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Abstract

The topic of this thesis is the development of a versatile and geometrically motivated
differential calculus on non-commutative or quantum spaces, providing powerful but
easy-to-use mathematical tools for applications in physics and related sciences. A
generalization of unitary time evolution is proposed and studied for a simple 2-level
system, leading to non-conservation of microscopic entropy, a phenomenon new to
quantum mechanics. A Cartan calculus that combines functions, forms, Lie deriva-
tives and inner derivations along general vector fields into one big algebra is con-
structed for quantum groups and then extended to quantum planes. The construction
of a tangent bundle on a quantum group manifold and an BRST type approach to
quantum group gauge theory are given as further examples of applications.

The material is organized in two parts: Part I studies vector fields on quan-
tum groups, emphasizing Hopf algebraic structures, but also introducing a ‘quantum
geometric’ construction. Using a generalized semi-direct product construction we
combine the dual Hopf algebras A of functions and U of left-invariant vector fields
into one fully bicovariant algebra of differential operators. The pure braid group
is introduced as the commutant of A(Y/). It provides invariant maps A — U and
thereby bicovariant vector fields, casimirs and metrics. This construction allows the
translation of undeformed matrix expressions into their less obvious quantum alge-
braic counter parts. We study this in detail for quasitriangular Hopf algebras, giving
the determinant and orthogonality relation for the ‘reflection’ matrix. Part II con-
siders the additional structures of differential forms and finitely generated quantum
Lie algebras — it is devoted to the construction of the Cartan calculus, based on an
undeformed Cartan identity. We attempt a classification of various types of quan-
tum Lie algebras and present a fairly general example for their construction, utilizing
pure braid methods, proving orthogonality of the adjoint representation and giving
a (Killing) metric and the quadratic casimir. A reformulation of the Cartan calculus
as a braided algebra and its extension to quantum planes, directly and induced from
the group calculus, are provided.
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Introduction

The topic of this thesis is non-commutative geometry in general and the development
of powerful and easy to use differential calculi on quantum spaces and some examples
of their application in particular. I will try to give an as geometric picture as pos-
sible while including all necessary mathematical tools. The emphasis will be on the
formation of concepts (Begriffsbildung).

In classical differential geometry we have a choice between two dual and equivalent
descriptions: we can either work with points on a manifold M or with the algebra
C (M) of functions on M. Non-commutative geometry is based on the idea that
the algebra C(M) need not be commutative. Such a space is called a quantum
space — in analogy to the quantization of the commutative algebra of functions on
phase-space that yields the non-commutative operator algebra of quantum mechanics.
More general, a non-commutative algebra, viewed as if it was a function algebra on a
(possibly non-existing) topological space, is called a quantum or pseudo space. One
could call it a “theory of shadows” — shadows of classical concepts and objects.

The poor understanding of physics at very short distances indicates that the small
scale structure of space-time might not be adequately described by classical continuum
geometry. At the Planck scale one expects that the notion of classical geometry has to
be generalized to incorporate quantum effects. No convincing alternative is presently
known, but several possibilities have been proposed; one of them is the introduction
into physics of non-commutative geometry. Such new physical theories would allow,
roughly speaking, the necessary fuzziness for a successful description of the space-
time “foam” expected at tiny distances. See for instance the interesting gedanken
experiment [1] concerning generalized uncertainty relations.

This certainly was one of the motivations behind the work on quantum defor-
mations of the Lorentz and Poincare groups [3, 4, 5] and of Minkowski space in
terms of a parameter g and of course behind Connes program [2] of non-commutative
geometry, but there are also many other possible applications of non-commutative
calculi in physics like generalized symmetries (e.g. quantum group gauge theory) and




stochastics (master equations, random walks, ...), to mention a few. Continuous de-
formations of symmetry groups in physical theories have historically been proven to
be rather successful in enlarging the class of phenomena that these theories dezcribe
well; one of the most famous examples is special relativity. For this reason it would be
very interesting in elementary particle physics to study deformations of semi-simple
Lie groups. Unfortunately these groups allow only trivial deformations as long as
one stays within the category of Lie groups, hence giving another motivation for the
study of the less rigid quantum groups.

Such generalizations of physical theories might have welcome and also unexpected
side effects: One of them is the possibility that some g-deformed quantum field the-
ories might be naturally finite. This is expected if the deformation parameter has
dimensions of length, in analogy to amplitudes in string theory which were proven to
be finite to all orders by S. Mandelstam [6]. Even if ¢ turns out not to be a physical
parameter, such a theory might still be interesting as a new way to regularize infini-
ties [7, 8], using g-identities, known from the study of g-functions, which were first
introduced in the context of combinatorics nearly a century ago. Here we should also
mention a quick and easy approach, due to [9], to lattice gauge theory based on a min-
imal non-commutative calculus. In chapter 5 we will show at the example of a simple
toy model that modified time evolution equations, that could be motivated from de-
formed space time symmetries, lead to non-conservation of entropy. This might be
of interest in connection with the black hole evaporation paradox. Connes [10] and
Connes & Lott [11] consider a minimal generalization of classical gauge theory and
study a Kaluza-Klein theory with a 2-point internal space and use non-commutative
geometric methods to define metric properties; note that it is also possible with these
methods to gauge discrete spaces. This lead to a new approach to the standard
model. Frohlich and collaborators [12] introduced gravity in this context. As an ex-
ample of new symmetries in “old” theories we would like to mention the work of the
Hamburg Group of Mack and collaborators [13]: They showed that the internal sym-
metries of (low-dimensional) quantum field theories with braid group statistics form
a larger class than groups and were able to motivate from basic axioms of such field
theories that elements of weak quasitriangular quasi Hopf algebras with x-structures
should act as symmetry operators in the Hilbert space of physical states. Particle
physics phenomenology from g-deformed Poincare algebra is for example considered
in [14], where evidence of g-deformed space time is sought in the observed spectrum
of p—a,w— f, K° mesons and remarkably good agreement of theory and experiment,
similar to, if not better, than Regge pole theory is found.




The theory of non-commutative spaces is quite old, going back to early work
of Kac [15), Taksaki [16] and Schwarz & Enock [17]. Recently, the interest got re-
vived by the discovery of non-trivial examples. Quantum groups, which are a con-
tent rich example of quantum spaces, arise naturally in several different branches of
physics and mathematics: in the context of integrable models, quantum inverse scat-
tering method, Yang-Baxter-equations and their solutions, the so called R-matrices,
Knizhnik-Zamolodchikov equations, rational conformal field theory and in the the-
ory of knot and ribbon invariants. Concerning knot theory we should in particular
mention the discovery of the Jones polynomial [18] and its generalizations, which
were then reconstructed from quantum R-matrices in the work of Reshetikhin & Tu-
raev [19] and later related to the topological Chern-Simons action by Witten [20]. It
was pointed out by Drinfeld that these examples find an adequate description in the
language of Hopf algebras.

There are at least three major approaches to the construction of quantum defor-
mations of Lie groups: Drinfeld and Jimbo introduce a deformation parameter on
the Lie algebra level and provided us with consistent deformations for all semi-simple
Lie groups. The St Petersburg Group impose g-dependent commutation relations in
terms of numerical R-matrices among the matrix elements of a matrix representation.
Manin finally identifies quantum groups with endomorphisms of quantum planes.

A large part of this thesis is devoted to the study of differential calculi on quantum
groups rather than quantum planes (these will be considered in the second part of this
thesis). This path was in part taken because quantum groups have more structure
than quantum planes and hence provide more guidance in the search for the correct
axioms. Apart from this purely practical reason, the importance of differential geom-
etry in the theory of (quantum) Lie groups and vice versa should, however, not be
underestimated. Lie groups make their appearance in differential geometry, e.g. in
principal and associated fiber bundles and in the infinite graded Lie algebra of the
Cartan generators (£,%,d). Differential geometry on group manifolds on the other
hand gives rise to the concepts of tangent Lie algebra and infinitesimal representation
— and infinitesimal group generators, like e.g. the angular momentum operator play
obviously a very important role in physics. Covariant differential calculi on quan-
tum groups were first introduced by S. Woronowicz [21]; differential calculi on linear
quantum planes were constructed by J. Wess & B. Zumino [22]. Since then much
effort [23, 24, 25, 26, 27) has been devoted to the construction of differential geometry
on quantum groups. Most approaches are unfortunately rather specific: many pa-
pers deal with the subject by considering the quantum group in question as defined



by its R-matrix, and others limit themselves to particular cases. In this thesis we
will develop a more abstract formulation which depends primarily on the underlying
Hopf algebraic structure of a quantum group; it will therefore be a generalization of
many previously obtained results, and the task of constructing specific examples of
differential calculi is greatly simplified. We have to stop short of giving a “cook book
recipe” , however, because of case specific problems in the identification of finite bases
of generators.

The thesis is divided into two parts: Part I studies vector fields on quantum
groups; an algebraic and a geometric construction of a bicovariant quantum algebra
of differential operators is given. Here we are mainly interested in the underlying
Hopf algebra and bicovariance considerations, introducing the pure braid group and
the canonical element in this context. Part Il introduces additional structure in form
of a Cartan calculus of differential forms, Lie derivatives and inner derivations; it is
devoted to differential calculi on quantum groups and quantum planes and examples
of their application.



Part I

Bicovariant Quantum Algebras



Chapter 1

Quantum Algebras and Quantum

Groups

1.1 Introduction

There are two dual approaches to the quantization of Lie groups. Drinfeld [28] and
Jimbo [29] have given quantum deformations of all simple Lie algebra in terms of a
numerical parameter q. For the case of SL,(2) one has for instance

~-H

H,X] = +2X X, x]=L="
[ ) :l:]""‘i +, [ +) —]" q_q_l (11)

and consistent rules for taking tensor product representations, given in terms of co-
products, that we will come back to later. The second approach is due to the Russian
school of Faddeev, Reshetikhin and Takhtadzhyan. Consider again SL,(2) which can
be defined in terms of a two by two matrix

a b
r-(2%) »

its fundamental representation. But instead of behaving like C-numbers, the group
parameters a, b, c,d now obey non-trivial commutation relations

ab = gba, ac = qca, bc = cb,

1.3
bd = qdb, cd = qdc, ad — da = Abc (1.3)

where A = (¢ — ¢7'), and
dety(T) = ad — gbc = 1. (1.4)
The remarkable property of such quantum matrices is that, given two identical but

mutually commuting copies of these matrices, their matrix product is again a quantum

10



matrix who’s elements satisfy the same commutation relations, as given above. Later
we will express this property in terms of the coproduct of T, which is an algebra

homomorphism.
In the following we will give a more formal introduction to quantum groups.

1.1.1 Quasitriangular Hopf Algebras

A Hopf algebra A is an algebra (A, +, k) over a field k, equipped with a coproduct
A:A— A®A, an antipode S : 4 — A, and a counit € : A — k, satisfying

(A®@ud)A(a) = (d®A)A(a), (coassociativity), (1.5)
(e®u)A(a) = (d®e€)A(a) = a, (counit), (1.6)
(S®ud)A(a) = (d® S)A(a) = le(a), (coinverse), (1.7)

for all a € A. These axioms are dual to the axioms of an algebra. There are also a
number of consistency conditions between the algebra and the coalgebra structure,

Aab) = A(a)A(b), (1.8)
e(ab) = e(a)e(d), (1.9)
S(ad) = S(b)S(a), (antihomomorphism), (1.10)
A(S(a)) = 1(S® S)A(a), with 7(a ®b) =bQ a, (1.11)
€(S(a)) = e€(a), and (1.12)
A(l) = 1Q1, S(1) =1, €(1) = 14, (1.13)

for all a,b € A. We will often use Sweedler’s [30] notation for the coproduct:
Aa) = a) Q@ aq) (summation is understood). (1.14)

Note that a Hopf algebra is in general non-cocommutative, i.e. 70 A # A.
A quasitriangular Hopf algebra U [28] is a Hopf algebra with a universal R €
URU  that keeps the non-cocommutativity under control,

7(A(a)) = RA(a)R7, (1.15)
and satisfies,
(A@d)R = RPRB, and
(d® AR = RPRY, (1.16)

11



where upper indices denote the position of the components of R in the tensor product
algebra URUSU : if R =o; ®PB; (summation is understood), then e.g. R =
;i ® 1® B; . Equation (1.16) states that R generates an algebra map (R,.® «):
U* - U and an antialgebra map (R,d® .): U* — U." The following equalities
are consequences of the axioms:

RIPRBRE = RBPR1R'?, (quantum Yang-Baxter equation), (1.17)

(S@d)R = R}, (1.18)
(d® SYR™! = R, and (1.19)
()R = (®e)R=1. (1.20)

An example of a quasitriangular Hopf algebra that is of particular interest here is
the deformed universal enveloping algebra U,g of a Lie algebra g. Dual to U,g is
the Hopf algebra of “functions on the quantum group” Fun(G,) ; in fact, U,g and
Fun(G,) are dually paired. We call two Hopf algebras I and A dually paired if there
exists a non-degenerate inner product <, >: ¥ ® A — k, such that:

<zy,a> = <zQy,A(a) >=< z,a4) >< y,ap) >, (1.21)

<r,ab> = <A(z),a®b>=< z(),a >< zg),b >, (1.22)

< S(z),a> = <ux,5(a) >, (1.23)

<z,1> = ¢(x), and < 1l,a >= ¢(a), (1.24)

for all z,y € U and a,b € A. In the following we will assume that ¢/ (quasitriangular)

and A are dually paired Hopf algebras, always keeping U,g and Fun(G,) as concrete
realizations in mind.

In the next subsection we will sketch how to obtain Fun(G;) as a matrix repre-
sentation of U,g.

1.1.2 Dual Quantum Groups

We cannot speak about a quantum group G, directly, just as “phase space” loses
its meaning in quanturm mechanics, but in the spirit of geometry on non-commuting
spaces the (deformed) functions on the quantum group Fun(G,) still make sense. This
can be made concrete, if we write Fun(G,) as a pseudo matrix group [31], generated
by the elements of an N x N matrix A = (A%;); j=1..n € Mn(Fun(G,))!. We require

*Notation: “.” denotes an argument to be inserted and “d” is the identity map, e.g. (R, d® f)
= O’.'(Bi,f>; R=oi®pb; €U®U. feu:.

TWe are automatically dealing with GL,(N) unless there are explicit or implicit restrictions on
the matrix elements of A.
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that p'; =< .,A; > be a matrix representation of Usg, i.e.

P U.g — k,

. . (1.25)
P‘j(my) =2k P'k(I)ij(y)a for Vz,y € Usg,

just like in the classical case!. The universal R € U,g®U,g coincides in this repre-
sentation with the numerical R-matrix:

<R, AL @ Al >= R . (1.26)

It immediately follows from (1.21) and (1.25) that the coproduct of A is given by
matrix multiplication (31, 23],

AA = ARA,  ie A(AY;) = A ® A%, (1.27)
Equations (1.15), (1.22), and (1.25) imply [28, 23],

<, AA.> = <Az, A, QA >

<rToAz A, Q@ A, >

< R(AZ)R A, @ AT, > (1.28)
Ry < Az, A%, ® Aly > (R-1)™"

< .‘L’,R"jk[AkmAln(R_l)m"” >,

l

i.e. the matrix elements of A satisfy the following commutation relations,
RijklAkmAln = AjsAirR"mm (129)
which can be written more compactly in tensor product notation as:

R2A1A; = A4 1Ry; (1-30)
Ro=(p®p)(R) = <R,AI®A>. (1.31)

Lower numerical indices shall denote here the position of the respective matrices in the
tensor product of representation spaces (modules). The contragredient representation
[32] p~! =< .,SA > gives the antipode of Fun(G,) in matrix form: S(A!;) =
(A’l)‘j. The counit is: €(A';) =< 1, A'; >= §';.

Higher (tensor product) representations can be constructed from A:
A1Ag, A1A2A;, ..., A1Az- -+ A, We find numerical R-matrices [33] for any pair of

$The quintessence of this construction is that the coalgebra of Fun(G,) is undeformed i.e. we
keep the familiar matrix group expressions of the classical theory.
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such representations:

Ry y, . )12, m) = <RdvAzAv@didsdn>

Vs R e

1 u

= R 'm ¢ R (- e R !
‘ vm=1 " (1.32)
: RZ’m * RZ‘(m-l) «vevr Ron
+ Rym * Rym-1) + -+. + Ran
Let A;=ApAy---Ay and Ap = AjAz-- - Am, then:
R nAlAp = AnAiR; . (1.33)

R; jis the “partition function” of exactly solvable models. We will need it in sec-
tion 3.1.1.

We can also write U,g in matrix form [23, 32] by taking representations ¢ — e.g.
o=<.,A > —of Rin its first or second tensor product space,

LY = (d®e)(R), It =<RMAQd>, (1.34)
SL; = (e®d)(R), SL” =<R,A®@d >, (1.35)
L; = (e®d)(R™), L~ =<R,SA®d>. (1.36)

The commutation relations for all these matrices follow directly from the quantum
Yang-Baxter equation, e.g.

0 = < R23R13R12 _ R12R13R23 . d@Al ®A2 S

1.37
= RilfLf - L{L7Ru, (1.37)

where upper “algebra” indices should not be confused with lower “matrix” indices.
Similarly one finds:
RuL;L; = L;L;Rn, (138)

1.2 Quantized Algebra of Differential Operators

Here we would like to show how two dually paired Hopf algebras can be combined
using a Hopf algebra analog of a semi-direct product construction. We obtain an
algebra of differential operators consisting of elements of U;g with function coefficients
from Fun(G, ). Both the inner product with and the action on elements of Fun(G,) by
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elements of U,g will be encoded in the product of the new combined algebra. Using
this construction we can avoid having to work with convolution products and similar
abstract and sometimes clumsy constructions. In fact we will be able to extend the
R-matrix approach of [23] so that all (Hopf algebra) relations can be written in terms
of simple commutation relations of operator-valued matrices; see for example [24).

1.2.1 Actions and Coactions
Actions. A left action of an algebra A on a vector space V is a bilinear map,
b: AQV o V:z®um— zbv, (1.40)

such that:
(zy)pv =12z (yd> ), lpv=w. (1.41)

V is called a left A-module. In the case of the left action of a Hopf algebra H on an
algebra A’ we can in addition ask that this action preserve the algebra structure of
Ajie. zb(ab) = (znyda)(zizypd)* and zbl=1le(z), forall z€ H,a,be A"
A’ is then called a left H-module algebra. Right actions and modules are defined in
complete analogy. A left action of an algebra on a (finite dimensional) vector space
induces a right action of the same algebra on the dual vector space and vice versa,
via pullback. Of particular interest to us is the left action of &/ on A induced by the
right multiplication in U:

<y,zba>=<yr,a>=<y®z,Aa>=<y,a) < T,a09) >>,

1.42
= Tba=ay) <T,a3 >, forVz,ycelU,a € A, (142)

where again Aa = a(;) ® a(2). This action of U on A respects the algebra structure
of A, as can easily be checked. The action of U on itself given by right or left
multiplication does not respect the algebra structure of i{; see however (1.63) as an
example of an algebra-respecting “inner” action.

Coaction. In the same sense as comultiplication is the dual operation to multiplica-
tion, right or left coactions are dual to left or right actions respectively. One therefore
defines a right coaction of a coalgebra C on a vector space V to be a linear map,

Ac: VoVRC: v Ac(v) = v @v? (1.43)

such that,
(Ac @ud)A¢c = (M@ A)Ac, (d® e)Ac = d. (1.44)

*zb is called a generalized derivation.
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Following [33) we have introduced here a notation for the coaction that resembles
Sweedler’s notation (1.14) of the coproduct. The prime on the second factor marks
a right coaction. If we are dealing with the right coaction of a Hopf algebra H on an
algebra A, we say that the coaction respects the algebra structure and A is a right
H-comodule algebra, if Apg(a:b) = Ay(a) - Ay(b) and Ay(l) = 1@ 1, for all
a,b € A. In the case of a coaction on a Hopf algebra, there might be additional
compatability relations between its coproduct and antipode and the coaction.

Duality of Actions and Coactions. If the coalgebra C is dual to an algebra A
in the sense of (1.21), then a right coaction of C on V will induce a left action of A
on V and vice versa, via

zov =0V <z,0@ >, (general), (1.45)

for all z € A, v € V. Applying this general formula to the specific case of our
dually paired Hopf algebras ¢/ and A, we see that the right coaction A4 of A on
itself, corresponding to the left action of & on A, as given by (1.42), is just the
coproduct A in A, i.e. we pick:

Aala) =aV ®a? = ay) @ayy), for Va € A. (1.46)

To get an intuitive picture we may think of the left action (1.42) as being a
generalized specific left translation generated by a left invariant “tangent vector” = €
U of the quantum group. The coaction A 4 is then the generalization of an unspecified
translation. If we supply for instance a vector £ € U as transformation parameter, we
recover the generalized specific transformation (1.42); if we use 1 € U, i.e. evaluate
at the “identity of the quantum group”, we get the identity transformation; but the
quantum analog to a classical finite translation through left or right multiplication
by a specific group element does not exist. In section 4.2 we will give a much more
detailed and geometric discussion of these matter.

Quantum Matrix Formulation. The dual quantum group in its matrix form
stays very close to the classical formulation and we want to use it to illustrate some
of the above equations. For the matrix A € My(Fun(G,)) and = € U,g we find,

Fun(G,) — Fun(G,) ® Fun(G,) :

1.47
ALA = AA, (right coaction), (1.47)

Fun(G,) — Fun(G,) ® Fun(G,) :

148
AA A= AA, (left coaction), (1.48)
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U,g ® Fun(G,) — Fun(G,) :

1.49
b A=A<z,A>, (left action), ( )

where matrix multiplication is implied. Following common custom we have used a
prime to distinguish copies of the matrix A in different tensor product spaces. We
see that in complete analogy to the classical theory of Lie algebras, we first evaluate
z € U,g, interpreted as a left invariant vector field, on A € M,(Fun(G,)) at the
“identity of G,”, giving a numerical matrix < z,A >€ M,(k), and then shift the
result by left matrix multiplication with A to an unspecified “point” on the quantum
group. Unlike a Lie group, a quantum group is not a manifold in the classical sense
and we hence cannot talk about its elements, except for the identity (which is also
the counit of Fun(G,)). For L* € My (U,g) equation (1.49) becomes,

L-{ b A = A1 < L;,A1 > = A)R]g, (150)
and similarly for L~ € Mn(U,g):

L; >bA = A] < L;,A] > = A]iqll. (151)

1.2.2 Commutation Relations

The left action of x € U on products in A , say bf, is given via the coproduct in i/ ,

o bf = (bf)gy <z,(bf)2) >
= bufi) < &(7),b23) ® fi2) > (1.52)
= Ard> (b® f) = bu) < z(1),b2) > zx)® f-

Dropping thie “c” we can write this for arbitrary functions f in the form of commu-
tation relations,
zb=Azp> (b®d) = b(]) < x(l),b(g) > z(y). (1.53)

This commutation relation provides A®U with an algebra structure via the cross
product,
 (AQU)R(ABU) = AQU :
(1.54)
ar @by —az-by = aby) < xr),bo) > 9y
That A4 @ U is indeed an associative algebra with this multiplication follows from
the Hopf algebra axioms; it is denoted AxU and we call it the quantized algebra of
differential operators. The commutation relation (1.53) should be interpreted as a
product in AxY . (Note that we omit ®-signs wherever they are obvious, but we

sometimes insert a product sign “.” for clarification of the formulas.) Right actions
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and the corresponding commutation relations are also possible: ba T=<T, bay > bz
and b ;=5(1)<E(2),b(1) > b(g).

