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EXTENSIONS OF BRAIDED GROUPS®

Tatiana Gateva-Ivanova

Set-theoretic solutions of the Yang—Baxter equation form a meeting-ground of
mathematical physics, algebra and combinatorics. Such a solution (X, r) consists of
a set X and a bijective map r : X x X — X x X which satisfies the braid relations.
Braided groups and symmetric groups (involutive braided groups) are group analogues
of braided sets and symmetric sets. They are important for the theory of set-theoretic
solutions of the Yang-Baxter equation. We introduce a regular extension of braided
(respectively, symmetric) groups S, T as a braided (resp: symmetric) group (U, r) such
that U = S 1 T is the double cross product of S and T, where (S,T) is a strong
matched pair and the actions of (U,U) extend the actions of S and T'. We study how
the properties of the extension U = S >x1T" depend on the properties of S and T.

1. Introduction.

1.1. Matched pairs of groups, braided groups, and symmetric groups. The
theory of matched pairs of groups was introduced and developed by Majid and Takeuchi,
[6, 9].

A matched pair of groups is a triple (S,T,0), where S and T are groups and o :
TxS — SXT, o(a,u)=(*u,a") is a bijective map satisfying the following conditions
Va,beT uveS:

MLO: “1=1,'u=u, ML1: “u=°%), ML2: %uwv)=/"u)(""v),
MRO: 1“=1,a'=a, MR1: a" =(a")", MR2: (a.b)"= (a*)(b").

In other words, the group T acts upon S from the left by (e, (MLO, ML1), S acts on
T from the right by o) (MRO, MR1) and these two actions obey the conditions ML2
and MR2.

A braided group is a pair (G, o), where G is a groupand 0 : G x G — G x G is a
map such that the triple (G, G, o) forms a matched pair of groups, and the left and the
right actions induced by o satisfy the compatibility condition, see [8]:

M3: wv=("v)(u"), is an equality in G Vu,v € G.
If the map o is involutive (6% = idgx ) then (G,0) is called a symmetric group, see [6].
Braided groups and symmetric groups are group analogues of braided sets and symmetric
sets introduced in [2].
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A matched pair (S,T) of groups implies the existence of a group S <t T' (called the

double cross product) built on S x T with product and unit

(u,a)(v,b) = (u."v,a".b), 1=(1,1), Yu,veS, a,beT
and containing S,T as subgroups. Conversely, suppose that there exists a group R
factorising into subgroups S,T in the sense that (i) S,7 C R are subgroups and (ii)
the restriction of the product of R to a map u: S xT — R is bijective. Then (S, T) form
a matched pair and R = S T by this identification .

A strong group factorisation is a factorisation in subgroups S, T as above such that R
also factorises into T, S. We say that a matched pair (S,T,0) is strong if it corresponds
to a strong factorisation.

Definition 1.1. A regular extension of braided (respectively, symmetric groups) S, T
is a braided (respectively, a symmetric) group (U,r) such that U = S > T where (S, T)
is a strong matched pair and the actions of (U,U) extend the actions of (S,S), (T,T),
(S,T), (T,S). We denote the last of these by <,>.

If the actions in the initial matched pairs extend, then

Y(u.a) = "u((v*) <a), (u.a)="u’"a
are the only possible definitions for the actions of S, 7. Hence the extended actions
necessarily take the form

“D(wa) =" (Cu).(0") 2 ("a), @D = (") (" a).(0")".
An argument similar to the proof of our analogous results for monoids, see Theorem
4.31, and Corollary 4.32 [5], verifies the following theorem.

Theorem 1.2. Let U = S 1 T, where (S,T) is a strong matched pair of braided
groups (S,rs) and (T,rr). The following are equivalent:

(1) U is a regular extension of braided groups. In particular, (U,o) is a braided group,
where the braiding operator o extends rs and rp.

(2) (U,T),(S,U) are matched pairs extending the given actions.

