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Resumo

O sigma-model da corda bosoénica ¢ uma teoria de calibre — ¢ invariante sob
reparametrizacoes da folha de mundo da corda —, portanto deve-se fixar o calibre
para quantiza-lo. Uma das formas de se fazer isso é usando o formalismo BV, que
permite a quantizacao de teorias com uma simetria fermionica, como a simetria
BRST. Define-se o espaco de fase BV, contendo os campos e seus anticampos. Para
fixar um calibre, escolhemos uma subvariedade do espaco de fase BV.

O calibre de Polyakov (ou calibre conforme) é definido ao fixar a estrutura
complexa (ou métrica) na folha de mundo. No formalismo BV, esse procedimento
define um nimero infinito de operadores bracket, que tém um papel nas deformacoes
da teoria. Além disso, o operador BRST nesse calibre nao é nilpotente, quando os
campos estao off-shell, i.e. antes de usar equagoes de movimento.

O anticampo da estrutura complexa surge neste calibre como o fantasma b, que
¢é necessario para computar amplitudes, através de uma integracao pelo espaco de
moduli da folha de mundo. A transformacao BRST do fantasma b é a expressao
off-shell do tensor de energia-momento da teoria. Apos ressomar os termos que dao
origem ao operadores bracket, vemos que as deformacoes podem ser linearizadas, o
que implica na fatorizagao holomorfica das amplitudes.

O formalismo da supercorda de espinores puros é a generalizagao da corda bosoncia
no calibre de Polyakov. Portanto, nao hé necessidade de fixar-se um calibre nesse
formalismo. Diferentement da corda bosonica, o operador BRST é nilpotent mesmo
off-shell. O fantasma b é definido de forma que a sua transformagao BRST gera a
expressao on-shell do tensor de energia-momento.

Apos a introdugao no Capitulo 1, introduzimos fundamentos matemaéticos no
Capitulo 2. O formalismo BV é apresentado no Capitulo 3, e no Capitulo 4 o
utilizamos para fixar fixar o calibre e quantizar o sigma-model da corda bosoénica.
Fazemos também comentéarios sobre os operadores bracket. No Capitulo 5 intro-
duzimos a supercorda de espinores puros, e comparamos o formalismo com a corda
bosonica.

Palavras Chaves: Formalismo BV; Formalismo BRST; Corda bosoncia; Estrutura

complexa; Supercorda de espinores puros.

Areas do conhecimento: Fisica; Teoria de cordas; Fisica Matematica.
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Abstract

The bosonic string sigma model is a gauge theory — it is invariant under worldsheet
diffeomorphisms, so it must be gauge fixed to be quantized. One way to do it is using
BV formalism, which allows one to quantize theories with a fermionic symmetry,
such as the BRST symmetry. One defines a BV phase space, with fields and their
antifields. The gauge fixing procedure consists in a choice of submanifold in the BV
phase space, and it is well defined off-shell.

The Polyakov gauge (or conformal gauge) is defined by fixing the worldsheet
complex structure (or metric) of the bosonic string. In BV formalism, this procedure
defines an infinite number of derived brackets that play a role in deformations of the
theory. Moreover, the BRST operator in this gauge in not nilpotent off-shell. This
condition is substituted by constraints among the brackets.

The antifield of the complex structure arises as the b ghost, which is needed to
compute amplitudes, by integrating over the moduli space of the worldsheet. The
BRST transformation of the b ghost is the energy-momentum of the theory defined
off-shell. After resumming the terms that give rise to the higher brackets, we see
that the deformations are linearized, and give rise to the holomorphic factorization.

The pure spinor superstring is a generalization of the bosonic string in Polyakov
gauge, so there is no need to gauge fix. Different from the bosonic string, the BRST
operator is nilpotent off-shell. The b ghost is defined in such a way that its BRST
transformation yields the energy-momentum tensor only on-shell.

After the introduction in Chapter 1, we introduce the mathematical foundations
in Chapter 2. The BV formalism is presented in Chapter 3, and in Chapter 4 we use
it to gauge fix and quantize the bosonic string sigma-model. We make comments
about the derived brackets. In Chapter 5 we introduce the pure spinor superstrings,

and compare it with the bosonic string.

Keywords: BV formalism; BRST formalism; Bosonic string; Complex structure;

Pure spinor superstring.

Fields of knowledge: Physics; String theory; Mathematical physics.
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Chapter 1

Introduction

To quantize a gauge theory, we need to appropriately put a constraint on the
fields. The BRST formalism is a correct approach that is well-known. But it is more
insightful to use a formalism where deformations of the theory have geometrical
meaning, such as the Batalin-Vilkovisky formalism. The BV formalism can be applied
to any theory described by an action and a fermionic symmetry, such as the BRST
symmetry. The space of fields is extended to the BV phase space, containing the
fields and its antifields, and the action and BRST operator are encoded in the BV
action. The gauge fixing procedure consists in a choice of submanifold in the BV
phase space [I]. Once the choice is made, the action and the fermionic symmetry can
be transformed into a gauge fixed action, plus a possibly infinite number of bracket
operations in the space of fields, one of these being a BRST operator. The additional
bracket operations are non-linear terms of the BV action, and their presence is not
clear from the BRST point of view, though they are important when one considers
deformations of the theory.

The bosonic string sigma model is a gauge theory — invariant under diffeomor-
phisms — that describes the dynamics of a freely propagating string. A BV action
can be constructed with the action and the BRST operator that generates diffeomor-
phisms [2]. To describe interaction of strings, one must introduce vertex operators
that correspond to physical states. Their introduction is equivalent to small defor-
mations of the free theory, and the BV formalism constrains them to preserve the
BRST structure of the theory. The introduction of vertex operators is described as a
deformation of the BV action, and their introduction changes not only the action,
but possibly the BRST operator as well.

In order to compute scattering amplitudes of strings, one must sum probabilities
over the moduli space of the theory, which is the space of all topologies and metrics
modulo rescaling and diffeomorphism on the worldsheet. In bosonic string theory,
the metric is a field that is gauge fixed, so to perform the moduli space integration it
is necessary to consider deformations that change the metric. These deformations are

trivial, in the sense that the theory doesn’t change under them — they are equivalent
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to a change in the gauge fixing condition. In BV formalism, the trivial deformations
can be parameterized, and the fields that generate these deformations in bosonic
strings are the b ghosts.

The presence of non-linear terms with higher brackets affects the theory only up
to equations of motion, so the BV formalism allows one to understand the off-shell
aspects of the BRST structure of the bosonic string. Moreover, there are OPEs
which are contact terms — which are delta functions on the worldsheet — that can be
removed by resumming the deformations of the BV action. This procedure reduces
the BRST structure to an action and a BRST operator only, and implies in the
holomorphic factorization of the amplitudes [3].

In the pure spinor formalism of superstring theory, the action describes the
worldsheet embedding in the supersymmetric spacetime, and a BRST-like operator
constrains the physical states [4]. Though the model has a BRST-like structure,
it doesn’t come from gauge fixing. Because there is no need to gauge fix, there
are no higher brackets in the BV action of the theory, and the BRST-like operator
is nilpotent off-shell by construction. On the other hand, the ghost field that
generates deformations along the moduli space is a composite field that generates

the energy-momentum only on-shell [5, [6].



Chapter 2

Mathematical foundations

In this section we’ll present the mathematical definitions that will come to use
in the subsequent chapters. Some of the content of this chapter is built upon basic

differential geometry, which is reviewed in Appendix [A]

2.1 Supermanifolds, Lie groups and Lie algebras

2.1.1 Exterior algebra and gradings

The space of functions on a real manifold M is given by FunM = T9 M. The
elements satisfy an algebra defined by the algebra of multiplication of real numbers.
For two functions F, Fy, € FunM, there is another function F3 € FunM given by
F3; = FiF,. The product of real numbers is commutative, hence the algebra on
FunM is associative as well.

The wedge product defines an algebra of 1-forms, called the exterior algebra,
which takes forms uy, uy € Q'(M) to another form u; Auy € Q?*(M). By the definition
of wedge product, the algebra is anticommutative. Let’s define the space of all forms

QM) ="M QM) P(M)D - . (2.1.1)

Then we can say that Q°(M) = Fun(T*M). The elements of Q°(M) are functions
M, and the elements of Q'(M) are functions on M with values on the cotangent
spaces. With the exterior algebra defined by the wedge product, elements of Q°(M)
are considered functions on the cotangent bundle.

An exterior algebra can also be defined without the notion of a wedge product.
Let’s generalize the real linear space R™ of dimension m, whose elements satisfy
the real commutative algebra. First we write the real space as R™ = R™° and we
say that it is a space with m dimensions of even parity. Then we define the real

space RO" of n dimensions of odd parity, which exactly like R™, but the components
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of its elements satisfy an anticommutative algebra, the exterior algebra. Thus for
61,0, € RY" we have 6,0, = —6,6;. Finally we can define the real linear space R™"

of m even dimensions and n odd dimensions, given by
R™I" = R™0 g RO, (2.1.2)
Elements of R™" are written as
(@1, T, 01, -+ ,0,) € R™™, (2.1.3)

The exterior algebra can then be written as the algebra between each of the compo-

nents, as
[Ii,fﬂj}, = 0, [Qa, Hb]+ = 0, [.flfi, Ga], = O, (214)

where [,]_ is the commutator and [, ]|, the anticommutator.
More generally, we can consider a linear space V' which is decomposed in k others

as
V=Vo@ - & Vi, (2.1.5)

Along with a grading, which is a map gr : V' — Z, that associates to each element
v € Vj to the integer label gr(v) = k. The grading of an element can also be called

its degree. We define a product operation which sums the gradings:

gr(uv) = gr(u) + gr(v). (2.1.6)

An exterior algebra is a linear space with two gradings V = Vj, + Vi, with Vj = R™°

and Vi = R If we have two gradings, we may call it the parity of an element.

2.1.2 Supermanifolds

A supermanifold is a manifold that is locally equal to R™". It is equipped with
charts that take it to linear spaces with odd dimensions, ¢ : U C M — R™" such
that the transition functions 7 = ¢! o é are smooth functions on an open subset of

R™". Given a chart, a supermanifold has coordinates (z%, ), with gradings

T =0, 6=1. (2.1.7)
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We say that a supermanifold is (m, n)-dimensional if it is locally equal to R™".

One example of a supermanifold are the odd tangent bundle and the odd cotangent
bundle. Consider the tangent bundle T'M of an even manifold M, i.e. (m,0)-
dimensional. The odd tangent bundle II7'M is defined by flipping the parity of
the tangent fiber. In coordinates, we write the elements as (x,dxz), where x € M
have grading grz = 0, and the tangent vectors dz are odd: grdx = 1.

The odd cotangent bundle II7*M of a manifold M is the cotangent bundle
with flipped parity in the cotangent fiber. It can be seen as an incorporation of
the wedge product algebra to the manifold. In fact, if we write the elements as
(x,dx), and consider a function F' € FunllT*M, it can be expanded in powers of the

cotangent vectors as
F(x,dz) = Fo(z) + F{(z)dwy + -+ FAddey, - dog,, (2.1.8)
so it is a formal sum of forms F; € Q'(M) on the base of IIT* M.
The de Rham operator on M is defined as a vector field on II7T*M, given by

0
d= d:cAa?. (2.1.9)

For a vector field v € T'M, we define the iota operator ¢, as a vector field on I1T*M,
by

4 0

o=V 5 g (2.1.10)
With these operators we are able to define the Cartan magic formula
Ly, = [y, d], (2.1.11)

which holds for action of Lie derivative on forms on M. The commutator takes into
account the odd parity of d and ¢, (if we take v to be an odd vector field, then ¢,

has even parity).

2.1.3 Lie groups and Lie algebras

A group G is a set with a map G x G — G, (g1, g2) — ¢1 - g2, called the product,

that satisfies associativity, i.e.

(91-92) 93 = 91- (92 93), (2.1.12)
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an element 1 € G called the identity, that satisfies
l.g=g-1=g, (2.1.13)
and a map G — G, g — ¢! called the inverse, which has the property
g-g =9 -g=1. (2.1.14)

A Lie group is a manifold equipped with a product, an identity and an inverse
that satisfy the above mentioned properties, and such that the product and the
inverse are smooth maps.

The general linear group GL(n) is the set of linear transformations on R™. There
is also the general Lie group over the complex numbers, GL(n,C), which is the set
of linear transformations on C".

The coordinates of R™ induce the parameterization of GL(n) as n X n matrices.
This allows the straighforward definitions of the determinant, trace and transpose of
an element of the group, which are independent of the choice of coordinates.

The orthogonal group O(n) C GL(n) is defined by imposing the condition
det g = £1 for every g € O(n). The special orthogonal group SO(n) C O(n) is
defined by containing only elements with positive determinant.

The Lie algebra of a Lie group G is the tangent space around the identity:
g="TG. (2.1.15)
The elements v € g can be written, for some (g,dg) € I[ITG, as
v =g 'dg. (2.1.16)

The elements of the Lie algebra can also be seen as small deformations of the group
identity. Take a chart of G in which g = gt 4, where ¢4 form the basis of the tangent
space, and are called generators. Let there be a curve ¢t — ¢,(t) on G such that

g(0) = 1. It defines the Lie algebra vector v as

v=——| gu(t). (2.1.17)
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The Lie algebra vectors act as linear maps on G, as

0
= — w(t) - g). 2.1.18
vg = 5 tzo(g (t)-9) ( )
The commutator is a map [+, -] : g X g — ¢ defined from the group product by the

action on G, as [u,v]g. In terms curves g;(t) and g»(t), the definition is

1] = g (1(00) 2(82) = (1) (1))

t1=t2=0

= UV1V2 — V1. (2119)

It is proportional to the term that goes with ¢;t, in the expansion of group elements
around the identity in the group product, because the linear terms don’t couple the
tangent vectors, and thus don’t define operations in the algebra. In coordinates, the

commutator can be written in terms of structure constants f*%, as in
[u,v] = fhouPvy. (2.1.20)
The commutator satisfies antisymmetry
[u,v] = — [v,u] (2.1.21)
and the Jacobi identity
[u, [v, w]] + [v, [w, u]] + [w, [u, v]] = 0. (2.1.22)

An example of Lie algebra is gl(n), the algebra of GL(n). The elements v € gl(n)
are represented as n-dimensional matrices, and the commutator is the commutator

of the matrices.

