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Introduction

A Vertex Operator Algebra (VOA) is a complex graded vector space with a
vacuum element, a derivation and a vertex operator satisfying three given axioms
(Definition 1.13). For any given even integer lattice A it is possible to construct
an associated VOA Vy, called lattice VOA, labelling its elements by the ones of
A. From a physical prospective this is the space of states of a free boson on a
torus.

In literature many results are known about this structure and its representation
theory. In particular the latter is semisimple and known to be equivalent as
abelian category to the category of the A*/A-graded vector spaces, where A* is
the dual lattice (see Theorem 2.7).

Less known is the case of VOAs with non-semisimple representation theory,
the so-called logarithmic conformal field theories (LCFT). Those are indeed
vertex algebras with some finiteness conditions but with non-semisimple repre-
sentation theory. Their name comes from Physics where they are associated to
correlation functions and these have logarithmic singularities.

Only few examples of this structure are known, as the algebra of n pairs of sym-
plectic fermions Vszeven (see [DR16]) and the triplet algebra W, (see [AMOS],
[FFHSTO02]).

In particular the latter is constructed through free field realization, i.e. as
subVOA of a lattice VOA, in the case where the lattice is a rescaled Lie algebra
root lattice of type A;. There are conjectures formulated successively by several
authors [FF88], [FFHST02], [TF09], [FGST06a], [AMO08], that say that using
this procedure it is possible to construct LCEFT for every type of root lattice.
The main aim of this work is to prove these conjectures in the case of a root
lattice of type B, rescaled by a parameter ¢ = 4.

What we do is indeed to construct such a subspace Wpg, =4 and to prove that
this is a LCFT. The latter result follows from Corollary 6.3 of section 6 that
says:

Wh,, =14 = Vs Feven

ns

i.e. it is proven that the new defined structure Wpg, ¢—4 is isomorphic to the
well-known LCFT of n pairs of symplectic fermions Vszeven.

Let us list in details the contents of this work:

In Chapter 1 we give the preliminary definitions of Hopf algebra, vertex op-
erator algebra and super vector space.

In Chapter 2 we introduce the general setting: we consider a lattice and
we define a lattice VOA. Then we give known results about these algebras and
about their representation theory, we describe their conformal structure and we
define some maps 3, on the lattice VOA VY, and on its modules, the screening
charge operators.

In order to construct a non-semisimple VOA W through free field realiza-
tion, we are then interested in the particular case when the lattice is a root
lattice Ar of g complex finite-dimensional semisimple Lie algebra. Moreover,



we want to rescale Ar. Hence we consider { = 2p even natural number with
some divisibility conditions (defined in section 2.5) and we define three lattices
rescaled by /¢, related to the root, coroot and weight lattice: the short screening
A®, the long screening A® and the dual of the long screening (A®)" lattice.

In Chapter 3 we use the screening operators associated to the lattice A® to
define the subspace W as their kernel in the lattice VOA Vpe
The subject of study is W := Vye N[\ ker3,,s.

K3
On this space, as we said, a conjecture has been formulated:

Conjecture 0.1. W is a vertex subalgebra and a logarithmic conformal field
theory with the same representation theory as a small quantum group u,(g).

This work is focused on two examples: in Chapters 2 and 3 we treat the
known one of g = Ay, ¢ = 4 where VW happens to be equal to the triplet algebra
W (see [FFHSTO02]). In Chapter 4, using the same approach, we study the new
case g = By, =4.

More precisely, in each example we describe the involved lattices, the kernel
of the short screenings W, the representations V|,; of the lattice vertex algebra
VY and their decomposition when we restrict to W.

We highlight that the second example, g = B,,,{ = 4, is special because
presents degeneracy (4.1.3): singularly the rescaled long roots have still even in-
teger norm. This implies that the short screenings associated to those roots in
B,, are still bosonic and do not satisfy the Nichols Algebra relations of theorem
2.14. Thus we only work with short screenings associated to short roots of B,
which is a subsystem of type AT. This make the treatise much easier and make
possible to deduce the final result by first approaching the easy case Aj.

In Chapter 5 we introduce the VOA of n pairs of Symplectic Fermions
Vsreven and we describe it, together with its 4 irreducible modules. We then
give the definition of graded dimension of a VOA module and we compute those
of the four Wg, s—4 modules x*1)| A2 M) 12 Finally we compare
these graded dimensions to the ones of the symplectic fermions modules y;57,
i=1,...,4 defined in [DR16], to verify that they really match:

XlS}' + XZS]: _ XA(l) + XH(I)

35T = XA(Q)

45T = 1@

This comparison is one of the tools used in Chapter 6 to prove the VOA iso-
morphism between our Wp,, ¢=4 and the n pairs of Symplectic Fermions Vs zeven.



Chapter 1

Preliminary definitions

The structure that we are going to study in the next chapters is a commutative
cocommutative infinite-dimensional Hopf algebra associated to a given lattice.
In this chapter we thus give the definitions of a Hopf algebra building it step by
step from the one of algebra following [Kassel95].

1.0.1 Hopf algebra

Definition 1.1. An algebra is a ring A together with a ring map ng : K — A
whose image is contained in the centre of A.

Hence A is a K-vector space and the multiplication map ps4 : A X A — A is
K-bilinear

In order to define the concept of a coalgebra, we can paraphrase the previous
definition and the dualise it:

Definition 1.2. An algebra can be equivalently defined ad a triple (A, u,n)
where A is a vector space, 4 : A® A — A and n : K — A are linear maps
satisfying the following axioms (Ass) and (Un):

(Ass): The following square commutes

A A@A 29 Ao A

idsy| I

ARA ——F— A
(Un): The following diagram commutes:
KoAd ™% A0 A &0 AgK

Soho

Remark 1.3. The first axiom express the requirement that the multiplication
is associative, the latter means that the element 7(1) of A is a left and right
unit for p.



Definition 1.4. The algebra A is commutative if it satisfies a third axiom
(Comm): The triangle

AA —2% s A®A

N A

commutes, where 74 4 is the flip switching the factors 74 a(a ® a') = (¢’ ® a).

Dualizing the previous definition, i.e. reversing all arrows of the previous
diagrams we have the definition of a coalgebra:

Definition 1.5. A coalgebra is a triple (C, A, €) where C is a vector space and
A:C—C®C and € : C — K are linear maps satisfying the following axioms
(Coass) and (Coun).

(Coass): The following square commutes

c—4% scoeC

AJ{ J{id@A

C®CW(J®C®C

(Coun): The following diagram commutes

Ko C <24 cgo 224 ook

Sl

The map A is called the coproduct or comultiplication while € is called the
counit of the coalgebra. The previous diagrams show that the coproduct is
coassociative and counital.

Analogously:

Definition 1.6. The coalgebra C is cocommutative if it satisfies a third axiom
(Cocomm): The triangle

C
A A
O®C/TC—>’C\C®C

commutes, where 7¢ ¢ is the flip.

We now consider a vector space equipped simultaneously with an algebra
and a coalgebra structure. If there are some compatibility conditions it is called
bialgebra:

Definition 1.7. A bialgebra is a quintuple (H,pu,n,A,€) where (H,u,n) is
an algebra and (H,A,€) is a coalgebra verifying the following compatibility
conditions:

the following two squares commute



HoH —" @ HoH 25 KoK

(id®f®id)(A®A)l lA Hl lz’d

(H®H)®(H®H)WH®H H——K
the following two diagrams commute

K—"—— H

db N A

KK — HRH
n®n

We finally define the convolution of two linear maps:

Definition 1.8. Given (A, u,n) algebra and (C, A, ¢€) coalgebra, given f and g
in Hom(C, A), we define the convolution f*g as the composition of the following
maps:

c 25000 2% A4t 4

We are now ready for the wanted definition:

Definition 1.9. A Hopf algebra is a bialgebra (H, u,n, A, €) together with a
K-linear map S : H — H such that

S*xid=idxS=mnoe
The endomorphism S is called antipode.
Remark 1.10. If the antipode exists, it is unique by definition.

Example 1.11. Given G group we can construct the group algebra K[G] as
the formal linear combinations of elements of G with coefficients in K.

This happens to be a Hopf algebra (K[G], 1,1, A, €,.5).

Let us define the related maps:

A K[G] — K[G] @ K[G]
g—9®g
e: K[Gl—K
gr—1 Vge@G
n: K-— K[G]
1l+—eqg
p: K[G] @ K[G] — K[G]
91 @ g2 — G192
S:  K[G] — K[G]

gr— g



where g, g1, g2 € G. These maps can be linearly extended to every element of
G. We can verify that Sxid =noe:

S*id=poS®idoA(g)
=poS®ido(9®g)
=g g =gy
=eg =1n(1) =noeg)

Example 1.12. Analogously for every finite dimensional semisimple complex
Lie algebra g we can construct a Hopf algebra considering the Universal en-
veloping algebra U(g). The maps associated to the Hopf algebra structure are
defined Vz € g as follows

Alz)=z1+1®x e(x) =0 S(x) =—x

1.0.2 Vertex operator algebra

As we mentioned the first structure that we are going to study is an Hopf algebra
associated to a given lattice. In the case in which the lattice is even integer,
i.e. when the norm of every vector of the lattice is an even integer, this algebra
happens to be also a vertex operator algebra. This is a mathematical object
associated to the physical notion of two-dimensional conformal field theory.
We give the definition of it and of the surrounding notions, following [FB68].

Definition 1.13. A Vertex operator algebra (VOA) consists of the following
data

e a complex graded vector space V = @Zo:() Vn
e a Vacuum element 1 € V)
e a linear operator called derivation 0:V — V

e a linear operator called vertex operator Y =Y (—,z) : V — EndV|[z,271]]
defined on every A € V as the formal power series

Y(A,2) =) Apz "

nez
These data satisfy three axioms:
1. the vacuum axiom: VA € V
Y(1,2)A=A= A"
Y(4,2)1 € A+ 2V[7]
2. the translation axiom: (1) =0 and VA,B € V

0
[0,Y(A,2)|B=0Y(A,2)B—-Y(A,2)0B = @Y(AVZ)B
3. the locality axiom: VA, B € V IdN > 0, N € Z such that as formal power
series

(z—2)NY(A,2)Y(B,z) = (z — 2)VY (B, 2)Y (A4, 2)



Remark 1.14. The locality axiom says that VA, B € V, the formal power series in
two variables obtained by composing Y (A, z) and Y (B, ) in two possible ways
are equal to each other, possibily after multiplying them with a large enough
power of (z — x).

Definition 1.15. A wertex algebra homomorphism p between vertex algebras
p:(V,1,0,Y) = (V,1,0,Y")

is a linear map V — V' mapping 1 to 1’, intertwining the translation operators
and satisfying
p(Y(A,2)B) =Y(p(A), z)p(B).

Definition 1.16. A vertex subalgebra V' C V is a O-invariant subspace contain-
ing the vacuum vector, and satisfying Y (A, z) B € V'((z)) for all A, B € V'.

For completeness’ sake, we here introduce the technical definition of a V-
module. However we will just treat lattice vertex algebras: their representation
theory is fully known (described in 2.7) and we will just use the results on it.

Definition 1.17. Let (V,1,0,Y) be a vertex algebra. A vector space M is
called a V-module if it id equipped with an operation Yys : V — EndM[[z*!]]
which assigns to each A € V a field

Yu(A, z) = Z A%)Zﬁnil
ne”L

on M subject to the following axioms:
o Yy(l,z)=1Idy
e forall A, B €V, C € M the three expressions
Y (A, 2)Yu(B,w)C € M((2))((w)),
),

Y (B, w)Ya (A, z)C € M((w))((2)
Yu(Yu(A z—w)B,w)C € M((w))((z —w))

are the expansions, in their respective domains, of the same element of

M([z,w]][z" w™t, (2 —w) 7.

1.0.3 Super vector space

Lastly we give a third important definition that will be useful in Chapter 5 and
6 when we will speak about the Symplectic Fermions.

Definition 1.18. A super vector space is a Z/2Z-graded vector space
V=WeWwn

The elements of Vj are called even and the elements of V; are called odd.
The super dimension of a super vector space V' is the pair (p, ¢) where dim(Vy) =
p and dim(V7) = ¢ as ordinary vector spaces. We write dimV = p|q.

