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Nilmanifolds and their associated
non local fields

JUAN J. VILLARREAL

For a three dimensional nilmanifold together with a three form on
it, we build a module H of an affine Kac Moody vertex algebras.
Then, we associate logarithmic fields to the module ‘H and we study
their singularities. We also present a physics motivation behind this
construction.

We study a particular case, we show that when the nilmanifold
N is a k degree S'-fibration over the two torus and a choice of
l € Z ~ H3(N,Z) the fields associated to the space H have tri-
logarithm singularities whenever kl # 0.

1. Introduction

Vertex algebras appeared in the early days of string theory, in string the-
ory vertex algebras can be seen as a mathematical counterpart of chiral
symmetry algebras in conformal field theory (CFT). Working the CFT in-
terpretation in physics of sigma models, we can associate to some manifolds
a vertex algebra. This interpretation turns out to be very restrictive, in par-
ticular, the manifolds must be ﬂatﬂ We can consider other interpretations
to associate vertex algebras to manifolds. In [4] the authors considered a
bracket for some fields that naturally leads to the Courant bracket or more
generally, considering additionally a closed three form, the twisted Courant
bracket. In this interpretation the bracket does not contain dynamical in-
formation. In this work, we use vertex algebras to describe this bracket, we
call this construction of vertex algebras the Hamiltonian formalism?}

'TIf we work with super vertex algebras then the manifolds could be Calabi-
Yau manifolds, these restrictions are given by the beta equations in the physics
literature, [17].

2If we consider super vertex algebras, there is a construction called Chiral de
Rham [I§] which associate sheaves of super vertex algebras to any manifold. The
Courant bracket also appear in this construction. A Hamiltonian interpretation of
this construction in [16]
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In [I] the authors studied from this point of view the algebras associated
to the three dimensional Heisenberg nilmanifolds and , dually, to the three
dimensional torus with a closed three form. This informations is used to
build some 6 dimensional nilmanifolds, M (1,0) and M (0, 1) respectively
wich will be defined in Section Bl The motivation behind the choice of these
manifolds and three forms is a phenomenon in physics called T-duality, the
6 dimensional nilmanifolds also have a motivation from a physical theory
called Double field theory [15].

In this work we consider a more general case, three dimensional Heisen-
berg nilmanifolds with closed three forms. In this case, we have more general
6 dimensional nilmanifolds M (k,j). We explain the construction of these
nilmanifolds in the Section [3| the construction of these nilmanifolds from a
physics point of view was given in [5]. Considering the Hamiltonian formal-
ism for these more general manifolds, we generalize the algebras found in [I]
as we explain below.

Our interest behind this construction is to understand, in the frame-
work of vertex algebras, the algebraic structure associated to some logarith-
mic fields on these nilmanifolds. These logarithmic fields describe infinite
dimensional Lie algebras that we express in terms of singularities, in partic-
ular these fields are not local.

Before we explain the algebraic construction associated to these six di-
mensional nilmanifolds, we set our notation for vertex algebras.

In vertex algebras theory, some of the first examples we study are Heisen-
berg vertex algebra and affine Kac Moody algebras. We can define these
vertex algebras from finite dimensional Lie algebras h endowed with a bi-
invariant pairing. The space of states of these vertex algebras is given by the
vector spac

A~

V(h) = Indgeckl0) = U(H) @ueck) CIO),
where K acts as K = 11d. The fields are defined as linear maps
(1.1) Y (., 2): V(D) = End(V(h))][z, 271,

such that Y'(a,2)b € V1(h)((2)).
In this work we consider six dimensional Lie algebras b with basis {c;, 5}
for i, j € {1,2,3} and bi-invariant pairing (s, 3;) = d;j. The generating fields

3We used the notation in [11], where the loop algebra is defined as Lh:=h®
C((t)) and the algebra h ~ Lh @ KC as the central extension for the bi-invariant
pairing.
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are defined as
(1.2) a;(z) = Za;z_"_l, Bi(z) = Zﬁflz_”_l,
neEL neZ
where we consider the basis o, = a; ® t" and 8, = 8; ® t" for i = 1,2,3 and
n € 7.

1.1. Torus case

Consider a six dimensional torus, in our notation T® = M(0,0). Now T® =
$/A where $ is R® endowed with the abelian group structure of the sum, A
is a discrete subgroup. We consider the abelian Lie algebra Lie($)) = b and
we construct out of this the Heisenberg vertex algebra V1(h), we express
the algebraic relations between its generating fields as follows: For
i,j € {1,2,3} we have

[i(2), Bj(w)] = 0;j0,0(z — w).

Considering the action of the Lie algebra h on the function space of the
torus T®, we define the space

"= Ind"“t”@CKLQ( %) = U(h) @uaieck) L*(T°).

By definition A is a module for the vertex algebra V1(h). In some cases H has
the structure of vertex algebra the lattice vertex algebra. We are motivated
from the physical interpretation, to consider fields x;(z) and y;(z) associated
to coordinates z; and y; on the torus T, these fields satisfy

(1.3) azxz(z) = Oli(z)a zyz( ) BZ( )

Then we consider the logarithmic fields in End(H)[[z, 2 1]][log 2]

(1.4) xi(z) = w;log z + Z zl2 yi(2) = pilog z + Z Y
neZ nez

subject to the algebraic relation

(1.5) [0:2i(2), Qwyj(w)] = |i(2), Bj(w)] = 8ij0ud (2 — w),

therefore

(1.6) [2:(2), yj(w)] = dilog(z — w)
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where the singularity is defined by

(1.7) log(z — w) =i, log(z — w) — iy, log(w — 2)
w z
= log z + log <1 — ;) —logw — log <1 — E)

n

=logz — Z whe —logw—kz z’%:‘ )

mn
n>0 n>0

the notations i, and %, denote the expansion for z > w and w > z re-
spectively. This is known as a logarithmic singularity. It is easy to see from
(1.5) that the modes {w;, p;, 2%, 4% bnez for i € {1,2,3} satisfy a Lie algebra.

