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QUANTUM SEMIGROUPS GENERATED BY LOCALLY
COMPACT SEMIGROUPS

M. A. AUKHADIEV AND Y. N. KUZNETSOVA

ABSTRACT. Let S be a subsemigroup of a second countable lo-
cally compact group G, such that S™1S = G. We consider the
C*-algebra C5(S) generated by the operators of translation by
all elements of S in L?(S). We show that this algebra admits a
comultiplication which turns it into a compact quantum semi-
group. The same is proved for the von Neumann algebra VN(S)
generated by Cj(S5).

1. Introduction

The notion of a quantum semigroup, as a C*- or von Neumann algebra
with a comultiplication, appeared well before the term and before the notion
of a locally compact quantum group. But it is especially these last years that
substantial examples of quantum semigroups are considered; we would like
to mention families of maps on finite quantum spaces [22], quantum semi-
groups of quantum partial permutations [2], quantum weakly almost periodic
functionals [9], quantum Bohr compactifications [20], [21].

In this article, we construct a rather “classical” family of compact quan-
tum semigroups, which are associated to sub-semigroups of locally compact
groups. The interest of our objects is in fact that they provide natural exam-
ples of C*-bialgebras which are co-commutative and are not however duals
of functions algebras. Recall that the classical examples of quantum groups
belong to one of the two following types: they are either function algebras,
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such as the algebra Cy(G) of continuous functions vanishing at infinity on a lo-
cally compact group G, or their duals, such as the reduced group C*-algebras
C*(G). In the semigroup situation, one can go beyond this dichotomy.

If S is a discrete semigroup, then the algebra Cj(S) which we consider co-
incides with the reduced semigroup C*-algebra C*(.S) which has been known
since long ago [6], [7], [3], [26], [18]. If S =G is a locally compact group, then
C3(S) = C#(G) is the C*-algebra generated by all left translation operators
in B(L*(@)) [12], [4]. If G is moreover Abelian, then C}(G) equals to the

~

algebra C(Gy) of continuous functions on the dual of the discrete group Gy
[12].

The new case considered in this paper concerns non-discrete nontrivial sub-
semigroups of locally compact groups, and our objective is to show that their
algebras admit a natural coalgebra structure. Let G be a second countable
locally compact group, and let S be its sub-semigroup such that =15 = G.
Set Hs = {f € L*(G) : supp f C S}; let Eg be the orthogonal projection of
L?(G) onto Hg and let Jg be the right inverse of Eg, so that EgJg =Idp,.
After the study of semigroup ideals in Section 2, in Section 3 we define
C3(S) as the C*-algebra generated in B(Hg) by the operators T, = EgLqJg
over all a € S, where L, is the operator of the left translation by a on
L%(G).

The strong closure of Cj(S) in B(Hg) is denoted VN(S) and is said to be
the semigroup von Neumann algebra. In the case S = G, this is the classical
group von Neumann algebra, and in the case when the interior of S is dense
in it, this equals to the von Neumann algebra generated by the reduced C*-
algebra C(S) introduced by Muhly and Renault [16], see Section 4.

By defining it first on VN(S), in Section 6 we show that C3(S) admits a
comultiplication A such that A(Ty,) =T, ® T,. To obtain the main result, we
are using techniques of inductive limits and crossed products analogous to the
constructions carried out in [14] and [8] for the discrete case. The proof is also
based on the duality of semi-lattices in Section 6.1. The discrete Abelian case
was studied in detail in [1].

The article concludes by a more explicit description of C¥(S) in the Abelian
case.

2. Semigroup ideals

Let G be a second countable locally compact group, S a closed subsemi-
group of G containing the identity e of G and such that G = S~1S. Denote by
& the left Haar measure on G. We suppose that p(S) > 0, otherwise our defi-
nition would produce a trivially zero algebra; this implies immediately that S
has a nonempty interior (apply [10, 20.17] with A, B C S compact of positive
measure). One can hold in mind a model example S = [0, +00), G=R.
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For any subset X C S and any p € S, define the translations in S:
(2.1) pX ={pg: qe X}, p'X={geS:pgeX}.

Obviously, pS is a right ideal in S, eS =e" 'S =85 and p~'S =S for any
p € S. For the usual translations in G, we use the notation géX = {gh:

h € X}, so that p~1X = Sﬂp‘léX. It is also easy to see that p(¢X) =

(pg)X and p~1(¢71X) = (¢gp) X for any X C S and all p,q € S. We will
omit parentheses in the products of this type. Moreover, p~'pX = X, but in
general, the products pg~' or p~'q should be viewed purely formally, and
pp~ ' X might differ from X (see, for example, Lemma 2.2).

More precisely, denote by F = F(S) the free monoid generated by S and
S=1\ S. Any element in F can be canonically reduced to a form of a finite
word with alternating symbols in S and S~!, replacing expressions of the
type st, s~1t~! with s,t € S by u, v~! respectively, with u = st and v =ts
in S. The monoid operation on F is concatenation of words combined with
multiplication in S of neighbouring elements, for example,

(p_lqr_l) . (a_lbc_ld) =p q(ar) tbed.
The operation of taking inverse in G induces the operation w + w~! on the
monoid F, by (pit---pi') "t =pFt - pf
For every w :plil'--p,il1 € F and X C S, define by induction wX =

pit(--- (pETX)---). If X =S, then wS is a right ideal in S. Define the family
of all constructible right ideals in S [14]:

J:{ﬁwiS:wie]—'}U{@}.

i=1
Suppose that w € F has the form w = p; 'q1p; 'q2 - p;; ' qn with pj,q5 €5,
maybe with p; =e or ¢, = e. Then it follows from the definition that wS is
the set of elements z satisfying

(2-2) z=pi gDy e,
where 7,41 €.5 and
Tk :pglqk--~p;1ann+1 €S forall k=1,...,n.
Define a homomorphism F — G: w+— (w)g, by (p*')g = p*! for p€ S.
We fix also an injection 2 : G — F which might not be a homomorphism:
for any element g € G we fix one of its representations g = p~'¢q and set

1(g) = p~tq € F. The notation gX, where g € G and X C S, is understood in
the sense gX =1(g)X.

