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Abstract

String theory allows for huge classes of possible models admitting a gravitational low-energy ef-
fective description. However, not any effective field theory (EFT) of gravity admits a string theory
UV completion. By using string theory as the main theoretical laboratory, the “Swampland program”
aims at identifying the hallmarks distinguishing the “landscape” of gravitational EFTs that admit a
consistent UV completion from the “swampland” of seemingly consistent EFTs that do not.

In this context, it has been recently realized that the perturbative regimes of UV complete four-
dimensional A' =1 (i.e. minimally supersymmetric) EFTs are strongly characterized by the presence
of specific types of fundamental strings, called EFT strings. The latter generically support an ‘internal’
world-sheet sector, besides the universal ‘center of mass’ sector, and it is currently unknown how to
couple it to the bulk supergravity sector in a supersymmetrically controlled way.

In this thesis, we illustrate how the universal sector of EFT strings can be coupled to four-
dimensional N/ = 1 supergravities by appropriately generalizing the superembedding formulation of
superstrings. This provides a promising starting point to add the internal world-sheet sector. In this
respect, we first study in depth the N' = (0,2) two-dimensional supergravity. We finally give a first
example of inclusion of the internal sector, considering N’ = (0,2) Fermi multiplets and N' = (0, 2)
chiral multiplets. In the latter case, we show that a generalization of the superembedding condition
is needed, leaving the investigation of this interesting aspect for future work.
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Chapter 1

Introduction

The Standard Model (SM) is the most accurate theory that describes the interactions among
elementary particles. Nevertheless, it is surely not the ultimate theory describing the reality at its
very fundamental level. The reason is that it still presents some unsolved theoretical problems, like the
so-called hierarchy problems, or the explanation of dark matter. Furthermore, the Standard Model
leaves apart the gravitational interactions. Among the theories that have been proposed to go beyond
the SM, the most promising one seems to be String Theory, according to which fundamental particles
are nothing but different excitations of a one-dimensional object.

String theory started in the late 1960s as an attempt to organize and to explain the observed spec-
trum of hadrons and their interactions. However, together with the existence of a critical dimensior[]
which is 26 for the bosonic string and 10 for the fermionic string, an undesired property of string
theory was the appearance of a massless spin two particle, which is not present in the hadronic world.
Therefore, string theory was ruled out as a possible theory of strong interactions, but the presence of a
massless spin two particle led to regard it as a promising candidate for a complete theory of quantum

gravity (QG).

There exist five different types of critical superstring theories: type I, type IIA, type 1IB, heterotic
SO(32) and heterotic Fg x Fg. Together with 11-dimensional M-theory, they are all linked among
themselves by dualities, particular equivalences which relate different theories in different perturbative
regimes (small-large or strong-weak dualities). These dualities suggest that these theories should be
different manifestations of a unique theory, that is String theory.

Since superstring theories are 10-dimensional and M-theory is 11-dimensional, it is necessary to
reduce the higher-dimensional string effective descriptions down to four dimensions in order to obtain
relevant phenomenological, particle models. In order to get four-dimensional models, the unobserved
6/7 extra dimensions are assumed to be compactified on manifolds with an extremely small radius,
and the structure of the compactification determines the structure of the four-dimensional theory.

The arbitrariness in compactifying higher dimensional theories down to four dimensions does not
seem to allow for a systematic study of all the possible EFTs. Rather, one may start with a four-
dimensional theory and inquire whether such a description is coherent with its quantum gravity ul-
traviolet (UV) completion. This approach has a bottom-up nature, and goes by the name of the
Swampland program [1-3]; it is characterized by consistency criteria, within the four-dimensional de-
scription, which are called Swampland conjectures and aim at discriminating EFTs compatible with
a complete theory of quantum gravity from those which do not admit such a UV completion.

Tt is the dimension required by space-time Lorentz invariance of the quantized bosonic string (or superstring) theory.
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Figure 1.1: Among the (apparently) self-consistent 4-dimensional effective field theories, the string Landscape
represents the sub-set of theories which admit a QG UV completion, while all the others are in the string
Swampland.

The four-dimensional effective field theories originating from string theory are populated by azions
a', which can be seen as zero gauge-forms subjected to the transformation

at —a' + ¢, (1.1)

where ¢! are arbitrary constants. An axionic theory can be reformulated in terms of another, physically
equivalent theory where the axions are replaced by gauge two-forms Bs;, as we will see in detail in
Section 2.1
Furthermore, typical EFTs admitting an UV QG completion are characterized by the presence
of BPS objects. In the thesis work, we focus on fundamental axionic strings, which are fundamental
in that they cannot be resolved into some smooth solitonic strings within a 4d EFT. Their tension
satisfies
A? < Tatying < ME, (1.2)

where A is the effective cut-off scale. These strings electrically couple to the two-form potentials By ;,
in turn related by an ‘electromagnetic duality’ to the axions. In this sense, it is said that BPS strings
are ‘magnetically’ coupled to the axions, and this is the reason why are also called axionic strings.
In particular, if we consider the dual axionic picture, in Section [2.1] we will show that, encircling
the string, the axions undergo a shift set by the string charges e under the gauge two-forms B ;:
a’ — a' + €.

In order to include the axionic strings in the EFT, it is necessary to have an axionic shift symme-
try. However, one of the most widely accepted conjectures of the Swampland Program, which is the
No Global Symmetry Conjecture , states that exact global symmetries are not admitted in QG.
Therefore, the above axionic shift symmetries must be understood as approximate global symmetries
which are realised only at points of infinite distance in field space. This results in working close to the
infinite distance boundary of the field space in the corresponding string theory models. As we will see
in Section [2.4] the compatibility of this condition with the string backreaction motivates the restriction
to the EFT strings |68, which are then a subclass of the BPS axionic strings, whose backreaction
drives the surrounding scalar fields towards asymptotic field-space regions where the EFT admits a
perturbative regime and corresponding axionic shift symmetries.

Throughout the work, we restrict to 4-dimensional EFTs preserving minimal (A = 1) supersym-
metry at the cut-off scale A: this supersymmetry can be spontaneously broken at lower energies,
but our considerations will regard the EFT structure at energy scales of order A. Therefore, after
having discussed in detail our motivations in Chapter [2] in Section [3.1] we will start from introducing
N =1 supersymmetry to arrive at writing N' = 1 supergravity Lagrangians, by using the superspace
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formalism. Then, in Section we will derive the supersymmetric action for the axions magneti-
cally coupled to the strings, and its dual version, following [9, [L0]. To this aim, we will use proper
superfields which contain, among their components, the axions a’ and the gauge two-forms Ba;. They
are the chiral superfields T*, whose lowest components contain the axions a’ and the saxions s, which
are related through a duality to the real linear superfields L;, containing the gauge two-forms By ; and
the dual saxions ¢;. The last ingredient to write the full action is the contribution of the BPS string
electrically coupled to the gauge two-forms By ; with charges e’. This part of the action is introduced
in Section and enjoys the so-called k-symmetry, which is a local fermionic symmetry, which rep-
resents the way in which the bulk supersymmetry can be (partially) realized over the string worldsheet.

In the derivation of the string action, we use the so-called Green-Schwarz (GS) formulation dis-
cussed in [9], in which the string is described by the superspace embedding of the bosonic worldsheet,
parametrized by two bosonic coordinates £, m = 0, 1, into the target superspace. The GS formulation
allows for a description of the universal ‘center of mass’ sector, consisting of the bosonic and fermionic
fields describing the string profile in the target superspace. However, from explicit UV completions
(in which typically the axionic string corresponds to a brane wrapped on some internal cycle), we
know that possible deformations of the internal configuration correspond to additional fields living on
the worldsheet, which represent the so-called ‘internal’ degrees of freedom of the string. Such internal
sector of the worldsheet theory allows for the anomaly cancellation, required to have a consistent
EFT, which is discussed in [11]. Thus, we need to include this sector in the theory and describe its
interaction with the dynamical background fields, but the GS formalism is not suitable for describing
these degrees of freedom in a supersymmetrically controlled way.

An alternative approach which helps us to do this is the superembedding approach (see |12] and
references therein). In this formulation, to realize local supersymmetry on the worldsheet, we extend
the latter to an N = (0, 2) supersurface My 5 parametrized by two bosonic coordinates £™, m = 0,1,
and two real fermionic coordinates ™, u = 1, 2. This formalism provides the fermionic k-symmetry of
the GS formulation with a clear geometrical meaning of standard worldsheet local supersymmetry, thus
giving a supersymmetric theory both in the superworldsheet of the string and the target superspace.
Therefore, after having discussed N' = (0, 2) supergravity in Section in Sectionwe will introduce
the superembedding formalism, by illustrating how it works in the case of N' = 1 superstrings [12]. At
this point, we will be ready to implement this approach to our case of interest, and thus Section [£.3| will
be dedicated to reformulate the theory for the BPS axionic strings in the superembedding formalism.
Then, in Section we will include in the theory N' = (0, 2) Fermi superfields, thus providing a first
example of inclusion of an internal sector to the world-sheet theory of an EFT string. Furthermore,
we will see that an inconsistency arises when one tries to include A/ = (0, 2) chiral superfields.

Finally, in Chapter [5| we will draw our conclusions.



Chapter 1. Introduction




Chapter 2

The structure of N/ =1 effective field
theories relevant to string
compactifications

In this Chapter, we discuss how axions and axionic strings arise from string compactifications.
In this respect, in Section we show the key ingredients of the effective 4-dimensional theories we
will consider throughout the thesis work. Then, in Section we consider the explicit example of
M-theory compactifications on G2 manifolds. Finally, in Section we discuss the so-called EFT
strings and Section is dedicated to show the main results related to them.

2.1 The UV origin of axions in D =4 EFTs

As said in the Introduction, String theory admits different perturbative formulations, related to
each other by dualities. They are given by the five superstring theories, which are Type I, Type IIA,
Type IIB, Heterotic SO(32) and Heterotic Eg x Fg, and the 11-dimensional M-theory. The effective
actions of superstring theories are 10-dimensional, while the low-energy description of M-theory is
11-dimensional supergravity, and they have a spectrum of massless fields which depends on the theory
we are considering. In particular, all theories contain a massless graviton g,, and a dilaton ¢, apart
from M-theory which does not include the latter, while for the anti-symmetric tensor gauge fields we
refer to Table 2.1l They can be represented as differential forms, and we use the notation according
to which C), is a p-form gauge field, given by

1
Cp = =Cuipg..ppyd? ANdat? Ao Adat? (2.1)

p!
Such anti-symmetric tensor fields couple to extended objects: as an example, the NS-NS By field
couples to the fundamental, or F1, strings, and their magnetic duals, the NS5-branes; the Ramond-
Ramond fields C); couple to the so-called Dp-branes, which are the hypersurfaces on which open F1

strings with Dirichlet boundary conditions end.

Theory Antisymmetric tensor fields
Type 1 Co, A
Type ITA By, Cq, Cs
Type 1IB By, Cy, Cy, Cy
Heterotic, SO(32) By, A
Heterotic, Eg x Eg By, A
M-theory Cs

Table 2.1: Table showing the field content of the 5 superstring theories and M-theory, as far as the anti-
symmetric tensor fields are concerned. Here, we use the notation according to which B, are NS-NS sector fields,
while C, are R-R sector fields. Furthermore, A% stand for Yang-Mills gauge fields.
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They enter the action through their field-strength F,11 = deEL thus the resulting theory is
invariant under the following transformation

Cp — Cp+wp, (2.2)

where wy, is a closed p-form. This is a generalization of the ordinary Maxwell theory, which is retrieved
in the case p = 1. In this case, we know that the photon, described by the 1-form gauge field
Ay = A,dz#, couples to electrically charged particles through the interaction term

Sint = 6/141 ) (23)

where the integral is over the worldline of the particle and e is the electric charge, which, in 4 dimen-
sions, is measured by integrating the electric field over the two-sphere S?:

e:/ *xFy (2.4)
52

with F5 = dA; and *F5 the Hodge dual of the field-strength Fﬂ
Generalizing this scheme, a (p+ 1)-form gauge field C},11 couples electrically to a p-brane and this
interaction is described by

Sint = Mp/cp+1> (2.5)

where the integration is over the world-volume of the brane, and p, is the p-brane charge, given by

b= [ Fe. (2.6)
SD—p—2

since it is exactly D —p—2 the dimension required for a sphere to surround a p-brane in D dimensions.
The magnetic dual of a p-brane is a (D — p — 4)-brane, and it carries a magnetic charge, denoted
by pp—p—a, that is measured by computing the integral [ Fj,1 o over a sphere Sp+2,

To make contact between string/M-theory and the 4-dimensional world of everyday experience,
the typical procedure is top-down in nature and goes under the name of Kaluza-Klein (KK) compact-
ification. One starts with the D-dimensional effective field theory, formulated in Mp and compactify
it over an internal (D — 4)-dimensional compact manifold X of size £.:

Mp=Mi3xX, (2.7)

where M, 3 is the external four-dimensional manifold.

Figure 2.1: From far away a two-dimensional cylinder looks one-dimensional.

To better visualize the idea behind the KK compactification, we may consider the two cylinders
of Fig. 2.1} Although the surface of the first cylinder is two-dimensional, if seen from a large distance

! Actually, their expression is generally more complicated. For example, Fff‘l =dCy + H3 A Cp—2. However, we may
neglect these details for our discussion.
2For the definition of the Hodge dual of a p-form, see Appendix
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(or, equivalently, if r < ¢), the cylinder looks effectively one-dimensional. We now have to imagine
that the long dimension of the cylinder is replaced by our four-dimensional space-time and the short
dimension by an appropriate six (for superstring theories), or seven-dimensional (for M-theory) com-
pact manifold. Therefore, since the typical length of the internal manifold is very small, it cannot be
seen at the energy scales we are able to probe, which are F < 1/¢., and the world looks effectively
four-dimensional. Nevertheless, even if the internal manifolds are invisible, their topological properties
determine the particle content and structure of the four-dimensional theory, with its spectrum of fields
determined by dimensionally reducing the higher-dimensional fields.

Azions generically arise in string theory compactifications as Kaluza-Klein (KK) zero modes of
the masslss antisymmetric tensor gauge fields [13, |14]. We now qualitatively give the mechanism
which provide the four-dimensional theories derived from string compactifications with axions and the
corresponding strings, leaving a more quantitative analysis of a concrete example to Section

Let us consider a D-dimensional theory and a gauge p-form C),. In addition, let us introduce a
basis of closed p-forms on the internal manifold X, w; € HP(X,Z), i = 1,...,b,(X), and also take
them to be harmoniﬂ The KK expansion for the p-form C), contains

Cp = a'(x)wi(y) + ..., (2.8)

where x and y represent the non-compact and compact coordinates, respectively. The coefficients of
this linear combination, i.e. the a(z), are four-dimensional (pseudo)scalar fields. Furthermore, if we
assume for simplicity the absence of internal fluxes, the higher-dimensional gauge invariance of the
antisymmetric tensor field action guarantees that no potential is generated at any order in perturbation
theory, thus providing the theory for the scalar field with a global shift symmetryﬁ Therefore, the
(pseudo)scalar fields under discussion are axions, which can be regarded as gauge 0-forms, subjected
to the transformation

at — a4 ¢, (2.9)
with ¢! being an arbitrary constant.

In 4 dimensions, an axionic theory can be reformulated in terms of another, physically equivalent
theory where the axions a’ are replaced by gauge two-forms By ;. We now illustrate how this duality
works.

Henceforth, we will focus on four-dimensional EFTs preserving minimal A/ = 1 supersymmetry
at the UV cut-off scale A. In this context, let us consider a theory for a set of chiral superfields 7%,
called azionic multiplets, whose lowest component contain two sets of real scalar fields, the axions a*
and the sazions s', namely

T' =t =a' +is', (2.10)
where the vertical line means that they are evaluated at § = @ = 0. The physics of theories containing a
set of chiral multiplets is generically encoded in two scalar functions of the fields: the Kéahler potential
K(T,T) and the superpotential W (7). In particular, let us focus on the part of the action describing
the dynamics of the axions and the saxions, which acquires the formE|

M3

5=

/ (R*1—Gij(s)ds" Axds? — Gj(s)da’ A xda?) | (2.11)
where *1 is the four-dimensional volume element, %1 = edz® A dz! A da? A dz3 = ed*z, and the field
metric G;; is defined in terms of the Kahler potential as

_1 0K
T 20s%0s7’

3For the definition of cohomology group and harmonic p-form, see Appendix

4The shift symmetry is always broken by non-perturbative contributions, but such symmetry-breaking factors can be
neglected in proper regions of field space, as we will see in Section

SHere, we are neglecting possible contributions to the scalar potential arising from W(T) and associated with non-
perturbative effects. The reason of this assumption will be clearer in Section @

Gij(s) (2.12)
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We consider the case in which G;; only depends on the saxionic sector s*, in order to preserve the
invariance under axionic shifts a’ — a’ + ¢’

To formulate the dual description of in terms of gauge two-forms Bs;, we first relax the
assumptions that the one-forms da’ are exact, but rather regard them as generic one-forms #* and add
a ‘dualizing term’ to the action as follows

M?2 ) . ) . )
S = 2P/ (R*1—Gyj(s)ds’ Axds? — Gj(s)0" A x67) — /017—[372-, (2.13)

where, in the last term, we have introduced the field-strength of the gauge two-form Hsz; = dBa;.
Two paths may be followed, one leading to the axionic formulation, described by (2.11)), the other to
a dual formulation where the gauge two-forms Ba; replace the axions a’. In details:

Axionic formulation If we integrate out By ;, we obtain the relation
de' =0, (2.14)
which is solved by requiring §° = da’ for a generic zero-form a’, reducing the action to (2.11)).

Dual formulation It is obtained by integrating out the one-forms 6. This leads to
ME*0' =G (s)H3;, (2.15)

where G¥ is the inverse of Gij (GY Gjr = 5,2) The relation properly exchanges the one-
forms da* with their Hodge-dual counterparts Hs ;, so that providing the duality we were looking
for. By plugging into , we arrive at an action that now depends on the saxionic
sector and the gauge two-forms By ;:

)3
2

1
oM

S = / (R*1—Gyj(s)ds" A xds’) — /gij(s)”l—lg,i NxHs ). (2.16)
This action is invariant under the gauge transformations By ; — Ba; + da 4, with aq; generic
one-forms.

In Section we will discuss in detail the supersymmetric generalisation of the dualization pro-
cedure discussed above. In the supersymmetric version, the axionic multiplets are replaced by real
linear multiplets L;, whose bosonic components are real scalars /;, the so-called dual saxions, and the
gauge two-forms By ;, dual to the axions. The latter are related to each other by , whereas the
dual saxions are defined in terms of the saxions s’ as

10K
2 0st

Let us stress that, in order for this dual description to be possible, the theory has to enjoy the
axionic shift symmetry . In other words, since in the supersymmetric context the theory is
specified by a Kéahler potential K, this means that the latter must be invariant under the axionic
shifts . In Section we will see how this is realized in M-theory compactifications.

l=

(2.17)

2.2 The UV origin of axionic strings in D =4 EFTs

The relation d¢* = 0 in is modified if the so-called azionic strings are present in the theory.
Generally speaking, the presence of extendend objects is ubiquitous in EFTs arising from string
compactifications. In particular, BPS strings naturally arise in 4-dimensional N/ = 1 theories with
approximate shift symmetries. We focus our attention on fundamental strings, namely those satisfying

A< T < M3, (2.18)

with A being the UV cut-off scale of the EFT, and consider them electrically coupled to the gauge
two-forms Ba ;. From the 4-dimensional point of view, they are structureless objects, i.e. they cannot

8



2.2. The UV origin of axionic strings in D = 4 EFTs

be resolved into some smooth solitonic strings within the 4-dimensional EFT. For this reason, they
correspond to fundamental localised objects in the theory.
A string spans a two-dimensional hypersurface S in the target four-dimensional space M7 3, which
is determined by the embeddingﬁ
" — S a™ = a™(€), (2.19)

where £™, m = 0,1, are two spacetime coordinates parametrizing the string worldsheet. The action
describing a string minimally coupled to a set of gauge two-forms By ; is

Sstring = —/ v — det ¥ Tstring (€) + ei/ B, (2.20)
S S

where « represents the induced metric over the string worldsheet

Ox™ Oz

Ymn = aé.imai&.ngm (221)

The second, Wess-Zumino term expresses the minimal coupling of the string to the gauge two-forms
B2, under which the string has charges e', whereas the first, Nambu-Goto term describes the motion
of the string, encoding the kinetic terms of the string degrees of freedom, and it is invariant under
reparametrizations of the worldsheet £™ — ™ (€). It further depends on the string tension Tgtring (£),
its mass per unit length, which may generically depend on the dual saxions ¢;. In particular, in Section
ﬂ, we will show that, for a given set of charges €', Tstring(¢) is completely fixed by requiring the axionic
strings to be %—BPS objects, namely preserving one half of the bulk supersymmetry, and its expression
is [9]

Tatring(0) = Te = Mp|e'ty] . (2.22)

Therefore, in its dual version, the full action which describes the interaction of a string with the
bulk fields is

M3
2

[V e 4 [ B
S S

Let us see what are the effects of the coupling of the gauge two-forms to a string in the dual axion
picture. In this respect, let us compute the equations of motion for the gauge two-forms Bs; which

originate from the action ([2.23):

g 1 g
S / (R*1=GYa0: A xdly) = ooy /g”HgJ A *Hs j+
P

(2.23)

1 ij i
— Wd (g J *7‘[3,3‘) = €'02(S) . (2.24)
P
If we use the duality relation (2.15]), we find what we anticipated previously, i.e. the relation d§’ = 0
gets modified and becomes ' '
dé" = e'62(S) . (2.25)

We can now integrate this equation over a disk D, whose boundary £ = 9D is a circle enclosing the
string, and using that the one-form 6* can be still written as #* = da* everywhere but on the worldsheet
S, we obtain

/ dg’ = ¢ / 5(S) = Ad=¢, (2.26)
D D

which tells that, encircling a string, an axion a’ is subjected to a monodromy transformation that
shifts the axion a’ by the charge e of the string under the dual two-form Bs;. We will say that the
axions a’ are ‘magnetically’ coupled to the string, since the latter is electrically coupled to the gauge
two-forms B ;, which, in turn, provide an alternative representation for the axions a’, and call such a
string an ‘axionic string’.

5In what follows, the underlined indices refer to target-space indices, while not underlined ones correspond to world-
sheet indices.



Chapter 2. The structure of N = 1 effective field theories relevant to string compactifications

We now show how axionic strings arise from string compactifications. To this aim, let us consider
the magnetic dual of the p-form Fj,;, = dC),, which is given by Fp_,,_1 = *FpHﬂ Generally, from the
equation of motion of Fj,; 1, we can always associate a (D —p — 2)-form Cp_,_2 to Fp_,_1, such that
Fp_p—1 =dCp_p_2. If we focus on the case D = 10, the latter is an (8 — p)-form. We now introduce
a basis of (6 — p)-forms, which we take to be harmonic, @' € HO"P(X,Z), i = 1,...,bs_p(X) dual to
the basis w; introduced above, i.e. such that

/ wi N =8 (2.27)
X

By compactifying the theory on the internal space X, the expansion of Cg_), includes the following
term:
Cg_p = Bgﬂ' ANO +. ... (2.28)

This term arises from taking 2 external and 6 — p internal indices. We know that Cs_,, electrically
couples to (7 — p)-branes, and their minimal coupling is expressed by the interaction term in .
Then, if we consider, in addition to the decomposition , a (7 — p)-brane wrapping some internal
cycle, namely whose worldvolume can be written as the product of a 2-dimensional surface S in the
external space with a (6 — p)-dimensional internal cycle C, I' = § x C, we obtain that

/L7_p/c$_p—/[)’27i (M7_p/u~1i> —€i/82’i, (2.29)
I S C S

where we have defined the charges e’ as
e = ur_p / @t (2.30)
C

They are quantized since we are considering integral harmonic forms @°, whose integral over internal
cycles is quantized, by definition. Furthermore, p7_, is quantized due to a generalization of the Dirac
quantization condition (valid for point-like charges in D = 4) to the charges carried by a dual pair of
p-branes. Therefore, the minimal coupling of Cs_), to a (7 — p)-brane wrapping some internal (6 — p)-
cycle, gives us the Wess-Zumino term, which expresses the coupling of the gauge two-forms Ba; to a
four-dimensional string, whose world-sheet is S, as in and .

Let us discuss the ‘magnetic’ axionic description of these strings from the 10d viewpoint. For
concreteness, we focus on the NS-NS Bs field. In 10 dimensions, its magnetic dual is Bg. Similarly
to before, according to how many indices we take to be internal or external, the two fields admit, in
their expansions, the following terms

{BQ = Bg’o—l—aiwi—}— (2 31)

BGZBQJ'/\(:}Z'—‘—CLOCL)ﬁ—{—...

where w; and @' are the same as before, but with p = 2, and wg is an integral 6-form, such that

/X w = 1. (2.32)

The B> field electrically couples to the F1-string, while the electric coupling of Bg is with NS5-branes.

Since they constitute a dual pair of fields, from their expansions we see that, in the 4-dimensional
EFT:

e the axion a’ is the magnetic dual of the Ba o field. Therefore, the 10-dimensional fundamental
string is the axionic string associated to the axion a” appearing in the expansion of Bg;

e the axions a’ are the magnetic duals of the gauge 2-forms B2, and consequently, in this case,
the axionic strings correspond to NS5-branes wrapped around some internal 4-cycle C.

