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—— Abstract

The notion of "centre" has been introduced for many algebraic structures in mathematics. A notable
example is the centre of a monoid which always determines a commutative submonoid. Monads (in
category theory) can be seen as generalisations of monoids and in this paper we show how the notion
of centre may be extended to strong monads acting on symmetric monoidal categories. We show
that the centre of a strong monad T, if it exists, determines a commutative submonad Z of T, such
that the Kleisli category of Z is isomorphic to the premonoidal centre (in the sense of Power and
Robinson) of the Kleisli category of 7. We provide three equivalent conditions which characterise
the existence of the centre of 7. While not every strong monad admits a centre, we show that every
strong monad on well-known naturally occurring categories does admit a centre, thereby showing
that this new notion is ubiquitous. We also provide a computational interpretation of our ideas
which consists in giving a refinement of Moggi’s monadic metalanguage. The added benefit is that
this allows us to immediately establish a large class of contextually equivalent terms for monads
that admit a non-trivial centre by simply looking at the richer syntactic structure provided by the
refinement.

2012 ACM Subject Classification Theory of computation — Denotational semantics

Keywords and phrases Categories, Commutative Monads, Submonads

1 Introduction

Commutative submonads might be constructed through a variety of different methods, see
2, 3].

2 Background

» Definition 1 (Monad). A monad over a category C is an endofunctor T equipped with two
natural transformations n: Id = T and p: T2 = T such that the following diagrams:

HTX Tnx
T3X — T2X TX — T2X
Tux I nNTXx \ Bx
T2°X —— TX T2X — TX
Hx
wx

commute.
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» Definition 2 (Strong Monad). A strong monad over a monoidal category (C,®,1,a, \)
is a monad (T,m, 1) equipped with a natural transformation 7xy : X @TY - T(X QY)
(called strength), such that the following diagrams:

TWRX,Y
ToTX —% T X) WeX)oTY ox T(WeX)eY)
aw,x, T
T)\X W, X, TY aw, Xy
AT
We(XeTY) WRT(X®Y) TWe(X®Y))
TX WRTrxy TW,XQY
X® TX,TY Trx,
Xovy " xeoTY X @ T2 TXeTY) -2 2(x oY)
T
Nxer XY X @ py HX®Y
T(X®Y) XeTY T(X®Y)
TX,Y
commute.

Next, we recall the definition of a commutative monad.
» Definition 3 (Commutative Monad). Given a strong monad T on a symmetric monoidal

category, the costrength 7y : TXRY — T(X®Y) is given by Tk,y def T (vy,x)oTy, xoYTX,Y -
Then, T s said to be commutative if the following diagram:

T T4
TXaTY — 2 1 Txey) XY, (X oY)
7y Hxey (1)
T(X @ TY) T(X ®Y) T(X®Y)
Trxy HX®Y

commutes for every choice of objects X and Y .

The appropriate notion of morphism between two strong monads is given by our next
definition.
» Definition 4 (Morphism of Strong Monads [1]). Given two strong monads (T,n7 ,u”,77)
and (P,n",u”,7F) over a category C, we say that a morphism of strong monads is a natural

transformation v : T = P that makes the following diagrams:

LTX ,PI,X TZ;B
X T2X —— PTX — P2X ARTB —3 T(A® B)
nk /K W% | | 1% A®up| | taes
TX — PX TX PX AQPB —p— P(A® B)

Lx 15'¢ 7-A,B
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commute.

It is easy to see that strong monads over a symmetric monoidal category C and strong
monad morphisms between them form a category which we denote by writing StrMnd(C).

» Definition 5 (Submonad). In the situation of Definition 4, if ¢ is a monomorphism in the
category of strong monads over C, then T is said to be a strong submonad of P and ¢ is
said to be a submonad morphism.

The submonad relation induces an embedding between the Kleisli categories of the
corresponding monads that we recall below.

» Definition 6 (Kleisli category). Given a monad (T,n,p) over a category C, the Kleisli
category Cy of T is the category whose objects are the same as those of C, but whose
morphisms are given by Cr[X,Y] = C[X,TY]. Composition in Ct is given by g ® f =
pzoTgofwhere f: X = TY and g:Y — TZ. The identity at X is given by the monadic
unit nx: X — TX.

