e IET - UNESP

L. ® o, INSTITUTO DE FiSICA TEORICA

TESE DE DOUTORAMENTO

IFT-T.003/2025

Superstring Field Theories with Manifest

Spacetime Supersymmetry

Ulisses Marques Portugal

Marco de 2025

Orientador

Nathan Jacob Berkovits



Portugal, Ulisses Marques

P853s Superstring field theories with manifest spacetime supersymmetry /
Ulisses Marques Portugal. — Sdo Paulo, 2025
79 1.

Tese (doutorado) — Universidade Estadual Paulista (Unesp), Instituto de
Fisica Tedrica (IFT), Sdo Paulo
Orientador: Nathan Jacob Berkovits

1. Teoria das supercordas. 2. Supersimetria. 3. Teoria de campos
(Fisica). I. Titulo

Sistema de gerag¢do automatica de fichas catalograficas da Unesp. Biblioteca
do Instituto de Fisica Tedrica (IFT), Sdo Paulo. Dados fornecidos pelo
autor(a).




Superstring Field Theories with Manifest

Spacetime Supersymmetry

Tese de Doutorado apresentada ao
Instituto de Fisica Tedrica do Campus
de Sao Paulo, da Universidade Estadual
Paulista “Julio de Mesquita Filho",
como parte dos requisitos para
obtencado do titulo de Doutor em Fisica,
Especialidade Fisica Tedrica.

Comissao Examinadora:

Prof. Dr. NATHAN JACOB BERKOVITS (Orientador)
Instituto de Fisica Tedrica/UNESP

Prof. Dr. MARTIN SCHNABL

Institute of Physics of the Czech Academy of Sciences,

Prof. Dr. THEODORE ERLER

Institute of Physics of the Czech Academy of Sciences,

Prof. Dr. CARLO MACCAFERRI

University of Turin

Prof. Dr. YUJI OKAWA

University of Tokyo

Conceito: Aprovado

Sao Paulo, 14 de maio de 2025.



Dedico esta tese a minha familia



Agradecimentos

Agradec¢o a minha mae e as minhas irmas Moira e Mariana, que me apoiaram desde o
inicio dessa jornada, e que sempre estiveram comigo nos melhores e piores momentos.
Também a v6 Raquel e a tia Erley, que descanse em paz. E ndo poderia deixar de incluir o
Theodoro, que veio tornar os tltimos dois anos tdo mais alegres.

Agradeco ao meu orientador Nathan Berkovits por ter me aceitado como aluno e me
guiado através desse tortuoso caminho. Onde quer que eu va parar no futuro, sei que vou
levar comigo sua influéncia e o tesouro de conhecimento que ele compartilhou comigo.

Agradeco ao professor Horatiu Nastase, que também me ensinou tanto durante a IC e
nos meus primeiros dois anos no IFT.

Agradeco a todos os amigos que conheci desde a graduagado, que tanto contribuiram
para meu crescimento na fisica e fora dela. Em especial, agradego ao Thiago, Bicudo,
Stéfano e Rodrigo do IFUSP; e Lucas, Cassiano, Jodo Pedro e Rodrigo do IFT.

Agradeco ao Martin Schnabl, que me aceitou como visitante no FZU, e a todos que
tornaram minha estadia em Praga tdo especial. Em particular, gostaria de agradecer ao
Vinicius pela amizade e pela colaborac¢do; ao Tomds e ao Renann pela amizade e pelo tanto
que me ensinaram e inspiraram.

Por fim, agradego a FAPESP pelo apoio financeiro concedido através dos processos
2020/15902-3, 2022 /13961-8 e 2023 /00862-4.

ii



Resumo

Esta tese apresenta um estudo sobre teorias de campos de supercordas no
formalismo hibrido. Duas aplica¢des da formulac¢do hibrida da teoria de campos
de supercordas abertas serdo apresentadas: a construcdo de solugdes instanton
na teoria de campos de supercordas abertas, e o cdlculo da agdo efetiva para os
estados sem massa da supercorda, que no limite &’ — 0 reproduz super Yang-Mills.
Além disso, serd apresentada a primeira construcdo da teoria de campos de cordas
heteréticas com supersimetria N = 1, D = 4 manifesta no espago-tempo.

Palavras Chaves: Supercordas; Teoria de campos de cordas; Supersimetria; Corda

heterética;

Areas do conhecimento: Fisica; Teoria de supercordas.
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Abstract

This thesis presents a study of superstring field theories using the hybrid for-
malism. Two applications of the hybrid formulation of open superstring field
theory will be presented: the construction of instanton solutions in open supers-
tring field theory, and the computation of the effective action for massless states
of the string, which in the limit ' — 0 reproduces super Yang-Mills. In addition,
the first construction of heterotic string field theory with manifest N =1, D = 4

spacetime supersymmetry will be presented.

Palavras Chaves: Superstrings; String field theory; Supersymmetry; Heterotic

string;

Areas do conhecimento: Physics; Superstring theory.
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Introduction

The usual worldsheet formulation of string and superstring theories, despite
it’s successes, is not entirely satisfactory for a number of reasons. The most
obvious are that it’s only defined perturbatively, and only on-shell quantities are
well defined. In fact, even perturbatively the first quantized formulation is not
complete, as there is no systematic and unambiguous way to deal with infrared
divergencies and mass renormalization. String Field Theory was developed with
the purpose of addressing these issues, and providing a more complete description
of string theory. In particular, there is hope that it may provide a non-perturbative
and background independent formulation of string theory. While these hopes
have yet to be realized, SFT has proven useful for addressing off-shell and non-
perturbative questions, perhaps the most notable application to date being tachyon
condensation[1], where tachyonic solutions to the SFT equations of motion have
been shown to describe the decay of non-supersymmetric D-branes [2]. In addition,
SFT has provided the first complete definition of string perturbation theory [3].

Bosonic string field theories, both open and closed, are well established and
have been studied extensively. Their quantization is based on the Batalin-Vilkovisky
(BV) formalism. The open bosonic string field theory is usually formulated using
Witten’s star product [4]. This formulation is cubic at the classical level which,
together with associativity of the star product, makes it particularly simple. This
has led to many interesting results in tachyon condensation and analytic SFT
solutions [5]. The closed bosonic string field theory is more complicated: it is
nonpolynomial and has no associative product, being formulated instead in terms
of L, algebras [6]. Open SFT can also be formulated using homotopy algebras - in
this case A - making it more analogous to the closed string [7].

Field theory formulations of superstrings present further challenges, particu-
larly with relation to picture numbers of the string fields. Nevertheless, several
different superstring field theories have been developed. Early proposals for open
superstring field theory [8, 9] suffered from divergences coming from collisions of

picture-changing operators [10], or from difficulties associated with the non-trivial
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Capitulo 1. Introduction 2

kernel of picture-lowering operators [11]. The first fully consistent field theory
formulation for the NS sector of open superstrings was Berkovits” WZW-like open
SFT [12]. There, the issue of picture changing is resolved by working in the large
Hilbert space, i.e. the Hilbert space including the zero mode ¢y from the bosoni-
sation of the superconformal ghosts. Then it is possible to write an action for the
NS sector without the need for any picture changing operators. This formulation
was later extended to include the R sector [13]. A different formulation of open
superstring field theory, in the small Hilbert space, was introduced in [14], based
on an A« homotopy algebra as a guiding principle. This A structure plays an
important role in quantization based on the Batalin-Vilkovisky formalism, which
has proved difficult in the WZW-like approach. In [15] it was shown that the
homotopy-based and WZW-like formulations can be related by field redefinition
and partial gauge-fixing.

The formulations described above are mostly based on the RNS formalism of
the superstring. There is an alternative description using the hybrid formalism
[16, 17]. This formalism is convenient for describing any compactification of the
superstring to four dimensions which preserves N = 1, D = 4 supersymmetry.
Then the hybrid description is manifestly SO(3, 1) super-Poincaré invariant, and
has N = 2 worldsheet superconformal invariance. All the hybrid variables (in
the GSO(+) sector) are integer-moded, and there is no need to sum over spin
structures, which is another advantage over the RNS formalism. Also, while the
RNS vertex operators look very different in the R and NS sectors, the hybrid
vertex operators are written in terms of four-dimensional superfields, where
the NS and R sectors appear as the bosonic and fermionic fields, respectively.
Scattering amplitudes can be computed using the N = 4 topological method [18].
A classical field theory action for the open superstring in the hybrid formalism was
constructed in [12]. It has manifest four dimensional super-Poincaré invariance
and naturally includes both the NS and the R sectors. It is a generalization of
the action for ten-dimensional super-Yang-Mills in terms of four-dimensional
superfields [19].

Closed superstrings naturally display both the difficulties associated with
picture prescriptions and the complexities of the closed string field vertices. There
is an additional difficulty particular to the type I1B superstring in that the R — R
sector contains a four-form with self-dual field strength. The large Hilbert space
approach was generalized to the NS sector of the heterotic string in [20, 21]. The
basic ingredients are the WZW-like formulation of open superstring field theory
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and the closed string products of [6]. The heterotic field can be thought of as a
product of an open superstring and an open bosonic string fields. The R sector was
partially included in [22]. This construction was also generalized to the NS — NS
sector of type II superstrings in [23]. A different formulation of heterotic and type
I1 superstring field theories, based on the small Hilbert space, was proposed by
Sen [24, 25]. The no-go theorem for the self-dual form in type I11B superstrings is
circumvented by including an additional ghost-like free string field which does
not scatter. In this approach it is possible to construct both heterotic and type I1
string field theories not only at tree level but at the full quantum level. Closed
superstring field theories using the hybrid formalism have not yet been developed,
but I will present some results in that direction in this work.

In this thesis, I will present two applications of open SFT in the hybrid for-
malism, and construct a hybrid formulation of heterotic SFT. I first review, in
chapter 2, the hybrid formalism and the open superstring field theory, as well
as the construction of the WZW-lilke heterotic string field theory. Chapter 3 is
dedicated to the construction of SFT instanton solutions, which was published in
[26]. In chapter 4 I compute the low-energy effective action from the SFT action,
confirming the expectation that it should be Super Yang-Mills theory, as published
in [27]. In chapter 5 I present the construction of a linearized field theory for

heterotic strings in the hybrid formalism, based on the paper [28].
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Preliminaries

In this chapter we will give a short review of some background material that
will be necessary for the next chapters. We start with some basic concepts of string
field theory in sec. 2.1, and then review the construction of the WZW-like open
superstring field theory in sec. 2.1.2. In secs. 2.2 and 2.2.2 we review closed SFT
and the WZW-like heterotic SFT. Finally, in secs. 2.3 and 2.4 we introduce the
hybrid formalism and construct the hybrid open superstring field theory. In all
cases we will only deal with the classical (tree-level) theories, meaning we don’t

consider higher genus Riemann surfaces.

2.1 Open string field theory

In this section we will present some concepts which are essential to both open
bosonic and open superstring field theory. String field theory is a field theoretical
formulation of string theory, in which the infinite family of fields associated with
string excitations are described by a space-time field theory action. In analogy
with the familiar fields of QFT being functions of spacetime, we can intuitively
think of the string field as a functional of the configurations of the string on
spacetime, @ [x*(0)] (although, more precisely, the string field will also depend
on the ghost variables). This defines a Schrodinger picture of the string field. For
most purposes, it will be more convenient to work with the states |®) defined
by ®[x(c)] = (x(0)|P). Now we can simply treat the string field as a state in
the worldsheet CFT. A basis of the space of states is given by states of the form
|A) = A(0)|0) where A(0) is a vertex operator inserted at the origin of a unit half-
disk and |0) is the SL(2,R) vacuum. More generally, we can think of the string
field as a punctured unit half-disk with a local coordinate and with insertions (not
necessarily at the origin and not necessarily local).

The physical states of the string are usually defined by the BRST cohomology.

In SFT, the condition of BRST invariance becomes the classical equation of motion
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of the free string field, while the identification by BRST exact states becomes a

gauge invariance
QP =0, 6®=0QA (2.1)

Here we have dropped the bracket and simply denoted the string field by ® = |®).
In addition, there should be a restriction on the ghost number of the classical string
field.

Before we can construct SFT actions, it is also important to define a special type
of conjugation (distinct from hermitian conjugation) called BPZ conjugation. Given
a state |A) = A(0)|0), it's BPZ conjugate is defined by

(A| = (0| 0 A(0) (2.2)

where I denotes the conformal mapping I(z) = —1/z. We also define the BPZ
product of two states A and B as (A|B). In terms of modes, we have for a conformal
primary ¢ that

4715 = (_1)n+h¢_n’ (2.3)

where the superscript T denotes BPZ conjugation and & the conformal weight.
This definition allows us to define a reality condition for the string field, namely

)" = (P (2.4)

where T denotes hermitian conjugation.

These definitions are enough to write a free field action. Adding interactions
involves defining the so-called string field vertices, which will be the higher order
terms in the action. They should be defined in such a way that perturbative string
scattering amplitudes can be computed though Feynman diagrams, reproducing
the worldsheet method results when that external states are on-shell. The way to
do this is not unique, reflecting the freedom of performing field redefinitions. In
the case of the open bosonic string, however, there is a particular choice, discovered
by Witten [4], which makes the theory simpler. It involves defining an associative
product in the space of string fields, the so-called star product: first we arbitrarily
choose a point in the string (not one of the endpoints) which we will call the
midpoint; then the star product between two string fields is defined by gluing
one half of one string with one half of the other. In the Schrodinger picture, the
field is now a function of two halves x| (¢') and xk (o) of the string, separated by
the midpoint. The product of two string fields A and B is schematically (ignoring



Capitulo 2. Preliminaries 6

ghosts) given by

(AxB) [x](0),xk(0)] /Dx” (0), x(0)] B [x"(0),xk(0)]  (25)

For practical computations, there is a more convenient definition of the product
in terms of CFT correlators. For example, we can map three states A, B and C,
viewed as three half-disks with local coordinates z1, zo and z3, to a unit disk with
the following conformal maps:

2
o (14idz1)\3
sz —e ¥ (12 26)
2
1+izp\3
gz (Zz) = (1 — zzz) (2.7)
7Ti 1 + 1z
ey =¥ ((£12)

Then the following correlator gives the overlap (C|A  B):

(C|AxB) = (g10A(0)g20B(0)g3 0 C(0)) gigk - (2.9)

Other useful representations of the product can be found in [29].
Two crucial properties of this product are:
-The BRST operator acts as a derivative: Q(A * B) = Q(A) x B+ (—=1)4A « Q(B),
where (—1)4 denotes the grassmanality of A.
-Ciclicity under BPZ product: (A|B* C) = (C|A x B) = (B|C x A).