1.2. Twisted torus case
In this case, we consider the six dimensional nilmanifoldlﬂ M(0,1), this nil-
manifold is called the double twisted torus. Now M (0, 1) = $)/A where § is

RS endowed with a two step nilpotent structure, and A is a discrete sub-
group. The nilpotent Lie algebra Lie($)) = ho, is given by (4,7 € {1,2,3})

18, Bj] = €ijron,  [ou, B5] =0, [y, a5] =0,

where €;;; is the antisymmetric tensor. We associate to this Lie algebra an
affine Kac Moody vertex algebra V1(ho 1), the algebraic relations between

its generating fields are given by (i,j € {1,2,3})
(1.8)  [Bi(2), Bj(w)] = €ind(z —w)  [ai(2), Bj(w)] = 0ij0u6(z — w).

The nilpotent algebra ho 1 acts on the nilmanifold A (0,1) and analo-
gously we define a module for our vertex algebra

Hop = Ind)  unacr L2 (M(0,1)) = U(H) @y, fjeck) L (M(0,1)).

We are motivated from the physical interpretation, to consider fields
xi(z) and y;(z) associated to coordinates x; and y; on the nilmanifold

4The case M(1,0) is similar to the twisted torus case, the reason behind this is
the T-duality
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M (0,1). The nilmanifold M (0,1) comes with a global framing on its cotan-
gent bundle given by T*M(0,1) ~ ho1 x M (0, 1), then we express with co-
ordinates {x;,y;} on M(0,1) a basis {a;, 8;} of T*M(0,1).

1
ai =dzvi, fi = dyi — 5€ijkT;dTp.

Then, also, these are the relations between their fields

(1.9) 0.7i(2) = ai(2), O.yi(2) = Bi(2) + %

We can find the logarithmic fields End(Ho.1)[[z, 2~ !]][log 2] associated to the
coordinates integrating the relations befor

xi(z) = w;log z + Z:c;z’”,

Eijk - :cj(z)azxk(z):.

ne”L
.y
yi(z) = pilog z + Zyz e+ 725]{:111]‘13](;(2’) log 2.
nez

The algebraic relations between these fields are restricted by their relations
with the fields {a;(2), B;(2)} in and in the same way that happens
in the torus case . We emphasize here that the logarithmic singularity
is not enough to express the algebraic relations for these fields, for
example the relation between the fields y;(2) and y;(w) satisfy a relation
that has the following form

i (2), ()] = () log(z — w) + %eijkwkrl(z, w).

Here the notation (...) means some expressions that involve fields, we express
the complete relations in (3.10)). In this case the Roger’s dilogarithm rl(x) :=
Lis(z) + $log zlog(1 — x) appears naturally as a singularity

(1.10) rl(z,w) = Li (%) 2108 ( ) log (1 B i)
+ Liy (;) flog ( ) log (1 - %)

In this case also the modes {w;, p;, 2%, yi }nez for i € {1,2,3} form a Lie
algebra, we can see this Lie algebra as a particular case of the algebra that
we describe in the Section .11

SThese fields have an interpretation related with the loop space LM (0, 1) follow-
ing the Hamiltonian interpretation
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The twisted torus case was studied in [I] with the Hamiltonian formal-
ism, and from a perturbative CFT point of view in [2]. In these works, the
authors also work around the interpretation of this singularity and its iden-
tities to explain properties in vertex algebras and CFT. We show in the
appendix the relation between these two formalism working their physical
interpretations, on the one hand we have the Hamiltonian point of view and
on the other hand we have an CFT perturbative point of view.

1.3. Twisted nilmanifolds case

In this work, we consider the more general case given by the six dimensional
nilmanifolds M (k, 7). The natural appearance of the Roger’s dilogarithm on
the previous case motivated us to study the singularities of these logarithmic
fields in more general cases. Also in this case we do not have perturbative
CFT interpretation therefore we have only the Hamiltonian formalism.

We consider the six dimensional nilmanifold M (k, 7), also known as the
twisted nilmanifold case. Now M (k,j) = $/A where § is RS endowed with
a three step nilpotent structure, and A is a discrete subgroup. The nilpotent
Lie algebra Lie($)) = by, ; is given by

(81, Bo] = jasz, [B3,P1] = jag + kB2, [Be, B3] = jau,

1
() (1, 0] = kag, [B2,a2] =0, [ag, B3] = kay.

We associate to this Lie algebra an affine Kac Moody vertex algebra V! (ho,1),
we express the algebraic relations between its generating fields (|1.2)) as fol-
lows

(1.12)
[B1(2), B2(w)] = jas(w)d(z —w), [Ba2(z), B3(w
[81(2), az(w)] = kag(w)d(z —w), [az(2), Bs(w
[83(2), Br(w)] = (Ja(w) + kB2(w)) 6(2 — w),  [ai(2), Bi(w)] = 0uwd(z — w).

The nilpotent algebra by ; acts on the nilmanifold M (k, j) and analogously
we define a module for our vertex algebra

Hig = dp (e LMk, 5) = U(H) @ugr, , eeck) LM (k. ).