» Proposition 7. If . : T = P is a submonad morphism, the functor I : C+ — Cp which is
defined by Z(X) = X on objects and on morphisms by Z(f : X - TY) =1y o f: X - PY
is an embedding of categories.

This functor Z is the canonical embedding of C+ into Cp induced by the submonad
morphism ¢.

2.1 Premonoidal Structure of Strong Monads

Let T be a strong monad on a symmetric monoidal category (C, I, ®). Then, the Kleisli
category C7 does not necessarily have a canonical monoidal structure. However, it does
have a canonical premonoidal structure as shown by Power and Robinson [5]. In fact, they
show that this premonoidal structure is monoidal iff the monad 7 is commutative. Next, we
briefly recall the premonoidal structure of 7 as outlined by Power and Robinson.

For every objects X and Y of Cq, their tensor product X ® Y is also an object of Cy.
But, the monoidal product ® of C does not necessarily induce a monoidal functor on C.
However, by using the strength and the costrength of 7, we can define two families of functors
as follows:

for any object X, a functor (— ®; X): Cr — C7 whose action on objects sends Y to
Y@X,andsends f:Y > TZtoryxo(f@X):Y®X = T(ZX);

for any object X, a functor (X ®, —): C+ — C7 whose action on objects sends Y to
X®Y,andsends f: Y 5 TZtorx20(X®f): XQY > T(X®2).
This categorical data satisfies the axioms and coherence properties of premonoidal categories
as outlined by Power and Robinson [5], but which we omit here for brevity. We wish to note
that in a premonoidal category, f ®; X’ and X ®, g do not always commute. This leads us
to the next definition, which plays a crucial role in the theory of premonoidal categories.

» Definition 8 (Central morphism [5]). Given a strong monad (T,n, 1, 7) on a symmetric
monoidal category (C,1I,®), we say that a morphism f: X —Y in Cy is central if for any
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f X' =Y, the following diagram:

xox 18X

Y @ X’
xe, .ffh h o f

Xeoy e ver

commutes in Cy; or equivalently, the following diagram:

xox — 18X vox N ryexy TV py g7y
X® f’l J Try,y
XeTY' T2(Y @Y")
Xy l l vy
T(X®Y") T(TY @ Y") T2(Y ®Y') T Y
T(feY) Ty Hy @y

commutes in C.

In [5], Power and Robinson have proven that the wide subcategory of Cr consisting
of the central morphisms, and denoted by Z(C7), is a symmetric monoidal subcategory
of C+. This subcategory is called the centre of C. In particular, this means that Kleisli
composition and the tensor functors (— ®; X) and (X ®, —) preserve central morphisms.
However, it does not necessarily hold that the subcategory Z(C7) determines a monad over
C. Nevertheless, in this situation, the left adjoint of the Kleisli adjunction J: C — Cy
always corestricts to Z(Cy) and we write J: C — Z(C7) to indicate this corestriction.

3 Central Submonads on Set

The inspiration for the construction of the central submonad (if it exists) comes from the
category Set where it can always be defined for any monad acting on it. Next, we outline
how this works.

» Notation 9. Throughout the remainder of the section, we write (T,n, u,T) to indicate an
arbitrary strong monad on the category Set. We also write 7' to indicate the costrength of T,
which is induced by the strength T and the symmetry of Set in the usual way.

» Definition 10 (Centre). Given a set X, the centre of T at X, written ZX, is defined to
be the set

2ZX Yt e TX | VY € Ob(Set).Vs € TY. u(T7 (r(t,5))) = u(Tr(r'(t, )} .

We write 1x : ZX CTX for the indicated subset inclusion.



T. Carette, L. Lemonnier and V. Zamdzhiev

In other words, the centre of 7 at X is the subset of 7X which contains all monadic
elements for which (1) holds. In fact, the assignment Z(—) extends to a commutative
submonad of T. This is made precise by the following lemmas and theorems.

» Lemma 11. The assignment Z(—) extends to a functor Z : Set — Set when we define

def

Zf = Tf|ZXZX—>ZY,

for any function f: X — Y, where T f|zx indicates the restriction of Tf: TX = TY to
the subset ZX.