2.1.4 Lie superalgebras

A Lie superalgebra is a Lie algebra g which is the sum of subalgebras g; with
different gradings [7]

g=00D D g, (2.1.23)
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where an element v € g, has grading k. The commutator is then a map [-, -] :

g X g — g that sums the gradings of the elements of g, as
gr([u,v]) = gr(u) + gr(v). (2.1.24)
The symmetry relation is generalized to
[u,v] = (=1)"[v, u] (2.1.25)

where % and v are the signs of the gradings of the elements of the algebra, and the

Jacobi identity is
[, [v, w]] + (=)D [y [w, u]] + (=1)2 D [w, [u, v]] = 0. (2.1.26)

One example of Lie superalgebra is gl(m|n), which is a generalization of gl(m) to
linear transformations on R™". We define this algebra as the sum of two subalgebras

with different gradings:
gl(m|n) = gly(m|n) @ gly(m|n). (2.1.27)

The even elements u = gly(m|n) = gl(m) x gl(n) are block diagonal matrices

A0
u= (0 B’> (2.1.28)

where A € gl(m) and B € gl(n). The odd elements v € gl,(m|n) are off diagonal

0 C
v = (D 0). (2.1.29)

The commutator [u,v] is the commutator of the matrices, and the result is

B 0 (A— B)C
[u,v] = ((B ) (2.1.30)

matrices

— A)D 0

which is an element of grading 1.
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2.2 Spinors and supersymmetry algebra

2.2.1 Poincaré group and algebra

The group G of translations on R™ is a m-dimensional group, parameterized by
g g

translation vectors a € R™ as g(a) € G, with the group product given by

g(ar) - g(az) = glar + az). (2.2.1)

The generators P, of translation are called momenta. For a small parameter a, we
define

g(a) =1—1ia™P,,. (2.2.2)
From the group product, we can derived the translation algebra
[P, P,] = 0. (2.2.3)

The generalization of SO(n) for a space with a metric of signature (m,n) (instead
of the Euclidean signature (n,0)) is the Lorentz group SO(m,n). Its fundamental

representation consists of (m + n)-dimensional matrices that satisfy
ATA =g, (2.2.4)

where g is the metric. Parameterizing group elements by these matrices, as g(A),

the group product is written as

g(A1) - g(Az) = g(A1A). (2.2.5)

To obtain the Lorentz algebra, we parameterize small transformations around the
identity as A", = ;" + w", where wy,, is antisymmetric due to the orthogonality

condition. The Lorentz generators M™" are then given by

g(l+w)=1— %wman". (2.2.6)

The Lorentz algebra is then given by

[M™ MP9) = i(g" M™ — g™ M"™ — g™ M 4 g "IN, (2.2.7)
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The Poincaré group in n dimensions the product of translation group and Lorentz
group: G = G% x SO(p,n — p). Its elements are written as g(a, A), and the group

product is
g(al, Al) . g(ag, AQ) = g(a1 + Alag, A1A2>. (228)

We have translation group and Lorentz group as subgroups. The Poincaré algebra is
parameterized by the P,, and M,,,, and the translation and Lorentz algebras are

subalgebras. The commutator left to determine the Poincaré algebra is given by

[P™, MP7] = i(g™PP7 — g™ PP). (2.2.9)

2.2.2 Clifford algebra and spinors

The Clifford algebra in the space R", with metric ¢"", is a superalgebra gq(n).
An element of grading £ is an antisymmetric tensor I We represent elements of

(n+1)/2-1 depending

degree 1 as p-dimensional matrices I, where p = 2%/2~1 or p = 2
whether the dimension n is even or odd. In the matrix representation, the elements
of degree k are defined by the antisymmetrized product of degree 1 matrices. In
particular, elements of degree 2 is given by the matrix commutator I'" = %[Fm, .

The algebra commutator { -, - } is defined so that it subtracts the grading by 2:
gr({u,v}) = gr(u) + gr(v) — 2. In the matrix representation, the algebra commutator
of elements of odd gradings is represented by the matrix anticommutator, whereas
for elements of opposite grading it is the matrix commutator.

The Clifford algebra is defined by the relation on degree 1 elements
{T™ T"} = 2¢™". (2.2.10)
The algebra commutator on degree 2 elements then yields the Lorentz algebra
[ TP = g"PT™e — gMaT™P — g™mPT™  gMap"P (2.2.11)

where the ¢ factor can be made present by properly rescaling the matrices.
The p-dimensional space where the I'"™ matrices act is called spinor space Spin(R"),
and its elements % (v = 1,--- | p) are called spinors. Because I'"™" satisfy the Lorentz

algebra, they are generators of the Lorentz group in the spinor representation. On a
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spinor #, a rotation A = 1 + w acts as

50 = %wmnrmne. (2.2.12)

We take translation to act on the spinor space as 060 = 0.

We can take the I'l/; to be symmetric. For two spinors  and 7, we have

0y = (—1)Ime. (2.2.13)
In 10 dimensions (m = 1,--- ,10) the matrices satisfy the Fierz identity,
(I™)as('m)rs) = 0, (2.2.14)

where () indicates symmetrization of the indices. The identity can also be written,

for spinors &, n, 1, as
(L™ )T + (1) L)Ly, + (=1, = 0. (2.2.15)
Another useful identity is the decomposition of the product
1 1
rmre = §{Fm, "} + 5[1“’", " =gm™41m" (2.2.16)

The spinor bundle of the manifold M is a manifold Spin(M) with elements (m, 6),
where m € M and 6 € Spin(R"), and 6 transforms as a spinor under change of
coordinates. One can also define a spinor bundle with k sectors: Spin*(M), with &
spinor linear spaces at each point m € M.

One example of spinor bundle with two sectors is the one over R", with the sector
of spinors Spin(R") and the space of antispinors Spin(R™), or spinors with opposite
chirality. We can also define the two sectors as Spiny(R™) and Sping(R"), for left
and right spinors. We write 0 for left spinors, and 6% for right spinors.

We define the space of Dirac spinors as the sum of left and right spinor spaces:
Spinp (R™) = Sping (R") + Sping(R"). (2.2.17)

The Dirac matrices are defined as matrices that act on Spinp(R™) through Pauli
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matrices I'7* on Spinz (R") and I'} on Sping(R")

e 0
m=(r : (2.2.18)
0o Iy

2.2.3 Supersymmetry algebra

The supersymmetry algebra on an n-dimensional space is a superalgebra which

is the direct sum of two linear spaces

gsusy = gp + 90, (2.2.19)

where gp is the Poincaré algebra on an n-dimensional space, and gg is a p-dimensional
space with odd grading, where p = 27/2~1 or p = 2(»*1)/2=1 depending whether n is
even or odd. The odd parity spinor generator (), is an element of gg. The algebra

between (), and Poincaré generators is given by

(@, P™] =0,
[Q, M™] =T""Q. (2.2.20)

For a spinor bundle on a 2-dimensional manifold, we define
(Q,Q] = 2T P,,. (2.2.21)
If we have left and right sectors we also impose independence between the sectors as

[@Qr, Qr] = 0. (2.2.22)

The representation of supersymmetry transformation on a spinor bundle parame-

terized by (x,0) is given by
1
or™ = 551“”9, 60 = &. (2.2.23)

We can also have two supersymmetry generators Q* and Q~ over the same
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bundle sector, with

QF,Q7] =0,
[QF, Q7] = 2T Py,
Q7. Q7]= — 20" P, (2.2.24)

We call )~ a supersymmetry transformation with flipped parity. The representation

of this algebra on a spinor bundle parameterized by (z,0) is

1
b.a™ = €I, 5,0 =¢,

Sam = — %grme, 5.0=¢. (2.2.25)

2.3 Metric and complex structure

2.3.1 Metric

A metric is a symmetric tensor field of rank (0,2). More precisely, the space of

metrics on a manifold M is given by
S2(M) =TODM/ ~, (2.3.1)
with the equivalence relation

1
Uy Q Ug ~ 5 (Ul X Uy + U @ u1> s (232)

which makes the antisymmetric products equivalent to zero.
A metric g € S?(M) defines an inner product between vector fields U,V € T'(T'M).

The metric is written in coordinates as
g = gijdz’ ® da’, (2.3.3)

and the vector fields are written in coordinates as

0 0

oxt oxt

(2.3.4)
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The inner product can be defined in terms of the action on the basis as

, , o 0
_ kysl i
where we used linearity of inner products to move U* and V' out, and also wrote g
as a linear combination of the S?(M) basis. Then we take the action of the basis of

metrics on the basis of vector fields to be

AR, .0 AN

The inner products thus gets written in components as
A metric g € S?(M) also defines a linear map g : TM — T*M, which takes a
tangent vector field to a cotangent vector field. It is given in components by

S
g(V) = g;;VFda' @ da? (%

) = g;;V'da’. (2.3.8)
More generally, the metric can act on a tensor of rank (p, ¢) and take it to a tensor
of rank (p — 1,¢+ 1). It does so by acting with a component of its basis dz’ on a
component of the vector field basis 0;, yielding the inner product (i, 9;) = (5;

The inverse of the metric g € S?(M) is a tensor field g=* € T®>% M such that
gg~ ' =1, where 1 € TD M is the identity operator given by

1= do'® . (2.3.9)
p ox

The inverse is written in components as

-1 _ ija ®i
I =9 55 ozi

(2.3.10)

so its definition in components is given by g;;¢F = &F.
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2.3.2 Complex structure

A complex structure is a (1, 1) tensor field written as

CO
I = Ijaxi ® da’, (2.3.11)
that satisfies the constraint
I’=-1. (2.3.12)
It has no real eigenvalues, because its eigenvalues must satisfy A2 = —1. If it is defined

on a complex manifold, or if the real manifold where it’s defined on is complexified,
than we can say its eigenvalues are +1.
We can see that it can be understood as a rotation by 7/2 at each point, since

applying it twice is equivalent to a reflection of the coordinates.

2.3.3 Complex structure in two dimensions

On a 2-dimensional manifold (which we will also call a “worldsheet”), a complex
structure can be used to define the Hodge dual operator x : Q'(M) — Q'(M), which

maps 1-forms to 1-forms by the expression
wu=1-u, (2.3.13)
or, in coordinates,
*(ugdo®) = I%u,do’. (2.3.14)
The Hodge dual must be connected with a definition of inner product by the property
u A *v = (u,vyvol, (2.3.15)

where vol is the volume form. Thus complex structure must be related to a metric.
We have

uNIl-u= ]bcuaubdaadac

= I" "“ugupdotdo?, (2.3.16)
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so the connection with the metric is

1% = \/det gg™. (2.3.17)



Chapter 3

Gauge theories and BV formalism

3.1 Field theory and gauge symmetries

3.1.1 Path integral and OPEs

We consider a field theory as a manifold ® and a measure p defined on it. The
manifold @ is the space of fields, and it contains fields ¢ € ® (notice that we write it
lowercase for the fields, and uppercase for the space of fields). The fields ¢ : ¥ — N
are maps from the worldsheet X, which is a two dimensional manifold, to a target
space V.

The path integral is defined by a measure of integration u on @, e.g. a density

on @, which we write as

= [dg] exp(=S(¢)/h), (3.1.1)

where S : ® — R is the action. The path integral is defined as integration over p

and it yields a number defined as

P= / (d6) exp(~S(8)/h). (3.1.2)

We call such a theory a sigma model.
Correlation functions are computed by inserting operators in the path integral,
and we take operators to be functions of the fields and its derivatives. The correlation

function between operators Oy, - , O, is defined as

(10 = [[6101-+ Oy expl-5(0)/). (3.1.3)

Another way to define correlation functions is to think of operators as deformations

17
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of the measure. Consider the following trasformation of the action
S—S+e0;---0,, (3.1.4)
for some parameter €. For small values of ¢, the measures is transformed by
pr p(e) =pu(l—e0;---0,), (3.1.5)

so that the correlation function can be written as function of the deformation, like

(O---0,,) = lim1 (e — p(e€)). (3.1.6)

e—0 €

3.1.2 OPEs and Ward identities

A free theory is a theory with a quadratic action on the fields. Let’s write the
worldsheet coordinates as (z, z), and write fields as ¢*(z) (we write only z for short,
but it can depend on both z and z). The action of a free theory depends on a local

linear operator A;;(z) as
2 1 j

In a free theory, the correlation function between two fields is the inverse of the

quadratic factor, as

(¢'(2)¢ () = (A71)7(2)0*(z — ). (3.1.8)

Some of what follows is presented in [§].

We can consider a correlation function between two local operators (local functions
of fields) very close to each other, and expand the result in powers of their distance.
This is called the operator product expansion between two fields, or OPE.
Consider the operator P(¢)(z, z) located at (z, z) in the worldsheet, and an operator

Q(¢)(0) located at (z,z) = 0. Their operator product expansion is given by

Vi Vi Vi Vi
10 . ((}1) + (1,71) + (22,0) +
z z 2Z z

P(z,2)Q(0) = Vo(z, 2) + . (3.1.9)

where the operator V;(z, Z) is a polynomial in z and Z, and V|, ,,) are independent of
(z,Z). To determine the operators on the right hand side, one has to compute the

correlation function on the left hand side, using Wick theorem to express it in terms
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of correlation functions of the fields in coordinates ¢'.
Consider an action S which is symmetric under the vector field v € Vect® in the
space of fields. For every operator U(z) that we insert in the path integral, we derive

the following identity

0= / o(UeS) = / (WU — (S)U) =5, (3.1.10)

which is the statement that the expected value of the symmetry transformation on
U has expected value zero: (vU) = 0, because of the symmetry vS = 0.

Now let the action be S = [ L, for a 2-form L on the worldsheet, and let v(¢)
be the generator of a global symmetry, with parameter . The gauged generator v
is defined by promoting the parameter £ to a function £(z) on the worldsheet. The

variation of the action is then

v = /gdj, (3.1.11)

for some 1-form j, which is the current of symmetry generated by v. When the fields
are on-shell, we have vS = 0, and thus the current is conserved: dj = 0.
An important expression is the relation between OPE of an operator U with the
current j, which yields the action of the symmetry transformation on U, as
0, U

J(2)U(0) = — other orders. (3.1.12)

A countour integral of the OPE selects only the factor of the simple pole, so we can

write

ij = oU. (3.1.13)

We see that we can compute how fields transform under a symmetry transformation

by computing their OPEs with the current.

3.1.3 Gauge theories

A gauge group is a group that is parameterized by functions on the world-
sheet, so its dimension is infinite. The elements of such a group are called gauge
transformations.

If a quantum field theory has an action which is invariant under a gauge group,
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it is said to have a gauge symmetry, and it is called a gauge theory. It is often the
case that the correlation functions of such theories are ill-defined, because the path
integral sums over redundant field configurations, and is thus infinite, in a sense. To
deal with gauge theories we must do a process called gauge fixing.