Following the same idea in (1.9) we express the fields {z;(2),y;(2)} in
term of the fields {a;(2), Bj(2)}, see (4.4]). We find a new singularity for the
fields {z;(2),y;(2)} which satisfy the restriction impose by their relations



Nilmanifolds and their associated non local fields 1033

with the algebra (1.12]) of the fields {c;(z), 8;(2)}. For example the relation
between the fields y;(z) and ys(w) satisfy a relation that has the following
form

[v1(2), y3(w)] = (-..) log(z — w) + (...)rl(z,w) — kjwszwit(z, w),

here the notation (...) means some expressions that involve fields. We express
the complete relations in the Theorem In this case the new singularity
is given by

) = =2 (Lis () = 233 ()

+ (log z — log w) (LiQ (Z) + Lio (w)) + é(logz — logw)?

w v

1
(1.13) = g(log 22 — 3logwlog z + log w?) log(z — w).

In this case the modes {w;,p;, 2%,y }nez for i€ {1,2,3} form a non-
linear Lie algebra, we give the definition of non-linear Lie algebras in the
Section [3.3] and we express the non-linear Lie algebra that we found in The-
orem

Now we emphasize the main new results in this work. First, we found
a new example of logarithmic fields describing non local algebraic relations,
Theorem [4.1] Second, the algebra satisfied by these logarithmic fields shows a
new kind of polylogarithm singularity , in particular the tri-logarithm
function Lig(x) appears. This singularity is new compared to [I] where only
up to dilogarithmic functions appeared. Third, the Lie algebra of modes
defined by the logarithmic fields is a non linear Lie algebra, Theorem

This work is organized as follows. In Section [2, we give short physics
motivation. In Section (3, we introduce and define the objects that we use.
In Section[d] we express the fields and the algebra that we have from studying
the general case k # 0 and j # 0.

2. Physics motivation

In this section we give a very short motivation to some constructions done
in this work. A more complete treatment of the concepts introduced here is
in the cited references.
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2.1. The current algebras

In the CFT formalism on the torus there is a symmetry called T-duality, for
a vertex algebraic approach see [3]. On the other hand, an analogous study
of symmetries as T-duality becomes more complicated in general cases. In
particular, we are interested in cases where instead of the torus we have
nilmanifolds. There is an interesting relation at the topological level of T-
duality between three dimensional Heisenberg nilmanifolds N (k) with Hj-
fluz, [6]. The nilmanifolds N (k) is a S'-bundle

St — N(k) — T2,

where k € Z ~ H?(T?2,Z) is the Chern class. And the H-fluz is given by a
three form H; s.t [Hj] =j € Z ~ H3(N(k),Z). For these nilmanifolds we
can try to develop a theory similar to the case of the torus. However, several
problems arise. In particular, only on the torus we have a CFT. Therefore,
we consider a different approach, the Hamiltonian formalism.

From this point of view, we have a relation between Poisson brackets
of certain fields called currents and Courant brackets [4]. We now describe
this relationship in vertex algebras for the nilmanifoldsﬁ We will restrict
ourselves to consider only the global sections of TN (k) ® T*N (k) given by

k k
—sz, 52 = aya 63 = az - —:rﬁy,

61:8x+2 9

—zd =dz.
223:, Qs z

o =dr, ay=dy+ gmdz —
The Courant brackets between these sections are given by the Lie algebra
. We denoted this Lie algebra as by, j, this Lie algebra comes with the
bi-invariant pairing given by (o, ;) = d;;. The current algebra in [4] can
be described in the vertex algebra formalism as the following Kac Moody
vertex algebra

V (big) = Ind)" e cicl0) = U(big) ©ugy,, fujeci) CIO)

Bi,j

6The relation between between Courant brackets and T-duality, for example in
[7], can be associated to the Poisson brackets in [4]. This approach was considered
in [g].
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where K acts as K = 11d. The generating fields satisfy the algebra given in

E)

2.2. The double

See [I5] for a physics introduction to double field theory. In the Hamil-
tonain formalism on the torus T*T3, case k = j = 0, we have fields z;(2)
and p;(z) which are related to the current algebra by 0.z;(z) = «;(z) and
pi(z) = Bi(2). For these fields, T-duality leads to consider transformations
where p;(z) and 0,x;(z) will change their roles, therefore one ends up consid-
ering fields y;(z) such that d.y;(z) = p;i(2). Now, we could, instead of T*T3,
consider the double TO. In this space both fields (z;(2),y;(z)) are considered
at the same time. This space realized the T-duality and other properties
naturallyﬁ In particular, the double for nilmanifolds N (k) with H; flux was
studied from this point of view in [5]. Mathematically, we can describe these
doubles as torus fibrations

|

v
']I'Z

T? — M(k, j)
Sl

where k € H?(T?,Z) ~ Z and j € H3(N(k),Z) ~ Z.

The fields x;(z) and y;(z) on the double M (k, j) are given by logarithmic
fields as we explain in the Section [3| Algebraically, x;(z) and y;(z) are fields
in

End(H(k, j))[[z, 2~ ']][log 2].

In this work we are interested in the singularities between these logarithmic
fields, these singularities are restricted by the relation between the logarith-
mic fields and the fields of the affine Kac Moody vertex algebra V(b ;).

"Here the variable z is the standard notation in the vertex algebra language but
it is not related to the light cone coordinates in physics. The notation in physics
for Poisson brackets uses the variable o that we interpreted as z = €%.

8The fields y;(z) have also an interpretation in CFT, for example the zero mode
of the field y;(z) gives us the operator that jumps between the windings lattice.
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3. The double and the logarithmic fields for nilmanifolds

In this section we introduce some definition and objects; we assume know-
dledge of vertex algebras. For a introduction to vertex algebras see [10], [11]
and [12].

