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ABSTRACT. The notion of proof-net category defined in this paper is closely
related to graphs implicit in proof nets for the multiplicative fragment without
constant propositions of linear logic. Analogous graphs occur in Kelly’s and
Mac Lane’s coherence theorem for symmetric monoidal closed categories. A
coherence theorem with respect to these graphs is proved for proof-net cat-
egories. Such a coherence theorem is also proved in the presence of arrows
corresponding to the mix principle of linear logic. The notion of proof-net cat-
egory catches the unit free fragment of the notion of star-autonomous category,
a special kind of symmetric monoidal closed category.

1. Introduction

In this paper we introduce the notion of proof-net category, for which we will
show that it is closely related to graphs implicit in proof nets for the multiplicative
fragment without constant propositions of linear logic (see [14] and [7] for the
notion of proof net). Analogous graphs occur in Kelly’s and Mac Lane’s coherence
theorem for symmetric monoidal closed categories of [17].

The notion of proof-net category is based on the notion of symmetric net cat-
egory of [11, Section 7.6]; these are categories with two multiplications, A and V,
associative and commutative up to isomorphism, which have moreover arrows of the
dissociativity type AN (BV C) — (AN B)V C (called linear or weak distribution
in [6]). The symmetric net category freely generated by a set of objects is called
DS. To obtain proof-net categories we add to symmetric net categories an opera-
tion on objects corresponding to negation, which is involutive up to isomorphism.
With these operations come appropriate arrows. A number of equations between
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arrows, of the kind called coherence conditions in category theory, are satisfied in
proof-net categories.

A notion amounting to the notion of star-autonomous category of [2] is obtained
in a similar manner in [6]. Star-autonomous categories, which stem from [1], are
a special kind of symmetric monoidal closed categories. In contradistinction to
symmetric net and proof-net categories they involve unit objects.

We introduce next a category Br whose arrows are called Brauerian split equiv-
alences of finite ordinals. These equivalence relations, which stem from results in
representation theory of [3], amount to the graphs used by Kelly and Mac Lane
for their coherence theorem of symmetric monoidal categories mentioned above.
Brauerian split equivalences express generality of proofs in linear logic (see [9],
10)).

For proof-net categories we prove a coherence theorem that says that there is
a faithful functor from the proof-net category PN freely generated by a set of
objects into Br. The coherence theorem for PN yields an elementary decision
procedure for verifying whether a diagram of arrows commutes in PN, and hence
also in every proof-net category. This is a very useful result, which enables us in
[12] to obtain other coherence results with respect to Br, in particular a coherence
result for star-autonomous categories, involving the units. It is also shown in [12]
with the help of coherence for PN that the notion of proof-net category catches
the unit-free fragment of star-autonomous categories. (A different attempt to catch
this fragment is made in [18] and [15].)

The coherence theorem for PN is proved by finding a category PN, equiva-
lent to PN, in which negation can be applied only to the generating objects, and
coherence is first established for PN by relying on coherence for symmetric net
categories, previously established in [11, Chapter 7], and on an additional normal-
ization procedure involving negation.

In the last two sections of the paper we consider proof-net categories that have
miz arrows of the type AA BF AV B. We prove coherence with respect to Br
for the appropriate notion of proof-net category with these arrows, which we call
mix-proof-net category.

2. The category DS

The objects of the category DS are the formulae of the propositional language
L, generated from a set P of propositional letters, which we call simply letters,
with the binary connectives A and V. We use p,q,r,..., sometimes with indices,
for letters, and A, B,C,..., sometimes with indices, for formulae. As usual, we
omit the outermost parentheses of formulae and other expressions later on.

To define the arrows of DS, we define first inductively a set of expressions
called the arrow terms of DS. Every arrow term of DS will have a type, which is
an ordered pair of formulae of £, \. We write f: A+ B when the arrow term f
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is of type (A4, B). (We use the turnstile - instead of the more usual —, which we
reserve for a connective and a biendofunctor.) We use f,g,h, ..., sometimes with
indices, for arrow terms.

For all formulae A, B and C of L, v the following primitive arrow terms:

14: AF A,
br e ANBAC)F(AANB)AC, bypo: AV(BVC)F(AVB)VC,
bipe: (ANBYACHAN(BAC), bize: (AVB)VCFEAV(BVC),
é\A7B:AABFBAA, EA7B:B\/A}—A\/B,
dAﬁByctA/\(B\/C)'_(A/\B)\/C

are arrow terms of DS. If g: AF- B and f: B+ C are arrow terms of DS, then
feog: A C is an arrow term of DS; and if f: AF D and g: BF E are arrow
terms of DS, then f¢g: A¢ BE D¢ E, for ¢ € {A,V}, is an arrow term of DS.
This concludes the definition of the arrow terms of DS.

Next we define inductively the set of equations of DS, which are expressions of
the form f = g, where f and g are arrow terms of DS of the same type. We stipulate
first that all instances of f = f and of the following equations are equations of DS:

(cat 1) fela=1pef=f: At B,

(cat2)  he(gef)=(hog)ef,
for ¢ € {A,V},

(¢1) 14¢61p = 1a¢,

(€ 2) (91°f1) € (920 f2) = (91 € g2) ° (f1 € f2),
for f: AFD,g: BFEand h: C+F F,

(57 nat) (F€9)eh)e bxpo=bp e (€ (g h)),
(¢ nat)  (gAf)eCap==Cpreo(fAg),
(¢ mnat)  (gV f)oépa=<¢mpol(fVag),
(dnat)  ((fAg)Vh)edapc=dprr°(fA(gVh)),
ce ¢ 13 3 ¢
(bb) bap.ceobspc=lagsec), bap,cobapc=luepso
((E) 5) bZ,B,CED ° gXSB,C,D =(1a ¢ EE,C,D) ° 22,1350,13 ° (;’ZB,C ¢ 1p),
(¢¢) ¢paccap=1lans,
(¢¢) ¢apetpa=1lays,
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A A A /\(7 A /\(7 A /\(;

(bc) (ApAcca)e bB,c,A ° CABAC ° bA,B7C °(cpanle)= bB,A,C’
Vv \/(_ v \/(_ v \/‘_

b bgoa° Cavca°bypoe(CasVile)=0bgacs

AN A
(dN) (bapc V1p)edars,c,p =dasrc,p°(laAdpcp)e by g oups
Vv V
(dV) dp,c,pva°(Ip Abg g a) =bpacp.ac(dpcosVla)edpovs a,

for df 5 4 =ar ¢opra °(Cap V1c)odapco(lan épc)e Covp,a:
(CVB)ANAFCV(BAA),

AN AN
(db) di,pcpeldapeNlp)=dancrpo(LaNdEcp)e by gyop
Vv Vv
(db) (1pVdep.a)2df cpya="bpcnp.a (B oV 1a)odpye,s,a.
The set of equations of DS is closed under symmetry and transitivity of equality
and under the rules
f=nh g=49g1
feg=reéen
where ¢ € {o,A,V}, and if ¢ is o, then fog is defined (namely, f and g have
appropriate, composable, types).
On the arrow terms of DS we impose the equations of DS. This means that

(cong €)

an arrow of DS is an equivalence class of arrow terms of DS defined with respect
to the smallest equivalence relation such that the equations of DS are satisfied (see
[11, Section 2.3]).

The equations (¢ 1) and (¢ 2) are called bifunctorial equations. They say that
A and V are biendofunctors (i.e. 2-endofunctors in the terminology of [11, Section
2.4]).

It is easy to show that for DS we have the equations

(7~ nat) (Fe(geh)ebape=bppre(fcg)eh)

(d% nat)  (hV (gAf))edé pa=dippe((hVg)Af)
We call these equations and other equations with “nat” in their names, like those
in the list above, naturality equations. Such equations say that IA)_’, g‘_, ¢, etc. are
natural transformations. N ,

The equations (dA), (dV), (db) and (db) stem from [6, Section 2.1] (see [5,
Section 2.1] for an announcement). The equation (d %) of [11, Section 7.2] amounts

A%
with (bb) to the present one.

3. The category PN

The category PN is defined as DS save that we make the following changes
and additions. Instead of £, \, we have the propositional language £ A v, which
has in addition to what we have for £  the unary connective —.
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To define the arrow terms of PN, in the inductive definition we had for the
arrow terms of DS we assume in addition that for all formulae A and B of £, A v
the following primitive arrow terms:

Ap.a: AF AN (=BVB),
Ypa: (BA-B)VAF A,

are arrow terms of PN . We call the index B, of ABA and i/)B,A the crown
index, and A the stem index. The crown of ABA ic the right conjunct =BV B in
the target of AB,A: A+ AN (-BV B), and the crown of %B,A is the left disjunct
B A =B in the source of iB’A: (BA-B)V At A. We have analogous definitions

of crown and stem indices, and crowns for fl, A/, f]/, A, f}’ and Al7 which will be
defined below. (The symbol A should be associated with the Latin dexter, because

A ANt V V7
in Ap a, Ag 4, Ap,a and Ay , the crown is on the right-hand side of the stem;

analogously, ¥ should be associated with sinister.)

