Quantum Groups and Braid Group Statistics in Conformal
Current Algebra Models*

Ivan Todorov'

Institut des Hautes Etudes Scientifiques,
35 route de Chartres, F-91440 Bures-sur-Yvette, France

Ludmil Hadjiivanov

Institute for Nuclear Research and Nuclear Energy,
Tsarigradsko Chaussee 72, BG-1784 Sofia, Bulgaria,
e-mail address: lhadji@inrne.bas.bg

Abstract

A quantum universal enveloping algebra U, and the braid group on n strands 53, mu-
tually commute when acting on the n-fold tensor product of a U;-module. Their combined
action is applied to low dimensional systems — the only ones that admit a nontrivial mon-
odromy and hence a braid group (rather than a permutation group) statistics.

The lectures introduce the notions of braid group and Hopf algebra and apply them
to examples of 2-dimensional (rational) conformal field theory. The case of the su(n)
current algebra model, for which the deformation parameter g is an even root of unity, is
considered in some detail. We survey, in particular, the canonical approach to the classical
Wess-Zumino-Novikov-Witten (WZNW) model and its quantization. The solution to the
Schwarz problem for the su(2) Knizhnik-Zamolodchikov equation is also reviewed.
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Preface

These lectures are meant as an introduction to quantum groups (with emphasis on quantum
universal enveloping algebras (QUEA)), braid groups and their application to 2-dimensional
conformal field theory. With a view of an audience of mixed background they purport to
introduce the basic concepts encountered on the way: Hopf algebras, permutation and braid
groups, the conformal group in two and higher dimensions, axiomatic quantum field theory — in
various degrees of detail. Thus the first four sections and Appendices A, B form a minicourse
on braid groups and Hopf algebras viewing them in the context of (a deformed) Schur-Weyl
duality. Section 4 and Appendix C also contain some less standard material: the general form
of n-point Uy, (sl2) invariants based on joint work with P. Furlan and Ya. S. Stanev of the 1990’s.
The Drinfeld double and the universal R-matrix are treated rather schematically (in Section 5);
mastering this subject would require more work and further reading. This is even more true
for the sketch of Wightman axioms (Appendix D) and of the axioms for a chiral vertex algebra
(Appendix E) — subjects of monographs outlined here on a couple of pages.

The next three sections (6, 7, 8) provide another introductory course (for more advanced
students) — on conformal field theory (CFT). We begin with the axioms of quantum field theory
(supplemented with the requirement of conformal invariance) in D space-time dimension in
order to stress the special features of the case D = 2 to which the rest of the lectures is
devoted. Sections 7 and 8 deal with the u(1) conformal current algebra — the simplest 2D
CFT — and its local extensions, introducing on the way fractional charge fields with anyonic
statistics. The axiomatic survey of the su(2) current algebra model (Section 9) starts with an
explicit form of the Knizhnik-Zamolodchikov (KZ) equation adapted to this special case and
only indicates its generalization at the end of the section. This initial specialization is exploited
to write down, following a joint work with Yassen Stanev, a regular basis of solutions of the
su(2) KZ equation, corresponding to the basis of U, (sf2) invariants of Section 4 and Appendix
D. Sections 10-12 review the classical and quantum Wess-Zumino-Novikov-Witten canonical
approach to the same model. We introduce, following [78], the canonical 3-form that describes
both the dynamics and the symplectic structure of the model, gradually proceeding to more
advanced material. In treating the chiral zero modes (Sections 11, 12) we use (and extend)
the U, oscillator algebra of Pusz and Woronowicz which can be viewed as a deformation of
Schwinger’s model for su(2).

The two topics, braid groups and QUEA, on one hand, and 2D CFT, on the other, are
combined in Sections 13, 14 into the study of monodromy representations of the braid group
By. As an application we survey in Section 13 the solution of the Schwarz problem for the
Knizhnik-Zamolodchikov equation (worked out by Stanev and I.T.). Section 14 introduces and
studies the restricted and the Lusztig QUEA for ¢ an even root of unity and reviews recent
work of Paolo Furlan and the authors on the subject. Section 15, the last one, contains an
overview and provides references to adjacent topics (including Chern-Simons theory) that have
been left out.

We thank our long term collaborators mentioned above who contributed to the understand-
ing of the subject matter of these notes.

It is a common observation (see, e.g., the Introduction to [61]) that public attention to
fundamental physics is declining. In the light of this global phenomenon it was particularly
rewarding to the first named author to witness the keen interest of the young (and not so young)
audience at the Universidade Federal do Espirito Santo in Vitéria, Brazil, during the course of
these lectures.
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typing which allowed to produce both an early version and the present one without delay.
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1 Introduction

The concept of a group seems to be tailor made to match the notion of symmetry. It is
economical and general: it just assumes that a composition of maps (or transformations) ¢g; and
g2 is again a map, g1 g2 (of a set into itself), that the product is associative, (g192)g9s = g1(g293),
and that for each transformation g there is an inverse, g=! such that gg=! = g71g = 1 (1
standing for the identity map which has the property g-1 =1-¢ = g). For transformations
depending on continuous parameters (like translations and rotations) one has the powerful
concept of a Lie! group which allows to reduce in most cases the study of a symmetry to a local
problem of Lie algebra.

Why then should we look for a more general concept like Hopf? algebra or “quantum group”
(or even for some further extension thereof)?

A historical account answering this question from a mathematical point of view can be
found in the lectures of Pierre Cartier [33] (see also the complementary more recent publication
[7]). We shall single out one aspect of his answer which also has a physical interpretation.
Another view of the history of quantum groups is provided by Ludwig Faddeev [56] starting
with integrable systems, in particular, spin chains.

A first principle of quantum theory is the principle of superposition. It tells us that quantum
states give rise to a vector space and symmetry groups act by (linear) representations on this
space. If we assume, as usual, the standard probabilistic interpretation of state vectors, then
we have to deal with a Hilbert state-space and with unitary representations of the symmetry
group. (More precisely, as pure states correspond to unit rays in a complex Hilbert space, one
is faced with projective or ray representations of a symmetry group G which can only be lifted
to ordinary vector representations of a suitable central extension of G. If G is a semi-simple Lie
group then we have to deal with just an appropriate covering of G. Thus half-integer-spin ray
representations of the 3-dimensional rotation group SO(3) are lifted to vector representations
of its double covering group SU(2).) Furthermore, the state space of a pair of non-interacting
systems is the tensor product of the spaces of individual systems. This leads us to considering
the ring of representations closed under tensor products and direct sums.

Consider now a system of n identical non-relativistic particles of coordinates z; and internal

quantum number s; (i = 1,...,n). Assume further, for the sake of definiteness, that each s;
takes k values and that the internal symmetry group is U(k). The state of such a system is
described by a (fixed time, in general, multicomponent) wave function ¥ (z1, $1;...; Tn, Sn) (€

H?” where H; is the 1-particle space). It possesses two types of symmetry which commute with
each other: (i) the internal symmetry, described by the n-fold tensor product of fundamental
representations of U (k) acting on the variables s;; (ii) symmetry under permutation of the pairs
of arguments (x;, s;), reflecting the indistinguishability of identical particles. For 1-component
wave function we have the Fermi3-Bose* alternative: 1 is either invariant or changes sign under
transposition of two (pairs of) arguments. Here and in the sequel we consider pure states that
transform under irreducible representations (IR) of the permutation group. A ”superparticle”
that is a superposition of a boson and a fermion is not a pure state. This terminology originates
with the notion of a superselection rule of [154]. In general (for a multicomponent ), it may

! Marius Sophus Lie (1812-1899) Norvegian mathematician.

2Heinz Hopf (1894-1971) introduces the concept of Hopf algebra (in a topological context) in 1941 — see
references to the original papers in [33].

3The Italian (later American) physicist Enrico Fermi (1901-1954) did his work on the Fermi-Dirac statistics
while in Florence (1925-26). He received the Nobel Prize in Physics in 1938 for his work on induced radioactivity.

4Satyendra Nath Bose (1894-1974) is an Indian Bengali mathematical physicist. His work of 1922 on the
Bose statistics was first rejected and then only accepted for publication after the author sent his manuscript to
Einstein who presented it together with his own paper on the same subject to Zeitschrift fiir Physik in 1924.



transform under a more general irreducible representation (IR) of the permutation group S,,.
(This relates to the Schur-Weyl duality reviewed in Appendix A.)

All this is fine if the configuration space X,, = Y,,/S,, where Y,, is the space of points
(21,...,%,) such that z; # x; for i # j, is simply connected and hence carries single valued
analytic functions. This is the case for space dimensions larger than two. If the x; are points in
a 2-dimensional plane however then the configuration space X, is no longer simply connected.
We shall see that the natural generalization of &, in this case is the braid group B, on n
strands that will be introduced in Section 2. What is important for us here is the realization
that when the permutation group acting on the tensor product of, say U(k), representations
is substituted by the braid group then the condition that “the symmetry commutes with the
statistics” implies that tensor product of representations should be deformed to a coproduct
(in general, not co-commutative) meaning that the concept of a symmetry group should be
substituted by the more general notion of a Hopf algebra or quantum group.

Conformal field theory (CFT) gives rise to an important class of quantum field theory (QFT)
models providing, in the 2-dimensional (2D) case, a framework for studying multivalued corre-
lation functions that exhibit braid group statistics. We introduce both the axiomatic and the
canonical approach to conformal current algebra models (in Sections 6-9 and Appendices D, E,
and in Sections 10-14, respectively). We also give a glimpse of the minimal conformal models
that triggered (with the work of Belavin, Polyakov and Zamolodchikov, [17]) the interest to
2D CFT. First, in Section 7.2, we consider the critical Ising® model, the simplest among the
minimal models, introducing on this example the notion of a null vector and apply it to deduce
the fusion rules for the primary fields of the model. Next, in Section 9.3, we sketch the coset
space construction [83] of minimal models. Section 10 acquaints the reader with the first order
covariant Hamiltonian formalism, which seems to have no standard textbook treatment and is
being reviewed in the introductory sections of research articles such as [78] and [98]. A central
role in it is played by a (D + 1)-form w (for a theory in D space-time dimensions) which may
exist even when there is no single valued Lagrangian D-form. For the D = 2 Wess-Zumino-
Novikov-Witten (WZNW) model w includes a term proportional to the Wess-Zumino form 6
(10.12) (whose vertical projection is the canonical 3-form on the group manifold).

A special feature of our treatment of the monodromy representation of the braid group is the
introduction (in Section 4, Appendix C, and Section 13) of a distinguished basis of conformal
blocks and an associated basis of quantum group invariants in which the braid group generators
are represented by triangular matrices that also make sense in non-unitary indecomposable
representations of the braid group. (This sums up a development of the 1990’s in [76, 143, 142,
92], triggered by an idea of Yassen Stanev.)

A bibliographical note.

The relation between the possible particle statistics and the topology (in particular, the fun-
damental group) of configuration space was first pointed out by mathematicians (in particular,
by Arnold [8] in 1968 — see Section 2), then by physicists, ending up with Leinaas and Myrheim
[109] (for a more detailed historical account — see [19] and [147]). For a thought provoking
recent review of spin and quantum statistics — see [61].

Soon after Drinfeld’s quantum group paper [49] (see also [50]) was reported at Berkeley, its
relation to CFT was recognized — see, e.g., [6, 69, 125, 90]. The relation to integrable models
is also highlighted in [125].

5Ernst Ising (1900-1998) is known for a single paper, his doctoral thesis on the 1-dimensional spin chain,
suggested by his adviser Wilhelm Lenz (1888-1957) in Hamburg.



There are, by now, a number of texts on quantum groups — see, e.g., [34, 62, 103, 111,
115, 116]. Concerning braid groups — see [20, 21, 104], as well as the historical survey [114].
For the axiomatic approach to QFT we refer to [144, 97, 24] and [87] (see also [131]). [42] is
regarded as a standard text on 2D CFT; the review [75] makes, on the other hand, connection
with axiomatic QFT and thus prepares the ground for the mathematical theory of chiral vertex

algebras [25, 60, 82, 47, 100, 59, 120, 122, 123, 13].

The reader will recognize in most of the footnotes (and in some of the references) our bias

towards historical remarks.



Appendix A. Young diagrams, Young tableaux and Schur-
Weyl duality

A Young diagram® of n boxes is a graphical expression of a partition of the natural number n
into a sum of decreasing integers ny > ny > ...nk(Xn; = n). It consists of a finite number of
boxes arranged in rows of decreasing length. All Young diagrams of three boxes are displayed
on Figure Al

0
0 HY ooo
Y. Y, Y

Figure Al: Young diagrams of three boxes

Young tableaur are Young diagrams in which each box carries a number. Standard Young
tableaux of n boxes carry the numbers 1,...,n of increasing order along rows and columns.
There are four standard Young tableaux of three boxes displayed on Figure A2

1
1]12 1|3
Z 5 g s

Ya YE)l YE)Q }/c

Figure A2: Standard Young tableaux of three boxes

Young diagrams Y of n boxes label the irreducible representations (IR) of the symmetric
group S, of permutations of n objects. The standard Young tableaux Y corresponding to a
given diagram Y form a basis in the representation space of the IR Y.

In general, the dimension of the representation corresponding to a Young diagram can be
computed without writing down explicitely all Young tableaux corresponding to a given diagram
Y. To this end we shall introduce the hook length h(x) of a box z of Y. Tt is equal to the sum
of the number of boxes to the right of x in the same row plus the number of boxes in the same
column below z plus 1 (for z itself). In Figure A3 we give examples of hook lengths for two
different diagrams

[6]5]3]2]
[3]1] 2]
[1] 2]

Figure A3: The number in each box gives its hook length

(]

Then the dimension of Y is given by

d(Y) :=dimY =n!/ [] h(x). (A1)

z€Y

6The English mathematician Alfred Young (1873-1940) introduced these diagrams in 1900 while in Cam-
bridge. For a systematic survey of Young tableaux and their applications — see [66].



Ezercise A.1. Find the dimension d(Y') of the IRs of S5 and verify the formula Y d?(Y) = 5!.
Y

To see how one reconstructs the action of the elements of S,, on a basis of Young tableaux,
we will first say something more about the structure of the symmetric group.

S, can be defined as a (finite) group of (n — 1) generators si1,...,5,—1 (Where s; = P41
plays the role of transposition (permutation) of the “objects” ¢ and i + 1), satisfying three sets
of relations (the first of which tells us that the s; are reflections):

s2=1,i=1,....,n—1; sisj=s;8 for |i—j|>1;

HJJFQ = 8; Si+1S; = Si+1Si Si+1 = 1, cee, M — 2 (A?)

(P;; playing the role of transposition of the objects (,) and satisfying Pfj = 1; verify that
indeed P2, =1, as a consequence of (A.2)). Iterating the last relation (A.2) we can express
any Pjj, i # j as a word in the generators (of length 2 |¢ — j| — 1. If the indices 4, j belong to a
single column of the Young tableau Y then, by definition, P;; Y = —Y. The permutation of two
columns of equal lengths in a tableau Y leaves, by definition, Y invariant. The product of basic
reflections determines the conjugacy class of the Cozeter element” of order n; in particular

Cln i=81...8p-1= 07:11 (cn1 =8p-1...81), cf,=1. (A.3)

Ezercise A.2.
(a) Prove that the transposition Py, has the form Py, = s1...8,-2 Sp—1 Sn—2...s1; verify the
relation s; Py, = Py, s; fori=2,...,n—1.

(b) Prove (A.3). (Hint : use induction in n proving (s1...8,)" = (s1...80-1)""! Prat1.)

Let us now describe, as a next exercise, the IRs of S3. The IRs Y, and Y, being 1-dimensional
are easy to describe: Y, is the trivial representation while Y, is the alternating one: s1Y, =

s2 Y, = —Y4. To construct the 2-dimensional representation Y; we first note that the generators
s; are represented by 2 x 2 matrices of eigenvalues £1 (hence, dets; = det sy = —1, trs; =
trsy = 0).

Ezercise A.3. Using the relations 52V, = Y2, 52 V?2 = V!, 512 = =Y find 51 Y} and the
matrix P;3.

(Answer : 51V, =Y, =Y?; Pig = (:} (1)) >

The IRs of the group U(k) of complex unitary k x k matrices are again labeled by Young
diagrams — of any number of boxes but of no more than k£ rows. The corresponding basis
vectors can be represented by semi-standard Young tableaux in which the allowed numbers are
(1,...,k) that should increase monotoneously along rows and strictly along columns. Thus
the representation corresponding to a single column of k boxes is 1-dimensional (given by the
determinant). The IR associated with a single box is k-dimensional (with basis , i=1,...,k)

"Harold Scott MacDonald Coxeter (1907-2003) born in London but worked for 60 years at the University of
Toronto; he studied the product of generators in 1951 — see [38].

10



and so is the representation of a single column of (k — 1)-boxes. In order to compute the
dimensions of more general IRs of U(k) we shall introduce some auxiliary notions.

Let us label the rows and columns of a Young diagram by consecutive integers ¢ and j
starting with 0. Each box « of the resulting Young chess-board Y is thus labeled by a pair (4, 5)
of non-negative integers. We define, following Macdonald, [112], the content c(x) of a box x by

clx)y=cli,j)=7—1. (A.4)

An illustration is provided on Figure A4:

Lof1]2]3]
[—1]o ][]
Figure A4: The number in each box z is its content ¢(z).

For a Young diagram symmetric with respect to the diagonal
the tableau of ¢(x) values is skewsymmetric.

Statement A.1l. The dimension of the IR of U(k) corresponding to the Young diagram Y (=
Yu)) is given by
k+ c(x
ay) =[] ktclx) (A.5)

€Y h(x)

We shall not reproduce the proof of this statement which can be extracted from [112]. We
leave it to the reader to verify that Eq. (A.5) indeed gives the number of semi-standard Young
tableaux corresponding to a given Young diagram of U(k) (at least for examples of diagrams
with a small number of boxes).

Ezercise A.4. Verify that Eq. (A.5) reproduces the number of semi-standard tableaux of three
boxes (Figure Al):

dy = d(Y,) = (g) , db=2<k‘§1> dy = (’“;2) (Y = You).

Egs. (A.1) and (A.5) are examples of combinatorial formulae for the dimensions of IRs of
Sy, and U (k), respectively. The better known analytic expression for d(Yy(x)) in terms of the
U (k) weights will be reproduced in Appendix F below.

The Schur®-Weyl? theory concerns the decomposition of the n-fold tensor product of the
defining (k-dimensional) representation O of U(k) into IRs of U(k) x S,,. (The permutations
s € S, of different copies of the U (k) module C* commute with the U (k) action.) We have

81ssai Schur (January 10, 1875, Mogilov, Belarus, Russian empire — January 10, 1941, Tel Aviv, Palestine)
studied and worked in Berlin; regarded himself as German and declined invitations to leave Germany for the US
and Britain in 1934; dismissed from his chair in 1935 eventually emmigrated to Palestine in 1939. He is known
for Schur’s lemma and Schur’s polynomials among many others.

9Hermann Weyl (1885, Elmshorn, near Hamburg — 1955, Ziirich) worked in Gottingen, Ziirich and Princeton.
The duality in question appears in Weyl’s 1928 book Gruppentheorie und Quantenmechanik. Concerning the
Schur-Weyl duality — see, e.g., [158].

11



Proposition A.1. Let Y run through the n-box Young diagrams with no more than k rows;
then

D??Ia) = @YU(k) X st . (A6)
Y

In other words the representation D%’?k) splits into a sum of tensor products of IRs of
U(k) ® Sy, the two IRs in each term corresponding to the same Young diagram.

Ezxercise A.5. Using the result of Exercise A.4 verify that k% = d, + 2d, + d.. Do the same
exercise for D%Elk) finding first the dimensions of all IRs of Sy and the dimensions of the IRs of

U (k) labeled by Young diagrams of four boxes.

The special unitary group SU(k) is the subgroup of U(k) consisting of (unitary, k x k)
matrices with unit determinant. Its IRs are labeled by Young diagrams with no more that
k — 1 rows (same as U(k — 1)). The IRs of U(k) remain irreducible when restricted to SU(k),
the only difference coming from the representation of the determinant. Accordingly, all U(k)
representations, corresponding to Young diagrams that differ only in the (number of) columns
of length k, restrict to a single SU (k) representation — the one labeled by the Young diagram
obtained after all such columns have been removed.

Ezercise A.6. Show that the combinatorial formula (A.5) for the dimension of a representation

gives the same result for Young diagrams which only differ in their content of columns of length
k.

The topology of SU(k) and U(k) is, on the other hand, quite different. While SU(k) is
simply connected, i.e. has a trivial fundamental group, the group U(k) has an infinite sheeted
universal cover (which is by definition simply connected) isomorphic to R x SU (k).

Remark A.1. The groups SU(2) and SU(4) are two-fold coverings of the special orthogonal
groups SO(3) and SO(6), respectively, that coincide with their universal covering groups. The
universal covering of SO(4) is the direct product SU(2) x SU(2) (cf. Appendix F). The group
SU(2) is topologically isomorphic to the 3-sphere S*. U(2), on the other hand, is isomorphic
to the compactified Minkowski space M for D = 4 (see Eq. (6.8) of Section 6 for the definition
of M in D dimensions):

U2 ~M=8S>xS"/+1. (A7)

12



2 Braid groups and Hecke algebras

In order to describe the fundamental group m; of the configuration space, we first introduce
the Artin'® braid group B, on n strands. It is an infinite discrete group which can be defined
in analogy with the symmetric group S, (cf. Appendix A) as a group of n — 1 generators
b1,...,bn—1 (and their inverses) obeying two sets of defining braid relations :

bibi+1bi:bi+1bibi+1,izl,...,n—Q; be]:bjbz for |i—j|>1. (2.1)

Their intuitive meaning of b; b;” 1 = T is illustrated on Figure 2.1; that of the first equation
(2.1) is pictured on Figure 2.2:

IO,

Figure 2.1: b; bi_1 =1

Figure 2.2: b1 b2 bl = b2 b1 bz

If we ignore the path of a braid transformation and only follow its end point we obtain
a permutation. This defines a homomorphism of B, onto S, whose kernel is, by definition,
the pure braid or monodromy subgroup M,,. This means that the following sequence of group

homomorphisms is exact:
1- M, —-B,—8,—1. (2.2)

We are now ready to formulate a result that goes back to Hurwitz which has been then
repeatedly rediscovered (see [114] for a historical survey by an active participant in this work).

Let (z1,...,2n) be n different points in the complex plane C and let 2z be a fixed point in C,
different from (z1,...,2,). Let Y, = C\ (21, ..., 2z,) be the n-punctured plane and X,, =Y, /S,
— the configuration space.

1OEmil Artin (1898-1962), Theorie der Zopfe (Hamburg, 1925). According to Wilhelm Magnus [114] braid
groups were implicit in Adolf Hurwitz’s (1859-1919) work on monodromy (1891).

13



Theorem 2.1. [8] The fundamental group of the configuration space w1 (X,,z0) coincides
with the braid group Bpy1. The fundamental group of the n-punctured plane coincides with its
monodromy subgroup, M y1:

™1 (Xn, Zo) >~ Bn-{-l s ™1 (Yn, Zo) ~ Mn+1 . (23)

We just note that a path connecting two punctures, say z; and z;41, is viewed as a closed
path in X,,.

Introduce the analogues of the Coxeter elements (A.3):
Bip=b1...bp—1, Bpi=bp_1...b1. (2.4)

The powers of By, give rise to automorphisms that intertwine the B, generators b; among
themselves: _ .
BinblBl_nlf:bi—&-la i:l,...,n—2. (25)

We shall cite the following result on the structure of B, (see [114] for a concise review and
references to the original papers).

Proposition 2.2. The centre Z, = Z(B,) of B, consists of all powers of the element (of
infinite order)

6=B}, (=B}). (2.6)

The two elements 0 and
Q) = By, B, subject to the relation Q" = 6> (2.7)

generate a normal subgroup N,, of B,.

The fundamental group m;(S?,n) of the 2-sphere with n punctures can be presented as the
quotient F}¥ of the free group F,, on n generators, 1, ..., %y, by the single relation

T1...2, =1 (2.8)
(expressing the fact that a loop encircling all n points on the sphere is contractible). The braid

group B,, acts by automorphisms on F,, and on its quotient F,* ([114]).

Proposition 2.3. The automorphisms

Bu(xu) = Tp+4+1, ﬁu(xu+1) = x;+11 Ty Ty+1 61/(1'#) =Ty fmn M 7é v,v+1, (29)

satisfy the defining relations (2.1) for the generators of B,,. Moreover, B, is isomorphic to the
automorphism group of F,, while its quotient with its centre gives Aut F::

B, = AwF,, B =8,/Z, = AutF . (2.10)

The mapping class group M (S%,n) of S*\{z1,...,2,} —i.e., the group of (isotopy classes of)
orientation preserving self-homeomorphisms of the sphere with n-punctures — has been studied
for nearly a century, starting with the work of Fricke-Klein'! (1897 — following that of Hurwitz,

1 Karl Emmanuel Robert Fricke (1861-1930), professor of Higher Mathematics at the Technische Hochschule
in Braunschweig, and Felix Christian Klein (1849-1925) (known for his influential Erlangen Program, 1872, and
for his role in creating the model research centre at the University of Gottingen from 1886 on) wrote a four
volume treatise on automorphic and elliptic modular functions over a period of about 20 years.
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mentioned above), followed by contributions by Artin, Magnus, Fadell, Van Buskirk, Arnold [8],
Birman [20] among others. In the formulation of the main result below we follow the survey
[114] (containing over 60 references).

Theorem 2.4. The braid group B,,(S?) of the 2-sphere arises from B, by adjoining the single
relation Q = 1 (where Q is the generator of N, defined in (2.7)). It has a single element 6 (2.6)
of order two (for n > 2) that generates its centre Z/2. The mapping class group M(S* n) is
obtained from B, (S?) by setting 6 = 1.

Remark 2.1. Tt follows from Theorem 2.4 that B,(S?) is a non-splitting central extension of
M(S?%,n) (just like SU(2) is such an extension of SO(3)).

For quantum deformations of unitary (say, SU(k)) 1-particle symmetry (to be considered
in Section 4, below) with deformation parameter ¢ (such that ¢ = 1 corresponds to the unde-
formed case) the group algebra of the fundamental representation of B,, is a Hecke'? algebra
characterized by the following relations

b+ (q—q bi—1=(bi+q)(bi —q ") =0. (2.11)

(The normalization of b; has been chosen for convenience, so that the products of its eigenvalues
is —1. Introducing in the next section a quasi-triangular R-matrix we shall naturally come to
a different normalization which involves half-integer powers of the parameter ¢q. In both cases,
for ¢ — 1, Eq. (2.11) and its counterpart in Section 11 reduce to the involutivity condition for
the reflections generating the symmetric group.)

It is convenient to express b; in terms of the (non-normalized) projectors (antisymmetrizers)
€;.

€ = qil - b’ia 612 = (q + qil) €i, (212)

which, in view of the braid relations (2.1) satisfy
€i€i+1€; — € = €i41€;€i41 — €j41 (2~13)

eiej =eje; for |i—j|>2. (2.14)

We shall introduce (also for later applications) the g-numbers [n] (= [n],) setting

n

q" —q

= (M=1,2=q+q¢ ", Bl=+1+q¢7>...). (2.15)

[n] =

Exercise 2.1. Verify the relations
(8) [2][n] = [n — 1] + [n + 1], 3] = [n— 2]+ [n] + [0 + 2]
(b) if ¢V = —1 then [N] = 0.

For generic g, i.e. for ¢ not a root of unity, [N] # 0 for any non-zero natural number N.
Define for such g, following [86], the series of antisymmetrizers

1
[k + 1]

I2Erich Hecke (1887-1947) studied in Géttingen with Hilbert, worked in Hamburg.

Pl =1, PF! = (T — ¢ *bp+... 4+ (=1)Fby...by) PF. (2.16)
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It is easy to check that

P2 = % P = ﬁ (e1e2e1 —e1) = ﬁ (e2 €162 —€2) (2.17)

where [k]! is defined recursively by: [0]! = 1, [k + 1]! = [k]! [k + 1] and P* = (P*)1a. .

Ezercise 2.2. Prove that P* are central projectors:

Py, =b, PP =—¢'PF for 1<i<k-—1,

P* Pij = Pij P* = P* for Pij = (Pi)j(j+1)...(j+i_1) , i+ —1<k; (2.18)
furthermore,
k (k+1]
Prp, P =1 pk_ P (2.19)
(K] (K]

(a relation that can be used as another recursive definition of P*). It turns out that in applica-
tions to 2D conformal field theory ¢ is precisely a root of 1. One has to deal with non-normalized
projectors in that case — see Section 1.2 of [70] as well as Section 12 below.

We shall assume that the Hecke algebra of B,, is at most n-dimensional so that
Pl =0. (2.20)

If k is the smallest positive integer for which P**1 = 0 we say that we are dealing with an

“even Hecke symmetry of rank k” in the terminology of [86]. Then P* is an one-dimensional
projector that can be written as a (tensor) product of two g-deformed Levi-Civita'? tensors.

Assuming, on the other hand, that P2 = 0 for B, (i.e. that each of the expressions (2.13)

vanish) we obtain the Tempereley-Lieb algebra which plays a prominent role in V.F.R. Jones
theory of subfactors [96].

Here is an explicit realization of e; and es (and hence of Bs) satisfying
e1ese; —ep =egereg —ea =0 (€2 = [2] ;) (2.21)
in the triple tensor product of 2 x 2 matrices
(515250 = 21 0 050 (A5 = 051 S, @22)

where €7 is the (rank 2) g-deformed Levi-Civita tensor

_gt/
=0 TY) = tem) 2.23)

satisfying
ao a ao 0
& Eop = _6B s (8 8,30) = (g ql) . (224)

Ezercise 2.3. Verify (2.21) using (2.22) and the properties of £7.

L3 Tullio Levi-Civita (1873-1941) published in 1900 “Méthodes de calcul différentiel absolu et leurs applications”
together with his teacher Gregorio Ricci-Curbastro (1853-1925); Albert Einstein (1879-1955, Nobel Prize in
Physics 1921) used this book to master tensor calculus in Riemannian geometry; Bernhard Riemann (1826-
1866) introduced his geometry in his inaugural lecture at the University of Gottingen (1854).
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Another solution of the braid relations of Bz, in which the expression (2.13) is a 1-dimensional
projector,

e1ege; —ep =egej ey —eg =N gy g5 (2.25)
where
E128 B2 g 132 213 2312 _ 2.231 _ _ 3321
P = 0 =P = P (9P) = (e,45,), (2.26)
is given by
(R = e o 5 (S = 05T e (220

Ezercise 2.4. Use the identity
€ o 0y 7172 = [2] 53 (2.28)

to verify the relations €? = [2]e;, i = 1,2. Verify (2.25) for e; given by (2.27).

Note that the order of indices of the quantum Levi-Civita tensor in (2.27) is important. It
is easy to check, for instance that substituting the first product by €*1*27 eg, 3,, would violate
the condition e? = [2]e;.

We end up our brief survey of the braid group with a simple application to physically
interesting new statistics in two dimensions.

The permutation group S, has exactly two 1-dimensional representations (corresponding to
the Young diagrams Y, and Y, of Figure A1l for n = 3 — see Appendix A): the fully symmetric
(trivial) representation, corresponding to bosons and the totally antisymmetric one, describing
fermions. By contrast the braid group B, has a 1-parameter family of 1-dimensional (unitary)
representations given by

ma(bi) =7  (mg(b; ) =q, qq=1). (2.29)

(Note that m,(b;) (2.29) trivially satisfy the Hecke algebra condition (2.11).) This representation
describes (according to presently accepted theoretical models — see [63, 64]) the fractional

quantum Hall effect. The story of how physicists got aware of the anyonic representations is
told in [19].
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3 Bialgebras and Hopf algebras: classical
examples and definition

A natural way to arrive at the Hopf algebra generalization of the notion of a group G is to
study the duality between an algebra U that could be either the group algebra, say CG, or the
universal enveloping algebra (UEA) U(G) of the Lie algebra G of G, and the algebra F(G) of
functions on the group. (The appropriate topology of F(G) depends on the class of groups
one is considering — see the introduction to [33]. As these introductory remarks are just ment
as motivation we will not burden them with topological considerations.) We shall thus first
explain why ordinary groups and Lie algebras can be viewed as Hopf algebras and only then
will give the formal definition.

Remark 3.1. Mathematicians would often replace the field C of complex numbers in the defini-
tion of a group algebra by an arbitrary field K (having in mind, e.g., applications to algebraic
groups — see [33]). Such generality may also be useful for some physical applications but again
we refrain from complicating excessively this introductory note. The space of functions F(G)
is sometimes denoted by C% (or K¢ — see [33]).

Usually CG, U(G) and F(Q) are just viewed as unital associative algebras— in all these cases
the product m : U@ U — U (m(X ®Y)= X Y) and the unit element I € U are defined in
a natural way. It is important, however, that CG and U(G) (as well as F(G) for finite groups
G) are also bialgebras; to begin with, they are endowed with a coalgebra structure. A coalgebra
is a linear space equipped with two linear maps, the coproduct A : U — U ® U and the counit
€ : U — C such that

(deA)A=(A®id)A (3.1)
([dee)AX)=(eidAX)=X,VXeU. (3.2)

In a bialgebra, the algebra and coalgebra structures also satisfy compatibility conditions which
will be formulated later in Definition 3.1. It is the presence of the coproduct which allows to
view the tensor product of any two representations of U again as a representation of U (rather

than as a representation of U ® U which is always possible for an associative algebra). The
coproduct in U is related to the (pointwise) product of functions f(g) in F(G) by

(A f1£2) = (A(A), A ® fa) = (A1, [1)(As, fo) (33)

(4)

where we are using Sweedler’s notation'*

A(A)ZZA1®A2 for AeU (= A1,A2€U). (3.4)
(4)

Any element of CG is, by definition, a finite linear combination of elements of G with complex

coefficients:
A=Y alg)g = (A )= algflg (€0C). (3.5)

g9

Applying this to the left hand side of (3.3) with (f1 f2)(g9) := fi(g9) f2(g) and comparing the
result with the right hand side, we deduce

Ag=gog = AA=) alg)g®g. (3.6)
g

141t is a self-explaining notation introduced by Moss E. Sweedler in his book Hopf Algebras (W.A. Benjamin,
N.Y. 1969) of the pre-quantum groups’ era.
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Both CG and F(G) are unital associative algebras; in other words, they have unit elements:
the group unit I € G C CG and the constant function fo(g) =1 € F(G). This allows to define
a counit in both CG and F, setting

e(A) = (A1) =) alg), ie elg)=1€C, ex(f)=(L[)=f(1). 3.7)

If G is a finite group we can define in this simple algebraic manner a coproduct in F(G) as well,
setting
Az f(g1,92) = flg192) - (3.8)

Remark 3.2. Note that for a finite group G the tensor product F(G) ® F(G) is naturally
isomorphic to the space F(G x G) of functions of two group variables. For G infinite the tensor
square of F(G) is a proper subset of F(G x G).