Equation (1.53) can be used to calculate arbitrary inner products of U« with A ,if
we define [38] a right vacuum “>" to act like the counit in U/ and a left vacuum “<”
to act like the counit in A4 ,

<zb> = < b(l) < .‘B(]),b(g) > T >
= E(b(l)) < :L‘(l),b(g) > c(:c(g)) (1.55)
= < (HO)A), (@A) >
= <z,b>, forV xeld,be A.
Using only the right vacuum we recover formula (1.42) for left actions,
zb> = b()) < z(l),b(g) > >
= ba) <zq), b > elz) (1.56)
= b(;) < x,b(g) >
= zbb, forV zel,be A
As an example we will write the preceding equations for A, L*, and L~:
LA, = AR;;L7, (commutation relation for L* with A),  (1.57)
L;A, = AR;L7, (commutation relation for L= with A), (1.58)
<A = I<, (left vacuum for A), (1.59)
Lt> = L™> = >1, (right vacua for L* and L™). (1.60)

Equation (1.56) is not the only way to define left actions of &/ on A in terms of
the product in AU . An alternate definition utilizing the coproduct and antipode
inl

z)bS(z) = bu < zq) be) > 22) S(z)’!
bay < z(1), bz) > €(z(z))
= b(l) < :r,b(g) >
= xbb, forV z€el,be A,

is in a sense more satisfactory because it readily generalizes to left actions of U on

AxU ,

it

(1.61)

eoby = z()byS(z()
= 70 bS(z@) 23 ¥ S(z(a)! (1.62)

= (zpb)(zmby), forV¥ z,yelU, be A

tNotation: (A®@d)A(z) = (d® A)A(z) = (1) ® 2(2) @ 2(3) = A%(x),
T(1)® T(2) ® T(3) ® Z(q) = A3(x), etc., see [33].
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1.3 SU,(2) and E,(2)

In this section we will present SU,(2) and show how the deformed Euclidean group
E.(2) and its dual, the deformed Lie algebra U,su(2), can be obtained from it by
contraction. The Euclidean group E(2) is a simple example of an inhomogeneous
group. Deformations of such groups in general have been studied in [36]. Celeghini
et al. [37] found a deformation of Ue(2) by Hntracting U,su(2) and simultaneously
letting the deformation parameter A = In ¢ go to zero. Here we are interested in the
case where ¢ is left untouched.

1.3.1 E,(2) by contraction of SU,(2)

The commutation relations for SU,(2) {23, 38], may be written in compact matrix

notation as
RiyZ\T; = ToTy Ry, det, T =1, T'=T71,
A(T)=T&T, €T)=1, S(T)=T7", (1.71)
where
g 000
o —q¥ 0100
T = , R=q"\/? , 1.72
( 0% a ) 0210 ( )
0 0 0 g

A=qg—-q ! and § = q. Now set

a=sv, @G=0, y=¥lr and 7 =¥{n,

1l

where £ € R — {0} is a contraction parameter. Written in terms of v, ¥, n and 7,
relations (1.71) become

det,T = v + ¢?nn = Hv + CAn = 1,

nfi = nn, vn = qnv, v = qnv, etc.
and give E,(2) in agreement - ith [39] as a contraction of SU,(2) in the limit £ — 0:

vl = v =1, nn = nn, vn = qnv,
nv = qin, vl = gnv, nv=gq

An)=n®v+v®n, A()=v®uv,




where we have introduced the left adjoint (inner) action in U :

z % y = rnyS(zw) forV z,yelU. (1.63)

1.2.3 Complex Structure

In the previous section we constructed a generalized semi-direct product algebra AU
using commutation relations

Ta=aqm < ITO),ap) > I (1.64)

that allow ordering ¢f all elements of AU in the form A @ U. After some easy
manipulations we derive an alternative commutation relation '

ar ==zp < S"m(l),a(g) > ay, (165)

good for ordering in the form U ® A. We can now introduce complex conjugation on
AxU as an antimultiplicative involution, i.e.

?if:’_d::c_({)'< $(1),G(2) >‘ 5?1_). (166)

Comparing this equation to equation (1.65) gives the following natural choices:

<z,a> = <S'za>, (1.67)
A(Ei) = b‘(]‘)’@&'(—gj, (1.68)

and hence
Sz = Sz. (1.69)

In this context let us also define a unitary representation: A unitary representation
T € M, (A) satisfies T' =T = ST so that

<% T>=<1,8T >*'=< z,T >, (1.70)

i.e. the matrix representing th= complex conjugate of an element in ¥ is equal to the
adjoint of the matrix representing the original element.

In the next section we would like to give two examples to illustrate the material
presented so far. The first one, SU,(2), is by now the standard example for a quantum
group; it is due to [34). We pick it as a representative for the R-matrix approach to
quantum groups. Dropping the reality and the unit determinant conditions one can
obtain the further examples of SL;(2) and GL,(2) respectively. The second example
is the Quantum Euclidean Group —- we show how one can obtain it via a contraction
procedure from SU,(2); a more complete treatment of this original work can be found
in [35].
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AR)=nQ@uv+t®n, AD)=0Q7, (1.73)
e(n) = e(n) =0, €(v)=¢€(d) =1,
S(n) = —q7'n, S(v) =9,
S(n) = —qn, S(v) = v.
It is convenient to introduce the operators 8, 8, m, and 7, defined by
v=e §=6, m=nv, m=0n. (1.74)
In this basis, the coproducts take on the particularly nice form

Alm)= m@1+e?@m, A(m)=m@l+e om,

Af)= 01+1®6. (1.75)
The matrix E given by
e m
E = 1.76
(0 1 ) (176)
satisfies the relations
A(E) = EQE, S(E)=E™, ¢E)=1. (1.77)

These are exactly the relations one would expect for an element of a quantum matrix
group. Notice that the action of E on the column vector ( ; ) , where z is a complex
coordinate, is given by

z %2 4m, ez 41m. (1.78)

We may therefore identify E as an element of the deformed 2-dimensional Euclidean
group E¢(2). Fun(E4(2)) is the algebra of all C*™ functions in the group parameters
of E4(2), i.e. the algebra spanned by ordered monomials in 6, m, and m. Thus,
Fun(E,(2)) is taken to be span{6°m®m° | a,b,c=0,1,...}.

1.3.2 U,e(2) by contraction of U;su(2)

The deformed universal enveloping algebra U;su(2), dual to Fun(SU,(2)), is generated
by hermitian operators H, X, X_ satisfying

[H,X:] = £2X,, (X, X.]= g%’__?:TH_’
AH)=H®1+10H, A(Xs)=X:®¢"?+qH?® Xu,
e(H) = e(X4) =0, (1.79)
S(H) = -H, S(X1) = —¢*' X

21



Following [23] these relations can be rewritten as
RmL;hL:lh = LliLg:R'm, RlzL;L; = L;L-{Rw,
A(L*) = L*QL*, e(L*) =1, (1.80)
S(L*) = (L*)™,
where L* are given by

-H/2 _1/2AX H/2 0
+ q q + - q
L* = (o i ) L-= ( Lo, g ) (1.81)

Using this matrix notation, we can state the duality between the group and the
algebra by means of commutation relations

LTTQ = T2R21LT, L; Tg = TgRl-gl L;, (182)

as explained in section 1.2.2. Equations (1.82) are not only consistent with the inner
products

< LT,Tz >= Ry, <L7,T;>= Rl.zl, (183)

given in [23] but also contain information about the coproducts of L*, L~ and T so
that equations (1.80) can actually be derived as consistency conditions to (1.71) and
(1.82). Complex conjugation can be defined as an involution on the extended algebra
generated by products of T and L*. This agrees with

A(R) = A(R), S(h)=S5-1(h) (1.84)

and
<x, h>=<x,S5R)>". (1.85)
Unitarity of T then implies (L*)! = (L™)7, i.e. H = H, X3 = Xz. In the present
case equations (1.82) become
Hv=vH —v, X,v=q"wX, —lgnq"?, X_v=q"%X_,
CHR = {(RH — &), €X4h = q"5lX, +0¢"/%, €X_7i = €¢"*RX_, (1.86)
plus the complex conjugate relations.

The way that the deformation parameter £ appears in these relations suggests the
definition of new operators

Py=tX,, P.=P, =¢€X_ and J=H/2,
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so that we will retain non-trivial commutation relations for Py and J with v, o, n
and 7 in the limit £ — 0. Inserting Py and J into equation (1.79) we obtain Use(2)
as a contraction of U,su(2) in this limit: J = J, Py = Pz, and

[J, P+] = £P%s, [Py, P-]=0,
A(P:)=P:®¢ +q'®P:, A(J)=J®1+1®, (1.87)
€(Ps) =¢(J) =0,
SU)=~J,  S(Ps)=—q*'Ps.

Note that the algebra obtained in (1.87) is the same as the classical 2-dimensional
Euclidean algebra e(2) (with Py = P, & iP, and J as hermitian generators) [37].
Note, however, as a Hopf algebra it is still deformed; the deformation parameter ¢
remains unchanged.

It was shown by Paul Watts [35] that this Hopf algebra is identical to the one
obtained by directly constructing the dual Hopf algebra of Fun(E,(2)) using methods
similar to [40]. The result was

_ 4 q2y___1

< yk‘ulén,eﬂmbﬁzc >= [k],![l]q-x!n!ém&béka, [m]q! = =1 R (1.88)
y=1

where {v*Fu'¢" | k,l1,n = 0,1,...} is a basis for U,e(2) which is related to our operators
J, P,, and P_ via

J=if, Pp=qq %y, P.=—q 'uq % (1.89)

These two constructions are summarized in the following (commutative) diagram:
SUq(2) co:\c—r:c;ion Eq (2)

dual dual

U,su(2) —==5— [/ e(2)
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Chapter 2
Bicovariant Calculus

Having extended the left &/-module A to AxUthrough the construction of the cross
product algebra, we would now like to also extend the definition of the coaction of A
to AxU, making the quantized algebra of differential operators an .A-bicomodule.

2.1 Left and Right Covariance

In this section we would like to study the transformation properties of the differential
operators in AxU under left and right translations, i.e. the coactions 4A and A4
respectively. We will require,

AAy) = 4A(D)AA(Y) = AB)AA(Y) € AR AxU, (2.1)
Balby) = Aab)Asly) =AB)AA(y) € AXUB A, (2.2)

forall b€ A,y € U, so that we are left only to define 4A and A4 on elements
of U. We already mentioned that we would like to interpret U as the algebra of left
invariant vector fields; consequently we will try

AAy) = 1Qy €EAQRU, (2.3)

as a left coaction. It is easy to see that this coaction respects not only the left action
(1.42) of U on A,

44A(zp> b) AA(b(;)) <z, b(g) >
lb(lu) ® b < z,b3 >
.'l?(l) b(]) ® (8:(2) >4 b(g))

AA(z) > 4A(D),

(2.4)
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but also the algebra structure (1.53) of AxU,

Al (z - b) AA(by) < z(1),b(2) > aA(z(2))

by 1 @ bay < z(1),b(3) > Z(3)

lb(l) (074] b(g) < x(l),b(a) >z (2.5)
= :z(”'b(l) ® (x(z) . b(g))

=: AA(z)  AA(D).

i

The right coaction, A4 : U — U ® A, is considerably harder to find. We will
approach this problem by extending the commutation relation (1.53) for elements of
U with elements of A to a generalized commutation relation for elements of I with
elements of AxU,

- by =: (by)M < 2y, (by)? > z(), (2.6)
for all z,y €U, b€ A. In the special case b =1 this states,

z-y=yV <z),y® >z, zyeu, 27)

and gives an implicit definition of the right coaction A4(y) =y @ y?@" of A on
U. Let us check whether A 4 defined in this way respects the left action (1.42) of I4
on A:

<z@®y,Aulzvbd)> = <zy,zpb>

<zy, b(;) >< r, b(g) >

<zyr,b>

< z(zM < yg), 2@ > y), b>

<2z @ y) ® y(z) » br) ® = @ by >
< zz(1) Ry, b(l) ® 3(2)'[,(2) >

= <z®y, (2o by)) @by >

=: <z@y, Aalz)> A(d) >,

1l

(2.8)

1

for all z,y,2 €U, b€ A, q.ed. .
Given a linear basis {e;} of &/ and the dual basis {f’} of A =U"*, < &;, [ >= 6], we
can derive an explicit expression [41] for A4 from (2.7):

AA(C,') =ejgje.'®fj, (2.9)
or equivalently, by linearity of A 4:

Aay)=e; By, yeU. (2.10)
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It is then easy to show that,

(Aa®d)Aaly) = (B®A)Aa(y), (2.11)
(@®e)Auly) = v, (2.12)

proving that A 4 satisfies the requirements of a coaction on U, and,
Au(ry) = Aa(z)Daly), (2.13)

showing that A4 is an Y-algebra homomorphism; A4 is however in general not a
U-Hopf algebra homomorphism. Using the explicit expression for A4 we can now
prove that it respects the algebra structure of AxU:

Aa(za) = Aalag) < z(),a2) > T(2))

Afaq)) < zqy,a) > da(ze)

(a) ® a@)(< zysa() > 2oV © 25@)

(a) ® a@)(< z),a¢3) > €y T(2)Seiy ® f°)
ap) < ZT(1),a(3) > €, T(2)S¢€i) @ a@) [ Saag)
aq) < ek ® (1) ® Set,a() ® o) @ ag) > & B z(2) ® [ fags)
ap) < €T Seiy 3 > €y b 7@) @ flagy
a() < €y T(1)S€igy 3(2) > CinT@Seiis) @ f1a(3)
€y TS €i5a0) ® fagg)

(e B 2 ® f)(ag) ® a)

= Aalr)Aula). 0

]

il

1l

il

il

]

il

(2.14)
This not only proofs that A4 is a Axi{-algebra homomorphism but also that the
algebra structure of Axl{ is compatible with A 4*. Clearly a less complicated way
to see this would be quite welcome. In the next section we will see that A4 can be
obtained for all elements of A XU via conjugation by the canonical element C € Y ® A
so that the AxlU-homomorphism property of A4 ic .hen obvious.

2.2 The Canonical Element

So far we have shown how the two dual Hopf algebras A “functions on the quantum
group” and U “deformed universal enveloping algebra” can be combined into a new
algebra, the cross product or generalized semi-direct product algebra Axi{, and that

*In more mathematical terms: The two-sided ideal I := za — a(;y) < z(1),a(2) > z(2) that we
factored out of U (A ® U) to obtain AxU is invariant under A 4 in the sense A4 (/) C I ® A.
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this algebra may be viewed as consisting of bicovariant differential operators and the
functions they act on. This algebra is not a Hopf algebra but it has A and i/ as Hopf
subalgebras and can in principle be reconstructed from either one of them. As we
shall show, the transformation properties of the elements of Axi{ are simnply given
through conjugation by the canonical element C of U ® A — furthermore, we can
recover many of the familiar relations for quantum groups from the consistency rela-
tions which C satisfies in the case where U is quasitriangular (23, 38]. One could even
take an extreme point of view and base everything on the canonical element C in
AxU and its commutation relations, making any explicit reference to the coalgebra
structures (A, S,¢) of A and U superfluous.

The expression of the coaction in terms of the canonical element was found in collab-
oration with Paul Watts [46)].

Defininition and Relations

So let us now introduce the canonical element C in 4 @ A

C=e®f. (2.15)
C satisfies several relations; for instance, note that

(5®id)(C)C = S(e)e; @[ f

= D/S(ei)e; ® f*

= (mo(S®id)oA)(ex) ® f*

= lye(er) ® f*

= lu@Ef*

= 1u®1la4, (2.16)

where m is the multiplication map, D}’ is the matrix that describes the coproduct in
U and Ey is the vector corresponding to the counit in I, so

(S®id)(C)=C'. (2.17)
Similar calculations also give
(id® S)(C) = C, (2.18)
as well as the following:
(A®id)(C) = Cialu, (2.19)
(id® A)(C) = C12Cia, (2.20)
(e®1d)(C) = (1d®€)(C) = 1u® la. (2.21)
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There is more to C than just the above relations; this is seen by computing the right
coaction of a basis vector in Y. Using (2.10)
Aale) = (epe)®f
= (e;)meiS((ej)m) ® f
= D™emeS(en) ® f’

= eme;S(en) ® M7
= (em ® fM)(ei® 14)(S(en) ® f7)
= C(e; ® 14)(S ® 1d)(C), (2.22)
so for any z € U,
Aslz) =C(z®1)C™. (2.23)

However, when we think of C as living in (A%U) ® (AxU), with e; and f' as the
bases for the subalgebras I and A of AxU respectively, further results follow. For
instance, for a € A,
C(a®1)C™! eiaS(e;) ® [ f?

= (ag)(e)a {(e)ra@))S(e;) ® Dyl 1*
a) {(ex)ay o) (ex)@)S((e) ) ® f*

= a1 ® (ek,a(2)> f"

= an)®aq), (2.24)
(where 1 =1 4,4/ = 14 ® lu) so that

C(a®1)C™! = A(a). (2.25)

]

Thus, the right coaction of A on AxU is obtained through conjugation by C
Aila) =C(a®1)C™!? (2.26)

for any a € AxU. This expression shows explicitly that A4 is an algebra homomor-
phism
Au(aB) = C(af®1)C-!?

= Cla®1)C-1C(B®1)C? (2.27)

= Aula)Aa(B)
for a,f € AxU, and that it is consistent with the algebra structure of A/

C(.’L‘Q)C"1 = C(am < zTO)8(3) > T(3) @ l)C"l
= C(a(l) ® I)C""l < zT(1),8(3) > C(z(g) ® I)C"

A(a(l)) <Zza)pam) > AA(J‘(Q))
= Auza).

(2.28)
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We can continue doing calculations along these lines, and we find
C'1®z)C = A(z) (2.29)
for £ € U. For elements of the cross product algebra this gives the left U-coaction
ub@) = ay®a; = C~(1®a)C, (2.30)
that appears in the general commutation relation
af =Y < ay, A > a,. (2.31)

Using these results, together with the coproduct relations for C, we obtain the equa-
tion

C33Cyz = C12C13Cxa. (2.32)

(Interestingly, this equation can be viewed as giving the multiplication on Axl{ as
defined in (3.16).)

Quasitriangular Case

In the case where U is a quasitriangular Hopf algebra with universal R-matrix R, the
coproduct relations involving C imply the following consistency conditions:
R12C13Cy3 = C23C1aRaa,
Ra3Ciz = Ci1aRiaRaa,

R13Cas = CpRizRia. (2.33)
To see the added significance of these equations, note that
(C,a®1id) = a, (2.34)
where a € A, and we use the notation
(z,id) ==z (2.35)

for z € U. Let p: U — M, (k) be a matrix representation of U, and define then x n
matrices A'; € A by

(z,A'}) = 'j(2). (2.36)
(These A';'s are what are usually viewed as the non-commuting matrix elements of
the pseudo-matrix group associated with U/ [31).) Given p, we can define the /-valued
matrices

L+
L~

(1d ® p)(R),
(p®id)(R™Y), (2.37)

i

mn

29



and the numerical R-matrix
R=(p®p)(R). (2.38)

Furthermore, it is easily seen that (p ® id)(C) = A. Now let us apply (p'x ® p’1 ® id)
to the first of equations (2.33); the left side gives

(6% ® P1 ® id)(R13C13C23) = (p'm ® p'n)(R)(p™k @ id)(C)(p™ ® id)(C)
= RY,.A™A". (2.39)

The right hand side gives A’ A%, R™" 4, so using the usual notation, we obtain
RA}AQ = AzAlR, (240)

which gives the commutation relations between the elements of A. Doing similar
gymnastics with the other two equations in (2.33) gives

L'{Ag = AszLT,
LrAg = AzR-‘L;, (241)

which give the commutation relations between elements of & and A within AxU.
(Of ccurse, we alsc have the commutation relations

RLELEY = L%L#R,
RLIL; = L7L}R, (2.42)

between elements of U, obtained as above from R;3R13R33 = Ra3R13R12, the quan-
tum Yang-Baxter equation.) Thus, we recover all the commutation relations between
A and L#* given in [38].

2.3 Bicovariant Vector Fields

The appearance of an infinite sum in equation (2.10) or for that matter (2.26) suggests
that the elements of i have in general very complicated transformation properties. In
contrast, the functions in A, especially those constructed from the matrix elements of
A, have very simple transformation properties given by the coproduct in A (1.27). We
would like to show how to construct vector fields corresponding to — and inheriting
the simple behavior of — these functions. This construction can then be used to find
a basis of vector fields that closes under coaction and hence under (mutual) adjoint
actions. First we need to proof the following lemma.
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Lemma: Let T=T,®@ T € U ®U such that TA(z) = A(z)Y forall x € U, then
it follows that T, ®(z 5 T') = (T; ¥ 2) ® T with T; Y= S(z())Yiz(a) for all
rel.

Proof: " .
Ti®(xo T) = Yi®zyY'S(z)
= S(a:(,))x(,)T‘- ® x(?)T‘S(x(4)) (2.43)
= S(z))Tize) ® T'z(3)S(2 ()
= (T;%z)eT. O
For any function b € A, define
Y, = (T,b@d) eU. (2.44)
Proposition: This vector field has the following transformation property:
A A() = Yi) ® S(by))bya) (2.45)
Proof: ‘
AqV) = (Ti,b)(exp T @ f*
= t ab Ti k
(T q e ) ®f (2.46)

<T.’ (024 ek,b(g) ® S(b(l))b(;;)) T ® fk
= Yia) ®S(bpy)b). O
Example: Let T := Ry Ryz and b := A%, then Y'j := Yy = (RyRip, A'; @) is
the well-known matriz of vector fields L*S(L~) introduced in [{8] with coaction:
A4(Y') = Yr @ S(A'W) Al
This last example may in some cases (when U is factorizable [47]) provide a way
of computing the canonical element C from R3;R,3: Let u be the map

[JZA—-’uZ bH(RQIRIQ,b®H), (247)
then (d ® p)(C) = € (RyRia, [P ®@ i) = Ry Rz and, in cases where 4 is invertible;
C=(d®u™")(RaRiz). (2.48)

In the next section we will elaborate more on elements like T and their connection
to the “Pure Braid Group”. There we will also proof the reverse of Proposition 2.45.

2.4 The Pure Braid Group

Introduction

In the classical theory of Lie algebras we start the construction of a bicovariant
calculus by introducing a matrix 2 = A~'dA € T of one-forms that is invariant under
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left transformations,
A—-AA: d-=d, -9, (2.49)
and covariant under right transformations,
A—AA: d-d, Q- A"Q4. (2.50)

The dual basis to the entries of this matrix 2 form a matrix X of vector fields with
the same transformation properties as §2:

(', X*) =66,  (classical). (2.51)
We find,
X = (AT%)T (classical). (2.52)

Woronowicz [21] was able to extend the definition of a bicovariant calculus to
quantum groups. His approach via differential forms has the advantage that coactions
(transformations) 4A : T' = A®T'and A4 : T — I' ® A can be introduced very
easily through,

AA(da) = (d®d)Aa, (2.53)
Au(da) = (d®d)Aa, (2.54)

where A is the Hopf algebra of ‘functions on the quantum group’, a € A and A
is the coproduct in A . Equations (2.53,2.54) rely on the existence of an invariant
map d : A — T provided by the exterior derivative. A construction of the bicovariant
calculus starting directly from the vector fields is much harder because simple formulae
like (2.53,2.54) do not seem to exist a priori. The properties of the element T that
we introduced in the previous section however indicates exceptions: We will show
that for Hopf algebras that allow “pure braid elements” T, like e.g. quasitriangular
Hopf algebras, invariant maps from A to the quantized algebra of differential operators
AxU can indeed be constructed. Using these maps we will then construct differential
operators with simple transformation properties and in particular a bicovariant matrix
of vector fields roughly corresponding to (2.52).

In the next subsection we will hence describe a map, ® : A — AxU, that is
invariant under (right) coactions and can be used to find A4 on specific elements

d(b) e U intermsof Aqon be A: Au(P(d)) = (P @ d)A4(d).
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Figure 2.1: Generators of the pure braid group.

2.4.1 Invariant Maps and the Pure Braid Group

A basis of generators for the pure braid group B,, on n strands can be realized in U4,
or for that matter U,g, as follows in terms of the universal R:

RQIRIQ, RQlRBIRISRIQ = (ﬂ@ A)RNRIZ‘ L
R?l o Ranln . _Rn = (ﬂ(n—Q) ® A)(ﬂ(n—a) ® A) . (d ® A)Rmnu,

and their inverses; see figure 2.1 and ref.[32]. All polynomials in these generators are
central in A=Y = {Al*"V(z) | z € U}; in fact we can take,

span{B,} = {2, € U2, A" V(z) = AV (2)Z,, forVz e U},  (2.55)

as a definition.