(3) The following equalities hold for all u,v € S and a,b € T':

mlla: a”(“uv) =%"v), Ir3a: (“u)(au”) = (auu)(u”)
(1.1) .

u a bu
mrla: (a?)* = (a’*)?", Ir3b: (“b)(" " = "pw).

(4) Moreover, if (S,rs) and (T,rr) are symmetric groups, i.e. (rs)? =1, (rp)* =1,
then U = ST is also a symmetric group.

Problem 1.3. Let U = S <1 T be a regular extension of symmetric groups. Given
that (S,rs) and (T,rr) satisfy some special condition, say: (i) (S,rs) and (T, rr) have
finite multipermutation levels; (i) S and T satisfy lri, (iii) S and T satisfy Raut, (iv)
(S,+,-) and (T, 4+, ) are two-sided braces. Decide when U inherits the same condition. In
particular, study the case of particular constructions like semidirect products, or wreath
products of symmetric groups.

2. Semidirect products of symmetric groups. Let (S,rg) and (T, rr) be disjoint
symmetric groups. Suppose the group 7" acts on the right on .S as automorphisms, that is
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there is a group homomorphism ¢ : T — Aut(.S, rg). Denote the right action u.¢(a) =
u®, then one has

ul® = (b (u)® = u v Yu,v € S,a,b e T.
Consider the outer semidirect product of S and T, (with respect to ), denoted U =
Sx,T =85 xT. As a set, S x T is the cartesian product S x T'. Multiplication of
elements in S x T is determined by the right action as

(u,a).(v,b) := (u(*v),ab), Vu,v € S a,beT.
This defines a group in which the identity element is (eg,er) = (1,1) and the inverse
of the element (u,a) is (* (u™'),a™'). The set of pairs (u, 1) form a normal subgroup
of U isomorphic to S, while pairs (1,a) form a subgroup isomorphic to 7. The full
group U is an inner semidirect product of those two subgroups, so we shall use notation
ua := (u,a). There is a canonical structure of symmetric group on U, moreover, U is a
regular extension of S, T. Suppose there is a (nondegenerate) left action of T on S, such
that U is a symmetric group. Let u € S,a € T. The compatibility condition and the
multiplication law in U imply

hence,
Uyt =u =" u), YueSacT,
which by the nondegeneracy of the action gives:
w'="u, YuecSacT.
This equality determines canonically the left action of 7" on S, as
Yy = u‘fl,Vu € SaeT,

It is easy to check that T acts on the left upon S as automorphisms, and the identities
(1.1) are satisfied. Hence the bijective map r : U x U — U x U defined as r(ua, vb) =
(" (vb), (ua)®) is an involutive braiding operator on U, and (U, r) is a symmetric group.

We say that (U,r) = (S x T,r) is a semidirect product of the symmetric groups S, T

It will be interesting to describe the socle I'yy of U. By definition, I'y is kernel of the
left actions

lrp=T1={2ze€U|%y=y, VyeUlt={axeU|y* =y, Vue G} =T,,
Denote by TI's, and T'r, respectively the corresponding kernels in S, T', respectively.
Recall that T’y is an r-invariant normal subgroup of U, the quotient group G = U/T is
a symmetric group, and the map
2 (U,’I"ﬁ) — ([U]ar[U]) :Ret(U,’I“), [ [a]a

is an isomorphism of symmetric groups, as shows the following.

Lemma 2.1. Suppose (U,r) = S x, T = (S x T,r) is the semidirect product of
symmetric groups defined as above, let Ty, I's, 't be the corresponding socles.

(1) The socle T'g is an r-invariant normal subgroup of U. Moreover, T's C Ty, and
(S,rs) & Ret(S,rg) implies (U,r) 2 Ret(U, ).
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(2) The socle Ty is a union
I'y =Tg U{ac e Ulz = ua,u € S, (possiblyu = 1), a € I'y,
EalS = L,-1 € Aut(S,rg)}.