"Here, as in Section we are neglecting the possible quadratic corrections to this expression.
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2.3. An explicit example: M-theory on Go manifolds

The scheme outlined here appears in several several string/M-theory compactifications. However,
the above discussion does not take into account supersymmetry, which, as already mentioned, is
crucial to fix the form of the tension as in (2.22)). The requirement for the strings to be %—BPS objects
impose additional conditions on the cycles around which higher-dimensional branes are wrapped in
the internal compactification space. To discuss these topics, we now give an explicit example of how
this kind of models arises from string/M-theory compactifications, by focusing on the case of M-theory
compactified on Go manifolds.

2.3 An explicit example: M-theory on (G; manifolds

In a smooth space-time, the low-energy effective description of M-theory is 11-dimensional super-
gravity. As already explained in the previous Section, to obtain a 4-dimensional EFT in M-theory
compactifications, we need to consider 11d vacua of the form M; 19 = M3 x X where M, 3 is the
well known flat Minkowski space-time, while X is the internal space, which is a compact 7-dimensional
manifold characterized by a typical length scale £, which is very small with respect to the energy scales
we are able to probe.

A class of 7-manifolds, used in M-theory compactifications, which allows us to obtain a 4-dimensional
effective theory with A/ = 1 supersymmetry is given by manifolds whose holonomy group is G5. There-
fore, in the following we will focus on this type of M-theory compactifications. Before describing how
to compactify M-theory on such manifolds, we give a brief overview on useful concepts for the purposes
of our goal.

2.3.1 (5 manifolds

Let us start by introducing the notion of holonomy.

Consider an n-dimensional orientable Riemannian manifold (X, g), a point p € X and a vector
v € T, X, tangent to X in p. The manifold is equipped with a Riemannian metric g, which naturally
induces a connection, the Levi-Civita connection. The latter allows to define a parallel transport for
tangent vectors along curves in X. One of the properties of parallel transport is that it preserves
the norm of vectors, hence by transporting v along a closed loop v in X, we obtain a vector v’ with
the same length, but in general a different orientation with respect to v and the two are related by a
rotation

v = Rv, R e SO(n). (2.33)

On the other hand, the objects that are parallel transported may also be spinors. In this case, under
parallel transport around a closed curve, the transformation of a spinor is an element of the covering
group Spin(n). By considering all possible closed curves in X, we obtain a set of spinors related to
the original one by a matrix U € Spin(n). These rotations form a group called the holonomy group
of X, denoted by Hol(X,g). Note that Hol(X,g) depends on the choice of the metric g, since it is
built out of the parallel transport defined by the Levi-Civita connection. This means that the same
manifold X with different metrics can have different holonomy groups. In the most general case, the
holonomy group of an n-dimensional Riemannian manifold is Spin(n), but in some special instances
it can be a proper subgroup thereof:

Hol(X, g) C Spin(n). (2.34)

In this case, (X, g) is called a manifold of special holonomy.

In 7 dimensions, the exceptional Lie group G+ is a possible holonomy group, and we now explain
why M-theory compactifications on G5 manifolds lead to 4d EFTs with A/ = 1 supersymmetry. First
of all, we have to say how to determine the number of supersymmetry transformations preserved by
compactification of M-theory on X. It turns out [15] that this number is equal to the number of
covariantly constant spinors, i.e. the solutions of the equation

Vun =0, (2.35)

11



Chapter 2. The structure of N = 1 effective field theories relevant to string compactifications

where 7 is an 11d Majorana spinor, V is the covariant derivative containing the spin connection and

M =0,1,...,10 is an index labelling the coordinates X* on My 19. Since we consider a space-time
of the form Mj 190 = Mj3 x X, we can factorize the spinor n as
n(XM) = n(a’,yh) = (@) @ vy, (2.36)
where:
e ( is a 4-component Majorana spinor on M 3 with coordinates z*, u =0,...,3;
e ¢ is a spinor on X, with coordinates y4, A=1,...,7.

In our case, since we are considering M 3 to be flat Minkowski space-time and it admits a basis of four
independent covariantly constant spinors (, the number of preserved supersymmetry transformations
is 4N, where N is the number of 7d spinors 1) solving the equation

vy =0, (2.37)

where V(7 is the 7d covariant derivative. To determine the number of solutions of , the idea
is that of decomposing the spinor representation of Spin(7) into irreducible representations of the
holonomy group Hol(X, g) (in our case G3) and look for singlets, on which Hol(X, g) acts trivially,
hence leaving them invariant.

In the case of a G manifold X, there is only one solution to , thus giving 4 conserved
supercharges, which is exactly the number of preserved supersymmetry transformations necessary to
have A/ = 1 supersymmetry in 4 dimensions.

The presence of covariantly constant spinors typically allows one to define associated covariantly
constant p-forms. In particular, a G manifolds is characterized by the existence of one invariant
3-form ¢, called associative form, with pspc = T ABC@@; and one invariant 4-form, which is the
7-dimensional Hodge dual of ¢ and therefore denoted by *(p, called coassociative form.

Starting from ¢, it is possible to reconstruct a Ga holonomy metric g by means of the following
formula )

gAB = det(h)_ﬁhAB, (2.38)

with

1
hap = mSOACDSOBEF‘PGHI5CDEFGHI- (2.39)

One property of this metric is Ricci-flatness, i.e. it has vanishing Ricci tensor, R4p = 0. Therefore,
it automatically solves the 7-dimensional vacuum Einstein equations.

To conclude this introduction to G2 manifolds, we illustrate an important property of the 3-form
o and its dual *¢p.

Let us consider a closed p-form w, and a p-dimensional submanifold S C X. If we restrict the
metric g on S, it defines a volume form volg. It is said that w, is a calibration if its pull-back on §
satisfiesd?]

wplg = afx) -volg, with a(z) <1,Vres. (2.40)

If a(x) =1, Vo € S, we say that the submanifold S is calibrated by w,, and we can then calculate its
volume by integrating the corresponding calibration w, on § itself:

Vol(S) = / Wp - (2.41)
S
Since w), is closed, by Stokes’ theorem we have that

/ wp:/dwp:() = /wp:/ Wp (2.42)
S§—8'=0% by S /

SHere, T'ape = F[AFBFC], where I'4 are 7-dimensional I'-matrices.
For an introduction to calibrated geometries, see [16].
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2.3. An explicit example: M-theory on Go manifolds

where S’ belongs to the same homology class of S. On the other hand, since w), is a calibration, it
satisfies also when we restrict it on S’, but with a(x) not equal to 1 everywhere on S’, in general.
Therefore, we have found that calibrated submanifolds have minimal volume in their homology class.

This is important since it can be shown that branes wrapped on internal cycles preserve some
fraction of the bulk supersymmetry if and only if the cycles are calibrated. Thus, calibrated subman-
ifolds are identified as supersymmetric cycles, and, in our case, the calibrations are exactly given by
the associative 3-form ¢ and the coassociative 4-form *¢. We use this result when we will analyse the
UV origin of BPS axionic strings in M-theory compactifications.

We now have all the ingredients to derive the structure of the 4d EFT arising from M-theory
compactification on G5 manifolds.

2.3.2 Axions from M-theory on smooth G, manifolds

At low energies and on a smooth space-time, M-theory is well approximated by 11-dimensional
supergravity. In D = 11 supergravity, the bosonic degrees of freedom are given by the graviton and a
3-form C'3, whose field strength is denoted by G4 = dC'3. The part of the action associated to these

fields is

2 1 1
Si== [ (Rx1=2GiA%Gi— —C3NG4AGy ) , (2.43)
o, 2 6

where £;; denotes the 11-dimensional Planck length. Let us study the massless scalar fields arising in

the 4-dimensional theory, by first discussing the metric. Recall that we are considering a space-time
of the form M 19 = M; 3 x X, thus the metric is decomposed in the following way:

di? = GundXMAXN = 24g,, (z)dztdz” + 3,54 (y)dy dy? (2.44)

with the metric on X which can be constructed from the associative 3-form ¢ as in and satisfies
the vacuum Einstein equations. Here, 6?\4 is introduced to make the 7d metric g4ap and coordinates
y? dimensionless, while the expression for the Weyl rescaling factor €24 is obtained by requiring that
the 4d Einstein-Hilbert term arising from its 11d version has the canonical form

M2
TP dtz/—gRW | (2.45)

with g = det g. The dimensional reduction of the 11d Einstein-Hilbert term gives

2

@ / A" Xv=-GRM — %ﬂ%vx / dtey/—ge?ARW + (2.46)
M M

where Vx is the adimensional volume of the internal space, which can be expressed in terms of ¢ and

*Q as
1
VX:/ \/§d7y:/ YA *p, (2.47)
X 7 Jx

with g = det g. Therefore, by comparing (2.45)) and (2.46|) we find that

2 M2
24 = 4}\; v; . (2.48)

If we consider fluctuations of gap(y)

gap(y) +6gap(z,y), (2.49)

and require that Einstein equations are still satisfied, one can show [17] that the number of independent
moduli obtained from the metric is b3(X), that is the number of harmonic 3-forms on X. Since the
metric is built out of the associative 3-form ¢, such moduli arising from the metric can be obtained by
decomposing the latter. Let us then introduce a basis {%}, i = 1,...,b3(X) of the integral homology

13



Chapter 2. The structure of N = 1 effective field theories relevant to string compactifications

group H3(X,Z). In terms of this basis, each 3-cycle in X may be written as ¥ = m;%?, with m; € Z.
Furthermore, let us introduce a dual basis {w;} of 3-forms, defined by requiring that

/ wj =05 (2.50)
i

This basis also represents a basis of the integral coohomology group H?(X,Z), which is the group of
3-forms whose integral on any 3-cycle X is always integer. Therefore, using the two bases and the
duality relation , we obtain that, if we consider the integral of w; on a generic 3-cycle ¥ = m;%¢,
it exactly gives the integer m;:

/ W; = My, m; € 7. (2.51)
¥

We now perform a decomposition of the associative form ¢ in terms of the integral harmonic 3-form

basis just introduced
b3(X)

o= sla)ely), (252)

i=1
and we finally obtain what anticipated. Indeed, the notation for the coefficients of this decomposition
is not accidental, since they are exactly the saxions of Section which, utilising (2.50)), can be

written as
s = / ©. (2.53)
Ei

Similarly, one can decompose the 3-form field C5 aﬂ

b3(X)

Cs = Z a(x)wily) + ..., (2.54)

=1

where a’ are the axions, which, as for the saxions, can be seen as integrals of C3 on the basis of 3-cycles

a'= [ Cs. (2.55)
N
The reason why they are supersymmetric partners of the saxions lies in the fact that, in the 11d
picture, the objects they come from, i.e. the metric and Cs, are in turn superpartners. Together, a’
and s° form the lowest components of the axionic multiplets 7% mentioned in Secton namely

tizaiﬂ'si:/(cgﬂgo), i=1,...,b3(X). (2.56)
i

Generically speaking, a 4d N’ = 1 supersymmetric EFT is characterized by a Kéhler potential K
for the scalar fields. In our case, its form was found in [18-20], and is given by

Vx
K = —3log (27r2> , (2.57)
with Vx the adimensional volume of the internal space X, which is computed as in in terms of
o and *@. This result is important, because it tells us that the Kéhler potential only depends on the
metric and, if we recall and , this implies that K only depends on the saxions s* and not
on the axions a’. Therefore, K enjoys an axionic shift symmetry, and, as already said in Section
it is needed in order for the dualisation procedure to be possible.

To see the origin of the dual saxions ¢;, we first introduce dual bases of harmonic 4-forms {&’} and
4-cycles {II;}, i = 1,...,b4(X), such that

/ wi N =67, / & =6, (2.58)
X 1I;

0Here, the ellipses stand for an additional term in the KK reduction of the 3-form field Cs, which gives origin to 4d
Abelian gauge fields. However, we did not elaborate on them, since they are not relevant for the purposes of the thesis
work.
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2.3. An explicit example: M-theory on Go manifolds

where {w;} is the basis of harmonic 3-forms defined above. Furthermore, note that, since X is a
7-dimensional manifold and in general b,(X) = b,—,(X) for an n-dimensional manifold, in our case

b3(X) = by(X).

We can now decompose the coassociative form *¢ in terms of the 4-form basis {@'}

1 by (X) A
T ; 6i(@)@' (y) (2.59)

and, analogously to the case of the axions and the saxions, the dual saxions ¢; are then the integrals
of *¢ on the basis of 4-cycles {II,}.

2.3.3 BPS strings from M-theory on smooth (G; manifolds

We now move to the analysis of axionic strings. According to the discussion of Section
since p = 2 and D = 11, the 3-form Cj electrically couples to a 2-brane, called the M2-brane, and
magnetically to a 5-brane, called the M5-brane. Axionic strings arise in the 4-dimensional EFT from
M5-branes wrapped on 4-cycles. Therefore, let us start from the 11-dimensional bosonic action for an
M5-brand™]

Sys = —TM5/ V—hed®c +Tns | As+..., (2.60)

We We
where Tyis = 2%/5?\4 is the brane tension, Wy is the 6-dimensional world-volume of the brane,
parametrized by the coordinates ¢, a = 0,...,5 and with induced metric hg 45, While Ag is a 6-

form potential, dual to the 3-form C3, under which the M5-brane is charged. If we wrap the M5-brane
around an internal 4-cycle, its world-volume Wy can be written as Wg = S x I, where S represents
the external 2-dimensional world-sheet of the string and II the internal 4-cycle. We can now rewrite

the two terms in (2.60)):

e If we consider a metric Gysn with the form as in (2.44) and a calibrated II (for which we have
seen that the volume can be expressed as the integral of the coassociative form %), the first
integral can be factorized into two pieces and becomes

2
—Twslhy / A/ —hd%o / Vhydte = —E—WVOI( ) / A/ —hd?o =
S 1I

_ /*80/ 24/ “hd% .

By decomposing the 4-cycle II as II = €'Il;, €' € Z, and the coassociative form x as in (2.59)),
we can finally write the Nambu-Goto term of the M5-brane action as

- I%e%/\/—hd%, (2.62)
S

(2.61)

where we have used (2.48) and (2.58). This is precisely the kinetic part of the action in (2.20)),
with string tension as in (2.22) in the case of €%¢; > 0. It is worthwhile noting that this result
has been obtained considering a calibrated 4-cycle II, which, as seen previously, is the type of
cycles necessary to obtain a BPS-string in the 4-dimensional theory.

e To rewrite the second term, we perform a Kaluza-Klein (KK) reduction of the 6-form gauge field
Ag
/6

ba(X
M Z Boi(x (y). (2.63)

HThe ellipses stand for terms coming from the self-dual 2-form gauge field supported by the worldvolume of the
M5-branes (see |21} [22] and references therein), which we neglect.
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Chapter 2. The structure of N = 1 effective field theories relevant to string compactifications

Here, By; are the 2-form gauge fields dual to the axions a’. The reason is that the former
come from the decomposition of Ag, the latter from that of C3, and Ag is exactly the 6-form
potential dual to the 3-form C5. In analogy to the procedure for the Nambu-Goto term, from
the interaction term in (2.60|) we obtain

€i/827i, (2.64)
S

which is exactly the Wess-Zumino term appearing in (2.20)).

To summarize, as an example of string/M-theory compactification, we have illustrated what is the
structure of the 4d EFT obtained from compactification of M-theory on a G5 manifold. This is an
N = 1 supergravity theory, characterized by exactly those ingredients which we have introduced in
Section

We finally conclude this section by saying that the class of models arising from M-theory com-
pactifications on smooth G manifolds is not phenomenologically interesting, since it does not lead to
chiral matter or non-abelian gauge fields. The reason is that M-theory is a nonchiral theory and com-
pactification on a smooth manifold cannot lead to a chiral theory. To obtain a more realistic model,
we should consider singular Go manifolds. However, a detailed analysis of this kind of compactifica-
tion goes beyond the scope of our analysis, since this section is only intended to give an example of
string/M-theory compactifications which give 4d EFTs like the ones we will focus on throughout the
thesis work.

2.4 A special class of fundamental axionic strings: the EFT strings

In Section [2.1] we emphasized the fact that, in order for the dualization procedure to be possible,
the theory should be invariant under the continuous shift symmetry . However, by one of the most
known Swampland Conjectures, i.e. the No Global Symmetry Conjecture [4, 5], global symmetries
are forbidden in a theory consistent with quantum gravity. As we will see in this Section, this means
that the continuous shift symmetry is only present in appropriate asymptotic field-space regions,
where the axionic symmetries are understood as perturbatively preserved.

In particular, in Section we will illustrate that, if we focus on a specific subclass of BPS axionic
strings, the so-called EFT strings [6-§], it is sufficient to assume the existence of the perturbatively
preserved axionic symmetry only at the starting point in the field space, since the backreaction induced
by the axionic strings naturally drives the saxions s* towards the proper asymptotic field-space regions,
as one approaches the string itself.

Then, in Section we discuss two Swampland conjectures related to the EFT strings, which
are the Distant Axionic String Conjecture (DASC) and the Integral Scaling Conjecture (ISC) [6-8].

Finally, Section shows how the consistency of an EFT with a standard coupling to the axionic
sector requires the EFT string world-sheet theory to produce gauge and gravitational anomalies which
cancel the anomaly inflow from the bulk on the worldsheet induced by the axionic couplings [11].

2.4.1 Characterization of the EFT strings

Let us consider a 4d A/ = 1 effective field theory for a set of chiral multiplets {77}, described by
the following action

1 . _
S = Mg/ <2R «1— Kydth A *dtf> : (2.65)

where only the bosonic part is taken into account. String-like solutions of this theory can be studied
following the discussion of [23]. To find them, let us use as 4d coordinates (¢, z, 2, Z) and require 2d
Poincaré invariance on (t,z). This implies that the fields #* only depend on (z,z). Furthermore, this
also leads us to do the following metric ansatz

ds? = —dt? + da? + €?Pdzdz, (2.66)
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where D only depends on (z, Z). If we now compute the equations of motion for the scalars !, we find
K00t + K060 NOtF =0, (2.67)

with 0 = dz%. The simplest class of solutions correspond to holomorphic (anti-holomorphic) profiles,
ot' = 0 (0t' = 0). If we consider the holomorphic case, and look for solutions corresponding to strings
located at z = 0 and associated to a monodromy of the form (2.26)), that is

t—t+e, ez, (2.68)
we get
fti f L eilog (2 (2.69)
0" ori 20) ‘

where té, 29 € C are integration constants, while e = {e’}, e! € Z are the string charges. These are
the solutions we are interested in, according to what we said in Section It is useful to decompose
t'as t' = a' +is’, and write z = e so that (2.69) becomes

; ; ; 1 T0
i—gi 1 gel, ith o= —1 (7) , 2.70
s' =sy+oe with o= o—log (— (2.70)
9
a' = o e’ + const . (2.71)

As suggested by the notation, the fields a’ are to be interpreted as the axions of Section whereas
s’ are their saxionic partners.

One may analyse how the saxionic coordinates s’ evolve as r changes, by either approaching or
moving away from the string. In particular, we see that they develop a logarithmic singularity as they
approach the string core, namely

s" —> €' 00 for r—20. (2.72)

To continue with our discussion, let us assume that the saxionic flow (2.70)) takes us to a region of the
field space where the Kéahler potential only depends on the saxions and therefore exhibits a continuous
axionic shift symmetry

a'—a' +c', (2.73)
with ¢! some arbitrary constants.

It is worthwhile to mention that the solution (2.69)) is not unique: one might add an arbitrary
linear combination of terms of the form

e2mimit’ e 7, (2.74)

without spoiling the monodromy . These are non-perturbative contributions, generated by %—
BPS instantons charged under the axionic symmetries, with charges m;, and are typically the leading
non-perturbative corrections. Their effect is that of breaking the continuous shift symmetry to
a discrete one, i.e. a’ — a* + 1.

Therefore, in order for the solution to be physically sensible and restore the continuous
axionic shift symmetry in an appropriate asymptotic field-space region, such terms must be negligible
in a sufficiently large disk around the string core. By considering that

’627rmiti| — e—27rmisi — e—27rmisée—27ramiei , (275)

we see that, if we start in the perturbative region, namely at a point in field space where m;s{, > 1, the
instanton corrections remain negligible as r — 0 (or, equivalently, ¢ — o0) if and only if the following
positivity constraint is satisfied by the string and instanton charges:

e'm; > 0. (2.76)
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This additional requirement leads us to the definition of EFT strings, which are those axionic strings
whose flows drive the EFT towards a region in which K displays a perturbative axionic shift symmetry
and non-perturbative effects are suppressed.

What we said so far may be described in terms of some conic structures for the saxions s’ and the
charges e, m;. Before going on, let us recall that, as anticipated in Section the BPS-ness of the
solution implies that the string tension is given by

Te = Mg |e't;| (2.77)

where ¢; stand for the dual saxions that appear in the linear multiplet description of the axionic theory.
In particular, let us focus on the case ‘
el; > 0, (2.78)

which, from here on out, will be the one associated to the %—BPS strings, which preserve a given half
of the bulk supersymmetry. Conversely, we call %—BPS anti-strings those satisfying €’¢; < 0, and they
preserve the opposite half of the bulk supersymmetry.

Let us denote by C; the set of BPS instantons charges which measure the breaking of the pertur-
bative axionic shift symmetry. According to , the perturbative regime is obtained by requiring
the saxions to lie in the deep interior of the sazionic cone A, defined as

A={s"cR|(m,s) >0, Vm e Cs}, (2.79)

where (m,s) = m;s’ represents the natural pairing between instanton charges and saxions. We now
define the cone of dual saxions ¢; as

10K
2 Ost

'PE{&ER‘&:

} : (2.80)
sEA
and the cone of BPS string charges, satisfying (2.78)), as

Cs=P'NE,={c €Z|et; >0,V P}, (2.81)

where E7 is the integer lattice on which string charges take value, and PV is the dual cone of P. Its
definition is the following: given a vector space V, its dual V* and a subset S C V, the dual cone of
S is [24]

SV ={ueV*|{(u,v) >0,Yv e S}. (2.82)

At this point, from (2.76]) we finally find that the exponential suppression is present for any m € Cy
as o — o0, i.e. as we approach the string, if and only if e € CSEFT, with

CE'T=ANE,={c' €Z|(m,e) >0,Vm e Cr}. (2.83)
If we further require that e’/; > 0, namely that e € Cs, we get
T ccg — AcpY. (2.84)

To sum up, the EFT strings are defined as those %—BPS strings with charge vector e € CéEF T
Their definition implies that along an EFT string flow we can neglect the non-perturbative corrections
breaking the axionic shift symmetries, and we are allowed to pass to the dual formulation of Section
21

In conclusion, let us recall that in Section [2.3.3] we have seen that a 4-dimensional BPS axionic
string of charges e’ arises from an M5-brane wrapped on the calibrated 4-cycle II = e'II;. This is an
EFT string, i.e. e € CS]?FT, if the cohomology class of the Poincaré dual 3-cocycle [H]H admits an
associative 3-form e (or a limit thereof, obtained by approaching the boundary of the corresponding
saxionic cone) as representative [7].

12This cocycle is the 3-form related to the 4-cycle II by Poincaré duality, which, generally speaking, is an isomorphism
between H?(X) and Hq—p(X). In this case, we have d =7, p = 3.
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2.5 EFT strings and the Swampland Program

As already said at the beginning of this Section, we now review the main results concerning
EFT strings, which are the Swampland conjectures proposed in [6} 7] and the quantum gravitational
constraints discussed in [11].

2.5.1 EFT strings and Swampland Conjectures

By standard quantum gravity arguments [4}, [5], we only expect to realise global continuous sym-
metries at points of infinite distance in moduli space. As a result, 4d EFTs consistent with quantum
gravity should map EFT string locations to points s’ at infinite distance in their moduli space, and
this map is governed by the string charges. The Distant Azionic String Conjecture (DASC) [6} 7]
claims that the reverse is also true, namely that all infinite field distance limits can be realised as an
EFT string flow:

Conjecture 1 (Distant Axionic String Conjecture). Every infinite field distance limit of a 4d EFT
consistent with quantum gravity can be realised as an RG flow UV endpoint of an EFT string.

Another conjecture that deals with infinite distance limits is the Swampland Distance Conjecture
(SDC) [25], which states that points at infinity in a moduli space correspond to points where an infinite
tower of massless states appears. In particular, it predicts that an infinite tower of new light states
arises whenever an asymptotic limit of infinite distance is taken, and its lightest mass m, decreases
exponentially as e”*2?, where « is some constant and A¢ is the geodesic field distance. Conjecture 1
provides a natural cut-off scale, given by the EFT string tension, as we will explictly see momentarily.
However, in general, this is a maximal cut-off scale, since there may be additional towers of states
whose typical scale gets light faster than the EFT string tension. The so-called Integral Scaling
Conjecture (ISC) [7, 8] elaborates on the relation between the EFT string tension 7 and the leading
microscopic tower scale m.

Conjecture 2 (Integral Scaling Conjecture). Along the asymptotic flow associated with an EFT string,
its tension T goes to zero. The microscopic tower mass m, then scales like

T

2~ MEA ([ —

)w, we{1,2,3}, (2.85)

with A a coefficient not depending on the flowing fields.

The integer w is called scaling weight of the EFT string.