Remark: Elements of span{B,} do not have to be written in terms of the universal

R, they also arise from central elements and coproducts of central elements. This is

particularly important in cases where I is not a quasitriangular Hopf algebra.
There is a map, ®, : A = A®U®"Y — (AxU)®-1) associated to each

element of span{B,}:

®,(a) := Z,b (a®@d"Y), with Z, € span{B,}, a € A. (2.56)

We will first consider the case n = 2. Let T = T, ® T3, be an element of span{B,}
and @®(b) =Tp (b®d) = by) < Ty,bg > T2, for b€ A We compute,

z-0(b) = Alz)>d(b)

A(2)T > (b®id)

TA(z) » (b® i) (2.57)
To(z-b)

= ®(by) < 2(1),bz) > z(a),
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which, when compared to the generalized commutation relation (2.6), i.e.
z-8(b) = [20B)Y < z),[@®) > 2, (2.58)

gives,
A4(2() = [2(B)]M) @ [B(5)] = (b)) ® b
= A4(2(b) = (2 @d)A(b),

as promised. However we are especially interested in the transformation properties

(2.59)

of elements of U, so let us define,
Tp:=<T,6@ud >=< Ty,,b> Ty, (2.60)
for T € span(B-), b € A. Using (2.2,2.59) we recover the result of Proposition 2.45
AA(Ts) = T, ® S(by)bea). (2.61)

Let us now proof the reverse statement:

Proposition: If there is a linear map T : A — U, realized and labelled by some
element T € UQU via b — T, =< T,b®d >, Vb € A, such that the resulting
element in I transforms like A4Ty = Ty, ® Sb)ba); then T €span(B,), i.e. T
must commute with all coproducts.

Proof: Forallzel{and be A

<AzT,b@d> = <Az, b @Ud><T,bp®d >

< Z), bay > 22) Tog,

< zq), by > Yo, < T(2), Sbgybie) > z(3)
Tay < 2(1), b1)Sbzybra) > z(9)

(2.62)

To,y < za)bi) > 2(9)
= <TAz,b®d>. 8]

From this follows an important Corollary:
If there exists a map ¢ : A — AxU such that Ago0 ¢ = (¢ @) 0 A; then it follows
that @(b) = b) < T,b(z) ® d > with T €span(B,) for all b € A and vice versa.

Here are a few important examples for “pure braid elements”: For the simplest
non-trivial example in the case of a quasitriangular Hopf algebra ) = R?*'R'? and
b = A';, we obtain the ‘reflection-matrix’[42] Y € M, (i), which has been intro-
duced before by other authors [43, 44] in connection with integrable models and the

34




differential calculus on quantum groups,

Y = Yai,
= <R¥RZ A;Qd>
= (< RIRB ARARd >)‘J- (2.63)
= (<R AQUd><RZAQ®d>),
(L*SL7Y,;
with transformation properties,
A o AA: Y, = AaY;) =Y ® S(A)A, (2.64)
= ((4)Y A,
A - AA: Y"J' — AA(Yij) =1Q® Yij. (2.65)

The commutation relation (1.53) becomes in this case,

Y,A, = LiSL;A;

L} A SL; Ry
A1R12LTSL3 Ry
ARy Y2 Ro,

(2.66)

where we have used (1.57), (1.58), and the associativity of the cross product (1.54);
note that we did not have to use any explicit expression for the coproduct of Y. The
matrix ®(A4%;) = A’ Y*; transforms exactly like A, as expected, and interestingly

even satisfies the same commutation relation as A,
Ru(AY);(AY)g = (AY)z(AY)lRu, (267)

as can be checked by direct computation. C. Chryssomalakos [45] found an “expla-
nation” for this fact by expressing AY in terms of casimirs. We will come back to
this in the next section.

The choice, Y = (1 — R¥*R!?)/)\, where A = ¢ — ¢, and again b = A'; gives us
a matrix X € M, (),

X =< (1= RORP)/N A @ d >= (I -Y)/N), (2.68)

that we will encounter again in section 4.1. X has the same transformation properties
as Y and is the quantum analog of the classical matrix (2.52) of vector fields.

Finally, the particular choice b = det, A in conjunction with Y = RMR? can
serve as the definition of the quantum determinant of Y/,

DetY := Yget, 4 =< R¥ R, det,A®d >; (2.69)
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we will come back to this in the next section, but let us just mention that this
definition of DetY agrees with,

det,(AY) = det,(A<R*R?* A@d>)
= det,A < R*»R!? det, A®ud > (2.70)
= det,A DetY.

Before we can consider maps ®, for n > 2 we need to extend the algebra and
coalgebra structure of AU to (AxU)®("-1), 1t is sufficient to consider (AxU)®?; all
other cases follow by analogy. If we let

(a®b)(z®y) = az®by, forVa,be A, z,y €U, (2.71)

then it follows that

z-a®y-b = ap) <z, ap) >z by <ya), b > ye
= (a® b)(l) <(z ®y)(1) y (@® b)(z) >(z® y)('.») (2.72)
= (z®y) (a®b), forVa,be A, z,y €U,

as expected from a tensor product algebra. If we coact with A on AxU®?, or higher
powers, we simply collect all the contributions of A 4 from each tensor product space
in one space on the right:

Buaz@by) = (az)) ® (b)) @ (az) (ty), -
forVa,be A, z,y e U. '

2.5 Casimirs

Casimirs play an important role in the theory of quantum groups, even more so
than in classical group theory. They, or rather characters related to them, label
representations; casimirs — in particular try(Y’) and Det,(Y") show up as coefficients
in the characteristic polynomial for the matrix of bicovariant generators Y and finally
extra non-classical generators in Quantum Lie Algebras are given by casimirs. Here
we want to collect some formulas for casimir operators and comment on a few of their
uses.

Casimirs related to A4%-invariant elements of A

Centrality of elements of U is synonymous to their invariance under the right A-
coaction because of

ry =y < x(l),y(z)' > z(2), Ay =y @y®' (2.74)
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— if Aqc=c®1 then zc = ¢ < x(y),1 > x(3) = ce(z(1))z(2) = cx. In the previous
sections we have shown how to construct elements of U from elements of A, preserving
their transformation properties under adjoint coaction. The quantum determinant
and the quanturn traces are invariant under A“?, giving our first group of examples

for casimir operators:
tr,(Y*) =< T, tr(A¥) @ d >, Det,(Y) =< T,Det,(A) ® d >, (2.75)

where T is an element of the pure braid group, i.e. TA(y) = A(y)Y forall y € U. In
the case of T = R?!R'? the first set of casimirs coincides with the ones given in [23];
there are in fact as many independent ones as the rank of the corresponding group.

Casimirs arising from the pure braid group

Let v := Y;SY', where T = T; ® T' is an element of the pure braid group. Here is a
proof that + is a casimir:

Tym®Tye = ynTi®yyT
& TiymyS(y@)S(TY) vy YiS(T)S(y(2))
< €(y)v y)YS(y2)
Yy = W o

(2.76)

More casimirs like S(T;)T¢, ¢(T:)Y, Tie(T*) can be obtained in similar ways.

Relation to Drinfeld’s casimir c¢. Drinfeld [28, 19] showed that the $? automor-
phism is realized as conjugation by an element u in quasitriangular Hopf algebras.
Let R = a; ® B;, then u = S(Bi)ai, S(u) = a;5(B;) and ¢ = uS(u). If we choose
T = R*R'? as our pure braid element, then

Bia;S(B;)S(a;)
BiS(u)S(a;) (S(u))™" S(u)
= BiS™ai)a;S(B;)

uS(u) =

T.S(7T)

(2.77)

and similar S(Y;)T* = S~!(c).

Extra Generators

Classically the commutator of Lie bracket of a casimir ¢ and some vector field y
vanishes because of the centrality of ¢; so casimirs do not play a role in classical Lie
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algebras. In the quantum case the commutator is replaced by the adjoint action and
then
ad
cd y=cuyS(ca)#0 (2.78)

in general. We however still have

y¥c=yueSlp) = ew)e, (2.79)

which is zero if ¢(y) = 0, as is usually the case for a generator of a quantum Lie
algebra.

Special properties of AY

We remarked earlier that AY = AL*¥SL- satisfies the same algebra as A does.
C.Chryssomalakos [45] found that this is also true for AY'* and gave a nice explanation
for this fact that I would like to quote here: Using the coproduct of ¢

Ac= (R*R¥*)"%(c® c) (2.80)

one easily derives
AY = ac” ' Ac, (2.81)

where a6;7 =< ¢, A’; >. In the case of a Ribbon Hopf Algebra [32, 19] there is a
central element w that implements the square root of c; its coproduct is

Aw = (R*R¥)Hw® w), (2.82)
leading to
AY = o~ fuw ' Aw (2.83)
and more general
AY* = o~ fwk Ak, (2.84)

In the case that we are not dealing with a ribbon Hopf algebra, there is an alternative
expression [45] based on another algebra homomorphism A ~— AD™!, where D =
<u,A>,

AY = auAD 'u71, (2.85)

From the form of these equations it is clear that the map Cr : A — AY* is an algebra
homomorphism. It also follows quite easily that this map is invariant in the sense
Aq0Cr = (Cr®d) o A. This immediately poses the question of a relation to our
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theory of bicovariant generators and pure braid elements. For the “Ribbon” case we

find
Yt = a~3S(A)w*Auw*

2.86
= a'% < (w"k)(l),A > (w"‘)(g)w", ( )

so that Y* =< T, A ® i > with the pure braid element
T =a A1 uh). (2.87)

The “Non-Ribbon” case gives

Y = aS(A)juAD 'uy!
= a<ug,A>uy <uA>u"? (2.88)
= a<upu,A>ugut,

such that again Y =< Y’, A® d > with another pure braid element
T = aA(u)(u"t @ut). (2.89)

Both examples are hence as expected special cases of the pure braid formulation.
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Chapter 3
R - Gymnastics

In this chapter we would like to study for the example of Y € My (I4) the matrix form
of U as introduced at the end of section 1.1.2. Let us first derive commutation relations
for Y from the quantum Yang-Baxter equation (QYBE): Combine the following two
copies of the QYBE,
R12R13R23 — R23R13R12 and R21R31R32 = RSQRSIRZI
resulting in,
RVRIRBRURBRY = RUERIRIRPRIR!?
and apply the QYBE to the underlined part to find,
RQI (RSI RIS)RIQ(R32R23) = (R32R23)R21 (R31R13)R12
which, when evaluated on < ., A; ® A; ® d >, gives:
RaYiR12Y; = YaRn YRy, (3.1)

3.1 Higher Representations and the e-Product

As was pointed out in section 1.1.2, tensor product representations of I can be
constructed by combining A-matrices. This product of A-matrices defines a new
product for 4 which we will denote “e”. The idea is to combine Y-matrices (or
L*, L~ matrices) in the same way as A-matrices to get higher dimensional matrix
representations,

YieY, = < Ran, A1A,0d >, (32)
Lll" ® L; = <K Rn, A1A2®d >, (33)
SLy e SL; = <R%Z A A 04> (3.4)
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Let us evaluate (3.2) in terms of the ordinary product in Y,

ieV: = < (AQU)RMR' A, 04,04 >
<R¥RIRBREB A, @4, 0d >

< (R-—l)lﬁ RSIRB Rl? R32R23’A1 ® A2 ® d>
Ry YiR12Ys,

i

(3.5)

L]

where we have used,

R32R3XR13R23 - ((R—l )IQRIZ)RBQRM R13R23
(R-l )l?RSIRSQRIQRISR%
- (R—l )IQRSI R13R12R32R23.

Similar expressions for L* and SL~ are:

LyeLlf = LL}, (3.6)
SL; eSL; = SLISL;. 3.7)

All matrices in My (U) satisfy by definition the same commutation relations (1.30) as
A, when written in terms of the o- product,

R]QL’I" oL} = L‘; ° LTR]Q L4 RnL;L'{ = LTL;'Rm, (38)
R1;SL} e SLY = SL} e SLtR,, & RuSL‘{SL'{ = SL;”SL',"Ru, (3.9
RiY1eY,=Y;0Y Ry; & Ru(RyYiRY,)
= (R’z_xlyanYl)Rn
& RyYiRpY, =Y2RyYiRi2.  (3.10)

Remark: Equations incorporating the e-product are mathematically very similar to
the expressions introduced in ref.[48] for braided linear algebras — our analysis was in
fact motivated by that work — but on a conceptional level things are quite different:
We are not dealing with a braided algebra with a braided multiplication but rather
with a rule for combining matrix representations that turns out to be very useful, as
we will see, to find conditions on the matrices in My (U) from algebraic relations for
matrices in My (A).

3.1.1 Multiple e-Products

We can define multiple (associative) e-products by,
YeY,e...0Yi:=< RUIR? A|A;- A @i >, (3.11)
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but this equation is not very useful to evaluate these multiple o-products in practice.
However, the “big” R-matrix of equation (1.32) can be used to calculate multiple
e-products recursively: Let Y =Y eYye... 0, and Yp=YieYse. . 0Y,,
then:

Y, eYy=R;y 'Y R 1Y ii; (3.12)

compare to (1.33) and (3.5). The analog of equation (3.10) is also true:

RipYi;eYp=YgpgeY R (3.13)
& Ry YiRinYu=YnpRu:Y R n. (3.14)

The e-product of three Y-matrices, for example, reads in terms of the ordinary mul-
tiplication in U as,

Vie(Yze¥s) = RihyViRigs(Y;eVs)

= (RiRiYiRisRu) (R Y Raa)Ys. (3.13)
This formula generalizes to higher e-products,*
k k
Yq.a = [oY = [T Y% where:
- (3.16)

vy - Than)Riea)  RidYiRix - Rigar), 150 <k,
1Lk = )
Yo, t = k.

3.2 Quantum Determinants

Assuming that we have defined the quantum determinant det, A of A in a suitable
way — e.g. through use of the quantum &,-tensor, which in turn can be derived from
the quantum exterior plane — we can then use the invariant maps ®, for n = 2
to find the corresponding expressions in U; see (2.69). Let us consider a couple of

examples:
DetY = <R¥R'  det,AQ@d >, (3.17)
DetLt := <R det,AQ@ud>. (3.18)
DetSL™ := <R¥,det,A®@d>. (3.19)

* All products are ordered according to increasing multiplication parameter, e.g.

k
HoY;EY,.YQQ...OYk.

i=]
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Because of equations (3.6) and (3.7) we can identify,

DetL* = det,-1 L*, DetSL™ = det,SL". (3.20)

Properties of det,A, namely:
AdetiA = det;AA (central), (3.21)
A(det,A) = det,A @ det,A (group-like), (3.22)

translate into corresponding properties of “Det”. For example, here is a short proof
of the centrality of DetY = Yiu,4 based on equations (2.7) and (2.61):!

zYs = Yy <z(), Sb)be) >z, VreU;
= T Yarea = Yaerea < z(1), S(detoA)detyA > z(y
= det'A <T@, 1> Z(2)
= Ydet,a T, Vz e U.

(3.23)

The determinant of Y is central in the algebra, so its matrix representation must be
proportional to the identity matrix,

< DetY, A >=«l, (3.24)

with some proportionality constant x that is equal to one in the case of special
quantum groups; note that (3.24) is equivalent to:

det1(RnR12) = KI]Q, (3.25)

where det; is the ordinary determinant taken in the first pair of matrix indices. We
can now compute the commutation relation of DetY with A [24],

DetYA = A <DetY,A > DetY

= KA DetY, (3.26)

showing that in the case of special quantum groups the determinant of Y is actually
central in A%}
Using (3.22) in the definition of DetY’,

DetY = <R¥RM, det,AQ®d>

< RIRE,A(det,A) @ id >

= <RIR®P, det,AQ@det, A®id >
= detg-1L* - detySL™,

(3.27)

This proof easily generalizes to show the centrality of any (right) invariant ¢ € U, A4(c) = c®1,
an example being the invariant traces tr(D-'Y*) [23].
1The invariant traces are central only in U because they are not group-like.
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we see that “DetY™ coincides with the definition of the determinant of ) given in
(38).
A practical calculation of DetY in terms of the matrix elements of Y starts from,

) N ‘.‘“.“N . .
deteA N = (H Ak) qin €N, (3.28)

kw1l

and uses Det) = det, oY, i.e. the q-determinant with the e-multiplication:

. I3 N ‘l“.‘N 3 v
Dety einin = (g-n) i €87, (3.29)
1

Now we use equation (3.16) and get:

N i
DetY e iv = (H Yx“N) Srin €PN, where:

(*.30)
v = Ry RiGes  RinYiRis Rigqy, 1<i<k,
’o'tk Yk, i . k-

It is interesting to see what happens if we use a matrix T € My(A) with deter-
minant det,T = 1, e.g. T := A/(det,A)'/V, to define a matrix Z € My(I4) [24] in
analogy to equation (2.63),

Z =<R"RZTod>; (3.31)
we find that Z is automatically of unit determinant:

DetZ := < R™RY det,T®d>
= <R'"R,1@d> (3.32)
= (e®@d)(R*R?) = 1.

3.3 An Orthogonality Relation for Y
If we want to consider only such transformations
T 4A(z) = A®z, T € C:’, A€ My(A), (3.33)

of the quantum plane that leave lengths invariant, we need to impose an orthogonality
condition on A; see [23). Let C € My(k) be the appropriate metric and z7Cz the
length squared of z then we find,

ATcAa=C (orthogonality), (3.34)
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as the condition for an invariant length,
2TCz — 4A(2TCz)=1®27Cx. (3.35)

If we restrict A — and thereby A — in this way we should also impose a corresponding
orthogonality condition in U. Use of the o-product makes this, as in the case of the
quantum determinants, an easy task: we can simply copy the orthogonality condition
for A and propose,

(LHTeCL* = C = L*cT(L*)T=CT, (3.36)
(SL™)TeCSL- = C = (SL)TCSL™ =C, (3.37)
YTeCY = C, (matrix multiplication understood),  (3.38)

as orthogonality conditions in U. The first two equations were derived before in [23]

A ¥4

in a different way. Let us calculate the condition on ¥ in terms of the ordinary

multiplication in U,
C.'j = Yk.' ® Ck:Y‘,‘

= Cu(Vie YoM, (3.39)
= Ckl(RﬁlYlRl?Y?)H.‘j»
or, using Ci; = ¢!N-VR*;Cy:
Cij = N NCrmn(M Ri2Y2)™™ . (3.40)

Remark: Algebraic relations on the matrix elements of Y like the ones given in the
previous two sections also give implicit conditions on R; however we purposely did
not specify R, but rather formally assume its existence and focus on the numerical
R-matrices that appear in all final expressions. Numerical R-matrices are known for
most deformed Lie algebras of interest [23] and many other quantum groups. One
could presumably use some of the techniques outlined in this article to actually derive
relations for numerical R-matrices or even for the universal R.

3.4 About the Coproduct of Y

It would be nice if we could express the coproduct of Y,
AY) =< (d® A)R'"R?,A@d >, (3.41)

in terms of the matrix elements of the matrix Y itself, as it is possible for the coprod-
ucts of the matrices L* and L~. Unfortunately, simple expressions have only been
found in some special cases; see e.g. [49, 50, 51]. A short calculation gives,

A(Y') = (RTHP(1 Yi)R(YH; @ 1); (3.42)
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this could be interpreted as some kind of braided tensor product [48, 52],
A(YY)) = YLQYE;, (3.43)
but for practical purposes one usually introduces a new matrix,

Ousy™ = (L*)', S(L7)';

J

€ Mnxn(U), (3.44)

such that,
A(Y,) =042 ® Y5, (3.45)

where capital letters stand for pairs of indices. The coproduct of X*; = (I — Y)‘J. /A
is in this notation:

A(XA)=Xa®1+ 0,89 X5. (3.46)

We will only use O42 in formal expressions involving the coproduct of Y. It
will usually not show up in any practical calculation, because commutation relation
(2.66) already implicitly contains A(Y’) and all inner products of Y with strings of
A-matrices following from it.
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Chapter 4
Vectorfields on Quantum Groups

In this chapter we are trying to find quantum analogs of two important and closely
related concepts in the classical theory of Lie groups: Lie algebras of left-invariant
vector fields and general vector fields over the group manifold. We will come back
to both subjects in part 2, after developing the additional structure of an exterior
differential calculus. Our approach will be heuristic in nature; stress is on formation
of concepts (Begriffsbildung). The concept of vector fields can also be approached
from differential forms, see [53).

4.1 Quantum Lie Algebras

4.1.1 Adjoint Action and Jac i Identities

Classically the (left) adjoint actions of the generators x; of a Lie algebra g on each
other are given by the corimutators,

ad
xi & x5 = [xi xil = xxfi¥5, (4.1)

expressible in terms of the structure constants f;*;, whereas the (left) adjoint action
of elements of the corresponding Lie group G is given by conjugation,

h¥g=hgh™', hgeG. (4.2)
Both formulas generalize in Hopf algebra language to the same expression,
xi b x; = Xicy X3S (Xigay)s with: S(x) = —x,
AX)=x)®x@=x®1+1®x, forVxeg, (4.3)
hY g=hugSha),  with: S(h)=h"",
AR)=hy®hay=h®h,  for VheG, (4.4)
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and agree with our formula (1.63) for the (left) adjoint action in U«. We can derive
two generalized Jacobi identities for double adjoint actions,

ad , ad ad

zo(ypz2) = (zy) b2

= (z) ¥ )z B 2 (4.5)
ad , ad ad
= (zq) > ¥) > (z(z) > 2),
and,
ad . ad ad
(zoy)o z = (zawS(ze)) > 2z (4.6)

= 2% W% (S(z) ¥ 2)).
Both expressions become the ordinary Jacobi identity in the classical limit and they
are not independent: Using the fact that % is an action they imply each other.

In the following we would like to derive the quantum version of (4.1) with “quan-
tum commutator” and “quantum structure constants”. The idea is to utilize the
(passive) transformations that we have studied in some detail in sections 2.1 and
2.4.1 to find an expression for the corresponding active transformations or actions.
The effects of passive transformations are the inverse of active transformations, so
here is the inverse or right adjoint action for a group:

-1 ad ad :
h 1 bg=g4 h= S(h(l))gh(g). (47)
This gives rise to a (right) adjoint coaction in Fun(G):
A S(AHYAA, ie.

Fun(G,) > A'; — A5 ® S(A%)A'; € Fun(G,) ® Fun(G,); (4.8)

here we have written “Fun(G,)” instead of “Fun(G)” because the coalgebra of Fun(G,)
is in fact the same undeformed coalgebra as the one of Fun(G). In section 2.4.1 we
saw that the Y-matrix has particularly nice transformation properties:

A —~ SAYA: Y — 1Y,
A —~ AA": Y » S(AYA.

It follows that:
A — S(A)AA': Y = Yh® S(AL)AL. (4.9)

This is the “unspecified” adjoint right coaction for Y; we recover the “specific” left
adjoint action,
ad 4 i
z b Y =z20)Y';8(z(2),
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of an arbitrary = € U,g by evaluating the second factor of the adjoint coaction (4.9)
on r:
r¥YS =Y <z, S(AAY >, forVzeUg. (4.10)

At the expense of intuitive insight we can alternatively derive a more general formula
directly from equations (1.63), (2.7), and (2.61),

z¥Y% = zq¥%S(w)
= ()M< 1‘(1)1(}’6)(2)I > z(2)S(x(3))
= M)W <zq), (V)@ > e(z() (4.11)
= (Y)W <z, (V) >
= Yo <z,5(b))be) >;

note the appearance of the (right) adjoined coaction [21] in Fun(G,),
A*(b) = by © S(bu))be), (4.12)

in this formula.

We have found exactly what we were looking for in a quantum Lie algebra; the
adjoint action (4.10) or (4.11) — which is the generalization of the classical com-
mutator — of elements of U,g on elements in a certain subset of U,g evaluates to
a linear combination of elements of that subset. So we do not really have to use
the whole universal enveloping algebra when dealing with quantum groups but can
rather consider a subset spanned by elements of the general form Y, =< Y,bQ@ ud >,
Y € span{B,}; we will call this subset the “quantum Lie algebra” g, of the quantum
group. Now we need to find a basis of generators with the right classical limit.