3.1. The courant bracket and the double for nilmanifolds

For any smooth manifold NV the tanget space T'N forms a Lie algebra con-
sidering the commutator of the vector fields. In [I3], it was shown how to
extend this algebraic structure to a bilinear bracket on TN @& T*N which
does not quite satisfy the Lie algebra axioms. The Dorfman bracket and
more generally the twisted Dorfman bracket for a choice of H € T(A3T*N), a
closed three form, is defined as: For all X +&, Y +n € I' (TN @ T*N)

(3.1) (X +&Y +nlu =[X,Y]Lie + Lxn —iyd{ +iyix H.
Whenever there exist global orthonormal framings for the symmetric pairing
(3.2) (X +&Y +m) =n(X) +£(Y),

in (TN @ T*N) ® C and linearly closed under the bracket (3.1]), we obtain
a global trivialization (TN @ T*N) ~ h x N and the bracket (3.1) endows
h with a Lie algebra structure.

We consider compact nilmanifolds N = G/T" expressed as a quotient of
the nilpotent Lie group G by a co-compact lattice I' C G. We choose a three
form H, called H-fluz in physics literature, representing a class in H3(N, Z).
In this situation the tangent bundle of N is naturally trivialized as g x N,
where g = Lie(G). There exist global framings, a basis of b, with the above
properties, and the Lie algebra § fits into a short exact sequence

(3.3) 0—=g"—>h—>g—0.
The class of this extension is parametrized by H viewed as a map A%g — g*.
The exact sequence (3.3)) integrates, for H € H3(N,Z), to Lie groups and

co-compact discrete subgroups I'* C G*, A C $ and I C G as follows

(3.4) 0-G"—-H—->G—0, 0—-T"—=A—>T-=0.
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Then we define the double M as a torus bundle

TdimN:G*/F*ﬁM::f)/A

|

N =G/JT.

3.2. Logarithmic fields

The current algebra in [4] form by global sections of (TN @ T*N) ~ h x N
for a nilmanifold N = G/T" is given by a affine Kac Moody vertex algebra

(3.5) Vi) = I”dg[[t}]@cﬂm =U(h) ®u(p[jeck) Cl0),

where b is the Lie algebra and the bi-invariant pairing is given by .

We are interested in considering more general fields than the fields of
the vertex algebra V(h). In order to introduce these fields we must work in
a larger space of states than . In particular, we consider

(3.6) H = Indgecx L (M) = U(H) @ueck) L*(M).

Where we consider the induced action from the Lie group $) (and therefore
its Lie algebra h) on L?(M) by right translations, hence it arises the infinite
dimensional G—module. We notice that L?(M) is a completion of the group
algebra C[A] by Fourier expansion.

In this work we associate coordinates to logarithmic fields as follows.
First, the nilmanifold M comes with a global framing on its cotangent bundle
given by T*M ~ h* x M. Then we express with coordinates (z;) on M a
basis («;) of h*, and we assume that these are the relations satisfied by the
fields

(3.7) a; = f(zy)de; = qi(z) = f(zi(2))0.xi(2).

The motivation behind this comes from the Hamiltonian formalism, the
current algebra for N relates (u;, ;) € TN @ T*N with fields (u;(2)p;(2),
a;(2)0,x;(z)). The elements that accompany 0,z;(z) come from sections on
the cotangent bundle on N. On the double M this corresponds to .

Second, we express the fields z;(z) in modes such that they satisfy .
Therefore we must consider fields also expanded by log(z) terms and their
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modes will be operators on H. Then we will have fields on
(3.8) End(H)][[z, 2~ 1]][log z].

Finally, the algebraic relations for x;(z) are not necessarily expressed by
singularities given by delta functions and their derivatives, because we are
working with logarithmic fields. In general, we do not know in advance what
kind of singularities we could have between the z;(z) fields. In this work we
study the singularities that we have for a particular class of nilmanifolds.
Note that the singularities for the logarithmic fields are restricted by
given that this imposes relations with the affine Kac Moody algebra V1(h).

Example 3.1 (The torus case, k = j = 0). In this case h is abelian, then
M = T and (3.7) gives us the simple relations

(3-9) o = dl‘i» Bi = dyi = azxi(z) = Ozi(Z), z?/z B@( )

The more general fields which satisfy the relation above can be expressed
by the logarithmic fields

xi(z) = w;log z + Z xhz™
nez

yi(2) = pilogz+ Y _yhz "
nez

These fields satisfy the logarithmic singularity
[zi(2), yj(w)] = log(z — w),
we defined this singularity in .
Example 3.2 (The double twisted torus case k=0, j=1). In this

case b is two step nilpotent, M is a T3-fibration over T% and (3.7)) gives us
the relations

1
a; =dx;, B =dy; — ifijkxjdxk

= Ouwi(2) = «il2),  Ooui(2) = filz )+1€mk j(2)0zw(2):-
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The more general fields which satisfy the relation above can be expressed
by the logarithmic fields

xi(z) = w;log z + Z:cflz’”,

neL
.
yi(z) = pilog z + Zyz "+ %kwjxk(z) log .
nez

These fields satisfy the following algebraic relations

[i(2), zj(w)] =0, [zi(2), yj(w)] = d;5log(z — w),

3.10
(3.10) ok (e(2) — 24(w)) log(z — ).

i (2), y;(w)] = eijpwirl(z, w) +

Where we used the singularity ((1.10). The notation Z;(z) means the pro-

jection onto fields without log z terms, that is ©: End(H)[[z, 2~ !]][log 2] —
End(’l—[)[[z,z_l]].

