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Monoidal Closed Categories of Tree Automata

Colin Riba

ENS de Lyon, Université de Lyon, LIP*

Abstract. We propose a fibred monoidal closed category of automata on
infinite trees, with existential and universal quantifications. Our notion is
inspired from Dialectica-like categories, suggested by the specific logical
form of the transitions of alternating automata, and which gives the
shape of linear implication automata and a notion of 3V-normal form of
automata. We thus obtain a realizability interpretation where proofs in
a first-order multiplicative linear logic over automata are interpreted as
winning strategies in a generalization of usual acceptance games.

1 Introduction

This paper proposes a fibred monoidal closed category of automata on infinite
trees, following and extending the Curry-Howard like approach of [32]: “automata
as objects, executions as morphisms”.

We consider a variation of alternating automata on infinite trees. Alternating
tree automata (see e.g. [28, 29, 12] and also [36]) are equivalent in expressive
power to the Monadic Second-Order Logic (MSO) on infinite trees, which sub-
sumes most of the logics used in verification [35]. Alternating tree automata are
linearly closed under complement, and together with the translation of alter-
nating automata to non-deterministic ones (the Simulation Theorem [28, 9, 29])
this provides a convenient decomposition of the translation of MSO formulas to
automata (see e.g. [12] and [36]), implying the decidability of MSO [31].

Tree automata and MSO are traditionally viewed as positive objects: one
is primarily interested in satisfaction or satisfiability, the primitive notion of
quantification is existential, and the primitive Boolean connectives tend to be
disjunction and negation. In contrast, Curry-Howard approaches tend to favor
negative settings, in which the predominant logical connective is implication,
and where the predominant form of quantification is universal. This is conve-
niently handled with fibrations (see e.g. [19]), which model universally quantified
implications. The model of [32] already put tree automata in a negative setting.

The main difficulty in the translation of MSO formula to tree automata is
the interplay between negation and existential quantification. Alternating au-
tomata have no correct primitive notion of existential quantification, while non-
deterministic automata have existential quantification but no linear complement,
and they simulate alternating automata at an exponential cost. It follows that

* UMR 5668 CNRS ENS Lyon UCBL INRIA



quantifier alternations in MSO formulas reflect the non-elementary complexity
of the translation to tree automata.

This paper shows that the decomposition via alternating automata of the
translation of MSO formulas to tree automata corresponds to some extent to
the decomposition of intuitionistic logic in linear logic [11]. The model presented
here provides a realizability interpretation of a deduction system for a first order
multiplicative linear logic over tree automata. The fibred symmetric monoidal
closed structure allows to handle existential and universal quantifications, as
well as a multiplicative conjunction and a linear implication (inducing a linear
complement). Moreover, we show that the simulation of alternating automata by
non-deterministic ones can be performed using a powerset operation satisfying
the deduction rules of the ’!” modality of linear logic. This gives constructions
on automata reflecting the connectives of MSO.

Most modern approaches to MSO and tree automata use games (see e.g. [35,
12, 30]), because game determinacy provides a convenient approach to the com-
plementation of alternating tree automata. Following [32], our models are based
on game semantics (see e.g. [1, 15]). The notion of morphisms is given by a syn-
chronous restriction of the linear arrow of simple games. This restriction allows
to internalize homsets in tree automata (as required by the closed structure), so
that a realizer in our computational interpretation can always be described as
an accepting run of some tree automaton (with decidable emptiness checking in
the case of regular automata, equivalent to MSO).

The monoidal closed structure on automata is inspired from the closed struc-
ture of Dialectica categories (see e.g. [8, 16]), which are based on Godel’s Di-
alectica interpretation (see e.g. [4, 23]). Dialectica can be seen as a constructive
notion of prenex 3V-formulas, which in particular allows to see an implication
of IV-formulas as an FV-formula. This gives the transition function of the linear
implication automata, and motivates our notion of automata (see §3.2).

Our main contributions (wrt [32]) are the closed structure on automata and
a primitive notion of universal quantification (§5.1 & §5.2). We also explicit a
deduction system (§5.3), as well as the fact that the simulation of alternating
automata by non-deterministic ones satisfies the deduction rules (but unfortu-
nately not cut-elimination) of the ! modality of intuitionistic linear logic (§5.4).
As a by-product, the fibred structure of [32], based on codomain fibrations, is
simplified to variants of simple fibrations (see e.g. [19]).

The paper is organized as follows. We begin in §2 with an overview of some
basic material on game semantics and monoidal categories. We present our notion
of automata in §3, as well as the notions of substituted acceptance games and
of linear synchronous arrow games, which lead in §4 to the fibration DialAut.
Then §5 presents some constructions and properties of automata and DialAut:
monoidal closed structure in §5.1, quantifications in §5.2, the deduction system
in §5.3, and the interpretation of simulation as exponential rules in §5.4.

Notations. Concatenation of sequences s,t is denoted either s.t or s- ¢, and ¢
is the empty sequence. Alphabets (denoted X, I', etc) are finite non-empty sets.



Let A be the category of alphabets and functions f : ) — I'. Fix a singleton set
1 := {e}, and two-elements sets 2 := {0, 1} and B := {t, f}. Fix also a non-empty
finite set © of tree directions. A Y-labeled D-ary tree is a function T : ®* — 3.

2 Games

Following [32], the morphisms of our categories of automata are based on a
restriction of the linear arrow of simple games (see e.g. [1, 15]) between (general-
ized) acceptance games. We review in §2.1 some basic material on simple games.
More specific aspects of zig-zag games are discussed in §2.2 and §2.3.

2.1 Simple Games

Simple games are two-player games where the Proponent P (Jloise) and the
Opponent O (Vbelard) play in turn moves, producing plays subject to specified
rules. Formally, a simple game A has the form

A = (A" A7 €4, La)

where A* and A~ are resp. the sets of P-moves and O-moves, £4 € {+,—} is
the polarity, and Ly C pi{* is a non-empty prefix-closed set of legal plays, where
pi = (A8 ATE) (A8 A8)*. AS for ¢ € {+, —}. So P starts in a positive game
and O starts in a negative one. The game A is full if AT and A~ are non-empty
and Ly = pi{*. Write A = (U, X) for the full positive game with A := U and
A~ := X. Let s,t,... range of over plays and m,n, ... range over moves.

A play s is a P-play (resp. an O-play) if either s = € or s ends with a P-
move (resp. an O-move). A (P-)strategy on A is a non-empty set of legal P-plays
0 C Ly such that if s.t € 0 and s is a P-play, then s € o (P-prefix-closure), and
if s.n € 0 and s.m € o, then n = m (P-determinism).

A simple game with winning is a simple game A equipped with a set of
winning plays (or winning condition) Wa C (A%4.A=84)« . Consider a P-strategy
o on A and an O-play s € L. We say that s is an O-interrogation of o if either
s = ¢ and A is positive, or if s = t.m for some ¢t € 0. We say that o is total if for
every O-interrogation s of o, we have s.n € o for some n. A winning (P-)strategy
on (A, W,) is a total strategy o on A s.t. for all w € (A%4 - A=¢4)¥ we have
w € W4 whenever 3°k € N. @(0).--- .w(k) € 0.

Simple games form a category SG. The maps from A to B, with A, B of the
same polarity, are P-strategies in the linear arrow game

A—B = (A +B" A" +B ,— La.p)

where L 4. p consists of those negative plays s such that s;4 € L4 and s;p € Lp,
where s, 4 is the restriction of s to AT + A~, and similarly for s;p.

Note that the polarity of moves in component B is preserved while the po-
larity of moves in A is reversed. The plays of A — B start in component A iff A
and B are both positive. Moreover, plays satisfy the switching condition: given



s.mn € La_p, withn € (A — B)™, then m and n are in the same component
(i.e. only P is allowed to switch between A and B).

In order to describe identities and composition in SG, we rely on the following
fact from [17]. There is a faithful functor HS : SG — Rel (the category of
sets and relations) mapping a game A to L, and a strategy o : A — B to
HS(0) := {(s14,81B) | s € 0} C L4 x Lp. Explicitly, HS(id4) is identity relation
on La,and given 0 : A — B, 7: B — (', 7 o ¢ is the unique strategy such that
HS(7 o 0) is the relation HS(7) o HS(0).

2.2 Zig-Zag Games

In this paper, we only consider a subcategory of SG whose maps o : A — B are
required to be (total) zig-zag strategies. This constraint is easily expressed using
Hyland & Schalk’s representation of strategies as relations [17].

Given a set Tr, the category Rel(Set 1) of relations over Tr has the same
objects as Set . (pairs of a set A and a function try : A — Tr). Maps from
(A, tra) to (B, trp) are relations R C Ax B s.t. tra(a) = trp(b) for all (a,b) € R.

A zig-zag strategy o : A — B is a strategy such that for every (even-length)
play s € o, the projections s;4 and s;p have the same length (see Fig. 1, top
left). Hence, o : A —o B is a zig-zag strategy if and only if HS(o) is a Rel(Set )y )-
map from (Ly4,length : Ly — N) to (Lp,length : Ly — N). Simple games and
zig-zag strategies therefore form a lluf subcategory of SG.

It is well-known (see e.g. [1, 15]), that total and winning strategies compose
and form a category. The case of zig-zag strategies over full games is particularly
simple. First, it is easy to see that if 0 : A — B and 7 : B — C' are both zig-zag
and total, then 7 o o is total. Consider now full games with winning (A, Wa4)
and (B,Wg). Note that if 0 : A — B is zig-zag and total, then for every
w € ((AT+B7)- (A~ +B™))v, if w has infinitely many finite prefixes in o, then
w4 and wp are both infinite. Given (A, W4) and (B, Wg), we can therefore
let Wa_op C (AT +B7)- (A~ 4+ B1))“ be the set of infinite plays @ such that
wp € Wp whenever w4 € Wa.

Definition 2.1 (The Categories DZ and DZY). The category DZ™) has
full positive games (with winning) as objects. Maps from A to B are total (win-
ning) zig-zag strategies o : A — B.

The category DZ has a particularly simple monoidal structure, which differs
from the usual ones in game semantics.

Proposition 2.2. The category DZ is symmetric monoidal with unit I := (1,1)
and A®Q B:= (U xV,X xY) where A= (U,X) and B=(V,Y).
2.3 Monoids and Comonoids

A commutative monoid in a symmetric monoidal category (C,®,I) is an object
M equipped with structure maps m : M ® M — M and u : I — M subject



to coherence conditions (see e.g. [27]). A (commutative) comonoid in C is a
(commutative) monoid in C°P. In this paper, by (co)monoid we always mean
commutative (co)monoid. Write Comon(C) for the category of comonoids in C.
Its maps from (K, d,e) to (K’,d’,e’) are C-maps K — K’ which commute with
the comonoid structure. Note that if (C,®,I) is Cartesian, then every C-object
has a canonical comonoid structure. Moreover, 1 is a monoid in Set.

Proposition 2.3. If M, K are non-empty, then M := (1, M) is a monoid and
K :=(K,1) is a comonoid in DZ. Structure maps can be depicted as follows:

mMeom oMl 1M
(0] (070) Ole
o P o P
m|O m|O
Pl (m,m) Ple

Following [17, 18], a monoid (M, m,u) in C induces a monad (M, u™, n™)
of monoid indexing. The functor M takes an object A to A ® M and a map
f:A—= Bto f®idy : A® M — B ® M. The natural maps u* and n™ are

pl = ([da®@m)oa : (AM)®@M — A®M
i = (da®u)op™! A — AM

(where p: AQT > Aand a: (AQM)M — A® (M ® M) are structural isos of
(C,®,1I)). The monad (M, u™,n™) is actually lax symmetric monoidal, so that
its Kleisli category K1(M) is symmetric monoidal with structure induced by the
(identity on objects) canonical functor Fps : C — KI(M) and the lax structure
of (M, ™, n™). In particular, ®Ki1(m) acts as ® on objects.

Proposition 2.4. Given a monoid M in C, the Kleisli category K1(M) is sym-
metric monoidal with AQgynr) B := A® B on objects and unit 1. Moreover, each
comonoid (K, d,e) in C induces a comonoid (K, nily ;- o d, ni’ o e) in K1(M).

3 Tree Automata and Generalized Acceptance Games

We present here our notion of tree automata (§3.2) as well as the morphisms
of our categories of automata (§3.4). They are strategies in a generalization of
the linear synchronous arrow games [32] obtained by a suitable restriction of the
linear arrow of simple games between generalized substituted acceptance games.
Usual acceptance games can be seen as automata instantiated with trees, and
substituted acceptances games (§3.3) can be seen as automata instantiated with
morphisms from a base category T of trees (§3.1).

3.1 The Base Category T of Trees

It follows from Prop. 2.3 that the DZ-object ® := (1,D) is a monoid in DZ.
We write DZg for the Kleisli category of indexing with ®. Thanks to Prop. 2.4,
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Fig. 1. Plays in Games

DZs is symmetric monoidal with A® B := (U x V,X xY) and I := (1,1).
Moreover, each alphabet X induces a DZg-comonoid X := (X, 1).

Definition 3.1 (The Base Category T). The objects of T are alphabets.
Maps from X to I are strategies M € DZg [ X, I'] (see Fig. 1, down left).

Remark 3.2. Note that T-maps 2 — I are determined by functions of the form
(Upen ZF x @) — I In particular T[1, X] ~ (D* — X). We write 7' for the
T-map corresponding to the tree T': ®* — 3 and M*® for the tree corresponding
to the map M € T[1, X].

Proposition 3.3. The category T embeds to Comon(DZy) via the functor Ex
mapping X to the comonoid (X,ds,ex) and M : T[I, X] to itself.

Ezample 3.4. (i) A 2-labelled tree T : ©®* — 2 is the characteristic function
of the set S C ©* such that p € S ift T'(p) = 1.
(ii) Each A-map f : X' — I" induces a T-map M := Agd.A_.Aa.f(a). We write

p € T[X, X] for the T-projection induced by the A-projection p € A[X, X].

3.2 Tree Automata

Definition 3.5 (Tree Automata). A tree automaton A over alphabet X (no-
tation A : X') has the form

A = (Qa, ¢4, U, X,64,24) (1)

where Q4 is the finite set of states, ¢4 € Qa is the initial state, U and X
are finite non-empty sets of resp. P and O-moves, 24 C Q¥ is the acceptance
condition, and the transition function § 4 has the form

04 : QaxY — UxX — (®—Qua)



Following the usual terminology (see e.g. [35, 12, 30]), an automaton A as
in (1) is non-deterministic if X = 1, and deterministic if moreover U = 1. We say
that A is regular if £24 is an w-regular set (see e.g. [35, 12, 30]). Parity automata
are regular automata A such that 24 is generated from a map c4 : Q4 — N
as the set of sequences (g )x such that the maximal number occurring infinitely
often in (c4(qx))x is even. Regular automata are equivalent in expressive power
with MSO (see e.g. [35, 12]).

Ezample 3.6. (i) The unit automaton Iy : X is the unique deterministic au-

tomaton over X with state set 1 (so that e is initial) and 21 := 1%.
(ii) Usually (see e.g. [28, 29], and also [36]), an alternating tree automaton .4

over X' with state set ) 4 has transitions given by a map § 4 taking a state
q and an input letter a to an irredundant disjunctive normal form over
QA x D, so that we can assume d4(q,a) € P(P(Qa x D)).
This leads to an automaton A in the sense of Def. 3.5 with states Qa+B,
P-moves U := P(Q4xD) and O-moves X := Q 4, with 27 := 2,+Q%.t¥,
and with 0 z(b,a,_,_,.) := b if b € B and for ¢ € Q4, 0 (¢,2,7,¢,d) = q"
where ¢ := ¢ if (¢/,d) € v € 54(q,2a), ¢" :==tif (¢,d) ¢ v € d4(q,a), and
q" =Tify ¢ dalga)

3.3 Substituted Acceptance Games

A substituted acceptance game [32] is a full positive game I" - A(M) obtained
by instantiating an automaton A : X' as in (1) with a tree map M € T[T, X].
The P-moves of I' H A(M) are I' x U and its O-moves are X x ©. Note that
this game has no maximal finite play. We equip it with a winning condition W.
Each infinite play w € ((X x U) - (X x D))“ generates an infinite sequence of
states (qx)r € Q% as follows. We let qo := ¢'4 and (using Rem. 3.2)

qk+1 = (S_A(qk,M(bo.'“ .bk, do .dk,l),uk,xk,dk)

where @ = ((bg,ur) - (zx,dr))x. Then @ is winning (i.e. w € W) iff (qx)x is
accepting (i.e. (qx)kx € 24). Note that P plays input characters by,..., by € I,
which are transmitted by M to the transition function of A. On the other hand,
the tree directions dy, . ..,dr € © are played by O. Write X' - A for X' A(Idy).

If M = M; for an A-map £ : I’ — X, then the game I' - A(M;) is the same
as the game I' F A[f], where the automaton A[f] : I is defined as A, but with
daig)(q,0,u,2,d) == da(q, £(b),u, v, d).

Given atree T : ®* — ¥, the game 1 + A(T) (also written A(T)) is similar to
usual acceptance games (see e.g. [35, 12, 30]). A typical play of A(T) is depicted
on Fig. 1 (middle). Note that the input alphabet of A(T) is 1, so that P only
plays moves in U.

Definition 3.7. Given A : X and T : ©* — X, we say that A accepts T if P
has a winning strategy in A(T). We let L(A) be the set of T : ®* — X such
that A accepts T. A set of trees L C (D* — X)) is regular if there is a reqular
automaton A : X such that L = L(A).



3.4 Linear Synchronous Arrow Games

Morphisms of our categories of automata are strategies in linear synchronous
arrow games [32], obtained by a suitable restriction of the linear arrow of simple
games on generalized substituted acceptance games.

Fix an alphabet X' and consider full positive games A = (X x U, X x D, Wj4)
and B = (X x V)Y x ©,Wg). We define a synchronous restriction of A — B.
Let the trace tr(t) € (X +D)* of a play t € p; (resp. p};) be the restriction
of t to X + ©. We say that an even-length play s € Ly _op is synchronous if
tr(sja) = tr(s;p). Note that P has to play the same a € X' and tree directions
d € ® as chosen by O (see also Fig. 1 (right)).

When A = (X F A(M)) and B = (X' + B(N)), we write X - A(M) — B(N)
for the game A — B restricted to (prefixes of) synchronous plays s € La_.p
(see Fig. 1 (right)). Note that s;4 and s;p explore the same path of the input
tree, with the same input characters a € X. We write X - A — B for the game
Y F A(Idy) — B(Idsx) where A, B: X.

A strategy o : A — B is synchronous if all its plays are synchronous, or
equivalently if HS(c) is a Rel(Set,(r15)-)-map from (p},tr) to (pf, tr). Note
that synchronous strategies are zig-zag. We thus get categories of winning syn-
chronous strategies by equipping games of the form A — B with the winning
condition W4_,p of zig-zag games.

Definition 3.8 (The Categories AG(EW)). Objects of AGyx are pairs (U, X),
and maps from (U, X) to (V,Y) are synchronous DZ-maps from (X x U, X x D)
to (X x V)Y xD).

Objects of AGY are tuples (U, X, Wy), where Wy C (X x U) - (X x D))*.
AGY -maps from (U, X, Wa) to (V,Y,Ws) are synchronous DZ" -maps from
(X UX xD,Wy) to (X x VY xD,Wpg).

Given A = (X' + A(M)) write A for the AG(EW)—object (U, X) (vesp. (U, X, Wa)).

Ezample 3.9. Given A: ¥ and T : ®* — X, P has a winning strategy in A(T)
(i.e. T € L(A)) iff P has a winning strategy in 1 +I; — A(T).

4 Fibrations of Tree Automata

We now present our category DialAut of tree automata and generalized substi-
tuted acceptance games. The category DialAut is fibred over T (Def. 3.1), and
its fibre over ¥ is equivalent to the category AGY (Def. 3.8).

The fibred structure of DialAut is based on an indexed category DialZ, induced
from DZg by comonoid indexing (inspired from [17, 18]). This allows a smooth
treatment of monoidal closure and universal quantifications.



4.1 The Indexed Category DialZ

The indexed category DialZ is similar to the simple fibration s : s(B) — B (see
e.g. [19, 16, 14]). Given B with finite products, the objects of s(B) are pairs
(I,X) of B-objects. Maps (I, X) — (J,Y) are pairs (fo, f) with fo: I — J and
f:IxX =Y. The functor s : s(B) — B is the first projection, and the fibre
over I is the Kleiseli category of indexing with the comonoid I. Using comonoid
indexing [17, 18] (dual to monoid indexing, see §2.3), since comonoids have finite
products, the same pattern can be applied to a symmetric monoidal category.
This gives a fibration whose fibre over the comonoid K is the Kleiseli category
of indexing with K.

Dually to monoid indexing, a comonoid (K,d,e) in a symmetric monoidal
category (C,®,1I) induces a comonad (K, 6%, eX), where we let K(A) := K ® A
and K(f) :=idg ® f for f: A — B, and where

K = ao(d®ids) : K®A — Ko (K®A)
i = No(e®ids) @ K®A — A

Moreover, the dual of Prop. 2.4 holds, so that KI(K) is symmetric monoidal
with on objects A ®kx) B := A® B and unit L.

Now, a comonoid morphism v : K — L induces a strict monoidal functor
u® : K1(L) — KI(K) which is the identity on objects and such that u®(f) :=
fo(u®ida): K® A— Bfor f: L® A — B. Since (—) is itself functorial, we
thus have an indexed category CI(C) : Comon(C)°? — Cat.

Given a comonoid K and a monoid M in C, the comonad K is related to
the monad M by a distributive law. A distributive law A of a comonad G over
a monad 7 on C is a natural map A: GoT = T o G subject to some coherence
conditions (see e.g. [13]), which ensure that we have a category KI1(A) with the
same objects as C and with K1(A)[4, B] := C[GA,TB], and that there is a
lifting functor (—)" : KI(A) — C taking f : GA — TB to f1: GTA — GTB. A
distributive law of K over M is given by the natural associativity maps:

by = ad oy o Ke(m)eM) = (Ko(-)eoM

Moreover, by Prop. 2.4 we have K1(®)[A, B] = CI(K1(M))(K)[A, B].

We now turn to the specific cases of DZ and DZg. Recall that DZ-objects of
the form X = (X, 1) are comonoids in DZ and DZy. Moreover, T-maps induce
comonoid morphisms in DZg by Prop. 3.3. We thus get an indexed category
DialZ := CI(DZgp)oEt : T°P — Cat.

