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Abstract

It has previously been established ([IS16]) that the Casimir equation, that defines con-
formal blocks, coincides for a particular choice of coordinates with the time-independent
Schrédinger equation of the BC5-Calogero—Sutherland model, which is an integrable
model whose integrability and solutions have been studied using Dunkl operators and
the representation theory of particular Hecke algebras.

To further explore this relation between conformal blocks and the Calogero—Sutherland
model, we develop a general formalism to have not only invariant differential operators
(like the quadratic Casimir element) but also invariant Clifford algebra-valued differential
operators (like an appropriate Dirac operator) act on solutions to the conformal Ward
identities. We then compute the action of Kostant’s cubic Dirac operator for the (almost)
scalar case and obtain a matrix whose entries can be expressed using Dunkl operators.
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Introduction

Why CFT?

Symmetries are one of the cornerstones of modern theoretical physics. In quantum field
theory (QFT), a central role is being played by the “symmetry group of spacetime”, i.e.
the group of isometries (metric-preserving diffeomorphisms) of the pseudo-Riemannian
manifold we want to define QFTs on. Invariance under this group is one of the fun-
damental requirements for a QFT. This is why every QFT textbook (e.g. [Sre07]) and
set of lecture notes (e.g. [Ton|) under the sun includes — directly or indirectly — some
discussion of the Poincaré and Lorentz groups and their representation theory.

If we choose to enlarge this symmetry group to the group of conformal transformations,
i.e. angle-preserving diffeomorphisms, diffeomorphisms that are allowed to scale the
metric, we are in the realm of conformal field theory (CFT). Invariance under this larger
symmetry group severely constrains a theory, to the point where we can associate with
it a “small” set of parameters that fully determines it: the CFT data.

We are only going to consider CFT on flat spacetime (be it Minkowski or Euclidean)
here. In that case it turns out that CFT in two dimensions is qualitatively (and quan-
titatively) very different from > 2 dimensions. We are only going to talk about d > 2
here.

In this setting (and also for d = 2 flat spacetime), one class of conformal transforma-
tions is dilation, i.e. expansion or contraction. Conformal invariance then implies that
the physical phenomena that a CFT describes are scale-invariant. This is not the whole
story, as there are scale-invariant QFTs that are not conformal [FGS11|, but it is a big
part of it.

Now, it might seem that a scale-invariant QFT is not of much use. After all, the real
world is very much scale-dependent, and for example the presence of massive particles
in our theory would introduce an energy scale and therefore violate scale-invariance. So
how physically relevant can a scale-invariant QFT (and by extension, a CFT) really be?
Roughly speaking, there are two fields of application: high-energy physics and statistical
mechanics. The former uses Lorentzian signature, and the latter Euclidean.

Universality Classes

The first point of relevance is on its face a purely theoretical one. Regardless of conformal
symmetry, we can always investigate the effect of dilation on a QFT. This will usually
change the theory (e.g. by changing parameters), so in effect it induces a (smooth)
dynamical system on “theory space”: the renormalisation group flow (RG flow). A
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dynamical system that we can study like any other (smooth) dynamical system: by
studying its fixed points F_], i.e. by studying scale-invariant QFTs.

Any orbit of the RG flow could then theoretically be periodic or connect two (not
necessarily different) fixed points. As the former does not happen in practice, we can
associate to every QFT the two endpoints of its RG flow orbit: the UV- and IR-limits
for maximum contraction and maximum dilation, respectively. This means that we can
classify QFTs by the properties of their UV- and IR-limits. In particular:

e Are they CFTs?
e If yes, which ones?

Under this classification, we say that QFTs fall into universality classes.

Critical Phenomena

A more concrete example where we can observe scale-invariant QFTs in real life is that
of critical opalescence. As is outlined e.g. in [BRW19, section 5.5], critical opalescence is
a consequence of there being density fluctuations of all scales at the critical point, or to
paraphrase one of the authors directly: “not just bubbles a few millimetres in diameter,
but bubbles of all sizes, bubbles inside other bubbles, bubbles intersecting with each
other” (January 2020, as part of the university course Statistical Physics and Condensed
Matter Theory, extension). This suggests that the theory governing the behaviour of
density fluctuations at the critical point is scale-invariant.

This turns out to be correct, and moreover, for any condensed matter system that has
a critical point, the behaviour at that critical point is governed by its IR-limit, according
to |Zin96, section 25]. This means that the aforementioned universality classes not only
describe some abstract high- and low-energy limits of QFTs, but actually describe critical
behaviour, such as critical exponents of certain quantities, of real-world (and non-real-
world) condensed matter systems. Further references include [Hen99).

Cosmology and Quantum Gravity

Kicked off in 1998 by [Mal98], a hypothesised correspondence between (supersymmetric)
type-11B string theory on anti-de Sitter backgrounds and (super) CFTs on the boundaries
of these backgrounds has become an important field of study within cosmology and string
theory. This is known as the AdS/CFT-correspondence, which has become an important
tool in tackling quantum gravity problems such as the black hole information paradox
(see |[HawO05]). An also slightly dated but very extensive review can be found at (all the
papers referenced in) [Bei+12|, and for an introduction, see [Nasl5|.

More generally, the AdS/CFT correspondence is the prime example of the holographic
principle, the notion that quantum gravity in some region (bulk) of spacetime can be
described with a theory on the (lower-dimensional) boundary of that region. In other

las away from the fixed points, every flow can be “rectified” and hence can be transformed to look “the
same”. This is the rectification theorem, e.g. [Arn78, section 7.1]
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words: that like a hologram, the bulk is fully described by the boundary theory. This
principle was first established by [Sus95|.

d =2 CFT in String Theory

A more hands-on relevance for string theory is provided by the fact that path integral
computations involve fields on the 2-dimensional world sheet that are conformally in-
variant. Examples include the bc Faddeev—Popov ghost system, see e.g. [Pol05, section
3.3]. This turns out, however, to have little in common with the subject of this thesis,
as 2-dimensional CFTs have a much larger symmetry algebra: the (infinite-dimensional)
Virasoro algebra, see [Sch08| chapter 5]. This constrains 2-dimensional CFTs even more,
and gives rise to sophisticated techniques like vertex operator algebras and the use of
complex analysis, which are inapplicable to the d > 2 case we’re going to be concerned
with.

Conformal Bootstrap

Now we’ve seen some of the sources of CFTs and some of the reasons why they are a
relevant topic, and remembered that each CFT is fully determined by a “small” set of
parameters: the CFT data. A natural next step is now to work the other way around, and
ask which CFT data could conceivably correspond to a CFT. This is achieved by using
conformal invariance and in particular the operator product expansion (Section |1.4)) to
derive properties of the n-point correlations function: the conformal Ward identities
(Section and the crossing equations (Section . In the spirit of Wightman’s
Reconstruction theorem ([Sch08, theorem 8.18]) and the Osterwalder—Schrader theorem
([Sch08, section 8.6]), correlation functions that satisfy these axioms then give rise to a
CFT.

The quest for “reconstructing” CFTs thus becomes the task of solving the crossing
equations. It turns out to be sufficient to solve the crossing equation for the 4-point
function. Now, this is still a functional equation, which in general is hard to solve. To
help with that, it proves useful to expand the 4-point function as a series in “nice” func-
tions, called conformal blocks (Section , that satisfy the conformal Ward identities
and that are eigenfunctions of the quadratic Casimir element of the conformal algebra.
If we substitute this expansion into the crossing equation, we obtain system of quadratic
equations for the coefficients (see (1.7))).

By applying linear functionals to both sides, we obtain equations (of numbers!) that
can be solved. The art of choosing the correct (i.e. most useful) functional involves a
lot of knowledge about the conformal blocks and their properties, and a lot of analytical
and numerical (e.g. [Sim15]) techniques have been developed to aid with that.

This procedure is known as the conformal bootstrap and was first started by [Pol74]
and [FGGT3]. Reviews of the current state of the art can be found at [PRV19|, [Har+-22],
and [PS22].
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Integrable Systems

Another reason why symmetries are so relevant to modern physics is Noether’s theorem,
which states that every (smooth) symmetry produces a conserved quantity or current.
Let us now discuss the role that conserved quantities are going to play in this thesis. For
that we abandon quantum mechanics for the moment and turn our heads to Hamiltonian
mechanics.

Assume that our phase space M has dimension 2n, then a Hamiltonian function H is
called integrable if there are n commuting linearly independent conserved quantities, i.e.
linearly independent functions f; : M — R satisfying

{H,f;}=0 (i=1,...,n), {fi,fi}=0 (i,7=1,...,n)

({-,-} are the Poisson brackets). Under mild conditions (the level sets of H have
to be compact), there exists a canonical transformation to action-angle coordinates

(w1, ... ,wp,J1,...,Jn) where the transformed Hamiltonian H does not depend on the
generalised positions w1, ..., w,. As a consequence, time evolution is given by
0H , o
wizajizyi(‘fla"'vjn)> JZ:_awZ:O’
where v; only depends on Ji,...,J, and is hence time-independent. Furthermore, the
coordinates Ji, ..., J, are determined by the values of the conserved quantities f1, ..., fn.

To summarise the property of integrability in a sentence: “There are enough conserved
quantities to uniquely determine time evolution of any point in phase space.”

Example: Two-Body System with Central Force

Consider M = R'2, describing two bodies in R?, one having position z = (x1, 2, 3)
and momentum p, the other having position X and momentum P, let V : R — R be
strictly monotonically increasing and smooth. Define

2 2
H(x,X,p,P):= Iipi™ + Ll + V(||lz = X|]).
2m 2M
This system is evidently translation and rotation symmetric. By Noether’s theorem,
this implies the conservation of total momentum p 4+ P and total angular momentum
z X p+ X x P. These are six independent conserved quantities, hence this Hamiltonian
is integrable. The extra condition of the existence of action-angle coordinates is also
satisfied.

Example: Calogero—Sutherland Model

Let A = ]Rgo, a = RY and let R C a* be a root system with RT C R a set of positive
roots. Let kK : R — R be a real-valued label that is invariant under the action of R’s
Weyl group W.



Define H: A xa*— R

(ke + 2kae — 1)]Ja||
Hiexp(u),3) 1= LA ¢ 3 Rttt 2l — Dl
a€ERT 8 sinh (T)

This is the Calogero—Sutherland (CS) model, which was shown in [OP76|E| to be inte-
grable.
For the case where R is of type A, we obtain

N k(k—1
| HJr ( )

H(exp(u),\) = —
i>j 2Sinh2(7uzgu3>

a system of n particles in one dimension that interact via a csch?-potential. And, as a
slightly more involved example, when R is of type BC),, we obtain

" kl k1 + 2ks — 1) 4k3(k3 — 1)
H
(exp(w), A) 2; < 4sinh? (%) * 4 sinh?(u;)

ko(ky — 1) ko(ky — 1)
' ?3 <2sinh2(m2w) ' 2smh2(w;uj))

HM!

+ZV

+ lka(l@ = 1) (V(ui = uj) + V(i + uy))

4 i#£j
+ ka(ks — 1) >V (2u;)
=1

So we have again an interaction by a csch?-potential, but in addition, our particles are
also subject to an “external” potential Vpr EL and the interaction also involves u; + ;-
dependency. We can interpret this as interaction as follows: the particle with coordinate
exp(u;) has an image particle at exp(—u;), and the particles interact not only with
each other but also with each other’s images. In particular, the interaction between a
particle and its own image may have a different interaction energy (4ks(ks — 1) instead
of kg(kg — 1))

If we canonically quantise this Hamiltonian system (and then obtain what is usually re-
ferred to as the CS model), we obtain a quantum integrable system that admits solutions
in terms of of Heckman—Opdam hypergeometric functions (details in [Opd00, section 6]
and [HS94) chapters 2 and 4]). Both the CS model and the Heckman—Opdam hyper-
geometric functions have been extensively studied with the use of special differential

Zonly for the classical root systems, but it’s also true for the exceptional ones
3«PT” stands for Poschl-Teller, the authors of the paper [PT33| that first considered csch?-potentials
in quantum mechanics
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reflection operators called Dunkl(—Cherednik) operators and the representation theory of
certain degenerate affine Hecke algebras. We will see more of that in the second part of
this thesis.

Relation to Conformal Blocks

Having now introduced both CFT and integrable models, we should also address the
question why they are relevant to the same master thesis. The answer to this question
was provided six years ago by [[S16] with more in-depth explanation two years later
in [IS18], in which is shown that the Casimir eigenvalue equation for conformal blocks
(for four scalar fields) is actually conjugate to the Schrodinger equation of the BCoy-
CS model, so that we can use all the theory about Dunkl operators to address scalar
conformal blocks. Since then, various efforts, e.g. [SSI17], [SS18|, have been undertaken
to generalise this correspondence to “spinning” conformal blocks, i.e. conformal blocks
corresponding to non-scalar fields and to a matrix version of the CS model. Further
generalisations include a generalisation to defect blocks (i.e. operators supported on
defects) [Isa+18|, and to n-point functions with n > 4 [Bur+21]. However, a general
theory remains elusive at time of writing.

In [IS16] it is pointed out that this correspondence between the Casimir eigenvalue
equation and the CS model can be understood as follows: the (action of the) quadratic
Casimir element is the radial part of the Laplace-Beltrami operator on the conformal
group G with respect to a subgroup K (i.e. the Laplace—Beltrami operator acting on
functions that satisfy a left and right equivariance condition with respect to K). These
radial parts have been shown e.g. by [HS94, proposition 5.1.5] (in a slightly different
setting) to be related to a sum of squares of Dunkl operators and thereby the CS model.

The correspondence “Laplace—Beltrami operator” <> “sum of squares of Dunkl opera-
tors” begs the question that if we take a different invariant operator on the left side, could
we maybe obtain single Dunkl operators on the right side? Now, since Dunkl operators
are of order 1, any invariant differential operator we apply on the left would have to have
order 1 as well, and there usually (in semisimple Lie algebras) any invariant 1st-order
differential operators. However, if we scout around, slightly widen our horizons, we are
quickly reminded of a question that led to relativistic quantum mechanics: is there a
square root of the Laplacian? And indeed, if we consider the answer to that question,
the Dirac operator, we quickly notice that it is an invariant differential operator of order
1 that is matrix-valued (or Clifford algebra-valued to be precise).

This leads us to some of the central questions we’re going to consider in this thesis:
what is the general theory of having Clifford algebra-valued invariant differential oper-
ators act on (spinning) conformal blocks, and is there a relation between the action of
an appropriate Dirac operator and the CS model?

To put it in physics language: from [IS16] we know that scalar conformal blocks are
solutions to a (quantum) integrable system that is obtained by having the Laplacian act
on the conformal blocks. If instead we apply its “square root”, the Dirac operator, to a
spinorial conformal block, can we recover traces of our integrable system that allow us
to achieve a deeper understanding of this conformal block <+ CS model correspondence?
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Outline

Let’s now see how this thesis is structured. We are first going to dive a bit deeper
into CFTs (Section and make precise our introduction section (Sections as
well as the line of thought that leads towards conformal blocks (Section and the
crossing equation (Section . Then, after briefly introducing some useful tools (Chap-
ter [2)) that are going to be used throughout this thesis, we will analyse the structure of
the conformal group (Chapter [3) and the structure of the space of point configurations
(Section [3.3). Then, we will introduce induced representations (Chapter [4)), make more
concrete some statements about conformal blocks, and then recap/develop the general
theory of invariant (Clifford algebra-valued and scalar) differential operators on confor-
mal blocks (Sections and respectively). This leads us to considering the actions
of quadratic Casimir element and (Kostant’s cubic) Dirac operator on scalar/as-scalar-
as—possibleﬁ conformal blocks (Chapter [5)).

Afterwards we will introduce some of the general theory of Dunkl operators (Sec-
tion , the Hecke algebras (Section , their representation theory (Section ,
and work towards expressing the differential operators from before in terms of Dunkl

operators (Sections and respectively).

4 Any action of a Dirac operator involves a representation of a Clifford algebra. We will take the smallest
such representation
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1. Setup

Let p+ g = d > 2 be natural numbers with p > ¢. Most commonly we will encounter
g =0or q=1. In the following we will refer to the vector space RPY = R?, equipped
with the standard bilinear form 7 of signature (p, q), as (p, q)-spacetime.

1.1. Conformal Fields

For ordinary quantum field theory, the Wightman axioms state that we can interpret
quantum field operators, elements of a set we're calling .# &, to be tempered operator-
valued distributions on spacetime, that carry a representation of the Poincaré group
SO(p,q) x RP? (cf. Appendix for the precise meaning of these words). And they are
usually classified by means of this representation. For conformal field theories, we are
enhancing the symmetry group to the group G := SO(p + 1,¢ + 1)o, whose Lie algebra
can be decomposed as g =m @ a & ndn, with

m = span {F}, | 1 < p,v < d} = s0(p,q)
a=RD=R

n=span{K" |1<p<d}
n=span{P"|1<pu<d}.

These basis elements satisfy the commutation relations

[Ful/ Fpa] VpFua 4 n/,LUFl/p VUFup _ nupFua
[FH KP) = n"PKH — P K”
[FHY PP] = /P PH — piP P¥
[D,K¥] = K+
[D, PH] =
[K#, PY] = 2F* 4+ 20D

(with all other commutators being zero). We can see that m @ u is the Poincaré algebra
from “ordinary” quantum field theory, D is taken to represent dilations, and the K* are
special conformal transformations (SCTs). It is also handy to introduce q := m@® a @ n,
which is a Lie subalgebra. Analogously, we can introduce the subgroups

M=SO(p,q), A=R, N,N=R?

associated to these subalgebras, and their product @) := M AN < @G, which is also a
group, a maximal parabolic subgroup, as we’re going to see in Section



In particular, for ¢ = 0 we have

1 0 0
M=<10 m 0| |meSO(p)
0 0 1
and for ¢ = 1 we have
+1 0 O
M = 0 m 0 m € SO(p,1)
0 0 =1

where +1 is chosen depending on if m lies in the identity component or not.
We can then choose our fields (¢;);er such that

(Fu - 9i)(0) = > m(Fu ) 2;(0)
jerl
(D - 9)(0) = Ayps(0) (1.1)
(K" - ) (0) = 0

for A; € R and (7, V') a representation of SO(p, q). In that case we say that the (¢;)ier
are primary fields, with scaling dimensions (A;);c; that transform as the representation
m. We can reconstruct the entire representation of G on our fields v; from this data: as
part of the Poincaré algebra, the operators P, represent translations, and hence we have

(exp(—a"By) - i) (0) = hi(x).

Note that here and in the remainder of this thesis, we’re going to abuse notation and
write distributions as generalised functions.

To get the actions of m, a,n away from 0, we can leverage the commutators of these
subalgebras with n and obtain

(F;w : 1/’1)(‘7“‘) W(Fuu)ji¢j (.’L‘) + SUV8M¢1($) - xua,ﬂ/JZ(SU)
(D-9i)(@) = Aithi(x) — 2" Outhi(x) (1.2)
(K- i)(x) = —2x”2m,]iwj(x) — 2z, (A — 270, )i(x) — x28#1,/)z-($).

Thus we’ve described a representation of g. Usually we have a bit more: a represen-
tation of the Lie group G. In order to attempt to describe that representation, we will
make some notational simplifications. Recall that V' was what we called the representa-
tion space of 7, and let (v")se1 be the basis of V that gives rise to the matrix elements
m(F)’; used earlier:

vt =a(F,)v' = W(Fuy)ijvj.

Without loss of generality, we can choose the v to be compatible with a given decom-
position of V' into irreps, so that there is a partition (I,)acs so that (v*);er, is the basis
of an irreducible component of V.



We can now define the tensor operator-valued distribution (tensor field operator)

Y SRY) = V@ OH), ¢ ="y,
where O (H) denotes the densely defined linear operators on . Then
(Fiu - 9)(0) = 0" @ (Flus - :)(0)
= Ui ® W(F,uu)]i¢j
= 7(Fu) ' ® ¥
= (1(Fuw)v") ® ¥
= 7 (Fju)(0).

Next, extend the representation 7 to q by having 7(D)v’ = A;v® and 7(K,) = 0. Then
the Equations [I.1] reduce to

(€-¥)(0) =x(§)¥(0)  Eea.

Since 7 lifts to a representation of @ = (SO(p, q) x R) x RP:4 El, we can use this to define
the generalised function

U:NQ“—="V®O(H), (exp(z" P,)p) — Tr(p_l)d)(m).

Now, the set NQ is dense in G, and since we assume that the representation from
(1.2) lifts to a group representation, we can continue ¥ to all of G. The left regular
representation of G,

(g-W)(h) :== V(g™ h),
is then the aforementioned lift.

For a distributionally more sound definition, write Ag for @’s modular function (note
that we can pick Haar measures such that pg = puy ® (Ag - 1g)). Then define

U O0%(G) = V@ O(H)
as

[ Ba(@m(a™ o t(R () dng (@)
Q

where i(f)(z) := f(exp(z"P,)) (z € RP?) and where (Ry(f))(h) = f(hg). The integral
is to be understood weakly: for v € D and w € H we define

(w, ¥(f)v) := /AQ(Q)W(TU(%¢(i(Rq(f)))v> dugq (9)
Q

This integral is finite because the set

{a€Qi(Ry(f) #0} = {g€ Q| 3n e N :7g € supp(/) },

it started out as a representation of SO(p, q), and the analytic subgroups for a, n are simply connected




the image of the relatively compact set NQ N supp(f) under the continuous projection
map NQ — Q, is also compact. ¥ then satisfies

VR = [ Aol Yli(Ry(1)) diq (@)
Q
= [ Bo@r(p)m(an) (iRl ) dug (@)
Q

= (0) [ Baa)m(a) V(R (1)) diq (a)
Q

=7m(p)¥(f),

where we used that Ag - g is a right Haar measure.

1.2. Correlation Functions

The axioms for (conformal) quantum field theory further require the existence of a notion
of an expectation value (-) that can be taken of the fields, and which is invariant under
the operation of shifting all fields by g € G. Using our simplifications from earlier, we
can define vector-valued distributions

g (RO VT,
(@1, @n) = (1) @ - @ Y(@n) = (Wi (21) Wi, (20" @ - @ 0
(see Appendix for tensor products of tensor field operators) and
Gn:G" = VO (21,...,2,) = (U(z1) @ - @ U(zy))

(where any elements of V®" are just pulled out of (-)). These are called the n-point
functions or correlators.
The distributions G,, then satisfy

Gn(T1p1, ... Tppn) = W(pfl) - W(F;I)Gn(xl, ey Ty) (1.3)
for p1,...,pn € @ and
Gn(gz1,...,92n) = Gp(z1,...,Tp). (1.4)

These equations (or rather, what they correspond to for g,), are called the conformal
Ward identities.
These transformation properties show that we’re dealing with

(Indg(ﬂ)@m)G = (Indgz (7T®”))AnG

i.e. the invariants of a Kronecker product of induced representations, either in the
noncompact picture (g,) or in the induced picture (G,). (A™G is the diagonal subgroup

{(g,--.,9) €G" | g€ G}.)



That we're working with G = SO(p, q), dictates that our fields have boson statistics,
i.e. commute when taking the expectation value. We therefore expect the following
behaviour of our expectation values:

(Wi (1) - i (T0)) = (Wi y) (@To (1)) Vi) (To(m))) (1.5)

for 0 € S,,. If we let S,, act on V™ by permuting tensor factors, and call this represen-
tation X, this equation reads

Gr(To(1)s - > Ta(n)) = Y(o) Gz, ).

Note that to simplify calculations, we can decompose V into irreducible Q-modules

V=PVa

aed

(by requiring the N-part to be trivial and the A-part to be one-dimensional, we can
ensure that V is semisimple), so that

Indg(ﬂ)@m & @ Indg(ﬂal) ®® Indg(ﬂan)

Qq,...,an€J

(J indexes the irreducible components of the @Q-module (V) 7)), so it makes sense to con-
sider the more general (seeming) case where we’re inducing from (potentially different)
irreducible representations 7y, ..., mT,.

We will see later that the covariance conditions are already enough to completely
fix the 1-, 2-, and 3-point functions. For the case of m; trivial on M and with scaling
dimension A; this follows as follows:

Example 1.2.1 (1-Point Function). G1(g) = G1(1) is a constant.
Example 1.2.2 (n-Point Function). Due to translational symmetry we have
In(T1, .. xn) = gn(0, 20 — 1, ...,y — 1) =: hp(T2 — 21, ..., Ty — 7).
Due to rotational symmetry we have
hn(mur,...,mup_1) = hp(v1,...,0n-1)

for all m € SO(p,q), showing that h, only depends on the scalars n(v;,v;) (i,j =
1,...,n—1). Besides, we have

L 9 2 2
77(%‘7’0]‘) =n(Tiy1 — L1, Tj+1 — 3?1) = §<$i+1,j+1 — 141 T 371,3'+1)7

showing that there is k, such that

gn(T1, .. ) = kn(x%Q, e ,az%n,x%& .. ,xi_lvn).



Here, k,, takes W—many scalar inputs. Next, scaling invariance shows that

2.2 22 22
gn(azxy, ... ax,) = kn(axiy, ... 023, a*xds, ... a Thpo1n)
A
=qa BBy (2, @)
g—Bi——A 2 2 2
1 "k, (le,...,xln,x23,...,wn,1’n),

. “Aq—ee A
hence ky, is homogeneous of degree —=1——==.

Lastly, using Proposition[B.4.3, inversion invariance shows that

_ _ WowWwx1 Wowx
G, wn) = ||| 22 | QA"gn<— e — 2") (1.6)
[E2t| [
Note that
2 2
H WoWL; wowx] _‘ €T; T
- 2 .2
lal® ) [l ® sl
N 1 1 2(xi,33j)
- 2 2 2 2
il laill™ [l ]l
2 2
1 1 gy — [laill® = Il
[ o [EIRIEA
_ &
2 2
s[5l

hence, ([1.6)) becomes

2
—2A “2A, Lij
kn((23)ics) = [l 7220 [l kn (2” 2) :
[l 1" |51 /) s

Together with scaling invariance, this fives the dependence on n variables, so that ulti-
mately k, depends (relatively freely) only on

n(n —1) n(n —3)

AT =Y

2 2

variables. Forn = 2, this equals —1, so the function is even overdetermined and is forced
to be zero in some cases. For n = 3, this equals 0, so the 3-point function is fixed up to
a constant, and for n = 4, this equals 2, which we will see more in-depth later.

Example 1.2.3 (2p Function). For the 2-point function, the inversion behaviour shows
that

2

—2A —2A x
ka(aty) = |laa]|~* |wel| 7272k <H = )

1|2
A1z
e
= (H 2”) /{32(.%%2),

|21 ]]

so either ko =0 or A1 = As.



Example 1.2.4 (3p Function). For the 3-point function, the inversion behaviour shows
that

2 2 2
]{33( JC223 2 z231 2 g;u 2)
lz2l*llzsll®” Nasll®llza I [lza || 7]lze]]

2A 2A 2A
[EAT et 1Y et |2
ks(zix33, 1323, 3215)
A1+Azx+A3 Hx2||A1_A2+A3 ||$3||A1+A2—A3 ’

2 2 2
k3(w33, v31, 215) =

1]

which shows that

1

2 2 2 _
ks(a®u, bv, cw) = =1+ A5 pAI—Aa+ Ay oA+ A2 —As

k3(u7 v, UJ),

i.e. that
k3(17 17 1)

g3(w1, 22, 23) = —A1+A2+Az A1—Az+Az A1+Az—Ag’
L23 Z31 L12

1.3. Aside: Fermion Statistics

Instead of looking at G = SO(p, q)o, we could also consider Spin(p, q)o, which allows for
non-integer-spin representations, and therefore for fermionic fields. These then anticom-
mute with each other, but still commute with the bosonic fields.

The way we can formalise this is that we require a decomposition V =V @ V™~ into
even and odd subspaces that is compatible with the g-isotypic decomposition. We then
define the map 7 € End(V ® V') by

(vt +07)@ (wh +w ) =v @vT +w @vi +wT @vT —w  ®v,

which flips its inputs and negates the odd elements that were exchanged with odd ele-
ments. Now it turns out that 7 satisfies the braid relations, and we can build a repre-
sentation ¥ of S,, on V®" by having

(iyi+ 1)~ idY t er @idd !,

i.e. by acting on the ¢-th and ¢ 4 1-st tensor factor with 7. If G,, is an n-point function,
the permutation behaviour of (1.5 generalises to

Gn(xa(l)a s mo‘(n)) = E(J)_lGn(xlv R :En)

1.4. Operator-Product Expansions (OPEs)

An important feature of CF'Ts is that products of field operators evaluated at different
points can be developed around one of the points:

Pilx) i (y) =D Nijifije(@, 9, 2)Vk(2) 2=y,

kel



where equality is to be seen in terms of asymptotic expansions in 2 —y, see Appendix[A.2]
Here, fijr(x,y,2) is an asymptotic series (in & — y) of differential operators in z.
If we define f(x,y, z) to be a Hom(V,V ® V')-valued differential operator so that

f(‘rv Y, Z)Uk = Ui & ,Ujfl]k(m7y7 Z)a

then the desired intertwining property reads

fla,y,2)(§-¥)(2) = 1@+ @ 1) f(2,y,2)P(2),

where U(g) ® 1 acts on z and the V® 1, and 1 ® U(g) acts on y and 1 ®@ V.

Note that since composition of operators is associative (ignoring potential differences
in domain), the same should hold for the OPE.

Now, this equality as asymptotic expansion doesn’t provide any information about
convergence, so even calling it equality is a stretch. However, it turns out, when applied
to the vacuum state, or more generally within a correlation function, the OPE actually
has a nonempty region of convergence (for details, see [PRV19, section II] or [Mac??])ﬂ
This means that n-point functions can be reduced to the severely restricted two-point
functions, and thus be calculated. Thus, all correlation functions (and hence the theory)
are fixed by the representation 7, the scaling dimensions A;, and the coefficients \;j.
These are collectively known as the CF'T data.

1.5. Crossing Equations

We can now flip this process on its head and ask which CFT data produces a valid CFT.
In addition to unitarity constraints and causality/reflection positivity, an important
requirement is the aforementioned associativity of the OPE. In particular, if we reduce

(Wi (1) -+ i, ()

using the OPE, it can’t matter in which order we do this. That is, we want

Z /\il’izkfhiQk?(xl’ 332, y) <¢kz(y)¢13 (3}'3) e wln (xn)> |y:-772

kel

=D Nigighk finisk (2, 23, ) (Vi (21)0n Y)Yy (24) - - iy (20)) | y=as

kel

(or similarly for any other pair of operators next to each other). This equation is called
the crossing equation. We have

Wiy (1) - - iy (24)) = Y Niviok Firiah (21, 22, ) (U1 ()i (23) i (24)) |y=a»
kel

= ) Nivigip Migia firiok (%1, 22, Y) figigh (23, 24, Y)-
ko k'€l

<7;ZJI<: (y)¢k’ (y/» |y=zg,y’:z4 .

*for a more distributional point of view, cf. [KQR20] and [KQR21]




Since the 2-point function is only nonzero if v*, ¥ live in irreps that are dual to each
other, this sum becomes a single sum, say

= Aok A i fiviok (@1, 22, 9) £ 7 (35 24, ) (VR ()3 (Y) ly=a2,y =24
kel

. o Wk
—_ Z )\lIZZkAi3i4kWi1’i2i3i4(‘rl? v e 7.%'4).
kel

The functions W are called conformal partial waves (CPWs) or conformal blocks (though
the literature, e.g. [PRV19], reserves the name “conformal blocks” for slightly modified
CPWs).

To reduce our number of indices, define

W (z1,...,xq4) = Z R ®Ui4W£...¢4(3317 coo, )
kel,

where I, C I is such that (v%);ez, is a basis for the irreducible component V,, of V. The
map
II,: V>V, C V,awi —> Z aivi,
1€l
i.e. the projection onto V,, is a Q-intertwiner, hence it gives us an intertwiner of induced
representations. In other words

(g ) (Haw)) = Ha(g ) w)

for g € GG, and similarly for differential operators. Our CPW becomes

W@, ... x4) = (f (21, 22, y)a) @ (f (23, 24, ¥ )& ) (P () @ VW) ly=aay' =4

In this index-free way, the four-point function can be written as

g4(x1, - ,$4) = Z A ® A‘S‘W"‘(:vl, .. .,.%'4),
acJ

where A\*(v' @ v7) = A\;jxv° ® v’ (no summation), where k € J,. That f already acts as
an intertwiner, dictates that the A;;, are constant on irreducibles.
Using the CPWs, the 4-point crossing equation becomes

D Niviok A i Wi (@, ma) = (W (1) -+ i, (24)) (1.7)
kel

= (i, (23) Vi, (22) Vi) (21) V34 (24))

k
= £ Nigisk N i i Wikininia (T3, T2, 1, 4),
kel

where + occurs according to whether or not switching ;, and v;, incurs a sign or not.
Index-free, this reads as

Z A% ® A&Wo‘(xl, R ,.7}4) = Z Z((13)))\a ® /\dWa($3,$2,$1,ZU4).
acJ aeJ



1.6. Conformal Blocks

For o« € J we have

((9:9,9,9) - W) (z1,...,24) = ((9,9) - fHa)(21,72,9) @ ((9,9) - fUa) (x5, 74,9):
<¢(y) 2 ¢(y/)>‘y:r27y’::c4
= f(z1,22,9) ® f(x3,24,9)-
((9- )W) @ (9 O)Y)Ny=2oy/=24
=Wz1,...,24),

so both the 4-point functions and the CPWs (going from the noncompact to the induced
picture) are contained in the set

G
V& .= (Indg(m) R ® Indg(ﬁ4)) .