Let H be the gauge group. Each element h € H is a gauge transformation that

defines an automorphism on the space of fields ®:
p €D h(p) €d. (3.1.14)
The statement that the action is invariant under H is written as
S(h(¢)) = S(¢), forallhe H ¢c . (3.1.15)

The field configurations ¢ and h(¢) are said to be physically equivalent.

The aim of gauge fixing is to switch the integral over the whole space of fields
to an integral which sums only fields which are not physically equivalent among
each other. We will call by gauge slice such a space of fields that are not physically
equivalent. More rigorously, we define a gauge slice I' € ® as a manifold such that,
for all ¢ € T, we have h(¢) ¢ T, for any transformation h € H. This means that any
gauge transformation takes a configuration out of the gauge slice.

One way to define a gauge slice is with a constraint. The constraint is defined
by a function K : & — V, for some linear space V. Then the gauge slice I' C ® is
defined by

K(¢)=0 iff ¢ €T, (3.1.16)

The constraint K really defines a gauge slice if it is perpendicular to any gauge

transformation, i.e.

0
0

v'—K =0, (3.1.17)
for element v of the Lie algebra of H, which acts as a small gauge transformation.
The correct way to write the path integral as an integration only over a gauge
slice is to change coordinates of the space of fields, so the integration along one
gauge slice can be factored out. To change the coordinates correctly we need to
know the Jacobian of the transformation, which is non trivial for spaces with infinite

dimensionality. To do this properly we need to use BRST formalism to introduce
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ghost fields, and then we can generalize the procedure using BV formalism.

3.1.4 BRST formalism

To change coordinates in the space of fields ®, we consider an extension of this
space to the BRST field space ®grsr.
The BRST field space is defined by

¢ x IITH
PprsT = — g (3.1.18)

Here IIT'H is a tangent space with flipped parity, we denote its elements as (h,dh).
Its action on H is naturally deﬁnedEl The equivalence relation on eq. (3.1.18)) is
given by

(¢7 ha dh) ~ (hO : ¢a hO ' h7 hO ' dh), (3.1.19)

for any hg € H. If we choose hy = h™! to parameterize the space, we identify the

isomorphism
<DBRST = x H[’], (3120)

with ®prst 2 (¢, h"1dh) = (¢,c). The ¢ coordinates are generators of the gauge
transformation (i.e. elements of the gauge algebra), but with flipped parity, and are
called ghosts.

There are vector fields on ® x I[IT'H which are equivalent to zero in ®grgr. They
are the generators of small perturbations around h = 1, and are parameterized by
ghosts ¢y as hg = 1+ ¢y = 1 + (hg) 'dhg. These null vector fields are given by

6 0
= Co- gb ¢ + Co - h +co- Cac (3121)
The de Rham operator on H is a vector field on IIT'H given by
0
d=dh*— 1.22
She (3.1.22)

and it can be trivially defined on ® x I[IT'H with the same expression, transversal to

!The action on elements of IIT'H can be defined as either by the right or by the left. We take
action by the left as the equivalence relation. Then the action by the right remains as an operation
over ®gRrsr.-
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the direction along ®. To descend its definition to ®grsr, we add it to a suitable
null vector field v., that makes the sum transversal to the direction along H. The
resulting vector is proportional to what we define as the BRST operator

1 0

0
@BrsT = ¢ = + =|c, C]&;

5+ 32 (3.1.23)

where we used c- ¢ = 1[c, c.

The BRST quantization of a gauge theory with action S € Fun® and gauge
group H consists in choosing a gauge fixing constraint K € Fun®, along with the
definition of a BRST action Sgrst € Fun®prsr|x—o which correctly contains the
factor coming from the Jacobian in the path integral. Schematically, one needs to
find the action such that [[d@]e™ = ([[6¢']) [[d¢o]e ™ BrsT, where ¢y parameterizes
the gauge fixed fields, and ¢’ parameterizes the degrees of freedom that decouple
from the action.

The introduction of ghosts to gauge fix makes the path integral well defined.
However, to recover the correct degrees of freedom, the physical states must be
elements of the cohomology of the (QgrsT operator. A clear way to understand the
BRST construction is using the BV formalism, which will be discussed in the next

section.

3.2 Elements of BV formalism

Now we will introduce the definitions and results of the Batalin-Vilkovisky

formalism.

3.2.1 BYV phase space

To do the quantization using BV formalism, we start with a space of fields & and
an action S € Fun®. If we are using the BRST formalism we consider the action S
with the gauge symmetry, and the BRST space of fields ®grgr, with ghosts.

The BV phase space is a cotangent space with flipped parity &gy = [IT*®. Its
elements are (¢, ¢*), where ¢ are the fields (including ghosts) and ¢* are covectors
in the space of fields, with flipped parity, and are called antifields.

In &y there is a naturally defined symplectic form w with odd parity, which can
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be written, using Darboux coordinates, as
w= 00> Ndp*, (3.2.1)

where ¢ is the differential in the space of fields.
The inversion of the odd symplectic form defines the odd Poisson bracket, or BV

bracket, as

(3.2.2)

— —
55 60
e =z (&ba 5, oo 6¢a> 7

for any functions F,G € ®gy. The relation between left and right derivatives is

5 5

o (_1)Fthexr T 9
5 gb}— (=1) Fs 5 (3.2.3)
The BV bracket has the (anti)symmetry property
{F.G} = (-1)791749(g, 7}, (3.2.4)

which means that it is symmetric, but has odd parity. It satisfies the Jacobi identity

as

{FAG.HI} + (—1)FV@H(G (1 FY} + (—1) DTy (F G} =0,
(3.2.5)

which is the usual Jacobi identity, but taking anticommutations into account.
Another meaningful operator on an odd cotangent space is the odd Laplacian

operator, or BV Laplacian, defined as

i 0 0

— (1A 7
&= 557 a0y

(3.2.6)

where A is the parity of the coordinate ¢* in the BV phase space. It is related to
the BV bracket by the following property

A(FG) = (AF)G + (1) F(AG) + (-1)7{F,G}. (3.2.7)

Given a function ‘H € Fun®gy in BV phase space, one defines the Hamiltonian
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vector field {#H, —} as

A0 0y 9RO (3.2.8)

NV (L)\H -
{Hv }_< 1) i 5¢A5¢2 5¢25¢A

An important property is that, for any H € Fun®gy, we have
E{%,}w = 0, (3.2.9)

where w = §¢?5¢* is the symplectic form.

3.2.2 Integration on Lagrangian submanifolds

A Lagrangian submanifold ®1,oq C ®py is a submanifold with half the dimension-
ality of ®gy, and where the odd symplectic form vanishes. The trivial Lagrangian
submanifold is the one obtained putting all antifields to zero: ¢* = 0.

A half-density p/; is a density with weight 1/2. In particular, the volume form
of the space of fields ® is a half-density on the BV phase space &gy = IIT*®.

The restriction of any half-density of the BV phase space to a Lagrangian
submanifold becomes a volume form. We can thus consider, for a half-density p; /2

and a Lagrangian submanifold ®1,4q, the integral

Prac

Consider another Lagrangian submanifold ® . that is an infinitesimal deformation
of the original one. Let {¥, —} be the Hamiltonian vector field on ®gy that generates
the variation, for an odd function ¥ € Fun®gy. This deformation preserves the
condition w = 0, and we call such a function a gauge fermion. By Stokes theorem,

the integral changes by

/ P1j2 = / Liw,-yp1/2- (3.2.11)
Liw,—yPrac Prac

The action of the Lie derivative on the half density is

1 ..
‘C{\I’,—}/)lﬂ = §(d“’{‘1ja _})Pl/2 + {‘1’7,01/2}

= — (AV)p12 +{V, p1y2}- (3.2.12)
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By using the relation between the BV bracket and BV Laplacian, we get the identity
;C{\p’_}pl/g = — A(\prl/g) + \I;Apl/Q (3213)

The first term is a total derivative, so the variation of the integral is

E{\I/7_}/ p1/2: / \IjApl/g (3214)
Ppv Ppv

3.2.3 Classical and quantum master equations

The trivial Lagrangian submanifold, i.e. putting antifields to zero ¢* = 0, is the
original space of fields. The path integral of a quantum field theory with action

Sp € Fun® is given by the integration of the measure
= [0¢] exp(—So/h). (3.2.15)

Consider a half-density p;/; such that its restriction to ¢* = 0 is the measure p.
Then the path integral is given by eq. (3.2.10). Under a deformation of the trivial

Lagrangian submanifold, the integral remains constant if the measure satisfies

This is the quantum master equation.
Let’s define the half-density in terms of a BV action S € Fun®gy, which equal

to the original action when one restricts ¢* = 0, as
p1/2 = [0¢0¢*)? exp(S/h). (3.2.17)
In terms of the action, the quantum master equation is written as
1
5{5, S}t + hAS =0. (3.2.18)

It is a condition on the BV action, so that we can perform the path integral in any
Lagrangian submanifold, and obtain the same correlation functions. A change in
Lagrangian submanifold can be seen as an exchange of degrees of freedom from the
fields to the antifields, so it can be used to do gauge fixing of the fields.

The classical master equation is the one obtained by putting & — 0 in the
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quantum master equation, and is given by

{S,S} = 0. (3.2.19)

3.2.4 BRST-BYV construction

A theory in BRST formalism consists of a BRST space of fields ®, containing
fields and ghosts, a classical action Sg € ® (the nomenclature helps to remind that
this action usually doesn’t depend on ghosts), and an odd vector field @ € Vect®,

which is nilpotent:

Q= %[Q, Q] =0 (3.2.20)

(the brackets are for anticommutator, because @ is odd). The BRST operator @ is a
symmetry of the action. Writing the fields in ® in coordinates as ¢*(o), where o
are worldspace M coordinates, and a are indices in the target space N, we write the

symmetry condition as

)
0¢

5= [ @50 -0 (3:2.21)

To apply BV formalism in such a theory, we consider a BV action given by

S(¢,¢%) = Sa(9) + (Q(¢), ¢7). (3.2.22)

The inner product () contracts tangent fields with cotangent fields (antifields). We
will often write it as S = S + Q, where

Q=<Q,¢*>=/MQ“¢>2 (3.2.23)

is the generating function in BV phase space of the BRST vector field.
This BV action is linear in antifields, so it is useful to split the classical master
equation in orders of antifields and see which conditions on Sy and @) it implies. The

classical master equation is

{S’ S} = {Scl + Qa Scl + Q} = 2{5017 Q} + {Q7 Q} = 07 (3224)

where we already used {Sq, S} = 0, because S doesn’t depend on antifields. At
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zeroth order in antifields we have

{Sa,Q} = — QSa, (3.2.25)

so the symmetry of the classical action under the BRST transformation is implied.

At first order in antifields we have

{Q.Q} = —{[Q.Ql,¢"), (3.2.26)

so the classical master equation also constrains () to be nilpotent. We are thus

allowed to apply BV formalism with this action for a BRST system.

3.2.5 Gauge fixing and conormal bundle

The last step in applying BV formalism to a BRST theory is gauge fixing. If the
classical action has gauge symmetries, it makes the path integral ill-defined, so we
have to constrain some degrees of freedom of the fields. BV formalism allows us to
do that by deforming the Lagrangian submanifold to another where the fields are
constrained.

Consider a space of fields . A gauge fixing condition is a function K : & — V,
where V' is some linear space, that defines a gauge fixed space of fields ®4 in the
following way: is K(¢) = 0, ¢ € ®y. From the gauge condition K = 0 we get a

constraint on tangent vectors of ®g:

A
LK

5 o =

0, (3.2.27)

where A are components of coordinates in V.

We need to find a Lagrangian submanifold & og in BV phase space &gy = [I7T*®
such that @, is in ®1aq. We now construct such a space: the conormal bundle of
¢ is a space IIN* @4 C IIT*® defined by

(8¢, ™) = 0, (3.2.28)

where ¢ € IIT'®4 and ¢* € IIN*®. It is a submanifold of BV phase space such that
its base coincides with ®4¢, and the cotangent fiber is constrained to be transversal
to variations along ®,.

If we define the symplectic potential as o = (0¢, ¢*), we can obtain the symplectic

form by w = da. In the conormal bundle IIN*®,, we have o = 0, and thus also
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w = 0. In order to be sure that the conormal bundle N*®, is be a Lagrangian
submanifold, we still have to check that it has the same dimensionality as ®. We

write the dimension of the constrained space as
dim @4 = dim & — dim K(P), (3.2.29)

so the dimension of the fiber of the conormal bundle has to be the dimension of the
gauge fixing constraint K. We thus parameterize the antifields by ¥ € I1V, as
OKA

¢ =Va 9o (3.2.30)

This parameterization is consistent with eq. (3.2.28]), because of the constraint in eq.
B229).

3.3 Non-linearity and derived brackets

Until now we have only discussed the construction of a BV action which is linear
in antifields, and have a BRST-like structure. However, we saw that under a change
of coordinates equivalent to a deformation of Lagrangian submanifold, the BV action
might acquire non-linear terms on antifields.

Let’s consider a general BV action, and expand it in powers of antifields, as
S=5S+5+S+ -, (3.3.1)
where S, is of order k in antifields, as
Sk = 2ot MG, 0, (33.2)

The classical master equation imposes constraints between the S terms. We

have
0={5.5}={S+5+-,S+S1+-} (3.3.3)

When we split the equation order by order in power of antifields, we get the list of
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the conditions

{So, 51} =0,

{So, S2} + %{Sl, Si1} =0,

{So, S5} + {51, 5} =0,

{So0, S4} + {S1, 55} + %{52, Sy} =0,
(3.34)

The generalization can be made at order n, for even n, as

n/2

> {8, Sui} =0, (3.3.5)

and for odd n as

(n—1)/2
1
§{S(n+1)/27 Stnt1y/2} + ZO {S:, Sn—i} = 0. (3.3.6)

At first order, the condition states that the BRST operator Q = {S;,—} is a

symmetry of Sy, as

L0,
80,51} = ~ Q"5 =0. (3.3.7)

To look at the other equations, we can use the condition that the action 5 is

on-shell. We can easily do it by taking
{So, Sk} =0. (3.3.8)

We are then putting to zero the equations of motion that are perpendicular to the

directions of the oy indices. That can be seen by writing the condition in coordinates:

ABy-Bj_, 050

ol 5ot (3.3.9)

3.3.1 Derived brackets

We can see that the S term defines a k-bracket on the field, i.e. a map from k
functions Fi,--- , F, € ® on the space of fields to numbers. The Si-bracket is given
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by

(Fi, - Fis, = {{{SLE} ) b (3.3.10)

and is called a derived bracket.
In particular, {F'}s, = {S1, F'} is simply the action of the vector field generated
by S on the function F (in BRST, the vector field is Q). Also, the second order

term defines a Poisson-like bracket
{F,G}s, = {{S2, F},GY, (3.3.11)

which may or may not satisfy Jacobi identity.
Let’s check the symmetry of the Sy-bracket. Using Jacobi identity of BV bracket,

we compute

{F,G}s, = — (-1)"*CYG, S} F} — (1) C{{F,G}, Sz}
= (—1)FVELG, P, (3.3.12)

where we used that {F, G} = 0, because none of the functions depends on antifields.
We can now check what are the conditions from the classical master equation on

the derived brackets. The constraint at first order in antifields is
1
{S0, 52} + 5{51, Si} =0, (3.3.13)
and it implies

QQF = {{F}51}51 = {517{517F}}
_ %{p, (50,51} = {F, {0, S21}. (3.3.14)

We see that this condition makes @) nilpotent only if the on-shell condition {Sp, Sa}
is applied. It doesn’t mean necessarily putting all fields on-shell, but only the fields
in the direction of os.