4.2 The Fibred Category DialAut

The fibration da : DialAut — T is obtained by Grothendieck completion of an
indexed category (—)* : T°P — Cat, which takes an alphabet X to a category
equivalent to AGY (see Def. 3.8). The action of (—)* on T-maps is based on
the indexed category DialZ defined above.
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We first note that DialZ(X) is equivalent to AGyx. On the one hand, a
strategy o € DialZ(Y)[A, B] ~ DZ[Y ® A, B ® D] is actually lifted to a syn-
chronous o' € AGx[A, B]. On the other hand, given o € AGx[A, B], we have
o= (Y000 (idg® 7770))T where € o ¢ o (idx ® n®) € DialZ(X)[A, B]. Since
(—)" is faithful on DialZ(X), it follows that o €~ oo o (idy ®7®) is functorial.

For each alphabet X, we define a category DialAuty. It has the same objects
as AGY , namely tuples (U, X, Wa) where W4 C ((¥xU)-(X xD))“. Maps from
(U, X, Wa) to (V,Y, Wg) are DZ-strategies 0 : (Y'xU, X) —o (VY xD) (a.k.a.
DialZ(X)-maps) whose lift o7 are AGY-maps from (U, X, W,) to (V,Y, Wp).
Composition and identities of DialAuty are induced by composition and identities
of DialZ(X) thanks to the functoriality of (—)'. DialAuty is equivalent to AGY.

Maps L € TI[I,X] induce functors L* : DialAuty — DialAuty. Given a
DialAuts-object A = (U, X, Wa), let L*(A) := (U, X, L*(Wa)), where ((by, ux) -
(l‘k, dk))k S L*(WA) iff ((L(bo. -+ by, do. - .dk_l), uk) . (.’L‘k, dk))k € Wa.

The action of L* on maps is induced by CI(DZg)(L) : DialZ(X) — DialZ(I'),
so that for o € DialAutx[A, B], we let L*(0) := 0 o (L ® id4) (where o, ® and
id4 are taken in DZg). It is easy to check that L*(o)" is winning.

We obtain an indexed category (—)* : T°° — Cat since (—)* is itself
functorial. We let da : DialAut — T be its Grothendieck completion. The
objects of DialAut are pairs (X, (U, X, W4)) where (U, X, W,) is an object of
DialAuty. Maps from (X, (U, X, Wa)) to (I, (V,Y,Wg)) are pairs (L,0) of a
T-map L : ¥ — I" and a DialAutg-map o from (U, X, Wa4) to L*(V,Y, Wp).

Substitution in Games and Language Inclusion. We now discuss substi-
tution for the acceptance games of §3.3 and check that DialAuty (and AGY ) is
correct w.r.t. language inclusion.

First, note that for a DialAutg-object A := (X + A(M)) and L € TI[I, %],
we have L*(A) = (I' v A(M o L)). Given also B := (X + B(N)) and some
o € DialAutx[A, B], we have L*(o) € DialAutp[(I'F A(MoL)),(I'F B(NoL))|.

Assume now that A = (¥ F A) and B = (X + B). Given T : ©* — X
we thus have T*(c) € DialAuty [A(T),B(T)]. If T € L(A) then there is some
7 € DialAuty[Iy, A(T)], so that T*(c) o 7 € DialAuty[I, B(T)] and T € L(B).
We therefore have shown:

Proposition 4.1. If P has a winning strat. in ¥ = A — B, then L(A) C L(B).

5 Categorical Structure and Operations on Automata

We present here some constructions and properties of automata and DialAut:
monoidal closed structure in §5.1, quantifications in §5.2, the deduction system
in §5.3, and the interpretation of simulation as exponential rules in §5.4.

5.1 Monoidal Closed Structure

The main contribution of this paper is that automata and generalized substituted
acceptance games are equipped with a monoidal closed structure. We introduce
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a linear implication connective on automata, satisfying
ARB —C o~ B—o (A —C) (2)

and which is compatible with cut-elimination (see Rem. 5.14). As a consequence,
we get universal quantifications as right adjoints to weakening.

The category DZ has a monoidal closed structure which follows the pattern
of the Gédel’s Dialectica interpretation: Given A = (U,X) and B = (V,Y),
a total zig-zag strategy o : A — B as in Fig. 1 (top left) provides infinite
sequences of maps f : U — V (for the P-move v in B after the O-move u in A)
and F: U xY — X (for the P-move z in A after the O-moves u and y).

Proposition 5.1. The category DZ is symmetric monoidal closed. The linear
exponent of A= (U,X) and B= (V,Y) is A —opz B := (VYxXU*Y UxY).

The monoidal closed structure of DZ thus departs from traditional game seman-
tics since the natural isomorphism A ® B —o C' >~ B —o (A —opgz C) relates
only strategies, but not plays.

The monoidal closed structure of DZ lifts to DZg and to the fibres DialZ(X).
Since DZ5[A® B,C] =DZ[A® B,C @ D] ~ DZ[A, B —pz C ® D] we should
have (A —pz, B) @D ~ (A —pz B ® D). This leads to ((U,X) —pz,
(V,Y)) = (W, Z) with (W, ZxD) ~ (VUx XUXY>XD [TxY xD). We therefore let
(U, X) —opzy (V,Y) := (VU x XUXYXD ] x V). This lifts directly to DialZ(X)
since DialZ(2)[A® B,C] =DZp Y ® A® B,C] ¥ DZp[ X ® A, B —pz, C|.

Proposition 5.2. DZg and DialZ(X) are symmetric monoidal closed.

This gives the fibrewise symmetric monoidal closed structure of DialAut (in
the sense of [19, §1.8]). The unit over X' is Iy := (1,1,1%). Given DialAutyx-
objects A = (U, X, W,) and B = (V,Y, Wp), let

A®pa B = (UXV,XXY,WAl_lWB)
A—opp B = (VUXXUXYXE,UXKWAHWB)

where @w € Wy N Wp iff (wF(EXU)—O—(XX@) € Wa N THEXV)+(Y xD) € WB),
and ((ak, fi, Fr) - (Uks Yr, di)) € Wa 3 Wp iff (e € Wa = B € Wpg) with
a = ((ar, ur) - (Fr(ur, Yr, di), di))k and B := ((ak, fe(ur)) - (Y, di))k-

Proposition 5.3. The fibration DialAut is fibrewise monoidal closed.

The symmetric monoidal closed structure of DialAuty; gives a monoidal prod-
uct and a linear implication on automata.

Definition 5.4. Given A: X asin (1) and (B: X) = (QB,q3, V.Y, 08, 25), let

A®B = (QaxQp, (¢4,4q3), UxV, X XY, duss, RLacs)
A—B = (QaxQps (¢4, qk), VY x XUXYX@ UXY, 0408, 24-oB)

with d az5((q4,98), a, (u,v), (z,y),d) == (04(q4, 2,u,2,d), d5(q8, 2,v,y,d)) and
with 5 4—o5((q4,95), 2 (f7 F), (u,y),d) := (¢4, q5) where q5 = 65(qs, 2, fv,y,d)
and ¢’y = 5A(qA7a,u,F(u,y,d),d).

We moreover let (qx, ) )k € Rawn iff (@) € 24 A (q))k € 28), and
(@r> @)k € Pa—n iff ((qr)k € 24 = (q))r € 25).
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Note that A ® B is non-deterministic if both A and B are non-deterministic.
Moreover, given A,B : I' and M € T[X,I], we have, as DialAutx-objects,
Y F(AM) —opa B(M)) =X F (A — B)(M) and ¥ F (A(M) ®pa B(M)) =
YH(A®B)(M).

Ezample 5.5. (i) Given A, B as in Def. 5.4, there is a winning P-strategy in
YFA®B — A It maps (u,v) € UXxV tou € U and z € X to
(z,y) € X xY, where y € Y is arbitrary (recall that ¥ is non-empty). It
follows that P has a winning strategy in X F A —o (B — A).

(ii) If A : X is non-deterministic, then there is a winning P-strategy in X F
A—o A® A. Tts maps u € U to (u,u) € U x U. Note that such strategy
may not exist when X # 1, since O can play two different (z,2’) € X x X
in the component A ® A.

Proposition 5.6. Given A, B : X, we have LIA® B) = L(A) N L(B).

Falsity and Complementation. Alternating automata enjoy a complementa-
tion construction linear in the number of states (see e.g. [28]). Using the monoidal
closed structure, a similar construction can be done with our automata.

The falsity automaton L : X is (B,f,D,1,0,(2,) where 2, := B*.t* and
where §(t, ,d';e,d) := t and 6 (f,_,d,e,d) := fand § (f,_,d' e ,d) := tif
d’ # d. Note that L accepts no tree since in an acceptance game, O can always
play the same d as P. Given A : X, let A* := A — L. Note that A" is equivalent
to an automaton with states @4 + 1. We say that A is Borel if its acceptance
condition is a Borel set (regular sets are Borel). Thanks to the determinacy of
Borel games [26], we get:

Proposition 5.7. If A: X is Borel then L(AY) = X2\ L(A).

5.2 Quantifications

A fibration p : E — B has existential quantifications (also called simple co-
products [19]) when the weakening functors 7* : E; — Ejx s (induced by the
B-projections 7 : I x J — I) have left adjoints [[; ; : E;xs — E; satisfying a
Beck-Chevalley coherence condition, insuring that the adjunction [] rg 1T is
preserved by substitution. Universal quantifications (simple products [19]) are
given by a right adjoint HLJ : Erxy — E; to 7* (also with a Beck-Chevalley
condition). The simple fibration s : s(B) — B always has simple coproducts, and
has simple products iff B is Cartesian closed. They are given by

[[uxrx) = 1,JxX) and J[UxJX) = (I,Xx7)
1,0 1,0

This extends to DialZ, where given a T-projection p : X x I' — X the
weakening functor p* : DialZ(X) — DialZ(X x I') has left and right adjoints

[[w.X):=(TxU,Xx) and [[(U,X):=(U",I'xX)~(I"—pgz, (U X))
x.r x.r



13

The Beck-Chevalley condition amounts, for L € T[A, X, to L*([Jy (U, X)) =
Ui (L xIdp)*(U, X) where [] € {][,[]}. It holds since substitution functors
are identities on objects. Quantifications in DialAut are given by

JTW. X Wa) = (' x U, X,Wa) and [[(U, X, Wa) = (U", I x X, [[ Wa)
2.r 2.r .r

where ((ak, fx) - (0k; Tk, di) )k € [15,p Wa iff ((ar, b, fr(br)) - (zk, i)k € Wa.
Proposition 5.8. DialAut has ezistential and universal quantifications.
The same constructions give quantifiers on automata.

Definition 5.9. Given A: X x I as in (1), let

(HFAE) = (QA7q34aFXUaX363FA7‘QA)
(VFAE) = (Q.A7q343UFaFXX75Vp.Aa‘QA)

where 03,.4(q, 2, (b,u),z,d) := d4(q, (a,b),u,x,d) and dv.4(q,a, f,(b,2),d) :=
5.,4((17 (a7 b)a f(b)a x, d)

Note that given A : X' x I we have (¥ - [[; rA) = (¥ I I5A) and (¥ F
[Is rA) = (¥FVsA) as DialAuts-objects.

Let py; € T[X x I', X] be the first projection. It is easy to see that if A accepts
T :9* - (X x I), then 3.4 accepts (px o T)®, so that px(L(A)) C L(3pA).
The converse only holds for non-deterministic automata.

Proposition 5.10. If A: X' xI" is non-deterministic then £(3r.A) = px(L(A)).

Ezample 5.11. (i) Given A: Y asin (1), let D : X xU x X be the deterministic
automaton (Q4,q4,1,1,0p,24) with 0p : QA X (XU X X) >0 = Q4
obtained from § 4 in the obvious way. In DialAuts, we have A ~ JyVxD.

(ii) The Beck-Chevalley conditions imply [[ .  A(M xIdp) = (3p.A)(M) and
s AM x1dr) = (VrA)(M). Thanks to the adjunctions [] 4 p*  [],
in DialAut we have

SEQ@ErA)(M) — B(N) ~ XxI'FAMxIdr) — B(Nops)
SEB(N) — (VpAYM) ~ X xI'FB(Nops) — AM xIdy)

Hence P has a winning strategy in X'+ (VxA)[1x] — A (mod X' ~ 1 x X).

(iii) If A, B : X' are regular, then the game X' - A —o B is equivalent to a finite
regular game. Indeed, by (ii), P has a winning strategy in X' 4 — B iff he
has a winning strategy in 1 - Iy —o V5 (A —o B). But since in that game O
can only play e in the component I, similarly as in Ex. 3.9 it is equivalent
to the acceptance game of the automaton V(A — B) : 1 on the unique
tree 1 : ©* — 1. Since Vx (A — B) is regular, this game is equivalent to
a finite regular game and the winner always effectively has a finite state
winning strategy (see e.g. [35, Ex. 6.12 & Thm. 6.18]).

(iv) If A, B : X are non-deterministic Borel and £(.A) N £L(B) = (), then P has a
winning strategy in ¥ F A® B — L and in ¥ A — B*.
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5.3 A Deduction System for Automata

We now present a deduction system for tree automata. It allows to derive se-
quents M ; A+ A where 4 = Ay,... A, : X, A: Y and M € T[I,X]. The
rules are given in Fig. 2. They are correct in the following sense:

Proposition 5.12. If M ; AF A is derivable, then there is a winning P-strategy
inI'F A (M)®...0 Ay (M) — A(M).

A game of the form I' F A(M) — B(N) is represented as (M, N) ; Alp] - B|q]
where p and q are suitable projections. Write A F B for the sequent Id ; A+ B.

Ezample 5.13. (i) If A, B : X are both non-deterministic, then one can derive
AFA®Aand B® (B — A) F A® B, so that by Prop. 5.12, P has a
winning strategy in X+ B® (B — A) —0 AR B.

(ii) Continuing (i), if A, B are moreover Borel and £(A) N L(B) = 0, by
Ex. 5.11.(iv) there is a winning P-strategy in ¥ F A ® B — L. By
composing it with the strategy of (i), we obtain a winning P-strategy in
YFB®(B— A) —o L and thus in X F (B — A) —o B*. It then follows
from Ex. 5.5.(i) and Prop. 4.1 that £(A) C L(B — A) C L(B*).

Remark 5.14. The rules of Fig. 2 are compatible with cut-elimination (see e.g. [27]).
For instance, the following two derivations are interpreted by the same strategy:

A Ay
AFB I-FA BFB :
IFA B A BFB A1[Ay /A
IFB I-B

5.4 Non-Deterministic Automata

We have seen in §5.1 that similarly to usual alternating automata, our automata
have linear complements. Moreover, by Prop. 5.10 the projection operation is
correct on non-deterministic automata. However, complementation is not linear
on non-deterministic automata and projection is not correct in general on alter-
nating automata. On the other hand it is well-known that regular alternating
and non-deterministic automata are equivalent in expressive power:

Theorem 5.15 (Simulation [28, 9] (see also [29])). Given a regular A : X,
one can effectively build a regular non-deterministic A : X s.t. L(A) = L(1A).

The automaton !A is in general exponentially larger than A.

In our context, it is possible to adapt the construction for !4 of [36] so that
the operation !(—) satisfies the deduction rules of the usual exponential modality !
of intuitionistic linear logic [11] (see also [27]). For regular A, B, A:

M;1AFA M; A BFA M; AFA M; A B, IBFA
M ; 1AF1A M; A 'BFA M; A BFA M; A \BFA
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Propositional rules (for N’ non-deterministic):

M;X’—B M ; EBI—C M; AR A
M: A AF A A CH M; A B-A
M;B+-B M;C,CHA M; A B M;: ANNFA
M:B,CB—-oCFA M ; Z wc M; ANFA
M: A B CHA M: A+ A M BvB
M;: A B®CFA M A BFA®B M; AFI

Quantification and Substitution Rules:
(where M, N are composable, p is a suitable projection, and a € A[X, I')

M x 1dr ; Alp], B+ Alp] MxN; AF A M; AF A
M; A 3rBF A M x N ; A (3rA)p MoN; AFA
MxN; A BFA M x1dr ; Alp]F A MxIdr; AF A

M x N ; A, (VrB)[p] - A M; ARVrA M x1dx ; Alid x a] - Alid x a]

Fig. 2. Deduction Rules for Automata

It follows that the exponential ! allows to define, using Girard’s decomposition,
an intuitionistic implication = as A = B :=14 — B.

The last two rules (called Weakening and Contraction) are already part of
the basic system (Fig. 2). The second rule (Dereliction) easily follows from the
construction of lA. The most difficult rule is the first one (Promotion). It relies
on the existence of positional P-strategies in regular games equipped with a
disjunction of parity conditions (also called a Rabin condition) [21, 22, 20, 37].
Unfortunately, positionality is not preserved by composition, and this rule is not
compatible with cut-elimination (in the sense of Rem. 5.14).

Proposition 5.16. Let N', A: X be regular, with N' non-deterministic.

(i) There is a winning P-strategy in X +1A(M) — A(M).
(it) If there is a winning P-strategy in X b N(L) — A(M) then there is a
winning P-strategy in ¥+ N (L) —o LA(M).

Example 5.17. Let A, B : X be regular, and write 7.4 for (!(A*))*

(i) There is a winning P-strategy in X' F ((?4 = ?B) = 74) = 7A.

(ii) If L(A) C L(B), then there is a winning P-strategy in X'+ A — 7.

(iii) Extending [7, Thm. 1], for each regular language £ C Y27 there is a
non-deterministic automaton B with £(B) = £, and such that for every
non-deterministic parity automaton A with £(A) C L, there is a winning
P-strategy in X F A — B induced by a function Q4 x Qg x X x U — V.

Further works include e.g. intuitionistic and linear versions of MSO, accounts
of separation properties (as in e.g. [33]), and exponential modalities in DZ.
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A  Proofs and Additional Material for §2 (Games)

This appendix gathers proofs and some supplementary basic material on §2. We
discuss the Hyland & Schalk functor [17], the definition of the categories DZ
and DZ"Y, and some related easy basic facts about relations in slices which will
lead in §B to a simple proof that AGx and AG;V are categories (see Def. 3.8).
We also discuss general facts on monoids and comonoids in symmetric monoidal
categories. We finally discuss the monoidal structure of DZ, using a represen-
tation of DZ as a subcategory of the simple self-dualization G(.’) of the topos
of trees .. The construction of simple self dualization is presented in §I. The
representation of zig-zag strategies in G(.¥) is presented in §J. Some material
on monoidal categories is recalled in §M.

Notations. Given a full positive game A = (,U, X), we let %" C o = L,
be the set of its even-length plays. Note that there is a bijection
0 = <8U38X> : pi;/en — UneN(Un X Xn)

with 9(g) = (e,e) and 9(s.u.x) = (Jy(s).u, Ox(s).x).

A.1 The Hyland-Schalk Functor [17]

The faithfull functor HS : SG — Rel is defined in [17] as a functor from the
full subcategory of SG consisting of negative games only. The extension to SG
is discussed in §4 of the Appendix of the long version of [32]!.

Proposition A.1. The map taking o : A — B to
HS(o) = {(sja,81B) | s€o} C LaxLp
s a faithfull functor HS : SG — Rel.
We can therefore faithfully represent strategies o : A —o B as spans
Ly &~ HS(o) = Lp
Explicitly, HS(id4) is identity relation on L4, and given 0 : A —o B, 7: B — C|,
7 o o is the unique strategy such that HS(7 o o) is the relation HS(7) o HS(o).
A.2 The Category SG,t, of Sliced Games over Tr

Given a set Tr, the category Rel(Set ;) of relations over Tr has the same
objects as Set,r, (pairs of a set A and a function try : A — Tr). Maps from

! Available at https://perso.ens-1lyon.fr/colin.riba/papers/fibaut.pdf.
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(A tra) to (B, trp) are relations R C AX B s.t. tra(a) = trg(b) for all (a,b) € R,
that is

s R ™2
T

A sliced game over Tr is a pair of a simple game (with winning) A and a
function try : L4 — Tr.

The category SG 1, has sliced games as objects. The maps from (A4, tr) to
(B,trp) are strategies 0 : A —o B such that HS(0) is a Rel(Set 1)-map from
(La,tra) to (Lp,trg). We therefore require:

T2 HS(U) T
L= 1,
*TrAXB

It directly follows from Prop. A.1 that SG/r, is a category.

Proposition A.2. SG /1, is a category.

A.3 The Category DZ° of Zig-Zag Games

A zig-zag strategy o : A — B is a strategy such that for every (even-length) play
s € o, the projections sj4 and s;p have the same length (see Fig. 1, top left).
Hence, 0 : A — B is a zig-zag strategy if and only if HS(c) is a Rel(Set /)-map
from (L a,length: Ly — N) to (Lp,length : Lg — N):

- HS(o o
LA/ ( )\LB

i N <o

Let DZ° have full positive games as objects and zig-zag strategies as mor-
phisms. Proposition A.2 directly gives:

Proposition A.3. DZ° is a category.

A.4 Simple Games with Winning

A simple game with winning is a simple game A equipped with a set of winning
plays (or winning condition) Wa C (A%4 - A=84)%,

Consider a P-strategy o on A and an O-play s € L4. We say that s is an
O-interrogation of o if either s = ¢ and A is positive, or if s = t.m for some t € o.
We say that o is total if for every O-interrogation s of o, we have s.n € o for
some n. A winning (P-)strategy on (A, W,) is a total strategy o on A s.t. for all
w € (A%4 - A=84)% we have w € W, whenever 3%°k € N. @(0).--- .w(k) € 0.
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It is well-known (see e.g. [1, 15]), that on negaive simple games, total and
winning strategies compose and form a category. The case of SG is discussed in
§5 of the Appendix of the long version of [32].

Proposition A.4. Simple games with winning define a category, SG" , where
maps from (A, Wy) to (B,Wg) are total strategies o : A — B which are winning
for the winning condition WSS,  consisting of infinite plays w such that if (w4
is either a finite legal P-play of A or w4 € Wa) then (wp is either a finite
legal P-play of A or wip € Wg).

A.5 The Categories DZ and DZW

Its easy to see that total zig-zag strategies compose: 0 : A — Band 7: B — C
are both zig-zag and total, then 7 o o is zig-zag and total.