10



The super vector spaces form a braided tensor category where the morphisms
preserve the Z/27 grading. A braided tensor category is a tensor category
equipped with a natural isomorphism called braiding, which switch two objects
in a tensor product. In this case for example the braiding is given by

We can then define a super algebra as an algebra in the category of super vector
spaces; explicitly:

Definition 1.19. A super algebra is a super vector space A together with a
bilinear multiplication morphism 74 : A ® A — A such that

AiA; C Aiyj
where the indexes are read modulo 2.

Analogously it is possible to define a vertex operator superalgebra (VOSA).

11



Chapter 2

Setting

2.1 First steps in the VOA world

Let us consider a commutative cocommutative Hopf algebra V and let us con-
struct on it some additional structure, defining:

e an Hopf pairing {, ) : V®V — C[z,271] i.e. a z-dependent map such
that the following relations hold:

(ab,c) = <a,c(1)> <b, 0(2)>
(a,bc) = <a(1), b> <a(2),c>

(a,1) = e(a)
(1,b) = €(b)

where a,b,c € V, € is the Hopf algebra counit and a(¥),a(®, ¢ 2 are
the target terms of the Hopf algebra comultiplication A where a sum is
implicit.

e a derivation or translator operator, d : ¥V — V such that:

0.(ab) = (0.a)b+ a(0.b)
compatible with the Hopf pairing:

0
<a7 8b> = 7& <CL, b>
0
<6'a7 b> = & <av b>

From these data, under certain conditions (see [Lent17], [Lent07]), we can define
a map, the vertex operator

Y : Vi — EndVa[[z, 27 Y],

k
ar— (b 3 (aV, b0y b 2ok )
) k/i. .
k>0

In turn it defines on V the structure of a local Vertex Algebra as proven in the
quoted references.

12



Free particle in one dimension

As first example of such a Hopf algebra V we consider the free commutative
algebra generated by the formal symbols

06, 9°9, 09, ...

On V is naturally defined a Ny-grading such that the Ny-degree of 0%¢ is k.
Every element is primitive as coalgebra element i.e.

ARy =100+ 01
For every ¢ € C* we can construct a derivation and a Hopf pairing as follows:
0.0%¢ = 0o
c

The following are some examples of the vertex operator Y applied to generic
elements of V:

Y (1)d"p = 0"¢
h ZFoh 2 h4k
Y("g)1=>" 70 qs:%:ga ¢

k

Y(90)96 = = +08Y (99)1

This V is Ve € C* the Heisenberg VOA defined in Chapter 2.1 of [FB68]. From
a physics perspective, V is as a vector space the space of states of a free particle
in one dimension and the map Y represents an interaction between two states
to a third one.

Free particle in n-dimensional space or n free particles in one dimen-
sion

We extend now the previous construction, considering the free commutative
cocommutative Hopf algebra generated Vo € R™ by the formal symbols:

0oy 020, P2y - -
with the following relation:
al+k¢aa+bﬁ = aal+k¢o¢ + bal+k¢ﬁ

where a,b € R and «, 3 € R™. Because of this linear combination it actually
suffices to take as generators the elements

ay; 109,

for any fixed basis {aq,...a,} of R”. This Hopf algebra can now be endowed
as before with a derivation and an Hopf pairing. In particular we have:

(a, B)

)
22

<a¢o¢7 6¢5> =

Physically the system describes a free particle in a n-dimensional space, or
equivalently, n particles in one dimension.

13



2.2 The lattice VOA

In this section we will generalize the previous idea and consider the example in
which we are interested: a free particle on a torus.

Let A C C™ be a lattice with basis {a1,...,a,} and inner product ( , ) :
A x A — £Z for some N € N.

Definition 2.1. We define V5 as the commutative, cocommutative, infinite-
dimensional Ny-graded Hopf algebra V) generated by the formal symbols

€¢B’ 51+k¢a

where the e?# has Np-degree 0 and the 9'**¢_, has Ny-degree 1+k, parametrized
by some elements a and 5 of A.
They fulfill the algebra relations:
ePoehs = gPats a,B €N
" hguris = ad o, + 00" F g, a,beZ

In the coalgebra all the symbols 9'** ¢, are primitive, namely
A, =1® 0" e, +0' e, @1
and all the momentum elements e?? are grouplike, namely
Ae®? = %8 @ e?5.

An arbitrary element is then a linear combination of elements of the form ue?s
with 8 € A and u a differential polynomial, i.e. a poynomial in the elements
O ke, with k € Ny, a € A.

We will call |u| the No-degree of u.

A derivation 0 : Vo — Vi and a Hopf pairing (, ) : VAo @ Vo — (C[Z%,Z_%]
can be defined as before on the first kind of elements and as follows on the
momentum elements:

D.e?s = 8¢)56¢5
O .e?s = P57ke¢f*
(=, e98) = (@)
(a, )

z

—(e?,05) = (9, %) =

where Pg j, is a differential polynomial of degree k depending on the parameter £3.

On Vy, in addition to the Ny-grading, there is a natural A-grading

Vi =P

AEA

where V) = {uem} and wu is again a differential polynomial.

14



Definition 2.2. The Vertex algebra operator Y is defined as

Y :V\ — EndVA[[z%,zf%H,

b (COIFXCOARNES! Zkak (2)
ar—» — kz: <a , > : TH .a
>0

Depending on the lattice A, this algebra V4 happens to be a more complex
algebraic object.

Definition 2.3. A lattice A is called even integer lattice if the norm of every
vector is an even integer. In particular this implies that the inner product has
always integer values.

A lattice A is called an odd integer lattice if the norm of every vector is an
integer but not necessarily even.

A lattice A is called a mot integer or fractional lattice if there exist non integer
norms.

Theorem 2.4. e [FB68] If A is an even integer lattice then (V5,Y) is a
lattice vertex algebra (VOA), i.e. a vertex algebra whose elements are
parametrized by the one of the lattice A.

o [FB68] If A is an odd integer lattice then (VA,Y) is a lattice super vertex al-
gebra (VOSA), i.e. a super vertex algebra whose elements are parametrized
by the one of the lattice A.

Remark 2.5. If A is not integer, i.e. is fractional, then the locality in V, is
replaced by other relations (see [Lent17] ) and we can still speak about it as
some generalized lattice VOA.

We now consider the dual lattice A* = {A € C|(\,a) € ZVa € A}. The
following result, shown in Chapter 5 of [FB68], gives us informations about the
representation category Va-Rep of a lattice VOA V,.

Remark 2.6. It is possible to have an action of Vj on V-« through the vertex
operator Y because the inclusion A C A* implies

Y : VA X Vax = V=

and from the definition of the dual lattice we have only integer z-powers. Ex-
plicitly, if « € A and A € A* then a + X € A* and (o, \) € Z. Thus

y(em)em = (2, P ¢1+k> ePotr e V.

Theorem 2.7. Let A be a even integer lattice, then Va-Rep is a category equiv-
alent to the category of (A*/A)-Vect i.e. the vector spaces graded by the abelian
group (A*/A). We can decompose the module

= P W

AJeA*/A

i.e. as direct sum of simple modules. We call Vn = Vo) the vacuum module.

15



Remark 2.8. The equivalence of Theorem 2.7 is as abelian categories. Moreover,
asking some finiteness conditions on Vy, its representation category becomes a
modular tensor category; then adding a braiding of the form e™A) on the
right side the equivalence is also as modular tensor categories.

Remark 2.9. The equivalence as abelian categories implies, in particular, that
the simple objects of the two categories corresponds and thus their number
coincides. Therefore we have as many Vj-simple modules in V5-Rep as one di-
mensional vector spaces in the category of (A*/A)-graded vector spaces. Since
in the latter, we have one dimensional vector spaces for every layer, we have ex-
actly |A*/A| one dimensional vector spaces and thus, irreducible representations
of VA.

2.3 Screening operators

Once the vertex operator Y is defined, we can produce linear endomorphisms
of V, as follows:

Definition 2.10. For a given element a € V4 and m € %Z we can consider the
z™-term of
Y(a)b= Z Y(a)m,z™b
m
with b € V,, and thus produce an endomorphism: the mode operator

1
Y(a)m : Va = Vs b+—s Z <a(1),b(1)> b(g)yak.a@)

k>0 —k+m

where (a, b), denotes the z™-coefficient.

From this we can define also the so-called ResY -operator, an operator that
for every b give us an endomorphism of Vy:

Definition 2.11. Given a € V,, b € Vg and m := (a, B)

ResY (a) : b — Res(Y (a)b)

Y(a)_; ifmez
Res(Y (a)b) i= { e2mim_ .
es(Y (a)b) S kgz Y (@) M EZ

where the residue is defined as a formal residue of fractional polynomials and
geometrically is the integral along the unique lift of a circle with given radius
to the multivalued covering on which the polynomial with fractional exponents
is defined.

In the integer case this endomorphism has a derivational property thanks to
the OPE associativity [Thiel94], [FB68]:

Y (a)_1 (Y (B)me) = Y (Y (a)—1b)me £ Y (B)m (Y (a)_1¢) (2.1)

Using the residue we arrive to define some interesting maps on the lattice VOA
Vi and its modules i.e. the screening charge operators.

16



Definition 2.12. For oo € A* we define the screening charge operator 3, as
3,0 := ResY (e )v
By the given definition, if (a, §) € Z it simplifies to
3aue’ = Z (e%,u(1)>7k717(a’6)u(2)e¢5 %ak.e% (2.2)
k>0
Remark 2.13. We notice that the operators shift the A-grading
30V = Vata
Moreover in the case of a € A they fix the Vy-modules i.e.
3o Vix = Vi

where [A\] € A*/A.

The screening operators are an old construction in CFT. In the case of non-
integral lattice we have however a new result by [Lent17] that gives us relations
of screenings. This result follows in the same paper from the study of the
complicated structures of Nichols algebra.

For our purposes it is not necessarily to define such structures but it is interesting
to state the Theorem because its consequences (displayed in section 2.6) are one
of the motivations of this work.

Theorem 2.14. [Lentner17] Let A be a positive-definite lattice and {aq, ..., an}
be a fived basis that fulfils |o;;| < 1. Then the endomorphisms 3,, 1= ResY (e®e:)
on the fractional lattice VOA Vy constitute an action of the diagonal Nichols
algebra generated by the 3., with braiding matriz

mias,a)

qij = €

The theorem proves that the screening operators associated to a small enough
lattice obey Nichols algebra relations.

Corollary 2.15. As consequences of the theorem we have:
o if (a,) is an odd integer = (34)? =0
o if (o, B) is an even integer = 3, and 33 commule.

What we will do next is to find A root lattice of some Lie algebra such that
gi; is the braiding of a quantum group. But first we want to introduce the
notion of Virasoro Algebra and understand how does it act on our VOA.

2.4 Virasoro action

Definition 2.16. The Witt algebra is a Lie algebra generated by the vector
fields 5
L,:=—2""1—

= o2
with n € Z. The Lie bracket of two vector fields is given by

[Lnu Ln] = (m - n)Lm-‘rn

17



This is the Lie algebra of the group of diffeomorphisms of the circle.

Definition 2.17. The Virasoro Algebra Vir, is the non-trivial central extension
of the Witt Lie algebra. It is generated by the central charge C' = ¢1, ¢ € C, and
the operators L,, indexed by an integer n € Z and that fulfil the commutation
relations
C
[Lm; Ln] = (m — n)Lm_;,_n + E 3
[L,,C]=0 Vn € Z.

(m® — m)Omn,0

Definition 2.18. A vertex algebra V is called conformal, of central charge
¢ € C, if there is a non-zero conformal vector w € V, such that the Y (w)_o_,, of
the corresponding vertex operator satisfy the defining relations of the Virasoro
algebra with central charge ¢ and in addition we have Y (w)_1 = 0, Y(w)o|v, =
nld.

On our lattice VOA V) we have the following result by [FF88] which in
particular tell us that V, is conformal:

Theorem 2.19. If we choose an Energy-Stress tensor in Va
1 2
T = 5 ZZ: 8¢O¢¢ 8¢O¢¢* + zl: Qla ¢(¥i)

depending on an arbitrary vector Q@ = (Q1,...,Qn) € spanc{ai,...,a,) and
independent of the choice of a dual basis (a;, ;) = 0;5, then Ly, ==Y (T)_a_p,
constitute an action of the Virasoro algebra Vir. with central charge ¢ = rank —

12(Q, Q) on Va.

Remark 2.20. Since T' € V,, in this way we automatically obtain a Virasoro
action also on all the vertex modules of V.

