structure. Nevertheless, the
proofs are fairly straightforward and closely resemble those using freeness in Section 11.3.1.
For instance, if A is a X -algebra, we can show that the transformation dist : W — (X, A)
— (W — X, W — A) is a X, . -algebra homomorphism. The proof relies on the derived
associativity of dist (cf. Diagram (sa@L)) and the strength—-powering compatibility for X (cf.
Diagram (sdp)), paralleling the argument in Theorem 10.3.32 on lifting W —e to a functor on
>-monoids.

A major benefit of implementing the abstract theory is that all operations — renaming, sub-
stitution, and metasubstitution — are fully computable, regardless of whether they are defined
directly by recursion, by initiality, or via freeness. The example in Section 2.2 (Metasubstitu-
tion) illustrates how metasubstitution both computes and interacts with other syntactic oper-
ations. Agda adds further value by enabling a more convenient interface and syntactic sugar,
particularly for equational reasoning. The equational logic developed in Section 11.3.2 can be
internalised as an inductive data type: a relation Axiom: VAU T a) > T, 2 a - T,A a T
— Set, which can be extended to a sound equational theory by defining the corresponding
equivalence relation:

>k x (UA:Famg)T: Ctx){a: S} > TAal > TAal — Set;y
eq:t=s—> A>T rt=xs
sy : A Trtrs—> A>T rHs~t
tr : A Trtrs > A>T Fsru—-A>THEtruU
ax : AxiomATts > A>T rHt=xs
m:(p:T~>A)->UA>Trtrs—>A> Arr[plt=r(p]s
ms: ((E:[Ao-TB]A) - (VeI}a: ArI) > B> +T+{axEa) >

A>Trtrs—>BrA+Trms[{]trxms[&]s

The ms constructor expresses that whenever two terms ¢ and s are equivalent, and two in-
stantiations for their metavariable context ¢ and & are equivalent (for every metavariable),
then performing the metasubstitution also gives equivalent terms. Using the equivalence con-
structors one can derive useful proof combinators and a library for equational reasoning; for
example, ax~ equates two terms via the instantiation of an axiom:
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ax~: Axiom AT ts > ((: [ o—TB|T) > B Trmst{~mss{
ax~ a{ =ms (axa) { { (A _— eqrefl)

The biggest gains, however, come from not having to tediously encode the congruence rules
for every subterm of every term of the syntax. To rewrite a deeply nested subexpression,
we simply mark its location in the term with a “typed hole” implemented as a distinguished
metavariable O, and use ms to instantiate it with the two sides of an equality rule: for example,
f ~gand (Oa) ~ (Oa) imply that

fa=ms (Oa) (MO~ f}) = ms (Oa) (MO~ g}) =ga

Further examples of this and other combinators are given in the next section.

The resulting equational reasoning system is very useful in its own right, as instantiating it
with the minimum necessary requirements — the second-order axioms schemes, generalising
an infinite number of equations between terms - generates all the required infrastructure to
write detailed, explicit equational proofs. We also know that this equational system is sound:
given any denotational model of the axioms, every derivable equality in the syntax interprets
to equal elements of the model. With the full formalisation of Section 11.3.1 — including what
amounts to a proof of the enriched monad structure for T - the soundness proof can too be
translated into Agda with very little change. We define an equational model as a ~-monoid
that equates every term related by Axiom:

record EQModel (MZ : 2-Mon M) : Set; where
fieldrax: (k: [ o=M]T)ts: TAaT) > AxiomAT ts > me[w ]|t =me[w]s

Then, given an equational model M, the proof of the soundness theorem proceeds by induction
on the equivalence judgment, just as in Theorem 11.3.9:

sound: (k: [Ao—M]D)ts: TAal) > A>Trtrs > me[k]t=me[k]s

sound k t s (ax x) =FaxkKtsx
sound k t s (eq refl) = refl
sound k t s (sy t=s) = sym (sound k s t t=s)

sound k t u (tr t~s s~u) = trans (sound k t s t=xs) (sound k s u s~u)
soundk .(r[p]t).(r[p]s) (rn p txs) = begin

me[x](r[p]?) =(me=.(r) )
Mr[p+0©] (me[x]t) =( M.r= (sound k t s txs) )
Mr[p+0©] (me[x]s) =( me"=.(r) )
me[x] (r[p]s) o
sound k .(ms[ ] t) (ms[&]s) (ms § & {=E txs) = begin
me[ x| (ms[{ ] t) =( me-assoc )
ms[me[k]o ]t =(sound (me[k]o{)tstrs)
ms[me[k]o]s =(ms=~ (A a - sound x ({a) (Ea) ({=&a))
ms[me[k]o&]s =( me-assoc )
[
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Soundness of the renaming rule follows from me being a O-coalgebra homomorphism, while
metasubstitution soundness uses the me-assoc corollary from monad multiplication preserva-
tion. However, the practical value of the soundness theorem is limited: although the generic
proof applies to all syntaxes, equational theories, and models, instantiating it for a concrete
syntax and axiom set often results in near-intractable typechecking times. If a formalisation
relies on the computational content of the soundness theorem, this generic equational frame-
work is unlikely to be applicable. Still, it serves as a valuable formalised proof of a foundational
result in second-order equational logic.

In the next section we cover more implementation-specific details of the formalisation,
namely the inductive construction of the datatype of terms from a second-order signature.

12.3 GENERIC SIGNATURES

The abstract development so far has been entirely generic over second-order signatures and
term syntax. In this section, we explain how to construct endofunctors ¥ from syntactic de-
scriptions, compare different term representations and their trade-offs, and show how code
generation turns our library into a practical tool for language formalisation. Thanks to our
modular design, we retain flexibility in each of the following areas:

« how to encode the signature of a second-order syntax (e.g. binding algebras (Fiore et al.,
1999), indexed containers (Altenkirch et al., 2015), Allais et al. (2021)-style Descriptions);

+ how to convert the signature into a Fam, endofunctor X (e.g. polynomial functors (Arkor
and Fiore, 2020), higher- or first-order argument collections, Desc interpretations);

« how to define the type for the initial 3,-algebra (implicit or explicit encodings).

Each option comes with its own trade-offs, but we identify three choices that balance con-
venience, flexibility, and good computational behaviour particularly well. Section 12.3.1 de-
fines second-order signatures and their corresponding endofunctors; Section 12.3.2 covers
the construction of their initial algebras; and Section 12.3.3 showcases our framework’s code-
generation capabilities.

12.3.1 Signature endofunctor

Binding signatures introduced by Aczel (1978) generalise standard algebraic signatures to lan-
guages with variable binding. Their definition given by Fiore and Hur (2010) and Defini-
tion 11.1.1 is straightforward to translate to an Agda record with helper functions:

Arity : O — List (Ctx X S)

Signature (O : Set) : Set; Arity o = proj; 1 o |
sig
|_I: O — List (Ctx x S) x S Sort: 0 — S

Sort 0 = projy 1o |

The set S of sorts is normally given as an inductive data type, and O as an enumeration of
operators. For example, the STLC has the following sorts and operator symbols:
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AT : Set
N AT
= AT > AT > AT

Ao : Set
appo lame : {a f: AT} = A,

The Signature instances are translations of the signature of the A-calculus from Example 11.1.3.
Shorthands for specifying argument lists and bound variables make the declaration concise.

A:Sig : Signature A,
A:Sig = sig A (@ppo {alp) = (roa = p), (o @) 2
(lamo {}{B}) — (@rif) V1 a—p

The signature contains all the information needed to determine the syntactic structure of a
language. To make use of the abstract development in Section 12.2, we convert a Signature
into a sorted-family endofunctor X, which associates constructors with argument terms. For
example, given the signature of the STLC, an element of XX T may be the operator app
associated with two X-terms f: X (¢ — )T and a: X @ T, while an element of XX (a — )T
may be the operator lam with aterm b: X (« - T).

For technical reasons explained later, we choose to represent the “collection” of arguments
of an operator as a tuple of terms. An alternative would be a higher-order encoding as a
mapping from an argument index to a term (similar to the implementation of substitution
rules); however, even though constructing the Strong instance for such a representation would
be easier, it complicates the initiality proof which we wish to keep as simple as possible.

Arg : List (Ctx X T) — Famg — Fam
Arg [] XI'=T
Arg(©®,7)::as) XIT'=60O@X T X Argas X T

Note the use of the context extension endofunctor &, used to add the new variables bound by
an argument to the global context, making all variables available in the body of the binder. The
definition of the signature endofunctor for a signature (T, O, Arity, Sort) is then as follows:

2 : Famg — Famg
X alT=%[0¢c0](a=Sortox Arg (Arity 0) X T)

An element of the set ¥ X a I' is a dependent tuple consisting of an operator symbol o € O,
a proof that the output sort of the operator is @, and a tuple of X-terms for each operand
of the operator of the type and extension context given by the operator arity. For example,
an element of X X ST is (app, refl, (f,t,tt)), for terms f: X (¢ — f)T and t: X aT'. One can
suppress the tt for operators of positive arity by adding a case for a singleton argument list
in the definition of Arg, and use a pattern synonym (Pickering et al., 2016) to hide the refl
element, writing app ¢ (f, t) for the above.

The Strong instance for ¥ may be derived from a similar lawful strength transformation
Argas (X,Y) — (X, ArgasY) for Arg, which applies the § strength to every component of
type 6 © (X, Y] rT in the argument list:
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strd : (X9 : PCoalg X)(Y : Famg)(as : List (Ctx x T)) — Argas (X,Y) — (X,ArgasY)
strd X2 Y [] tt o=tt
strA X2 Y (@, 1) = as) (h, hs) o = (5:Str.str ® X2 Y h o), (str X2 Y as hs o)

The strength laws are similarly established by pointwise application of the appropriate §:Str
fields to the elements of the argument tuple. Extending Arg-strength to X is easy, since the
operation does not modify the operator or sort equality proof. In addition to X:Str below, we
also have an instance of convolutional strength for ¥ derived via weakening.

2.:Str: Strong XF
>:Str = record { str =AX?Y(0,e,a)o—(0,e,str XY (Arity 0) a o)
;str-nat; = A f°= (0,e,a) o — cong (0, e, ) (str'-nat; f°= (Arity 0)a o) ;... }

12.3.2 Term syntax

The final piece of the puzzle is constructing the initial 3,-algebra T from a second-order signa-
ture endofunctor. Such initial algebras correspond to inductive data types whose constructors
combine T-terms into other T-terms, allowing for arbitrarily nested syntactic structure.

One way to encode syntax is to treat the tuples (op ¢ (ay,...,a,)) as the terms, directly
encoding the >-algebra structure as a unified term constructor con : ¥ T — T; another is the
explicit encoding with one constructor per operator.

Implicit encoding Alongside the X-algebraic structure, terms of a second-order syntax also
have to include constructors for variables and metavariables. This suggests the following
generic data type of terms for an arbitrary signature:

data Tm : Famg where
con :XTmrtT — TmtT
var :JrT —TmtT
mvar: A7l - SubTmIII' > Tm<T

In place of higher-order substitution rules IT —-[ Tm |- I', we use the inductive family Sub to
implement the metavariable environment:

data Sub (X : Famg) : Ctx — Ctx — Set where
« :SubXOT
> :Xal ->SubXIOT - SubX («-I)T

Sub a first-order, inductive encoding of simultaneous substitution rules, assigning a term in
context I' to every variable in context II. Though isomorphic to the higher-order encoding
(with conversion functions lookup and tabulate), this representation is better suited for syntax
as it evaluates structural recursion fully. Since interpretations i recurse into the metavariable
environment, a higher-order encoding would suspend recursion under binders: the application
i (mvar a (A new — con (op ¢ t))) only reduces to mvar a (A new — i (con (op ¢ t)) ), and i doesn’t
reach inside the constructor unless the function is applied to new. In contrast, our first-order
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encoding Sub fully normalises each substitution component, so i (mvar a (con (op 2 t) » *))
directly reduces to mvar a (con (op ¢ i t) » ). This same consideration motivates our choice to
represent operator arguments as tuples, not higher-order assignments: though the strength
instance would be simpler with the latter, tuple-based representations simplify recursion and
equational reasoning, since syntactic operations only descend one level into subterms.

Proving initiality for Tm requires defining a recursive functioni: Tm — A for any syntactic
algebra A, interpreting constructors and variable structures. The naive definition runs into
trouble: applying i over a tuple of subterms prevents Agda from seeing the call as structurally
recursive. Allais et al. (2021, Section 4) faced the same issue, working around it using sized
types (Abel, 2010), which explicitly mark terms as larger than their subterms, thereby exposing
a clear index to recurse over. While this enables defining i, it introduces a pervasive size index
and doesn’t extend to proving uniqueness — a crucial property in our framework (see Pitts
(2019) for details in the context of general F-algebras).

Our solution is simple and effective: instead of interpreting subterms via functorial lifting
(X —=Y) > (Argas X T — Arg as Y T'), we define mutually recursive functions A and S that
apply i directly to each subterm. This inlining satisfies Agda’s termination checker without
needing sized types.

A:Vas— ArgasTmI — Argas AT S:SubTmIIT - -[A]-T
A [] tt =tt S(»o)new =it
A(a:as)(t,ts)=(it,A asts) S({w»o)(oldo)=Sow

i(con(o,e,a)=a(o,e,A (Arity 0) a)
i (var v) =vo
i (mvar a ¢) =ma (S e¢)

The proof that i is the unique X -algebra homomorphism is also fairly straightforward, requir-
ing only a few mutually inductive lemmas about A and S. This establishes an instance of
Initial SynAlg for the term datatype Tm, enabling us to instantiate the entire generic metathe-
ory — gaining substitution, its correctness properties, sound compositional interpretations in
models, and more, essentially for free.

Explicit encoding The implicit encoding achieves our conceptual goal: it provides a first-
order initial syntactic algebra for any second-order signature. Its main practical drawback is
that the resulting term syntax is tightly coupled to the algebraic framework, forcing users into
a cumbersome representation that deviates from the more natural and elegant “one constructor
per typing rule” style of intrinsic typing. Pattern synonyms can help improve surface syntax,
but we found them fragile — especially in parametrised modules — and their untyped nature
feels ill-suited for something as central as the syntax of a formalised language. Ideally, our
framework should integrate seamlessly into existing developments, allowing users to retain
their original syntax definitions without needing to overhaul their core term data types.

This is entirely feasible thanks to our clear separation between signatures, endofunctors,
and initial syntactic algebras. Defining an initial algebra instance for an existing data type is
not particularly burdensome: it requires a recursive interpretation function, a homomorphism
proof, and an inductive uniqueness proof. Metavariables still require the mutually recursive
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transformation S (defined as before and omitted here), but since subterm recursion is now
handled manually, the auxiliary transformation A is no longer necessary.

data A : Famg where i:A— A
var :JtI—> A7l i(varv) =vo
mvar: A7l - SUbATIT - AT i(mvarae)=ma (S ¢)
app :A(a— )T ->Aal ->APT i(appga) =a(app,tig,ia)
lam :Af(a-T)—>A(a— p)T i(lamb) =a(lam,ib)

The homomorphism instance uses a simple lemma S-tab : Ve — S (tabulate €) =i o ¢, and
the >-algebra homomorphism proof, which is satisfied merely by pattern-matching on the
operand and sort equality proof.