Proof. The validity of this definition is equivalent to showing that 7 f(ZX) C ZY. This
follows by Theorem 26. <

» Lemma 12. For cvery sets X,Y, the monadic unit nx : X — T X, the monadic multiplic-
ation px : T°X — TX, and the monadic strength Txy : X x TY — T(X xY) (co)restrict
respectively to functions n% : X — ZX, p% : 22X — ZX, T)%’Y X X ZY - Z(X xY).

Proof. Special case of Theorem 26. |
The above lemmas now immediately imply the main theorem of this section.

» Theorem 13. The assignment Z(—) extends to a commutative submonad of T with
tx : ZX C TX the required submonad morphism. Furthermore, there exists a canonical
isomorphism Setz = Z(Sety)!.

Proof. Special case of Theorem 28. |

We refer to the commutative monad determined by this theorem as the central submonad
of 7. This theorem, together with our next example, shows that we have successfully
generalised the notion of centre for monoids to monads on Set.

3.1 Examples
In this subsection we present specific examples of central submonads in Set.

» Example 14. Let W be a set. Then we consider the state monad: 7 = [W,W x —] :
Set — Set.

[ X=>TX
fx { x = dw.(w, x)
[ TPX - TX
px: { F s dw.F(w)s (w)
ZX is the set of f € TX st.
VY, Vg € TY, Aw. (z(y(w)1)1, (2(y(w)1)2, y(w)2)) = dw. (y(z(w)1)1, (x(w)2, y(z(w)1)2))
Or st. VY, Vg € TY,Vw € W:
z(y(w)1)1 = y(@(w)1):

z(y(w)1)2 = z(w)2
y(w)2 = y(x(w)1)2

We have that ZX = { w.(w,z)|xz € X} ~ X.

! We explain later (see Theorem 28) in what sense this isomorphism is canonical.
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» Example 15. Let S be a set. The continuation monad is 7 = [[—, 5],
Set, equipped with nx = z — Af.f(z), px : F — Ag.F(Ah.h(g)) and 7x y
Ag-f(Ay.g(z,y)).

The central submonad of 7 then maps X to the set of ¢ € T X, such that: VY, Vi € TY,Vg €
[X xY,S]:

S] : Set —

(z,f) =

Y(Ay-p(Az.g(,y))) = pAzy(Ny.g(2,v)))

Thus, when S is not trivial, ZX ~ X.

» Example 16. Let (M, e, m) be a monoid. We show in this example that our construction of
central submonad is a direct generalisation of the centre for a monoid. We consider the action
monad, which is the following: 7 = M x — : Set — Set, equipped with nx : z — (e, x)
and px : (z,(2',2)) — (m(z,2'),2). The strength simply changes the order in the tensor
products: — X (M x —) = M x (— x —).

The central submonad maps X to the set of (z,2) € TX such that for all set Y, for all
(2", y) €TY:

(m(z,2"), (z,y)) = (m(', 2), (2, y))

This ends up with the following conditions:

{(())(:§ !

Thus, ZX = {(z,2)|z € Z(M),x € X} = Z(M) x X. We have proven that the central
submonad of the action monad induced by M, is the action monad induced by its centre
Z(M).

4 Centralisable Monads

4.1 Central cones

In this section we show how the construction of the central submonad can be generalised to
many categories other than Set.

» Notation 17. Throughout the remainder of the section, we assume we are given a symmetric
monoidal category (C,®,I). We also assume that (T,n, 1, T) is an arbitrary strong monad on
the category C. We write ' to indicate the costrength of T, which is induced by the strength
7 and the symmetry of C in the usual way. All theorems and definitions in this section are
stated with respect to this monad structure.

» Definition 18 (Central Cone). Let X be an object of C. A central cone of T at X is given
by a pair (Z,1) of an object Z and a morphism v : Z — T X, such that for any object Y, we
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have that the diagram:

LRTY X.TY
_—l

ZeoTY TXoTY —T T(XTY)
L®TYJ JTTX,Y
TXQTY T2 (X ®Y)
T”’Yl lum
T(TX®Y) T (X ®Y) T(X®Y)

!
Tty

commutes. If (Z,1) and (Z',!") are two central cones of T at X, then a morphism of central
cones ¢ : (Z',1/) — (Z,1) is a morphism ¢ : Z' — Z, such that 1o =1'. A terminal central
cone of T at X is a central cone (Z,1) for T at X, such that for any central cone (Z',') of
T at X, there exists a unique morphism of central cones ¢ : (Z',J') — (Z,1).