This set does not have a group action since we’re only considering invariants. However,
our algebra action of U(g)®?* partially survives: let f: G* = Vi ® --- ® V} satisfy

flapr, - gaps) = (i) @ - @ malpr ) f 91, - - 94)

(g1,---,94 € G,p1,...,ps € Q), then we can act with U(g)®* by

d 4 flexp(—t1&1)g1, ..., exp(—t464)ga)

((51""’54)’f)(gl""’g4):ditl' iy =0

(& € g). In case f is G-invariant, i.e. an element of V& we have

(g-(a-F)g1,---94) = (Ad(g9)(q) - £)(g1,---,94),

so if we have Ad(g)(q) = ¢, then ¢- f € V¥ as well. Thus we have an action of (U(g)®*)“
on V&, Let A : U(g) ( )®2 be the comultiplication of the Hopf algebra Ul(g), given
by

A1) =1, A =1(+E@1

for ¢ € g. For any ¢ € Z(U(g)), we then have A(c) ® A(1) € (U(g)®*)%, hence this
element can act on our CPWs. If x, is the infinitesimal character of the irrep V,
Indg (7), then we obtain

(Ale) ® A1) - W = (Ac) @ A1) - (f (- y)a) @ (F( - ¥ )Ha) (¥ (y) @ P(y))

= (f(9)a) @ (f( -y Ha)((c-¥)(y) @ (1- ) ()
= (f(, ) @ (f( - y)a) (x () (y) @ p(y))
= x(c)W*. (1.8)

This equation is called the Casimir equation and the search for CPWs can be reinter-
preted as diagonalising the action of the Casimir elements.

10



2. Useful Tools

2.1. Action on Invariants

Already in the introduction we encountered the situation of wanting to describe actions
of invariant (differential) operators on invariant functions. This was a bit awkward, so
let’s explore a better way to do this.

Definition 2.1.1. Let G be a Lie group, and let A be an associative algebra on which G
acts smoothly (by means of algebra homomorphisms). An (A, G)-module V is a smooth
G-module that is also an A-module such that

-1

g-(xz-(g7-v)=(9-2) v

forallveVx e A g € G, i.e. such that the G-action on A corresponds to the adjoint
action of GL(V') and End(V).

Example 2.1.2. Any smooth G-module is a (U(g), G)-module, where g-x := Ad(x) for
x € g, which is then continued as an algebra automorphism.

Now for the workhorse of this section:
Lemma 2.1.3. Let V be an (A, G)-module, then VE is an A% -module.
Proof. Let v e VY z € A%, g € G. Then a priori, - v € V, but in fact

g-(z-v)=g-(x-(g7'g-v)=(g-2) (g-v)=2-v,
sox-veVE, OJ

Lemma 2.1.4. Let V be an (A, G)-module, let ¢ : H — G be a Lie algebra homomor-
phism. ThenV is also a (A, H)-module, where the actions of H on'V and A are induced

by ¢.

Example 2.1.5. Let (71, V1),..., (7w, V,,) be finite-dimensional smooth representations
of a subgroup Q@ < G of a Lie group G. Let L := g ® C be the complexified Lie algebra
of G. ThenV := Indgz (T1 ® -+ @ my,) (smooth or distributional, see Section |4) is a

G"-module

((glv"- ;gn) ' f)(xla ,$n) = f(gl_l'wlv"wg;lxn)

whose G™-action can be differentiated. As a consequence, it is also a (U(L)®™ G")-
module. Via the map A, : G — G", g+ (g, -+ ,g) we can make V into a (U(L)®",G)-

module as well (using Lemma .
According to Lemma the set V& of invariants is then a (U(L)*™)%-module.

This is what we used in Section [1.0.

11



2.2. Clifford Algebras

Since we will be dealing with the Dirac operator later, let us now recap some facts (and
fix conventions for) Clifford algebras. Throughout this section let V' be a C-vector space
with symmetric bilinear form 7.

Definition 2.2.1. Define
ClV,n) =ClV):=T(V)/{(x @z +n(z,x)|xeV)

(T'(V') the tensor algebra), i.e the associative unital algebra generated by V', subject to

the relations 2% = —n(x,x) (x € V), or equivalently

{z,y} = -2n(z,y)  (z,yeV).
This algebra is called the Clifford algebra.
Definition 2.2.2. (a) A vector v € V is isotropic or null if n(v,v) = 0.
(b) A subspace U CV is called isotropic if all of its vectors are isotropic.
(¢c) Two subspaces U, U’ are called dual if the restriction n|yxy is a dual pairing.

Lemma 2.2.3. Let n be non-degenerate and V finite-dimensional. Then there are
U, U,Z <V subspaces such that

(o) V=UoU®Z
(b) U,U are isotropic
(¢c) U,U are dual
(d) dim(Z) <1
(e) Z LU,U.
Such a decomposition is called an isotropic decomposition.

Proof. In case dim(V) = 2n + 1 is odd, pick v € V' with 5(v,v) = 1. Then apply this
lemma to the even case of (Cv)t. It can be decomposed as U @ U (since U, U are dual,
they have to have the same dimension. Consequently, Z cannot be 1-dimensional here).

Thus, we have ~
V=UasUa®-Cv,

which satisfies the desired properties.

It is therefore without loss of generality that we can assume dim(V) = 2n is even.
Let v1,...,v2, € V be an orthonormal basis (it exists since 1 is nondegenerate, and C
is algebraically closed and not of characteristic 2), then define

V91 + 1024 _ U1 — iV

V2 "TTTA

U; 1=

12



We have
1

n(ui,uj) = 5(77( 2i—1,V2j—1) — N(v2i,v25)) =0
o 1
(i, ) = 5(77(?121'71’@23‘71) — n(va,v25)) = 0

B 1
n(w;, ;) = 5(77(?121'_17?12]'—1) + n(vai, v2j)) = 0ij.

The sets U := span {uy, ..., u,} and U := span {@y, . .., @, } are then isotropic and dual.

Furthermore,

V=UaU
Definition 2.2.4. For u € V define the following endomorphisms of NV :

6u('Ul/\"'/\’l)f,«) =UAUVLA AUy
r .

Lu(vlf\"'/\’Ur) = Z(_l)ln(uavi)vl/\"'/\’l/)\i/\"'/\vr,
=1

the outer and inner product with u, respectively.

Proposition 2.2.5. For u,v € V we have

63 =0
2=

{eu, v} = —n(u,v)id.
In particular, €’s anticommute and t’s anticommute.
Proof. (a) Let x € AV, then

€y =uNzr=uANuAzxz=0.

(b) Define
, J J<u
ai(j) =", .
J+1 52>
so that a; is the unique strictly monotonic map {1,...,r — 1} — {1,

skips i (face map). Then,
{ajai_l j <1
a; o aj = .
ajy1a; J = 1.

Using these face maps we can rewrite ¢,, as

r

(V1 A Ayp) = Z(—l)iB(u, Vi)Vqu(1) A+ A Vgy(r—1)-
i=1

13
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We can now expand ¢2 as a double sum over i, 5, split up the cases j < i and j > 1,
exchange face maps in the second sum, reindex and switch summation order (in
the second sum):

r r—1

Luby (V1 A - Avy) Z Z ZJr]B (u,v;)B(u, v(li(j))vai((l]’(l)) VAYRERIVAN Va,(a;(r—2))
i=1j=1
r i—1

_ Z Z 1) B(u, v;) B(u, Vj)Vaz(a;(1)) N A Vay(a; (r—2))
i=1j=1
r r—1

+ Z Z Z+]B (u, vi) B(u, Uj+1)vaj+1(ai(1)) A Ny (ai(r—2))
=1 j=1
r o i—1

= > (=™ B(u, 0) B(u, 0)Va,(a;1)) A+ A Vag(ay(r-2))
i=1j5=1

+ Z Z H_] 1B (u,v;)B(u, Uj)vaj(ai(l)) JANREIAN Va;(ai(r—2))
i=1j=1+1

r o i—1

= > (=1 B(u, 0) B(u, 0j)Va,(a;(1)) A+ A Vay(ay (r—2)
i=17=1
r 1—1

+ Z Z H_] IB u U'L)B(uv Uj)vai(aj(l)) ANRRA Uai(aj(T—Q))
i=1j5=1

= 0.
(c) Note that
t(v1 Ax) = —=B(v,v1)x — v1 A ty()
for x € AV, so that
L€y = Ly(u A T)
= —B(v,u)r —u A ty(z)

= —B(v,u)x — €Ly,

hence {e,, 1y }x = —n(u,v)z.
O

Corollary 2.2.6. Let V =U @ U & Z be an isotropic decomposition. Define S := \U.
(a) For all u € U, the map 1y restricts to an endomorphism of S

(b) For allu € U, the map €, restricts to an endomorphism of S.

Proposition 2.2.7. Let V =U ® U @ Z be an isotropic decomposition, define S = \NU

as before, and let
co 2t co 241

S=s5tes =PAUaP AU
1=0 =0
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be the decomposition into odd and even parts. Define
m4 € End(S), StT@ S osT +5 = i(s™ —s7),
then both my and m_ anticommute with €,,tz (u € U, 0 € f]), and satisfy m3 = —1.

Proof. Note that both €, and t5 change the degree by one, hence they change the parity.
For x € S¢ (e € {£1}) we therefore have mix = +ier and

M4 LgT = FleLyT, M4 €,T = Fle€, T,
whence

(Mmatg + tgma)r = Fierge + ietge =0

(my€y + eumy)x = Fiee,x £ ice,x = 0.

Furthermore, since the two eigenvalues of m4 are £, both endomorphisms square to
—1. O

Definition 2.2.8. Assume V = U & U is an isotropic decomposition. The vector space
S = AU is called the spin module for C{(V'), and CL(V) acts as follows:

UdU>s (u+a) x:= (e + 2ua)z.

Assume V = U @& U & Cz is an isotropic decomposition with n(z,z) = 1. The vector
space S = NU can be turned into two different CL(V')-modules S1 and Sz, also called
spin modules, by

UoU®Cz> (u+i+az) x:= (e + 2t + amy)z.

Proposition 2.2.9. Both S in the even case, and Si,S2 in the odd case are C{(V)-
modules.

Proof. “even”: It suffices to show that the endomorphism on the right-hand side has the
correct square. Let u € U,u € U, then

(€u+2ta)* = € + 42 + 2{eu, 1z}
= —2n(u,a)id
= —n(u+a,u+u)id

by Proposition [2.2.5
“odd”: Let u € U,u € U,a € C, then

(€u+ 2t +ams)? = (ey + 2ta)? + a®mi + a{ey, me} + 2a{1a, m+}
= —n(u+ @, u+ a)id —a®id
=-nu+a+az,u+a+az)id

by the previous case and by Proposition [2.2. O
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Theorem 2.2.10. Let n be non-degenerate and V finite-dimensional. Then

12

cuv)

{End(S) 2| dim (V)
End(S1) @ End(S2) 2|(dim(V) —1)

Proof. For the even case, see [HP06, lemma 2.2.4], and for the odd case [HP06, section
2.2.7). O

Proposition 2.2.11. Let vy, ..., vy, be an orthonormal basis of V' and write F;; € so(V')
for the map mapping v; — v;, v; — —v;, and leaving all other basis vectors invariant.
It is well-known that (Fij)1<i<j<n is a basis of so(V'). Let

1
7 SO(V) — CE(V), Fz‘j — Evjvi,

then j is a Lie algebra homomorphism and for f € so(V),v € V' we have

Proof. We have
[Fij, Fra) = 0 Fy + 6aFji — 0 Fji — 05 Fi,

on one hand, and

1 1
Z[vjvi, vvg] = Z(vjvivlvk — VURV;V;)
1
= Z(—Zéilvjvk — VUV + 205,010; + VIVjURY;)

1
= Z(Zéilvkvj + 4610 + 20100k + VYUV + 20,00 — 20,50V — VIV VV)

1
= 5(51'1%%' + 20410k + Ojvivk + 0010 — dipviv;)
= 0 (Fjk) + 0jwj(Fa) — 051 (Fik) — Gir (Fj1)
= j([Fy, Fial)-
Note that
Siqupvj + djrvv; + 205405, = 8 (Fjr) + 0517 (Fqr)

because in case i = [ and j = k both sides are zero, and otherwise the double § term
vanishes.
Furthermore, we have
. , 1
J(Fij)ve — vej (Fij) = §(UjUiUk — VEV;V;)
1
= 5(—251‘]#1]' — VU + 26jkvi + vjvkvi)
= 0jkVi — 0ik;
== Fij (Uk) ]
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Definition 2.2.12. The Lie algebra homomorphism j : so(V) — CU(V) is called the
Chevalley embedding.

Proposition 2.2.13. Let vy,...,v, € V be an orthonormal basis, let f € so(V'), then
1 n
i(f) = 1 > n(f(vi), vj)viv;.
ij=1

Proof. Let f = %szzl a' Fy; for a¥ antisymmetric in 4, j, then

aF'n(Fra(vs), vj)vw;
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oo =
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Z n(f(vi),vj)viv; =
i,j=1
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a™ n(qvr — digvr, v5)vv;
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Il
oo | =
[]=
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2.3. Central Characters

This section is mostly inspired by [Boub8|, chap. VIII, §3, no. 2]. We will discuss a
very general (algebraic) version of Schur’s lemma, and how it implies the existence of a
map called the (central) character that helps classify irreducible representations (/simple
modules).

Throughout this section let A be an associative C-algebra.

Definition 2.3.1. A left A-module M is called simple if M # 0 and its only A-
submodules are 0 and M itself.

Proposition 2.3.2. Let ¢ € Homy (M, N) be a linear map between A-modules.
(a) If M is simple then ¢ is either 0 or injective.
(b) If N is simple then ¢ is either 0 or surjective.

Proof. (a) Let v € ker(¢) and a € A, then ¢(av) = agp(v) = a0 = 0, so av € ker(¢).
This (together with the fact that ¢ is a C-linear map, so ker(¢) C M is a sub-vector
space) shows that ker(¢) < M is an A-submodule. Since M is simple, we either
have ker(¢) = M, in which case ¢ = 0, or ker(¢) = 0, in which case ¢ is injective.
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(b) Let v € M and a € A, then agp(v) = ¢(av) € im(¢), so im(¢) < N is an A-
submodule. Due to N’s simplicity, either im(¢) = 0, in which case ¢ = 0, or
im(¢) = N, in which case ¢ is surjective.

U

Corollary 2.3.3. Let M be a simple A-module. Then End (M) is a skew field.

Proof. End4(M) is an associative C-algebra, so all we need to do is to show that every
nonzero element of End 4(M) is invertible. This follows from Proposition [2.3.2} O

Lemma 2.3.4. Let E be a (not necessarily finite-dimensional) skew field containing C
in its centre. If E # C, we have [E : C] > 3y (the cardinality of C).

Proof. In case E # C, there is an element x € E \ C. Since C is algebraically closed,
x is transcendental, hence the family of elements ((x — o) !)aec € E is C-linearly
independent, hence the dimension of E as C-vector space is at least J;. O

Theorem 2.3.5. Let M be a simple A-module such that dimc(M) < 3;. Then End 4(M)
Cid.

Proof. By Corollary End4(M) is a skew field, which contains C in its centre.
Thus, by Lemma we either have End4(M) = C or [Endy(M) : C] > 3. If the

second is true, we can conclude
dimc (M) = [End 4 (M) : C]dimpgng , (ar) (M) = J1,
which contradicts our assumption. Therefore, End 4(M) = C. ]
Corollary 2.3.6 (Schur, Dixmier). Let M, N be simple A-modules.
(a) We have Hom4(M,N) =0 or M,N are isomorphic.

(b) If one of M, N is known to have C-dimension less than 3y, this specialises to

0 M%N
dimc(Hom 4 (M, N)) =
c(Hom 4(M, N)) {1 I
Proof. (a) Let ¢ € Hom4(M, N). If ¢ # 0, Proposition implies that ¢ is bijective,

hence an isomorphism.

(b) It remains to show that if M = N, the dimension of Hom4(M, N) is at most
one. Let ¢,1 € Hom4(M, N). If one of them is zero, they are evidently linearly
dependent, so assume without loss of generality that they are nonzero. By Propo-
sition they are both isomorphisms. Then ¢! o1 € End4(M) is a multiple
of the identity by Theorem [2.3.5] say A. Then b — A¢ = 0, hence 9, ¢ are linearly
dependent.

O
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Theorem 2.3.7. Let M be a simple A-module whose C-dimension is less than 31. There
exists an algebra homomorphism x : Z(A) — C such that for all z € Z(A),v € M we
have

zv = x(2)v.

Proof. Define x : Z(A) — End 4(M) to be the left action of A (restricted to its centre).
This is well-defined because for z € Z(A),a € A,v € M we have

X(2)(av) = zav = azv = ax(z)(v),

thus x(z) is an A-endomorphism. Because of the associativity in the definition of a
module, we have x(z)x(w) = x(zw), making x into an algebra homomorphism.

By Theorem x maps to the scalar multiples of the identity, so we can compose
with the C-algebra morphism mapping id — 1. O

The map  is called the central character of M. Write A for the set of algebra
homomorphisms Z(A) — C.

Corollary 2.3.8. Let A have at most countable C-dimension. Then every simple A-
module has a central character.

Proof. Let M be a simple A-module. Let 0 # v € M, then v is a cyclic vector (otherwise,
Av would be a nontrivial submodule, contradicting M’s simplicity). Thus,

dimg(M) = dime(Av) < dime(A) < Jp < Ty.
We can thus apply Theorem [2.3.7] O

Corollary 2.3.9. Let L be an at most countable-dimensional complex Lie algebra. Any
simple U(L)-module has a central character.

Proof. U(L) has countable dimension over C (unless L = 0, then it even has finite
dimension), so we can apply Corollary O

Definition 2.3.10. Let x € .,fl, let M be an A-module, then define
M[x]:={ve M |Vze Z(A): zv=x(z)v},
the x-isotypic component of M.
Proposition 2.3.11. Let x € fi, then the mapping
M — M[x],  f€Homa(M,N)— fluy

defines an endofunctor in the category of A-modules that commutes with direct sums.
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Proof. We need to show that any A-linear maps maps isotypic components to isotypic
components. Let ¢ : M — N be A-linear, let z € Z(A),v € M|[x], then

29(v) = ¢(2v) = ¢(x(2)v) = x(2)9(v),

hence ¢(v) € N[x]. Evidently composition survives restriction.
Let (M;)ier be a family of modules, we show that

(EB Mi) x] = @ Mi[x].

iel iel
“D”: Let x; € M;[x], only finitely many x; nonzero. Then for z € Z(A) we have
szz = Z 2T = ZX(Z)% = x(2) Z:ci,
iel icl iel icl
SO Y ;1 x; lies in the x-isotypic component of ;. ; M;.
“C”: Let x; € M;, only finitely many x; nonzero, such that
Z 2T = % Z r; = x(2) Z Z x(2);
iel iel iel iel
for all z € Z(A). Subtracting the left and the right side from each other, we get
0= Z(z —x(2))z;.
el
Since the ¢ € I-term lies in M;, and the sum is direct, we have (z — x(2))x; =0 (i € I),
whence z; € M;[x]. O

Proposition 2.3.12. Let M be a semisimple A-module whose simple components have
central characters, then
M =& M[x].

x€A
This is known as the isotypic decomposition.

Proof. Let N be a simple A-module with central character, then N[x] = N or 0, de-
pending on whether x is N’s central character or not. Thus,

M = M;
el
where the M; are simple modules. For x € A write I, for the set of indices such that x
is M;’s central character. Since every M; has a central character, the I, partition I, so

that
P Mix] = P P Milx]
xeA xeA 1€l
- @D
XeAiGIX
=P M; =M. O
el
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3. Structure of ¢

With the setup and the tools out of the way, we can now get started with the actual
hamonic analysis perspective on conformal blocks. For that let’s have a closer look at
the group we will be dealing with for the rest of this thesis.

Let d = p+q > 2 with p > ¢, and fix G := SO(p+ 1,q + 1)g. For our purposes,
we will mainly be interested in the cases ¢ = 0 (Euclidean CFT) and g = 1 (Lorentzian
CFT), but a lot of the structure theory can be done in more generalityﬂ Write n for the
standard symmetric bilinear form on R%+2 of signature (p+1,¢+1) and interchangeably
for the matrix diag(1,...,1,—1,..., —1) that generates this bilinear form. Note that we
will also (continue to) use the Einstein summation convention where Greek indices run
from 0 to d+ 1 or from 1 to d. In particular, n will be used to raise and lower indices.

By [Kna96, section VII.2, example 2], (G, K, 6, B) is a reductive group, where

K=GNnSO(d+2)=S0(p+1)xSO(¢g+1)
0(z) = —2T = nan

3.1. Restricted Root Spaces

We now work out the restricted root space decomposition of g, en route to finding its
Iwasawa decomposition. We begin by defining a basis. Starting with

(Euu )pa = 5,'3771/(7

and
Fo =E,—-E,.

This is a basis for g.

Proposition 3.1.1. We have
(@) [Fuw, Fool = upFo + MuoFop — MvoFlup — MupFuo
(b) By = —Fo

(c) FE, = F,, if p < p < v or vice-versa, and FED =—Fu ifp,v<porp<pv

'Note that the case ¢ = 1 somewhat differs from the others, as in that case G’s fundamental group is
Z, so that its universal cover does not have finite centre, and is hence not of Harish-Chandra type.
This makes its representation theory harder to grasp, and is one of the reasons we’re not looking at
universal covers in this thesis.
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Proof. (a) We start by calculating products of E’s:

(E,U,VEpo)aB = (Epu)ay(Epo)'yﬁ
= 5;3477”753?705

67

= an(Eua) 8
hence E,,Ey; = 1ypE,s. This shows that
[Eyws Fpol = MupFue + MuoFup — Mo Fup — NupFue-
(b) From definition.

(c) If nuy = M, we have 68Mve = Npudvo, and hence

(Fw)’s = 5577110 — )Mo

= Npudy, — M0,

= (F,,M)Up
T

- (_Fuu)po“
This is the case if uv < p or > p.
Otherwise, we have 7,, = —n,,, then we acquire another minus, hence (FW)T =
F,.

O
We see that

t=span{F,, | p,v <porp<pu,v}
p:Span{Fuu lp<p<v}.
For p < v, the matrix F* has a 1 at (u,v), and £1 (depending on if it is contained in
por ) in (v, p).
We now pick a maximal commutative subspace of p. Define D; := Fhdt1—i (1 =
0,...,9).

Proposition 3.1.2. The vector space
ap :=span{Dy,..., Dy} <p
is a maximal commutative subalgebra.

Proof. From Proposition (a) we know that any D; commutes with all F*¥ with
{p,v}n{i,d+1—1i} =0. Consequently, we have [D;, D;] =0, i.e. a, is a commutative
subalgebra.

Let now

1
T = §a’“’FW €p
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(a* antisymmetric) commute with all D;, then

1 o o
[Di,x] = §am/(5z+1 zeV + 5111Fd+1 l,u o 5lc/l+1 ZFl,u i 5ZLFd+1 11/)
— ad-‘rl—i v _ ai Fd—H_i’V
=0
That x € p, implies that a*” = 0 for p,v < p and p,v > p. Thus the first contrac-

tion a', F9+1=1¥ lies in the 0 @ so(q 4 1)-component of £, and the second contraction

audﬂ_iF “# lies in the so(p+1)@0-component. Thus, they are linearly independent, and

we get a#d+1—i = 0 for all u < pand i < g, hence a = 0. Thus, ay is indeed maximal. [
Corollary 3.1.3. g has real rank q + 1.
Define ¢; € a; by €i(Dj) = 6; .

Proposition 3.1.4. Then

g:mp@ap@@ga
a€ER

where
R:={e,€etej,—ete |0<i<j<q}

is of type Bgi1.

Proof. From the theory of semisimple Lie groups, e.g. [Kna96| section VI.4] it is well-
known that our desired decomposition exists (for R the set of roots) and is direct. So it
suffices to find all the roots.

Let 0 <4, <qand g < p < p, then

[DZ-,Fj“ + Fd+1—j,u} _ _ni,de—l—l—i,u + nd-ﬁ-l—i,d—l—l—sz',u
= (Fe&j)(Di) (F/F & FAHI=Im),

so Fil & FaH=im ¢ g .
Let 0 <i # j,k < q, then

[Dk Fij:l:Fi,d—l—l—j_|_Fd+1—i,jiFd+1—i,d+1—j}
)
:T]ijd+1fk,i . nideJrkk,j - nide+1fk,d+1fj - ndJrlfk,dJrlijki

+ 77d+1—z‘,d+1—kaj + 77jk:Fd+1—k,d+1—z‘ + nd—f—l—z‘,d—i—l—ka,d—f—l—j == nd-&-l—j,d-ﬁ-l—ka,d—f—l—i
:(¢5jk _ 5ik)(Fij 4 pidtl-j + Fdtl-ij 4 Fd-i-l—i,d—i—l—j)
=(—& F Ej)(Dk)(Fij 4+ phdtl=j 4 pd+l—ij 4 Fd+17i,d+17j)7

so that F + phdtl=j 4 pdt+l-ij 4 pdtl-idtl-j ¢ 0—c;¢;, and 6 applied to it lies in
geiiej-
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Lastly, for ¢ < uv < p we have
[Dy, F] =0,

so that F'* € m,.

Thus, we've found the following roots: +e¢; (1 =0,...,q), € * €, and —¢; = €; (both
for i # j). We can now count dimensions to show that we’ve already accounted for
everything: we know

dim(Q:ﬁ:ei) >p—q, dim(geiiq), = dim(g—ei$6j) >1

and )

dim(my) > (p— Q)(Z;— q— ),

so that we have
(d+2)(d+1) _ dim(g)
2
aER
= dim(my) + dim(ay) + Z dim(gq)
a€ER

S p-9lp—g-1)
= 2
(d+2)(d+1)
—

+q+1+2(g+1)(p—q) +2(qg+1)q

so we have found all roots and all root spaces. O

3.2. Conformal Compactification and Parabolic Subgroup

As mentioned in the introduction, the group G is of interest to us because it is the group

of (local) conformal transformations of RP*?. This is proven e.g. in [Sch08] theorem 2.9].

The way this works is that we embed RP? into a bigger (compact) manifold ]1@, on

which G acts globally. This embedding is called the conformal compactification of RPa.
We define

RP:q ;= {(mo i xgy) € PTTYR) ‘ zyat =n(x,x) = O},

the projectivisation of the subset of (non-zero) isotropic vectors in RPT1:4+1 and the
embedding is

L: RPY — Rpa, v~ (1—n(v,v):2v:1+n(v,v))

(we use 7 for the symmetric bilinear form on RP¢ as well).
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Proposition 3.2.1. We have
RPa = ((RP9) U {z € RP? | p(z,z) = 0} LU RP—La-1 = X1 UXoU X3

and (RP?) is dense. In particular, Xo U X3 = 0X; and X3 = 0X5.

Proof. Let
(zg:- -+ :xqr1) € RPA.
o (@1,.74)
If xg + x411 # 0, define z := Totmart then
2 2
_ Tay1 — %o Tdy1 — To
n(z,z) = 5 = ;
(o +Tay1) ZTda41 + To
hence
L(x)_(1_$d+1—$o.2(33‘12"'2.1‘61)‘1 .Z‘d+1—$0)
B ZTd+1 + Zo To + Td+1 Td+1 + Zo
= (gr1+ 20— Tgr1 +x0: 221 : -+ :2xq : Tgr1 + o+ Tgr1 — Xo)
=(zg: :xgr1).
Otherwise, we have o = —x44+1. If both are nonzero, we can fix zop = —x441 = 1,
then z1,...,z4 are fixed and form an isotropic vector in RP-4,

If both are zero, we have an element of RP—14-1 via the embedding
(xo: - ixgo1)—~ 029 :x9-1:0).

This shows the decomposition of RP4. To see that t(RP?) is dense, note that we can
reach all of RP:¢ as limits of straight lines in RP?: Let u,v € RP? (v # 0), consider the
line u + vt:

t(utvt) = (1 — n(u, u) — 2tn(u,v) — t2n(v,v) : 2u+ 2vt : 1+ n(u, u) + 2tn(u,v) + t%(v,v)).
If n(v,v) # 0, we have

L) | 2(ww) o 2u 20 1 p(uu)  2q(uo)
L<“+”t):<‘t2+ Pt Tlite i e Ty ‘1>7

which converges to (1:0: —1) as t — oo.
If v is isotropic, but n(u,v) # 0, we have

_ (w1 w v n(wu) -1
L(U—i-’l)t)—(ztn(u’v) +1: o) o) 26n(a,0) 1),

which converges to (1 ey —1) € X5 as t — 00, showing that X, C X7
If we replace u by eu, we obtain
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which converges to (0 : _n(sv) :0) € X3 as € — 0. This shows that Xy = X5 U X3.

If v is isotropic and n(u,v) = 0 we have

1—n(u,u) u 14+ n(u,u
L(u—H)t):(Zi):t—l-v:Zi)),

Which/c\onverges to (0:v:0) € X3 as t — oo. This shows that Xy C X as well, hence
that RP4 = ((IRP:9). O

Two elements of RP4 are of particular importance: (1:0:1) =1¢(0) will be called the
origin, and (1:0: —1) = co will be called the point at infinity. As we just saw, all rays
with anisotropic “velocity” v converge to co. Similarly, all light rays (rays with isotropic
“velocity” v) starting from the origin converge to (0 : v : 0) in the third component, and
those that start somewhere else land either in the second or third component.

The reason we introduced this conformal compactification is that G is supposed to
act on all of it. This is the case because the standard representation of G on RP+1.a+1
preserves 7, and hence the notion of isotropic vectors, and because it acts by means of
injective maps.

Lemma 3.2.2. The action of G (and even of K) on RP s transitive.

Proof. Write ¢ : RPHLa+1\ [0} — PTH(R) for the projectivisation map. Let q(u @ v) €
RP4 where u € RP! v € R9TL. That u @ v is isotropic and non-null implies that |jul| =
|lv]| > 0 (Euclidean norms). Without loss of generality assume that ||u|| = ||v|| = 1. Since
SO(h) acts transitively on S"~! for every h > 1, there are m € SO(p+1),n € SO(qg+1)
with me; = u,neqy1 =v. Then m@&n € SO(p+1) x SO(g+1) = K < G with

(m@n)(1:0: 1) = qlmey ® negar) = qlu® ),

where the 0 in (1:0: 1) is a tuple of d-many zeroes. Thus, everything is contained in
the orbit of (1:0:1). O

Corollary 3.2.3. Let ) be the stabiliser of the origin ¢(0), then RPa G/Q as mani-
folds.

We are now interested in what the Lie algebra q looks like.

Lemma 3.2.4. Let
IF'={ep,eote |1 <i<qtU{xe,eLe,—€6te|1<i<j<q}CR,

then

q:m,g@a@@ga.
acl

Proof. We have g € Q iff g(ep+e44+1) € R(eg+eq+1). Hence, £ € q iff the same condition
holds.
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Let 1 < j < g, then D; = F»4+17% has only zeroes in the 0-th and d 4 1-st column, so
D; - (eo + €q+1) =0, hence Dy, ..., D, € q. Furthermore,

Doleo + eqy1) = FO(eq + ear1) = eo + eqrt,

so Dy € q as well. Le. a, C q. Since q is a Lie algebra, this means that [a,,q] C q and
hence that

q=(a, ®myNq) & P (ga Na).
a€ER

So we only need to see what these intersections are.
Let 1 < j<gqgand g <p <p,then Fj, & Fy,1_;, only has nonzero entries only in
the columns j,d + 1 — 7, u, hence

(FIM £ FH0) (eg + eqr1) = 0 € R(ep + €at1),

whence gz, C q.
Furthermore,

(F% 4 FP U (e + earn) = (FO F FP ) (6o + eqp1) = (—eu F €p),

hence g, € q, but also g_., N q = 0.

