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(b, ¢)-inverse, inverse along an element, and
the Schiitzenberger category of a semigroup

Xavier Mary

Abstract. We prove that the (b, c)-inverse and the inverse along an element
in a semigroup are actually genuine inverse when considered as morphisms
in the Schiitzenberger category of a semigroup. Applications to the Reverse
Order Law are given.

C Green’s relations and the Schiitzenberger category of a
semigroup

In this first section, we provide the reader with the necessary definitions
and results regarding semigroups and categories. In particular, we recall
the definition of the Schiitzenberger category of a semigroup and the inter-
pretation of Green’s relations in this setting. Section 2 then presents the
main result of the article (Theorem C.7), that (b, c)-inverses (and inverses
along an element) are genuine inverses when considered as morphisms in the
corresponding Schiitzenberger category. Finally, applications to the Reverse
Order Law are given in Section 3.
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C.1 Green’s preorders and relations In this article, S denotes a
semigroup, E(S) its set of idempotents and S' the monoid generated by S.
We recall below the definitions of Green’s preorders and relations [5].

For any two elements a,b € S:

a<g b= S'aC S« (Fz € S') a = zb;
aénb<:>a31QbSl<:>(E|x€S1)a:bx;
a <y b<= {a<,cband a <g b}.

If <k is one of these preorders, then aKb < {a <x b and b <x a}, and
K, ={be S, bKa} denotes the K-class of a.

In particular, H = £ AR is the meet of £ and R, and any non-empty
intersection of a L-class and a R-class is a H-class. Finally, D = LA R =
L o R denotes both the join and the relative product of £ and R since the
two relations commute:

aDb <= (Fx € S) aLxRb < (Fy € S) aRyLb.

The following cancellation property (and its dual) will prove very useful
in the sequel. Let a,b € S be such that a <z b. Then for any z,y € S, if
bx = by then ax = ay. In particular, if a <, e with e € E(S), then ae = a.

C.2 Schiitzenberger category of a semigroup In order to study
the semigroup S, various authors have introduced categories associated to
this semigroup in a canonical way, mainly as subcategories of the category
of right /left S-acts. This is the case for instance for K.S.S. Nambooripad in
the case of regular semigroups [12] (Other kind of categories are also studied,
notably in the case of inverse semigroups, see for instance [7] and references
therein).

Then, it was remarked by Costa and Steinberg [2, Theorem 3.3] that
the subcategory of left S-acts with principal left ideals as objects and inner
equivariant maps (inner right translations) as morphisms is equivalent to
a category constructed directly from S, which they call the Schiitzenberger
category of the semigroup. We recall its definition below but differ from [2]
in that we consider the opposite category.

Definition C.1. The Schiitzenberger category D(S) of a semigroup S has
for objects the elements of S, and morphisms are triples f = (a,z,b) with
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x € aS'NS'h. The domain of f is a, its codomain is b and we use the notation
f=a-0b Ifx=au=uvband g = (b,y,c) =b Y ¢ is a morphism with
y = bw = rc, then the composition is go f = a — b Le=a"" 0

The Schiitzenberger category was named after Marcel-Paul Schiitzen-
berger who, in a seminal paper [13|, associated to each H-class of a semi-
group a group (of inner translations of principal right ideals), a property
before only known for #-classes containing an idempotent (which form a
maximal subgroup of the semigroup).

As observed in [2], D(S°P) ~ ID(S)°P, easing the use of duality (by duality,
we always mean working in the opposite semigroup/category).

C.3 Categorical interpretation of Green’s relations Leta, b,z €
S. By definition, a — b exists if and only if z <, b and = <g a. Invertibil-
ity of such morphisms has been considered in [2, Lemma 3.6]. We propose
here a slightly different version, with a direct proof.

Lemma C.2. Let a,b,x € S. Then a — b is invertible if and only if
aRxLb. In this case, its inverse is b b S a=b-% a with alyRb.

Proof. (If part) Assume that aRx and zLb. Then a —— x and x — a are
well defined, and composition proves that they are inverse of each other. By
duality, so are  — b and b by z, and finally « — b=a — = —> b is
invertible (by the 2-out-of-3 property of isomorphisms). Its inverse is given
by the composite of the inverses b ELIGSILIY

(Only if part) Assume that a — b is invertible with inverse b - a. By
duality we have only to prove that aRx. First, x <z a and y <g b, so that
y = bu for some u € S'. Second, as

a x Yy U
a—a=a—b—a=a-—a
then a = zu and a <R z, so that finally aRx. 0

Lemma C.2 gives a diagrammatic proof that R and £ commute. Also, we
recover directly and in a transparent way the following crucial result about
trace products and existence of idempotents, due to Miller and Clifford.