Another important condition is the one at third order, that is
1
{So, S4} + {Sl, 53} + 5{52, SQ} = O (3315)

If S3 = 0, and if impose the {Sy, S4} = 0 on-shell condition, then {S5,S2} = 0
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implies that the S5 bracket satisfies Jacobi identity.

3.3.2 Deformations of the action

If we want to compute correlation functions between operators, for a theory with

an action Sy € gy, we have to consider a suitable deformation, like
SU — SO -+ 6‘/0, (3316)

where V) € &gy is an operator, and ¢ is a small real parameter.

In BV formalism, a deformation of the theory consists in a deformation of the
BV action, which contains more information than just the classical information. Let
S € dgy be the BV action, and V € ®gy the deformation operator, so that the

deformation is
S S+eV. (3.3.17)

Every term of the BV action gets deformed. We split the action like S = ¥;.Sk, so

we also split the deformation operator in orders of antifields as
V=W+WVi+Va+---. (3.3.18)
Then each term gets deformed by
Sy, Si + Vi (3.3.19)

This amounts to a deformation of the classical action Sy by V4, but also a deformation
of the BRST operator S5 = Q by V5, and so on.

The classical master equation imposes a restriction on what deformation operators
V are allowed. Let’s take € to be a small parameter, so we can compute the linear

deviation from the classical master equation. It is
1 1
5{5 + eV, S+ €V} & 5{5, St+e{S,V} =0, (3.3.20)

so that the deformation operator must satisfy {S,V} = 0. At each order, the
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condition becomes

{S()a ‘/1} + {Sla %} = 07
1 1
5{507 ‘/2} + {Sla ‘/1} + §{SQa ‘/1} = 07

{S0, Va} + {51, Va} + {2, Vi} + {S5, Vo } = 0,
(3.3.21)

We can generalize it: for even n,
1 n
{2, Vapa} + 5 ;{Si, Vooi} =0, (3.3.22)

and, for odd n,

n

> {SiVai} =0. (3.3.23)

1=0

As an example, take the deformation of the BRST operator as Vo = K4¢%, for a
vector field K € Vect®gy. The following relation must hold:

A3
5pA

+ QA% =0 (3.3.24)

K -
5pA

i.e. the BRST wvariation of the deformation of the classical action must cancel the K
variation of the classical action.
Another example: consider a linear BV action S = Sy + Q Then, after putting

fields on-shell, we must have

{Si,Vit = —(lQ, K], ¢") =0, (3.3.25)

so the BRST operator and its deformation must commute.
There is a special type of transformation. If the deformation operator is the

generating function of a Hamiltonian vector field, i.e.

V= <{\Ij7 _}7 ¢*> = {\Ila (b*}? (3326)

then the deformed action is BRST trivial, because it is equivalent to a deformation

of Lagrangian submanifold. In other words, it only changes the fixed gauge.
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Bosonic string sigma model

4.1 Formulation with metric

4.1.1 Action and gauge symmetries

The bosonic string sigma model describes the propagation of quantum strings
on spacetime. A configuration is described by a worldsheet ¥, which is a smooth
2-dimensional surface embedded in a D-dimensional spacetime. The worldsheet
embedding can be described by a parameterization x : V. C R? — M, where M is
spacetime, which takes worldsheet coordinates o to spacetime coordinates x*(c®).

The amplitude of a worldsheet configuration is exp(—Sng), where Syg is the
Nambu-Goto action. This action is proportional to the area of the worldsheet surface.

With a given parameterization, it is written as

0 0
Sna(z /d2 \/det afa 8;5) (4.1.1)

where the inner product is given by the spacetime metric. The proportionality

constant T is the string tension, which is sometimes written as

1
yiye:;

where o/ is then taking as the weighing factor of the action.
There is an another action that describes the same dynamics. Consider a metric
g on the worldsheet. The Polyakov action depends on the spacetime coordinates x

and on the worldsheet metric v, and is defined by

T
Sp(x,7y) = —/d2a det yy*? 0,2 - Opi. (4.1.3)
s

2

The classical equations of motion for the worldsheet metric implies that it becomes

the induced spacetime metric on-shell. Putting only the metric on-shell, the Polyakov

38
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action reduces to the Nambu-Goto action. This means that the correlation functions
involving only the z fields are equivalent for both actions. In other words, we recover
the path integral with the Nambu-Goto action if we integrate the Polyakov path
integral over worldsheet metric configurations.

Because of the introduction of the metric as a field, the Polyakov action is
invariant under diffeomorphisms, i.e. change of coordinates of the worldsheet. The
generators of diffeomorphisms are vector fields v € Vectl on the worldsheet, and the

action of this symmetry on the fields is

(0%
L,x = v°0,x,

LyYap = V0yYap + 0007 Vy5 + 0507 Vary. (4.1.4)

There is an additional gauge symmetry on the Polyakov action. For any scalar
field ¢ € FunX, the Weyl transformation is defined as

Yap(0) = € yag(0), (4.1.5)

i.e. it is a rescaling of the metric independently at each worldsheet point. It is a
symmetry precisely because the worldsheet has two dimensions. The generators
of the trasformation are also functions on the worldsheet — we can think of them
as infinitesimal versions of the transformation. The action of the generator can be

written as

0pYap = PVap) (4.1.6)

and it defines the trivial Lie algebra of Weyl transformations: [04,,dg,] = 0.

4.1.2 BV construction

To construct the BRST field space, we introduce the diffeomorphism ghosts
¢ € [IVect, which are vector fields on the worldsheet with odd parity, and the Weyl
ghosts 6 € FunY, which are functions on the worldsheet.

The BRST operator is then a vector field @) € Vect® in the BRST space of fields,
given by

) ) ) 5
— 2 m_= - S — — 4.1.
Q / d°o (.ch o + (LeYap + 07ap) s + L.c 5o + L0 5 0) . (4.1.7)
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where we used that
%[c, * = PO = %Ecco‘ (4.1.8)
and
[c,0]% = 0,0 = L.0. (4.1.9)

The BV phase space of the theory of bosonic strings is given by D fields x € FunX,
the metric g on the worldsheet, the diffeomorphism ghost ¢ € IIVecty:, the Weyl
ghost 6 € Fun), and their antifields. The antifield of x is a D-plet scalar density
of odd parity z*. The antifield of the metric is a symmetric (2,0)-tensor density
(7*)*? on the worldsheet. The antifield of the ghost is a vector field density ¢* on
the worldsheet, with even parity (the parity flipping for being BRST ghost and BV
antifield add up). Finally, the antifield of Weyl ghost is simply a density 6* on the
worldsheet, with flipped parity.

The BV action for a theory in flat space is thus

T
S = /d20 (E det vy 9,2 O™ ()

+ Loa™zy, + (LYap + 070p) (Y )ap + Lol + £CGH*> . (4.1.10)

4.1.3 Gauge fixing: light-cone gauge

As an example of gauge fixing in BV formalism, we will consider the light-cone
gauge used in Chapter 1 of [9].
Let’s fix the light-cone gauge for an infinite string. First we define the light-cone

coordinates

1
vt = (2 + 21). (4.1.11)

V2

Then we fix diffeomorphism in ¢ direction by imposing

at =o", (4.1.12)
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we fix Weyl symmetry putting
dety = —1. (4.1.13)

To fix diffeomorphism in ¢! direction we define

711d01

v —dety

which is invariant under o' diffeormorphism, so we can fix

dl = = ’)/HdO'l (4114)

1 1

1= B(a° Udl: o [° do! 4.1.15
o B(J)/O 5(0)/0 ydo, (4.1.15)

where 3 is some function that fixes the proportionality for each ¢°. Differentiating

with respect to o' we get 1 = 5(0°)y11(0”, 0"), so we get the constraint

The line defined by o' = 0 along the string is arbitrarily fixed when we choose
coordinates for the worldsheet. Thus we still have a residual symmetry due to the

transformation dot = f(0¥), for a function f. To fix it, we impose
Y01(c”,0) = 0, (4.1.17)

which fixes perpendicularity between o and ¢! at the origin.

Now we are able to write the gauge fixing constraint K = 0 as

K! —dety — 1
K? xt — o
;| = (4.1.18)
K v
K4 ’}/01(5(0'1)
The variations of the constraints are
SK?! SK?
_ ~aB / - — g
SK3 K4
— = —018(c — o), — =§(cY)o(oc — o). 4.1.19
o 19 ( ) o (o7)o( ) ( )



Chapter 4. Bosonic string sigma model 37

Then the conormal bundle gets the antifields parameterized by ¥ 4, as

CC: = \1[2,
(’Y*)H = 01V3 — ‘1117117
(V*)Ol — \1146<O'1) o \1117017

(7% = wyy®, (4.1.20)
and ¢* = 0 and 6* = 0.
From dety = —1 we get the following form for the metric:
—(1 — 2 -1
= (T 0 o) (4.1.21)
7Yo1 Y11

and the inverse can be written as

4B = (_7” s ) . (4.1.22)

Y1 (L=t

We recall that 791(0,0) = 0, and v;; is a function of ¢° only.
The light-cone gauge action is then the BV action restricted to the conormal

bundle. Let’s write it as
Src = Sp + Sgh- (4.1.23)

The first term comes from the Polyakov action restriction on the submanifold, and it
is
T 9 _ - Qo i
Sp == 5 d 0'< — 2’711601’ + 2’}/01611' + ’}/11801‘ (%x

— 2901002 01" — (1 — ygl)yilalxiﬁlxi) (4.1.24)
The second term is the one that comes from Q, and it becomes

Sgh = /d20'< — CO\IIQ -+ ‘9(’71181\113 + 2\1’1 + ’)/01\1145(0'1))
— ("0ay11 + 201" Y1) 01 V3
— (6787%570‘5 + 20,c%) Uy
— (Caaa’}/[n + 28000‘7@1)\1145(01)), (4125)
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where we used v,57*? = 2.

We see that the action acquires a term involving ghosts and antifields, which took
the degrees of freedom from the gauge fixed fields. In BV formalism they appear
from the deformation of the Lagrangian submanifold. The higher order terms of the
BV action also change when deforming the path integral, and it modifies the way

that the BRST symmetry acts on the fields. We’ll explore it in the next section.

4.2 Complex structure as a field

There is another formulation of the bosonic string, which is formulated in a
smaller space of fields: the worldsheet metric field is replaced by a complex structure
on the worldsheet. The action does not depend on the scale of the metric at each
point, so we can write it in terms of the complex structure. This removes Weyl
symmetry, so we don’t have this gauge symmetry anymore. This construction follows
[2].

We recall the relation between Hodge operator and complex structure by acting

on the form dz, where d is the de Rham operator in the worldsheet. We have
xdr = 190, do®. (4.2.1)
We are thus able to write the Polyakov action as

T
Sp(z,I) = ) / da™ x dz" Gon, (4.2.2)
s

where we have explicitly written the spacetime metric as G,,,.
Now the BRST operator can be reduced to contain only action of diffeomorphisms,

and become

) ) )
= do | Loam—— + L I%— + Lo.c— | . 4.2.3

9 / ( sam 7ol dc* (4.2.3)
The BV phase space has a very similar structure to the formulation with the metric:
removing Weyl ghost and its antifield, and switching the metric with the complex
structure. However, the antifield of the complex structure is the subtlest one, because
the complex structure satisfies a constraint.

Let’s parameterize the space of all complex structures on a two dimensional
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manifold (or worldsheet). We’ll work here with zZ coordinates, which are given by

1

z=o0' +io? z=o'—io? (4.2.4)

i.e. a change of coordinates to a complexified chart. We will also use the notation
2% = (2',22) = (2, 2).

Consider the space of mixed (1, 1) tensors of the worldsheet, whose elements are

5,
I=1%d:’—. 4.2.5
4= 0z% ( )

The constraint 12 + 1 = 0 defines a submanifold of which the elements are complex
structures.
To find a parametrization for I, we parameterize a general (1, 1) tensor with four

independent parameters in zZ coordinates as

I= < i mﬁ) . (4.2.6)
—im  —ip.

The constraint is then given by

—p*+mm im(p—p)\ _ (-1 0 (427)
im(p — p)m —p* +mm 0 —-1)° o
which is solved by

(4.2.8)

[ W1 +mm m
—im —i/T+mm)]

The complex structure which corresponds to a flat metric is

i 0
0 —2

from the relation [O‘BEB’Y = y/det gg*7. We get I = I(g) by taking mm = 0.
We can expand the non-polynomial component in power series on the fields m

and m. Using the expansion

1 1
V1+mm = 1+§mm—1(mm)2+---, (4.2.10)
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we can split I in different orders on the m and m parameters, as

with

Imm 0
Loy = (2 . ) , (4.2.12)

0 Smm

and so on. Notice that there are no terms of odd order, except for the first order
term.

Because of the constraint of the complex structure, its antifield has a gauge
symmetry. In Appendix we describe it and gauge fix it. We are then able to

write the complex structure as

I =ivV1+mm 2clz — Q_dz + imﬁ_dz - z‘mgdz, (4.2.13)
0z 0z 0z 0z

and the antifield of the complex structure as

. 1 g - 0
I* = dzdz 2 (—b d2£ +b dz§> . (4.2.14)

The components of I* are called b and b to agree with the standard notation, as they
turn out to be the ghosts that generate the energy-momentum tensor.