For the general case k # 0 and j # 0, we will express the algebraic rela-

tion between the modes {w;, p;, %, 3%} for n € Z and i € {1,2,3}. For the

particular examples before the algebra of these modes is a Lie algebra, but
for the general case the modes will form a nonlinear Lie algebra.

3.3. Non-linear Lie algebras

In this section we follow [I4]. Let g a vector space, and let T'(g) denote the
tensor algebra over g. If g is endowed with a linear map

[]:e©g—T(g).
We extended it to T'(g) by the Leibnitz rule, for A, B € T'(g)

[A® B,C]=[A,C]® B+ A®|[B,C),
[A,B®C]=[A,B|®C+B®|[A,C]

We define
M(g) :=span{A® (b@c—c®b—[b,c])® D|b,c € g,A,D € T(g)}.

Note that M(g) is the two sided ideal of the tensor product T'(g) generate
by elements (b® ¢ — c® b — [b, c]), where a,b € g.
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Definition 3.1. A non linear Lie algebra g is a vector space with a linear
map [,]: g ® g — T(g) satisfying the following properties (a,b,c € g)

e skewsymmetry: [a,b] = —[b, a.

o [a’ [bv CH - [b7 [a’ CH - [[a’ b]v c] € M(g)

The associative algebra U(g) = T'(g)/M(g) is called the universal en-
veloping algebra of the non linear Lie algebra g.

4. Logarithmic fields and their singularities, case k # 0 and
i#0

In this section we describe the double M(k,j) and their logarithmic fields.
We express the singularities between these fields, and the algebra that
emerges from their modes.

4.1. The double M (k,j) and their logarithmic fields x;(z) and
yi(2)

Let k € Z and G, be the 3—dimensional Heisenberg group. It is the manifold
G}, = R? with multiplication:

('1‘7 y7 Z)($/7 y,? Z,) = <x + xl? y —"_ y/ - gxz/ + gx/z7 z —"_ z/> .

Let I' C G}, be the subgroup generated by the standard basis of R3. It is a
co-compact lattice. We have the corresponding nilmanifold, usually referred
to as the Heisenberg nilmanifold N (k) := Gy /T'. Notice that for all k the
groups G}, are isomorphic, but under these isomorphisms, the corresponding
I" are not intertwined.

Let j € Z ~ H*(N,Z) and consider a three form H; = —jdz A dy A dz
representing this class. In particular, sections of the bundle TN (k) ® T*N (k)
are endowed with a bilinear operation (the H-twisted Dorfman bracket
(3.1)). This bundle admits a global framing with their respective brack-
ets given in . Hence we obtain the 6 dimensional three step nilpotent
Lie algebra by ; and the trivialization TN (k) @ T*N (k) ~ by ; x N . Notice
that by ; fits into a short exact sequence as in , and this extension is an
abelian extension but it is not a central extension if k # 0.
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Let $); ; be the nilpotent Lie group with Lie algebra by, ;. As a manifold
it is RS, its multiplication table can be found by the BCH formula:

* ok k% k% sk sk skk kk kk kok
($17$2,$3aZ/l»y2>y3)($1a$27$3>y1792793):(% y Ly s T3 Y1 Y2 , Y3 )

k
*% * ok * k% * * *
r =x+ ), 23 =x3+ay, w3 =xo+ w5+ - (v3x] — 1123),

2
k .
=y + §(y2l’§ — yo3) + %(33237; — 2513)
kj
(4.1) + (25 — @3)(wsay — 2133),

J
yr =y +ya + §($3$T — z1x3),

Y3 = Y3 +ys3+ 5(951?/2 — z1y2) + 5(1“1% — x122)
+ F(xl —z7)(z32] — x173).

The canonical basis of R® generates a co-compact lattice Ay j C 9 ;- The
quotient M = M(k,j) = . j/Ax,; is a compact 6-dimensional nilmanifold
and it is a T® bundle on N(k) as we described in the introduction and in
the Section [B.11

Remark 1. It turns out that M (k,j) = M (j, k), a phenomenon which can
be explained by topological T-duality. In [I5] is given a physical interpreta-
tion of the double. In [6] a similar construction is given but instead of work
with M (k, j) they consider N (k) x72 N(j). Finally, we consider nilmanifolds
and its nilpotent Lie algebras, a construction of the double for simple Lie
groups and algebras is given in [9].

Mk, ) is a nilmanifold therefore its cotangent bundle can be trivialized
with left invariant forms given by:

1 1
a1 = dxq, oy = dry — §k$3d$1 + §k$1d$3, az = dxs,
kj 1. 1 .
pi=dy — gjﬁdﬂ?l + §]$3d$2 - i(kyz + jzo)dzs

k7 1
+ Ej$1$3d$3 + §kx3dy2,

(4.2) 1 1
B2 = dy2 — ;jrsdry + Sjridrs,
2 2
kj 1 . 1
B3 = dys + ga:sandam + §(ky2 + jao)dry — ijﬂfld@

kj 1
— gx%d:cg, — ikxldyg.
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And (3.7 gives us the relations

0 (2) = 0 (2),
a(2) = Da(2) — %k:ﬂg(z)@xl(z) + %kl‘l(z)ﬁxg(z),
as(z) = dxs(z),
B1(2) = Byn(2) + 5 (as()a(2) — wa(2) ()
+ Sh(a(2)0a(2) — 1a(2)0s(2))
(4.3) M 2000 (2) + M g () (2) s (2),

3
Sa(201(2) + L ()03 ),
Ba(=) = 0ys(2) + i (wa(2)01 (2) — 1 (2)a(2))

2
+ 3 2()001(2) — 21(2)0p2(2))
- %x%(z)@xg(z) + %73:3(2)3:1(2)6951(2).