Theorem C.3 ([10, Theorem 3|). Let a,b € S. Then ab € RoN Ly (ab is a
trace product) if and only if Ry N L4 contains an idempotent.



258 X. Mary

By Lemma C.2, the product ab is a trace product if and only if a by
is invertible, and Ry N £, contains an idempotent if and only if there exists
e € E(S) such that b — a is an invertible morphism. Therefore, the
previous theorem subsumes to the following result (in the category D(S)),
where the relation between a, b and e is now explicit: b — a is nothing but

the inverse of a -2 b in the Schiitzenberger category D(.5).

Corollary C.4. Leta,b€ S. Then a s b is invertible if and only if there
exists e € E(S) such that b - a is an invertible morphism. In this case,
the two morphisms are inverse of each other.

Proof. (If part) Assume that a 9 b is invertible and let b % a be its

inverse. Asaa—b>bi>a:a£>a:ai>athenae:a. But e <, a
and by cancellation ee = e (e is idempotent).

(Only if part) Conversely, let e € E(S) be such that b — a is invertible.
Then bReLa by Lemma C.2, and ae = a, eb = b. It follows that b — a is
a morphism that satisfies a by v a=a "% a=a-% aand dually

bi>aa—b>b:bi>b.Finallyaa—b>bistheinverseofbéa. O

Let b € S. We finally consider the local monoid hom(b, b) (named local
divisor by Diekert et. al. [3]). To this end, we recall the definition of Mitsch’s
partial order <q [11]: for any a,b € S,

a<m b= 3z,y € S a=azx=br=ya=yb.

This partial order generalizes the natural partial order on the idempotents
of S and the Nambooripad-Hartwig order on regular semigroups.

Proposition C.5. Let a,b € S. Then
(1) hom(b,b) = {b - bla <y b};
(ii) iso(b, b) = {b - blaHb};
(iii) E (hom(b,b)) = {b %> bla < b}.

Proof. The first two statements follow directly from Lemma C.2. For the
third one we let a € S, a <y b. Then a = bz = yb for some z,y € S, so
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that
b—"p-p = b-"p %y
= b5

— b Py Yy
= b5

Finally, under these assumptions, b — b is idempotent if and only if az =
a = ya if and only if a <q b. O

C Inverse along an element and (b, ¢)-inverse

Let a,x € S. One says that x is an inner (resp. outer, resp. reflexive) in-
verse of a if the equation axa = a (resp. xax = x, resp. both) is satisfied. A
reflexive inverse of a that commutes with a is unique if it exists, and called
the group inverse of a. It is denoted by a#. In this case, one says that a is
group invertible or completely reqular. This happens if and only if a*Ha if
and only if the H-class H, is a subgroup of S (|5, Theorem 7| or [10, Corol-
lary 4]), and a¥ is the inverse of @ in this group.

In [8] a special outer inverse, called inverse along an element, was intro-
duced, on the basement of Green’s relation H.

Definition C.1. Let a,d € S. Then a is invertible along d if there exists
x € S such that zad = d = dax and x <y d.

If such an element exists then it is unique, and we denote it by a~%.

Another characterization is the following (|8, Lemma 3] and [9, Theorem
2.2]).

Lemma C.2. Let a,d € S. Then a is invertible along d if and only if there
exists © € S such that xax = x and zHd, and in this case a=% = x. This

happens if and only if dadHd.

That is, x is the only outer inverse of a in the H-class of d (hence depends
only on the H-class).

In the same time, M.P. Drazin defined [4] the (b, ¢)-inverse (extending
notably the Bott-Duffin (e, f)-inverse, which is recovered by letting b = e
and ¢ = f be idempotents).
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Definition C.3. Let a,b,c,z € S. Then z is a (b, ¢)-inverse of a if
(i) z € (bSz) N (zSe),
(ii) zab = b, cax = c.

A (b, c)-inverse, if it exists, is also unique and satisfies zax = = ([4,
Theorem 2.1]). We will denote it by a=®) in the sequel.