The BV bracket between mm and bb show that they are Darboux coordinates:

{m(2),0(z")} = 4id*(z — &), {m(2),b(z")} =0,
{m(z),b(z")} =0, {m(2),b(2)} = 4i6*(z — 2'). (4.2.15)

Thus b is the antifield of m and b is the antifield of m, apart from a factor of 4i. We

are able to write the odd symplectic form in Darboux coordinates as

W= / (51;51;* + dedc* + 6668t — %&néb - iém&@) . (4.2.16)
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4.2.1 Expansion around Polyakov gauge

To write the Polyakov action in terms of mm let’s use the relation dz = dz0x +
dz0z, where O = 0/0z and 0 = 0/0%, and the complex structure parameterized as
in eq. (4.2.13). Then I -dx can be computed as ¢;dx. We also note that the relation

between the dzdz and the measure on the worldsheet d?z = drdo is
dzdz = (dr +ido)(dr — ido) = —2id*z. (4.2.17)

Then the classical action is written as

_ 1 1
S, = /d22 (\/1 + mmdzox + ém(&t)2 + 5771(83:)2) : (4.2.18)
To write the BRST operator in terms of msm and bb, we must write the Lie

derivative of the complex structure [ in terms of the mm parameters, and substitute

the gauge fixed I* in terms of bb. We get

Q= /d22 (Ecxx* + %Eccc* + V1 + mm(bdc + boke)

(c(Om)b + c(Om)b — (dc)mb + (9c)mb)

(d@nﬁb+c@%ﬂb+(&ﬂmb—(8@nw)). (4.2.19)

N — DN

We can rewrite the BRST operator with the derivatives acting on bb instead of on

mm. It is
~ 1 _ _
Q= /d22 ([,cm:* + éﬁccc* + V1 + mm(bOc + boc)

+ = (c(0b)ym + &(0b)m + 2(dc)bm)

@@@m+@@@m+2@a%ﬂ>. (4.2.20)

N — N~

+

We can now change coordinates of the BV phase space, and let bb be fields and
mm be the antifields. This change of coordinates parameterizes the BV phase space
around a different conormal bundle. By putting the antifields to zero, we obtain the
Polyakov gauge, or conformal gauge. When m = m = 0, the complex structure is

the one related to a flat metric.
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We rewrite the BV action as a power series in the antifields

where the term Sy is of kth power on z*, ¢* and mm. We see right away that x* and
¢* appear only linearly, so the non-linear terms come from the expansion of S, and

Q@ in terms of mm.
The term Sy is

So = / d*z (0xdx + bOc + bOk) (4.2.22)

and it is the action we get upon fixing Polyakov gauge.

The first order term is given by

S = /dQZ (Eca:x* + %Eccc* + %m(@x}Q + %m(@x)2

+ = (c(0b)ym + &(0b)m + 2(dc)bm)

_|_

N = N =

(c(9)m + &(FB)m + 2(3¢)bm) ) | (4.2.23)

It defines the BRST operator in Polyakov gauge, which generates BRST symmetry
on 5.

The last term that we want to write is Sy, given by
1 _ _
Sy = / dzz§ (0x:0x + bdc + bOT) mm. (4.2.24)

This coefficient of mm is a bivector, which defines Poisson brackets in the space of
fields.

4.2.2 BRST transformation in Polyakov gauge

The Polyakov gauge was defined as the choice of Lagrangian submanifold given
by fixing the complex structure. The fields in this gauge are z, ¢, ¢, b and b, and the

action is Sy, given in eq. (4.2.22)). The equations of motion that come from this
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action are

00x =0,
0é = 0c =0,
Ob=0b=0 (4.2.25)

The term S; of the BV action, given by eq. (4.2.23]), defines the BRST transfor-
mation of the fields. The BRST vector field () on the space of fields is defined as
S1 = Q%¢)¢r. Then the x,c and ¢ fields transform as

Qx = cOx + ¢,
Qc = cdc + @,
Qe = coe + coke. (4.2.26)

To find the transformations of b, b we first carefully write the relevant term in S; as

@I = =2 [ @2 (@QIFAI)uee ¥+ QU )

- / @z ((Qm)b + (Qm)D)

_ % / @2 ((Qbym + (Qb)m) . (4.2.27)

We used the normalization (4.2.15)) of the Darboux coordinates of bb in the BV phase
space, and also the relation dzdz = —2id?*z. Then, paying attention to the 1/2 term

in front of the transformation, we get

Qb = cdb + cdb + 2(c)b + (0x)?,
Qb = cOb+ ¢db + 2(02)b + (dz)>. (4.2.28)

The BRST operator defined by these transformations is only nilpotent on-shell, as
consequence from the relations between Sy, S; and S; that come from the classical

master equation.

4.3 Emergy-momentum tensor and OPEs

The energy-momentum tensor of the theory is defined to be the result of the

variation of Sy with respect to the worldsheet metric. To compute the variation we
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must consider the minimal coupling of a metric, which recovers the Polyakov action.
Then we compute the variation with respect to the metric — or, in our case, to the
complex structure, since the action does not depend on the scale of the metric. And
then we fix again the complex structure to the one we fixed in Polyakov gauge. So

we are able to define the two independent components of the energy-momentum

T:(ﬁ) , T:(§> : (4.3.1)
om J 4._g 0m J 4e—g

where S = Sy + 51+ - - is the BV action. This shows us that the energy-momentum

tensor as

tensor is defined in terms of 57, and is related with the BRST operator acting on
the b fields, as

T = Qb, T = Qb. (4.3.2)

However the definition of energy-momentum that is often considered is the one
defined on-shell. So the standard definition is obtained by using eqgs. (4.2.25|) in the

expressions of eq. (4.2.28), so we get

(0x)* + cOb + 2(de)b,
(0x)? + ¢db + 2(9e)b. (4.3.3)

T
T

Now we can compute OPEs involving the (normal ordered) energy momentum
tensor. As we’re working in BV formalism, we are able to compute the OPEs off-shell,
and put the result on-shell afterwards. We’ll see that this procedure yields different
results: we can get contact terms in the OPEs.

From the action Sy in eq. we compute the basic OPEs

1
x™(z)z"(0) = — 55”" In|z|* 4 regular,
1
b(2)c(0) = — + regular,
z

1
b(2)e(0) = B + regular, (4.3.4)

from which we can compute OPEs of composite fields.
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4.3.1 OPE with ghost current

The ghost number current is defined as
j= :bc:, j=:bc:, (4.3.5)

and comes from the U(1) symmetry b — ¢®b, ¢ — e **c, and analogously for b and
¢. Then the on-shell OPE of T with j is given by

9

J
2T

T()j(0) = 5+

+ regular (4.3.6)

We see the conformal weight of j, i.e. the factor multiplying 7 on the second order
pole, is 1. Also, the action of translation on j is 07, which we see from the first order
pole. This kind of transformation determines that j is a primary operator, in the
language of conformal theories [§].

Using the off-shell expression for the energy-momentum tensor, we have the

following contributions to the OPE:

T(2)j(0) = ¢(2)0b(2)b(0)c(0) 4 ¢(2)0b(2)b(0)c(0) + 20¢(2)b(2)b(0)c(0).  (4.3.7)

The first term is obtained by performing contractions, and expanding around z = 0.
As we are off-shell, the fields are not holomorphic, and we must expand in both z

and Z coordinates. We get

c(2)ab(2)b(0)c(0) = — — i

23 22 z
1 be 0:bc: z -
b Sabe et boc : . (4.3.8)

The third term of eq. is
2 2:b(2)c(0):  2:b(0)0c(z) :

20¢(z)b(2)b(0)c(0) = =t o + p;
2 2:bc: 20:bc: zZ =
=5 + > + . + 2; 2 0be . (4.3.9)

Finally, the second term, which comes strictly from the off-shell contribution, is given
by

&(2)0b(2)b(0)c(0) = : be : 6%(2). (4.3.10)
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Summing all of the terms, the off-shell 7' OPE yields
T(2)5(0) = i + J +8j+ 2(2'517 D —:b0c:) + 6%(z) : be: (4.3.11)
2)j0) =5+ 5+ +35(2:0bc: —:b0c: z):bc:. 3.
When we put the off-shell contraction on-shell, we almost recover the on-shell
contraction:
. 3 j o 0j 9 _
T(2)j(0) = ;+;+?+6 (2) :bc: . (4.3.12)
The additional term, which is proportional to a delta function, is called a contact

term.

4.4 Integration over moduli space

The BV quantization of the Polyakov action is built upon the gauge symmetry
of diffeomorphisms (and Weyl transformations, if we work with the metric instead
of complex structure). Thus when choosing a Lagrangian submanifold we fix the
parameterization of the worldsheet, specifying the complex structure (). However
we cannot map all complex structures by diffeomorphisms.

The space of complex structures modulo diffeomorphisms is called moduli space.
For smooth manifolds we can parameterize the moduli space by the length of the
closed curves that cannot be dragged one into the other. For the sphere, every closed
curve can be dragged into a point, thus the moduli space is trivial — it has only one
element. As for a torus, there are two independent curves — the moduli space has two
real dimensions. For higher genus, the real dimension of the moduli space is 6g — 6.

So to compute correlation function of some operator O (e.g. the product of
local operators) on the worldsheet, we must construct the correlation function on
a Lagrangian submanifold, corresponding to a point in moduli space, and then
integrate over all moduli. For that, we must define an integration measure

We define a mapping €2 from operators to functions of p and ji, given by

Q0),n = <exp (/([LT+ MT)) (9> , (4.4.1)

where on the right hand side the () brackets mean integration on the Lagrangian
submanifold, and 7' = @b, T = Qb are components of the energy-momentum tensor.
The parameters p and i are the ones that parameterize variations of the fixed

complex structure, I(?. To get the integration measure of the moduli space, we
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expand the exponential in power series, and pick the term with the correct dimen-

sionality, and the same number of b and b. For instance, for the torus the integration

</,qu/ﬁQ5 (9>, (4.4.2)

whereas for ¢ > 1 the measure is

<<3ff/ o | ”T) O>' (4.4.3)

The expression defines a measure on the moduli space, when we take pu, i to be

measure 1s

infinitesimal variations around the fixed Lagrangian submanifold.
The deformations around the Lagrangian submanifold are generated by the gauge

fermion
= — / (1b + fib), (4.4.4)

which a function on the BV phase that depends only on b and b. It defines the

Hamiltonian vector field

5 6
(=} = st s, (4.4.5)

which changes m — m + p and m — m + . The Polyakov gauge is slightly changed,
and it induces a reparameterization of the BV phase space.

We will later introduce a new parameterization of the space of complex structures,
and thus a new parameterization of the BV phase space. The new fields will be also
written as p and i, and they will be useful to understand the deformations along

the moduli space.

4.4.1 Dolbeault operator and the uj: fields

We have parameterized the complex structure with the fields m and m, which are
Darboux coordinates to the b and b fields. To introduce the i parameterization, we
will introduce the Dolbeault operators, which are eigenvectors of the complex struc-
ture. We will describe the space of complex structures as the space of deformations

of these operators.
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In 2z coordinates we can write the complex structure locally as

i 0
I = (o _i> , (4.4.6)

so it has eigenvalues +:. We define the Dolbeault operators as

0= dz3 0= déi

4.4,
0z’ 0z’ (4.4.7)

which satisfy d = 9 + 0, where d is the de Rham operator. Their action on the X

fields are eigenfunctions of the complex structures, as
10X = i0X, 10X = —i0X. (4.4.8)
Then we can write Polyakov action in terms of 9 and 0, which gives
S = _72 / 0X A OX, (4.4.9)

which has the form of the Polyakov action with a flat metric.

To parameterize locally the possible gauge fixing choices we can fix the complex
structures to different values. It should be equivalent to fixing the complex structure
to be flat in different coordinates.

Let’s parameterize the family of complex structures by functions p and jz, and
call the complex structure I, For u = i = 0 we get the flat one, I°). The Dolbeault
operators O and O are eigenvectors of I, We can then define deformed Dolbeault

operators by

Tl —jglkl
THgh = — g, (4.4.10)

We fix their normalization by asking that
d = oW 4 o (4.4.11)

continues to hold.

The way we want to parameterize 9* and 0¥ is the following. Define the vector
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fields
0 0
W _ =2 52
o = =+ i (4.4.12)
0 0
Sl —
v oE + Hay (4.4.13)

The Dolbeault operators are mixed 2-tensors, so we define them as
ol = gyl oM = gkl (4.4.14)

for a family of forms ul# and @l®. Upon the definition of eq. (4.4.13), the forms are
fixed by eq. (4.4.11]). They are given by

) = 1z i = = pdz (4.4.15)
1 —pp L —pp

So the Dolbeault operators are explicitly given by

1 0 0
(M — _nds) [ == 52
0 1_,uﬂ(dz adz) (8,2 +’u(‘92> :
- 1 0 0
W — 7 _ 3 -
0 = Mﬂ(dz pdz) (82 + M(?z) . (4.4.16)

4.4.2 Action in terms of uj fields

The Polyakov action is defined in terms of the complex structure I as
! ]
Se = — 1 dx N\ I'Mdz, (4.4.17)

where we make the dependence on p and ji explicit. Then it is written in terms of

the Dolbeault operators as

1 _ _
Sy = /(8[“}:1: + 8[“]95) A ﬂu](@[u}x + 8[“}:1:)

4
¢ Wl A Al
=5 [ Manda. (4.4.18)

Using eq. (4.4.16) to write the dependence on p, ii explicitly, we get

o (14 ppdxdx 1 ox\? [ o\ ?
= —— — Z) ). (441
Se /dz<1—uﬁazaz+1—/m 9:) "1 \oz (44.19)
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Then we compare it with the Polyakov action in terms of the m,m coordinates (eq.

(4.2.18))), which can be written in terms of the Dolbeault operators as

drdx  m (9z\> m [0z’
_ 2 = A
Sy = /dz( 1+mm8z8,§+ 5 (87;) + 5 <8Z) ) (4.4.20)

We can then relate the coordinates m,m with the coordinates pu, ji. The relation is

2u . 2p
m =

m = —, —.
1 —pp 1 —pp

(4.4.21)

This makes a clear connection between the Darboux coordinates m,m and the
Dolbeault parameters p, ji.

Other useful relations are

e
VIFmm = P (4.4.22)

1 —pp
and

m

m _
M_1+\/1+mm’ “_1+\/1+mm'

The pji fields parameterize the complex structure as

o (1+pn 2
J— (ﬂ‘“ a ) (4.4.24)

Clepp\ —2m —1—pp

(4.4.23)

There must exist fields B and B which are Darboux conjugates to x and fi, as

{u(2), B(w)} = 8(z —w),  {n(z), Bw)} =0,
{A(2). Bw)} =0 {a(), Bw)} = 6(z — w). (4.4.25)

In Appendix (B.3), we show that B and B parameterize I* by

1 — pjt 0 B — u’B
I = ““( a ) (4.4.26)

 1+pp \-B+ B 0

Now let’s write the BV action in terms of pji and BB coordinates. The classical
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action 1s

L+pp, 5 Iz -
Sy = /dQ,z(—_&cax—i- o) + —(0x 2), 4.4.27
z - 1—uu( ) 1—uu( ) ( )

and the BRST generator becomes

Q= /sz (Ecm:* + %ﬁccc* + (B — p*B)dc + (B — i*B)oe
+ p(c- 0+ 2(06))B+u(c-8+2(80))f3). (4.4.28)
The BV expansion around Polyakov gauge is
So = /dQZ(&E@:B + Bdc + Boke),
Sy = /d%(ﬁcm* + %Eccc* + p((0)* + (c- 8+ 2(dc))B)

Sy = /dzz <2pﬂ8x5:c — u>Boe — ﬂZBéc), (4.4.29)
which is generalized as

S [ (1) ) P (0 + p(00)7), odd k.