— Proof. Indeed, consider (s,t) € HS(7 0o o) = HS(7) o HS(0), and u such that
(s,u) € HS(o) and (u,t) € HS(7). Given a legal (A — C)o-move m in
(say) component A, since o is zig-zag and total, there is some n such that
(s.m,u.n) € HS(o). Since n € Bp C (B — ('), and since 7 is zig-zag and
total, there is some r € Cp such that (u.n,t.r) € HS(7), from which it follows
that (s.m,t.r) € HS(r o ). The case of m € Cop is similar. O

Consider full games with winning (A, W4) and (B, Wg). Note thatif ¢ : A — B
is zig-zag and total, then for every @w € (AT + B7) - (A~ 4+ B™))“, if w has
infinitely many finite prefixes in o, then w;4 and w;p are both infinite. We let
Wa—p C (AT + B7) - (A~ + BT))“ be the set of infinite plays w such that
w;p € Wp whenever w4 € W4. Note that for an infinite play w of a total
zig-zag 0 1 A —o B (i.e. s.t. 3°k € N.ww(0). -+ .ww(k) € o), we have w € W5E
iff w € Wa_.p. We therefore get:

Proposition A.5. DZ and DZY are categories.

A.6 Monoids and Comonoids

A commutative monoid in a symmetric monoidal category (C,®,I) is an object
M equipped with structure maps m : M @ M — M and u : I — M subject
to coherence conditions (see e.g. [27]). A (commutative) comonoid in C is a
(commutative) monoid in C°P. In this paper, by (co)monoid we always mean
commutative (co)monoid. Note that if (C,®,I) is Cartesian, then every object
has a canonical comonoid structure.

The following is Prop. M.12 together with Prop. M.14.

Proposition A.6. (a) A monoid (M, m,u) in C induces a (lax) symmetric
monoidal monad (M, ™, n™) of monoid indexing. The functor M takes

% Available at https://perso.ens-1lyon.fr/colin.riba/papers/fibaut.pdf.
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an object A to AQM and amap f: A— B to fQidy: AQM — B M.
The natural maps p™ and n™ are

pl = ([da®@m)oa : (AM)®M — ARM
i = ([da®u)op™t A — AQM

(where p: AT - A and a: (AQM)@M — AR (M ® M) are structural
isos of (C,®,I)).

(b) Dually, a comonoid K = (K,d,e) in C induces an oplax symmetric monoidal
comonad (K,0%,eX), where we let K(A) .= K ® A and K(f) := idg ® f
for f: A — B, and where

K = ao(d®ids) : K®A — Ke(K®A)
i = do(e®idy) : K®A — A

It then follows from Prop. M.2 and Prop. M.4 that for a monoid M and a
comonoid K, the Kleisely categories K1(M) and K1(K) are symmetric monoidal,
for a monoidal product ®gk; which has the same actions as ® on objects and the
same unit I. Moreover, thanks to Prop. M.11, comonoids in C lift to comonoids
in KI(M) in a canonical way (and dually for monoids and KI1(K)), so that we
have:

Proposition A.7 (Prop 2.4).

(a) Given a monoid M in C, the Kleisli category KI1(M) is symmetric monoidal
with A @kivy B := A® B on objects and unit I. Moreover, each comonoid
(K,d,e) in C induces a comonoid (K, nilex o d, ni! o€) in KI(M).

(b) Dually, given a comonoid K in C, the Kleisli category K1(K) is symmetric
monoidal with A @kyxy B := A® B on objects and unit I. Moreover, each
comonoid (M, m,u) in C induces a comonoid (K, mo efq,, uoef).

A.7 The Monoidal Structure of DZ (§2.2 and §2.3)

We discuss here Prop. 2.2 and Prop. 2.3 concerning the symmetric monoidal
structure of DZ. The proofs are based on an interpretation of DZ as a subcate-
gory of the simple self-dualization G() of the topos of trees .. The construc-
tion of simple self dualization is presented in §I. The representation of zig-zag
strategies in G(.¥) is presented in §J. Some material on monoidal categories is
recalled in §M.

The monoidal structure of DZ is given by the following data, (where A =
(U, X), B=(V,Y) and C = (W, 2)):

A®B = (UxV,XxY) with unit I:=(1,1)

and the natural structure maps:

(AeB)oc ™% Ae(BwO)
O| ((u,v),w)

Pl ((z,9),2)
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104 4 Ae1% 4] MeB ™ po4
Of(e,u) Ol(u,e) Ol (u,v)
u|P u|P (v,u) |P
z|0 z|0 (y,2) |O
Pl (e, ) P|(z,e) Pl (z,y)

The following is shown in Prop. J.5 using a represention of total zig-zag strategies
in the topos of trees.

Proposition A.8 (Prop. 2.2). The category DZ equipped with the above data
is symmetric monoidal.

Proposition 2.3 is Prop. J.6, proved using a represention of total zig-zag
strategies in the topos of trees.
Proposition A.9 (Prop. 2.3). If M, K are non-empty, then M := (1, M) is a
monoid and K := (K,1) is a comonoid in DZ. Structure maps can be depicted
as follows:

mMeom Zom| 1M
(0] (070) Ole
o P o P
m|O m|O
Pl (m,m) Ple

B Proofs of §3 (Tree Automata and Generalized
Acceptance Games)

B.1 Proofs of §3.1 (The Base Category T of Trees)

The following is shown in Prop. J.7 using a represention of total zig-zag strategies
in the topos of trees (see also §A.7).

Proposition B.1 (Prop. 3.3). The category T embeds to Comon(DZg) via
the functor Ex mapping an object X of T to the comonoid (¥ ex,dy) and a
morphism M : T[I', X] to itself.

Remark B.2 (Comonoids in DZyp ). Each DZ-comonoid X' = (¥, 1) is lifted to
a comonoid X' = (X, 1) whose structure maps dyx = Fo(dyx) and éx = Fp(ex)
can be depicted as follows:

vy Pvesy
Ola
(a,a) |P
d |0
Ple

Proof. From Prop. J.6.(ii) together with Prop. M.11 applied to Prop. M.12 and
Prop. J.6.(i). O
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B.2 Proofs of §3.4 (Linear Synchronous Arrow Games)

Given AGyg-objects A = (U, X) and B = (V,Y), a strategy o : (¥ x U, X X
D) —o (U xV,Y xD) is a AG g-map iff HS(0) is a Rel(Set (9)+)-map from
(g, tr) to (ph, tr). It therefore follows from Prop. A.2 that

Proposition B.3. For each alphabet X, AGy; is a category.
Since AG x-maps are zig-zag, we moreover obtain from Prop. A.5 that
Proposition B.4. For each alphabet X, AG}v 8 a category.

We record here for future use the following property:

Proposition B.5. For every reqular automaton A : X, there is a parity au-
tomaton A : X such that At ~ A in AGY.

Proof. Recall (from e.g. [35, 12, 30]) that every regular language L of w-words
can be recognized by a deterministic w-word parity automaton (Qr,q},0L,cL).
Following [36], given a regular tree automaton A : X as in (1), let

AT = (QuxQr, (¢asd), U,y X, 641, 2ar)

where L = (24, {24+ is generated from ¢y via second projection, and

5AT((QA,(]L),a,U,17,d) = (q_/Aa 6L(qL7q,/A))

with ¢4 := 0.4(qa,a,u,z,d). Note that A and A" have the same P and O-moves,
so that identity strategies provide an isomorphism A ~ AT, O

C Proofs of §4 (Fibrations of Tree Automata)

In this appendix, we gather facts related to §4 and show that we indeed have an
indexed category
(=) : T — Cat

taking X' to DialAuty and L € T[I, X] to L* : DialAuty — DialAutr.

First, the functoriality of v : K1(K') — KI(K) for K, K’ comonoids in
(C,®,1) trivially follows from the bifunctoriality of ®.

Note that given a distributive law A : GT = T'G (in the sense of [13]), the
lifting functor (—)" takes f : GA — TB to

1 = G(upoTfodlp)odryn : GTA — GIB

The dual of Prop. 2.4, (on the comonad of comonoid indexing) is Prop. A.7.
Moreover, given a comonoid K and a monoid M, it follows from Prop. M.16
that the associativity map

Py = az_ql(—),M D Ke((H)eM) = (Ke(-)eM

is a distributive law. We therefore have:
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Proposition C.1. The family of associativity maps &% : ¥ ® (A ® D) —o
(X®A) @D forms a distributive law.

Remark C.2. Tt is well-known (and stated in Prop. M.5) that the Kleisli category
KI1(®%¥) of ®* is equivalent to the Kleisli category DialZ(X) of the lift to DZg
of the DZ-comonad X'

Proposition C.3. For each alphabet X', DialAuty is a category.

Proof. Since DialZ(X') is a category, it remains to check that DialAuty has iden-

tities and composition. This follows from the fuctoriality of (=)' : DialZ(X) —
AG5. Indeed,

—idut = idf}G is winning since AG}V is a category ;

1

— given composable DialAuts-maps 7 and o, since (toc)' =77 o o', we have

that (7o O’)T is winning since 77 and o' are winning. O

C.1 Swubstitution in DialAut

We now check that given L € T[I, X] = DZg[I, X, the operation taking o €
DialAutx;[A, B] to

L*(O') = 0ODZxo (L ®DZ@ ldgzg)

is indeed a functor DialAuty — DialAutp. It trivially follows from the bifunc-
toriality of ®pz, that L* is a functor from DialZ(I') — DialZ(X). Hence we
only have to show that L*(¢)" is winning from L*(A) to L*(B) as soon as o is
winning from A to B.

We first discuss the action of (—)" : DialZ(£) — AG . Consider A = (U, X),
B = (V,Y) and o € DialZ(X)[A, B], as in:

4 % B |
Ol(a,u)

v |P
(y,d)|O
Pl =z

Modulo associatiy, the map o' € AGx[A, B] is given by
(idg®((idB®m@)0(0®id©)))0(d2®idA®g) i JRARD  —o Y QRBRD
Note that

6 = (ddp@mp)o(o®idp) : YRA®RD — BRD



plays as follows:

O'®id®
JRAR®D —0 BRIDR®D —o BRD

idp®mo

O] (a,u)

Pl (x,d)

) P
(y,d) |O
(y,d,d)

It follows that o7 = (idx ® &) o (dx ® idago) plays as follows:

ds®idago ids®6
YRARD —o0 YRYQAR®D — YQRBQRD
O] (a,u)
(a,a,u)
(a,v) |P
(y,d) |0
(z,d)
Pl (z,d)
That is .
sl A4 2o B
Ol(a,u)
(a,v)|P
(y,d)|O
P|(z,d)
On the other hand, note that L*(o) plays as follows:
re4 L®Dziiglzzs T A®D (idB@mio(oG@idg) Bo®
O] (b, u)
(a,u)
v |P
(y,d) |O
(z,d)
Pl =z
so that L*(c)" plays as:
L*(o)T
YA —o
O|(b,u)
(b,v)|P
(y.d)|0

25
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Proposition C.4. If o1 is winning then L*(c)" is winning.

Proof. Note first for an arbitrary total zig-zag strategy 7 : A — B, every infinite
play w such that 3°k.ww(0). - .w(k) € 7 is uniquely determined by w4 and
;. In the following, we write w = (w4, @ RB).

Consider now a strategy o € DialAuty[A, B], and an infinite play w such
that 3%°k.w(0). - -- .w(k) € L*(0)". Let

w = (((br,ur) (g, di))k 5 ((brsvk) - (Yk, di))k)
By definition of the action of L* on DialAuts-objects, we have

((L(bo. -- by, dg. - .dk_l),uk) . (xk,dk))k €Wy
and ((L(bg. -+ bg, do. -+ .dx—1),vk) - (g, di))x € Wg

w = (((L(bo.-~- Dby, dg. - - .dkfl),uk)(l‘k,dk))k, ((L(bo.--- Db, do. - - .dk,l),vk)(yk,dk))k)

We thus have @ € W= (4)—r-(p) if and only if @’ € Wi _.p
Now we are done since on the other hand, reasonning as in App. 7.2 & 8.2
of the long version of [32]3, it is easy to see that for all k € N we have

@' (0).--- . @ (k) eot iff  @(0).-- .w(k) € L*(o)"
so that 3%°k.’(0).--- .@'(k) € oT. O

Proposition C.5 (Prop. 4.1). Given A : X and B : X, if there is a winning
P-strategy o in A — B, then L(A) C L(B).

Proof. Let T : ®* — X. Since o is a DialAuty-map, it follows from Prop. C.4
that T*(o) is a DialAuty-map from A(T) to B(T).

Now, if T € L(A), then there is a DialAuty-strategy 7 in I; — A(T). It
follows from Prop. C.3 that T*(o) o 7 is winning on I; — B(T'), hence that
T € L(B). O

D Proofs of §5.1 (Monoidal Closed Structure)

D.1 The Monoidal Closed Structure of DZ
Proposition D.1 (Prop. 5.1). The category DZ is symmetric monoidal closed.

Recall from e.g. [27] that a symmetric monoidal category C is closed if for
every object A, the functor A ® (—) has a right adjoint (—)#. Since A ® (—) is
already a functor, according to [24, Thm. IV.1.2] it is sufficient to show that for
every object C' there is an object C* and map

evale : A®CY — O

3 Available at https://perso.ens-1yon.fr/colin.riba/papers/fibaut.pdf.
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such that for every f: A® B — C there is a unique A(f) : B — C4 such that

Apca e ¢
A
ida®A(f) f
A®B

Proof (of Prop. D.1). We rely on Prop. A.1. Let A = (U, X), B = (V,Y) and
C = (W, Z). Recall that A —opz C = (WY x XU*Z U x Z). We define the total
zig-zag strategy evalg : A® (A —opz C) —o C as follows:

evalo

A® (A —opz C) —
O  (u(f,F))

f(u)

[@Rav)

Pl (F(u,2), (u, 2))

Given any 7' : B —o (A —opgz ('), the composition evalg o (id4 ® 7') is given by:

ida®7’ evale

A®B —o0 A®<A—0Dz0)—0
0] (u,v)

(u, (f', F"))
)

z

[@Xav)

(F"(u, 2), (u, 2))

PI(F"(u,2),y')

It follows that evalg o (idy ® 7) = evalg o (id4 ® 7”) implies 7/ = 7.

We show this by induction on pairs of even-length plays (s,t) € E§" x
Ao+ Assume toward a contradiction that for some such (s,t) € HS(7') N
HS(7"), for some v € V we have (s.v,t.(f', F')) € HS(7') and (s.v,t.(f", F")) €
HS(7") with f’ # f”. Then for some u € U, we have say f'(u) # f”'(u). Then,

for some r we have
evalco(ida®7) 2 r(u,v).f'(v) # r(u,v).f"(u) € evalgo(ida®7”)

Hence a contradiction. The case of F’ # F" is dealt-with similarly.

Fix now some total zig-zag 0 : A® B — C.

We define 7 = A(0) : B — (A —opz C) by induction on plays. To each
(s,t) € HS(7), with s and t even-length, we associate (s',¢') € HS(o), with s’ and
t' of the same length, and such that, for (7,%) = d(s) and ((f, F), (6, z)) = O(t),

we have 9(s') = ((w,v),(F(u,z),y)) and 9(t') = (f(u),z), where we take the
pointwise application of sequences of functions and the map 0 is defined in
App. 2.

For the base case, we put (¢,e) € HS(7), and associate it to (g,¢) € HS(o).
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Assume now (s,t) € HS(7), associated to (s',t') € HS(o). For each v € V|
we define the functions f, : U — W and F, : U x Z — X as follows: given
u € U, let w such that (s'.(u,v),t’.w) € HS(o), and for each z € Z, let z
and y, , such that (s'.(u,v).(x, Yy z),t’ - w.z) € HS(o). We then let f,(u) := w
and F,(u, z) := z. We now let (s.v.yy 2, t.(fu, Fy)-(u, 2)) € HS(7), and associate
it to (s'.(u,v).(x, Yu,z),t' . w.2) = (s'.(w,v).(Fy(u, 2), Yu,z), t'. fo(u).2) so that the
invariant is satisfied.

This conclude the definition of 7.

It then follows from the invariant that we indeed have evalg oidy @ 7 = 0.

First note that the map (s,t) € HS(7) — (s',t') € HS(0) is surjective. The
property then follows from the fact that (s,t) € HS(7) iff (s/,t') € HS(evalg o
id4®7). This is shown by induction on pairs of plays (s, t) € pF"x %% . The
base case is trivial. For the induction step, given such (s.v.yy », t.(fu, Fy).(u, 2)),
we have (s.v.yy 2, t.(fv, Fv)-(u, 2)) € HS(7) if and only if

(8" (u,v).(Fy(u, 2),Yu,z), t'. fv(u).z) € HS(evalg oida ® T)

This concludes the proof of Prop. D.1. a

D.2 Symmetric Monoidal Closed Structure in DZyg, DialZ(X) and
DialAut

Proposition D.2 (Prop. 5.2). DZy and DialZ(X) are symmetric monoidal
closed.

Proof. The symmetrict monoidal structure follows from Prop. A.7. The closed
structure is presented in §5.1. a

Proposition D.3 (Prop. 5.3). The fibration DialAut is fibrewise monoidal
closed.

Proof. We first show that substitution functors of DialZ are strong symmetric
monoidal. Using Prop. B.1, this follows from a general fact on indexed categories
CI(C) : Comon(C)°® — Cat, for a symmetric monoidal category (C, ®,I). Given
a commonoid morphism u : K — L in Comon(C), the substitution functor u*
is the identity on objects, so the strength is made of identities. It remains to
show that the required diagrams commute (see §M.1), which amounts to

u*(aKl(L)) — oKIUK) w (pKID)) = pKI(K)

wr(NKUD)) = \KI(K) w (yKID)) = yKI(K)

where o1(=) | pKI=) AKI(=) and A¥1(=) are the symmetric monoidal structure
maps of K1(—). But by §M.3 each of these maps f¥(=) is foXo (e ®id) (where
f is the corresponding map of C), so that in C:

w () = folo(e®id)o (u®id)

and we are done since e o u = e as u is a comonoid morphism (see §M.3).
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The argument is the same for the fibrewise symmetric monoidal closed struc-
ture of DialZ, since the closed structure of DialZ(X) is directly lifted by the
comonad X from the closed structure of DZy.

The result then follows from the fact that the operations W4 MWpg and W4 O
Wpg are preserved by substitution, and from the fact that all the symmetric
monoidal structure maps as well as the evaluation map are (total) winning, and
that the Currying map A(—) preserves (total) winning strategies. ad

Proposition D.4 (Prop. 5.6). L(A® B) = L(A) N L(B).

Proof. The inclusion (C) follows using the projections A®B — A and ARB — B.
For the other direction, using Prop. D.3, tensor ¢ winning on Iy — A(T)
with 7 winning on Iy — B(T") and then precompose with a monoidal unit map.
O

D.3 Falsity and Complementation

Recall that L : X'is (B,f,D,1,6,, 2,) where 2, := B*.t“ and 0 (t, ., d’, e,d) :=
tand 0. (F,_,d,e,d):=Fand 0,(f,_,d,e,d) :=tif d #d.
Let A: X as in (1). Note that A% : X can be described as

(Q.A X 87 (qj47f),©U X XUXDaUv 5_/44*’!2.,44')
with d 4+ (a, (qa,T), (f, F),u,d) = (¢'y,b) where b = fiff f(u) =d, and
das(a, (qa, 1), (f, F),u,d) = (¢, 1)

where ¢y := 6 4(a,qa,u, F(u,d),d). Hence O looses as soon as he does not follow
the direction proposed by P wvia f. Moreover, since L has no transition from t
to f, and since 2, = B*.t“, it follows that A" is equivalent to an automaton
with state set Q4 + {t}. (which is linear in Q 4).

Proposition D.5 (Prop. 5.7). If 24 is Borel, then T € L(A”") iff T ¢ L(A).

The proof uses the notion of O-strategy. In order to properly define winning
O-strategies in our context, it is convenient to define an O-strategy on A as a
P-stratey in the dual A of A. The dual of A is the game A := (A™, AT, —€4,L4).

Note that A° = A€ so that AT — A = ¢4 and

o

Il
S
N

and we indeed have L4 C p=2. If A is a game with winning, then we let W :=
(AgA . A_EA) \ Wa.
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Proof. The argument is an adaptation of the one given in [36]. By Martin’s
Theorem [26], it is equivalent to show that P wins the game A*(T) iff O wins
A(T), where, using the notions of §2, an O-strategy is just a P-strategy on the
dual game.

For (=), assuming given a winning P-strat ¢ on A(T) — L, we build a
winning O-strat 7 in A(T). The strategy 7 is build by induction on plays. To
each play ¢ of 7, we associate a play s of ¢ such that if ¢ leads to state g4, then
s leads to state (g4, ). In the base case, both ¢ and s are the empty plays, and
the invariant is respected. For the induction step, assume that P plays w from
t in A(T). Let (f, F) be the move of o from s. We then let 7 answer the pair
(F(u, f(u)), f(u)) from s.u, and A goes to state ¢’4. In A(T) — L, we let O
play the pair (f(u),u). Then A — L goes to state (¢/y,f) and the invariant is
respected. Since o is winning and A — L stays in states of the form (_,f) the
infinite sequence of states produced in A(T) is rejecting, as required.

For the conversion direction, assuming given a winning O-strat 7 on A(T),
we build a winning P-strat o in A(T) — L. The strategy o is build by induction
on plays as long as A — L stays in states of the form (_,f) (if it switches to
(., t) then P trivially wins). So to each play s of o which leads to state (g4, f),
we associate a play t of 7 which leads to state g4. The base case is trivial. For
the induction step, we build (f, F') from o as follows: to each u, o associates
(from t) a pair (z,d). We let F(u,.) := d and f(u) := z. Assume then that
from s.(f, F), O plays some (u,d). If d # f(u) then we are done. Otherwise,
A —o L switches to (¢4, ). We then let P play u from ¢, so that by construction
7 answers (F'(u,_),d), and A goes to state ¢;. But then, since 7 is winning
for O, the sequence of A-states is rejecting, so that P wins in A(T) — A, as
required. a

E Proofs of §5.2 (Quantifications)
Recall that quantifications in DialAut are given by

[TW. X Wa) = (' x U, X, Wa) and [ (U, X, Wa) = U", T x X, [[ Wa)
2.r x.r x.r

where ((ax, fx) - (br, Tk, di))k € [I 5 p Wa i ((ak, br, fu(br)) - (zk, di))x € Wa.

Proposition E.1 (Prop. 5.8). DialAut has ezistential and universal quantifi-
cations.