To define the arrows of PN, we assume in the inductive definition we had
for the equations of DS the following additional equations, which we call the PN
equations (and not PN~ equations):

AN A AN
(A nat) (fA1l-pvg)eApa=App-of,
Vv

Vv V
(X nat) foXpa=%Xppe(lpr-BVf),

(
(

AN A
for EB,A =df é\A,ﬁB\/B o AB,A AR (—\B\/B) /\A,

>>

AN A AN
) bap-cve ° Ac,ane =1a N Ac s,

o< o>
M<

V Vv \
) Yo.Bva °bopr-cpa = 2oV 1a,

AN AN
(dX) d-ava,B,c°Xa,Bvc =2aB Ve,
for AB,A =qf ZVDB’A ° E/B/\—\B,A AV (B A ﬁB) A,
v v v
(dA) Aacagodepan-4a = 1o NAxp,
VoA Vv AN
(XA) Yaacda-aa°0aa= 14,

for AIBA =qf (1A/\ \C/B,_\B)OAB’AZAFA/\(B\/ﬁB) and

v v A

EB,A =df 237,4 O(CﬁB,B VlA) : (—\B/\B) \/A"A,

NN V7 At
(A) By _acdaan-acBy_y=1a

It is easy to show that for PN we have the equations
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AN AN JAN
(X nat) (l-pvAf)eXpa=2Xppe°f,
Vv Vv '
(A nat) foApa=Appo(fViprp).
AN

AN V AN Vv
The naturality equations (A nat) and (X nat) together with these say that A, 3, ¥

Vv
and A are natural transformations in the stem index only, i.e. in the second index.
We also have the following abbreviations:

AY A N
EB7A =df CA,BV-B ° AB7A AF (B\/—\B)/\A,

V7 V7

Ap a=dat Yp4° C-Brp.a: AV (-BAB)F A

—~

If = stands for either A or ¥ and ¢ € {A, V}, then for every (E nat) equation we
1 3 3

have in PN the equation (£ nat), which differs from (E nat) by replacing = by

£

= , and the index of 1 by the appropriate index. For example, we have

A At NI
(A" nat) (fA1pv-p)eAp 4y =Appeof.

AN
As alternative primitive arrow terms for defining PN we could take one of = or
A X R
= and one of E or =.

We can also derive for PN the following equations:
AN A

AN AN N
(bAX) by -pve,c°(ABaNle)=1aAZpc,

>

VAWAN AN A AN
(b%) bovep,.a ° XoBaa = Yo, Ala.
For the first equation, with indices omitted, we have
N N A A N A AN A
b= o(AAN1)=b"ocCo(LAA)oc, by (cc)and (¢ nat),
AN A AN AN A ASAS
=b"ocobToAoc, by (bA),
A AN AN . A /\/\
=(1AC)eb— oA, with (A nat) and (bc),
AN ASAY
=1AX, by (bA),
and for the second equation we have
AN AN AN A AN A . TANAS
b~ oX=b"ocob~o(LAA), with (bA),
A N A N ADN
=(cA1)eb~o(1AC)o(LAA), by (bc),
AN NN N
=X A1, with (bAY).
We derive analogously with the help of (IV)EVI) the equations
V'V V Vv Vv V.
(bAE) (AB,AV]-C)O bZBAﬂB7C:1szB7C’
VvV Vv Vv W \
(bA) Ac.avB °© bX,B,C/\ﬂC’ =14V Ac,B.

The arrows AB’A: AF AN (-BV B) and f]B’A: AtF (=B V B) A A are analo-
gous to the arrows of types AF AAT and A+ T A A that one finds in monoidal
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AN JAN
categories. However, Ap 4 and X g 4 do not have inverses in PN . The equations

(gﬁ), (IAJAQ), (8%) are analogous to equations that hold in monoidal categories
(see [19, Section VII.1], [11, Section 4.6]). An analogous remark can be made for

Vv Vv
ZB,A and AB,Ao
We can also derive for PN the following equations by using essentially (d f))
and (dA):
RA R A A
(d™A) dé g -ava°Dacve =1cV Au g,
Ry S R N
(d™X) YA.BAC OdA/\ﬁA,BLV =XaBAN1c.

These two equations could replace (d%) and (dﬁ) for defining PN™. The ana-
logues of the equations (df)), (dﬁ), (dRA) and (df f}) may be found in [6, Section
2.1], where they are assumed for linearly (alias weakly) distributive categories with
negation (cf. [11, Section 7.9]).

It is easy to infer that in PN~ we have analogues of the equations (gﬁ) ( ﬁ?)
AA vV A Y A v 3
(bY), (bY), (bAY), (bA), (d¥), (dA), (dRA) and (d® E) obtained by replacing =

£
by =, and the indices of the form -BV B and BA—-B by BV -B and -BA B
respectively. For example, we have

ANy A At At
(bA') bap.ov-c°Doarp =1aNAcp.

We can also derive for PN the following equations by using essentially (i&)

Vi Ay
and (X' A)
Y]
(AX) AAA"d,c\mq,,c\"EAA—lAa
vV A v A
(AE) AA’—‘A OdEA,A,"AO EA’—‘A = 1—|A.

These two equations could replace (%ﬁ) and (%lﬁl) for defining PN™. The equa-
tions (%3), (%/A/), (Alfll) and (Af)) are related to the triangular equations of
an adjunction (see [19, Section IV.1]; see also the next section). The analogues of
these equations may be found in [6, Section 4].

A proof-net category is a category with two biendofunctors A and V, a unary

A A Vv Vv
. . . ANV
operation — on objects, and the natural transformations b=, b, b=, b, ¢, ¢, d,

A and 3 that satisfy the equations (;J 5), (ii), e (é/ﬁl) of PN . The category
PN is up to isomorphism the free proof-net category generated by the set of
letters P (the set P may be understood as a discrete category).

If 3 is a primitive arrow term of PN except 1, then we call S-terms of PN™
the set of arrow terms defined inductively as follows: ( is a (-term; if f is a (-
term, then for every A in £, we have that 14 ¢ f and f ¢ 14, where ¢ € {A,V},
are [3-terms.
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In a O-term the subterm [ is called the head of this S-term. For example, the
head of the ZA)§7C7D—term 14/ (gEC,D V1g)is 85707D.

We define 1-terms as B-terms by replacing [ in the definition above by 15. So
1-terms are headless.

An arrow term of the form f,o ... o f;, where n > 1, with parentheses tied
to o associated arbitrarily, such that for every i € {1,...,n} we have that f; is
composition-free is called factorized. In a factorized arrow term f,o ... o f; the
arrow terms f; are called factors. A factor that is a S-term for some ( is called a
headed factor. A factorized arrow term is called headed when each of its factors is
either headed or a 1-term. A factorized arrow term f,o ... o fi is called developed
when f; is a 1-term and if n > 1, then every factor of f,o ... o fo is headed. It is
sometimes useful to write the factors of a headed arrow term one above the other,
as it is done for example in Figure 1 at the end of §6.

By using the categorial equations (cat 1) and (cat 2) and bifunctorial equations
we can easily prove by induction on the length of f the following lemma.

DEVELOPMENT LEMMA. For every arrow term f there is a developed arrow
term f' such that f = f' in PN

Analogous definitions of -term and developed arrow term can be given for
DS, and an analogous Development Lemma can be proved for DS.

4. The category Br

We are now going to introduce a category called Br, which will serve to prove
our main coherence result for proof-net categories. We will show that there is
a faithful functor from PN~ to Br. The name of the category Br comes from
“Brauerian”. The arrows of this category correspond to graphs, or diagrams, that
were introduced in [3] in connection with Brauer algebras. Analogous graphs were
investigated in [13], and in [17] Kelly and Mac Lane relied on them to prove their
coherence result for symmetric monoidal closed categories.

Let M be a set whose subsets are denoted by X, Y, Z, ... For ¢ € {s,t}
(where s stands for “source” and t for “target”), let M be a set in one-to-one
correspondence with M, and let i: M — M’ be a bijection. Let X’ be the subset
of M" that is the image of the subset X of M under i. If u € M, then we use u;
as an abbreviation for i(u). We assume also that M, M® and M" are mutually
disjoint.

For XY C M, let a split relation of M be a triple (R, X,Y) such that R C
(X*UY"H?2, The set X*UY"! may be conceived as the disjoint union of X and Y.
We denote a split relation (R, X,Y") more suggestively by R: X Y.

A split relation R: X FY is a split equivalence when R is an equivalence re-
lation. We denote by part(R) the partition of X UY; corresponding to the split
equivalence R: X Y.
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A split equivalence R: X Y is Brauerian when every member of part(R) is
a two-element set. For R: X Y a Brauerian split equivalence, every member of
part(R) is either of the form {us,v:}, in which case it is called a transversal, or of
the form {us,vs}, in which case it is called a cup, or, finally, of the form {u;,v:},
in which case it is called a cap.

For XY, Z € M, we want to define the composition P x R: X F Z of the split
relations R: X FY and P: Y - Z of M. For that we need some auxiliary notions.

For X,Y C M, let the function ¢*: X UY? — X* UY" be defined by

siy_ Jus ifueX
w(u)—{u ifueY?
and let the function p': X*UY — X* UY"! be defined by

() = u ifue X?®
® Tl w ifueYy.