Sy = /dQZ(ZMﬂ)k/28x5x, even k. (4.4.30)

We can see that the structure of Sy and S; in pfi coordinates is the same as for
mm coordinates. Thus the two parameterizations of the field space are equal to the

view of on-shell BRST formalism, when the higher terms vanish.

4.4.3 Holomorphic factorization

Now we’ll make some comments about the results of [3]. They shine a light in
the importance of the up coordinates.

Consider the classical action, written in terms of a linear operator on the world-
sheet,

_ 2 1 il
Sa = 1/6122 L — <(3x Gx) a B +_'UM (?x . (4.4.31)
2 1 — pji L4+ pp 20 Ox
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The p and jz fields parameterize the deformations of the action in Polyakov gauge along
the moduli space. We write the deformation as the operator insertion exp(d.5(u, 1)),

where
0S = Scl(u, ﬂ) - SCZ(O, 0) (4432)

The action in the Polyakov gauge gives rise to the OPE

0x™(2)0x"™ (w) = % (2 — w), (4.4.33)

which is a contact term, i.e. it is a delta function on the wordlsheet. We can resum
these terms by acting with an operator on the path integral deformation, using the

identity

1 g 0 1
- _- _Z AaB
exp (ZGQB 90 885x> exp ( 2A 8a338537>

= exp (—% (A(1+GA)™)™ aaxaﬂx) : (4.4.34)

where A is the quadratic operator in 5. We take

T |
Ae 2 (roem)y o a(O1) (4.4.35)
L—pp \pp [ 10

To write the resummed deformation, we define a normal ordering % J that means

that all contact terms are removed. The new way to write the deformation is

e — X oxp ( / 22(u(02)? + n(é@?)) (4.4.36)

Under this normal ordering, the classical action then depends linearly on deformations
of the complex structure. Moreover, in the expansion of the path integral in powers
of i and pi, which parameterize a deformation over the moduli space around the
Polyakov gauge, there are only terms u* and ji*. Every time there should be puji in
the expansion, there is a contact term, then the normal ordering removes it.

This result is called holomorphic factorization: the amplitudes are sums of
holomorphic functions — which depend on p, plus antiholomorphic ones, depending
on fi. Thus, even though the p and i coordinates are not Darboux conjugates to the

b and b fields, they are the coordinates that decouple in the deformations.
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Pure spinor superstring

The pure spinor superstring is a formalism that describes the propagation of a
string in a supersymmetric spacetime. The formalism consists of an action, which is
invariant under supersymmetry, and a BRST-like fermionic operator that defines

physical states. In this chapter we describe the formalism.

5.1 The target space

In the flat space pure spinor superstring description, the target space locally the
product of the supersymmetric spacetime M, which is a fermionic spinor bundle
with two sectors (left and right) over an even 10 dimensional manifold (spacetime),
with the space of the so called pure spinors. We now describe each of this objects
with more detail.

Consider the supermanifold M52 as the spacetime with 10 even dimensions
and 32 odd dimensions. We write its elements as (x, 0, 0g), where 2™ are the even
coordinates and 6% and 6% are the odd coordinates, split in two parts: one called left
moving, with 16 coordinates, and the other called right moving, with the remaining
16 degrees of freedom.

Consider the group
G = S0O(10,C) x C x SO(10,C) x C. (5.1.1)

The spacetime M2 can be written as a coset space

M10|32 — E

= (5.1.2)

where F is a principal bundle generated by the free action of G on M2,

The pure spinor bundle over AM/1%32 is defined by the equivalence relation

7E><V
G

PS(M) (5.1.3)

58
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where V' is given by

y-Y, % (5.1.4)

~Y ~Y

where V = Spin(C) is a spinor bundle on 10d spacetime, with 16d complex spinors

A% as elements, and the equivalence relation is the pure spinor constraint, given by
AN =0, (5.1.5)

where F% are the Pauli matrices. The action of G rotates and rescales either the

left and right moving spinors. The elements of PS(M) are (x,0r,0r, A1, Ar).

5.2 The action

The pure spinor string is a sigma model on a 2-dimensional bosonic worldsheet X,
on the target space PS(M). The fields are functions on the worldsheet with values
on PS(M). We call the space of fields & 3 ¥ — PS(M).

To define the action, we consider the extension of the space of fields to contain
momenta of the fields. The Hamiltonian phase space of fields ®y consists of the
fields (x,0r,0r, AL, Ar), and the momenta (P, py, pr, wr, wg), which are 1-forms on
the worldsheet.

The inner product in the phase space involves an integral over a spatial slice,
which we take to be S for closed strings (topologically a circle). The symplectic

potential is given by

o= PA(5¢A = / (Pmdxm + pro0r + préOg + wroAL + wR(S)\R), (5.2.1)
S1

and the symplectic form is w = da.

The action is given by

1
S() = /dT+dT_ (56_:,_1‘6_1‘ + pL+3_9L +pR_3+GR — wL+8_)\L — wR_)\R) .
(5.2.2)
The action depends on the momenta py, p and wy, g only through one component each,

because of drtdrt = 0, etc. We write, for short, pry = py, pr— = p_, Wry = W,

and wp_ = w_.
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Varying the action with respect to 9,0, we get the momentum constraint

0S50

Do, = — 288 5 = psi. (5.2.3)

Similarly, the momenta of the other spinor fields are p_, w, and w_. For the

momentum of z, the constraint is

= ——0.7. (5.2.4)

The action is quadratic, so the equations of motion are simple:

0,0_2™ =0,

0_60r, =0, 04+0r = 0,

d-py =0, Oip- =0,

0_A =0, 01 Ap =0,
0_w; =0, Orw_ = 0. (5.2.5)

Under the on-shell condition, the left fields depend only on 7% and the right fields
depend only on 7.
Because of the pure spinor constraint A\I'A = 0, the momenta w4 have a gauge

symmetry under the transformation

Swy = ATy,
Sw_ = AT Ag. (5.2.6)

for worldsheet 1-form, spacetime vectors, A™ = AT'd7" and A™ = A™dr~.

5.2.1 Symmetries and charges

For a vector field v € Vect® given by

v = /v%b)%, (5.2.7)

we define its generating function on the Hamiltonian phase space ® as

. / vA(6) Py + u(6) (5.2.8)
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where u € Fun® is an arbitrary function of the fields, and doesn’t change the action
of v on @, but changes the action in the momenta P,. The generating functions are
also called charges of the symmetries.

The supersymmetry transformation, in a negative momentum representation,
on the left sector and right sector, with fermionic spinor parameters £, and &g

respectively, is given by the vector fields

1. ... 0 )
Sp(ér) = /(—§§LF HLM_m+§LE)>

0 )
SR('SR) = / (_%fRFmQR(SI—m + fRE) , (5.2.9)

so their charges are of the form
A 1 m
Sp(ér) = / <—§€LF 0P + 5LP+) +ur(r),

Sr(ér) = / <_%€ereRPm + fRP—) + ur(&r)- (5.2.10)

The action on the fields and momenta is computed by S = {5Y ,—}, and the transfor-

mations are, for the left supersymmetry only,

1
SLJIm = — §§ereL,
SLQL — §L7
1 5UL
= — & I"P, — — 2.11
SLp+ 2€L m 59[,7 (5 )

and Sp0r = SAp, = SAg = 0. Also, we assume uy, is a function of z and 6, only,
so that we have Spp_. = Spwy = Spw_ = 0. We have used the antisymmetry
of the Poisson brackets in the Hamiltonian field space: {x, P} = —{P,z} and
{0,p+} = {p+,0} (the sign from anticommuting € and p, cancels the antisymmetry
of the brackets). Another point is that (?/5€L)UL = —uL(%/(SHL).

The action of left sector supersymmetry transformation on the action is
SLSO = /(—SLxm8+8_xm + SLp+0_9L + p+(9_SL9L)

1
= / <§(§LFmQL)a+a_xm + SLp+8_9L) s (5212)

For the action to be invariant under supersymmetry, we choose the action on p, to
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be
1
SLp+ = §€era+xm, (5213)
which fixes
5uL 1
— = — = 1"(P,, + 0,2,
50, 25L (P + O4m)
1
= — ZgLPmagq;m. (5.2.14)
We integrate it to obtain
1
"y = / ET"0,)0,2,, (5.2.15)

So the left supersymmetry generator becomes

Analogously, the right supersymmetry charge becomes

SR = / (%(fRFWHR)ﬁ_xm + pr_) . (5217)

Now we’ll consider the a BRST-like operator () that is the generator of super-
symmetry in the positive momentum representation, and take the pure spinor fields
as generators. It is the sum of )7, which acts on the left sector, and (), which acts

on the right sector. They are given by

1 . 1) )
QL= /<§>\LF QLM—mﬂL)\LE)’

1 m ) )
Qr = / (iARF QRM‘_’” + ARE) . (5.2.18)

The charge of the left supersymmetry on the Hamiltonian function is

N 1
Qr = / (§<>‘ereL)Pm + >\Lp+> + v, (5.2.19)
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which defines the following transformations on the fields and momenta

1 )
Qrx™ = A 10y, QLPp = — -k,
2 ox™
1 5’UL
O, =\ ==\ I"P, + —,
Qror L Qrpy 5L + 50,
1 0
QL)\L = 0, QL’UJ+ = ——QLFum — Py — ﬂ (5220)
2 oL
The left BRST transformation on the action gives us
1 m dv,
QLSO = —()\LF G_GL)(Pm + 8+:1:m) + —8_9L
2 00y,
1 m dvg,
+ — (O I™O0L) (P + Oyty) + —0LAL |- (5.2.21)
2 oL
To make the action invariant, we take the conditions
(S’UL 1 1
— = — M\ ]I"(P,+0:2,,) = = A IO,
50, A B+ Ortm) = AL O
(SUL 1 1
— = — =0 I"(P,, + 0yxy,) = =01 052, 5.2.22
L — = SOT" (Pt Dst) = 61" 0ra (52.22)
which fixes vy, = i(AereL)a(,xm. But, more generally, we can have
1 0
v = Z(ALF’”HL)@Uxm + vy, (5.2.23)
with
50 60!
Lo g, + Lo N, =0, (5.2.24)

00, AL
so we can take v9 to be any function of 6 and A;. The charge of @y, is then

. 1
QL = / (—§(AereL)a+mm + ALp+) + vy, (5.2.25)

Similarly, the charge of Qg is

A 1
QOr = / (_g(AereR)axm + )\Rp) + Y. (5.2.26)

We can see that left supersymmetry and left BRST transformations commute by
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computing the Poisson brackets of their generating functions:

(51,Q1} = — %{ﬁLPJm (ALLT™0L)0 42} + %{(SLFMQL)@?CM, Apy = 0. (5.2.27)

The nilpotency of the action of () in the Hamiltonian phase space can then be checked

by computing the Poisson brackets of the generating function with itself:

{Qr,Qr} = (\LT™AL)ds @ =0, (5.2.28)

which is zero because the \j, ghost is a pure spinor.

5.3 BRST operator

Now we are going to define the BRST operator (), that is used to define the
physical states of the theory. We start defining the supersymmetric momentum as a
I-form II"™ = IT"*dr* 4+ II"d7~ given by II = dz + u, where u is a function of 0

fixed so II'? is invariant under the S;, supersymmetry. We have

1
S} = — 0y (§§LF’”0L) +&—— (5.3.1)
and analogously for II". To have 611 = 0 we fix it to be, on-shell, [4]

1
HT = 8+:lfm + §9era+9L,
1
7 = 02" + 050" 0O, (5.3.2)

We also define the supersymmetric covariant derivative constraint, or Green-Schwarz

constraint, as

1 1
d+ = Dy — §a+xmrm9L — E(GLFma+6L)Fm0L;

1 1
d_ = - — éa_xmfmé’R - E(HRFma—eR)Fm0R7 (533)



Chapter 5. Pure spinor superstring 60

which is related to the supersymmetric momentum by

{d+7 d+} = = FmHT?
{d_,d_} = —T,,1I",
{d,d_}=0. (5.3.4)

We can parameterize the fiber of the phase space with the fields (I1;,d+, wy) or

(IT_,d+,w<). In terms of these fields, the p. momenta are expressed as

1 1
P+ = d+ + §Hm+rmeL — E(eera+9L>Fm9L>

1 1
o — d_ + éﬂm_FmﬁR - E(QRI"”(‘?_GR)FmHR (535)

The BRST operator is then defined by the BRST charge, which is the generating
function on the phase space, given by Q = Q L+ Q R, With

Qr = /ALd+, Qr = /)\Rd. (5.3.6)
These charges are the same as the ones of eqs. (5.2.25) and (5.2.26)), with v? =
—(1/6)Fm0L(9LFm8+9L), etc.

The action of ), on the fields is

1
Qrz™ = -2 IO,

2
QLQL - /\L7
QrAL =0, (5.3.7)

and Qr0r = QA Ar = 0. Now we write the transformation on the momenta. On the

Green-Schwarz constraint instead, we use Qpd, = {A\pd.,d, }, and get
QLd+ - — )\LFmHm+, (538)

and Qrd_ = 0. On the momenta of the pure spinor ghost, the transformation is

given by

QL/IU+ = — d+, (539)
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and Qrw_ = 0. On the supersymmetric momenta of x we get
QLHm+ — )\era+9L (5310)

and QrII,,,_ = 0.
To verify the nilpotency of @)1, we act twice on each field. On x, we need to use

the pure spinor constraint

1 1

On 07, and A\, the QA = 0 implies the nilpotency. For the pure spinor momentum,

we have
Qiwy = — Qrdy = A\ T, (5.3.12)

which is a gauge transformation on w,, so it can be compensated to zero. On the

Green-Schwarz constraint, we get
Qidy = — Qr(AI™Ly) = —ALI™(ALT,,0401). (5.3.13)
We use Fierz identity to rewrite it as
Qidy = %(%HLF”"”(ALFT”AL) =0, (5.3.14)

which is zero due to the pure spinor constraint. Finally, on the supersymmetric

momentum of x we get

Q71 = Qr(ALT™0,01)

1
= A0 A = 50, (AT™AL) = 0, (5.3.15)

where again the pure spinor constraint guarantees nilpotency.

