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A recently proposed definition of a linear connection in noncommutative geometry,
based on a generalized permutation, is used to construct linear connections on
GL,(n). Restrictions on the generalized permutation arising from the stability of
linear connections under involution are discussed. Candidates for generalized per-
mutations on GL,(n) are found. It is shown that, for a given generalized permuta-
tion, there exists one and only one associated linear connection. Properties of the
linear connection are discussed, in particular its bicovariance, torsion, and commu-
tative limit. © 1997 American Institute of Physics. [S0022-2488(97)02506-1]

I. INTRODUCTION

Shortly after their discovery in the context of integrable models,'™ quantum groups were
identified as interesting noncommutative generalizations of the algebra of functions on a Lie group
manifold.”~" Noncommutative differential calculi® have been proposed where the main constraint
is the bicovariance of the differential algebra.’ In addition the R-matrix formulation’ played a key
role in further developments.'®~1

The aim of this paper is to define linear connections and metrics on quantum groups. From the
mathematical point of view, this is a step towards the understanding of which classical concepts
can have a noncommutative generalization. From the physical point of view, it could be a first step
towards the formulation of gravitational theories on quantum groups. Noncommutative manifolds
in fact could represent a solution to the problem of short distance divergences of usual quantum
field theories (see, e.g., Refs. 16 and 17) and could also offer a more satisfactory description of
space—time. In this respect, quantum groups are an interesting toy model where qualitative dif-
ferences between the noncommutative (¢# 1) and the nondeformed (¢=1) cases can be ob-
served. In the context of the Dirac-operator-based differential calculus of Connes, an approach to
the construction of such theories has been proposed using the Wodzicki residue of the Dirac
operator.'®!” However, many interesting differential calculi, such as those on quantum groups’
and spaces,”’ are not defined by a Dirac operator. Here, as was proposed in Refs. 21-23, we
follow the idea, which is suitable for all differential calculi, of a generalization to the noncom-
mutative context of the usual commutative metrics and linear connections.

A general definition of linear connections, in the context of noncommutative geometry, has
been recently proposed for the derivation-based differential calculus’**® and other differential
calculi®* in which case the construction relies on a generalized permutation. In Sec. II we fix our
notation concerning quantum groups. In Sec. III we briefly review the construction of Ref. 24 and
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add some restrictions on the generalized permutations which arise from the requirement that the
set of covariant derivatives be stable under complex conjugation. Section IV is devoted to the
search for generalized permutations on GL,(n) which are restricted by the bicovariance condition.
We find a two-parameter family of generalized permutations. In Sec. V we prove that for a given
generalized permutation there exists only one linear connection. Properties of this linear connec-
tion are studied, in particular its bicovariance, torsion, and curvature. Finally, we examine the
commutative limit of our linear connections. We show that the limit of one class of these when
qg— 1 corresponds to left- and right-invariant linear connections on GL(n). We collect our con-
clusions in Sec. VI.

Il. QUANTUM GROUPS AND THEIR BICOVARIANT DIFFERENTIAL CALCULI

The quantum group Fun(GL,(n)) is a Hopf algebra (.7,A €,x) generated, as an algebra, by the
identity and 7%, i,j=1,...n. An exchange of the order of the generators, while maintaining the
classical Poincaré series, is obtained by the RTT relation’:

RT1T2:T1T2R. (II])
Here, R is the R matrix, which is an element of M, (C)® M ,(C) obeying the Yang—Baxter relation
(1®R)(R®1)(1®R)=(R®1)(1®R)(R®1). (I1.2)

. . . 4
The R matrix of GL,(n) is given by

i 1#] 1<J
where A=¢—¢q~'. It satisfies the Hecke condition

(R—q)(R+1/g)=0. (I1.4)

The differential calculus on the quantum group is considerably restricted by the bicovariance
condition.” This means that there exist a right and left coaction of .2 on Q', the space of
one-forms, such that

A, (adb)=A(a)(1©d)A(D), (IL5)
Ax(adb)=A(a)(d® 1)A(b), (IL6)

Under some restrictions on ¢ and the assumption that (! be generated as a left-module by
de, bicovariant differential calculi have been classified’® and shown to be obtained by the
constructive method of Jurco.'?.