Remark 2.21. The action of Vir. on V, is an action on the vector space and on
every module that is compatible with the VOA structure (defined in Chapter

1).

Lemma 2.22. For the defined T, fixed a value of Q, the action of the Ly and
L_1 elements of Vir. on a generic element ue®s of the VOA Vy is given by:

L_que® = 0.(ue®?)

%wwz(wa4 @+uoww

The Ly eigenvalues are called conformal dimensions.

Proof. Here we just verify the action of L_1.

1
Loyue? =Y (5 ) 060,000+ ) Qi0*da,) e =

-1

1
- 5 Zy(a¢aia¢ai*)—1ue¢ﬂ + ZQiY(62¢ai)—lue¢B
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The co-multiplications of the T summands are:

A(06a,060,2) = AD6a,)AD6a,)
=1® 090,000+ + 2090, ® 0¢a,« + 090,00+ ® 1
A(DP¢a,) =1® %o, + P ¢a, @1
Now we write temporarily v := ue®® and define
A= Y (00,060, )v
B :=Y (0%¢a,)v

and we explicitly compute them:

A=(1,01 2>Z ka 7 (000,000 ) +2(0¢a,, v V)0 > " 2F = 0¢a,.
(060, b s v D) <2>Z 0%
o axy U v < k!

I,
— 0+22<3¢a”v(1)> (2) k+n% (O, D, v D)o@ 2"

k
B=(1,vY 2>Zka P oo, + (P ¢q,, v v<2>zzk%1
- !

2*
= UZ ﬁﬁkﬁgbai + <82¢ai,v(1)>nv(2)z”.
k

Going back to the first equation and noticing that the term B vanishes, we
obtain:

6k+1
L—lue(bﬁ =3 Z (22 aﬁba y U (M k—lU(Z)edm k? <a¢aza¢az*7 ¢ﬁ> 1U(2)6¢ﬁ>
+ZQ¢ (02, uVe??) _juP s
i
The last two terms vanish:

1.

<a¢aia¢ai*7u(l)e¢6> (1, ><a¢a 0Pa, ;U > 2(0¢a,, e B><8¢a *, U >
+ <8¢a18¢al*, o) (1,ulM)

(0¢a;0¢a,x, e%?) i =1
2 a¢a ,e¢[3 8(]5(1 *,u( )> if u(l) # 1

and both cases give some power of z with exponential lower than —1.

(0 00,1 e?) = 0(000,u ) = 0 [(060, )1, %) + (1,uD) (000, ¢%%)]

~ J0(08a,, ) ifu) =1
| 9(00a,, uM) if u® #£1

and again both cases give some power of z lower than —1.
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Hence we obtain

ak+1¢ .
L_jue® = ZZ Oba,, uMe??)_j_ju@e?s T %

8 Qg x
=3 Y ((00an u e (1,6, + (1, uD), (90, %), ) u? %k—?

i kit+ke=—k—1

Now we split it again in two cases

o If u® =1 then we just have the second summand

ZZ 8¢a7,€ B —k— 1’Z,L€¢ ak+]€|¢a - = Z(ahﬂ)ue(ﬁﬁagbai*

:Z ay, Bue ﬁaf-8¢:Zue¢ﬁai-ﬁ-a%~8q§
=ue? 3 - 5(5: ue?s Opp = u(0.e%#)

where we had highlighted the vector nature of d¢ and the elements « of
the n-dimensional lattice A.

o If u(® £ 1 then we just have the first summand

o+l
ZZ@(ﬁaw“(l)ﬁkﬂu(z)ew%
ik

In thlb case the only possible u(") such that the Hopf pairing is non-zero
is u) = 9"*1¢. . In particular «(?) = 1. We have now

(060, 0" 67) = =0.(0¢a,, 0" )

1)°0% (9, 0" )
1)"9" (D¢, Oy
)"0 (ai,y)2

)

= (=
= (-
=(=
= (=1)*(n+ )z~ (q;,7)

Thus, the only term not equal to zero is for K = n + 1. We obtain:

S G Dl )0 R = 0720 = 0,07 0)e

Putting together these two cases we have:

L_que®® = u(d.e??) + (d.u)e®
= L_jue®® = 9.(ue®?)

O

We now qualitatively describe the modules of Vir. and its action on them.
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e The modules of Vir. are given by the A-grading layers Vy.
Indeed we have that every operator L,, acts on an element ue®? increasing
(if n < 0) or decreasing (if n > 0) its Ny-degree of n, but doesn’t shift the
A-grading.
For example the L_; operator acts as a derivation, i.e. as follows:

9.e* 1= Qe
D.0%¢,, =01k,

and more generally it increases the degree of ue®* by 1, but maintains the
structure Polynomial - e®*.

e On these modules Vy is naturally defined another grading by the conformal
dimension.
For example, for rank(A) = 1 we can represent the V) as triangles where
on top we have the lowest conformal dimension element e®* and below an
infinite graded succession of differential elements ue®® that have higher
conformal dimension. As the degree increases, the elements tend towards
the triangle’s base (see picture).

o3\

€

Figure 2.1: Virasoro module, rank(A) =1

The Vir. action in not irreducible nor semisimple: for example from L_;.1 =10
we see that J¢, together with all the elements of higher conformal dimension
generate a submodule of the Vacuum module Vy. This implies that the module
is not irreducible.

But we also have L;.0¢, = 1 that implies that we can go back from this sub-
module to the Vacuum element 1 and so the module is also not semisimple.

Remark 2.23. The conformal dimension depends on @Q. In particular, once @
is fixed, we have a paraboloid structure among the modules V,: the conformal
dimension of a top element e?* can be written as follow

1 1 1
A =(AQ)=5lQ - AlI* = 5(@Q)
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ey

Figure 2.2: Paraboloid structure among Virasoro modules, rank(A) =1

so for A € A, the e elements trace a paraboloid with maximum in A\ = Q.
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2.5 Rescaled root lattices

Let g be a complex finite dimensional semisimple Lie algebra. Denote by:
e Ap its root lattice with basis {1, ..., Qrank}

e Ay its weight lattice i.e. the lattice spanned by the fundamental weights
{)\1, ey /\rank} such that ()\“ aj) = djéij = %(Oéj7 aj)éij

e AR its coroot lattice with basis {a1", ..., Qrant "} Where oV 1= aiﬁ
T k2

Let ¢ = 2p be an even natural number divisible by all (o, ;).

We rescale the root lattice Ag.

Definition 2.24. We call short screening lattice A° := ﬁAR with basis the

short screening momenta

(6751 Qrank
{ale = L, Qank” = —} .

VP VP

We now consider the (generalized) lattice VOA Vje. By Lemma 2.22 we
know that for every value of () there is a Virasoro action on the algebra. Thus we
look for the unique value of @ such that the conformal dimension of the elements
ed’aie, that we will denote by h%(a;®), is equal to 1. We will understand later
why this is convenient.

Lemma 2.25. The unique Q such that h?(a;®) = 1 is given by Q = (p- pg¥ —
pg)/\/P, where we define pg as the half sum of all positive roots, and pg" the
analogous for the dual root system.

Proof. To prove it we have to show that

50, 0%) — (0:%,Q) = 1

So, let us compute the first term:

1 o; o o; v 1
1 1

= — (g, Q4 +70417p p\/ Qgy P
o @5,00) 4 @i pg") = - (aisp)
1 1 (e, ;)

== 9 (amai)+(alapgv)7§ 9

(aiaai)

- (ai7pgv) - 2 (al\/’pg\/)

_ (ai;ai) (aiv7aiv) _ 1

= 5 5 =

where we used that a;V = O‘l(aii) and (o, pg) = w O

Lemma 2.26. Fized Q = (p-pg” — pg)/\/D as above, another combination of
elements of Ar, B, such that h?(B) = 1 is given by 3 = ;¥ \/p
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Proof. Let’s compute h?(3)

S (0 VB, 05 VB) — ("B, (003" = pa)/ V)

(", 0;") = (a;,p-pg”) + (i, pg)

NID I3

p
(0, 05) — i(aiv’aiv) + y (viypg) =1

(ai7 Q;

O

Hence, once the lattice A is rescaled to A®, the choice of such a @ gives
directly a second lattice spanned by roots 3 such that h%?(B) = 1.

Definition 2.27. The long screening lattice is A® := /pAr" with basis the
long screening momenta
{a1® =)D, .- Gank® == )i /D}

We consider lastly a third bigger lattice (A@) defined as the dual lattice of
A® namely as the one spanned by some A", ... \qni” such that (A", ;%) =
dij.

Lemma 2.28. This lattice happens to be equal to the rescaled weight lattice:

1
AP = —A
(A7) N
Proof. The equality can be easily proved:
1 2
()\i*7a'®) = (7)‘7,7 pa’v) = ( )\17 y4 ) = ()‘iva’) = 57,
) = (e VB ) = (5 VBas ) = o ) =B

O
The inclusion relationships among these three lattices is as follows:
A® C A® C (A®)”
Remark 2.29. The choice of | = 2p to be divisible by all (o, ;) implies that

A® is integral. This in turn implies that Vpe is a lattice VOA.
Instead we will talk about generalized lattice VOA in the case of Vye and V(ye)-

Corollary 2.30. The number of irreducible representations of Ve is, by The-
orem 2.7 equal to |(A®)"/A®|. To compute it, it is in general helpful to use the
intermediate lattice A® as follows

(A®)"/A®] = I(A@)*/Ael : I(Ae)//\@l

|\[W/\f ||\/—AR/\[A‘

(oot

[e3%

= [Aw/AR]|-

rank
14

= [Aw/Agl- T]

i=1 (O[i, al)

where the order of Aw /AR is the determinant of the Cartan matriz.
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2.6 Application of results

We will now apply the results displayed in section 2.2, 2.3, 2.4 to the lattice
VOAs associated to the three lattices A9, A®, (A®)".

Let Vye be the lattice VOA associated to the lattice A®. We know that its
simple vertex algebra modules are V| parametrized by (A®)"/A® and we can

decompose
Vaer = @O V-
[Ae(A®)"/(A®)

Moreover, as said in Remark 2.20, the action of Vir. on Vje given by the vertex
operator passes automatically on all the Vye-modules Vy). Any Vje-module
V] decompose as Virasoro module into its A-grading layers:

Vw = @ Vi (2.3)

AE[A]

Theorem 2.14 applied to the lattice A = A® implies:

Corollary 2.31. For those roots o;© such that (o, ;%) < 1, i.e. (ay, ;) < p,
the short screening operators 3,,e constitute a representation on Vyey- of the
Nichols algebra for braiding

o

Gij = e

7]5) — e%(ai)aj) f— q(aiwo‘j)

27mi

with q := e ¢ a £-th root of unity. This is precisely the representation of the
postive part of the small quantum group uq(g)™.

On the other hand a classical result in [TF09] for g simply-laced says:

Corollary 2.32. The long screening operators 3,,e constitute a representation
of the negative part of the enveloping algebra of g¥: U(gV)™

Remark 2.33. A conjecture in [Lent17] affirms it for the general non simply-laced
case.

We chose the Virasoro action parametrized by @ such that the following
conformal dimensions are

hQ(OZie) = hQ(OZZ‘@) =1

Thanks to the usual OPE associativity (equation 2.1) for the integer operators
34,@ this implies:

Corollary 2.34. The long screening operators 3,,e commute with the Virasoro
action, i.e. that they are Virasoro homomorphisms.

In [Lent17] it is proven that this commutativity relation holds in a weaker
form also for the short screening case thanks to Nichols algebra relations:
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Corollary 2.35. There exist a h € N depending on the modules V[ such

that the Weyl reflections (Sai@)h around the vector Q, called Steinberg point,
commute with the Virasoro action, i.e. are Virasoro homomorphisms.

For example, in the vacuum module Vjq = Vje we have h = 1. So on this
module all (3,,e) are Virasoro homomorphisms. Finally, from the definition of
screening operators we have

Corollary 2.36. The 3,,e s preserve the Vae -modules and the 3,,e ’s preserve
the A cosets.

2.7 Example A;

Let us now focus on the easiest example of a Lie algebra g of type Ay already

treated in [FGST06al], [TW13], [NT11].

We will compute the three lattices A®, A® and (A®)* as defined in section 2.5.

We will then consider the lattice VOA Vje and obtain its simple modules.
Consider thus g = sls and its root lattice Agp = oZ with «a simple root such

that (o, @) = 2. For the moment we assume ¢ = 2p an arbitrary even number.

e We start as before by rescaling the root lattice to the short screening

lattice o
A® =a°Z = ——7.

