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Chapter 1

Introduction

1.1 Physical background

Two dimensional conformal field theory is a very rich and wide subject where
different branches of physics and mathematics come into play.

Physically it is a two dimensional quantum field theory which is invariant
under conformal transformations. As any quantum field theory, it can be
described by a compatible set of correlation functions {¢1(x1)de(z2) .. ), i.e.
complex numbers depending on fields ¢; which are inserted in points x; of
the Riemann sphere or some other surface (or respectively some other higher
dimensional manifold). These functions, which in a conformal field theory
have to be covariant under conformal transformations, can be seen as ex-
pectation values over all possible configurations of the fields and depend on
the insertion points x;. One way to compute correlation functions is via the
so-called path integral formalism.

Conformal field theory has various applications in physics: in string theory
where the world sheet theories of closed and open strings are conformal, in
statistical mechanics where critical percolation may be described by logar-
ithmic conformal models [CR13]. The path integral approach can also be
applied to the stochastic dynamics in classical systems with many degrees of
freedom. The study of an example, a classical system modelling molecular
dynamics, was a side project of the PhD and is presented in chapter 3.

A conformal field theory in two dimensions factorises into a chiral and
anti-chiral part which are described by holomorphic and anti-holomorphic
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functions, called chiral and anti-chiral conformal blocks. These are multi-
valued functions. The symmetry algebra of the theory contains an infinite-
dimensional algebra, called Virasoro algebra, generated by the conformal
transformations. There are two copies of the Virasoro algebra Vir and Vir
acting on the conformal field theory corresponding to the chiral and anti-
chiral parts. The chiral and anti-chiral parts of a conformal field theory can
be mathematically axiomatised by two copies V and V of a vertex operator al-
gebra.

A wvertex operator algebra (VOA) is an algebraic structure with extra layer

of analysis. Apart from the connection to physics, vertex operator algebras
are furthermore interesting mathematical objects on their own. For example
their representations provide, under some finiteness and semisimplicity con-
ditions, examples of modular tensor categories [Hua08].
Other interesting vertex operator algebras are the so-called chiral logarithmic
conformal field theories. These are vertex operator algebras with finite non-
semisimple representation theory. Physically they correspond to chiral con-
formal field theories where the energy operator fails to be diagonalisable on
the quantum state space and whose chiral conformal blocks may have logar-
ithmic singularities. For a broader introduction to quantum field theory and
vertex operator algebras, see chapter 2.

Chapter 4 contains the main body of this thesis.
We consider the example of the Heisenberg vertex algebra associated to a non-
integral lattice and the corresponding non-local screening operators. Under
certain smallness condition, these screening operators satisfy the relations of
a Nichols algebra, with a diagonal braiding induced by the non-locality of
the screening operators and non-integrality of the lattice.

One of the pursued goals is to take all finite-dimensional diagonal Nichols

algebras, as classified by Heckenberger [Hec05], and find all realisations of
the respective braidings by lattices, that are compatible with reflections.
A second goal is to study the associated algebra of screening operators when
the smallness condition fails. For positive definite lattices, where smallness
holds, we obtain the Nichols algebra, such as the positive part of the quantum
group, and for negative definite lattices, where smallness fails, we obtain an
extension thereof.



A motivation for this study is that for each Nichols algebra braiding,
realising lattice and associated screening operators, we can conjecturally con-
struct a logarithmic conformal field theory as kernel of the screening operat-
ors. Its representation theory should then be equivalent to the representation
theory of the quantum group associated to the Nichols algebra. It is expec-
ted that the finiteness of the Nichols algebras coincides with the finiteness of
the non-semisimple representation theory of the corresponding logarithmic
conformal field theory. As resulting logarithmic conformal field theories we
would then get p, p’ models, super analogues and other new examples.

1.2 Mathematical tools

In this section we are going to give an overview of the main mathematical
objects and tools that we use in chapter 4 in order to achieve the above-
mentioned goals. These goals are presented in more detail in section 1.3.

1.2.1 Vertex algebras and representations

A Vertex Operator Algebra (VOA) [FBZ04] [Kac98] is a collection of the
following data:
A Z-graded vector space V, a distinguished vector |0) € V), a linear operator
0: V — V, a conformal vector w € V and a linear operator called
vertex operator

Y: VacV = V|z 2] (1.1)

taking values in formal power series with integer exponents and coefficients
in the space V. These data have to fulfil several compatibility axioms.
There is an action on )V of the conformal symmetry algebra, the Virasoro
algebra, defined via the conformal element w.

A module M over a VOA V is a C-graded vector space together with an
operator

Ya: Ve M = M|z, 27 (1.2)

fulfilling again compatibility axioms as Y. The map Y, takes values in
formal power series with integer exponents and coefficients in M.
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An intertwiner between VOA modules M, N, £ is a map
Yunre: MecN — L{z}[log(z)] (1.3)

where {z} are power series with complex exponents, and [log(z)] denotes the
space of polynomials in variable log(z). The intertwiner Y oo must fulfil
compatibility axioms (see [FHL93]).

In contrast with Y and Y x(, the intertwiners Yy ar .z are power series corres-
ponding to multivalued functions. Intertwiners define, under some conditions
on the vertex algebra, a tensor product on the modules and a braiding. The
multivaluedness is the reason for getting non-trivial double braiding on the
category of modules over V. We now discuss it in more detail.

A result of [Hua08] and [HLZ14] tells us that under some finiteness conditions
on the VOA V, e.g. V being Cy-cofinite, the category Rep(V) of representa-
tions of V is a braided tensor category.

A braided tensor category is an abelian category with tensor product and
braiding.

The tensor product M ®y, N is defined by having an intertwiner

Yumen : M®cN = (M @y N){z}log(2)] (1.4)

and being universal with respect to this property [HLZ10VI].
The braiding cpn : M @y N — N @y M is roughly defined by

e © Y men(2) = Yyom(—2) (1.5)

where we analytically continue z to —z counter-clockwise.

The double braiding therefore measures, in some sense, the multivaluedness
of the intertwiner Y yyga: when it takes values in power series with integer
exponents, e.g. when as module M we consider the VOA V itself, the double
braiding is in fact trivial; when the exponents are fractional, once analytic-
ally continuing z to —z, the intertwiner catches the monodromies and the
double-braiding is not trivial.

Moreover if Rep()V) is semisimple, then it is even a modular tensor category,
i.e. it has a non-degenerate braiding

cmnvoenym=1id YN = M=Ia -l
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This is conjectured in some form in the non-semisimple case as well.

One of the easiest examples of VOA is the n-dimensional Heisenberg vertex
algebra V1. Tt is defined as the space of polynomials V}i := C[0¢y, 0*¢y, - - - |
in the formal variable 0™ ¢y, with m € N, A € C", which is linear in the index
variable a0 ¢x+b0™¢,, = 0" Par+pp- S0 it would be enough to consider 0™ ¢,
for a basis «; of C".

The notation indicates that ¢, is a physical field in the corresponding chiral
conformal field theory: the chiral algebra of n free bosons.

We define the following vertex operator on the generating element d¢,:

k
Y (06200, = Ap) - 2214+ %Gqﬁu o1k, (1.6)

k>0

where (, ) is the standard inner product on C".

For every a € C" there is an irreducible module V, := C[d¢y, D*dy, - - - ]e?e
with vertex map Yy, (0¢y)e?s = (X\,a) - 271 e + ...

The tensor product and the braiding follow from having some intertwiners

Yy, ap, (€%)e® = 29 . eftt) 4 ...

im(a,b)

= Va X Vb - Va-l—b) Cy, vy - Va X Vb e—> Vb X Va'

Notice that the double-braiding is trivial if and only if (a,b) € Z.

1.2.2 Screening operators

Screening operators are well known in vertex algebras and conformal field
theory literature [DF84]. Normally one considers local screening operators,
i.e. screening operators associated to the vacuum module of a vertex al-
gebra V. Such screening operators carry a Lie algebra structure.

In this thesis we are instead going to consider mon-local screening operat-
ors associated to V), i.e. screening operators associated to any module M
of V. Non-local screening operators appear in a set of conjectures [Wak86|
[FGST06a] [AMO8] [FT10] regarding logarithmic conformal field theories
arising from their kernels in vertex algebras associated to Lie algebra root
lattices, and conjecturally having the same representation theory of quantum
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groups.

Let V be a VOA and M, N modules. Recall that the tensor product M &y N
is defined by having an intertwiner

Yman : M@cN — (M ey N){z}log(2)].
Fix m € M. For all modules N of V, we get a map
Ymen(m, z) « N = (M @y N){z}log(2)].

Integrating around the lift of the circle around z = 0 in the multivalued
covering, we get a map associated to m € M

3m N> My N (1.7)
which takes values in the algebraic closure of the tensor product.
We call the map 3,, a (non-local) screening operator.

In what follows, we focus on the screening operators 3,, associated to ele-
ments e”, v; € C" in the n-dimensional Heisenberg VOA modules V,, defined
above. In particular we want the v; to form a basis. We consider the non-
integral lattice A C C" spanned by them.

One of the aim of this thesis is to analyse the algebra generated by the
screening operators 3,, under composition, associated to a fixed lattice A.
We saw that non-locality implies the multivaluedness of the intertwiners and
thus a non-trivial double braiding. Therefore while local screening operators
generate Lie algebras, non-local screening operators generate algebras largely
determined by the braiding, such as Nichols algebras and extensions thereof.

1.2.3 Nichols algebras

We now briefly describe the notion of a Nichols algebra, postponing the rig-
orous definition until section 4.1.
Nichols algebras were first introduced in [Nic78].

Let (V, ¢) be a braided vector space. The Nichols algebra B(V') is the tensor
algebra T(V') modulo the kernel of the quantum symmetrizer

My =) pals(r)),

TESn
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where s(7) is the preimage of a permutation 7 € S, of shortest length in
the braid group B,,, which has an action p, on V®" using the initially given
braiding ¢ on V.

Note that s : S,, — B, is usually just a map of sets. In the case of a symmet-
ric braiding, the composition p,, o s factorises to a group homomorphism.

In particular in what follows we treat the case when (V] ¢) is a finite-dimensional
vector space with diagonal braiding, i.e. there is a basis {z1,...,2,} of V
such that

CIT QT Gy - T QT g; € C*.

We call the matrix ¢ = (g;5);; the braiding matrix. The Nichols algebra B(V)
then depends just of the braiding g;;, therefore we write B = B(q).

Examples of Nichols algebras are B(V) = C[xz]/2* when V = (z)¢ is a one
dimensional vector space, and the braiding ¢;; = ¢ is a f-th root of unity
or B(V) = S(V) the symmetric algebra (resp. B(V) = A(V) the exterior
algebra) when the braiding is ¢;; = 1 Vi, 5 (resp. ¢;; = —1 Vi, ).

Another example which is central in our work is of Nichols algebras associ-
ated to Lie algebras: consider a finite-dimensional complex semisimple Lie
algebra g, with simple roots a4, . .., a,, root lattice A, and inner product (, ).
Let ¢ € C* be a primitive ¢-th root of unity and the diagonal braiding
qij = q“*»%). Then B(q) = u,(g)* is the positive part of the small quantum
group u,(g).

Although the definition of Nichols algebras could look technical, they can
be actually thought as a quite natural generalisation of Lie algebras. It was
indeed proven that finite-dimensional Nichols algebras are endowed with gen-
eralised root systems, Cartan matrices and Weyl reflections. This result goes
back to [HecO6b] for diagonal Nichols algebras and to [AHS10] otherwise.
Moreover, [HecO6a] provides a classification of finite-dimensional Nichols al-
gebras with diagonal braiding ¢;; via generalised root systems and g-diagrams
of the form:

Gii 4ij495: dj;5

The idea is, in the diagonal case, to define a root system by labelling the
basis of the space V' by what we call simple roots {zq,, ..., Za, }
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A generalised Cartan matrix a;; and a Weyl groupoid generated by reflections
RF can then be defined by analogy to Lie theory.

1.2.4 Algebra of screenings

Now that we have defined Nichols algebras, we can study under which condi-
tion the algebra of screening operators is in fact a finite-dimensional Nichols
algebra. In particular we use the classification list of [Hec05].

Once again, the setting is: a non-integral lattice A generated by elements
U1,...,0, € A with inner product m;; := (v;,v;); associated to them the
elements e” in modules over the Heisenberg vertex algebra V}} with braiding
e ®e g e ®ev, gij == el
A result by [Lenl17] tells us that if a certain smallness condition on m;; (see
theorem 4.2.1) is satisfied, corresponding to the poles of the intertwiners be-
ing not too severe, the screening operators 3,,,...,3,, form the diagonal
finite-dimensional Nichols algebra B(q) with braiding g;;. If this smallness
condition fails, the screening algebra is an extension of B(gq), which we would
like to understand.

An immediate example of that is the one mentioned above:

if A is a root lattice of a semisimple finite-dimensional complex Lie algebra
g and the poles of the intertwiners are not too severe, then the screening
algebra is the positive part B(q) = u,(g)" of the small quantum group u,(g).

1.3 Main goals of the thesis

In this section we are going to outline the main achievements of this work.

Our first goal is to find all lattices realising Nichols algebra braidings.

Let A be a lattice of rank n with basis {vy,...,v,} and inner product
mi; = (v;,v5). We say that (A, my;;) realise a given braiding ¢;; with
generalised Cartan matrix a;; if

eiﬂmij = gy and 2m” = QM4 OF (1 — al])m“ =2 (18)
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Moreover all the reflected matrices R¥(m;;) must fulfil again the second of
(1.8). This condition expresses that the reflections lift in a suitable sense to
the inner product m,;.

This definition goes back to [Sem11], but there (1.8) is required to hold only
for one specific Weyl chamber, while we want it to hold in all Weyl chambers.

As an example, we show (details in 4.3.5) which lattices realise the braiding
of the Nichols algebra B(q) = u,(sl3)™".

¢ q?* ¢ 4
The g-diagram of B(q) is given by 0————0 where ¢ = €™, ¢* # —1.
This braiding is realised by rescaling a Lie algebra root lattice of type As,
sl3 with positive roots {ay, as, aja} by a parameter r € Q.

2r —r
As inner product we get a family of realising solutions: m;; =
—-r 2r
It is interesting to note that if we allow the value ¢> = —1, we have an
additional family of realising solutions parametrised by r = &, where p’ is
an odd integer:
2r —r 1 —14r
1 11
m;; = my; = = Rz(mij)
—r 1 —1+r 1

obtained by rescaling a Lie superalgebra root lattice of type A(1,0), g = sl(2|1)
by the parameter r = %/.
We find for every finite-dimensional diagonal Nichols algebra as classified
by [Hec05], [HecO6a], families of solutions (A, m;;) realising the associated
braiding. These solutions are mostly coming from rescaling Lie algebra (sec-
tion 4.4) or Lie superalgebra (section 4.5) lattices by rational parameters. In
the tables of section 4.9 we list all solutions for finite-dimensional diagonal
Nichols algebras of rank 2 and 3.

Our second goal is to investigate when the screening operators form a finite-
dimensional Nichols algebra and when they form a larger algebra, extension
of a Nichols algebra. We start by refining the result of [Lenl17], namely
weakening the smallness condition:

Theorem 1.3.1. Let A be a non-integral lattice with v; € A, m;j = (v;, v;).
Consider the braiding q;; := ™™ and the screening operators 3.,.
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e The truncation relation (3,,)" = 0 holds if:

2
My gé—NE k=1,...,n=ord(g;).

e The Serre relation [BW, [ .. [SU,L.,BUJ ] } =0 holds if:

2

The truncation and Serre relations are typical relations of Nichols algebras.
The theorem, proven by analytic continuation, tells us that these relations al-
ways hold except for a set of values of m;; depending on the rational paramet-
ers. For those values where they do not hold, it is interesting to understand
what is the extension of the Nichols algebra that the screening operators form.

We find that when the braiding ¢;; = em(@2)r is realised by a rescaled
Lie algebra root lattice m;; = (o, a;)r then for » > 0 all Nichols algebra
relations hold and the algebra of screening operators is therefore the small
quantum group u,(g)"; whereas for < 0 all Nichols algebra relations, ex-
cept the truncation relations, hold and the algebra of screening operators
is a larger algebra, conjecturally the positive part of a quantum group with
infinite centre U,(g)* (see 4.4.4).

We find an analogous result for braiding realised by rescaling a Lie superal-
gebra root lattice (see 4.5.4).

There are then a finite number of finite-dimensional Nichols algebras whose
braidings ¢;; are realised by lattices neither coming from Lie algebras, nor
from Lie superalgebras root lattices. For those, the smallness condition al-
ways holds and the associated screening operators always form the Nichols
algebras B(q).

1.4 Structure of the thesis

The thesis is divided into three parts: in chapter 2 we give a more detailed
introduction to quantum field theory and vertex algebras, in chapter 3 we
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give an overview of a side project of the work involving the study of a classical
system with the tool of path integrals. Finally in chapter 4 we present the
results of the main project of the work whose goals where introduced in the
previous section.
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Chapter 2

From classical to quantum

In this chapter we want to lead the reader through a more detailed introduc-
tion to quantum field theory and vertex algebras.

We start in section 2.1 by recalling the Hamiltonian and Lagrangian formal-
ism in classical mechanics and classical field theory for the toy examples of
the free particle and the free scalar field.

We then proceed quantising the two systems in sections 2.2 and 2.3 obtaining
the quantum free particle and the quantum free scalar field.

The equivalence between the Hamiltonian and Lagrangian quantisation of
the free particle is shown by comparing the Schroedinger solution and the
path integral amplitude in 2.2.3.

In order to show some evidence of the equivalence between the two quant-
isations of the free scalar field we introduce the notion of vertex operator
algebras and two point functions in sections 2.4 and 2.4.3.

This chapter is based on the following sources: [Benl8], [CMO08], [Sch14].

Hamiltonian

Lagrangian

MECHANICAL
SYSTEM:
finitely many
degrees

TFIELD THEORY:
infinitely many
degrees

Classical Quantum

19
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2.1 Classical setup

2.1.1 Mechanical system
Lagrangian formulation

Let I" be the phase space of a n-dimensional physical system. Let L be the
Lagrangian of the system, i.e. a regular function L : I' — R depending on
time-dependent coordinates in I'.

For a particle moving in a manifold M with metric g, we can consider the
phase space to be the tangent bundle of the manifold, I' = T'M.

In what follows we simply consider M = R", then I' = TM = R" x R" with
coordinates (¢,q) € I'. These coordinates are time-dependent in the sense
that ¢,q : T — R™ with Z one-dimensional oriented time manifold.

Definition 2.1.1. Consider the set of C' time-dependent functions with
fixed boundary values

.A = {U] S Cl([to,tl],Rn),UJ(to) = l’o,w(tl) = xl}. (21)

The action functional is defined on w € A as

Slw] = / L(w(t), w(t))dt. (2.2)

The classical problem in the calculus of variation is to minimise S, namely:
Problem 2.1.2. Find X € A such that S[X] = min,eaS[w]

Theorem 2.1.3. If X satisfies problem 2.1.2, then X solves the Fuler-
Lagrange equation, which is the equation of motion of the system:

_ %LQ(X(t),X(t)) LX), X(E)=0 to<t<t.  (23)

Hamiltonian formulation

Definition 2.1.4. Let us consider again the phase space I' = R" x R" of
a physical system. Let H be the Hamiltonian of the system, i.e. a regular
function H : I' — R depending on (p, q) € I', the time-dependent coordin-
ate ¢ and conjugate momentum p.
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The following system of equations is called Hamiltonian system of Hamilto-
nian H:

. O0H
q Jgi1
: OH
p __q

and describes the motion of the system.

Definition 2.1.5. In an Hamiltonian system it is natural to define an oper-
ation called Poisson bracket between regular functional, called observables,
F.G:T — R as

(FGy= e — (2.5)

satisfying some elementary properties.
In particular it holds: '
{F,H} =F. (2.6)

Equivalence of the two formulations

The two formulations are equivalent under some standard hypothesis: we
will now derive the Hamiltonian, starting from the Lagrangian.