For such differential calculi Q! is generated as a left (or right) module by left-invariant
one-forms w§ [A.( w;-) =1® w;-]:

wi= k(T )dT5 . (11.8)
The differential algebra is entirely characterized by the commutation relations
w;a=(1®f7f)A(a)wi, (I1.9)

where f;'j are linear functionnals representing the algebra . Z:
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=815, fistab)=rfir(a)fis(b).

They can be explicitly determined in terms of the R-matrix and some parameters.?® Here we
shall make the choice

ATy =R KR (I1.10)

for the differential calculus. In the limit g— 1, this differential calculus reduces to the usual one on
GL(n). It has been considered in Refs. 11, 15, 14, 27, 28, and 13. In this case, the commutation
relations are often written in the form

The space of two-forms is constructed as the image of Q'® Q! under the ‘‘multiplication”’
map

mQ'e 0'-0'e 0, (I1.12)
m=1—A, (I.13)

where A is a bimodule automorphism, obeying the Yang—Baxter equation, which generalizes the
permutation map of the commutative case. Let 77} be right-invariant one-forms:

7= Tiwk(T). (1.14)
Then A is determined by’
A(w;@ 77?‘)=77;(®w5~. (I1.15)

When applied to wj-@ wf , one can show that

A@®of)=Ak 7ol e ol (IL.16)
Al =T T (1

When applied to dT,®dT,, the map A yields
A(dT,®dT,)=RdT,®dT,R™". (I1.18)

The Hecke relation for the R matrix (I.4), combined with the previous equation, yields the
following characteristic equation for A:

(A=1)(A+g¢*)(A+q ?H=0. (I1.19)

Higher-order forms can be constructed in a similar way using the map A.” The bicovariant
bimodule ) is the direct sum of the space of n forms:

Q=a,0" (11.20)

It is equipped with an exterior derivative which is defined with the help of the right- and left-
invariant one-form 6,

6= — > g Yol (I1.21)
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by
do=[0, v], (I1.22)

where [,] is the graded commutator and the product is in ().

For real values of ¢ or for [¢g|=1, an involution may be defined on GL,(n) reducing it
respectively to U,(n) or to GL,(n,R). Setting the g-determinant equal to one gives rise to
SU,(n) and SL,(n,R) .” The bicovariant differential calculus on these reductions is characterized
either by a larger set of one-forms than the classical case®® or by a modified Leibniz rule.*

lll. LINEAR CONNECTIONS IN NONCOMMUTATIVE GEOMETRY

In this section we collect the main definitions and results concerning the general construction
of linear connections as proposed in Ref. 24. We add some new restrictions on the generalized
permutation by imposing the stability of the set of covariant derivatives under complex conjuga-
tion. In the following .Z is a unital associative algebra over C equipped with the differential
calculus (0 ,d).

Definition 3.1: Let 1 be the multiplication in (). A generalized permutation, o, is a bimodule
automorphism of Q'® Q1 satisfying

TOO=—1I. (TI1.1)

A generalized flip, 7, is defined as a generalized permutation satisfying 7 =1.
Remarks:
(1) Note that o= —1 is a generalized flip.
(2) When the algebra .7 is the algebra of C” functions on a manifold M, the permutation

T(w®w')=w'Qw (1.2)

is a generalized flip.
(3) When Q? is realized as a subspace of Q'®Q! with an imbedding i verifying oi
=12, then

1—2iom (I11.3)

is a generalized flip. The generalized flip of the derivation-based differential calculus proposed in
Refs. 25 and 24 is of this form, as are the generalized flips of Refs. 31 and 23.

(4) If o is a generalized permutation, then so is o~ ' as well as o> ! for an arbitrary integer
n.

(5) If o and ¢’ are two generalized permutations, then so is w(o+1)+u’ (o’ +1)—1 for all
pand p' in C. The o+ 1 form a linear space.

Definitions 3.2: A linear connection associated to a generalized permutation o, is a linear
map, V7, from Q' to Q'® Q! satisfying the two Leibniz rules

Vi (aw)=da®w+aVw, (II1.4)
Vo (wa)=c(w®da)+Vwa, (1I1.5)

for any ae .# and any we Q.

Remarks:

(1) When the algebra .7 is the commutative algebra of smooth functions on a manifold the
only possible linear connections are those associated to the permutation (II1.2).

(2) If o and o' are two generalized permutations, then V7— V7' is a left-module homomor-
phism.
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(3) If V and V' are two linear connections associated to the same generalized permutation,
then their difference is a bimodule homomorphism.

