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Abstract

A categorical axiomatic theory of creation/annihilation operators on symmetric Fock space is introduced,
and the combinatorial model that motivated it is presented. Commutation relations and coherent states
are considered in both frameworks.
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1. Introduction

This work is an investigation into the mathematical structure of creation/annihilation operators
on (symmetric or bosonic) Fock space, see for example Geroch (1985). My aim is twofold: to
introduce an axiomatic setting for commutation relations and coherent states, and to provide and
exercise one such model of a combinatorial nature. In the spirit of Paul Dirac’s credo

“One should allow oneself to be led in the direction which the mathematics suggests . . . one
must follow up a mathematical idea and see what its consequences are, even though one
gets led to a domain which is completely foreign to what one started with . . . Mathematics
can lead us in a direction we would not take if we only followed up physical ideas by
themselves.”

my hope is that the mathematical theories presented here, and the ideas that underly them, can be
of use for computer science and physics.

Axiomatics. Sections 2-4 consider the axiomatics. Our starting point is the consideration of
categories of spaces and linear maps. To accommodate Fock space, these should allow for the for-
mation of superposed and of noninteracting systems. In Section 2, I respectively formalise these as
compatible biproduct and symmetric monoidal structures. The linear-algebraic structure is then
derived by convolution with respect to the biproduct structure. For completeness, other equivalent
formalisations are also given. Of central importance to our development is the algebraic axioma-
tisation of biproduct structure as monoidal commutative-bialgebra structure (see Proposition 2
and Lemma 4). The resulting setting is rich enough for formalising Fock space together with
creation/annihilation operators on it. Specifically, in Section 3, the Fock-space construction is
axiomatised as a functor on the category of spaces and linear maps that transforms the biproduct
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2 M. Fiore

(i.e. superposition) structure to the symmetric monoidal (i.e. noninteracting) structure. A fun-
damental aspect of this definition is that it lifts the biproduct commutative-bialgebra structure
to a commutative-bialgebra structure on Fock space. This allows for a general definition of cre-
ation/annihilation operators (Definition 15) and embodies the essential mathematical structure of
the commutation relations (Theorem 16). Section 3.2 considers coherent states on Fock space. To
this end, however, one needs to specialise the discussion to Fock-space constructions with suit-
able comonad structure. This additional structure plays two roles: it provides a canonical notion
of annihilation operator and permits the association of coherent states in Fock space to vectors
(Definition 21 (2) and Theorem 22). Finally, Section 4 places creation/annihilation operators in
the context of the Leibniz structure of differentiation.

Combinatorial model. Section 5 puts forward a bicategorical combinatorial model. Its combina-
torial nature resides in the structure being a generalisation of that of the combinatorial species of
structures of Joyal (1981, 1986); see Fiore et al. (2008) for details. The main consequence of this
for us here is that identities, such as the commutation relations, acquire combinatorial meaning
in the form of natural bijective correspondences.

The combinatorial model is based on the bicategory of profunctors (or bimodules, or distrib-
utors) as the setting for spaces and linear maps. These structures, I briefly review in Section 5.1
noting analogies with vector spaces. Combinatorial (symmetric or bosonic) Fock space is then
introduced in Section 5.2. The definition mimics that of the conventional construction as a
biproduct of symmetric tensor powers. After making explicit the mathematical structure of com-
binatorial Fock space, the commutation relation involving creation and annihilation is considered.
We see here that the essence of its combinatorial content arises from the simple fact that

G = 6,U([n] x&,) for [n] ={1,...,n}

classifying the permutations on the set [# + 1] according as to whether or not they fix the element
n+ 1, see (15) and (17). It is an important aspect of the theory, however, that all such calcu-
lations are done formally in the calculus of coends (see e.g. Mac Lane (1971); Loregian (2021))
within the generalized logic of Lawvere (1973). I further illustrate how the calculus can be seen
diagrammatically.

Finally, Section 5.3 considers coherent states in the combinatorial model. Taking advantage of
the duality structure available in it, a notion of exponential (in the form of a comonadic/monadic
convolution) is introduced. The exponential of the creation operator of a vector at the vacuum
state is shown, both algebraically and combinatorially, to yield the coherent state of the vector.

Related work. This work lies at the intersection of computer science, logic, mathematics, and
physics. As such, it bears relationship with a variety of developments.

In relation to mathematical logic, the notion of comonad needed in the discussion of coherent
states is as it arises in models of the linear logic of Girard (1987). The connection between the
exponential modality of linear logic and the Fock-space construction of physics was recognised
long ago by Panangaden; see for example Blute et al. (1993); Blute and Panangaden (2010). In view
of subsequent developments, the connection further puts this work in the context of models of the
differential linear logic of Ehrhard and Regnier (2003, 2006) and the differential categories of Blute
etal. (2006). Indeed, the models to be found in Ehrhard (2002, 2005); Blute et al. (2006); Hyvernat
(2009); Blute et al. (2012) all fall within the axiomatisation here. A stronger axiomatisation (of
which the combinatorial model (Fiore, 2004, 2005; Fiore et al., 2024) is the motivating example)
leading to fully-fledged differential structure in multiplicative biadditive intuitionistic linear logic
was given by Fiore (2007b). The axiomatisation of creation/annihilation operators here may be
seen as the core of the axiomatisation there for differential structure merely satisfying Leibniz
rule.
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An axiomatics for Fock space has independently been considered by Vicary (2008). His setting,
which aims at a tight correspondence with that of Fock space on Hilbert space, is stronger than the
minimalist one put forward here. As acknowledged in his work, the argument used for establishing
the commutation relation between creation and annihilation is based on a private communication
of mine.