Definition 2.1.6. We define, for ty < t < t;, the generalised momentum

oL
i q,t) = —. 2.7
p(d,q,t) 9 (2.7)

If L is convex in ¢, then it exists Vg, p € R a unique, C*! solution ¢ =: Q(p, q)
in R™ which inverts (2.7). The Hamiltonian H associated to the Lagrangian
L is obtained from the Legendre transform:

H(p,q) :==p-Qp,q) — L(Q(p,q),q). (2.8)

Theorem 2.1.7. Under the same convexity condition, if X is solution of the
Euler-Lagrange equation (2.3) and p is defined as in (2.7), then X,p is the
solution of the Hamilton’s equations:

- _ ol
X = o
. _ _oH
P = —5x

Therefore the Lagrangian and Hamiltonian formulations are equivalent.
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Example: particle subjected to a potential

The system describing the motion on a line of a particle with mass m sub-
jected to a potential V' (q) has Lagrangian:

L(d,q) = 2 —v(g)

t1 -
and thus action functional S[g] = [(%5- — V(q))dt.
to

Proposition 2.1.8. The Fuler-Lagrange equation is

oV
j= 2L 2.9
mi = -5 (2.9)
i.e. the Newton equation with external force F(q) = —%—‘;.

The generalised momentum is p = g—s = mg and thus Q = P Substituting
() in (2.8) we obtain the Hamiltonian

H(p,q) = 5+ V().

Lemma 2.1.9. The two formulations coincide.

Proof. We want to show that the equation of motion is in the Hamiltonian
system again 2.9. The Hamilton’s equations (2.4) are

g =
. _ oV
P = 75
which together give the equation (2.9). O

Definition 2.1.10. We call the system free particle if V' (¢) = 0, namely in
absence of external potential.
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2.1.2 Field theory

In section 2.1.1 we introduced two different formalisms to study a mechanical
system which can be analogously applied to the study of classical field theory.

Definition 2.1.11. Let A = {¢(x) : ¥ — M} be the set of smooth functions
from a manifold ¥ with metric h to a target manifold M with metric g. The
functions ¢(z) are called fields.

Remark 2.1.12. Definition (2.1.11) is a higher dimensional generalisation of
what we defined in (2.1.1): one can indeed obtained the system of a particle
moving in R", by considering as source space the one-dimensional oriented
time manifold Z and the set of smooth functions A = {¢(z) : T - M = R"}.

Definition 2.1.13. If M =R (or C) the fields are called scalar fields.

Remark 2.1.14. Other examples of fields ¢(x) are vector fields when e.g.
M = T the tangent bundle or spinor fields when M = SpinX the spinor
bundle, and ¢(x) is a section of M. An example of spinor field is given by
the Dirac field.

Definition 2.1.15. In field theory one uses the notions of Lagrangian and
Hamiltonian densities £ and H, functions of the fields and their derivatives,
for which hold the definitions and results of 2.1.1. From £ and H one can
obtain the Lagrangian and Hamiltonian L and H by integrating with respect
to the spatial coordinate x:

L:/dxﬁ H:/dIH. (2.10)

Example: the scalar field

We now assume ¢(x,t) : 3 — R to be a free massless scalar field and the
source manifold ¥ to be R x S* with Lorentz metric.
The Lagrangian density of a free massless scalar field is

1
,C = 5 uqﬁ@“gb.

and therefore the action functional:

S = /dt L= /dtdxﬁ = /dtdm (%@gf)@“(b) .
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The generalised momentum field is defined via the functional derivative

5L 0
ot

The Hamiltonian density is thus given by

99
=11 — —
H 5 L

(00N 1 [(00\?
_(E> 7(5)*
1o 1709\
_§H+§<a_x)‘

Therefore the Hamiltonian of the system is:

1 /06\>
5(57)

H(6,TT) = % / de (I + (%)2) (2.11)

2.2 Quantisation of the free particle

We now show the Lagrangian and Hamiltonian quantisation of a mechanical
system, focusing in particular on the example of the free particle.

The quantisation is in both approaches not completely rigorous: in the
Hamiltonian approach one has to provide a Hilbert space and operators with
commutator rules according to the Poisson bracket defined in 2.1.5, and there
is no general recipe to do it; in the Lagrangian approach one has to define a
measure Dx(t) on the space of all functions: this is typically mathematically
not well-defined and therefore the path integral which uses that measure is
not well-defined, yet nevertheless useful.

2.2.1 Lagrangian quantisation

Definition 2.2.1. The Lagrangian quantisation consists of defining on the
space of all the functions A = {z(t)} the complex valued density e#3=®)
where S[x(t)] is the classical action functional.

Once introduced this density, the system is no longer deterministic. We are
then interested in computing the expectation values of the functional, the
observables.
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Definition 2.2.2. The expectation value of an observable F'is a path integral,
namely the integral on all the possible configurations of the system

(Flz®)l) = 2 Da(t) - en 5Ol Pla(t)]
{z(t)}
where the normalization term Z, also called path partition function, is defined
as
Z2:=(1)= Du(t) - ens®
{z=(®)}

Remark 2.2.3. We recall that this integral is not mathematically rigorous.

Remark 2.2.4. In the limit A — 0, the path integral is dominated by the path
Tmin Which minimises the action S, i.e. the path solution of the classical
system

lim (Fx(t)]) = FlTmin(t)]-

h—0

Example 2.2.5. The probability of a free particle to be in x; at the time t;
if it is in 2 at the time ¢ty is given by

St
1 £ [dtim
(z1,t1 | 20, t0) = = / Dx(t)e o

I(to)zxo
x(tl):xl

2.2.2 Hamiltonian quantisation
Definition 2.2.6. The Hamiltonian quantisation consists of replacing

— the classical deterministic state (p,q) by a quantum state ¢(z,t) in a
Hilbert space H.

— the observab/les\F by self-adjoint operators F acting on H such that
[F,G] = ih{F, G} where h is the Planck constant.
In particular we replace the variables of the classical system ¢,p by
operators ¢, p with commutators [q, p| = ik, since {¢q,p} = 1.

Example 2.2.7. We now quantise the free particle system.
The classical deterministic state (p, ¢), describing the position and momentum
of the particle, is substituted by a quantum state ¢ (z, t), describing the prob-
ability to find the particle in a certain position x at time ¢.
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Let H be the space of functions in a variable x, define ¢ := z-, p := —ihd,.
The functional of the system are then polynomial in the variable x and 0,.
The quantised Hamiltonian is:
I~ 2
D h
Hp,Q) = 5— = =503 (2.12)

2m 2m

and the related Poisson equation: [}A[ F | = ihF.
The solution of the system will be a wave function ¢(z,t) satisfying the
Poisson equation

{ﬁ,w(m,t)} = ihd(z, )
which yields the Schroedinger equation

B -
- %wa(x,t) = 1thop(z,t). (2.13)

2.2.3 Equivalence of the quantised systems

In the previous sections we quantised the free particle system following two
different approaches. In the following we will see that they are equivalent:
the wave function ¢ (x,t) with fixed initial data (¢, ¢y) and final data (x1,t;),
solution of the Schroedinger equation, coincides with the propagator, i.e. the
amplitude of the operator representing the state with those initial and final
data computed through the path integral approach. We recall that, as the
path integral has to be understood in a heuristic sense, so is the equivalence
we are going to show.

Lemma 2.2.8. We have, heuristically, the following equivalence:

m _m (z1—m0)?
r1,t1 | o, to) = | € "2t =h(xq,t 2.14
< 1,041 | 05 0> Zh(tl—t[))zﬂ' w( 1, 1) ( )
Proof. Lagrangian side:
We want to compute the left side of equation (2.14), i.e. the probability of a
free particle to be in z; at the time ¢; if it is in x( at the time ty. As we saw
in 2.2.5, this is given by the following path integral:

fldt%m
<ZE1, tl | Zo, t() / DQZ to

x(to)=w0o
(tl =x
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that we discretise in the standard way (see e.g. [PS95]) thinking of the path
as the limit for N — oo of N little paths.

) 1
:A}g’nooz/dl‘l/]v/dl’y]v...
R R

2 2
im t1—tg TI/NTTO | g TQ/NTTI/N \ 1
N - zt Tah gt
Ce dSC(N_l)/N &

R
XoN

Xo

X1
XN-1yN
XN (N-1)
b 20 4
Now, calling ¢t :=t; — to and defining
£ = T1/N — o, ~2:=T2/N —Ti/N ... Zp:=2T1— T(N-1)/N

we can write the limit as:
1 im k¢
= i — ho2(t/N)2 N
Nl_I}T;O = / dzy...dz, H e
>k Ze=T1—T0 k
We, thus have a function of the form
1
f(z,t) = ]\}IE)noo Eg(x) * ... % g(T)

im 322

convolution product of N functions g(x) = e 2/¥ o = x1 — xg .
The normalization term is defined as:
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Proceeding as before, we can compute it and obtain something of the form

N N
z - /e—%zi’/zwdy — ( Q;Zth>
m

R

We now take the Fourier transform F of f(x,t) and use the convolution
theorem

F(f(,1) = lim =F(g(a)) *... « Flg(a)) = Iim = (Flg()" .

N—oo Z N—ooo Z

Nm im z2 _9
— “h 3t/N miwg
Fen =i \ Vg | e

and transforming the exponent in the square of a binomial we get:

Nm =222t 2tl 2¢22th
mN1i é y dy = e mi
N%oo 27rthz

where the last equivalence follows from [ eV dy = V7. Now we take the

Hence,

R
inverse of the Fourier transform and use the Fourier transform theorem:

x2¢2 .
flat) = / S

R

and again treating it as the square of a binomial we obtain as expected:

) 2
miz? m miz? m mi(z) —z9)

—e2th | e yd = e 2th =, [— ¢ 2(ti—tp)h |
/ Y 2zth7r2 Dithn 2i(t, — to)h

Hamiltonian side:

We want to compute the right side of equation (2.14). We consider the
quantised Hamiltonian described in (2.12) and compute by hand a solution
for fixed initial and final data of the Schroedinger equation (2.13):

W G2 t) = ih0
_% m’ll)(l‘,t) =1 tw(l‘at)
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The solution will have a Gaussian form since it describes a wave package
moving in time

1
e~ (2.15)

(1) =

o\ 2w

where o = o(t) and p = p(t) are function of the time.
Computing the derivatives and substituting in (2.13) we obtain

=/ —(t —t =
o m( 0)7 M= To

and therefore inserting ¢(x, t) in the final state (1, t1) we obtain the expected
result. O

2.3 Quantisation of the free scalar field

We now show the Lagrangian and Hamiltonian quantisation of a field theory,
focusing in particular on the example of the free scalar massless field.

2.3.1 Lagrangian quantisation

The path integral quantisation of a field theory generalises the mechanical
one. The idea is to replace the path of a particle z(¢) by a field configura-

tion ¢(x).

Definition 2.3.1. The Lagrangian quantisation consists of defining on the
1S[p(x
space of all field configurations A = {¢(x)} the density e S

Definition 2.3.2. The expectation value of an observable F' is the path
integral over all possible configurations of the field:

1 iS[o(x)]
(Flo@l)i=5 [ Dot Flow)
{¢(=)}
where the normalization term Z is defined as

iS[¢(=)]
h

Z:=(1)= /{¢>(;p)} Do(x)e
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In particular the n-point functions depending on a sequence (z;) of points in
the source manifold ¥ can be computed as follows:

1 iS[é(x)]
(o) o)) =5 | Do) F 6() - (o).
{¢(2)}
Example 2.3.3. The two-point function of a free massless scalar field ¢
results

(¢(z1)@(22)) ~ In(z1 — 22)* + const (2.16)
which taking the derivatives yields
1
(09(21)0¢(x2)) ~ m (2.17)

We do not present the details which can be found e.g. in [FMS96].

The same result is obtained by computing the two point function using vertex
operators, which is the ultimate output of the Hamiltonian quantisation, as
we will see in the next sections.

2.3.2 Hamiltonian quantisation

The Hamiltonian canonical quantisation of a field theory consists of a first
quantisation which closely generalises the mechanical one, and a second
quantisation which leads to an algebraic study of the system.

Definition 2.3.4. The Hamiltonian field quantisation consists of replacing
the classical observables F' by self-adjoint operators I’ acting on the Hilbert
space of quantum states.

In particular we replace the quantum variables, the field ¢(z,t) and the

canonical momentum I1(x, t), by two self-adjoint operators gb(x t) and II(z, ¢)
with equal-time commutators given by

(. 0),Ti(y.0)] = ind(x —y).

Example 2.3.5. The first quantisation ot the free massless scalar field yields
to the Hamiltonian operator

ﬁ:/d (;H% (gi) ) (2.18)
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which corresponds to the classical Hamiltonian (2.11) after substituting ¢
and II by ¢ and II.

Remark 2.3.6. We quantise the free massless scalar field on a space with
Lorentz metric. The example where the space has Fuclidean metric is very
similar.

Second quantisation - free massless scalar field

Definition 2.3.7. The second quantisation of the free massless scalar field
theory consists of

e taking the Fourier transform of a(ac) and TI(z):
b = /gz?(x)e_ikwdx I, = /ﬁ(m)e‘ikmdx

where ¢_; = &S\L and I1_, = ﬁL and [g/igk,ﬁz] = ¢h. The Hamiltonian
results

1 P N
A=y [Hkn,t + k2¢k¢]q

kEZ
e defining the creation and annihilation operators:
a . <k:$ +ill )
ay = —— i
k oI k k

1 -

~_ - (/ﬂ T 'HT>

a, = 2
k v 2hk ¢k F

with commutators
[aa,ag} = 5.

The quantised Hamiltonian 2.18 in terms of the mode operators is

H =" nkalay, (2.19)

The creation and annihilation operators, or mode operators, ak,aL generate
the algebra of observables of the quantised field theory which we are going
to study in more detail in the next section.
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The Heisenberg algebra

We now focus on the Heisenberg algebra H, the algebra of the mode operators
found through the second quantisation, and on its representation Vj.
We rescale the mode operators

an = —ivna_,  a_, =ivna.,

Definition 2.3.8. Let H := (a,)nez be the Lie algebra spanned by the
creation and annihilation operators with commutation rule [a,, ag] = adq —p.
We call H Heisenberg algebra.

Proposition 2.3.9. The Fock space Vy, defined as the space of polynomials
Cla_1,a_s,...], is a representation of the Heisenberg algebra with the follow-
ing action of the mode operators:

— ay act by deriwvation 2— for k > 0 (annihilating)

da_y
— ay act by multiplication ay- for k <0 (creating)
— ag acts by 0.

In the next chapter we will give the definition of vertex operator algebra
and see that the representation Vy can be enriched with a vertex algebra
structure. We will then call Vy the Heisenberg vertex algebra.

This is then, from the mathematical side, the algebra describing the chiral
quantum (conformal) field theory of the free massless scalar field.

In section 2.4.3 we use vertex algebras to compute again (2.17).

2.4 Vertex operator algebras

We now introduce vertex operator algebras and modules, focusing in partic-
ular on the example of the Heisenberg vertex algebra.

2.4.1 First definitions

Definition 2.4.1. A vertex algebra is a collection of data:

e a Z-graded vector space V called space of states
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e a distinguished vector |0) € V called vacuum vector
e a linear operator 9 : V — V called translation operator
e a linear operator Y (-, z) called vertex operator defined as
Y(,2): V— EndV[[z, 2z Y]
A— Y (A z2) = ZAnz_”_l.

neL

taking values in formal power series in z and coefficients in End) .
These data are subject to the following axioms:

(i) the vacuum axiom:
Y(]0),2) =idy and Y(A,2)[0) € A+ 2V][[z]]
where the latter implies Y (A, 2) |0) |.—o = A.

(ii) the translation axiom
0,Y (A, z2)] = %Y(A, z) and 01]0) =0

(iii) the locality axiom:
IN =Nop €Zso  (z—w)V[Y(4,2),Y(B,w)]=0

which tells us that all the fields are mutually local with each other, in
the sense just meant.

Commutative associative unital algebras with a derivation are examples of
vertex algebras.

Remark 2.4.2. The operator Y (A, z) is a formal power series with coefficients
A, € EndV and is also called field, referring to the role it plays in physics.
Therefore the map A — Y (A, z), together with the vacuum axiom, defines
what in physics is called the state-field correspondence.

Remark 2.4.3. Another way to define the vertex operator is
Y: V&V — V|z Y] (2.20)

which highlight that Y is a multiplication depending on the point of insertion.
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Vertex algebras describe the chiral and anti-chiral parts of conformal field
theories. Therefore a crucial notion is the one of conformal symmetry algebra
acting on vertex algebras. The symmetry algebra is called Virasoro algebra
and is given by the central extension of the Witt algebra of infinite conformal
transformations.

Definition 2.4.4. The Virasoro algebra is a Lie algebra with generators L,,
n € Z with commutators
¢/ 3

[Lm7 Ln] = (m - n)Lm+n + ﬁ(m - m)5m+n,0

and c called central charge commuting element, [c, L,] = 0 Vn.

Definition 2.4.5. A vertex algebra V is said to be a vertex operator algebra
(VOA) of central charge ¢ € C if there is a non-zero element w € V,, called
conformal vector, such that the coefficients LY of the associated field

Y(w,z) = Z LYz = T(z)

neZ

satisfy the defining relations of the Virasoro algebra with central charge c.
Moreover we demand LY, = 9, and Ly, = n-1dy, where we denoted by V),
the n-th grading layer.

Remark 2.4.6. In physics literature T'(z) is called energy momentum tensor.
An important example of vertex operator algebra is the one of the Heisenberg

vertex algebra mentioned above.

We change the notation writing ﬁ@’% instead of a_,

Example 2.4.7. The 1-dimensional Heisenberg VOA is defined as collection
of the data:

e the Fock space Vy = C[0¢, 0%¢ .. ]
e the vacuum vector |0) =1 € C

e the translation operator

GZVH — Wy
ak¢|_>ak+l¢
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e one parameter family of conformal vectors wg = %0¢0¢+Q32¢, QeC

e the vertex operator Y(9¢,z) = > a, 27!, where a,, are the mode
neN
operators.

Moreover the space is graded deg(9¥1¢...0%¢) = > k;.
=1

This example is the mathematical formalisation of the free scalar field
in physics, with background charge ). We adopted this notation to suggest
that the variable ¢ : ¥ — C is the field of the associated chiral conformal
field theory.

Example 2.4.8. The n-dimensional Heisenberg VOA is given by the space
Vi = Cl0gy, D*¢y, - - -], with X € C™. Explicitly V% is the polynomial ring in
the variables O¢,,,...,0¢.,,0*¢e,, ..., 0%, , ... with e, ..., e, basis of C".

2.4.2 Modules over a VOA

Definition 2.4.9. A vertex algebra module over a VOA V is a C-graded
vector space M together with an operator

Yi: V— EndM|[z, 2]
satisfying similar axioms as in definition 2.4.1.

Remark 2.4.10. We can write Y)s as we did for the vertex operator Y in (2.20):
Yiv: VoM — M[z,27Y (2.21)

which makes clear the module structure of M.

Remark 2.4.11. The Virasoro algebra acts on M automatically via

Yum(w, z) = Z LMy =2

neZ

Example 2.4.12. The easiest example of module over a vertex operator
algebra is given by the vertex operator algebra over itself.

Example 2.4.13. The 1-dimensional Heisenberg vertex algebra Vy has an
irreducible representation V, = C[0¢, %@, .. .]e? for every complex number
a € C, where e?e is a formal variable.

Analogously the n-dimensional Heisenberg algebra V| has an irreducible rep-
resentation V, := C[0dy, D¢y, - - - |e® for every a € C™.
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2.4.3 Two point function
We now want to compute the two point function of a free field in the vertex

algebras notation, i.e. (0| Y (9¢, 2)Y (0¢,w) |0), and compare it to (2.17).

The vertex operator of the Heisenberg vertex algebra (2.4.7) is defined as
Y (0¢,2) = > a, 27" ! and therefore applied:

neN
:Zz_kal+k¢
k>0 k'
_ 2"
Y (8¢, 2)0¢ = = 2-1+;Hal+’f¢ 8¢
4k 1 _ (__1\k 2 —2-k 1+ 1+k
Y (8¢, 2)0" ¢ = ( 1)(k) 1+;0 a+¢a+¢
and thus we have:
(01¥ (06, 2)Y (96.1) [0) = (0]06()06() [0) = 3w (0] 90(2) | = 2)
k>0
=2 O|< ( )_” 1+)0° 81+ﬂ¢al+k¢)
k>0 ]>0
S (2o S s
k>0 k>0 ]>0

projecting on the vacuum state, the second term vanishes while the first term
gives exactly )2 as in 2.17.



Chapter 3

Path integral approach to
classical dynamics of molecules

In this chapter we are going to summarise in big lines a side project of the
thesis. This project is based on the collaboration with the physical and
theoretical chemistry group of Prof. Dr. Bettina G. Keller of the Freie
Universitaet Berlin.

The aim is to use the path integral formalism to describe the stochastic dy-
namics of a classical molecular system with many degrees of freedom.