The preceding definition of the linear connection has the advantage of allowing an extension
to the tensor product over .Z of several copies of '. This is formulated in the following

Proposition 3.3: A linear connection associated to a generalized permutation o admits a
unique extension as a linear map from Q'® ;- ® 0" to Q'@ 4 - @ _,Q' of the form

i (.
~~ ~v"

5 times s+1 times

Viiwew )=V (w)w +o(wdVw'), (I11.6)

for any we Q' and any o' € Q'® 4 --®_,Q! with o, an automorphism of Q'® 4 - ®_ 0.

-

. . . s—1 times s+1 times
The unique o, is given by
o;=0®1Q---®1. (I1L.7)
———
s—1 times

Proof: The proof can be carried out by induction. For s=2 an identification of V7(wf
Qw') with V(w®fw'), where f is an arbitrary element of . Z and w and w' are one-forms,
gives 0,= o ®1; so the proposition is true for s =2. Suppose it is true to order s— 1 and let ' be
an element of the tensor product of s— 1 copies of !. Then, by the induction hypothesis,

Vo' =dfow +fVie'. (IT1.8)

The identification of V7 (w® fw') with V’(wf® w’) where w is an element of (1! completes the
Proof. [

Suppose that . Z is an algebra over C equipped with an involution *. Then ! carries a natural
involution defined by (bda)* = (da*)b*. The involution on Q'® Q! is not a priori determined.
In fact, if we define the antthomomorphism « by

a(w@w')=w' *Qw*, (I11.9)

and if ¢ is an automorphism of Q'® ,Q! such that (¢poa)?>=1, then ¢ o defines an involution
on O'® ,0'. We would like to define an involution on Q'® Q! which in the commutative
limit reduces to (w® w')*=71(w'*® w*), where 7 is the usual permutation operator, and which
allows us to define the complex conjugate of a linear connection, as in the commutative case, by

Vow=(V(w*))*. (111.10)

The requirement that V7 be a linear connection imposes constraints on the involution on Q'
® ,0" and on the generalized permutation, o

Proposition 34: Suppose that .7 is equipped with an involution *. Then the following asser-
tions are equivalent:

(1) The map V° defined in (I11.10) is a linear connection.

(2) The generalized permutation, o, verifies
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(ooa)?’=1 (II1.11)
and the involution on Q'® Q' is given by
(0@ )*=0(w'*Qw*). (I1.12)

Proof: 2=1 is a direct calculation. We prove 1=2. Calculate, with the aid of Eq. (III.10),
V?(wa):

V7 (wa)=(V(a*0*))*=(da*®@ w*)*+(V°w*)*a=(da*®@ w*)*+(Vw)a.
(I11.13)

If the map V7 is a covariant derivative, then there exists a generalized permutation, ¢, such that
V(wa)=¢(wdda)+Vowa. (I11.14)
Comparing the two equations (II1.13) and (II1.14) we obtain
(da*Q w*)*=¢d(w®da). (II1.15)
This equation is valid for arbitrary @ and o so the involution in Q'® Q! verifies:
(0'"®w)*=d(w*@w'*). (II1.16)

The involution property, #:# =1, gives (¢oa)?=1. It remains to prove that ¢= 0. In order to do
this, calculate, using Eq. (I11.10), V7 (aw):

Vo (aw)=a(V(w0*))*+ (c(0*@da*))*. (I1.17)
Since V7 is a linear connection we have
Vo(aw)=aV’w+da® o. (I1.18)
Comparing Eq. (II1.17) and (II1.8) we get
da®@w=(oc(w*®da*))*. (I11.19)
This equation is valid for arbitrary a and w, so we have
o' @w=(c(w*@w'*))*. (111.20)

Comparing Egs. (II1.16) and (II1.20) leads to the quality of ¢ and o. o
Definition 3.5: For a given involution * on Q'® ,Q', a generalized permutation o is defined
to be real if it satisfies the following property:

gox=%og (IIr.21)

on Q'e QL.

Now, if one wants to find an involution * on Q'® Q! such that V7 is a linear connection,
then one should take, according to Proposition 3.4, (II[.12) as a definition of *. The condition for
this to be possible is (o° «)?=1. If one further demands that o be real, then one has to use the
following:

Proposition 3.6: Suppose that the generalized permutation, o, verifies Eq. (111.11) and that the
involution on Q'® Q' is given by ooa. Then o is real iff it is a generalized flip.