Let us now show some of the consequences of the two conjectures. First of all, one can derive,
from a bottom-up perspective, the SDC in 4d EFTs, by means of the DASC and the Weak Gravity
Conjecture (WGC) [26] for strings. The reasoning goes as follows: we first write the WGC for strings

MpQe > 7vTe, (2.86)

where we refer to v, which is a constant, as the extremality factor of the EFT string. On the other
hand, Qe is the physical string charge, defined as

Qe = Mp\/gijeiej y (287)
with G;; the (s)axion kinetic matrix, which can be read from (2.11)) and is given by

1 ’°K

Gij = 20505 (288)

13We report here its strongest version, proposed in 18], whereas in [7] the scaling weight w is free to be any positive
integer.
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Chapter 2. The structure of N = 1 effective field theories relevant to string compactifications

We can convince ourselves that this is the proper definition of string charge, by making an analogy
with a point particle coupled to the electromagnetic field A,. Indeed, in this case, the action reads

Sem:—m/ds—g/F/\*F—f—q/A, (2.89)
o € o

where e is the electromagnetic coupling constant, F' = dA is the electromagnetic field-strength and
~ is the worldline of a particle with mass m and charge ¢ in units of e. If we now want to obtain a
canonically normalized kinetic term for the gauge field, we have to rescale A — eA, thus obtaining

eq/ A (2.90)

for the interaction term. From (2.90]), we see that the physical charge of the particle is @ = eq. In our
case, as can be seen from (2.16)), instead of 1/e?, there appears the gauge kinetic matrix G¥, therefore,
by calling G;; the inverse of G/, the appropriate definition of the physical string charge is exactly given

by (Z57).

Let us now consider the BPS saxionic flow (2.70). By also recalling the expression of the tension
(2.77) and the dual saxions (2.17)), we find that

do pe do pe dsi 9o P\ 20sidsi

where we have considered %—BPS strings, defined by . This relation shows that supersymmetry
alone, which fixes the expression for the tension in terms of the string charges as in , leads to
the conclusion that the tension of a string must decrease along its own flow, as we approach the string
itself. In addition to that, this relation also allows us to compute the field space distance travelled by
the saxionic flow in terms of the corresponding tension variation:

o o 7O
/ T / - 1 1 e 1
o = ii ? Y 07 e = —— e = — _ ;97 2 2
d /ﬂow ngS ds /0 do gje © MP/O Q do MP/ (U) Qed ( ) )

Te
from which, by using the WGC bound ([2.86)), we get
1 /720 e _ 1, T

) elel = Q% <0, (2.91)

do S - = —log .
Yy Te v Telo)

Therefore, the maximal EFT cut-off scale consistent with the existence of the string decreases as
Aax = Tolo) < T exp (—7dy) - (2.94)

This result shows what we anticipated, namely that the WGC for strings, combined with the DASC,
provides the exponential drop-off of the maximal EFT-breaking scale along every infinite distance
limit in moduli space, as predicted by the SDC. Furthermore, it also gives a relation between the
scaling weight w and the constant a appearing in the SDC. Indeed, and together imply
the exponential drop-off of the leading microscopic scale my:

(2.93)

wy
-5
Both Conjecture 1 and Conjecture 2 are supported by several string theory examples, as analysed in
[7], and lead to interesting results. One of the most considerable is the direct relationship between
the WGC for strings and the SDC provided by the DASC, as shown above. Furthermore, the two
Conjectures are in agreement with the Emergent String Conjecture (ESC) [27], which claims that
any equi-dimensional infinite distance limitlﬂ in the moduli space of a d-dimensional quantum gravity
theory reduces to a weakly coupled string theory. By considering the ISC, this happens when the
scaling weight w is equal to 1, since, in this case, the leading infinite tower of asymptotically massless
states is provided by the EFT strings.

m, < mlexp (—ad,), a= (2.95)

14 This limit is distinguished from the so-called decompactification limit to a higher-dimensional theory, which appears,
for instance, when the leading tower of asymptotically massless states is given by the Kaluza-Klein (KK) states, which
become light as some of the directions in the compactification space of the higher-dimensional theory are taken to be
large so that the total internal volume diverges.
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2.5.2 EFT constraints from EFT strings

In Section we saw how the presence of an axionic string of charges ¢ and world-sheet S leads
to the non-closure of the one-forms 6" appearing in (2.13)), which instead satisfy

df’ = €'65(S) . (2.96)
As already pointed out, this is the reason why axions undergo an integral shift
at — a4 ¢, (2.97)

set by the charges e’, when encircling the string. In addition to this, generates an anomaly
inflow from the four-dimensional bulk to the string worldsheet. In particular, the anomaly inflow
discussed in [11] is valid for all such theories with a standard coupling to the axionic sector. By this,
we mean theories where the axions a’ couple to the gauge field strength F' and the curvature two-form
R via linear couplings of the formlE

Ci/aitrFAFJréi/aitrRAR. (2.98)

The anomaly inflow induced by such couplings consists of a contribution localized on the string world-
sheet §. Therefore, since a consistent EFT must be anomaly free, we expect this contribution to
be cancelled by a string world-sheet anomaly. In turn, this is generated by the world-sheet sector
supported by the EFT strings.

Motivated by the analysis of explicit string theory realizations, it was proposed in [11] that such
world-sheet sector admits a weakly-coupled non-linear sigma model (NLSM) descriptioﬂ The NLSM
includes:

e the universal ‘center of mass’ sector, which is described by the Green-Schwarz (GS) formulation.
We will discuss the GS formalism for the universal sector of the EFT strings in Section For
the moment, let us only say that in this formalism the string is described by the embedding of
its world-sheet, parametrized by two bosonic coordinates £, m = 0, 1, in the target superspace.
Thus, this embedding is determined by the fields 2(¢), 0£(¢) and 6;,(€), which describe the
bosonic and Grassmann spinor coordinates of the string in the target superspace, respectivelylﬂ
As far as the bosonic part, we may use the reparametrization invariance of the string action to
go locally in the so-called static gauge, which fixes the longitudinal directions 2% = &0, 23 = ¢!,
while leaving x!(¢) and z%(€) as the only bosonic physical fields which describe the dynamics of
the string. Together, they can be regarded as the real and imaginary part of a complex scalar
field, u = 2! + i22. Furthermore, we will see that in the GS formalism the EFT string action
also enjoys a local fermionic symmetry, called k-symmetry, which is a manifestation of the fact
that an N = (0,2) local supersymmetry is preserved on the string world—shee@ This implies
that the complex scalar field u has a supersymmetric partner, which is given by the right-moving
component of ,(&) = (0-(£),04(§)), i.e. pr =0,(&). Together, the two fields v and p4 can be
assembled to give the ‘universal’ A" = (0, 2) two-dimensional chiral superfield

U=u + \/§0+p+ — 2i0+§+3++u . (299)

e an ‘internal’ sector, which we assume to be given by@:

15This assumption is not so restrictive since non-standard couplings to the axions, such as quadratic and cubic axion
couplings to F' A F', although natural in non-minimal four-dimensional supergravity theories, are quite unusual in our
context.

8Generally speaking, a strongly coupled subsector may also be present. However, it would not contribute to the
anomaly cancellation and its dynamics would not interfere with the weakly coupled NLSM.

"Here, the underlined indices refer to target-space indices, while not underlined ones correspond to world-sheet indices.

8This will be manifest in Section when we will discuss the superembedding formalism, which indeed provides the
local fermionic k-symmetry with a geometrical meaning of local world-sheet supersymmetry.

9For a definition of these A = (0,2) superfields, see Section and |28} [29).
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Chapter 2. The structure of N = 1 effective field theories relevant to string compactifications

1. neo chiral multiplets;
2. ny U(1)n charged Fermi multiplets;
3. np U(1)n neutral Fermi multiplets.

In the present thesis, we will discuss the case where the internal sector is given by a U(1)y
neutral Fermi multiplet, as we will see in Section [.4]

At this point, one can compute the 't Hooft anomaly associated with the world-sheet theory just
described, and its comparison with the expression obtained by imposing the cancellation of the anomaly
inflow leads to quantum gravity bounds on the axionic couplings and the possible ranks of the EFT
gauge sectoﬂ The main results arelﬂ

(C,e) € Z VYeeCET, (2.100a)
(C,e) + (Cle),e) € 3Z>y Ve e CEFT, (2.100b)
4(C,e) + (C(e),e) € 3Z>y Ve e CE'T, (2.100c)
r(e) < r(€)max = 2(C,e) + (Cle),e) —2 Ve € CEFT, (2.100d)

where 7(e) is the rank of the EFT gauge sector ‘detected’ by the EFT string, given by

r(e) =rank{(C*® . &)} + > 1k(qs), (2.101)
I|(CT,e)>0

where CI-AB appear in the axionic couplings to the gauge field strengths given by
C;“B/aiFA A Fp (2.102)
Furthermore, the couplings in C(e) appear in the following term localised on the string:

S = —1C*i(e)/ hi A Ax . (2.103)
24 W

This term gives an additional contribution to the U(1)y anomaly inflow and arises from the fact that

the pullback to S of d2(S) gives a non-vanishing finite term |11].

To recapitulate, we have seen how consistency conditions of the axionic strings are turned into
non-trivial constraints on the four-dimensional effective field theory, which rule out otherwise consis-
tent supergravity theories. In particular, gives a non-trivial bound on the rank of the EFT
gauge sector detected by the EFT string, which may be relevant in phenomenological models. These
bounds are derived considering that EFT strings support an additional ‘internal’ sector, in addition
to the ‘universal’ one, which arises from deformations of the internal configuration of the compactifi-
cation space. However, the above analysis does not take into account the full theory describing the
interactions of this internal sector with the bulk fields. Having a way to study in a controlled way
the full theory could be interesting to find possible new constraints on the A" = 1 4-dimensional EFT.
Therefore, in the present thesis, we focus on this issue, by elaborating on how to describe the full
theory in a supersymmetrically controlled way.

20T obtain such consistency conditions, we assume that the EFT string lattice C5T T is fully populated. This assump-

tion is realized in large classes of string theory models (see [7]) and may be more generically motivated by invoking an
EFT string version of the Completeness Hypothesis [30].
21 Analogously to Section , (C,e) = €'C; and so on.
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Chapter 3

Supergravity theories in D = 2 and
D = 4 dimensions

In this work, we focus on describing the physics of BPS strings in 4d N'= 1 EFTs. In particular,
in Chapter 4| we will analyse the world-sheet theory of EFT strings, which preserve a local NV = (0, 2)
supersymmetry on their worldsheet. Therefore, the purpose of this Chapter is to discuss the main
ingredients which will be needed in the following, which are D = 4 N' = 1 supergravity and D = 2
N = (0,2) supergravity. The former is introduced in Section This will give us the basics to build,
in Section the supergravity Lagrangian for the axionic multiplets 77, introduced in Section
and its dual version. Finally, in Section we discuss in detail N' = (0, 2) supergravity, which will be
necessary in the study of the world-sheet theory of the EFT strings.

3.1 N =1 supergravity theories in 4 dimensions

This Section is dedicated to the discussion of 4-dimensional N = 1 supergravity theories. We start
in Section by introducing rigid N' = 1 superspace. Then, in Section we build the minimal
supergravity theory in 4 dimensions, namely the theory describing the graviton and the associated
gravitino. We finally extend this theory to a supergravity also containing a set of chiral superfields in
Section by means of the superspace formalism.

3.1.1 Rigid N = 1 superspace in 4 dimensions

Supersymmetry (SUSY) is a space-time symmetry mapping particles and fields of integer spin
(bosons) into particles and fields of half integer spin (fermions), and viceversa. The generators @
schematically act as

{Q | Fermion) = |Boson) (3.1)

Q |Boson) = |Fermion)

Since it changes the spin of a particle, and hence its space-time properties, supersymmetry is a space-
time symmetry.

The usual space-time Lagrangian formulation is not the most convenient one for describing supersym-
metric field theories. This is because in ordinary space-time supersymmetry is not manifest. In fact,
an extension of ordinary space-time, known as superspace, happens to be the most natural framework
in which to formulate supersymmetric theories, at least for our purposes. Therefore, before considering
N =1 supergravity theories in four dimensions, we briefly introduce the superspace formalism.

The basic idea of N/ = 1 superspace is to enlarge the ordinary space-time with coordinates ™, by
adding 2 + 2 anti-commuting Grassmann coordinates 6%, 64, and obtain a eight coordinate superspace
labelled by (z™,6%,604). A supersymmetry transformation with parameters €%, &4 is a translation in
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

superspace, given by the following infinitesimal variations of the superspace coordinatesﬂ

Sx™ = i(fo™e — 0™0)
50 = & , (3:2)
00, = &4

where the presence of the €, é&-depending piece in dz™ arises from the anticommutation relation
{Qou Qd} = QUZLaPm ) (3'3)

which, in words, expresses the fact that two subsequent supersymmetry transformations generate a
space-time translation. The ¢™ matrices appearing in the expression for 2™ are 2 X 2 matrices where
oY = —1, while ¢* are the Pauli matrice

Superfields are fields in superspace, namely functions of the superspace coordinates. Since the Grass-
mann coordinates anticommute, any product involving more than two 6’s or two #’s vanishes. Hence,

the most general superfield F' = F(x,6,0) can be expanded asE|

F(z,0,0) = f(z) + 0¢(z) + Ox(z) + 00m(z) + 00n(z)+

~ _ __ __ 3.4
+ 0" 0v, () + 000X (x) + 060p(x) + 0000d(x) . (3:4)

The supersymmetry variation of a superfield by parameters ¢, € is represented as
Secl = F(z + 62,0 + 60,0 + 60) — F(x,0,0) = (ieQ + ieQ)F , (3.5)

where @ and Q are the differential operators implementing the supersymmetry transformations

a — _‘8(1 - méﬂam
{Q i o | (3.6)

Qi = +i0s + 070 0m

where 0, = 3/00%, 0 = 0/00%, Oy, = 0/0x™.
Let us now see how to construct supersymmetric invariant actions. The basic point is that the
integral over the superspace of an arbitrary superfield, i.e.

/ d*zd?0d?0F (x,0,0), (3.7)

is manifestly supersymmetric invariant. One can easily verify this property by observing that under
supersymmetry transformations the integrand in eq. transforms as a total space-time derivative
plus terms which vanish because of the integration in d°6d?d. Hence, supersymmetric invariant actions
are built by integrating in superspace a properly defined superfield, which, in general, will be a product
of superﬁeldsﬂ However, in the general expression for a superfield there are too many field
components to correspond to an irreducible representation of the supersymmetry algebra. Therefore,
we now introduce two classes of constrained superfields, the chiral superfields and the vector superfields,
which are relevant since they are the right superfields to describe matter and gauge fields, respectively.
A chiral superfield ® is a superfield such that

Dy®=0. (3.8)
Analogously, an anti-chiral superfield ¥ is a superfield such thatﬂ

DU =0. (3.9)

! As far as the conventions are concerned, we will follow [31].

2See Appendix [B|for further details.

3Throughout the thesis work, we use the convention according to which superfields are denoted by capital letters and
their lowest components by the corresponding small letters.

4A product of superfields is still a superfield.

5Notice that, if ® is chiral, ® is anti-chiral.
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D,, and D, are the covariant derivatives, defined as

Do = 8o + i0™0%0
T w?% " (3.10)
Ds = —04 — 10 aglo-ﬁm
They satisfy the following anticommutation relations
{Du, Dy} = —2i0060m , (3.11)

{Da, Dg} = {Da, Dy} = {Da, Qs} = {Da, Qs} = {Da, Qs} = {Da, @3} = 0.

In particular, they anticommute with the supersymmetry generators Q., Q4. This implies that the
previous constraints and are invariant under supersymmetry transformations, because, if
F is a superfield, . (Do F') = Dq(6:cF). To find the most general expression for a chiral superfield
in terms of ordinary fields, we start from the observation that

y™ =™ +ifo™, " =™ —ifo™ (3.12)

satisfy Doy™ = 0, Dqy™ = 0. Therefore, by also using Daég =0, Db = 0, it easily follows that, in
this coordinate system, the chiral constraint (3.8]) is solved by

D(y,0) = d(y) + V20u(y) + 00F (y), (3.13)

where ¢(y) is a complex scalar field, ¢ (y) is a Weyl spinor, while F(y) is an auxiliary field. Eq. (3.13
can be Taylor-expanded around x to obtain ®(z,#,). The expansion for ® is obtained from (3.13
by conjugation.

Vector superfields satisfy the reality condition

V=V. (3.14)
In this case, their power series expansion in 6 and 6 is

V(z,0,0) =v(x) +i0x(z) — i0x(z) + %99 [M(x) +iN(z)] +

- %éé [M(z) —iN(z)] — ™0 Ay, (x) + 660 [/\(x) + £5m mx(x)] + (3.15)

[\)

__ j 1 - 1
— 660 | \(x) + %Um mx(x)] + 56099 [D(x) + QDU(:U)] ,
where the component fields v, D, M, N and A,, must all be real to satisfy (3.14]). Imposing the reality
condition, the vector component field A,, survives as a degree of freedom and becomes real, therefore
this is the superfield which accomodates a U(1) gauge field. We then introduce the supersymmetric
version of gauge transformations, which acts on the vector superfield as

V—>V+04+9, (3.16)

where ® is a chiral superfield, and sends A,, — A, + O (2Im ¢): this is exactly how an ordinary
(abelian) gauge transformation acts on a vector field. From the transformations of the component
fields of V' under , one can show that properly choosing ® one can gauge away v, M, N, x. This
gauge choice is called Wess-Zumino gaugeﬁ and, in this gauge, a vector superfield can be written as

_ _ __ 1 __
Vivz = ~00" v () + 090X (x) — 000A(z) + 50000D(x). (3.17)

SNotice that the Wess-Zumino gauge is not supersymmetric. In other words, when working in this gauge, after a
supersymmetry transformation, one has to do a compensating supersymmetric gauge transformation to come back to a
vector superfield in the Wess-Zumino gauge.
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

We now define the supersymmetric generalization of the field strength, which is the gauge invariant
object entering the action for the dynamics of vector superfields, given by

1~ _ 1
Wa=—DDD.V.  Wi=— DDD;V. (3.18)

These superfields are chiral and gauge invariant. Hence, we can work in the Wess-Zumino gauge
and find that W, contains, among their components, the usual gauge (abelian) field strength F,,, =
OmAy — On A, as expected.

We conclude this section by writing down the most general gauge invariant ' = 1 supersymmetric
model of matter fields coupled to gauge fields. To this end, we first promote the vector superfield V'

B13) to
vV =V,T%, a=1,....,n=dimG, (3.19)

where T are hermitian generators of a non-Abelian gauge group G and V, are n vector superfields.
Then, we define the finite version of the gauge transformation (3.16), given by

eV — eheVe it (3.20)
where A is a chiral superfield. Under (3.20]), the chiral superfield ® (3.13|) transforms as
d— ' =cro, (3.21)

Finally, we generalize the super-field strength (3.18]) as follows

Wy = _iDD (e_VDaev) ) Wd = _iDD (eVDde_v) ) (3'22)

which reduces to (3.18)) to first order in V. At this point, after redefining V" — QQVE the Lagrangian
describing the coupling of matter superfields to gauge fields is [32]

1 _ _ _
§=—Im { / d29fab(q>)waawg] + / d?0d*0K (D, eIV + / d?OW (®) + / d20W (®), (3.23)
T

where: K(®, @ezgv), called Kdhler potential, is a real function of the chiral superfields and determines
the kinetic term of the action; W(®), called superpotential, is a holomorphic gauge invariant function
of ® and describes the interactions; Fu,(®), called generalized complex gauge coupling, is a holomorphic
function of the chiral superfields which transforms in such a way to preserve gauge invariance. The
SUSY invariance of the second term of has already been discussed (see ), while the SUSY
invariance of the other terms is guaranteed by the chirality of Wy, Fu(®) and W(@)ﬂ

3.1.2 The 4d N = 1 supergravity multiplet

After having introduced the necessary ingredients of supersymmetry, we now analyse supergravity
theories. Supergravity can be defined in two independent ways that give the same result. It is a
supersymmetric theory of gravity, and it is also a theory of local supersymmetry. Having a theory
of local supersymmetry means that we need to make the constant parameter ¢ local. From gauge
theory, we know that, if we want to make a global symmetry local, we need to introduce a gauge field
for the symmetry. In the case of supersymmetry, since it acts on the spinorial index «, the gauge
field would be a vector-spinor of spin % denoted ¢, which we call gravitino. The fact that we have
a supersymmetric theory of gravity means that the gravitino must be transformed by supersymmetry
into some gravity variable and the index structure suggests us that the latter should be something with
only one curved index, namely the vielbein. Thus, the gravitino is at the same time the superpartner
of the vielbein and the “gauge field of local supersymmetry”. Moreover, due to the fact that we have

"This redefinition is performed in order to introduce explicitly the coupling constant g. For example, this leads to
have, among the components of W, Frn = OmAn — OnAm — 19[Am, An], which is the correct non-Abelian generalization
for the field strength, with g explicitly appearing in the non-Abelian term.

8The chirality of F,,(®) and W (®) follows from the chirality of ® and its holomorphicity.
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spinors in the theory, we see that we need the vielbein formalism. The idea behind this is to consider
a set of coordinates that is locally inertial, namely a set of coordinates so that locally we have that

Imn(x) = em“(x)enb(;c)nab , (3.24)

where 7, is the flat Minkowski metric, while e,,%(x) compose the so-called vielbein. The m, n indices
(which are the so-called curved indices) are subject to the action of general coordinate transformations
x>,

emt(z) = " en(x), (3.25)

while the a, b indices (which are called flat indices) are subject to the action of local Lorentz trans-
formation A%(z):
e () = A% (z)en(x) . (3.26)

Flat and curved indices are related by the vielbein itself. As an example, we can convert the constant
~ matrices of the inertial frame into + matrices in the curved frame by the action of the vielbein:

Ym(x) = em® (%) 7Va - (3.27)

We define the Lorentz covariant derivative as
Dy = O + %wm“bMab, (3.28)
where M, are the (antisymmetric) generators of the Lorentz group SO(1,3), which on vectors act as
M X° = 206, Xy, (3.29)

whereas their action on spinors is given by

1
My = §7ab¢ ; (3.30)

with a5 = Y[47p- On the other hand, W™ are a set of gauge fields, which together define the spin
connection w. Starting from the vielbein and the spin connection, we can define two sets of 2-forms,
whose components are those of the torsion and the Riemann curvaturd’}

~
IS
Il

T ndx™ A dz"™ = de® + w® A e’
(3.31)

=y
Q
o
Il
N~ N

Rmndx™ N dx™ = dw®y + w®e A W .

The spin connection is determined by requiring that the vielbein is covariantly costant, i.e. D,,e —
I‘fnneg = 0, and this condition leads to the following set of algebraic equations for w:

1
Dppen)” = §T“mn. (3.32)
A vanishing torsion implies that the spin connection can be fully computed starting from the vielbein
and, in this case, its expression is

1
wm“b[e] = 5em (Q“bc — Qbea _ Qcab> , Qape = €2 (Omenc — Oneme) (3.33)

where e, is the inverse vielbein.
Let us use the vielbein formalism to write the supergravity Lagrangian. We start from the con-

struction of the minimal supergravity theory in four dimensions, i.e. the theory describing only the
graviton and the associated gravitino. Thus, it must contain a kinetic term for the graviton (the

9As reported in Appendix with the symbol A’ we denote the wedge product, which will be understood henceforth.
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Einstein-Hilbert Lagrangian Lgp) and a kinetic term for the gravitino (the Rarita-Schwinger La-
grangian Lrg). However, one can show [33] that a term quartic in the gravitino must be added to
have a supersymmetric theory. In conclusion, the minimal supergravity Lagrangian in 4 dimensions
is:

Lle,] = Leule]l + Lrsle, Y] + Lyale, ] =

1 1 - 1
= _Zeeamebannab[W[eﬂ + §5mnmwm’7n'75Dr¢s - Ze(Kaachbc + Kachcab) )

(3.34)

where e stands for the determinant of the vielbein, R,,,%[we]] are the coefficients of the curvature
tensor, given by
Ry [wle]] = 200w ™ + 2w, "“wy” (3.35)

while K is a quantity which depends quadratically on the gravitino:
abe bm gra ¢ - bm [ Tlanc] 1 Ta c
K% =¢"K%, = —ie YYD, + §¢ Y | . (3.36)

Note that ef}, has 6 independent degrees of freedom: in fact, it has 16 components but we have the
“gauge invariance” of general coordinate transformations and the local Lorentz invariance, which allow
us to fix 4 + 6 = 10 components of the vielbein. On the other hand, as far as the gravitino ¢y, is
concerned, it has 4 - 4 components, but we can use the local supersymmetry transformation, which
acts on the gravitino as v, = Dpe, to fix 4 components, thus we have 12 independent degrees of
freedom.

In supersymmetry, particles are organized in supermultiplets, which contain an equal number of
bosonic ad fermionic degrees of freedom, ng = np. Therefore, we need 6 bosonic auxiliary degrees of
freedom, and they are provided by two auxiliary fields, namely a vector field b, and a complex scalar
M, which, together with the vielbein e and the gravitino vf,, compose the so-called supergravity
multiplet, which we will derive in the following.

3.1.3 4d N =1 Supergravity in superspace

If we want to formulate locally supersymmetric theories in more involved cases, it is convenient
the use of the superspace formalism. Since it is our case, we now give a generalisation of what we
have just seen by using this formalism, including the presence of chiral fields in the theory [31].