We start by describing the system of a macro-molecule with many degrees
of freedom using the Langevin equation and its over-damped version. This
can be then translated into the stochastic Fokker-Planck equation by con-
sidering the probability density functions of the previous system. In this
way we consider most degrees of freedom as stochastic noise [ZwaOl]. The
classical stochastic dynamics of the system turns out to be equivalent to a
path integral and a Schrodinger equation.

The results of this chapter are not new, but a collection and blend of classical
molecular systems knowledge and path integrals manipulation. As outlook of
further collaboration, we plan to match this study with numerical simulations
of macro-molecules and develop a perturbative model of a peptide bond.

37
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3.1 Differential equations for molecular pro-
cesses

3.1.1 The Langevin equation

The dynamics of a molecular system can be modelled by Langevin equation.
Consider a system with N particles with mass matrix M and coordinates
x = x(t) € Q C R3*| where Q denotes the configuration space. The corres-
ponding Langevin equation is given by

M = —VV;,(x) — 7% + v/2D2 R(t) (3.1)

where D is the diffusion constant, v is the friction coefficient, and V' (x) the
potential which models the interaction of the particles. R(t) denotes a delta-
correlated stationary Gaussian random force with zero-mean, i.e. satisfying

(R(1)) =0,  (R(HR(t)) =4 (¢t —1). (3.2)

3.1.2 The overdamped Langevin equation

Over-damped Langevin dynamics are a simplified version of Langevin dy-
namics. They correspond to the limit where in equation (3.1) no average
acceleration takes place, i.e. MX < % , either small M (mass-less limit)
or large 7 (high-friction limit). The over-damped Langevin equation is then
given as

. VVL (X)
v

These dynamics are also called Brownian dynamics with drift Vj(x). Dis-
cretising equation (3.3) in time using the Euler-Maruyama method [KP92]
yields the iterative equation

+ V2D R(1). (3.3)

X =

VVi(x
Tpy1 = T — #At +vV2D VAL Nk (34)
with iteration time step At, ti,x = n - At and random number 7, drawn
from a standard Gaussian distribution 7 ~ N(0, 1) with zero mean and unit
variance.
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3.2 The Fokker-Planck and the Schroedinger
equations

3.2.1 The Fokker-Planck equation and operator

The Fokker-Planck (FP) equation is a partial differential equation which
describes the time evolution of a probability density function p(x,t) of the
stochastic process modelled by the over-damped Langevin equation (3.3):

N

Op(x,t) = Z Oy, (%%L(X)p(x, t)) +D Z D D(X,1). (3.5)

As interpretation, imagine an ensemble of infinitely many systems. Each
system can be in a different state x € 2. The probability density function
p(x,t) represents the distribution of the systems over Q at time ¢. Each in-
dividual particle moves according to eq. (3.3), and thus p(x, t) evolves in time.

For the sake of simplicity, we consider from now on a one-dimensional Fokker-
Planck-equation

02V 0:V)
L L
Y Y

Oplet) — ( 3x+D5m)p(93>t)=ip(%t) (3.6)

where we have defined the Fokker-Planck operator

E _ aa:xVL + a'):VL
8

Or + DO,y (3.7)

The following functions formally solve the Fokker-Planck equation

pr(z,t) = ™" - (@), (3.8)

with (A, px) eigenvalues and eigenfunctions of the Fokker-Planck operator,
Ak < 0. The solutions p(z,t) are appropriate linear combinations of g (x, ).
They are non-negative and normalised, in order to be interpreted as probab-
ility density.

It can be shown, that the smallest eigenvalue is A\g = 0, and the corresponding
eigenfunction thus gives a stationary solution
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1 _vi@
polw,t) = e pg = Z e B (3.9)
where Z is a normalisation constant to ensure [, dz @o(z) = 1, so the go(z, 1)
can be interpreted as a probability density.

3.2.2 Equivalence to the Schroedinger equation

We now show that the eigenvalue problem for the Fokker-Planck operator
L is equivalent to the eigenvalue problem of a corresponding Schroedinger
operator H of the general form

H = a0y, + Vy(z), (3.10)

where different values of a are simple rescaling.
This means that the time-independent Fokker-Planck equation is equivalent
to the time-independent Schroedinger equation [Ris89):

Lop() = oe(z) <  Hup(z) = M u(2). (3.11)

Theorem 3.2.1. We have the following similarity transformation on an ap-
propriate space of functions

. V@)~ Vi(a)

H = e2bv Le 2D7 (3.12)

between the Fokker-Planck operator L and a Schroedinger operator H for

a = D, where we define the effective potential

_ Ora Vi (2) _ (aﬂcVL@j))Q
2y 4D~2

Vi (x) - (3.13)
In particular, the eigenvalues are the same and the Fokker-Planck eigen-
functions ¢ and Hamiltonian eigenfunctions i can be transformed into each
other:

V(=)

P(x) = e27 p(x). (3.14)

Analytical examples

We now present two examples: in the first one we start with the Fokker-
Planck side and get the Schroedinger one by using theorem 3.2.1, while in
the second we proceed reversely.
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Example 3.2.2 (Free particle). For a system describing the dynamics of a
free particle the potential is zero Vi(x) = 0 Vz. By equation (3.13), fol-
lows Vi (z) = 0. Consequently, the Fokker-Planck operator L(z) and the
Schroedinger operator H(z) are identical

L(z) = H(x) = D 0. (3.15)

The eigenfunctions are ¥(x) = p(x) = €* where k = +£4/A/D, and A
eigenvalue.

Example 3.2.3 (Harmonic oscillator). We next consider the operator H of
to the harmonic oscillator with potential Vi (z) = k—f with & > 0.
We have the following eigenfunctions for every n = 0,1,... with eigenvalue

Ay = —2Vak (n+ %)

1 mw\ /4 es? mw
wle) = = (Tg) e L (\/79”)

where we defined the Hermite polynomials

H,(z) = (-1)" & 4 (e‘z2> :

dzn
Having now solved the Schroedinger equation, we wish to find a correspond-
ing Fokker-Planck equation and its solutions, by applying theorem 3.2.1.
The Fokker-Planck operator is given by

A V(=) A V(=)
L =e¢ 97 Heor

where the potential Vi (z) can be obtained as
Vi(z) = —2Dvy1n(v) — 2DyIn(2)

with )y the (correctly normalised) lowest eigenfunction of the Schroedinger
equation. In this case:

Vi(z) = =2DvIn(to) (3.16)

mwz? mw\ 1/4
= —2Dy- (-2 )+2D7-ln(<ﬁ> ) (3.17)
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The eigenfunctions 1, (x) are mapped consistently to

(z) A 1 (mw>1/4 _m;;};cQ I mw
SOTL xr) =e¢e 2Dy . . _ e . n —2x .
V27 n! h h

We remark that after substitution with a = —% these are the usual formulae
of quantum mechanics.

3.3 Path integral formalism

We recall from definition (2.2.2) that the expectation value of F[x(t)] in the
path integral approach is given by

(Flz(t)]) == %/Dx(t) e A8l ®)] Flz(t)], Slz(t)] = / dt L(xz(t)).
Remark 3.3.1. In this chapter we allow the path integral to be Fuclidean
with real § € RT or Lorentzian with imaginary 3 € iR. The two versions
can be formally transformed into each other by substituting an imaginary
time (Wick rotation). The Euclidean path integral can be made rigorous
while the Lorentzian, treated in section 2.2.1, is always ill-defined.

In particular, the propagator is

1
- —BSx(t)]
(z1,t1 | 2o, to) = Z A(to):xo Dx(t) e :
x(t1)=

If we fix some xg,%y, or integrate them over some probability function or
probability amplitude function f(zo,%), then

fxr,th) = / dzg (1,1 | 20, t0) - f (20, t0)-
Example 3.3.2 (Free particle). The free particle Vi (z) = 0 has the associ-
ated Schroedinger equation

DOyatp(x) = Ap(x) (3.18)

and, as we saw, it has eigenfunctions ¢**, k? = \/D for any eigenvalue ),

where normalisation puts restrictions on .
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The propagator is a Gaussian distribution, which means if the particle is
localised at t; in xg, then at a later time ¢; it will be a Gauss probability
density or amplitude with standard deviation proportional to t; — ¢

1 _(z1-zg)? 9 1 1
ZL‘htl I07t0 = € 202 s o = B m tl - to . 3.19
(@t [0, to) =~ (h—t).  (319)
This can be proven by checking that (xy,t; | g, t) satisfies the Schroedinger
equation or by explicitly computing the path integral, as we saw in section
2.2.3 for the Lorentzian path integral with g = i/h.

This example can be generalised in the following

Theorem 3.3.3. Given the Lagrangian L(x(t)) = tmi(t)2 — V(x(t)), then
the propagator solves the Schroedinger equation

1 92

. 0
B —(z1, t1|m0, t0) = (Wﬁ_ﬁ +

ot V(fvl)) (1,1 | T, to).

Differently spoken, if ¥(x1,t1) = fj;o dto(z1,t1 | wo,t0)Y(z0,t0) for some
given initial probability density function or amplitude 1(zo,ty) at time to,
then ¥ (x1,t1) solves the time-dependent Schroedinger equation

0 1 02
5_18_t1 (x1,t1) = (W{?—x% + V(ﬂfl)) P(xy,t1).

3.4 Ongoing work

This project is still ongoing, with two main aims to be reached. First we
want to study in examples the correspondence between the path integral and
the Schroedinger formulations and compare it to the numerical simulations.
Secondly, we want to develop a toy model of a peptide bond. Every peptide
bond between two amino-acids in a protein has a single degree of freedom,
the angle 6;, subjected to some standard potential with two preferred states.
The other degrees of freedom (hydrogen atoms, side chains, etc.), should be
integrated out, or treated stochastically with output a Schrédinger equation
in the variables 6;. Long homogeneous chains of peptide bonds, i.e. a con-
tinuous set of angles 6;, should be treated as a quantum field theory in the
variable #;. The side chains, large scale geometry of the protein, etc. give
additional terms in the potential. Our goal is to treat this system perturb-
atively, using technology from quantum field theory.
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Chapter 4

Algebra of screenings and
Nichols algebras

This chapter presents the main project of the PhD and it is based on the
preprint [FL19].

We first give a deeper introduction to Nichols algebras following [CL16]. We
then state the smallness condition on m,; and prove in theorem 4.2.4 a refined
version of it. In section 4.3 we present the classification problem. We then
classify all realising lattices and study the associated algebra of screening
operators for braidings of Cartan type (section 4.4), Super Lie type (section
4.5) and in general for all other finite-dimensional diagonal Nichols algebras
in rank 2 (section 4.6), rank 3 (section 4.7) and higher rank (section 4.8).
Final tables show all realising A, m;; for rank 2 and 3.

4.1 Preliminaries on Nichols algebras

4.1.1 Definition and properties

Let V = (x1,..., Trank)c be a complex vector space and let (g;j)i =1, rank
be an arbitrary matrix with ¢;; € C*. This defines a braiding of diagonal
type on V via:

c: oz @) = qijr; @ x5

Hence we get an action p,, of the braid group B,, on V®" via:
Ciit1 =1d® - Qc®- - ®id.
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Definition 4.1.1. Let (V,c¢) be a braided vector space. We consider the
canonical projections B,, — S,, sending the braiding ¢; ;+1 to the transposition
(1,7 4+ 1). There exists the Matsumoto section of sets s : S,, — B,, given
by (i, + 1) — c¢;;41 which has the property s(xy) = s(x)s(y) whenever
length(zy) = length(x)+length(y). Then we define the quantum symmetrizer
by

M, = 3 puls(r) (4.1)

TESK
where p, is the representation of B, on V®" induced by the braiding c.

Then the Nichols algebra or quantum shuffle algebra generated by (V,¢) is
defined by

B(V):= @ Ve [ker(I, ,).

Remark 4.1.2. This characterisation enables one in principle to compute
B(V) in each degree, but it is very difficult to find generators and relations
for B(V') since in general the kernel of the map III,,, is hard to calculate in
explicit terms.

In fact B(V') is a Hopf algebra in a braided sense and as such it enjoys several
equivalent universal properties.

4.1.2 Examples

Example 4.1.3 (Rank 1). [Nic78] Let V' = xC be a 1-dimensional vector
space with braiding given by ¢;; = ¢ € C*, then

T - 1_qk
Cs 1, = S dl =] = Il
k=1

TGSn

Because this polynomial has zeros all ¢ # 1 of order < n the Nichols algebra
is
gy = {CEEl/@), au primitive £th root of wnity
Clx], else

Example 4.1.4 (Quantum group). [Lus93, AHS10] Let g be a finite-dimensional
complex semisimple Lie algebra of rank n with simple roots «y, ..., «, and
inner product ( , ). Let ¢ be a primitive ¢-th root of unity. Consider the
n-dimensional vector space V' with diagonal braiding g;; := ¢'@%) Then the
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Nichols algebra B(V') is isomorphic to the positive part u,(g)" of the small
quantum group u,(g), which is a deformation of the universal enveloping of
a Lie algebra Ul(g).

4.1.3 Generalised root systems and Weyl groupoids

Every finite-dimensional Nichols algebra comes with a generalised root sys-
tem, a Weyl groupoid and a PBW-type basis [KKhaO0], [HecO6b], [HSO08],
[AHS10].

The Weyl groupoid plays a similar role as the Weyl group does for ordinary
root systems in Lie algebras, but in the general case not all Weyl chambers
look the same: different braiding matrices, different Cartan matrices and
even different Dynkin diagrams are attached to different Weyl chambers (i.e.
groupoid objects). This behaviour already appears for Lie superalgebras.
The finite Weyl groupoids are classified in [CH09], [CH10]; apart from the
finite Weyl groups there are additional series D,, ,,, and 74 sporadic examples.

Remark 4.1.5. We remark that the generalised root systems do not provide
a complete classification as they do in the theory of complex semisimple Lie
algebras: there are non-isomorphic Nichols algebras whose corresponding
Weyl groupoids are equivalent and there are Weyl groupoids to which no
finite-dimensional diagonal Nichols algebra corresponds.

We now introduce the notions of Cartan matrix and Weyl reflections for
Nichols algebras. The details can be found e.g. in [HecO6b]. Where not
otherwise stated one treats root systems in analogy to Lie algebra theory.
In particular the notions of simple and positive roots, the correspondence of
Weyl chambers to choices of bases of simple roots and the notation a;; =
a; + a; is analogous to Lie algebra theory.

Definition 4.1.6. To every braiding matrix ¢;; we define the associated
Cartan matrix (a;;) for all i # j by

a; =2 and a;; = —min {m e N|g;" = qjqy or q1‘(z'1+m) = 1} . (4.2)

Definition 4.1.7. We call a root «; ¢-Cartan, respectively g-truncation, if
it satisfies:

G = Gy respectively g " = 1. (4.3)
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We observe that a root can be both ¢g-Cartan and g-truncation. In par-
ticular we will call a root only g-Cartan, respectively only g-truncation, if it
is exclusively so.

Definition 4.1.8. The Weyl groupoid is generated by reflections, defined
for every k as:

RE. 7" — 7"
O —— O — Qg O

Remark 4.1.9. The braiding matrix entry g;; extends uniquely to a bichar-
acter x, : Z" x 7" — C* with:

Gij = Xqlti, @)
Then the reflection R¥ transforms ¢;; into the bicharacter
R*(gi5) = R (xq(u, a5)) = Xq(R* (), R* (7))
As we said, this is a new braiding matrix, possibly different from the original
one and with possibly different associated Cartan matrix. However, the
Nichols algebras have the same dimension and are closely related [HS11,
BLS15].

Analogously the scalar product between roots m;; = (o, o;) extends uniquely
to a bicharacter x,,(a;, ;) and the reflection as the reflected bicharacter

R¥(mij) = Xm(R*(0i), R (a;)).

Remark 4.1.10. With R* we mean the reflection around the k-th simple root
in the respective Weyl chamber, which can be again expressed in coordinates
with respect to the simple roots a, . . ., a, in some fixed initial Weyl chamber.

Example 4.1.11 (D(2,1;a)). We consider, as an example, the finite-dimensional
diagonal Nichols algebra of rank 3 with the following braiding in an initial
Weyl chamber
¢i = —1, 495 = G,

with i # j and ( € R3 a primitive third root of unity. There is a more
general version of this example, including three roots of unity ¢, r, s of order
greater than three, which corresponds to a different choice of the parameter
a.

Following Heckenberger, we write the braiding as a diagram, where nodes
correspond to the simple roots o; and are decorated by the braiding ¢; and
each edge is decorated by the double braiding g;;g;;:
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As it turns out, the overall root system has seven positive roots. If
{a1, s, a3} are the simple roots in the Weyl chamber shown above, then
the positive roots in this basis are:

{041, Qg, (3, (12, (g3, (13, 04123}

and the Cartan matrix attached to this Weyl chamber, which we label by
the upper index [ is:
2 -1 -1
I _
al=1-1 2 -1
-1 -1 2

We now reflect around ay. Then the new simple roots are {aj2, —as, aos}
and the new braiding matrix is:

Q12,12 = (23,23 = ¢ goo = —1

-1
q12,292,12 = (2324223 = ¢ q12,23923,12 = 1

which is in diagram notation:

¢ ¢t -1 ¢t ¢
3 o 3

In this new basis the positive roots are:

{0612, —Qg, Qa3, (01, (3, (X123, 0413}

and the Cartan matrix attached to this second Weyl chamber 1 is hence

Even though this Cartan matrix is of standard type As, the root system has
one additional root.
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The following figures show the hyperplane arrangement of the root system
in R3:

and its projection on the plane:

Each of the seven lines corresponds to the hyperplane orthogonal to a root.
Each triangle is a Weyl chamber with the three adjacent hyperplanes corres-
ponding to the three simple roots. Equilateral triangles (white) correspond
to the Cartan matrix I and right triangles (grey) to the Cartan matrix II.
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4.2 Screening operators

As introduced in section 1.2.4, we have the following theorem by [Lenl7]:

Theorem 4.2.1. Given a non-integral lattice A and elementsvy, ..., v, € A,
we consider the elements e in the modules V,, of the associated Heisenberg
VOA V. The braiding between two elements is

e’ @ e = g e @ e,

where q;; == €™ my; = (v;,05).
Consider the diagonal Nichols algebra B(q) for braiding matriz ¢ = (gi;)i;
generated by elements x,,, then any relation in the Nichols algebra, in degree
(dy,...,d,) € N", holds for the screening operators 3,,, under the additional
assumption of smallness:

VICT, igjed Y didgmy+ > (Cé)m >1-Y 4,

i<j i
where I = {1,...,n} is the index set.

Example 4.2.2. In the case A = \/iﬁ/\g, with Ay the root-lattice of a complex
finite-dimensional simple Lie algebra g, and ¢ = 2p even integer, we obtain
as B(q) the positive part of the small quantum group wu,(g)" where ¢ is a
primitive ¢-th root of unity and the braiding is

1 LT
G = e ﬁai,ﬁaj) — e%(ai,aj) — q(ai,aj)

where o; € Ay.
In particular, by theorem 6.1 of [Lenl7]:

Lemma 4.2.3. If A is positive definite and my; = (v, v;) < 1 for v; in a
fixed basis, then the smallness condition holds.

Theorem 4.2.1 is a general result. We will now present the refined version,
mentioned in 1.3, which will appear in our examples. Roughly, it shows
that for the definition of smallness the assumption not-too-negative can be
replaced by not-a-negative-integer, by analytic continuation. We prove this
only in two special cases.
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We remark that the composition of operators each mapping to an algebraic
closure is convergent under the assumption of smallness and the following
statement is about the analytic continuation of this quantity in the variable
my; and myj;.

Theorem 4.2.4 (Continued Smallness). As in the previous theorem, we con-
sider the action of linear combinations of monomials 3y, - - - 34, of n screening
operators on the module Vy, we will denote m; := (v;, \) and m;; := (v;,v;)
for1<i,7 <n.

a) If all m; are equal Vi € I and all m;; are equal Vi, j € I, then a relation
in the Nichols algebra B(q) holds for the screening operators 3,,, under
the weaker assumptions which we call continued smallness

2

k=1,...,n.

b) If there is a distinguished element 1 € I such that all m; are equal
Vi € I,i# 1 and all my;; are equal ¥i,j € I1,© # 1, then a relation in
the Nichols algebra B(q) holds for the screening operators 3,,, under
the weaker assumption of continued smallness

Proof. Retaking the steps in the proof of theorem 4.2.1 in [Len17] we consider
the following function (which play roughly the role of structure constants for
multiplying screenings) given by integrating around the multivalued covering
of the circle

F((mg, mij)ij) = //[0 . dzldanZZnH(Zz — z;)™

i<j

We express this function as quantum symmetrizer of another function:
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ﬁ((mz,mw)w) = (2;Z)n Z(_l)k (H 6271’1' mz> Z em' mij

k=0 NS, mnmr \i<d> n(8)>n(j)

- Sel((My-1(iy; 05 M1 (iyn-1())ij)

where Sel indicates the Selberg integral and S, ;= denotes a variant of the
(k,n — k) shuffles as in [Len17].