VP

with short screening momentum o = —%.

e To compute @ as in Lemma 2.25, we first notice that in this case oV =
a—2~ =« and
(o)
\%
= = —Q
Pg = Pg B

so we easily arrive to

1(p_1)a_7p_1a@

Q:i(ppgv*pg) (p-a—a) =

1
VP - 2yp 2 P 2
Remark 2.37. In this case, since there is just one simple root we can
compute Q also directly. From the general ansatz we know indeed that
Q = ka with k € C, is the only one such that the property h®(a;°) =1
holds. This implies that it has to be:

*(_%a —%) - (_%Jfa) =1
1 k
%(04»04) + %(ava) =1
L opo il

and then Q = %(p\;;)a, as claimed.
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e Consider then the long screening lattice A® = Za® found as before re-
quiring h9(a®) = 1. From Lemma 2.26 we obtain:

aéB:a\/]? A@:a\/ﬁZ

2

a,a

again because ¥ = Opay =

e To have the third lattice we have to compute the fundamental weight i.e.
the A\ = ka such that (\,a) = 1(a,a) = 1. Immediately we arrive to

2
k= % and so:

A®Y = —Aw = 7
(A™) SAw

e Now we can compute the number of representations of Vpe:
|(A@)*/A@| _ } A@ */A9| . |A9/A€B| —

\ Ar/VPAR"

' W/* R

:|AW/AR+‘V@AR/V@ARV

= 2|Zp| =2p

1
=2 ‘—\/ﬁaZ/\/f)aZ

e Explicitly these 2p representations are given by the cosets with represen-
tatives:

ko
AP /A® = { —1:k=0,1,...,2 —1}
(A%) /A% = {52 p
that fall into two A®-cosets
0+ A°/A® = { .k even} + A®/A® _{ .k odd}.

v v v

The representations are thus V[ da ), with £ =0,1,...,2p — 1.

3
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Chapter 3

The )V subspace

We now want to use the short screenings to construct a subspace W of the
lattice VOA Vo following the so called free-field realization.

The subject of study is

W = Vye N ﬂ ker3,,e.

Remark 3.1. The space W is a sub vertex algebra of Ve due to OPE associa-
tivity (equation 2.1).

On this space a conjecture has been formulated successively by several au-
thors [FF88], [FFHST02], [TF09], [FGST06a], [AMO8]:

Conjecture 3.2. 1. W is a vertex subalgebra with an action of the Lie algebra
g via the long screenings.

2. Tt is a Logarithmic conformal field theory (LCFT) i.e. a VOA with finite
nonsemisimple representation theory.

3. Its Representation category is equivalent to the one of the respective small
quantum group u,(g) at a root of unity ¢ of order £ = 2p .

Remark 3.3. Saying that a LCFT is a VOA with (nonsemisimple) finite repre-
sentation theory means that the Rep category is a finite tensor category in the
sense of [EO03].

The construction of such a W is interesting because of the third point of the
conjecture and in its own right, since few logarithmic CFTs are known: most
importantly the triplet algebra W,, which is exactly the one we will construct
through free field realization in the A; case, and the even part of n pairs of
symplectic fermions that we will study later on.

In the next section we will go deeper in the study of the Vjye-modules and

we will look at this new space W and at its representations in the particular
case Ay, { = 4.
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3.1 A, (=4

3.1.1 Lattices
Let us consider again the previous example, specialized to £ = 2p = 4. For this
value of ¢ we have:

+ Q=3

S _ 7 o e — _ o
o A _Zﬂ7 a® = 3
A® = Zav?2 a@:\@a,

« (A®) =252 X =

NG
the number of simple representations of V;‘f is now 4 and they are given
by the classes of (A®)*/A®, [2’“—‘3‘\/5] for k =0,1,2,3; explicitly:

V[Q], V[Q%], V[22\(/%], V[%]

To simplify what follows we give informal names to them:
Blue (or Vacuum), Steinberg, Green and Facet module.

3.1.2 Groundstates

We now introduce the notion of groundstates elements. These give us infor-
mation about the modules and are the elements on which we will apply the
screening operators in the next section.

Definition 3.4. The space of groundstates is the Ly-eigenspace associated with
the minimal eigenvalue, i.e. the minimal conformal dimension.

Remark 3.5. For each module V[ ko) of Ve, a preferred basis for this space are
2vV2

the elements e®* with \ € [2’“—\75] vector with minimal distance to Q.

Definition 3.6. In particular in this work we will understand under the name
of groundstates elements exactly the elements e?* with A of minimal distance

to Q.

In the following table we will write for each module V) := Y Ea] the dimen-
2v2

sion of groundstates space, the respective conformal dimension and explicitly
the elements of the groundstates.

‘ #Groundstates Conformal dimension Groundstates elements e®*
1 0 0

-1/8 a/2V2 =Q

0 a/V?2

3/8 —a/2v/2, 3a/2v/2

=

B T Vi
IS

[N

Table 3.1: Groundstates informations for each module, A; case.
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3.1.3 Screening operators

We now focus on the screening operators and on their action. From the Corol-
lary 2.34 and 2.35 of Section 2.6 we know that the long screening operators
and some power of the short screening operators are Vir-homomorphisms. In
particular on the Blue and Green modules this power is equal to 1, i.e. on
them the short screening operators are really Vir-homomorphisms.

We will now explicitly apply the screening operators short 3_ /3 and long 3, /5
to our modules to see how they act. Since V3 € [0], [%} we have (—%, B)eZ
we can use formula 2.2 of Definition 2.12.

Remark 3.7. We notice that, from the consequences of Theorem 2.14, since
(—a/v?2,—a/V/2) = 1is an odd integer, then (37a/\/§)2 = 0 holds.

We start applying the short screeming operator to the first two layers of Blue
and Green modules:

1. The short screening operator applied to the Blue groundstates element
(i.e. with conformal dimension equal to 0) give us the result:

3_a/\/§(60) = 3_(1/\/5(1) =0
2. The short screening operator applied to the second layer (i.e. with con-

formal dimension equal to 1) of the Blue module gives us the results:

3_o)v3l00,,5) =

P_ o 1 P_ o P_ o 1 P_ o
- <e ﬁ,8¢a/\/§>7k71 Hake v +Z<e ﬁ’1>71@718¢“/‘/§gak6 "
k

In the first equation the first term gives a nonzero result if and only if
k = 0; the second term vanishes because it could be non zero just for
k= —1but k> 0.

In the second equation k must be equal to 1.

3. The short screening operator applied to the Green groundstates element
(i.e. with conformal dimension equal to 0) gives us the result:

e N o ]. —
Soapale’ ) =30 () ok
d |

P
I

—k—1+1
d_ o ¢ o
:<e \/5,1> e vi=¢"=1
0

since the only term non equal to zero is for k£ = 0.
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4. The short screening operator applied to the second layer (i.e. with con-
formal dimension equal to 1) of the Green module give us the results:

¢ ¢

37,1/\/5(3%/\/56(;5%) =3 oyvalloa(€ V) =L a(3_, 5" V7)) = L4(1) =0
é_ o

P_ _ ¢_ o o 1 k ¢_ o -
S_Q/ﬂ(e ﬁ)—zk:<e \/5,1> kilile ﬂﬁae vz =0
In the first equation we used the commutativity with the Virasoro action.

In the second equation the term vanishes since k should be equal to —2
and this is not possible.

We will now apply the long screening operator to these elements:

1. Blue, first layer
3ava(€®) =3,,5(1)=0

2. Blue, second layer

Saﬁ(a(ba/\/i) = _2€¢a\/§
3,y5(e?v2) =0

3. Green, first layer
¢

Sk

30“/5(6 2):0

4. Green, second layer

¢ _a
BQ\/ﬁ(ad)a/ﬁe ﬂ) =0
¢ a ¢ o
Jayvale V2) =09, me V2

Finally, we show these and more results in the following picture.

The (A®)*-grading ka/2v/2 is given by k on the x-axis. The conformal
dimension is on the y-axis.

In the figure are shown nine Virasoro modules; among them we have one
representative of the Steinberg module (purple), two of the Facet module
(orange) and three of the others.
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Figure 3.1: The A; case
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The orange arrows, going from the Green to the Blue modules and vice versa,
represent the short screening operator and the elements in its kernel are encircled
with green colour.

We notice that all the elements in the Blue or Green modules on the left border
of this constellation belong to the kernel. Moreover, if an element is in the
kernel then it also belongs to the image.

The blue arrows represent some examples of the Virasoro action. In particular
it is shown the following result:

Proposition 3.8. Defined T' = %Zz 0o, 000« + >, Qi0?¢a, Energy-Stress
tensor as in Theorem 2.19, we have:

L o1=T
Proof.

Loal =Y(T)ol = V(5 3 060,060 + 3 Qida ol

1 1 1 1
52 [ 211 k550" 060,000 + D 2000, 1)k 750" Gapn + D (000,000, 1) 17701 | +

i k>0 ’ k>0 k>0
1
+) Q| Do, 1>_kmak.a2¢ai
i k>0

= %Z 000, 00a,+ + Z Qi0%¢0, =T

in the first and last term of the third line we have & = 0 whereas the second
and third terms vanish. O

3.1.4 LCFT W

We now look at the subspace W. In this case, the A; case, it is known to be
equal to the Wy-triplet algebra. The elements W~ , WY, W™ showed in picture
3.1 and studied in [FFHST02], form the adjoint 3-dimensional representation of
gV = sly acting by long screenings.

Since the rank is equal to 1, we have only one short screening operator 3 _ I3
and so the definition becomes:

W =Vye ﬁkerB_Q/ﬁ

=V fBaz ﬂker3_a/\/§
= V[o] n ker37a/\@.
Since W is a subalgebra of Vje, we can now restrict the modules of Vs to

W-modules and describe their (non-semisimple) decomposition behaviour into

irreducibles.
As shown in Corollary 2.35, the Weyl reflections (3_, / \/i)h are Virasoro homo-

morphisms. Moreover they commute with the W-action by OPE associativity

33



(equation 2.1). Thus they are vertex module homomorphisms for the restric-
tion to W and so their kernel and image are WW-submodules. In the following
table we see which values of the power h are associated to the four modules
V[k] = V[%]:

e For the Steinberg module V};; the commuting map is just the identity so
the kernel is trivial and the image is all. We get then that the module
stays irreducible over W-action and we call it A(2).

e For the Facet module V3], since (3,%)2 = 0, the image is trivial and the
kernel is all. Then again the module stays irreducible and we call it II(2).

e For the Blue and Green modules, respectively V|o; and V), we have instead
that (3_% )" decomposes them into non-trivial kernel and image. We will
call them A(1) and II(1) and explicitly we have:

(1) —>V[2] — A1)

To summarize we have the following decompositions:

A(l) —>V[0] — H(l)
H(l) —)V[g] — A(l)
V[l] = A(Z)

Vi) = 11(2)

Remark 3.9. The letters were chosen by Semikhatov to suggest that A(1)
and A(2) have a 1-dimensional groundstates space and II(1) and TI(2) a 2-
dimensional groundstates space.

Remark 3.10. We remark that what we said neither proves that A(7),II(:) are
irreducible representations nor that these are all the irreducible representations
of W. However for this particular case, Ay, it is proven e.g. in [AMO8].

34



Chapter 4

Case By, { =4

In the previous chapters we introduced a setting, we defined through free-field
realization a subspace W, conjecturally a logarithmic CFT, and then we applied
the theory to the example of a Lie algebra g with root system A;.

In this chapter we will follow again this outline applying it to a new example:
the B,, case, £ = 4. This is particularly interesting because it is degenerate in
a sense that will be explained later on. To understand the general instance we
will start with the By case.