Henceforth, we will denote flat superspace indices as A = (a,a, &) and curved superspace in-
dices as M = (m,u,ft). The basic objects used to build the supergravity action in the super-
space formalism are the super-vielbein forms E4(z) = dz™ Ep4(2) and the super-spin connection
Qa8 (2) = dzMQuraB(2), where 2M = (2™, 6", éﬂﬂ The symmetry transformations are also gener-
alised: we define the general coordinate transformations of superspace as parametrised by ¢M(z)

M =M My, (3.37)

The parameter ¢ may be written with either an Finstein or a Lorentz index, by means of the super-
vielbein
A =eMpyA. (3.38)

In the following, we will consider £4 as the field-independent transformation parameter, so that &M will
depend on the fields through the supervielbein. The lowest components of £%(z)| = £%(x) characterize
general coordinate transformations in the z-space, whereas £%(z)| = €*(z), &4(z)| = €a(z) correspond
to local supersymmetry transformationﬂ

The generalization of the Lorentz transformations on superspace is described by L (%), given by

L 0 0
L2=10 LS 0 |, (3.39)
0 0 L%

OFor the superspace conventions on p-forms, see Appendix ~
"Here the vertical line means that the quantity is evaluated at § = 6 = 0.
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3.1. N =1 supergravity theories in 4 dimensions

with the three components related through the o-matrices as

06505 ab = —2¢apLyp + 2e44Lag - (3.40)
We assume a diagonal form because we want spin to be preserved by super-Lorentz transformations.
Analogously, since the spin connection is a connection (gauge field) for the local Lorentz transforma-
tions, the super-spin connection has a diagonal form:

Qus® 0 0
Qua?=( 0 Qu.” 0 |. (3.41)
0 0 Q%

The lowest component of Lgy(z)| = Lgp(x) gives the usual local Lorentz transformations. Their higher
components, together with those of £%(z) and £%(z), £4(z), can be used to transform away some of
the § = § = 0 components of the vielbein and the connection. In particular, we may use higher
components of &4 to write Ep4(2)] as [31]

em® () %wma(x) %&ma(x)
Exv(2)] = 0 5, 0 : (3.42)
0 0 6,

where €,,%, ¥,,® and ¥,,4 describe the spin-2 graviton and the spin—% gravitino, respectively. As far
as the superconnection is concerned, we may use higher components of L4 to transform away some
of the components of QMAB(Z)}, ie.

Qa®(2)] = wma® (@),

Q/J,AB(Z)l = Q”AB(Z)’ —0. (3.43)

We now define the torsion components of curved superspace as the covariant exterior derivatives of
the supervielbein components

1
T4 .= DEA = dE* — EBQpA = 5J_@E"ECTCBA, (3.44)
and the Riemann curvature components in terms of the connection as

RAP = 0" — 9 nNQeP = CE°EPRpcP . (3.45)

N | =

The supertorsion and the supercurvature are the only covariant tensors which may be constructed from
the supervielbein and the superconnection. Higher derivatives lead to the so-called Bianchi identities,
since dd = 0 [31]. At this point, one has to find proper constraints for the two tensors which reduce
the number of component fields as much as possible and admit flat superspace as a particular solution.
It turns out that

T, =T;," = —2i0",

aB’
Tog? =0, Tog®=Ts;¢=0,
Toy® = Tug® = 0,

T'abc = 07

(3.46)

are the proper constraints. Here o denotes either o or . Since it is going to be useful in Section
we only report the expression for 7%, which can be immediately obtained from the constraints (3.46|):

T% = —2i0%,E* N E“. (3.47)

The constraints (3.46[) allow for a consistent definition of the chiral superfield in the locally super-
symmetric case (see (3.55))). Moreover, by means of them, we can express the superconnection via
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

the supervielbein, as in general relativity. Solving the Bianchi identities subject to the constraints
, one learns that all the components of the supertorsion and the supercurvature may be ex-
pressed in terms of the so-called 'main superfields’ |31], which are the complex chiral superfield R
and its conjugate R, the vector superfield G, and the chiral superfield Wag, totally symmetric in
its indices. Furthermore, once chosen the gauge and , we may try to express the lowest
components of the main superfields in terms of e,,%, ¥, and 1,,¢. However, it turns out that this
cannot be performed for the lowest components of R and G, and this leads to the introduction of
new component fields:
1
R(:)| = —=M(z)

Galz)] = = 3bu().

(3.48)

which are exactly the auxiliary fields which equalize the number of bosonic and fermionic degrees of
freedom within the supergravity multiplet.

We now define the proper generalization of gauge transformations, i.e. the supergauge transforma-
tions. They are a particular combination of general coordinate and structure group transformations
of superspace with the property of mapping Lorentz tensors into Lorentz tensors and reducing to
supersymmetry transformations in the limit of flat space. To be more precise, we start from the
transformation law of a generic tensor field V4

VA = —eMay vA L+ VBLpA, (3.49)
and we can see that if we impose Lp? to be given by
Lp" = —£“Qcp?, (3.50)

we find
VA = —9DVA, (3.51)
which is manifestly covariant under local Lorentz transformations. In (3.51), we have introduced
Do = EcMDy;, with
Dy Va = 0mVa — Qua’Va,

3.52
Dy V4 = oV + (—)"VEQus?, (352)

if it acts on a covariant or contravariant vector, respectivelyiﬂ
Therefore, the transformation law for a tensor superfield V4 may be written as a supergauge
transformation ([3.51]) together with an additional Lorentz transformation parametrized by Lp*:

VA = —DeVA + VALY, (3.53)

Let us now consider a gauged supersymmetry transformation, parametrized by the lowest components
£%(2)| = e*(z) and &4 (z)| = €4(x), namely let us choose

§4(2)[ =0,

£4(2)| = (@),

£(o)| = 2a(e). (3.54)
LAB(Z)’ = 0,

in (3.53). In order to preserve the gauge (3.42) and (3.43), one can show [31] that this transformation
must be accompanied by a field-dependent Lorentz transformation and an e-dependent coordinate
transformation in the x-space. These transformations represent the so-called supergravity transforma-
tions, and one can find the transformation laws of the components of the supergravity multiplet under

12Here, (—)’"b is +1 if one or both of the indices M, B are bosonic, while it takes value —1 if both of them are
fermionic.
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3.1. N =1 supergravity theories in 4 dimensions

them.
We now want to write down actions which are invariant under supergravity transformations. In par-
ticular, we are going to write the most general supergravity action for a set of chiral superfields ®°.
To this aim, we define the chiral superfield ®, which, in supergravity, is the superfield satisfying the
following condition|

Dy® =0, (3.55)

which is a generalisation of the chirality condition of the global supersymmetric case, but with Dg
substituted by the covariant derivative, which reduces to Dy = E5™ s for scalars.

As seen in the global case, chiral superfields contain three component fields. Instead of defining
them as the coefficient functions of the expansion in § and , which are coordinate-dependent (since
6 and 6 carry Einstein indices), we consider the following covariant components
X :LDQ\ F:—EDO‘DCI)] (3.56)

« \/i « 9 e 9 .

4
whose transformation laws under supergravity transformations are found from the supergauge trans-
formation law of the superfield ®:

A=,

60 = —4D P . (3.57)

One can introduce new © variables, carrying local Lorentz indices, so that the expansion coefficients
of chiral superfields in these new variables are exactly the covariant components (3.56)):

D = A(z) + V20°% x4 (z) + ©°0,F (). (3.58)
In the © variables, we can rewrite the transformation law for a chiral multiplet in the following way:
00 = —nM(2,0)0)P, (3.59)

where the differential operator dp; acts on the spacetime coordinates ™ and the new variables ©%,
while the transformations parameters, whose expansion is

M (2, 0) = nll) (@) + ©°n}),(2) + O Oanfy) (), (3.60)

can be written in terms of the parameters e*(z) and &4(x) of the supergravity transformations. The
variables © are useful in building actions invariant under supergravity transformations. Before seeing
this, we first need to give the definition of chiral density. A chiral density A is a function of superspace,
with transformation law

SA = =0y [fMA(-)™] . (3.61)

This is chosen so that the product of a chiral density and a chiral superfield is again a chiral density,
ie.

SAD =~y [P AR(—)™] . (3.62)
This property implies that we can build invariant actions from chiral superfields: if g(®) is a chiral
function of ®, we have

0L =6 / d*zd?0Ag(®) = — / d*zd?00y [n™ Ag(®)(—)™] = 0. (3.63)

An important chiral density, which we denote by &£, can be constructed by requiring that its lowest
component is the determinant of the vielbein:

1 1
&l = 2¢= 5 det e, . (3.64)

The higher components of £ are obtained from its lowest component and its transformation law, which
is determined by the transformation law for e,,® but is also given by the definition (3.61)) of chiral

!3This is a consistent definition only under non-trivial restrictions on the supertorsion, i.e. Tng® = T.,;° = Tog? =
T,3" = 0 [34], which are contained in the constraints (3.46]).
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

density [31]. To summarize, we have just obtained that we can build an invariant action from a
Lagrangian density as in , using the chiral density £.

We are now ready to write the most general N' = 1 supergravity Lagrangian densityE describing
chiral superfields ® coupled to gravity, which is (k2 = 87Gx = 1):

&L = /d2@ 28 [; (DD — 8R) Q(®, ®) + W(®)| + h.c., (3.65)

where Q(®,®) = —36_%K(¢’¢), with K(®, ®) being the ordinary Kihler potential and W (®), chiral
and holomorphic in ®, is the superpotential. The first term reproduces the Einstein and Rarita-
Schwinger Lagrangians, and the usual Kéhler potential for the chiral superfields in the low-energy
limiﬁ, whereas as far as the second term is concerned, it represents the generalisation of the super-
potential term of the flat case.

The detailed computation of the component expansion of is discussed in Appendix |C| The
result for the bosonic components of the Lagrangian is

1 — P 1 __ 1 :
7 = 66(2;%’ —eg"" Q0 A'Op A7 + eQi ' F7 4 §eQMM* — geM*QgF’ — geMQiFZ—F

. 3.66)
1 | ,_ ] c (

— Wb, — %e(QiamAz QO AN e, ™ — eMFW — e MW + eW;F' + eW,F7 .
The Lagrangian (3.66|) enjoys a Kdhler- Weyl invariance, which consists of the invariance under the
combined action of a Kéhler and a super-Weyl transformation. A Kahler transformation acts on the
Kahler potential, the superpotential and the auxiliary fields as [10]

K(®,®) — K(®,®) + h(®) + h(®), (3.67a)
W (D) — e MW (d), (3.67b)
M —s e 5W@FR@) pr - pi oy pi =3 (@) HA(®)) (3.67¢)

where h(®) is an arbitrary holomorphic function of ®. On the other hand, a super- Weyl transforma-
tion acts on the supervielbein as [35]

EY = TRy, Eg o 2T (E;y - le%agd@dT) : (3.68)
with T an arbitrary chiral superfield. In particular, (3.68]) implies that

e — 2T q2028 — 57420 2¢ . (3.69)

It can be easily seen that the superspace Lagrangian is invariant if a Kéhler-Weyl transformation
is performed, with h(®) = 67.

The Lagrangian may be rendered invariant under Kahler and super-Weyl
transformations separately, while still arriving at the same component Lagrangian when a
proper gauge-fixing of the super-Weyl transformations is performed. This can be obtained with the
so-called super- Weyl invariant approach [35-37|. The latter will be particularly useful in the following
Section, therefore we provide a review on this formalism in Appendix

3.2 Axions in 4d Supergravity

In Section we illustrated how to perform the dualization procedure between the axions a’
and the gauge two-forms Bz;. We also mentioned that such procedure admits a supersymmetric
generalization. Since we eventually want to consider a four-dimensional A/ = 1 supergravity theory,
in Section we study, as an intermediate step, the model described by in a /' =1 globally
supersymmetric framework, to finally arrive at the supergravity action given by in Section

14YWe are considering theories with at most two derivatives acting on the various fields.
15This can be seen by restoring in the Lagrangian the factors x* and working in the limit x — 0.
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3.2. Axions in 4d Supergravity

3.2.1 Axions and linear multiplets in global supersymmetry

As already seen in the previous section, in theories enjoying supersymmetry, fields are appropriately
collected into multiplets. Therefore, we must introduce multiplets which contain, in their components,
the gauge two-forms By ; and the axions a’. We start by introducing the real linear superfield L, which,
in rigid superspace, is a real superfield obeying the constraints

DL =0, D?’L=0. (3.70)

Its component expansion is

_ 1 _ 1, 1. 1,
L =1+ i0n — 07 — §eameem"man8pq + 592957” )+ 59290?” il — 10292Dl’ (3.71)

where [ is a real scalar, B,,, is a rank 2 antisymmetric tensor and 7 is a Weyl spinor. Thus, linear mul-
tiplets contain the three-form field strengths of gauge two-forms, making them a super-field strength
completion thereof. We also recall that a chiral superfield ® satisfies the constraint Ds® = 0 and its
expansion in components is

D = ¢+ V200 + 60*F + i05™00,,¢ — %02&711#0’”5 + 39252&;5. (3.72)

Here, ¢ and F' are complex scalar fields, while ¥ is a Weyl spinor.
We note that the real linear multiplet contains the same amount of propagating scalar fields as a
chiral multiplet, namely, focusing on the bosonic sector:

e a real scalar (1 d.o.f.) and a gauge two-form (1 d.o.f.) for the former;
e a complex scalar for the latter (2 d.o.f.).

This suggests that there may exist a ‘duality’ which relates chiral and linear multiplets, and we now
show it [9, 10].

Consider a supersymmetric theory with chiral superfields ®™, m = 1,...,n, which we will here
treat as spectators, and some other chiral multiplets 7%, i = 1,..., M. Let us assume that the Kéhler
potential depends on 7" only via their imaginary parts:

K(®,&T)=K(®,®;ImT), (3.73)
keeping generic the dependence on ®¢. The Kéhler potential is then invariant under the azionic shifts
T8 — T4 (3.74)

with real constant ¢’ and we identify the lowest components ReT"?| = Ret' = a’ as azions, the only
components influenced by the shift . For this reason, we refer to the multiplets 7% as azionic
multiplets. We might trade the axions a’ with gauge two-forms Ba; via the ‘electro-magnetic duality’
explained above. To implement this duality, we first relax the assumption that in Im 7" are the
imaginary parts of chiral superfields 7% and rather consider them real, unconstrained superfields U’.
Then, we start with the Lagrangian

Liyal = /d29d2§K(<I>,<I>;U) +2/d29d2§LiUi, (3.75)

where L; are linear multiplets. At this point, we have two possibilities:

Ordinary chiral formulation In this case, we need to integrate out the linear multiplets L; from
the Lagrangian . However, since they are constrained by , we first have to find an
expression for the linear multiplets in terms of unconstrained spinorial superfields ¥;,, ¥$ which
automatically solves the constraints . The expression is given by

Li = D*D*¥,; + Dy D*T¢ . (3.76)
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

Then, the variations with respect to ¥;,, \lea of the Lagrangian (3.75) sets the following con-
straints on U’

D?D°U' =0, D?DsU'=0, (3.77)
which are solved by
S ,
U'=(I"=T") =ImT", (3.78)

for arbitrary chiral multiplets 7%. Substituting (3.78) into (3.75)), we get a Lagrangian solely
depending on the chiral multiplets ®* and T"

Lihiral = / d?0d*0K (®,®;ImT). (3.79)

Formulation with linear multiplets The alternative formulation where the axionic multiplets 7"
are replaced by linear multiplets L; is obtained by integrating out the real multiplets U* from

(3.75)). This operation leads to
I — 10K

P 3.80
20U (3.80)
Once this is plugged inside (3.75)), we get
20120 = OK ;\ _ 20127 =
Binear = | d°0d“0 | K(®,D;U) + anU = [ d°0d*0 F(®,9; L), (3.81)

where F(®, ®; L) is the Legendre transform of the Kéhler potential K (®,®;ImT).

The procedure outlined above can be followed also in the reverse direction: we may start with the
Legendre transform and come back to the ordinary formulation. The latter is the direction we
will use when we implement the theory to a local supersymmetric one, and is achieved by considering
the following Lagrangian

Lival = / d%0d?0F (®,®; L) — 2 / d?0d?0 L; Im T" (3.82)
where L; are understood to be real multiplets rather than linear multiplets.

The final step is to generalise the previous model, by formulating it in a A" = 1 locally supersymmetric
framework, following [9].

3.2.2 Axions and linear multiplets in supergravity

As already mentioned at the end of Section 3.1} a useful technique to obtain supergravity La-
grangians is the super-Weyl invariant approach, which we introduce in Appendix [D]discussing theories
with chiral multiplets. In addition to the latter, in this section we also couple linear multiplets.

The kinetic part of the super-Weyl invariant Lagrangian reads

Lol = / d*9d*0EK(Z,Z;ImT) , (3.83)

which, as before, depends on the sector T" only through their imaginary parts. On the other hand,
no assumptions are made on the dependence of the kinetic function on the other chiral multiplets
Z¢=Ug%®),a=1,...,n+ 1. As illustrated in Appendix@ U is the super-Weyl compensator: it is
an unphysical, chiral superfield, which transforms as

U—s ey (3.84)

under super-Weyl transformations. Conversely, g%(®) are functions of the physical fields only and carry
zero super-Weyl weight. Finally, consistency of super-Weyl transformation with the chirality of T°
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3.2. Axions in 4d Supergravity

requires the axionic multiplets 7% to be inert under super-Weyl transformations, and the homogeneity
properties of the kinetic function are

K(\Z,2\Z;ImT) = |\3K(Z, Z;ImT). (3.85)
In supergravity, linear multiplets satisfy the covariant constraints
(D* —8R)L; =0, (D* —8R)L; =0, (3.86)

and, as in the globally supersymmetric case, their bosonic components are a real scalar field /; and a
real field strength Hs; of a gauge two form By ;, which can be regarded as the electro-magnetic dual
of the axions ReT"| = a’. In the dual description where the axionic multiplets 7° are replaced with
linear multiplets L;, the kinetic Lagrangian gets replaced by

ﬁinear = /d29d26Ef(Z7 Z; L) ) (387)

where F(Z,Z; L), similarly to F (®,®; L) in ([3.81)) for the global case, is the Legendre transform of
the kinetic function K(Z, Z;Im T'). Explicitly, their relation is given by

K(Z,Z;,ImT) = F(Z,Z; L) — F'L;. (3.88)

where F' = 0F/OL;. Unlike their chiral counterparts, the linear multiplets L; are required to have
super-Weyl weights (%, %), whence the homogeneity property of the kinetic function is
FOAZNZ:ASL) = |\N3F(Z,Z;L). (3.89)

The connection between the ordinary formulation, in terms of chiral multiplets, with Lagrangian
(3.83), and the dual formulation, in terms of linear multiplets, with Lagrangian (3.87)), is established
by the super-Weyl invariant Lagrangian

Liual = /dQHdZQE}“(Z,Z;L) — 2/d29d20ELi Im7T". (3.90)

with L; unconstrained real multiplets. The Lagrangian (3.90|) represents the appropriate extension
of (3.82)) to the super-Weyl invariant context. The ordinary and the dual formulations are related as
follows.

Ordinary chiral formulation To obtain this formulation, we need to integrate out the real multi-
plets L; from (3.90)). Varying the latter with respect to L;, we get

. 10F
ImT" = = . 91
m 9L, (3.91)
The substitution of this relation in (3.90) gives back (3.83):
Lival = / d?0d*0 E (]-"(Z, Z;L) — gf;&
i (3.92)

= / d*0d?0 EK(Z, Z;ImT) = Lonival -

Formulation with linear multiplets Analogously to what done for L; in (3.76)), before integrating
out the chiral multiplets 7%, we need to solve the chirality constraints D,T" = 0, DsT* = 0 and
re-express them as

) 1 _ _ . .
mT" = [(D* —8R)=' — (D* — 8R)='] , (3.93)

with 2% unconstrained (complex) superfields. From the variation of (3.90) with respect to =,
one obtains

(D?* - 8R)L; =0, (D*—-8R)L; =0, (3.94)
which tell that L; are linear multiplets, retrieving (3.87)).
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

We now focus on the dual formulation, described by the Lagrangian (3.87)). In the super-Weyl
invariant formalism, it turns out that their bosonic components are [9, |10]

_ 1 ~ a A _h ]. i 1 i v
e Aos = ~5F R=FDyz Drzb + 17 0uli0"ly + o T iy 1

) : _ - (3.95)
+ <2.3!J'.'25#VPU’HVPG71»D“Z@ + C.C.) + fa};FgFg ,
where
F=F—LF, Du"=0,2+id,:", (3.96)
with
3 . ~ a = —a 1 ~
A= m ' (faauz — Fa0uz ) + ?F Epwpo Hupoi| - (3.97)

Before gauge fixing the super-Weyl invariance, we introduce the Legendre transform of the Ké&hler
potential
F(p,;0) = K +26;Tmt' = K + 245", (3.98)

where we have defined the sazions s* as s = Imt* and introduced the dual saxions ¢;

10K

(=10 (3.99)
related to the lowest components of the linear multiplets [; as
I = M2, . (3.100)
In , we may then gauge fix the super-Weyl invariance by setting
u= M3zt @D with F=F—(F, (3.101)

However, we stress that gauge-fixing the super-Weyl invariance in presence of linear multiplets is a
quite involved procedure, which is discussed in [9} [10]. It turns out that, after integrating out the
fields FZ, the bosonic components of the gauge-fixed Lagrangian reassemble into a rather simple form
(Mp = 1):

1 1. 1 v
(3.102)

+ (Q.Z?,lFTiﬂgquaHVpa,iauﬁbm + C.C.) .

3.3 N =(0,2) supergravity in D = 2 dimensions

As we will see in Chapter [, the EFT strings, introduced in Section preserve a local NV =
(0,2) supersymmetry on their world-sheet. Therefore, since we eventually want to study the world-
sheet theory of such strings in a manifestly supersymmetric way, it is necessary to study N = (0, 2)
supergravity in D = 2 dimensions. To this aim, we now discuss in detail this theory, by following
steps analogous to those already shown for the 4-dimensional case. In particular, we will impose
supertorsion constraints in agreement with [38} |39], and in Section we will arrive at writing the
full component expansion of the supervielbein ep 4 and the superconnection Q.

Before focusing on A/ = (0,2) supergravity, let us introduce ' = (0,2) supersymmetry in rigid
superspace.
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3.3.1 N =(0,2) rigid supersymmetry in D = 2

Let us consider a (0, 2) superspace, with coordinates z™ = (£0,¢1,0%,0%), where €™, m = 0, 1, are
two bosonic coordinates and 7 is a complex Grassmann coordinate. Furthermore, let us introduce
the null coordinates y*+ = ¢° + ¢! and the corresponding derivatives

Dyy =209+ 0 0y =0 o__
++ f( o + 1) 0 = 04+ + (3.103)
0 =3(0 — ) O =04y —0—
where 9, = 9/0¢™, m = 0,1, and 914 = 0/9y*™.
The fields are organized into superfields, and the most general superfield takes the form
D(2) = 6(2) + 07 () + 074 (1) + 070 (2) (3.104)
The supersymmetry action on a superfield is given by
5:B(2) = (CT Q4 +CHQL) B(2), (3.105)

where @4 and @4 are the representations of the supersymmetry generators as differential operators

in field space:
0 - 0

Q+ 86"’ 2@9 6++ s Q+ aaﬁ — 229+0++ (3106)
They satisfy B B
1=0, Q1 =0 {Q+,Q+} = —4i04 . (3.107)
We now introduce the supercovariant derivatives
0 —1 _ 0 n
D+ 8(9+ + 210 8++ y D+ 89+ + 210 8++ y (3108)

which anti-commute with @ and @, and obey the following anticommutation relations:
D3 =D3%=0, {Dy,Dy} =4i0, . (3.109)

Instead of the complex Grassmann coordinates 7 and @1, we may use the real fermionic coordinates
nt4, g = 1,2, defined in terms of the former as

+ — 1 (]l 4 52 . A
{0 22 (0 S 2) — {n*l =V2(0r +07) (3.110)
9+:ﬁ(,’7+ _“7+ ) + :_Z\/i(9+_9+)
In these new coordinates, the supercovariant derivatives become
)
Dyg=04q+ 577+q3++ ; (3.111)
where the relation between 9, 94 and 04, is
Oy = V2(041 —i012) O = Lf 9+ +04) (3.112)
Ay =V2(041 +i012) Oy2 = 575 (04 —0y)

Starting from the supercovariant derivatives, we can compute the supervielbein, which will be the one
associated to the flat case, by requiring that it corresponds to the cotangent basis dual to D 4:

dzMoy =dy™ o, +dy o0 + dnti0,, = e'Dy=e™ D, +e " D__+ etDy,. (3.113)

In the flat case, D4+ = 044 and D__ = 0__, thus we find that
et =dy™t — %dn+qn+q, e =dy 7, et =dnte, (3.114)
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Now, by computing the supertorsion as T4 = de?, we find that the only non-vanishing component is
) 1
TH =det™ = dptdyt” (—;5QT> = 5dzM dzN Ty = Tigirt=—idg . (3.115)

The reason why we derived the value of the supertorsion in the rigid case is that our goal is to discuss
N = (0,2) supergravity. As we will see momentarily, to do so, we need to impose supergravity
constraints on the supertorsion, which must be compatible with the rigid case.

We are now ready to generalize the N' = (0,2) rigid supersymmetry to the corresponding local
supersymmetry in curved space.

3.3.2 2d N = (0,2) Supergravity in superspace

Let us start by considering an N' = (2, 2) supergeometry in a superspace with an SO(1,1) tangent
space group. In this case, the superspace has coordinates 2™ = (£, 0#, %), where 6* are two complex
odd coordinates and (6#) = 6~.

As we have seen in Section to describe curved superspace geometry, one of the main ingre-
dients is the supervielbein ey, where M = (m, ) is a curved superspace index and A = (a, ) a flat
superspace index. The inverse supervielbein is denoted by e4™ and obey the following identities

eaMen® =647, emesN =5y . (3.116)

As we already know from the 4-dimensional case, we also need to introduce the analogue of the
connection in superspace, called superconnection, given by Qa8 = dzMQ45.