Sel(my;,m;, m;j) = Sel((my; my; mij)i<j)
/ / dzy -+ dz, szmH(l —zi)miH(zl-—zj)m”.

By this result, the Nichols algebra relations are thereby proven to hold if
F'is analytic at the parameters m;, m;; under consideration.

a) In our special situation with equal m;; =: m,, and m; =: m,, we
find from the factorisation in [Lenl7] resp. from the Selberg integral
formula:

[ 7rzm s 2mm N.
F(my; myy) - v X — 1) - Sel(myy; 05 m0)

(a+ ke)T'(b+ ko)T'(1+ (k+ 1))
Fla+b+(n+k—1)c)I'(1+c)

Il
Sig

Sel(a —1,b—1,2¢)

Our g~oa1 is to prove that under the assumptions on m,,, m, the func-
tion F'is analytic.

The Gamma function does not have zeros, and it has poles for negative
integer values of z. Thus the only possible poles are for:

e Poles:
a+ ke € —Ny, k=0,....,n—1
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These simple poles cancel with the factors ((e™™v)%e*™mer—1). So
at these values I is analytic and thus F vanishes according to the
quantum symmetrizer formula and Nichols algebra relations hold.
We remark however, that these exceptionally non-zero values of
F give rise to reflection operators [Len17].

e Poles:
1+ kce —Ng, k=0,....,n—1
< kc € —N, k=0,...,n—1
= kc e —N, k=1,...,n—1
e Poles:
1+ (k+1)c € =Ny, k=0,...,n—1
<— (k+1)ce —N, k=0,...,n—1
— ke € =N, k=1,....,n

where in the last step we substituted k£ 4+ 1 with k.

We thus found that to avoid poles we need to ask the condition

mij

g —N| k=1,...,n.

b) To prove the second point we proceed in the same way, this time isol-
ating the distinguish element with index equals to 1.

Sel( mz,mw,mbmlg)
/ / ZImZmZ (21 —z)™ ] (2= 2)"dz - de . dz,
=2 2<i<j<n

_ / iz zm1+(n D)+3 Mg+ 3 mi+ 3 ms

/ /lﬁzlmlﬁ g [ G- 2)mds . dz,

= j= 2<i<g<n
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Calling m the power of z;, we have:

Sel(m;, mij, my, my;)

( 2mwim __ /27” o, n -
Ttm sz‘ H(1_2j> '
=2 7j=2
I G-z)midzn.. . dz,

_(erm — 1) /2mi i—f I'(a+ ke)T'(b+ ];C)F_(l + (k+1)c)
B 1+m Lla+b+ (n+k—1)c)(1+c)

A similar calculation as in the previous case disregard the pole at 1 +
m =0 and a + kc € —N,.
Then we have poles just for:

e Poles:
b+ kc e —Ny, kE=0,....n—2
<=>m1j+k;";“§z—N k=0,....n—2

e Poles:
1+ (k+1)c € =Ny, k=0,...,n—2
— kc € —N, k=1,....,.n—1
— k=le-N k=1,...n—1

which are the asserted conditions.
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4.2.1 Central charge

The output of our study are elements vy, ... v, € C", the respective screening
operators of the Heisenberg algebra 1}, and their algebra relations. We also
wish to fix an action of the Virasoro algebra at a certain central charge on Vj.
As discussed in [FL17] it is usually desirable to choose the Virasoro structure
in such a way, that it is compatible with the screening operators associated
to the vy,...,v,. In this way the screening operators are Virasoro algebra
homomorphisms and thus preserve the conformal invariance of the system
they are acting on. The compatibility condition gives a unique solution of
Virasoro structure and a characteristic central charge for the situation at
hand, as follows:

Proposition 4.2.5. For the Heisenberg algebra, there is a family of Vira-
soro structures parametrised by the choice of an element QQ € C", called
background charge [FT10] such that the central charge is

c=rank —12(Q, Q).
The compatibility condition reads
1 .
§(vi,vi)—(vi,Q):1 i=1,....n
i.e. says that the modules V,, have conformal weight equals to 1.

In particular for rank = 2, if we make the formula above explicit, we get
the following, as in [Sem11]:

c = 2 - 3|U1(m22 - 2) - Ug(mll — 2)|2

(4.4)

2
mi1Mmeog — Myo

Remark 4.2.6. In [Sem11], they notice that the central charge (4.4) is invari-
ant under the reflections R* on the roots. This result was the first evidence
suggesting a tighter connection between Nichols algebras and conformal field
theories.
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4.3 Formulation of the classification problem

We now give the precise definition of lattices realising a given braiding,
concept that we introduced in section 1.3.

Definition 4.3.1. Let A be a lattice of rank n, basis {v,...,v,}, bilinear
form (, ) and let m;; := (v;,v;). Given a braiding matrix ¢;; and associated
Cartan matrix a,;, we say that the lattice A and the matrix m;; realise g;; iff

e we have: €™ = g
e m,;; satisfies:

A: Qmij = QM5 or B: (1 - aij)mii =2 (45)

e all the reflected matrices R¥(m;;) fulfil again (4.5).

We will say with respect to a realisation m;; that a root v; is m-Cartan if
m;; satisfies (4.5)A, and m-truncation if it satisfies (4.5)B.

[Sem11] asks this condition only for one specific Weyl chamber.

Remark 4.3.2. We observe that condition (4.5) is the logarithmic version
of (4.3).

Remark 4.3.3. Clearly m-Cartan implies ¢g-Cartan and m-truncation implies
g-truncation. The converse is not always true. If a root is both ¢-Cartan
and g-truncation, then there are two possible solutions in terms of the m;
matrix.

An example is the s[(2|1) superalgebra, presented below in example (4.3.5).

Proposition 4.3.4. Clearly, if vy is m-Cartan, then R¥(my;) = my;.
Our goals are as follows:

e Given a braiding ¢;; from Heckenberger lists in [Hec05], [HecO6a], con-
struct all realising A, m;;. In sections 4.4, 4.5 and 4.6.1 we construct
the m;; while in section 4.6.2 we prove that the constructed m;; exhaust
all cases of Heckenberger list in rank 2. In section 4.7 we do the same
for rank 3, and in section 4.8 for higher rank.

e We compute the central charges for each solution in rank 2.
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e We analyse which Nichols algebras relations hold and which don’t, for
the associated screening operators. This may depend on a free para-
meter in the family of solutions.

Example 4.3.5. We now show an example of this procedure. We consider
row 3 of table 1 in [Hec05], described by the braiding matrices:

1 ¢ q! . -1 q
q_l —1 qg —1

and corresponding diagrams:

with ¢ € C*, ¢* # +1, simple roots {ay, as} and {ajs, s} respectively, and
a unique associated Cartan matrix

This is the Lie superalgebra sl(2|1) root system. The set of positive roots
is {1, a9, 1o} where «q is only ¢-Cartan and s, a1 are only g-truncation
(for ¢*> = —1 this is not true: all roots are both ¢-Cartan and g-truncation,
which gives more solution, see remark 4.3.7).

Proposition 4.3.6. The following m;; matrices are realising solutions of the
given braitding and its reflections:

2r —r 1 —14r

- 1 —1+r 1
fOT‘ all r = % c Q with (p/7p) =1 such that eiﬂ?‘ =q.

Proof. We check that condition (4.5)B is satisfied for as, aqs:

2 1
m = =
22 1 — a1

mig2 = ——— =1
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while condition (4.5)A is satisfied for the root aj:

2m12 — 9

mi =
12

The reflection on «; preserves ¢;; as well as m;;, because oy is m-Cartan.
We check that reflections on ay and o, which interchange ¢; and ¢/}, also
interchange our choices of m/; and m];. O
Remark 4.3.7. As we will see in section 4.6.2, for ¢> # 41 this family gives
all solutions.

For ¢* = —1, we have more choices for the m;;-matrices because the roots be-
come both g-truncation and ¢-Cartan. Thus we may have solutions fulfilling

either (4.5A) or (4.5B). The new (unique) diagram in this case is:

-1 -1 -1
Oo——©O

to whom correspond several solutions of m;;-matrices; for simple roots oy, va:
let p’ € Z with (p/,2) =1,

e if we assume «; and as m-truncation, the unique family of solutions is
given by
Loy . o4
mz] - 17 m” - m” - ’
= % 4 1
These m;; are reflections one of the other by Proposition 4.3.6 with
p”" =2 —p'. Other combinations bring to the same solution in different

Weyl chambers.

e if we assume «; and as m-Cartan, the unique family of solutions is

given by
roo_r
p 2
mij =
4 /

which can be interpreted as coming from sl3 for p = 2.
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4.4 Cartan type

4.4.1 ¢ diagram

Let g be a simple Lie algebra with simple roots aq,...,a, and denote the
Killing form by (v, a;), in the standard scaling taking values in {2, 4,6} for
i=jand {—3,-2,—1, 0} for i # j.

Let ¢ € C* be a primitive /-th root of unity with ¢ € Z and let ord(¢?) > d
with d half length of the long roots. Define a braiding matrix by

gij = ¢“9)s,

Definition 4.4.1. The finite-dimensional Nichols algebra B(q) is called of
Cartan type.

We have that:

e ¢;; is invariant under reflections R¥,
e the Weyl groupoid is the Weyl group associated to g,
e the set of positive roots is the set of roots associated to g,

e the Cartan matrix a,; is exactly the Cartan matrix for g.

4.4.2 Construction of m;;

Definition 4.4.2. Given r € Q, such that £ = %, with k € Z, (k,{) =1 we
define

my;; = (Oéi, Oéj)?”.

Differently spoken, the lattice A of definition 4.3.1 is, in this case, exactly
the root lattice of g rescaled by 7.

Remark 4.4.3. Usually in literature r = %, eg. r= % and ¢ = 2p, q = e .

Lemma 4.4.4. The matriz m;; realises the braiding q;; for all reflections,
and every simple root is m-Cartan.

Proof. Condition (4.5) asks

Qmji = Q;;Myjj; or (1 — aj,-)mjj = 2. (47)
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2(avi, )

. Hence
(ov,005)

But from the last point of enumeration 4.4.1 we have a;; =

(Oéi,O{i) o 2
2(041-,0@-) B Q45

m..
mi; = (o, a;)r = 2(0y, aj)r —

which is (4.5)A, saying that the roots are m-Cartan.

Since any reflection leaves the m;; invariant (not just the ¢;;) because is a
m-Cartan reflection, condition (4.5) holds also after reflections. O

Lemma 4.4.5. If {; > 1 —a;; fori = 1,...,n, with {; = 7

é .
de(t2d;) @5 M

[Lus90], then none of the simple roots are m-truncation.

Proof. Assume the root «; is m-truncation, i.e. (1—a;;)m;; = 2, this implies:
ql(il—aij) = emmil=aii) = ™2 = 1. But ord(g;) = ord(¢*%) = ¢; > 1 — a;; and
we find a contradiction. ]
Lemma 4.4.6. If all simple roots are just m-Cartan, then the unique solution
for the matriz m;; is the one of definition 4.4.2. In particular this is the case

Zf& > l—aij fOTi: 1,...,7’L.

Proof. 1f all roots are m-Cartan then if we fix m;; for some root «;, the mixed
term m;; is fixed by condition 4.5(A) and so is m;; by the same condition
with reversed indices. Moreover the reflections around m-Cartan roots leave

the system invariant, so the m,; are fixed Vi, j. But then, up to a rescaling
there is a unique solution for m;; and this is the one defined in 4.4.2. ]

Example 4.4.7. As a counterexample of the condition of lemma 4.4.5, we
consider sl;. In this case, a;; = —1 Vi,7 and for 2¢; = { = 2p = 4, ie.
qi; = —1, the roots can be considered as m-truncation as well. We thus obtain
an additional solution of m;;, which will be understood from reinterpreting
slg, £ = 2p = 4, as the Lie superalgebra s[(2|1), ¢ = 2p = 4, treated in the
remark of example 4.3.5.

4.4.3 Central charge

Recall {vy,...,v,} as basis of A with m;; = (v;,v;).

Proposition 4.4.8. The central charge of the system is
1
¢ =rankg —12(— | p” [* =2(p, p") +7 | p ") (4.8)

where p is the sum of all positive roots.
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Proof. The central charge is:

c=rank —12(Q, Q)
where Q = > ;@;jv; 1s the unique combination such that for every i
1
§(Uiavi>A —(v;,Q) =1
1

5(%%)/\ - Z%’(%%’)A =1

J

Rewriting v; = —+/ra;, with «; root of g, this set of equations bring us to
1 Vv
Q= P Vrp
that on turn gives the central charge as in the statement. O]

Remark 4.4.9. The central charge matches with the one of the affine Lie
algebra gy, at level k 4+ hY =1 as in [Ara07].

Remark 4.4.10. For rank 2 the central charge is

2/_2 2 /
(Gl DTy N

c=1-3 -
2pp P P

which is the central charge of the p, p’ model.

4.4.4 Algebra relations

We now want to determine when the algebra of screenings satisfies Nichols
algebra relations. We will again denote d the half length of the long roots.

With the definition of smallness and the results in [Lenl7], see theorem
4.2.3, we get for a rescaled root lattice m;; = (o, ;)1

Corollary 4.4.11. [If Qid >1r >0, then all Nichols algebra relations hold.

Proof. Since we are rescaling by /r a positive definite lattice A, the only
condition for the new lattice to be positive definite is r > 0. We ask moreover
m;; = 2dr < 1 for all 7. This implies r < 2%1' O
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Now we want to analyse the algebra relations in the screening algebra for
arbitrary values of r. To do so we study relation by relation using theorem
4.2.4.

Definition 4.4.12. A generator z; is said to satisfy the truncation relation

if

xfl =0, 61 = Ord(q“)
A pair of generators z;, x; are said to satisfy the Serre relation if
(adcxi)liaijifj =0, a;; = —min {m €Z|q;"™ = qjq or qu.”m) — 1.}

We denoted the braided commutator by
(adcxi)xj = [xi, Z’j]c = [xi,xj]q = iL'Z'JZ'j — qijxjmi.

Theorem 5.25 of [Ang08] states a set of defining relations for each finite-
dimensional Nichols algebra of Cartan type:

Theorem 4.4.13. For finite-dimensional Nichols algebra of Cartan type
u,(g)", i.e. with diagonal braiding q;; = ¢\ @) associated to the root system
of a Lie algebra g, the defining relations are as follows

1. For each root « the truncation relation and for each pair of simple roots
g, o with q; “7 # 1 the Serre relation.

2. For the following subdiagrams the following additional relations:
e For type Az with ¢ = —1

-1 -1 -1 -1 -1
o O O

[(ad.xo)xy, (adexe)xs]. = 0

o [or type By or Cy with g =1

or with g = (¢ € R3
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[(ad,x1)xs, (adexy)ws], = 0

e [For type By with ¢ =1

;. —1 -1 -1 -1
O o

O

or with g = € R3

¢ ¢ ¢t ¢!
s o o

A

[(ad.x1)? (ad.xo) w3, (adex:)Ts). = 0

o For type Gy with g = ( € Rg

or with ¢ =1

[(adew1) 22, (adez:)?Ts). = 0
21, [#{20m122) ] = 0
le=0
le=0

[[5B%$2$1$2]C, (21, 2],

Hx%xQ]ca [xl‘erlIQ]c c

C

We now apply our refined smallness criteria of theorem 4.2.4 to these
explicit set of relations to determine the algebra of screening operators in
comparison to the Nichols algebra.

Example 4.4.14. Let us consider a rank 1 Cartan ¢-diagram and corres-
ponding m-solution:

)

2r
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The truncation relation (3;)" = 0, n = ord(g*) holds, according to 4.2.4, iff
r > 0.

For r < 0 it is further calculated in [Len17] that (3 /a,)" = 35 /ra; Which
is a local screening. The algebra of screenings is therefore an extension of
the Nichols algebra by a long screening.

Example 4.4.15. Let us consider a rank 2 Cartan ¢-diagram and corres-
ponding m-solution:

q2 q—2d q2d

oO——o0
2r —2rd 2rd
— By the previous example the simple truncation relations hold for » > 0.

We conjecture that in this case the non-simple truncation ([31, 32]”
etc.) also hold for » > 0. But this would either require a reflection
theory for algebra of screenings or a generalisation of theorem 4.2.4.

— The long Serre relation [3s, [32,31].], = 0 holds if 2dr ¢ —N. Does the
long Serre relation may fail if g = —1 and r < 0, which is when the
long root as is both ¢-Cartan and g-truncation and when the truncation
relation fails. But for these cases the Serre relation was in theorem
4.4.13 not required as an independent relation.

— The short Serre relation [31,...[31,32]....], = 0 which involves d + 1
times the first screening, holds if

2r,3r,...,(d+1)r ¢ =N
dr,(d—1)r,(d—2)r,...,2r ¢ N.

In particular:

* for d = 1 see the long Serre relations.
x for d = 2 holds iff 3r ¢ —N.

« for d = 3 holds iff 2r,4r ¢ —N and 2r ¢ N. But 2r € Z is not
admissible because ¢ # —1.
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So again the short Serre relation may fail if the short root oy is both
g-Cartan and ¢g-truncation and the truncation relation fails.

— Extra relations as listed in point (2) of theorem 4.4.13 apply exactly in
the exceptional cases for the Serre relations above.

Summarizing we have the following possible exceptions:

o for > =—1, k€N, kodd, (r<0,d=1):

-1 -1 -1 -1 -1
O O 0
-k k -k k -k

for ¢* € Rag, k €N, k odd, Vd (r < 0):

[ ]
¥
=
=)
no
I
N
m
g
oyl
m
2z
ol
@)
(oW
o
=)
N
\_O
a
I
[\
=

¢ ¢ ¢!
T {7

for > =i, k € N, k odd, (r <0, d = 2):

-1 -1 -1 -1
O 0
—t Kk -k k -k

o for 2 =C €Ry, keN, kodd, (r<0,d=2)
¢ ¢ ¢t ¢ ot
S 1, 9, 1, 3
2 A A 4y g

for k € N| k odd, (r <0, d=3):



67

7 7 —1
O———0O

kE 3 _3
2 Qk 2k

Proposition 4.4.16. We consider again a rank 2 Cartan q-diagram
P g ¢

oO——o0

2r —2rd 2rd

1. If ¢** = —1, r < 0 the long Serre relation holds.

2. If ord(q?)=d + 1, r < 0 the short Serre relation holds.

Proof. 1. The long Serre relation reads

(32,32, 31]-1]+1 = (32)231 +523132—323132—31(32)2 = [(32)2,31]“-

Since r < 0 this is not automatically zero because (32)? # 0. Despite
this it was studied in [Len17] that (32)® ~ 392. Then standard OPE

calculations give: [(32)%, 31]c = [322, 31]c = 0.

2. This point is a generalisation of the previous. We have:
(31, [31,32)c .- e = (31)d+132 - (C]_d + q_d+2 +...+ qd)(31)d3231 + ...
) ) 2 ]!
= Y (LG BG) I 5 em 3,)

L
= [3(d+1)a1732]c = 0
where [i],! =11+ ¢)(1+q+¢*) - (1+...+ ¢ ') and where for the

penultimate equality we used again results from [Lenl7] and for the
last one theorem 4.2.1.

]

Remark 4.4.17. Alternatively this follows conceptually from the fact that
this holds for generic q. One can argue similarly for the other relations or
proceed as in the previous proposition.

In conclusion:

Corollary 4.4.18. The screening operators algebra is as follows:
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e Forr >0 all Nichols algebra relations hold (conjecturally also the non-
simple truncation relations).

e Forr <0 all Nichols algebra relations hold except the truncation rela-
tions.

Congecturally, the non-zero result of the truncation relation are, as
above, themselves local screenings and in the centre of the algebra of
screenings. Hence in these cases we get the positive part of the infinite-
dimensional Kac-Procesi-DeConcini quantum group, also called non-
restricted specialisation [CP9/).

Remark 4.4.19. We remark that for » < 0 products of screenings can be not
well defined.