4.1 n=2

4.1.1 Lattices

Let g be a Lie algebra with root system Bs, i.e. g = s0(5). Let £ as before be
an even integer £ = 2p.
Consider as basis of the root lattice Ag the set {ay, as} with Killing form:

(o1, 0q) =4 (g, 9) =2 (1, ) = =2

that means «; is the long root and as the short root.
The coroots are then «1Y = a1/2, and asY = ag and so the sets of positive
roots and positive coroots are

(I)+(BQ> = {al, g, ] + g, (] + 20(2}
T (ByY) = {a1Y, a2, oY + a2, 201" + "}
Therefore
pg =3/2 01 + 203
pg’ =201 +3/20a2" =a1 +3/2

As in the example A; we now compute the three lattices A®, A%, (A®)*; then
we focus on the lattice VOA Ve and on its simple modules.

e So, using the result of the second chapter, we fix as in 2.25 the value of @

1 a7 (6%}

1 3 3
Q= P Tl = e mgm i) =05t
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Remark 4.1. In this case, since the dimension is still small, it is possible
to compute @ explicitly (see Appendix).

e The short screening lattice with its basis is in this special case an odd
integral lattice

1 1 1
AS = —Ap, g,
VP 8 { \/ﬁal \/ﬁQQ}

e The long screening lattice with its basis is the even integral lattice

A® =pAr", {ypar, pa2'}

Remark 4.2. We recall that if Ar is the root lattice in the case Bs, then
AR" is the root lattice of type Cs.

e As last lattice we consider as before the dual of the long screening lattice
(A®)* with its basis found by computing the fundamental weights (see
Appendix)

oy _ L ® 0427
(A)—\/ﬁAw {7, )\2}{[\[2\[ f

Remark 4.3. A2® = Q and will be the groundstates representative of one
of the modules V).

—}

e Now we can compute the number of representations of Vf:

’(A@)*/A@‘:KA@)*/A@HA@/A@‘:‘ W/ R/\/Z; R

L
2| (—ﬁaiZ/mai)VZ)

8% (JroeiPraaget) | =2

= [Aw /AR]

\}i)AR/\/ﬁARV

=2

2p
(ag,eq)

where |Aw /AR| is obtained by looking explicitly to the cosets or comput-
ing the determinant of the Cartan matrix. In our p = 2 case, remem-

bering the scalar products («;, «;), we get that the number of modules is
2(5-p)=2-(1-2) =4

Specializing to p = 2 above and summarising, our lattices are:

A® = span{f\—@, f\—@}

@ = span{a—\[l, V2as}

@ spany—= + —&—, —=
(A®)" = sp {\[Jr\[%f \f}
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The modules can now be explicitly determined by looking at the cosets in the
quotient (A®)*/A®:

(P B PR I PP P P

To make the further description simpler, we give again the previous pictorial
names, i.e. Blue V), Steinberg Vy,e1, Green V) o) and Facet V|, o y,e) mod-
ule respectively.

Figure 4.1: The three lattices in the By case

4.1.2 Groundstates

Our next aim is to find out which are the groundstates elements for each module
Vi5); we recall that from Definition 3.4 these are the elements e®* with A € [A]
of minimal distance to Q.

This is theoretically a hard problem, but in this case the dimension is small
and thus it can be concretely solved drawing the three lattices and tracing
circles of center Q: the nearest crossing elements with the (A®)* lattice are the
groundstates elements.

In picture 4.1 the blue, purple, green and orange points represent precisely the
Blue, Steinberg, Green and Facet groundstates elements respectively.

In the following table we write next to each module the dimension of the ground-
states space, the conformal dimension of its elements and explicitly the ground-
states elements:
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#Groundstates Conformal Dim  Groundstates elements e®*
Vo) 2 0 0(e"=1), a1/V2+ V20
1 —1/4 Q=0a1/2vV2+az/V?2
V[,\lea] 2 0 a1/\/§+042/\/§, 042/\@
V[A16B+>\2€B] 4 1/4 3041/2\/54-\/5042, a1/2\/§,
—a1/2V/2, a1/2V/2 +V2a;3

Table 4.1: Groundstates informations for each module, By case.

4.1.3 Degeneracy

As we said before B,,, £ = 4 is an interesting case because it is degenerate. Let
us see in details for n = 2 why it is so.

The important point is that the norm of the short screening momentum |« | =
2 is an even integer and thus eim(e1.0a®) _ gomi _ +1, i.e., by Corollary 2.15
(3a19)2 # 0 (the short screening operator is said still bosonic). Actually in this
case we can’t apply the Corollary 2.15 at all, since this root is not small enough,
le. |an®| £ 1.

This happens because the long root in A®, i.e. a;©, is already in A®:

2
an® = \/ﬁalv =V2a,——— = a —a1°.

(a1, 0q) \/5

Thus, instead of using the two real short screening operators, in order to apply
Theorem 2.14, we have to consider those screening operators associated with
the vectors a; such that |a;| < p, i.e. |a;®] < 1. So we consider:

— “725 3 _ <!1;r;2
i.e. the short screening operators associated with the short roots as® and
0129 1= 19 + a»®. These simple roots span a subsystem of type A; x A;.

Remark 4.4. It is now possible to apply again the Corollary 2.15 and since a®
and a12° have both odd integer norm (they are fermionic) and integer inner
product, the associated screening operators satisfy:

(3a29)2 = (5a129)2 =0 [3a2973a129] =0

Remark 4.5. We can generalize this argument to the B, case that behaves
analogously with n — 1 long roots instead of just 1: we obtain n commuting
screening operators corresponding to a subset of the B,, lattice generating a A}
lattice.

Remark 4.6. This degeneracy behaviour takes also place on the side of the
Lusztig quantum group of divided powers (see [Lusz90al). In particular in
[Lent14] it is studied that adding the divisibility condition on ¢ (defined in
section 2.5) we have a new short exact sequence of Hopf algebras that in the
B,,, ¢ = 4 case shows degeneracy: the positive part of the small quantum group
is no more associated with B, but to AT, exactly as above (for details see
[Lent14]).
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4.1.4 Decomposition behaviour of B,

At this point it is interesting to briefly focus our attention on the decomposition
behaviour of By into A; X A; classes.

The relations between the lattices of By and A; x A; are the following:

A®p, D A® (4 xa)
A%, D A® (4 xa)

*

(A@)*B2 C (A®) (A1x A7)

On the level of the lattice VOAs we have that Vye(Bs) has got 4 modules,
Vae (A1 X A1) has got 16 instead.

In particular, every Vpo (Bz)-module can be restricted to Vye (A1 X Aq)-module
and so decomposes in direct sum of irreducible Vje (A; x A;)-modules. Explic-
itly the cosets decompose:

[Blue] = [0]p, =

n

(
[Steinberg] = 2%, = (w@l B0 W])AM
[Green] = [\ )5 (

Facet] = [\ + A,°® :(A@ S ATV O‘”)
[Facet] = [\ + A7), = { [X2 +ﬂ]@[2 +\/§] e

4.1.5 Short screening operators

Let us now go back to the Bs case and look at how the short screening operators
act in the Blue Vi) and Green V|, ) module on the groundstates elements (i.e.
conformal dimension equal to 0) and on the higher conformal dimension level
elements (i.e. conformal dimension equal to 1). We will list the results and then
look at which elements are in the kernel of one or both of the screenings. To
simplify the notation we will denote

31 = 372 and 32 = 37Q1+a2 .
V2 Vz2

Among the elements of conformal dimension 1 we will call inside elements the
one below the groundstates elements and outside those which are on top of more
external module elements.

1. The screening operators applied to the groundstates elements of the Blue
module give as results:

[ ] 31(1) = 0
[ ] 32(1) = 0

. ¢ (o 4o
o 3u( ENRy
o 3o’ HV) = "%
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2. The screening operators applied to the inside elements of the upper con-
formal dimension level of the Blue give as results:

. 32(8¢_a2/\/§) =0
* 31(a¢7(a1+a2)/\/§) =0

¢ (ag+az)

[ ] 32(8¢7(a1+a2)/\/§) = e V2

? (a1 +a)

= a¢(a1+a2)/\/§e V2

¢\/§a1+%)

° 31(8¢(a1+a2)/\/§€
b a4
[ ) 32(8¢(a1+0¢2)/\/§6 V2 +£) = 0
1) a
[ ) 31(6¢_a2/\/§e \/§01+72§) :O

P fza, 4+ 02 bag
[ ) 32(8¢7a2/\/§6 V2 1+\/2§) :6¢a2/\/§e \/2§

3. The screening operators applied to the outside elements of the upper con-
formal dimension level of the Blue give as results:

¢ 3u(e ) =

. 32(e¢ %) —0

* 31(6%315) _

o 3p(c V) = L%

o 31 (e?Vaer+an)) =0

. 32(e¢ﬁ(a1+a2)) _ e¢%
@ it = A

o 3a(c"32)) =0

4. The screening operators applied to the groundstates elements of the Green
module give as results:

e 3 ed)% =0
. 32(e¢%) =1
° 31(e¢%):1
. 32(e¢°‘7%):0

5. The screening operators applied to the inside elements of the upper con-
formal dimension level of the Green give as results:

¢'(Of1+f¥2)

o 30:((06,, )5+ 06, e ) =0

b (arta)

i 32((8¢a1/\/§ + (9(;50‘2/\/5)6 vz ) =0
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Pag
° 31(8¢a2/\/§€ \/5) =0

Pay
° 32(8¢a2/ﬂ€ \/5) =0

P () tas) [oxe
° 31(8¢a2/ﬂe V2 ):6

SE

b (a1ta)

° 32(8¢a2/ﬂ€ V2 ) = 8(;5&1/\5
Pag

* 31(a¢—(a1+az)/\/56 Vi) = a¢—(a1+a2)/\/5
Pag ¢_

. 32(3¢_(a1+a2)/\/§e V2)=e¢ V2

6. The screening operators applied to the outside elements of the upper con-
formal dimension level of the Green give as results:

?_ (ar4a9)
.31(6 122):0
¢(a ag)
.326 1\}52)20

3

(
(
(
. 3,0 J2o2) — ¢PVEarban
(
(
(

@ 3 by
. 32 e ﬁaﬁrﬂaz) —e \/5+\/§a2

¢%+%a2)) — €¢%+\/§a2
o 3a(e VETVI) = v

In the following picture are shown the kernels of the two short screenings in
the Blue (left) and Green (right) modules. The blue arrows represent 3;, the
orange ones 3s.

Remark 4.7. Since (3;)2 = 0,i = 1,2 then applying 3; we always land in Ker3;.
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Figure 4.2: The left circle represent the Blue module, the right one represent
the Green module containing the intersecting kernels of the screenings. Inside
every space we have inserted the corresponding graded dimension. The blue
arrows represent 31, the orange ones 3.
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The following table summarizes the computations results about the kernel of
the short screenings: for the Blue and Green modules we list the number of
elements in each layer and then how many of them are in the intersection of
the two kernels, how many are in just one of the two kernels and how many are
outside both kernels.

Module S dim Ker31NKer3s Ker3; Ker3s Inany kernel
Blue First layer 2 1 0 0 1

Second layer, inside | 4 0 2 2 0

Second layer, outside | 4 0 2 2 0
Green | First layer 2 0 1 1 0

Second layer, inside | 4 2 0 0 2

Second layer, outside | 4 2 0 0 2

Table 4.2

Remark 4.8. For the Steinberg and Facet modules it makes no sense to look
at the kernels since on them the short screening operators are not good map
namely they are not Vir-homomorphisms. We could look at the kernels of (3;)*
with & = 0 and k = 2 respectively, i.e. (3;)° = id, (3;)? = 0, that are then
obviously trivial and full kernels. In particular we would have a similar table:

Module ‘ ‘ Sodim  (;—, o Ker(3:)® In any kernel
Steinberg | First layer 1 0 1

Second layer | 6 0 6
Facet First layer 4 4 0

Second layer | 8 8 0

The following picture shows nine Virasoro modules; among them we have one
representative of the Steinberg module (purple on the top), four of the Facet
module (orange on the top) and two of the Blue and Green modules each.
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Figure 4.3: The B, case.
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4.1.6 The )V subspace

We again define as before the W subalgebra, using the chosen short screening
operators, namely

W=V NKer3 o NKer3 oz
V3 v

and study how the action on the 4 modules Vi), Vix, o1, Vir, 21, Va2 40,9) Te-
stricted to W decompose them into kernels and cokernels of the short screening
operators.

For the Blue module and Green module we have submodules

Ker3,
” N
1Z0 ﬂi:1’2 Kery,3i =W =: A(1)
9 )
Ker3,
Ker3,
” N
V[)\2€B] ﬂi:l,Q KBTV[M@]SZ' = H(l)
) )
Ker3s

Since (2®,a12°) = 0 € 2Z these two short screenings commute by Corollary
2.15 and thus we know the isomorphisms between kernels and cokernels.