Generically, if we consider a p-superform ¢4” with one covariant and one contravariant tangent
space index, the action of the tangent space group on ¢4 reads

6P = —La%pcP + ¢a“Lc? (3.117)

where L4 = LM p?, with the superfield L(z) being the boost parameter, and

My = —&*,
1
a _ — «a
Mg =5 (13)8% (3.118)
- 1
Mz* = 5(73),8(1,
where £,% = e, with €% = ¢! = 1 and . = diag(—1, +1). The y-matrices satisfy
{v*,7"} = 29’1, (3.119)
and are chosen to be
0 -1 01
0_ _, 2_ 1 1_
v = —io <1 0 ) , v =0 (1 0) , (3.120)
while
-1 0
7 =1 = ( 0 1) . 00P=1, {0 =0. (3.121)

Starting from the supervielbein ey;# and the superconnection Qp*, whose explicit form is
Qp? = OMp? = &M MpA, (3.122)

we may define the supertorsion and the supercurvature as

1
TA = ZeCeBTpe? = De? = de? + 20 A
2 e P (3.123)
RsP =du® + Q4907
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3.3. N =(0,2) supergravity in D = 2 dimensions

where D is the supergravity covariant derivative, whose action on a covariant and contravariant vector
is given by

DMXA — aMXA + (—)mbXBQMBA ,
Dy Xa=0uXa—QuaPXp,

3.124
DpX4 = EgMDy x4, ( )
DpXa=EgMDyXa.
Since we are dealing with an Abelian symmetry, the supercurvature is simply Ra? = dQ4® =
dQM 4B, Indeed:
QACQCB = dZMdZNQNQMMACMCB . (3.125)
Furthermore, we have that
ONQUM A ME = (=)™ AN M A ME | (3.126)
and then
dzM AN ANQUM A ME = —d2M AN A MA“ME = 0. (3.127)
The supertorsion and the supercurvature satisfy the Bianchi identities
DT = PR, DR, =0. (3.128)
Let us now label the fermion components as 0* = (§~,07). Since we are interested in considering
N = (0,2) supergravity, let us focus on the case in which §~ = 0. In this case, the components of
Mp? are
M = —&?,
1
+
MyT =5, (3.129)
-1
o
Mz 5

In terms of the null coordinates y*+ = £ + €1, we have that:

1
Ert® = Npgpe = Nppo—e 0= D) (20%77F) = —*7, (3.130)

—a

as can be explicitly seen by computing e~~% as

——a __ 8y__ aya be
= g et (3.131)

Conversely, e % = §%~~. Analogously, we may rewrite M+ and M;jr in the real Grassmann
coordinates 79 introduced in Section and one can easily show that

1
Mﬂ”zi%. (3.132)

Henceforth, we will use the indices +¢, +r, . .. to indicate flat spinor indices, and +u, +v, ... for curved
spinor indices.

To reduce the number of component fields of ep4 and )7, we proceed in analogy with the 4-
dimensional case discussed in Section In particular, in the next section we will perform a partial
Wess-Zumino gauge-fixing, while in Section we will impose constraints on the supertorsion and
solve the Bianchi identities subject to such constraints. Finally, in Section we will use the
results of Section and to obtain the explicit expression for the component expansion of the
supervielbein and the superconnection.
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

3.3.3 Gauge fixing

Under a general coordinate transformation in superspace, zM — 2M(z2) = (M(2), whose 7-
expansion is given by

M(z) = (M) = COM(E) + M @) + g e, (O = ), (3.133)

the supervielbein transforms as
az/M

V() = ea¥ () S
We now use the higher components in the expansion to simplify the expressions for the super-
vielbein components.
Let us consider the transformation under the full superspace diffeomorphisms of the components
e+qM of the inverse supervielbein:

(3.134)

6,+qm(2’/) = 6+qnan<(0)m + 6+(1+u <C-(*-112m + T]+UC-(I,-273TU> ’

(3.135)
() = e4g ¢ O e T (T L)
By expanding the inverse supervielbein components as
eAM(z) _ ( )M M | ptue E:l)J,AM 4 %nﬂnﬂegMAM, (3.136)
we obtain that
vy = [e(f;nang(o)m 4 6(0)+u©(r13m} n
+n™ [e+u+qn GO — +qn R + 693*”4931& + €$i+q+vfgrl7j)m] e
eyt = [e(O)n O+ 6(0)+UC+U+U} i (8-137)
o [0 = e e el P
Therefore, we can choose C%, in order to set
edm =0,  QOru=g e (3.138)

(1)

Analogously, ¢ % 1, may be employed to transform the antisymmetric parts of e, +qM to zero, namely

1 1 1 1
D m=el e el (3.139)

A similar procedure may be used to eliminate some components of the superconnection Q47, which

we recall to be given by
QaP = QM AP = MM (3.140)

To this purpose, we start from the infinitesimal transformation of Q54 under local Lorentz transfor-
mations, which is
o0t = —dLp? — L®Qc? + QLA (3.141)

In our case, since SO(1,1) is Abelian, we have that Lp“Qc? = Qg©Lc4 and then
50 = —dy L. (3.142)
The boost parameter L(z) is
L() = LOE) +nL0©) + snn LD, LE4n(© = 291, (3.143)
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3.3. N =(0,2) supergravity in D = 2 dimensions

where L(0)(¢) is associated with the conventional Lorentz boosts, while L(jg, and LSEQ)L 1, can be freely

gauge fixed. Thus, by expanding Qs as

ar(2) = AN + 1, (O + 517 AL, 4 (6), (3.144)
we find that
8y = =0y L = L) — L@ (3.145)
whence

500 — 00

3.146)
L _ @ _ 7@ (
5Q+v+u - _L+u+v - L+’0+’u )
Therefore, we may set
ol —o, (3.147)
while L(fg 4, can be used to gauge away the antisymmetric part of Q(f}) TS
1 _ oM
Q+v+u - Q+u+v : (3'148)

As a result, we remain with (7 (¢), ¢(O+u(¢) and LO)(€) as free parameters, corresponding to
bosonic diffeomorphisms, local supersymmetry transformations and local Lorentz boosts, respectively.

To summarize, in this Section we have chosen a gauge in which the components of the inverse
supervielbein and the superconnection are

Qi (2) = wm(§) + 77+up+um(£) + %77+u77+v)‘+u+vm(§) )

Qu(2) =110 4ul(€) + %77+y77+w>\+v+w +ul§) P+v+ul§) = ptuto(§)
ea™(2) = €a™() 1 Fraa™(€) + 51T g™ (€),
ea"(2) = Xa () + 0" frvaT(E) + %n*“n*“’gww,a“(f) ,
eq™(2) = 0 frurg™(€) + %77+u"7+v9+u+v,+qm(§)7 frutq™ (&) = frqra™ (&),
erg (2) = Og T T Froag THE) + %77+v77+w9+v+w,+q+u(f)a Frorg ™ (&) = Frarn ™ (E).
(3.149)
In particular, the lowest components of e4™ are given by
eaM| = <€‘6m gi‘l;;) , (3.150)
and by exploiting e4sNen? = 647, we find that
enr| = (ega gi’jﬂq) : (3.151)
where
caem’ = 0’ (3.152)

Xm+q = emaXa+u5+u+q .
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Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

For later convenience, we also give the complete component expansion of the supervielbein e

1
ema(z) = ema(g) + 77+uh+uma(£) + §n+u77+v£+u+v,ma(£) 5

1
em+q(z) = _Xm+q(§) + 77+uh+u m+q(€) + §n+u77+vg+u+v,m+q(§) )

a v a 1 v w a a a
€+tu (Z) = TI+ h-i-v—i—u (5) + 577+ 77+ g-i-v—i—w,-i—u (f), h-i—v—i—u (5) - h—i—u—i—v (f)a
v 1 v w
€+u+q(z) = 5+u+q + "7Jr hiy +u+q(§) + 577+ 77+ €+v+w,+u+q(§) ) h+v+u+q(€) = h+u+v+q(§) )

(3.153)

where the symmetry of hyyyp® and Ay, 79 can be seen by considering that e4VNen® = 647 and the
symmetry of fi,1,™ and fig4, %

3.3.4 Supergravity constraints

To reduce the number of component fields of ey4 and 5, we impose the following constraints
on Tap® [12, 38, 39]:
T+q,+r+Jr = —i0qr T+q,+r+s =0,
Tug~ =0 VA, B,
Tigr+d =0 VA,
Ty tH=T,,__tt=0.

(3.154)

They are compatible with the rigid case, where, as seen in (3.115|), the only non-vanishing component
is T+q7+7~++ = —iéqr.
Let us recall that the supertorsion and the supercurvature satisfy the Bianchi identities (3.128)),
which, in components, become
Riapcy” = DuTpcey” + Tiap  Tricy (3.155)
and
DipRapy + Tipa" Rejpy =0, (3.156)

respectively. Here, the square brackets denote generalised anti-symmetrization, which in our case is
performed in three indices and is given by

1
Alapcy = 3 (AABC + (=) Aoy + (=) I Apoat
-\~ BAC — (— ACB — (— CBA | -
( )abA ( )bCA ( )ab—l—bc—l—acA )

We now solve these identities subject to the supertorsion constraints in (3.154]), starting from ((3.155)).
Utilising R girisp " = ... we find

(3.157)

Rigir =0, Vg, r=1,2. (3.158)
The identity R[a+q+r}d = ... then yields
Lo =T 20, (3.159)
T+17__+2 i T+2,__H —0,
and if we use the latter results, together with , in the identity R[a+q+ﬂ+5 = ..., one obtains
Rig++=0 Vg=1,2, (3.160a)
Ty T = 2D, 9Ty T (3.160b)
Ty = -2D Ty T2, (3.160c)
Ryi =Ty T (3.160d)
Rig _ =iTi4__T2. (3.160e)
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3.3. N =(0,2) supergravity in D = 2 dimensions

On the other hand, the R[abﬂ}” = ... equation gives
Riy — =2D Tyt =2DpTy  *2, (3.161a)
DTy, -2 =Dy T -2, (3.161b)
DioTyp, - =Dy Ty, (3.161c¢)

while the other components of (3.155]) do not give additional information and are identically satisfied,
once the above relations are exploited. Let us now move to the second Bianchi identity.
Let us start from the following component:

D[aRb+q} + T[ab\FRF\—i-q} =0, (3.162)
from which we find

D+1R++7__ = D++R+17__ s (3163&)

D+2R++7__ - D++R+27__ . (3163b)

Finally, the last condition arising from the Bianchi identities is found from the identity Dy, R 4.+
- =0 and tells us that
'D+1R+27__ + D+2R+17__ =0. (3.164)

To sum up, we have found that, once we know TH’,,JFQ = —T+2’,,+1, we can compute all the
non-vanishing components of the supertorsion and the supercurvature.
Indeed, one can derive the expressions of Ty 79 and R, __ starting from the equations

(3.160Db)), (3.160c), (3.160d)), (3.160¢) and requiring them to satisfy (3.161b)), (3.161c) and (3.164).
Finally, we may compute Ry __ using (3.161a}), together with (3.163al) and (3.163D)).

What we obtained is in agreement with the results of [38]. Indeed, by working in the coordinates
6" and 67 and calling

Tyt =iTy T2 =—iTyy_ T =iG__,
1
Tip ot =— (Tyy __TryiT ) =_%F, 3.165
++, 92 ( ++, ++, ) ( )
R++7__ = —%,

we find that the previous conditions arising from the Bianchi identities become

D.G__ =251,
DT =0,

R=D, Xt +D, YT,
D% =4iDy T .

(3.166)

3.3.5 Final results

We are now ready to derive the complete component expansion of the supervielbein and the
superconnection. The strategy is to find the supervielbein and superconnection which reproduce the
results of Section for the supertorsion and the supercurvature, by using, for their n—expansions,
the expression reported at the end of Section [3.3.3

Let us recall that:

Tpe? = (=) +ecMepN Ty, (3.167)
with
TNMA _ aNeMA - (_)nmaMeNA + (_)n(m+b)€MBQNBA _ (_)mbeNBQMBA _ (3 168)
= ()" ey BenTopt. '

43



Chapter 3. Supergravity theories in D = 2 and D = 4 dimensions

In particular, we have that:

Ty~ = (=) ey BenCTep™ =0, (3.169)
since Top~~ = 0. Therefore, we have that:
ovey~  — (—)”m(?MeN__ - (_)nmeM——QN +en QO =0. (3.170)

Recalling the notation introduced in (3.153|) and considering the cases N = +u, M = +v and N = n,
M = +u in (3.170)), one can derive the following conditions on the supertorsion and superconnection
components:

hiviu  =livtw+u =0, (3.171)
Ptvtu = Aotwtu = 0, (3.172)
hywm = lyurom =0, (3.173)
€n Prum — €m Prun =0, (3.174)
€, Autvm — €y Auton = 0. (3.175)

The equations (3.171)) imply that e;,,~~ = 0. From (3.172)), it turns out that also 24, = 0, while
(3.173)) tells us that only the lowest component of e, is left, i.e. e, (2) = en, ™" (§).

We now move to consider eq. (3.168)) with A = +¢. In this case, the equation reads

1 1
aNeM-i-q _ (_)nmaM€N+q + 5(_)n(l-}—m)eM—i-qQN _ 5(_)meN-i-qQM —

= ()" e "en"T —en T Ten T T T+ ()" e TenTT — (=) "enr TenT | Ty -4

(3.176)

Let us consider the case N = +u, M = 4wv. Since we have just obtained that e4,,”~ = 0 and Q4,, = 0,
the r.h.s. is zero and only the first two terms of the 1.h.s. are non-vanishing. This leads to

h+v+u+q = £+v+w,+u+q =0 - €+u+q(2’) = (5+u+q . (3177)

For convenience, before going on with the case N = n, M = +u, we consider (3.168)) with A = ++,
obtaining

8N6M++ _ (_)nmaMeN—H— + (_)nmeM—H-QN _ €N++QM — _i(_)n(l—&-m)eM—i-qu—‘rq_ (3.178)
By analysing (3.178|) for N = +u, M = +v and N =n, M = +u, we find

7
h+u+v++ = _i(suv )
£+v+w+u++ =0,
h+um++ = _iXm+q6uqv

1
hoim ™ = hyon™? = Zwm> (3.179)

+1 _ 2
h+2m — _h+1m+ )
++ +1
Cirpom™ " =tdhyom™
— +2
P+1m = _2€+1+2m )

1
prom =2l 11om ™"

At this point, to finish the discussion of (3.176)), we define the component expansion of T+17__+2
as

1
To P =t +n"d,— + 577+v77+wp+v+w,—— ; (3.180)
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and we recall that in Section we have shown that, starting from T’y __ T2, one can obtain all the
other non-vanishing supertorsion and supercurvature components. Thus, after computing the inverse
supervielbein, it turns out that (3.160Db)) leads to

Tyt =2DpTh P =Ay  + 09" Byyy —— + %77+vﬁ+wc+v+w+,—— ; (3.181)
where
Ay - =2idyo
By —— = 2ipyop1,——,
Bioy,—— = f€++m75m75—— = Xt (3.182)
Ciitoy,—— = %X+++1€++mﬁmt77 + 4" Dmdi1,—— + ey " ppamt——+
+ %X+++1X+++ud+u7—— = ht - = Xt D1, ——

and we have defined

Dot = Opt—— + wnt__,
" " " (3.183)
'Dmd+v7__ = 8md+fu7__ + wmd+v,__ .
Similarly, from (3.160c) we find that
. 1
Tiy 2= 2D Ty =Dy 40 By + §n+v77+wF+v+w+,ff ; (3.184)
with
D+7__ — —2id+17__,
Eyip— = ex "Dt +xay Tdp,
Eiof =2 .,
+2+, i P+1+2, (3.185)
Fiipoy = §X+++2€++mpmt—— + €44 "Dindya—— + e " promt__+
]
+ §X+++2X+++ud+u,77 - h+2,+++ud+u,77 - X+++up+u+2,ff .

By recalling (3.160d)), (3.160¢]) and (3.161a)), we may also obtain the component expansion of Ry,
and Ry __. The results are:

i

Ry =iTry "' =iy +ig™ By + 277+U77+w0+v+w+,77 ;
R+2,__ = ’LT_|_+7__+2 = ZD+7__ + Z7]+UE+U+7__ + §T]+v7]+wF+v+w+7__ y (3186)
1
Riy — =2D Ty =Hyp 0Ly + 577+v77+wM+v+w++7—— ;
with
Hiy —=2Bii4+——,
Livit— =2f o1 DAt~ + 2f1or1 ™ Brut,—— + 2C 1404,
My pwst,— = 2 401" D Brwt,—— — 2f1w1" P Bior,— + frot1”" prwmAg——+ (3.187)
— fror1™promAy -~ + 2010401 " DAy -~ 42940 rwi1 " Byuy, -+
— 2f1o1 T Crutwt,—— + 2ftwi1 T Crutor,——
and
- 1
DmA+’7, = 8mA+,7, + §wmA+,,, 5
) , (3.188)
DmB+w+,77 == amB+w+77, + ime+w+7,7 .
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We are now ready to finish the discussion of (3.176)). In particular, by considering the case N = +u,
M = m, we find

1

hiim ™ = hyom ™ = S,
h+1m+2 = —h+2m+1 = Z’5+1+2m+Jr =en t__,
Piim = =20 140m 2 = —2em dio -, (3.189)

piom = 2b4110m T = 2e, Tdy1-—,

)‘+1+2m = —i6m776++n,{)nt__ — i€m77X+++ud+u7__ .
Note that the expressions of piym and Aj149m, satisfy the equations (3.174) and (3.175)) we have found
before.

At this point, all supervielbein and superconnection components are completely fixed. Indeed, by
using all the results found so far, we obtain

Qn(2) = wm — 20 e "dua— + 20 %€y dyr+

+nngt? <—Z’€m__€++nf7ntf* - z‘em__X+++“d+u,,,> :
Qpu(2) =0,
em  (2) =em
em ™ (2) = emtT — i T — i 2 — ity 2e t
1
+ly 41 +1 +2 +1_42
= - t__ dyg—_,
em”(2) Xm + 50" wWm =1 eT +nTne +1, (3.190)
em2(2) = 2 b ptlen Tl 5n+2w 4oty t2e dyo_
eJrU__(Z) = 0)
7
€+1++(2) = _§,7+1’
)
€+2++(Z) = —577“,

where x4+ = €1 " Xm T 10ug-

In (3.190), en®, Xm™? and w,, are the vielbein, the gravitino and the Lorentz connection, re-
spectively. The latter is not an independent field, being related to the vielbein and the gravitino
by

Onem™ ~ — Omén  =e€m  Wn—€ey Wy,
"’ m++ " n++ m++ ! n++ " o Aq A+ (3.191)
Onem — Omé€n +em Twy —ey Twy = _Zquan ,
which are equations arising from the cases N =n, M = m of (3.170) and (3.178]). From (3.191)), one
obtains
wyp=e__™M (Gnem__ - men__) +ep ™ (ﬁmen++ — Oy T — ixm+qxn+q) . (3.192)

As far as t__ and dy, —_ are concerned, the former enters the (0,2) supergravity multiplet, together
with the vielbein e,,* and the gravitino Xerﬂ while d4, ——, u = 1,2, are not independent and can
be expressed aﬂ

1 1 1
d1,-- =3 (8——X+++2 —dyx—- T+ §X+++2w—— - §X——+2w++ + t——X+++1> ;
3.193
i +1 w11 1+ +2 ( :
dyo—— = 5 O— X4+ = Oppx—""+ X W T oX T W T X :

Tndeed, t__ gives exactly the bosonic degree of freedom which allows us to match the number of bosonic and fermionic
degrees of freedom of the supergravity multiplet, as requested by a supersymmetric theory.
17"The equations in (3.193) originate from the case N =n, M =m of (3.173).
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In the complex coordinates 8 and 6+ = 67, related to 17 by the relations (3.110)), (3.190) becomes

Q(2) = wim — 200 e, "dy 4+ 2i0% e, d__+

+40% 0% e, (€++nﬁnt—— Xt g X++J—rd$,—7> ;

Q-l—u(z) =0,
em  (2)=em
emTH(2) =en T — 4i0+xmjr — 41'9jrxm+ + 400t e, Tt )
1 _
em+(z) = —xm T +07" (me + iem__t> + i0+¢9+em__d_;’__ ,
(3.194)
_ _ _ 1 _
emt(2) = —xm T +07 (2wm — iemt__) + i0+0+em**d+7__ ,
ey (2)=e; =0,
e T (z) = —2i07T,
er T (z) = —2i0T,
€++(Z) = e—T-Jr = 1a
ext(z)=ext =0
Finally, the inverse supervielbein is
1 1 1
ea"(2) = ea" + 577+1Xa+16++m + 577+2Xa+26++m + 477“77+2 (a2 X xa ) e,
1 ) —
e (2) = xa "+ <2Xa Xt = 2%) +t? <2Xa X T8 ) +
__ 1 1
+tyt? <d+1,5a’ + ZXa+1X+++2X+++1 - 4Xa+2w++> ;
L 1
eaH(2) = xa AT (2xa X TR0 > +t? <2Xa X+ 2%) +
__ 1 i
+ntyt? <—d+2,——5a’ + Z)(++“Xa+2>(++jL2 + 4Xa+1w++> ;
1 1
er1"(2) = 277+1€++m - 177+177+2X+++2€++ma
] 1
et2™(2) = 577+2€++m + 477+1"7+2X++ te
1 1
e (2) =1+ oo T+ i e i
i
€+1+2( )= 577+1X+ ZU“WHW
i i
eratl(z) = 577+2X+++1 + 47]+177+2W++»
1 1
erat?(z) =1+ 577+2X++Jr + Z?fr 1 x0T
(3.195)
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where w, = e,"w,. In the coordinates T and 6%, it becomes

e (2) = ea™ + 2i0 X ey " + 20T X0 Ter "+ 40T0T (X X4 — Xa T X e ™,
.3 1 . __ T
eat(2) = xa  + 67 (22Xa+X+++ — gWa it—_0% > +2i0F xa x4+ T
AU (4><a+X+++X++jr —idy 0% — Z'>(a+w++)

. e bbb o N T
ea(2) = Xa T+ 200 xa X T 0T (21Xa+>(++Jr —gWat it % ) +

+0ToT (4Xajr><+++X++jr —idy 0T + ixa;w++) (3.196)
ey (2) = (2007 + 40707 X ey ™,
ex™(2) = (207 — 400 X ey,
et (2) = 1420y T +i070F (wyy +ixsy Txer ),
5 (2) = 14200 x4 T — 0707 (wip — iy Tt ),
et (2) = 200" x4,
ext(2) =20y 1T

In conclusion, in this section we have studied N' = (0,2) supergravity in 2 dimensions, and the

results we have obtained will be important, in Section [£.4] to incorporate the internal sector in the
world-sheet theory of the EFT strings in a manifestly supersymmetric way.
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Chapter 4

World-sheet theory of the EFT strings

In Section we introduced the action for %—BPS axionic strings, and in Section we illus-
trated that, if we consider a 4d A/ = 1 effective field theory for a set of chiral multiplets and focus
on the subclass of BPS axionic strings given by the EFT strings, their backreaction on the moduli of
the theory is such that, close to the string core, the effective theory becomes weakly coupled. Then,
in Section we saw 2 conjectures related to the physics of EFT strings, while Section dis-
cussed how theories with a standard coupling to the axionic sector must have, to be consistent, a
string world-sheet theory producing an anomaly which cancels the anomaly induced by the axionic
couplings.

In this Chapter, we focus on the world-sheet theory of the EFT strings. It is already known [9,
10] how to incorporate the universal sector of the EFT strings in a supersymmetric way in the target
superspace. This is achieved by means of the Green-Schwarz (GS) formalism, and will be reviewed
in Section However, as already discussed in Section models arising from string/M-theory
compactifications tell us that, besides the universal sector, an additional sector supported on the EFT
string is also present, and the Green-Schwarz formalism does not allow for the inclusion of this sector
in the theory in a supersymmetrically controlled way. An alternative approach is represented by the
superembedding formalism (see [12] and references therein), which will be introduced in Section
and provides a doubly supersymmetric theory, namely a supersymmetric theory both on the target
superspace and the string world-sheet. This is useful in order to include the additional degrees of
freedom of the EFT strings, described in terms of N' = (0,2) multiplets [11], where N' = (0, 2) is the
local supersymmetry preserved by such strings.

Before including the internal sector, in Section[4.3|we rewrite the world-sheet theory of the universal
sector in the superembedding formulation. Finally, in Section [4.4] we start considering the internal
sector of the theory, by introducing AN/ = (0,2) Fermi multiplets, and comment about the issues that
arise when one considers the inclusion of N' = (0,2) chiral multiplets.