4.4.5 Examples in rank 2
Heckenberger row 2

This case of the list is described by the braiding diagram:

with ¢ € C ¢* # 1 and simple roots {a;,as}. The realising lattice is a
rescaled A, root lattice i.e. sls.
The set of positive roots is given by {1, as, a2} with unique associate
Cartan matrix:
2 -1
aij =
-1 2

Proposition 4.4.20. Defining r as in 4.4.2 we find that the following m;-
matrix is a realising solution.:

2r —r
mij =
—r 2r

Remark 4.4.21. For ¢* = —1, these are all solutions and the roots are both
g-Cartan and g-truncation.
This case is shown in detail in remark 4.3.7 of example 4.3.5.
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Heckenberger row 4

This case of the list is described by the braiding diagram:

with ¢ € C ¢® # £1 and simple roots {ay,as}. The realising lattice is a
rescaled By root lattice.
The set of positive roots is given by {a, as, 12, aq12} with unique asso-

ciate Cartan matrix:
2 =2

aij =

-1 2

Proposition 4.4.22. If ¢> # 41, then for every possible r defined as in 4.4.2
the following m;;-matriz

2r  =2r
mij =
—2r Ar

s a realising solution for the braiding.

Remark 4.4.23. 1. When ¢? € Ry, the root s is ¢-Cartan and g-truncation.
There is an additional family of solutions when it is m-truncation:

2r  =2r —2r+1 2r—1 ,
mi = m,; = forr:%, p' odd,
—2r 1 2r—1 1

with simple roots I: {ay, as} and II: {aqs, —as}.
This lattice can be interpreted as lattice realising the Lie superalgebra

B(1,1) described in case Heckenberger row 5, which for this choice of
¢* has the same ¢-diagram.

2. When ¢? € R, the root o is g-Cartan and g-truncation.
There is an additional family of solutions when it is m-truncation:

2 2 4
3 —2r 3 —3+2r

—2r Ar —3 492 §—4r
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for r = 2+T3#, P € Z, with simple roots I: {ay, e} and II: {—aq, 112}

This lattice can be interpreted as lattice realising the case Heckenberger
row 6 (a colour Lie algebra), which for this choice of ¢ has the same
g-diagram.
Remark 4.4.24. Note that ¢*> = —1 is excluded. Indeed for that value, the
system degenerates and the short truncation roots form a lattice of type A7}
as described in [FL17]. Physically it corresponds to n pair of symplectic
fermions.

Heckenberger row 11

This case of the list is described by the braiding diagram:

with ¢* # +1,¢*> € R3 and simple roots {ay, as}.
The realising lattice is of type Gb.

The set of positive roots is given by {ay, ag, 12, aq12, 21112, Q11122 } With
unique associate Cartan matrix:

aij =

-1 2

Proposition 4.4.25. If ¢*> # £1,¢*> € Rs, then for every possible v defined
as in 4.4.2 the following m;j-matriz

2r  —=3r
mij =

—3r  or
s a realising solution for the braiding.

Remark 4.4.26. When ¢*> € Ry, the root oy is ¢-Cartan and g-truncation.
When it is m-truncation we get:

N
[
w
3

1 3
b) —§+3T

3 9
—3r  6r —5+3r 5—12r
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with simple roots I: {ay, o} and II: {—aq, a1112}-

The root aj19 is never m-truncation and it is m-Cartan iff r = i. But

for this value of r, a;y is also m-Cartan and thus this is not a new solution.

Remark 4.4.27. When ¢ € R, the root ay is m-Cartan and m-truncation.
When it is m-truncation we get:

2r  —3r 1—4r —-143r
—-3r 1 —3 4+ 3r 1
with simple roots I: {aq,as} and II: {aqa, —an}.

The root a9 is never m-truncation and it is m-Cartan iff r = é. But for
this value of r, ap is also m-Cartan and thus this is not a new solution.

4.5 Super Lie type

4.5.1 ¢ diagram

Let g = go @ g, be a simple Lie superalgebra of classical, basic type [FSS96],
i.e. of type A(m,n), B(m,n),C(n+ 1), D(m,n), F(4),G(3),D(2,1;«). For
these Lie superalgebras a (non degenerate or zero) Killing form (, ), is
defined.

We now choose a Weyl chamber oy, ..., ap_1, af, afqq,...,q, with just
one simple fermionic root ay. We call it the standard chamber according to
[Kac77]. Given «a positive root in the standard chamber, we define f(«) the
multiplicity of ay in a.

We can then split g as the direct sum of vector spaces
g=g@g &m,

where g’ and g” are two bosonic connected component generated by the
simple roots o, ..., ay_; and a4, . . ., oy, Tespectively, while m is the g'@g"-
module spanned by all other roots.

We have that m contains g, and thus in particular contains the g’ & g”-
submodule generated by the fermion ay, i.e. the vector space of fermions +,
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with f(v) = 1. Moreover m may contain bosonic roots d, with f(d) positive
even.

Definition 4.5.1. We can write the inner product (, ), of two arbitrary
simple roots as

(Oéi,Oéj)g/ if 7 S f, ] < f
(i, aj)g = (i, )y + (i, aj)gr = € 0 ifi < f<yj
(Oéi,Oéj)g// if 1 > f, 7> f

In particular we assume (ay, ay)g = (o, af)y = (agp, afp)g = 0.

Definition 4.5.2. Let ¢/, ¢ be primitive roots of unity of the same order.
Then to the above data in the standard chamber we associate the braiding
matrix g;; with

(q/)(%%‘)g' ifi<f,j<f
(q/,)(ai7aj)g// iti>f, 7>f
1 ifi>f>j
1 if i = f=j.

qij =

Under certain conditions on the g;;, this braiding gives a finite-dimensional
Nichols algebra B(g;;), which we call of Super Lie type.

The reflections will act on the braiding as follow:

e Reflections R* around bosonic roots oy, leave ¢i; invariant.

e Reflections R* around fermionic roots cy, interchange fermionic and
bosonic roots and may produce a braiding containing —gq.

Remark 4.5.3. In the classification of Nichols algebras in [Hec05] and [Hec06a]
we find that the fermion (as in the Lie superalgebra sense of the term) in the
standard chamber o has gsy = —1, i.e. it is g-truncation. This is not true
in general for every fermion as we can see in the following example.

Ezxample 4.5.4. The case Heckenberger row 5 of table 1 in [Hec05] is described
by two diagrams:
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I IT

corresponding to the simple roots:
[:{og, a0} IT: {—ay,aq2}.

This is the Lie superalgebra B(1,1) and a3 is a fermion with ¢i212 # —1.
We will describe this example in detail later on in this section.

4.5.2 Construction of m;;

Definition 4.5.5. Given p/,p” € Z such that (p/,p) = (p”,p) = 1, we define

/ /! .
r = %, r’ = % and in the standard chamber:

(g, 0)gr i< f,j<f
P (g, )" ifi>f, 7> f
& 0 ifi>f>j
1 ifi=f=j
We notice that if we restrict to g’ or g”, we get exactly the same result
as in the Cartan type section for p’, p respectively p”, p.

Lemma 4.5.6. If we call ¢ = ™ and ¢" = ™", then q; = ™™ is the
braiding defined in definition 4.5.2.

Proof. We have m;; = 0 if o; and «a; are disconnected, so that 1 = ¢ and

mys = 1 for the fermionic root which gives —1 = €™ as demanded. [

Lemma 4.5.7. In an arbitrary chamber C, we have

13 Yrank

mz’jc = (%KYj)g'?"/ + (’Yz‘,’Yj)g“T” + f(%’)f(%')-

Proof. We write v; = >, zixoy, and y; = >, ;04 and we extend for linearity:

c s
mg;~ = E Lk L 1Mk
k.l
/ "
= E Tk, ) g’ + E - v, o)y’ + i =
kleg U{f} kleg"U{f}

= (V)e” + (i) et + FOi) F()
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where the last equality follows from the definition of f(v) as the multiplicity
of ay in 7 and the fact that on each component g’ and g” the roots are
spanned as in a Lie algebra. O]

Corollary 4.5.8. A root v in an arbitrary chamber is

- m-truncation if  (y,7)gr + (v, 7)g " + fF(v)f(7) =1

— m-Cartan if, for every simple root 3; in the standard chamber,

(v, Bi)gr" + 2(7, Bi)grr” + 2f(7) f(B)
= a5, (7, V)7 + (v, M)t + () F()).

Example 4.5.9. We consider as an example the Lie superalgebra A(1,1)
of rank 3. The simple roots in the standard chamber are {aq, oy = ay, as}
with inner product:

2 =1 0
(Oéi,Oéj): -1 0 -1
0o -1 2
Hence:
2 0 @2 @) 1
mfj: -1 =", =1 ()" -1 (¢
0 ol 1 (q//)—l (q//)2

Remark 4.5.10. According to [Kac77] we can write the simple roots as
Q1 = €1 — €2, a2:af:€2_517 ag = 01 — 02,
with vectors €; generating g’ and J; generating g”.

What remains to do is to see under which conditions the defined m,; are
realising solutions of the given braidings.

Lemma 4.5.11. Ify € ¢ i.e. v = Z{:_ll a;o; ory € g’ e, vy = Z?:fﬂ a; oy,
then ~v is m-Cartan.

Proof. Suppose v € ¢'; then

() =y (W)er =
(7: 1) = (7, )y (7, i)gr =
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for every arbitrary simple root «;. Moreover f(y) = 0. So we have that
(4.5)A:

207, i) g’ 4+ 27, ) + 2 (1) () = ayi((v, V)" + (v, Mgt + F(1) ()

becomes:

2(7y, ai)r’ = ayi((v,7)r').

Since v € g/, we are restricting to one bosonic sector and thus the latter is
true because of definition of a,; in the Lie algebra setting.

By linearity in the simple roots «; it is possible to extend this result to every
arbitrary root oo =Y b;a;. O

Lemma 4.5.12. If v # «y is isotropic, i.e. (v,7) = (7,7)g = (7,7)g =0,
and f(v) = £1 then vy is m-truncation.

Proof. Condition (4.5)B for a root to be m-truncation reads:

(Ve + (1 Y)e + () () =1
which is clearly true under these hypothesis. ]
We summarise these results in the following:

Corollary 4.5.13. The matriz m;; defined in 4.5.5 realises the braiding g;;
for every root o, with the following possible exceptions:

1. ais a boson in g’ Ug", i.e. f(a) is a strictly positive even integer.
2. « is an isotropic fermion with f # +1.
3. « is a mon-isotropic fermion.

4. « is a fermion strong orthogonal to another fermion ~, i.e. in their
real span {a,y)r there aren’t roots.

Proof. e If a boson « belongs to only one bosonic side g’ or g”, then
lemma 4.5.11 tells us it must be m-Cartan. Otherwise, « is like in (1)
and must be spanned by the standard fermion as well, thus f(«) > 0
even. In this case lemma 4.5.11 fails since no Lie algebra Killing form
is a priori holding. We then have to check explicitly for which " and
r” one of condition (4.5) holds using Corollary 4.5.8.
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e Let now a be a fermion which is never strong orthogonal to other
fermions. If it is isotropic and f(a) = =1, thanks to lemma 4.5.12, it
satisfies the M-condition truncation. If f # #+1 or it is non-isotropic,
we are back to the points (2) and (3) of the lemma and we have to
check explicitly for which " and 7 one of condition (4.5) holds using
Corollary 4.5.8.

o If o and v are two strong orthogonal fermions, then a,s = 0. In this
case we have to check for which »" and r”

Ma,p = (a7 5)B'T/ + (Oé?B)g”T” + f(a)f(6> =0
[

Remark 4.5.14. In the examples we didn’t find any boson with f > 2 and
any fermion with f > 1. Thus, point (1) concerns then just bosons with
f =2 and point (2) never happens.

In conclusion we will now have to look, in every example, if one or more
of the situations described by lemma 4.5.13 is happening.

Now as last result we state a classification Lemma:

Lemma 4.5.15. If all the bosonic roots are m-Cartan, then the unique pos-
sible realising solution for the given braiding is the matriz m;; of definition
4.5.5. In particular this is the case if {; > 1 — a;; for Vi # f.

Proof. Condition (4.5) gives a unique solution for the m,; in the standard
chamber: the fermionic root is m-truncation and thus fixed to my; = 1, while,
since all other roots are m-Cartan, restricting our study to the two bosonic
sectors separately we end up in the same situation of lemma 4.4.6. Moreover
the compatibility with the reflections fixes the m,; in all chambers. O]

Example 4.5.16. We apply lemma 4.5.13 to example 4.5.9: after reflecting
the standard chamber set of roots around the fermion «s, we find for new
simple roots: {aj2, —aa, agz} the matrix:

1 e A
m$ = | -1+ 1 —1+7"
—1+7r" 47" —1+1" 1
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Exception (4) of lemma 4.5.13 appears. We then have to ask mo3 = 0, i.e.
r" 4+ 1" = 1. In that case m;; is a realising solution.

This construction realises the Nichols algebra B(q) described by case row 8
of table 2 in [Hec05] when ¢ # £1.

4.5.3 Central charge

We will compute the central charge of systems associated to Lie superalgebras
g, with non degenerate Killing form ( , ).

Proposition 4.5.17. The central charge of the system is ¢ = rank—12(Q, Q)

with
\Y

— pg/ / Py N v

- ﬁ - pg’\/;‘I“ /_’l"” — Py’ VT = Prest
where we denoted by py the sum of positive roots in g, pyr the sum of positive
roots in g" and p,es the sum of the remaining positive roots of g.

/

\
g

Proof. The central charge is ¢ = rank —12(Q, Q) if @ is such that Vo simple
root of g

1 % ifi<f
5(_\/r_ioéi7 —/Tiy) — (—/rii, Q) = 1 where 7, =q1ifi=f
% if 1 > f.

Let A/ = % be such that (a;, \J) = d;;. Since pg =

n
J ;—

i, we have that
1

Py = D iy pgr = > A and then pres = Ay. We can thus rewrite Q as:
i<f i>f

\Y Vv
pg, / pg” foall vV § 1 \Y,
= — — ’ —_— = 1z — = __\/idi A
Q \/77 pg \/T— + \/,r—,, IOEI r Prest \/Fz r 1
Hence the previous equation becomes:

%(—ai\/ﬁ, —i/Ti) = (=i /ri, Q)

1 1 ,
= 52diri + 2]: \/ﬁ(ﬁ — /Td;)(ai, Aj) =1

i
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4.5.4 Algebra relations

We now want to determine when the algebra of screenings satisfies Nichols
algebras relations for braiding g;;.
We will denote again d’, d” the half length of the long bosonic root in g’, g”.

Lemma 4.5.18. For m;; as above, lemma 4.2.3 holds under the condition

/

> 0,

o7 > S >r" >0, det(m;;) > 0.
Proof. Lemma 4.2.3 holds for all monomials under the assumptions |a;| < 1,
which means 2d'r" <1, 2d"r" < 1, and m,; positive definite. By Sylvester’s
criterion, this is equivalent to det(m;;) > 0 and to the principal minor being
positive definite. The principal minor is a rescaling of the root lattices g’, g”,
so it is positive definite for 7/, 7" > 0.

O
Example 4.5.19. For type A(n,m) these conditions read

n / m "

< 1.
n+1r +m+1r

>7r' >0, > >0,

N | —
DN | —

In [Angl5], theorem 3.1, we find a set of defining relations for each finite-
dimensional Nichols algebra of super Lie type. We report them in the fol-
lowing theorem.

Theorem 4.5.20. For finite-dimensional Nichols algebra of super Lie type
with diagonal braiding q;; = ¢ @) for bosonic roots and q; = —1 for the
fermionic root in the standard chamber, associated to the root system of a
Lie superalgebra g, the defining relations are as follows

1. For each root « the truncation relation and for each pair of simple roots
a;, o with @ "9 # 1 the Serre relation.

2. For the following subdiagrams the following additional relations:

e For type A(2,0), A(1,1), D(2,1;a):

q11 912,21 —1 42332 Q33
O O 0

"
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[(ad.xo)x, (adexe)xs]. =0
e For type B(1,1):

qi1 912,21 —1
oO———O

[(ad.x1)*z2, (adexy)x2). = 0
e For type B(2,1)

q11 912,21 —1 42332 Q33
O O

[(ad.x1)?(adexo) s, (ad.w1)2s). = 0

Example 4.5.21. Let us consider a rank 1 ¢-diagram and corresponding
m-solution, for a bosonic and fermionic root respectively:

¢ —1
o o
2r 1

The bosonic truncation relation (3;)" = 0, n = ord(¢*) holds, according to
424, iff r > 0,
The fermionic truncation relation (3;)* = 0 always holds according to 4.2.4.

Example 4.5.22. Let us consider a rank 2 super Lie ¢g-diagram and corres-
ponding m-solution:

e
O———0
2r —2rd 1

In the examples we will found such a diagram just if d =1, 2.
— By the previous example the simple truncation relations hold for r > 0.
We conjecture that in this case the non-simple truncation ([31, 32]”

etc.) also hold for » > 0. But this would either require a reflection
theory for algebra of screenings or a generalisation of theorem 4.2.4.



80
— The bosonic Serre relation [31,...[31,32]....], = 0 (already studied in

the Cartan section), involves d + 1 times the first screening and holds

x for d =1 iff 2r ¢ —N.
« for d =2 iff 3r £ —N.

So it may fail if the bosonic root «; is both ¢g-Cartan and ¢-truncation
and the truncation relation fails.

— The fermionic Serre relation [32, [32, 31]C]C = 0 holds

« ford=1iff —r+1 ¢ —N.

« ford=21iff 2r,—2r + 1 ¢ —N.
But 2r € Z is not admissible because g2 # 1.

Summarising we have the following possible exceptions:

o for ke Z kodd, d=1;

-1 -1 -1
oO—0
ko —k 1
o for > =i, keN,d=2:
;. —1 -1

O——O
Lk —(1 +4k) 1

o for > =Cc€Rs, keEN, kodd, d=2:

¢ ¢ -1
O——0
—%k %;{; 1

In conclusion:

Corollary 4.5.23. Apart from the possible exceptions above, the screeming
operators algebra is as follows:
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e Forr' " >0 all Nichols algebra relations hold (conjecturally also the
non-simple truncation relations).

e Forr',r" <0 all Nichols algebra relations hold except the bosonic trun-
cation relations.

Congecturally the algebra of screenings is again the positive part of an
infinite-dimensional Kac-Procesi-DeConcini quantum super group.

e Forr' >0, <0 orr <0,r” >0 the truncation relations on one side
of the Dynkin diagram of the standard chamber fail, and we conjec-
turally get the positive part of an corresponding version of an infinite-
dimensional Kac-Procesi-DeConcini quantum super group.

Regarding the Kac-Procesi-DeConcini version of an arbitrary Nichols al-
gebra, see the concept of a pre-Nichols algebra in [Angl4].

4.5.5 Examples in rank 2

We now present the cases of table 1 in [Hec05] rising from Lie superalgebras
of rank 2. We will check in every case whether the exceptions of corollary
4.5.13 appear.

In rank 2, there is obviously always just one bosonic sector g'.

In the respective remarks we will express the simple roots in the standard
chamber using as in [Kac77] the standard basis €; and 9;.

Heckenberger row 3

The case row 3 of table 1 in [Hec05], studied in example 4.3.5, is realised by
the Lie superalgebra lattice A(1,0). This case is described by the diagrams:

with ¢ # 41 and simple roots T : {a1, s}, IT : {ajs, —as}. The set of
positive roots is given by {a1, as, ajo} with unique associate Cartan matrix
and inner products

2 -1 9 _1
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Therefore the m;; matrix in the standard basis and after reflecting around
ap are given by:

I 2T —Tr m_ 1 —1+T
A Y L A e

None of the exceptions of lemma 4.5.13 appears; therefore m;; is a realising
solution Vr. This result matches with example 4.3.5.

Remark 4.5.24. As observed in example 4.3.5, if we allow the value ¢ = —1
we obtain row 2 of table 1 in [Hec05].

Remark 4.5.25. The simple roots in the standard chamber of A(1,0) can be
expressed by
1 = €1 — €9, a2:af:€2_51.