4.1.2 R-Matrix Approach

Let us first evaluate (4.10) in the case where z is a matrix element of Y. We introduce
the short hand,
kt N
A( )(;j) =S5(A k)Alj, (4.13)-

for the adjoint representation and find,
W Ye=Yo <Y, A% >, (4.14)

where, again, capital letters stand for pairs of indices. The evaluation of the inner
product < YA,ACB >=: C4Cp is not hard even though we do not have an explicit
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expression for the coproduct of Y; we simply use the commutation relation (2.66) of
Y with A and the left and right vacua defined in section 1.2.2:

<Y,SATA; > = <Y,SATA; >

< SA](Ra )2YiAs(R})™ >

< SAT(R3!)™ AsRn Y1 Ria(R33)™ > (4.15)
= (R3')®RaRis(R3)™,

ikl
= Clij) P mn) = ((Rixl)T’Risla(Rﬁ)'l) jmn-

The matrix Y becomes the identity matrix in the classical limit, so X = (I —
Y)/X is a better choice; it has the additional advantage that it has zero counit and
its coproduct (3.46) resembles the coproduct of classical differential operators and
therefore allows us to write the adjoint action (4.3) as a generalized commutator:

Ya¥ Xs = YanXsS(Yaw)
= 04PXpS(Yp)
= 04PXpS(OpE)UE -~ A\Xg +AXE)
Ye
= YaXs+(04F ¥ X))\ Xg (4.16)
= YaXp+X <045 A% > XpXg,
with: OpElIg = Yp, S(OpP)Yg = Ip;
= Xa% Xz = XaXp— <045, A5 > XpXg.
Following the notation of reference [25] we introduce the N4 x N4 matrix,
R°® .5 = < O4F,APp>, (4.17)
~ (mn)(kl ilmn
R )(ij)(m) = ((RSI_l)nRu324(3231‘3)‘1) kipa» (4.18)

but realize when considering the above calculation that R is not the “R-matrix in
the adjoint representation” — that would be < R, A%, ® A”5 > — but rather the
R-matrix for the braided commutators of g,, giving the commutation relations of the
generators a form resembling an (inhomogeneous) quantum plane.

Now we can write down the generalized Cartan equations of a quantum Lie algebra

gq:
XA % Xp=XaXp— IRDEABXDXE = Xc f4%s, (4.19)

where, from equation (4.15),

f4%8 = (1aI%Ig — C4%p)/ ). (4.20)
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4.1.3 General Case

Equation (4.19) is strictly only valid for systems of N? generators with an N2 x N?
matrix IR because X € Mn(g,) in our construction. Some of these N? generators
and likewise some of the matrix elements of IR could of course be zero, but let us
anyway consider the more general case of equation (4.11). We will assume a set of
n generators X,, corresponding to a set of n linearly independent functions {b; €
Fun(G,)|i =1,...,n} and an element of the pure braid group X € span(B,) via:

X, =< X, @i > . (4.21)

We will usually require that all generators have vanishing counit. A sufficient con-
dition on the b;’s ensuring linear closure of the generators Xj, under adjoint action
(4.11) 1s,

AMB)=b @M+ ki Q k!, (4.22)
where M?; € M,(Fun(G,)) and ki, k! € Fun(G,) such that < X,k ® d >= 0. The
generators will then transform like,

Aa(Xe) = Xp, @ M5 (4.23)

from (A4 @ d)AA(Xs,) = (d® A)AA(Xp,) and (d ® €)A4(Xb,) = Xp, immediately
follows* A(M) = M®M, ¢(M) = I and consequently S(M) = M~'. M is the adjoint
matrir representation. We find,

Xb, ?>d Xp, = )&’5’ < ka,Mj,' >, (4.24)

as a generalization of (4.19) with structure constants fi’; =< X, »M?; >. Whether
X, ¥ x »; can be reexpressed as a deformed commutator depends on the coproducts
of the X},’s and hence on the particular choice of X and {b;}.

Equations (4.9) and (4.13) - (4.20) apply directly to Gl,(N) and Sl,(N) and other
quantum groups in matrix form with (numerical) R-matrices. Such quantum groups
have been studied in great detail in the literature; see e.g. [23, 25, 26) and references
therein. In the next subsection we would like to discuss the 2-dimensional quantum
euclidean algebra as an example that illustrates some subtleties in the general picture.

4.1.4 Bicovariant Generators for ¢,(2)

In [39] Woronowicz introduced the functions on the deformed E,(2). This and the
corresponding algebra U,(e(2)) were explicitly constructed in chapter 1 using a con-

traction procedure; here is a short summary: m, 7 and @ = 0 are generating elements

*This assumes that the X, s are linearly independent.

51



of the Hopf algebra Fun(E,(2)), which satisfy:

mm = ¢*mm, e'*'m = q*me®’, e'¥m = g*me',
Am)=m®1+e?@m, A =MQ1+e*?@m,

7] 0 o _if -6 - (0= (4.25)
Ale?) =e" Q@ e", S(m) = —e~¥m, S(M) = —e'®m,

S@) = ~8,  €(m) = () = €(6) = 0.

Fun(E,(2)) coacts on the complex coordinate function z of the euclidean plane as
Aa(z) =2®¢€“ +1®@m;i.e. 6 corresponds to rotations, m to translations. The dual
Hopf algebra U,(e(2)) is generated by J = J and Py = P satisfying:

[vai:]::hp:k, [P+>P—]=01
A(Py)=P: ®q’ +q~7 ® Py, AN)=J®1+1QJ, (4.26)
S(Py) = —q*'Py, S(J)=-J, €(Py)=¢€(J)=

The duality between Fun(E,(2)) and U,(e(2)) is given by:

< PEP g™ | e mbmt >=
(__1) q—1/2(k—l)(k+l—l)+l(k—l)q(k+l—m)a[k]q![l]q_lwlbgkc, (4.27)

where k,1,b,c € Ng, m,a € Z, and,
q

5=, ==t
v=1 q’

Note that Py P_ is central in U,(e(2)); i.e. it is a casimir operator. U,(e(2)) does not
have a (known) universal R, so we have to construct an element X of span(B;) from
the casimir P, P_:

X

i

q-q_x {A(PyP-) - (P+P-® 1)}
= =={P+P-® (¢ - 1)+ Pig? ®¢'P- (4.28)
+P.qg'®q¢’P,+q* P, P}.

X commutes with A(z) for all z € U,(e(2)) because P, P_ is a casimir. We introduced
the second term (P4 P- ® 1) in X to ensure (d ® €)X = 0 so that we are guaranteed
to get bicovariant generators with zero counit. Now we need a set of functions which
transform like (4.22). A particular simple choice is ag = € — 1, a, := m, and
a- := €%, These functions transform under the adjoint coaction as:

1 e %m —e'%m

A (a01a+a ) (ao’a-f" -)® 0 e 0 . (429)
0 0 et
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Unfortunately we notice that ag and thereby X,, are invariant, forcing X,, to be a
casimir independent of the particular choice of X. Indeed we find X,, = qP,P-,
Xap = —/3/(g—q" )¢’ P+, and X,_ = q/(q — g7)¢’ P-, making this an incomplete
choice of bicovariant generators for e,(2). An ansatz with four functions b := (e —

1)2, b := —me'®mm, by = — (e’ — 1)m, and b_ := q~%(e'® — 1)e'®7 gives:
1 mim —e¥m —q 2%m
0 1 0 0
A*(bg, by, by, b)) = (boy by, by, b)® _ i (4.30)
0 -m e 0
0 -m 0 '’
The corresponding bicovariant generators are:
(2 2J _
Xbo = Q(q 1)P+P—a Xbx (q q ) ( 1)1 (431)

X, = q’ Py, Xo_ =qq’P-.

In the classical limit (¢ — 1) these generators become “zero”, J, P,, and P_

respectively!. The coproducts of the bicovariant generators have the form expected
for differential operators

Xo Xo ASX,1 41 AXo A(ASX1 4+ 1) AX4(ASXy +1) Xo
X, _ X) 0 AX; 41 0 0 X,

a X+ 1T x4 @1+ o AX 4 1 0 ® Xy )
X- X- o AX - 0 1 X-

(4.32)
The commutation relations of the generators follow directly from (4.26), their adjoint
actions are calculated from (4.24), (4.27), and (4.30) and finally the commutation
relations of the generators with the functions can be obtained from (1.53), (4.25) and
(4.26).

4.2 General Vector Fields

In this section we will give a “quantum geometric” construction of the action of
general, i.e. neither necessarily left or right invariant, vector fields, thereby justifying
the form of the action that we used in the construction of the cross-product algebra
of differential operators.

4.2.1 Classical Left Invariant Vector Fields

First, recall the left-invariant classical case: The Lie algebra is spanned by left-
invariant vector fields on the group manifold of a Lie group G. These are uniquely

1The same generators and their transformation properties can alternatively be obtained by con-
tracting the bicovariant calculus on SU,(2).
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determined by the tangent space at 1 (the identity of G). Curves on G can be nat-
urally transported by left (or right) translation i.e. h ~ gh (h + hg). This defines
a left transport L,-: of the tangent vectors: Lg-1(x1) = Xy. X1 is the vector field x
at the identity of the group and x, is the new vector field 5 evaluated at the point of
the group manifold corresponding to the group element g; if x is left invariant then
X = X and in particular
Lg-1(x1) = Xg = Xo- (4.33)

An inner product for a vector field x with a function f can be defined by acting with
the vector field on the function and evaluating the resulting function at the identity
of the group:

<x,f>=x1v fl, €k (4.34)
If we know these values for all functions, we can reconstruct the action of x on a func-
tion f, xg0 flg, at any (connected) point of the group manifold. The construction
goes as follows (see figure):

X1

foy(@)fay =

We start at the point g, transport f and x back to the identity by left transla-
tion and then evaluate them on each other. The result, being a number, is invariant
under translations and hence gives the desired quantity. The left translation Lg(f) of
a function, implicitly defined through L,(f)(h) = f(gh), finds an explicit expression
in Hopf algebra language

Ly(f) = fuy(9)fi2), (4.35)

that we now use to express
xo® fly = LyGre fi(9)fo),
= x> fo9)o), (4.36)
= fw(9) <x,f) >,
for a left-invariant vector field x. If the drop g, we obtain the expression for the
action of a vector field on a function valid on the whole group manifold

x> f=fay<x fia) >, (4.37)
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already familiar from the first chapter. The left and right vacua by the way find the
following ‘geometric’ interpretation:

left vacuum <: “Evaluate at the identity (of the group).”
right vacuum >: “Evaluate on the unit function.”

4.2.2 Some Quantum Geometry

Group elements (g) do not exist for quantum groups, everything has to be formu-
lated in terms of a Hopf algebra of functions. The group operation is replaced by
the coproduct of functions. A quantum group has only few classical points. These
correspond to elements of U with group-like coproducts, e.g. the quantum determi-
nant of Y in Gly(2): Adet,Y =det,Y®det,Y. If we take care only to speak about
functions in A and its dual Hopf algebra U/, we can, however, still develop a geometric
picture for vector fields on quantum groups. “Points” will be labeled by elements of
4, which is the same as &/ but has the opposite multiplication; elements of i{ are
right-invariant. Lie derivatives along elements of I take the place of left translations,
while Lie derivatives along elements of U correspond to right translations. Here is
the quantum picture of the classical construction given in the previous section:

L) =<y, fy > fiy y

1  J

£3(x) = xely)

Note that £;(z) = ze(jj) because z is left-invariant. (More precise definitions of these
Lie derivatives in connection with right-projectors will be given in section 4.2.4). Be-
fore we can read any equations off the picture we have to invent a rule for multiple
appearances of the same Hopf algebra element in the same term:

Multiple occurrences of the same Hopf algebra element in a single term
are not allowed. One should use the parts of the coproduct of this element.
instead — starting with the last part of the coproduct and collecting terms
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from the right to the left as one moves along the path that the function
is transported.

Now can compute z b f in complete analogy to the classical case

2o flyp = Lyy(2)o Ly, (= Lyzo f)])
= e(ym)z> £4(f),
zo £4(f)], (4.38)
> <y, fuy > f(’)'l
<y fu) ><z,fz) >

i

]

or, for arbitrary §:
x> [ = fo) <z, fa3) >, (4.39)

giving a geometric justification for the left action of &/ on A that we had introduced
in chapter 1.

Now we would like to study the adjoint action in I/, which can be interpreted as
a quantum Lie bracket as we shall see. Recall the classical construction: Functions
and hence curves on a group manifold can be transported along a vector field. With
the curves we implicitly also transport their tangent vectors. This transport is called
the Lie derivative of a (tangent) vector along a vector field. Classically we find it to
be equal to the commutator (Lie bracket) of the two vector fields. Here is how the
computation goes in practice: Let y be the vector field along which the functions are
transported and let x be the “tangent” vector field. Consider a function f on the new
curve and transport it along the following two equivalent paths:

1. Go back along y to the old curve, follow the old curve along = and finally return
along y to the new curve.

2. Follow the new curve along £, (z).
We have to invent a new rule for backward transport:*

Moving a function back along a vector field y is the same as moving
iorward along the antipode S(y) of that vector field. (When moving a
1-form, one should use the inverse antipode.)

{Note that we follow the path of the transported function; forward hence means “opposite to
the direction that the vector is pointing”, backward means “along the direction that the vector is
pointing”.

56




The following picture illustrates the geometric construction of the quantum Lie deriva-
tive of a left-invariant vector field along another left-invariant vector field:

25 S(y)o f /\sw)»f

I
L ~®

S(y)

vy b x> S(y@a) > f
= ‘ev(z)D [ =

We read off this picture that

Lz)o f = yapzdoSyae)e f
= (yyzSlyw)) > /. (4.40)

ie. £y(z)=ynzSya) =y ¥,

4.2.3 Action of General Vector Fields

Our derivation of the action of a vector field on a function in the previous section
relied on the use of left translations in conjunction with left-invariant vector fields.
In this section we would like to free ourselves from this limitation and show how to
derive the action of a general vector field — neither necessarily left or right invariant
— on a function using alternatively left or right translations.

Left and right coactions 4A, A4 contain the information about transformation
properties of vector fields. Here is how a vector field transforms (classically) if we
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left-transport it from a point g on the group manifold back to the identity

xXlo— xV(9) xPh, abx) = xM @ x? (4.41)
here is the behavior under a right translation:
Xl = xD x®(h, Aalx)=xMex®. (4.42)

If we now redo the construction of the previous section for general vector fields ,
both for left and right translations, we get the following two equivalent results for
actions on functions:

x(N) = <x foy > x fay = xY foy < x?, fizy > (4.43)
from rightvtra.nslatioxl from left translation

Technically there is an ordering ambiguity for f and the primed parts of x, but this
can be easily resolved by requiring a(f) = af for a € A in both cases; both expressions
are written as left actions. From this equation we can derive the following relations
between left and right coactions for x € A*:
BDax = € ®Xm‘f(i1) < X(z),,f(i:) > Sf(‘a)
= einx?Sei ® XV f* (4.44)
= («% @ i)r(ubX)(1® f),
ADx = X(z)f(is) < X(‘)vf(‘z) > S-lf(‘n ® &
xP' 1 ® S~ (eia) xVei) (4.45)
= (@857 ) () ®1).
In this thesis we choose the convention that elements in &/ & A°® be left-invariant.

4.2.4 Right and Left Projectors

In this section we will show how to obtain right-invariant vector fields from left-
invariant ones by allowing functional coefficients. These right-invariant vector fields
will live in AxU — recall that elements of If were chosen to be left-invariant. Let z
be the left-invariant vector field and £ the corresponding right-invariant vector field.
These vector fields should coincide at the identity, i.e. for any function f

e(2) = ¢(z), <%, f>=<z,f>. (4.46)

For this to make sense we have to extend the definition of the inner product a little
bit to allow elements of .A%U in the first space. Recalling the geometrical definition

<¢,f>=¢>fl,, S€AXU,f€EA (4.47)
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this is not hard: (a,f € A, z € UY)
<azx,f> := ¢(a)<z,f>, (4.48)
<za,f> = <z,af >, (4.49)
in perfect agreement with the formulation in terms of vacua. Let A (z) = z(V@z®' €
UQ® A; it is not hard to see that
£ = S Yz @) (4.50)
has the required properties and is right invariant
AuE) = (5712) )z @ (5123 )@
51 (z®) @z & 51 () g2
SN z®') 3z ® le(z?'(y)) (4.51)
SN zWzM @1
= I®1,
but (of course) no longer left-invariant:
AAE) = (§7'2@)) @ (S71z') gz
S-1z%' @ 7,
We define I to be the space {#|z € U}. It turns out that the ~-operation is a

projection operator from AxU to I; we will call it the right projector. Three explicit
expressions for such right-invariant vector fields can be quickly derived:

E o= fi(SV(e) ¥ o)
= f&§S7 ey < 7. S > e
and, for Ty =< Y,b® d > with T being a pure braid element,
Yo = 57 (b))ba) Yo, - (4.54)

Left- and right-invariant vector fields commute:

(4.52)

(4.53)

-~

yi = 2 <yq), 2@ > ypq
z <yqa)1>ypa (4.55)
zy.
The right projector is an antimultiplicative operation:
& = 57 ((zn)?) (&y)®
S"ly(z)'s-lx(z)'m(l)y(l)
=1,(2)  2,(1)
STy Ty (4.56)
,commute
S"ly(z) y(’)i

= i

i
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The right invariant vector fields form a Hopf algebra with the same coproduct as U
because of (4.46), but opposite antipode and multiplication:

€8)=z, Ai=F;®FfG, S@E) =S5z (4.57)

The Lie derivative of — or the adjoint action on — an element ¢ of AxlU along a
right invariant vector field comes out formally equivalent to the left invariant version,
when expressed in terms of the new A and S:

£y(9) = &% ¢
= a‘:(,)¢S£’Q (4.58)
Em¢S-1z(a)-
It immediately follows that
Li(y) =0, foryeld, (4.59)

in agreement with the geometrical picture. Let us now compute the action of a right-
invariant vector field on a function a, using only the algebraic relations of the cross
product algebra and the right vacuum:

fa> = S_,fia“) <e .Ddz,a(g) >

S“f‘a(l) <e® 3,0(2)50(4) ® a3y >

awS a@an) < z,a3) > (4.60)
= ap) <zT,a) >

I

= < .’i‘,a“) > a(),

as expected from the geometrical considerations of the previous section. The Hopf
algebra {4 mimics U very closely. There is even a canonical element € in A® ¥ that
determines left coactions by conjugation:

AA(E) = Cle:)Cl, iel, (4.61)
AA@) = €1®a)l' acA (4.62)
= an) Qagy. (4.63)

By symmetry there is of course also a left projector”
¢ = S(¢")¢?, (4.64)
that is most useful in the equality

z =z z), (4.65)
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4.2.5 Applications

Here is an example of a typical manipulation using projectors onto right-invariant
vector fields:

ra = za
& z'za = z()(a)z

& 2@z (a)eM ) = m(l)(a)x(?)(g)"”(”_)‘m

Now use the Axi{ = A® I isomorphism, remove the “~” over the second space and
switch spaces:

L= m(l)(g) ®x(7)'m(1)(l)(a) = z(g)(l) ® x(l)(a):z:(g)(’)'

. , (4.66)
& 20 @z < 2Myy,a0) > e = 2z @ zg)(a)zz?

The expression that we have just derived is incidentally equivalent to a proof that
A4 is a AxlU-algebra homomorphism, only this time we did not need to make any
reference to linear infinite bases {e;} and {f'} of & and A, that do not necessarily
exist. Let us now complete the proof: Using the fact that a € A was arbitrary, we
take it to be the second part of the coproduct of some other element b € A and
multiply our expression by b, in the first space

& 25 (ba)z W @ by = bz ® 2a)(b))z@ @

€ Aulz)Aa®) = Aalza)(0)Balzz) = Aalza). (] (4.67)

This example shows that the projections introduced in this section are powerful tools
in formal computations. The manipulations in the given example were not quite as
elegant as the corresponding ones using the canonical element, but the projectors are
much more versatile tools and they do not require the existence of linear countable
infinite bases that were implicitly assumed for the canonical element.

For further applications please see the covariance proofs in part 11 of this thesis.
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Chapter 5

A Quantum Mechanical Model

In this chapter we would like to illustrate at the example of a simple toy model one
possible way how quantum groups might find use in physics. Quantum mechanics is a
remarkably good theory as far as experimental verification is concerned, so we will not
attempt to modify its most basic features as for instance the canonical commutation
relations. We instead want to focus on a generalization of unitary transformations.
These transformations form groups in quantum mechanics; we will investigate — at
the example of time evolution — what happens if we generalize these transformations
to be elements of Hopf algebras. The introduction of deformed Poincare symmetry in
physics is expected to lead to similar new phenomena. We will in particular embed
the operator algebra of a simple quantum mechanical model in a Hopf algebra with
possibly non-trivial coproduct and propose generalized time evolution equations. We
find that probability is conserved in this formulation but pure states can evolve into
mixed ones (and vice versa); microscopic entropy is only conserved for a special stable
state. The theory could be interpreted as quantum mechanics for open systems.

Introduction

There have been a number of proposals for a deformation of ordinary quantum me-
chanical systems using quantum groups. In particular systems with quantum group
symmetries e.g. [55, 56] and with deformed canonical commutation relations e.g.
[57, 58] have been investigated in some detail. Here we would like to focus on de-
formed time evolution equations, i.e. deformations of the Heisenberg equations of
motion (Heisenberg picture) and of the Liouville equation for the density operator
(Schrodinger picture). It turns out to be fruitful to consider both pictures (H.p./ S.p.)
simultaneously. Let us list some basic requirements on time evolution equations:
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The equations have to be linear.
e Time evolution should be multiplicative.

Hermiticity must be preserved.

Probability must be preserved, i.e. the trace of the density matrix must be

constant.
e Probabilities must be positive at all times.

All these requirements are fulfilled by unitary time evolution:

X)) = [UOIXOU®), (Hp), (5.1)
p(t) = UWpOWUM®I™,  (Sp.), (5.2)

with [U(¢)]* = [U(#)]™!. In this paper we would like to argue that the above equations
are not the only possible ones satisfying all the listed requirements; in order to find
more general equations we, however, need to extend the operator algebra to a Hopf
algebra.

Generalizations of unitary time evolution have been studied before in the 70’s in the
context of completely positive maps and dynamical semi-groups. Lindblad [54] found
the general form for generators of such semi-groups, however, without being able
to give a cause for the modified time evolution equation because he does not make
any reference to an underlying structure — like Hopf algebras or non-commutative
geometry in our case.

5.1 Schrodinger Picture

Let us briefly review density matrices in “classical” quantum mechanics: All ob-
servables are described by operators X constant in time, states are given as time
dependent density matrices p(t). Expectation values are calculated as usual via

< X >p0= tr(Xp(t)), : (5.3)

where the trace is cyclic (tr(zy) = tr(yz)). The eigenvalues of the density matrix are
the probabilities of the pure components of the mixed state. In a diagonal basis

p=) pili ><1l, 0<p<1 (5.4)
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The sum of the eigenvalues of the density matrix must hence be one

tr(p) = Zp,- =1, (normalization) (5.5)

independent of time. Note that
tr(p®) =3 pl <1 (5.6)
i

the equality is only satisfied for a pure (p = |¢p >< 1|) state. All mixed states have
tr(p?) < 1. Unitary time evolution not only preserves the trace of p, i.e. it conserves
probability,

tr(UpU™") = tr(p) = 1 (5.7)

but also conserves entropy:
tr (UpU™)(UpU™)) = tr(p?). (5.8)

It preserves hermiticity of p because of Ut = U~? and is multiplicative: U(t; + t;) =
U(t1) - U(t2). Our task is now to find a generalized time evolution for the density
matrix with all those properties except for the conservation of entropy. To satisfy
linearity and multiplicativity we choose time evolution to be realized through the
action (see chapter 1) of some new time evolution operator [

pt)=0%p, U=0(). (5.9)

To leave freedom for deformations we ask U to be an element of a Hopf algebra &/
(rather than a group) and propose the following left action:

p(t) = UypS(Ugy) | (5.10)

Due to S(U1))U(z) = €(U) and the cyclicity of the trace this time evolution equation
conserves probability

tr(U)pS(Uny)) = tr(S(U))0z)p) = tr(p) - (D), (5.11)

if we impose

e0) =1] (5.12)

In order to conserve hermiticity we have to impose

Ut =S0)), (5.13)
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because then ) ) '
(p(t)' = (U(z)es (U(z)))
S-1(y)et U,

2 ()4 5.14
= S-yTH T pt (5:14)
U% ot
Entropy is however no longer necessarily conserved:
tr(p(t) - p(t)) # tr(po - po), in general. (5.15)

Example: “Classical” Quantum Mechanics is a special case with

AUY=UQU, SU)=U", U =1,
p(t) = UgpS(Un)) = UpU™, (5.16)
Ut = S(U) = U,

5.2 Heisenberg Picture

Now we stick all the time evolution into the observables, leaving the density matrix
time invariant. The time evolution equation for the operators easily follows from
the one for the density matrix using the cyclic nature of the trace and the fact that
the time evolution of the expectation values should be independent of the particular
picture. We find:

X(t) = X(0) % U(t) = S(Tn)X(0) Uy | (5.17)

Two consistency requirements give the same conditions on U

1(t)=1 = 0)=1, (5.18)
X)) =xt90 = Ut=50), (5.19)

as were already obtained in the previous section.