5.4 Energy-momentum tensor and the b ghost

The energy-momentum can be computed by acting with worldsheet diffeomor-
phism on the action, as £,5y = [v*95T,°. The expression is given in terms of Lie

derivatives acting on the fields. Under a diffeomorphism generated by a worldsheet
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vector field v, the action changes by

L£,Sy = / (—Loa™ 00— + Lop=0_0,, + pLO_L,0,

+ L,pR0,0r + pR0, L0k — (w, N)), (5.4.1)

where (w, \) represent the ghost terms, which have a similar structure to the fermionic
spinor terms. We are now expressing left and right momenta explicitly. Applying the
Lie derivatives, we see that the energy-momentum tensor depends on components

that are not present in the action:

1
T++ = — §6+a:m8+:1:m — pi8+0[/ — pfa+0R + U)_lf_a_;,_)\[/ + ’LUfa_;,_)\R,
1
T = = 0" — PO Op —pEO 0y + w0 Ag+wlO N, (542)
and Ty = T_; = 0. The components p~, pf, wX and wf vanish when we put all

spinor fields on-shell. Hiding L, R superscripts of the momenta again, we get

1
Ty = — §3+$ma+$m —p+040L + w0 AL,
1
T _ = — 58,3;’”6?,3:,,1 —p_0_0g +w_0_Ag, (5.4.3)

In terms of I+ and di+ we can write it as

1

Iy = — QHTHer —dy 0,0 +wi 0y AL,
1
T__ - — §HTHm_ - d+a+9L + 'LU+8+)\L. (544)

The momenta w. of the pure spinor ghosts have a gauge symmetry. We can
express the gauge invariant degrees of freedom of these fields in term of some

composite field expressions [5]. The Lorentz current for the ghosts is

1
(NL)mn = §w+rmn)\[n

1
(NR)mn = §w—an)\Ra (545)
and the ghost current is

JL = w+)\L, JR = w_/\R. (546)
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The energy-momentum tensor can be written in terms of these gauge invariant

quantities as

1 1 1
T++ = — §HTHT — d+8+0L + 1—0 . NFnNLmn : _g : JLJL : +8+<]L;
1 1 1
T _= - éﬂTHT —d_0_0p + E : N&nnNRmn : —g : JrJr 1 +0_Jg, (547)

which is the Sugawara form of the energy-momentum tensor.

5.4.1 Definition of the b ghost

In the bosonic string sigma model, the b ghost arised from the antifield of the
complex structure, after gauge fixing to Polyakov gauge. In the case of the pure
spinor superstring, we did not fix a gauge — the model is a generalization of the
already gauge fixed bosonic string. But, to compute amplitudes, we need to integrate
over the moduli space as well, and thus we need to construct the proper Beltrami
differential. To do that we must have an expression for the b ghost.

We will define it using the relations

Qb++ - T_|_+, Qb__ - T__. (548)

The energy-momentum is a worldsheet 2-form with ghost number 0. The BRST
operator carries ghost number 1, and is fermionic, so that the b field must be a
fermionic worldsheet 2-form with ghost number —1. The only fields with negative
ghost number are w4, with ghost number —1, but they are not gauge invariant.
Let’s define fermionic spinor fields G¢, and G%_, 2-forms on the worldsheet, by

the expressions
QG++ - )\LT++, QG__ == )\RT__. (549)

Then we can define the b field as a fractions

Gy G__
b — b__ = —_—

(5.4.10)

To make the fraction well-defined, we pick an arbitrary bosonic spinor C'“, and define
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the b ghost as

C.G2 ,_ Call

o7t =T (5.4.11)
CsA\; C\

byt =
From now on we’ll hide the L subscripts of the spinor fields.

To define the b ghost that generates the energy-momentum tensor in Sugawara

form, in eq. (5.4.7)), the expression for G is given by [5]
o 1 m a 1 mn a 1 6] 1 2 pa

The BRST transformation on this expression yields the energy-momentum tensor in

terms of N,,, and J, instead of w. Then the b ghost is expressed as

Co (2T (T, )™ — Ny (T0,0)% — JO,0% — 02 6°

b pr—
1C5N?

(5.4.13)

5.4.2 Derivation of the b ghost and Y formalism

Instead of defining the b ghost that generates the energy-momentum tensor in
Sugawara form, we can define the expression that generates the energy-momentum
tensor in eq. . This expression for T' is given in terms of the momentum w,
of the pure spinor ghost, which is not gauge-invariant because of the pure spinor
constraint.

We start with the ansatz that G, is a polynomial on the fields. As it is a 2-form,
we consider a sum of products of the 1-forms wy, d., II, and 0,60. To keep the
ghost number zero, for each w, we also multiply the term by A\. We also impose
the condition that each product of fields must be fermionic. From the possible

expressions, let’s choose

1 1

Now we act with the BRST transformation on G, which gives
1 1
QLG = E(AF’”&FG)I‘mcLL - 5)\HTHm+ — Ad,04.0)

1 1
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The second, third and fourth terms make up the energy-momentum tensor expression.
The last one is zero due to the pure spinor constraint. The two remaining ones cancel
each other.
The b ghost is then defined as
(CT,dy) 1 (CT™w, ) (Al,,04.0)

1 m
b++ = §H+W+w+8+6—§ (0)\>

(5.4.16)

We now introduce a formalism that guarantees that the b ghost depends on the
correct number of degrees of freedom of w,. This construction follows [10]. The
Y formalism consists in the choice of an arbitrary constant pure spinor v, and the

definition of

Y, = — (5.4.17)

so that it satisfy the properties
YA=1, Y™y =0, (5.4.18)
so Y is a pure spinor, and is the inverse of A\. Then we define the projector

K/ = %(rm)a(yrm)ﬂ, (5.4.19)

«

which satisfies TrK = D/2 = 5, with D = 10. Thus K projects from the 16-
dimensional spinor space to a 5-dimensional constrained space. In particular, pro-
jection of the pure spinor ghost is KA = 0, so we can see that the space of pure
spinors is 11-dimensional. The space of the momenta w, thus has 11 independent
components.

If we take the constant spinor C' to be the constant pure spinor v of Y formalism,

we rewrite the expression for b, in terms of Y and K as
1

Writing in this form, it’s clear that the operator (1 — K') projects the 16 components

of w, to 11 independent components.
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Under the gauge trasformation that acts on w,, the b ghost transforms as

Sboy = A" (AT, (1 — K)0,.6)

1
= A} (A\[,040) — §A1(AFnFmY)(AFm8+9). (5.4.21)
Using the identity in eq. (2.2.16|), we rewrite the transformation as
1

where we used the Fierz identity \["(Al',,,0,0) = 0, which vanishes due to the pure
spinor constraint. The expression for the b ghost is thus gauge invariant.
We do the same procedure to find b__. Recovering the L and R subscripts, we

write the two components as

1
b++ = §HT<Yerd+) + W+(1 - KL)8+0L,

1
b__ = QHT(YRFmdf) + w,(l - KR)ﬁ,GR. (5423)

Comparison with bosonic string

To compare the BRST structure of the pure spinor superstring with the one of
the bosonic string sigma model, we recall that for the bosonic string, the BRST
operator was nilpotent only on-shell. The needed equations of motion were the ones
for the BRST ghosts: dc = 0¢ = 0. On the other hand, the relation Qb = T yields
the off-shell expression of the energy-momentum tensor.

In the pure spinor superstring, the BRST operator is nilpotent off-shell. However,
the b ghost generates the energy-momentum tensor on-shell, in eq. . The
equations of motion used to get the on-shell expression are the ones for the spinor

fields: the fermionic spacetime spinors, 0_6; = 0,0r = 0, and the pure spinor ghosts,
a_)\L = 8+)\R = O



Chapter 6

Conclusions

To quantize gauge theories, it is necessary a formalism that enables gauge fixing,
and the BRST formalism is one way to do so. However, the BV formalism is a more
general framework that gives geometrical insights to gauge fixing, which happens
by a choice of Lagrangian submanifold. Moreover, the space of deformations of
BRST-like theories around a submanifold can be easily described. The fundamental
elements of a BRST-like theory, which are the action and the BRST operator, have its
information spread over an infinite number of brackets that encode the information
about the BRST structure and the gauge fixing condition.

The bosonic string sigma-model is a gauge theory, invariant under diffeomorphisms,
and it is quantized using BRST formalism. Using BV formalism to describe its BRST
structure, we are able to gauge fix to Polyakov gauge by fixing the complex structure
on the worldsheet. We can then parameterize the deformations along the moduli
space of the worldsheet, around the submanifold corresponding to the gauge. The
deformations affect the BRST structure non-linearly, giving rise to bracket operators
that dictate how the theory can be deformed, even non-trivially, by the insertion of
vertex operators. The nonlinearity is however very subtle, and, under a resummation
of contact terms, the trivial deformations can be described linearly. This points to
the holomorphic factorization of the amplitudes.

On the Polyakov gauge, the BRST operator is not nilpotent — only upon the
use of the equations of motion of the diffeomorphism ghosts: dc = 0¢ = 0. The
energy-momentum tensor can be defined off-shell, and it is generated by the antifield
of the complex structure — the b ghost.

Finally, the pure spinor superstring is not a gauge theory, but has a BRST-like
structure. It is a generalization of the bosonic string in Polyakov gauge, but the
BRST operator has a different nature. It is nilpotent even off-shell, which is imposed
by restricting the ghosts to be pure spinors, satisfying the constraint AI'A = 0.
The b cannot arise as the antifield of a gauge fixed field, and it is defined as a
composite field, which generates the on-shell expression for the energy-momentum

tensor. To find the expression, we must use the equations of motion for all spinor
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fields: 0_6; = 040r = 0_\, = 0 g = 0.

The analysis of the bosonic string sigma model using BV formalism gives a light
to the BRST structure in a geometrical sense, and allows us to comprehend the
off-shell aspects of the theory. These tools are important in order to compare the

BRST structure of the bosonic string with the one of the pure spinor superstring.



Appendix A

Differential geometry

Differential geometry describes manifolds and geometrical objects defined on it.
We start with the definition of a smooth manifold, which are a generalization of
the linear spaces R?. They can have different topologies, but still be similar to R in
a local way. Here we present a definition.

Consider a topological set M, with a family of open subsets . Define the set A

called atlas as
A={p:UcCc M =R UeclU}, (A.0.1)

whose elements ¢ are called charts.
Let the n of the charts be labelled by i = 1,--- ,n as ¢; : U; C M — R%. Define

their images to be V; = im¢; € R?, so we can write
¢ Ui C M — V; C R (A.0.2)

The intersections of open subsets are defined as U;; = U; N U; and V;; = V; NV},

If U;; is not empty, we can define the restriction of ¢; on U;; as
¢ij : Uij € M — Vi C R% (A.0.3)
If the charts of A are invertible, one can define the inverse
GV CRY = Uy C M. (A.0.4)
The transition function between charts ¢; and ¢; is defined as
T Vig = Vi, Tij = i) 0 i (A.0.5)

The topological set M is called a smooth manifold if it has an atlas A with
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invertible charts that cover all of the set, i.e.

| ime™" = M, (A.0.6)
peA

such that the transition functions between all charts are smooth functions.

The smooth manifold M has dimension d if the image of the charts have dimension

A.1 Tangent and cotangent space

Smooth manifolds are equipped with smoothly changing charts of its open subsets,
and thus are locally equivalent to linear spaces. Thus there is the notion of vector
at each point of the manifold. A vector a point € M in the manifold must be an
element of some linear space, which we call the tangent space to the manifold at
that point. The definition goes as follows.

Consider a curve f : [0,1] C R — U C M, which is a function that maps a
segment of the real line to the manifold M. Let z = f(tg) € U C M be one of the
points of the manifold where the curve passes. Let ¢ : U C M — R? be a chart that
maps the point z to coordinates z' = ¢'(x). The curve in coordinates is given by
fo=¢of:]0,1] - UC M.

The curve f defines a tangent vector to x, which is the first order term in the
expansion of f around xz. In the chart ¢ we have

folto +1) = filto) + t%(m) +0(t)
= 2"+t + O(t?). (A.1.1)

The vector can thus be written in the ¢ chart as

oy
vi= %(to), (A.1.2)

though it should be noted that the definition of a tangent vector only makes sense
upon the introduction of a chart.
Now we are able to give a general definition of T, M, the space of all tangent

vectors on a point x € M. We call it the tangent space on x € M, and we define it
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in terms of an equivalence class of curves that pass through the point z, as
T,M={f:UCR,zeimf}/ ~, (A.1.3)
where the equivalence relation is

frg iff fu(t) —ge(t) = O?), for all ¢. (A.14)

This means that 0f}(to)/0t = dgj(to)/Ot, and hence the two curves define the same
tangent vector.

To see that the elements of T, M really are vectors, we can compute their
transformation under a coordinate transformation. A change of coordinates is simply
a change between charts, say from ¢ to gz;, so it is given by a transition function
T= (50 ¢!, as defined in equation (A.0.5). Then the coordinates of point x in both
charts are related by #* = 7%(z7). We can relate the curve f written in coordinates
with ¢ and gg charts as f; = 7o fs.

The tangent vector to x defined by f is defined by o* = df 5(t0)/0t in the new

chart, and so it is related to the one in the original coordinates as

5= 2 (o f)(B)ymy, = D0, (A15)

where we used the chain rule in the last. We recognize that v = 0f4(ty)/0t. Then,
simplifying the expression by writing 07/0xz = 0% /0z, we have

~
;01 i

0" = 5 (A.1.6)

which is precisely the way a vector transforms under coordinate transformations.

At each point of a manifold we can also define a cotangent space, with elements
that are dual to the tangent space. Its elements are called cotangent vectors, or
covectors. Under coordinate transformations they should transform in the opposite
way that tangent vectors do, so their inner product is coordinate independent.

To define a covector at a point x € U C M, consider a function F': U C M — R.
With a chart ¢, it is given in coordinates by the function Fy = Fo¢™!. The cotangent
vector defined by F' on z is then given by

_ OF,
Ui = o (x), (A.1.7)
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in analogy to the definition of tangent vector from a curve.