FEzercise 3.1. Verify that the coproducts A (3.6) and Az (3.8) and the counits € and e (3.7)
satisfy the coalgebra conditions (3.1) and (3.2).

We may view CG and F(G) as Hopf algebras by introducing in each of these bialgebras the
antipode S

S:CG—CG, Sg=g7'; Sr:F(G)— F(G), (Srf)g)=flg™). (3.9)
In both cases S is defined as an algebraic antihomomorphism: the map S is linear, and

S(Ay Az) = S(A2) S(Ay).

To end up with our classical examples of a Hopf algebra we display A, ¢ and S for the UEA
U(G) of a Lie algebra G defining them for elements of G:

AX)=X®I+1I®X, X)=0, SX)=-X, VXEG. (3.10)

We observe that the (associative) algebras CG and U(G) are, in general, non-commutative
but the coproduct in both case equals the permuted (or opposite) one

NX) =Y Xo0X1 =) X18X;=A(X). (3.11)
(X) (X)

We say in such a case that the algebra U is co-commutative. By contrast, the algebra F(G)
dual to CG is commutative but not co-commutative. Here is, finally, the abstract definition of
a Hopf algebra (over an arbitrary field K) in which one demands neither commutativity nor
co-commutativity.

Definition 3.1. An associative unital algebra B with multiplication m and unit 1 is called a
bialgebra if it also a coalgebra (with coproduct A : B — B ® B and counit € : B — C satisfying
(3.1), (3.2)) and, in addition, A and e are unital algebra homomorphisms i.e.,

AX-Y)=AX)AY), A(M)=1Ix1,

f(X-Y) =e(X)e(Y), M=1¢C. (3.12)

(The product A(X) A(Y) belongs again to the tensor square B ® B which inherits an algebraic
structure by (X7 ® X2)(Y1 ®@ Y2) = (X171 ® X»Y2).)
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Ezercise 3.2. Verify that the coproducts A (3.6) and Az (3.8) and the counits € and e (3.7)
satisfy the algebraic conditions (3.12).

Ezercise 3.3. Prove that the first relation in (3.12) implies the following compatibility condition
between multiplication and comultiplication:

m®m Pas AX)® A(Y) = A (m(X ®Y)) (3.13)

where P53 stands for the permutation of the factors 2 and 3 in the 4-fold tensor product, and we
identify X -Y with m(X ® Y). Using (3.4), the left-hand side of relation (3.13) can be written
in more detail as

m®mP23(ZX1®X2®ZY1 ®Y2) = Z (X1}/1)®(X2Y2) .
(X) () (X,Y)

Definition 3.2. A Hopf algebra H is a bialgebra (over C) equipped with a C-linear antihomo-
morphism of algebras S : H — H, the antipode, such that the following diagram commutes:

HoH—2% . HeH (3.14)

Using the notation (3.4) we can translate the content of (3.14) into the relation

D S(X1) XKoo= X1-8(Xp)=e(X)I VX eH. (3.15)
(X) (X)

The requirement that A and ¢ are algebra homomorphisms allows to introduce the bial-
gebra structure on U(G) (or on its "quantum” deformation — see Section 4 below) by just
defining them on the generators of the Lie algebra G. The same remark applies to the algebra
antihomomorphism S in the definition of a Hopf algebra structure.

As shown by L. Schwartz!®, the distributions supported by the unit element of a Lie group
G with Lie algebra G form an algebra isomorphic to the UEA U(G) (Theorem 3.7.1 of [33]).
Thus endowing, as in (3.8), the smooth functions C*°(G) on G with a coproduct (belonging
to C°(G x @)) allows to view U(G) as a subalgebra of a suitable dual of C*°(G). This clas-
sical construction was generalized by Faddeev, Reshetikhin and Takhtajan [57] to provide an
alternative approach to the quantum UEA (realized in the quantized chiral WZNW model by
the Gauss'® components of the monodromy matrix satisfying quadratic R-matrix relations, see
Section 12).

15Laurent Schwartz (1915-2002) is best known for his theory of distributions. He is the Ph.D. adviser
of Grothendieck and a member of the Bourbaki group (see M. Mashaal, Bourbaki: une société secréte de
mathématiciens, Belin, 2002; A.D. Aczel, The Artist and the Mathematician. The Story of Nicolas Bourbaks.
The Genius Mathematician who Never Existed, Thunder’s Mouth Press, 2006, French transl. J.C. Lattes, 2009).

16Carl Friedrich Gauss (1777-1855), called the Prince of Mathematicians (see [18]) has left his imprint to
nearly all domains of mathematics.
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4 Quantum universal enveloping algebras: the U,(A4,) case

An important example, in which neither commutativity nor co-commutativity holds, is given
by the quantum universal enveloping algebra (QUEA) U,(G) of a (semi)simple Lie algebra G.
We shall spell out its definition for G = A, = sf,..1 (the rank r Lie algebra of the special
linear group of (r+1) x (r + 1) matrices) and (complex) parameter ¢ # 0, £1. It combines the
properties of CG and U,(G) being generated by a mixture of group like and Lie algebra like
elements.

The QUEA U, (A,) has r group-like generators K; (and their inverses K 1) which correspond
to the Cartan!” torus and 2r Lie algebra-like ones (raising and lowering operators) E; and F;
corresponding to simple roots. They obey the following commutation relations (CR):

K; E; Ki_l — q(ai\oéj) E;, K; F; Ki_l _ q*(ai\a]‘) Fj,

Ki— K !
Ei, Fj] = 0ij ———,
[ J] J q_q_l

and the Serre relations (that are only non-trivial for r > 1):

ij=1,...,r, (4.1)

E® By + B B = BB By, E;EX) + EX By = Eiy1 By B

K2

Fi@) Fiy1+ Fin FZ@) =FFunkl, F Fz(i)l + Fﬁ)l Fi=F1FiFia
1

[n]!

Here (in the first relation (4.1)) «; are the simple roots, normalized to have square 2, so that
((ay | @) is the A, Cartan matriz :

for x™ X", [E,Ej]=0=[F,Fj for |i—j|>1. (4.2)

(Oéz' |Olz)=2 s (Oéi |Oéi+1):—1 , (OZZ‘ |01j)=0 for |Z—]| >1. (43)

It is simple to display the “classical” (¢ — 1) limit of these relations. Setting
K; =q¢" (Kj'=q¢ M), i=1,....r (4.4)
we find, at least formally, that the first two CR (4.1) are equivalent to the classical ones
[H;, Ej] = (ai | o) Ej,  [Hy, Fy] = —(ai | ;) Fj
while the third one has a classical limit:
[Ei, Fj] = [Hi] 6i; (— H;djj for ¢—1) (4.5)

where we have extended the notation [n] (2.15) for a g-number to operator valued entries
(n — H;). Note however, that Eq. (4.4) is not algebraic (it involves the exponential function).

That’s why purists only use Kfil) in dealing with Ug(A,).
We define the coproduct, the counit, and the antipode on the generators of U, (A,) as follows

AK)=K;®K;, AF)=EK +1IQE,;,

17The French mathematician Elie Joseph Cartan (1869-1951) has introduced the general notion of antisym-
metric differential forms (1894-1904) and the theory of spinors (1913) besides his major contribution to Lie
algebras (his doctoral thesis of 1894) in which he completed Killing’s work on the classification of semi-simple
Lie algebras over the complex field. An introduction to this result in the simply laced case and a detailed
treatment of the A, algebra and its finite dimensional IRs is given in Appendix F.
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AF)=Fel+K'oF, i=1,...,r; (4.6)

S(E)=-E;K;', S(F)=-KTF, SK)=K". (4.8)

FEzercise 4.1. Verify (3.15) which can also be written in the form
m(id®@ S)A(X) =m(S®id) A(X) =¢(X) I (4.9)

for the generators of U,(A,).

Ezercise 4.2. Verify (on the generators) the relation (¢ ® id)A(X) =
([d®e)A(X) = X (3.12).

Remark 4.1. Tt helps understanding both the origin and the meaning of quantum groups to
observe that it is the coproduct that determines the deformation of the Lie algebra structure.
To this end we note that the fundamental (undeformed) representation of A,, given in terms
of the Weyl matrices

(eij)if :(556]'[ (:> €ij €kt = Ojk ei[) ’L.7j,k,£: 1,...,T+1, (410)

by
Ei=¢iiv1, Fi=eiq1i, Hi=eyu—eir1it1, (4.11)

is also a representation of U,(A,); in particular,
[Ei7 FJ] = 51][Hz] = 5ij Hl fOf IT[Z = €4; — €i+11‘+1 . (412)

More generally, if H is a hermitean matrix with eigenvalues 0, £1 then [H] = H. Furthermore,
the Serre relations (4.2) (which involve the deformation parameter ¢) are also satisfied by the
g-independent matrices of the defining (r + 1)-dimensional representation of A, since each term
is separately equal to zero:

E}=0=F =E E B =FF.F

for El = €ii+1 1‘7Z = €i4+14 (: Ez*) . (413)

It is the non-cocommutative coproduct which replaces the symmetric tensor product of rep-
resentations, that yields modified higher dimensional representations and forces us to use the
g-deformed CR (4.1) (4.2). (As we shall see below the coproduct is also directly related to the
appearance of braid group representations in the g-deformed Schur-Weyl duality.)

Remark 4.2. Tt is clear from the above CR that the “raising operators” F; generate a Lie
subalgebra. Since A(FE;) (4.6) also involves the Cartan generator K, they do not generate
a Hopf subalgebra. (Only {E;, K;;i,j5 = 1,...,7} do give rise to a Hopf subalgebra.) The
same remark holds for the “lowering operators”, F;. Thus, in general, there are fewer Hopf
subalgebras in the deformed case than in the undeformed (cocommutative) one.
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It is instructive to see how 2- and higher point U, (A,) invariants appear in tensor products
of finite dimensional representations. We shall work out the solution to this problem for the
simplest case of U,(A41) = U,,.

For generic q (¢ # 0,¢ not a root of unity) the theory of finite dimensional representations
of Uy is essentially the same as that of the undeformed algebra A; ~ su(2). The irreducible
representations (IRs) of U, are again labeled by the isospin I, or by the dimension p := 27 + 1.
An explicit realization of the U, module F, is given in terms of the weight basis {g“»™ | p,m)} for

any choice of the (integer) exponents a,,. Instead of the g-deformed Casimir operator Cé‘I) =
EF+FE+[2] [4] ? it is more convenient to use its rescaled version, C' = 1(g—q1)? Céq) +[2]:

C:=XNEF+¢" 4+ ¢ = NFE+ ¢ ¢ Ni=¢g—q7! (4.14)
we have, as part of the definition of the weight basis

(C—q”—q ") g% |p,m) =0=(¢" — @™ P g | p,m). (4.15)

Ezercise 4.3. Check that (4.14) (4.15) imply
(EF = [m][p —m])¢*m | pym) = 0= (FE = [m+1][p —m = 1]) ¢*™ | p,m) (4.16)

(independent of the choice of ay, ).

We shall single out the canonical basis {| p,m)} by the (apm-dependent) relations

It follows, in particular, that F, has both a lowest and a highest weight vector, | p,0) and
| p,p — 1), a property that is independent of the choice of app,:

Eq*»=' | p,p—1)=0=Fq“° | p,0). (4.18)

What singles out the canonical basis (among the weight bases which satisfy (4.18)) is the reality
of the coefficients in the right hand side of each of the two equations (4.17).

Another remarkable weight basis, that will be used shortly, is what we shall call an E-basis,
{| p,m)} (satistying, by definition, Eq. (4.23) below for ¢; given by (4.22)), such that

E|pm)=(p-m-1)s|[pm+1), F|pm)=q¢P(m)s|[pm-1); (4.19)
here the (complex for ¢ g = 1) g-numbers (n) and (n)_ (that will appear later) are defined by

1— 2n
(n).,. = [n] qn_l =1+ q2 + -+ q2'n.—2 = 1 _qq2 ’ (420)

() =l =1 gt P

Ezercise 4.4. Verify that the vectors

m(m + 3)

| pym) =q%™ | p,m), with ap, = 5

—mp (4.21)

satisfy (4.19) as a consequence of (4.17).
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The E-basis allows to introduce U, coherent states [75] which are vector valued polynomials
of degree p — 1 = 2 in a formal variable u:

Oy (u) == mio <72n1>+ w™ | 21 +1,m), (;fb>+ = Wt’mM (4.22)

((O)4!=D4!=1 (n+ 1Dyl =(n)p! (n+1)4).

Exercise 4.5. Verify the relations

F(q™?u) = f(u)

E-D.)d =0 f D = 4.23
( +) [(’U,) or ( if)(u) (qig — l)u ) ( )
Kor(u) = ¢ * ¢r(q*u);
Foér(u) =u* 2 D_(u?! ®1(q %u)). (4.24)
(Hint : use the relation Dy u™ = (m)xu™ 1)
A function JU) (uy,...,u,) on the n-fold tensor product of ®;(u)’s is U, invariant if it is
homogeneous — as a consequence of K (= ¢f) invariance,
K: q72nl '](I)(q2 ut,.-. aq2 un) = J(I)(u17u27 B un) ) (4-25)
and F- and F-invariant:
E: Z Dy J(I)(ul, e Uy P U1y 5 G Up) Pl — g (4.26)
k=1
F: Z w2 D Dy (2 TD (2, g R g, Uk u,)) = 0. (4.27)

k=1

Eqgs. (4.25-4.27) are obtained from (4.23, 4.24) by applying multiple coproduct formulae,
like .
ARy =Y 1Y g B KO R) (4.28)
k=1
where A% = A®...® A (v factors), A®? = 1.

Ezercise 4.6. Prove using just (4.25) and (4.26) that the general 2-point invariant is proportional
to

271
1 - —
T 1y g) = (“1’“2;2) = T " wm—g""u) (4.29)
n=0
21
21
= -1 m 2I—m
- o3 [
where
k—1 - .
wr(n 1) = wie wg 0 v) =TT (75w =g 0= 0)
v=0
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k k k—1
wi(,y)(= wi(r,y:0) = 3 [ ] )= [[e— ). (430)

Proposition 4.1. The space of 4-point Ug-invariants in the tensor product };‘?4 1s p-dimensional
and is spanned by

A+1 A+1
J,(\I)(u1,~--,u4) = Was—) <u1,u2; 5 >w21—>\ <U,3,U4; 5 ) X (4.31)
A—1 A+1
X Wy <u2,u3;I— 2) wy (ul,u4;;— —I) , A=0,1,...,2I(=p—1) .

(For a proof see Appendix C. A more general result is established in [75].)

Clearly, the QUEA U, (A, ) is neither commutative nor co-commutative. The violation of co-
commutativity however is not arbitrary: U,(A,) is an almost co-commutative quasi-triangular
Hopf algebra.

A Hopf algebra H is called almost co-commutative if there exists an invertible element R of
H ® H which intertwines the coproduct A (3.2) with its permuted one, A’ (3.13)

RA(X)=A'"(X)R, vXeH. (4.32)
It is called quasi-triangular if R satisfies, in addition
(A X ld) (R) = Ri3 Ros, (ld X A)(R) = Ri3Rio. (433)

Here we are using Faddeev’s notation (see, e.g., [57]) R;; for the action of R on the triple tensor
product H ® H ® H: define the algebra morphisms ¢,; : H®@ H - HQ H® H (i,j =1,2,3,
i #j) by
¢>12(a®b):a®b®ﬂ, ¢23(a®b):1[®a®b,
$13(a®@b) =a@L®@b; then R;; :=¢;; R. (4.34)

Applying € ® id to both sides of the first equation (4.33) and id ® € to the second one and
using Eq. (3.2) we find
(e®id)R=(id®e)R=1. (4.35)

Indeed, if we apply € ® id ® id to both sides of the first equation (4.33) and use (3.2) we obtain
Ro3 = (e ®id ® id) Ry3 Ras;
since Rog is invertible this gives
(e®id®id)Ri3 =11
in accord with (4.35).

Exercise 4.7. Prove, using quasi-triangularity, the relations
R'=(S®id)R, R=(G{d®S)R'=(S®S)R. (4.36)
The quasi-triangularity further implies the Yang-Bazter equation (YBE) for the R matrix:
Ri3 Ry3 Ro3 = Ro3 Ri3 Ryo. (4.37)
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A natural construction of the R-matrix, which allows to verify the above properties, requires
yet another concept, the quantum double, and is given in Section 5 below. Here we shall
reproduce instead a simple example of a space of non-commutative matrices which allows to
understand the meaning of the YBE (4.37) and its connection to the basic relation among braid
group generators.

Let T'= (T§, a, =1,...,n) be an n x n matrix whose entries do not commute but obey
the RTT relation (see [57])

R12 T1 T2 = T2 T1 ng Where T1 =T [24] 1 5 TQ =1 X T. (438)

Natural examples of such T-matrices are provided by the Borel components of U,(A,) (see
Section 5). We then apply both sides of (4.37) to the triple product T3 T T5:
Ryg Ri3 Ro3T1 T2 T3 = Rip Ri3 T1 1315 Reg =
= Ri2T3T1T5 Rz Roz = T3T2 Ty R12 Ri3 Ros;

Ro3z Ri3 R1aT1 1513 = Roz Ri3 1211 T3 Ryo =
= Ro3T3T3T1 Ri3 Rip = T35 T Ra3 Ri3 B2, (4.39)
where we have used the relations Rp3T) = T Roz, Ri3To = 15 R13, R12T3 = T3 R1>. Thus
both sides of (4.37) when commuted with T7 T5 T3 intertwine it with T3 Ts Ty, permuting the T;

in different order. Eq. (4.37) thus reflects the associativity of multiplication (of the elements)
of T-matrices. (More on this interpretation of the YBE the reader will find in [116].)

Eq. (4.37) reminds us the Artin braid relation (2.1). To obtain the exact relation between
the two we multiply both sides of (4.37) by the product of permutations Py Po3 P1o = Py =
P23 P12 P23 and set

Piiv1 Riiv1 = Riit1 (= bi). (4.40)

This gives for the left hand side of (4.37)

Py3 Pio(Pa3 Ria Pa3)(Pas Ris Pa3) Rog = Paz Pia Riz PE Rig Ry =
= Py3 Ro3 Ry3 Ra3z = Raz Ry Rog,

thre we hzjve used Pa3 R13 Pa3 = Rio etc. Similarly, the right hand side of (4.37) is reduced
to Ri2 Rog R12. Thus the YBE (4.15) is equivalent to the braid relation

Ry Roz Rig = Roz Rig Rz, o bybaby = by by by (4.41)

for R; ;41 given by (4.40).
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Appendix B. Multiple tensor products, Faddeev’s notation,
applications

Faddeev’s notation, introduced in (4.34) and used sporadically throughout these notes, is sim-
plifying substantially operations on multiple tensor products. For the benefit of the readers
who are not familiar with it, we work out in this Appendix some examples and applications.
We derive, in particular, basic properties of the polarized Casimir invariants that will be needed
in the sequel. (To those who would sniff at the importance of notation we offer to multiply, say
137 with 374, using Roman figures only...)

Introduce, to begin with, the m-fold tensor product of a finite dimensional vector space V
with itself:
VeVe - @V=WVW.V,. (B.1)

Here V; indicates the i-th factor in the tensor product. (The notation is flexible: the right hand
side may also stand for the tensor product of different spaces — depending on the context.) Let
further A : V. — V be a linear operator (a square matrix) acting in V; mathematicians would
use the notation A € EndV (End standing for endomorphisms). Then

A=12.. . 0Ac1®...1 (B.2)

(A in the i-th place, unit operators acting on V; for 1 < j <m, j # i) is a shorthand for the
natural embedding of End V; into End (V1 V5...V,,,).

Given a basis in V = C", we can think of the operators in V' as n x n matrices. Then A, By
can be viewed as an n? x n? matrix that is the Kronecker product of the matrices A and B. For
instance, for n = 2 and

11 1 g1
— (%4 a2 _ (b1 by
() om0y
we write 1b1 lbl 1b1 161
1B 4 PR B RN
_ (@B aaBY _ | ayby a by agby agbs |
AlB2(a§B agB> a3l ol a3l adbd | (B:3)
a?b? aiby a3b? a3b3
in particular,
al 0 a3 0
_ _(ail &M\ [0 af 0 a}
A A®H_(a2]l a%II)_ a? 0 a3 0|’
0 a? 0 a3
BB 00
_ (B O\ |b b 0 0
BQZI[®B—<© B)_ 0 0 b bl (B.4)
0 0 b b3

The double index enumeration of elements of a Kronecker product thus follows the lexicographic
ordering: im < jn iff ¢ < j or, for i = j, m < n. In the case (B.3) considered above it is
11,12, 21, 22.

We now proceed to examples of operators acting in the tensor product of two spaces which
display the above compact notation at work. Let us first consider the application announced in
the beginning. Postponing a more systematic introduction to simple Lie algebras for Appendix
F, we shall recall the definition of a polarized Casimir operator and will derive the basic identities
for the commutators of such operators.
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Let G be a real Lie algebra and let {T,, a =1,...,dg = dim(G)} be a basis in v/—1G . The
polarized Casimir operator C15 is an element of the tensor product G ® G which satisfies a Lie
algebraic invariance condition:

Ciz =0 To1 The [To1 +Tu2,C12] =0, a=1,...,dg . (B.5)

If G is simple, then Cjs is determined by (B.5) up to a non-zero multiplicative factor. Then

n® can be identified with the inverse Killing metric tensor whose normalization is specified in

Appendix F. (In particular, its sign is fixed by the requirement that (7%®) is a positive definite
matrix, for G the Lie algebra of a compact Lie group.) Let f,,° be the structure constants of G
and ngp (such that n**ng, = §¢), the Killing metric; we shall just need the following property
which is independent of the normalization of 74, :

. 1 s
if n [To, T = fo° Te and fave = faup°Nsc (B.6)

then f,p. is totally antisymmetric.
Ezercise B.1. Using the antisymmetry of fuu. (B.6), prove the invariance property (B.5).
The operators {t* = n%®T,, a =1,...,dg} form a basis in G dual to {T,} .

FExercise B.2. Prove the relation
[C12, C13] = [C13, O23] = —[C12, Caz] = fape t5 1515 . (B.7)

(Hint: use the fact that only the repeated index corresponds to a nontrivial commutator.)

FEzercise B.3. Verify that the consequence of (B.7)
[C12, C13 4 Ca3] = 0 = [C12 + C13, Co3] (B.8)

follows directly from the invariance condition (B.5).

Our next example concerns the permutation operators F;;, encountered in Appendix A.
A basis of operators in an n-dimensional vector space V is given by the Weyl matrices e}
characterized by the property

el el = Si el ie., (e)k, =oF 55 (B.9)

(we shall identify e/ with e;; , the order of indices being dictated by the first equation in (B.9)).
The permutation operator Pjo can be written in the form

Py = 2(63)1(63)2 . (B.10)

0]

Using Faddeev’s notation, its action is very simple to describe: Pjs just exchanges the indices
1 and 2, e.g. PioAgz1 = ArazaPia.

Ezercise B.4. For Pj5 given by (B.10), verify the equations

Pra (ep)2 Pra = (ef)1 (Pp)* =1. (B.11)
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For n = 2 it is easy to see, using (B.3) and (B.10), that

Py = (B.12)

[ elal
o= O O
o O = O
_ o0 O O

The relation A;Bs = BsA; implies that the entries of the matrices A and B commute; for
A = B this means that the entries of A commute among themselves. A non-commutative defor-
mation of this property when exchanging the order is equivalent to a similarity transformation
is expressed by the (quadratic) "RTT relations” (4.38) in which R is the quantum R-matrix.
Warning: Note that Py A1 BaPjs = AsB; which is equal to By As (but not to BoA;!) iff the
entries of A and B commute. As one more application of Faddeev’s notation we invite the
reader to work out the derivation of Egs. (4.39) and (4.41).
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Appendix C. General form of n-point U, -invariants

We shall construct in this Appendix a privileged basis of n-point (in particular, 4-point) U,-
invariants — something peculiar for the ¢-deformed case. We shall provide on the way the
main ingredients of the proof of Proposition 4.1. We first comment on the meaning of the
Ug-invariants (4.29)-(4.31) comparing them with the corresponding SU(2) invariants. Then
we discuss the role of the different Ug-invariance conditions (4.25)—(4.27) — proving on the way
Proposition 4.1. Finally, we comment on the properties which distinguish the basis (4.31) of 4-
point invariants. The Appendix may be viewed as a pedagogical introduction to the paper [76]
which gives a system of n-point Uj-invariants in the tensor product of irreducible U,-modules
Fp, corresponding to different isospins I; (and dimensions p; = 2I;, + 1) (see Proposition B.1
below).

The basic 2-point invariant with respect to SU(2) is the skew symmetric tensor ¢4 = —eB4

(A, B = 1,2). If we introduce the undeformed coherent states ®;({) (obtained from (4.22) in
the limit ¢ — 1 — ¢f. the book [126]), it is given (for I = %) by the difference (12 = (1 — (o
of formal variables. Its generalization to higher isospins I is nothing but the power ¢?/. The
product JU (uy,up) (4.29) is a deformation of this simple monomial and can be obtained as
follows.

K invariance (4.25) (for generic ¢) implies that J) (uy,us) is a homogeneous polynomial in
u1,us of degree 21:

2I
J(I)(ul,UQ) = Z Arm u’ln(fUQ)zI*m .
m=0

Applying to it the condition (4.26) of E invariance we find the recursive relation

2] — m + 1]
[m]

2I-2m

(m)1q arm =2 —m+ 1)1 apm-1 < arm = qarm—_1 -

Solving the recurrence for ag = ¢~! we obtain the right hand side of (4.29). In verifying
F-invariance of the 2-point function so obtained one uses the identity (—n)_ = —¢?(n).

A 3-point invariant in the tensor product of three U,-modules Iy, I>, I of isospins Iy, I3, I3
only exists if I3 enters the tensor product expansion of I} ® I5,

[ —L|<Is<ILi+I,, I1+I,—I3€eN, (C.1)

and then it is unique (up to normalization). Similar existence conditions hold for n-point
invariants which may depend on at most n — 3 (discrete) parameters. In particular, there are
p = 21 +1 4-point invariants Jx, A = 0,1,..., 2] in the 4-fold tensor product I®*(= F*). The
expressions (4.31) clearly obey the homogeneity condition (4.25). In order to verify that they
are also E-invariant one uses the relations

_ k=1 1 1
Dy wi(gPur,q P u2) = ¢ 7 [Klwi—1(¢"T2 w1, q P77 ug)

Doy wi(qf ur,q " uz) = —q "~ 7 [Klwr—1(¢” 2w, q> P ua) . (C.2)
The following more general result is established in [75].

Proposition C.1. There exists a basis J{Eilv’_'}"I") of Ug-invariant monomials in the n-fold
ij

tensor product It  In ® ... ® I,
I, In
ijij} P= T wis wi = (g 0) (C.3)

1<i<j<n
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where wi(u,v; p) is defined by (4.30). The parameters k;j(= kj;) and p;; have to satisfy (as a

consequence of the invariance of (C.3)) the following conditions:
Y kij=21 (ki =0),
J

kijkim =0 for i<f<j<m (or £<i<m<j);
Zf kij > 0, then

1 J
pitohy= D L= Y km, 1<i<j<n.

s=it+1 i<t<m<j
(&m)#(i,7)

(C.4)

(C.5)

(C.6)

There are n—3 (integer valued) parameters among the k;j (0 < k;; < min(2I;,21;)) which label

the general solution of (C.3)—(C.6).

Ezercise C.1. For n =4, I) = Iy = I3 = Iy =: I set k14 = A and determine the remaining £;;

that reproduce the solution (4.31).

We observe that the selection rule (C.5) has no counterpart in the undeformed case. There
are, so to speak, fewer U,- than SU(2)-invariants. The basis of invariant monomials expressed
as products of elementary 2-point invariants is essentially unique. The invariants (4.31) (in
contrast to other choices used in the literature) are well defined and linearly independent also

for ¢ a root of unity.
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5 Quantum Gauss decomposition and the Drinfeld double

Every element g of a dense open neighbourhood of the group unit of the general linear group
GL(n,C) admits a Gauss decomposition g =b- f, where b is a lower triangular matrix while f
is upper triangular with units on the diagonal. This corresponds to splitting of the Lie algebra
into a Borel subalgebra generated (in the s¢,, case) by E; and H; and a nilpotent one, generated
by F;. In the g-deformed case, we see that such a splitting does not lead to Hopf subalgebras,
since A(F;) (4.4) also involves K, *(= ¢~ ). A way out is to include the diagonal (Cartan)
elements in both parts of the decomposition and then impose a relation among them. This
allows to introduce the notion of quantum double and yields a streamlined construction of a
universal quasi-triangular R-matrix. We shall outline this construction for the rank one case,
Uq(Ar) (the QUEA generated by K, E, F') and will indicate at the end how to extend it to the
higher rank case.

llS

We introduce a pair of quantum Borel'® algebras Uy b+ of two generators each: (k_, E) and

ki, F, such that ky k_ = K satisfying
k_E=qFEk_, Fky=qk  F (5.1)

and the mixed relations

k2 -k’
k_,k]=0, Fk_=qk F, kiE=qFk,, [E,F]:ﬁ. (5.2)
(Ultimately, we shall set k_ = k..)

Introduce the triangular matrices

1 k_ 0 kXt -AFE
_ 1ar—1 _ _ e +
M_ —D7 N7 - ()\klE k1> ) M+_N+D+ - ( 0 ]ﬂ+ ) ) (53)
A=q—q ",
. . kX' 0 .
where DL are diagonal matrices, Dy = 0k and T — N4 are nilpotent.
+

FEzercise 5.1. Verify that the CR (5.1) are equivalent to the “RTT relations”
Rig (My)2 (My)1 = (My)1 (Mi2) Rao (5.4)

where R is expressed in terms of the Weyl matrices, (e;;)3 = 6 d;3, as follows:

R = q_%(ell ®e11 + e22 @ exn) + q%(eu ®e2s+ e ®eir — Aeg ®ern)
¢! 0 0 0
1 0 1 0 O
=Tl g a1 0 (5:5)
0 0 0 ¢!
The coproduct in each U, b4 defined by
A(MG) =M, @ M7, €=+, (5.6)

18The Swiss mathematician Armand Borel (1923-2003) studied at ETH, Ziirich; since 1957 he was a professor
at the Institute for Advanced Study, Princeton. He is one of the creators of the theory of linear algebraic groups.
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is equivalent to
Ak)=kr®ks, AE)=Exk +I®E, AF)=FI+k*’c0F. (57

Similarly, the counit and the antipode acquire the form they have in the group algebra (Sec-
tion 3) when expressed in terms of the matrices (5.3):

e(Mp) =05, S(MZ) = (M5 (5:8)

The introduction of the pair of Borel Hopf algebras, U, b+, is justified by the following two
facts.

(i) There exists a unique bilinear pairing

(Y,X) (€C for X €Uyby, Y €Uyb_)

such that
(YY", X)= (Y @Y AX)) =) (Y, X1) (Y, Xa)
(X)
for
YV, Y' €Ub, AX)=) X1©Xy€Uyby @U,by, (5.9)
(X)
(AY), X ®@X') =Y (¥, X)(V2,X') = (¥, X'X) (5.10)
()
(LX) =e(X), (S(Y),X)=(Y,57(X)), e(Y)=(Y,1). (5.11)
It is given by
(R, f) = 8, L e (5.12)
% fon) = O Ny
where { fun} is a Poincaré'®-Birkhoff-Witt*® (PBW) basis in Uy by :
fon = F" kT . (5.13)

The mized relations (5.2) are recovered provided the product XY is constrained by

XY () =) Y(ST'(X3)  X1) X, (5.14)
(X)
for
AP(X) = (i[d® A)AX) = (ARI)AX) =Y X1 ©X,®X;. (5.15)
(X)

The dot (-) in (5.14) stands for the argument (say Z € Uy by ) of the functional Y (Z) = (Y, Z).

ii) The universal R-matriz of the quantum double (U, b_,U,b.) is given by
q q Y+

R = Z fon ® eun for <euma fun> = 6uu Omn - (516)

19 Jules-Henri Poincaré (1854-1912), more than anybody else may be called the prophet of 20t century math-
ematics. He is the founder of topology (called by him analysis situs), introducing, in particular, the concept of
fundamental group, used in Section 2. He preceded Einstein in analyzing the relativity of time and simultaneity.
Poincaré stated the PBW theorem in 1900.

20Garrett Birkhoff (1911-1996) son of the Harvard mathematician George David Birkhoff (1884-1944) is known
for his contributions to abstract algebra. He and the German mathematician Ernst Witt (1911-1991) published
independent proofs of Poincaré’s statement in 1937.
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(In the case of the restricted QUEA Uq for ¢" = —1 — see Section 14 — the double construction
has been worked out in [58] and [74].)

Remark 5.1. The matrices Miﬂ (5.3) provide the Gauss decomposition of the monodromy
matrix M. The corresponding gquantum matrices appearing in the context of the su(2) current
algebra model (Eq. (9.11)) satisfy

M=qg 2M, M™" for g=e %, h=23,... (5.17)

(see Section 9 below; the choice of the phase factor is dictated by the result of Exercise 9.1 and
9.4).

The double cover D, of U,(A1) is obtained from the above quantum double by setting
ky=k_-=k (K*=K). (5.18)

Its CR are then obtained from (5.1) and (5.2). Its significance stems from the fact that the
universal R-matrix (5.16) of U, belongs, in fact, to (a completion of) D, ® D,. It plays an
important role in the physically interesting case of ¢ a root of unity — see Section 14 below.

Writing the Drinfeld-Jimbo universal R-matriz requires introducing H (instead of K) and
using transcendental functions, thus leaving the algebraic framework. We have (see [34])

o0 —

Z ) o oY g iEen (;’) = % . (5.19)

We shall see in Remark 14.1 below that the 4 x 4 matrix (5.5) is related to a finite dimensional
counterpart of R.

It turns out that an expression of the type (5.16)

R=Y"fo®e”, f,€Usbs, e €Ub_, (e f,) =0 (5.20)

using a pair of dual bases of the quantum double is easier to handle (than (5.19)) for extracting
properties of the R-matrix — even without knowing the explicit form of the basis {f,} (a
formula like (5.13)) of U;by. To give an example, we shall establish the quasi-triangularity
relation (A ® ) R = Ry3 Ra3 (4.33) for R given by (5.20).