The more general fields which satisfy the relation above can be expressed
by the following logarithmic fields

(
z3(z) = wzlog z + Z a3,
1
x9(z) = welogz + Z x4 §k log z(w3z1(2) — wiz3(2)),

1.
y2(2) = pa2logz + Z Y2z 4 57 log z(wsx1(2) — wizs(2)),
y1(z) = p1logz + Z yl2™" 4+ 1/2klog 2(paxs(2) — w3ya(2))

+ /2108 2(uws(2) — wswa(2)) + D ws(log 2) (s (2) — wrs(2))

+ %7;53(2) log z(wsx1(2) — wizs(2)),

y3(z) = palogz + Z Y227 4+ 1/2klog 2(w1y2(2) — pax1(2))

+j/2log z(wi1z2(2) — waw1(2)) — %‘]’wl(log 2)*(w3z1(2) — wizs(2))

_ %71-1(2;) log z(wgwl(z) - w1$3(2)>-
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4.2. Algebraic relations between the logarithmic fields
x;(z) and y;(2)

For arbitrary k£ and j the algebraic relations are substantially more compli-
cated than the previous cases, examples [3.1] and [3.2]

Theorem 4.1. The following commutation relations for the fields x;(z) and

yi(z) in (4.4) imply the commutation relations in (1.12), of the affine Kac
Moody vertex algebra V' (by, ;), for the fields a;(z) and B;(z) in ([.3).

[2i(2),y;(w)] = 0ij log(z — w),

[11(2), 3o (w)] = 2 (2 (2) — 3%(w)) log(= — w) + jwgrl(w, 2),

2
(=), 22(w)] = 5 (3(2) — #%(w)) log(= — w) + kusriuw, 2),
[12(), wsw)] = 2 (31 (2) — 31 () log(= — w) + junrl(w, 2),
[ea(2), ys )] = 5 (3'(2) — () log(= — w) + kunr(w, 2),
(=) ()] = 2 (a(2)? + 5()? — Bi5(2)iw)) (= —w)
+ %wg (23(w) log w + #3(2) log 2) log(z — w)
+ R () — 5(2)) (2, w) + kjwswst(z, ),
1(2),30)] = & (3Low) — 32(2))log(= — w) + 3 (2a(w) — 22()) log(z — w)
+ % (23(2)21(2) + 21 (w)23(w) — 323(2)21(w)) log(z — w)

k
+ Fj(wgﬁzl(w) logw — 2wsZ1(z) log z

+ w123(2) log 2z — 2w Z3(w) log w)log(z — w)
+ kj (w123(2) — w31 (w)) iz, w)
— (Jwa + kp2)ril(z,w) — kjwswit(z, w),

95(2), 95 ()] =~ (1(2)2 + 1 (w)? — 81 (=) () Tog(z — )
+ %wl (Z1(w) logw + Z1(2) log 2) log(z — w)

+ kjwy (Z1(w) — 21(2)) rl(z,w) + kjwiwit(z, w),

where the function t(z,w) is the function defined in (1.13).
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The computation to check this theorem is long but straightforward, we
record the most complicated part in the appendix [B]

The modes, when expressed as operators acting on H(k, j), are not lin-
early closed under commutators. In fact, they form a non-linear Lie algebra,
see Section [3.3] The commutation relations between these modes, while not
a linear combination of themselves, is compatible with the Jacobi identity.

Theorem 4.2. For each pair of integer numbers k and j exists a non-
linear Lie algebra with basis {x;, YL, wi,pi}, i1 =1,2,3, n € Z, the quadratic
commutation relations are given by

e ] = 05,2

Y yim) = %xim (i n ;) b gyt
[Yns ) = gwim (:L + ;) + kws 57;;27",
2, i) = Shim (; oL > 4 jun O
(25, Y] = gx}Hrm (i " ;) kw 5n,_2m7

m n

kj =223 1 kj 11
ey et Bt (53,
! l

n,—m

1 . 1 1 . _
[y71w yfn] = _5 (kyi—i-m +J$727,+m) <TL + m) - (kp2 —|—j’lU2) m2

n,

_ 1 1
m . 3 1
+ k —SwW1T — —Sws3x
m3 J m2 nom 77,2 nm

kj =2 2l o kj 11
_2EZ:TL+lm+Gzl:xllwi””+”l ’

+ 2kjwiws

m n

) On,— 1 1
[yfuyrgn] = —2kjwiw; 7;;13m —kj <mQ - nQ) wl%lu-m

kj N Tnpi®it kj 11
+?Zn+%_€lel$in+n—l )
l l

m n
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[wi, y,] = 0ij00.m, %}, pj] = —0i0m,0, ‘

[wispg) = [prpi] = popa] = 0, [pr, 2] = Sai,

bho) = 5 Il =g howsl = 5ol

P2, Y] = ‘;fcrlm (v ps] = S, (w2, Y] = I; T,

27, ps] = §$71m [p1, wa] = kws, [p1,p2] = jws, [wa,ps] = kw1,

(4.5) [p2, p3] = jw1,  [p1,ps] = +(jws + kp2),
kj kj
[p17y11n] - lexm IR ympl Zmlxn 1y

kj .
[p1,ym] = g Zmz w1+ §(kym + jal,),
[yp, D3] = Z zjad_ l+ (kya + ja2),

kj kj
[p3, y] = % le Tots  [yn-ps] = 6 lel%ll—z»
l

l

where we understand 0 whenever we have an expression 1/n for n = 0.