LEMMA 2.1. For any wi,ws € F, we have wywsS C w1S.

Proof. Follows immediately from the facts that pS C S,p~ 1S = S for any
peS. O
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LEMMA 2.2. For any w € F, wS =ww™!8S.

Proof. We can assume that w has the form w :pl_lqlpglqz - prtg, with
pj,q; € S, maybe with p; = e or ¢, = e. Then every x € wS has the form (2.2)
with r,11 € S and 7, :pglqk v tguraai €S forall k=1,...,n.

Now write = p; g1 Py  qng; 'Pn - gy *p1z. In this product, = € S

and rg41 = qlzlpk-~-qf1p1;v €S for k=1,...,n, as well as 7y :pglqk--~
p;lqnqglpnu'ql—lplx €8 for k=1,...,n. It follows that x € ww™'S, so
wS C ww™1S. The inverse inclusion follows from Lemma 2.1. O

LEMMA 2.3. Let a word w € F have the form w = wyws, where wy,wq € F.
Then wS = w1 SN (wy)gwsS.

Proof. Suppose wi =py 'q1py G2 p; ' ¢i, W2 = P G 1Piyativ2 P tn
with p;,q; € S. Then every x € wS satisfies (2.2). This implies directly that
x € wS. If we denote (w1)g =p~'q, p,q €S, then in the notations (2.2) we
have also = p~1¢r;;; which implies that = € p~tqw2S = (w1)gw2S.

Conversely, if € w1.S N (w1)gw2S, then

z=ptapy @ p; i
i €S, Th=pp aep; tari €S fork=1,....,
and
z=p lqp i ginP e dite Py dnTnt,
x€8,rp41 €S, Tk:plzlqk~~p;1ann+1es fork=i+1,...,n.

By cancellation, it follows that 7 :pi_jlqiﬂp;gq”g o pitqnrns1, thus in
fact the condition (2.2) holds for z and z € wS. O

COROLLARY 2.4. For any v,w € F, we have vSNwS = ww™ 'vsS.
Proof. Since (ww™!)g = e, by Lemmas 2.2 and 2.3 we have
wSNvS =ww 'SNvS=ww SN (ww_l)GvS:ww_le. O
It follows directly that
J ={wSlw € F} u{0}.

DEFINITION 2.5. We will say that measurable subsets X, Y of G are equiv-
alent and write X ~Y if u(XAY) =0, where A denotes the symmetric dif-
ference. The equivalence class of X is denoted by [X].

For any X, XYY’ € J and p € S the following holds.

(D) EX~X andY ~Y’, then XNY ~X'NY" and XUY ~ X' UY".
(2) If X ~ X', then pX ~pX’ and p~' X ~p~1X".



QUANTUM SEMIGROUPS 45

We define, as usual, [X]N[Y]=[XNY], [X]U[Y]=[XUY], p[X] = [pX],
p LX) =[p71X], for any X,Y € J and p € S. We will work further with the
set J'={[X]: X e T}.

The following notion was defined by X. Li in [14]. The constructible right
ideals of the semigroup S are independent, if X = U;.lzl X for X, Xq,...,Xn €
J, n €N implies X = X; for some 1 < j <n. This notion is appropriate for a
discrete semigroup S. In our case, this definition should be adjusted.

We say that the constructible right ideals of S are measurably independent,
if

n
X~ |JX; for X,Xy,...,X, €J implies
j=1

X ~X; forsomel<j<n.

Passing to J’, we get the following reformulation of measurable indepen-
dence.

n
[X] = U[Xj] for X, Xy,..., X, € J implies
1

Jj=
[X]=[X;] forsomel<j<n.

The notions of independence and measurable independence in fact do not
coincide. We present a simple example of a semigroup which has certain non-
independent constructible right ideals, and at the same time all its (con-
structible right) ideals are measurably independent.

EXAMPLE 2.6. Let G be the group R, \ {0} with respect to the usual
multiplication, and consider the subsemigroup S = {1} U{2} U [3;400) in G.
Computing the constructible right ideals 2.5, 47135, 37125 we get

25 = {2} U {4} U [6; +00),
47138 = [3; +00),
37128 = {2} U [3; +00).
Hence, we have non-independent ideals: 25 U 47135 = 37125. At the same

time, all the ideals are equivalent to the ideals of the type [a;+00),a > 3, and
therefore are measurably independent.

The following is an example of a semigroup whose ideals are not measurably
independent.

EXAMPLE 2.7. Consider S = {0} U [1;1.5] U [2;00) as a subsemigroup of
the group R with respect to usual addition and the usual topology. Further
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compute the following ideals:
1+ S5 ={1}U][2;2.5] U[3;00),
1.5+ 5 ={1.5}U[2.5; 3] U[3.5;00),
—15+(1+5)={1}U{1.5}U[2;00).