» Proposition 19. Let f: X — TY be a morphism in C. (X, f) is a central cone of T atY
if and only if f is central in C, i.e. in the premonoidal sense (see Def. 8).

Proof. Consider f': X’ — TY’ a morphism part of a central cone. The following diagram:

feoXx’ TV x TY ® f)

X®X TY @ X’ TY®X) TYQTY')
! ! (2)
X®f (1) TY ® f T1yy
T),’,TY’
! ! Y Y’
XeTY v TY®TY T (Y oY)
(4)
TX,Y’ (3) TTY,Y’ Ky @Yy’
T(X®Y) T(TY ®@Y") T2(Y @Y') TY Y
T(feY) Ty Ky @y’

commutes with : (1) C is monoidal, (2) 7" is natural, (3) 7 is natural and (4) f is a central
cone.
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Now if f is central in Cy, this diagram:

TY
zoTv — 19T oxvery XY r(xeTY)
wi Y / /
Y /

rer TXoTy — X1 L rxery) |7

TXQTY THX®Y)

. (1)
TX,Y T(TX 0 Y) BxXeY
/
TTX©Y) —pr— THX ©Y) — o T(X 8Y)
commutes with : (1) f is a central morphism. <

From now on, we rely heavily on the fact that central cone and central morphism are
equivalent notions.

» Lemma 20. If (X,f: X = TY) is a central cone of T at'Y then for any g: Z — X,
(Z,fog) is a central cone of T atY.

Proof.
X/ l
zo1x S9TX w0 LETX 1y e BTN 1y 0 )
f® TXl JTTY,X'
TY QTX' T2(Y @ X')
TTY, X' J JMY@X’
TTY@X') = T?(Y@X') —— T(Y ® X)
Ty, x' Hyex
commutes directly from the definition of central cone for f. <

» Lemma 21. If (X, f: X — TY) is a central cone of T at'Y then for any g:Y — Z,
(X, Tgo f) is a central cone of T at Z.
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Proof. The following diagram:

feoTX' Tg@TX'
XTX TY®TX' TZ@TX'
2 ,
T)/’,TX’ @ Tz, TX'
X/
foT T(g® TX')
TY®TX') T(ZoTX')
1)
TTY,X’ (3) TTZ,X’
T*9®X')
TAY ® X') T (Z®X')
Hy X'’
TTY, X' Tty x Hy @X l W Hzex
/ X/ 2 !/ Y X/ ®RX’
TY @ TX TTY @ X') T2YoX) — TY X T(g® X
TgaTX'| (5 T(Tg®X')J (6) J T2(g@X')  (7) \
TZTX —— T(TZ2X') T(Z®X') T(ZeX")
TTZ,X' Ty x: HzeX

commutes with : (1) f is a central cone, (2) 7’ is natural, (3) 7 is natural, (4) p is natural
(5) 7 is natural, (6) 7/ is natural, (7) u is natural. <

» Lemma 22. If (Z,.) is a terminal central cone of T at X, then ¢ is monic.

Proof. Let us consider f,g:Y — Z such that .o f = ¢ o g; this morphism is a central cone
(Lemma 20) at X, and since (Z,¢) is a terminal central cone, it factors uniquely through ¢.
Thus ¢ is monic. |

It is easy to see that if a terminal central cone for T at X exists, then it is unique up to
a unique isomorphism of central cones.

» Definition 23 (Centralisable Monad). We say that the monad T is centralisable if for any
object X, a terminal central cone of T at X exists.

» Notation 24. If the monad T is centralisable, we write (ZX,1x) for the terminal central
cone of T at X. If (Y, @) is another central cone of T at X, we write ¢Z : Y — ZX for the
unique central cone morphism = : (Y, ) — (2X,1x).