Proof. The commutation relations above follow from the fields definition
and the algebraic relations given in the Theorem The computation
to check the Jacobi identity is long but straightforward, here we record the
most complicated part:

1 1 0p—p— 1 1
1,1 .3 il
[yZ7 [ynvym]] = -5 (ij£+n+m <€ + +n> * k]w2 02 > (n + m)
5 On,—
_]{;]x? n —2kjw35g,0 L 3m

m

. 1 3 1 5[,777,777’1

o (‘mz‘”vo%m T m

ki 1 kil 11
Y n+£+m(£+m)£+ 6 g lmn+e
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5 1 1
[ [t 90]) = Akjwsdin 0 =5" — kj < S0}, + 5257”’0””?%)

1 1\ 1 kj 1
—kj 5m n 3 0 L) ()
s ( e2> Tntmton g Tt gy ()
_ k—ij b ki1l z3 L
2 L+m+n (n + m) (m) 3 \n / n+m+<¢ —m
1 1 1 On,—0— 11
1 3 g 1 .3 1 L . n, m -+ -
[yna [ymﬂyé“ - 2 <ijé+n+m <’I’L + m_|_f> + kjwz n2 ) <m + Z)
06, —m
+ iji & 2
1 1 6n,—f—m
N < 2 On0 e — sy L )

_k‘]3 1 kjl s <1_1>

2 "+Z+m(n+m) 6 —n mtntt\ G T Y

de,—
+ 2k jwsdn0——
m

Therefore we have

i ok, w2 )] + [l [ vl + [wk, [, wil] = 0.

Appendix A. From the Hamiltonian formalism to CFT

Until now, we have only considered the Poisson brackets using the vertex
algebras formalism . Now we will also consider the Hamiltonian op-
erator. The Hamiltonian is given by a field h(z) =, ., hnz™""2, more
specifically, by its zero mode hg. The equations of motion for a field A(z) =

> nez a(n)z_n_l are given by
d T e T P
(A1) ——A(2) = [ho, A(2)],  Alz,7) =e MA(z)eTT = agy (T 1

nez

Because of A(z,0) = A(z) and B(z,0) = B(z), we know the algebraic
relations in 7 = 0 of the fields A(z,7) and B(z,7). On the other hand, for
an arbitrary 7 the algebra depends of the equations of motion that in general
could be hard to solve.

Now, it could happen that for some cases the theory satisfies extra prop-
erties. For example, the beta equations in a CFT. In this case, the fields
are described into two chiral partﬂ which depend on ¢ = €™t and ( =

9Physically this comes from the quantization of the conformal symmetry, that
gives us the two non-vanishing components of the energy momentum tensor.
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7' This means, we will have fields C(z) = Y, o, ¢4z """ and D(z) =
> nez dnyz "1 such that

C(C) = C(Z’T) = Z C(n)(T)Zinil = Z C(n)cini1

(A2) neEZ nez B
D(C):=D(z,7) =Y diwy(r)z " = d_p¢"
nez nez

and [C(¢), D(¢)] = 0. The modes of the fields are diagonal for the Hamil-
tonian. Note that we know the brackets between these fields because we
already know the algebra of their modes.

A.1. Torus case

On the T? torus case, we can consider the Hamﬂtoniaﬂ as the zero mode
of the field h(z) = 0,xi(2)0.2i(2) + 0.yi(2)0.yi(2). In this case, we have a
CFT. We are interested in the particular ﬁeldﬂ C(z) := 0.yi(2) + 0.xi(2)
and D(z) := 0,y;(z) — 0.x;(z), they satisfy the conditions in (A.2). In par-
ticular, we can use these fields to describe the fields z(z,7) = z((,() =

2'(¢) + 2"(¢), such that J¢x’ = C(() and 9zz” = D(() using the notation
in (1.5, we have

[21(Q), 2 (w)] = 6i2log(C —w),  [0cwi((), Bui(w)] = 6,20,0(C — w),
—0, [Oci(C), Oj(@)] = 0, )
[/ (0), (@) = ~6i,2008(C @), [9i(0), Do (@) = ~61,200(C ).

And the fields T(¢) := 29¢2:(¢)9¢xi(¢) and T(C) := —%%xi(f)@gxi(&) are

two copies of the Virasoro algebra with central charge dim T3 = 3.

A.2. Twisted torus case

Now for the twisted torus T? with H; flux, the Hamiltonian is given by the
zero mode of the field h(z) = 0,2;(2)0,xi(2) + 0,yi(2)0,yi(z). In this case,
we do not have a CFT. In [2] this case was studied as a perturbative CFT
up to first order because the beta equations are satisfied only for this order.

19The Hamiltonian could be more general considering a flat metric G;;, but here
we are considering the simplest case G;; = 0;;

1'We used the fields y;(z) on the double torus, this matches with the standard
description by the relation 9,y;(z) = p;i(2).
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We are interested in the particular fields

C(2) == —Bi(2) + ai(2) + jeijur(2)(Be(2) — ar(2)),
D(z) == Bi(2) + au(2) + jeijux;(2)(Br(z) + an(2)),

where ¢€;;;, is the Levi Civita tensor. These fields satisfy the conditions in
(A.2]) up to first order in j. Therefore, in this approach j loses its topological
meaning. We can use these fields to describe the field y(z,7) = y(¢,{) =
¥ () + 4" (¢) + O(5?) such that ¢y’ = C(¢) and dzy” = D((). In particular,
using the notation in , we have

Q). ()] = ~265108(C — ) — Leiju(3h() — Gh())Iog(¢ ~ )

— jrirl(¢,w) + 0%,
(A3)  [i(0), ¥} (@)] = 0+ 05,

[/ (0), ! (@)] = 20;1og(C — @) + %Q‘jk(?)g (€) — Jx(@))log(¢ — @)
— jrprl(C, @) + O(5%).
Then

[0cyi(C), Oy ()] = —20150,0(¢ — w) — jeijrduyrd (¢ — w) + O(5%)
(Ad)  [0cwi(€), 0zy;(@)] = 0+ O(57)
[073i(C), Ouy; (@)] = 201050(C — @) — jeirdayrd(( — ©) + O(57)

And the fields T(¢) := —10cwi(¢)0cwi(¢) and T(C) := $9:5:({)zvi(C) are
two copies of the Virasoro algebra up to first order in j with central charge
dimT? = 3.