We easily see that —1.5+ (1 4+5) = (14 5)U(1.5+5), and the same is true
for the equivalence classes of these ideals. Hence, the ideals of S are not
independent and not measurably independent.

Both examples above are called perforated semigroups, since they are ob-
tained from R, by deleting some intervals.

3. The semigroup C*-algebras

Further on we will assume that the constructible right ideals of S are mea-
surably independent. It is exactly this property which will guarantee that our
comultiplication is well defined.

Consider the Hilbert space L?(G) with respect to u. For any measurable
subset X C G set Hy = {f € L?>(G) : esssupp f C X }; this subspace is isomor-
phic to L?(X, ). Let Ix € L?(G) be the characteristic function of X, and let
Ex be the orthogonal projection of L?(G) onto Hx, which is just the multi-
plication by Ix. Let L: G — B(L*(G)) be the left regular representation of
G, that is, for any a,b € G, f € L*(G)

(3.1) (Laf)(b) = £(a~'b).
We define the left regular representation T': S — B(Hg) of the semigroup S
analogously to L. For any a,b€ S, f € Hg we set

(32) (Tuf)(b) = f(a™ D),
so that T, = EsL,FEg; then
(3.3) (7o £)(b) = f(ab).

One can verify that T is an isometry, 17T, = I, and that for any f € Hg
and a,b € S we have

(T.T; f)(b) = Is(a™"0) f (D).

Clearly, a='b € S if and only if b € aS, where aS is a constructible right ideal
defined in the previous section. Hence, the projection 7,7, is an operator of
multiplication by I,s. The map T: S — B(Hg) is obviously a representation
of S.

DEFINITION 3.1. Let C3(S) be the C*-subalgebra in B(Hg) generated by
the operators {7} : a € S}. Denote by VN(S) the strong operator closure of
C3(S) in B(Hg) and call it the semigroup von Neumann algebra of S.



QUANTUM SEMIGROUPS 47

If S =G, then Cf(S) = C¥(G) is the C*-algebra generated by all left trans-
lation operators in B(L?*(G)) [12], [4]. If S is discrete, then C}(S) = C}(S) is
the reduced semigroup C*-algebra [18].

A finite product of the generators T,, T, for any a,b € S is called a
monomial. We will denote also T by T,-1, which does not create confu-
sion in the case a=! € S. Generally, for every w = pljEl ~-ptl € F we denote
Ty, = Tplil S ij_;l, and clearly every monomial has this form.

LEMMA 3.2. For any monomial T, function f € Hg and x € G we have
(3.4) (Twf)(x)=Ips(x) - f((w_l)Gx).

Proof. Let k be the length of the word w. For k =1, either w =a or
w=a"! with some a € S. If w=a then for f € Hg we have f(a lz)=
fla=tx)Is(a™12) = I,s(z)f(a"tx), thus the expressions (3.2) and (3.4) are
equal. If w =a~!, then, due to the fact that a=1S = S, the formula (3.3)
implies (3.4).

Suppose (3.4) is proved for k <n and w=vw' is a word in F with the
length k + 1, where the length of v and w’ is 1 and k, respectively. First
assume that v =a € S and denote g =T, f. Then for any = € G we have

(Tw f)(2) = (TuTw f)(x) = (Tug)(z) = g(a'z)
= (Tw f)(a '2) = was(a_lx)f((w’_l)Ga_lx)
= Luws(2) f(((aw') ) g&) = Lus(x) - f((w™h) g2).
Now assume that v =a~! € S~'. Then for any = € G we have
(Twf) (@) = (T, Tw ) (x) = (T;g) (x)
= Is(z)g(ax)
= Is(2)(Tw f)(ax) = Is(x) Ly s(az) f ((w'~1) jaz).
Note that x € S and ax € w'S if and only if x € a~'w’S. Thus,
(wa)(x) = Ia*HtﬂS(l‘)f(((a_lw/)_I)Gx) = ws(l‘) ’ f((w_1>G'r)'
The formula (3.4) follows. O

LEMMA 3.3. The C*-algebra C;(S) is isomorphic to the C*-subalgebra in
B(L?*(G)) generated as a closed linear space by
(3.5) EwsLiw)sEs, weF,
and equivalently by
(3.6) BusLiws, weTF.
Proof. It follows directly from (3.4) that Ty, Eg = EysLy), Es for every

w € F. At the same time, EsTEg =TFEg for every T € C;(S). Thus, the map-
ping T — TEs = EgTEg is a*-homomorphism from C}(5) to B(L*(Q)), and
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its image is generated exactly by the operators (3.6). Moreover, this mapping
is clearly isometric and thus it is an isomorphism.
To arrive at the second description, one calculates that LyEg = FE,. 5L,
G

for every g € G. Thus,
EuwsLiwyeEs = Ewsn(w)e éS)L(w)Cy

By definition, wS C (w)GéS, and (3.6) follows. O

The formula (3.4) shows that T,, =0 if and only if u(wS) =0, that is,
wS ~ ). For a non-zero monomial T, define its inder by (w)g € G. We have
ind T} = (w)5' and ind(T,T,) = (v)a(w)g, if TyTw # 0. Recall that Ex €
B(L?*(@)) is the operator of multiplication by I.

COROLLARY 3.4. A non-zero monomial T, in C}(S) is an orthogonal pro-
jection if and only if ind Ty, = e. In this case, T, = Fys.

Proof. Let T, be an orthogonal projection. Then (ww)g = (w)% = (w)g
and wél =w¢. Hence, (w)g =ind T, =e.