5.3 Infinitesimal Transformation

One great thing about working with Hopf algebras is that finite and infinitesimal
transformations are unified in the sense that they have the exact same form. The
infinitesimal version of our time evolution equation must have the form

dp ﬁ op 1

dt ~ ib f{(z)pS(ﬁ(x)), (5.20)
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where i is purely conventional and we have inserted % to give H units of energy. The
conditions on H are slightly different from the ones on U:*

e(H) = 0 (5.21)
H' = -S(H). (5.22)

How do we obtain the time evolution operator H from the (hermitian) Hamiltonian
H? Here is a Conjecture:

H=3(H-57(H), H'=H (5.23)

(The 2 might be a “quantum-2".) This choice for A will automatically satisfy both
conditions. Finite time translations can be recovered by Taylor expansion

_wt"d"p _wt" I:'Iopn__ﬁtop
plt) = né%n!dt" reo —nz___:on! ((ih) D) p=et P p (5-24)

where we have used the multiplicative properties of successive actions. Note that this
is an ordinary exponential function, not a q-deformed one.

In the following section we will study a system with a finite number of eigenstates.
In this case equation (5.20) can be converted into a matrix equation by taking the
inner product with a matrix A € M, (.A) as follows:

d< p,Aiz > -~ 7 i
T—- % < {{(Z)PSH(I),'AI > ' (525)
= % < H,S(AR)A‘; >< p, A% >
or, in a short hand,
dp("l) 1 -~ i .
@~ al ) iy plH, (5.26)
This matrix equation can easily be exponentiated to give an explicit solution
7\ (80
) H ;
pt(t) = exp (g) (kP (5.27)

for p. In practice one would now express p in terms of eigenvectors of H¥) ;) so that
the matrix exponential diagonalizes with the exponentials of 7 times H'’s eigenvalues
along its diagonal.

5.4 A Simple 2-Level System

Consider a single particle in a double well potential (Fig. 5.1) with a barrier of height

*The first condition may possibly be interpreted as requiring a zero energy ground state.
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Figure 5.1: Double Well

~ ‘“'An . If we are only interested in which dip the particle is localized then we
are dealing with a 2-level system. A phenomenological hamiltonian that describes
tunneling through the barrier is easily written down in terms of the z-Pauli matrix:

H = Ao, = Ap(oy +0-). (tunneling only) (5.28)

Instead of viewing the Pauli matrices as the fundamental representation of su(2)
we would like to consider su,(2) with q € (0,1] as given in (1.79). All irreducible
representations of suy(2), e.g.

. 1 0 01 ' 00
2-dim: o, = , Oy = , o = R
0 -1 00 10

10 0 0 v2 0 0 0 0
3dim: J,={00 0 |, Ji=]0 0 V2], J-=|+v2 0 0],
0 0 -1 0 0 O 0 V2 0

(5.29)
are undeformed. This makes it easy to derive a matrix representation of the time

evolution operator:

. 1
H = (H—- S"l(H)) = 5(0’4, +0’_+q-1a+ + QO'..)AO x ( 2 ; ) . (530)

DN =

We will ignore the proportionality constant because it can always be incorporated in
Ap. The time evolution equation in matrix form is ‘

do_1((01 ¢ o ¢ 0 0 q
#-5((00)(3.5)-(5 &) (15)) o

which reduces to the correct classical limit

d 1
Zg. == [o2, 0], (classical) (5.32)
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Figure 5.2: q = 1 Figure 5.3: ¢ = 0.7

as ¢ — 1. Plugging the hamiltonian H into the matrix time evolution equation in
the Heisenberg picture,

dx 1 0 ¢ q% 0 q% 0 01
dt_ih((IO)X(O q-%) (0 g} X q 0))° (5.33)

gives incidentally

— =0, (5.34)

i.e. energy is conserved in our toy model.

5.4.1 Time Evolution and Mixing

It is instructive to look at an actual computation of the evolution of a system that is
in an eigenstate |4+ > of o, at t = 0; the corresponding density matrix

po = ( (1) 8 ) (initial pure state) (5.35)
is that of a pure state (tr(p) = tr(p?) = 1). Interesting are the eigenvalues p;,p; of
p(t) as a function of time. They are the probabilities of the respective pure states
in the mixture. For ¢ = 1 (Fig. 5.2) nothing much happens, but for eg. ¢ =
V0.7 = 0.5 (Fig. 5.3) the system oscillates between a pure and a partially mixed
state. A behavior like that does not appear in ordinary quantum case and opens
up interesting possibilities for, say in the present case, a phenomenological quantum
mechanical description of just one part of a coupled system. Here we do not want to
plunge too deep into possible interpretations but would just like to point out some
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new phenomena that appear when laws of physics are deformed. Just out of curiousity
let us find the g for which the system becomes totally mixed. Plotting p;, against

q (Fig. 5.4) at fixed time t =~ 1.9" we find geriticst = 1/1/3; see also Fig. 5.5. The
significance of this number is unknown.

5.4.2 Stable State

An interesting question is whether there exists a stable (mixed) state that is invariant
under the deformed time evolution. This is indeed the case and has to do with the
square of the antipode: The square of the antipode is an inner automorphism in
U,(su(2)) implemented by elements u and v = §(u) via conjugation [28]

S5*(z) = uzu™! = v lzw, Vz € U,(su(2)). (5.36)
Let us try v as a density operator:

v(t) = (7(2)1)5((7(1))

= ‘052(0(2))5(0(1))

b 37
= ve(U) (5.37)
= V.

Thus v has the desired properties. Its 2-dimensional matrix representation

1 ¢ 0
— 38
’ 1+q2( 0 1) (5:38)

1This value was found by iteration.
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looks like a thermal state for a hamiltonian with dominant part proportional to o,,
i.e.
H = A0, + Doos, A > Ao’, (5.39)

and suggests
¢ =exp(—A1/kT),  q€(0,1]. (5.40)

Higher matrix representations of v give additional support for this hypothesis:

¢ 00 10 0
3-dim: vx| 0 ¢* 0 |, =100 0 [; e.t.c. (5.41)
0 01 00 -1

10r: Time average of Ag = 0.
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Part 11

Differential Geometry on
Quantum Spaces
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Chapter 6

Quantum Spaces

6.1 Quantum Planes

A classical plane can be fully described by the commutative algebra of (coordinate)
functions over it. This algebra is typically covariant under the action of some sym-
metry group, and derivatives on it satisfy an undeformed product rule. A quantum
plane in contrast to this is covariant under a quantum group whose non-commutative
algebra of functions A also forces the algebra of functions on the g-plane Fun(M,) to
seize to commute. The transformations of Fun(M,) and of the dual algebra of quan-
tum derivatives 7 (M,) is most easily described in terms of .A-coactions on coordinate
functions and partial derivatives

Aart = ' ® St (6.1)
A48 = 8;® S, (6.2)
which we sometimes write in short matrix form as
r — t7l.z, (6.3)
4 — 09-5%. (6.4)

Remark: The “S” was inserted here to make these transformations right coactions,
the S? is needed for covariance (see below).

Remark: One can use t’; in place of St';. Then £ — z -t and & — St - §. The choice
is purely conventional.

6.1.1 Product Rule for Quantum Planes

Having made the ring of functions non-commutative, we must now also modify the
product rule in order to retain covariant equations. We make the following ansatz
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(see [22))

B;x" = a,'(.‘l.‘k) + L.‘j(l‘k)aj, (65)
where §;(z*) = 6 and L’ is a linear operator that describes the braiding of 8; as
it moves through z*. In place of the coordinate function z* one could write any
other function in Fun(M,;) and in particular (formal) power series in the coordinate
functions. When we consider products of coordinate functions we immediately see
that L satisfies

Li(zy) = Li(=)LP W), L) =¥, (6.6)

which can be reinterpreted in Hopf algebra language as AL = L®L and ¢(L) = I;
SL = L~ follows naturally. We are hence let to believe that L should belong to
some Hopf algebra, the Braiding Hopf Algebra. In the case of linear quantum groups
L is for instance an element of the quasitriangular Hopf algebra U of the quantum
symmetry group. Considering multiple derivatives gives additional conditions that
can be summarized by requiring that

ulb8;, = L7 ® 0; (6.7)
be a Hopf algebra coaction, i.e.
ulA(80) = uA(BWA(T), (dRuAWA = (AR dul, (c@d)yA=d. (6.8)

For arbitrary functions f and derivatives 9 we find a generalized product rule

8f =8(f) + 8 (f)Ba), (6.9)

where y A0 = 0,:®0,. Covariance of the product rule (6.5) under coactions is expected
to give strong conditions on L.

Remark: The formula for the product rule (6.5) was inspired by the form of the
multiplication of two elements £, ¢ in the cross product algebra AU

€6 = ¢ < b1, > £, (6.10)
where A4(¢) = ) ® ¢ and yA(€) = & ® &, (see chapter 2).

6.1.2 Covariance of: 8;f = 6;(f) + L (f)0;

We need to use an inductive approach: We start by requiring that

AAB(c") = Aabi(Aazd).  (anchor) (6.11)
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This is in fact satisfied, because we already have A z? = z! @ StJ; and iff A49; =
8 ® S*'; then: Au8i(Aaz?) = Gi(z') @ SHk.St| = 6L @ Stk St/ = 6 ® 1, in
agreement with A4(8i(z7)) = A4(8!) = 6, & 1. That was the anchor; now the
induction to higher powers in the coordinate functions: Assume that the action of §;
on f is covariant.

A4(Bi(f)) = AuBi(ALS), (6.12)
where f is a function of the coordinate functions z'. Try to proof covariance of the
8;—f commutation relation, i.e.

(6.12) = AA(Bif) = A(8:)-Au(f).  (induction) (6.13)
After some computation we find
AL (N1 @ S*y) = L(fM) © S* &, (6.14)

where A4(f) = fM ® f@'. This simplifies further if we know how L; acts on f.
If the braiding Hopf algebra acts like the covariance quantum group, then L7 (f) =
O <L f' > LJ € A* and (6.14) becomes

(L (fO) %k, — SISO @ f0) =0, (6.15)

-~

where = : AU — AxU is the projector onto right-invariant vector fields: Z =
S-1(z®)zM with Au(z) = 2 ® 2@, such that LF(f@') = < L, f@ > @)
This is satisfied if

Li(a)S%*; = S*;Li*(a), Va€ A (6.16)
(The reverse is true only if A is generated by [St';] — or [t';], if the choose the con-
vention A 4(z) = z-t.) In the case where the braiding Hopf algebra is quasitriangular,
there are (exactly) two natural choices

_ -1 = U @«
LJ_,“{S L~ =<R,S%,;@d>

, . 6.
S'IL""J' =< R,Ud® St'j > ( 17)

that satisfy the above equation and all other requirements (coproduct, e.t.c.).
For the Wess-Zumino quantum plane [22] the action of L on the coordinate func-

tions is linear and of first degree in those functions, so we can use the coaction A4

to express it:

ri

(r-l)jk“ml

in perfect agreement with [22]. (The overall multiplicative constant ( -;-) is not fixed

Li(z*) =< L7, StF > ¢! { (6.18)

by covariance considerations but is given by the characteristic equation of # and the
requirement that C*i;; =< L;*, St¥; > should have an eigenvalue —1.)
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6.2 Quantum Groups

A quantum group is a quantum plane covariant under itself. However, it has more
structure and the coactions A4 and yyA are now completely determined by the mul-
tiplication in &/ and A: Let ¢ € AxlU and A¢ = ¢ @ ¢(¥)'; then

L£()=x"% ¢=x0dSxm =" <x,8? >,  Vxeu (6.19)

determines A 4. The coaction yA is simply the coproduct A : &/ — U @ U, so that
the product rule becomes

za = a(1) < Z(1),4(2) > Z(a), (6.20)

where z € U, a € A. This defines the multiplicative structure in the so called cross
product algebra [60] AxU. Interestingly, equation (6.18) does not apply in the case
of a quantum group: In that case t is replaced by the adjoint representation T and
L becomes O, a part in the coproduct of the basic generators. Not all elements of
T are linearly independent. There is a trivial partial sum T0% ) = 1§(); the same
sum for O, O ) =: ¥, is in general non-trivial thus leading to a contradiction.
An explanation for this is that quantum groups have more structure than quantum
planes. They already contain an intrinsic braiding and do not leave any freedom for
external input such as R in equation (6.18); the product rule is in fact automatically
covariant by the construction of the cross product algebra. There are, however, some
indications that O and T might be related to a universal R that lives in the sub-Hopf
algebra of A generated by the elements of T

From the discussion of the quantum planes we would like to keep the idea of a
finite number of so-called bicovariant generators x; that close under adjoint action
xi b x; = xxfi¥; and span an invariant subspace of U, i.e. Aux; = xk ® T*;. We call
quantum groups with such generators Quantum Lie Algebras. In following section
we will give more precise definitions of quantum Lie algebras.
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Chapter 7

Cartan Calculus

7.0.1 Cartan Identity

The central idea behind Connes Universal Calculus [2] in the context of non-commu-
tative geometry was to retain from the classical differential geometry the nilpotency
of d

d’*=0 (7.1)

and the undeformed Leibniz rule for d*
da =d(a) + (—1)Pad (7.2)

for any p-formm a. The exterior derivative d is a scalar making this equation hard
to deform, except for a possible multiplicative constant in the second term. Here
we want to base the construction of a differential calculus on quantum groups on
two additional classical formulas: to extend the definition of a Lie derivative from
functions and vector fields to forms we postulate

£Lod=dok; (7.3)

this is essential for a geometrical interpretation along the lines of chapter 4. The
second formula that we can — somewhat surprisingly — keep undeformed in the
quantum case is originally due to Henri Cartan

£ = i, d +diy,, (Cartan Identity) (7.4)

*We use parentheses to delimit operations like d, ; and £, eg da= d(a) + ad. However, if
the limit of the operation is clear from the context, we will suppress the parenthetes, e.g. d(izda) =

d(iz(d(a)))-
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where x; are the generators of some quantum Lie algebra. The only possibility to
deform this equation and not violate its covariance is to introduce multiplicative
deformation parameters x, )\ for the two terms on the right hand side of (7.4) such
that now £,, = kt,,d + Adt,,. For a function a € A that gives

L. (a) = kiy, (da)
(24, vanishes on functions), for da we find
£,.(da) = (i, (da))
and finally together
£,,(da) = 2d(£y,(a)),

in contrast to (7.3) unless 2 = 1, in which case we can easily absorb either x or A
into 2. Being now (hopefully) convinced of our two basic equations (7.3) and (7.4)
we want to turn to the generators x; next.

Several discussions with P. Aschieri helped clarifying the relation between the material
presented in the next section and Woronowicz's theory.

7.1 Quantum Lie Algebras

A quantum Lie algebra is a Hopf algebra U with a finite-dimensional biinvariant sub
vector space T, spanned by generators {x;} with coproduct

Axi=xi ®1+ 0/ ®x;. (1.5)

More precisely we will call this a quantumn Lie algebra of type II. Let {w’ € 7,*} be
a dual basis of 1-forms corresponding to a set of functions &’ € A via w’ = Sb{l)db{ﬂ;
e

AA(x:) = 1®xi,

Aalxi) = x;®T%, T €Fun(G,), (7.6)
(W) = —<x:, SV >=§, (7.7)
AAW) = 194, (7.8)
Asw') = S QSTIT. (7.9)

If the functions b also close under adjoint coaction A44(b) = & @ S~1T";, we will
call the corresponding quantum Lie algebra one of type I. Getting a little ahead of
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ourself’s let us mention that we can derive an expression for the exterior derivative
of a function from the Cartan identity (7.4) in terms of these bases

d(a) = w'(xi b a) = w' £, (a) (7.10)
and that this leads to the following f — w commutation relations [21]

fu' = (0; b f). (7.11)

7.1.1 Generators, Metrics and the Pure Braid Group

How does one practically go about finding the basis of generators {x;} and the set of
functions {b'} that define the basis of 1-forms {w'}? Here we would like to present a
method that utilizes pure braid group elements as introduced in the first part of this

thesis.
Let us recall that a pure braid element T is an element of U®U that commutes

with all coproducts of elements of i/, i.e.
TA(y) = Ay)T, VyelU. (7.12)

T maps elements of A to elements of i with special transformation properties under

the right coaction:

T:A-=U: b Ty=<T,b@d>;

. . 7.13
AA(Ts) = Yo ® S(by)b) =< T ® id, r2(A%(5) @ ) > . (7.13)

An element T of the pure braid group defines furthermore a bilinear quadratic form

on A
(, ):AQA—k: a®br (a,b)=-<T,a® S(b) >€ k, (7.14)

with respect to which we can construct orthonormal (b, ') = &/ bases {b;} and {b'} of
functions that in turn will define generators x; := Yy, and 1-forms w’ := § (bfl))db{”.
Typically one can choose span{b;} = span{¥’}; then one starts by constructing one
set, say {b;}, of functions that close under adjoint coaction

A% = b; @ TV, (7.15)

If the numerical matrix

nij = —<T,b;®Sb; > (metric) (7.16)
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is invertible, i.e. det(n) # 0, then we can use its inverse n*/ := (n7!);; to raise indices
b = bn’. (7.17)

This metric is invariant — or T is orthogonal — in the sense

ni = —< SXj’bi >
- _ , k L,
<SXJ,bk>S;T ,:.I‘, (7.18)
= — < xk,Sb >T*T
= nuT*TY,
where we have used the Hopf algebraic identity
< Ba(x),Sa®@d >=S(< Sx ® d,8%%a) >), (7.19)

which we will proof in an appendix to this section. Once we have obtained a metric
n, we can truncate the pure braid element T and work instead with:

T = Torune = —S(x:) ® X' = —S(x:) ® x;7”, (truncated pure braid element)
(7.20)
which also commutes with all coproducts. In part I of these thesis we have shown
how to construct casimir operators from elements of the pure braid group. For the
truncated pure braid element that gives the quadratic casimir:

[-070(S7' @ ©))(Terune) = 77 X;Xi- (casimir) (7.21)

Now we would like to show that we have actually obtained a quantum Lie algebra of
type I:t

— <Xy S >=—<T,b:; ®SH >= — < T,b; ® Sb > 9™ =y =6, (7.22)

Ba(Xi) = Toq ® S(bigy)bigs) = T, @ T = x; ® T% (7.23)

and

AA(b) = A (b = b @ T ;% = b @ M Ty = bF @ ST, (7.24)

tNote, that T has to be carefully chosen to insure the correct number of generators. Furthermore,
we still have to check the coproduct of the generators. If they are not of the form Ax; = x; ® 1 +
O ® x; then we can still consider a calculus with deformed Leibniz rule (see next section).
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Examples

The r-matrix approach: Often one can take b; €span{t",,}, where t",, is a quan-
tum matrix in the defining representation of the quantum group under consideration.
If we are dealing with a quasitriangular Hopf algebra, a natural choice for the pure

braid element is

T, = % (1@1-R¥RY), (7.25)

where the term R?'R'? has been introduced and extensively studied by Reshetikhin &
Semenov-Tian-Shansky [43) and later by Jurco [44], Majid [59] and Schupp, Watts &
Zumino [60]. These choices of b;s and T lead to the r-matrix approach to differential
geometry on quantum groups. The metric is

n=—< X],Stg >= -/1\- ([(‘rn-l)t2 (rlth)_l]tz - 1) s (7.26)

where X =< T,,t; ® ¥ > and r2 =< R,t; ® t; >. In the case of GL,;(2) we find?

g~ 0 0 0
0 0 ¢t' O
0 ¢ 0 O
0 0 0 ¢

- (1.27)

NaLg@ = —

Now we will evaluate the metric in the case of GL,(n). The f-matrix of GL4(n)
satisfies a characteristic equation '

P —A—-1=0 (7.28)
which we can use in the form
7‘;11 = T2 — /\Plz, (7.29)
where Piiy = §i8] is the permutation matrix, to replace (r3;)% in equation (7.26).
That gives
m2 = —(Pu"((re?)™))"?
= —tra(Pu(res)"?) Pra (7.30)
= —Dgplg.

#In its reduced form, this matrix agrees [41] with a metric obtained along more standard lines
from quantum traces (except perhaps in the casimir sector X!, + ¢~2X?%;). The formulation in
terms of the pure braid element has the great advantage that it does not require the existence of an
element like u that implements the square of the antipode.
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In the last step we have used
D =<u,t >=tr, (P(r'?)™), (7.31)

where u = (S®ud)R?! is the element of U that implements the square of the antipode.
With the explicit formula (92 = —D,P;;) for the metric we immediately find an
expression [60] for the exterior derivative d on functions in terms of X and the
Maurer-Cartan form Q = ¢~1dt:

d = —te(D71QX). (on functions) (7.32)

The pure braid approach to the construction of quantum Lie algebras is however
particularly important in cases (like the 2-dim quantum euclidean group) where there
is no quasitriangular Hopf algebra and where the b;s are not given by the elements of

i,
ti;.