For a split relation R: X Y, let the two relations R=° C (X UY")? and
R™' C (X*UY)? be defined by

(u,v) € R7" iff  (¢'(u), ¢'(v)) € R

for ¢ € {s,t}. Finally, for an arbitrary binary relation R, let Tr(R) be the transitive
closure of R.
Then we define P x R by

PxR=4 Tr(RT"UP*)N(X5UZH2.

It is easy to conclude that P* R: X - Z is a split relation of M, and that if
R: XY and P: Y + Z are (Brauerian) split equivalences, then P * R is a (Braue-
rian) split equivalence.

We now define the category Br. The objects of Br are the members of the set
of finite ordinals N. (We have 0 =) and n+1 =n U {n}, while N is the ordinal
w.) The arrows of Br are the Brauerian split equivalences R: m - n of N. The
identity arrow 1, : n F n of Br is the Brauerian split equivalence such that

part(1,) = {{ms,m:} | m < n}.

Composition in Br is the operation * defined above.

That Br is indeed a category (i.e. that  is associative and that 1, is an
identity arrow) is proved in [9] and [10]. This proof is obtained via an isomorphic
representation of Br in the category Rel, whose objects are the finite ordinals
and whose arrows are all the relations between these objects. Composition in Rel
is the ordinary composition of relations. A direct formal proof would be more
involved, though what we have to prove is rather clear if we represent Brauerian
split equivalences geometrically (as this is done in [3], [13], and also in categories
of tangles; see [16, Chapter 12] and references therein).

For example, for R C (3°U9%)% and P C (9% U 1%)? such that
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part(R) = {{OS’Ot}’v {15;316}’ {287615}} U {{nt7 (n+1)t} | ne {1’477}}7

part(P) = {{2;,0:}} U{{ns, (n+1)s} | n €{0,3,5,7}},
the composition P * R C (3% U 1%)2, for which we have

part(P * R) = {{0s,0:},{1s,25}},
is obtained from the following diagram:

0 1 2

R

e 1e 2e 3 4 5 Ge Te 8

RN AN
P /
0

Every bijection f from X* to Y corresponds to a Brauerian split equivalence
R: X F Y such that the members of part(R) are of the form {u, f(u)}. The compo-
sition of such Brauerian split equivalences, which correspond to bijections, is then
a simple matter: it amounts to composition of these bijections. If in Br we keep
as arrows only such Brauerian split equivalences, then we obtain a subcategory
of Br isomorphic to the category Bij whose objects are again the finite ordinals
and whose arrows are the bijections between these objects. The category Bij is a
subcategory of the category Rel (which played an important role in [11]), whose
objects are the finite ordinals and whose arrows are all the relations between these
objects. Composition in Bij and Rel is the ordinary composition of relations. The
category Rel (which played an important role in [11]) is isomorphic to a subcate-
gory of the category whose arrows are split relations of finite ordinals, of whom Br
is also a subcategory.

We define a functor G from PN to Br in the following way. On objects,
we stipulate that GA is the number of occurrences of letters in A. (If A has
n={0,1,...,n—1} occurrences of letters, then the first occurrence corresponds to
0, the second to 1, etc.) On arrows, we have first that Ga is an identity arrow of

13 13
Br for o being 14, by p ¢y ba p.c and da,p,c, where ¢ € {A,V}.
Next, for i, j € {s,t}, we have that {m;,n;} belongs to part(G ¢ 4 g) iff {n;, m;}
belongs to part(G éA,B), iff ¢ is s and j is t, while m,n < GA+GB and
(m—n—GA)(m—n+GB) = 0.

In the following example, we have G(pV ¢) =2 ={0,1} and G((¢V —r)V ¢)=3 =
{0,1,2}, and we have the diagrams
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(pVva)A((gV-r)Vaq) ((qv-r)Vaq)V(pVa)
0 1 2 3 4 0 1 2 3 4
G équ,(q\/ﬁr)\/q G gp\/q,(q\/ﬂ)\/q
0 1 2 3 4 0 1 2 3 4
((qv-r)Vag)A(pVa) (pvaq)V((qVv-r)Va)

A
We have that {m;,n;} belongs to part(GApg ) iff either
iis s and j is t, while m,n < GA and m = n, or

i and j are both ¢, while m,n € {GA,...,GA+2GB—1} and
|m—n| = GB.

In the following example, for A being (¢ V —r) V ¢ and B being p V g, we have

(qv-r)Vgq
0 1 2

AN
GAqu,(qV—'T)Vq

8%

0 1 2 3 4 5 6
((gv-r)Vg) A(=(pVag) V(pVaq)

We have that {m;,n;} belongs to part(G XVIBA) iff either

iis s and j is t, while m € {2GB,...,2GB+GA—-1}, n < GA
and m—2GB = n, or

i and j are both s, while m,n < 2GB and |[m—n| = GB.
For A and B being as in the previous example, we have

(pvVa)A=(pVa)V((gV-r)Va)
1 2 3 4 5 6

W |

Gzp\/%(q\/ﬂ)\/q

0 1 2
(qv-r)Vgq

Let G(fog) = Gf xGg. Todefine G(f ¢ g), for ¢ € {A, V}, we need an auxiliary
notion.
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Suppose by is a bijection from X to X7 and by a bijection from Y to Y;. Then
for R C (X*UY")? we define RyX C (X{ UY{)? by

(uiv;) € Ry i (i(by' (u)), j(by' (v)) € R,
where (i, U), (j, V) € {(s, X), (1, Y)}.
If f: AF D and g: B+ E, then for ¢ €{A, V} the set of ordered pairs G(f¢g) is
GfUGgish
where +GA is the bijection from GB to {n+GA | n € GB} that assigns n+GA to
n, and +GD is the bijection from GE to {n+GD | n € GE} that assigns n+GD
to n.
It is not difficult to check that G so defined is indeed a functor from PN to
Br. For that, we determine by induction on the length of derivation that for every
equation f =g of PN~ we have Gf = Gg in Br.
Consider, for example, the following diagram, which illustrates an instance of
(XA):
pAq

A

m Aprg,prq

(NN AQV(PAQ)

d

PAG,(PAG),PAG

(AN AN=(pAG)V(PAQ)

Vv
M 2p/\q,p/\q

pPAgq

This diagram shows that the equation (%A), as well as the equation (é/gl), which is
illustrated by analogous diagrams, is related to triangular equations of adjunctions
(cf. [8, Section 4.10]). The triangular equations of adjunctions are essentially about
“straightening a serpentine”, and this straightening is based on planar ambient
isotopies of knot theory (cf. [4, Section 1.A], ).

We have shown by this induction that Br is a proof-net category, and the
existence of a structure-preserving functor G from PN to Br follows from the
freedom of PN .

We can define analogously to G a functor, which we also call G, from the
category DS to Br. We just omit from the definition of G above the clauses

involving AB,A and ZVDB’A. The image of DS by G in Br is the subcategory of
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Br isomorphic to Bij, which we mentioned above. The following is proved in [11,
Section 7.6].

DS COHERENCE. The functor G from DS to Br is faithful.

It follows immediately from this coherence result that DS is isomorphic to a
subcategory of PN~ (cf. [11, Section 14.4]).
Up to the end of §8 we will be occupied with proving the following.

PN COHERENCE. The functor G from PN to Br is faithful.

For this proof, we must deal first with some preliminary matters.

5. Some properties of DS

In this section we will prove some results about the category DS, which we will
be use to ascertain that particular equations hold in PN". We need these results
also for the proof of PN Coherence.

First we introduce a definition. Suppose z is the n-th occurrence of a letter
(counting from the left) in a formula A of £ Ay, and y is the m-th occurrence of
the same letter in a formula B of £- A v. Then we say that x and y are linked in an
arrow f: AF B of PN when in the partition part(Gf) we have {(n—1)s, (m—1):}
as a member. (Note that to find the n-th occurrence, we count starting from 1,
but the ordinal n > 0 is {0,...,n—1}.) We have an analogous definition of linked
occurrences of the same letter for DS: we just replace £ v by LA and PN
by DS.

It is easy to established by induction on the complexity of f that for every
arrow term f: A+ B of DS we have GA = GB. Moreover, every occurrence of
letter in A is linked to exactly one occurrence of the same letter in B, and vice
versa. This is related to the fact that every arrow term f: A+ B of DS may be
obtained by substituting letters for letters out of an arrow term f’: A’ - B’ of DS
such that every letter occurs in A’ at most once, and the same for B’ (see [11,
Sections 3.3 and 7.6]).

Suppose for Lemmata 1D and 2D below that f: A F B is an arrow term of DS
such that A has a subformula D in which A does not occur and B has a subformula
D’ in which A does not occur, and suppose that every occurrence of a letter in D
is linked to an occurrence of a letter in D’ and vice versa. Then we can prove the
following.

LEMMA 1D. The source A of f is D iff the target B of f is D’.

This follows from the fact, noted above, that GA = GB. The arrow term f in
this case can have as subterms that are primitive arrow terms only arrow terms of

Vv Vv
the forms 1g, bp p o, b g OF ¢ r. We also have the following.
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LEMMA 2D. If DA A" or A’ A D is a subformula of A, then D' A B' or B A D’
is a subformula of B for some B’.

This is easily proved by induction on the complexity of the arrow term f, with
the help of Lemma 1D.