"= : MetaAlg= A” A i
"= =record {(a) = A{t =t} - (a) t; (v) = refl
; (m) = A{a = al{e} —» cong (m a) (S-tab ¢) }
where (@) : (t: X Aal)—>i(Aat)=A*a(C1t)
(a) (appo ¢ _) = refl
(a) (lamg ¢ _) = refl

The uniqueness proof — that i is equal to any syntactic algebra homomorphism g : A — A -
involves the mutually inductive lemma S-lu and the inverse property of tabulate and lookup
in the metavariable case; everything else follows from the homomorphism properties of g.

S-lu:(e: SUbAIIT)(w:Jall) > S ev = g (lookup & v)
S-lu(tw» e)new =it
S-lu(t» ¢) (oldov) =S-luewv

il:(t:Aal)—>it=gt

il (var 0) = sym (v)

il (mvar a €) rewrite S-lu € = trans (sym (m)) (cong (g o mvar a) (tab-lu-id ¢))
il (app f a) rewrited! f|i! a=sym (a)

it (lamb)  rewritei! b = sym (a)

With minimal additional boilerplate, we can prove that the inductively defined family A is
an initial syntactic algebra and apply this result to instantiate our metatheory. The Theory
module associated with the initial syntactic algebra provides direct access to all definitions
and lemmas in the framework: for example, the coveted single-variable substitution operation
is immediately available as Theory.[ /]: AaT — A f(a-T) — A BT, with no extra effort
required. We can reduce the boilerplate even further with code generation.

12.3.3 Code generation

The next natural step is to eliminate boilerplate entirely by allowing users to move directly
from a second-order signature specification to a formalised metatheory of an explicitly en-
coded term datatype. Since the initiality proof for the explicit encoding is highly schematic
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and largely signature-independent, we generate the corresponding Agda code from a syntax
description via a simple Python script. This signature-to-Agda “compiler” takes a concise
textual specification of type and term signatures and produces the Signature declaration and
initiality proof code, as described in Sections 12.3.1 and 12.3.2. For example, the signature of
the STLC can be specified as follows, with optional infix symbols and fixity annotations:

type term
N : @-ary app : (¢ - B) a —p | _$ 120
_—_ : 2-ary | r3e lam : a.p — (a - ) | A_ rie

The input file consists of a type signature and a term syntax block. Type operators are an-
notated with their arity, and term operators are given with their type signatures. Binding
is expressed by prefixing the type of bound variables to the type of the body - for example,
the lam constructor takes an expression of type f that binds an additional variable of type
a. For convenience, term operators may be annotated with mixfix symbolic representations
and fixity (in Agda style): for instance, application will be compiled to the _$ constructor,
associating to the left with precedence 20.

Saving this file as st1c and running python soas.py stlc generates Signature.agda
and Syntax.agda, containing all necessary imports, the signature declaration A:Sig, the in-
ductive term family A, and the initiality proof. This enables the user to jump straight to the
substantive aspects of language formalisation — like operational or denotational semantics —
without having to worry about low-level syntax machinery. The generated encoding is id-
iomatic and intrinsically typed, leaving users free to build on it however they choose.

The compiler is a simple Python program that parses the signature description and outputs
formatted Agda using string templates. Its simplicity is an advantage: the generated code is
minimal and systematic (about 1-2 lines per type constructor and 6-7 per term constructor),
and has been manually tested across a range of examples for robustness. Unlike other code-
generation approaches that output the full syntax-specific formalisation - including fragile
and impenetrable de Bruijn proofs — we leverage our generic metatheory and generate just
enough code to instantiate it: namely, the initiality proof, which is both elegant and reusable.
As a result, the output is concise, readable, and easy to maintain.

The compiler also supports useful syntactic sugar in the specification language, including
an Agda-style module system for composing signatures. These are desugared into flat Agda
datatypes, avoiding the complexity of defining categorical sums, products, etc., in the under-
lying formalisation. More examples follow in the next section.

To conclude, we compare our approach to existing proposals for generic encoding of sig-
natures and corresponding generic metatheory.

Signatures For signatures involving variable binding, notable approaches to generic syntax
encoding include indexed containers (Altenkirch et al., 2015), initial algebraic encodings of
induction-recursion (Dybjer and Setzer, 1999; Benke et al., 2003), and the universe of descrip-
tions framework by Chapman et al. (2010). The latter underpins the generic syntax descrip-
tions of Allais et al. (2021), which allow one to specify constructors by listing their arities
and binding behaviour, and interpret them as endofunctors on families. The encoding is
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similar to ours in that it combines a set of symbols with an arity function, mapping every
symbol to its intended type signature:

STLC : Desc Type
data ’STLC : Set where STLC =0 ’STLC $ A where
App Lam : Type — Type — ’STLC (App a p) = X[l (a@—= p)(X[] a(mp))
(Lam o f) = X [] B (m (@ = B)

The Desc datatype is interpreted as an endofunctor on families in a way similar to our
construction of the > endofunctor: operators are dependently combined with a list of inter-
pretations of constructor arguments:

[_]: Desc S — S-Scoped — S-Scoped
['0Ad [XaT=3ocA]([da]Xal)
[ XABAd]|XaT=XBA+T)x[d]XaTl
[mp [XaT=a=p

The interpretations correspond to the operator index, Arg list, and return sort equality proof,
respectively. The benefit of our modular approach is that as long as this generated endofunc-
tor is pointed and convolutional strong (which it is), our Signature encoding of signatures
can be replaced with the Desc encoding, without altering any of the metatheory.

Term encoding Allais et al. (2021) use the Desc interpretation function in their implicit term
encoding Tm, representing terms with the constructor 'con : S[d ] (Tm s) — Tm (T s), where
s is the size index needed to ensure that the interpretation map terminates. This ties the term
representation closely to the Desc datatype, which makes much of the generic metatheory
coupled to Desc, rather than an arbitrary endofunctor. In contrast, we have clear abstrac-
tion barriers between the signature encoding, term encoding, and generic metatheory, ex-
emplified by the implicit and explicit encoding of terms that nevertheless satisfy the same
initiality theorem.

Initiality Although Allais et al. (2021) circle around the idea, they never actually prove the
initiality of the syntax datatype. Their central proof — the Fundamental Lemma of Semantics
— is in fact the construction of a parametrised traversal. The Semantics module for a given
description d : Desc axiomatises the structure needed on families X, A to induce a function
semantics: I' <[ X |- A —= (Tms a I’ - A a T'), which, with a bit of rearranging, is the
type of an initial traversal map Tm s — (X, A ). The requirements are that X is Thinnable
(i.e. a O-coalgebra), there is an embedding X — A (analogous to our map o for a X -algebra
A), and a map S[d | — A for the interpretation function S| _] given below:

S[_]: Desc S — S-Scoped — S-Scoped

S['cAd [XaT=3[ocA]([da] XaTl)
S[’X[]fd]XalT=ABTxS[d] XaT
S['XABd]XaTl=0(SubXA)—»AP)xS[d]XaT
Sfmp  [|XaT=a=p


https://gallais.github.io/generic-syntax/Generic.Syntax.html#527
https://gallais.github.io/generic-syntax/Generic.Semantics.html#814
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The operation is admittedly difficult to parse, even with some of the constructs inlined. At
its core, it translates terms with bound variables into terms parametrised by a renaming
function and an instantiation of those variables as X-terms in the renamed context. While
the analogy with Kripke function spaces is suggested, it remains underdeveloped, and the
definition of semantics — mutually recursive with body - is less intuitive than simply requir-
ing syntactic structure on A. The somewhat ad hoc constructions — Kripke, Scope, body,
and others — also affect downstream results, such as the generic simulation framework. Al-
though Allais et al. (2021, Section 10.3) express scepticism toward the abstract categorical
approach of Fiore et al. (1999), their library ends up sidestepping more canonical and well-
understood categorical tools in favour of bespoke abstractions that may feel unfamiliar or
opaque, regardless of whether the reader approaches from formalisation or category theory.

In this section, we outlined the Agda formalisation of our categorical framework, highlight-
ing features that retrospectively justify our key design choices: the use of sorted families
(which are both natural to represent and easy to manipulate), closed structure and linearity
(ensuring dependent function spaces are readily available), and linear maps (which translate
quotienting conditions into function axioms). Throughout, we upheld a modular development
style, limiting interactions between components to minimal, well-defined interfaces such as
strong functors and initial algebras. We also drew comparisons with the state-of-the-art in
type- and scope-safe formalisation, arguing that the agda-soas library successfully addresses
limitations in prior work. Next, we showcase a variety of examples of our framework in use.


https://gallais.github.io/generic-syntax/Generic.Semantics.html#971
https://gallais.github.io/generic-syntax/Generic.Semantics.html#1013

CHAPTER 13

Examples

Our framework is flexible and unopinionated: it can be integrated into any intrinsically-typed
formalisation of a second-order calculus to equip the syntax with essential operations like
weakening, substitution, and their associated laws. It also aids in defining evaluation func-
tions, interpreters, and syntactic translations in a concise and provably correct way, while
supporting the construction of signature-generic syntactic operations. In this chapter, we il-
lustrate several ways the library can be applied: Section 13.1 explores its metatheoretic and
equational capabilities through the analysis of various syntaxes, while Section 13.2 focuses on
generic, structurally recursive, and context-aware operations.

13.1 FORMAL SYSTEMS AND SECOND-ORDER CALCULI

We present some of the main features of our Agda formalisation framework and syntax de-
scription language using the examples of the simply-typed A-calculus, algebraic structures,
and partial differentiation.

13.1.1 Semantics of the simply-typed A-calculus

The simply-typed lambda calculus (STLC) has served as our running example, and our frame-
work offers an ideal playground for experimenting with its various extensions — whether by
adding new types, term constructs, or equations. Below is a list of features that can be easily
specified and compiled into Agda. While the semantics of such an expressive language would
be complicated, its syntax is still captured as a second-order signature.

type
N : @-ary -- Natural numbers
= 2-ary -- Functions
_®_ 2-ary -- Products
_b_ 2-ary -- Sums
-_  : 1-ary -- Continuations

T i 1-ary -- Monadic computations
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term
app s (a—=p) a —p pair : a p — a®p
lam :af — (a—=p) fst : a®p -«
snd : a®p — p
let D« a.p — p
fix : (a—=a) >« inl - adf
inr - ad®p
throw : «a -« — f case : a®f ay Py —vy
callcc : (-a).a -«
ze : — N
return : « - Ta su_ = N =N
bind : Ta a(Tp) —Tp nrec : N a (aN)a -—a

We will use the minimal fragment of STLC (with app and lam) to showcase the construction
of models and interpretations. The CCC model of the STLC (Lambek, 1986) in the category
Set interprets types as sets, and terms I + ¢: « as functions from the interpretation of I' to the
interpretation of «. Interpretation of contexts can be higher-order or first-order (as a carte-
sian product of type interpretations) — with the higher-order encoding the model definition is
remarkably concise.

Env*™ : ¥Mon Env

[_]: AT — Set Env™ = record

[N] =N {M"=record{np=Avy—-syo;pu=Atoy—->t(Av—-ocvy)
[a—Bl=[a]—=1[8] ; lunit = refl ; runit = refl ; assoc = refl }
[]¢: Ctx — Set salg =A{(@ppoif.a)y~fylay)

;(lamoib)  y—Aa—-b(a"y)}
; plalg) = A { (appo i _) — refl
 :[a] > [T]¢ > [a-T] ; (lam, i b) — ext? A § a — cong b (dext
(@*y)new =a A{new — refl; (old v) - refl }) } }

(@*y)(oldo)=yo

[T]c=VY{a} > Jal - [a]

module Env = FreeMonoid @ Env" (A ())

Env : Familyg

Enval =[T]* - [«] eval : Ag — Env
eval = Env.i

Here we restrict to the sorted family Ay = A @ of A-terms without metavariables for simplicity.
The eval function interprets A-terms as Agda programs; for example, eval (lam (lam x1)) (A ()
(where the 1% de Bruijn index var (old new) is abbreviated x;) normalises to the Agda function
Axy — x. Since it is derived by initiality, the interpretation is compositional and satisfies the
semantic substitution lemma by construction. This is an enormous time-saver, since proving
the soundness of substitution is often one of the most tedious steps required for the devel-
opment of denotational semantics — the binding terms are the usual suspects, forcing one to
reason about semantics of lifting, weakening, renaming, etc. Our framework does all the heavy
lifting, allowing users to move on to less bureaucratic proofs. For example, after defining the
predicate Val satisfied by value terms of the form A b for b : Ay p (« - I'), it takes minimal effort
to equip the language with an intrinsically-typed call-by-value reduction relation and a proof
that it preserves the interpretation of terms:
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v ANpal > AgaT — Set

S {fg:No(a—P)THa :AyaTl} —fwg—>f$a ~wgta
S {f AN(a—P)THab: Ay aT} —Valf—-awwb—->f$a ~f$b
p-A:{t :AyaTl} b :Ayp(ax-T)} - Valt - ADb)St~[t/]b

sound: {ts: AgaT}—>t~ws—(y:[T])—>evalty=evalsy

sound ({-$; r) Y sound r y = refl
sound ((-$, _r) vy sound r y = refl
sound (B-A {t}{b} ) vy Env.sub-lemmat b

= cong (eval b) (ext A { new — refl ; (old v) — refl })

Note the use of the freely-obtained single-variable substitution [ ¢ /] b in the -1 axiom, and
the invocation of sub-lemma which translates eval ([ t /] b) y to Env.[ eval t /] (eval s) y. The
only technical “intervention” needed is forcing the evaluation of environment entries using
function extensionality, as otherwise Agda wouldn’t reduce the equalities in the higher-order
y argument (cf. discussion of inductive and higher-order substitution rules in Section 12.3.2).
Despite its simplicity, implementing the STLC’s syntax, type system, operational and de-
notational semantics from scratch still involves a considerable amount of effort, mostly spent
defining and reasoning about substitution. Leveraging our framework, this standard but rel-
atively robust formalisation is possible in fewer than 100 lines of Agda code. Further proofs
like progress, determinacy, normalisation, etc. will rarely be held up by having to establish a
metasyntactic property - it is likely to be present in the Theory module already.

13.1.2 Modular theories

While experimenting with the syntax description language, the benefit of modularity and reuse
quickly became apparent: algebraic structures and calculi involve some hierarchical inheri-
tance that can be elegantly exposed using a simple, Agda-like module system. Combined with
the equational reasoning framework, the system becomes an effective tool for formalising
algebraic structures, logics, and second-order extensions thereof.