Suppose that ind7T,, = e. Then due to Lemma 3.2, T,, = E\,s which is an
orthogonal projection. O

LEMMA 3.5. Every projection Ex for X € J is contained in C§(S) and
equals Ty,,-1 for some w € F.

Proof. By Corollary 2.4, X =wS for some w € F. Due to Corollary 3.4, if
(w)g = e then E,gs € C5(9).

Suppose w is an arbitrary element in F. By Lemma 2.2, wS = ww™ 'S and
Euws = Eyyw-15. Since (ww™!)g = e, by Corollary 3.4 we have that F,g =
Ty € C5(S). O

Xin Li [14, Definition 2.2] defined the full semigroup C*-algebra of a discrete
semigroup as generated not only by isometries associated to the points of .5,
but also by projections corresponding to its constructible ideals. The aim
of this construction is to obtain a smaller algebra than just generated by
the isometries, so it stays reasonable at least in the case of a commutative
semigroup. See [14] for a longer discussion. Taking into account the topology
on S, we adjust the definition of [14], using the family J’ instead of J. If S
is discrete, the new definition coincides with the old one. Consider a family of
isometries {v,|p € S} and a family of projections {ex|X € J'} satistying the
following relations for any p,q€ S, and X,Y € J':

—_— * —_—
(3.7) Upq = VpUy, VpexV, = €px,

(3.8) es =1, eg =0, exny =exey.
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DEFINITION 3.6. The universal C*-algebra C*(S) of the semigroup S is
the universal C*-algebra generated by {v,|p € S} U {ex|X € J'} with the
relations above. Since the relations between T, and Ex in B(Hg) are the
same, this algebra is nonzero. Denote by D(S) the commutative C*-algebra
generated by the family of projections {ex|X € J'} in C*(S).

LEMMA 3.7. There exists a surjective *-homomorphism A: C*(S) — C5(S)
such that M(vp) =Ty, AMejx)) = Ex. It extends to a normal x-homomorphism
A C*(S)*™ — VN(S). Both maps will be called the left reqular representations,
of C*(S) and C*(S)** respectively.

Proof. Clearly, Ex = Ey if and only if X ~Y. Hence, the map A: e[x] >
Ex is well defined. Due to the definition of N on J’, A is a semigroup iso-
morphism between the semigroups {e[x): [X] € J'} and {Ex: X € J}. One
can easily verify that the operators T, and Ex satisfy the equations (3.7)
and (3.8) for all p € S, X € J. The universality of C*(S) implies the existence
of the homomorphism . Its extension exists by the universality property of
C*(8)**. O

Denote by Ds(S) the C*-subalgebra in Cj(S) generated by monomials
with index equal to e. By Corollary 3.4 and Lemma 3.5 Ds(S) is generated
by projections {Ex|X € J}, and is obviously commutative.

LEMMA 3.8. The algebras D(S) and Ds(S) are isomorphic.

Proof. By definition, A(D(S)) contains the generators of Ds(S). Applying
Lemma 2.20 in [14] and using the measurable independence of constructible
right ideals in S we obtain injectivity of A|p(s). O

There exists a natural action of the semigroup S on the C*-algebra Ds(S).

(3.9) m(A) =T,AT;, peS,Ac Ds(S).
Using the formula (3.4), we obtain for A=FEx, X € J:
(310) Tp(Ex)Zpr.

4. Comparison with reduced semigroup C*-algebras

In the case when S has a dense interior (in addition to our assumptions),
there exists a construction of the reduced C*-algebra C}(S), see [16] and a
more general construction in [23], [19]. The connection between C;(S) and
C3(S) precisely corresponds to the case of C*-algebras of locally compact
groups. In particular, as we show further, the von Neumann closures of the
two coincide.

We recall the construction of C;(.S) of [16], [23] according to the symmetric
case G = S~1S adopted here. Similar to the subspace L*(S) C L?(G), we can
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consider L!(S) C L'(G), which is in addition a Banach algebra with respect
to convolution. For any f € L(S) define an operator V¢ € B(L*(S)):

(4.1) V= [ f@Tadu(a).

One can easily verify that V¢ = f* ¢ for £ € L%(S) and

Vi = [ F@; duta).

The reduced C*-algebra of S is the C*-subalgebra of B(L?(S)) generated by
operators Vy over all f € L(S).

PROPOSITION 4.1. Let S be a closed subsemigroup with dense interior of a
locally compact group G such that G = S~1S. Then VN(S) equals to the von
Neumann closure of C;(S) inside B(L?(S)).

Proof. Tt is sufficient to show that the commutants of C}(S) and Cj(S5)
coincide. If A € B(L?(S)) commutes with T, and T} for every a € S, then due
to (4.1) A commutes with every Vy and V; for every f € LY(S).

To prove the reverse inclusion, take ¢; to be the approximate identity of
LY(G) lying in L'(S) which exists by the assumption that the interior of S is
dense in it (see also [19, Lemma 2.3] for more details on its construction). We
can assume also that every ¢; has compact support so that ¢; € L?(S). For any
¢ € L*(G), we have then ¢; x€ — ¢ in the L2-norm. Denote ¢; , = T,¢;, where
a € S; one verifies that ¢;, € L'(S) and Vj, & =To(¢; + &) for £ € L*(S).
Moreover, T,¢; € L*(S) so that V, , € Cr(S).