Proof: The reality condition reads
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gooeca=0°ac0. (I11.22)
Since o is an automorphism, this equation leads to
goa=aco. (II1.23)

The relation in (ooa)?>=1 gives o>=1. o

The definition of the complex conjugate of a linear connection allows the following:
Definition 3.7: A real linear connection associated to a generalized permutation o is defined by
vo=ve.

Remark: The involution on Q'® ,Q! defined above induces an involution on Q? by
(wro)*=7(0Qw')*)=—w'*Aw*. This is due to the property (IIL.1).

Definition 3.8: The torsion T of a linear connection V7 is defined as the linear map from
Q' 10 O? given by

T=d—moV°. (I1.24)

Proposition 3.9: The torsion map is a bimodule homomorphism.

Proof: 1t is an immediate consequence of the condition (III.1). [

Definition 3.10: The curvature .72 of a linear connection V7 is defined as the linear map from
Q' 10 Q*® 0" given by

Z=(T®1)+(7m21)V)V°7, (I1.25)

Proposition 3.11: The curvature is a left-module homomorphism.
Proof: A straightforward calculation. o
Definition 3.12: A metric g is defined as an element of Q'® Q' satisfying

m(g)=0. (I11.26)

If Q'® Q' is equipped with an involution, a real metric is defined by g*=g.

The definition of a nondegenerate metric requires some more structure on the algebra .Z. This
structure must guarantee that the dimension of Q! as a left module be well defined. For example,
if .7 is a Hopf algebra, then it is well known that this is so (see, e.g., Ref. 9). If it exists, let
w®, a=1,...,N, be a free basis of Q' as a left module. Then a metric can be written uniquely in
the form

8=8up0' @’ (I1.27)

with g,,€.7. We will call a metric nondegenerate if the matrix whose elements are g, is
invertible.

Definition 3.13: A metric g and a linear connection V7 are said to be compatible if the
condition V°g=0 is satisfied.

IV. DETERMINATION OF o ON GL(N)

In addition to the previous requirements on o, it is natural, in the context of quantum groups,
to add the requirement of bicovariance:
Definition 4.1: A generalized permutation, o, is called bicovariant iff

(1®o)A;=A;o, (0®1)Ag=Ajo. (Iv.1)
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Following the R-matrix technique, that is the determination of all unknown maps from the
R-matrix and ¢, we will determine the candidates for the map o in terms of R. We recall from
(I1.13) and (ITI.1) that the generalized permutation ¢ is an automorphism of Q'® Q! verifying

(1=A)e(o+1)=0, (IV.2)

the bicovariance requirements (IV.1), and when . Z is equipped with an involution, that is for real
q and for |g|=1, the involution property (III.11).

In order to find candidates for o, we shall prove the following Proposition, which, in its first
part, is a generalization of Proposition 3.1 of Ref. 9:

Proposition 4.2: Let a;;, i,j=0,1, be complex numbers.

(1) There exists a unique bimodule homomorphism, ®, of Q'® Q" such that

®(dT,®dT,)=2, a;;R'dT|®dT,R’. Iv.3)
i.j

Moreover,
(2) The map ® is bicovariant.
(3) The map ® is a generalized permutation iff

CYOI_CYI():O, a00+)\a10—a11=—1, (IV4)

where, we recall, \=q—q .

In this case, ® obeys the characteristic equation

(D+1)(D—\[)(P—\p)=0, IV 5)
N=—1+a(g+g ) +a(1+4%), (IV.6)
N=—1—a(g+q ) +a(l+g7?). Iv.7)

Proof: An element v of Q'® Q! can be written in a unique way as
- ij gk l_
v="2 alidTi®dT|=Tr(a(dT,®dT,)), (IV.8)

where a e M ,(.7)®M,(.7). This is a consequence of the fact that the dT generate Q' as a left
module. The action of ® on v is defined by

®(v)=Tr(aa;;R'dT,®dT,R’). (IV.9)

It clearly satisfies (IV.3). It remains to check that ® defined in this way is a bimodule homomor-
phism. The left-module homomorphism property is assured by construction. To check the right-
module homomorphism property it suffices to verify that

This is so because the 7 generate the algebra. The left-hand side of Eq. (IV.10) can be written,
after successive use of Eq. (Il.11), as