To check that this is a sensible definition, consider a curve f : [0,1] C R —
U C M, which passes through z, with x = f(¢y). One can define the composition
Fof:[0,1] = R, which has some fixed value (F o f)(ty) at ty. Then we can expand
F o f around this fixed point. At first order in ¢t we get

- OF () 0f(to)
(Fof)(to+1t)= (Fof)(ty) +t Ot ot

= (F o f)(to) + tv'u; + O(£?), (A.1.8)

+O()

which enables us to define the inner product between u and v as

(u,v) = %(Fo F) ()=t (A.1.9)

The cotangent vectors at the point x € M are elements of the cotangent space at
x, defined by an equivalence class of functions as
T"M={F:UCcM-—=RzeU}/~, (A.1.10)
with the equivalence relation given by

F~G iff Fy(z+y)— Gylz+y)=0(y?), forall ¢. (A.1.11)

Finally we must check that the cotangent vector has the correct transformation
law. For switching from the chart ¢ to the chart 95, which amounts to the coordinate
transformation z° = 7%(27), a function F undergoes the following transfomation
Fy=Fyo 77! where 77! = ¢ 0 ¢! is the inverse transition function. Then we get
that the cotangent vector obtained from F' transforms as

= (B0 ™))y = @gﬁf) 8(72995)5 @) (A.1.12)

We identify u; = 0F,(z)/0z'. We can write d(77')/0x=0x /0%, so we are able to

express the transformation as

. _8xj

Uy

o u, (A.1.13)

which is the transformation law of a covector.
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A.2 Bundles, tensors and fields

Bundles
The tangent bundle of a manifold M is the set defined by the union of the tangent

spaces to all points of M. We write it as

™ = | .M. (A.2.1)

zeM

Each element of T'M is a tangent vector v € T,, M to a certain point z € M, so we

write
(x,v) € TM, (A.2.2)

representing each element as a pair.
In the same way, the cotangent bundle of M is the union of the cotangent spaces

to all points of M, written as

M= |JT;M (A.2.3)
xeM
The elements are cotangent vectors u € 1) M to given points z € M, so we write
them as pairs

(z,u) € T*M. (A.2.4)

Tensors

Given two real vector spaces V; and V5, the tensor product between them is the
product of the sets, modulo an equivalence relation. We write the product as
Vi x V&
Vi@Vy=-—+""2 (A.2.5)

~

where ® denotes tensor product and x denote the cartesian product of sets. For

A, A €ER, ay,a0 € Vi and b € V5, the equivalence relation is given by

()\lal + Aaag, b) ~ )\1(a17 b) + >\2(G2’ b)7 (A-2-6)
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which ensures that V; ® V5 keeps the linearity of V. There is also the equivalence
relation that expresses the linearity coming from V5.
We can consider tensor products of bundles of a manifold. A bundle of rank (p, q)

is the product

T(p’q)M:TM®~--®TM®T*M®-~®T*M- (A.2.7)
pt?rrnes qt?r?les

An element of a (p,¢) bundle is written as
(201 @ QU QU ® -~ Qup) € TPIM, (A.2.8)
where x € M and
VR RURU R @u, € TPIM (A.2.9)

is a tensor of rank (p, ¢) on the point z. Tangent and cotangent vectors are special
types of tensors, with TM = TUOM and T*M = TODA.
Let a change of coordinates be given by the transformation z* — 7. Then the

components of a tensor 1" transform as

i1-ip _}0@“ (95:2'? 8a:l1 8le ky--kp
wda T gaht T Dake 05 Qe ol

(A.2.10)

The upper indices are called covariant, and the lower indices are called contravariant.
A tensor field of rank (p,0), for some p, is called a covariant tensor, whereas a tensor
field of rank (0, q), for some ¢, is called a contravariant tensor.

In a given coordinate system, the determinant of a tensor with ranks (2,0), (1,1)
or (0,2) is defined as the determinant of the matrix formed by its components. The

transformation of the determinant under a coordinate change is then

(953 p—q

detT — <det —) detT. (A.2.11)
Ox

We see that the determinant of covariant and contravariant tensors transform with

the inverse factor one of the other. Also, determinants of (1,1) tensors do not

transform.
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Fields

We will define a section of the bundle 79 M as a function V : U € M — T®9 M
for some open subset U, such that V(z) = (x,v), where v € TP M. The space of
sections of T®9 M is T'(T®D M ).

A tensor field of rank (p,q) on U C M is defined as a section of T®9 M. In
particular, a vector field on U C M isamap V : U C M — TM, which maps each
point of the manifold to a tangent vector at that point. This means that we have
V(z) e T,M for all x € U C M.

Consider the cotangent vector u € T, M at the point x € U C M, generated by a
function F': U C M — R as uw = 0F/0x. Its inner product with the tangent vector
V' (z), which is the value of the vector field V' in the point z, is given by definition by

OF (z)
oxt

W,V (@) = L (F o ()t = Vi(2)

o (A.2.12)

where f(x) is the curve that generates the tangent vector, by V(z) = df/0t. Thus

we can represent vector fields as differential operators, like

0

V(z) = Vi(x) e

(A.2.13)

Then the operators 9/dz form a basis of the vector fields, on a given chart. They
transform in the same way as covectors coordinates, so that vector fields are coordinate
independent.

The covector fields are functions W : U C M — T* M, which associate to each
point z € U C M a cotangent vector W (z). We define with elements dz* a basis for

the cotangent bundle, so we write
W(x) = Wi(x)da', (A.2.14)

which we define to be dual to the tangent bundle basis {9/dz'}, i.e.

<dxi, %> = 4. (A.2.15)

With these basic elements we can define a basis for the 7% ) bundle, given by

the elements

dz ® ®dxiq®i® ® J
Ot Oxir ’

(A.2.16)
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The elements 9/9z' may also be abbreviated to ;.
Tensor fields of rank (0,0), in T(®Y M are called scalar fields on M, or simply
functions on M. We also write T®9 A/ = FunM.

A.3 Forms and densities

A form of rank n, or n-form, is a completely antissymetric tensor field of rank
(0,n). It can be defined with the wedge product. For two covectors uj,uy € Ti M,
their wedge product is given by

ul/\u2:u1®u2—u2®u1, (A31)

which is the antisymmetrized form of the tensor product. Then n-forms can be
written as wedge products of n covector fields. We will define them more rigorously
by defining the space of n-forms.
The space of n-forms on M is a subspace of the tensor bundle of rank n, given by
7O M
Q" (M) = , (A.3.2)

~Y

with the equivalence relation

1
U@+ @ Un ~ UL A Alp. (A.3.3)
n!

This relation makes equivalent to zero any element which is not completely antisym-
metric.

Because of the antisymmetry, if n is bigger than the dimension of M, then
Q"(M) = {0}. And if n = dimM, then, besides 0, there are elements which are

multiples of
vol = dz' A -+ Ada”, (A.3.4)

which is called the volume form (on a given chart). We can then write any element
of QUMM (N[) as w = fvol, where f is a function which is the only component of w.

The integral over w, defined on U C M, is given by

/U o= /U " f (), (A.35)
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in the given chart.

Forms of degree n < dim M can also be integrated over. Let w be an n-form
with n < dim M, defined over U C M. Let N C U be a submanifold of dimension n.
Then the integration of w over N is defined in terms of the volume form of N.

An density p, of weight s € R is an object that, given a coordinate system z°, is

written as a function ps(x!, .-+, 2™), but which transforms as
/(xll e xm) = | det Ox' \* (xl cee J;”) (A 3 6)
Ps ) ) ax,] Ps ) ) +I.

under change of coordinates. In particular, a volume form is a density of weight 1,

and a function is a density of weight zero.

A.4 Lie derivative

A vector v € Vect M on the manifold M can be understood as the generator of a
change of coordinates, of diffeomorphism. The infinitesimal change on coordinates

x' is given, in terms of a small real parameter ¢, by
2" =2+ t'(z). (A.4.1)

This small change is actually a map from the manifold M to the tangent bundle
TM, as z — v(z).

Under a small change of coordinates, a tensor field A € 79 M has a transforma-
tion that can be understood a map from T®% M to the tangent bundle of the tensor
fields space, T'(T™® M). The map is called the Lie derivative of A € T®»%9 M along
v € VectM.

To compute a Lie derivative of an object, we consider its transformation law
under an infinitesimal change of coordinates. Then we expand the transformation as
a linear transformation on the object.

For example, consider a vector field W € T'M. Its transformation law under the

diffeomorphism x — = + tv, for a small parameter ¢t and a vector field v, is

d(x — tv)!

W' (x —tv) = B

W (z), (A.4.2)
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so, at first order in ¢, we have
,CvWi = UjajWi — 8j’l)in. (A43)
For a general tensor field A € T4 the Lie derivative acts as

L AN = phg AN gt AR Ly e AT

J1Jq J1Jq J10q J1Jq
— . k 7/17/p — e e e — . k ’LlZp
0;,v A,mqu 0;,v Aj1-~~jq71k‘ (A.4.4)

To compute the Lie derivative of a density of weight s, we write the transformation

law

P — o) = (det W) po(), (A.4.5)

which gives us

»Cvps = Saivips + Uiaips
= s(divv)ps + v 0;ps. (A.4.6)
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Antifield of the complex structure

B.1 Antifields of mm

Because the complex structure [ satisfies a constraint, there is a gauge symmetry
on its antifield I*. Since the constraint has two degrees of freedom, the gauge
symmetry will also have two degrees of freedom.

Consider the manifold M of tensor fields I = I%do“0s on the worldsheet. The
space of complex structures is a submanifold defined by the constraint F' = 0, where
F: M — M is given by

F=I"+1=0. (B.1.1)

The antifield I* of I is an element of IIT*M, the odd cotangent bundle to the
space of (1,1) tensors. For every tangent vector 1 of I[IT'M, there is a natural inner
product (57, I*). This shows that I* must be a (1,1) tensor density, because the
inner product involves not only the inner product of (1,1) matrices, but also an
integration over the worldsheet.

We can represent a (1, 1) tensor density as a (1,3) tensor with antisymmetry in

the first two indices, so that we can write, in zZ coordinates,

0
"= (I").:0" de N dZ @ d2 =~ B.1.2
where dzdz is a wedge product. The tensor product ® can be omitted. The density
part then is encoded in the first two indices, which are antisymmetrical. The only

four independent components are (1*) #. The inner product is expressed as

ZZo

(61,1%) = / SIT* = / dzdz (61)°%5(1").z0 7, (B.1.3)

and can be seen as the trace of the matrix product of 61 with I*.

If we take the Polyakov action to be a function of general tensor fields instead of

79
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only complex structures. Then we can write the BV action as
1 1
S = / <—Zd:v] cdr + Loxx™ + LT + Eﬁccc*) i (B.1.4)

This action is the Polyakov action string when we restrict the integration over complex
structures only, and not over general tensor fields. In this way we implement the

constraint 12+ 1 = 0.

B.2 Gauge symmetry of [*

The antifield I* of I acquires a gauge symmetry, from the constraint on I to be a
complex structure. By applying Lie derivative on the F' = I? + 1 constraint, we get

a constraint on the tangent space
LF=LII+IL1=0. (B.2.1)
Using this constraint we define the transformation
oy I* =nl + In, (B.2.2)
for a (1,1) tensor density n. This is a gauge symmetry of S, that appears as
/L’CII* = /ECI (I* +nl + In)
_ / (LT + (LT + L)), (B.2.3)

where we used the cyclicity of the trace. We can write the gauge parameter 7 as a
(1,3) tensor just like we did for I*,

N= 1z dzdz dza%. (B.2.4)
Let’s now write [* in components as
1 0 0 o - 0
I" = Jdadz At pdig- —bdig—+bdig- . B.2.
4dzdz (p dzaz +p dz@i bdz82+bdzaz) ( 5)

We will see that we can choose a gauge slice where p = p = 0, and we are left with
the bb fields.
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The constraint F' = 0 has only two independent components. We can see that by
noting that a general tensor field has four independent components, but a complex
structure I has two free parameters. Thus there are only two independent directions
for the gauge transformation. Let’s take the gauge parameter n to be diagonal in 2z
coordinates. We write

n = dzdz (77 dz% +1n dz%) (B.2.6)

Then a transformation of I* when [ is a complex structure parameterized by mm, is

given by
X (4. — 0 - — 0
01" = dzdz| 2inv1 4+ mm dza —2inV1+mm dz£

, _ a 0
+i(n +m)m dz£ —i(n+n)m dz$>. (B.2.7)

We see clearly that we can gauge away the diagonal components of I*. If we choose

7 in such a way that

2invV1+mm —p =0,
2invV1+mm+p=0, (B.2.8)

then the diagonal components of I* become zero.
To see that there are no gauge freedom left, consider now the transformation

given by the off-diagonal parameter

0 _ 0
= Z\Hdz—+H dz— | . B.2.
n = dzdz ( dz(?z + dzaz) (B.2.9)
Then the transformation on I* is given by
§,I* = i(Hm — Hm)dzdz dz2 + diﬁ (B.2.10)
G 0z 0z )" o

Thus the remaining degrees of freedom can only lead out of the p = p = 0 gauge

slice. We cannot restrict the bb fields more.
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B.3 Antifields of uj

Using the gauge symmetry of I* we write it in the form

«_ (0B
(1) o

The Darboux relation between a (1,1) tensor field I and its antifield is
{1%(2), (I*)V‘s(w)} = 5352(5(2 —w). (B.3.2)

The components of the complex structure are however constrained, so the relation is
only valid for the independent components. In this parameterization, the independent
parameters are p and fi, but the off-diagonal components of I are also independent.

So we want to impose the four Darboux conjugate relations

(2ahr (220}

1—#[7,, ) 1—[[,[/[[,7 )

— il -0 -

{ i }207 { i }:1, (B.3.3)
1 — pp 1 —pp

Using product rule to split the left argument of each bracket, and rearranging the

terms, we get the set of linear equations

(1= pi)® = {w B} + w*{i, B},
(1 — pp)? = {@, B} + *{p. B},
0= {6} + m*{n, 5},

0= {u, B} + {71, B}. (B.3.4)
The solution is
1= pp oo L—pp
2 L —pp _ ol —pp
7 — — 2 , , > o B.3.5
{n, B} M {R, B} P ( )

Now we define the Darboux conjugates to 1 and ji as B and B respectively. To
find how they depend on 3 and 3, we use the expressions in (B.3.5)) to express the
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Darboux conjugate relation as the linear equations
6B ,6B 1+ pj 6B ,0B 0
- u p— —, _ _— ,
op o 1—pp op op
5B _,6B 5B 6B 1+ pui
_ 11’2_ o R _— Mz— g —. (B.36)
op op op of  1—ppu
Solving the equations, we are able to express the Darboux coordinates as
272 a2
B = 5+—“762, B = ﬁJr—“f; (B.3.7)
(1 — pp) (1 — pp)
The relations can be inverted
f=Hp_pB), =it 2p) (B.3.5)
L+ pp L+ pp
and enables us to parameterize I* in terms of the Darboux conjugate as
1 — pp 0 B —1’B
= _ b (B.3.9)
L+ pp \ -B+ p*B 0
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