Let 1 <4 75] < ¢, then Fi 4 pid+1=j +Fd+1—i,j 4+ pd+l—id+1-j apnq FiI :FFZ',CH—I—]' _
Fi+1=ij 4 pd+l=i.d+1-j haye both only nonzero values in columns i, j,d+1—i,d+1—j.
None of these are 0 or d + 1, hence they both lie in q as well. Consequently,

g—€i:!:€j79€i:t6j - q.

For 1 < j < g we have

(Foj + pOd+l-j o pd+lj 4 Fd+1,d+1—j)(eo +eqi1) = —€jEegr1-j—ejteqpi—j #0
and
(FOj T+ FOdt1=j _ pd+li 4 Fd+1,d+1—j)(eo +edr1) = —€; Feqr1—j +ej £ear1—j =0,

SO §—core; g =0 and gey+e; < q.
Lastly, for ¢ < u,u < p the matrix F*” has only nonzero entries in columns pu, v,
which are both different from 0,d + 1, hence m, C q. O

Corollary 3.2.5. The subalgebra q < g is mazimal parabolic.

Proof. If we pick
R+ = {ei’ﬁi:‘:ﬁj | O§Z<]§Q}>

this is a valid choice of positive roots, with simple roots

S:={eg—€1,e2—€1,...,60-1 — €, €q}
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Picking S’ := S\ {€o — €1}, we have
I'=RTU(RNspan(9")).

In particular, the minimal parabolic subalgebra associated to R™ is contained in g,
whence q is parabolic.

For maximality, assume there is a parabolic subalgebra q < ¢’ < g. According to
[Kna96|, proposition 7.76], q’ is associated to another subset S” of primitive roots. Due
to the inclusions, we’d have S’ C §” C S. Since S’ and S differ only by one element, we
have either S’ = S” or S = S”. In either case, one of the inclusions is an equality.  [J

Now, with this parabolic subgroup come a whole lot of subalgebras. In particular,

q
a = () ker(e;) =RDg
=1

ay = (a)t =span{Dy,...,D,}
m=ayeme P g
pgern-r
=span {F" |1 < p,v < d}

q
N =g D @ (Beo+ei © Beg—c;)
=1

=span{K* |1 < pu <d}
= P e
acl'N—-I'NR+
= span {F‘“’ — pitl-py

1§u§q,1§v§d}
where K# := FO* — Fa+Le - Analogously, define P# := —FO* — Fd+Le (1 <y < d) and
n=span{P" |1 <pu<d}.

Note that
- u:FO,u,_FdJrL#'

For A* antisymmetric (1 < p,v < d) and b € RP? we then have
AW b Kﬂ} R [, FOe — piti]
o T Op = 5l )

1
= §ijbp (nHPFVO _ nl/PF,uO o n,upFV,dJrl + UVPF“’dH>
= —Apuby? (P10 — Frdet)

= A bV K"
= (Ab), K",
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and similarly for z#P,. As matrices we have

0 b 0 0 —zI' 0
byK'=1|-b* 0 b°], z,Pl= |z 0 2°[,
0 -uI' 0 0 —zI' 0

where x4 and x°® is the d x 1-matrix in whose p-th row is the entry z,, or z#, respectively.
In order to show that @ is the parabolic subgroup associated to q. We need to recall
some statements about parabolic subgroups.

Proposition 3.2.6. Let A, N, Ay, Ny be the analytic subgroups of a,n,apr,npy, let
M = OZG(CL), let My = ZKOM(aM)7 and Kyy = KN M. Then

(a) MA = Zg(a) is reductive, with A as its noncompact Abelian (vector space) com-
ponent, and M as its remainder (also reductive).

(b) M has Lie algebra m.

(¢c) Myr = My, so that MyAy Ny = My Ay Ny < M ois a minimal parabolic sub-
group. Furthermore, KyfApy Ny = M is an ITwasawa decomposition.

(d) M A normalises N, so that Q = M AN 1is a group.

(e) Q= Ng(q) <G is a closed subgroup.

(f) @ has Lie algebra q.

(9) Multiplication M x A x N — Q is a diffeomorphism.

(h) NNnQ =1.

(i) G=KQ.
Proof. [Kna96|, proposition 7.82(a—c)] and [Kna96, proposition 7.83]. O
Lemma 3.2.7. The group @ is the parabolic subgroup of the parabolic subalgebra q.

Proof. Write Q' for the parabolic subgroup, then we need to show Q = Q.

“2”: We have the Langlands decomposition (Proposition [3.2.6(d)) @' = M AN where

A, N are the analytic subgroups for a,n. Since a,n fix +(0), so do their analytic subgroups,

so it remains to show that M C Q’. For that we use the Iwasawa decomposition of M,

which is (Proposition [3.2.6{c)) M = Ky Ay Ny with Aps, Nyy the analytic subgroups

for aps,npr and Ky = Zg (). Since both aps, nys fix ¢(0), so do their analytic subgroups.
So it remains to check for K. Let

A 0
(6 5)ex
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fix Dy (write as block matrices with blocks p + 1,¢ + 1, both index from 1 to p/q + 1).
Written out this is

A 0 0 eleqTH AT 0 _ 0 AeleqT+1BT
0 B)\egiel 0 0 BT Begyiel AT 0

T
_ 0 . €1€441
)
€q+1€1

hence Aei(Begi1)" = elegﬂ, i.e. Ae; = e and Begyq = /\*16q+1 for A € R. Since +1
are the only real eigenvalues an orthogonal matrix could have, we even have A\™1 = \.
Hence

)T

<61 1%) -1(0) = (61 g) (€1 egr1) = (Aer : Aege1) = 1(0),

hence K, fixes ¢(0).
“C”: By Proposition [3.2.6e), @’ is the normaliser of q in G, so it suffices to show that
@ normalises q. Let £ € q, and g € @, then

exp(t Ad(g)(€)) - 1(0) = gexp(t&)g™"4(0) = ¢(0),

for all ¢, hence Ad(g)(€) € q as well. Thus, @ normalises ¢, and hence Q C Q'. O

3.3. Point Configurations

In order to substantiate the claim made before Example we need to investigate the
structure (as G-sets) of spaces of configurations of n points in G/Q = RP4. From the
example (and the subsequent ones), we can already see that we can’t expect our n-point
functions to be defined on all of (G/Q)", because we need all the z; to be nonzero
(among other things) for ¢(x1),...,t(x,). For general configurations of points we want
the following:

Definition 3.3.1. A tuple of n points (x1,...,x,) with x € RP4 s said to be in general
position if x; = q(v;) where the vectors vy,...,v, € RPTLIFL gre linearly independent,

but no pair of them is orthogonal. (q : RPT19T1\ {0} — PTH(R) is the projectivisation.)
Write -
GP(RP4,n) = GP(G/Q, n)

for the set of n-tuples of points in general position.

The reason why we use this weird-looking condition of non-orthogonality is that it
functions as a generalisation for “not being lightlike (isotropically) separated”. In par-

30



ticular, we have

1—n(z,z)\ (1-n(y,y)
n 2 ; 2y =1 —=n(z,2))(1 - n(y,y)) +4n(z,y)
L+n(z,z)) \1+ny,y)

— (L+n(z,2)(1+n0(y,y))
= dn(z,y) — 2n(x, z) — 2n(y,y)
=—2(r —y,z —y),
so the inner product is nonzero precisely when x — y is non-isotropic.

Corollary 3.3.2. G acts naturally on GP(G/Q,n).

(3.1)

(3.2)

Proof. G preserves the inner product on RP*14+! hence the non-orthogonality is pre-
served. Similarly, G acts by means of injective maps, so linear independence is also

preserved.

Proposition 3.3.3. The action of G on GP(G/Q,2) is transitive.

O]

Proof. Let (z,y) € GP(G/Q,2). Pick g € G so that g-z = co. Let v € RPT19+1 be such

that g -y = ¢(v). Then
Vo
v=| w
Vd+1
is not orthogonal to (1,0, —1)7. This means that

0 7é 77(”7 (17 07 _1)T) =10 + Vd+1-

Let u := vofTH’ then (cf. proof of Proposition ) q(v) = ¢(u) and we have
1-— “72 ul —“72 1 —u?
exp(—u- P)-q(v) =¢q —u® 1 —u® 2u®
"2—2 —ul 1+ %2 1+ u®

(interpreting the column vector u to equal the matrix u*®), so that exp(—u - P)g(x

(00,¢(0)).
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Proposition 3.3.4. The stabiliser of (1(0),00) € GP(G/Q,2) is M A.

Proof. Write H < @G for the stabiliser we're looking for. Let w € G be such that
w - 1(0) = oo, then

H:{gEG‘gEQ,w_lngQ}:Qﬂwa_l.

Pick w € K diagonal with +1 entries, say w = diag(wy, . .., wq+1), so that wy = —wgy1.
(If g+ 1 is odd and > 1, we can pick A = r;r4.1, the reflexion along e;, for p < i < d+1;
if ¢ = 0, we can pick w = rory.)

In any case we have wey = Aeg and weg4+1 = —Aeg+1, so that

Ad(w)(Dp) = wDyw = —Dy.

Furthermore, all D; (i > 0) are either being sign-flipped or not. The upshot is that
Ad*(w)(T) = —T. As a consequence, wNw = N. Furthermore, by Proposition [3.2.6{a),
MA = Zg(a), so that if g € M A we have

Ad(wgw)(Do) = — Ad(wg)(Do) = — Ad(w) (Do) = Do,

so that wgw € M A as well. This shows that wM Aw = M A. Consequently, wQuw =
MAN. Evidently, we have MA C H = MAN N MAN.
Let g = man = m'a’n € H, then

n=d 'mTman e NnQ,
which is trivial by Proposition |3.2.6{h). Thus, H C M A as well. O
Corollary 3.3.5. As G-sets we have GP(G/Q,2) = G/MA.

Corollary 3.3.6. Let n > 2 and (x1,...,z,) € GP(G/Q,n), then there exists g € G
such that
g-r1=1(0), g-x2 =00, g-zi=up;) (2<i<n)

where p3,...,pn € RPY are linearly independent and no p; — p; s isotropic (in other
words: none of the p; are lightlike separated), and also no p; is isotropic (i.e. none of
the p; is lightlike).

Proof. Since the property of being in general position extends to subsets, the points
1,22 are in general position. Hence by Proposition there is g € G such that
g-x1 = 1(0),g - xg = oo. Since all the g - x; (i > 3) are not lightlike separated from
g - xo = 00, we can use the same argument as in the proof of Proposition to see
that g - x3,...,9 - x, are all contained in ¢(RP?) and hence can be written uniquely as
g -z = u(pi)-

By definition of general position we know that the vectors

1 1 L —n(pi, pi)
0 ) 0 ) 2]%
1 -1 L+ n(pi, pi)
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are all linearly independent. This is equivalent to all p; are linearly independent.
Lastly, we need those same vectors to all be pairwise non-orthogonal. Using (3.2]) we
see that this implies that all the p; — p; are non-isotropic, as well as the p; = p; —0. [

Since this thesis will be almost exclusively concerned with 4-point functions, let’s look
at configurations of 4 points more closely.

Proposition 3.3.7. Define u,v: GP(G/Q,4) = R by

n(vi, v2)n(vs, va

u(q(v1),...,q(vq)) =

(v1,v3)
V1,0
aton)se o) = L
Both functions are well-defined and smooth, and for i(x1),...,t(x4) they reduce to the

well-known expressions for the cross-ratios from e.g. [PRV19, Section III.C.3].

Proof. First-off note that the expressions defining u, v are invariant under independently
rescaling vy, v9,v3, v4 because the RHS is a homogeneous function of degree 0 in all of
them. Thus the function definition makes sense. That (q(v1),--- ,q(v4)) € GP(G/Q,4)
implies that n(vi,v3)n(ve,v4) # 0 (because neither vy, v3 nor vy, vy are orthogonal).
Thus, u,v are well-defined and smooth because ¢ is a quotient map.

For the well-known expressions, recall . If we replace every occurrence of 1(v;, v;)
in our definition with —2n(z; — x;,x; — x;), all factors of —2 will cancel, and leave us
with the familiar expression. O

This way it becomes trivial to also evaluate the cross-ratios at infinity (without having
to take a limit first):

_277((1’ 07 1)7 (1’ O’ —1))7I($ — YT — y)
=2n(x, 2)n((1 —n(y,9),2y, (1 +n(y,y))), (1,0, 1))
—An(z —y,x —y)

u(L(0)7 0, L(‘T)v [’(y)) =

—4n(x, )
_nz—y,z—y)
n(z, x)
v(¢(0), 00, t(x), ¢ = (v y)
(1(0), . o) al) = 2

And now for the all-important question, what G-orbits does GP(G/Q,4) have? There
are two ways of approaching this:
On one hand, we have

GP(G/Q.4) C GP(G/Q,2)* = (G/MA)
as G-sets, so that

GP(G/Q,4)/G C (GP(G/Q,2)))/G = (G/MA)?/G = MA\G/MA.
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This means, we can view GP(G/Q,4)/G as isomorphic to MA\U/M A, where U C G is
an open set that is invariant under left and right multiplication by M A.
On the other hand, we can proceed geometrically.
Lemma 3.3.8. (a) Let vi,...,vq € RP? be positively oriented with n(vs,v;) = nij,
then there is m € SO(p,q) with me; = v;.
(b) Let vy,...,vq € RPY be positively oriented with n(vy,v;) = nij fori=2,...,d—1
and
n(vlvvl) = Ovn(vda 'Ud) = 0777(1}1,%1) = -2,
then there is m € SO(p,q) such that me; = v; for 2 <i<d—1 and

m(er + eq) = vy, m(—e1 + eq) = vg.

Proof. (a) Take m to be the matrix whose columns are vy,...,v4. Then positive
orientation implies that the determinant is 1, and “orthonormality” implies that
the matrix lies in O(p, q).

(b) Apply the previous case to

S _Ud,vg,...,vd_l, u +U2.
2 2
This basis is positively oriented because the matrix
1 0 -1
01 0
1 0 1

has determinant 2, and the inner products are correct. Then we have
V1 — Vg v1 + Vg

m(te; +eq) =+ 5 5

= vl/d?

which is what we wanted.

Proposition 3.3.9. We have
GP(G/Q,4)/G = Xy U Xy U Xy U X U Xgp U X,
where X,;’s principal domain is

{(¢(0), 00, (), u(y)) | (w,y) € Yor} (0 €{s,t}, 7€ {s,l,t})
where

Y = {(eq,aeq + beq_1) | b > 0}

Yu = {(eq,aeq+e1 +eq-1) | a #0,1}

Yis = {(eq,aeq +ber) | b>0,b # |al,|a — 1]}
Yot = {(e1,ae1 + beq) | b > 0,b # |al,|a — 1|}
sl—{(€ ae; +ex+eq)|a#0,1}

Yss = {(e1,ae1 + bez) | b> 0}.
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For q <1 we take instead Yy = Yy = 0, and for ¢ =0, we also take Vs = Yy = Yy = 0.

Proof. Let (z1,x2,x3,24) € GP(G/Q,4). Since we're studying G-orbits, assume without
loss of generality that

(3717 x2,T3, x4) = (/,(0), o0, [’<$)7 L(y))v

which is possible by Corollary Since by Proposition the pair (¢(0),00) is
stabilised by M A, we have to classify the orbits of

{(z,y) € R linearly independent, n(z, z), n(y,y), n(z —y,x —y) # 0}

under M A, and these will turn out to be the Y’s.

Note that
+1 0 O
0 m 0 |- -ux)=1tmz)
0 0 =1

for m € SO(p,q) C M (where, depending on the parity of p,q we may have to choose
—1 instead of +1 if m € SO(p, q)o), and that

cosh(a) 0 sinh(«)
exp(aDy) - t(x) = 0 1 0 “u(x) = t(exp(—a)x).
sinh(a) 0 cosh(«)

This means that what remains of our G-action can be used to rescale z, y (together) and
to apply a transformation in SO(p, q).
From Corollary [3.3.6) we know that x is not isotropic, so consider

Y=y — z.
n(z, )

Evidently, n(z,y) = 0. We now distinguish cases based on n(x,z) and n(g, 7).
x timelike, § timelike We can find vq,...,v4_9 so that

x
DI VIn(z, z)]
is a positively oriented ONB, then by Lemma there is m € SO(p, q) such that

y
U1y.-.,Vd—2, ’77(3]

meqy1 = —F/——, meq =
n(z, )]

Multiplying by +/|n(x, z)| gives ma € M A such that
T = Maeqd+1, y € maspan {eq, €ay1}

where the coefficient in front of ey is positive.
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x time/space-like, § time/space-like It works similarly in these cases, just tweaking
the position inside the basis a bit.

x timelike, ¢ lightlike For this let z 1 x be an isotropic vector that’s not orthogonal to
7 (e.g. take a timelike unit vector e; with (¢, e;) # 0, project it onto (Rz)*, and
take §’s reflexion along it). Then we can apply Lemma m(b) to

] —2z
Y , other vectors,

@ 2 VG ng) Vel

We see that there is ma € M A such that

ma - (e1 + eq) = 7, ma-eq_1 = .

Permuting around the unit vectors (all the while keeping our elements in M A),
transforms out z,y to be contained in Y.

x spacelike, 7 lightlike Analogous.
O

We see that GP(G/Q,4)/G is a union of 1- or 2-dimensional manifolds. In fact,
considering the points (e1, ea + tey), it is not hard to see that Yy lies in the closures of
Yss and Yy because eg +teg = 7 is spacelike for ¢ < 1, lightlike for ¢ = 1, and timelike for
t > 1. Similarly, we can use (eq, e1 +teq—1) to see that (for ¢ > 1) Yy lies in the closures
of ¥;s and Y. And in fact, using the cross-ratios from Proposition [3.3.7], we can turn

Y1 = X U Xg U Xgs, Yo = X U Xy U Xs

into smooth manifolds. Furthermore, the map

n(z, z)

(¢(0), 00, ¢(x), e(y)) = (@2
induces a continuous map GP(G/Q,4)/G — {£1}, which assumes the value —1 on the
first such manifold, and 1 on the other, so the subsets X7, Xo are in fact clopen. They
both have four connected components each: the ones where x —v, y are time- or spacelike.
This shows that GP(G/Q,4)/G is a 2-dimensional manifold with eight connected
components, corresponding to the sign of n(x,z),n(z —y,z — y), and n(y,y) (if g = 1,
the connected component associated to u,v > 0 in the z timelike plane is smaller; and
if g = 0, all vectors can only have positive inner product with themselves, so then only

one connected component remains: only the Yy, part of z spacelike, u,v > 0).

Proposition 3.3.10. The permutation action of Sy on GP(G/Q,4)/G, as described by
two planes of cross-ratios, is as follows:

(1234) - (w,0) = (v,0),  (12) - (u,v) = ( )

where (1234) maps the v < 0 components of X; to Xs—; (i = 1,2), and the v > 0
components of X; to X;. The cycle (12) leaves X1, Xy invariant.
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Proof. Determining the behaviour of (1234), (12) on the cross-ratios is a simple matter
of evaluating u, v of

(e(y), (0), 00,u(x)),  (00,(0), e(x), 1(y))-

Applying w to both sides gives us

(e(I(y)), 00,6(0),1(I(2))),  (1(0),00,¢(I(x)),(I(y)))

(cf. Section [B.3|for I(z)). Translating by —I(y) on the left gives us that the plane that
(1234) - (¢(0), 00, t(x), t(y)) resides in is determined by whether y is time- or spacelike.
Similarly, the plane of (12) - (¢(0), 00, ¢(z),t(y)) is determined whether or not x is time-
or spacelike.

In particular, for y > 0, the lengths n(x,z),n(y,y) have the same sign, so (1234)
doesn’t change between planes, and for y < 0, they have a different sign, making its
action change the planes. (12), on the other hand, doesn’t switch planes at all. ]

Corollary 3.3.11. The maps that move between the two pictures is given by

MA(Y1UYs) = U, (z,y) — exp(y - P)wexp(I(z —y) - P)
v :Uw— GP(G/Q,4)/G, g— G(MAN, wMAN,gMAN, gwMAN)

Since the fundamental domains Y, are disconnected from each other, we shall tackle
them separately. Since Yy, Yy are only one-dimensional and their orbits are contained
in the closures of those of the others, we are going to ignore these domains for the time
being. Define

& (a,b) = exp(Py)wexp(aPy + bPy_1)
&is(a,b) = exp(Py)wexp(aPy + bP))
st(a,b) == exp(Py)wexp(aPy + bPy)
Ess(a,b) = exp(P)wexp(aPy + bP,),
then
1 a’? + b?
u(Y(&u(a,b))) = (a & wowg)? + 02 v((&u(a,b))) = (@ + wowg)? + 52
2 b2
W@ b) = o V(b)) = e
1 e
W@ D) = e VW(Ee(ab) = e
1 a’ +v?

u(h(€ss(a, b)) = v((&ss(a,0))) =

(@ — wowy)? + b2 (@ — wown)? + b2
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4. Induced Representations

In Section[1.2] we saw that the conformal Ward identities (that are satisfied by correlation
functions and conformal blocks) can be phrased as co- and invariance conditions on
functions or distributions defined on G™ (for n-point functions). In that context we also
mentioned induced representations, which we shall have a closer look at now.

Definition 4.0.1. Let (G, K,0,B) be a reductive Lie group, let MAN = Q < G be

a parabolic subgroup. Let (m,V') be a finite-dimensional representation that is unitary

when restricted to K N M (with respect to the inner product (-)), and let v € a*.
Extend (w,V') to a representation of Q by having

m(man)v = w(m) exp(v(log(a)))v.
Define
ndg(m) = {f: G =V |¥g € G,q € Q: f(ga) = m(a) " f(9). flxc € LA(K;V)},
with (g f)(x) == f(g~'x).

Proposition 4.0.2. The representation space Indg(ﬂ) is a Hilbert space, and the action
by G is strongly continuous.

There are three equivalent ways of viewing Indg (m): the definition is called the induced
picture. In addition, there is also the compact and the noncompact picture.

Theorem 4.0.3 (Equivalence with Compact Picture). The map
nd§(r) — {f € L*(K;V) | Vg € K,q € KM : f(gq) = n(a) " f(g)}
defined by restriction is a unitary equivalence of G-modules.
Proof. G acts on f in the right set as
(9 f)(k) = exp(v(—a))m(m’)~" f(K')

where g~k = k'm/exp(a)n’ € G = KQ (k' € K,m' € M,a € a,n’ € N). Since f is
equivariant with respect to K N M, the ambiguity in this decomposition doesn’t matter.
From this definition, it is clear that the restriction map intertwines G-representations.

For unitarity note that the L?-inner product on K is also the inner product that we
chose on Indg(ﬁ). It remains to see surjectivity. Let f € L?(K;V) be KNM-equivariant.
Define f': G — V by

J (ke exp(an) = m(m) " exp(~v(a)) f (k).

This function is well-defined because of the equivariance of f, lies in Indg(w), and
restricts to f. O
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Note that the representation space in the noncompact picture is independent of v;
only the representation depends on v.

Theorem 4.0.4 (Equivalence with Non-Compact Picture). Let H : G — a be such that
exp(H (kman)) = a for k € K,man € MAN and note that

Aq(q) = exp(2pa(H(q)))

(1Kna96, equation (8.38)]) where pa is half the sum of positive roots in the restricted
root system of g with respect to a. Define

0:G— R, g +— exp(2(Re(v) — pa)(H(g))),
then restriction to N is a unitary equivalence of G-modules between
Indg () — L*(0 - 3 V).

Proof. We will focus on unitarity and then just define the G-action so that it intertwines.
Let u,v € Indg(w), define

f:G—=C, g~ (ug),v(9))d(9)

(taking the inner product in V). This function satisfies

f(kman) = (u (k:man),v(kman)) exp(2(Re(v) — pa)log(a))
= (m(man)~'u(k), 7(man) v (k)) exp(2(Re(v) — p4) log(a))
= exp(2Re(e) o) () o) xpl2(Rels) = ) og(c)
(

= S ) )

W
Ag(man)’

so in particular, for @ = kman we have
f(@) = f(k) exp(—2pa(H(7))).

In particular, this also shows that f is K N M-invariant.
By [Kna96, proposition 8.46], we thus obtain

[ £ = [ 1.

and hence that the inner products of u, v coincide, whether they are taken over K with
px or over N with & - ps.
For surjectivity let f € L2(§ - pa; V') and define

f'(mman) := m(man) = f(7)

on NQ and 0 everywhere else. Then f’ is equivariant almost everywhere and its K-
norm is finite because of the equality of inner products. Consequently, f’ € Indg(ﬂ) and
restricts to f. O
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Instead of requiring Indg(ﬂ) to be made up of L?-functions, we can also require its
elements to be smooth functions G — V or V-valued distributions on G that satisfy
the equivariance condition. It is sound to still refer to these different vector spaces as
“the same representation” because if we consider their sets of K-finite vectors (their
Harish-Chandra modules)

{f € Indg(ﬂ) ‘ dim(span(K - f)) < oo},

they are isomorphic as (U(L), K)-modules (L = g ® C).

Considering smooth functions or derivations instead of L2-functions means that our
representation spaces are no longer Hilbert spaces but complete locally convex topologi-
cal vector spaces. However, it turns out (see Appendix that we have more than that
because they are also nuclear spaces. As such, there is a canonical notion of complete(d)
tensor product between them and we have

Proposition 4.0.5. For semisimple Q-modules (V1,7m1),...,(Vy, ™) we have
Indg(m) ®- - ® Indg () = Indgz (1 ® 70)
where we Ind can refer to the Hilbert space, the smooth, and the distributional version.

Proof. Note that (G™, K™, 0" B®") is a reductive group, with Q™ < G™ parabolic.
Similarly, 71 ® - - - ® 7, is a semisimple Q"-module.
Next, we have L2(G;V)®" = L2(G"; V®") as well as C®°(G; V)& = C°(V", Ven)
and
(D(G: V)™ = DG VoY,

and the equivariance condition survives taking the tensor product. ]

4.1. n-Point Functions

Back to our concrete choice of G. As established in the introduction, n-point functions
and conformal blocks satisfy the conformal Ward identities and are therefore G-invariant
elements of Ind$, (7®") (distributions). We expect them to be regular (i.e. a smooth
functions) on GP(G/Q,n).

Let G x Q™ act on G" by

(9:q1, 1) (g1, 9n) = (99107 '+ 9Gnay ")
andon Vi ®---®@V, or V" by

(G, @1y qn) (V1@ @) = (q1-v1) @ R (gn @ vy).

Definition 4.1.1. Let U,, C G™ be such that U, /Q™ = GP(G/Q,n). It, too, is evidently
a G x Q"-set.
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In this language, our solutions (in n variables) of the conformal Ward identities are
functions f: U, - V1 ® --- ® V,, such that

flg-p) =9 f(p)

for all p € U, and g € G x Q™. This reads a lot like the kind of covariance con-
dition satisfied by sections of a vector bundle associated to the “principal bundle”
U, — GP(G/Q,n)/G. Problem is that U, - GP(G/Q,n)/G is not a principal bundle
because the action has stabilisers:

Lemma 4.1.2. For n > 2, the G x Q™-set U, has stabiliser algebras isomorphic to
soc(d+2 —n).

Proof. Evidently, the action of Q™ on U, is free, so it remains to find the stabiliser
of any element of GP(G/Q,n). By Corollary any element of GP(G/Q,n) lies in
the same orbit as (¢(0),00,¢(z3),...,t(zy)). The points ¢(0), 00 are stabilised by M A
by Proposition [3.3.4] Thus, our stabiliser is the subgroup of M A stabilising x3, ..., Zp.
Since A scales the vectors, no element of A stabilises x3, ..., x,. Let m € M be contained
in the stabiliser. Since x3,...,x, are all non-null and linearly independent, we can
do Gram-Schmidt orthogonalisation and find vs,...,v, € span{zs,...,z,} that are
an orthonormal basis (with n(v;,v;) = 1, as we’re working in indefinite signature
generally). Thus, there exists g € M such that gv; = e,,, so that

Stab(xs, ..., z,) = Stab(vs,...,v,) = g~ Stab(emy, - - -, €m, )g-

The middle stabiliser group has complexified Lie algebra soc(d+2—n), as fixing n—2 unit
vectors implies that we're effectively dealing with (d+ 2 —n) x (d+ 2 — n)-matrices. [

This means, when talking about G x Q"™-equivariant functions U,, = V1 ® V,,, we have
to be wary of nontrivial stabilisers. If we still want to phrase this in terms of vector
bundles, there is no general overall mechanism we can use like in the case of free actions.
Because of that we’re now making an assumption:

Assumption 4.1.3. The set
EWVh,..., V) = {(x,v) ‘ r€Upve(N® - ® Vn)Stab(x)}

is a manifold and a smooth G x Q™-set (combining the actions on Q, and the tensor
product of the V;) whose orbit space E(Vi,...,V,) is also manifold.
Furthermore, if ¢; : V; = W; are Q-intertwiners, the induced map

E(Vl, s Vi) — E(Wl, ey W), (,0) = (2, (01 @ -+ - @ én) (V)

is smooth and descends to a smooth map ¢ : E(Vi,..., V) = E(Wy,...,Wy). If all ¢;
are injective, ¢ is an immersion, if all ¢; are surjective, ¢ is a submersion.

If it turns out to be false, it doesn’t change the gist of the statements that rely on it
and can likely be remedied by removing some closed submanifolds of lower dimension.

41



Theorem 4.1.4. The solutions (inn variables) to the conformal Ward identities are pre-
cisely the sections of a vector bundle over GP(G/Q, n)/G with typical fibre (V ®™)soc(d+2-n)

Proof. Under Assumption both E(V,...,V) and E(0,...,0) are manifolds, the
latter being GP(G/Q,n)/G. The projection map G x Q" (x,v) — G x Q™ - x descends to
a smooth surjective submersion E(V,...,V) — GP(G/Q,n)/G whose fibres are isomor-
phic to (V®”)Stab(m) for any =z € U,. Furthermore, since the projector from the trivial
bundle V®" to E(V,...,V) is smooth, E(V,...,V) is a vector bundle.

The sections of E(V,..., V) — GP(G/Q,n)/Q correspond to smooth functions g, :
U, — V" satisfying

f(gglp1_17 s )ggnp;Ll) = f((guplu v 7pn) : (917 v 7971))
= (p17 cee 7pn)f(917 ce. 7gn)

for all (g,p1,...,pn) € Gx Q™ and (g1,-..,9n) € U,. That’s precisely the requirement
of Equations [[.3] and [T-4] O

Corollary 4.1.5. The space of 2-point solutions to the Ward identities for the ir-
reducible QQ-modules V1, Vs is one-dimensional precisely when Vi, Vo have related M -
representations and the same scaling dimension.

The space of 3-point solutions to the Ward identities for the irreducible Q-modules
Vi, Va, V3 is also finite-dimensional.

Proof. For n = 2, the set GP(G/Q,2)/G comprises just one point, so pick the singleton
(¢(0), 00) as fundamental domain. By Proposition its stabiliser is

{(ma,ma, cw(m)a™t) ’ ma € MA}.

This group has a nontrivial set of invariants in Vi ® V3 iff V1, V5 have the same scaling
dimension and if (V4 ®V2)M is nontrivial (V5 has the w-conjugated action). In particular,
since V1, V4 are finite-dimensional irreducible m-modules, so by Schur’s lemma, we have

C V2,

Vi@ Vo)™ = .
(Vi 2) {0 otherwise

For n = 3, the set GP(G/Q,3)/G comprises either one or two points: by Corol-
lary any orbit contains an element of the shape (:(0), 00, ¢(z)) with 22 # 0. Then
x can be rotated and rescaled to be a standard unit vector of length squared either 1 or
—1. Consequently, if ¢ = 0, the orbit space comprises one point; if ¢ = 1, it comprises
two points. Thus, the space of sections is either

(Vi @ Vo @ V3)90?—D)

(for ¢ =0) or
VeVa® V:,’)SO(pfl,q) VeV Vg)SO(p,qfl)_
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Corollary 4.1.6. The space of 4-point solutions to the Ward identities is the space of
sections of a vector bundle of typical fibre (V®4)5°C(d_2) over a two-dimensional manifold.