®(dT,®R5;' T,dT3R5' ) =Ry%'R,' ®(T,dT,®dT5)R 'Ry (IV.11)
Here the subscripts of the R-matrix denote the two spaces on which it acts. Next, we use the

left-module property to write the right-hand side of Eq. (IV.11) as
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R3%'RL,'T\®(dT,®dT3)R 1, Ry = ajjRy' R, R T dT,®dTsR:R 1, Ry . (IV.12)
The right-hand side of Eq. (IV.10) can be written as
a;jR,dT @ dT,R,T3=a;;R},dT,®dT,TsR, . (IV.13)
The commutation relations (I.11) allow us to write this term as
a;jR,dT | ® Ry THdTsR'R),= a;;R\,R>'R ' T1dT,®dT:R ;' Ry'RY,.  (IV.14)
As a consequence of the Yang—Baxter equation we have
R§2R£31Rf21 :R;31R;21R§3 ’
(IV.15)
R5:R 5 Ry =R 5 Ry3'R,
The right hand sides of Egs. (IV.12) and (IV.14) are thus equal. This proves the first point of the
Proposition.
In order to prove the bicovariance of @, it suffices to prove that
This is due to the fact that dT,®dT, generate Q'® Q! as a left module. Using Eq. (IV.3) and
AL(dTl®dT2):T1T2®dT]®dT2, (IV18)
AR(dT1®dT2)=dT1®dT2®T]T2, (IV19)
Egs. (IV.16) and (IV.17) can be written as
a;;R'T\T,8dT,®dT,R'= a;;T\T,®R'dT,®dT,R, IV 20)
a;;R'dT,\®dT,®T T,R'= a;;R'dT\®dT,R'®T,T,. (Iv.21)
These equations are true due to the commutation relations (II.1). This proves point 2 of the
Proposition.
Point 3 is a straightforward calculation using Eqs. (I1.18) and the Hecke condition (I[.4). @
Proposition 4.2 gives us a two-parameter family of bicovariant generalized permutations. We

turn to examine some of their properties. First, note that the maps ® have the same eigenspaces
even though their eigenvalues might be different. In fact, if we introduce the projectors

I1,(dT,®dT,) =P ,dT,®dT,P, ,
T,(dT,®dTy)=P_,1dT\@dT,P_ -1, (IV 22)
T3(dT,®dTy)=P_,1dT,@dT,P,,

4(dT,®dT,)=P,dT,®dT,P_ -1,

with
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p _Rta” . _ 4-R (IV.23)
Togtqg T T gqtg U
then the generalized permutation ® can be written as
o, = ML NI =115 114, (Iv.24)
and the expression for A is
A=TI1,+11,—¢*11;—q *I1,. IV .25)

In the commutative limit IT,+1II, tends to the projector onto symmetric elements of (!
® 0" and I1;+11, to the projector onto antisymmetric elements. The multiplication map 7 may
be expressed in terms of these projections as

m=(1+g>)I;+(1+q HI,. IV .26)
So Q2 can be identified with the projection of Q'® Q!
Q2 =(II;+11,)Q'® 0. (IV.27)
An imbedding i of Q% in Q'® 0! verifying 7oi =12, exists and is given by

1
1+¢? M+ 1+g¢

i= 11, (IV 28)

With the aid of this imbedding we obtain the expression (III.3) for o:
op=1—2icmr=—1+2(I1,+1I,). (IV.29)

Note that this o verifies >=1; it is equal to —1 on Q% and to +1 on (I, +11,)(Q'® QY. It
corresponds to A;=\,=1 in Eq. (IV.24).
Another simple solution to Egs. (IV.4), which in addition obeys the Yang—Baxter equation, is

given by o ,-2 2,

q
or(dT,®dT,)=R 'dT,®dT,R~". (IV.30)

This o is to be compared with the o found in Ref. 32 for the quantum plane. Indeed, it could be
obtained in the same way from the differential calculus (see Lemma 5.13).

We turn now to consider involutions for |g|=1. Then one can consider the involution
(TH)*= T; on GL,(n). This involution is compatible with the relations on the algebra because, for
|q[]= 1 and R given by (I.3), one has

RY=(R™ ik (IV 31)

where R is the complex conjugate of R. In this case, the quantum group is GL,(n,R).
Proposition 4.3: Let |q|=1. A generalized permutation, O\, Ay defines an involution iff

N[ =N, =1. (Iv.32)
Proof: For |g|=1 relations (IV.31) imply that

acllca=1II;, i=1234. (IV.33)
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So, the condition (III.11) reads
ING 2T + N, PTL + T+ 1T, =1, (IV.34)

which completes the Proof. o
Remark: The previously defined oy and o satisfy Eqs. (IIL.11).