As {f,} form a basis in the Hopf algebra U, by one can expand the coproduct of f, into
tensor products f, ® fr and use the first equation (5.9) to determine the coefficients:

=N el o= ). (5.21)
p,T
Inserting in the left side of the above quasi-triangularity relation we find
(ARIAR=Y g f,@f,@e" =Y [,@fr@e’ ¢ = Ri3Ros (5.22)
o,p,T p,T

where we have used the relation

ng T=e-€" (5.23)
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which follows from (5.21) and the last equation (5.20). The relation
(id ® A) R = Ry3 R12 is established similarly.

Remark 5.2. Tf (U, R) is a quasi-triangular Hopf algebra, so is (U,, R) for R = Ry;" (see [34],

p. 123). The second universal R-matrix R can be obtained from the “transposed quantum dou-

ble” (Ugyb_, U, by) by the same procedure which allowed us to construct R from (U, by, Uy b_).

The result is )

non S LN o 24
;O o QF . (5.24)

N

R=q

Ezercise 5.2. Prove that Eq.(4.32) is equivalent to Ry A'(X) = A(X) Ry (and hence, R = Ry
satisfies (4.32) together with R).

All results of this section extend to Uy(A,) for r > 1 on the expense of writing somewhat
more complicated formulae. We shall only spell out the first step: the definition of the Borel
algebras U, b, of rank r and the Gauss decomposition of the monodromy matrix.

The higher rank extension of (5.3) reads
M,=D. Ny, M '=N_D_ (5.25)

where D are diagonal matrices,

r+1
(D1)ij =d 6, [[df=1  (Gi=1,....,r+1) (5.26)
i=1
while T — Ny are nilpotent:
1 nf nfy ... nf
0 1 nf ... nd
N = |0 o 1 ... aff,
0 0 0 1
1 0 0 0
ny 1 0 0
N_ = |ny ny 1 0 (5.27)
Moy MNpg Npg ... 1

In the quantum case the dgt and n* are expressed in terms of the generators k;t, FE; and F; of
the quantum double (U, b7, Uy b7 ):

di = ()70, ds = kS (K)o oy = hEs e =

ny =-AE;, nf =-AFikIkikiy (i=1,...,7 ko= k1 =1)

K2

Ny, = —ANEy By — qEs Ey), etc; dinfyds' = - ANF2 Fy — qF) ), etc. (5.28)
For
=k =k, K=k kR (ko =1= ki) (5.29)

(giving rise to the double cover of U,(sf,)) the counterpart of the (quantum) relation (5.17)
reads: .
M=qv "M M*. (5.30)
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6 Conformally invariant QFT in D space-time dimensions

Historically quantum field theory (QFT) arose (in the late 1920s) in an attempt to unify quan-
tum mechanics with special relativity using the canonical Lagrangian (or Hamiltonian) approach
and perturbation theory?!. We shall base our treatment, instead, on the axiomatic framework
developed in the second half of 20th century (see, e.g. [144, 97, 24, 87, 28]) with the dual aim
(i) to separate sense from nonsense in the formal manipulations with divergences and (ii) to
clarify the basic principles of relativistic local quantum theory and their general implications.
Adding the requirement of conformal invariance to the physically justified Wightman axioms
[144] (for a summary — see Appendix D) makes for the first time the axiomatic approach truly
constructive (for surveys of axiomatic conformal field theory (CFT) in two and four dimensions
—see [113, 148, 75] and [146]).

Let us first recall the concept of conformal transformations and conformal invariance in any
number D of space-time dimensions.

A transformation g : x — y of an open set O of space-time into another open set, gO is
said to be conformal if the infinitesimal square interval da? gets just multiplied by a (positive)
factor: if g : x (€ O) — y(x,g)(€ gO) then

dz?

dQZ(ﬂf,g) = m )

w(xz,g) ER, w(z,g)#0 for z€O. (6.1)
Thus a conformal transformation is a generalization of an isometry (that would correspond to

w = 1). To fix the ideas we shall consider conformal transformations of Minkowski?? space M,

setting
D—1

da?® = dx? — (dz®)? | dx? = Z (dz*)? . (6.2)
i=1
One should, however, keep in mind that our discussion applies equally well to all conformally
2
flat metrics (such that ds? = Qd;’%x) ). In particular, all spaces of constant curvature — the positive

curvature de Sitter?® space and the negative curvature anti de Sitter space (on top of the zero
curvature Minkowski space) — are conformally flat. The assumption that the choice of metric
within a given conformal class should not affect the physics in a CFT thus forces us to adopt
a more general point of view on QFT.

Typically conformal transformations develop singularities: they cannot be defined on the
whole of M. That is the reason we speak of open (sub)sets of M in the definition (6.1). By
contrast, the conformal Killing®* vector K*(z)(= K"(x,g)) corresponding to an infinitesimal

21'We are unable to choose a single “best” textbook on QFT. An authoritative 3-volume treatise is Weinberg’s
[152]. For a selection of original papers on quantum electrodynamics reflecting the development up to the 1950s
— see [132]; a clear and concise exposition of later developments in renormalization theory including the use of
Becchi-Rouet-Stora cohomology is contained in [128]. Different in style and purpose is the (often entertaining)
book [12] which surveys the inter-relations between gauge theory and modern mathematics.

22Hermann Minkowski (1864-1909) introduced the 4-dimensional space-time (in 1908 in Géttingen), thus
completing the special theory of relativity of Hendrik Antoon Lorentz (1853-1928, Nobel Prize in Physics,
1902), Henri Poincaré and Albert Einstein (1879-1955, Nobel Prize in Physics, 1921).

23The Dutch mathematician, physicist and astronomer Willem de Sitter (1872-1934), who was interested
in the concept of inertia in general relativity, introduced (as an alternative to Einstein’s static universe) his
constant curvature space (with a zero mass density) with a positive cosmological constant in 1917. Presently, it
is believed that our universe is approaching a de Sitter space-time. Einstein and de Sitter wrote a joint paper
in 1932 on what came to be called dark matter (whose presence is only detected by its gravitational field).

24Wilhelm Karl Joseph Killing (1847-1923), a student of Weierstrass and Kummer in Berlin, became a professor
at the seminary college in Braumsberg. He invented Lie algebras, independently of Sophus Lie, around 1880.
In 1888-1890 Killing classified (essentially) the complex simple Lie algebras, inventing the notions of a Cartan
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conformal transformation
Y (5) = b e KM(@) + O(2), w(z) =1z f(z) + O(?) (6.3)
is well defined in M and satisfies the conformal Killing equation

apKu+8uKu :2f77#l/ (771“/ :diag (_a++"'))' (64)

Ezercise 6.1. Writing da? = 1, dz" dz”, dy?* = n,, dy* dy” and inserting (6.3) in (6.1) derive
(6.4) by equating the terms of order e.

Ezercise 6.2. Demonstrate, using (6.4), that
0-K(=0,K")=Df, (D—2)0x0,f=0. (6.5)

Use the result to derive the following

Proposition 6.1. (Liouville?® theorem) The general form of the conformal Killing vector for
D > 2 is given by

Kt(z)=a"+azt + 2" —2(c-z)z" + z? ek, A = —Aup (6.6)

Exercise 6.3. Verify that the conformal group C' of M is spanned by Poincaré transformations
y* = A¥ z¥+a*, uniform dilation y* = pa*, p > 0, and special conformal transformations which

can be defined as translations T, : x — z + ¢ sandwitched between two conformal inversions
R:x— 5
x + cx?

)

y(z,¢) = RT. Rz = (% +c) [(; +c>2]1 _

w(z,c) =142c-x+cx?. (6.7)

w(z,c)

Clearly, the special conformal transformations (6.7) are singular (for ¢ # 0) on the cone
w(x,c) = 0 (that degenerates into a hyperplane for ¢* = 0). One can define, following Dirac?®
[44], the conformal compactification of space-time M as a projective quadric in D+2 dimensions:

M=Q/R* ~SP-1xsl/+1,
D
Q=(EeRP? 2= -g-¢,=0p, R =R\{0}. (6.8)
a=1

M is embedded in a dense open set of M in which x := &P + 71 (=¢&p — €1) #0:

x”z%f“ <m2:§1_€D).

R

subalgebra and a Cartan matrix. He introduced the root systems and discovered the exceptional Lie algebra Ga
(in 1887). For a popular article about Killing and his work on Lie algebras, see A. John Coleman, The greatest
mathematical paper of all time, The Mathematical Intelligencer 11:3 (1889) 29-38; see also, T. Hawkins, Wilhelm
Killing and the structure of Lie algebras, Archive for History of Exact Science 26 (1982) 126-192.

25 Joseph Liouville (1809-1882) published his theorem (for 3-dimensional Euclidean space) in a Note to the 5th
edition of Gaspard Monge (1746-1818), Application de l’analyse a la géométrie (Paris, 1850) entitled “Extension
au cas des trois dimensions de la question du tracé géographique” (pp. 609-616).

26pPaul Adrien Maurice Dirac (1902-1984), Nobel Prize in Physics 1933, known for his equation and for the
prediction of antiparticles, recollects (in his Varenna 1977 lecture) of his great appreciation of projective geometry
since his student years at Bristol.
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The quadric @ (6.8) is, clearly, invariant under the full orthogonal group O(D, 2). The reflection
(-I) : E — 75 acts however as the identity transformation on @/R* so it is only the quotient
group O(D, 2)/=+1 which acts effectively on M and should be identified with the conformal group
C (including reflections) of compactified Minkowski space. It is natural, following Segal®” [136],
to identify the conformal energy operator with the (hermitean) generator H of the centre of the
Lie algebra so(2) x so(D) of the maximal compact subgroup of C, i.e., with the infinitesimal
rotation in the (—1,0)-plane. It can be expressed in terms of the Minkowski space energy
operator Py (the zeroth component of the energy momentum vector) and its conjugate by the
conformal inversion R as

1
H = §(P0+RPOR). (6.9)

Here R Py R is a physical (hermitean) generator of the special conformal transformation (6.7) (in
other words, the vector field corresponding to the Lie algebra element ¢ R Py R is [a—‘zo yY (z, c)] —0
In a unitary representation of (a covering of) the conformal group H (6.9) is positive whenever
the Minkowski energy Py is positive.

The following exercise shows that for D = 2 the conformal group is infinite dimensional.

Ezercise 6.4. Let fi(z) be a pair of (non-constant) meromorphic functions (taking real values
on the real line). Demonstrate that both changes of variables © — y such that

Wty =fr@x2h), P -y =f (" F2), (6.10)

satisfy the condition (6.1) for a conformal mapping. Show that the upper sign in (6.10) cor-
responds to the connected component of the identity of the (infinite dimensional) group of
meromorphic mappings, while the lower one belongs to the connected component of space
reflections.

Exercise 6.5.
(a) Show that the only complex conformal transformations which transform circles into circles
or straight lines are the non-singular fractional linear (also called Mébius®®) transformations

az+b

22— 7 =qgz=
- g cz+d

ad —bc# 0. (6.11)

(b) They preserve the real line if the matrix entries of the 2 x 2 matrix g = (CCL Z) are

real. They preserve the upper half plane if the determinant of g is positive (then one can set
det g = ad — bc = 1, thus identifying the real Mdébius group with SL(2,R)).

(c) The transformation (6.11) preserves the unit circle iff d = @, ¢ = b. For g € SU(1,1) (i.e.
for g = (£ 2), detg = |a> — |b> = 1) the M&bius transformation (6.11) preserves the interior
(as well as the exterior) of the unit circle. For |a|? — [b]? < 0 it exchanges |z| < 1 with |z| > 1.

There is a complex M&bius map g. of the upper half plane 7 (Im7 > 0) onto the unit disk
(|z] < 1) intertwining the SL(2,R) and the SU(1,1) actions. Choosing g.i = 0, g.0 = 1 we

find ) )
+ T —z
T — 2= - =1 . 6.12
ge:T — 2 (T Zl—!—z) ( )

2"Irving Ezra Segal (1918-1998), Professor in mathematics at MIT since 1960, realized the physical relevance
of C* algebras — see the emotional obituary [11].

28 August Ferdinand Mdbius (1790-1868). The Mobius group SL(2,C) is a double cover of the (connected
component of the) Lorentz group SOT(3,1).
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It maps the real light ray 7 = t (= 2° 4+ 2!) onto the unit circle, sending the point at infinity to
—1. Thus g. plays the role of a compactification map for the light ray.

FEzercise 6.6. Demonstrate that the non-singular conformal transformation z — f(z) is a Mébius
transformation iff the Schwarz? derivative

KOO
b= 5 (56 (619

vanishes.

We shall now exhibit a 4-dimensional quaternionic analogue of (6.12). Consider the Lie
algebra u(2) of 2 x 2 anti-hermitean matrices

iz=ix’og—izlo;  (€u(2))
where o; are the Pauli*® matrices, o = 1 is the 2 x 2 unit matrix. The Cayley®! map from the
Lie algebra u(2) to the group U(2) of 2 x 2 unitary matrices,

1+:iz
1T —u=

T 1—i%

eU(2) for z!eR, (6.14)

can be viewed as an alternative of the conformal compactification (6.8).

Exercise 6.7. Writing u (6.14) in the form u = u* T — i u’ o; prove that u® are related to gin
(6.8) and (6.9) by

Ea < 4 ’ >
W=, a=1234 | uut=1]. (6.15)
E14i&0 ~

Ezercise 6.8. Prove that the Lie algebra su(2,2) of the pseudo-unitary group SU(2,2) coincides
with the conformal Lie algebra so(4, 2).

(Hint : use the realization of Appendix C to [123] for D = 4.)

Ezercise 6.9. Prove that SU(2,2) is a 4-fold cover of the connected conformal group Cp ~
S0p(4,2)/+1 of 4-dimensional Minkowski space or, equivalently, a 2-fold cover of the connected
pseudo-orthogonal group SOy (4, 2):

S00(4,2) ~ SU(2,2)/ £ 1. (6.16)

The complex variable parametrization (6.15) of M admits an obvious extension for arbitrary
space-time dimensions D (just) letting the index « run, from 1 to D). Denoting the complex

29Karl Hermann Amadeus Schwarz (1843-1921) a student of Karl Weierstrass (1815-1897); introduced his
derivative in 1872.

30Wolfgang Ernest Pauli (born in Vienna 1900, died in 1958 in room 137 of a hospital in Ziirich). During his
stay in Hamburg (1923-1928) he discovered the exclusion principle (1925), for which he was awarded the Nobel
Prize in Physics in 1945, and introduced the Pauli matrices (in 1927).

31 Arthur Cayley (1821-1895) after studying at Trinity became (at 25) a lawyer for 14 years in London writing
during that period over 200 mathematical papers. He was first to define the modern way the concept of a group.
The Cayley transform originally appeared (1846) as a mapping between skew symmetric and special orthogonal
matrices.
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D-vector by z (leaving u to denote either an element of u(2) or a real unit D-vector) we can
write

D
M{zae“ua, a=1,....,D, tus € R, Zuil}SleDl/:tl. (6.17)

a=1

Flat Minkowski space M is embedded as a dense open set in M by setting

T; 1— a2
i = >:1aaD_17 = )
: w(x) ‘ D 2w(x)
2w(x) =1+ 2% — 2iz° (22 =2 — (29)%) . (6.18)

Discrete masses of atoms and elementary particles violate “the great principle of simili-
tude”? (i.e. scale and, a fortiori, conformal invariance). The situation in QFT is still more
involved — and more interesting: dimensional parameters arise in the process of renormalization
even if they are absent in the classical theory. Dilation and conformal invariance can only be
preserved for a renormalization group fixed point, i.e., for a critical theory, the QFT coun-
terpart of a point of phase transition. One may hope that the study of an idealized critical
theory with no dimensional parameters will prove to be an essential step in understanding QFT
— just as Galilei’s®® law of inertia, that neglects friction, has been crucial in formulating and
understanding classical mechanics. (For a more comprehensive discussion of the relevance of
conformal invariance see the Introduction to [146].)

The case of 2-dimensional conformal field theory (2D CFT), to which are devoted the next
two sections, is attractive from several points of view. It not only provides soluble QFT models
satisfying the axioms, but the euclidean version of such models applies to 2D critical phenomena.
String vacua are also described by a class of 2D CFT. (For a survey of QFT and strings addressed
to mathematicians — see [131].)

Before going to the discussion of a class of 2D CFT models we shall make a general remark
pertinent to a CFT in any even number of space-time dimensions.

It is important to distinguish in axiomatic QFT between local observables, such as the
stress-energy tensor and conserved local currents on one hand, and gauge dependent charged
fields which intertwine among different representations (or superselection sectors) of the algebra
of observables, on the other. (This is stressed, in particular, in Haag’s approach to local
quantum physics, [87], in which a compact gauge group of the first kind is derived from intrinsic
properties of the observable algebra.) In the framework of axiomatic CFT we postulate that
local observables are globally conformal invariant (GCI) — i.e., invariant under finite conformal
transformations in Minkowski spaces, [121]. This is a highly non-trivial requirement since a
finite interval (z; — x2)? goes under special conformal transformations (6.7) into

(71 — 19)*

w(zr,¢)w(ws,c) (6.19)

[y1 (21, ¢) = ya(2,¢)]* =
The product of w-factors (unlike the square in the infinitesimal law (6.1)) may change sign.
The local commutativity for space-like separations implies Huygens3* locality: the commutator
of local fields has support on light-like separations (it vanishes for both space-like and time-like

328ee Lord Rayleigh, The principle of similitude, Nature 95:2368 (March 1915) 66-68 and 644. John William
Strutt — Lord Rayleigh (1842-1919) was awarded the 1904 Nobel Prize for his discovery of the inert gas argon.

33Galileo Galilei (1564-1642) amplified his views on mechanics in his last dialogue (1638) written when exiled
to his villa at Arcetri.

34The Dutch physicist, mathematician and astronomer Christian Huygens (1629-1695) is the originator of the
wave theory of light.
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21 —x2). Moreover, one can express the strong (Huygens) locality between two observable Bose
fields by the algebraic relation

(21— 22)*]N [¢(21), P(22)] =0 for N >0 (6.20)

(N > 0 meaning “for sufficiently large N”). This allows a formulation of GCI QFT in terms of
formal power series (instead of distributions), [120, 13]. Combined with the remaining Wight-
man axioms it implies rationality of correlation functions of observable fields [121], long believed
to be a peculiarity of chiral observable fields in 1 + 1 dimension (for a review — see [123]). It
should be noted, however, that canonical free fields and the stress energy tensor in odd space-
time dimensions violate Huygens locality (and hence, GCI).

Ezercise 6.10. Use the Schwinger®® a-representation (% =/ ;x‘ e—ap’ da) to derive for eu-

p
clidean p and x in D-dimensional space-time the relation
ipxT dD T D _ 1
/ A (2~ 1) oyt (6.21)
P (27T)D/2 AnD/2

Deduce from here, using energy positivity that the Minkowski space 2-point function w(z12) =
(0] p(z1) p(xz2) | 0) for a free massless field in D = 3 space time dimensions (with euclidean
propagator p%) is

1

w(z) = 4 (22 +i020)1/2 "

(6.22)

Thus, the GCI postulate is only appropriate for even D. A survey of both standard (in-
finitesimal) and global conformal invariance in QFT in four dimensions is contained in [146]
(see also the introduction to [122]).

35 Julian Seymour Schwinger (1918-1994) shared the 1965 Nobel Prize in Physics with Richard Feynman
(1918-1988) and Sin-Itiro Tomonaga (1906-1979) for his work in quantum electrodynamics.
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Appendix D. Informal summary of Wightman axioms

Pure quantum states are described by unit rays in a complex (positive metric) Hilbert space H
which carries a unitary positive energy ray representation of the proper orthochronous Poincaré
(= inhomogeneous Lorentz) group PL A ray (or projective) representation of 731 is equivalent
to a single valued representation U (A, a) of its universal covering group (which is, by definition,
simply connected). For D > 2 the covering of ’Pl is obtained by substituting the Lorentz group
SO (D —1,1) by its double cover, the spin group Spin (D — 1,1). For D = 4 this double cover
is isomorphic to the group SL(2,C) of complex 2 x 2 matrices of determinant 1. We have,
denoting the 2 x 2 unit matrix by oo, Ao, 2" A* = o, AMz¥ for A € SL(2,C) ~ Spin (3,1)

A=A(A) € SO'(3,1) ~ SL(2,C)/ + 1. (D.1)

Positive energy means that the hermitean generator of translation, the energy momentum vector
P, has joint spectrum in the forward light cone; moreover the unique translation invariant state
is the vacuum |0):

D—-1
Py >|P|, |PP=) P!  P,|0)=0, p=0,1,....,D—1. (D.2)
i=1

Quantum fields ¢(x) are operator (spin-tensor) valued tempered distributions which trans-
form covariantly under U (A4, a):

U(A,a) p(z)U(A,a)* = V(A ¢(A(A) z + a) (U* =071, (D.3)

V being a finite dimensional representation of the “quantum mechanical Lorentz group” Spin (D—
1,1).

It is a consequence of energy positivity that the vector valued function
¢(x) | 0) admits analytic continuation to complex z# = z# + iy* in the forward tube (not-

ing that in our conventions U(a, ) = ¢*F"¢):
0
£¢(z)|0>:0 for 2T, ={z=x+iycC; 4°>|y[}. (D.4)

Exercise D.1. Prove that 7 is invariant under the action of the connected component Cy of
the (real) conformal group. (Hint : verify that 7 is invariant under the Weyl inversion

I,z

zowr=—
z

L(z°,2) = (z°, ~=2) (D.5)

and notice that Cy is generated by w and by real translations. For a stronger result, known to
V. Glaser (1924-1984) — see [150].)

Ezxercise D.2. Extend the projective quadric construction to the conformal compactification
of complexified Minkowski space M¢ and verify that the stabilizer of z = (4,0) (€ 75) is the
maximal compact subgroup of Cjy.

Observable (Bose) fields commute for space-like separations:

[p(21),¢(22)] =0 for (x1 —x2)? >0 (local commutativity). (D.6)
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The vacuum is assumed to be a cyclic vector with respect to the set of (relativistic) local fields,
so that every vector in H can be written as a strong limit of linear combinations of vectors of
the form ¢1(z1) ... ¢n(xy) | 0) (smeared with test functions). It follows that the full content of
the theory can be expressed in terms of (Wightman) correlation functions — vacuum expectation
values of fields products.

Ezercise D.3. Prove that the Cayley map (6.14) extends to points z of the tube domain 7.
The image T+ of 7 under this map is given by

4
1
T, = {z €C |22 <1, 2P =) Jwl’ < s 1+ |z2|2)} : (D.7)
a=1 2
Extend the map (6.14) (and T4 ) to any number D of space-time dimensions.

Remark D.1. The pre-compact domain (D.7) is biholomorphically equivalent to the classical
Cartan domain of type IV (see e.g. [93] and [138] pp. 182-192).
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7 Two-dimensional conformal field theory

7.1 U(1) conformal current algebra

Basic objects in QFT are the correlation functions — vacuum expectation values of products
of local fields which satisfy certain symmetry properties and can be viewed as boundary values
of analytic functions as a consequence of the spectral conditions (energy positivity). Conformal
invariance plays the role of a dynamical principle: it allows to determine 2-point functions
(uniquely, up to normalization) and 3-point functions (up to a few constants). (Four point
functions and higher can only be determined in a GCI QFT.) The 2-point function of two
currents j,(x) of scale dimension D — 1 in D space-time dimensions has the form ([148]):

Wh (212) = (0 | j*(21) ju(22) | 0) = Nyrh(a12) p13 7, pra = a3, +i0a8, (7.1)

where the i 02, defines the right hand side of (7.1) (cf. (6.2)) as a distribution,

m
pp =11 —ap, 2?=a’— ()7, @?=Y a?, rh@) =0 -2T"C  (12)
p
i=1
(r? =1, rta¥ = —a#). WH(x) satisfies the conservation law
0, Wh(x)=0 (for 9, = i) (7.3)
H v H Ok ’

implying (in view of Wightman positivity and the Reeh-Schlieder theorem [144, 24]) that the
current itself is conserved (as an operator valued distribution):

auj'u(x) =0. (7.4)

For D = 2 we see, in addition, that W# is a gradient:

WH(z) = 9, NJ7 (p=2>+1i02°), (7.5)
hence the curl of j is also zero:
O ju(@) = Oy ju(z) =0, p,v=0,1. (7.6)

Ezercise 7.1. Prove that Eqgs. (7.4) and (7.6) imply that the current splits into two chiral
components, depending on a single light cone variable z° £ ! each:

(1° = 5 (2)) = j(2° +2), (7° + 1) =52 = a'). (7.7)

Sl
Sl

As a consequence of energy positivity both vector valued function j(t) | 0) and j(#) | 0) are
boundary values of functions analytic in the upper half plane. It is now convenient to use the
compactification map g. (6.12) from the upper half-plane onto the unit disk D;. It gives rise
to the z-picture fields ¢(z) that are naturally identified with their formal Laurent®® expansions

36Pjerre Alphonse Laurent (Paris 1813-1854) introduced in 1843 the Laurent series in a memoir submitted for
the “Grand Prix de I’Académie des Sciences”, but the submission was after the due date, and the paper was
not published until after his death (at the age of 41).
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yielding convergent in D; Taylor3” series for the vector valued function ¢(z) | 0). The compact
picture current, is identified by equating the corresponding 1-forms:

dz
J(z) — =j(t)dt 7.8
() 2 = ), (79)
ie. J A )
t 7 -z
o B _ . .

I = 2mi 30N = e (115 (7.9)
where we have devided by the length of the unit circle (i.e. of the compactified light ray) with

respect to the (complex) measure 2. J(z) is more convenient to work with (than j(t)), since

its mode expansion is given by the (formal) Laurent series

J(z) = Z Joz7" Y (J, = Res, (2" J(2))) (7.10)
neZ

(that replaces the integral Fourier® transform of j(t)).

Similarly, the conserved traceless stress energy tensor © for D = 2 also splits into two chiral
components,

0@’ +1') = %@8—@5) <=T\1/§(@8—®é+@?—@%))
6" —2') = —(e0+el). (7.11)

S

2

Ezercise 7.2. Use the conservation law, J,,©f = 0, and the tracelessness, ©f = 0 of ©F to
prove that %—? =0= %—? for t = 20 + 2!, £ = 20 — 2! and © and © defined by the right hand
side of the first and second equation (7.11).

Exercise 7.3. Equating the quadratic differentials

O(t)dt* = T(2) é—f (7.12)

express T'(z) in terms of O(t) for t =i

1—=
142z

Remark 7.1. The (conserved) current j#(z) in D dimensions should have conformal dimension
D—1 (in mass units) in order to allow interpreting j°(x) as the charge density of a dimensionless
charge. Similarly, ©# has dimension D in D-dimensional space-time so that one may interpret
O] as an energy density. This accounts for the difference between (7.9) and (7.12). The factor
(2m)~1 in (7.12) is chosen to simplify the 2-point function of T'(z) in the theory of a free Weyl
fermion.

37The English mathematician Brook Taylor (1685-1731) proved a theorem about power series expansions
(following ideas of Isaac Newton, 1642-1727) in a paper of 1715 which remained unrecognized until 1772 when
Joseph-Louis Lagrange (1736-1813) proclaimed it the basic principle of differential calculus.

38The French mathematician and physicist Jean Baptiste Joseph Fourier (1768-1830) went with Napoleon
Bonaparte on his Egyptian expedition in 1798; was governor of Lower Egypt (until 1801). In his “Théorie
analytique de la chaleur” (1822) he introduced the Fourier series (exhibiting discontinuous functions with con-
vergent Fourier series). His claims were made precise and proven by Johann Peter Gustav Lejeune Dirichlet
(1805-1859).
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Exercise 7.4.
(a) Given (7.1) for D = 2, compute the 2-point function for j(t). (Answer :

—N;

(0]4(t) j(t2) | 0) = m; (7.13)

hint : use the fact that p;o = iO(tlg + Em) — 110 t_127 for t1o =t1 —tg, t; = CIL‘? + 31‘11)

(b) Viewing the right hand side of (7.13) as a rational function of 15 (i.e. neglecting the 0
prescription) and setting N; = (27) 2 prove that the 2-point function of J(z) (7.9) is

1
<O | J(Z1) J(Zg) ‘ 0> = ZT, Z12 =21 — 22. (714)
12

Remark 7.2. The solution of the 2D massless Dirac equation

(7080 + ’71(91)\1120

(0 -1 (0 1 _ (-1 0\ _ o1
’YO_ 1 0 I '71— 1 0 '70'71— 0 1 - ’Y’y

assumes the form ¥ = (Egg ) If we define j(¢) in the theory of a free Weyl field ¢ (t) from the
operator product exrpansion

for

t1 + 12
2

(7 (t1) P(t2) — P(t1) ™ (t2)) =j( ) +0(thy) (7.15)

1
2
then the 2-point function (7.13) of j will indeed involve the normalization constant N; = (27) 2

(see [75] Appendix C).

If we write the mode expansion of the z-picture stress-energy tensor as

T(z) =Y Lpz "2 <T(Z) => Ly z_"_2> (7.16)
ne”Z n
then the conformal energy H (6.9) is the sum of the left and right mover’s zero modes:

H=1Ly+ L. (7.17)

We shall identify accordingly the chiral energy operator with Lg. We have

d d

[Lo, J(2)] = <z = + 1> J(z) = . (2J(2)) = [Lo, Jn) = =1 Jn; (7.18)

d
[Lo, T(2)] = (z e + 2) T(z) = [Lo,Ln)] = —nL,. (7.19)

More generally, if W(z) is a chiral Bose field of integer dimension d,

W(z)=Y W,z (7.20)

then p
[Lo, W(2)] = <z = + d) W(z) = [Lo, Wp] = —nW,. (7.21)
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It follows from the analysis of Section 6 (see, in particular, Exercises 6.2 and 6.4) that
there is an infinite parameter set of invertible local conformal transformations z — f(z) of a
neighbourhood of the origin (in which f’(z) # 0). If the theory is assumed to be invariant under
such an “infinite conformal group” then the correlation functions would have been independent
of z which would mean that all chiral fields (including the stress-energy tensor) would vanish.
What actually happens is that the vacuum state is not invariant under the infinite dimensional
conformal group. Correlation functions of chiral fields, like (7.14) or

(0] T(21) T(22) ] 0) = (¢ > 0) (7.22)

1
221

are only invariant under the Mobius group of fractional linear transformations (see Exercise
6.6). Noting the Lie algebras sf(2,R), su(1,1) and so(2,1) are isomorphic we can say that
the correlation functions of a D-dimensional CFT are so(D,2) invariant for all D > 1. As we
shall see shortly the chiral Mébius Lie algebra is spanned by Lo, Lyg; the CR (7.19) should be
completed by

[Li,L_1)=2Ly sothat [Ly,L,]=(m—n)Lpin, m,n=0=1. (7.23)

The z-picture correlation functions (like (7.14) (7.22)) having the same form as the x-space
ones are, in particular, translation invariant, the (non hermitean) generator of translations of
the complex variable z being L_; which should also annihilate the vacuum:

dW (z)

Loy 0)=0, (Lo W) ==

[Wn,L_l] = (n+d7 1) Wn—l . (724)

The upper half plane, the analyticity domain of ¢(7) | 0) for any chiral field ¢, is mapped
by the complex Mobius transformation (7.8) onto the unit disk. Thus we expect that z-picture
fields applied to the vacuum give rise to Taylor expansions convergent for |z| < 1. To formulate
the precise statement we need the notion of z-picture conjugate of a hermitean chiral field W (z)
of dimension d and expansion (7.20):

z

(W(2)" = 2% w (1) : (7.25)

Proposition 7.1.
(a) The vector valued function W(z) | 0) for a hermitean scalar field W (7.20) of a positive
integral dimension d has the form

W(z)[0)=> W az"|0), de W,|0)=0 for n+d>0. (7.26)
n=0

(b) The norm square of this vector is given by a power series convergent for zz < 1.

Proof. (a) W, | 0) = 0 for n > 0 because (Lo +n) W, | 0) = 0 and we have assumed energy
positivity. Hence W(z) | 0) may at most have a finite number (no more than d) negative powers
of z in its Laurent expansion. Hence the formal power series

F(z,w) := e“I=1W(2) | 0)

can be written in the form F(z,w) = % + % where vg and vy only involve non-negative

powers of z and w in their (formal) Laurent expansions. On the other hand, Eq. (7.24) implies
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that %—5 = g—i. This is only possible if N = 0, implying (7.26). Thus the lowest energy state
generated by the W modes is W_g; | 0) of energy d.

Remark 7.3. We have thus proved that, under the assumption of energy positivity, any transla-
tion covariant formal power series W (z) | 0) involves no negative powers of z. Thus the vector
W(0) | 0) is well defined (and determines W(z) — see Appendix D). A more general result of
this type, applicable to higher dimensional GCI theories, is contained in Proposition 3.2 (a) of
[122].

(b) the 2-point function of W is determined from translation and dilation invariance to have
the form
Nw

(0| W(z1)W(z2)]0) = —ad - (7.27)
12
(Hilbert space positivity demands Ny > 0.) It follows from here and from the conjugation rule

(7.25) that the norm square of the vector (7.26),

1 1 N
2 _ L _ w
WE 10 = 5 01w (2)We 0= s
— (2d+n—1
= N E zZ)" .

W ( " ) (z2)", (7.28)

n=0
indeed converges for |z|? < 1. O

Proposition 7.1 implies that the 2-point correlator (7.27) should be viewed as a boundary
value of a function analytic in the domain |z3| < |21| where it is defined as a (convergent) power
serie in £2. The same rational function in the domain [21| < |22| will be written as (22 — 2) 72,

Proposition 7.2. In a chiral theory satisfying both Hilbert space and energy positivity the
modes J,, of a local current J(z) with 2-point function (7.14) satisfy the Heisenberg CR

(o, Im] = N0, —m - (7.29)
Proof. Local commutativity implies
[J(z1), J(22)] = > An(22) 95 6(21 — 22) . (7.30)
n=0

Here the z picture d-function is given by a formal Laurent series and obeys the defining property
of a d-function when applied to an analytic function f of z:

Sz —2) =Y Zﬁl ( L 1) Res., 6(z1 — 2) f(22) = f(z1). (7.31)

212 221

o0 n o0 n

(Here 712 = i nz::O (%) , i = i nZ::O (%) have disjoint convergence domains. For a dis-

tribution F given by a formal Laurent series F(z) = Y F,, 2™, we set Res, F = F_;.) Using
n

conservation of scale dimension and the fact that 95 6(z; — z2) has dimension n+ 1 we conclude

that the field A, in (7.30) has dimension 1 — n.
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Lemma 7.1. If the dimension d of the chiral field W with 2-point function (7.27) is a negative
integer, d = —N, then W wiolates both energy and Hilbert space positivity.