» Example 25. Any strong monad on Set is centralisable (see previous section). The same
is true for any strong monad on the categories DCPO, Meas, Top, Hilb, Vect, etc.

» Theorem 26. If the monad T is centralisable, then the assignment Z(—) extends to a
commutative monad (Z,1n%, u?,7%) on C. Moreover, Z is a commutative submonad of T in

the sense that the morphisms 1x : ZX — T X constitute a monomorphism of strong monads
t:Z=T.
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Proof. First let us prove that Z is a functor. It maps every object to their terminal central
cone. Let f: X — Y be a map, we know that T forx : ZX — TY is central according to
Lemma 21; We define Z f as the unique map such that the following diagram:

zf
ZX --» ZY

x| |

TX — TY
Tf

commutes. It falls then directly that Z maps the identity to the identity, and that ¢ is
natural. Z also preserves composition, proven with the commutative diagram below.

Zyg Zf
ZA =% ZB =5 ZC

| [w e

TA— TB — TC
Tg Tf

D

T(fog)

This proves that Z is a functor. Next we prove it is a monad, then that it is commutative.
nx is central as unit of Z(Cr), thus it factors through tx to define nZ.

Nx
X —TX

7']3?(\\34 /L\X
zZX

uxoTixolzx =tx ®tzx is central, thus it factors through ¢x to define M)Z(.

- | ox

T2y
TZX 7,LXTX i TX

Ta,B o (A®tp) = A®, tp is central, thus it factors through tagp to define TiB.

3
A® ZB ---» Z(A® B)
A@LBJ JLA(@B

ASTB —— T(A® D)
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Note that those diagrams are exactly those of a morphism of strong monads.

Using the fact that ¢ is monic (see Lemma 22) we show that the following commutative

diagram shows that nZ is natural.

n%

X o ZX

f (2)
) ) Zy
Ly

(9 "

y — — zy TY

ng %

(1) definition of n%, (2) ¢ is natural, (3) 5 is natural and (4) definition of nZ. Thus we
have proven that for any f: X — Y, 1y 0 Zf on% = 1y onZ o f. Besides, ¢ is monic, thus
ZfonZ =ng o f which proves that nZ is natural. We will prove all the remaining diagrams

will the same reasoning.

The following commutative diagram shows that p? is natural.

157
z22X
\ (1) /
rx — " rx
Tf
22 2 T (3) Y
(4)
TY
/ (5) \
22y zy
15 by

TY

ZzZX
Z

Zf

Ly

(1) definition of u#, (2) ¢ is natural, (3) u is natural, (4) ¢ is natural and (5) definition of u=.

11
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The following commutative diagrams shows that 72 is natural.

£

A® ZC ( )C Z(AC)
AR A 1
s AeTC AC‘HA@CV//j// 2(f o)
feZC (2 Jf®70 (3) 4 zBeO)
BeTC T(f@0) LB®C
B®. (5) 7B,C
B® 20 —— Z(B®C) T(B®C)
TR ¢ LB®C

(1) definition of 72, (2) ¢ is natural, (3) 7 is natural, (4) ¢ is natural and (5) definition of 7=.

zZ

A® ZB T;)B Z(A® B)
A®. 1
AeTB —2F T(A®B)/ Z(A® f)
4
ARZf (2) JA®Tf (3) @ Z(A® C)
ARTC T(A® f) LA
A (5 TA,C
A 20 Z(A®C) T(A®C)
Tic LA®C

(1) definition of 72, (2) ¢ is natural, (3) 7 is natural, (4) ¢ is natural and (5) definition of 7Z.

The following commutative diagrams prove that Z is a monad.