Proof. By Proposition the manifold GP(G/Q,4)/G is two-dimensional. O

Lemma 4.1.7. The space of 4-point solutions to the Ward identities with the reps
(1, V1), ..., (ma, V4) is in linear bijection to

Ward(W) :={f € C*(U; W) |Vz € U,p,qg € MA: f(pxq) =p- f(z)-q}
where W = V1 ® --- ®@ Vy is an M A-bimodule via

pev-q:=m(p) @ mcw(p)) @ ms(g ) @ malcw(g™))v.
Recall that U C G was defined before Lemma to consist of those elements g € G
such that
MAGMA ~ G(MA,gMA) € (G/MA)?/G =~ G(Q,wQ, 9Q, gwQ) € GP(G/Q,2)*/G
= G(1(0), 00,9 - 1(0),g - 0)

is an orbit of configurations in general position.
Proof. Define
X : {sol. to Ward identities} — Ward(W), fr= (g~ f(1,w,g,gw)).

This is well-defined because for p,q € M A we have

x(f)(pgq) = f(1,w,pgq, pgquw) = f(p~*,p~'w, gq, gqu)

= fr~ " wew(p™), 94, gwew(q™))

= m1(p) @ ma(cw(p)) @ m3(q ") @ malcwlq™ ) (1w, g, gw)

=p-x(f)9) - ¢

For injectivity let x(f) = 0, then f(1,w,g,gw) = 0 for all ¢ € G. Let p € Uy. By
Corollary there is g € G such that (g-p)/Q* = ((0), 00, t(z), t(y)). Furthermore,
since (¢(z),t(y)) € GP(G/Q,2), there is h € G such that h(c(x),:(y)) = (¢(0),00). This
shows that
grQ* = (Q,wQ, k™ 'Q,h™'wQ)
or that
p=(9"" 01,9 waz, g A a3, g7 R wga)

for q1,...,q4 € Q, so that

f) = flg a1, 9 'wae, g h g3, g7 h T way)
= f(q1,wqe, h~ g3, h ™ twqd)
=7 ) @ ma(y ") @mslgs ") @ malqr ) f(Lw, bt R w)
=0.
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For surjectivity let h € Ward(W), let (g1,...,94) € Uy, and let g,¢' € G, p1,p2, p3, pa €
@ such that (g1, 92) = (gp1, gwp2) and
9 '3 =g'ps, 9 '9a=gwps
Then define
f91,92,93,91) = m(p1 ") @ - @ ma(py h(g").

This is well-defined because the ambiguities in the choice of g, ¢’ are resolved by h’s
biequivariance. Then x(f) = h. O

Lemma 4.1.8. A function f € Ward(V') is uniquely determined by the four functions
fo&sr for o, € {s,t}.

Proof. By Proposition [3.3.9 and some considerations afterwards, the set Xy, U Xg U
Xis U Xy is dense in GP(G/Q,4)/G. Since ¥(im(&,7)) is a G-fundamental domain for
Xor, we can apply 0~ and obtain that the closure of the M A x M A-orbit of the union
of the images of the &,; is all of U. Consequently, f’s continuity and biequivariance
ensure that f is determined by its values on these four fundamental domains. O

Therefore, for f € Ward(V') define

for i= fosr o, T € {s,t}.

Proposition 4.1.9. Let 0,7 € {s,t}. Then the image of &+ has the common stabiliser

SO(p,q —2) oT =tt
Stab({57(a,b)) = ¢ SO(p—1,q—1) o1 € {st,ts}
SO(p —2,q) oT = 88

(where the isomorphism is effected by embedding into M A as “obvious” block matrices
in M, and then by embedding into M A x M A via p — (p,cy(p))).

Proof. The image of &,, is the image of Y,, under the first isomorphism in Corol-

lary 3-3:11] Therefore,

(9,9') € Stab & ¢’ = cyu(g)&g € Stab(Y),

implying that ¢ € MA such that g fixes the two standard unit vectors used in the
definition of Y. O

This shows that up to boundary conditions for Y,;, the restriction f,, can vary freely
in the vector space

y/Stab(Yor).

As (3.3)) establishes, we can also use u,v instead of a,b to parametrise f,,, which is
what we will do from now on.
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4.2. Conformal Blocks

With this last equivalence established, we will refer to Ward(V') as the space of solutions
to the conformal Ward identities, with respect to the M A-bimodule V (regardless of
whether V' came about in the manner described in Lemma . Now we’d like to
find out how to find conformal blocks within Ward(V'). In Section we introduced
conformal blocks as solutions to both the conformal Ward identities and [[.4] and the
Casimir equation (L.8). In other words: conformal blocks are elements of Ward(V') that
diagonalise a particular action of Z(U (L)), where L = g ® C.

Lemma 4.2.1. Let V be an M A-bimodule, then C*(U;V) is a (U(L), MA x MA)-
module, where M A x MA acts on U(L) by

(p,7) - q := Ad(p)(q),

where Ad is the continuation of the adjoint representation to all of U(L).

Proof. Let g act by 1
(€ D) = 5 Flep(—1))

t=0
i.e. by right-invariant vector fields, and M A x M A by

((p,p)) f)(@):=p- flp~ ap)-p~".
Let p,p’ € MA and £ € g, then
(7)€ (0, ?) ™ @) =p- (€ (0, 0) " ) ap) - p

— %}% ((p,p’)—l . f)(eXp(—tf)p_lxp/) 'p/_l

t=0

_ = <D — -1
== f(pexp(—t&)p~ x)

_ % F(exp(—t Ad(p)(€))2)
= (Ad(p)(©) - )(=),

so the actions of g and M A x M A are indeed compatible in the way claimed. Through
complexification and the universal property of U(L), this then also holds for U(L) and
MA x MA. O

t=0

t=0

Corollary 4.2.2. Ward(V) is a U(L)MA-module, in particular a Z(U(L))-module.

Proof. As Ward(V) is the space of M Ax M A-invariants of the (U(L), M Ax M A)-module
C>(U;V), we can apply Lemma and obtain the claim. O

It turns out, in the situation of Lemma ie. V=V ®- - ®Vj as vector spaces,
this Z(U (L)) action is precisely the one used in (|1.8)).
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Proof. Define the function
X:C®(U V) = C2(U; V),  f(9— f(1,w,g,gw)),

which becomes the function y from the proof of Lemma when acting on G' x Q*-
invariants. Then it suffices to show that it intertwines the g-actions

(€ F) @02 = & Flar.g0,exp(~1€)g5. xp(~1E)aa)

t t=0

on C*®(Uy; V) and
d
(€ F)a) = 5 Flexp(~t6)a)
t=0
on C*(U; V). Then it also intertwines the L and U(L) and Z(U(L))-actions, in partic-

ular when restricted to G' x Q*-invariant functions.
In order to show this intertwining property, note that

(€ X(F(x) = X (f)(exp(~t§)x)

— %f(l,w,exp(—té)x,eXP(*tf)fw)
= (& H,w,z, zw)
=x(- 1) =

Definition 4.2.3. Let x be the central character of a U(L)-module and let V be an
M A-bimodule. The solution f € Ward(V') to the conformal Ward identities is called a
x-conformal block (with respect to V') if it satisfies the Casimir equation

Vze Z(U(L)):z-f = x(2)f.

4.3. Spinorial Conformal Blocks

The Casimir equation is a system of differential equations of order at least two (as
so(d + 2,C) = L is simple), and the differential operator associated to the quadratic
Casimir element can be directly associated to the Laplacian on (G/Q)? (i.e. on two
factors of GP(G/Q,4)) with respect to a G-invariant metric.

This might lead one to wonder if there is also a way of having “the Dirac operator”
act on solutions to the conformal Ward identities. In particular, for the operator, we
will be following the approach of [Kos99].

Proposition 4.3.1. The map 0 : g — g defined by x — 7z for
n =diag(—1,1,...,1,-1)

is an involutive Lie algebra automorphism making (m @ a,g) into a symmetric pair.
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Proof. The diagonal matrices 7,7 commute, hence 6 indeed maps g — g. Since 7% = 1,
our map is an involution and

0((,y)) = iy — nyiiei = [0(z), 0(y)]

for 2,y € g, hence 0 is also a Lie algebra automorphism.
Now, let’s determine the eigenspaces of . We have

0(Fy) = B = { v 1ov (04T
pv) = N ] —Fu pe{0,d+1}&ve{l,...,d} or vice-versa '

In other words: the l-eigenspace consists of m @ a and the —1-eigenspace consists of
non. O

In [Kos99, section 1], the author discusses so-called representations of Lie type as
natural settings for his Dirac operator. These are orthogonal representations Y (there
called p) of a Lie algebra t, equipped with a way to make t @Y into a Lie algebra, where
t is a subalgebra that normalises Y (the adjoint action is given by the representation).
These requirements already specify

[‘a‘”txm [‘7'”‘C><Y7 ['7']|Y><t7

S0 it remains to specify the restriction to Y x Y. In [Kos99} theorem 1.50], it is pointed
out that the restriction to Y x Y is uniquely specified by an element of (A®Y)® that
satisfies some extra conditions. We take t ;= m @ a and Y := ndn. They form a
symmetric pair, and are hence of Lie type ([Kos99, theorem 1.59]). If, however, we
forgot for a second about the Lie structure we already know to exist on t Y, we can
note that

Proposition 4.3.2. (A*Y)" = 0.

Proof. Since the tuple Py,..., Py, Ki,..., Ky is a basis for Y, a basis for A®Y is given
by
P, NP, NP, P, NP, NK,, P, NK, NK,, K, NK, NK,

where indices belonging to the same letter (K or P) are assumed to be strictly decreasing.
Since the P;, K; also parametrise the eigenspaces of ad(Dp) in Y, we expect the same in
A®Y. Indeed, we have

ad(Do)(P, NP, N P,) = =3P, NP, \ P, ad(Do)(P,ANP,NK,)=—-P, NP, NK,
ad(Do)(P,ANK, NK,) =P, NK, NK, ad(Do)(Ky NK, NK,) =3K, N K, NK,.

We see that our basis indeed diagonalises ad(Dy), and that 0 is not an eigenvalue of
ad(Dy). Thus, the only element of A®Y annihilated by ad(Dy), and hence by ¢, is 0. [
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In conclusion, there exists no other Lie algebra structure on vt @ Y that we could be
using here.
We now define A := C{(Y) ® U(g) and consider the following embeddings of t:

ay 1t 2% s0(Y) L Cuy) (4.1)
Ay :t3¢m 108+ ay(§) @1 € A,
where j is the Chevalley embedding from Proposition 2.2.11] If Y3,...,Y2; is an or-
thonormal basis of Y, the map ay can be given by

2d

1
i,j=1

Definition 4.3.3. Let Y1,...,Yoq € Y be an orthonormal basis, then the element

2d
D::ZY;@)YiGA
i—1

is called the (cubic) Dirac operator.
Lemma 4.3.4. D is independent from the choice of basis.

Proof. Let X1, ..., X9q be another orthonormal basis and let

2d
Y =) aijXj,
i=1
then

2d
D=) Yi®Y
i=1

2d
= Z a;jaip X; @ Xi
ijoh=1

2d 2d
= Z X, ® Xj Z Aki QL
ij=1 k=1
2d

= Z 0; X @ Xj

ij=1

2d
=) X;®X;. O

i=1

Theorem 4.3.5. We have
D? =10 Q5 — Ay(Q) + ¢

where Qy forh € {g,t} is the quadratic Casimir element of b with respect to the invariant
bilinear form B, and where ¢ € C is a constant.
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Proof. See [Kos99, theorem 2.13]. O
Proposition 4.3.6. The constant c from last theorem is equal to %.

Proof. By |[Kos99, theorems 1.81 and 2.13] and using that v = 0, we have ay (€) = c.
By Section this equals %. O

In order to have D realistically be an operator, we’d like it to act on something, ideally
some solutions to Ward identities. For that we should start by constructing .A-modules.
It’s not very surprising that A-modules can be obtained by considering S ® V where S
is a C/(Y)-module (e.g. a spin module) and V is a U(L)-module. For example, we could
consider C*°(U; S ® V') where V' is a vector space.

In order to talk about the Ward identities for such a space, we take V' to be an M A-
bimodule, and would now like to establish an M A-bimodule structure on S ® V in such
a way that this M A x M A-action is compatible with the C/(Y")-action in a suitable way.

Recall that ay satisfies

[ay (§), v] = ad(§)(v)
in C{(Y), for € € t,v € Y. If ay lifts to a group homomorphism ¢y : MA — Pin(Y),
this implies
¢y (@)vey (¢7) = Ad(q)(v)
for ¢ € M A, which then also holds for the continuation of Ad(g) onto all of C/(Y).

Lemma 4.3.7. Let V be an M A-bimodule, S a CL(Y')-module, then S®V can be turned
into a (CL(Y), MA x M A)-module by

ClY)op-(s@v):=(p-s)®v
MAXxMAS (p,q)- (s©v):= (dy(p)s) @ (p-v-q ).

Note that the left copy of MA x M A acts on CL(Y) by

Ad

MA 2% 0(Y) = Aut(Co(Y)).

Proof. For compatibility let p,p’ € M A and g € CL(Y), as well as s € S,v € V. Then

(g (py(p s@ (@' v-p)))

(p,0) - (g ((p,P) " (s®@W))) = (p.p)
) (qoy(p Ds@ (p-v-p)

which is how (p,p’) acts on g.

That shows the claim under the condition that oy lifts. To see that ay lifts, we note
that Y = n®n is a maximal isotropic decomposition, as n,n are both isotropic and dual
to each other. This shows that S := An is the spin module, and if oy lifts when acting
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on S, it lifts to Pin(Y"). Write 7 : C{(Y) — End(S) for the spin representation. First
note that A is simply connected, so every smooth Lie algebra representation of A lifts
to a Lie group representation, so we only need to check for M. We have

m(ay (Fuw)) =

Note that

T

1 1 A _ __ )
EGPDLK#P‘H Ao APPr= 1P ;(—1)’B(KH,P‘”)PPI A---PPi...\ PP

,
— Z(_l)i(;ﬁipypm A PPi.. A\ PP
i=1
r —
:_Z5Zipm A---PpPiP,... \ PP,
i=1

so yep, Lk, replaces every occurrence of P* with —P,. This shows that m(ay (Fj)) re-
places every occurrence of P* with —P,, and every occurrence of P with P,. Therefore,

W(aY(Fuu)) = ad(FW)

(extended to S). We therefore know for sure that the representation of m on S lifts to
a group representation of M, namely the extension of Ad. Since C/(Y') = End(S), this
shows that ay is the derivative of a Lie group homomorphism ¢y : MA — Pin(Y). O

Lemma 4.3.8. Let V be an M A-bimodule and S a CU(Y)-module. Equip S ® V' with
its (CL(Y'), MA x M A)-module structure from Lemma[4.53.7] Then C*(U;S® V) is an
(A, MA x MA)-module.

Proof. The compatibility of the actions of U(L) and M A x M A was already the topic
of Lemma so it remains to show that the actions of U(L) and C/(Y") commute,
and that the actions of C/(Y') and M A x M A are compatible.

For the first let £ € g,q € CL(Y), f € C*(U;S® V), then

(€ (@ ) = 5 (g Hlexp(~0)2)

= 5 @ flep(~10)a)

—q- 5 Hle(—t9)a)|
=4 D) = (4 € NE)

t=0

t=0
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For the latter, let ¢ € CU(Y),p,p' € MA, f € C®°(U; S®V). According to Lemmam

we now have

((p,2") - (g (2. 0) - N@) = (.0) - (g (0, 0") - ) ap)
=p) (¢ ()" i ap))
=(p.0) (g ((p.0)~" fx)))
= Ad(p)(q) - f(z)
= (Ad(p)(q) - f)(x). O

Corollary 4.3.9. Let V be an M A-bimodule and S a CU(Y)-module, then Ward(S & V')

is a AMA-module.
Proof. Follows from Lemma [£.3.8 and Lemma [2.1.3] O
Corollary 4.3.10. In the same context, the Dirac operator D acts on Ward(S @ V).

Proof. By Lemma D is independent of the basis of Y, i.e. it is invariant under
O(Y). In particular, under Ad(MA), hence D € AMA, O

4.4. Which Dirac Operator?

Now, our treatment of the Dirac operator in the last section still leaves something to
be desired. In a very algebraic setting we described an object whose square has as its
leading term (filtering A by the filtration inherited purely from U(g)) the quadratic
Casimir element. However, when talking about the Dirac operator (e.g. in [Roe98]),
one usually expects spin structures, Clifford bundles and the like. So does there exist
something similar for our case?

Proposition 4.4.1. Consider the manifold G/MA. Its tangent bundle is isomorphic
to Ass(Y'), the vector bundle associated to the principal M A-bundle G — M A and the
M A-representation Y (adjoint). (Note that in this section all associated vector bundles,
unless stated otherwise, will be assumed to refer to the group MA and the principal

bundle G — MA\G.)
Proof. Write 7 : G — M A\G for the quotient map and define

6 Ass(Y) 3 MA(g, X) > Tyn(T.Ry((X)) € T(MA\G).
This map is well-defined as for p € M A we have (g, X)p = (p~1g, Ad(p~1)(X)) so that

Tyt 7 (T Ryt (Ad(p™ ) (X)) = Tyt (T Ryt (Tt Ry(To L1 (X))
= Tpflgﬂ'<Tp71Rg(TeLp*1 (X)))
= Tpflgﬂ—(Tngfl (TeRg (X)))

— Ty (m 0 L1 )(ToRy(X))

= Tym(TeRy(X)).
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Furthermore, since T,m and T, R, are linear maps, ¢ is a linear map on fibres, so it gives
rise to a vector bundle morphism ¢ : Ass(Y) — T (M A\G). Note that M A’s action on
G is free, so we have dim(MA\G) = dim(G) — dim(M A) = dim(g) — dim(r) = dim(Y").
Thus it suffices to show fibrewise injectivity to show that ¢ is an isomorphism.

For that let M Ag € MA\G and let X € Y so that ¢p(MA(g, X)) = 0. This means
that the vector field M Ah +— ¢((h, X)M A) is zero at M Ah = M Ag, so that its flow has
to be constant when starting at M Ag. As it turns out, this flow is t — M Aexp(tX)g,
which is constant iff exp(tX) € M A for all ¢. This in turn implies that X € tNY’, which
is trivial. O

Note that since B is t-invariant, it defines a metric (nondegenerate symmetric bilinear
— not Hermitean) on the vector bundle T'(M A\G).

Corollary 4.4.2. The bundle C{(T(MA\G)) (whose fibre at M Ag is CU(Taag(M A\G)))
is tsomorphic to Ass(Cl(Y)) (with the representation again being the adjoint represen-
tation,).

Now take the representation ¢y : M A — Pin(Y) from last section and make any
Clifford module S into an M A-module using ¢y. Then consider the vector bundle
Ass(S).

Proposition 4.4.3. Let V' be an MA-bimodule, then the vector bundle Ass(S ® V)
(consider only the left action on V') is a bundle of Clifford modules.

Proof. The Clifford algebra C{(Y') acts on S ® V' by acting trivially on V', which lifts to
a bundle morphism Cl(T(MA\G)) ® Ass(S ®@ V) — Ass(S ® V) because

CUT(MA\G)) @ Ass(S®@ V) = Ass(CUY)) @ Ass(S@ V) Z Ass(CL(Y) @ S®@ V),
and for g € C{(Y),s € S,v € V,p € M A we have

Ad(p)(q)py (p)(s @ v) = ¢y (p)ady (p) by (p)(s ® v) = ¢y (p)(q(s © v)). O

We now define a connection on the principal bundle G — M A\G, which we then use
to define a connection on all these associated bundles. Define w € Q'(G;t)

wy(TeRy(§ +1m)) :=¢
foré er,neY.
Proposition 4.4.4. w is a connection on the principal bundle G — M A\G.

Proof. We need to check two properties: equivariance and that the infinitesimal action
is mapped to itself.
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For equivariance note that our “right” action of M A on G is left multiplication with
the inverse, so instead of R, we are going to use L,-1:

(Ly-1w)g(TeRg(§ + 1)) = wyp-14(TyLy-1(TeRg(§ +1)))

wp-19(TgLp-1(T) Rp 1g(TeRy(§ +1))))
(TeRy-14(Tp Ly (TeRy(€ + 1))
(TR ~1,(Ad(p™")(€ + 1))

= Ad( D(E+n) = Ad(p~ ) (we(TeRy (€ + 1))

Furthermore, we have wy(TeRy(€)) = £ for £ € ¢, where g — TeRy(€) is the infinitesi-
mal action of &. O

p~lg

Let now V be any M A-module, then w generates a connection Ass(V'). If we interpret
a section of Ass(V') as equivariant function on G, we have

Vs=ds+w-s

(ds is taken component-wise, w - s is the action of v on V). In particular, if we take the
vector field X to be an equivariant function mapping to Y, we have

Vxs=X(s)
(again, component-wise).

Proposition 4.4.5. The induced connections on T(MA\G) = Ass(Y) and Ass(S®@ V)
are compatible with the inner product induced from B and the Clifford action Ass(Cl(Y))®
Ass(S®@V) — Ass(S® V).

Proof. Let X,Y be vector fields on M A\G, interpreted as equivariant functions, then
B(VX,Y)+ B(X,VY)=B(dX,Y)+ B(X,dY)+ Bw-X,Y)+ B(X,w-Y)

(dX taken component-wise). Since B is t-invariant, multiplication with w is skew-
symmetric with respect to B, hence the above equals

B(dX,Y)+ B(Y,dX) = dB(X,Y).
Furthermore, by assumption w(X) = w(Y’) = 0, hence we have
VY - VyX = X(Y) - Y(X) = [X,Y],

so V (on the tangent bundle) is the Levi-Civita connection.
Let now X € I'(C/UT(MA\G))) = I'(Ass(CL(Y))) and s € T'(S ® V), interpreted as
equivariant functions, then
V(X s)=d(X -s)+w-(X:s)
=X -ds4+dX s+ (w-X)- s+ X (w-s)
=X -(ds+w-s)+(dX+w-X)-s
=X -Vs+VX-s. O
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As a consequence, Ass(S ® V) is a Clifford bundle with compatible connection. By
[Roe98, chapter 3| this is precisely the setting where we can define the Dirac operator
(modulo the fact that B is not positive definite, so the analytical statements likely don’t
hold). Let Y1,..., Ya, be a (complex) orthonormal basis of Y and let a local orthonormal
frame of T'(M A\G) be given by

2n
Xi::Zain} (izl,...,?n)
7=1

(where the a;; are functions on an open M A-invariant subset of ). Then by definition,
the Dirac operator is given as

2n 2n 2n 2n
s Y X Vx, () =) Xi- Xi(s) = Y aijaixYj - Yi(s) =D Vi Yi(s),
i=1 i=1 i,j,k=1 i=1

where Y;(s) refers to the coordinate-wise application of the right-invariant vector field
whose value at the identity is Y;, and Y; - ... refers to Clifford multiplication. Thus, we
see that the Dirac operator on F corresponds to the action of

%Yi ®Y; e CUY) 2 U(L)

=1

on functions G — S ® V that are equivariant on the left.
Next, we can define an action of M A on sections of Ass(S ® V). Let p € MA and
s € I'(Ass(S ® V)), then define

(s-p)(MAg):= MA(v-p,g)  where s(MAgp™')=MA(v,gp™"),

in other words, if we interpret s,s - p as functions on G then (s - p)(g) = s(gp™') - .
In other words, the sections of Ass(S ® V') that are invariant under the M A-action
are precisely the M A-biequivariant functions G — S ® V. In particular, the sections
I'(Ass(S® V), U/MA) that are M A-equivariant are exactly the solutions Ward(S ® V)
to the conformal Ward identities, and the Dirac operator acting on invariant sections is
precisely the same operator as the action described in Section [4.3
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5. Special Case: Scalar Conformal

Blocks

As we already saw in Example solutions to the conformal Ward identities become
especially tractable if all (or as many as possible) M-actions involved are trivial. In this
section we will now work out the differential operators that the quadratic Casimir element
and the Dirac operator reduce to when applied to scalar solutions to the conformal Ward
identities. More precisely: let Ay, Ay € C and let V = C be the M A-bimodule with

mexp(aDp) - v-m'exp(8Dg) = exp(al; + BAs)v.

Then we shall work with Ward(V') for the Casimir element, and with Ward(S ® V') for

the Dirac operator (S a spin module).

5.1. Casimir Action

For the quadratic Casimir element, first note that a value of an equivariant function

f € Ward(V) is determined by just a few matrix entries:

Proposition 5.1.1. Let f € Ward(V), then

; R D SR e (e V Ste e o
G x I 2 2
where
y 4 _(C+G)2—(A+I)2)
(A-1)?—(C-G)? (A-1)P - (C-G)?
and
tit (A=0C)2>(G—1)%&2u+2v+2uv >u?+0v2+1
S t,s (A—C)? > (G—1)2&2u+2v+2uv <u?+0v2+1
’ s,5 (A—C)P? < (G—=1)2&2u+2v0+2uv >u?>+0v>+1
s,t (A—C)? < (G—-1)2&2u+2v+2uv < u? +v2 +1

Proof. By Section we see that the cross-ratios of the matrix in the claim are given

by
4

u =

(A—I12—(C-G)”

(C+G)? — (A+1)?

(A—1)2—(C-G)?
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and that the matrix can be brought into Y, by multiplication with m exp(aDy) on the
left and exp(SDg)m’ on the right, with

A-C+G-1 A-C-G+1
e R N e
which yields the expression in the claim. The only thing that remains is the correct choice
for o, 7. Recall from Proposition [3.3.9| that they reflect the signs of ||l'||2, y— % ,
respectively. We have
A— 2 . 2
A= O i exp(-29),
which is positive iff 22 < 0 and negative iff 2 > 0. Similarly, we have
_ n(z,y)?
my,y)=mY,9) — —— 5
(@ 9) =ny,y) n(2)
_ @) ((nyy)  z—yx—y) —nlz,z) —nly,y)’
4 n(z, x) n(z,z)?
_ 7](:1;7 ‘T) . o 2
== (41} (u—w 1))
= n(ﬁx)(2u+2v+2uv —u? —0? - 1),
so the sign of 7(g, ) depends on the sign of n(z, ) and on the sign of 2u + 2v + 2uv —
u? —v? — 1 in the way claimed. O
Proposition 5.1.2. Let f € Ward(V), then
DO'f:_A1f> F;w'f:O
Proof. We have
d
(Do () = 5 Flexp(~tDo)a)
t=0
d A
= ™
G|
= —A1f(x)
d
(Fu - (&) = 55 Fexp(—tFyu)a)
t=0
d
T f(x) 0
=0. O

Using the results from Appendix [B6, we thus see that
A(Ar+d 1
Q- f= 1(21)f+2KMP#.f_

To calculate the Casimir element, it therefore suffices to calculate the action of K#P,.
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Proposition 5.1.3. Up to order s*,t2, for y=1,...,d (hence no summing)

A x C

exp(—tP,) exp(—sK")ésr(a,b) = | * *

G *x 1[I

with
1F1 + 1Fxv i _|_ 1 v
A C L+st el(tn—s) —st 2 2u 4
= wy K RV L wowy® —Y ”a:' + wowy® |,
(G ]) <—st —ef(tn%—s) 1+ st “@_uwy Uil lﬂy

2 2u T2 2u

where x,y are such that £,-(a,b) = exp(x - P)wexp(y - P).
Proof. We have

1+ st ef(tn —s) —st
exp(—tP,) exp(—sKH")| (sn —t)e, 1+ 28756“65 —(sm+t)ey
—st —eg(tn + ) 1+ st

Similarly, we have

wow + R (yF wowz)?  * wg_(lefl)_y2 + 2y F wowz )?
§or(a,b) = exp(z - P)wexp(y - P) = wo(1 —y?)x® +wy* * —wo(1 +y*)z* + wy*
2 _ a2
w071i12 L x %(y F w0w33)2 * w07(1i21) L F %(?J + wow%‘)2

(where 22 = £1). From (3.3) we know that

+1 v
(y Fwowz)? = —,  y*=+—,
U U
so that this becomes
woi :F wO’U + * _woi :': ’LU()U +
woi:p —l— wy * —wg ”i”x' + wy
1:|:1:Fwov_% " :Fwov_g)g

Consequently, the matrix exp(—tP,) exp(—sK"){s;(a,b) has in its corners the entries

E_l_lﬂ _i+1v

A C 1+ st (tn—s) —st i u utv e
= Wo UEY 2 + wowy U=V + wowy®
(G I) < —st —e Ttn+s) 1+st Y141 14w Y141 14w
2 2u 2 2u

We now distinguish cases. We have either x-P = P; or P,, hence x°* = e or e4. Similarly,
y - P is a linear combination of Py, P>, P;_1, P; in terms of a, b, so then y = aej + bes, or
any of the other combinations (without minus signs).

o7



In the case o7 = ss, this reads

1—v 1—v

1+st —(s+t) —st u—v 2u 2u
b — utw b
wo( st tes o L) | v et Fuggac uabe) =R Sebuglian & uabe:)
2u
14 st —(s+1t) —st 3~ wowsa 3~ wowa

=wo Aéu,l + wowgb(smg (A — 2)5%1 + wowgb(smz
—st t—s 1 + st 1 ) 2 3 9 2
5 +wowia —a” —b —5 +wowia —a” —b

where A = wowia + 1 — a® — b2.
For ot = st, it reads

w L+st e (tn—s)  —st
O\ —st  —el(tn+s) 1+st

1-v 1-v
2u " 2u
e1 + wo(wiae; + wgbeg) —%er + wo(wiaer + wabey)
2u—1—v —2u—1—v
2u 2u

uU—v
u

L+st el (tn— —st
:w()( +st e, (tn—s) s>

— A 1
st € (tn+5) +st % + wowia — a® + b? —% + wowia — a® + b?

where A = wowia + 1 — a? + b2.
For ot = ts, it reads

w 1+ st eg(tn—s) —st
O\ —st  —el(tn+s) 1+st

2u+14v —2u+14v
2u 2u

Yeq + wo(wqaeq + wiber) “eq + wo(wgaeq + wiber)
1w 1w
2u 2u
%+wowda+a2—b2 —%+w0wda+a2—b2
Aeg + wowibey (A — 2)6d + wowi bey
—% — Wowqa —% — WowWga

u+
u

5 = wow1a 5 = wowi1a
Aeq + wowgbey (A —2)e1 + wowgbey
1+ st eg(tn —s)  —st
—st  —e,(tn+s) 1+st
where A = wowga + 1 + a® — b2.
And for o7 = tt we get
2u+1+v —2u+1+4v

1+st —(s+t) —st 2u L

_1bd a1 (A—2)0 L bs

wO( —st t—s 1+ st) Adya + Tiol’uii 1000-1 )Ou.d i‘&wd 190u,d—1

“ 2u
st —(stt) st ) [ gt vowdatal £ — 1+ wowaa + a® + b?
=wg Abyq + wowg—1b0,a-1 (A —2)0,,q + wowa—1bd,,.4-1
—st t—s 1+st 1 a
_i—wowda _E_w()wda

for A = wowga + 1+ a* 4 b°. .

Corollary 5.1.4. For f € Ward(V') we have

(@ - Forl0) = ((1 — =)0, (10, — 2552) + 200, (w0 + 20 - 5

AI—AQ) L A3 dh,
2 2

(0 — 1 — 1) (udy + v,) <u8u + 00y — )fm(u, )
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Proof. Plugging the expressions from Proposition [5.1.3] into the expression from Propo-
sition and differentiating with respect to s,t at s =t = 0 gives

(KMP# : f)M(Uv v).

Curiously, for all choices of o, 7 we get the same expressions but potentially for different
choices of . To unify them, write &, (a,b) = exp(x - P)wexp(y - P). Then exactly one
component of x is one, say z* = 1, and exactly one other component of y is nonzero,
say y” = b.
For p & {u,v} we get

(K“PM “flor(u,v) = Afor(u,v) — (A1 + A2) for(u,v) — 2u0y for (u,v)

(KYPy - for(u,v) = Bfor(u,v) = (A1 + A2) for(u,v) = 2u0y for (u,v)

(KPP, - flor(u,v) = —(A1 + A2) for (u,v) — 2u0y for (u, v)

(no summation over repeated indices), for differential operators

A — Ay

<

<

A=2w—-1-u) <(u8u)2 + 2udyv0, — (udy, + vav)> + 4udy (udy, + Ag)

+w—-—1—-u)(v+u—1)0wd, — (1 + u? + 0% —2u— 20 — 2u0)u0y Oy
— (A1 + A)(1 —u —v)d, + A2 — A2
B=(1+ w2+ 0% —2u— 20— 2uv) (Oyv0y + uyOy).

Summing them all together yields the claimed expression. O

We will see later how exactly to make sense of this differential operator.