For any A in the commutant of C*(S) and any & € L?(S),

AT, 6 = AT, lim ¢; x { =lim AV, & =1im T, (¢; * AE) = To A,

so that the two commutants coincide. O

EXAMPLE 4.2. There are semigroups to which the construction of [16], [23]
is not applicable while ours is. Let C' C [0,1] be the middle-fifth Cantor set
(of positive measure). Let S be the additive semigroup

S={0}u{2}u D (242721427277 10) U [4, +00).

n=0

Then the interior of S is not dense in it so S does not satisfy the assump-
tions of [16], [23]. However its ideals are measurably independent, and other
assumptions made in Section 2 are also satisfied.
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5. The semigroup C*-algebra and crossed products

In what follows, we establish a connection between Cj(S), VN(S) on one
hand and the C*- and von Neumann group crossed products by the group G
on the other hand. The proof repeats almost verbatim that of Lemma 4.2 of
[8] and is based on Theorem 2.1 of [13]. The difference with the mentioned
references lies in the topology of the action of G in the outcoming dynamical
system.

Recall that a semigroup is called right reversible if every pair of non-empty
left ideals has a non-empty intersection (see [13], [5]). The following theorem
by Ore (for discrete semigroups) can be found in [5].

THEOREM 5.1. A cancellative semigroup S can be embedded into a group
G such that G = S™'S if and only if it is right reversible. And in this case, G
is a unique up to isomorphism group generated by S.

By our assumptions, S is embedded into G so that G = S~1S; by Ore’s
theorem, S is right reversible. This allows us to define a preorder on S: set
p<qif gp~' €8, or equivalently if ¢ € Sp. By Ore’s theorem, for any p,q € S
the left ideals {xp: x € S}, {yq: y € S} have a non-empty intersection. Hence,
S is upwards directed with respect to this preorder: for any p,q € S there
exists 7 € S such that ¢ <r and p <r. In the case when SN S~1 # {e}, this
might not be an order; in fact, p<qgand ¢<pif p~lge SNS~L

Consider the directed system of C*-algebras D, indexed by p € S, where
every D, = Ds(S). For p,q € S such that p <q we have gp~! € S and the
action (3.9) generates a *-homomorphism 7,,-1: D), = Dy:

Typ-1 (A) = Tyt AT,

ap
which acts on the generating projections as a translation, see (3.10). Clearly,
Tgp—1 = Tgr—1Tpp—1 for p <r < g. Let D((Soo) (S) denote the C*-inductive limit
of the directed system {D,, 7,1}

Recall the notation ¢! éX ={¢'2:2€X}CGforqeSand X € J.

LEMMA 5.2. The C*-algebra D((;OO)(S) is isomorphic to
Dg=C"({E;-1 . x: € 8,X € J}) C B(L*(G)).

Proof. By definition, Ds(S) C B(Hg). Recall that we denote Jg: Hg —
L?(G) the canonical imbedding; denote by 7: Ds(S) — B(L?*(G)) the lifting
W(A) = JsAEs.

For any p € S, the map

¢p(A) = Lym(A)L,, Ac Ds(5),
is a *x-homomorphism ¢,: Ds(S) = D¢, such that ¢,(Ex) = E,-1 . x for all
G

XeJ.
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Then for p<q and X € J we have:
GqTqp-1(Ex) = LyEg-1xLg= Eq S(ap=1)-

Since gp~! € S, we have gp~ !X = (¢p~?) éX’ and we can continue the previ-

ous formula as
¢q qpfl(EX) = Eza*1 oX = ¢p(EX)-

So the maps ¢, are compatible with 7,,-1, and there exists a limit map

o D((SOO) (S) = D¢, such that ®((Ap)pes) = ¢p(A4p), p € S. The homomor-
phisms ¢, are injective since 7 is obviously injective and L, is a unitary
operator. It follows that & is also injective.

To prove surjectivity of ®, it suffices to show that for any ¢1,...,q, € .5,
Xq,..., X, €J and Aq,...,\, € C we have

ZAiEq;Iéxi € o(D(9)).

Since the system {A,,7,,-1} is upwards directed, there exists s € S such
that ¢; <s,v=1,2,...,n, and this implies that sq[lXi € J and q[l éXZ- =

(Sqi_lXi) € ¢s(Ds(S)). Hence,

s7h.
G

Z/\iEqi_léXi € ¢5(Ds(9))

and we obtain

Dg = | ¢p(Ds(9)).

peES

Therefore, ® is surjective and we get the isomorphism D((SOO)(S) = Dg. O

We identify further the C*-algebra D((;OO)(S) with D¢ and in this way
consider it to be a subalgebra of B(L*(G)).

On B(L?(@)), we have the adjoint action of G generated by the left regular
representation: oy(A) = LyAL%, g € G, A€ B(L?*(G)). On an operator of
multiplication My by a function f € L>°(G) it acts by translation: a,M; =
My, and in particular, ay(Ex) = E; . x for X € J.

b G

Let us show that D¢ is invariant under this action. Forg e G,qe S, X € J
(51) Oég(Eq—l . X):E(gqfl)éX-

G
Since G = S~15, we can write g¢g~! =t~ 's with some s,t € S. Then séX =
s- X eJ, and E(gq—l) x=FE; (sX) € Dg¢.
G G
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Moreover, since conjugation is strong operator continuous, Df, is also in-
variant under «. One can easily verify that the action « is point-strong con-
tinuous on D¢. (D{, G, a) is thus a von Neumann dynamical system, and by
definition the pair (Id, L) is a covariant representation of this system.