2.1.1 Open bosonic SFT

Although we will be mostly concerned with superstrings in this thesis, it will
be useful to present Witten’s cubic, Chern-Simons-like SFT. The open bosonic

string field has ghost number 1 and is grassmann odd. The action reads
1 1
S= —§<<I> | QP) + §g<CI> | © * D), (2.10)

where g is the open string coupling constant. Note that these are the only terms

we can write with ghost number 3 using only ®, Q and the star product. This
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action invariant under the gauge transformation
0P =QA+P+xA-AxD (2.11)
and it’s variation gives the equation of motion
QP +P+xd=0 (2.12)

It can be shown that this theory gives the correct open string amplitudes [30].

2.1.2 WZW-like open superstring field theory

The first attempt to define a field theory for open superstrings was a straight-
forward generalization of the open bosonic SFT [8], but there is an additional
complication: we now need to be careful with the picture number. If we cho-
ose the string field to have picture number —1 in the NS sector, then we need
a picture changing operator on the cubic term in order for it to have the correct
(non-vanishing) picture number. However, it was shown in [10] that this leads
to divergences in scattering amplitudes when these picture changing operators
collide.

Another, more successful approach was proposed in [12]: we work in the large
Hilbert space, taking the string field to have picture number 0. We will see that
this allows us to write a SFT action with no picture changing insertions.

We start by noting that the critical N = 1 superstring can be embedded in an
N = 2 string with N = 2 generators T, G, G~ and ], as described in [31]. For the
RNS superstring, we can identify the fermionic generators with the BRST charge
and the b ghost, G = jgrsT and G~ = b, while T is the energy-momentum tensor
and | the ghost number | = cb 4 . However, the following method can be
more generally applied to any critical N = 2 string, for example the open string
describing (2,2) self-dual Yang-Mills [32]. Thus, we consider superconformal
generators T, G*,G and Jof atwistedc = 6 N = 2 algebra, with OPEs:

2 J(z2) T(z2)

(Zl - Zz)3 * (Zl - Zz)z * Z1 — 22
ZT(Zz) aT(ZZ)
(z1 — 22)2 * 21— 22

Gt (z1)G™ (z2) — (2.13)

T(Zl)T(Zz) — (2.14)

This N = 2 algebra can be extended to a small N = 4 superconformal algebra
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by defining two new spin-one generators J© " and J~~, and two new spin-3/2
generators, Gt and G, defined by

]++ — eiH, ]—— — e—iH’ (215)

Gt = ]{dz G (z)efl, G =-— ?{dz Gt (z)e (2.16)

where Jy—» = dH, and in the second line the integrals are around el or e=H, For
the RNS string, GT =7, J** =cyand J~~ = be.

We now construct a SFT action. The string field @ is taken to be U(1) neutral

and grassmann even. The linearized equations of motion from the quadratic term

should reproduce the physical spectrum, while the cubic term should give the

correct on-shell three-point amplitude. For an RNS string field in the large Hilbert

space, the linearized equation of motion is 7yQ® = 0, or
GTGTd =0, (2.17)
with gauge transformations
5® =G "A+GTA (2.18)
Also, the three-point tree amplitude at zero instanton number is given by:
(@ (21) GT®@ (22) GTD (23)) (2.19)
Thus, we conclude that the action to cubic order must be given by
/ (G+®)(GT®) + B{GT®,GT o)) (2.20)

where the string fields are multiplied using Witten’s star product. However, this
cannot be the full action, because it is not gauge invariant under any non-linear
version of 2.18. The form of the action to all orders is fixed up to field redefinitions
by requiring gauge invariance. It was found in [12] to be a generalization of the
WZW model

%;2/ ((e_q’GJ“eq)) (e_q’GJ“eq’) — /01 dt (e_@afe@) {e_tq’GJ“etq’,e_thGJ“etq’})
(2.21)
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which is invariant under the gauge transformations
6e® = (GTA) e® +e® (GTA) (2.22)

which is the non-linear version of 2.18. Meanwhile the non-linear generalization
of 2.17 is
Gt (e‘©G+e¢) — 0. (2.23)

For the NS sector of the RNS string, the action is

%gz / ((e—checp) <e—<1>170€q>> B /01 it <e—tq>atet<l>> {e—meet@’ e—t®170€td>}>

(2.24)
where @ has zero ghost number and zero picture. Note that all terms in the action
have picture number 1 (which is the correct picture in the large Hilbert space),
with no need for picture changing operators. Obviously this action cannot include
the R sector, since states in this sector must have half-integer picture. The R states
must be included in a separate string field. A generalization of the above action
including the R sector was achieved in [13], but we will not review it here, since it
will not be useful for the next chapters.

2.2 Closed string field theory

Closed string fields can be defined in a similar way to the open case, simply
taking instead a CFT without boundary. There are also a couple constraints
we must impose on the space of closed string fields with no open analogue, to
which we will get shortly. Unlike in the open case, there is no known choice of
vertices which makes the theory particularly simple. In fact, it has been shown
that covariant closed SFT cannot be cubic, and is suspected to necessarily be non-
polynomial [33]. There is also no analogue of the string product - instead of an
associative product, closed SFTs are constructed using the language of homotopy
algebras.

We define the space of closed string fields to be constrained by the so-called

subsidiary conditions [6]
by®=0, Ly®=0 (2.25)

where by = by — bp and Ly = Lo — Ly. It is well known that the physical states of
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closed string theories satisfy these conditions, and it is not known how to write a
kinetic term for the closed SFT action without imposing them. These constraints
should also br imposed on gauge parameters.

We also define an inner product in the space of closed string fields by
(4,B) = (Aley |B) (2.26)

where ¢, = %(co — Cp). We will see later that the c, insertion is necessary in
order to have the correct ghost number inside the correlator. Now we can see
the necessity of the b, condition, since the inner product would be degenerate
without it.

In order construct interacting closed SFI’s, we define closed string products
denote by brackets

[B1,Ba, - -+, By (2.27)

g
for n > 0 and g > 0, where ¢ denotes the genus: each such product involves an
integral over a region of the moduli space of Riemann surfaces of genus ¢ with n
punctures. This region is called a string vertex, and should avoid surfaces close
to degeneration. In this thesis we will only work at genus 0, so from now on we
drop the genus subscript. The B; are n states in the Hilbert space H of closed
string fields, satisfying the constraints 2.25. The products also satisfy the same

constraints
(bo — bo) [B1,Ba, - -+, Bu] = (Lo — Lo) [B1, By, - -+, By) = 0. (2.28)

and are linear in the inputs. Thus, the products define multilinear maps from H®"
to H. They are also graded-commutative.

For n = 0 or 1, this is not really a product. For n = 0 we simply define the
bracket to give a special element in . In particular, for g = 0 we take it to be zero:
[-]Jo = 0. For n = 1, the “product” is simply a linear map from H to itself. When
g = 0itis simply given by the BRST operator

[B] = QB (2.29)

Each product is defined with a number of b and b ghost insertions, such that the
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ghost number is given by
¢h([B1,By,...,Bi,Bit1,...,By]) =3 —2n+ Zgh (B;). (2.30)

where gh denotes the ghost number.
The last important property of the string products is the so-called main identity.

At genus zero, it reads

7 (i1, ji) [Bis - Biy [Bh' e Bik” =0. (2.31)
{injiyil k=01 +k=n>0

where the sum runs over all different ways of partitioning {1,2,...,n} into two
subsets {i1,...,4;} and {j1,...,jx}. This corresponds to an L, algebra. Forn =1,
using 2.29, this simply states the nilpotency of the BRST operator. For n = 2, it
implies that Q acts as a derivation on the n = 2 product. For n = 3 we get the

more unusual relation

Q [Bl, BZ/ B3] + [QBII BZ/ B3] + (_)Bl [Bl, QBZ/ BS] + (_)Bl+BZ [Bll BZ/ QB3]
(2.32)

+(—)B1 [By, [By, Bs]] + (—) P28 [By, [By, Bs]] + (—)Ba(1+B1+B2) [By [By, By]] = 0

which tells us that Q is not a derivation of the n = 3 product, and it’s failure to
be a derivative corresponds to the failure of the n = 2 product to satisfy a Jacobi
identity. 2.31 implies that Q is not a derivative of any product with n > 3.

We also define a set of multilinear functions by simply combining the string
products 2.27 and the inner product 2.26:

{A,B1, By, Bu}, = (A, [B1, By, Byl ) (2.33)

They are also graded commutative. For the case with no inputs, { - }, is simply a
number, which we define to be zero forg =0, {-} = 0.

2.2.1 Closed bosonic SFT

Let’s now write the action for closed bosonic SFT. The closed bosonic string
field has ghost number 2 and is grassmann even. We will first derive the kinetic

term. Much like in the open case, we want to define a quadratic action which gives
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the linearized equation and gauge invariance
QP =0, i®=0QA (2.34)
where the gauge parameter also satisfies the subsidiary conditions:
by A=0, LyA=0 (2.35)
One can show that such an action is given by

Sy = = (d,Qd). (2.36)

N =

Here we see that the ¢, insertion in the inner product is necessary in order to have
ghost number 6.
The full nonlinear closed SFT classical action reads:

1 &«
S:P,;zﬁ "}, (2.37)

where « is the coupling constant, and ®" denotes the n-product with n inputs of
®. One can show that it is invariant under the gauge transformations
0 .1

5= % [@", A (2.38)

and it’s variation gives the equation of motion

oo _.n—1

QP+ ) r
n=2

@ =0 (2.39)

2.2.2 WZW-like heterotic string field theory

The large Hilbert space approach of the WZW-like open superstring field theory
was generalized to heterotic strings in [20, 21]. The basic idea is to take a left-right
product of the open superstring field with the open bosonic string field, resulting
in a heterotic string field. This field has total (holomorphic plus anti-holomorphic)
ghost-number 1 and picture number 0, and is Grassmann odd. Like the closed
bosonic string field, it is required to satisfy the subsidiary conditions 2.25. The
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linearized equation of motion takes the same form as for the open superstring:
Qnd =0 (2.40)

except now the BRST operator includes an anti-holomorphic part. Defining the
inner product with a ¢, , similar to closed bosonic SFT, it is straightforward to
show that the kinetic term should be

S2 = (10, Q) (2.41)

N —

which has the linearized gauge invariance
0 = QA + 50 (2.42)

Like the open superstring field theory, the heterotic SFT action is non-polynomial.
The string products are defined in essentially the same way as for the closed boso-
nic SFT. For the cubic order, there is only one term that can be written with the
right picture and ghost number, using only ®, Q and 7, namely

S3 = 7 (n®, [@,Q)), (2.43)

W

where « is the gravitational constant, and the factor of 1/3 is included for con-
venience. Note that [®, ®| vanishes, on account of the product being graded
commutative and ® being Grassmann-odd, so this is indeed the only possible
term. It is easy to check that the gauge transformations generalize to

5D = QA + g[cp, QA+ O <K2> (2.44)

5a® = nQ + g[;yn, D+ 0O <K2> (2.45)

We could proceed deriving the action order by order, but in [21] a method was
developed to determine the form of the full classical action. It takes a modified
WZW-like form. To understand the construction, we first rewrite the open SFT
action 2.24 in the modified form which generalizes to the heterotic string. One can
show that 2.24 is equivalent to

1 1
5= —?/0 dt (A;) Ag) (2.46)
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where Ag = e~ ®MQe®M), Ay = e ®1g;e®t). In 2.24, O(t) = tP, but more
generally we can take any function such that ®(0) = 0 and ®(1) = ®. Note that
Ag is a pure gauge field in the bosonic SFT, associated with the parameter ®(t).
This fact will be important for the generalization to heterotic strings. Note also
that Ag and A; satisfy

0tAg = Q' Ay (2.47)

where Q' is the BRST operator of the bosonic open SFT action expanded about Ag:
Q"= Q+[Ag,.}, where [,,.} denotes a graded commutator.

To construct the heterotic SFT, we define, in analogy with the above construc-
tion for the open superstring, closed string fields ¥ o and ¥ satisfying

Yo = Q'Y (2.48)

where Q' is the BRST operator of the bosonic closed string field theory action
expanded about @,

Q/EQ+§%[ ’é,.}, (2.49)

where now the brackets denote the closed string field products. Unlike in the open
superstring case, ¥ o and ¥+ do not have simple forms in terms of the fundamental
heterotic string field ®(t). Instead, ¥ is a pure gauge field in the bosonic SFT.

Such a pure gauge field can be constructed by solving the differential equation
oo n
9.G(1®) = QP + Y % (G(r®)", @] = QL. (2.50)
n=1""

with the initial condition G(0) = 0. Then ¥, is simply given by
Yo = G(O(1)). (2.51)

where again ®(t) connects 0 = ®(+ = 0) and ® = O(t = 1). Now ¥; can be
determined from 2.48. First, we consider a field H(V, XV; ) dependent on an
auxiliary parameter 7, such that H(V,0;®(¢);0) = 0 and H(V,0;®(t);1) = ¥
The one can show that 2.48 is implied by

dcH(V,0,V;T) = 0,V +«[V, H(V,0:V; )|}, (2.52)
QLH(V,3;V;T) = %G(tV) at T=0 (2.53)
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where [, .];; denotes the string product around G(7V),

[Bll B2I sy Bm]/

o0 Kn
Y = [G", By, By, ..., By (2.54)
n=0 n!
It is straightforward to solve both 2.50 and 2.52 order by order in x, and thus
determine Y and ¥;.

Now we can write the action, analogously to 2.46, as

1
= % /0 dt (7%, %) (2.55)

See [21] for a proof of gauge invariance.

2.3 The hybrid formalism

We now introduce the hybrid formalism, with which we will work through
most of this thesis. This formalism is useful for describing superstrings com-
pactified on Calabi-Yau manifolds, and has the advantage of making SO(3,1)
super-Poincaré invariance manifest. All the hybrid variables (in the GSO(+) sec-
tor) are integer-moded, and there is no need to sum over spin structures, which is
another advantage over the RNS formalism. Also, while the RNS vertex operators
look very different in the R and NS sectors, the hybrid vertex operators are written
in terms of four-dimensional superfields, where the NS and R sectors appear
as the bosonic and fermionic fields, respectively. Scattering amplitudes can be
computed using the N = 4 topological method [18].