It is proved in [4] and [8] that these two new notions generalize the
classical generalized inverses (group inverse, Moore-Penrose inverse, Drazin
inverse). It happens that they are actually equivalent notions.

C.1 Equivalence of the definitions It is commonly known that
inverses along an element are a special case of (b, c)-inverses, since a =
a~ (@4 Surprisingly, that the converse is also true ((b, ¢)-inverses are inverses
along an element) seems to have remained unnoticed by many scholars. The
next result presents the exact relation between the two notions (and also

their connexion with the Bott-Duffin inverse).

Theorem C.4. (i) Let a,b,c,x € S. If a is (b, c)-invertible with inverse x,
then bDc and for all d € Ry N L, a s invertible along d with inverse x.

(ii) Let a,d € S. If a is invertible along d, then for allb € Ry and ¢ € Ly,
a is (b, ¢)-invertible and a=— (¢ = a1,

(iii) In particular, if a,d € S are such that a is invertible along d, then
e=a"% and f = aa~¢ are idempotents such that e <r d and f < d. But
also ed = d and df = f by definition of the inverse along d, and e € Ry,
f € Lq. Finally a is Bott-Duffin (e, f)-invertible and a= (&) = a=% by (2).

Proof. (i) Assume that a is (b, ¢)-invertible with (b, ¢)-inverse z = a~(:),
Then zab = b, car = x and b <g =, ¢ <z x. As also xz € (bSz) N (xSc),
then x <z b and = <, c. Finally bRaLc and bDc. Also, RyN L. = H,. Let
d € RyN L.. Then z satisfies zax = = and xHd, and z = a~¢ by Lemma
C.2.

(ii) Let a,d € S such that a=¢ exists, and let b € Ry, ¢ € Lg. By
cancellation properties, as a~%ad = d then a~%ab = b and as daa™¢ = d
then caa=® = ¢. Also, as a~¥RdRb then =% = bz for some z € S'. Then
a=? = a"%a"% = b(za)a=? and a~¢ € bSa~¢. By symmetry, a=¢ € a=%Sc
and finally, a=¢ is the (b, ¢)-inverse of a.
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(iii) Let a,d € S such that a~% exists. Then e = a~%a and f = aa™¢
are idempotents with e € Ry, f € Lg, so that a is (e, f)-invertible and
a=%=a= (&) by (2). O

This theorem shows that the three notions are essentially the same, and
that a— (%49 = ¢—¢_ However, while the using of two elements instead of one
offers some flexibility (for instance one can choose b, ¢ idempotents), other
properties require b = ¢ (for instance the property a~¢ = d(ad)* = (da)#d
[8, Theorem 7]).

As a consequence of Theorem C.4 and Lemma C.2, we see that the
requirements in the definition of the (b, ¢)-inverse can be relaxed.

Corollary C.5. Let a,b,c,x € S. The following statements are equivalent:
(i) = is the (b, c)-inverse of a;
(ii) zab =b,car = ¢, x <R b and © < ¢;
(iii) xax = = and x € Ry N Le.

Thus z = a~®9) is the only outer inverse of a in the H-class H = RyNL..

C.2 Interpretation through the variant semigroup For any a €
S we let S, = (5,+,) be the variant semigroup at a, with multiplication
o (8,1) — sat.

Theorem C.6. Let a,b,c,d € S. Then:

(i) a is (b, c)-invertible if and only if ¢ -4 b is a trace product in Sq, in
which case a®® is the unique idempotent in R¢ N L% (where K* denotes
Green’s relation IC in Sg).

(i) a is invertible along d if and only if d is completely regular in S, (Hg
is a subgroup of Sy ), in which case a~¢ is the identity of the group Hj.

C.3 Categorical interpretation of the (b, ¢)-inverse In this sec-
tion, we prove that the (b, ¢)-inverse (hence also the Bott-Duffin (e, f)-inverse
and the inverse along an element) actually corresponds to a genuine inverse,
but in the category ID(S).

Theorem C.7. Let a,b,c € S. Then a is (b, c)-invertible if and only if
¢ 2% b is an isomorphism of D(S) (cab € R.N Ly), in which case its inverse

. . a—(b;0)
morphism is b — c.
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Proof. (If part) Assume that c B p i invertible and let b - ¢ be its

cab zab

inverse. Then bRxLc by Lemma C.2. Also b =T e Ry —p TRy
so that zab = b, and dually caz = c. It follows that z is the (b, ¢)-inverse of
a by Corollary C.5.