LEMMA 5.3. The crossed product D¢, o G of the commutative von Neu-
mann algebra D¢, and the group G by the action «, is isomorphic to the von
Neumann algebra M ={Ex,L,: X € S™'- 7,9 GY}".

Proof. By definition (see [24, Definition X.1.6]), the crossed product D¢ x4
G is the von Neumann algebra generated by {m(A): A€ D¢} U{L,:9€ G} C
B(L*(G,L*(G))) ~ B(L*(G x G)), where

(1(A)€) (5,1) = (a7 (A)E(s,)) (2),

(Lg&)(s,1) = E(97"5,1)

for any ¢ € L*(G, L*(G)), ¢,s,t € G, X € S™' - J. Since every A € D/, is a

multiplication operator My with some f € L>°(G), we can write more precisely
(T(M)€)(s,t) = Ly-1 f(£)E(s,t) = f(st)E(s, ).

On L%(G x G), define a unitary operator W (with g being the modular
function of G):

WE(s, ) = (1) 2€(st,t),
which has the adjoint W*&(s,t) = dg(t)~1/2¢(st=1,t). One verifies that
(W(My @ YW*E) (5,t) = f(st)€(s,t) = (n(My)E) (s,1),
W(Ly® )W = L,,

)
so that D X G={W(A®1)W*: Ae DL/ U{L,:g€ G}}". It is easy to see
that this algebra is isomorphic to {D” U {Lg g € G}}”, and as a consequence,
to M. O

LEMMA 5.4. The algebra M is equal to the strong operator closure of the
linear space generated by the operators B, . xLg withqe S, X € J, geG.
G

Proof. The statement follows from a direct calculation with g,p€ S, X,Y €
J, g,heG:
Eg1.xLgEy .y Ly =Eg1.x (LgE,-1.y L)) LyLy,
= Eq-1.xE(gp-1).y Lgn
= Eg-1x00((9p=1)v) Lon-

Represent gp~' as gp~! = s 1t, s,t € S. There exists r» € S such that r €
SqN Ss; then rg~trs7teSand (¢ - X)N((gp™1) Y)=r"1-Z with

Z = (rqil ~X) N (rsilt . Y) = (rqilX) N (rsiltY) eJ.
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This shows that the linear space in question is closed under multiplication,
which proves the lemma. O

THEOREM 5.5. The algebra VN(S) is isomorphic to the corner subalgebra
EsMEg of M.

Proof. In fact, EgMFEg is just the strong operator closure of the C*-algebra
A described in Lemma 3.3, as we will now show. By Lemma 5.4, EsMFEg is
the strong operator closure of the linear space generated by EsE,—1 . xLyEs

G
with g€ 5, X € J, g € G. Such an operator can be written in another form:
EsE,- éXLgES = Esn(g-1.x)LgEsLyLy=E;-1xEgsLy
=E,-1xEsEgsLyg=E;1xEsng.5Lyg.

Let g=a~'b with a,b€ S. Then S ﬂgéS =SSN (a"? G(bS)) =a~'bS. By
Lemma 3.3, E;-1p5L4-15 € A. Next, if U:C5(S) — A denotes the isomor-
phism in Lemma 3.3, then by Lemma 3.5 E,-1x = V(T),,-1) for some w € F
which depends on ¢X. Thus, E -1 x E,-1,5L,-1, € A, so that EsMEg C A”.
From the other side, A is generated as a C*-algebra by the operators
EsLy-1,Es =9Y(T,-13), a,b € S which are contained in EgM Eg; this shows
that EsMEg = A", which proves the theorem. O

6. The universal and reduced compact quantum semigroups

A compact quantum semigroup is a pair (A,A), where A is a unital C*-
algebra and A: A — A ®muin A is a unital x-homomorphism which is coasso-
ciative, i.e.

(ld®A)A = (A®id)A.
A Hopf von Neumann algebra is a pair (B,A), where B is a von Neumann
algebra and A: B — B ® B is a normal unital coassociative *-homomorphism.
The homomorphism A in both cases is called a comultiplication. See [25] for
details.

Consider the C*-subalgebra A in C*(S) @min C*(S) generated by the ele-
ments

{vp®vp,ex ®ex:pes, X EJ/}.

Clearly, these elements satisfy relations (3.7), (3.8). The universal property
of C*(S) implies the existence of a unital *-homomorphism A, : C*(S) — A,
such that

Ay (vp) =vp @ Up, Aylex)=ex ®ex.
The map A, admits a restriction Ay |p(gy : D(S) = D(S) @min D(S) which is
also a unital *-homomorphism.

The pair Q(S) = (C*(S), A,) is a compact quantum semigroup [1]. We call
the algebra C*(S) with this structure the universal algebra of functions on
the compact quantum semigroup Q(S) associated with the semigroup S.
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6.1. On duality of semilattices and their C*-algebras.

DEFINITION 6.1. Let E be a semilattice, that is, a commutative semigroup
of idempotents. A character on E is a semigroup morphism &: E — {0,1}.
The set of all characters on E is denoted E ; it forms a compact 0-dimensional
semilattice with the pointwise multiplication and the topology of pointwise
convergence. By Theorem 3.9 Chapter II of [11], the functor E +— Fis a
duality functor between the category of discrete semilattices and the category

of compact 0-dimensional semilattices. In particular, the map ng: E — E
defined by ng(s)(c) = c¢(s) is an isomorphism.