5.2. Dirac Action

In order to get an action by the Dirac operator, we now have to break the initial premise
of this section and make our functions vector-valued. Instead of Ward(V) we're now
considering Ward(S ® V). Since we’re now working with vector-valued functions, we
can’t use the trick from last section where the value of the function only depends on four
matrix entries. However, since we’re only working with first-order differential operators,
it is feasible to work with the NNMA decomposition and its cocycles. This has the
side-effect of making our calculations valid for other M A-bimodules as well.
From Appendix we know that K*,..., K% P! ... P%and

1 1 1 1
-P,....,-P;,-K;q,...,- K
4 1, "4 d74 1 "4 d

are dual bases of Y, hence the cubic Dirac operator is given
1 1
D:ZKM®PN+ZPM®KP’

Both summands happen to be M A-invariant, so that we shall calculate them separately:
4D = Dy + Ds.
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5.2.1. D,

We're now calculating a C/(Y')-valued differential operator, where the differential part
comes from the action of P,.

For any vector x € RP? write ||z| := /|n(x,z)|. Throughout this section let o,7 €
{s,t}, let 2,y € RP? be such that

§or(a,b) = exp(z - P)wexp(y - P),

in particular * = e,,y = ae, + be, for appropriate indices p,v. In this section we
will assume no summation over repeated occurrences of u,v. Moreover, all equations
involving ¢ are understood to hold up to O(t?).

Proposition 5.2.1. Let p=1,...,d, write a(t) :=log(||x — te,||) and let m(t) € M be
such that

x —te,

m(t)e = P
|z —te,||

(equivalently exp(a(t))m(t)z = x — te,) and
exp(a(t))ew(m(t)) "ty = /() = d'(H)en + V' (t)ey.
all up to order O(t?). Then
exp(—tFp)éor(a,b) = exp(—a(t) Do)m(t)éor(a/ (1), V' () cw (m(t) ™" exp(—a(t) Do).
In particular, if u'(t),v'(t) are the cross-ratios associated to &y (a’(t),V(t)), we get
(exp(tBy) - for(u,v) = exp(—a(t)Do)m(t) - for(u'(t),v'()) - cw(m(t)) ™" exp(—a(t) Do)
for f € Ward(S ® V) (for any M A-bimodule V).

Proof. We identify a vector v with the column vector v®, so that v = v®e,. We thus
obtain

exp(—tP,)¢s+(a,b) = exp(—tP,) exp(x - P)wexp(y - P)
= exp((z — te,) - P)wexp(y - P).

Now, we have (z — te,) - P = Ad(exp(—a(t)Do)m(t))(x - P) by assumption, hence

wexp(y'(t) - P) exp(—a(t)Do)cy(m(t)) ™!

m(t) exp(x - P)
t)or(a'(t), V' (t)) exp(—a(t) Do)cw(m(t)) .
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Proposition 5.2.2 (Case p = u). For f € Ward(S®V) (V an arbitrary M A-bimodule)
we have

(1®Pp'f)o’7'(u7 U) = DO'fO'T(u7 U)+f07(ua U)'DO+(U+1—U)U8ufUT(U7 U)“‘(U—l—u)vavfar(ua U)'

Proof. We have ||z — te,|| = 1 —t, so that a(t) = —t. Pick m(t) = 1, then we can apply
Proposition to get

(exp(tPy) - f)or(u,v) = exp(tDo) - for (u/(t), v'(¢)) - exp(tDo)

where d/(t) = (1 — t)a,b'(t) = (1 — t)b), so that

g =S

1
u'(t) = (a—at—wowll)2i(1_t)2b2
(a—at+wowg)2F(1—t)2b2
_ 1 B u
= u*l _t(u*1v+u*1_1) o 1_t(v‘|‘1—u)

YO _ (2@ 8 = (1 — o

o=t

~u+tu(v+1—u)

B (1 -2t
S 1l—tv+1—u)

~v+to(v—1—u).

Hence,

(Pu-f)or(u,v) = Do for(u, v)+ for(u,v)-Do+((v + 1 — w)udy + (v — 1 — w)vdy) for (u,v).
L]

Proposition 5.2.3 (Case p = v). For f € Ward(S ® V') (V arbitrary M A-bimodule)
we have

(1 P, - f)O'T = _FVM : ng(u, U) + wuwl/fch : F]/M - 277yuw0wyb(uau + 'Uav)fch(ua U)'

Proof. We have a(t) = 0. Next note that F,*e, = F,*z = e, (no summation over pu),
so that m(t) = 1 — tF,* satisfies m(t)x = = — te,, so we can use it. Furthermore,

exp(a(t))ew(m(t))ty = (1 + wyw, tF, ") (ae, + be,)

= (b+wypwyat)e, + (@ — wuwy N bt)e,,
so that a'(t) = a — wuwynuENbt and V' (t) = b+ w,wyat. Then
u'(t) = u(l — 2 wow,ubt), v'(t) = v(1 — 2nwow,ubt),
which shows the claim. a

Proposition 5.2.4 (Other Cases). Let p & {uv} and let f € Ward(S ® V) for an
arbitrary M A-bimodule V', then

(1@ Py flor(u,v) = _(Fpu - wHwVZFpV) or(w,v) + wpwy for (u,v) - (Fpu - ZFPV)
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Proof. We have a(t) = 0. Then m(t) =1 — tF,* + wyw, 3 F,” maps

m(t)e =1 —te,.

Furthermore, we have
(m(8)) ™ = w( 1 +¢F," 2w =1+t JORy oY
Ccw(m =w(l+ir, —w”wybp w=1+itw,w,| £, L

which maps ae,, + b, to itself. Thus, we obtain u/(t) = u,v’(t) = v and hence

a

a 14 14
1P, for(u,v) = —(Fp“ — wuwyng ) < for(u,v) +wpwy, for (u,v) - (Fp“ — ng ),

as claimed. O

In the case where V = C with Dg acts by A1, Ag from the left and right, respectively,
we obtain the following differential operators

(1®Py- flor(u,v) = (A1 + Ag + ay (Do) + (v+ 1 —u)udy + (v — 1 — u)vdy) for (u,v)
(1 @ P, - f)O'T(u’ U) = (_O‘Y(Fz/“) - 277uuw0wVUb(u8u + Uav))fd‘r(u’ U)

1® P, flor(u,v) = — (ay(Fp“) - wquZay(Fp”))fUT(u, v).

Inserting the well-known expressions for ay (Dg) and ay (F),,), we obtain

(D1 - for(u,v) =K <A1 + Ag — g +w+1l—wudy+ (v—1- u)v@v> for(u,v)

—2ub K, wy,wo(udy, + v0y) for(u,v)
d KHP

a 14
+w,ju),,5K (ay(Do) + 3 + 8“) for(u,v)

5.2.2. D,

All assumptions from the last section about x,y, i, v, the Einstein summation conven-
tion, and equations involving t are also in force in this section.
In this section we’re going to use heavily that

exp(bt - K) exp (xP) =exp(z’ - P)exp(b' - P)mexp(aDy)

where
a = 2tb,at
' = (1 = 2th,a¥)z" 4 2>t
bt = tbH

mt, = o + 2ttt z, — 2txtd,
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(see Proposition [B.4.1)). In particular, for z = e, and b = —e” we obtain

o= =2t
&’ = ey + Nt (200 — 1)ef
V= —tef

=1 2tF",.

Proposition 5.2.5. Let p = 1,...,d. Write a(t) := log(||x +te,||) and m'(t) = 1 —
2tFF, . Assume, m(t) € M is such that

T+ Nyt (20f, — 1)e?
I ’

(equivalently exp(a(t))m(t)r = x + 1,,t(26f, — 1)e?) and such that

m(t)r =

exp(—a(t)) ew (m™m)(y + wowte?) = y (£) = a' (e, +H (e,
lies in the span of e, e,. Then
exp(—tK?)éor (a,b) = exp(—a(t) Do)m(t)ér (a,H ey (m ™ m’) exp(a(t) Do),
hence for any f € Ward(S @ V) (arbitary V) we have
(exp(EK?) - ) (11,0) = exp(—a(t) Do)m(t) - fyo (') - e (m~'m’) exp(a(t) Do).
Proof. We have
exp(—tK?) exp(P) = exp( By + 1uut(20], = 1) P?) exp(—tK)m/ (t) exp(—2a(t) Do).

Note that the vector
ep + Nuut(26), — 1)e”

has “norm” 1+t if p = p and 1 otherwise, so we have
exp(a(t))m(t)z = + 1y, t (205 — 1)e”
or in other words,
exp(—tK*)exp(P,) = exp(—a(t)Do)mexp(P,)m(t)”'m/ (t) exp(—a(t) Do) exp(—tK?)

(where we use that —tK?” is already purely of order ¢, so it commutes with m’(¢) and
exp(—a(t)Dyp)). Thus,

exp(—tKP)¢yr(a,b) = exp(—a(t)Do)m exp(P,)wey, (m ™ m’) exp(a(t) Do) exp((y + wowpte?) - P)
= exp(—a(t)Do)m exp(Py)w exp(y' (t) - P)ew(m™'m’) exp(a(t) Do)
= exp(—a(t)Do)méyr(a'(t), V' (t))cw(m™Im') exp(a(t) Dy). O
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Proposition 5.2.6 (Case p = u). For f € Ward(S ® V') (V arbitrary M A-bimodule)
we have

(1@ K" f)or(u,v) = =Do - for(u,v) + for(u,v) - Do + 2u0y for (u,v)
— (1 —u—v)0 for(u,v).

Proof. We have «(t) =t and we can pick m’ = m = 1. Then we obtain
exp(—tK")¢sr(a,b) = exp(—tDg)&er((1 — t)(a + wowunuut), (1 — t)b). exp(tDy),
The parameters a’ = (1 —t)a+ wow,n,,t and b’ = (1 —1t)b correspond to the cross-ratios
u= (14 2t)u, v=v+tlv—1-—u),

so that we obtain
(1@ K" f)or(u,v) = =Dg - for (u,v) + for (u,v) - Do+ (2udy + (v — 1 —u)0y) for (u,v). O

Proposition 5.2.7 (Case p = v). For f € Ward(S ®@ V') (V arbitrary M A-bimodule)
we have

(1@ K" for(u,v) = F," - for(u,v) + wpwy for (u,v) - F," + 2bnwow,udy for (u, v).

Proof. We have a(t) = 0 and m/(t) = 1 — 2tF",. Pick m(t) = 1 — tF",. This maps
e, = x to e, — tn,,e”, which is what we want. Furthermore, we have

co(m™m/) = ¢, (1 - tFY,) =1 —wyw,tF”,,
which maps y + wow,te” to
(a+ wuwubt)eu + (b + wynut(wo — w/ﬂ]uua))eu,

so that
a' =a+wuwbt, Y =b+wnut(w — wunua).

This shows that the new cross-ratios are u'(t) = u and v/(t) = v + 2ubn,,wow,t. Thus,
(1@ K" f)or(u,v) = FMV * for(u,v) + wpwy for (u,v) - FMV
+ 2ubn, wow, Oy for (u, v). O

Proposition 5.2.8 (Other Cases). For f € Ward(S ® V) (V arbitrary M A-bimodule)
and p & {u,v} we have

1@ K" flor(u,v) = — (pr + wquCpr> * for(u,v)
— wowy for(u,v) - (Fpu - cF”“).
Nppad—WoWy
b

where ¢ =
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Proof. We have a(t) = 0 and m/(t) = 1 — 2tF”, . Pick

a — wow
m(t) =1—tF’, — w“wVWTO“tFW.

Then m(t)x = x — ny,,te” and
co(m(t)tm') = w(l —tFh, + wquWtFp”)w

1wyt < , — T 0 pr)

which maps ae,, + be, +wow,te’ to ae, + be,, hence the cross-ratios are unaltered. Thus
we obtain

(L& K2 - for(,0) = = (F0, + wuncF™) - for(u,v)

— wpwy for(u,v) - (F”u — cF””)

where
_ Npp@ — Woly, ]
2 .
In the case of V' = C where Dy acts by A1, As from the left and right, respectively,
we obtain the following differential operators:

C

(1® K" flor(u,v) = (A — A1 — ay (Do) + 2udy, — (1 — u — v)0y) for(u,v)
(1@ K" for(u,v) = (ay (F,"”) + 2nuwow,budy) for (u, v)

(1@ K- Por(i0) = =y (F) + w0, B0y () ) o, 0),

As a consequence, Dy corresponds to the following C/(Y)-valued differential operator:

PH<A2—A1 —g+2u6u— (1—u—v)6v>

+2n,,wow, P, bud,

a — wow d P,KF
"‘wuwu—nw 2 0 “PV(OJY(DO)—Q— M8 ),

where we don’t sum over repeated indices.

5.2.3. As Matrices

Let f € Ward(S ® V) (for V = C); let’s have another look at what values the functions
for (0,7 € {s,t}) assume. From Proposition and its conclusion, we know that f,,
can vary freely within (S ® V)7 where

Hyr = Stab(Yyr) = {(9,cw(g)) € MAXx MA|ge MA,ge, =eu,ge, =e,} .
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Proposition 5.2.9. The vector space (S ® V)7 has dimension eight and is spanned
by
—3#I
up=vZ P A AP, T={i<--<i)}
for I C{p, v} or{l,....n}\{p,v} CIC{l,...,n}.

Proof. Since M acts trivially on V' from both sides, the only M-action whose invari-
ants we're looking for, is the one via ¢y on S. As already established in the proof of
Lemma this M-action on S is identical with the adjoint action on Y, extended to
the exterior algebra. Consequently, (S® V)He7 is closed under taking exterior products.
Since H,, fixes ey, e,, we have u,,u, € (S ® V)Hor,

Furthermore, due to orthogonality, H,, leaves the space spanned by (e,),xu,, (the
orthogonal complement of e,,e,) invariant and acts as linear maps of determinant 1.
Consequently, for (g,cw(g)) € Hyr we have

Oy (9)ugr,. o\ oy = et (@)U o\ fuwy = U1\ {u)

where det’(g) is the determinant of g restricted to the span of (e,) .z, which is 1. So
Ug1,.. n\{uv} 18 also contained in (S ® V)Her  This shows that

span {ur | I C {u,v} or {1,...,n}\{p,v} CI}C (S V)i,

For the opposite inclusion, note that (S ® V)Her C (S @ V)lor. Let x € (S @ V)bor,

say
r = Z arjuy.
I<{1,...,n}

For 1 < «, 8 < n we then have

ay (Fap)r = Z aroy (Fupg)ur

IC{1,...,n}

and

0 a,pel

—1)"up g ael, 1

oy (Fag)ur = (=1 unajuis pel

(=) "upgpyuay o€, Bel

0 o, &1
In other words,

ay (Fop)r = > ((—1)"'a1u{a}uzu{5} + (—1)'"azu{ﬁ}wu{a}>.
1C{L,.n\{mr}

Now assume that [ is neither a subset of {u, v} nor a superset of {1,...,n}, then there

are a, 3 with {a, B} N {p, v} = 0 such that « € I and g ¢ I. Then F,3 € h,-, hence
0= Ozy(Fag)x

= > ((—1)"'aJu{a}UJu{5} + (—1)"'aJu{g}uJu{a})
JC{L )
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For all possible choices of J, the vectors ujyq} and ujyyggy are linearly independent,
hence all aju(qay,ajuqgy are zero. In particular, a; = ap\(a}u{a} = 0. This shows that =
indeed lies in the span of uy for I C {p,v} or {1,...,n}\ {p,v} C I.

Note that for this basis we have

P, -ur=
p Ul {0

KP.ur =
=

(—D)#UCLi<Py2\Dur g,y p

otherwise

(—1)H#eli<elo\oupn,y pel

otherwise

O]

For simplicity, introduce the basis vy, o7 for I C {u, v} that differs from ur, ug o7
only up to signs corresponding to a different ordering of the indices: in our new ordering
p < v are smaller than all other possible indices. Then

P, vy 2\/§”u

Dy = 2V/20,
P, vy — 2\/511,,
By = 2V/20,
K" vy, = —2v/20
By > —2V/20,,,
K : v, — —2v2u
By > —2V/20,,,

vy, > 2\[21@,
By, > 2V/20
vy —2\f2vlw
B, —2v/20
Vpp 72\@1),,
g — —2v/20,
Vpp 2\/§UM
Ty — 2v/20,

and all other elements are mapped to zero. Next, we shall investigate what K" (ay (Do)

and P (ay(Do) - % - P“§H> do to our basis elements:
v | ay(Do)v | §KYK'Pw | PYP, KM
vy %U 0 0
Uy %v 0 —P"v
vy %v —K"v 0
Uy %v 0 0
@ —4y 0 0
Ty —%v —K"v 0
Uy —%v 0 —P%v
B | —%t 0 0.

If by € we designate the endomorphism of (S ® V)#o~ mapping

vy — vy,
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then we obtain the following actions:

d KHP d—2
K”(ay(Do)+2+ S ”) N (1+e€e)K"
) d P,K" d—2 ,

As a consequence, for f € Ward(S ® V') we have

A f)or(u,v) =K* <A1 + Ay — g + (41— wudy + (v—1-— u)v@v) for(u,v)

204 o)

+P, (Ag - A — g +2ud, — (1 —u— v)8v>fw(u,v)

a — WoWy My d — 2
b 2

—w, K, <2ubw0 (u0y + v0y) — Wy Ny

+w1/77u,upu(2w0buav — WuTww (1 - €)>f07'(u7 U)'

If we now define the differential operators

d
E::—(v—l—l—u)u@u—(v—l—u)v@v—Al—Ag—i—i

d—2
Ft .= N (—2ub(u8u + v0y) + wow#nWT(l + 1)Z>

G’::—2u8u+(1—u—v)8U+A1—A2—l—g

a — WoWyMuu d — 2

H:t = \/W(Zubav + wowyNyy b 2 (1 + 1))’

we obtain
1 WoWy WoWyNup -
D-f u,v) = —| KME+ ———K"F°+ P,G+ —==P,H ¢ .
(D for(u,0) 4< e i+,

In the basis vy, vy, vy, Vuv, Ug, Uy, Dy, T We obtain the following matrix representation:

0 E fF€ 0 0 0 0 0
-G 0 0 —fF¢ 0 0 0 0
—hH~* 0 0 E 0 0 0 0
1 0 hH™¢ -G 0 0 0 0 0
V2l o 0 0 0 0 -G hH 0
0 0 0 0 E 0 0 —hH™*
0 0 0 0 —fF¢ 0 0 -G
0 0 0 0 0 fF€ E 0
for
Iy WoWy 7 B o— WoWp N
vV T Nup Moy vV " Nuphvv
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(both are 4th roots of unity). Note that if we rearrange our basis to
Vg Vv Vpy Vo, f)p,uv 77(2)7 771/7 ’D/u

we obtain the following matrix:

0 0 E  fF*
1 (Dt 0 4+ 0 0 hHT -G
\/§< 0 D)’ D¥=1" "¢ _—yrt o o (5.1)

—hHT E 0 0

So we see that D leaves invariant the eigenspaces of €. For high enough d (d > 5), this is
also evident from the fact that any term within D only changes the degree of an element
in S by 1 and leaves (S ® V)H“ invariant, so in particular the subspaces consisting of
degrees 0,1,2 and d — 2,d — 1, d have to be left invariant as well. Furthermore, since D
is odd, it has to map between the odd and even subspaces of S.

5.3. Other Coordinates

A lot of other coordinates are commonly used in the literature. They are usually valid
on a domain locally diffeomorphic to our spaces of cross-ratios. The first set of such
coordinates is (21, z2) (usually referred to as z, z) such that

1 (21 — 1)(21 — 2)

U= —-, v = .
Z122 Z122

From these equations we can already see that exchanging zi, 29 leads to the same u,v.

Some algebraic manipulation shows that H% = 21 + 23, so that z1, zo are the roots of
the quadric

5 l14+u-—w 1

2zt —.

u U

This polynomial has a double root when

0_(1+u—v)2 4 14+u?+0*—2u—20— 2w
= _— _—— = 2 ,

u u u

which is the case precisely when 1 + u? + v? = 2u + 2v + 2uw, i.e. when our point
configuration lies in X or Xy, which we’ve been excluding from our considerations.
Inserting the expressions

1 2 yyb2
u = V= 07+ Tyl

(@ — Nupwowp)? + Nuphwb?’ (@ = Nupwow)? + Ny b?

for u, v, we obtain

z19 = 1 — nuupwowya £ \/—nuuNuud.
In particular, we see that the conditions b > 0,u,v # 0,00 imply that z; # z9 and
21,29 # 0, 1.
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In this coordinate system, both X5 and X (if nonempty) each correspond to a copy
of
{(21,22) € (C2 ‘ 29 = Z9 ’ Im(zl) > 0}

and X, Xys each correspond to a copy of
{(21,2’2) (S R2 \ {O, 1} ’ 21 > 22}

In particular, z1, 29 are either both real (1,,m,, = —1, then 21 > 23) or complex conju-
gates of each other (then z; lies in the upper half-plane). In either case, we have

Z1 — k9

V" low

Next up, we can pick p; such that p; + p;” 1'— 2 — 4z;, more commonly written as

2b =

1

1 -1
2z = §_Z(pi+pi )-

Then p; is a root of
pF — (2 —4z)pi+1=0,

which has two distinct roots unless z;(z; — 1) = 0, which luckily can never be the case
on our domain.

Proposition 5.3.1. On

Do = {(zl,ZQ) eC ‘ Zo = 21, Im(21) > 0}

p1:1—221+2\/21(zl—1), p2:1—222—2\/22(22—1)

where \/- has its branch cut along the positive real axis. The two functions p1,ps are
well-defined, smooth, and satisfy p1 = pa.

define

Proof. We first need to show that neither z;(z; — 1) nor z3(z2 — 1) become a positive
real number. For z; = a + bi we have z;(z; — 1) = a(a — 1) — b? + (2a — 1)bi. If this is to
be real, we have 2a — 1 = 0 because b # 0, i.e. a = 3. Then z;(2; — 1) = -1 — b2 < 0.

This means that we can indeed put our branch cut along the positive real axis, and
p1, p2 are well-defined. By the same argument, we could define p1, p2 on the entire open
set {(z1,22) € C | Im(z1) > 0,Im(z2) < 0}, where it is a holomorphic function. Thus, its
restriction to the real submanifold Z,. is smooth.

Lastly, we have

p? — (2 —4z1)p1 +1=0.

If we conjugate this, we obtain

p1—(2—4)p1+1=0,
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S0 p1 is one of the two roots of this equation, hence p; = ps or p2_1. We have p; — pl_1 =
21(z1 — 1), which lies in the upper half-plane because that’s where the square root
maps to. Conversely, pa — py V= 42 (z2 — 1) lies in the lower half-plane.
If p1 = py ! the difference
p2—py =pit —p
would be the conjugate of an element of the lower half-plane, hence in the upper half-
plane. Since this is not the case, we must have ps = p7. O

Note that Tm(p; — p; ) = Im(p) (1 + W), so p1 also lies in the upper half-plane.

Proposition 5.3.2. On the domain

Iy = {(21,22) e R? ’ 21 > 29,21,22 & {0,1}}

pPi = 1-— 2Zi + 2\/2’1'(2’@' — 1)

(with + for z; > 0 and — for z; < 0) where \/- has its branch cut along the negative
tmaginary axis. Then p1, po are well-defined and smooth. Then p1, po both map to the
union of the intervals (—1,0) U (0,1) and the upper half-circle of radius 1. If arg is the
argument function with branch cut along the negative imaginary axis, then arg(p; — %z) >

arg(ps — 51)-

define

Proof. When z; € R, then so is z;(z; — 1), so the functions pj, p2 with the square root as
specified is well-defined. For smoothness it suffices to check that p; depends smoothly
on z;. Since z; can attain any real value except for 0, 1, it suffices to check on the three
intervals (—o0,0), (0,1),(1,00). On all of these intervals, p; equals

fi(z) =1 =22+ 24/zi(zi — 1) or fa(z):=1—2z —2y/zi(z — 1).

Both of these functions can be defined in an open neighbourhood of the real axis to be
holomorphic functions. Then their restrictions to the real intervals are at least smooth.
We have

zlilglo pi= 1’ zlgrzloo Pi= z}gnw pi= 07z1i1£>n1 pi = _1’

and p; € R for 2?2 > z;, ie. for |z] > 1. Together with the limits, this shows that
(—00,0) is mapped to (0,1) and (1,00) is mapped to (—1,0). Furthermore, since the
derivative has no roots, these mappings are strictly monotonic (increasing in both cases).
For the interval (0,1), note that 27 < z;, so that the square root becomes imaginary. In
particular,

lpill® = (1 = 223)% — dzi(z — 1) = 1,

with Im(p;) = 2y/2i(1 — 2z;) > 0. This shows that the interval (0,1) is mapped to the
upper half-circle
{zeC||z| =1,Im(z) > 0}.
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All in all, p;’s graph is a semicircle with three punctures that is being traversed anti-
clockwise exactly once. Thus, we can compare z1, zo by comparing how “far along the
semicircle” p1, p2 are when compared to each other.

To make this last argument rigorous, note that

, 2z -1 2z —1F2y/2(2—-1)
f1/2(2):_2i ==+ )
Vz(z—1) Vz(z—1)
which has a root only if 2z — 1 = £2,/2(z — 1). If this is the case, then (2z — 1)? =

422 — 4z + 1 = 422 — 4z, i.e. 1 = 0, which is a contradiction. Thus, neither f; nor fs
have critical points. As a consequence, the function

R\ — (0, 27), t — arg(p;(t) — %z)

(mapping 0 to arg(1 — £4) and 1 to arg(—1 — 31)), which is continuous on R and smooth
on R\ {0,1}, must be monotonic on each of its three intervals of differentiability. Fur-
thermore, the derivative is positive on all three intervals, which implies the claim. [

With exactly these choices of square roots, we defined p1, p2 such that

2h— 2
V T pp vy
Lastly, introduce x1, xo with
exp(x1) = pi-

Then Z. corresponds to
{(x1x2) € €| x2 = X1,0 < Im(x1) <, Im(sinh?(x1/2)) < 0}
Using that Im(sinh?(y1/2)) = 4 sinh(Re(x)) sin(Im(y)), this equals

{(x1,x2) € C | x2 =X1,0 <Im(x1) < 7, Re(x1) < 0}.

From here, we can in particular also gather that in (p;, p2)-coordinates, the domain Z,.
is exactly

{(p1,p2) € C| p2 =p1,Im(x1), Re(x1) > 0} .
Similarly, in (x1, x2)-coordinates, Z, corresponds to
{(x1,x2) € (Reg + {0,i7}) U{i(0,m)} | x1 “further along than” y2} .

Thus, we find that in (x1, x2)-coordinates, either y; is confined to be inside the strip
R<o + (0,7)i and then x5 is its complex conjugate, or both are confined to the strips
boundary, where — seen from —oo an measured in anticlockwise direction, xi is “further
along” the boundary than yo.
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5.3.1. Differential Operators

Proposition 5.3.3. We have

1

U0y, = (21(1 — 21)621 - 22(1 - 22)822)
zZ1 — k9

(1—21)(1 — 2)

21 — 2

U@U = — (2’1821 — 22822).

Proof. Starting from u = (2122) ! and v/u = (1 — 21)(1 — 23), we have

Gu__w O _ v
8Zi N Zi7 82’1‘ N Zi(Zi - 1)
Thus,
ou ov
U v
1
2i05, = —u0y, + P V0.

Solving this 2 x 2 system of linear equations yields

uly\ 1 z1—1 1— 2 210,
v&, - zZ9 — 21 (Zl - 1)(22 — 1) —(Zl — 1)(22 — 1) 22322 ’

as claimed.

As a consequence, we have

l—u—vw 2—21—z
(1—u—0)0y, = 5 o - i - 2(213z1 — 290,)
1
U0y +v0, = po—— (z1(1 = 21)(1 — (1 — 22)) 0z — 22(1 — 29)(1 — (1 — 21))0x,)
Z1%9

- ((z1 = 1)8z, — (22 — 1)2,).
Z1 — %9

Proposition 5.3.4. Fori=1,2 we have

Proof. Recall that 4z, =2 — p; — p; ! Differentiating this, we obtain

aZZ' 1 —92

hence
4pidy; = pilp; 2 = 10z = —(pi — p; )0,
Multiplying through by p; — p;” ! yields the claim.
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From this we can conclude that

1

_ _ 1 _
(Piapi)z = _Zpiapi (pi — Pi 1)8251' =——(pi — Pi 1)piapi82’i ——(pi + Pi 1)3%

1
4 4
1 _ 1 1
= E(’OZ - p; 1)2831' — (2 — Zz>8zz = —Zi(l — Zz)ai — <2 — Zz)&z'z
Proposition 5.3.5. Lastly, we have
Ix; = PiOp;-
Proof. Recall that p; = exp(x;), then

pi
oxi

Oy; = Opi = PiOp; o

5.3.2. Casimir Operator
The differential operator from Corollary then becomes

2— 21 — 29 (1 —21)(1 — 29) B _Al-i-Ag)
_ﬁ(zlaﬁ 22622)< 2129 (Z182'1 22822) 2
1 d
+ (21(1 — 210, 22(1@)@2)( (21(1 — 20)0s, — 29(1 — 22)05,) + Ag — )
21 — %2 Z1 — k9 2
21+ 29 2122 Ay — Ay
22 (o 10, (22 - D8.) (7 (- 10— (- 1)0) - S22
AJ— dA,
2 b)
which equals
A A
—21(1 — 21)821 — (122 +1-— (1 — Ag + 1)Z1>8z1
A - A
(1 - )@ — (122 (1 - At 1)z2)az2

d—2

7,21 — 2 (21(1 — 21)621 — 2’2(1 — 22)822)
As(Agy —d

LR2(Be—d) 22 ).

74



Next, we move to (p1, p2) coordinates. Here we get

A —Ag+1

(o) = (55
A1 —Ag+1

Hoad )~ (S35~ (1= M) o,

d—2 Ao(Ay —d
(z1(1 = 21)8,, — z2(1 — 29)8s,) + A2(A2 —d)

—(1- Ag)zl)azl

_21 — Z9 2
_ 2 -1 plaﬂl
=(p10p,)" + 241+ (1 = Ag)(pr+p; ))— =
P1L— P
+(1 + 2)
+ i ((m — p1 P10y, — (p2 — p2) " p2d )
o1 +p1—1 — po _p2—1 1 p1 P2
+A2(A2 —d)
2
2 1+p;! 1+p,°
:(plam) + | Ar — + (1—A1—Ay) 2 plapl
1—p; L —=p
+(1 < 2)
d—2(1+4p"'py 14 (p1p2) "
92 <1 _ pflpz (plam anpz) + 1 — (0192)71 (Plam + p28p2)
+A2(A22 — d).

Lastly, for (x1, x2)-coordinates note that the operator already only contains expres-
sions of the shape p;0,,, so it becomes easy to translate the operator:

1—Ay\? d— Ay —1\? 1 d—1\2
2 2 2 2
8X1+8X2+( 2 ) +(2) 92 <2)

—i—(Al coth<X21> + (1 - A1 —Ay) COth(X1)>8x1

+(A1 coth(XQz) +(1—-A1—Ay) COth(X2)>8x2

d—2 _
t— (coth(X1 5 X2>(8X1 — Oy,) + coth(x1 —; X2>(8X1 + 8)(2))

Define

-9 1= _
k e C?, k:(Al,d22, A; AQ).

75



Then this becomes

8X1+8X2+<2+k3> +(2+k2+k3) —2—<k2+)

2 2
<k1 coth( ) + 2ks coth(X1)>8X1 + <k1 coth< > + 2k3 coth(X2)> Oy
o (coth< = Xz) (0, — By) + coth(Xl X ) 0y, + 8X2)) . (5.2)

5.3.3. Dirac Operator

We will now represent the differential operators E, F* G, H* in the different coordi-
nates.
We have

E:_<(1_Z1)(1_22) +1- 1 )Zlizg(zl(l_zl)azl —22(1 = 22)0z)

2122 <122
R L T S R

Z1%9 Z1%29 Z1%9 2

d
= (Zl — 1)8zl + (Zg — 1)8z2 — A1 —Ag + 5

= (21 — 1)8Z1 + (22 — 1)8Z2 + ko + 2k3

2 2—21— % d
G=-— (2’1(1 — zl)ﬁzl — 22(1 — Zz)aZZ) + #(21821 — 22622) +A] — Ay + =
21 — %2 21 — 29 2
1 d
= ((z1 — 22)2105, — (22 — 21)2202,) + A1 — Ay + =
21 — %2 2

= zﬁzl + 22622 + 2k1 + ko + 2ks3.