Proof (of Lemma). The 2-point function (z12)?" corresponds to a minimal energy state Wy |

0) # 0 of energy —N. The norm square (7.28) then goes into

2N IN 2N
(=22 = S0 () G2 = 3 W | 0 2
n=0 n=0
giving, in particular, |[Wx_1 | 0)||? = —2N||Wx | 0)]|%. O

Thus, our assumptions imply that ny = 1: only two terms — with n = 0 and n = 1 —
contribute to the sum (7.30). The uniqueness of the vacuum implies that A;(z) is a constant
multiple of the identity. Comparison with (7.14) tells us that this constant is 1. The antisym-
metry of the commutator under the exchange z; & 25 implies, on the other hand, Ay = 0.
Thus,

Zn—l Zn—l
[J(21), J(22)] = 020(21 — 22) = > _m ﬁ = [Jms 0] Zgﬁ (7.32)
n 1 m,n 1

which yields (7.29).

Ezercise 7.5. Let T(z) (7.16) with 2-point function (7.22) satisfy locality, energy and Hilbert
space positivity. Derive the Virasoro CR:

(03— 1) nm. (7.33)

LnaLm/:: - Ln m
Lo L) = (0= ) Lo + 5

(This is the Liischer-Mack theorem — see [113]; for a complete proof — see [75]; for related work,
done in Brazil, see [132, 133].)

It is the central charge ¢ in (7.33), the conformal anomaly, which expresses the violation
of the infinite dimensional conformal symmetry by the vacuum state. Note that its coefficient
vanishes for n = 0, £1, so that (7.33) reproduces the Mébius CR (7.23) as a special case.

7.2 Primary fields. The critical Ising model

A field ¢ is said to be primary if it transforms homogeneously (without anomaly) with
respect to commutations with the chiral algebra A. For instance the current J(z2) is a Virasoro
primary field. It is covariant under infinitesimal reparametrizations:

L 0(2) = &

- ("1 J(2)) (7.34)

(J is however not primary with respect to the current algebra since (7.29) is inhomogeneous).
More generally, a 2D field ¢(z, Z) is said to be primary of weight (A, A) with respect to the
direct sum of (left and right) Virasoro algebras if

[Lpn, ] = 2" <zaaz+(n+1)A) ¢, [Ln,¢]=2z" (zaiJr(nJrl)A)qb. (7.35)
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The difference s = A — A is called the spin (or the helicity) of ¢. Usually only fields with 2s € Z
are encountered. Such fields live on a cylinder — i.e. their z-space counterparts satisfy

o, 2t +2m) = (~1) §(a°, ). (7.36)

Primary fields are relatively local to the observables. To check the locality of ¢ with respect
to T we note that (7.35) is essentially equivalent to the operator product expansion (OPE)

92) L 1 i)+ 00) (7.37)

2
212 212

T(21) ¢(22) = A

(O(1) standing for non-singular terms in z15). This indeed amounts to local CR since

1 1 1 1 0
— 4+ — =96 — — 5 =90 . 7.38
Z12 + Z921 (212)7 2%2 Z%l 82’2 (Z12) ( )

A 2D CFT is called rational if the chiral algebra A has a finite number of unitary positive
energy irreducible representations (UPEIR) related to the (defining) vacuum representation of
A by primary fields, relatively local to the observables. An example of a rational conformal
field theory (RCFT) is provided by the Virasoro minimal models [17] corresponding to central

charge c=¢(m) =1-— m, m =1,2,.... The first chiral theory of this series, ¢(1) = 3

27
can be viewed as generated by a free real fermion field, the Majorana3°-Weyl field
i 1
Z ¢nﬁ wm wa] 5/),70 ’ wp = wfp Y NS 7 + 5 . (739)
Ezercise 7.6. Prove that
T(z) © lim {z129(21) ¥(22)} . V' (2) ¥(z) (7.40)
z) = z z == :Y'(2)Y(2): .
4 21,272 821 82’ 12 ! 2
has all properties of the stress energy tensor with central charge ¢ = %; in particular,
V(1) | v(z1) V'(z2) | 19(22)
T = 0] - o1
(21) ¥(22) 9 1o + 222, +0(1) = 1 T3 2 +0(1)
1
(01T(21)T(22) | 0) = - (7.41)
212

Define the Ramond sector of the (chiral) Ising model by its lowest weight vector | A) such
that (A | A) =1 and

=Y w2 A,

n=0
Lo | A)=Abn | A), (A|L_p=A80(A| for n>0. (7.42)

39Ettore Majorana (1906-19387), one of the “ragazzi di via Panisperna”; their leader, Enrico Fermi, compares
his genius with that of Galileo and Newton, adding: “Ettore had what nobody else in the world has. Unfortu-
nately, he lacked what is instead easy to find in other men: simple common sense.” Majorana disappeared on
March 25, 1938 (listed among the passengers in a boat trip from Palermo to Napoli). The (real) 4D Majorana
spinors, introduced in his last paper (of 1937), are now used to describe a massive neutrino.
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More precisely, the Ramond sector is the irreducible unitary module Ha of lowest weight A
defined as follows (for a more detailed and precise treatment — see, e.g., [101]). Let the Verma
module VA be the set of all vectors obtained from | A) by applying a polynomial in the Virasoro
generators L,, (due to (7.42) this is equivalent to applying only polynomials of L_,,, n > 0).
Ha is then defined as the quotient space of Va , factored by the invariant subspaces generated
by all null vectors v satisfying, by definition, L, v = 0 for all n > 0 (and having as a consequence
zero norm square). The study of Kac’s determinant (for a review — see [101]) shows that there
are finitely many null vectors in each minimal model. (We shall exhibit such a null vector in
the present case in Exercise 7.8 below.)

FExercise 7.7. Prove that
21+ 29

2z10\/Z122
(Hint: Use (7.42) to prove that \/z1z3 (A | ¥(z1)¢(22) | A) is a rational function of z; and z;
also use lim,, ., (212 9¥(21)¥(22)) = 1 .) Deduce that

(Al 9(z1)Y(z2) | A) = (7.43)

APSEEIPNE (7.44)

Exercise 7.8. Use (7.40) and the relation (A | T(z) | A) = A 272 to prove that

1
A=—. A4
16 (7.45)
Prove that (3L_p —4L2 ) | &) is a null vector, i.e. that
1
Lo(3L_y —4L*)) | ) =0 for m=12..., (7.46)

and a similar relation for the bra null vector (f= | (3L — 4L3) (cf. (7.42)).

Ezercise 7.9. (a) Let ¢(z) be a conformal field of dimension d. Prove that in general
(Alg(z) | A)=Cz? (7.47)
where C' is a constant.

(b) Postulating that (& | (3L —4L%) =0 (i.e. factoring the null vector), derive from

1 ) 1
(56 | (3L —413) 6() | 15) =0 (7.48)
(using (7.35)) a second order differential equation for the right hand side of (7.47). Deduce that
C:Ounlessd:()ord:%.

Let o(z, z) be the spin (also called magnetization) field of weight (15, 75) which interpolates
between the vacuum and the Ramond sector of the 2D Ising model, while €(z, 2) = (2) ¥(Z)
be the corresponding energy field of weight (%, %) Evaluating the 3-point function

<O | 0'(21,51)0’(22,22) 6(23,53) ‘ O> R
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using (7.44) and noting the vanishing of the correlation function of three o’s that follows from
Exercise 7.9, one can deduce the OPE

1
O'(Zl, 21) 0'(2’2, 22) = (2512512)7é [1 + 5 212212 6(22, 52) + .. ] . (749)

Thus, the product of two o involves two primary fields (or two conformal families in the ter-
minology of [17]), I and e. Combined with a similar derivation of the OPE €(z1,z1) 0(22, Z2) ,
this yields the fusion rules [151]:

[ollo] = [W +[e] . [ello] =[], [e][e] = [M] . (7.50)

These rules resemble the tensor product expansions of (finite dimensional) IRs of compact
groups. In the latter case the product of the corresponding dimensions satisfies the same
relation.

Ezercise 7.10. Verify the validity of the tensor product expansion formula of two IRs of SU(2)
for their dimensions:

I, +1s I +15
Liekl= @ I = @L+1)CL+1)= > (@2I+1). (7.51)
I=|I,—1Is| I=|I,—1Is|

If we define, in accord with [151], the quantum dimensions [¢] as solutions of the corre-
sponding fusion rule equations, we will find, in the case of (7.50), a non-integer dimension
[o]:

(l=1=[0], [0]*=2. (7.52)

The appearance of non-integer quantum dimensions is a clear sign that the symmetry of the
corresponding primary fields is not implemented by a group.

Exercise 7.11. Verify that for ¢* = —1, the g-numbers [2] and [3] satisfy the equations for [o]
and [e]:
22 =[3]+1 (foranyq), [3]=1 (forq*=-1). (7.53)

The quantum dimension is a low-dimensional counterpart (applicable to configuration spaces
with a non-trivial homotopy group) of the notion of statistical dimension of Doplicher, Haag
and Roberts ([87, 48]; for a brief elementary overview and more references — see [147]). They
appear as characteristic invariants of representations of not just the (quasitriangular) Hopf
algebras (or quantum groups considered in these lectures) but also for their generalizations like
the weak Hopf algebras [23], inspired by the ”quantum groupoids” of the (mostly unpublished)
work of A. Ocneanu (see [127] where Ocneanu’s ideas are demonstrated to imply a far reaching
generalization of the Verlinde algebra).

For a general study of RCFT — see [119] (as well as the text [42]).
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Appendix E. Axioms for a chiral vertex algebra

Chiral CFT has become, starting with the work of Borcherds [25], a domain in pure mathematics
under the name of vertex algebras, that is already a subject of several books — see, e.g. [60, 100,
59, 77]. Our brief survey, following [82], [47] and [100], should be viewed as a formalization and
extension of the discussion of Section 7. Accordingly, we shall formulate the axioms for bosonic
graded vertex algebras only, mentioning the fermionic (and superalgebra) case in a subsequent
remark.

A graded vertex algebra consists of a Z, graded pre-Hilbert vector space,
V=V., dimVy=1, dimV, < oo (E.1)
n=0

equipped with a translation operator T (= L_;1) and a state field correspondence Y : V —
(End V)[[z,271]] (read: Y is a map from V to the space of formal Laurent series Y (v, 2),
v € V whose coefficients are endomorphisms — i.e. linear operators from V to V) satisfying the
following axioms.

(i) Vacuum : the 1-dimensional space V is spanned by the vacuum vector | 0) such that

T10)=0, (0]0)=1. (E.2)

(ii) Translation covariant fields : to each vector v € V there corresponds a formal Laurent
series Y (v, z) with operator valued coefficients such that

(a) the vector valued function
Y(v,2)]0)=eT v, (E.3)

is analytic (in the norm topology) for |z| < 1; furthermore
d
[T,Y(v,2)] = —Y(v,2). (E.4)
dz
(b) Assuming linearity in the vector argument v, i.e. requiring
Y(crvr +cava,2) =1 Y(v1,2) + 2 Y (ve,2) for wi,v2 €V, ¢1,¢0 €C, (E.5)
we can define Y by first displaying its properties for homogeneous elements, vy € Vy; then

Y(vp,2) = Yu(vg) 2" (E.6)

where
(¢) Y (vg) changes the grading by —n:
Yo (ve) : Vi = Vi, (Vk—n = {0} for k<n). (E.7)

Eq. (E.7), together with (E.1), is our energy positivity requirement. We identify the chiral
vertex algebra Hamiltonian with the Virasoro energy L satisfying

(LO - TL) Vn = 07 [LOa T] =T. (E8)

Formal Laurent series of different arguments, Y (v1, 21), Y (ve, 22), can be multiplied giving
a formal Laurent series Y (v, 21) - Y (ve, 22) of two variables.
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(iii) Local commutativity :

(Zlg)N[Y(U17Zl),Y('UQ,ZQ)] =0 for N>0. (Eg)

We denote by A(V) the set of formal power series Y satisfying the axioms (i-iii). The
following Proposition, singled out by Goddard (see [47]), justifies the notation Y (v, z).

Proposition E.1. If two formal Laurent series Y1 (v, z) and Ya(v, z) belong to A(V) (and hence
satisfy (E.3) with the same v) then they coincide.

Sketch of proof. Using locality one finds that the difference Y7 (v, z) — Y2(v, 2) vanishes not just
on the vacuum but on any other vector v; € V. O

This uniqueness result has a number of applications. We single out the following

Corollary E.1. It follows from Proposition E.1 that

(a) Y(]0),2) =T
(b) Y(Tv,2) = LY (v,z).

Ezercise E.1. Prove, using energy positivity, that the Laurent series Y (v1, z) vo has a finite
number of negative powers of z. Demonstrate that for energy eigenstates, (Lo — d;)v; = 0 for
i = 1,2, the leading negative power does not exceed d; + ds.

Studying OPE of products of elements of .4()), it is useful to extend the definition of Y (v, 2)
to v of the form Y (v1,w) vy (which is not a finite energy state).

Ezercise E.2. Demonstrate that both sides of the equality
Y(Ul, 2’1) Y(Ug, 22) | 0> = Y(Y(Ul, 2’12) V2, 22) | O> (ElO)

define analytic (in the Hilbert norm topology) vector valued functions for |z2| < |z1| < 1 and
sufficiently small |z15| and that the equality (E.10) holds.

The stress-energy tensor T'(z) can be identified with Y (L_5 | 0), 2).

A field Y (v, 2) is (Virasoro) primary (i.e., satisfies (7.35)) if v is a ground state:

L,v=0, for n>0, (Lo—d)v=0. (E.11)
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8 Extensions of the u(1) current algebra and their repre-
sentations

Given a finite dimensional Lie algebra G with (real) structure constants fa* = — fb@ (satisfying
the Jacobi®® identity fo° fi¢ + £ f3° + fo¢ fs@ = 0), we can define a Kac-Moody algebra
generated by (hermitean) currents J*(z) given by formal power series

JUz) =Y Jezmh (I =J,), a=1,...,dg=dimG, (8.1)
nez

where the modes J? satisfy the CR
(e, I =i f8 T+ Em S, —n g™ (8.2)
(g** standing for a G invariant positive metric).
The representation theory of the u(1) current algebra (7.29) (which appears as a special case
of (8.2) for dg = 1 and f2 = 0) is relatively simple — this is, in fact, an infinite Heisenberg*!
algebra whose positive energy representations are labeled by the eigenvalues of the charge

operator Jy.

We define the normal product : J(z1) J(z2) : of two u(1) currents through their OPE

T(21) J(25) = Z% b () J(z) ¢ (8.3)

Normal products : J™(z) : belong to the chiral algebra A(V;) where V; is the space generated
by polynomial of the current’s negative modes J_,, acting on the vacuum.

Ezercise 8.1. The Sugawara stress tensor of A(Vy),
L
T(z) = 3 J(2) :, (8.4)

satisfies the defining OPEs for a J, T system (cf. (7.37)):

T(2) (22) = 3 T(20) + O(1) = - J(2) + ST (20) + O(1). (35)
T)T() = 5o+ ol
- 1%+2T(§2) +M+O(1). (8.6)
2 215 212 212

Deduce that for a chiral CFT generated by J(z) the Virasoro central charge is ¢ = 1.

40The German mathematician Carl Gustav Jacob Jacobi (1804-1851) was considered to be the most inspiring
teacher of his time. Bourbaki, in particular, Jean Dieudonné (1906-1992), have taken as a motto his words
(from a letter to Legendre of 1830, deploring the fact that Fourier introduces his series just as an application
to the heat equation): “le but unique de la science c’est ’honneur de ’esprit humain”. Most of his papers were
published post humously.

4 Werner Heisenberg (1901-1976) has been awarded in 1932 the Nobel Prize in Physics for the creation of
quantum mechanics (1925). The CR [q, p] = ik first appeared in work of Born-Jordan and of Dirac.
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Ezercise 8.2. Prove that Eq. (8.4) allows to write the Virasoro modes in terms of J;:

1 — 1
L0:§J§+;J72JZ, Ln=§%Jn—2JZ for n#0. (8.7)

Verify the CR (7.33) (with ¢ = 1) and (7.34) for these expressions.

Proposition 8.1. The wunitary irreducible positive energy representations
(UIPERs) of A(Vj) correspond to ground states | g) labeled by a real number g such that

(Jo—g)lg9)=0=1J,]g) for n>0 (8.8)

(9 = 0 corresponding to the defining vacuum UIPER of A(Vy)). To each g # 0 corresponds a
pair (z,£g) of hermitean conjugate primary fields of dimension g2 such that for each of them

Y(z,9) |0y =e*F1 | g),  [J(21),9(22,9)] = g0(212) ¥(22,9) - (8.9)

(Thus all ¢(z, g) are relatively local to the current.) ¥(z, +g) locally commute among themselves
iff g% is an even integer; then

(212)7 [ (21, 9), (22, —g)] = O(= [(21, £9), (22, £9)]) (8.10)

Sketch of proof (for a comprehensive discussion — see [29]). Introduce the abelian?? (i.e. com-
mutative) group {E™,n € Z} of unitary operators such that

B?)0)=|g) (B =E7=(E)"", [J(2),E’= % (8.11)

Introduce further the integrals of the frequency parts of the current:
G 1 n - —n
pr(2) =) — Tz g () == e (8.12)
n=1 n=1

then the chiral vertex operator (CVO) (z, g) can be written in the form
U(z,g) = B9 e99+(2) 5900 ¢9¢-(2) (8.13)
To verify the current-field CR (8.9) we use (8.11) and

1 1 1

[J(21), o+ (22)] = P [J(21), - (22)] = o (8.14)

We have (Lo - %) | g) = 0 as a consequence of (8.7) and (8.8); hence, v¥(z,£g) have scale

dimension %, so that the (non-vanishing) 2-point function is

2

(0] ¢(z1,9) ¥(22,=9) | 0) = (212)"7 . (8.15)

As the sign of g is not fixed and g¢? is even the 2-point function is symmetric (viewed as a
rational function) with respect to the exchange of factors.

42Named after the Norwegian mathematician Niels Henrik Abel (1802-1829) who proved in 1824 the impos-
sibility to solve the general fifth degree equation in radicals and created (in 1825, in Freiburg) the theory of
elliptic, hyperelliptic (and, more generally, abelian) functions.
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FEzercise 8.3. Verify (8.15) using (8.13).

Eq. (8.15) and the remark that the singularity of the 2-point function dominates those of
higher point correlation functions as a consequence of Wightman positivity imply the strong
locality condition (8.10). O

Ezercise 8.4. Use the CR [Jy, E9] = g Y9 to prove

(0| E9|0) =640 (ie. (0]E9|0)=0 for g#0, E°=T). (8.16)

FEzercise 8.5. Use (8.13) to compute the n-point function

O9(z1,01) - PCnrgn) 100 = [ (zij)%% (8.17)

1<i<j<n

It follows from Proposition 8.1 that the CFT of the chiral algebra A(V;) has a continuum
of inequivalent UTPERs and hence, is not rational (recall the definition at the end of Section 7).
On the other hand, if g2 is a (positive) even integer then the algebra A(g?) generated by the
pair of oppositely charged Bose fields 1(z, =¢g) provides a local extension of A(V;). Indeed, the
current J is contained in the OPE of the product ¥(z1, g) ¥(22, —¢g) which defines a bilocal field

([75]):

2y 21, 9) (22, —g) = 705 T =1 ¢ g/ J(2) dz

22

+ 697 /Zl WT(Z) dz + g* 23y R3(21, 203 9)
29 212
(0] J(z1)T(22) | 0) =0 = (0| J(z1)R(21,22;9) | 0)
= (0[T(21) R(21,22;9) | 0). (8.18)

The following set of exercises is designed to establish (8.18) (explaining on the way its meaning).

Ezercise 8.5. Prove the equivalence of the following two definitions of the normal exponent in
the first equation (8.18):

LIS IEN ooz =g () 1900 alo— (1) =o(22) (8.19)

&9 f:; J(2)dz
= . (8.20)

915 J(2)dz ‘
0| 9125 I(2)dz | 0)

(Eq. (8.20) should be understood as an expansion in powers of g defining the corresponding
normal products iteratively.) Use (8.19) to verify the first equation (8.18).

Ezercise 8.6. Prove that the CR (8.9) is equivalent to the following CR between the frequency
parts of the current and the charged field v:

wwmwmwb—%w%meme%wziw@m (8.21)
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for

o0 3 3 o0 Jn
n=1 n=0
Ezercise 8.7. Use (8.21) and the vacuum conditions
T 10) = 0= (0] J(2) (523

to prove the Ward*? identity for current-field correlation functions:

O] (21,91) -+ 2k, gr) J(2) Y(2ht15 Gh41) - - - (205 9n) | 0)

k
— Z gij — Z gi <0 ‘ ’L/J(Zhgl) . ~'w(zn7gn) ‘ 0> . (824)

z z Zi — 2
j=k+1 7 =1

Thus the Ward identities allow to express current-charge fields correlation functions in terms
of charged fields correlations. We find, in particular, the 3-point function

(014 (e1,9) 2, =9) (25) | 0) = 215 (8.25)

Ezxercise 8.8. Derive in a similar manner the Ward-Takahashi identities for correlation functions
of ¢’s with the stress energy tensor; deduce from this the expression for the 3-point function

2 2-g°

(0] ¥(z1,9) ¥(z2, —9) T(z3) | 0) = 5%132253 . (8.26)

Ezercise 8.9. Use (8.25) (8.26) and the orthogonality relations in Eq. (8.18) to verify the third
equation (8.18).

Remark 8.1. The algebra A(g?) contains charged fields v(z,ng) of all charges multiple of g
(n € Z). They appear as “composite fields” in OPEs of ¥(z,+g). We have the following
iterative rule: )

¥(21,9) ¥(22,n9) = 215 {¥(22, (n+ 1)g) + O(z12)} - (8.27)

Thus the (isomorphic to Z) group of all powers of Uy, introduced in the “Sketch of proof” of
Proposition 8.1, is realized in the vacuum representation of A(g?). It follows that A(m? g?) (for
m > 1 integer) is a proper subalgebra if A(g?).

One can, sure, also consider the CVO 1)(z, g) for any (positive) integer g2; the odd g? then
correspond to Fermi fields. The local commutativity property (8.10), extends in this case to a
graded local commutativity:

oy (21,9) V(2. —g) = 2 Y(22, —g) U(z1,9) for ¢? €N, (8.28)

The chiral algebra A(4(2v + 1)) appears as the bosonic part of the (Zs graded) chiral superal-
gebra A2v+1),v=0,1,....

43John Clive Ward (1924-2000), British physicist; the Ward identity in quantum electrodynamics relates the
renormalization of the wave function of the electron to its vertex function renormalization.
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Erercise 8.10. Let GT(2) = \/gw(z, +1/3) and normalize the associated u(1) current J(z) so

that to exclude irrationalities in the OPE (8.18), setting 3 2%,(0 | J(21) J(22) | 0) = 1. Prove
the anticommutation relations

[GF(21), G (22)]+ = 2T (22) 0(z12) + (J(21) + J(22)) B2 6(212) + %322 8(z12)

_ 2
((0 | GT(21) G~ (22) | 0) = 323> . (8.29)
12
Setting further

GE(2)=> GF =1, (8.30)

deduce the modes’ (anti)commutation relations

[Gf_l,GiF_m]Jr =2Lp-mt(n+m—1)Jp_m+ w Snm,
n

s ] = 3 s [y GEl=+Gy,,. (8.31)

This is the (vacuum) Neveu-Schwarz sector of the N = 2 (extended) superconformal model
([26, 80]).

The chiral algebras A(g?) for integer g? > 0 provide te simplest examples of rational CFT.

Proposition 8.2. The algebra A(g?) for g*> = 2,4,6, ... has g*> UIPERs generated by primary

. 2 2
CVO 9(z,ey), relatively local to 1 (z,g). They correspond to gex =k, 1 — % <k < & The
fusion rules for the primary fields ¥(z,ex) are given by the multiplication rules of the finite

cyclic group of g% elements
Zel Z

Zy 7L (8.32)

Sketch of proof (see [29]). Any UIPER of A(g?) gives rise to a fully reducible unitary positive
energy representation of the u(1) current algebra A(V;) whose spectrum of Jy is contained in
the set e + Z g for some (real) e. The OPE

U(2,9)¥(0,e) [ 0) = ¥(z,9) | ) = 27°(1+ O(2)) | g +€) (8.33)

only corresponds to a relatively local ground state | e) if it is single valued, i.e. if the power ge
of z is an integer. Noting that e is determined mod ng (n € Z) we can choose |e| < §. The
rest is straightforward. O

The field algebra F (g%) (D A(g?)) generated by the pair of charged primary fields 1 (z, j:é)

admits a finite cyclic group of global gauge transformations acting on the state space by powers
of the operator

27iJ0 2 1
U=Uyy) =9, (U9 -1)F 7 =0. (8.34)
It generates an automorphism of the field algebra such that

Udp(z,e) Ut =™ h(z,e) = UAU L= A for Ae Alg?). (8.35)
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Remark 8.2. The primary chiral vertex operator v (z, e) is a multivalued function of z. In fact,
the extension of the relation (8.33) to two primary charges e, es (e; g € Z),

Y(z,e1) | e2) = 27?(1 + O(2)) | e1 + e2)

is a multivalued function of z unless ejey is also an integer. Setting z = e'* we find a charge
dependent twisted periodicity condition for 1 as a function of ¢:

w(ei(t+2”),el) | eg) = gZrieiez w(e”,el) | ea) . (8.36)

The exchange relations of 1(z, e) with itself give rise to a nontrivial one-dimensional represen-
tation of the braid group which defines for non-integer e an anyonic statistics. (The idea for
such statistics appears already in [109]. More on the ancestry of the “anyon” can be found
in [19] — ¢f. Section 2.) For eg € Z such an anyonic representation of By is isomorphic to
a finite cyclic group. (A bound state of g? anyons obeys the Bose-Fermi alternative.) More
general lattice vertex algebras yielding anyonic statistics are applied to the description of the
fractional quantum Hall effect, [63, 75] (see also [31] where the intriguing plateau with Hall
62

conductivity oy = 5 < is considered). A concise unified description of (extended) abelian and

of non-abelian (Kac-Moody) current algebras is given in Section 1 of [102].
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9 The su(2) current algebra model. Knizhnik-Zamolodchikov
equation

9.1 The affine Kac-Moody algebra 5u(2);. The current J(z,{). Operator Ward
identities

The simplest models associated with a (non-abelian) braid group statistics are the affine
Kac-Moody current algebra models with a chiral algebra Ay (G) determined by a simple Lie
algebra G and an integer level** k (= 1,2,...). The simplest among the simple Lie algebras
(corresponding to a compact Lie group) is G = su(2) spanned by three generators J§, a = 1,2, 3
satisfying

[J&, Jg) = i J§ (9.1)

where £7%¢ is the totally antisymmetric Levi-Civita tensor (¢!2% =1 = &312 = —¢321 = || ). The
corresponding local currents are given by (8.1) (with dg,(2) = 3), the current modes satisfying

the CR (8.2) with
1
falz _ Eabc7 gab _ 5 5ab ) (92)

The resulting infinite dimensional Lie algebra is denoted by su(2)y.

FEzercise 9.1. Verify that the su(2); Sugawara chiral stress-energy tensor

3
T(z):%:fz(z):E%Z:(J“(z))Q:, h=k+2 9.3)
a=1

gives rise to the OPE (8.5) with J(z) substituted by J*(z) while the second equation (8.6) is
replaced by
Ck T(z1) + T(22) 3k

FO() . = (9.4)

T T =
(21) T(z2) 23112 z%2

The renormalized level h = k + 2 is also called the height of Ay (A1) = 5u(2) .

Ezercise 9.2. Prove that for k = 1 (= ¢1) and J(z) = v/2 J3(z), the stress tensor (9.3) coincides
with (8.4) while the “charged components” of the current are reproduced by the vertex operator
construction (8.13),

JE(2) = J(2) £ J%(2) = BEVZe2V204(2) ;EV200 V20 (2) (9.5)
with ¢4 given by (8.12).

Hint : verify that T'(z) (8.4) (for J(2) = v/2 J3(z)) and J*(2) satisfy the correct OPE (or CR);
deduce furthermore the OPE

JH(21) I (z) = é {1 +2 / J3(2)dz + 212(T(21) + T(22)) + O(zfz)} (9.6)

212

44Speaking of an associative chiral algebra Ay characterized by a natural number k (or of the corresponding
infinite dimensional Lie algebra) we depart from the terminology of the theory of affine Kac-Moody algebras G
([99]) in which the central charge, say K, is an operator commuting with the current modes. The algebra Ay,
would then correspond to a representation of G in which we have chosen a particular eigenvalue k of the central
charge K (thus specifying the vacuum of the theory).
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for [J1(21), J?(22)] = J3(22) 8(212), (0] JJ%(21) J®(22) | 0) 22, = %5“1’.

Exercise 9.2 demonstrates that we may only expect to encounter non-abelian braid group
statistics in a unitary CFT for k > 2.

The representation theory of affine Kac-Moody algebras [99] tells us that su(2); admits k+1
UIPERs labeled by the values I of the isospin of the ground states of integrable representations,
such that 2I < k. We use here the physicist terminology: a ground state is a lowest energy
state with respect to the conformal energy operator H., = Lo + Lg. As Lo and Ly commute,
it factorizes into a product a ground states for the left and right movers’ current algebras. We
shall only mention diagonal representations (with I = I) in this brief synopsis of the 5u(2)y
CFT model and will spell out the properties of the chiral (say, left movers’) representations.

Ezercise 9.3.

(a) Prove, using (7.21), that the chiral energy operator Ly commutes with the currents’ zero
modes: [Lg, J§] = 0, a = 1,2,3. Deduce, as a corollary that the subspace of ground states of
isospin I has dimension p = 21 + 1. A basis |k, II3) of ground states in which Jg is diagonal is
characterized by

J |k, II3) =0 for n>0, (J3—1I3) |k II3)=0,
Li=-I,1—-1,....1 (2I=0,1,...,k). (9.7)

(b) Prove as a consequence of (9.7) and the Sugawara formula (9.3) that

>

1( - Z - =
L0_<J02+22J_H.Jn>, (Lo — Ap) | k,I13) =0,
n=1
I(I+1)

Ap=——— (h=k+2). (9.8)

The 2D primary field ¢;(z, Z) which intertwines the vacuum representation of 5u(2),®su(2)
with the one of weight (I, I) is thus a (2] +1) x (21 4+1) component isospin tensor. In particular,
the step operator ¢, can be viewed as an SU(2) “group valued” field g(z,2) = {g(z,2)a, A,B =
1,2}. The quotation marks should remind us that the quantum field g(z, z) is actually a 2 x 2
matrix of operator valued distributions; only its classical counterpart can be assumed to belong
to SU(2). The 2-point function of g factorizes:

(0] g(z1, 25" g(z2, 22) 52 | 0) = ez ep
’ B1 ) B> (212)2A (212)2A

3

e

Its 4-point function, however, does not (for k > 1) but can be represented, in general, as a sum
of two factorized expressions. This suggests writing ¢(z, Z) as a matrix product of chiral fields:

(612:612:1:—621), A:A%:

2
9(2.2)5 = 9(2)a g ()% < > 9(2)a &71(2)%> (9.9)
a=1
(a splitting that can be also justified in the classical canonical theory — see Section 10 below).

The 2D field g(z, Z) provides an example of a conformal but not GCI field, as its correlation
functions are not rational. It is also locally commuting but violates the stronger Huygens
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locality (6.20). Note that for Euclidean compactified space-time ¢t — it, z and Z are complex
conjugate (z = e '@ 7 = ¢~t=): Jocality then implies that g(z,2) should be periodic in z
(i.e. single valued in z):

e27ri(Lo—E0) g(z, 2) e27ri(f/o—Lo) _ g(e2m 2, e—27ri 2) _ 9(2’2)7

e27rzL0 6727”[/0 _ eQﬂ'zA

9(2,2) gl 2,%). (9.10)

This only implies that the chiral components of ¢(z, Z) appearing in the right hand side of (9.9),
should have the same monodromy M:
27k () 020 = TS (2 2 = g(2) M (= g(2)2 M),
e A G(ze ) = g(2) M (9.11)

which will then cancel in the product (9.9).
Ezercise 9.4. Use (9.11) to prove (M —¢3/2) | 0) = 0 for g = e~ 7% .