(3) The original action of T on S induces an action of T on the quotient group S/T'g ~
([S],71s1), and a semidirect product (S/T's) x T' . The following is a sequence of
surjective homomorphisms of symmetric groups:

U=8SxT —U/Tg~(S/Tg)xT — U/Ty ~Ret(U,r) ua— ([u]s)a — [ua]y.

Proof. First we show that I'g is a normal subgroup of U. Let x € U,u € I'g, then

for every v € S one has
-1 -1 -1
(zuz )’U _ z((uz )U) _ a:(z ’U) =,
therefore zuzr~') € T's. Next we verify that I's is r-invariant, or equivalently, it is
invariant with respect to the left and to the right actions of U. We know that I'g is
invariant with respect to the action of S upon itself, so it will be enough to show that
‘ue Fs,ua elgVaeT,uelyg.

Let a € T,u € I'g, we must show “v = v,Vv € S. Let v € S, and set w = v*. Then
v =W,

Uy — u(aw) — (au)aw — AUy — Ay — gy

So I'g is invariant with respect to the left action of U, and the equality u® = “ly e I's
implies I'g is invariant with respect to the right action of U. This proves part (1) It
follows that the canonical maps

U=SxT—U/Ts —U/Ty
are epimorphisms of symmetric groups. Moreover, there is a natural isomorphism of
symmetric groups U/T's >~ (S/Tg) xT. O
Theorem 2.2. Let (S,rg) and (T,rr) be disjoint symmetric groups, such that T
acts on S as automorphisms. Suppose (U,r) = (S x T,r) is the semidirect product of
symmetric groups defined as above.

(1) (U,r) is a symmetric group which is a reqular extension of S,T.
(2) (U,r) satisfies lri iff (S,rs) and (T,rr) satisfy lri.
(3) (U,r) satisfies condition Raut iff (S,rs) and (T,rr) satisfy Raut.

(4) (U,r) has finite multipermutation level if and only if (S,rs) and (T,rr) do so. In
this case the following inequalities give exact bounds for mpl(U,r) :

max{mpl S, mplT} < mplU < mplS + mplT.

(5) The left brace (U,+, .) is a two-sided brace if and only if S and T are two-sided
braces and

(u+ ) Pw + w = vw + v*w  Yu,v,w € S, |;a,beT.
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3. Wreath products of symmetric groups. Let A and H be (disjoint) groups
and suppose H acts on a set 2. We recall the definition of (restricted ) wreath product
AwrqH. Let K be the direct sum

K= @ A,

wEeN
of copies of A, ~ A indexed by the set Q. The elements of K are sequences (a,,) of
elements in A indexed by € of which all but finitely many (a,,) are the identity element
of A. Then the action of H on (2 extends in a natural way to an action of H on the group
K by

"aw) = (any).

Then the wreath product AwrqH of A by H is the semidirect product K x H. The
subgroup K of AwrqH is called the base of the wreath product.

Assume now (A,r4) and (H,ry) are symmetric groups. In this case H acts on the
left and on the right upon itself. We consider the wreath product AwrH, where Q := H.

Note that the left and the right action of A upon itself induce in a natural way a left
and a right action of K upon itself which makes K a symmetric group. The left and the
right actions are define componentwise as:

(@a)p, — (“b)a if b=«
’ bg else.

The right action of K upon itself is defined analogously. Then the braiding operator rg
is defined canonically as

ri((aa)(bs)) = ((("b)a), ((a")a))

Theorem 3.1. Let (A,r4) and (H,rg) be disjoint symmetric groups. Then the wreath
product G = AwrH 1is a symmetric group.

Let (Xo,7rx,) and (Y,ry) be disjoint square-free solutions. The wreath product of
solutions, denoted (Z,r) = (Xo,rx,) ! (Y, ry) is defined in [7, Definition 8.6].