4.1 BPS axionic strings in the Green-Schwarz formalism

In this Section, we illustrate how to write down an action for the universal sector of the BPS
axionic strings in a supersymmetric way in the target superspace, following the discussion of |9} |10].
First of all, let us recall that the action describing a string minimally coupled to a set of gauge

two-forms By ; is (2.20)), i.e.
Sstring - _/ V — det'y%tring(g) + ei/ B2,i P (41)
S S

where v represents the induced metric over the string worldsheet, given by (2.21)), while Tgtring(¥) is
completely fixed by requiring the axionic strings to be %—BPS objects, and its expression is [9]

%tring(é) =T = MJQD‘QZE'A . (42)

To extend (4.1) to the local supersymmetric case, we first consider its global version, namely
we start from a flat target superspace. In the Green-Schwarz formalism, the fundamental string is
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Chapter 4. World-sheet theory of the EF'T strings

described by the embedding of the string world-sheet S, parametrized by two bosonic coordinates £,
m = 0,1, in the target superspac

€ S 2H(E) = (a™(€), 01(€), 0(€)) - (4.3)

where 2™(¢), 0£(¢) and %(5) are the fields describing the bosonic and the Grassmann spinor coordi-
nates of the string in the target superspace, respectively. Consequently, we define the induced metric
on the string as

Yo = ELEEN (4.4)

where we have introduced the pull-backs of the target superspace supervielbein of the global super-
symmetric case

Em(€) = 02" (OEN (2(6)) (45)
£ = dzMeS,(2) = da? — id0od + 00 2dh . '
Furthermore, it is necessary to promote the gauge two-forms Ba; to super-gauge two-forms Ba; whose
lowest bosonic components just coincide with B ;. The super-gauge-two-forms Bo; are defined in
terms of the linear multiplets L; introduced in Section [3.2.1] and their expression is obtained starting
from the closed super-field strength three-form

H3,i = ngﬁ‘ = 0ELNELN gQ(GQ)MLi

— EENEL N EX(0)alDsL; — EL A EXN EXG )25 DL (4.6)

1 .
BT EL A E% peq (624 Dy, Dy Li

where £2 = d#2, £& = df#2. This is the unique closed super-three-form that can be constructed from
the linear multiplets [40]. It can be shown that its lowest bosonic component is

Hgyi’ = 'Hgﬂ‘ = dBQﬂj , (4.7)

as it should.
We are now in the position to introduce the supersymmetric action for a fundamental string:

Suaing = = | Pele'Lly/= ety + ¢ [ Bas. (45)
S S

It reduces to (4.1)) once we restrict to the bosonic components, defining the string tensiorﬂ
To = [l (4.9)

where the scalar fields /; are assumed to be evaluated over the string worldsheet S.

Besides being invariant under worldsheet reparametrizations, the action enjoys a local,
fermionic k-symmetry specified by the parameters x%(£) and Ky (§) = (ka(§)), which acts on the
embedding coordinates as

028(€) = KHE)EFH(2(8)) + Ra(§)EMA(2(€)) s (4.10)

which, more explicitly, reads

(4.11)

'In what follows, the underlined indices refer to target-space indices, while not underlined ones correspond to world-
sheet indices.
2 Actually, as we will shortly see, the tension reported in ([4.2)) is recovered in the Einstein frame.
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4.1. BPS axionic strings in the Green-Schwarz formalism

This is a symmetry of (4.8) provided that x4 (&) obeys the following projection conditions:

€iLi B
Ko = |eiLi|ngﬁé’ (4.12)
where we have defined 1
I fl=——emetel(ogy)a?, (4.13)

v/ —dety
which satisfies
2.2 =45.5. (4.14)

The world-sheet reparametrization invariance £™ — £™(£) can be used to go in the so-called static
gauge, which fixes the longitudinal directions z° = ¢°, 2% = ¢!, while leaving x!(¢) and 2%(¢) as the
only bosonic physical fields which describe the dynamics of the string. z! and 22 can be regarded as
the real and imaginary parts of a complex scalar field u = z! 4+ iz2. In this gauge, the x-symmetry op-
erator reduces to Fgé = (Ug)gﬁ. Providing that we work in the case ¢?L; > 0, the projection condition
on kg = (K_, %4 ) then becomes kg, = (03)a2ks. The latter condition imposes x4 = 0, thus, by looking
at (4.11)) and considering that k& = (k~, k™) = (K, —/{,)El, we find that the physical component of
OL(E) = (07 (£),07(€)) = (04(£),—0-(&)) is the right-moving one, i.e. 6, (), while the other one can
be set to zero by a x-symmetry transformation. This is in agreement with what we said in Section
2.5.2] when we discussed the universal part of the world-sheet sector of the EFT strings. In particular,
this tells us that a N/ = (0, 2) local supersymmetry is preserved on the string world-sheet, since we are
left with k¥ = —k_ as free parameter of the k-symmetry, and then describes a %—BPS string.

We now want to extend the action (4.8)) for a string minimally charged under some gauge two-forms
B, with charges e, to the local supersymmetric case. To this aim, in analogy with Section
one may utilize the super-Weyl invariant approach [9, [10]. The final result is

Sstring = — / d%¢ |e'Li|\/— dety + €' / Ba,, (4.15)
S S

where By ; is the super-gauge two-form whose purely bosonic component is just the ordinary By ;. The
procedure to define it goes along the same path as before, but now the super-three-form field-strength,
Hs; = dBy, is a proper covariantization of (4.6)):

Hgﬂ‘ = 0FE* N\ EXN EQ(UQ)L@LZ'

— EY N E* N E*(00)o DL — E* N E* N E%(64)%4 D3 L (4.16)
1

24E£ A E2A Egem [(54)%[7)&, 'DQ] + 8G¢} L;.
Analogously to the global case, it can be seen that (4.15)) reduces to (4.1)) once we restrict to the
bosonic components.

In the so-called Finstein frame, the string action reads
Sstring = — M} / d%¢|e' L/ —dety + €' / B, (4.17)
S S

where we have employed the change of variables (3.100)), i.e. [; = MI% £;, and which defines the physical
string tension as

Te = Mple'ts] . (4.18)

The action naturally couples to the bulk action , which also contains the dynamics of the
linear multiplets.

Even in this case, is invariant under x-symmetry transformations, parametrized by kq, R
satisfying the projection conditions . Hence, the bulk supersymmetry, with local parameter

3This is obtained by raising and lowering the spinor indices with the antisymmetric tensor e*# of Appendix
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Chapter 4. World-sheet theory of the EF'T strings

€a(7) can be preserved, over the string worldsheet, only if the x-parameters can be identified with
€a (x)ﬂ namely
Ka(§) = €a(@)|string - (4.19)

Therefore, by following the same reasoning as the one done in the global supersymmetric case, which

is still valid locally, the action (4.15]) describes %—BPS strings, preserving only half of the bulk super-
symmetry over their worldsheet. In particular, depending on the sign of e’L;, we may preserve a given
half of the bulk supersymmetry or the opposite one. In agreement with the notation already used in

we call %—BPS strings those whose tension is
Tstring = Mpe'l; (4.20)

and preserve a given half of the bulk supersymmetry. Those preserving the opposite half have Tgring =
—M3e'l; and are dubbed %-BPS anti-strings.

4.2 Superembedding formalism

In Section 4.3 we will show how to reformulate the theory for the universal sector of the funda-
mental axionic strings in the superembedding approach. Before discussing the implementation of this
formalism to that case, in Section we study how this works in the case of superstrings |12]. By
‘superstring’, we mean the supersymmetric extension of the bosonic string, discussed, for example, in
[15, 41|, and the reason for considering this case is that it will give us the possibility of introducing
the formalism in an easier setup with respect to the one we are interested irﬂ

4.2.1 Superembedding approach for A/ = 1 superstrings

The purpose of this section is to write a doubly supersymmetric action for the N' = 1 superstring,
namely a supersymmetric action both on the target superspace and the string world-sheet. However, as
a preliminary step, let us introduce the superstring in the Green-Schwarz formulation, first considering
the case of a flat Minkowski space-time.

Green-Schwarz formulation of NV = 1 superstrings

In analogy with what we already know from Section the Green-Schwarz formulation describes
the superstring as the superspace embedding of its bosonic two-dimensional world-sheet, parametrized
by the coordinates £, m = 0,1, in the target superspace. In particular, the N' = 1 Green-Schwarz
action for a superstring in a flat D-dimensional space-time is [41}, 42]

T
5= [ Rev=agmengtng+ 7 [ BO©). (4.21)

where T is the string tension, B® (£) is the worldsheet pullback of the target superspace two-form
B®) = idz2df,0 (4.22)
whereas &, are the vector components of the pullback of the supervielbein in the flat target superspaceﬁ

E: = (da™ + idfy™0) 6% = dE™ (Opa™ + i0p07™0) 6% = dE™ES (4.23a)
EX = dOASE = A" 0 016% = dEES . (4.23b)

“Indeed, as we will see in Section the superembedding formalism provides the local fermionic k-symmetry with a
clear geometrical meaning of local wordlsheet supersymmetry.

®Indeed, unlike the BPS axionic strings (see (4.15))), in this case the string tension is constant.

5Tn and , ~%* are the D-dimensional Dirac matrices. Furthermore, note that, if we focus on the case
D = 4 and choose the representation given in Appendix for the y-matrices, the expression for £ coincides with .
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4.2. Superembedding formalism

The first term of (4.21) contains the inverse of the worldsheet metric g, (), i.e. ¢™"(§). If we
describe the geometry of the worldsheet in terms of the zweibein e®(§) = d§™e;,*(£), the worldsheet
metric and its inverse may be expressed as

1 __ __
Gmn (&) = em®en’nap = —5lem ent T tem e ), (4.24)
gmn(€> = nabeamebn = _2(€++m€__n + 6__me++n) ,

where e, is the inverse of e,,%, and we are using the light-cone coordinates defined in Section [3.3.1
From (4.24)), we also deduce that

1
det gmn = g = —(det em“)2 , det e, * = 55”me7,f*e,ﬁ+ . (4.25)

Therefore, by defining e = | det e,,%| we can rewrite the first term in (4.21]) as

T
) / A%/ =gy EL ER Ny = T / d* eler e+ e ep ") ELELN =
(4.26)
_ T/d2§ am”em776n++5%_5$+na7b»

where £ = e__™&y and ngH_ = e++m€%.
Starting from (4.21]), we can obtain the dynamical equations of motion of the superstring by varying
the action with respect to ™(¢) and 6£(¢), and the two Virasoro constraints

EL & 4=E1. €410 =0, (4.27)

obtained by varying the action with respect to the worldsheet metric.
It turns out that the action is invariant under the global N' = 1 bulk supersymmetry
transformations
00 =¢, ozt = ieyo (4.28)

only in D = 3, 4, 6 and 10 and, since we are eventually interested in considering the superembedding
approach for the BPS axionic strings in 4 dimensions, we restrict to the case D = 4.

Besides the global N' = 1 bulk supersymmetry, also has a local worldsheet fermionic symme-
try, called k-symmetry. In analogy with the case of the BPS axionic strings, the k-parameter satisfies
a projection condition, which leads to have a number of independent k-transformations that is half the
number of components of §. Thus, in D = 4 k-symmetry has 2 independent components, and we now
see how the superembedding approach replaces the k-symmetry transformations of the Green-Schwarz
type superstring action with world-sheet local supersymmetry transformations, giving a theory with
a manifest NV = (0, 2) local world-sheet supersymmetry. We start the discussion, by first considering
the case of flat target superspace.

Superembedding reformulation of N' = 1 superstrings: flat case

To have the worldsheet and target space supersymmetry manifest, the superembedding formula-
tion should be constructed as a superfield theory on both the worldsheet superspace and the target
superspace, the former being embedded into the latter. To construct a theory with these properties
and be able to describe the dynamics of GS superstrings in this approach, we will shortly see that it is
necessary to impose a condition on the embedding of the superworldsheet into the target superspace,
which is the so-called superembedding condition, which was first found in [43] for superparticles and
then proved to be generic to all known types of superbranes.

First of all, to realize local supersymmetry on the worldsheet, we extend the latter to a supersurface
M3 9 parametrized by two bosonic coordinates ™ = (€9, ¢1) and 2 fermionic coordinates %, u = 1,2.
We denote the full set of superworldsheet coordinates by z™ = (€™, n**). This is exactly the A" = (0, 2)
superspace introduced in Section where we have studied in detail N' = (0,2) supergravity in 2
dimensions.
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Chapter 4. World-sheet theory of the EF'T strings

At this point, we impose the superembedding condition for the N = 1 superstring, which prescribes
that the Grassmann component of the superworldsheet pullback of the flat target-space supervielbein
vector component £%(7) is zero. To write explicitly its expression, let us first write the proper extension

of , which is
EYZ(2)) = (dX™ +id04™0) 62 = dz™ (9p X + 10y O1™0) 6% =

_ 4.29
=ef (DAXm + z'DA@’ym@) o, = eAS% , ( )

where Dy = ea™ 0y, and e ™ represent the inverse supervielbein components, while

ZM (M) = ZM (g, ) = (X™(E,n), OL(E,m)) (4.30)

with X™(&,n), ©L(&,n) two world-sheet superfields, whose lowest components are the bosonic (z™(§))
and the Grassmann spinor coordinates (0£(€)) of the string in the target superspace. Therefore, the
superembedding condition reads

EL(Z(2)) = DigX®+iD107%0 = 0. (4.31)

Taking the covariant derivative D, of (4.31) and summing the same expression with the exchange
r <> ¢, one obtains

Dy Dg X+ iD4p(D1g07%0) + (1 <+ q) =

~ _ 4.32
= {D+q, D_H»}XQ + i{D+q, D_H»}G)’y@@ + 2’l'D+q@’}/gD+r® =0 5 ( )

where D1,07v2D,0 = D;,0+v2D,,0 because of symmetry properties of the y—matrices [44]. If we
now take into account the results of Section we have that

{D1q: Dyp} = ibgr Dy (4.33)
and then we get
6l =0 (D44 X% 41Dy 104%0) = —2D,,©4%D,,0 = &Y, =—-D,,04%D,,0, (4.34)
which, in turn, implies one of the Virasoro constraints, namely
Y Eita =0, (4.35)
because of the property of the y-matrices

(’YQ)E(Z(’YQ),DQ) =0. (4.36)

On the other hand, the superstring dynamical equations of motion and the second Virasoro con-
straint should be derived from a worldsheet superfield action in A’ = 1, D = 4 target superspace. We
start to construct this action by writing down the term which produces the superembedding condition
(14.31)):

So = —i / d2edPnPags, (4.37)

where the superfield PJ %(2) is a Lagrange multiplier. However, this action is incomplete: it does
not describe the fully fledged N' = 1, D = 4 superstrings, but the so-called null (or tensionless)
superstrings, extended objects characterized by having zero tension and a degenerate worldsheet metric
[45]. Let us then show how one can extend the null superstring action to describe the standard
N =1 superstring.

We start by introducing an ‘electromagnetic’ field A,,(£) on the superstring worldsheet and con-
struct a worldsheet two-form which is invariant under the target space supersymmetry transformations
(4.28). The appropriate two-form is

FO = e mette? €8 g+ BP +dA, (4.38)
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4.2. Superembedding formalism

where et = e +e! = dé¢™e,, TH(€) and e7~ = €0 — el = d¢™e,,,”(€) are the light-cone components
of the zweibein e%(&) = d&™e,,%(€), while B?) is the worldsheet pullback of the Wess-Zumino form
@22).

Under the supersymmetry transformations (4.28), B (2) transforms as a total derivative:

6B®) = id [(da? — id6y2) Ovae] - (4.39)
Thus, to cancel its variation in (4.38)), we fix the variation of A,,(&) to be
§A = —i (dz® — idf~20) Oac . (4.40)

The vector field A,,(§) should not be a new propagating worldsheet field since our aim is to describe
the ordinary superstrings which do not carry such fields. Therefore, on the mass shell, it should be
expressed in terms of superstring dynamical variables. This is achieved by assuming that 7 vanishes
on the mass shell, i.e.

dA = —e__e++5%,5%+na7b - B®, (4.41)

The latter equation implies that the field strength of A,,(§) is not independent and hence does not
describe new physical degrees of freedom.

Let us now consider the 2-form given on the superworldsheet Maj o, in that all the quantities
in its definition depend on z™ = (£ nT™). In other words, let us promote the 2-form ([4.38) to a
2-superform. One can show that such a 2-superform is closed on M3 when the superembedding
condition is satisfied [12], namely

dF® )M ~0. (4.42)
2,2

We do not report the proof of this statement, but the strategy would be the same as the one we will
utilize in Section for the BPS axionic strings. The property implies that the two-superform
F®@ can be written as

dFr@ = ofet +of D, et (4.43)

where () are some three-superforms.
Let us now consider the following action

S=S8y+Sr=—i / d*¢d*npPlaes, + T y F2 (4.44)
2

where the second term is the integral of F(2) over the two-dimensional slice of My 9 such that n™ =0,
that is the ordinary world-sheet M.

By integrating out P;r 7 and considering , this equation reproduces the Green-Schwarz action
, with the Nambu-Goto term expressed as in ﬂ Furthermore, it can be shown |12, 46|
that possesses local NV = (0,2) world-sheet supersymmetry, although the second term is not
a full superspace integral. Indeed, the variation of F ) under the worldsheet superdiffeomorphisms
M M = M 5 M (€ ) readﬁ

§F? = d(isFP) +isdFP (4.45)
and then (up to boundary terms)

687 =T / isdF?) (4.46)
Mo

with dF® ‘proportional’ to the superembedding condition, as seen in (#.43). Therefore, once we
consider the full action (4.44)), the variation (4.46)) can be compensated by a proper variation of the
Lagrange multiplier of Sg.

"Note that the term with A, (&) is a total derivative, therefore it can be neglected, at least for closed strings.
8In this expression, is represents the operation of interior product associated to 6z [47].
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Chapter 4. World-sheet theory of the EF'T strings

One can also obtain a manifestly supersymmetric action, by writing St as a full superspace integral.
To this aim, one constructs a Lagrange multiplier term [48] which produces the on-shell condition

F2 =0, (4.47)

and the superstring action which includes such a term is

S =So+Sr=—i / d2ednPHIEY + / d2ea?nPMNFR) (4.48)
wherd’]
ST — /d2£d27’]PMN‘/—'.](\3)N — /d2£d27’]PMN [5@6}?5++g + B](\?N + 8[MAN} . (449)

The action (4.48) is invariant under the local transformations of the Lagrange multiplier PMV
SPMNY — g, ALLMNY (4.50)

Indeed, the variation of Sy w.r.t. (4.50) is
557 = / Q2¢d2npA BN FD) (4.51)

where dF® is ‘proportional’ to the superembedding condition (see eq. (|4.43])), thus the variation
(4.51)) is canceled by an appropriate variation of the Lagrange multiplier P, ? in 1} which is

5P = _A[LMN}Q;-’%MN L aP(GMPA[LMN}Qng{qr}) (4.52)

where the three-superforms 2 are the ones appearing in (4.43]). This is analogous to what happens

for (44).
The variation of the action (4.49) with respect to Ays gives

o PMNY = ¢, (4.53)

and its generic solution is given by
~ 1
PMNY — g, RILMNY () 4 ieqmﬂn“a@{&fﬁ, (4.54)

with T' a constant. The first term may be set to zero by means of an appropriate local transformation
, while from the second term of we obtain the string tension as an integration constant and,
upon the n-integration, the action reduces to the Green-Schwarz superstring action . Therefore,
the worldsheet superfield action describes the N’ = 1, D = 4 superstrings.

Superembedding reformulation of N' = 1 superstrings: curved case

The generalization of the superstring action (4.48)) to describe a superstring propagating in curved
target superspace is obtained through the following steps:

e we replace the flat bulk supervielbein with the curved one, i.e. €4 — FA. In particular, the
superembedding condition 8_%(1 = 0 becomes Eiq = 0;

e we consider B(Q)(Z ) as a two-form gauge superfield, whose leading component Bj,,(X) is the
Neveu-Schwarz gauge potential entering the supergravity multiplet;

e we introduce a dilaton superfield ®(Z) coupling by redefining F ) as

F@) _ Ppan e™E, ,+B+dA. (4.55)

9As in Section [, } denotes graded antisymmetrization of the superworldsheet indices: if one or both of the indices
M, N are bosonic they are antisymmetrized, and if both of them are fermionic they are symmetrized.
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The superstring action takes the form

S=S8y+Sr=—i / d*ed e, +T | F@, (4.56)
a s

or

S=2Sy+Sr=—i / d*¢d*nPHIES, + / d2ed>nPMNFR (4.57)
In analogy with the discussion done in the flat case, if dF®) has the form
dF® = Fept +ofHtp, B (4.58)

where () are some super 3—forms, then is invariant under worldsheet superdiffeomorphisms
oMoy M= M §52M (¢ ), while enjoys an invariance under the local transformation
of the Lagrange multiplier PM¥ | which leads us to reproduce the generalization of the Green-Schwarz
action in a curved target space.

Performing the direct computation of dF®, it turns out{'’| that it has the form (and then is
closed on My when the superembedding condition is satisfied) if the superbackground satisfies the
supergravity torsion constrain

TQ% = —2i(CY*)ag , (4.59)

and the components of the field strength H®) = dB®) of the two-form gauge superfield are constrained
as follows

HQ@Q = 2ieq>(Z) (C’YQ)QE7 Hgﬁ;y =0, (460)

which are the same supergravity constraints required in the case of the Green-Schwarz formulation to
consistently couple the superstrings to the supergravity background [40].

The procedure of integrating out the auxiliary superfield Ay is somehow universal, since it relies
on the structure of the form F = ... +dA. The solution for PN} thus, is always the same, provided
that we can write dF as in the form , i.e. that F? is closed on My 2 when the superembedding
condition is satisfied. Therefore, we now move to the analysis of the BPS axionic strings, having in
mind the procedure outlined in this section.

4.3 Superembedding reformulation of BPS axionic strings

In Section we have discussed the GS formulation for the universal sector of the BPS axionic
strings. Our purpose is now to extend the discussion of Section to reformulate the theory of
the BPS axionic strings in the superembedding formulation, and this will represent one of the main
results of the thesis work.

In this respect, the GS superstring action (4.21]) is replaced by , ie.

Syiring = — / e Liy/—dety + ¢ / Bo, . (4.61)
S S

where we are considering the case e*L; > 0.
Therefore, we now want to find the two-superform F3), which will be of the form F?) = ... +dA,
which reproduces the GS action (4.61)). The proposed form for F (2) ig

FO = e LiE% N e++E++Q + eiBQ,i +dA. (4.62)

10T analogy with the flat case, we do not report the computation of the external differential of . However, in
Section [:3:2] we will perform such computation in the case of the BPS axionic strings in curved target space, which
follows the same steps that should be done in the superstring case.

"Here and in , C stands for the charge conjugation matrix which can be used to raise and lower the spinor
indices.
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Chapter 4. World-sheet theory of the EF'T strings

From the discussion given above on the superembedding formulation of A" = 1 superstrings, we know
that we need to check that F? is closed on M2 when the superembedding condition E%q =0is

satisfied. This will guarantee that dF® has the form . Therefore, once done this, in principle
one has to repeat the same steps of the derivation carried out in the case of N/ = 1 superstrings,
and finally arrives at the conclusion that the action for a BPS axionic string in the superembedding
approach is given by the same expression as before, i.e.

S =8y+Sp=—i / d*¢d*nPES, + y F@ (4.63)
2

but with F2) given by . Note that we have written an action of the form , and not of the
type (4.57)). The reason is that the electric charge appearing in is quantized, ¢’ € Z. However,
the procedure outlined in the case of , which also holds for its curved extension , gives the
superstring tension 7' as an integration constant. Conversely, in the case of BPS axionic strings with
F@ given by , this integration constant would spoil the quantization of e?, and this explains
why we have chosen to write S as in .

Let us start with the proof of , by first discussing, in Section the case in which the
target superspace is the flat Minkowski space-time, and then extending the results to the general case
of a curved target superspace in Section

4.3.1 Superembedding approach for BPS axionic strings: flat case
In the flat target superspace, the expression (4.62) of F @ become

f@) = eiLi(‘:g€++(€++g + 6iB2,i +dA ’ (464)

where the lowest component of the world-sheet superfield £% is given by (4.5). Furthermore, by
definition of pullback and the superembedding condition Sﬁq = 0, we find that £2 can be expanded as

Er=e TEL yetTEL, feTIEL =T TEL +etTEL, (4.65)

where we have used that if Q is a p-form and ¥ is a ¢-form, then d(QX) = Qd¥ + (—)4dQXE (the
external differential acts from the right).
Let us start with the computation of dF®):

AF® = (€' L%t Ey 1o+ €Bay) = —d(€LiEYe T E 1o + € L;iE% (et E o) + €dBag; . (4.66)
The first two terms in (4.66]) can be expanded as

—d(e'LiEY e E 1y + ' LiEY(eTTE L) =
= teldLE%TTE 1y — ' LidE% T TEL 1, + ' L;iE%(eTTE L yy) = (4.67)
= +e'dLiE% TE 1y — €' LidE% T TE o + € LiEX(E, — e TE__y) .

It turns out that
e'L;dE%TTE L, =0,  €'L;E%(e” & _,) =0. (4.68)

Before proving this, we report some relations which are useful for our aims. As already stated in the
previous section, from the superembedding condition E%q = 0 one can derive the relation for
5_% 4. Thanks to this expression, we have seen that one can show that 8_% +&4+4q = 0, namely one of
the two Virasoro constraints. We now prove again this, by rewriting the relation for 5%_ 4 in the
2-component spinor notation, which is the notation used in Section Furthermore, the reason why
5% +&44+4 = 0 in this notation will be also useful to derive that other terms in d are vanishing.