PROPOSITION 6.2. Let E C B(H) be a set of linearly independent commut-
ing projections closed under multiplication and containing 1. Then C*(E)
1s *-isomorphic to C(EA)7 where E is the dual semilattice of E. Under this
isomorphism ¢ for every e € E, x € E, ¢(e)(x) = x(e).

Proof. Note that E is a discrete (in the norm topology) semilattice. Denote
A= C*(E). By Gelfand-Naimark theorem, the commutative C*-algebra A is
*-isomorphic to C(£2), where Q = A is the space of characters on A with the
topology of pointwise convergence, which is compact and Hausdorff. Obvi-
ously, every x € A is a character on E. Let us show that every x € E extends
to a continuous character on A.

Since F is linearly independent, we can extend x by linearity to its linear
span B =linE C C*(E). Let t = 7_, \;p; € B, where p; € E, \; € C. Set
Jo={j:x(p;) =0}, Ji={j:x(p;) = 1} Set X =\/{p;:j € Jo} to be the
union of projections. Since X is a linear combination of p;, j € Jy and their
products, we have x(X) =0.

Next, set Y = [[,c;, pj; we have x(Y) = 1. Since x(YX) =0, we have
Y #Y X = XY, what means that Y (H) ¢ X(H). Pick ve Y(H)N (X(H))*
with ||v|| =1. Then

iPj 250 > Ajpjv
JEJ1
n
JEJ JEJ j=1

This implies that x has norm 1 on the linear span of F, so it can be extended
to its closure by continuity.

Furthermore, the topologies on E and A are both defined by pointwise
convergence, on F and on A, respectlvely The bijection defined above is thus
continuous in the direction A — E both spaces being Hausdorff and compact,
they are in fact homeomorphic. O
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PROPOSITION 6.3. Let E be a set of linearly independent commuting pro-
jections on a separable Hilbert space H, closed under multiplication and con-
taining lg, and A= C*(E). Then there exists a positive measure i on E,
such that A" is x-isomorphic to L®(E, i) C B(L*(E, ).

Proof. By Lemma 4.4.1 in [17], there exists a separating vector v € H for
the Abelian von Neumann algebra A”. Analogously to the proof of Theo-
rem 4.4.4 of [17], projecting H onto its subspace H, = [A"v] we get that the
vector v is cyclic for A” restricted to H,. Since v is separating for A", A"
restricted to H, is x-isomorphic to A”.

Denote ¢: A — C(92) the x-isomorphism from Proposition 6.2, where
Q= FE. In what follows we reproduce the proof of the Theorem 4.4.3 of [17].
Define a positive linear functional 7 on C(Q): 7(f) = (¢~ 1(f)v,v). Applying
the Riesz—Markov theorem we obtain a positive measure p on €2 realizing the
functional 7.

Let 7 be the composition of ¢ and the *-representation of C'(Q2) by multipli-
cation operators on L?(Q, u1). The map u: Av — C(Q) C L*(Q, i), av — ¢(a)
is linear and isometric, and hence can be extended to a unitary v from H, onto
L2(Q, p). In fact, 7(a) = uau=!. Since 7(A) is strongly dense in L>(2, 1), we
get uA"u"t = L>°(Q, ). O

PROPOSITION 6.4. Let E C B(H) be a set of linearly independent commut-
ing projections on a separable Hilbert space H, closed under multiplication and
containing 1y, and A= C*(E). Then there exists a comultiplication on A",
such that A(e) =e®e for every e € E.

Proof. By Proposition 6.3, A” (resp. A”®A") is *-isomorphic to LOO(E', 1)
(resp. L>®°(E x E,p x p)). By Theorem 3.9 Chapter II of [11], the set E of
characters on E is a compact zero-dimensional semilattice with the (jointly
continuous) pointwise product. As in the group case, this product gives rise
to a coproduct on L>®(E, u1) by the formula:

A(f)(z,y) = f(xy)

Since elements of E are characters on E, we have for every e € E and z,y € E:
Ale)(z,y) = e(zy) = e(x)e(y) = (e ® ) (z,y). O

REMARK 6.5. The product on E is the pointwise product of characters.
But this operation is not the pointwise product when the elements of E are
considered as characters on C*(FE). Namely, for any x1, x2 € E,\eC,e,cE,
1 <4 <n we have:

X1X2 (Z )\iei> => Aixalexa(en)
i=1

i=1
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6.2. The quantum semigroup associated to S.

THEOREM 6.6. There exists a comultiplication A: VN(S) — VN(S)®
VN(S), and its restriction A: C5(S) = C;(S) ®min C5(S), with which
(VN(S),A) is a Hopf von Neumann algebra and Q(S) = (C5(S),A) is a com-
pact quantum semigroup.

Proof. Recall that we suppose G to be second countable, so that L?(G)
is separable. We use the Theorem 5.5 to identify VN(S) with the corner
Es(D}, x; G)Es inside B(L?*(G)). Due to Proposition 6.4, there exists a co-
product on D7, defined on generators by

A(Eq—l Gx) = Eq—léX X Eq_léX

for g€ S, X € J. One can easily see that A commutes with the action of G
on DY, defined in (5.1). Consequently, A gives rise to a comultiplication on
D¢, x; G, which we also denote by A. Due to the fact that Eg € D¢, using
Lemma 5.5 we obtain the required comultiplication A on VN(S).