V. LINEAR CONNECTIONS ON GLg(N)

In this section we determine linear connections on the quantum group GL,(n) and study their
properties.
Proposition 5.1: Let o be any generalized permutation. The map V § defined by

vVi:Q'-Q's 0

(V.1)
Vi(w)=00w—0g(w®8).
is a linear connection associated to a.
Proof: Calculate first
Vi(aw)=([0,a]tab)@w—0(aw® 0) (V2)
and then use the expression of the exterior derivative and the bimodule property to obtain
Vi(aw)=da®w+aVjo. (V.3)
Similarly, calculate
Vi(wa)=0® wa+o(w®([0, a]— ba)),
=0(w®da)+(Viw)a. (V4)
This completes the Proof. o

Remarks:

(1) The linear connection V can be defined on any differential calculus where the exterior
derivative is a graded commutator. See Ref. 31 for another example.

(2) For o= —1 the resulting covariant derivative V{ is iod, where i is the embedding of
Q2 into Q'® ,Q!, by Eq. (IL.21).

Proposition 5.2: The extension of V{ to the tensor product of s copies of Q' is given by

Tv=02v+o,(ve0), VveQle ,--QL (V.5)
0

Proof: A direct application of Proposition 3.3. [

Proposition 5.3: There are no nonvanishing bimodule homomorphisms from Q' to Q!
® Q.

Proof: We will use the following Lemma proved in Refs. 7, 13, and 27.

Lemma 54: Let ¢ be the q-determinant of T,

_ _ 1 2
c=det, T—g (=)' "' T\ oy T » (V.6)

where the sum is over all permutations on n elements and [(p) is the number of transpositions in
the permutation p. Then c is in the center of 7 and verifies wc=q *cw for all w in Q.
An immediate consequence of the preceding Lemma is the following.
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Corollary 5.5: ve=q *cv, VveQ'® 0.
We are now in position to prove the Proposition. Let ¢ be a bimodule homomorphism from
Q'to O'® 0" and let e Q. By the homomorphism property and Lemma 5.4, we get

P(w)c=q *c(w). V.7
On the other hand, since ¢(w) e Q'® Q!, by Corollary 5.5 we obtain

P(w)c=q *cd(w). (V8)
Comparing these two equations we prove the Proposition.  J

As a direct consequence of the preceding and of the third remark following Definition 3.2 we
obtain the following

Theorem 5.6: For any generalized permutation o on GL,(n), there exists one and only one
associated linear connection, given by (V.1).

We now turn to the study of some of the properties of the linear connection V .

Proposition 5.7: For any generalized permutation o, the linear connection V{ has vanishing
torsion.

Proof: Calculate 7oV

moViw=0rw+wrb=do, (V.9)

where we have used the property (III.1). The proof of the Proposition follows from (Il1.24). @
Proposition 5.8: For any generalized permutation o, the linear connection V{ has the ex-
pression

Vio=(A—0)0'® 0= ((\;— DIT,+ (A, — DI+ (g% — D3+ (¢ 2= DI,) 0 ® 0
(V.10)

on the left invariant one-forms w®, and

Vo =(A" =) p® 0= ((\,— DTT;+ (A=~ DI+ (g 2= DI+ (g2 = DIL) n°® 6
(V.11)

on the right-invariant one-forms n®
Proof: This is an immediate consequence of the definition of A, the right invariance of 6, and
Eq. (IV.24). .
Definition 5.9: A bicovariant linear connection, V , is defined by the properties

(1®9V)A;,=A,V (left covariance), (V.12)
(VR1)Ar=ArV (right covariance). (V.13)

Proposition 5.10: The linear connections associated to the generalized permutations O\, 0, of
formula (1V.24) are bicovariant.

Proof: First, one sees that A and o, are bicovariant. Then, using formula (V.10) and the
left invariance of w® one sees that formula (V.12) is true when applied to w“. Now, the one-forms
w® form a basis of the left module Q. Then, formula (II1.4) and the previous result show that the
associated linear connection is left invariant.

For the right invariance, one has to consider the right-invariant one-forms #“, which consti-
tute a basis of ! as a right module and formulas (V.11) and (IIL.5). .