12From now on, we drop the symbol A of wedge product.
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4.3. Superembedding reformulation of BPS axionic strings

Let us choose for the 4-dimensional y-matrices the representation given in the Appendix [B] There-
fore:

£ty = —D1¢©7*D140 = —D140" 12D, ,0 =

(B (4 D D) ED)-

D,©%) \-1 0 )\e¢ 0)\D,,0°% (4:69)
o 0 (% ) (315 -

= (D1405%D4 40 + D ,00%D,,0) = 2D, ,00°D, 0,

where the last equality is true since D,0 and D+qC:) are commuting quantities, being the product of
two Grassmann-odd quantities. Therefore, we can write:

6, =4D(00%D 1,0 = &%, =4D100%D 10 =4D,900%D 50, (4.70)
and
E4,E4ra = 16D4100%D 10D 100,010 = 16D,10%0%, D4102D 1055, ., D107 =0, (4.71)

because of the following relation of the c—matrices

OaaTmps = —2€8a€44 (4.72)
which can be obtained from) . )
o PP = —26,754" . (4.73)

We are now ready to prove the relations in (4.68]). First of all, note that in flat target superspace:
£ = dX?% - idOo%0 + i00%dO , (4.74)

which reduces to (4.5 if we consider the lowest components of X% and ©%. Therefore, we find that
the torsion component T¢ is

T2 = d€% = —idO0%d6 — idO0%dO = ~2idO0%d6 = d82dO5(~2i(0%), ;) . (4.75)
Furthermore:
des = 6—"_4_1)4_4_(”)g + e D__6% + €+qD+q@g7
~ ~ - - (4.76)
468 =e**D,, 08 e~ D_ 6P +etiD, B8,
and then
e'L;dE% T E 4 =€'Li(e” " D__0% +eT1D, ,0%)
(4.77)

(e D__0° + ¢ D ,08)(2i(c%) )t E 4y

Thus, we have three terms which contribute: one ‘proportional’ to e ~e™*”, another to e™¥e~~ and
the last one to e™e™". We first consider the latter:
- 2ieiLie+qD+q@ge+rD+r@ﬁ(ag)gge++6’++g x

x et et D, 002Dy, 0etTE L, =0, (4.78)
—_——

océqrc‘:$+
where we have used (4.71). Let us now consider the term with e”~e™":
- 2ieiLieffD__@ge+TD+T(:)§(09)aBe++E++Q x

~ B (4.79)
xe e (e D__00%D 10 +eD__00%D,50)E 1, .

3Recall that ™4 = eaﬁeaﬁa;’g.
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Chapter 4. World-sheet theory of the EF'T strings

Analogously, we can rewrite the e™e™~ term as

- 2ieiLie+qD+q®ge**D__(:)é(a@)a66++5++a x
B == - (4.80)
xe et (e D 100%D__ 0+ 2D 9y00%D__0)E, 1, .

One can show that both terms are zero by properly choosing the expression for &4, in each piece
and using the relation (4.72) of the o—matrices. Indeed, in order to use , it is convenient to
write £5, = 4D;1100%D;10 in the first term of , and £, = 4D200%D 50 in its second
contribution. The same happens for .

Let us now consider the second expression in , ie.

e'LiE%(e”E__q) xette "etD £ _ &Y, . (4.81)

We observe that e ~et?D,E__, can be regarded as a component of the torsion 7% in the worldsheet
supervielbein basis. Indeed, if we focus on the e~ ~e*¢ component, we have:

T4 =d&e,
dér — d(e__é'__g) = 6__6+qD+qg__g, (482)
T = —2¢d@ﬂdé§a§5 —s —2ie""e" [D__00%D,,0 — D,,00°D__0)] ,
from which we obtain that
Digé——gx D__00%D;,© — D;,05%D__06, (4.83)
and then
e'Lif%(e” "€ _y) xette et [D__00%D;,© — D ,00%D__0O] &%, . (4.84)

The two terms have the same form as (4.79)) and (4.80)), respectively, therefore they also vanish. This
completes the proof of (4.68]), and then (4.66)) becomes

AF® = ¢ dLE% T E , + ' LiEYE, + €'dByy (4.85)
where dBy; is given by (4.6), and we report here its expression for convenience:

dBg,; = 2i£962E%(0,) aa Li+
— ELE2EX (0p)o” DyLi — EPE2EX(G) 5 DyLi+ (4.86)

- 2%59595%@(54)% [Da, Dg] Li.
Let us now analyse each line of .
The third line vanishes when the superembedding condition is satisfied, since £% only has two
non-vanishing components and e™ Aet™™ =e " Aem = 0.
The first line cancels the second term in . Indeed, if we recall the expression of T2,
we get .
' L;E%E, = €' L;EXT, = —2ie' L;£2dO%A0% 004 - (4.87)

Finally, by recalling that in flat superspace:

£2=dee,  £2=de<, (4.88)
we get, for the first line of ((4.86)),
e'dBy (1) = +2i€' L;£%d0%d0% 404 (4.89)

which cancels (4.87)).
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4.3. Superembedding reformulation of BPS axionic strings

Therefore, at this point, dF? is given by

AFD) = e dLiE% T E g — € ELEEX (00)a DL — 1ELELEY(5,) 5 Dy LM .

By using the properties of the o—matrices reported in Appendix [B] one can show that:

Napdal + 200002 = — (0004) 2,
Nabda — 204’ = — (Jﬁ_b)gg’
02 — 26375 = — (Eajégv
@5% + 25@% = - (E%)ég :

Furthermore, we recall that:

dL; = EADAL; = E2DyLi + 2Dy Li + E4DAL; .

Let us now expand the three terms in (4.90):

€idLZ’596—’"’_5_,_4_g = ei(cc/@DgLi +E*DoL; + EQDQLi)e__€++5++gg%, =
= e"(EXD Li + E4D%Ly)e et 811,82 =

= eie+qe__e++€++g5%75%quLi—I—

+eletle” et TEL &2 EY DalLi =

2

1, . .
+ Qele"'qe__e""" (5_%+5g_ + 5_%+5%_> &L, (Nab) 5§gD5Li ;

ghenee = (eMeN e er et 1es, =

1.
— Zeletle et (g%Jrggi + g%+g%7) 5%[1 (n@) 5gﬁDéLi+

= (e__e++8_%+5g_ + e++e__5%_5_%+)e+q5_%q =

_ g, —— ++[ca b b ea a
=c e ¢ <5++5—— ++5——>5+q’

ELELEL = (et EL EL_ tetTeTTEL &8 )etiEY, =

= ettt (5%%5%, - 5@5&) g .

The combination of (4.91)) and (4.93)) allows us to rewrite (4.90]) as

dF® = — eie+qe__e++5$+5g_5%q (0adb) éD@LH—

[e3

— eie+qe**e++€$+€%_5_%q (5'QUQ)§QD§LZ' ,

and we need to prove that it vanishes. To do this, we need to use (4.70)), (4.72)) and

£, =Dig0% &L, =D.0"%.

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)

We then arrive at expressions very similar to those in (4.79) and (4.80]), which vanish. Therefore, we
have just proved that dF® = 0 in the flat case when the superembedding condition is satisfied.

4.3.2 Superembedding approach for BPS axionic strings: curved case

Let us now extend the previous case to an EFT string propagating in curved target superspace.
In this case, we start from an expression for the 2-superform F2) which is the same as before, but

with the flat supervielbeins replaced with curved ones Efq — Eiq:

F2) _ eiLiEQ€++E++Q + eiBM +dA.

(4.96)
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Chapter 4. World-sheet theory of the EF'T strings

Furthermore, we need to consider the appropriate covariantization of the expression for dBy; consid-
ered in the flat case. It is given by (4.16)), i.e.

dBy,; = 2iF2E2EY(04) e Lit

— EYE“E*(04)o’DyL; — EPE“E%(o )2aD sLit
(4.97)

- ﬂECE*’E%GM (0922 [Da, De] +8G) L,

In analogy with the flat case, we now prove that dF® = 0 when the superembedding condition
E%q = 0 is satisfied.

Let us start by noticing that the third line of is zero also in the curved case, due to the
definition of pullback and the superembedding condition Eiq = 0, which give

E*=c¢™E, ,+e E__,. (4.98)
Before considering the other two lines, let us focus on the first term of dF ), i.e.

d(e'LiE% ™ E, ) = —d(e'LiEYe ™ Ey 4y + ' LiE2d(e ™ E, 1) =
=dL;E% ™ B, , — ' LidE% ™ E, 1, + ' LiE%(e T B, L ,) =
=c'dL;E% T E, 1y — €' LidE% " TE 1+ ' LiEYd(Ey — e " E__,) =
=e'dLiE% ™ B, — ¢'LidE% ™ By, + ¢'L;dEE, — ¢'L;E*d(e” " FE__,).
(4.99)

Before manipulating this expression, let us recall that, in order to reduce the number of component
fields of the target-space supervielbein F4 = dZM EM and superconnection (2 A* dZMQMAE
to those contained in the 4d N = 1 supergravity multiplet, in Section we have imposed the
supertorsion constralnts 1 6)), i. eE

af Ba g@’
T 1=0 T.5=T.,5=0,

ap of T ap (4.100)
Tat=T5=0,

Tuc=0,

In particular, we are interested in the form of 7%, and from (4.100)) we immediately see that it is

T¢ = —2iE“E%,,, . (4.101)
On the other hand, T is given by
¢ —DEY=dE*+ FBQpt — dE%=T%- EEQp?, (4.102)
and therefore
¢'LidEE, = —2iE*FYE% 056 ' Li — €' LiE2QRE, . (4.103)

The first term cancels the first line of (4.97)), therefore only the last term of this expression remains.
As far as the other term o« dE% in (4.99) is concerned, we get

—e'LidE% T E ,, = 2iF“E% ++E++aaf 'L + ' L;EEQRLe ™ E, . (4.104)

14 — : .
Here, @ denotes either « or &.
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4.3. Superembedding reformulation of BPS axionic strings

Therefore:
dF® = e'dL; B By g + 2EYEYe T B, g0 ' Li + €' LiEBQpte T B o+
— L EBQRE, — ¢ LiE%d(e " E__y) — [EbE“EO‘(aab) SDsL; +
+ BLEE(54) 4 DyLi| = (4.105)
= ¢'dL;E% T Ey o+ 2iB*E% T By q00e'Li — €' LiEPQpte E__o+
L Ed(eE__,) — [EbEan‘(oab) Dyl + BYEAE(54) 4Dy Li

Since the linear superfields L; do not carry indices which transform under local Lorentz transforma-
tions, we have that DaL; = EAMGMLi, and

dL; = dzMoy Li = &AM EyAEAN Oy L = EAD4L,; =
~—_—
Sy (4.106)
= E°D,L; + E“D,L; + E4D2L; .
Moreover, since the non-vanishing pullback components of E% are only E%_ and E% o when the
superembedding condition is satisfied, we can rewrite the first term in (4.105)) as

e'dL;E% By, = ¢ (E*DyL; + E4DAL))E% ™ E 4, . (4.107)

Apart from the substitution of flat quantities with curved ones, this term and the last two in (4.105|) are
the same as the flat case, therefore, by following the same procedure as before, they can be rewritten
as

AL E% ™ Ey g+ € [EQE&EQ(J@)QEDQLA + ELE2E%(6,4)°4 D LA} -

‘ B ) (4.108)
— —diete e T B BY B2 (045), PDsLi — dietle et EE 2B, (5,00)” 4 DyLi.
Let us now consider the following term:
— e LiEd(e”"E__4) = —€'LiE*D(e”"E__,) + ¢'LiF*Q,%c " E__¢. (4.109)

By considering T, = DFE, and (4.101]), we can replace the e~ ~e™? term of D(e”~E__,) (which, due
to the superembedding condition, is the only one contributing to the first term) with the e "e*9 term
of Ty, given by

2ie” e | BB, + B2, B2 _| 0gaa (4.110)
therefore

—e'LiE%(e”"E__,) = — 2ie'Lie ™" By e e [E%_E%q + E%qE‘%_ Oaaat

(4.111)
+ e LiEY, % "FE__¢
The final expression for dF ) is
4F® — _ eie+q€——e++E%+Eg_E%q (gggb) ﬁDﬁLi—i—
el ES B B2 (540,)° aDyLi+ UEEe Eayqogse'Lit (4.112)

— eiLiEEQBfe__E,,g — 2’ Liett Eyyge” et E:,E;q + E;qE:,} Oaaat
+eLiEYQ, % " F__¢.

The two terms containing superconnection components cancel each other, because of the fact that the
only non-vanishing components of {2cp% are those with B = b, therefore:

—eiLiEEQE% “E__,+e ‘Li E*Q, Ce e E__¢c= —eiLiEQQQQeffE__Q + eiLZEQQEe**E__Q =0.
(4.113)
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Chapter 4. World-sheet theory of the EF'T strings

The remaining terms are vanishing if we find an expression for E, ,, analogous to that of the flat case
and use the relation (4.72)) of the o-matrices. To this aim, let us write the superembedding condition
in the curved case, which reads
a M rra
B, =D Z%Ey =0. (4.114)

On the other hand, EJ% . is given by
E$, =D ZMES, . (4.115)

If we take the covariant derivative D4, of (4.114) and sum the same expression with the exchange
r <> ¢, we obtain
Dy (DygZMER) + Dyy(Dyp ZMEY) = 0. (4.116)

At this point, we consider that
D.o(D4,ZMES)) = Dy oD+ ZMES + (- Dy, ZM Dy ES, (4.117)
and the anticommutation relation (4.33)), finding that
S BE, =i(—)i+m [DMZMDMEQM + D1 ZMD. B (4.118)

where m = 0 if M is a bosonic index, while m = 1 if M is a spinor index.
We now show that we can re-write (4.118) by considering the component T% of the torsion, in

particular its et9e* component
T — —2iet et B ES 0%, = —2iet et By g0t Ey, . (4.119)
To do this, we start from the definition of the torsion , namely
Te = dE% + EBQp? = dE® + E2O,. (4.120)

The second term does not contribute to the e™?e™ component because of the superembedding
condition, therefore we only need to consider the first term, for which we have

dE® = dZMAzN0y Epy® — (€+qD+qZM) (e Dy En®) =

= (=)"FmetetT D, ZM D Byt (4.121)
Thus, from and we obtain
Dy yZM Dy Ep® = (—)2iF4 g0%E ., (4.122)
which, if plugged into , gives
b By =2 [Efy0%FE g+ Epqo®Ey,] . (4.123)
Therefore, we obtain that EJ% . is given by
E$, =4F10%E 1 = 4E,90%FE 5 = % [2E40%E g+ 2E140%E 4] = 2E,40%E 4. (4.124)

At this point, if we recall (4.113)), we see that all the remaining terms in (4.112) contain F, ., and
then, by plugging (4.124)) into (4.112)) and using the property (4.72) of the o-matrices, we find that

all of them are vanishing. Therefore, we have proven that, when the superembedding condition is
satisfied, dF(?) = 0 also in the generic case.

To summarize, we have shown that we can use the superembedding formalism, described in Section
for the case of N' = 1 superstrings, to write an action which is supersymmetric both on the
superworldsheet of the EFT string and the target superspace. Its expression is

S =S8y+ Sy =—i / d*¢d*nPES, + / F2 (4.125)
a ”

with F() given by (4.62)), and where the first term of (4.125) imposes the superembedding condition
E%q = 0, while the second term reproduces the Green-Schwarz action (4.61]).
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4.4. Inclusion of the internal world-sheet sector of EF'T strings

4.4 Inclusion of the internal world-sheet sector of EFT strings

In Section 4.2] we have constructed the action for BPS axionic strings in the superembedding
formalism. However, this description only encodes the contribution arising from the universal sector
of the world-sheet theory, while we know, from explicit UV completions, that also an ‘internal’ sector
is present. In particular, in Section we have said that such internal sector is assumed to be given
by n¢ chiral multiplets, ny U(1)x charged Fermi multiplets and np U(1)x neutral Fermi multiplets.

Therefore, in this section we start from the result of Section and include the internal degrees
of freedom of the EFT strings. In particular, we consider the inclusion in the theory of a U(1)y
neutral Fermi multiplet, by using the results for A/ = (0, 2) supergravity obtained in Section

A general N' = (0,2) Fermi multiplet A_ obeys the relation [2§]

DiA_ =V2E, (4.126)

with the superfield E satisfying D1 E = qﬂ Typically, E = E(®;) is a holomorphic function of some
N = (0,2) chiral superfields @E However, since we want to consider an internal sector given by only
one Fermi multiplet, we set £ = 0. Therefore, the r.h.s. of is vanishing, while the Lh.s. is
given by

D:A_ = e_T_M <3MA, — QMM,AAA) . (4.127)

The expression of M_4 can be read from (3.118)). In particular

Mp® = %(73)5a, (4.128)
with 43 = diag(—1,41). Thus, the only non-vanishing component of M_4 is M_~ = —%, whence
DiA_ =ezM (aMA_ + ;QMA_> =0. (4.129)
Let us define the component expansion of A_ as
A= 40y +0Br_+0T0 1. (4.130)

By plugging this expansion in (4.129)) and using the expressions of Qy; and ez given in (3.194)) and
(13.196)), we find that the component expansion of a Fermi multiplet A_ is

A=A +0YG+2i0M07(Z A +x1170), (4.131)

with .
94_4_)\_ = <D++ + 2W++) A 5 (4132)

and Dy = e;4™0,,. Therefore, we see that the Fermi multiplet contains, among their components,
a left-moving fermion, A_, and its supersymmetric partner, which is the complex scalar field G.

In general, to build supergravity Lagrangians within the superspace approach and write them in
terms of the fields contained in the supermultiplets of the theory, the computation of the Berezinian
(superdeterminant) of the supervielbein is needed. Therefore, let us start from its definition, which is

-1

¢ = sdet ey = det (em“ - em+qe_1+q+“e+ua) det (e+u+q) (4.133)

From (3.190), we see that e;, " = §,, 79, we have that e 'y, = 6, and det(e;, ™) = 1.
Therefore, in our case, its expression is given by

1 _ _
¢ =det(en® — en ety = §€m”em__(en++ — 20y, T =20y, ). (4.134)

15Here, we are using the notation 0T = 07, therefore Dy =Dy
16We will give the definition of an A = (0, 2) chiral superfield and analyse its matter content later in this section.
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Chapter 4. World-sheet theory of the EF'T strings

We are now ready to consider the simplest contribution of a Fermi multiplet to the NV = (0,2)
supergravity action, which is taken to be

1 _
Sp=7 / d?¢d?9eA_A_ . (4.135)
By considering (4.134]) and (4.131)), we get
/dQHé[X_A_ =e[—|G? +2i(A_Dii A — DA A)] (4.136)

where e = det(e;,*). We see that G has no kinetic term and then is a purely auxiliary field. By
plugging the equations of motion of GG, we finally obtain

Sp = ;/d2§e APy A — Do A A ) = i/d2§e (ADiyA =Dy A A ). (4.137)
Let us consider the second term:
*6D++5\,)\, = *6€++mam5\,)\, = *8m(€€++m5\7)\7) + 3m(ee++m)5\,)\, + 65\,D++)\, . (4138)

In particular:

1 1
Om(eer ™) = 58pn8m<ep__en++e++m) = §5pnam(€p__(enaeam —en e M) =
2 1 (4.139)
= 56””8”6,,__ = Zspn(ﬁnep__ — Open” ).

On the other hand, from (3.191)) we know that

Onep ~ —Open” =€, wp—€y Wy, (4.140)
and then
m 1 pn - - 1 pm, ——_ a 1 pn, —— _ ++
Om(ee44+™) = 1€ (ep  wn —e€n wp) = S€7 ey en'wa = geMep e Wiy = W (4.141)

Therefore, the final expression of (4.135) is given by
Sp = i/d2§eX_9++A_. (4.142)

At this point, we consider the following action

S=So+Sr+ Sk =

1 ) 4.143
=i / d*¢d*nPiES, + | FP 4+ 1 / d%¢d®9eA_A_, (4.143)
Ma
where F®?) is given by (4.96), i.e.
FO = LiE%t B, 4+ €By; +dA. (4.144)

This action describes the theory of a %—BPS string, minimally coupled to the gauge two-forms Bo ;

with charges e, which, in addition to the fields parametrizing the string profile in the target super-
space, contains an internal sector given by a Fermi multiplet A_. The description is performed in
a supersymmetric way both on the superworldsheet and the target superspace. Therefore,
provides a first example of supersymmetric world-sheet theory of an EFT string.

Finally, we report the expression of in components:

S = /d2§5m” [e;_en++eiLiEf_E++a + eiBmm + %em__en++5\,.@++)\, . (4.145)
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4.4. Inclusion of the internal world-sheet sector of EF'T strings

which is obtained by integrating out the Lagrange multiplier PJ 7 and using the superembedding
condition to write £% as in (4.98|).

In Appendix we compute the energy-momentum tensor associated to and show that
the Virasoro constraint E$, E ., = 0, which arises from the component T% 1 4 of the energy-
momentum tensor, remains unchanged in the case of the inclusion in the theory of a Fermi multiplet.
This is important since, as seen in Section the superembedding condition E< ¢ = 0 automatically
gives this constraint. Therefore, the superembedding condition is compatible with the equations of
motion in presence of a Fermi multiplet on the world-sheet of the string. The same holds if, instead
of considering only one Fermi multiplet, we consider a set of Fermi multiplets, {A_;},i=1,...,np,
described by the following action:

_ !

Sp 4/d2§d206MijA_,iA_,j, (4.146)

where M% are the components of a constant np X np matrix.

Conversely, the previous analysis is not anymore true if we try to include chiral multiplets. In
order to illustrate this point, we can focus on the simplest case in which only one (non-universal)
chiral multiplet is present.

An N = (0,2) chiral multiplet satisfies

Di® =e:"0,®+e; 0, ®+e;T0:0=0. (4.147)

Its 0 expansion can be obtained by using the results at the end of Section and has the following
form:

O = ¢+ 0"y + 200707 (Dyd+ x4 T4 (4.148)

Therefore, the chiral multiplet is made up of a complex scalar field ¢ and a right-moving fermion,

!

Let us now consider the following action for the chiral multiplet:
Sen =i / d*¢d?0edD__ & . (4.149)

If we focus on the the bosonic components of ®, i.e. we set ¢y = 0 in (4.148), and we compute the
component expansion of (4.149)), we simply get

S =— [ eelDaop. (4.150)

where D ¢ = e, O .
If we follow the procedure outlined in Appendix [E] one finds that, in flat indices, the energy-
momentum tensor associated to (4.150)) is given by

Tap = 20at(D+4+¢D——¢ + D——¢D4+¢) + 33"~ (Day¢D——¢ + D——¢ Dy )+

_ _ 4.151
+ 00 T (D110Dgy¢ + Doy Dy ¢) . ( )

Thus, if we now add (4.150) to (4.145) and consider the full energy-momentum tensor, it turns out
that E% L Ey1, #0, ie. this is not anymore vanishing, due to the presence of the chiral multiplet,
which gives a non-vanishing contribution to 7%y 4, as can be seen from . This represents an
obstruction in the inclusion of the chiral multiplets in the world-sheet theory, since the superembed-
ding condition E%q = 0 leads to E%+E++Q =0.

7Let us recall that in Section we have seen that, in a local frame in which the string is locally stretched along the
(2°, 2®)-directions, the physical fields describing the string profile in the target superspace are the transversal embedding
coordinates ' (€) and x?(¢), which can be recasted as the real and imaginary part of a complex scalar field u = z* 4 iz?,
and the right-moving component of 0,(§), i.e. p+ = 04+. Therefore, the universal degrees of freedom of the string can be

regarded as the components of an N = (0,2) chiral superfield U, in agreement with what we said in Section m
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Chapter 4. World-sheet theory of the EF'T strings

Together with Section this section contains the main results of the thesis work. In particular,
we have included an N/ = (0,2) Fermi multiplet in the world-sheet theory of an EFT string, and
its action is given by , or, in components, by . Then, we have moved to the case of
an N = (0,2) chiral multiplet, and we have seen that its presence leads to a modification of the
Virasoro constraint E$, F, 1, = 0, which, on the other hand, is automatically deduced from the
superembedding condition E%q = 0. This means that, in order for the superembedding approach
to be applied also in presence of chiral multiplets, a proper generalization of the superembedding
condition needs to be found. It would be interesting to elaborate on this aspect, but this is beyond
the scope of the present work.
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Chapter 5

Conclusions

In this work we have considered particular perturbative regimes of 4-dimensional N' = 1 EFTs aris-
ing from string/M-theory compactifications. An example of such effective theories has been discussed
in Section when we have considered M-theory compactifications on G5 manifolds. Such theories
contain a set of chiral superfields, denoted by T*¢, whose lowest components are TZ" =t = a' + is',
with a’ and s’ real scalar fields. Furthermore, they are characterized by an invariance under the global
transformations a’ — a’ + ¢, where ¢’ are arbitrary constants, thus the fields a* behave as axions, and
their supersymmetric partners s* are called saxions.

In this context, we have considered a class of solutions, associated with fundamental axionic strings,
around which the axions undergo a monodromy transformation a’ — a’ + €, where €’ are the string
charges under some gauge 2-forms By ;. Furthermore, these strings induce a backreaction flow of the
saxionic fields, which drives them towards infinite distance limits in the field space.

In presence of the axionic shift symmetry, the theory of the axionic multiplets admit a dual
version, where the axions a’ are replaced by the gauge 2-forms Bs; under which the axionic strings
are electrically charged, and the saxions s° are traded for the dual saxions /;.

The axionic shift symmetry discussed so far is actually valid only at the perturbative level, being
broken by non-perturbative instanton contributions to a discrete symmetry. This is in agreement with
the No Global Symmetry Conjecture [4, 5], which claims that a theory consistent with quantum gravity
can have no exact global symmetries. However, these non-perturbative corrections get exponentially
suppressed along the saxionic flows if we consider a particular subclass of %—BPS axionic strings, given
by the so-called EFT strings. Therefore, by definition, the EFT strings drive the scalar fields towards
infinite distance field-space regions, where we can neglect the non-perturbative corrections breaking
the axionic shift symmetries.