Proof. We check the Beck-Chevalley conditions. Given a DialAutyy p-object A
and L € T[A, X], we have to show

L(J[T4 =JI @ x1dr)4) and  L(JJA) =[] (& x1dr)*(4)
x.r x.r

Al Al

— For existential quantifications, this follows from the fact that

((ck, g, ug) - (@r, dr )k € Wr=(11 4)
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iff
((L(CO. e .Ck,do. e .dk,1),bk,uk) . (xk, dk))k S WA
iff
((ck,brs ur) - (r, di )i € WIT (L x1d)*(A)

— For universal quantification, we have

((cr, fr) - (ors Ty di) )k € Wr+ (17 4)

iff
((L(co.- -+ cpydo. -+ .d—1), o, fr(br)) - (xk, di))r € Wa
iff
((ck> b, fr(br)) - (@h, di))k € WiLx1a)+(4)
iff

((cr, fr) - (ors Ty di) )k € WIT (Lx1d)*(4)
O

Proposition E.2 (Prop. 5.10). If A : X x I is non-deterministic then £L(3r.A) =
px(L(A)).

Proof. Let T : ©* — ¥. A winning P-strategy in 1 =1 — (3p.A)(T) is given by
a map

H(@"—)FXU)

neN

hence by a pair of maps

X

H (D" = 1)

neN

[ @ -0

neN

that is by a tree T' : ©* — I" and a winning P-strategy in 1 - I — A(T,T"). O

The following proposition contains an effective strengthening of Ex. 5.11.(iv).
It asserts the existence of a winning P-strategy on ¥ - A® B — L as soon as
A, B : X are non-deterministic regular such that £(A) N L(B) = 0.

Proposition E.3 (Ex. 5.11.(iv)). Given non-deterministic Borel A,B : X,
if LIA)NL(B) = 0, then there are winning P-strategies in A ® B — L and
A —o B*. If moreover A and B are regular then the P-strategies can be assumed
to be regular.

The effectiveness part of the statment can be seen to follow from Ex. 5.11.(iii).
It is nevertheless interesting to note how the strategy can be effectivelly com-
puted in this particular case.
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Proof. Since L(A) N L(B) = 0, we have L(A ® B) = () by Prop. D.4. Since A
and B are non-deterministic, so is A ® B. It then follows from Prop. E.2 that
L(3x(A® B)) = 0, hence, by Prop. D.5 that the automaton (Is(A® B))* : 1
accepts the unique tree 1 : ®* — 1. But winning P-strategies in (35 (A®B))*(1)
can be lifted to winning P-strategies in

L — (3x(A®B))*(1)
But note that since (3x(A® B))* : 1, that game is actually the same as
I, — (@s(AeB)*
It then follows from Prop. D.3 that there is a winning P-strategy in the game
Is(A®B) — L

and therefore by Prop. E.1 (in the form of Ex. 5.11.(ii)) that there is a winning
P-strategy on A ® B —o L and therefore also in A —o B*.

If the automata A and B are regular, then the automaton (35 (A ® B))* is
regular. It is therefore effectivelly equivalent to a parity automaton by Prop. B.5.
It is then well-known (see e.g. [35, Thm. 6.18]) that there is effectivelly a regular
winning P-strategy in the acceptance game (I (A®B))*(1). It is easy to see that
this strategy is lifted (as above) to regular winning P-strategies in A ® B — L
and A — B*. O

F Proofs of §5.3 (A Deduction System for Automata)

Proposition F.1 (Prop. 5.12). Let A = Ay,..., A, : ¥ and A : X and
MeT[I,X). If M ; AF A is derivable using the rules of Fig. 2, then there is
a winning P-strategy in ' Ay(M) ® ... ® A, (M) — A(M).

Proof. The proof is as usual by induction on the derivations and by cases on the
last applied rules.

— The Propositional rules of Fig. 2 follow from the facts that DialAuty are
categories (Prop. C.3), moreover equipped with a symmetric monoidal closed
structure (Prop. D.3) and from Ex.5.5.(ii).

— The Substitution rules of Fig. 2 follow from the facts that DialAut is fibred
over T (§C.1 and in part. Prop. C.4), and from the internalization of A-maps

in automata (§3.3).
— The Quantifier rules of Fig. 2 follow from the adjunctions [T - p* - [] (§5.2)
and from the Beck-Chevalley conditions (Prop. E.1), and Ex. 5.11.(ii). O

G Proofs of §5.4 (Non-Deterministic Automata)

G.1 Game Graphs and Positionality
Fix A(M) : X and B(N) : X. The game graph of X - A(M) — B(N) is the
graph G with vertices:

(Ap X Bp) + (Ao X Bp) + (Ao X Bo)
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((p,a,qa) , (p,23,q8)) |ApxDBp
o 4
((paa'a7q¢47u) 5 (p757q5)) AOXBP
P !
((p,aa,qa,u), (p,aa, g, v))|Ao X Bo
0 {
((pa a.a, qa, u) ) (pd7 a.a, q;ﬁ)) AO X Bp
P 4
((pd,aa,qs) , (pd,aa,qs)) |Ap x Bp

Fig. 3. Edges of the graph G

where
Ap = D" X X" X Qg Ao = D" xX*"xQaxU
Bp = 0" xX*"xXQp Bo :=9*xX"xXQpxV

and edges as in Fig. 3, with ¢/4 := d4(qa, M(a.a,p),u,z,d) (for some z € X)
and ¢i := dp(qs, N(a.a,p),v,y,d) (for some y € Y). Write pos for the graph
morphism from the set of plays of X+ A(M) — B(N) (seen as a tree) to G. We
say that a strategy o is positional if it agrees on plays with the same position,
i.e. if som € o, t.m’ € o with pos(s) = pos(t) implies m = m/.

Consider now parity automata Aj, ..., A, and B. Then the winning condition
of a game of the form A, (M;)®...QA,(M,) — B(N) is a disjunction of parity
conditions, also called a Rabin condition, which is induced by colorings depending
only on the vertices of its game graph G. It has been shown in [21, 22, 20, 37] that
if P has a winning strategy o in such a game, then he has a winning positional
strategy (w.r.t. G), which according to [37] is recursive in o.

G.2 Non-Determinization (or Simulation [28, 9, 29])

Our exponential construction !(—) is an adapatation of the one used in the proof
of Thm. 5.15 by [36]. Given a parity automaton A : X', we let

'A = (Q!.A) q|1_A7 UQA ) 1a 6!./4’ Q'A)

where Q14 = P(Qa % Qa), {4 = {(d4,q"4)} and &4 is defined as follows:
Givenac X, feU% de®Dand S={(q1),---,(5q)} € Qia, let

6!A(S7a7fu.7d) = Thu---uUT,
where, for each k € {1,...,n},
T = {(arq) |3z € X qg=70algr 2, f(gr),z,d)}

Let a trace in an infinite sequence (S,,), € Q{4 be a sequence (g ), such that for
all n, (qn,Gn+1) € Sn+1. We let (214 be the set of sequences (.S,,), whose traces
all belong to £24. Note that 2 4 is w-regular since {24 is w-regular.
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Remark G.1 (Partiality). Note that Qa4 = P(Q X Q) contains a “true” state
0 € Q4, so the map

da 1 QuxX — U? — (D —Qu)
is always total.

If A is a regular automaton, let LA := !(AT), where AT is obtained from Prop. B.5.

G.3 Proofs of §5.4

Proposition G.2 (Prop. 5.16.(i)). If A : X is regular, there is a winning
P-strategy € in X F 1A(N) — A(N).

Proof. By Prop. B.5, we can assume A to be a parity automaton. Using Prop. A.1,
we define HS(e) by induction on plays as follows, with the following invariant:
for each (s,t) € HS(e), with s,t of even length, writing ¢ for the state of ¢ and
S for the state of s, we have ¢ € S[2.

The base case is trivial. Let (s,t) € HS(e) with s and ¢ even-length, and with
t in state ¢ and s in state S. Given an O-move (a, h), we let (s.(a,h),t.h(q)) €
HS(e), and for all (z, d) we further let (s.(a, h).(e,d),t.h(q).(z,d)) € HS(¢). Then
the invariant is insured by definition of lA.

The strategy 7 is winning since the sequence of states produced in A is a
trace in the sequence of states produced in !A. |

Proposition G.3 (Prop. 5.16.(ii)). Given N, A : X regular with N non-
deterministic, if there is a winning P-strategy in X = N (L) — A(M) then there
is a winning P-strategy in X+ N(L) —o LA(M).

Proof. By Prop. B.5, we can assume N and A to be parity automata. Write G
for the game graph of ¥+ N (L) — A(M). Thanks to [21, 22, 20, 37], there is
a positional (w.r.t. G) winning P-strategy o in X = N (L) — A(M).

We build a winning P-strategy 7 on N(L) —o LA(M) such that the following
invariant is satisfied:

~ To cach play t of 7 with pos(t) = (p. &) , (5. ) where § = {(w @)+ . (g},
we associate a set E(t) = {s1,...,8,} of plays of o, with pos(s;) = ((p, 2, qn) , (0,7, 4:)),
— and if moreover ¢’ extends ¢ and is such that pos(t') = ((p.d,a.a,q)y), (p.d,a.a, S"))
then for all s’ € E(t’) there is some s € E(t) such that s’ extends s.

The strategy 7 is build by induction on plays as follows:

— For the base case (initial position €), we have by definition S = {(¢%,¢%)}
and E(e) = {q4}.

— For the inductive step, let ¢ with pos(t) = ((p,a, qn), (p,3,5)) and let O
play from ¢ some (a,v) in component N (L) of (L) —o ! A.
For s; € E(t), let u; be the move of ¢ from position ((p,a.a, gy, v), (p, 2, ¢))
(thus going to position ((p,a.a,qn,v), (p,2.2,¢;,u;))). This defines a map
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h (aw) : Qa — U taking g; to u; (the definition of Ay (5, on irrelevant ¢’s
is arbitrary), and we let 7 play Ay, (a.) in the component lA(M) of N'(L) —
I A(M), thus going to position ((p,a.a,qn,v), (p,a.a,5, . (av))). Then if O
answers some d € ®© in the component A(M), and we let P play e in the
component A (L) (recall that both A and A are non-deterministic), the
current position in N (L) — A(M) becomes ((p.d,a.a,q)), (p.d,a.a,s")))

where
dy = dnlqv, L(@a,p),v,e,d)
and
S = 64(S, M(3.2,p), by (a0), 8, d)
Let
t = t(a,v).hy (a).d.e

and write S" = {(-,¢1),..., (- ¢y,)}. By definition of LA, each ¢} is equal
to da(qi;, M(a.a,p),u;,z;,d) for fome i; and some z; (note that there
might be several such i; and z;, but we select one). For each j, we let
O play (z;,d) in the component A(M) of N(L) — A(M) from position

((p,é'aa aN, U) ) (pa a.a, Qz, ) uij )) thus gOing to pOSitiOH ((pv a.a, qnN, ’U) ) (p'd7§'aa q;))

We then let P answer e in the component N'(L), thus leading to position

((p-d.2aqy). (p.d,3a,q)).
We finally put

E{) = {si.(a,v)u,.(zvo,d).e, -, s (a,v).u, (Tm,d).e}

This completes the definition of 7.

We now show that 7 is winning. Consider an infinite play (¢;);en of 7, and let
(Gn, Sn)nen be the associated sequence of states in (Qnr X Q14)¥. Assume that
(gn)n € 2n. We show that (Sy,), € 214. Let (g),)n be a trace in (Sy,)n, so that
(41, qp41) € Sn+1. We have to show that (q;,), € £24. Note that for all n € N,

pOS(t4n) = ((pnagnaQn) ) (pnvanasn))

By construction, for each n € N there are s,, € E(t4,) and s], € E(ty(,41)) such
that s/, extends s,:

! — —_
s, = Sn.(an,Vn).un.dy.e where Apt1 = Bp-ay and Dna1 = Pn-dn

and such that moreover

pos(sp) = ((Pns3n,an), (Pns8nsq),))
and
POS(SZ) = ((Pnt1,3n41,qnr1), (pn+1,5n+1,q;+1))

so that
pos(s,) = pos(si1)
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Since o is positional, it follows that the infinite sequence

w = e.(ap,v0) up-do- " Pn-(an, V) Up.dy. -
is an infinite play of o. Since w produces the sequence of states (qn,q.,)n €
(Qn X Qa)%, we get (q),)n € 124 since (¢n)n € 2 by assumption. O
By combinining Props. G.3 and G.2 we obtain:
Corollary G.4 (Thm. 5.15). £(A) = L(lA) for a reqular A.

Proposition G.5 (Ex. 5.17.(i)). The law of Peirce |((?A = 7B) = 7A) - 1A,
(where ?A = (LA*)*) can be derived using the exponential rules.

Proof. We can derive

AV, 7AF L
so that (since 7B = (I1B*)*)

LAY, ?AF 7B

from which follows that
[((7A = 7B) = 2A4), |A* - 74

and thus
((?A=?B) = 2A4), AT L

and we are done since 74 = (LAY)*. O

Proposition G.6 (Weak Completeness (Ex. 5.17.(ii))). Given regular au-
tomata A, B : X, if L(A) C L(B) then there is an effective winning P-strategy
in X 1A — ((BY))*.

Proof. By Cor. G.4, if L(A) C L(B) then L(A)NL((B*)) = ), and we conclude
by Prop. E.3. a

The proof of the next Proposition (Ex. 5.17.(iii)) is defered to §H. This is a
uniform version of [7, Thm. 1].

Proposition G.7 (Ex. 5.17.(iii)). For each reqular L C X®°, there is a
non-deterministic automaton B with L(B) = L, and such that for every non-
deterministic parity A with L(A) C L, there is a winning strategy in ¥ - A — B
induced by a function Qq X Qe x X x U — V.

H Further Examples

This Appendix is devoted to the proof of Prop. G.7 (Ex. 5.17.(iii)). It relies on the

existence of position winning P-strategies in games of the form X'+ A®B — AL,

for non-deterministic parity automata A, B : X such that £(A) N L(B) = (.
Further more, we show in §H.4 that such strategies, when combined with

our internalized linear implication can handle a construction for the separation
property of [33, Thm. 2.7].
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H.1 On Positional Strategies

Consider non-deterministic parity automata A, B : X. It follows from §G.1 that
if P has a winning strategy in X' - A — B, then P has a positional winning
strategy. But the game graph of X+ A —o B is equivalent to the graph G with
vertices:

(Ap x Bp) + (Ao x Bp) + (Ao X Bo) + (Ao x Bp x D)
where
Ap:=Q4 Ag =2 xQuxU Bp :=Qp Bo: =X xQpxV
and with edges
— from (Ap X Bp) to (Ao X Bp):

(ga , 9B) N ((a,qa,u) , qB) forallae ¥ and allu e U
— from (Ao X Bp) to (Ao X Bo):

((a,qa,u) , qB) LN ((a,qa,u) , (a,q8,v)) forallveV
— from (Ao x Bo) to (Ao X Bp X D):

(a,qa.u) , (aas,v) > ((aqaw), g5, d)
where d € © and ¢ := d5(gs, a,v,d),
— from (Ao X Bp x D) to (Ap x Bp):
(aqau) g, d) > (g4, db)
where ¢4 :=04(qa,a,u,d).
Since a positional P-strategy in G is given by a function
g : QuaxQpxXxU — V
we thus have:

Lemma H.1. Given non-deterministic parity automata A,B : X, if P has a
winning strategy in X - A — B, then P has a winning strategy induced by a
function Qu X Qp x X xU = V.

H.2 On Positional Strategies for Separation

Consider now non-deterministic parity automata A,B : X such that £(A) N
L(B) = (. Then by Prop. E.3 there is a winning P-strategy in X'+ A® B — L.
It follows from Lem. H.1 that P has winning strategy induced by a function

g  QaxQpxBxXxUxV — 2

The game X F A® B — A is won by P if L goes to state t, since it can not
switch back to f. It follows that it is sufficient to have the values of g above with
L in state f. It follows that P has a winning strategy in ' F A® B — L induced
by a map of the form

h @ QaxQpxXxUxV — 3
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H.3 Proof of Prop. G.7 (Ex. 5.17.(iii))
Example 5.17.(iii) is the following uniform version of [7, Thm. 1]:

Proposition H.2. For each reqular language £ C X2, there is a non-deterministic
B : X such that for every non-deterministic parity automaton A : X with
L(A) C L(B), there is a map g : Qa4 X Qp X X x U — V which induces a
winning P-strategy in X+ A — B.

The proof of Prop. H.2 follows the lines of [7], itself based on the comple-
mentation construction used in [35, Proof of Thm. 6.9].

Fix aregular £ C X®", and consider a non-deterministic parity C = (Qc, qb, W, dc, 2¢)
recognizing the complement of £. Using the closure properties of w-regular lan-
guages, there is a deterministic parity w-word automaton D : X x V x © where

Vo o= (Qc xW — :‘3)

such that D accepts (ax, fx, dk)r iff for all (ug)r € U¥ and all (qx)r € QF, we
have (qi)x ¢ f2c whenever gy := @&, qr+1 = Oc(qk, ak, Uk, fr(qx, ar, ux)), and
dr = fr(qr, ar, u).

Write D := (Qp,¢h, 2p). Let now B : X be a parity non-deterministic
automaton with P-moves V' and such that an infinite play ((ak, fi) - di)x is
winning iff (ag, fr,dk)r is accepted by D. Explicitly, we let

B = (Qp.ap,V,05,2p)

where

§B(Q7aa /s d) = 6D(Q7 (av s d))
Lemma H.3 ([35]). L(B) = L.

Proof (of the Lemma). We show that £(B) = L(C*). Let T : ®* — X. Assume
first that T € L(C*), so that P has winning strategy in C*(T'). Since C is a
parity automaton, this strategy can be assumed to be positional, hence to be
determined by a function ®* — (Q¢ xW — D). But this determines a P-strategy
in B(T'), which is winning by definition of B. Conversely, assume that T € L(B).
Since B is non-deterministic, a winning P-strategy in B(T) is given by a function
D* V=" (QcxW —=2). O

Going back to the proof of Prop. H.2, consider a non-deterministic parity
A X with L(A) C L. Since L(A) N L(C) = 0, it follows from §H.2 that there is
a function

g Q_AXQcXZXUXW — ®

which generates a winning P-strategy in X F A ® C — L. But g can be seen as
a map
QaxXYxU — V

and this map generates a winning P-strategy in X' F A — B. O
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H.4 A Separation Property from [33]

Our internalized linear arrow can handle a construction for the separation prop-
erty of [33, Thm. 2.7].

Consider non-deterministic parity automata A,B : X such that £(A) N
L(B) = 0. Assume moreover that both A and B are parity with colorings of
range {0,...,n} for some even n. Theorem 2.7 of [33] say that there is a parity
automaton C such that £(A) C £(C) C £(B*) and such that {2 is generated by
a coloring cg : Q¢ — N of range C {0,...,n} and such that in each reachable
strongly connected component of C (for ¢ — ¢’ iff ¢ = d¢(q, a, f,v,d) for some
a, f,v,d), cc has range either {1,...,n} or {0,...,n —1}.

We build C by restricting B —o A along a winning strategy in X' - AQB —o L.
By §H.2, there is a function

g @ QuxQ@QpxXxUxV — D

wich generates a winning P-strategy in Y F A® B — L.
We restrict the automaton 5 — A : X along g as follows. Recall that
QB—oa = QB X Q4. Define C : X as follows:

C = (@Boa+{thasos,U",V,dc, )
where d¢(t,,_,_,_) :=t, and

ot if 9(qa, 5,2, f(v),v) # d
dc((as,q4).2, frv,d) = {5BﬂA<<qA,qB>,a,f,v,d> otherwise

The coloring c¢ of C is then defined as in [33, §2.2.2]. We define it explicitly as
follows. Consider a reachable strongly connected component C' of C. Note that if
C contains t, then C' = {t}, and we put c¢(t) := n. Otherwise, C' contains only
states of B — A, that is states in Qp X Q4. Assume that C' is non-trivial and
contains two states (_,q4) and (gp, ) with c4(ga) = ¢s(gg) = n. By definition
of d¢, the set of states

{(da: a5, %) | (a5, d4) € C}

is reached infinitely often in an infinite play of the strategy in X - A B — L
induced by g. But this contradicts the fact that this strategy is winning. It follows
that either (a) c4 never takes the value n in C or (b) cg never takes the value n
in C. In the case (a), for each state (¢5,qa) of C we put cc(gn,ga) := ca(ga),
and in the case (b) we put cc(gs,q4) := cs(qs) + 1.

Consider now an infinite sequence of the form p := (q;,qx)r € QF_, 4 and
let C be a strongly connected component of C such that Infi (g}, qx) € C. Let
m = max(Infrce(qy, qx))-

Claim. If m is even, then p € 25_,4

Proof (of the Claim). In case (a) above, we have m = max(Inf;c.4(qx)) hence
(qr)k € 24 and p € 25_o4. In case (b), m = max((Infxep(gy,) + 1)), hence
max(Infrcp(qy,)) is odd, so that (g;,)x ¢ 25 and p € 2_o 4. O
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Lemma H.4. £(C) C L(B*).

Proof. Consider a winning P-strategy o in C(T). Recall that the P-moves of B*
are DY and that its O-moves are V, and that the P-moves of C are U" and that
its O-moves are V. Let 7 be the winning P-strategy 7 on A ® B — L (whose
P-moves are ® and O-moves are U x V) induced by g. We define a P-strategy
f by combining ¢ and 7 as follows: modulo Currying, 6 plays from v € V the
tree direction d € © proposed by T*(7) from v and the u € U given by ¢ on v.
Hence the strategies o and 6 play the same moves in B (provided by O). So the
sequences of Qp-states produced by ¢ and @ are the same, unless O plays in B*
a tree direction d € ® different from the one proposed by 6, i.e. different from
the one proposed by 7. In this case, the play on B*(T) is P-winning and we are
done. Assume now that the sequences of @p-states agree. We show that they
can not be in f25. Assume toward a contradiction that they are. By the claim
above, since ¢ is winning, the sequence of states in C belongs to (25,4 The play
respects o, so the sequence of ) 4-states must belong to {24 since ¢ is winning.
But the play also respects T*(7), which is winning in A(T) ® B(T) — 4, so
the sequence of @) 4-states can not belong to 24. It follows that the sequence
of Qp-states can not belong to 25, and we are done since the play in B*(T) is
then P-winning. a

In order to complete the proof of the separation property, it remains to show
the following

Lemma H.5. £(A) C L(C).