The combinatorial model is closely related to the stuff-type model of Baez and Dolan (2001), see
also Morton (2006), being both founded on species of structures. Roughly, their main difference
resides in that the combinatorial model organises structure as presheaves, whilst the stuff-type
model does so as bundles. A benefit of the former over the latter is that it may be developed
formally within generalised logic.

In connection to mathematical physics, the stuff-type model has been related to Feynman dia-
grams and, in connection to mathematical logic, these have been related to the proof theory of
linear logic by means of the ¢-calculus of Blute and Panangaden (2010), which, in turn, has for-
mal syntactic structure similar to that of the calculus of the combinatorial model. These intriguing
relationships are worth investigating.

2. Spaces and Linear Maps

Spaces and linear maps are axiomatised by means of a category S equipped with compatible
biproduct (O, @) and symmetric monoidal (I, ®) structures. I review these notions and explain
the linear-algebraic structure that they embody.

Biproduct structure. A category with finite coproducts and finite products is said to be bicarte-
sian. One typically writes 0, 4+ for the empty and binary coproducts and 1, x for the empty and
binary products.

An object that is both initial and terminal (i.e. an empty coproduct and product) is said to be
a zero object. For a zero object O, I will write O4 p for the map A — B given by the composite
A—O—B.

Definition 1. A bicartesian category is said to have biproducts whenever:

1. it has a zero object O, and
2. for all objects A and B, the canonical map
[(ida, Oa,8), (Op.a,idp)] :A+B— A x B
is an isomorphism.
In this context, one typically writes @ for the binary biproduct.
The proposition below gives an algebraic presentation of biproduct structure, which is crucial

to our development. Recall that a symmetric monoidal structure (1, ®, A, p, o, o) on a category C
is given by an object I € C, a functor ® : C?> — C, and natural isomorphisms Ac: I1® C=C, pc:

CRIZC, aapc:(A®B)®C=ZAR(BR®C), and o4p: AQB=BR® A subject to coherence
conditions, see for example Mac Lane (1971).

Proposition 2. To give a choice of biproducts in a category is equivalent to giving
a symmetric monoidal structure (O,@) on it together with natural transformations
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O g - O
\A/
Bl 0

such that

(1) (A,ua, Va) is a commutative monoid.

d id
00A 2%, A0aA "™ 460 Avded—2V1  4ga

S~ v vA@id{ lw
s

A AcgA —n A
Va

AGA 4>A®A
\ / ®

(2) (A, na, Ay) is a commutative comonoid.

A— ™ AeA

A AJ lidA ®A,
S (4)

OA<——ABA —>A@O ADA 4>A€BA€BA

ny ldA
/ \ .

AGA —)AGBA

(3) waes = (02000 —22% , AeB)

nies = (A®B — . 060=0)

Vies = ((A®@B)@(A®B)=(AeA)® (B®B) _Va®Vs A®B)

Asep = ((A®B) @t (A®A)e (BeB)z(AeB)® (A®B))

The biproduct structure induced by (1) has coproduct diagrams
AN 2

d d,
A A0 —1%  4ep ME%  Ggp~ B
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and product diagrams
T o)

idg®np ny ®idp

A 2Ae®O0O A®B » O®B~ B

Proposition 3. In a category with biproduct structure (O, @), we have that
idy Lifi=j
Opa,ifi#j

A2 apasa)=

Lemma 4. In a category with biproduct structure (O, @; u, V; n, A), the commutative monoid and
comonoid structures (u, V; n, A) form a commutative bialgebra. That is, u and V are comonoid
homomorphisms and, equivalently, n and A are monoid homomorphisms.

A
A ABA— A L A@A
Uy ng
/ \ AA@AA\L TVA@VA
o %0 AGAGABGA —— , AGADADA (©)
ldO ldAGBGA?A@ldA

ABA AGA

ny
O
- 7
:\l /A@UA TIA@& /: (7)

Oa0O OO

N PN

Linear-algebraic structure. We examine the linear-algebraic structure of categories with biprod-
uct structure. This I present in the language of enriched category theory (Kelly, 1982).

Let Mon (CMon) be the symmetric monoidal category of (commutative) monoids with
respect to the universal bilinear tensor product. Recall that Mon-categories (CMon-categories)
are categories all of whose homs [A, B] come equipped with a (commutative) monoid structure

04 €[A,B] ., +as:[A B - [A,B]
such that composition is strict and bilinear; that is,

Opcf=0ac and  fOca=0cs
forallf: A — B,and

§(f+apf)=gf+acgf and  (gtpcg)f=gf+acgf
forallf,f':A— Bandg, ¢ : B— C.

Proposition 5. The following are equivalent.

1. Categories with biproduct structure.
2. Mon-categories with (necessarily enriched) finite products.
3. CMon-categories with (necessarily enriched) finite products.
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The enrichment of categories with biproduct structure (O, &; u, V; n, A) is given by convolution
(see e.g. Sweedler (1969)) as follows:

Oup = (A—20-5B) = Oy

Ftang= A8 A0A % ppp 2L p)

Proposition 6. In a category with biproduct structure, Vao=m + 12 AGA— A and Ay =
U +1L:A—> ADA.