For example, consider the following signature of a monoid, where the lack of a type declara-
tion marks the signature as one-sorted with sort *:

syntax Monoid | M

term
unit : * | ¢
mult ¢ %= % — % | _@&_ 120

Feeding this into the generator produces an axiomatisation of monoid expressions and the
Agda data type M with four constructors: variables, metavariables, the unit ¢ and monoid
operation @. To make use of the equational reasoning framework of Section 12.2.2, we extend
the syntax description with the equational axioms of monoids, which will compile to an Axiom
instance in Agda. The system supports formulaic descriptions of several common algebraic
properties, making the axiomatisation very familiar:
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theory
‘unit’ unit of ‘add’
‘add’ associative

The generated Equality.agda file contains the following relation, expressing the properties
as constructors of a (metavariable) context-indexed relation between terms:

> kg (A MC)T: Citxffar: T} > M A aT > M A a T — Set
eUar : [ *] >DOre®a ~4Q
eUg®: [+ ] DOFa®e x4
A [#][«][#]>0r(@@b)@cmaa®(b0)

Every axiom quantifies over some number of metavariables listed in the MCtx declaration be-
fore the > that may be mentioned in the equation (as “alphabetic” de Bruijn indices a, b, ¢, etc.)
and instantiated independently; in this case, the metavariables have no type or parameters, but
we will see more interesting examples later. Each 21 : MCtx can be turned into the correspond-
ing sorted family of metavariables 2 : Famg, with the number of constructors determined by
the number of [ II I 7 ] blocks (or [ 7], if IT is empty), and the parameter context and sort of
the metavariables given by I and 7 respectively.

Instantiating the generic equational logic with this set of axioms yields a formally verified
equational proof system for monoids. While the resulting derivations can appear pedantic,
this level of rigour is not necessarily unwelcome: carefully stepping through algebraic proofs
- explicitly invoking properties such as associativity, identity laws, and congruence - can be
not only satisfying but also deeply educational. For instance, consider the following reduction
of a monoid expression (x ®¢) ® (ydx) = (x D y) & x:

calc: B> | x5 | F(xo®e)® (X1 D x) = (Xo D X1) D Xo

calc = begin (xg ® ¢) ® (x; ® xo)  =( cong[ ax eUaf with( xo ) ]inside O® (x1 @ xo))
Xo @ (X1 ® Xo) ~( ax @A with{ xo <x1 <xg ) )s
(xo @ X1) ® Xo ]

The reasoning steps are instances of the ax and ms constructors of the _>_+_~_ equality type.
Common metasubstitution patterns are extracted into helper operators, making the proofs
significantly more readable: for example, the ax a with { #; <... < t, ) notation associates an
axiom a with an instantiation of metavariables in the axiom’s metavariable context, given as a
list of terms — in this case, the right unit is applied to the object variable x,, and associativity to
X0, X1 and xo. Applications of an equation in a subexpression of ¢t is done with the congruence
combinator cong| e Jinside t[O], where the hole O denotes the place in the expression in which
e is applied. In the calc example, we first apply the right unit axiom to the left subterm of @
by guiding it to the right place with the O & (x; ® x() congruence context.

Returning to modularity, a whole zoo of algebraic structures can be specified by extending
monoids with new axioms and operators, or combining existing structures. For example, a
commutative monoid is a monoid where the binary operator is commutative, while a group is
a monoid with an inverse operator:
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syntax CMonoid | CM extends monoid syntax Group | G extends monoid
theory term
"add’ commutative neg : x — % | ©_ r4o
theory

‘neg’ inverse of ‘add’ with ‘unit’

The extends keyword imports the signature and equations of the named module. It supports
multiple “inheritance” and renaming of operators and changing of fixities, as shown in the
following declaration of a semiring: an additive commutative monoid with a multiplicative
monoid, connected by distributivity and annihilation axioms.

syntax Semiring | SR extends
- cmonoid (renaming unit:e to zero:0)
- monoid (renaming unit:e to one:1, add:® to mult:®:130)

theory
‘mult’ distributes over ‘add’
‘zero’ annihilates ‘mult’

A ring can be presented either by combining an additive commutative group with a multi-
plicative monoid, or by equipping a semigroup with a negation operator — both constructions
ultimately yield the same syntax. However, this modularity exists only at the level of syntax
descriptions: in the generated Agda code, all such extensions are flattened into a single, unified
axiomatisation. While supporting modularity within the formalisation framework itself is pos-
sible, it would require managing nested sums of signature endofunctors and explicit injections
for operators — choices that introduce considerable syntactic and notational overhead.

As an example of a heterogeneous signature with nonstandard equations, we axiomatise
group actions as a group extended with a new sort A and left action operator of a group element
to an element of A. The two axioms are written out as explicit second-order equations of the
form (name) metavars > expr; = exprg, quantifying over metavariables of different sorts:
g and h are group elements (of the implicit sort ), while a is an element of the set A.

syntax GroupAction | GA extends group

type
A : o-ary

term
act : * A > A | _O_ r3e

theory
(eA®) a:A > act(unit, a) = a
(®A®) g h a:A > act(add(g, h), a) = act(g, act(h, a))
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Writing out the axioms using the textual operators and applicative style eliminates any ambi-
guity, but the generated Agda axioms use the more natural symbolic operators. In fact, the
descriptive algebraic properties we used above desugar into the explicit specifications: the
‘neg’ inverse of ‘add’ with ‘unit’ directive expands into the axiom

(eNe®!) a > add(neg(a), a) = unit,

with the axiom name splicing the appropriate symbols for the operators. A simple property of
group actions is that action of a group element can be cancelled by action of its inverse, and
the proof in Agda is as simple and clear as it would be on paper:

act-inv: [« ] [A] > OFr(©a)O(aOb)=b

act-inv = begin (©a)©(a ©b) =(ax PAO with(©a<a<b) )
(a)®da)ob =( cong[ ax ON®" with{ a ) ]inside O°ob)
eOD ~( ax eAGO with{ b ) )
b [ |

13.1.3 Partial differentiation

Another example of a second-order calculus is the axiomatisation of partial differentiation
laid out by Plotkin (2020). The syntax consists of the first-order theory of commutative rings
with a second-order partial-differentiation operator PDiff (x.e[x], d), interpreted as the partial

derivative of the expression e[x]| with respect to x, evaluated at d (which has no free occur-
de(x)

ox |x:d
renames x to a dummy variable w, differentiates e[w] with respect to w, then evaluates the

result at w = x — thus, the notation %e[x] is taken as abbreviating gelwl

rences of x). This is usually denoted . To differentiate e[x]| without evaluation, one

0; aow |w:x'
The signature of commutative rings augmented with the partial-differentiation operator

can be readily expressed as an unsorted syntax description, extending the syntax cring. De-
rived operations in braces must be manually implemented in Agda and allow for arbitrary
output context: here, 9y and 9; implement the partial derivatives with respect to the first and
second variable. Note the use of weakening wk to extend the context of e with an extra dummy
variable that is not affected by the differentiation.

syntax PDiff | PD extends cring

term do_:PDU s (+-T) > PD A (x-T)
pdiff : **x * —  x | a_|_ do e =9 (wk e) | xo
{do : =.x — ok | 9p_} d1_:PDA s (--T)—>PDAx(x-x-T)
{d1 :o(xx)x > (xx)x | 9} dre=0(wke)lx

The equational theory of partial differentiation may be directly translated from the paper.
Plotkin’s use of function variables as abstract terms parametrised by expressions matches our
notion of a parametrised metavariable, so the laws may be stated as second-order axioms uni-
versally quantifying over both object-level variables, and parametrised metavariables, using
the extended syntax (name) metavars > vars + expr; = expr; that also includes a typing
context given by vars.
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theory
‘zero’ unit of ‘add’
‘mult’ distributes over ‘add’

(0®) a : = > X & % + do (add (x,a))
(0®) a : = > X ot % t do (mult(a, x))
(0C) f ¢ (#%)x > x : % y : * Fd1 (de (f[x,yl))

one

a
do (d1 (flx,yl))

Plotkin’s binary chain rule generalises the usual unary chain rule, and may be inductively
extended to a chain rule of arbitrary arity. The corresponding axiom in the theory is as follows:

(0Chy) f @ (*,*x).* g h : *.x D> x : *
F do (flglx], h[x]1)
= add ( mult(pd(z. f[z, h[x11, glx1), de(glx1)),
mult(pd(z. flglx1, zI1, h[x]1), do(h[x])))

The familiar unary chain rule is then marked as a derived law, to be implemented in Agda
manually after code generation:

{(oChy) f g : *%x D> x : x
Fde (flglx]]) = mult (pd (z. fl[z], glx]), de(glx]))}

The equational logic generated from the axiomatisation is the following Agda datatype:

data > F m~a_ (U : MCtx)(T': Ctx}{a: *T} > PDA aT - PD 2 aI' — Set where

0 [#] >L%]  Fdp(xo® a) x4 1

o® [ x*] >l*] Fao(a®xg) X4 Q

9C [k ] > [ ]k (0 a{xo ™ x1)) 24 9o (91 a{ X0 » X1 ))
OChy : [tk [xkx] [xkx]> [ *]F

Ao a{b(xo ) » c(xo) ) =a(@alxo» c{x1))Ib{x0))® (I b{x0))®
(@ a{b{x1)» x0)c{x0))® (I c{xo))

Some of Plotkin’s Lemma 2.1 may now be formalised: for example, the simple corollary g—g =0
is derivable from the left annihilation law of 0 and ®, and the product differentiation axiom.

A: [ |*x]rd0=0

20 = begin 9y 0 ~( cong[ ax OX®" with{ x¢ ) Jin 9y O )s
do (0 ®x9) =(axo® with{ 0) )
0 |

The implementation of the derived unary chain rule is more involved, but every step is neces-
sary at the level of rigour we operate in this setting. It is the result of instantiating the binary
axiom with f(x,y) = f(x) and h(x) = 0, and applying the d0 corollary above, the unit and
annihilation laws for 0:
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dChy: [ =k =] [*k =] Fdya(b{xo))~(9alxo)b{x0))® (I b (o))
oChy = begin 9y a(b(x¢ ) )
~( ax dCh, with{ a(xg ) <b(x¢ ) <0 ) )
(@ a{x0 ) Ib{x0)) ® (90 b(x0 )) ® (9 a(b(x1))10)® 0
z(cong[thm&@]in [...]®0@a(b(x;))I0)®O)
(@ a{x0 ) 16{x0)) ®(d b(x0)) & (da{b(x1))10)®0
~( cong[thm OX®F with{ 9 a( b{ x1>>|®>)]in [...]®0O%)
(9 a{xo) 16{x0)) ®(d b(xo)) &0
~( ax OU®R with{ (9 a{xo ) 16{x0 ) ® 3 (%o ) ) )
(@ a{xo ) 16{x0)) ® (d b{x0)) u

The de Bruijn index annotations on the holes are needed when the proof operates in a
nonempty metavariable context. We wrote [...] above for the sake of brevity — the context
of the congruence needs to be written out explicitly for Agda to be able to evaluate the meta-
substitution that instantiates the distinguished hole metavariable. Note also the use of thm,
which uses an established (non-axiomatic) equality as a proof step. Thanks to the precise and
sufficiently general definition of metasubstitution in our framework, metavariables and object
variables are always accessible where needed, making the construction of equational proofs
verbose but quite intuitive.

13.2 GENERIC OPERATIONS

The core advantage of generic programming lies in its ability to define operations over data
without requiring knowledge of the data’s specific structure. In the setting of formalised cal-
culi, this allows us to define auxiliary operations like the free variable function in a syntax-
independent way: it performs the “obvious” recursive traversal, unions the free variables of
subterms, and removes any that are bound. Similarly, pretty-printing is another operation that
can be derived generically — provided we handle free and bound variables correctly - by spec-
ifying how each constructor should be printed. In this section, we present signature-generic
definitions of both free-variable lookup and pretty-printing, all derived via initiality.

13.2.1 Free variables

Thanks to initial algebra semantics, defining a recursive function on syntactic terms amounts
to equipping the codomain with a syntactic algebra structure. To derive an operation comput-
ing the set of free variables, fv(¢), we must express the output in a form compatible with the
familial model - specifically, as a sorted family. The intrinsic representation of the set of free
variables is given by a context-indexed family:

FV : Fam
FVIT =ListE[reS]JrT)
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The type FV T represents a list of tuples consisting of sorts paired with proofs that they ap-
pear in the context I While defining a free variable function might seem unnecessary for
intrinsically-typed terms — since the typing context already indicates the variables in scope —
the key point is that the context I is merely an upper bound on the free variables actually used
in a term: fv(t) € I'. In the FV family, this means that not every variable in I' must be listed.
The role of the rmVars function below is to eliminate all variables from a term that appear in
a given context, relying on a list lookup function that returns a value of type Maybe.

rmVars: (@ : Ctx) > FV(© +T) - FVT
rmVars © [] =[]

rmVars © ((r,v) = fv) with ©@ 32 v

. |justx  =(r,x):rmVars © fv

... | nothing = rmVars © fv

The syntactic algebra structure for FV (more precisely, the trivially sorted form FV a = FV) op-
erates as expected: a variable constructor is free, metavariables traverse the environment and
concatenate the free variables, and for the algebra structure we use the following restriction
to Arity, which concatenates the free variables in subterms, but removes every bound variable
from the recursive list.

alg : (as: List (Ctx X S))(fv: Argas FVT) - FVT

alg [] tt =]
alg (®, 1) :: as) (fv, fvs) = rmVars © fv ++ alg (a :: as) fvs

With one additional round of deduplicate, which removes duplicates from the list in case of
multiple occurrences of the same variable, we obtain the free variable function fv: T — FV; as
an initial interpretation into the syntactic algebra built on FV;. For example, given the terms

tm: AN—-a—a)B-(N-—a)-0)
tmy = A (A (nrec x1 Xo (x5 $ (plus $ x1 $ x3))))

tmy: AN—=a—a)B-(N-—a)-0)
tmy = A (A (nrec xq xo (x5 $ if x4 ze (plus $ x; $ x3))))
differing only in whether the last variable is used in the term or not, we get the equalities
fvtm; = ((N — a, old new) :: []) fvtmy = ((N - a, old new) :: (B, new) :: [])

that differentiate between variables being listed in the context and actually used in the term.

13.2.2 Pretty-printing

Another standard operation on syntax is printing out a textual representation of the terms.
For a language without binding, a straightforward fold is sufficient: if we know how to print
out the leaf nodes (constants or variables) and branch nodes (operators), an in- or pre-order
traversal produces the desired output. However, variable binding introduces challenges — chief
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among them being the generation of fresh variable names and the maintenance of correct
binding relationships — unless one is content with printing raw de Bruijn indices.