Lemma 4.9. We have the following composition series’ (for i arbitrary) for the
W action with irreducible quotients indicated by underbraces:

Vg 2 Z Ker3; D Ker3; D ﬂ Ker3; D {0}

i=1,2 i=1,2
—_———
A1) (1) A(1) (1)
Vine] D Z Ker3; D Ker3; D ﬂ Ker3; D {0}
i=1,2 i=1,2
—_———
(1) A(1) (1) A1)

On the other hand the Steinberg module and Facet module stay irreducible

A(2) = V[)\leé] H(Q) = V[)\l@+)\2@]

4.2 n arbitrary

4.2.1 Positive roots and lattices

Let us now consider the general case. Let then g be a Lie algebra with root
system B, i.e. g =s50(2n+ 1). Let £ = 2p = 4.
Consider as basis of the root lattice Ar the set of n simple roots {aq,...,an}
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with Killing form matrix:

4 =2 0 0
-2 4
0 0
4 =2
0 0o -2 2
thus ag,...a,_1 are the long roots and a., is the short root.

The coroots are then o = «;/2 for i =1...n — 1 and o] = «,. In order to
compute the value of @ as in Lemma 2.25 we want to compute first the sum of
all the positive roots.

In the B,, case the positive roots are n? and they are of two forms:

1. Sum of single, pairs, triple, ... , n-ple neighbouring (i.e. with contiguous
indices) simple roots.

Remark 4.10. There are (";rl) positive roots of this form: n of them,

exactly the ones where also «,, is involved, are short; the others are long.

2. Sum of twice the short root a,, and then 0,1 or 2 times the long roots
following this pattern:

Zak+z2al with 1 <k<l<n
k 1

Remark 4.11. There are (}) positive roots of this form and they are all
long roots.

The sum of all the positive roots of the first form is Y~ j(n + 1 — j)a;, of the
J

second form is )" j(n — 1)a;. We get then:
J

1 [ .
pa=75 | 2_i2n— iy
j=1

An analogous result can be obtained studying the positive roots of B," = C,,:

70

1 [ en—j+1) n(n+1)
pﬂv = 5 Z 2 aj 2
j=1

e It is now possible to compute the value of ()

1 1|1 [ j@2n—j+1) n(n+1)
Q= ﬁ(ppgv —pg) = ﬁ 25 Z 2 o5 + 5 ap | —
j=1
1 n—1 1 n
= — Zjaj+nan :—Zjaj
2v2 j=1 2v2 j=1
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The short screening lattice with its basis is in this special case an odd
integral lattice

1 1 1

A% =Zohn (- 5a

ﬂ 1,...,—%04”}

The long screening lattice with its basis is an even integral lattice

A =vaARY, (VB VEa,Y) = {%a\@l\/ia}

And finally the dual of the long screening lattice with its basis, found
through the known fundamental weights, is

1

V2
041+ 2 n +z—1 n 7
e, =t = oot o —
NN NN} 22

Remark 4.12. As in the By case 4.1 we obtain the equality \,® = Q.

(A7) =

2
Awin® . oS =19 8 %2 o tan),...
wih =tx VRGN A o)

Let us compute the number of representations of V{:

Pz_-
Qg

|(A®)/A®| = [(A®)*/A°| [A°/A®| = 2

[CTRE)

= 2|Zp X Zipja X Lpja X -+ X Lo =
=2Zo XL XL X XL =4

where again we obtained |(A®)*/A®| = 2 by looking at the determinant
of the Cartan matrix

2 -1

(anap)| _|[-1 o ,

v, ;)| =2 (ay,05)

or explicitly looking at the cosets with respect to A®:

(A®)*/A® = {0+ A°,Q + A®}

Thus, since A®/A® = {0 + A%, ?/5 + A@}, our 4 modules are given by

the cosets
Qp Qo

o, I 7 ﬁ}

respectively the Blue, Green, Steinberg and Facet module.

Lol e+
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4.2.2 Groundstates

Now, as in the A; and By case we would like to determine the groundstates ele-
ments. In the lower dimensional case this was a drawing or easy-computational
problem; in the n dimension case we can proceed in two ways: the more heuristic
one, that generalizes those results, and the sharper one, that follows the wrong

walks approach.

Theorem 4.13. The groundstates elements of each module in the B, case are
the ones listed in the following table together with the dimension of the associated

groundstates space:

Blue Q+3 Xn: €rag..n®, such that [[, e, =1
Steinberg | @ =

Green Q+3 zn: €xag. . , such that [, e = —1
Facet Q=+ a;f_je

Proof. Heuristic approach

We suggest to look at the figure 4.4 that shows the groundstates elements as

coloured points in the B3 case.

Figure 4.4: The crossing points of the cube give us the A® lattice in the Bs

case. The coloured dots represent the Groundstates elements.
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We can think at the groundstates elements constellation as located on a n-
dimensional hypercube and on a (n — 1)-dimensional sphere (for n = 1 a line
and a pair of points, for n = 2 a square and a circle, for n = 3 a 3-dimensional
cube and a 2-dimensional sphere in the 3-dimensional space). The hypercube
edge and the sphere radius are equal to the short screenings length; the center
of both is in the Steinberg point Q.

With this picture in mind we can now place the Blue and Green representative
groundstates elements alternating on the vertices of the hypercube. The Facet
representative groundstates elements are instead on those sphere points such
that tracing a line from them to @, we cross the hyperplane in the center of the
(n — 1)-faces.

So we obtain that the Steinberg module (purple in the figure) has always just
one dimensional groundstates space. The dimension of the groundstates space
of the Blue and Green modules together is equal to the number of vertices i.e.
2", so they have a 2"~! dimensional groundstates space each. The dimension
of the groundstates space of the Facet module (orange in the figure) is instead
equal to the number of (n — 1)-faces i.e. 2n.

Sharper approach

We now try to define these groundstates elements in a clearer, less heuristic way.
We consider, as in the case n = 2, the very short roots of A® i.e.

o=+, k=1,...n

with o,,© = a,,©. We notice that if we sum oy ,,© to a vector of the lattice
it just moves one component of it, namely the k-th component.
We then consider the set of vectors I' = {%akmne with k € {1,... 7TL}} They

are a basis of (A®)” 4,» and since they are all orthogonal and of the same length,
they form a Z"-lattice.

What we will do is moving from the starting point @ to the surroundings through
these vectors. In this way we will cross the nearest points to @ of (A%)” B, those
will be the wanted groundstates elements.

e () is obviously the only groundstates element of the Steinberg module.

e Summing just one vector of I' we don’t land in (A®)” B, » S0 the vectors of
the form Q £ %akmne are not groundstates elements.

e Analogously summing several vectors of I" but not all of them, we again
don’t reach any (A@)*Bn element.

e To get a (A@)*Bn element we have to sum all of them, i.e.

{Q +1i ¥ ekakmne} with € € {£1}. In this case:
k=1

— we reach an elements of the Blue module +— [Je; =1
k

— we reach an elements of the Green module «— [[e; = —1
k

This result give us again the dimension of the groundstates space: the

n
number of combinations {Q —l—% > ekak”_ne} with e, € {£1} are 2™.
k=1
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The ones corresponding to the Blue case, i.e. [[ex = 1 and to the case

k

Green case i.e. [[ex = —1 are half of them namély 2n—1,

k

e Finally if we sum the double of a vector of I" we get @ &+ ay...,,© and this
is in (A@)*&17 in particular it is in the Facet module. So these are all the
Facet groundstates element.

The dimension of the

groundstates space of the Facet module results again

equal to 2n since we can reach them summing or subtracting n vectors

= (n+n)=2n.

4.3 Conformal dimension of the grounstates

We now want to compute the conformal dimension.

Lemma 4.14. The conformal dimension of the Steinberg, Blue, Green and

n

Facet modules are —%, 0, 0 and % respectively.

Proof. e To calculate the conformal dimension of the Steinberg module it is
then sufficient to compute:

where the value of Q)

1 1

n
is the one found in 4.2, namely Q = ﬁ > jaj.
j=1

1 n . 1 n .
(Q,Q) = (ﬁ;]aﬁr‘/ﬁ;]%)

1

8

1
8

Then the conformal dimension of the Steinberg module is equal to —3

n n
O dayg, Y day)
j=1 j=1
i n n—1
Zj2(aj7aj) +2 Z(jajv (J + l)aj+1)
i=1 j=1
_nfl n—1
D i A+n®242) i+ 1)(-2)
=1 j=1
[ n—1
—4Zj+2n2
L j:1
-1 1
2 8

n

e For the Blue and Green module the calculation i% similar. We choose as

representative the groundstates element ) + % ST ag..n°, ie., the one
k=1
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with ¢, = 1 Vk. The computation becomes:

1 1 < 1 < 1 <
- . [S) - Sy _ - [S)
2(Q+2k§:1ak...n ,Q+2k§:1ah..n ) (Q+2k§:1ak..‘n ,Q)

Il
ol 5
+
OO,LH
(]
=
3
(]
£
3

1 n ) n
:—§+§(Zjoéj@,z,7%e)
j=1 j=1
1 <& Qs - e}
=2,z _ Yy N (-2
REOREN DI
no1 1~
=t g5 da Y day)
8 8 274 -
j=1 Jj=1
n 1 1
= —— 7~72 =
g8 27"

where the last equality follows from the computation in the previous case.
Since the Blue and Green module are symmetric with respect to the Stein-
berg point, their groundstates elements have the same conformal dimen-
sion.

e Analogously we proceed for the Facet module. Here we choose as repre-
sentative element Q + «,,©. The computation in this case is:

%(Q + aneaQ + ane) —(Q+ aneaQ)

1 1
= _§(Q>Q> + i(ane>ane)
n 1 1
=g Taplemen)
_n n 1 4-n
8 2 8
O
To summarize we write all the results in the following table:
#Groundstates Conformal Dim Groundstates elements
Blue gn—1 0 Q+ % kzl €r0. O, such that Hl e =1
Steinberg | 1 -5 Q .
Green on—1 0 Q+ % k21 €. »° , such that [Le=-1
Facet 2n in Q=+ . .n®

Table 4.3: Groundstates informations for each module, B, case.
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4.4 Screening operators, restriced modules

In the general case B,,,# = 4 we have degeneracies similar to By, = 4, because
short screening operators of long roots are equal to long screening operators,
and have even integral norm (bosonic). So again we define our relevant short
screening operators from the short roots in B,,, which form an A} lattice with
orthogonal basis af ,, introduced in the previous section. Their norm is an odd

%

integer (fermionic) and Corollary 2.15 reads

(oo P =0 Bu 3. 1=0

n j..m
Generalizing the Bs case, we can prove for induction the following:

Proposition 4.15. In the B, case the four Vye modules restricted to the kernel
of the commuting short screenings

W = V[O] n ﬂ KeTBai‘m

1=1,...n
decompose as follows:

e The Blue module (vacuum module) Vio) = Vpe has a decomposition series
of 2=t modules A(1) and 2"~! modules T1(1) and

A(l) - m KeTV[O]BQi...n, =W

1=1,...n

e The Green module has a decomposition series of 2"~ modules I1(1) and
2"~ modules A(1) and

H(l) = m Kerv[%%]sai...n

i=1,...n

e The Steinberg module Viq) stays irreducible, call it A(2).

o The Facet module V[Q+a7n2] stays irreducible, call it TI(2).
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Chapter 5

Comparison with the
Symplectic Fermions

In Chapter 4 we constructed the VOA W in the case g = B,,, £ = 4. We will
call it WB,l,€:4~

While studying this structure we conjectured that it has the same representation
category of a known VOA, the Symplectic Fermions VOA.

We will now introduce the Symplectic Fermions VOA and present some results
that convinced us of the plausibility of this conjecture.

We want anyway to highlight that we later proved the conjecture in a stronger
form, showing that these VOAs are even isomorphic. The proof is displayed in
Chapter 6.

5.1 The Symplectic Fermions VOA

The vertex algebra of a single pair of symplectic fermions Vsr = Vsr, is a
super-vertex algebra (VOSA) with central charge —2 introduced by [Kausch00].
Our exposition follows [DR16]: in vertex algebra language, the symplectic
fermions are generated by two fermionic fields v, 1*, explicitly

B = S vt ) = Y, e

neZ neEZ

fulfilling the following anticommutators

[wm 7/’;]—&- = n6n+m=0 id

Remark 5.1. This super-vertex algebra can equivalently be described with the
following construction: we can first consider a purely odd super-vector space f
over C of dimension 2, h = (x,y) = C°1?: from it we can construct a structure,
called the affine Lie super-algebra 6 of free super-bosons. This has a module, the
vacuum ﬁ—module, that carries the structure of a vertex operator super-algebra

Vsr, the symplectic fermion VOSA.