(Only if part) Conversely, let z = a9 be the (b, ¢)-inverse of a. Then

zab

b 5 ¢ 1s well deﬁned and satlsﬁes b e By = b b=1b-2 b
Dually ¢ By Tve=c o= ¢, so that ¢ % b is an invertible
morphism with inverse b — c. ]

Decompose ¢ B bas ¢ 2B cab 2B b, We deduce from Lemma C.2 and

Theorem C.7 the following corollary.

Corollary C.8. Let a,b,c € S. Then the following statements are equiva-
lent:

(i) a is (b, c)-invertible;

(ii) ¢ B p s invertible;

b b . ‘ ‘ .
(iii) ¢ < cab and cab <> b are invertible; in which case

(b,e)
b c—b—>cab—>c

Proof. By Theorem C.7, (i) < (ii), and (iii) = (ii) by composition. Finally
(ii) = ¢ReabLlb = (iii) by Lemma C.2. Under these conditions, the equality
follows from b —2 cab being the inverse of cab b oand cab —5s ¢ being
the inverse of ¢ <% cab. O

To close this section, we give a diagrammatic proof of [8, Theorem 7].

Theorem C.9 ([8, Theorem 7|). Let a,d € S. Then a is invertible along d
if and only if adCd and H,y is a group. In this case a=% = d(ad)*
Proof. Assume that a is invertible along d. Then dadHd and, in particular,
adld. Tt follows that d % ad is well-defined and invertible, with inverse
ad % d. But then

d % g =g aa"% ag g

d 2
is invertible if and only if ad (a—)> ad is invertible, that is, (ad)?*Had by
Proposition C.5, or equivalently if and only if H,4 is a group. To obtain the
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formula, just invert the previous morphisms and compose, with the inverse

d)? d)#ad
of ad (Q ad being ad (a)—>a ad, as seen next:

4% d = (d %4 g
—1
= <i> ad“—d>d>
R BN A P RN
CL(l#
= 4% ad " g
#
_ d(ad) d

O]

We will hereafter also use the dual statement: a is invertible along d if
and only if daRd and Hg, is a group, in which case a~% = (da)*d.

C Application to the Reverse Order Law

As an application, we consider a common problem regarding generalized
inverses, the so-called Reverse Order Law (ROL), that aims to generalize
the well-known property of (genuine) inverses: if a,b are invertible, then so
is ab and (ab)~' =b"ta" L.

The main results about ROLs for (b, ¢)-inverses can be found in [1].

Theorem C.1 (|1, Theorems 2.3 and 2.7, Corollary 2.4 |).
Let a,w,b,s,t,c € S.

(i) Assume that a=®9) and w="*) exist. Then (aw)~"9) exists and
equals w9 a=G0) if and only if b = w9 a= G qwb and ¢ = caww= ") q=8e)
(ii) In particular if a=“9 and w= %) ezist and a <; s, w <g t then

(aw)~ ) ezxists and equals w5 g~ (t:0),
(iii) Assume that =) and (a_(t’c)aw)_(b’

ists and equals (a_(t’c) aw)_(b7s) a9 if and only if ¢ = caw (a_(t’c) aw)_(b’s) a— (&)

5) b,c)

exist. Then (aw)~ () ez-

We slightly improve these results by using the 2-out-of-3 and 2-out-of-6
properties of isomorphisms, and show that they rely on st being a trace
product (st € Rg N Ly).
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Theorem C.2. Let a,w,b, s, t,c € S be such that a= 9 and w= ) ezxist.
Then (aw)_(b’c) ezists and equals w9 a=®) if and only if there ewists
e € E(S) such that

(i) t == s is an invertible morphism;

(ii) caewb = cawb.

In this case, st is a trace product.

Proof. Assume that a=®¢) and w=®%) exist. Then

w59 st ) w—(5:9) g (t:0)
b S 7 CcC = — C

is invertible if and only if s Sotis invertible, if and only if st is a trace
product by Lemma C.2. By Corollary C.4 this occurs if and only if t — s
is an invertible morphism for some e € E(S) (which is then precisely the

inverse of 5 —% t). In this case, it holds that

—(b,s) ,—(t,c)
(b w a C)_l —c cat - e s swb b=c caewb b
and we conclude by Theorem C.7 and unicity of the inverse. O

The following corollaries are then straightforward (in the second one, we
just let s =b and ¢ =t).