The chiral fields g(z) and §(z) satisfy a differential equation involving the su(2) currents
which follow from the Ward(-Takahashi) identities and from the Sugawara formula. In order
to write it down it is convenient to combine the three components J(z) of the current into a
second degree polynomial in a formal variable (:

J(z,O)=J"(2)+2¢ T3 (2) = 2T (2) (JE=J'xiJ?). (9.12)

We leave it to the reader to verify that then the 2- and 3-point functions of the current
assume the form:

2
(0] J(21,¢1) J(22,C2) | 0) = _k% (G2 =C —¢2)

12

(O] J(21,G1) J(22,C2) J(23,C3) | 0) = k S1z6as i (9.13)

212 223 213

A chiral 51(2);, primary field ¢; (of isospin I) has both SU(2) and U, indices (like g(2)2 for
1= %) and can be viewed, alternatively, as a polynomial (of degree 2I) in two formal variables
¢ and wu, respectively. We shall expand its 4-point function in the Ug-invariant amplitudes

T (uy, ... ug) (4.31):

(0| @r(21,Cryur) dr(22, Casuz) dr(2s, (35 us) dr(24, Ca3uq) | 0)

21

= Z w (21, (15 22, (23 23, (35 24, Ca) J,\(I)(Ul,u27u3yu4) . (9.14)
=0

The properties of the primary field ¢; are determined by its commutation relations with the
modes J,,(¢) of the current encoded in:

[T (21,1, 01(22, Co3u)] = (CPy Ocy + 21 Ci2) b1 (22, (o5 )

1
212

0
[P1(21,Cr3u), Sy (22, C2)] = i <C122 G 21 C12) b1(21,C15u), (9.15)
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where the frequency parts of the current, J(~) and J(4) are defined as in (8.22); setting similarly
[ee] [e.e]
TO(z) = Lt Ty(2) = X Lopo2" we find
0 n=0

n=

A
[T (o). 61z, i) = S dn(ea, G + ia 61(22, ;)

A
[01(21, G u), Ty (22)] = 7%: é1(z1,¢u) — Ziu 0z, ¢1(21,Cu). (9.16)

9.2 The 5u(2); Knizhnik-Zamolodchikov equation

Proposition 9.1. Let ¢;(z,(;u) be an su(2), primary fields, that is a field satisfying (9.15)
and (9.16). Then A; is given by (9.8) and ¢; satisfies the Knizhnik*®-Zamolodchikov (KZ)
equation [105]

ho. ¢r(z,Gu) =1:0¢J(2,¢) ¢1(2,Gu) + = J(2,¢) Oc d1(2, (5 u) (9.17)

where the normal product is defined by the non-singular term in the current-field OPE and is
expressed simply in terms of the frequency parts of J:

J(2,C1) ¢1(2,Co) = Jep)(2,C1) b1(2, G2) + ¢1(2,C) T (2, G1) - (9.18)

Sketch of proof. Eq. (9.17) folows from the known CR [L,,, ¢1(2)], [Jm,®1(2)] derived from
(9.15) (9.16) and from the Sugawara expression (9.3) for T. (See [145] and [75] Chapter 5 for
details.) O

It is instructive to display the KZ equation for the basic group valued field g(z,%) in a
matrix form, spelling out in this case the meaning of the right hand side of (9.17). To this end
we introduce the matrix valued current J(2) = J%(z) o; related to J(z,¢) (9.12) by

seo=ense (1) =@ ) (L) (9.19)

Exercise 9.5. Prove that Eq. (9.17) (for I = 1) is equivalent to
0 _ _
has9(z 25 == J(2)5 9(=,2)5 ¢ - (9:20)

(Solution : setting g(z,%;¢)p = Cg(z,2)} + g(z, Z)QB we find
1 9J(2)

5+ e g On s = I 0) 5 9055 O

H(P(2) g(2, 2% — T (2) 9(2, ) — (J2(2) 9(2,2)p + T (2) (2, 2)3) C) :
= —:(CJ(@)s+ () g(z 25 )

~

N |

Proposition 9.2. The operator KZ equation (9.17) and the (operator) Ward identities (9.15)
(9.16) allow to write down the KZ equation for any correlation function of ¢r. In particular,

45Vadim Genrikhovich Knizhnik (Kiev 1962-Moscow 1987) was a student of A.M. Polyakov.
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SU(2) and conformal invariant amplitudes fx(£,n) of the 4-point functions wy (9.14), defined
by

a Z Zr
wa(z1,C1; 524, Ca) = Pr(zi5,Gj) frg,n), €= {12 as =2 (9.21)
C13 C24 213 224
213 224 A
Zij, Gij) = | ——————— 3 Coa)H 9.22
p1(2ij, Ciz) <Z12 s 234214) (C13 Co4) (9.22)
satisfy the KZ equation
0 (+D5)? (I+I3)?
p O Uit h)  (btl) fr=0, (9.23)
n n 1—n

where the Casimir invariants can be expressed as second order differential operators in &:

S o 0 02
(14 D) = 201+ 1-20€) - 4101~ ) = € 5 +E(1-6) 55
S o 0 9?
(B4 T = 2120 +1 2101 ) + UIE+1 (1~ e +E0 - g (924)

Sketch of proof. Applying Eq. (9.17) to é1(22, C2;us) and moving J(7) (22, (2) to the right and
J4y(22,C2) to the left, using in both cases Eq. (9.15) as well as JN(z,0) 0y =0= (0]
J4y(2,¢), we find for the full 4-point function (9.14) and hence for each wy the equation

(haz2+z__> wA(Zlv<1;"‘;Z47C4):07 (925)

oL 3
where Cj; = 21; - I; =2 ) I I is the polarized su(2) Casimir operator that can be expressed
a=1

as a differential operator_in ¢ and ¢;. Inserting (9.19) into (9.23) and using the identity
(L+ L+ L+ L)wy=0= 20 -Lh+2L- I+ 2L - I + 2I(I + 1)) wy (9.26)
we obtain (9.21). Using further the relations

Cij = 2L [I + (3595 — 8i)] = ¢35 0,95 (9.27)

for [2 = I(I +1), 0 = 5%, we find (9.24). O

Exercise 9.6 Derive the relation

[C13, Cos] = [Ch2, C13] = —[C12, Caz] = 41%((12023 — (23012) +
+ 21{(13(C12 — €23)D103 + (23(C12 + €13)0203 — (12(C13 + Co3) 0102} —

—2(19623C13 010203 = eI Inp I3 0ij = 0; — 05, (9.28)

in accord with (B.7).

The basis {wyx} (or {fr}) of solutions to (9.25) (or (9.23)) is fixed by the requirement that
the full 4-point function (9.14) is invariant under the diagonal action of the braid group By
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on wy and \7)5[). We shall write down this solution expanding w) in a set {J,SI)} of SU(2)
invariants obtained from JA(I) in the limit ¢ — 1:

ngl) (Ciyees Ca) = (G2 Ga) (Cra Co3) ' = (Gia Ca)? €275 (1 - &) (9.29)
The result is ([143])

ZE” CA=9 " (1= gl(n) (9.30)

where gf\ is given by the 271-fold integral

n t1 tx_1 1 1
== / dtl / dt2 ‘e / dt)\ / dt)\+1 / dt)\+2
0 0 0 n ta41

1
/ dtar PE(n,t;), (9.31)
tor—1
A 27
1 1_ 2
PX(n,t;) = Ht (A=t [Jo—t)r" IT G=ma ™ T (estap)?
= i=1 j=A+1 1<i<j<ar
21
x> Hta IT @=teg))™", (9.32)
oSy i=1 j=0+1

the sum being spread over all permutations o : (1,...,2I) — (o(1),...,0(2I)). In order to
verify the braid invariance of the resulting 4-point function (9.14) one computes separately
the By action on the U, invariants j)fl) (u1,...,us) (using the braid operator R (4.40)) and
of the (analytically continued) functions (9.21)—(9. 23) (9.30)—(9.32), taking into account the

transformation properties of the SU(2) invariants Jz (Cl, ..., C4) under permutation:
1=2: JU)(CQ?CI?C33C4 21 ZZ( > <17C23C3,<4) )
2L o1 —v
2230} (C1: a0 G2 ) = H)‘; (ﬂ _ S) TG Gar 3 Ga) - (9.33)

We shall not work out here the details (see [143] and [142] where the case of different isospins
is also outlined) but will write down the resulting lower and upper triangular braid matrices in
Section 13 below.

9.3 Generalizations: the KZ operator as a flat connection; coset space models

The form (9.25) of the KZ equation admits a straightforward generalization to n-point
correlation functions and to (compact form G of) an arbitrary simple Lie algebra:

) Cii

Zij

w(z1,A1;.. .5 20, An) =0,

h=k+g", i=1,...,n, welhviV1®---@V,), (9.34)
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where Cj; is the polarized Casimir invariant regarded as an operator in the tensor product
®jp_ Ve of irreducible G-modules V, = V(Ay) with non-trivial entries in V; ® V; and acting as
the unit operator in the remaining Vy):

Cij = 0" Tui T, (9.35)

(cf. (B.5)), g¥ is the dual Coxeter number of G, {T,, a =1,...,dg} is a (hermitean) basis in
the vector space v/—1G, 7% is the inverse Killing metric on /—1G, T,; being the (matrix)
representation of T, in V; .

Proposition 9.3. The connection 1-form

A= Y rilmg)day (2 =2-7) (9.36)

1<i<j<n
where 135 act non-trivially on V; @ V;, is flat,
dA+ANA=0, (9.37)
iff the r-matriz satisfies the classical Yang-Baxter equation with spectral parameter
[r12(#12) , T13(213)] + [r12(212) , T23(223)] + [r13(213) , T23(223)] = 0 (9.38)

(7ij(zij) = —rji(z5) )-

Proof. Obviously, d A = 0; it can be verified that the exterior product A A A vanishes if (9.38)
takes place (see Proposition 16.2.1 of [34]).

Exercise 9.7.
(a) Verify that

Cij
rij(2ij) = —* (9.39)
satisfies (9.38) if C;; obey (B.8).

(b) Prove that the operators (9.34) commute: [V;,V,] =0 .

Kac-Moody current algebras are also used as a starting point for constructing coset space
models. We shall illustrate this sketching the Goddard-Kent-Olive (GKO) construction [83, 84]
of the minimal ([17]) conformal models (cf. Section 7.2). The GKO construction is associated
with the observation that the central charge c¢(m) of an unitary minimal conformal model can
be presented as a linear combination of central charges (of type cx (9.4)) of the su(2) current

algebra:
6
2) = - =1 4

Consider the tensor product 5u(2); X su(2); of representations of the su(2) affine Kac-Moody
algebra corresponding to levels k and 1. The associated su(2) currents J(z; k) and J(z;1) com-
mute (by definition). The linear combination T'(z; k, 1) of Sugawara stress tensors corresponding

to the coset

@(2)]@ X @(2)1 /@(z)kJrl y (941)
T(zk,1) =

1 1 1 . . .
=733 ;P(z;k);+§ :fz(z;l):—ki_’_3 C(J (= k) + J(251))7 (9.42)

67



can be demonstrated to satisfy all conditions for a Virasoro stress energy tensor with central
charge c(k + 2) (9.40).

In a remarkable subsequent development [68] (under the general heading of Hamiltonian
reduction) that uses the above (-variables’ parametrization of solutions of the KZ equation
for rational values of the isospin one also constructs correlation functions of primary fields for
minimal models by identifying {; with the corresponding world sheet variables z; .

For a survey of the KZ equation in the framework of representation theory — see [51].
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10 Canonical approach to the classical WZNW model

We have been using throughout the axiomatic approach to conformal current algebras (com-
bined with the representation theory of affine Kac-Moody algebras). A canonical approach to
the Wess-Zumino-Novikov-Witten (WZNW) model has been developed around the same time,
starting with a classical theory and its subsequent quantization. The canonical action principle
was set forth by Witten [155] (developing ideas of [153] and [124]) — a few months before the
KZ equation was published. It required a few more years before Babelon [9], Blok [22], the
Faddeev group [55, 3, 1] and Gawedzki [78] related it to the r- and R-matrix formalism and to
the Yang-Baxter equation.

We begin with an outlook of the first order Lagrangian (also called covariant Hamiltonian)
formalism following chiefly [78] and taking some hints from [98].

In general, a field theory lives on a fibre bundle locally equivalent to M x F with a D-
dimensional base space-time manifold M and a fiber F of field configurations. We shall use,
correspondingly, two exterior differentials, a horizontal one, d, acting on (the tangent space to)
M, and a vertical one, ¢, acting on F, so that the total exterior differential d on M x F appears
as their sum:

d=d+6, d?=0>=0=[d, 0]l (=dé+6d) = d>=0. (10.1)

Whenever an action density (Lagrangian) exists it gives rise to a D-form L on M x F that
will be assumed linear in the field differentials. Adding a closed D-form (in particular, a full
differential) to L does not change the equations of motion. The (D + 1)-form

w:=dL (=dw=0) (10.2)

provides an invariant characterization of the system: the pull-back (the horizontal projection)
of its contraction with verticle vector fields % reproduces the equations of motion, while the
integral of w over a (D — 1)-dimensional space-like (say, equal time) surface in M defines a

symplectic form on the fields.

To give a simple example we shall first consider the case of particle dynamics in which
space-time is reduced to the time axis (D = 1). We shall write the Langrangian 1-form L as
the Legendre®® transform of a Hamiltonian H:

L=pdq—H(p,q)dt (pdq:=)» pidq'), (10.3)

. OH . OH
w=dL=dpdq —3H(p,q)dt =pdq+ ((q ap)ép(eraq)(;q) dt .

(Here and in what follows we omit the wedge sign A for exterior products.) Clearly, w reduces
for dt = 0 to the canonical symplectic form dpdq. Varying with respect to the vertical variables,

i.e. applying (separately) % and 5671 following the rules

5 (0pdq) = dq ete., (10.4)

1) )
— (dpdq) = —p—dq= -9
5 q( poq) P, %4 P,
and equating to zero the pull-back (i.e., the terms proportional to dt) of the corresponding
1-forms, we obtain the Hamiltonian equations of motion:

. OH . OH

= — = —_—— . 1
=5 == (10.5)

46The French mathematician Adrian-Marie Legendre (1752-1833) is also known for (among other things) his
work on elliptic integrals and for the simplest spherical polynomials which carry his name.
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The following exercise is designed to justify the term covariant Hamiltonian for a relativistic
particle.

FEzxercise 10.1. Set

1
g=w=(", p=0,123), H=g@+m") (p"=p"-p).
a) Derive the free particle equations of motion: p= A2, p=0 .

(b) Vary with respect to the Lagrange multiplier A to obtain the mass-shell constraint p?+m? =
0.

(c) Prove that the gauge condition it = 1 (equivalent to setting ¢ = 7, the proper time)

implies A =m.

A closed (D + 1)-form may exist also when there is no single valued local action. This is
precisely the case with the (classical) Wess*”-Zumino-Novikov-Witten (WZNW) model which
we proceed to describe for the su(2) current algebra.

Space-time is taken to be the 2-dimensional (2D) cylinder
M=RxS'={z:=%z")=(tz), teR, z € R/2rZ}, (10.6)
that is an infinite covering of the 2D compactified Minkowski space (6.17)
M = M, = {e"(sinx,cosx), t,z c R} =S' xS'/+1 (10.7)
where, in the two-element group in the quotient, the non-trivial one, —1, corresponds to the

equivalence (t,x) ~ (t +m, @ + 7).

Remark 10.1. For D > 2 the cylinder M=RxSP-1is simply connected and represents the
universal cover of M (= My) (6.20). For D = 2 the universal cover of M (and M) is R x R.

In the first order formalism F is taken to consist of a pair of (periodic in ) maps (g, J)
such that

g(x) € SU(2), g(t,x+2m)=g(t, ), (10.8)
J(@) =julx)de", julz) € su(2), jult,x+2m)=j,.(t,x). (10.9)

(Note that the su(2)-valued 1-form J(x) is horizontal.) The basic 3-form w is defined by
47rwdtr<(igldg+21k<]> *J) +k0(g), (10.10)

where *J is the Hodge*® dual to J,
*J(2) = j%(z) dot — jH(x) d2® = €, j*(x) da” (10.11)

while the Wess-Zumino (WZ) form

1 - _ _ _
0(9) = 5 tr(g Ydg)*  ((g7'dg)* =g 'dgng'dgng'dg) (10.12)

47 Julius Wess (1934-2007), Austrian physicist, a student of Hans Thirring (1888-1976).

48The Scottish mathematician William V.D. Hodge (1903-1975) discovered topological relations between al-
gebraic and differential geometry. (See M. Atiyah, William Valance Douglas Hodge, Bull. London Math. Soc.
9 (1) (1977) 99-118.)
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coincides, if restricted to vertical directions, with the canonical 3-form on the group manifold
G, which we shall display shortly.

The trace tr in (10.10), (10.12) can serve to define the Killing form on the (abstract) Lie
algebra (independent of its matrix realization — see Appendix F'). This is true for G = su(n) (in
particular, for n = 2, the case of chief interest). Let {T},, a = 1,...,n%—1} be a hermitean basis
in v/—1 su(n) (the physicists’ convention) and let 7;(7,) be the corresponding n x n hermitean
traceless matrices in the fundamental representation of su(n). Then the Killing metric

Nab = (Ta, Ty) = tr(mp(Ta) wp(Th)) (= 1ba) (10.13)

is positive definite. (This last statement remains true for any compact Lie group.) Let further
fup° be the (real) su(n) structure constants in the basis {T,} (cf. (B.6)):

1

g

[T, To] = fap" T - (10.14)

(Note that 1 [, ] is a natural operation, being a deformation of the Poisson brackets.) The
cyclicity of the trace then implies that the tensor

fave = 5 (T T T2) = fur® (10.15)
is totally antisymmetric. Expanding the /—1 G-valued 1-form i g~ dg in the basis {T,},
igtég=Y"T, (= 5YC:—%Y“Ybfabc), (10.16)
we can write the canonical 3-form on G (for g independent of z) as
0(g) = %tr(g_1 59)° = —% fape YOYPYE, (10.17)

In order to make clear the meaning of Eqs. (10.16) and (10.17) we shall work out the simplest
case, n = 2, viewing G = SU(2) (whose group manifold coincides with the 3-sphere S?) as the
group of unit quaternions,

4

4
g=) QL for &:=) (£)’=1, "€R. (10.18)
a=1

a=1

Here Q4 =1 and Q,, a =1,2,3 are the imaginary quaternion units, satisfying
Q1Q2=—-Q2Q1=Q3 etc, Q2=-1, QI =-Q,. (10.19)
The defining representation of SU(2) corresponds to setting

Qo=—ioe, a=1,2,3, Qu=1. (10.20)

FEzxercise 10.2. Derive the relations

QQQE - 5aﬁ +i0'a,8 5 OaB = —03a ,
Oab = €aqbe Oc » O4q = Oq = —Oq4a , a,b,c=1,2,3 (10.21)

(eape being the totally antisymmetric Levi-Civita symbol normalized by ej23 = 1) and use them
to deduce

97 =€"Qn, g7 09 =170 QuQ)y = €6 00p = Y (g)0a , (10.22)
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where
Y(g) = £466* — £106" — eane £706° . (10.23)

Verify that 0Y¢(g) satisfies the (second) relation (10.16). (Hint: use that
i) for T, = 04,
TNab = 25ab ) fabc = 26abc ) fabc = 4eabc 5 (1024)

ii) on the tangent space to the sphere S3, the differentials satisfy Zi:l €206 =0.)

Ezercise 10.3. (a) Compute the exterior product of 1-forms

Yi(g)Y2(9)Y?(g) =
— —54(551652663 + 51662653(554 + 62653551664 + 53651662(554 —
=— §i4 5162663 (10.25)

(b) Prove that the result (10.25) reproduces (up to a sign) the normalized volume form on the
unit 3-sphere
1 2

15¢6265¢3
% S i

/dvfs /1T2d =4 /1 7 g =B Ly = o (10.26)
S8 77T0\/1—7“2T77T0 1T Ty T .

Ezercise 10.4. The trace of the product of Lie algebra valued 1-forms a . .. a, obeys the graded
cyclic property tr(ajas...a,) = (=1)""!tr(anay ...a,—1). Deduce from here that the 3-form
(10.17) is closed,

oV =

orsin@dlog ,

§6(g9) =0. (10.27)

Statement 10.1. The form 0(g) is not exact; properly normalized, it generates the third
homology group Hs(G) ~7Z of G.

The statement follows from the fact that for any compact simple Lie group G, H3(G)
coincides with the third homotopy group 73(G) ~ Z (see e.g. [134]; for a historical survey — see
[41]) and is generated by a cycle represented by a specific embedding of S*(~ SU(2)) % G . All
such cycles satisfy fg(SS) 0(g) = AN(g) with N(g) € Z, and a generating one is characterized by
N(g) =1.For G = SU(n), in particular, it corresponds to the standard embedding SU(2) C
SU(n) ; the normalization constant A does not depend on n and can be thus calculated for n = 2
and g given by (10.18) (i.e. by the identity map from SU(2) to SU(2)). The role of the 3-form
6(g) is understood from a dual (cohomological) point of view. It turns out that, computing the
cohomology groups H*(G) of a simple compact Lie group G', we can restrict our attention to
(two-sided) invariant k-forms (every invariant form on G is closed). Any such form determines
(and is determined by) an ad-invariant totally antisymmetric tensor of rank k on the tangent
space at the identity of GG, i.e. on its Lie algebra G . For k = 3 the unique, up to normalization,
such tensor is fgupe , corresponding to the invariant (and hence, closed) form (10.17).

For G = SU(2), taking into account Y Y'Y = €4, Y1Y2Y3 and (10.24), we find

0(g) = —% fare Y (9) Y (9) Y¢(g) = —% degpe (—eqpe V) =46V, (10.28)
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so that the value of the integral over S is
(AN(g) =) [ 0lg) = 1vol(s®) = x> (10.29)
S3

As N(g) = 1, we thus obtain A = 872 .

The parametrization (10.18) and the ensuing basis of 1-forms (10.23) is, sure, not the only
one in which the above calculations can be performed. Another convenient basis is provided by
the complex variable parametrization of SU(2), an extension of which will be used in describing
the chiral zero modes in Section 11 below. Setting z; = £+ +i€3, 29 = E24+i&t (|12 +]22)? = 1),
we can introduce a complex basis of su(2)-valued right invariant forms,

- 1
699~ =03+ Vo, — Vo_ (ox = 5(01 +i09)), (10.30)

where

O = Z1021 + Z2029 (: —C:)) , W= 2z1029 — 20021
= 0O=07T , =20V (10.31)

FEzxercise 10.5. Demonstrate that

1 1=
SV (= Etr(@g_l)g) = 595@ = p10p10p10p2 (10.32)
where 0 < p; <1, 0 < p; < 2m,
zj=pjeei, j=1,2, pl+pi=1. (10.33)

Exercise 10.6. (a) Verify that replacing g by g1

its integral, so that N(g~1) = —1.

one just changes the sign of 6 and hence, of

(b) Demonstrate that for g substituted by g? the product of basic 1-forms becomes
—Y(g*) Y2 (g*) Y7 (g%) = 8€70¢70€70¢7 . (10.34)
Deduce from here that the integral of §(g?) is twice the integral of 6(g) .

(c) Is the equation
1

o o™ = NG = m (10.35)

valid for any integer m? (Hint: to answer (c), deduce the relation
0(gh) = 0(g) +6(h) — dtr (g~ dgdhh™") (10.36)
that is the Polyakov-Wiegmann formula [129].)

Ezercise 10.7. Using the relation dz* daz” = —e*” dadz' (e’ = —e,,) derive the following
expressions for J *J and its exterior differential:

J*J = j, " dal dat (= =T J), dJ*J =2j,65"da’da’ . (10.37)
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Varying w with respect to *J and “pulling back” (i.e. projecting on horizontal differentials)
we find the classical KZ equation :

1
ig*ldg+z,]:o. (10.38)

To see the precise relation between (9.20) and (10.38) we set J = J(z) dz+ J(Z) dZ and multiply

both sides of (10.38) by k g(z, Z). The effect of quantization then consists in replacing operator
products with normal products and the level k with (its renormalized value) the height h.

Varying further the 3-form (10.10) with respect to g we find the second equation of motion
d*J = —ik(g~ ' dg)? = %JQ & 9" =0151—0ojo = % [0, 41] - (10.39)

Taking the exterior derivative of (10.38) and comparing with (10.39) we deduce
AT+ ) =0 © 04jr=0, 0s= %(a1 +00) : (10.40)

the left- and right-movers’ currents are given by

1 1

S0+, dr=590G" -39 (= —ik(0+9)g7"), 0-jL =0. (10.41)

JR=2 B

We can also substitute the Hodge dual 1-forms J and *J by the left and right current forms
Jr = jr(aT)det = —ik(0y g) g~ dat, Jr = jr(z”)da™ = —ik(g~*0_g)dx~ . (10.42)

We have
I=Ir+9 " Ty, “T=Ir—9 "Trg; (10.43)

each of the chiral 1-forms is closed:
dJr=0=dJr. (10.44)
Eqgs. (10.42), (10.44) summarize the equations of motion of the WZNW model.
Our next task is to introduce a covariant Hamiltonian and the stress energy tensor. To this
end we first recall the Legendre transform (10.3) in particle dynamics. If we associate dg with

ig~'dg (in other words, if we identify i g~ 8,, g with the velocity on the group manifold) then

the current j*(x) will play the role of covariant canonical momentum, and the coefficient to
dzdz!
2m

the space-time volume form
Hamiltonian H:

(with a minus sign) should be identified with the covariant

1 1 0,1 . dxdx?!
Sk tr(J*J) = Sk tr(ju j") da"dx” =1 —H(j) oy

(10.45)

The stree energy tensor T is expressed in terms of H and its functional derivatives, reproducing
the Sugawara formula:

o0H 1 1
T,ﬁ‘xztr( gy (z ) Hé“—tr( ﬁxéﬁ—jﬂxj,,x). 10.46
(@) =t 5 @) - ()6 = (2) ju(x) (10.46)
This expression becomes particularly simple for the chiral components of T
1 1 1
1y = §(To Ty) = 87ktr(J -9 = % trj7

1 1 1

Tr ::5(T3+TO)—§tr(3 + %)% = % trjn . (10.47)
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While the 3-form w (10.10) is single valued on the entire group manifold G, the corresponding
Lagrangian density

An L = tr((ig~ dg + % J)V'T) + kd = 0(g) (10.48)

cannot be globally defined on G since the WZ form 6, albeit closed, is not exact (Statement 10.1).
Accordingly, the WZ term in the WZNW action in the second order formalism,

k 1 “1au 0 ;.1 k / -1 -1 3
= —— + — 10.4
S 3 /Mtr(g Ougg " 0" 0)dx” dx 12 Md tr(g™" dg) (10.49)

is multivalued (the coefficient 3— being derived from (10.29)). The possible continuations of

the form 6(g) from the 2D compactified Minkowski space M (10.8) to the (real) 3-dimensional
bulk B, the closure of

B:={z2a=peluy, a=1,2; (efu,) eM, 0<p<1}, 0B=M (10.50)

split into equivalence classes labeled by elements of the third homotopy group 73(G) ~ Z.
For integer k, the action S is only determined modulo 27 Z (so that the exponential e is
single-valued).

The symplectic form of the model can be written in three equivalent forms:
1 ™

02 = o dzt tr (kgilg’—ijo)(gflfsg)zJri(sjogil dg)
T

—T

1 [7 k
— dz! tr <i5(jL 5gg1)+2ﬁggl(9159)/>

5 -

= % dat tr (ié(jRgl dg) + ggfl Sg(g™t 5g)’> (10.51)

where /(2 x!) stands for partial derivative of f in z!.

FEzercise 10.8. Use the relations
=2 +ikg 'y =29 jrg—ikg ' g =jr—9 'irg,

and
iktr(sgg~" (6gg™")") = tr(6j1 9~ " 6g)

to verify the equivalence of the three expressions (10.51).

The general solution of the equations of motion (10.38)—(10.41),
91(9710-9)=0 & 9-((0+9)97") =0 (10.52)
can be written in a factorized form
g%zt = gaT,27) = gr(@T) gt (™), a2t =2t £af (10.53)

(cf. (9.9)). The following result of Gawedzki [78] allows to split the symplectic form (10.51)
into a left- and right-movers’ part as well.

Proposition 10.1. One can split Q3 into a sum of two closed chiral forms which only differ
m sign,
0% = Q(gr, M) — Qgr, M), g, M) = Qe(g) — o P, (10.54)
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Qe(g) = ktr{/ drg='og(g " 6g) +b* (5b(5MM_1} , (10.55)

4T o

where
b:=g(-7) (g=gr orgr), M=0b"'g(r), p(M)=te(M;"'6MM-'6M_) (10.56)
with M independent of the chirality, M = b, " gr.(7) = by' gr(r). Furthermore, one has

k

dQ.(9) =0Q(9) = o

O(M), Sp(M)=0(M). (10.57)

In verifying the last equation (10.57) one uses the relations

tr(MI ML) =0, 6p(M) = étr(M;l SMy — M~'5M_)® (=6(M)). (10.58)

Remark 10.1. Note that the 2-form p(M) appearing in (10.56) is not globally defined on G(C G)
since the Gauss decomposition of the type (5.30) only exists if

M M

n n

n—1 n—1
M' # 0 # det <M7;l_1 M, > etc. (10.59)
-1

This is in accord with our observation (Statement 10.1) that the 3-form 6, albeit closed, is not
exact.

As we have seen in our survey of the axiomatic approach to the su(2) current algebra model
(Section 9) only the chiral components of g (g(z) and g(z) in the z-picture, gy(x1) in the
present context) display a quantum group symmetry. In the canonical approach the splitting
(10.53) is suggested by the fact that the chiral (left and right) currents jo are periodic in their
arguments

jo(x +27) = jo(x) for C=L,R (10.60)

(thus appearing as chiral observables) and Poisson commute

{je(«™),jr(y™)} =0. (10.61)

(Computing Poisson brackets from a given symplectic form 2 = % Q;; 0£'6¢7 amounts to invert-
ing the skew symmetric matrix (€2;;). In the infinite dimensional case at hand this requires,
in general, some work — see [78]. The trivial Poisson bracket relations (10.61) follow however
simply from the splitting (10.54)—(10.56) of the form Q) into chiral parts and from the fact
that j;, and jr are periodic and hence commute with the monodromy M. They are also a con-
sequence of the observation that j; and jr appear as Noether?® currents for two commuting,
left and right, symmetries.)

Eq. (10.61) is the classical counterpart of the local commutativity of observable Bose fields.

The chiral group valued fields g (") and gr(z~) are determined by the corresponding
currents and the classical chiral KZ equations (the chiral counterparts of (10.38)):

koygr(@®) =ijo(@)gr(a®),  ko_gr(z™)=—ijr(z™)gla™). (10.62)

49(Amalie) Emmy Noether (1882-1935) became in 1919 the first woman professor at the University of
Gottingen.
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11 Bloch waves and zero-modes for G = SU(n)

11.1 Splitting of the chiral symplectic form between Bloch waves and zero modes

A sufficient condition for the periodicity in o' of g(x°, z1) (10.53) is the twisted periodicity
of its chiral components

go(z+2n)=gc(x)M, MeG, C=L,R, (11.1)

where G is a (possible) extension of the group G = SU(n) and the monodromy M is independent
of the chirality C' (= L, R). We shall now demonstrate that the chiral phase space can be
split into relatively simple z-dependent (hence, infinite dimensional) Bloch waves [10] with
a diagonal monodromy and a finite dimensional symplectic submanifold [5] which exhibits a
Poisson-Lie symmetry. This amounts to expanding the covariant group-valued chiral variable
go(r) (= (g2(x)), A,a =1,...,n) in terms of classical chiral vertex operators (or Bloch waves)
4(2)) which are, by definition, quasiperiodic fields with diagonal monodromy:

u(z) = (uj

g (z) = uf(w) a, | = ZuJA(x) al, |, u(xr+271) =u(z) M, . (11.2)

Here M, is a diagonal unitary matrix that will be parametrized as

271 : : .
Mpexp(kzb), Bi=p8l, Gl=1,..n (11.3)

where p = (p1,...,pn) (P:=> 1 pi =0) belongs to the level k (dual) positive Weyl alcove,

O0<py <k for 1<i<ji<n. (11.4)

Remark 11.1. As noted in the discussion of the classical KZ equation (10.38), in the quantum
case (surveyed axiomatically in Section 9 for G = su(2)), the level k is substituted by the height
h = k + n (the renormalized level — c¢f. (9.11) and Exercise 9.4; n is the dual Coxeter number
of sf,). On the other hand, p becomes a set of commuting operators which, acting on an IR of
su(n), give the shifted weight: p = A+ p, where A = (A1,..., \,—1) is a dominant su(n) weight
and p is the half sum of positive roots (cf. Appendix F). In other words, in the quantum case

Dii+1 =Pi —Piv1 =N +1, P=0. (11.5)

In particular, for n = 2, we have

1
PL=5P= D2, p(=pi2) =21 +1 for G =su(2), (11.6)

I being the isospin (3 the su(2) weight).

We now proceed to introducing individual symplectic forms on the infinite dimensional
manifold of Bloch waves and on the zero modes’ phase space M, spanned by a’, and p;. We
shall be particularly interested in the symplectic structure on M,. The subsequent somewhat
technical construction has a twofold motivation: it gives, at the pre-quantum level, a canonical
derivation of a dynamical (classical) r-matriz ; upon quantization it yields a remarkable quantum
matrix algebra, studied in [88] and [70].
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There is an ambiguity in splitting the chiral symplectic form Q.(g) into a Bloch wave and a
finite dimensional part which affects the phase space properties of a!,. The following statement
is verified by a straightforward computation.

Proposition 11.1. For every choice of the closed 2-form wy(p) and g(x) given by (11.2), the
chiral symplectic form Q(g, M) (10.54) splits into a Bloch wave form

QB(uv Mp) = Q(uv Mp) + wq(p) ) (117)

Qu, M,) = % tr {/Tr dzu™ ! (x) du(x)(u™ (x) du(x)) + b~ 6b oM, Mp_l}

and a finite dimensional one,
Qq(a, Mp) = Qa, My) — wq(p) (11.8)

Qa, M) = % {tr (baa™"(26M, M, " + Mydaa™" M, ")) — pla™ Mpa)} .

To determine the ambiguity (the ” gauge freedom”) in the choice of symplectic form Q4 (a, M)),
we shall view M, as a submanifold of co-dimension 2 of the n(n + 1) dimensional space Mg*
of all @ , p;. The constraint P ~ 0 (11.5) will be supplemented by a ”gauge condition” fixing
the determinant D(a) := det(a,). We shall use in what follows the relations

i i in i1 Qa1 i
€ip..irqp, -+ O, = D(a)ea,. .a; ag ...ag € =" D(a) (11.9)
(summation over equal upper and lower indices is assumed, and ¢, ;1 = 1 = e”'“l). The

corresponding cofactor (signed minor) matrix A = (A$) such that

A . , ) .
ap A7 = D(a)d; , Afag= D(a)dj ie, (a7 )= Dia) (11.10)
is determined from either one of the following equations:
fxnn o EZZ . (illleozn...ag...ozl — ein...ig...ilAzz ,
€ipviigin A o Ay oAl = AT € o (11.11)

(the hat meaning omission; note that missing indices in the left hand side, e.g. «ay in the second
equation, correspond to ”dummy” (summation) ones in the right hand side).