For F*, H*, recall that
Z1 — k9

2b = ————,
V T ppTve

so that
21+ 29— 2

“V TNy NppWoWy ———————
21 — 22

a— wowunw _ 21+ 22
— = —WoWuNup ~NMupMow ——-
b Z1 — 22

This gives us

1 217 d—2 21+ 20 —2
4 122 1+ 22
F= = 7122 (21 — 22)21 ~ 2 ((21 = 1)0z; — (22 = 1)02) — nupthow —5— 5 (L& 1) (=nppunwv) 7 — 72
21+ 20 —2
= (21— 1)0s, — (20— 1)8y + (1 £ 1)k L 22
Z1 — %9
1 d—2 21+ 2
H* = (21 — 22) (2102, — 2202,) — WuwWu N Mpp (—Nppow) —— (1 £ 1) ! 2
zZ1 — %9 2 Z1 — %9

z1 + 22
21—22'

= 21821 — ZzaZQ + wuw,,(l + 1)/€2
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Now, we go to (p1, p2)-coordinates. For that, note that

_ 0,
Z’iazi - (—2+pz+pl 1) pi pil
i — P
_l=pi oo 1 pil
1+pipl i 1t i_lpz pi
_ ;0
(20 = 1)0= = (24 ps + p; 1>p,pi b
1 [
1+p;!
- pl—lpiapi'
1 i
Thus,
1+ 7! 1+ p; "
E:7_1P13p1+7_1023p2+k2+2k‘3
1 —pg 1—py
1—p;t 1—p;t
G = —1 n 21_1p18p1 - %pg@m + 21{71 + kQ + 2k3
1 2
1+p7! 1+ p;t 1 1+, 10 14,0
FE = L, A s L) O )t s )
L=p 1—p; (p1 = p2)(1 = (p1p2)~")
1—p7t 1—p;! 1—p)(1—p7H) + (1= p2)(1—p5t
gt p£1p16p1+ p%lpgapz—wuwy(lil)kg( p1)(1—p1 )+ ( 02)_(1 2
L+p L+ py (p1 = p2)(1 = (p1p2)~1)

and in (x1, x2) coordinates
E= coth(X;)@a + coth<x22>8x2 + ko + 2k3

G=— tanh(X;)aXl - tanh<x21>8x2 + 2%y + ko + 2ks

cosh? (%) + cosh? (%)
sinh(ixgxg) sinh(i’“gm)
sinh? (%) + sinh? (%)

sinh(%) sinh(%)

F* = coth(X;)@X1 - coth<X22>8X2 + (1 £ 1)ke

gt —tanh(X;)@a + tanh<x21>3x2 — wywy (1 % 1)k
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6. Dunkl Operators

Let us now shift gears and talk about the theory developed around the CS model. Recall
from the introduction that everything is phrased in terms of root system, so we had best
begin by recalling some basic facts about (abstract) root systems. A more thorough
introduction to root systems and in particular their classification (which we won’t touch
on) can be found at [Bou68| chap. VI] and [Hum?72, part III]. (Note that [Hum?72]
restricts himself to reduced root systems, which we will not.)

6.1. Root Systems

Notation 6.1.1. Let a be a finite-dimensional real vector space with (positive-definite)
inner product.

(a) For any element o € a* write X, € a for the unique element such that a(Y) =
(Xa,Y) forally € a.

(b) For a € a* write

(c) For o € a*\ {0} define ro, € GL(a*) by ro(B) := B — B(a¥)a. As an abuse of
notation, also define ro € GL(a) by ro(X) := X — a(X)aV. This is the reflection
along a.

Definition 6.1.2. (a) A finite subset R C a*\ {0} is called an (abstract) root system
if
a) R spans a*.
b) For each a € R we have ro(R) = R.
¢) For each o, B € R we have a(BY) € Z.

The elements o € R are then called roots, and the o¥ are called coroots. The set
RY ={a" | a« € R} is also an abstract root system.

(b) The sets
1
R? ::R\iR, Ro:= R\ 2R

of inmultipliable and indivisible roots, respectively, are also root systems.

(c) The group W < GL(a*) generated by the ro (o € R) is called the Weyl group.
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(d) Write ZR and ZR" for the lattices generated by R, RV. They are called the root
and coroot lattices, respectively.

(e) The set
P :=Homz(ZR",Z)={\ € a* |Va € R: A\(a") € Z}

is called the weight lattice.

(f) Define
H := Homyz(P,C>)

to be the complex torus dual to P.

Lemma 6.1.3. R and Ry have the same root lattice, R and R® have the same coroot
lattice and hence the same weight lattice and complex torus H.

Proof. Because of (R°)Y = (R")o, we only have to show that R and Ry have the same
root lattice. This follows from R C ZRy. O

Definition 6.1.4. A subset RT™ C R is called a set of positive roots if
(a) R= Rt U (—R") (write R~ := —R").
(b) 0 is not contained in the convexr hull of R™.

Write R%* and RE for R® N R* and Ry N R*.

A root o € RT is called simple if for every way of writing it as

T
a=> zf
i=1

for B; € R and z; # 0 we have r =1, 31 = «a, and 2 = 1.

A set of positive roots of R then also gives a set of positive roots of RY, and by
considering the cones generated by R*, RVt also orders on ZR,ZR"Y. A weight p is
called dominant if u((ZR")") C R>(, write PT for the set of dominant weights.

Lemma 6.1.5. For every root system there exists a set of positive roots.
Proof. Let X € a so that no root o € R satisfies a(X) = 0, then
Rt :={a € R|a(X) >0}

does the job. Such an X exists for the following reason: for o € R write H, := ker(a).
Then a\ L, is open and dense in a. Since a is a finite-dimensional vector space, it is a
complete metric space, so by the Baire category theorem, the (even finite!) intersection

{X€a:VaeR: a(X)#0} = ﬂ (a\ Hy)
acR

is dense, hence nonempty. O
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In particular, since the (closures of the) convex hulls of RT and R~ are supposed not
to intersect and are bounded, the separating hyperplane theorem tells us that every set
of positive roots can be found this way.

Theorem 6.1.6. S is a basis for a*, and every root « € R can be expanded in terms of
S with either only nonnegative or only nonpositive coefficients.

Proof. See [Hum72, section 10.1, theorem’]. O

Lemma 6.1.7. Let a € S, then r, permutes the positive roots that are not multiples of
«. In other words:

ro(RT) = Rt \ Ra U {—coz ‘ ca € R+}.
Proof. See [Bou68|, chap. VI, §1, no. 6, cor. 1]. O

Let ai,...,a, € R? be simple roots, then so are o, ..., o, € RY. This means that
they are a basis of the coroot lattice. Define wi(a}/) := 0;;. They form a basis of the
lattice dual to ZR" (the lattice of weights) and are called the fundamental weights.
Furthermore, define r; := r,,, then W is a finite Coxeter group generated by r1,...,7,
(see |Bou68, chap. VI, §1, no. 5]).

To H we associate the polynomial ring C[H| that is the ring generated by functions of
the shape e(\) (A € P). Here e(\) : H — C, ¢ — ¢(\). They satisfy e(N)e(p) = e(A+p),
and evidently, C[H] = C[e(w1), ..., e(wy)]. Note that via the map

H— (C)" ¢ ((w),-- -, dlwn)),

H is a complex manifold of dimension n and it therefore makes sense to not only speak

about polynomials on H (or localisations thereof), but also of holomorphic functions.

Note that R’s linear action on a* induces an action on a, and together they leave

RY,ZR,ZR", P,C[H] invariant. In particular, if U C H is an open subset invariant

under W, then O(U), the space of holomorphic functions on U is also acted upon by W.
Define

HY :={peH|VaeR:¢(a) #1}={p € H|YVweW:w(p) # ¢}

to be the set of regular points of H under the action of W. This is an open subvari-
ety whose coordinate ring C[H"®] is the localisation of C[H] in the multiplicative set
containing all 1 — e(a) (o € R). For details about C[H], consult [Bou68| chap. VI, §3].

6.2. Differential Reflection Operators

The Dunkl operators are going to be (mildly singular) differential reflection operators.
What that means is what we’re going to explore in this section. Fix a root system R,
a set of positive roots RT, and write h = a ® C for the complexification of R’s carrier
space.

The three keywords here are “singular”, “differential”, and “reflection”. We’re going
to address each of them in turn:
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Definition 6.2.1. (a) Define R C C(H) (the fraction field of C[H]) to be the subal-
gebra generated by 1 and (1 —e(—a))™! (a € R).

(b) Write S(b) for the symmetric (tensor) algebra of by, interpreted as polynomial func-
tions on h*. Write the elements as 0, (for p € S(h)).

(¢) Write C[W] for the group algebra of W.

We ultimately want to turn their tensor product into an algebra. For that we proceed
stepwise.

Proposition 6.2.2. S(h) acts on R by means of derivations.

Proof. S(h) acts on C[H] via Ope(X) = p(A)e(X) (A € P), which is a (higher-order)
derivation. This can be extended to C(H), so we just need to show that R is left
invariant.

Let £ € h and a € R, then

1 W —e(—a)
sy Rl O g g

O]

Using this action, we can iterate the construction from [Bou58, chap. VIII, §1, no. 4,
prop. 7] (using o = id, d = 0,, for a basis &1,...,&, € h) to obtain an algebra structure
on R ® S(h) that exactly captures the differential operator behaviour. Call this algebra
D, the algebra of fR-valued differential operators.

Proposition 6.2.3. W acts on Dy by algebra automorphisms.

Proof. Note that W leaves R invariant, hence (1 —e(—a))~! for any a € R is mapped to
R again. This shows that W acts both on 2 and on S(h) by algebra automorphisms, so
let’s show that the same holds for Dy. By expanding in terms of a basis of h, separating
degrees, and induction the question reduces to

w-(0gf) = (w-Ie)(w- f)

for f € M and £ € b (for f¢ it is evidently true since fof = f ® &, so it follows from
definition).
We have

w- (0 f) = w- (O (f) @) +w-(f®E) = (Oue) - (w-f)) @1+ (w-fl@w(l) = yegw-f. T

Corollary 6.2.4. DRy := Dx ® C[W] is an associative algebra when equipped with the
product
(Fouw)(F'euw')=Fw-F")®ww
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Proof. Let F,F' F" € DRy and w,w’,w” € W. Then

(Fw- F"))(ww" - F") @ (ww)w" = F((w - F')(ww' - F")) @ w(w'w")
=F(w- (F'(v - F"))) @ w(w'w")
= (Few)(F(w- F")eww")
= (Few)((F@uw)(F"euw")). O
The algebra DRy is the algebra of Si-valued differential reflection operators. It acts on
C(H) by multiplication (fR), derivation (S(f)) and reflection (C[W]), and similarly on

all localisations of C[H] that contain fR, in particular on C[H"Y]. Furthermore, it also
acts on the ring O(U) of holomorphic functions on a W-invariant open subset U C H"9.

Proposition 6.2.5. Let P € DRy such that Pf =0 for all f € C[H], then P = 0.
Proof. Similar to [HS94), proposition 1.3.7]. O

Later we will also be interested in how these differential reflection operators act in
different representations of W.

Definition 6.2.6. Let (m,V) be a representation of W, then define

Br : DRyx — Dy ® End(V), Z PuW > Py (W).
weW

Proposition 6.2.7. Let 7 satisfy m(ww') = w(w'w) for all w,w’" € W, let P,Q € DRy
and let wQw™ = Q for allw € W. Then

Br(PQ) = Bx(P)Br(Q)-

Proof. Write

P = Z PuwW, Q= Z GuW,

weWw weW

then @)’s invariance implies that

wQuw ™! = Z Wy w' w
w'eW
= Z (w - g )ww'w™!
w'eW
= Z (U) : walw’u)wl

w'eW

= Z Qw’w,a

w'eW
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i.e. that w - gy = Qw1 for all w,w’. Then
Br(PQ) = Z 67r(pwaw’wl)

w,w' eW

= > pu(w-qu)m(ww)
w,w' eW

= Z pwqu/w—lﬂ'(ww,)
w,w' eW

= Z prw/Tr(w/w)
w,w' eW

= Z prw’Tr(w)ﬂ-(w,)
w,w' eW

= > pur(w) Y qur(w)
weWw w'eW

= ﬂﬂ‘(P)/Bﬂ'(Q) O

6.3. Dunkl Operator

Now for the protagonist of this chapter:

Definition 6.3.1. Let k = (ka)acr satisfy ka = ky(q) for allw € W, then we call k a
multiplicity vector.

Let k be a multiplicity vector and & € h. The Dunkl-Cherednik operator (henceforth
mostly referred to as Dunkl operator) associated to this data is

1

m(l —71a) — p(k)(§) € DRn

Te(k) =0 + Y kaa(§)

a€ER*

for 2p(k) = Za€R+ kacr.

Note that the two main sources for this chapter are |[Opd00] and [HS94] who use
different definitions of T¢(k) that have very different properties but ultimately have sums
of squares that reduce to the same differential operator in the trivial representation. We
will be using [Opd00|’s definition and will only refer to [HS94]’s definition later on.

Proposition 6.3.2. T¢(k) acts on C[H].

Proof. We have O¢e(A) = A(&)e(N), so the derivative operator leaves C[H]| invariant.
Same goes for the scalar p(k)(§). So it remains to see that terms of the shape A, :=
(1 —e(—a)) (1 — 74) leave C[H] invariant as well. Let A € P, we will show that e()\)
is mapped to C[H].

“A(a¥) = 07: In this case we have 7, - e(A) = e(\), so Aye(N) = 0.

“n:= A(a") > 0”: Then we have

(1 —=7r4)-e(N) =e(A) —e(A—na) =eN)(1l —e(—a)™).
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This is evidently divisible by 1 — e(—«) and we get
Age(A) = eA) (I +e(—a) + -+ e((1 —n)a)).
“—n:= Aa") < 0”: Then we have

(1—7r4)-e(N) =e(X) —e(A+na) =e(rqo(N))(e(—na) — 1)
= —e(ra(N)(1 — e(—na)).
Similarly to before this is divisible by 1 — e(—«) and yields
Age(N) = —e(ra(AN) (1 +e(—a) + - +e((1 —n)a)). O

Theorem 6.3.3. Let k be a multiplicity vector, let £&,m € b, then Te(k) and T, (k)
commute.

Proof. This is the topic of |[Opd00} section 2.3]. The idea of the proof is as follows:
we know that T¢(k),T),(k) commute if they commute as endomorphisms of C[H]. So
for ko, > 0 (o € R) we construct a basis of C[H]| that simultaneously diagonalises
all Dunkl operators (with the same multiplicity vector). This is done by constructing a
monomial order and an inner product on C[H|, with respect to which all T¢(k) are upper
triangular and symmetric. If we then take an ordered set of monomials, apply Gram—
Schmidt orthogonalisation, we obtain a basis that diagonalises all T¢(k) simultaneously.
This implies that as endomorphisms of C[H], the Dunkl operators commute.

For more general multiplicity vectors, we note that the Dunkl operators depend alge-
braically on k, hence so does their commutator. This shows that the set of multiplicity
vectors for which [T¢(k), T, (k)] for all £,n € h* is Zariski-closed and contains the set of
nonnegative multiplicity vectors. Since that set is already Zariski-dense, we conclude
that our claim holds for all multiplicity vectors. O

6.4. Degenerate Affine Hecke Algebras

To each root system R we can associate a family of finitely generated algebras parametrised
by multiplicity vectors.
Recall that we chose a1, ..., a, to be the simple roots of R?. Define

1
k; = 51{%041- + kai
where k%ai is zero if %ai ¢ R.

Definition 6.4.1. Let k be a multiplicity vector. The degenerate affine Hecke algebra
(dAHA) associated to the root system R (and a subset R of positive roots) and the mul-
tiplicity vector k is the associative algebra H(R™, k) := S(h) @ C[W] with a multiplication
such that

S(h) = H(R",k),p—p®1
CW]— H(R'k),f—1® f
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are algebra homomorphisms, such that pf = p® f for p € S(h), f € C[W], and such that

.
rip = ri(p)ri — kzpav(p) (6.1)

Proposition 6.4.2. Let k be a multiplicity vector. The maps
W s w— w, ho & Te(k)

extend to a ring homomorphism H(R", k) — DRy that maps to the subring of operators
that leave C[H| invariant.

Proof. Evidently, the map W — DRy extends linearly to C[W]. Because of Theo-
rem the map h — DRy extends to S(h). Thus, it remains to show that the
commutation relations between C[W] and S(h) match. Let i = 1,...,n and let p € S(h)
be homogeneous. Let’s show the relation for r; and p by induction in the degree
of p.

“deg(p) = 0”: In this case r;(p) = p, so that in the Hecke algebra we have r;p = pr;.
Similarly, in terms of differential reflection operators, p just maps to a constant, which
commutes with C[IV].

“deg(p) =1": Let p=¢ € h. Then

rile(k)ri = ri0gr; + Z ko (&)r; (1(1 —rg) — 1>7"z'

a€Rt 1- e(ia)

1 1
=0t D kaa(f)(l_e(_n(a))(l — TiTali) = 2>

aeRt

1 1
~ @ Z Fae(£) (1—6))(1 - TTi(Oé)) - 2)

a€Rt (=ri(a

1 1
=Ohe) + D Fr@ri@)(ri(9)) (W(l ~Tri) - 2)

a€R*

the latter due to k’s Weyl invariance, and because of how W acts on h* and h. Substi-
tuting r;(a) — « yields

do+ Y kaolrl©) (o (1= )~ 3)-

acri(R+)

By Lemma we know what r;(R™1) looks like. In particular, since we took k 1o, = 0

if %ai ¢ R, we don’t particularly need to know if «; is divisible or not. In both cases we
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get

TiTé(k')Ti = Tm(&)(k) — ka,0(15(§)) (1_61(_%)(1 — 1) — 1>

1

1 1
= k1o, 50i(ri(€) (1_6(%%)(1 —ri) - 2)

+ k(=0 (=g (1= 79— 5)

t+kig, (—;ai) (ri(£)) (1_61(;%) B ;)

=T e (k) + ai(€) (-kai — ko, ke, (1—1i) +
=T, (e)(k) — ki (§)rs

£~ (£~ ai(§)ey)
= Tm({) (l{?) - kz a\/ ;.
Multiplying with r; on the right gives
£—ri(§)
TiTﬁ(k) = Tm(f)(k)ri — k; oV

as desired.

“deg(p) — deg(p+1)”: Let & € h. Write p(T'(k)) for the polynomial of Dunkl operators
obtained for p. Then by induction hypothesis (using the deg(p) and 1 cases)

rTe (BT (R)) = Tyyiey (R)rap(T(R)) — ki) (T (k) p(T (k)

i

— T (R () (T () — kT (0 22 (1)

Q

e )
— ()T — b LT (g, s

2

In particular, the Hecke algebra exists, is an associative algebra, and can be realised
as subalgebra of End(C[H]).

Corollary 6.4.3. In particular, any DRx-module is a H(R", k)-module. This includes,
C[H],C[H™],C[H], as well as O(U) for U C H™I open and W -invariant.

6.5. Representation Theory of dAHAs

In order to understand H(RT,k)-modules better, our first goal is to describe what
H(R*,k)’s central characters look like.
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6.5.1. Central Characters
Proposition 6.5.1. The centre of H(R*, k) is S(h)W.

Proof. Let P € Z(H(R™,k)), say

P = Z D W.
weW
Let € € b be regular, then

P¢E—EP = Z pw(wE — Ew) = Z pw(w(§) — &)w + lower-order terms.
weW weW

The highest-order term in front of w will be p,,(w(§) — &), which has to be zero. For
w # 1, this implies p,, = 0, so that P € S(h).
Next up, we know that P = p; has to commute with all r;, so that

Tip1 — piri = (Ti(pl) —pl)?”z' - OTC(Pl - Ti(pl)) =0.
i

Since r;, 1 are linearly independent over S(h), we obtain 7;(p1) = p1, hence that pp is
invariant under the group generated by all the r;, i.e. by W. O

Proposition 6.5.2. (a) Every algebra morphism S(b)V is given by
Xz z(A)
for some A € bh*.
(b) Where xx = xu (on S(H)V) iff WA = Wp.

Proof. (a) Let x : S(h)" — C be an algebra homomorphism. If y = 0, take A = 0.
Otherwise,  is surjective and we have S(h)" / ker(x) = C. This shows that ker ()
is an ideal whose ring of residues is a field. Thus, ker(y) is a maximal ideal.

Write now s : S(h) — S(h)W for the symmetriser (linear map)

For p € S(h),z € S(h)" we have s(pz) = s(p)z = s(p)s(2).
Let p1,...,pr € S(h),21,...,2 € S(h)"W such that 3/_; piz; = 1, then

1=x(s(1)) = x(s (Z sm)) =D X(s(siz)) = Y x(s(s)z) = 0,
i=1 i=1 i=1

so there is no S(h)-linear combination of elements of ker() that is 1. This shows
that I := S(h) ker(x) is a proper ideal of S(h). As a consequence of Zorn’s lemma,
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there is a maximal ideal m containing I. Then, L N S(h)" is a proper ideal of
S(H)W that contains ker(), hence it equals ker(x).

By Hilbert’s Nullstellensatz, there is now a A € h* such that m = ker(x)). In
particular, for every z € S(h)"V we have

X(2)1+m = (x(z)1+ mNSH")) +m
x(2)1 +ker(x)) + m

z 4+ ker(x)) +m

=z+m

= xa(2)1 +m,

= (
= (

hence x = xx|g(p)w-

“<=": Evidently x) and x,() are equal on S(HW for all w € W.
“=7". Assume now that xy, X, are equal on S(h)". Let m,m’ be the kernels (in
S(h)) of xa,Xu, respectively. Since x) and yx, are equal on invariants, we have
mNSHY =m' nSH)".
Let
fie ﬂ w(m), fo € ﬂ w(m’),
weW weW

then s(f1) € m and s(f2) € m’ are both invariant, hence

s(fi+ f2) = s(f1) + s(f2) emN S(H)Y =m'NS(H)Y #S5(H)".

In particular, s(f1 + f2) # 1, which implies that f; + fo # 1 (since 1 is invariant).
Thus,
1¢g () wm)+ () wm')= () (w(m)+w'(w)).
weW weW w,w'eW
This shows that there are w,w’ € W such that w(m) + w'(m’) # (1), and since
they are both maximal ideals that means that they are equal. This then implies
w(A) = w'(n), and hence that A, p lie in the same W-orbit.
O

6.5.2. Intertwiners

Our goal is to understand some/most of the simple H(R™, k)-modules and one way of
achieving this is to look how some subalgebras of H(R™, k) act on them, in particular, by
analysing them as C[W]-modules and as S(h)-modules. Let M be a H(R™, k)-module,
let x be a central character of C[IW], then write M[x] for the isotypic component as
C[W]-modules; in particular write M" for the isotypic component associated with the
trivial representation.

For A\ € b* write

M :={veM|V¥peSh):p-v=pAv}
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for the isotypic component with central character x, of the S(h)-module M. M?* is
called the A-weight space.

We’d like to establish some relations among the weight spaces and between the weight
spaces and M"W. For that it is useful to look for elements of H(R™,k) that intertwine
between the weight spaces, i.e. P € H(R", k) such that PM* = M*W) for some w € W.

Definition 6.5.3. Let i = 1,...,n, then define
I =i + ki = —a)ri — k.

Recall that o, . .., oy are the simple roots of RO and
1

These I4,..., I, are going to be the intertwiners associated to the simple reflections
71,...,Tn. To see that we can define intertwiners for every element of W, we need to
establish some properties first. For that, let’s begin with a few lemmas that are going
to be useful.

Lemma 6.5.4. Define
F; :=span {pw | w € W,p € S(h),l(w) < i}.

Then (F})ien, is a filtration on H(R*, k).
Here {(w) refers to the shortest possible length of an expression of w in terms of the
r;. This means that

l(w)=min{r | Jiy,..., i, €{l,...,n}:rw=r;y ---15}.
Any expression iy -+ -1y = w (of length £(w)) is called reduced.
Proof. Evidently we have F; C Fj;1 and Fyuw = H(R™, k) because
{pw|weW,pesSb) l(w) <#W}

contains all elementary tensors of S(h) @ C[IWV].
So we just need to show that for pw € F, and p'w’ € Fs we have pwp'w’ € F,s. We
do this by induction on r.
“r =07: We have pw = p, then for any s, pwp'w’ = pp'w’ € Fs = F,ys.
“n—n+1" Leti=1,...,n, pw € F,, and p'w’ € F; for any s € Ny, then
v—ri) .

Vv
Q;

pwrip'w’ = pw(r; - praw’ — kipw

Since £(r;w") < l(r;) + £(w') = s+ 1, we can write those two terms as the products of

/ . /
p Tvz(p )w/
Q;

pw, (ri - p)rw’  and — kipw,

respectively. In both cases, the first term lies in F, (the second has degrees < s+ 1 and
< s, respectively), so we can apply the induction hypothesis. O
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Corollary 6.5.5. Let gr(F,) be the graded algebra associated to the filtration (F;)ien,
of H(R*, k). Forwe W,p € S(h) we have

wp = w(p)w
in gr(F,).
Proof. By induction in ¢(w).

“l(w) =0": We have 1p = pl.
“YU(w) = L(w)+1": Let i =1,...,n such that £(wr;) = f(w)+1 =:r+ 1. Then we have

o
wrip + Fr = w (ri(p)ri - kipa\;(p)> + F
i
o
= wr;(p)r; — k‘iwpi\j(p) + F,
oy
= wri(p)ri + Fr
= w(r;(p))wr; + F,

by the induction hypothesis. O

Lemma 6.5.6. Let r;, ---r;, = w be a reduced expression, then

Liy - L, + Fry = ( H av)w—kFr_l.
)

a€RO~Nw(RO-+

Proof. By induction in r.

“r = 07 the identity maps no roots from R%* to R%~, hence we have 1 on both sides.
“r — r+1”: Let £(r;w) = £(w)4+1, then by induction hypothesis and using Corollary
we have

IiIil s Iir + FT = (—a;/n- — kz) ( H av) w + Fr
(RO+)

a€RY—Nw

= (—a;/)ri( H av)w—l—Fr

a€RO—Nw(ROT)

ac RO~ Nw

= (=) ( 11 T’i(a)v> riw + F
(RT)
= (—a) ( H av) riw + Fr.
)

acr; (R~ Nw(RO+

Since r; is bijective, we have r;(R®~Nw(R%T)) = r;(R%™)Nr;(w(R%T)). By Lemma/6.1.7]
we have r;(R%~) = R%~ \ {—a;} U {a;}. Furthermore, since ¢(r;w) > ¢(w), we have
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a; € w(R"T) and hence —q; € r;(w(R%T)). This shows that
ri(R” Nw(ROT) = (R \ {~ai} U{a}) Nmi(w(RH))
= R*" nry(w(RY)\ {~ai},
and hence that
Ll I + F, = ( H av)riw+Fr. O
Q€RO— (s (w(RO+))
Theorem 6.5.7. The intertwiners have the following properties:
() I2 = K2 — (a2
(b) For p € S(h) we have Iip = ri(p)1;.
(c¢) Leti# j and my; be the order of rirj € W. Then
Ll =1 .. (mjj-many terms),
i.e. I,..., I, satisfy the same braid relations as ri,...,7y.
Proof. (a)

I} = (riey + ki)* = rio e + 2ri00 ki + 7
= (—a)r; — ki (o) )i + 20 ey + k2

— K~ (@))?

because «;(a)) = 2.

(b) Similarly to the proof of Proposition we can show this by induction and
reduce the problem to the homogeneous degree 1 case. Let £ € b, then

ric) + k)€ = rifa) + Ek;
163

(r
= (r ) kaz(ﬁ))aﬂréki

i((©)ria) + (€ — ai(€)a) )k
rl(f)(rla + ki)
(§) 1.

(c) The statement is equivalent to

if
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are two equal reduced expressions. Let I, J be the products of intertwiners on the
left and on the right, respectively. From Lemma we know their leading term
with respect to F,:

I+F_1=J+F_ = ( av)w + F_1.

a€RO—Nw(ROT)

Thus, I — J € F,_1, say

I—J= Z Purw’ (pwr € S(h)).
L(w")<b(w)

We are now showing that I — J is contained in all subspaces F; of the filtration F,
and hence is zero. For ¢ = r — 1, we already know that.
“¢ — 1 — 17: By induction hypothesis we have

I—J+F_1= )Y pwuw.
L(w")=1

Let £ € b be regular, then by Corollary we have

I=DE+Fia= )Y pww'§+F1= Y pww(§uw +Fi1.
L(w')=1 L(w")=i

By assumption this is now also equal to

w@)(I =J)= Y pww(@u + Fi.

L(w')=1i

Since the w’ are linearly independent, this shows that p,w(§) = pyw'(§) for every
w' of length 4. Since & is regular, we have w(§) # w'(£), and thus p,s = 0.
U

With these properties out of the way, we can make the following definition:

Definition 6.5.8. Let w =1y, ---1;, € W be a reduced expression. Define
Iw =gy ‘I’L}a
this is the intertwiner for w.

By Theorem m(c), this definition is unambiguous. It follows directly that [, =
Iy Ly if L(ww') = ¢(w) + £(w’). Otherwise, this is not necessarily true, as we can see for
example from I? # 1 (Theorem m(a)) Nevertheless, we still have I,,p = w(p)l,, for
all p € S(h), which is what we set out to do.
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6.5.3. Induced Simple Modules

We are now going to construct something similar to the induced representations from
Section {4 only purely algebraic, and put our theory of intertwiners to good use.

Definition 6.5.9. Let A € b*, write Cy for the 1-dimensional S(h)-module with p-1 =

p(A).

Then define
Iy = H(R+, k) ®S(h) C,.

T, is evidently a H(R™, k)-module with central character y,. Furthermore, as C[W]-
modules we have Z, = C[W], so Z is in particular #W-dimensional.

Lemma 6.5.10. Let \ be reqular and satisfy p(ey') # +k; (uw € WA). Then

(a) As an S(h)-module it decomposes as

.= P 7,

pneWA

(b) Iy is simple.

(¢) Every finite-dimensional simple H(R™, k)-module with central character x is iso-

morphic to Ty.

(d) The map I — TV given by the action of 3 ,cw w is a linear isomorphism.

Proof.  (a) Note that for u # p/ € W we can find a vector £ with u(€) # p/(€). For

every vector v € Z{' N Iéfl we therefore have

(v ==¢E-v=p' (v,

which establishes that v = 0, thus the sum is direct.

To show that the sum is indeed all of Z), we proceed by a dimension argument.
Since 1 € Z3, we have dim(Zy) > 1. By Theorem (b), L,I§ C I;\”(“) for
any w € W, u € W, so the intertwiners are S(h)-morphisms between the weight
spaces of 7).

Note that on Z§' we have I? = k? — u())?, which is nonzero (hence invertible)
by assumption. As a consequence, all I; (i = 1,...,n) and all I, (w € W) are
bijections, hence isomorphisms of S(h)-modules. As a consequence, all weight
spaces Z§' are in bijection to Iﬁ‘, hence all have dimension > 1. Therefore, the
direct sum of all weight spaces has dimension > #W, so it equals all of Zj.

Let M < T, be a nontrivial submodule, then the action of S(h) on M gives rise to
a generalised weight space decomposition, with at least one weight vector v of some
weight ;. Since Z has central character xy, we have x, = x\ on § (h)"W', which by
Proposition [6.5.2(b) implies that p € WA. Thus, by the intertwiner action we get
0 # Lyv € MW so dim(M) > #W = dim(Zy). Therefore, M = T,.
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(c) Let M be a simple H(R', k)-module with central character x, and dimension
< #W. The action of S(() induces a generalised weight space decomposition

Dy

woi=1

where
MM = {v e M |¥pe S : (p—p(\)" v =0}.

In particular, there is at least one weight vector v for some weight . By a similar
argument as for the simplicity proof, u € W, and we can define a H(R™, k)-linear
map ¢ : Iy — M by having ¢(1) = I,v where w(u) = A. This is well-defined
because

p¢(1) = plyv = Iww_l(p)v = Iww_l(p)(:u)v
=w ™ (p)(w ' (A) Twv = p(N)p(1) = ¢(p - 1).

By Schur’s Lemma [2.3.6{(a), this is now an isomorphism.

(d) Let 0 # v € Z§. Since 7, is simple, H(R", k)v = Z,. Since S(h) acts by means of
i, this really means that C[W]v =Zy. If 37 oy w-v = 0, this shows that the w-v
(w € W) are linearly dependent, so that C[IW]v has dimension < #W = dim(Z)),
which is a contradiction. Thus, the symmetrisation map is injective. Since C[W] =
7\ C[W]-modules, we have dim(Z}') = 1, hence the symmetrisation map is also
surjective.