Suppose for Lemmata 1C and 2C below that f: A+ B is an arrow term of DS
such that B has a subformula C in which V does not occur and A has a subformula
C’ in which V does not occur, and suppose that every occurrence of a letter in C
is linked to an occurrence of a letter in C’ and vice versa. Then we can prove the
following duals of Lemmata 1D and 2D, in an analogous manner.

LEMMA 1C. The target B of f is C iff the source A of f is C'.

LEMMA 2C. If C'V B’ or B’V C' is a subformula of B, then C'V A" or A’ v C’
18 a subformula of A for some A’.

Suppose for the following lemma, which is a corollary of either Lemma 2D or
Lemma 2C, that f: AF B is an arrow term of DS such that an occurrence z of a
letter p in A is linked to an occurrence y of p in B.

LEMMA 2. It is impossible that A has a subformula x N A" or A’ Nx and B
has a subformula y Vv B’ or B’V y.

Suppose for Lemmata 3D, 3C, 3 and 4 below that f: A+ B is an arrow term
of DS, and for i € {1,2} let z; in A and y; in B be occurrences of the letter p;
linked in f (here p; and p, may also be the same letter).

LEmMA 3D. If in A we have a subformula A1 V As such that x; occurs in A;,
then in B we have a subformula By V Bs or Bs V By such that y; occurs in B;.

This is easily proved by induction on the complexity of the arrow term f. We
prove analogously the following.

LEmMmA 3C. If in B we have a subformula By N\ By such that y; occurs in By,
then in A we have a subformula Ay N\ Ay or Ay A Ay such that x; occurs in A;.

As a corollary of either Lemma 3D or Lemma 3C we have the following.

LEMMA 3. It is impossible that A has a subformula 1V z2 or o V x1 and B
has a subformula y1 N\ ys or ys Ay;.

The following lemma, dual to Lemma 3, is a corollary of Lemma 2.

LEMMA 4. It is impossible that A has a subformula z1 A zo or xo Ax1 and B
has a subformula y1 V y2 or ys V y1.

Lemma 3 is related to the acyclicity condition of proof nets, while Lemma 4 is
related to the connectedness condition (see [7]).
Next we can prove the following lemma.
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p-¢-r LEMMA. Let f: A+ B be an arrow of DS, let z; for i € {1,2,3} be
occurrences of the letters p, g and r, respectively, in A, and let y; be occurrences of
the letters p, q and r, respectively, in B, such that x; and y; are linked in f. Let,
moreover, o V x3 be a subformula of A and y1 A\ yo a subformula of B. Then there
is a dpgr-term h: A'F B’ such that x} are occurrences of the letters p, q and r,
respectively, in the source p A (qV r) of the head of h and y, are occurrences of the
letters p, q and r, respectively, in the target (p A q) V r of the head of h, such that
for some arrows fy: AF A" and f,: B't+ B of DS we have f = f,oho f, in DS,
and x; is linked to x} in f,, while y, is linked to y; in f,.

PROOF. The proof of this lemma, of which we give just a sketch, relies on a cut-
elimination and related results of [11, Sections 7.7-8]. We first find in the category
GDS introduced in [11, Section 7.7] a cut-free Gentzen term f’: X Y, which
corresponds to f, by the relationship that exists between DS and GDS. According
to the equations at the beginning of Section 7.8 of [11], which are used for the proof
of the Invertibility Lemmata in the same section, in GDS we have the equation
f'=f" for a Gentzen term f” that has as a subterm either A, 4(1,, V4 r(14,1,))
or Vg,(Apqg(1p,14), 1) both of type pA (gVr)F (pAg)Vr. By the relationship
that exists between DS and GDS, we can find starting from f” an arrow term
fyohe fz equal to f in DS, which satisfies the conditions of the lemma. B

The full force of the Cut-Elimination Theorem of Section 7.7 of [11] is not
essential for this proof, but applying this theorem simplifies the proof.

6. The category PN

We now introduce a category called PN, which is equivalent to PN . In the
objects of PN, the negation connective — will be prefixed only to letters, and hence
A B,A and gl B,4 Will be primitive only for the crown index B being a letter. Here
is the formal definition of PN.

For P being the set of letters that we used to generate L, and £ v in
§82-3, let P~ be the set {—p | p € P}. The objects of PN are the formulae of the
propositional language £, generated from P U P~ with the binary connectives A
and V. To define the arrow terms of PN, in the inductive definition we had for the
arrow terms of DS we assume in addition that for every formula A of £, and
every letter p

Apai AF AN (=pVp),

g]p,A: (pA-p)VAE A,
are primitive arrow terms of PN.
To define the arrows of PN, we assume as additional equations in the inductive
definition we had for the equations of DS the PIN equations of §3 restricted to the

A V. A V.
arrow terms A, 4 and ¥, 4. This means that in (A nat) and (X nat) the crown
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index B will be p, in (33) and (Zi) the crown index C will be p, and in (dﬁ)7
\ N7

(dﬁ), (iﬁ) and (ilﬁ/) the crown index A will be p. We define f]p,A, Apas By 4,
i;’A, f);)A and A;’A for PN as they were defined in PN in terms of prA and
Vv
Yp,A

The following equations of PN, and hence also of PN ', which we call stem-
increasing equations, enable us to have in developed arrow terms only A A,B-terms

Vv
and X4 p-terms that coincide with their heads:

A A AN AN AN
(1 AN A) 14 A Ap,B = bXBﬁp\/p ° Ap,A/\B7 by (bA),

AN AN
(AN1) AppAly= éA,BA(ﬁp\/p) ° bZB,ﬁpr ° éB,

(
AN A
(AVA) 1aVAp=dEg o Apavs, by (d*

AN A
(AV1) AppVia=Caapupadi g o (Cas Alopup)o Ay pua,

V Vv V V VvV
(XV1) ¥,pV1a=3%,pvacbi 4 by (bY),

V V V Vv
(AVY) 14V, =%, avp°(lpnpV €ap)o byr—p.B.A° g(pAﬂp)VBxAv

VvV % < 4
by (¢¢), (¢ nat), (X V1) and (¥ nat),
Vv

% v v
(2 A 1) EILB ANly = 21,73/\,4 Odg/\ﬁp,B,A7 by (dRE),

V V V A A
(IAY) 1aA Yp,B = Xp AnB ° (1pAﬁp v CB,A) Odf/\—‘p,B7A ° CA,(pA-p)VB>

AN (A < <
by (cc), (¢ nat), (X A1) and (X nat).

Note that in the stem-increasing equations the stem index B of A and Ev] becomes
more complex on the right-hand sides, whereas the crown index p does not change.
We have analogous stem-increasing equations for EA], A/, EA]/, A, Evll and Al.

We will next prove several lemmata concerning PN, which we will find useful
for calculations later on. For these lemmata we need the following.

Let DS be the category defined as DS save that it is generated not by P,
but by PUP™. So the objects of DS™ are formulae of £, i.e. the objects of
PN. For A and B formulae of £,%,, we define when an occurrence of p in A is
linked to an occurrence of p in B in an arrow f: A+ B of DS analogously to

what we had at the beginning of the preceding section.
3 € £ £ g/ €
Let = for ¢ € {A, V} stand for either A, or A, or ¥, or ¥, and let a =g _4-term
¢
be defined as a (-term in §3, save that (3 is replaced by = 4. We use also © as a
variable alternative to =. Then we have the following.
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AN AN
E-PERMUTATION LEMMA. Let g: C' = D be a E, p-term of PN such that x;
and —xo are respectively the occurrences within D of p and —p in the crown of the

head épﬁ of g, and let f: D+ E be an arrow term of DS™? such that we have an
occurrence y1 of p and an occurrence —yo of —p within a subformula of E of the
form y1 V s or —ys V y1, and x; is linked to y; fori € {1,2} in f. Then there is a
(ﬁ)pyg/—term g : D'+ E of PN the crown of whose head is y1 V —ya or —y2 V y1, and
there is an arrow term f': C = D’ of DS™? such that in PN we have fog =g o f'.

PRrROOF. By the Development Lemma we can assume that f is a developed
arrow term, and then it is enough to consider the case when f is either a G-term
for 8 a primitive arrow term of DS™ or f is 1g. Note that in the developed
arrow term f, o ... o fi1, which is equal to f, we have that f; is 1p, and that fo,
if it exists, cannot be a dp , —p-term or a dp -, p-term such that z; and -~z are
the occurrences of p and —p in the right conjunct of the source B A (—pV p) or
B A (pV —p) of the head of fy. Otherwise, in the target of the head of fo we
would obtain as the left disjunct B A —p or B A p, which together with Lemma 2
would contradict the conditions put on f, and hence also on f,c ... f1, in the

formulation of the é—Permutation Lemma.