Similarly one defines the super-vertex algebra of n-pairs of symplectic fermions

Vsr, = (Vsr,)"
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as n copies of the single pair one. This has central charge —2n.
To arrive to the definition of the Symplectic Fermions VOA, we now decompose
this super-vertex algebra in even and odd part:

VS]:n = Vs}'even @ VS]:odd.
n n

Theorem 5.2. The even part Vsgeven is a (non-super) VOA, called Symplectic
Fermions VOA, and holds what follows:

n

Vsreen = (Vsr,)" " 2 (Vsryver)

where Vsxeven is the even part of Vs, .
The odd part Vs goaa is an irreducible module of the even part.

Moreover, again in [DR16] we have the following known result about this VOA:

Theorem 5.3. The Symplectic Fermions VOA Vszeven is a logarithmic CFT
with four irreducible representations. It has a conformal structure and the
groundstates have conformal dimensions 0,1, —g, —% + %

Other results and conjectures on this structure can be found in [DR16].

5.2 Three supporting results

1. From Theorem 5.3 we can see that the number of Symplectic

Fermions irreducible representations is the same of the Wpg_ ¢4 ones:
A1), A(2), 11(1), I1(2).

2. The central charge of Wpg, y—4

c=rank —12(Q,Q) =n — 12% = _9n

coincide with the Symplectic Fermions one.

3. The graded dimensions, defined in the next section, of the Wpg,, ¢—4 mod-

ules A(i),II(i) 4 = 1,2 coincide with the graded dimensions x;°7 j =

1,...,4 (studied in [DR16]) of the modules of the Symplectic Fermions:

ST = A
YoSF = 1)
55T =A@
45T =, 1)

In the rest of the Chapter we will prove this third result, after giving the def-
inition of graded dimension of a vertex operator module as in [FB68], section
5.5.
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5.3 Graded dimension

Definition 5.4. Let V be a conformal vertex algebra of central charge c. Let
M = @ M, be a graded module of V, with M,, finite dimensional Vn. We define

n
the graded dimension, or character, of M, as the formal power series

dimM = ¢~ 21 Z dimM,q".

We compute now the graded dimension of each Virasoro module and from that
the one of the Vye-modules.

Proposition 5.5. The graded dimension of a Virasoro module Vy is
PEICERECESY)

dimVy =
A n(g)"

Proof. The Virasoro modules V) = {ue‘be with u differential polynomial } are
graded by the conformal dimension. We will call Ey := (X, A) — (A, Q) so that
the degrees are of the form Ey + k with k € Ny.

For rank = 1 the graded dimension of a general Virasoro module V, with top
element e®* will then be:

dimVy = ¢~ 51 (g7 4 gPo+l 4 2¢Po+2 4 3¢Fo+3 5Pt ) (5.1)

=q = Y ppg™tt (5.2)
keNy

where py denotes the number of possible combinations u of differential elements
with |u| equal to k.

In our case c is the Virasoro central charge ¢ = rank —12(Q, Q) = 1—12(Q, Q),
so Formula 5.1 becomes:

dimVy = ¢[~21(1-12Q.Q)+3 (AN -(1.Q)] Z Prq”
keNg
1 _ _ _ 1
= 2@ AN N prgt
keNp

Now > prq” is again the dimension of a graded space i.e. the space
keNy

N = () Clo*¢|

keNp
We compute it:

> med® =dimN = [T dimC[o"¢] = [T > " =[] 5 —1q’“

keNp keN keN heNyp keN
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Now we recognise that q’2*14 11 1%(1,“ is the inverse of the Dedekind eta function
kEN

1(q) (defined for istance in [Kob93]).
Thus the dimension of the Virasoro module M) is equal to:

q2(@-AQ=%)
dimVy = —————
n(q)
Similarly in arbitrary rank = n:
q%(Q*A,Q*A)
dimVy = —————
n(g)"

Proposition 5.6. The graded dimension of a Vae modules V) is:

Z q%(Qﬂ\,Qﬂ\)
g P g (- g)]"

keN

Proof. To compute the graded dimension of a module V) of Vje, since for 2.3
Vi = @Ae[u] V», we have now to sum among the graded dimensions of the
Virasoro modules V) with A € [u] coset of (A®)*/A®.

We consider the general case rank = n arbitrary and the Jacobi theta function
(defined for istance in [HW59])

lio— _
Og-u(a) = Y ¢z @IV
A€[p]

to get finally the graded dimension

3 q%(Q—A,Q—A)
i O A€yl
V) = X0 = e S L A=

keN

5.4 Symplectic Fermions characters

We now copy from [DR16] first the functions:

Xnst = (g2 [[ (1+q™)™ Xns— = (g7 [J(1=g™)>"
m=1 m=1
—1 - —1 -1 M -1
Xr+ = (g3 H (1 +qm 2))2n Xr— = (C] is H (1 —q" 2))2n
m=1 m=1

used to define the characters of the modules of the Symplectic Fermions:

1 1

XlS]: = i(an,-i- + an,—) XQS}- = §(XTLS7+ - X"L&—)
1 1

X3 = 5 Ot + X ) " = 500 = xn)
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5.5 Comparison

The claim is that the graded dimensions computation support the conjecture of
the category equivalence between W(B,,)-Rep and SF,, — Rep by showing

XSS]—' — XA(2) lel
X457 =M@ = y Ve
2n71(X18}' + XQS]:) — 2n71(XA(1) + XH(l)) _ X XV[2

In particular, x157 and 257 should give us the graded dimension of the kernel
of the screening in the Blue and Green modules respectively. The factor 27!
counts all the possible combinations of kernel of short screenings.

We will now prove this claim building the proof from the A; case and arriving
to the arbitrary n case. But first, we show it in the n = 2 case as a consequence
of the results of section 4.1.5.

5.5.1 First approximate comparison for n = 2

Going briefly back to section 4.1.5, we can notice that, for n = 2, table 4.2
tells us the first terms of the graded dimensions of A(1) and II(1) since these
modules are given by the intersection of the kernels in the Blue and Green
module respectively. In this case ¢ = —2n = —4; they are

XA & g7 (1 + 0g) & ¢ (1 + 0g)
X' & g7 F (04 4g) ~ q5 (0 + 4q)

We now make a first approximate comparison, computing the characters y;°7

and y2°7 of the modules of the symplectic fermions VOA for n = 2 up to the
. . . 1

second power. We ignore the multiplied term ¢321.

Xnst 8 (14 * A +¢>)* .. ~qv(1+49+6¢>+..)A+4¢ +...)... ~ ¢ (1 + 4¢ + 10¢* + .
(1—4q+2¢*+.

Xns— g8 (1—q)* (1 —¢®)*.. . ~qt (1 —4g+6¢>+...)(1—4¢> +...)... ~ ¢°
1 1 1
= 157 = S (st + xns—) & 507 (24 12¢°) ~ ¢ (14 0g + 6¢°)
1 11 1
= ST = 5(><ns,+ — Xns,—) ~ 4 q° (8q + 8¢%) ~ q° (0 + 4q + 4¢°)

so the results match.

5.5.2 Proofs for n=1

The next results are true for the A; case, i.e. for n = 1.

Lemma 5.7.

Xns = X157 + x5 = xMo = M
Proof. Let us compute the graded dimension of the Blue module V| and com-
pare it to xns +. We said that for [u] € (A®)*/A®, the graded dimension is:

Z q%(Q*)\’Qf)‘)
O-w(@) el

" g -

57

)

)



In the case of [u] equal to the Blue module Vo) namely in the case of elements

of the form 2\—‘} with £ =0 (4), we have:

1, ka ko a ko 1, .,
5(2\/572\/5)_(2\/5,2\/5):g(k _2k)
= %(Q—)\,Q—/\):é(kz—%—s—l)

1 1

and so the dimension turns out to be:

> gpe T g2-5)
) 1 _ 1 k=0(4) 2 7
X [0] =q3q 2% = =q2 =
[T (1—-qm) II(1—-qm)
m=1 m=1
where 7 := k/4.
Now, to compare it to xns + We use the Jacobi triple product ([HW59]), namely:
Z mequ H A2m 1+w ~2m— 1)(1+w A2m 1)
= m=1

Substituting § = ¢* and w = q% we can rewrite the sum above as follows:

[ (1= ™)1+ 471 + g )

XV[O] :q% m=1 —
Hl(l —qm)
H (1 _ q4m)(1 + q4m—3)(1 + q4m—1)
_ A met
IT (1=qm)
I[TA=¢™1+q¢™) 1+ @A +¢*™3) (1 +¢* )
_ A ma! _
1@ =qm)
2 e -
=¢> [[A+¢™@+ ™)1 +¢"™ )1+ ¢ )
m=1

This result is exactly the expected

oo
2
Xns,+ = (¢ g2+ H 1+q

since (1 + ¢*>™) give us all the even terms and (1 + ¢*™3)(1 + ¢*™~!) the odd
ones of (1 + ¢™).
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For the Green module Vg the computation is the same. The Green elements
are of the form % with k = 2 (4) that brings us to:

> 2t
2 r

Vo) = 21 -
I (1—=qgm)

X

So the only thing that is changing is in the nominator the plus in the power of
q that implies just a switch between the last to terms of the final product:

o0
[TO+ama+™ A+ (1 +¢" %)

m=1

The result holds the same. So we have, as claimed:

V vV
X 0 = X Ll = X’I’IS,Jr
D

In the same way we can say somethlng about the Steinberg V)1 and the Facet
Vi3) modules. In this case 357 and 47 should give us dlrectly their graded
dimensions.

Lemma 5.8.
SF v SF

X35 = x" xS = Vel

Proof. Here the computation is slightly harder. The reason is that in this case
we have to deal with x3°7 and y457 that are sums of two products. Thus, it
is not convenient to proceed as before. We follow an other strategy.

The trick consist in looking at the two modules together: we can namely consider
the sum of their graded dimensions and then split them using the fact that for
the Steinberg module we have integral powers such as ¢ and for the Facet
module fractional ones q%‘*‘m.

Z qé (k*—2k+1) _ Z qgk 1)? + Z qg(k 1?

k=1(4) k=1(2) k=1(2)

where we define ¢ such that: q’% = —q%. In this way we have that if &k = 3(4)
we catch a minus sign and the terms vanish. If instead k = 1(4) the terms get
summed and multiplying them by % we get the equality. Now we can indicate
k=2r+1

% I (gh) D L 3 (bt ;(Zér+z é)

k=1(2) k=1(2)

Proceeding as before, we use the Jacobi triple product to write the graded di-
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mension as sum of products:

B (B S R O e e B R UE IR (PR
24 ™ — 0 + = oo
2 111(1 —qm) 111(1 —qm)
:%qii (H L+gm )1+ )+ [Ja-g" ) - qmi))
m=1 m—1

1
25 (Xr,-i— + Xr,—) = XBS}-

The Facet case is complementary: if k = 3 (4) the terms have to be summed
and if & = 1 (4), the terms have to be erased. In order to get that we put a
minus in the expression above:

L(k2—2k41) _ L 1(k=1)® _1(k—1)?
S gpoen L3 et gy
k=3(4) k=1(2) k=1(2)

that proceeding as before turns out to be exactly:

1
§(Xr,+ - Xr,—) = xa%F
So, as we claimed we reached the following:
X = xS =

5.5.3 Proofs for arbitrary n

We now generalize these proofs to the n dimensional case. We start with a
preparatory result that for simplicity we prove for n = 2, but holds for arbitrary
n:

Lemma 5.9. Consider [\ € (A®4,2)*/A® 4 2, which in the A;® coordinates
with basis {an®, a12% = a1® + @2®} has the form: A = \1a1® + Aaa2®.
Then we have the following relation between the associated Jacobi theta func-
tions:

O = O] O]

Proof. We write A = z + k where z € (A%, 2)* and k € A% > and we write
also x and k in coordinates:

r=x100% + 22012% k=kion® + kaar2®

where k1, ks € Z and x1, x5 can be also fractional.
Then, decomposing also Q = Q101® + Q2012® with Q1, Q2 fractional, we get:

A= Q| = [|[r101® + 22012% + k101 ® + koa12® — Q1a1® — Q20122
= |(z1 + k1 — Q1)a® + (w2 + k2 — Q2)a12%|?
= [[(x1 + k1 — Q1)on® | + || (z2 + k2 — Q2)a12®|
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So the Theta function, using the associativity of the product, becomes:

@[)\,Q] = Z q%()‘_QA_Q) — Z q%”(zﬁ-kl—Ql)al@H2+%H(I2+k2—Q2)a12@H2
A=x+k k1,k2
_ Z 1|(m1+k1—Q1)a1®|2> (Z ll(r2+k2—Q2)a12®|2>
= q2 . q2
( k1 ko

_ ( Z qé(AlQh)\lQl)) ( Z qé(szz,A2Q2)> — G[Al—Q] . @[)\2—Q]

A=xz1+ky Ao=x2+k2
O

We will use now this result to compute the graded dimension of the modules for
arbitrary n. We start from the Blue Vjg; and Green V[%} modules.