The hybrid variables consist of eleven free bosons (x™, p, ¥, 9?]-) and fourteen
free fermions (6%,0%, p*, p*, ¢/, ;) with OPE’s

x"(z1)x"(z2) ~ —log|z1 — z2|0™", p(z1)p(z2) ~ —log(z1 — z2) (2.56)
Pa(20)0P(22) ~ 8 (1 = 22) 7, Pal(20)0P (22) ~ S (21 = 22) !

xi(zl)fj(zz) ~ —log |z —zz|5lf, ¢i(zl)1ﬁj(zz) ~ (z —zz)_15;

Here m, a, i are four dimensional vector and spinor indices. 0, 6 and x™ together
are the coordinates of N = 1, D = 4 superspace, while p and p are conjugate to
6 and 6. Meanwhile, i,j = 1to 3 are SU(3) indices describing a six-dimensional
compactified manifold. p is a chiral boson analogous to the RNS ¢ coming from
the bosonization of the superconformal ghosts.
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The N =1, D = 4 supersymmetry generators take the form

Ju = ?{dz (pa — %G_é‘axm — é@aa(é)z) (2.57)
Gy = — 7{ dz (m - %é&axm — %éaa(e)z) (2.58)

Note that this satisfies the four dimensional supersymmetry algebra, in contrast to
the RNS formalism where the algebra only closes up to picture changing [17].
To formulate the N = 4 method, we define a set of twisted ¢c = 6, N = 4

superconformal generators in terms of these variables as

1 | i ; e -
T = Eax’”axm + paaf)“ + ﬁgaea + Eapap — Eazp + axfax]— + 1170]8170]' (2.59)
G = eld* + ¢fax]-, G~ =e¢Pd*+ 1/_Jj8x7 (2.60)

. . 1 : - : 1 e -
G*:f””h?+fﬂ%ww%ﬂ G—:%H%f+yﬁw%wwlam)

J=—0p+iJc, JTt=e Pt J7m =il (2.62)
where
i 1,50 1, 205
dy = pa + 59 Xy — 1(9) a0, + g@aa(e) (2.63)
7 ] 1 ~ 1~
Ao = i+ 5000 — 4(0)%00; + £0:3(0)’ (2.64)

Jc = lpf 1p]- = 0Hc and x4 = 0}, x. Note that d and d are defined so as to not
have any singularities with the supersymmetry generators. The plus and minus
superscripts indicate the U(1) (i.e. J) charge. These generators satisfy the twisted
small N = 4 algebra

T(2)T(0) ~ Zz—zT(O) + %8T(0) (2.65)

GtG  ~G Gt ~0 (2.66)

GT(2)G™(0) ~ Z% + @ + @ (2.67)
A 2 JO) T(0)

with the twist given by T(z) = Tntwisted) (7)) 4 191 (z).
After the twist, the conformal weights of the worldsheet fields are as follows:



Capitulo 2. Preliminaries 17

Field x™ x, % 1/;]' 4}]. 0,0 P
Conformal weight 0 0 1 0 _@

which implies, for the N = 4 generators

Generator T GH,Gt G-,G~ J Jtt J——
Conformal weight 2 1 2 1 0 2

In Minkowski signature, hermitian conjugation is defined to exchange 6 with 6,
p with p and x’ with &;, while x™ is real. The definition for p, ¢' and ¢; is a bit more
subtle. It seems natural to take 1 and ¢ to be conjugates, and p anti-hermitian, but
this would flip the sign of the U(1) charge. So we complement this conjugation
with an SU(2) rotation taking ] — —J,J*" — J~~,and ]~ — J**. This means
that
, , 1 , _ 1 .
(ef)t = et (gt = Ee_pﬁ?ijkllﬂ',bk, (§:)" = §€p€l]kllﬂleJk (2.69)
which also implies (G*)" = G*.
It will be useful to break the N = 4 generators into “four-dimensional” and

“six-dimensional” parts as

L L 1 .
Gf =efd®>, G =ylox;, G =e e, Gl = 5¢ Pejqp/ypfox!  (2.70)
_ ) - , ~ 1 PR
G, =e Pd, Gy =¢ox, Gy =g, G = Eepe’]kll[)jlpkafl (2.71)

Note however that the two sets are not decoupled. Specifically, G, has a pole with
Gy, Gd with G, , G, with G} and G, with G .

Physical states are defined by the condition 2.17, up to the transformations 2.18.
However, this still leaves an infinite family of vertex operators for each physical
state, of which we should select a unique representative. In the RNS formalism,
this is done by fixing the picture number. In terms of the hybrid variables, the

picture number operator is

1 11
P=__ fdz (—ap — Spab+ 5 Pid ) , 2.72)

which does not commute with the supersymemtry generators 2.57. Thus, fixing
the picture of physical states would spoil manifest supersymmetry. So instead we

simply fix the p charge, i.e. the charge under —dp.
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The prescription for computing tree-level amplitudes is
(@1 (21) G (@2 (22)) G (D3 (23) n / iz G~ (G* (@ (2)))  (73)

where the ®; are vertex operators. The basic correlators are given by

—p+iHc =
<e >p,¢ 1 (2.75)
<€ik1x (z1) e™2* (zz)> = i(271)*6* (k1 + ko) |71 — 20| (2.76)

The hybrid variables can be related to RNS variables by the following field

redefinitions:

00& — e%(—i(P:l:((To-i—(Tl)—Hc) é _ Cgez 31(P:|:((TO (71)+Hc) (277)
pa =e 62(1¢i(‘70+‘71)+HC) U, r_’tX (b;/]ez( 31¢i(‘70 ‘71) HC)) e*U (278)
_hybrid -

quybrzd et xRNSe U’ xhybrzd x]RNS’ xjy " X S+ icCe™ (PI,IJRNs (2.79)

. —hyb d
lphybrid = ineliplys + icdxkys, ; P = —ige~PpfN® (2.80)
dp = 30¢ + ich + 2i¢n — szNSszNs (2.81)

where the ¢’s come from bosonizing the ¢, and
1 o (1 _ ;

=5 74 dzcge? <§lpmaxm + gb]RNSangs) (2.82)

2.4 Hybrid open superstring field theory

With the hybrid formalism, we can expect to be able to make open superstring
field theory manifestly D = 4 spacetime supersymmetric. This was done in [12].
Since picture number is not preserved by supersymmetry, instead of fixing the
picture number we fix the ambiguity in the physical states by substituting 2.17 by
the stronger condition

(GT+GH)@=0 (2.83)
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Since G* + G™ is nilpotent, this has the gauge invariance
60 = (GT+GM)A (2.84)

We are now going to separate @ into three string fields. To do this, first we
expand & in eigenvalues of the p-charge, ® = Y ®,,. The linearized equation
of motion and gauge invariance break up into

Gy @y + G i1 + G Ppyo + G Ppys = 0 (2.85)

and
odb, = GjAn_l + GgrAn + G6+An+1 + GIAn+2. (2.86)

Now note that both G, and G, have trivial cohomology. This means we can use
2.85 to write all ®,, up to gauge transformations, in terms of only three, which
we choose to be ®_1, &y and ®;. The linearized equations of motion and gauge
invariances for these three fields are

GG @ 1+ GG/ Do+ GGl P =0, (2.87)
(GEGH +G G )P+ GGl D1+ Gl G[D_1 =0, (2.88)
GG ®_1+ GG/ Py + GG Py =0. (2.89)
and
6P _1=G{ A2+ G{A1+G{ Ao+ G Ay, (2.90)
6Dy = Gy A1+ G Ao+ G A+ Gf Ay, (2.91)
6®1 = G Ao+ G A1+ G Ay + G As. (2.92)

The form of the full open SFT classical action can be guessed from the action

for ten-dimensional Super Yang-Mills in terms of four-dimensional superfields
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[19], which reads
1 10 2917
Sovm =Try 2 /d X —Z/d oW,
. 1 - .
—i—/d49 ( ~%9;e” (e*vafev> —/ dt (e7"04e'?) {ewa]'e”’,etva]etv}>)
+2/d4 afe ”) @’ + ew (9je™%) + e~ wje”wj>
2 ~ = 2

+/d29€jkl (aﬂakwl + gw]wkwl) + /d29€]kl <<IJ]-8chl — gazjcaka‘)l)] . (2.93)
where W, = D?(e~“Dye"). v is the real superfield containing the four-dimensional
part of the gauge field, and w; and @ are the chiral and anti-chiral superfields
containing the six-dimensional part of the gauge field. Note that all fields are

allowed to depend on the full ten dimensions.

The SFT generalization of this is

SHybrid =
2% <<e_vGZev> (evere) - /01 at (o) {e VGt eV Gle)
N (e—vcgev> (e—ngrex/) B /01 it <e—tVatetV> {e—tVGg—etV’e—tVGé&—etV}
+2((GEe V) Qe + e’ (GieV) +e7V eV 0)

— (Qégcpl — %mel) + (QGgob_l + g()(ch_l) > . (2.94)

where ) = G/ @7 and Q) = G ®_1, and again the fields are multiplied using the

star product. This is invariant under the gauge tranformations

6" =Gy A_1eV +¢e"Gy Ay +e" (GF Ao+ G A1), (2.95)
0Q) = —Gg—GIAZ + [Q, GIAz] + GZ_ (QZAO + gg_/\l) , (2.96)
60 = —GFG{A 1 —[0,G{A 1] +Gf (¢ (G Ao+ G{ M) ™). 297)

where we define convariantized versions of the N = 4 generators as
Gl =eVGfeY, G =G, G/ =eV(GI+Q)e" G =G -O. (298)

The equations of motion implied by the action 2.94 can be neatly written in terms
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of these covariantized generators as

2{95,96 } = —{9% 9}, 2{94.9} =—{9% 9%}
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Instanton Solutions in Open Superstring
Field Theory

As explained in the introduction, open superstring field theory (SFT) can be
a powerful method to obtain non-perturbative information about superstring
theory, with the best example being tachyon condensation. In addition to the non-
supersymmetric tachyonic solutions, the equations of motion of SFT also contains
spacetime supersymmetric solutions which can be studied. In particular, it would
be interesting to use SFT to search for stringy generalizations of instanton solutions
of super-Yang-Mills which give rise to non-perturbative effects in gauge theories.
Note that instanton solutions in SFT have been studied in [34, 35, 36, 37] in the
RNS formalism starting from a system of D3- and D(—1)-branes. Here we will
take a different approach, starting with the Yang-Mills instanton and calculating
massive stringy corrections. It would be very interesting to compare these two
approaches, although this is expected to be non-trivial since they correspond to
perturbative expansions in opposite limits.

After compactifying to four dimensions, the massless states of the open supers-
tring include D = 4 super-Yang-Mills fields and the instanton solution is obtained
by requiring the four-dimensional Yang-Mills field-strength to be self-dual. Howe-
ver, it is difficult to generalize the concept of self-dual field strength to SFT since
the only gauge-invariant quantity that can be constructed from the string field
@ is QP, which vanishes on-shell. Nevertheless, one can instead define the four-
dimensional instanton solution as a localized half-BPS solution to the equations of
motion, i.e. a solution which is annihilated by half of the N = 1 D = 4 spacetime
supersymmetries. In this chapter, we will generalize this half-BPS definition of
the instanton solution in SFT and will find the first stringy correction using the
hybrid formalism. Although we will be unable to find an exact solution to the SFT
equations of motion which generalizes the self-dual instanton, we will find the

first stringy correction to the instanton solution which corresponds to turning on

22
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certain massive spin-2 and spin-0 fields.

In section 3.1 we review self-dual instanton solutions in super-Yang-Mills
theory. In section 3.2 we introduce the central problem of this chapter - solving
the half-BPS condition in open superstring field theory. Our strategy for tackling
this problem is to write a series expansion for the string field and solve order by
order in the expansion parameter, as explained in section 3.3. In section 3.4 we
review the BPST instanton in super-Yang-Mills and generalize it to SFT using the
star product. In section 3.5 we calculate the first stringy correction to the BPST
instanton and show it corresponds to turning on certain off-shell massive fields by
comparing with the vertex operators for the first massive level of the string.

This chapter is based on the paper [26].

3.1 Super-Yang-Mills Instantons

N = 1D = 4 super-Yang-Mills can be described by a vector superfield
Vi(x,6,0) where i is a gauge index and (x™,6%,6%) are the usual N = 1 D = 4
superspace variables. We also define V = VT’ where T' are the generators of the
gauge group. Supersymmetry transformations are generated by acting on V with
the supersymmetry generators g, and §; (see appendix A).

We want to find field configurations that are preserved by half of this supersym-
metry. Naively, this condition would be formulated as

(eq)V =0, (3.1)

where € is a supersymmetry parameter.
However, that is not quite correct. We must keep in mind that the theory has a
gauge symmetry, given by

(SgaugeV = .,E/ﬂv/z[/\ —A— iCOth(gv/z) (A + /_\)], (3.2)
where A and A are chiral and antichiral, respectively, and .Z is the Lie derivative:
Ly(A) = [V, A] (3.3)

So the correct condition is not that (eq)V vanishes, but that it is pure gauge. In
other words, V is preserved by half of the supersymmetry if there are A and A
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such that
(6[]) V — _5gaugev. (3.4)

Of course, one could also consider states preserved by the antichiral supersymme-
try, for which the analysis is similar.

To see what eq. 3.4 implies, we first write V in Wess-Zumino gauge and
assume that the fermions vanish (since we are concerned with classical field

configurations):

~ 1=
V = —00"0v,, + E929213. (3.5)
Since V3 = 0 in Wess-Zumino gauge, the gauge transformation of eq. 3.2 becomes

_ 1 1 _
5gaugeV=A+A+§[V,A—A]+E[V, [V, A+ Al (3.6)

The most general A can be written in components as

02059, (x) + %929_2DA(x).

(3.7)

A = A(x) 4+ V20p(x) + 62F(x) 4+ i00"09,, A(x) + é
Similarly, the most general A is

i

A = A* + V200 + 0°F* — i00™90,,A* +
IP m \/E

02009, + %GZG_ZDA*. (3.8)
The gauge transformation is then

SgaugeV = A+ A* + V20 + V209 + 0°F + 6> F* +

60" (iam (A— A% — % (o, A + A*])

L 2 [ pzm 1 mp L‘Z ma T 1 T =1m
+ﬁ9 < o am¢+2 (O, Yo 0]) - ﬁe <60 8m¢+2[vm,¢a 9]> + (3.9)

— % [0, 0™ (A4 A")] +

1 5,5 (1
~0%0% ( -O(A+ A"
;0 (304 +47)
02 (A+ A*) — 20" (A + A*) oy + (A + AY) 02> .
On the other hand, the supersymmetry transformation is

(eq)V = —ec™Bv,, + €06°D + %eamﬁnﬂézamvn (3.10)

Plugging egs. 3.9 and 3.10 into eq. 3.4 and splitting it in components, we find
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the conditions:

A+A*:¢“:F:F*:8m(A—A*):0, (3.11)
_ 1 -
Yi = 7 (ed™)s Um, (3.12)

where ¢ is defined in appendix A. Since ¢ is traceless, we conclude that
D=0 (3.14)

and
(O-mn)g Pmn — O, (3-15)

which tells us that the gauge field must be anti-self-dual.

3.2 String Field Theory Instantons

We now want to generalize the Yang-Mills instanton solutions to SFT. One
approach to this problem was developed in [34, 35, 36, 37] by studying marginal
deformations corresponding to the blow-up of a zero-size D(—1) brane on a
background of D3-branes, and calculating the massless stringy corrections to the
instanton profile. Here we will start with the super-Yang-Mills instanton profile
and calculate the first stringy corrections using supersymmetry and the equations
of motion. We will see that these two methods of computing stringy corrections
correspond to opposite limits of small and large instantons.

In principle, instantons in SFT can be found using the methods of the previous
section and are defined to be field configurations whose superymmetry variation
is pure gauge:

(€9)V = —bgaugeV. (3.16)

However, unlike the super-Yang-Mills case, there is no gauge choice where V3 = 0.