Z Z
23X Hex 22X ZX TZx 22X
~ (1) L ~L (6) 2
3 zZ zZ
T°X m’ T2X 13574 TX W T2X Hx
Tiux | @ Tox | )
Zux | (2) 3) ZX Zng| (1) ®) ZX
nx Hx
T2X T2X
L2 Hx Lx L2 Hx Lx
(5) (10)
22X ZX TX 22X ————— ZX TX
153 LX 154 Lx

(1) and (2) involve the definition of u? and the naturality of ¢ and puZ, (3) is Def. 1, (4)
definition of uZ and (5) also. (6) and (7) involve the definition of 7 and the naturality of ¢

and nZ, (8) is Def. 1, (9) definition of x® and (10) also.
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Z is proven strong with very similar diagrams. The commutative diagram:

z
ZTAB

T/Z
ZA® ZB AZB Z(A® ZB)

L
L Z(A® TB) P ZT(A® B)
(3) TA® ZB ©)
® L
T TA®TB L (6)
T t (7)
Z(ZA® B) 4 5 ATE T(A®TB)
8
\ ® TTA,B TTA,B\‘
Z(TA® B) T*(A® B)

L (1)
L (2)
) ZAR®TB iz
%
TgAﬁB (4) Zra N%@B

S 9)
272, (10) 275 T(TA®B) LAeB
(11) \\\<Ziéfi\ HA®B
ZT(A® B) : T2(A® B)
L HARB
/ (12 \

Z2(A® B) Z(A® B)
z
HagB LA®B

proves that Z is a commutative monad, with (1) 7/% is natural, (2) definition of 7%, (3) 72
is natural, (4) C is monoidal, (5) definition of 7/%, (6) ¢ is natural, (7) definition of u#, (8)

definition of 7%, (9) ¢ is central, (10) definition of /%, (11) ¢ is natural and (12) definition of
Z

uZ. <
» Theorem 27. In the same situation as the previous theorem, the canonical embedding
functor T : Cz — Cr corestricts to an isomorphism of categories Cz = Z(Cr).

Proof.
Let us note the corestriction Z. For any f, Lemma 20 ensures that 7 f is central.
We define the inverse functor G : Z(Cr) — Cz.
G maps objects to themselves. If f: X — TY is a central morphism in the premonoidal
sense, (X, f) is a central cone of T at Y ; then there exists a unique fZ : X — ZY such
that 1y o fZ = f. We define Gf = fZ.
The proof that it is a functor is direct considering that any fZ is a morphism of central
cones and that components of ¢ are monic.
Let f: X — TY be a morphism of Z(C), i.e. a central morphism. ZGf = 1y o fZ = f
by definition of morphism of central cones (see Def. 18). Let g : X — ZY in C.
Ly © Gfg =1y o (ty 0 g)® = 1y o g by Definition 18 and thus Gfg = g since ty is monic.

13

22(A® B)

Z(A® B)

T(A® B)
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<

Because of the previous two theorems, we are justified in naming the submonad Z as the
central submonad of 7.

4.2 The central theorem

» Theorem 28 (Centralisability). Let us consider a symmetric monoidal category (C,®,1I).

A strong monad T on C is centralisable if any of the following equivalent criteria holds:

1. For any object X of C, T admits a terminal central cone at X;

2. There exists a commutative submonad Z of T such that the canonical embedding functor
T :Cz — Cq corestricts to an isomorphism of categories Cz = Z(Cr);

3. The corestriction of the left adjoint J : C — Cv to J:C— Z(Cr) is also a left adjoint.

Proof.
(1 = 2) Theorem 26 proves that the terminal central cones define a commutative
submonad Z of 7. Theorem 27 proves the isomorphism of categories.
(2 = 3) Let us consider the left adjoint JZ associated to the monad Z. All our hopytheses
can be summed up in the following commutative diagram, because Z is a submonad of 7

C Cr
j2| x ]
Cz % Z(Cr)

Since 7 is isomorphic, J =177 is also a left adjoint.

(3=1) Let R: Z(C7) — C be the right adjoint. We note ® the natural isomorphism
Z(Cr)=Cz. If f: Y — TX is central, meaning a morphism of Z(Cy), the following
diagram:

commutes in Z(C7). The corresponding diagram in C:

Y
|
|

f
o(f) \

RX —— X
EX

commutes. Thus f uniquely factors through the counit ex : RX — T X. It follows that
(RX,ex) is a terminal central cone of T at X.
<4
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4.3 A non Centralisable Monad

» Example 29. Consider the Dihedral group D4 which has 8 elements. Its center is non-trivial
and has 2 elements.