Our solution builds on the approach of Allais et al. (2021, Section 7.1), but adapts it to
our framework rooted in initial-algebra semantics. Fresh variable names are generated us-
ing a stream of identifiers managed via a State monad. The pretty-printing function is then
parametrised by the names assigned to the free variables in the term, and by a user-defined
template function for rendering each term constructor. This template function, of type Dis-
playOp, is defined by pattern-matching on the operator symbol, its operands, and any bound
variables associated with those operands. It produces the corresponding output string, with
full access to the variable names and type annotations involved. We show the definition of
the function first, then explain its components:

dispOp : DisplayOp
dispOp app, (fi(x— p).a‘ )

f++U ("++a++“)"

dispOp lam, ((xiaED): f)  =“(A " ++x ++ “:" ++ dispTya ++ “. " ++b++ )"
dispOp pair, (a:a . b:p) =" +ra++ ", "+ b++ )

dispOp fst, (p:a ® B) =“fst " ++p

dispOp snd, (p:a @ B) =“snd " ++p

The type of pattern functions for metavariables, types, and operators is as follows:

DisplayMVar : Familys — Set DisplayTy : Set
DisplayMVar X = X — K String DisplayTy = S — String

DisplayOp : Set
DisplayOp = (0 : O) — ArgStrings (Arity 0) — String

DisplayMVar is a family of functions from a family of metavariables to the constant family
of strings. DisplayTy pattern-matches on the datatype of sorts and recursively constructs the
string representation. DisplayOp works similarly, but pattern-matches on the operator symbol
0, and also accepts the printed payload of the operator as a tuple of type-annotated strings with
optional bound variables:

ArgStrings : List (Ctx x S) — Set

ArgStrings [] =T

ArgStrings (([] , 7) :: as) = Ann String T X ArgStrings as
ArgStrings ((© , 7) :: as) = Ann (Bound ©) 7 x ArgStrings as

If an operator is nullary, there are no printed arguments. For an n-ary operator, we return a
type-annotated string, and (type-annotated) names for all variables that appear in the body.

data Ann (A : Set) : S — Set where
i tA—>(r:S)—> AnnArT
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Vars : Ctx — Set data Bound (T : Ctx) : Set where
Vars ) =T _IF_: Vars T — String — Bound T
Vars (a - T') = Ann String a X Vars T’

For example, in the case of lam, above, the payload ((x : @ I= b) : f) is a string for the body
b of type f, with the bound variable in b named x, of type a. The output puts the variable
name x : String and the pretty-printed type dispTy a between a “A” and a “.", followed by
the body b. The printing algorithm will ensure that the bound variable in b indeed has the
name x, retaining the correct binding relationships. The rest of the constructors is similarly
simple, intercalating printed subexpressions with commas, parentheses, and operator names.

Allais et al’s (2021) trick for generating fresh variables via a stream of unique characters
stored in a state monad works in our approach too: the WithStringSupply = State (Stream
String) monad equips data with an infinite supply of strings, fresh generates such a string and
“increments” the supply (e.g. outputs “a” and shifts the stream to continue from “b”), and
freshVars turns a context into a type-annotated tuple of variable names as strings.

fresh : WithStringSupply String freshVars : (T : Ctx) — WithStringSupply (Vars T')

fresh = do vs « get freshVars () = return tt
put (tail vs) freshVars (a - T') = dov « fresh
return (head vs) vs « freshVars T’

return ((v : @) , vs)

The target of the semantics is the constant family that takes a tuple of printed free variables
(in T) to a string with access to a supply of strings:

Printer : Familys
Printer _T = Vars T' — WithStringSupply String

This is a pointed family, exhibited by the variable-printing function printVar:

printVar : J — Printer
printVar new (x : @) =returnx
printVar (old v) (_, s) = printVaro s

The printArgs function uses monadic do notation to process a tuple of such printer functions
(one for each argument of an operator) into a printer function for the whole collection of
arguments. For an argument with no binding, it prints the term in the Var context T, followed
by recursively processing the other arguments; for an argument that binds © fresh variables,
it prints them using freshVars, prints the term in the context oI' extended with the bound
variables, followed by the rest of the arguments recursively.

printArgs : (as : List (Ctx x S))(at : Arg as Printer ') —
Vars I' — WithStringSupply (ArgStrings as)
printArgs [] tt o' = return tt
printArgs (0 , 7) :: as) (tp, tps) oI = do ts < tp ol
tss < printArgs as tps oI’
return ((ts: 1), tss)
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printArgs ((© , 7) :: as) (tp, tps) o' = do bound < freshVars ©
body < tp (bound ++" oT')
tss < printArgs as tps oI’
return ((bound I= body) : r , tss)

Finally, printing of metavariables uses the following function that prints their environment.
Note that the variable context of the output (containing the names of the variables in scope)
is fed into the recursive printing of the environment terms, ensuring that all the de Bruijn
indices get translated into their appropriate string representation.

printEnv : (IT : Ctx) — (IT —[ Printer |- I') — Printer T

printEnv 0 ool = return “”
printEnv (a - II) 0 oT = do ts < o new oI’

tss «— printEnv II (o o old) o'

u“ ”n

return (ts ++ “ ; " ++ tss)

With these, a SynAlg instance for Printer can be defined as follows, parametrised by pattern
functions for operators and metavariables:

Printer® : (dop : DisplayOp) (dmv : DisplayMVar X) — SynAlg X Printer
Printer* X dop dmv = record
{v = printVar
;a =M (0 as)ol' = do pargs « printArgs (Arity o) as oT
return (dop o pargs) }
;m=A{[T}ae o' > do envs « printEnv II € oT

return (dmv a ++ “[” ++ envs ++ “1") }

The semantic interpretation of terms into Printers is parametrised by the variable names in
the typing context, and returns a State monad whose first component also expects an infinite
supply of fresh variable names, which we provide as a stream of characters with an optional
numeric suffix to guarantee uniqueness.

genPrint : (dop : DisplayOp) (dmv : DisplayMVar X) - T X a I' — Vars I" — String
genPrint X dop dmv t oT = proj; (i (Printer® dop dmv) t oI’ names)

This generic printing operation can be specialised to a particular syntax by providing an oper-
ator pattern function. The DisplayMVar argument can be instantiated for inductive metavari-
able contexts 2t : MCtx by translating de Bruijn indices into alphabetic characters “M”, “N”,
etc. For example, the term tm; = 4 (A (nrec x; xo (xs $ (plus $ x; $ x3)))) pretty-prints to the
following (line breaks added for clarity):

_:printtmy (“x" :B), (“y" iN = 1))
=“>x: B,y : (N=>1)
F (A a:N. (A b:T. nrec[1] (a; o = b | (d + 1) ¢ —
y ((A e:N. (A f:N. nrec[N] (e;j o - f | (h+1) g — g+ 1)))
(d) (a))))) : (N = (1 - 1))”

_ = refl
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The two free variables in the context (B - (N — «a) - () are given names “x” and “y"”, and all
other new variables are given fresh names taken from the stream names. The term plus is
merely an Agda definition, so the primitive recursive printing function expands it fully; on
the other hand, DispTy recurses explicitly, and we are able to “intercept” the type 1 @ 1 as a
special case of the printing for @, and return the string “B” instead.

For a term in a nonempty metavariable context, consider:

tmy: ([NFBT [al> A)B(a—N)-0)
tms = (4 a{(x1 $x0))) $b

_:printtms (“f” : B = N)

=M : N+FB ; N:+rFBp>f: (B-N)Fr ((Aa:B. M[f (a)]) (N[]) : B”
_ =refl

As the examples in this section show, the computational behaviour of semantic interpretations
aligns with expectations: terms are represented as syntax trees made out of constructors, and
they are consumed by structurally recursive functions. The ability to interpret terms in families
facilitates context-sensitive interpretations that take variables, binding, etc. into account.



§ Summary of Part IV

In this part we introduced our Agda language formalisation library and
showcased some applications of the familial model through the generic
mechanisation of second-order abstract syntax.



CHAPTER 14

Conclusions

This thesis introduced the familial model of second-order abstract syntax — an implementation-
friendly metatheoretic framework derived from the presheaf approach. We formally motivated
our solutions to reconcile discrepancies between the two models, grounding widely used but
often opaque techniques in intrinsically-typed formalisation on solid mathematical founda-
tions. Below, we summarise the main contributions and outline directions for future research.

14.1 SUMMARY OF CONTRIBUTIONS

We highlight the questions that the familial model answers both from a language formalisation
and model-theoretic perspective.

Why bother with intrinsic typing? Where available, intrinsic typing offers the rigorous
discipline essential for formal verification. Instead of promising uninterrupted progress in
formalising a syntax and semantics only to demand laborious sort-preservation and soundness
proofs later, intrinsic typing is clear and upfront: every term must be well-sorted and well-
scoped, and every operation must preserve these properties. As a result, well-sortedness is
built into definitions, streamlining formalisation and reducing metatheoretic overhead. The
familial model naturally supports this approach: elements of a sorted family set encode their
sort and scope at the type level, ensuring that ill-sorted terms and operations are caught as
type errors in the formalisation language.

Why bother with a formalisation framework? Intrinsically-typed encodings of syntax offer
striking directness and elegance: term constructors are typed by their sorting rules, making
ill-sorted terms unrepresentable. This extends to syntactic operations, which are typed by
their sort-preservation laws. Defining such operations typically requires additional lemmas
— structural properties, compatibility conditions, fusion laws, etc. While these proofs often
proceed by induction on the term grammar, the structure is formulaic: structural recursion
with careful handling of bound variables. A capable formalisation framework can automate
much of this routine, freeing attention for the truly challenging aspects of verification.
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The familial model’s abstract theory encapsulates the metatheoretic boilerplate — renaming,
substitution, denotational interpretation, and their correctness proofs — within a mathemati-
cally grounded framework of modules, strong signature endofunctors, and algebraic monoids.
Rather than relying on an ad hoc collection of definitions and lemmas, the model’s components
build coherently on one another, enabling modular interaction with broader categorical tools.
For instance, the complex compatibility conditions between renaming, strength, substitution,
and metasubstitution arise as instances of a general lifting framework in derived monoidal
categories (see Theorem 10.3.28).

Why not just formalise the presheaf model? The presheaf model of Fiore et al. (1999) and
Fiore (2008) offers a comprehensive algebraic account of second-order abstract syntax. How-
ever, its reliance on categorical tools such as colimits, coends, and quotienting makes it im-
practical for formalisation in dependently typed proof assistants, which lack native support
for these constructs without resorting to cumbersome workarounds like setoids, or extensions
such as cubical type theory. The familial model reformulates the presheaf approach to address
these limitations, making it suitable for implementation and practical metatheory development
with predictable computational behaviour. For instance, instead of relying on Adamek-style
constructions of initial algebras, the syntax of a signature is represented directly as an alge-
braic data type, allowing terms to be observable and amenable to syntactic transformation.

What are the discrepancies between the models? The main limitation of the familial ap-
proach lies in its weaker substitution structure compared to presheaves, which disrupts many
constructions and results from the original model. This thesis reassembles these elements into
a coherent and practical framework, addressing the following challenges and questions:

+ No inherent renaming structure in families
— Families with a module structure are equivalent to presheaves (see Section 10.1.3)

« Substitution tensor in families is skew-monoidal and does not lift to pointed modules
— The correct structure is that of a derived monoidal category (see Section 6.1)

« Laws involving the substitution tensor fail without quotienting
— These laws can be reformulated using multilinear maps that extensionalise renaming-
invariance (see Section 10.2.1)

« Pointed strength of signature endofunctors cannot be axiomatised directly as a functor in
skew modular categories
— It is a homomorphism between derived modular categories, with multiplication mor-
phisms defined via multilinear maps (see Section 10.2.2)

+ Relationship between signature endofunctors in presheaves and families
— 3: Famg — Fam; lifts to ®: PShy — PShg in the category of derived monoidal categories
(see Section 6.3)

« Relationship between categories of semantic models for related signature endofunctors in
presheaves and families
— A derived strong family endofunctor lifts to presheaves, and the categories of algebraic
monoids are equivalent (see Thm. 10.2.6)
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« Relationship between initial syntactic algebras for related signature endofunctors
— The initial algebra in families induces the initial algebra in presheaves (see Section 3.3)

+ Parametrised initiality does not directly extend to skew-monoidal categories
— Initial-algebra semantics into the closed substitution structure avoids issues due to skew
associativity (see Section 11.2)

+ The cartesian closed structure of families cannot express enriched Kleisli extension for
capture-permitting metasubstitution
— The term monad in families is enriched over the Day internal hom derived from context
extension (see Section 11.3.1)

14.2 FUTURE DIRECTIONS

The work presented in this thesis forms the foundation of a multitude of avenues for further
research, being the first step towards bringing the theory of presheaf models into a streamlined
categorical setting. The abstract perspective also suggested some categorical generalisations
that embed the current second-order (skew-)monoidal models into a wider setting.

14.2.1 Advanced type theories

Some extensions involve incorporating advanced type-theoretic features into the presheaf or
familial models, making the approach general enough to capture a variety of syntaxes that
appear in literature.

Substructural syntax Both the presheaf and familial models are cartesian in that their base
category of contexts and renamings admits cocartesian structure, enabling structural lemmas
like weakening, exchange, and contraction. However, substructural type theories impose
stricter constraints— linear type theory, for instance, permits only exchange, forbidding du-
plication or discarding of variables. This restriction must be reflected in the base category
itself. In linear syntax, each bound variable must be used exactly once, deeply affecting the
behaviour of binding and the structure of metatheoretic proofs.

Tanaka (2000) developed a presheaf model of abstract syntax with linear binders by work-
ing over the free strict symmetric monoidal category on sorts. This base supports reassociation
and permutation, but not changes in context length. In this setting, a presheaf over linear
contexts encodes terms I' + ¢ : 7 where the set of free variables in ¢ is exactly I'. Variables
are typed in singleton contexts, and application combines the disjoint contexts of two terms.
Notably, Fiore and Ranchod (2024) recently resolved the long-standing challenge of encoding
single-variable linear substitution, once thought impossible by Tanaka.

Given the prominence of linear type theories, extending the familial model to linear ab-
stract syntax is a promising direction for future work- especially since its base category,
the free strict monoidal category, is even weaker than the symmetric monoidal base used by
Tanaka. Further exploration of Day convolution to model context-wise extension and substi-
tution could also clarify the most suitable formalisation techniques for linear binding.
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Polymorphic syntax Another axis for enriching type theories is to introduce variables and
binding at the sort level, enabling the modelling of languages with recursive types, Hindley-
Milner-style type schemes, full polymorphism, and type constructors. These extensions were
integrated into the presheaf model by Hamana (2011) and Fiore and Hamana (2013) through
a two-step process. First, the presheaf construction is used to define the presheaf of simply-
kinded types T € Frﬂ as the initial algebra of a type signature endofunctor. Then, the cate-
gory of term contexts is constructed via a Grothendieck construction f FT(-)xT(-), whose
objects are triples (n,I', @): a type variable context [n] (representing n free type variables),
a term variable context I' € F[T(n)], and a sort « € T(n). This forms the base category
for the presheaf of polymorphically-typed terms, where elements n | T + t € « are terms
t € P(n,T, @) of sort & in the variable context I'. Morphisms in the Grothendieck category act
as simultaneous renamings of type and term variables. Hamana (2011) further generalised this
framework to higher-kinded polymorphism, and Fiore and Hamana (2013) extended it to a full
second-order abstract syntax treatment, incorporating type and term metavariables, type-in-
term substitution, polymorphic equational logic, and more. Addressing all these developments
in a formalisable setting would be a powerful, if challenging extension: as a polymorphic type
system involves metasyntactic computation (substitution), encoding such languages intrinsi-
cally is challenging (Chapman et al., 2019).