Since A(E;-1 (_;X) € C5(S)®C5(S) for every generator E -1 X withg e S,

X € J, the map A restricts to a comultiplication on C}(S). O

REMARK 6.7. The bialgebras C*(S) and C(S) are co-commutative, as for
example the group C*-algebra C*(G) of G. But their dual algebras, unlike
the Fourier—Stieltjes algebra B(G) = C*(G)*, cannot be viewed as function
algebras on S or even on G. It is possible that ¢, € (C¥(S))* are nonequal
but have the same values on T,, and T for all a € S.

More specifically, consider for example G = Z, S = Z,. Let & € (*(Z)
denote the indicator function of k € Z. Set ¢y (T) = (T'x,0), k € Z. Then
61(Tu) = o(T7) = do(a) for all k € Z, a € Z, but ¢p(TuT) = I, (k — a)
while 50 (TaT;) = (50(0,).

In what follows we use the commutativity assumption just to guarantee
that S, which is supposed to be right-reversible, is also left-reversible.

PROPOSITION 6.8. Let S be Abelian. Then pu(X) >0 for any constructible
right ideal X of S.

Proof. Clearly, any ideal of the form pS equals Sp and is not empty. Due
to the Theorem 5.1, the intersection of any pair of non-empty ideals is non-
empty. For any non-empty ideal X in S and p € S we have

p X ={zecS:preX} :pilé(pSﬂX).
Therefore, p~' X is non-empty for any non-empty ideal X in S, and so is pX.
Hence, every constructible right ideal of S is non-empty.

Let U be any open subset in S with p(U) > 0. Then for any non-empty

ideal X in S taking p € X we obtain pU C X, hence, u(X) > 0. O
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REMARK 6.9. If S is Abelian, then there exists a natural short exact se-
quence connecting C3(S) with C(G) described below.

Consider the commutator ideal K in C}(S), that is, the ideal generated by
{[A,B]=AB—-BA: A,B e C;(S)}. Among others, K contains the operators

7.7 —T:T,=E.s — Eg
for all a € S. For any X € 7, a € S we have

T3 (Ex — Es)Ta = Eg-1x — Es,
Ta(EX - ES)T; = EaX - Ea57

which allows to show by induction that Ex — Eg € K for every X € J \ {0}.
Consequently, in Cj(S)/K we have the equivalence classes [Ex] = [Eg] =1
for all X € 7\ {0}.

By Lemma 3.2, T, = EysT{(y), for every w € F, and it follows that [T3,] =
[BsTuy) in G5 (5)/K.

Due to Lemma 3.3, C§(.9) is the closed linear space generated by operators
of the form ExTy with X =wS € J,g9 € G, (w)g = g (where T, is understood
as T, = T,,—1, with any representation g = a~'b). The discussion above implies
that C5(S)/K is generated as a linear space by the classes [EgTy| = [T,],
g€q.

Denote L, = [T,]. For all g1,gs € G one sees that Ly, Ly, = Lg, 4,, and every
ﬁg is unitary since ﬁ; = .Z/g—l.

Let us show that || ZZ:I CkLgk| Cr(S)/K = || chLgk HB(LQ(G')) for all Cr €
C, gr € G. We have (by Lemma 3.3)

n
chf/gk < "chTgk
k=1

C5(8)/K
From the other side, the fact that S has non-empty interior implies that the
norm of T'=>"}'_, cx Ly, is attained on Hg. Indeed, for every f € L?(G) and
every € > 0 there is a compact set K C G such that ||f — Ex f|| < &; there
exists (see [15], or alternatively this can be shown directly) g € G such that
gK C S, sothat EgEjx = Egi. Set h=Lyf. We have Egxh = Ly(Ek f), and

B(L*(@))

< L
cr(s) Hzck gk

|Esh — h|| <||Es(h— Eyxch)|| + || EsEgrch — h|
<2||h — Egxch|| =2|f — Ex f|| < 2e.

If f is chosen so that ||f||=1 and ||Tf|| > ||T|| — &, then ||| =1,
TRl = ILgT I = ITFII > T =&,

and at the same time | TEgh —Th|| <2|T||e, which implies |TEsh| > ||T|| —
(14 2||T|)e. This proves the statement.
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Thus, we have an isomorphism Cj(S)/K ~ C¥(G) and the short exact
sequence:

(6.1) 0—K—C;(S)—C;(G)—0.

EXAMPLE 6.10. Let us calculate the algebra C§(R.); we specify that in
our notation Ry = [0, 4+00).

By our assumptions, G = R. It is immediate that
T =A{[t,+o0) : t e Ry} U{0}.
Below, denote Ej; i) = E¢, t € R. In the multiplicative notation used
throughout the paper, one checks that a='bS = [max(0,b — a),+oc) for
a,b >0, and in general wS = [t,+00) with ¢ > max(0, (w)r) for every w € F.
Conversely, if g € R and ¢ > max(0,g), then g =t — s with s > 0, and
[t,+00) =ts~1S. According to Lemma 3.3, we have thus

Cg(R-‘,—) ZH{EtLg 1te R.l,_,g S R,t > g}
It is worth noting that
D(R;)=C*(E;:teRy) C B(L*(Ry)).

This algebra can be also described as the space of functions supported in

R4 and such that lim; ., f(t) exists for every ¢y € (0,400] and f(to) =

limg ¢, 40 f(t) for every tg € [0, +00). This is the uniform closure of the algebra

of piecewise continuous functions, and is sometimes called by the same name.
The short exact sequence (6.1) in this case is written as

0—K—Cj(Ry)—C5;(R)—0.
The commutator ideal K in C}(Ry) has the following form:
K :H{E[a;b)LQ ca,beR,geRb>a>g}.
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