We now consider biproduct structure on symmetric monoidal categories. To this end, note
that in a monoidal category with tensor ® and binary products x there is a natural distributive
law as follows:

Lapc=(m1 ®idc, 2 ®idc) :(AXB)®C—> (A®C) x (BR ()

Definition 7. A biproduct structure (O, @; u, V; n, A) and a symmetric monoidal structure (I, ®)
on a category are compatible whenever the following hold:

®y0®c oid (A®A)®C

ny ®1 &1 W Va®ide

A®C nogc A®C A®C [A,A,C\A@C
o (A®C)® (A®C)

Proposition 5 extends to the symmetric monoidal setting. Recall that a Mon-enriched (symmet-
ric) monoidal category is a (symmetric) monoidal category with a Mon-enrichment for which the
tensor is strict and bilinear; that is, such that

Ox,y ®f =0xgaves  and  f®O0xy=04gxB8Y
forallf: A — B,and
g+ )=gef+g®f and (g+g)®f=g®f+g'®f
forallf,f':A— Bandg, ¢ : X — Y.

Proposition 8. The following are equivalent.

1. Categories with compatible biproduct and symmetric monoidal structures.
2. Mon-enriched symmetric monoidal categories with (necessarily enriched) finite products.
3. CMon-enriched symmetric monoidal categories with (necessarily enriched) finite products.

Definition 9. A category with compatible biproduct and symmetric monoidal structures is referred

to as a category of spaces and linear maps.

3. Fock Space

For a category of spaces and linear maps, the Fock-space construction is axiomatised as a strong
symmetric monoidal functor F mapping (O, @) to (I, ®) and, after considering such structure, I
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explain how it supports an axiomatisation of creation/annihilation operators subject to commu-
tation relations. For F underlying a linear exponential comonad, coherent states are considered
and studied in Section 3.2.

Strong-monoidal functorial structure. A strong monoidal functor (F, ¢, ¢): (C,1,®) — (C', T, ®’)
between monoidal categories consists of a functor F: C — C’, an isomorphism ¢ : I' = F(I), and a
natural isomorphism ¢4 p : FA ® 'FB= F(A ® B) subject to the coherence conditions below.

FC®’I’L>FC I'®’FCLC>FC
idpc®'¢l TFPC ¢®'idpcl TFAC
FC®’FIT>F(C®I) FI®’FCT>F(I®C)
(FA® FB) &' FC—" 4 o/ (FB &' FC) ~"2% %, pa o/ F(BoC)
(PAAB®,idFCl PA.BeC

F(A®B)® FC———— F((A®B)®C) ————— F(A® (B®C(C))
PaeB,C Foy pc

FA®'FB—"" . F(A®B)

GIC“A,FB‘[ lF (0a,8)

FB®'FA —,— F(B®A)

Definition 10. A strong monoidal functor (S, O, ®) — (S, I, ®) for a category of spaces and linear
maps S is referred to as a (symmetric or bosonic) Fock-space construction.

The Fock-space construction supports operations for initialising and merging (i, m) and for
finalising and splitting (£, s).
Definition 11. For a Fock-space construction on a category of spaces and linear maps, set:
Fuy

A= (I=FO™M FA), my=(FAQFAZFA®A) A FA)
fr=FA FOZT), s4=(FA 24 F(A®A)=FA®FA)

The commutative bialgebra structure induced by the biproduct structure yields commutative
bialgebraic structure on Fock space.

Lemma 12. For a Fock-space construction F on a category of spaces and linear maps, the natural

transformations
FA
T ®)
FA ® FA FA ® FA

form a commutative bialgebra.
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Indeed, by means of the coherence conditions of strong monoidal functors, the application of F
to the diagrams (2-7) yields the commutativity of the diagrams below.

id,
T@FA 229 pA o FA <% pAe] FA®FA®FA —A*™ b4 oFA

\; DJA — my ®idpAl lmA
ST

12

FA FAQFA—— . FA
]TIA
FA®FA — ™ . FA®FA FA
FA®FA —— FA®FA
FA.FA
FA FA—— %  .FA®FA
;/ ilf \; SAJ lidA ®s4
I9FA ¢ —FA®FA ——FAal FA®FA ——FAGFA®FA
FA FA A A
FA FA ® FA o FA i FA ® FA
ig fa
/ \ SA ®SAJ TmA ®my
12— 3] FAQFA®FA®FA — 4 FA ® FA ® FA ® FA
id; idpA ® O Fa ®idps

® FA FA ® FA

41/4 fA%
®l1

Proposition 13. For a Fock-space construction (F, ¢, ), the isomorphism @ap has inverse
(Fmr1 @ Fmra) sags.

iA/FA - . FA\fA

I FA I

N v
\ /

I®l

Proof. Follows from the commutativity of

Fr®Fm,

F(A®B)®F(A®B) — ——— FA®FB

S
/SAV 'L(PAGBB,AEBB l(PA‘,B
I !

F(A®B) mF((A@B)@(A@B)) WF(AEBB)

\/

idpa@B)

Proposition 14. For a Fock-space construction F, we have that F(04 p) = ip fo and that F(f + g) =
mp (Ff ® Fg) s : FA — FBforallf,g: A — B.
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3.1 Creation/annihilation operators

Definition 15. Let F be a Fock-space construction. For natural transformations na : A— FA and
ea 1 FA — A, define the associated creation (or raising) natural transformation 1 and annihilation
(or lowering) natural transformation & as

NA®idga

T, =(A®FA FA®FA —2 3, FA)

€4 ®idpg

g, =(FA—FAgFA A®FA)
The above form for creation and annihilation operators is non-standard. More commonly, see
for example Geroch (1985), the literature deals with creation operators 77, : FA — FA for vectors

/
v:1— A and annihilation operators ¢, : FA — FA for covectors v/ : A — 1. In the present setting,
these are derived as follows:

v®idpa

7, = (FA2I®FA A®FA —“5FA)

Vv ®idpy

’ €
el = (FA—5A®FA—— " +1@FA2FA)