Proof. Let T : ®* — X such that T € £(A). Consider a winning positional P-
strategy 7 in A(T) induced by a function ®* — (Q 4 — U). This gives a function
D* = (Qc¢ x V — U) which induces a strategy ¢ in C(T"). Consider an infinite
play w of ¢ induced by an infinite play w;, of 7. Let p € Q¢ be the sequence
of states produced by w. If p contains t, then p € Q3_, 4.t* C {2¢ and we are
done. Otherwise, let p = (¢}, qk)x € @B—a. If we are in case (a) above, then
max(Infy(cc(p))) = max(Infr(ca(gr))), hence p € f2¢. Assume that we are in
case (b), so that max(Infy(cc(p))) = max(Infx(cg(q),))+1). Let 6 be the winning
P-strategy in X'+ A ® B — L induced by g. Then, by combining w, and w;z,
we obtain an infinite play @’ of 6. Note that in this play, L never switches to
t since we assumed p € 25 _.4. It follows that @’ produces the same sequence
of states (g,)r € @B as w, and we must have (q},)r ¢ 25 since (qx)r € 24. It
follows that max(Infy(cc(p))) = max(Infy(cs(g),)) + 1) is even. O

I Simple Self Dualization

In this appendix, we present some aspects of the construction called simple
self dualization in [18]. We begin by basic definitions and facts, and then give
a general method to construct (lax) symmetric monoidal monads and oplax
symmetric monoidal comonads in this setting, which will be used later on in §J
to explain the monoidal structure of DZ.
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I.1 Some Basic Definitions and Facts

We recall here some basic material about Dialectica-like categories from [8, 18].
Given a category C, its simple self-dualization is G(C) := C x C°P (also written
Cd in [18]). Its objects are pairs U, X of objects of C, and a morphism from
(U, X) to (V,Y) is given by a pair of maps (f, F'), denoted

£HE) - UX) = (VYY)

where f: U — V and F: Y — X. If C is symmetric monoidal, then G(C) is an
instance of a Girard category, in the sense of de Paiva [8, 18].

Assume now that the monoidal structure (®,I) = (x,1) of C is Cartesian.
Then G(C) is symmetric monoidal closed w.r.t.

U, X)og (V,Y) = UV, XV oYY)  with unit (I,T)
The linear exponentials are given by
(U, X) —oa (VY) = (VUxXY 6 UxY)

Moreover, G(C) can be equipped with a comonad (T, 4, €) where the action on
objects of T is

TU,X) = (UXY)
and the maps ¢ and € are given by
(f. Fo) : (U,XY) —+— (U,X)
(fs, Fs) : (U, XY) —— (U, XU*Y)

where f. = f5 = idy, Fe(u,x) = x and Fs(h,u) = h(u,u) (see e.g. [8, Def. 15,
§4.2]).

The co-Kleiseli category D(C) := KI1(T) is a Dialectica category in the sense
of [8, 16] (see e.g. [8, Prop. 52, §4.3]). Explicitely, its objects are pairs A = (U, X)
of objects of C, and a map from A to (V,Y) is a G(C)-morphism (f, F') from
TA to (V,Y), that is

(fF) = (UX7) - (V,Y)
D(C) is symmetric monoidal closed w.r.t. the product
U,X)e(V,Y) = UxV,XxY) with unit (1,1)
Note that with A = (U, X) and B = (V,Y),

T(A® B) (U x V,(X x Y)UxV)

U xV,xU" xyvY)
TA®gTB

[:

The linear exponentials of D(C) are given by

(U, X) - (V,Y) = (VYxXUY UxY)
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Note that A — B ~ T'A —g B, so the monoidal closure of D(C) actually
follows from that of G(C):

D(C)[A® B, (] G(C)[T(A® B),C]
G(C)[TA ®g TB,C]
G(C)[TA, TB —og O]
D(C)[A, B — C]

11

1.2 Self Duality
The category G(C) is equipped with an isomorphism
(-)* : Gl = GO

mapping the G(C)-object (U, X) to (X,U) and taking (f, F) : (U, X) —+ (V,Y)
to (F, f) : (X,U) —qcyer (Y, V) (thatis (F, f) : (Y, V) =+ (X, U)). Note that
(—)* is a strict involution: G(C)*+ = G(C).

1.3 Monoidal Structure

Consider an SMC C. Note that C°P is also an SMC, and recall from §I.1 the
tensor product ® of G(C) given by

U,X)o(V,Y) = UeV,XQY) with unit I = (I,I)
Assuming the following structure maps of C
a: (A®B)®C — AR(BRC) A IRA — A p:ARI — A v:A®B — BRA
the structure maps of (G(C), ®,I) are given by:

a = (o) (UX)eWVY)eW.2) — (UX)e((VY)e W, Z2)
A= (AMH 2 LDe U X)) —  (UX)

p = (pph) UX)e@LIl) — (UX)

Y= ('77'7_1) C UX)e(WY) — (VY)e (U X)

Proposition 1.1 ([18]). Equipped with the above data, the category G(C) is
symmetric monoidal.

I.4 (Commutative) Monoids

Proposition I.2. Consider an SMC C. Given a comutative monoid (M, u, m)
and a commutative comonoid (K, e,d) in C, the G(C)-object (M, K) is a com-
mutative monoid in G(C) with structure maps

uanky = (we) o (L) - (M,K)
muk)y = (m,d) @ (Me@M,K®K) —— (MK)

Proof. The proof is trivial since (1) commutation of the required diagrams
amounts to componentwise commutation of the corresponding diagrams in C
and C°P, and (2) the second components of commutative monoids diagrams in
G(C) are commutative comonoids diagrams in C°P.
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I.5 (Commutative) Comonoids

Recall that a (commutative) comonoid in a category is a (commutative) monoid
in the oppostive category. Since G(C)°? ~ G(C)*, it follows that Prop. 1.2
dualizes to:

Corollary 1.3. Consider an SMC C. Given a comonoid (K, e,d) and a monoid
(M,u,m) in C, the G(C)-object (K, M) is a commutative comonoid in G(C)
with structure maps

exy = (eu) + (K,M) —+— (LI)

divry = (dm) : (KKM) —+— (KK, Me®M)

I.6 A (Lax) Symmetric Monoidal Monad

Assume now that C is Cartesian closed, and fix a functor H : C — C. Recall
(from e.g. [27, §5.2]) that H lifts in a unique way to an oplax symmetric monoidal
functor, with strength

thp = (H(m),H(m)) : H(AxB) — HAxHB
and
t° = 1yp; : H1 — 1
Note that the naturality of t%_M_), that is
(H(f) x H(g)) o (H(m),H(m2)) = (H(m),H(m2))o H(f xg)
follows from the universality property of the Cartesian product since (say)
mo (H(f)x H(g))o (H(m),H(m)) = H(fom) = H(mo(fxg))
Consider now the functor
(=" G — G(O)
defined as
U, x)? = (U"F X)

and

(.-, = (Mh.fohoH(F), F) : (UX X)—— (VHYY)
(where (f, F): (U, X) - (V,Y)), and the maps
noxy = [plFy) = AuA_u, idx) U, X) —+ (UEX X)
pwoxy = (fuFu) = AhAzh(z,z), idx) - (UHXXHX X)) 4  (UHX X)

Proposition 1.4. (=), u,n) is a (lax) symmetric monoidal monad, with strength
mip = (fipFip) = QAMk).(hxk otky , idxxy)
(UHX xVHY "X xY) — ((UxV)HEY) X xy)
(where A = (U, X) and B= (V,Y)), and
m® = (1,1) : (1,1) — (1711
The proof of Prop. 1.4 is defered to §K.
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1.7 An Oplax Symmetric Monoidal Comonad
Proposition 1.4 can be dualized thanks to the self duality G(C)°? = G(C)*:

Corollary 1.5. Assume C is a CCC and H : C — C is a funtor. Then (H(-),d,¢€)
s an oplax symmetric monoidal comonad on C, where

Hux)y = Ux"Y)  and H(f,F) := (f, A.FohoH(f))
(for (f,F): (U, X) =+ (V.Y)), and

cvxy = (foF) = (dy, Az.A_x) . (U, XHY)
Swx)y = (fs,Fs) = (du, AhAwh(u,u) : (U XHY)

-+ (U, X)
_'%

and where the oplaz strength of (—) is given by

”,24,13 = (ffx,B7F31,B) = (duxv , A(h,k)~(h><k)°t2U,v)
(UxV, (X xY)EOV)y (U xV, XHU x yHY)

where A= (U,X), B=(V,Y) and tf;y, is defined as in 1.6, and

n’ = (1,1) : (1,17YH — (1,1)

J A Dialectica-Like Interpretation of Zig-Zag Strategies

We give here a Dialectica-like presentation of total zig-zag strategies 0 : A — B
for A and B positive full games. It relies on a distributive law ¢ in an instance of
Dialectica called simple self-dualization in [18]. We will perform it in the topos
of trees ..

We first instantiate the constructions and results of §K to the case of G(.).
We then show in §J.4 that the category DZ of simple zig-zag games can be
obtained as a full subcategory of some category of zig-zag games in G(#). In §J.5
we present the distributive law ¢ based on the constructions of §K. Finally, using
the fact that DZ can be obtained as a full subcategory of some category of zig-
zag games in G(.¥) described as the Kleisli category of the distributive law (,
we discuss the monoidal structure of DZ and DZ.

J.1 The Topos of Trees

The topos of trees .7 is the presheaf category over the order (N, <) seen as a
category, see e.g. [5].

An object X of .7 is given by a family of sets (X, )nen equipped with re-
striction maps 7% : Xp41 — X,. A morphism f from X to Y is a family of
functions f, : X,, — Y,, compatible with restriction: 7‘,’: o fnr1=fno rff .

(U, X"7) == (VYY)

(U,XHUXHU)
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As a topos, . is Cartesian closed w.r.t. to the Cartesian product of presheaves,
which is given by (X x Y),, := X,, x Y,,. Exponentials are defined as usual for
presheaves (see e.g. [25]) by

(XY), = Nat[N[-,n] xY,X]

Explicitly, (X Y)n consists of sequences (&, : Y, — Xj)k<, which are compatible
with 7% and 7¥. The restriction map of XV takes (&)k<nt1 € (XY )ni1 to
(&)k<n € (XY ).

We will use the functor » : . — . of [5]. On objects, it maps X to
(®X)n)nen where (3 X) 41 = X, and (»X)o = 1, with > = rZ and
r&X :=1: Xy — 1. On morphisms, (»f),s1 := fn and (> f)g:=1:1 — 1.
Note that »(X X Y) ~»X x pY.

Define the family of maps pred™ : X = » X, natural in X, as predg( =1:
Xo — 1 and pred;),; :=r¥.

The functor » allows .¥ to be equipped with fixpoint operators fix™ :
XX = X, defined as

) ((f)men) = (fao...0fo)(e)

The maps fix* are natural in X. Given f : » X xY = X, writing f*: ¥ = X»X
for the exponential transpose of f, fix¥ o ft is the unique map h : ¥ = X
satisfying f o (pred™ o h,idy) = h (see [5, Thm. 2.4]).

Given a sequence of sets M = (M,),, we also denote by M the .7-object
with M, := [}, M, and restriction maps 2! (m.m) := m. (r™ is an epi). Note
that M x N ~ M x N, where M x N, := H?:()Mi X N;. If M,, = M for all n,
then we write M* for the .#-object M.

J.2 The Monoidal Structure of G(.¥)

Following §J.1, we take for . the monoidal structure given by its Cartesian
product (so that ® := x with I := 1). Since (An)n X (Bp)n = (An X Bp)n
the structure maps of (., ®,1I) (induced from its Cartesian structure) have as
components the corresponding structure maps of Set:

an, = a: (A, xBp)xC, — A, x (B, xCy) An
Pn = prA,x1— A, Yn

A:1x A, — A,
v: Ay X By, — By X Ay,

The required diagrams follow as usual from the fact that Cartesian categories
are monoidal (using the universal property of the Cartesian product).

J.3 Monoids and Comonoids in G(¥)

Prop. 1.2 and Cor. 1.3 (on monoid and comonoid objects in categories of the
form G(C)) specialize to:

Proposition J.1. Let X be an object of ..
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(i) The G()-object (1, X) is a commutative monoid of G(), with structure
maps

u = (171) : (171) ( )

—-—  (1,X)
m = (1,(d,id)) : I xL,XxX) -+ (1,X

)

(i) The G(.7)-object (X,1) is a commutative comonoid of G(), with struc-
ture maps

(1,1) : (X,1) —— (1,1)
(Gd,id),1) : (X,1) - (XxX,1x1)

e

d :

Proof. By Prop. 1.2 and Cor. 1.3, since the terminal object 1 of a Cartesian
category is a commutative monoid, and since any object of a Cartesian category
is a commutative comonoid.

J.4 A Dialectica-Like Interpretation of Zig-Zag Strategies

We now show that DZ is equivalent to a category obtained from a distributive
law in G(.¥). We first show (Prop. J.2) that total zig-zag strategies are in 1-1
correspondence with G(.#’) morphisms

(f,F) : ©UxY) —— vy

We then describe a composition of these morphisms respecting composition of
strategies. The distributive law ( is presented in §J.5.

Total Zig-Zag Strategies in G(.¥). Consider a positive full game A = (U, X).
Recall from App. A the bijection

0 = (Oy,0x) : X" — Upen(U" x X")

with 9(e) = (e, 8) and I(s.u.x) = (Jy(s).u, Ix(s).x). Recall also from Prop. A.1
the faithfull functor HS : SG — Rel.

Consider now another positive full game B = (V, X) and let 0 : A — B be
a total zig-zag strategy. By induction on n € N, it is easy to see that for all
(w,y) € U™ x Y™, there is a unique (s,t) € HS(o) such that ©w = Jdy(s) and
g = 0y(t).

The property vacuously holds for n = 0. Assuming it for n, given (w.u,7.y) €
Untl x Y"1 by induction hypothesis, there is a unique (s, t) € HS(o) such that
% = Oy(s) and § = Jy (t). Now, since o is total and zig-zag, there is a unique
v € V such that (s.u,t.v) € HS(o). Similarly, there is a unique z € X such that
(s.u.x,t.v.y) € HS(o), and the property follows.

Furthermore, since . and 7 uniquely determine 7 = 9y (¢) and v, and since
w.u and F.y uniquely determine T = dx(s) and x, we obtain functions

fosr 2 UMTxyYn oyl
Fppr @ UrHlxcyntl 0 xntl
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It follows that o uniquely determine a G(.)-morphism
oo = (LF) : OXxY) s (v v

Conversely, each (f, F) uniquely determine a total zig-zag strategy o, with,
for all ww € U™, and all 7 € Y™,

(0~ (w,7).u , 9 (v,7).v) € HS(0)
where v.v = f,,11(u.w,y) and T = F,(4,7); and for all y,
(07w, 7).z , 07 (v,7).v.y) € HS(0)

where T.z = F,11(W.u, 5.y).
‘We therefore have shown:

Proposition J.2. Given positive full games A = (U,X) and B = (V,Y), the
map (—)a(») is a bijection from total zig-zag strategies o : A — B to G(5)-
morphisms

(f7 F) . (U*,X*U*) N (V*’Y*7Y*)

Composition of Total Zig-Zag Strategies in G(¥). Note that given (u, Z, 7,
(Ux X xV xY)", we have ((u,T), (v,7)) € HS(0) if and only if v = f,, (@, » (7))

HS(0). We adopt the same convention in the following.
Consider positive full games A = (U, X), B = (V,Y) and C = (W, Z), and
G(.)-morphisms

(£F) = (UL X7) e (VYY)

(9,G) : (VYY) s (WP 2
We want to define their composite

(hH) : U5Xx*Y) - ™% 727

Write o and 7 for the total zig-zag strategies corresponding to resp. (f, F)
and (g, G@). Then the relational composite

HS(too) = HS(7)oHS(0)

must be such that ((w, ), (w,z)) € HS(7) o HS(0) if and only if there are (7,7)
such that

((w,7),(v,y)) € HS(0)  and  ((3,7),(w,Z)) € HS(7)

But this is possible iff the following equations are satisfied:

T = fo(@» (7)) W= gn(v,»(%))
T = F,(,7) Y = Gn(0,2)

) €
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The derived equation

7 = Gulfu(@»(®)),2)
uniquely defines 7 from w and Z as
o= y@z = fix,(A.Gulfu(@y),7))

(We have here tacitly used the fact that £ € (M*>™"), is completely determined
by its last component &,.) Now, since »(y(@,z)) = y(»u,»Z), we can define

hn+1(ﬂu,§) = gn—ﬁ-l(fn+1(ﬂuay(ﬂa E))) ; E)
H,1(uu,zz) = Fyii(uu,y(uu,zz))

More generally, given G()-objects (U, X), (V,Y), (W, Z), and G()-morphisms

(f,F) : (UXY) —— (V*Y)Y)
(9,G) : (V,YV) ——= (W»% 2)

we can define their composite
(. G)o(f,F) = (h,H) : (U,XU) N (W>Z,Z)

as, modulo exponential transpose and again using the internal A-calculus of .7

h(uaz) = g(f(u»y(>uvz))vz)
H(z,u) := F(u,ylu,z))
where ylu,z) = fix¥ Ay.G(f(u,v),2))

J.5 The Distributive Law ¢

It is possible to directly check that the composition described in the previous
paragraph is associative and preserves identities. We can actually do better: The
category DZ of simple zig-zag games can be obtained as a full subcategory of
some category of zig-zag games in G(.¥) described as the Kleisli category of a
distributive law (.

The law ( is based on the constructions of §K. It distributes an oplax symmet-
ric monoidal comonad obtained from Cor. 1.5 over a (lax) symmetric monoidal
monad obtained from Prop. 1.4:

— The oplax symmetric monoidal comonad, denoted T = (T, ¢, §), is obtained
from Cor. 1.5 by taking H :=Id ».
Explicitely, T(U, X) := (U, XY) and the action of T on morphisms is given
by:

(£, F): (U,X) = (V,Y) =  (f, AFohof):(UXY)——~ V., Y")

The maps € and J are given by:

(fe, F.) = (idy, Az.A_z) (U, XY) —+— (UX)
(fs, F5) = (idy , AhAuh(u,u)) : (U, XY) —— (U, XUXY)
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— The (lax) symmetric monoidal monad, denoted (—)* = ((—)*,¢,9), is ob-
tained from Prop. 1.4 by taking H(—) := »(—) (see §J.1 and [5]).
Explicitely, (U, X)* := (U®X, X) and the action of (—)* on morphisms is
given by:
Y
(f,F): (U X) == (V,Y) 5 (MifohowF, F):(U*X,X) = (VYY)
The maps n and p are given by:

(fnaFn) = (AU,)\,U s ldx) : (U’ X)
(fu, Fu) = (AhAz.h(z,z), idx) : (U»X*>X X))

The distributive law

(U, X)

—
-+ (U"%,X)

is given by

o= (SF) 2 X7 e XY
where the maps
o U xe(XY) — U and F¢ : U xXY — X

are defined as follows. Let f$ (0o, ) := 6. Given £ € (XY),,, § € (U™X),, and
0" € (U™X) 1,
F(0,€) = fiog(€00)
faa(0,6) = O (fiosy (€ 0 1a(6)))
= O (Fa(ra(6),6))
The maps (4 form a distributive law of T over (—)™, which is moreover

monoidal in the sense of Prop. M.7. These facts are summarized in the following
Proposition whose proof is defered to §L.

Proposition J.3.
(i) The family of maps Ca : T(A®) —— (TA)* forms a distributive law.
(ii) Moreover, ((_y is monoidal in the sense of Prop. M.7, that is:

T(WQA,B)

T(A* @ B¥) ———————=T((A® B)”) (3)
gi\»,ml icms
T(A")®T(B") (T(A® B))*

<A®<Bl i(gi,B)’
(TA)» ® (TB)®» —— (TA®TB)*

MraTB

where (m?,mY) is the (lax) strength of (—)» defined as in Prop. I.4, and
(g%, 9°) is the oplax strength of T defined as in Cor. 1.5, so that:
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mip = (A(hk).(hx K)o (»(m),»(m2)) , idxxy)
(U X x V™Y X xY) — (UxV)EY) X xy)
(where A = (U, X) and B = (V,Y)), and m° := (1,1) : (1,1) —
(1>11).
— ForT':
gap = (duxv, Ahk).(hxE)) : (UxV, (XxY)"V) —

(where A = (U,X) and B = (V,Y)), and ¢° :== (1,1) : (1,1!) —
(1,1).

It then follows from Prop. J.3 and Cor. M.8 that K1({) is symmetric monoidal.
— Its monoidal product is that of G(#) on objects, so that
(U,X)@KHO(V,Y) =(U,X)o(V,Y)=(UxV,XxY) and I=(1,1)

and on maps, given (f, F') € KI1(()[Ao, Bo] and (g,G) € KI(()[A1, Bi], we
let

(f’ F) ®KI(C) (g’G) = m%D,Bl © ((f’ F) ® (g’G)) 091240,.41

— The structure maps are the image under A48 .ng o hoey of the structure
maps of G(.¥).

From now on, if no ambiguity arises, we write ® for the monoidal product of

K1(¢).
We write K1(¢*) for the full subcategory of KI1({) whose objects are of the
form (U*, X*). Together with §J.4, Prop. J.3 gives:

Proposition J.4. The category DZ is equivalent to K1(¢*).

J.6 The Symmetric Monoidal Structure of DZ

Recall from Prop. J.4 that DZ is isomorphic to K1(¢*) the full subcategory of
KI1(¢) whose objects are of the form (U*, X*).

Note that I is an object of K1((*), as well as A ® B as soon as A and B are
objects of K1(¢*). It thus follows from Prop. J.4, Prop. J.3 and Cor. M.8 that:

Proposition J.5. Equipped with the above data, the category K1(¢*) (and thus
DZ) is symmetric monoidal.

(UxV, XUxy")
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J.7 Monoids and Comonoids in DZ
Thanks to Prop. M.11, we therefore get from Prop. J.3 and Prop. J.1:
Proposition J.6 (Prop. A.9).

(i) Objects of the form M = (1, M) equipped with structure maps

Mo M o M|
O] (e,0)
o P
m|O
P| (m,m)

are monoids in DZ.
(ii) Objects of the form K = (K, 1) equipped with structure maps

dx
K— KK
Olk
(k, k) |P
(o,0) |O
Ple

are comonoids in DZ.