Theorem 3.2. Let (Xg,r0) and (Y,ry) be disjoint square-free solutions, and let
(Z,r) = (Xo,7m0) L (Y,7ry) be their wreath product. As usual, Gx, = G(Xo,70), Gy =
G(Y,ry) and Gz = G(Z,r) denote the corresponding permutation groups, we consider
also the corresponding symmetric group structure on each of them. Then the following
conditions hold.

(1) The wreath product (Z,r) = (Xo,70) L (Y, ry) is a square-free solution.
(2) The permutation group Gz is a wreath product of the groups Gz = Gx, 1 Gy .

(3) Moreover, the symmetric group (Gz,rg,) is a wreath product of symmetric groups:

(gz, ng) - (ng TGxq ) ! (gYa Tgy)
Suppose (Xo,70) and (Y, ry) are multipermutation solutions of finite multipermutation
levels, mpl Xg = m, and mplY = n.

(4)
mplZ =mpl Xg+mplY —1 mplGx, =m—1,mplGy =n— 1.
106



(5)
mplGz =mplGx, + mplGy =mplZ — 1

Proof. Parts (3.2) and (3.2) are proven in [7, Theorem 8.7|. Parts (3.2) is straight-
forward. By [4, Theorem 5.15] there follow the equalities mpl Gx, = mpl Xg—1, mplGy =
n —1 and mplGz = mplZ — 1. Moreover, [7, Theorem 8.7] implies mpl Z = mpl X +
mplY — 1. It follows that

mplGy =mplZ —1=m+n—2=mplGx, + mplGy. (I
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PASIMINPEHUWA HA CIIJIETEHU I'PYIIN 1 CUMETPUYHN I'PYIIN

Tarana I'aresa IBanoBa

Ypasuenunero Ha fur-Bakcrep € €HO OT OCHOBHUTE ypaBHEHHS HA MaTEMaTHIeC-
kara pu3nKa, U MO-CIEIUAIHO — B TeopusTa Ha KBaHTOBUTE rpynu. OcobeHo mHTe-
PECHU ca TeOPETUKO-MHOYKECTBEHUTE PEIEHUsI, IPU IHUETO U3CJIeIBAHEe OCBEH Teope-
TUYHA (PUIUKA Ce M3IO0JI3BAT WHTEH3UBHO HEKOMYyTaTHBHA aJirebpa U KOMOMHATOPHU-
ka. TakoBa permenue (X,7) ce ¢bCTOM OT MHOXKECTBO X M OMEKTHBHO M300pazKeHUe
r: X XX — X X X, KOeTo yJIOBJIETBOPSIBA U3BECTHOTO CBOMMHOUEHUE HA NAUMKUME.
CrutereHuTe rpynu U CUMETPUYHUTE TPYNHU (T.€. CIUIETEHUTE WHBOJIOTUBHHU TPYIIN)
Ca TEOPETUKO-TPYIIOBU AHAJIO3U HA T.H. CNAEMEHU MHOHCECTNBA T CUMEMPUNHY MHO-
otcecmea. MojiepHUTe TEHJIEHITMN HAJAraT WHTEH3WBHO M3ydYaBaHE Ha TEOPUSITA Ha
CIUIETEHUTE U CUMETPUYIHNTE Ipynu. Besgka TakaBa Irpyla MPeACTABISBA U PEIIeHUs
Ha ypasHenuero Ha Adur-Bakcrbp. Koncrpyupanero na HOBH pernenusi (HOBU CHMET-
pUYHM IPylH) e OT ocobeHa BakKHOCT. Hue BbBeXK/1aMe HOHSITHETO , PEryJIsipHH Pa3-
mupenus Ha ciiereHu rpymu S u T, U uscinensame Kou ajreGpuaHu CBOMCTBA Ha S
u T uHAynMpaAT aHAJOIMYHYM CBOMCTBA Ha TexHu pasmmpenus U(S,T).
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