Multi-context calculi Judgments in modern type theories often encode rich information -
indices, annotations, labels, effects, stores, and more. While some of this can be absorbed into
the (often unstructured) sort, other aspects require multiple typing contexts to track different
categories of variables. For instance, dual-context calculi arise frequently in modal type the-
ories (Kavvos, 2017), mixed linear-nonlinear systems (Benton, 1995), classical type theories
(Curien and Herbelin, 2000), and most realistic formal systems beyond toy languages. Sup-
porting such systems involves working with presheaves over product categories of contexts,
where each component may have its own structural discipline - linear, cartesian, monoidal,
or otherwise — depending on the needs of the theory.

Mutually recursive terms The original presheaf/familial models only support one grammar
of terms, but we can extend support to mutually recursive term grammars using mutually
recursive signature endofunctors. Fiore (2022) applies this approach for an algebraic analysis
of normalisation by evaluation (Berger and Schwichtenberg, 1991) to encode the mutually
recursive definition of normal and neutral terms, but the technique should be applicable to
other multi-judgment systems like monadic calculi or call-by-push-value (Levy, 1999).

Pattern binding Second-order abstract syntax does not directly support a mechanism widely
used in languages with binding: pattern matching. It arises naturally whenever we program
in a language with compound algebraic data types, replacing elimination forms like projec-
tion and explicit case analysis with binding-time term decomposition and pattern-matching
binders. For example, the function (a X ) + (@ X y) — a X (B + y), written as

Ap. case p of (inlx) — (fstx,inl (sndx)) | (inry) — (fsty,inr(sndy))
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could instead be written in a more concise pattern-matching syntax as
Ainl(x,y) — (x,inly) | inr(x,z) — (x,inrz)

Abstraction operators in the presheaf and familial models only allow the binding of a finite
sequence of variables without any further structure. Fiore (2019) sketched out a proposed ex-
tension of the presheaf model with pattern matching, combining a linear grammar of patterns
with a cartesian grammar of terms, interpreting the former in the category B of finite sets and
bijections to ensure linear use of pattern variables. It would be worthwhile to flesh out the
details, and explore interesting connections to combinatorial species of structure (Joyal, 1981;
Bergeron et al., 1997) that connect pattern descriptions to algebraic datatypes.

Parametric signatures and translations The framework generates second-order abstract
metatheory for a single second-order signature; this poses a limitation for systems that are
themselves parametrised by a grammar of symbols, such as first-order logic parametrised over
a first-order language of function and relation symbols. Fortunately, second-order abstract
syntax is general enough to capture such first-order theories using parametrised metavariables,
and a useful extension to the familial model would be a wide-ranging support for parametric
signatures, and more generally, signature translations or syntactic translations as introduced
by Fiore and Mahmoud (2010).

14.2.2 Structural generalisations

The following avenues of investigation involve significant categorical redevelopments of
presheaf models, be they the original approach of Fiore et al. (1999) or the familial model
of this thesis. They may be more of theoretical than practical interest, exploring extensions or
formulations discovered upon an abstract look at the algebraic theory of syntax.

Multicategories A central technical challenge in the familial model is that the substitution
tensor product ®@: FamsxFamg — Fam; fails to lift to pointed modules (i.e. pointed <-algebras
or O-coalgebras). Even the skew-monoidal structure requires quotienting, which is not directly
available. We addressed this using derived monoidal categories, but late into the research some
useful avenues for generalisation became evident, both addressing the situation of coherently
combining objects of a category without the presence of a formal monoidal structure.

Multicategories (Hermida, 2000; Leinster, 2004) avoid tensor products entirely by working
with morphisms of the form Ay, ..., A, — B. These are especially suitable when a tensor prod-
uct like A; ® - - - ® A, is undefined. We conjecture that the most natural setting for formalising
multilinear maps — and hence for axiomatising the familial model - is within a multicate-
gorical framework. The structure of promonoidal categories (Day, 1970) seems similar to our
derived monoidal categories: they too replace hom-sets with profunctors 1°? X V — Set and
(VX V) xV — Set, but have no a priori connection to a skew-monoidal category they’re
derived from. Initial experiments seemed promising, but the subtlety of quotienting struck
again — the promonoidal associator is not definable for the category of pointed modules, as it
would require proving multilinearity for maps with a family tensor in their codomain.
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Finite-order abstract syntax Second-order abstract syntax enables the representation of
terms that bind first-order object variables — such as in A-abstraction, logical quantification,
and partial differentiation — with substitution and renaming primarily acting on these first-
order variables. While SOAS also accommodates parametrised metavariables, along with meta-
renaming and metasubstitution, it does not support binding of metavariables. That is, second-
order signatures restrict binding to variables within operands, precluding native expression
of operators that bind other operators. A typical example of such a third-order construct is a
control operator like call/cc or C, as described by Felleisen and Friedman (1987) and Griffin
(1989), which binds a continuation — a unary operator from a target sort to a resumption sort.
These kinds of higher-order signatures are studied in detail by Arkor (2022, Chapter 4).

We encountered a specific instance of this in contextual modal type theory (CMTT)
(Nanevski et al., 2008) — an extension of modal type theory (Pfenning and Davies, 2001)
with context-indexed modalities — while co-supervising a Master’s project with Marcelo Fiore
(Chekroun, 2022). In CMTT, parametrised metavariables can be explicitly bound and instan-
tiated as terms sorted in a local parameter context. Extending the familial model to support
this requires generalising to categories of terms indexed by sorts, contexts, and metavariable
contexts. This leads naturally to a stratified framework for higher-order syntax. Fixing a set
of sorts S, we define a tower of base categories:

>

Co2S  Cui2CixC,

Presheaves over C, then describe (n + 1)"-order syntaxes, capable of binding variables,
variable-binding terms (i.e. parametrised metavariables), metavariable-binding terms, and so
on. We conjecture that generalising the substitution constructions of Chapter 9 to arbitrary
levels of this tower will recover the familiar substitution and metasubstitution structure of
SOAS in a uniform and elegant way:.

Bicategorical syntax The current framework for simply-sorted second-order abstract syntax
assumes a single grammar of sorts, used both to type terms and to annotate variables in sorting

contexts. Concretely, a sorted presheaf PShg := F[S] can be viewed equivalently as a presheaf
over F[S] X S, where both variables and terms are sorted using the same set S. To handle
systems in which the grammar of variable sorts differs from that of term sorts, we can decouple
the two by considering presheaves over F[S] X T, for distinct sort sets S and T. This introduces
the complexity of heterogeneous substitution: a T-sorted term in an S-sorted context can only
be substituted with S-sorted terms, potentially in a different R-sorted context.

Accommodating this structure requires generalising the substitution monoidal structure
to a (skew) bicategorical framework (Lack and Street, 2014%), where the skew monoidal ten-
sor becomes a heterogeneous composition equipped with skew unit and associator 2-cells. To
simultaneously address both bicategorical and multicategorical generalisation, the natural set-
ting may be that of fc-multicategories (Leinster, 1999) — a direction first proposed by Ohad
Kammar in private communication.
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14.3 FINAL REMARKS

Reading back over the proposal and initial progress reports that preceded this thesis, I was
struck by their carefully optimistic, yet grounded tone — describing “the (admittedly rather
ambitious) dream of a general framework that can transform a syntactic specification of a
second-order language into a comprehensive system for reasoning about the language, with-
out the distractions of defining weakening, substitution, renaming, and proving all the associ-
ated correctness lemmas.” Clearly, I underestimated the power of syntax and initiality.

Throughout the development of the Agda library, I encountered several critical decision
points that required choosing between pragmatic implementation and mathematical fidelity
within the limitations of dependently-typed programming. These included axiomatising mul-
tilinear maps rather than rewriting the library using setoids to represent the coend of the
presheaf substitution tensor product; using standard inductive types to define languages in-
stead of encoding term algebras as containers with sized types (to appease the termination
checker); and opting for Python-generated code rather than undertaking the overhead of veri-
fied Agda metaprogramming. In many cases, what began as pragmatic “workarounds” turned
out to be mathematically natural and conceptually well-motivated, opening fruitful directions
in the study of presheaf models. These decisions did not compromise the foundational goals;
rather, they broadened the theoretical scope and highlighted new possibilities.

This thesis lays the groundwork for a broader programme of research, offering not only
concrete constructions but also a toolkit of principles for extending the categorical model of
second-order abstract syntax. By bridging abstract mathematics with practical formalisation,
our work envisions a future where syntax formalisation is no longer a significant burden —
freeing language designers to focus on expressiveness, safety, and usability, with the benefits
flowing naturally into the next generation of programming tools.
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APPENDIX A

Detailed proofs

We list longer proofs of propositions below.

§ Proof of Proposition 3.3.2 on page 85

Proposition 3.3.2 Let C: € — C be a comonad and F: C — C an endofunctor with F a strict
lifting to C-Coalg(C). Then, an initial F-algebra (F, f) € F-alg(C) lifts to an initial F-algebra
(£, f) € F-alg(C-Coalg(€)) satisfying U(F) = F.

Proor Assume the following situation:

C-Coalg(€) —— C-Coalg(C)

U(£ }EU

We show that the initial F-algebra (F, f: FF — F) induces an initial F. -algebra (£ f . F (F) —
(F)) € C-Coalg(C) such that UF = F — that is, the carrier of the initial F- -algebra has the form
F = (F, ¢) for a C-coalgebra structure c: F — CF. The four steps are: (1) equipping F with this C-
coalgebra structure ¢ to obtain an object (F,¢) € C-Coalg(C), (2) showing that it is an algebra
for F: C-Coalg(C) — C-Coalg(€), (3 showing that there is a F-algebra homomorphism from
(F, ¢) into any other F. -algebra, and (4) proving that this homomorphism is unique.

(D C-coalgebra structure By the dual of Proposition 3.1.9, the lifting of F to C-coalgebras gives
rise to a lifting C: F-alg — F-alg that has comonad structure. Since the lifting of the initial
F-algebra 5(F, f: FF — F) = (CF, FCF — , CFF g, Cr) is also an F-algebra, by initiality
we have a unique F-algebra homomorphism c: (F, f) — C(F f) satistying
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FF F

| |

FCF — CFFr C—f) CFr

which will give the C-coalgebra structure ¢: F — CFon F. This homomorphism diagram shows
both that c is an F-algebra homomorphism from r to CF, and that f is a C-coalgebra homomor-
phism from FF to F.

@ F -algebra structure We prove that we have an ?—algebra structure map on the object
(F,c) € C-Coalg(C). Since F is a lifting of F to C-coalgebras, an F-algebra structure map
is F(F,c) = (FF,¢) — (Fc), given by f: FF — Fwhich is a C-algebra homomorphism by (7).

Thus, ((£F — CF), FF IR F) is an F- -algebra.

® Initial morphism Let ((A,d: A — CA) € C-Coalg, a: ]?(A, d) — (A, d)) be an I?-algebra
in C-Coalg(C), with a an F-algebra FA — A that preserves the C-coalgebra structure:

FA a A

rl |

FCA — CFA — CA

As before, the diagram also makes d: (A,a) — C (A, a) into an F-algebra homomorphism. To
prove initiality, we need to find a unique F- -algebra homomorphism k: ((F¢), f) — ((A,d), a),
i.e. a morphism k: F — A that is both (5) a C-coalgebra homomorphism (r, ¢) — (A, d) and (6)
an F-algebra homomorphism (F, f) — (A, a). Since F is the initial F-algebra, we can induce
k by initiality as the unique F-algebra homomorphism k: (F, f) — (A, a), satisfying (6). The
C-coalgebra homomorphism condition () for k is the following diagram:

k

F—— A

| |«

CFT CA

Since CA is the carrier of the F-algebra C (A,a) and (F, f) € F-alg(C) isinitial, it suffices to show
that this is a diagram in F-alg(C) and therefore the two composites out of the initial object are
equal by uniqueness. For this, we can use the assumptions that d: (A, a) — C (A,a) = (CA a)
is an F-algebra homomorphism by (), and sois k: (£, f) — (A, a) by (©.

B f) — (Aa) 45 C(Aa) = (1 f) — T f) —% C(A,a)

(@ Uniqueness Uniqueness of k: ((F,¢), f) — ((A, d), a) follows from the uniqueness of k as
an F-algebra homomorphism: any other F-algebra homomorphism would in particular be a
morphism of F-algebras so must be equal to k.

a
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§ Proof of Lemma 4.1.7 on page 94

Lemma 4.1.7 For a biclosed V-modular category C and all A € V, X,Y € C, we have a natural
family of maps that is compatible with the biclosed structure:

6 (X Y)QA D (A—=-XY): VXCPXC -V

Jx®A £X
I®A — (X,X)®A (X,YY®1 -5 (I - X,Y)
3 [ N2
Px.y) (iy,Y)

A

AaX

(XYY @A) ®B 25 (A e X.Y) @B -\ (B—s (A X),Y)
Ex.v).4B l l (capxY)
(X,Y)® (A® B) (A® B) - X,Y)

ZX

Y,A®B

Proor We prove that currying and the transformation ¢ are mates under the following ad-

junction:

e 5~0) e

<—:Y><4> (-)—Y (=Y) <4>(—)—°Y

e

This establishes an isomorphism between uncurrying ¢;”: B —» (A - Y) - (A® B) — Y
and the transformation £;,: (X,Y) ® B — (B — X,Y). The naturality squares become, for
f:B—>(X,Y)yandg: X — (B—Y)

AeX 2D A vBy) BeoalEh (4w By)Y)
ﬁ(fi‘,A)l lz“""” E(g)@Al l(A—og,Y)
(X ) ®A) =Y o (BOA) =¥ (XV)@A —— (A= X.Y)

Explicitly, ¢ is defined as the S-transpose of the composite

/3 D)
X

(A—OX)—>A—0(<XY>—0Y)—>(<XY>®A)—0Y



324 APPENDICES

and the naturality conditions at f and g become the transposition laws

A-epl B,
A—X 2P A e (X Y) e Y) A®B — ", (AgB-sY,Y)

ﬂﬁﬂxl lﬁé’“” A®E§l l(‘“ Y)

(A X.Y) =Y 7= (1) @A) =Y A®(B=YY) 5= (A= (B=Y).Y)

[BAY

The laws B—transpose to

A—efX i
P A —e ((X,X) — X) X h [—X
W‘x
T [
A—e(j—X)
M A —e (I - X) O B - ((X,Y) —=Y)
CalLx
—o —o X,Y) Y — (XY I)—-Y
IQA—-X yrT (X, X) @A - X (X,Y) p(x’yﬁy(( Y)Y®1)

‘ABX B—e A«X FA—XI)B
(A®B)—0XC+>B—C(A—OX) A ((A—'XY)—OY)—)((A—CXY)@B)—OY
B—O({’;{A—OY)l
B—s(A—Y) B— (({(X,)Y)®A) —-Y) £, ®B—Y
id—pl %ﬁi&;ﬁ m
B—(A-s((X,Y)—=Y)) ({(X,Y)® A)®B) - Y
m Axas~*Y

(A®B) - ({(X,Y) - Y)

(X, Y)(A®B)) =Y

—(X.Y),A®B
Cy

The transformation may also be derived from the enrichment as the composite

(XY)®A <XY>®<A—-XX)ﬂ><A—-XY>

with the laws derived from axioms of M. O

§ Proof of Theorem 4.3.5 on page 103

Theorem 4.3.5
Every powered monad gives rise to an enriched Kleisli triple, and every algebra for a powered
monad induces an algebra for the corresponding enriched Kleisli triple.