J.8 The Base Category T

Proposition J.7 (Prop. B.1). The category T embeds to Comon(DZg) via
the functor Ex mapping an object X of T to the comonoid (X, ex,ds) and a
morphism M : T[I', X] to itself.

Proof (Proof of Proposition J.7). Fix M € T[X, I'], so that
M ~ (fa,1) : (,1%) = ™) 1x9D)
The comonoid structure maps can be explicitelly defined as
ex ~ (1,1) : (£,1%) 4= 1*®®) 1x®)
and
de ~ (A.A&(a,a),1) : (2,1%) = ((ExX)>@OxIXD) 1x1xD)
We check the required diagrams:

— First,

y_ M .r

.| B

Yoy MM _rer
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Note that all maps involved are 1 on the second component, so we only check
the first one.

We then compute (leaving implicit the monad maps used for composition in
DZ@)I

(fM X fM) © ()‘*')‘E'(a’ a)) = )‘><p)'>‘5'<fM(’(p)7§) ’ fM(»(p)’a»
and we are done since on the other hand
(A-Aa(aa))ofu = Ae(p)Aa(fu(>(p),a), fu(>(p),d))

— Second, the coherence diagram

y___ M _r

trivially holds since all involved maps are in the second component are 1,
and, for the first component, since 1 is terminal in ..

K Proof of Proposition 1.4

In this appendix we give a proof of Prop. I.4. We first recall its statment.

Assume that C is Cartesian closed, and fix a functor H : C — C. Recall (from
e.g. [27, §5.2]) that H lifts in a unique way to an oplax symmetric monoidal
functor, with strength

thp = (H(m),H(m)) : HAxB) — HAxHB

and
t9 = 15, : H1 — 1

Note that the naturality of t%f)’(f)7 that is
(H(f) x H(g)) o (H(m ), H(m2)) = (H(m), H(ms))o H(f x g)
follows from the universality property of the Cartesian product since (say)
m o (H(f) x H(g)) o (H(m), H(mp)) = H(fom) = H(mol(fxyg))
Consider now the functor
()" + Gl — G(C

defined as
o) = (U X)



and
(f,H? = (Ah.fohoH(F), F) : (UHX X)—— (VHY Y)

(where (f, F) : (U, X) = (V,Y)), and the maps

Nw,x)

(fos Fy) = AuA_u, idx) U, X) —+ (UEX X)
MU, x) -+

(fu, Fu) = (AhAdz.h(z,z), idy) @ (UHXXHX X)) (UHX ) X)

Proposition K.1 (Prop. 1.4). ((=)7,n,u) is a (lax) symmetric monoidal
monad, with strength

m124,B = (fz,B7F§,B) = ()‘(h7k)(h X k) Ot%(,Y ) idXXy)
(UHX x VHY "X xY) —  ((UxV)HEY) "X xy)

(where A = (U, X) and B= (VY)), and

m’ = (1,1) : (1,1) — (171)1)

K.1 (—)H is a lax symmetric monoidal functor

(=) is a functor. First, given A = (U, X) we have
(ida)? = AhidpohoH(idx), idx) = (Ahh,idx) = idys

Moreover, given (f, F) : (U, X) -— (VY) and (¢,G) : (VYY) —— (W, Z), we
have

(9, @)o(f, F)T = (gof, FoG)" = (Ah.gofohoH(FoG), FoG)
= (A.gohoHG,G)o (Ah.foho HF,F)

since

Ah.gofohoH(FoG) = MAh.gofohoH(F)oH(G) = MAh.(Ak.gokoH(G))(fohoH(F))

The maps m?_) (—y are natural. We have to check that given (f,F): (U,X)—+>
(V,Y) and (¢9,G) : (U, X') == (V',Y’) we have

mpp o (LE)T©(g,G)") = ((f,F)®(g.G)" om} 4
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(where A = (U, X), B=(V,Y), A = (U',X’') and B’ = (V',Y’)). We compute

mBB'O((fa T (g = mBB’O(

()"

Ah.foho H(F),F)® (Ak.goko H(G),G))

A.foho H(F)) x (Ak.goko H(G)) , F x Q)
hxk)ot%,y,)o(()\hfohoH(F))X()\k.gokoH(G)))7F><(
(hxEk)otdy.) o (A(h,k).(fohoH(F), gokoH(G))), FxG
)(thOH( ) x (gokoH(G)))otyy , F xG)

)-(f x g)o(hxk)o(H(F)x H(G)) oty , FxG)

).(f x g)o (hxk)otg(,X,OH(FxG),FxG)

)-(Ap.(f x g)opo H(F x G)) o ((hx k)otx x.) , FxG)

(f, F) @ (g,G)" om% 4

is lax symmetric monoidal. Note that (—) is the identity on the second

mBB’O(

\_/

components, so we only have to check diagrams for the first components.

— The associativity diagram leads to check

QuHX yHY wHZ

(UHX X VHY) X WHZ UHX X (VHY X WHZ)

(A(h’k)(hx’“)oti,y)Xidezl lidUHX < (A(h,k).(hxk)ot. )
(U X V)H(XxY) x WHZ UHX « (V X W)H(YxZ)
)\(h,k)A(hxk)otixY.Zl lk(h,k).(hxk)otg{,),xz
(U x V) x W)H(XxY)x2) (U x (V x W))HEXX(¥Yx2)

Ah.au,v,w OhOH(O‘;(,lY,Z)

(where A = (U, X), B = (V,Y) and C = (W, Z)). Note that since C is
Cartesian closed:

a = (mom, (mpom,m)) = A(uv),w).(u,(v,w))
We have to check
A((h, k), D).avywo(((hxk)oty y) xDotywy zoH(akly ) = Al(h,k),1).(hx ((kx1)oty, 7))ot% vy 7

But we are done since it follows from the universal property of the Cartesian
product of C that we have

XHX,HY ,HZ

(HX x HY) x HZ HX x (HY x HZ)
tixYXidHZT TidHXXt%/’Z
HXxY)xHZ HX x HY x Z)

2 2
tXXY,ZT Ttx,yxz

H(X xY)x Z) H(X x (Y x Z))

H(a;(.ly,z)
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— The unit diagrams are dealt-with similarly. We only check the diagram for
the unit A, which lead to check

AyHX

1 x UHX UHx

1xid, mx l T)\h-AUOhOH()\;(l)

11 « UHX (1 X U)H(lXX)
A(h,k).(hxk)ot] x

Since A(_y = 2, we have to show

X(o,h).h = X(e,h)Ayo(exh)ot] xoH(AY")
It follows from the unversal property of the Cartesian product of C that we
have have
AL
1x HX <" OX
lxidHXT J{H()\Xl)

H1x HX ~——— H(1x X)
t,x

We are therefore lead to check
Ao, h).h = X(e,h)Ayo(exh)or
and we are done since )\(__1) = (1,id(_)).
— The symmetry diagram is dealt-with similarly.
K.2 ((—)H,n,u) is a monad
The maps n—y are natural. Let (f, F): (U, X) =+ (V,Y). We have to check
nvyyo(f,F) = (Ah.fohoH(F), F)onux)
which amounts to
Aud_u)of = (Ah.fohoH(F))o (Au.A_u)

that is
AuAlf(u) = Aufo(Au)o H(F)

and we are done.
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The maps iy are natural. Let (f,F): (U, X) = (V,Y). We have to check
tv,y)© (A (Ak.fokoH(F))ohoH(F) , F) = (Ah.fohoH(F), F)ouw,x)

which amounts to

Az h(z,x))o(AhAz. fo(h(H(F)(x)))oH(F)) = (Ah.fohoH(F))o(Ah.Az.h(z,x))
that is
(AR Az.h(z,x))o(Ah Az Ay.f(R(H(F)(z)), H(F)(y))) = Ah.fo(Az.h(z,z))oH(F)

which reduces to

A Az Az Ay f(R(H(F)(2)), HF)y))(z,2) = AhXx.f(h(H(F)(z), H(F)(x)))
and we are done.

Associativity Law. Since ji_y is the identity on the second component, we only

have to check

Ah. Az .h(z,x)
_— >

UHXXHXXHX UHXXHX

Ah.(Ak.Ayk(y,y))ohl \L)\h.kx.h(x,x)

UHXXHX UHX
Ah.Az.h(z,x)

that is
A Ay (Az.h(z,2)(y,y) = Az ((AkAy.k(y,y)) o h)(z, x)
We compute
AR Ay.(Az.h(z, ) (y,y) =  AhAy.h(y,y,y)

and we are done since

AT (( Ay k(y,y)) o h)(z,2) = AhAx.( Az y.h(z)(y,v))(z, z)
= AhAz.(Ay.h(z)(y,y))r = Ah.Az.h(z,z,2)

Unit Laws. Since n_y and p(_) are the identity on the second component, we
only have to check

Ah.(Au.A_u)oh

UHX Au Ay UHX*xHX UHX

AhAz.h(z,z)

UHX
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We are done since
(AhAz.h(z,2))o(AuAu) = Awdr.(A_u)(z,z) = Auwdzwr = idgsx

and

(AhAz.h(z,z)) o (Ah.(AuA_u)oh) = AhAz.((AuAr_u) o h)(z,x)
AR Az (Ay. A h(y))(z, )
Az (A_h(z))x

Ah.Ax.hx

K.3 ((—)H,n,n) is lax symmetric monoidal

It remains to show that n and p are lax monoidal natural transformations. Once
again, we only check the second components, which amount to the following.

n(-) s lax monoidal. We have to check

AuA- )X A0A-0) x|y HY

UV and 1
1
l)\(h,k).(hxk)otg(,y / \
UxV (U x V)HXXY) T

ApA-p
The second diagram is obvious. The first one amounts to
ApALp = A(u,v).((Au) X (A_w)) o (H(my), H(ms))
and we are done since

Alu,v).(Acu)x(Aow))o(H (m), H(m2)) = A(u,v).(Au, A_v) = A(u,v).A(u,v)

p(—y is lax monoidal.

— Preservation of the binary strength amounts to

UHX><HX y VHY><HY (Ah Az h(z,x)) X (A AY.k(y,y)) UHX y VHY

nl i)\(h,k).(hxk)oti)y

(U X V)H(XxY)xH(XxY) (U X V)H(XXY)

Ah Az .h(x,z)
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where 7 is the first component of (m%
= (V,Y)), so that

) omiu pu (for A= (U, X) and

n = (AL((A(hk).(hxEk)o tg(,y) ol)o ((A(h,k).(h x k) ot§(7y)
= A k).(AW,E).(W x k) ot§( v)o ((hxk) otﬁ(yy)
= A k). (AW, E).(W x K otg(y)o (ho H(m) , ko H(ms))
= A(h, k). Ap.((h(H(m1)p)) x (k(H(m2)p))) oty y
= A(h k). Ap.((h(H (m1)p)) x (k(H (72)p))) o (H(m1) , H(m2))
= A(h,k).X(p,q)-(h(H (m1)p), H(m1)q) , k(H(m2)p, H(m2)q))

and therefore

(AhAz.h(z,z))on = A k).Azn(h k)(z,x)
= Ah,k).Az.(h(H(m)x, H(m)z) , k(H(m)xz, H(m)x))

But now we are done since on the other hand,

(A(h, k).(h x k) otgfy) o (AhAz.h(z,x)) X (Ak.Ay.k(y,v)))
= A k).(Az.h(z,2)) x (Ay.k(y,y))) otk y
= A(h,k).(Az.h(z,2)) x (Ay-k(y,y))) o (H(m1), H(72))
= A(h, k). Ap.(h(H (m1)p, H(m1)p) , k(H (72)p, H(m2)p))

— Preservation of the unit strength amounts to

1H1><H1 1H1
A(h,k).(hxk)ot] |

where n® is the first component of (m®)” om?, so that n® = (Ah.1oh)ol =
and we are done since

A(hk).(hx k)ot2)ol = 1

L Proof of Proposition J.3

This appendix is devoted to the proof of Prop. J.3. We first recall its statment.

Proposition L.1 (Prop. J.3).

(1) The family of maps Ca : T(A®) —+ (TA)® forms a distributive law.
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(ii) Moreover, ((_y is monoidal in the sense of Prop. M.7, that is:

T(WQA,B)

T(A* ® B¥) ———— = T((A® B)*) (4)

9?4>,B>l i{A@B

T(A*)® T(B") (T(A® B))”
CA@CB\L i(gi,g)’
(TA)* @ (TB)* ——— (TA® TB)*

MraTB

where (m?,mP) is the (lax) strength of (—)» defined as in Prop. I.4, and
(g%, 9°) is the oplax strength of T defined as in Cor. 1.5, so that:

— For (—)*:

mhy = AR)(hx k) o (m(m),m (1)), idxsy)
(U X x V™Y X xY) — (UxV)»EY) X xY)

(where A = (U, X) and B = (V,Y)), and m® := (1,1) : (1,1) —
(1>t 1).

— ForT:
dip = (duxv, Ahk).(hxk)) : (UxV, (XxY)"V) —
(where A = (U,X) and B = (V,Y)), and ¢° :== (1,1) : (1,1') —
(1,1).

L.1 Proof of Proposition L.1.(i)

We have to check that ¢ : T((—)”) — (T'—)” is natural and that the following
four coherence diagrams commute (see e.g. [13]):

(T ()

A)»
/ k
(TTA>
%

T((TA)*)

T(A™)

0

Ca
AP
TT(A%)
TCa

(UxV, XUxy")
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T(A™) (6)

T(A> >)\\ /TA) >

Car HraA
TP e (A
/(TA)\ (7)
Ca (ea)”
T(A™) e A»

(®)

T(A™)
TV X
TA T (TA>

Recall that T is the comonad T' = (T, ¢, §) and that (—)% is the monad ((—)>,n, i)
on G(.¥). We repeat the definitions of the functors 7" and (—)>:

T

(f,F): (U, X))+ (VY) — (f, AhFohof): (UXY)—— (VYY)
(FF): (U, X) == (V,Y) 25 (MfohowF, F):(UPX.X) —— (VYY)
and of the natural maps n and p:
(fnr F) U, X) -+ (U"¥.X)
(fu F) = (U XX) - (UPX,X)
where F,, = F,, =idx, f,(u,z) = v and f,(h,z) = h(z,z).
Moreover, the natural maps € and § are given by
(f. F) : (U,XY) —+— (U,X)
(fs. Fs) = (U,XY) —+= (U,X7*)
where f. = fs =idy, Fe(u,z) = z and Fs(h,u) = h(u,u).
We check in turn the required diagrams.

Lemma L.2. ¢ is natural, that is, given (9,G) : A —— B, we have

| e

TA)*> TB)*
T4) (T(g,G)*> (TB)
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Proof. Let A= (U,X) and B = (V,Y), and consider (g,G) : (U, X) =+ (V,Y).

Note that

(9.G)% = (Ah.gh»G , G) U X) —— (V™Y)
T((g,G)*) = AhghwG, Ab.Gh(Ahgh»G)) : (UX,XU™) s (v»Y YV

T(9,G) = (9, Ah.Ghyg) (U, XY) == (VYY)
(T(g,G)* = (Ah.gh»(Ah.Ghg) , Ah.Ghg) U*&D XUy s (V) YY)
We have to show that

(T(9:G)> o¢a = (poT((9,G)%)

that is
(Ah.gh»(Ah.Ghg))of4 = f2o(Ah.gh»G)  and  F“4o(Ah.Ghg) = Ah.Gh(Ah.gh»G)oF*?

For the first equation, which has type U»X — V’(YV)7 given 0,11 € (U”X) 11
and &, € (YY), one has to show the following (where some o are replaced by
juxtaposition)

(ARG 18 (ALGrg1hgn1))of541) Oni1) (€)= (FR510(Ngny1h»Gri1))(Bni1)(€n)
that is
(Ah-gni10ho(AR.Grhgn))(frt (Bns)))(€) = (f221((Ah.gny10h0Gy) (6n11)))(En)
that is

(gns1 0 (fi41(0n11)) © ALGrhg)(6n) = (f51(gnr10n11Gn))(En)
that is

Gt (321 O ) (AGhgn)&n)) = F351(gns10n11Gan , &)
that is
Gnrr (£ Ons1 » Gubngn)) = 551 (9n410041Gn , &)

that is

Int1 0 0pi1 0fix, (Grénbn) = Gne1 00nt1 0 Gy o fix,(£0,9000Gr-1)

which is easily seens to hold, when unfolding the fixpoints, thanks to associativity
of composition.

The second equation, of type YV — XU>X, amounts, for &, € (YY), and
0, € (U”X),, to the following (where some o are replaced by juxtaposition)

F(Gnngn » 0n) = ((AL.Gh(Ah.gh»G))(F" (€,)))(0n)
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that is
Fp (Guéngn » 0n) = (Gno (Fi#(&n)) © (Ah.gnh»G))(6n)
that is
Fp (Géngn » 0n) = Gu(Fg2(60)(Ah.gnh»Gr)(6,)))
that is
Fp (Géngn » 0n) = Gu(Fg®(én s 920n»Gr))

which also holds thanks to associativity of composition (when unfolding the
fixpoints).

Lemma L.3. Diagram (5) commutes.
Proof. Let A= (U, X), so that
T(A%) = TU*NXx) = @©Xx""7) and (TA* = UxV)» = @) XY

The diagram has type

T(A®) = (TTA®> = (U%, XU™") o (UX770) | xUXY)
Moreover,
(04) = (dy, Mauh(u,uw)® = (Ahhe(Ahuh(u,uw)) , Xhuh(u,u))
TCq = T(f<a, Féa) = (f%, Mh.FCanféa)

We have to check the following two equations:
fsarofh = fofre,ofs,  and  FoFs» = Fs  oPpcoFm

The first one, of type U>X — U X”*") amounts, for Oni1 € (UX)pia
and £,41 € nglU, to the following

(N b (Nhwh(u,u)) © fia ) (Ong1) (Envr) = (F24 Fe21) (Ongr) >Ensr)
that is
(frt1Onsr) o Nhwh(u, ) (Enir) = 351 (fata (Bnsa) » &n)
that is
f§i1(9n+1 ; Aun(u,u)) = f§i1(9n+1 ) ﬁfo(fn ofﬁA(Qn)))
Write

U
be = 8Os, Auto(u,w)  and 7 = fS (Gnga s fixgy (§40f54(00)))



63

The proof is then by induction on n. In the base case n = 0, both sides unfold
to 01 (e). For the induction step, assuming the property for r,, = l,, we show

ln+1 = Tn+1-
First, note that Note that

ﬁxg+1(>‘u'£n+1(ua u)obpir) = ﬁXn+1()\$ Ent1(0nt1(2), Ongr (2 )))

(Az 41 (On+1(2) 5 Onra(2)))(fixy (A2-En (0 (2), On(2))))
(Au&npa (u,w))(0 n+1(ﬁxg((>\u 6. (u.1)) ©6,)))

= gn-i—l(lnaln)

so that
ln+1 = 9n+2 (§n+1 (lnu ln))
On the other hand, note that
U U
fixy 1 (Enp1 0 F541(Onr1)) = Capr(F3dy(Onga, fixs (Gn o0 f$4(00))))
= EnJrl(rn)
and so in particular
ra = Ona () (€00 £ (0n)) 0 0)

= 9n+1(ﬁxn (gn (Tnfl) o en))
We thus have

Tntl = Z(ﬁxn+1(ﬁxn+1(§n+1 o fn+1( 1)) © Ont1))
= Ont2(fixnt1(§nt1(rn) 0 Ony1)
= n+2(En+1(Tn) (On+1(fxn (§n (Tr—-1) 0 05))))
= Ong2(&ngi(rn)(rn))

and we conclude by induction hypothesis.
The second equation, of type XU*U — XU>X, amounts, for &, € (XU*V),
and 6,, € (U”¥),, to the following:

F§ro(Mhuwh(u,w)(&)(0) = (Ahk.h(k, k))o (A FSAhfSA )0 FS™4)(£0)(600)
that is
FSA(Ahawh(u,u)&n, 0n) = (ABk.A(k, k) (M FSA RS (FS™(€0)))) (6)
that is
FSr(Mun(uu) , 0n) = (Akh(k, k) ((FS 0 FETA(€,) 0 £54)))(6n)
that is
Fr(Aun(u,u) , 6,) = (Me(FR 0 FST4 (&) o fo)(k, k))bn
that is

FrgA (Audp(u,u) , 0,) = (Fng 0 FrgTA (n) o ng)(an)(en)
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that is
FrgA (Au&p(u,u) , b)) = FgA (FrgTA (S frCzA (0n)) 5 On)
Reasonning as for the first equation, write

ln, = F$Auwé,(u,u), 6,) and 7, =  FSA(FSTA(E,, £54(6,)), 6,)

b1 = fixppr (Aupga(u,u)) 0 Opq1)
= gn—}-l(on—i-l(ln) s 9n+1(ln))

and on the other hand

G+ £iaOun)) = B o 51 (0ny)
= Gt (b Onsr . ) (600 £54(6.)))
Ent1(On+ (FCA(ﬁX (gn OfCA( n)) 5 On))
§n+1(9 (FCA<FCTA (gnafCA( )) ’ en))
Ent1(0ne1 (1))

We thus have

Tas1 = A% (85 (§agr © 521 (Bns1)) 0 Onsr)
= fixp11(§nt1(0nt1(rn)) © Ont1)
= &ar1(Ont1(rn) 5 Ongr(fixn (§n(On(rn-1)) 0 0,)))
= &at1(Ont1(rn) , Ons1(rn))

and we conclude by induction hypothesis.
Lemma L.4. Diagram (6) commutes.