Corollary C.3. Let a,w,b,s,t,c € S be such that a= 9 and w9 exist,
st is a trace product and either a <, s or w <g t. Then aw has a (b, c)-
inverse and (aw)~ (¢ = = ®:5)g =),

Proof. As st is a trace product, then ¢ — s is an invertible morphism for
some e € E(S) by Corollary C.4, and tReLs by Lemma C.2. Assume that
a <r s (the other case is dual). Then a <, sLe hence a < e by transitivity.
Thus ae = a by cancellation and we conclude by Theorem C.2. O

Corollary C.4. Let a,w,b,c € S be such that a=¢ and w™" exist. Then
(aw)_(b’c) exists and equals w=la=¢ if and only if ¢ — b is an invertible
morphism for some e € E(S) (bc is a trace product) such that caewb = cawb.
Moreover, in this case
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Proof. The nontrivial part of the corollary is the equality (aw)~ (¢ =
(aw)~®) . Assume that be is a trace product. Then by definition bRbcLec
and by Theorem C.4.(i), (aw)~ "% = (aw)~b°. O
Theorem C.5. Leta,w,b, s, t,c € S be such that a~ ) and (a*(t’c)aw)_(b’s)

—(b,s)

exist. Then (aw)~ ) exists and equals (a_(t’c)aw) a=®9) if and only

if s s t s an invertible morphism (st is a trace product).
—(t,c) —(t,c) —(b,s) :
Proof. Assume that a=\“% and (a , aw) exist. Then

b (a*(t’c)aw)iw’é‘)\ < st " a—(t;0) c—b (af(tvc)aw)i(b“ﬂa*(t@)\ .

is invertible if and only if s L5 ¢ is invertible. In this case its inverse is

cat e sa= S quwb caea™ 49 qub b
Laca T aun,

c t s b=c

(where t —+ s, e € E(S) is the inverse s LN t). But then a~(“9RtRe and
ea” ) = g~ (1) 5o that caea™ 9 = caa= ) = ¢. We deduce that

cat e sa~ &9 qwb cawb b

c s s b=c

and by Theorem C.7 and unicity of the inverse,

(aw)_(b’c) = (a_(t’c)aw)i(bﬁ) a~ (40,

O

Corollary C.6. Let a,w,b,c € S be such that a=¢ and (a*caw)fb exist.
Then the following statements are equivalent:

(i) b L ¢ is an invertible morphism;

(ii) (aw)~®9) ezxists and (aw)~ (") = (a*Caw)fb a=¢;

(iii) (aw)~®9) and (aw)~b exist, and (aw)~ ") = (aw)~be.

Proof. The equivalence (i) < (ii) is Theorem C.5 with s = b and ¢ = ¢.

(ii) = (ili) Assume (ii). As (ii) < (i) then b L ¢ is an invertible
morphism. By Lemma C.2, bc € R, N L. and by Theorem C.4.(i), (aw)~ )
exists and equals (aw) "),
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(iit) = (i) Assume (iii). As by definition (aw)~®9) € Ry N L, (aw) ™" €
Hp, and by assumption (aw)~ 9 = (aw)~*¢ then be € Ry N L, and by

Lemma C.2 b %% ¢ is an invertible morphism. O

We deduce the following equivalences involving the Bott-Duffin inverse
and the inverse along a trace product.

Corollary C.7. Let w € S and e, f € E(S). Consider the following state-
ments:

) (we)*f exrists;
i) (fw)~¢ eists, w™ (1) exists and w™ &) = (fw)~¢ f;

(

(

(

(ii") (we)™f emists, w= &) ezists and w= () = e (we) ™ ;
( e

(

(

() A (i) & (ii) & (i) & (i) A (v) & (iv) & () A (v) & () A V).
Under these assumptions:
w™ ) = wef = (fw)™ f = e (we) ™ = e(fwe)* f.