Proor Let (T, n, 1) be a monad with p,x: T(A — X) — A — TX a powering. We define
YY: (X, TY) — (TX,TY) as the f-transpose of w(uy)x: TX = (TY)X that expands to

X TY,TY )X id, py
x T 1. 7Yy — TY) P o 7yy e 77y BN ¢ Tyy
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One unit law (1Y) transposes to the unit-preservation of the monad morphism w(yy) from
Theorem 4.3.4, while the other (Y7) transposes to a zig-zag identity of the adjunction (=) (TY) 4
(TY,—) applied to the powered monad T. The associativity law (YY) f-transposes to

o (pz)x My, —TZ
TX (X, TZ) - TZ (TY, TZ) @ (X, TY) - TZ
o (py)x l lﬁ@id—oTZ
(X, TY) —» TYida)—(y)) (X,TY) - (Y, TZ) - TZ) T (Y, TZ) @ (X, TY) - TZ
- Z)x Cry,

which commutes as follows:

z)x MQ}Z—-TZ
X 2%, (1Z)X

(TY, TZ) ® (X, TY) = TZ

id®<X,w(,qu

(TY,TZ) ® (X, (TZ)Y) — TZ

(w(uz)v’TMy'

(TZ)Y.TZ) ® (X, (TZ)Y) - TZ
o (py)x /
C(T2)Y.TZ)(X(TZ)Y)TZ
((TZ)Y. (TZ)(TZ)Y)X
(id. (137D
((TZ)Y)X e (Y, TZ) ® (X, (TZ)Y) = TZ

‘ 14®(X.00 (1), )~TZ
(o (uz)y id) X \w(ﬂ )y)

(TY)X — (TY,(TZ)Y)X (Y, TZ) ® (X,TY) = TZ
id—e02(j12)x

Mz

(Tz)Y
(7D ¢z

YL@id—TZ ! @id—eid

(B17,TZ)@id—eid

—(XTY)(Y,TZ)
Crz

where T reduces to the equivalence of ¢ (that defines p"?’ and therefore (]ryl)gggy) and M, and
(w () is an instance of the diagram

wry(pty)

T (TY)
a)fl(a)l l(]TY,wﬁ(a)yD

(A) o D ((ADY) (TY, (A)Y)

(wk(a)y.id)

established as follows. Given a: TA — A, the transpose w’(a): T = (A is a monad mor-
phism, so it satisfies the two monads’ multiplication-preservation condition (¢ y1):

wZ\ (@)ry

A) o7 (a)y
TTY A9, 1)y WL

”y| ()

TY (A)Y

wﬁ(a)y

Transposing this using the adjunction w: (=)(TY) 4 (TY, —) gives the following:
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Oy, A)ry) T (ry, gapapy)
of (uy)| (TY.(uyD
(TY) (TY.oh@n frv-iam

We use this diagram in the proof of (w(y)):

T wry (py) (]TYD

(w0} (a)ry)
W (TY.o (a)y)

- (id,(A) @i (a)y)
wy(a) (]TY, (]ADTYD E— (]TY, (]AD(]ADYD ) (]TY, (]ADYD

(@] (a)1.id) (o] (a)y,id)
(]UMZD

A A)Y, (A)(A)Y A)Y

(41 o (ADY, (AD(ADY) ——— ((ADY)
where the bottom composite amounts to the w-transpose of (). The reasoning for algebras
for a powered monad is similar to the above, using the algebra structure instead of y,. ]

§ Proof of Lemma 5.1.25 on page 118

Lemma 5.1.25 Given an adjunction t: F 4 G: C — D between left skew-monoidal closed V-

modular categories, the following conditions are equivalent:

1. F is an oplax left skew V®-modular functor with strength s, ,: FLAQY) - AO® FY
2. G is a lax left skew VU -functor with strength si ,: {Y,Z) — (GY,GZ);

3. 7 has alax internal transpose
txy: {FX,Y) > (X,GY): CxD >V
that satisfies the unit and associativity axioms
L SN (X, X)

jﬁﬁl l<x,rx>
(FX,FX) - (X, GFX)
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G

(F(A® X),Y) (Y, Z) (GY,GZ)
(i) tasx,y
RN | |22
(A FX.Y) (46 X,GY) [(FX.Y).(FX.Z)]  [(X.GY).(X,GZ)]
CA,FX,Yl lcf,x,cy lid tm k/tx Jid]
[A(FX. V)] 7 [A(X.GY)] [(FX, Y), (X,GZ)]

Proor The bijection between s5,: F(A® X) = A® FY and ty,: {(FX,Y) — (X,GY) is the

Yoneda transpose

D(SAX Y)

D(A©FX,Y) =5 D(F(A © X),Y)

T

C(A ® X,GY)

s

V(A, (FX,Y)) V(A, (X,GY))

—_—
V(Atxy)

that, evaluated at f: A ® FX — Y € Dand g: A — (FX,Y) € V gives the following
transposition schemes:

A o F(A® X)
(FX,Y) —— (X,GY) AODFX Y

[

The transformations s7 ,: (X, Y) — (GX,GY) and t are mates under the functors on the left,
inducing the diagram on the right for f: FX - Y €D

e &6n) Vop Sz
F( G ‘ <<Y’ Z>> - <GY, GZ>
_{
> <<f,Z>)l l(ff,id>
D— sy
(=Y) <<FX, Z>> t—> <X, GZ>

We can transpose the oplax version of Diagram (sA®) using the transposition schemes to obtain
the unit axiom for ¢ from that of s":

¢ o o FA?
A K heos) (X, GFX) FISY) FY FY
K2 (A2, hex A7 Ty
A S (FX FXY) —2s (X, GFX) I0Y Y GFY
A (FX,FX) -5 (X, GFX) I vy 25 v GEY)

The associativity axiom of s” transposes to the first associativity axiom of ¢. The equiva-
lence of two associativity axioms for ¢ is shown as follows:
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(i y-id)

(AODOFX,Y)

G
SAoFX,Y

(F(AS X),Y)

Laox,y
(G(A © FX),GY) (rhid) (A ® X,GY)
8, [ o
[(X, G(A © FX)), (X, GYY] M roy 4 o ), (x,67)]
[tx.w,id]j
[(FX, A © FXY, (FX, V)] —2% 0, [0mx A 0 FxY, (X, Gy)] Ll [icaid]
[rid] m
[4,(FX, V)] — [4,(X,GY)]
(,2) (i) (FGY, Z) forz (GY,GZ)
(FRor.2) (Rorid)
(Ry,id) (F(X,GY) © X),Z) "% (X GY) © X, GZ)
(F(txy©%),2)
((FX,Y) O FX, Z>>< ooy >((F(((FX YY) © X),Z) e oxid)
T Seonxor
A ((FX,Y) © X,GZ)
exvy.xcz
[(FX, Y)Y, (FX, Z)] [(FX,Y), (X.G2)] < [(X.GY),(X.G2)]

where T is an instance of Diag. (s-t) with g

=id: (FX,Y) -

(FX,Y), with the transposition

TK(txy): F({FX,Y) © X) — Y equalling the composite 7, o Fksy o F(txy © X) by naturality
of 7 and k. Finally, the second associativity axiom of ¢ is equivalent to the associativity of s*:

X
LY,Z

(v.2)
(GY,GZ)
5% |

[(GX.GY).(GX.GZ)] -—

(VFGX
L<y,z

[{(FGX.Y). {FGX. Z)] =

[id,tex. 2] l

[((FGX Y), (GX, GZ)]

[{X, V), (X, Z)]
l [id.(7x.Z}]
(X Y). (FGX, Z)]
l[id,tcx,z]
X, YD, (GX, GZ)]

[{Tx.id).id]

[{Tx.id).id]
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(Y, 7y e (GY,GZ) Foror [(X,GY), (X,GZ)]
LiYor l l [(rxid).id]
1 [(GFX,GY), (GFX, GZ)|"*= [ (GFX, GY), (X, G7)]
[y y-id] l l [sexy>id]
[(FX. ). (FX.2)] izt [(FX.Y).(GFX.GZ)] frr [(FX.Y).(X.G2)]

§ Proof of Lemma 5.1.28 on page 120

Lemma 5.1.28 Given a strong V°-modular functor F with right adjoint t: F 4 G: C — D, the
induced V' -strength scy: (X,Y) — (FX, FX) and internal transpose tyy: {(FX,Y) — (X,GY)
are compatible in the sense of the following diagrams:

(X,Y) (FX,Y) (FX,Y)
N NG b [z
(FX,FY) — (X,GFY) (X, GY) —— (FX,FGY)
Proor The isomorphism s$,: A ® FX = F(A © X) splits into:
Six: ADFX — F(A® X) Six: F(Ao X) - AOFX

former is equivalent to the V¢-strength sxy (X,Y) — (FA, FB), and the latter induces the
transpose txy: {(FX,Y) — (X,GY) by Lemma 5.1.25.
The proof proceeds by expressing the transformations back in terms of the two directions
of s°. Firstly, s Y 1 (X,Y) — (FX, FY) expands as the k-transpose of

(XY)X

(X,Y) © FX 2% F((X,Y) © X) —= FY
and, instantiating the transposition scheme Diag. (s4t) with the composite above to get

(X.Y)

. KT(FEYOS&YY%XOE(@XYY%X)
K(FEYOS<X)Y>)X)

(FX,FY) —— (X,GFY)
where the inverse compositions of s° cancel, it is sufficient to show that the k7-transpose of

F((X,Y) © X) ==, Fy

<X Ty)

equals (X,Y) —— (X, GFY), which is immediate by naturality.
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The second diagram k-transposes to the counit k,: {(FX,Y) ® FX — Y equalling the
transpose of the bottom composite

(FX, YY) 0 FX 2% x Gyy 0 FX 255 pex.6Y) o x) 25 poy —2 sy
which, by naturality of s°, equals
(FX.Y) © FX “29% F((FX. YY) © X) =) y

By the transposition scheme Diag. (s-t) with g = id, the second map 7k () expands as:

F({FX,Y) © X)

5 l W)
(FX,Y).X

(FX,Y) O FX — Y

and the inverse compositions of s® cancel, leaving {FX,Y) © FX LN Y, as required. O

§ Proof of Proposition 6.1.7 on page 140

Proposition 6.1.7 If Ay and By are representable derived monoidal categories, and a skew-
monoidal functor K: V. — W liftstoaL: A — B with KA, = LA, then L is representable
derived monoidal Ay — B)w.

Proor Suppose we have a lifting of a monoidal K to L with KA =LA . We show that L is
representable derived monoidal, with unit, multiplication, and laws as follows

ulf:1—-c,02 7% k1 ke, =1c,

AB K
mlg: A, ®B, — C,| £ LA, ®LB, =KA, ®KB, — K(A, ®B,) % KC, =LC

B

« The diagram on the left makes the bottom right of the left unit law commute:

u GBId Kfoid
J®KB, KI® KB, —— KA, ®KB,
feid
I®B —>A ®B lml,g lmgé
i g KI®B,) o K(4, ©8,)
Lo — & 2 e
KB KC

—A Kh —A
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+ The diagram on the left makes the top half of the right unit law commute:

KA, < KC,
A ——C, Py Jra
pgl Tg Pl KA, ®I) iaasp) K(4,®B,)
A, @1 > A, ®B, [, s

KAA ®J W) KAA ® KI KK}E KAA EBKEA

+ The diagram on the top makes the middle bottom pentagon of the associativity law below
it commute:

Xipe
(éﬂ ®§A) ®QA — éj{ ® (EA ®QA)
g®idl lid@]_‘
D,®C, 5 £, - 4,%E,

(KA, ®KB,) ®KC, — KA, & (KB, ®KC,)
idomy .
m) @id K((A,®B,)®C)) KA, ®K(B,®C))
%im:c m Lﬁfmc
K(A,®B,)®KC, K (e®id) KA, ®(B,®C))) ideKf
Keoid K(id®J_’)l

KQA GBKQA m—KDC> K(QA ®QA) @) KEA E K(éﬂ ®EA) na KAA @KEA

§ Proof of Theorem 7.1.6 on page 153

Theorem 7.1.6

Suppose we have an adjunction F 4 G: € — V for (V,I,®, [—,=]) skew-monoidal closed
and (C, S, (—,=)) a left skew-monoidal closed action. Then, F is a skew-monoidal warping
over ® if and only if G is a skew-closed warping over (—, =).

Proor We follow a similar proof pattern to Eilenberg and Kelly (1966) in establishing an
equivalence between monoidal and closed structure over a category: namely, by finding in-
termediate forms for the transformations and axioms that can be shown equivalent. We write
7: V(FX,B) = C(X,GB), (: V(A® B,C) = V(A, [B,C]) and k: C(AS Y,Z) =2 V(A (Y, Z)) for
the adjoint transpose isomorphisms.
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Relating the data

+ The skew-monoidal and skew-closed warping functors are adjoint by assumption: F 4 G.
+ The unit objects J € C are identical.
+ The morphismv: FJ] — I € Vand u: ] — GI € C are adjoint transposes: u = 7v.