Proof. Let A= (U, X) so that the diagram has type

T(A™™) — (TA> = (U0 XU o o™, xY)
Note that
T(pa) = TAhzh(z,x), idx) = (Ahah(z,z), Ak.(ko Xha.h(z,z)))
Ca)» = (foa, FSa)» = (Ah.fS40homFSa | FSa)

We have to check the following two equations:

fCA ofrua = Sura©ficar ofta” and Frya oFt4 = Ftar oF (a0 ura

The first equation, of type U»X*»X U>X) amounts, for Opi1 € (UPXX>XY
and &, € (XY),, to the following:

(FedioNhwh(2,2)) (0n1)(€n) = (AkA(k,k))o(Nh. fo i FSd1)0 foah ) (Bns1) (6n)



65

that is
F Az (@), &) = (Ahkh(k, k)o(Nh. f54 hES o fith) (1) (€n)
that is
F Az (z,2) &) = (Ahk(k, k) (f54 0 faih (Onin) 0 FS)(6n)
that is
P Al (2,2) &) = (F541 0 F535 (Bns1) © FS4)(€) ()
that is
Azt (z,0), &) = FE (A Ongr s FS(E)) , &n)
Let
b= F O On(n,2), &) and  m = FE (A Bner s FS(ER)) L &)

Note that for all n we have

lnt1 = (Azbppo(z,2))fixp41(Ent1 0 Ax.Opp1 (2, 7))
= (Az.0p42(7,2)) (Az&nt1 (Ony1 (2, 2)))fixn (&5 © Az.On (2, 2))))
= Ony2(&nt1(ln); Entr(ln))

On the other hand,

Past = (A% (Bnrs s FS 1 (€n1)) s Enta)
£S5 Oz s FS2 1 (En) (X0 1 (G © 2% (g 5 FSA(60))))
= Onpo(fixn i1 (FS2 (€ng1) 0 Ongn) 5 Xy (Entt 0 F2% (Ongr » FSA(EL)))

So we show by induction on n that

Cns1(rn) = fixe1(Fyh (Gns1)obnsr) = ﬁx§+1(€n+loffliz(9n+lvFéA(gn)))

The base case is trivial. For the induction step, on the one hand we have

fix,, 42 (Fgﬁz (§nt2) 0 Ony2)
= FrgiQ (£n+2 , Onta (ﬁxn+1(Fr§il(£n+1) © 9n+1)))
= nr2(Onsa(fxns1(Fot (Ens1) 0 Ons1) o FS2y (Entr s Ongr (ixa(F$4(€0) 0 0,))))
= Eur2(Onr2(Bxns1(Fet (€ns1) 0 Ons1) , xpp1(Fety (€ns1) © Opy1))

and we conclude by induction hypothesis, and on the other hand
1€t © Full (B » Fida(Enin)

Entz 0 f525 (Onga o FS2 1 (Enp)) (X001 (Enpr © 2% (Bgr 5 FSA(60))))
= Epyo(Onro(fixn(FSE (Eng) 0 Onr1) » 51 (gt 0 Fo2% (Bni1 , FSA(ER)))))
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and we also conclude by induction hypothesis.
The second equation, of type XV — xXUrE
and 6,, € (U»**®X),  to the following

, amounts, for &, € (XY),

(Ak.(k o Aha.h(z,2))) 0 FSA)(E)(0,) = (Fe*™ o F$4)(€,)(6)
that is
(FSA(€n) 0 Ahah(z,2))(0n) = Fir™ (F$A(€) 5 0n)
that is
F (6, Arbp(z,2)) = F*™ (F$A (&) , 0n)

This is dealt-with similarly to (but in a much simpler way than) the first equa-
tion.

Lemma L.5. Diagram (7) commutes.
Proof. Let A= (U, X), so that the diagram has type
T(A®) > A» = (U"%, XU (UX,X)
Note that
(ea)” = (idy,Azu.x)® = (Ah.(how(Azu.x)), Aru.z)
We have to show
M.(how(Azu.x))o f4 = idpyex and FAodXrur = Azux
For the first equation, given 6,41 € (U®%),41, we have to show
A (Ongr) ow(Azuz) = Onp
The result is trivial since the left-hand side unfolds to
Az 4 (O, Aez) = Azl (fix,(Aoz)) = Abzb,q(2)
The second equation is simpler and omitted.
Lemma L.6. Diagram (8) commutes.
Proof. Let A = (U, X), so that the diragram has type
TA - (TA® = (UXY) - U7 xV)
Note that
T(na) = TAuzu,idx) = (Auz.u,Ah.ho (Auz.u))
We have to show

fo Auzw) = Auz.u and (Ah.ho (Auz.u)) o FS4 = idyv
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For the first equation, given u € U, 1 and &, € (XY),,, we have to show

fn—i—l(Ax'u ’ €n> = u

which is trivial. For the second equation, given &, € X,, and u € U,, we have to
show

Fe4 (gn > /\xu) = €n(u)

which is also trivial.

L.2 Proof of Proposition L.1.(ii)

Fix G()-objects A = (U, X) and B = (V,Y). Diagram (4) amounts, to the
following two diagrams, for resp. the first and second component of G(.¥):

A(h,k).(hxEk)o(»(m1),»(m2))

UsX x y»Y ( x V)»(XXY)

idU>X><V>Yl lf4A®B
U»X x v (U x V)»(xnT)
f<AXf‘Bl l)\h how (A(h,k).hxk)
U»(XU) % V»(YV) NPT vamns (U % V »(XUxYV)
9)
(X x Y)Um5xv>Y Mh.ho(A(h,k).(hxk)o (W (m1),»(2))) (X x Y)(UXV)>(ny>
A(h,k).hka TFCA®B
XU yvrY (X x Y)UxV
F¢a XFCBT Tk(h,k).hxk
XU xyV I XU xyV
(10)

Commutation of (10). We reason modulo ((=) x (=))n =~ (=)n X (—)n. Con-

sider 0,11 € (U™ )pq1, 041 € (V™Y), and &1 € (XY )ng1, Eyq € VY )na.
‘We have to show that

(FSA (Eni1,0ni1) » B2 (Ehpnbngn)) = Frd (€nr1x€pyy, A (2,9)-(0nr1(2), 01 (1))

which amounts to

(ixni1(Ent1 0 Ons1) , ixni1(§pr000410)) = fixnpa((Gnar X))o (AW (2, 9)- (Bnga (2), 0,41 (1))
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that is

<(5n+1 00py1086n00p0...08 0 90)(') > (§;+1 © 9;1+1 057/1 © 01/’7, O... 056 © 96)(.)> =
((&nt1xEn1)0 (A (2, Y) (Ont1(2), 07,41 (y)))o- - .0(0x &) (AP (2, ). (B0 (), B (y)))) (o, ®)

which follows from an easy induction on n € N.

Commutation of (9). We reason modulo ((—)x(—))n =~ (=)n X (—)n. Consider
9n+1 S (U’X)n-i—la 9%4-1 S (V»Y)v and Sn S (XU)TH g':L S (Yv)n-
We have to show that

FidiOnr&a) s S0, 60) = £SO (@,9)- (01 (2), 07,41 (1)) 5 &)

which amounts to (leaving implicit the restriction map r,,):

On i1 (s (0n,60)) » Oy (FS21(00,€0)))

= (A2, 9).(On11(2), 051 (1) (FSA22 (Ab(2,9). (00 (2), 0, (1)), £0%E7))
that is

A (2, ) (O 1(2), 0 ()21 (B, )+ F2y(05,0))

= (A2, 9)-(On11(2), 071 (1) (FSA22 (Ab(2,9) (00 (2), 0, (1)), £0%E7))

and we are done by (10).

M Monoids, Monads and Monoidal Categories

This appendix gathers easy and possibly well-known facts about monoidal cat-
egories. We refer to [27, 24] for missing details.

M.1 Monads and Comonads

Monads. A monad on a category C is a triple T = (T, u, 1)) consisting of a functor
T : C — C and two natural transformations s : TTA —-TAand ng: A —-TA
satisfying:

Tna

TTTA "2 7TA and TA— " _TTA TA
Tupa na HaA

TTAT>TA TA
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The Kleisli category K1(T') = Cr of T has the same objects as C and K1(T)[A, B] :=
C[A,TB]. The categories C and K1(T') = Cp are related by an adjunction

where:

— The right adjoint Uy : KI(T) — C maps objects A of K1(T') to T'A and takes
f e KI(T)[A,B] = C[A,TB] to

ju 0 T(f) € ClUrA,UpB] = C[TA, TB

— The left adjoint Fp : C — KI(T') is the identity on objects and takes f €
ClA,B] to Fr(f) :=npo f €e KI(T)[A, B] = C[A,TB].

The category CT of FEilenberg-Moore algebras has, as objects, T-algebras h :
TA — A such that

TTA — TA

and TA
Th h / \
Aem————x-——=A

TATA

and as morphisms from h: TA — Ato k:TB — B, maps f: A — B such that

Tf

TA——TB

A B
f

The categories C and CT are related by an adjunction

UT

N

C T ct

~_ 7

FT

where:
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— The forgetful functor UT : C*' — Cmaps h: TA — Ato Aand f: (A h) —
(B,k) to f: A— B.

— The free functor FT : C — CT maps A to (TA,ua) and f : A — B to
Tf:TA— TB.

Comonads. Dually a comonad on C is a monad on C°P. It is therefore given by a
triple G = (G, 6, €) where the functor G : C — C and the natural transformations
6a:GA— GGA and €4 : GA — A satisfy:

da

GA—"2 -~ GGA and GA<—"°* GGA

A dga oA

GGA GGGA GA

A

The Kleisli category K1(G) = Cg of G has the same objects as C and
KI(G)[A, B] := C[GA, B]. The categories C and K1(G) = C¢ are related by

an adjunction

where:

— The left adjoint Ug : KI(G) — C maps objects A of K1(G) to GA and takes
f € KI(G)[A, B] = C[GA, B] to

G(f) 064 € ClUgA,UgB] = C[GA, GB]

— The right adjoint Fg¢ : C — KI1(G) is the identity on objects and takes
f€Cl[A,B] to Fa(f) := foea € KI(G)[A, B] = C|[GA, B].

(Lax) (Symmetric) Monoidal Monads. There are different notions of monoidal
functor (see e.g. [27]). Here we use laz monoidal functors (as the functor part
of laz monoidal monads), and the dual notion of oplaz monoidal functor (as the
functor part of oplaz monoidal comonads).

(Lax) Symmetric Monoidal Functors. A (lax) symmetric monoidal functor on
a symmetric monoidal category (C,®,I) is a functor F equipped with natural
transformations

mip: FA® FB— F(A®B) and m’:1— F(I)



71

making the following diagrams commute:

QFA,FB,FC

(FA® FB)® FC FA® (FB® FC)

mQA’B®ichl iidFA®m2B’c
F(A® B)® FC FA® F(B®C)
2 l l 2
MagB,C Ma,BeC
F((A® B)® C) F(A® (B®0))
F(aa,B,c)
| R —— FA FAQI— 1 FA
m0®idFAl TF(/\A) idFA@mOl TF(pA)
F1@ FA———F(I® A) FAQFI———>F(A®T)
my A a1

YFA,FB

FAQ FB————=FB®FA

2 2
mA,Bi lmB,A

F(A® B) F(B® A)

F(ya,B

(Lax) Monoidal Natural Transformations. A monoidal natural transformation
between (lax) monoidal functors 6 : (F,m? m") = (G,n? n") is a natural
transformation 6 : FF = G making the following diagrams commute:

FA®Q FB-2%"_ GA®GB  and I
™A B Na B
F(A® B) ——>G(A® B) FI = GI

The following is [27, Prop. 10]:

Proposition M.1. Symmetric monoidal categories, (lax) symmetric monoidal
functors, and monoidal natural transformations form a 2-category SymMonCat.

Proof.

— The identity functor Idc : C — C is monoidal (actually strict monoidal),
with miLB =idagp and m? = idy.
— If (F,m?,m") and (G, n%,n°) are lax monoidal, then so is F'G, with structure
maps
F(n% gp)omgaap @ FGA®FGB — F(GA® GB) — FG(A® B)

Fn%om® : I— FI— FGI
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(Lax) (Symmetric) Monoidal Monads. A (lax) symmetric monoidal monad on
a monoidal category C is a monad (T, u,n) such that T is a (lax) symmetric
monoidal functor and the transformations p, 1 are monoidal (see e.g. [27]). It
then follows from [27, §6.10] that:

Proposition M.2. If T = (T, u,n) is a (lax) symmetric monoidal monad on
(C,®,1) then its Kleisely category KI(T) = Cr is symmetric monoidal. More-
over, the functor Fp : C — KI(T') = Cr is strict and the adjunction

Ur

>

c T KI(T) = Cr

\/

Fr
is (lax) symmetric monoidal (i.e. is an adjunction in SymMonCat ).
Proof.

— The monoidal product ®xj of K1(T') is on objects the same as that of C and
has the same unit I. On morphisms, given f € KI(T')[Ag, By] = C[Ao, T By]
and g € KI(T)[A1, B1] = C[A1,TBy], we let f ®k1 g be the composite

2
MBy, B,

Ao® A 24 TByeTB, T2 T(By® Bi)

where m? is the binary strength of T
— The functor Fr is strict, since its strength is given by:

fap = idts = maes € KIT)[A®xiB, A®xiB] = C[A®B, T(A®B)]
and
o= df = g e KO, = C[I, T
— The functor Uz is lax symmetric monoidal. Its strength is given by:

whp = mip € CUrA®UrB, Ur(A®B)] = C[TA®TB, T(A®B)]

u = m® € CI,UsI] = C[I, TT]

where m?2, mY is the strength of T.

— The structure maps of K1(7') are taken to be the image under Fr of the
structure maps of C. It thus directly follows that the coherence conditions
are met on C.

— It remains to check the naturality of the structural maps of K1(T), which
amounts to the following diagrams:



73
e For the associativity structure map o (_y (_) -):

(feg)®h

(A By®C (A@B)®C

77A®(B®C)°0¢A,B,Ci l”A’®(B’®C’)°O‘A’,B’,C’

T(A® (B® C)) —L29M) p 41 o (B & C7))

Proof. By naturality of n and «, we have

NareBec)oca g oo((fog)oh) = T(f@(9®h))onigBec)ota,s.c

and we are done. ad
e For the unit structure maps A(_y and p(_y:

idi®f f®idr

I®A I A and Al A®I
nAO/\Al \L’WA’O)\A' nAOpAl lnmom/
TA— Dy Ta— I _rp

Proof. By naturality of n, A and p we have

naodao(idi®f) = T(f)onaoda  and  naodao(f®id;) = T(f)onaora

and we are done. ad
e For the symmetry structure map Y(=),(=)"

Ae9B— 1%  _agp
nB®AO"/A,Bi i%'@yo“/’m
T
T(B®A) — 2 e a)
Proof. By naturality of n and -, we have
nerga ovap o (f®g) = T(g® f)onseacvan
and we are done. O

Oplax (Symmetric) Monoidal Comonads. We sketch the dual notion of
oplax (symmetric) monoidal comonad. All constructions and results follow by
duality from the case of lax monads.
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Oplax Monoidal Functors. An oplax symmetric monoidal functor F' on a sym-
metric monoidal category (C, ®,1I) is equipped with natural transformations

mi,BZF(A®B)—>FA®FB and mO:F(I)—>I
making the following diagrams commute:

QFA,FB,FC

(FA® FB)® FC

FA® (FB® FC)

m:ﬂ’B@ichT Tidm@m;c
F(A® B)® FC FA F(B®C)
MagB,C Ma BRC
F(A® B)®C) F(A® (B®0))
F(aa,B,c)
T@FA— 2 L paA FAQT—LT L pA
m0®idFA\L TF(AA) idFA®mOl TF(I)A)
FI® FA<——— F(I® A) FAR F1<——— F(AQ®I)
mia LULY® §
FAQ FB—"" FBoFA
mi,BT Tm%,A
F(A® B) F(B® A)
F(va,B)

(Oplax) Monoidal Natural Transformations. A monoidal natural transformation
between oplax monoidal functors 6 : (F,m? m®) = (G,n? n") is a natural
transformation 6 : FF = G making the following diagrams commute:

0AR0p
—

FA®R FB GA® GB and I

mo no
mi,BT T”i,B / \
F(A® B) G(A® B) FI———CI

AR®B
The following is [27, Prop. 11]:

Proposition M.3. Symmetric monoidal categories, oplax symmetric monoidal
functors, and monoidal natural transformations form a 2-category SymOplaxMonCat.
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Oplax Monoidal Comonads. An oplax monoidal comonad on a monoidal category
C is a comonad (G, J,¢€) such that G is an oplax monoidal functor and the
transformations 4, € are monoidal (see e.g. [27]). It then follows from [27, §6.10]
that:

Proposition M.4. If G = (G, d,¢) is an oplax symmetric monoidal comonad
on C then the Kleisely category K1(G) = Cq is symmetric monoidal. Moreover,
the functor Fg : C — KI1(G) = Cg is strict and and the adjunction

is oplax symmetric monoidal (i.e. is an adjunction in SymOplaxMonCat ).

Proof. By Prop. M.2, since an oplax comonad on C is a lax monad on C°P, and
since C°P is symmetric monoidal iff C is symmetric monoidal.
We record for future use the monoidal structure of KI(G):

— The monoidal product ®k; of K1(G) is on objects the same as that of C and
has the same unit I. On morphisms, given f € K1(G)[Ao, Bo] = C[G Ao, Bo]
and g € K1(G)[A;1, B1] = C[GA1, B1], we let f @K1 g be the composite

2
9ag,Aq

G(AO ® Al) — GAy ® GA; fg By ® By

where g2 is the binary strength of G.
— The functor F¢ is strict, since its strength is given by:

fas = id5ts = easn € KIG)[A®xiB, A®x1B] = C[G(A®B), A®B]
and

O = W = g e K@), = C[GI, I
— The functor Ug is oplax symmetric monoidal. Its strength is given by:

wip = gap € ClUg(A®B), UgA®UegB)] = C[G(A®B), GARGH]

uw = ¢° € ClUgI,I = C[GI, I

where g2, g% is the oplax strength of G.
— The structure maps of K1(G) are taken to be the image under F¢ of the
structure maps of C.
O
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M.2 Distributive Laws of a Comonad over a Monad

Consider a category C equipped with a comonad (G, d, €) and monad (T, u, n).

A distributive law of G over T is a natural tranformation
A : GoT = Tod

such that the following diagrams commute (see e.g. [13]):

TGA
/ T5A
GTA
T A Aga
GGTA GTGA
GAp
GTA
Gua \
GTTA
Ara HGaA
TGTA TTGA
TAa
TGA
V Tea
GTA — TA
GTA
2T
GA TGA
NnGA

(12)

(13)

The Kleisli Category Kl1(A). The category K1(A) has the same objects as
C, and its morphisms are given by KI(A)[A4, B] := C[GA,TB]. Identity and
composition laws follow from that of C using the monad 7" and comonad G and

the coherence properties of A : GT = TG.

Lifting of a Comonad to the Kleiseli Category of a Monad. Given a
distributive law A : GT = TG as above, the comonad (G, d,¢) on C lifts to a

comonad (Gr,dr,er) on Cr = KI(T'), where:
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— Gr(A) := G(A) and given f € KI(T)[A, B] = C[A,TB],
Gr(f) = ApoG(f) €KIT)|GrA,GrB] = C[GA,TGB]
— 07,4 :=Fp(da) € KI(T)[GA,GGA] = C[GA, TGGA] is explictitely given by
dr.a = nMGGaoda
— er,a:=Fr(es) € KI(T)[GA, A] = C[GA, TA] is explicitely given by
€T, A = TACE€A

Proposition M.5. The category KI(A) is equivalent to the Kleisli category
KI(Gr).

Of course, one may alternatively consider the equivalent dual operation of lifting
the monad T to the Kleiseli category KI(G).

Remark M.6. The above definition of the lift Gr of G to KI(T') satisfies the
properties asked in [?, Def. 3.10].

(Oplax) Monoidal Lifting. Assume now that G is an oplax (symmetric)
monoidal comonad and that T is a (lax) (symmetric) monoidal monad on a
symmetric monoidal category C. It follows from Prop. M.2 that the Kleiseli
category KI1(T') is symmetric monoidal. Moreover,

Proposition M.7. If A: GT = TG is monoidal, in the sense that

G(mi,B)

G(TA®TB) —2" . GT(A® B) (15)

g%A,TBi J{AA®B

GTA®GTB TG(A® B)

AA®ABi \LT(QE\,B)
TGA®TGB— T(GA® GB)

mga,GB

where (m?,mP%) is the strength of T and (g%,g°) is the strength of G, then
(Gr,dr,er) is an oplaz (symmetric) monoidal comonad on KI(T'). The oplaz
monoidal strength of G is given by

g%,A,B = FT(QE&,B) = 77GA®GBOQ,24,B € KI(T)[Gr(AoxiB), GrA®kGrB]
(= C[G(A®B), T(GA® GB)))
and
gr = Fr(g®) = mog® € KUD)GsI, 1 = C[GI, TT|
where

gap:GA®B) - GA®GB  and  ¢":GI—1

since g2, g" is an oplax monoidal strength.
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By applying now Prop. M.4 together with Prop. M.7, we thus get:
Corollary M.8. With the same assumptions, K1(A) is symmetric monoidal.

Proof. We record for future use the monoidal structure of Kl(A) = KI(Gr):

— The monoidal product ®xk; of K1(A) is on objects the same as that of C and
has the same unit I.
On morphisms, given

f € KI(A)[Ao, Bo] = KI(Gr)[Ao, Bo] = KI(T')[GAo, Bo] = C[GAo, TBy|
and g € KI(A)[A1, B1] = C[GA1,TB]

we let f ®k) g be the composite

2 2
9ag,4, MBg.B1

G(Ao2A) 2% qawecA 2 TByerB, 2P T(ByoB)

where g? is the binary strength of G' and m? that of T. Note that we could
equivalently have taken the following composite (corresponding to composi-
tion in KI(T")):

9%&;11

T(f®xiT)9) HBy®B1

G(A0®A1) T(GAO®GA1) TT(B()®B1) — T(B()@Bl)
since g%Ao,Al = NGAy,GA; © 91240,141 and by the monad laws:
ppoT(h)ona = pponpoh = h
— The structure maps of K1(A) are taken to be the image under Fg,. of the
structure maps of K1(T), itself beeing the image under Fr of the structure
maps of C. Note that on maps,

Fe,(Fr(h)) = mngohoea forh: A— B

Proof of Proposition M.7.
Naturality of g%7A7B, The naturality of 9%71473, that is, in K1(7T'):

G
Gr(A ox B) — 299D (A 9 BY)

2 2
gT,A,Bl lgT,A"B’

GrA GrB——————= Gr A’ GrB’
T4 Bk T Gr(f)®x1Gr(g) T4 ®x1 6T
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(where f € KI(T)[A,B] = C[A,TB] and g € K|(T)[4',B’] = C[A,TB']),

amounts to, in C:

AA’@B/OG(mi/,BIO(f‘@g))

G(A® B) TGA © B))
77GA®GBOQ,24,Bl MGA/®GB/OT(WGA/Q@GB/OQQA/,B/)
T(GA ® GB) T(GA' ® GB/)

tearean ©T(MG 4 pro((Aar0G(f))@(Ap0G(9))))
By naturality of 1, we have
peaocs © T(mga gp o (Aar o G(f) ® (Apr 0 G(9))) 0 cascs =
HGA'®GB’ O NT(GA'®GB') © mQGA’,GB’ o ((Aar o G(f)) ® (Ap 0 G(g)))
and by the unit monad law, we get:
taaean ol (mEa qpo((AaoG(f)@(ApoG(g)))oncases = mgarapo((AaoG(f))@(ApoG(g)))
and therefore (by bifunctoriality of ®):
paaeap ol (m% po((AaoG(f)@(ApoG(g9)))oncavcs = mgar apo(Aa@Ap)o(G(f)2G(g))
From which it follows (by naturality of g?) that
peawcs o T(m poo((AaoG(f)) @ (Ap 0Gl9)) oNlcascr o ga s =
m%‘A’,GB’ o(Aa ®Apr)o Q%A/,TB’ oG(f®g)
On the other hand, also using the unit monad law we get:
neawcs ol (Noasasogh pr) = peasasol(Mareas)oT(gh p) = T(gh pr)
We are therefore finally left with
M ap o (A ® Ap) o Gharn = T(ghm)o Aves o Glmi p)

which follows from (15).
Note that

2
Al TB’ AA’®AB’ GA’ ,GB’

GTAeTBY "3 grAecTB  MEY TGASTGB ST T(GA®GE)
and

Gm2/B/ Ay ’ T 2/3/
G(TA'®TB') e GT(A'®B') 2% TGA®B) (912 T(GA'®@GDB')
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Oplaz Symmetric Monoidal Coherence of g2 and g%. The coherence of g2 and
g% amount to the following diagrams.