The 2-dim quantum euclidean group is an example of a quantum Lie algebra
that has no universal R and where the set of functions {b;} does not arise from the
matrix elements of some quantum matrix. In section 4.1.4 we constructed such a set
of functions

b = (e —1)%, by =-—me®m, by =—(e—1)m, b. =g’ - 1)em, (7.33)
and a pure braid element

1
Te={PP.® 7 - 1)+ Prg  ®¢’P-+ P-g7 ®¢’Py + ¢ @ PP} (7.34)

by hand. Now we can put the new machinery to work and calculate the (invertible)

metric
01 O 0
10 O 0
= , 35
00 —q%2 0
which immediately gives an expression for d on functions:
d = wox1 + Wi1Xo — Q2w X= — W_X4. (7.36)
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7.1.2 Various Types of Quantum Lie Algebras

The functions ¢/ := —Sb’ play the role of coordinate functions their span{c’} =: Rt
is the vector space dual to the quantum tangent space 7, such that

leT, 0Tt = U

1&Rt®oR = A (7.37)

as vector spaces, with®
<7, R>=0, <T,' Rt >=0. (7.38)

Let RL =span{b'} and R be the spaces obtained from R and R by application of
S5~ on all of their elements. In the following we will state various desirable properties
that different kinds of quantum Lie algebras might have; we will comment on their
significance and we will derive the corresponding expressions in the dual space. The
proofs are given in an appendix to this section.

i) ATL,CT,0A & AMRCR®A (7.39)

The left hand side states the right invariance of 7, which is important for the covari-
ance of the cartan identity (7.4) and the invariance of the realization (7.10) of d. The
right hand side is essential to Woronowicz’s formulation of the differential calculus
because it allows to consistently set wg = 0.

i) ‘AT, CU®(T,®1) <& AR=R (7.40)

The left hand side is necessary to ensure the existence of f —w commutation relations
that are consistent with an undeformed Leibniz rule for d. It also implies a quadratic
quantum commutator for the x;:

ad ~
Xi B Xt = £, (1) = X6Xc (658 — B®u) = Xa < Xk T >= Xafits (7.41)

where
}}cbkg =< Okb,Tcl > (7.42)

is the so-called “big R-matrix”. If i7) is not satisfied we have the choice of giving
up the f — w commutation relations, so that the algebra of forms A is only a left
A-module, or we can try a generalized Leibniz rule for d. The right hand side of the
equation is equivalent to RA = R and states that R is a right A-ideal; it is the second

SWe write here vector spaces in place of their elements in an obvious notation.
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fundamental ingredient of Woronowicz's theory. If the Leibniz rule is satisfied then
i1) follows from w, =0 =>r € BE®l:Letac A, then

wra = S(a))S(ra))d(r@aw) = S(ap))wra) + e(r)w, =0, (7.43)
e(ra) = ¢(r)e(a) = 0 and hence ra € R. AR = R is in agreement with the intuitive
picture that the ideal R is spanned by polynomials in the ¢’ of order 2 or higher, i.e.
span{e;} ~ {1,¢,c'¢%,. . .}.

i) AYRLICRI®A & ATPCT oA (7.44)
The right hand side keeps us out of trouble with covariance when we set "T 1+ =0. The

left hand side is a sufficient condition for A4(7;*) C 7;* ® A. Quantum Lle algebras
that satisfy ¢77) have particular nice properties in connection with pure braid elements
and a (Killing) metric. That merits a special name for them:

Quantum Lie Algebra of type I : 7),it),i27)
Quantum Lie Algebra of type II: 7),i1)
We will mainly be dealing with type I, in fact, all examples of quantum group calculi

known to me are of this type. Quantum Lie algebras of type II are mathematically
equivalent to Woronowicz’s [21] theory.

iw) AR'CAQ(R*e®1) & Uttt =1t (7.45)
The LHS enables us to define partial derivatives instead of left-invariant ones: It
implies Ac' = M¥; ® &9 + ¢ ® 1 with AM = M®M, SM = M~!, ¢(M) = I and
then xic' = M’y + M!; < O)l,&8 > x1 + c*xx, such that 8, := S~IM*, x; gives a
commutation relation
Onc* = & + (S_lenMij <O, d > M™ + S_le,,ciMmk) Om (7.46)
worthy of a partial derivative. (In the case of GL,(n) we can use (7.30) to show
that c™? = (D~ Stkm, M (""‘)(,-j) = St"méJ'-‘, and 9j) = thX "j.) The exterior
derivative (on functions) becomes
d =w'x; = d()S~ (M )M™;8, = d(c")B,. (7.47)
v) AR'c(Rleol)oA & Tiu=1" (7.48)
This and i?) imply quadratic x — ¢ commutation relations that close in terms of the
elements of 7; and R'. The right hand sides of iv) and v) state that T, is a left
(right) U-ideal, which supports the picture of a Poincare-Birkhoff-deWitt type basis
for U in terms of the x;, i.e. {1, xi,XiX;,-..}. Here and in the discussion following i1)
we have to be careful though with higher order conditions on the generators.
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7.1.3 Universal Calculus

Given (infinite) linear bases {e;} of U/ and {fi} of A we can always construct new
counit-free elements & := e; — le(e;) and fi := fi — 1e(f*) that span (infinite) spaces
T, and R respectively satisfying properties i) through v); in fact 1 ®7;* = U and
1@ RL* = A as vector spaces. The f —w commutation relations, however, become
trivial in that they are equivalent to the Leibniz rule for §Y; we are hence dealing with
a Connes type calculus [7], a “Universal Calculus on Hopf Algebras”. It is interesting
to see what happens to the formula for the partial derivatives in this limit:

A Subbialgebra and the Vacuum Projection Operator

To simplify notation we will assume that the infinite bases of U and A have been
arranged in such a way that ep = 1y, f° = 14 and ¢;, f' with e(e;) = e(f*) = 0 for
i=1,...,00 span T, and R' respectively. Greek indices a,f,... will run from 0
to co whereas Roman indices ¢, J, k,... will only take on values from 1 to oo unless
otherwise stated. A short calculation gives

Af=MYw®f+[®1, Mi=fh<ewfiy> (7.49)

and
AM = MQM, S(M) = M, e(M) = 1. (7.50)

Using the definition from the previous section we will now write down partial deriva-
tives

8, = S7YM' e, (1>1Y) (7.51)

which take on a peculiar form when using the explicit expression for M

o, = S"l(f(ll)) < en,f(lz) > e

S'l(f(‘{)) < en f3) > €a

S-l(fa) < emfﬁ > eqg (7‘52)
S f*)eatn

= Fe,,

where we have introduced the “vacuum projector” E in the last step. It was first
discovered (quite accidently) in collaboration with C. Chryssomalakos [46] and has

¥To distinguish this calculus from quantum Lie algebras we use the symbol § inst~-~ ~¢ -* #r the
exterior derivative
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interesting properties like

Ea = E¢(a), a € A, (7.53)
zE = FEe(z), z €U, (7.54)
E? = E. (7.55)

Prof. B. Zumino [7) pointed out that the classical expression of E is related to a
Taylor expansion. Note also that

E=56-1. (7.56)
As expected we can express § on functions in terms of partial derivatives

5(f) = 8(SHa:(f)- (7.57)

The partial derivatives are of course no longer left invariant, but it turns out that we
can actually define a coproduct for them making the space EU = {Ey;y € U} C AxU
a unital bialgebra. Inspired by

Eyf =<yu), f > Eye) = (Eya)(f)Eye) (7.58)
we define
AE(Ey) = Ey(l) ® Ey(g), EE(Ey) = e(y), lg=EFE, (7.59)

in consistency with the axioms for a bialgebra. EU is however not a Hopf algebra
because it does not have an antipode — at least not with respect to the multiplication
in AXMU — so EU might be of use as an example of a quantumn plane.

Quantum Lie Algebras in a Universal Calculus

If the span 7T,*of the generators {e,]a = 1,...,00} of the universal calculus contains
a finite dimensional subspace, 7; spanned by {x:|t = 1,..., N}, that satisfies axioms
i) and it) then one may ask how to obtain the finite calculus from the infinite one.
Let 8 be the exterior derivative of the universal calculus and d the exterior derivative
of the finite calculus. One might be tempted to try an ansatz like

§=d+dt, (7.60)

where § = w®e, and d = w'y; on functions. This equation is covariant if axiom ii1) is
also satisfied, but we run into problems with the f —w commutation relations. From
the Leibniz rule for § we obtain

fu' =0 (f) +w O, (f), i=1,...,N; r=N+1,...,00, (7.61)
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i.e. the f —w commutation relations do not close within the finite calculus. So unless
one decides to do without a bicovariant calculus we have to make the second term
vanish. The naive choice is to try and set © equal to zero. This could be nicely
expressed in terms of another axiom

AT cUue (Tt ol) & AR' = R*,

but the right hand side neither has a classical limit nor does it lend itself to a de-
scription of A in terms of a Poincare-Birkhoff-deWitt basis. The only choice left is
to set the forms w" corresponding to functions in R (recall: < Ty, R >= 0) equal to
zero. Following Woronowicz’s approach we hence set

wrp=0 = 6 —d. (7.62)

Deformed Leibniz Rule?

Here we want to briefly mention what might happen if axiom i) is not satisfied. We
will still have wr = 0 in consistency with axiom ¢) but the generators x; now have
coproducts

AXi=Xi®1+Oij®Xj+eir®era i1j=1a"')N; T=N+1,..-,OO (7'63)

that do not close in U @ (7, ® 1). After some thought we can convince ourselfs that
we should use f — w commutation relation

Ju' =B (f), (7.64)

with a braiding matrix B;* € U that satisfies A(B) = B®B, S(B) = B, ¢(B) = 1
and a bicovariance condi‘’ion for all f € A

T, BX(f) = B} (f)T*, (7.65)

where T is the adjoint representation. We will then need to change the Leibniz rule
for d to

df = d(f) + (SB'0f) b fukx; + (SB'O") b fulke,. (7.66)
This is a fully bicovariant first order differential calculus with a deformed Leibniz

rule. It might be of use in reducing the number of forms in quantum calculi to the
classical number.

Appendix

Here we will give fairly detailed proofs of propositions ¢) and i7) and symbolic proofs
of the related propositions #i:) through v).
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Proof of i). We start by proofing a lemma about the relation of coactions in U
and A:

S-1 (m"")') < a:“), Sa > S“‘(x(z)')S(a(g)) < (D(l), Sd(]) > a(a)

5~} (z@)2(Sag)ae)

= #(Saw)aq) @)
= <=z,8ag > Sapag. O
Another useful identity:
<z®, f > =<z, fo > fyS(fm), Vz €U, fEA. (7.68)
1) “=": Assume A4T, C T,® A, thenfor Vz € T,, S(a) € R
0=<zM,Sa > 8@ =< z,5a(3) > S(ag))a), (7.69)

so that Sd(g) ®S(a(1))a(3) C(R®1)® A, but 6(50(2))5(0(1))0(3) = e(Sa) = 0 and
hence Sa(g) ® S(a(1))a(3) CR®A, or

£%(a) = a) ® S(ag)ay C R@ A O (7.70)
1) “«": Assume A4 R c R® A, then again for Vz € T,, ac€ R
0 =< z,S5a¢3) > S(aq))a@E) =< z(l), Sa > S_lm(z)', (7.71)

so that (0 ® S~z C (T, ® 1) ® A; with 0 =< z,1 >=< z(,1 > z(®' from (7.68)
that gives z() @ S~z(?' ¢ T, ® A and also

Aar=2M@sd cT,® A O (7.72)
Proof of i1).

1) “=3": Foralz€T,,a€ Aandr € R assume Az e Y @ (T, ® 1), then
< z,ar >=< Az,a®@r >=0, (7.73)
which implies ar € (R & 1) or, taking into account that e(ar) = e(a)e(r) =0,

er€eR. O (7.74)
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i1) “4=":  Assume that for all z € 75, r € R there exists a 7' € R such that
r’ = ar; then we find

0 =< z,r >=< z,ar >=< Az,a®@r > (7.75)
which can be restated as

AzeU® (T,®1). O (7.76)

Symbolic proof of iti).

0=<T,*@ud,(S®d) o ARL >=< (d® S ) 0o AT, SRL®d> (1.77)

Symbolic proof of iv).
0=< R Tt >=< RY UT' >=< ARLURT  >=< AQ(R* D 1), U T >
(7.78)

Symbolic proof of v).

0=< RYL, Tt >=< R T U >=< AR', T QU >=< (R G 1) ® A, T, QU >
(7.79)

7.2 Calculus of Functions, Vector Fields
and Forms

The purpose of this section is to generalize the Cartan calculus of ordinary commu-
tative differential geometry to the case of quantum Lie algebras. As in the classical
case, the Lie derivative of a function is given by the action of the corresponding vector

field, i.e.
£(a) =zba=ag) < z,a0) >,

7.80
.E,,.a = a) < I(1),0(2) > ‘Er(a)' ( )

The action on products is given through the coproduct of z
x> ab = (z() b a)(z) > b). (7.81)

The Lie derivative along t of an element y € U is given by the adjoint action in U:
ad
La(y) =z y =za0yS(rq). (7.82)
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To find the action of i,, we can now attempt to use the Cartan identity (7.4)!

xiva = £y(a)

= iy (da) + d(iya) (7:89)

As the inner derivation i,, contracts 1-forms and is zero on 0-forms like a, we find
‘i,“ (da) =Xiba=aq) < Xia@) > . (784)

Ar equation like this could not be true for any € U because from the Leibniz rule
for d we have d(1) = d(1-1) = d(1)1 + 1d(1) = 2d(I) and any i that gives a
non-zero result upon contracting d(1) will hence lead to a contradiction. From (7.84)
we see that the troublemakers would be z € U with ¢(z) # 0, but as ¢(x;) = 0 we
have nothing to worry about. Without loss of generality we can now set

d(1)=0 and ¢, =0. (7.85)
Next consider for any form o

£y(da) = d(iyda) + iy (dda)

= d(£y0) +0, (7.86)

which shows that Lie derivatives commute with the exterior derivative; £,,d = d.£,,.
We will later need to extend this equation to all elements of U:;

£.d=d£,. (7.87)
From this and (7.80) we find
.£,d(a) = d(a(l)) <Za),a@a) > -63(9). (7.88)

To find the complete commutation relations of 4,, with functions and forms rather
than just its action on them, we next compute the action of £, on a product of
functions a, b€ A
£y(ab) = iyd(ad)
= i (d(a)b+ ad(b))

and compare with equation (7.81). Recalling that the x; have coproducts of the form

(7.89)

Axi=xi®1+07® X O/ elU, (7.90)

IThe idea is to use this identity as long as it is consistent and modify it if needed.
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we obtain ,
iwa = (07pa)iy;

. 7.91
= ‘£Oif(a) Txss ( )
if we assume that the commutation relation of i,; with d(a) is of the general form
iy, d(a) = i,,(da) +“braiding term” - 1, . (7.92)
A
€

A calculation of £,,(d(a)d(b)) along similar lines gives in fact

iy, d(a) = (xiba)— d(0y v a) iy

= i(de) — £o,(da) iy, (7.9)

and we propose for any p-form a:
i@ = iy, (0) + (=1)P Lo, (@) iy, (7.94)

Missing in our list are commutation relations of Lie derivatives with vector fields
and inner derivations. It was shown earlier in chapter 2 that the product in I/ can be
expressed in terms of a right coaction A4 : U — U ® A, denoted Ax(y) = yV @ y@',
such that zy = y(V) < Ty, y@ > z(z). In the context of (7.82), this gives

£:(y) = cyS(ze) =y <z,y® >, (7.95)
£.£, = £-£r(1) ) "6-"’(2) = "Ey(‘) < Z(), y@ > ‘£“’(2)' (7.96)

For the special case x;, x; € 7, that becomes
£Xi‘£Xk = ‘£x.'(£x:¢) + £Oef(°£x:¢)£x1

A 7.97
= '£xafilk+ £><a£xoRabik ( )
and — using the Cartan identity —
£X|'iXk = '.£x-' (IiXk) + £0ij£i);k )iXJ‘ (7.98)
= U fi'k+ "x.:‘exaRa iky
where
Rab,'k =< O,'b,Tak > . (7.99)
7.2.1 Maurer-Cartan Forms
The most general left-invariant 1-form can be written [21]
wp 1= S(b(l))d(b(g)) = —d(Sb(l))b(g) (7.100)

90



(left-invariance: AA(wb) = S(b(g))b(:;) ® S(b(l))d(b(4)) =1Q® wb), (7.101)
corresponding to a function b € A. If this function happens to be tx, where t €
M.,,(A) is an m x m matrix representation of f with A(t'x) =t'; ® t/x and S(t) =t71,
we obtain the well-known Cartan-Maurer form w; = ¢t~'d(¢) =: Q. Here is a nice
formula for the exterior derivative of wy:

d(ws) = d(Sbn))d(be)
= d(S5b0))b)S (b)) d(bea)) (7.102)
= TWhyyWhy -
The Lie derivative is
£x(wb) = "£X(1)(Sb(1))‘£X(2)(db(2))
< x()» S(bwy) > S(bz))d(bm) < x(2), by >
Wy < X S(b(1))ba) >
< X(1),$(bm) > wWagy < X(2)b(3) > -

(7.103)

Il

For x = xi and b = t*,, this becomes a quantum commutator:

£.() = <xi,St>Q+<07,5t> Q< S x;, St >
= < xi,St>N—<0,5t> - < S0;%,5t>- < xx, St > (7.104)
= < xi,St> Q— -Eol.k(ﬂ)' < Xk, St >

and, if we denote a {t-matrix representation for the moment by “~”,

L£t)=x%-1t-0-t-07 - g=:[%,1,. (7.105)

The contraction of left-invariant forms with 2, — i.e. by a left-invariant x € U —
gives a number in the field k rather than a function in A as was the case for d(a).
(The result must be a number because the only invariant function is 1.)

ix(wp) = ix(—d(5b0))b2))
= ——ix(dSb(l))b(g)

= — < x,S(bay) > S(bz))bz)
= —< X S(b) >.

(7.106)

As an exercise and to check consistency we will compute the same expression in a
different way:

iy (ws) = 2 (Sbayd(b))

< 0:4,8(br)) > S(b(z))ix; (dbzy)

< 07,8(by) > S(b2))be) < X;»ba) > (7.107)
< O,'j,S(b(l)) >< Xj,b(z) >

= —<XxiS(b)>.

il
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The Exterior Derivative on Functions

We would like to express the exterior derivative of a function f in terms of the basis of
1-forms {w'} with functional coefficients. There are two natural ansitze: d(f) = w’a;
and d(f) = bjw’ with appropriate a;,b; € A. Applying the Cartan identity (7.4) to
f we find

£yi(f) = ai = £o,i (b)),

giving two alternate expressions for d(f) :
d(f) =wj£)<j(f) = ‘£ij(f)wj- (7'108)

The Woronowicz and Castellani groups use the second expression, while we prefer
the first one because it allows us to write d as an operator w’y; on .A. An operator
expression just like this, but written in terms of partial derivatives, is at least clas-
sically valid on all forms. (For quantum planes that also holds [7]). Combining the

two expressions for d one easily derives the well-known f —w commutation relations
fo = £oi(f). (7.109)

The classical limit is given by O;' — 16}, so that forms commute with functions.

On the Invariance of d = wy;. Recall: Aj(w') = Wy, ® S(biy)blay =
-w® < Sx;, b(z) > S'b(l)b(a) Assuming A 4x; = x; ® TV; (axiom z)) we would like
to show

A a(wsi xi) = Wi, X. '® S(btl))b(s)Xz =w'xi®1, (7.110)
i.e. '
AulW) = w @ STY(TY)), (7.111)
or equivalently
= < Sxks by > S(by)big = =57 (< xi”, 55 > xi). (7.112)

This turns out to be a purely Hopf algebraic identity for any ¢ € U, a € A (see
equation 7.67):

S—l(x@)') < x(‘),Sa >= 1:,5(1(2) > Sa(l)a(a). (7.113)
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7.2.2 Tensor Product Realization of the Wedge

From (7.103) and (7.106) we find commutation relations for 3,, with w’,

ix&‘-‘-’j = 6g*£05*(“*i)i><k

4 . 7.114
= & —w" <Ok, SHT,) > iy, ( )

which can be used to define the wedge product A of forms as some kind of antisym-
metrized tensor product**: as in the classical case we make an ansatz for the product

of two forms in terms of tensor products
WAW =0 @uw — 6 w™ Qun, (7.115)

with as yet unknown numerical constants &Y mn € k, and define i,; to act on this

product by contracting in the first tensor product space, i.e.
by (W AWF) = Wk — 57% L 6mwn. (7.116)
But from (7.114) we already know how to compute this, namely

b (W AWF) = Elwk— £o.(w)8}

A ) 7.117
= flu*—wm < 0,8 (T7y) >, (-1

and by comparison we find
& =< Op?, S™HT',) >, (7.118)

or
VAW = G RW—<04,,5 N T,) >uwm @uw"
= (I —=6)Ypw™@u® (7.119)
= W Quw —w® Lo, i(w).
These equations can be used to obtain the (anti)commutation relations between the
w's; by using the characteristic equation for &, projection matrices orthogonal to
the antisymmetrizer I — & can be found, and these will annihilate w' A w’. The
resulting equations will determine how to commute the 1-forms. In some rare cases
the w —w commutation relations are of higher than second order. We are then forced
to consider orthogonal projectors to the operator W, introduced below. There is
another reason why we want to emphasize the tensor product realization of the wedge -
product rather than commutation relations given in terms of projection operators:
In the case of quantum groups in the A, B, C and D series & typically has one

**So far we have suppressed the A-symbol; to avoid confusion we will reinsert it in this paragraph.
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eigenvalue equal to 1, so there is exactly one projection operator Py [41] orthogonal
to (1—&), but while (1 — &) has a sensible classical limit — it becomes (1 — P) where
P is the permutation matrix — Fp, on the other hand might change discontinuously
as q reaches 1 if (1 — &) had other eigenvalues A; that become equal to 1 in that
limit because the corresponding projection operators P; will now all be orthogonal to
(1-P)=(1-5)

this problem in the case of SO4(3) was to impose additional conditions on the wedge

g=1" The approach of the group in Miinchen trying to circumvent
product “by hand”, requiring that all projection operators P; (see above) vanish on
it. In the present context we would have to simultaneously impose similar conditions
on products of inner derivations and check consistency of the resulting equations on
a case by case basis.

Example: Maurer-Cartan-Equation
dw = dwy = -w,; Aw,y
W= T T
—wS'I(Sb{I)bfs)) ® waz) o ,
- Qu < = Sxk, STH Sy bigy) >< ~Sx;,bj(2) >
—wk@uw < (S—.le)(I)XIS(S_IX};)(’Z)‘, S >

I

(7.120)

i

ad
S-lxp b xi
= -f,’jlwk R wh.

In the previous equation we have introduced the adjoint action of a left-invariant
vector field on another vector field. A short calculation gives

Sk B xi = xeXe(5580 — 5%k) = Xa < Sk, T >= Xa k" (7.121)
as compared to
Xk 5 x = £3.00) = xoxe(658° — B) = Xa < X0 T >= xafi®s  (7.122)
with Ry =< O?,T° >. The two sets of structure constants are related by
fift = —f{*Rx. (7.123)

Please see [61] for a detailed discussion of such structure constants.
Using the same method as for w we can also obtain a tensor product decomposition
of products of inner derivations

. . . . aii - .
Txm A Un = Uxm ® txn — O Jmnzx.' ) zxj ) (7.124)
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defined to act on 1-forms by contraction in the first tensor product space. This can
again be used to find (anti)commutation relations for the Zs via projection matrices
as mentioned above.

Remark: The tensor product decomposition of the wedge product is invariant under
linear changes of the {x;} basis, but it does depend on our choice of quantum tangent
bundle. With the extreme choice of & =span{e;} (viewed as a vector space) for
instance we get a Connes type “Universal Cartan Calculus”.

The “Anti-Wedge” Operator. Thereis actually an operator W that recursively
translates wedge products into the tensor product representation:

WAL T @AY, p2>1,

W(a) = w" ® iy, (a), (7.125)
for any p-form a. Two examples:
W AW* = W@ iy, (W A W)
= v ® (8t — Lom(e’)dh) 7.126)

= W Ruwf —w"® Lo k(W)
= W Quwr —w" @ wmsik,,,

and, after a little longer computation that uses W twice,

WIAWAW = W @® (wb A w€) —w® (w’ A wc)&ab;j

+w:‘ ® (wg /\wk)&“‘ 5'bclk

W Qub @t —w® @ w ®wkeby (7.127)
—wt ®w_7 ®wc~abu +w ®w_7 ®wkal-::]k0.ab1

+w ®wJ ®wka.al Ja.b " — w ® wg Ruw aantlabcnm&lmjk.

I

In some cases this expression can be further simplified with the help of the charac-
teristic equation of &.

7.2.3 Summary of Relations in the Cartan Calculus

Commutation Relations For any p-form a:

da = d(a)+(~1)’ad (7.128)
ixa = iyx(a)+ (=1)*Los (a)ix; (7.129)
‘Ex"a = '£x.' () + ’60.'5(0’)"8)(;' (7.130)
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Actions For any function f € A, 1-form wy; = S f(1)d f(2) and vector field ¢ € AxU:

ix.-(f) =0
i, (df) = dfy <xi fg) >
t(wy) = — <xi,5f>

L) = x(f) = foy <x fy >
Lywy) = wpg < xS fe >

L£y(8) = x09S(x()
Graded Quantum Lie Algebra of the Cartan Generators

dd = 0
df, = £.d
£y, = diy +1i,d
["cxn‘cm]q = £x;filk
[’anix*]q = ix;filk

The quantum commutator [, ], is here defined as follows

[.Cx.-,a]q = £,,0 - _{,’Oi,(g)ij.

(7.131)
(7.132)
(7.133)
(7.134)
(7.135)
(7.136)

(7.137)
(7.138)
(7.139)
(7.140)
(7.141)

(7.142)

This quantum Lie algebra becomes infinite dimensional as soon as we introduce deriva-

tives along general vector fields (see below).