Heckenberger row 5

Row 5 of table 1 in [Hec05] is realised by the Lie superalgebra lattice B(1,1).
This case is described by the diagrams:

with ¢? # 41, ¢*> € R4 and simple roots I : {ay, as}, 11 : {2, —an}.
The set of positive roots is given by {ay, ae, 12, aq12} with unique asso-
ciate Cartan matrix:

and inner product:

(o, a5) = [_22 _021 -

Therefore the m;; matrix in the standard basis and after reflecting around
«y are given by:

2r  =2r —2r+1 2r—1

—2r 1 2r —1 1

None of the exceptions of lemma 4.5.13 appears; therefore m;; is a realising
solution Vr.
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Remark 4.5.26. When ¢®> € Rg, the root «; is ¢-Cartan and g¢-truncation.
When it is m-truncation we get:

2 o 5 4r 2r—1 2 o — 4
I 3 I 3 I 3 3
-2r 1 2r—1 1 2r—3 H—38r

where III: {—ay, @112} comes after reflecting around «;. The root ayis is
never m-Cartan and it is m-truncation iff r = % But for this value of r, ay
is also m-Cartan and thus this is not a new solution.

Remark 4.5.27. 1f we allow ¢ = i the system is the one described in row 4 in
section 4.4. Also in this case it corresponds to the Lie superalgebra B(1,1).

Remark 4.5.28. The roots can be expressed by

Q] = €71, OéQIOéf:(Sl—El.

4.5.6 Arbitrary rank

We generalise our study to arbitrary rank cases. In every case we will see
under which assumptions the constructed m;; matrices are realising solutions.

A (m,n)

2 -2 2 -2 2 -2
—1

The simple roots in the standard chamber are:
Qpy .o Of = Ot - - Omgntd

with inner product matrix

(Oéiﬂ aj) =
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We list all positive roots. We denote by Aq the set of bosons and by A; the
set of fermions according to the literature [Kac77].

Ag={a+...+ap with,k < forl, k> f}
Ay ={ag+...+ag, withl < f <k l#k}

We now apply the lemmas of the previous section to determine possible
conditions on ' and r” such that the m;; matrix defined as in 4.5.5 is a
realising solution.

e All the bosons are either in g’ or g”. Then, thanks to lemma 4.5.11, we
know they are always m-Cartan.

e All the fermions are isotropic and have f = +1. Thanks to lemma
4.5.12 we know that if they are not strong orthogonal to any other root
they are m-truncation.

e We now focus on the case of strong orthogonal fermions. Let us consider
two fermions:

y1=ay + ...+ ag with 1 < f < kq,
72:al2+...+06k2 with l2§f§k2

They are strong orthogonal if I; # I, k1 # ks. In this case we have to

check that miz = (y1,7%2)7" + (v1,72)g7” + f(711)f(72) = 0.

We thus compute the inner products in the two bosonic sides. We
assume [y < [y and k; < ko, because every other combination works
analogously and gives the same result.

Wlog we can assume [, =11 + 1 and ks = k; + 1 and thus

(71, 72) =(au;,72) + (Quy41,72) + oo+ (g, v2) + oo+ (Ve 72)
:(alu al1+1)9’

+(al1+17 al1+1)9' + (al1+17 al1+2)9'

t

+ag, ap 1)y + (ap, ap) + (ap, api1)gr
T+

(o, oy, — D)gr 4 (g, gy ) g+ (Qey s Qy 1) g7
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The only term that contributes is (o, ap_1)g + (of, of) + (ap, apir)gr
since the previous terms sum up to zero in g’, and the following terms
sum up to zero in g”. Hence we have (71, 7) = —1y — 1. Asking m
to be zero, means to ask

17 =1-7"+1=0 = r+r" =1

To conclude, the only condition needed for the m;; matrix to be a realising
solution is r' 4+ 1" = 1.

Remark 4.5.29. This condition matches with the formulation of A(m,n) in
terms of Nichols algebra diagram ([Hec06a], Table C, row 2), where ¢y = ¢
and ¢y = ¢~'. Indeed, if 7' +r” =1 then

m(ag,06)r im(ag,o5)r" e

) ] Y " ;i =
qg/qg// — el e 27 el7r27' — 67,7r2('r' +r ) _ 1

calling a; a root in g’ and «; a root in g”.
Remark 4.5.30. We can write the simple roots in the standard chamber using

as in [Kac77| the standard basis €1, ..., €n41,01, -+, Ont1:
{a1:€1—62, g = €9 — €3,..., Oém+1:6m+1—51,
Omy2 = 51 - 627 ceey Qg1 = (5n - 6n+1}
B(m,n)
a*t ¢ q* ~1 ¢ ¢
o——0— —0— —O0——0

The simple roots in the standard chamber are:
iy Of = Qg ooy Qi
with inner product matrix
D -
-2

(Oéiﬂ aj) =
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All the positive roots are:

Ao ={ag+ ...+ ag, with [,k < f
o+ ...+ ay, with [,k > f, k£m+n
ap+ ..+ Qg with [ > f

.o+ 200+ F 2000, With < fi ELZ f
a4 .. 20+ .+ 2000,  with k> f}

Ay ={a+ ...+ QG with [ < f
art ...+ 205+ . F 2000, Withl< f <k
a+...+ag withli<f<k kE#m+n}

We now apply the lemmas of the previous section to determine possible
conditions on ' and r” such that the m;; matrix defined as in 4.5.5 is a
realising solution.

e All the bosons which are not of the type v ==y + ... +2a + ... +
20040, With [ < f, k < f, are either in g’ or g”. Then, thanks to
lemma 4.5.11, we know they are always m-Cartan.

e For ., we need to explicitly ask condition (4.5).
The inner product is (i, Yik) = —2¢ — 47
— Y is m-truncation if 21’ + 47" = 3.
— i is m-Cartan if v’ + 7" = 1.
e All the fermions which are not of the type v, :== oy + ... + q4p, are
isotropic and have f = £1. Thanks to lemma 4.5.12 we then know

that if they are not strong orthogonal to any other root they are m-
truncation.

e For v, we need to explicitly ask condition (4.5).
The inner product is (y;,7) = —1g7.

— 7 is m~truncation holds if " = 0.

— 7 is m-Cartan holds if ' + 7" = 1.
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e We now focus on the case of strong orthogonal fermions. Let us consider
the fermions:

{1 =, + ...+ Qnan
Yo 1=y, + ...+ 200, + ...+ 20n1n
Y3 =gy ot Qg t

The fermions 7, and 7, are strong orthogonal iff I} # ly;

The fermions 7, and 73 are strong orthogonal iff Iy # I3 or ke # ks + 1;
The fermions 7, and 73 are strong orthogonal iff Iy # [3;

Two fermions of type 7, are strong orthogonal iff have different [, and
ka;

Two fermions of type 73 are strong orthogonal iff have different /3 and
ks; Asking the condition m,;; = 0 for those cases, we find again the
condition 7’ + " = 1.

In conclusion, the only condition needed for the m;; matrix to be a realising
solution is " + r” = 1. If this condition is satisfied the bosons with f = 2
as well as the non isotropic fermions are m-Cartan. If moreover ' =" = %
then the bosons with f = 2 are also m-truncation.

Remark 4.5.31. As in the case of the Lie superalgebras of type A(m,n), the
condition 7" + r” = 1 matches with the formulation of B(m,n) in terms
of Nichols algebra diagram ([HecO6a|, Table C, row 4), where ¢y = ¢ and
Qg =q "

Remark 4.5.32. We can write the simple roots in the standard chamber using

as in [Kac77| the standard basis €1, ..., €n, 01, ..., 0p:
{041:51—52, Qy =09 —03,..., Qp =0y — €1,
Opyp1 = €1 —€2;..., Oimin :€m~}

The bosons with f = 2 will be of the form d; + 6;, while the non isotropic
fermions will be 6;.

C(n)
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The simple roots in the standard chamber are:

af =aq,...,0p
with inner product matrix
F 0 1 -
-1 2
(O‘ivaj) =
—1
-1 2 -2
All the positive roots are:
Ag={ag+ ...+ ag, withl £ 1k #n
o+ .. 20+ ...+ 20, 1+, withl#1k#n
ap+ ...+, with [ # 1
200 + ...+ 20,1 + with [ # 1}

A1:{Oé1+...+oén
a4 ...+ ay, with k # 1
o+ .o+ 20+ 2001 F with k # n}

We now apply the lemmas of the previous section to determine possible
conditions on 7’ such that the m;; matrix defined as in 4.5.5 is a realising
solution.

e Since there is just one bosonic side it is obvious that all the bosons are
m-Cartan.

e All the fermions are isotropic, non strong orthogonal to each other,

and have f = +1. Thanks to lemma 4.5.12 we then know that they
are m-truncation.

To conclude, the m;; matrix is always a realising solution.
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Remark 4.5.33. We can write the simple roots in the standard chamber using
as in [Kac77] the standard basis €1,0; ..., d,_1:

{Oz1:€1—51, Oé2:51—62,..., an—lzén—Z_én—la an:25n—1}

D(m,n)

The simple roots in the standard chamber are:

with inner product matrix

(aiv aj) -
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All the positive roots are:

Ao ={a;+ ...+ ay, with [,k < f
o+ ..+ g, with [,k > f
al+---+am+n—2+am+n7 with [ > f

o+ ...+ 20ék + ..+ 2am+n,2 + Omdn—1 -+ Amdn, with [ < f, k S f
o+ ..o+ 20+ .o+ 200m10—2 + Optn—1 + Qnan, with [,k > f
200+ ...+ 20 + ...+ 2am+n_2 + Omin—1 T Qmtn, with [ < f, k< f}

A=A+ ...+ o, with I < f <k
Oél+...+0[n+m72+05n+m7 Wlthlg f
O[l+...+20{k+...+2am+n_2+an+m_l+O{n+m, Wlthl< f< kf}

We now apply the lemmas of the previous section to determine possible
conditions on 7’ and 7" such that the m;; matrix defined as in 4.5.5 is a
realising solution.

e All bosons except the IV or VI type in the list, are either in g’ or g”.
Then, thanks to lemma 4.5.11, we know they are always m-Cartan.

e The bosons of type IV have inner product —2y — 4.

— it is m-truncation if 27" + 4r" = 3.
— it is m-Cartan if v’ +r" = 1.
The bosons of type VI have inner product —44-.
— it is m-truncation if 47" = 3.
— it is m-Cartan if v’ +r" = 1.

e All fermions are isotropic and have f = £+1. Thanks to lemma 4.5.12
we then know that if they are not strong orthogonal to any other root
they are m-truncation.

e There are many possibility for two fermions to be strong orthogonal.
Asking the condition m;; = 0 for those cases, we find again the condi-
tion ' +r" = 1.
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In conclusion, the only condition needed for the m;; matrix to be a realising
solution is 7" + r” = 1. If this condition is satisfied the bosons with f = 2
are m-Cartan. If moreover ' = " = = then the boson of type IV are also
m-truncation. Instead if v/ = }1, r” = 2 then the boson of type VI are also
m-truncation.

N[OV I

Remark 4.5.34. As in the previous cases the condition 7’ + r”/ = 1 matches
with the formulation of D(m,n) in terms of Nichols algebra diagram ([Hec06a],
Table C, row 10), where ¢y = ¢ and ¢g» = ¢~ .

Remark 4.5.35. We can write the simple roots in the standard chamber using
as in [Kac77| the standard basis €1, ..., €m,01,...,0p:

{051:(51—(52,..., Oénzén—El, Opy1 = €1 — €2, ...
- Q-1 = €m—1 — €m; Qmin = €p—1 + Em}-

The bosons of type IV will be of the form 9§, + J,, while the one of type VI
will be of the form 26;.

Sporadic cases
G(3)

The simple roots in the standard chamber are {o; = ay, o, a3} with inner
product

0 -1 0
(ai,aj) = [—1 2 =3
0 -3 6

There is only one bosonic part g’ and the positive roots are:
{041, Qg, (3, (12, (a3, (X223, (X123, (¥1223,
(12223, V2223, (22233, (¥1222233, Oé122233-}
The m;; matrix is given by

1 —r 0
m;; = |—r 2r —3r
0 —3r ©Oor
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e Since there is just one bosonic side it is obvious that all the bosons
satisfy are m-Cartan.

e All the fermions, except for «993, are isotropic and have f = +£1.
Thanks to lemma 4.5.12 we then know that they are m-truncation.

e The fermion ;993 is m-Cartan without further assumptions.

e There are no couples of strong orthogonal fermions.

To conclude the m;; matrix is a realising solution Vr.
This construction realise the Nichols algebra B(q) described row 7 of table 2
in [Hec05] when ¢ # £1, ¢ € Rs.

For this lower rank case we can also show explicitly all the reflections of
the m;; matrix: reflecting mgj around «a; we find the following

1 —14+r 0
my = |—1+r 1 —=3r
0 —3r 67
Reflecting it around a;5 we find the following
2r —r —2r
mi = | —rp 1 —1+3r

ij

—2r —143r 1
Reflecting it around aj93 we find the following

67 —3r 0
mijv = | —=3r 1 —1+2r
0 —1+2r 1-—2r
Remark 4.5.36. If ¢> € Rg, as is both g-Cartan and g-truncation. When it
is m-truncation we find

—-1¢?* ¢ -1 -1
O O 0
1 —2r 2r —6r 1

with ( € Rg. This is a solution iff r = %. But for this value of r, a3 is also
m-Cartan and thus this is not a new solution.

Remark 4.5.37. The roots can be expressed by

041:Oéf:(5+61, Qg = €9 X3 =— €3 — €9
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F(4)

¢ gt ¢ ot ¢ ¢ -1
O O O O

The simple roots in the standard chamber are {ay, as, a3, a4 = oy} with
inner product

-2 4 =2
-2 2 -1
-1 0

There is only one bosonic part g’ and the rest of the positive roots are:

(ai’ aj) =

{0412, o3, (34, (0233, (X123, (X234, (V1233, (¥2334,
1934, (¥12233, (¥12334, (¥1223334, (¥122334, CY12233344-}

All bosons except aqoo33344 are completely in the bosonic sector and
thus are m-Cartan.

The boson ;2233344 is m-Cartan without further assumptions.

All fermions are isotropic and have f = +1. Thanks to lemma 4.5.12
we then know they are m-truncation.

We have two couples of strong orthogonal fermions:

{asa, a122334} {34, 12334}
which give the condition r = %

To conclude, the condition for the m;; matrix to be a realising solution is
1

r=z.
3

D(2,1; )
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The simple roots in the standard chamber are {oy, a0 = ay, a3} with
inner product:

2 =2 0
o, 05)=|—2 0 =2
(ai, o)

0 -2 2

The positive roots are:

{CYL Qg, (3, (19, (23, V123, 041223-}

Reflecting the diagram around one of the root (the system is completely
symmetric in the three roots), we obtain:

%/ (q/)fl _ﬁl(q///)—lq///
1

/ /

r—r "

—r

Exception (4) of lemma 4.5.13 appears. Imposing that the first and the
third roots are not connected we find the condition r’ + " + " = 2. In this
case these m;; matrices are realising solution.

This corresponds to the condition ¢’ - ¢” - ¢" = 1 of case 9 (as well as 10 and
11), rank 3, in table 2 of [Hec05].

4.6 Rank 2

4.6.1 Other cases in rank 2: construction

In this section we are going to present the examples of rank = 2 Nichols
algebra which don’t belong to the Cartan and super Lie study of the previous
two sections.

Heckenberger row 6

This case of table 1 in [Hec05] is described by two diagrams:
¢ ¢ ¢ ¢lq® g7
&>—o0 &>——0

I IT
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where ¢ € R3 and ¢ # 1, ¢, ¢? and with respectively simple roots:

I:{og, a0} IT: {—aq, 112}

There is just one associate Cartan matrix:

2 =2
CLZ']' =
-1 2

The set of positive roots is {a1, s, a1a, 112} where ay and aq19 are only
g-Cartan while the others are only g-truncation.

Proposition 4.6.1. The following m;; matrices are realising solutions of the
given brairding and its reflections:

2 4
3 3t T

wlvo
|
3

—r 2r —% +r % —2r
Proof. First we check that condition (4.5)B is satisfied for «;:
2 2

mi = =3
1—(112 3

and condition (4.5)A is satisfied for age and ays:

2m12
Mo 22 = =2r
a21
2m112,4 8
miigii2 = —————— = 5 — 2r.
a112,1 3

We then check that the reflection around a4 send one m,j-matrix to the other
as follows:

2 4 Troa2
. 3 —g—l-’f’ -1 2 3 T -1 2 . .

ij
—%+r §—2T 0 1 —r 2r 0 1
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Remark 4.6.2. When ¢ € R, the root ay is g-Cartan and g-truncation.
When it is m-truncation we get:

2 —r 2 —% 47 S_2r r—1
I 11 3 111 3
-r 1 —%—l—r %—47“ r—1 1

wl

with III: {C(lg, —CKQ}.
1

The root ajiz is never m-truncation and it is m-Cartan iff r = 5. But for

this value of r, ay is also m-Cartan and thus this is not a new solution.
As we can see in [Hell0] truncation and Serre relations are the only de-

fining relations. We have the following;:

Proposition 4.6.3. The truncation relations hold for every r > 0, while the

: 143k 2+3k
Serre relations hold for 2r ¢ =N and r # 2%, 222,

Remark 4.6.4. We could call this case of colour type. It indeed behaves as

a super Lie case except for the fact that ms; = %, and not 1. In particular

lemma 4.5.15 trivially extends to this case as a classification lemma, with the
appropriate changes.

Heckenberger row 9

This case of table 1 in [Hec05] is described by three diagrams:

-2 ¢ ¢ ¢ ¢ 1 —¢t = 1

O——oO O——O O———oO
I IT I
where ¢ € R12 and with respectively simple roots:
I . {Oél,ag} II . {—Ozl,Ozllg} III . {Ozlg, —Ozlgg}.

The associate Cartan matrices are:

The set of positive roots is {1, g, a9, 112, @192} Where aq9 is only ¢-Cartan
while the others are only g-truncation.
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Proposition 4.6.5. The following m;; matrices are realising solutions of the
giwen braiding and its reflections:

2 _7 2 _3 1 _1
3 12 4 6 4
ml = mH mH
J 19 17
-7 2 -3 1 ~1
12 3 4 4

Proof. First we check that condition (4.5)B is satisfied for all the roots:

2 2
m = = —
1 1 — a12 3
2 2
m = = —
22 ]_ — a91 3
2
mii2112 = T =1
— Q1121
2
Minin =7 = 1
— (122,12

and condition (4.5)A is satisfied for the root ays:

_ 2m_q2912 1
migieo = ——— = Z.
12,112 6

We then check that the reflections send one m,j-matrix to the other as follows:

2 37 r 171 2 7
, 3 i -1 2 50 o |12 :
mg; = = = Rl(mi]’)
3 72
-5 1] 0 1] |- 3 0 1
M1 17 r 1T 1 2 3
6 1 10 5 —a| |10
mgl — — — R122 o R2(m£])
_—}L 1] 1 -1 _—% 1 1 -1

Corollary 4.6.6. By formula (4.4) for rank 2, we have that the central
charge of the system is ¢ = —126.
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Proposition 4.6.7. Truncation and Serre relations always hold, by lemma
4.2.5.

We conclude this case with a picture illustrating how the set of simple
roots behave under reflections. We write I, II, III, to indicate to which
diagram do the simple roots in each case belong.

{00}t
y &
{—a1,a112}1 {a122,—az}!
’RHQl lR122
(4.9)
{a1z,—ai2}! {—a122,a12 !

signm %

{a112,—a12}M

Heckenberger row 10

This case of table 1 in [Hec05] is described by three diagrams:

- ¢ ¢ ¢t -1 - ¢ -1
o—0 O—o0 O——o0
| 11 I1I

where ( € Rg and with respectively simple roots:

I . {Oél, ag} II . {—042, @122} III . {Ozlg, —Ozlgg}.

The associate Cartan matrices are:

The set of positive roots is {ay, ag, a2, A112, 122, Q11122 Where oy and a9
are only g-Cartan while the others are only g-truncation.
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Proposition 4.6.8. The following m;; matrices are realising solutions of the
giwen braiding and its reflections:

1

5 5 2 _T 12
9 9

9 o_ |3 or _

©

-5 2 _T _2
9 3 g 1 5 1

Proof. We check that the roots {aw, aq12, 122, 11122 } satisfy condition (4.5)B,
while the root a; and «aq9 satisfy condition (4.5)A.
We check that the reflections send one m,;-matrix to the other. O

Corollary 4.6.9. By formula (4.4) for rank 2, we have that the central
charge of the system is —%.

Proposition 4.6.10. Truncation and Serre relations always hold, by lemma
4.2.8.