Theorem 16 (Commutation Theorem). Let F be a Fock-space construction on a category of spaces
and linear maps. For natural transformations ng : A— FA and ¢4 : FA — A, their associated cre-
ation and annihilation natural transformations 4 : A ® FA — FA and ¢, : FA — A @ FA satisfy
the commutation relations:

L. g, 74 = (64 N4 ®idpa)+(ida ® 714)(04,.4 ® idpa)(ida ® e,) :A®FA - A®FA
2. My (ida ®7y) = 14 (ida ®74) (044 ®idpa) : AR A ®FA — FA
3. (i[da®ey)ey = (04,4 Qidpa)(ida®ey)ey :FA>ARARFA

It follows as a corollary that

4
—y )

(v'EsM4v) ®idpy Na €y

e 7 = (FAzI®FA

=l ==V =V =

NaNa = NMaNa
;o %)

! !
u vV
EQEQ = €L EY

I®FA=2FA ) + (FA FA )

forallu,v:1— Aandu/,v: A —> L
The proof of the Commutation Theorem depends on the following lemma.

Lemma 17. For a Fock-space construction F, the following hold for all natural transformations
na:A— FAandeys :FA — A.

1. naga Aa=FU;+FL)na:A—> F(AD A) and V4 esqga = €4 (Fry 4+ Fmp)
F(Ap A) — A.

2. Product rules:

sana=AZART " FAQFA) + (A= 1@ A “2¥ FA @ FA)
eA®fa fA®ea

eamy = (FAQFA™Z! AQI=A)+ (FAQFA 22 1@ A= A)
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3. Constant rules:
fana=0a1:A—>1, 6e4i4a=014:1>A
Proof. For the first and third items, I only detail the proof of one of the identities; the other identity

being established dually.
One calculates as follows:

(1) naga Aa =naga (U + L3 ) =naga Uy +naga Uy =F(L; ) na +F(Lz ) na
=(FL; +FL;) na.

(2) sana = (Fmy @ Frz) sa@a F(Aa) na
, by definition of s and Proposition 13
= (Fr; ® Fmy) saga (FL +F L, ) na
, by naturality of n and item (1) of this lemma
= (Fmy ® Frry) (FU; @F L ) + (FL, ®F Iy ) s4 na
, by naturality of s
= ((idra ® iafa) + (iafa ® idra)) sa na
, by Proposition 3 and the definitions of i and f
—(AZAQT ™ FAQFA) + (A=T® A 2V FA @ FA)
, by the comonoid structure of (f, s)
eamy = (71 + 72) €apA PAA

, by definition of s and naturality of &

= (ea F(m1) pa,a) + (64 B(12) 9a,4)
, by bilinearity of composition and naturality
eA®fa fa®ea

=(FAQRFA — AQI=ZA)+(FAQFA — IQAZA)

, by definition of f and coherence of F

3) fana=@A" FA S Fo=n =42 01 PO ). O
Proof of the Commutation Theorem. (1) By means of Lemma 17 (2), the commutativity of the
diagram

A®FA A ® FA
nA@ldFA \ / £A®idpy \
(sa Ma)®sp FA ® FA FA ® FA (eamy)®my
SA®SAJ/ TmA@)mA /

FA®FA®FA®FA —————————— FA®FA®FA ®FA

idpg ® OFA FA ®idEs
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shows that g4 774 equals
(A®FAzA®I@FA —“21%% | EA @ FA@FA®FA

idpA ® OFA FA ®idEA £4Qf 4 @my

FA®RFA®QFA®FA ————— 3 AQI®FAXAQFA)

(A®FA2I®A®FA — 2% A @FA©FA®FA

idpA ® OFA FA ®idEA £4Qf 4 @My

FAQFA®FA®FA ——————— AQI®@FA~AQFA)

+

A®ig®sy

(A®FAzZA®T®FA —222" | FA @ FA®FA®FA

idpa ® OFA FA ®1dRa 4 ®E4 @My

FAQFA®FA®FA ——————— IQAQFA~AQFA)

(A®FAz1®A®FA —M® | EA@FA@FA®FA

idpa ® OFA FA ®idEs fA®€4@my

FAQFAQFAQFA ———————— I® A®FA~AQFA )

which, in turn, by the bialgebra laws and Lemma 17 (3), equals

((ea ma) ® idpa) + 0agra,aora + 0agra,acra + ((ida @ 4) (04,4 ® idpa)(ida ® £4))

(2) & (3) The arguments crucially rely on the commutativity of the Fock-space bialgebra
structure. Since the two arguments are dual of each other, I only consider one of them.

id, id, id,
A®A®FA MY o FA o FA ra®ma A®FA
O4A ®idFAl OA FA ®idFAJ Bidra @idrs 2y ®idea
ARAQFA —FA®RAQFA FA ® FA ® FA - FA ® FA
NaA®idy ®idpy | s @id idpa®my
idg ®MNaidpy . - OFA,FA ®idg4 L my
idps ®NA ®idEx 1
A®FA®FA - - »FAQ FAQFA ——— FA®FA ——— FA
NA®idps ®idpg my ®idpy my
AQ®FA FA ® FA
Na®idps U

Analogously, one can establish the following laws of interaction between the cre-
ation/annihilation operators and the bialgebra structure.

Proposition 18. For a Fock-space construction F, the following hold for all natural transformations
na:A— FAandey : FA — A.