The case when f is 1 is trivial, and there are also many easy cases settled by
bifunctorial and naturality equations. The remaining, more interesting, cases are
settled by the following equations of PN:

A A A AA
bA,B,—\p\/p ° (1A A AP,B) = Ap,A/\B7 by (b )7
A A A AA
bBl,Bg,—!p\/p ° AP,Bl/\Bz =1p, A AP’Bzv by (b )7
A A N AAA
VX —pyps °(La A Sp ) = Apa A, by (DAY),
A A A ANANA
b5 —pvp,a ° (Aps AN1a) =15 AZp a4, by (bAX),
A A A AA
bﬁp\/P,Bl,B2 ° Xp BBy = Xp,By N 1B,, by (bY),
A A A AA
b—\p\/p,BvA ° (E;D,B A ]-A) = Ep,B/\A) by (b2)7
A A
éB,ﬂp\/p ° Ay B =%y B, by definition,
A & A e AN
C—pvp,B ° Xp,B = Ay B, by definition and (c¢),
A At
(I A Ep-p)oDpp = A, g by definition,
A A
(gp,—\p Alg)e X, B = E; B by definition and (é nat),
A A A
dﬁp\/p’Bl’B2 o Zp731V32 = Ep,Bl V1g,, by (dE)

Besides these equations, we have analogous equations where —p V p is replaced by

A AN AN AN
pV —p, while A and ¥ are replaced by A’ and & respectively, and vice versa. -
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We prove analogously the following dual of the preceding lemma.

Vv Vv
E-PERMUTATION LEMMA. Let g: D C be a E, p-term of PN such that x;
and —xo are respectively the occurrences within D of p and —p in the crown of the

Vv
head =, g of g, and let f: EF D be an arrow term of DS™ such that we have an
occurrence y1 of p and an occurrence —yo of —p within a subformula of E of the
form y1 A —ya or —ys Ay, and y; is linked to x; fori € {1,2} in f. Then there is a
Vv
Op.pr-term g': E+ D’ of PN the crown of whose head is y1 A —ya or —ya A y1, and
there is an arrow term f': D'+ C of DS™ such that in PN we have go f = f'og’.

Next we prove the following lemma, which involves the p-¢-r Lemma of the
preceding section.

p-—p-p LEMMA. Let x1, ~x2 and x3 be occurrences of p, =p and p, respectively,
in a formula A of EX?V, and let y1, -y and ys3 be occurrences of p, —p and p,
respectwely in a formula B of L\, Let ~xza V x3 or x3V —xg be a subformula of
A and y1 A —ys or —ya Ayr a subformula of B. Let g1: A+ A be a énc—term of
PN such that —x2 V x3 or x3 V -2 is the crown of the head of g1, let go: B+ B’
be a épyp—term of PN such that y1 A =y or —ys Ayy is the crown of the head of

go, and let f: A+ B be an arrow term of DS™? such that x; and y; are linked in f
forie {1,2,3}. Then gao fogy is equal in PN to an arrow term of DS™P.

PROOF. By the p-¢-r Lemma, f: A+ B is equal in DS™, and hence also in
PN, to an arrow term of the form fy,oho f,, where h is a dp —p p-term, and the
other conditions of the p-¢-r Lemma are satisfied. So in PN we have

g2ofogi=gz2ofychofoogr=f,og5ohogyofy,

3 A
by the E-Permutation Lemmata above. Here the head of ¢ must be A, ,: p -
p A (-p V p), the head of h is dp —p,: P A (-pV D) (pA-p)Vp, and the head
V. VvV A
of g4 must be 3, ,: (p A —p)V ptE p. By applying (3A), and perhaps bifunctorial
equations, we obtain that gohog) is equal in PN to an arrow term of the form
14, and hence we have ga© fo g1 = f, o f; in PN, which proves the lemma. -

To give an example of the application of the p-—p-p Lemma, consider the
diagram in Figure 1. This diagram corresponds to G(iq’p/\q oho Aq,pAq) for an
arrow term h of PN, which is of the form go o fog; for the arrow term g; being
Ipag A (1og V ﬁpyq% the arrow term gy being (14A ipﬁq) V1png and f an arrow
term of DS™. Then by applying the p-—p-p Lemma we obtain an arrow term f’
of DS equal to ga° feg; in PN, and next by applying the p-—p-p Lemma (as a
matter of fact, the ¢-—¢-¢ Lemma), we obtain an arrow term h' of DS™” equal to
éq,pAq o flo Aq’p/\q in PN. By DS Coherence of §4, we may conclude that A/, and

\Y A
hence also ¥, pnq ©ho Ag png, is equal to 1,4, in PIN.
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pPAg .
A

a,PN\q

(p A g)A(—qVq)

AN
\ 117/\(] A\ (1~,q \ vaq)
SR

(pAg) A(=gV ((=p V p)Aq))

1p/\q A (1ﬁq N dﬁp,p,q)

(e AN@Q)A(=gV(—pV(pAQ))

V
.
Ipng A b=y ~ppng

(A A((—=qV-p)V(pAq)

K ]‘I)/\q A (é/ﬁ%ﬁq v lp/\q)
—p Vg

(pAq) A (( ) V(pAq))

dp/\q,—\p\/—\q,p/\q

>< (ép,q A 1ﬁpvﬁq) \ 111/\q

AN
b(*
q,p,mpVq

V1paq

(1q A dp’—'phq) \ 1pAq

. J v
\ (]_q A Enﬁq) \Y ].p/\q

Vv
E<Mﬂ/\q

PAq

FIiGURE 1

Here is a lemma analogous to the p-—p-p Lemma.

—p-p-—p LEMMA. Let —x1, x2 and —x3 be occurrences of —p, p and —p, re-
spectiwely, in a formula A of LY, and let —y1, y2 and —ys be occurrences of —p,
p and —p, respectively, in a formula B of L\%,. Let g1: A'+ A be a ép,c-term of
PN such that w9 V —x3 or —x3 V x9 is the crown of the head of g1, let go: B+ B’
be a épﬂ-term of PN such that —y; Ays or ys A —yp is the crown of the head of
g2, and let f: A+ B be an arrow term of DS™? such that x; and y; are linked in f
forie {1,2,3}. Then gao fogy is equal in PN to an arrow term of DS™P.

To prove this lemma we proceed as for the p-—p-p Lemma, relying on the
Vi A
equation (E/A') of PN.
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7. The equivalence of PN and PN

In this section we show that the categories PN and PN are equivalent cat-
egories. We define inductively a functor F' from the category PN to PN in the
following manner. On objects we have

Fp=p, forp a letter,

F(A¢ B)=FA¢FB, for ¢ € {AV},
F—=p=—p, forp a letter,
F-—A=FA,

F-(AANB)=F-AV F-B,

F-(AV B)=F-ANAF-B.

On arrows we have
Foaa, ... A, =QFA,,.  FA,,
< 13
for ava, ... .4, being 14, b4 5 o, b p.cs éA’B or da p.c where ¢ € {A,V},
A A
FAZ%A = Ap,FA: FAFFANA (—\p\/p),
v v
FYpa=%,ra:(pA—p)VFAFFA,

FA pa=1paA Epppp)oFApa: FAFFAN(FBV F-B),
FéﬁgyA = Fg}B,A O(é\FﬁBVFB V1pa): (F-BAFB)VFAF FA,

A v Vv
FApnc,a = (1pa AN((Cp-p,p-c V 1rBAFC)° bEoc pp rBAFC °

AN AN
°(Ip-c V(dF_p rpre® ¢rer-pvrs ° FAp ) e F A a:
FAF FAN((F-BV F-C)V (FBAFC)),

V Vv Vv
FYprca = FYca°((lre AN(FYB,~c °drB F-B,F-C))°

A
° b pp.ppyr-c ° (€rBrc Np-pyr-c)) V 1Fa):
(FBANFC)N(F-BV F-C))VFAF FA,

AN A Vv
FApvc,a= (1raN((Cr-cr-BV lrpayrc)e br-CAF-B.FB.FC °

A A
o((dp-c,p-B,FB° F A ~c)V1Fpc))) o FAc a:
FAFFAN((F-BAF-C)V (FBV FQ)),

V Vv Vv
FYpvca = FYcae((FYXpce ZFB/\FﬁB,FCOd?c)FB)F_.B)/\]-FﬁC)O

AN
° b;CvFB,FﬂB,FﬂCO (gFC,FB A1p-prr-c))V 1Fpa):
(FBVFC)N(F-BAF-C))VFAF FA,

F(feg) =Ffe-Fg,
F(feg)=FfeFg, foree{AV}
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It is easy to infer

AN N/ Vv V. /
FA.pa=FA} FYopa=FY,

N/ A V7 V
FA = FAp.a, FY . =FYp.4,

A A V V
FApa =FApra, FYpa =FXpra.

To ascertain that F' so defined is indeed a functor, we have to verify that if
f = g is an instance of one of the PN equations, then F' f = Fg holds in PN. This
is done by induction on the number od occurrences of connectives in the crown
indices occurring in these equations.

For (A nat) and (% nat) this is a very easy matter. For (lgﬁ), (lvni), (dé) and
(d A) we use essentially naturality equations. (In that context, it might be easier to
rely on the equations (d¥ A) and (d% g]), which are alternative to (df]) and (dﬁ))

To verify (i&) in cases where A is of the form BAC or BV C, we rely on
the induction hypothesis that if f = g is an instance of a PN equation such that
the crown indices are B and C, then we have Ff = Fg in PN. This induction
hypothesis entails that we can proceed as in the proof of the p-—p-p Lemma in the
preceding section, first for p replaced by B, and then for p replaced by C. Finally,
we apply DS Coherence (see the example at the end of the preceding section). To
verify (%A) in case A is of the form —B, we rely on the induction hypothesis for
the equation (EVIIA/)

To verify (%lﬁl) we proceed analogously. In case A is BAC or BV C, we
rely on the proof of the —p-p-—p Lemma in the preceding section, and in case A is
—B we rely on the induction hypothesis for the equation (iﬁ) This concludes the
verification that F' is a functor from PN to PN.