Associated to the EFT strings, in [6-8] two Swampland Conjectures are proposed, as discussed in
Section relating infinite distance field-space limits with EFT string flows and establishing a rela-
tion between the EFT string tension 7 and the scale m, of the leading infinite tower of asymptotically
massless states, predicted by the Swampland Distance Conjecture [25], which causes the EFT break-
down when considering infinite distance limits in field space. Furthermore, in Section we have
shown how theories with a standard coupling to the axionic sector are characterized by an anomaly
inflow from the 4-dimensional bulk to the string world-sheet, which is cancelled by the 2-dimensional
anomalies of the world-sheet theory itself [11]. The interesting result is that this leads to constraints
on the 4-dimensional bulk theory, for example providing an upper bound on the rank of the EFT
gauge sector detected by the EFT string, which may be relevant in the building of phenomenological
models. These bounds are derived considering that, from explicit models arising from string/M-theory
compactifications, we know that EFT strings support an additional ‘internal’ sector, in addition to the
‘universal’ one, which arises from deformations of the internal configuration of the compactification
space. However, the analysis of [11] does not take into account the full theory describing the interac-
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Chapter 5. Conclusions

tions of this internal sector with the bulk fields. Therefore, having a way to study in a controlled way
the full theory could be interesting to find possible new constraints on the N’ = 1 4-dimensional EFT.

In this context, the present thesis aims to describe the world-sheet theory of EFT strings in a
supersymmetric way. Indeed, the Green-Schwarz (GS) formulation of the EFT strings [9,[10], discussed
in Section describes the universal sector of the world-sheet theory in a supersymmetric way in the
target superspace. However, this formulation does not possess a manifest supersymmetry on the string
world-sheet and, more importantly, is not suitable to include the internal sector of the world-sheet
theory in a supersymmetrically controlled way.

In this respect, we have proposed to use an alternative formulation, namely the superembedding
formulation (for a review see [12]). In this approach, the bosonic string world-sheet is extended to an
N = (0,2) superworldsheet, embedded into the target superspace, and the fermionic x-symmetry of
the GS formulation is replaced by a local N' = (0, 2) local supersymmetry. To describe the embedding
of the superworldsheet in the target superspace, we need to specify the geometrical properties of the
former. To this aim, we have dedicated Section to analyse in full detail N' = (0,2) supergravity,
finding the component expansion of the supervielbein e and the superconnection Q7.

Then, after having introduced the superembedding approach in Section by considering the
example of NV = 1 superstrings, in Section [4.3] we have used this formalism, until now applied to
superbranes [12], to reformulate the theory of the universal sector of the BPS axionic strings.

Finally, in Section we have combined the results of Section and Section to write a first
example of manifestly supersymmetric action describing the world-sheet theory of an EFT string,
with an internal sector given by an A/ = (0,2) Fermi multiplet. Furthermore, we have seen how the
potential inclusion of an N' = (0, 2) chiral multiplet leads to an inconsistency, modifying the Virasoro
constraints in a way which is incompatible with the superembedding condition. Together, Section
and Section [4.4] contain the main results of the thesis work.

Based on our results, one may further investigate the world-sheet theory of an EFT string, by
considering a more intricate internal sector. For example, one could find a proper generalization of
the superembedding condition which allows for the inclusion of a set of N' = (0, 2) chiral superfields to
the internal sector. Furthermore, according to the general formulation with three-form potentials of [9],
the two-form potentials Bs ;, under which the axionic strings are electrically charged, could be gauged
under some two-form gauge transformations. This effect makes some axionic strings ‘anomalous’,
forcing them to be the boundary of membranes [9, 49, |50]. It would be interesting to extend the
results of the thesis work to this kind of strings.
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Appendix A

Conventions on differential forms

A.1 Differential forms in ordinary space-time
In generic D dimensions, we define the totally antisymmetric Levi-Civita symbol such that
Eol"'D = —&01..D = 1. (A.l)

In the differential basis {dz*}, with 4 = 0,...,D — 1, a generic bosonic p-form w, has the following
expansion

1
wp = mem#pdx”l AL Adztr . (A.2)
The exterior derivative d acts on wy, as
1 g
dwp, = —'8[0wm__up}dzc AdzHt AL A datr (A.3)
p!

where the square brackets (brackets) denote antisymmetrization (symmetrization) with unit weight,
e.g.

1
ABp)y = B} (AaBgy + A Bay)

1 (A.4)
Ao By = ) (AaBpy — ApBary) -
A p-form is said to be closed if
dw, =0, (A.5)
and ezact if it can be written as
wp = dwp_1, (A.6)

with w,_1 a globally defined (p — 1)-form. Although an exact form is always closed, the opposite may
not be true, in general. The space of closed p-forms on a manifold M is denoted by CP(M ), whereas
the space of exact p-forms on M by ZP(M). We can now define the pth de Rham cohomology group
HP(M) as the quotient space

HP(M)=CP(M)/ZP(M). (A.7)

In words, HP(M) is the space of closed forms in which two forms which differ by an exact form are
considered to be equivalent. The dimension of HP(M) is called the Betti number and is denoted by
by(M).

In a similar way, but using the boundary operator ¢ instead of the exterior derivative d, we can
define the homology groups. The boundary operator ¢ acts on submanifolds of M. If N is a submanifold
of M, then §N is its boundary. Arbitrary linear combinations of submanifolds of dimension p are called
p-chains and denoted by z,. A chain is closed if it has no boundary, i.e. dz, = 0, while is exact if it is
a boundary. A closed chain z, is also called a cycle. The simplicial homology group Hp,(M) is made
of equivalence classes of p-cycles.
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The Hodge-dual of a p-form wy, is the (D — p)-form defined as

e

- __ - v
* W = (D—p)!p!gm’”“Dg ... g

Hoe ey, dat Pt AL A datP (A.8)
where gH"i are the components of the inverse metric tensor. The components w#!-#r are defined by
raising the indices of the components of w, with the inverse g"” of the metric as usual.

In any dimension D, we get the following useful identity

WA *w = —mwylm%emmmjwm"'“Pd:cl’l A ... AdZ"P Adatett AL A daMP o
= }%w“l'““?’wmmwdmo AL AdZP = ewiw, (4.9)
and we have
% (kwp) = —(—)PPPy, . (A.10)
We define the Laplace operator as
A, =dld+dd" = (d+df)?, (A.11)
where the operator d' acts as follows when applied to a p-form Wp
dlw, = (—=1)PPP* 4 dw, . (A.12)
A p-form is called harmonic if and only if
Apwp =0. (A.13)

One can show that harmonic p-forms are in one-to-one correspondence with the elements of the group
HP(M).

A.2 Differential forms in D = 4 superspace

Let us denote the superspace coordinates by zM = (xm,H“,éﬂ). These coordinates obey the
following multiplication law:

MN = (mynm N M (A.14)

where n is a function of N which takes the values 0 or 1, depending on whether N is a vector or spinor

indices, respectively, and the same holds for m.
The exterior product is defined as

dzM A dzN = —(=)"™dN A d2M (A.15)

which reduces to the definition in ordinary space-time in the case N = n, M = m. With this definition,
a p-form has the following extension in superspace:

Q=M A A dzMPI/VM[:,m]\/[1 (2), (A.16)

where the indices are labeled in such a way that there is always an even number of indices between
those being summed. At this point, we introduce the exterior derivative, which maps a p-form into a
(p + 1)-form, giving

0
dQ, = dZMA oA deMe A dzNaZ—NWMpli(z) , (A.17)

and have the following properties:
d2+ %) =dQ +dX,
d(QY) = QdX + (—)7dQx, (A.18)
dd =0,

where X is a ¢-form. In this work, we usually drop the symbol A for exterior multiplication, since this
does not lead to ambiguities.

72



Appendix B

Conventions in spinor algebra and
useful properties

Throughout the thesis work, we use the ’mostly plus metric’ n,,, = diag(—1,1,1,1). The o-
matrices ¢ are

) R () N () N £ B

They have the index structure o)%. Once we introduce the antysymmetric tensors e8 = £&8 and

€aB = E4p 8BS
Y 0 1 0 -1
604/8 f— 6045 — (_1 0) s 6&,8 — €aﬂ o <1 O ) y (B2)

we can raise the indices of the g-matrices in the following way:

gmae = 4Pl (B.3)

The o-matrices satisfy the following relations:

(Ua5b + Ub&a)aﬂ = _277ab50/8 s

_ _ ; ; (B.4)
(Jagb + O'bo'a)aﬁ' = _277(11)5(15' .
Furthermore, we introduce the matrices o4, and 74, given by:
g_ 1 _ap _af
Oaba— = 1 Oaad0p — TbaaTa ) »
. 1, . » (B.5)
— « —ox 28169
Wy = g (U?Ubﬂg -0y U@Q) .
Finally, recalling that
{7~} = —2n*1, (B.6)

and looking at the relations in (B.4)), we see that we can choose a representation for the 4-dimensional
Dirac y-matrices given by

(o)

'YQ - <—Oa U()> ) o = (_170i)a 60 = UO = _17 5-i = _O-i . (B7)
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Appendix C

Derivation of (|3.66

In this Appendix, we want to prove the result for the bosonic components of the Lagrangian (3.65))
reported in (3.66]).

To this aim, we start by writing the expansion in components of £, R, Q(®, ®) and W (®), whose
bosonic part is given by the following expressions

26 = ¢(1 — OOM*),
R= *EM + 60 i% — 1]\4]\4>|< — ibaba + Eeampmba )
6 9 6 (C.1)
QD,®) = ¢, ¢) + OOV F' + OONF' + 00000Q;F' Y,
W(®) = W(¢) + OOWF",

where we have denoted the partial derivatives with respect to ¢ or ¢7 by €; and (15, respectively.
Henceforth, Q = Q(¢, ¢) and W = W(¢).

We now compute the ©O-term of the two pieces in (3.65). Let us start from the second term, i.e.

2EW(®) = e(1 — OOM*)(W 4+ OOW; F') ~ OO (—eM*W + eW;F'), (C.2)
where, from now on, '~~’ is used to indicate when we consider only the ©O-term.

As far as the first term is considered, we start by noticing that (1375 — 8R) Q(®, @) is chiral since
(DD — 8R) is the covariant generalization of the chiral projection operator DD, therefore it can be
expanded as

(DD — 8R) (@, ®) = (DD — 8R) (@, )| + ©°D, (DD — 8R) (P, d)| +
- i@@papa (DD - 8R) Q(®, )| , (€3)

and then

28 |- (DD~ sR) (@ )} ~ 00 [3 DD, (DD~ 8R) (. ®)| + Ler* (DD — 8K) 0(2.3)

(C.4)
Therefore, we start computing the terms we need, i.e.
DDO(®, 3)| ,
—8RQ(®, D)| , (C5)
D*D,DDQ(P, D) , '
—8D*D, [RQ(P, D)]| .
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We have:
_ _ _ o —. . 0 - . 90 - . o) - . __
DDO(DP, D)| = Dy, —D®" || = —— D, PID*P* —DyD*®" || = —=—=D;D*®*| ,
(2,2) (aqﬂ >‘ <aq>ﬂaq>z M > 0%
_ 1 4
—8DD, (RQ)| = —8 (D*Dy R — D*RDoQ + D*RDQ + RDD,Q)| = —8 (D*Dy R + RDD,Q)| |
L _ 20 80 .
DD, DDQ(D, ®)| = DDy | =—=—==DaP’'D*P* —D,D®* || =
(@,9)] (8@8@ TS >

— D (UzPa® Da®/D P’ + QpDaDs D' — 2 Ds P DD B+
+ QDB DA + D, D25 Y

9 (Do DaBDDT — QDD 7D, D + 0 D2BI D2 + O, D*D27)| 2

—
N

—
=

= (4207 Do Da® DD + QD> D?*D" + O, D> D> P’
J J

)

(C.6)
where in (a) we have only reported the non-vanishing terms, while in (b) we have used the fact that
D* =e*Dg, Dy=eaD,  Pey, =6, (C.7)
We now report the lowest components needed to compute the above four terms:
D2oT| = —4F",
D*®'| = —4F",
(63 1 4 * 2 a 2 - m a
D DQR‘ = —5%"‘ §MM + §b ba - g’lea Dmb ,
, , , , , C.8
DDoQ| = (D D@’ + QDD d")| = D@ | = —4Q, F* ©8)
Do De®’| = —2i0l 46" 0m A = DDYP!| = —2i5" e, 0 A7

. 32 P
D*D?®’| = 16e,"" Dpe 0, A" + S ibea " Om AT + %MF

We now have all the ingredients to write down the component expansion for the Lagrangian (3.65)):

L= A+ Lo+ B +he., (C.9)
with
Z = 3%6@&@& (DD — 8R) 0(®,8)| -
_ 3%6 20 it ) 208,010 + (AT (AF)+

39 39
+Q; <16eamDmea”8nAl + %ibaeamam/ll + 33M*F’> +

1 4 2 2 1 .
—8(—2QR + CQMM* + ZQb, — ZiQe, " Dyyb® — > M(—4QF) ) =
3 9 9 3 6
1 . I | | _
= fZeQﬁagdﬁbaaeameb”GmAjanAJ + ieQﬁF]F’ + ingeamDme‘mﬁnA“r
1. — 1 __ 1 1 N 1 1. 1 .
+ gzebaeamﬁgamAl + geM*QgFl + EeQ% - §eQMM — EeQbaba + ézeQeamDmba — geMQin =
1 — —— 1 1 _
= 5eQﬁamAJamAj + ieQﬁFjFZ + ieﬁgeampme‘m@n/lz—i—
+ L ieb a0, AT + Lo + Loz — Leaniar — Lean + L ieQea™ Db — Lenr, P
3 a vYm 3 1 12 9 18 a 6 a m (6; )'Z Y
C.10
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where we have used the following relations

a =baa

02,500 = —2n, eq et =g"mn. (C.11)

On the other hand:
1 * (T T 1 * o, 4 1 wpr L *
Ly = geM (DD — 8R) Q(®,®)| = geM —4Q:F" + gMQ = —§ngM F' + 6eQM M, (C.12)

and
Ly = —eM*W + eW,;F". (C.13)

Therefore, by adding the h.c., we finally obtain
1 1 - I | ) . L
£ = geﬂ%’ + Eeﬂj—zﬁmAjamAz + §eri8mA]8mAZ + Qi FVF'+

1 — 1 1 _ .
4+ —e e, " Dpe® 0, A + ieQieamDme‘m@nAz + giebaeam((lg(?mA’ — 9,0, A" )+

2
1 * i 1 7 2 * 1 a 1 * ni 1 i
+ —eM G F" + —eMQUF* — —eQMM™* — —eQb%, — —eM*Q;F"* — —eMQ, F*'+
3 3 9 9 6 6
1 __ 1] 1 _ ) _
— §ngM*F1 — EeQiMFZ + geQM*M —eM*W — eMW + eW; F' + eW;F"* =
C.14)
1 1 B | o (
= 6eQ% + 569]787,114387”142 + ieQﬁ@mAj(?mAl—F
1 1 .
+ ieﬁgeamDme‘m&lA’ + §eQieamDme‘m@nA’+
__ 1 1 __ 1 ~
+ Qi F FY + geQMM* — geM*QzF’ — geMQiF’—I—
1 ; . _ _ 4 o
— e b - %e(giamm — QO ANV e, ™ — eM*W — e MW + e Wi F' + eW,F" .
We now show that, up to a total derivative
1 A 1 ) 1 L
§eri0mA]8mAz + §eﬂieamDme“”0nAZ ~ —iegm”QijﬁmAlanAJ. (C.15)
We have that:
eQel D, (6“”('9”Ai) = eQieg" e Dy 0 AT = eQ;g™" (amBnAi — anpapA") , (C.16)
where
1
anp = 597% (amgén + 6ng€m - 8Kgmn) y (C17)

and we have used D,,e®" = 0. If we consider the first term in of the r.h.s., we find that:

Qg™ OO A" = Oy (€9i9™" 0 A") — O (eg™™) %0 A" — eg"™ "0 AV O A" — €930, A0, A'
~ —am(egm”)QﬁnAi - egm”QijOmAj(?nAi — egm”QiJ@m/U@nAi ,

(C.18)
and then the second term cancels the first term of . At this point, let us consider that:
9" Tonn” = " 0" gom, — %gmna”gmn, (C.19)
and that
Ome = Omr/—g = %ngpﬁmggp. (C.20)
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Therefore:

1 1 .
— 587,1(eg”"m)QianAZ — §eQigm”anp8pA’ =
1 mn i 1 mn ) 1 l am i 1 i
= —50meg 0,0, A" — §eQi<9mg OpA' — §eﬂigp 0" gomOp A" + ZeQigmnapgmnapAl =

1 1 1 1 .
= —=V=99"0ngpg ™20, A" — 5 &8Li0mg™" O A” + Qeﬁiamg”égzm(?pfl’ + 1 68kg" " O gmnOp A" =

4
1 1 1 1 ,

= jegigfpa"ggpanm — §eQiamgm"anAl + 5691849@81,/11 + ZeQigm"apgmnapAz -
1 1 1 1 4

= _ZeQ,-gm"apgmnapAl — geﬁiﬁmgm"(?nfll + §eQi8mgm"3nA’ + ZeQigmnapgmnapAz =0.

(C.21)

An analogous procedure can be done for the h.c. of (C.15)). Therefore, the final expression of ((C.14))

1S

1 — 1 1 __ 1 :
L = —eQX — eg""Qi;0m A'On A + eQF F + —eQMM™* — —eM* O F* — —eMQ; F'+
— §eQb“ba — ge(QiamAz — 0 AN e, — eM* W — e MW + eW,; F* + eW;F" .
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Super-Weyl invariant Lagrangians

Here we give the procedure to construct super-Weyl invariant Lagrangians in supergravity [35-37],
by focusing on the theory with chiral multiplets considered in Section

This approach allows us to write manifestly supersymmetric invariant actions, and the components
of super-Weyl invariant Lagrangians, up to some proper covariantizations, have a striking resemblance
to those of globally supersymmetric Lagrangians.

Let us consider a set of N dimensionless chiral multiplets ®™, whose bosonic components are

" = {¢p™ Fg'}, with m=1,...,n, (D.1)

where ¢™ are the lowest component complex scalar fields and Fg' are the highest component auxiliary
complex scalar fields. At the core of the super-Weyl invariant formalism is the introduction of an
unphysical, chiral compensator U, which we choose to transform as

U—eTU (D.2)

under super-Weyl transformations. We recall that these act on the super-vielbeins as [35]

EY — TRy ES - 20T (E;g - le;wngdT> . (D.3)

where (a, ) are flat superspace indices, M = (m, ) are curved indices and Y is an arbitrary chiral
superfield parameterizing the super-Weyl transformation. Instead, the dimensionless superfields ®™
are invariant under super-Weyl tranformations. Combining ®"™ and the compensator U, we introduce
new chiral superfields Z¢ transforming as U under super-Weyl transformations:

Z¢={z% F3} with a=1,...,n+1, (D.4)

where 2% and Fj are understood to be functions of the components of ®”. In order to isolate the
physical fields, we assume that we can single out the compensator U as

7% = Ug™(®), (D.5)

where g% are functions of the physical fields only and are inert under super-Weyl transformations.
The most general supergravity Lagrangian that we can build out of the Z% multiplets is

& = /d49ElC(Z, 7Z) + (/ d’02e W(2) +c.c.> : (D.6)

where K(Z, Z) is the kinetic potential and W(Z) the superpotential. Additionally, however, we require
that they satisfy the following homogeneity conditions

K(\Z,AZ) = \3K(Z,2),  W(\Z) = IW(Z), (D.7)
with A an arbitrary chiral superfield.
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In order to recover the ordinary Kihler potential K (®,®) and superpotential W (®), we isolate
the compensator U as

1

K(Z,2Z)=-3|U|5e 3K@®®)  wW(z)=UW(), (D.8)
where

K(®,®) = —3log —é/C(g(@,g(‘i’)) ;o WI(R) =W(g(D)). (D.9)

Such homogeneity properties of K and W make the Lagrangian manifestly invariant under
super-Weyl transformations. In particular, (D.3)) implies that

E— 2T E 32028 — 5Td20 2€. (D.10)

Indeed, the Lagrangian is also independently invariant under K&ahler transformations. This is
due to the fact that the split (D.5]) is not unique, since we may perform the following redefinition

U— U, ¢4d) — e M g%(d). (D.11)

with h(®) an arbitrary holomorphic function of ®*. By using the definitions and the homogeneity
conditions ([D.7)), it can be easily seen that this redefinition exactly corresponds to an ordinary Kéhler
transformation

K(®,3) —» K(®,®) + h(®) + h(®), W (D) = e MDW(D). (D.12)
The bosonic components of the Lagrangian acquire a very simple form
1 _ _
e Lo = —GKR- Koy Dpz"DF2" + Ko ff° + Waf® + c.c.) . (D.13)
Here we have redefined

fo=Mz"—Fg, (D.14)

and introduced the U(1)-covariant derivatives

y

Dua® = 8,2" +iA,z",  with A, = %(/caaﬂzb — K50,2"). (D.15)

The auxiliary fields f* may be easily integrated out from (D.13)), leading to the Lagrangian
1 _ T _
e Los = —KR- K,5Du2*DP2" — KW, W . (D.16)

In order to pass to the Einstein frame, we isolate the compensator u = Uly_g_, and split the index
a = (0,m), with 0 associated to the compensator u and m to the physical fields ¢, i.e. we set
2™ = (u,ug™). At this point, we gauge-fix the super-Weyl invariance by setting

u=MZezK@®9) o K =_3M2. (D.17)
Then, the kinetic matrix K splits as
Py Kn
K+—=e™ 3 3 > ) D.18
@ <f§m K = 3K K (D-15)

As far as the last term of (D.16) is concerned, the inverse of Kj, is needed, and is given by

ok (—3+KYKK; K'™K;
Kb = e < KﬁjKjJ P enm (D.19)
Therefore, we finally arrive atﬂ
1 _ _ o
e LBros = 3B = Kmn0u¢™"0¢" — ™ (K" D, WD W — 3|W|?) , (D.20)

with a canonically normalized Einstein-Hilbert term and where the last term is nothing but the well-
known Cremmer et al. potential [51].

IFor simplicity, in the following formulas we will set Mp = 1 (an eventual dependence on the Planck mass may be
easily reinstated by dimensional analysis).
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Appendix E

Energy-momentum tensor of (4.145

In this Appendix, we prove that the Virasoro constraint E% By, =0 remains unchanged in the
presence of an A/ = (0, 2) Fermi multiplet with action (4.135]). To this aim, let us start from the action

(£.145)) rewritten ad]
S =2 / d%¢ /=g {eiLiEf_EJﬁLa + % (A_DjiA_ — D++)\_)\_)} + ¢ / d%Ee™ B (E.1)
and consider a variation of the world-sheet metric:

58 = —/d25 V=909 G [eiLiEﬁ_E++a + % (A-DipA- — D++)\_)\_)] +
+2 / d%¢ \/—gde, ™ [eiLiEf_Ema + % (A_0mA— — 8m)\_)\_)} + (E.2)
+2 / d*¢ /=gde__™ (e'LiE4E44)
where we have used that
5V = 5900 g (E3)

Up to a local Lorentz transformation, we can associate a variation of the inverse vielbein de,™ to a
given d¢g™", considering that

89" = 6(ea™er" ™) = 2e, M ey . (E.4)
A possible choice is
e, = %6gm"encnac. (E.5)
Indeed:
0g™" = 2, 0ey " = e "5g™ e mpen™ = €9 e = 5,69 = 59 = g™ . (E.6)

Therefore, from (E.5) we find that

1 1
dey = _Zégm"en__ , de__ ™ = _Zégm”en++, (E.7)

'We have used that /—¢g = e = %sm"ewf*e,ﬁ*, and the expression (4.137) for the component expansion of Sp,
which is manifestly real.
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Appendix E. Energy-momentum tensor of (4.145))

and then (E.2)) becomes

55 = - / d*€V/=969™" g [eiLiEi_EHa 5 (A-DisA - D++M—)] +

— ;/d?f /jg(sgmne(n__ l:eiLiEi—Em)a + % (/_\_Gm)/\_ — 8m)/_\_/\_)] +
1 ; a
-3 /d2§\/—gégm”6(n++ (ezLiE,;)EJrJrg) = (E.8)

1 . ) _
= _5 /d2§ /_g(sgmn {Qan [elLiEg_E_i__A'_a + % ()\_D++>\_ - D++>\_)\_):| +
—— 7 a Loy 3\ 7 a
—i—e(n |:€ LZ'E__Em)g + 5 (/\_8m))\_ — 8m)/\—/\—)] + e(n‘H‘ (e LiEm)E—i--i—a)} )

If we now define the energy-momentum tensor as

5S = —% / A2 /= g0 g™ Trnm (E.9)

we conclude that the variation with respect to the world-sheet metric gives T, = 0, with

T = 2Gmn [eiLiEf_E++a + % (A-DjiA- — D++>\_>\_)] +

) (E.10)
— | ir pa Loy . 3 ++ ( iy e
+em [e LiB® By + 5 (A0 am)/\_/\_)] e (¢ LiB Bata)
In flat indices, it becomes
Tab = eamebnTmn = 277(11) |:€iLiEi_E++a + % (S\_D++)\_ — D++5\_)\_):| +
(E.11)

+ 5(b__ |:eiLiEaEa)a + % (S\,Da))\, - DQ)S\)\):| + 5(b++ <€iLiE§)E++g) .

At this point, let us consider the component @ = b = ++. In this case, since nyy 1+ = 0, only the
last term is non-vanishing:

Ty 4y =€LiEY Eyq, (E.12)

and this completes our proof. Indeed, T’y ;1 = 0 tells us that the Virasoro constraint E%_ L Eiia=0
remains unchanged in the presence of an N' = (0,2) Fermi multiplet A_.
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