O]

Lemma 6.5.11. Let M be any H(R™, k)-module with central character x, where we
have p(e)) #0,+k; fori=1,...,n and all p € WX. The map

M» 5 MY v Z w - v,
weWw
i.e. action by Y ,cw w, is then a C-linear isomorphism and there is an index set I such

that
M=z

Proof. By [Cheb5|, there are #W-many elements 1 = hy, ..., hyw of S(h) that generate
S(h) as a S(h)"W-module. If ¢ € MW, this therefore implies that H(R™',k)q is < #W-
dimensional because the action of a general element of H(R™, k) on ¢ looks like

#W H#W #HW
Y siwhiwg =Y Y siwhig=Y_ > siw(Ahig,
=1 weW i=1 weW i=1 weWw

so that hiq, ..., huwq is a C-generating system of that submodule. By an argument sim-
ilar to Lemma [6.5.10|(b), this shows that H(R™,k)q is simple, and therefore isomorphic
to I)\.
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If (¢:)ies is a basis of M"Y we then have

M 2@ HRY kg =T,
i€l
To see that this is indeed everything, let v € M and consider the cyclic module H(R™, k)v.
If J C H(R', k) is the annihilator of v (left ideal), then H(R*, k)v = H(R*,k)/J. Since
M has central character x), we know that the ideal

Iy = (p—pN)lp e s®H)")
is contained in J. In particular, H(R™,k)v is a quotient of H(R™,k)/Jy. A basis for
H(R*,k)/Jy\ can be given by h; @ w (i = 1,...,#W,w € W), so that H(R",k)/J\
is (#W)2-dimensional and has #W-many invariant vectors. By a similar argument to
before, we can find a direct sum of simple H(R™, k)-modules inside H(R™,k)/Jy, but
now, by a dimension argument we can actually establish equality: H(R*", k)/J) = Ifw.
Thus, H(R™, k)v is a cyclic quotient module of a semisimple module, hence simple. This

means that H(RT, k)v is generated by a W-invariant element, hence it is a submodule
of

P H(RT, k)q.

i€l
This shows that M is semisimple and isotypic. By Lemma [6.5.10{d), the symmetrisation

map is a linear isomorphism. O

Corollary 6.5.12. Let M be a H(R™, k)-module with central character x (for u(e) #
0,%k; for all p € W), then dim(M) = #W dim(M"W) (both sides potentially infinite).

Proof. By the proof of Lemma |6.5.11) M = Iil) for #I = dim(M"). Thus, we have

dim(M) = dim(Z\") = #I dim(Zy) = dim(M")#W. O

6.5.4. Hypergeometric Function

Let’s now apply this abstract representation theory of H(R™, k) to some actual concrete
examples of H(R™, k)-modules. To begin with, we can use some of the machinery already
developed in the proof of Theorem [6.3.3] and milk it a bit:

Theorem 6.5.13 (Polynomials). Recall that H(R", k) acts on C[H]. Then
CiH]= @ ClH]xl
Aep(k)+P+
where C[H]|[x\] = C[W/ Stab()\)] as C[W]-modules.

Sketch of Proof. See [Opd00, propositions 5.4, 5.5]. We use the orthonormal basis from
the proof of Theorem [6.3.3] and analytically continue them for arbitrary multiplicity
vectors k. They simultaneously diagonalise all Dunkl operators. In particular the poly-
nomial with leading term related to 4 € WA (A > 0) has a weight in W(\ + p). Thus
every basis element lies in a x-isotypic component for \ € p(k) + P™. O
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In particular, for every A € P% there is exactly one W-invariant polynomial in
ClH][Xp(k)+] With leading coefficient (in front of e(A)) 1. This polynomial is called
the Jacobi polynomial P(\, k).

As is somewhat to be expected, these polynomials only cover a discrete range of
parameters. For the more general picture, we have to consider holomorphic functions on
all possible domains. For that note that

Proposition 6.5.14. The sheaf H™ D U — O(U) of holomorphic functions on the
site of W-invariant opens U C H" is a sheaf of DRy-modules.

Proof. Note that the W-invariant opens of H™® form a site that is isomorphic to the
little Zariski site (site of open subsets) of H™ /W, and that U — O(U) is a sheaf (of
C-algebras) on that site because holomorphicity is a purely local condition, so we can
glue holomorphic functions that agree on overlaps.

Let U’ C U be W-invariant open subsets of H™Y, let f € O(U), then

Op(flor) = (Opf)lvr

=
1—e(—a) vTa- e(—a) |y
rilflvr) = ri(Hlv,
so that the restriction map O(U) — O(U’) is a morphism of DRyx-modules. O

Corollary 6.5.15. O is a sheaf of H(R™, k)-modules for every multiplicity vector k.

Definition 6.5.16. For U C H"9 W -invariant define
S\ E)(U) == OU)[xA]

(as H(R™, k)-modules) the sheaf of solutions to the hypergeometric system of differential
equations.

Proposition 6.5.17. S(\, k) is also a sheaf of H(R™, k)-modules.

Proof. S(\, k) is a presheaf because it is the composition of the presheaf O, the restriction
functor from the category of ® Ryi-modules to the category of H(R™,k)-modules, and
the isotypic component functor (cf. Proposition [2.3.11)).

Note that S(A, k) is a presheaf of subspaces of O, with the restrictions coming from
O. Thus, the identity property is given, and we just need to show that the gluing of
sections of S(A, k) again is a section of S(A, k). Let (U;)ier be a W-invariant cover of
UCH™ let f € OU) with f|y, € S(\ k)(U;) for all i € I. Let p € S(h)V, then

(- Nlo, =p- flu, =p- fi € b\ fi = (V) f)lu,

(because restriction is H(R™, k)-linear), which holds for every i € I. By the identity
axiom, this shows p - f = p(A\)f, hence f € S(\, k)(U). Thus the gluing axiom is
satisfied. O
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Theorem 6.5.18. For any choice of A\, k, the sheaf S(\, k) is locally constant with the
stalks of S(\, k) having C-dimension #W .

Sketch of Proof. See [HS94, theorem 4.1.8] and [Opd00, section 7.2].

The idea is that the equations p - f = p(\)f for p € S(h) are equivalent to (T¢(k) —
A&)) - f =0 for £ € h. By identitfying section of O with sections of a #W-dimensional
vector bundle over H" /W, we can build a connection out of T¢(k) — A(£): note that
for f € O(U)Y and g € O(U) we have

(Te(k) = ME(fg) = e fg + [(Te(k) = ME))g-

This connection is called the Knizhnik—Zamolodchikov (KZ) connection. Since the T¢(k)
commute with each other, the KZ connection is flat and therefore has flat sections.
Flatness of a section f directly translates to T¢(k)f = A(&) f for all £ € b, and therefore
to f € SO\ k)(U)A.

Since the vector bundle that O(U) relates to is #W-dimensional, there are #W lin-
early independent elements in S(\, k)(U)* for U small enough. Local constancy follows
from the fact that for simply connected neighbourhoods (in H"*Y /W) we can (uniquely)
define flat sections by parallel transport. O

Corollary 6.5.19. Let A € b be such that p(ay) # 0, +k; forp e WAji=1,...,n. Let
p € H™, then
O] = "

is the direct sum of #W copies of the simple H(R™, k)-module Iy. (Here, O, is the stalk
atpe H™.)

Proof. From Lemma and Theorem [6.5.18] O

The notion of a locally constant sheaf of (finite-dimensional) vector spaces is a way
to model the behaviour of multi-valued functions: functions that can be (uniquely)
continued to always growing (simply connected) domains until topology “gets in the
way”. In [Pha0b, chapter VIII] we see how the classical examples of complex multi-valued
functions: roots/non-integer powers and the logarithm, and more generally solutions to
complex ODEs with regular singular points can be described using locally constant
sheaves.

Furthermore, as used in the proof of Theorem [6.5.18] flat sections of a vector bundle
with flat connection also form a locally constant sheaf because we can use the parallel
transport to continue flat sections to larger and larger simply connected domains (and
flatness ensures that the parallel transport is independent of the path chosen).

A locally constant sheaf of finite-dimensional vector spaces over a manifold is also
known as a local system and there are multiple equivalent ways of describing them:

e locally constant sheaf
e vector bundle with flat connection

o representation (of constant dimension) of the fundamental groupoid
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 representation of the fundamental group (if the manifold is connected).

These last two representations are referred to as monodromy and one property of local
systems is that a germ s € F, can be extended to a section over a connected neighbour-
hood U > p (not necessarily simply connected) iff s is invariant under the monodromy
representation of 71 (U, p).

To find out if our local solutions to the hypergeometric system can be extended to
interesting domains, we describe the monodromy representation. It turns out, it can be
phrased in terms of representations of yet another Hecke algebra:

Definition 6.5.20. Let q1,...,q, be complex numbers, define the finite-dimensional
Hecke algebra H™(R*,q) to be the C-algebra generated by Ty, ..., Ty, subject to

Ty =1T5T; - - - (mij factors,i # j)

and (T; — 1)(T; + ¢;) = 0. Here mi; = ai()aj(ey’), so that the T; satisfy the same
braid relations as the r;, but don’t square to 1 — just like the intertwiners.

Define furthermore the affine Hecke algebra H®'T(R*, q) to be the tensor product
H/™(R*, q) ® C[ZRY] (monomials from v € ZRY written as 6,), subject to

Oy — er'(v)
Ti0y = 0., Ti i — 1) —————.

v = 0, (0)Ti + (¢ )1_9_05.v
Theorem 6.5.21. Assume that AN(a") € Z for all « € R. Then the monodromy action
on stalks of S(\, k) induces a representation of H*1(R*,q) where

¢ = exp(—2mi(ky, + ka,) )

(Evidently, this action commutes with the action of H(R™,k).)
In particular, as H“ff(R+, q)-modules, we have

S\ k)p 2 HYI (R, q) @cizrv) Coxplaming
where Coxp(aminy 08 the 1-dimensional C[ZRY] module with v -1 = exp(2miA(v)).

Proof. See [Opd00, theorem 6.8 and the following remarks| and [HS94, corollary 4.3.8].
That the monodromy action commutes with the action of H(R™, k) follows from the

fact that S(\, k) is a locally constant sheaf of H(R™,k)-modules, so parallel transport
is also H(R™, k)-linear. O

Here, the T; correspond to a path that connects p and r;(p) in H"Y, and the 6, corre-
spond to paths of the shape t — pexp(27tv) (up to a numerical factor of exp(2mip(k)(v))).
In other words: Hf™(R™T, q) corresponds to the monodromy originating from the cov-
ering H™ — H"™9 /W, and C[ZR"] corresponds to monodromy originating from the
covering h™9 — H"® i.e. to the compact part of the torus H.

The theorem shows that unless A € p(k)+P" (in which case we have already found the
solutions: Jacobi polynomials), we can’t even hope to find something that is invariant
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under all the monodromy. However, if we somewhat reduce our ambitions and don’t try
to extend our local solutions to H™®Y, but only to a tubular neighbourhood U of

ATe9 — {qb c H™I | 1m(¢) - R>0}7

we don’t have to find invariants under the whole fundamental group, but just invariants
under the fundamental group of U (equivalently: of A™9). It just so happens that the
monodromy representation of A™9 corresponds to a representation of H/"(R*, ¢). In
other words: we “cut open” the loops around the compact tori and then satisfy only the
invariance requirement along the remaining loops.

As it turns out, this approach is successful and we have:

Theorem 6.5.22. Let U C H™9 be a tubular neighbourhood of
A" ={¢ € H™ | im(¢) € Rxo},
then there exists up to scaling a unique section F(\, k) € S(\, k)(U)W.
Proof. See [Opd00| theorem 6.13]. O

Corollary 6.5.23. Let U C H"9 be a tubular neighbourhood of A™9 (or any other
maximally noncompact real form), and let X\ € b be such that u(e)) # 0,+k; (u €
WX i=1,...,n), then

O(U)[xx] = .

Proof. Follows from Lemma [6.5.11] and Theorem [6.5.22 O

Definition 6.5.24. In case this unique function is nonzero at 1, we can without loss of
generality choose it to satisfy F(\, k;1) = 1. This (now truly unique) function is called
(symmetric) Heckman—Opdam hypergeometric function.

Now, instead of focussing on C[W] C H(R™, k)-invariant, H/™(R*, q)-invariant sec-
tions of S(A, k), we could also focus on weight vectors:

Corollary 6.5.25. Let U C H™9 be a tubular neighbourhood of A™9. If either u(c) #
0,+k; (ne WXi=1,...,n) or Re(ka) > 0 for one a € R*, then there exists up to
scaling a unique section G(\, k) € S(\, k)(U)™.

Proof. For X\ generic, this follows from Corollary and the fact that the weight
spaces of the 7, have dimension 1 for A generic.

For )\ is not generic, but we have Re(k,) > 0, it is possible to show that the singularities
are removable (|Opd00, lemma 7.7]). O

Definition 6.5.26. In case this unique function is nonzero at 1, we can without loss of
generality choose it to satisfy G(\, k; 1) = 1. This function is called the non-symmetric
Heckman—Opdam hypergeometric function.
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6.6. Hypergeometric System

In the last section we have seen what the yj-isotypic components S(\, k)(U),S(\, k),
of the H(R™, k)-modules O(U), O, look like, and thereby proved results about the hy-
pergeometric system of differential equations. This leaves one major question about
this whole subject unanswered: what is this system when expressed in coordinates, and
what does it have to do with the differential operator from Let’s now answer that.
Along the way we’ll also see why the system is called hypergeometric.

Definition 6.6.1. Let &1,...&, € b be an orthonormal basis, let (w, V') be a representa-
tion of W. Let k be a multiplicity vector. Then define

ML™ (k) := Br(T¢; (k)?) € Dy

In particular, if V is 1-dimensional and f € O(U) transforms like an element of V', then

ML™(k)f = Y06 - f.
For (m,V) being the trivial representation, we just write M L(k). This is called the
quadratic hypergeometric differential operator.

Proposition 6.6.2. We have

ML) = A+ 3 ka i 5 o)1
a>0 1 6( O[)

Proof. We have

Z T, (k)?

2
(8& Z kaa(éi)Aa - p(k:)(fﬂ)

a>0

||‘M: I\gE

l_|_ Z Z k k‘BOé &)p fz){Aa’AB}"{'Zp

i=1a,5>0 i=1
+ Z Z kao‘(fi){aéw Aa}
i=1a>0
Z 51 a& 2ZZI’COZ£,L z)
i=1 i=1a>0
=A+ - Zk: ka(1+2{An, Ag} — 24, — 2Ap)
75
+ ) ka{0x., Ao} — 20x
a>0
Note that
1 1 lee]®
Ayt = 1—1r, _— 1 a) — ———= (1 —1rq
{8Xa7 } 1 6(—0&)8XQ( r )+ 1-6(—@)8)(&( +r ) (1—6(—(1))2( r )
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Thus,

" 1
D Te(k) =AM+ kay - a)aXa

a>0 —a)
+ > kakglon, B)(1+2{Aa, Ag} — 28, — 2A4)
a,B>0
2
Sk, [l .
=6 1—e(—a)
_ 1+e(—a)
_A+Zka?()axa+8 > kakg{2Aq —1,2A5 — 1}
a>0 a,8>0
2
~ Y ke [l .
o 1—e(—a)

On a symmetric function, A, acts like 0, so all terms that have a A,, on the right vanish
when applying 8, (7 the trivial representation). Thus, we are left with

1+
A+§>:Ok:1 ZE ia + 2 %;Ok ogla, B) 0

Example 6.6.3 (Type A,,). Take

h= {(XO,---,Xn) ecCrtt ‘ XD+-~~+Xn=0}
with the inner product inherited from C"t1, and

HZ{(po,-.-,pn)G(C ”“\po pnzl}-

Then we can choose the positive roots to be ej — e} (i > j), then

67;—6]'

2

(ef — €)Y =2 =e —¢€j

and e(ej — €5)(po,- - -+ pn) = ;’—;.

There is only one Weyl orbit, so the multiplicity vector is just the number k. In
particular,

o)) = 5 3 (e~ ej) = 5 3 (20— mes

hence
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Then,
pi + p; Enn+1)(n+2
ML(k):A+kZ ] j‘(piapi_pjapj)"i'? ( g( )7
i>]-pl_pj

or in terms of logarithmic coordinates xq, ..., Xn:

Xi — Xj E2n(n+1)(n+2)

Example 6.6.4 (Type BC)). Take h = C" with coordinates x1,...,Xxn with inner
product inherited from C", and H = (C*)"™ with coordinates pi,...,pn. Then we can
choose the positive roots to be

e;,2ef,ef —ej,e; +e; (i > j).
Then there are three Weyl orbits: short, medium, and long roots, labelled with k1, ks, k3,
respectively, and

“ i + 1 i+ p
ML(k)=A+ Z (klpl + 2k3%>piapi

i—1 i Pi — Py

pi + pj pipj +1
+ Z ka < pj (PiOp, — Pi0p;) + . (piOp, + Pjapj>>

= pip; —1
+ [lp(k)|I?
"2k + (ky + 2k3)(pi 4+ p; ! i_fl
i=1 Pi — P i>j pz"‘pl — Pj _pj
-1
Pj — Pj 2
~2k2 ) - —10j0p; + llp(F)]
i>jpi+p¢1_pj_pj1 J¥P5
in p; coordinates and
ML(k)=A+ Z(kl csch(xi) + (k1 + 2k3) coth(x;))0y,
sinh(x; )0y, — sinh(x;)0y;
+2ky ) 1 Lt |lp(k)|?
Z>J cosh(x;) — cosh(x;)
A+ Z (k:l coth( ) + 2ks coth(xﬂ)@
=1
+ k) (coth(XQXJ) (Ox; — Oy;) + coth(X2Xj> (Oy, + axj)>
i>]
+ [lo (k)|
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Lemma 6.6.5. In the general setting define

w11 -()"

a€Rt
Then §(k)M L(k)d(k)™! = A+ V where

o (1 — ko — 2ka0)||e|?

i (e(8) —e(-9))?

Proof. First note that for an entire function h € O(H"%Y) that’s nonzero everywhere and
a differential operator D, the operator h®Dh? is always a (globally defined) differential
operator if a + 8 € Z, regardless of which domain we define our logarithm and hence
our power functions in. This follows from induction in the degree of D:

“degree 07: h*fhP = fhoth,

“d—d+17: Let £ € b, then

V=

heDERP = h*Dh~*hER”
= h*Dh™*h*TP¢ 4+ h*Dh=*h*TP~10¢(h).
By induction hypothesis, hR*Dh~% is a (globally defined) differential operator. Further-
more, so are h*TF¢ and h*TP=19¢(h).
The calculation itself can be found at [HS94, theorem 2.1.1] (and the expression is

also valid for our Dunkl operators as per [Opd00, example 6.2]). Note that the authors
of this book call §%/2 what we call 6. O

As a consequence, a function f € O(U) satisfies ML(k) f = ||\||*f iff
INIZ6(k) f = (k)M L(K)S(k) " 3(k) f = (A + V)8(k) S,

which is (up to constants) the time-independent Schrédinger equation for the Calogero—
Sutherland model (for the root system R) from the introduction. As was already hinted
there, for A,, and BC,, we get potentials with particularly nice interpretations:

Example 6.6.6 (Type A,,). Here we have

1
V=2k(1-k)> —F—
= Pip; TP P — 2

1— p—_—
:L 5 k)chchQ(X 2XJ>a

>]

i.e. a potential of n+ 1 1-dimensional particles interacting via a csch? potential.
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Example 6.6.7 (Type BC),). Here we have

v i(/ﬁ 1—k1—2k3) N 4k3(1—k3)>

pitet =2 g4t -2

=1
+22k2(1 _k2)< —1 1_1 + }1 1 )
By pip; - +p; pi—2  pipjtp; e, —2

2”2 ( ( L k3> csch? (?) + k3(1 — k3) cschQ(Xi)>
+ Z (1 —k9) (cschQ( 5 Xj) + csch? (W)),

i>]

the potential of n 1-dimensional particles, each of which in a Pdschl-Teller potential,
interacting with each other and with their reflections via csch?.

6.7. Connection to Scalar Conformal Blocks

The attentive reader may have noticed that the operator M L(k) for BC,, (as given in
Example [6.6.4)) look oddly familiar. Especially, if we choose n = 2, we obtain

8)2(1 + 02 + Z <k1 coth( > + 2ks coth(xz)>8
o (mh( . XQ) (0, — 0y, + coth<X1 : X2> 0y, + ax2)>
k 2k 2
+(1+k3) + (1+k2+k3> .
2 2
Written this way, it has a lot of similarity with the expression ([5.2)) we got for the Casimir

equation for scalar conformal blocks, expanded in (x1, x2)-coordinates. In particular this
Casimir differential operator is

ML) — (k 4 1>2
1\ 72
for k being related to the dimension d and the parameters A, As of the representation

V as follows:

d—2 1—A1 — Ay
=(A .
k ( 1 2 ) 2 )
In particular, a conformal block f is said to have parameters A, £ if it satisfies

Laa—ay+uet+d—2)f

Qg.f:Q
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Such an f then satisfies

3 e2(s)

2-1—2 k‘2+2 f

= A(A = 2ko — 2)f 4+ (0 + 2ko) f + 2k3 f + 2kof + f

= (A2 4 K + 1 - 28k; — 28+ 2ky ) f + (2 + 2ol + ) f

= ((A+ ke +1) + (L +ko)?) f

DML(K)f = A(A —d)f +(((+d—2)f +

2
1 [A+k+1 f
V2 \ L+ ke )
To conclude this section, let us find out why the hypergeometric system of differential

equations is called hypergeometric. For this, let us consider the BC; case. In BC] there
are two Weyl orbits: short and long, labelled with ki, ko, respectively. We have

1 k 2
prp )6+<1+k2>
p—p-
k1
Mok
<2+2>
l
4

(p+p~t) = —sinh?(}).

ML(k)f = ‘

p+1

ML) = (p9,)? + (

= 83( + (k:l coth<>2<> + 2ko coth(x >

Now we go to the z-coordinate from Section ie z= %
We obtain

X

k1 +2k2>2

ML(k) = —2(1 - 2)02 — (k?1+k2+;(k‘1+2k2+1)2>5z+ < 5

The equation M L(k)f = A\?f becomes

2
0= _<Z(1—Z)82+ (k‘1+7€2+;— (k’1+2k2+1)2>5z— (lﬁ—;%> +>\2>f

— _(z(1 — )P+ (c—(a+b+1)2)d, — ab)ﬁ

where we defined
C::kl—i-kg—i-}, a,b:w
2 2
This is precisely the hypergeometric ODE, and since the correspondence k1, ks, A <> a,b, ¢
is bijective, the quadratic hypergeometric equation from the theory of Dunkl operators

for BC serves exactly the same purpose as the hypergeometric ODE.

+ A

6.8. Connection to Spinorial Conformal Blocks

Let us now introduce the second method to deal with the fact that in H(R™,k) we
generally have wpw ™! # w(p) for w € W,p € S(h). In Section we introduced
intertwiners to find replacements for the w’s that interact nicely with the Dunkl opera-
tors. We could, however, go the other way around and use the Dunkl operators defined
in [HS94].

105



6.8.1. Heckman—Dunkl Operators
Let € € b, then define

1+ e(—a)

e (62

Sek) = Te(h) + 3 2 kac(©)ra = B +5 3 hao(©)

aceRt a€Rt

or in terms of the Hecke algebra: s¢(k) := & + ug(k) where

From we can see that replacing a by —« in the sum doesn’t change the sum, so
that S¢ (k) is independent from the choice of positive roots, which shows that wSe (k)w ™! =
Sw(e)(k). On the flip side, the S¢ now have nontrivial commutators, so by switching from
one flavour of Dunkl operator to the other, we have sacrificed commutativity for a nice
W-action.

6.8.2. A Closer Look at BCs

In order to find a connection to the expressions for the Dirac operator (or in particular,
the differential operators it can be written in terms of) we now have a more in-depth look
at B(Cs, in particular at its Weyl group. Recall that BC5 is made up of the following
roots:
e1,2e],e5,2e5, el + e5,€e] — €5
and their negatives. We can choose the above roots to be the positive roots, in which
case the simple roots are given by « := e] and 8 := e5—e;. The corresponding reflections
ro, 7 then generate the Weyl group.
W has five conjugacy classes of elements:

{1} {ra,rgrarg},{rg,rargrat s {rars, rgra}t , {rarsrars}

(the identity, reflections along the axes, reflections along the diagonals, rotations by
5, and rotation by 7). By classical finite group representation theory, these conju-
gacy classes correspond to five irreducible representations. Since #W = 8, exactly
one of these representations has to be > 1-dimensional, namely 2-dimensional. The 1-
dimensional representations correspond to the (multiplicative) characters x( ;) given by
X(s,t)(Ta) = s and x(s ) () =t for 5, € {£1}, and the 2-dimensional representation is
the representation of W on b, which has character

X2(1) =2, XQ(Ta) = XQ(Tﬂ) = X2(rofrﬂ) =0, XQ(TaT,BTar,B) = —2.
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6.8.3. Matching Differential Operators

In the 1d representation (s,t) we obtain the following S-Dunkl operators (write .S; for

Se; (K)):

7 + 2]€3 coth Xl)) (1 — S)

|
{252 (520
)

1
B(S’t)(Sg) = Oy, + 3 <<k1 coth( + 2k coth XQ)) (1—35)

+ ko (coth(x1 ;X2) — coth<X12X2>> (1-— t))

We will now look at C[H"“]-linear combinations of these operators and try to find
the differential operators obtained in Section [5.3.3| (in x-coordinates). We have

coth () 1) (51) & coth (22 )3, (52)

= coth (2) Oy, £ coth <2> Oy

1
t3 ((lﬁ + k3) coth? <X21> + (k1 + k3) coth? <X22> +(1+ 1)k3> (1—1s)
kg cosh?(XL) ¥ cosh?(%2)
2 Sinh(xr;xz) Sinh()a;xz)
If we set s = 1 and look at the + case, we obtain

coth( )8X1 + coth( >6X2 + ko(1 —t) = E — 2ks — kot,

1
Bs,p) (1) = Oy, + 3 <<k1 coth(x1

(1-1).

and for the — case we obtain
cosh? (X)) + cosh? (%2)

X1 2 2 —t
coth()@ coth( )8 + ko (1 —1) =F"
2 )¢ X sinh (7’(1 S22 ) sinh (7"1;’(2 )

Conversely, we have
tanh <X1 > Bsay(S1) + tanh< >5(S,t) (Ss)
:tanh<X1>8X1 itanh(?)@m
+ ((1 +1)(k1 + ks) + kgtanhQ( 5 ) + k:gtanhQ( 5 ))(1 —5)

sinh2(%) T sinh2(§) .
sinh(xlgx"’) sinh(i’“gx?)
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For s = 1 we obtain for the + case
X1 X2
tanh<2>8xl + tanh<2)8X2 + ko(l —t) = =G + 2(ky + ko + k3) — kat
and for the — case

sinhQ(%) + sinhQ(%)

sinh(’“?@) sinh(%) =i

tanh(le)ﬁxl - tanh<x22>8x2 + k(1 — 1)

if w,w, = 1. This can be achieved in most practical cases, e.g. by choosing
w = diag(—1,1...,1,—-1,1), w = diag(1,—-1,-1,1,...,1,—-1,—1)

for ¢ = 0, 1, respectively.
To summarise, we can write the operators F, F, G, H used in ([5.1]) to express the Dirac
operator as a matrix in terms of Dunkl (-derived differential) operators as

E = coth(xg),@(ht)(‘%) + Coth(X;)ﬁ(Jﬁt)(Sz) + 2ks + kot
G = — tanh(X;),@(_ht) (S]_) - tanh(f)ﬁ(+7t)(s2) + 2(]{31 + k;Q + k‘g) - th
Ft = Coth(X21),8(+7_t) (Sl) — COth(?)ﬁ(_’_’_t) (SQ)

6.8.4. Matching Representations

In the previous subsection, we have established a correspondence between the differential
operators occurring in the matrix expression and linear combinations of (Heckman—
)Dunkl operators acting on different 1d representations of W. However, especially in the
case of E,G (and t = +), this correspondence is tenuous at best since in this case the
Dunkl operators become just the derivatives themselves, so we could build any differential
operator as a C[H"]-linear combination of them. That this correspondence also works
out for F,G in the t = — case is already a hint that this correspondence is not just
spurrious, as is the correspondence for F, H.

However, we are still dealing with occurrences of seemingly random instances of
B(+,4), B(+,—) and it would be nice to get rid of them, maybe by assigning consistent
W -representations to the different basis vectors. In order to achieve that we have a
closer look at how W and in particular its generators r,,rg act on h, H, and interact
with 51, S2 and their linear combinations.

ro inverts the 1st coordinate, i.e. we have ro(x1) = —x1 and ro(x2) = x2. Similarly,
rg inverts the difference between the 1st and 2nd coordinate, hence r3(x1) = x2 and
vice-versa.
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Proposition 6.8.1. For s,t € {+}, the operators

If—coth( >S+ th( >82, Lj:—tanh( >S —ta nh< >52

are intertwiners between (s,t) and (s,t), and the operators

IT —coth( )Sl <X22>52, Iy :—tanh( )S +tanh< )Sg

are intertwiners between the (s,t) and (s, —t) isotypic components (with respect to W)
of any representation they act on.

Proof. Note that

Tasl = —Sl’l”a 7‘551 = SQ’I”g

oSy = Sorg rgSa = Sirgs,
so that we obtain
rolif = (coth( 5 )( S1) :l:coth( 5 )Sg)
= Ilira
rglli = (coth( >Sg icoth( )Sl)
= :l:IlirB

and similarly ro I35 = IFr, and rgli = :l:I;Er,g. If f lies in the (s, t)-isotypic component,
we have

+ +
rol /2f = Il/zraf = 5I1/2f
T/BII/Qf :|:Il/27“5f +tI /Qf,

so that I 1i/2 f lies in the (s, £t)-isotypic component, as claimed. O

Theorem 6.8.2. Let f € Ward(S ® V') be such that

Z arjvr + Z arvr

Ic{pv} IC{p,v}

where ay,a;r € OU)[(+,+)] if v € I and ar,a; € OU)[(+,—)] if v € I. Here p,v
are the indices chosen such that ., is constructed using P, P,, and we assume that
wyw, = 1. In the basis used for (5.1)), we then obtain the following

L (D& D)+ (CF & C)) o

(Df)aT = ﬁ
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where

0 0 I eply
D 0 0  egly —IF . Wowy o
I —erl; 00 B gty T E
—eyly I 0 0
and
0 0 +ko + 2k3 0
c* = 0 0 0 —2(k1 + ko + k3) F k2
—2(k1 + ko + k3) + ko 0 0 0
0 Fko + 2k3

The coordinate functions of (Df)sr have the same W -transformation behaviour as we
required from fo..

Proof. The basis is chosen in such a way that within the subspaces spanned by the v’s
and the ?’s respectively, the isotypes always alternate, starting from (+,+) and (+, —),
respectively. Note that in the matrix DT there is always an FT in even-numbered
columns and an HT in odd-numbered columns. Using our assignment of isotypes, those
are then just the respective actions of I, and I, , respectively. If we replace E,G by
I, I} and extract the constants, we obtain the expressions from the claim.

Since I1’s always occur in places where row number and column number have the
same parity, and the I~’s always occur in places where these numbers have opposite
parity, by Proposition D doesn’t change the assigned isotypes. O

And with that we have expressed the components of the Dirac operator using Dunkl
operators and C[H"], so fundamentally in terms of C[H"®] @ DRg. Since H(R™,k)’s
embedding into DRg; has no way of touching “interesting” regular functions, there is
(to the author’s knowledge) no direct way of phrasing this in terms of representations of
H(R*, k). However, [Opd00] enlarges the degenerate affine Hecke algebra to the extended
degenerate double-affine Hecke-algebra (edlDAHA) H¢(R™, k), which as a vector space is
isomorphic to C[H] ® H(R*, k), and which can be defined in very much the same way
as H(R™, k), except using the extended Weyl group (that includes translations along P,
hence double-affine) and the affine root system generated by R.

Covering the (representation) theory of edDAHASs in this thesis would go too far, but
suffice it to say that they also have representations on C[H], C[H"*] and O(U) that now
also include the operations of multiplying by elements of C[H]. If we localise H¢(R™, k)
in the multiplicative set generated by 1 — e(—a) (o € R™), we obtain an algebra big
enough to contain our intertwiners [ 1i/2.

6.8.5. Assignment of Isotypes

Finally, let us now show that the transformation behaviour required by Theorem [6.8.2
is satisfied by f, for f € Ward(S ® V) and thereby shed some light on the naturality
of such a requirement.
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Lemma 6.8.3. Let f € Ward(S ® V), let 0,7 € {s,t} and let p,v the indices used
in &sr. Then the coordinate functions of f,r satisfy the isotype conditions required in

Theorem [6.8.2.