So the gauge transformation is now an infinite series in V:
- 1 - 1 - 3
5gaugev =A+A+ E[V/A - A] + E[V, [V,A + A]] + O(V ), (3.17)

where the products are to be interpreted as star products. The gauge parameters
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A and A in eq. 3.17 have to satisfy

GTA=0 (3.18)

and
GTA=0 (3.19)

Although we will be unable to analytically solve eq. 3.16 because of the infinite
number of terms, one can solve eq. 3.16 perturbatively by expanding around the
linearized massless solutions to V, A and A. In the rest of this chapter, we will use
this perturbative method to find the first stringy corrections to the super-Yang-

Mills instanton solution.

3.3 Series Expansion of the Half-BPS Condition

To perform a perturbative expansion, first write the string field V as a power
series in some parameter A:

V=AVy+ A2V + A3V +.... (3.20)
Similarly, write
A= AN+ A2A+A3A + ... (3.21)
and
A= )t/_\o + )tzf_\l + /\3/_\2 +.... (322)

We can then break up eq. 3.16 in powers of A:
(6[]) Vo=Ao+ /_\0, (3.23)

1 _
(eq)Vi = A1+ A+ E[VOIAO — Ag], (3.24)

and so on. The goal is to first determine Vj and then recursively determine V1
from V.

Finding V} is relatively easy because eq. 3.23 is linear and thus the massless
and massive states decouple. Actually, since we are working with off-shell string
theory, the expressions “massless” and “massive” need some clarification. By
“massless” we mean any state that depends only on the worldsheet zero modes of

x™, 0% and 0, and not on their derivatives nor on p*. That is, they are the states
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that would be massless if they were on-shell. All remaining states will be called
“massive”.
Let us choose a gauge such that

_ 1 -2
VO - —QO'mQUOm + 56292D0 + VO,massiver (325)

where V) massive contains the massive components.

It is trivial to adapt the computations of section 3.1 to show that
Dy =0 (3.26)

and

Later we will describe an explicit solution of this condition for the case of a U(2)
gauge group.

What about the massive part? We will argue here that massive on-shell states
cannot contribute to the instanton solution since they are not localized in spacetime.
Note that in Euclidean space, the solution to the linearized equation of motion
(6"M190y — M?)® = 01is

®— /d4kf(k)ek'x5(|k| ~ M), (3.28)

Suppose f(k) is non-zero for some k™ satisifying |k| = M. Then it is easy to see

2. . . 7
‘M in the direction x™ = ck™ for c large.

that ®(x) diverges exponentially as e
So there are no localized solutions to (6™"9;,0,, — M2)<I> = 0 in Euclidean space
which can contribute to the instanton solution.

So the linearized condition of eq. 3.23 together with the requirement that the

solution is localized in spacetime implies that
V() = —GU'ng)om, (3.29)

where v, satisfies
""" (0m Vo — OnVom) = 0. (3.30)

A specific choice for the compensating gauge transformation is

Ao =0, (3.31)
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and
/_\0 = —(60’mé)00m (332)

Equipped with this, we can now try to tackle eq. 3.24. We will find that due
to the complexity of the star product, V; * A contains massive components even
though Vj and A contain only massless components. So unlike V), V4 will contain

massive components.

3.4 BPST Instanton

To gain intuition, it will be useful to consider an explicit super-Yang-Mills
instanton solution and see how it can be extended to string field theory. For an
SU(2) gauge group, the k = 1 instanton can be written in a simple form which is
the BPST instanton [38]:

vl = 771111n(x — xo)n ]
T (x = x0)? +p?

xy' and p are two fixed parameters representing the center and the size of the

(3.33)

instanton, and 7., are the 't Hooft symbols [39]:
Nimn = €imna — OimOna + 0inma (3.34)

where i = 1,2,3 is an SU(2) index and m, n = 1,2, 3,4 are Euclidean spacetime

indices. Note that the t'Hooft symbols are anti-self-dual in their Lorentz indices:

_ 1 _
Nimn = _Eemnpqﬂipq- (3.35)

To show that eq. 3.33 does indeed represent an instanton, we have to show that

the corresponding field strength,
Fl = 0u0, — 0,0, + eijkv{nv]fl, (3.36)
is anti-self-dual. The derivative of v/, is

ﬁinm[(x - xO)z + pz] - 277inp(x - xO)p(x - xO)m
[(x = x0)* + 0?7

) (3.37)
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whereas the quadratic part of the field strength is

. €Tl 71 x—x0)P(x — xn)4
j . 1]k77]mp77knq( 0) ( O)
€ijkUmVy = 4 (x— 20+ o (3.38)
Using the identity
eijkﬁjmpﬁknq = 5mn77ipq + (Spqﬁimn - (5mq77ipn - 5pn77imq/ (3.39)
we obtain
i g T (X — %0)? = Tlipn (X — X0)P (X — X0)m — Timp(x — %0)P (x — x0)n
€ijkUmUn = [(x _ xO)z 4 P2]2 )
(3.40)
Then the field strength is
~ Timnp?
Fon=—4 L (3.41)

[(x — x0) + p?]?

and the anti-self-duality of the field strength follows from the anti-self-duality of
Nimn-
To connect this with what we were doing in the previous section, let us expand

vi, in powers of 1/ 0%

.
vlm = Z 2(:11)/ (3.42)
r=0 P
where
U = 2(=1) T (x — x0)" (x — x0)"- (3.43)

That is, we are working with a large instanton expansion which has the form of 3.20
where the expansion parameter is A = plz. This is different from [34][35][36][37]
where they expand the solution in p corresponding to a small instanton expansion.

Now we would like to find the corrections to this instanton solution in supers-
tring field theory - that is, a solution to eq. 3.4 where we take the massless part of
the string field to have the form of the BPST instanton. Note that the gauge group
should now be U(2) rather than SU(2). Since the star product in non-commutative,
the massive levels of the string field will have singlet contributions, even if the
massless level doesn’t. We formally define the object v',, as

i _ ﬁjnn(x_xo)n
Uy = 2(x — )+ o (3.44)
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where the products are to be interpreted as ® products, and ® denotes the trunca-
tion of the star product to the massless level (see appendix B). To give meaning to
division by x™, we invoke the expansion in 1/p? of eq. 3.42 where

re

O = 2(=1) T (x — 20)" @ ((x = 20)°) (3.45)
and rg in the exponent means we multiply r times with the ® product. Also, x?
means the normal ordered product - that is, no contractions between the x’s.

As we showed in the last section, the massive part of V} is trivial. Thus we can
take V) to be the linear part of the BPST instanton (we will fix the position to be at
the origin):

Vd=0, Vi=-200"07 " (3.46)

where VY denotes the U (1) component of the U(2) gauge group. We can also take
the massless part of V; to be
V] ppassiess = — 00004, = 200077}, x" @ x*. (3.47)
but this will have massive corrections.! Both the equations of motion and the
half-BPS condition for the massless fields reduce, up to this order, to their form
in super-Yang-Mills. Thus, it is immediate that 3.46, 3.47 are solutions. At higher
orders, since the star product of massive fields can have massless components, we
expect there will be both massive and massless corrections. That is, Vri’m pssless =
—Qo™ éﬁim is not a solution to the equations for r > 2.
In the next section we’ll compute the first massive level of V.

3.5 The First Stringy Correction

We now want to compute the first stringy correction to the BPST instanton,
which is the first massive level of V;. To that end, we must solve the half-BPS
equation at the quadratic level (i.e. O(1/p*) terms) which corresponds to eq. 3.24.
Although Vj, Ag and A are massless, the star products in the commutator will
contain massive terms which will imply that V; has a nontrivial massive part.

In addition to the expansion 3.20, we will also use level truncation. We define
the n—th mass level of the string field as the component with conformal weight

INote that the massless contribution to V; is ambiguous, since one can always shift V; by any
linearized massless solution. One could try to remove this ambiguity by fixing the properties of
the half-BPS solution, but we will not attempt this here.



Capitulo 3. Instanton Solutions in Open Superstring Field Theory 31

n at zero momentum. Note that each term in the perturbative expansion has, in
principle, components at all mass levels. Here we truncate to the first level.

The first massive contribution to the half-BPS solution is not unique - if V}
is a solution to eq. 3.24, then V] = V; + g*Q) is also a solution for any field O
since (eg)g*Q) = 0. We can ask if there is a half-BPS solution which also satisfies
the SFT equations of motion.? The answer is yes, and we will show that the first
massive contribution to this solution is unique if we also require that it vanishes
at infinity, i.e. it is localized in spacetime like the Yang-Mills instanton. In other
words, 42Q will be uniquely determined if we require that V] satisfies the SFT
equations of motion and is localized in spacetime. This first stringy correction to
the BPST instanton will be interpreted as turning on some off-shell massive fields.
To see what kinds of fields these are, we will compare our result with the first
massive states of the superstring which on-shell consists of a massive spin-two
multiplet and two massive scalar multiplets [40, 41]. We will find that our solution
corresponds to turning on a spin-two and a scalar field.

In subsection 3.5.1 we find the general solution to eq. 3.24 when V} is given by
the linearized BPST solution. In subsection 3.5.2 we find the unique first massive
contribution to the half-BPS solution that also satisfies the equations of motion
and vanishes at infinity. And in subsection 3.5.3 we compare our solution with the

vertex operator for the first massive level.

3.5.1 Half-BPS solutions

In this section we will solve the equation
_ 1 _
(eg)Vi = A1+ A1 + 5 [Vo, Ao — Ao (3.48)

given the linearized BPST solution for Vj

Vé = —Gamévém(x) = —290m0_17f,1nx” (3.49)
Al = —2ed™ B!, x" (3.50)
AL =0 (3.51)

ZNote that the half-BPS solution is required to be annihilated by half of the N=1 d=4 supersym-
metries, i.e. two supersymmetries. If one required that the half-BPS solution was annihilated
by half of the N=4 d=4 supersymmetries, i.e. 8 supersymmetries, one expects that it would au-
tomatically satisfy the SFT equations of motion. We would like to thank discussions with Carlo
Maccaferri and Jakub Vosmera on this point.
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As noted before, we can add any qz-exact term to a solution V; and still have a
solution. For the massive part Vj 55ive, We’'ll show that the solution for the first
massive level is unique up to a g%-exact term, and up to gauge transformations. If,
in addition to eq. 3.48, we require that the solution satisfies the equations of motion
and vanishes at infinity, we will find that the g*-exact term is fixed uniquely. From
now on, we’ll use V; instead of Vj j4ssi0e to denote the first massive level since
we’ll only deal with this level in this section. Similarly, A; and A; will denote the
first massive level of the gauge parameters.

First we have to calculate the commutator on the right-hand side of eq. 3.48,
which involves evaluating a star product. Then we substitute the general form of
the string field and gauge parameters at the first massive level. This is given by
the fields that have conformal weight 1 at zero momentum, and which have mass
squared M? = 2 when on-shell.

The commutator will contain terms that are not eg-exact, which must therefore
be cancelled by the gauge terms. This will fix A; and Aj, up to eg-exact gauge
parameters (that is, up to eq(A] + A]) where A} and A] are gauge parameters).
Once the gauge parameters are fixed, we have determined e4V;, which means we
have determined V; up to a g*-exact term.

At the first massive level, the commutator [V, Ag] satisfies

1 - 1., - = S
5 Vo, Ao = SVg Ao, 0} = Vi Ajo® (3.52)
where 0¥ is i times the 2 x 2 identity. This is because (V{ * /_\{)) = —(/_\{) « Vi) at

this level. Details on the calculation of the star product can be found in appendix
B, and one finds at the first massive level that

Vi s Al = 00%V, + 004V + IT"U,, (3.53)
0 0

where

1" = 9x™ — %00’”85 . %é&mae (3.54)
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and
2 mp nQ.,i i
Vi = —ﬁ(a 0) €000y, ® vy, (3.55)
Vi = 3%/5 (™) 408 — 05™8(e0™) 1) Vhyy © Vb, (y) (3.56)
4 Pa~~+90 (71 i i =i
Uy = m@a Beol0 (meUOq — ’()Opiqu> (3.57)

where y™ = x™ 4 00™4.

The general form of the string field at the first massive level is [40]
Vi =d*W,(x,0,0) + d*W;i(x,0,0) + 1" W, (x,6,0) + 00"V, (x,0,6)  (3.58)
+00*V;(x,0,0) +i(dp — 0Hc) B(x,0,0) + (0Hc — 39p) C(x,6,0)
and the gauge transformations are
Ay =G* (e—iP (d%Ex(x,6,0) + 96°B, (x, e,é))) (3.59)
= — 2ilT,uD*E* + d*D?E + d* (2By — i9aaE*) + 90°D?B,
+ 06" (—iamB“ +4E; — %azéd) +i0p (2D*By — 10,4 D*Ey)
Ay =Gt (ezip—iHc (d°Eq(x,6,0) + 967 B, (x, 9,9)))
= — 21,3 D¥E® 4+ d*D2E, 4 d* (2B, — 044 E*) + 00*D?B;
+ 09" (—iaméé‘ +4E, — %aZEa> +id (He — 2p) (2D*By — 1044 D Ey)

where D and D are defined in appendix A. We can use the gauge freedom to fix V4
in the form

V) =T1"Wy,(x,0,0) +i(dp — 0Hc) B(x,0,0) + (dHc — 39p) C(x,0,0)  (3.60)

Note that there are no terms proportional to d or d in either V; or in the
commutator. Fixing the d and d terms to zero in 3.59, the gauge parameters take
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the form
1. sl 1 o 27 Nk [ T 1‘2 2F
A =— EZHW&D E* + 189 10,4 D°E* 4+ 00% | E4 — gD D-E, (3.61)
. iapD“DzEa (3.62)
_ 1 . 1o~ - 1 -
Ay =— EiHMD"‘E"‘ + ZBG“iamDZE“ + 00" (Ea — gDZDZEa) (3.63)

. ia(Hc —20)D*DE;

where we have rescaled E, and E; by a factor of four for later convenience.
Equation 3.48 can be decomposed into five equations by separating the terms

proportional to 90%, 96%, IT", dp and dHc. The first two will fix E, and E,, up to

eg-exact terms. The other equations, in turn, will determine V;.

The terms proportional to 96* and 06* give

1 _ ] .

Vi = Ex— 2D*DEq + ;LBMDZE“ (3.64)

_ _ 1. _ j _

Vi = Ey— gD*DEq + iaszE“ (3.65)

which are solved by
1, ' .