7.2.4 Braided Cartan Calculus

There are several graphical representations of the relations that we derived in the pre-

vious sections. One that emphasizes the nature of differential operators is illustrated

here at the example of equation (7.130):

‘gx.'aﬁ = £ﬁﬁ B +£|x.' a j

- Lu@p + Losl@by §
= £x.-(a)ﬁ + £o‘,j(a)£Xj(:B)

There is another graphical representation that is special in as it shows that we are in
fact dealing with a graded and braided Lie algebra in the sense of [62]. Recall that in
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the braided setting the coproducts and antipodes of the generators {x;} take on the
classical linear form

Axi=xi®1+1®xi, Sxi = —xi (braided), (7.143)
while the multiplication of tensor products acquires braiding
(a®b) - (c®d)=a¥(b®c)d e WQRY,

described by a “braided-transposition”[62] operator Yyw : VW — W ® V. This
notation suggests that the braiding is of a symmetric nature with respect to the two
spaces V and W. In the present case it turns out to be more fruitful to assign all
braiding to the generators x; — or linear combinations of them — as they move
through various objects. The general braiding rule can be stated symbolically as

U: ;@0 £o,.,'(D) & X i, (7.144)

where x; could be part of an object like £ or 4. If x; is part of 1, i.e. of de-
gree -1, there will be an additional (—1)? grading, depending on the degree p of
O. Here is a summary of all braid relations involving Cartan generators: For O €
{£ > %, d, vector fields, forms, functions}

U: £, 00— £5,(0)® £y, (7.145)
for O € {d, vector fields, forms, functions}
Uiy, @0 (=1 £0,;(0) ® 3y, (7.146)
and finally
U:d®d— —-d®d. (7.147)

Let us now look at the graphical representation of the adjoint action (7.136) (x;,¢) —
£(8) = x:085(xi2)):

Xi ® ¢

xi®1+1®x:) ®¢
i®1+1®—x:) R

Xi®¢R1—-1® £0,i(4) ® x;
xid®1 — Lo,i () @ x;
xi¢ — £0.i(d)x;




(In the right column we have translated the various graphical manipulations into
their algebraic counterparts.) Taking this diagram as the definition of a braided (and
graded) commutator we can now express all Cartan relations in graphical form:

Lie derivatives. Note that £0,(d) = &/d because d is invariant.

£, o

A £y ® iy, £, od
(£ ®1+1® L£y) ®iy, (£ ®1+10 £y)®d
(£ ®@1+1® £y,) ® iy, (£ ®1+10 £_5) ®d
£Xi®iXk®l_—1®i£oij(Xk)®£Xj £Xn®d®1——1®6gd®£)ﬁ
°£XiiXk ®1- ‘('COij(iXk)” ® Ex,' £x.‘d ®1-d® £x.~
£X|'iXk - “£O.-f (iXk)”‘EXj Ex.-d - d£>a
[£an]q =ix:filk =0

The relation [fx.-, £ xx]q = £, f'x has a very similar picture, so we did not show it
here. '

Inner derivations. «is a p-form here.

% O
iy Qa iy, ®d
(( ®1+1®1y,) @« (3 ®1+1®iy)®d
(ix.‘®1+1®':-m)®a (ixs®1+1®i—x;)®d

i ®a®1 =18 (1) Lo,i(a) @iy, i, ®d®L+106d@ iy,

tua®1—(=1)P£o(a) @1, 1, d®1+d®ai,,
T O — (—1)p£oif(a)ix,' iy d + dty,
lixi D]q = iy () = £x.‘

Exterior derivative. Here we use that d is a derivation in the sense “A(d)” =
d®l+1Qd
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o
O

A d® o d®d
d®1+1®d)®a del+1ed)®d
d®1+1®-d)®a d®1+1®-d)®d
dea®1l-1®(-1)Pa®d d®d®1+1d®d
da®l—-(-1)Ya®d dd®l1+ded
da — (—-1)Pad 2dd

7.2.5 Lie Derivatives Along General Vector Fields

So far we have focused on Lie derivatives and inner derivations along left-invariant
vector fields, i.e. along elements of 7;. The classical theory allows functional co-
efficients, i.e. the vector fields need not be left-invariant. Here we may introduce
derivatives along elements in the Ax7; plane by the following set of equations valid
on forms: (note: ¢(x) = 0 for x € 7,)

ie = fix, (7.148)
.C,X = disy +i5,d, (7.149)
‘£!x = f'cx“l’d(f)ix’ (7.150)
£,d = dfy,. (7.151)

Equation (7.150) can be used to define Lie derivatives recursively on any form. There
does not seem to be a way to generalize (7.162), i.e. to introduce Lie derivatives of
vector fields along arbitrary elements of AxU or Ax7, in the quantum case. Excep-
tions are the right-invariant vector fields T € AxU, where

£o(¢) = Ey8S w),  for ¢ € AU (7.152)

7.3 TUniversal Cartan Calculus

The equations presented in this section were obtained in collaboration with P. Watts
starting directly from Hopf algebras without explicitly referring to any bases.
As we have already mentioned in the section on quantum Lie algebras, given (infinite)
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linear bases {e;} and {f*} of the Hopf algebras I and of A, we can always construct
new counit-free elements €; := e; — le(e;) and f‘ = f' — le(f') that span (infinite)
spaces 7,* and R1" respectively satisfying properties ¢) through v); in fact 17" = U
and 1@ R** = A as vector spaces. Using some Schmidt orthogonalization procedure
one can rearrange the infinite bases of i and A in such a way that e = 1, f© = 14
and e;, f* with €(e;) = €(f*) = 0 for i = 1,...,00 span T,;* and R'* respectively.
Greek indices a, 8, . .. will run from 0 to oo, whereas roman indices 1, j, k, . .. will only
take on values from 1 to oo, unless otherwise stated. To avoid confusion with the
finite dimensional quantum Lie algebras we will use the symbol é instead of d for the
exterior derivative.

Given orthonormal linear basis {e;} and {f*} of T,* and R** we can now express

& on functions a € A as
5(0) = "“’S‘lf“ge.'—lc(e.-)(a); (7153)

note, however, that all of these wg-1,is are treated as linearly independent and even
in the classical limit stay linearly independent because (7.153) in conjunction with
the Leibniz rule for § only gives trivial commutation relations (aw, = WhS-1a.5)0(1) —
E(b)ws—xa(2)
infinite set of wg-1yis into a finite basis of 1-forms. This is the case for Connes’ non-

a(y) for forms with functions that do not permit reorganization of the

commutative geometry ([10] and references therein) and is in contrast to the ordinary
text book treatment of differential calculi that has forms commuting with functions.

Here is a summary of basis-free commutation relations for the Universal Cartan
Calculus valid on any form. All of these equations are identical to the corresponding
quantum Lie algebra relations when written in terms of the bases {e,} and {f*}.
z,y €U, a € A, ais a p-form and v € AXU is a vector field.

£ea = ap< T(1),ae) > “83(2) (7.154)
£:6(a) = 6(aq)) < zqy, a2 > .&,m (7.155)
L.a = £;,(a) £ap, (7.156)
;a6 = aq) < Z()ae) > iz (7.157)
:6(a) = ag) <z —1le(z),02) > —6(ap)) < z(),a(2) > izy, (7.158)
o = ig(@) + (=1 Ly, (a) iz (7.159)

ba = &(a)+ (-1)lab (7.160)
§8(a) = —(-1)P6(a)é (7.161)
£:(v) = zawS(z() (7.162)
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8 =0
6L, = £,6
£ = i+ le(z) + 1,6 (generalized Cartan identity)
.C,,fy = _Ey(x) < .'z:(l),y(z)' > £’(2)
£ziy = iy(x) < :l:(l),y(z)' > .E,,(z)

The “generalized Cartan identity” is due to P. Watts.
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Chapter 8

Quantum Planes Revisited

With the new tools that we have developed in the previous sections we are now
ready to take a second look at quantum planes. The first two sections that follow
will be devoted to the realization and action of quantum Lie algebra generators on a
quantum plane. After introducing the basic equations we will spend some time on the
important question of their covariance. The third section finally gives an introduction
to the construction of a Cartan calculus on quantum planes with the surprising result
— first observed by Prof. B. Zumino [7] in the example of the 2-dimensional quantum
plane — that the £5 — z commutation must contain inner derivation terms in order
to be consistent with a Lie derivative that commutes with d. For simplicity we will
however suppress these inner derivation terms in the following two sections.

8.1 Induced Calculus

In this section we wish to show how the calculus of the symmetry quantum group
induces a calculus on the plane. Originally, I was interested in this topic trying to
develop as general applicable a formalism for a calculus on quantum planes as we have
presented it in part I in the case of quantum groups. As we have already mentioned,
quantum planes do not have a Hopf algebra structure — at least not in the unbraided
theory — and so we have to look for a different approach than the one that we used
to construct the cross product algebra. Later it turned out that a better approach is
based on U-coactions leading to the introduction of the generalized product rule in
the first section of this chapter. The material presented here is however of interest in
its own right: We will study realizations of quantum group generators in terms of the
calculus on a quantum plane. This will also give an explanation for the appearance
of “inner derivation terms” in the generalized product rule.
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The central idea of this section, inspired by a comment of Prof. B. Zumino, is to
give the coordinate functions on the quantum plane functional coefficients in A, i.e. to
make them variable with respect to the action of vector fields in U. Let z{ € Fun(M,)
be the “fixed” coordinate functions and define new variable ones via z* := (t~1)i,zJ.
Instead of the differentials dzf we will use §z' = —(Qz)* because

Sr=6t"1 zo=t"1-t- 6@t zo=—t"1-8(t) -t 2o=-N 1, (8.1)

where & is the exterior derivative on the quantum group and Q = t~16t is the Maurer-
Cartan Matrix. By “pullback” the group derivative will become the derivative on
the plane, inducing a differential calculus there. It then immediately follows that
Ax(dz') = dz? ® (¢7!)%;, which will ultimately give us the desired commutation
between Lie derivatives and d.

Turn now to the quantum group. Reserving Latin indices %, j,... for the plane
coordinates, let us use Greek indices for the adjoint representation of the quantum
group. Let {v,}* be a basis of bicovariant generators with coproduct Av, =v*®1+
O.”? ® vg spanning 7, C U and let {w,} be the dual basis of 1-forms; %,, (w?) = &2,
0 = Wiy, () = —w* < va, (t71)'; >. Via the Cartan identity £, = 2,6 + 6%, one
computes actions of 7; on Fun(M,):

Vo b T = 3y, (62°) =< va, (t71); > 27, (8.2)
Now we can make an ansatz for a realization of the group generators in terms of
functions and derivatives on the planet
vy = JL5;, (8.3)
where Ji € Fun(M,) is easily computed, using 8;(z’) = 67 to be
JE = va(z') =< vg, (71 > 2. (8.4)
In some lucky cases there is an inverse expression for the partial derivatives on the
plane in terms of the group generators. With J* € Fun(M,)
8 = J* @ vad, (8.5)

an expression that is classically only valid locally and may exclude some points unless
we are dealing with an inhomogeneous group, but will give explicit 8 —z commutation
relations if it exists:

Oz’ = J:"‘va:cj = 6,'(32") + :I:“Oo,"(a:j)Jg’in. (8.6)

Liq;j)

*We write v instead of x here to avoid confusion with coordinate functions z € Fun(M,).
t= means: “equal when evaluated on Fun(M,)”
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Example: GL% (2), Manin-Wess-Zumino Quantum Plane

The coordinate functions z,y of the Manin plane satisfy commutation relations zy =

quz that are covariant under coactions of the quantum matrix group GL1(2). This
q

quantum group has four bicovariant generators vy, vs,v4,v-; we will focus on the last

two for the moment, giving their fundamental ¢~! representations

0 g3 00
gt >= , <v_,t7l>= 8.7
< V4 ( 0 0 ) Y-, ( q 0 ) ( )

and the first tensor product representations

0 ¢ ¢ 0 0 0 00O
1 o e 0 0 0 ¢° _ ¢ 0 0 O
< Avg, t7'@t;! >= , < Av 7Tt >=
Prt O% 00 0 g ot ®h g 0 00
0 0 0 O 0 ¢ ¢ 0
(8.8)
All these were obtained from
1
: 00
0 1 00
= 8.9
TS0 a1 0 (®9)
0 0 O %
We immediately find
0z = J% = ¢ 3y My, 8, = q 'z7v_, (8.10)
which we only have to check on pairs of functions because of the form of (8.6):
Tz (1+4¢H)z zz 0
2
&l ™= 7 |, o |=| ¥ |. (8.11)
yr qy yz z
vy 0 vy y+4q’y

From this we read off the following 0 — z commutation relations in perfect agreement
with the results given in [22) '

&z = 14 ¢*z0: + (¢* — 1)yb,, (8.12)
&y = qyor, (8.13)
Oyz = qz0,, (8.14)
dy = 1+ 9%, (8.15)
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Using the other two generators vy,v, gives identical results. This method works for
all linear quantum planes 7] and can be formulated abstractly in terms of r-matrices.
If one does not want to extend the algebra by introducing inverses y~!,z~! of the
coordinate functions, it is also possible to obtain the above commutation relations as
a vanishing ideal of zy thereby also avoiding the questionable use of J.

8.2 Covariance

Let us collect some of the equations valid on a quantum plane. Let f,g € Fun(M,)
be functions and &; be derivatives on the quantum plane, let v, be generators of the
quantum Lie algebra — corresponding to the symmetry quantum group of the plane
— with coproduct Av, = v, ® 1 + O,> ® vy, and let L;’ be a linear automorphism of
Fun(M,):

vaf = va(f) +Oa.b(f)vba (816)
v = Jig,} (8.17)
af = &(f)+Ld(f)o; (8.18)

From this equations we can form a new one
JLE(f) = OLN I, (8.19)
that can sometimes be rewritten as

L*(f) = JeO.b(f)J. (8.20)

Examples
Quantum group as plane: Fun(M,) := A.

Left-Invariant Generators: 8; := v; = J,-j = 5{ , L7=0/.
Plane-Like Generators: ;) := t{p X*; = J((,:{)) =t~k Ly "™ (f) =
1035 * ™ ()t~

tCareful: An expression linear in the partials may not always exist, in particular for eg(2) we
get a power series instead. It does exist for Wess-Zumino type quantum planes and then we have
Ji =< vg, (t71)} > 27,
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Linear quantum plane: The algebra of functions on the linear quantum plane is
invariant under coactions of GLy(N); Ax(z?) = 27 ® St';, J: =< v, St'; > z7. Using
(8.19) we find

zH(< va, St > L (27)— < 08, Sty >< vy, Stk > z™) = 0,
so that L;*(z’) should be homogenous of first order in z, which suggests

L¥(z9) =< L, 5t%) > 2, L¥eu.

Covariance of: vf = vy)(f)v(

Here: v €U, f € Fun(M,) and v(f) = f) < v, f@' >,

Covariance of v(f) alone:

Aa)(AAf) = fO <o) fO 5 @u® fO
= fO <o, fO > @f@S(fU)fE

= ) @ u(fO)) (8:21)
= Bav(f), O
where we have used identity (7.68).
Covariance of the complete commutation relation:
Av-Aaf = fO< v(nm,f(z)' > v(‘)(g) ® v’ FB@
= f(l)v(l)(g) ® v(2)' v(l)(l)(f(2)')
= fWyyVe vy (F®) v(z)(z) (8.22)

= Aa(va)(f)Asa(ve)
“ Auof). O

The underlined parts were rewritten using a compatability relation between the right
A-coaction and the coproduct in U:

v @ va)(fP) vg® = v () & v V) (fP"). (8.23)

Please refer to section 4.2.4 for the definition of the right projector “~”.

Covariance of: 8;f = 8;(f) + L:(f)0;

See section 6.1.2. The main result was the following condition on L;:

(L;j(f(z)')Sztkj - S2t‘,~z\z"(f(2))) ® fM =o. - (8.29)
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Covariance of: J:L*(f) =

0.°(f)J¢

This proof is somewhat involved and we should keep in mind that equation v,f =
va(f) + Oa®(f)vs is already based on A4 being an algebra homomorphism; neverthe-

less, in several steps:

A4 is a homomorphism of

AA(JiBif)

and also _
A4(J36:(f)) =

Fun(M,)=<7T (M,). Proof on a function f:

= A.A('Uaf)

vél)f(l) ® v‘(lz),f(z)'
< o), 5tk > 13, f0) @ v FO

) 8.2
< Vg, St*, > !0 fV @ St7, Sk, f?) (8.25)
20 fV @ St7 < v,, St*, >S%tk, fO
AAJCS AA (aaf)’ O
:DJB,(f(l)) ® StaJ < Vg, StT" > S2tirf(2)’
= Aada" Aa(8:) (BaS) (8.26)

= AL AA(0:(S))- o

A short aside, checking consistency of Ob(f)J¥ with A 4 being an algebra homo-

morphism of Fun(M,).

A0 (f)JE) Aa(8)

Synthesis: Comparing

and

def

A A(0L(f) i)
A A(OL(f)vs)
= A(0%(f)) Aa(ws) (8.27)
(
Al

Il

= AA 0a*(f)) A a(Ji0:)
04(f) Aa(Ji)Au(@). O

vaf = va(f) + 0a’(f)vs

Jibif = J,8(f) + J,Lé ()05

we finally find:

AA(JEL*(f))

AA(J2) Aa(L*(f))
AA(0t(f) k) (8.28)
= AA0L(f))Aa(Shy). O

]
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Remark: Given a linear operator L;’ : Fun(M,) — Fun(M,), satisrying the appropri-
ate consistency conditions, — equation

JL*(f) = 0 (f) " (8.29)

could very well be used to give explicit covariant z ~ z commutation relations.

8.3 Cartan Calculus on Quantum Planes

So far we have only dealt with functions and (partial) derivatives that we combined
into an algebra of differential operators on the quantum plane via commutation rela-
tions
6.f = 8(f) + LI ()6, 0, € T(M,), f € Fun(M,). (8.30)
Now we would like to construct differential forms through an exterior derivative d :
Fun(M,) — A'(Fun(M,)) that is nilpotent and satisfies the usual graded Leibniz
rule. Lie derivatives are introduced next, recalling that they act on functions like the
ordinary derivatives, that they correspond to £5,(f) = 8;(f), and requiring that they
commute with the exterior derivative £5 od = d o £5,. Just like it was the case for
quantum Lie algebras, the linear operator L;? should also act like a Lie derivative, i.e.
we extend its definition from functions to forms by requiring that it commute with
d. Inner derivations i, are defined as graded linear operators of degree -1 orthogonal
to the natural basis ¢ := d(z') of 1-forms: 15,(£/) = 6/ — in consistency with the
Cartan identity
Lo, =isd + dis, (8.31)
th:at we want to postulate. For the exterior derivative of a function we can choose

between two expansions in terms of 1-forms

d(f) = €'a; = b’ (8.32)
that we contract with 25, to find
8;(f) = a; = 15, (bi€") (8.33)
and
d(f) = £'a:(/). (8.34)

The second expression has to wait while we quickly derive £ —£-commutation relations
with the help of the first expression and the Leibniz rule for d:
s = faf
= fa)+ELING, (8.33)
=d(f)+fd =£8(f)+ f€8;,
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valid on any function and hence
J& = L), (8.36)
so that the second expression takes the (not so pretty) form
d(f) = (SLi 0 8;) (), (8.37)

which, uniike in the quantum group case, does not simplify any further. Lie derivatives
and inner derivations along arbitrary first order differential operators fi8;, f' €
Fun(M,) are introduced by the following set of consistent equations:

ine, = ['ia, (8.38)
Lo = digig +1ip5d, (8.39)
Lpo, = Lo +d(f)ia, (8.40)
Lpod = dLps,. (8.41)

We will not give a complete set of commutation relations here because the reader can
easily obtain most of them from the quantum group treatment simply by replacing
£0,, — L. The problem of defining a Lie bracket of vector fields on the quantum
plane has, however, not found a satisfactory solution yet.

8.4 Induced Cartan Calculus

We would like to complete the program started in section 8.1, where we induced a
calculus on the plane from the calculus on the symmetry quantum group of that plane
using a realization v, = J:§; of the bicovariant group generators in terms of functions
and derivatives on the plane. From this expression we get the following two relations
for the Cartan generators on the plane:

o = s = Jatp (8.42)
.Cua = £Jf,8.~ = J;-Cai + d(J:)ia.. (8.43)

i

Commutation relations for the inner derivation with functions are easily derived;
if = £o(Min (8.44)

and hence
J;iaif = 'COob(f)chiak (8-45)
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or, if a J? exists,

isf = I £op(f) i, (8.46)

and finally
ia f = L*(f)is,- (8.47)

Commutation relations for the Lie derivatives with functions can now be calculated
using the Cartan identity. We will present the result of such a computation for Wess-
Zumino type linear planes (where jf’ exists):

Lozt = 84 J20.(z")Jf £,
Lk ) (8.48)
+ (d(J20.b(z!)JF) = Jed(0ab(2")) JE) s,

Classically: 0,°(z') — 6bz! and functions commute with functions and forms so
that the last term in the above equation vanishes. The quantum case has a little
surprise for us: As was first discovered by Prof. Zumino through pureiy algebraic
considerations in the case of the GL4(2)-plane, an inner derivation term is necessary
in the £5— z commutation relations in order to get consistency with the undeformed
Cartan identity. Let us illustrate this at our standard example.

Cartan Calculus for the 2-dimensional Quantum Plane. Using z — d(z)
commutation relations from (8.36)

rd(r) = ¢*d(z)z, (8.49)
rd(y) = (¢° - 1)d(z)y + ¢d(y)z, (8.50)
yd(z) = qd(z)y, (8.51)
yd(y) = ¢’d(y)y, (8.52)

we obtain

Loz = 1+¢°xLo, +(¢° = NyLs, + g)d(z)is, + A2d(y)is,,  (8.53)

Loy = qyda,+Ad(y)ia,, (8.54)
Lo,z = qzds, +Ad(z)is,, (8.55)
Lo,y = 1+4%is, + qrd(y)is,, (8.56)

directly from (8.48) after a lengthy computation. Alternatively, we could have started
with 25 — r commutation relations

o,z = q'zis, +(¢° — 1)yis,, (8.57)
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15,y = qyia,, (8.58)
‘iay:r = ql‘z‘au, (859)
i,y = qyis,, (8.60)

which have the great advantage that they have the exact same form as the well-known

0 — z relations. This also means that all of our covariance considerations are still
valid here.
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Chapter 9

A Torsion-free Tangent Bundle for
SUg(2)

Introduction

In the classical theory of Lie groups one can introduce a tangent bundle over the group
manifold. There are two natural choices for the connection: Either one imposes the
condition of zero curvature and then chooses a vanishing connection in an appropriate
gauge — such that the torsion is given by the RHS of the Cartan-Maurer equation
— or one can attempt to set the torsion equal to zero to obtain a (Riemannian or G-
Structure type) non-vanishing curvature. The first scenario generalizes quite easily to
the quantum group case. In this chapter we will try to generalize the more interesting
case of vanishing torsion at the example of SU,(2).

To establish notation, a review (including some additional relevant material) of
the theory of quantumn Lie algebras is given in the next section, followed by the
description of a tangent bundle structure over a quantum group. We then elaborate
on the example of SU,(2) giving all R-matrices and structure constants explicitly.