Proof. First, by passing to the opposite semigroup and considering the sym-
metry that exchanges e and f, we observe that the symmetric dual of (i)
(resp. (ii)) is (i’) (resp. (ii’)) whereas the symmetric duals of (iii), (iv) and
(v) are themselves (for instance, w™= (/) exists in S if and only if fR fweLe if
and only if fL%(exw X f)Re in the opposite semigroup S = (S, x = .%P),
that is w~ (/) exists in the opposite semigroup, which is the symmetric of
(iii)). Second, as in Corollary C.6, by definition of the (b, ¢)-inverse and the
inverse along an element, and by Lemma C.2, (iv) = (v). And conversely, by
Theorem C.4.(i), (v) A (iii) = (iv). Finally, (ii) = (i) A

are tautological. Thus, it is sufficient to prove that (i)A(
(iii) A (v) = (i) and (i) A (v) = (ii).

To prove that (ii) = (v) and (i) A (v) = (ii), we work in S' and observe
that, as f is idempotent, then 1 is invertible along f with 1=/ = f. We then

(iii) and (iv) = (iii)
1) = (i), (i) = (v),
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use Corollary C.6 with a =1,b =e and ¢ = f.
We finally prove the last two implications.

(i) A () = (ii) Assume (i) and (i’). Then by Theorem C.9 and its
dual eLfweRf, so that w is (e, f)-invertible by Theorem C.7. Let x =
(fw)™¢ f. Then z = e(fwe)?f = e(we)~/ by Theorem C.9. Still by The-
orem C.9, as (we)~/ exists then wefLf, and f = ywef for some y € St.
And as (fw)™ € exists, then effwe and fwe is group invertible, so that
e = zfwe = z(fwe)?(fwe)” for some z € S'. It follows that f = ywef =
ywz(fwe)?(fwe)? f = (ywzfwefw)z, so that fLx. By dual arguments
eRx, and x € Re N Ly. Also zwz = (fw) ° fw(fw) “f = (fw) “f==z
and by Corollary C.5, z = w— (&),

(iii) A (v) = (i) Assume (ii) and (v). Then Ry N L, is a group by (v) and
Theorem C.3 that contains fwe by (iii) and Theorem C.7. Thus (fw)eLle
and H ). is a group, which is equivalent to (i) by Theorem C.9.

Finally, under these assumptions, w= (&) = w=¢f = (fw) ™ f=e (we)ff,
and the last equality follows from Theorem C.9: (fw)™° = e(fwe)?. O

Example C.8. Let S = T3 be the full transformation semigroup, which
consists of all functions from the set {1,2,3} to itself with multiplication
(f,9) — go f. We write (abc) for the function which sends 1 to a, 2 to b,
and 3 to c.

The egg-box diagram form T3 is as follows (R-classes are rows, L-classes
columns and H-classes are squares; bold elements are idempotents).

[Q111)](222)](333)

(122),[(133),[ (233),

211) | 311) | (322)

(212), | 313), | (323),

(121) | (131) | (232

221), | 331), | 332),

(112) | (113) | (2223)
(123),(231),
(312),(132),
(321),(213)

Let w = (213), e = (122) and f = (323). Then ef = (322) € R. N Ly
= (313) is invertible along e since
efwe = (211)He with inverse (fw)™¢ = (211). It then follows from Corol-

and ef is a trace product.

Also fw
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lary C.7 that
w &) = () = (213)7622) = (fw)~°f = (211)(323) = (233).

We also verify that fwe = (212)H(121) is group invertible with group
inverse (212), that (we)~/ exists and is equal to (232) and that

wF) = (233) = e (we) ™ = (122)(232) = e(fwe)* f = (122)(212)(323).
Also, we observe these simple ROLs that involve triple products.

Theorem C.9. Let a,w,b,r,c € S. Consider the following statements:

(i) a has a (r,c)-inverse;

(ii) w has a (b, r)-inverse;

(iii) arw has a (b, c)-inverse.

Then any two of the three properties imply the third. Moreover, in case
the inverses exist then:

(i) if b=r, then (arw)~ "0 = (rw)#a=(°);

i) if ¢ = 7, then (arw)~®") = w=O7) (ar)#;

iii) if b = ¢ = r, then (arw)™" = (rw)¥r(ar)?® = r(wr)#(ar)” =

(v) if be is a trace product and r = e is the idempotent in R. N Ly then
—bc —b,—c

(aew)™" =w"a
Proof. We just use the 2-out-of-3 property of isomorphisms on the compo-
sition

car rwb carwb

c > T b=c —= b

For the other statements, we pass to the inverse. In the first case, w= (") =
w™" = (rw)#r by Theorem C.9 so that

w= (™) a—(re) (rw)#r a—(me) (rw)#a—(me)
r r c=r o c=r —— c.