We shall choose D(a) to be equal to the p-dependent quantity

qp _ q*P
Dy(p) = H [pijl » pij=pi—p;j, [pl= m (11.12)
1<J

with ¢ = g, = e~ % (instead to 1, as it looks natural for G = SU(n)). Due to (11.4), all
[pij] > 0 for i < j and hence, Dy(p) is also positive. The su(n) Weyl group is simply the group
of permutations of p;. One can define its action on the matrix a = (af,) as well as permuting
the rows labelled by the upper index j. In general, D(a) and Dy(p) are both pseudo-invariant
with respect to the corresponding action (they only change sign for odd permutations, and it is
consistent to assume that the determinant D(a) is also positive in the extended space), so that
their ratio is Weyl invariant. Additional justification of the choice D(a) =~ D,(p) will be given
after we find the PB for the zero modes in an extended phase space.
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It is convenient to expand the form da a~!in the extended phase space into n? basic right-
invariant forms ©7. Introducing the n x n Weyl matrices e] satisfying

G =5l (o (=5 113
we shall write
—idaa" :eg @Z = Z 6? @% & @% = —itr(e%5aa71). (11.14)
=1

Taking further into account the Maurer®*-Cartan equations
6(6aat)=(6aa"1)? = 50, =i 0;, (11.15)
we can rewrite the extended form Q(a, M,) (11.8) as
Q*(a, M,) 251?3 0 — — (q—(j)z 2pje] ©F @5 +pla=*Mya) 3 . (11.16)
J<t

The second and the third term in the right hand side are not sensitive to the extension (the
2-form p is only restricted by (10.57), and 6 is invariant, hence p can be left unchanged). The
first (k-independent) term can be rewritten singling out the ”total momentum” P (11.5):

> 6p.0; =) 0pjj10D +6POM | =141, (11.17)
j=1
where
a1 1<, i 6D(a)
) — s _ s () _ 2 s__ Y
0V =~ ¢ (n—j) Z@ j Z Olp . eW=->"e; n D@ - (118
s=j+1 s=1
Hence,
0D(a)

QO (a, M,) = Q(a, M,,) — %513 (11.19)

D(a)

The (arbitrary) 2-form w,(p) is by definition P-independent. We shall look for a closed Weyl
invariant 2-form

wX(p) = > fie(P)Op;ope =Y cit(p)0pie P+ > fitm(p) OpjeOpem  (11.20)

1<j<t<n j<t Jj<e<m

where

n Y cie(p)opje = > Fie®) pje s nfiom(p) = Fie(p) + fom(D) = Fim(p) (11.21)

Jj<t j<t
such that the terms proportional to § P cancel in the difference

QZ"(a7 M,) == Q%(a, M) — wgt(p) = Qq(a, M) —id0P oy,
1 D(a)
= —lo 11.22
YR8, (11.22)

50Ludwig Maurer (1859-1927) — German mathematician whose dissertation at the University of Strassburg
was devoted to the theory of matrix groups.
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(implying Qg*(a, M) = Qq(a, M) for D(a) = Dy(p)). It is easy to verify that all these
conditions are satisfied if

cie(p) =1 % cot (%pjg) ,
Fiem(p) = [(pje) + f(pem) — f(pjm) ,  f(p) = —f(~p) . (11.23)

In computing c¢;y(p) we have used (11.12) which gives

Dq ) =7 Z cot ( pjg> dpje - (11.24)

As the number of terms in the two expressions (11.20) for wg*(p) do not appear to match,
we shall help the reader to display the relation between them.

FEzercise 11.1. Prove (11.20), (11.21) by deriving the identities
npe=FP+ P, P 12217183 ;

> fielp) 0pjedPr =n Z Fiem (D) 5Dj00Pem (11.25)

j<t j<t<m

for fo(p) and fjem (p) related by (11.21).

A necessary and sufficient condition for the form wg*(p) (11.20) to be closed is the (second
Maxwell) equation for the skew-symmetric coefficients fjo(p) = — fo;(p):

0 0 0
‘ v 9 0. 11.26
3pmfje+ a; fem + amf j ( )

It is straightforward to verify that the Weyl invariant expressions (11.23) for the coefficients in
the right hand side of the form (11.20) do satisfy this condition.

Ezxercise 11.2. Verify that for

f]f( —ncﬂ +ng[s (1127)

where fjo5(p) is totally antisymmetric, we have

Zngés )6pje =0 = Zf]e 5pjg—an]g ) 0pje - (11.28)

j<e s j<t j<t

Whenever the necessity arises to write down an explicit f;¢(p), we shall use the special
covariant gauge

Fpie) = A+ 1) jelp) =i A+ 1) = cot (T pye )

k
)=1i-— Zcot( pjg) 5pj5;+>\w(0)( ), (11.29)
J<€
((]0) nk Z (cot ( pﬂ) + cot (%pgm) — cot (%pjm>> 0DjebPem -
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As we shall see in what follows, choosing A = 0 leading to f;¢(p) = nc;je(p) turns out to be
technically simpler.

11.2 Computing Poisson and Dirac brackets

Our next task is to derive the Poisson bracket (PB) relations among a’, and p; inverting the
symplectic form (11.22), (11.16), (11.20) and taking into account the second class constraint
(in Dirac’s terminology [45])

- 1 D(a)
Pl = p;i | =0, x(zlog )zo. 11.30
; J n Dq(p) ( )

If we regard P ~ 0 as a natural constraint, then x ~ 0 plays the role as associated (Weyl
invariant) gauge condition.

We recall that given a symplectic form € and a Hamiltonian vector field X ¢ obeying the
defining relation X;Q = §f, we can compute the PB {f, g} by setting

. 0 . ) ) ’
As the dependence of ¢* (11.22) on P and x is split, the corresponding Hamiltonian vector

fields are 5 5
sziﬁ, Xp:—ia = {x,P}=1i. (11.32)

The merit of using the extended phase space Mg* and the constraint formalism stems from
the relative simplicity of Qg* (11.22),

k

0 =3 00,01 () — - (4 — D) Y [2rse] ©10% 4 p(a~ M) | (113
s=1 j<t

The PB on M, is reproduced by the Dirac bracket on Mg*:

(o = {F.0) + 2 (1. PYog) — {3 Pog)) ( ! ) (11.34)

{P.x} {Px}
In fact, the second term in the right-hand side of (11.34) vanishes in most cases of interest
since x is central for the zero modes’ Poisson algebra restricted to the hypersurface of the first
constraint P = 0:

{xal} =0={x,p;e} (11.35)

(as we shall verify it by a direct computation below).

In spite of the resulting simplification the computation of PB (in particular, among a?,)
remains quite involved (see [71, 73]) and we shall replace it by studying a limiting case (with
an interest of its own) and then stating without proof the general result.

The symplectic form €, (11.8), as well as its extension Qg* (11.33), can be viewed as a
deformation of a simpler limit form 2, respectively Q$* (in which the deformation parameter
q is set to one, corresponding to an infinite level, & — oo). To find this limit we use the fact

that

. ™ ™ 1 . k - . .
lim {E cot (Epjé)} = & ,  lim {47r (¢g—1q) [ijg]} =—ipje (forg=e %),

k—oo k—oo
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k—oo | 47

lim {kp(a_lMp a)} =0 (11.36)

with the result

Qixzdipsezfl Z 5pj6p€7

s=1 1<j<t<n Pit

2 1 1 1
Y (L KT R
pjm

ZE Pem

n
1<j<l<m<n
n—1
=M +0PO™ —wi(p), D=0 p;0Y). (11.37)
j=1

(The main simplification in the undeformed limit comes from the fact that Q* is closed, §Q¢* =
0, without any ambiguous WZ term.)

In order to display the role of the second (determinant) constraint (11.30) (without mixing
it with the freedom in the choice of w,(p)) we start with the simplest case, n = 2, in which

the gauge term —\ w((lo) (p) vanishes identically and the form €; in (11.37) can be expressed in
terms of the variables z of (10.30), (10.31) as

1 Z0z — 20Z
(p.a) =5 (20} - 03) = Ls (p)  p=pu (>0). (11.38)
Here we have used
_ 21 29 1 1 21 —%9 o _
a= (22 21) , oa = D) (22 . ) , D(a)=zz:=Z121 + Z222 . (11.39)

Two definitions of the symplectic structure, one given by the (unextended) symplectic form €
(11.38) on the real 4-dimensional manifold

op

Mi(p) ={p, 20, Za; 22=p}, 207 =iOF = (11.40)

and a second, starting with a 6-dimensional extended phase space M$* (of p1,pa, 2, Z) with
the 2-form Q$* (11.37) and the second class constraints (11.30), yield the same PB among the
dynamical variables p = pi2,24,23-

To begin with, the form ©; on M;(p) reduces to the standard Kdhler form on C2:
Qi(p,a) = —idzdz . (11.41)

Given a non-degenerate skew-symmetric matrix €;; (that defines a finite dimensional symplectic
form) and its inverse

the PB are expressed in terms of the Poisson bivector P:
. Of Jg
— - Q” i 114
(.96} = PUO © 9(6) = 27 7% L (11.43)

Applied to the K&hler form (11.41), this gives the canonical PB (we only reproduce the nontrivial
ones):

{Zaazﬁ}:iéaﬁ7 a7ﬁ:172a
= {za:0} ={2a, 22} =tiza, {Za,p} = {Za, 22} = —iZa . (11.44)
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Coming to the second approach, we shall introduce a basis of right invariant vector fields

) ~o ¢ 0 e O
— £ = . = — 11.4
5pr Vi =itr (e]aéa) ia, Sal (11.45)
dual to dp; and @%,
Dy =t L@l —0: Vel —s's, Vépm—0 11.46
dpe Pi =% Spe ™ I e T T e j OPm =Y, (11.46)

that will be useful to invert Q¢* for an arbitrary n. For n = 2 the Poisson bivector on the
6-dimensional phase space M{* has the form

2 .
0 ¢ 2 1 1 2
P—E Vs + —(V V), —V Vy) . 11.4
2 s A&ps p12( IRAND 1 AVy) ( 7)

Ezercise 11.3. Derive for n = 2, using (11.47), the PB relations

{pj,pz}:() ) {aﬂapz}:ifsﬁ- agc (é{ag»plm}:i(ég 751%1)0%4)’ (11.48)
{ar, a2} =11y (P aray . ie. {al,al} =rV(p), o af (11.49)
where the (undeformed) classical dynamical r-matriz is given by
: (8, 84 — 67, 8¢) for j A4
W ()it = § o O 00 = 0 0y) forj £ L 11.50
r P { 0 for j = ¢ (11.50)

It is now easy to check, for n = 2, that the PB obtained in M$* imply the relations (11.44)
derived in M; for D(a) = p. To this end, one rewrites (11.48) and (11.49) in terms of z and Z
using (11.39):

Zo=ak, Zg= a?{ew (7P =€, €1 =1) (11.51)

leading, in particular, to
{za, P12} =iza {Za, P12} = —izq (= {zz,p12}=0) . (11.52)
On the other hand, the nontrivial PB (11.49) reads

12 i1 2 1 ‘
Gq,03} = — (aga —agap) = —— €apD(a
{ab.a3) = = (aha} — a%a}) =~ cosD(a)
D D
S {ra ) = —ie et 2@y D@ (11.53)
P12 P12

which coincides with the first PB of (11.44) for D(a) = p12 (or x := 3log Dla) _ ). Using
D(a) = é™ajal , we obtain

1 _ By 1 2 1 _ { By ,,1 _ { 1
aq,D(a)} = €""{a,,az}ta, = —— €qpe”a,D(a) = — a,, D(a) ,
{as, D(a)} {aa, astas = =2 cape™a; Dla) = 2= aq D(a)
i 1
{a%,D(a)} = eﬂy{aaa#}a% = — ey, a3D(a) = —— a2 D(a) . (11.54)
P12 P12

On the surface of the constraint x = 0, the last two relations reproduce the PB of zZz in (11.44).
Unlike D(a), the constraint y belongs to the centre of the Poisson algebra for P =0, as

{pr2, D(a)} = 0={pr2,x}  ({P, D(a)} = 2iD(a)) (11.55)
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and

{at,, Dga)} = Z%{GQD(&)} - ZQZ) {al,p12} =0 = {al,x}=0. (11.56)

Identifying the quantized z with (an isodoublet of) creation operators and equating, for
linear functions of z and z the commutator with ¢ times the PB, we recover the canonical
commutation relations (CCR) among the a’s and thereby, the Schwinger model for SU(2).

Ezercise 11.4. Prove that for D(a) =1 (instead of D(a) = p) one finds the (non-trivial) PB
1 1
{21,51} = 5 ‘22|2 R {ZQ,ZQ} = E |Z1|2 (11.57)

which disagree with the CCR.

Proceeding now to the general case (n > 2), we find that one should just replace the Poisson
bivector (11.47) by

P = iv
s=1

We see that in the ¢ = 1 case all PB are covariant under the right SU(n) action; in fact, the
second index (« or ) of the a’s is unaffected by the PB.

+ > v‘AW Fie) V) AVE). (11.58)

0,
Ps 1<]<e<n

This property is violated when we proceed to the g-deformed case. The PB (11.48) then
remain unchanged while (11.49) is replaced by

%Cbl asrig . (1159)

{ah 02} = 7”12(17) ay az —
Here 712(p) is a solution of the (modified) classical dynamical Yang-Baxter equation (YBE)

;723(p)] + [r13(p), r23(p)] + Alt (dr(p)) = %j [C12,Ca3] ,

[r12(p), r13(p)] + [r12(p

Alt (dr(p)) := 2":

(see [53]). It is obtained from (11.50) by substituting p%e by T cot (¥ pje) and taking into
account the gauge freedom in choosing wg*(p) (11.20),

es)1ra3(p) — (e5)2r13(p) + (€5)3r12(p) ) (11.60)

i _ [ Fiu(p) 6l 66 —i T cot (% pje) 6, 65, for j# ¢ (11.61)

0 for j=1¢ ’
(as we shall see, the choice A = 0 in (11.29) leading to fje(p) = i % cot (¥ pj¢) gives some
technical advantages in the quantization procedure), while 12 is a solutlon of the modified
classical YBE

[r12,713] + [r12, 23] + [r13, 23] = [C12, Cas] (11.62)

(cf. [137]) where the polarized Casimir operator Cys (= Co1) = 7% Ty Tha, see (B.5), is an
element of the symmetric tensor product Sym (G®G) and the Killing metric 1, (n*°ns, = df) is
defined in (10.13). The essential difference between (11.60) and (11.62) is in the term Alt (dr(p))
containing derivatives in the dynamical variables p; .
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Ezercise 11.5. Verify that if r15 satisfies the modified equation (11.62), then
rig=ri2+eCla, e== (11.63)

satisfy the classical YBE
[riz:ris] + [M12, 93] + [ris, r3s] = 0. (11.64)

(Hint: Use the invariance of Ci2 (B.5) to show that the sum of the mixed terms vanishes.)

There are many solutions of Eq. (11.62) (respectively, of the classical YBE (11.64)) cor-
responding to different (local) choices of p(M) satisfying (10.58). We shall use the standard
r-matriz that corresponds to p(M) = tr(M ' My M= §M_) (10.56):

rz =Y (€)1 ()2 — (€)1 (e))2) , e

i<j

. -1, a<p

rey =eapdl 08, cap=14 0, a=p . (11.65)
1, a>p

Ezercise 11.6. Show that the polarized Casimir for s/, is expressed in terms of the permutation
operator Py as

s 1 N t
Clén = Pjp — E 1| B s Py = Z (ef)l(ej)g R T, =11, = Z (62-)1(6;)2 . (1166)
i,j=1 i,5=1

In order to prove that (11.35) take place, one derives from (11.59), (11.61), (11.65)

Jj n _ Jj n J4 1
{a,aq, ---a . zf g Cot( pjg) apag, ... g, .. Gy —

E#J
. A )
—zf E cot( p]g) agal, ap ...ab, ...a, —
7r _
S I qm L 1
’ €80y aﬁamZ R A (11.67)

The second and the third terms in (11.67) vanish when multiplied by e*n®¢%1 and summed
over repeated indices, due to

—

E cot ( p]g) agal,al ...al, ...al, €m0t =

L#j

= Zcot( pjg) aﬁ al, LAY = Zcot ( pjg) D(a) (5‘2 =0, (11.68)
LF£]

Z €3y af; af'” ag, - aﬁw .. .a}ll €L —

= €pa, al, AY¢ aly = €pa, al,, D(a) 55 =0 (11.69)
¢

Hence, (cf. (11.9))

: 1 .

{aj,log D(a)} = D) {a, D( ;cot ( pﬂ> a] . (11.70)

J
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On the other hand, the PB (11.48) imply

{D(a),pe} =iD(a) = {D(a),pje}=0 = {x.pje}=0, (11.71)
as well as
{aé, Up)}= {a%,pz}%(p) = igg(p) a% (11.72)

(there is no summation in j). In particular, the calculation of the PB (11.72) for U(p) =
log Dy(p) = >, .o log[pie] , gives the same result as (11.70),

{a?,, log D,(p)} = z% Zcot (%pj[) — Zcot (%pgj) al, =

>5 0<j

T T -
=iy Zcot (Epjg) al, ,

12
implying {x,al} =0.

The passage to the (n+2)(n—1)-dimensional (unextended) phase space M, using the Dirac
brackets (11.34) is straightforward; only the second PB (11.48) is changing:

@hopdo =i (8- 1) = (chpmd=i@-5)ak. (1)

The classical counterpart of the quantum group transformation law for af, is expressed
simply in terms of r¢:
7T €
{Md,az} = E az Tyg Md 5 €e==. (11.74)

11.3 PB for Bloch waves

To find the PB for the Bloch waves u(x), we need to invert the symplectic form (11.7). To
this end, we shall introduce loop group (periodic) variables

o) =u(@)e k" (p= peel),  la+2m) = L(x) (11.75)

(the exponential factor compensating the nontrivial monodromy (11.3) of u(z)), in terms of
which the left invariant, matrix valued Bloch waves’ 1-forms are expressed as

wNz) du(z) = e~ k7 171 (2) 0(x) eik® —l—i%x . (11.76)

The mode expansion of the periodic matrix valued 1-forms

n

—ik @) ola) = Y B = 3 (B (11.77)

mEL i,j=1
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allows to write the extended symplectic form simply as

Q%(u, Mp) = tr{5 o +zZmu mSm} =

m=1

DD DD SRUEL SICESHENI (11.78)

(As p belongs to the interior of the positive level k Weyl alcove, 0 < B2 < 1for1<i<j<mn.)

Exercise 11.7.
(a) From 6(¢~16¢) = —(¢=16¢)? , deduce that

= 1 = = = 1 = =
0B, = ik . ZEn—m=m = 0= = ik ;:—m:m . (1179)
(b) Prove that
poell=pyel, oo —eFad et (11.80)

Ezercise 11.8. Derive (11.78) from (11.7). Hint: Use the relation

tr{(ﬁ_l(—ﬂ')éf(—ﬂ') - /_7r ;l—i x (Z_l(x)éﬁ(x))’) 5P} =
=tr{ i d—xfl(x) Sl(z)op} = %tr (6p=0) - (11.81)

—T

The form Q% (u, M,) (11.78) can be readily inverted in terms of the vector fields (V™) 625
whose only non-trivial contractions are
N )
(VI (Em)s = 60700 s = 0pm =6y, (11.82)
dpe
(i.e (Vm) E are dual to the 1-forms (Em); , O0pe , respectively): the corresponding Poisson
blvector is
RO W INEE S wp oG
m#0 f= 1
1 —m\1 m
+5 Z Yo VAT (11.83)
2 —~ m+
m 1<i#j<n k
Finally, we obtain from Eq.(11.76) the contractions with du(zx):
A . ; Py 5 .
(V™) du(z) = %u(x) o] e—ilm+ e 5 Dul) = %xu(z)eﬁ . (11.84)
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This gives (trivially) {ps , pm} = 0, {,;m = 1,...,n, and {u(z), p/} = iu(z)e) so that, by
(11.3), (11.2),

. 2
{uf(x) , Dot = ZU?(Z‘)(SJ[ = {(M,);, A(m)} = ?uf(x +27)0j¢ (11.85)
The PB of two Bloch wave fields, on the other hand, is quadratic,
{ul(xl) s UQ(xg)} =P (U(l’l) ® u(l’g)) = (1186)

z(m+ - )xlg

= o) | o) 3 (el et 33" arrrm o GG B

o

- ,
Em z1)uz(z2) | e(12) e[ (f)2 +Z e ( (z12) (€))1(e])2 | —
7]

*ul(ml u2 $2 (P

Here the classical dynamical r-matrix rg‘? (p) — the superscript (s) staying for ”simple” (Lie
algebra) — which appeared for the first time in the present context in [14], coincides with the
off-diagonal part of (11.61),

7“12 = —zf Zcot pjg )i(e))a ie.
J#

(it — [—iFeot (Fpje) 6,05, for j#¢ 11
KO (), { ‘ for j ¢ (11.87)

and the (discontinuous) functions e(z), e,(x) are given by the series

1 e x 2 sinmx
e(x) = — E + === +
T m T w m
m7#0 m=1
ei(m+z)x -1

e@=—-S T (g, (11.89)

T m+ z

, (11.88)

SRR

respectively. Both of them have to be regarded as functionals; the first is just a quasiperiodic
generalization of the sign function sgn(z),

e(z+2rN)=¢e(x)+2N (Ne€Z), €(0)=0,
e(z) = sgn(x) for —2m<a<2m, (11.90)

and its derivative is twice the periodic d-function
1 imxr —
Sper () == E;e = %:5(x+27rm). (11.91)

The properties of €, (z) follow from the Euler formula for cot(nz), yielding (for x € R, z ¢ Z)

1 ei(erz)m
lim — T = ot e (x) (0)=0. 11.92
Ngnoowm;]v p—— cot(mz) +ie.(x) e.(0) ( )
The derivative of ,(z) in z is, on the other hand, proportional to a twisted version of the
periodic d-function,

10

3 %52(@ = e §per () , (11.93)
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which implies that for —27 < z < 27, e,(x) = sgn(z) = e(z). Looking at (11.86), one
concludes that for —m < x1,22 < 7 the two terms containing ¢(z) and €,(x) combine to the
sign function times the permutation matrix, cf. (11.66):
™ s
{ur(z1) , uz(z2)} = ui(x1)uz(xs) (E sgn(z12) P12 — riQ)(p)) for —m<z,29 <m. (11.94)
Due to the quasiperiodicity property of u(z) (11.2), restricting the values of both arguments
to intervals of length 27 still allows one to reconstruct the PB for general x; and x5 — one has
to use the expression for the diagonal monodromy M, (11.3) and then the PB (11.85) of u(z)
with p,. Written in components, the PB (11.86) reads simply

B T A B £(@12) Pt =t
() uf @) = e e § L e ten o (1199
i m m_,'_P]% ’

Exercise 11.9. Prove that, for any x1,z2 € R

{ur(z1 + 2m) , uz(w2)} = {(u(z1)Mp)1, ua(z2)}

Hint: Use (11.95), (11.85), the quasiperiodicity of e(x) (11.90) and the "twisted periodicity”

property
ei(m+z)(z+27r) ei(m+z)m

Ly L s D)

So far we have dealt with the extension of the symplectic form Q(u, M,) (11.7). To take into
account the impact of adding w**(p) and hence, obtain the PB corresponding to Q% (u, M,),
one can perform the following trick (cf. [15]). One can easily prove that a redefinition u(z) with
a p-dependent diagonal matrix (which does not change, hence, the monodromy matrix M,),

i(x) = u(z)eV® | V(p) = ZVs(p) e (= deti(z) = detu(z)ex:"V ) (11.96)

S

results in the following change of the symplectic form:

ovi  ov!
O (@, M,,) = Q(u, M,) — ( - >5p Spe - (11.97)
; ope  Op; )
Choosing

s—1 com

s SN £ Prs

Vo) =log [[lpr]  (prs] = =357 >0 for v <) (11.98)
r=1 k

(so that det u(x) = Dy(p) detu(z), cf. (11.96), (11.12)), we find

avi vt miC
e _W E cot ( pm ) o, — E cot ( prg %cot(%pﬂ) (11.99)
j

(only a single term in one of the sums can be nonzero). Thus, the additional term in (11.97)
equals (11.20), (11.29) (for A = 0), i.e. the 2-form w®*(p) is absorbed by the rescaling (11.96)
of u with V(p) given by (11.98):

Q5 (u, M,) = (@, M,) | (11.100)
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Conversely, we can calculate the PB following from the symplectic form Q% (u, M,) by assuming
that @ satisfies (11.85), (11.86) and u(z) = @(x)e~V ). One finds that the dynamical r-matrix
rg) (p) (11.87) (for @) gets in addition exactly the missing diagonal elements that make it

different from r12(p) (11.61) (for A = 0):

ria(p) =i Y cot(zpse) ()1 (ef)e = () (e))2) - (11.101)
J#t

To conclude the classical description of the Bloch waves, it remains to impose the relevant
constraints and thus obtain the Dirac brackets from the PB in the extended phase space. In
order to maintain the unimodularity of the group-valued chiral field g(x), it follows from its
decomposition into Bloch waves and zero modes (11.2) and from det(a’,) = D(a) = Dy(p)
(11.12) that we should require

Dy(p) det(uf(x)) =1. (11.102)

Due to the z-dependence, this amounts to imposing an infinite number of constraints. We shall
not go into the details of the calculation, the result of which is simple and easy to describe.
The modification of the first relation in (11.85) is quite similar to that in the zero modes case,
(11.73):

@), pdp = iuf @G- 1) = (@), pen} =10 @) G~ Gym)  (11103)

(again, the Poisson brackets of pg,, do not change). Another % factor gets subtracted from Pjo
to produce, due to (11.66),

{ul(ml) , UQ(I‘Q)}D = U1 (3?1) UQ(.’L‘Q) (% sgn(xlg) 012 — Tlg(p) ) (11.104)

for —m < x1,79 < 7, where C15 is the polarized Casimir operator for sf,, and the classical
dynamical r-matrix r12(p) is given by (11.101).

It is important to note that the Jacobi identities for the PB involving three Bloch waves,
or two Bloch wave fields and p;, are satisfied due to the (modified) classical dynamical YBE
(11.60) and the neutrality (or zero weight) condition

(D1 + ()2, m12(p)] = 0, (11.105)
respectively, satisfied by r12(p) = —ra1(p) (11.101).

The PB of the covariant group valued field g(x) = u(x) a (11.2) are obtained by combining
those (for the Dirac brackets) of the Bloch waves (11.104) and of the zero modes (11.59). For
—m < x1,x2 < 7, they read

{g1(21), g2(22)} = {ua(21), uz(w2)} a1 ag + ua (1) uz(22){ar, az} =

= *% 91(21) g2(w2) (15 0(212) + 15 0(221)) (11.106)

where 7§, are defined in (11.63).
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Appendix F. Simple Lie algebras; Lie algebras of compact
groups

For a more complete and systematic treatment the reader is referred to his favourite text on
Lie algebras — say [94], [67], [27] or [65].

F1. General properties of (semi)simple Lie algebras

A semisimple Lie algebra G is characterized by the property that its commutator ideal C(G)
coincides with G:

c(g):=16,6]=6. (F.1)

In general, for an arbitrary Lie algebra G, C(G) is an ideal in the sense that [X, C(G)] C C(G)
for any X in G.

Each Lie algebra G is a vector space of dimension dg = dim(G). The dg-dimensional adjoint
representation ad of the Lie algebra G(3 X) acts on the vector space G(3 Y) according to

adX(Y) =[X,Y]. (F.2)

Every semisimple Lie algebra G admits a non-degenerate symmetric, invariant, bilinear
Killing form

(X,Y) = @ tr(ad X -adY) (= (Y, X)), (F.3)

where Cy(7) is the eigenvalue of the second order Casimir operator in the IR 7 (to be defined
in F3 below). The invariance property,
(X,Y],2) = (X,[v, Z]), (F.4)

follows from the cyclicity of the trace.

Let G¢ be a complex Lie algebra (the notation being geared to the case when it is the
complexification of a real one, G). Its structure is displayed by using a Cartan-Weyl basis. A
Cartan subalgebra b of G¢ is a maximal abelian subalgebra, such that each element of adb is
diagonalizable. All Cartan subalgebras of G¢ are conjugate to each other (by inner automor-
phisms); they have, in particular, the same dimension, r, called the rank of Gc. We shall view
b as the complexification of an r-dimensional real Euclidean vector space R” = hg of hermitean
matrices in the adjoint representation of Ge with a (positive definite) inner product given by
(F.3). The common eigenspaces G, of all elements h of h, such that

[h,G] = a(h)Ga  Vheb (F.5)

where the linear functional « € h* called root is not identically zero, are 1-dimensional (the
eigenvalue zero being r-fold degenerate). Then the vector space G¢ has the following decompo-

sition:
Ge=bEP G - (F.6)
a#0

In order to introduce a class of preferred bases in a given (semi)simple Lie algebra G we
shall first introduce the notion of a root system and of a basis of simple roots.

A subset ® of R” is called a root system if it has the following properties:
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(R1) The set ® is finite, its linear span is R” and it does not contain 0.
(R2) fa € @, then ka € ® (for k e R) iff k = £1.
(R3) If o € @, then the reflection
ra(8) =B —c(8,0) a (F.7)

where ¢(f3, o) = 2 Egm and (« | 8) (= (8| @)) is the Euclidean scalar product in R", transforms
® into itself.

(R4) If a, B € @, then ¢(f,a) € Z.

Properties (R1) and (R3) imply that the Weyl group W generated by the reflections (F.7)
is a finite group.

A subset A of ® is called a basis if
(B1) A is a basis of R";

(B2) Each root 3 € ® can be written in the form 5 =3
all ko, <0.

aen kac, where either all k, > 0 or

The roots belonging to A are then called simple. Given a root system ® in R" | there always
exists a basis A of ®. Different bases are permuted by the elements of the Weyl group. A root
0B of @ is called positive with respect to the basis A, if it can be expanded in simple roots with
non-negative integral coefficients.

A simple Lie algebra of rank r has exactly r simple roots «;, i@ = 1,...,r. The basic
raising and lowering operators, the Chevalley®' generators e; and f;, associated with «; and
—ay;, respectively, satisfy

[es, f5] = 64 ha - (F.8)
Then one assumes, in addition to (F.8), the CRs
(o | @)
[hises]l = cjiej,  [hisfil=—cjify, cji=2 m : (F.9)

They involve the Cartan matriz (c;;) whose entries can be viewed as the value of the functional
a; on the coroot o) = (jﬁci” . Note that ¢j; = (o | @) is independent of the normalization of
the Killing form (F.3). We follow the convention of [65, 67, 94]; other authors use a different
convention in which the transposed of the Cartan matrix appears instead. In each case the
Cartan matrix elements are only linear in the simple root o; associated with the raising operator

€j .

We shall interrupt our exposition of the general theory to work out the example of the
semisimple Lie algebra so(4) that splits into two simple ones. The generators of the Lie algebra
so(n) of the compact orthogonal group SO(n) can be identified with the n x n real skew
symmetric matrices

Xijzeij—eji (Z —X]‘Z‘), 1<i<ji<n, (FIO)

where e;; are the Weyl matrices (e;)*, = 6F 6;4. (Note that in our conventions e; = e. Here
we use lower indices as the antisymmetric X;; then appear in a more natural form.) We start
with a Cartan basis of so(4,C) given by the commuting hermitean (pure imaginary) matrices
L12 = iX12 and L34 = iX34 and set

1

e = 5(—L23—iL13_L14+iL24) :ff

51Claude Chevalley (1909-1984) — a founding member of the Bourbaki group, see P. Cartier, Notices of the
AMS 31 (1984) 775.
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1 . ) * . *
ey = 3 (=Los —i L3+ Lig —iLog) = f5 , Lj, = ijk’(: ij) : (F.11)
We find

[L12’€j] =€, [LlQafj]:_fja j:172
[Laa,ej] = (=1)7 Ve, [Laa, fi] = (1) f5;
leis ] =05 by [hisej] =265,

F.12
hy = Lia+ L3a, he = Li2 — Las. ( )
The equations (F.12) display the splitting of so(4,C) into two rank one algebras:

s0(4,C) ~ A1 ® A, . (F.13)

This example illustrates a general property: every semisimple Lie algebra splits into a (finite)
direct sum of simple ones.

The property (R4) in (F.7) restricts severely the possible root systems of simple complex Lie
algebras and is the key to their complete classification. as finite sets of vectors in a Euclidean
space. To see how it works, one writes

e

(a|BY) = e(a, B) = 2|m| cos(a, ) (claj, o) =¢ji) - (F.14)
The integrality of c(a, 8) for o # 3 implies ¢(a, B)e(B, ) = 4cos?(a, B) € {0,1,2,3} as well as
X 2
Zgggg = % (for ¢(B, ) # 0 and hence, c(«, §) # 0). Thus, there is only a finite list of possible
configurations (angles and relative lengths) for any root system, which can be investigated
further case by case. In particular, all elements of the Cartan matrix (c;) are integral and the
non-diagonal ones (corresponding to i # j) are non-positive. More precisely, we have

i =2, ¢;€{0,-1,-2,-3} for i#j, ¢;=0 & ¢;=0. (F.15)
The symmetric matrix
(0 o) = 10 o, (F.16)
is positive definite.

Returning to the general characterization of simple Lie algebras we should add to the CR
(F.8), (F.9) the Serre relations. They can be expressed in terms of the adjoint representation
as

(ad(e;))' = e = 0= (ad(fi))' = f;  (fori#7j). (F.17)

Thus, the Cartan matrix contains all the information needed to reconstruct in a unique way
the root system as well as the commutation relations of G .

In the example of chief interest for us, the case of the Lie algebra of all complex traceless
matrices, we have

Cit1=—1=ciy1;,9=1,...,7r=1; ¢; =0 if |i—j|>1 for G=A4,, (F.18)
so that Egs. (F.15) involve no more than double commutators in that case:
leirej]l =0=1[fi, f;] for |i—j|>1,
le1,[e1,e2]] =0 =[le1,e2],ea) =+ for G=A,. (F.19)
If o and S are positive roots, then

lea,e3] = Noypeatp where Noyg €Z and Noip =0 if a+ §isnot aroot. (F.20)
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This 1955 result of Chevalley (whose proof was completed by Tits in 1966) opens the way to
considering simple Lie algebras over an arbitrary field.

If G¢ is semisimple then there is a unique real form G for which the corresponding (say,
connected and simply connected) group G is compact. It can be characterized by the fact that
the Killing form (F.3) is negative definite on G. If we define a hermitean conjugation on G¢
acting on the Chevalley generators as

}f!K = hi, e* = fz‘ (fz* = €Z‘) (F.21)
then G will consist of the antihermitean elements of G¢.

More generally, any compact Lie group is reductive: it splits into a semisimple factor and a
product of U(1) subgroups, possibly factored by a common finite central subgroup; for instance,

U(n)=8SU(n)xU(1)/C, (F.22)
where C), is the n-element cyclic group of n-th roots of 1, the centre of SU(n).
F2. Dynkin diagrams for simple Lie algebras

We are only interested (in the main body of these lectures) in the Lie algebras A, ~ s,
whose exponentiated compact forms coincide with the special unitary groups SU(n), n = r+1.
These belong to the class of simply laced Lie algebras for which all roots have the same length
square (which we shall choose equal to two) and thus the Cartan matrix (F.8) is symmetric,
¢ij = (i | oj) = ¢j;. We shall outline in what follows the classification of simple simply laced
Lie algebras. This is still interesting and will allow us to simplify the exposition (by identifying,
in particular, the roots a; and the coroots ). The results about non-simply laced algebras
will be summarized at the end of this section.

In view of (F.15) (and of the condition (o | &) = 2 for all roots «) the matrix with elements
2(5” — Cij = Ny (F23)

has non-negative integer entries and can hence be viewed as the adjacency matrix of a graph
I' =T(G) of r vertices and n;; edges between the vertices ¢ and j. We shall call the graph T" a
(simply laced) Dynkin diagram if the associated quadratic form (c;;) is positive definite.