9.1 Quantum Lie Algebras

Quantum Lie Algebras are Hopf algebras U,g that contain a finite-dimensional sub
vector space that closes under left and right coactions. Let {e;} be a linear basis of
generators for this space* and {e’} a dual basis of 1-forms corresponding to a set of

*In this chapter we will not consider a linear basis of the whole Hopf algebra so there should not
be any confusion from this notation.
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functions ¥ € Fun(G,) via ¢/ = Sbfl)dbfz)

40(e) = 1®e,

Aale)) = e;®T%, T €Fun(G,), (9.1)
i, (6) = —<e,SV >=6, (9.2)
AAE) = 1®¢, (9.3)
Aule') = €8T, (9.4)

The exterior derivative on functions can be expressed in terms of these bases as
d(a) = €'(e;p a) = e' £,,(a). (9.5)
The Leibniz rule for d requires that the generators {e;} have a coproduct of the form
Ale)= 6 ®1+ 67 @e;. (9.6)

A Cartan calculus can be introduced on these quantum Lie algebras with equations

like

Lea = L)+ Los(a)f (9.7)
i,a = 2.,(a)+ (—I)Pfg‘,(a)ie, (9.8)
£, = di, +i.d (9.9)

e = Sb’(',)db'i,) =: ey, (9.10)

where a is a p-form, for a more complete list see section 7.2.3. As in the classical
case we make an ansatz for the product of two forms in terms of tensor products

N =€ Qe -6 mem Qe (9.11)

with as yet unknown numerical constants 6., € k and define 1., to act on this
product by contracting in the first tensor product space. This leads to the following
explicit expression for 6,

: Jrrm =< S-lemj, T"n > (912)
and, in a particular example that we will need later,

J = = - Ne
de? = dey ey, N e,
- _CS"(S Hoyttay) & 4 (z) _
—e*®el < —Sex, S7Y(S b{l)bf,,)) >< —Sey, by > (9.13)

—eF @6 < gS‘lek)(,)eIS(S ek)(g)‘, Sy >,

S"zek“bdq
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In the previous equation we have introduced the adjoined action of a left-invariant
vector field on another vector field. A short calculation gives

STl ¥ e = epe (6560 — 6%) = €0 < S ek, T >= e f's°% (9.14)
and similarly
ek 3 a=L,(e)= ebec(cﬁ'i&f’ - f?."bk,) =e, < ek, T% >= e i, (9.15)
where |
RPu=< 6,1 > (9.16)
is the so-called “big R-matrix” related to ot by

0 R o = 6.8 (9.17)

A little more work gives
fman = - Lalelmn- (918)

Were we to impose zero curvature now and chose a vanishing connectijon, then the
right hand side of equation (9.13) would give the torsion two form.

The calculus on quantum Lie algebras is by construction covariant under left and
right coactions. It has however a closely related additional symmetry: All equations
that we have given are invariant under linear changes of the bases e; and e’:

ei— xi=eMy,  &ori=(MTe,  Me My(k). (9.19)

The adjoined matrix representation T and the braiding operator 6 transform as ex-
pected under this change of basis

Tij — Tij = (]\l_l)i¢T'mAlmj, (9.20)
67 — 67 = (M) 0, M™;, (9.21)
such that now
Aalxi) = x; ® T Au(t') =11 ® ST, (9.22)
and
AT=TeT, eT=1, ST=T"", (9.23)

i.e. T (like T) satisfies the appropriate relations for a matrix representation of U,g.

1The Bat “" " denotes the action of the permutation matrix Py = §{6], i.e. & = Po.
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9.2 Quantum Tangent Bundle, Torsion, Curva-

ture

In this chapter we are going to use a formulation [63] of the theory of fiber bundles
where all forms are pulled back to the base manifold. This formulation is well suited
for the generalization to quantum groups because it makes it easier to keep track of
subtle distinctions between the calculi of base vs. fiber. ‘

The base manifold in the problem under consideration is a quantum group, im-
plicitly defined by the Hopf algebra of functions Fun(G,) on it. The typical fiber of
the tangent bundle is the invariant space span{e;}, i.e. the “quantum Lie algebra”.
We chose a basis {x;} of sections on the tangent bundle and consider “pointwise”
infinitesimal transformations within the fiber along elements A, of U,g

Aubxi= Au(x)XiSAu(z) =Xx; < Au»Tii > (9.24)

where we have used Asx; = x; ® T%;. In order to justify the word “infinitesimal”
the A, should be linear combinations of the e; and possibly S~'e;}. These heuristic
considerations suggest that the connection 1-form should have the following form

w=e“A,, Wi=et < AT > (9.25)
which enters in the expression of the covariant derivative V on the section basis:
Vxi = x; ® . (9.26)

This equation is basically a reformulation of (9.24) in differential form language and
equation (9.26) replaces the metricity condition on w in the sense of G-structures: In
the classical theory we construct classes of G-bases fixing one orthogonal basis {x,}
and getting all other orthogonal bases by transforming {x:} by a Lie subgroup of the
general linear group. For quantum groups we choose transformation matrices of the
form < z,T >. Later we will come back to the question which metric — if any — is
preserved by said transformations. Using properties of V like

Vix+v¢) = Vx+ Vi, (9.27)
V(f¥) = df®fVy,  feFun(G,), (9.28)
Vju+u¢ = fvud’ + vaa Vul/) = iu(d))v (929)

‘Higher powers of S do not result in new generators in the example under consideration in the
next section.
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we can easily calculate the covariant derivative of an arbitrary section ¢ = y;¥:
V= xi ® (VY) = x: ® (dy' +w'se). (9:30)

For section-valued p-forms we introduce an exterior covariant differentiation D:
Dy ®a):=VAa+yQ@da (9.31)

in accordance to the undeformed Leibniz rule.

The last ingredient, enabling us to define torsion, is the fusion form n = x; @ ¢,
viewed as a section valued 1-form. It eflectively identifies elements in the fibers of
the tangent bundle with the tangent space over the points of the base manifold. One
usually takes the canonical element e; ® €' as a natural choice for the fusion form,
but n = x; ® ¢ = e M, @ ¢, where Al!; is a constant numerical matrix that may
however differ from é;, is also a mathematically acceptable description and will in
fact be quite important in the quantum case as we shall see. The torsion 2-form O is
defined as the exterior covariant derivative of the fusion form

O©=Dn = VxiA€ +x; ®@dé
= x; ® (Wi A€+ ded) (9.32)
= Xj ® @j.
We will later try to set ® = 0. The curvature 2-form of a section ¢ is = DV,
i.e. the exterior covariant derivative of the section valued 1-form V. In terms of the
section basis we find
DVX,' = D(Xi ®UJ‘7,)
Xk ® (wkj Awl; + dw'ki) (9.33)
= xx ®N.

The Ricci tensor can also be defined in this context:
C“Rm‘ = ieka,'. (934)

For simple Lie algebras it has the particularly simple form of the Killing metric times
a constant.
Using tools from the previous section we can expand the torsion 2-form in terms

of tensor products

dej = —-ek ® 61 i.j(, (9.35)
Wine = wliet At =w, ek @ el(8L8 - 64) (9.36)
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and the condition of zero torsion becomes

w, (666 = &¥w) = [t - (9.37)
This is a set of linear equations for w“j; with non-trivial null space, i.e. we will get a
solution v,J; and vectors N,%; with N,%;(6§6] — ') = 0 such that

w“j,- = v“j,' -+ Znil\’u“;, ni € k. (938)

To decide whether it is possible to find an w,?; that satisfies all conditions, in partic-
ular
wii E< A, T >, (9.39)

it is now instructive to look at the concrete example of SU,(2).

9.3 Example SU,(2)

...or S1y(2) if one modifies the reality condition. Recall [23], [38] the commutation
relations for SU,(2), here written in compact matrix notation as

rigtity = totira, detgt =1, th =171,

Alt)=t@t, et)=1, Sit)=1t"1, (9.40)

where t € M, (Fun(SU,(2))) and r is the “small” r-matrix
q 0 0 0
110 1 00
r=< Ratl Rty >= — 1 0 (941)
0 ¢

Va0 g
0 O
The deformed universal enveloping algebra U su(2), dual to Fun(SU,(2)), is gener-

ated by operators H, X, X_ satisfying

[H,X4] = +2X4, (X4, X )= €227,
AH)=H®1+1®H, A(Xz)=X:®q"?+qH2Q Xy,
e(H) = e(Xz) = 0, (9.42)
S(H) = —H, S(Xs) = —¢*' Xy

Following [23] these relations can be rewritten as
TlngLik = L;*:L?T'lg, f‘]gL;Li— = LrL;T‘m,
A(L*) = L*QL*, e(L¥) =1, (9.43)
S(L*) = (L*)™,
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where L* are given by

U SY ¢
Lt =<R,d@t>= ( g \/éqH;; ) (9.44)
and
- . qH’? 0
L™ =<R,5t®@d>= ( -—-\/6,\)(__ q"H/7 ) , (9.45)

where A = ¢ ~ 1. Unitarity of T implies (L*) = (L7)7!, i.e. H=H,X; = Xz.
Following the method described in section 2.4.1 we can construct a matrix of
bicovariant generators corresponding to an element 1 ® 1 — R*'R of the “pure braid

group”:
€ €2
€3 €4

The right coaction is then

1

<1®1-R¥R,t®@d >=<L*SL™ =: X. (9.46)

| =
>|

AA.X'iz = Xjk ® Stijtkl, (9.47)

so that span{e;} forms an invariant subspace as required. c := e; + ¢~ 2%e4 by the
way is the casimir. The functions b € Fun(G,) see equation (9.2) can be chosen
as linear combinations of the elements of t [35] because t (and St) form faithful
(anti)representations of the e;s. Classical commutators become adjoint actions

ad b ~
€x D e = ek(l)e,Sek(Q) = epec(656] — R‘bkz) = eq fi’l,

where the R and f can be calculated [60] from r (see section 4.1.2)

N ilmn
RUmD oy = ((ra,“‘)T3r417‘24(7‘23T’)‘1) kipg (9.48)
and 1
fka‘ = ‘X (Ik&? - ZRO(“)H) . (9.49)
Explicitly: f%)
2 0 0 -l4¢ 0 0 1 0 0 -10 0 0 0 0O
0 =<' 0 o9 -10 0 ¢ 0O 0 0 0 0 —g 00
0 O—q00000q“300-—£—00%0
:%‘ﬁ 0 0 -:;—-q 0 O —-i 0 0 -: 0 0 0 0 00O
(9.50)
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=0 0 -l4¢ 0 0-2 0 0 ! 0000 0 O
0 -¢ 0 6 ¢*0 0 -} o0 00001 00
0 o &< 0 0 0 0 0 -} 0 0 g 00 —q0
2¢ 9 o0 1-g 00 % 0 0 -10000 00

(9.51)
obtained by similar methods. In both matrices rows are labeled by a € {1,...,4}

and columns are labeled by (kl) € {(1,1),(1,2),...,(4,4)}.
Using the explicit expressions for & (see appendix) and f" ) we find the following
particular solutions v7(,;) of (9.38):

00 0 00O ?li 0000 O OOTOTO
0 % 0_ 020 0 ¢g000 0 0000 (9.52)
00 g3 000 O O0O0OO0CTO -—;} 0 00O
00 0 0O00O0 —-é 0000 O OOTUOTOWO
The null space of said linear equation, i.e. of 6—1, is spanned by Ni,.», a=1,...,10:
0 0 0 0 00 0 0 001 0 0O0O0OTDO
0 0 0 0 00 1 0 01 0 0 O0O0O0OTDWO
0 0 0 0 00 -1+¢72 0 000 O 0001
0 0 0 0 01 0 0 000 O O0O0OO0OOW
0 0 0 100 1-¢2 0 00O0 OC 1 000
0 0 1 0 00 0 0 100 0 O0O0OOTO
0 0 g4—-q2%2 0 00 0 0 00 0gq¢2 0010
0 1 0 010 0 0 000 O O0O0OO0OTDO
0 1-g2 0 0 00 0 2 000 0 0100
1 0 0 0 0O 0 0 000 0 O0O0OO0OTO
(9.53)

The fact that there are 10 null vectors shows by the way that the number of inde-
pendent 2-forms is reduced from 4 x 4 = 16 to 16 — 10 = 6 = 4 x 3/2 as one would
expect.

We will now investigate choices for w of gradually increasing complexity starting
with a simple ansatz with M =T

"‘"uji =< AmTji >= Auufuji + A", th' (9.54)

corresponding to
A, = Ae, + A", S e, (9.55)
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In the classical case we would find A, = —A", = 16“ as a solution. Explicit com-
putation shows however that there are no solutions for A, and A", in the quantum
case. Next we try an ansatz with trivial A¥, and A", in analogy to the classical
solution, but we allow the basic generators e, and S~'e, in (9.55) to be multiplied
by elements 2,2’ € U,g

Wi =< ze, — 2'S7 e, T >= 2 f.ri + 271 (9.56)

where Z()3, =< 2(), T9, >. Hence solving

vli+ NS =20+ 2k (9.57)

for {nd, 2", Z3} gives '
0000 0 0 0 0 0
0 0 000 i_ 0 -=l5 % 0
0 0 000 -5 —1& 0 0 0
02000 0 0 0 0 0

-1 0 o o 1 0 0 0

2 2

O =m0 00 mer 00O

0 0 twer 00 0 map O

1 0 0 o0 -1 o0 0 0

(9.58)

as a particular solution and

0 000O0O0O0OO0OOOT O0OO0OTTO0OTGOEOO
0 000O0O0OOOOOOOOOTI1O0OGO01

as the corresponding null space. The first 10 columns in both matrices are labeled

(9.59)

by a, the next 4 columns are labeled by k, and the last 4 are labeled by . j is the
row index. Two comments about the null space are in order: Note that the first ten
columns are zero. This means that n} and hence w,7; are in fact uniquely determined
by our ansatz. Note also that both f and f” and thereby e, and S~'e, were necessary
to satisfy the equation. All that remains is some arbitrariness in the definition of K
and K’. This actually comes from the existence of an invariant form e! + e*. Being
invariant means d(e! + €*) = 0 or [’} + f',% = 0; by equation (9.18) the same is
true for f. We use this remaining freedom to diagonalize

10 0 o
g?
K=-K'= 0 (1+9?) 2 0 (960)
0 (1+¢7)° 0
o o o0 I
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corresponding for instance to

g1, e0-d) -1
Z2==—2 = 2 + 4(1 +q2)2(€4 S 64) (961)
and
Au=ze, (9.62)

If z and 2’ had been invariant elements (casimirs) then A, would have had nice
transformation properties. The way it is, the solution is somewhat unsatisfying.
Luckily it turns out that z can be eliminated without having to change our solution
for w if we allow for a non-trivial M matrix. As can be seen by inspection of the
explicit forms of f and f"

Z0(fli = 45 = (MY MY M (f ) = ), (9.63)
where 2
(1+¢3)° 0 0 0
M= 0 w0 0 (9.64)

0 0 a0
0 0 0 ——1—-;(1_”,)‘

such that now

wili=<x,—S'xu,Ti>  ie Ay=xu—Sxu (9.65)

9.4 Appendix

Ry

/ 1 0 0 0 0 0
0 1-g¢~? 0 0 1 0
0 0 1-¢? 0 0 0
1+q"“—;f; 0 0 2~q"2-¢? 0 0
0 i 0 0 0 0
0 0 0 0 0 1
1-¢-2 0 0 1-¢? 0 0
0 —14q%~-q2%2+¢% 0 0 1-¢%2 0
0 0 q? 0 0 0
—1+q-2 0 0 ~1+¢? 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 1 0 0
0 -14¢°2 0 0 0 0
0 0 ~1+4¢2 0 0 0

2
\—1-—q“"+-$ 0 0 (—%+q) 0 0
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Chapter 10

Toward a BRST Formulation of
Quantum Group Gauge Theory

In this chapter we will give a brief introduction to a BRS type formalism for quantum
gauge theories. All fields will live on the base manifold. A BRS formulation has two
main advantages here: It can be formulated as a purely algebraic theory with ab-
stract operators §,d,t,... (see [64] for a beautiful example of the use of this abstract
algebra in the context of anomalies) and it emphasizes the coalgebra aspect of the
quantum structure group — which is undeformed in the case of matrix pseudo groups.
This will lead to equations that are of virtually identical form as their classical coun-
terparts; this was the base of Isaevs [65) approach to quantum group gauge theory.
We will however go a step beyond this work in as we will give an interpretation of
objects like d(t) # 0, where d is the exterior derivative on the base manifoid of a
bundle with quantum group valued fiber, even though t € M, (A) may not have any
base-dependence, thereby justifying the coexistence of such different objects within
one algebra. We will not attempt any further (physical) interpretations of e.g. the
connection form here, because this subject is still controversial at the moment. Nev-
ertheless we hope to give an easy-to-use formalism that could serve as a starting
platform for further investigations. Articles of related interest are [66); see [67] for an
abstract treatment of quantum group gauge theory and many examples.
Let A = Fun(G,) be the algebra of functions on the quantum structure group and
B =Fun(M) be the — possibly non-commutative — algebra of functions on the base
manifold; for instance space-time. The symbol § shall denote the exterior derivative
of A(A) and d ditto of A(B) — classically: d = d(x“)gg-;; we will require them to
anticommute
6d = —-dé. (10.1)
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The quantum matrix (t",-)?.j,,‘1 € M,(A) (in the fundamental representation) shall
describe the gauge transformation of a column vector ¥y of fields, Ap is the quantum
Lie algebra valued matrix of connection l-forms and v finally, the “ghost”, is an
abbreviation for the Cartan-Maurer form t='6(t). As in the chapter on the induced

calculus we make o and Ay “variable” with the help of A-coactions:

if) = t-ll[)o‘—”“AA(l/)o)”, (10.2)
A = tM At +t71d(t) = “Aa(Ad)". (10.3)

To justify the name “coaction™ for
Aa(Ad') = Ao’k ® S(t';)tk + 1 ® S(t',)d()) (10.4)

we have to extend the notion of the Hopf algebra A to a graded Hopf algebra A &
A®d(A) via

Aod = (d®d+d®d)oA, (10.5)
eod := doe: A— {0}, (10.6)
Sod := doS. (10.7)

Consider e.g.
¢(da) = (S @ d)A(da) = S(dag))ag) + S(ay)d(a@) =0, ete.. (10.8)
It is straightforward to show that (10.4) does indeed satisfy the axioms of a coaction:
(Aa®@u)Aa= (d®A)A4, (d®e)Aq = d. (10.9)
We are now ready to derive a set of BRS transformations

§() = 81 o) =t M8t o = ~t716(t) o

= —uy, (10.10)

6(dy) = d(v)y¥ —vd(¥), (10.11)

5(v) = = (10.12)

5(t) = tu, (10.13)

§t7!) = —ut7l, (10.14)

§(t7'd(t)) = —ut7ld(t) —t7'd(t)v — d(v), (10.15)
5(A) = 8(t ) Aot —t7"Aod(t) + 8(t1d(1))

= —vA- Av-d(v), (10.16)
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simply by applying § and working out the algebra; the first and last lines should
give a flavor of these computations. All these equations correspond via the Cartan
identity £,, = 8i,, + 1,,8 to infinitesimal gauge transformations. The 61,, term is
actually zero on functions and on left-invariant 1-forms like v, so we only need the
second term i,,68, i.e. all gauge transformation information is already contained in
the BRS §; e.g.
£.() = i, (6¢)

-1, (vy) (10.17)
< xi,St> Y=\

]

and
‘cx.(v) = 8(iyv) +i,,(6v)
0
= —i,,(v?)

"ix. (v)v + '601’ (U)i)() (v)

Aiv+ Lo, ()4 = {Ai v}
= \Nv+ M.-’v(M");j,\,v,

with M! =< 0,!, St >. Next we introduce a covariant derivative D such that Dy

transforms covariantly

(10.18)

8(Dy) = —v(Dy) (10.19)

in analogy to () = —vy. This is not really an extension of the algebraas D =d+ A
— in fact that is exactly what motivated A’s transformation properties. From d and
A we can construct another covariant tensor

F :=d(A) + AA, (10.20)
the “field strength”. A short (purely algebraic) computation gives
8§(F) = —vF + Fu. (10.21)

It is now time to give an interpretation to objects like d(t), where d is the exterior
derivative on the base space so that we have to give B-dependence to t in some way:
1) It is always possible to construct a new explicitly B-dependent tw € M, (B ® A)

tw = W-LtW, (10.22)

where W € M, (B) is a pointwise invertible Matrix of functions on the base space.
Here we were careful not to destroy t’s Hopf algebra properties that are reminiscent
of a representation, i.e Atw = tw @ tw, Stw = ty and etw = I. This type of
B-dependence is essentially classical because it could be obtained from the adjoint
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action on t of an element ¥ € B®U that is B-dependent and group-like Ay = v ®~:
A t=cyit>t< ~,t >; see also [68). More important is:

i1) Implicit B-dependence. Say, we have a B-dependent gauge transformation g, i.e.
t(g) € M.(B), we then define (dt) on it by

(dt) (g) :=d (¢(g)); (10.23)

that can be classically expressed as:

(dt) (9(x)) = d(:t“)b;‘-:: (t(g(z))). (classical) (10.24)

(It would be interesting to see whether one could actually rewrite (dt) as a matrix
dt ~d(z")¢%(xabt) € M, (A'(B)®B® A)

for every given choice of gauge, parameterized by ¢$ € B.)
Remark: In our formulation we are actually more interested in actions than contrac-
tions, but remembering Aod = (d® 1+ 1®d) o A, this is easily accomplished:

b d(a) = d(au)) <z,q(2) > +a(1)d(< T,az) >). (10.25)

If we contract with an element r of U a product of say two functions in A, we look
at the coproduct of U to determine how to split up z into parts, each contracting
its respective function: < z,ab >=< z(;),a >< z(3),b >. As soon as z becomes
also a function on the base, say r = ¥ %°x, € B® U, as is the case for local
gauge transformations — and we are trying to contract things like t=1d(t), we have a
problem: we need to give rules for where to put the B-dependence in coproducts like

< z,t71d(t) >=< Ty, t™! > d(< z9),t >) (10.26)

because otherwise it might sneak past the d and escape to the left ... . There is an
infinity of possible rules for Az; B%xa(1) ® Xa(2)s Xa(1) ® BXa(2)» BXa ® 1 + Xa(1) @
B°(Xa(2) =~ 1€(Xa(2))), .- - are examples. Luckily 8° € B and not € k, so that it need
not commute with ® and one has at least the opportunity to give rules. No matter
what we choose, we must not violate the Leibniz rule, in particular we must be in
consistency with d(1) = d(11) = 2d(1), which implies that only z with zero counit
can have B-dependence. In the classical case that singles out one natural choice:

“A”.BGXG = ﬁGXn Q1+1Q® ﬂaXa-

This riddle is solved by extending the Cartan calculus to include Lie derivatives along
elements of B ® T, via
Lpixe = B Ly +d(B%)ix,- (10.27)
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(Note the appearance of the exterior derivative d of the base and the correspond-
ing inner derivation i in this equation.) Here is an example, showing how t='d(t)
transforms under a gauge transformation along 3%x,:

Lpoxe(t71dt) = FoL, (t71dt) + d(8%)i, (t7'dt)
— ﬂa < Xa(l)»t‘l > t_‘(d(t) < Xq(j),t > +tfl(< Yo(g),t ?l)

-~
=0

+d(3°%)iy. (¢7'dt)

B(< Xa,t™t > t71d(t)+ < O, 7 > t71d(¢) < b, t >)
+d(3°%) < =xa,t™! >

= %A, t71d(2)], ~ d(3%)Aa.

i

(10.28)
(Compare to (10.18).) This calculation implicitly used further relations of the ex-
tended Cartan calculus:

£.d = df, (10.29)
id = -di,. (10.30)

Before we leave the subject let us make a short remark about ordering problems. [four
base space has more than 141 dimension we cannot define a physical (local) ordering
on it; only a lexicographic ordering is possible. Does this lead to contradictions
if we are dealing with non-commutative functions? Not necessarily, as long as we
are ordering within the column vector of fields and otherwise use global commutation
relations and in particular just one global copy of t. Consider for instance the quantum
structure group SU,(2) and two column vectors i and ¥’ at different points on the
base space. They will satisfy the following four mixed commutation relations*

Vive = gy, iy = QY. ¥iva = qidady, WY = QU
and they will both transform according to the same copy of t:
Y STy, P ST

(An interesting idea would be to try and give B-dependence to the braiding operator
O.%, but that will affect the multiplication in A in a way that may lead to inconsis-
tencies.) Are we dealing with a non-local theory because of the global commutation

*In a more conservative approach along the lines of the previous chapter the g would be merely
the (commuting) coefficients of a section basis — the ordering problem would then presumably show
up somewhere else.
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relations? The commutation relations of the fields contained in 1 are obviously non-
local, however, the real physical observables are gauge invariant objects like try(F)
(see [69] for a discussion of such a set of observables) and those could very well be
central in the algebra and in that sense “local”. This subject matter is quite contro-
versial, so we want to leave it at that for now — hoping that the new tools provided
will be beneficial in future discussions.
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