The following Proposition allows one to calculate explicitly the covariant derivative associ-
ated to a generalized permutation given by Eq. (IV.24):
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Proposition 5.11: Define v, vy, and B by

A=Ay Nig _)\261 g

-1

v=qg+q ', y=-— , B= ; (V.14)
q =9 q°=q

the linear connection associated to the generalized permutation, O\, \,» Gcts on left-invariant

one-forms as follows:

' 1 ) . 1 ; ]
V;’M Mwj=— 2 (1=y= B wf_ 7w§<®“’f+ 2 (1=7+B)(0;@ 0+ 00 w)
\2

+ 5 (1= y=B)(0j@ 0- 02 0)). (V.15)

Proof: First we note that oy, , of (IV.24) can be written as
=N DI+ (A + DI, -1, (V.16)
so that Vw",: can be expressed as
Vo= 08w+ 0@ 0—[(\+ I+ (\+ DI ]o/®f. (V.17)

It remains to calculate the term in the brackets of (V.17). We will do so by calculating it for two
different values of the couple (\;,\,) with the aid of the following two Lemmata.

Lemma 5.12: The covariant derivative associated to o, acts on left-invariant one-forms as
follows:

2

) 2 .
VgAw}Z p wk/\w 7 (0®w w;®0). (V.18)

Proof: The Proof is a straightforward calculation exploiting the fact that o, can be expressed
in terms of A as

(A+g*>)(A+q7?)

op=—1+2 e , (V.19)
as well as the equation

dw;:(l—A)0®w§-=—w;;/\wf, (V.20)
which allows us to eliminate A(§® w}) in V7w ®

Lemma 5.13: The covariant derivative associated to oy is determined by
VrdT!=0. (V21)

Proof: Calculate the covariant derivative associated to o of the two sides of Eq. (IL.11). @
The Proof of the Proposition is completed after expressing V7 Mw in terms of V"Aw and
V”Rw as

Vouhei=3(1-y+B)(09 i+ ole 0)+%(1—7—3)V"Aw§+ YV Rt (V.22)
This equation is obtained after the evaluation of ka ®60, k=12, in terms of V"Aw§ and
VURw .

J*
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Finally, we consider the limit of the linear connections determined above when ¢— 1. In this
limit the differential calculus tends to the usual commutative differential calculus. The one-form 6
has a singular limit but A6 tends to the right- and left-invariant one-form a on GL(#). First of all,
a necessary condition for the limit to be nonsingular is that the generalized permutation tend to the
flip operator that is A;—1 and A,— 1. A more precise statement, giving a necessary and sufficient
condition for the limit to be nonsingular, is the following:

Proposition 5.14: Let

Iu’i:T’ i:1’2’ (V23)

the linear connection associated to O\, A, admits a nonsingular limit iff w, and w, have finite

limits ,u,i|q:1 when q tends to 1. The linear connection, in the limit, is determined by

Voi——=(1- y)ojrot - 7@ wi— 2 (a0 i+ wioa) (V.24)
w;= =7 Vo) WA @; = Yo @ w;— = (a® 0t w;®a), .
where
-1~ - -+ -
yO=,U~2’q 1 M1|q 1’ MO=M2|q 1 M1|q 1' (V.25)
2 2

Proof: A direct application of Proposition 5.11. [

Remark: When wp; and wu, tend to O, which is the case of o, , v, and u, vanish and the
limiting linear connection is given by

Vw;: —SwiA ot (V.26)

j .
VI. CONCLUSION

The main result of this paper is the existence and uniqueness, for generic g, of the linear
connection associated to a given generalized permutation. This connection is bicovariant and
torsion-free. This is in contrast to the commutative case (¢ =1) where there are an infinite number
of linear connections not necessarily bicovariant and torsion-free and where the generalized per-
mutation is constrained to be the flip operator. It is also in contrast to the cases with ¢ a root of
unity where Proposition 5.3 is not in general valid. The arbitrariness in the deformed case lies
merely in the generalized permutation for which we have found a two-parameter family [Eq.
(IV.24)]. These parameters may be arbitrary functions of ¢ and are constrained by the involution
property (Proposition 4.3). The commutative limit is nonsingular for a class of such functions
which tend to the identity when g— 1. The commutative limit of the linear connection is a subset
of right- and left-invariant linear connections on GL(n).

We have used the differential calculus (II.10) to obtain our results. Had we used another
differential calculus with the usual commutative limit the qualitative aspects of our conclusions, in
particular the uniqueness of the linear connection associated to a given generalized permutation,
are expected to remain the same.
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