In the definition of F) there is some freedom in choosing the clauses for F’ é ByC,A,
where Z € {A,X} and ¢, € {A,V}. Ours enable us to apply easily the p-—p-p and
—p-p-—p Lemmata in verifying that F' is a functor.

We define a functor F~ from PN to PN by stipulating that 7 A = A and
F~f = f. It is clear that if f =g in PN, then F7f = F"¢g in PN ; so F is
indeed a functor.

Our purpose is to show that PN and PN are equivalent categories via the
functors F' and F'™. It is clear that FF"A = Aand FF™f = f. Since F"FA = FA,
we have to define in PN an isomorphism i4: AF FA. For that we need the
following auxiliary definitions in PN

V7 A
ny =t Yoy 4 0dna-aa0 Banna s AR A,

V. N
ny =df ¥a,--4 °da-a--a° D4 40 AR mA,
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V7
?A,B =df X ApB,~Av-B° d-(ArB),anB,~av-B° (1-(anB) A (LansV ¢oA-B)°
i Nt YA
° bK/\B,ﬁB,ﬁA °((da,B,~B° AB,A) V1.4)))e AA,ﬁ(A/\B) :
~(AAB)F—=AV -B,
A V7 V7 R /\_}
TA,B =df ZAﬁ(A/\B) ° ((((AB,ﬁA °d=a-pp) Nla)e b av-B,B.A°
Nt
°o(1-av-BA éA,B)) V1.(4nB)) °d-av-B,ANB,~(ANB) ° AAAB,ﬂA\/—\B :
-AV-BF —=(AAB),

vV /
7V“Z),B =df L gy B ~Ar—B ° d~(AVB),AVB,~AN-B ° (1.cavB) /\((\C/A,B V1.an-B)°
Vv A/ AN
° bE,A7—|A/\—|BO (1pV (dﬁ,ﬂA,—\B ° ZA,—uB)))) ° AB,ﬁ(AVB) :

~(AV B)F —=AA-B,

Ve V7 V. /\(_
TA,B —df ZB,ﬂ(AvB) c((1-p A (34 g od-aan))e bip~a,avB°

AN
°(C-a-8 Aavp)) V1 (ayB))°d-an-B,avE ~(AVE) ° Dayp ~an-p :
—~AAN-BF —(AV B).

It can be shown that in PN we have the following equations:
nyony =1a, nyony =14,

A—s M1 — P —1
TAB°TAB = 1-4v-B, AB°Ta B = 1-(4nB)s

Vo, Ve -1 — V. =1
TAB°TAB = 1-4An-B) AB°TAB = 1-(AVB),

. - £— §— .
which means that n= and n*, as wellas 7 and 7 are inverses of each other. To

derive these equations in PN, we use essentially (A nat), (gl nat), the p-—p-p and
—p-p-—p Lemmata, and DS Coherence. (If an equation holds in PN, then every
substitution instance of it obtained by replacing letters uniformly by formulae of
L v holds in PN™; this enables us to apply the p-—p-p and —p-p-—p Lemmata.)
The definitions of n™, n*", 77 and 7£’H, for ¢ € {A,V}, are such that they enable
an easy application of the p-—p-p and —p-p-—p Lemmata.

Then we define i4: A+ FA and its inverse i;‘l: FAF A by induction on the
complexity of the formula A of £ A v (cf. [11, Section 14.1]):

ia= i;l =14, if Aispor —p, for p a letter,

. . . —1 -1, -1

LAEA; = LAy € 1Ay, taea, = A, €la,s for ¢ € {A,V},
, S —1 —1

--B =1B°Np, i-p="ng°ig,

) . . Ay 1 A 1 1
L(A1AAg) = (ZﬁAl \ ZﬁAz) °TAL Ay Zﬁ(Al/\AZ) =TA,,A,° (ZﬁAl \ Z‘\A‘Z)’
. Y . VAN 1 Ve 1 1
Lo(A1vAg) = (ZﬁAl A ZﬁA2) °T A, Az Z_‘(A1VA2) =TA,A,° (Zﬂz‘h A ZﬂA2)'

We can then prove the following (cf. [11, Section 14.1]).
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AUXILIARY LEMMA. For every arrow term f: A+ B of PN we have f =
igtoFfois in PN™.

PROOF. We proceed by induction on the complexity of the arrow term f. If f
3 3
is a primitive arrow term 14, by 5 ¢, ba p.cs éA,B or da g, for ¢ € {A,V}, then
we use naturality equations, and the fact that ip is an isomorphism.

A
If fis Ap, 4, then we proceed by induction on the complexity of D. (This is
an auxiliary induction in the basis of the main induction.) If D is p, then we use

(A nat) and the fact that i4 is an isomorphism.
If D is =B, then we rely on the following equation of PN

A Nt
(An)  A-pa=1aN(ng V1p))eAgy,
together with the induction hypothesis. To derive (A n) we have

Nt
(1an(ng V1.p))eAg 4

V
= QAN (¥~ V1.p))o(laA(dp-B--BV1p))e
YA

AN
o(1a A (A/ﬁB’B V1.p))e Ap 4, by bifunctorial equations,

v
= (]-A A (EB’ﬂ_‘B V]-—\B)) ° (]-A N ((dB’ﬁB’_.ﬂB V ]_ﬁB) °

° gB/\(ﬁB\/ﬁﬁB),ﬁB OdeB,B,ﬁB\/ﬁﬁB ° (gﬁB,B A1l.pv--B)))°
AN AT A
° b4 g pv-p ° (Dpa Alopy--p)e(La A éopmp)o Aapa,
A A A
by stem-increasing equations involving A analogous to (1 V A) and (1 A A) of the

preceding section, and also (A, nat). The equation (A n) follows by applying the
—p-p-—p Lemma (with p replaced by A), and DS Coherence.
If D is B A C, then we rely on the following equation of PN™:

AN AN Vv
(Ar)  Aprca=1aA(((Pgc° €-B.-c) V1BAc)° boe g pac ©
A A
°(1-c V(g p oo XB,0)))) e Ac,a,

AN
together with the induction hypothesis. To show that (Ar) holds in PN~ we
proceed as above, by applying essentially stem-increasing equations together with
the p-—p-p Lemma. We proceed analogously when D is BV C.

The cases we have if f is > p,4 are dual to those we had above for f being

AN
Ap, 4. In all these cases we proceed in an analogous manner. This concludes the
basis of the induction.

If fis fao f1, then by the induction hypothesis we have

faofi=ip o Ffacicoig o Ffioig
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which yields f = igl oFfoiy, by the fact that i¢ is an isomorphism and by the
functoriality of F.

If fis fi € fa, for € € {A,V}, then i,ea, is ia, £ia, and iglep is ip! €ip;
we obtain f = igl o F'foiu by using bifunctorial equations. -

The Auxiliary Lemma shows that 74 is an isomorphism natural in A, and so
we may conclude that PN " and PN are equivalent categories.

8. PN Coherence

We define a functor (3 from PN to Br as we defined it from PN to Br. In
the clauses for Ap 4 and ¥ p 4 we just restrict B to a letter p. For f an arrow term
of PN we have that GF' f coincides with G f where F is the functor from PN
to PN of the preceding section, G in GF'f is the functor G from PN to Br and G
in G f is the functor G from PN to Br. To show that, it is essential to check that
GFABA and GF%B,A coincide with GABA and G%B,A respectively.

In this section we will prove that G from PN to Br is faithful. This will imply
that G from PN™ to Br is faithful too.

Analogously to what we had at the beginning of §5, we define when an occur-
rence = of a letter p in A is linked to an occurrence y of the same letter p in B
in an arrow f: AF B of PN. We say that x and y are directly linked in a headed
factorized arrow term f, o ... o f; of PN when = and y are linked in the arrow
fno...of1,and for every i € {2,...,n}if f;isa §p7c—term and z is one of the two
occurrences of p in the crown p A —p of the head of f;, then z and z are not linked
in the arrow f;_10 ... o f; (see the end of §3 for the definition of headed factorized
arrow term).

An alternative definition of directly linked x and y in a headed factorized arrow
term fro...of, of PN is obtained by stipulating that x and y are linked in the
arrow fio...o f,, and for every i € {2,...,n}if f; is a AP,D-term and z is one of
the two occurrences of p in the crown —p V p of the head of f;, then z and y are
not linked in the arrow fieo ... o f;_ 1.

For example, the occurrence of ¢ in the source p A ¢ and the occurrence of ¢ in
the target g A p of

V. N
é1a,q ° (Zpp A1) e (dp,pp A 1g) o (Bpp A1)
are directly linked in this headed factorized arrow term of PN, while the two
occurrences of p in its source and target are not directly linked.