1. Leibniz rules:

salla = (74 ®idpa) + (idpa @ 74) (04,ra ® idpa)) (ida ® s4): A Q@ FA — FA®FA
gamy = (idg ®my) ((4 ®idra) + (0ra.4 ® idpa) (idrpa ® £4)) :FA® FA > AQFA
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2. Constant rules:

fAaNA =0agFAl > 14 €4 =0L40FA

3.2 Coherent states

Our discussion of coherent states is within the framework of categorical models of linear logic, see
for example Melliés (2009).

Definition 19. A linear Fock-space construction is one equipped with linear exponential comonad
structure (€, 8) in the form of natural transformations €4 : FA — A and 54 : FA — FFA such that

)
FA FA —— FFA
o T
e F,
FA «——FFA——FA FFA —— FFA
EFA Fey
and subject to the coherence conditions
5,4 ®5B
FFO FA®FB FFA ® FFB

27NT | |
PA.B PrAFB
FO FO

F(A GBB) _ FF(A GBB) _ F(FA EBFB)
SreB F(Fm Fmy)

idpo

Definition 20. Let F be a linear Fock-space construction. A coherent state y is a map 1 — FA such
that

1. gAJ/=(I’EI(X)I@)A®FA)forsomev:I—>A,
2. f4 y =idy, and

3. 54y =(12101°% FA®FA).

Definition 21. Let F be a linear Fock-space construction.

1. The Kleisli extension u* : FX — FA of u: FX — A is defined as F(u) o 8.

2. The extensionV:1— FA of v:1— A is the composite ] = FO %0, pro = F1 % Fa.
For instance, 61; =is:1— FA.
Theorem 22. Forevery v:1— A, the extensionV: 1 — FA is a coherent state.
The theorem arises from the following facts.

Proposition 23. Let F be a linear Fock-space construction.

1. Forf:A— B,fgoF(f)=f4 :FA— L
2. fpa g =14 :FA— L
3. spa 84 = (84 ® 84) s4 : FA — FFA ® FFA.
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4. Foru:FX— A,e 0u” = (u®u’)sx.
5. 50 = (FOZ 121 ® 2 FO ® FO).

We conclude the section by recording a property that will be useful at the end of the paper.

Proposition 24. Let n4 : A — FA be a natural transformation for a linear Fock-space construction
F.Forv:1— A,

@) ia = nav (10)

4. Leibniz Structure

This section shows that the axiomatisation of creation (resp. annihilation) operators of Section 3.1
may be seen from the viewpoint of the theory of differential (resp. codifferential) categories (Blute
et al., 2006) as arising from a derivation that merely satisfies Leibniz rule.

4.1 Leibniz transformation

Key ingredients of differential categories are additive and comonadic modality structures. The
additive structure is provided by CMon-enriched symmetric monoidal categories; while, in the
present context, the required modality structure is just functorial.

Definition 25. For a symmetric monoidal category C, a commutative comonoid (resp. bialgebra)
in the category of endofunctors on C equipped with the pointwise symmetric monoidal structure is
referred to as a functorial commutative coalgebra (resp. bialgebra).

For a CMon-enriched symmetric monoidal category (C, 0, +, I, ®) and a functorial commuta-
tive coalgebra (F:C — C,f : F — 1,5 : F - F @ F), we consider natural transformations satisfying

the Leibniz Rule of deriving transformations in differential categories (Blute et al., 2006).

Definition 26. A Leibniz transformation is a natural transformation d4 : A ® FA — FA satisfying:

da
A®FA FA
idg ®SAJ J/SA
A®FAQ®FA FA® FA

(dg®idy ) +(idg®dy ) (04 4 ®idrs)

Remark 27.

1. A Leibniz transformation satisfies the Constant Rule (Blute et al., 2020, Lemma 3):

A®FA—>FA

RN

2. The commutation relation of a Leibniz transformation with itself is the Interchange Rule of
deriving transformations in differential categories (Blute et al., 2006).

As in Theorem 16 (3), we have the following.
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Proposition 28. For every natural transformation €4 : FA — A, the induced annihilation natural
transformation € , = (€4 ® idra) sa : FA — A ® FA satisfies the commutation relation with itself:

(ida®ey) ey = (044 ®idpa)(ida ®ey)e, :FA->ARARFA

The commutation relation between Leibniz and annihilation transformations is available under
a linearity condition.

Definition 29. For an endomorphism o on A, a natural transformation €4 : FA — A is said to be

otlznearwhenevereAdA—(A(X)FA o8/ ARI=A).

Lemma 30. For every Leibniz transformation ds : A ® FA — FA and «-linear natural transforma-
tion g4 : FA — A, the Leibniz transformation ds and the annihilation natural transformation & 4
satisfy the commutation relation:

eada = (¢ ®idpa) + (ida ® da) (04,4 ® idpa) (ida ® e4) :AQFA—> A®FA

4.2 Leibniz codereliction
I now place the development of the previous section in the context of creation/annihilation
operators by considering Leibniz transformations that arise as creation natural transformations.
In differential linear logic (Ehrhard and Regnier, 2006; Ehrhard, 2018) and in differential cat-
egories (Blute et al., 2006, 2020), this corresponds to how deriving transformations arise from
coderelictions.

For (F:C—C,i:]1>F,m:FQF—F,f:F—>1,s:F— FQ®F) a functorial commutative
bialgebra, we consider natural transformations satisfying the Product Rule of coderelictions (Blute
et al., 2006).

Definition 31. A Leibniz codereliction is a natural transformation n : A — FA satisfying:

A Na

®
= M, 1A @ FA)

iA®My sA
+(A2I®A——">FA®FA)

(AzA®I
FA® FA

FA

Remark 32. A Leibniz codereliction satisfies the Constant Rule (Blute et al., 2020, Lemma 6):

A—M

N

Lemma 33. For every Leibniz codereliction na : A — FA, the induced creation natural transforma-
tionn, =my (na @ idpa) : A ® FA — FA is a Leibniz transformation.