+ The natural transformations ky: X — FX © Jand Is: G(J,X) — X are in bijection through
the Yoneda embedding as shown on the left, and evaluating it on f: FX @ ] — Y gives us
the transposition scheme on the right:

elke)

C(FX ©J,Y) === €(X,Y)

d X 2, 64, v)
V(FX, (F,Y))

d foky g
CX.GULY)) g €X.Y) Y

+ The natural transformation pyy: F(FX © Y) — FX ® FY: € X € — 7V is in bijection with
the warped transpose ty 5: G[FX, B] — G(X,GB): € X'V — C via Yoneda:

V(FX ® FY, B) “ 228 v(F(FX © Y), B)
|r

‘ C(FX ® Y,GB)
V(FX, [FY, B]) E

V(FX,(Y,GB))
|r

= ©(X.G(Y.GB))

T

C(X.GIFY.B) g3

Evaluating this at f: FX ® FY — C and g: X — G[FY, B] gives the transposition schemes

w6f

X — GJ[FY,C] F(FX®Y) —— FXQ®FY
rKT(fOM lty’c mm lz?g
G(Y,GC) ’ B

The transformations ty z: G[FX, B] — G(X,GB) and q,5: G[A, B] —» G(GA, GB) are mates
under the adjunction on the left, such that for all z: FX — A, the right square commutes:

G(-,GB) . "
— 7 G[A,B] —£2 G(GA, GB)

10
G[Z,B]l lG(rz,id)

I o T
V= © G[FX,B] —— G(X,GB)
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Instantiating this at the identity, we have expansions of t and g in terms of each other:

cl4 B] <25 GIFca, B G[FY,B] %" G(GFY,GB)
Gan l toaB - l G{(1,B)
G(GA, GB) G(Y,GB)

Relating the axioms Again, we connect the skew-monoidal and skew-closed axioms via
properties of ¢ defined above.

(pp) © (iq)
Pix Giy Giy
FX — 2 > FX®I G|I, B] GB G[I,B] —~— GB
Fkxl TFX@D < G[v,B]l ]IGB And qml LGB
F(FX® J) —— FX®F] G[FJ,B] —— G(J.GB) G(GLGB) r— G({J.GB)

The Yoneda embedding of the left diagram transposes to the middle one. Then, instantiating
Diagram (tq7) with z = v: FJ — I gives the equivalence between the middle and right axioms.

Gil)

G[I, B] GB
W]
Prs G|F]J, B] Iy
tJ,B
G(GI, GB) — G(J,GB)
(k) & (L)
FXoY —%% | px o (FY ©)) 6y, zy — 22 (6L Y), 2)
krxsy l TaFX,FY,] GIS;,)JZ l TG(id, L)
FFXSY) S ] —— (FX®FY) O] GIU. V), U.2)] — G(GU.Y).GU.2Z))
s GFY o J,2) S8, Gy z) &

Gcﬁwzl TGO,JZ)
GIFY,{J.Z2)] —— G{Y,G{J].Z))

The Yoneda embedding of the left diagram transposes to the middle one. Then, assuming the
middle diagram (2), the right diagram (3) is derived by expanding q;;.y5.2; as o).z © G 7, id],
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instantiating the transposition scheme between ¢ and L obtained as mates:

()X

(Y, Z) — [(X,Y), (X, 2)]
[xy.D] l l [y.id]
[AS X, Z] [A, (X, Z)]

N
Cax,z

with y 2 7(idgy,): FG(J,Y) — (J,Y), and (k1) with f 2 %z (idey,): FG(U,Y) © ] — Y:

G(Y,Z) Gt 2)

G(G(J].Y).Z)

m /G<kG<_LY:’Z>

o
GcFG(],Y),],Zl

G[z,id logw..2)

Conversely, axiom (3) implies axiom (2) after expanding c?, ,,: (FY © J,Z) — [FY,(J,Z)]

FY.J.Z *

L{Tm 7.z [k.id]

as the composite (FY © J,Z) — [(JLFY © ]),{J,Z)] —— [FY, {J,Z)], instantiating
Diag. (k) with f = id: FY © ] — FY © J, and Diag. (tq7) with k(idgye;): FY — (J,FY © J):

G(FY © ], Z) Ge?) G(Y,Z)
G<IFY®JsZ>\
GLyyerz G(G(].FY © ]}, Z)
G{id,lZ)T G(Y.L;)
GI(J.FY © J).,{].Z)] — G(G(J.FY © ]),G(].Z))
Gleid] 4.FrYe))..2) \G&mdi
K,1

GIFY, (], 2)] — G(Y,G(J. 2))]
(Ap) & (jg)
F(FJoY) 2% FJeFY 24 19 FY GI
Gjj Gjd,
Foom)| p?y / \
FIOY) — FY G[A,A] ——— G(GA,GA)
Gj[]
S GI — 2, G[FX, FX] &

G].y J l ty ry

The top composite of the left diagram (1) is an instance of Diag. (p 4t), with the composite f =
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A2, 0(v®FY): FJQFY — FY, so we have that tk7(A%,0(0®FY)op,y) = t; s 0TE(AZ, 0 (vQFY)).
Then, 12, o (v ® FY) transposes to Gj\, o u, and the bottom composite FAS o F(v © Y) of (D
transposes to G(Y, ) o Gj,Y o u, by naturality of 7, k and ¢. Their equality in the middle
diagram (2) is implied by the equality of (1). To show that (2) implies (3), we expand q,, as
toas 0 G[T, A], and apply the zig-zag identity to show that GT(idss4) 0 7(idrcs) = Ge, 01, = id:

Gjd,

GI G(GA, GA)
W‘ GW
G} G[FGA, FGA] ~% G(GA, GFGA)
G[idﬂl G<m
G[A, A] T G[FGA, A] — G(GA,GA)

Conversely, assuming (3), we construct axiom (2) using Diagram (¢ - q):

Gj, FX
GI G[FX,FX]
qrx,rx
Gj G(GFX, GFX) e
G('&m
G(X, X) TN G(X, GFX)
(Av) & (ju)
k,l PJ@ 4 ul Tl,
FJ O] 5 10 GI —— G(J.J)

Jy

The transposition scheme Diagram (k -/) states that

(Lo(@o ) ok =Lortk(do(ve])))

Gi
and the transpose of A, 0 (0 © J) is J ‘61 2 G(J,J) by naturality.
(ap) < (Lq)
F(F(FXOY) © 2) Prers F(FX 9 Y)® FZ
F(pX'Y®Z)l lpx,y®FZ
F((FX®FY) o Z) (FX®FY)® FZ

S ®
FaFX,FY,Zl laFX,FY,FZ

F(FX © (FY © Z)) o FX® F(FY © 2) Xon, FX® (FY ® FZ)

0
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G[FX ® FY,C] —= RASER G[F(FX © Y),C] =25 G(FX © Y, GC)
GC?X,FY,Cl lGCI?X,Y,GC
G[FX, [FY,C]] G(FX,(Y,GC))
tx [Fy.C] l l Ix (v.co)
G(X,G[FY,C]) s G(X,G(Y,GC))
g
qsc Gl%(;Acc
G[B,C] ' G(GB,GC) —%°, G[(GA, GB), (GA, GC)]
GL[]A l lq<GA‘GB>,(GA,GC)
G[[A, B], [A C]] G(G(GA, GB), G(GA, GC))
q1ABL[AC] l G(%ﬂi@l
G(G[A, B], G[A,C]) TP G(G[A, B],G(GA,GC))

The first diagram (1) transposes to the second one (2) via Yoneda. Axiom (3) follows from (2)
using the expansions of L in terms of ¢, and q in terms of :

(B,cl £ (4, B] ® A, C] 25 [[4,B], [4,C]]
6(B,c] <55 GIFGB, ] << G(GB,GC)

The proof of (3) is made up of the following diagrams, joined together along the red composites.
We abbreviate FG: V — Vas D and GF: € — Cas T.

£id
G[[A,B] ® A,C] Gleid G[B,C]
G|[[7,B]®id,C]

Getasiac G[[A, B] ® DA, C] G[[DA, B] ® DA, C]

G[7®id,C
Gepaproac \] G[T®id,C]
G[D[%,B]®id,C]

GI[A.BI [A.CI] o= ClIA B [DA.C] G[D[A, B] ® DA,C] «— G[D[DA, B] ® DA, C]

G[?,ld] G[?,ld] G(,‘,)U)\u\/x“
GC[DA,B].DA.C

GID[A, B], [A C]] G[D[A, B], [DA,C]] GID[=B) ] G[D[DA, B], [DA,C]]

Glid,[z.id]]

I pAAl[DAC]

lo[AB[AC) t61A.B).[DAC]

G(G[A,B],G[A,C]) —— G(G[A,B],G[DA,C]) S G(G[DA, B], G[DA,C])
GGdGIEC)) G(G(z,id),id)
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G[B,C] Glzc) G[DB,C] fonc G(GB,GC)
GIEC] GIFR,C] G(R.id)
G[[DA, B] ® DA, C] GIF((GA,GB) ® GA),C] — G((GA,GB) ® GA, GC)

i s G(roid,id)
G[F(7oid),id] GeGacn)cace
tp(GAGB)SGAC

Gl@idC] G[F(D{(GA,GB) ® GA),C] — G(D(GA,GB) ® GA, GC) G[(GA, GB), (GA, GC)]

Goioncm oace
GIF(Fiens0id).id] Gl FiensSidi d]‘ ij Gl7id]
Ip[pABlsGAC

G[D[DA, B] ® DA,C] —> G[F(D[DA, B] ® GA),C] — G(D[DA, B] ® GA, GC) G[D(GA, GB), (GA, GC)]

G [P(;U)A,BJ,(;A.CI
Gepipaslpac GCD[DA,BI,GA,GC‘ G Ftonsid] 16(GAGB).(GAGC)
G[D[DA, B], [DA,C]] G[D[DA, B], (GA,GC)] 1. G(G(GA,GB), G(GA, GC))
IG[pAB)[DAC) t(;m G(tgapid)
G(G[DA, B, G[DA, C]) S G(G[DA, B, G(GA, GC))
G(G(7,id),id) G(G(7,id),id)
G(G[A, B],G[DA,C]) T G(G|A, B], G(GA, GC))

Conversely, from (3) we derive (2) by the opposite expansions of ¢ and ¢ in terms of L and g:
Lﬁ@B,C [E’ld]
[A®B,C] — [[B,A® B],[B,C]] — [A,[B,C]]

G[FA B] —% G(GFA,GB) &% G(a,GB)

id GL;>Y(®FYC
GIFX, [FY,C]] << G[[FY,FX ® FY], [FY,C]] ’ G[FX ® FY,C]
drxery.c
G(G(FX ® FY),GC)
GLTY

G(FX®FY),GC

qUry.FXFY[FY.C] G[(TY, G(FX ® FY)), (TY,GC)]

q(TY,G(FX®FY)),(TY,GC)

G(G(TY,G(FX ® FY)), G(TY, GC))

Ix (Fv.c)

G<QH l\z,/)-,id>
G(GIFY,FX ® FY],GIFY.C]) zro—s G(GIFY.FX ® FY].G(TY,GC))

m Glrtid)

G(X,G[FY,C]) S G(X, G(TY, GC))
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G[FX ® FY,C] GlpxrCl G[F(FX 0 Y),C]
GExeFy trxoy,c
G(G(FX ® FY), GC) R G(FX © Y,GC)
GL(Y?(FXQFY),GF . GCFVXVVVGC
Glxt(pxy)id]
LT e G[(Y,G(FX ® FY)),(Y,GC)] == G[(Y,G(FX ® FY)),(Y,GC)] — G(FX, (Y, GC))

G[(r,id).id]

G(TY,G(FX ® FY)),(TY,GC)] —— G[(TY,G(FX ® FY)), (Y, GC)]
Glid,(r,id)]

Q(TY.G(FX®FY)).(TY.( Q(TY.G(FX®FY)).(Y.GC)

G(G(TY, G(FX ® FY)), G(TY,GC)) — G{(G(TY,G(FX ® FY)), G(Y, GC))
G(id,G(z.id))

G{qry rxery-id) G{qry rxervid)

G(y.G(FX®FY)).(Y,GC)

G(G(z,id).id)

G(G[FY,FX ® FY],G(TY,GC)) —— G(G[FY,FX ® FY],G(Y,GC)) «— G{(G(Y, G(FX ® FY)), G(Y, GC))

G(id,G(z,id)) Gty pxervsid)
G(r&,id) G(r&id)

G”m

G(X, G(TY, GC)) G(X, G(Y,GC))

G(X,G(r.id))

tx.(v.6o)

G(X, G(Y, GC))

O

§ Proof of Theorem 7.1.8 on page 154

Theorem 7.1.8

F and G form adjoint warpings.

Proor Let7: F4G:V — Cand n: G 4 H: € — V be the two adjunctions,
G is a strong V°-modular functor from (V, ®) to (C, ), with strength A © GB

[l

From Lemma 5.1.28, we have induced and compatible natural transformations s,
(GA,GB) and t,x: (GA,X) — [A,HX]. With these, we construct a skew-closed warping
structure on G: V — C, which, by the previous theorem, equivalently induces a warping on

F.

+ The warping functor and object are G: V — € and GI: C;

+ The morphism u: GI — GI € C is the identity;

« the natural transformation I : G(J, X) — X is the transpose of

(1

(GLX) =, [IHX] —— HX

« the natural transformation q,5: G[A, B] = G(GA,GB) is

GSA'B

G[A, B] —2 G(GA, GB)

For an adjoint triple F A G A H: C = V, if G: V — C is a strong V°-modular functor, then

and suppose

G(A ® B).
: [A,B] —
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The warping axioms are as follows. Diagram (ig) 7-transposes to

i

[I, B] i B

NG -

(GI,GB) —— [I,HGB] —— HGB

lyGs

Diagram (jq) is the strength law Diagram (sj()). The axiom (ju) z-transposes to:

JGI
H \
s
J [Lm]\A

HGI [I, HGI]

ter

(G, GI)

tI,GI

Diagram (L!) is the G-application of:

ﬁ;’GZI GGIY GLZ
(Y,2) ' [(GLY),(GL Z)] "8 (G(GLY),G(GL Z))
o (idt) (i4Gt)
(70.2) [HY,HZ] [(GL Y), [I,HZ]] % (G(GL, Y), G[I, HZ])
V \L”HIYHAZ [V
(GHY, Z) [i.id] [[I,HY], [I,HZ]] lid.ijf,] (id.Giy,)
L/[myilﬂlz e
Gilh2) [[LHY],HZ] " [(GLY),HZ] —== (G(GLY),GHZ)
%Hy]z taGryyz (id,7r,)
(GILHY], Z) S (G(GLY), Z) =——— (G(GLY),Z)

Finally, Diagram (Lq) is simply the G-application of:

YGA

L<GB Ge
[B,C] (GB,GC) - [{(GA, GB), (GA, GC)]
LB,C
[ [A, B] s [A, C]] [idsic] [ [A, B] s <GA, GC)] S(GAGB).(GAGC)
S[ABLIAC] l S[A.BL(GAGC) l

(G[A, B],G[A,C]) (o] (G[A, B], G(GA,GC)) o) (G(GA,GB),G(GA,GC))

Sp.c
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§ Proof of Theorem 7.2.7 on page 158

Theorem 7.2.7
If two unital endofunctors (3: C — C,p”: Id = X) and (Q: V — V,p°: Id = Q) form
1-cells and 2-cells in DerMod

(id, 7%): (1d,1d) = (Id,3) : (€Tje, €je) — (€T}, Cle)
(id,r;Q): (Id, Id) - (Id, Q): (Vw, VW) — (VW’ Vw)

(K,G): (Vy,Viy) — (€T|@, Ce) is a strong elevator between them, and L: €T|@ — V)y is
derived monoidal, then categories of Q-monoids in 'V and %-monoids in C are equivalent.