Ea = Va+ 3D*D?V, - iamDZV“ +E! (3.66)
_ _ 1_ _ ] _ _
Ea = Vi+ 3D?D?V; - }LamDZV“ +E (3.67)

where E}, and E’ are solutions to the homogeneous equations, i.e. they satisfy

E\ = —50uD*E",  Ej = —50uDE" (3.68)

As we'll see shortly, E}, and E'; are also eg-exact.
The terms proportional to IT" give the equation

eqWy + Uy = —é (@)™ Do Es — é (@)™ Dy Ey (3.70)
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Note that

. _ ) _ . .
D, Vs =—— [(—26(7‘79(5,’,’1 + €010,,070) UBP ® vgq (v)

3V3
—2i90p5m0n960q9ﬁ;n06q + 21'60'?0_60’6](7}”0'”06;]77;71}
+4i00" 00 (ﬁ;mvéq - Uépﬁ;mﬂ

:% (_460.1795"1}7 + €(Tm9_5pq)7)6p ® véq (y) + 2ily, (3'71)

In the second equality we used the fact that ¢""7,, = 0 and (FT(’”(T n)); =

—2(5’””55. So eq. 3.70 becomes

i _ _ . .
eqWy, :m(éleaqf)&m” — €0B6P7)vg, @ v, (y) (3.72)

i i 1an oo,  i. _ i -
— 5% Da (gpzl)zvb-Y — L—Laszvﬁ + E@) -3 (Fm)** DyEy

Finally, the equations for C and B are

eq(C+iB) = ;LD“DZE,X (3.73)
eq(C — iB) = —iD*Dzéa (3.74)

In order for equations 3.72-3.74 to be consistent, we must verify that the right-
hand sides are eg-exact. Note that any field of the form ey(y,0) is eg-exact:
ep(y,0) = eq(0y(y,0)). It's then easy to verify that V, and D?V; are eg-exact, as
are any derivatives of these quantities, since ¢ anti-commutes with D and D. Thus,
the equations are consistent as long as we require that D, E}, + D4E,, D*D?E}, and
DAD?E], are eg-exact.

One might suspect that the E}, and E}, terms simply give a gauge transforma-
tion of V;. This is indeed the case, as we’ll now show. First, note that requiring
D*D?E!, = eq(F) implies, by the first eq. in 3.68, that £}, = —leq(DsF) = eq(EY).
Similarly, D*D?E}, = eq(F) implies E., = eq(E.). Note that E/ and E/ are only de-
fined up to g% (something). Also, they satisfy eqs. 3.68 and 3.69 up to g*(something)
- in other words, we can choose E} and E} such that they satisfy those conditions.
That means they only change A; and A by eg-exact gauge parameters, which in
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turn means that they only contribute pure gauge terms to V;.

Thus, from egs. 3.72-3.74, we have uniquely determined egq(V;) up to a gauge
transformation. This means we also have determined V3, up to a gauge transforma-
tion and up to g?(something). The particular solution found by simply eliminating
€q in eqs. 3.72-3.74 (after writing the right-hand sides as eq(something) in the way
described in the previous paragraphs) is

%% _ 2 [(290‘195}; — 00B577) v}y, ® g, (y) — 7260070 (3.75)

3v/3
8 _
— —0(5p — 3H¢)00™ 0y,

Vi =0

where the x products, again, are normal ordered, i.e. no contractions.

3.5.2 Equations of motion

We now want to verify that we can find a half-BPS solution which satisfies the

equation of motion, given, to quadratic order, by
~ 1 ~
GGtV = 5 {G*Vo, GV} (3.76)

Although we will only solve for the first massive level, we can show that the
equation of motion can be solved for all massive levels. There is a solution if the
right-hand side is G™ G "-exact. Note that it is annihilated by both G and G*. In
other words, there is an obstruction to solving the equation if and only if the right
hand side is a non-trivial state in the cohomology of G*G™*. This is equivalent to
asking whether there is an on-shell massive state that can decay into two self-dual
massless states. But Vj is not an eigenstate of momentum and is a polynomial in
x. In momentum space, it is therefore a linear combination of delta functions and
derivatives of delta functions which vanishes at non-zero momentum. So there
can be no such on-shell massive state and there is no obstruction to solving the
equation of motion for V; at any mass level.

The solution V; written above does not satisfy the equation of motion, but we
can find a field V; that does, and which differs from V; by a g%-exact term. This
solution Vj is unique if we also require that it vanishes at infinity.

Calculating the anticommutator between GV and GtV again involves eva-
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luating a star product:

—_

- {G+Vo, Gt} = =(GT Vi« GTV){o, o/} = (GTV{+ GtV (3.77)

N

where

G*Vy = € (2d* D, — 10879, D%) Vp, (3.78)
GV = e_ZiPHHCZd_'XD,j(Vo,

and we have used that 9,,D*V = 0.

As before, let’s separate the terms proportional to I1", d,, dy, dp and JHc.
Note that acting with G* or GT on the equation gives zero, so not all terms are
independent. For example, we don’t need to check the terms proportional to 06*
and 96*. Details on the star product can again be found in appendix B, and on the
right-hand side of 3.76 we find (times an overall factor of e~i+iHcy;

Terms proportional to IT":

161 _ 8 . ‘ .
“ 33 i D,V @ Dy Vi — 375 (amD"‘D,XVé@)D“D,XV(; (3.79)
~D*DyV§ © 8, D*DiVj + idas DV © 9, DV )
16i 192i -
= 2001058, — 00,,00P7) v}, @ v + 00,0
3\/5( m ) Op Oq(y) \/g m
Terms proportional to d*:
16 _ S 16 , ;
——_DiD Vi@ D"V} = ———0,0), @ v 3.80
3\/50‘”‘0 0 3\/5060;7 O(y) ( )

Terms proportional to d*:

16 16 / - & i - o
~ 5 RPeDaViE DV = ﬁ(—ewap@vo (y) + 2i8%(00™ )i 70 ()
(3.81)
Terms proportional to (Hc — 3p):
i (D“Dav ® D*Dy Vi + ida D"V} ®D"‘V> (3.82)
3\/— 0 0 0 0

64 -
P
3\/—7’0;7 o (¥) — ﬁgam@/m
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And on the left-hand side of 3.76 we find:
Terms proportional to IT":

_ {D2, D2} Wi + 8Wiy, — 40"0, Wiy, — 89 B — 12 (50)" [Ds, Da] C (3.83)

= % (260765}, — 00,10577) vp, © v, (y) + %eamé + %ym
Terms proportional to d*:
4i (™) 5 D*Wyy — 249,44 D*C + D, D?(18iC + 2B) (3.84)
— —%Gavép ® vf)p(y)
Terms proportional to d*:
4i (™), D*Wyy + 249,44 D*C — Dy D?*(18iC — 2B) (3.85)

_ e s ip 22 (nmy i oingn) _ 2205
= —5 5 (0l @2 (1) + 20200 (1) =

Terms proportional to id(p — Hc):

— 49™W,, — 8B — % {D% D?} B+30,: [D*, D*] C (3.86)
_ 128
V3
Terms proportional to d(H¢ — 3p):
. _ 11 _ _ .
— 203" [Da, Da] W™ — 8C + — {DZ, DZ} C +169,,0"C + dos [DY, D*] B (3.87)

32i ; ip 64 ~ 128i
=0 @vl(y) — —=00"0yy + ——
33 0 E W) = R0t

We conclude that V; does not satisfy the equations of motion. However, the
following Vi can be defined which differs from V; by a g*-exact term and which
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satisfies the equations of motion:

N 64 81 64 .
2i

== [(290“79551 — 00,0690y, @ vl () — 72000 + 96iym}

3V3

8 _ 16 _
+ ——(80™0y,,, — iy*) (O0Hc — 300) + — (100 8y,,, + 4)i(dp — OH,
ﬁ( ym — 1y~)(0Hc o) ﬁ( Ym +4)i(dp c)

(0Hc — 39p)y* + (dp — dHc) (3.88)

Vi =0

We can still add to V; a term g*® where ® satisfies G* (GT(®)) = 0, i.e. ®
describes an on-shell massive field. But as explained below eqn. 3.28, any non-zero
on-shell massive field will diverge exponentially when x — co. So in order to
have an instanton solution that vanishes at infinity, we should set ® to zero. Note
that the stringy contribution V; of eqn. 3.88 naively diverges quadratically in x™

when x — oo, but this is expected since it was found using an expansion in ‘%.

After summing over all orders in #, one expects that the stringy contribution
will vanish at infinity like the super-Yang-Mills instanton. However, adding an
on-shell massive contribution to V; would diverge exponentially when x — oo
and could never cancel after summing over all orders in plZ' We therefore have a

unique solution.

3.5.3 Meaning of the massive fields

The first massive level of the on-shell string field describes two massive scalar
multiplets and a massive spin-two multiplet. The on-shell field can be gauge-fixed
to the form
I1" (Wi + 209, (F — F)) — = (3p — 9Hc) [DZ, DZ] (F+F) + (9Hc — 33p) (F + )

(3.89)
where F and F are the chiral and antichiral superfields for the scalar multiplets,

1
8

and W, is the superfield for the spin-two multiplet. In components,

F=X(y)+65(y) +6°Y(y), F=X(y)+065(y)+06Y(y) (3.90)
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and
Win =Con + i0xm — i0Xm + 008 | 0n + }Iemnpqapcq) (3.91)
060, — iBBON,, — eeéé%anancm

where X, X, Y and Y are massive real bosons, ¢, and ¢ are massive spinors, vy,
is a massive symmetric traceless tensor, C, is a massive vector, and x and A are
massive spin-3/2 fermions [40, 41].

This is to be compared to our result of eq. 3.88. Since V; is not on-shell, it
doesn’t take the form 3.89. Nevertheless, we can still identify the components of
V; with certain components of F, F and W,,. Comparing eqn. 3.90 and 3.91 with
eqn. 3.88, one finds that the non-zero component fields are

8i 16i , ‘ , '
—ﬁyz + ﬁ’ vgm = 06(m ® Ué)n) - 2’06p ® 06p5mn (3.92)

i i i i i i :
where v, (m @ Von)y = Yom © Vo + Vo @ Uy We can therefore interpret the correc-

X(y) =

tion to the BPST instanton as turning on the U(1) component of a massive scalar
field and a massive spin-two field.
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Super Yang-Mills Action from Hybrid
Superstring Field Theory

String Field Theory provides an off-shell description of string theory. As such,
it’s expected that, upon integrating out the massive fields, we should obtain an
effective field theory describing the low-energy limit of string theory. Effective
actions were computed from bosonic open string field theory in [42, 43] using level
truncation. This was generalized to Open Superstring Field Theory (OSFT) in [44],
where the authors found a method that allows one to integrate out all massive
states at once, no truncation required. Starting from the WZW-like formulation for
the NS sector of OSFT [12], they computed the effective action to quartic order, and
showed that it reproduces the Yang-Mills action, up to a’ corrections (not super
Yang-Mills because the R sector was not included). One can argue by dimensional
analysis that there cannot be any higher order terms at &’ — 0, so that the effective
theory coincides exactly with Yang-Mills in this limit.

If we follow a similar method using the hybrid open superstring field theory,
the resulting effective theory is expected to reproduce ten-dimensional super Yang-
Mills (SYM) in terms of four-dimensional superfields [19] (plus &’ corrections). In
this chapter we will check that this is true at the quartic level. Although we do
not compute the full action explicitly, we will argue from gauge invariance that it
must reproduce SYM.

In section 4.1 we compute the massless contribution to the effective action,
and find that it coincides with the SYM action to cubic order, but not quartic. In
section 4.2 we integrate out the massive levels exactly, and find that, upon adding
this contribution, the effective action coincides with SYM up to quartic order. In
section 4.3 we obtain the full gauge transformations at «’ — 0 and argue that it
implies that the full effective action is the same as SYM in this limit.

This chapter is based on the paper [27].

41
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4.1 Massless contribution to the effective action

We start by computing the massless contribution to the low-energy effective
action. We will suppress a’ corrections. This means we only consider terms with
two derivatives (where D and D count as “half a derivative”). In this section we
compute the massless contribution up to quartic order - i.e. we simply truncate
the string fields and their products to massless order in the hybrid SFT action
2.94. This should result in the SYM action up to cubic order, but there should be
a mismatch at quartic order, since at this order we will also have propagation of
massive fields. We will now show that this is indeed the case.

At the massless level, the three string fields take the forms
V=V(x0,0), ® = e_Ptpjc‘Tj(x, 0,0), @ = eptﬁjaj(x, 0,0) (4.1)

where x stands for all the ten directions. We expect that V should be the same
as the v in 2.4, while ®; and ®_; should be related to the chiral and anti-chiral

superfields, in a manner to be made precise shortly. Acting with the G’s, we get

G,V =2e°dDV + 9(ef)D*V — ie?99,0*“D,V, (4.2)

GV =2e7#THIDV 4 9(e YDV — ie=201H30,0 D,V (4.3)
‘ . 1 oo

GeV =9V, GiV= e—PEeijklpupJakv (4.4)
1 o _ o

0=7ce Pep'p/ D2e¥, Q= y/D?; (4.5)

Gg_q)l = Gijklpiéja'k, Gg_q),l = e‘Ptpitpjaic‘rj (4.6)

Now we see that Q) and ) contain a chiral and an anti-chiral superfield, respecti-
vely. Presumably D?¢ = w' and D?; = @;.
We start by computing the third term in 2.94 for massless V. From the relations

above, we have
(e*VGgreV> (e*VGgreV> = <e*VE_9ieV> (e*ValeV) %epeijktpjgbklpl (4.7)

The e~ P43 factor gives precisely the basic correlator 2.75, and all the OPE'’s are
regular. Therefore, we obtain precisely the corresponding term in the super-Yang-
Mills action. The same logic follows for all terms in 2.94 but the first two. These are
a bit more involved, since we have to take the OPE’s of the d’s and d’s coming from
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GZ and GZ, as well as the p exponentials. Thus we see that all the terms in 2.4
involving the chiral or anti-chiral superfields or the six-dimensional derivatives
of v are matched exactly by the truncation of 2.94, to all orders. Next we will
investigate the first two terms in 2.94.