Proof. Recall from Section that b is proportional to z1, z2. There is nothing partic-
ularly harmful in allowing b to be negative as well, and thereby extending the domain
to also allowing Im(z1) < 0 (if z; and zy are complex conjugates) or allowing z; < 2.
Then the domain of f,, is a W-invariant subset of h = C? and we can study W’s action
on it. Note in particular that r, inverts p; but doesn’t affect z1, 2o at all. Consequently,
rafor = for, which is why (+,4) and (4, —) are the only irreducible representations
occurring in Theorem [6.8.2

Now to the action of r3. Recall that it exchanges x1, x2, and therefore also all other
coordinates: p1, p2 and 21, z2, before ultimately leaving u, v unchanged. As noted before,
b is proportional to z; — 22, so exchanging z1, zo inverts b. If (a,b) correspond to z1, 2o
we then have

rﬁfm—(zla 22) = f(exp(PH)wexp(aP# - bpu))

To bring the argument back to our fundamental domain (with b > 0), let m € M be
such that me, = e, and me, = —e,. The same is then also true for cw(m)e, and we
have
Tﬁfof(zla ZQ) = f(cw(m)ga‘r(aa b)m_l) = Cw(m) : fo‘T(zla Z2) : m_l-
Now, m’s action on the right is trivial, and for ¢,(m)’s action on the left note that
for p € C4(Y) we have

Py (cw(m))p - vp = Ad(cw(m))(p)dy (c(w)) - vy = Ad(cw(m))(p) - vg
and similarly for 9y because
¢y (cw(m)) - Uy = det(cw (m))vy = By

Since the adjoint action of ¢, (m) on monomials made up of K, K, P, P, will negate
anything that has a K, or a P, in it, we have

—vy vel

cw(m) “Ur = {f)[ y QI

—vy vel

cw(m)-w:{w vegl’

for I C {ur}. Consequently, if we expand

for =Y (arvr +asvy),

IC{pv}
we get
rafor = . (=)FI D (apu; +agiy),
Ic{p,v}
which is exactly the transformation behaviour required in Theorem [6.82] O
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Thus we see the transformation behaviour under W is a tiny remainder of the M A x
M A-biequivariance that we hadn’t (fully) divided out yet. We can therefore expect
that if there is also a correspondence between non-scalar conformal blocks and a kind
of matrix CS model, there would be more instances of that interaction between Weyl

group action and residual biequivariance under discrete subgroups of M A x M A (modulo
stabiliser of the fundamental domain).
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7.

Conclusion and Outlook

And with that we have achieved what we set out to do. We have

introduced a representation-theoretic framework for talking about n-point func-
tions and conformal blocks (Section [4)),

reproduced the correspondence between the (quadratic) Casimir equation of scalar
conformal blocks and the (quadratic) hypergeometric equation for BCy (Section

established a general theory for actions of Clifford algebra-valued (invariant) dif-
ferential operators on spinorial conformal blocks (Section

computed the action of Kostant’s cubic Dirac operator on (the simplest kind of)
spinorial conformal blocks (Section [5.2)),

pondered the question why the cubic Dirac operator is the correct operator to

describe (Section [4.4)),

found Dunkl operators lurking in the matrix entries of the Dirac operator (Sec-

tion [6.8.3)), and

found why the Dunkl operator act the way they act (Section [6.8.5)).

The original goal for this thesis was to make the correspondence “physically meaningful
operators acting on conformal blocks” <+ “Dunkl operators” concrete by finding opera-
tors that correspond to the application of single Dunkl operators. However, as noted in
the proof of Lemma [6.8.3] the only W-irreps we have access to when considering confor-
mal blocks are (+,+) and (4, —), so in a sense there will always be some information
lost when applying Dunkl operators to conformal blocks.

One topic that was also considered but ultimately not included in this thesis is the
square of D. In Theorem we saw, purely algebraically, how D? is related to the
Casimir elements of g and V. In particular, it leaves the M A x M A-isotypes of S® V'
invariant, which for our choice of V' gives it a matrix structure as follows:

*x 00 000 0O
0O« 00 0O0TO0OTP O
0 0« 0 O0O0O0
00 = 0O0O0O0
0000 = 000
000 0O =200
000000 * =
0 00 0 O0O0 * =
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The diagonal elements are of the shape 5(+¢)<Se1(];7)2 + Se,(k)?) (like ML™(k), but
in terms of Heckman—Dunkl operators, which might yield different results when = is
nontrivial). Here, k denotes a multiplicity vector adjusted according to the M A x M A-
isotype (due to the nontrivial action of A on elements of S, the A; is shifted), and the
off-diagonal terms are 1st-order differential operators. Herein might lie the key to finding
eigenfunctions of D (the true spinorial conformal blocks).

Other lines of inquiry as to the nature of the Dirac operator, expressed in terms of
Dunkl operators, that were considered but not included here are

o perform a suitable (x1, x2-dependent) basis change to get rid of coth, tanh (e.g. at
the end of Section and in Proposition [6.8.1]),

« find connection d (e.g. the KZ connection) and metric such that D = d + df,
 shift operators,

o intertwiners (for W and for the affine Weyl group), and

o W-Spinors (a special case of which can be found at [CMO09, section 4.5]).

Any of these, if successful, would provide a more intrinsically motivated expression for
the expression on the Dunkl side. And finally, unlike for the Casimir element, where
nontrivial M-representations require a qualitatively different computation than we saw
here and is hard, the step from V = C to higher-dimensional representations is easier for
the Dirac operator, and was in fact already carried out in Section As mentioned at
the end of Section the consideration of more complicated representations of M A x
M A might shed some more light on the correspondence of M A x M A representations
and W-representations or on other “peripheral aspects” that go beyond just matching
up the differential operators.
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8. Popular Summary

Everyone who has ever cooked anything or made tea will be familiar with the following
(very useful) phenomenon: when you heat water to its boiling point, it doesn’t instantly
boil off. Instead you have to keep supplying heat, and then small bubbles (of similar
size!) of steam form. During the whole boiling process, the temperature stays constant
at 100 degrees Celsiusﬂ This extra heat that you have to supply to “force” a transition
between different states of matter (a phase transition), is called latent heat.

There are, however, also phase transitions that have no latent heat. A magnet, for
example, stops being magnetic if you heat it beyond a certain temperature. The states of
“being magnetic” and “not being magnetic” turn out to be states of matter, too, and this
loss of magnetism ¢s a phase transition. But upon becoming non-magnetic, the magnet
doesn’t suddenly release big amounts of energy, and neither does it become non-magnetic
only gradually. No, this is a change that happens without much “transition”, more or less
instantly, and without any latent heat. This is what we call a 2nd-order (or: continuous)
phase transition. Other, more visible (but probably less commonplace) examples of 2nd-
order phase transitions include the transition between liquid and superfluid Helium, and
the critical point of anything that has a liquid and a gas phase. The critical point is
where the transition line between liquid and gas ends, the point beyond which there is
no difference between gas and liquid anymore.

Unlike magnets, these last two examples have the advantage that we can work with
see-through materials. In other words, we can see (and not only measure) what’s going
on. If we let such a phase transition happen slowly enough, we might be lucky and
encounter critical opalescence: right at the phase transition the whole sample fogs up,
becomes opaque (white and non-see-through), and then emerges in the other state of
matter. One explanation of this phenomenon goes as follows: like with the boiling water,
you have bubbles forming, and these bubbles interfere with the light coming through.
However, unlike in boiling water, these bubbles come in all sizes, from micrometres to
centimetres in diameter, because there is no surface tension. And they are also allowed
to intersect and can form inside each other because there is no difference in density
between the states of matter. Because of this chaos, we can’t see individual bubbles, but
just a general white mist, the critical opalescence.

This hints at a more general phenomenon: that right at this transition point, the
system forgets about size or scale. The pattern of bubbles looks roughly the same at
all sizes, and all physics happens equally on all scales. This means that things like
density fluctuations, magnetisation fluctuations, and so on can be described using a
theory called a conformal field theory (CFT). It turns out that CFTs can be described

tat sea level
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using a relatively small set of data (the CFT data) that relates to physical observables
such as critical exponents. Critical exponents characterise how quantities behave at
and near the transition point: if they converge, if they diverge, and how they converge
or diverge. The question, which CFT data really corresponds to a CF'T, or physically
speaking: which critical exponents could occur in nature, is a hard problem that involves
solving an equation called the crossing equation. This problem is known as the conformal
bootstrap.

The crossing equation is a functional equation, i.e. an equation whose solutions are
functions that satisfy certain relations for all possible inputs. An example for a functional
equation would be

flx+y)=f@)fly) =z,yeR,

which is solved for example by the exponential function. In order to somewhat tame the
crossing equation, we make an Ansatz: we guess that the solution is of the shape

Zaifia

el

i.e. a series of some form, for a collection (f;);er of “nice functions”, and a collection
(a;)ier of coefficients. If we plug this Ansatz into the crossing equation, we obtain
infinitely many equations for the coefficients, which — with some luck and some smart
ways of looking at it — we could attempt to solve. In order for us to be able to look in
these smart ways, it is important that we know as much as possible about these nice
functions f;. They are called conformal blocks, and by some miracle they seem to be
related to Heckman—Opdam hypergeometric functions. My thesis tries to advance the
study of that miracle.
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A. Miscellaneous Formalia

Let us now address some formal aspects that were mentioned in the text but not ad-
dressed properly, as well as provide some references.

A.1. Wightman Axioms

The Wightman axioms are a way of mathematically formalising what quantum fields
(in Lorentzian QFT) are. Some free theories have been described in this framework but
we are yet to find “nontrivial” interacting theories that can be thus described. E] One
starting-off point for the Wightman axioms, as well as other axiom systems, is [Sch08,
chapter 8].

Let H be a Hilbert space, write &'(H) for the set of densely defined linear operators
on H. For A € O(H) write Da C H for its domain. Let S(R?) be the space of Schwartz
functions on RY, and write P for the covering group of the Poincaré group.

Definition A.1.1. A field operator ¥ € .Z 0(H) is a function S(R?) — O(H) such that
there is a dense linear subspace D C H such that

(a) For all f € S(R?) we have D C Dyy).
(b) The map S(RY) > f + W(f)|p € End(D) is linear.
(c) Forw € H,v € D, the assignment
S(RY) > f = (w,®(f)v) €C
is a tempered distribution.

Let (m,V) be a finite-dimensional representation of a Lie group or algebra. Write
TFOH, V)=V ®@.FO(H) for the space of tensor field operators, i.e. objects of the
shape v'a; for a basis (v')icr of V and field operators 1);.

Forve F0(H, V), 0 € TFO(H,W, say

P = vy, ¢ =w'e;,

write

V() ® élg) =" @ wi(f)d;(9)

In fact, mathematically rigorously describing a gapped Yang Mills theory is one of the Millenium
Prize Problems [Ins|
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or as generalised functions

P(x) ® d(y) == 0" @ wpi(x);(y),

so the tensor product only acts on the “tensor” aspect of tensor field operators.
Similarly, for w € H,u € D2 € TFO(H,V), say v'¢;, write (w,v) for the V-
valued tempered distribution

SRY) > f = v'(w, ¢i(f)u).
For the special case when both v, w are the vacuum state, write (¢).

A Wightman quantum field theory is a tuple (H,Q, U, w, (¢;)icr) of a separable (com-
plex) Hilbert space H, an element Q € ‘H with ||Q2|| = 1, a unitary representation U of P
on H, a finite-dimensional representation of Spin(d — 1, 1), and a tuple of field operators
Y; € FO(H) such that the dense subspace D contained in all of their domains, contains
), subject to the following axioms:

Axiom 1 (Covariance). (a) For all g € P we have U(p)D C D and U(p)Q = €.
(b) For all f € S(RY) and i € I we have ;(f)D C D.
(c) For g = (A,a) € P, f € S(RY) and i € I we have
U(@)oi(£)U(9) " = m(A™1Ys65(9 - f)
where (- f)(z) = f(A™" (2 — a)).
If (v%);es is a basis of the representation space of , realising
(At = W(A)ijvj,

then the Wightman QFT can also be phrased in terms of the tensor field operator (taking
the group to be the covering group of the Lorentz group) ¢ := ;0" satisfies

Ug)p(SU(g) " =m(g7")d(g - ).

Axiom 2 (Locality). Let f,g € S(R?) have space-like separated supports, then we have

[i(f),¥i(g9)l =0
on D.

Axiom 3 (Spectrum Condition). Let Py,...,P;1 € O(H) be the generators of the
translation semigroups induced by U. Their joint spectrum is contained in the forward
leghtcone.
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A.2. Asymptotic Expansions

Asymptotic expansions are a tool that generalises Taylor and Laurent series, which
is commonly used to describe functions f defined on 1-dimensional (complex) domains.
They are a way of describing asymptotic behaviour around a point z in terms of functions
of one’s own choice (so-called gauge functions). Unlike Taylor and Laurent series we don’t
expect the asymptotic expansion of f to converge or, if it does converge, to equal f in
any region. What matters is that the partial sums describe the asymptotic behaviour
of f near x better and better. For more details, see [Mal|. We are describing a slightly
generalised and specialised version of this that is able to describe functions in higher
dimensions but uses a fixed choice of gauge functions.
Let U C R% and L € R? a limit point of U.

Definition A.2.1. A continuous function f : U\ L — R is said to have asymptotic

expansion
lz = LI ) cale — L)
a>0

around L (n € R, a is a multi-indez) if for all m € N we have

Hx B Lan - Z\a|§m ca(x - L)a
z—L H.I' — L”m

i.e. if the difference between f and the m-th partial sum grows slower than ||z — L||"™™".

Example A.2.2. Any multi-dimensional Taylor or Laurent expansion is an asymptotic
expansion. In particular, for d =1, U = Rsq, and L = 0, the function exp(—t‘l) has
asymptotic expansion 0 around 0.

Definition A.2.3. A field operator ¢ has asymptotic expansion

lz = L™ > calz = L)*

a>0

around L if for every w € H and v € D, the distribution (w, ¢v) has a regular domain
of which L is a limit point, such that the regular function representing (w,¢v) on that
domain has asymptotic expansion

|z —L|™" Z(w,%ﬂ))(az — L)~

a>0

A.3. Nuclear Spaces

When it comes to taking tensor products of vector spaces, things become sticky as you
move to infinite dimensions. If VW are Hilbert spaces, we can take their algebraic
tensor product V' ® W and give it an inner product via

(v@w,v @w') = (v, (w,w)

119



and then continuing it sesquilinearly. This then makes V' @ W into a pre-Hilbert space,
which can be completed to form a Hilbert space — again called V' ® W. This seems all
well and good, but trouble arises as soon as we try to use “the” universal property of
tensor products: representing bilinear maps. We could, for example, try to represent
the bilinear map ev : V* x V — C, (\,v) — A(v)), which is wonderfully bounded to have
operator norm 1, as element of (V*)*®@ V* =V @ V*. If (v;)en is an orthonormal basis
of V, and ()\;);en is its dual basis, then

N
Z v ® A
i=1

would represent ev on the space spanned by vy, ...,vy. Consequently, to represent ev
on all of V', we’d have to take the limit N — oo, but alas! The N-th partial sum already
has norm v N , so that series would never converge.

If we now widen our horizon slightly and consider Banach spaces, we can again follow
the path of taking the algebraic tensor product, defining a suitable norm, and then
completing with respect to that norm. In particular, our norm should satisfy:

Definition A.3.1. Let V,V’ be vector spaces, let N, N' be (semi)norms on V,V'. A
map p:V @ W — R (algebraic tensor product) is called cross(semi)norm if p(v @ v') =
N()N'(v") forve VW e V.

Example A.3.2. The projective cross(semi)norm of the seminorms N, N' is given by

n

T = Z v; ® vé} .
i=1

The injective cross(semi)norm of the seminorms N, N’ is given by

() = sup {|(A @ w)(@)| | A € V¥, € VI N (M) = N™ () = 1}

m(x) = inf {Z N (v;)N'(v})

i=1

where N* denotes the operator norm defined from N.

For two Banach spaces V, W, the projective and injective norm are generally different,
and hence define different (completed) tensor products: the projective and injective
tensor product. In some sense they can be seen as the “extremal” tensor products.

For Fréchet and other complete locally convex topological vector spaces, we can follow
similar approaches and get a whole wealth of possible topological tensor products. For
more details on various tensor products and their properties, consult [Tre67, part III].
In this setting, however, a class of locally convex Hausdorff topological vector spaces
(LCHTVS) emerges that exceed all our expectations about their well-behavedness:

Definition A.3.3. A LCHTVSV is called nuclear if for all LCHTVS W (equivalently,
for all Banach spaces W ), the (completed) projective and injective tensor products VW
are the same. More concretely, if the map

VW=V W

induced from the identity on the algebraic tensor products is an isomorphism of topolog-
ical vector spaces.
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In other words: among nuclear spaces there is really only one sensible notion of tensor
product. It turns out, these spaces satisfy a host of wonderful “heredity” properties like

Proposition A.3.4. Let V be a nuclear space.

(a) The completion of V' is nuclear.

(b) Any linear subspace of V is nuclear.

(c) Let W <V be a closed subspace, then V/W is nuclear.
(d) Products of nuclear spaces are nuclear.

(e) Finite tensor products of nuclear spaces are nuclear.
Proof. See [Tre67, proposition 50.1]. O
But what we’d ultimately like is some interpretation for the tensor products between

these spaces and, more importantly, some information of if they even exist (at least in
the infinite-dimensional setting — all finite-dimensional vector spaces are nuclear)

Proposition A.3.5. Let Q C R" be open. The spaces
C>(Q),C(Q), D'(2), S(R™), S'(R™)

of smooth functions, test functions, distributions, Schwartz functions, and tempered dis-
tributions are nuclear.

Proof. This is the corollary after |[Tre67, theorem 51.5]. O

And we have, as promised,

Proposition A.3.6.

S(R™) ® S(R™) & S(R™™)
Sl(Rm) ®Sl( n) o~ Sl(Rern)
C®(X)®C®(Y) X C®(X xY)

D(X)@D(Y)ZD'(X xY)

for X CR™Y CR"” open.

Proof. This is [Tre67, theorem 51.6], as well as its corollary, and the Schwartz Kernel
Theorem |[Tre67, theorem 51.7]. O

These statements all hold for subsets of Euclidean space, but by covering a manifold M
in patches U; C R™ and imposing transition maps on the intersections (on the manifold),
we can express C°(M),C° (M), D'(M) as linear subspaces of

showing that they are nuclear as well. A similar technique then also shows the statements
about the interpretation of ® on manifolds.

Nuclear spaces and the Schwartz Kernel Theorem are discussed in detail in [Tre67),
sections 50& 51].
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B. Some More Calculations

Most matrices in this appendix will be written as (1,d, 1) block matrices.

B.1. Lie Algebra Elements
Recall that we defined K* = FO# — Fdthi and pr .= —FO# — pdt+li This means
that

(K,u)zzp — 7701/5;)1, o nuu(sg - nd+1,u5g + nuuéngl

= 60,1/5/4) - 77,1w50,p + 5d+1,u(5up + np,uédJrl,p;

which corresponds to the matrix

0 e 0
—-ne, 0 ney
0 e:: 0
Similarly, P* corresponds to
0 —el 0

0 ol o
0 —2I 0
r-P=x,K'=12* 0 z°
o zI' o0
For our algebra a we have
0 0 1
Do=10 0 0
1 00
We have
[K‘M,PV] - _ {FO,M o Fd+1,u7FO,V + Fd+1,1/

= 2FM 4 2 PO = 2 4 o Dy
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B.2. Group Elements

In order to calculate exp(b- K) and exp(x - P) we calculate the squares of the contrac-

tions:

- 0 b
b-K?=]10 00

- 0 v
(b-K)*=0

—x2 0 —z?
(z-K)?=| 0 0 0

22 0 2?2
(z-K)*=0

where b2 = 1(b,b) and 22 = n(z, ). This shows that

-2 2 1-z 7
exp(b-K)=|[ —b* 1 b® exp(z - P) = x® 1 x®
2l 14+ 2 2 T 142
Furthermore, we have
wo 0 0 \[1-%2 T % \[w 0 0
wexp(b- K)w=[0 w 0 -b* 1 b® 0 w 0
0 0 —wo —% b? 1+ % 0 0 —wo
1— % woblw —%
= | —wowb® 1 —wowb®
% —wowbr;F 1+ %

= exp(—wp(wbd) - P).
Furthermore, we have

Dj =

S O =
oS O O
)

so that
cosh(ar) 0 sinh(«)

exp(aDy) = 0 1 0
sinh(a) 0 cosh(a)

B.3. Group Action on Conformal Compactification

Let x € RP? be non-isotropic. Recall the element w from the proof of Proposition [3.3.4]
note that A = diag(ao,...,aq+1), where ag = ag+1. Again, we also use A to denote the
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d x d submatrix obtained by removing the first and last row and column. Then

w-i(z) =q|lw )
1+77:171:

wol—

—wWo 1—1—771:38

n(x,z)+1
“(‘nUéOW)) e

B.4. NNMA Decomposition

(1‘ r)

n(x, 77(1‘ z)
=q —2wow:r wowx
)

Let b,z € RPY as well as o € R and m € SO(p, q), then

+£1 0 O
exp(z-P)exp(b-K)| 0 m 0 |exp(aDp)
0 0 =1
1-— % —zl —%2 1-— % bl % +1 0 0 cosh(ar) 0 sinh(«)
= =z* 1 x® ! b* 0 m O 0 1 0
%2 zI 14 % —§ bl 14 % 0 0 =1/ \sinh(a) 0 cosh(a)
14 byt + M —zl+ (1 =%l —bat + M +cosh(o) 0 +£sinh(w)
—b* + (1 — b?)z® 1+ 22°bf b‘ +(1+ b2) 0 m 0
—buat + 771’2“622%%2 sl + (1 +220]  1+bat+ 7b2+x22+b2x2 +sinh(a) 0 =+ cosh(a)
A BI C
D* E F*
G HI 1
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where

A i(l —2952 exp(od) 1+ 2b,at 2_ b2 + b2 eXp(_a)>
€= (1 T expa) - T OO exp(—a>>
" i<1 " exp() - LR RO O exp(—a>>
I i(l —;.%2 exp(a) + 1+2b,2" ;— b2 + b2 exp(—a))

(exp(a)x“ —exp(—a)(b* + b2x“))
FH = :i:(exp(a)x“ + exp(—a) (V" + b%“))
Hy, =m?, (w, + (1 +2%)b,)
E =m+ 22°blm.

From here we see that

A I
—+C;G+ = texp(a)
—— =7 exp(a)
A-C+G-1
—y = Fb? exp(—a)
A-C-G+1
% = +(1 + 2b,2" + b%2?) exp(—a)
DH + FH
+ = texp(a)z”
DH — Fh
— = Fexp(—a)(b* + b2zh)
BT HT
° _g s _ bz“m’
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so that
(‘A—FC—FG—&-ID
a=log||——

2
" DH+FN
A+ CH+GH+IT
o PP DOAGCHG D) (P4 D)(A-CG-1])
4 4
:A—i-GFN_CW-ID,J
2 2
(D + F*)(B, + H,)
no_pe )
My v A+ C+G+1

Similarly, for m € SO(p, q),a« € R,b € RPY we have

+£1 0 O
wexp(b-K)[ 0 m 0 |exp(aDy)
0 0 =1
wp 0 0 - % vl % +cosh(a) 0 =sinh(a)
=0 w O —b* 1 b* 0 m 0
0 0 —wp —% bl 1+ % +sinh(a) 0 =+ cosh(a)
2 2
wo (1 - %) wobq wo’y +cosh(o) 0 +sinh(a)
= —wb*® w wb® 0 m 0
wo% —wb® —wo(l + %) +sinh(a) 0 =£cosh(a)
+52 exp(a) £ wo% exp(—a) weblm +% exp(a)F wo# exp(—a)
= Fexp(—a)wb® wm + exp(—a)wd®
T2 exp(a) £ wO# exp(—a) —wob*m FGexp(a) F wo# exp(—a)
A BI C
—|p* E P,
G HI 1

where
(‘A%—C’—G—ID
a = log —
(H" —F")(A+C -G -1)
4

TR
b =wh,

mt, =wh EP,.
Proposition B.4.1.

exp(b- K)exp(z - P) = exp(z’ - P) exp(V/ - K)mexp(aDy)
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where
o= log<1 + 20,2t + ngQ)
_ xh + 22t
14 2bya + b2a2
b = (14 2Vb,)b" + b, (2" b" — 2Mb”)
(z# + 22b*) (b, + bx,)
1+ 2b,xP + b?a?

7z

mt, =6 + 2btx, — 2

if 0 # 1+ 2b,2* + b?2?, and wexp(V - K)mexp(aDy) with

o= ()

bH = —x2m“l,b”

m', = wt (67 + 2b°x,)

otherwise.
Proof.
b2 T b2 2 T 2

1— 5 b. 5 1— % —Tq -5

exp(b- K)exp(z-P)=| —b* 1 b* x® 1 x®
b2 ()2 2 2
-l 1+ % = 2l 1+ %
14 bt 4 P T () g2yl pap oy P
= r* — (1 —z?)° 1+ 2v°zr z® 4 (14 22)b°
bt + TCFTAVSE BT (14 p2)a T 14 bt 4 Pt
A BI C
=|D* E F°*[,

G HI 1

so that
A+C+G+1T
a= log(‘Jr;JrD = log(1+ 2b,2" + b%2?)
w_ DU+ FR O akd 22
A+C+G+1 1+ 2ba¥ +b%a?
Wi A+GFH_ C+IDu
2 2

= (1 +2b,2" 4 b?2)b — b2 (x + 2°bH)

= b+ 2Vb, b + by (27D — 2HDY)

(z® + 220°) (b 4 22T
1+ 2b,at 4 b2a?

m=1+2bzl -2

for an NNM A decomposition.
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For the case that b € O(t) and we're truncating after order ¢, we have

a = 2b,z"
xl"[/
= W + be,u = .T‘u(l — 2b,,a:”) + be,u
v
b = b

mt, =1+ 2bt'z, — 22¢b,.

If we have a wM AN decomposition instead, the parameters are as follows

a= 10g<’2’> = log(‘:p ’)
— (H” — Fu)(A4+ C-G-1I) _ b
mt, = wh (07 + 2b°z,,).

Proposition B.4.2.

wexp(x - P) = exp(a’ - P)exp(b' - K)mexp(aDy)
where ¥’ = I(x).

Proof.
z? T x?
1-2 T -z
wexp(x-P)=w| z° 1 x®
2 2
= ol 1+ %
x? T z?
wo <1 5 —wox, —wo5
= wx® w wx® ,
T 2
—wo- woT, —wo(l + %)
so that
o = log |2
I wowt, z¥
)
bt = wow,x
2xPx
mt, = wh (55 -— z
x
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B.5. MANwNMA Decomposition
Let z,y € RPY o, 8 € R,m,m' € SO(p, q), then let’s calculate

mexp(aDy) exp(x - P)wexp(y - P)m' exp(B8Dy).
First recall that the elements of M A are

o(m)cosh(a) 0

o(m) sinh(«)
0 m 0 ) (m7 Q> mlv 6)7
o(m)sinh(a) 0 o(m)cosh(a)
where o(m) € {£1} such that
o(m) 0 0
0 m 0 eq.
0 0 o(m)
Furthermore, for exp(x - P)wexp(y - P) we get
1-2 g7 —Z N\ fwy 0 0\ /[1-% —f -¥
x® 1 x® 0 w O y* 1 y*
Hooal 145/ \0 0w/ n oyl 14y
_ fqV —a?—y?4a?y? _ .2\, _ T _ [, v 22—y 4a2y?
wo — Wy, x*YY + wo 5 wo(l — x%)ys — Ty w wrhy” + wo 5
= wo(1l — y2)z® + wy® w — 2wyl
Wy ahy” + wo Y

—wo(1 +y*)z* + wy®
2

—wo(1l + 22yl +2lw —wo+ waty” + we==

—y2_z2y2
2
Thus, multiplying it all together, we get
A x C
* ok %
G I
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with

2 wo + wory? — 2wy xty”

A= a(m)o(m)( = <5 exp(a + B) + 2 expla — ) + > exp(—a + )
_ w()2x2 exp(—a — B))
€ = otm)atm)( — “U expla+ ) — L expla - ) + LIV 20w oo g
+ wor* exp(—a — ﬁ))
G = o(myo(m')( ~ “2 expla -+ 9) + “explar - §) - LIV 2w ooy )
+ wor” exp(—a — ﬁ))
I = a{myo(m') ( — 2 expla+ 5) — W exp(a — §) — WY 20w o)
_“gﬁemx_a—ﬁn.
This shows that
W = (1 — 2wowaty” + 2*y?) exp(—a + B)
A-C+G-1

20(m)o(m)wy = exp(a—f)
A-C-G+1 9

2olmatmuy P

As a consequence,

(C+GP?—(A+1)? 5,

1 -
A—I?—(C-G)
A0 = O=CF oy 4 2%
22(A-C+G-1)
l%< a—c-G+I |) =
452

log (

)-s

(A=CP (G-I
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If we assume that 22 = +1, then

(C+G?*—(A+1)?

+ 1 =y
A-1)?—(C—-G)?

LA OZOR (5 wpu?
M—C+G—DD_

b%JA—C—G+I = 2a

I%Qm—ovim—n2

)

For (z,y) € Y, from Proposition we see that the scalars y? and (y F wowr)?
are precisely those that occur in (3.3]). In conclusion, for

A x C
Usx=|x*x * =x
G *x 1

we have A ) ©1 G)2 (4 [)2
e roiare) AN Oy vy ro pye)

and z € M exp(aDy)Ysr exp(8Dg)M for

u(x) =

) BZQ%QM—CPi@—DQ

L QM—C+G—D

CTR\ A oG+

B.6. Embedding ay

We begin by evaluating our invariant bilinear form B. For that first note that

tr(E" EP7) = EM EP7P
— nua(ggnpﬁ 6
=n"n".
Thus, we have

B(FHY FP?) = tr(E* EP? — EVHEPT — EFYEP + EVFEP)
= 2HTPP — 2Py

This shows that (—%FW) is the dual basis of (F'*),, of m. From this, we can
u<v
conclude that

B(Do, Do) = B(FO4, FO+t) = gyt —
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and that

B(P*,K") = B(=F%" — ptthe pov _ pdtly)
— 27700,'7/.Ll/ _ 2,'7d+1,d+1,’7p,1/

= 4t
This shows that the bases

1 1 1 1
-P,....,-P;,-K;q,...,- K
4 1, 4 d>4 1 4 d

and K, ..., K% Pl ... Plof Y =n@®m are dual.
As a consequence, the quadratic Casimir elements of g and t can be written as
1 D3 1 1
Q=-= > F.F"+ 70 +  PuE" + KB,
1<p<v<d
1

1 1
=~ Fu P + SD} + 2 {P¥ K}

1 1 1

1 1 1
= ——F,, F" + ~Dy(Dy — d) + =K"P,

4 2 2

1 1

Qt == _Z “VFMV + §Dg

Furthermore, the map ay from (4.1 can be written as

1
T 64
+B(¢, [Ky, PH])P“KV + B(¢, [Kua Ku])P“PV)'

ay (§) = = (B(& [Py P)K"K” + B(&, [P, K, )K" P

Using that the P’s and K’s commute among each other and that [K,, P,] = 2F),, +
21, Do, we obtain

1

Cty(f) = 372(3(57 Fuu - np,l/DO)KMPV + B(§7FMV + anDO)PMKV)-

For the case £ = F*” we obtain

16
1

8

where we used that the coefficient in front of terms with o = p is 0, so K, PP anticom-

1
ay (F™) = — (123" — 0"y ) (KPP® — K7 P?)

(KV P! — KMPY)

mute.
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For the case £ = Dy we obtain

1
Oéy(D()) = E(_KHPM + PMKM)

1
= E[P‘“, KM]

1 1

Finally, we can now use this to calculate ay (€2):

1 1
—ay (F, ") = — (K,P, — K,P,)(K"P" — K'P")
4 256 )

- — Y (K,P,K"P" - K,P,K"P")

=— Y (-K,K"P,P"+ 85 K"P, + K,K"P,P")

d—1 1
— KK o
K2R, 128

16
1 1
5OA/(DO)2 = g (4d + K" P)(4d + K P,)
2 d 1
=—+ —KMtP,+ —KMP,K"P,
8 + 16 wt 128 " v
—d2+ dK“P + L (-8K"P, — KFK"P,P,)
8 16 #7128 v pev
2 d-1 1
=—+ ——K!P, — —KFKYP,P,.
8 + 16 o128 pov

K"K"P,P,

And thus,
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