Leibniz derelictions are defined dually.

Definition 34. A Leibniz dereliction is a natural transformation €4 : FA — A satisfying:
FA®FA

(FA®FA*>A®I A)
+(FA®FA*>I®A A)
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Remark 35. A Leibniz dereliction satisfies the Constant Rule:

7N

FA——A
€A

Lemma 36. For every Leibniz codereliction na : A — FA, every Leibniz dereliction €4 : FA — A is
(eana)-linear for the creation Leibniz transformation 7, : A @ FA — FA.

The above together with Lemma 30 and its dual provide the following result.

Corollary 37. For every Leibniz codereliction nas: A — FA and every Leibniz dereliction €4 :
FA — A, the creation and annihilation natural transformations 7, :A® FA— FA and g, :
FA — A ® FA satisfy the commutation relations:

L. g4y = (64 na ®idpa)+(ida ®1y) (044 ®idpa)(ida ®ey) :AQFA—> AQFA
2. My (ida ®@7y) = 714 (ida ®74) (04,4 ®idpa) :A®A®FA — FA
3. (ida®ey) ey = (044 ®idpa)(ida®ey)ey :FA>ARARFA

In this framework, Lemma 17 (2) can be recast as follows.

Lemma 38. For a Fock-space construction F on a category of spaces and linear maps, every
natural transformation ny : A — FA is a Leibniz codereliction and every natural transformation
ea :FA — A is a Leibniz dereliction.

The Commutation Theorem (Theorem 16) may be then seen to follow from the previous
lemma and corollary.

5. Combinatorial Model

I introduce and study a model for Fock space with creation/annihilation operators that arises in
the setting of generalised species of structures (Fiore, 2005, 2006b; Fiore et al., 2008). These are
a categorical generalisation of both the structural combinatorial theory of species of structures
(Joyal, 1981; Bergeron et al., 1998) and the relational model of linear logic.

Our combinatorial model conforms to the axiomatics of the previous section by being an exam-
ple of its generalisation from categories to bicategories (Bénabou, 1967), by which I roughly mean
the categorical setting where all structural identities hold up to canonical coherent isomorphism.
I will not dwell on this here but refer the reader to Fiore et al. (2024).

5.1 The bicategory of profunctors
Our setting for spaces and linear maps will be the bicategory of profunctors Prof, for which see
for example Lawvere (1973); Bénabou (2000). A profunctor (or bimodule, or distributor) A—— B
between small categories A and B is a functor A° x B — Set. It might be useful to think of these
as category-indexed set-valued matrices.

The bicategory Prof has objects given by small categories, maps given by profunctors, and
2-cells given by natural transformations. The profunctor composition TS: A—4— Cof S: A—— B
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and T : B—— C is given by the matrix-multiplication formula

beB
TS (a, ¢) =/ S(a, b) x T(b,c) (11)

where x and [, respectively, denote the cartesian product and coend operations. The associated
identity profunctors I¢ are the hom-set functors C° x C — Set: (¢, ¢) = C(¢, ¢).

The notion of coend and its properties (see e.g. Mac Lane (1971); Loregian (2021)) is central
to the calculus of this section. A coend is a colimit arising as a coproduct under a quotient that
establishes compatibility under left and right actions. Technically, the coend [ “Chy (z,2) € Set
of a functor H: C° x C — Set can be presented as the following coequaliser:

(f:x=y,h) —— (x, H(f,id,)(h))

zeC

]_[_/':x—>yin(C H(yvx) \ Uze(C H(Za Z) — f H(Z7 Z)

(f:x—y,h) ——— (y,H(idy, £)(R))

As for (11), then, TS (a, ¢) consists of equivalence classes of triples in | [, g S(a, b) x T(b, c)
under the equivalence relation generated by identifying (b, s, T(f, idb/)(t/)) and (v, S(id,, £)(s), t)

forall f:b— V' in B, se S(a,b), t' € T(V,c). Note also that, for all P: C° — Set, there is a
canonical natural isomorphism

P(0) = [*C P(2) x C(c, 2) (12)

known as the density formula (Mac Lane, 1971) or Yoneda lemma (Kelly, 1982) that essentially
embodies the unit laws of profunctor composition with the identities.

The bicategory Prof not only has compatible biproduct and symmetric monoidal structures
but is in fact a compact closed bicategory, see Day and Street (1997). The biproduct structure is
given by the empty and binary coproduct of categories (i.e. O =0 and @& = +), and the tensor
product structure is given by the empty and binary product of categories (i.e. I=1and ® = x).

Remark 39. The analogy of profunctors between categories as matrices between bases can be
also phrased as an analogy between cocontinuous functors between presheaf categories and linear
transformations between free vector spaces.

As it is well known, the free small-colimit completion of a small category C is the functor
category Set®’ of (contravariant) presheaves on C and natural transformations between them.