Lemma 5.10.
Vian _ _
XV[U] =¥ 5 — on 1(X18]-'+X28]-') —9on 1an7+
Proof. To prove this result we will use

1. the fact that these two modules have the same structure and thus they
have the same graded dimension

2. the fact that the sum of them gives the A® 4,» lattice

3. Lemma 5.9.
1 — _
@V[O] — Z q2(Q A,Q—=X)
AE0+A® B,
1T geren, ST geaey
@ 2 AE0+AD g, A€an®+A® g,
1 1
— Z 3(Q—=XQ-X)
= q2
(2) 2 AEAT A,
1 1
_ 1 Z PEICESNORDY
3) 2 AEAC 4,

Now we proceed as in the case n = 1:
AE ATy, = A=———, meN
Then the graded dimension can be written:

n
%( ) qé(QWA)) 3 gmitm+d)
Vi _ AEAS 4 11 .52
1

n" 2
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Finally we use again the Jacobi triple product to conclude:

_1f1<1—wwu+q%m%x1+¢éWP%>

O

We now want this matching result also for the Steinberg Vg and Facet
V[Q Fan/ V3 modules. We could proceed as for n = 1, but it is interesting
to follow another path which uses the decomposition behaviour of B, into
Ay X ... x A coordinates. To make it understandable we first present the
result in the B case.

Notation 5.11. x* will denote the character associated with the ith dimension
i.e. to A%.
x; will denote the characters of Symplectic Fermions (instead of x;57).

Lemma 5.12. In the By case we have:

V 2
X QR = X3

Proof. We consider the class of (A®p,)*/A%p, and we want to write it as sum
of classes of (A® 4,2)*/A® 4 » as in 4.1.4. We have again:

g + a2

V2

Hence in the character we can decompose the sum:

@le, = (1012 0+ 2722))  — (@@ Q)

Z q%(Q—)\,Q—/\)
Vig) = 2EQFATE,

X - 7]2
g3 (@ AQ=N) 4 3 g3 (@AQ=N)
AGQJFA@MQ )\E*Q‘FA@AIQ
2 2
_ Y% |, OLa
e n?

Now the class [-Q] in A;? can be written in A; x A; coordinates as (Facet
module x Facet module) and thus the second term is the square of the graded
dimension of the Facet module for n = 1. The first term is instead simply the
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square of the graded dimension of the Steinberg module for n = 1 (see picture).
We obtain:

1 1
=(x3")2+ (xa")? = (im0 + (s — X 1)?

4 4
1 1 1
:i(Xr,—i-l)z + i(Xr,—l)z = §(Xr,+2 +Xr-2) = x3°
A
® [

[Ql,

-],

A
\ 4

[Ql,, -Ql,

Figure 5.1: The groundstates elements on the left in the By case, on the right
in the A; x A; case. In particular two representatives of the Steinberg module
case By correspond to two elements of different modules in the case A; x Aj.

O

Analogously one can prove that the character of the Facet module is equal to

X42-

Let us now generalize the decomposition behaviour of the Steinberg module to
an arbitrary n. Studying the n = 2, n = 3 cases we found a pattern that brought
us to these general results:

e Every time we increase the dimension by 1, the class [@Q] of B,, decomposes
in the double of the cosets in A; x ... x A;. We will thus have that [Q)] of
B,, decomposes in the direct sum of exactly 2" ~! classes of A; x ... x A;.
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e In particular it decomposes in combination of classes of A; associated to
the Steinberg and the Facet modules.

e The combination follows the Pascal’s triangle; more precisely the coeffi-
cient of the combination of the Steinberg and the Facet classes are the
even powers coefficients of the expansion of the n-th power of a binomial.

From these three results we have that the graded dimension of the Steinberg
module is given by the graded dimensions of the one dimensional Steinberg and
Facet modules combined in a binomial form:

n/2

n _
X =, (2k> (xa")" " **(xa")?
k=0
if n even, otherwise the sum arrives to "T_l
Analogously for the Facet module we obtain the coefficients related to the odd

powers:
(n—2)/2

_ n 1\n—2k—1/, 1\2k+1
X[Q+an/V3] = > <2k+ 1)(X3 ) (xa')?
k=0

if n even, otherwise the sum arrives to "T’l

This result, as we can see, matches with our claim:

1
5 (1@ T Xi@ran/va) =

1 & n 1\n—2k/. 1\2k el n 1\n—2k—1/. 1\2k+1
=3 I; <2k) O)" " (xa )™ + ,;) (2k+1> (x37) (xa")
_1 — (n I\n—k/ 1\k

- [; (7)o #0t )]

= %(X31 + X41)n = (an,+l)n

1
= an,+n = 5(){3” + X4n)
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Chapter 6

Isomorphism of VOAs

As we mentioned in Chapter 5, at the end of this project we proved a re-
sult stronger than the one conjectured: our VOA Wpg, ¢—a and the Symplectic
Fermions VOA Vsgeven are isomorphic.

We will now show this proof step by step: we first prove it for A; = B; and then
we generalize it to the n dimensional case using that the super-vertex algebra
just consists of n copies of the one-dimensional one.

Lemma 6.1. For the datum g = Ay,{ = 4 the lattice A® = %AR is an odd
integral lattice. We have the following isomorphisms of super-vertex algebras
and vertex algebras

Vsr, = KGTVAeB—a/\/E
VsFgven = Wa, =4

Proof. This seems to be common knowledge (see e.g. [FGST06a]), but let us
draw a quick proof: we define an isomorphisms from Vsr, to Vye that sends
the states (defined in 5.1) as follows

Y —s eP—a/va

P* — Del+asve
This maps lands clearly in Kers_ 3 since

3_a/ﬁ(e¢w/ﬁ) =0 3_a/ﬁ(ae¢+a/ﬂ) = 83_a/\/§(e¢+a/ﬁ) =01=0

and the OPE between the images is the same as the one of the sources in
symplectic fermions, in our language:

ak
Y(e¢—a/ﬁ)ae¢+a/\/§ = Z <e¢—a/ﬁ, 8¢a/\/§> <e¢—a/\/5, e¢u/ﬂ> e%/ﬂzkgeqﬁ—a/ﬁ

k>0

8k
o Pq ba k b
+E <e V2 e /ﬁ>8¢a/\/§e /N2y T /2

k>0
1.k 1) ¢ o
— - +a/f —a/V2 +a/V2
=D 27 '2hoe + (42 e
k>0 k>0
=2 240271+
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If we want to explicitly prove the defining relations of the mode operators

Y(,2) = () = 3 Y ($)n2"
nez

Y (4 2) =97 (2) = Y Y (§")az"

nez
[Y(¢)—1—na Y(d)*)—l—m“ = M4 n=0

for the images Y (a)-1—n, Y (b)_1—s, from the previous calculation of Y (a)b, we
invoke the associativity formula for integer OPE’s (as in [Thiel94], here of a
super-vertex algebra)

V@10 Y B1onds = 3 ()Y O @110t

1>0

n n
= <0)Y(0)(1+n+m) + (1>Y(60>1(1+n+m)
= n(5n+m:0 id

arriving to the wanted result.

Now, we can think about the VOAs as modules over themselves, i.e. as the
two vacuum representations, and use the found results. In particular, since the
vacuum representation of Vs, is irreducible, the vertex algebra homomorphism
is injective: the Kernel must be a trivial subrepresentation and can not be all,
since the image is non-zero.

Analogously, surjectivity follows from the matching of the graded dimensions
calculated above: the dimensions of the two vacuum modules match, indeed.
So we found a bijective map

Vsr, +— KerVA637a/\/§.

It is easy to see that the even subspace Vszeven, i.e. differential polynomials in
1, 1" with an even number of factors in each monomial, maps precisely to the
subspace with A-degrees in A® = 2A° hence

Vsreven Zkery o 3_ /5 =Wa, =4
Corollary 6.2. By tensoring n copies we get
n
VS}'n = (kerVIAR,Al 3—04/\/§> = 7ﬂ kerviAR‘An 37(1;4711/\/5

V2 i=1,..n

Now we want to prove that the result of Corallary 6.2 holds taking the even
part on both sides. The even part of Vsr, is again completely characterized
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by its lattice-degrees: They are the sublattice A C %ARJ‘? = Z" consisting of
even sums of the basis elements, i.e.

A= {le(a??/\/ﬁ) | z; € Z, Zml EQZ} cz

But this A is precisely the D,,-root lattice, which is equal to the rescaled root
lattice %C’n, which is in turn the rescaled coroot lattice v/2BY. And this is

precisely the lattice A® for B,,, ¢ = 4 and the images of the orthogonal basis are
the dual short roots:

A= \/iAYz,B,,, = A%n,e:zx a??/\/i =af" V2

which we prescribed in 4.2.2 as short screening momenta in the degenerate case
By, = 4. Altogether this gives our final result

Corollary 6.3.

Vg peven = ﬂ kery, 3_ B0 =Wp, 1=
. VEAY, g Vo,

i=1,...n
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Chapter 7

Appendix

7.1 Fundamental weights, B,

To compute the fundamental weights A\; and Ao we write them as combination
of the simple roots:

A1 = aaq + bas Ao = cay + das

and then we ask (\;, ;) = 9,5 (o, 5)/2:

alay,a1) +blag,a1) =2

alaq, az) + b(az,az) =0
and so:

4a —2b=2
—2a+2b=0

therefore
A = a1+ as

clar,aq) + d(az, 1) =0
1

c(ar, ) +d(az, az) =

4c—2d =0
—2c+2d=1

Ay = 1/20&1 + ao

7.2 Explicit computation of @), A® in the case B,

In the Bs case, since there are just two simple roots aq,as (long and short
respectively) we can compute Q also directly. From the general ansatz we know
indeed that QQ = kiaq + ksas with k1, ks € C, is the only vector in A®* such
that the property h?(o;©) = 1 holds. This implies that it has to be:

1.
1 aq oq aq
(=R ) S (2 ko + k) = 1
2( VP \/ﬁ) ( VP o hae)
4 k1 ko
_ :1
2p * \/ﬁ(al’al) * ﬁ(al’az)

24 4k1/p—2ka\/D=1p
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1 (65 (65
,(_

«
2 )—(—727/?1041-1—]?72062):1

NG NG

2 k1 ko
2 -1
2p+\/]3( 27a1)+\/ﬁ(0¢2,042)

1 —2k1\/]3+2k2\/]3:p

Now we put together the results to find & and ks:

2 4 4ky /P — 2ka/p =1 — 2ky\/p + 2k /D

3p—4
= ko = P
2Vp
29 —
=k = p—3
v

Then we find as value of @ the one of chapter 4.1:

Q= 2\1@ [(2p — 3)an + (3p — 4]

If now we want to find the combinations of za; and xas such that h9(za;) = 1
with that fixed value of Q):

1.
= ) — (a1, 5=(2p — B)aq + = (3p — 4)az) = 1
B T, T $a1,2\/15 2p aq 2[ D (&%)
—4— —(2 3)4 —x——(3 4)(-2)=1
5 1'2[(10 )4 xzxf(p )(=2)
2—p
202 + T —1=0
N/
Thus we find two solutions:
1
331:@, Ty = ———
2 VP
2.
1(5504 zag) — (za ! (2p — 3) +7(3 Dag) =1
B 2, LQ2 2,2\[ D — 1 2\[ /2 2
x—22—xi(2 —3)(—2)—:5—(3 4)-2=1
2 ot N A
-1
22 -2 z—1=0
p
Thus we find two solutions:
P 1
T1=\p, T2=-——1
1 2 N
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So we found again our four solutions:

o._ VP

=
9 1

a® = Vpaz

a1
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