Take a headed factorized arrow term of PN of the form gs o f o g; where gy is
a App—term and gs is g]pyc—term. Let =21 V x2 be the crown of the head of g1 (so
x1 and x9 are both occurrences of p) and let ya A —y; be the crown of the head of
g2 (so y1 and ys are also occurrences of the same letter p). We say that g; and go
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are confronted through f when z; and y; are directly linked for some i € {1,2} in
the arrow term f.

A A
Let a Ap a-term that is a factor of a factorized arrow term f be called a A-
\ A V.
factor. We have an analogous definition of -factor obtained by replacing A by X.
We can then prove the following lemma.

CONFRONTATION LEMMA. For every headed factorized arrow term gso fo g1 of
PN such that g1 and g2 are confronted through f there is a headed factorized arrow

term h of PN with a subterm of the form gho f' g} such that g} is a A-factor, gh
s a é—factor, g4 and gb are confronted through f’, and, moreover,

(1)  f"is an arrow term of DS™,

(2)  g2ofogr=h in PN,

(3) the number of A-factors s equal in go o f o g1 and h, and the same

for the number of g)—factors,

PROOF. We proceed by induction on the number n of factors of f that are

A 4
A-factors or Y-factors. If n = 0, then the arrow term f’ coincides with the arrow
term f.

If n > 0, then let goo fogy be of the form foogo fi for g a Aq,E—term (we
proceed analogously when g is a f]% p-term). According to the stem-increasing
equations of §6, we may assume that g coincides with its head A% g- Then by
(A nat) we obtain in PN

AN
g2ofegr = fao(fi Nlogug)e Ag .

After fi A1_gvq In fao(f1 A 1ogyg) is replaced by a headed factorized arrow term
g2° f"o(g1 A 1-gvg), we may apply the induction hypothesis to this arrow term,
because it can easily be seen that g1 A 1-4v4 and go are confronted through f”,

and f” has one A-factor less than I .

A headed factorized arrow term of PIN that has no subterm of the form
goo fogr with g1 and go confronted through f is called pure. For a pure arrow
term f there is a one-to-one correspondence, which we call the A—cap bijection,
between the A-factors of f and the caps of the partition part(Gf). In this bijec-
tion, a cap ties, in an obvious sense, the occurrences of p in the crown —p V p of
the head of the corresponding A—factor. There is an analogous one-to-one corre-
spondence, which we call the i—cup bijection, between the g]—factors of f and the
cups of part(Gf) (see §4 for the notions of cup and cap). Intuitively speaking, this
follows from the fact that in a sequence of cups and caps tied to each other as in
the following example:
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*

N

*

cups and caps must alternate. For a pair made of a cap and a cup that is its
immediate neighbour, like those marked with * in the picture, we can find a subterm
go o fogy such that g1 and go are confronted through f.

We can then prove the following.

PURIFICATION LEMMA. FEvery arrow term of PN s equal in PN to a pure
arrow term of PN.

PrOOF. We apply first the Development Lemma of §3. If in the resulting
developed arrow term h we have a subterm goo fog; with g; and g, confronted
through f, then we apply first the Confrontation Lemma to obtain a developed
arrow term h’ with a subterm of the form g} o f' o g§ where ¢ and g5 are confronted
through f’, and f’ is an arrow term of DS™?.

Suppose that =z V x3 is the crown of the head of g}, and y; A —ys is the crown
of the head of gj. Suppose xs is linked to y, in f’. Then, by Lemma 3 of §5, it
is impossible that x3 is linked to y;, and so there must be an occurrence x; of p
different from x3 in the source of f’ such that z; is linked to y; in f/, and there
must be an occurrence y3 of p different from y; in the target of f’ such that z3
is linked to y3 in f’. Next we apply the p-—p-p Lemma of §6 to conclude that
gho f' o gy is equal to an arrow term h” of DS™P.

After replacing g5 o f’ o g1 in A’ by h”, we obtain a headed factorized arrow term
in which there is one A—factor and one g]—factor less than in A/, and hence also than
in h, by clause (3) of the Confrontation Lemma.

If z3 is linked to y1, then we reason analogously by applying Lemma 3 of §5
and the —p-p-—p Lemma of §6.

We can iterate this procedure, which must terminate, because the number of

ﬁ—factors and %—factors in h is finite. =

We can then prove the following.

PN COHERENCE. The functor G from PN to Br is faithful.

PRrROOF. Suppose for f and g arrow terms of PN of the same type AF B we
have Gf = GGg. By the Purification Lemma, we can assume that f and g are pure
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arrow terms. Since Gf = Gg, by the A—cap and i—cup bijections we must have
the same number n > 0 of A—factors in f and g and the same number m > 0 of
gl—factors in f and g. We proceed by induction on n+m.

If n+m = 0, then we just apply DS Coherence. Suppose now n > 0. So there
is a ﬁ—factor in f and a A—factor in g that correspond by the g—cap bijections to
the same cap of part(Gf), which is equal to part(Gg). By using the head increasing
equations of §6, together with (A nat), we obtain in PN

f=1"oRa g=9°Apa
for f/ and ¢’ pure arrow terms of the same type A A (—pV p) F B, and such that
the number of A-factors in f" and ¢’ is n—1 in each, and the number of S-factors
in f and ¢’ is m in each, the same number we had for the %—factors in f and g. So

we have

G(f o Apa) = Gf = Gg=Glg' > Apa).

We can show that Gf' = Gg¢’. We obtain G f’ out of G(f' AP,A) in the follow-

ing manner. We first remove from the partition part(G(f’ e AP,A)) a cap {ki, i},
where the k+1-th occurrence of letter in B is an occurrence of p in a subformula
—p of B, and the [+1-th occurrence of letter in B is an occurrence of p that is not
in a subformula —p of B (here we have either k <[ or [ < k). After this removal,
we add two new transversals:

{GA;, k), {(GA+1)s,1:},

and this yields part(Gf’). Since Gg' is obtained from G(g’° AP,A), which is equal
to G(f'e AILA) in exactly the same manner, we obtain that Gf' = Gg'.

Then, by the induction hypothesis, we have that f' = ¢’ in PN, which implies
that f = g in PN. We proceed analogously in the induction step when m > 0, via
gl—factors. —

From PN Coherence and the equivalence between the categories PN and PN,
proved in the preceding section, we may conclude in the following manner that the
functor G from PN to Br is faithful.

ProoOF OF PN COHERENCE. Suppose that for f and g arrows of PN of the
same type we have Gf = Gg. Then, as we noted at the beginning of this section,
we have GFf = GFg, and hence Ff = Fg in PN by PN Coherence. It follows
that f = g in PN by the equivalence of the categories PN " and PN. —

So we have proved PN Coherence, announced at the end of §4.
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9. The category MDS

In this and in the next section we add miz arrows of the type ANB+F AV B
to proof-net categories, together with appropriate conditions that will enable us
to prove coherence with respect to Br for the resulting categories, which we call
mix-proof-net categories. The mix arrows, which underly the mix principle of
linear logic, were treated extensively in [11, Chapters 8, 10, 11, 13]. The proof of
coherence for mix-proof-net categories is an adaptation of the proof of coherence
for proof-net categories given in the preceding sections.

The category MDS is defined as the category DS in §2 save that we have the
additional primitive arrow terms ma p: AA B F AV B for all objects, i.e. for all
formulae, A and B of L4 v, and we assume the following additional equations:

(mnat) (fVg)emap=mpgre(fAg), forf:AFDandg:BFE,

A AN

(bm) mang,c° by pc=dapce(laAmpc),
Vv vV

(bm) b p.a°meBva = (me,pV 1a)ede s, a,
(cm) mp,A° é\A,B = gB,A °MA B.

The proof-theoretical principle underlying m 4, g is called miz (see [11, Section 8.1]
and references therein).

To obtain the functor G from MDS to Br, we extend the definition of the
functor G from DS to Br (see §4) by adding the clause that says that Gmy p is
the identity arrow 1gaygp of Br. We have the following result of [11, Section 8.4].

MDS COHERENCE. The functor G from MDS to Br is faithful.

In the remainder of this section we will prove some lemmata concerning MDS,
which we will use for the proof of coherence in the next section. For that we need
some preliminaries.

For = a particular proper subformula of a formula A of £ v, and ¢ € {A, V},
we define A% inductively as follows:

(Be¢x) ™ =(z¢B)™" =D,
for x a proper subformula of C,
(BeC)"=BeC™,
(CeB)™=C""¢B.
For i € {1,2}, let A; be a formula of £, v with a proper subformula x;, which

is an occurrence of a letter ¢, and let x; be the n;-th occurrence of letter counting
from the left. We define the following functions u;: N — {n;—1} — N:

(n) = n ifn<n;—1
i) =dE Y 1 if > my—1.

The definition of linked occurrence of a letter in an arrow of MDS is analogous
to what we had in §5. Then we can prove the following.
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LEMMA 1. For every arrow term f: Ay F Ay of MDS such that x1 and zo are
linked in the arrow f, there is an arrow term f~9: A7™ F A" of MDS such that
the members of part(Gf~7) are {s(u1(m1)), t(p2(me))} for each {s(my),t(ma)} in
part(Gf), provided m; # n;—1.