The relations in were found, from a different point of view, in [2].
We have arrived at this expression using the Hamiltonian interpretation of
vertex algebras. The equations in are implicit in their work, where
they used the correlators language. Finally, for the general case k # 0 and
j # 0 the beta equations are not satisfied at any order therefore a similar
procedure is not possible in the general case.

Appendix B. Proof of the singularity

In this section we prove that the logarithmic singularities in the Theorem [4.]
imply the algebraic relations of the affine Kac Moody vertex algebra V! (h kj)
given in . First, we prove this result for the particular case, example
32, k=0and j=1.
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B.1. The double twisted torus case k =0, 3 =1

First, we differentiate the identitylﬂ [y1(2), y3(w)] in the Theorem (4.1))
[8zyi(z)7 awyj (w)]
1
= 0,0, (ijwkrl(z, w) + §5z‘jk(§3k(2’) — 2p(w))log(z — w))

= R4 (logz — Logu)Dub(z,w) — 5(0us(2) + Dus(w))i(z, )

+ %(%(Z) — 3(w))9wd(z, w).

Then we compute the same expression using the equations (4.3))

0-01(2), Dt ()] = [ B1(2) + Sa0s5(2) — S30e2(2),

1 1
Ba(z) + §$38ZSL‘1(Z) - §x18Zx3(z)

= az(w)d(z,w) + %xg(w)aw&z,w) - %6(2, w)Oyx3(w)
1

— 55(z,w)8zx3(z) — %mg(z)aw(S(z, w),

where we wused that [x2(2),B2(w)] = [x2(2), Owy2(w)] = —d(z,w) and
[B1(2), z1(w)] = 6(z,w). The fact that these two results are the same fol-
lows from the next theorem.

Theorem B.1. Let a(z) be a formal distribution and let N be a non-

negative integer. Then one has the following equality of formal distributions
in z and w:

=z

ONG(z —w)a(z) = ON6(z — w) Z Ha(w)(z —w)

Jj=0

See [10] for a proof of this theorem.

12Note that we have the identities
0:log(z —w) = —0dylog(z — w) = §(z, w),
1
Ow0,rl(z,w) = —§(logz —log w)0y,0(z, w).
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B.2. General case

First, we compute the expression differentiating the identityE in the Theo-
rem [£.]]

az(?w[yl(z)a y3(w)] )
= (108 = — log W)Db(z.)) + (0.52(2) + D))oz, )

4L (o) — 22020002, w) + & (G2(00) — 52(2)) 0z, )

— Sa(—(10g =~ 1og w)u3(z, w) + 5 (02(2) + Dufa(w)(z, )
+ % ra(2)1(2) + ()01 ()b 2, )
+ 5 00 g (w)a () — D2rs(2)a(20))5(z,w)
1 o201 )0z, w) — D ()i ()32, )
T 0.(2)i () (= — w) + 25(2)ia ()00 (2, )
(g (00 (2) Yo 2) + Dy (10) log )3z, )
kj

— % (wyi (2) og = + wna(w) log )2 (2, )
+ k(w5 (2)) (_2110 log (> — w) + %(logz ~log w)(z, w))
- K (w) (5 log(s = w) = (log = ~ log w)o(s,v) )
# Ri(unda(2) = s (w) -0 ~ g 0)dud(e,w) )

~ kjuwgwn ( - %(logz ~log w)%é(z, w) + é% log(z — w)

1
+ B log z log wd,d(z, w))

13Note that we have the identities

0.rl(z,w) = %llog(z —w) — %(logz — logw)d(z,w),
z
0.0 t(zw)*fl(lo z — logw) 15( ) +1 ilo (z —w)

1
— 6(10922 — 3logzlogw + logw?)0,,0(z, w)
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Then we compute the same expression using the equations in (4.3|)

[0:91(2), Owys(w)]
= —(jaz(w) + kBz(w))d(z,w)

+ l(ﬁwxg(w) + 0.29(2))d(z, w) + g(xz(z) — z2(w)0yd (2, w))

2
L @ura()3(z,w) — ()00 ()
+ 3 Dup ()0 (z, ) — ya(w)ud(z,w)
(1 (0)uizs ) — 29(w)1 (0))8(2, w) + 21 () (), w)
+ %(62362(2)5(2', w) + x2(2)0yd (2, w))
b @002, w) + 2(2)0ub (2, )
8 (1(2)05(2) — 23(2)0:1 ()02, 0) + 01 (D)2, )
(21 () (w0) — () ()32, 0) — (w0} () (2, )
+ %((—ng(z)axl(z) + 21(2)0x3(2))d(2, w) — x3(2)x1(2)0Wwd (2, w))
D (=0 (2)1 ()32, w0) + 23(2)01 ()62, )
Y (21 (0)008 (2, 0) + D3 (2)0m1 (1) log (= — w)

where we used [51(z), z2(w)]= %:Eg(w)é(z, w), [61(2), yg(w)] = %xg(w)é(z, w)
and [2(2), Bs(w)] = 521(2)6(2, w) and [y2(2), Bs(w)] = J21(2)d(z, w).
The fact that these two results are the same follows from Theorem [B.1]
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