The universal map is the Yoneda embedding C < Set™ : z > | z) where
|z):C°— Set:c— C(c,2)

The use of Dirac’s ket notation in this context is justified by regarding presheaves as vectors and
noticing that the isomorphism (12) above amounts to the following one

P;‘/'ZGCPZ. |Z)

in SetC’ expressing every presheaf as a colimit of the basis vectors (referred to as representable
presheaves in categorical terminology). Associated to this representation, the notion of linearity
for transformations corresponds to that of cocontinuity (i.e. colimit preservation) for functors.
Indeed, the bicategory of profunctors is biequivalent to the 2-category with objects consisting of
small categories, morphisms from A to B given by cocontinuous functors Set® — Set®, and
2-cells given by natural transformations. The biequivalence associates a profunctor T : A—— B with

the cocontinuous functor Fun(T) : Set* — Set® : P beB [faeA P, x T(a,b)] - | b), whilst the
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profunctor Pro(F) : A—— B underlying a cocontinous functor F : Set® — Set® has entry F | a )y,
at (a, b) € A° x B. In particular, note the following:

Fun(Pro F)(P)
— PR R P x F la)] - 1) [** Py (f*"F a),- |b))

= [“““P,-F |a) =F( [*““ P, |a)), by cocontinuity
= F(P)
Pro(Fun T)(a, b)
= (L an x T 1y Z (P T@y): 1)), = T(a,b)

5.2 Combinatorial Fock space
I introduce the combinatorial Fock-space construction.

Definition 40. The combinatorial Fock space of a small category C is the small category

FC= ]_[neN (Cn//Gn
where C" // & has objects given by n-tuples of objects of C and hom-sets
(Cn//Gn(E) 2) = ]_[056” nlfiﬁn C(Cia ZO'i)
It is a very important part of the general theory, for which see Fiore (2005) and Fiore et al. (2008),
that the combinatorial Fock-space construction is the free symmetric (strict) monoidal completion;

the unit and tensor product being respectively given by the empty tuple and tuple concatenation,
and denoted as () and -.

Proposition 41. Hom-sets in combinatorial Fock space satisfy the following combinatorial laws.
N ICRES)
=~ [GbOAFR EAGL G b) x FA®,E- d) x FA®G-6,%) x FA(b - d,7)
2. FA(O, ) =1, FA((a), () = Aa, %)
FA((), (@) =0, FA((@),())=0
3. FA((),%-y) =FA((), %) x FA((),)),
FA(X-y,()) =FAR () x FA(y, ()
4. FA((a),x-7) = (FA((a),X) x FA((),)) + (FA((), %) x FA((a),7) )
FAGR -7, (a) = (FA(X, (@) x FA(, () ) + (FA(X () x FA(§, (@) )

5. F(A+B) (FLL, (@) - FL, (E), FL (x)-FL, (5) = FA(@GX) x F]E%(EJ/)

I proceed to describe the structure of the combinatorial Fock space.
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§ 5.2.1. For a profunctor T : A—— B, the profunctor F T': F A—— FB is given by
FT G5 = [*F ) ([1,e: T2) x FAG Fri2) x FB(FmZ, )

so that

- | Uoee,, [Ti<izm T(ai boi) , it m=n
FT(([II,...,am),(bl,...,bn)): T
0 , otherwise
§ 5.2.2. There are canonical natural coherent equivalences as follows:

$:1~F0 , o(x())=1

PAB - FA x FB >~ F(A + ]B) > (/)A,IB( (56’5;)’ 2) = F(A + B)(F Hl (3&) -F H2 (})) E)
§5.2.3. The pseudo commutative bialgebra structure (8) consists of:

ig: 14— FA , ia(xa) =FA((),a)
my :FA x FA=— FA, ma((®7),72) =FAE-,2)
fa :FA——1 S fA(a, *) = FA(ZI, ( ))

sp:FA——FA X FA |, sa(z, (%,7) =FAEZ X y)

The bialgebra law for mp s arises from the combinatorial law of Proposition 41 (1), which is
a formal expression for the diagrammatic law:

}< o S

§ 5.2.4. The linear exponential pseudo comonad structure is given by

< =y
<=y
|

ea:FA— A, ep(X,a) =FA(, (a))

8a :FA—— FFA, 68a(d,a) =FA®@, a®)

where (d1,...,d,)* =41 - ... d, € FA for a; € FA.

The laws of Proposition 41 (4) exhibit the combinatorial context of the identities of
Proposition 17 (2).
§5.2.5. The bicategory Prof admits a duality, by which a small category A is mapped to its oppo-
site category A° and a profunctor T : A—— B to the profunctor T° : B°—— A° with T°(y,X) =
T(x, y). Thereby, the pseudo comonadic structure of the combinatorial Fock-space construction
can be turned into pseudo monadic structure (1, ) by setting na = (€40)° and pp = (8a0)°.
Specifically, we have:

na:A——FA , na(a,x)=FA((a), %)

paFFA—— FA,  pa(e,a) =FA(a®,a)
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§5.2.6. The structure results in canonical creation and annihilation operators:

Ny AxFA——FA, 7,((a,%),5)) =FARX - (a), )

€y FA—— AxFA, €,(%(ay)=FAR, (a) )
so that, for V:1—4— A and V' : A—4— 1, we have
TGy = [ MV, x FAR-(a),y)  for Vo= V(% a) (13)
V2 oy ~ rach = > /
€q (%)) = [TV xFAR, (a)-y)  for V/y=V(a, %)

yielding the functorial forms

(Fun ! )(X) = [*“5FA (v, x X:] - 1Z-(a))

12

/ AZeFA >
(Fune} )(X) = [*““ ™ [Vox X@z] - 12)

Identity (9) then becomes

a,beA,ZeFA

4 -
Fun(e)f 7)) (X) = (V,V)-X+ [ [Vax VyxXpz]-1z-a)

where (V, V') = faEA Vo x V.
§ 5.2.7. In the current setting, the axiomatic proof of the commutation relation for €, 7,
acquires formal combinatorial content made explicit by the following chain of isomorphisms:
a7 ((a%), (b, 7))
= FA(x - (a), (b) - y) (14)

12

21,22,23,24€FA
/ FAG. 21 - 2) x FA((@), 53 - ) x FA(L - 25, (8) x FAGG) - Z0.7)