Heckenberger row 12

This case of table 1 in [Hec05] is described by three diagrams:

¢ ¢ ¢t ¢ -t - ¢ —¢ —1
Oo0——0O O——0O Oo——0
I 11 111

where ( € Rg and with respectively simple roots:

I: {0417 042} IT: {—041, 061112} I1I : {06112, —041112}~

There is just one associate Cartan matrix:

The set of positive roots is {aq, ag, a2, A112, 1112, 11122} Where g and a2
are only g-Cartan while the others are only g-truncation.

Proposition 4.6.11. The following m;; matrices are realising solutions of
the given braiding and its reflections:

N
|
00l
N
|
ool
|
|
oolw



100

Proof. We check that the roots {ay, a2, a1112, 11122 } satisfy condition (4.5)B,
while the root as and aq;9 satisfy condition (4.5)A.

We check that the reflections send one m;;-matrix to the other. O
Corollary 4.6.12. By formula (4.4) for rank 2, we have that the central
charge of the system is —%.

Proposition 4.6.13. Truncation and Serre relations always hold, by lemma
4.2.5.

Heckenberger row 13

This case of table 1 in [Hec05] is described by four diagrams:

S O S S G G G ¢ ¢ -1
o——0 o———0 &>——0 >——0
I II I11 1AY

where ¢ € R4 and with respectively simple roots:
I : {Oél, 042} II . {—C(l, 051112} III . {—C(Q, 05122} IV . {0412, —04122}..

The associate Cartan matrices are:

2 -3 2 -3 2 =2 2 =5
I _ Im_ I _ v _
Qi = Qi = Qi = i

-2 2 -1 2 -1 2 -1 2
The set of pOSitiVG roots is {Oél, g, (12, (X119, X122, (¥1112, X11122, Oélnlggg} where
a1 and aqqp are the only ¢-Cartan roots while the others are only g¢-
truncation.

Proposition 4.6.14. The following m;; matrices are realising solutions of
the given braiding and its reflections:

[ 1 137 1 _2
2 24 2 24
J v
_13 2 _23 23
L 24 3 24 12
1 =197 1 -3
24 24
J v
_1o 2 -5 1
L 24 3 24 12
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Proof. We check that the roots as and aq1o satisfy condition (4.5)A, while
the rest condition (4.5)B.
We check that the reflections send one m,j-matrix to the other. O

Corollary 4.6.15. By formula (4.4) for rank 2, we have that the central

charge of the system is —%.

Proposition 4.6.16. Truncation and Serre relations always hold, by lemma
4.2.8.
Heckenberger row 14

This case of table 1 in [Hec05] is described by two diagrams:
¢ ¢ -1 =P
Oo——©O O——>O

I IT
where ¢ € R5 and with respectively simple roots:
I:{ag, a0} IT: {ag2, —as}.

The associate Cartan matrices are:

The set of positive roots is {041,042,0412,04112,0411127041111222,0411122,0411111222}
where aq, aje, 12 and aqi199 are only g-Cartan while the others are only
g-truncation.

Proposition 4.6.17. The following m;; matrices are realising solutions of
the given braiding and its reflections:

2 _3
5 5
3 2

51 5 1

Proof. We check that the roots aq,ajs, 112 and «qq102 satisfy condition
(4.5)A, while the others satisfy condition (4.5)B.
We check that the reflections send one m,j-matrix to the other. O
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Corollary 4.6.18. By formula (4.4) for rank 2, we have that the central
charge of the system is —364.

Proposition 4.6.19. Truncation and Serre relations always hold, by lemma
4.2.5.

Heckenberger row 17

This case of table 1 in [Hec05] is described by two diagrams:

—¢ —¢? -1 —(2-¢ 1
Oo0———0O O——0O
I 11

where ¢ € R; and with respectively simple roots:
I:{a, s} IT: {ag2, —as}.

The associate Cartan matrices are:

i 1]

The set of positive roots is

{Oél, Qg, (12, (112, (1112, (11122, (1111222, ¥111112222, 111111122222,
11111222, (1111111122222, 0411111112222}

where {041,@12,04112,0411122,04111122270411111222} are only ¢-Cartan while the
others are only g-truncation.

Proposition 4.6.20. The following m;; matrices are realising solutions of
the given braiding and its reflections:

6  _9 2 _5
14 14 14 14
J v)
-9 1 -5 1
14 14

PT’OOf. We check that the roots {Oél, 19,112, (11122, (X1111222, (111111222} S&tiSfy
condition (4.5)A, while the others satisfy condition (4.5)B.
We check that the reflections send one m,;-matrix to the other. O

Corollary 4.6.21. By formula (4.4) for rank 2, we have that the central
charge of the system is —962.

Proposition 4.6.22. Truncation and Serre relations always hold, by lemma
4.2.8.
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4.6.2 Classification: rank 2

In this section we are going to prove the following

Theorem 4.6.23. For all finite-dimensional diagonal Nichols algebras of
rank = 2, all m;; matrices which are realising solutions of the given braiding
are the ones constructed in sections 4.4, 4.5 or 4.0.1.

In order to prove it, we are going to go through table 1 in [Hec05], see
which roots are g-truncation, g-Cartan and compute for every diagram the
corresponding m,;. We will see that for every case, the m,; match with one of
the constructed in the previous sections, and that there are no other possible
solutions.

To prove this result we will need the following tools:
Proposition 4.6.24. We consider a diagram
Qii 4451 4jj
Oo——0

where we assume that both {cy, a;} are g-truncation, and apply a reflection
R around the root «;

Rii o — —Q
o — «

arriving to a new diagram with simple roots {—a;, a = a; — a;j0;}.
We have:

1. if B is m-truncation then

Qsj 1 1
= — 4.10
" T Sy ap(—ap) | ag(l—ay) (4.10)

2. if B is m-Cartan then

1 Qij
Qjj I—aj  (1-ay)ag;

Cl-ay (=55 +ay)

(4.11)
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Proof. Since {«;, o} are only ¢-truncation, thus m-truncation, we have the
relations
2 2

My = M

1_aij

1—(1]'1'

1. If B is m-truncation then mgg =

17a2 -. But for definition of 8 we
B.—i
have:

mpgp = mjj — 2aijmij + afjmii.
Gathering all the information together we get:

2 2

1 — (lﬁ,_i o ]_ — CLji
and from this the final result.

2. This case is completely analogous, with the only difference that [ is

m-Cartan and thus mgs = 2”;21’2' we will then have:

2
2m . Meis 2az-j(—7 )
ag; ag; Qag;
mgﬁ = 2 — 2az~jm,~j + a?» .
1-— Clji J 1-— aij

The two equations together give the thesis.

Analogously:
Proposition 4.6.25. We consider a diagram

Qi 9ij45i djj
O—0

where we assume that {c,, a;} are the first g-Cartan and the latter g-truncation.
We apply a reflection around the g-truncation root o,

J . . s
R : aj > —Q
o; — [

arriving to a new diagram associated to the roots: {f = a; — ajioj, —oy}.
We have:
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1. if B s m-truncation then
ij 1 a’;
myj = — Y (4.12)
l—as;, 1—uay

2. if B is m-Cartan then

Wi jitp,—j — 2

(4.13)

Mij =73 A s s
— G5 5iGijag,—j — Ag,—j — Qij

Heckenberger row 2

We have d = 1 and then ¢; = ¢ = m. Therefore ¢ # 2 and since a;; = —1
we have the following;:

If ¢/ > 4 or ¢ = 3 then by classification lemma 4.4.6 we get a unique solution,
presented in section 4.4 Heckenberger row 2.

If ¢ = 4 then ¢; = ¢> = —1 and the roots are both ¢-Cartan and g-truncation:

e [f both are m-Cartan, we find a unique solution, by lemma 4.4.6 presen-
ted in section 4.4 Heckenberger row 2, in the limit case ¢> = —1.

e If one of the two is m-truncation, we find a unique solution, presented
in section 4.5, Heckenberger row 3, in the limit case ¢> = —1. This
result is a consequence of lemma 4.5.15.

1 -z
2
e If both are only m-truncation we recognise the matrix
_? 1
2
which is the other Weyl chamber in example 4.3.5.
Heckenberger row 3
We have d = 1 and then ¢; = ¢ = —%—. Therefore ¢ # 2 and since

gdce(£,2)
a12 = —1 we have the following:

If £ > 4 or £ = 3 then by classification lemma 4.5.15 we get a unique solution,
presented in section 4.5 case Heckenberger row 3.
If £ =4, a; is both ¢-Cartan and ¢-truncation.

e [fit is m-Cartan, we find again the unique solution presented in section
4.5 Heckenberger row 3, in the limit case ¢> = —1. This result is a
consequence of lemma 4.5.15.
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—_
|
IV

e If it is m-truncation we recognise again the matrix which

|
NN
—_

is the other Weyl chamber in example 4.3.5.

Heckenberger row 4

We have d = dy = 2 and then ¢; = m, ly = m. Moreover ¢ # 2,4,
because ¢? # £1, and since a;5 = —2, as; = —1 we have the following:

If ¢ > 8 or £ = 5,7 then by classification lemma 4.4.6 we get a unique solution,
presented in section 4.4 Heckenberger row 4.

If ¢ = 8 then the long root as is both ¢g-Cartan and g-truncation, while oy is

only ¢-Cartan.

o If ay is m-Cartan, we find again the unique solution presented in section
4.4, Heckenberger row 4, by lemma 4.4.6.

e If ay is m-truncation, we find the unique solution presented in section
4.5, Heckenberger row 5, in the limit case ¢ = i, by lemma 4.5.15.

If / = 3,6 then the short root a; is both g-Cartan and g-truncation, while
«s is only ¢-Cartan.

e If oy is m-Cartan, we find a unique solution, presented in section 4.4
Heckenberger row 4, again thanks to lemma 4.4.6.

e If o is m-truncation, we find a family of solutions, presented in section
4.6.1, Heckenberger row 6, up to rescaling. The uniqueness follows from
lemma 4.5.15, as observed in remark 4.6.4.

Heckenberger row 5

We have d = 1 and then ¢; = %. Moreover ¢ # 2,4, because ¢? # +1,
gdc(¢,2)
and since a1 = —2 we have the following:

If £ > 6 or £ = 5 then by classification lemma 4.5.15 we get a unique solution,
presented in section 4.5 Heckenberger row 5.
If £ = 3,6 then the bosonic root a; is both ¢g-Cartan and g-truncation.

e If oy is m-Cartan, we find again the unique solution presented in section
4.5 Heckenberger row 5, by lemma 4.5.15.
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2
5 —2r
3

o If o is m-truncation, we recognise the matrix of remark
—2r 1
4.5.26 which is a solution only for r = %
Heckenberger row 6
We have d = 1 and then ¢, = —~%—. Moreover ¢ # 2,3,6, because ¢> #

gdc(£,2
1,¢, 3, with ¢ € Rs. Since a5 = —(1 i?ve have the following:
If £ > 6 or £ = 5 then by classification lemma 4.5.15 we get a unique solution,
presented in section 4.6.1 Heckenberger row 6 (see remark 4.6.4).
If ¢ = 4 then the root as is both ¢g-Cartan and g-truncation.

e [f ay is m-Cartan, we find again the unique solution presented in section
4.6.1 Heckenberger row 6, by lemma 4.5.15.

wIiN
|
5

e If s is m-truncation, we recognise the matrix of remark

1

4.6.2 which is a solution only for r = 3.

Heckenberger row 7

We apply formula (4.10) to the reflection R! and R?, since the simple roots
a1 and as as well as the ones after reflections are only g-truncation and thus
m-truncation. From the first reflection we obtain myy, = —%, while from the
latter mqs = —%. Since these results don’t match, it means that there is
no possible formulation of the Nichols Algebra braiding in terms of the m;;

matrix.

Remark 4.6.26. We have g-truncation roots «;, «;, with ¢; = ¢, ¢j; = (7,
both third roots of unity and it is not possible to realise both of them with
My = Myjj = % This is another way to see that this case is not realisable.

Heckenberger row 8

We apply formula (4.10) to the reflections R! and R?, since the simple roots
a1 and as as well as the ones after reflections are only g-truncation and thus
m-truncation. From the first reflection we obtain mys = —3, while from the

latter mqy = —1—72. Since these results don’t match, it means that there is
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no possible formulation of the Nichols Algebra braiding in terms of the m;;
matrix.

Heckenberger row 9

We apply formula (4.10) to the reflection R! or R?, since the simple roots
a1 and s as well as the ones after reflections are only ¢-truncation and thus
m-truncation. The resulting mio shows that this is the m;; appearing in
section 4.6.1. This is thus the only possible solution.

Heckenberger row 10

We apply formula (4.12) to the reflection R?, since the simple root «; is only
g-Cartan and thus m-Cartan, while oy as well as the ones after reflections are
only g-truncation and thus m-truncation. The resulting m, shows that this
is the m;; appearing in section 4.6.1. This is thus the only possible solution.

Heckenberger row 11

We have d = dy = 3 and then ¢, = m, ly = m. Moreover ¢ # 2,3,4,6
because ¢ # +1, ¢> € Rs. Since a1 = —3 and as; = —1 we have the
following;:

If ¢ >12or ¢ = 5,7,9,10,11 then by classification lemma 4.4.6 we get a
unique solution, presented in section 4.4 Heckenberger row 11.

If £ = 12 then the root as is both ¢-Cartan and g-truncation, while the root

oy is only ¢-Cartan.

e If ay is m-Cartan, we find again the unique solution presented in section
4.4 Heckenberger row 11, by lemma 4.4.6.

2r =3r
e If ap is m-truncation, we recognise the matrix of remark
—3r 1
1

4.4.26 which is a solution only for r = ¢.

If £ = 8 then the root «; is both ¢-Cartan and g¢-truncation, while the root
s is only ¢-Cartan.

e If oy is m-Cartan, we find again the unique solution presented in section
4.4 Heckenberger row 11, by lemma 4.4.6.
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1
5 —3r
2
o If o is m-truncation, we recognise the matrix of remark
—3r  6r
4.4.27 which is a solution only for r = i.

Heckenberger row 12

We apply formula (4.12) to the reflections R', since the simple roots a; as
well as the ones after reflections are only ¢-truncation and thus m-truncation,
while as is only ¢-Cartan, and thus m-Cartan. The result is mqs = —%, which
matches with the one of section 4.6.1.

Heckenberger row 13

We apply formula (4.10) to the reflection R! or R?, since the simple roots
oy and ay as well as the ones after reflections are only ¢-truncation and thus
m-truncation. The resulting m;, shows that this is the m,; appearing in
section 4.6.1. This is thus the only possible solution.

Heckenberger row 14

We apply formula (4.13) to the reflections R?, since the simple roots a; as
well as the ones after reflections are only ¢g-Cartan and thus m-Cartan, while
ap is only ¢-truncation, and thus m-truncation. The result is miy = —%,
which matches with the one of section 4.6.1.

Heckenberger row 15

We apply formula (4.10) to the reflections R' and (4.11) to R? since the
simple roots a; and ay as well as the ones after R! are only g-truncation

and thus m-truncation, while the ones after R? are only ¢-Cartan, and thus
m-Cartan. From the first reflection we obtain ms = —%, while from the
11

latter myy = -3 Since these results don’t match, it means that there is

no possible formulation of the Nichols Algebra braiding in terms of the m;;
matrix.
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Heckenberger row 16

The root «; is g-Cartan so we can’t start with the system of simple roots
aq, g if we want to compare the results of the reflections around them. We
then start with the simple roots ay99 and —as which are only ¢-truncation
and thus m-truncation. After reflection R'?? we obtain a only ¢-Cartan, and
thus m-Cartan, simple root. While after reflection R? we obtain a only ¢-
truncation, and thus m-truncation, simple root. We then apply (4.11) to R'%2
and (4.10) to R? obtaining to different results. Hence there is no possible
formulation of the Nichols Algebra braiding in terms of the m;; matrix.

Heckenberger row 17

We apply formula (4.12) to the reflections R?, since the simple roots ay as
well as the ones after reflections are only ¢-truncation and thus m-truncation,
while «; is only g-Cartan, and thus m-Cartan. The result is miy =
which matches with the one of section 4.6.1.

_5
147

4.7 Rank 3

We now rise the rank by one and construct all m;;-matrices which realise
finite-dimensional diagonal Nichols algebras of rank 3, listed in table 2 of
[Hec05].

For Cartan type we will refer to the study of section 4.4. For super Lie
type we will explicitly compute the realising solutions.
For the other cases, we will see that the m;; matrices are completely fixed
by the lower rank: this will imply uniqueness of the solution and make it not
just a construction result but also a classification one.

In particular for these latter cases we will proceed as follows:

e Given a g-diagram in rank 3, we will consider it as two rank 2 ¢-
diagrams joined in the middle node. We will then associate to both
sides the m,;-matrices realising them, found in the rank 2 study. For
these m;;-matrices to be compatible, some restriction on the parameter
of which they depend will possibly appear.
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e We will then reflect the ¢-diagram on its g-truncation roots and pro-
ceed again as in the first point for the new diagram.
We reflect until we arrive not just to an already found g-diagram, but
also when the m,; realisation is repeated (the m;; matrix can be differ-
ent also if associated to the same ¢-diagram).

e We will then have to make sure that all the conditions found on the
parameters are compatible and acceptable, in order for the rank 3 m;;-
matrices to be realising solutions.

The ¢-diagrams and the associated realising solutions are listed in table
4.2 of the Appendix.

Heckenberger row 1

This case belongs to the Cartan section. In particular it corresponds to the
Lie algebras A3 and it is described by the following ¢-diagram with corres-
ponding m;; solution:

¢ ¢ ¢ g ¢

o O o)

2r —=2r 2r —2r 2r

Remark 4.7.1. When ¢*> € R, the roots are both g-Cartan and g-truncation
and the ¢-diagram reads

-1 -1 -1 -1 -1
o O o)

We have the following extra solutions:

— When a; is m-truncation and as, az are m-Cartan we find

-1 -1 -1 -1 -1
O O O
1 —2r 2r —2r 2r

which is one chamber of the Lie superalgebra A(2,0) described in Heck-
enberger row 4.

— When «q, oy are m-truncation and as is m-Cartan we find
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1 -1 -1 -1 -1
O O
T+ 1 —2r 2r

which is a m-solution just for r = % and ' = —1. But for these values
of r, 7’ the roots aq, ap are also m-Cartan and thus this is not a new
solution.

— When ay is m-truncation and aq, asz are m-Cartan we find

-1 -1 -1 -1 -1
O O
2r" =2r" 1 —2r"2r"

This is a solution either for ' = % for which we end up again in the
previous point, or for " = 1 — ", which gives us one chamber of the
Lie superalgebra A(1,1) described in Heckenberger row 8.

— When ay, agz are m-truncation and «y is m-Cartan we find

-1 -1 -1 -1 -1
O 0O
1 —2r 2r =2r 1

which is another chamber of the Lie superalgebra A(1,1) described in
Heckenberger row 8.

— When the roots are all m-truncation we find

—1 -1 =1 -1 —1
O O
T ¢ 1 o 1

This is a solution either for " = —r” — 2 which is again a chamber of
the Lie superalgebra A(1,1), or for ' = r” = —1 for which the roots
are also m-Cartan and thus does not give a new solution.
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Heckenberger row 2

This case belongs to the Cartan section. In particular it corresponds to the
Lie algebras Bz and it is described by the following ¢-diagram with corres-
ponding m;; solution:

¢ ¢ q¢ ' ¢

O O @)
dr —4r 4r —4r 2r

Remark 4.7.2. When ¢*> € R4 the roots aq,as are both ¢-Cartan and ¢-
truncation and the ¢-diagram reads

-1 -1 -1 -1 4
O O

For all the possible combinations of m-truncation and m-Cartan roots, no
new solution is found. In some cases we find the Lie superalgebra B(2,1)
described in Heckenberger row 5.

Remark 4.7.3. When ¢ € R3 the root as is both g-Cartan and g-truncation
and the ¢-diagram reads

2?2t
o o 3

1

with ¢ € R3. The case when it is m-truncation is a solution only for r = 3

for which the root is also m-Cartan and thus does not give a new solution.

Heckenberger row 3

This case belongs to the Cartan section. In particular it corresponds to the
Lie algebras ('3 and it is described by the following ¢-diagram with corres-
ponding m;; solution:

¢ q? ¢ g ¢
O )

\J

O
2r =2r 2r —4r 4r

Remark 4.7.4. If ¢*> € R4, ag is both ¢-Cartan and g¢-truncation and the
g-diagram reads
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i 1

;i -1 —1
O O O
2r =2r 2r —4r 1

The case when it is m-truncation is a solution iff r = }l for which it is actually
also m-Cartan. So this is not a new solution.