PROOF. We proceed by induction on the complexity of the arrow term f. If f

is a primitive arrow term ap, . . g, , then for some j € {1,...,m} we have that z;

sBm?

occurs in a subformula B; of A;. If z; is a proper subformula of this subformula
Bj, then B; ™ is defined, and f~7 is

o _
Bi,...,Bj—1,B;

¥ Bjt1ye B
(note that B;“* and B, ** are the same formula). If z; is not a proper subformula
of the subformula Bj, then f~7is 1 ,-.,.

If fisgoh, then f7%is g79ch™9 and if fis g¢ h for ¢ € {A,V}, then f79 is
either g9 ¢ h, or g¢ h™9, or g when h is 1,,, or h when g is 1,,. a

Here is an example of the application of Lemma 1. If f: A1 F As is

((mg.pnq ° (1g A éq,p) ° étz/\th) V1p)edgnpgp® g;}hqvﬁ ° épA(q\/p),q:
(pA(gVp)Aak(qV(pAg)Vp,
where 1 is the second (rightmost) occurrence of ¢ in (p A (¢ V p)) A g, while x5 is
the second occurrence of g in (¢V (p Aq)) Vp, then f77: AT+ A% is
((mgpe(1g ALp)e Epg) V1p)odygpe Lontqve) ° Lpatavp) i PA (V) E (g Vp) Vp,
which is equal to ((mgp° ¢pq) V 1p) o dp g p-
We define inductively a notion we call a contezt:
[ is a context;
if Z is a context and A a formula of L\, then Z¢ A and A¢ Z are
contexts for ¢ € {A,V}.
Next we define inductively what it means for a context Z to be applied to an

object B of MDS, which we write Z(B), or to an arrow term f of MDS, which
we write Z(f):

O(B) = B, acf) = f,
(Z¢A)(B) = Z(B) ¢ A, (ZeA)(f)=2(f)€1a,
(A¢Z)(B) = A¢ Z(B); (AeZ)(f) =1a¢Z(f)

We use X, Y, Z,... for contexts.

For f: AF C an arrow of MDS, we say that an occurrence x of a formula B
as a subformula of A and an occurrence y of the same formula B as a subformula
of C' are linked in f when the n-th letter in x is linked in f to the n-th letter in y.

Let f: X(p) A BF Y (p A B) be an arrow term of MDS such that the displayed
occurrences of p in the source and target, and also the displayed occurrences of B,
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are linked in the arrow f. Then, by successive applications of Lemma 1, for each
occurrence of a letter in B, we obtain the arrow term f~2: X (p) - Y (p) of MDS,
and the displayed occurrences of p in X (p) and Y (p) are linked in the arrow f~5.
Let fT: X(p A B) - Y (p A B) be the arrow term of MDS obtained from f~%
by replacing the occurrences of p that correspond to those displayed in X (p) and
Y (p) by occurrences of p A B. This replacement is made in the indices of primitive
arrow terms that occur in f~2, and it need not involve all the occurrences of p in
these indices. For example, if X is OA (¢ V p) and Y is (¢ vV O) V p, while f=5 is

((mgpe Epg) V1p)odpgp:pAlaVp)F(gVp)Vp,
then fT is
((mgpnB° Epag) V 1p) o dpapgp: (PAB)A(gVp)F (¢V (pAB))V
Then we can prove the following.

LEMMA 2A. Let f: X(p))ABFY(pAB) and f1: X(pAB)FY(pA B) be as
above. Then there is an arrow term hx: X(p) ABF X(p A B) of DS such that
f=flohx in MDS.

PRrOOF. We construct the arrow term hy of DS by induction on the complexity
of the context X. For the basis we have that hg is 1,45. In the induction step we

have
AN

hzna = (hz N1a)e €aznB ° 05 7.5 ° (C2).4 A1B),
Vv
C

)o &
hzva = hZ\/]-A)OgZp)/\BAOdAz(p)B (Cazp) N1B),
Yo b

(
(

hanz = (LaNhz)o by 7 b
(

havz =(1aV hz)e df Z(p),B*

It is easy to see that G f = G(f'<hx), and then the lemma follows by applying
MDS Coherence. =

Let f: Y(BVp)F BV X(p) be an arrow term of MDS such that the displayed
occurrences of p in the source and target, and also the displayed occurrences of B,
are linked in the arrow f. Then, as above by Lemma 1, we obtain the arrow term
F~B:Y(p)F X(p) of MDS, and the displayed occurrences of p in Y (p) and X (p)
are linked in the arrow f—5.

Let fT:Y(BVp)F X(BVp) be the arrow term of MDS obtained from f~5
by replacing the occurrences of p that correspond to those displayed in Y (p) and
X (p) by occurrences of BV p (cf. the example above). Then we can prove the
following, analogously to Lemma 2A.

LEMMA 2V. Let f: Y(BVp)F BV X(p) and f1:Y(BVp)F X(BVp) be as

above. Then there is an arrow term hx: X(BVp)F BV X(p) of DS such that
f=hxeflin MDS.
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10. MPN " Coherence

The category MPN" is defined as the category PN in §3 save that we have
the additional primitive arrow terms ma p: AA B+ AV B for all objects A and B

of PN, and we assume as additional equations (m nat), (8 m), (X m) and (em) of
the preceding section. To obtain the functor G from MPN™ to Br, we extend the
definition of the functor G from PN to Br by adding the clause that says that
Gmy,p is the identity arrow 1gatgp of Br.

A miz-proof-net category is defined as a proof-net category (see §3) that has
in addition a natural transformation m satisfying the equations (IA) m), (lv) m) and
(¢cm). The category MPN ™ is up to isomorphism the free mix-proof-net category
generated by P.

The category MPN is defined as the category PN in §6 save that we have the
additional primitive arrow terms my4 g for all objects of PN, and we assume as
additional equations (m nat), (ZA) m), (lv) m) and (cm). We can prove that MPN™
and MPN are equivalent categories as in §7. (We have an additional case involving
m,p in the proof of the analogue of the Auxiliary Lemma of §7, and similar trivial
additions elsewhere; otherwise the proof is quite analogous.)

We have a functor G from MPN to Br defined by restricting the definition of
the functor G from MPN™ to Br (cf. the beginning of §8), and we will prove the
following.

MPN COHERENCE. The functor G from MPN to Br is faithful.
The proof of this coherence proceeds as the proof of PN Coherence in §8. The

JAY Vv
only difference is in the =-Permutation and Z-Permutation Lemmata of §6.

The formulation of the é—Permutation Lemma is modified by replacing PN and
DS™ by respectively MPN and MDS ?, where the category MDS ™ is defined
as MDS save that it is generated not by P, but by P UP™ (cf. §6); moreover, we
assume that y; and —ys occur in E within a subformula of the form p A (—ya V y1)
or p A (y1 V —y2). We modify the proof of this lemma as follows.

If in F we have p A (—y2 V y1), then by the stem-increasing equations of §6 we
have that the ép,B—term g: C+ D is equal to "o ﬁpvc for f":CA(-pVp)FD
an arrow term of DS™?, and so for f: D+ E an arrow term of MDS ™ satisfying
the conditions of the lemma we have in MPN

feg=ro"> Ao
Then we apply Lemma 2A of the preceding section to
fef":CA(-pVp)FE,
where C'is X(p), pVpis Band Eis Y(p A (—=pV p)). So for
hx: X(p)A(=pVp)F X(pA(-p VD))
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an arrow term of DS™?, and
(fof)': X(pA(=pVp) FY(pA(-pVp))
we have
fof"=(fof") ehx.
By the é—Permutation Lemma of §6 we have
AN
hXO Ap,C :g/of/

AN AN
where ¢’ is the Ap ,-term X (A, ), and by bifunctorial and naturality equations

we have . .
(fe f”)T c X(App) =Y (App)e(fe f//)_(ﬂp\/p)-
Note that (fo f”) is obtained from (fo f”)~("PVP): X(p) - Y (p) by replacement
of p.
So we have in MPN
AN
fog :fof/IOAp,C
AN
= (fof")oehxoApc
AN
= (f°f”)T°X(Ap,p) o f!
N
— Y(ApJ)) ° f///
for f", which is (f o f//)—(ﬁpr) o f/, an arrow term of MDS 7.
We proceed analogously if in F we have —p A (y1 V —y2); instead of ﬁpyp we

then have A;’p. We have an analogous reformulation of the é—Permutation Lemma
of §6, with a proof based on Lemma 2V of the preceding section.

Instead of Lemma 2A of the preceding section, we could have proved, with more
difficulty, an analogous lemma where f is of type

Z(X1(p) AN X2(B)) EY(p A B),
and fT is of one of the following types:
Z(X1(pAB) A (X2(B)"P) FY(pAB),
Z(X1(pAB)EY(pAB).

Then in the proof of the é—Permutation Lemma modified for MPN we would not
need to pass from g to f o Ap)c via stem-increasing equations, but this alternative
approach is altogether less clear.

Note that we have no analogue of Lemma 2 of §5 for MDS. The lack of

this lemma, on which we relied in §6 for the proof of the é—Permutation and =
Permutation Lemmata, is tied to the modifications we made for these lemmata with
MPN. We have also no analogue of Lemma 4 of §5, but the analogue of Lemma 3
of §5 does hold.
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From MPN Coherence and the equivalence of the categories MPN " and
MPN we can then infer the following.

MPN" COHERENCE. The functor G from MPN " to Br is faithful.
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