The second case is dual and the third combines the previous two. For the
fourth one, as r is idempotent then

w—r) a—(re) w— () g=(ne)
b T C = — C

The fifth statement is then straightforward (see Theorem C.4.(ii)). O
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Example C.10. We consider the setting of Example C.8. Let a = (231),
w = (221), b = r = (232) and ¢ = (211). Then w = (221) is invertible
along r = (232) with inverse w™" = (323), and a is (r, ¢)-invertible (since
car = (233) € R, N L,) with inverse a~ ("¢ = (212). It holds that rw =
(212) = (rw)* and arw = (122). We deduce from Theorem C.9 that arw
is (7, ¢)-invertible and

(arw)~ ") = (rw)*a~ ) = (212)(212) = (121).

We verify this equality: z(arw)r = (121)(122)(232) = (232) = r, c(arw)z =
(211)(122)(121) = (211) = c and = = (121) € R, N L..

Finally, by letting s = a and ¢ = w in Theorems C.2 and C.5, or r = e be
the idempotent in R,, N L, in Theorem C.9, we obtain the following result.

Theorem C.11. Let a,w,b,c € S. Then the following statements are equiv-
alent:
(1) a= @) =09 gnd (aw)= ") ezist, and (aw)~:0) = w= "2 g=(we)
(ii) a= @), w= ) egist;
(iii) ca, aw and wb are trace products.

Proof. (i) = (ii) Straightforward.

(ii) = (ili) Assume (ii). Then caw € R.N L, and awb € R, N Ly by
Corollary C.8 so that aw € R, N Ly, is a trace product, and a — w is
invertible. Let w — a, e € E(S) be it inverse. Then e € Ry, N L, hence
ae = a and dually ew = w. By Theorem C.7, ¢ =5 w is invertible hence
soisec B w-Sa=c a=c-% aand cais a trace product. We
conclude by duality that wb is also a trace product.

(iii) = (i) Assume (iii) and consider the following composition:

cawb caw e awb
c—b = ¢c—w—a—7b

ca awb
= c—a——b

caw wb,
= c—w—b.

By the 2-out-of-6 property, all morphisms are isomorphisms and a~ (W)

w= " (qw)~(:9) exist. Moreover, by inverting the previous morphisms the
following equality is satisfied.

(aw)~ () w09 qw g
c = b — a—w — ¢

w—(b.a) g—(w.)
= — c.
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(Indubitably, a direct proof based on Theorem C.3 is also possible).

Example C.12. Let S be a semigroup with involution. It is known that
a € S is Moore-Penrose invertible (MP-invertible) if and only if aa*, a*a are
trace products [8, Corollary 12|, in which case the MP-inverse a™ satisfies
at = a= [8, Theorem 11]. It is also known [6] that (aw)™ = wta*
if and only if a,w are MP-invertible and aww* <, @ and a*aw <r w.
Let a,w € S be MP-invertible elements. Then a*a and ww* are trace
products. By Theorem C.11 with ¢ = a*,b = w*, aw is a trace product if
and only if a= (") and w= ") exist (if and only if aww* € R, N Ly~ and
a*aw € Ry« N Ly), and in this case

W*va*) w*va) 7(w7a*)

= = ( a

(aw) aw) ¢

since (aw)* € Ry N Lg+. Observe that this formula is very different from
Greville’s in general.

B (10 (11 L a1 1
LetS—Mg(Q),A—<1 O) andVV-(2 2). Then A —2<0 O)
L (12 11 .
and WT = = . Also AW = € RaNLy (FAWA = A and

10\1 2 1 1
sWAW = W). Thus AW is a trace product and

where all terms exist. Pose X = %A. Then AWX = A and XWW* = W*,
Asalso $W*A = X then X € Ry~NLgand X = W-W"A) Pose Y = LW
Then YAW =W and A*AY = A*. Asalso YA* =Y thenY € Ry N L«
and Y = A=WA")_ Finally, the ROL of Theorem C.11 gives

1 1(1 1
4117+_X)/'_74VV_7
(4W) 4 4<1 1>'

One can then check directly that the Moore-Penrose equations are satis-
fied. On the other hand, Greville’s formula does not hold since A*AW =

G D L W, and indeed (AW)+ £ W+A*.
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