Theorem F.1. The graph I is a Dynkin diagram if it belongs to one of the types displayed on
Figure F1.

An(> slpy1) o —=0------ @

Eg [ iL L ]
E; ® O O—i O O
Exq O O O O i O O

Figure F1: Simply laced Dynkin diagrams
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(The number of vertices in the graphs of type A, and D, is r. The black vertices correspond
to a Kac label a; = 1 — see below.)

The proof of Theorem F.1 uses the following exercise (see [52], Problem 5.3).

Ezercise F.1. The graphs (of r 4+ 1 vertices) displayed on Figure F2 have det(CN'W) = 0 where
(Cuv, v = 0,1,...,r) is the (extended) affine Cartan matrix such that Cyy = 2, Cpj, =

Cj,0 = —1 for the (unique for D, and ET) vertex jg connected with the new vertex 0.
ap=1
1 1 1
ay=1 1

1 ay=1 1
%2
Es @ O O O )
1 2 3 2 1
32
E, e—0—0—0—0—0—=e
1 2 3 4 3 2 apg=1
i%
Ex o O O O O O O o)
ay=1 2 3 4 5 6 4 2

Figure F2: Affine Dynkin diagrams

(The positive numbers associated to each vertex determine the highest root § and the (dual)
Coxeter number — see below.)

We note that one only needs a symmetric, positive definite Cartan matrix (c;;) satisfying
the conditions of Theorem F.1 (in particular, Eq. (F.15), but not a priori a connection with a
simple Lie algebra) in order to define a root system Rr, associated with the Dynkin diagram
T". To see this, we consider lattice Q = Z" of vectors x,y with integral components and integer
valued scalar product:

I
(z|y) = Z z'cijy' = (x| x) € 2N. (F.24)
i,j=1

We then define, following Section 5.4 of [52], a root corresponding to the graph T' with Cartan
matrix (c;;) as any vector « of @ such that (o | ) = 2, in other words any non-zero vector
of minimal length. It is an easy exercise to see that such vectors form a finite set & which
contains the simple roots a; with components («;)? = &7, and hence generates Q. It is slightly

T
more difficult to prove that if « = > k; a; € ®p then all coeflicients k; (€ Z) have the same sign

i=1

(see Lemma 5.16 of [52]). This allows to define the concept of positive (and negative) roots.
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The Kac labels (positive integers) a,, v = 0,1,...,r associated with each vertex v of an
affine Dynkin diagram (see [99]) have the property

1
4 =5 Z Ny Ay - (F.25)

In other words, since n,,, (defined as in (F.23)) take values 0 and 1, a,, is equal to the half sum
of the labels a, of its neighbours. The highest root 6 of a simply laced simple Lie algebra with
labels a, is given by

0=> aja;. (F.26)
j=1

The Coxeter number g (equal for a simply laced algebra to the dual Coxeter number gV) is
given by

gzZa,,; g(Ar):T+17 g(DT):QT—Q,
v=0

9(Ee) =12, g(E:)=18, g(Fs)=30. (F.27)

Remark F.1. The A-D-E Dynkin diagrams of Figure F1 also label the quivers of finite type (i.e.
graphs with finitely many indecomposable representations) — see Section 5 of [52].

The affine Dynkin diagrams of Figure F2 serve to classify (not just the infinite dimensional
affine Kac-Moody algebras — see [99]) but also the finite subgroups of SU(2) — and hence the
Platonic solids — through the McKay correspondence [118, 140, 107]. To quote [52] “if we needed
to make contact with an alien civilization and show them how sophisticated our civilization is,
perhaps showing them Dynkin diagrams would be the best choice”.

We shall now display the Dynkin diagrams for the remaining two series B, (¢ > 2) and
Cy (£ > 3), corresponding to the odd orthogonal and to the symplectic Lie algebras and for the
two non-simply laced exceptional Lie algebras, Fy and G, expressing on the way the (simple)
roots of all simple Lie algebras in terms of an orthonormal basis {g;}. Leaving the case of A,
(of chief interest for us), that is somewhat special, for a more detailed treatment in the next
section we summarize the results as follows.

o -—-——o—9
B, =so(2r+1) L2 Lo

Oéizgi—cfi_i,_l,i:l,...,’l"—l, Qp = &r,
number of positive roots | <I>fr |=r?,

highest root 6B = a4+ 200+ -+ 20 = €1 + 69 .

Crzsp(Zr) 1 2 1-1 r

Q=€ —€Ciy1, t=1,...,r—1, ap =2,
o 2

|¢’+ =T,

0 =201+ + 20,1 + oy = 21 .

D, =so(2r) (see Fig.F1)

o =¢c —€iy1, t=1,...,r=1, ar=¢c,_1+¢,,
|7 |=r(r - 1),

0P = a1 + 2004 -4+ 20,9 + Q1+ =1 + €9 .
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Eg (see Fig.F1)

5 8
. 1
Q=€ — &1, 1=1,...,7, 04825(—2%4-2%),
k=1 k=6
1 8
|<I>f8 |= 120, 078 = 201 + 3as + 4z + Bay + 6as + dag + 207 + 3ag = 5(51 —Zak) .
k=6

E7 (sce Fig.F1)
1 5 8
Qp =E&iy1 —Eiy2, t=1,...,6, 04725(—;81@4-;6&;)

((o | 6F5) =0, i=1,...,7), | P |= 63,
0" = a1 + 203 + 3a3 + day + 3o + 206 + 207 = —&1 — €5 .

E¢ (see Fig.F1)

5 8
. 1

a; =€&jy2 — &gz, 1=1,...,5, a6:§(*z€k+z€k)

k=1 k=6

1 .
(i [05)=0=(a; [AG)), i=1,....6), | @& |=36,
GEG:a1+2a2+3a3+2a4+a5+20¢6:—51762.
—eo—0o—o
F, 1 2 3 4
1

ap=¢€1—€2, Qp=¢€y—¢€3, Q3=¢3, a4=§(—61—62—63+€4),

|(I)_{4 |:24, 9F4:2011+3042+4043+2014:€1+84.

=
G, 1 2

a1 =€1— €3, Qg ==¢9+E3— 26 ((ai|81+€2+63)=0,i:1,2),
|¢'$2 ‘:6, 9G2:3C¥1+2042=2€3—€1—52.

Table F1

The labelling of the nodes of the non-simply laced Dynkin diagrams displayed in Table
1 corresponds to the chosen ordering of simple roots. (For simply laced Dynkin diagrams
displayed on Figure F1 we use the following ordering of the simple roots: the labels start from
1 and increase from left to right along the horizontal lines; for D, the two rightmost dots
correspond to «,—1 and «., while for F,., «, corresponds to the unique node above this line.)
In writing down the roots of the exceptional E-series in terms of an orthonormal basis {e;}
we have exploited the embeddings of the root systems & C ®F7 c ®Fs . More generally, if a
Dynkin diagram is a subdiagram of another one, than that is true for the corresponding root
systems as well. To display this fact for the simple roots of E, we note that with the above
ordering convention we have

a;(Ey) = air1(Ery1) for r=6,7. (F.25)

To each root system ® there corresponds a root lattice Q@ = Q(P) consisting of all vectors
of the form ). n;a; where {ai,...,a,} is a basis of simple roots in ® and n, are arbitrary
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integers. In order to determine a sublattice, say Q(F,) C Q(E,+1), it is enough to display a
normal to Q(E,) in R™1 . An elegant way to do that uses the notion of fundamental weight
which plays a basis role in the representation theory of the underlying Lie algebra. The weight
lattice P dual to the (r-dimensional) root lattice @ is defined as the set of all vectors A in R”
such that

(A aY) ez forall ae@ (aV =2

). (F.26)
Clearly, P D Q.

To a fixed basis of simple roots {«;} in @ there corresponds a dual basis of fundamental
weights A in P such that 4 4
(AY | aY) =0t . (F.27)

Eq. (F.25) now implies that the normal to Q(E7) in P(Eg) is AM)(Eg) while the normal to
Q(Eq) in P(Ex) is AD(E;).

Ezercise F.2. Verify that

8
1
k=2
while
8
(1) 1
2AE7 = 3aq + 4ag + bag + bay + das + 206 + a7 = 5 (3(82 — 61) — Zc‘ik) , (F29)
k=3

where a; in (F.28) and (F.29) are the simple roots of Eg and E7, respectively.

The non-simply laced Lie algebras, B, , C,., Fy, G2, have roots of two different lengths.
The double or triple line with an arrow is directed towards the short simple root while the
number of lines in a pointed multiple line is equal to the ratio of the length squares of the long
and the short roots:

| ar |2 2 for B,, C, and Fy ,
3 for Gs (la*=(a]a)). (F.30)

The positive roots of B,., C, and D, have the form
By :etej,er; Cp:teitxej, 2e,, 1<i<j<r, 1<k<r,

D, : eite;, 1<i<j<r. (F.31)

It is easy to compute, using Table F1, the Cartan matrices of all simple Lie algebras; for
instance,
2 -1 0 2 -1 0
c(By)=[-1 2 =2, c(C3)=1-1 2 —-1]. (F.32)
0o -1 2 0o -2 2
The Lie algebras B, and C, are obtained from one another by exchanging the short and long

roots; By and Cy are isomorphic.

Exercise F.3. Compute the Cartan matrices and their determinants for the five exceptional Lie
algebras E,., Fy,Gs .

Remark F.2. If one continues the exceptional series F, to r = 4,5, using again the prescription

(F.25) one would obtain the Lie algebras of the so called Grand Unified Theories: E5 ~ Ds(=
s0(10)), By ~ A4(= su(b)) (the compact forms of the complex Lie algebras).

98



F3. A.:orthogonal basis, roots and weights; Weyl group; Casimir invariants

As we have identified roots and coroots (see the beginning of F2) it is legitimate to consider
the restriction of the Killing form to the root lattice @ = > Z ;. It is convenient to view

K3
@ as embedded into an n (= r + 1)-dimensional orthogonal lattice Z™ with orthonormal basis
{e,, v=1,...,n}. We can identify e, with the diagonal Weyl matrices e,, with scalar product
coinciding with the trace of the product:

(enlen) =tr(eppen) =0u , prv=1,...,n(=r+1). (F.33)

Both the simple roots o; and all positive roots, a;;, are expressed as differences of two e;’s:

J—1
Qo = €; — €41 , aijszei—ej:z:ozs, 1<i<y. (F34)
s5=1

The weight lattice P is spanned (over the ring of integers Z) by the fundamental weights
AD (F.27), 4 4
(A | o) =65 (F.35)

For any dominant weight (highest weight of a finite dimensional IR) A we shall write
A=Y " NAD=N"te,, n=r+1 (X >0). (F.36)
i=1 v=1

Taking the scalar product of both sides with «; (F.34) and using (F.33) and (F.35) we find
N =4; — giJrl . (F37)

Postulating, in addition,
n

> t,=0 (F.38)

we can express the £, in terms of A\;. We find, in particular, for the fundamental weights and
for the highest root

I i &
AD = Zesfﬁ Zes, 0=rc; —e, =AY 4 A", (F.39)

n
s=1 s=i+1

The Weyl group Wr of a Dynkin diagram I' of r vertices is the automorphism group of
the vector space R” = Y R a; which preserves the root system ® (cf. property (R3)). It is a

2
subgroup of the group of permutations of all (positive and negative) roots and hence, is a finite
group. It is generated by the reflections r; of simple roots (cf. (F.7))

(i | @)

T, T =T —2
For G = A,, s; is nothing but the substitution e; < e;11. The r; are thus the standard

generators (satisfying (A.2)) of the permutation group S, n = r + 1. According to (F.40) and
(F.35) we have

ri AU = A9 — o 67 (F.41)
The vector N
p=)Y pe, (n=r+1) (F.42)
v=1
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of components p, satisfying (11.5) is related to the weight vector A (F.28) by
p=A+p (F.43)

where p is the half sum of positive roots:

5]
SPNEDILE 3

a>0 v=0

(6V+1 — 6r+1_,,) . (F44)

For positive A (and p) we say that A (respectively p) belongs to the positive Weyl chamber.
The A,-Weyl group acts on A (and p) by just permuting ¢, (and p,).

We are now ready to write the (Weyl invariant) eigenvalues Ca(p,n) of the second order
Casimir operator of A, ~ sf,:

Co(pn) = (A|A+2p)=(p—p|p+p) = Zpy n{n’ _1)

=Y p- ”7_1) . (F.45)

1<z<]<n

Ezercise F.4. Verify, using (F.44), the ”strange formula”

n(n?—1)

3 (F.46)

> =

Prove that the eigenvalue (F.45) can be expressed in terms of the components ¢, and \; of
(F.36)—(F.38) as

Co(An) =3 6,(6, — ) = =0 5 ). (F.47)
v=1 1=1 n
Verify that
LAY =g = (A =sl 82— 2 4,2A0) =26,(A0) .
n n

The dimension dy (= d(p)) of the IR of weight A is obtained as a special case of Weyl’s

character formula:
A+
i =TI ( lpa) _ H H i | - (F.48)
a>0 (p i=1 ! j=i+1

Ezercise F.5. Compute the Casimir invariant and the dimension of the (irreducible) antisym-
metric and the symmetric powers of the defining (n-dimensional) representation of s¢,.

(Answer:  Co(A@ n) = 2(n — 2)(n + 1), C22AM,n) = 2(n — 1)(n + 2),

+1
dpe = <g>7 dopy = (n 9 ))
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The Dynkin index N(7) of a representation m of G is related to the Killing form (X,Y’) on
g by
(X,Y) =

1
N ) 7). (F.49)

Let {T,, a=1,...,dg}, be a basis in G,
MNab = (Ta,Tb) (F50)

the corresponding Killing metric tensor, and n® its inverse: 1% 1y, = 0y. The second order
Casimir operator
Co(G) =" Tu Ty

has eigenvalue Cy(7,G) in the IR 7 satisfying
m(C2(G)) = 0" m(Tu) w(Tp) = Co(m, G) Iy,

and hence 1

N(m)

In particular, if 7 is the adjoint representation of G, m = ad, dimad = dg, we find

dg = Cy(m,G) dimm. (F.51)

N(ad) = Cz(ad,G), (F.52)

in accord with (F.3).

Ezercise F.6. Verify for G = su(n) the general formula (cf. (F.39))
(C2(8,n) =) Ca(ad,G) = (0,0 +2p) = (0] 6)g” (=2n for G = su(n)). (F.53)

Use (F.51) to show that N(A;) = N(A,) =1for G=A,.

Question: Which Casimir eigenvalue appears in the power of ¢ in (5.30)7
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12 Quantum exchange relations

”Quantization is an art, not a science. This is

best seen in quantum integrable models.”

Ludwig Faddeev
Oral intervention after Witten’s talk [85]

Lausanne, 16 March, 2009

The process of quantization has two distinct parts: (i) a deformation of the algebra of dynamical
variables with leading term given by the PB; (ii) a representation of the resulting quantum
algebra in terms of linear operators in an inner-product vector space. The two parts for the
zero modes’ algebra are realized in Sections 12.1 and 12.2, respectively. (Note that the term
”deformation quantization” is often used in a more narrow sense involving the so called star
product — see, e.g. [106] and [46] as well as references to the earlier work of Moshé Flato
(1937-1998), André Lichnerowicz (1915-1998) and D. Sternheimer, among others, cited there.)
Section 12.3 deals with the quantization of Bloch waves; it also combines the outcome with the
results of the previuos subsections to display the properties of the quantum chiral field g(z) .

12.1. Quantization of group like quantities; the quantum matrix algebra

The naive idea that quantization means replacing PB by commutators is tailored to fit Lie
algebras of Poisson brackets and their representations. For group valued functions yielding
quadratic exchange relations this is no longer true. The simplest example is provided by the
Weyl form of the canonical CR:

{eiap,eiﬁx} — O[ﬁ eiap eiﬁz — eiap eiﬁx — eihaﬁ eiﬁx eiap ) (121)

(The arrow indicates that we can recover the PB as a (quasi-)classical limit of the quantum
exchange relations, setting

iap ifBx — 1 iap iz
(617,57} = fm g 7,7,

while to obtain the Weyl CR from the PB one requires additional hypotheses.)

We shall now spell out the desiderata that will yield the quantum exchange relations which
reproduce in the quasi-classical limit the PB (11.73), (11.59).

To make clear the meaning of a (quasi-)classical limit we shall introduce for a moment
Planck’s constant / setting

k:ﬁ’ pij:}% = %—>0, Dij — 00 , p?jﬁniteforhﬁo. (12.2)

Our first requirement is to renormalize under quantization the level k to the height h = k +
n|= @) (cf. Remark 11.1) changing accordingly the deformation parameter ¢ from its value
q = g in (11.12) to

q (= aqn) —e h=k+n for G=su(n). (12.3)

This is allowed by the quasi-classical limit (12.2) but is only justified (to the best of our knowl-
edge) by the study of the Bloch wave part of the WZNW model where it is a consequence of
having to use a normal product in the Sugawara formula (Section 9).
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To quantize (11.73) we note that it displays an intertwining property of a/, between different
representations of the Weyl group. We shall therefore postulate the (exponentiated) group
theoretic version of (11.73):

¢ dl, = dl, qu/z-&-é}—(?'é ) (12.4)
Further, we look for quantum exchange relations of the form
Riz(p)aias = azai Ri2 & Riz(p)aiaz = aiaz Ryo (12.5)

that would reproduce (11.59) in the quasi-classical limit. (In the n = 2 case, the exchange
relations (12.5) appeared for the first time in [1], see also [30].) We demand that R = PR and
R(p) = PI:B(p) (where P = P} stands for permutation, Pasa; = aj as P, P? = 1) satisfy the
(quantum) YBE (4.35) (equivalent to the braid relation (4.39)) and its dynamical counterpart:

Ri2(p) Ri3(p — v2) Ra3(p) = Raz(p — v1) Riz(p) Ria(p — vs3) . (12.6)

Here {v() = ¢!, i = 1,...,n} stand for the Weyl basis in the chosen Cartan subalgebra of
gln (D sly). Viewed as an operator in C™ the weight vector p is a diagonal matrix, expressed
in terms of v as

n
p=>Y_ piv?". (12.7)
i=1
To make once more explicit the meaning of Faddeev’s tensor product notation we write
Ras(p = w5325 = 03 Rlp —v™))25 (12:8)

Ezercise 12.1. Following the path from (4.35) to (4.39) derive the braid group counterpart of
the dynamical YBE:

Ria(p) Ras(p — v1) Ria(p) = Ras(p — v1) Rua(p) Ras(p — v1).- (12.9)

The braid operators by := ¢~ = R and by (p) := q_%]:?(p) are assumed to satisfy the Hecke
condition (2.11), which is equivalent to setting
bi=q " Riz=q "2~ Ay,
_1 5 _
bi(p) = ¢~ 7 Riz(p) = ¢~ Tha — Ar2(p) (12.10)

where in both cases
Ao Aoz A1 — Arg = Aoz A1p Aoz — Ao,

A%Q = [2] A12 ([2] =dq + qil ), [Aii+1, Ajj-i—l] =0 for ‘7, - j| >1. (1211)

The standard (constant) solution of the YBE (which can be written for any simple Lie
algebra — see [57]) is given by (12.10) with

AT = e 85, 0, — 85, 0L, (12.12)

where
q for a<p
gP>=¢ 1 for a=p (12.13)

gt for a>j3.

FEzercise 12.2. Verify that A;;+1 given by (12.12) satisfies (12.11) and hence can be identified
with the antisymmetrizers e; of Section 2.
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We shall relate (12.11), (12.12) with the series of projectors P* of Section 2 by introducing
inductively higher rank antisymmetrizers:

Ayg = A1o(G® — Gba + baby) = Ao Aoz A1y — Aja,

Ay = A13(63 — QZ b3 + qbs by — b3 by bl) , etc. (12.14)

It is easy to verify that Az is the non-normalized counterpart of P* (up to the substitution
q— ¢=q'). We then have (in accord with (2.20))

Aln = (Eal...an aﬁln-ﬁn) (:> A1n+1 = O) . (1215)

It is straightforward to verify that for ¢ given by (12.3) (which implies ¢ =1—i 7 +O (Z—j))

the R-matrix R = PR satisfies the quasi-classical limit

T 2
Rio =149 — 14 E 1o+ O </€2) . (1216)

We stress that the (quantum) YBE together with the assumption of U,(sf,,) covariance for ¢
given by (12.3) leave no additional ambiguity in the choice of R.

In writing down the full (z-dependent) exchange relations for the chiral field g(x), it will
be important to realize that the exchange relations (12.5) have two equivalent forms. Indeed,
interchanging the labels 1 and 2 in the first relation (12.5), one can write

R1(p) az a1 = a1 as Roy .
Multiplying both sides with R;ll (p) from the left and R2—11 from the right, we find
Ry (p)ayaz = asay Ry .

We shall write (12.5) and the last equation in an unified form as

R1i2(p) a1 ao = as ai R1i2 & Rliz(p) ai as = aq as RliQ (12.17)
with
Ry =R, RTQ = R2_11 ) Ri5(p) = Ri2(p) , RTQ(p) = R2_11 (p) - (12.18)

The dynamical YBE was introduced by Gervais and Neveu [81] in the early days of 2D CFT
for the exchange algebra associated with the Liouville equation and applied to the study of the
WZNW zero modes already in [1]. Its general solution satisfying the

ice condition : R(p)gj/ =0 unless i=14,j=5ori=j, j=14 (12.19)
implying L. o o

q R(p)yj/ = Q5 (p) 5;/51% + bij(p) ;/5;/ (12.20)
as well as the Hecke relation (12.10), (12.11) is found in [95] (see also [54]). As shown in [88],

it can be brought to a canonical form which we shall write as
aij(p) = ¢ E(piy) . biy(p) = a7 = Epyy)

£(p) = ) @ij(p) = —aji(=p) (= «;i(0)=0), (12.21)
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yielding the second equation (12.10) with

A(p)i; = &(pi) (8L 6%, — g3 @) 6%, 67,) . (12.22)

1/]/

The ice condition provides a compact representation of the (4,j) block of R(p) as a 4 x 4
matrix (using the ordering (i), (i5), (ji), (jj), for any given pair (4,5), ¢ < j) which assumes,
in the general case, the form

q ! 0 0 0
iy 1 0 g @ulpi) [p[iﬁ-]l] _ fpij] 0
W= gn Dij Pij

R(p)i/j/ q 0 quij @i (p”) [pij_l] O . (1223)

[pis] q Pij 1

0 0 0 q-

Using the expansions
[p+1] ™ ™ w2 P 7 ™ , 2

1+ 7 t(—) oy, £ _T t(—)j: o(%y, 12.24
- Feor (Tp) +0(f) . T = Teot (o) £+ 0() (12.24)

one recovers in the quasi-classical limit (given by (12.16) with the substitutions Ri2 — Ri2(p), T 712 —
r12(p)) the classical dynamical r-matrix (11.61) for
- 2

LT e
kpje) +i— aje(pje) +O(ﬁ) . (12.25)

Fye(p) = i cot ( ;

(The expansion of the coefficient ¢ provides the L term for Cy2 (11.66).) Setting iT aje(p) =
A, fies(p) where fiss(p) is given by (11.23) (so that, in particular, aj.(p) = 0 for n = 2)
makes the connection with our analysis in Section 11 explicit.

_ In contrast with the constant R case, the representation of the braid group generated by
R(p) is "nonlocal”; the i-th braid operator is defined as

1—1
bi(p) == 97% Riiv1(p— ZW) = ¢ " Wisy1 — Aiisa(p) (12.26)
=1

(as suggested already by the quantum dynamical YBE (12.6)).

The Hecke condition (2.11), being equivalent to A;;41(Aii+1 — [2]) = 0, allows to derive
both the g-deformed Levi-Civita tensors ¢ and the dynamical ones €(p). They belong to the
eigenspace corresponding to the nonzero eigenvalue of all A;, i = 1,...,n, for those with upper
indices, or of their transpose, for lower indices, i.e.

Ag:g:rll6a1.'ﬂiﬁi+1man — [2] gL Qi ig 1. O ,
80!1-<ﬂiﬁi+1-<.an‘4§i§iiill = [2] €ay...aiiyr..an * (1227)
The solutions of (12.27) normalized by €4, . .q,e%* = [n]! are unique, up to a sign. They

vanish whenever some of their indices coincide while, in our conventions
o _n(n—1) (o) n ... 1
e =gy 0, =q¢ 1 (—q) for o= eS,, (12.28)

a1 ...0np

where ¢(o) is the length of the permutation o.

Ezercise 12.3. Verify for n = 2,3 that the expressions (12.28) for the g-deformed Levi-Civita
tensors reproduce (2.23) and (2.26) and satisfy (12.27).
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The dynamical Levi-Civita tensors found by the same procedure in [88] read

SRR | (IR | Gy (12:29)

(i) (o) r<piven  Pini]
€iy.i, (D) =€y, H qaij(pij) s J(o) ={(ip,t) s p<v, i, <iy}
(J,i)eJ (o)

where €;, ;. is the ordinary (undeformed) Levi-Civita tensor normalized by €, 1 =1 and o is

n

now the permutation o = (Z;L) €S,.

We see, in particular, that for o;;(pi;) =0, €. 4, is p-independent; this simplifies consid-
erably the expressions involved so we shall require it in what follows.

In order to complete the definition of the quantum matriz algebra, which we again denote
by My = M,(R(p), R), we define the quantum determinant

1 , ,
Dy(a) = i Gt all ...aly gtron (12.30)

In accord with (12.29) (for a;;(p;;) = 0), here €;,. 4, is the totally antisymmetric Levi-Civita
tensor normalized by €, 1 = 1 while e*1--®n is its ¢g-deformed counterpart (12.28).

The definition (12.30) of the quantum determinant is justified by the following statement.

Proposition 12.1. The product a; . ..a, intertwines between the two Levi-Civita tensors ap-
pearing in (12.30):

€iyin af111 ce a’flnn = D(I(a) oy, & Dq(a) =q * €., CLiL1 . ai" , (1231)
all .. .ag"n g1 = hiin (p)y D (a) . (12.32)

The proof of this statement (see Proposition 5.1 of [88]) is based on the exchange relations
(12.4), (12.5) and on the projector property (2.18), i.e. on

Ay Alj = [’L]'Alj for 1<i< 7. (1233)

The consistency of the constraint

Dy(a) =Dy(p):= [ [pss] (12.34)

1<i<j<n

relies on the following important implication of Proposition 12.1.

Corollary 12.1. The ratio 538 belongs to the centre of the algebra My (R(p), R) (see Corol-
lary 5.1 of [88]).

The relation
aM =M,a, (12.35)
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with 4 ) .
(My) = q'~w =% g} (12.36)

in the quantum case, together with the constraint (12.34) allows to express the monodromy
matrix M in terms of a’, and p;. It follows from (12.4) that the elements of M commute with
p. In fact, they generate the full commutant of p. On the other hand, according to (5.25) —
(5.30) M is expressed in terms of the generators of the QUEA U,(s¢,,), that thus appears as
the p-invariant subalgebra of M,.

For ¢ given by (12.3) (¢" = —1) the dynamical R-matrix may be singular as [nh] = 0.
Getting rid of the denominators we obtain the following regular form of (12.17) which makes
sense for all integer p;; :

[a&,a&] =0, afla% = %P aiﬁafl , (12.37)
iy — el = [pu) ahal — gPoaiad, for a % § and i # ]
(g%# is defined in (12.13)).

For n = 2 the determinant condition (12.31) is also quadratic and can be combined with
the exchange relations; the result is

agay = agaj + [pleap (P=p12),
alal e =0 (ie., aba® =qaldy,, i=1,2),
azag e =[p+1], ahaj e = _[p—1]. (12.38)

Eq. (12.4) now gives simply
dPay, = apg™tt, qPal =alg’ " (12.39)

These relations are covariant (as devised by Pusz and Woronowicz [130] back in the late 1980’s)
with respect to the U, (= U,(sf2) ) coaction:

Kai =qd K, @ K =qKad} ,
[E,di]=0, [E,d}] = ' K,
Fa, —q 'a\F=ady, Fay—qasF =0, i=1,2. (12.40)

12.2. Fock space representation

We now proceed to introducing a Fock-space operator realization of M. To this end we
define the Fock space F and its dual ' as Mg-modules with 1-dimensional U,(s¢,) invariant
subspaces of multiples of (non-zero) bra and ket vacuum vectors (0 | and | 0) (such that
(0| My =F', M, |0) =F) satistying

ai 10y=0 fori>1, (0|a,=0 fori<n;
oI 0) =10), (0]¢" T =(0];

)
(X —e(X)[0)=0=(0] (X —e(X)), VX €EU/sl). (12.41)

The duality between F and F’ is established following [73] by a bilinear pairing (- | -) such
that
(010)=1, (@|A]¥)= (V] A|®) (12.42)
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where A — 'A is a linear anti-involution (¢ransposition) on M, defined for generic g (i.e. ¢ not
a root of unity) by

D;(p) taia =ay = 1] grMLAn=t g i agll ...a’;;ll ,
") =¢"; Dilp) = [] ] (= [Di(p),al] = 0= [Di(p),as]). (12.43)
j<t
JRite

This anti-involution extends to M, the transposition in U, (s¢,,) (introduced in [72]) determined
by its action on the Chevalley generators:

'Ei=qFKi(=Fq¢""), '"F=qK 'E;, 'K;,=K,. (12.44)

Ezercise 12.4. Verify that the linear anti-involution defined by (12.44) corresponds to the
(ordinary, matrix) transposition of the monodromy matrix (5.30).

The space F admits a basis of weight vectors whose inner products can be computed (see
Section 3.2 of [70]). Moreover, it was proven in [70] that for generic ¢, F provides a model
for U,(sly,). In other words, F can be split into an (infinite) direct sum of finite dimensional
irreducible U,(s¢,,) modules, such that each IR of U,(s¢,,) appears exactly once:

]—':@fp::@,,, @ Fp s p=P1,---,Pn) , Pij =Di—Dj- (12.45)
P

p12=1 Prn—1n=1

Here F, is an ireducible U,(sf,) module of dimension d(p) (F.40) spanned by vectors of the
form

oo (@070 an ™) b (6772 a2 g, (ady - ag) | 0) (12.46)
where A, (z1,...,z,) are homogeneous polynomials of degree m and the non-negative integers
>\i+Ai+1+"'+An—1Epin7n+ia i1=1,...,n—1,

see (11.5), correspond to the length of the i-th row of an admissible Young diagram for s/, ,
cf. Appendix A. (We note that the degree of homogeneity of h,,(at,...,a’) does not change

r'n

under permutation of the arguments following the exchange relations (12.17); cf., for example,
the second equation (12.38).) It follows that operators a’, have the meaning of adding a box to
the i-th row of the diagram; in particular, al, increases p, = Z?;ll Pss+1 (and al? decreases it)
by 1, while aJ, does not change py, for 1 < j <n but

hm(a{,...,afl)fpzo form>A_1 (or, m>p;_15), j=2,3,...,n—1. (12.47)

For n = 2 we shall prove that the weight basis
| pym) = (ag)™ (a3)P~' 7™ [ 1,0) (12.48)

with | 1,0) coinciding with the (ket-)vacuum, previously denoted by | 0), has the properties
(4.15), (4.17) of the canonical one.

For ¢ given by (12.3) and p1, > h the module F, is indecomposable. In fact, it was
conjectured in [70] that the inner square of the highest and lowest weight vectors are given by

e At A hmn) = [ = U= (At = A | =Aama = A (12.49)

i<j
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Ezercise 12.5. (a) Verify (12.49) for n =2 and n = 3.

(b) Assuming (12.49), conclude that for pi, > h the inner product is degenerate.

The quantum exchange relations

Migay = ay Rfy Mo (12.50)
where
Ry, =Riy, Rf,=Ry (12.51)

which correspond to the PB (11.74), have the following simple interpretation as a U, := Uy, (sl2)
transformation law. If we define the adjoint action of U, by

AdX ZXl zS X2 for A ZXl (9 X2 (1252)
X

then we find

Adx(al) =a3(X))5, VXeU,. (12.53)

a

Here the superscript f stands for the fundamental (two-dimensional) representation of Uy:

0 1 0 0 g 0
B ) )
(0 0> 10 0 ¢!

[HY] = <(1) _01> (= HY) . (12.54)

Using Eqs. (4.6) and (4.8) (for r = 1) for the coproduct and the antipode, we thus reproduce
(12.40).

FEzercise 12.6. Prove that the transformation law (12.40) implies the relations (4.15), (4.17) for
the vectors (12.48).

Ezercise 12.7. Verify that the exchange relations (12.4), (12.5) and the determinant condition
(12.34) assume, for n = 2, the form

¢ al=al "™, Pad=ald Tt (12.55)
aiaé—a:‘xa%:[p]eaﬁ, ai aiﬁgaﬁz ., i=1,2,
aZape™® =p+1], abaje® =—[p—1]. (12.56)

The factor D;(p) in the definition (12.43) of transposition is equal to 1 for n = 2 and we
have

tal = Ph a3, ‘tal = —q 7 al, ‘tal = q? ai, ‘tad = —q? as . (12.57)
This allows to write the bra vector (p,m | in the form
(p.m = (10| (@)~ (@)™ " (—1 (12.58)

Combining (12.48) and (12.58), and using (12.56) to derive
(a3)™ | ) = g7 [m)l | p—m,0),
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(—ad)P~1=m | p—m,0) = 2@V [p —m — 1] | 1,0), (12.59)

we find
(p',m’ | pym) =g == ] p — 1 — m]! 6ppr O (12.60)

(recovering, for m = p—1 and m = 0, (12.49) for n = 2). In the undeformed limit (for ¢ — 1) we
reproduce the Schwinger oscillator algebra model [135] of SU(2) (see also its realization [16] in
Bargmann’s Hilbert space of analytic functions). The U, covariant deformation of Schwinger’s
oscillators was first considered by Pusz and Woronowicz [130] and was related to chiral vertex
operators in [89].

For ¢ = ¢5 (12.3) the algebra U,(A,) — and, in particular, U, = U,(A1) — has an infinite
ideal Jj, generated by E", F" and K" — K~" (see (14.7) below), such that the restricted QUEA
U, = U,/Jy is finite dimensional (in fact, 2h* dimensional, for U, = U,(A;1)). Furthermore,
this ideal is represented trivially in F; it indeed follows from (4.15) and (4.17) that

E"F=0=F'F=(K'-K"F. (12.61)

We shall leave the study of the resulting representation of Uq and of the Lusztig extension Uq
of U, to Section 14.