Let C be the full subcategory of Set with objects that are finite products of the set D4 with
itself. This category has a cartesian structure and the terminal object is the singleton set
which is the empty product. The morphisms are the same as in Set. Notice that every
object in this category has cardinality which is a power of 8. Therefore the cardinality of
every homset of C is also a power of 8.

Since C has a cartesian structure and since D4 is a monoid, we can consider the action
monad M on C induced by D4, meaning D, x —. This is a strong monad on C. We will
show that this monad is not centralisable.

Let us assume that there is a monad 7 such that Cy = Z(Caq). There are homsets of
Z(C ) with cardinality 2, such as Z(Cay)[1,1]. C7 cannot cannot have such a homset since
Cr[X,Y] = C[X,TY] which must have cardinality a power of 8. Therefore there exists no
such monad and M is not centralisable.

5 Computational interpretation (Work in Progress)

5.1 Syntax
Finally, we provide a computational interpretation of our ideas by presenting a refinement of

Moggi’s metalanguage [4]. The types are extended by simply adding the Z unary connective
that represents the central submonad of T

(Types) a,b == 1] a—=b|axb]| Za | Ta
(Terms) M,N == x| x| Ax®*M | MN | retz M | M
| dox+zM; N | dox+7M; N

The typing rules are the following;:

I'M:a—b T'EN:a I'M:a THN:b

Tz:abxz:a 'Ex:1 I'MN :b 'E(M,N):axb
'EM:a Xas THM:a 'FM:2Z2a T,z:akFN:2Zb
I'mM :a; I'tretz M : Za I'Fdox+=M; N:2Zb

Tx:abFM:b TEM: Za 'tM:Ta T,z:abN:Tb
'EXe®M:a—b I'EuM:Ta I'Fdox<+7+ M ; N:Tb

As part of future work, we will describe a sound and adequate semantics of this system
(which is fairly straightforward) and we will also consider the issue of full abstraction for
specific monads with non-trivial centres.
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16 Central Submonads and Notions of Computation

5.2 Operational semantics

The operational semantics is defined as follows:

M ~ M’ M ~ M’
dox<+zM; N~wdox<zM; N dox<+7M; N~wdox+7 M ; N
M~ M’ M~ M’

retz M ~» retz M’ LM o~ oMY dox<+zretz M ; N~ N[M/x]

do x <7 t(retz M) ; N ~» N[M/z] (Ax®*. M)N ~» M[N/z]

M ~ M’ M ~ M’ M ~ M’
M~ M (M,N) ~ (M’ N) (N, M) ~~ (N, M)

5.3 Denotational semantics

Let us consider a catesian closed category C equipped with a centralisable monad 7, whose
central submonad is noted Z. The types are denoted as objects in C, as following:

=1
[a —= 8] = [[a] — o]
[Za] = Z[d]
[Ta] =T [a

WhenT' =21 :a1...2y : ap, [I'] = [a]; x --- x [a],,. We use morphisms of C for terms. ev
is the evaluation map and ¢ is the natural isomorphism C[X x Y, Z] = C[X, ZY]. Their
semantics is defined recursively on the typing derivation:
[T,z :abx:a] =m,
[TEmM:a]=m,0[lFM:axb|
[CH{(M,N):axb]=(TFM:a],[l+N:0])
[CFMN :b] = evjppo([TFM:a—0b],[TFN:a])
[[F FAXx® M :a— b]] = d)np]]y[[aﬂ?[[b]]([[l“,x takF M : b]])
[CFretz M: Za]=nZ o[l F M :d]
[C'FuM:Ta] = tgpo ' M: Zd]
[THdox<«+zM; N:Zb| :U[[L;]} OZ[[N]}OT[[%]]’[[(LH o ([T] x [M]) oA
[CFdox<7 M; N:Tb]=puppoT [N]orry,a o (IT] x [M]) oA

5.4 Properties

» Theorem 30 (Soundness). If M ~~ M’, then [M] = [M'].

» Theorem 31 (Adequacy). If [M] = [M’'], then there exists a value V such that M ~*V
and M’ ~* V.

» Theorem 32.

[do x +—7¢M ; doy 7 N ; Pl=[doy<+7 N ; dox <7 (M ; P]

6 Conclusion

We defined the central submonad of a strong monad.
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