Heckenberger row 4

Row 4 of table 2 in [Hec05] corresponds to the Lie superalgebra A(2,0).
The simple roots in the standard chamber are {a; = ay, as, az}. We then
have just a bosonic part g’. The inner products is given by:

0 -1 0
(Oéi,Oéj) = |-1 2 —1
0O -1 2

and therefore:

1 q—2 q2 q—2 q2

O O
1 —2r 2r =2r 2r

Reflecting around «; we find the following

-1 q2 -1 q72 q2

(@ O
1-24+2r 1 —2r 2r

Reflecting around the second root we find a symmetric result.
The roots satisfy condition (4.5) Vr and therefore this m;; is a realising
solution.

Heckenberger row 5

Row 5 of table 2 in [Hec05] corresponds to the Lie superalgebra B(2,1).
The simple roots in the standard chamber are {a; = ay, as, a3}. We then
have just a bosonic part g’. The inner products is given by:

0 -2 0
(Ozi,Oéj) = | -2 4 -2
0o -2 2

and therefore:
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4 2

—1q¢* ¢ ¢*q
@ O O
1 —4r 4r —4r 2r

Reflecting around «; we find the following

-1 q4 -1 q—4 q2

o} O 0
1-2+4r 1 —4r 2r

and after another reflection around the second root we find the following

¢ ¢t =1 ¢ —q?

O O
4r —4r 1-2+4rl1 —2r

The roots satisfy condition (4.5) Vr and therefore this m;; is a realising
solution.

Remark 4.7.5. If ¢*> € R4 then the root oy is both ¢g-Cartan and g-truncation.
This case has been already studied in details in Heckenberger row 2 remark
4.7.2.

Remark 4.7.6. If ¢ € R3 then the root as is both g-Cartan and ¢-truncation.
When it is m-truncation we get:

-1 ¢? ¢ ¢ ¢
O O ®)
1 —4r 4r —4r %
This is a solution iff r = % But for this value of 7, a3 is also m-Cartan

and thus this is not a new solution.

Heckenberger row 6

Row 6 of table 2 in [Hec05] corresponds to the Lie superalgebra C(3).
The simple roots in the standard chamber are {a; = ay, a2, a3}. We then
have just a bosonic part g’. The inner products is given by:

0O -1 0
(ozi,ozj) =—|-1 2 -2
0 -2 4

and therefore:
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g @ gt
O O o)
1 —2r 2r —4r 4r

Reflecting around oy we find the following

—1 q2 —1 q74 q4

O O O
1-2+2r1 —4r 4r

Reflecting around a5 we find the following

The roots satisfy condition (4.5) Vr and therefore this m;; is a realising
solution.

Remark 4.7.7. If ¢*> € R4, as is both ¢-Cartan and ¢-truncation. When it is
m-~truncation we find
-1 - 4 -1 -1
o O o)
1 —2r 2r —4r 1

This is a solution iff r = 411' But for this value of r, ag is also m-Cartan and
thus this is not a new solution.

Remark 4.7.8. The simple roots in the standard chamber can be expressed
according to [Kac77] by

O[1:Oéf:61—(51, 012:51—52 Oé3:252.

Heckenberger row 7

Row 7 of table 2 in [Hec05] corresponds to the Lie superalgebra G(3) and
it has been already explicitly treated as sporadic case of super Lie type in
section 4.5.6.
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Heckenberger row 8

Row 8 of table 2 in [Hec05] corresponds to the Lie superalgebra A(1,1).
The simple roots in the standard chamber are {a;, as = ay, az}. We then
have two bosonic parts g’ and g”. The inner products is given by:

2 -1 0
(aj,a;)=|-1 0 -1
0 -1 2

and therefore:
¢ g -1 ¢ q?
O O O
2r =20 1 —2¢" 2"

Reflecting around ay we find the following

-1 ¢ —1q¢7* —1
O o 0
1—2+2r"1—-2+2r"1
Other reflections give different m,;; matrices as shown in table 4.2. How-

ever, exception (4) of lemma 4.5.13, already appears. Indeed to the latter
diagram is associated the following:

1 —1+7" =147+
mi=| —-1+7r 1 —1 47"
147+ -1+ 1

We then have to ask m{; = 0, i.e. ¥’ +r” = 1. In this case these m;; matrices
are realising solution.

Remark 4.7.9. The simple roots in the standard chamber can be expressed
according to [Kac77] by

Qp = €1 — €3, @zzaf=€2—51, az = 01 — 0,

with vectors ¢; generating g’ and J; generating g”.

Heckenberger row 9-10-11

Rows 9,10,11 of table 2 in [Hec05] correspond to the Lie superalgebra D(2, 1; «)
and it has been already explicitly treated as sporadic case of super Lie type
in section 4.5.6.
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Heckenberger row 12

The first diagram is a composition of the diagrams of rank 2: #2 with
g = —C!and #6 with ¢ = —(!, with ( € Rs.

—gl —(—¢"' ¢ (C)
2r" —=2r" 2r'
2r" —27"”%

For them to be joint in the middle circle we find ' = " =: r.

The only g-truncation root is the third. Reflecting on it we find the same

diagram and as matching condition 2r =

Rs.

8 _

S —2r,ie. r=2% Butg=¢" €

So this case is not realisable.

Heckenberger row 13

This case has two sub cases: ( € R3 and ( € Rg and diagram:

(g o
2r" —2r" 20’
2r" —4r" 1

1. Suppose ¢ € Rs3. The first diagram is a composition of the diagrams of

rank 2: #2 with ¢ = ¢ and #5 with ¢ = (. For them to be joint in the
middle circle we find v’ =" =: r.

The only g-truncation root is the third. Reflecting on it we find a
diagram composition of #4 with ¢ = —(~! and #5 with ¢ = (. As
matching condition we find r = —2r + 1, ie. r = % which is an
acceptable condition.

This case is thus realisable by the unique solution with parameter r =

3
Suppose ¢ € Rg. We proceed analogously, but after reflecting around
the third root we find a diagram which is composition of #6 with ¢ = ¢
and #5 with ¢ = (. The condition now is r = % which is an acceptable
condition.

This case is thus realisable by the unique solution with parameter r» = %

6
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Heckenberger row 14

This case is not realisable, since one of the diagrams contains diagram #7 of
rank 2 which is on turn not realisable.

Heckenberger row 15

The first diagram is a composition of the diagrams of rank 2: #3 with ¢ = (
and #5 with ¢ = ¢, where ( € Rs.

—-1¢t ¢ ¢ -1
O O O

1 o o
2r" —4r" 1
For them to be joint in the middle circle we find ' = " =: r.

After the reflections around R' o R! we find the condition r = % which is
acceptable and gives a unique realisable solution.

Heckenberger row 16

The first diagram is a composition of the diagrams of rank 2: #3 with ¢ = ¢
and #6 with ¢ = —(, where ( € R3.

-1 ¢t ¢ —¢'=¢
o o)
1 =27 2/

2 27" 2r"

3

For them to be joint in the middle circle we find ' = %
5

After reflecting on the second root we find the condition r” = £.

This case is thus realisable by the unique solution with parameters ' =

and r” = 3.

Wl

Heckenberger row 17

This case is not realisable, since one of the diagrams contains diagram #7 of
rank 2 which is on turn not realisable.



Heckenberger row 18

The first diagram is a composition of the diagrams of rank 2: #2 with ¢ = (
and #6 with ¢ = (, with ¢ € R,.

¢ ¢hog
3 o

2r" —=2r" 2r'
2r" —2r" 2
3
For them to be joint in the middle circle we find ' = " =: r.
The only g-truncation root is the third. Reflecting on it we find the same
diagram and as matching condition r = —£ 4 2r, i.e. r = 3.

This case is thus realisable by the unique solution with parameter r = &.

©

4.8 Rank >4

The construction of all m;;-matrices, which realise finite-dimensional diag-
onal Nichols algebras of rank > 4 can be obtained directly from rank 3.
Namely, for a given g-diagram of [HecO6a] one has to combine in a coherent
way the m,;; for some overlapping subdiagrams. It is indeed enough to know
rank 3 because the effect of a reflection R* on a pair of roots «;, a; and ¢;;,
m;; only depends on the rank 3 subdiagram a;, o, a.

4.9 Tables: realising lattices of Nichols algeb-
ras in rank 2 and 3

We now list from [Hec05] all finite-dimensional diagonal Nichols algebras
in rank 2 and 3 in terms of their g-diagrams, and below each of them we
display the corresponding realising lattice in terms of m;;-diagrams, such
that ¢;; = €™ and the reflection compatibility 4.5 holds.

The numbers of the rows are Heckenberger’s numbering, but sometimes we
subdivide the cases, e.g. 2/, 2”. Note that we display the Nichols algebras
associated to quantum groups as Heckenberger, in contrast to the notation
used for quantum groups and used in section 4.4, 4.5, which means that there
is an additional 2 factor in the g-exponent missing.



Table 4.1:

Realisation of finite-dimensional diagonal Nichols algebras of

rank 2.
row | Braiding Conditions
-1 -1 -1
o—0
o re-rr One solution according to Az (see 2").
-1 -1 -1 -1 -1 -1
o——o0 o——0
ool 1 —2+r1 One solution according to A(1,0) (see 3).
-1
q q q
O )
2" ro.-rr q# +1 Cartan, A,
-1
qg ¢ -1 -1 ¢ =1
O—— o o
3 ! ol 1 =241 q# +1 Super Lie, A(1,0)
7 -1 -1
ro =2r 9r . . , . . "
, . One solution according to By (see 4").
4 1 E€Ry
7 -1 -1 7 -1 -1
P2 1_pi1-2+2r
—r+l 1 One solution according to B(1,1) (see 5).
¢ ¢ !
O 9
o ro=2roor CeRw One solution according to By (see 4").
( 3
¢ ¢ ¢t ¢ ¢ ot
e s
2 —r 2r 2 -2 re_—9
3 3 3 s One solution according to 6.
¢ q? ¢
o0
gr | T T2 2r q# %1, ¢ € Rs, R4 | Cartan, B,
¢ ¢ -1-¢" ¢ -1
9 —2r Cl) © -2+ 27“0
5 1—r 1 q#+1, ¢ 2 Ry Super Lie, B(1,1)
¢ a¢' ¢ ¢Clqg Gt
S ¢ 95 %
2 - s—s+r s—r
6 3 53 3 CgR.‘S7Q7AI>C7C2
¢ 1 -1l
7 g ¢ O CO ¢ O (E€ERs No solution
S S GG I GG |
o o 0O o © o
3 3_ -1
—¢* ¢ -1 =L
8 OC ¢ O OC ¢ O (€ Rz No solution




¢ ¢ ¢ - ¢ -1 =" =
O O O O O O
> _1 32 2z _3 1 L _14
3 6 3 3 2 6 2 ¢ R
¢ ¢ ¢ ¢t a1 -¢ ¢
O O O O O O
5 _w0 2 3 _u 7 I _4 9
9 9 3 3 9 9 CE€Ry
a7 ¢
—3r 3r q ¢ Rs, q# £l Cartan, G
¢ ¢ Y-t -1 ¢ ¢ -1
O 0 0 0 0 o
1 _7 7 1 _5 1 _3 7
2 11 2 1 1 1 (€ Rg
¢ —¢t=¢*t ¢ ¢ ¢t
o) O 0
18 2 1 _23 B
2 3 2 2 12
_r—4 C5 1 C <75 -1
19 ? 5 <
ol CEE (E€ERxu
¢ ¢ -1 -C*¢?
S0 o
5 s 5 75 ¢ ERs
¢ P a1 (=P
O O
—2 3 -2 -3
- 1 —(E(P 1
& ¢ o) g ¢ o) ¢ € Ry No solution
—¢—¢? ¢ ¢ ¢t =
o) O O
-2 3 2
— -1 — —1
¢ 0 CO ¢ o) (€Rs No solution
S S S S S
S 5 S 5 5
7 1 4 7 1 CER;




Table 4.2:

rank 3.

Realisation of finite-dimensional diagonal Nichols algebras of

row

Braiding

Conditions

1/

-1 -1 -1 -1 -1
oO——O0——O

r o —-—r v —r T

-1 -1 -1 -1 -1

-1 -1 -1 -1
O
1 —r T

O O
—r T 1941 —r

<0 |
HORN

-1 -1-1-1-1 -1 -1 -1 -1
o o O

T o—r 1-24+2-r1,_91 —r
-1 -1

-1 -1 -1 -1 -1 -1 -1
O

HO'L

-1

0
1 —r 7 —r 1

O O
Loy —r24pl

One solution according to Asz (see 17).

One solution according to A(2,0) (see 4).

One solution according to A(1, 1) (see 8).

¢ ¢ q ¢' q

T —_r T —_r T

q7#+£1

Cartan, A

2/

-1 -1 -1 -1 4
O—O0——O
2r =2r 2r =2r T

-1 -1-1-1 4 -1-1-1-1

O o)
1 —2r 2r =20 T

-1 -1 -1 -1 4
o—O0——-O0
2r =2r 1-242r—r+1

O
Igyol —2r T

3
o)

1 E€Ry

One solution according to Bj (see 2").

One solution according to B(2,1) (see 5).

2//

¢ q? g

o—-O——0
2r =2r 2r —2r T

Cartan, B3

¢ ¢' q ¢* ¢
oO———O0—0O

ro—r T 2 o

Cartan, C3

-1q¢' ¢ " ¢ -1 ¢ -1q"
o ) o

o

=0

1 —r 7 —r

1_2+7«1 -T

=3

q# £l

Super Lie, A(2,0)

2 —2

-1q¢7% ¢ ¢
O
1 —2r 2r —2r

1 2 -1 q?
Oq 1

=0

¢ ¢ -1 ¢ —q*

o—-O——O0
2r =2r 1-24+2r—r+1

gl —2r

o

Super Lie, B(2,1)

-1q¢' q ¢ ¢

1 —r 7 —2r 2r

-1 q -1q¢7° ¢

O—/——O0————oO
1-24r1 =2r 2r

q7#+£1

Super Lie, C(3)




-1q¢"' ¢ ¢ ¢
1 —r T —3r 3r
-1 q -1¢° ¢

oO—o0——0
1-24r1 —3r 3r r

¢ g -1 ¢ —q!

O——o——0
- 3r =3r 1-242rl1—r %7;:7%) Super Lie, G(3)
q ' -1 ¢ qgl L g ! q! -l
r—r 1-2472-r1,_91 —r 1
I S s WS S A B
1 = 7 —r 1 1_ —r_ 1
8 " ! 24271247 q# +1 Super Lie, A(1,1)
/ " mn
= ,q, 1
9,10,11 | "~ L =" G40 F LG ber Lie, D@, Lia ), #1417 =2
¢ q-q =1
~(' (¢ ¢
12 CERs No solution.
S G G B G G G G |
72 9 11 2 29 21
13 3 3 3 3 3 3 3 3 CERy ,,.:%
g g ! g (=t -1
2 _2 2 _4 2 _2 2 _4
_2 4 1 2 _2 41
6 6 6 6 6 6 3 3
¢ 't 1
>—o0——0
1 7 a1
13" 3 3 3 3 <€R6 7“2%
-1 ("¢ ¢ -1-¢'-1 —( ¢
o O o o)
-1 —1,-1
_ _ —1-
14 § ¢ ¢ ¢ ERs No solution.




15 CERg T:%

16 gERg 7":%
-1 -1 -1 ¢ -1 -

-1 -1 ¢ ¢t =1

O O
-1 ¢ -1 ¢ -1 -1 ¢ —¢—¢C'-1

-1 —1_ -1

-1 ¢ ¢ -1 5
-1¢Y ¢ —¢ —1

O O
-1 -1 —1-¢C1¢?

17 o—oﬁo ¢ € R3 | No solution.
¢ ¢to¢ ot e ¢ttt
Oo0——O0—O oO——O0—0O
% _16 6 _16 2 16 _16 & _8 2

18 9 9 9 9 3 9 9 9 9 3 CERg 7":%
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Summary

The first part of the thesis focuses on the introduction to its two main topics:
path integrals and vertex algebras.

Starting with the toy examples of the classical free particle and the classical
free scalar field, we show how to quantise them following two formulations:
the Lagrangian which makes use of path integrals and the Hamiltonian which
in the mechanical example yields the Schroedinger equation of a free particle,
whereas in the field theory example yields the Heisenberg algebra. In order
to describe the latter we introduce vertex algebras.

In a ongoing work with a theoretical chemistry group at the Freie Universit-
aet Berlin, we apply the path integral formulation to the study of stochastic
dynamics in a classical system with many degrees of freedom. We consider
the Fokker-Planck equation, a partial differential equation which stochastic-
ally describes the dynamics of a molecular system and discuss its equivalence
to the Schroedinger equation. This in turn is equivalent to the path integral
formalism which can therefore be applied to find solutions of the original
system. The outlook is to further develop this study in specific examples.

In the second and main part of the thesis we proceed with a construction
and classification study. For every finite-dimensional Nichols algebra with
diagonal braiding ¢;;, we find all lattices A with Gram matrix m;; = (v, v;)
which realise the braiding, i.e. such that ¢;; = ™™ and the Weyl reflections
on g;; lift to reflections on m,; in a suitable sense.

For every Nichols algebra braiding ¢;; and realising lattice A we then consider
the Heisenberg vertex algebra and the corresponding non-local screening op-
erators associated to A. Under certain smallness condition, these screening
operators satisfy the relations of the Nichols algebra.

We then study for every finite-dimensional diagonal Nichols algebra the al-
gebra of screening operators by analysing the smallness condition which does
not always hold. When it fails the algebra of screenings is an extension of
the Nichols algebra depending on the free parameters in the realisation.
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Zusammenfassung

Der erste Teil meiner Doktorarbeit befasst sich mit der Einfithrung in ihre
Hauptthemen, Pfadintegrale und Vertexalgebren.

Beginnend mit den Toy-Beispielen vom klassischen mechanischen Teilchen
und dem klassischen freien skalaren Feld, zeigen wir, wie man die klassis-
chen Beispiele quantisieren kann. Wir betrachten dazu zwei verschiedene
Formulierungen, die Lagrangesche Formulierung, die Pfadintegrale benutzt,
und die Hamiltonsche Formulierung, die in dem mechanischen Beispiel zur
Schrodingergleichung von einem freien Teilchen und in dem Beispiel der
Feldtheorie zur Heisenbergalgebra fiihrt. Um die Heisenbergalgebra zu bes-
chreiben, fiihren wir Vertexalgebren ein.

In einer laufenden Zusammenarbeit mit der Arbeitsgruppe fiir theoretische
Chemie der Freien Universitat Berlin, wenden wir die Pfadintegralformu-
lierung auf das Studium der stochastischen Dynamik in einem klassischen
System mit vielen Freiheitsgraden an. Wir betrachten die Fokker-Planck-
Gleichung, eine Partielle Differentialgleichung, die die Dynamiken eines Moleku-
larsystems stochastisch beschreibt, und wir zeigen, dass sie zur Schrodinger-
gleichung aquivalent ist. Die Schrédingergleichung ist wiederum zur Pfad-
integralformulierung aquivalent, die deswegen verwendet werden kann, um
Losungen des urspriinglichen Systems zu finden. Wir entwickeln dieses Stu-
dium in Beispielen weiter.

Im zweiten und Hauptteil der Arbeit fahren wir mit einem Studium von
Konstruktion und Klassifikation fort. Fiir jede endlichdimensionale Nich-
olsalgebra mit diagonaler Verzopfung ¢;;, finden wir alle Gitter A mit Gram-
schen Matrizen m;; = (v;,v;), die die Verzopfung so realisieren, dass die
¢;; = ™™ und die Weylreflexionen von ¢;; sich zu den Reflexionen von m;;
geeignet hochheben.

Fiir jede Verzopfung ¢;; einer Nicholsalgebra und realisierende Gitter A be-
trachten wir dann die Heisenbergsche Vertexalgebra und die zu dem Git-
ter zugehorigen nicht lokalen Screeningoperatoren. Unter den sogenannten
smallness Bedingung, erfiillen diese Screeningoperatoren die Beziehungen der
Nicholsalgebra.

Fiir jede endlichdimensionale diagonale Nicholsalgebra, studieren wir dann
die Algebra der Screeningoperatoren indem wir die smallness Bedingung ana-
lysieren, die nicht immer erfiillt ist. Wenn sie nicht erfiillt ist, ist die Algebra
der Screeningoperatoren eine Erweiterung der Nicholsalgebra, die von den
freien Parametern in der Realisierung abhéngt.
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