21,22,23,24€FA
= f FA(x, 21 - 25)

x [FA((a), z3) x FA((),21) + FA((), z3) x FA((a), z4)]
x [FA(z1, (b)) x FA(23, () + FA(z1, () x FA(23, (b))]
x FA(z - 24,))
= [FA®R, (b) - ) x FA((a), ()] + [FAG.Y) x FA((a), (b)) ]
+ [[2FAFAG, (b) - 2) x FAG - (@), 7)] + [FA(O, (1)) x FAG - (a), )]

12

ZcFA
[Aa,b) x FAG 7)] + [ / FAG, (b)-2) x FAGZ - (). )] (4
= IAXFA((a’ ;C), (b,f/))
zeFA,c,deA
+ / FA(%, () -2) x (A x A) ((a,¢), (d, b)) x FAG - (d), )

= (Iaxra + Ia x7y) (oan x Ira) Ia X €,)) ((a,%), (b,))
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This formal derivation can be pictorially represented as follows:

=
= S
1l
=1
~y

—O- a—o0—0—>b a b -O—Pb
i
¥ b+i + }7+)E
= N . a )7
y Yy a
a a b - b OO0
—O0— -o—o-b  x
y y
a b = b
X
+
= ~ y
X y a

5.3 Coherent states

In this section, I will indistinguishably regard profunctors 14— A as (covariant) presheaves in
Set” and vice versa. Thus, according to Definition 21 (2), every V € Set” has a coherent state
extension V € Set™. A calculation shows this to be given as

~ o v FA -
V= [ (Tye Va) - 14)
The combinatorial version of the coherent state property of Definition 20 (1) enjoyed by V
according to Theorem 22 yields the isomorphism
(Fun €,)(Vasy = Va x Vs
from which we obtain the functorial form
Sy~ rachXeFA -
(Fune,)(V) = [ (Vo x [Tez Vi) - | (@ X))

I now proceed to introduce a notion of exponential (as parameterised by algebras) and show
how, when applied to the creation operator (with respect to the free algebra), generalises the
coherent state extension. The definition of exponential is based on that given in Vicary (2008,
Section 4).

I have remarked in Section 2.2.5 that (F, n, ) is a pseudo monad on the bicategory of pro-
functors. Pseudo algebras for it consist of profunctors M :FA—— A equipped with natural

isomorphisms
A FA FFA —15 FA
Ny wh o
AN l I
A

FA —1— A
M
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subject to coherence conditions, see e.g. Blackwell et al. (1989). These pseudo algebras provide
the right notion of unbiased commutative promonoidal category, generalising the notion of sym-
metric promonoidal category (Day, 1970), viz. commutative pseudo monoids in the bicategory
of profunctors, to biequivalent structures specified by n-ary operations M : A" // &, —— A for
all n € N that are commutative and associative with unit M(®) up to coherent isomorphism. The
most common examples of pseudo F-algebras arise from small symmetric monoidal categories,
say (M, 1, ®), by letting M*: FMl—— M be given by M*((x1, . .., x5),x) = M(x; © - - - © xp, %),
so that M*(( ), x) = MI(1, x). In particular, the free pseudo algebra j15 : FA—— A on A is obtained
by this construction on the free symmetric monoidal category (FA, (), -) on A.

Definition 42. Let M :FA—— A be a pseudo F-algebra. For T :FX—— A, define exp,; (T) =
MT* . FX—— A.

In particular, for V € Set®, we have that
expy (V) = [* [ [** (TNex Vi) x MG @)] - |a)

Proposition 43. For a pseudo F-algebra M : FA—— A,
expy; (01, A) = M©
and

expy(S) TCXPM(T)

expy(S+T) = (FX —7% FX x FX FA x FA P2 FA )

forall S, T : FX—— A.

Note that the notion of exponential with respect to free algebras is a form of
comonadic/monadic convolution, as for T : FX—— FA, the definition of exp,, (T) amounts to
the composite

Ox FT Ha (16)
FX —1— FFX —1'— FFA — 15 FA
Theorem 44. For V € Set?,
exp,, (M)in =V
Proof. A simple algebraic proof follows:
exp,,, (M) in = ua (7)) ia = pana V. ,by(10)
= upF(na) V=V ,byamonad law 0

I conclude the paper with a formal combinatorial proof of this result. Observe first that for the
composite (16), we have:

(ua F(T) 8x) (%, a)

~ fSEFFX,O[EFFA IEEF(FXOXFA) (Hziez TZj) « FFX(&, F]Tl%) « FFA(F]Tzz,Ol)

x FX(x,£°%) x FA(a®, a)

= [FEFEEFA) (T Tz) x FX (% [FmiZ]*) x FA([Fm,Z]%, 3)

Z,'GE

https://doi.org/10.1017/5S0960129524000379 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129524000379

22 M. Fiore

and hence that
(na F(T) 8x ix) ()

= [FEREEER (1], 2 T2) x FX( Q) [Friz]*) x FA([Fmz]*, &)
= [ ([, T, 2)) x FAGZ*,d)
Then, according to (13),
(na F(TY) 84 ia) (@)

~

ZFFA (Tes /xeA Vi x FA((x),z;)) x FA(Z*,4)

J
J

12

zZeFFA sz,-GA (zi€z) (Hz,-e% szi) % (nzieE FA((xzi))Zi)) % FA(} . a)
= Y ([yex Vie) < FA(LRI®,3)

= l_lxiea in
where, for a; € A, | (a1, . ..,a,)] = ((a1),...,(a,)) € FFA; so that, for 2 € FA, |d|®* =a.
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