41.1 Cubic term

The cubic term in the four dimensional part of the SFT action is

1 .
$¥ =~ (V{G/V,G/V}) (4.8)

which is to be compared with the SYM cubic term

s&) = —Tr / d10x420 D2[D*V, V|D?D,V = —Tr / 410440 [D*V, V]D?D,V
(4.9)
where we have transformed a total D? derivative into a 420 integral. This integral
is antysimmetric with respect to flipping the chiralities (i.e., D <+ D), and it will
be convenient to write it in a way that makes this manifest. Using integration by

parts and cyclicity, one can show that
s& =T / d0xd*0 V[D2V, D2V] + 2V[D*DyV, D*DV]  (4.10)

Now we compute 4.8 for massless V. We will compute the correlators in the
upper half plane (UHP), where the prescription for the star product is that the
operators be inserted at —v/3, 0 and /3. Using 4.2, 4.3 we get

(GfVVG{V) = 48 (dDVVADV) — 8V3((D*VVADV ) — (dDVVD?*V )
~2(D*VVDV ) — 24i((dDVV30,9" Di V) + (0.3 DV VADV))  (411)

Here we hid the positions of the operators for ease of notation. On the r.h.s., we
already computed the p and i correlators. Wherever there is no p or i dependence,
the brackets are to be understood as just the x and 6 correlators. The other term in
4.8 is given by hermitian conjugation, which translates into D <+ D with a minus

sign.
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The correlators give
= 1.4 - 1 y .
<dDV(—\/§)V(O)d V(\/§)> = <€D"‘D“VD“VD,~XV - ED,XVD"‘VD"‘D,XV

1 ; - 1 - ] =4
+—D*D,VVD*D;V + gDaV[D”‘, D*|VDyV + iamD“VVD“V (4.12)

12
i o B
~53D"VV9uD V>
<dDV(—\/§)V(O)D2V(\/§)> = % <D,XVD“VD2V+ %D,XVVD”‘DZV> (4.13)
<dDV(—\/§)V(O)89aa‘5“"D&V(\/§)> = —é (D VV**D, V) (4.14)

Now, we again use integration by parts and cyclicity to write this in a form in
which there is either two or zero D’s or D’s on each V, as in 4.10. Substituting in

4.1.1, we obtain
(GfVVG{V) =12 (D*D,VVD*DiV) +6 (D*VVD?V) (4.15)

Adding the conjugate and the factor of 1/6, this gives precisely 4.10.

4.1.2 Quartic term

The SYM quartic term is symmetric with respect to D <+ D. Following the

method used for the cubic term, one can show that it can be written as

S = ~Trgy [ dxd0[D% DIV({DLY, [V, DsV]} — {DaV, [V, DuV]))

—2[D,V,{D*V,D*V}|D;V — [V, [V, D*V]|D*V (4.16)
+i([V, [V, D*V]]0uaD*V + [V, [V, D*V]]044 D" V)

On the OSFT side, the quartic term for the four-dimensional part of the action

is
s = % <G4vé4vv2 G VV2G,V — 2G4VVG‘4VV> (4.17)
One might think that computing this term would require a lot more work than the
cubic one, but we will now argue that all the relevant quartic correlators can be
immediately read off from the cubic ones, up to simple factors. First, note that now
the operators should be inserted at —1, 0, 1 and co. By cyclicity, we can always

choose to put a V with no G’s at infinity, and then all contractions with this V
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vanish - it becomes just a spectator. Thus the correlators take the same form as the
cubic ones, with an extra V inserted at infinity, and with a rescaling by 1/ V3. The
result, after organizing the terms to look as close to 4.1.2 as possible, is

5@

Massless

=5+ }LTr / d'"xd*0 D,VD;VD*VD*V — 2D, VD VD*VD*V

(4.18)
As expected, there is a mismatch. We will see in the next section that the extra
terms are precisely cancelled by the contribution to the action from integrating out
the higher mass levels.

4.2 Massive contribution

To integrate out the massive fields, we will use the methods of [44], which
allow us to obtain the exact answer, without any level truncation. We write the
string fields as

®; = Y + R, (4.19)

where @Y contain the massless states, and R; contain the fields we want to integrate
out. We now solve the equations of motion for R; in terms of @Y. Since we are only
computing the quartic term in the action, we only need the solution to quadratic
order. Expanding the equations 2.99 we get:

(Gy Gy +G{GHV+GO -Gl - %{ij, GV} — %{G;V, G{V} (4.20)
+1[G+() V]+ %[G*Q V]—{0, G+V} —{Q, GV} =0(®?)
GlG/V+Gla-Gfa- —{G+V GyV}I+= [G*Q V]+ = [Gm V] (421)
—{Q,G/V}+ 0= O(q>3)
GiGIV+GfO-Gla- —{G+V GiV}+ = [G*Q V]+ = [G*Q V] (422
—{Q,GV}+Q*= O(q>?)
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which are solved to quadratic order by

1,.G,

G, G,
Roy= =5 (V" G+V°]+L—j)[V°,GI<I>‘11]+L—6[<I>°1,G+d>°1]) (4.23)
1.Gy 0 ~tv01 4 G610 A1 4 Gt 10 At a1 L C6 110 40
Ro =5 (75 [V, Gy VO + Jo1V0, GV T (V0 Gy ol + 75 [v0, G ot)
2° Ly Lo Lo
(4.24)
1 G- G, G,

Now we obtain the contribution from R; to the quartic term by simply substituting
these solutions into the R; kinetic terms. Note that we have now four G operators,
which will become simple derivatives on the massless fields, as in 4.2-4.6. Since
we do not want the higher derivative corrections, we consider only the terms with
two derivatives (again, D and D count as half). That means that each G operator
can only contribute one D or D, which implies that the only nonzero contribution

is from the four-dimensional term, namely
<410 ~+10] O4 11,0 ~t1/0
[G4 Ve, GV ],L—O[V ,G VvV ] (4.26)

where <, > denotes the BPZ product. This is as should be, since, as we have seen,
the four-dimensional term is the only one for which the massless contribution
does not match exactly the SYM action. Since the R;’s will no longer appear, we
will drop the 0 superscript on V.

Now we use the crucial trick from [44], which allows us to rewrite the BPZ
product of two star products, such as 4.26, as a correlator with insertion points
—1/a,1/a,a, —a, witha = V2 — 1. We will not review the proof here. Then we
evaluate the action of the G operators as in 4.2-4.6. It might seem like we will get a
multitude of terms, but in fact most of them will have more than two derivatives.

The only terms that interest us are

N G,y
<[GIV( 1) G+V(i)] Lo [V(a),GIV(—a)]> = (4.27)
2 <[e—29+iHJDV, ePdDV]Li([e—Pd'DV, e?dDV] —i[V,T1%D; D, V]

0

+2[V,00°D, V1)) + 2 <[ae—29+iH D?V,efdDV] Li

: v, BQ“DaV]> + ..
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where [T8 = 9x&* — 1 (9%99* + 606" ), and the ellipsis indicate higher derivative
terms.

We now use the Schwinger parametrization

1 _ / dt e—tLo (4.28)
Lo 0

This will have the effect of shifting the positions of the insertions in the second

commutator from a and —a to b = ¢~ 'a and —b, plus adding an overall factor of

(4= B (), D-a)]) = [~ e (A=), BEICH), D(-b)] )

(4.29)

We must now evaluate the correlators. Let us start with the first term on the
rh.s. of 4.27. Note that, since we do not want any more derivatives on the V’s,
we should only contract the d’s and d’s among themselves. This results in, for

example

(A= 015 b)) =

1 1, 2 , 1 ab
€aﬁ€aﬁ(b_%)2(b+%)2 (E(—E—I—a(b +;))—1—?) (4:.30)

while the corresponding p and ¢ correlators give

3
i, 1) 1 8 (b—1
—20+H (_ ZNoP(Z)e P (B)eP (— - a
(I Qe = (Hl) @31
’ a
We can obtain the other orderings of the insertions by simply changing the sign of
aand/or b.

For the second term, we have

TN D)) = _isfef [ —° a 2 1
<d4x( a)da(a)nlglg(b)> - Z(Saély <Z(b— %)2 + 2(b+%)2 + a (bz_ l)Z)

On the third term, the d must contract with the 96, and the d will contract with
the V’s to give DV. And on the last term, there is only one d, which again must
contract with 06.
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Putting everything together and integrating on t, we get

1

N G,
1 <[ij0, G;vo],L—‘;[VO, ij°]> = (4.32)

1 _ . .
—ZTr / d%xd*0 D, VD,VD*VD*V — 2D, VD;VD*VD*V

which precisely cancels the extra terms in 4.18. Thus the effective action from
OSFT coincides with SYM to quartic order. In the next section we will argue, based
on gauge invariance, that they should coincide to all orders, even though we do

not explicitly compute the effective action.

4.3 Gauge invariance and the full action

We have shown that the effective action computed from OSFT in the hybrid
formalism reproduces, up to quartic order, super Yang-Mills theory plus higher
derivative corrections. Differently than the Yang-Mills action, which is quartic,
the SYM action 2.4 is non-polynomial in the prepotential. We would like then
to generalize the result to all orders. Explicit computation of the action using
the same methods as above seems impractical, as the calculations become more
involved at each order. However, the SYM is actually quartic in Wess-Zumino
gauge. If the gauge transformations are the same in the two theories to all orders,
we can conclude that the actions must be as well.!

Consider the gauge transformations with parameters ¥ and X in 2.95-2.97.
The other gauge transformations do not appear at the massless level. Restricting
the gauge parameters A_; and A; to be massless, i.e. A_1 = ¢ PA(x,6,0) and
Ay = e~ Hc ) (x,0,0), we get & = D?A and £ = D?A. Now, if we also truncate
the string fields and their products to the massless levels (the star product simply
reduces to the usual field product), these transformations reduce exactly to the
SYM gauge transformations.

Now we must ask whether there are any massive contributions to the mas-
sless gauge transformations. Remember we are ignoring &’ corrections - here
this means that the string fields should appear with no derivatives in the gauge
transformations, and the gauge parameters should only appear with the D? or
D?. Note that in 4.23 the massless fields always appear with derivatives in the

massive terms. Although we only have the explicit solution to quadratic order,

!T thank Nathan Berkovits for suggesting this idea.
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we can argue that the higher orders will always include derivatives, since there
is no expression we can write with only products of the string fields (withno G
operators, i.e. no derivatives) which is purely massive. Thus we see that the R; in
4.19 can be ignored as far as the massless gauge transformations are concerned.
Massive states will still appear in the star products, but it’s easy to see that also
those can only contribute higher derivative terms to the gauge transformations.
We therefore conclude that the effective action from OSFT has the same gauge
invariance as SYM, and thus the action should be the same to all orders.



Capitulo 5

Heterotic String Field Theory in the Hy-

brid Formalism

A classical action for the Neveu-Schwarz sector of heterotic superstring field
theory (SFT) was first constructed in [21, 20]. The basic ingredients are the WZW-
like large Hilbert space formulation of open superstring field theory and the closed
string field products. The heterotic field can be thought of as a left-right product
of an open superstring field and an open bosonic string field. This construction
was extended to include the Ramond sector up to quartic order in fermions in [22].

In the previous chapters we have explored some applications of the hybrid
formalism for open superstring field theory. It would be useful to have a similar
formulation of heterotic closed SFT, which at the massless level would correspond
to a superspace formulation of N = 1 d = 10 supergravity in terms of four-
dimensional superfields. In this chapter we take a first step towards this goal
and construct the quadratic term in the heterotic string field theory action with
manifest N = 1 d = 4 super-Poincaré invariance in terms of three string fields,
similar to what was done for the open superstring. We then analyze explicitly
the massless contribution to the action and show that, upon restricting to the
Calabi-Yau (CY) independent sector, it provides a description of four dimensional
supergravity plus a tensor multiplet in N = 1 d = 4 superspace. Work is in
progress on extending this quadratic action to the full non-linear closed string
field theory action of the heterotic superstring.

In section 5.1 we obtain the linearized equations of motion and gauge invarian-
ces describing the heterotic spectrum, and construct the corresponding quadratic
action. In section 5.2 we explicitly evaluate the action for the massless sector and
show that the CY independent sector correctly describes supergravity in N =1
d = 4 superspace. We also show how to modify the action for the massless sector
of heterotic SFT in order to obtain a real action for ten-dimensional supergravity.
After that we compare with the RNS formulation of heterotic string field theory.

50
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Finally, we discuss our results in section 5.4.

This chapter is based on the paper [28].

5.1 Linearized action

In this section we will find that all the physical states of the heterotic string
can be described using three string fields, and will construct a quadratic action for
heterotic string field theory with manifest four dimensional spacetime supersym-
metry.

We take the string field ® to be a direct product of a bosonic open string in the
antiholomorphic sector and a hybrid open superstring in the holomorphic sector.
® is grassmann odd with total ghost number 1, i.e. §(—dp + Jc — bo)® = &.
On-shell states should satisfy the linearized equation of motion

GH(GT+Q)®=0 (5.1)

where Q = [ dz(¢T + ¢dcb) is the antiholomorphic BRST operator.
In addition, the string field should satisfy the hybrid version of the b, and L,
conditions on closed string fields which are

(G~ —b)y®=0, Ly®=0. (5.2)

Here we run into an issue with the reality condition: in the hybrid formalism,
hermitian conjugation (in Minkowski signature) is defined in such a way that
G*t = G#, and then the first condition of 5.2 is evidently not real. For now we
will simply work in signature d = (2,2) or d = (5,5) so that all the operators and
fields are real. It will later be shown that the physical spectrum can be analytically
continued to Minkowski signature.

To fix the ambiguity that comes from picture changing, rather than fixing the

picture number, we consider the more restrictive equation
(GT+Q+GMH@d=0 (5.3)
with the gauge invariance

5@ = (GT+Q+GHA (5.4)
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just as was done for the open superstring. The gauge parameter A should satisfy
the same conditions 5.2.

Now the idea would be to expand @ in eigenvalues of the p charge:

o= ) o, (5.5)
n=—0oo
where —dp®,, = n®,. Our hope is that we can describe ® in terms of only a finite
number of the ®,’s. But here we encounter a problem in the fact that G~ — b does
not have a well defined p-charge, which means that the subsidiary condition will
mix different ®,. Explicitly, we have (G )o@, = —(G; — b)oPy—1.
To avoid this, we will solve the (G~ — b)g constraint as

® = (G —D)Z (5.6)

and work with ¥ instead of ®. Note that we can choose X to be annihilated by ¢y,
and then it is expressed in terms of ® as ¥ = ¢y®. Now we have a constraint ¢y
with a well defined p-charge. The price we pay is that the equations for X take a
more complicated form, namely 5.3 implies that

(GT+Q+ G +2) nt_neu(G~ —b)g)L =0 (5.7)
n=0
with gauge invariance
6L =(G"+Q+GT+2) nt_nen(G- —b)o)A (5.8)
n=0

where A is also annihilated by ¢g. Note that (Gt +Q+ Gt +2Y° nc_,¢,(G~ —
b)o) is nilpotent (in the space of string fields annihilated by L;) and anticommutes
with ¢y. Now we can expand X in eigenvectors of the p-charge, ¥ = }"* ¥, with
the simple constraints

C_OZn — O, Laz;/l — 0 (5-9)

The equations of motion and gauge invariances become
Gy Zn+ G 1+ G Zpn + G 043 =0 (5.10)

6y = Gy P A1 + G Ay + Gt Ay + G Ao (5.11)
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where
G, =G/}, G"=G/, (5.12)

Gyt =G +Q+2Y nc ntu(Gg —b)o, Gy =GF +2 Y nc_ncu(Gy)o
n=0 n=0
(5.13)

Note that each of G}, G;", G;" and G}" anti-commutes with ¢. Note also that

G, and G;" are nilpotent and have trivial cohomology, which means we can use

5.10 to write all %, in terms of only three, which we choose to be ~._1, ¥y and ;.
The equations of motion for these three string fields are

GlH (Gl 1+ G Eo+ G, 2y) =0 (5.14)
(Ge Gem + Gy Gy )0 — Gi G ey + GiT GLTE 1 = 0 (5.15)
Gy (G214 G Zo+ G %) =0 (5.16)

with linear gauge transformations

6L 1 =G, A2+ GP A1+ G A+ Gy Ay (5.17)
60 =Gy A1+ G Ao+ GP A+ G A (5.18)
61 = Gy Ao+ GP A1+ G Ao + G4 A (5.19)
with
coAn =0, LyAy=0 (5.20)

We should note that G, and G, are not nilpotent like G and G/, and also that

G, does not anti-commute with G, and G, with G}". Explicitly, we have

(Gé+)2 =2 i Tlf_nfn(L6 — E)(), (5.21)
n=0
(GH)? = —{G}",GT = -2 i nc‘,nc‘nefzf’eijklpilpjaxkd_z, (5.22)
n=0
(GL, Gy =2 neneu(Lado, (5.23)
=0
{G,F, G} = —{G’i, G} = 9perHiHc (5.24)

where L4 and L¢ are the four-dimensional and six-dimensional parts of the ho-
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lomorphic energy-momentum tensor, respectively, and L is the antiholomorphic
energy-momentum tensor. All other anticommutators vanish. Still, the fact that
G,  + Gt + G, + G is nilpotent ensures gauge invariance.