Proor We first expand the assumptions. The 2-cells between derived modular functors are
natural transformations satisfying

Xxeoy —2 . 7 AoB —" . ¢
nieYl lné n§®Bl ln?
>XoY — 327 QA B —— QC
s*[g] s?[h]

The 1-cell (K,G): (Vy,Viy) — (CT|e, C|e) comes with a natural transformation of hom-sets
C(XeY,Z) - V(GX @ KY,GZ) which, as KY , = GY € C, has components derived from the
monoidal functor multiplication mg,: GA ® GB — G(A ® B). It is an elevator between the
endofunctors, so satisfies the equivalent diagrams below for all f: A®@ B — C:

sGAe KB - U, s6¢ scA®GB "W, e
QASKB — > GO QA ® GB O
GQAS KB —Fmry 69 GQA®GB —orermp GQC

Furthermore, as G is monoidal and KA, = GA,, Proposition 6.1.7 applies to show that
K:Vy— €T|@ is a derived monoidal functor, so the diagrams are further equivalent to:

koA o kB U goc

KA, © KB >GC,

s [m [ f1]

Q-monoid to X-monoid Instantiating Corollary 6.3.5 with X, Q and K defined above, we get
that a derived Q-monoid M in V|y maps to a derived X-monoid KM in €T ¢. The underlying
object M., = M is a Q-monoid in V, and so is KM, = GM a ¥-monoid in C.

>-monoid to Q-monoid By assumption, L is a derived monoidal functor, so the monoid
structure of the algebraic monoids is transformed as in Proposition 7.2.6. To apply Corol-
lary 6.3.5, we need to furthermore show that L: €T|e — Vy lifts the derived module endo-
functor X: €T|e — (‘3T|@ to Q: Vjy — V|y in DerMod. For this, we need to define an elevator
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¢: QL = LY that satisfies, for all pointed multilinear maps g € PMLin(X,Y; Z),

s?[m"[g]]

QLX @LY QLX
&@idl l&
LIX, 0 LY — - LEX,

To define ¢: QL = L3, we first construct an elevator ¢: KQ = XK: €T — V with

components:
KQA,6 =GQA =3GA =2KA,

and strength-preservation given by the same property of the isomorphism G = GQ. From
this, ¢: QL = LX is given by:
QL = LKQL -2 LKL = L

We can now instantiate (7) with f = m'[g]: LX @ LY — LZ_ for g € PMLin(X,Y; Z):

koLx e krLy M porz

ﬁeidl l&

KLX,© KLY *KLZ,

s*[m* [m*[g]]]
Applying the operator m"[—] to the diagram, and extracting ¢ via naturality, we get:

LKQLX, o LKLy — Wy porz

L‘PLXQidl lL‘PLz

LYXKLX 6 @ LKLY LYKLZ,

m*[s*[m* [m"[g]]]]

As LK and KL are naturally monoidally isomorphic to the identity, and Le,, = ¢, by defini-
tion, the diagram simplifies to

s?[m*[g]]

QLX, 0 LY QLZ,
&@idl l&
LEX, 0 LY — L3Z,

which is exactly the strength-preservation (f) we sought. The functor L with natural transfor-
mation @ is thus a lifting of X to Q in the category DerMod, so Corollary 6.3.5 can be applied
to deduce the corresponding mapping of derived X-monoids N in €T|@ to derived Q-monoids

N
LN in V}y. The underlying %-monoid N € Cis mapped to L(N,n: N&J ——» NoN - N),
an Q-monoid in V, with unit, multiplication, and Q-algebra structure

u[n]: 1 — L(N,n) mL[,u]v: L(N,n) ® L(N,n) = L(N,n)
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Q(L(N,n)) = QLN, — LEN, — LN, = L(N,n)

Invertibility Since the underlying functors of the mappings are the monoidally inverse func-
tors K and L, the round trips on objects are isomorphic. Similarly, the multiplication opera-
tions m*[—] and mX[~] compose to the isomorphism of sets CT(J,Z) = @T(J,KLZ) and
PMLin(X,Y;Z) = PRLin(KLX, KLY; KLZ), and similarly for the other direction. Thus, the
equivalence of categories X-Mon(C) ~ Q-Mon(V) is established.

O

§ Proof of Theorem 10.3.17 on page 211

Theorem 10.3.17
For all W € Fam, the lifted functor (=)" : 3/Mods — J/Mod; is a derived monoidal endo-
functor on J/Mods.

ProoF The unit transformation u: J — I is the component x!". The multiplication operator
is defined as:

m[-]: PMLin(X, Y; 2) — PMLin(X",y";2")

mlf: X @Y — (T, e XY (D), w: TS A)e (w € W(O)) £ F(T +6, 1w, wlw)] = 12°)

Explicitly, Ix € X(T + ©) has to be associated with a substitution rule I' + ® LA+ O, con-
structed as the right widening of the substitution and renaming rules:

A©

Tl =2 (")e(A) 2 Yo(A+0) 1,0 —— I,(A+0)
With the notational conventions for partially applied parametrised maps, the definition is:
m{fHo}wl(]) = folw]>inr}(Iw)
We next show the derived monoidal axioms.

« Forall pointed multilinear maps g: X&Y — Z and pointed module homomorphisms h: Z —
Y, if the diagram on the left commutes, so must the diagram on the right:

X x ld K‘,:CV ld
10y 2%, xoy JeyW 1Oy gyw SO W g yw
n| Js | | mta
b7 yv ZW

hW

Assume that for allv € J,I',0 € FiA,@) h(g{c}(nv)) = cv. Then, forallu € J,Iw €
T2 Aandw e W (@), we have:

R [w](mlg] ((x @ id) (nu, ©)))
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= h(m[gl{w} L w](x(nw)))

= h(g{ow] = inr}(x (nu) w))

= h(g{ww] = inr} (X(inl)(n v)))
= h(g{(w|w] =inr) o inl} (7 u))
= h(g{wlwl}(nuw))

=w|wlu

« Forall pointed multilinear maps g: X®Y — Z and pointed module homomorphisms h: X —
Z, if the diagram on the left commutes, so must the diagram on the right:

hW

x—" 2 xv 2w
pxl Tg pxwl Tm[g]
Xl — X w YW YW ayWw

Xedny d Xt eI ideny X" oY idox] X" @

Assume that for all t € X, I', g((X & ny)(p, t)) = ht, or equivalently, 2) g{n}t = ht. Then,
foralll € (XV),I and w € W(®), we have:

m[g]{x o n}lw](l)
=g{(kon)|w] >inr}(lw)
= g{(X(inl) o ) = inr} (I w)
=g{(n o inl) <inr}(l w)
=g{nt(lw)
=h(lw)
=h" |w]l

« For all pointed multilinear mapse: U®V — X, f: VOW — Y,g: X&W — Z, h: USY — Z,
if the diagram on the top commutes, so must the diagram on the bottom:

Ay vw

U V)W Ud (Ve W)
eeBWl lUGBf
XeWw 7 Z - Uuey

X W oW (oW

U e vy e wW W e (VW o W)
m[e]@idl lid@m[f]
X o WwW uv e yv

mlg] m[h]

Assume that for all t € U,I" and substitution rules ¢ € FLA,Q e A0, we have
the top diagram identity g(e & V)((£,0),6) = h((U & f)(a((£, 0),5))) or equivalently, &)

g{c}(e{o}t) = h{f{c} o o}t. We show that for all ] € (U"),(T), w €T o A @€ AW—VZ@
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and w € W(Z), we have:

mlg{@} w](m[e[{w}])
=g{olw] <inr}(m[e[{w} | w] )
=g{o|w] xinr}(e{w|w] = inr} (I w))
=h{f{o|w] xinr} o (w|w] < inr)}(Iw)
= h{(f{o|w] > inr} o w|w]) > inr} (I w)
=h{(m[f{®} o w)|w] > inr}(lw)
=m[h[{m[f{®} o w}|w]!

where the application of Lemma 10.3.16 is preconditioned on (@|w] > 15%) 0 1, = 1,y 0 15,
which follows by a reduction axiom of widening.

Thus, we conclude that (=)" is a derived monoidal functor on J/Mods. O

§ Proof of Proposition 10.3.26 on page 215

Proposition 10.3.26 For U, W € Fam, there is an elevator in DerMod from the (U o—)-relative
J/Mods-module endofunctor (U o—): Fam — Fam to the (W —e)-relative J/Mods-module end-
ofunctor (W —o): Fam — Fam.

Proor The underlying elevator from ((U o-),(U o)) to (W —o),(W —e)) consists of a
derived monoidal transformation e)* : U &= (W — (=)) = W —s (U o (—)) and a derived
module transformation e, : U o— (W — (=)) = W —o (U o— (—)). The multiplication-
preservation of the former implies that of the latter, similarly to how the strength laws of
Proposition 10.3.19 derive from the monoidal laws of Theorem 10.3.17.

We therefore show that the exchange preserves the unit and multiplication operators as-
sociated with the composite functors U e~ (W — (—)) and W —e (U &~ (—)). For clarity we
will write k and m[—] for the unit and multiplication of (W —e), and » and n[—] for those of
(U o), using exponentiation notation with the hom direction implicit. The laws instantiate
to the following, with f: X @ Y — Z a pointed multilinear map:

g, qU ()" (W)U (XY & (yW)U m{fl] (2W)U
R leﬁjw U‘1®e l lezzlw
jW » )W (jU)W (xU)W D (yU)W (ZU)W

Taking v € J,T', w: W(A) and u: U(®), the unit law reduces as follows:

e (kY (x0v)) wu
= a@,r,A((KU (x0)) uw)
= g (K(x0U) W)

aerA(lG)H“A(l 0))

O.I'+A s TA
2 1" 0)
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=x(kow)u
=" (ko) wu

wWHN\U
For the multiplication, we take [ € ((X")Y),T, 0w € 1“(13—)>A, w: W(O), u: U(E), and a

pointed multilinear map f: X Z:

e(n[m[fl{w} ) wu
= (g 0) (nlm[f1{@} u] I w)
= 2tz o) (M FHE" < 0 ul}w](lu)
= 2(tz o) (A" < wlul) [w] = 5 T uw))
= f{Wazae) © (5" < wlul) [w] = 5) }(Tuw)
= A = ((eow)w] = 15°)|ul) 0 oz} (Tuw)
= f{5" < ((e 0 ) [w] = 15°) [u] H(X{atg o) (L1 w))
= f{5" < ((eow)lw] = 1,°) [u]}elwu)
=n[fl{(ec ) w]=1,°}elw)u
=m[n[fl{ecw}w] (el u

where the inner equality of widenings at ¥ computes as follows:

Yagne) 0 (15" < wlu])[w] = 157°)

= 13<0(3,A,@)> °© (((I?A’e S lf’A) <olul|w]) > [gm,@)

= ((Aape © 177 0 17%) = (Y oz o) 0 @ u] [W])) > (a6 © 157°)

= ((157 = (Yagy0) 0 wlu]w])) = (1577 0 15%))
= ([f,me > ((g<aE,A,®> © wl.uJ I.WJ) > (é,me o 13’9))) © aE,F,G)
= (7 (e o @) lwlluf = 5*% 0 59) 0 azy g

1

= (55 < (e 0 @) [w] = 5°) L) 0

§ Proof of Proposition 10.3.31 on page 218

Proposition 10.3.31 For allU,W € Fam, the transformations i,.: (E — X) — X: J/Mods —
J/Mod; and cy .y : XUW — (XY)W: Fam® xFam® xJ/Mod; — J/Modj are derived monoidal:

UeW

g KE f]E 9J K3 jU@W

N Ik

g —— (7

(CON
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XU@W o yU@W d)l(lzw (X o y)U@W

XE o yE dXv‘f’ ( X o H)E CuwxOCuw,y l lcu,w,xsy

m lixev XHW e (Y)W (X e Y)v)W
Xoy dx\ /@%B)w

(XU o yU)W

Proor The proofs are nearly immediate if we keep applications of context equalities implicit,
but we spell these out for the sake of rigour. For the axioms concerning x*, take a v € J,T',
w € W(A) and u € U(®), and calculate:

c(x"""o)wu
i(xv) = (o p o)k [ (u, W) ] 0
J(pryeos 9o 05 )

=J(ar 00 ;") 0

=70 0 M) v
=7(5,") (3% 0)
= K" |u] (" u] 0)

=&)Y (k" v) wu

=PI o
=J(p; o [I;’H) 0

=0

where we use the fact that A and « are defined in terms of copairing in cocartesian categories,
and therefore satisfy the diagrams by universality of coproducts:

[l LA

I — & T +]] T ! T+ A

\ lpr l{,m.@ l llqm.e
T

r+(A+0) — (I'+A)+0
al

T,A©

E
For the axiom concerning d and i, take [ € (X)(T) and w € F(%—BA, and calculate:
i(d{w}])
= (X oY) (p)(d{w}l*]])

= (XY (p )T+ [1.1x o] =i
= (T4 (115 Y(p,) o (l#] < 21))
=T+ [],1% (Y(p,) cw|*]) < (p, o 12’”))
=T+ [l.1%Y9(py) o wl*]op;)

= (I, X (pp) (1%), Y(p,) 0 w|*])
=(T,il,iow)

where the unlabelled equality is proved by case analysis, using the initial map jp: [] — I':
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((Y(py) 0 wlx]) < (py 0 1y")) 0}V ((Y(py) 0 w[*]) < (p, 0 511)) o L1
=Y(py) o wl*] =p,0 té’”
=Y(p,) o wl] o [id, jr] " o 51 =i
=Y(p,) o w*] o py o}l =Y(p,) o w*] o py o1y

Finally, for the axiom concerning d and c, take [ € (XU*")(I'),w € T AN A, w e W(O) and
uecU(E).

d(d{cow}wl(cl))u
=d{(cow)lw] =%} Hul (clw)
= (clwu, ((cow) [ w] = 1y°)[u] = 1,"°%)
(clwu, ((cow)|wllul < (177°% 0 15°)) < 15%9%)
(X (art o) (L (), (Y(anhz) 0 ol (u,w)]) < (159% 0 159)) = 15*9%)
(1), ((Fas) 0 0L w)]) = (1% 0 59) w1y o i)
(
(

L, w), (Y(62) © 0L, w)]) < (15° + 5))
L(u,w), (Y(ayez) © 0 (U, w)]) < (o= © ,§-9+E))
(1w, w), Y(ah2) o (@l (u,w) ] x 15°%))

=(Xe H)(ag’gsg)(l (u, w), 0| (u, w)] = lg,ma)

= (X 0 Y)(@02) (d{w} I (w,w))

=c(d{w})wu

The unlabelled equality is also established by three-way case analysis on v € J,(T' + (0 + £)),
with all three cases reducing by widening reductions and cocartesian coherence. m]
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