— The associativity diagram:

Kl
G A, G B,GpC

(GrAex1 GrB) ®x1 GrC GrA®k1 (GrB ®x1 Gr0)
g%,A,g@xlidé;cT Tidg;«A(gKlg%,B,C
Gr(A @k B) ®k1 GrC GrA @1 Gr(B @K1 O)
g’?‘,A@JKlB,CT TQ%"‘A‘B®KIC
Gr((Aex B) @1 O) Gr(A®x (B @k C))

GT(C‘}:}B,C)

(16)
First, recall that g7, , 5 = Fr(g% ) by definition and that on objects Gy A =
GA, and also Fr(A) = A and A ®k1 B = A ® B. Moreover, ozﬁlB’C =
Fr(aa,pc) and idlff1 = na = Fp(ida). Also, since n_) is monoidal, given
C-maps f and g we have
(naof)@ki(npog) = m3 go((nacf)®(npog)) = nagso(f®g) = Fr(f®g)
Finally, thanks to the coherence diagram (14) of distributive laws, for the
bottom horizontal map we have

Gr(aX'sc) = AagBec) ©Gagec)) © Glaap.c)
= NaeBeo) °Glaasc) = Fr(Glaasce))

It follows that (16) amounts to the following diagram in K1(7'):

Fr(aca,c,cc)

(GA® GB)® GC GA® (GB® GC)

FT(9?4,3®idGC)T TFT(idGA®9123,C)
G(A® B)® GC GA®G(B®C)
FT(.‘J?A@B,C)T TFT(FJ%,B@c)

G((A®B)® () GA® (Bx())

Fr(G(aa,n,c))
Now we are done since the above diagram is the image under the functor Fp
of the associativity coherence diagram of oplax the monoidal functor G.

— The coherence diagrams for units and symmetry are:

)‘IngA FIG(;«A
I o1 GrA GrA GrA ek 1 GrA
g%@xlidGTAl TGT(A%I) idGTA®Klg%J( TGT(p‘X‘)
Grlek GrA Gr(I®k A) GrA ®k1 Grl Gr(Aek I)

2 2
971,4 9T, 4,1
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Kl
YGrA,GpB

GrA®xi1 GrB GrB ®x)1 GrA

2 2
gT,A,BT TQT,B,A

Gr(A®k1 B) ———— Gr(B®x1 A)

Gr ('YIA(,IB)

They are dealt-with similarly. We only detail the case of the unit \¥!. First,
as above, we have g7.; , = Fr(g% 5) and g3 = Fr(¢°), and on objects:
Gr(A) = A, Fr(A) = A and A®k1 B = A® B. Moreover, \¥! = Fr(\4)
and idf1 = Fp(id4). Again by monoidality of 7 we have

gg‘@Klidg;A = m%AO(FT(gO)(@FT(idGA)) = m%,AO((nIOgO)(g)(nGAOidGA))
= mecao (¢’ ®idga) = Fr(¢®®idga)

Again by the coherence diagram (14) of distributive laws, we have
Gr(AF) = AaoG(na)oGAa) = ngaoGAa) = Fr(\a)
Then, as for the associativity coherence law above, we are done since we get

the image under the functor Fr of the corresponding unit coherence diagram
for the oplax strength of G in C.

The natural map er 4 is monoidal. The corresponding diagrams are:

€T, AQKIET, B

GrA @k GrB A®x B and I
Gr(A®Kk B) Pryr— A®k B Grl R I

Reasonning as above (and in part. using the lax monoidality of 7)), these
diagrams are quivalent to

GA®GB —rleases) A® B and I
Fr(g%)
FT(gi,B)
Gl — 1
G(A ® B) FT(EA®B) A ®K1 B F(CI)

Now we are done since recalling that Fp is the identity on objects, the above
diagrams are the image under Fr of the oplax monoidal coherence digrams of

6(,).
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The natural map d7, 4 is monoidal.

07, AQKI10T, B

GrAQx1 GrB GrGrA @k GrGrB
g%,A,BT TGT(Q%A,B)OQ%GTA,GTB

Gr(A ®x1 B) o GrGr(A®x B)

) K1

and
I
f//\\gt%ﬂ
GTI GTGTI

o1

Reasonning as above, using coherence diagram (14) of distributive laws, we have

Gr(grap) = AcagesoGaasep)ogap = Nacaecs)°Gdap) =

and we then conclude as in the case of €(-) above.

M.3 Monoids and Comonoids

Monoids. Recall from e.g. [27] that a commutative monoid in an SMC (C, ®, 1)
is a triple M = (M, u, m) where M is an object of C and u and m are morphisms

I 5% M & MeM
subject to the following coherence diagrams:

MeM)eM—2>Me(MeM) 22" MeM (17)

m®idMl im

Mo M _ M
ToM—E9 oM <2 Aol (18)
\\Lm/
M
M@ M i M@ M (19)

\ . /
It is well-known (see e.g. [27, Prop. 2]) that we always have A\ = py in a monoidal
category.

Fr(g

A,B

)
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Proposition M.9. If M = (M,u,m) is a monoid object in C, then

10l %% Mo M

I———M

Proof. By bifunctoriality of ®, it is equivalent to show

Tl 2% 1o M 2% e M

1 M

u

But mo(u®idpr) = Apr by the unit law (18), and we are done since by naturality
of X\ we have
Ayo(idi®u) = wolg

a

The Category Mon(C) of Commutative Monoids. The category Mon(C)
of commutative monoids of C has monoids as objects, and as morphisms from
(M,u,m) to (M',u/,m"), C-morphisms f : M — M’ making the following two
diagrams commute:

MeoM22L e and I

| VN

M4f>M’ M M’

Comonoids. Dually, a commutative monoid in C is a triple K = (K e, d) where

I <& K Y% MeoMm

subject to the following coherence diagrams:

d

K KoK (20)
dl \Ld@idl{
KoK KgKoK)<—2 (Ko K)o K

To K <) g G599 o (21)
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KoK

We record the following simple fact.

Proposition M.10. Given symmetric monoidal categories C, D, an oplax sym-
metric monoidal functor G : C — D, and a commutative comonoid (K, e,d) of
C, then (GK, gooGe,g%(’KOGd) is a commutative comonoid in D, where (g°, g?)
is the oplax strength of G.

Proof. We check the required diagrams.
Diagram (20) unfolds to:

2 oGd
GK K GK ® GK
g%,xoGdl \Lg%cd@ich
i 260G «
OK © GK “29%%97°CY _ K & (GK © GK) (GK @ GK) @ GK

Note that since (K, e,d) is a comonoid in C, and since G is a functor, we have

GK Gd G(K ® K)
Gdl lG(d@aidK)
G(id d «
G(K © K) 0 (K @ (K © K) <22 — (K 9 K) © K)

By naturality of g2, we have
(goGd)Gidar)ogh x = (9?®idax)o(GdeG(id))ogh x =  (9°8idax)ogker koG (dSidx)
From which it follows by oplax monoidality of G that
ao((gQOGd)®idGK)Og%(7KOGd = (idGK®gQ)ogf(7K®KoG(a)oG(d®idK)oGd
But by functoriality of G, since (K, e,d) is a comonoid in C we have
Ga)oGd®idk)oGd = G(dg ®d)oGd
so that
ao((g?0Gd)®idgk)o gk xoGd = (idgk ®9%) o gk kex ©Gidk ®d)oGd

The other diagrams are dealt-with similarly. O
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The Category Comon(C) of Commutative Comonoids. The category
Comon(C) of commutative comonoids of C has comonoids as objects, and as
morphisms from (K, e, d) to (K’',€’,d"), C-morphisms f : K — K’ making the
following two diagrams commute:

K— 1 g and K / K’

T

KK——K @ K’
Ief

Lifting of Monoids and Comonoids to Kleiseli Categories. We note here
the following proposition, to be used in §J (together with Prop. L.1).

Proposition M.11. Let C be a symmetric monoidal category.

(a) Let T = (T, u,n) be a (lax) symmetric monoidal monad on C.
(i) If (M,u,m) is a commutative monoid in C, then (M, Fr(u),Fr(m)) is
a commutative monoid in K1(T).
(i1) If (K, e,d) is a commutative comonoid in C, then (K,Fr(e),Fr(d)) is
a commutative comonoid in K1(T).
(b) Let G = (G, 0,€) be an oplaz symmetric monoidal comonad on C.
(i) If (M,u,m) is a commutative monoid in C, then (M,Fg(u),Fg(m)) is
a commutative monoid in K1(G).
(i1) If (K, e,d) is a commutative comonoid in C, then (K,Fg(e),Fa(d)) is
a commutative comonoid in K1(G).

We only prove Prop. M.11.(a) since the case M.11.(b) follows by duality.

Proof of Proposition M.11.(ai). Write (t2,t") for the (lax) strength of 7. Thanks
to Prop. M.2, the coherence diagrams of (M, Fr(u), Fr(m)) amount to the fol-
lowing in K1(7T').

— Coherence w.r.t. associativity amounts in KI(T) to:

(MoM)eM—T Moo ) SO g
Fﬂm)@@d‘ffl iFT(m)
M® M P M
Note that
Fr(m)oxi(Fr(m)®xiidy') = puanoT (e )oT (m)oth, po((narom)®(nar))

Reasonning similarly as in the proof of Prop. M.7, we have

FT(m)oKl(FT(m)®Klidﬁl) = T(m)onugmo(m®idy) = naromo(m®idys)

= FT(mo (m@ldju))
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We similarly obtain
Fr(m) ok (id¥ Iy @1 Fr(m)) = Fr(mo (idy @ m))

and we are done using the functoriality of F7 and the associativity coherence
diagram (17) of monoids.
— Coherence w.r.t. units amounts in KI(T') to:

FT(u)®K1idIfJI idl]\f}@KlFT(u)

IoM M

®
Fr(m
M i o) Fr(p)
M

Reasonning as above, we obtain:

M®I

Fr(m) ok (Fr(u) @x1idy) = Fr(mo (u®idy))
and  Fp(m) ok (idY} @i Fr(u)) = Fr(mo (idy ® u))

and we are done using the units cohrence diagram (18)
— Coherence w.r.t. symmetry amounts in K1(7") to:

F
M@M T(’Y) M@M

M

and follows directly from diagram (19).

Proof of Proposition M.11.(aii). We proceed similarly as in the case (ai). We
only detail the case of coherence w.r.t. associativity, which amounts in KI1(T)
to:

Fr(d)

K KoK
FT(d)l J{FT(d)camidK
Kok 5ot ok oK) Fr(©) (K® K)o K
Note that
(idx' @i Fr(d) oxi Fr(d) =  prerer) o T(dE @i Fr(d) onkek o d

= UKQK®K) ° NT(KQ(KQK)) © (id%' ®x1 Fr(d)) o od
= (id¥' @K Fr(d)od

= Nkekek)° (ldx ®d)od

— Fr((idg @ d)od)
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We similarly obtain
(Fr(d) @x1idR) ot Fr(d) = Fr((d®idg) o d)

and we conclude using the functoriality of Fr and the associativity coherence
diagram (20) of comonoids.

The Monad of Monoid Indexing. Following [18, §2.5], a monoid (M, u,m)
in a monoidal category C gives rise to a monad T = (T, u,n) where T(—) :=
(7) ® M7

na = (da®u)opy : A — A M

and na = (idA®m)oaA7M7M : (A@M)@M — AQM

It is well-known (see e.g. [18, §2.5] or [27, §6.6]) that (T, u,n) is a monad. We
check here that T is actually a (lax) monoidal monad. The strength of T is

mhp @ (AM)®(BoM)—(A®B)@M and m’:I-10M
where m? p is the composite

A.B

AeM)®(BoM) 3 (AeB)e(MeM) ¥

(A®B)@ M

where 04 p is a natural map made of identities and structure maps of C, and
where m? is the composite

—1
)\I

I 2 11 M

IoM
The map 04, p is explicitely defined as the following composite:

(ARM)®(BRM) -2 A(Me(BaM)) 437 Ag(BeM)eM) 4%

A (B® (Mo M) %= (A®B)® (Mo M)

Note that (T, pu,n) is only a laz monad, since the structure maps of monoid
objects are in general not isos.

Proposition M.12. (T, u,n) is a (lax) symmetric monoidal monad.
By applying Prop. M.2 to Prop. M.12 we thus get:

Corollary M.13. KI(T') is symmetric monoidal.

Proof of Proposition M.12.
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T(—) = (—)® M is a (strong) symmetric monoidal functor. The diagrams to
check amount to the following:

QT A, TB,TC

(Ao M)® (BeM))® (Co M) (A M)® (BeoM)® (C® M))

((idA®B®m)09A,B)®idC®All iidA®M®((idA®B®m)oeB,C)
(A2 B)® M)® (C @ M) (Ao M) (B®C) e M)
(idA®B®m)00A®B,Cl i(idAQbB@m)oeA,B@C

(A®B)®C)® M

(A (BeC)) oM

aa, B,c®idy

which follows from the monoid coherence law (17) of (M, u, m) and the monoidal
coherence C, and to

AagMm

I®(A® M) A M
l((id1®u)o>\ll)®idA®M /\A®idMT
IeoM)® (A M) ronOmIota I®A) M
and
(Ao M) ol PAGM Ao M
lidA®M®((id1®u)o>\l_l) pA®idMT
(Ao M)® (Ie M) (Al) oM

(id4®3®m)09,471

which follow from the monoid coherence laws (18) of (M, u, m) and the monoidal
coherence of C and finally

(A® M)® (B® M) ——=" (B M)® (Ao M)
(idA®B®m)09A’Bl i(idA‘gB@m)oaB,A
(A B)@ M S (BA) QM

which follows from commutative monoid coherence law (19) of (M, u, m) together
with the symmetric monoidal coherence of C.

The map na : A — A® M is monoidal. We have to check:

id ®u071® id ®u071
A® B ((ida®u)op, )®((idp )pB)(A®M)®(B®M)

l(id@m)OQA,B

A®B (Ao B)® M

(idagB®u)op 4 p
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I

/ \@)\11

oM

I 1
(idr®u)opr

The first diagram follows from Prop. M.9. The second one directly follows from
the fact that A1 = pr (see e.g. [27, Prop. 2]).

The map pa: (A M)® M — A® M is monoidal. We check:

(Ao M) M)@ (B M) M) """ (4e M) @ (Bo M)
(mi,B®idNI)om124®1\l,B®Ml \Lmi,B
(A B)@ M)®@ M ey (A B)@ M
I
CmD@idW y
IeoM)eM I M
for
2 _ 0 _ ¢ -1 _

my p = (idagp®m)ofa B and m” = (Idr®u)oX and pa = (ida®@m)oaa pmm

The first diagram follows from the monoid coherence laws (17) and (19) together
with the symmetric monoidal coherence of C. The second diagram follows from
Prop. M.9.

The Comonad of Comonoid Indexing. Dually, a comonoid (K, e,d) in
monoidal category C gives rise to a comonad G = (G, d,¢) where G(—) :
K ®(—), and

Il o

€4 = )\AO(e®idA) c KA — A
and d0a = agrgao(d®ids) : KA — KQ(K®A)

Since a comonoid on C is a monoid on C°P, it is also well-known (again from
e.g. [18, §2.5] or [27, §6.8]) that G is a comonad. Dually to §M.3, G is actually
oplaxz symmetric monoidal. Its strength is

gap : K®(A®B) — (K®A)®K®B) and ¢° : Kol — 1
where g124’ p is the composite

Ko(AoB) W (KeK)oAeB) “ (Keode (K B)
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where ¥4 p is a natural map made of identities and structure maps of C, and
where ¢° is the composite

e®idy A1

Kol I — 1

The map ¥4, p is explicitely defined as the following composite:

(KoK)2(A2B) % Ko(Ko(AoB) %3 Ke(Keod)eB) s

(KeA)@B)oK -5 (KA (Ko B)
By duality, from Prop. M.12 we get:
Proposition M.14. (G, 4, ¢€) is an oplax symmetric monoidal comonad.

Similarly to Cor. M.13, by applying Prop. M.4 to Prop. M.14 we get:
Corollary M.15. KI(G) is symmetric monoidal.

The Distributive Law of Comonoid over Monoid Indexing. We now
check that there is distributive law @ of (the comonad of) comonoid indexing
over (the monad of) monoid indexing. Moreover, ¢ is monoidal in the sense of
Prop. M.7.

Proposition M.16. Consider, in an SMC (C,®,I), a comonoid (K,e,d) and
a monoid (M, u,m), inducing respectivelly the comonad (G, 6, €) with

GA:=KQA €q = Ago(e®idy) : KA — A 04 = ak ik 40(dRids) : KRA — KR(KRQA)
and the monad (T, p,n) with
TA = AQM N4 = (idA®u)op;11 A — AQM pa = (ida®@m)oaa p v : (AQM)QM — AQM
Then,
(i) the associativity structure map
Pri=ag,y  GTA=K®(AeM) — (K®A)@M=TGA

is a distributive law of G over T,
(#) and it is moreover monoidal (in the sense of Prop. M.7), that is:

GraeTB) —"0 | aras B) (23)
g%;x,ml lﬁh@e
GTA® GTB TG(A % B)
m@%l lT(ng,B)
TGA®TGB ——~T(GA® GB)
MGa,GB

where (m?,m®) is the (lax) strength of T and (g%, g") is the oplax strength

of G.
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Proof of Proposition M.16.(i). First, note that ¢y is natural by assumption.
The diagrams of §M.2 unfold to:

(K®A) @M

® (A M) (K@ (K A)eo M

m %

K@ (K® (A M) Ko (K®A)@M)
(24)

idrg®@Pa

®(A® M)

K

Ko (AM)® M) (KA@M

M %

(K® (A M))@ M eI (K®A) e M) M
(25)
(K@ A) oM (26)
/ W\
® (A® M)
€EAQM
®(A® M) (27)
W \
o (K®A)®

— Diagram (24) amounts to

(KA M

% 40(d®id1))@id

K®(A® M) (K@ (KeA))o M

UK KQA,M
ak, Kk, AoMmo(d®idag 'd
dg®ak, A, M

K@ (K®(A® M) = Ko (K®A) e M)
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By functoriality of ® we have
(aK’K’AO(d(@idA))@idM = (OZK,K’AO(d@idA))@(idMOidM) = (OZK,K,A®idM)O((d®idA)®idM)

and therefore

(idx ® ax,am) 0 ax keam © ((ax ka0 (d®ida))@idy) =
(idx ® ak,a,m)© ax kea,Mm ° (ax k4 @idy) o ((d®ida) ®idas)
From the pentagon law, it follows that
(ldr®ar,a m)oak koamo((ak Kk, 40(d®ida))@idy) = ok k aeMoCKkek,A,mo((dRids)@idar)
and from by naturality of o we get
(idg®ak am)oor koamo((ax k 40(dRid))Ridy) =  ak .k aemo(d(ida®idy))oak, am

and we are done since id4 ® idys = idagas by bifunctoriality of ®.
Diagram (25), which unfolds to

K®(A® M)
® ((A® M) ® M) - (K@ A) oM
| V(K®(A®M))®M (K®A)oM)oM

ar, A, m@idy

is dealt-with similarly.
Diagram (26) amounts to

(K®A) oM
y WA»@W
® (A® M) A M

Aagmo(e®idagn)

By bi-functoriality of ®, we have idagay = ida ® idps, and by naturality of
« it follows that

Aagm o (e®@idagm) oax am = Aagmoaram o ((e®ida) ®idar)
On the other hand, by functoriality of ®, we have
(Aao(e®ida))®idyy = (Ago(e®ida))®(idpsoidy) = (Aa®idps)o((e®id4)®iday)

and we are done since Aagar © 1,4, = Aa ® idps by [27, Prop. 1].
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— Diagram (27) unfolds to

K® (A® M)
idK®((idW W
K®A (K®A) @M

([dx @A ®u)opiy 4

and is dealt-with similarly, but with [27, Prop. 1] used as follows: Reasoning
as for Diagram (26), we are left to show that

AR ATO Prga = idx ®py'
which amounts to
Prea = gayo(idx ®pyh)
and we are done by applying [27, Prop. 1].
Proof of Proposition M.16.(ii). Diagram (23) unfolds to

idg @((id®m)oba, B)

Ko (A M)® (Be M)) K®(A®B)® M)
(K® (A M))® (K® (B M)) (K®(A®B)o M
a1®a1l J{((ﬂA,Bo(d@d))@idM

(KA M) (K®B)® M) (KA (KeB)M

(id®m)09K®A,K®B

But we are done, since modulo symmetric monoidal coherence, the above amounts
to

KeMeM ucom KoM
d®idM®1\4J/ ld@ld]\/]
KKM®@M KKeoM

idK®K®m
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