Now we would like to define a quadratic action whose variation gives the
above equations. In order to do this, we define an inner product with a by insertion,
(A, B) = (A]by|B). Although G does not anti-commute with by, the ¢y constraint

ensures that the anti-commutator vanishes inside the brackets, such that
(A,G'B) = (-1)4(G'A, B) (5.25)

where G’ stands for any of G,, G/, G/" and G}, and (—1)* denotes the grass-
manality of A.

With this definition, the action which reproduces the equations 5.14-5.16 and
gauge transformations of 5.17-5.19 is

S2 = 5 ((G4" %o, Gy Xo) + (G5 2o, Gg o) + (Q, Gg'21) + (G521, Q)

+ (G20, Q) 4+ (Q, G, Zo) +(Q, Q) (5.26)

N =

where Q = G, %1, ) = G;*X_;. This is formally the same as the open superstring
field action [12].

Note that we can also define string fields of ghost number one which are
annihilated by by as ®}, = by¥,. Then, if we redefine the inner product as (A, B) =
(A|co|B), we can write the action 5.1 in the same form in terms of ®),. This form
is more similar to the usual formulations of closed string field theories, and in
particular the RNS formulation of heterotic SFT, so it might be more suitable for
constructing the nonlinear orders. Note however that by does not anti-commute
with G.', so the gauge transformations do not take the same form - instead there
will be a by in front of every term in 5.17, and the parameters A, are still annihilated
by Co-

5.2 Massless level

Having constructed a quadratic action, it will be interesting to analyze it
explicitly for the massless level. We expect this should give a description of ten-
dimensional supergravity in terms of four-dimensional superfields. We will ignore

the right-moving fermionic worldsheet variables, that is the states transforming
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under E8 x E8 or SO(32). Then the most general form of the string fields at the

massless level is

boZo = coxpHM(x,0,0) + ¢/Ci(x,6,0) (5.27)
boZ1 = e°F + e ;coxM A} (x,6,0) (5.28)

boX_1 = e Pco*cB(x,0,0) + e_pgbjc‘éxMA;w(x, 6,0) + %e_Pgbilpjeijka(x, 6,0)
(5.29)

where M runs over all the ten dimensions, while i, j, k are SU(3) indices descri-
bing the six compactified directions. All the fields in the above expansions have
conformal weight zero, except for F which has conformal weight 1. The graviton
is contained in the fields HM, A]M and Aéw while B is related to the ghost dilaton.

For the gauge parameters, we have:

_ _ _ - 1 - i}
boA_y = e~ 290" (Ea2c‘w“(x, 6,0) + lplc‘axMw]].XI(x, 6,0) + Eeijkllfl/)]@]oi (x,6, 9))

(5.30)

BoA_1 = e° (c-éxMNM (x,,8) + $/A;(x,6, é)) (5.31)

E()Ao = P(x, 9,9_) (5.32)

boA1 = e’ PV (x,0,0) (5.33)

boAy = %ezﬁeijkzﬁilﬁjaé’j‘wk&(x, 0,0) + e~ Hecox, NM(x, 6,0) (5.34)
boAs = e¥ 1M (¥ 40,00 cxMaw) 1 (x,6,0) (5.35)

Here we have used some of the gauge for gauge freedom to fix this form of the
gauge parameters. All the parameters in the above expansions have conformal
weight zero, except for ¥ which has conformal weight 3. This parameter can be
used to fix the form of F to

F = 36*B(x,6,0) (5.36)

leaving the residual gauge symmetry

0By = D?ay (5.37)
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Evaluating the action 5.1 at the massless level, we get
1 10.. 44
=3 / A10xd%6 (5.38)
[HM (DDZDHM + 4909, Hyy — 20D — 8D Ak, — 8D Ay — saMafcj) +
C; (899/C; +2v/26 ™ D?0,C + 89MD? A} + 49' DB — 2D?D*C’ + 49'DP ) +
D*C! (—4aiB + 89 AM — 2\/§eijkafék) — 8vV2D?AMeT*9; A+

P . _ 1. -
D2Aj, (—8D2A£‘4 + 8\F2eijkaJAkM) —~Dp (DZB + iDﬁ)}

which is invariant under the gauge transformations

oHM = D2NM 4 D2NM 4 oMp (5.39)

6AM = 9;NM 4+ M), + DwM (5.40)

0AL, = 3Ny + Iy’ + D@y, (5.41)

5Ci = aiP — Dz)\i + 2\/§ei]-kaf7\k + Dwi (5.4:2)

6C" = 9'P — 2v/26"%9;A; — D*A' + D@’ (5.43)
_ 1._ .

0B =20 NM — 5DZP +49'A; + Dw (5.44)

0Bi = D*DiP — 4D,V — 40 wjs + D?a (5.45)

As mentioned above, we expect this to describe ten-dimensional supergravity.
This is not immediately clear, especially given that the action 5.38 is not even real
in Minkowski signature. To simplify the problem, we look in the next subsection
at the compactification independent part of the action. Then in subsection 5.2.3
we will modify the action 5.38 in order to make it real in Minkowski space. After

that, we will compare these results to the RNS formalism.

5.2.1 Calabi-Yau independent states

We now consider only the CY independent states, by which we mean the
massless string fields that do not depend on 7/, ¥i, x/ or x;. That leaves us with

boXo = H™(x,0,0)c0x,, boX_q =e’F, byZq =e PB(x,0,0)c0*c  (5.46)
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where m is a four-dimensional index. H" should correspond to the supergravity
superfield [45, 46]. The action 5.38 reduces to

% / d*xd*0[H"DD?*DH,, + DB(20,,H™ — %DB — D?B)] (5.47)

which has the gauge invariances
SH™ = D>N™ 4 D*N™ + 9" P (5.48)
6B = D’DP (5.49)
6B = 20,,N"™ — %sz + DA (5.50)

and equations of motion

DD?*DH™ —9"Dp =0 (5.51)
Dy (20,,H™ — DB — D*B) =0 (5.52)
D?’DB =0 (5.53)

Although, as discussed above, the action is not real in Minkowski signature, the
solutions to the equations of motion can be chosen to be. To see this, first note
we can define E = D E and work with the constrained field E, satistying D?E =0,
instead of p:

DD?DH™ —9"E =0 (5.54)
D(20,,H" —E — D?*B) =0 (5.55)
D’E=0 (5.56)

The third equation is the complex conjugate in Minkowski signature of the cons-
traint D’E = 0, and the first equation above is manifestly real if H" and E are.
The second equation can be written as 20,,H" — E — D?B — D?B = 0 for some B.
So if we choose B to be the complex conjugate of B, this equation is also real. In
the next subsection we will see how this gives a superspace description of four

dimensional supergravity.
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5.2.2 Supergravity

We expect the massless level of dimensionally reduced heterotic SFT to describe

N = 1d = 4 supergravity plus a tensor multiplet. One way to formulate this

theory in four dimensional superspace is with the supergravity superfield Hy,

plus a linear superfield [47], i.e. a superfield satisfying D?E = 0 and D?E = 0. The
action is

S = % / d*xd*0[H"DD*DH,, + 2E0"H,, — %EZ] (5.57)

which has the gauge invariances

SH™ = D?N™ 4 D>*N™ + 9" P (5.58)
SE = DD?’DP (5.59)

and equations of motion

DD?’DH™ — 9™E =0 (5.60)
D?D;(20,,H" — E) = D*D;(20,,H" —E) = 0 (5.61)

This is equivalent to the equations obtained in the hybrid SFT since 5.61 implies
that 29,,H™ — E = D?B + D?B for some B and B.

5.2.3 Real ten-dimensional supergravity action

Similarly to what we did in the previous subsection for the four-dimensional
supergravity action, we can make the action 5.38 real by the following proce-
dure: first we define E = DB. Obviously E is constrained, D?E = 0. However,
we can make E unconstrained by adding an extra superfield B such that the
equation of motion from varying B is the conjugate of the last equation above,
D? (E)iCi +09;,C' — iE) = 0, with E real. We then impose Bf = B. Thus, we
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propose the following real action

5, = % / 0%
HM (DDZDHM + 4919 Hyy — 20 E + 8D29, Ak, — 8D21 Ay
—~499/C; — 401d;CT) + C; (209/C; +2v/26 D20, C; — 89M D2 Al
120/(D?B + D2B) — 2D2D2C' + 20'E + 4aia]~c‘f) n (5.62)
Ci <2aia]-<ff — 29,(D?B + D?B) + 8D?y AN — 2/2¢; D?ICk + 2aiE)
—8vV2D? AME*Y; Ay + D2 Al (SDZA;M + sﬁeijkafAkM)

—E <DZB — D?*B + %E)

with gauge transformations

dHM = D2°NM — D2NM 4 oMp (5.63)

SAM = 3;NM 1 oM); + DM (5.64)

0AL; = 0'Ny + Iy + Dol (5.65)

6C; = 9;P — D*A; — 2v/2¢€;39' A* + Dw; (5.66)

6C" = 9'P — 2v/26"%9;A + D*A' + D' (5.67)

6B =20 NM — %sz +49/A; + Dw (5.68)

SE = DD*DP — 2D*¥/A; + 2D*0;N) — 20,D@’ — 20/ Dw; (5.69)

This action describes exactly the same physical states as 5.38.

5.2.4 Massless level in RNS

Let us do a similar derivation using the RNS formulation of [21], in order to
compare. Here we work only in the NS sector. The string field has ghost number

zero and picture zero. In the gauge o = 0, the massless string field reads

& = cfe PyMeoxN Ayn + 2icocTEIEe 2P 0xME N + cocTEe PYME,
+icEdEe *c0%cB + icfy B (5.70)

where ¢* = %(c + ¢) and the barred and unbarred fields are independent.
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The linearized action is

S = /dlox[AMN(%DAMN — 8MEN — aNEM)

—EM(Ep +20B) — EM(Ep — 20)B) + 2B0B] (5.71)

with gauge invariances

SAMN = INCM + OMlN (5.72)
SEpm = %DCM +omf (5.73)
6Em = %DEM —omf (5.74)

6B = —%aMgM + f (5.75)
5B = %aMgM + f (5.76)

The RNS and hybrid formalisms can be related by the field redefinitions 2.77-
2.81. This leads to the following identifications of the massless fields:

Ann « Doy DHy|, (5.77)

Ay« D*AY|, AN « D*AY, (5.78)
E, « Doy,DDB|, Epn o« D*D*Hy|, (5.79)
Ej « D’D?C;|, E « D?*D*C/| (5.80)

B o D2BMWPrid)| - B o Dp] (5.81)

where the vertical bar denotes the § = § = 0 component. However, the hybrid
formalism includes extra states with no RNS equivalent which will not be physical.

To see this, first note that we can use N™ and NM in 5.39 to gauge HM to Wess-
M
_ in

can be used to gauge away all of AM except the 6% and 6262 terms. The latter has

Zumino gauge, where only the 69 and 8202 terms survive for bosonic states. w

no RNS equivalent, but it can be easily checked that it is auxiliary by deriving the
equation of motion from varying 5.38 with respect to A]I.\,. The components of Aé\]
work in an entirely analogous way. For C;, we can use A; and wj, to gauge away
everything except the 620 term (this works similarly to a Wess-Zumino gauge,
but we have an extra parameter to gauge away the 00 term). C' is analogous. B,
can be gauged, using a,, to a form where no terms with two 6’s appear. Among
the remaining bosonic components, the 66 term can be shown to be auxiliary by
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the B equation of motion. Finally, B can be gauged, by w,, to the form GZG(}], 9),
where G is anti-chiral. The 6?6? component can be shown to be auxiliary by the
B equation of motion. All the remaining bosonic components of all fields are
accounted for in 5.77-5.81. Thus, there are no extra physical states.

If we restrict to the CY independent states, it is easy to check that the RNS

action

5= /d4x[A’””(jIDAmn — 9mEn — nEnm)

—E"™(Eps + 20,B) — E"(Eyy — 20,4B) + 2B0OB] (5.82)

and the hybrid action 5.47 are compatible (in the NS sector) upon identifying the
tields as in 5.77-5.81. Note that the hybrid field, even in the NS CY independent
sector, still includes some extra states that do not correspond to any RNS state, but
these are all pure gauge. Of course, in addition, the hybrid field includes the R
sector.

5.3 Difficulties with adding interactions

The obvious next step would be to add interactions to the theory. However,
this is not straightforward, mainly because the linearized equations of motion
involve zero modes of G~ and b. To see this more explicitly, we can try to define
the cubic terms in the action. The strategy will be to make simplifying assumptions
which allow us to determine the cubic interactions in some sector, and then try to
determine the complete cubic term by gauge invariance. This second step will fail.
Our simplifying assumptions willbe £_; = 27 = 0 and G, £y = 0. Then it is easy
to check that eqs.5.14-5.16 imply that Xy satisfies the on-shell condition

(GT+Q)GT (G )Xo =0 (5.83)
or, since ¢cpXg = 0,

({20, Q}GT (G )0+ (GT+ Q)G )T =0 (5.84)



Capitulo 5. Heterotic String Field Theory in the Hybrid Formalism 62

This means that the cubic vertex must reproduce the on-shell three-point amplitude
for X,

<(G_ — 5)020(G+ + Q_)(G_ — E)oZoG+(G_ — E)OZO> =
(PG, DG, Dp) + (Po(G + Q) PG, Do) (5.85)

where &) = (Gg —b)oZg. When X goes off-shell, we must use the closed string
tield products and multilinear functions, as defined in [6]. Thus, the cubic terms
whenX_ 1 =2%1 =G, Xy =0is

{(D(), GICI)O, GICI)()} + {q)o, G;q)o, Ggq)()} (5.86)

We should be able to deduce the other terms (involving X_1, X; and G, ¥) from
gauge invariance. Let us try to lift the G, ¥y = 0 assumption while keeping
Y1 = X_1 = 0. In order to preserve gauge invariance, the linearized variation of

the cubic term must be proportional to the linearized equation of motion, i.e.
sWSy = —((GLFGLH + Gy Gy )%, 6@ %) (5.87)

But the linearized e.o.m. involves the zero modes of G~ and b. Since these have
conformal weights (2,0) and (0, 2), they do not act as derivatives on the string
field products, which prevents us writing a cubic term whose variation is 5.87
using only the G, G, G’ and G’ operators, the string field products and the inner
product.