12.3. From Bloch waves to chiral vertex operators®?. The covariant chiral quantum
field

The exchange relations for the Bloch waves u(z) corresponding to the PB (11.104) involve
an z-dependent dynamical R-matrix:

ur (1) ua(we) = uz(w2) wi (1) Riz(p, v12) = Piaur(x2) uz(x1) Ri2(p, x12) - (12.62)

Here
R(p,x) = R (p)0(z) + R*(p)6(—z) ,  R(p,x) = PR(p,x) (12.63)

and R*(p) are defined in (12.18). Since u(z) should be viewed as an operator-valued distribu-
tion, we need to introduce its smeared components which can be defined as the Fourier modes
£(v) of the loop group variables (x) (11.75):

l(v) = / e (z) do = / e_i(”+%)“u(x) de, neZ. (12.64)

—T —T

It looks natural to try an operator realization of the resulting quantum algebra analogous
to that of the zero modes, introducing vector spaces V, as infinite dimensional lowest weight
su(n)y current algebra modules. Each V, can be fully characterized by its d(p)-dimensional

lowest energy subspace V;()O) such that

g3 Vlgo) =0 forn>0, (Lp, — A(D) 6no) VZ(,O) =0 forn>0, (12.65)
where o)
_ Calp

Alp) = =, (12.66)

with Cs(p) given by (F.37). We would then have the following analogue of (12.47):

hon (C (1), U (0n)) Vp =0 for m>pjy;, j=23,...,n—1. (12.67)

52The notion of a chiral vertex operator has been introduced within the axiomatic approach to CFT by
Tsuchiya and Kanie [149].
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The idea is that uf(w) acts as an elementary chiral vertex operator (CVO) or, a step operator,
i.e. intertwines
with

VP12,-~~7P7‘—1j7P.7j+17---7Pn—1 n VP127-~,pg‘—1j—lypjj+1+17~~-7pn—1 n

where we set by definition V,,, 0. p._,., = 0; thus, ui! increases p1, (= Z:;ll Dss+1) by 1,
ufl‘ decreases p1, by 1, while uf does not change py, for 1 < j<mn.

This idea, however, does not work for ¢ given by (12.3) (g a root of unity). Indeed, consider
a matrix element of the type

(D | u(z1) u(z2) | ®p) for C,eV,, PyeV,. (12.68)

The corresponding (reduced) KZ equation is of hypergeometric type, and the braiding of the
corresponding solutions recovers the quantum dynamical R-matrix R(p) (12.10), (12.22) [92].
The problem is that its entries are singular at p;; = nh (and the corresponding solutions of the
KZ equation involve logarithms) so that (12.68) only makes sense for py, < h.

By contrast, the exchange relations of the chiral field g(x) (11.2) corresponding to the PB
(11.106) are independent of p and hence, do not exhibit singularities:

g1(z1) g2(x2) = g2(22) 91(71) Ria(712) (12.69)

where
R(z) = R™0(x) + RT0(—x) . (12.70)

Accordingly, the solutions of the KZ equations for the analog of (12.68) (with u(z;) replaced by
9(z), i =1,2) — as well as their braiding described by (12.69) — are well defined for any p and
p’ [92]. An analysis performed in [79] (in the context of boundary CFT) demonstrates that the
singularities in the exchange relations of the chiral vertex operators are actually cancelled by
the zeros of the corresponding relations among the a’s.

A stronger result about the regular solutions of the KZ equation has been obtained in [143]
(and will be summarized in the following Section 13).
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13 Monodromy representations of the braid group [149]

The following braid relations have been derived in [143] for the regular basis (9.21), (9.30)—
(9.31). Let b; stand for the exchange of the variables (z;,(;) with (211, (;+1) along a path (in
z-space) for which z; ;11 — e™"" z; j41; then
f ne

by fD(Em) = (1= (1 )& fD (5_1 ;_—n = 1{"(&n) B},
11
b {06 = 10 (3 1) = 106 B, (131)
where B is a lower triangular, By is an upper triangular matrix:

A

Bi\u _ (_1)21—,\ qA(u+1)—21(I+1) LL

] = B3, (13.2)

and we have B3 = By. Here ¢ may be any primitive h-th root of —1:
=-1  (¢"#-1 if 0<n<h). (13.3)

It follows, in particular, that ¢ is a phase factor (¢ = 1).

Ezercise 13.1. Verify that the inverse matrices to B;(q) for ¢ satisfying (13.3) are obtained by
complex conjugation:
Bi(q) Bi(q) =1 for qq=1 (13.4)

(T standing for the (2I + 1) x (21 4+ 1) unit matrix).

Ezercise 13.2. Verify the braid relation
BiB:Bi=ByBi By = (-1 @'V F, Fr =4y, (13.5)
(the fusion matriz F is, thus, a permutation matrix satisfying F2 = 1). Verify that

By=FBF (Bi=FByF, F=F"). (13.6)

Remark 13.1. Tt can be demonstrated that, for ¢ satisfying (13.3), B2" | i = 1,2 is a multiple
of the unit matrix for 2I +1 < h but is not diagonalizable for 21 +1 > h.

Ezercise 13.3. Verify the statement of Remark 13.1 for small values of h and 21.

It follows from Remark 13.1 that the braid matrices By and Bs are not diagonalizable — and
hence not unitarizable for non-integrable representations of the su(2) current algebra (i.e. for
representations violating the upper bound 27 < k (9.7)). Note that the eigenvalues of B; have
absolute value 1, hence the matrices B; are unitarizable exactly when they are diagonalizable.
This explains why the Bj-diagonal basis, used in most of the literature, is ill defined beyond
the unitarity limit, and justifies the attribute “regular” for the above triangular basis which
always makes sense.

In order to give the reader a better feeling of this monodromy representation of the braid

group By we shall consider in more detail the simplest representation corresponding to 27 =1
(i.e. to the braiding properties of the 4-point function of the chiral group-valued field g(z)).
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Ezercise 13.4. Verify that the normalized 2 x 2 braid matrices (of determinant —1)

1 (21=1 —q 0 1 (21=1 qg 1
satisfy (up to the substitution ¢ — g = ¢!

algebra relations (2.11).

, corresponding to a different convention) the Hecke

Remark 13.2. The general Hecke algebra representation of By realized on the 4-fold tensor prod-
uct (C?)®? of the space C? of 2-component isospinors is 16 dimensional. It can be constructed
in terms of the Tempereley-Lieb projectors (2.12) as follows:

bi=q—ei, i=123; e =("%egp,05 05,

ea = (0, €% €p,p, 0,), €3 = (05 957 €%°™ €p,,) (13.8)

where 7 = ¢, is the g-deformed Levi-Civita tensor (2.23). The above 2-dimensional represen-
tation of By is a subrepresentation of this 16-dimensional one, spanned by the SU(2) invariant
tensors in (C?)®4. We leave it to the reader to work out the details of this projection.

We shall end up our study of the 2-dimensional representation of B4 by answering the
following question.

The Schwarz problem: for which values of h (= 3,4, ...) and ¢ satisfying (13.3) is the matrix
group generated by the 2 x 2 matrices b; (13.7), a finite group?

The answer to this question determines when the KZ equation (for 27 = 1) admits elemen-
tary (algebraic) solutions.

As b?h = b2h = 1 for h = 3,4,.. ., it is enough to study the commutator subgroup, generated
by the pair
- —q - 1
b=07"by =bybi by b7t = . 1-2) b=by,by". (13.9)

The argument we shall present in solving the problem (a special case of [141]) is interesting in
that it applies some elementary number theoretic methods.

Proposition 13.1. The real symmetric matriz

A= (%i [[22]]2> =19 Gg] [2%2) S, S= (é (1)) (13.10)

(S being the matriz diagonalizing by,

1_(—q O
Sb ST = <0 q) , (13.11)
which is well defined for h > 2) is By invariant:
VAb=A, VbeBy < ‘b A=Ab;, i=1,2, for b;=0b;", (13.12)

where 'S (and 'b) denotes the transposed of S (and b).

Proof. For by Eq. (13.12) is a consequence of (13.11):

A= 'S (%1 [§2>S:t5 <—[3]q Oq)S:Abl;



1+ ¢? . . .
—i(—]q qqz) The equivalence of the two invariance

conditions for the realization (13.7) of b; follows from (13.4). O

for bs both sides of (13.12) give [2]

Remark 13.3. The eigenvalues [2]2+[2] of A differ from those of the diagonal matrix diag ([3], [2]?)
of (13.10). However the positivity conditions for both are equivalent because of the inertia law
for non-degenerate quadratic forms.

Corollary 13.1. The above 2-dimensional representation of By is unitarizable provided

(2] =) q+(j=2cos%, ie. g=erT (for h>3). (13.13)
(For h = 3 the form A (13.10) is degenerate since then [3] = 0.) Indeed, for h > 4 the matriz
A is positive definite since then [2) > 1 ([3] > 1).

Eq. (13.13) that guarantees the positivity of A is the only one which depends on the choice
of a primitive root of (13.3). To stress this point we introduce the notion of a Galois®® auto-
morphism for the cyclotomic field defined by (13.3). The map ¢ — ¢™ is a Galois automorphism
of the field Q [¢] of polynomials in ¢ (obeying (13.3)) with rational coefficients, iff (n,2h) =1 —
i.e. iff n is coprime with 2h.

Exercise 13.5.

(a) Prove that the Galois group for A = 10 is isomorphic to the product of cyclic groups of two
and four elements, Z/(2) x Z/(4). (Hint : it is spanned by the exponents +1, £3, £7, £9 with
multiplication mod 20.)

(b) Prove, similarly, that the Galois group for h = 30 is a 16 element group isomorphic to

Z/(2) x Z](2) x Z/(4).

Remark 13.4. The solution of Exercise 11.5(b) is related to the Coxeter exponents (1,7,11,13,17,
19,23,29) of the exceptional group Fg. (For an application of the Coxeter exponents to the
classification of the su(2); conformal invariant theories — see [32].)

A form A with coefficients in Q [g] is said to be totally positive if it is positive for all Galois
transforms ¢ — ¢", (n,2h) = 1 of q. The relevance of this concept to our problem is revealed
by the following crucial lemma.

Proposition 13.2. If the form (13.10) is totally positive, i.e. if [3] = ¢*> + 1+ @* > 0 for all
primitive roots of (13.3), then the 2-dimensional representation of By, which leaves the non-
degenerate form A invariant, is a finite matriz group. Conversely, if the invariant hermitean
form is unique (or, equivalently, if the representation of By under consideration is irreducible),
then the total positivity of A is necessary for its finiteness.

53The legendary Evariste Galois (1811-1832) was only appreciated posthumously. His major work on algebraic
equations was finally published in 1846 (following a positive review by Liouville 3 years earlier) — some 14 years
after his fatal duel. In the night before the duel Galois, 20, composed a letter to his friend Auguste Chevalier
outlining his mathematical ideas. Here is what Hermann Weyl had to say about this “testament”: “This letter,
if judged by the novelty and profundity of ideas it contains, is perhaps the most substantial piece of writing in
the whole literature of mankind”.
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The proof is based on the fact that the invariance group of a totally positive form A over a
cyclotomic field is compact. Since By is discrete it would follow that the matrix group generated
by b1,bs (13.7) is finite.

As any finite dimensional representation of a compact group is unitarizable the unique
invariant form A should be positive together with all its Galois transforms. g

Proposition 13.3. The commutator subgroup of the 2 x 2 matriz (2I = 1) realization of By
generated by the matrices b and b (10.27) is only finite for h = 4,6,10. It is isomorphic to:
(i) the 24 element double cover Ay of the tetrahedral group for h = 4; (i) the 8 element group
of quaternion units for h = 6, and (iii) the 120 element double cover As of the icosahedral
group for h = 10. (Here A, stands for the alternating subgroup of even permutations of S,

represented by 3 x 3 orthogonal matrices, A, is its double cover belonging to SU(2).)

Proof. For both h =4 ([3] = 1) and h = 6 ([3] = 2) the g-number [3] is independent of the
choice of a primitive h-th root of —1 — and is positive. In general, we have to verify for which h

2
[Blgn =1 +QCOS$ >0 for all n such that (2h,n) =1 . (13.14)
Forh=4m -1, m=2,3,..., wecanset n =2m — 1, for h=4m+1, m = 1,2,..., we may

choose n = 2m + 1, violating in both cases the inequality (13.14) (the maximal value of [3] 2m+1
occuring for m =1: [3]3 =1+ 2cos & =1 —2cos T =1— # = 1_7\/‘?’ < 0). For h = 4m,
m > 2 we have [3]jam+1 =1 —2cos &~ < 1—2cosT =1— 2 < 0. Finally, for h = 4m + 2,

m > 2 we have [3]2m-1 = 1+ 2cos (27”’1 7r) =1 — 2cos 522~ which implies

2m—+1 2m—+1

= 2 - 2
3], "2V 1 - 2cos§ _3 2‘/5 >0, [3lym<1— 2cos77r <0form>3. (13.15)
We conclude that the exceptional properties of the golden ratio (i.e. of ¥ = 2cos § (= 1+2\/g)
satisfying #? = x + 1) ensure the positivity of [3],s thus verifying total positivity for (h = 6
and) h = 10 only (among h = 4m + 2).
In order to identify the various finite groups we use
¥ =0"=-1=(b"1b)?* for h=4, (13.16)
V=b0v=0"'b*=-1 for h=6, (13.17)
b2 =0b"tb) =" =—-1 for h=10. (13.18)
O

Remark 13.5. Propositions 13.2 and 13.3 are special cases of Lemma 3.2 and Theorem 3.3 of
[141] where all monodromy representations of By (for the su(2) current algebra) realized by
finite matrix groups are classified. The results for the 2-dimensional representations displayed
here have been derived earlier (by quite different methods) by V. Jones (see the first reference
[96]). Note that the exceptional values 4,6 and 10 of the height h correspond to levels k = h—2
equal to the (real) dimensions 2, 4, 8 of the field of complex numbers and of the division algebras
of quaternions and octonions.

The following corollary of Proposition 13.3 (much as the end of the proof of that Proposition)

require deeper familiarity with finite groups defined in terms of generators and relations than
we have given here.
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Exercise 13.6. Prove as a corollary of Proposition 11.3 that the groups generated by the matrices
b; are central extensions of (i) the 48 element binary octahedral group (the double cover of the
permutation group Sy, isomorphic to the symmetry group of the octahedron) — for h = 4; (ii)
the 24 element binary tetrahedral group A4 — for h = 6; (iii) the binary icosahedral group As
— the only one coinciding with its commutator subgroup — for h = 10. (For background on
discrete groups defined by generators and relations — see [39].)

The knowledge of the (21 + 1)-dimensional realization of B, in the space of su(2) current
algebra 4-point blocks allows to establish another type of duality relation between quantum
group and braid group representations. In order to display its full content we need to say
something more about the representation theory of U,(A:) for ¢ an even root of unity. This
will be the starting point of the next section.
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14 Restricted and Lusztig QUEA for ¢" = —1 and their
representations

The 3-dimensional complex Lie algebra Ay ~ s(2) is simple: it admits no non-trivial ideals.
The same is true for its compact real form su(2). Simple (associative) algebras are the universal
enveloping algebra U(A,) as well as its deformation U,(A;) for generic ¢ (i.e. ¢ # 0 and ¢ not
a root of unity). By contrast, if ¢ satisfies (13.3) then U;(A;) admits a huge proper ideal.
Technically, this comes out because the g-numbers [nh] vanish for ¢" = —1.

Ezercise 14.1. Prove the CR
[E,F" =N F"'[H+1-n], [E",F]=nE" [H+n-1]. (14.1)

Deduce that these commutators vanish iff n is a multiple of h.

The result of Exercise 14.1 allows to prove that E" and F" generate an ideal U,(A;) for
¢" = —1. In order to find a mazimal ideal which contains these two elements we shall first
construct a model space of Uy(A1) for generic g. (We recall that a vector space F is a model
space for a Lie algebra G or for its UEA U(G) if F is the direct sum of its finite dimensional
irreducible modules, each encountered with multiplicity one.) To this end, we introduce the

direct sum F (= F(q)) of p-dimensional U,(A;) modules F,, defined in Section 4:

oo
F=@F. F=>span{lp,m), 0<m<p-1} (14.2)

p=1

where the canonical basis {|p, m)} is defined by the relations (4.15) (4.17).

Exercise 14.2.
(a) Derive the relations

[m]!

[m — n]!

n p—m —1]!
B lpmy= 22wy P pm) =

pl PRr—— | p,m —n) . (14.3)

(b) Verify, using (10.46)—(10.48), that F appears as a Fock space for a’,:

ag [1,00=0,  [pm)=(a1)" (ax)""' "™ | 1,0) . (14.4)

(c) Deduce that for ¢" = —1 the following identities hold on F:

E"F=0=F'F=(K" -1)F. (14.5)

Ezercise 14.3. Assuming the knowledge of the PBW basis of U, (A1) (viewed as a vector space
— cf. Section 5),
{E*K"F", uv=0,1,..., neZ} (14.6)

prove that the quotient space with respect to the two-sided ideal defined by the kernel (14.5)
of the representation of Uy(A4,) in F,

Uy :=Uy(A))Tn, Jn={E" F' K" - K"}, (14.7)
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is 2 h3-dimensional.

The quotient U, is called the restricted QUEA in [58] and [74].

We can similarly define the 4 h3-dimensional quotient D, of the double cover D, of U,
(introduced in Section 5) by the same ideal Jj, expressed in terms of k instead of K = k%

Jp ={E" Fr k*h —k=2h}y D, =D,/ J. (14.8)

It allows to give meaning to the universal R-matriz of type (5.16) as a polynomial in the Dq
generators, without invoking topology and completion. The reader will find the proof of the
following result in [58] (see also Sections 2.2 and 3.1 of [74], whose conventions we have adopted
here).

Proposition 14.1. (a) The PBW bases in U,(bs) and U,(b_),

(_)\)#q_u(u;l) 4h—1 )
fon=FKL , eym=-——"7— q* EFES
A 4h [p]! ;
mn=20,...,4h—1, puv=0,...,h—1, (14.9)

are dual to each other with respect to the bilinear form defined in Section 5 (see Eq. (5.12)):

(epm, fon) =0 Omn , pv=0,1,...,h—1, mn=0,1,...,4h —1. (14.10)

(b) The R-matriz of the (16h*-element) quantum double is given by

h—1 4h—1

Rdouble _ Z Z forn ® €un - (14.11)

v=0 n=0

It reduces for ky = k_ =k (5.18) to the R-matriz of the (4h3-element) double cover D, of U,:

1 h—1 (=) ) 4h—1
R=— -Gy @ BV T Eme k" €D, ®D 14.12
. pp ¢ FeE ), R KSR eDeb,, o (412)

which satisfies the quasi-triangularity condition (4.33).

Ezercise 14.4. Derive from (14.12) the expression (5.5) for the 2-dimensional representation of

D, for which
0 1
E= (0 0) , F

Remark 14.1. The second universal R-matrix (5.24) also has a finite dimensional counterpart
R . Exchanging the factors in (14.12) and using (4.36), we obtain

_ (qé 0) (E? = 0= F?). (14.13)

Il
R
= O
o O
N
ol
|

B 1 4h—1 h—1 A\ ( )
S M gk Z_ 42 Ere FY. 14.14
Redh 2o, 0 T RneR ) Y ETe (1414
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Given the universal R-matrix R, one defines the (universal) M-matriz as M = RaR. It
turns out that the M-matrix obtained from R (€ Dy ® D) (14.12) only contains even powers
of k and hence, cf. Eq. (5.18), belongs to U, ® U, C D, ® Dg:

V(I/Jrl);u(u*l) (_)\)MJFV

"R ni% w v
! ERET e R

| kel q
M:RglR = ﬁ Z
wn,v=0
2h—1
x oy gt gm e K (14.15)

m,n=0

It follows from (4.32) (see also Exercise 5.2) and from the definition of M that it commutes
with the coproduct, ~
MAX)=AX)M, VX eD,. (14.16)

Obviously, the M-matrix obtained from the second universal R-matrix (14.14) R = R, is just
the inverse of (14.15).

Exercise 14.5.
(a) Verify that Eq.(5.17) for the 2 x 2 monodromy matrix M (with My and M_ given by (5.17),
(5.18)) reduces to

1 (NFE+q¢'K! —¢'\FK _
M =q 2 ( —)\qE qqflK , A=q—q'. (14.17)

(b) Show that M is obtained (up to the “quantum prefactor” ¢=3/2) from M (14.15) by evalu-
ating the first factor in the tensor square of Uq in the 2-dimensional fundamental representation
(X)) = X7t

2 M = (7 @id) M. (14.18)

Hint : Use that, for ¢" = —1,

2hz_1 ms _ ) 2h  for m =0 mod 2h
EE ) otherwise

The reader may learn more about the monodromy matrix from [58] and [74].

In order to display a new duality relation between B4 and U, representations for the non-
unitary extended chiral su(2) WZNW model we need the Lusztig extension of the restricted
QUEA U, (see [111]). We first introduce, following [111], the divided powers

1 1
[n]! [n]!

satisfying X (™) X (") = ["J;m] X (ntm) ([”Zm} _ [ntm] E,F),

[n]![m]!
min(m,n)
g | H+25s—m — ,
NI F(”‘b){ T e, (14.20)
S
s=1

The right hand side of (14.19) only has a clear meaning for n < h (since [h] = 0). The
subsequent relations, however, make sense for all positive integers m,n and can serve as an
implicit definition for higher divided powers. It is sufficient to add two new elements E(" and
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F(®) in order to obtain an infinite extension Uj, of Uq. Indeed, their powers generate a sequence
of new elements.

Ezercise 14.6.
(a) Defining the ratio % as a polynomial in ¢*', deduce

n—1
nh n—1l—av n— nh n—
[W]:Zq( =20k — (1), [n}:(—l)( Dy (14.21)
v=0
(Hint : use the identity [nh +m] = (=1)™ [m].)
(b) Derive the general formula
Mh+m mi (M
— (_1\(M=1)Nh/mN-nM
RO BIe 1422

for M €Z,N€Z,,0<mn<h—1, (%) = MOM-1) AMoN+1D)

For n < h it is easy, using exercise 14.2(a), to verify the formulae

p—m—1

B | pm) = | [1pmetn, 7O pom) =[] pm=n) (1429

n

which allow to extend the action of E(™ and F(™ on the canonical basis to all positive n.

We shall now describe the irreducible representations (IRs) of U, and will then single out
the IRs of Uy, in F.

It is convenient to introduce an operator ¢? (and its inverse, ¢?) which is diagonal on the
canonical basis and has 2h different eigenvalues (that fix, in particular, the Casimir invariant
(4.14)):

(@ =q¢") [pm) =0, C=q¢"+q", ¢""=q"". (14.24)

The IRs of U, are classified in [58] (these authors do not use, however, the operator ¢ and
introduce bases inequivalent to ours).

Proposition 14.2. The finite dimensional QUEA U, has ezactly 2h IRs Vpi, labeled by their
dimension p and parity € such that

(¢ —eq”) V=0, dimVi=p, p=1,....h, e==. (14.25)
The U, module Vi can be equipped with a canonical basis [p,m), 0 <m <p—1 (1 <p < h)

such that

T —eq® ) | pm)* =0, E|pp—1)=0=F]p,0). (14.26)

(q q

Corollary. Fgs. (14.25), (14.26) and (14.4) imply the relations
(EF —efmllp—m]) | pm)* =0 = (FE—efm+ p—m—1) | pym).  (1427)

We shall identify in what follows the irreducible U, modules V,¢ in the (U, (A;)-model) space
F. We will not reproduce the proof of [58] that these representations exhausts the IRs of Uq.
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The identification V;,* = F, for 1 <p < h is immediate.

Ezercise 14.7. Prove that the spaces Fj4p, 1 < p < h admit two p-dimensional Uq—invariant
subspaces isomorphic to V7. Verify that Fj, is indecomposable for 0 < p < h and that the
quotient F,y,/V,” @V, is isomorphic to Vhtp. (Hint : identify V- © V= with the invariant
subspace of Fj, spanned by {| A +p,m)} &{|h+p,h+m)}, 0<m <p-—1.)

Remark 14.2. The actions of ' and F' on the two copies of V™ are equivalent albeit not identical:

E|lh4+pm)=—p—m—1]|h+p,m+1),

F|h+pm)=[m]|h+pm—1) (14.28)
E|h+ph+m)y=p—m—1]|h+p,h+m+1),
Flh+ph+m)=—[m]|h+ph+m—1), (14.29)

both yielding (14.27). (We may identify |p, m)~ with either | h+p, h+m) or (—=1)™ | h+p, m).)

Ezercise 14.8. Prove that the U,modules Fos1, (1 < p < h) admit three p-dimensional
invariant subspaces, each isomorphic to V,, while the quotient space Fopy,/V," @ V5 @ V'
(for p < h) is isomorphic to Vhip@Vhip. Describe the structure of Fypyp, N €N, 1 <p < h.

Using the term subguotient for either an U, submodule or a quotient we have the following
easily verifiable result.

Proposition 14.3. The direct sum of irreducible Uq—modules that appear as subquotient of
FNn+p of a gwen parity € spans a single IR V; of Up; we have the following exact sequence
(for 0 < p < h) of U, modules:

0= VoV = Fnnyp =V, 5 — 0, en = (=D,
N N
- ST Yy 1430
0 1

Sketch of proof. A straightforward application of (14.22) and (14.23) gives

(N—-n)h+p—m—1

E(h)|Nh+p,nh+m):[ .

}Nh+p,(n+1)h+m>

= ()N DIPmm Tl (N ) | Nh+p, (n+1) h+m)

0<n<N, 0<m<p<h, (14.31)
N—-nh-m-—1
EM | Nh +p,nh+p+m) = ( n)h " | Nb+p,(n+1)h+p+m),
0<n<N-1, 0<m<h-p-1 (14.32)

121



and similar relations for F("). These relations imply the irreducibility with respect to U), of the
direct sums Vy¥ and ViV (14.30) of IRs of Uy C Uh. O

On the other hand, the relations
EMF,=0=FMF, for 1<p<h (14.33)

tell us that the “Lusztig quantum group” U}, only plays a role in F, for p > h. Our aim will
be to establish a duality relation between the indecomposable representations of Uy, in Fypip
displayed in Proposition 14.3 and the representations (13.2) of By for 2I +1 = Nh + p. We
denote the corresponding p-dimensional By module of 4-point blocks by S4(p).

Proposition 14.4. (see Theorem 4.1 of [74])
(a) The By modules S4(p) are irreducible for 0 < p < h and for p = Nh.

(b) For N > 0 and 0 < p < h, Sy(Nh + p) is indecomposable with structure dual to that of
Fnn+p displayed in Proposition 14.3. It has a N(h — p)-dimensional invariant subspace

S(N,h—p) = Span{fbe}L+p), p=nh+p,....(n+1)h -1} (14.34)

which carries an IR of By. The (N + 1)p-dimensional quotient space S(N + 1,p) also carries
an IR of the braid group.

Proof. The By-invariance of S(N, h—p) (14.34) follows from the proportionality of the (Nh+p)-
dimensional matrices (13.2) to the g-binomial coefficients:

mhto [nh+ « e my
sy ~ [mes)~ |5 ()=
Bmh—i—a ~ [ (me)h‘i’p*a*l
2nhtf ((N—n—1)h+h+p—F—1

[ p—a-—-1 N-—-m _0
htp—B-1]\N-n-1)"

form=0,..., NN0<a<p—-1,n=0,...,N—1, p << h—1; they vanish since {g} =0 for
0 < a < g («, integers). An inspection of the same expression (13.2) allows to conclude that
the space S(N,h — p) has no By-invariant complement in S4(Nh + p) which is, thus, indeed

indecomposable. It is also readily verified that the quotient space

S(N +1,p) = S4(Nh+p)/S(N,h —p)
carries an IR of Bj. O
We thus see that the indecomposable representations Fnpyp (of Up) and Sa(Nh + p) (of
B4) contain the same number (two) of irreducible components (of the same dimensions) but

the arrows of the exact sequences are reversed. This sums up the meaning of duality for
indecomposable representations.

Remark 14.2. Note that the difference of conformal dimensions

ANh+[—A[:N(Nh+p) (0<p:21+1<h)
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is a (positive) integer; this explains the similarity of the corresponding braid group representa-
tions S4(p) and S4(2Nh + p). There is a unique 1-dimensional subspace S(1,1) C S4(2h — 1)
among the By-invariant subspaces displayed in Proposition 14.4 corresponding to a non-unitary
local field of isospin and conformal dimension h — 1:

(h—1)h

Ap_y = -

=h-1. (14.35)

It has rational correlation functions; in particular, the 4-point amplitude ff(i_ll) (&,m) (9.30)-
(9.32) is a polynomial [91]. It therefore gives rise to a non-unitary local extension of the 5u(2)
current algebra that deserves a further study.
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15 Outlook

In conclusion we shall sum up the philosophy underlying these notes — and the ensuing choice of
material — and will then list some related topics which appear to be interesting and important
but remain outside the scope of the present lectures.

It is natural from both physical and mathematical point of view to associate with any
“symmetry” (meaning symmetry group, Lie algebra or a generalization thereof) a family (or
“category”) of representations equipped with a tensor product. The fact that the tensor product
of representations is again a representation (of the same symmetry) leads us to the concept of a
coproduct. The commutant of a tensor product representation yields the notion of a braid group
which reduces to a permutation group when the symmetry is described by an ordinary group.
If we think of irreducible representations as describing elementary objects (particles, excitation)
then the behaviour under braiding (that exchanges elementary objects) would determine the
particle statistics. We are thus led to consider the pair symmetry and statistics as a whole. The
generalization or deformation of one requires a similar deformation of the other.

Quantum groups (and their generalizations [23]) are coupled to braid group statistics (as
already the title of these lectures suggests). Existing attempts at phenomenological applications
of “g-symmetries” (viewing g as one more parameter to fit data), that ignore the (necessarily!)
accompanying it braid group statistics, are, in our opinion, ill conceived.

The appearance of monodromy (a normal subgroup of the braid group) is a sign of the
presence of multivalued correlation functions which naturally arise in a non-simply connected
configuration space — that is the case of dimension two. In higher dimensions the fundamental
group m1 of configuration space is trivial. Indeed, the deep analysis of Doplicher-Haag-Roberts
of the structure of superselection sectors in a local relativistic quantum theory (a work spanned
over more than 20 years, culminating in [48], and recounted in [87]) demonstrates that the
gauge symmetry (of the first kind) of local observables is implemented by a compact group and
is thus accompanied by a permutation group (para) statistics (reduced, essentially, to the fa-
miliar Bose and Fermi statistics). We, hence, only consider applications of quantum symmetry
and braid group statistics to 2-dimensional conformal field theory, cf. [147]. (Our analysis of
such ”applications” is restricted to the formalism. The relevance, say, of anyonic statistics to
the theory of fractional quantum Hall effect is only alluded to.) We have given more room to
the (mathematically) intriguing non-abelian QUEA which appear as gauge symmetries of chiral
conformal fields. A gauge symmetry, by its definition, does not affect observables. Accordingly,
it is only manifest after one splits the observable 2D fields into chiral vertex operators, corre-
sponding to the splitting of 2D correlation functions (single valued in the Euclidean domain)
into multivalued conformal blocks.

Among the big omissions from the present survey the closest in spirit — and thereby par-
ticularly regrettable — is the Chern®*-Simons theory about which we shall just say a few words
and give a few references.

The Chern-Simons theory is a topological gauge theory on a three (space-time) dimensional
manifold M. Here by topological we mean that its action does not depend on the metric on M.
Let A be a connection one-form with values in a Lie algebra G. (For G = u(n) — a commonly
encountered example — this means that A is an antihermitean n X n matrix of 1-forms.) The
curvature 2-form F' is defined, as usual, by

F=dA+AMA. (15.1)

54The Chinese American mathematician Shiing-Shen Chern (1911-2004), a leading differential geometer of
20t? century, wrote the paper on Chern-Simons forms in 1974 with his student Jim Simons.
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An example of a topological action density in four space time dimensions is given by the so
called “f-term”?5 the 4-form tr(FAF) (= FgNF, ), which is a total derivative (when expressed
in terms of A). The Chern-Simons form

w;;ztr(A/\dA—i—gA/\A/\A) (15.2)

is defined to satisfy
dws =tr(FAF). (15.3)

In order to verify (15.3) (for ws given by (15.2) and F given by (15.1)) one has to use the
cyclicity of the trace and the anticommutativity of 1-forms to deduce

tr AR (= A2 A A2 AL N A2 =0 (15.4)

(cf. Exercise 10.4). (More generally, the Chern-Simons (2k — 1)-form woy_1 is defined to satisfy
dway_1 = tr(F"F). Verify that

W5:tr(F/\F/\A—;F/\A/\A/\A+110A/\5) (15.5)

satisfies dws = tr F/3. Note that w3 may be also written as w3 = tr (F A A — %A NANA).

Varying the (conformally invariant!) Chern-Simons action

2
S = %/M tr <A/\dA+ 3AA3> (15.6)
we find the equation of motion
6S k

which says that the curvature is zero, or, in other words, the connection A is flat. Flat connec-
tions are determined entirely by holonomies around noncontractible cycles. If K is an oriented
knot?% then one considers the trace of the holonomy of the gauge connection around X in a given
IR R of U(n), which gives the Wilson loop operator, the trace of the path-ordered exponent

WK(A) =trg (PexpjiA) : (15.8)

Witten [156] discovered that the vacuum expectation value of this operator for n = 2 reproduces
the Jones polynomial invariant [96]. (The appearance of topological invariants in QFT has
been suggested earlier by Albert Schwarz.) For M a 3-manifold with boundary ¥ Witten
demonstrates that the Chern-Simons theory on M with a compact Lie group G and action
(15.6) gives rise to a WZNW theory on ¥ corresponding to the current algebra G of level k.
Recently exact results for perturbative Chern-Simons theory with a complex gauge group have
been obtained and applied to study different topological invariants [43] (an outgrow of [85]),
demonstrating that Chern-Simons theory continues to be a lively subject.

For a review on Chern-Simons theory with applications to topological strings — see [117].
For the quantization of the Hamiltonian Chern-Simons theory and for the representation theory
of Chern-Simons observables (not covered in [117]) — see [2] and [4].

55The term 6 tr(F A F) is much discussed in connection with the problem of strong CP violation, [139]; for an
instance of a subsequent theoretical study — see [157].
56For a survey of modern knot theory — see [110] and [128].
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A second important topic outside the scope of these lectures is the application of Hopf
algebra techniques to QFT renormalization initiated by Dirk Kreimer and further developed
by Connes and Kreimer — see for recent reviews [37, 108] (cf. also [33]).

We have not touched upon the study of quantum homogeneous spaces and their possible
application as candidates for non-commutative space-time manifolds. Here we feel that a more
general point of view, not necessarily related to quantum groups is preferable — see [35, 37]. For
interesting purely mathematical results in this direction — see [36] and [40].
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