5.4 Discussion

In this chapter we have constructed a linearized theory for heterotic string fields
using the hybrid formalism. We found that the heterotic spectrum can be described
in terms of three string fields, similarly to the open superstring. We can formulate
the theory either in terms of ghost number 2 fields annihilated by ¢y or ghost
number 1 fields annihilated by by. Reflecting these somewhat unusual constraints,
the linearized equations of motion also take an unusual form involving the zero
modes of G~ and b. We also analyzed explicitly the massless level. Although
the theory is not real in Minkowski signature, we found that the equations of
motion in the massless compactification independent sector can be written in a

real form, and describe four-dimensional supergravity plus a tensor multiplet in
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superspace. If we include the CY states, since all the NS physical states coincide
with the RNS formulation, and the action has manifest spacetime supersymmetry,
the full linearized action must describe ten-dimensional supergravity in terms of
four-dimensional superfields.

Having defined a linearized theory, we might expect to be able to construct an
interacting theory following the ideas of [21] and [12]. However, given that the
equations of motion now involve G~ and b zero modes, the algebraic structures of
the RNS formulation do not fully carry over. In particular, it is not clear how to
construct string field products on which G, and G, would act in a simple way.
We leave these questions for future work.



Capitulo 6

Conclusion

In this thesis, we explored some results in superstring field theories, both open
and heterotic, using the hybrid formalism. We constructed an explicit open SFT
solution corresponding to the leading stringy correction to the BPST instanton.
After compactifying to four dimensions, the massless states of the open superstring
include D = 4 super-Yang-Mills fields and the instanton solution is obtained by
requiring the Yang-Mills field-strength to be self-dual. However, it is difficult to
generalize the concept of self-dual field strength to SFT. One can instead define
the four-dimensional instanton solution as a localized half-BPS solution to the
equations of motion, i.e. a solution which is annihilated by half of the N =1D = 4
spacetime supersymmetries. An SFT solution was constructed perturbatively in
the inverse of the instanton size - that is, a large instanton expansion. We found
the first stringy correction to the instanton solution, corresponding to turning
on certain massive spin-2 and spin-0 fields. The hybrid formalism might also
be useful in other approaches to SFT instantons, such as the one developed in
[34, 35, 36, 37]. Given the prominent role played by supersymmetry in instanton
and BPS states, we can expect that a manifestly supersymmetric formulation will
lead to many insights. In particular, it would be interesting to understand how to
describe a D3/ D(—1) brane system, following [34], in the hybrid formulation.

We also constructed an effective action from open superstring field theory.
Following the methods of [44], we showed that it reproduces super Yang-Mills
in superspace, plus higher derivative corrections. It would also be interesting to
relate this to [34], where it was shown that the contribution to the potential in the
effective action is localized at the boundary of moduli space. This was shown
generally for WZW-like theories with N = 2 worldsheet supersymmetry where
the string field can be split in two by the U(1) charge. In the hybrid formulation
we already have such a splitting (into three) by a U (1) charge before we can even
write the action. Clearly the general argument from N = 2 would need some
adaptation for the hybrid formalism, but at least the simple argument for the

boundary terms being proportional to the full potential seems to translate easily.
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For the heterotic string, we constructed a linearized SFT action with mani-
fest N = 1 D = 4 supersymmetry. The massless level gives a formulation of
ten-dimensional supergravity in terms of four-dimensional superfields. Howe-
ver, generalizing this to an interacting theory is not straightforward. The main
difficulty in realizing a complete hybrid formulation of heterotic SFT lies in the
G~ — b condition, and the fact that it does not have a well defined p charge. A
formulation of SFT without such constraints was recently constructed [48, 49],
and it would be interesting to see whether a supersymmetric formulation can be
constructed using a similar approach. For bosonic closed SFT, this is achieved by
adding an extra spurious free string field (inspired by Sen’s approach to the R
sector of the superstring in [25]). The b ghosts appear in the action, but only the
quadratic term for the spurious string field. Although this has only been done for
closed bosonic SFT, there is no obvious obstruction to applying similar methods to
the heterotic string. This would make the splitting of the states into three string
fields a straightforward matter (presumably we would also need several spurious
fields).

The formulation of linearized ten-dimensional supergravity in terms of four-
dimensional superfields is also novel, and we can ask whether it can be generalized
to the full interacting theory. If this succeeds, it might also give some hints on
how to construct the interacting heterotic SFT. I expect that these questions can be

answered in future work.



Apéndice A

Notation and Conventions

We always use the mostly + convention for the spacetime metric. For the most

part, we will not write Regge slope a’ factors explicitly, instead setting a’ = 2.

A.1 RNS superstring

The superconformal ghosts B and -y are bosonized as follows

B(z) =93, 4(z)=yet, S(y) et 6(p) et

T¢ = —%847847 —0%p, T = —ndc¢

E@)n(w) ~ ——,  p(2)p(w) ~ —log(z — ).

zZ—w

The picture number operator is defined as

P:fdzéiy—acp

and the picture raising and lowering operatos as

X(z) ={Qs,&(2)} = G(2)d(B(2)) — 9b(z)d"(B(2))
Y (z) = code *(z)
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(A1)

(A.2)

(A.3)

(A.4)

(A.5)
(A.6)
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A.2 4D Supersymmetry

m

The Pauli matrices ol where m = 0to 3 and &, & = 1 to 2 are four dimensional

p

vector and spinor indices, respectively, are

00:<—1 0) 0_1:<0 1)
0o -1/’ 1 0
0 _ L o (A7)
2= "), A=
i 0 0 —1
We also define barred matrices as
gMhr — enr P Oy (A.8)

where the antisymmetric € tensors are used to raise and lower spinor indices, and
are defined as

€120 = —€21 = —1, 612 = —621 = 1, €11 = €2 = 611 = 622 =0 (A9)

for both €,5 and €ap-

The generators of Lorentz transformations for spinors are defined as

(O_mn)g _ 411 (0-0%5-”‘5‘5 — g-gclda-m’j‘ﬁ) (A.10)
(5’"1”)% — %L (am&agzﬁ . a.ntjcagzg) (A_ll)

We also use the following notation for contracting spinor indices:

PX =P X0 PX= 0= —(x)" (A.12)

We work in N = 1, D = 4 superspace with the usual variables (x™,0%,6%),
where 6 is anticommuting and % = (0%)'. The supersymmetry generators in

superspace are

0 i _
o = 290* z(o—me)txam (A.13)
and 3 ‘
i
e =—55 + 5(90’”)aam (A.14)
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which are easily shown to satisfy the supersymmetry algebra

We will also often use the supersymmetric fermionic derivatives

D, = 307 + E(O'mé)aam, (A.16)
- 0 i
Dy = aﬁ + E(QO'm)aam (A.17)

which are easily shown to anti-commute with the supersymmetry generators.



Apéndice B

Star Products

In this appendix we detail the calculation of the relevant star products. We'll
use conformal mappings to the upper half complex plane (see [29]). The prescrip-
tion we use is as follows: given a basis ¢” of the string field space, the star product
of two arbitrary string fields A and B is

AsB=Y (e5,4,B)e (B.1)

r

where C denotes conjugate states. These are defined by

(87(,:, €S> — 5;/5 (B.Z)
where
(A, B) = ((I(z) o A(0)) B(0))ynp (B.3)
The right-hand side is a correlator in the upper half plane, and I(z) is the conformal
transformation
I(z) = -2 (B.4)
= _

The coefficient is given by the correlator

(A,B,C) = (f-10A(0)fo© B(0)f10C(0))ynp (B.5)

with the conformal transformations

nmt 2
fu(z) = tan {? + 3 arctanz} (B.6)
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The correlators are given by

<eik1x (Zl) eikzx (22)> _ i(27‘()454 (kl + kz) |Z1 — 2 —ky ko (B.7)
<9292 e—ip+iHC> -1 (B.8)

B.1 Massless level

We will denote the massless level of the star product by ®. In the p6 sector,
there are no non-trivial massless contributions. For example, it is immediate that

0" @ 0P = 9°0P (B.9)

For the x™, however, there are non-trivial (higher derivative/higher order in ')
terms, even at the massless level. Computing the product of two functions of x™ is
slightly tricky because x™ itself is not a well-behaved operator in the worldsheet
theory. Rather, the actual operators are worldsheet derivatives of x” and plane
waves e/ '*. The solution is to assume that the functions of x™ we are interested
in admit Fourier transform representations and to compute the star product of
functions x™ in terms of the products of exponentials, that can be obtained by the
usual methods. That is,

4 4 . .
F(x) * G(x) = / %%F (k1) G (ky) 1 x efka (B.10)

We need then to calculate the product e1% x ¢/*2*, which amounts to calculating

the coefficient (e=/*¥, e'f1% eik2x):

(e—ikx’eiklx’eik2x> _ (g) = (+13) /2 (%) —Kk/2 <e_ikx(_\/§)eik1x<0)eik2x(\/§)>

(B.11)

K24k - k
— i(zn.)42—2k2+2k1 'kz\/g T 254 (kl +ky — k)
So the ® product is

elkix g ikax elnz[—z(k1+k2)2+2k1 “K3]+In V/3[ (k1 +ka )+ - K3] pikitk)x (B.12)
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We conclude that
F(x) ® G(x) = (B.13)
exp | 212 [ % +-5 % +aFaG —Inv3 s + % +3aFaG F(x)G(x)
P 52 T T e n o2 T ox2 U ox2 :

B.2 First massive level

The star product between two fields F(x,6,0), G(x, 0,0) will contain terms pro-
portional to 96%, 96* and IT". The conjugate states are proportional to d,, d; and
I1,,, respectively. Thus, we need to calculate the coefficients (d,V(x,6,0),F,G),
(diV(x,0,0),F,G) and (IT"V(x,0,0), F,G). The relevant conformal transformati-

ons are

fo (d,XV(x, 9,0_)) (z) = f(2)dV(f(2)) + {;’%Z)) D,V (B.14)
fodV(x,0,0) () = @AV + L0 @)

Fo (V(3,0,0) () = f EaVE) + LDy @)

For the first coefficient we obtain

(dV(x,0,8)F,G) = > {4,V (~VBF(0)G(VE)) -

- (DuV(~V3)F(0)G(V3))

(B.17)

_ _%(_N ((V(-VBDEOG(VE)) ~ (-1 (V(~VHEO)DG(VE)))

where (—1)V is 1if V is commuting and —1 if anticommuting. Note that (—1)V96*W

2
V3

is the conjugate of 4,V if W is the conjugate of V. We conclude that

C
F# G|y = 590 (~DuF © G + F © DyG) (B.18)
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. . 4
where | o denotes the terms in the star product proportic.)nal to 00*, and C = 33
A similar calculation yields the terms proportional to 06 and IT™":

(F*G)pp_s :g (00" (—DuF @ G+ F ® DyG) + 00 (—D4F ® G + F @ D4G)
(B.19)

AT (3, F ® G + F ® 0,,G))]

B.3 Products involving d and 96

To calculate the equations of motion, we also need to evaluate products of the
form d,F * d;G and diF % 90PG. At the massless level, we have

(V(x,0,0),dyF, d;G) :% (V(=V3)dF(0)d:G(V3)) (B.20)
+ 5 (V- VAF(0)DLG(V))
(V(x,8,8),d:F,00PG) :555 <V(—\/§)F(0)G(\/§)> (B.21)
Therefore
dF @ dyG =C? <D&F®DmG— %(—1)FD,XD,-XF®G (B.22)

2
dyF ©90PG =C20PF 0 G (B.23)

1 - 1 -
+—(—1)FF & D&szG - ZDDCF (%9 D&G)

Now we move on to the first massive level. To get the terms proportional to
IT", we need the coefficient

(I1"V(x,6,0),d.F,dyG) = C* ((IT"V, D4F, D,G) (B.24)

—%(—DF (IT"V, Dy D4F, G) + %(—1)1“ (IT"V, F, D4 D, G)
1 i}
—4 (IT"V, D F, DaG)) + (=1)EC3¢™ (V,E,G)

where the last term comes from the O(1/ (z12z13223) ) term in the OPE dy (z1)dy (z2) 11" (z3).
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For d;F % 99PG we have simply

(Hmv, AL, 895(3) = 2P (1I1"V, F, G) (B.25)
We conclude that
doF % d G| = C? (D,XF*D,XG— %(—1)FDQD,XF*G (B.26)
+%(—1)FF % D Dy G — }ID,XF * Dac> ’H + (-DFCTIIMF® G
d:F %00PG| = C3PFx G (B27)

To obtain the terms proportional to d and d, we need the following coefficients:

(aeﬁV(x, 9,9),@3@@) - (B.28)
—(~1)V 3P ((—1)F (V(=V3)D:F(0)G(V3) ) + % <V(—\/§)P(O)D&G(\/§)>>
(aéBV(x, 8,8),d,F, d‘ac) - (B.29)
—(~1)V 3t (<V(—\/§)F(O)D,XG(\/§)> + %(—1)F <V(—\/§)D,XF(O)G(\/§)>)
(aeﬁv, diF, aéﬁc) - (aé*v, diF, aéﬁc) ~0 (B.30)
Therefore

dyF * d; G|, = —C%d, ((—1)FD&F®G+%P®DQG) (B.31)

d.F « d;G|; = —C°d, (F®DaG+%(—1)FDaF®G> (B.32)

diF % 90PG|, = dyF  98PG| ;= 0 (B.33)
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B.4 Products involving p and H¢

The last product we need for the equations of motion is e’ e =2 *+Hc, We will

need the following conformal transformations

foe(z) = (f(2) "2 emie(f(z)) (B.34)
foee(z) = (/(2))°" " erife (1)) (B.35)
Fodp(z) = F/(2)op(f(2)) + ;}8 (8.36)
f odHe(z) = £ (o) + 3 (B37)
The relevant coefficients are
(1,eiP,e—2fP+iHc) — 2 (B.38)
(ap, eip, e*Zip+iHC) — _%Cl (B39)
<8Hc,eip,e_2ip+iHC> = —%c—l (B.40)

where to conjugates of 1, dH¢ and dp are, respectively, e THc, —gHce+iHc /3
and

dpe~PTiHc Thus, the product we are looking for is (truncated to the first massive
level)

eip % e*Zip+l'HC — C72€*l’p+l’HC + %Cl(aHC o 3ap)€*ip+iHC (B41)
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